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When the solar wind interacts with the ionosphere of an unmagnetized planet,
it induces currents that form an induced magnetosphere. These currents and
their associated magnetic fields play a pivotal role in controlling the move-
ment of charged particles, which is essential for understanding the escape of
planetary ions. Unlike the well-documented magnetospheric current systems,
the ionospheric current systems driven by solar wind and atmospheric neutral
winds have not been quantitatively observed, which constrains the quantifi-
cation of energy transfer from stars to these planets. Here, utilizing eight years
of data from the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission,
we investigate the global distribution of ionospheric currents on Mars. We
identify two distinct current systems in the ionosphere: one aligns with the
solar wind electric field but exhibits hemispheric asymmetry perpendicular to
the solar wind electric field direction; the other corresponds to the flow pat-
tern of annually averaged neutral winds. We propose that these two current
systems are driven by the solar wind and atmospheric neutral winds, respec-
tively. Our findings reveal that Martian ionospheric dynamics are influenced by
the neutral winds from below and the solar wind from above, highlighting the
complex and intriguing nature of current systems on unmagnetized planets.

Unlike Earth, Mars lacks a global dipolar magnetic field. The solar wind
plasma and the frozen-in interplanetary magnetic field (IMF) interact
directly with the Martian highly conductive ionosphere, inducing
associated currents and forming an induced magnetosphere'>. The
IMF, draping around the ionospheric obstacle, is stretched by the solar
wind and forms an induced magnetotail, as is the case for Mars, Venus,
Titan, Pluto, and many comets and exoplanets*®. The currents and
their associated magnetic fields play a crucial role in deflecting plasma
around Mars and shielding the planetary ionosphere from solar wind.

The transfer of energy and momentum from the Sun to the Martian
atmosphere results in a significant part of atmospheric plasma, or
ionized gas, to escape the planet’s gravity’®. Consequently, under-
standing the electrodynamics of the induced magnetosphere is crucial
for unraveling the history of planetary climate and the evolutionary
path of habitability.

The global current systems in the induced magnetosphere of Mars
have been studied, revealing their dominant structure'®". When the
solar wind encounters a planetary magnetic obstacle, the discrepancy
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in gyrations between solar wind ions and electrons generates
Chapman-Ferraro-type currents at the bow shock and the induced
magnetosphere boundary (IMB)"". The bow shock and IMB currents
flow in the opposite direction to the solar wind electric field and, in
turn, drive induced currents in the Martian ionosphere. The magne-
totail currents, which can be considered as tailward extension of the
magnetopause currents, flow through the magnetotail current
sheet along the direction of the solar wind electric field and connect
with the IMB and bow-shock currents at the flanks™ ", Both the mag-
netopause and magnetotail current systems have been validated by
recent computer simulation'. In addition to those two current sys-
tems, a sunward current in the magnetosheath and a tailward current
in the entire magnetotail have been unveiled" (see Fig. 1a). A previous
study suggested that the sunward current in the Martian magne-
tosheath might be connected to the electric polar regions of the
Martian ionosphere”. However, the exact nature of the linkage
between these magnetospheric currents and the Martian ionosphere is
still not well-defined, underscoring the need for a more detailed
characterization of the ionospheric currents.

In contrast to Earth’s well-known ionospheric current systems,
including the solar quiet (Sq) current and the field-aligned currents,
the distribution of currents in the Martian ionosphere is not well
understood”°. Previous studies based on data from the Mars Global
Surveyor spacecraft, mainly collected at 400 km altitude, that is above
the ionospheric peak and at fixed local times, proposed that Martian
ionospheric currents could generate a horizontal magnetic field, but
the lack of global spacecraft coverage has limited data-based
studies” ™. Similar to the Earth’s Sq currents, the ionospheric cur-
rents on Mars were suggested to be driven by atmospheric neutral
winds; however, a global map detailing these currents does not yet
exist’®?., Fortunately, the MAVEN spacecraft has been providing
extensive magnetic field and plasma measurements across iono-
spheric altitudes (120-500 km) at variable local times*, thus enabling
in-situ observations of the ionospheric electromagnetic environment
(refer to Supplementary Fig. 1 for data distribution). Using MAVEN
data, an electric northward current has been identified in the dayside
ionosphere, flowing along the direction of the solar wind electric
field". The ionospheric current was also confirmed by the Mars InSight
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Fig. 1| Illustration of the current systems in the induced magnetosphere

of Mars. a Diagram of the current systems in the induced magnetosphere. The
magnetopause and magnetotail current system is colored green, with the yellow
arrows indicating the current direction. This current pattern consists of the bow-
shock current (/55), the magnetotail current sheet current (/5), the sunward/tail-
ward currents (sunward /) raitwara), and the ionospheric-induced currents (/). For
clarity, the currents at the induced magnetospheric boundary that connect with the
Jin and J 5 are not shown. In the Mars-Solar-Electric (MSE) coordinate system, the
Xuser Yuse, and Zy,q directions are represented by black arrows. The solar wind
electric field (Egy) aligns with the Z,,s direction, and the interplanetary magnetic
field (IMF) aligns with the Y, direction. The direction of the solar wind is

indicated by a red arrow, aligned with the X5 direction. The shapes of the bow
shock, the induced magnetosphere boundary (IMB), and the induced magnetotail
(Tail) are denoted by gray, red, and blue shadows, respectively. b The current
distribution of /, component in the XZ s plane, through the meridian plane with a
thickness of 0.2 R,,,, centered at Y, = 0. Current (c) and magnetic field (d) slice
maps in YZ,, plane along X, direction. In each slice, arrows represent the
direction of current (c) and magnetic field (d) in the YZ,, plane. The red and
magenta lines denote the shape of the bow shock and the induced magnetosphere
boundary”. The black circle denotes the body of Mars. Source data are provided as
a Source Data file.
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lander” and Zhurong rover*, which recorded temporal variations of
the Martian surface magnetic field* . Previous studies have shown
that both atmospheric neutral winds?>?* and the solar wind"* are
significant contributors to ionospheric dynamics and, consequently,
the generation of ionospheric currents. Therefore, a comprehensive
and detailed global map of Martian ionospheric currents at various
altitudes is essential to understand and quantify their global distribu-
tion. Furthermore, characterizing Martian ionospheric currents con-
tributes to our understanding of current distributions on other
unmagnetized planets with ionospheres, such as Venus and Titan,
suggesting a potentially universal phenomenon.

One of the main challenges in investigating ionospheric currents
on Mars is the presence of Martian localized crustal magnetic fields*>°.
Significant currents can be locally generated in regions with significant
crustal field***, which can substantially alter the magnetic topology at
ionospheric altitudes. Since Martian crustal fields vary spatially, there
are abundant regions where the ionospheric magnetic fields remain
unaffected by the crustal field (see Supplementary Fig. 2). Therefore,
to minimize the influence of crustal field, our study focuses only on
datasets from these non-crustal field regions, specifically areas where
the intensity of the crustal fields at 120 km altitude is less than 10 nT
(see “Methods” subsection “Data and coordinates”).

Here, based on a statistical analysis of 8 years of MAVEN mea-
surements from November 2014 to May 2022, we show a detailed map
of the magnetic fields and currents at ionospheric altitude. We find
that currents driven by both the solar wind and atmospheric neutral
winds coexist within the Martian ionospheric dynamo regions. Our
results could contribute to quantifying the energy transfer from the
stellar to the planetary atmosphere, a process fundamental to under-
standing planetary atmospheric evolution.

Results

Magnetic field and current distribution in the Martian
magnetosphere

To present a comprehensive view of the global current systems, we
begin by re-examining the current distributions in the Martian mag-
netosphere using a dataset covering 8 years, which is longer than the
dataset used in previous studies. Since the magnetic field geometry of
the Martian-induced magnetosphere is controlled by the orientation of
the upstream IMF**¥, we first rotated the magnetic field data from the
Mars-Solar-Orbital (MSO) coordinates to the Mars-Solar-Electric (MSE)
coordinates (see “Methods” subsection “Data and Coordinates”). In the
MSO coordinates, the X-axis points from Mars to the Sun, the Z-axis
points toward orbital north, and the Y-axis is opposite to Mars’ orbital
motion. In MSE coordinates, X-axis is anti-parallel to the solar wind
flow, the Z-axis aligns with the solar wind electric field
(Esw = — Vsw * By, Where vgy is the solar wind flow and By is the
IMF in solar wind), and the Y-axis completes the right-handed coor-
dinate system (see Supplementary Fig. 3 for the coordinates). Lastly,
we calculated the current distribution by taking the curl of the average
steady-state magnetic field configuration.

Figure 1a, b presents a global overview of the current distribution
in the Martian magnetosphere. The magnetopause current system on
the dayside and the magnetotail current system on the nightside are
distinctly visible in Fig. 1b. Additionally, Fig. 1b confirms the existence
of a sunward current in the magnetosheath and a tailward current
throughout the entire magnetotail. Figure 1d displays the slices of
magnetic field distribution in the YZ,,, plane at varying distances
from upstream to downstream, while Fig. 1c shows the corresponding
slices of calculated current density. The IMF begins to drape around
the planet as the solar wind encounters the ionosphere obstacle, and
the opposite polarities of the magnetic field B, in Y5 hemisphere
consistently demonstrate the draping field lines of the induced
magnetosphere®”%, Additionally, a clockwise rotating magnetic field,
viewed from the Sun towards Mars and extending from the terminator

to the magnetotail, is clearly observed®* *2. This rotating magnetic field
was previously attributed to the sunward and tailward currents in the
magnetotail”.

Several potential connections exist between the magnetospheric
and ionospheric currents. The magnetopause currents could connect
with ionospheric currents on both the dayside and the flanks, as indi-
cated by a reversal in/, signal (Supplementary Fig. 4). Currents at the
bow shock and IMB flowing toward the —Z,,, direction (electric
southward) are likely closed with ionospheric currents in the +Z
direction (electric northward). Meanwhile, the tailward currents in the
magnetotail are likely connected to the nightside ionosphere,
although a direct connection is not clearly visible.

Magnetic field distribution in the Martian ionosphere

The characterization of ionospheric currents on Mars depends on
understanding the distribution of the Martian ionospheric magnetic
field, which is driven by two main factors: the induction and trans-
portation of the IMF carried by the solar wind, and heating by solar
radiation. Although MSE coordinates effectively capture the main
features of the Martian-induced magnetosphere, it may smear out any
features that vary with solar local time by rotating the spacecraft’s
position about the X-axis*. In other words, the MSE frame is suitable
for investigating phenomena governed by the upstream solar wind IMF
orientation, while the MSO frame is better suited for analyzing phe-
nomena driven by solar irradiation heating. Consequently, it is
necessary to employ both coordinate systems, i.e., MSE and MSO, to
accurately display the magnetic field distributions. After statistically
analyzing the ionospheric magnetic field distribution in both MSO and
MSE coordinates, we calculated the current density by taking the curl
of the magnetic field within a spherical shell spanning ionospheric
altitudes from 150 to 500 km, divided into bins with a width of 50 km
and 18° in both longitude and latitude (see “Methods” subsection
“Calculating the current and electric field”).

Figures 2a-f and 3a-f show maps of the ionospheric magnetic
field in the MSE and MSO coordinates, respectively (see Supplemen-
tary Figs. 5 and 6 for additional slices at various ionospheric altitudes).
In the MSE coordinates, the IMF draping around Mars is observed
down to an altitude of 150 km, consistent with MHD simulation
results** and substantially lower than previously observation
estimated** (Fig. 2f). The ionospheric magnetic field primarily exhi-
bits a horizontal distribution. However, we observed that the magnetic
fields possess an electric northward (-Bg) and a southward (+Bg)
component in the -Y, and +Y, hemisphere, respectively, with
magnitudes up to 20nT. This distribution pattern suggests a
clockwise-rotational field structure when viewed from above the
ionosphere.

In the MSO coordinates, the IMF’s draping pattern is not evident.
The occurrences of both positive and negative B, components of the
upstream IMF are nearly equal*® (Supplementary Fig. 7), which results
in the draping features being averaged out. Instead, a magnetic field
structure with clockwise rotation is present in both the dayside iono-
sphere and terminator regions. Furthermore, an inward magnetic field
(-B,) in the Northern hemisphere and an outward magnetic field (+B,)
in the Southern hemisphere is visible (Fig. 3d). The presence of a
clockwise rotating magnetic field, coupled with the inward and out-
ward magnetic field on the dayside, suggests the existence of iono-
spheric currents driven independently of the solar wind.

Current distribution in the Martian ionosphere

The ionospheric current distribution in the MSE and MSO coordinates
are depicted in Figs. 2g-1 and 3g-1, respectively (see Supplementary
Figs. 8 and 9 for slices at other altitudes). While the calculation of the
current includes uncertainties, the extensive dataset enhances the
statistical robustness of our results. In both MSE and MSO coordinates,
the minor radial component of the current (|/,| <20 nA m~2) suggests
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Fig. 2 | The distributions of magnetic field and current in the Martian iono-
sphere in the MSE coordinates. The distributions of magnetic field at altitudes of
250 km (a-c) and 150 km (d-f) are shown in the Mollweide projection using the
Mars-Solar-Electric (MSE) coordinate. Current distributions at altitudes of 250 km
(g-i) and 150 km (j-1) are also shown in the Mollweide projection and the MSE
coordinate. Panels from left to right show the radial B, (/,), southward By (/4), and
eastward B, (/,,) component of the magnetic field (current), respectively. Arrows in

each panel indicate the directions of the horizontal magnetic field (current) com-
ponents, respectively. The dashed lines in each panel represent the noon and ter-
minator. The statistical altitude is labeled in the top right corner of each panel. The
gap in the panels at 150 km altitude indicate the absence of measurements in those
area. The black arrow at the top of the figure indicates the direction of the inter-
planetary magnetic field (IMF), and the latitudes of 45° N, 0°, and 45° S are labeled
beside each panel. Source data are provided as a Source Data file.

that ionospheric currents at lower altitudes primarily flow horizontally
(Figs. 2j and 3j). The extensive coverage of /. across a wide range of
longitudes in the equatorial region decreases the likelihood that
observed signatures of /, are simply random noise.

In the MSE coordinates, within the 150 km to 250 km altitude
range, /4 and J, show an enhancement as altitude decreases. At an
altitude of 150 km, a noticeable electric northward current (/) is
present on the dayside, reaching a maximum of 150 nA m—2. An electric
northward (southward) current is observed around the -Y e (+Y5¢)
terminator regions, each with a magnitude of -50 nA/m? (Fig. 2k).
Concurrently, a o/, (+/,,) is evident in the —Y ;5 (+Yy,5) hemisphere,
contributing to a tailward current (Fig. 21).

In the MSO coordinates, the current distribution exhibits an
irregular pattern at higher altitudes, spanning from 300 km to 500 km.
At 250 km altitude, an eastward current is observed around the
equatorial region. At 150 km altitude, the dayside current system
consists of two flows: one in each Northern/Southern hemisphere,
each extending from dawn to dusk regions. These two current flows
are characterized by a quadrupole pattern of /4 (Fig. 3k) and a bipolar
pattern of J,, (Fig. 31) around the noon meridian. For convenience, we

have labeled the current patterns at an altitude of 150 km in the MSE
coordinates as the induced current /;,, and in the MSO coordinates as
the Sq current /.

Discussion

Formation mechanism of the ionospheric current systems

In the Martian ionosphere, two principal current systems, /;, and Js,,
are identifiable in the MSE and MSO coordinates, respectively. /,,
represents the electric northward ionospheric induced current, linking
the electric southward bow-shock and IMB currents”. Previous
research has suggested that /,, acts as a load current driven by an
electric potential difference generated by the charges flow from bow-
shock currents'". Our findings reveal that /,, extends down to an
altitude of 150 km. However, we observed an unexpected asymmetry
in/;, across the Y, hemisphere. Specifically, J,, is electric-northward
in the —Y,,5 hemisphere but exhibits an irregular pattern in the
+Yyse hemisphere. The underlying mechanism of this hemispherical
asymmetry is not yet understood. We tentatively hypothesize the
existence of an additional current system flowing clockwise at the
terminator in the YZ,q plane, which superimposes on J,, and
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Fig. 3| The distribution of magnetic field and current in the Martian ionosphere
in the MSO coordinates. The distributions of magnetic field at altitudes of 250 km
(a-c) and 150 km (d-f) are shown in the Mollweide projection using the Mars-Solar-
Orbital (MSO) coordinate. Current distributions at altitudes of 250 km (g-i) and

150 km (j-1) are also shown in the Mollweide projection and the MSO coordinate.
Panels from left to right show the radial B, (/,), southward By (/4), and eastward B,

(/,,) component of the magnetic field (current), respectively. Arrows in each panel
indicate the directions of the horizontal magnetic field (current) components,
respectively. The dashed lines in each panel represent the noon and terminator.
The statistical altitude is labeled in the top right corner of each panel. The latitudes
of 45° N, 0°, and 45° S are labeled beside each panel. Source data are provided as a
Source Data file.

contributes to this observed asymmetry. A northward current in the
—Y s terminator region and a southward current in the +Y,q, ter-
minator region generate a sunward magnetic field above their source
regions. This arrangement might explain why the draping configura-
tion at 250 km altitude (Fig. 2c) appears stronger in the —Y ;s hemi-
sphere and relatively weaker in the +Y,, hemisphere, suggesting
induced currents with diamagnetic properties.

To further investigate the hemispherical asymmetry of the J,,
current, we compared MAVEN observations with results from 3D Multi-
fluid Hall-MHD simulation (details provided in “Methods” subsection
“Multi-fluid Hall-MHD simulation”). The simulation generally corro-
borates with the observations in the magnetosphere but shows dis-
crepancies in the ionosphere. In the magnetosphere, the simulation
confirms the presence of both magnetopause and magnetotail current
systems, aligning with observations that show tailward currents in the
magnetotail and sunward currents in the —Z,,5 hemisphere of the
magnetosheath (Fig. 1b). Notably, our simulation result (Fig. 4) did not
replicate the asymmetry in the ionosphere observed in the +VY s
hemispheres (see also Supplementary Fig. 10). In the ionospheric
altitude, the model predicts a positive /, component in both +VY s
hemispheres. However, observations indicate that the /, component is
positive in the —Y,,s hemisphere and negative in the +Y s hemi-
sphere. Furthermore, a recent hybrid simulation failed to replicate the

observed asymmetry in the +V,,5; hemispheres™. Since these simu-
lations did not consider ionospheric electrodynamic processes*’™",
this failure may suggest that the asymmetry of /,,, is an intrinsic feature
of ionospheric currents rather than being driven by magnetospheric
processes. Additionally, the symmetric tailward /, component (Fig. 2i)
observed in the ionosphere is not replicated by the simulation (Sup-
plementary Fig. 10), which indicates that ionospheric electrodynamic
processes are absent in the simulation.

Jsq denotes the Sq current of the Mars ionosphere. At an altitude
of 150 km on the dayside, the quadrupole pattern of /, and the bipolar
pattern of /,, about the noon meridian imply that /g, consists of two
current patterns, each located in the Northern or Southern hemi-
spheres (Fig. 3k-1). In the high latitudes of both the Northern and
Southern hemispheres, /5, flows from dawn to dusk (Fig. 31). Near the
dawn region, /g, exhibits northward components in the Northern
hemisphere, while converging in the equatorial region at dusk. Ana-
logous to Earth’s Sq current system, the Martian /g, current system
could be similarly powered by the atmospheric neutral winds'®**%,

In the ionospheric dynamo region, at ~150 km altitude (Supple-
mentary Fig. 11), ions are coupled to the neutral wind through colli-
sions, i.e., their collision frequency with neutrals is higher than their
gyration frequency, while the opposite is true for electrons. The ions
are coupled with neutral winds and electrons gyrate about the
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Fig. 4 | Slices of the current distribution in the induced magnetosphere of Mars
for both MAVEN observation and simulation. The current pattern derived from
(a) MAVEN observations and (b) a Multi-fluid Hall-MHD simulation in the termi-
nator plane, as seen from the magnetotail, in the Mars-Solar-Electric (MSE) coor-
dinate. Color represents the strength of /,, while the arrows represent the
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magnitude and direction of the currents in the projected plane, viewed from the
Sun towards Mars. In (a), the ionospheric current at 150 km altitude is superposed
on the magnetospheric current distribution map. The red and magenta circles
denote the shape of the bow shock and the IMB, respectively”. Source data are
provided as a Source Data file.

penetrated magnetic field lines of IMF, leading to the generation of
ionospheric currents through the ion movement. Consequently, con-
sidering approximately equal densities of ions and electrons, the cur-
rent density J=n.qv,, is proportional to the velocity of the neutral
wind, where n, is the electron density, q is the elementary charge, and
v, is the wind velocity. Assuming the peak electron density in the
dayside ionosphere is approximately 10!m=352 and significantly
decreases on the nightside*’, we can deduce the annual average of the
neutral wind patterns in the MSO coordinate from the current dis-
tribution by v,, =J/n.q. As shown in Fig. 5, the derived wind patterns
align well, both in magnitude and direction, with the annual averaged
neutral winds predicted by a Mars Global Circulation Model (MGCM)
(see “Methods” subsection “Averaged wind field from MGCM model”).
This evidence supports that these currents are driven by the neu-
tral winds.

Note that discrepancies still exist between the wind fields esti-
mated from the current density and those predicted by the MGCM.
First, we notice data points with pronounced northward directions
near the equator between local times 8h and 10 h. The calculated
values of these data points are significantly stronger than those pre-
dicted by the MGCM model. However, these data points exhibit con-
siderable uncertainty, indicating that the observed strong currents in
this region may contain substantial noise and should not be over-
interpreted (see “Methods” subsection “Uncertainties estimate”). Sec-
ond, in the polar regions at local times 18 h, the wind velocity esti-
mated from the current density exceeds those predicted by the MGCM
model. This deviation could be attributed to either the uneven data
distribution across seasons or the residue of the draped IMF in the
MSO coordinate not being fully averaged out. It is worth noting that
the instantaneous wind velocity in the MGCM model** at a given time
could be much higher than the average wind velocity we estimated
from the current density.

The driving mechanism of the ionospheric current can be further
corroborated by examining the distribution of the ionospheric electric
field (Fig. 6), which is calculated based on the current and conductivity
distribution (Supplementary Fig. 12) and governed by Ohm’s law. In the
MSE coordinates, the electric field predominantly points northward on
the dayside, with magnitudes reaching up to 10® nv m~!, aligning with

previous estimates of the ionospheric electric field magnitude®*°.
These observations support the hypothesis that the current in the MSE
coordinates is mainly induced by the electric potential difference
between the electric South pole and North pole. Meanwhile, the elec-
tric field displays —E, component on the dayside and at the terminator,
and +E, component in the midnight region. In the MSO coordinates,
the dayside ionospheric electric field exhibits two loop-like flows in
both +Z7,, hemispheres, generally aligning with the patterns of
ionospheric currents. However, in the northern hemisphere, the loop-
like flow pattern is not as apparent, which may be due to the anisotropy
of the conductivity distribution. In the ionospheric dynamo region,
Ohm'’s law defines the current density J as J=o(E + U x B). Given that
the term U x B is negligible compared to E (Supplementary Fig. 13), the
ionospheric currents are driven by electric field, which are most likely
powered by neutral winds.

Comparison of the current systems on Earth and Mars

The Sq current system is a well-established feature of the Earth’s
ionosphere, and similar phenomena are also observed on Mars within
distinct magnetic environments. Intriguingly, the driving mechanisms
for the Sq current systems on both planets appear to be similar: the
motion of the neutral atmosphere generates the ionospheric
dynam023'57'58.

Both Earth’s and Mars’ Sq currents are situated within an altitude
range of 100-150 km, known as the dynamo region, where electron
density peaks’>*’. The Pedersen and Hall conductivities in Earth’s
ionosphere are one to two orders of magnitude weaker than those of
Mars**¢°, Notably, the current intensity of Earth’s Sq current system
can reach several pAm~2, and is one to two orders of magnitude
greater than that of Mars’ Sq current, with a maximum current density
of about 150 nA m™. As a result, the typical electric field magnitudes in
Earth’s dynamo region often reach several mV m~!, which is about
three orders of magnitude greater than those on Mars, where values
are typically in the range of several (Wm~! on the dayside. We also
estimated the rate of Joule heating (J - E), a phenomenon occurring
when current passes through a conductive material, in the Martian
ionosphere (Supplementary Fig. 14). In the MSO coordinates, Joule
heating rates can reach up to 101 Joule - s~'m~3 in the terminator and
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Fig. 5 | Neutral wind field pattern inferred from ionospheric current and the
MGCM model. a The horizontal wind field estimated from the ionospheric current
at the altitude of 150 km. The neutral wind velocity v,, is calculated using the for-
mula v, =J/n.q, whereJ is the ionospheric current, n, is the electron density, and g
is the elementary charge. The X-axis represents the East-West direction, and the
Y-axis represents the North-South direction. Black arrows indicate the direction
and the magnitude of the wind field in the horizontal plane. The shaded area

denotes the nightside regions. The contour map displays the intensity of the wind
field. The green arrows indicate the dawn-to-dusk wind field flow in both the
Northern and Southern hemispheres. b The horizontal wind field at 130 km altitude
predicted by Mars Global Circulation Model. The wind field is averaged across all
Martian seasons and geographic longitudes®. Source data are provided as a Source
Data file.

midnight regions, while in the subsolar regions, they are approxi-
mately 107 Joule - s~'m~3. The comparable Joule heating rates in
both MSE and MSO coordinates suggest that both solar wind and
neutral winds are significant contributors to ionospheric dynamics.
The Earth’s Sq current system is modulated by seasons™. Simi-
larly, seasonal modulation is observed in the Martian Sq currents.
While the pattern of the Sq current system remains roughly unchanged
throughout the Mars year, the current density is generally stronger in
the southern hemisphere during the Northern hemisphere winter
(Supplementary Fig. 15), reaching up to 400 nAm~2 in the noon region,
which is higher than the average value of ~200 nAm~2. Increased solar
radiation results in higher plasma densities in the summer
hemisphere®, potentially amplifying ionospheric currents. Further-
more, the occurrence of dust storms on Mars exhibits clear seasonal

variation. Dust storm can elevate the peak height of plasma density of
ionosphere, potentially modulating the ionospheric currents”-*2, In the
future, improved data statistics could enable a more precise delinea-
tion of the effects of dust storms on ionospheric currents.

In Earth’s high-latitude regions, field-aligned currents, also known
as Birkeland currents, facilitate a connection between the magneto-
sphere and the polar ionosphere®***, On Mars, we do not find sig-
nificant vertical currents in the Martian ionosphere (Figs. 2j and 3j). In
the MSE coordinates, we observed very weak inward and outward
currents in the low-latitude regions on the dayside, potentially closing
with the magnetopause current systems. Additionally, the tailward
currents observed in the Martian ionospheric terminator region are
likely connected to the tailward currents in the magnetotail. However,
the tailward current in the ionosphere is confined to the regions
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Fig. 6 | Electric field distribution in the Martian ionosphere. The £,, £y, and £,
component of the ionospheric electric field at 150 km altitude in the Mars-Solar-
Electric (MSE) (a-c) and Mars-Solar-Orbital (MSO) (d-f) coordinates, respectively.
Arrows represent the amplitude and direction of the electric field in the horizontal
plane, with length represented logarithmically. The dashed lines in each panel

represent the noon and terminator. The statistical altitude is labeled in the top right
corner of each panel. Gray arrows illustrating the electric field pattern on the
dayside have been added to the middle panels (b, e). Source data are provided as a
Source Data file.

around the terminator, despite its current density being significantly
stronger than that in the magnetospheric tail. The curl-B technique
used to calculate current has its own limitations, as it cannot resolve
spatial current variations that are smaller than the bin size (50 km in
the vertical, 18° in latitude and longitude). Thus, we cannot rule out the
presence of significant currents in very thin layers of the Martian
ionospheric boundary, for example, current densities at the IMB have
been suggested to reach up to 200 nAm~2 %,

On Earth, neutral winds in the ionospheric dynamo region are
predominantly driven by upward-propagating atmospheric tides ori-
ginating from the lower atmosphere®. Specifically, the semi-diurnal
tide emerges as the principal contributor to the wind field at this alti-
tude range. A similar wind pattern is observed on Mars®, suggesting
that the semi-diurnal tides from the lower atmosphere may also serve
as the primary driver for Martian ionospheric dynamo. The upward
propagation of semi-diurnal tides may drive the eastward current
observed at 250 km altitude, warranting further confirmation.

Influence of the ionospheric current systems on the Martian
space environment
Currents play an important role in shaping the space environment by
generating self-consistent magnetic fields and guiding the motions of
charged particles. Here we qualitatively estimate the influence of the
ionospheric current system on the Martian space environment.

Jn is connected with the currents at bow-shock and IMB, forming
a dayside magnetopause current system. This creates a strong mag-
netic pressure gradient, forming a magnetic barrier between the two
current layers. The opposing J x B forces across this barrier effectively
separate the ionosphere from the solar wind flow"*. Our observations
highlight the + Y, hemisphere asymmetry of the /,,. The connection
between /;, and magnetospheric currents appears more pronounced
in the -Y,- hemisphere, where J,, predominantly flows electric
northward. This suggests that the magnetic pressure gradient force at
ionospheric altitude is likely stronger at the -Y,, terminator and
weaker at the +Y s terminator. Additionally, the tailward current in
the terminator region generates a clockwise rotational magnetic field
structure in both the ionosphere and magnetosphere when viewed
from the Sun toward Mars. This ionospheric current may play a role in

maintaining the nightside magnetospheric currents, although further
investigation is warranted®”*’.

The /g, current system is primarily concentrated on the dayside
and terminator of Mars. This current system includes a tailward com-
ponent in the terminator regions, generating a rotation of the mag-
netic field (Fig. 3e). The two horizontal current flows produce an
inward/outward magnetic field in the Northern/Southern hemisphere,
respectively, as observed in the MSO coordinate (Fig. 3d). The hor-
izontally distributed magnetic field acts to deflect and shield the
ionosphere from the solar wind plasma penetration, and preventing
the escape of ionospheric particles. When observed at the Martian
surface, apart from the daily variations of By, B, components, /¢, also
leads to daily variations in the B, component of the surface mag-
netic field.

Implications for other planets: Venus, Titan, and exoplanets

Jin and Jg, current systems could be universal physical phenomena in
planetary ionosphere. The J;, current system is driven by the electric
potential difference at bow shock and IMB, which occurs when solar
wind encounters an obstacle in space, such as a planet’s ionosphere.
The Jg, current system arises from the differential movement of ions
and electrons within a planetary ionosphere and is evident on planets
with significant atmospheric tides. These current systems would arise
when the stellar wind or magnetospheric plasma interacts with the
ionospheres of unmagnetized planets, including but not limited to
Venus, Titan, Pluto, and exoplanets*’%72,

Venus and Titan are ideal planets for studying ionospheric current
systems due to their thick atmospheres and absence of intrinsic global
magnetic fields. Previous missions, such as Venus Express and Cassini,
have identified ionospheric magnetic fields on these planets, but the
mechanisms driving these phenomena remain under debate’”*.
Recent studies proposed that electric current controlled by the IMF
direction might occur at ionospheric altitude on Venus®”. The dis-
tribution of ionospheric currents on these planets deserves further
examination to determine whether they are consistent with influences
from the solar wind or neutral winds. Furthermore, our findings have
implications for understanding the space environment on ancient
Earth, particularly during periods of geomagnetic reversals or
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excursions when the geomagnetic field strength is very weak’®. During
these times, Earth’s weakened geomagnetic field allowed direct solar
wind-ionosphere interactions, forming an induced magnetosphere
similar to that of Mars””. In such scenarios, the induced magnetosphere
deflects energetic cosmic and solar particles, altering the cosmic
radiation environment and shielding Earth’s atmosphere from direct
impacts’®. Evidence of rapidly changing magnetic field signatures
during of geomagnetic reversals may already have been recorded in
paleomagnetic records’*.

Methods

Data and coordinates

This study is based on the magnetic field and plasma data obtained
from Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft,
from November 1, 2014, to May 15, 2022. The orbit of MAVEN is
eccentric, with an apoapsis of about 6200 km and a periapsis of about
120 km?**. The period of the MAVEN orbit is about 4.5 h, and its peri-
apsis precesses in local time, resulting in a data set that covers all local
times at ionosphere altitudes (120-500 km). Following an aerobraking
maneuver in 2019, the apoapsis altitude was adjusted to about
4400 km, resulting in a decreased orbital period. The magnetic field
data was measured by fluxgate magnetometers (MAG) onboard
MAVEN?, and the vector magnetic field data was resampled at a rate of
4 s. The velocity of the solar wind was measured by the Solar Wind lon
Analyzer (SWIA) instrument®. The electron density and electron
temperature in the ionosphere were measured by the Langmuir Probe
and Waves (LPW) instrument®,

We analyzed the distribution of magnetic field and currents in
both MSO and MSE coordinates. To rotate the data from MSO to MSE
coordinates, we first evaluate upstream solar wind conditions. From a
total of 13955 orbits, 8742 crossings were selected that fulfilled the
criteria of having solar wind interval between neighboring crossings
(between outbound and inbound) of the bow shock exceeding 1.5 h.
The bow shock crossing time was determined through a manual
examination of observations, similar to previous procedures**%, The
direction of the solar wind flow and the IMF is determined by using 25-
min averages of solar wind observations, starting 5 min after (before)
the outbound (inbound) bow shock crossings, respectively. The
resulting solar wind conditions for each orbit were then calculated as
the average of these two observations, with the solar wind velocity
given by Vg = (Vswy + Vswz)/2 and the IMF by By = (Byye; + Biyra) /2.
Furthermore, to ensure a stable IMF condition, we selected orbits
which have the angle between B)y;-; and By, less than 45 degrees and
the difference in the magnitude of By; and B, expressed as

[Bun|~[Bue2| |oss than 0.2. Out of the total 13,955 orbits, 3103 orbits
|B]MF1| |B|MF2|

satisfied these criteria, comprising 22% of the data used for statistical
analysis in the MSE coordinate. Meanwhile, the statistics in the MSO
coordinate utilized all 13,955 orbits of data. Because upstream IMF
conditions are constantly changing, the induced magnetosphere
response to short-period IMF variations (<4.5 h, period of the MAVEN
orbit), such as IMF discontinuities®, are smoothed out in the
statistics.

Magnetic field distributions in the Martian ionosphere are essen-
tial for calculating ionospheric currents; however, it can be distorted
by the localized crustal magnetic field (see Supplementary Fig. 16). We
focused our analysis on ionospheric magnetic fields that are not
influenced by the Martian crustal magnetic field. To achieve this, we
only keep data measured in non-crustal field regions, defined as
regions in which the intensity of the crustal magnetic fields at 120 km
altitude |B,,oqe1, 120km| <10 NT. In the Southern hemisphere, 20% of the
data from non-crustal field regions remains. By testing different
models to identify non-crustal field regions, including the L134% and
G110*” model, we find that our results regarding the current distribu-
tion are insensitive to the choice of crustal field model (see

Supplementary Fig. 17), but notable discrepancies in magnitude exist
in the noon regions.

Calculating the current and electric field

We calculate the current density by taking the curl of the magnetic
field. Considering Maxwell-Ampere’s law VxB=pgJ+gyH, % and
ignoring the displacement current term gy, %f, the current J can be
calculated as J=4u Ly xB. This method has been widely applied in
studying current C?lStl‘lbuthl’lS in the planetary magnetosphere™*%%
and ionosphere®,

In the magnetosphere, the spatial domain was set as
=3R,<Xpse<3Rp, —3R,<Yyse<3R,, and —3R,,<Z,,+<3R,, in the
MSE Cartesian coordinate system, and was divided into bins with a
width of 0.2 R,,, corresponding to 670 km. We only retained the bins
for which the number of data points exceeded ten to decrease the
statistical error. In each bin, we calculated the average magnetic field
as the mean value of all data points, while the current density at the
center of each bin was calculated as

_ _ 108, 0B, 9B, 0B, 0B, 0B,
V=Uedyld= oG =50 5 o o~ oy W

In the ionosphere, the calculation of the current density is more
convenient in local spherical coordinates (r, 8, @), defined within the
frame of both the MSE and MSO coordinates, where B, points outward,
By points southward, and B, points eastward. The current density is
then calculated as:

fi) : 0B,
1. rsilnG@ (B¢ sin 0) rsmB B(pe ’
1
= =__ 0B, F)
J {/9' Ho rsianW - %W ( B ) &)
@ Fi) 0B,
tor (rBo) — 154

where r is the radial distance from the center of Mars, 8 is the colati-
tude, and @ is the longitude. The spatial domain is defined as a sphe-
rical shell extending from an altitude of 150-500 km and partitioned
into bins of 18° latitude x 18° longitude x 50 km. For most regions,
there are over 100 data points per bin in both MSO and MSE coordi-
nates collected in the non-crustal field regions (Supplementary Fig. 1).
The only significant data gap is located at the subsolar point in the MSE
coordinates, due to MAVEN's highly eccentric orbit.

The derivatives of the magnetic field are calculated using the
central difference, except at the boundaries of the spatial domain
where the single-sided difference is used. Furthermore, given the
uncertainties in ionospheric statistical results, we applied a 2-by-2
kernel low-pass filter to smooth the data. The physical error in the
current calculation can be estimated by |V - B|/|V xB| °° as shown in
Supplementary Fig. 18. In general, the physical error of the ionospheric
current is less than 0.1, indicating that the current calculation is phy-
sically correct.

The ionospheric electric field can be derived from ionospheric
currents and conductivity. In the ionospheric dynamo region, the
electric forces dominate over the gravity and the pressure gradient
forces. Ohm’s law defines the current density J asJ = o(E + U x B). In the
Martian ionosphere, the term U x B is considered negligible compared
to E (Supplementary Fig. 13). The ionospheric electric field is related to
the ionospheric currents as:

J=0E +0,E, +0,bxE, 3)

where the 0, 0p, and o, represent the Parallel, Pedersen, and Hall
conductivities, respectively. E; and E, represent the electric field
parallel and perpendicular to the local magnetic field. The b represent
the unit vector along the local magnetic field direction. After ignoring

Nature Communications | (2024)15:9704


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54073-9

the ion contribution to the parallel conductivity®®, ionospheric con-
ductivities are determined as follows:
_ n.ée*
o=

MeVen

N,V

Me(ven? +02) 4)

— n€}vin
Op=3; v tog)
_ n.eo n;e.zwf
On= ’"e(V:nz*ewcz) - Zi mi(”inzl+wiz)

Here, v;, (v.,) represents the collision frequency between ions
(electrons) and each neutral species, over all neutral species, v;= > ,v;,

(e =", Ven), respectively. w; (#) and w, (%) are the gyrofre-
quencies of ions and electrons, and m; and m,, are the mass of ions and
electron, respectively. The n, is the electron density, e is the elemen-
tary charge, and ¢; is the quantity of charge of ions. It should be noted
that electron-ion collision frequencies have been neglected in this
method; however, they can be incorporated in more general cases®.

In the Martian ionosphere, v,,, is primarily attributed to the col-
lision frequency between electrons and neutral CO,, and v;, is pri-
marily attributed to the collision frequency between O; and neutral
CO, (Table 4.4 and 4.6 in ref. 91). They are calculated as

Ve =3.68"107°n(CO,)(1+4.1x10 14500 — T, **)

5)
Vin = Cinnn (

The electron temperature, T, derived from the LPW instrument,
is shown in Supplementary Fig. 19d. The median value from the data is
used in the conductivity calculations. The CO, density, denoted as
n(CO,), is sourced from Fig. 2.22 in ref. 91. The C,, is the collision
coefficient for nonresonant ion-neutral collision, C;, 10" =5.63".
The magnetic field and electron density used in the conductivity cal-
culations are derived from MAG and LPW instrument, as illustrated in
Figs. 2 and 3 for the magnetic field, and in Supplementary Fig. 19a for
electron density.

By solving Eq. (3), the perpendicular and parallel electric field are
given by Fillingim'®

=_0% _ _ Oy _ 5
E glzﬁaé.h_*'glzﬁoé.hxb

E =J/0

(6)

where J, and ), are the current perpendicular and parallel to the
magnetic field, respectively. The ionosphere electric field is then cal-
culated as E=E, +E,.

Multi-fluid Hall-MHD simulation

We employed a global 3D multi-fluid Hall-MHD (magnetohy-
drodynamic) simulation to corroborate our observations of the Mar-
tian currents. The model is described in more detail in refs. 92,93 and
references therein. The simulation solves the Navier-Stokes transport
equations and the conservation equations for mass, momentum, and
energy across four ion fluids: H*, 05, 0", and CO;, with details
provided in Supplementary Methods. Current density is derived from
J= I%o V x B, consistent with the observation. The Martian ionosphere is
self consistently created, incorporating solar flux (F, ;) and optical
depth calculated via the Chapman function. For simplicity, a 1D neutral
density profile corresponding to solar maximum conditions serves as
the initial input. The simulation adopts average solar wind parameters
upstream of Mars as reported by Liu et al. *5; specifically, the solar wind
density is 1.4 cm~3, the solar wind velocity (V,, V,,V,)=(=367,0,0)
km/s, and IMF (B, By, B,)=(0, 2.8, 0)nT in the MSE coordinate.
Importantly, we neglect Martian crustal magnetic fields in our simu-
lation, to solely focus on the magnetic fields and currents in the
induced magnetosphere.

Averaged wind field from MGCM model

We compare the neutral wind field derived from the ionospheric cur-
rent with the MGCM model®*. The MGCM model reaches up to the
exobase, the upper boundary of the thermosphere, approximately at
an altitude of 300 km. For our analyses, we employed version 5.2 of the
MCD. The horizontal wind field data is calculated for every 15° solar
longitude from 0° to 360°, every hour from O h to 24 h, and at intervals
of 6° in latitude. The input parameter “hireskey” is set to 0O, indicating
data interpolation from the GCM in a 5.625°x 3.75° grid. The input
parameter “Dust” is set to 1, indicating the average solar EUV condi-
tions. The zonal and meridional winds are determined by averaging
over both the geographic longitudes and solar longitude.

Uncertainties estimate

We quantified the uncertainties associated with our statistical results.
Our evaluation concentrates on the ionospheric magnetic field and
current uncertainties in the Martian ionosphere. The magnetic field
uncertainties within individual bins are calculated as:

—
B~ n-1

2

" (By;— By
086:”21—1(”9:1 o) %)
n —2
onguzﬁl(ﬁﬁl’;i;Bqa)

Here, 65 , 0p,, and 0, Tepresent the standard error for the mag-
netic field B,, By, and B, components, respectively. n denotes the data
count within each bin. B denotes the mean value of the magnetic field.
Current uncertainties were derived through error propagation in
Eq. 2%, leading to:

2 2
2
-1 1% cos 0 * 1
9, % 1o \/(l 0“%") + (rsinO 03,,) + <rsin0 0%)
2 2 5
-1 1 * 1
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2
2 2
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To calculate the current uncertainty, we have to first estimate the
uncertainty of the magnetic field gradient. For example, the uncer-
tainty of the B, gradient in the radial direction based on the first-order
Taylor expansion, for the central difference method, is given by:

\/‘712;9 (ri—lr 6;, (Pk> +20, (’i’ 9j:¢k> +03, (fm’ 9jr(/’k) 9)
V2Ar

Oasy =
Ar

where Ar denotes the bin size in the radial direction. Similar expres-
sions can be constructed for the uncertainties related to the magnetic
field gradient in other directions. Supplementary Figs. 20-23 show
uncertainties of the magnetic field and currents at ionospheric alti-
tudes. It is evident that the uncertainties, both for the magnetic fields
and currents, are larger on the dayside, predominantly in horizontal
components. Specifically, the o, can rise up to 20 nT at the subsolar
point at an altitude of 150 km. Although the magnitude of J, in Fig. 2j is
relatively low, close to the level of uncertainty, its extensive coverage
across a broad range of longitudes in the equatorial region supports its
reliability. This broad coverage mitigates the likelihood that observed
signatures of /, are merely random noise. Additionally, the extensive
dataset enhances the statistical robustness of our results. The
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substantial uncertainties suggest that the magnetic field and currents
are highly variable in both the MSO and MSE coordinates, implying
that no single coordinate frame can fully capture their dynamics. For
statistical significance, 94.6% (76.1%), 95.3% (71.8%), and 95.4% (70.8%)
of the magnetic field B,, By, and B, values at 150 km altitude are
determined within 20 (10) confidence, respectively. Meanwhile, 95.0%,
96.5%, and 96.5% of the current/,, /o, and J,, values at 150 km altitude
are determined within 1o confidence, respectively.

Furthermore, the ionospheric electric field can only be estimated
qualitatively, given the significant fluctuations in electron temperature
and electron density of the ionosphere. The differences between the
upper and lower quartiles (25% and 75%) of these values are quite
pronounced (Supplementary Fig. 19), with more than one order of
magnitude between them. These observations align with previous
statistical findings that the electron density and electron temperature
are highly perturbated’®?’.

Data availability

MAVEN magnetic field data are publicly available through https://lasp.
colorado.edu/maven/sdc/public/data/sci/mag/12/. MAVEN SWIA data
are publicly available through https://lasp.colorado.edu/maven/sdc/
public/data/sci/swi/I2/. MAVEN LPW data are publicly available
through https://lasp.colorado.edu/maven/sdc/public/data/sci/lpw/I2/.
The datasets generated during the current study have been deposited
in a Zenodo repository and are openly available at https://doi.org/10.
5281/zenodo.13749420. The data that support the findings of this
study are available from the corresponding author upon
request. Source data are provided with this paper.

Code availability

The code to calculating the current and electric field are available at
https://github.com/gaocjiawei321/Mars_ionosphere_current and the
Zenodo repository at https://doi.org/10.5281/zenodo0.13855475%. The
code for the Multi-fluid Hall-MHD simulation, MFH-MSE (Multi-Fluid
Hall-Magnetohydrodynamic model for Martian Space Environment),
was developed by School of Space and Earth Sciences, Beihang
University” and is available from the corresponding author upon
request. The source code for calculating the averaged wind field from
MGCM model is accessible upon request from the Mars Global Climate
Database (MCD) website (https://www-mars.Imd.jussieu.fr/mars/
access.html).
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