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Abstract We present Mars Atmosphere and Volatile EvolutioN (MAVEN) observations of Marsward and
tailward fluxes of suprathermal (>25 eV) ions in the near-Mars (∼1–1.5 Mars radii downstream) magnetotail.
Statistical results show that the Marsward proton flux and magnetic field draping pattern are well organized
by the upstream motional electric field direction. We observe both significant Marsward proton fluxes and
tightly wrapped magnetic field lines in the hemisphere pointed in the opposite direction to the upstream
electric field. These characteristics are very similar to those observed at Venus. On the other hand, the net
flux of oxygen ions points tailward on average in the Martian tail, while net Venusward flows of oxygen ions
were observed frequently in the same hemisphere at Venus. The mechanism by which the Marsward proton
flux is produced in the presence of tailward oxygen ion flux remains unclear.

1. Introduction

The solar wind interaction with an unmagnetized body with a significant atmosphere leads to the formation
of an induced magnetosphere [Nagy et al., 2004]. As the solar wind flow is slowed down because of mass
loading and the interplanetary magnetic field (IMF) cannot be readily diffused into the conductive ionosphere,
the IMF piles up on the dayside and drapes around the obstacle. The draped IMF is stretched downstream
by the supersonic solar wind flow, forming a long tail on the nightside. The nightside magnetotail consists of
the tail lobes with dominantly sunward and antisunward magnetic fields separated by the plasma sheet, the
orientation of which is controlled by the upstream IMF direction.

As the magnetotail plasma sheet provides one of the main pathways of escaping planetary ions [Brain et al.,
2010], ion fluxes in the Martian and Venusian magnetotails have been extensively studied [see, e.g., Dubinin
et al., 2012a, and references therein]. The solar wind interactions with Mars and Venus are similar in terms of the
formation of induced magnetospheres, but they also have differences such as gravity, crustal field strengths,
and solar wind conditions. Tailward fluxes of planetary ions in the Martian and Venusian tails are associated
with escape fluxes from the planetary ionosphere/exosphere. The tailward ion fluxes are strongly correlated
with the upstream solar wind dynamic pressure [Lundin et al., 2008], and their spatial distributions are well
organized by the IMF direction [Slavin et al., 1989; Barabash et al., 2007; Fedorov et al., 2008]. On the other hand,
Venus Express observations have revealed the presence of planetward (sunward) ion flows at Venus [Lundin,
2011; Zhang et al., 2012; Dubinin et al., 2012b, 2013]. Such Venusward/return flows are primarily observed in
the hemisphere pointed in the opposite direction to the motional electric field in the upstream solar wind
(so-called “−E hemisphere”). This hemispheric asymmetry of Venusward ions has been associated with the
asymmetric magnetic field draping pattern which shows field line wrapping in the −E hemisphere [Zhang
et al., 2010; Du et al., 2013; Rong et al., 2014].

In this paper, we investigate Marsward and tailward ion fluxes in the near-Mars magnetotail (∼1–1.5 RM

downstream), utilizing plasma and field measurements from the Solar Wind Electron Analyzer (SWEA) [Mitchell
et al., 2014], Solar Wind Ion Analyzer (SWIA) [Halekas et al., 2013], Supra-Thermal And Thermal Ion Composition
(STATIC) [McFadden et al., 2014], and Magnetometer (MAG) [Connerney et al., 2015] instruments on board the
Mars Atmosphere and Volatile EvolutioN (MAVEN) mission [Jakosky et al., 2015]. These MAVEN measurements
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Figure 1. Time series of MAVEN observations of charged particles and magnetic fields on 4 December 2014. Energy-time
spectrograms of (a) electrons from SWEA, (b) ions from SWIA, (c) antisunward protons, (d) antisunward oxygen ions,
(e) sunward protons, (f ) sunward oxygen ions, (g) XMSO component of suprathermal (>25 eV) ion velocities, (h) temper-
atures of suprathermal ions from STATIC, (i) magnetic field in the MSO frame, (j) spacecraft altitude, and (k) spacecraft
MSO position. The colors in the altitude plot in Figure 1j show the nominal regions, and the vertical dashed lines denote
the wake boundaries (see text for detail).

provide us with the first comprehensive data sets of plasma and magnetic fields in the near-Mars magneto-
tail. The MAVEN observations reveal the net Marsward proton flux in the presence of net tailward oxygen ion
flux in the near-Mars magnetotail, asymmetric distributions of the Marsward protons and IMF draping pattern
relative to the upstream solar wind electric field direction, and the upstream dynamic-pressure control of the
Marsward proton flux.

2. Case Study: 4 December 2014

We first present an example of MAVEN measurements to illustrate what ion populations contribute to the
Marsward and tailward fluxes in the magnetotail. Figure 1 shows MAVEN data from a periapsis pass on
4 December 2014. In this time series, MAVEN starts from the solar wind, passes through the magnetosheath
into the nightside magnetotail region in the inbound segment, penetrates through the ionosphere at the
periapsis near the terminator, and exits the dayside ionosphere and magnetosheath in the outbound
segment. The colors of the altitude plot in Figure 1j represent the nominal positions of the magnetosheath
by green, the magnetic pileup region by yellow [Trotignon et al., 2006], and the geometrical shadow by blue.
Figure 1k shows the spacecraft location in the Mars Solar Orbital (MSO) frame, in which the X axis points from
Mars toward the Sun, the Y points opposite to the direction of Mars’ orbital velocity component perpendicular
to X , and the Z completes the orthogonal coordinate set. The particle energy spectra and magnetic fields
display typical signatures in each region: the solar wind is characterized by cold electrons and monoenergetic
ion beams in weak magnetic fields; the magnetosheath is populated by heated plasma with turbulent
magnetic fields; the magnetotail region contains both hot, tenuous plasma and cold, dense plasma in
smoothly varying magnetic fields; and the low-altitude ionosphere is dominated by very cold plasma.
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Here we focus on the ion populations in the magnetotail by looking at the angle-integrated, directional
energy spectra of protons and oxygen ions (Figures 1c–1f ). The directional energy flux is derived from angular
integration of the differential energy flux multiplied by cos 𝜃 for cos 𝜃 > 0 directions, where 𝜃 is the angle
between the particle velocity and the direction of interest (i.e., sunward and antisunward). Figures 1c and 1d
show the energy spectra of protons and oxygen ions traveling antisunward (tailward), while Figures 1e and
1f show those of ions traveling sunward (Marsward in the tail). The vertical dashed lines in Figure 1 denote

the boundaries of the geometrical shadow (𝜌MSO ≡

√
Y2

MSO + Z2
MSO < 1RM), which is defined as the Martian

“wake” in this paper.

We note that we find several signatures related to the solar wind protons outside the wake. The monoener-
getic line at ∼1.5 keV seen before 14:22 and after 16:18 in the antisunward oxygen panel (Figure 1d) is due
to contamination from solar wind proton stragglers, not oxygen signals. The broadband below ∼1.5 keV in
sunward protons during the same time intervals (Figure 1e) represents the protons backscattered from the
spacecraft, not geophysical signals. Since this backscattered flux is typically 2 orders of magnitude smaller
than the incoming flux, the backscattering contamination becomes negligible in the tail region. The ∼1.5 keV
signals of antisunward protons at 15:40–15:45 near the periapsis (Figure 1c) represent penetrating hydrogen
atoms neutralized upstream of the bow shock and reionized in the ionosphere [Halekas et al., 2015].

In the magnetotail region, we observe multiple populations of ions traveling tailward and Marsward. The
tailward and Marsward proton spectra indicate the presence of hot protons with diffuse energy spectra at
∼10–1500 eV (Figures 1c and 1e). These energy spectra suggest that the hot protons originate from the
magnetosheath and ultimately from the solar wind, as pointed out regarding similar populations observed at
Venus [Lundin, 2011; Dubinin et al., 2013]. It is worth noting that the Marsward flux (Figure 1e) is larger than
the tailward flux (Figure 1c) for these hot protons, indicating their net Marsward flux. In addition to this hot
component, we observe the bright lines of cold protons below 10 eV (Figures 1c and 1e). The oxygen ion
spectra exhibit the cold core populations below 10 eV and suprathermal tail populations extending up to
∼100 eV (Figures 1d and 1f). The cold components of both hydrogen and oxygen ions are most likely supplied
from the cold Martian ionosphere. The observed energies of these cold ions are determined primarily by the
bulk velocity of the cold component in the spacecraft frame and by negative spacecraft potentials in shadow.
The suprathermal tail populations of planetary ions could result from ion heating by ion-ion instabilities
in the mixed plasma of magnetosheath and ionospheric origin [Ergun et al., 2006; Dubinin et al., 2013]. We
also observe tailward oxygen ions with very high energies of ∼5 keV (Figure 1d). These high-energy tailward
oxygen ions should also originate from the planetary atmosphere/exosphere, but their energies well above
the solar wind energy imply pickup acceleration from source locations outside of the wake [e.g., Fang et al.,
2008]. We note that the majority of the suprathermal and pickup oxygen ions travel tailward, though we do
observe the Marsward flux of suprathermal oxygen ions as well (Figures 1d and 1f). Figures 1g and 1h show
the Vx,MSO and temperatures of protons and oxygen ions with energies above 25 eV. It is seen that the hot
protons flow Marsward in the wake (Vx,MSO > 0), while the hot oxygen ions stream tailward (Vx,MSO < 0). The
different net flux directions of protons and oxygen ions suggest kinetic or multifluid behavior of different ion
species in the near-Mars magnetotail.

3. Statistical Results

In this section, we present statistical results using directional ion fluxes from STATIC measurements in the
near-Mars magnetotail to investigate the dependence of the Marsward and tailward ions on the upstream
and local parameters. Here we calculate upstream solar wind parameters (i.e., NSW, VSW, and BSW) for each orbit
from SWIA and MAG measurements in the solar wind. Then we linearly interpolate the two data points of two
consecutive orbits to estimate upstream values in between. After discarding orbits with no available upstream
parameters, we use total 438 orbits from 1 December 2014 to 28 February 2015. In this paper, we focus on ion
fluxes of suprathermal components above 25 eV so that the spacecraft velocity and potential have negligible
effects on the flux calculation. Nominal spacecraft velocities <4.5 km/s result in ram energies of <0.1 eV for
protons and <1.7 eV for oxygen ions. The spacecraft potential typically floats around several volts negative in
shadow, and its absolute value usually does not exceed 25 V in MAVEN orbits. The inclusion of low-energy ions
will be addressed in future studies. Higher-energy ions above the STATIC energy limit ∼30 keV are expected
to be insignificant in terms of number flux within the near-Mars magnetotail.
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Figure 2. YMSE-ZMSE distributions of ion flux and magnetic field in the near-Mars magnetotail (𝜌MSO < 1.5RM and −1.5RM < XMSO < −1RM) derived from data
taken from 1 December 2014 to 28 February 2015. (a) Marsward and (b) tailward protons above 25 eV; (c) Marsward and (d) tailward oxygen ions above 25 eV;
(e) number of ion observations in each bin; (f ) X , (g) Y , and (h) Z components; (i) intensity of the magnetic field in the MSE frame, and (j) number of 1 s
magnetic field observations in each bin.
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Figure 3. Median distributions of ion flux in the near-Mars wake (𝜌MSO < 1RM and −1.5RM < XMSO < −1RM) as a function
of local magnetic field intensity with the sign of ZMSE and upstream dynamic pressure for (a) Marsward and (b) tailward
protons above 25 eV and (c) Marsward and (d) tailward oxygen ions above 25 eV.

We first investigate the solar wind electric field control of the near-Mars magnetotail (𝜌MSO <1.5RM

and −1.5RM < XMSO<−1RM) by sorting data into the Mars Solar Electric (MSE) frame; i.e., +X points from
Mars toward −VSW, +Z is parallel to ESW = −VSW × BSW, and Y completes the orthogonal coordinate
set. Figures 2a–2d and 2f–2i show YMSE-ZMSE distributions of directional ion fluxes and magnetic field
components, respectively. Median values in each bin are used to present the typical state of the near-Mars
magnetotail. The data density distributions for the ion and magnetic field observations are shown in
Figures 2e and 2j. We note that the YMSE < 0, ZMSE > 0 quadrant and the YMSE > 0, ZMSE < 0 quadrant are
better sampled compared to the other two quadrants because of the typically horizontal IMF orientation
and inclined MAVEN orbits. This MAVEN data set provides sufficient numbers of observations in the ±E
hemispheres for the purpose of studying hemispheric asymmetry of the near-Mars magnetotail.

We observe the asymmetric distribution of Marsward protons with larger flux in the ZMSE < 0 (−E) wake
compared to the ZMSE > 0 (+E) hemisphere (Figure 2a). The tailward proton flux inside the wake (Figure 2b)
is generally smaller than the Marsward flux. We observe the small Marsward flux of oxygen ions mainly in
the −E hemisphere (Figure 2c). The tailward oxygen ion flux (Figure 2d) dominates over the Marsward flux
throughout the tail. We see some asymmetry in the tailward oxygen ions as well, e.g., the broadly distributed,
moderate flux in the −E hemisphere and the narrow and strong flux in the +E tail (at YMSE ∼0–0.5 RM and
ZMSE ∼1–1.5 RM). The ±E asymmetry of tailward oxygen ions becomes more prominent in farther downtail
regions [Dong et al., 2015].

The magnetic field structure in the near-Mars magnetotail also exhibits clear asymmetry relative to the
upstream solar wind electric field. Figure 2f demonstrates the expected two-lobe structure: the positive
Bx on the YMSE < 0 side and negative Bx on the YMSE > 0 side. In the By panel (Figure 2g), we observe positive
By in the +E hemisphere, while By has smaller, even negative, values in the −E hemisphere. The Bz distribution
(Figure 2h) shows the upward field (positive Bz) in the YMSE < 0, ZMSE > 0 quadrant; downward field (negative
Bz) in the YMSE > 0, ZMSE > 0 quadrant; and mostly horizontal field (Bz ∼ 0) in the−E hemisphere. The magnetic
field intensity is generally stronger in the +E hemisphere compared to the −E hemisphere (Figure 2i).
Overall, the +E hemisphere is characterized by stronger magnetic fields with significant +By and ±Bz compo-
nents, while the field lines are more tightly wrapped around Mars (i.e., By reversal) in the −E hemisphere.
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In addition to the ±E asymmetry, the observed ion fluxes are well organized by the local magnetic field
intensity and upstream dynamic pressure. Figures 3a–3d show medians of Marsward and tailward fluxes of
protons and oxygen ions in the near-Mars wake region (𝜌MSO < 1RM and−1.5RM < XMSO < −1RM) as a function
of local magnetic field intensity and upstream dynamic pressure. The local magnetic field intensity with the
sign of ZMSE (y axis) provides a measure of the two main regions in the magnetotail for the ±E hemispheres:
the strong-field tail lobes formed by the draped IMF and the weak-field plasma sheet sandwiched between
the oppositely directed lobe fields. We observe generally large ion fluxes in weak magnetic fields as expected
in the hot plasma sheet. The ion fluxes are also sorted by the upstream dynamic pressure (x axis), showing
larger fluxes in higher dynamic pressure conditions. The Marsward proton flux displays clear asymmetry
relative to the solar wind electric field (Figure 3a), while the other fluxes appear to be more or less
symmetric in these coordinates (Figures 3b–3d). Again, we observe mostly Marsward dominant proton fluxes
(Figures 3a and 3b) and tailward dominant oxygen ion fluxes (Figures 3c and 3d). Finally, our preliminary study
has not yet identified any obvious effects of crustal magnetic fields on tail ion fluxes (not shown), though more
detailed investigation would be necessary to fully reveal the complicated role of crustal fields in the Martian
magnetosphere.

4. Discussion

The dynamic-pressure dependence of the tailward planetary ion flux (Figure 3d) is consistent with previous
Mars Express observations [Lundin et al., 2008], and the MAVEN observations have revealed that the fluxes of
Marsward ions and tailward protons are also controlled by the upstream dynamic pressure (Figures 3a–3c).
Larger ion fluxes are found in the weak magnetic field region (Figures 3a–3d), reflecting the magnetotail
structure of the plasma sheet and tail lobes. These observations indicate that the significant return fluxes of
plasma sheet ions are directly or indirectly controlled by the upstream solar wind condition.

Next we discuss the hemispheric asymmetry in the near-Mars magnetotail and compare them to Venus obser-
vations. We observe the enhanced Marsward proton flux and negative By in the −E hemisphere (Figures 2a
and 2g). Very similar ±E asymmetry of return ion flows and IMF draping pattern has been observed at Venus
[Zhang et al., 2010; Du et al., 2013; Dubinin et al., 2013, 2014; Rong et al., 2014], suggesting the presence of com-
mon physical processes. Proposed mechanisms for production of the Venusward ion flows include inward
magnetic tension and magnetic reconnection owing to the tight wrapping of field lines in the−E hemisphere
[Zhang et al., 2012; Dubinin et al., 2013]. Similar explanations seem to be applicable to Marsward ion flows
in the Martian magnetotail, considering the observed field line wrapping in the −E hemisphere (Figure 2g).
However, we also find a striking difference between the observations at Mars and Venus: mass dependence
of the net flux directions. The MAVEN observations show the net Marsward flux of protons and net tailward
flux of oxygen ions in the −E hemisphere (Figures 2a–2d and 3a–3d), whereas both species tend to have
Venusward flows on average in the −E near-Venus tail [Dubinin et al., 2013]. We note that event studies at
Venus show an example of only protons traveling Venusward with oxygen ions almost stagnant in the plasma
sheet, and this event was interpreted as a signature of a magnetic island produced by magnetic reconnection
[Dubinin et al., 2012b]. It remains uncertain what makes the difference between the average states of Martian
and Venusian magnetotails. We will leave detailed event analyses as well as more extended statistical studies
with other parameters, including crustal field effects, to a future investigation.

Here we briefly investigate the relations between the ion flows and local magnetic field configurations.
Figure 4 shows mean velocity vectors of suprathermal protons and oxygen ions and local magnetic fields on
the XMSE-YMSE plane in the −0.75RM < ZMSE < −0.25RM and 𝜌MSO < 1RM ranges. In this spatial range, the
Marsward proton flows are frequently observed (Figure 4a), mostly tailward oxygen ion flows are seen
(Figure 4b), and the magnetic field vectors exhibit very complicated field configurations (Figure 4c). We note
that the Marsward proton flows do not necessarily coincide with the local negative By,MSE values, suggesting
that the relations between ion flow directions and local magnetic field structures may not be simple.

The planetward ions in the magnetotail can be found in a number of simulation results for Mars and Venus
[Ma et al., 2002, 2004; Terada et al., 2002, 2004; Bößwetter et al., 2004, 2007, 2010; Fang et al., 2008; Najib
et al., 2011; Curry et al., 2013; Jarvinen et al., 2013]. Most model studies have focused on planetary ion escape
and have not yet investigated the details of the return fluxes such as planetward acceleration processes and
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Figure 4. XMSE-YMSE projections of >25 eV (a) proton and (b) oxygen ion velocity vectors and of (c) local magnetic field
vectors within −0.75RM < ZMSE < −0.25RM and 𝜌MSO < 1RM .

their dependence on ion species and ZMSE. Reinvestigation of these model results as well as new simulation
runs specifically focusing on this topic will provide useful information for interpretation of the observed
planetward ions associated with the asymmetric magnetic field draping pattern.

5. Conclusions

MAVEN observations illustrate the coexistence of hot magnetosheath protons, cold planetary protons, cold
planetary heavy ions, and energetic heavy pickup ions in the near-Mars magnetotail. The suprathermal
(>25 eV) protons and oxygen ions travel in different directions, suggesting their kinetic/multifluid nature. The
statistical results show that upstream solar wind and magnetic field conditions control the hot ion fluxes in the
near-Mars (−1.5RM < XMSO < −1RM) magnetotail. Both Marsward and tailward ion fluxes are well organized
by the solar wind dynamic pressure and local magnetic field intensity. The spatial distributions of the
Marsward protons and local magnetic field in the magnetotail exhibit clear asymmetry relative to the solar
wind motional electric field. We observe larger fluxes of Marsward protons and field line wrapping in the
−E hemisphere as observed at Venus. However, unlike at Venus, where both protons and oxygen ions tend
to have Venusward velocities in the −E hemisphere, MAVEN observations show the net Marsward flux of
protons but net tailward flux of oxygen ions on average. The details of processes which produce such
Marsward proton fluxes in the presence of tailward traveling oxygen ions remain unclear.
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