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Abstract We present initial results of strong field amplitude flux ropes observed by Mars Atmosphere
and Volatile EvolutioN (MAVEN) mission around Mars during the interplanetary coronal mass ejection (ICME)
passage on 8 March 2015. The observed durations were shorter than 5 s and the magnetic field magnitudes
peaked above 80 nT, which is a few times stronger than those usually seen in the magnetosheath barrier.
These are the first unique observations that MAVEN detected such flux ropes with a strong field at high
altitudes (>5000 km). Across these structures, MAVEN coincidentally measured planetary heavy ions with
energies higher than a few keV. The spatial properties inferred from the Grad-Shafranov equation suggest
that the speed of the structure can be estimated at least an order of magnitude faster than those previously
reported quiet-time counterparts. Hence, the space weather event like the ICME passage can be responsible
for generating the observed strong field, fast-traveling flux ropes.

1. Introduction

The supersonic solar wind plasma directly interacts with the Martian upper atmosphere, because Mars lacks
a global intrinsic magnetic field except for the crustal fields primarily localized in the southern hemisphere
[e.g., Acuña et al., 1998, 1999]. The plasma environment around Mars is thus susceptible to the solar wind,
depending on upstream conditions/properties, such as the dynamic pressure and the interplanetary mag-
netic field (IMF) strength and orientation. Spacecraft measurements by Phobos 2 and Mars Express (MEX) have
shown that the planetary ions are energized, resulting in their escape to interplanetary space [e.g., Lundin
et al., 1989; Barabash et al., 2007; Lundin, 2011, and references therein]. The MEX plasma observations for more
than a decade allow us to prove that global planetary ion escape rates positively correlate with the upstream
dynamic pressure, EUV fluxes, as well as the solar activity proxies F10.7, and the sunspot number [e.g., Lundin
et al., 2008; Nilsson et al., 2010; Lundin et al., 2013].

Mars Atmosphere and Volatile EvolutioN (MAVEN) mission has now been adding to these measurements
around Mars since September 2014 [Jakosky et al., 2015a, 2015b]. In order to especially investigate the Martian
plasma environment and upper atmosphere, MAVEN possesses the most comprehensive set of instruments
to measure particles (including ions, electrons, and neutral atoms) and electromagnetic fields so far in the
Martian orbiter exploration history [Jakosky et al., 2015a]. MAVEN also directly observes significant amounts of
planetary heavy ions escaping into interplanetary space [e.g., Jakosky et al., 2015b; Brain et al., 2015]. The esti-
mated present global ion escape rates affecting Mars are consistent with previous spacecraft measurements
[e.g., Brain et al., 2015; Y. Dong et al., 2015].

The plasma environment around unmagnetized planets like Mars and Venus can be drastically changed
during space weather events, including solar energetic particle events, and the disturbed solar wind struc-
tures including corotating interaction regions (CIRs), and interplanetary coronal mass ejections (ICMEs).
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Figure 1. Flux rope magnetic field amplitude as a function of the observed altitude. The events observed by MGS
around the subsolar (terminator) regions during the premapping phase are denoted as black pluses (filled circles)
[Vignes et al., 2004]. Blue diamonds and a green square were those observed by MAVEN [DiBraccio et al., 2015;
Hara et al., 2015]. Red crosses are presented in this paper. Adapted to reproduce from Vignes et al. [2004].

A number of previous studies have discussed aspects of space weather effects on planets without a large-scale
planetary magnetic field. Several authors reported that the global ion escape rates during space weather
events can increase by a factor of between ∼2 and 10 at least for both Mars and Venus, compared with
the steady solar wind periods [e.g., Luhmann et al., 2007, 2008; Futaana et al., 2008; Dubinin et al., 2009;
Edberg et al., 2010, 2011]. The plasma boundaries and ionospheric plasma around Mars can be compressed
because of dynamic pressure increases driven by CIR and/or ICME passages [e.g., Opgenoorth et al., 2013;
Morgan et al., 2014].

Recently, MAVEN recorded a couple of ICME structures passing Mars during early March 2015 [Jakosky et al.,
2015c]. In this paper, we present initial results of MAVEN measurements with respect to characteristic strong
field amplitude magnetic flux ropes observed at quite high altitudes (>5000 km), as a new remarkable aspect
of space weather effects seen in the Martian plasma environment. Magnetic flux ropes are characteristic
twisted helical magnetic field structures [e.g., Russell and Elphic, 1979]. Figure 1 summarizes previous flux rope
observations around Mars, distributed onto the observed flux ropes’ field amplitude and altitude. Mars Global
Surveyor (MGS) detected a lot of flux ropes mainly lower than 1000 km, which have a peak field of weaker
than 20 nT and a radius of ∼40–50 km [e.g., Cloutier et al., 1999; Vignes et al., 2004; Briggs et al., 2011]. MAVEN
also observes flux rope structures even higher than 1000 km in the Martian induced magnetosphere and
magnetotail [Hara et al., 2015; DiBraccio et al., 2015]; however, their field amplitudes are typically smaller than
30 nT. Figure 1 clearly shows that the events, presented in detail later, are so unique observations at the high
altitude (>5000 km) that their field amplitudes are a few times stronger than previous events. In this case
associated with an ICME passage, the extreme properties of the structure and its possible consequences for
enhanced ion escape merit special note. It should also be noticed that large-scale (≳100 km) flux ropes with
a peak field amplitude of stronger than 100 nT have also been detected often around strong crustal mag-
netic fields (not plotted onto Figure 1) [e.g., Brain et al., 2010; Morgan et al., 2011; Beharrell and Wild, 2012;
Hara et al., 2014a].

2. Overview of ICME Events Observed by MAVEN on March 2015

The upstream solar wind around Mars was quite disturbed on the beginning of March 2015, because a few
ICMEs impacted Mars. Figure 2 represents the upstream solar wind conditions around Mars observed by
the Solar Wind Ion Analyzer (SWIA) [Halekas et al., 2015] and magnetometer (MAG) [Connerney et al., 2015]
experiments on board MAVEN for 10 days beginning on 1 March 2015. MAVEN observed three interplanetary
shocks (vertical dashed green lines in Figure 2) associated with ICMEs. In particular, the 8 March event was the
most extreme among them, because the solar wind velocity was greater than ∼800 km/s, the corresponding
dynamic pressure reached over 10 nPa, and the magnetic field amplitude also increased up to ∼20 nT after
the ICME shock. These disturbed solar wind parameters represent the most major overall external plasma and
field disturbance during the MAVEN primary mission to date.
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Figure 2. (a) SWIA omnidirectional energy time spectrogram in units of differential energy flux: eV/cm2/s/str/eV,
averaged over every 10 min, so that it can be easier to visually see the upstream dynamic variations. The other panels
are an overview of the orbital mean upstream solar wind values (with the standard deviations shown as vertical lines) as
derived from SWIA and MAG for 10 days from 1 March 2015: the solar wind (b) number density (Nsw), (c) velocity (Vsw),
(d) dynamic pressure (Psw), (e) IMF strength (|B|), and IMF azimuth (B𝜙 ≡ arctan(By∕Bx); black) and elevation angles
(B𝜃 ≡ arcsin(Bz∕|B|); light blue) in the Mars-centered Solar Orbital (MSO) coordinates. The MSO coordinates are defined
with the Xmso axis toward the Sun, the Zmso axis perpendicular to the ecliptic pointing to the northern hemisphere, and
the Ymso axis completing the right-hand system. Figure 2a displays somewhat cyclic patterns, because MAVEN has an
elliptic orbit capable of measuring various plasma regimes (e.g., upstream solar wind, magnetosheath, induced
magnetosphere, and ionosphere), and its orbital period is about 4.5 h. The orbital mean solar wind is derived from
simply averaging the SWIA and MAG data, when MAVEN was assumed to be in the solar wind region outside the
empirical Martian bow shock [Trotignon et al., 2006]. The three vertical green dashed lines are times when interplanetary
shocks associated with ICMEs reached, inferred from discontinuous signatures (Figure 2a). Flux ropes presented here
were observed in the magenta vertical line (see Figure 3 in detail).

Based on MAVEN comprehensive measurements, several aspects of the Martian plasma environment in
response to the ICME passages are extensively described in Jakosky et al. [2015c]. For example, the inferred
global escape rates of planetary heavy ions during these ICME events were substantially enhanced by about
an order of magnitude over the usual rates, consistent with previous spacecraft measurements [e.g., Futaana
et al., 2008; Dubinin et al., 2009; Edberg et al., 2010]. Energetic planetary heavy ions picked up by the IMF
embedded in the solar wind, often referred to as the “polar plume”, were accelerated by the convective elec-
tric field to energies more than 100 keV as the solar wind velocity rapidly increased within the space sampled
by the MAVEN orbit. The multifluid MHD model during this event successfully reproduced the global features
of the Martian plasma environment as observed by MAVEN [C. F. Dong et al., 2015]. These models predict that
the total ion escape rate was increased especially during the shock sheath phase just after the interplanetary
shock arrival [C. F. Dong et al., 2015; Curry et al., 2015]. A kinetic test particle simulation suggests that planetary
heavy ions precipitating back into the upper atmosphere were also highest during the shock sheath phase
[Curry et al., 2015]. The multifluid MHD simulation indicates that the ICME effects are not significant in the
main Martian ionosphere (below 200 km) [C. F. Dong et al., 2015]. However, these models do not include
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Figure 3. Overview of MAVEN observations for two magnetic flux ropes in the Martian magnetosheath during the ICME
passage on 8 March 2015: (a) The MAVEN three-dimensional orbital configuration, viewed from (left) +20∘ MSO latitude
at the 9:00 A.M. local time, and (right) −90∘ MSO latitude (i.e., −Zmso axis). The empirical bow shock and induced
magnetosphere boundaries [Trotignon et al., 2006] are displayed as green and yellow surfaces. A blue surface is an
optical shadow. The blue, green, and red bars represent the Xmso, Ymso, and Zmso axes, respectively. MAVEN orbited
along the rainbow curve. Background blue-red color is a modeled radial component of the crustal field (Br) at ∼400 km
altitude [Morschhauser et al., 2014], projected onto the globe surface, when MAVEN detected flux ropes. Flux ropes are
observed at the magenta orthogonal three axes. The other panels are the zoomed-up plasma and magnetic field time
series data across their structures: STATIC (b) light (M∕q ≤ 12) and (c) heavy (M∕q > 12) ions omnidirectional energy,
where M means the ion mass and q is the electric charge, (d) mass, (e) SWIA ion, and (f ) SWEA electron omnidirectional
energy spectra. Magnetic field (g) amplitude and (h) vector components in the MSO coordinate system measured by
MAG. The magenta and light blue horizontal bars inside Figure 3g are events time segments.
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the effects of particle precipitations related to these events. For example, the diffuse aurora emissions, likely
caused by the related solar energetic electrons [Schneider et al., 2015], most likely cause additional impact
ionization, while the expected sputtering caused by the observed precipitating heavy ions could not be
directly measured.

3. MAVEN Observations of Flux Ropes During ICME Passage

Figure 3 shows two magnetic flux rope events observed about 4 h after the 8 March ICME shock arrival
(vertical magenta line in Figure 2). During this time segment, MAVEN traveled outbound away from periap-
sis in the nightside magnetosheath region (Figure 3a). The ambient magnetic field strength observed by the
magnetometer (MAG) [Connerney et al., 2015] was∼20 nT on average during the entire time period (Figure 3g).
MAG detected two consecutive steep magnetic field enhancements, reaching a peak strength of ∼80 nT at
the times marked by magenta and light blue horizontal bars in Figure 3g. We hereafter refer to these events
during magenta (light blue) bars as Events 1 (2). Both magnetic field enhancements were short duration,
<5 s. Hodograms of the magnetic field components in the minimum variance analysis (MVA) coordinate sys-
tems [e.g., Sonnerup and Scheible, 1998] for Event 1 (Figure 4a) clearly shows that the magnetic field vector
rotates smoothly in the plane perpendicular to the minimum variance axis (Bk). Event 2 also has a similar
hodogram pattern (shown as Figure S1 in the supporting information). The eigenvalue ratio of the intermedi-
ate to minimum variance axis for Events 1(2) is approximately 15.4(24.9) (i.e., 𝜆j∕𝜆k ≃ 15.4(24.9)). Hence, both
events can be described by magnetic flux ropes, because this feature seen in the hodograms corresponds to
the typical flux rope signature [e.g., Russell and Elphic, 1979; Vignes et al., 2004]. As shown in Figure 1, these
observed flux ropes during the ICME passage have fields likely a few times stronger than those detected
at comparably high altitudes (>1000 km) under the relatively steady solar wind state [Hara et al., 2015;
DiBraccio et al., 2015].

The Supra-Thermal And Thermal Ion Composition (STATIC) experiment can measure three-dimensional veloc-
ity distribution functions with ions while resolving their compositions [McFadden et al., 2015]. Hence, STATIC
can provide mass resolution of ion populations inside the observed flux ropes. Because the observed ion flux
was at a higher intensity than usual owing to the ICME passage, some contamination constituents including
stragglers, scattered and sputtered ions from the spacecraft and/or instrument itself [McFadden et al., 2015]
were also enhanced. In our analysis, we removed these stragglers at least from the lowest mass populations,
which had the highest contribution of background. Figure 3d was shown after subtracting their stragglers.
STATIC measurements (Figures 3b–3d) indicate steep ion composition changes across both structures:
the solar wind (magnetosheath) origin low-mass (protons and alphas) ions were decreased in both energy
and flux, while planetary origin high-mass (O+ and O+

2 ) ion were increased. This feature is similar to Hara et al.
[2015], meanwhile, the observed energy range was higher than a few keV (Figure 3c). This energy range of
planetary ions is thus higher than that of ambient solar wind ions. Moreover, in particular, for Event 1, STATIC
also measured planetary ions with energies less than 10 eV. However, the STATIC ion angular distribution
(not shown here) confirmed that such low-energy planetary ions were mostly coming from the spacecraft.
Therefore, these low-energy ions may be more accurately interpreted as background populations caused by
the intense high-energy planetary ions across the structure.

Solar Wind Ion Analyzer (SWIA) can also sample the ion energy and angular distribution every 4 s without
compositions. The lowest energy is ∼25 eV during this period [Halekas et al., 2015]. As shown in Figure 3e,
SWIA also recorded ion populations with energies both higher than a few keV and less than a few tens of eV
across both structures. This tendency is similar to the STATIC observations. It should also be noted that these
low-energy ions are detected in SWIA angular bins, which are generally blocked by the spacecraft itself. Hence,
such low-energy ion populations also tend to be caused by enhancements of high-energy ion populations
across these structures. The observed timing of low-energy ions is slightly different between STATIC and SWIA
(Figures 3c and 3e), because the fields of view (FOV) are not completely coincident. To summarize the ion
behaviors recorded by STATIC and SWIA during the events: planetary heavy ions higher than a few keV are
(mostly) enhanced across the flux ropes.

The electrons’ energy and angular spectra, as well as their pitch angle distributions (PADs) relative to the local
magnetic field direction, can be obtained from Solar Wind Electron Analyzer (SWEA) [Mitchell et al., 2016].
Figure 3f indicates that variations of the energy spectra for electrons tend to be coincident with those of the
ion compositions across these structures. Namely, the observed electrons with energies higher than about
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Figure 4. Overview of the flux rope spatial properties for Event 1: (a, b) The hodograms of magnetic field components
in the minimum variance analysis (MVA) coordinate system, where Bi , Bj , and Bk components refer to the maximum,
intermediate, and minimum variance axes, respectively. Red circles (crosses) are start (end) points. (c) The axial magnetic
field Bz plotted as a function of the vector potential A. Open circles are MAVEN observations and the solid curve denotes
the fitted polynomials. (d) The two-dimensional axial magnetic field Bz map recovered from the Grad-Shafranov
reconstruction technique based on the MAVEN observations. MAVEN traversed (time progressed) from left to right along
y = 0. White arrows represent the transverse measured magnetic field components. The colored arrows shown at the
lower left corner on the reconstructed map are the projections of MSO unit vectors, Xmso(blue), Ymso(green), and
Zmso(red), respectively. Overlaid dashed magenta curve is the boundary to estimate the flux rope volume. The method
to define this boundary is given in text.

100 eV are enhanced in Event 1, while electrons with energies of several tens of eV are enhanced in Event 2.
Note that the PAD data is available every 4 s at this interval [Mitchell et al., 2016]; therefore, it would be difficult
to deduce further clues associated with magnetic topologies of the flux rope from the PAD data.

4. Estimation of Flux Ropes’ Spatial Properties Reconstructed
via the Grad-Shafranov Equation

To roughly estimate the spatial properties of the observed flux ropes, we apply the Grad-Shafranov recon-
struction (GSR) technique, which is capable of recovering magnetohydrostatic structures like the observed
flux ropes, using the single-spacecraft in situ measurements. The assumptions to apply this technique are that
the structure is two dimensional and time independent [e.g, Sturrock, 1994; Sonnerup and Guo, 1996]. The
GSR technique has been used for more than two decades to recover various magnetohydrostatic structures
seen in space plasma, such as flux ropes observed in interplanetary space (often known as magnetic clouds)
[e.g., Hau and Sonnerup, 1999; Hu and Sonnerup, 2002] and observed in Earth’s magnetosphere (often called
flux transfer events) [e.g., Sonnerup et al., 2004; Hasegawa et al., 2006].

Hara et al. [2014a, 2014b] previously investigated the magnetic flux ropes observed by MGS around Mars to
understand the possible ion escape rates associated with flux ropes, although MGS lacked the ion measure-
ments. Recently, Hara et al. [2015] recovered the spatial structure of a detached magnetic flux rope based on
the MAVEN simultaneous plasma and magnetic field measurements. The basic procedure to apply the GSR
technique is similar to previous studies [e.g., Hau and Sonnerup, 1999; Hu and Sonnerup, 2001, 2002; Hasegawa
et al., 2012], with the specific treatments optimized to apply the GSR technique to the Martian flux ropes
detected by MAVEN extensively described in Hara et al. [2015].
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It should be noted here that we find difficulties uniquely reconstructing the spatial structure for Event 2, per-
haps because part of the assumptions adopted to apply the GSR technique might be invalid (e.g., the observed
structure evolves in time, and/or it is not two dimensional but three dimensional). The GSR prediction for
Event 2 also implies that MAVEN was a remote encounter with Event 2, i.e., traversed far from the center of the
flux rope. As a consequence, we only investigate the detailed flux rope spatial properties for Event 1.

STATIC ion measurements are used in the GSR technique as the plasma data. However, as mentioned in
section 3, the duration across the structure was as short as only <5 s. On the other hand, the STATIC data are
available as fast as every 4 s [McFadden et al., 2015]. Taking into account the observational limitations, the
plasma data subsets used as input to the GSR technique are as follows: The ion density-weighted bulk velocity
is computed from the STATIC three-dimensional distribution functions (16 s cadences) under the assumption
that all the ion species are comoving with a flux rope, and a simple spline interpolation is performed over the
time period across the structure; a constant plasma pressure is given because a single STATIC measurement
is only available across the structure. It means that we assume a force-free (∇p = 0) approximation.

In a basic procedure to apply the GSR technique, the deHoffmann-Teller (HT) frame transformation is
necessary, because the HT velocity, VHT, allows for the time series data to be converted into the spatial infor-
mation at points along the spacecraft path [e.g., Hau and Sonnerup, 1999; Hu and Sonnerup, 2002; Hasegawa
et al., 2012; Hara et al., 2015]. The HT velocity, VHT, is found to be [−527.0 −89.8, 79.8] km/s in the MSO
coordinates. This estimated velocity is at least an order of magnitude faster than that of a typical detached flux
rope reported in Hara et al. [2015]. The correction coefficient for the HT analysis is quite high (cc = 0.99985),
which is well satisfied with a magnetohydrostatic structure. The Walén slope for the GSR interval is so small
(0.026) that this event turns out to be suitable for applying the GSR technique. Figure 4d shows the recon-
structed axial field map of Event 1. The correlation of the magnetic field components between the MAVEN
measurements and the GSR prediction is also quite high (cc = 0.99941), indicating that the spatial structure
is well reconstructed by the GSR technique. Figure 4c displays that the observed data points can be fitted
by single polynomial curve (black solid curve), suggesting that it is a reasonable assumption that the struc-
ture was under two dimensional. The axial orientation is estimated to be [0.761, −0.357, −0.541] in the MSO
coordinates. The dashed magenta curve onto Figure 4d is the boundary defined as a surface where the recon-
structed axial field strength is 50% of the core field value. The equivalent radius is ∼161.7 km computed from
the cross section of the reconstructed map, under the assumption that the flux rope shape is strictly circular.
The rope length along the flux rope axis is ∼482.6 km, estimated from the MAVEN flight distance in the HT
frame, assuming that the structure is maintained at least over the time when MAVEN traversed the flux rope.
Harnett [2009] performed three-dimensional multifluid simulations of the Martian induced magnetosphere
in order to understand the development and dynamics of flux ropes. The estimated flux rope spatial scale is
smaller than her simulation predictions [Harnett, 2009]. On the other hand, these spatial properties are com-
parable to the previous event reported in Hara et al. [2015]. However, the core axial field strength of this event
is a few times stronger than that seen in the case from the relative steady solar wind period.

5. Summary and Discussions of Possible ICME Effects

In this paper, we presented two magnetic flux ropes with a strong axial field observed by MAVEN during the
8 March 2015 ICME event. These events were observed in the nightside flank magnetosheath region and
observed altitude is as high as >5000 km. The observed durations were shorter than 5 s, and the magnetic
field reached a peak strength of >80 nT (Figure 3g). These observed fields are a few times stronger than those
seen in the similar location under relative steady solar wind states [Hara et al., 2015]. Hence, these are the
first unique observations that MAVEN detected such flux ropes with a strong field at high altitudes (Figure 1).
These results suggest that the strong IMF amplitude and dynamic pressure due to the ICME passage were
responsible for creating such observed, more extreme flux ropes.

We succeeded in uniquely recovering the spatial structure and axial orientation of the observed flux rope
for Event 1 by using the Grad-Shafranov reconstruction (GSR) technique. The GSR results indicate that the
estimated spatial scales described in section 4 are comparable to the detached event recently reported in
Hara et al. [2015] and those seen downstream from the strong crustal fields as detected on MGS [Hara et al.,
2014a, 2014b].

At that time of crossing these structures, STATIC simultaneously detected planetary heavy ions with energies
of higher than a few keV (Figures 3c and 3d). This result indicates that these flux ropes likely formed in the
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vicinity of the Martian ionosphere. Moreover, since the observed altitude was higher than 5000 km, quite
far from the main Martian ionosphere, one interpretation is that these flux ropes detached from the main
ionosphere and were in the process of moving outward into interplanetary space.

Here we noted some comments for this interpretation. First, the bulk flow should be the same regardless of
ion species. STATIC three-dimensional velocity distributions indicate that the bulk flow is roughly a compa-
rable speed regardless of the ion species and is moving approximately along the convection direction. This
feature can be consistent with our interpretation that all the ion species are comoving with this structure.
Second, comparing the spatial scale of the flux rope estimated by GSR with the gyroradii of the observed
planetary ions with energies larger than a few keV, their gyroradii are larger than the rope spatial scale in an
inertial frame of reference. However, viewing from the comoving frame with the structure, their gyroradii can
be small sufficient to trap inside the flux ropes. It is likely that a fraction of the planetary ions initially trapped
inside the flux rope have already been lost presumably into space. On the other hand, we might be able to
alternatively interpret that the possible source of high-energy populations is merely owing to pickup plane-
tary heavy ions. However, we are unable find high-energy populations around the structure. Assuming that
the global behaviors of pickup ions can be determined by the upstream motional electric field, this event was
observed in the −E hemisphere, because the spacecraft was in the dawn sector, and the magnetic field direc-
tion is stably oriented along−Bz around the structure (see, Figure 3h). Hence, this configuration is unfavorable
to measure the high-energy pickup heavy ions like “polar plume” [Y. Dong et al., 2015].

One remarkable feature associated with the ICME effects is that the estimated flux rope speed is at least an
order of magnitude faster than a detached flux rope event recently measured under a relative steady solar
wind state [Hara et al., 2015]. This estimated velocity is more than sufficiently high to be able to escape from
Mars. Given that the nominal planetary ion populations are initially trapped inside the structure, the possible
ion escape rates through the flux rope might also increase owing to the ICME passage, assuming that asso-
ciated planetary ions are completely removed during the MAVEN’s traversal of the structure. Our plans are
to continue to analyze flux ropes observed by MAVEN, including their planetary ion associations and depen-
dence on external (and crustal field orientation) conditions, toward a better understanding of the roles played
by these structures in the Mars solar wind interaction-related ion escape.
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