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Abstract Simultaneous Mars Atmosphere and Volatile EvolutioN mission (MAVEN) plasma and magnetic
field observations reveal a detached magnetic flux rope in the Martian induced magnetosphere. The flux
rope was identified by an increase in the magnetic field amplitude accompanied by smooth vector rotations.
In addition, MAVEN observed a pronounced ion composition change across the structure, with solar wind
ions dominating outside and planetary ions dominating within. Grad-Shafranov reconstruction is applied
to determine the two-dimensional spatial structure of the flux rope. The event occurred near the dusk
terminator, downstream from strong crustal magnetic fields. One possibility is that the flux rope was
created by magnetic reconnection associated with interplanetary and/or crustal magnetic fields. A weak
interplanetary coronal mass ejection (ICME) arrived at Mars a few hours before the event. A pressure pulse
and turbulent magnetic fields due to the ICME might be responsible for driving magnetic reconnection to
detach the flux rope from the crustal source.

1. Introduction

Magnetic flux ropes are helical magnetic field structures observed throughout the solar system [e.g., Russell
and Elphic, 1979]. Flux ropes were first observed around Mars by the Mars Global Surveyor (MGS) spacecraft
[e.g., Cloutier et al., 1999; Vignes et al., 2004; Briggs et al., 2011], even though Mars lacks a global intrinsic mag-
netic field [e.g., Acuña et al., 1998]. The plasma environments around unmagnetized planets, such as Mars and
Venus, are generally controlled by solar wind conditions, including the interplanetary magnetic field (IMF)
strength and orientation. However, the IMF and associated draped magnetic fields may not be the only source
of magnetic flux ropes at Mars, because Mars possesses strong localized crustal magnetic fields [e.g., Acuña
et al., 1998, 1999]. The crustal magnetic sources are distributed nonuniformly, and their strengths and orien-
tations with respect to the IMF vary continuously as the planet rotates. The strongest crustal magnetic fields
are located in the southern hemisphere around 180∘ longitude [e.g., Acuña et al., 1999; Connerney et al., 2005].
Based on magnetic field measurements by MGS, Martian crustal magnetic field models have been devel-
oped by several authors [e.g., Cain et al., 2003; Morschhauser et al., 2014]. Large-scale, isolated flux ropes have
previously been observed downstream from strong crustal magnetic fields [e.g., Brain et al., 2010; Morgan
et al., 2011; Hara et al., 2014a]. Beharrell and Wild [2012] reported that magnetic field enhancements, mostly
associated with flux rope signatures, were concentrated at solar zenith angles between 90∘ and 100∘ in the
southern hemisphere. Moreover, such events were repeatedly detected when strong crustal magnetic fields
were located on the dayside, upstream of the southern polar region [Beharrell and Wild, 2012].

If flux ropes detach, they can carry ionospheric plasma away from the planet. Over time, this and other escape
phenomena resulting from the direct interaction of the solar wind with the Martian upper atmosphere might
have contributed significantly to Martian atmospheric evolution and climate change [e.g., Jakosky and Phillips,
2001]. Phobos-2 and Mars Express (MEX) measurements have directly shown planetary ions escaping into
interplanetary space [e.g., Lundin et al., 1989; Barabash et al., 2007]. Based on the MGS observations, Brain
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et al. [2010] proposed that detached flux ropes might account for as much as 10% of the total present-day
ion escape from Mars. More recently, Hara et al. [2014a, 2014b] estimated lower limits to the ion escape rate
due to large-scale magnetic flux ropes using Grad-Shafranov reconstruction (GSR), which can constrain the
rope’s two-dimensional magnetohydrostatic structure based on measurements from a single spacecraft [e.g.,
Hu and Sonnerup, 2001, 2002; Hasegawa et al., 2006]. These lower limits, also based on MGS data, are on the
order of 1022 –1023 s−1. The current global ion escape rate from all mechanisms is uncertain by at least an order
of magnitude, but these results indicate that detached flux ropes can contribute 1–10% of the total escape
[Hara et al., 2014a, 2014b]. Because of the lack of ion measurements by MGS, previous studies had to assume
an ionospheric plasma density within the observed flux ropes. Hence, the simultaneous ion and magnetic
field measurements by the Mars Atmosphere and Volatile EvolutioN mission (MAVEN) present an opportunity
to derive a more reliable estimate of ion escape associated with flux ropes.

In this paper, we first present simultaneous MAVEN plasma and magnetic field observations that reveal a mag-
netic flux rope detached from the Martian ionosphere. We then apply the GSR technique to estimate the rope’s
two-dimensional spatial structure and axial orientation. Because this is the first opportunity to apply the GSR
technique with simultaneous measurements of multiple ion species, we investigate three different cases and
compare the results. We use these results to explore possible formation mechanisms for the observed flux
rope and to estimate the associated ion escape rate.

2. MAVEN Instrumentation

MAVEN is the first NASA orbiter mission dedicated to investigate the upper atmosphere and plasma envi-
ronment around Mars [Jakosky et al., 2015]. MAVEN was launched on 18 November 2013 and entered into
orbit around Mars on 22 September 2014. MAVEN has a 75∘ inclination science mapping orbit with a periap-
sis (apoapsis) altitude of ∼150 km (∼6200 km). The orbital period is approximately 4.5 h. The MAVEN science
payload makes simultaneous measurements of ions, electrons, and neutrals and magnetic field. In this study,
we use data obtained from the Suprathermal and Thermal Ion Composition (STATIC) analyzer [McFadden
et al., 2015], the Solar Wind Ion Analyzer (SWIA) [Halekas et al., 2013], the Solar Wind Electron Analyzer (SWEA)
[Mitchell et al., 2015], and the Magnetometer (MAG) [Connerney et al., 2015]. MAG data are utilized to identify a
magnetic flux rope. STATIC and SWEA are utilized to investigate the behavior of planetary ions and electrons
across the flux rope. Since STATIC can measure the ion mass composition as well as the energy and angular
distributions as often as every 4–16 s [McFadden et al., 2015], we are able to estimate the composition, den-
sity, bulk velocity, and temperature of planetary ions within the flux rope for the first time. SWIA is utilized to
infer the solar wind plasma properties during the event.

3. MAVEN Observations of Detached Flux Rope Event on 26 December 2014

Figure 1 shows an overview of the detached magnetic flux rope event on 26 December 2014. The spacecraft
crossed the bow shock at an altitude of 4800 km (13:22 UT), as it was traveling inbound toward periapsis
(Figure 2a). As the spacecraft descended from ∼3000 to ∼2700 km altitude, the flux of the solar wind plasma
gradually decreased in both intensity and energy (Figures 1a and 1d). MAVEN crossed the magnetic pileup
boundary (MPB) at around 13:54:20, as evidenced by the appearance of planetary O+

2 (Figure 1b) and the
decrease in magnetic field fluctuations (Figure 1g). Between 13:57:50 and 13:58:10, shown by the magenta
bar between Figures 1e and 1f, the observed magnetic field amplitude (solid black line) was enhanced and its
direction rotated smoothly as shown in Figures 1f and 1g. Minimum variance analysis (MVA) [e.g., Sonnerup
and Scheible, 1998] of the magnetic field data during the event yields the hodograms shown in Figure 3. The
hodogram clearly shows that magnetic field vector rotates smoothly in the plane perpendicular to the min-
imum variance axis (Bk) in Figure 3a. The eigenvalue ratio between the intermediate and minimum variance
axis is approximately 41.1 (i.e., 𝜆j∕𝜆k = 41.1), which allows us to confidently identify this feature as a mag-
netic flux rope [e.g., Russell and Elphic, 1979; Vignes et al., 2004]. A similar but less pronounced magnetic field
signature is observed around 14:04 UT.

Simultaneous ion and electron measurements by STATIC, SWIA, and SWEA reveal the plasma signature asso-
ciated with the flux rope. The ion mass composition and energy distribution are distinctly different inside and
outside the flux rope (Figures 1a and 1c). Low-mass ions (protons and alphas) are attenuated within the flux
rope and have an average energy 10 times lower than outside. At the same time, high-mass ions (primarily
O+ and O+

2 ), which are of planetary origin, are enhanced (Figures 1b and 1c). During the event, the plasma
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Figure 1. Overview of time series plot of detached magnetic flux rope event observed by MAVEN on 26 December 2014.
STATIC (a) light (M∕q ≤ 12) and (b) heavy (M∕q> 12) ions omnidirectional energy, (c) mass, (d) SWIA ion, and (e) SWEA
electron omnidirectional energy spectra as a function of time, where M means the ion mass and q is the electric charge.
Magnetic field (f ) amplitude (black line in the left vertical axis) and (g) vector components in the Mars-centered Solar
Orbital (MSO) coordinate system measured by MAG. The MSO coordinate system is 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. The magenta bar between Figures 1e and 1f is an event time period when the detached
magnetic flux rope is observed. The density-weighted ion bulk flow speed (Vi , magenta), obtained from the STATIC D1
data (16 s cadences), is overlaid in Figure 1f in the right vertical axis. It is used in the GSR technique (see section 4).

𝛽 (the ratio of the plasma pressure relative to the magnetic pressure) is smaller than 1. All ion species are
included to compute the plasma pressure in this study. Note that within the flux rope, heavy ion energies are
between ∼50 and ∼1000 eV, while proton energies are ∼10 eV. This is consistent with an approximately com-
mon bulk flow speed of several tens of km/s, which is slower than the bulk flow speed of ∼110 km/s outside
of the rope. (The spacecraft velocity was 2.8 km/s during these measurements.) STATIC measurements also
exhibit energy-dispersed planetary heavy ion signatures [see Halekas et al., 2015] mostly during the transi-
tion region between 13:55 and 14:05. SWIA omnidirectional energy spectra, which do not discriminate mass,
show a reduced ion flux from 25 to ∼1000 eV (Figure 1d). These results suggest that the flux rope was formed
in the Martian ionosphere. Although ion measurements show significant changes across the flux rope, there
is no obvious signature in 3–4600 eV electrons (Figure 1e). There is a slight shift in the electron energy distri-
bution just after MAVEN exited the flux rope, but similar signatures are observed at other locations that are
not associated with flux ropes.

This event was observed on the duskside of the induced magnetosphere, downstream from the terminator
plane (Figures 2b and 2c). The flux rope was observed at an altitude of ∼2500 km, which is more than 5 times
higher than previous flux rope observations by MGS [e.g., Vignes et al., 2004; Briggs et al., 2011]. The crustal
magnetic field amplitude at this location is expected to be small (∼1 nT) [Morschhauser et al., 2014] compared
with the measured magnetic field amplitude (∼10 nT). However, interestingly, strong crustal magnetic fields
in the southern hemisphere near 180∘ longitude were located around the dusk terminator (Figure 2b). Taking
into account the solar wind flow direction, the observed location of the flux rope is approximately downstream
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Figure 2. (a) The MAVEN orbital projection onto cylindrical Xmso,
√

Y2
mso + Z2

mso coordinates on 26 December 2014. MAVEN moves clockwise, and the rainbow
colors of spacecraft trajectory correspond to the time of its location, as shown in the rainbow color bar. The dash-dotted and dashed lines describe the average
positions of the bow shock (BS) and the magnetic pileup boundary (MPB) [Edberg et al., 2008]. The MAVEN orbit tracks viewed from (b) duskside and (c) the Sun
are also shown onto the crustal magnetic field map. Gray scale background indicates a radial component of crustal field model developed by Morschhauser et al.
[2014] at 400 km altitude, as shown by gray scale color bar in the bottom right corner. A globe is gridded every 45∘ (30∘) longitude (latitude). A right-half globe
shaded on Figure 2b means that the spacecraft is in the eclipse; i.e., a left-half globe is illuminated by the Sun. The detached magnetic flux rope event is detected
at the magenta cross.

from these strong crustal magnetic fields. Because the flux rope is estimated to be moving much faster than
the local escape velocity (< 4 km/s), it is likely that the rope is detached from the crustal sources at least and
escaping into interplanetary space.

4. Estimation of Spatial Structure Based on the Grad-Shafranov Reconstruction
Technique

In this section, we attempt to estimate the spatial structure and axial orientation of the observed magnetic
flux rope using Grad-Shafranov reconstruction (GSR). This technique makes it possible to recover the magne-
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Figure 3. Hodograms of the detached magnetic flux rope event observed by MAVEN between 13:57:50 and 13:58:10 UT
on 26 December 2014 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,
respectively.

tohydrostatic spatial structure from a single-spacecraft time series of plasma and magnetic field data, under
the assumption that the structure is two dimensional and time independent [e.g., Sturrock, 1994; Sonnerup
and Guo, 1996]. The GSR technique has been used for decades to recover various magnetohydrostatic struc-
tures, including flux ropes observed in interplanetary space (often known as magnetic clouds) [e.g., Hau and
Sonnerup, 1999; Hu and Sonnerup, 2002] and in Earth’s magnetosphere (often called flux transfer events) [e.g.,
Sonnerup et al., 2004; Hasegawa et al., 2006].

Assuming the structure to be two dimensional, there is an invariant axis z (the flux rope axis), along which
the spatial gradient is much smaller than in the orthogonal directions, x and y. If we can find such a frame,
the force balance equation between the magnetic tension and the total pressure gradient in the MHD frame-
work, j × B = ∇p, can be reduced to the GS equation [e.g., Sturrock, 1994; Hau and Sonnerup, 1999; Sonnerup
et al., 2006]:

∇2A = 𝜕2A
𝜕x2

+ 𝜕2A
𝜕y2

= −𝜇0

dPt(A)
dA

, (1)

where A is the z component of the vector potential and Pt is the transverse pressure, which is the sum of the
plasma pressure and axial magnetic pressure: Pt = p + B2

z∕(2𝜇0). Since p and Bz are functions of A alone, Pt

is also uniquely determined as a function of A. The vector magnetic field B can be calculated from the vector
potential A: B = [𝜕A∕𝜕y,−𝜕A∕𝜕x, Bz(A)]. In order to recover the spatial structure, the GS equation (1) is solved
numerically as a Cauchy (i.e., spatial initial value) problem by using the plasma and magnetic field data along
the spacecraft path (i.e., y = 0 in the GSR x-y plane) [e.g., Hau and Sonnerup, 1999]. This is usually performed in
the de Hoffmann-Teller (HT) frame, because the HT velocity, VHT, allows the time series data to be converted
into spatial information along the spacecraft path. Hence, the value of A along the GSR x axis can be computed
from the observed GSR y component of the magnetic field, By , via the spatial integration:

A(x, 0) = ∫
x

0

𝜕A
𝜕𝜉

d𝜉 = −∫
x

0
By(𝜉, 0)d𝜉. (2)

Spatial integration, d𝜉, can be transformed into time integration via the following relation: d𝜉 = −VHT ⋅ x̂dt,
where x̂ is a unit vector along the projection of −VHT onto the plane perpendicular to the invariant axis. The
detailed methodology of the GSR technique is fully described in previous studies [e.g., Hau and Sonnerup,
1999; Hu and Sonnerup, 2002; Hasegawa et al., 2012], and we adopt the same procedure in this study.

After recovering the axial z magnetic field map using the GSR technique, we tested three different cases
to investigate influence of the plasma pressure included inside the flux rope. Case 1 assumes the force-free
approximation; that is, the contribution of the plasma pressure is ignored (p = 0). The remaining two cases
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Figure 4. Results from the GSR technique based on the MAVEN plasma and magnetic field measurements for (a) Case 1, (b) Case 2, and (c) Case 3, respectively.
The transverse pressure Pt plotted as a function of the magnetic vector potential A (left column). Open circles are the MAVEN observations, and the solid curves
denote the fitted polynomials. The reconstructed two-dimensional maps of transverse magnetic field lines (black curves) with an axial magnetic field Bz in color
(right column). MAVEN was traveling (time progressed) from left to right along the line y = 0. Overlaid white arrows represent the transverse magnetic field
components measured by MAVEN. The blue, green, and red arrows shown at top left corner on the reconstructed map are the projections of Xmso, Ymso, and
Zmso axes, respectively. The dashed magenta curve is the flux rope boundary used in this study. The definition of the flux rope boundary is given in the text.
The spatial properties of the flux rope derived from the GSR technique are shown on the right of each case.

are nonforce-free conditions (p> 0). In Case 2, the plasma pressure is assumed to balance the observed
magnetic pressure (p=nkBT=B2∕(2𝜇0), where 𝜇0 is the magnetic permeability of free space). In Case 3, the
total plasma pressure summed over all ion species is used based on STATIC observations (p = nkBT , where n
is a plasma number density, kB is a Boltzmann constant, and T is a plasma temperature). The pressure com-
puted in Case 3 tends to be smaller than the pressure assumed in Case 2. Based on the SWEA measurements,
the ratio of the electron pressure to the total plasma pressure is computed to be < 13% during the event.
Hence, the electron pressure contribution can be safely ignored when determining spatial structure by the
GSR technique for this event. Furthermore, we note that the ion density-weighted average HT velocity VHT

is used in all cases, since STATIC measured multiple ion species within the flux rope. This is computed to be
VHT = [−40.2,−7.6,−16.4] km/s in the MSO coordinates for this event.

Figure 4 shows the axial (z) magnetic field component in the plane orthogonal to the flux rope axis, estimated
by the GSR technique for each case. Comparing Cases 1 and 2, we can see the influence of plasma pressure,
which results in a smaller, more elongated x-y cross section. The spatial structure for Case 3, which is based
on STATIC measurements, more closely resembles that of Case 1, indicating that the contribution of plasma
pressure is not significant in characterizing the reconstructed shape, at least in this event. The spatial prop-
erties obtained from the GSR technique for each case are summarized on the right of the reconstructed map
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in Figure 4. The flux rope z axis (Figure 4) is nearly aligned with the Sun-Mars line (MSO x axis) for all cases.
The differences of the estimated flux rope z axis among three cases are approximately between 2∘ and 11∘.
The dashed magenta line onto Figure 4 is the flux rope boundary defined as a surface where the reconstructed
axial field strength is 50% of the core field value in this study. The equivalent radius (r) is the radius of a circle
with the same area as the reconstructed cross section (within the dashed magenta line). The rope length (l)
along the flux rope z axis is estimated from the MAVEN flight distance in the HT frame, assuming that the recon-
structed spatial structure is maintained at least over the time interval when MAVEN was inside the flux rope.
These flux rope volumes (V) are comparable to previous volume estimates for magnetic flux ropes detected
by MGS near the Martian ionosphere around 400 km altitude [Hara et al., 2014a, 2014b]; however, the core
axial field strength of this event is significantly weaker than that of MGS ionospheric events [e.g., Brain et al.,
2010; Briggs et al., 2011; Hara et al., 2014b]. We also computed the toroidal (𝛷T ) and poloidal (𝛷P) magnetic
fluxes contained inside the flux rope based on previous studies [e.g., Qiu et al., 2007; Hu et al., 2014]. These
results are noted in Figure 4.

5. Summary and Discussions

In this paper, we report on MAVEN plasma and magnetic field observations of a magnetic flux rope around
Mars. This event was observed in the southern hemisphere of the Martian induced magnetosphere, down-
stream of the terminator plane and a region of strong crustal magnetic fields (Figure 2). As MAVEN traversed
the flux rope, STATIC measured an enhancement of planetary ions and a concurrent suppression of solar wind
ions. We infer that the observed flux rope was formed in a region with access to planetary ions but not to mag-
netosheath ions. One likely such location is on closed magnetic field lines within the Martian ionosphere. We
applied the GSR technique using MAVEN plasma and magnetic field data to estimate the two-dimensional
spatial structure of the flux rope. We found that the rope’s axis is nearly aligned with the Sun-Mars line and
that plasma pressure does not significantly influence the rope’s spatial structure for this event (Figure 4).

A region of strong crustal magnetic fields was located near the dusk terminator and upstream of the spacecraft
when MAVEN observed the flux rope, as shown in Figure 2b. Previous studies report that MGS detected a large
number of magnetic flux ropes around the Martian ionosphere at about 400 km altitude [e.g., Briggs et al.,
2011; Beharrell and Wild, 2012; Hara et al., 2014b]. This altitude is low enough that it is difficult to confidently
determine whether or not the observed flux ropes are detached from crustal magnetic fields. However, the
event in this study was observed above 2400 km altitude. Furthermore, STATIC observations indicate that
the ion populations inside the flux rope are moving approximately antisunward with a bulk velocity that is
much larger than the escape velocity. These observations are consistent with a scenario in which the flux rope
detached from crustal magnetic fields at the surface, possibly via magnetic reconnection [e.g., Halekas et al.,
2009; Brain et al., 2010; Hara et al., 2014b; Harada et al., 2015].

Here we estimate ion escape rates associated with the observed flux rope, based on the GSR results and STATIC
ion observations. The measured ion densities within the flux rope are 4.6 cm−3 for H+, 4.2 cm−3 for O+, and
4.4 cm−3 for O+

2 . To estimate volume, we use the spatial properties obtained from the GSR technique for Case
3 described in the previous section. The plasma contents within the flux rope are computed to be 1.36× 1023

ions for H+, 1.23×1023 ions for O+, and 1.30×1023 ions for O+
2 . Since MAVEN traverses the flux rope in 11.8 s, we

can set lower limits to the ion escape rates, assuming that plasma within the flux rope is completely removed
within this traversal time. These escape rates are 1.16 × 1022 s−1 for H+, 1.04 × 1022 s−1 for O+, and 1.11 ×
1022 s−1 for O+

2 . MEX observations reveal that global ion escape rates are presently on the order of 1024 s−1

[e.g., Barabash et al., 2007; Nilsson et al., 2010; Lundin et al., 2008, 2013]. Thus, a single detached magnetic flux
rope instantaneously contributes>1% of the total ion escape rate from Mars. These estimates are comparable
to those in previous GSR studies [e.g., Hara et al., 2014a, 2014b].

We note that similar but broader and less pronounced ion signatures are observed by STATIC before the flux
rope crossing that has been the focus of this study (Figure 1b). Judging from the energy width of planetary
heavy ion populations (Figure 1b), these ions are hot and have gyroradii (∼150 km for O+) that are comparable
to the estimated spatial scale of the flux rope (Figure 4), even though they are traveling along with the flux
rope. Therefore, some planetary heavy ions measured across the structure might not be trapped inside the
flux rope.

Finally, a weak interplanetary shock signature, possibly associated with an interplanetary coronal mass ejec-
tion (ICME), was detected by SWIA and MAG measurements around 12:00 UT on 26 December 2014, just a
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few hours before the flux rope observations. Although the solar wind velocity jump was not large (∼340 km/s
to ∼380 km/s), the solar wind density (∼16 cm−3), dynamic pressure (∼4 nPa), and magnetic field amplitude
(∼8 nT) after the ICME shock arrival are approximately 2 times larger than before. Hence, the flux rope event
in this study was observed when the ICME shock sheath in front of the interplanetary magnetic cloud passed
through Mars. One possibility is that a pressure pulse combined with turbulent magnetic fields in the ICME
shock sheath might be responsible for detaching a flux rope from the crustal source via magnetic reconnec-
tion. MAVEN observations of other flux rope events will be used to further our understanding of the physical
mechanisms responsible for forming and detaching flux ropes at Mars.
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