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Abstract We analyze Mars Atmosphere and Volatile EvolutioN (MAVEN) observations of magnetic
flux ropes embedded in Martian magnetotail current sheets, in order to evaluate the role of magnetotail
reconnection in their generations. We conduct a minimum variance analysis to infer the generation
processes of magnetotail flux ropes from the geometrical configuration of the individual flux rope axial
orientation with respect to the overall current sheet. Of 23 flux ropes detected in current sheets in the
near-Mars (∼1–3 Martian radii downstream) magnetotail, only 3 (possibly 4) can be explained by the
magnetotail reconnection scenario, while the vast majority of the events (19 events) are more consistent
with flux ropes that are originally generated in the dayside ionosphere and subsequently transported into
the nightside magnetotail. The mixed origins of the detected flux ropes imply complex nature of generation
and transport of Martian magnetotail flux ropes.

1. Introduction

Mars lacks a global intrinsic magnetic field; therefore, the interplanetary magnetic field (IMF) embedded in
the solar wind plays a significant role in the formation of the Martian induced magnetosphere by draping
around the planet. The localized crustal magnetic fields are nonuniformly distributed over the Martian
surface [e.g., Acuña et al., 1998, 1999], resulting in a complex electromagnetic field configuration in the Martian
plasma environment. As the Martian upper atmosphere can be energized via its direct interaction with the
solar wind, the Martian magnetotail is one of the most important plasma regimes in which a large amount of
the Martian ionospheric plasma is accelerated, leading to atmospheric escape into the interplanetary space
[e.g., Lundin et al., 1989; Barabash et al., 2007; Dong et al., 2015]. A wealth of in situ spacecraft plasma and field
measurements over a few decades has been unraveling various plasma dynamics operating in the magneto-
tail of unmagnetized planets, such as Mars and Venus, including the ion acceleration mechanisms through the
central plasma sheet [e.g., Dubinin et al., 1993, 2013; Fedorov et al., 2006, 2008], complex magnetic topologies
[e.g., Brain et al., 2007; Chai et al., 2016; Xu et al., 2017], tail flapping motions [e.g., Rong et al., 2015; DiBraccio
et al., 2017], planetward ion flows [e.g., Dubinin et al., 2012; Harada et al., 2015a; Kollmann et al., 2016] presum-
ably associated with magnetic reconnection [e.g., Zhang et al., 2012; Harada et al., 2015b, 2017], and magnetic
flux ropes [e.g., Eastwood et al., 2012; DiBraccio et al., 2015a].

Flux ropes are characteristic twisted helical magnetic field structures detected throughout the solar system
[e.g., Russell and Elphic, 1979]. In particular, detached flux ropes (as well as plasma clouds) filled with a large
amount of ionospheric plasmas can potentially provide a significant contribution to the ion escape from Mars
[e.g., Brain et al., 2010; Halekas et al., 2016]. Indeed, these helical flux rope structures are quite common in
the Martian plasma environment [e.g., Cloutier et al., 1999; Vignes et al., 2004; Brain et al., 2010; Briggs et al.,
2011; Hara et al., 2014a, 2014b]. Some researchers proposed that the ionospheric flux ropes are formed by
magnetic reconnection between crustal magnetic field themselves [Brain et al., 2010; Beharrell and Wild, 2012]
or between the crustal field and the overlaid IMF [Hara et al., 2014b, 2017]; however, the physical mechanisms
responsible for generating flux ropes in the Martian induced magnetotail remain poorly understood.
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Figure 1. Schematic illustrations of a flux rope embedded in the Martian magnetotail current sheet (left) and the
anticipated magnetic field variations of the tail flux rope (right), viewed from the current sheet based minimum
variance analysis (CS-BMVA) coordinates. A flux rope is assumed to be formed (a) by magnetotail reconnection and
(b) in the dayside and is subsequently transported to the nightside magnetotail region. Blue arrows are magnetic
field lines draped around the planet. Magenta lines and arrows are the anticipated flux rope axial orientation (BA).
The spacecraft motion is described as the dashed black arrows.

Here we investigate the generation mechanisms of flux ropes, specifically focusing on those embedded in
Martian magnetotail current sheets, based on the Mars Atmosphere and Volatile EvolutioN (MAVEN) com-
prehensive plasma and field measurements [e.g., Jakosky et al., 2015]. In this paper, we address the issue on
the relative role of magnetotail reconnection in the formation of flux ropes observed in Martian magnetotail
current sheets. We test two possible scenarios for the flux rope formation.

First, magnetic reconnection within magnetotail current sheets provides a straightforward explanation for the
generation of Martian magnetotail flux ropes (Figure 1a), analogous to the terrestrial magnetotail plasmoid
formation [e.g., Eastwood and Kiehas, 2015, and references therein]. Indeed, several studies have demon-
strated the presence of magnetic reconnection signatures in the Martian plasma environment [e.g., Eastwood
et al., 2008; Halekas et al., 2009; Harada et al., 2015b, 2017]. Eastwood et al. [2012] presented Mars Global
Surveyor (MGS) observations of a chain of flux ropes in the Martian magnetotail current sheet. Based on
the magnetic field geometrical configurations of the individual flux ropes with respect to the overall current
sheet derived from the minimum variance analysis (MVA) [e.g., Sonnerup and Scheible, 1998], they inter-
preted that these multiple flux ropes can be generated by magnetic reconnection subsequently rather than
simultaneously. They also pointed out the potential importance of the crustal fields leading to thin current
sheet formation, because the observed current sheet was rather thick unfavorable to magnetotail reconnec-
tion, and a significant crustal field region was located on the dayside terminator upstream from the observed
chain of flux ropes [Eastwood et al., 2012]. DiBraccio et al. [2015a] also reported a magnetotail flux rope
signature from the MAVEN magnetic field measurements.

Alternatively, we can explore the second possibility that does not necessitate magnetotail reconnection:
transport of flux ropes that are originally generated in the dayside ionosphere through plasma instabilities
such as helical kink, Kelvin-Helmholtz instabilities [e.g., Elphic and Russell, 1983; Wolff et al., 1980; Ruhunusiri
et al., 2016], and magnetic reconnection in consequence of interactions between the IMF and crustal fields
[e.g., Hara et al., 2014b, 2017], or dayside magnetic reconnection analogous to the terrestrial flux transfer
events [see, e.g., Hasegawa, 2012, and references therein]. As illustrated in Figure 1b, these helical draped
magnetic field lines can be subsequently transported into the nightside magnetotail forming the current
sheet, allowing spacecraft to detect them as flux ropes embedded in the magnetotail current sheets. Indeed,
Slavin et al. [2009] have proposed this scenario and actually found the event in near-Venus magnetotail.
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The detailed explanations for generation processes of flux ropes in the dayside ionospheres of unmagnetized
planets are extensively given by Luhmann and Cravens [1991].

In a similar manner to Eastwood et al. [2012], we perform a minimum variance analysis (MVA) [e.g., Sonnerup
and Scheible, 1998] on the MAVEN magnetic field data to define two different coordinates: (i) one relevant
to the overall current sheet configuration (CS-BMVA) and (ii) the other representing the local structure of indi-
vidual flux ropes (FR-BMVA). Figure 1 summarizes geometrical configurations of the magnetotail current sheet
and flux rope, and the anticipated magnetic field variations during the flux rope encounter in the overall cur-
rent sheet coordinates (CS-BMVA). For a flux rope formed by magnetic reconnection in the magnetotail current
sheet (Figure 1a), the flux rope axial core field (BA) is expected to be oriented parallel to the current sheet
intermediate variance (MCS) direction (the cross-tail current direction). Hence, in the time series of magnetic
fields in the CS-BMVA coordinates, a peak magnetic field should be observed in the MCS direction. Meanwhile,
a magnetic field component of the current sheet maximum variance (LCS) direction changes its sign during
the flux rope encounter. In addition, a bipolar signature will be found in the current sheet minimum variance
(NCS) direction if the flux rope is moving tailward with a speed sufficiently faster than the spacecraft velocity
across the spacecraft as suggested by Eastwood et al. [2012]. We note that the alignment of the flux rope axial
core field with the overall current sheet MCS direction is expected for the flux rope formation via magnetotail
reconnection irrespective of the origins of current sheets (i.e., between draped IMFs, crustal fields, or both).

The expected magnetic field configuration is totally different for a flux rope that is originally formed in the
dayside ionosphere and subsequently transported into the nightside magnetotail (Figure 1b). In this case,
the flux rope axial core field (BA) should be oriented perpendicular to the current sheet intermediate variance
(MCS) direction. Meanwhile, a bipolar signature should be found in the current sheet (MCS) direction across the
flux rope. Since the flux rope core field (BA) is oriented on the LCS-NCS plane in the CS-BMVA coordinates, a peak
field should be found in either LCS or NCS directions depending on the crossing geometry of the spacecraft
and individual flux ropes.

2. Flux Rope Events

This section presents two events to demonstrate the methodology of inferring the generation processes of
magnetotail flux ropes from the geometrical configurations of the individual flux rope axial orientation with
respect to the overall current sheet.

2.1. Magnetotail Reconnection Event
Figure 2 presents an example of the MAVEN plasma and magnetic field observations across a single current
sheet in the Martian magnetotail on 4 December 2014 (orbit #354). Figure 2f shows the vector magnetic
field measured by the MAG instrument [Connerney et al., 2015] in the Mars-centered Solar Orbital (MSO)
coordinates. The MSO coordinates are defined with XMSO axis toward the Sun, the ZMSO axis perpendicular to
the ecliptic pointing to the northern hemisphere, and YMSO axis completing the right-hand system. Figure 2f
clearly shows that the BX component (blue) reversed its sign from negative to positive, indicating that MAVEN
crossed the magnetotail current sheet. Meanwhile, as highlighted by the gray horizontal bar in Figure 2e, the
local magnetic field enhancement, with a peak strength ∼12 nT, was embedded in the overall magnetotail
current sheet structure.

Figures 2h–2j represent the result of MVA (FR-BMVA), which is performed to the MAG data during the gray
horizontal bar. Figure 2h shows that the flux rope maximum variance (LFR) direction changes its sign, and the
unimodal peak is found in the flux rope intermediate variance (MFR) direction. The hodogram in Figure 2i also
shows a smooth circular rotation pattern, which is a characteristic signature of a flux rope [e.g., Vignes et al.,
2004]. Therefore, we adopt the MFR axis as the flux rope axial core direction to be BA = [0.347,−0.292,−0.891]
in the MSO coordinates.

In order to determine the overall current sheet geometry (CS-BMVA), Figure 2f is transformed into Figure 2g
by performing the MVA to the time segment between vertical magenta dashed lines in Figure 2. The CS-BMVA

coordinates are thus found to be LCS = [0.849, 0.108, 0.517], MCS = [0.511,−0.416,−0.752], and NCS =
[0.134, 0.903,−0.409] in the MSO coordinates, respectively. The angle between the BA and MCS axis turns out
to be ∼14∘, i.e., the flux rope axial core field (BA) is approximately parallel to the current sheet intermediate
variance (MCS) direction. Besides, the small bipolar signature is found in the NCS component in Figure 2g. These
signatures are in good agreement with the geometrical configuration in Figure 1a. We can thus conclude
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Figure 2. Overview of the MAVEN flux rope observations in the Martian magnetotail current sheet on 4 December 2014
(Orbit #354): STATIC measurements of ions (a) omnidirectional energy and (b) mass spectra shown in units of differential
energy flux (EFLUX) of eV/cm2/str/s/eV. SWEA measurements of electrons (c) omnidirectional energy spectra shown
also in units of differential energy flux and (d) the normalized pitch angle distributions with energies between 100
and 150 eV. MAG measurements of magnetic field (e) amplitude (black) together with the modeled crustal field (blue)
[Morschhauser et al., 2014] and vector components in (f ) the MSO coordinates and transformed into the (g) current
sheet-based minimum variance analysis (CS-BMVA) coordinates. A minimum variance analysis is performed by the time
interval between two magenta vertical dashed lines in order to determine the CS-BMVA coordinates. A magnetotail flux
rope measurement is highlighted by the gray horizontal bar in Figure 2e. (h) Time profile and (i, j) hodograms of the
vector magnetic field components transformed into the flux rope-based minimum variance analysis (FR-BMVA)
coordinates. Black filled circles (crosses) in Figures 2i and 2j are start (end) points.

that the observed properties in this event are consistent with a flux rope generated by reconnection in the
magnetotail current sheet.

Figures 2a–2d provide the context of local plasmas during this event. Throughout the current sheet crossings,
the SupraThermal and Thermal Ion Composition (STATIC) ion instrument on board MAVEN [McFadden et al.,
2015] observed multiple ion species including H+, O+, and O+

2 (Figures 2a and 2b). The Solar Wind Electron
Analyzer (SWEA) electron measurements [Mitchell et al., 2016] in Figures 2c and 2d indicate that one-sided
loss cone distributions were detected just before and after the current sheet crossing. It implies draped
or open magnetic topologies around the event, i.e., at least one-sided ends connected to the solar wind
[see, e.g., Brain et al., 2007; Xu et al., 2017].

2.2. Dayside Structure Transport Event
Figure 3 presents another current sheet crossing on 19 September 2015 (orbit #1895); however, this event
has a couple of remarkable characteristics different from Figure 2. In terms of the magnetic field measure-
ments in Figures 3e and 3f, MAVEN consecutively detected four distinct magnetic field enhancements during
the magnetotail current sheet crossing inferred from the BX reversal. We can confirm from the MVA results
in Figures 3h–3k that all the magnetic field enhancements are owing to the flux rope encounters. Since the
bipolar-like signatures are found in the LFR direction, and the unimodal peaks are found in the MFR direction,
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Figure 3. Overview of the MAVEN flux rope observations in the Martian magnetotail current sheet on 19 September 2015 (Orbit #1895): (a–g) The same as
Figures 2a–2g; however, four flux ropes are consecutively observed in the Martian magnetotail current sheet, which are highlighted by horizontal magenta,
blue, green, and red bars in Figure 3e. (h–k) Time profiles and hodograms of individual tail flux ropes transformed into the FR-BMVA coordinates. Their formats
are mostly identical to Figures 2h–2j.

the individual flux rope intermediate variance (MFR) axes can be estimated as the axial core directions
for each flux rope to be BA = [−0.859, 0.490, 0.146] (magenta; Figure 3h), [−0.404, 0.870,−0.283] (blue;
Figure 3i), [−0.566, 0.809, 0.193] (green; Figure 3j), and [−0.027, 0.962, 0.271] (red; Figure 3k). Interestingly,
the estimated flux rope axis gradually varies from the −XMSO to +YMSO directions.

We now compare the multiple flux rope measurements presented here to the MGS measurement of a chain
of flux ropes in the Martian magnetotail current sheet reported by Eastwood et al. [2012]. They concluded that
a chain of flux ropes were generated by subsequent magnetotail reconnection, because the estimated flux
rope axial orientations (BA) tend to be approximately parallel to the current sheet intermediate variance (MCS)
direction, and the flux rope bipolar signatures are seen in the NCS direction in the CS-BMVA coordinates as
shown in Figure 1a [Eastwood et al., 2012]. Unlike Eastwood et al.’s [2012] measurements, the flux rope axial
orientations of this event exhibit large angles with respect to the overall current sheet MCS direction; the
CS-BMVA coordinates for this event are found to be LCS=[0.942,−0.256,−0.215], MCS =[−0.031, 0.574,−0.818],
and NCS = [0.333, 0.778,−0.533] in the MSO coordinates. Therefore, the angles of BA relative to the MCS axis
turn out to be∼79 (magenta; Figure 3h),∼42 (blue; Figure 3i),∼71 (green; Figure 3j), and∼71∘ (red; Figure 3k),
i.e., most of the flux rope axial core fields (BA) are nearly perpendicular to the current sheet intermediate vari-
ance (MCS) direction. This configuration cannot be explained by the magnetotail reconnection scenario, in
which BA should be aligned with MCS (Figure 1a). Figure 3g clearly shows that the bipolar signature during
every flux rope encounter is found in the current sheet intermediate variance (MCS) direction; therefore,
these flux rope magnetic field variations in the CS-BMVA coordinates are in good agreement with Figure 1b,
suggesting that these flux ropes are consistent with those generated in the dayside ionosphere and trans-
ported into the magnetotail.

In terms of plasma signatures (Figures 3a–3d), MAVEN observed typical energetic plasmas with energies up
to a few hundreds of eV, which are accelerated in the Martian magnetotail current sheet [e.g., Dubinin et al.,
1993; Dubinin and Fraenz, 2015, and references therein]. STATIC simultaneously recorded multiple ion species
including H+, O+, and O+

2 across the current sheet, similar to Figure 2. Interestingly, planetary heavy ions are
likely accelerated up to almost the same energy regardless of their species. It can be interpreted that the
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Figure 4. (a) Histogram of the Martian flux ropes observed in the
magnetotail current sheet as a function of the angle of the flux rope
axis (BA) with respect to the current sheet intermediate variance (MCS)
direction. (b) Events distributions onto cylindrical X −

√
Y2 + Z2

coordinates in the MSO coordinates. The background contour is the
relative MAVEN observations frequency in the magnetotail, which is
normalized by the highest bin. Black dashed curve is the lowest
altitude of 1000 km, from which we surveyed magnetotail flux ropes.

planetary heavy ions are accelerated by
the Hall electric field driven by differen-
tial motion between unmagnetized ions
and magnetized electrons accelerated
tailward by j × B force [e.g., Dubinin et al.,
1993; Dubinin and Fraenz, 2015].

3. Statistical Results

In this section, we statistically survey flux
ropes embedded in the magnetotail cur-
rent sheet from November 2014 (Orbit
#178) to December 2016 (Orbit #4383).
We only use the data obtained when
MAVEN was located in the geometric
shadow at altitudes higher than 1000 km,
thereby focusing on the high-altitude
region of the Martian magnetotail and
eliminating direct influence of complex
crustal magnetic fields at low altitudes
on the flux rope detection algorithm as
described below: First, we automatically
searched for a local peak of noncrustal
magnetic field strengths (obtained
by subtracting the model crustal field
[Morschhauser et al., 2014] from the
observed field). Then the MVA was per-
formed for the time intervals between
the nearest magnetic dips adjacent to
the local magnetic peak. Based on these
local MVA results (FR-BMVA), we identified
possible flux rope events by applying the
following selection criteria: (1) the local
magnetic peak is stronger than each of
the nearest magnetic dips by at least 3 nT,
(2) the bipolar and unimodal magnetic
field signatures must be found in either
the maximum or intermediate variance
directions of the FR-BMVA coordinates,
and (3) each of the bipolar peak ampli-
tudes is greater than 2 nT. We counted
each individual flux rope in case multiple

flux ropes are seen in the single magnetotail current crossing like Figure 3. In this way, we tentatively found
169 candidate flux rope events from 1962 unique orbits in total. Of the 169 candidate events, we selected
27 events with stable, single magnetotail current sheet crossings to ensure well-defined configurations of
the overall current sheets (CS-BMVA). A basic idea to examine stable, single current sheet crossings is similar to
the previous studies [Halekas and Brain, 2010; Harada et al., 2017]. After removing 4 improper events whose
hodograms did not show simple circular patterns, the remaining 23 flux rope events were finally utilized for
our statistical study. We note that the Figure 3i (blue) event does not satisfy the selection criterion (3), and it
was excluded from the statistical results.

Figure 4a shows the histogram of the identified 23 magnetotail flux rope events as a function of the angle
(≡ 𝜃) of the flux rope axial orientation (BA) with respect to the current sheet intermediate variance (MCS) axis.
We took the polarity uncertainty of the current sheet intermediate variance (MCS) axis into account, and the
angle in Figure 4 ranges between 0 and 90∘ rather than between 0 and 180∘. As shown in Figure 1, if the iden-
tified flux ropes are generated by magnetotail reconnection, the flux rope axial core (BA) direction is expected

HARA ET AL. FLUX ROPES IN MARS TAIL CURRENT SHEETS 6



Geophysical Research Letters 10.1002/2017GL073754

to be oriented parallel to the current sheet intermediate variance (MCS) axis, i.e., 𝜃 ∼ 0∘. On the other hand, if
they are generated in the dayside ionosphere and then transported into the magnetotail, the flux rope axial
core (BA) direction will be oriented perpendicular to the current sheet intermediate variance (MCS) axis, i.e.,
𝜃 ∼ 90∘. In Figure 4a, we observe 19 events that can be categorized into the dayside structure transport
scenario (𝜃 ≥ 60∘), and only 3 events that are consistent with magnetotail reconnection (𝜃 ≤ 30∘). Therefore,
our statistical result suggests that magnetotail flux ropes consistent with the dayside structure transport
scenario are more frequently observed by MAVEN than those generated by magnetotail reconnection.

Figure 4b indicates that these events are largely detected in the central plasma sheet while the spatial data
coverage lacked at ∼2 Martian radii and farther downstream from Mars. Although the events are found in
both northern and southern hemispheres, interestingly, they tend to be detected more frequently in the
southern hemisphere rather than in the northern hemisphere (not shown here), indicating that the crustal
magnetic field could play some roles in generating flux ropes embedded in the magnetotail current sheets.
These 23 magnetotail flux rope events possess some similar features regardless of their generation processes.
For example, their observed duration is about several tens of seconds with a peak field ranging between
∼10 and 25 nT. Multiple ion species including H+, O+, and O+

2 are simultaneously recorded during their
encounters that is consistent with the previous MAVEN observations [Hara et al., 2015, 2016, 2017]. However, it
should be noted that the flux ropes with 𝜃≥ 60∘ tend to be observed in a series of multiple flux rope signatures
across a single magnetotail current sheet as shown in Figure 3.

4. Discussion and Conclusions

In this paper, we investigated the Martian flux ropes observed by MAVEN in magnetotail current sheets in
order to constrain their generation mechanisms. Comparing the geometrical configurations between the
current sheet and flux rope based on the minimum variance analysis (MVA), we categorized the magnetotail
flux ropes into two different types as shown in Figure 1: one consistent the flux ropes formed by magnetotail
reconnection and the other consistent with flux ropes generated in the dayside ionosphere and transported
into the nightside magnetotail region. Statistical survey shows that MAVEN detected both types, but the latter
was much more frequently detected than the former.

One important question associated with our results is why MAVEN did not frequently observe flux ropes
generated by magnetotail reconnection. MAVEN has detected magnetic reconnection signatures within the
central tail current sheet in the near-Mars magnetotail at∼1.3 Martian radii presented by Harada et al. [2015b].
They further reveal that the in situ reconnection signatures, characterized by Hall magnetic fields, are com-
monly observed in about 1–2 Martian radii downstream from Mars [Harada et al., 2017]. On one hand, the
recent MHD coupling to the particle-in-cell simulation predicts that flux ropes which are generated by mag-
netotail reconnection fully develop typically at ∼2 Martian radii and farther downstream from Mars, and this
region has been poorly explored by MAVEN (see Figure 4b). This possibility could explain why the magnetotail
reconnection flux ropes are so rare in the current MAVEN data set.

Another concern associated with the dayside structure transport model is how long flux ropes generated in
the dayside ionosphere can retain their structures on the way to the nightside magnetotail. Several previous
numerical simulations predicted that flux ropes generated in the Venus dayside ionosphere are maintained
for ∼10 min to several hours [Luhmann et al., 1984; Shinagawa and Cravens, 1988; Shimazu and Tanaka, 2008],
which could provide sufficient time for transport of flux ropes out of the ionosphere into the magnetotail
region. Previous two spacecraft measurements also confirmed that it took ∼10 min for the IMF to drape
around the Venus dayside ionosphere and to transport into the nightside magnetotail [e.g., Huddleston et al.,
1996; Slavin et al., 2009]. This time scale might be too short for the draped IMF to form the thin magnetotail
current sheet.

It should be noted that flux ropes generated by magnetotail reconnection (blue circles in Figure 4b) tend to
be found only in the southern hemisphere (not shown here). As pointed out by Eastwood et al. [2012], it might
indicate that crustal magnetic fields would play some roles to drive the plasma convection enhancement in
the Martian induced magnetosphere, allowing magnetotail current sheets to be thin, favorably leading to
magnetic reconnection.

There are mainly two caveats associated with the MVA for this study: One is the uncertainty in determining
the CS-BMVA coordinates to compare the geometrical configuration of the individual flux rope axial orientation
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with respect to the overall current sheet. Since the structures of the magnetotail flux ropes are embedded in
the current sheets, eigenvalues ratio of the intermediate variance direction (MCS) to the minimum variance
direction (NCS) might be close to ∼1 for some cases. However, the orientation of the maximum variance direc-
tion (LCS) will be precisely determined because of the current sheet crossings. Therefore, we will be able to at
least identify the dayside structure transport events (Figure 1b), because it is likely that a peak signature can
be seen in the LCS direction during the flux rope encounters, even though the MVA cannot precisely deter-
mine the MCS and NCS directions. Indeed, we observed at least eight LCS dominant events with an angle of
the flux rope axis with respect to the LCS direction smaller than 30∘, suggesting that the dayside structure
transport scenario (Figure 1b) for which magnetotail reconnection is not necessary turns out to be one of the
significant mechanisms in generating flux ropes within near-Mars magnetotail current sheets.

The other is that some previous studies pointed out that the MVA results might be unreliable in determining
the flux rope axial orientation in some cases, depending on the crossing geometry of the spacecraft relative
to the flux rope structure [e.g., Xiao et al., 2004; Rong et al., 2013]. However, in this study, we have visually
inspected each individual flux rope events to confirm that their axial orientations (core field directions)
adopted from the MVA results have the unimodal peak signature. As mentioned in section 3, our automated
method to identify candidate flux rope events requires that the bipolar and unimodal magnetic field signa-
tures must be found in either the maximum or intermediate variance directions of the FR-BMVA coordinates.
Therefore, our method automatically disregards cases with fluctuations that are not indicative flux rope
signatures, e.g., both directions have bipolar or unimodal signatures. In order to examine the potential influ-
ence of the crossing geometry on the determination of the flux rope axial orientation, we have implemented
a force-free flux rope fitting model (see, e.g., Lepping et al. [1990] and DiBraccio et al. [2015b] in detail) and
computed the impact parameter, i.e., the closest distance between the spacecraft trajectory and the central
axis of the flux rope. The estimated mean impact parameter with a standard deviation (normalized by the esti-
mated flux rope radius) is 0.19 ± 0.16, indicating that MAVEN traveled relatively close to the centers of the flux
ropes. In such cases, the unimodal peak in the FR-BMVA coordinates corresponds to the flux rope core field (BA).
Therefore, we are confident in our approach of adopting the unimodal peak found in FR-BMVA coordinates as
the flux rope axial orientation.

The statistical results exhibit the mixture of different types of magnetotail flux ropes, implying complex nature
of their origins. Neither one of the proposed formation scenarios can explain all of the detected flux ropes.
The possible sampling bias discussed above further complicates the interpretation. Care must be taken when
discussing consequences of the observed magnetotail flux ropes (e.g., ion escape related to detached flux
ropes) because different generation mechanisms of flux ropes are likely to play differently roles in the
dynamics of the ionosphere and magnetosphere of Mars.
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