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Abstract The Martian magnetotail is a complex regime through which atmospheric particles are lost to
space. Our current understanding of Mars’ tail continues to develop with the comprehensive particle and
field data collected by Mars Atmosphere and Volatile EvolutioN (MAVEN). In this work, we identify periods
when MAVEN encounters multiple current sheet crossings through a single tail traversal in order to
understand tail dynamics. We apply an analysis technique that has been developed and validated by using
multipoint measurements in order to separate the spatial and temporal properties associated with current
sheet flapping. Events are classified into periods of steady flapping, due to a global motion of the current
sheet, and kink-like flapping, resulting from localized wave propagation along the tail current sheet. Out
of 106 periods during which multiple current sheet crossings were observed, 20 were due to steady flapping
and 10 from kink-like flapping. A majority of the kink-like events resulted from waves propagating in the
opposite direction of the solar wind convection electric field, regardless of their location in the tail, unlike at
Earth and Venus. This finding suggests that possible magnetosphere energy sources, whereby plasma is
accelerated and removed from the Martian environment, are not located in the central magnetotail; rather,
these waves may be driven by a source located at the tail flank based on the direction of the solar wind
electric field. Therefore, by identifying potential sources of impulsive energy release in the tail, we may better
understand mechanisms that drive atmospheric loss at Mars.

1. Introduction

The Martian magnetosphere is formed as a result of direct solar wind interaction with the planetary atmo-
sphere. This interaction is complicated by the existence of crustal magnetic fields covering a majority of
the planet with the most intense sources located in the southern hemisphere, centered near 180° longitude
[Acuña et al., 1998; Connerney et al., 2005]. The induced magnetotail forms as the Sun’s interplanetary mag-
netic field (IMF), carried by the solar wind, drapes around Mars (see review by Crider et al. [2004]). The nature
of the Martian magnetotail has been highly debated: early observations from Mars 2, 3, and 5, along with
Phobos 2, indicated that the tail was purely induced in a comet- or Venus-like formation [Yeroshenko et al.,
1990; Dubinin et al., 1991; Vaisberg, 1992]. Luhmann et al. [1991] found that the Martian tail is less severely
draped than that of Venus, with an average flaring angle of 23° at a distance of 2.7 RM downtail (where RM
is the radius of Mars, or 3397 km) and a more extensive study by Zhang et al. [1994] demonstrated that this
tail flaring is strongly controlled by upstream solar wind pressure, similar to the dynamics at Earth. A review
by Lundin and Barabash [2004] addressed several other similarities between the magnetotails of Earth and
Mars, including a high-density plasma sheet and an enhanced field strength associated with the lobes. In
an analysis of Mars Global Surveyor data, Romanelli et al. [2015] showed that the orientation and spatial
extent of the Martian magnetotail lobes are highly dependent on the IMF direction.

More recently, Mars Atmosphere and Volatile EvolutioN (MAVEN) [Jakosky et al., 2015] observations have sug-
gested that the magnetotail is much more complex, demonstrating the need to further explore this region of
the Martian magnetosphere. Luhmann et al. [2015] analyzed MAVEN magnetic field and electron data to
assess the complex field topology in the tail, suggesting that the Martian magnetotail configuration appears
to be a hybrid between induced and intrinsic magnetospheres. MAVEN has also made great progress in terms
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of the tail plasma dynamics: tailward escape of planetary ions has been observed in the form of plasma
clouds [Halekas et al., 2016], detached magnetic flux ropes [DiBraccio et al., 2015; Hara et al., 2015, 2016], bulk
acceleration due to magnetic reconnection [Harada et al., 2015a], and the tailward transport of suprathermal
(>25 eV) planetary ions [Brain et al., 2015; Dong et al., 2015; Harada et al., 2015b].

While a majority of the MAVEN magnetotail work has focused on plasma dynamics and atmospheric escape,
this picture cannot be complete without a firm understanding of tail magnetic field dynamics. More specifi-
cally, we do not fully understand whether plasma energization occurs in the magnetotail current sheet and, if
so, how this contributes to its removal from the system. This issue is exactly what we aim to investigate here:
the role of the tail current sheet in atmospheric escape Mars.

An inducedmagnetotail resulting from the upstream IMF draped around the planet consists of two magnetic
lobes, defined by uniform magnetic fields oriented in opposite directions that are separated by a central
current sheet. This cross-tail current sheet, and the surrounding plasma sheet, has been identified as a main
escape channel at Mars [Dubinin et al., 1993, 2011; Fedorov et al., 2006; Barabash et al., 2007]. TheMartian crus-
tal fields add a layer of complexity to the magnetotail structure by introducing low-altitude current sheets
[Halekas et al., 2006], creating an environment that is fundamentally different from the induced and intrinsic
magnetospheres of Venus and Earth, respectively. Exploring current sheets in the magnetotail of Mars is
important for understanding particle acceleration and atmospheric loss processes because current sheets
provide information on kinetics and global dynamics. For example, observations of current sheet thickness
and local plasma characteristics can elucidate whether ion or electron scales drive the system. Additionally,
particle acceleration resulting from tailward J×B forces and magnetic reconnection has been observed in
the tail current sheet [Dubinin et al., 2011, 2012; Eastwood et al., 2008; Halekas et al., 2009; DiBraccio et al.,
2015; Harada et al., 2015a].

At Mars, the tail current sheet’s configuration is responsive to the orientation of the IMF and can change
dramatically for various clock angles. It is not uncommon to observe multiple current sheet crossings on
any given orbit as MAVEN passes through the Martian magnetotail. These multiple crossings may be due
to a variety of factors: (1) the rotation of the tail in response to a change in the upstream IMF, (2) the existence
of multiple current sheets due to open crustal fields that have been reconnected and stretched out in the tail
[Luhmann et al., 2015], (3) a steady flapping of the current sheet in response to environmental changes such
as upstream solar wind pressure, and (4) a kink-like flapping due to waves propagating along the current
sheet, creating local perturbations through which the spacecraft may cross multiple times. We will explore
the latter two mechanisms in this study, using an analysis technique previously applied to the magnetotails
of Earth [Rong et al., 2015a] and Venus [Rong et al., 2015b] (discussed in section 3). For this approach, we
simplify our view of the complex Martianmagnetotail and assume that the draped IMF creates the tail current
sheet, without much influence from open crustal magnetic fields.

Here we investigate steady and kink-like flapping of the cross-tail current sheet of the Martian magneto-
sphere by implementing the methods developed by Rong et al. [2015a, 2015b]. Utilizing the full suite of
plasma and magnetic field observations from the MAVEN spacecraft, we assess the dynamics of the
Martian tail current sheet and compare these results to Earth and Venus. We observe both steady and
kink-like flapping in the magnetotail; however, unlike at Earth and Venus, a majority of the kink-like events
are caused by waves propagating in the opposite direction of the solar wind convection electric field.

2. MAVEN Data

The MAVEN spacecraft was inserted into orbit about Mars on 21 September 2014 and, after a brief commis-
sioning phase, began its primary science investigation on 16 November 2014. MAVEN’s 4.5 h elliptical orbit
reaches periapsis and apoapsis altitudes of ~150 km and ~6200 km, respectively. The 74° inclination orbit
provides global coverage of the Martian space environment, sampling a full range of latitudes and local times
over the course of its orbital evolution.

MAVEN’s Magnetometer (MAG) [Connerney et al., 2015] provides vector magnetic field measurements at a
maximum sampling rate of 32 vectors s�1. These data are of primary importance in current sheet identifica-
tion in the Martian magnetotail. We utilize the MAG data in two coordinates systems: The first is Mars Solar
Orbital (MSO) coordinates, where XMSO is directed from the center of the planet toward the center of the
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Sun, YMSO points opposite to the direction of Mars’ orbital velocity component, and ZMSO completes the
right-handed system. In the MSO coordinate system, magnetotail current sheet crossings are identified by
a change of polarity in the BX,MSO component. This signature is observed in BX,MSO regardless of IMF
orientation because the fields are oriented predominantly in the ±XMSO direction in the tail.

The second coordinate system utilized here is the Mars Solar Electric (MSE) coordinate system. This involves a
transformation in the Y-Z plane by calculating the direction of the solar wind convection electric field (ESW)
on the basis of the antisunward solar wind flow (VSW) in the �XMSO direction and IMF orientation (BIMF_YZ)
perpendicular to the solar wind flow: ESW=�VSW×BIMF_YZ. Vectors are transformed such that ESW is positive
along the ZMSE direction, and therefore, BIMF_YZ and �VSW are oriented in the directions of YMSE and XMSE,
respectively. This MSE system organizes the draped IMF into two tail lobes, separated by a cross-tail current
sheet oriented in the XMSE-ZMSE plane at midnight local time (a 90° rotation from the intrinsic magnetotail of
Earth with north-south lobes) where the current sheet normal is in the YMSE direction. A schematic of the MSE
coordinate system is shown in Figure 1 for both an equatorial and a downtail view.

Data from MAVEN’s Solar Wind Ion Analyzer (SWIA) [Halekas et al., 2015] are analyzed to complement
the magnetic field observations. SWIA measures the flux, energy, and distribution of ions throughout
the Martian space environment at cadences up to ~4 s. These ion measurements are used to assist
in the identification of times when MAVEN exits the magnetotail and enters the shocked solar wind in
the magnetosheath.

3. Analysis Technique

We present an analysis of magnetotail current sheet flapping based on the technique first developed,
validated, and implemented at Earth by Rong et al. [2015a] and then later successfully applied to Venus
[Rong et al., 2015b]. This technique (herein the “Rong method”) augments our ability to deduce spatial and
temporal variations during instances with multiple tail current sheet crossings, based on single-point mea-
surements and minimum variance analysis (MVA) [Sonnerup and Cahill, 1967; Sonnerup and Scheible, 1998].

Rong et al. [2015a] utilized multipoint measurements from the Cluster mission [Escoubet et al., 2001] to
separate tail current sheet motion into two types of flapping (steady flapping and kink-like flapping),

Figure 1. Schematic views of the Martian magnetosphere in Mars Solar Electric (MSE) coordinates. (a) An equatorial view in
the XMSE-YMSE plane where the IMF is oriented in the +YMSE direction, creating a dual-lobe tail as demonstrated by the
magnetic field lines (blue lines with arrows). The resulting cross-tail current sheet (encircled dot) and the solar wind
convection electric field (ESW) are oriented in the ZMSE direction with the current sheet normal (n̂) in the YMSE direction. In
this schematic, the orientation of the planet (i.e., view of the northern hemisphere) refers to the case where the IMF is
oriented in the +YMSE direction prior to the coordinate system transformation. (b) A downtail view, from Mars toward the
magnetotail, of the dual-lobe induced tail configuration in MSE coordinates. The lobe magnetic fields are oriented in
the +XMSE (encircled dot) and �XMSE (encircled cross) directions and are separated by the cross-tail current sheet (thick
black line), J, oriented in the +ZMSE direction.
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Figure 2. Schematics of dynamics resulting in multiple current sheet crossings of the Martian magnetotail. (a) Magnetic
field signatures of multiple current sheet crossings are demonstrated by rotations in the BX component (in both MSO
and MSE coordinates) over three time intervals (t0, t1, and t2). The magnetic field is oriented in the�XMSO direction during
t0, followed by a current sheet crossing (black vertical line), where the magnetic field becomes oriented in the +XMSO
direction during t1. A second current sheet crossing occurs as the field rotates back to a �XMSO orientation during t2.
Current sheet normal (n̂) is indicated by double-headed arrows. Magnetic fields are blue, and the current sheet (J) is black.
(b) An equatorial view (as explained in Figure 1a) of steady current sheet flapping, producing magnetic field rotations in
the BX component over time intervals t0, t1, and t2. During t0, the spacecraft is in the �BX lobe until the current sheet
(encircled dot) moves in the +YMSE direction such that the spacecraft is in the +BX lobe during interval t1. As the global
flapping motion continues, the current sheet moves in the �YMSE direction and the spacecraft is once again in the �BX
lobe. (c) A downtail view (see Figure 1b) of kink-like flapping of the current sheet (thick black line) created by waves
propagating in the YMSE-ZMSE plane. For this example, the wave is propagating in the�ZMSE direction. The spacecraft is in
the�BX lobe during t0 and enters the +BX lobe in t1 due to wave motion along the current sheet. As this motion continues,
the spacecraft enters back into the �BX lobe in t2. The magnetic field signatures in BX (Figure 2a) may be a result of either
steady flapping (Figure 2b) or kink-like flapping (Figure 2c).
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illustrated in Figure 2. Steady flapping involves a global motion of the current sheet as it moves back and
forth over the spacecraft, causing multiple current sheet crossings. For this type of flapping, the spacecraft
will cross the same region of the current sheet and the normal direction (n̂) remains relatively steady. This
flapping motion does not propagate along the current sheet as a wave. Conversely, the kink-like flapping
motion results from waves propagating along the tail current sheet, causing the normal direction to alternate
in the YMSE-ZMSE plane, as indicated in Figure 2c. These waves typically travel along the ZMSE direction, either
in the +ESW or �ESW direction. Propagations in the XMSE-ZMSE plane may also be examined; however, our
results in section 4 indicate that the nx component of n̂ is negligible.

It is important to appreciate that the magnetic field time series of a current sheet crossing due to either
steady or kink-like flapping will produce the same signature based on single-point measurements: MAG data
will reveal a change in polarity in the BX component as the field rotates (see Figure 2a). The spatial and tem-
poral changes cannot be captured from these data alone. For this reason, the Rong method has provided an
opportunity to dive deeper into these multiple current sheeting crossing signatures in order to understand
variations in planetary magnetotails utilizing available observations.

Using single-point and multipoint Cluster observations of both steady and kink-like flapping, Rong et al.
[2015a] developed and validated a robust technique to diagnose these flapping dynamics from single-point
measurements. The technique separates periods of multiple current sheet crossings into steady and kink-like
flapping, while determining the direction of wave propagation for the latter category. This method is useful at
Earth; however, it is even more beneficial at other planets where spatial and temporal analyses are hindered
by the limitations of single-point observations. The Rong method was successfully utilized at Venus [Rong
et al., 2015b] to understand the dynamics of this induced magnetotail, and now we apply it to Mars.

We begin by identifying periods when MAVEN observed multiple current sheet crossings within the
magnetotail. MAG data are examined in MSO coordinates, and the current sheet crossings are identified
as polarity changes in BX as the magnetic field rotates from one lobe to the next. We require a minimum
of three current sheet crossings within a given orbit in order to select an event for further investigation.
It is important to select complete current sheet crossings, rather than intervals where the current sheet
only partially passes over the spacecraft before returning to its previous orientation. A complete current
sheet crossing is characterized by a sudden decrease in B as all three magnetic field components
approach zero. Additionally, BX must exhibit a full 180° rotation during which the magnitude of BX
becomes approximately equal to that of the background tail lobe. During a partial current sheet crossing
these conditions are not met because the entire field rotation is not observed. Therefore, the field
magnitude does not decrease or the magnitude of BX does not reach values similar to the background
fields as the polarity changes.

Once a multiple current sheet-crossing event has been identified, MAG vectors are transformed into MSE
coordinates based on solar wind measurements obtained upstream of the bow shock (see section 3.1 in
Halekas et al. [2017] for information on these upstream data). The algorithm developed by Halekas et al.
[2017] applies strict criteria on MAG measurements and SWIA onboard moments in order to ensure that
only periods characterized by undisturbed, steady solar wind conditions are selected. In particular, the
algorithm selects periods of stable IMF by setting a criterion for the normalized magnetic field fluctuation
levels (σB/B), where σB is the root-sum-squared value of all three magnetic field components calculated
over 4 s intervals. In order to be selected, upstream solar wind intervals must have σB/B< 0.15 along with
other bulk plasma parameter criteria described by Halekas et al. [2017]. These data were processed over
the entire mission in order to select all periods when MAVEN’s orbit undoubtedly measured the upstream
solar wind.

The thresholds set by Halekas et al. [2017] implement a conservative approach to identifying intervals when
MAVEN observed upstream IMF conditions. Therefore, periods where IMF orientations produce upstream
magnetic fluctuations, such as intervals with radial IMF, may not be included in the data set. As a final check
for stable IMF, we examined the upstream orientation over consecutive orbits (when available) to remove any
events for which the IMF may have exhibited large rotations while MAVEN traversed the tail. Once we have
ensured that the IMF was stable, we utilize these upstream intervals to transform the MAG data from MSO
into MSE coordinates. The MSE system allows us to define the nominal normal direction of the current sheet
in the YMSE direction, based on the IMF draping pattern.
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Next, MVA is applied to the MAG data over every individual current sheet encounter to determine the current
sheet normal direction (n̂ ) by transforming the data into boundary-normal coordinates. Specifically, n̂ is
determined by the minimization of a magnetic field covariance matrix, which calculates the eigenvalues
and associated eigenvectors (see Sonnerup and Scheible [1998]). The resulting eigenvectors form an orthogo-
nal system and represent the directions of minimum (B1), intermediate (B2), andmaximum variance (B3) in the
magnetic field. In this MVA coordinate system, B1 is equivalent to the normal direction because the normal
component of the magnetic field is conserved across a discontinuity (i.e., the current sheet). Components
B2 and B3 complete the Cartesian system and are free to rotate within the plane of the current sheet in
response to field variations. These calculated eigenvectors, however, may be parallel or antiparallel to the
resulting direction such that direction such that a 180° rotation of the transformation matrix may be required.
This implies that acceptable normal directions are ±n̂ .

The accuracy of the MVA results is inferred by the ratios of the corresponding eigenvalues (λ1, λ2, and λ3). A
high intermediate-to-minimum eigenvalue ratio (λ2/λ1) indicates that the normal vector is well determined
for a given current sheet crossing. For this reason, we require λ2/λ1 ≥ 3 in order to accept a particular current
sheet event for further analysis. Because we are interested in n̂, it is not necessary to limit the maximum-to-
intermediate eigenvalue ratio (λ3/λ2); however, these ratios are typically very large (as shown in the examples
in sections 4.1 and 4.2).

Themost crucial part of the Rongmethod is calculating the “k-value” for each identified crossing (equation (1)).
The pattern of k throughout the orbit reveals the flapping type. This k parameter is dependent on the com-
ponents of n̂ in the plane that the wave propagation occurs. For waves occurring in the YMSE-ZMSE plane, ny
and nz are assessed by taking the cross product of the two and determining whether the sign of this result is
positive (+) or negative (�). The sign change of BX during the crossing, denoted as ΔBX, factors into the
calculation of k. For cases of �BX to +BX, the sign is positive (+) or ΔBX> 0 and in the opposite case where
the field changes from +BX to �BX, the sign is negative (�) or ΔBX< 0. Using these parameters, we calculate
k in the YMSE-ZMSE plane:

k ¼ sign ny�nz
� � � sign ΔBXð Þ: (1)

Applying equation (1) to each crossing in a multiple current sheet series results in a sequence of k values
that establish the flapping type. An alternating pattern between +1 and �1 indicates that steady flapping
was occurring. In contrast, a sequence in which k is always +1 or always �1 identifies kink-like flapping
events. The direction of wave propagation for kink-like flapping events is determined by the sign of k: propa-
gation along the +ESW direction (+ZMSE) for k=+1 and �ESW direction (�ZMSE) for k=�1. This technique
does not establish the flapping motion for each and every multiple crossings event. In those cases where
neither an alternating nor constant pattern of k appears, we categorize these events as inconclusive.
Equation (1) may be altered to analyze propagations in the XMSE-ZMSE plane by substituting ny for nx:

k ¼ sign nx�nzð Þ � sign ΔBXð Þ: (2)

The flowchart in Figure 3 depicts each step necessary to establish both the flapping type (i.e., steady or
kink-like) and the direction of the propagation (for kink-like events). In addition to determining the wave-
propagation direction for kink-like flapping events from the sign of the k values, Figures 3a–3d illustrate
the four possible scenarios as well. In each of these cases, it is important to consider whether the magnetic
field is first oriented in the +XMSE or�XMSE direction. From there, one must assess whether the ny and nz have
the same sign or opposite signs. With this information it is possible to determine the direction of wave
propagation causing the kink-like current sheet flapping.

4. Results

Wemanually examined all orbits when MAVEN measured both the upstream solar wind and the magnetotail
while avoiding periods when the spacecraft did not enter either the solar wind or the magnetotail, as a result
of MAVEN’s orbital periapsis evolution. We utilized the crustal magnetic field spherical harmonic model of
Morschhauser et al. [2014] to ensure that the crustal fields were not mistaken for current sheet crossings.
The MVA intervals were selected to include the entire current sheet crossing with only a short period of back-
ground tail lobe field on either side of the discontinuity. Once a multiple current sheet-crossing event is
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identified and accepted based on the MVA analysis criteria, we apply the Rong method to calculate the k
value and diagnose the flapping type. We identified occurrences of both steady and kink-like flapping
activity in the Martian magnetotail by using the following steps:

1. ExamineMAVEN orbits where the spacecraft measures both the upstream solar wind and themagnetotail.
2. Identify orbits with a minimum of three current sheet crossings for further analysis, using the

Morschhauser et al. [2014] model to avoid confusion with crustal fields.
3. Transform the MAG data from MSO into MSE coordinates.

Figure 3. Flow chart for applying the Rongmethod to current sheet flapping. Schematics of four scenarios resulting in kink-
like flapping are included. The current sheet (parabolic black line), current sheet normal n̂ (double-headed arrows), and the
apparent spacecraft motion (dashed line) as the propagation moves along the current sheet are indicated. The blue
encircled dot and encircled cross represent the +BX and �BX magnetic field lobes, respectively. The highlighted yellow
boxes indicate the steady and kink-like solutions. Kink-like flapping with wave propagation in the �ESW direction. (a) The
spacecraft observes the magnetic field in the�XMSO direction until the current sheet crosses the spacecraft, where ny and
nz have opposite signs, and then observes the magnetic field in the +XMSO direction. The current sheet crosses
the spacecraft once again, where ny and nz have the same sign, and then observes the field in the�XMSO direction. (b) The
spacecraft observes the magnetic field in the +XMSO direction until the current sheet crosses the spacecraft, where ny
and nz have the same sign, and then observes the magnetic field in the �XMSO direction. The current sheet crosses
the spacecraft once again, where ny and nz have opposite signs, and then observes the field in the +XMSO direction.
Kink-like flapping with wave propagation in the +ESW direction. (c) The spacecraft observes the magnetic field in the
�XMSO direction until the current sheet crosses the spacecraft, where ny and nz have the same sign, and then observes the
magnetic field in the +XMSO direction. The current sheet crosses the spacecraft once again, where ny and nz have opposite
signs, and then observes the field in the �XMSO direction. (d) The spacecraft observes the magnetic field in the +XMSO
direction until the current sheet crosses the spacecraft, where ny and nz have opposite signs, and then observes the
magnetic field in the�XMSO direction. The current sheet crosses the spacecraft once again, where ny and nz have the same
sign, and then observes the field in the +XMSO direction. Adapted from Rong et al. [2015b].

Journal of Geophysical Research: Space Physics 10.1002/2016JA023488

DIBRACCIO ET AL. TAIL CURRENT SHEET FLAPPING AT MARS 7



Figure 4. A portion of MAVEN’s orbit on 2 January 2015 (corresponding to time series) viewed from (a) the meridional
(XMSO-ZMSO) plane and (b) behind the planet toward the Sun (YMSO-ZMSO) when steady current sheet flapping
occurred. Nominal IMB and bow shock positions [Trotignon et al., 2006] are indicated by dashed lines. Normalizedmagnetic
field vector projections are plotted along the trajectory where the red-blue color scale represents the normalized out-of-
plane component: BY (Figure 4a) and BX (Figure 4b). (c) MAVEN plasma and magnetic field data from top to bottom:
SWIA ion energy spectra, magnetic field in MSE coordinates, BX in MSO coordinates, BY in MSO coordinates, BZ in MSO
coordinates, and total field magnitude |B|. The blue vertical dashed lines indicate selected current sheet crossings (labeled
1, 2, 3, and 4).
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4. Perform MVA on each individual current sheet crossing and accept events with λ2/λ1 ≥ 3.
5. Calculate k value and diagnose flapping type based on the Rong method classification criteria (see

Figure 3).

We analyzed all MAVEN orbits from 16 November 2014, the start of the primary mission science phase,
through 31 October 2015. During this interval, a total of 504 orbits met our selection criteria. Examples of
both steady and kink-like tail flapping events are presented in the following sections, along with preliminary
statistics of tail flapping in the Martian magnetotail.

4.1. Steady Flapping Example

MAVEN encountered a series of current sheet crossings during a tail traversal on 2 January 2015 (orbit 502) as
the spacecraft entered the southern tail in the premidnight sector and continued toward periapsis. We
determined that this series of four current sheet crossings met the Rong method criteria for steady flapping.

Figures 4a and 4b illustrate MAVEN’s trajectory from 01:15 UTC to 02:15 UTC on 2 January 2015. Figure 4a pro-
vides a meridional plane projection, while Figure 4b is the view from the tail toward the planet. The whiskers
along the trajectory indicate the normalized magnetic field vector projections in MSO coordinates. The color
is used to represent the normalized out-of-plane component: BY in Figure 4a and BX in Figure 4b. The red-blue
color scale assists in identification of polarity reversals of the field, particularly in Figure 4b where the excur-
sions from blue to red indicate a rotation in the BX component of the field—the key signature for tail current
sheet crossings.

A time series plot of SWIA and MAGmeasurements during this orbital interval is shown in Figure 4c. From the
top to bottom, we include the SWIA omni-directional energy spectra; magnetic field data in MSE coordinates
(BMSE); separate panels for MSO components BX, BY, and BZ; and the total field magnitude. At the beginning of
this interval (01:15 UTC), MAVEN was located in the turbulent magnetosheath at a radial distance of ~2.16 RM
from the planet. The magnetosheath is identified by the high-frequency fluctuations in all components of the
magnetic field, along with ion measurements of shocked solar wind plasma with a broad energy distribution
peaking at ~1 keV. MAVEN crossed the induced magnetopause boundary (IMB) and entered the magneto-
sphere shortly after 01:40 UTC. At this time the flux of ions and magnetosheath wave activity both dramati-
cally decreased and the field becamemuch more stable. Examination of the BX component reveals a series of
four current sheet crossings (vertical dashed blue lines in Figure 4c) as the measured field alternates between
the�XMSO and +XMSO directions. These current sheet crossings are also identified in the BX component of the
MSE coordinate system (black line in the BMSE panel).

We performed aMVA on theMSEmagnetic field data for each individual crossing and determined the current
sheet normal directions. As an example, theMVA results for the fourth and final current sheet crossing (labeled
4 in Figure 4c) beginning at 02:06:26 UTC are shown in Figure 5. The time series in Figure 5a shows the mag-
netic field during the current sheet crossing in MVA coordinates, where B1 is the field in the normal direction.
The main field rotation of the current sheet crossing is identified in the maximum variance component, B3, as
the field rotates from ~�5 nT to ~+13 nT. The hodograms in Figures 5b and 5c further illustrate the change in
field configuration characterized by the ~180° rotation in the B2-B3 plane. For this event, λ2/λ1 is 35.6, which is
well above the required value of three. The current sheet normal is predominantly oriented in the YMSE direc-
tion with n̂ =±[0.21, 0.95, �0.24], as expected based on an induced IMF draping pattern in MSE coordinates.

Following the MVA characterization of each current sheet, we define ΔBX for each crossing in order to calcu-
late k. If the field transitions from �BX to +BX (+BX to �BX) we define ΔBX as +1 (�1). Using the value of ΔBX,
along with the normal vector from MVA, we calculate k by using equation (1).

The results for MVA, ΔBX, and k over each of the four current sheet crossings on 2 January 2015 are listed in
Table 1, along with the time and spacecraft location. The direction of n̂ deviates only slightly from YMSE and
the k value alternates between +1 and �1, indicating steady flapping as the tail current sheet moves in a
uniform motion.

4.2. Kink-Like Flapping Example

MAVEN observed kink-like flapping of the tail current sheet as the spacecraft passed near the midnight plane
of Mars on 8 September 2015 (orbit 1834). The spacecraft trajectory during this event is illustrated in
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Figures 6a and 6b, with views of themeridional plane (XMSO-ZMSO) and from the tail looking toward the planet
(YMSO-ZMSO), respectively. MAVEN was coming out of periapsis in the southern hemisphere as it traversed
through the magnetotail and experienced three current sheet crossings before exiting in the northern
magnetosheath. Once again, the whisker plots along the trajectory depict the normalized magnetic field
projected into the plane where Figure 6a shows the BY component and Figure 6b demonstrates the
polarity of BX.

MAG and SWIA data collected during this interval are plotted in Figure 6c, with the same panels as described
earlier in Figure 4c. Beginning at 07:00 UTC, following periapsis, MAVEN observed a relatively stable ~8 nT
magnetic field predominantly oriented in the +XMSO direction and low plasma fluxes, as expected in the tail.
The vertical dashed blue lines mark the three current sheet traversals, identified as a change in polarity of BX,
in both MSO and MSE, and a decrease in |B|. Crossings 1 and 2 occur within several minutes of each other
before the field rotated to +BX for an ~20min interval. At ~07:30 UTC, MAVEN observed a partial current sheet
crossing as the field briefly rotated to BX ~ 0 nT without a full transition into the�BX tail lobe while B remained
relatively stable; therefore, this crossing is not included in our analysis. The third and final crossing occurred
minutes later as the field rotated to a�BX orientation with a field strength of ~9 nT. The field remained in this
direction as MAVEN exited the magnetosphere and began observing the high-frequency magnetosheath
wave activity along with a sudden increase in ion flux.

Using the MAG data in MSE coordinates (Figure 6c), we performed a MVA on all three current sheet crossings.
The MVA results for the second current sheet encounter occurring at 07:13:18 UTC (labeled 2 in Figure 6c) are
shown in Figure 7. The time series of the magnetic field transformed into minimum variance coordinates
(Figure 7a) shows the main current sheet rotation in B3, or the maximum variance component, as the field

Table 1. Analysis Results for Current Sheet Crossings During Orbit 502 on 2 January 2015

UTC (hh:mm:ss) Location [XMSO, YMSO, ZMSO] λ3/λ2 λ2/λ1 n̂ Sign (ΔBX) k

1 01:54:52 [�0.91, 0.99, �0.45] 23.1 25.9 [0.10, 0.94, �0.31] +1 �1
2 01:56:02 [�0.95, 0.93, �0.34] 17.3 11.3 [0.03, 0.63, �0.78] �1 +1
3 02:05:07 [�1.01, 0.59, 0.13] 27.7 6.40 [0.40, 0.63, �0.67] +1 �1
4 02:06:26 [�1.01, 0.53, 0.20] 10.4 33.5 [0.21, 0.95, �0.24] �1 +1

Figure 5. (a) MAG data during current sheet crossing #4 (see Figure 4) on 2 January 2015 in MVA coordinates. Magnetic
field hodograms in the (b) B2-B3 and (c) B1-B3 planes.
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Figure 6. A portion of MAVEN’s orbit on 8 September 2015 (corresponding to time series) viewed from (a) the meridional
(XMSO-ZMSO) plane and (b) behind the planet toward the Sun (YMSO-ZMSO) when kink-like current sheet flapping occurred.
Nominal IMB and bow shock positions [Trotignon et al., 2006] are indicated by dashed lines. Normalized magnetic field
vector projections are plotted along the trajectory where the red-blue color scale represents the normalized out-of-plane
component: BY (Figure 6a) and BX (Figure 6b). (c) MAVEN plasma and magnetic field data from top to bottom: SWIA ion
energy spectra, magnetic field in MSE coordinates, BX in MSO coordinates, BY in MSO coordinates, BZ in MSO coordinates,
and total field magnitude |B|. The blue vertical dashed lines indicate selected current sheet crossings (labeled 1, 2, and 3).
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varied from �4 nT to +8 nT. In the minimum variance direction (B1), the field remains relatively constant
and near 0 nT as MAVEN crossed through the current sheet. Magnetic field hodograms are presented in
Figures 7b and 7c where the large ~180° rotation of the field is illustrated B2-B3 plane. The eigenvalue ratios
are above the minimum criterion of three with λ2/λ1 = 19.2. As expected of the draped IMF in MSE coordi-
nates, the normal current sheet direction was oriented principally in the YMSE direction where n̂ =±[0.10,
0.91, �0.40].

We calculate k (equation (1)) after applying MVA to all three current sheet crossings by defining ΔBX and uti-
lizing our knowledge of n̂. The results of this current sheet analysis on 8 September 2015 are listed in Table 2.
The normal directions alternate between the YMSE and ZMSE directions for successive crossings, suggesting
possible wave propagation, or kink-like flapping. The k values remain constant at �1 for all three crossings,
confirming that MAVEN observed kink-like flapping at this time; the current sheet is locally distorted by wave
propagation along the YMSE-ZMSE plane (supported by the variation in n̂). The Rong method was designed
such that the sign of k indicates the direction of wave propagation to give clues on energy sources through-
out the magnetotail. For this example, k is negative, meaning that the waves are traveling in the�ZMSE direc-
tion or opposite to the convection electric field of the solar wind, ESW. This example corresponds to the
scenario illustrated in Figure 2c. The magnetic field begins in the +BX direction, rotates to�BX, and then back
to +BX again. During the first and third crossings, ny and nz have the same sign; however, during the second
crossing, ny and nz have opposite signs. This observation strengthens the conclusion that this multiple cur-
rent sheet crossing event was created by waves propagating along the current sheet in the �ESW direction.

4.3. Statistics

The examples presented in sections 4.1 and 4.2 show that both steady and kink-like flapping of the tail
current sheet occurs at Mars. We now present preliminary statistics on these magnetotail flapping dynamics
in order to determine which of the two flapping types is more prevalent.

Figure 7. (a) MAG data during current sheet crossing #2 (see Figure 6) on 8 September 2015 in MVA coordinates. Magnetic
field hodograms in the (b) B2-B3 and (c) B1-B3 planes.

Table 2. Analysis Results for Current Sheet Crossings During Orbit 1834 on 8 September 2015

UTC (hh:mm:ss) Location (RM) [XMSO, YMSO, ZMSO] λ3/λ2 λ2/λ1 n̂ Sign (ΔBX) k

1 07:10:28 [�1.16, �0.32, �0.50] 8.28 19.8 [0.07, 0.67, 0.74] �1 �1
2 07:13:18 [�1.27, �0.35, �0.37] 7.38 19.2 [0.10, 0.91, �0.40] +1 �1
3 07:35:26 [�1.67, �0.50, 0.72] 31.4 16.5 [�0.18, 0.42, 0.89] �1 �1
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After examining 504 orbits, we identified 106 events wherein multiple current sheet crossings were observed
during a single tail traversal. Our statistical survey only includes events for which the MVA eigenvalue ratio
(λ2/λ1) exceeded a value of three. This subset included a total of 70 events from which we definitively deter-
mined the flapping type for 30 events. The flapping types of the remaining 40 cases cannot be determined by
using this technique. Of the 30 events that were successfully categorized, steady flapping was responsible for
the multiple current sheet crossings in 20 events, while the remaining 10 were kink-like flapping events,
generated by local wave propagations. Eight of these 10 kink-like flapping events have propagations
traveling in the�ESW direction. The results are summarized in Table 3, including the date, time, and location
of the beginning of the interval when multiple current sheet crossings were observed. We also include
information on the number of crossings for each event, N, the minimum eigenvalue ratio (λ2/λ1) in the set
of crossings, whether the flapping is characterized as steady or kink-like flapping, and in the case of the latter,
which direction the propagation was traveling (+ESW or �ESW).

The spatial distribution of these flapping events is shown in MSE coordinates in Figure 8. The plotted location
indicates MAVEN’s position when the first crossing was observed in a multiple current sheet crossing series.
The distribution of events does not indicate any preference for steady or kink-like flapping within different
regions of the tail. We find that the kink-like flapping events propagating in the�ESW direction are identified
throughout the extent of the tail. This suggests that an energy source may exist at the outer flank of the tail,
creating wave propagations in the opposite direction of the electric field. This observation is in contrast to
observations in the magnetosphere of Venus and is discussed in further detail in section 5.

5. Discussion and Conclusions

We have reported statistical results on current sheet dynamics in the Martian magnetotail by using MAVEN
MAG and SWIA data. Specifically, these dynamics have been investigated in the form of steady flapping,

Table 3. MAVEN Statistical Results of Mars Current Sheet Flapping Events

Date (dd-mm-yyyy) UTC (hh:mm:ss) Location (RM) [XMSO, YMSO, ZMSO] N λ2/λ1 Flapping Type ±ESW

1 01-12-2014 00:00:46 [�1.44, �0.12, �0.12] 3 3.0 Kink �ESW
2 03-12-2014 16:05:58 [�1.55, 0.22, �0.64] 3 8.9 Steady
3 06-12-2014 03:39:38 [�1.50, 0.47, �0.94] 3 6.6 Steady
4 08-12-2014 15:28:56 [�1.44, 0.23, �0.31] 5 4.6 Steady
5 10-12-2014 13:11:32 [�1.43, 0.49, �0.67] 5 4.9 Steady
6 11-12-2014 03:06:40 [�1.38, 0.23, �0.17] 3 8.0 Steady
7 11-12-2014 07:25:44 [�1.38, 0.65, �0.93] 4 3.0 Kink �ESW
8 13-12-2014 00:47:58 [�1.39, 0.53, �0.59] 5 3.2 Steady
9 13-12-2014 09:42:58 [�1.21, 0.88, �1.23] 3 8.3 Kink �ESW
10 16-12-2014 15:46:44 [�1.26, 0.79, �0.84] 3 8.6 Steady
11 17-12-2014 05:49:27 [�1.25, 0.28, 0.04] 3 7.9 Steady
12 19-12-2014 21:43:32 [�1.21, 0.81, �0.70] 4 4.9 Steady
13 28-12-2014 16:31:32 [�1.02, 0.937, �0.52] 3 4.4 Steady
14 02-01-2015 01:54:43 [�0.93, 0.97, �0.41] 4 6.4 Steady
15 02-01-2015 15:44:35 [�0.99, 0.80, �0.13] 3 3.5 Kink �ESW
16 01-03-2015 14:57:31 [�1.03, �0.15, 0.99] 7 3.1 Steady
17 16-03-2015 20:16:35 [�1.15, 0.18, 1.05] 6 3.1 Kink �ESW
18 24-04-2015 13:09:34 [�1.780, 1.09 1.00] 5 3.1 Steady
19 23-08-2015 03:49:55 [�1.10, �0.68, �0.20] 4 9.0 Steady
20 24-08-2015 07:44:45 [�1.26, �0.79, 0.26] 5 3.0 Steady
21 25-08-2015 02:15:36 [�1.28, �0.77, 0.25] 3 3.8 Kink �ESW
22 08-09-2015 07:12:10 [�1.23, �0.34, �0.42] 3 16.3 Kink �ESW
23 17-09-2015 10:04:56 [�1.31, �0.15, �0.49] 3 5.4 Steady
24 18-09-2015 04:19:26 [�1.33, �0.14, �0.48] 3 6.5 Kink �ESW
25 21-09-2015 00:57:33 [�1.80, �0.09, 0.22] 3 3.2 Kink +ESW
26 23-09-2015 07:31:56 [�1.69, �0.02, �0.09] 3 4.4 Steady
27 24-09-2015 01:33:35 [�1.29, �0.01, �0.60] 3 4.3 Kink +ESW
28 28-09-2015 05:48:52 [�1.48, 0.10, �0.47] 3 4.1 Steady
29 29-09-2015 22:55:59 [�1.77, 0.19, �0.12] 3 3.2 Steady
30 04-10-2015 02:59:54 [�1.73, 0.31, �0.25] 6 3.1 Steady
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due to a global motion of the current
sheet, and kink-like flapping, result-
ing from local wave propagations
along the current sheet. The latter
can provide evidence of possible
energy sources in the magnetotail.

In the past it was difficult, if not
impossible, to deduce between the
steady and kink-like flapping using
single-point measurements of multi-
ple tail current sheet crossings.
However, the technique developed
by Rong et al. [2015a] provides a tool
to distinguish between spatial and
temporal changes in planetary mag-
netotail current sheets. We applied
this method to MAVEN orbits occur-
ring between 16 November 2014
and 31 October 2015 and identified
106 events where multiple current
sheet crossings were observed over
a single traversal of the tail. A total
of 20 steady and 10 kink-like flapping
events were identified.

The complexity of the Martian mag-
netotail was addressed in section 1,
where we discussed how the text-
book example of an induced magne-
totail formed by the IMF draping
around the planet might be compli-
cated by the presence of crustal
fields. In this work, we assumed that
the magnetotail is formed by the
draped IMF; however, because less
than 50% of the multiple current
sheet-crossing events were success-
fully categorized as steady or kink-

like flapping, our paradigm of the dual-lobed Martian magnetotail may need further refinement to include
crustal field affects on tail structure. Additional studies are needed to understand the configuration of the
magnetic fields in the Martian magnetotail.

As we summarize the statistical results of this study, we compare our findings to those at the intrinsic mag-
netosphere of Earth [Rong et al., 2015a] and the induced magnetosphere of Venus [Rong et al., 2015b].
Current sheet flapping was identified at all three planets from steady, global motion and localized, kink-like
waves. We find that unlike at Venus, steady flapping is much more common at Mars than the kink-like flap-
ping type. After successfully classifying a total of 24 multiple current sheet-crossing events in the Venusian
tail, Rong et al. [2015b] reported that nine were identified as steady flapping and 15 as kink-like flapping.

Kink-like flapping events at both Mars and Venus were found throughout the entire magnetotail. This differs
from Earth where kink-like propagations are confined to the central tail and propagate toward the flanks in
the dawnward and duskward directions [e.g., Zhang et al., 2002; Sergeev et al., 2003, 2004]. Although we still
do not know the exact mechanisms and energy sources driving these kink-like waves, current theories
include magnetohydrodynamic waves [e.g., Golovchanskaya and Maltsev, 2005; Erkaev et al., 2007, 2009],
Kelvin-Helmholtz instabilities [e.g., Nakagawa and Nishida, 1989], magnetic reconnection [e.g., Øieroset

Figure 8. MAVEN’s location at the start of each interval for the accepted
steady and kink-like flapping events in the (a) equatorial (XMSE-YMSE) plane
and (b) meridional (XMSE-ZMSE) plane. Steady flapping events are denoted by
a blue circle, kink-like flapping in the +ESW direction are denoted by an
upward red triangle, and kink-like flapping events in the �ESW direction
are marked by a downward green triangle. Nominal IMB and bow shock
positions [Trotignon et al., 2006] are indicated by red solid and dashed
lines, respectively.
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et al., 2001; Sergeev et al., 2006], and IMF Alfvénic wave penetration [Toyichi and Miyazak, 1976]. At Mars,
Alfvénic waves are the dominant wave mode observed throughout the magnetosheath and magnetosphere
[Ruhunusiri et al., 2015], suggesting that Alfvénic wave penetration is a viable mechanism for creating these
kink-like propagations.

Amajority of the kink-like events at Mars were generated fromwave propagation in the�ESW direction along
the current sheet. That is, eight out of the 10 kink-like events were from waves propagating in the opposite
direction of the solar wind convection electric field, while only two of the kink-like events were generated
from waves propagating in the +ESW direction. This pattern was not observed at Venus, where Rong et al.
[2015b] reported an equal distribution between �ESW- and +ESW-traveling kink-like propagations. They
suggested that Venus might have an energy source at the flanks of tail, creating propagations toward the
center [see Rong et al., 2015b, Figure 5c].

We conclude that the Mars energy source is most likely not located near the central tail because our results
indicate a preference for wave propagation in the �ESW direction throughout the magnetotail. At Venus,
statistical surveys [e.g., Zhang et al., 2010; Rong et al., 2014] demonstrated that magnetic reconnection might
occur more frequently near the �ESW flank of the tail. Although no similar statistical investigation has been
performed at Mars, case studies of magnetic reconnection have been reported in the Martian magnetotail
[e.g., Eastwood et al., 2008; DiBraccio et al., 2015; Harada et al., 2015a]. If there is a preference for magnetic
reconnection in the +ESW tail flank at Mars, it could be responsible for the �ESW-traveling kink-like events;
however, a more extensive study is needed to determine this.

Previous studies at Mars have addressed various topics that could generate this kink-like flapping. DiBraccio
et al. [2015] reported signatures of tail loading and unloading, which is the repetitive and dramatic increase-
then-decrease of magnetic flux as the field magnitude changes by up to a factor of six over short intervals of
several minutes. This loading and unloading of tail flux is caused by magnetic reconnection, exhibits
signatures similar to substorm activity within intrinsic magnetospheres, and may create impulsive energy
sources, triggering kink-like waves as the tail reconnects. Dubinin et al. [2012] reported observations of bursty
plasma flows, possibly associated with reconnection in the Martian magnetotail; however, the lack of
simultaneous plasma and magnetic field measurements onboard Mars Express (MEX) made it impossible
to assess whether these flows were associated with current sheet flapping. In addition to magnetic reconnec-
tion, Kelvin-Helmhotz instabilities have recently been identified at Mars [Ruhunusiri et al., 2016]. These bound-
ary oscillations could potentially trigger waves along the current sheet from the outer flank and through
the magnetotail.

The �ESW preference of the kink-like flapping events may also explain previous observations of plasma
dynamics in the Martian tail. Using MEX data, Winningham et al. [2006] reported intervals of electron bursts
in the Martian magnetotail, observed as periodic electron oscillations, whichmay be a direct effect of tail flap-
ping. In a study of tailward transport of suprathermal (>25 eV) planetary ions using MAVEN data, Harada et al.
[2015b] reported enhancements of the net Marsward flux of protons and tailward flux of oxygen ions in the
�ESW hemisphere. Harada et al. [2015b] also observed an average weaker magnetic field intensity, with an
enhanced BY component in the �ESW hemisphere of the tail when compared to the +ESW hemisphere.

As MAVEN continues to collect data in the Martian magnetotail, increased statistics of tail dynamics are
necessary to fully understand the energy sources that affect the current sheet. Future studies will include ana-
lysis of plasma data during these current sheet crossings in order to understand how particles are affected by
steady and kink-like flapping. In this work we have concluded that of the selected events, a majority of the
multiple current sheet crossings were due to steady flapping rather than kink-like waves propagating along
the current sheet. These kink-like events, however, are observed to travel mostly in the opposite direction to
the solar wind electric field. As we enhance our understanding of the structure and dynamics of Mars’ mag-
netotail, we are able to identify the mechanisms responsible for the loss of atmospheric particles to space.
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