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Abstract

The induced magnetosphere of Mars is highly dynamic, driven by both the upstream solar wind and the planet’s
crustal magnetic fields. This variability can occur on timescales much shorter than a single spacecraft orbit, making
it difficult to distinguish between spatial and temporal variations in the induced magnetosphere. In this study, we
utilize simultaneous multipoint observations from the Mars Atmosphere and Volatile EvolutioN (MAVEN) and
Tianwen-1 missions to investigate how the induced magnetosphere responds to dynamic changes in the solar wind.
We report a magnetic reconnection event observed by MAVEN in the Martian magnetotail, occurring a few
minutes after an interplanetary magnetic field (IMF) rotation observed by Tianwen-1 in the upstream solar wind.
This reconnection event is characterized by clear Hall magnetic field signatures and high-speed ion jets, indicating
the presence of a diffusion region. Our analysis of the change in the magnetic field morphology suggests that this
reconnection was likely triggered by this IMF rotation, occurring during the resulting reconfiguration of the
induced magnetosphere. This multipoint study demonstrates the important role of dynamic upstream solar wind
conditions, particularly IMF rotations, in driving the plasma processes in the Martian magnetotail, contributing to
our understanding of solar wind energy and momentum transfer and their roles in ion escape in Mars’s hybrid
magnetosphere.

Unified Astronomy Thesaurus concepts: Mars (1007); Solar wind (1534); Planetary magnetospheres (997); Space
plasmas (1544); Solar-planetary interactions (1472); Planetary science (1255); Star-planet interactions (2177)

1. Introduction

Mars lacks a strong intrinsic magnetic field, making its
interaction with the solar wind and the interplanetary magnetic
field (IMF) fundamentally different from that of Earth. The
solar wind interacts directly with the Martian ionosphere and
upper atmosphere (A. Nagy et al. 2004; C. Bertucci et al. 2011;
J. S. Halekas et al. 2021). This direct interaction induces
ionospheric currents, leading to the draping and piling up of the
IMF around the planet, which forms an induced magneto-
sphere. Mass loading from ionized atmospheric heavy ions
slows and deflects the solar wind flow, further shaping the
structure of the Martian induced magnetosphere. Additionally,
Mars has localized crustal magnetic fields (M. Acuna et al.
1999), particularly concentrated in the southern hemisphere,
which adds further complexity to its magnetospheric structure
and plasma dynamics (Y. Ma et al. 2002; D. Brain et al. 2003;
E. Dubinin et al. 2023). The interaction between the solar wind,
the induced magnetosphere, and the localized crustal fields
creates a highly variable and dynamic plasma environment,
where various plasma processes such as magnetic reconnection
can occur. Magnetic reconnection is a fundamental process in

space plasma physics, which can cause a rapid change in
magnetic field topology and simultaneously convert magnetic
energy into kinetic particle energy (D. J. Gershman et al. 2024;
H. Hasegawa et al. 2024). It plays a crucial role in controlling
the transfer of energy and mass in plasma environments
throughout the solar system. Reconnection has been widely
observed on both magnetized (A. Masters et al. 2012; J. Burch
et al. 2016; R. W. Ebert et al. 2017; D. J. Gershman et al. 2024;
J. Joseph et al. 2024) and unmagnetized planets (J. Eastwood
et al. 2008; T. Zhang et al. 2012), as well as at comets
(M. B. Niedner 1984; C. Russell et al. 1986) and in the solar
wind (J. Gosling 2012).
At Mars, magnetic reconnection can take place in multiple

plasma regions, including the magnetotail (J. Eastwood et al.
2008; J. Halekas et al. 2009; Y. Harada et al. 2015, 2017), the
boundary of the induced magnetosphere (J. Wang et al. 2021;
R. Lin et al. 2024), the magnetosheath (X. Xu et al. 2023), and
even within the ionosphere (T. Cravens et al. 2020). The crustal
magnetic fields further complicate these processes, as magnetic
reconnection can also occur between the IMF and the crustal
fields, both on the dayside and nightside (Y. Harada et al. 2018;
R. Lin et al. 2024; Y. Ye et al. 2024). Furthermore,
reconnection can also take place between different regions of
the crustal fields themselves (G. Chen et al. 2023; R. Lin et al.
2023), adding to the complexity of the Martian plasma
environment. Magnetic reconnection contributes to heating
and accelerating particles in the Martian magnetosphere and
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can lead to substantial ion loss, a factor in atmospheric erosion
(D. Brain et al. 2010; C. Zhang et al. 2021; L. Wang et al.
2022, 2023; Y. Ye et al. 2024). One of the key factors
influencing magnetic reconnection at Mars is the upstream
solar wind conditions, including changes in the IMF. Varia-
tions in the IMF, particularly sudden rotations or polarity
changes, may lead to the formation of antiparallel magnetic
fields in the Martian induced magnetosphere, creating favorable
conditions for reconnection (J. Halekas et al. 2009; Y. Harada
et al. 2015).

Analogous processes have been studied at Venus, another
planet with an induced magnetosphere but without crustal
magnetic fields. N. J. Edberg et al. (2011) investigated
atmospheric erosion at Venus during active space weather
conditions caused by corotating interaction regions (CIRs) and
interplanetary coronal mass ejections (ICMEs). They observed
that atmospheric escape rates increased significantly during
these events and suggested that changes in the IMF polarity
during CIRs/ICMEs could trigger magnetic reconnection in the
Venusian induced magnetosphere. D. Vech et al. (2016) also
conducted a statistical study on the effects of heliospheric
current sheet crossings on the Venusian induced magneto-
sphere. They found that the polarity reversal of the IMF leads
to a reconfiguration of the induced magnetosphere with
opposite polarity. Their results show a significant enhancement
in the heavy ion flux in the Venusian magnetotail after IMF
polarity reversal events. This suggests that magnetic reconnec-
tion might be occurring on both the dayside and nightside,
disconnecting the plasma tail from the planetary ionosphere.
They further suggested that this process may take place on very
short timescales, possibly within a few minutes. While these
studies at Venus provide valuable insights, the observations
were limited by the use of a single spacecraft, which cannot
fully capture the temporal and spatial evolution of magnetic
reconnection processes triggered by IMF rotations. The
inability to simultaneously observe upstream solar wind
conditions and downstream magnetotail responses makes it
challenging to definitively link IMF rotations to magnetic
reconnection events.

In this study, we addressed this limitation by utilizing
observations from two spacecraft, the Mars Atmosphere and
Volatile EvolutioN (MAVEN) mission (B. M. Jakosky et al.
2015) and the Tianwen-1 orbiter (W. Wan et al. 2020; Y. Zou
et al. 2021). This dual-spacecraft approach allows us to
simultaneously monitor both the upstream solar wind condi-
tions (especially the IMF) and the induced magnetosphere of
Mars (Z. Guo et al. 2024). This Letter presents the joint
observation by MAVEN and Tianwen-1 of a magnetic
reconnection event in the Martian magnetotail, likely triggered
by an IMF rotation, providing insights into the dynamic
evolution of the Martian induced magnetospheric structure.

2. Data and Observations

The data used in this study are from the MAVEN and
Tianwen-1 missions. Magnetic field measurements were made
by both MAVEN and Tianwen-1. The Magnetometer (MAG)
instrument (J. Connerney et al. 2015) onboard the MAVEN
spacecraft provides three-dimensional magnetic field vector
measurements with a cadence of up to 32 samples per second.
Similarly, Tianwen-1’s Mars Orbiter Magnetometer
(MOMAG) instrument (K. Liu et al. 2020; Y. Wang et al.
2023; Z. Zou et al. 2023; G. Wang et al. 2024) records

magnetic field vectors at a sampling rate of 32 samples per
second. The MAG and MOMAG data binned at a 1 s time
resolution are used in this study. The Solar Wind Ion Analyzer
provides three-dimensional distributions of ions in the energy
range of 25 eV–25 keV and their moments data derived from
this distribution at a time resolution of 4 s (J. Halekas et al.
2015, 2017). The MAVEN Solar Wind Electron Analyzer
(SWEA) instrument provides electron energy spectrograms and
pitch angle distribution at a temporal resolution of 2 s
(D. Mitchell et al. 2016). The Suprathermal and Thermal Ion
Composition (STATIC) instrument is equipped with an
electrostatic top-hat analyzer and a time-of-flight velocity
analyzer, allowing it to detect ions with energies ranging from
0.1 eV to 30 keV within a field of view of 360° × 90°. Its
unique capabilities enable the identification of ion species
according to their masses, with a cadence of 4 s (J. McFadden
et al. 2015). Detailed ion (H+, O+, +O2 ) moments, including
density and velocity, can be calculated from the corresponding
three-dimensional particle distributions.
Figure 1 provides an overview of an event that was jointly

observed by MAVEN and Tianwen-1 between 01:10:00 and
01:25:00 UT on 2021 December 5. During this period,
MAVEN was moving in the Martian magnetotail, while
Tianwen-1 was positioned in the upstream solar wind, as
shown in Figure 1(a) (trajectories of the two spacecraft in the
XMSO–ZMSO and XMSO–YMSO planes are shown in Figure A1 in
Appendix). Both the magnetic field and plasma data are
presented in the Mars Solar Orbital (MSO) coordinate system,
where the X-axis points from the center of Mars to the Sun, the
Z-axis points to the north pole of Mars’s orbital plane, and the
Y-axis completes the right-handed orthogonal coordinate
system.
As shown in Figure 1(b), Tianwen-1 observed a rapid IMF

rotation in the upstream solar wind, with both the Bx and Bz
components shifting from positive to negative values. About
2 minutes later, MAVEN encountered a current sheet in the
magnetotail, marked by a significant decrease in magnetic field
strength and a reversal of the Bx component from negative to
positive (Figure 1(c)). This event was accompanied by an
increase in ion and electron energy fluxes as shown in
Figures 1(g)–(j). Within the core of the current sheet, there is
a notable enhancement in the ion velocity, especially for
protons (Figures 1(d)–(f)). It is important to note that the
velocity vectors for O+ and +O2 ions between 01:12 and
01:16 UT are unreliable (shaded region), as the ion fluxes
observed by MAVEN during this interval were too low. The
observed enhancement in tailward ion flow can be interpreted
as ion outflow, and the occurrence of ion outflow and the
reversal of the Bx component suggests that magnetic
reconnection may have occurred within this current sheet
(Y. Harada et al. 2015, 2017; R. Lin et al. 2024).
A detailed analysis of the current sheet’s characteristics is

necessary to provide comprehensive evidence for the occurrence
of magnetic reconnection. We transformed both the magnetic
field and ion velocity vectors from the MSO coordinate system
into the local LMN coordinate system (L is along the antiparallel
magnetic field direction,M is along the X line, and N is along the
current sheet normal) for the period between 01:17:00 and
01:22:00 UT. The LMN coordinates over this interval were
determined using the minimum variance analysis (MVA)
method (B. U. Sonnerup 1998), which is a technique for
defining the local current sheet geometry. The eigenvectors
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calculated from the MVA correspond to the following orienta-
tions in MSO coordinates: L= [0.94, −0.35, 0.025], M= [0.11,
0.23, −0.97], and N= [0.33, 0.91, 0.26]. The reliability of the
LMN transformation is confirmed by the eigenvalue ratios
(λ1/λ2= 6.73 and λ2/λ3 = 6.93), ensuring accurate alignment
for analyzing the reconnection region.

As shown in Figure 2(a), the magnetic field BL component
reversed polarity from negative to positive, while the BM

component exhibited a bipolar structure, transitioning from
positive to negative. Meanwhile, the BN component remained
positive and relatively stable throughout the event. These
magnetic signatures are characteristics of Hall magnetic fields,

Figure 1. Overview of the current sheet crossing event on 2021 December 5 during 01:10:00–01:25:00 UT. (a) Orbits of MAVEN and Tianwen-1 in the X–R plane,
= +R Y Z2 2 . The black curve represents the bow shock and induced magnetosphere boundary models based on D. Vignes et al. (2000). (b) Tianwen-1 magnetic

field data in MSO coordinates. (c) MAVEN magnetic field data in MSO coordinates. ((d), (e), (f)) Velocity components of O+, H+, and +O2 , respectively, in MSO
coordinates. (g) Electron spectrogram from MAVEN SWEA. ((h), (i), (j)) O+, H+, and +O2 energy spectrograms from MAVEN STATIC.
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which are indicators of the ion diffusion region during the
collisionless magnetic reconnection (J. Eastwood et al. 2008;
J. Halekas et al. 2009; Y. Harada et al. 2017). The BL − BM

pattern is consistent with a crossing tailward of the X line,
specifically of type 4 polarity, as shown in Figure 1 of
Y. Harada et al. (2017). This indicates that the ion diffusion
region possibly associated with a magnetic reconnection event
was observed.

In conjunction with the magnetic field data, ion velocity
measurements in Figures 2(b)–(d) revealed a pronounced
tailward flow in the VL component, with H+ ions reaching
negative velocities up to 100 km s−1 during the current sheet
crossing (Figure 2(b)). Interestingly, this tailward velocity
enhancement is less pronounced for O+ and +O2 ions, which
show only slight negative VL enhancements. Additionally, as
shown in Figures 2(f)–(h), within the ion diffusion region
(approximately between 01:18:30 and 01:20:10 UT), we

observed that protons were significantly energized, with their
energy increasing by nearly 2 orders of magnitude. However,
for the heavier ions (O+ and +O2 ), the energy spectrograms
show only slight enhancements. These features of H+ and
heavier ions are also consistent with the expected ion jet
direction in the reconnection outflow for a type 4 tailward X
line crossing (Y. Harada et al. 2017). The distinct behaviors of
different ion species are expected, with protons experiencing
greater acceleration than heavier ions due to their lower mass
and stronger coupling to the magnetic field. In contrast, O+ and

+O2 ions, because of their larger masses, remain less affected
and stay largely unmagnetized within the ion diffusion region
(Y. Liu et al. 2015; Y. Harada et al. 2017).
Meanwhile, the pitch angle distribution of electrons shown

in Figure 2(e) exhibited one-sided loss cones (around
01:19:00 UT) before the reconnection region crossing, indicat-
ing the presence of an open magnetic field topology (D. Brain

Figure 2. Zoom-in view of the event during 01:17:00–01:22:00 UT on 2021 December 5. (a) Three components of the magnetic field in LMN coordinates. (b)–(d)
Velocity components of H+, O+, and +O2 ions in LMN coordinates. (e) Pitch angle distribution of electrons in the energy range of 111–140 eV. (f)–(h) Energy
spectrograms of H+, O+, and +O2 , respectively.
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et al. 2007; T. Weber et al. 2017; S. Xu et al. 2019). On the
other side of the reconnection region, after the crossing,
however, we observed more isotropic electron distributions,
with no clear loss cone features. This isotropy may be
attributed to electron scattering caused by various mechanisms
like wave–particle interaction and magnetic field line curvature
in the vicinity of the reconnection region (Y. Zhang et al. 2016;
Z. Guo et al. 2022; T. Li et al. 2023; J. Wang et al. 2023).
Enhanced wave activity was indeed detected by MAVEN
during this interval (not shown here), which further supports
this interpretation.

To further confirm the magnetic reconnection qualitatively,
we conducted a Walén test analysis (T. Phan et al. 2004;
Y. Zhang 2016; G. Poh et al. 2021) during this interval. The
outflow generated by magnetic reconnection is expected to
accelerate to the local Alfvén speed =

m r
V B

A
0
, where B

represents the magnetic field and ρ is the total plasma mass
density (H+, O+, +O2 ). By comparing the observed average
flow velocity = -¢V V VHT in the de Hoffmann–Teller frame
(F. De Hoffmann & E. Teller 1950) with the local Alfvén
velocity, we can assess whether the flow may be a result of
magnetic reconnection.

The results of the Walén test for our case study are presented
as a correlation between the observed flow velocity ¢V and the
calculated Alfvén speed VA (see Figure B1 in Appendix). The
Walén test shows a slope of 0.39 with a high correlation
coefficient (CC) of 0.82 before the current sheet crossing,
indicating partially Alfvénic but sub-Alfvénic plasma flows.
After the crossing, the slope became −1.07, closer to an ideal
Alfvénic response, while the CC decreased to 0.59, suggesting
increased variability. These observations align with the
expected signatures of magnetic reconnection, where the
transition from sub-Alfvénic to Alfvénic ion flow accompanied
by changes in plasma flow direction further supports our
interpretation.

3. Discussion and Conclusions

In this study, we have provided a detailed analysis of a
possible magnetic reconnection event observed by MAVEN in
the Martian magnetotail. It is important to note that magnetic
reconnection events have been extensively observed by
MAVEN across various plasma regions of Mars, as discussed
in Section 1. Due to the complex structure of Mars’s induced
magnetosphere, reconnection can be triggered at different
locations, including between draped antiparallel IMF lines at
the center of the magnetotail, and between the IMF and the
crustal magnetic fields (J. Halekas et al. 2009). A key question
for this event is whether the observed reconnection was
triggered by the upstream IMF rotation or other mechanisms.

To further investigate this hypothesis, we first calculated the
crustal magnetic fields with the model by J. Gao et al. (2021)
during this observational period to assess their influence on the
magnetic field measurements by MAVEN. Our analysis
revealed that the local contribution of the crustal magnetic
field during this interval is negligible given its magnitude is
near zero. In addition, MAVEN’s location is in the northern
hemisphere and also far away from strong crustal magnetic
fields in geographical coordinates, further suggesting that the
reconnection was unlikely triggered by crustal magnetic fields,
though distant crustal magnetic fields could still be able to
affect the global structure of the magnetotail (G. A. DiBraccio

et al. 2018, 2022; J. Zhou et al. 2024). Furthermore, it is also
necessary to assess whether this event represents a typical
magnetic reconnection between the oppositely draped IMF
lines across the magnetotail current sheet. One potential
method for verifying this is to show the draped magnetic field
morphology before and after the IMF rotation, subsequently
comparing the MAVEN observations with the expected
morphology. There are existing statistical models of the
magnetic field morphology under different IMFs (C. Zhang
et al. 2022) and IMFs combined with crustal field conditions
(e.g., A. Azari et al. 2023). These statistics-based models take
advantage of multiple temporal observations and are thus
limited to before and after comparisons for a single temporal
event. A more sophisticated, time-dependent physical model
may be required to further compare, which is beyond the scope
and capacity of this study.
The availability of multipoint observations from both

MAVEN and Tianwen-1 provides a solution for comparison
to statistical models. With Tianwen-1 positioned in the
upstream solar wind, we can obtain critical measurements of
the upstream magnetic field and solar wind velocity. By
incorporating these measurements, we can further transform the
MAVEN spacecraft coordinates and the magnetic field data
from MSO coordinates into Mars Solar Electric (MSE)
coordinates (XMSE points antiparallel to the upstream solar
wind flow, YMSE points along the crossflow magnetic field
component of the upstream IMF, and ZMSE points along the
direction of the convection electric field in the solar wind;
C. Zhang et al. 2022; H.-W. Shen et al. 2024) and project
MAVEN’s trajectories, along with the magnetic field vectors,
onto an average magnetic field draping pattern in MSE
coordinates constructed by C. Zhang et al. (2022), as shown in
Figure 3. This transformation enables us to compare the
observed magnetic field configurations before and after the
IMF rotation with the expected draping patterns. As illustrated
in Figure 3(a), MAVEN was initially traversing the −Bx
hemisphere before the IMF rotation, with a magnetic field
direction consistent with the expected magnetic field draping
pattern. If there was not an IMF rotation, we would have
expected possible continuous observations of the tailward
magnetic field in the −Bx hemisphere. Following the IMF
rotation, MAVEN’s trajectory rapidly shifted to the +Bx
hemisphere, and the magnetic field direction flipped about
2 minutes later to the sunward direction, as indicated by the
dashed black arrow. The response time delay of magnetic field
clock angle change in this event is estimated to be 6 s, based on
the method outlined in Z. Guo et al. (2024), while the observed
timescale is approximately 15 s. It is important to note that the
propagation speed in Z. Guo et al. (2024) is based on the solar
wind velocity; therefore, the discrepancy in terms of time delay
may be attributed to the deceleration of the solar wind as it
interacts with the Martian induced magnetosphere (J. Halekas
et al. 2017). This rapid transition in both MAVEN’s trajectory
and the magnetic field orientation aligns with the predicted
magnetic field draping pattern, further supporting the expecta-
tion that the Martian induced magnetosphere reconfigured in
response to the IMF rotation. Notably, MAVEN’s trajectory
remained outside of the central region of the magnetotail
throughout the interval, indicating that this was likely not a
typical current sheet crossing. Furthermore, if a current sheet
flapping motion had been responsible for the observed
magnetic field change, we would expect multiple crossings or
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oscillatory behavior between the lobes as the current sheet
moved across MAVEN’s path (G. A. DiBraccio et al. 2017;
C. Zhang et al. 2023b; Z. Guo et al. 2024). Instead, we
observed a single rapid transition from the −Bx to the +Bx
hemisphere, without strong signatures of such oscillatory
dynamics. This stable lobe transition, occurring in alignment
with the IMF rotation, supports the interpretation that the
observed magnetic reconnection was a possible result of the
IMF rotation, rather than fluctuations or shifts within the tail
current sheet.

To illustrate the possible full scenario suggested by our
analysis, we sketched a diagram (Figure 4) that highlights how
an IMF rotation in the upstream solar wind could possibly
trigger the magnetic reconnection observed by MAVEN in the
magnetotail. The red and blue lines in the figure represent the
IMF before and after the polarity reversal observed by
Tianwen-1, respectively. Figure 4(a) shows the prerotation

configuration of the induced magnetosphere, where the IMF
systematically drapes around the planetary obstacle, creating
oppositely oriented magnetic fields within the magnetotail.
During this phase, MAVEN was traversing the negative Bx
hemisphere. As shown in Figure 4(b), the IMF undergoes a
polarity reversal. The newly arriving reversed IMF, shown in
blue, begins to compress against the preexisting draped
magnetic field. This convergence of oppositely directed
magnetic field lines creates favorable conditions for magnetic
reconnection, indicated by the “X” in Figure 4(c). At this point,
MAVEN observed the characteristic Hall magnetic field
signature and accelerated ions associated with the magnetic
reconnection process. Figure 4(d) illustrates the subsequent
reconfiguration of the induced magnetosphere. However, it
should be noted that, at low-altitude regions like the iono-
sphere, the preexisting or “fossil” induced magnetic field lines
should persist for a longer duration (hours) before fully

Figure 3. Average magnetic field draping map in MSE coordinates from C. Zhang et al. (2022), shown in the XY (a) and YZ (b) planes. The color map represents the
Bx component, with red indicating sunward and blue indicating tailward directions. MAVEN’s trajectory in MSE coordinates is shown with colored lines, and gray
arrows indicate the magnetic field direction recorded by MAVEN. The dashed black arrow indicates the rapid transition of MAVEN’s trajectory in MSE coordinates
after the IMF rotation.

Figure 4. Schematic representation of the reconfiguration of Mars’s induced magnetosphere in response to the IMF rotation. (a) The induced magnetosphere of Mars
before the IMF rotation. (b) The IMF rotates and the reversed IMF starts to drape around Mars. (c)MAVEN observed a magnetic reconnection between the oppositely
directed draped magnetic field lines, leading to the formation of Hall magnetic fields and ion jets. Panel (d) illustrates the final reconfiguration after the IMF rotation,
with newly draped magnetic field lines surrounding Mars. Modified based on N. J. Edberg et al. (2011).
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reconfiguring. This is due to the slower plasma transport caused
by mass loading effects, which delays the propagation of the
new IMF to these regions, as reported in previous studies
(C. Bertucci et al. 2008; D. Vech et al. 2016). Finally, the
induced magnetosphere has completely changed its polarity in
the magnetotail and reconfigured itself with the new IMF
orientation. It should be pointed out that the magnetic
reconnection may also have occurred at other regions like the
dayside magnetosphere or the boundary when the IMF rotated,
as suggested in previous studies (C. Bertucci et al. 2008;
N. J. Edberg et al. 2011; D. Vech et al. 2016).

A significant enhancement in the density of heavy ions (O+

and +O2 ) in the magnetotail was also observed following the
magnetic reconnection event (Figure C1 in Appendix). This
raises a question: is this increase directly triggered by the
magnetic reconnection, or is it a result of the broader
reconfiguration of Mars’s induced magnetosphere because of
the IMF rotation? Previous studies (E. Dubinin et al. 2019;
S. Inui et al. 2019) have revealed that the density of heavy ions
is typically higher in the southern hemisphere compared to the
north in MSE coordinates. Given that MAVEN’s MSE position
shifted from the northern to the southern hemisphere, as shown
in Figure 3(b), after the IMF rotation, this hemispheric
asymmetry may explain the observed increase in the density
of heavy ions. Hybrid simulations by R. Modolo et al. (2012)
demonstrated that the spatial distribution of high-energy pick-
up ions can adjust rapidly (∼2 minutes) to changes in the IMF
orientation. Lower-energy ions inside the magnetosphere may
respond differently. N. Romanelli et al. (2018, 2019) suggested
that the recovery timescales of the Martian induced magneto-
sphere after an IMF rotation range from 8 s to 11 minutes,
depending on the region, which is consistent with the observed
timescale (∼2 minutes) for the transition in the density of
heavy ions.

Further modeling and multipoint observations are necessary
to explore the detailed ion distribution variations in response to
IMF rotations. N. Romanelli et al. (2018) also reported that H+

and O+ loss rates showed little correlation with changes in the
IMF orientation in their hybrid simulations. More recently,
MHD simulations by S. Sakai et al. (2023) showed that during
IMF rotations, ion escape rates remained largely unchanged in
the unmagnetized case, but increased by a factor of 50 for the
magnetized case with a dipole field (100 nT) due to magnetic
reconnections occurring across multiple regions of the
magnetospheric flanks. While Mars lacks a global intrinsic
dipole field, its strong crustal magnetic fields may act as
localized “mini-magnetospheres,” and some observed features
resemble those of intrinsic magnetospheres (K. Fan et al. 2023;
C. Zhang et al. 2023a). This suggests that the Martian
magnetosphere may represent an intermediate case, where
both unmagnetized and magnetized behaviors may coexist.
Consequently, how ion escape rates respond to rapid IMF

rotations on Mars remains an open question. This further
emphasizes the importance of future research to examine the
dependence of ion escape on IMF rotation, particularly over
short timescales, using multipoint observations (B. Sánchez-C-
ano et al. 2022).
In summary, we have identified a possible magnetic

reconnection event in the Martian magnetotail based on
MAVEN observations, likely triggered by an upstream IMF
rotation recorded by Tianwen-1. The observed variation in the
magnetic field draping pattern around Mars indicates that this
event may have resulted from magnetic reconnection between
draped IMF lines with opposite directions, occurring as part of
the induced magnetosphere reconfiguration after the IMF
rotation. The combined observations from MAVEN and
Tianwen-1 provide a unique opportunity to study the Martian
magnetosphere’s rapid response to changes in dynamic solar
wind conditions. Future multipoint observations, incorporating
MAVEN, Mars Express (MEX), Tianwen-1, and the upcoming
ESCAPADE mission (R. Lillis et al. 2024), will offer valuable
insights into the origins and evolution of dynamic plasma
processes such as magnetic reconnection and their roles in ion
escape from the unique “hybrid” magnetosphere of Mars
(G. A. DiBraccio et al. 2018).
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Appendix A
Spacecraft Trajectories

Figure A1 illustrates the trajectories of the MAVEN and
Tianwen-1 spacecraft during the observation period. Figure A1
also displays the magnetic field vector directions recorded by
both spacecraft, providing an overview of the upstream IMF
and the magnetic field configuration in the Martian
magnetotail.
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Appendix B
Walén Test Analysis

To further verify the occurrence of magnetic reconnection in
the Martian magnetotail, we performed the Walen test using
plasma and magnetic field measurements from MAVEN. The
Walen test compares the observed plasma velocity changes
across the current sheet with the predicted Alfvénic velocities

to assess whether the observed discontinuity is consistent with
an Alfvénic outflow expected from reconnection. A strong
correlation and slope close to unity between the observed and
Alfvénic velocities indicate a reconnection event. The results of
the Walen test are presented in Figure B1, which shows the
comparison between the observed and Alfvénic velocity
components.

Figure A1. Tianwen-1 and MAVEN trajectories along with observed magnetic field vectors (orange arrows) in (a) the XMSO–ZMSO plane and (b) the XMSO–YMSO

plane.

Figure B1. Scatter plot of averaged ion velocities in the Hoffmann–Teller (HT) frame vs. the Alfvén velocity before (left) and after (right) the current sheet crossing.
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Appendix C
Densities of Ions

Figure C1 illustrates the ion density variations during the
observed reconnection event.
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