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Abstract The solar wind plays a crucial role in the evolution of planets in the solar system, particularly
Mars. Mars has no global intrinsic magnetic field, leading the solar wind to interact directly with the Martian
ionosphere and atmosphere. However, there are many strong‐current magnetic structures in the solar wind,
which can directly affect the Martian induced magnetosphere and plasma environment. Using Tianwen‐1 and
MAVEN data, we present the first joint observation of a rotational discontinuity (RD) at Mars. The thickness of
the RD is about 9 ion inertial lengths, and the tangential current density at the RD's center reaches ∼12 nA/m2.
Based on the two‐spacecraft joint analyses, we find that the RD may be a curved structure. These results can
improve our understanding of Martian space environment.

Plain Language Summary The interaction between the solar wind and Mars has always been an
open question. Usually, the solar wind carries a variety of magnetic structures, such as the discontinuity, which
can directly interact with the Martian induced magnetosphere, thereby affecting the Martian space environment.
In this study, using data from Tianwen‐1 and MAVEN, we investigate the properties of a discontinuity at Mars.
By analyzing the jumps in the magnetic field and plasma on both sides of the structure, we identify it as a
rotational discontinuity (RD) and find that it also carries a strong current. Additionally, based on the two‐
spacecraft joint analyses, we speculate that the RD may be a curved structure.

1. Introduction
Mars has no global intrinsic magnetic field powered by active dynamo (e.g., Acuña et al., 1999), as a result, the
expanding solar wind can directly interact with the Martian upper atmosphere and ionosphere, forming an induced
magnetosphere (e.g., Nagy et al., 2004; Ramstad et al., 2020). On the other hand, there are some local areas on
Mars with strong crustal magnetic fields, which can lead to the expansion of the ionosphere (Dubinin et al., 2020),
deflect the solar wind (Fan et al., 2020), and affect the escape rates of planetary ions (e.g., Brain et al., 2010; Fang
et al., 2010), etc., making the Martian space environment quite complex (e.g., Guo et al., 2024; Mazelle
et al., 2004; Zhang et al., 1991). During the process of the solar wind‐Mars interaction, a variety of interesting
physical processes are triggered, such as planetary ion escape (e.g., Dong et al., 2015; Dubinin et al., 2011),
magnetic field reconnection (e.g., Halekas et al., 2009; Harada et al., 2017, 2018), and the evolution of the induced
magnetosphere (e.g., Guo et al., 2023; Xu et al., 2020). These processes are driven mainly by the solar wind.

In the solar wind, there are series of intermittent structures in the interplanetary magnetic fields, including dis-
continuities (e.g., Artemyev et al., 2018; Mariani et al., 1983; Smith, 1973), magnetic holes/peaks (e.g., Madanian
et al., 2020), magnetic ropes (e.g., Cartwright & Moldwin, 2010). The interplanetary discontinuities are char-
acterized by abrupt changes in the magnetic fields and/or the plasma properties. In magnetohydrodynamics
framework, the Rankine–Hugoniot condition predicts the existence of four types of interplanetary discontinuities,
including the shocks and contact/rotational/tangential discontinuities (Lin & Lee, 1993; Song & Russell, 1999).
Among them, the rotational discontinuity (RD) is the most ubiquitous interplanetary discontinuities observed in
the solar wind, and is identified by the magnetic fields and flow fields (e.g., Smith, 1973; Sonnerup et al., 2006).
The RD carries transient currents which contribute significantly to the magnetic field fluctuation spectrum in the
solar wind (e.g., Borovsky, 2010; Lion et al., 2016). The internal instabilities of the discontinuity are considered to
be the reasons for magnetic field energy dissipation and corresponding acceleration and heating of charged
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particles (e.g., Fu et al., 2011; Fu, Khotyaintsev, Vaivads, André, Sergeev, et al., 2012; MacBride et al., 2008;
Tessein et al., 2013). The discontinuity carrying intense currents can be subject to the tearing instability (Cross &
Van Hoven, 1971), which leads to magnetic reconnection (e.g., Uzdensky & Loureiro, 2016). What's more, in
previous simulation study by Modolo et al. (2012), when a RD carried by the solar wind reaches the Martian space
environment, the bow shock can adapt rapidly to the new solar wind conditions, and the magnetic lobes response
to the new interplanetary magnetic field orientation after a few minutes. Therefore, the RD in solar wind upstream
of planet can significantly affect the planetary space environment. But the observational studies of the RD in the
Martian space environment have not been widely reported. Besides, due to the limitations of single‐spacecraft
observation, the characteristics of the RD have not been well understood yet, including shape features, real‐
time evolution and the effects on Martian induced magnetosphere.

Here, the joint observation by Tianwen‐1 (Wan et al., 2020) and MAVEN (Jakosky et al., 2015) provides an
opportunity to study the RD at Mars in detail. In this study, we utilize simultaneous observations from Tianwen‐1
and MAVEN to investigate the properties of a RD in the solar wind upstream of Mars.

2. Observation
We utilize data collected by the Tianwen‐1 (Wan et al., 2020) and MAVEN (Jakosky et al., 2015) missions.
Among them, the Mars Orbiter Magnetometer (MOMAG; Liu et al., 2020; Y. M. Wang et al., 2023; G. Q. Wang
et al., 2024; Zou et al., 2023) on board the Tianwen‐1 orbiter monitors the magnetic fields around Mars. In
addition, the magnetic field, electron and ion data detected by MAVEN from Magnetometer (MAG; Connerney
et al., 2015), Solar Wind Electron Analyzer instrument (SWEA; Mitchell et al., 2016) and Solar Wind Ion
Analyzer instrument (SWIA; Halekas et al., 2015), respectively. Here, we use 1s resolution magnetic field
measurements from MOMAG/Tianwen‐1 and MAG/MAVEN, as well as 4s resolution proton moments provided
by SWIA. The time resolution of electron spectrum is 2s. All the data are shown in Mars Solar Orbital (MSO)
coordinates unless otherwise specified, in which X points from Mars toward the Sun, Z is perpendicular to the
plane of the Martian heliocentric orbit and points northward, and Y completes the right‐hand system.

We present a clear discontinuity event observed on 31 August 2022 in the Martian space environment. Figure 1
shows an overview of the discontinuity observed by Tianwen‐1 and MAVEN in the solar wind. Figure 1a displays
the magnetic field measured by Tianwen‐1/MOMAG. We can clearly see that the Bz component quickly changes
from − 5 to 6 nT at 23:42:44 UT, along with slight variations in the Bx component (from − 7.8 nT to − 4.5 nT) and
the By component (from 7.3 to 9.8 nT). Meanwhile, the |B| remains essentially constant (∼11 nT). These features
indicate that the magnetic structure should be a discontinuity. We noticed that there is an apparent spike in the Bz
component in Tianwen‐1 measurements at 23:44:21 UT, which could be another discontinuity or a magnetic field
perturbation. Here, we focus on the clear discontinuity. Interestingly, MAVEN also observed the same magnetic
field structure 24s before (23:42:20 UT). Figures 1b–1f show the discontinuity measured by MAVEN. Specif-
ically, the magnetic field (Figure 1b), ion density (Figure 1c), ion velocity (Figure 1d), the electron spectrum
(Figure 1e) and ion spectrum (Figure 1f), are presented from top to bottom. At 23:42:20 UT, the signature of the
discontinuity is evident (Figure 1b), with the Bz component quickly changing from − 4.8 to 6.6 nT, the Bx slightly
decreasing from − 7.5 nT to − 2.6 nT, and the By slightly increasing from 4.7 to 9.5 nT. Throughout the entire
period, the |B| remains almost constant at about 11 nT, consistent with Tianwen‐1's observations (Figure 1a). The
density remains constant on both the downstream (23:40:00‐23:42:20 UT) and upstream (23:42:20‐23:45:00 UT)
sides of the discontinuity (Figure 1c), ruling out the possibility of tangential discontinuity (e.g., Fu, Chen, et al.,
2020; Fu, Grigorenko, et al., 2020; Fu, Zhao, et al., 2020; Fu et al., 2022; Guo et al., 2021; Xu et al., 2019, 2021).
Moreover, the Vz component of the ion velocity slightly increases (Figure 1d). The electron and ion spectra in
Figures 1e and 1f also show distinct particle properties on the downstream and upstream sides of the discontinuity.
It can be seen that the ion fluxes above 4 keV are higher downstream of the discontinuity, whereas the electron
fluxes above 100 eV are higher upstream. It is worth mentioning that the electron fluxes decrease during
23:42:20‐23:42:50 UT upstream of the discontinuity. The similar phenomenon—electron flux decrease was
detected again during 23:44:38 to 23:44:58 UT, but the corresponding physical mechanism is currently unclear.
We will investigate this issue in future work. In this paper, we focus on studying the discontinuity. The electron
moments are not shown here due to the influence of spacecraft potential.

Figure 2a illustrates the Tianwen‐1 and MAVEN positions in XMSO‐ρ plane. During 23:40:00‐23:45:00 UT,
MAVEN was located near [2.06 –0.87 0.44]RM (RM is Martian radii, ∼3389.5 km) in the solar wind upstream of
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Figure 1. Overview of the event of a discontinuity measured by Tianwen‐1 and MAVEN on 2022 August 31. Observations
from 23:40 to 23:45 UT, including Tianwen‐1 observations of (a) the magnetic field, MAVEN observations of (b) the
magnetic field, (c) the proton density, (d) the ion velocity, the electrons (e) and ions (f) spectra. Mars Solar Orbital =MSO.
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Figure 2.

Geophysical Research Letters 10.1029/2024GL114035

GUO ET AL. 4 of 11

 19448007, 2025, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
114035 by C

ochraneC
hina, W

iley O
nline L

ibrary on [24/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Mars, while Tianwen‐1 was situated in the northern solar wind of Mars at approximately [− 1.39 1.03 3.80]RM

(the pentacles in Figure 2a). Thus, MAVEN observed the discontinuity first (Figure 1). The distance between the
two spacecraft in the XMSO direction is about 3.45 RM, and the solar wind velocity Vx component is close to
− 480 km/s (Figure 1d). It is estimated that the time difference ∆t of the discontinuity measured by two spacecraft
is about 24s, consistent with the results of Figures 1a and 1b. This suggests that MAVEN and Tianwen‐1 observed
the same discontinuity. We applied minimum variance analysis (MVA) to the discontinuity to determine its
normal direction (Cao et al., 2013; Mazelle et al., 1997; Sonnerup & Cahill, 1968). For MAVEN's crossing, MVA
was applied from 23:42:14.498 to 23:42:25.037 UT (the yellow shaded area in Figure 2b). The resulting
intermediate‐to‐minimum eigenvalue ratio is λ2/λ3 = 8.8 (whereas λ1/λ2 = 94), indicating that the minimum
variance vector can be deemed as acceptable. We thus obtained a local coordinate system LMN‐MAVEN,
LM = [0.32, 0.24, 0.92], MM = [0.24, − 0.96, 0.16], and NM = [0.92, 0.17, − 0.37] in MSO coordinates. Here, L
denotes the maximum variance of magnetic field during the process of crossing the discontinuity, N is normal to
the discontinuity, and M completes the right‐hand coordinate system. Figure 2c displays the magnetic field in
LMN coordinate system, where the |B|, BM and BN remain essentially constant, while BL reverses from − 5 to
6 nT. This reveals that the direction of magnetic field rotates in the tangential (L‐M) plane after crossing the
discontinuity. In Figures 2d and 2e, two hodograms describe the magnetic field components along the maximum
and minimum variance directions (BL and BN) and the maximum and intermediate variance directions (BL and
BM) between 23:42:14.498 and 23:42:25.037. For Tianwen‐1's crossing, we performed the MVA on the magnetic
field during 23:42:40 to 23:42:46 UT (see the yellow shaded area in Figure 2f) to obtain a local coordinate system
LMN‐Tianwen‐1. With respect to the MSO coordinates, LT = [0.35, 0.14, 0.93], MT = [0.49, − 0.87, − 0.06], and
NT = [0.80, 0.48, − 0.37]. The resulting intermediate‐to‐minimum eigenvalue ratio is λ2/λ3 = 9.8 (whereas
λ1/λ2 = 67), indicating that the minimum variance vector can be deemed as acceptable. Similarly, these char-
acteristics of magnetic fields are presented in Figures 2g–2i and are consistent with the MAVEN observations.
However, the normal directions of the discontinuity are different in the two observations. Here, we proceed to
analyze the shape of the discontinuity (Figures 2j and 2k). We first assume that the discontinuity is a planar shape.
Combined with the normal direction NM (0.92, 0.17, − 0.37) calculated by MAVEN, we can outline its contour in
Figure 2j with the black thick line. During its propagation along the ‐XMSO direction, certain localized regions
may interact with the Martian induced magnetosphere, while other parts in the solar wind continue to propagate at
solar wind speed. In this scenario, the discontinuity cannot reach the position of Tianwen‐1 after 24s, as illustrated
by the gray thick line in Figure 2j. However, if the initial discontinuity is a curved shape (Figure 2k), it could
potentially reach the location of Tianwen‐1 24s after being observed by MAVEN. Therefore, we are more in-
clined to the possibility of curved discontinuity. In addition, the two normal directions are not collinear, possibly
due to the interaction between the discontinuity and Mars or its inherently curved shape.

In Figure 3, we further analyze the properties of the discontinuity. Figure 3a shows the magnetic field in the LT,
MT and NT directions measured by Tianwen‐1. As can be seen, the BM and BN components, as well as |B|, remain
constant upstream and downstream of the discontinuity, while the BL component exhibits a reversal. Furthermore,
the BN component is quite small compared with the magnetic field magnitude, indicating that the mean magnetic
field is nearly tangential. As a result, the magnetic field lies mainly in the L‐M plane, where it describes a rotation.
Based on the background magnetic field (23:40:00‐23:42:00 UT) downstream of the discontinuity, we calculated
the rotation angle of the magnetic field while crossing the discontinuity, about 60° (Figure 3b), meaning that such
discontinuity may be a RD (e.g., Burlaga, 1971). These features of magnetic field are the same as those observed
by MAVEN (see Figures 3c and 3d) and will not be repeated here. We can obtain the jump relations of the
magnetic field across the discontinuity: [BN] = 0 and [B2] = 0; the square bracket “[ ]” indicates the jump of the
physical quantity on both sides of the discontinuity. Figure 3e displays the LM, MM, NM components of the
velocity and total velocity observed by MAVEN, it can be seen that the normal component ViN is almost constant,

Figure 2. The positions of two spacecraft and minimum variance analysis (MVA) analyses. (a) Tianwen‐1 and MAVEN positions in XMSO‐ρ plane,
ρ = (Y2

MSO + Z2
MSO)

1/ 2. The solid and dashed lines mark the bow shock and magnetic pileup boundary models based on Trotignon et al. (2006). The blue and green
trajectories indicate a full orbit of MAVEN and Tianwen‐1, respectively, and the pentacle presents the position of spacecraft during 23:40:00‐23:45:00 UT. (b) MVA is
applied to the magnetic field observed by MAVEN (yellow shaded area), the results including (c) the magnetic field in the L, M and N directions, the magnetic field
components along the maximum and minimum variance directions (d) and maximum and intermediate variance directions (e). (f–i) The MVA results of Tianwen‐1
observations have the same format with (b–e) panels. (j, k) The results of the analysis of discontinuity shape; NM = the normal direction of discontinuity calculated by
MAVEN, ID = interplanetary discontinuity; the thick lines indicate discontinuity.
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that is, [ViN] = 0. In addition, the ion density remains continuous, that is, [n] = 0 (Figure 1c). Figure 3f displays
the proton thermal pressure, the magnetic pressure and the sum. For the RD, the total pressure should be
continuous ([P] = 0); however, the sum of proton thermal pressure and magnetic pressure is slightly higher

Figure 3. Identification of the RD. (a) Tianwen‐1 magnetic field data in LTMTNT coordinates, (b) the angles of magnetic field rotation. MAVEN measurements of (c) the
magnetic field in LMMMNM coordinates, (d) the angles of magnetic field rotation, (e) the ion velocity in LMMMNM coordinates and (f) the pressure (magnetic pressure,
proton thermal pressure and the sum). (g, h) The jump conditions across the RD. In panel (h), the solid lines present the actual upstream and downstream velocities, while
the dots show the theoretical upstream velocity to satisfy the Walén relation. (i, j) Walén test for the RD. (k) A schematic illustrating idealized RD; the square bracket “[ ]”
indicates the jump of the physical quantity on both sides (upstream and downstream) of the discontinuity.
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downstream of the RD than upstream. This discrepancy may result from not accounting for the contribution of
electrons.

The strongest evidence for identifying the RD may be the Walén relation (e.g., Sonnerup et al., 2018), which
limits the jumps in the tangential component of the velocity and magnetic field crossing the RD by

[Vt] = [Bt/
̅̅̅̅̅̅̅̅̅̅̅
nmμ0

√
] . For the discontinuity observed by MAVEN, we show the field jump conditions in

Figure 3g, and the velocity jump conditions are presented by the solid curves in Figure 3h. We calculate the
velocity changes [∆V] crossing the discontinuity from the magnetic field changes by the Walén relation, and then
add [∆V] to the downstream velocity to estimate the theoretical upstream velocity. The results are presented in
Figure 3h by the dots. It can be seen that the actual velocity change agrees well with the theoretical results.
Additionally, we also perform a standard test (Walén test) for a deHoffman‐Teller frame (DeHoffmann &
Teller, 1950) on the MAVEN data between 23:42:00 and 23:42:40 UT. To avoid errors caused by interpolation,
the magnetic field data (1s) were downsampled to 4s to match the time resolution of ion velocity during the
analysis. The results are shown in Figures 3i and 3j. The frame velocity vector, VHT , can be estimated from a set of
measurements of plasma bulk velocity, vm, and magnetic field, Bm, m = 1, 2 …. M. We may seek a reference
frame in which the mean square of the electric field is as small as possible. The mean square is

D(V) =
1
M
∑
M

m=1
|(vm − V) × Bm|2.

The VHT is the value of the frame velocity, V, that minimizes D. In our case, applying the formula D(V) to this
time interval (23:42:00‐23:42:40 UT) gives the components of VHT in MSO coordinates:
VHT = (− 500,57, − 31) km/s. Then, the two electric fields Em

c = − vm × Bm and Em
HT = − VHT × Bm are

calculated against each other, component by component, in Figure 3i. The correlation between these two fields is
excellent (with a high correlation coefficient of 0.9994), and the ratio D(VHT)/D(0) is about 0.0012, indicating
existence of a good deHoffman‐Teller frame. Figure 3j illustrates the relation between vm − VHT and VA, where
vm − VHT is the plasma velocity in the deHoffman‐Teller frame, and VA is the Alfvén velocity. The linear fit of
vm − VHT versus VA data shows a good linear relationship, indicating that the Walén relation is satisfied and that
the structure is a RD (e.g., J. Wang et al., 2008), as depicted in the schematic diagram of Figure 3k.

In general, the RD is considered as a current sheet carrying an intense current (e.g., Artemyev et al., 2020).
According to the Maxwell‐Ampere law, μ0 J = ∇ × B, we can estimate the local current density J, expanded as
follows:

J =
1
μ0

∇ × B =
1
μ0

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

l̂ m̂ n̂
∂
∂l

∂
∂m

∂
∂n

Bl Bm Bn

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

=
1
μ0
[(

∂Bn

∂m
−

∂Bm

∂n
) l̂ + (

∂Bl

∂n
−

∂Bn

∂l
) m̂ + (

∂Bm

∂l
−

∂Bl

∂m
) n̂],

where μ0 is the permeability in vacuum. Then the m component of current density is

Jm =
1
μ0
(
∂Bl

∂n
−

∂Bn

∂l
) ≈

1
μ0
(
∂Bl

∂t
∂t
∂n
−

∂Bn

∂t
∂t
∂l
).

Since the Bn component of magnetic field remains stable while crossing the RD, so the second team, ∂Bn
∂t

∂t
∂l, can be

neglected. Therefore, the Jm can be simplified to

Jm ≈
1
μ0
(
∂Bl

∂t
∂t
∂n
) ≈

1
μ0

∂Bl

vn∂t
.

This formula has also been widely used in previous studies (e.g., Artemyev et al., 2018; Fu, Khotyaintsev,
Vaivads, André, & Huang, 2012). Knowing the normal direction n, we can project the solar wind velocity
vn = v · n and calculate the spatial scale across discontinuity rn = ∫ vndt. This allows us to estimate current
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density JM across the discontinuity, as shown in Figure 4. Figures 4a and 4b shows the MAVEN observations. It
can be seen that JM peaks at the RD's center and reaches 13.8 nA/m2 (see Figure 4b). The thickness of RD can be
estimated as L ≈ max BL − min BL

μ0 max JM
(Artemyev et al., 2018; Webster et al., 2021). In this estimation, based on MAVEN

observations, we estimate the thickness of the RD to be approximately 8.8 ion inertial lengths (di =
c
ωpi

, where c is

the speed of light and ωpi is the proton plasma frequency; here 1 di ≈ 83 km, corresponding to the proton density
of 7.5 cm− 3, see Figure 1c). Because Tianwen‐1 is also in the solar wind, assuming solar wind speed is quasi‐
stationary on the scale of observations, we can estimate the current density and thickness at the local region

Figure 4. The local current density. Top two rows (a, b): MAVEN observations; bottom two rows (c, d): Tianwen‐1 observations. The BL components of the magnetic
field (a, c); the current density JM (b, d) as a function of normalized distance, rn/di.
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where Tianwen‐1 crosses the RD, as shown in Figures 4c and 4d. The BL component changes from − 6.3 to 5.4 nT
(Figure 4c) when Tianwen‐1 crosses the RD. In the same way, we estimated the current density at the RD's center
to be 10.5 nA/m2 (see Figure 4d), and the local thickness is about 10.6 di.

3. Discussion
In this study, the thickness of the RD calculated by MAVEN is 8.8 di, which is very close to the result of Tianwen‐
1 (10.6 di), indicating that its thickness may be relatively uniform. In previous single spacecraft statistical studies
(e.g., Artemyev et al., 2018), typical discontinuity thickness around Mars varies mainly between 1 and 20 ion
inertial lengths, and the current intensities JM are mainly concentrated in the range of 0.1–10 nA/m2. The
discontinuity thickness is in good agreement with our observations, but the current density in the present study is
stronger, about 12 nA/m2. Moreover, one of the key advantages of two‐spacecraft observations is the ability to
analyze the shape and evolution of the discontinuity. Based on the normal directions of discontinuity and the time
difference between Tianwen‐1 and MAVEN observing the RD, we speculate that the shape of the RD could be
actually curved rather than planar.

In addition, MAVEN is located near the upstream of subsolar bow shock, while Tianwen‐1 is situated in the north
flank of the bow shock (see Figure 2a). When Tianwen‐1 observed the RD, it had likely already interacted with
Mars. During the interaction, the discontinuity carrying a strong current may affect the magnetic field fluctuation
spectrum and energy transfer (E · J) in the induced magnetosphere, as well as alter the magnetic lobes config-
uration. The previous simulation study reported that when the RD conveyed by the solar wind reached the Martian
environment the magnetic lobes configuration adjusted to the new interplanetary magnetic field after about one
hundred seconds (Modolo et al., 2012). Here, the curved shape of the RD could significantly affect the response
time of the Martian plasma environment to it. Unfortunately, Tianwen‐1 did not detect the response of the Martian
magnetosphere due to being located in the solar wind. The response of the Martian magnetosphere to inter-
planetary discontinuities will be presented in our future work.

4. Conclusion
In this letter, we presented the first joint observation of a RD at Mars by using Tianwen‐1 and MAVEN data.
Through MVA analysis, we found that the discontinuity has the typical properties of the RD, including continuous
density, total magnetic field, normal magnetic field, and normal velocity, etc. Crossing the discontinuity, the
direction of the magnetic field rotates about 60° around the local normal direction, and the Walén relation was
also confirmed to be satisfied. Therefore, we identify the discontinuity as a RD. The thickness of such RD is
estimated to be ∼9 ion inertial lengths, and the tangential current at the RD's center reaches ∼12 nA/m2. Based on
the two‐spacecraft joint analyses, we found that the shape of the RD may be curved.

Data Availability Statement
The Tianwen‐1/MOMAG data used in this study are publicly available at (Y. M. Wang, 2024) https://space.ustc.
edu.cn/dreams/tw1_momag/?magdata=cal. The MAVEN MAG, SWEA, SWIA data used in this study are
available at (Connerney, 2024) https://doi.org/10.17189/1414251, (Mitchell, 2024) https://doi.org/10.17189/
1414254, and (Halekas, 2024) https://doi.org/10.17189/1414248, respectively.
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