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ABSTRACT

A density structure within the magnetic cloud of an interplanetary coronal mass ejection
impacted Earth and caused significant perturbations in plasma boundaries. We describe the
effects of this structure on the magnetosheath plasma downstream of the bow shock using
spacecraft observations. During this event, the bow shock breathing motion is evident due to
the changes in the upstream dynamic pressure. A magnetic enhancement forms in the inner
magnetosheath and ahead of a plasma compression region. The structure has the characteristics
of a fast magnetosonic shock wave, propagating earthward and perpendicular to the background
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magnetic field further accelerating the already heated magnetosheath plasma. Following these
events, a sunward motion of the magnetosheath plasma is observed. Ion distributions show
that both the high density core population as well as the high energy tail of the distribution have
a sunward directed flow indicating that the sunward flows are caused by magnetic field line
expansion in the very low β magnetosheath plasma. Rarefaction effects and enhancement of the
magnetic pressure in the magnetosheath result in magnetic pressure gradient forcing that drives
the expansion of magnetosheath magnetic field lines. This picture is supported by a reasonable
agreement between the estimated plasma accelerations and the magnetic pressure gradient
force.

Keywords: Shocks, Magnetosheath, Space Weather, Coronal Mass Ejections, Solar Wind, Space Plasmas

1 INTRODUCTION

The magnetosheath region at Earth and other planetary systems stands between the upstream solar wind
and the downstream magnetic obstacle (e.g., the magnetosphere or the magnetic pileup boundary). The
magnetosheath region contains heated and compressed solar wind plasma that has been scattered and
slowed down to subsonic speeds. Solar wind heating involves a variety of microphysical processes that are
largely dependent on upstream plasma and shock parameters (Krasnoselskikh et al., 2013; Burgess et al.,
2016). These include the bow shock inclination angle (θBn) with respect to the interplanetary magnetic
field (IMF) and the upstream Mach number. The magnetosheath plasma downstream of quasi-parallel
shocks, where θBn <∼ 45◦, is more turbulent than the quasi-perpendicular side of the bow shock. Such
asymmetries can continue through the magnetosheath and be imposed on the magnetopause (Madanian
et al., 2022; Gurchumelia et al., 2022). At supercritical shocks, heating and energy dissipation is partly
through ion reflection (Schwartz et al., 2022), the rate of which is dependent on the magnetic amplification
at the shock and the magnetization (Madanian et al., 2024b). Hot upstream ion populations with larger
pitch angles are reflected easier upon encountering a magnetic boundary (Burgess, 1989). Heavy ions,
such as alpha particles and singly charged helium ions, in a proton dominated solar wind plasma interact
differently with the bow shock resulting in an unstable shock layer (Broll et al., 2018; Madanian et al.,
2024a).

In addition to upstream effects, the magnetosheath plasma is driven by factors including the deflection
pattern around Earth at the point of measurement and transient effects generated locally, or transported
from downstream such as surface waves (Plaschke et al., 2013; Burkholder et al., 2023). The energy density
of the magnetosheath plasma drives the magnetopause boundary stand off distance, an important parameter
in space physics that determines the state of the magnetosphere and the magnetosphere-solar wind coupling
rate. Empirical models relate the location of the magnetopause boundary to the dynamic pressure in the
solar wind by using the hydrodynamic theory and assuming that flow pressure is entirely converted to
thermal pressure in the magnetosheath (Chapman and Ferraro, 1931). Other models also include the IMF
Bz component as a proxy to consider the reconnection effects (Shue et al., 1998). The bow shock boundary
distance in these models is simply scaled from the magnetopause based on the upstream Mach number in
the solar wind (Farris and Russell, 1994).

Magnetosheath plasma jets are known as periods of high dynamic pressure caused by either increases
density or earthward flow velocity of the magnetosheath plasma (Krämer et al., 2025). Magnetosheath jets
are typically localized, constrained in size (Fatemi et al., 2024), and are formed due to a variety of processes
including foreshock effects, upstream discontinuities, and microphysical effects at the bow shock (Plaschke
et al., 2018). Discontinuities in the solar wind can also rattle the boundaries. The interaction of a tangential
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discontinuity (e.g., a density structure) with the bow shock and magnetosphere launches a fast mode
magnetosonic shock wave through the magnetosheath (Maynard et al., 2008; Wu et al., 1993). Another
form of magnetic enhancement in the magnetosheath known as paramagnetic plasmoids can also form
during the passage of upstream discontinuities (Karlsson et al., 2015). Both the fast shocks and paramagnetic
plasmoids are compressive structures. Upon encountering the magnetopause, the magnetosheath plasma is
typically either deflected around the magnetosphere or enters the magnetosphere through reconnection. The
ion plasma β difference and the magnetic shear angle between the magnetosphere and the magnetosheath
plasmas influence the reconnection rate at the magnetopause (Phan et al., 2010).

Sunward flows in the magnetosheath are rare. Some observational studies associate sunward flows with
the magnetopause boundary motion in response to either a change in the upstream dynamic pressure, or
due to indentation of the magnetopause boundary (Siscoe et al., 1980; Shue et al., 2009; Archer et al.,
2014; Zhou et al., 2024; Farrugia et al., 2018). As the magnetopause bounces outward, it drives the
magnetosheath plasma with different β and magnetic Reynold number with it, creating sunward flows.
This process in in-situ spacecraft observations manifests as sunward plasma flows followed by a full or
partial magnetopause crossing or the presence of the boundary layer plasma. The specific properties of
the magnetosheath plasma have direct consequences on the reconnection rate and the amount of energy
transfer at the magnetopause. As such, characterizing properties and dynamics of the magnetosheath is
important in understanding the connected Sun-Earth system. In this paper, we investigate the properties and
the underlying cause of sunward flows observed in the Earth’s magnetosheath during a period of very low β
solar wind flow. The paper is organized as follows: analysis of in-situ observations of the solitary magnetic
enhancement and sunward flows are described in Section 3, discussion and interpretation of results are
provided in Section 4, and conclusions are provided in Section 5. Links to data sources are provided in
Section 5.

2 DATA AND METHODS

In this study, we use data from THEMIS (Time History of Events and Macroscale Interactions during
Substorms) (Angelopoulos, 2008), Cluster (Escoubet et al., 2001), (MMS) Magnetospheric Multiscale
(Burch et al., 2016), and Wind (Harten and Clark, 1995) missions. The fortuitous configuration of these
spacecraft on the dayside geospace allows for multi-point study of this event. The magnetic field data
are from the magnetometer instruments (FGM) onboard the spacecraft. For THEMIS and MMS we use
16 Hz magnetic field data products, while for Cluster the data cadence is 5 Hz. The THEMIS ion data
are from the reduced distributions of the electrostatic analyzer (ESA). All plasma moments by THEMIS
spacecraft are recalculated from the returned distributions. The solar wind dynamic pressure is calculated
from measurements by the Wind Three-Dimension Plasma (3DP) instrument (Lin et al., 1995).

3 OBSERVATIONS AND ANALYSIS RESULTS

In this section we describe the impact of a density structure in the solar wind on the magnetosheath. The
density structure is observed within the magnetic cloud of an ICME observed on 24 April 2023. The
upstream solar wind plasma conditions and the interaction of the structure with the Earth’s bow shock have
been characterized in earlier studies (Madanian et al., 2024a), and it has been shown that high abundances
of protons, alpha particles, and singly charged helium ions exist within the density enhancement. This
event caused significant geomagnetic activity and displacement of the bow shock and magnetopause from
their nominal positions (Liu et al., 2024). Prior to the onset of the density peak, the solar wind plasma is
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Figure 1. Pressure terms associated with the density structure in the solar wind observed the solar wind
monitor. The data are shifted in time to account for the travel time to the Earth’s bow shock. Panel (a)
shows the thermal pressure in blue, magnetic pressure in black, and the total pressure in red in logarithmic
scale. Panel (b) shows the dynamic pressure.

dominated by the high magnetic pressure in the strong magnetic fields of the magnetic cloud (very low β
plasma). Figure 1 shows different pressure terms in the solar wind as measured by the solar wind monitor
at Lagrange point 1 and shifted to the Earth’s bow shock by a 42 minutes lag time. The second panel in this
figure shows that during the density structure, high dynamic pressures (PDyn. = ρ · |VSW |2, where ρ is the
mass density and |VSW | is the solar wind speed) are superimposed on top of the relatively high magnetic
pressure solar wind flow.

We analyze data from three constellations of spacecraft, namely THEMIS, Cluster, and MMS, positioned
across the dayside magnetosheath during this event. Figure 2 shows the spacecraft positions with respect to
the nominal bow shock and magnetopause boundaries. The conic section parameters are selected to match
the MMS1 and THEMIS-E (TH-E) crossings of the bow shock and magnetopause, respectively. MMS
spacecraft are initially inside the magnetosheath and close to the bow shock. We only show data from
MMS1, since the four MMS spacecraft are in a close tetrahedron formation and make similar observations.
TH-D, TH-A, and TH-E spacecraft are inside the magnetosheath and closer to the nose of the magnetopause,
while Cluster 2 (CL2) and CL4 spacecraft are in the magnetosheath with CL2 positioned above the ecliptic
plane and separated from CL4 by 4.3 RE.

The magnetic field measurements by each spacecraft are shown on the right panels in Figure 2. The
Earth’s bow shock recedes inward upon encountering the high dynamic pressure structure in the solar
wind placing different spacecraft in the solar wind until it bounces back out. The durations of solar wind
segments (gray shaded areas) are consistent with the spacecraft distance to the bow shock and the bow
shock breathing motion. In the solar wind, a rotation in the magnetic field is evident in MMS and CL2
data where the Bz component approaches zero. This magnetic perturbation also coincides with the second
density peak of the double-peak density structure. The inward motion of the bow shock stops below the
TH-A spacecraft as TH-E never crosses the bow shock or sees the solar wind. Before the end of the
period, TH-E magnetic field data in Figure 2g shows a magnetopause crossing at ∼ 04:03:00 UT where
Bz changes sign from negative in the magnetosheath to positive in the magnetosphere. The magnetic field
strength however is roughly similar or slightly decreases from the magnetosheath to the magnetosphere.
With the exception of beginning and ending intervals when TH-E is in the magnetosphere, the spacecraft
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Figure 2. Spacecraft positions and magnetic field measurements. The schematic on the left in panel (a)
shows the projection of spacecraft positions on the xy plane. The axes carry units of Earth radii (RE).
Vector quantities in this figure and throughout the text are in the geocentric solar ecliptic (GSE) coordinates
in which +x is towards the sun, +y is opposite to the planetary orbital motion, and +z completes the
right hand triple. The solid and dashed vectors originating from each spacecraft show the normal vector
to the bow shock during the receding and expanding motion, respectively. Panels (b) through (g) show
the magnetic field components and magnitude measured by each spacecraft. Shaded areas highlight the
following, gray for the solar wind, purple for the fast magnetosonic shock, pink for the density pileup,
and yellow for the sunward flow periods. Instances of magnetopause crossing by the TH-E spacecraft are
marked by “MP” on the last panel.

is in the magnetosheath region. Other spacecraft (MMS, CL2, CL4, TH-D, and TH-A) also observe the
magnetosheath plasma except when excursions into the solar wind occur.

We determine the normal vector direction during contraction and expansion motions (each side of the
gray shaded areas in Figure 2) using the minimum variance analysis (Sonnerup and Cahill, 1967). The
solid vectors at each spacecraft in Figure 2a show the normal vectors during the inward motion while
the dashed vectors are determined for the expanding bow shock. Based on the orientation of the normal
vectors it appears that the bow shock is more curved during the expansion motion than the receding motion.
The sequence of bow shock crossings also indicates that the bow shock contraction occurs faster than
its expansion at Cluster and MMS orbits, while it expands faster near the nose region where THEMIS
spacecraft are positioned. We compared MVA estimates of the normal vector with estimates from the
mixed coplanarity method. For several crossings the two estimates are consistent and within a few degrees

Frontiers 5



Madanian et al. Sunward Flows in Magnetosheath

(< 10◦,) while a few other estimates, particularly during the contraction phase, show larger discrepancies.
Details of the MVA and mixed coplanarity analyses and spacecraft positions are listed in Table S1 in the
Supplementary Material section. Normal vectors in Figure 2 are from the MVA analysis.

3.1 Magnetic Enhancement in the Magnetosheath

An interesting feature observed inside the magnetosheath and ahead of the receding bow shock is the
magnetic enhancement observed by all THEMIS and Cluster spacecraft in Figure 2. This structure is
marked with purple boxes in magnetic field time series data. The sequence of observations in time series
data begins with TH-D at 03:51:26 UT. The CL2 spacecraft observes the enhancement 4 s after TH-D, and
TH-A and TH-E observe the onset of the enhancement within 9 and 12 s, respectively, after TH-D. The
initial magnetic jump ratio (enhancement from the ambient magnetosheath field) is ∼ 1.3 in all spacecraft
that observe the enhancement. The magnetic field continues to grow and ratio increases to 1.4 and 1.5 at
TH-E and TH-A and to ∼ 1.6 at CL4. The MMS spacecraft does not show any increase in |B| other than
the jump associated with the bow shock crossing.

shock front

Magnetosheath FMSW

Acceleration

Plasma compression

Magnetosheath

Figure 3. Magnetic field and plasma measurements around the magnetic enhancement structure measured
by the TH-E spacecraft. Panels (a) and (b) show the magnetic field magnitude and components. Panel
(c) shows the ion energy flux spectrogram, and panels (d) and (e) show the plasma velocity and density,
respectively. The fast magnetosonic shock wave (FMSW) and signatures of acceleration and compression
by the shock are annotated on the figure.

In Figure 3 we show the plasma and field measurements by TH-E around the magnetic peak identified by
vertical dashed lines. The magnetic field components in panel (b) indicate that the field increases along the
background magnetic field while the normal vector to the shock front is mostly along the Sun-Earth line. The
ion energy flux spectrogram within the magnetic enhancement in panel (c) shows higher ion energy fluxes
across all energies. The flow velocity downstream of the shock is also more anti-sunward. Plasma densities
in panel (e) during the magnetic enhancement also increase (both electrons and ions) by roughly similar
ratios as those observed for the magnetic field enhancements. Such a correlation in density and magnetic
field variations is indicative of the compressional nature of the structure. Using the mixed coplanarity
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method, we obtain the shock normal vector n = [−0.90, 0.09, 0.43] at TH-E and n = [−0.86,−0.27, 0.43]
at TH-D. The shock normal is almost exactly perpendicular to the upstream magnetic field at TH-D, while
it becomes less oblique at TH-E. The propagation direction, flow velocity pattern, and compressional
feature indicate that the magnetic enhancement is consistent with a fast magnetosonic shock wave (FMSW)
propagating in the magnetosheath.

The magnetic enhancement ends with a sudden decrease in the absolute value of the |Bz| component of
the magnetic field. High ion flux intensities at around 800 eV in panel (c) after the second vertical dashed
line are reminiscent of the density peak in the solar wind downstream of the bow shock. A significant
plasma pileup in the magnetosheath between the magnetic structure and the receding bow shock is evident
in plasma densities in the last panel of Figure 3. The density pileup is associated with the compressed solar
wind during the density peak and likely includes protons, alpha particles and He+ ions. The ion energy
spectra upstream of the receding bow shock in the solar wind (around 03:54:30 UT) show the cold proton
beam and additional populations of alpha particles and He+ at higher energies within the density structure.
It is also worth noting that prior to the arrival of the fast magnetosonic shock wave, the magnetic field
strength in the magnetosheath exhibits a gradual increase most noticeably visible in TH-E data in Figure 2g.
This magnetic field enhancement could be associated with the precursor particles from the upstream density
structure entering the magnetosheath before the main density enhancement arrives. However, the sharp
jump in the magnetic field corresponding to the fast shock is clearly noticeable in all THEMIS spacecraft.
Such a structure not only pushes the magnetopause to further move inward, it also increases and adds to
the magnetic energy density of the magnetosheath plasma near the magnetopause.

3.2 Sunward Flows

The passage of the density structure through the magnetosheath and breathing motion of the bow shock
are followed by sunward plasma flows in the magnetosheath. These flows are observed by TH-D, TH-A,
and TH-E spacecraft and are shown in Figure 4. Measurements of the proton plasma from CL4 (not
shown) do not indicate any signs of sunward flows while the MMS spacecraft near the bow shock measures
anti-sunward flows (Madanian et al., 2024a). Therefore, the extent of sunward flows is limited to the inner
magnetosheath. The periods of sunward flows (+Vx) are highlighted with yellow in the velocity panels (b),
(e), and (h) in Figure 4. TH-D and TH-A measurements are also interrupted by an excursion into the solar
wind.

The flow reversal from anti-sunward to sunward directions begins with flow becoming less anti-sunward,
and the initial part of the flow reversal can be due to reduction in flux or slow down of the anti-sunward flow
(i.e., transition to the fully heated solar wind plasma). As the magnetosheath plasma flow becomes sunward,
the plasma densities decrease to values comparable to those observed during the fast magnetosonic shock
structure (i.e., at the begining of each interval in panels (c), (f), and (i)). The maximum sunward plasma
speed (Vx) at TH-E, TH-A, and TH-D reach as high as 94, 113, and 107 km/s, respectively. We estimate
the plasma expansion acceleration rate along the Sun-Earth line in time series data using the Vx component
changes sign, between black arrows, and obtain sunward plasma accelerations of dvx/dt = 6.7, 5.8, and
4.2 km/s2 for TH-D, TH-A and TH-E, respectively.

The distribution cut in Figure 4j in the BV plane is produced from TH-E ion distribution data (at the
vertical dashed line in panel h) and shows ions at different energies in both sunward and anti-sunward
directions, and parallel and anti-parallel to the magnetic field. Higher energy ions are more abundant in the
perpendicular direction to the magnetic field. Determining which segment of the ion distribution constitutes
the sunward flow helps in identifying the source and the underlying plasma mechanism(s). In Figure 5 we
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Figure 4. Sunward flows in the magnetosheath plasma. Magnetic field and the plasma velocity and ion
(black) and electron (gold) densities are shown from TH-D in panels (a - c), from TH-A in panels (d - f),
and from TH-E in panels (g - i). Panel j shows a cut through ion distributions in the V|| − V⊥1 plane at the
time of the vertical dashed line in TH-E data. V|| is parallel to the magnetic field and V⊥1 is perpendicular
to the field and along the flow velocity. The yellow shaded areas highlight the periods of sunward flows.
The black arrows on velocity panels indicate data points used in linear fits to estimate the expansion rates.

calculate partial moments of ions at different energy ranges from TH-D ion distributions. Panels (a) and (b)
show the magnetic field and energy spectra downstream of the bow shock and when sunward flows are
observed. The bow shock is quasi-perpendicular. In the next two panels, the plasma velocity and density of
all ions are shown (similar to Figures 4b and c). The flow reversal period is evident at around 03:55:50 UT.
In panels (e) and (f), we show the velocity vectors and densities of 3 keV - 10 keV ions. These ions include
mostly alpha particles and singly charged helium ions that are present during this event, in addition to the
high energy tail of the proton distributions. Abundances of heavy, helium group ions and the protons in the
solar wind decrease near the end of the density structure (see panels f and h). Typically, in the downstream
region of a quasi-perpendicular shock, ions begin to gyrate and have a velocity component perpendicular to
the background magnetic field, and their guiding center pointed towards downstream. However, after the
initial Earth-ward motion at the beginning of the interval, high energy ions begin to propagate sunward.
Similar behavior is observed at lower energy ranges. Thus, the plasma as a whole is moving sunward while
ions gyrate around the background magnetic field.

4 DISCUSSION

4.1 Solitary Magnetic Structure in the Magnetosheath

Unlike the observation sequence of the receding bow shock that follows the spacecraft distances from
the bow shock, the first observation of the magnetosonic shock wave in the magnetosheath is by the
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Figure 5. Partial moment analysis of sunward flows observed by the THD spacecraft. Panels show: (a)
magnetic field data, (b) ion energy flux spectrogram, (c-d) ion velocity and density, respectively, for all ions
(of all measured energies), (e - f) 3-10 keV ions, (g – h) 0.6 – 2 keV ions, (i – j) 50 eV – 500 eV ions. The
flow velocity and magnetic field components along x, y, and z are shown with blue, green and red colors.

TH-D probe which is downstream of the Cluster spacecraft. The MMS spacecraft positioned immediately
downstream of the bow shock does not show such a magnetic enhancement. Therefore, it appears that
certain conditions in the magnetosheath must be present for the fast magnetosonic shock to form, rather than
it being launched immediately at the bow shock. The high abundances of alpha particles and singly charged
helium ions during this event results in these ion populations (and also protons but to a lesser degree)
to travel at super Alfvénic speeds in the magnetosheath upon crossing the bow shock (Madanian et al.,
2024a). If a fraction of ions crossing the bow shock remain super Alfvénic, they can cause perturbations in
the magnetosheath to generate additional heating. Alpha particles and He+ ions can change the accuracy
of reported plasma moments. These ions can also modify the underlying assumptions used for the fluid
approximation of a planar shock (Lin et al., 2006).

While the magnetic field enhancement across the fast shock wave is along the background magnetic
field, the wave front propagates perpendicular or at highly oblique angles to the background magnetic
field. The timing analysis of the shock front observations indicates that the shock wave traveled the 0.7 RE
distance along the Sun-Earth line between TH-D and TH-A spacecraft at a speed of ∼ 440 km/s which is
comparable to the fast mode wave speed in the magnetosheath (Vf = 453 km/s). Vf increases to ∼ 550 km/s
downstream of the shock. The conservation of mass flux ([ρvn] = 0) across the shock at TH-D results in a
shock speed of vn = 241 km/s. If we assume the difference in density between upstream and downstream
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of the sock is due to helium group ions, vn increases to ∼ 413 km/s. However, doing so increases the
divergence in the tangent component of the electric field across the shock. It is also worth noting that the
TH-D spacecraft observes the magnetosheath shock before spacecraft upstream and downstream of it (e.g.,
TH-A and CL2,) indicating that the earthward propagating shock structure does not necessarily originate at
the bow shock. Instead, it develops inside the magnetosheath when certain conditions are met. The shock
front remains fairly unperturbed as it propagates through the inner magnetosheath, which is rare for any
plasma structure in the typically turbulent magnetosheath plasma. The unperturbed nonlinear propagation
pattern is suggestive of a soliton-like shock formation process. Regardless of the formation mechanism,
such a magnetic enhancement increases the magnetic energy density near the magnetopause.

4.2 Cause of Sunward Flows

Observations of sunward flows thus far have been associated with the sunward motion of the magnetopause
boundary and pressure gradient forces driving the plasma (Archer et al., 2015; Shue et al., 2009). During
the event discussed in this study, due to strong magnetic fields within the magnetic cloud flux rope, the
ion β in the solar wind is extremely low (β << 1), and it remains low even inside the magnetosheath
(e.g., β is ∼ 0.2 at TH-D during the sunward flows). Thus, the plasma dynamics in the magnetosheath is
dominated by the magnetic field and a thermal plasma pressure gradient cannot drive the sunward flows in
the magnetosheath. Instead, the enhanced magnetic field pressure in the inner magnetosheath responds
to the upstream pressure changes by creating a magnetic pressure gradient force perpendicular to the
background magnetic field. Given the magnetic fields in the inner magnetosheath are dominated by By

and Bz components, such a gradient force would drive the magnetosheath magnetic field lines along x to
expand towards rarefied upstream regions. This picture is consistent with the observations in Figures 4a,d,g
where higher magnetic field strengths emerge with sunward flows. In addition, the higher expansion rate
observed at TH-D than at TH-A and TH-E is in agreement with a magnetosheath expansion in response to
an upstream pressure decrease. During the magnetosheath sunward flows shown in Figure 4, the magnetic
field lines in the magnetosheath are almost entirely perpendicular to the Sun-Earth line (Bx ∼ 0). As such,
ions cannot stream along the magnetic field line to travel sunward. In addition, Figure 5 shows that ions
in all energies have a net sunward flow, including high energy ions in the 3 - 10 keV energy range. In
strong magnetic fields of ∼ 120 nT, these ions are bound to the field lines with rather small gyroradii of
∼ 65− 120 km, and their dynamics (e.g., through reflection) cannot explain the observed sunward plasma
flows in the magnetosheath (Fuselier et al., 1991; Farrugia et al., 2018). It seems however, the sunward
plasma flows are the result of the sunward motion of the magnetic flux tubes and field lines.

As we discussed in Section 3.1, the earthward propagating shock causes enhancement of the magnetic
pressure in the magnetosheath. Figure 6a shows magnetic pressure terms from TH-A and TH-D spacecraft.
In panel (b), we estimate instantaneous acceleration rates projected along the Sun-Earth line using ax =
1
ρ∇xPB , where ρ is the proton mass density at TH-D. The average of instantaneous acceleration rates
between vertical dashed lines give an average acceleration rate of 2.9 km/s2, which is comparable to
the acceleration rate of 6.7 km/s2 we obtained from plasma velocities in panel (c) in the same period.
This agreement between plasma acceleration and pressure gradient forcing indicates that magnetosheath
sunward flows are caused by the magnetosheath expansion. Data in Figure 6 also indicate that after 03:58:00
UT, magnetic pressure variations in both spacecraft are decreased and the estimated acceleration rates
reduce to very small values. At this time, MMS is still in the solar wind (Figure 2b) and the magnetic
pressure gradient effects are already subsided due to a short temporal scale before MMS returns back to the
magnetosheath which could explain why it did not measure sunward plasma flows.

Frontiers 10



Madanian et al. Sunward Flows in Magnetosheath

   
0

5

10

P
B
 [

n
P

a
]

   
-20

0

20

0356 0358 0400
-200

0

200

V
G

S
E
 [

km
/s

]

  V
x

  V
y

  V
z

hhmm
2023 Apr 24 

a)a)

b)b)

c)c)

a x
 [k

m
/s
2 ]

TH-A
TH-D

Figure 6. Magnetic pressure gradient observed by THEMIS spacecraft. Panels show: (a) magnetic
pressures from TH-D and TH-A, (b) plasma acceleration along the Sun-Earth line, (c) ion velocities at
TH-D.

Our observations further indicate that the sunward flows are unrelated to the magnetopause boundary
motion. Magnetic field measurements during the magnetopause boundary crossing at 04:03:00 UT by the
TH-E spacecraft in Figure 2g indicate that the magnetic pressure in the magnetosheath is slightly higher
than the magnetospheric magnetic pressure. Thus, the magnetopause motion is limited by the high magnetic
pressure in the magnetosheath and the magnetopause is controlled by the strong magnetic fields within the
magnetosheath. In addition, a sunward magnetopause boundary motion leads to a more consistent flow
pattern across different THEMIS spacecraft. In Figure 4, when the sunward flows at TH-E begin to slow
down at ∼ 03:57:00 UT, sunward flows at TH-D continue at the same rate and even increase at times. The
observed sunward plasma flows are rather smooth and even plateau at certain velocities and are unlikely to
originate at a distant reconnection zone, as we see no signs of the boundary layer plasma.

5 CONCLUSIONS

In this study, we characterize a series of events in the magnetosheath caused by the interaction of an
upstream density structure embedded within a strong flux rope of an ICME. Strong magnetic fields
within the magnetic cloud of the ICME dominate the plasma interactions within the magnetosheath and
magnetopause. We show evidence for the formation of a magnetic enhancement in the inner magnetosheath
associated with a fast magnetosonic shock wave caused by the sudden surge of upstream charged particles
and the associated dynamic pressure pulse. We find that the sunward flows are formed due to magnetosheath
expansion and the sunward motion of the flux tubes driven by the magnetic pressure gradient force in the
inner magnetosheath with sunward expansion rates as high as 6.7 km/s2. The rarefaction effects following
the density structure cause sunward flows in the magnetosheath which responds to the upstream dynamic
pressure decrease by expanding sunward. These events cause significant geomagnetic activity and have
significant the space weather.
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