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Abstract The magnetopause is the boundary between the Earth's magnetosphere and the solar wind.
Magnetosheath high‐speed jets can impact the magnetopause, causing local indentation and subsequently
rebound. However, the comprehensive response of the magnetopause to the impact of a high‐speed jet remains
unclear. In this study, we establish that the full spatiotemporal response pattern of the magnetopause to the
impact of an isolated magnetosheath high‐speed jet can be characterized as an “Indentation‐Rebounce‐
Relaxation” sequence from a statistical view. Based on the pressure balance, we estimate the spatial and
temporal scales of the entire response process to range from 0.5 to 3.2 Earth radii and 0.9–4.7 min, respectively.
Furthermore, we find that the interaction between the magnetopause and the high‐speed jet during the rebounce
phase distorts the magnetopause, subsequently generating pairs of field‐aligned currents. These generated field‐
aligned currents may flow to the ionosphere, potentially contributing to magnetosphere‐ionosphere coupling.

Plain Language Summary The Earth's magnetopause, separating the Earth's magnetosphere from
the solar wind, is usually distorted by upstream magnetosheath pressure perturbations. One of these is the
magnetosheath high‐speed jets, which are localized dynamic pressure enhancements that can induce the local
deformation of the magnetopause. Previous studies have found that magnetosheath high‐speed jets can interact
with the magnetopause, causing local indentation and subsequent rebound. However, due to the limitations of
in‐situ spacecraft observations, the complete response of the magnetopause to the impact of a high‐speed jet
remains unknown. Using Magnetospheric Multiscale satellite data, we establish a comprehensive response
pattern of the magnetopause to an HSJ for the first time based on the statistical analysis of multiple cases, which
is described as a sequence of “Indentation‐Rebounce‐Relaxation”. This study will help us better understand the
solar wind‐magnetosphere coupling process.

1. Introduction
The magnetopause, which serves as the boundary separating the Earth's magnetosphere from the solar wind,
plays a crucial role in the transfer of mass, momentum, and energy between the interplanetary environment
and the magnetosphere. Its shape and location are influenced by conditions in the upstream solar wind dy-
namic pressure and the interplanetary magnetic field (Fairfield, 1971). Over the decades, numerous models of
magnetopause have been developed, and the discrepancies between the model‐predicted positions of the
magnetopause and in‐situ magnetopause crossings are usually small (Lin et al., 2010; Liu et al., 2015; Shue
et al., 1997, 1998; Staples et al., 2020; Šafránková et al., 2002). However, there are situations where the
observed magnetopause locations significantly diverge from model predictions (Grimmich et al., 2023; Xu
et al., 2022). These prediction uncertainties can be caused by magnetosheath high‐speed jets (HSJs), which
can induce local deformations of the magnetopause, resulting in substantial deviations (Guo et al., 2024;
Němeček et al., 2023; Shue et al., 2009; Wang et al., 2023).

HSJs are dynamic pressure enhancements in the magnetosheath plasma. The dynamic pressure enhancement
results from the increases in plasma velocity, density, or both (Plaschke et al., 2018). The HSJs are common
structures as they can appear many times per hour (Plaschke et al., 2013, 2016). Their sizes are around 0.1–1 RE
(where RE is the radius of Earth) (Guo et al., 2022; Plaschke et al., 2020; Ren et al., 2024). Many studies have
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shown that HSJs mostly occur in the magnetosheath downstream of the quasi‐parallel bow shock (Archer &
Horbury, 2013; Plaschke et al., 2013; Vuorinen et al., 2019). Thus, these results imply that the generation of HSJs
can be linked to the quasi‐parallel shock and the foreshock. The formation of HSJs can be related to the ripples on
the bow shock (Hao et al., 2016; Hietala et al., 2009). Additionally, HSJs may result from the interaction between
foreshock fluctuations and the bow shock (Karlsson et al., 2015; Raptis et al., 2022; Ren et al., 2023). Some HSJs
can also be generated by the shock interaction with rotational discontinuities (Archer et al., 2012). The HSJs can
indent the magnetopause (Amata et al., 2011; Dmitriev & Suvorova, 2012; Hietala et al., 2012; Shue et al., 2009),
excite magnetopause eigenmodes (Archer et al., 2019), accelerate electrons (Liu et al., 2019), trigger magnetic
reconnection (Hietala et al., 2018), and even be associated with auroral brightening (Han et al., 2017;
Wang et al., 2018).

Recent studies have suggested that the magnetosheath HSJs can interact with the magnetopause, causing it to
compress and subsequently rebound (Amata et al., 2011; Archer et al., 2012; Dmitriev & Suvorova, 2012;
Plaschke et al., 2018). Shue et al. (2009) observed significant sunward plasma flows following the earthward
movement of HSJs. They concluded that the jet induces a dent at the magnetopause, and subsequently magne-
topause rebounds. Němeček et al. (2023) analyzed events where the magnetopause was observed several RE
farther from Earth than models had predicted. They revealed that the extremely distant locations of the
magnetopause are caused by strong sunward flows, potentially originating from HSJs. These studies indicate that
the magnetopause dents upon impact with HSJs and subsequently rebounds. However, it is still unclear whether
the 'Indentation ‐Rebounce' pattern fully describes the response of the magnetopause to the HSJs. Based on these
single‐event studies, we infer the comprehensive response pattern of the magnetopause to an HSJ can be described
as a sequence of “Indentation‐Rebounce‐Relaxation” (Figure 1). Utilizing observations from the Magnetospheric
Multiscale (MMS) mission (Burch et al., 2016), the present study is performed to confirm this scenario from a
statistical view. We select events when MMS is initially located on the magnetospheric and magnetosheath side
respectively to capture the full response of the magnetopause to a magnetosheath HSJ. Meanwhile, we present the
characteristic perturbations of field‐aligned currents during the magnetopause response processes.

2. Data and Method
In this study, we investigate the magnetopause response to an isolated magnetosheath high‐speed jet using data
from MMS (Burch et al., 2016). For magnetic field measurements, we employed data from the fluxgate

Figure 1. Schematic diagram illustrating the magnetopause's response to the HSJ. Panels (a–f) display the time sequence of
the magnetopause's response to an isolated HSJ. The red arrows represent the HSJ, while the green arrows denote the
sunward flow. The solid black line depicts the magnetopause, and the black dashed line shows the initial position of the
magnetopause. Purple and blue rectangles mark the satellite positions in the two situations. ∆r denotes the deepest
indentation distance of the magnetopause. Panels (g–f) illustrate the temporal evolution of the z component of the magnetic
field and the x component of the ion velocity for the two situations. The magnetosheath and magnetosphere environments are
featured by light green and light yellow backgrounds, respectively.
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magnetometer (FGM) (Russell et al., 2016), and particle data were acquired from the fast plasma investigation
(FPI) (Pollock et al., 2016). The small distance between the fourMMS spacecraft makes the observations from the
four satellites similar, which allows us to primarily present the data from MMS1. The upstream solar wind pa-
rameters were obtained from the OMNI data set at a resolution of 1 min. The magnetopause location model used
in this study is from Shue et al. (1998). All measurements used in this study are presented in Geocentric Solar
Magnetospheric (GSM) coordinates.

Based on the MMS magnetopause crossing data set of 1,117 intervals from 2015 to 2018 (Haaland et al., 2020),
we first selected magnetopause crossing possibly related to HSJs and determined the jets based on the solar wind
dynamic pressure and the local background dynamic pressure (Plaschke et al., 2013; Raptis et al., 2020). We
required the maximum x component of the magnetosheath dynamic pressure (Pd,MSH,x) to exceed half the solar
wind dynamic pressure (Pd,sw). We also required the Pd,MSH,x to be at least 1.5 times larger than the background
average value. Then, the magnetosheath HSJ intervals were determined as the period where Pd,MSH,x > 0.25 Pd,sw.
Finally, we identified 163 magnetosheath HSJ intervals.

The response of the magnetopause to an HSJ can be described as a sequence of “Indentation‐Rebounce‐Relax-
ation” (Figure 1). To confirm the magnetopause rebound phase, we required a significant sunward flow (the x
component of the ion velocity to be greater than +100 km/s) following the magnetosheath HSJs. 15 events
satisfied this condition. Additionally, we included 5 response events from Guo et al. (2024) magnetopause
crossing list, culminating in a total of 20 magnetopause response events (Table 1). Based on the initial position of
MMS, we analyzed the 20 magnetopause response events falling into two situations: in Situation 1 (S1), the
satellite was situated in the magnetosheath before detecting the magnetosheath HSJ; in Situation 2 (S2), the
satellite was initially located in the magnetosphere. There were 11 events of S1 and 9 events of S2, respectively.
As we focus on isolated (one‐time pulse) high‐speed jet events in this study, the situation when a jet or a high‐
pressure pulse continuously exists and disturbs the magnetopause with a convective discontinuity (Sibeck
et al., 1999) should be excluded. For this purpose, we further confirm there is no discontinuity in the upstream
solar wind based on criteria from Tsurutani and Smith (1979) and ensure that the normal direction of the
magnetopause at the two crossings varies by less than 90°. By applying these constraints, additional 6 events are
excluded from Table 1, leaving 8 events in S1 and 6 events in S2.

3. Results
For S1 events, the satellite (purple rectangle) is initially in the magnetosheath (Figure 1a), characterized by the
typical magnetosheath magnetic field and plasmas (Figure 1g). The satellite subsequently detects a magneto-
sheath HSJ (red arrow, Figure 1a), featured by an increase in earthward plasma velocity (Figure 1g). When the
magnetosheath HSJ hits the magnetopause, it causes the magnetopause (black line) to move inward (Figure 1b).
After that, the magnetopause rebounds and moves sunward (Figure 1c). Then the satellite detects a sunward flow
and enters the magnetosphere (Figure 1d). Finally, the magnetopause relaxes and moves to its original equilib-
rium position, allowing the satellite to return to the magnetosheath again (Figure 1f).

Figure 2 shows the MMS observations of an S1 magnetopause response event on 26 December 2016. Initially,
MMS was located in the magnetosheath, as evidenced by the highly perturbed magnetic field, high ion density,
and ion energies of ∼1 keV (Figures 2a, 2b and 2f–2g). MMS observed a significant increase in earthward dy-
namic pressure at 13:21:20 UT, identified as a magnetosheath HSJ (red‐shaded interval). The maximum earth-
ward dynamic pressure is around 3 nPa, which can cause a significant indentation of the magnetopause. At
13:23:30 UT, MMS detected a magnetopause crossing, accompanied by an obvious sunward flow. Subsequently,
MMS entered the magnetosphere, where the magnetic field and ion density are more stabilized. These obser-
vations indicate that after the impact of a high‐speed jet, the magnetopause rebounded and moved sunward. We
utilized the MMS four‐spacecraft timing method analysis of burst‐mode magnetic field to estimate the velocity of
the magnetopause (Harvey, C. C. 1998). The magnetopause moved sunward at 13:23:30 UT at a velocity of
104 × [0.69, 0.72, 0.09] km/s. For convincing, we obtained the normal direction ([0.67, 0.73, 0.14]) based on the
minimum variance analysis (MVA) on the burst‐mode magnetic field (Sonnerup and Scheible 1998). The dif-
ference in the magnetopause normal directions calculated from the two methods is 4°. To ensure the reliability of
the normal direction, we require the difference between the estimated normal directions by the two methods to be
less than 15°. About 1 minute later, MMS detected another magnetopause crossing. Using the timing method, the
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magnetopause moved earthward at 13:24:30 UT at a velocity of − 104 × [0.95, − 0.30, 0.01] km/s. Accordingly,
MMS returned to the magnetosheath, indicating that the magnetopause had undergone a relaxation phase.

The “Indentation” phase of the magnetopause cannot be directly observed in S1 events. Therefore, we present S2
events to demonstrate the process of magnetopause indentation following the impact of an HSJ. For S2 events, the
satellite (blue rectangle) is initially located in the magnetosphere (Figure 1a), which is distinguished by a stable
magnetic field (Figure 1g). When the satellite observes the magnetosheath HSJ (Figure 1h), the HSJ has already
hit the magnetopause. The magnetopause moves earthward, causing the satellite to enter the magnetosheath
(Figures 1b and 1h). Subsequently, the magnetopause rebounds and moves sunward (Figure 1c). Then the satellite
observes the sunward flow and returns to the magnetosphere (Figures 1d and 1h). Finally, the magnetopause
relaxes and returns to its original equilibrium position (Figures 1e and 1f).

Figure 3 presents a typical S2 magnetopause response event observed by MMS on 26 December 2016. MMS is
initially located in the magnetosphere, characterized by a stable magnetic field and high energy (>10 keV) ions.
MMS first crossed the magnetopause at 11:20:00 UT, and MMS entered the magnetosheath region. Immediately,
MMS detected a magnetosheath high‐speed jet, which is marked by a red‐shaded region. The sharp change in the
y‐component of the magnetic field ahead of the HSJ (Figure 3a) may be related to the shock or the magnetic flux
pileup generated by the high‐speed jet (Hietala et al., 2009, 2012). Using the timing method, we estimated that the

Table 1
Detailed Information on All Response Events

Event Time (UT) Normal (Shue98)

VMP
(timing,
km/s) Normal (timing) Normal (MVA) ∆ r (Re)

Tmodel,l
(s) Tobs (s)

Magnetic
reconnection

θB1B2
(°)

S1

1 20151111/
12:26:09.96

[0.94 0.28 − 0.19] 216 [0.40 0.90− 0.19] [0.40 0.88 − 0.25] 1.61 191.96 138.02 yes 76

2 20161215/
09:14:52.50

[0.99 0.14 0.00] 165 [0.66 0.46 − 0.60] [0.55 0.31 − 0.78] 1.18 161.33 98.01 unclear 63

3 20161223/
06:05:40.07

[1.00 − 0.03 0.01] 86.2 [0.88 − 0.15 − 0.46] [0.82 − 0.40 − 0.42] 3.18 287.21 215.83 unclear 37

4 20161226/
12:47:04.52

[0.98 0.17 0.07] 146 [0.85 0.43 − 0.31] [0.93 0.28 − 0.24] 1.50 136.41 132.90 no 37

5 20161226/
13:23:11.21

[0.98 0.19 0.08] 104 [0.69 0.72 0.09] [0.67 0.73 0.14] 1.40 153.25 101.91 no 54

6 20170108/
12:20:00.05

[0.99 0.05 0.11] 83.2 [0.99 − 0.12 0.09] [0.97 − 0.25 − 0.02] 2.03 209.16 210.07 no 21

7 20170120/
09:09:03.04

[0.98 − 0.16 0.10] 187 [0.72 − 0.69 − 0.07] [0.68 − 0.74 − 0.03] 1.28 144.61 132.23 yes 46

8 20190125/
04:22:23.03

[0.91 − 0.36 0.20] [0.09 − 0.98 0.15] 1.49 101.90 71.70 unclear 68

S2

1 20151207/
01:21:47.21

[0.97 − 0.23 − 0.06] 147 [0.89 − 0.35 − 0.28] [0.87 − 0.45 − 0.20] 3.10 143.58 164.34 no 43

2 20151207/
23:59:40.89

[0.96 − 0.28 − 0.06] 84.2 [0.27 − 0.88 − 0.39] [0.21 − 0.87 − 0.45] 1.14 68.08 111.05 yes 67

3 20161226/
11:22:19.20

[0.99 0.12 0.06] 284 [0.42 − 0.87 − 0.26] [0.41 − 0.86 − 0.32] 1.64 58.30 104.18 no 29

4 20170110/
04:11:25.57

[0.97 − 0.23 − 0.02] 82.2 [0.52 − 0.62 − 0.58] [0.62 − 0.53 − 0.57] 1.55 109.69 215.41 unclear 84

5 20170204/
06:28:25.88

[0.93 − 0.36 0.02] 174 [0.13 0.93 0.34] [0.04 0.97 0.24] 1.43 55.86 52.95 no 89

6 20161114/
12:36:03.06

[0.89 0.43 − 0.18] 73.1 [0.89 0.34 − 0.31] [0.97 0.19 − 0.13] 0.52 68.90 136.60 unclear 24

Geophysical Research Letters 10.1029/2024GL111132

MA ET AL. 4 of 11



Figure 2. Overview of a typical S1 magnetopause response event observed by MMS on 12 December 2016. (a)–(g) displays the magnetic field, ion density, ion velocity,
the x component of the ion velocity, earthward dynamic pressure, ion spectrogram, and electron spectrogram. (h)–(j) depicts the magnetic field, ion density, and the
current of the burst‐mode during the magnetopause crossing. The red solid line in panel (b) represents the solar wind density obtained from OMNI. In panel (e), the red
solid and dashed lines indicate the solar wind dynamic pressure (Pd,sw/2, Pd,sw/4). The gray‐shaded region in (a)–(g) highlights the background magnetosheath period.
The red‐shaded area marks the high‐speed jet interval. The red dashed vertical line denotes the peak of the high‐speed jet dynamic pressure, and the black dashed vertical
line indicates the magnetopause crossing. The black and blue lines in panel (j) represent the presented parallel current and the perpendicular current component along the
magnetopause, respectively. The green shaded region in panels (h)–(j) marks the magnetopause boundary layer at the magnetospheric side.

Geophysical Research Letters 10.1029/2024GL111132

MA ET AL. 5 of 11



velocity of the magnetopause is − 271× [0.70, − 0.63, − 0.32] km/s. This demonstrates that the magnetopause was
hit by the high‐speed jet and moved earthward. Subsequently, MMS crossed the magnetopause again at 11:22:20
UT. MMS returned to the magnetosphere with an obvious sunward flow. This time, the velocity of magnetopause
movement is 284 × [0.42, − 0.87, − 0.26] km/s, suggesting the magnetopause was in a rebound phase. In most
response events, the magnetopause rebounds only once, but there are also cases where the satellite crosses the
magnetopause multiple times.We primarily focus on the first rebound process with the largest response scale. The
subsequent magnetopause may oscillate and even further drive magnetopause surface waves, ultralow frequency
waves (Archer et al., 2019; Plaschke, 2016), which we classify as part of the relaxation phase.

We further estimated the spatial and temporal response scales of the magnetopause to the impact of an isolated
HSJ based on a simple pressure balance assumption. In this study, we considered the pressure balance between the
total pressure in the magnetosheath (PMSH, which includes thermal pressure, magnetic pressure, and dynamic
pressure) and the magnetic pressure of the magnetosphere (PMSP). Given that the magnetosphere's magnetic field

is dipolar, the magnetic pressure of the magnetosphere is given by PMSP = B2

2μ0
= λ2

2μ0
(
Md
r30
)
2
, where B, μ0, λ,Md and

r0 represent the magnetic field, vacuum permeability, magnetospheric compressibility coefficient, magnetic
dipole moment, and radial distance from the magnetopause to the Earth's center, respectively. Here, we roughly
take λ as a constant. We assume that a change ∆P in the total pressure of the magnetosheath, causes the
magnetopause to move a maximum distance of ∆r (Figure 1b). The pressure balance is expressed as

PMSH + ∆P = λ2
2μ0
(

Md
(r0 − Δr)3)

2
, and the change in the total pressure of the magnetosheath ∆P can be written as

∆P = λ2
2μ0
(

Md
(r0 − Δr)3)

2
− λ2

2μ0
(
Md
r30
)
2
. By substituting PMSH into the equation, we derive the correlation between ∆P

and ∆r:

∆P = PMSH [(1 −
Δr
r0
)

− 6

− 1] (1)

Applying the first‐order Taylor approximation, Equation 1 can be written as:

∆P
PMSH

≈ 6
Δr
r0

(2)

PMSH corresponds to the average total pressure in the magnetosheath, such as the interval indicated by the gray‐
shaded region in Figure 2. ∆P is calculated from the enhancement of dynamic pressure along the normal direction
provided by the model (Shue et al., 1998). Equation 2 shows how ∆r changes linearly if ∆P is small. During the
impact of an HSJ, ∆P/PMSH can be significantly larger than 2, making Equation 2 not applicable. Consequently,
we directly solve Equation 1 to obtain ∆r. In the two events mentioned above, ∆r is 1.4 RE and 1.64 RE,
respectively. The estimated magnetopause indentation is constant with results from the fast cold ion motion inside
the magnetopause, which has been used as an indicator of magnetopause deformation (Guo et al., 2024).

We define Tmodel as the modeled response time from the peak of the HSJ dynamic pressure observed by the
satellite (t1, red vertical dashed line in Figures 2 and 3) to the magnetopause observed by the satellite (t2, black
vertical dashed line in Figures 2 and 3). The response time can also be scaled using Tmodel = Xmodel/V, where
Xmodel is twice the distance from the satellite to the deepest indentation of the magnetopause, and V represents the
average speed during the impact process, which is roughly taken as the mean value of Vn (the velocity along the
magnetopause normal direction) at times t1 and t2 here. This means that the magnetopause is assumed to move at a
constant speed, and we further assume that the scale of the magnetopause indentation is comparable to that of the
magnetopause rebound. Thus, the longest response time (Tmodel,1,l) can be inferred as Tmodel,1,l= 4∆r/V. Next, we
estimate the shortest response times (Tmodel,1,s). This corresponds to the situation when the satellite is located just
outside of the magnetopause. The magnetopause is compressed and then rebounds, moving a total distance of
2∆r, resulting in Tmodel,1,s = 2∆r/V. For S2 events, the longest response time (Tmodel,2,l) corresponds to the sit-
uation when the satellite is located just inside of the magnetopause. The magnetopause is compressed and
rebounded, moving a total distance of 2∆r, so Tmodel,2,l = 2∆r/V. The shortest response times (Tmodel,2,s)
correspond to the cases when the satellite is located at the deepest indentation point. The satellite observes the
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sunward flow immediately after observing the HSJ, so the shortest response time should be zero. This method
provides a quantitative assessment of whether an HSJ is directly responsible for the subsequent magnetopause
crossing. The Tmodel of the above two cases are 76–154 s and 0–58 s, respectively. The response times in ob-
servations are 101 and 104 s, respectively. In all 14 events, we find the observed response time matches the model
predictions in 8 events (7 S1 events and 1 S2 event, Table 1). This discrepancy can be attributed to the simple
assumptions stated above, and a more detailed analysis should be performed in the future.

Figure 3. Overview of a typical S2 magnetopause response event on 12 December 2016. The figure format is similar to that in Figure 2.
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When an HSJ interacts with the magnetopause, the magnetopause becomes distorted, leading to changes in the
magnetic field and resulting in perturbations of field‐aligned currents. As shown in Figures 2h–2j and 3h‐3j, when
the satellite crosses from the magnetosheath to the magnetosphere, it detects obvious field‐aligned currents. The
current density is calculated by J = qn (Vi – Ve), where n is the ion number density, Vi and Ve are the ion and
electron velocities. Figure 4 shows the dependence of field‐aligned currents during the different magnetopause
deformation stages. For S1 events, the sunward magnetopause motion corresponds to the magnetopause rebound
phase. When magnetopause moves sunward, the magnetic field magnitude weakens, further causing the
magnetopause current (the black arrows in Figure 4a) to be reduced. Therefore, on the dawn side of the defor-
mation region, the current will flow away for current continuity, producing a pair of upward/downward field‐
aligned currents (purple arrows). Similarly, on the dusk side of the deformation, the other pair of field‐aligned
currents are generated (purple arrows). For S2 events, the deformation also corresponds to the sunward mo-
tion of the magnetopause. As presented in Figure 4c, we can find two pairs of field‐aligned currents (blue arrows)
are similarly generated, but in different directions compared with Figure 4a. The direction of the field‐aligned
current pairs is consistent with Glassmeier and Heppner (1992), and our results further show that the pairs of
field‐aligned currents change directions during the magnetopause response to an HSJ.

Figures 4b and 4d show the statistical results of field‐aligned current. Jpara,a denotes the average field‐aligned
current within the magnetopause boundary layer at the magnetospheric side (the green‐shaded areas shown in

Figure 4. The distribution of field‐aligned currents during the magnetopause rebounce phase. Panels (a) and (c) present
schematic diagrams of the field‐aligned current distribution for two situations. The black arrow indicates the magnetopause
current, while the purple and blue arrows denote the field‐aligned current pairs generated by the magnetopause deformation
in the two situations. The green arrows indicate the sunward motion of the magnetopause. Light yellow and light green
backgrounds separate the magnetosphere and magnetosheath environments. Panels (b) and (d) are the observations from
multiple events. The ∆θ and ∆Φ represent the deviations between the normal of the magnetopause model and the actual
magnetopause normal in the polar and azimuthal directions, respectively. Jpara,a is the average value of the field‐aligned
current in the magnetopause boundary layer at the magnetospheric side with standard deviations. The black vertical lines
indicate error bars. The green outer circle denotes possible magnetic reconnection events as listed in Table 1. The four‐
colored sectors in panels (b) and (c) correspond to the direction of the field‐aligned current shown in panels (a) and (c).
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Figures 2j and 3j), which is calculated at the magnetopause crossings with sunward plasma flows. We compared
the normal direction of the magnetopause obtained by the timing method (Table 1) with the normal direction of
the magnetopause provided by the model (Shue et al., 1998). Based on the difference between the two normal
directions, we can infer in which quadrant of the magnetopause deformation the satellite is located (divided into
four sectors). The sign of ∆θ indicates whether the satellite is located on the northern or southern side, and the
sign of ∆ϕ indicates whether the satellite is located on the dawn or dusk side of the deformation. In S1 events,
the direction of the field‐aligned current in six out of 8 events is consistent with predictions. In S2 events, the
direction of the field‐aligned current in five out of 6 events matches. This result shows that most of these events
can generate significant field‐aligned currents. The closure of these field‐aligned currents is another interesting
issue, which can close locally surrounding the deformed magnetopause region or connect to Earth. However, it is
not conclusive from in‐situ MMS observations, and the related investigation can be verified from auroral images,
such as from the Solar wind Magnetosphere Ionosphere Link Explorer (SMILE) mission (Branduardi‐Raymont
et al., 2018; C. Wang and Branduardi‐Raymond, 2018) and other observations. We noted that all other
magnetopause activities (such as magnetic reconnection (Ma et al., 1995)), which can also generate strong field‐
aligned current, are ignored here due to the limited data set. In Figures 4a and 4d, three clearly identified
reconnection events are marked with green circles, regardless of whether they are related to HSJs. These effects
should be excluded if a larger data set is available.

4. Conclusions
In this study, we have demonstrated the full spatiotemporal response of the magnetopause to the impact of an
isolated magnetosheath HSJ, manifested as a sequence of “Indentation‐Rebounce‐Relaxation”. Based on the
pressure balance assumption, we estimate the spatial and temporal scales of the entire response process to
range from 0.5 to 3.2 Earth radii and 0.9–4.7 min, respectively. We also reveal that the interaction of the
magnetopause with the HSJ leads to distortion of the magnetopause, subsequently generating pairs of field‐
aligned currents.

This study provides a comprehensive depiction of the magnetopause's response to the impact of an HSJ. The
upcoming Solar wind Magnetosphere Ionosphere Link Explorer (SMILE) mission will offer new opportunities
to investigate how the magnetopause responds to the solar wind by imaging the magnetopause with soft X‐
rays. By combining time series of magnetopause images with in situ observations, our understanding of the
magnetopause response to HSJs will be significantly improved in the future.

Data Availability Statement
The MMS data are obtained from the MMS Science Data Center (https://lasp.colorado.edu/mms/sdc/public/
about/browse‐wrapper/), and the solar wind data are from the OMNI website (https://omniweb.gsfc.nasa.gov).
The MP response events list can be found at J. Ma and Tang (2024).
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