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Abstract We use the three‐dimensional (3‐D) global hybrid code ANGIE3D to simulate the interaction of
four solar wind tangential discontinuities (TDs) observed by ARTEMIS P1 from 0740 UT to 0800 UT on 28
December 2019 with the bow shock, magnetosheath, and magnetosphere. We demonstrate how the four
discontinuities produce foreshock transients, a magnetosheath cavity‐like structure, and a brief magnetopause
crossing observed by THEMIS and MMS spacecraft from 0800 UT to 0830 UT. THEMIS D observed entries
into foreshock transients exhibiting low density, low magnetic field strength, and high temperature cores
bounded by compressional regions with high densities and high magnetic field strengths. The MMS spacecraft
observed cavities with strongly depressed magnetic field strengths and highly deflected velocity in the
magnetosheath downstream from the foreshock. Dawnside THEMIS A magnetosheath observations indicate a
brief magnetosphere entry exhibiting enhanced magnetic field strength, low density, and decreased and
deflected velocity (sunward flow). The solar wind inputs into the 3‐D hybrid simulations resemble those seen by
ARTEMIS. We simulate the interaction of four oblique TDs with properties similar to those in the observation.
We place virtual spacecraft at the locations where observations were made. The hybrid simulations predict
similar characteristics of the foreshock transients, a magnetosheath cavity, and a magnetopause crossing with
characteristics similar to those observed by the multi‐spacecraft observations. The detailed and successful
comparison of the interaction involving multiple TDs will be presented.

1. Introduction
The Earth's foreshock is the solar wind region upstream from the Earth's magnetosphere that is magnetically
connected to the bow shock and filled with backstreaming suprathermal particles reflected from and energized by
encounters with the bow shock and encounters with plasma waves (Eastwood et al., 2005). Transient structures
are common in the foreshock (Zhang & Zong, 2020; Zhang et al., 2022). Some of them are generated by the
kinetic interaction of suprathermal ions with an interplanetary magnetic field (IMF) discontinuity, such as hot
flow anomalies (HFAs, Schwartz et al., 1985) and foreshock bubbles (FBs, Omidi et al., 2010; Turner
et al., 2013). Some, like foreshock cavities, from between pairs of discontinuities (Sibeck et al., 2002), while
others form without an IMF discontinuity, such as spontaneous hot flow anomalies (SHFAs, Omidi et al., 2013;
Zhang et al., 2013), foreshock cavitons (Blanco‐Cano et al., 2011), and diamagnetic cavities (Lin, 2003; Lin &
Wang, 2005). When a foreshock transient encounters the bow shock, its tenuous core of low dynamic pressure can
cause the deformation of the local bow shock. These deformations can further disturb the magnetopause and
generate field‐aligned currents and ultra‐low frequency (ULF) waves in the magnetosphere and trigger aurora
brightenings (Archer et al., 2014, 2015; Shen et al., 2018; Sibeck et al., 1999; Turner et al., 2011; B. Wang
et al., 2018; Zhang et al., 2022; Zhao et al., 2017).

Guo et al. (2020) compared the four Magnetospheric Multiscale (MMS; Burch et al., 2016) observations of a
dayside magnetopause reconnection event with results from a 3‐D global hybrid simulation. They showed that the
formation and global distribution of the reconnection X‐lines and the structure of the simulated reconnection were
consistent with the MMS observations. Lee et al. (2021) compared multi‐point observations of foreshock bubbles
with results from a 2.5‐D (2‐D in space and 3‐D in currents and electromagnetic fields) global hybrid simulation.
The MMS spacecraft observed a series of discontinuities. Two out of five discontinuities generated foreshock
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bubbles. Lee et al. (2021) reported that MMS observations of the two fully developed foreshock bubbles were
consistent with model predictions. While foreshock transients have been studied by 2‐D (Lin, 1997, 2002; Omidi
& Sibeck, 2007; Omidi et al., 2010, 2013) and 3‐D (Lin et al., 2022; C.‐P. Wang et al., 2020, 2021a, 2021b) global
hybrid simulations, there are fewer studies on the impact of solar wind discontinuities, and their detailed
structures in the magnetosphere have not been compared with results of 3‐D global hybrid simulation. The goal of
the present study is to investigate the effect of solar wind discontinuities as they pass by the magnetosphere such
as foreshock transients, a magnetosheath cavity, and a brief magnetopause crossing as observed by the MMS and
THEMIS spacecraft for comparison with results from a 3‐D global hybrid simulation.

2. Observations: Event Overview
All data used in this paper are from the five‐satellite Time History of Events and Macroscale Interactions During
Substorms (THEMIS) mission (Angelopoulos, 2008; Sibeck et al., 2008) and four Magnetospheric Multiscale
(MMS) satellites (MMS3; Burch et al., 2016). Each spinning THEMIS satellite (3 s spin period) is equipped with
a fluxgate magnetometer (FGM; Auster et al., 2008), an electric field instrument (Bonnell et al., 2008), and an ion
and electron electrostatic analyzer (ESA; McFadden et al., 2008). Two ARTEMIS probes (P1 and P2; Angelo-
poulos, 2011), part of the THEMIS mission, were moved to lunar orbits in 2010. ARTEMIS provides solar wind
plasma and magnetic field measurements. We use ARTEMIS P1 (formerly THEMIS B) as a solar wind monitor.
We also use survey (⇠4.5 s time resolution) plasma data from the Fast Plasma Investigation (FPI) instrument
(Pollock et al., 2016), the DC magnetic field at resolution up to 62.5 ms (survey data) from the Fluxgate Mag-
netometers (FGM), and the DC electric field with a resolution of 1 ms from the Electron Drift Instrument (EDI) on
MMS (Russell et al., 2014; Torbert et al., 2014).

Figure 1 shows projections of ARTEMIS P1, P2, THEMIS A, THEMIS D, and MMS3 spacecraft locations onto
the X‐Y and X‐Z planes from 08:00 UT to 09:00 UT on 28 December 2019 together with the modeled bow shock
(Fairfield, 1971) and magnetopause (Shue et al., 1997) locations for the prevailing solar wind conditions. During
this time interval, two ARTEMIS spacecraft were far upstream from the bow shock, THEMIS D was in the
dawnside foreshock, THEMIS A and MMS were in the dawnside and duskside magnetosheath, respectively.

Figure 1. The positions of THEMIS A–E and MMS in the XY and XZ planes in GSM coordinates from 08:00 UT to 09:00 UT
on 28 December 2019. The two black curves represent the locations of the bow shock and the magnetopause determined by
the Fairfield model (Fairfield, 1971) and Shue model (Shue et al., 1997), respectively. The positions of three THEMIS probes
and two ARTEMIS probes are marked by five different symbols.
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Figures 2a–2d show ARTEMIS P1 observations in the pristine solar wind
from 07:44 UT to 08:02 UT and Figures 2e–2m show an overview plot of
THEMIS D observations in the ion foreshock from 08:00 UT to 08:18 UT on
28 December 2019. THEMIS D entered the foreshock at 08:05 UT and
observed a foreshock transient exhibiting strong magnetic field strength
fluctuations, enhanced heating, deflected and decreased velocity, and small
depressions in density and the magnitude of magnetic field from 08:05:10 UT
to 08:07:50 UT. There are two additional foreshock transients observed from
08:14:40 UT to 08:17:10 UT. The two foreshock transients were merging
each other and exhibited greatly decelerated and deflected anti‐sunward
flows, increase in temperature, and depressed plasma density in the core re-
gion and the magnetic field strength bounded by one compressional boundary
(trailing edge) from 08:14:40 UT to 08:15:50 UT.

Four discontinuities observed by ARTEMIS P1 are associated with THEMIS
D entering the foreshock and observing a series of foreshock transients.
Vertical dashed lines indicate these four discontinuities (TD1, TD2, TD3, and
TD4). We apply a 16 min time shift to all data from ARTEMIS P1 to account
for the propagation delay of the first discontinuity to THEMIS D (TH‐D). The
time delay between ARTEMIS P1 and THEMIS D was calculated using the
separation between the two spacecraft and the propagation velocity of the
solar wind discontinuity. The first discontinuity observed by ARTEMIS P1
resulted in THEMIS D entering the foreshock. The foreshock transient was
confined by the first and second discontinuities. The third and the forth dis-
continuities also generated foreshock transients at THEMIS D. The propa-
gation delays for the third and the forth discontinuities differ from that for the
first discontinuity since the normal directions for the four discontinuities are
very different. The propagation time delays for the third and the forth
discontinuity normals are about 23 and 24 min, respectively. We employ the
3‐D global hybrid simulation model to simulate the interaction of these four
discontinuities with the bow shock, magnetosheath, and magnetopause and
compare each phenomena observed by THEMIS and MMS spacecraft with
the simulation results.

3. Simulation Model and Setup
The 3‐D global hybrid code, ANGIE3D (Lin et al., 2014, 2017), is used in this
study. In the simulation model, ions are treated as discrete, fully kinetic
particles, and the electrons are treated as a massless fluid. Quasi charge
neutrality is assumed. The simulation domain includes in the GSM coordinate
system x à á30 RE on the dayside to x à �60 RE on the night side, y à �35
RE to á35 RE in the dawn/dusk direction, and z à �35 RE to á35 RE in the
north‐south direction. An inner boundary is assumed at the geocentric dis-
tance of r à ⇠3 RE that couples to the ionosphere along the dipole magnetic
field. The ionospheric Poisson's equation is solved with a uniform Pedersen
conductance ΣP à 5 S and a Hall conductance ΣH à 10 S. In addition to the
particle ions, a cold ion fluid has been assumed to dominate the inner
magnetosphere for r < 6 RE (Swift, 1996). Nonuniform cell grids are used,
with the grid size around the bow shock, magnetosheath, magnetopause, and
the cusp smaller than in other places. In the present study, the solar wind ion

inertial length di0 is chosen to be 0.06 RE, 4 times larger than the realistic value. The cell dimensions are
nx ⇥ ny ⇥ nz à 920 ⇥ 794 ⇥ 450. A total of ⇠1010�11 particles are used.

The simulation starts from a uniform IMF of B0 à (0, �1.9, �0.42) nT, solar wind velocity of V0 à (�345, 0, 0)
km/s, ion density N0 à 5/c. c., and ion temperature Ti0 à 10 eV. The bow shock and magnetosphere form self‐
consistently by the interaction between the solar wind and the geomagnetic field. The parameters defining the four

Figure 2. An overview of the foreshock transient event observed on 28
December 2019. From top to bottom: (a–d) Interplanetary magnetic field
data from the ARTEMIS P1. (e) The magnetic field strength, (f) components
of the magnetic field in GSE coordinate system, (g) magnetic field clock
angles, (h) cone angles, (i) plasma ion spectrum, (j) components of plasma
flow, (k) ion density, (l) ion temperature, and (m) dynamic pressure. Note
that the ARTEMIS P1 data is time shifted by 16 min to be compared with the
THEMIS D data. The four discontinuities were selected and were indicated
by the vertical lines (TD1, TD2, TD3, and TD4).
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discontinuities are shown in Table 1, in which B, V, Ni, and Ti are the magnetic field, ion velocity, ion density and
ion temperature across the TDs, while nTD is the TD's normal direction. Figure 3 shows contours of the magnetic
field strength in logarithm scale in the noon meridian and equatorial planes at tà 64 min and tà 89 min. The lines
of different colors indicate the magnetic field lines at different regions. The fourth TD (TD4) arrives the domain at
a later time so that all four TDs are not in the one domain at the same time.

4. Solar Wind Conditions
Figure 4(right) displays the magnetic field and plasma measurements observed by ARTEMIS P1 from 07:32 UT
to 08:02 UT on 28 December 2019. Figure 4(left) depicts time variations of the magnetic field strength, three
components of the magnetic field, IMF clock angle, cone angle, solar wind velocity, ion density, total ion
temperature, and three components of the electric field at a fixed position (X, Y, Z) à (25.0, 23.7, �2.0) RE.
ARTEMIS P1 was located in the pristine solar wind at (X, Y, Z) à (54.8, 23.7,�1.9) RE. The four discontinuities
are denoted by the vertical dashed lines.

Table 1 lists the parameters upstream and downstream of the four discontinuities. There are changes in density,
temperature and magnetic field magnitude across the discontinuities. There are magnetic field fluctuations

Table 1
Solar Wind and IMF Parameters for the 28 December 2019 ARTEMIS P1 Observations Employed in the 3‐D Global Hybrid
Simulation Run

Discontinuity TD1 TD2 TD3 TD4
Bup (nT) (0.23, �1.71, �0.24) (1.5, 0.14, 0.87) (0.05, �1.05, �0.21) (�2.84, 0.70, �1.31)
Bdn (nT) (1.5, 0.14, 0.87) (0.05, �1.05, �0.21) (�2.84, 0.70, �1.31) (�2.14, 1.41, �0.57)
Vup (km/s) (�344.0, 10.4, 7.9) (�341.6, 14.2, 9.8) (�341.7, 16.7, 11.0) (�350.4, 21.4, 7.5)
Vdn (km/s) (�341.6, 14.2, 9.8) (�341.7, 16.7, 11.0) (�350.4, 21.4, 7.5) (�357.5, 21.8, 4.9)
Niup (cm�3) 5.81 5.80 5.97 4.58
Nidn (cm�3) 5.80 5.97 4.58 5.15
Tiup (eV) 14.8 14.4 14.5 14.2
Tidn (eV) 14.4 14.5 14.2 14.8
Eup (mV/m) (�0.01, 0.08, �0.59) (�0.01, �0.3, 0.07) (�0.01, 0.07, �0.36) (0.03, 0.48, 0.18)
Edn (mV/m) (�0.01, �0.3, 0.07) (�0.01, 0.07, �0.36) (0.03, 0.48, 0.18) (0.02, 0.21, 0.46)
nTD (�0.48, �0.18, 0.86) (0.48, 0.19, �0.86) (�0.45, �0.20, 0.87) (�0.46, �0.38, 0.80)

Figure 3. Simulation results of magnetic field at t à 64 min and t à 89 min. The white dashed lines represent the intersection between the TD planes and Sun‐Earth
meridian plane for TD1, 2, 3, and 4, respectively. The colored solid lines represent 3‐D magnetic field lines at different regions (black: downstream of TD1; red:
upstream of TD1; yellow: upstream of TD2; purple: upstream of TD3; orange: upstream of TD4; blue: magnetosphere). Contours show magnetic field strength in units
of nT.

Journal of Geophysical Research: Space Physics 10.1029/2023JA032328

LEE ET AL. 4 of 11

 21699402, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

032328 by A
uburn U

niversity Libraries, W
iley O

nline Library on [29/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



between TD1 and TD3 in the observations. The IMF clock angle changes to 0° right after the TD1 and goes
back to �100° right after the TD2. The magnetic field orientations downstream of TD1 and TD2 in the
simulation and observation are quite different. The magnetic field fluctuations observed between TD1 and TD3
are stronger than those in the simulation. The values of the magnetic field intensity and the density from
ARTEMIS P1 are averaged between the discontinuities and are used for the simulation initial conditions. If we
set perturbations in the simulation, it would lead to inconsistent input and result in unexpected structures around
boundary.

We tested the Walén relation (Phan et al., 2004) and found that the vector changes in the magnetic fields and
plasma velocities before and after the discontinuities are not correlated each other. The negative Walén test
result further supports TD instead of RD. We estimated discontinuity normals (n) using minimum variance
analysis (MVA) (Sonnerup & Cahill, 1967) and the cross‐product method on observations before (upstream)
and after (downstream) the discontinuities (n à (Bu ⇥ Bd)/|Bu ⇥ Bd|). The normal directions for the dis-
continuities obtained from the MVA is consistent with that from the cross‐product method. The changes in
each parameter across the four discontinuities are consistent with the observations. The time separations
between the discontinuities are longer than those in the observations. If we place the discontinuities ac-
cording to the realistic timing, some discontinuities would see their intersection at the boundary because their
fronts are highly oblique relative to each other. It is difficult to model such boundary conditions correctly.
To this end, the simulation increases the time separation between the TDs in order to avoid intersection of
TD planes.

Figure 4. (left) Virtual spacecraft and (right) ARTEMIS P1 data from the position at (25.0, 23.7, �2.0) RE and ⇠(54.8, 23.7, �1.9) RE, respectively. From top to bottom
for both 3‐D global hybrid simulation and ARTEMIS P1: (a) magnetic field strength, (b) magnetic field components, (c) magnetic field clock angles, (d) cone angles,
(e) ion bulk flow velocities, (f) number density, (g) ion temperature, and (h) electric field components. The four vertical dashed lines indicate the four discontinuities.
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5. Results and Discussion
Here we compare THEMIS D, A, and MMS plasma and magnetic field observations of foreshock transients, a
magnetosheath cavity‐like structure, and a brief magnetopause crossing with the predictions of the hybrid code
model.

5.1. Comparison of Foreshock Transients: HFA‐Like Structures
We compare THEMIS D plasma and magnetic field observations of the foreshock transient with the results of the
3‐D global hybrid simulations shown in Figure 5. Figure 5 presents plasma and magnetic field measurements at a
fixed location in the dawn foreshock (X, Y, Z)à (11.8,�8.3, 4.3) RE in the simulation (left column) and THEMIS
D observations from 07:40 UT to 08:40 UT on 28 December 2019 at (X, Y, Z) à ⇠(12.2, �8.2, 4.3) RE (right
column). Four vertical dashed lines indicate arrival times for the four discontinuities in the foreshock. The overall
structures across the dashed lines in the simulation are remarkably similar to those in the observations.

The first discontinuity (TD1) causes the foreshock to move to the locations of the virtual spacecraft and
THEMIS D. Magnetic field strength fluctuations are enhanced in the foreshock. The amplitude of the
magnetic field strength (⇠5 nT) in the observations is 10 times larger than that (⇠0.6 nT) in the simulation
after TD1. In the observations, there is the first foreshock transient (FT1) which can be associated with the
first and the second discontinuities (08:05:30 UT–08:07:50 UT). Its core region exhibits strong heating,
strong deflection of the velocity, and small depressions in density and the magnitude of magnetic field. In the
simulation result, the velocity and the density decrease and the temperature increases during 2 min after the

Figure 5. Magnetic field and plasma parameters for a region in the foreshock where a foreshock transient event was present. Magnetic field and plasma data in the same
format as Figure 4. The four vertical dashed lines are associated with the four solar wind discontinuities. Both simulation results and the THEMIS D observations show
the foreshock transients which are HFA‐like structures and are associated with the first and the third discontinuities.
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first discontinuity arrived at ⇠53 min. The values of the depressed magnetic field strength (Bmin/Bsw) and
plasma density depletions (Nmin/Nsw) and flow deflections (VX,min/VX,sw) and heated plasma (Tmax/Tsw) in the
core of the transient event for both simulations (SIM) and observations (OBS) are listed in Table 2. There are
plateaus of magnetic field strength, velocity, density, and temperature before the second discontinuity
arriving. The plateaus from the simulation results may be due to the different solar wind conditions between
the simulation and the observations. There are more than four discontinuities in the observations, making the
conditions not exactly identical to the simulations.

The next consecutive foreshock transients which are related to the third (TD3) and the forth discontinuities (TD4)
are shown in both simulations and observations. The third discontinuity is associated with a fully developed
foreshock transient (FT2) with a core region exhibiting greatly decelerated and deflected anti‐sunward flows,
increase in temperature, and depressed plasma density. In the observations, the magnetic field strength and the
number density are bounded by one compressional boundary (trailing edge) from 08:14:40 UT to 08:08:15:50
UT. Both magnetic field strength and number density show less compression on the trailing edge in the simu-
lations. The properties of the second foreshock transient (FT2) for the simulations and the observations are shown
in Table 2. Different from the simulations, there can be another foreshock transient exhibiting decelerated and
deflected flows in the observations (08:16:00 UT–08:17:10 UT). However, there are no significant changes in
density, magnetic field strength, temperature across the third transient. This indicates that the third foreshock
transient has not fully developed. The observations showed that the third transient was merging with the second
one so that it is difficult to identify the characteristics of the third one.

5.2. Comparison of Magnetosheath Cavity‐Like Structure
The density perturbations of foreshock transients correspond to dynamic pressure perturbations. As the pertur-
bations propagate into the magnetosheath, they can cause magnetopause distortion. The resulting magnetosheath
motion and the impacts on the dayside magnetopause have been observed and simulated (Archer et al., 2014;
Lin, 2002; Lin & Wang, 2005; Omidi et al., 2016; Shi et al., 2013, 2021; Sibeck et al., 1999, 2000, 2021; C.‐P.
Wang et al., 2020).

Figure 6(right) shows the MMS observations of magnetic field perturbations possibly resulting from the solar
wind discontinuities and/or foreshock transients observed in the foreshock. The MMS spacecraft were in the
magnetosheath from 08:00 UT to 08:30 UT and behind the quasi‐parallel magnetosheath at 08:08 UT.
Diamagnetic cavities in the foreshock and magnetosheath cavities characterized by depressed densities and
magnetic fields and accompanied by enhanced fluxes of energetic particles have been observed (Katırcıoğlu
et al., 2009; Sibeck et al., 2001, 2002, 2021). A magnetosheath cavity‐like structure was observed downstream
from the foreshock from 08:18:50 UT to 08:20:40 UT. The magnetic field strength decrease approximately 50%
of the ambient magnetosheath magnetic field. This decrease was bounded by a stronger compression at 08:20:40
UT–08:21:40 UT, which is clear in the BY and BZ field components. The density slowly decreased during the
magnetic field depression and a large depression at least 40% appeared in the strong magnetic field compression
08:20:40 UT–08:22:00 UT. There is a velocity deflection, even sunward‐moving flow (positive VX), inside the
cavity and the total temperature decreases during the interval. The energy spectra observed by the EIS instruments
(not shown in Figure 6, right) indicate that enhanced fluxes of energetic particles were already present in the
quasi‐parallel magnetosheath from 08:08 UT. This is not consistent with the previous results of high energy
particles within the cavities from Sibeck et al. (2002) and Katırcıoğlu et al. (2009).

Table 2
Properties of the Two Foreshock Transients (FT1 and FT2), a Cavity‐Like Structure in the Magnetosheath (MSH), and a Magnetopause Crossing (MSP) Detected by the
Virtual Spacecraft (SIM) and by the Multi‐Spacecraft (OBS)

FT1 FT2 MSH MSP
jBmin j
jBsw j

Vx, min
Vx, sw

Nmin
Nsw

Tmax
Tsw

jBmin j
jBsw j

Vx, min
Vx, sw

Nmin
Nsw

Tmax
Tsw

jBmin j
jBmsh j

Vx, min
Vx, msh

Nmin
Nmsh

Tmax
Tmsh

jBmax j
jBmsh j

Vx, min
Vx, msh

Nmin
Nmsh

Tmax
Tmsh

OBS 0.4 0.16 0.15 20.0 0.12 �0.07 0.33 4.08 0.02 �0.63 0.67 0.75 2.3 �1.29 0.02 7.5
SIM 0.2 0.29 0.46 4.5 0.45 0.0 0.54 5.0 0.06 �0.2 0.15 2.72 3.5 �0.4 0.2 0.6
Note. The magnitudes of depletions of magnetic field strength, X‐component of ion velocity, and ion density, plasma heating inside the events are listed.
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Figure 6(left) shows the temporal profiles of magnetic field and plasma parameters that were observed by a
simulated virtual satellite in the magnetosheath at (X, Y, Z) à (11.6, 2.6, 5.9) RE. The virtual satellite observed
weak magnetic field strength and density and a decelerated flow (positive VX) inside the structure from 70 to
73 min. These features are qualitatively similar to the observed magnetosheath cavity‐like structure shown in
Figure 6(right). The quantitative comparison of properties of the structures (MSH) between simulations and
observations is listed in Table 2. However, there are relatively weaker magnetic field compression surrounded by
the cavity and stronger depression in density and enhancement in temperature, which are different from the
observations.

5.3. Magnetopause Crossing
Figure 7 compares observations of a magnetopause crossing (a yellow shaded region) which can be associated
with the arrival of the solar wind discontinuity and/or a foreshock transient with a magnetopause distortion seen in
the simulations. THEMIS A was in the magnetosheath located at ⇠(10.2, �5.9, 4.4) RE in GSE coordinates from
08:00 UT to 08:30 UT. As shown in Figure 7(right), THEMIS A observations show that the dayside magneto-
pause and magnetosphere protrude outward from 08:23:30 UT to 08:24:10 UT. Similar to the THEMIS A ob-
servations, Figure 7(left) shows a simulated magnetopause crossing (a yellow shaded region) in the
magnetosheath at location (X, Y, Z) à (8.6, �6.1, 4.5) RE.

The outward protruding magnetosphere is indicated by the plasma with relatively higher magnetic field strength
(Figures 7a and 7b) and strongly deflected velocity (sunward flows, Figure 7e) and lower density (Figure 7f)
compared to the surrounding magnetosheath plasma. However, the ion temperature enhancement which is a
characteristic feature of the magnetosphere did not appear in the simulations. The detailed comparison of the

Figure 6. (left) Magnetic field and plasma parameters for a region in the magnetosheath where a magnetosheath cavity which can be an impact of the foreshock transient
was detected at (11.6, 2.6, 5.9) RE in the simulation and at MMS spacecraft position⇠(11.3, 3.0, 6.0) RE. Magnetic field and plasma data in the same format as Figure 4.
The region from 08:19 UT to 08:20 UT mark the magnetosheath cavity‐like structure. Magnetic field and plasma data in the same format as Figure 4.
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properties of the magnetopause crossing between the simulations and observations is listed in Table 2. The
observed magnetic field strength, deflected velocity, and depression in density during the magnetopause crossing
are remarkably consistent with the simulation results.

6. Summary and Conclusions
We have presented the first detailed comparison of multi‐spacecraft observations of foreshock transients and their
magnetospheric responses with results from 3‐D global hybrid simulations. ARTEMIS P1 observed a series of
discontinuities in the region far upstream from the bow shock from 0740 UT to 0800 UT on 28 December 2019.
The THEMIS D observations show several foreshock transients in the foreshock which are associated with the
solar wind discontinuities and its core regions exhibit strong heating, strong deflection of the velocity, and small
depression in density and magnetic field strength. The MMS spacecraft located in the magnetosheath observed a
cavity‐like structure exhibiting a decrease in magnetic field strength and highly deflected velocity downstream
from the foreshock. THEMIS A was in the dawnside magnetosheath and observed an outward protruding
magnetosphere. THEMIS A observed higher magnetic field strengths and strongly deflected velocities during the
brief magnetopause crossing. The spacecraft observations of the magnetosheath cavity‐like structure and
magnetopause crossing can be due to the discontinuities and the foreshock transients in the foreshock which can
cause magnetopause distortion resulting from the perturbations in dynamic pressure. We simulated the response
to the four discontinuities. The simulation predicted the occurrence of foreshock transients, a cavity‐like structure
in the magnetosheath, and a brief magnetopause crossing as observed by the multi‐spacecraft array. The detailed
comparisons of the magnetic field and plasma profiles between the observations and the simulations are listed in
Table 2. The simulation parameters are simplified as compared with observations, which contains many smaller

Figure 7. (left) Time series of the virtual spacecraft from the position (8.6, �6.1, 4.5) RE and (right) magnetosheath observations from THEMIS A with the spacecraft
locations at (10.2, �5.9, 4.4) RE in GSE noted. The yellow shaded regions indicate an entry of magnetosphere. Magnetic field and plasma data in the same format as
Figure 4.
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amplitude structures. But the overall characteristics of the each observed structures remarkably agree well with
the simulation results.

Data Availability Statement
The MMS data set is available online (MMS Science Data Center at https://lasp.colorado.edu/mms/sdc/public/).
The entire THEMIS, ARTEMIS data and THEMIS software (SPEDAS) are available by downloading http://
themis.ssl.berkeley.edu. The simulation data can be found in X. Wang et al. (2023).
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