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Abstract High‐speed jets (HSJs) are transient phenomena characterized by significant enhancement of
magnetosheath dynamic pressure. They are capable of traversing the magnetosheath and impinging upon the
magnetopause, triggering a diverse array of geoeffects. However, the evolution of HSJs during their propagation
from the bow shock to the magnetopause still remains unclear. Leveraging multi‐satellite data from MMS
(2015–2023), THEMIS (2008–2023), and Cluster (2001–2020), we have compiled a comprehensive data set of
nearly 40,000 HSJs to statistically study the velocity evolution of HSJs from the bow shock to the magnetopause
for the first time. It is shown that the occurrence rate of HSJs depends on their relative positions within the
magnetosheath, peaking in the middle region. Typically, in the GSE coordinates, as HSJs penetrate into the
magnetosheath, the Vx component gradually decreases until they reach the magnetopause, where HSJs are
deflected and their Vy and Vz components are enhanced. Meanwhile, some HSJs are redirected backwards owing
to rebounce of the magnetopause, resulting in the sunward flow. Notably, the velocity‐direction distribution of
HSJs in the ( y, z)‐plane is largely isotropic overall yet exhibits a subtle dusk‐favored asymmetry. This
distribution aligns with the background flow throughout the evolution of HSJs, a feature that is consistent with
the outcomes of 3‐D global simulations. This strong consistency implies HSJ transverse velocity tends to align
with the ambient magnetosheath flow even early in their evolution. Our study provides some new insights in
better understanding the evolution of HSJs within the magnetosheaths of Earth and other planets.

1. Introduction
High‐speed jets (HSJs) are regarded as remarkable enhancements of the dynamic pressure in the Earth's mag-
netosheath, widely pervasive downstream of the quasi‐parallel bow shock (Hietala et al., 2009; Hietala &
Plaschke, 2013; Nemecek et al., 1998; Plaschke et al., 2018). HSJs are typically observed to be associated with a
concurrent increase in both velocity and density (M. O. Archer & Horbury, 2013; Preisser et al., 2020), while their
magnetic fields can either exhibit an increase or a decrease (Plaschke et al., 2013;M. O. Archer &Horbury, 2013).
Various formation mechanisms for magnetosheath jets have been proposed, encompassing the interaction of
compressive structures with the quasi‐parallel bow shock (Karlsson et al., 2015; Ren et al., 2023; Suni
et al., 2021), shock reformation (Raptis, Karlsson, Vaivads, Pollock, et al., 2022), and other processes (Guo
et al., 2022; Y. Zhou et al., 2023; Fatemi et al., 2024; Osmane & Raptis, 2024). They are attracting more and more
attention as they can exert a significant impact on the magnetopause, thereby resulting in diverse geoeffects
(Krämer et al., 2025). For instance, the impact of HSJs can cause a local indentation of magnetopause (J. H. Shue
et al., 2009), possibly triggering local magnetic reconnection (Hietala et al., 2018; Karimabadi et al., 2014),
generating magnetopause boundary surface waves (M. Archer et al., 2019), and causing localized auroral
brightening (Han et al., 2017; B. Wang et al., 2018; Z. Wang et al., 2025). Besides, HSJs are capable of
modulating plasma waves in the magnetosphere, leading to the prompt disappearance of chorus waves (X. Zhou
et al., 2024). Overall, the response of the magnetopause to the strike of HSJ can be roughly described as the
“Indentation‐Rebounce‐Relaxation” sequence, during which a pair of field‐aligned currents may emerge as a
consequence of the compression or rebounce of magnetopause (Ma et al., 2024).

However, HSJs need to penetrate and traverse the relatively slow‐moving magnetosheath plasma in order to reach
the magnetopause boundary layer (Krämer et al., 2025). Therefore, it is fundamentally important to understand
how the HSJs propagate and evolve in the magnetosheath from the bow shock to the magnetopause. Plaschke
et al. (2017) presented some evidence that the HSJs can compress and push aside the slower ambient magne-
tosheath plasma at the leading edge, thereby stirring the magnetosheath. Moreover, both simulations and
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observations have revealed that some supermagnetosonic HSJs drive bow waves at the leading edge due to the
deflection and deceleration by the magnetic structure (Liu et al., 2020; Raptis, Karlsson, Vaivads, Lindberg,
et al., 2022; Ren, Lu, et al., 2024; Vuorinen et al., 2022). Additionally, Dmitriev and Suvorova (2015) provided
several examples where HSJs either penetrated the magnetopause, accompanied by a velocity decrease, or did not
penetrate it, instead showing deflection. Nevertheless, it is challenging to establish the evolution pattern of HSJs
solely based on case studies.

Statistical analysis is an alternative approach for investigating the evolution of magnetosheath jets, yet it is vitally
dependent on the availability of a comprehensive database. Based on THEMIS data, Plaschke et al. (2013) have
collected 2,859 HSJ events in the subsolar magnetosheath region from 2008 to 2011, and pointed out that the HSJs
are more common near the bow shock. Later, with the MMS data, Raptis et al. (2020) assembled a data set
consisting of 8,499 HSJ events in the subsolar magnetosheath from 2015 to 2019, and found that the HSJs are
preferentially detected near the magnetopause. Recently, Poeppelwerth et al. (2024) also constructed a data set of
HSJs from the Cluster data in the subsolar magnetosheath, but showed that the occurrence rate of HSJs peaks in
the middle of the magnetosheath. It should be noted that these occurrences of HSJs are highly dependent on the
criterion (Plaschke et al., 2018). For example, the criterion of M. O. Archer and Horbury (2013) may include flux
transfer events near the magnetopause. Therefore, it is evident that the statistical results differ across various data
sets, which is essentially caused by the different spatial and temporal extents covered by different missions.

Integrating data sets from multiple missions can be conducive to reducing statistical bias. In this study, we have
constructed an extensive data set by integrating multi‐satellite data from MMS (2015–2023), THEMIS (2008–
2023), and Cluster (2001–2020) in the magnetosheath, which encompasses nearly 40,000 HSJs. Using this new
data set, we have performed a statistical analysis of the velocity evolution of HSJs in the magnetosheath, and
further preliminarily constructed their evolution pattern during their propagation in the magnetosheath. The data
and method are briefly outlined in Section 2. Section 3 presents the statistics results, while Section 4 summarizes
the conclusions and discussion.

2. Data and Methods
To get sufficiently good coverage of Earth's magnetosheath, we have combined the data from MMS, THEMIS,
and Cluster to conduct this statistical analysis of HSJs. MMS mission, consisting of four identical spacecraft
(denoted as MMS1 to MMS4), was launched on 12 March 2015, with an initial apogee of 12RE (RE is Earth
radius) (Burch et al., 2016). The onboard Fluxgate Magnetometer (FGM) measures the magnetic field in survey
mode (Russell et al., 2016). The proton moment data, such as density, velocity, temperature, and energy spectrum,
are provided by the Fast Plasma Instrument (Pollock et al., 2016) with a time resolution of 4.5 s. Given the close
spacing of the four MMS spacecraft, we only utilized MMS2 data when selecting HSJs to avoid double counting.
Here the MMS data from September 2015 to June 2023 are utilized.

Similarly, THEMIS mission, comprising five identical spacecraft (denoted as THA to THE), was launched on 17
February 2007, and placed into a highly elliptical orbit with a geocentric apogee of 14.7 RE (Angelopoulos, 2008).
The velocity, density, temperature and the omnidirectional energy flux density of ions are obtained from the
Electrostatic Analyzer (McFadden et al., 2008) with a time resolution of 3 s, while magnetic field measurements
are conducted with the onboard FGM (Auster et al., 2008). The spatial separation of the THEMIS probes allows
them to observe distinct HSJs. Hence, we utilized THEMIS data from all five probes, covering the period from
January 2008 to September 2023.

Cluster mission, consisting of four identical spacecraft (denoted as C1 to C4), was launched in the summer of
2000 and placed into highly elliptical and polar orbits of 4 × 19.6 Earth RE (Escoubet et al., 2001). Ion mea-
surements like ion velocity, ion density, ion temperature and the ion omnidirectional energy flux density are
obtained from the Hot Ion Analyzer of the Cluster Ion Spectrometry experiment (CIS‐HIA) (Rème et al., 2001)
with a time resolution of 4 s, and magnetic field measurements are provided by the FGM (Balogh et al., 1997).
Since CIS‐HIA was only operational on spacecraft C1 and C3 (Dandouras et al., 2010) and the CIS‐HIA onboard
C3 had been non‐operational since 11 November 2009, we focused on data from C1 for this study, spanning
January 2001 to December 2020.

Figure 1 presents the spatial coverage of the three missions, as well as the combined data set. In each panel, the
coded color represents the normalized time for each spacecraft at every specific location. This normalized time is
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defined as the dwell time at a specific location divided by the respective total dwell time of MMS, THEMIS,
Cluster, and the Combined Mission. The total dwell times are listed in the top panels, which corresponds to the
cumulative duration during which the spacecrafts are located within the radial range of 7RE < r< 25RE region
(r represents the radial distance from the Earth). For reference, we have also plotted the positions of the bow shock
and magnetopause, which are estimated by the models proposed by Chao et al. (2002) and J. Shue et al. (1998)
based on the average solar wind parameters during 2001–2023. As illustrated in Figures 1a and 1b, although the
MMS spacecraft are able to generally traverse the dayside magnetosheath, the majority of their observational data
is obtained in the vicinity of the magnetopause and around the magnetic equator. This is due to the spacecraft
rapidly traversing the magnetosheath in the Phase 2 of MMS, with an apogee of around 25 RE; by contrast, they
lingered near the magnetopause (Phase 1) for extended periods when apogee was about 12 RE. THEMIS
spacecraft exhibit the longest dwell time, since we include all five probes in the database. Moreover, their spatial
coverage bears a remarkable resemblance to that of MMS spacecraft (Figures 1c and 1d). Cluster spacecraft
exhibit the different coverage from others, which can provide more observations in the vicinity of the bow shock
and higher latitudes (i.e., larger ZGSE, Figures 1e and 1f). Therefore, we combine the data from all three missions
for studying the evolution of HSJs from bow shock to magnetopause, since the combined data set gives a better
coverage as shown in Figures 1g and 1h.

The upstream solar wind conditions can be obtained from theOMNIwebsite (https://omniweb.gsfc.nasa.gov) with
the 1‐min resolution, which have been time‐shifted to Earth's bow shock nose. In this study, we have further
adopted a 5‐min average window for solar wind data and shifted it 5min prior to eachHSJ to establish a connection
betweenHSJs and corresponding upstream solarwind conditions, similar to the procedure in Plaschke et al. (2013).

Before selecting HSJs, we first extract all the magnetosheath intervals from the database based on the method
proposed by Song et al. (2021). Magnetosheath is identified via an enhanced algorithm using criteria on radial

Figure 1. The orbital (7 RE ≤ r≤ 25 RE) coverage for MMS (2015–2023), THEMIS (2008–2023), Cluster (2001–2020)
and Combined Satellites in GSE coordinates. (a) MMS orbital coverage in the xy‐plane, (b) MMS orbital coverage in the
xz‐plane, (c) THEMIS orbital coverage in the xy‐plane, (d) THEMIS orbital coverage in the xz‐plane, (e) Cluster orbital
coverage in the xy‐plane, (f) Cluster orbital coverage in the xz‐plane, (g) Combined orbital coverage in the xy‐plane,
(h) Combined orbital coverage in the xz‐plane. The red and blue dashed lines indicate the estimated positions of the bow
shock model introduced by Chao et al. (2002) and the magnetopause model proposed by J. Shue et al. (1998), respectively,
under the average solar wind conditions during 2001–2023. The spatial resolution of the bins in the xy‐plane (first‐row) panel
is 0.55RE × 1.00RE, while that in the xz‐plane (second‐row) panel is 0.55RE × 0.50RE.
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distance, energy flux, and magnetic field variations. For more detailed information about this method, please refer
to the Supporting Information S1. Although there exist many criteria of identifying HSJs in the literature, we have
developed a new criterion based on the local magnetosheath dynamic pressure to fit the new database better. This
criterion is obtained by slightly modifying the criterion used in M. O. Archer et al. (2012) and Koller et al. (2022),
which is described as follows:

Pdyn,msh ≥ 2.0〈Pdyn,msh〉20min (1)

Pdyn,msh,max ≥ 2.5〈Pdyn,msh〉20min (2)

Where,

Pdyn,msh = mpniV2
i (3)

and angular brackets denote the 20‐min time averaging procedure. Additionally, we further required that the
magnetic field component Bz (and other components) should not show significant reversals. Finally, we also
visually inspected the data to exclude HSJs associated with FTEs or other events.

To test inter‐calibration biases across MMS, THEMIS, and Cluster, we have compared key plasma parameters
(ion velocity 3 components and number density) of HSJs in the mid‐magnetosheath (0.5<F< 0.6, peak occur-
rence; not shown), and consistent parameter distributions across missions confirm the inter‐calibration un-
certainties is negligible.

To enhance the comparability and rationality of our results, we further compare them with the global simulation
conducted by Ren, Guo, et al. (2024). This simulation is performed at a realistic magnetospheric scale. For the
solar wind parameters adopted herein: the ion number density is set to Ni = 3.2cm3, the IMF is
B = (3.72,0.13,0.21)nT, and the velocity is V = (466.48,12.86,14.31) km/s. So, the Alfvén Mach number is
MA = 12.27 (Ren, Guo, et al., 2024).

3. Results
Figure 2 presents three time intervals extracted fromMMS2, THC, and C1 observations, including the time series
of ion dynamic pressure Pdyn, ion density ni, magnetic field BGSE, ion bulk velocity vi, ion energy flux, and ion
temperature Ti from top to bottom. In the top panels, the blue and green lines mark the 2.0‐fold and 2.5‐fold mean
dynamic pressure over 20 min in the magnetosheath, respectively. These satellites were operating in the mag-
netosheath according to the ion energy flux (penultimate row). Based on the criteria specified above, we identify
several HSJ intervals within these time periods, which are shaded in red. It should be noted that even though there
might be more than one peak in dynamic pressure within the shaded region, we still document it as a single HSJ
event. These selected HSJs exhibit several common properties consistent with previous observations (Nemecek
et al., 1998; M. O. Archer et al., 2012; A. V. Dmitriev & Suvorova, 2012; Plaschke et al., 2013; M. O. Archer &
Horbury, 2013), such as a relatively large bulk velocity and a low temperature.

In our data set, we have selected 38,494 HSJ events in total, including 4253 events from MMS, 32,197 from
THEMIS, and 2044 from Cluster. Figure 3 illustrates the spatial distribution of HSJ counts in our data set,
alongside the average positions of the bow shock and magnetopause. Specifically, Figures 3a and 3b display the
observation counts in the GSE xy‐plane and xz‐plane. Notably, high‐latitude HSJ events are extremely sparse due
to constrained orbit inclination. When the HSJ observations are normalized with the dwell time, the HSJs are
much more evenly distributed (Figures 3c and 3d). Overall, this HSJ data set can provide sufficient samples
spanning from the bow shock to the magnetopause to conduct the statistical analysis of HSJs. It is worth noting
that the data gap near the bow shock or the unexpected data inside the magnetopause is caused by the deviation
between their average positions and instantaneous positions. Additionally, due to the projection of the 3D spatial
distribution of HSJs onto 2D GSE coordinates, HSJs situated near the magnetopause in the non‐subsolar mag-
netosheath appear to cluster more densely around the magnetopause than they actually do in 3D space.

To present the spatial evolution of HSJs, it is necessary to first define the location of each HSJ. Notably, a typical
HSJ transits from the bow shock to the magnetopause in around 2 min, during which solar wind conditions can be
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assumed unchanged. However, different solar wind conditions induce distinct magnetosheath structures. To
address this, we used fractional distance (F) (M. O. Archer & Horbury, 2013) to normalize HSJ relative positions,
ensuring consistent positional referencing across varying magnetosheath configurations. For each HSJ, we ob-
tained the positions of the bow shock and magnetopause from Chao's and Shue's models based on the mean solar
wind parameters during the HSJ's period. Then, we calculated the relative position F of the HSJ as below
(M. O. Archer & Horbury, 2013):

F(r, |θ|) =
r − rmp (|θ|)

rbs (|θ|) − rmp (|θ|)

Where, θ is the aberrated solar zenith angle, r is the radial distance of the HSJ, and rbs and rmp are the radial
distances of the modeled bow shock and magnetopause, respectively. Therefore, F = 0 (F = 1) means that the
HSJ is at the magnetopause (the bow shock). Because the estimated positions of the bow shock and magnetopause
are subject to error, the F value for some HSJs may be negative or exceed unity. In such cases, we artificially set
the F to zero or one to preclude any confusion.

The distribution of HSJs as a function of F is shown in Figure 4, where the occurrence rate of HSJs is
calculated as the ratio of jet number to the time of magnetosheath observations at each F bin. To facilitate
comparison with previous statistical studies, we have considered the HSJs both in the global region
(Figure 4a) and in the subsolar region (Figure 4b). The global region encompasses the magnetosheath in-
tervals with XGSE > 0, while the subsolar region is defined as the intervals when the spacecraft lies within a
30°‐wide, Sun‐centered conical volume with its apex at Earth (Plaschke et al., 2013). By employing the
aforementioned algorithm, we obtained 30,977 hr of global magnetosheath data and 9,044 hr of subsolar
magnetosheath data. In each panel, the black line denotes the combined occurrence rate, while the red, blue
and orange dotted lines denote the occurrence rate based on the data from MMS, THEMIS and Cluster,
respectively. The average occurrence rates are also listed in the upper‐right corner. As shown in Figure 4a,
the spatial distribution of HSJs for each mission exhibit substantial differences, which are attributed to the
distinct orbital coverages of these missions across the global region. Specifically, THEMIS mainly detects
HSJs in the low‐latitude, magnetopause‐side magnetosheath (similar to MMS Phase 1), while MMS Phase 2
also observes HSJs in the high‐latitude, bow shock‐side magnetosheath. Cluster complements with extensive
high‐latitude, bow shock‐side HSJ data. Their combined data set maximizes spatial coverage, expands the

Figure 2. Examples of the magnetosheath jet observations from distinct satellite missions in the GSE coordinates. (a) MMS2,
(b) THC, (c) C1. From top to bottom, in each subplot: dynamic pressure with 20‐min averaged background values, ion
number density, magnetic field, ion velocity, ion energy spectrum, and ion temperature. Red regions signify magnetosheath
jet observations.
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event catalog and enabled more uniformly sampled solar wind conditions, supporting robust statistical ana-
lyses. The combined data set reveals that HSJs are frequently observed in the middle region of magnetosheath
(F = 0.5–0.7; Figure 4a). The same preference can be easily found for the HSJs in the subsolar region
regardless of which data set (Figure 4b), supporting previous studies (Plaschke et al., 2013; Poeppelwerth
et al., 2024). The global and subsolar occurrence rates both peak in the mid‐magnetosheath. This could be
explained by the combined effect of HSJ deceleration‐driven accumulation and dissipative processes. Other
jet formation mechanisms that take place deeper in the magnetosheath, like firehose instability (Osmane &

Figure 3. Spatial distribution of high‐speed jets (HSJs) projected onto the xy‐plane and yz‐plane in GSE coordinates. (a) HSJs
location distribution in xy‐plane, (b) HSJs location distribution in xz‐plane, (c) HSJs occurrence rate distribution in xy‐plane,
(d) HSJs occurrence rate distribution in xz‐plane. The red and blue dashed lines indicate the estimated positions of the bow shock
model introduced by Chao et al. (2002) and the magnetopause model proposed by J. Shue et al. (1998), respectively, under the
average solar wind conditions of the HSJs data set.
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Raptis, 2024), may also exist. Based on the combined data set, the average occurrence rate of HSJs in the
subsolar region is 2.85 per hr, which is roughly consistent with previous results from Plaschke et al. (2013)
and Koller et al. (2022). The normalized occurrence rates of HSJs all peak in the mid‐magnetosheath in the
subsolar region, but for some missions, they peak near the bow shock when the full data set is included. This
likely stems from non‐subsolar HSJs having limited magnetosheath penetration (dissipating and failing to
meet jet criteria near the magnetopause). This may be due to different shock geometries, as it has been shown
that quasi‐parallel shock‐associated jets propagate deeper into the magnetosheath (Goncharov et al., 2020;
LaMoury et al., 2021).

The HSJ occurrence rates vary across different missions (Figure 4), which stems from differences in solar wind
conditions during each mission's operational period (Vuorinen, LaMoury et al., 2023). Figures 5a–5g illustrate the
mean solar wind conditions for the global HSJ data sets of MMS, THEMIS, and Cluster, with key observations as
follows: THEMIS‐identified global HSJs are concentrated near the bow shock (Figure 4a). This is because, among
the three data sets, THEMIS has the highest solar wind beta, highest solar wind Alfvén Mach number, highest
dynamic pressure, and lowest IMF |B| in the jet formation region (F> 0.75) (Vuorinen, Hietala, et al., 2023), which
also explains its highest HSJ occurrence rate; In contrast, the global HSJ data set fromMMS, characterized by the
smallest IMF cone angle and highest solar wind speed, extends deeper into the magnetosheath. Specifically, it
exhibits higher occurrence rates in the vicinity of the magnetopause (Figure 4a); Global Cluster HSJs, in the
F> 0.75 region, have the lowest solarwindBeta andAlfvénMach number, plus the highest IMF |B| and cone angle,
leading to their lowest occurrence rate (Figure 4a). Figures 5h–5n illustrate the differences in the mean solar wind
conditions among the subsolar HSJs data sets from MMS, THEMIS, and Cluster. Notably, the discrepancies in
solar wind conditions betweenMMS and THEMIS are significantly reduced, which results in a similar distribution
of HSJs shown in Figure 4b; In contrast, the HSJ occurrence rate derived from Cluster remains the lowest,
attributable to the lowest solarwind dynamic pressure,AlfvénMach number, and beta (Figure 4b). Since solarwind
conditions exhibit biases across distinct missions within each fractional distance (F) bin, we combine all available
data sets to mitigate such bias in solar wind conditions for each F bin to a certain extent.

Figure 6 illustrates the evolution of HSJs from the bow shock to magnetopause, where the red solid line denotes
the HSJs in the global region and the blue solid line denotes those in the subsolar region. In each F bin, the median
value will be calculated, and the first and third quartiles will be utilized as the error bars. The median background
magnetosheath flow (dotted line) is also plotted for reference. Just as expected, the x component of velocity (Vx)
of HSJs gradually decreases as the HSJs travel from the bow shock toward the magnetopause, which is similar to
the evolution of the background magnetosheath flow (Figure 6a). Notably, once the HSJs approach the

Figure 4. The occurrence rate of high‐speed jets data set. (a) The occurrence rate histogram in the global magnetosheath,
(b) The occurrence rate histogram in the subsolar magnetosheath. The red, blue, and yellow dotted lines denote the
occurrence histogram from MMS, THEMIS, and Cluster respectively. The solid black line shows the occurrence histogram
of the combined data set. The average occurrence rates calculated by MMS, THEMIS, Cluster, and the combined data set are
listed in red, blue, orange and black fonts.
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magnetopause (F ∼ 0.4), the Vx of HSJs begins to decrease at a faster rate than that of the background flow
(Figure 6a). This phenomenon can be explained by the deflection of HSJs near the magnetopause, by which a part
of Vx component has been diverted into Vy and Vz components (or transverse component) as shown in Figure 6b.
Near the bow shock (F> 0.9), where the HSJs are initially formed, the Vx component is slightly dominant over the
transverse component, indicating that the HSJs propagation direction tends to be in the Sun‐Earth direction, while
near the magnetopause their transverse speed becomes dominant. When the HSJs propagate in the magnetosheath,
the transverse velocity remains nearly constant before approaching the magnetopause (Figure 6b). After they
penetrate deep into the magnetosheath (F< 0.4), their transverse velocity starts to increase and becomes much
larger than the Vx component (Figure 6b), showing a significant deviation from the Sun‐Earth line. Given that the
background magnetosheath flow exhibits only weak acceleration, the enhancement of the transverse velocity
must be attributed to the deflection of HSJs, rather than the background flow. As illustrated in Figures 6c and 6d,
HSJ dynamic pressure decreases continuously from the bow shock to the magnetopause, while HSJ density first
increases and then gradually decreases—mirroring the trend of the ambient magnetosheath. Consequently, the
reduction in HSJ dynamic pressure is primarily attributed to decreasing velocity. As HSJs propagate deeper into
the magnetosheath, the differences in ion density and dynamic pressure between the jets and the surrounding
sheath gradually diminish, which aligns with the findings of Palmroth et al. (2021).

Figure 5. Mean solar wind conditions for global and subsolar high‐speed jet (HSJ) data sets from MMS, THEMIS, and
Cluster missions, Binned by Fractional Magnetosheath Distance. (a–g) Mean solar wind conditions for global HSJs data set.
(h–n) Mean solar wind conditions for subsolar HSJs data set. Solar wind parameters include: (a/h) IMF cone angle, (b/i)
dynamic pressure, (c/j) ion density, (d/k) solar wind speed, (e/l) IMF |B|, (f/m) plasma beta, and (g/n) Alfvén Mach number.
Red, blue, and yellow lines represent the mean solar wind conditions derived from MMS, THEMIS, and Cluster data,
respectively. The selection of solar wind parameters refers to the literature by Vuorinen, Hietala, et al. (2023).
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In Figure 7, we further compare the velocity evolution presented in Figures 6a and 6b with those obtained from the
3D global hybrid simulation under a radial interplanetary magnetic field (Ren, Guo, et al., 2024). To enhance
comparability with observational results (red line in Figures 6a and 6b), the blue line in Figure 7 denotes
simulation outcomes restricted to the magnetosheath region within the z‐axis range of [− 5, 5]RE. The velocity

Figure 6. Overview of high‐speed jets (HSJs) evolution. (a) Median x‐component(GSE) velocity of HSJs in different
fractional magnetosheath distance [F], (b) Median yz‐components(GSE) velocity of HSJs in different F, (c) Median ion
density of HSJs in different F, (d) Median dynamic pressure of HSJs in different F. The red and blue lines represent results for
the global and subsolar magnetosheath regions, respectively, with error bars corresponding to the first and third quartiles.
Additionally, solid lines denote jet velocities, while dashed lines indicate magnetosheath background velocities—both of which
are median values.

Figure 7. Velocity Evolution of high‐speed jets (HSJs) in 3D Simulation. (a) Median x‐component (GSE) velocity of HSJs at
different fractional magnetosheath distances [F], (b) Median yz‐component (GSE) velocity of HSJs at different F. Red and
blue lines denote results for the global magnetosheath and the magnetosheath region limited to z‐axis [− 5, 5]RE , respectively.
Solid and dashed lines represent HSJ velocity and magnetosheath background velocity, respectively.
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evolution patterns between the observations and simulations are essentially
consistent: specifically, from the bow shock to the magnetopause, the
x‐component of velocity Vx decreases, while the Vy,z increase.

For amore detailed understanding of the evolution ofHSJs,we present a scatter
plot of all HSJs in the (Vx, F) plane in Figure 8. Each dot represents a HSJ. The
Vx component ofHSJs has a broad range from − 600 to 100 km/s,with a notable
concentration within the range of − 300 to − 50 km/s. Consistent with the trend
shown in Figure 6a, there is also a clear declining trend for the anti‐sunward
speed as the HSJs propagate toward the magnetopause. More importantly,
we find that in the vicinity of the magnetopause, some HSJs even have the
sunward velocities. This can be explained by the “Indentation‐Rebounce‐
Relaxation” sequence established by Ma et al. (2024), which describes the
magnetopause's response to the impact of the HSJ. During the “Rebounce”
phase, the indentation of the magnetopause tends to recover, which in turn
drives the HSJ to move in the sunward direction.

To further investigate the propagation direction of HSJs in the ( y, z) plane, we
have divided the dayside magnetosheath into four quadrants as shown in
Figure 9. In each quadrant, the velocity vector in the ( y, z) plane will be
established by calculating the median value of Vy and Vz in each F bin.
Figure 10 illustrates four slices at various distances from the bow shock to the

magnetopause. Near the bow shock (F = 0.86), the HSJs are generated with a propagation direction distribution
that is nearly isotropic in the ( y, z) plane. The isotropic distribution of the transverse velocities remains nearly
unchanged during the propagation of HSJs, even when they reach the magnetopause. HSJ velocities closely
follow the direction of the background magnetosheath plasma (dashed line) but are larger in magnitude. Notably,
velocity magnitudes are slightly lower in Quadrants 2 and 3 than in 1 and 4, revealing a subtle dawn‐dusk
asymmetry—one that is also observed in the background flow. This consistency is anticipated: magnetosheath
speed is favored duskward (Dimmock et al., 2017). Even at an IMF cone angle of 30°, the asymmetry remains
clear, likely driven by velocity deviations at the bow shock that depend on the IMF‐shock normal angle (Turc
et al., 2020). Collectively, this may indicate that HSJ velocity directions are governed by magnetosheath flows
early on and throughout the entire evolution process.

The simulation results are displayed in Figure 11 in the same format as Figure 10. Overall, the simulation
results also demonstrate the isotropic distribution of the propagation direction of HSJs in the ( y, z) plane from
the bow shock to magnetopause. The 3D simulation yielded consistent results with Suni et al. (2025): the

transverse speed of HSJs, even at their formation, aligns with the back-
ground flow in the ±Vy direction. However, compared with the observa-
tions, the simulation results exhibit a higher degree of isotropy, with the
velocity directions in the four quadrants tending to align more closely with
the dotted gray line (45/135°) in GSE coordinates (Figure 11). This outcome
is reasonable considering that the simulation encompasses the high‐latitude
region in the magnetosheath, an area that is scarcely covered by observa-
tions due to the limited inclination of MMS and THEMIS satellites. When
we limited the simulation z‐axis to the range of [− 5, 5] RE, then the
discrepancy of bulk velocity directions for simulation and observations
becomes smaller (not shown), confirming that it is due to limited high‐
latitude coverage. Removing solar wind orbital aberration (about 30 km/s)
from Earth's orbital motion weakens the dawn‐dusk anisotropy (which
persists), making results more consistent with simulations (See the Sup-
porting Information S1). The good consistency between the simulation re-
sults (Figure 11) and observations (Figure 10) indicates that the transverse
velocity of HSJs Vy,z tends to align with the ambient magnetosheath flow
early on.

Figure 8. The scatter plot showcases global HSJs' Vx,GSE from various
satellite missions. The black dashed line denotes Vx,GSE = 0, with data
points below it indicating sunward flow (Vx,GSE < 0).

Figure 9. Sketch of four quadrants of the Earth. In the yz plane of the GSE
coordinates, the Earth can be divided into 4 quadrants. Quadrants 1 to 4 are
illustrated in red, blue, orange and green colors, respectively.
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4. Conclusions and Discussion
A comprehensive understanding of HSJ evolution during magnetosheath penetration is fundamental for modeling
and predicting their impact on the magnetopause. In this study, by combining multi‐satellite data from MMS
(2015–2023), THEMIS (2008–2023), and Cluster (2001–2020), we have compiled a comprehensive data set of
nearly 40,000 HSJs to statistically study the velocity evolution of HSJs from the bow shock to the magnetopause
for the first time. We find that the occurrence rate of HSJs depends on their relative position F in the magne-
tosheath, reaching its peak with F ≈ 0.6, that is, around the middle region. On average, HSJs can be observed
approximately 2.85 times per hour in the subsolar dayside magnetosheath. Moreover, the Vx component of HSJs
continues to decrease until they reach the magnetopause, where HSJs are deflected and their Vy and Vz com-
ponents are suddenly enhanced. Interestingly, some HSJs are observed to propagate sunward near the magne-
topause, which may be due to the magnetopause rebounding following the impact of HSJs. 3D global hybrid
simulations under radial IMF successfully replicate both the isotropic distribution of the HSJ velocity in the
transverse plane and the alignment of their velocity with the background flow. This good agreement between
observations and simulations suggests that HSJ transverse velocity aligns with the ambient magnetosheath flow
from an early stage.

In this study, we selected HSJs based on local plasma parameters, when the peak dynamic pressure exceeded 2.5‐
fold 20‐min mean background flow. This threshold is lower than in previous studies (Koller et al., 2022), which
used a threefold increase, to specifically include relatively weaker HSJs close to the magnetopause in our data set.
Therefore, when moving towards the magnetopause, there is likely a bias towards originally stronger jets that still
fulfill the jet criterion close to the magnetopause. While the stricter HSJ criterion used here may reduce the bias, it
still exists. Assuming HSJs form exclusively at the shock, a stricter criterion would result in more of the weaker

Figure 10. Evolution of the median yz‐components (GSE) velocity vectors of global High‐speed jets. We only present four
representative Figures depicting various stages of the evolution process here, with corresponding fractional magnetosheath
distance (F) of 0.86, 0.50, 0.23 and 0.05, respectively. The velocity vectors in red, blue, yellow, and green represent the four
quadrants as illustrated in Figure 9. Solid lines represent the median velocity vectors of global HSJs, whereas dashed lines
denote the median background flow of the magnetosheath.

Figure 11. Simulation results illustrating the evolution of the median velocity vectors of global High‐speed jets (HSJs) in the
yz‐plane of GSE coordinates under a radial interplanetary magnetic field. For a detailed description of the simulation model,
please refer to Ren, Guo, et al. (2024). To compare with the statistical results, we provide four representative Figures with
corresponding fractional magnetosheath distances similar to those in Figure 10. The velocity vectors in red, blue, yellow, and
green represent the four quadrants as illustrated in Figure 9. Solid lines represent the median velocity vectors of global HSJs,
whereas dashed lines denote the median background flow of the magnetosheath.
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HSJs being observed near the shock, whereas their counterparts near the magnetopause would again fall below the
threshold.

Tinoco‐Arenas et al. (2022) used local 2D hybrid simulations and found that, across all observation‐based criteria,
the number of jets decreases with distance from the shock. In contrast, Poeppelwerth et al. (2024) reported that,
for the three most‐widely used jet criteria (M. O. Archer & Horbury, 2013; Koller et al., 2022; Plaschke
et al., 2013), jet occurrence is more concentrated in the middle of the magnetosheath (Krämer et al., 2025). Our
results align with those of Poeppelwerth et al. (2024) and differ from Tinoco‐Arenas et al. (2022), likely due to the
limitations of the local 2D simulation configuration.

Different spacecraft missions observe varying occurrence rates of jets, with the primary cause of this discrepancy
being that each mission operated under distinct solar wind conditions. This observation implies that integrating
data sets from multiple missions offers a viable approach to align the combined observational context more
closely with the true distribution of solar wind parameters, thereby reducing biases associated with mission‐
specific solar wind variability.

Consistent with Goncharov (Goncharov et al., 2020) and Echim (Echim et al., 2023), the transverse velocity of
HSJs tends to align with the ambient magnetosheath flow. Furthermore, this alignment persists from the vicinity
of the bow shock to the magnetopause—suggesting either that the background magnetosheath flow influences the
HSJ propagation direction early on, or that their formation mechanism(s) favor the creation of structures prop-
agating transversely in the same direction as the background magnetosheath plasma. Additionally, the magnitude
of HSJ velocity exhibits a slight dusk‐favored asymmetry, as for the bulk magnetosheath flow.

Raptis et al. (2020) presented histograms of the Vx, Vy, and Vz components for distinct jet categories and also
documented the presence of HSJs with positive Vx (sunward velocity). We replicated this analysis using our MMS
data set (results not shown), and the derived velocity distributions align closely with the average of the blue
(quasi‐parallel HSJ) and red (quasi‐perpendicular HSJ) curves in Figure 9 of Raptis et al. (2020). We further
investigated the transverse flow pattern Vy,z of HSJs with IMF cone angle more than 30° (not shown), and it
exhibits no significant differences from Figure 10. This observation, however, is based on a limited sample size.
To derive more robust statistical results, expanding the data set to include more high‐latitude HSJ events is
therefore necessary, and further studies are required in this regard.

By analyzing several HSJs detected by MMS satellites, Ma et al. (2024) revealed the response pattern of the
magnetopause to the HSJ impact, which is described as the “Indentation‐Rebounce‐Relaxation” sequence. In this
sequence, during the rebounce of the magnetopause, the HSJ can be redirected backwards, resulting in the positive
Vx near the magnetopause. As shown in Figure 6, it is clearly found that there are a fraction of HSJs propagating
sunward close to the magnetopause, supporting the “Indentation‐Rebounce‐Relaxation” sequence. Guo
et al. (2022) discovered that the elongated HSJs formed at the quasi‐parallel shock extend toward the quasi‐
perpendicular magnetosheath along with the background magnetosheath flow, which may support the HSJ ve-
locity distribution in the yz‐plane; while Ren, Guo, et al. (2024) further demonstrated a honeycomb‐like mag-
netosheath forms potentially due to the evenly distributed bulk velocities of a cluster of HSJs in the yz‐plane.
Therefore, our study may offer novel perspectives for a more profound understanding of the generation and
evolution of HSJs.
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