Geophysical Research Letters’

RESEARCH LETTER
10.1029/2025GL119404

Key Points:

e A reconstructed hot flow anomaly
(HFA) is shown to be a vast structure,
spanning more than 20 Rg across the
dayside magnetosheath

e Ground magnetometer data support the
reconstruction, confirming the
structure's vast scale and its dusk-to-
dawn propagation

e One of the HFA bounding jets is
exceptionally large, measuring 11 Rg
in width and persisting for over 6 min
in observation

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

C. Shen,
shenchao@hit.edu.cn

Citation:

Zhou, Y., Wang, B., Raptis, S., Wang, S.,
Guo, J., Shue, J.-H., et al. (2026).
Reconstructing the geometry of a hot flow
anomaly with bounding jets in
magnetosheath. Geophysical Research
Letters, 53, €2025GL119404. https://doi.
org/10.1029/2025GL119404

Received 12 SEP 2025
Accepted 9 JAN 2026

Author Contributions:

Conceptualization: Yufei Zhou

Data curation: Yufei Zhou, Boyi Wang,
Shan Wang

Formal analysis: Yufei Zhou, Boyi Wang,
Savvas Raptis, Shan Wang, Jin Guo
Funding acquisition: Yufei Zhou,

Chao Shen

Investigation: Yufei Zhou, Boyi Wang,
Savvas Raptis, Shan Wang, Jin Guo, Jih-
Hong Shue, David Sibeck, Quanming Lu,
Jiamei Zhang, Rungployphan Kieokaew,
C. Philippe Escoubet, Peng Shao,

James Burch

Methodology: Yufei Zhou

Project administration: Yufei Zhou,
Chao Shen

© 2026 The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

ik

Reconstructing the Geometry of a Hot Flow Anomaly With
Bounding Jets in Magnetosheath

Yufei Zhou' ©, Boyi Wang2 , Savvas Raptis3 , Shan Wang4, Jin Guo® ©, Jih-Hong Shue® ©),
David Sibeck” ©, Quanming Lu® ©©, Jiamei Zhang' ©, Chao Shen' (2, Rungployphan Kieokaew?®,
C. Philippe Escoubet® O, Peng Shao™'*!! ©, and James Burch'?

'School of Science, Harbin Institute of Technology (Shenzhen), Shenzhen, China, 2School of Aerospace Science, Harbin
Institute of Technology (Shenzhen), Shenzhen, China, *Applied Physics Laboratory, Johns Hopkins University, Laurel,
MD, USA, “Institute of Space Physics and Applied Technology, Peking University, Beijing, China, >School of Earth and
Space Sciences, University of Science and Technology of China, Hefei, China, ®Department of Space Science and
Engineering, National Central University, Taoyuan, Taiwan, "Goddard Space Flight Center, NASA, Greenbelt, MD, USA,
®nstitut de Recherche en Astrophysique et Planétologie, UPS, CNES, CNRS, Toulouse, France, 9European Space Research
and Technology Centre, European Space Agency (ESA), Noordwijk, The Netherlands, '°Department of Nuclear
Engineering, Yantai University, Yantai, China, ' Yantai Key Laboratory of Advanced Nuclear Energy Materials and
Irradiation Technology, Yantai University, Yantai, China, IZSpace Sector, Southwest Research Institute, San Antonio,
TX, USA

Abstract When interplanetary magnetic field discontinuities interact with planetary bow shocks, hot flow
anomalies (HFAs) form in the solar wind and can extend into the magnetosheath. Here we reconstruct the three-
dimensional geometry of an HFA bounded by two jet regions in the terrestrial magnetosheath. Using a
previously established conceptual model of HFA evolution together with in situ measurements in the
magnetosheath and pristine solar wind, we derive the structure's geometrical characteristics and show that its
normal aligns with the discontinuity normal. It spans most of the dayside magnetosheath. Ground magnetometer
data corroborate the reconstruction, revealing both the scale of the disturbance and its dusk-to-dawn
propagation. Notably, one bounding jet reaches 11 Rg in width, significantly larger than the sizes of typical
magnetosheath jets reported in the literature.

Plain Language Summary Hot flow anomalies (HFAs) are explosive disturbances that occur when
irregularities in the solar wind hit Earth's bow shock, where the solar wind is decelerated and heated in response
to Earth's magnetic obstacle. HFAs have long been thought to be small structures. In this study, we used
measurements from multiple spacecraft together with ground-based observations to reconstruct the three-
dimensional shape of an HFA in Earth's magnetosheath, the region just outside the geomagnetic field. We found
that the disturbance was much larger than expected, stretching across more than 20 Earth radii and covering
most of the dayside magnetosheath. Ground magnetometers confirmed both the scale of the disturbance and its
movement from dusk to dawn. We also observed a plasma jet at the edge of the HFA that lasted more than 6 min
and was far larger than typical jets seen before. These findings show that HFAs can cause global-scale
deformations to Earth's magnetic shield.

1. Introduction

Hot flow anomalies (HFAs) are transient structures produced when interplanetary magnetic field discontinuities
interact with the bow shock (Turc et al., 2025; Zhang et al., 2022). They feature hot, low-density cores surrounded
by compressed magnetic field and plasma (S. J. Schwartz et al., 1985). Heating and deceleration in the core
generate downstream pressure gradients that drive sunward magnetosheath flows and localized magnetopause
bulging (Sibeck et al., 1998; Safrankové et al., 2002; M. O. Archer et al., 2014), which in turn leads to
geomagnetic and auroral responses (Fillingim et al., 2011). The disturbed magnetosheath region can be regarded
as the extension of the HFA. HFAs can also accelerate particles to relativistic energies (Liu et al., 2019; Raptis,
Lalti, et al., 2025; Turner et al., 2018).

Because they form along the curve where a discontinuity intersects the bow shock, HFAs are elongated parallel to
the discontinuity plane (Safrankové et al., 2012), while their perpendicular extent is typically regarded as
localized to only a few Rg (S. J. Schwartz et al., 2018; Safrankova et al., 2000; Hasegawa et al., 2012; Sibeck
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etal., 2000; Jacobsen et al., 2009; M. O. Archer et al., 2014; Omidi & Sibeck, 2007; Sibeck et al., 1999). HFAs are
also observed together with magnetosheath jets (Raptis, Lindberg, et al., 2025; Savin et al., 2012;
Zhou et al., 2023, 2024), which appear as transient enhancements of dynamic pressure (Krdmer et al., 2024;
Plaschke et al., 2018) and may arise from compression and reduced shock deceleration at HFA boundaries (Zhou
et al.,, 2024). Similar signatures of shock discontinuity interactions have been identified upstream of other
planetary bow shocks (Collinson et al., 2014; Masters et al., 2009; Uritsky et al., 2014; Valek et al., 2017; Gieroset
et al., 2001). A recent study reported a Jovian magnetosheath HFA bounded by two jets (Zhou et al., 2024), thus
suggesting that HFAs at other planets can also extend into magnetosheath. However, the absence of pristine solar
wind observations prevented the study from reconstructing the three-dimensional structure accurately.

Here we apply a previously established conceptual model of HFA evolution, together with multipoint spacecraft
observations at Earth, to reconstruct the geometry of a magnetosheath HFA. We show that the associated
disturbance reaches a global scale. In addition to its large extent along the discontinuity plane, it expands sub-
stantially in the perpendicular direction, contrary to the conventional view of localized structures. Ground
magnetometer observations support the reconstruction, and the results indicate that jets generated by SDI (SDI)
can be significantly larger than previously expected.

2. The Conceptual Model

Sibeck et al. (2000) introduced a conceptual model of the SDI process. Here we present a slightly revised version
with greater emphasis on geometry.

When a tangential discontinuity intersects the bow shock and the surrounding electric fields point toward the
discontinuity, reflected ions from the shock are guided upstream, generating instabilities and heating (Burgess &
Schwartz, 1988). The heated region initially forms a wedge that is elongated along the intersection curve between
the discontinuity and the bow shock, thickest at the bow shock, and tapers upstream (S. J. Schwartz et al., 2018).
Its high thermal pressure drives expansion of the HFA core, compressing the surrounding plasma and producing
two bounding layers of enhanced density and magnetic field. This forms a sandwiched wedge structure upstream
of the bow shock.

Heating and deceleration within the core establish a pressure gradient in the magnetosheath that drives magne-
topause bulging and sunward flows downstream (M. O. Archer et al., 2014). This disturbed region represents the
downstream extension of the HFA (see Figure 2a). Compression at the HFA boundaries may generate two
bounding shocks connected to the bow shock; because the bounding shocks are nearly tangential to the solar wind
flow, they decelerate it inefficiently and create high-speed flows in the downstream. The downstream disturbance
therefore maintains the upstream sandwiched structure across the nominal bow shock. Continued expansion of the
HFA enhances density in the downstream bounding regions, producing two jet-like regions at the edges of the
magnetosheath HFA core.

As the discontinuity convects with the solar wind, its intersection curve with the bow shock sweeps across the
shock surface until the two surfaces separate. The HFA moves with this intersection and grows by expanding
perpendicular to the discontinuity plane, with its downstream extension enlarging as well. When the discontinuity
orientation allows prolonged contact with the bow shock, the HFA and its bounding jets may attain a global scale.

3. Results
3.1. Spacecraft Observation

The Magnetospheric Multiscale (MMS) spacecraft constellation (Burch et al., 2015) crossed the magnetopause at
11:39:00 UTC on 2022-01-30 and remained within the magnetosheath until crossing the bow shock at 13:12:00.
Figures le—11 show plasma and magnetic field data measured by MMSI1 in the magnetosheath. Around 12:30,
MMS observed three regions of extreme variations in plasma velocity and dynamic pressure (Figures 1h and 11).
The first and third regions, marked with turquoise shadings, are characterized by high flow speeds comparable to
those upstream of the bow shock (not shown), along with high dynamic pressure, 11.9 times the typical mag-
netosheath and 3.5 times the pristine solar wind value. The flows are supersonic, with peak Mach numbers
exceeding 2 (Figure 1j), and thus capable of driving secondary shocks. A slow-flow region with nontrivial
sunward flow and low density separated the two jets. The magnetic field rotated substantially across the three
regions (Figure 1g). The leading jet, central slow-flow region, and trailing jet persisted for about 80, 270, and
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Figure 1. Event overview. The top four panels show time-shifted solar wind data from L1 point to the bow shock nose. The displayed quantities are magnetic field in
GSE (a) Cartesian coordinates and (b) spherical coordinates from ACE; ion (c) number density, temperature and (d) bulk velocity from Wind. The following panels
show the observation by MMS|1, including (e) ion differential energy flux with unit keV - cm=2s~'sr~'keV~'; magnetic field in GSE (f) Cartesian coordinates and

(g) spherical coordinates; (h) ion bulk velocity in GSE coordinates; (i) ion bulk velocity in the discontinuity coordinate system in which x direction is along the normal of
the discontinuity; (j) magnetosonic number; (k) number density and parallel and perpendicular temperatures; (1) dynamic pressure. Color shadings mark differently
interpreted magnetosheath regions.
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Table 1
Geometry Reconstruction Parameters
Parameter Value
Discontinuity MVAB interval ACE 12:24:30-12:26:20°
Discont. min. direction (7 and %4) (0.40, 0.53, 0.75)°
Discont. int. direction (34) (=0.90, 0.37, 0.22)°
Discont. max. direction (Zq) (~0.16, —0.76, 0.63)°
Discont. MVAB eigenvalue ratio 6.8
Pre-discontinuity interval ACE and Wind 12:23:30-12:24:30"
Post-discontinuity interval ACE and Wind 12:26:30-12:27:30"
Epre 5.34 (=0.73, 0.65, —0.19) nT
[;post 5.17 (—0.80, —0.23, 0.55) nT
;icrossB = Eprc X épos[/|§prc X Eposl' (0.32, 0.56, 0.69)
Discont. min direction 7 and 7ierossp, AO 4.9%
"pre = T X Epm 1730 (—0.04, 0.23, 0.97) mV/km
_’posl = —Vhost X E»pos[ 1724 (—0.02, —0.92, —0.40) mV/km
Epe -7 1,441 mV/km*
Epost -7t ~1,371 mV/km*
A0]3[’re,nm‘mal 34 od
AgEPoSL,normal 143 od
Vow = Gpre T Hpost)/2 (—467.4, 10.7, =37.6) km/s
MSH HFA core MVAB interval (AtysH HEA core) MMSI1 12:25:40-12:30:10 (270 s)*
MSH HFA core min. direction (0.36, 0.57, 0.74)h
MSH HFA core int. direction (=0.84, 0.54, —0.01)b
MSH HFA core max. direction (~0.41, —0.62, 0.67)°
MSH HFA core MVAB eigenvalue ratio 3.9
Discont. and MSH HFA core min. direction, A9 3.0°
discontinuity velocity, Vg = Vi - 77 —209.0 (0.40, 0.53, 0.75) km/s
Leading jet interval (Aficading jet) MMSI1 12:24:20-12:25:40 (80 s)*
Trailing jet interval (Afiiting jet) MMSI1 12:30:10-12:35:50 (340 s)*
Leading jet width, w = vq - Aficading jet 26 Re
MSH HFA core width, w = vy - AtMSH HFA core 8.8 Rg
Trailing jet width, w = vq - A[lrailing jet 11.1 Rg
Note. All vectors in the table are given in the GSE coordinate system. “ACE UTC+00:50:00, Wind UTC+00:51:40, MMS1
UTC+00:00:00. "MVAB applied to the relevant intervals yields the minimum, intermediate, and maximum variance di-
rections of the upstream discontinuity and the magnetosheath HFA core, with the minimum variance direction of the
discontinuity representing its normal. “The consistency between the minimum variance direction and the magnetic cross
product suggests the accurate estimation of the normal. “These figures indicate that the motional electric fields at both sides of
the discontinuity are directed toward it.
340 s respectively in observation (Table 1), indicating large-scale structures when scaled by the characteristic
convection speed in the magnetosheath. The features of the regions are consistent with the conceptual description
of a magnetosheath HFA.
Figures 1a—1d show data from two upstream solar wind monitors, ACE and Wind, at the L1 point, after time
shifted to account for the propagation from the L1 point to the bow shock. The pristine density, temperature, and
velocity (Figures 1c and 1d) were steady, indicating that the extreme dynamic pressures observed in the mag-
netosheath were not convected with the pristine solar wind but were generated locally at the bow shock, linked to
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85U8017 SUOUIWIOD @A 1110 3(edl|dde aup Aq peusenob afe saoie YO ‘esn JO S9Nl 1oy Akeiq1 78Ul IUO A8]IA UO (SUOIPUOD-pUR-SLLBIWI0D" AB 1M ARIq 1 [BUl[UO//SANL) SUORIPUOD pUe Swie | 8L 88S *[9202/T0/0E] U Ariqiauluo A8 1M ‘AiseAiun sumdoH suvor Aq #0r6TT 195202/620T 0T/I0pA0o" A3 1M Arelq i jeuluo'sqndnBey/sdny woly pepeojumoq ‘g ‘9202 ‘200816T



I .¥Yedl )
N\\I Geophysical Research Letters 10.1029/2025GL119404

ADVANCING EARTH
AND SPACE SCIENCES

12M32M145UTC, Ygse = -2.7 Re

| a
20 Solar Wind
r <
<—
10 -~
| Expected MP h
| Configuration Expected BS 12"32M145UTC, Zgse = O Re
L Configuration =57 b I T T T 7T
&t [ \\ /,
g ° I oF ‘\\ e //
N S \\\ / 7
5| *\\ \\ // //
-10 =10 T T . v i T
I g [ S@/ ____________________
X 15F é§/ T
L o
5 N
-20 20F 7 vq=—209x4 km/s I I I
2557
-5 [ Solar Wind
Xase [Rel [
30
12"32™M145UTC, Ygse = -2.7 Re 12h32M145UTC
c . Norminal BS 5 rd 7
I %, Configuration qyXd 7
20 - \ Ve 20/ BS N
in GSE L
\  Xq=[0.40,0.53,0.75] L/ T MP
\  ¥4=[-0.90,0.37,0.22] 4
- .\ 24=[-0.16,-0.76,0.63] -
10 - i L 10 -
Norminal MP | & %
| Configuration % }  Solar Wind / \
A ] I \
_ \“*‘.l — ",’ \
< ] ] ]
= | ! \
- o © H e— of W O |
N ] \ /
’,' ! < ‘\ /
! . 1
I /’ ," Nes l Epost I \\ /
~10} A - -10F
rF / o, k Y % .
/" /’ \‘/\751\/'9/ Bpost -\\ *\\ /,/ /
7 va=—209%g km/s o F / _________________
-20 _’/ I/l ® -20} \\\ Vd=—209XAd km/s //'
,/I E pre B pre t \\ //
....1...'./l....l....1....1....1.... '..1.\.\. P D S S S S I, i ././. -
-5 0 5 10 15 20 25 30 -20 -10 0 10 20
Xase [Rel Yose [Rel

Figure 2. The magnetosheath hot flow anomaly at 12:43:14 UTC as reconstructed from MMS1, ACE, and Wind data. Reconstruction of the spatial size of the
disturbances in (c) the Ygsg = —2.7Rg plane and (b) the Zgsg = 0 plane, as derived solely from the observational data. Color shadings, as same as in Figure 1, mark
different magnetosheath regions. In (d), the disturbances in the Xgsg = 10Rg plane is mapped to the terminator plane. In (b), the four black arrows mark the four
disturbance boundaries. In (c), The discontinuity is represented by the green dashed line. Black arrows show the motional electric field at two sides of the discontinuity. %4
is the normal of the discontinuity. The black star marks the location of Magnetospheric Multiscale (MMS). (a) A schematic showing the expected geometry of the
disturbances and boundaries, informed not only by the observational data but also by our understanding of the shock—discontinuity interaction. The disturbance is assumed
to propagate with velocity V4 while preserving its overall structure as it passed MMS. The magnetopause and bow shock positions are obtained from the Shue98 (Shue
et al., 1998) and JO5 models (Jefab et al., 2005) with parameters n = 3em3, v = 450km/s, B, = 3nT, B = 5nT.
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shock dynamics. Marked with green shades in Figures 1a and 1b, the interplanetary magnetic field exhibited a
rapid rotation in direction (a magnetic discontinuity) that arrived at the bow shock shortly before MMS observed
the three abnormal magnetosheath regions. The magnetic field directions across the upstream discontinuity
closely resembled those across the downstream regions (compare Figure 1b with 1g), suggesting a direct rela-
tionship between the discontinuity and the formation of the downstream regions.

The discontinuity normal derived from minimum variance analysis of the magnetic field (MVAB) (Bengt U. O.
Sonnerup & Scheible, 1998) and from the cross product of the pre- and post-discontinuity magnetic fields are
summarized in Table 1. Previous studies suggest that a discontinuity with motional electric fields pointing toward
it on at least one side can interact with the bow shock to form an HFA (Burgess & Schwartz, 1988; Thomsen
et al., 1993). This condition is satisfied in the present event (Table 1), where the discontinuity is marked by the
green dashed line in Figure 2c and the motional electric fields on both sides are directed toward it.

To further correlate the disturbed magnetosheath with the upstream discontinuity, we performed MVAB to
determine the three intrinsic orthogonal directions of the HFA core in the magnetosheath (Table 1). The difference
between the minimum variance direction of the downstream core and that of the discontinuity is 3.0°. This
minimal distinction suggests that the core region downstream is indeed the extension of an upstream HFA. The
intermediate and maximum variance directions of the two structures are also closely aligned. Figure 2c illustrates
the intrinsic coordinate system of the discontinuity, denoted by %4, 34, Z4. The upstream discontinuity has a well-
defined normal inferred from its minimum variance direction, supported by the large eigenvalue ratio of 6.8
(Teh, 2025), whereas the downstream disturbance lacks a meaningful normal because it is not a discontinuity.

3.2. The Reconstructed Geometry of Magnetosheath HFA

As the upstream discontinuity propagated with the solar wind, the intersection curve where SDI occurred,
together with the resulting HFA and magnetosheath disturbance, moved along the bow shock surface. The time
required for the intersection curve to shift from the northern terminator to the southern terminator exceeded
20 min. The duration of the disturbed magnetosheath regions in MMS observation is comparable to this timescale,
indicating a large spatial width of the disturbance along the normal direction of the discontinuity.

The comovement of an upstream HFA with its driving discontinuity is commonly used to estimate the HFA width
(S.J. Schwartz et al., 2018). The conceptual model (Sibeck et al., 2000) described in Section 2 suggests that the
magnetosheath HFA and jets also move together with the discontinuity. Although this comovement will be
verified with ground observations in Section 3.3, we here assume it to hold. We also assume trivial expansion of
the disturbed regions during spacecraft passage and estimate the width of the regions by

Wregion = Vd A[region Y]

where Vg is the discontinuity velocity and Aty is the duration in spacecraft observation (Table 1). Because the
regions are elongated along the shock—discontinuity intersection, their widths alone provide sufficient infor-
mation to reconstruct their three-dimensional structures. The resulting reconstruction is shown from three per-
spectives in Figures 2c, 2b, and 2d. The disturbance sizes were so large, reaching 30 Rg from south to north and
more than 40 Rg from dawn to dusk, that a large portion of the dayside magnetosheath was covered. The minimum
size of the disturbance along the discontinuity normal is 22.5 Rg.

Figure 2a shows the expected geometry of the magnetopause and bow shock in the Ygsg = —2.7 Rg plane, where
polar cusps are omitted for simplicity. Since the dynamic pressure in the jet regions reached almost 12 times the
nominal magnetosheath value, the magnetopause is expected to be deformed. The bow shock is also anticipated to
deform following previous simulations (Lin, 1997, 2002) and the conceptual model (Sibeck et al., 2000).

The jet sizes on a magnetohydrodynamic (MHD) scale and the lower temperatures in the jets are consistent with
the interpretation that the jets arise from less efficient deceleration at a curved shock during SDI and from
compressions at HFA edges (Hietala et al., 2009; Y. Lin, 2002; Zhou et al., 2023, 2024). Unlike the upstream
portions of HFAs, which typically exhibit strong heating and magnetic depressions, such signatures are nearly
absent downstream, consistent with their different origins: the upstream HFA is driven directly by SDI, whereas
the downstream part forms from magnetosheath outflow (Paschmann et al., 1988). The MHD nature of the
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Figure 3. Ground Magnetometer Observations. The color shading indicates the mSME index from 4 to 16 magnetic local time
(MLT) during the shock-discontinuity interaction period. Superimposed on the plot are four curves representing the
boundaries of the sandwiched structure, as mapped to the ground. The broad band between the rightmost turquoise curve and
the adjacent red curve corresponds to the space-time region where a ground response to the trailing jet region (see Figures 2b
and 2c) is expected. The region between the two red curves marks the HFA core, while the band between the leftmost
turquoise curve and its adjacent red curve represents the leading jet region. Black circles denote the space-time coordinates at
which the four boundaries of the sandwiched structure were observed by the Magnetospheric Multiscale spacecraft. The
horizontal offsets between these circles and the corresponding projected curves reflect the expected propagation delay of
signals from the magnetosheath to the ground.

disturbances is further supported by the Maxwellian ion distributions observed by MMS1 (Figure S2-S3 in
Supporting Information S1).

Figure 1i shows ion velocities in the discontinuity coordinate system (see Figure 2¢). While the velocities in the jet
regions are primarily dominated by the component parallel to the discontinuity (v, ), the leading jet also exhibits a
significant normal component (v, ) that matches the convection speed of the upstream discontinuity. Given the
MHD nature, this velocity supports the comovement between the magnetosheath disturbance with the upstream
discontinuity. Additionally, the sunward anomalous flow along the discontinuity plane is evident in the vy, <0
excursion that reaches —200 km/s within the core region.

The assumption of trivial expansion of the disturbed regions during spacecraft passage potentially leads to
underestimated widths of the first jet and the core regions, and thus an overall underestimation of the size of the
total disturbance. The flow along the discontinuity normal observed in the leading jet but not in the trailing jet
provides some hints of such expansion.

3.3. Ground Observation

A large-scale deformation of the magnetopause produces perturbations in the local magnetic field that can
propagate along field lines to the ground (M. Archer et al., 2015; Hietala et al., 2012; Wang et al., 2022, 2024).
Consequently, during an SDI event, we expect high-latitude ground magnetometers to record magnetic distur-
bances over a broad range of dayside magnetic local times (MLT).

Figure 3 presents the local SME index (Newell & Gjerloev, 2014) constructed from 53 SuperMag ground stations
at 65°-80°magnetic latitude in the northern hemisphere (see Text S1 in Supporting Information S1 for the station
list). The index at a given local time is defined as mSME = mSMU — mSML, where mSMU (mSML) is the
maximum (minimum) N-component value within a 3-hr window centered on that local time. The resulting index
is displayed as a color map in Figure 3.

To determine the extent of the ground response, we use upstream ACE and Wind measurements together with
MMS magnetosheath data to model the dusk—dawn propagation of the shock—discontinuity interaction effects
from the bow shock to the ground. In this model, the magnetosheath disturbance propagates from dusk to dawn
while expanding at a constant expansion rate, and the disturbance boundaries, as indicated by the four black
arrows in Figure 2b, move correspondingly. Knowing the velocities and initial positions of these boundaries from
the ACE, Wind and MMS observations, we compute their intersection with the magnetopause as a function of
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time. By mapping these intersection points along magnetic field lines to the ground, we obtain the predicted
space—time regions of ground perturbations, delineated by turquoise and red curves in Figure 3. See Text S2 in
Supporting Information S1 for the detailed calculations.

The wide band between the rightmost turquoise curve and the adjacent red curve corresponds to the expected
ground response to the trailing jet region. The band between the leftmost turquoise curve and the adjacent red
curve marks the expected response to the leading jet, and the band between the two red curves corresponds to the
HFA core. The observed response to the trailing jet falls well within the predicted region, while the response to the
leading jet appears broader than expected near 6 MLT, possibly due to changes in flow direction near the flank
magnetopause. The overall consistency indicates that the assumed comovement between the upstream discon-
tinuity and the downstream disturbance in our reconstruction is largely valid.

Around UTC 2022-01-30T12:34, which corresponds to Figure 2 with a 2-min delay considering the Alfvénic
magnetopause-to-ground propagation (M. Archer et al., 2015), the ground disturbances span from 4 to 15 MLT,
covering approximately 8 hr toward dawn and 3 hr toward dusk from local noon. The geomagnetic perturbations
last approximately 30 min, consistent with the estimated disturbing duration of over 20 min as the discontinuity
sweeps roughly from north to south. Overall, the ground response strengthens after the onset of the interaction.

4. Discussion

While SDIs upstream of the bow shock are well-characterized (S. J. Schwartz et al., 1985; S. J. Schwartz
et al., 2018), their global downstream consequences—from magnetosheath to magnetopause—remain less un-
derstood despite significant efforts to address this gap (Hasegawa et al., 2012; Jacobsen et al., 2009; M. O. Archer
et al., 2014; Raptis, Lindberg, et al., 2025; Sibeck et al., 2000; Safrankova et al., 2002; Eastwood et al., 2008;
Chen et al., 2021). An earlier observational study reported a magnetosheath HFA lasting 8 min and producing a
large-scale magnetopause deformation parallel to the discontinuity plane (Safrénkovi et al., 2012), consistent
with the view that HFAs extend along the intersection curve between the bow shock and the discontinuity (Sibeck
et al., 2000). Two-dimensional hybrid simulations have examined the evolution of magnetosheath HFAs in the
plane perpendicular to the discontinuity (Lin, 1997, 2002), revealing propagation and expansion of the down-
stream disturbance following the upstream HFA and the discontinuity. High speed and high density regions
bounding HFA core were also seen in these simulations.

The three-dimensional reconstruction in Figure 2 and the ground observation are consistent with the aggregation
of these previous two-dimensional results both parallel and perpendicular to the discontinuity plane. Notably, the
disturbance can extend significantly in the perpendicular direction in addition to the anticipated parallel direction,
thus occupying a large space in the dayside magnetosheath.

Statistical studies report typical jet durations of ~30 s in observation and cross-flow scales of ~1 Rg, with upper
limits of 3 min (Plaschke et al., 2018). In contrast, alongside an earlier report of unusually large jets (Gunell
et al., 2014), we identify an SDI-generated jet that persists for more than 6 min and spans 11 Ry across. This
discrepancy highlights the limitations of statistical criteria, such as a 20-min average of the magnetosheath and
solar wind dynamic pressure, and underscores the value of detailed case studies as essential complements to
statistical surveys.

The magnetosheath is typically depicted as a homogeneous, stable, and largely static environment on the global
scale by its geometrical models, that is the empirical models of magnetopause and bow shock (e.g., Jefab
etal., 2005; Shue et al., 1998). While these models have been widely used across the studies of the magnetosphere
(Némecek et al., 2023), our study suggests large-scale deviation from the static models should occupy a non-
trivial period during a day, given that SDI occurs several times a day (Facsk¢ et al., 2008; Zhang et al., 2010)
and individual events can persist for tens of minutes depending on the orientation of the discontinuity. The
successful prediction of the geomagnetic response from spacecraft data hint toward a path to incorporate the
conceptual model of SDI to improve the empirical boundary models.

In addition to tangential discontinuities, simulations have shown that rotational discontinuities can also interact
with the bow shock to generate chains of smaller jet. along the discontinuity plane (Lin et al., 1996; Suni
et al., 2025). More recently, a simulation has demonstrated that a rotational discontinuity can produce an smaller
HFA when assisted by a pre-existing foreshock bubble (Turc et al., 2025). From an observational perspective, it
would be valuable to investigate whether such HFAs and associated jets can also attain global scales.

ZHOU ET AL.

8 of 11

85U8017 SUOUIWIOD @A 1110 3(edl|dde aup Aq peusenob afe saoie YO ‘esn JO S9Nl 1oy Akeiq1 78Ul IUO A8]IA UO (SUOIPUOD-pUR-SLLBIWI0D" AB 1M ARIq 1 [BUl[UO//SANL) SUORIPUOD pUe Swie | 8L 88S *[9202/T0/0E] U Ariqiauluo A8 1M ‘AiseAiun sumdoH suvor Aq #0r6TT 195202/620T 0T/I0pA0o" A3 1M Arelq i jeuluo'sqndnBey/sdny woly pepeojumoq ‘g ‘9202 ‘200816T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL119404

Acknowledgments

We thank all people involved in the
activities that produced the MMS, ACE,
‘Wind, OMNI, and SuperMag data product
and that made the data product publicly
available. This work was supported by
National Natural Science Foundation of
China, Grants 424B2031, 42130202, and
42330202; the National Key Research and
Development Program of China, Grant
2022YFA1604600; Shenzhen Technology
Project, Grant JCYJ20241202123905008;
SR acknowledges support by the
Magnetospheric Multiscale (MMS)
mission of NASA's Science Directorate
Heliophysics Division via subcontract to
the Southwest Research Institute
(NNGO4EB99C). RK acknowledges the
postdoctoral fellowship from the French
National Space Agency (CNES). This
work was also supported by the
International Space Science Institute
(ISSI) in Bern through the ISSI
International Team project no. 556 (cross-
scale energy transfer in space plasmas). JG
acknowledges support by the Xiaomi
Young Talents Program.

SDI is a universal process that can occur at all planets in the solar system and at exoplanets immersed in su-
personic magnetized stellar wind, as upstream HFAs have been observed at Mercury (Uritsky et al., 2014), Venus
(Collinson et al., 2014), Mars (@ieroset et al., 2001), Jupiter (Valek et al., 2017), and Saturn (Masters et al., 2009),
with downstream disturbances also reported at Jupiter (Zhou et al., 2024). HFAs can grow through temporal
expansion (S. Schwartz, 1995), and because the bow shock size at a given planet controls the interaction duration
before the discontinuity traverses the shock surface, a scaling between HFA size and bow shock size is expected
and supported by observations (Valek et al., 2017). This universality and scaling imply that large-scale mag-
netosheath disturbances should occur at other planets. Such disturbances, including the jet regions at HFA
boundaries, are expected to produce both similar and environment-specific effects. At Mercury, a dynamic-
pressure enhancement of 3.5 times the pristine solar wind value can compress the magnetopause by a factor of
1.2, and given its dayside size of only 1.2 planetary radii at perihelion (Winslow et al., 2013), such compression
could push the magnetopause to the surface, enabling direct solar wind precipitation. At Mars, increased solar
wind dynamic pressure can compress draped and crustal fields, triggering reconnection (Halekas et al., 2009) and
driving mass ejection that contributes to atmospheric escape (Ye et al., 2024). At Jupiter, auroral quasi-periodicity
on timescales of tens of minutes has been linked to compressional waves in the outer magnetosphere (Yao
et al., 2021); although their origin remains uncertain, magnetosheath disturbances may contribute, given the
similar timescales at Jupiter (Zhou et al., 2024) and the demonstrated ability of such processes at Earth to excite
magnetopause surface waves and compressional waves (M. O. Archer et al., 2019; M. O. Archer et al., 2021;
Wang et al., 2020).

One notable feature is that the intrinsic directions of the magnetosheath HFA core closely match those of the
discontinuity, as determined by MVAB (Table 1). This consistency suggests that MVAB can be used in planetary
magnetosheath studies even when no upstream monitor is available to determine the discontinuity normal.

5. Conclusion

In summary, by combining spacecraft observations in both the pristine solar wind and the magnetosheath with a
previously established conceptual model, we estimate the width of an HFA bounded by two jets in the magne-
tosheath and reconstruct its three-dimensional structure under the assumption that the magnetosheath disturbance
is elongated along the discontinuity plane. The result suggests that, in addition to the natural elongation along the
discontinuity plane, the disturbance can also extend significantly perpendicular to the discontinuity, due to the
expansion of HFA, thereby encompassing much of the dayside magnetosheath. The total width of the disturbance
reaches 22.5 Rg. By modeling the dusk-to-dawn propagation of the disturbance using solar-wind and magneto-
sheath measurements and comparing the results with ground-based observations, we provide further support for
this estimated extent and the reconstruction method. Finally, one of the bounding jets persists for more than 6 min
and exhibits a minimum cross-flow width of 11 Rg.
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