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The solar wind, a continuous stream of charged particles emit-
ted from the Sun’s upper atmosphere, exerts a profound influence
on celestial bodies throughout the solar system [1]. For planets
with intrinsic magnetic fields, such as Earth, this particle stream
interacts with the planetary magnetic field, forming a protective
bubble known as the magnetosphere [2]. The magnetopause, the
outer boundary of the magnetosphere, serves as a protective shield
against atmospheric erosion by limiting direct solar-wind penetra-
tion and regulating energy transfer from the solar wind into the
magnetosphere [2,3].

Magnetic reconnection, which occurs when the interplanetary
magnetic field (IMF) is oriented opposite to the geomagnetic field,
mediates the morphology and dynamics of the magnetopause [3].
Under southward IMF conditions, low-latitude reconnection drives
dayside magnetospheric erosion and nightside replenishment,
compressing the dayside magnetopause while expanding its night-
side counterpart [4]. Conversely, northward IMF orientations favor
high-latitude lobe reconnection, reversing this dayside-nightside
asymmetry [4,5].

Although southward and northward IMF scenarios have been
extensively characterized, the magnetopause response to radial
IMF configurations (i.e., when the IMF aligns with the solar-wind
flow direction) remains poorly understood, constituting a critical
knowledge gap in space plasma physics. Radial IMF conditions
are particularly favorable for generating magnetosheath high-
speed jets [6], which are localized plasma structures whose
dynamic pressures exceed ambient values [7]. These jets can
induce magnetopause indentations [8,9] and trigger intermittent
magnetic reconnection [10]. However, conventional wisdom sug-
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gests that such perturbations remain spatially confined (typically
several Earth radii) [8,9], limiting their ability to mediate substan-
tial solar-wind energy transfer into the magnetosphere. In this
study, using serendipitous joint observations from spacecraft and
ground stations, together with a global hybrid simulation, we
report a large-scale distortion of the dayside magnetopause that
manifests as coexisting sunward-protruding bulges and cusp-to-
cusp valleys during a prolonged radial IMF interval (>30 min).

During the event on 12 August 2007 (~14:30 UT), the four Time
History of Events and Macroscale Interactions during Substorms
(THEMIS, Text S1 online) spacecraft were positioned in a string-
of-pearls configuration near the subsolar magnetopause and in
the adjacent magnetosheath. Concurrently, the solar-wind condi-
tions were measured by the Advanced Composition Explorer
(ACE, Text S1 online) spacecraft at the L1 Lagrange point (~220
Re upstream). The IMF cone angle ranged from 3.3° and 6.2°, and
B, and B, components constituted only 7% and 10% of |B|, respec-
tively, confirming a predominantly radial IMF orientation (Fig. S1
online). No solar-wind dynamic pressure pulses or discontinuities
were detected. This case was previously reported by Shue et al.
[11].

Here we demonstrate a previously unrecognized large-scale
distortion of the dayside magnetopause using coordinated obser-
vations from the Automatic Geophysical Observatory (AGO, Text
S2 online) and the THEMIS spacecraft (Fig. 1). At ~14:33:15 UT
(Fig. 2a), THA was situated in the magnetosheath (Fig. 1a) and
detected a magnetosheath jet (Jet 1) lasting ~103 s, with an earth-
ward flow (Fig. 1b) and a peak dynamic pressure of ~1.8 nPa
(Fig. 1c, red-shaded interval). The peak dynamic pressure exceeded
0.5 times the solar-wind dynamic pressure (~1.2 nPa), confirming
the presence of a magnetosheath jet [7]. Concurrently, THB was
positioned within the magnetosphere (Fig. 1d), and THC was
traversing the magnetopause (Fig. 1g). When THC crossed the mag-
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Fig. 1. Spacecraft and ground-based observations of large-scale magnetopause distortion. (a-i) THA, THB, and THC measurements in the magnetosheath from 14:29:00 UT to
14:39:30 UT on 12 August 2007. (a, d, g) GSM magnetic-field components. (b, e, h) GSM ion-velocity components. (c, f, i) lon density and dynamic pressure. The red- and blue-
shaded interval denote magnetosheath jets and magnetosheath cavity, respectively. Time intervals when the spacecraft were in the magnetosheath (MSH), magnetopause
(MP), and magnetosphere (MSP) are marked by red, grey, and blue bars at the top of panels (a), (d), and (g), respectively. These intervals were identified primarily using the
electron differential energy flux (Fig. S2 online), supplemented by magnetic-field, ion-velocity, and density measurements. Because THC and THD were in close proximity
(~0.1 Rg) and show nearly identical observations (Fig. S3 online), only THC data are presented. At the time of interest, THA, THB, and THC were located at 11.76, 11.94, and
11.90 MLT, respectively. THE is not considered due to missing data. (j—k) THB observations of magnetopause reconnection associated with a magnetosheath jet from 14:24 UT
to 14:37 UT on 12 August 2007. (j) Magnetic-field components in LMN coordinates. (k) lon-velocity components in LMN coordinates. The red dashed line marks the
reconnection outflow, and the black dashed line marks the B; reversal during reconnection. (I-o) AGO P1 and SPA optical observations of PMAFs associated with
magnetopause reconnection. (I, m) Snapshots of 630.0-nm emission observed at AGO P1 (14:43:00 UT) and SPA (14:46:00 UT) on 12 August 2007. The red line indicates 12
MLT; the left and right sides correspond to the post-noon and pre-noon sectors, respectively. The 630.0-nm emission is used as an auroral indicator because it is particularly
sensitive to soft (low-energy) electron precipitation and is commonly used to identify PMAFs and other cusp activity [13] (Fig. S5 online). (n, o) Keograms of 630.0-nm
emission at AGO P1 and SPA along ~12° MLON (yellow dashed lines in panels | and m), respectively.
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Fig. 2. Magnetopause distortion reconstructed from observations and a three-dimensional global hybrid simulation. (a-d) Large-scale magnetopause distortion and
reconnection caused by a magnetosheath cavity and jet observed by THEMIS in the plane z = —3.2R¢. The magnetopause is shown by gray solid curves, and the black arrows
indicate the magnetopause normal direction. (a) At ~14:33:15 UT, THA observed a magnetosheath jet; THC and THD were crossing the magnetopause; THB was in the
magnetosphere. (b) At ~14:34:50 UT, THA observed a magnetosheath cavity with low dynamic pressure (~0.001 nPa); THC and THD observed another jet with high dynamic
pressure (~1.1 nPa); THB remained in the magnetosphere. The background magnetosheath dynamic pressure is ~0.2 nPa. (c) At ~14:35:45 UT, THA was still inside the cavity;
THC and THD were in the magnetosheath; THB crossed the magnetopause and observed reconnection. (d) At ~14:38:10 UT, THA crossed the magnetopause; THC, THD, and
THB were in the magnetosheath. The dashed curve indicates the magnetopause predicted by the magnetopause model. (e) Dynamic pressure, Pq, in the plane z = 1.5R; and
the distance from Earth’s center to the magnetopause, Ry.ue. The shown 3-D surface represents the magnetopause identified from magnetic-field-line topology (Fig. S8
online). The green dashed curve indicates the magnetopause predicted by the magnetopause model, and the black dashed curve indicates the bow shock. The simulated
magnetopause distortion in the y-direction exceeds the observational estimate, possibly because the maximum spacecraft separation was only ~1.3 Rg, making the
observational value a conservative lower bound.
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netopause (~14:34:13 UT), the magnetopause normal direction
was (0.973, 0.148, 0.180), deviating by only 6° from the magne-
topause model prediction [12] (Table S1 online), indicating no sig-
nificant distortion at this time.

At ~14:34:50 UT (Fig. 2b), THA detected a magnetosheath cav-
ity characterized by low dynamic pressure (~0.001 nPa, Fig. 1c).
Concurrently, THB remained within the magnetosphere (Fig. 1d).
THC, however, had entered the magnetosheath and detected
another magnetosheath jet (Jet 2, Fig. 1h and i). This jet persisted
for ~16 s and exhibited a peak dynamic pressure of ~1.1 nPa.
The ambient dynamic pressure in the magnetosheath was
~0.2 nPa. Fig. 2b illustrates the spatial configuration of the cavity,
jets, and the magnetopause, together with the magnetopause nor-
mal direction (black arrow). Given that the dynamic pressure in the
cavity and jet regions was ~0.005 and ~5.5 times the background
magnetosheath value, respectively, significant distortion of the
magnetopause was anticipated.

At ~14:35:45 UT (Fig. 2c), THA remained within the cavity
(Fig. 1c), while THC was situated in the magnetosheath (Fig. 1g).
Concurrently, THB was crossing the magnetopause (Fig. 1d), and
the normal direction was measured as (0.992, 0.095, 0.084), devi-
ating by 18° from the magnetopause model prediction. This sug-
gests that the jet and cavity altered the magnetopause, forming
an indentation. During THB’s passage through the magnetopause,
the magnetic-field components B, and B, reversed (Fig. 1d), and
the velocity components V;, and V;, peaked (Fig. 1e), indicating
magnetopause reconnection. To examine the reconnection signa-
tures more effectively, the data are presented in a current-sheet
LMN coordinate system, where N =(0.992, 0.095, 0.084) represents
the current-sheet normal direction, L = (-0.028, —0.475, 0.880) is
aligned with the antiparallel magnetic-field direction, and M =
N x L = (0.124, -0.875, —0.468) follows the current direction in
GSM coordinates. The L component of the magnetic field, B,
reversed at 14:35:45 UT (black dashed line, Fig. 1j) when THB tra-
versed the reconnection outflow region. The reconnection outflow
in the L direction, V;;, intensified at 14:35:29 UT (red dashed line,
Fig. 1k). Because magnetopause reconnection is asymmetric, the
peak in V;; does not coincide with the B, reversal: the outflow
jet peaks closer to the magnetosphere side, whereas the B; reversal
occurs nearer the magnetosheath side (Fig. S4 online). The recon-
nection outflow region’s extent in the N direction, determined by
integrating the N component of plasma velocity Vy from
14:35:18 UT to 14:35:49 UT, is ~1147 km, equivalent to ~18 ion
inertial lengths. Additionally, a Walén test corroborates that THB
observed a reconnection outflow (Text S3 online). Here AV,
denotes the velocity change across the magnetopause observed
by the spacecraft. In the THEMIS observations, the observed and
predicted outflow velocity changes (AV,,s and AV,..) differed by
3% in magnitude and 32° in direction, yielding AV* = 0.87, much
larger than 0.5, indicating that THB observed a reconnection
outflow.

Auroral observations at the AGO P1 and South Pole A (SPA) sta-
tions provide additional evidence for magnetopause reconnection.
After 14:35:00 UT, a poleward moving auroral form (PMAF; an
ionospheric signature of magnetopause reconnection and flux
transfer [13]) formed over the Antarctic ionosphere (Fig. 11-0). At
14:46:00 UT, the PMAF was located in the pre-noon sector, span-
ning ~9.9-11.2 h magnetic local time (MLT) (Fig. 1m) and was
nearly co-located with the inferred footprint of the magnetopause
reconnection site at ~11.9 h MLT observed by THB. The remaining
offset may result from dawnward migration of the magnetopause
reconnection site [14]. Based on the PMAF's dawn-dusk extent,
the spatial extent of reconnection X-line in the dawn-dusk direc-
tion is estimated to be ~4 Rg[15]. After 14:35:00 UT, the auroral
oval boundary at 12° magnetic longitude (MLON), known as the
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open-close field-line boundary [16], extended equatorward from
—77° to —75.8° magnetic latitude (MLAT), as shown in Fig. 1o.
According to the TS05 magnetic field model [17], this variation in
magnetic latitude at the auroral oval boundary corresponds to a
magnetopause displacement of ~0.5 Rg in the x-direction near
the subsolar point, indicating that the magnetosphere’s magnetic
flux was eroded by magnetopause reconnection.

Around 14:38:10 UT (Fig. 2d), THA crossed the magnetopause
(Fig. 1a), and the magnetopause normal direction was (0.640,
0.742, —0.201), deviating by 54° from the direction predicted by
the magnetopause model. Concurrently, THB and THC were situ-
ated in the magnetosheath (Fig. 1d and g), indicating significant
distortion of the magnetopause with deflections of at least ~1.5
Rg in the x-direction and ~1.3 Rg in the y-direction (Fig. 2d).

These conjugate observations reveal a coherent mechanism for
dayside magnetopause distortion. Under a radial IMF, a magne-
tosheath jet impinges on and dents the magnetopause (Fig. 2¢), ini-
tiating reconnection (Fig. 1j and k) and flux transfer. The
corresponding PMAF, recorded by AGO (Fig. 11-n), indicates that
the reconnection X-line extends ~4 R in the dawn-dusk (GSM y)
direction. Magnetopause reconnection erodes the dayside magne-
tosphere from the equator toward the cusps over a dawn-dusk
extent of several Rz. The equatorward motion of the noon-sector
auroral oval boundary (Fig. 10) provides evidence of magneto-
spheric erosion and indicates the formation of a magnetopause val-
ley. Concurrently, the reduced dynamic pressure inside the
magnetosheath cavity (Fig. 1c) drives a sunward bulge adjacent
to the valley (Fig. 2c). The bulge and the valley constitute a pro-
nounced large-scale distortion of the dayside magnetopause.

While detailed spacecraft data analysis provides key insights
into the large-scale distortion of the dayside magnetopause, fur-
ther support for the observation-based interpretation and a
broader picture of the process comes from a 3-D global hybrid
computer simulation. Fig. 2e presents the global picture of the
magnetopause distortion from such a simulation, in which solar-
wind parameters observed by spacecraft at the L1 point were used
as inputs (see Text S4 online for further details of the simulation
parameters). Because the solar wind is super-Alfvénic, a bow shock
forms outside the magnetosphere (indicated by the black dashed
curve). By comparing the magnetopause position from the simula-
tion with the magnetopause model [12], it is evident that near the
subsolar point the magnetopause experiences significant distor-
tion, measuring ~1.4 Rg in the x-direction and ~5 R in the y-direc-
tion from the bulge to the valleys (Fig. 2e). Numerous
magnetosheath jets impinge on the magnetopause, and these jets
trigger multi-site magnetic reconnection, sustaining continuous
erosion of the magnetosphere over an extended period and ulti-
mately producing large-scale magnetopause valleys (Figs. S6 and
S7 online).

Our study, combining serendipitous multi-point spacecraft
observations, ground-based measurements, and a 3-D global
hybrid simulation, reveals a previously unrecognized phe-
nomenon: a large-scale distortion of Earth’s dayside magnetopause
under prolonged radial IMF conditions. This large-scale dayside
distortion manifests as coexisting sunward-protruding bulges
and cusp-to-cusp valley. The bulge is driven by a magnetosheath
cavity with low dynamic pressure (~0.001 nPa, ~0.5% of the ambi-
ent value in the magnetosheath). The valleys, originating from
localized indentations, span from the northern to southern polar
regions and shift the magnetopause inward by about one Earth
radius. The mechanism hinges on numerous magnetosheath jets
continuously eroding the dayside magnetosphere via magnetic
reconnection and flux transport, ultimately producing the valleys.

The occurrence of magnetopause valleys underscores the
importance of sustained radial IMF intervals that enable cumula-
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tive reconnection, allowing numerous magnetosheath jets to act as
persistent drivers of magnetospheric erosion. This finding chal-
lenges the conventional view that mesoscale magnetosheath jets
primarily induce localized perturbations [6,8,9]; instead, it demon-
strates their capacity to drive large-scale magnetospheric reconfig-
uration and enhanced solar wind-magnetosphere-ionosphere
coupling. Jet driven reconnection at multiple sites, followed by flux
transfer events, provides pathways for solar wind energy and
plasma to enter the magnetosphere, with potential space-weather
consequences.
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