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Abstract Magnetosheath high‐speed jets (HSJs) are pervasive transient structures with enhanced dynamic
pressure in the terrestrial magnetosheath and can exert notable local impacts on the magnetopause. Although
various geoeffects have been reported to be associated with HSJs, whether HSJs can drive the generation of
electromagnetic ion cyclotron (EMIC) waves remains unknown. Using coordinated observations from
THEMIS‐A and THEMIS‐E, we report the first observation of magnetospheric EMIC waves driven by a HSJ.
Two rising‐tone EMIC wave elements are detected during the “Rebounce” phase of the magnetopause's
response to the HSJ impact, exhibiting distinct chirping rates and magnetic amplitudes. During this phase,
higher‐energy protons with larger pitch angles efficiently replenish the magnetic equatorial region, leading to a
significant increase in proton flux and temperature anisotropy. Both linear and nonlinear theoretical models
confirm that these energetic protons account for the excitation of the observed rising‐tone EMIC waves.

Plain Language Summary Magnetosheath high‐speed jets (HSJs) are localized dynamic pressure
enhancements that can frequently strike the boundary of Earth's dayside magnetic field (the magnetopause),
triggering various space weather effects. However, it remained unclear whether they could drive the generation
of electromagnetic ion cyclotron (EMIC) waves, a type of electromagnetic wave that strongly influences
particle dynamics within the magnetosphere. In this study, using joint observations of THEMIS‐A and E
satellites, we report the first detection of EMIC waves driven by an HSJ. During the “Rebounce” phase of the
magnetopause following the HSJ impact, two distinct rising‐tone EMIC wave elements were observed, each
exhibiting different chirping rates and wave amplitudes. Our analysis further shows that in this phase, higher‐
energy protons with larger pitch angles experience stronger magnetic mirror forces, enabling them to return
more rapidly to the magnetic equatorial region. This leads to a pronounced increase in proton flux and
temperature anisotropy, which supplies the free energy required for the EMIC wave growth. Our findings
demonstrate for the first time that HSJs can drive the generation of EMIC waves in the magnetosphere, with
important implications for understanding charged particle behavior in near‐Earth space.

1. Introduction
High‐speed jets (HSJs) are transient structures characterized by locally enhanced dynamic pressure, commonly
observed in the magnetosheaths of Earth and other planets. Such enhancements arise primarily from the increased
ion density, velocity, or a combination of both (Plaschke et al., 2018). Extensive studies have shown the
foreshock‐related phenomena at the quasi‐parallel shock mainly contribute to the formation of the HSJs (Plaschke
et al., 2013; Vuorinen et al., 2019). These mechanisms include bow shock surface ripples (Hao et al., 2016;
Hietala & Plaschke, 2013), interactions between foreshock fluctuations and the bow shock (Raptis et al., 2022;
Ren et al., 2023), and shock interactions with rotational discontinuities (Archer et al., 2012).

HSJs carrying large volumes of plasma directly impact the magnetopause, inducing magnetopause deformation.
This effect is similar to that of the solar wind, though it occurs on a far smaller spatial scale (Guo et al., 2022; Ren
et al., 2024). The comprehensive response of magnetopause to HSJ can be described by a “Compression‐
Rebounce‐Relaxation” sequence (J. Ma et al., 2024). Such localized impact drives several potential conse-
quences: local indentations of the magnetosphere, the generation of surface and compressional waves (including
ultra‐low frequency waves; Archer et al., 2014; B. Wang et al., 2022), and localized magnetopause reconnection
(Hietala et al., 2018). This process is also linked to dayside ionospheric flow enhancements (Hietala et al., 2012)
and ground‐observed throat auroral brightening (B. Wang et al., 2018; Z. Wang et al., 2025).
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Recently, using the combined observations from THEMIS‐A and THEMIS‐E observations, Zhou et al. (2024)
uncovered the role of HSJs in regulating the whistler‐mode chorus waves in the magnetosphere. They found that
HSJ compression induces a sharp drop in electron flux, which in turn results in the rapid disappearance of chorus
waves. Electromagnetic ion cyclotron (EMIC) waves, another common plasma wave in the magnetosphere, are
well known for efficiently scattering relativistic electrons and facilitating ring current decay (Capannolo
et al., 2019; Fraser et al., 2010; Q. Ma et al., 2025; Thorne, 2010; Zhang et al., 2016). EMIC waves share several
similarities with whistler‐mode chorus waves: like chorus waves, they are generated by the temperature
anisotropy of charged particles, and their excitation can also be driven by solar wind‐induced magnetopause
compression (Chen et al., 2020; Jun et al., 2024; McCollough et al., 2012). This raises a critical question: can HSJ
impacts modulate EMIC wave generation?

In this study, utilizing joint observations from THEMIS‐A and THEMIS‐E, we report for the first time the
generation of rising‐tone EMIC waves driven by a magnetosheath HSJ. Two rising‐tone EMIC wave elements are
detected during the “Rebounce” phase of the magnetopause response to the HSJ impact, and not during the
“Compression” phase. Both wave elements display clear and distinct frequency chirping rates. During the
“Rebounce” phase, higher‐energy protons with larger pitch angles efficiently replenish the magnetic equatorial
region, which in turn gives rise to a substantial enhancement in proton flux and temperature anisotropy. Based on
both linear and nonlinear theoretical frameworks, we confirm that these energized protons serve as the primary
driver for the excitation of EMIC waves.

2. Instruments and Data
The THEMIS mission, consisting of five nearly identically instrumented probes (THEMIC‐A, B, C, D, and E),
was launched in February 2007. Since 2011, three of them, that is, THEMIS‐A, D, and E, have remained in Earth
orbit with their apogees exceeding 10 RE and perigees below 2 RE. They not only provide ideal coverage of the
source region (magnetic equator) for plasma waves in the magnetosphere, but also offer an excellent opportunity
for joint observations of dayside magnetosheath and magnetosphere. The onboard flux gate magnetometer (FGM)
records the background magnetic field and its low frequency fluctuations up to 64 Hz, which can be used to
analyze EMIC waves. The electrostatic analyzer (ESA) and solid‐state telescope (SST) measure ion distribution
functions across complementary energy ranges: ESA covers energies from a few eV to 25 keV, while SST extends
measurements up to 6 MeV. Plasma density is inferred from two quantities: the spacecraft potential, measured by
electric field instrument (EFI), and thermal velocity, measured by ESA. Solar wind data are obtained from the
OMNI website (https://omniweb.gsfc.nasa.gov) with 1‐min resolution, and have been time‐shifted to Earth's bow
shock nose.

3. Observational Results
During the time interval of 10:35–10:55 UT on 8 February 2013, THEMIS‐A and THEMIS‐E were operating on
opposite sides of the magnetopause, enabling coordinated observations of the HSJ impact. Figures 1a and 1b

Figure 1. The position of THEMIS‐A (green) and THEMIS‐E (red) in x‐y (a) and x‐z (b) planes in the geocentric solar
magnetospheric (GSM) coordinate system at 10:45 UT on 8 February 2013. The red arrow indicates the ion velocity vector
corresponding to the peak dynamic pressure.
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depict their locations (THEMIS‐A in green, THEMIS‐E in red) at 10:45 UT in the geocentric solar magneto-
spheric (GSM) coordinate system, projected onto the X‐Y and X‐Z planes, respectively. The bow shock (gray
line) and magnetopause (black line) are also plotted for reference, based on the model by Shue et al. (1998). The
red arrow denotes the ion velocity vector of the HSJ at the time of its dynamic pressure maximum. Both spacecraft
were located on the morning side (MLT ≈ 9 hr) and near the magnetic equator. The separation distances be-
tween them are approximately 3.2 RE along the X direction, 0.6 RE along the Y direction, and 0.1 RE along the Z
direction. The HSJ firstly encountered THEMIS‐E in the magnetosheath with the bulk velocity of ∼198 km/ s,
and then it propagated nearly directly toward THEMIS‐A. Approximately 2 min later, THEMIS‐A detected the
signal of the HSJ impacting the magnetopause inside the magnetosphere.

Figures 2a–2e present themagnetic field and plasmameasurements fromTHEMIS‐E during the interval of interest.
Here, in Figure 2e, the X component of dynamic pressure Pdyn‐x is defined as NimpV2ix (mp is the proton mass), and
the blue and green linesmark the half and the quarter of solar wind dynamic pressure (PSW ≈ 2.3 nPa, after a 1‐hr
time shift and a 20‐min running average). The observations exhibit typical magnetosheath characteristics,
including a turbulentmagnetic field withmagnitudes ranging from a few nT to 50 nT (Figure 2a) and ion fluxes that
are predominantly distributed between 100 eV and 2 keV (Figure 2b). Two HSJs are recorded by THEMIS‐E,
identified by their Pdyn‐x peaks well above the blue line in Figure 2e, due to enhancements in both ion density
(Figure 2d) and bulk velocity (Figure 2c). Here, we focus on the stronger HSJ shaded in pink, which propagated
primarily in the X‐direction (vx ≈ 190 km s− 1,vy ≈ 4 km s− 1,vz ≈ 55 km s− 1; Figure 2c). Its dynamic
pressure peaks at ∼2.2 nPa, a value sufficient to induce a noticeable magnetopause indentation. Additionally, a
bow wave precedes this HSJ (∼10:42 UT), characterized by localized enhancements in magnetic field and ion
density (Figures 2a and 2d). During the relevant interval, substorm activity, as indicated by theAE/AL indices, was
confined to 06:30–09:00 UT and absent during our wave event (10:30–10:55 UT). Meanwhile, the solar wind

Figure 2. The overview of a high‐speed jet in the magnetosheath observed by THEMIS‐E (a–e), and the response in the
magnetosphere detected by THEMIS‐A (f–k) from 10:35 to 10:55 UT on 8 February 2013. (a) The magnetic field in GSM
coordinate system. (b) Ion energy flux. (c) Ion bulk velocity in the GSM coordinate system. (d) Ion density. (e) X component
ion dynamic pressure (Pdyn‐x) in GSM coordinate system at THEMIS‐E in black; corresponding solar wind data
(Psw‐x/2,Psw‐x/4) are shown in blue and green. (f) The geomagnetic field in magnetosphere (Btot, black line), and its z‐direction
component (Bz, red line). (g) The wave magnetic power spectral density (Bpsd). (h) The wave normal angle relative to the
background magnetic field. (i) The ratio Sz/ |S|, where S is the Poynting flux intensity and Sz is its parallel component along B0.
( j) Background electron density and ion density. (k) Ion energy flux. The solid lines in panels (g–i) represent fH+ and fHe+.
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dynamic pressure remained stably around ∼2.3 nPa. We also calculated the drift time of protons injected during
strong substorm activity and found that the substorm‐related protons could not affect the EMIC waves observed at
10:46:30UT. These results rule out both substorm injections and solarwind pressure enhancements as the source of
the observed EMIC waves. The full temporal evolution supporting this conclusion is detailed in Figure S1 of
Supporting Information S1.

The magnetospheric response to the HSJ is shown in Figures 2f–2k, based on THEMIS‐A observations in the
inner magnetosphere (L − Shell = 9.2) and near the dawn side geomagnetic equator (MLT = 9.4 hr and
MLAT = 1.8°). Starting at ∼10:41 UT, the geomagnetic field exhibits a clear compressional signal, as Bz (in
GSM coordinates, red line) and Btot (black line) increase by more than 4 nT per minute, reaching a maximum
enhancement of ∼15 nT at 10:45 UT (Figure 2f). This interval corresponds to the “Compression” phase of the
magnetopause response (shaded in pink). Following this, the magnetopause enters the “Rebounce” phase (shaded
in purple), continuing until ∼10:48 UT, leading to a significant decrease in the total magnetic field to ∼58 nT,
even weaker than the magnetic field preceding the HSJ impact. During this short interval (∼5 min), the
displacement of THEMIS‐A is less than 0.1 RE, far smaller than the HSJ's spatial scale. Therefore, the observed
magnetic field variations reliably reflect the magnetospheric response to the HSJ impact rather than any artifact of
satellite motion. Moreover, the end of “Compression” phase of the magnetopause response is delayed by about
90 s relative to the trailing edge of the HSJ observed in the magnetosheath, consistent with a simple estimation

(∼108s) calculated by dividing the along‐X separation between two spacecraft (Δx ∼ 3.2 RE) by the Vix of the

HSJ (Vix ≈ 190 km s− 1). Therefore, it is reasonable to conclude that the variation of the magnetic field is driven
by the HSJ's impact on the magnetopause.

During the “Rebounce” phase, two rising‐tone EMIC wave elements are detected by THEMIS‐A in the
magnetosphere (Figure 2g). The first wave element, identified as proton‐band EMIC waves, initiates at an initial
frequency of ∼0.65 Hz and exhibits a mild frequency chirping trend from 10:46:15 to 10:47:00 UT, with a
chirping rate of Γ1 = 6.98 × 10− 3 rad s− 2. Their wave normal angle is generally less than 30° (Figure 2h), with
coexisting parallel (red) and antiparallel (blue) Poynting fluxes indicative of proximity to the source region
(Figure 2i). The second rising‐tone EMIC wave element (also proton‐band) is triggered precisely at the end of the
“Rebounce” phase with a larger chirping rate of Γ2 = 9.92 × 10− 3 rad s− 2. They exhibit a similar wave normal
angle and propagation direction to the first element (Figures 2h and 2i), but substantially larger wave amplitude
(Figure 2g).

The response of proton flux strongly depends on proton energy (Figure 2k). Lower‐energy protons (<1 keV),
which mainly contribute to the plasma density, remain nearly unchanged during the entire time interval
(Figures 2j and 2k). In contrast, higher‐energy protons, particularly those with energies >5 keV , experience a
rapid flux decrease during the “Compression” phase (Figure 2k); a similar response is observed for energetic
electrons (not shown). The flux drop is driven by the local indentation of magnetopause following the HSJ impact.
This indentation leads to the formation of a new magnetic mirror point at the equator, with some particles
subsequently expelled by the mirror force (Zhou et al., 2024). During the “Rebounce” phase, the flux of energetic
protons exhibits a rapid increase, as the previously expelled protons can return to the magnetic equator, even
exceeding the flux preceding the HSJ impact by the end of this phase (Figure 2k). We speculate that the excitation
of rising‐tone EMIC waves results from enhanced proton fluxes during the “Rebounce” phase.

We further exhibit the pitch angle distributions of protons at two typical energies (i.e., 3 and 25 keV) above the
minimum resonant energy (1.57 keV) of EMIC waves at 0.6 Hz in Figures 3b and 3c. This minimum resonant
energy is derived from the cyclotron resonance condition, mp(ω − Ωp)2/2k2‖, where mp is the proton mass, Ωp is
proton gyrofrequency, ω is the wave frequency and k‖ is the parallel wave number derived from cold plasma
approximation (Baumjohann & Treumann, 2022). Figure 3d shows the time profiles of proton flux for the two
selected energy channels. Figure 3e presents the evolution of temperature anisotropy, which is estimated as the
ratio of ion flux at 78.75° pitch angle to that at 11.25° pitch angle for each energy channel. As shown in Figures 3b
and 3c, both 3 keV and 25 keV proton fluxes undergo a sharp decrease during the “Compression” phase and a
rapid increase during the “Rebounce” phase across all pitch angles. Concurrently, the flux evolution in Figure 3d
exhibits a similar trend, but with more pronounced changes observed for higher‐energy (25 keV) protons.

Geophysical Research Letters 10.1029/2026GL121932

LEI ET AL. 4 of 9

 19448007, 2026, 14, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026G

L
121932 by U

niversity O
f Science, W

iley O
nline L

ibrary on [14/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Surprisingly, we also find that proton flux variations depend on pitch angle, which gives rise to a complex
response of temperature anisotropy to HSJ impact (Figure 3e). At the early stage of the “Compression” phase,
both parallel and perpendicular fluxes decrease with a stronger reduction in the perpendicular direction. This leads
to a gradual decrease in temperature anisotropy, despite betatron heating being operative here due to the
continuous compression of the ambient magnetic field. After ∼10:43:30 UT, however, the betatron heating
mitigates the decline in perpendicular flux, causing temperature anisotropy to increase until the end of the
“Compression” phase. During the “Rebounce” phase, both parallel and perpendicular fluxes start to increase
(Figure 3d), but temperature anisotropy initially decreases slowly primarily due to the betatron cooling effect.
Although betatron cooling operates throughout the “Rebounce” phase, the perpendicular flux recovers faster than
parallel flux starting at ∼10:46 UT, when coincides with the growth of the first rising‐tone EMIC wave element.
By the end of the “Rebounce” phase, both proton flux and temperature anisotropy reach their maxima, which
coincides with the excitation of the second rising‐tone EMIC waves element.

Figure 3. The evolution of ion pitch angle distributions at selected energies in the magnetosphere detected by THEMIS‐A.
(a) Magnetic power spectral density, for context. (b, c) Ion pitch angle distributions for 3 and 25 keV protons. (d) Ion flux for
3 and 25 keV protons. (e) The ratio of ion flux at pitch angle 78.75° to that at 11.25°.
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To confirm that the generation of EMIC waves arises from the evolution of energetic protons during the HSJ
impact, we have selected two time points (10:46:30 and 10:48:00 UT marked by arrows on the top of Figure 3)
corresponding to the start of rising tones, to calculate the linear growth rate and nonlinear threshold amplitude.
Figures 4a and 4b present the pitch‐angle distributions (circles) of protons measured by THEMIS‐A at the two
time points. The observed distributions are fitted to a multi‐component bi‐Maxwellian distribution:

f ( v‖, v⊥) = ∑
j

̅̅̅̅̅̅̅̅̅̅̅̅
m

2T‖ jπ

√
m

2T⊥jπ
nj exp(−

mv2‖
2T‖

−
mv2⊥
2T⊥

) (1)

where m, nj, T‖ j, T⊥j are mass, number density, parallel and perpendicular temperature of the j component,
respectively. The fitted distributions are plotted as solid lines in Figures 4a and 4b, which are in good agreement
with the observations. The detailed fitting parameters, which serve as input parameters for linear theoretical
models (e.g., the BOmodel), are provided in Table S1 of Supporting Information S1. The calculated linear growth
rates (blue lines) and wave amplitudes (black lines) at the two time points are presented in Figures 4c and 4d. The

Figure 4. (a, b)Observed (circles) and fitted proton phase space densities at 10:46:30 UT and 10:48:00 UT, (c, d) the wave
amplitudes (black solid line); nonlinear threshold amplitudes (black dashed line, Q = 1); linear growth rate (blue line) at
10:46:30 UT and 10:48:00 UT.
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frequency range (∼0.3 − 0.7 Ωp) of positive linear growth rates well covers the wave spectra, and the peak
frequencies of linear growth rates aligns closely with those of the wave amplitudes. These results support the local
excitation of EMIC waves during the “Rebounce” phase.

Then, we employ a widely used parabolic approximation for the background magnetic field, B = B0 (1 + ah2),
where a is a key parameter characterizing magnetic field inhomogeneity, and h is the distance along a field line
from the magnetic equator. The values of a are determined using TS04 geomagnetic field model (Tsyganenko &
Sitnov, 2005) by requiring that the resulting Bz profile and the Bz/B ratio agree well with in situ satellite ob-
servations, which yields a ≈ 2.12 × 10− 15 m− 2 at 10:46:30 UT and a ≈ 2.48 × 10− 15 m− 2 at 10:48:00 UT.
Following the formulation outlined by Omura et al. (2010), the theoretical chirping rate and threshold amplitude
are expressed as:

∂ω
∂t

=
0.4s0ω
s1

Ωw (2)

B̃th =
100π3 Ṽ3p
ω̃ω̃4ph Ṽ

5
⊥

(
ãs2 Ṽ‖
Q

)

2

exp (
Ṽ2R
Ṽ2‖

)/B0 (3)

where

s0 =
V⊥

Vp
(4)

s1 = (1 −
VR
Vg
)

2

(5)

s2 = (
V2⊥
2V2p

+
V2R
VpVg

−
V2R
2V2p

)
ω
Ωp

−
VR
Vp

(6)

and Ωw = eBw/mH . Here, ω and k denote the wave angular frequency and wavenumber; Vg,Vp and VR represent
the wave group velocity, phase velocity and resonance velocity of protons, V‖ and V⊥ are the proton parallel and
perpendicular velocity at the magnetic equator, which are estimated by the component 4 in Table S1 of Supporting
Information S1 via Liouville's theorem, respectively. The tilde variables are normalized by the speed of light c and
the equatorial proton gyrofrequency Ωp0.The threshold amplitudes for the nonlinear wave growth are overplotted
as dashed lines in Figures 4c and 4d. It is clearly shown that the amplitudes of higher‐frequency (〉0.55 Ωp0)
EMIC waves at the two time points exceeds the threshold, accounting for the observed frequency chirping. In
contrast, their lower‐frequency counterparts fail to transition into the nonlinear regime, as their amplitudes remain
below the threshold. Furthermore, we estimate the theoretical chirping rates at these two time points as
Γ1́ = 4.17 × 10− 3 rad s− 2 and Γ2́ = 5.85 × 10− 3 rad s− 2, yielding a ratio of Γ1́/Γ2́ ≈ 1.4. Considering that
uncertainties in plasma parameters may introduce a factor of two uncertainty in chirping rate calculations, the
observed frequency chirping rates (Γ1 = 6.98 × 10− 3 rad s− 2 and Γ2 = 9.92 × 10− 3 rad s− 2) are in good
agreement with the theoretical values, particular their ratio (Γ1/Γ2 ≈ 1.41). We thus conclude that the proton
distribution reshaped by the HSJ impact facilitate the excitation of rising‐tone EMIC waves.

4. Conclusion and Discussion
In this study, based on coordinated observations fromTHEMIS‐A and THEMIS‐E, we present the first observational
report of magnetospheric EMIC waves driven by HSJs. A HSJ firstly encountered by THEMIS‐E in the magneto-
sheath, triggering a comprehensive magnetospheric response, that is, subsequently captured by THEMIS‐A. This
magnetospheric response to the HSJ is characterized by a “Compression‐Rebounce‐Relaxation” sequence, as
illustrated in Figure S2 of Supporting Information S1. During the “Compression” phase, a clear enhancement in the
geomagnetic field was detected. This localized compression induces the formation of a new magnetic mirror point
near the equator. The energetic protons were expelled by the mirror force, which results in a significant flux drop. In
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the subsequent “Rebounce” phase, the local geomagnetic field gradually decreased, eventually falling to a level even
lower than that preceding the HSJ impact. During this phase, two rising‐tone EMIC wave elements are excited, and
they exhibit distinct chirping rates and magnetic amplitudes. Higher‐energy protons with larger pitch angles expe-
rience a larger mirror force, which efficiently replenish the magnetic equatorial region. This leads to a significant
increase in proton flux and temperature anisotropy, which provides the sufficient free energy for the EMIC wave
growth. Both linear and nonlinear theoretical analyses confirm that these energetic protons are responsible for the
local excitation of the observed rising‐tone EMIC waves. This study thus provides the first compelling evidence that
HSJs can regulate the generation of EMIC waves in the magnetosphere. Given that EMIC waves play a key role in
scattering relativistic electrons and ring current protons,we suggest thatHSJs canpotentially regulatemagnetospheric
particle dynamics via magnetopause interactions.

The response of proton dynamics to the HSJ impact is found to be critically dependent on both the pitch angle and
energy. As shown in Figures 2k and 3c, protons with larger energies and pitch angles respond more efficiently and
rapidly to HSJ‐driven perturbations. Based on the mirror force equation Fm = − μ∇‖B (where μ = (mv2⊥)/2B
denotes the first adiabatic invariant), we can readily rationalize that they experience a stronger mirror force,
amplifying their sensitivity to magnetic field variations and further enhancing response efficiency. Meanwhile,
betatron heating/cooling also acts on these protons, with its effect equally dependent on pitch angle and energy.
These twomechanisms participate in modulating the evolution of temperature anisotropy during distinct phases of
the magnetopause response to HSJs. During the early “Compression” phase or late “Rebounce” phase, the flux of
high‐energy protons at pitch angles from 45° to 135° undergoes more pronounced decreases or increases due to the
mirror force, driving corresponding reductions or enhancements in temperature anisotropy. In contrast, during the
late “Compression” phase or early “Rebounce” phase, betatron heating or cooling dominates, accounting for the
observed increase or decrease in temperature anisotropy. For the EMIC waves with resonate energy well above
1 keV, HSJs create the necessary plasma conditions to drive the excitation of magnetospheric EMIC waves by
reshaping the proton velocity distribution function during their interaction with the magnetosphere.

The observed field inhomogeneity variation originates from the HSJ‐induced localized magnetic field defor-
mation. During the “Rebounce” phase, this restructuring proceeds in a two‐stage evolution. At first, magnetic
field lines start to rebound, leading to the vanishing of the newly formed magnetic mirror point and a reduction in
local field inhomogeneity. In the subsequent stage, continued magnetic field line rebound causes the local
magnetic field strength to decrease continuously until it reaches its minimum, driving a corresponding rise in
magnetic field inhomogeneity. For the second EMIC wave element, the local magnetic field has reached its
minimum, corresponding to the peak of magnetic field inhomogeneity. Since the nonlinear threshold is positively
correlated with magnetic field inhomogeneity (Equation 3), we conclude that the enhanced particle flux and
temperature anisotropy (i.e., increased free energy) lead to the nonlinear excitation of this wave element. For the
first element, the reduction in magnetic field inhomogeneity may facilitate the nonlinear wave growth. However,
the calculated chirping rates (governed by the proton free energy) are in quantitative agreement with the
observational results (Omura et al., 2010). We thus clarify that proton dynamics serve as the dominant driver of
EMIC wave nonlinear growth. Notably, recent theoretical studies have demonstrated a strong dependence of the
chirping rate on background magnetic field inhomogeneity, that is, evaluated at the wave source location up-
stream of the magnetic equator (An et al., 2024; Tao et al., 2021). However, single‐satellite observations and a
steady‐field model are inherently limited in tracking wave evolution. A detailed verification of the evolving
localized magnetic field structure and associated particle dynamics will be performed in the future work using
self‐consistent numerical simulations.
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