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Abstract Whistler‐mode chorus and electrostatic electron cyclotron harmonic (ECH) waves are
fundamental plasma modes in Earth's magnetosphere that play crucial roles in radiation belt dynamics. While
their individual characteristics have been extensively investigated, systematic statistical analyses of their
interplay and its dependence on ambient plasma conditions remain scarce. Using observations from the Van
Allen Probes between October 2012 and December 2014, we identified 8,750 ECH‐only, 4,215 chorus‐only,
and 12,467 co‐occurring events. Simultaneous chorus and ECH waves are frequently observed near the
magnetic equator, primarily in the midnight‐to‐dawn sector at L‐shells between 4 and 6. These co‐occurring
events are more prevalent and display stronger wave amplitudes than intervals in which only one wave type is
present. During co‐occurring intervals, their amplitudes exhibit a clear anticorrelation, indicating that chorus‐
ECH interactions are ubiquitous in the Earth's magnetosphere. Moreover, the amplitude ratio between chorus
and ECH waves decreases with increasing plasma‐to‐cyclotron frequency ratio ( fpe/ fce) and hot electron density
but shows little dependence on electron temperature anisotropy or parallel plasma beta. These findings provide
new statistical evidence for the widespread occurrence of chorus‐ECH interactions and highlight their
significance for electron dynamics and space weather modeling.

Plain Language Summary The Earth's magnetosphere contains various types of plasma waves that
control the behavior of energetic electrons in the radiation belts. Two of the most important wave types are
whistler‐mode chorus and ECH waves. Recent studies show that chorus waves suppress ECH waves by using up
the free energy associated with the temperature anisotropy and loss cone instabilities; however, whether such
interplay is a common phenomenon in the Earth's magnetosphere remains unclear. Using data from the Van
Allen Probes, we find that these two wave types often appear together, particularly near the magnetic equator
from midnight to dawn. When they occur simultaneously, their amplitudes exhibit a clear anticorrelation. We
further find that the surrounding plasma environment plays a significant role in regulating this relationship: the
amplitude ratio between chorus and ECH waves decreases as the ratio of plasma frequency to electron cyclotron
frequency increases and as the hot electron density increases. These results not only provide evidence that the
interplay between chorus and ECH waves is a common phenomenon but also contribute to advancing models of
radiation belt dynamics and space weather forecasting.

1. Introduction
Whistler‐mode chorus waves and electrostatic electron cyclotron harmonic (ECH) waves are two of the most
prominent plasma wave modes in Earth's magnetosphere, both playing vital roles in regulating the dynamics of
energetic electrons (Anderson & Maeda, 1977; Helliwell, 1967; Horne et al., 1981, 2005; Kennel et al., 1970; Ni
et al., 2016; Nishimura et al., 2010). Chorus waves are right‐hand circularly polarized electromagnetic emissions
typically observed between 0.1 and 0.8 fce, where fce is the electron cyclotron frequency (Burtis & Helliwell, 1976;
Tsurutani & Smith, 1977). They can accelerate ∼100 keV electrons to relativistic energies, serving as a major
source of relativistic electrons in the radiation belts (Thorne et al., 2013; Tu et al., 2014; Xiao et al., 2014). In
addition, chorus waves effectively scatter electrons into the upper atmosphere, producing microbursts and diffuse
auroras (R. Chen et al., 2024; Feng et al., 2024; Thorne et al., 2010; Tsurutani et al., 2013). The net effect of these
processes is energy‐dependent and is also critically sensitive to the latitudinal distribution of the waves (Wang &
Shprits, 2019). A characteristic power minimum near 0.5 fce divides chorus into a lower band (0.1–0.5 fce) and an
upper band (0.5–0.8 fce) (H. Chen et al., 2022, 2021; J Li et al., 2022; Tsurutani & Smith, 1974). Chorus emissions
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typically appear as quasi‐periodic, discrete elements with frequency chirping (Gao et al., 2022, 2014; W. Li
et al., 2012; Tsurutani et al., 2020). Both theoretical and observational studies indicate that chorus is generated
near the geomagnetic equator, with free energy supplied by the temperature anisotropy of energetic electrons
injected from the magnetotail plasma sheet (DeForest & McIlwain, 1971; LeDocq et al., 1998; Omura et al., 2008;
Tao et al., 2019; Tsurutani et al., 1979). The repetitive generation of chorus reflects continuous injections of
energetic electrons (Gao et al., 2022; Lu et al., 2021), and its frequency chirping arises from nonlinear wave–
particle interactions (Ke et al., 2020; Omura, 2021). The occurrence and intensity of chorus are strongly
modulated by geomagnetic substorms, and chorus is primarily observed outside the plasmasphere over a broad
magnetic local time (MLT) range of 22:00–13:00, consistent with the eastward drift of injected electrons (W. Li
et al., 2009; Ma et al., 2022; Meredith et al., 2003; Tsurutani & Smith, 1977; Wang et al., 2019).

ECH waves are electrostatic emissions with frequencies located between successive harmonics of fce (Fredricks &
Scarf, 1973; Kennel et al., 1970). They resonate most efficiently with ∼0.1–10 keV electrons, rapidly scattering
them into the loss cone and thereby contributing to diffuse auroral precipitation (Fukizawa et al., 2020; Horne
et al., 2003; Lou et al., 2021; Ni et al., 2012; Zhang et al., 2015). ECH waves are generally driven by the loss‐cone
instability of hot electrons (Ashour‐Abdalla & Kennel, 1978; Liu et al., 2018; Wu et al., 2020), with occurrence
rates peaking in the midnight‐to‐dawn sector (21:00–06:00 MLT) at L‐shells between 4 and 10 (Lou et al., 2025;
Ni et al., 2017). Because ECH waves propagate nearly perpendicular to the ambient magnetic field, they are
typically confined near the magnetic equator. However, recent studies indicate that this confinement depends on
the L‐shell. For instance, Lou et al. (2025) showed that at high L‐shells (L > 8), ECH waves can be observed over
a broad latitudinal range of |MLAT| < 35°, particularly on the pre‐noon side. Similar to choruses, their occurrence
rate and intensity increase with enhanced geomagnetic activity (Meredith et al., 2009; Ni et al., 2016).

The similar occurrence patterns and comparable amplitudes of chorus and ECH waves naturally raise the question
of whether these two wave modes evolve independently. Recent studies have revealed an inverse correlation
between their intensities, implying that chorus can suppress ECH waves and thereby account for the dominant
role of chorus in driving diffuse auroral precipitation (Gao et al., 2024). Combined observations and simulation
results suggest that this suppression arises from loss‐cone filling due to chorus‐induced electron scattering,
implying that the instability responsible for generating chorus waves consumes the available free energy and
thereby suppresses the growth of ECH waves. Numerical simulations further demonstrate that this suppression
can occur under a broad range of plasma conditions, and that the amplitude ratio of ECH to whistler‐mode waves
increases with an increasing fraction of hot electrons and a higher ratio of plasma frequency to electron cyclotron
frequency (Shao et al., 2025). Nevertheless, direct observational evidence confirming the ubiquity of chorus‐ECH
interactions and their dependence on ambient plasma parameters remains limited.

In this study, we present a comprehensive statistical analysis of the relationship between chorus and ECH waves
using data from the Van Allen Probes collected between October 2012 and December 2014. Our results
demonstrate that the two wave modes frequently occur simultaneously and exhibit a clear anticorrelation in
amplitude. The remainder of this paper is organized as follows: Section 2 describes the data sets and analysis
methods, Section 3 presents the statistical results, and Sections 4 and 5 discuss and summarize the main findings.

2. Data and Analysis Methods
2.1. Data Sets

We utilize electric field, magnetic field, and plasma measurements from the twin Van Allen Probes spacecraft
(Kessel et al., 2013; Mauk et al., 2012), which operated from August 2012 to October 2019 in near‐equatorial,
elliptical orbits (perigee ∼1.1 RE, apogee ∼5.8 RE). Wave observations were obtained from the Electric and
Magnetic Field Instrument Suite and Integrated Science (EMFISIS) suite (Kletzing et al., 2013). Survey‐mode
spectral matrices with a 6 s resolution over the frequency range 10 Hz–12 kHz were analyzed to derive wave
power spectral densities and polarization parameters. The background magnetic field (B0) is measured by the tri‐
axial fluxgate magnetometer (MAG) and used to calculate the local electron cyclotron frequency (Kletzing
et al., 2013). The electron plasma density is determined from the upper hybrid resonance frequency measured by
the high‐frequency receiver (HFR (Kurth et al., 2015);). Electron fluxes are obtained from the Helium, Oxygen,
Proton, and Electron (HOPE) instrument and the Magnetic Electron Ion Spectrometer (MagEIS), both part of the
Energetic Particle, Composition, and Thermal Plasma (ECT) suite (Spence et al., 2013). Together, these in-
struments cover an energy range from a few eV to several MeV (Blake et al., 2013; Funsten et al., 2013).
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Spacecraft positions are mapped into geomagnetic coordinates (L, MLT, magnetic latitude (MLAT)) using the
TS04 magnetic field model (Tsyganenko & Sitnov, 2005).

2.2. Wave Identification

Wave events are identified using data from both Probe A and Probe B between October 2012 and December 2014.
Chorus waves are selected when their frequencies fall within 0.1–0.8 fce, with both wave planarity and ellipticity
greater than 0.7, and with magnetic and electric field amplitudes exceeding 0.002 nT and 0.03 mV/m, respectively
(Ma et al., 2022). The chorus magnetic and electric amplitudes are calculated as the root mean square (RMS) of
the integrated magnetic and electric spectral densities over 0.1 to 0.8 fce. ECH waves are identified when the
electric power spectral density exhibits enhancements within 1–2 fce and the electric wave amplitude exceeds
0.03 mV/m (Ni et al., 2017), where the ECH wave amplitude is computed as the RMS of the integrated electric
spectral density over 1–2 fce. To ensure that both wave types are observed outside the plasmasphere, we restrict the
analysis to intervals with plasma densities below 30 cm− 3 and L > 3 (Sheeley et al., 2001).

2.3. Plasma Parameters

To characterize the background plasma environment, we derive the temperature and hot electron density of the
source population from the electron velocity distribution functions. The hot electron velocity distribution is
modeled using a bi‐Maxwellian function (Kubota et al., 2018):

F(v,α) = F0 exp(−
mv2 cos2 α

2T∥
−
mv2 sin2 α

2T⊥
), (1)

where

F0 = n0

̅̅̅̅̅̅̅̅̅̅̅m
2πT∥

√ m
2πT⊥

,

and T∥ and T⊥ are the parallel and perpendicular temperatures, respectively, while m,n0,v and α represent the
electron mass, density, total speed, and pitch angle, respectively. The fitting procedure is performed within the
resonant velocity range (ΔVr) relevant to chorus wave interactions. The resonant velocity range is determined

from the nonrelativistic first‐order resonance condition: Vr =
2π(fw − fc)

k , where fw corresponds to the lower and
upper frequency bounds of the chorus wave band, k is the wave number derived from the cold plasma dispersion
relation (Stix & Scott, 1963), and fc is the electron cyclotron frequency.

The fitting was carried out in two steps. First, substituting α = 90° into the distribution function yields:

F(v, 90°) = F0 exp(−
mv2

2T⊥
), (2)

which can be expressed in logarithmic form as

ln F(v, 90°) = ln F0 −
mv2

2T⊥
. (3)

By fitting the observed phase space densities at α = 90° to the above equation over the resonant velocity range,
we obtain the perpendicular temperature T⊥. In the second step, we fit the phase space density over the corre-
sponding resonant velocity range to the general form:

ln F(v,α) = ln F0 −
mv2 cos2 α

2T∥
−
mv2 sin2 α

2T⊥
. (4)
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The parallel temperature is derived from the slope corresponding to m
2T∥

, and the hot electron density nh is obtained

from the intercept ln F0. The temperature anisotropy is defined as A = T⊥/T∥. To ensure reliability, only results
satisfying 0.75 < (ln F0)step1/ (ln F0)step2 < 1.25 are retained for analysis.

3. Statistical Results
Figure 1 shows a representative interval observed by Probe A on 8 October 2014, illustrating (a) electron
number density, (b) magnetic field power spectral density, (c) electric field power spectral density, (d) electric
amplitude of chorus waves, (e) electric amplitude of ECH waves, (f) the ratio of plasma frequency to electron
cyclotron frequency ( fpe/ fce), (g) hot electron density, (h) parallel temperature, and (i) ratio of perpendicular
temperature to parallel temperature. In the magnetic and electric power spectra (Figures 1b and 1c), enhanced
ECH waves are observed within the 1–2 fce and 2–3 fce bands during 16:33–16:42 UT, with the fundamental
band significantly stronger than the second harmonic. Subsequently, simultaneous enhancements of ECH and
chorus waves occur between 16:52 and 17:18 UT. After 17:20 UT, only chorus waves are detected, extending
over 0.2–0.7 fce and exhibiting a distinct power minimum near ∼0.5 fce. During this interval, the spacecraft
moves from +1° to − 2° in magnetic latitude, likely traversing the equatorial source region and capturing the
full temporal evolution of wave activity, from an initial ECH‐dominated phase to a period of simultaneous
ECH and chorus emissions, followed by a subsequent chorus‐dominated phase. This sequence is consistent
with the evolution pattern predicted by numerical simulations (Shao et al., 2025). To quantify the overall
occurrence characteristics, we performed a statistical survey of all choruses and ECH wave events observed
between October 2012 and December 2014. Based on wave amplitude characteristics (Figures 1b and 1e), the
events are classified into three categories: ECH‐only, chorus‐only, and simultaneous chorus and ECH waves.
Each 1‐min interval is treated as a single event. In total, 8,750 ECH‐only events (145.83 hr), 4,215 chorus‐
only events (70.25 hr), and 12,467 co‐occurring events (207.78 hr) were identified during 9,184 hr of total
spacecraft observation time.

Figure 2 presents the spatial distributions of wave occurrence rates for the three event categories in both the
L–MLT (Figures 2a–2c) and L–MLAT (Figures 2d–2f) planes. Binning was performed with a resolution of 1 hr in
MLT by 0.5 in L for the L–MLT projection, and 0.5 in L by 2° in MLAT for the L–MLAT projection. Only bins
containing more than 800 1‐min samples were retained to ensure statistical reliability. The occurrence rate is
defined as the ratio of wave observation time to the total spacecraft dwell time within each bin. When occurring
independently (Figures 2a and 2d), chorus waves are mainly observed from midnight through dawn to the noon
sector (MLT = 23–13), spanning a wide magnetic latitude range (MLAT = |2 − 10|°) and L‐shells between 4 and
6. In contrast, ECH‐only events (Figures 2b and 2e) are confined to the midnight sector (MLT = 21–03),
concentrated near the magnetic equator (MLAT = (|0 − 4|°)) and at relatively outer L‐shells (5 < L < 6).
Co‐occurring events (Figures 2c and 2f) occur most frequently between midnight and dawn (MLT = 21–07),
distributed over − 4° < MLAT < 6° and 4 < L < 6. Notably, the occurrence rate of co‐occurring events exceeds
that of either wave type occurring alone.

Figure 3 maps the mean electric amplitudes of chorus and ECH waves for the three event categories in both the
L–MLT and L–MLAT planes. To ensure statistical significance, only bins containing at least 20 wave events were
included. For chorus‐only events (Figures 3a and 3b), the most intense waves are mainly distributed from
midnight to dawn (MLT = 23–10), spanning a broad range of latitudes (|MLAT| = 0 − 12°) and L‐shells
(4 < L < 6). The observed increase in the electric field amplitude at higher latitudes is mainly attributed to
oblique propagation effects. As the chorus propagates away from the equatorial generation region, they become
increasingly oblique, leading to a relative enhancement of the electric field component (Verkhoglyadova
et al., 2010). The corresponding magnetic field amplitude distribution (Figure S1 in Supporting Information S1)
shows that intense chorus waves are still observed at higher latitudes, implying that Landau damping decreases
with increasing magnetic latitude. This reduced damping allows chorus waves to propagate away from the
equatorial source region without severe attenuation, which may help explain the similar occurrence distributions.
For ECH‐only events (Figures 3e and 3f), strong emissions are confined to the nightside (MLT = 20–07),
concentrated near the magnetic equator (|MLAT| < 4°) and at outer L‐shells (4.5 < L < 6). Such spatial
confinement is consistent with linear theory, which predicts that ECH waves are preferentially generated near the
magnetic equator (Ashour‐Abdalla & Kennel, 1978). During co‐occurring events (Figures 3c, 3d, 3g, and 3h),
intense waves are predominantly observed from midnight to dawn (MLT = 21–09) within 4 < L < 6. In these
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cases, intense chorus waves extend across a wide magnetic latitude range (|MLAT| = 0 − 12°), whereas intense
ECH waves remain confined close to the equatorial plane (− 4° < MLAT < 6°). Overall, co‐occurring events
exhibit higher wave amplitudes than those where only one wave type is present.

Figure 1. Representative interval of simultaneous chorus and ECH wave observations from Van Allen Probe A on 8 October
2014. From top to bottom: (a) electron density; (b) magnetic field power spectral density; (c) electric field power spectral
density; (d) electric amplitude of chorus waves; (e) electric amplitude of ECH waves; (f) ratio of plasma frequency to
electron cyclotron frequency; (g) hot electron density; (h) parallel electron temperature; and (i) ratio of perpendicular
electron temperature to parallel electron temperature. Three distinct intervals are marked: ECH‐only (purple shading),
co‐occurring waves (green shading), and chorus‐only (blue shading). Black dashed lines in panels (b) and (c) denote 0.2 fce,
0.5 fce, 1.0 fce and 2.0 fce, respectively.
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To further examine the relationship between chorus and ECH waves during their co‐occurrence, Figure 4
compares their electric amplitudes under different magnetic latitude conditions. Figures 4a and 4b show results at
higher latitudes (|MLAT| > 3°), while Figures 4c and 4d present those near the magnetic equator (|MLAT| ≤ 3°).
At higher latitudes, the ECH electric amplitude (Eech) shows no clear trend with the chorus electric amplitude
(Echorus; Figure 4a). To minimize potential bias arising from the shared spatial source region, Eech is further
examined as a function of the normalized amplitude ratio (Echorus/Eech, Figure 4b). This analysis reveals a weak
anticorrelation between the amplitudes of the two wave types (correlation coefficient r = − 0.26). Near the
magnetic equator, Eech decreases with increasing Echorus, and the normalized amplitude ratio further highlights
this anticorrelation (r= − 0.31, Figures 4c and 4d). It is important to note that this anticorrelation relationship also
holds for the magnetic field amplitude of chorus waves. The anticorrelation at higher latitudes likely reflects their
spatial separation: chorus waves can propagate away from the equatorial source region without severe attenua-
tion, whereas intense ECH waves remain confined near the equatorial plane. In contrast, the pronounced anti-
correlation observed near the magnetic equator suggests an intrinsic interplay between the two wave modes,
indicating that local wave–particle interactions govern their relative intensities rather than spatial effects. It is

Figure 2. Spatial distribution of occurrence rates for (a, d) chorus‐only, (b, e) ECH‐only, and (c, f) co‐occurring wave events
in the (a–c) L–MLT (0.5 L × 1 MLT) and (d–f) L–MLAT (0.5 L × 2 MLAT) planes. Only bins containing more than 800
1‐min samples were included to ensure statistical reliability.

Figure 3. Average electric field amplitudes for (a, b) chorus‐only, (c, d, g, h) co‐occurring, and (e, f) ECH‐only events in the
L–MLT and L–MLAT planes. Only bins containing at least 20 wave events were included to ensure statistical significance.
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worth noting that a direct scatter plot of the absolute amplitudes of chorus and ECH waves does not show sig-
nificant anticorrelation. This is likely because both wave modes are driven by the same electron injections
(Anderson & Maeda, 1977), which tend to enhance both amplitudes simultaneously and mask competitive
suppression. Therefore, analyzing the amplitude ratio is essential to reveal the relative dominance of the wave
modes.

Figure 5 illustrates the dependence of the wave amplitude ratio (Echorus/Eech) on key plasma parameters near the
magnetic equator (|MLAT| ≤ 3°), including fpe/ fce, electron temperature anisotropy, hot electron density, and
parallel temperature. As shown in Figure 5a, the amplitude ratio exhibits an inverse correlation with fpe/ fce
(r = − 0.194). A least‐squares fit yields the approximate relation: Echorus/Eech = 106.01 × ( fpe/ fce)

− 8.06. Simi-
larly, Figure 5c shows an inverse correlation between amplitude ratio and hot electron density (r = − 0.136),
described by Echorus/Eech = 10− 0.38 × Nh − 4.47. In contrast, the amplitude ratio shows no significant dependence
on either the temperature anisotropy (r = − 0.067) or the parallel temperature (r = 0.012). Overall, these results
demonstrate that the amplitude ratio decreases with increasing fpe/ fce and hot electron density, while remaining
largely insensitive to variations in temperature anisotropy and parallel temperature. These observational trends
are consistent with numerical simulations (Shao et al., 2025), further supporting the view that the evolution of the
two wave modes is influenced by ambient plasma parameters.

4. Discussion
Chorus and ECH waves are both generated through loss‐cone or temperature anisotropy instabilities driven by
energetic electrons injected from the plasma sheet (W. Li et al., 2008; Liu et al., 2018). Temperature anisotropy is
the dominant source of free energy at large L‐shells, while the loss cone instability becomes more significant at
small L‐shells. As these electrons drift eastward from midnight toward dawn, wave generation occurs

Figure 4. Comparison of chorus (Echorus) and ECH (Eech) wave amplitudes during co‐occurring events under different
magnetic latitude conditions. Panels (a–b) show results at higher latitudes (|MLAT| > 3°), while panels (c–d) correspond to
near‐equatorial events (|MLAT| ≤ 3°). Panels (a) and (c) display Echorus as a function of Eech, while Panels (b) and (d) show the
relationship between Eech and the normalized amplitude ratio (Echorus/Eech).
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correspondingly at these local times (W. Li et al., 2009; Ma et al., 2022; Meredith et al., 2009; Ni et al., 2017). In
this study, the spatial distributions of occurrence rates and amplitudes for chorus‐only and ECH‐only events agree
well with previous statistical results (Ma et al., 2022; Meredith et al., 2009; Ni et al., 2017; Tsurutani &
Smith, 1977). As shown in Figures 2 and 3, both wave types are predominantly observed in the midnight‐to‐dawn
sector, consistent with the drift paths of injected electrons. Chorus waves, which can propagate along magnetic
field lines to higher latitudes, exhibit a broader distribution in MLAT (Lu et al., 2019; Teng et al., 2019), whereas
ECH waves, propagating nearly perpendicular to the background magnetic field, remain confined near the
magnetic equator (Ashour‐Abdalla & Kennel, 1978; Lou et al., 2025; Zhang et al., 2015). Typically, chorus waves
exhibit a post‐dawn maximum over a broader range of L‐shells (Tsurutani & Smith, 1977). However, the electric
field amplitude (Echorus) shown in Figure 3 displays a pre‐dawn maximum at low L‐shells. For chorus‐only events,
waves in the pre‐dawn and low L regions tend to have large wave normal angles (Figure S1 in Supporting In-
formation S1), for which the electric field component is significantly enhanced relative to the magnetic
component. In contrast, for co‐occurring events, the pre‐dawn, low‐L wave distribution is likely influenced by
magnetic storm dynamics, where strong convection electric fields transport source electrons deep into the
magnetosphere. To understand the differences in latitudinal distribution, we examined the local plasma beta
conditions. Our statistics show that co‐occurring events are associated with much higher plasma beta compared to
chorus‐only events (Figure S2 in Supporting Information S1). Physically, this suggests that for co‐occurring
events, the high beta environment leads to stronger Landau damping, confining intense waves near the equato-
rial source region. Conversely, the lower beta environment of chorus‐only event results in weaker damping,
allowing waves to propagate to higher latitudes.

The observed anticorrelation between chorus and ECH wave amplitudes reflects distinct physical processes
operating at different latitudes. At higher latitudes, the anticorrelation can be attributed to the spatial separation of
the two wave populations, as chorus waves are amplified during propagation along magnetic field lines, whereas

Figure 5. Dependence of the chorus‐to‐ECH amplitude ratio (Echorus/Eech) on (a) the plasma to cyclotron frequency ratio
( fpe/ fce), (b) electron temperature anisotropy, (c) hot electron density, and (d) parallel electron temperature. Solid blue lines
in panels (a) and (c) denote the least‐squares fits to the data.
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ECH waves remain confined near the magnetic equator (Lou et al., 2025; Lu et al., 2019). Near the magnetic
equator, where both chorus and ECH waves are locally generated, the pronounced anticorrelation represents an
intrinsic interplay between the two wave modes rather than a spatial effect. Consistent with previous studies (Gao
et al., 2024), we observed a general inverse correlation between the chorus and ECH wave intensities, suggesting
that chorus waves typically suppress ECH waves by consuming the available free energy. However, this sup-
pression mechanism may be regulated by local plasma beta conditions. ECH‐only events are favored under lower
plasma beta conditions (Figure S2 in Supporting Information S1), where the elevated instability threshold for
chorus waves (Gary & Wang, 1996) inhibits their generation, allowing ECH waves to exist without suppression.
For chorus‐only events, the plasma conditions permit the chorus instability to develop effectively and consume
the available free energy, leading to the suppression of ECH waves. Co‐occurring events, however, are associated
with strong electron injections. In this scenario, the electron free energy is sufficiently high that the chorus
instability may saturate, leaving excess free energy to simultaneously drive intense ECH waves. This abundance
of free energy also explains why wave amplitudes in co‐occurring events are significantly larger than those in
single‐mode events.

The dependence of the amplitude ratio between chorus and ECH waves (Echorus/Eech) on plasma parameters is
broadly consistent with numerical simulations (Shao et al., 2025). Both observations and simulations show that
the amplitude ratio decreases with increasing fpe/ fce and hot electron density. This trend likely results from the fact
that the minimum resonance energy for both wave modes decreases as fpe/ fce increases, enhancing the linear
growth rates of both waves, particularly for ECH waves. Consequently, the amplitude ratio tends to decrease with
increasing fpe/ fce. Since fpe/ fce generally increases with L‐shell (Angelopoulos et al., 2023), this mechanism also
explains why ECH waves are preferentially observed at larger L‐shells (Figures 2b and 2e). The vertical clustering
of fpe/ fce values in Figure 5a may reflect long‐lasting chorus waves that contribute disproportionately to counting
at specific fpe/ fce levels. Similarly, as the hot electron density rises, the growth rates of both wave modes are
enhanced, but ECH waves experience stronger amplification, leading to a net decrease in Echorus/Eech. It should be
noted that the scatter in Figure 5 results in relatively low correlation coefficients. This is expected because the
growth rates of chorus and ECH waves are regulated by multiple parameters simultaneously, rather than by the
plasma frequency ratio or hot electron density alone. Moreover, satellite observations capture waves after their
excitation, which can further increase the variability. Despite these limitations, the statistical trends observed in
Figures 5a and 5c remain consistent with theoretical predictions (Shao et al., 2025), supporting the interpretation
that plasma frequency ratio and hot electron density are important factors in regulating the amplitude ratio of the
two wave modes.

Both observations and simulations indicate that the amplitude ratio depends weakly on the electron parallel
temperature (Shao et al., 2025). The growth rates and amplitudes of both wave modes increase with higher
parallel temperature, resulting in a nearly constant amplitude ratio. However, our results differ from simulations
in that no clear dependence on electron temperature anisotropy is observed. This lack of correlation may result
from the rapid relaxation of hot electrons after wave excitation, which can obscure accurate measurements of
instantaneous anisotropy. Moreover, although simulations suggest that the amplitude ratio is relatively insensitive
to the loss‐cone width, this parameter cannot be quantitatively assessed in our study owing to the limited pitch‐
angle resolution of the available electron velocity distribution data.

5. Summary
This study presents a comprehensive statistical investigation of the relationship between whistler‐mode chorus
and ECH waves using observations from the Van Allen Probes collected between October 2012 and December
2014. The results show that chorus and ECH waves frequently occur simultaneously near the magnetic equator at
L = 4–6, predominantly between midnight and dawn (MLT = 21–07). During these co‐occurring events, intense
chorus waves extend across a broad magnetic latitude range (MLAT = |0− 12|°), whereas intense ECH waves
remain confined near the equatorial region (− 4° < MLAT < 6°). Near the magnetic equator, the amplitudes of the
two wave modes exhibit a clear inverse correlation, suggesting that they are dynamically coupled rather than
independent. Moreover, both the occurrence rate and average amplitude of the co‐occurring chorus and ECH
waves are higher than those of events where only one wave type is present. Statistical analyses further reveal that
the amplitude ratio between chorus and ECH waves decreases with increasing fpe/ fce and hot electron density,
while showing little dependence on temperature anisotropy or parallel temperature. These results are broadly in
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agreement with numerical simulations, confirming that ambient plasma conditions play a key role in shaping their
interaction. These findings provide new statistical evidence for the ubiquity of the chorus–ECH interactions and
highlight their importance for electron dynamics in the Earth's magnetosphere.
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