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Earth’s diffuse aurora (structureless auroras, 5-15 s pulsations
and microbursts) occurs over a broad latitude range, which arises
from the collision of energetic charged particles with atoms in
the upper atmosphere [1]. Diffuse aurora exists for most of the
time, and intensifies during geomagnetically active periods [2].
Although generally not visible to the naked eyes, it is the major
source of energy input into the Earth’s nightside upper atmosphere
[3]. During magnetospheric substorms, ~100 eV to 1 keV plas-
masheet particles are injected into the midnight sector magneto-
sphere. Due to the conservation of the particles’ first two
adiabatic invariants, the particles are energized to ~10-100 keV
energies. A mechanism that violates the first adiabatic invariant
of electrons is required to scatter them to enter the atmospheric
loss cone (a small cone of angle ~3° wide at the equator) [4],
through which electrons precipitate into the upper atmosphere
and powering the diffuse aurora. The pitch angle scattering caused
by interactions with plasma waves has been widely accepted [5,6].

Two distinct classes of magnetospheric plasma waves, electro-
static electron cyclotron harmonic (ECH) waves and electromag-
netic whistler-mode chorus waves, are spontaneously excited by
the loss cone/temperature anisotropy instability [7,8] of the
injected plasma sheet electrons. Chorus is first detected at local
midnight with the particle injection [9], and as the electron cloud
drifts towards local dawn and beyond, chorus is generated at those
local times as well. As both waves can resonate with electrons in
the same energy range [10], it has been proposed that either one
of them could scatter ~10-100 keV magnetospheric electrons
[11]. Assuming independence of the ECH and chorus waves, previ-
ous theoretical studies [7,8] suggested that the wave growth rates
are comparable in the inner magnetosphere, they have similar
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occurrence rate and intensity, thus contributing nearly equally to
diffuse auroral precipitation. However, based on the wave mea-
surement by Combined Radiation Release Experiment Spacecraft
(CRRES), and the Fokker-Planck diffusion calculations, Thorne
et al. [12] showed that the chorus waves are statistically more
important than ECH waves in the inner magnetosphere, and that
the chorus waves play the dominant role in scattering ~10-
100 keV magnetospheric electrons.

The above-mentioned contradiction still is a big challenge. It is
critical to fully understand why chorus waves take the dominant
role in diffuse auroral precipitation. Based on the observations
made by the Van Allen Probes (VAPs) [13], the Defense Meteoro-
logical Satellite Program (DMSP) [14], and Arase [15], together
with particle-in-cell (PIC) simulations, we reveal the previously
unseen fact that chorus waves can severely suppress ECH waves
in the inner magnetosphere. This contradicts the traditional
assumption that ECH and chorus waves are two independent
classes of plasma wave [12]. These results indicate that the domi-
nant role of chorus waves in diffuse auroral precipitation is a nat-
ural consequence of the interplay between the two waves.

On 16 December 2012, Van Allen Probe A was operating in the
dawn sector during 3:00-6:00 MLT (magnetic local time) of the
Earth’s magnetosphere, near the magnetic equatorial plane (mag-
netic latitude ~4-0.6°), and at a radial distance of 5-6 Rg, where
Rg is the Earth’s radius. A moderate substorm occurred at
~06:18 UT (universal time) with the geomagnetic auroral electro-
jet (AE) intensity of 163 nT, and the flux of energetic electrons
(~10 keV) increased. As expected, both intense chorus and ECH
waves are detected during the interval of 06:40-09:50 UT, falling
in the frequency band below and above the electron gyrofrequency
(~4000 Hz), respectively (Fig. 1b). The DMSP 16 [14] that measures
the precipitating auroral electrons between 30 eV and 30 keV, was
flying around the Earth at an altitude of ~850 km with an inclina-
tion of 98.9° (Fig. 1d). During two intervals, from 07:00 to
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Fig. 1. Van Allen Probe A and DMSP 16 observations. (a, b) Wave magnetic field and electric field spectrograms, where f. is the electron gyrofrequency. (c) The spectral
intensity of chorus (black) and ECH waves (red). Two shaded regions mark the time intervals when the joint observations occur. (d) Locations of DMSP 16 and Van Allen Probe
A in the Geocentric Solar Magnetic (GSM) coordinate. The solid blue line indicates the track of DMSP 16 during the interval of 06:00-09:45 UT, and the diamond represents its
starting position. The circles represent the projected locations of Van Allen Probe A during the two shaded intervals, while the corresponding tracks of DMSP 16 are denoted
by thick solid lines. Rg is the Earth’s radius. (e, f) Flux of precipitating electrons provided by DMSP 16.

07:06 UT, and from 09:33 to 09:40 UT (marked by shaded regions
in Fig. 1d), the track of DMSP 16 was close to the footprint of Van
Allen Probe A that has been mapped to the altitude of DMSP 16
based on Ts05 geomagnetic field model [16]. During 07:00-
07:06 UT, the chorus waves have the dominant spectral intensity
(~1.5 mV/m), but the ECH waves are negligible; while the reverse
is true during 09:33-09:40 UT (Fig. 1c). We find that the flux of
precipitating electrons in both time intervals is comparable and
high, ~10° eV/(cm?ss;eV) in some short bursts (Fig. 1e, f). The
precipitating electrons are mainly below ~10 keV, which can be
contributed by either chorus or ECH waves. These observations
demonstrate that either chorus waves or ECH waves can solely
drive the significant diffuse auroral precipitation, in agreement
with previous theoretical expectations [11]. There are also periods,
like around 07:50 UT, when the electric amplitudes of the two
waves are comparable. While the electron observation is not avail-
able for this period, we speculate that there will also be significant
electron precipitations.

As shown in Fig. 1b, chorus and ECH waves are usually observed
simultaneously as their source is the same [10], the ~10-100 keV
magnetospheric electrons. However, their spectral intensities are
inversely correlated with a cross-correlation coefficient of ~—0.5
(Fig. 1c). This feature was previously reported [12], but the impor-
tance has been missed. To reveal the global significance, we per-
form a statistical analysis of two-year VAPs spectrum data by
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selecting all chorus and ECH wave events (see Supplementary
materials online). As expected, chorus and ECH waves preferen-
tially occur in the nearly same region (Fig. 2a, b), from midnight
to dawn (00:00-06:00 MLT), where the plasma sheet electrons
are injected, adiabatically energized and then gradient and curva-
ture drift eastward. However, chorus waves have much higher
occurrence rate and intensity than ECH waves (Fig. 2a-d), consis-
tent with previous observations. Therefore, it is natural to propose
that ECH waves are strongly suppressed by chorus waves in the
whole magnetosphere. To support this, we further classify all
ECH wave events into three categories according to the intensity
of simultaneous chorus waves. First, when chorus waves are very
weak (JE < 0.5 mV/m), the occurrence rate and intensity of ECH
waves are comparable to those in Fig. 2b, d (Fig. 2e, h), showing
the majority of ECH wave events are observed under the condition
that chorus waves do not gain sufficient growth. Second, when the
intensity of chorus waves reaches the typical level
(0.5 mV/m < 6E < 1.5 mV/m) in the magnetosphere, there is a
remarkable drop in the occurrence rate and intensity of ECH waves
(Fig. 2f, i). Third, the intense ECH waves rarely occur when the
intensity of chorus waves is larger than 1.5 mV/m (Fig. 2g, j).
The interpretation of the interplay between two waves is sup-
ported by the PIC simulation, in which we simulate their genera-
tion process by relaxing the anisotropic ~10-100 keV
magnetospheric electrons with a loss-cone distribution
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Fig. 2. Global distribution of chorus and ECH waves. (a-d) The statistical distribution of the occurrence rate (top) and average spectral intensity (bottom) of chorus waves and
ECH waves in the L-MLT plane with the bin size of 0.5 L x 1 MLT. (e-j) The occurrence rate (top) and spectral intensity (bottom) of ECH waves in the L-MLT plane for different
categories. The occurrence rate is defined as the ratio of the wave observation time to the satellite dwell time in the same category. The “00”, “06”, “12”, and “18” represent

MLT.

(see Supplementary materials online). To simplify the physical pro-
cess, we do not involve the frequency chirping of whistler-mode
chorus waves in this simulation. Generally, ECH waves are firstly
excited from the background numerical noise even though chorus
waves also have the comparable linear growth rate (~0.1 Q.), and
reach the peak intensity early. In the early phase, the intense ECH
waves can be observed with very weak whistler-mode waves, in
analogy to the cases in Fig. 2e, f. Subsequently, ECH waves decay
rapidly as whistler-mode waves grow until whistler-mode waves
reach saturation (Fig. S1 online). It is shown that the loss cone
has been significantly filled due to the growth of whistler-mode
waves (Fig. S1 online), and the reshaped electron distribution
causes the effective damping of ECH waves. The linear growth rate
of ECH waves turns from positive to negative as the growth of
whistler-mode waves. In the final phase, whistler-mode
waves now become the dominant plasma wave, while ECH waves
nearly drop to the noise level, consistent with the observations in
Fig. 2g-j.

The Arase [15] satellite, equipped with a high-pitch angular res-
olution (i.e., 5°) electron analyzer, was flying eastward from 04:30
to 06:00 MLT on 30 March 2017. The intense ECH waves are firstly
observed at ~17:00 UT with the spectral intensity of ~15.97
mV/m, and then gradually become weaker as chorus waves become
stronger (Fig. S2 online). At ~19:00 UT, chorus waves are the domi-
nant wave mode with the intensity of 14.21 mV/m, but ECH waves
are too weak to observe (Fig. S2 online). The flux ratio between the
loss-cone electrons and trapped electrons, quantifying the loss-cone
shape of electron distribution, remains low during the interval of
intense ECH waves since the loss-cone electron distribution pro-
vides the free energy for waves. As expected, the linear growth rate
of ECH waves is positive during such interval. However, as chorus
waves start to grow at ~17:25 UT, the flux ratio continues to increase
due to the loss cone getting filled by scattered electrons. As a result,
the linear growth rate of ECH waves turns negative (Fig. S2 online),
and ECH waves are damped very rapidly.

These data uncover the long-neglected fact that chorus and ECH
waves are closely related. Specifically, chorus waves can globally
suppress ECH waves in the inner magnetosphere, leading to the
much higher occurrence rate and intensity of chorus waves than
ECH waves. The kinetic simulation reveals that ECH waves are gen-
erally excited early, but experience strong damping after the
growth of whistler-mode chorus waves due to the rapidly
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reformed electron distribution, which is also supported by Arase
data. Therefore, although either chorus or ECH waves can cause
significant diffuse auroral precipitation, chorus waves must take
the dominant role instead of ECH waves in the inner magneto-
sphere. Although chorus waves can also scatter electrons with
higher energies (>~10 keV), the precipitating electrons contribut-
ing to the diffuse aurora are mainly below ~10 keV based on the
DMSP observation. Therefore, the broader resonant energies for
chorus waves will not affect the conclusion. Additionally, it should
be noted that discrete auroras and the majority of precipitating
electrons in the energy range of 100 eV to 10 keV result from accel-
eration in double layers [17], rather than through the wave-parti-
cle interactions. Recently Tsurutani et al. [5] have shown that
chorus waves are typically coherent, which may imply that the
growth rate calculations require an updated theory of chorus. In
the outer magnetosphere (L > 8), since chorus waves generally
have the relatively lower occurrence rate and intensity due to
unfavorable plasma conditions, ECH waves can survive for very
long time. As a result, ECH waves become more important in dif-
fuse auroral precipitation in the outer magnetosphere [11]. This
study represents an important step towards a complete physical
understanding of Earth’s and maybe other magnetized planetary
diffuse aurora.
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Appendix A. Supplementary materials

Supplementary materials to this short communication can be
found online at https://doi.org/10.1016/j.scib.2023.12.009.

Data availability

The entire Van Allen Probes dataset is publicly available at
https://spdf.gsfc.nasa.gov/pub/data/rbsp/. The data from DMSP
are obtained from https://spdf.gsfc.nasa.gov/pub/data/dmsp/
dmspf16/ssj/. The Arase data are available from the EGR science
center website (https://ergsc.isee.nagoya-u.ac.jp/datajergsc/).
The input parameters for the Ts05 magnetic model are available
at http://geo.phys.spbu.ru/~tsyganenko/TS05_data_and_stuff/. All
data supporting the findings of this study are available upon
request.
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