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Abstract During magnetospheric storms, radiation belt electrons are produced and then removed by
collisions with the lower atmosphere on varying timescales. An efficient loss process is microbursts, strong,
transient precipitation of electrons over a wide energy range, from tens of keV to sub-relativistic and relativistic
energies (100s keV and above). However, the detailed generation mechanism of microbursts, especially

over sub-relativistic and relativistic energies, remains unknown. Here, we show that these energetic electron
microbursts may be caused by ducted whistler-mode lower-band chorus waves. Using observations of equatorial
chorus waves nearby low-altitude precipitation as well as data-driven simulations, we demonstrate that the
observed microbursts are the result of resonant interaction of electrons with ducted chorus waves rather than
nonducted ones. Revealing the physical mechanism behind the microbursts advances our understanding of
radiation belt dynamics and its impact on the lower atmosphere and space weather.

Plain Language Summary The Van Allen radiation belts, donut-shaped rings of relativistic
electrons, encircle Earth at distance ~3-7 Earth radii. During magentospheric storms, radiation belt electrons
are produced and then removed by collisions with the lower atmosphere on varying timescales. Resonant
electron interaction with whistler-mode chorus waves has long been known as one of the most important
mechanisms of electron precipitation into the atmosphere. An efficient loss process is microbursts, strong,
transient precipitation of electrons over a wide energy range. To scatter and precipitate energetic electrons,
however, chorus waves should propagate to middle latitudes. Here, we show that such a wave propagation and
the subsequent microburst generation can be possible under wave ducting, that is, wave energy being trapped
within localized plasma density enhancements. Revealing the physical mechanism behind the microbursts
advances our understanding of radiation belt dynamics and its impact on the lower atmosphere and space
weather.

1. Introduction

Concurrently operating acceleration, transport, and loss of relativistic electrons cause the Earth's radiation belt
dynamics (Turner et al., 2014). Electromagnetic whistler-mode chorus waves, characterized by frequency chirp-
ing below the electron gyrofrequency (), are widely thought to be critical to both acceleration and scattering
of energetic electrons in the Earth's radiation belts (Y. Chen et al., 2007). Although electron quasi-linear inter-
action with low-amplitude whistler waves can explain electron slow (hours-long timescale), diffusive transport
(Thorne et al., 2013), electron nonlinear interaction with intense chorus waves (Breneman et al., 2017) is thought
to drive rapid, strong electron precipitation, known as microbursts (Douma et al., 2017; O’Brien et al., 2004). In
either regime, the efficiency of electron scattering by whistler waves depends on wave intensity and wavefield
distribution along magnetic field lines (O. V. Agapitov et al., 2018; Thorne et al., 2005; Wang & Shprits, 2019).

As electrons trapped by the Earth's dipole field bounce along magnetic field lines, their parallel velocity (v,) varies
with magnetic latitude (1) while the magnetic moment is conserved. As the electron plasma frequency-to-gyrof-
requency ratio decreases with 4, the wavenumber (k) decreases (and the phase velocity increases) in accordance
with the whistler wave dispersion relation. This results in an increase of the minimum resonant energy of interac-
tion at higher latitudes (Horne & Thorne, 2003), because the resonance condition with field-aligned chorus waves
requires vy = (w — Q. /y)/k; (w and y are the wave frequency and the relativistic factor, respectively). Microburst
precipitations occur in a broad energy range, from tens of keV to hundreds of keV (Mozer et al., 2018; Shumko
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et al., 2018), and even up to MeV (Blum et al., 2015). They are so strong that they can dominate relativistic elec-
tron losses (Thorne et al., 2005) deep inside the radiation belts (far from the magnetosphere boundary). Inclusion
of such precipitation in radiation belt models is challenging, however. Although the most intense field-aligned
chorus waves have been shown to be confined around the geomagnetic equator (111 < 20°) (Meredith et al., 2012;
O. V. Agapitov et al., 2013), losses of relativistic electrons in microbursts require resonant scattering at middle
to high latitudes, 14| > 30°, based on the aforementioned minimum resonant energy dependence on latitude. The
minimum resonant energy is higher for high-order cyclotron resonances of electrons with oblique chorus waves
(propagating at a large angle with respect to the background magnetic field), and such high-order resonances
may contribute to the near-equatorial scattering of electrons that form microbursts (see Lorentzen et al., 2001).
However, oblique waves are much less intense than field-aligned waves (e.g., O. V. Agapitov et al., 2018) due to
Landau damping by suprathermal electrons (see Bortnik et al., 2007; L. Chen et al., 2013). Electron scattering
by resonance with electromagnetic ion cyclotron waves may produce microbursts, but only at ultrarelativistic
energies (Kubota et al., 2015). So most microbursts, which occur over a wide energy range (a few keV to MeV),
cannot be explained.

Unlike typical chorus waves, which are localized around the equator, a distinct population of chorus waves
can propagate to high latitudes (Colpitts et al., 2020) and even to the ground (Demekhov et al., 2017; Martin-
ez-Calderon et al., 2016) without the increasing obliquity that would result in damping and divergence from
magnetic field lines. These are referred to as ducted chorus waves, as they are trapped within local plasma
density enhancements or depletions and propagate mostly along magnetic field lines (Helliwell, 1965). Although
whistler-mode wave ducting has been largely attributed to strong plasma density gradients near the plasmapause
(Inan & Bell, 1977), recent numerical simulations have shown that even low-amplitude density perturbations
can duct waves in the radiation belt (Hanzelka & Santolik, 2019; Hosseini et al., 2021). The ducted chorus have
been shown to be capable of producing bursts of electron precipitation over a wide range of energy (e.g., L. Chen
et al., 2020). Are these ducted chorus waves required to account for observed sub-relativistic and relativistic
microbursts (100s keV and above)? To address this question, we use spacecraft observations of chorus waves
around the equator and electron precipitation at low altitudes, and numerical simulations of electron precipitation
driven by realistically propagating chorus waves.

2. Observation

Electron Losses and Fields INvestigation (Angelopoulos et al., 2020), ELFIN in short, comprises twin spinning
CubeSats (ELFIN-A and ELFIN-B) with an ~3s spin period that can measure both precipitating and trapped elec-
tron fluxes within a half spin. The two ELFIN CubeSats operate in a low-altitude (~400 km) circular orbit with an
orbital period of ~90 min. The electron Energetic Particle Detector onboard ELFIN provides complete electron
pitch-angle distributions at 50—7,000 keV (16 differential channels) with an energy resolution of AE/E < 50%, an
angular resolution of ~22.5° (i.e., 16 sectors per spin), and a time resolution of 1.5 s (i.e., half spin); the raw sector
data are at a higher time resolution of ~190 ms to examine precipitation on shorter timescales.

Figure 1 shows an overview of the event with low-altitude electron precipitation measured by ELFIN-A CubeSat
and intense chorus wave measurement from near-equatorial Van Allen Probe A observations (Mauk et al., 2013).
ELFIN-A observed precipitating and trapped fluxes of energetic (>50 keV) electrons at a low altitude, ~450 km.
One can see a series of enhanced precipitation flux bursts around 14:01:10 UT (Figure 1a) while trapped elec-
tron fluxes do not show such individual enhancements (Figure 1b). The ratio of these two fluxes shows strong
precipitation seen as two bursts in the outer radiation belt. These precipitation bursts occur over a wide energy
range from 50 to ~700 keV. After 14:01 UT the flux ratio is near 1 and above, which is well localized in time, that
is, ELFIN captured intense bursts of precipitating electrons. The high precipitating-to-trapped ratio over a wide
range of energies, but with a short timescale, are signatures of microbursts and nonlinear wave-particle interac-
tion. The bursts of high precipitating-to-trapped ratio (see Figure 1c) show that the precipitating flux increase is
caused not by increased equatorial fluxes, but by rapid electron losses.

Van Allen Probe A (Mauk et al., 2013) crossed the equatorial region in the same L-shell range on the dayside,
as ELFIN-A. Figure 1g shows a projection of Van Allen Probes and ELFIN orbits to the L-shell and MLT plane
(projections of ELFIN orbits in dipole and Tsyganenko-Sitnov (Tsyganenko & Sitnov, 2005) magnetic field
models show uncertainties of mapping). Wave measurements from the waveform receiver (WFR) on the Electric
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Figure 1. Energy spectra of (a) precipitating and (b) trapped electrons and (c) the ratio of these two spectra as measured by
Electron Losses and Fields INvestigation-A (ELFIN-A) on 28 September 2019. (d) Wave magnetic field spectrum and (e)
wave normal angle spectrum measured by Van Allen Probe A. The white solid, dashed-dotted, and dashed lines in panels (d
and e) indicate local electron gyrofrequency f,, and f, /2, and f, /10, respectively. (f) Resonance latitude of different energies
for the wave frequency corresponding to the peak whistler-mode wave intensity. (g) Van Allen Probe A orbit in (L-shell,
MLT) plane as well as ELFIN-A orbit projected along dipole (blue solid line) and Tsyganenko-Sitnov (Tsyganenko &
Sitnov, 2005) (blue dotted line) models separately. Positions of ELFIN-A and Van Allen Probe A (L-shell, magnetic local
time and magnetic latitude) are shown in panels (c and f), respectively.

18 06

CHEN ET AL. 3of11



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097559

and Magnetic Field Instrument and Integrated Science (EMFISIS) wave instrument (Kletzing et al., 2013)
onboard the Van Allen Probes A shows whistler-mode chorus waves near the magnetic equator. These waves
were seen during the entire interval of Van Allen Probe A observations (in the vicinity of ELFIN-A's L-shell).
Despite that the MLT difference between Van Allen Probe A and ELFIN-A (~2 hr) is slightly larger than the
averaged spatial scale of the day-side chorus source region, 1-1.5 hr in MLT (O. Agapitov et al., 2018), Van
Allen Probe A observed chorus wave activities for nearly 2 hr while it moved even closer to ELFIN-A's MLT
and thus it is reasonable to assume the waves responsible for the precipitation at ELFIN share similar proper-
ties to those captured by Van Allen Probe A. The WFR instrument provides magnetic and electric field spectra
and polarization properties (Santolik et al., 2003) over 65 frequency channels from 10 Hz to 12 kHz with a 6s
cadence (Kletzing et al., 2013). ELFIN quickly crossed the L-shell range of intense whistler-mode chorus waves
(Figure 1d) as observed by Van Allen Probe A with field-aligned propagation (with wave normal angle <20° as
shown in Figure le).

To estimate electron resonance latitude with these waves, we solved the resonance condition v =(@=-Q. /nik)
and the whistler-mode wave dispersion relation. For the dispersion relation, we assumed a dipole magnetic field
topology, whose local values match DC magnetic field measurements from the magnetometer in the EMFISIS
instrumentation suite, and a constant density profile along a field line with total plasma density from the upper
hybrid resonance frequency (Kurth et al., 2015) captured by the high-frequency receiver. Figure 1f shows the
calculated resonant latitude as a function of kinetic energy of electrons near the loss cone. If these waves reach
sufficiently high latitudes (4 ~ 30°), they may resonate with 50-700 keV electrons and generate microbursts (see
Figure 1f). Wave propagation to such latitudes with high intensity would require wave ducting by local plasma
density gradients. It is challenging, however, for equatorial spacecraft to directly capture small density ducts
(evidence of ducted propagation) due to uncertainties in cold plasma density measurements. During the event
from Figure 1, Van Allen Probe A shows some density gradients in the data derived from the upper hybrid reso-
nance frequency (Kurth et al., 2015), but the uncertainties are too large to clearly demonstrate which gradients
might be related to whistler waves. Therefore, we perform two simulations (one with ducted waves and the other
with nonducted waves) in Section 3 to confirm that only electron scattering by ducted waves could have repro-
duced the microbursts observed by ELFIN-A.

To better show the timescale of these precipitation bursts from Figure 1, we examine the original subspin (~188
ms) measurements from ELFIN. Figure 2 shows electron fluxes from ~two spins, encompassing the strong-
est precipitation burst at ~14:01:18 UT. During the spinning, different pitch angles are measured at each time
(Figure 2a). For pitch angles within the loss cone (those pitch angles that are larger than the local loss cone
of ~110°, as indicated by the shaded region near the center of Figure 2), the measured flux corresponds to
precipitation. The precipitating flux increased by more than an order of magnitude over that in the adjacent half
spin (Figure 2b). The timescale of this precipitation burst is close to the time resolution of these data (3/16 ~
0.2 s), as is typical of individual microbursts (Blum et al., 2015; O’Brien et al., 2004). The measured precipitat-
ing-to-trapped flux ratio at half-spin resolution in Figure 2c shows enhanced precipitation lasting 1-2 s, which
may consist of multiple microbursts like the one mentioned above. For the period of enhanced precipitation, the
measured flux ratio can exceed unity below 200 keV and decreases with increasing electron energy.

Waveform data from WFR during its regular burst mode, which lasts for 0.5 s during each capture (at a cadence of
35,000 samples/s), is available to reveal a fine-scale chorus element during the interval from Figure 1. Figures 3a
and 3b show the wave spectra and an example of high-resolution (35 kHz sampling frequency) wave packet meas-
urements by Van Allen Probe A. The peak wave amplitude is very large (reaching ~400 pT), and the wave prop-
agates almost along magnetic field lines (wave intensity is dominated by transverse components). This chorus
element will be used drive the test particle simulation below, to test the hypothesis that the observed microbursts
are caused by ducted chorus waves.

3. Simulation

To examine the role of ducted chorus waves in microburst generation, we numerically evaluate precipitation
caused by wave-particle interactions with ducted and nonducted waves. For both wave models, we adopt the
ray-tracing technique to reconstruct wavefield distributions in time and space (Bortnik et al., 2003) from a
spatially localized wave source at the equator, constrained by observed wave characteristics. In the first model,
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Figure 2. High-resolution measurements from two spins of Electron Losses and Fields INvestigation around the precipitation
burst at ~14:01:18 UT: (a) instantaneous pitch angle of each measurement, (b) energy flux at different energies (color-

coded). (c) Precipitating-to-trapped flux ratio (J,./J,,) at half-spin resolution (same as in Figure 1¢). In panel (a), the pitch

angle corresponding to the local loss cone (~110°) in the southern hemisphere is marked by the horizontal line. When the
instantaneous pitch angle appears above the loss cone, measurement of precipitating electrons (i.e., those within the loss
cone) are made and are highlighted as shaded areas in gray.

ducted wave propagation with the wave-normal angle set strictly to zero is assumed; in the second model, the
wave normal angle evolves according to ray-tracing equations in an inhomogeneous plasma medium embedded
with a dipolar magnetic field. The modeled electromagnetic fields of chorus waves are then used to trace the
motion of an ensemble of test particles (L. Chen et al., 2020), from which electron fluxes are calculated.

To model electron response to modeled (ducted and nonducted) chorus wave fields at a given L, test particle
equations (Equations 1-4 of L. Chen et al. (2020)) are solved. For the presented event, ~4.8 X 107 electrons
are launched at L = 6, with 51 electron energies in logarithmic spacing from 50 keV to 1 MeV, 65 equatorial
pitch angles ranging from the edge of the loss cone (~3°) to 10°, 120 gyrophases, and 120 different bounce
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Figure 3. (a) Chorus wave spectra from the high-resolution (burst-mode) waveform measurements at Van Allen Probe A
(Mauk et al., 2013). (b) Example chorus waves with wave magnetic fields in local field-aligned coordinates.

phases (occupying electron bounce paths). Each test particle represents an ensemble of electrons whose number
is assigned according to the average flux observed by Van Allen Probe A around the closest conjunction
(13:59:45 to 14:01:15 UT). These electrons' momentum and locations are traced and used to reconstruct electron
unidirectional differential flux as a function of energy, pitch angle, and time, with details described in L. Chen
et al. (2020). A virtual satellite is placed at ELFIN-A's altitude in the southern hemisphere to capture the variation
in electron fluxes.

Chorus wave fields are modeled by ray tracing in a prescribed magnetized plasma medium. For the medium, we
use a dipolar magnetic field and a diffusive equilibrium density model (Bortnik et al., 2011) with a scaling factor
introduced so the plasma density matches the observed plasma density from Van Allen Probe A, 3 cm~>. The
following ray-tracing equations (e.g., Horne, 1989; L. Chen et al., 2021) are solved

=t/ (1)
= @)
do _ 3)

— =-1A @

where D(k, @, R) = 0 is the local whistler-mode dispersion relation, and k and A are the wave vector and wave
magnetic amplitude, respectively, along the ray path R. In Equation 4, y, represents the Landau damping rate due
to electrons over suprathermal energy range (~0.1 — 26 keV), whose distribution is statistically parameterized by
L-shell, MLT, and Planetary K-index (Kp) (L. Chen et al., 2012). The wave phase along the ray path is obtained
as ¢(t) = |k - dR — wr. For the special case of ducted chorus waves, k = 0is assumed so that Landau damping
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vanishes (y, = 0), and Equation 2 is reduced to an equation for k, D(k,

represent the components perpendicular and parallel to the background magnetic field, respectively.

, R) = 0, where the subscripts | and I

To model electromagnetic fields of ducted chorus waves for the presented event, rays are traced from the equator
to 4 = 40° at L = 6 with initial wave vectors along the field line and with 81 different wave frequencies from
600 to 1,400 Hz with a spacing of 10 Hz. The launch time depends on wave frequency, according to an observed
discrete frequency chirping from 610 to 1,360 Hz over 0.3 s (denoted by the black line in Figure 3a). The initial
wave amplitude profile A is set such that A, is a constant of 300 pT over 890-1,100 Hz and falls off at higher and
lower frequencies with a spectral Gaussian width of 150 and 130 Hz, respectively. The input discrete spectrum
of the chorus waves is based on the observed discrete spectrum shown in Figure 3a. The wave phase and wave
amplitude along these 81 rays are used to interpolate electromagnetic fields as a function of time and position so
test particle equations can be solved (L. Chen et al., 2020).

Rays launched over different L-shells are required to model electromagnetic fields of nonducted chorus waves,
because they can propagate across L-shells. In addition to 81 different frequencies, rays are also launched at the
equator at 51 different L values from 5.75 to 6.25 with a spacing of 0.01. In total, 4,131 rays are traced. In addition
to the frequency dependence mentioned above, the initial wave amplitude A, contains a Gaussian L-dependence,
with the peak at L = 6 and a width of AL = 0.05. This width corresponds to 320 km, a typically observed width
(Shen et al., 2019). The wave phase, wave amplitude, and wave normal angles along these 4,131 rays are used to
interpolate and obtain nonducted chorus electromagnetic fields as a function of time and position, which then are
used for tracing test particles.

Figure 4 shows a comparison of ray-tracing results for ducted and nonducted chorus waves. Unlike ducted chorus
waves, nonducted chorus waves tend to be refracted toward a larger L-shell (L ~ 6.2). Furthermore, nonducted
chorus waves become highly oblique with wave normal angle € > 60° when reaching 4 = 20°; as a result of
Landau damping caused by suprathermal electrons, these waves are attenuated by 20 dB there. Therefore, the
nonducted chorus wave intensity is well confined below A = 20° near L ~ 6.2.

Figures 5a and 5b shows precipitating and trapped electron fluxes at ELFIN-A's altitude from the simulation with
ducted chorus waves. The chorus wave spectrum at the equator is set up according to the observed frequency
chirping and with zero wave normal angle. There are no precipitating fluxes prior to the scattering by chorus
waves (the loss cone is empty), but trapped fluxes are always present. Resonant interaction with chorus waves
perturbs both trapped and precipitating fluxes, and the latter result in a partial or fully filled loss cone, depending
on electron energy. Figure Sc shows the ratio of precipitating-to-trapped fluxes, which can be as high as 2 at
60 keV and decreases with increasing energy. The ratio exceeding unity demonstrates nondiffusive transport in
pitch angle, a signature of nonlinear wave-particle interaction (L. Chen et al., 2020). As chorus waves propagate
away from the equator, they resonate with progressively larger energies when reaching higher latitudes. The
precipitating-to-trapped flux ratio reaches one and above for a wide energy range up to ~300 keV, and decrease
to 0.4 at ~700 keV. Such a high flux ratio within the energy range up to 700 keV agrees well with ELFIN obser-
vations of the most intense microburst precipitation in Figure 1. Note that the observed flux ratios may contain
uncertainties, because precipitating and trapped fluxes were measured at different sectors (i.e., non-simultane-
ously) as ELFIN spins (see Figure 2). These scattering signatures from ducted chorus waves agree well with
ELFIN observations of microburst precipitation. Also noteworthy is that both observed trapped (just outside the
loss cone) and precipitating fluxes are enhanced around the precipitation bursts (Figure 2b), which demonstrates
electron transport in the pitch-angle direction and is also reproduced by the modeling (Figures 5a and 5b).

In Figures 5d-5f, we show the modeled electron precipitation by nonducted chorus waves for comparison with
the results for ducted chorus waves in Figures Sa—5c. Test particle simulation in the nonducted chorus wave fields
is performed at L = 6.2. Waves are initialized at the equator with the same spectrum as the ducted chorus waves.
As the waves propagate to higher latitudes, the wave normal angle becomes more oblique and Landau damping
due to suprathermal electrons takes effect. The damping quickly reduces the wave intensity by two orders of
magnitude at 4 ~ 20° (Figure 4). These waves can effectively scatter and precipitate <100 keV electrons around
the equator. Unlike the intensity of the chorus waves, however, that of the nonducted chorus waves at middle
latitudes is insufficient to drive strong precipitation of >100 keV electrons. There are very few flux perturbations
for >300 keV electrons, and resonance with them requires chorus waves at even higher latitudes.
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Figure 4. Comparison of ducted wave model with nonducted wave model for a fixed wave frequency at 1 kHz. (a) Modeled
ray paths and (b) modeled wave normal angle 6 versus magnetic latitude 1. (c) Modeled wave gain in dB versus A. A ducted

ray is represented by magenta lines, and nonducted rays are represented by jet colors with colors denoting initial L values of
the launch locations.

A comparison of ELFIN observations (Figure 2) to model simulations (Figure 5) of microburst precipitation
shows a similar energy ranges of precipitating electrons in the case with ducted chorus waves. Without wave
ducting, even very intense chorus waves (the wave amplitude was ~300 pT at the equator in the presented event)
cannot produce sufficiently strong electron scattering above 100 keV to explain those observed microbursts.
Thus, microburst precipitation may require not only intense chorus waves to be generated around the equator, but
also plasma density fluctuations responsible for wave ducting to middle and high latitudes, because higher-energy
(>100-700 keV) microbursts are caused by electron scattering at such latitudes.

4. Summary and Discussion

We present a unique observation of electron microbursts from ELFIN and long-lasting, large-scale chorus wave
source regions from Van Allen Probes. Constraint by the chorus wave observation from Van Allen Probes, elec-
tron precipitation driven by ducted and nonducted chorus waves is compared. Comparison with EFLIN elec-
tron microburst observation demonstrates ducted lower-band chorus waves are responsible for the observed
microbursts.

The significant role of ducted chorus waves in sub-relativistic and relativistic electron scattering and precipita-
tion indicates that these waves deserve particular attention and should be treated as a separate wave population.
Although they occur less often than predominantly nonducted whistler-mode waves (Gu et al., 2021), ducted
waves are much more efficient to drive microbursts. The resultant microbursts can quickly empty radiation belts
(Douma et al., 2019; Greeley et al., 2019; Thorne et al., 2005) and change the radiation environment during
geomagnetically active conditions. Therefore, accurate parametrization and inclusion of ducted chorus waves
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in radiation belt models is required to provide realistic results of energetic electron loss. Our demonstration of
ducted chorus waves as the driver of electron microbursts provides valuable experimental data for controllable
remediation of hazard radiation environment by injecting man-made radio waves (Scherbarth et al., 2009). The
discovered microburst mechanism shows a pathway of radiation belt electron precipitation, which affects atmos-
pheric chemistry and connect to ground-level climate (Baker et al., 2018) and has a great implication on under-
standing the variabilities of radiation belts of other planets.
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