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Abstract Although the effects of electromagnetic ion cyclotron (EMIC) waves on the dynamics of the
Earth's outer radiation belt have been a topic of intense research for more than 20 years, their influence on rapid
dropouts of electron flux has not yet been fully assessed. Here, we make use of contemporaneous measurements
on the same L‐shell of trapped electron fluxes at 20,000 km altitude by Global Positioning System (GPS)
spacecraft and of trapped and precipitating electron fluxes at 450 km altitude by Electron Losses and Fields
Investigation (ELFIN) CubeSats in 2020–2022, to investigate the impact of EMIC wave‐driven electron
precipitation on the dynamics of the outer radiation belt below the last closed drift shell of trapped electrons.
During six of the seven selected events, the strong 1–2 MeV electron precipitation measured at ELFIN, likely
driven by EMIC waves, occurs within 1–2 hr from a dropout of relativistic electron flux at GPS spacecraft.
Using quasi‐linear diffusion theory, EMIC wave‐driven pitch angle diffusion rates are inferred from ELFIN
measurements, allowing us to quantitatively estimate the corresponding flux drop based on typical spatial and
temporal extents of EMIC waves. We find that EMIC wave‐driven electron precipitation alone can account for
the observed dropout magnitude at 1.5–3 MeV during all events and that, when dropouts extend down to
0.5 MeV, a fraction of electron loss may sometimes be due to EMIC waves. This suggests that EMIC wave‐
driven electron precipitation could modulate dropout magnitude above 1 MeV in the heart of the outer radiation
belt.

1. Introduction
Electromagnetic ion cyclotron (EMIC) waves are recorded in the inner magnetosphere under disturbed
geomagnetic conditions (Blum et al., 2017; Ross et al., 2021; X.‐J. Zhang, Li, Thorne, et al., 2016). They are
generated by anisotropic hot ion populations injected from the plasma sheet or produced by magnetosphere
compression (H. Chen et al., 2020; McCollough et al., 2010; Remya et al., 2018). EMIC waves in the hydrogen
band often reach high amplitudes ∼1 nT in the noon‐dusk sector (Ross et al., 2021; X.‐J. Zhang, Li, Thorne,
et al., 2016). They can efficiently scatter electrons in pitch angle toward the loss cone through cyclotron resonance
near the equator, leading to their rapid precipitation into the atmosphere (Blum et al., 2015; Sandanger et al., 2007;
Summers & Thorne, 2003; Thorne & Kennel, 1971; Usanova et al., 2014). Therefore, EMIC waves can control
the dynamics of trapped electron fluxes in the Earth's outer radiation belt, through a strong and abrupt reduction of
electron lifetimes above ∼1 MeV compared to situations with whistler‐mode hiss or chorus waves but without
EMIC waves (Kersten et al., 2014; Li et al., 2007; Ni et al., 2015), as confirmed by spacecraft observations both
within and outside the plasmasphere (Mourenas et al., 2017; Mourenas et al., 2021; X.‐J. Zhang et al., 2017).

Conjugate observations of EMIC waves near the magnetic equator and electron precipitation at low altitude
have confirmed the high efficiency of this electron loss mechanism above ∼1 − 2 MeV, but also demonstrated
the presence of simultaneous electron precipitation at lower energy, down to about ∼0.3 MeV (Angelopoulos
et al., 2023; Capannolo et al., 2019; Hendry et al., 2017; X.‐J. Zhang et al., 2021). This low energy electron
precipitation by EMIC waves was initially surprising, because the condition of cyclotron resonance with such
low energy electrons requires both a high plasma density and EMIC waves with much larger wave number and
frequency than the typical frequency of peak wave power in observations, probably in the hydrogen band
because hot plasma effects apparently prevent resonance with such low energy electrons in the helium band
(Angelopoulos et al., 2023; L. Chen et al., 2013). Statistics of EMIC wave power from the Van Allen Probes
have shown the presence of a finite tail of wave power at high frequencies nearly up to the proton
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gyrofrequency (X.‐J. Zhang, Li, Thorne, et al., 2016; X. Shi et al., 2024), which can indeed account for the full
observed energy spectrum of electron precipitation by EMIC waves (An et al., 2024; Angelopoulos et al., 2023).

Several theoretical and observational studies have suggested that EMIC wave‐driven electron precipitation could
significantly contribute to dropouts of relativistic electron flux in the heart of the outer radiation belt, which
consist of rapid (<10‐hr) and important (by more than a factor of 2 − 3) decreases of near‐equatorial electron flux
that mainly occur above ∼1 − 2 MeV (Boynton et al., 2017; Mourenas et al., 2016; Xiang et al., 2018; X. J.
Zhang, Li, Ma, et al., 2016). Observations of deepening minima of electron phase space density (PSD) during
dropouts are consistent with an important contribution of EMIC waves to such dropouts of multi‐MeV electrons
(Drozdov et al., 2022; Shprits et al., 2017; Xiang et al., 2018).

In the present paper, we use trapped electron flux measurements from the Combined X‐ray and Dosimeter (CXD)
instrument on board Global Positioning System (GPS) spacecraft on orbit at 20,000 km altitude with a 55°
inclination (Morley et al., 2016, 2017), which allow for a 2‐hr resolution, and simultaneous measurements of
precipitating and trapped electron fluxes by Electron Losses and Fields Investigation (ELFIN) mission CubeSats
on a polar orbit at 450 km altitude (Angelopoulos et al., 2020). We select events with a strong precipitating‐to‐
trapped electron flux ratio >0.25 peaking above 1 MeV at ELFIN, a telltale signature of EMIC wave‐driven
electron precipitation (Angelopoulos et al., 2023), and check their potential impact on trapped electron fluxes
at ∼0.2 − 2 MeV measured by GPS spacecraft on the same L‐shells. We only keep events with ELFIN obser-
vations of such characteristic EMIC wave signatures at L‐shells significantly lower than the minimum last closed
drift shell (LCDS) of trapped electrons, to exclude as much as possible an immediate effect of outward electron
loss (Albert et al., 2018; Olifer et al., 2021; Yu et al., 2012). The magnitude of electron flux dropouts recorded by
GPS spacecraft during the selected events is compared with the expected magnitude of EMIC wave‐driven
dropouts, estimated based on the corresponding electron pitch angle diffusion rates inferred from ELFIN mea-
surements, allowing us to quantitatively check the potential contribution of EMIC waves to such dropouts.

2. Analysis of the Impact of Strong EMIC Wave‐Driven MeV Electron Loss at ELFIN
on Electron Flux Dropouts at GPS Spacecraft
2.1. Events Selection

The main goal of the present study is to examine variations of trapped electron flux measured by GPS spacecraft at
200 − 2000 keV at a given, relatively high, equatorial pitch‐angle αeq,GPS on a given L, in the presence of a burst of
intense EMIC waves identified by a precipitating‐to‐trapped electron flux ratio jprec/ jtrap > 0.25 above 1 MeV, but
much smaller at low energies 0.2 − 0.3 MeV, recorded by ELFIN CubeSats at low altitude on the same L‐shell
(Angelopoulos et al., 2023).

Due to the high efficiency of EMIC wave‐driven electron pitch‐angle scattering toward the loss cone, a sudden
decrease of GPS trapped electron flux is expected to occur close in time to the EMIC wave burst, at energies and
equatorial pitch‐angles for which cyclotron resonance with EMIC waves is possible (Kersten et al., 2014;
Usanova et al., 2014). For an ideal quasi‐monochromatic EMIC wave at fixed frequency, this decrease of GPS
trapped electron flux is expected to occur at high αeq,GPS only at high electron energy. But in the more realistic
case of intense H‐band EMIC wave packets with a high‐frequency wave power tail (Angelopoulos et al., 2023; X.
Shi et al., 2024), a direct interaction of EMIC waves through cyclotron resonance with electrons at high αeq,GPS is
possible, and it can potentially lead to a decrease of the GPS trapped electron flux over a wide energy range (above
∼200 keV), although the flux decrease should still remain more important at higher electron energy.

However, another important mechanism of electron loss may be simultaneously present: magnetopause shad-
owing, which takes place when the magnetosphere is compressed by the solar wind and the magnetopause comes
closer to the Earth, allowing outward electron losses on open geomagnetic field lines (Morley et al., 2010; Olifer
et al., 2021; Shprits et al., 2006; Turner et al., 2013; West, 1979; Yu et al., 2012). The minimum L‐shell down to
which this mechanism of electron flux dropout can directly occur is called the minimum LCDS (Albert
et al., 2018; Yu et al., 2012). An estimate of the minimum LCDS location, denoted min(LCDS), can be obtained
using the LANL* neural network (Yu et al., 2012) with the TS05 magnetic field model (Tsyganenko & Sit-
nov, 2005). In the present study, it has been calculated from 12 hr before and up to 2 hr after the recording of
strong EMIC wave‐driven MeV electron precipitation by ELFIN. It provides an estimate of the minimum L‐shell
where outward electron loss due to magnetopause shadowing and outward radial diffusion by ULF waves could
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have immediately occurred during GPS electron flux observations. However, electron outward radial diffusion by
ULF waves toward the minimum LCDS may allow a subsequent electron loss down to lower L‐shells, about
∼0.5 − 1 Earth radius lower than min(LCDS), nearly down to the plasmapause after several hours of intense ULF
wave activity (Pinto et al., 2020; Turner et al., 2013). Such outward electron loss is stronger and more frequent
above ∼1 MeV where it can produce a steeper dropout of relativistic electron flux (Boynton et al., 2016, 2017)
than at 200–500 keV—quite similarly to EMIC wave‐driven electron loss (Angelopoulos et al., 2023).

Dropouts of electron flux due to magnetopause shadowing can occur just before (or after) EMIC wave bursts and,
therefore, can be mistaken for EMIC wave‐driven electron loss. However, electron losses due to magnetopause
shadowing and EMIC wave‐driven precipitation can also occur concurrently, leading to steeper dropouts of
relativistic electron flux than when only one of these two mechanisms is operating alone (Bruno et al., 2022;
Xiang et al., 2017). A previous statistical study of electron flux dropouts at L ∼ 4.2 observed by GPS satellites has
indeed suggested that a combination of magnetopause shadowing and EMIC wave‐driven electron losses is
probably frequent in the heart of the outer radiation belt (Boynton et al., 2017), with EMIC wave‐driven loss
modulating the magnitude of the full dropout. EMIC wave generation near noon is indeed favored by solar wind
dynamic pressure impulses (H. Chen et al., 2020; Ross et al., 2021), which compress the magnetosphere and
simultaneously reduce min(LCDS).

In the present study, we focus on seven events in 2020–2022 (see Table 1), which have been selected using the
following criteria: (a) ELFIN measurements of strong electron precipitation with jprec/ jtrap > 0.25 above 1 MeV
together with a much smaller jprec/ jtrap below 0.3 MeV (a telltale signature of EMIC wave‐driven precipitation)
performed at L ∈ [4, 7] where GPS spacecraft measure electron fluxes at not too low equatorial pitch‐angles, (b)
the L‐shells of ELFIN observations must be approximately ∼0.5 − 2.5 Earth radii lower than the minimum LCDS,
and (c) the difference between the average Dst during the two hours following ELFIN observations and the
average Dst from −12 hr to −4 hr before ELFIN observations must remain less than 20 nT. The criterion (c)
should ensure that the adiabatic Dst effect on the variation of the average electron flux between these two periods
(before and after ELFIN observations) remains weak (Kim & Chan, 1997). This variation of the average flux will
be used below for estimating the magnitude of flux dropouts. Therefore, the flux dropouts obtained through this
selection procedure should likely correspond to dropouts of electron phase space density (PSD). We did not
attempt to estimate the PSD from GPS omnidirectional flux measurements, because this would require using both
an empirical magnetic field model and an empirical electron pitch‐angle distribution (PAD) model (Kalliokoski
et al., 2023), which could lead to large errors during our particular events, since EMIC wave‐driven electron
precipitation can strongly modify the PAD at low to moderate equatorial pitch‐angles ≈ 20° − 50° compared with
an empirical PAD model (Usanova et al., 2014).

During these events, the magnetopause location given by the Shue et al. (1998) empirical model, based on solar
wind dynamic pressure Pdyn and North‐South interplanetary magnetic field (IMF) component Bz, was close to

Table 1
Date, Hour (UT) of ELFIN Observations of EMIC Wave‐Driven Electron Precipitation, Their L‐Shell Range, Minimum
LCDS Estimated by LANL* Neural Network, Times (in Hours From the Beginning of the Day) of Minimum LCDS and 1 − 2
MeV Electron Flux Dropout Measured by Global Positioning System (GPS) Spacecraft, Maximum Equatorial Pitch‐Angle
αeq,GPS at GPS Spacecraft, MLT and Minimum Lpp(Kp) (O’Brien & Moldwin, 2003) at ELFIN When No Plasmaspheric
Plume is Present, Storm Phase (M for Main, R for Recovery) and Average Dst (in nT) During the 2 hr Following ELFIN
Observations, and Maximum Solar Wind Dynamic Pressure Pdyn (in nPa) and Kp Index During the 3 hr Preceding ELFIN
Observations

Date (ELFIN) L LCDS tLCDS,tdropout αeq,GPS MLT Lpp Phase /Dst Pdyn Kp

2020‐11‐02, 15:19 6.5 − 7.0 9.1 6, 16 22° 11:30 4.5 R/ − 8 1.4 0

2021‐03‐13, 0:40 4.5 − 5.0 6.0 −0:22, 0 54° 18 4.5 R/ − 3 6.7 3

2021‐04‐19, 3:55 6.0 − 6.6 7 −2:10, 4 25° 16 4.3 M/ − 27 4.6 3.7

2021‐09‐08, 4:18 4.1 − 4.5 7 −0:10, 3 70° 11:30 3.8 R/ + 3 3.7 4

2022‐02‐27, 10:50 4.9 − 5.5 6.0 8, 10 46° 16:50 4.1 R/ − 2 6.2 3.7

2022‐04‐14, 11:30 4.8 − 5.2 5.9 6–10, 10 50° 15:40 3.9 M/ − 19 4.8 4.7

2022‐05‐01, 13:08 5.4 − 5.6 7.2 1:30, ‐‐ 33° 15:30 3.7 R/ − 9 1.5 1.7
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∼min(LCDS) + 2 (Albert et al., 2018). Here, L‐shell values are estimated as the mean of L(TS05) and L(dip)
(calculated using TS05 and dipolar magnetic field models, respectively) when they are close to each other (i.e., for
a weakly disturbed geomagnetic field), and as L(TS05) otherwise.

Among these seven selected events, six events led to a significant decrease of the average electron flux recorded
by GPS spacecraft at the same L‐shells as ELFIN observations during the two ensuing hours, compared with the
initial electron flux averaged between −12 and −4 hr before ELFIN observations (this averaging is performed to
mitigate natural oscillations of the flux). Such flux dropouts took place during the main or recovery phase of a
moderate geomagnetic storm. The 2 hr following ELFIN observations correspond to a moderate average Dst
similar to the average Dst from −12 to −4 hr before ELFIN observations. During these six events, the maximum
dropout of 1 − 2 MeV electron flux (i.e., the minimum flux) recorded by GPS spacecraft occurred ∼0 to 10 hr (on
average ∼3 hr) after the time of minimum LCDS, at L‐shells about 0.5–2.5 Earth radii lower than the estimated
min(LCDS) but still above the minimum plasmapause location Lpp(Kp) estimated using an empirical model
(O’Brien & Moldwin, 2003) valid in the absence of a plasmaspheric plume.

These results suggest that the actual minimum LCDS could have been lower than estimated by the LANL* neural
network and/or outward radial diffusion could have been sufficiently rapid to transport such MeV electrons from
low L‐shells above the minimum plasmapause location, up to the minimum LCDS. During one event, on 1 May
2022, there were ELFIN observations of EMIC wave‐driven electron precipitation without any flux dropout in
GPS data up to 2 MeV.

Table 1 further indicates that the minimum of 1 − 2 MeV electron flux at GPS spacecraft occurred between
∼90 min before and ∼40 min after (on average ∼30 min before) the strong EMIC wave‐driven electron pre-
cipitation above 1 MeV observed by ELFIN. This burst of intense EMIC waves is probably produced by the solar
wind dynamic pressure impulses that compressed the magnetosphere around the time of minimum LCDS, leading
to transverse ion heating and efficient noon‐side H‐band EMIC wave generation (H. Chen et al., 2020; Jun
et al., 2021). Indeed, a significant peak of solar wind dynamic pressure reaching Pdyn ∈ [3.7, 6.7] nPa was
recorded less than 3 hr before ELFIN observations during five of the seven events in Table 1. These EMIC waves
may also have been generated by ion injections occurring simultaneously with <300 keV electron injections
recorded by GPS spacecraft at those times. But for all events in Table 1, except for the first and last events, the
occurrence rate of H‐band EMIC waves derived from Van Allen Probes statistics (Ross et al., 2021) is higher for
the corresponding (L, Pdyn) range than for the corresponding (L, Kp) range given in Table 1. This suggests a more
probable EMIC wave generation through magnetosphere compression during these five events. It is likely also the
case for the first event in Table 1, with Kp = 0 and ELFIN observations at 11:30 MLT. During the last event in
Table 1, however, Kp and Pdyn are similarly low, suggesting that both magnetosphere compression and ion in-
jections played a role in generating EMIC waves near 15:30 MLT.

All the observed flux dropouts in Table 1 took ∼2 − 4 hr to reach the minimum flux. Since the typical duration of
EMIC wave bursts driven by magnetosphere compression in the noon‐dusk sector is of the order of ∼1 − 4 hr
(Angelopoulos et al., 2023; Blum et al., 2017, 2020; Usanova et al., 2008), and since the EMIC wave‐driven
electron precipitation recorded by ELFIN occurred less than 1.5 hr away from the time of minimum electron
flux observed at GPS spacecraft during these events, the concomitant generation of EMIC waves may have
increased electron loss and modulated the dropout magnitude and its extension in L‐shells, as suggested by a
previous statistical study (Boynton et al., 2017). Therefore, although EMIC waves may not be the main driver of
such 1 − 2 MeV electron flux dropouts, they could significantly contribute to such strong electron losses in the
immediate aftermath of magnetosphere compression and LCDS minimum.

2.2. A Typical Event

Figure 1 shows a typical event from Table 1, which took place on 27 February 2022. Figures 1a and 1b indicate
that there was a solar wind dynamic pressure impulse reaching Pdyn ∼ 6 nPa (black curve), and an North‐South
IMF component Bz reaching ∼−13 nT (blue curve), near 8:00 UT on 27 February, during the main phase of a
moderate geomagnetic storm with a minimum SYM − H ∼ −37 nT (green curve). The LCDS calculated using the
LANL* neural network with the TS05 magnetic field model decreased from L ∼ 11 to L ∼ 6 at 8 UT (purple
curve). At nearly the same time, a dropout of omnidirectional relativistic electron fluxes was recorded by GPS
spacecraft near the magnetic equator at L = 4.9 − 5.5 in Figure 1c, which reached its full magnitude near 10 UT.
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Part of this decrease of electron fluxes between 7 and 10 UT can be attributed to the Dst effect, which can
temporarily lead to an adiabatic flux decrease during the main phase of a storm, followed by an increase back to
the initial flux level when Dst (or equivalently, SYM − H) recovers to its initial nearly null level (Kim &
Chan, 1997). Here, Figure 1b shows that at 11–13 UT, SYM − H has already risen back to nearly 0 nT, a level
roughly comparable to its initial level from 0 UT on 26 February to 7 UT on 27 February. Therefore, the
magnitude of the net flux loss during this dropout can be determined by comparing the average final flux
measured by GPS spacecraft at 11–13 UT (i.e., during the 2 hr following ELFIN observations) with the average
initial flux between 23 UT on 26 February and 7 UT on 27 February (i.e., from −12 to −4 hr before ELFIN
observations), indicating a net drop of 0.6 − 2 MeV electron fluxes by factors of ∼1/4 to 1/ 10, but a marginal
decrease of 200 keV flux.

ELFIN measurements of trapped and precipitating electron fluxes, performed at 10:50 UT on the same L‐shells at
low altitude (450 km) and 16:50 MLT, are displayed in Figures 1d and 1e, with the corresponding L‐shell and
MLT indicated in Figure 1f. In particular, Figure 1e shows the ratio of precipitating to trapped electron fluxes,
jprec/ jtrap, measured by the two ELFIN CubeSats, demonstrating intense 1 − 2 MeV electron precipitation almost
reaching the strong diffusion regime jprec/ jtrap ≈ 1 (Kennel, 1969) at L ≃ 4.9 − 5.5 in the noon‐dusk sector, with
much lower jprec/ jtrap at lower energies. This is a telltale signature of EMIC wave‐driven electron precipitation
(Angelopoulos et al., 2023).

During this event, the electron flux dropout recorded by GPS spacecraft at L = 4.9 − 5.5 started at 8 UT, nearly at
the time when the LCDS reached its minimum value min(LCDS) ≃ 6, and 0.2 − 2 MeV electron fluxes measured
by GPS spacecraft near the magnetic equator reached their minimum level roughly 2 hr later, nearly simulta-
neously with ELFIN observations of intense EMIC wave‐driven 0.2 − 2 MeV electron precipitation into the
atmosphere on the same L‐shells. Since such EMIC waves were located in the noon‐dusk sector during a

Figure 1. (a) Solar wind dynamic pressure Pdyn (black) and Interplanetary magnetic field component Bz (blue). (b) SYM − H index (green) and LCDS (purple) around
dropout time calculated with the LANL* neural network, during the 26–27 February 2022 event. (c) Electron fluxes recorded by Global Positioning System spacecraft at
L = 4.9 − 5.5 during this event. The times of minimum LCDS and of ELFIN observations are indicated by vertical purple and blue lines, respectively. (d) Trapped electron
fluxes measured by ELFIN. (e) Ratio jprec/ jtrap of precipitating to trapped electron fluxes measured at low altitude by ELFIN. (f and g) MLT location (red) and L‐shell
(black) of ELFIN calculated using the TS05 magnetic field model.

Journal of Geophysical Research: Space Physics 10.1029/2024JA032984

MOURENAS ET AL. 5 of 16

 21699402, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JA

032984 by U
niversity O

f C
alifornia, Los, W

iley O
nline Library on [01/11/2024]. See the Term

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

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024JA032984&mode=


geomagnetic storm, and since intense electron precipitation was observed down to ∼0.2 MeV, it is probable that
this low‐energy electron precipitation by EMIC waves occurred at the plasmasphere boundary or inside a high
density plasmaspheric plume, where cyclotron resonance between low‐energy electrons and typical H‐band
EMIC waves is allowed by a high plasma frequency to gyrofrequency ratio fpe/ fce > 10 − 15 (Angelopoulos
et al., 2023). Therefore, this 27 February 2022 event suggests that intense EMIC wave‐driven electron precipi-
tation may contribute to dropouts of ∼0.5 − 2 MeV electron flux initially caused by magnetopause shadowing,
possibly helping their extension to L‐shells well below the minimum LCDS. Figures S1–S6 in Supporting In-
formation S1 show observations in the same format as in Figure 1 for the six other events in Table 1.

2.3. EMIC Wave‐Driven Electron Pitch Angle Diffusion Rates Inferred From ELFIN Measurements

In the following, we estimate the potential contribution of EMIC wave‐driven electron losses to the observed flux
dropouts. First, it is useful to estimate the maximum equatorial pitch‐angle αeq,GPS of electrons detected by GPS
satellites. GPS spacecraft provide omnidirectional electron flux data (Morley et al., 2016, 2017). As the local
geomagnetic field strength B(L) is available in GPS spacecraft data files, we use it below to infer the time‐
averaged maximum value, denoted αeq,GPS, of αeq = sin−1((B/ Beq))

1/ 2 in each case (again using the TS05
magnetic field model). The omnidirectional electron flux in the outer radiation belt is usually dominated by the
flux near this maximum equatorial pitch‐angle, because (a) the PAD usually exhibits a maximum at
αeq ∼ 60° − 90° below 2 MeV (Gannon et al., 2007; Greeley et al., 2024; R. Shi et al., 2016; Zhao et al., 2018;
Ozeke et al., 2022) and (b) the sin αeq factor within the integral of the directional flux that gives the omnidi-
rectional flux (e.g., see Roederer, 1970) assigns a higher weight to higher αeq values.

Next, we assume that electrons detected by ELFIN near the equatorial loss cone angle αeq,LC at various energies
EELFIN are precipitated into the atmosphere through cyclotron resonance with left‐hand polarized parallel H‐band
EMIC waves near the equator, where such waves are mostly present (Saikin et al., 2015; H. Chen et al., 2019).
This is a reasonable assumption, because H‐band EMIC waves often reach sufficiently high frequencies and wave
numbers for resonant interaction with 0.2–2 MeV electrons (Angelopoulos et al., 2023; An et al., 2024; Ross
et al., 2021; X. Shi et al., 2024; X.‐J. Zhang, Li, Thorne, et al., 2016; X.‐J. Zhang et al., 2021), whereas hot plasma
effects close to the helium gyrofrequency should prevent an efficient scattering of <2 MeV electrons by helium
band EMIC waves (Cao et al., 2017; L. Chen et al., 2013; X.‐J. Zhang et al., 2021). We further assume that
electron transport toward the loss cone can be approximately described by quasi‐linear diffusion theory, which is
expected to remain approximately valid in the presence of mainly short intense EMIC wave packets and wave
superposition (Angelopoulos et al., 2023; X. Shi et al., 2024), as in the case of intense chorus wave packets
(Artemyev et al., 2022).

Making use of previous approximate analytical formulations (validated by numerical calculations) of the bounce‐
averaged quasi‐linear diffusion rate Dαα of electrons by H‐band EMIC waves (Angelopoulos et al., 2023;
Mourenas et al., 2016), we can estimate the diffusion rate of electrons detected at GPS spacecraft,
Dαα (αeq,GPS,EGPS) , for cyclotron resonance with the same waves (of same frequency) at (EGPS, αeq,GPS) and
(EELFIN , αeq,LC), based on the diffusion rate Dαα (αeq,LC,EELFIN) inferred from ELFIN measurements of precip-
itating (averaged within the loss cone) and trapped (just above the loss cone) electron fluxes on the same magnetic
field line. Analytical estimates show that, as long as cyclotron resonance is possible with the same wave, Dαα

varies with electron energy and equatorial pitch‐angle like Dαα ∝ 1/ ( γ p cos2 αeq), with γ the relativistic Lorentz
factor and p the electron momentum (Angelopoulos et al., 2023; Mourenas et al., 2016). For electrons of different
energies and equatorial pitch‐angles αeq ≤ 70° in cyclotron resonance with the same H‐band EMIC wave at the
same low latitude λ < 10°, combining the resonance condition with the dispersion relation of EMIC waves shows
that p ⋅ cos αeq is nearly an invariant (Mourenas et al., 2016). This finally gives:

Dαα (EGPS, αeq,GPS)

Dαα (EELFIN , αeq,LC)
≈

(1 + 2EELFIN) ( E2
GPS + EGPS)

1/2

(1 + 2EGPS) (E2
ELFIN + EELFIN)

1/2 , (1)

where EELFIN is given by
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EELFIN ≈ (
1
4

+
cos2 αeq,GPS

cos2 αeq,LC
( E2

GPS + EGPS))

1/2

−
1
2

. (2)

The needed Dαα (EELFIN , αeq,LC) in Equation 1 is obtained by interpolation between the two Dαα (EELFIN,i, αeq,LC)

values directly inferred from ELFIN data (Mourenas et al., 2023, 2024) in the two energy channels EELFIN,i closest
to EELFIN . Note that energy, E, in Equations 1 and 2 and throughout the text, is in MeV. Since ELFIN energy
channels have a full width ΔE/E ≈ 40% (Angelopoulos et al., 2020, 2023), this procedure naturally accom-
modates errors smaller than ∼20% in the value of EELFIN inferred using the approximate Equation 2.

The precipitating to trapped electron flux ratio, jprec/ jtrap, measured by ELFIN CubeSats during each event over
20–60 s (Angelopoulos et al., 2023; Mourenas et al., 2021), is displayed (in red) in Figure 2 as a function of
electron energy. Here, jprec denotes the net precipitating flux, calculated by subtracting the upward flux from the
downward flux measured at ELFIN inside the local bounce loss cone—the upward flux serving as a proxy for the
electron flux backscattered into the loss cone by the atmosphere on the opposite end of the same geomagnetic
field line (Mourenas et al., 2021). The corresponding Dαα (αeq,LC,EELFIN) is also displayed (in gray). It is inferred
from jprec/ jtrap, assuming a quasi‐equilibrium PAD after minutes to hours of wave‐particle interactions, using the

approximate relationship z0 ≃ ( 104 + 260 jtrap/ jprec)
1/ 2

− 100 valid to within ∼25% when jprec/ jtrap < 0.87
(Mourenas et al., 2023, 2024), with z0 = 2αeq,LC/ (Dαα [αeq,LC]τB)

1/ 2 and τB the electron bounce period (Schulz &
Lanzerotti, 1974). The high levels of jprec/ jtrap ≈ 0.1 − 0.5 and Dαα (αeq,LC,EELFIN) > 10−4 s−1 at
EELFIN ∼ 0.6 − 1 MeV in Figure 2 strongly suggest that such EMIC wave‐driven electron precipitation is
occurring in a plasmaspheric plume, with a high plasma frequency to gyrofrequency ratio fpe/ fce > 15, because a
lower fpe/ fce would require a high EMIC wave power unrealistically close to the proton gyrofrequency (X. Shi
et al., 2024; Summers & Thorne, 2003; X.‐J. Zhang, Li, Thorne, et al., 2016). Plasmaspheric plumes are indeed
often observed in the noon‐dusk sector during the main and recovery phases of storms (Darrouzet et al., 2009;
Moldwin et al., 2004), the place and time of all ELFIN observations in Table 1.

Figure 2. For the seven events listed in Table 1, the ratio jprec/ jtrap of net precipitating to trapped electron flux measured at low altitude by ELFIN CubeSats is displayed
as a function of energy (in red), averaged over ∼15 − 30 spacecraft spins (i.e., 45–90 s), using data well above instrument noise level (>5 counts/s). The pitch‐angle
diffusion rate Dαα (αeq,LC , EELFIN) of electrons near the loss cone angle αeq,LC by H‐band EMIC waves, inferred from jprec/ jtrap measured at ELFIN using quasi‐linear
diffusion theory, is also shown for each event (in gray), as well as the corresponding pitch‐angle diffusion rate Dαα (αeq,GPS, EGPS) of electrons of higher equatorial pitch‐
angles αeq,GPS and higher energy EGPS scattered by the same H‐band EMIC waves on the same geomagnetic field line (in black). Such electrons are detected by Global
Positioning System spacecraft during the same events on the same geomagnetic field line, and their diffusion rate Dαα (αeq,GPS, EGPS) is inferred from the displayed
Dαα (αeq,LC , EELFIN) using Equations 1 and 2, as long as jprec/ jtrap does not start to increase toward lower energy.
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The diffusion rate Dαα (EGPS, αeq,GPS) of electrons at GPS spacecraft (scattered by the same H‐band EMIC waves
as electrons of lower energy and lower αeq measured by ELFIN on the same field line) is inferred from
Dαα (αeq,LC,EELFIN) using Equations 1 and 2 and displayed in Figure 2 (in black). If a minimum of jprec/ jtrap exists
at low to medium energy EELFIN , Dαα (EGPS, αeq,GPS) is calculated only above this minimum, because electron
precipitation at lower energy is likely due to whistler‐mode waves and not to EMIC waves (Angelopoulos
et al., 2023). Figure 2 shows that at a given energy, Dαα (EGPS, αeq,GPS) (in black) is smaller than
Dαα (αeq,LC,EELFIN) (in gray) and that this reduction is more important for a higher αeq,GPS, because cyclotron
resonance with electrons of higher αeq,GPS occurs with higher frequency H‐band EMIC waves, of lower intensity
(Angelopoulos et al., 2023; X. Shi et al., 2024). In fact, Equation 2 shows that cyclotron resonance of electrons at
αeq,GPS > αeq,LC with the same wave as electrons at (αeq,LC,EELFIN) occurs at a higher energy EGPS > EELFIN and
that the ratio EGPS/ EELFIN increases with αeq,GPS. The corresponding energy shift ΔE = EGPS − EELFIN is larger
for a higher αeq,GPS, as during the 2021‐09‐08, 2021‐03‐13, and 2022‐04‐14 events, resulting in a large positive
energy shift, by ΔE, of the black curve showing Dαα (EGPS, αeq,GPS) compared with the gray curve showing
Dαα (EELFIN , αeq,LC) . The main difference between Dαα (EGPS, αeq,GPS) and Dαα (EELFIN , αeq,LC) in Figure 2 is due
to this energy shift, with an additional multiplicative factor provided on the right‐hand‐side of Equation 1.

2.4. Can EMIC Wave‐Driven Electron Precipitation Explain Dropouts Measured by GPS Spacecraft?

Next, the drop in electron flux measured by GPS spacecraft during the 7 events in Table 1 is compared in Figure 3
with an estimate of the drop in electron flux produced by EMIC wave‐driven electron precipitation alone, which
can be derived from diffusion rates displayed in Figure 2. The drop in electron flux at GPS spacecraft is calculated
as the ratio jt2/ jt1 of the flux jt2(E) measured during the 2 hr following ELFIN observations of EMIC wave‐driven
MeV electron precipitation to the flux jt1(E) averaged between −12 and −4 hr before such ELFIN observations.

During the events in Table 1, the presence of intense H‐band EMIC waves has been deduced from the strong
1 − 2 MeV electron precipitation measured by ELFIN CubeSats. Such intense EMIC waves in the noon‐dusk
sector, probably mainly driven by magnetosphere compression at times of enhanced solar wind dynamic pres-
sure Pdyn, have a typical duration Δt ≈ 1 − 2 hr (Angelopoulos et al., 2023; Blum et al., 2017, 2020; Usanova
et al., 2008). Accordingly, the drop in electron flux produced by EMIC wave‐driven pitch‐angle diffusion toward

Figure 3. Electron flux decrease jt2/ jt1 (in black) observed by Global Positioning System spacecraft (i.e., ratio of the flux jt2 measured during the 2 hr following ELFIN
observations to the flux jt1 averaged between −12 and −4 hr before ELFIN observations), as a function of energy E during the seven events in Table 1. The
corresponding flux decrease ( jt2/ jt1)EMIC(Δt) produced by EMIC wave‐driven electron precipitation into the atmosphere (over 4 hr in MLT) is also shown for EMIC waves
present over a period of Δt = 1 hr (in blue) or of Δt = 2 hr (in red).
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the loss cone can be estimated over this typical duration Δt ≈ 1 − 2 hr, based on the diffusion rates Dαα (αeq)

inferred from ELFIN measurements in Figure 2. A useful analytical estimate of the corresponding lifetime τL of
electrons at (EGPS, αeq,GPS) has been derived by Albert and Shprits (2009). It can be approximately rewritten as a
function of Dαα (αeq,LC, EELFIN) and Dαα (EGPS, αeq,GPS) values provided in Figure 2, giving:

τL (αeq,GPS) ≈
ln(sin αeq,GPS/ sin αeq,LC)

4 Dαα (αeq,LC)
(1 +

tan αeq,LC Dαα (αeq,LC)

tan αeq,GPS Dαα (αeq,GPS)
), (3)

where τL and Dαα are taken at the same energy E. Assuming a realistic scaling of the form
Dαα = (cos αeq/ cos αeq,LC) A Dαα (αeq,LC), consistent with the more and more rapid decrease of resonant EMIC
wave power at frequencies higher than the frequency of peak power in EMIC wave statistics (Angelopoulos
et al., 2023; X. Shi et al., 2024), we checked that τL given by Equation 3 recovers numerically calculated lifetimes
(Albert & Shprits, 2009) within a factor of ∼1.5 when ( tan αeq,LC Dαα (αeq,LC))/ ( tan αeq,GPS Dαα (αeq,GPS)) varies
between 0.03 and 8, as for typical parameters in Figure 2.

It is reasonable to assume that intense EMIC wave‐driven precipitation is present over only ≈ 4 hr in MLT (i.e.,
over ∼1/6 of the azimuthal drift period of electrons), in agreement with statistical EMIC wave observations
(Blum et al., 2017; Kersten et al., 2014; Ross et al., 2021) and EMIC wave‐driven precipitation events (Capannolo
et al., 2019, 2021; Shekhar et al., 2017). After a burst of Δt ≈ 1 − 2 hr of electron pitch‐angle scattering by EMIC
waves toward the loss cone, the decrease of electron flux at αeq ∼ αeq,GPS should therefore correspond to a final to
initial flux ratio

(
jt2
jt1

)
EMIC

≈ exp(
−Δt

6 τL (E, αeq,GPS)
), (4)

with τL (E, αeq,GPS) given by Equation 3 based on ELFIN measurements alone.

Most EMIC‐wave‐driven pitch‐angle diffusion rates displayed in Figure 2 are at least three orders of magnitude
larger than typical MLT‐averaged diffusion rates due to whistler‐mode hiss or chorus waves at the same L‐shells
and αeq for E ∼ 1 − 3 MeV (Agapitov et al., 2018; Li et al., 2015, 2019), and also much larger than typical local
diffusion rates due to plume hiss (Li et al., 2019). Therefore, the dominant time‐averaged and MLT‐averaged
pitch angle diffusion of ∼1 − 3 MeV electrons at αeq ≤ αeq,GPS is likely due to EMIC waves over the several
hours, near the time of ELFIN observations, during which the electron flux dropout occurs. During that period,
( jt2/ jt1)EMIC given by Equation 4 should provide a good estimate of the drop of ∼1 − 3 MeV electron flux due to
precipitation by all the waves present at the same L in all MLT sectors.

Figure 3 provides a comparison between the flux decrease jt2/ jt1 observed by GPS spacecraft (in black) and the
expected flux decrease ( jt2/ jt1)EMIC(Δt) due to EMIC wave‐driven precipitation lasting Δt = 1 hour (in blue) to
Δt = 2 hours (in red), given by Equation 4, for each of the 7 events provided in Table 1, using τL = +∞ when
Dαα (αeq,GPS) is null or unavailable.

Figure 3 shows that, during the six events exhibiting electron flux dropouts, EMIC wave‐driven electron pre-
cipitation alone can account for a significant fraction of the observed flux decrease from 1.5 MeV to 2 − 3 MeV
for Δt = 1 hr, and can explain the full magnitude of this observed flux decrease for Δt = 2 hr during five of these
six events. These results demonstrate that EMIC wave‐driven electron precipitation can potentially control the
magnitude of electron flux dropouts at ∼1.5 − 3.0 MeV.

In addition, during two of the five events with dropouts down to ∼0.5 MeV, on 2021‐03‐13 and 2021‐09‐08,
EMIC wave‐driven electron precipitation alone can account for most of the observed flux drop from ∼0.5 MeV
up to 2 − 3 MeV. During four events, it can lead to a 20% flux drop at ∼0.6 MeV. This suggests that EMIC wave‐
driven electron precipitation can sometimes modulate the dropout magnitude down to unexpectedly low en-
ergy (∼0.5 MeV).

Note that the estimate ( jt2/ jt1)EMIC of the EMIC wave‐driven electron flux reduction, inferred from ELFIN
measurements, relies on the important assumption that the same H‐band EMIC waves, which likely drove the
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electron precipitation measured by ELFIN during ≈ 20 − 60 seconds, remained present during Δt ≈ 1 − 2 hr over
≈ 4 hr in MLT with a similar MLT‐averaged and time‐averaged wave power distribution in frequency as during
ELFIN observations. An actual MLT‐averaged and time‐averaged wave power smaller (higher) at high fre-
quencies than during ELFIN measurements would lead to a weaker (stronger) flux reduction at low energy than in
Figure 3, and a smaller (higher) MLT‐averaged and time‐averaged wave power at low frequencies would lead to a
weaker (stronger) flux reduction at high energy. In particular, a decrease of the MLT range where EMIC waves
are assumed to be present by a factor of 2 would be equivalent to a similar decrease of the assumed duration Δt of
these waves. The present estimate ( jt2/ jt1)EMIC also relies on the assumption that the electron plasma frequency to
gyrofrequency ratio remained approximately the same as during ELFIN observations over the ≈ 4 hours in MLT
where the waves are assumed to be present. A significantly lower plasma density would indeed prevent an
efficient precipitation of low energy electrons (Mourenas et al., 2016; Summers & Thorne, 2003). Finally,
Equation 3 is valid for a MLT‐averaged and time‐averaged H‐band EMIC wave power monotonically decreasing
from the peak power frequency toward higher frequencies, as expected based on EMIC wave statistics from the
Van Allen Probes (X. Shi et al., 2024). The above assumptions allow us to infer ( jt2/ jt1)EMIC from ELFIN
measurements of the precipitating‐to‐trapped flux ratio at various energies, because each Dαα (αeq,LC) inferred
from such measurements inherently contains all the information about the resonant wave power, plasma fre-
quency to gyrofrequency ratio, and ion composition (Angelopoulos et al., 2023).

During six of the seven events in Figure 3, there is a simultaneous increase of electron flux below 300 − 500 keV,
which likely corresponds to significant electron injections. Note that such injections may mask potential electron
losses due to EMIC waves in this low energy range.

During the remaining 2022‐05‐01 event, with no observed dropout, the estimated EMIC wave‐driven electron
loss is negligible below 2 MeV in agreement with observations, but it becomes significant at 2–3 MeV contrary to
observations. The electron flux measured by GPS spacecraft actually increases at all energies during this event,
but more at 3 MeV than at lower energies. This suggests the presence of both electron injections below 500 keV
and significant chorus wave‐driven electron acceleration in the dawn sector, where the minimum plasmapause
position is lower than the examined L‐shell (see Table 1).

Previous works have indeed shown that in the presence of both EMIC wave‐driven electron precipitation (in a
noon‐dusk plume) and chorus wave‐driven electron acceleration (in the dawnside trough), the electron flux j(E) at
αeq ≥ 45° should rapidly tend toward a steady‐state shape, jst(E), which represents an attractor for the system
dynamics (Hua et al., 2022; Mourenas et al., 2022, 2023). Therefore, the initial gradient ∂j(E)/∂E should control
the flux evolution over the next hours (Mourenas et al., 2022). If the initial flux decreases slower toward higher
energy than the steady‐state shape jst(E), the flux will drop at high E to assume this steady‐state shape (Mourenas
et al., 2016), but if the initial flux decreases faster than jst(E) the flux will instead increase at high E to assume this
shape (Mourenas et al., 2022, 2023).

Accordingly, it is important to examine the evolution of the electron flux at ∼1 − 2 MeV in the presence of both
EMIC and chorus waves (in different MLT sectors) during the events in Table 1, to check whether chorus wave‐
driven electron acceleration could have partly counterbalanced EMIC wave‐driven electron loss. Using the fair
approximation E(E + 1) ≃ (E + 1/2)

2 for E in MeV, the chorus wave‐driven electron energization rate, DEE, is
nearly independent of E in this energy range for quasi‐parallel waves (Mourenas et al., 2012). Assuming that the
effective time‐averaged electron lifetime τL,ef f is roughly constant in this energy range, the steady‐state solution to
the Fokker‐Planck equation (Horne et al., 2005) describing the evolution of the electron distribution function at
αeq > 30° corresponds to a steady‐state flux jst(E) given by (Mourenas et al., 2014, 2022):

jst(E)

jst(1 MeV)
≃ E ⋅ exp(−

(E − 1)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
τL,ef f DEE

√ ), (5)

for E ∈ [1,2] MeV, with DEE ≃ 2 B2
w f 3/ 2

ce f 1/ 2/ f 3
pe hour−1, where B2

w (in pT2) is the MLT‐averaged chorus wave
power at magnetic latitudes λ ≤ 10°, f is the wave frequency, fpe the plasma frequency, and fce the equatorial
gyrofrequency (Agapitov et al., 2019). For typical parameters at L ≈ 4.5 − 6.5 during active periods with Kp ≈ 5
favoring electron acceleration (B2

w ∼ 1002 pT2, fpe/ fce ∼ 4, and f / fce ∼ 0.25), we get DEE ≃ 6 ⋅ 10−5 × L3 hour−1
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(Agapitov et al., 2018, 2019; Wong et al., 2024). Since a dropout of electron flux takes ∼2 − 4 hr and intense
noon‐dusk EMIC waves due to magnetosphere compression typically last Δt ∼ 1 − 2 hr, EMIC waves are
assumed to be present half of the time during a dropout, over 4 hr in MLT, giving an effective lifetime
τL,ef f ≃ 12 τL(1.5 MeV) at 1 − 2 MeV, with τL given by Equation 3.

Figure 4 shows the final normalized electron flux jt2(E)/ jt2(1 MeV) measured by GPS spacecraft (black), the final
normalized flux due to EMIC wave‐driven loss alone ( ( jt2/ jt1)EMIC ⋅ jt1)E/ ( ( jt2/ jt1)EMIC ⋅ jt1)1 MeV for Δt = 1 hr
(blue) and Δt = 2 hr (red), and the steady‐state normalized flux jst(E)/ jst(1 MeV) (green) estimated using
Equation 5, during all events in Table 1. It is worth noting, however, that the steady‐state normalized flux
jst(E)/ jst(1 MeV) given by Equation 5 is strictly valid, in principle, only for αeq,GPS > 30°, because the actual ratio
j(2 MeV)/ j(1 MeV) can strongly decrease at αeq < 30° in the presence of strong chorus wave‐driven electron
energy diffusion, while it usually remains roughly constant at αeq > 30° (Li et al., 2014).

Figure 4 shows that during five of the six events with observed dropouts in Table 1 both the final normalized flux
measured by GPS spacecraft (black) and the final normalized fluxes due to EMIC wave‐driven loss alone (blue
and red) are less steeply decreasing toward higher energy than the normalized flux of the steady‐state attractor
(green), or are decreasing roughly similarly to the normalized flux of the steady‐state attractor (as for Δt = 2 hr
during the 2022‐04‐14 event). This means that five of these six dropouts of 1.5 − 2 MeV electron flux measured
by GPS spacecraft can really be produced by EMIC waves alone, even in the presence of strong chorus wave‐
driven electron acceleration, due to the very fast losses. The exception is the 2020‐11‐02 dropout event. This
particular event corresponds to the lowest αeq,GPS value (22°) in Table 1. As noted above, the actual ratio
j(2 MeV)/ j(1 MeV) may strongly decrease at such low αeq < 30° in the presence of chorus wave‐driven electron
energy diffusion compared to the steady‐state ratio jst(2 MeV)/ jst(1 MeV) estimated for αeq > 30° in Equation 5,
potentially by up to a factor of ≈3 − 5 (Li et al., 2014), which could decrease the normalized flux of the steady‐
state attractor (green) at 2 MeV below the final normalized flux measured by GPS spacecraft (black) during the
2020‐11‐02 event in Figure 4. Moreover, the extremely low Kp = 0.0 − 0.7 over the 12 hr preceding ELFIN
observations on 2020‐11‐02 suggests the presence of only very weak chorus wave power, which would rule out
significant electron energy diffusion and exclude the existence of a steady‐state attractor jst(E) during this event.
The only other event with αeq,GPS < 30° is the 2021‐04‐19 event, with αeq,GPS = 25°, for which the normalized flux
of the steady‐state attractor at 2 MeV (green) may also be overestimated in Figure 4.

Figure 4. Final normalized differential electron flux jt2(E)/ jt2(1 MeV) measured by Global Positioning System spacecraft (black), final normalized differential electron
flux due to EMIC wave‐driven loss alone ( ( jt2/ jt1)EMIC ⋅ jt1)E/ ( ( jt2/ jt1)EMIC ⋅ jt1)1 MeV for Δt = 1 hr (blue) and Δt = 2 hr (red), and steady‐state attractor normalized
differential electron flux jst(E)/ jst(1 MeV) (green), as a function of E during all events.
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The estimated final flux (blue) is also in good agreement with measurements (black) during the 2021‐04‐19,
2021‐09‐08, 2022‐02‐27, and 2022‐04‐14 events in Figure 4. This good agreement is especially noticeable for the
2022‐02‐27 and 2022‐04‐14 events exhibiting a strong flux drop at 1.5 − 2 MeV compared to 1 MeV, and it is
then due to the good agreement, in Figure 3, between the measured flux decrease at 1 − 2 MeV and the expected
flux decrease due to EMIC waves. During the 2021‐04‐19 and 2021‐09‐08 events, as the measured flux decreases
by a similar fraction at 1 MeV and at 1.5 − 2 MeV, the final measured jt2(E)/ jt2(1 MeV) remains the same as the
initial jt1(E)/ jt1(1 MeV) and it also remains close to the estimated flux ratio when including the weak EMIC wave
effects found in Figure 3 during these two events. On 2021‐03‐13, the measured final flux (black) is less steeply
decreasing than the estimated final flux (blue) in Figure 4. This suggests that the most intense EMIC waves in
cyclotron resonance with 2 MeV electrons during this event may have been four times more short‐lived than the
weaker waves in resonance with 1 MeV electrons.

During the 2022‐05‐01 event, the final measured flux (black) is slightly more steeply decreasing toward higher
energy at 1 − 2 MeV than the steady‐state attractor shape (green), although close to the estimated final flux due to
EMIC waves alone (blue). In such a case, chorus wave‐driven electron acceleration may have prevented an EMIC
wave‐driven electron flux drop and instead produced the slight increase of 1.5 − 2 MeV electron flux observed
during this event (see Figure 3).

During the 2020‐11‐02 and 2022‐04‐14 events, the precipitating‐to‐trapped electron flux ratio jprec/ jtrap reaches a
minimum at 300 keV in Figure 2. Since the strong EMIC wave‐driven electron precipitation at E ≤ 1 MeV
suggests that these events took place inside a plasmaspheric plume, this minimum of jprec/ jtrap could be due to the
simultaneous presence of whistler‐mode hiss waves (Su et al., 2018; W. Zhang et al., 2019). Such hiss waves can
indeed provide stronger electron pitch‐angle scattering toward the loss cone at 100–200 keV than at higher energy
at L > 4 (Li et al., 2015, 2019; Ma et al., 2021; Mourenas et al., 2017). Contrary to higher frequency chorus waves,
hiss waves are inefficient at energizing electrons (Kennel & Petschek, 1966; Mourenas et al., 2023). Therefore, a
combination of EMIC and hiss wave‐driven diffusion can easily lead to dropouts of whole electron populations up
to high equatorial pitch‐angles (Mourenas et al., 2016).

3. Conclusions
The effects of EMIC waves on the dynamics of trapped electron fluxes in the Earth's outer radiation belt has long
been a topic of intense research. However, the contribution of EMIC wave‐driven electron losses to rapid
dropouts of electron flux recorded during disturbed periods has not yet been determined. In the present paper,
contemporaneous measurements, on the same L‐shell, of trapped electron flux at 20,000 km altitude by GPS
spacecraft and of trapped and precipitating electron fluxes at 450 km altitude by ELFIN CubeSats, have been used
for investigating the contribution of EMIC wave‐driven electron precipitation to electron flux dropouts recorded
well below the LCDS of trapped electrons, where electron loss due to magnetopause shadowing may not explain
the full magnitude of dropouts.

During six of the seven selected events, the strong 1–2 MeV EMIC wave‐driven electron precipitation detected in
the noon‐dusk sector at low altitude by ELFIN takes place within 1–2 hr of a dropout of relativistic electron flux
recorded at high altitude by GPS spacecraft. Quasi‐linear diffusion theory has been used to infer EMIC wave‐
driven electron pitch angle diffusion rates from ELFIN measurements of precipitating and trapped electron
fluxes during these events. Such inferred pitch angle diffusion rates allowed us to provide quantitative estimates
of the electron flux drop due to EMIC wave‐driven precipitation alone, based on the typical spatial and temporal
scales of EMIC waves.

During all events, we showed that EMIC wave‐driven electron precipitation alone may have been sufficient to
account for the full magnitude of the observed dropout at 1.5–3 MeV. During 40% of the events with dropouts
extending to low energy, we found that a fraction of electron losses at 0.5 − 1 MeV may sometimes be also
due to scattering by EMIC waves, together with outward radial diffusion toward the LCDS. In addition, we
showed that the contemporaneous presence of chorus wave‐driven electron acceleration in a low density
region in the dawn sector cannot have counterbalanced EMIC wave‐driven electron loss in a noon‐dusk sector
plume during events with observed strong dropouts, but that it might explain why a flux increase was
observed instead of a flux drop during another event. The present results therefore suggest that EMIC wave‐
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driven electron precipitation may often modulate dropout magnitude above 1 MeV in the heart of the outer
radiation belt.

Comprehensive spacecraft statistics of the spatial and temporal extents of EMIC waves will be needed in the
future to obtain more precise estimates of their impact on dropouts, especially below 1 MeV. The applicability of
quasi‐linear diffusion theory for describing electron transport toward the loss cone through interactions with
EMIC waves should also be examined in more detail.

Data Availability Statement
Electron fluxes measured by ELFIN are available in CDF format (ELFIN, 2024). Los Alamos National Labo-
ratory CXD data of electron flux from GPS spacecraft are available from NOAA (GPS, 2024). The LANL* code
is freely available (LANL* CODE, 2024). OMNI data of Sym − H, Kp, IMF Bz, and Pdyn are available from the
Kyoto World Data Center for Geomagnetism (WDC FOR GEOMAGNETISM, 2024). The data was retrieved and
analyzed using PySPEDAS and SPEDAS, see Angelopoulos et al. (2019).
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