
1.  Introduction
Recent observations by Van Allen probes have revealed the concurrent dropout of hundreds of keV ring current 
protons and MeV radiation belt electrons (Gkioulidou et al., 2016; Turner et al., 2014; Zhao et al., 2016). The 
fundamental question is where these energetic particles go during the dropout. Two main loss mechanisms have 
been identified in the previous studies for radiation belt electron dropouts (e.g., Morley et  al.,  2010; Shprits 
et al., 2016; Tu et al., 2014; Xiang et al., 2017), which include magnetopause shadowing (MPS) due to solar wind 
compression of the magnetopause combined with outward radial diffusion of electrons driven by Ultra-Low-Fre-
quency (ULF) waves (e.g., Tu et al., 2019; Turner et al., 2012), and pitch angle scattering into the atmosphere by 
the interaction with electromagnetic ion cyclotron (EMIC) waves (e.g., Blum et al., 2015; Capannolo et al., 2019; 
Kersten et al., 2014; Usanova et al., 2014; Zhang et al., 2016). Theoretically, both mechanisms are also efficient 
in driving the fast loss of energetic protons at hundreds of keV to MeV energies in the ring current, which are 
usually co-located with the radiation belt electrons.

The latter mechanism known as EMIC wave scattering is the focus of this study and has been proved to be 
responsible for the fast loss of both energetic electrons and protons (Engebretson et al., 2018; Ni et al., 2022). For 
radiation belt electrons, Ma et al. (2015) used a 3-D diffusion code to simulate the evolution of energetic electron 
flux during a 10-day quiet period and found that EMIC waves are required to reproduce the decay of >1 MeV 
electron fluxes. Zhang et al. (2016) presented the direct and quantitative evidence of EMIC wave-driven relativis-
tic electron loss in the Earth's radiation belts by comparing their model results and the local observations of pitch 
angle distributions during a dropout event. For the protons, Jordanova et al. (2001, 2008) modeled the ring current 
proton precipitation by including EMIC waves during geomagnetic storm periods and their results generally show 
good agreement with the observations. Usanova et al. (2010) analyzed the EMIC wave excitation during a storm 
event using the ground and multi-satellite measurements and the results indicated that EMIC waves efficiently 
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accounted for the localized precipitation of protons with energies >30 keV. During the dropout events, the parti-
cle fluxes decrease and the EMIC waves may occur within a short timescale. Whether the same EMIC wave burst 
could be the dominant contributor to the simultaneous fast loss of both electrons and protons remains a question.

A few comparative studies have revealed the concurrent precipitation between the radiation belt electrons and 
ring current protons (Carson et al., 2012; Engebretson et al., 2015). Miyoshi et al. (2008) showed the coincident 
precipitation of tens of keV ions and relativistic electrons on 5 September 2005 based on the unique set of ground 
and satellite measurement. Usanova et al.  (2014) reported simultaneous 30–800 keV proton precipitation and 
narrowing of multi-MeV electron pitch angle distributions toward 90° due to the interaction with EMIC waves 
during a moderate geomagnetic storm on 11 October 2012. Since the previous works discussed above are either 
qualitative or only focus on one particle population, a comprehensive comparative study is needed to quanti-
tatively understand the role of EMIC wave scattering in the simultaneous dropout of energetic electrons and 
protons. In this paper, for the first time, we model the fast particle loss due to EMIC wave scattering using the Van 
Allen Probes observations during the geomagnetic storm in February 2014, to quantify the role of EMIC wave 
scattering in the simultaneous dropout of radiation belt electrons and ring current protons.

2.  Event Analysis
Van Allen Probes provide detailed in situ measurements of both particles and plasma waves in the Earth's inner 
magnetosphere (Mauk et  al.,  2013). Electron fluxes measured by the Magnetic Electron Ion Spectrometer 
(MagEIS) (Blake et al., 2013) and Relativistic Electron Proton Telescope (REPT) instruments (Baker et al., 2013) 
are used in this study. The MagEIS instrument measures electrons over the energy range of ∼30 keV to ∼4 MeV, 
while the REPT instrument measures highly energetic electrons with an energy range of ∼1.5–20 MeV. Ener-
getic proton fluxes used in the present work are from the measurements of the Radiation Belt Storm Probes Ion 
Composition Experiment (RBSPICE) instrument (Mitchell et al., 2013) with an energy range of 10–600 keV. In 
addition, the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument with 
high time resolution (64 sample/s) triaxial fluxgate magnetometers (Kletzing et al., 2013) provides the EMIC 
wave measurements in our analysis.

Figure 1 presents an overview of the energetic electron (left column) and proton (right column) flux evolution 
from 09 UT on February 27 to 12 UT on 28 February 2014. Figures 1a1–1c1 show the electron fluxes at different 
energies of 1.08, 1.8, and 4.2 MeV as a function of time and dipole L shell, measured by MagEIS and REPT 
instruments onboard Van Allen Probes. 121, 220, and 328 keV proton fluxes measured by the RBSPICE instru-
ment are plotted in the same way, as shown in Figures 1a2–1c2. The Dst index is shown in Figures 1g1 and 1g2, 
which indicates the storm commencement at ∼18:00 UT on February 27. The observed fluxes for MeV electrons 
and 100s keV protons exhibited simultaneous dropout outside L = 3.3 during the inbound of both probes at the 
end of February 27. The equatorial pitch angle distributions of 1.8 MeV electrons and 220 keV protons meas-
ured by two probes are shown in Figures 1d1, 1e1, 1d2, and 1e2, respectively, with the equatorial pitch angles 
calculated from local pitch angles using the TS04 magnetic field model (Tsyganenko & Sitnov, 2005). The flux 
measurements of electrons and protons generally have a good coverage over all equatorial pitch angles, except for 
some data gaps close to 90° during the storm main phase.

The two red dashed lines in the top three panels on both sides of Figure 1 mark the 1-hr period when EMIC waves 
are observed (Figure 2). Figure 2a shows the magnetic field power spectral density and Figure 2b shows the inte-
grated EMIC wave amplitude for hydrogen-band (H-band) and helium-band (He-band) measured by Van Allen 
Probe A during 20:00–21:00 UT on 27 February 2014. The information of latitude, L* from the TS04 model, L, 
and MLT along the orbit is shown at the bottom of Figure 2b. For the 1-hr EMIC wave observations, the MLT 
spans from 13.0 to 13.9 and the L shell changes from 5.4 to 4.6. The EMIC waves are shown to have strong wave 
power in the He-band frequencies and moderate wave power in the H-band at higher L during ∼20:10-20:30 UT, 
followed by intense wave power in both H-band and He-band frequencies during ∼20:40–21:00 UT. To quantify 
the effect of EMIC wave scattering, we selected the most intense wave activities located at L ∼ 5.2, as denoted by 
the two dashed vertical magenta lines in Figures 2a and 2b. Then to analyze the evolution of both electrons and 
protons before and after the observed waves, we obtained the electron and proton measurements by two probes 
when they traveled to the same L shell as the EMIC waves (at L = 5.2 as illustrated by the blue horizontal lines 
in Figures 1f1 and 1f2), first by Probe B as marked by the dotted lines in Figures 1d1 and 1d2, then by Probe 
A at 40 min later marked by the dashed lines in Figures 1e1 and 1e2. The detailed phase space density (PSD) 
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evolutions of electrons and protons are shown in Figures 3a and 3e. Each panel shows the observed PSD versus 
equatorial pitch angle profiles with different colors representing different energies of particles. The dotted curves 
are the measurements made by probe B at L ∼ 5.2 at ∼19:50 UT, which is before the EMIC wave observation 
and taken as the initial condition of our simulation which will be described in the next section. The dashed curves 
show the distributions observed by Probe A, which is 40 min later when it crossed the same L shell and observed 
strong EMIC waves. Figure 3a shows that the electron PSD drops over a wide range of equatorial pitch angles 
with more significant losses at higher energies. Figure 3e shows that the concurrent proton PSD dropout only 
occurs at high equatorial pitch angles especially at energies above 200 keV, while at energies of 182–331 keV the 
proton PSD are observed to increase at lower pitch angles below ∼75°.

3.  Simulation Results
To simulate the PSD evolution of both populations, we performed a 2-D pitch angle and energy diffusion simu-
lation by solving the Fokker-Planck equation (Ma et al., 2012). Diffusion coefficients driven by the observed 
H-band and He-band EMIC waves at L ∼ 5.2 (shown between the two vertical magenta dashed lines in Figure 2a) 
for both electrons and protons are calculated using the Full Diffusion Code (Ma et al., 2019). We use the observed 
EMIC wave frequency spectrum averaged during 20:16–20:20 UT. The total electron density is 180 cm −3, and 

Figure 1.  Panels a1–c1: Flux of (a1) 1.08 MeV, (b1) 1.8 MeV, (c1) 4.2 MeV electrons with 90° local pitch angle versus time and L measured by MagEIS and REPT 
instruments onboard Van Allen Probes (RBSP) from 02-27/09 UT to 02-28/12 UT in 2014. Panels a2–c2: Flux of (a2) 121 keV, (b2) 220 keV, (c2) 328 keV protons 
with 90° local pitch angle versus L and time measured by RBSPICE instrument during the same time period as of electrons. Panels d1, e1, d2, and e2: Evolution of 
equatorial pitch angle distributions of 1.8 MeV electrons (left) and 220 keV protons (right) measured by Van Allen Probe B (d1 and d2) and A (e1 and e2). Panels f1 
and f2: L shells of Van Allen Probe B (red) and A (black). Panels g1 and g2: Dst index. The two dark red dashed lines in panels a1–c1 and a2–c2 correspond to the 
period marked in Figures 2a and 2b when electromagnetic ion cyclotron (EMIC) waves were observed. The magenta dotted lines in panels d1, d2, f1, and f2 indicate the 
time before EMIC waves were observed when the equatorial pitch angle distributions of electrons (left) and protons (right) observed by Probe B at L = 5.2 were used in 
the modeling, while the dashed lines represent the time after EMIC waves were observed when Probe A traveled to the same L.

L=5.2 L=5.2
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the proton gyrofrequency at the equator is 2.8 Hz. The resonance number in the calculation spans from −5 to 5 
including the Landau resonance. The observed intense EMIC waves were assumed to have 2 hr coverage in MLT 
for both H-band (∼0.5 nT) and He-band (∼1.5 nT) waves. The cold ion composition was assumed to be 90% 
H +, 5% He + and 5% O +. We used the latitudinally varying wave normal angle distribution from Ni et al. (2015), 
which changes from field-aligned at the equator to more oblique at higher latitudes up to 40°. The waves were 
also assumed to be located below the latitudes where the wave frequencies are equal to the crossover frequency.

Figure 2.  Electromagnetic ion cyclotron (EMIC) wave observations during 20:00–21:00 UT on February 27 by Van Allen 
Probe A. (a) EMIC wave magnetic field spectral density. (b) The integrated EMIC wave amplitudes for Hydrogen-band 
(H-band, black) and Helium-band (He-band, red). (c–f): Bounce-averaged pitch angle (<Dαα>) diffusion coefficients of 
electrons (panels c and d) and protons (panels e and f) for each band of EMIC waves, with the hydrogen band on the left and 
the helium band on the right. The white lines in panel (a) denote the equatorial proton and helium gyrofrequencies. The two 
dashed vertical magenta lines in panels (a and b) indicate the period of waves used for the calculation of diffusion coefficients 
shown in panels (c–f). The region above the horizontal red dashed line in panel (f) marks the energies focused on (>100 keV 
protons) in this study.
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The calculated bounce-averaged pitch angle diffusion coefficients <Dαα> due to different bands of EMIC waves 
for both electrons and protons are shown in Figures 2c–2f. The <Dαα> are plotted as a function of equatorial pitch 
angle and energy. The He-band EMIC wave diffusion rates for electrons and protons are shown to be higher than 
the H-band diffusion rates due to the higher wave intensity observed in the He-band than the H-band (Figure 2a). 
Although EMIC wave power close to the ion gyrofrequencies was observed, the peak wave power was at lower 
frequencies; therefore, Figure 2d shows that the rapid pitch angle diffusion of electrons is confined to MeV ener-
gies with a timescale shorter than a few minutes, which is consistent with previous studies (e.g., Li et al., 2007; 
Usanova et al., 2014; Zhang et al., 2016). At energies below ∼5 MeV, the diffusion rates of electrons are larger 
at lower equatorial pitch angles and smaller at equatorial pitch angles closer to 90°. It means faster loss at lower 
pitch angles, and a 90°-peaked pitch angle distribution would be formed. On the other hand, Figure 2f shows 
that the He-band <Dαα> of protons at low pitch angles is peaked at tens of keV energy. Since the proton dropout 
was mainly observed at hundreds of keV during this event, we focus on the diffusion coefficients above 100 keV 
(marked by the red dashed line in Figure 2f). The <Dαα> is found to be highest at 60–80° equatorial pitch angles 
at 0.1–1 MeV energies, and the pitch angle of peak <Dαα> is higher at higher energies.

The drift periods of MeV electrons and hundreds of keV protons at L = 5.2 are on the timescale of a few minutes 
and tens of minutes, respectively. To perform a 40-min Fokker Planck simulation, we considered the MLT cover-
age of EMIC waves and scaled the diffusion rates accordingly. For the boundaries of the simulation, we used 
zero-gradient boundary conditions at pitch angles of 0° and 90° for the pitch angle operator, and the observed 
PSDs at lower energy (100 keV) and upper energy (electron: 10 MeV; proton: 1 MeV) boundaries. The initial 
conditions used in the model are the pitch angle distribution of the PSD data measured by Van Allen Probe B for 
electrons and protons, shown as the dotted curves in Figure 3. Figures 3b–3d present the simulated electron PSD 
at times of t = 5, 20, and 40 min respectively of the model run denoted by the solid curves. The dashed curves in 
Figures 3d and 3h correspond to the final observed PSD distributions at t = 40 min. For electrons, we find that 
the simulated PSD evolutions show faster losses at higher energies and 90° peaked pitch angle distributions after 
the losses. Comparing the modeled PSD and observations at t = 40 min (solid and dashed curves in Figure 3d), 
we can see our model well reproduced the dropout features of electrons at energies >1 MeV and equatorial 
pitch angle <75°. We also noticed that the model underestimated the PSD loss of 742 and 1,081 keV electrons. 
Therefore, we checked the whistler-mode wave observations and found that the plasmaspheric hiss were observed 
simultaneously (not shown) with the EMIC waves, which could potentially drive the additional loss of lower 
energy (742 and 1,081 keV) electrons. The hiss waves could also reduce the electron PSD at ∼90° pitch angle and 

Figure 3.  Panels (a and e): Observed (a) electron and (e) proton pitch angle distributions by Van Allen Probes at L = 5.2 
at t = 0 and 40 min. Solid lines in panels (b–d and f–h): Modeled Evolution of electron (b–d) and proton (f–h) pitch angle 
distributions due to the interaction with electromagnetic ion cyclotron waves at the simulation times of t = 5, 20, 40 min, 
respectively. Initial distributions at t = 0 are shown as dotted curves in all the panels, and final observations at t = 40 min are 
plotted as dashed curves in panels (d and h).

 19448007, 2022, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L101041 by W
est V

irginia U
niversity, W

iley O
nline Library on [21/12/2022]. See the Term

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

iley.com
/term

s­and­conditions) 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



Geophysical Research Letters

LYU ET AL.

10.1029/2022GL101041

6 of 8

form a more flattened pitch angle distribution at several MeV energies (Ma et al., 2015). Figures 3f–3h show the 
modeled PSD evolution of 100s keV protons at the same times as the electrons. The loss of the simulated proton 
PSD is faster at higher pitch angles and the pitch angle anisotropy is gradually reduced from the initial condition 
at each energy. The comparison between the model results and observations at t = 40 min show good agreement 
at proton energies >200 keV and pitch angles >40° in terms of both the PSD level and the pitch angle distribu-
tion shape. At 182 keV energy, the observation shows a large PSD enhancement at pitch angles <75°, which is 
underestimated by the simulation. This could be due to some additional source (such as injection) of <200 keV 
protons during the storm main phase that is not included in the model. However, our simulation suggests that the 
evolution of higher energy protons (>200 keV) is mainly caused by resonant interaction with EMIC waves during 
the 40-min interval.

4.  Conclusions and Discussions
Using high-resolution particle and wave measurements from Van Allen Probes, we reported the simultaneous 
dropout of MeV radiation belt electrons and 100s keV ring current protons observed on 27 February 2014, and 
then analyzed the relevance of the dropout with the observed EMIC waves (only H-band and He-band EMIC 
waves were detected). Taking advantage of the dual-probe observations during this event, we investigated the 
energy and pitch angle dependence of the local losses of both energetic electrons and protons at L ∼ 5.2, where 
the most intense EMIC waves were observed. The Van Allen Probe B was ∼40 min ahead of Probe A when trave-
ling through L ∼ 5.2 along the inbound orbit. Comparing the equatorial pitch angle distributions measured by the 
two probes, we found that the fast dropout of electrons happened mainly at small to intermediate equatorial pitch 
angles (<75°) and MeV energies, and the dropout of protons occurred mainly at high pitch angles (closer to 90°) 
and several hundred keV energies. The signatures of electron flux dropout are consistent with the loss features 
induced by EMIC waves as predicted by previous modeling studies (e.g., Li et al., 2007; Zhang et al., 2016).

To quantify the effects of EMIC wave scattering in the observed simultaneous dropouts of energetic electrons 
and protons, we implemented a 2-D pitch angle and energy diffusion model based on the quasilinear theory to 
simulate the PSD evolution of both populations caused by the observed waves. First, event-specific diffusion 
coefficients for electrons and protons are calculated using the observed H-band and He-band EMIC wave power 
spectra by Van Allen Probe A. The diffusion rates due to He-band EMIC waves are found to be higher than 
the diffusion rates due to H-band EMIC waves. The bounce-averaged diffusion coefficients <Dαα> driven by 
He-band EMIC waves show that the electron diffusion rate is larger at lower equatorial pitch angles and higher 
energies up to ∼5 MeV. The diffusion rates of protons at energies higher than 100 keV are shown to be larger at 
intermediate pitch angles (e.g., ∼60°–75° for 200 keV protons) and smaller on both the low and high ends of the 
pitch angle range. These theoretical features match the particle observations mentioned above.

Using the equatorial pitch angle distributions of particles measured by Van Allen Probe B as the initial conditions 
and setting up proper boundary conditions, we performed the simulation for the dropout of both radiation belt 
electrons and ring current protons. The detailed simulation results show that the model well reproduces the drop-
out of electrons with energies of >1 MeV and equatorial pitch angles <75°. Hiss wave scattering may contribute 
to the additional loss of electrons at energies below ∼1  MeV and pitch angles close to 90°. The concurrent 
dropout of protons with energies >200 keV and equatorial pitch angle >40° are also well explained by the EMIC 
wave scattering. The underestimation of the 182 keV proton PSD is possibly due to some additional source (like 
injection) during the storm main phase. The magnetopause shadowing may have a weaker effect on the particle 
loss than EMIC wave scattering at L ∼ 5.2 during this event, because the last closed drift shell was at higher L 
shell values than the Van Allen Probes' orbit (Xiang et al., 2017). We have also investigated observations from the 
low-altitude NOAA POES satellites (Evans & Greer, 2004) during the dropout (not shown), which show clear and 
strong tens to hundreds of keV proton precipitation at similar L and MLT region as the dropout observed by Van 
Allen Probes, lasting from ∼19:00 to ∼22:00 UT. Electron precipitation at >700 keV was observed in this region 
at ∼19:29 UT and POES revealed that the trapped >700 keV electron population was present (high electron flux) 
until ∼19:30 UT and was progressively depleted, in agreement with the electron dropout observed by Van Allen 
Probes. In summary, to the best of our knowledge, this study is the first quantitative simulation demonstrating 
the important role of EMIC wave scattering in the simultaneous dropout of both radiation belt electrons and ring 
current protons.
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Data Availability Statement
The model inputs and outputs in this paper are publicly available from the data repository https://doi.org/10.5281/
zenodo.7026538.
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