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Abstract Electromagnetic Ion Cyclotron (EMIC) wave scattering has been proved to be responsible for the
fast loss of both radiation belt (RB) electrons and ring current (RC) protons. However, its role in the concurrent
dropout of these two co-located populations remains to be quantified. In this work, we study the effect of EMIC
wave scattering on both populations during the 27 February 2014 storm by employing the global physics-based
RAM-SCB model. Throughout this storm event, MeV RB electrons and 100s keV RC protons experienced
simultaneous dropout following the occurrence of intense EMIC waves. By implementing data-driven initial
and boundary conditions, we perform simulations for both populations through the interplay with EMIC waves
and compare them against Van Allen Probes observations. The results indicate that by including EMIC wave
scattering loss, especially by the He-band EMIC waves, the model aligns closely with data for both populations.
Additionally, we investigate the simulated pitch angle distributions (PADs) for both populations. Including
EMIC wave scattering in our model predicts a 90° peaked PAD for electrons with stronger losses at lower pitch
angles, while protons exhibit an isotropic PAD with enhanced losses at pitch angles above 40°. Furthermore, our
model predicts considerable precipitation of both particle populations, predominantly confined to the afternoon
to midnight sector (12 hr < MLT < 24 hr) during the storm’s main phase, corresponding closely with the
presence of EMIC waves.

1. Introduction

The Earth's outer radiation belt consists of electrons with 100 s keV to multiple MeV energies and is characterized
by large variations in electron flux on different time scales. The most dramatic variation is known as fast dropout,
when the electron flux can drop by orders of magnitude within a few hours (e.g., Li et al., 2024; Onsager
et al., 2002; Shprits et al., 2016; Tu et al., 2014; Xiang et al., 2017, 2018). Understanding where the electrons go
during the dropout is one of the most important and compelling questions in the radiation belt studies. Recently,
several papers have reported that these fast radiation belt (RB) electron dropouts are sometimes accompanied by
the concurrent fast losses of 100s keV ring current (RC) protons (e.g., Gkioulidou et al., 2016; Lyu & Tu, 2022;
Turner et al., 2014; Zhao et al., 2016). Previous studies on fast RB dropouts have shown that electrons can be lost
through the magnetopause combined with outward radial diffusion (e.g., Olifer et al., 2019; Silva et al., 2022; Tu
et al., 2019; Turner et al., 2012), or lost into the atmosphere due to the interaction with Electromagnetic Ion
Cyclotron (EMIC) waves (e.g., Drozdov et al., 2020; Kersten et al., 2014; Ma et al., 2015; Ni et al., 2015; Zhang,
Li, Ma, et al., 2016). Theoretically, both mechanisms are also efficient in driving the fast loss of energetic protons
(at 100 s keV to MeV) in the ring current, which are collocated with RB electrons (e.g., Jordanova et al., 2001;
Lyu, Tu et al., 2024; Lyu et al., 2022; Meredith et al., 2003). Therefore, a quantitative understanding of the
coupling between the dropout of RB electrons and RC protons calls for more comprehensive data analysis as well
as simulation efforts with physics-based models.

This work focuses on the latter loss mechanism, called EMIC wave scattering, which has been proven to be
responsible for the fast losses of both particle populations (e.g., Blum et al., 2015; Cao et al., 2020; Jordanova
et al., 2008). For example, Jordanova et al. (2003) simulated ring current evolution during the moderate storm of
10 January 1997 and found that EMIC waves were predominantly excited near Dst minimum on the duskside,
where they caused strong ion precipitation consistent with Polar/IPS observations. Similarly, Jordanova
et al. (2007) demonstrated that cyclotron resonant wave-particle interactions reproduced the proton precipitation
during subauroral arc events observed with IMAGE/FUV imager and thus are a viable mechanism for the
generation of subauroral proton arcs. For radiation belt electrons, Li et al. (2014) analyzed and simulated a
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relativistic electron precipitation event on 17 March 2013 observed by the Balloon Array for Radiation belt
Relativistic Electron Losses (BARREL) during a period of strong EMIC wave activities. Their results suggested
that the observed electron precipitation is likely caused by EMIC wave scattering. For ring current protons,
Usanova et al. (2010) conducted an analysis of EMIC wave excitation during a storm event, utilizing ground-
based and multi-satellite measurements. Their findings revealed that EMIC waves can be effective in causing
localized precipitation of protons with energies above 30 keV. A few detailed event studies have also been
performed in comparing the dropout of RB electrons with the loss of RC protons (e.g., Cao et al., 2019; Enge-
bretson et al., 2015; Lyu et al., 2022; Miyoshi et al., 2008; Ni et al., 2023). For example, Capannolo et al. (2019)
reported the concurrent precipitations of 10-100 s keV protons and relativistic electrons driven by EMIC waves
during three storm events based on the measurements of multiple Low-Earth-Orbiting (LEO) Polar Operational
Environmental Satellites/Meteorological Operational satellite program (POES/MetOp) satellites. Jordanova
et al. (2008) modeled the coupling between 100 keV ring current protons and MeV radiation belt electrons
through the interplay with EMIC waves. Their results show enhanced proton precipitation by EMIC waves
concurrent with precipitation of relativistic electrons, even though the work primarily focused on RB dropout
without delving into the consequent proton dropout.

As the previous works discussed above are either qualitative or just focus on one population, a comprehensive
comparative study is needed to determine quantitatively the role of EMIC wave scattering to the concurrent
dropout of both populations. Therefore, in our recent work (Lyu et al., 2022) we modeled the simultaneous
dropout of MeV electrons and 100s keV protons observed by Van Allen Probes on 27 February 2014. By
implementing a 2-D pitch angle and energy diffusion model with event-specific diffusion coefficients, the
evolution of pitch angle distributions is simulated for both populations at a specific location (L ~ 5.2), where the
most intense EMIC waves are observed. The results indicate that EMIC wave scattering can efficiently cause the
simultaneous depletion of both energetic electrons and protons on a timescale of ~40 min. However, even though
this study reveals the important role of EMIC wave scattering in the concurrent localized dropout of both pop-
ulations, it only focused on one L shell and was based on a drift-averaged model without a local time dependence.
The relative contribution of EMIC wave scattering to the global variations of both RB electrons and RC protons
still remains to be quantified. Thus, in this work, we simulate the 27 February 2014 storm event by employing the
global kinetic Ring current—Atmosphere interactions Model (RAM) coupled with a three-dimensional (3-D) Self-
Consistent magnetic (B) field code (SCB). By implementing a more recent statistical EMIC wave model from
Van Allen Probes observation (Zhang, Li, Thorne, et al., 2016), we quantitatively study the coupling of the
dropout between MeV RB electrons and 100s keV RC protons by the interplay with EMIC waves.

2. Model Description

RAM-SCB is a model that combines a kinetic model of ring current plasma (e.g., Jordanova et al., 2001, 2010)
with a 3-D force balanced model of the terrestrial magnetic field (e.g., Engel et al., 2019; Zaharia et al., 2006).
Over the past decade, this model has been successfully applied to many inner magnetospheric studies (e.g.,
Jordanova et al., 2003, 2016; Welling et al., 2011). In particular, Jordanova and Miyoshi (2005) first extended the
global RAM to relativistic energies and electrons, which enables the study on radiation belt dynamics as well as its
coupling with ring current variations. In the relativistic case, the RAM module numerically solves the kinetic
equation for the bounce-averaged distribution function of particles, as:

00, 1 0 (_,/dR, 9 (/de 1 9( JdE 1 9 du,
oz m a) @)+ sl @) 2o ) 00+ ol )
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where Q,(Ry, @, E, uo, 1) is the phase space distribution function of species / as a function of radial distance in the
magnetic equatorial plane R, geomagnetic east longitude ¢, particle kinetic energy E, equatorial pitch angle «,
(with u = cos(ag)), and time #; p is the relativistic momentum of the particle and y is the relativistic factor;

h=1/(2Ry) 72 ds/\/(1 — B(s)/B,,) is calculated for the realistic B field along the field line between the mirror

Sm1

points s,,; and s,,,,; the angle brackets denote bounce-averaging; and the subscript “0” refers to the quantities in the
magnetic equatorial plane. The model domain in this study covers R, from 2 to 6.5 R and all magnetic local times
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(MLT). It includes RC ions (H*, He*, O*) with energies from 0.1 to 500 keV, RB electrons with energies from
10 keV expanded to 8 MeV, and a; from 0° to 90°. The left-hand side of Equation 1 describes the transport and
acceleration of charged particles along adiabatic drift paths in time-dependent electric and magnetic fields. The
right-hand side describes changes of Q, due to various loss processes. For ring current ions, the loss processes
included in this paper are charge exchange, wave particle interactions with EMIC waves, and loss to the atmo-
sphere (due to the emptying of the loss cone). For radiation belt electrons, the loss processes consist of wave
particle interactions with plasmaspheric hiss and whistler mode chorus using electron lifetimes and scattering by
EMIC waves using quasi-linear diffusion coefficients which will be explained below, and loss to the atmosphere.
The electric field used in this study is from the Weimer (2005) model, while the self-consistent magnetic field is
updated every 5 min by solving the single-fluid plasma force balance equation.

Electron fluxes measured by the Magnetic Electron Ion Spectrometer (MagEIS) (Blake et al., 2013) and Rela-
tivistic Electron Proton Telescope (REPT) instruments (Baker et al., 2013) onboard Van Allen Probes are used in
this study. The proton data are provided by the Helium Oxygen Proton Electron mass spectrometer (HOPE)
(Funsten et al., 2013) and the Radiation Belt Storm Probes Ion Composition Experiment (RBSPICE) instruments
(Mitchell et al., 2013). The model initial conditions for both populations are derived based on quiet time mea-
surements (one day before the simulation interval, specifically from 12 UT on 02/26 to 12 UT on 02/27, 2014)
which illustrate weak MLT dependence. Thus, the initial distributions are assumed to be uniform throughout all
MLT. The nightside boundary conditions are determined from plasma sheet flux measurements from the
Magnetospheric Plasma Analyzer (MPA) and Synchronous Orbit Particle Analyzer (SOPA) instruments on the
LANL geosynchronous spacecraft as in our previous studies (e.g., Jordanova et al., 2007).

To implement pitch angle scattering by EMIC waves in this study, we use a recent statistical EMIC wave model
by Zhang, Li, Thorne, et al. (2016), which is constructed based on more than 3 years' Van Allen Probes mea-
surements. The spatial distribution of the EMIC wave amplitudes are categorized into three AL* (defined as the
minimum AL index in the preceding 3 hr) levels (i.e., quiet time: AL* > —250 nT; moderate storm time:
—650 nT < AL* < —250 nT; disturbed time: AL* < —650 nT) in both the H* and He* frequency bands. The
statistical distribution of the EMIC wave frequency spectra for different ranges of f,,/f.. (including f, /f.. < 5,
5 < fpelfee < 15, and f,, /f,, > 15) are also reported in their study, which is also implemented in our model. We
calculate the EMIC wave diffusion coefficients based on the quasi-linear theory using the full diffusion code (Ma
et al., 2019), considering the statistical EMIC wave frequency spectra and wave amplitude at each L shell and
MLT. Because we only consider the left-hand polarized EMIC waves, the wave power spectral densities in the
stop band (Albert, 2003) are excluded. In addition, the latitude range of EMIC wave is assumed to be from the
equator to the latitude where the wave polarization changes from left-hand to right-hand polarized (i.e., the wave
frequency reaches the crossover frequency). We assume an ion composition ratio of H*: He*: 0" = 90%: 5%: 5%
following Blum et al. (2019). We use the latitudinally-varying wave normal angle distribution from Ni
et al. (2015), which is field-aligned near the equator and more oblique at higher latitudes. The calculation is
performed using both the plasmaspheric density and plasma trough density from Sheeley et al. (2001) and the
density is assumed to be constant along the field line. The diffusion coefficients due to EMIC waves outside or
inside the plasmapause are incorporated in the RAM-SCB model based on the simulated plasmapause location.

3. Simulation Results
3.1. Simulations of Omni-Directional Fluxes

Figure 1 shows the observed and simulated omni-directional electron fluxes along the orbit of Van Allen Probe B
from 12 UT on February 27 to 12 UT on 28 February 2014, accompanied by the SYM-H index at the bottom
panel. Figure 1a shows the electron flux data as a function of time and energy from ~100 keV to 8 MeV, while the
simulated electron fluxes by our model are shown in panels b and c. To provide a more detailed comparison
between data and model, panel d displays observed and modeled electron fluxes at a given energy of 900 keV,
with black being the data and blue and red being the model results. The observations show that MeV electron
fluxes experience a significant decrease during both the main and recovery phases of the storm (after ~ 19 UT on
February 27), which is particularly evident in the black line in panel d. For the simulations of electrons, we first
incorporated loss mechanisms within the plasmasphere due to hiss waves (Albert, 1999) and outside the plas-
masphere resulting from chorus wave scattering (for further details, see Jordanova et al., 2008, 2010, and ref-
erences therein), treating them as the major default loss factors for RB electrons at energies below a few hundred
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Omni-directional Electron Fluxes along VAP-B
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Figure 1. (a—c) Observed and simulated omni-directional electron fluxes (normalized per steradian) from 12 UT on February
27 to 12 UT on 28 February 2014, along Van Allen Probe B's orbit. (d) Comparison between observed 900 keV electron flux
data (in black) and RAM-SCB simulations without (in blue) and with (in red) including the loss induced by EMIC wave
scattering. () SYM-H index.

keV. Model results with these loss processes are shown in panel b and as the blue curve in panel d. Subsequently,
the role of EMIC wave scattering in the observed electron losses are investigated by further adding in the Helium
band (He-band) and Hydrogen band (H-band) EMIC waves in the model, with results shown in panel ¢ and as the
red curve in panel d. By comparing our RAM-SCB simulations with data, we note that the model results without
including EMIC waves (Figure 1b) underestimate the observed MeV electron losses. This underestimation is
distinct in panel d, where the blue line, representing the simulated 900 keV electron fluxes, consistently exceeds
the observational data (black line) throughout both the storm's main phase and the subsequent recovery phase.
After incorporating the EMIC wave scattering effect, as shown in Figure 1c and the red line in panel d, our model
produces significant losses of radiation belt electrons with slight overestimations of the flux loss compared to
data.

Figure 2a illustrates the observed proton fluxes as a function of energy from 50 to 450 keV, while the simulated
fluxes without and with including EMIC waves are shown in Figures 2b and 2c, respectively. The observed and
modeled 270 keV proton fluxes are plotted in panel d for a more detailed comparison. The data indicates that 100s
keV proton fluxes experience a simultaneous dropout with MeV RB electrons during the storm time, as shown by
both Figure 2a and the black line in Figure 2d. For the simulations, the primary mechanism for the loss of ring
current protons we first include in the model is charge exchange. Similar to the findings for electrons, the
comparison between data and model results reveals that simulation without including EMIC waves un-
derestimates the observed losses of 100s keV protons during both the storm main and recovery phases, as depicted
in Figure 2b and the blue line in panel d. However, the model that includes the EMIC wave scattering effect, as
shown in panel ¢ and the red line in panel d, better captures the observed 100s keV proton losses.

The data-model comparison along Van Allen Probe B's orbit shown in Figures 1 and 2 have suggested the
importance of EMIC wave scattering in reproducing the concurrent dropout of both populations. Notably, the
same comparison along Probe A's orbit (not shown) was also performed and yielded similar conclusions.
Furthermore, by comparing to the data our model can be used to investigate which band of the EMIC waves are
more dominant during this storm-time dropout event. Figure 3 illustrates the drift and bounce-averaged pitch
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Omni-directional Proton Fluxes along VAP-B
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Figure 2. Observed and simulated omni-directional proton fluxes (normalized per steradian) in the same format as Figure 1.
angle diffusion coefficients calculated based on the statistical wave model (Zhang, Li, Thorne, et al., 2016) for
both electrons (first row) and protons (second row) at L = 5.2 and 20 UT of 27 February 2014, when intense EMIC
waves were observed by Van Allen Probes (Lyu et al., 2022). The diffusion rates driven by H-band EMIC waves
(panels a and c) and He-band EMIC waves (panels b and d) are plotted against equatorial pitch angle and energy
for both populations. H-band EMIC waves are found to effectively scatter electrons above 600 keV, while He-
band waves exhibit a higher efficiency for >4 MeV electrons. For ring current protons, the resonant
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Figure 3. Drift averaged <D,,,> of electrons (panels a and b) and protons (panels ¢ and d) by different bands of EMIC waves
(Hydrogen band on the left, Helium band on the right) at L = 5.2 and 20 UT of 27 February 2014.
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Omni-directional Electron Fluxes along VAP-B

) Only He-band

4
10 _ 10*
103 102

.
107R) @n

Energy[keV]
2

| |
33332
Flux[cm?s'sr'keV']

£ Qnly H-band
1003(1/»“\( ; o ‘WVW\ Data
105 7900 keV wio EMIC
80 He-band
-2
- ;U\ 4 MeV u ﬁiﬁiﬁi H " iii%

_80E f) SYM_HIT]
3.9 51 5.2 42 6.0
3 9.0 5

Flux
[cm2s'srkeV-']

1
So
[
6

N
>
-
>
OO
ow
N
o
S
o
Jo
O
S
S
O
B
o
3
S
S
SoN
N
oo
Seo©

Figure 4. (a) Observed electron omni-directional flux (normalized per steradian), same plot as Figure 1a. Simulated electron
flux by including the loss driven by (b) only He-band EMIC waves and (c¢) H-band EMIC waves, respectively. Comparison
between the observed (d) 900 keV and (e) 4 MeV electron flux data (in black) and RAM-SCB simulations without including
EMIC wave scattering loss (blue), only including the scattering loss by He-band EMIC waves (magenta), and only including
the loss driven by H-band EMIC waves (green). (f) SYM-H index.

interactions with H-band EMIC waves primarily occur at lower energies (~10s keV), whereas He-band EMIC
waves have a more significant impact on scattering 100s keV protons.

By implementing these diffusion coefficients driven by different bands of EMIC waves in our simulation,
Figures 4a—4c compare the energy spectrum of the observed (panel a) and modeled omni-directional electron
fluxes by including only He-band (panel b) or H-band (panel c) EMIC waves. Panels d and e directly compare the
electron flux observations (black line) against simulation results at two different electron energies, 900 keV and
4 MeV: without EMIC waves (blue line), with only He-band EMIC waves (magenta line), and with only H-band
EMIC waves (green line). For electrons, the results show that our model with including only He-band EMIC
waves well captures the observed electron losses at > 3 MeV during both the storm main and recovery phases, as
depicted in Figure 4b and represented by the magenta line in Figure 4e. For <3 MeV electrons, including only He-
band EMIC waves are less efficient in capturing the observed losses, as the magenta line overlaps with the blue
line in Figure 4d. On the other hand, the simulations with only H-band EMIC waves (Figure 4c) reproduced the
observed loss of electrons below 1 MeV (shown from Figure 4d), but significantly overestimated the electron
losses at energies above 1 MeV (e.g., comparing the black and the green lines in Figure 4e). These are consistent
with the energy coverage and dependence of the electron pitch angle diffusion coefficients due to H-band and He-
band EMIC waves shown in the top row of Figure 3.

The same energy spectrum plots for the observations and simulations of ring current protons are shown in
Figures 5a—5c. Panel d illustrates the observed and modeled 270 keV proton fluxes in line plots for a detailed
comparison. For 100s keV protons, the model results including only H-band EMIC waves (Figure Sc and green
line in Figure 5d) only show a very small difference compared to those without including EMIC waves (Figure 2b
and blue line in Figure 5d), both of which underestimate the observed losses. This suggests that H-band EMIC
waves have very limited contribution to the loss of 100s keV protons during this event. However, the simulation
with only He-band EMIC waves shown in Figure 5b and the magenta line in Figure 5d aligns better with the data
(Figure 5a and black line in Figure 5d). This suggests that He-band EMIC waves play a dominant role in driving
the observed 100s keV proton losses. To summarize, our simulation results indicate that the simultaneous dropout
of radiation belt electrons at >1 MeV and 100s keV ring current protons during this event can largely be attributed
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Figure 5. Observed and simulated proton omni-directional fluxes (normalized per steradian) in the same format as Figure 4.
to He-band EMIC waves. The simulations with only H-band EMIC waves dominate the loss of electrons <1 MeV
but overestimate the MeV electron losses and show less efficiency in scattering 100s keV protons.
3.2. Simulations of Pitch Angle Distributions
Based on the diffusion coefficients by both H-band and He-Band EMIC waves displayed in Figure 3, we further
investigate the evolution of the simulated pitch angle distributions for both populations. The initial distributions
plotted as solid lines in Figure 6 are derived from our data-driven initial conditions at L = 5.2 and 1200 UT on 27
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Figure 6. Calculated relativistic electron (panels al—a3) and ring current proton (panels b1-b3) fluxes at three energies and
L =5.2 and MLT = 1300, where the initial pitch angle distributions (PADs) are shown as the solid lines, simulated PADs
without EMIC wave scattering in dashed lines, and with EMIC wave scattering in dashed-dotted lines.
LYU ET AL. 7 of 12

d ‘L ¥TOT ‘TOY6691T

“sdwy woxy papeoy

2SUDOI'T suowto)) 2Anear)) djqeoridde oy £q pouraaoS are sajonIe YO (9N JO SI[NI 10J AIRIGIT dUI[UQ A[IAN UO (SUONIPUOD-PUE-SULIA) W0 AI[IM" AIRIQI[AuI[U0,/:sdNY) SUONIpUO)) pue SWId T, 3y 998 *[$707/11/0Z] uo Areiqry autjuQ A[IA\ ‘KNSIOATUN u0ISog Aq 909ZEOVIHT0T/6T0T 01/10p/W0d KA[IM'.



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA032606

February. To isolate the effects of EMIC waves, Figure 6 presents the fluxes of electrons (top) and protons
(bottom) at the same L shell, MLT = 13 hr, and time (20 UT on 27 February), across various energies as a function
of equatorial pitch angle, without (dashed) and with (dashed-dotted) including EMIC wave scattering in the
model. For electrons, in Figures 6al-6a3, the loss from the initials (solid lines) to the distributions with including
EMIC waves (dashed-dotted lines) gets stronger at higher electron energies. This trend aligns with the energy
dependence of the diffusion rates presented in Figures 3a and 3b. Comparing the simulated fluxes along pitch
angles, the inclusion of EMIC waves in the model leads to a 90° peaked PAD with faster losses at lower pitch
angles, which is also consistent with the pitch angle dependence of the electron diffusion coefficients shown in
Figures 3a and 3b. However, for 100s keV proton fluxes shown in Figures 6b1-6b3, the losses from initials (solid
lines) to EMIC-influenced distributions (dashed-dotted lines) does not show strong energy dependence, which
agree with the energy dependence of diffusion coefficients shown in Figure 3d for He-band EMIC waves which
dominate the diffusion rates. Comparing the simulations without (dashed lines) and with (dashed-dotted lines)
including EMIC waves against the initials (solid lines), protons with EMIC wave scattering exhibit a more
isotropic PAD with more pronounced scattering at pitch angles above 40°.

3.3. Global Distribution of Precipitating Fluxes

Energetic particles scattered by the interaction with EMIC waves into the loss cone are precipitated into the dense
atmosphere. Figure 7a shows the AL index during our simulation interval. Based on the statistical EMIC wave
model outlined in Section 2, we select the time of 2300 UT on 27 February, when AL drops to its minimum
(~—800 nT) during the storm main phase, for the detailed investigation of the global distributions of EMIC wave
amplitudes (Figures 7b and 7c¢), pitch angle diffusion coefficients (Figures 7d and 7e), and precipitating electron
and proton fluxes (Figures 7f and 7g). Under the very disturbed geomagnetic conditions (AL* < —800 nT), strong
H-band and He-band EMIC waves are mostly confined to the afternoon sector (12 hr < MLT < 18 hr), as well as
the nightside sector (18 hr < MLT < 24 hr) located closer to the Earth (Zhang, Li, Thorne, et al., 2016). The pitch
angle diffusion coefficients combining the effects of both H-band and He-band EMIC waves are shown in
Figures 7d and 7e for 1 MeV electrons and 100 keV protons respectively. Stronger diffusion rates are shown
to locate at L shells between 4 and 6.5 in the afternoon sector for both populations. There are also some high
diffusion rates distributed at L < 3.5 for 1 MeV electrons near the nightside. With EMIC wave scattering effects
included in our model, we calculate the precipitating fluxes defined as the fluxes at the edge of the loss cone for
both populations. The loss cone in our model corresponds to particles mirroring at 200 km altitude in the at-
mosphere, that is, equatorial pitch angle of ~3° at L = 6, increasing to ~17° at L = 2 (Jordanova et al., 2008). As
shown in Figures 7f and 7g, considerable precipitating fluxes for both populations are predicted by the model and
are predominantly concentrated in the afternoon to midnight sector, which corresponds closely with the distri-
butions of EMIC waves in both radial distance and MLT.

4. Summary and Conclusions

Simultaneous dropout of both MeV radiation belt electrons and 100s keV ring current protons is observed by Van
Allen Probes during the 27 February 2014 geomagnetic storm, accompanied by intense EMIC wave activities
(Lyu et al., 2022; Xiang et al., 2017; Zhang, Li, Ma, et al., 2016). To quantitatively study the role of EMIC wave
scattering in the concurrent dropout of both populations using RAM-SCB simulations, a statistical EMIC wave
model depending on the geomagnetic conditions by Zhang, Li, Thorne, et al. (2016) is implemented to simulate
the EMIC wave activity and calculate the pitch angle diffusion coefficients as the input for RAM-SCB to compute
the scattering losses for both particle populations. The initial conditions for both electrons and protons were
derived from the Van Allen Probes measurements, while the time-varying geosynchronous data from LANL
satellites were used at the outer boundary. The RAM model includes both convective and radial transport and
various loss processes (major loss: hiss inside plasmapause and chorus outside plasmapause for electrons; charge
exchange for protons). To differentiate EMIC wave associated loss, we performed simulations without and with
including EMIC waves (while keeping all the other processes) and compared the simulation results with ob-
servations. Further investigations on which band of EMIC waves is more dominant during this storm event for
both populations were conducted. Additionally, we investigated the evolution of the pitch angle distributions
(PADs) and the global distributions of precipitating fluxes for both populations due to EMIC wave scattering. Our
major findings are summarized in the following:
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Figure 7. (a) AL-index from 02/27-12 UT to 02/28-12 UT, 2014. (b—c) H-band and He-band EMIC wave amplitudes under
the disturbed conditions (AL* < —650 nT) based on the statistical wave model by Zhang, Li, Ma, et al. (2016). (d—e) Global
distributions of the calculated bounce-averaged pitch angle diffusion coefficients (at ~10°, near the edge of the loss cone) for
(d) 1 MeV electrons and (e) 100 keV protons at 23 UT on February 27. (f—g) The corresponding global precipitating flux
distributions of (f) 1 MeV electrons and (g) 100 keV protons.

. The comparison between the simulations without and with EMIC waves against data indicate that the model
including EMIC wave scattering better captures the observed concurrent dropouts of MeV radiation belt
electrons and 100s keV ring current protons during the storm main phase, although there is some slight
overestimation of the electron losses. This overestimation could potentially be due to the uncertainties in the
empirical EMIC wave model.

. By including only H-band or He-band EMIC waves in the simulations, we found the concurrent dropout
between >1 MeV electrons and 100s keV protons are largely caused by the He-band EMIC waves.
Conversely, simulations that only include H-band EMIC waves well capture the <1 MeV electron losses, but
overestimate MeV electrons losses and are less efficient in capturing the losses of 100s keV protons. To fully
resolve the contribution of different bands of EMIC waves during this event, event-specific and global ob-
servations rather than empirical models of EMIC waves in H-band and He-band are required.
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3. The study investigates the evolution of simulated pitch angle distributions (PADs) at L = 5.2 and MLT = 1300
for MeV electrons and 100 keV protons. For MeV electrons, it is found that losses are more significant at
higher energies and pitch angles <70°, resulting in a PAD that is more peaked around 90°. In contrast, for
100 keV protons, the energy dependence of losses is less pronounced compared to electrons. The PAD for
protons becomes more isotropic due to faster losses at pitch angles above 40°.

4. Under very disturbed geomagnetic conditions (AL < —800 nT), global distributions of the precipitating fluxes
for both populations are predominantly confined to the afternoon to midnight sector (12 hr < MLT < 24 hr),
which closely corresponds to the presence of the EMIC waves in space.

In conclusion, this study demonstrated the importance of EMIC wave scattering in reproducing the concurrent
dropout of MeV radiation belt electrons and 100 s keV ring current protons during the February 2014 storm event
through our updated RAM model coupled with the self-consistent magnetic field model (SCB). In the modeling,
we used statistical models of EMIC wave amplitudes, frequency spectra, and total electron density, and made
assumptions on the wave normal angle and ion composition. The simulation results may be sensitive to these
parameters. For example, Yue et al. (2023) provided the ion composition ratios at different L and MLT using the
Van Allen Probes statistics. We plan to evaluate the main parameters and factors affecting the electron and proton
loss rates and dropouts in future extensions of this work. It is also important to note that the potential contribution
of field line curvature (FLC) scattering, cannot be ruled out for this event since it could also cause the precipitation
loss of both radiation belt electrons and ring current protons (e.g., Artemyev et al., 2013; Cao et al., 2023). But it is
beyond the scope of this work, and we plan to include the FLC effects in the future.
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lanl/RAM-SCB. The model inputs and outputs used in this study are publicly available at Zenodo (Lyu, Jorda-
nova, et al., 2024).
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