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Key Points:
« Polarization-reversed electromagnetic ion cyclotron (EMIC) waves generally reduce diffusion coefficients by a factor of 5-10 at
different energies compared with the pure L-mode.
 The change in the proton precipitating flux caused by the reversal of polarization is not substantial from a global perspective.
 The ring current pressure is increased by approximately 10% at most with the inclusion of polarization reversal, suggesting a
negligible impact.
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Abstract: Electromagnetic ion cyclotron (EMIC) waves are widely believed to play an important role in influencing the radiation belt and
ring current dynamics. Most studies have investigated the effects or characteristics of EMIC waves by assuming their left-handed
polarization. However, recent studies have found that the reversal of polarization, which occurs at higher latitudes along the wave
propagation path, can change the wave-induced pitch angle diffusion coefficients. Whether such a polarization reversal can influence the
global ring current dynamics remains unknown. In this study, we investigate the ring current dynamics and proton precipitation loss in
association with polarization-reversed EMIC waves by using the ring current-atmosphere interactions model (RAM). The results indicate
that the polarization reversal of H-band EMIC waves can truly decrease the scattering rates of protons of 10 to 50 keV or >100 keV in
comparison with the scenario in which the EMIC waves are considered purely left-handed polarized. Additionally, the global ring current
intensity and proton precipitation may be slightly affected by the polarization reversal, especially during prestorm time and the recovery

phase, but the effects are not large during the main phase. This is probably because the H-band EMIC waves contribute to the proton
scattering loss primarily at £ < 10 keV, an energy range that is not strongly affected by the polarization reversal.
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1. Introduction

Studying the plasma waves and their interactions with various
plasma populations in the inner magnetosphere is crucial for
understanding the dynamics of radiation belts and ring current.
As one of the most important wave modes in the Earth’s magne-
tosphere, electromagnetic ion cyclotron (EMIC) waves have
frequently been observed in situ by satellites (Yuan ZG et al,, 2010;
Min et al., 2012; Allen et al,, 2015, 2016; Saikin et al., 2015; Wang
XY et al.,, 2017; Jun CW et al,, 2019; Yue C et al,, 2019; Blum et al.,
2020) and ground-based stations (Perraut et al, 1984; Hendry
etal., 2016; Engebretson et al., 2018a; Kim et al., 2020; Kwon et al.,
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2020). They are usually in the frequency range of 0.1-5 Hz and
have three bands, which are separated by ion (H*, He®, O%)
gyrofrequencies (Young et al., 1981; Kozyra et al., 1984; Perraut
et al., 1984; Engebretson et al., 2018a). EMIC waves have been
considered to play a vital role in the magnetospheric dynamics
because they can heat thermal plasma (Thorne and Horne, 1997;
Zhang JC et al., 2010; Kitamura et al., 2018; Ma QL et al,, 2019; Xue
ZX et al., 2021) and scatter ring current ions (Jordanova et al.,
2001; Xiao FL et al.,, 2011, 2012; Shreedevi et al,, 2021; Zhu MH
etal,, 2021a) and radiation belt electrons (Lyons and Thorne, 1972;
Jordanova et al., 2008; Su ZP et al,, 2013; He FM et al., 2016; Li LY
etal., 2016; Engebretson et al., 2018b; Ma X et al., 2020).

The generation of EMIC waves demands both an anisotropic
(T, >T)) distribution of energetic (~10 to 100 keV) ring current
ions (mostly protons), which provide the free energy for the insta-
bility (Cornwall, 1965; Kennel and Petschek, 1966; Rauch and Roux,
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1982; Anderson et al., 1996; Wang Q et al., 2016; Zhu MH et al.,
2021b), and cold plasma (e.g., H*, He®, O"), which is considered
the catalyst for wave generation by lowering the instability
threshold and changing the wave growth rate (Cornwall, 1972;
Young et al., 1981; Kozyra et al., 1984; Jordanova et al., 1996;
Zhang JC et al., 2010). EMIC waves are usually generated as left-
handed polarized (L-mode) waves near the equatorial region, and
they propagate along the magnetic field line (Mauk and McPher-
ron, 1980; Rauch and Roux, 1982; Hu YG et al., 2010; Allen et al,,
2015). Additionally, some studies have demonstrated the existence
of linearly polarized waves in the near dawn region owing to the
generation of waves with oblique wave vectors (Anderson et al.,
1992, 1996; Hu YG et al., 2010; Min et al., 2012). As the EMIC waves
propagate along field lines to higher latitudes, the wave normal
angles become much larger and the waves become more oblique,
leading to the result that the wave frequency equals the crossover
frequency (Rauch and Roux, 1982; Horne and Thorne, 1994;
Anderson et al,, 1996; Hu YG et al., 2010; Allen et al., 2015). At this
point, it is possible for the waves to undergo a polarization rever-
sal, transforming their polarization from left-handed to linearly or
right-handed (Rauch and Roux, 1982).

Several researchers have studied the effects of the polarization-
reversed EMIC waves. Cao X et al. (2020) found that including the
polarization reversal of the H-band could increase the scattering
rates of electrons > 4 MeV and decrease those of protons ranging
from 10 to 50 keV or >100 keV, whereas the scattering rates asso-
ciated with the He-band were almost unaffected. Lou YQ et al.
(2021) performed parametric analyses of polarization-reversed
EMIC waves and found that polarization reversal had remarkable
effects on the diffusion coefficients for low pitch angles, indicating
potential roles in the loss of ring current protons and radiation
belt electrons. These studies imply that polarization reversal of
EMIC waves may have nonnegligible effects on the ring current
proton dynamics. However, in most previous studies that have
modeled the scattering loss of ring current ions or radiation belt
electrons, EMIC waves have been assumed to be purely left-
handed for propagating strictly parallel to or obliquely to the
magnetic field (Xiao FL et al., 2012; Usanova et al.,, 2014; Ni BB
et al., 2015, 2018; Cao X et al,, 2016, 2019; Capannolo et al., 2019;
Shreedevi et al.,, 2021; Zhu MH et al., 2021a). Whether including
the polarization reversal would affect the global ring current
dynamics requires further study.

In the present study, we use the kinetic ring current-atmosphere
interactions model (RAM) to investigate the potential effects of
the polarization reversal on the ring current proton dynamics. The
wave-particle diffusion processes in the model are determined by
the bounce-averaged pitch angle diffusion coefficients obtained
from either a purely left-handed EMIC wave or a more complicated
EMIC wave with the high-latitude polarization reversal included.
Comparisons between the two simulations revealed that the
polarization-reversed H-band can indeed decrease the scattering
rates of 10—-50 and >100 keV protons and reduce the correspond-
ing precipitation loss of energetic protons. However, from a global
perspective, the effects on the ring current intensity and precipi-
tating energy flux down to the upper atmosphere seem to be
limited.

2. Model Description

To minimize the feedback effects of the electric and magnetic
fields and better reflect the influence of only polarization reversal
on the ring current dynamics, we use a dipolar version of Ring
current-Atmosphere interaction model with Self-Consistent
magnetic fields model, RAM-SCB (Jordanova et al., 2006, 2010;
Zaharia et al.,, 2006, 2010), to simulate the effects of pitch angle
diffusion in association with EMIC waves. The associated pitch
angle diffusion coefficients are adopted from the full diffusion
code (FDG; Ni BB et al.,, 2008, 2011; Shprits and Ni BB, 2009).

2.1 RAM Model

The RAM model is a kinetic ring current model (Jordanova et al.,
2006, 2010). It solves the bounce-averaged Fokker-Planck equa-
tions, given as Equation (1) for ring current ions (i.e., proton,
helium, and oxygen) and electrons (Jordanova et al., 2006, 2010):
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Here the angle brackets () denote averaging during the bounce
motion; the subscript / denotes the species and the subscript o
denotes the magnetic equatorial plane; p is the relativistic
momentum of the particle; y is the Lorentz factor, which is calcu-
lated as y = 1 +E/(moc’); 4, = cosa, Where a, is the equatorial
pitch angle, which varies from 0° to 90°; R, is the radial distance,
which varies from 2 to 6.5R;, with AR, = 0.25R;; and E is the
kinetic energy, which varies from 0.15 to 400 keV. The loss
processes in the model contain charge exchanges between
neutral geocoronal hydrogen and ring current ions, atmospheric
collisional loss, and pitch angle diffusion loss of electrons and ions.
The EMIC wave scattering is considered the pitch angle scattering

loss mechanism of the ions. The diffusion equations that solve the
pitch angle scattering loss can be shown as follows:
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where Q, is the phase space distribution function; (D) is the
bounce-averaged pitch angle diffusion coefficient, obtained as
described in Section 2.2. In the simulation, the dipolar magnetic
field and Kp-based Volland-Stern empirical electric field (Volland,
1973; Stern, 1975) are used.

2.2 p,, Calculation Model

To calculate the bounce-averaged diffusion coefficients, the FDC
is used. The wave spectral intensities of the three bands are
assumed to be a Gaussian frequency distribution following previ-
ous studies (Glauert and Horne, 2005; Kersten et al., 2014):

(2
IB (w) = Ae ow (wlc Sws wuc)/ (4)

where w, and w,. are the lower and upper cutoff frequencies,
respectively; w, is the peak wave frequency; dw is the peak wave
spectral bandwidth; and A is the normalization factor, which is a
constant. The wave normal angle ¢ (the angle between the direc-
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tion of propagation and the background magnetic field) is
assumed to be a Gaussian distribution as follows:

tanp-tang,,

g((P) = e_( tang, ) ((Plc fos (Puc)r (5)

where ¢,. and ¢, are the lower and upper cutoff normal angles,
respectively; ¢, is the wave angle with peak power, and ¢, is the
angular width. As we know, the polarization of electromagnetic
waves is determined by the trajectory of the electric field vector
with time. When the Doppler shift occurs, the cyclotron resonance
relationship between an electromagnetic wave and a charged
particle is as follows (Summers et al., 2007):
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where w is the wave frequency; k is the wave number; v is the
speed of the particle; a is the pitch angle of the particle; N is the
order of cyclotron resonance; Q, is the gyrofrequency of the parti-
cle; and y is the Lorentz factor: y = (1 —v2/c%)"/?, where c is the
speed of light. In the FDC, as waves travel from the equator
toward higher latitudes, the wave normal angles ¢ increase gradu-
ally, which means the EMIC waves undergo a change from near
the geomagnetic equator with parallel propagation to higher lati-
tudes with much more oblique propagation. A detailed description
of the latitudinally varying model of wave normal angle distribution
can be seen in Ni BB et al. (2015). The polarization reversals occur
at around crossover frequencies. Thus, the dispersive properties of
EMIC waves are greatly altered by the polarization reversal, leading
to changes in the diffusion coefficients. The two polarization
approaches are described in detail in Cao X et al. (2020).

In the calculation, the nominal wave amplitude is set as 1 nT. The
ion concentration ratio is adopted from previous studies
(Summers et al.,, 2007; Cao X et al., 2020; Lou YQ et al., 2021) as
Ny * Net © No+ = 0.85 : 0.1 : 0.05, which is thought to be appropri-
ate in numerical computation or theoretical analysis. The
magnetic field is assumed to be dipolar. The electron number
density, which is adopted from the plasmaspheric density model
of Sheeley et al. (2001), is assumed to be constant along the
magnetic field line. The contributions of cyclotron harmonic reso-
nances from N = —10 to N = 10 are included. The typical wave
spectrum of H-band EMIC waves, which follows previous studies
(Albert, 2003; Summers and Thorne, 2003; Summers et al., 2007;
Cao X et al, 2016, 2020; Lou YQ et al., 2021), is used: w;. = 0.5Q, ¢,
Wye = 0.7Qpeq0 Wi = 0.6Qp 00 Sw = 0.1Q, - The pitch angle diffusion
coefficients are calculated in different £, /f., grids ranging from 2
to 20 with Af,/f, = 2 and different L shells ranging from 3 to 7
with AL = 0.25, where f,, and f,, denote the plasma frequency and
electron gyrofrequency, respectively. The bounce-averaged (D,,)
as a function of foelfeer E 0, L and magnetic local time (MLT), is
determined from the FDC and is further scaled by the EMIC wave
amplitude B,, as D), = (D,q) X BZ, Which is then used in Equation (2)
in the ring current model after interpolating D, into the model
grids. The statistical wave intensity is based on Saikin (2018) and is
auroral electrojet (AE) index dependent. The implementation of
this statistical wave model has been described in Shreedevi et al.
(2021) and Zhu MH et al. (2021a).
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3. Simulation Results

In this study, the storm event on March 17, 2013, was simulated to
investigate the effects of polarization reversal on ring current
dynamics. Figure 1 presents the solar wind conditions and
geomagnetic indexes (adopted from OMNIWeb, https://omniweb.
gsfc.nasa.gov) during the storm, which began at approximately
6:00 universal time (UT) when the coronal mass ejection (CME)
reached the Earth’'s magnetosphere, accompanied by the
increases in solar wind speed, proton density, and dynamic pres-
sure. The main phase of the storm lasted for approximately
14 hours, during which the disturbance storm time (Dst) index
reached its minimum values at —100 nT and —132 nT at 10:30 UT
and 20:00 UT, respectively. The pitch angle diffusion coefficients
of the two polarization modes are adopted from the FDC as
described above.

3.1 Distribution of D,

Figures 2a—2f show the equatorial global distributions of the
bounce-averaged pitch angle diffusion coefficient (D,,) calculated
by using either pure left-handed (in Figures 2a and 2d) or polariza-
tion-reversed (in Figures 2b and 2e) H-band EMIC waves and their
differences (in Figures 2c and 2f) at a pitch angle of a = ~5° during
the main phase of the storm at 10:30 UT. The corresponding ener-
gies are 30, 164 keV, respectively. The difference D, is calculated
as follows: D, = 109,0({Dga) |pr/ {Daq) lp): Where (D, ) |5, is the pitch
angle diffusion coefficient from pure left-handed EMIC waves and
(Daa) |pg 1s that with the inclusion of polarization-reversed EMIC
waves. The D,, shows the difference in magnitude between the
two quantities. In both cases, even with different energies, (D,,) is
maximized at similar locations: at 8 < MLT < 10 and L = 4-6, or at
17 < MLT < 21 and L = 5-6, extending to L < 4 at ~MLT = 21. The
(D,q) generally decreases with energy. Comparisons of (D,,) in the
two cases indicate that the (D,,) with polarization reversal is
slightly smaller than that of pure left-handed EMIC waves, which
can be seen more clearly in their difference, represented by the D,,
parameter in the last column of Figure 2. However, the discrepan-
cies between the two cases appear to be energy dependent: at E=
~30 keV, the diffusion rates mainly decrease at L = 3—6 and MLT =
9-19; at E = ~164 keV, the difference D, is evident mainly at L =
4—6 and MLT = 12-21. Figures 2g—2h show the bounce-averaged
pitch angle diffusion coefficient (D,,) of protons as a function of
energy and pitch angle for H-band EMIC waves at MLT =15 at L =
5.5. The difference in (D,,) between pure left-handed polarization
and polarization reversal is also shown in Figure 2i. The difference
is about one order of magnitude at £ = 15-60 keV for pitch angle
a <50°, and the difference can be larger than two orders of
magnitude for £ > 100 keV and a < 30°.

We find that the global distribution of the difference D,, is actually
closely related to the local f,/f,. Figures 3a and 3b further show
the difference D, at E = ~4 keV and 12 keV, a = ~5° at 10:30 UT.
Figure 3c shows the global distribution of f,, /f,.. The difference in
(D,q) at low energies (E approximately equal to a few kiloelectron
volts to tens of kiloelectron volts) is notable inside the plasmapause
where £, /f. is larger than 10, whereas the difference in (Dg,) for
large energies (e.g., E > 100 keV in Figure 2f) is large outside the
plasmapause, where f,./f. is smaller, as well as in the plume,
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Solar wind and geomagnetic conditions: 2013-03-17
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Figure 1. Interplanetary solar wind parameters for the interval from 02:00 universal time (UT) on March 17, 2013, to 02:00 UT on March 18, 2013,
from OMNI (http://omniweb.gsfc.nasa.gov/). (a) V,, component of the solar wind speed, (b) proton density, (c) pressure, (d) auroral electrojet (AE)

index, and (f) symmetric H-component (SYM-H) index.

where f,, /f. is >14. Figures 3d—3f illustrate the (D,,) as a function
of pitch angle with different energies at three selected locations
(denoted by the white dots in Figure 3c). With £, /f,. = 10 inside
the plasmasphere in the dusk sector (Figure 3d), the largest differ-
ence between the (D,,) in the two polarization modes is at £ =
~30 keV (comparing the purple lines). For f,/f, =16 in the
dayside plume (Figure 3e), the most significant change in (D,,) in
the two polarization modes is at £ = ~12 keV and 164 keV. Outside
the plasmasphere, as the f,,/f, is close to 2, (D,,) is influenced
only at E = 164 keV when the polarization reversal is considered.
Among all these different locations and energies, the largest
change in the (D,,) can be seen to lie in energies >100 keV inside
the plume, whereas the change in other energies is no more than
merely one order of magnitude.

3.2 Effects on the Precipitation Loss
To investigate the effects of these different pitch angle diffusion
coefficients (D,,) on ring current ions more directly, the (D,,) at

pitch angle a
tion of energy are shown in Figure 4. From left to right, three
times are chosen: T = 3:00 UT, 10:30 UT, and 1:00 UT (on the next
day), to represent the prestorm, main phase, and recovery phase
of the storm. After the polarization reversal is included (dashed
lines), the (D,,) is slightly decreased at energies ranging from
several kiloelectron volts to tens of kiloelectron volts and at ener-
gies >100 keV. Consistent with the (D,,), the precipitating flux of
protons during the prestorm and recovery phase (Figures 4d and
4f) also decreases at the energy ranges mentioned. However, the
change in the precipitating flux at 10:30 UT (Figure 4e) is small
enough to be negligible. The reason the polarization-reversed
(Dgq) during the main phase of the storm has limited effects on
the precipitating flux may be because more isotropic source

~5° and the precipitating flux of protons as a func-

plasma is injected into the ring current during the storm time and
the diffusion is less effective on an isotropic distribution. Thus,
even with a reduced (D,,), the difference in the precipitating flux
is not as large.
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Figure 2. The global distribution of bounce-averaged pitch angle diffusion coefficients (D,,) with (a, d) pure left-handed (L) and (b, e)
polarization-reversed (PR) H-band electromagnetic ion cyclotron waves and (c, f) the difference in magnitude at pitch angle (PA) a = 5° at 10:30
universal time (UT). The corresponding energies are 30 and 164 keV, respectively. The (D) of (g) pure left-handed (L) and (h) polarization-
reversed (PR) H-band waves as functions of energy and pitch angle at L = 5.5, magnetic local time (MLT) = 15, and (i) their difference of

magnitude.

Figures 5a and 5b show the global precipitation flux for the pure L-
mode case and the difference in the precipitating flux between
the two cases during the prestorm, main phase, and recovery
phase. The ion precipitation mainly occurs outside L = 4 in the
dusk-to-dawn sector across noon in the prestorm and the recovery
phase, and the occurrence is global during the main phase of the
storm. Inclusion of the polarization reversal causes a decrease in
the global precipitating flux (blue), although a slight increase in
the flux (red) is seen during the recovery phase, especially outside
the plasmapause in the dawn sector. The magnitude difference
between the two cases is about 0.5 or less, which is not a significant
change for the total ring current energy content. Although the
global distribution of the precipitating flux varies in different peri-
ods of the magnetic storm, the overall variation is small. The maxi-
mum local variation is within one order of magnitude, which
means the precipitation loss of the ring current is not greatly
affected. The total ring current pressure in the pure L-mode case
and the relative difference between the two cases are shown in
Figures 5c and 5d. In Figure 5d, the relative difference is calculated
as Dpressure = (Ppr — Pp1)/Pp. X 100%, Where Py, and Ppg are the pres-
sure in the pure L-mode and in the polarization-reversed mode.
The ring current pressure can be seen to increase with the devel-
opment of the storm and can reach approximately 10%, which

suggests a negligible impact. It should be noted that these simu-
lations use simple magnetic and electric field models, but the
above conclusion that the precipitation loss and ring current
intensity are not substantially affected does not change even if we
change the electromagnetic field models to be more sophisticated
and self-consistent.

4. Conclusions

Previous studies have shown that polarization-reversed EMIC
waves can enhance the scattering loss of several mega electron
volt radiation belt electrons and reduce the loss rates of ring
current protons over a broad energy range from a few kiloelectron
volt to >100 keV. The decrease in the proton diffusion coefficient
can be as large as one order of magnitude (Cao X et al., 2020; Lou
YQ et al, 2021). How such changes in the diffusion loss rates
resulting from the inclusion of polarization reversal alter the
global ring current dynamics needs further investigation. In this
study, we simulated the storm event of March 17, 2013, by using
the RAM model and incorporating the EMIC wave-scattering
effects on the ring current protons either by using a pure L-mode
or by including the polarization-reversed mode. By comparing the
results under the two polarization modes, we achieved the follow-
ing results:
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pure L-mode and the polarization-reversed H-band electromagnetic ion cyclotron waves in global distribution at 3:00 universal time (UT), 10:30
UT, and 1:00 UT (on the next day). (c) The total ring current pressure in the pure L-mode and (d) the relative difference in global distribution

between the two cases at 3:00 UT, 10:30 UT, and 1:00 UT (on the next day).

(1) The bounce-averaged pitch angle diffusion coefficients (D,,)
are reduced for a few kiloelectron volt to hundreds of kiloelectron
volt protons when the polarization reversal is included, as
opposed to that of the pure left-handed polarization, but the
affected region is different for different energies. For a few kilo-
electron volt to tens of kiloelectron volt protons, (D,,) decreases
in the noon and afternoon sectors inside the plasmapause,
whereas the coefficient for energies >100 keV is mainly reduced in
regions with a much smaller plasmasphere density or regions with
a much higher density (e.g., the plume).

(2) Although the diffusion coefficients associated with the polar-
ization reversal are generally lower than those of the pure L-mode,

by a factor of 5-10 at different energies, the change in the global
proton precipitating flux is not substantial, meaning that the scat-
tering loss of the ring current protons is not greatly affected from
a global perspective, especially during the main phase of the
storm. This is probably because the most significant impact of the
polarization reversal occurs at £ > 100 keV, but the scattering loss
attributable to the EMIC waves is most efficient at £ < 10 keV.

It should be noted that the calculation of the EMIC wave-induced
diffusion rates is not yet self-consistent with the ring current
dynamics because of the extensive resources required in the
calculation. In addition, the precalculated rates are based on
simplified or fixed-parameter settings, such as ion compositions,
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magnetic configurations, electron number density, and wave
spectra. Lou YQ et al. (2021) actually found that varying these
parameters can introduce significant differences in the diffusion
rates between the pure L-mode and polarization-reversal
approaches, in terms of the efficient resonant energy and pitch
angle. Such variations can result in changes in the affected energy
range from a few kiloelectron volts to hundreds of kiloelectron
volts, but the magnitude of the variation between the two wave
modes is not greatly affected. Therefore, we believe that the
effects of varying the parameters may not change the conclusion.
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