Roles of whistler-mode waves and magnetosonic waves in changing the
outer radiation belt and the slot region
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Abstract Using the Van Allen Probe long-term (2013 – 2015) observations and quasi-linear
simulations of wave-particle interactions, we examine the combined or competing effects of
whistler-mode waves (chorus or hiss) and magnetosonic (MS) waves on energetic (< 0.5
MeV) and relativistic (> 0.5MeV) electrons inside and outside the plasmasphere. Although
whistler-mode chorus waves and MS waves can singly or jointly accelerate electrons from
the hundreds of keV energy to the MeV energy in the low-density trough, most of the
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relativistic electron enhancement events are best correlated with the chorus wave emissions
outside the plasmapause. Inside the plasmasphere, intense plasmaspheric hiss can cause the
net loss of relativistic electrons via persistent pitch angle scattering, regardless of whether MS
waves were present or not. The intense hiss waves not only create the energy-dependent
electron slot region, but also remove a lot of the outer radiation belt electrons when the
expanding dayside plasmasphere frequently covers the outer zone. Since whistler-mode
waves (chorus or hiss) can resonate with more electrons than MS waves, they play dominant
roles in changing the outer radiation belt and the slot region. However, MS waves can
accelerate the energetic electrons below 400keV and weaken their loss inside the
plasmapause. Thus, MS waves and plasmaspheric hiss generate different competing effects
on energetic and relativistic electrons in the high-density plasmasphere.

1. Introduction
Although Earth’s radiation belt was discovered more than 50 years ago, its
temporal-spatial variation mechanisms are not fully understood. In recent years, Van Allen
Probe observations indicate that the inner radiation belt mainly contains energetic electrons
(< 500keV) and higher-energy protons (MeV to GeV) [X. Li et al., 2015; Fennell et al., 2015;
Reeves et al., 2016], whereas highly relativistic electrons (> 0.9MeV) are mostly trapped in
the outer radiation belt region [Baker et al., 2014]. In the slot region between the inner and
outer belts, both energetic and relativistic electrons typically have very low fluxes, and the
slot is more pronounced for the higher-energy electrons.
Under different geomagnetic conditions, the spatial (L shell) ranges of slot region and

© 2017 American Geophysical Union. All rights reserved.

outer radiation belt are remarkably different. Goldstein et al. [2005] and Li et al. [2006]
found that the inner edge of outer radiation belt matches with a several-day running average
of the plasmapause location. Furthermore, the flux of relativistic electrons (> 0.5MeV) is
anticorrelated with cold plasma density [Goldstein et al., 2016]. These observations suggest
that the plasmapause movement probably alters the local plasma density and wave
environments and therefore modifies the electron acceleration and loss.
The temporal-spatial variations of the outer radiation belt electrons are due to their radial
diffusion/transport, acceleration and loss [Roederer, 1970; Schulz and Lanzerotti, 1974; Xiao
et al., 2010; Tu et al., 2013; Roederer and Zhang, 2014; Jaynes et al., 2015; Baker et al.,
2016]. When the phase space density of the MeV electrons has an outward (positive) or
inward (negative) radial gradient, ultralow-frequency (ULF) fluctuations can cause the
electron inward or outward radial diffusion [Shprits et al., 2006; Loto’aniu et al., 2010; Ozeke
et al., 2012; 2014; Ali et al., 2016; Z. Li et al., 2016; Mann and Ozeke, 2016]. The inward
radial diffusion usually occurs in the low-L region with a positive radial gradient [Zhao et al.,
2014; Georgiou et al., 2015], whereas the outward radial diffusion mainly occurs in the
high-L region with a negative radial gradient [Reeves et al., 1998; Turner et al., 2012; Yu et
al., 2013; L. Y. Li et al., 2016a]. During the sudden enhancement of solar wind dynamic
pressure, the earthward displacement of the dayside magnetopause often makes energetic
particles drift out the dayside magnetopause (termed as “drift loss” or “magnetopause
shadowing”) [Roederer, 1967; Kim et al., 2008; Matsumura et al., 2011]. The particle drift
loss of energetic particles can cause a negative (inward) radial gradient of the electron phase
space density in the high-L region (e.g., L > 5) [L. Y. Li et al., 2016a].
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Besides the drift loss and the radial diffusion, local wave-particle interactions also
influence the relativistic electron population inside and outside the plasmasphere.

Outside

the plasmapause, whistler-mode chorus waves can accelerate “seed electrons” (tens to
hundreds of keV) to relativistic energy (> 0.5MeV) [Horne et al., 2003; Li et al., 2005;
Summer et al., 2007; Thorne et al., 2013; Li et al., 2014; Su et al., 2014], whereas
electromagnetic ion cyclotron (EMIC) waves mainly scatter relativistic electrons into the loss
cone around the plasmapause[Summers and Thorne, 2003; Yu et al., 2015; L. Y. Li et al.,
2016b; Zhang et al., 2016]. Inside the plasmasphere, plasmaspheric hiss (whistler-mode
waves) can cause relativistic electron loss through pitch angle scattering [Lyons et al., 1972;
Meredith et al, 2009; Ni et al., 2013; Jaynes et al., 2014]. Moreover, magnetosonic (MS)
waves can also lead to the strong (weak) acceleration of the keV to MeV electrons outside
(inside) the plasmasphere [Horne et al., 2007; J. Li et al., 2016; Ma et al., 2016]. However,
the relative contributions of various waves are not clear, especially inside the plasmasphere.
Based on the wave and electron observations by Van Allen Probe A from 2013 to 2015,
we examine the relationship between relativistic electron changes and wave amplitudes
(chorus, hiss and MS) inside and outside the plasmasphere. Meanwhile, we also simulate the
combined (or competing) effects of chorus (or hiss) waves and MS waves on relativistic
electrons through the quasi-linear diffusion equation. The contributions of whistler-mode
waves and MS waves can be identified by the wave amplitude-dependent electron flux
variations observed by Van Allen Probe A, although the relativistic electrons are probably
subjected to multiple influences.
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2. Satellite Orbits and Data
The twin Van Allen Probe (A and B) satellites were launched into an equatorial elliptical
orbit (perigee ~ 1.1 RE, and apogee ~ 6.5 RE) on 30 August 2012. Its orbit cycle and orbit
precession cycle are about 9 hours and 22 months, respectively. Figure 1 shows the Van Allen
Probe A path during the period from 2013 to 2015. The satellite orbit covers the most regions
of the inner and outer radiation belts (L ~ 1.1 - 6.5). The satellite apogee was on the nightside
during the period from January to September 2013, and then moved to the dayside during the
period from September 2013 to September 2014. Finally, its apogee came back to the
nightside region during the interval from September 2014 to January 2015. Since Probes A
and B have slightly different orbital periods their measurements are sometimes closely
spatially co-located and sometimes widely separated, we use only a single satellite (Probe A)
in order to eliminate potential complications of statistical measurement independence.
The Relativistic Electron Proton Telescope (REPT) measures the temporal-spatial
variations of highly relativistic electrons (≥ 1.8 MeV) in the region of L ~ 1.1 - 6.5 [Baker et
al., 2013a], and the Magnetic Electron Ion Spectrometer (MagEIS) measures those of 50keV
to 1MeV electrons in the same region [Blake et al., 2013]. The Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS) measures the magnetic field and plasma
wave data [Kletzing et al., 2013]. The Level 2 data set of the waveform receiver (WFR)
integrated in EMFISIS provides wave power spectral density and polarization properties,
including wave normal angle (WNA), ellipticity, and planarity.
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3. Identifications of Plasmapause Location and Various Waves
The location of plasmapause can be identified by sharp jumps in the frequency of upper
hybrid resonance (UHR) emissions. The UHR band is the most intense in the high frequency
receiver (HFR) spectra (10 - 400 kHz) [Kurth et al., 2015]. If the UHR curves have no sharp
jump, electrostatic electron cyclotron harmonic (ECH) waves can also be used to distinguish
the plasma trough with ECH waves from the plasmasphere without ECH waves [Meredith et
al., 2004]. The manually identified plasmapause location is compared with the empirical
value from the plasmapause model of O’Brien and Moldwin [2003].
Inside the high-density plasmasphere (> 50cm-3), ELF electromagnetic waves (0.02 4kHz) can be identified as plasmaspheric hiss when their planarity is larger than 0.2 and their
ellipticity is larger than 0.7 [W. Li et al., 2015]. Although hiss waves probably leak out from
plasmasphere [Zhu et al., 2016], their frequency has no strong dependence on altitude (or
magnetic field strength B), and their power spectral density has no regular gap (i.e.,
structureless) [Meredith et al., 2004, Cao et al., 2005; Yu et al., 2017]. On the contrary, the
power spectral density of whistler-mode chorus waves has a deep gap around 0.5fce (the
electron cyclotron frequency

), and their frequency (fcw ~ 0.1 – 0.8 fce) has

significantly altitudinal or B-dependent variation [Meredith et al., 2012]. Whistler-mode
chorus waves mainly exist in the plasma trough (< 50cm-3) outside the plasmapause, and they
have also a large planarity (> 0.2) and ellipticity (> 0.7).
Unlike the hiss and chorus waves, the propagation of MS waves is highly oblique (WNA >
80°) with respect to ambient magnetic field direction, and they are linearly polarized (their
polarization ellipticity is between ± 0.2) [Ma et al., 2016]. Moreover, the frequency of MS
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waves is between proton gyrofrequency (fcp) and lower hybrid resonance frequency (fLHR).
Based on the power spectral density (Bpsd) of each kind of waves, we estimated the
amplitude (Bw) of wave magnetic field, and
(1)
where fmax and fmin are the maximum and minimum frequencies of the measured waves,
respectively.

4. Effects of Plasmapause on Whistler-mode Waves and Outer Radiation Belt
The empirical plasmapause location can be a parameterized function of geomagnetic
indices (Kp, Dst or AE) [Carpenter and Anderson, 1992; O’Brien and Moldwin, 2003; Liu et
al., 2015]. Figure 2 shows the geomagnetic indices (Dst and AE), the location of the subsolar
magnetopause (MP), the location of the empirical plasmapause (PP), the 12-hour averaged
wave amplitudes (chorus Bcw, hiss Bhw, and MS Bmw) and the spin-averaged flux (for all of the
equatorial pitch angles) of relativistic electrons (energy E ~ 2.6, 3.4, 4.2, 5.2 MeV) measured
by Van Allen Probe A during the period from 2013 to 2015. The MP is determined by the
dynamic pressure of solar wind and the Z-component of the interplanetary magnetic field
(IMF), and it is calculated through the empirical magnetopause model established by Shue et
al. [1998]. The PP is calculated through the empirical plasmapause model developed by
O’Brien and Moldwin [2003].
During geomagnetically active times (Dst ≤ -30nT and AE ≥ 200nT), the plasmapause
(PP) moves inward to 3 – 4 RE or to lower L shells (indicated by the black curves in Figures
2c – 2f), and the emission region of whistler-mode chorus waves extends from high-L region
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to low-L region (Bcw ≥ 10pT in the region of L > PP). Although the chorus waves are selected
by their frequency (f ~ 0.1 – 0.8 fce) and polarization properties (planarity > 0.2, and
ellipticity > 0.7), the inner boundary of the chorus emission region is highly correlated with
the empirical plasmapause location (PP).
During geomagnetically quiet times (Dst > -30nT and AE < 200nT), the plasmapause
returns to the high-L region (the maximum PP ~ 6.4 RE in Figures 2c – 2f), and the normal
outer belt region is covered by the high-density plasmasphere. In the overlap region (3 ≤ L ≤
PP) of the outer radiation belt and plasmasphere, plasmaspheric hiss (0.02 – 4kHz) is
amplified (Bhw ≥ 20pT), whereas chorus waves disappear there (L ≤ PP). Most of the time, the
intense hiss waves mostly exist inside the plasmasphere (L ≤ PP), except for a few hiss
leakages from the plasmasphere in the second half of 2013 (Hiss leakage from the
plasmasphere has been previously observed [Zhu et al., 2016]).
The long-term observations by Van Allen Probe A indicate that the plasmapause
movement changes the spatial ranges of whistler-mode chorus and hiss waves under different
geomagnetic conditions. Associated with the temporal-spatial variations of whistler-mode
waves, the spatial range of outer radiation belt and the flux of relativistic electrons are also
remarkably changed (Figures 2f – 2i). Before 20 July 2013 (marked by the left vertical line
in Figure 2), the flux of relativistic electrons increases repeatedly in the chorus wave
emission region (where Bcw ≥ 10pT) outside the plasmapause (L > PP). Owing to the rapidly
outward movement of the plasmapause, the relativistic electrons can maintain high flux
inside the plasmasphere (L < PP) for a few days or longer time. In general, the flux decay of
the relativistic electrons inside the plasmasphere is gradual and slow, whereas their flux
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decay outside the plasmapause is rapid. This indicates that the relativistic electrons inside
and outside the plasmasphere are subjected to different loss processes.
During intense storms (Dst < -50nT), the subsolar magnetopause can inwards move to the
outer boundary of outer radiation belt (MP ~ 6 – 8RE, marked by the blue curve in Figure 2b).
The duration of deep magnetopause compressions is very short, suggesting that
magnetopause shadowing combined with outward radial diffusion/transport driven by ULF
waves probably leads to the sudden loss of relativistic electrons outside the plasmapause.
However, they cannot account for the gradual loss of relativistic electrons inside the
plasmaphere, such as the gradual decay of electron fluxes inside the plasmapause during the
period from 20 July to 20 September in 2013 (Figures 2f – 2i).
The gradual loss of the relativistic electrons becomes more and more distinct after 20 July
2013. Along the direction of the red arrow in Figure 2g, the gradual decay of the relativistic
electron fluxes is largely correlated with the continuous amplification of plasmaspheric hiss
and the weakening of chorus waves. The flux of the relativistic electrons is unusually low in
the entire outer radiation belt region (L ~ 3 – 7) during the period from September 2013 to
September 2014, although their flux also recovers slightly as the plasmapause moves inwards
(PP decreases). The long-term depletion of the outer radiation belt electrons is associated with
the frequent invading of the dayside plasmasphere with intense hiss waves (indicated by the
increase of PP).
After 20 August 2014 (marked by the right vertical line in Figure 2), the plasmapause
frequently shifts inwards and stays at the low-L shells for more than a few days (the
minimum PP < 4), and meanwhile the flux of the outer radiation belt electrons increases
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repeatedly in the intense chorus wave emission region (L > PP). However, the flux of the
outer radiation belt electrons also decreases remarkably when the intense plasmaspheric hiss
fills up the outer zone for a few days or longer time. Furthermore, the flux decay of the
relativistic electrons is obviously later than the outward movement of the plasmapause. The
lag of the electron flux decay indicates that the hiss-induced electron loss is slower than the
plasmapause movement. Since there are still intense hiss waves in the region of L ~ 2 – 3,
relativistic electrons are almost lacking there during the period from 2013 to 2015. The
persistent loss of the relativistic electrons forms an empty slot in the region of L ~ 2 – 3.
Unlike whistler-mode chorus waves, MS waves can exist inside and outside the
plasmasphere (indicated by Bmw ≥ 20pT in Figure 2e). Inside the plasmasphere (L < PP), the
amplitude increase of MS waves does not lead to the flux enhancement of relativistic
electrons. On the contrary, the amplitude of MS waves sometimes is very large inside the
plasmasphere (e.g., after September 2014), but the flux of relativistic electrons is very low in
the intense hiss emission region. Even if MS waves are lacking outside the plasmapause (e.g.,
after 15 November 2014), the flux of relativistic electrons also increases in the chorus wave
emission region. These observations demonstrate that the influence of MS waves on
relativistic electrons is weaker than those of intense chorus and hiss waves.

5. Simulations of Combined Wave-particle Resonant Interactions
The wave amplitude-dependent electron flux variations clearly show the contributions of
whistler-mode waves in changing outer radiation belt and slot region. The electron pitch
angle and energy diffusion coefficients driven by each kind of waves are estimated through
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quasi-linear diffusion theory [Glauert and Horne, 2005; Summers et al., 2007].
Whistler-mode chorus and MS waves have a Gaussian frequency spectrum distribution
[Horne et al., 2003, 2007]. The frequency spectrum distribution of hiss waves is adopted
from the new statistical spectrum [W. Li et al., 2015]. The wave normal angle distributions
are assumed to be a Gaussian distribution [Glauert and Horne, 2005]. The wave parameters
used in our simulations are listed in Table 1.
The ambient magnetic field strength is calculated via the dipolar field model. The ambient
electron number density (ne) is calculated through the empirical plasmaspheric density model
and trough density model (i.e., Equations 6 and 7 in the paper of Sheeley et al. [2001]).

Table 1. Inputted wave parameters for the quasi-linear diffusion coefficients
Wave

Amplitudes

Lower

Upper

Frequency

at

Band

Propagation angle

Maximum

Percentage

types

(pT)

frequency flc

frequency fuc

the power peak

width

parameters

magnetic

of the wave

(Hz)

(Hz)

fm (Hz)

δf

latitude

MLT range

Chorus

60

0.05fce

0.65fce

0.35fce

0.3fce

o

Xmin=tan(0 )

35

o

o

Xm=tan(0 )

50%
outside

o

Xw=tan(30 )

the

plasmasphere
o

Xmax=tan(45 )
Hiss

60

20

4000

178

110

Xmin=tan(0o)

40o

o

100%

Xm=tan(0 )

inside

Xw=tan(30o)

plasmasphere

the

Xmax=tan(45o)
MS

100

20

80

40

15

Xmin= Xm- XW

3o

25%

(50%)

o

outside

o

Xw=tan(86 )

(inside)

Xmax= Xm+XW

plasmasphere

Xm=tan(89 )

the

Figures 3a – 3f display the bounce-averaged electron pitch angle diffusion coefficient
(<Dαα>/p2), energy diffusion coefficient (<Dpp>/p2 in day-1) and cross diffusion coefficient
(<Dαp>/p2 in day-1) driven, respectively, by chorus waves and MS waves outside the
© 2017 American Geophysical Union. All rights reserved.

plasmapause (ne ~ 11.6cm-3 at L ~ 5 > PP). In the low-density trough, whistler-mode chorus
waves cause the electron pitch angle and energy diffusions at almost all of pitch angles,
whereas MS waves only diffuse the 0.2 to 5MeV electrons in the narrow pitch angle range of
~ 60o – 70o. The different diffusion coefficients suggest that whistler-mode chorus waves can
accelerate more electrons outside the plasmapause.
Using the layer methods [Tao et al., 2009], we simulated the electron pitch angle and
energy diffusion processes driven by chorus and MS waves outside the plasmapause (L = 5 >
PP). The initial resonant electrons have a pancake-like pitch angle distribution in the absence
of waves (Figure 3g). When the resonant electrons are diffused only by chorus waves or
diffused simultaneously by chorus and MS waves for 2 days (indicated by Figures 3h and 3i),
the phase space density (F normalized) of highly relativistic electrons (> 1MeV) increase
remarkably at high pitch angles (a > 30o), indicating that chorus waves can singly or jointly
with MS waves accelerate the hundreds of keV to MeV electrons in the low-density trough
(ne ~ 11.6cm-3 at L = 5 > PP). The electron acceleration by chorus and/or MS waves can well
explain the flux enhancement of relativistic electrons outside the plasmapause.
In the low-density trough (ne ~ 11.6cm-3 at L = 5 > PP), the difference among the various
electron accelerations can be seen in Figures 4a – 4c. In the absence of waves, the normalized
electron phase space density (F) is indicated by blue line. The green line denotes the
normalized F after the electron acceleration only by chorus waves, and the red line denotes
the normalized F after the electron acceleration simultaneously by chorus and MS waves. In
comparison with the normalized F in the case of no wave (indicated by the blue lines in
Figure 4), chorus waves and/or MS waves cause the large increase in the normalized F in the
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energy range from hundreds of keV to a few MeV (indicated by the green and red lines in
Figures 4a – 4c). The higher the electron energy, the larger the phase space density increment
(ΔF). Although the amplitude of chorus waves (~ 60pT) is smaller than that of MS waves (~
100pT), the almost same changes in the electron phase space density demonstrate that
whistler-mode chorus waves can singly or jointly with MS waves accelerate electrons from
the hundreds of keV energy to the MeV energy outside the plasmapause. This is consistent
with the Van Allen Probe A long-term observations in Figure 2, namely outside the
plasmapause, most of the relativistic electron enhancement events are correlated with intense
chorus waves rather than MS waves. Since chorus waves can resonate with more electrons
than MS waves (indicated by the wider resonant pitch angle range in Figure 3), they play a
dominant role in the outer zone electron acceleration.
In the same way, we simulated the electron diffusions driven only by hiss waves and
driven simultaneously by hiss waves and MS waves in the high-density plasmasphere (ne ~
346.4cm-3 at L = 4 < PP). Figures 4d – 4f display the initial and diffused pitch angle
distributions of different-energy electrons. In the absence of waves, the initial resonant
electrons have a larger phase space density (F, indicated by blue lines in Figures 4d – 4f).
When the resonant electrons (from hundreds of keV to a few MeV) are diffused by intense
plasmaspheric hiss (~ 60pT) for 2 days, their phase space density decreases remarkably in the
absence of MS waves (indicated by green lines Figures 4d – 4f). However, the phase space
density variation of the 300keV electrons is very small when the resonant electrons are
diffused simultaneously by hiss waves and MS waves (indicated by red line Figure 4d). The
combined diffusions by hiss and MS waves mainly cause the MeV electron loss in the
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high-density plasmasphere (indicated by red lines Figures 4e and 4f). Furthermore, the loss of
the MeV electrons is comparable in the presence of hiss waves and in the presence of two
types of waves, indicating that intense plasmaspheric hiss (~ 60pT) can cause the net loss of
relativistic electrons (E > 0.5MeV) inside the plasmasphere, regardless of whether MS waves
were present or not.
In the high-density plasmasphere (ne ~ 346.4cm-3 at L = 4 < PP), the hiss and MS wave
effects on different-energy electrons can be clearly indicated by the bounce-averaged electron
diffusion coefficients (<Dαα>/p2, <Dpp>/p2 and <Dαp>/p2 in day-1) and the electron phase
space density evolution (F normalized). Figures 5a – 5c indicate that whistler-mode hiss
waves can diffuse the 0.2 to 5MeV electrons at almost all of pitch angles, and the electron
pitch angle scattering is much faster than their energy diffusion driven by hiss waves (i.e.,
<Dαα>/p2 is greater than <Dpp>/p2). As a result, intense plasmaspheric hiss (~ 60pT) causes
the large losses of both energetic and relativistic electrons in the absence of MS waves
(Figure 5h). Since the electron pitch angle scattering is faster in the energy range below
400keV (in which <Dαα>/p2 is the maximum in Figure 5a) and their phase space density (F)
gradient is steeper in the pitch angle range of a < 70o (indicated by blue line in Figure 4d), the
rapid pitch angle scattering, due to the hiss waves, creates a dip of the electron phase space
density (the minimum F) in the low-energy (E < 400keV) and low-pitch angle (a < 70o)
ranges. Near the lower boundary of the F dip, the almost invariant phase space density is due
to the influence of a fixed boundary condition at E ~ 200keV (which is equivalent to a stable
electron source).
When there are MS waves in the high-density plasmasphere (ne ~ 346.4cm-3 at L = 4 <
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PP), intense MS waves (~ 100pT) can cause the energy and pitch angle diffusions of the 0.2
to 5MeV electrons around 80o (Figures 5d – 5f). For the same frequency MS waves, the pitch
angle range of the resonant electrons is narrower in the high-density plasmasphere (Figures
5d – 5f) than the low-density trough (Figures 3d – 3f). When MS waves and plasmaspheric
hiss simultaneously diffuse the energetic and relativistic electrons inside the plasmasphere,
only the resonant electrons above 400keV are remarkably lost (Figure 5i). In the relativistic
energy range of E > 500keV, the decrease of the electron phase space density (Figures 4e, 4f
and 5i) demonstrates that the MS wave-driven electron acceleration is weaker than the hiss
wave-induced electron loss. Although MS waves cannot effectively accelerate the electrons
above 400MeV in the high-density plasmasphere (where <Dpp>/p2 < 8×10-3 day-1 in Figure
5e), they can accelerate the energetic electrons below 400keV around 80o (where <Dpp>/p2 ~
8×10-3 day-1 in Figure 5e). Thereafter, the intense hiss waves can rapidly diffuse a part of the
accelerated electrons from the high pitch angles to the low pitch angles (e.g., a < 80o) and
thus weaken the electron loss in the energy range of E < 400keV. Thus, plasmaspheric hiss
and MS waves can generate different competing effects on energetic and relativistic electrons
in the high-density plasmasphere.
Further evidence of hiss wave contribution to electron loss can be seen in the total
electron content dependence on hiss wave amplitudes. The total electron content is
approximately expressed as the total electron flux defined by Li et al. [2009]. In the overlap
region of plasmasphere and outer radiation belt (3 ≤ L ≤ PP), the total flux of highly
relativistic electrons (E ≥ 1.8MeV) can be expressed as:
(2)
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where the electron differential flux j(E, L) is an average value for all of the equatorial pitch
angles, and it is measured by Van Allen Probe A during the period from 2013 to 2015. Since
the plasmapause can shift inward to L=3 or lower-L shells during some strong storms (Dst <
-100nT), Equation 2 is not suitable for the strong storm events.
Figure 6a displays the total flux variation with increasing hiss amplitudes in the overlap
region (3 ≤ L ≤ PP) of outer radiation belt and plasmasphere. For the case of Dst > -100nT,
the electron total flux in the overlap region is almost independent of Dst. Although the inward
radial diffusion probably causes the relativistic electron enhancement in the low-L region
[Zhao et al., 2013], the maximum total flux (i.e., the maximum content) of relativistic
electrons decreases with increasing hiss wave amplitudes (Bhw). The plasmaspheric hiss
controls the relativistic electron content in the plasmasphere.
The electron flux dependence on hiss wave amplitudes is simulated through the
quasi-linear diffusion equation. Figure 6b shows the relativistic electron flux variations due to
pitch angle scatterings by different-amplitude (Bhw) hiss waves. The initial pitch angle
distribution (for Bhw ~ 0) is measured by Van Allen Probe A on 16 August 2013. When the
highly relativistic electrons are scattered by hiss waves for 10 days (t = 10day), the
larger-amplitude hiss waves cause more electron loss at all of the equatorial pitch angles. This
is consistent with the Van Allen Probe A observations (Figures 2 and 6a). These observations
and simulations demonstrate that the continuously amplified plasmaspheric hiss (the 12-hour
averaged amplitude Bhw > 20pT) is mainly responsible for the loss of relativistic electrons in
the overlap region (3 ≤ L ≤ PP).
The plasma wave effect on relativistic electrons can be further confirmed by the
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different changes in the different pitch angle electron fluxes. Figure 7 displays the
relativistic electron fluxes at different pitch angles measured by REPT. Although the
12-hour averaged electron fluxes cannot reflect the short-lived butterfly pith angle
distribution, the flux of relativistic electrons is larger at high pitch angles than the low pitch
angles. This is due to that chorus waves and/or MS waves can cause the faster electron
acceleration at high pitch angles, as indicated by Figures 3h – 4c. Moreover, the flux of the
5o pitch angle electrons gradually decrease to the lowest level during the period from
September 2013 to September 2014. The loss of the low pitch angle electrons is consistent
with the hiss-driven pitch angle scattering (Figure 6b). Similar pitch angle scattering loss
has been observed in the near-Earth plasma sheet [Li et al., 2013].

6. Spatial Variation of the Energy-dependent Electron Slot Region
Inside the plasmapause, the responses of different-energy electrons to plasmaspheric hiss
are observed by MagEIS instrument on board the Van Allen Probe A. Figure 8 shows the
“seed electrons” (~ 50 - 500keV) and relativistic electrons (> 500keV) in the region of L ~ 2 7 during the period from 2013 to 2015. The size and spatial location of the inner zone, outer
zone, and slot region are different for different-energy electrons [Reeves et al., 2016]. The
slot region of lower-energy electrons is usually located in higher-L region, and the slot region
size of the lower-energy electrons (e.g., E < 500keV) is smaller than that of the higher-energy
electrons (e.g., E > 500keV). The narrowing of the low-energy electron slot region is due to
the outward extending of the inner radiation belt. For the electrons below 100keV, their inner
radiation belt lives in a wider-L region (L ~ 1.2 – 3), but their slot lives in a narrower-L
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region (L ~ 3 – PP). For the relativistic electrons (E > 500keV), their slot lives in a wider-L
region (L ~ 2 – PP). In particular, no electrons > 900keV were observed in the inner zone (L
~ 1.2 – 2) [Fennell et al., 2015]. The highly relativistic electrons (> 900keV) only exist in the
outer radiation belt (L > PP) during the period from 2013 to 2015 [Baker et al., 2014].
Although the inner edges of the different-energy electron slot regions are different, their
outer edges are basically controlled by the plasmapause location. The long-lived hiss waves
in the slot regions (Figure 2d) suggest that plasmaspheric hiss creates the energy-dependent
electron slot (Figure 8). Figure 9 shows the electron diffusion coefficients (<Dαα>/p2,
<Dαp>/p2, and <Dpp>/p2 in day-1) driven by hiss waves (Bhw ~ 60pT) in an expanding
plasmasphere (L ~ 2 – 5 < PP). These diffusion coefficients are calculated based on the
dipolar field model and the plasmaspheric density model of Sheeley et al. [2001]. Since the
plasmaspheric density model is invalid in the region of L < 3, we let ne ~ 1390cm-3 in the
region of L ~ 2 – 3 according to the CRRES observational data [Sheeley et al., 2001].
For the same hiss waves, the electron pitch angle diffusion coefficient (<Dαα>/p2) depends
strongly on the electron energy and L value. The time scale of the strong pitch angle diffusion
is shorter than 10day (i.e., p2/<Dαα> < 10day), thus these electrons in the strong diffusion
region (where <Dαα>/p2 > 10-1day-1) will be rapidly lost and form a new slot region inside the
plasmapause (PP ≤ 5). Since the strong pitch angle diffusion region of lower-energy electrons
is located in higher-L region, the inner edge of the lower-energy electron slot region is also
located in higher-L region. This can explain the slot dependences on the electron energy and
L values in Figure 8. However, the weak pitch angle scattering (p2/<Dαα> > 10day) cannot
effectively remove the resonant electrons, thus the electrons in the weak diffusion region

© 2017 American Geophysical Union. All rights reserved.

(where <Dαα>/p2< 10-1day-1) can live for longer time. For example, in Figures 8a – 8e, the
“seed electrons” (E < 500keV) can exist in the region of L ~ 2 – 3. However, the relativistic
electrons (E > 500keV) are usually lacking in the region of L ~ 2 - 2.5 (Figures 8f and 8g),
because the relativistic electrons are subjected to the rapider pitch angle scattering there
(Figure 9a).
Moreover, the MagEIS measurements (Figure 8) also indicate that the fluxes of “seed
electrons” are relatively low during the period from September 2013 to September 2014. The
less “seed electrons” and the weaker chorus waves mean weaker electron accelerations
outside the plasmapause. In this case, the intense plasmaspheric hiss frequently invades the
dayside outer belt region and removes a lot of the relativistic electrons from the outer
radiation belt region (Figures 2d – f).

7. Discussions
The emphasis of this study is to evaluate the combined (or competing) effects of chorus
(or hiss) waves and MS waves on relativistic electrons. However, we do not rule out the
influences from other dynamical processes. The slot region and outer radiation belt variations
are due to the complicated competitions among the radial diffusion/transport, local electron
acceleration and loss.

7.1. Drift Shell Splitting and Drift Loss Effect
Since the Earth’s magnetic field is day-night asymmetric in the non-dipole field region
(e.g., L > 5), the different-pitch angle energetic particles starting on a common field line at a
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given longitude will populate different drift shells at other longitudes. This effect is called
drift shell splitting [Roederer, 1967; Roederer and Zhang, 2014]. The day-night asymmetry of
the magnetic field is remarkably enhanced during the enhancement of solar wind dynamic
pressure or during the period of southward interplanetary magnetic field [Li et al., 2013; Yu et
al., 2016]. Under the circumstance, the higher pitch angle particles on the nightside same
field line will drift along the higher-L shells on the dayside. As a consequence, the high pitch
angle particles in the nightside high-L region are most easily lost through the drift loss cone
[Hudson et al., 2014]. The drift loss of the high pitch angle particles can cause a butterfly-like
particle pitch angle distribution with a smaller flux around 90o in the nightside high-L region
(L > 5) [Yu et al., 2016].

7.2. Role of Radial Diffusion Driven by ULF Waves
It is possible that ULF waves cause the electron inward or outward radial
diffusion/transport in different L regions [Ozeke et al., 2012; 2014; Ali et al., 2016; Z. Li et al.,
2016; Mann and Ozeke, 2016]. When there is a negative radial gradient in electron phase
space density in the high-L region (e.g., L > 4), ULF waves combined with magnetopause
shadowing can cause the electron outward radial diffusion and loss [Shprits et al., 2006;
Loto’aniu et al., 2010]. Thus, outside the plasmapause, the sudden loss of relativistic
electrons is probably due to the ULF wave-driven outward diffusion and/or magnetopause
shadowing, as indicated by previous observations [Turner et al., 2012; L. Y. Li et al., 2016a].
However, inside the plasmapause, the gradual loss of relativistic electrons are mainly due
to the pitch angle scattering caused by plasmaspheric hiss. ULF waves usually cause the
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electron inward radial diffusion and enhancement in the low-L region [Zhao et al., 2014;
Georgiou et al., 2015]. The opposite radial diffusions in different L regions suggest that the
unusual low electron flux in the entire outer belt region (L ~ 3 – 7) is not merely caused by
the radial diffusion/transport. During the period from September 2013 to September 2014, the
long-term depletion of the outer radiation belt electrons is mainly due to the frequently
invading of the dayside plasmasphere with intense hiss waves in the absence of enough “seed
electrons” and chorus waves.

7.3. EMIC Wave Effect on Outer Radiation Belt
The left-hand polarized EMIC waves can cause the rapid loss of relativistic electrons in
the outer radiation belt region [Zhang et al., 2016]. However, EMIC waves are often damped
within several minutes, and thereafter the flux of relativistic electrons can rapidly recover to
their initial level if there is no other persistent electron loss [L. Y. Li et al., 2016b]. Therefore,
the long-term depletion of the outer radiation belt electrons is mainly due to the persistent
pitch angle scattering by plasmaspheric hiss during the period from September 2013 to
September 2014.

7.4. Formations of the Dense and Sparse Outer Radiation Belts
Although the relativistic electrons are probably subjected to multiple influences, the wave
amplitude-dependent electron flux variations clearly show the contributions of whistler-mode
waves in changing the outer radiation belt and the slot region. During active times (Dst ≤
-30nT and AE ≥ 200nT), the plasmapause moves inward to a lower-L shell (PP ~ 3 – 4).
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When chorus waves and/or MS waves are fully amplified (Bcw ≥ 10pT) outside the
plasmapause, relativistic electrons increase and form a dense outer radiation belt, as indicated
by Figure 10a (schematic illustration). Moreover, the inward radial diffusion is also favorable
for the formation of a dense outer radiation belt in the positive phase space density radial
gradient region.
During quiet times (Dst > -30nT and AE < 200nT), the dayside plasmasphere expands
outwards and covers the normal outer zone (L ~ 3 – 6.2). In the overlap region of outer
radiation belt and plasmasphere, plamaspheric hiss is amplified (Bhw > 20pT) whereas chorus
waves disappear. Although the chorus waves probably propagate into the plasmasphere and
evolve into incoherent hiss waves [Chen et al., 2012], the wave-induced electron energy
diffusion and pitch angle scattering depend strongly on the local plasma density. Inside the
plasmapause, whistler-mode waves mainly cause the electron pitch angle scattering loss [Li et
al., 2008]. In the absence of “seed electrons” and chorus waves, the frequently amplified hiss
waves in the expanding plasmasphere can effectively reduce the relativistic electron
population and form a sparse outer radiation belt in high-L region, as indicated by Figure 10b.
Moreover, the magnetopause shadowing, outward radial diffusion (driven by ULF waves in
the negative radial gradient region) and EMIC waves sometimes also remove a lot of the
outer radiation belt electrons. The long-term observations by Van Allen Probe A indicate that
the 12-hour averaged relativistic electron flux in the high-L region (e.g., L > 3) is highly
dependent on whistler-mode wave amplitudes and plasmapause location under different
geomagnetic conditions.
However, relativistic electrons (E > 500keV) are almost lacking in the low-L region (e.g.,
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L < 3) during the period from 2013 to 2015, owing to the persistent electron pitch angle
scattering driven by plasmaspheric hiss there. The intense hiss waves not only remove the
highly relativistic electrons in the normal inner radiation belt and slot regions (e.g., L < 3),
but also cause the energetic electron loss near the plasmapause. As a result, the persistent hiss
waves create the energy-dependent electron slot inside the plasmapause.
It is worth noting that Figure 10 merely displays the normal inner and outer radiation
belt structure in most of the time from 2013 to 2015. When highly relativistic electrons (e.g.,
≥ 4.2MeV) are not completely lost near the inner edge of outer radiation belt, some
relativistic electrons can be regenerated at higher-L shells and form the third radiation belt
[Baker et al., 2013b]. For example, in Figures 2h and 2f, the double outer belts are produced
in early March 2013. However, the double outer belt structure is very rare during the period
from 2013 to 2015.

8. Summary and Conclusions
The long-term observations by Van Allen Probe A indicate that under different
geomagnetic conditions, the inward or outward displacement of the plasmapause alters the
emission regions of whistler-mode chorus and hiss waves, and therefore changes the slot
region and outer radiation belt sizes to some extent. Unlike whistler-mode waves, MS waves
can exist both inside and outside the plasmapause.
During active times (Dst ≤ -30nT and AE ≥ 200nT), the plasmapause moves inwards to a
low L-shell (PP ~ 3 – 4). When whistler-mode chorus waves and/or MS waves are fully
amplified outside the plasmapause, relativistic electrons increase and form a dense outer
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radiation belt. However, most of the relativistic electron enhancement events are correlated
with intense chorus waves rather than MS waves. The quasi-linear simulations demonstrate
that chorus waves can singly or jointly with MS waves accelerate the electrons from the
hundreds of keV energy to the MeV energy outside the plasmapause.
During quiet times (Dst > -30nT and AE < 200nT), the dayside plasmasphere expands
outward and covers the normal outer zone (L ~ 3 – 6.2). Meanwhile, plamaspheric hiss is
amplified in the overlap region of plasmasphere and outer radiation belt. Owing to the hiss
wave-induced pitch angle scattering loss, relativistic electrons decrease and form a sparse
outer radiation belt in the absence of enough “seed electrons” and chorus waves. Furthermore,
the maximum electron content (i.e., the maximum total flux) decreases with increasing hiss
wave amplitudes inside the plasmapause. The frequent invading of the dayside plasmasphere
with intense hiss waves leads to the long-term depletion of relativistic electrons in the entire
outer radiation belt region during the period from September 2013 to September 2014.
Based on the quasi-liner diffusion equation, we simulated the competing effects of
plamaspheric hiss and MS waves on energetic (< 0.5 MeV) and relativistic (> 0.5MeV)
electrons inside the plasmapause. The results indicate that plasmaspheric hiss and MS waves
can generate different competing effects on energetic and relativistic electrons. Intense
plasmaspheric hiss (~ 60pT) can cause the net loss of relativistic electrons in the high-density
plasmasphere, regardless of whether MS waves were present or not. The hiss wave-induced
persistent pitch angle scatterings cause the long-term disappearance of the highly relativistic
electrons (E > 900keV) in the low-L region (L < 3).

However, intense MS waves (~ 100pT)

can effectively accelerate the energetic electrons below 400keV and thus weaken their loss in
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the high-density plasmasphere.
Since whistler-mode waves (chorus or hiss) can resonate with more electrons (the larger
resonant pitch angle range) than MS waves, they play dominant roles in changing the outer
radiation belt and the slot region. Moreover, the drift loss or magnetopause shadowing effect,
the radial diffusion driven by ULF waves and the pitch angle scattering driven by EMIC
waves sometimes also change the radiation belt electrons. The competitions among various
processes finally determine the relativistic electron content (dense or sparse) in the outer
radiation belt and slot regions.
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Captions:

Figure 1. Precession of Van Allen Probe A orbit during the period from 2013 to 2015.
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Figure 2. (a and b) Geomagnetic indices (Dst and AE) and magnetopause (MP) at the subsolar
point. (c - e) The 12-hour averaged amplitudes of whistler-mode waves (chorus Bcw and hiss
Bhw) and magnetosonic (MS) waves (Bmw). (f - i) The spin-averaged (for all of the equatorial
pitch angles) flux of relativistic electrons (≥ 1.8MeV).
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Figure 3. The combined effects of chorus waves and MS waves on energetic (E < 0.5MeV)
and relativistic (E > 0.5MeV) electrons outside the plasmapause (L = 5 > PP). (a – f)
Bounce-averaged electron pitch angle diffusion coefficient (<Dαα>/p2), energy diffusion
coefficient (<Dpp>/p2) and cross diffusion coefficient (|<Dαp>|/p2). (g) Normalized phase
space density (F) of the initial resonant electrons at different equatorial pitch angles and
energies (E). (h) The F distribution after the electron accelerations only by chorus waves for
2 days. (i) The F distribution after the electron accelerations simultaneously by chorus waves
and MS waves for 2 days.
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Figure 4. The normalized electron phase space density (F) variations caused by various
plasma waves outside the plasmapause (a – c) and inside the plasamsphere (d – f).
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Figure 5. The competing effects of plasmaspheric hiss and MS waves on energetic (< 0.5MeV)
and relativistic (> 0.5MeV) electrons inside the plasmasphere (L = 4 < PP). (a – f)
Bounce-averaged electron pitch angle diffusion coefficient (<Dαα>/p2), energy diffusion
coefficient (<Dpp>/p2) and cross diffusion coefficient (|<Dαp>|/p2). (g) Normalized phase
space density (F) of the initial resonant electrons at different equatorial pitch angles and
energies (E). (h) The F distribution after the electron diffusions only by hiss waves for 2 days.
(i) The F distribution after the electron diffusions simultaneously by hiss and MS waves for 2
days.
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Figure 6. (a) The total flux of highly relativistic electrons (≥ 1.8MeV) VS the mean amplitude
of plasmaspheric hiss in the overlap region (3 ≤ L ≤ PP). (b) The evolution of the electron
pitch angle distribution scattered by different-amplitude hiss waves. The shade region
corresponds to the equatorial loss cone (αc ~ 5.3o at L=4). Since the PP can shift inward to
L=3 or lower during strong storms (Dst < -100nT), the strong storm events are excluded here.
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Figure 7. Temporal-spatial variations of the relativistic electron fluxes at different equatorial
pitch angles measured by REPT.
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Figure 8. Temporal-spatial variations of the different-energy electron fluxes measured by
MagEIS.
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Figure 9. Bounce-averaged electron pitch angle diffusion coefficient (<Dαα>/p2 in day-1),
cross diffusion coefficient (<Dαp>/p2 in day-1) and energy diffusion coefficient (<Dpp>/p2 in
day-1) driven by plasmaspheric hiss (Bhw ~ 60pT).
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Figure 10. Schematic illustrations of the inner and outer radiation belts in most of the time
from 2013 to 2015. The relativistic electrons (e-) increase and from a dense outer radiation
belt when there are whistler-mode chorus waves and/or magnetosonic (MS) waves outside
the plasmapause (PP < L < 7), or when there is an inward radial diffusion driven by ULF
waves in the positive phase space density radial gradient region. On the contrary, relativistic
electrons decrease and form a sparse outer radiation belt when there are intense
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plasmaspheric hiss or electromagnetic ion cyclotron (EMIC) waves, or when there is an
outward radial diffusion driven by ULF waves in the negative phase space density radial
gradient region.
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