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Key Points:

+ The non-storm loss mechanisms of MeV electrons in the outer radiation belt during three successive solar wind density enhancements

are investigated.

+ The losses of electrons with small pitch angles are first controlled by outward radial diffusion at L* > 4, then by EMIC-wave-driven

pitch angle scattering at 4 < L* < 5.

« Outward radial diffusion is the primary loss mechanism for large pitch angle electrons.
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Abstract: We report an unusual non-storm erosion event of outer zone MeV electron distribution during three successive solar wind
number density enhancements (SWDEs) on November 27-30, 2015. Loss of MeV electrons and energy-dependent narrowing of electron
pitch angle distributions (PAD) first developed at L* = 5.5 and then moved down to L* < 4. According to the evolution of the electron
phase space density (PSD) profile, losses of electrons with small pitch angles at L* > 4 during SWDE1 are mainly due to outward radial
diffusion. However during SWDE2&3, scattering loss due to EMIC waves is dominant at 4 < L* < 5. As for electrons with large pitch angles,
outward radial diffusion is the primary loss mechanism throughout all SWDEs which is consistent with the incursion of the Last Closed
Drift Shell (LCDS). The inner edge of EMIC wave activity moved from L* ~5 to L* ~4 and from L ~6.4 to L ~4.2 from SWDE1 to SWDE2&3,
respectively, observed by Van Allen Probes and by ground stations. This is consistent with the inward penetration of anisotropic
energetic protons from L* = 4.5 to L* = 3.5, suggesting that the inward extension of EMIC waves may be driven by the inward injection of

anisotropic energetic protons from the dense plasma sheet.
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1. Introduction

Recent studies have shown that outer belt electrons can also ex-
hibit dramatic losses (Morley et al., 2010; Ni BB et al., 2013; Su ZP
et al,, 2014, 2016; Katsavrias et al., 2015; Engebretson et al.,, 2018;
TuWCetal, 2019, Ma X et al,, 2020) and accelerations (Su ZP et al.,
2015) during non-storm periods. Losses of MeV electrons can be
attributed to either adiabatic processes (the Dst effect during en-
hancement of the ring current (Kim and Chan, 1997) or non-adia-
batic processes. The non-adiabatic loss processes can be divided
into two major categories: (1) magnetopause incursion due to
sudden compression of the magnetopause in combination with
subsequent outward radial transport (Shprits et al., 2006;
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Loto'aniu et al., 2006; Turner et al., 2012; Hudson et al, 2014;
Xiang Z et al., 2017, 2018), and (2) precipitation into the atmo-
sphere driven by chorus waves (Lorentzen et al., 2001; Breneman
et al.,, 2017; Mozer et al., 2017), hiss waves (Meredith et al., 2004;
Millan and Thorne, 2007), and especially by EMIC waves which can
lead to the efficient loss of MeV electrons (Summers and Thorne,
2003; Li W et al., 2007; Su ZP et al., 2011; Kersten et al., 2014; Usan-
ova et al, 2014; Aseev et al., 2017). During the main phase of a
geomagnetic storm, non-adiabatic loss processes coincide with
adiabatic processes, and thus it is difficult to evaluate the actual
electron loss due to non-adiabatic processes alone. Non-storm
electron loss events, of which relatively few events have been
studied, provide us excellent opportunities to investigate the rel-
ative importance of the two major non-adiabatic loss mechan-
isms and their connections to solar wind drivers.

It is well known that the flux of outer zone relativistic electrons
positively correlates with the solar wind speed (Blake et al., 1997;
Li XL et al., 2001; Reeves et al., 2011; Borovsky and Denton, 2014).


http://dx.doi.org/10.26464/epp2021051

582 Earth and Planetary Physics  doi: 10.26464/epp2021051

Meanwhile, recent statistical results suggest that the solar wind
density plays an important role in the dynamics of outer belt elec-
trons and sometimes controls the major variations of relativistic
electron fluxes (Lyatsky and Khazanov, 2008; Balikhin et al., 2011;
Boynton et al., 2013; Xiong Y et al., 2015). A negative correlation
between the solar wind density and relativistic electron fluxes at
geosynchronous orbit (Lyatsky and Khazanov, 2008) and outer ra-
diation belt electron content (Xiong Y et al., 2015) has been con-
firmed. The strong connection between the solar wind density
and outer belt electron fluxes is relatively unexpected since dens-
ity is not a key factor for the generation of geomagnetic activity
(Lyatsky and Khazanov, 2007). Two major hypotheses have been
proposed to explain why high solar wind density can result in low
electron flux in the outer radiation belt. One is that high solar
wind density can lead to the enhancement of the solar wind dy-
namic pressure resulting in electron losses via the “magneto-
pause shadowing” effect (Loto'aniu et al., 2006). The other is that
the enhanced solar wind can lead to a superdense plasma sheet
(Borovsky et al., 1998); the overlap of the super dense and hot
plasma sheet and cold plasmasphere/plasmaspheric plumes can
provide favorable conditions for the excitation of electromagnet-
ic ion cyclotron (EMIC) waves (Borovsky and Denton, 2009; Chen
LJ et al,, 2010). Enhanced EMIC wave activity can then cause elec-
tron scattering loss into the atmosphere, especially for MeV elec-
trons (Summers and Thorne, 2003). However, both hypotheses
have rarely been evaluated in a manner of case analysis. Wang DD
et al. (2020) analyzed a non-storm loss event during which the en-
hanced solar wind density and dynamic pressure were observed.
They suggested that the magnetopause incursion due to en-
hanced solar wind dynamic pressure and subsequent outward ra-
dial diffusion can account for the electron loss. Therefore, aside
from EMIC wave scattering loss, magnetopause shadowing and
outward radial diffusion are also important contributors to elec-
tron loss during enhanced solar wind density periods. A detailed
case study of the primary process responsible for outer radiation
belt electron loss during intervals of high solar wind density is ur-
gently needed. Besides, the enhancement of solar wind density
can also naturally cause the enhancement in dynamic pressure,
which controls the spatiotemporal distribution of EMIC waves
(Anderson and Hamilton, 1993; Engebretson et al., 2002; Usanova
et al,, 2008; Liu NG et al., 2020) and then impacts the loss of re-
lativistic electrons in the outer radiation belt. Thus, it is quite chal-
lenging to exclude the influence of enhanced solar wind dynamic
pressure when evaluating the impacts of enhanced solar wind
density on outer belt electron loss.

In this paper, we report an unusual non-storm outer radiation belt
erosion event during three prolonged consecutive enhance-
ments of solar wind density on 27-30 November 2015. By invest-
igating the evolution of electron pitch angle distribution (PAD)
and phase space density (PSD) obtained from the twin Van Allen
Probes, and the features of EMIC wave activity observed by Van
Allen Probes and ground stations, we attempt to reasonably de-
termine the dominant loss mechanism for this non-storm outer
zone electron erosion event.

2. Data
The energetic electron and low-energy proton flux data used in

this work are obtained from the Magnetic Electron lon Spectro-
meter (MagEIS) (Blake et al, 2013), Relativistic Electron-Proton
Telescope (REPT) (Baker et al., 2013), and the Helium Oxygen Pro-
ton Electron (HOPE) mass spectrometer (Funsten et al., 2013)
aboard Van Allen Probes (Mauk et al., 2013). The adiabatic invari-
ants calculated with the TS04 magnetic field model are obtained
from the Magnetic Ephemeris database (https://www.rbsp-
ect.lanl.gov/data_pub/). The high time-resolution magnetic field
data used to obtain the EMIC wave spectrum distribution are ob-
tained by the Electric and Magnetic Field Instrument Suite and In-
tegrated Science (EMFISIS) (Kletzing et al., 2013). Magnetometer
data with an 8 samples/s cadence measured by ground-based sta-
tions at different latitudes (the Canadian Array for Realtime Invest-
igations of Magnetic Activity, CARISMA, www.carisma.ca) are used
to monitor the EMIC wave activity at different L-shells. The Medi-
um Energy Proton and Electron Detector instrument (MEPED)
(Evans and Greer, 2004; Green, 2013) aboard three Polar-orbiting
Operational Environmental Satellite (POES)/NOAA satellites
(NOAA-15, NOAA-18, and Metop-01) are used for investigating
electron precipitations. Solar wind parameters and geomagnetic
indices used in this paper are obtained from the SFC/SPED OMNI-
Web interface at http://omniweb.gsfc.nasa.gov.

3. Observations

3.1 Non-storm Erosion of MeV Electrons in the Outer
Radiation Belt

A non-storm MeV electron loss event was measured by the twin
Van Allen Probes during three enhancements of solar wind dens-
ity on 27-30 November 2015. The Kp index during this period
reached up to 3 and 4, which means that geomagnetic conditions
were not quiet and “geospace storms” occurred (Borovsky and
Shprits, 2017). However, in this paper, we use the term "non-
storm" to represent the condition of no evident enhancements of
ring current, where the Dst index is close to 0 nT. During the first
solar wind density enhancement (SWDE1, marked by the blue bar
at the top of Figure 1), the spin-average flux of 2.1 MeV electrons
presented an evident decrease from L* = 5.5 down to L* = 4.5.
Next, the loss of electrons evolved down to a lower L-shell (L*
~4.0) at the end of the second solar wind density enhancement
(SWDE2, denoted by the green bar). The decrease of the 2.1 MeV
electron flux was observed below L* = 4 at the end of the third
solar wind density enhancement (SWDE3, denoted by the red
bar). Figure 1a shows the Last Closed Drift Shell (LCDS) of elec-
trons with K = 0.4 G'/2Rg obtained from the LANLGeoMag library
using the TS04 magnetic field model. There are notable incur-
sions of LCDS during the three SWDEs and the inward motions are
roughly consistent with the 2.1 MeV electron loss at the apogee of
the Van Allen Probes orbit, suggesting that magnetopause incur-
sion and outward radial diffusion contributed to the loss at high L-
shells. Figure 1c illustrates the orbit plot of the exponential index
n (the fitting coefficient of 2.1 MeV electron PAD using sin"a)
(Vampola, 1998). The n-index remained nearly constant at differ-
ent L-shells before SWDE1. It then increased rapidly, indicating
that the PAD of 2.1 MeV electrons became narrowed, along with a
decrease in the electron flux from L* = 5.5 down to L* < 4. Fluxes
of >2 MeV electron measured by GOES-13 (blue line) and GOES-15
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Figure 1. Overview of the outer zone MeV electron erosion event on November 27-30, 2015. (a) the Last Closed Drift Shell (LCDS) of electrons
with K= 0.4 G'2Rg; (b) 2.1 MeV electron flux measured by Van Allen Probes A and B; (c) the fitting coefficient of the 2.1 MeV electron PAD using
sin"a; (d) the electron flux with energy greater than 2 MeV measured by GOES-13 (blue trace) and GOES-15 (red trace); (e—j) solar wind density,
speed, dynamic pressure, IMF B, SYM-H index and AE index; (k-m) the 2.1 MeV electron PADs at L* = 5, 4.5 and 4, respectively; (n—p) the
normalized PADs of 2.1 MeV electrons at L* = 5, 4.5 and 4, respectively. The blue, green, and red bars at the top of Figure 1 mark the intervals of
three enhancements of solar wind density.
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(red line) are plotted in Figure 1d and exhibit a nearly simultan-
eous sharp decrease with the Van Allen Probes during SWDET,
which did not recover even at the end of three solar wind density
enhancements.

The solar wind density, speed, and dynamic pressure, IMF B, SYM-
H index, and AE index are plotted in Figures 1e-1j, respectively.
The solar wind speed was quite low (~300 km/s) during the first
two solar wind density enhancements, and then increased up to
~400 km/s in the third enhancement of solar wind density. Due to
the relatively low solar wind speed during SWDE1 and SWDE?2, the
solar wind dynamic pressure only increased by a few nPa. In con-
trast, during the third solar wind density enhancement, the solar
wind dynamic pressure jumped up to ~10 nPa at 18 UT on
November 29, due to the sudden increase of solar wind density
and relatively high solar wind speed. The IMF B, was southward in
the first half of SWDE1 and began fluctuating during the first half
of SWDE2, and then had two southward turnings in the second
half of SWDE2. During the last solar wind density enhancement,
IMF B, was almost northward and turned to southward in the
middle of SWDE3. The AE index increased during the period of
southward IMF B,, especially in SWDE2 and SWDE3. The SYM-H in-
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dex remained above —30 nT (marked by the dashed line in
Figure 1h) from SWDE1 to SWDE3.

To illustrate the detailed evolution of electron loss processes in
different L-shells, we present the PAD (Figures 1k-1m)and nor-
malized PAD (Figures 1n—1p) of 2.1 MeV electrons at L* = 5.0, 4.5,
and 4.0, respectively. During the first solar wind density enhance-
ment, the flux loss and PAD narrowing (due to the more substan-
tial loss of smaller pitch angle electrons) were simultaneously ob-
served at L* >4.5 at 21 UT on November 26. Next, the flux loss
process and PAD narrowing signature expanded down to a lower
L-shell (L* = 4.0) at the end of SWDE2. As for the last solar wind
density enhancement, the electron fluxes at L* >4 continued to
decrease, especially when the solar wind density and dynamic
pressure both had a sudden increase at 18 UT on November 29.

3.2 The Evolution of Electron PSD Profiles and Energy-
Dependent Narrowing of Electron PAD

To determine the major loss mechanism for the electron flux de-

crease, we investigate the evolution of electron PSD as a function

of L*. Figure 2c illustrates the electron PSD profile for the first two

adiabatic invariants of u = 1200 MeV/G and K = 0.4 G"2R (corres-
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Figure 2. The evolution of electron PSD profiles for four types of electrons: (a) u = 1200 MeV/G and K = 0.05 G'2Re (corresponding to electrons
with ~1.6 MeV and ~63 degrees pitch angle at L* = 4.5); (b) u=300 MeV/G and K = 0.4 G'/2Rg (corresponding to the electrons with ~1.4 MeV and
~35 degrees pitch angle at L* = 4.5); (c) u=1200 MeV/G and K = 0.4 G'/2Rg (corresponding to electrons with ~3.1 MeV and ~35 degrees pitch angle
atL*=4.5); (d) u= 2500 MeV/G and K = 0.4 G'/2Re (corresponding to the electrons with ~4.7 MeV and ~35 degrees pitch angle at L* = 4.5).
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ponding to relativistic electrons of ~3.1 MeV and ~35° pitch angle
at L* = 4.5) based on measurements from Van Allen Probes A&B.
The time tags of the Van Allen Probes passing through L* = 4.5
during each outbound/inbound are color-coded and labeled at
the right side of Figure 2c. During SWDE1, the electron PSDs show
a rapid dropout at L* > 4.5, consistent with the outward diffusion
dominant loss process. However, during SWDE2, the electron
PSDs around L* = 4 and 5 barely changed. Meanwhile, the PSDs at
L* around 4-5 show a dramatic decrease and a local PSD minim-
um is formed at the end of SWDE2, suggesting that a rapid local
loss process occurs (Shprits et al., 2017). During SWDE3, the PSD
peak decreases and moves to lower L* and the PSD at the left side
of the peak increases slightly, indicating that radial diffusion may
contribute to the PSD loss around L* ~4 (Turner et al., 2019).

In comparison with Figure 1b, Figure 2a plots the PSD profiles for
electrons with larger pitch angles. The PSD data of these elec-
trons with the first two adiabatic invariants of y = 1200 MeV/G and
K = 0.05 G'/2Rg (corresponding to relativistic electrons of ~1.6 MeV
and ~63° pitch angle at L* = 4.5) is also based on the measure-
ments from Van Allen Probe-A&B. Since the invariant K is much
smaller than in Figure 2¢, Van Allen Probes may not have meas-
ured those electrons at relatively high latitude. Therefore, the pro-
files in Figure 2a are less than in Figure 2c. In contrast to the elec-
trons with smaller pitch angles in Figure 2¢, the gradual PSD de-
creases are observed at all L-shells higher than L*~4, implying a
dominant loss driven by outward radial diffusion. If we compare
Figure 2b—2d with Figure 2c, we can conclude that as the energy
increases, localized PSD dips become more evident which is quite
consistent with the scenario of EMIC wave scattering loss.

Figure 3 illustrates the PADs (left panels) and normalized PADs
(right panels) of electrons with energies from 597 keV up to
4.2 MeV at L* = 4.5. Electron flux decreases are observed in all five
channels throughout the entire SWEDs. During SWDE1 and
SWDES3, along with the electron flux losses, the electron PADs be-
come narrow. The PADs with higher energies get more concen-
trated to a 90-degree pitch angle, suggesting that EMIC waves
may contribute to the small pitch angle electron losses. In con-
trast, for SWDE2 a similar energy-dependent pitch angle narrow-
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ing is observed, except for 579 keV electrons.

To figure out why there is no evident PAD-narrowing feature in
the loss process of 597 keV electron during SWDE2, we estimate
that the minimum energy for electrons has resonant interaction
with H* band EMIC waves, as measured by Van Allen Probe-B at L*
~4.5 during SWDE2 (shown in Figure 5c). We assume that the EM-
IC waves are in the L-mode of parallel propagation and that the
ion composition is: H* (77%), Het (20%), O* (3%) (Jordanova et al.,
2008), then we can use the L-mode dispersion relation in cold
plasma theory to calculate the minimum resonant energy for in-
teraction with the observed EMIC waves (Summers and Thorne,
2003). Figure 4 plots the minimum resonant energies for EMIC
waves with the power spectrum density > 0.01 nT?/Hz. The low-
est Emin is ~1.1 MeV, suggesting that the 597 keV and 749 keV
electrons cannot have resonant interactions with the observed H*
band EMIC waves during SWDE2. Therefore, it is reasonable that
there is an evident energy-dependent PAD-narrowing feature for
1097 keV to 4.2 MeV electrons except for 597 keV and 749 keV
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Figure 4. The minimum energy for electrons to have resonant
interactions with EMIC waves observed by Van Allen Probe-B at L*
~4.5 during SWDE?2.
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Figure 3. The electron PADs at L* = 4.5. (a—e) the electron PAD with energy from 597 keV up to 4.2 MeV. (f-j) the electron PADs normalized by
the flux at 90-degree pitch angles. The vertical black lines mark the boundaries of three solar wind density enhancement intervals.
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electrons during SWDE?2.

3.3 Inward Extension of EMIC Waves and Electron
Precipitation

Since scattering by EMIC waves plays an essential role in the out-
er belt MeV electron erosion event, it is reasonable to suggest that
the inward development of MeV electron loss maybe driven by
the inward extension of EMIC waves. Thus, we checked the EMIC
wave activity measured by Van Allen Probes and ground magne-
tometers from CARISMA stations.

Figure 5 shows the EMIC waves observed at different L values dur-
ing the three SWDE's. Figure 5a illustrates the solar wind density.
The dark red and yellow bars on the top of the first panel mark the
interval where the EMIC waves were observed by ground stations
and Van Allen Probes, respectively (possibly simultaneously). The

CARISMA mmm SWDE1

SWDE2

black triangles denote the time when Van Allen Probe-A passed
L* = 4.5, where the dramatic PSD loss occurred during three
SWDEs. Figure 5c plots the magnetic power spectrum density
measured by Van Allen Probe A at L* ~5 during SWDE1. The white,
green, and red dashed curves represent the proton, helium, and
oxygen gyrofrequency. Hydrogen band EMIC waves were ob-
served. The remaining four subplots in the left column (Figures 5e,
5h, 5k, and 5n) show the magnetic power spectrum density meas-
ured at four ground stations from L = 4.16 to 6.71 (where L is cal-
culated using the IGRF model). EMIC waves were measured by
two stations at L = 6.38 and 6.71 for SWDE1. During the second
solar wind density enhancement, as shown by the middle column
in Figure 5, EMIC waves occurred at lower L-shells observed by
Van Allen Probe-B at L* ~4.5. For the ground measurements, EMIC
waves were not only observed at two high-L stations (i.e., L = 6.38
and 6.71) but also measured by the station at L = 5.25. Further, the
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Figure 5. EMIC waves observed at different L values during three solar wind density enhancements. (a) the solar wind density; (b—d) EMIC waves
measured by Van Allen Probes during three solar wind density enhancements; (e—p) EMIC waves measured at four CARISMA stations with L =
4.16,5.25,6.38, and 6.71. The dark red and yellow bars on top of Figure 5 denote the intervals when EMIC waves were observed by ground

stations and Van Allen Probes, respectively.
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wave strength was much stronger for SWDE2 than was observed
during SWDET1. The right column in Figure 5 illustrates EMIC wave
distributions at different L-shells during SWDE3; EMIC waves were
measured by Van Allen Probe-A (L* ~3.9) and the ground station
(L = 4.16) at lower L-values. This shows that from the first to the
third enhancement in solar wind density, the radial distribution of
EMIC waves extended accordingly. Specifically, the inner edge of
EMIC wave distribution moved from L* ~5 to L* ~4 based on in
situ Van Allen Probes observations, and from L = 6.38 to L = 4.16
based on ground measurements. The extension of EMIC wave dis-
tribution was roughly consistent with the evolution of the MeV
electron loss process from L* = 5 down to L* = 4, as shown in Fig-
ures 1 and 2.

Energetic electron precipitation is a piece of substantial evidence
to determine whether EMIC wave scattering plays a role in the loss
of energetic electrons. Following the procedure provided by Car-
son et al. (2013), we survey the energetic electron precipitation
during the SWDEs based on measurements by NOAA-15, NOAA-
18, and Metop-01. Figure 6a and 6b plot the 30-80 keV proton
flux and the > 800 keV electron flux, respectively. The red lines de-
note the trapped flux, and the blue lines mark the precipitation
flux. The green traces are the running average of the precipitation
fluxes with an 18 second window (9 data points). The dark vertical
line marks the simultaneous sharp increase of proton and elec-
tron precipitation fluxes at L ~5.0. Figure 6c depicts all six precipit-
ations recorded by the three NOAA satellites during the entire
SWEDs. The black, blue, and red plus signs represent precipita-
tions during SWDE1, SWDE2, and SWDE3, respectively. There is
only one precipitation in SWDE1 at L ~5, while there are five pre-
cipitations during SWDE2&3. In comparison with SWDE1, we sug-
gest that the precipitation loss is more important during
SWDE2&3. The locations where Van Allen Probes measured EMIC
waves are plotted in Figure 6d with the same color code. The blue
dashed line records the EMIC waves right before the end of
SWDE2. The traces of the four ground station footprint where EM-
IC waves occurred are shown in Figure 6e. The color code is the
same as in Figure 6¢ and 6d. The trend of the inward extension of
EMIC waves observed by Van Allen Probes and ground stations
from SWDE1 to SWDE2&3 is roughly consistent with inward move-
ments of the precipitation signals. Although the MLT coverage of
the precipitations and EMIC waves are not fully overlapped, we
suggest that the precipitation loss at L = 4-5 during SWDE2 & 3
may be driven by the inward extension of EMIC waves.

4. Discussions

In section 3.3, we confirm that the inward development of MeV
small-pitch-angle electron losses is roughly consistent with the in-
ward extension of EMIC waves, supporting that the electron scat-
tering loss by EMIC waves can account for the outer zone MeV
electron erosion during the last two SWDEs. In this section, we try
to determine the driving process for the inward extension of EM-
IC waves. Since EMIC waves generally undergo parallel propaga-
tion, the observed EMIC waves at lower L-shells are very likely ex-
cited locally.

Figure 7 provides an overview of the background plasma condi-
tions measured by Van Allen Probe-A during the three SWDEs.
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Figure 6. The distribution of precipitation and EMIC waves. (a—b)
precipitation example observed by NOAA-18 during SWDET1. (c) the
distribution of precipitation throughout the entire SWDEs. (d) the
distribution of EMIC waves observed by the Van Allen Probes. (e) the
distribution of EMIC waves observed by four ground stations
mentioned in Figure 5. The black, blue, and red colors denote the
precipitations/EMIC waves measured during SWDE1, SWDE2, and
SWDES3, respectively.

Figures 7a—7c plot the solar wind density, IMF B,, and AE index, re-
spectively. The dark red and yellow bars and black triangles on the
top of Figure 7 are the same as Figure 5. The three intervals
marked by the vertical black lines correspond to the three out-
bound orbits of the Van Allen Probe-A close to the EMIC waves
they measured. Figure 7d presents the proton PSD multiplied by
the proton first adiabatic invariant u as a function of y and L¥; for
convenience, we only focus on protons with 90° pitch angle. The
reason why we use u*PSD instead of PSD is that it is easier to re-
cognize the radial variations of u*PSD at different u-values in the
color contour figure. The red dashed lines from top to bottom in-
dicate the y of protons with constant kinetic energy equal to
30 keV, 10 keV, and 1 keV, respectively. The perpendicular and
parallel energy spectra of protons with energies from 0.1 keV to
50 keV are illustrated in Figures 7g and 7j, respectively. The per-
pendicular protons with 5-10 keV energies could be observed at
L* > 4.0, while the parallel protons with the same energy range
could only be observed at L* > 4.5. There was no evident aniso-
tropy for ~5-10 keV protons, implying that the observed EMIC
waves might not be excited locally. Figure 7m shows the high-fre-
quency wave spectrum obtained from the HFR instrument in EM-
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Figure 7. The background plasma conditions measured by Van Allen Probe-A during the three SWDEs. (a—c) solar wind density, IMF B, and AE

index; (d—f) u*PSD as a function of y and L*; (g—

i) perpendicular energy spectrum of 0.1-50 keV protons; (j—I) parallel energy spectrum of 0.1—

50 keV protons; (m—o) HFR electric filed power spectrum density; (p—r) MLT as a function of L*. The dark red and yellow bars at the top denote the
intervals when EMIC waves were observed by ground stations and Van Allen Probes, respectively.

FISIS-A. The banded upper hybrid resonant emission with a fre-
quency higher than 105 Hz indicates that the spacecraft traveled
through the plasmasphere (and/or a plasmaspheric plume).
Figure 7p illustrates the profiles of MLT versus L*.

During SWDE?2, the protons with p ~600 keV/nT (corresponding to
the protons with energies of 10—-30 keV from L* = 5 to L* = 4) pen-
etrated down to L* = 4 (Figure 7e). There was a positive PSD gradi-
ent for protons with u ~600 keV/nT, indicating that those energet-

ic protons may be transported from higher L-shells via the en-
hanced convection and/or substorm injections. As for the energy
spectrum in the perpendicular direction (shown in Figure 7h),
there was a three-banded structure (also known as the "multi-
nose" structure (Ferradas et al., 2016)) for >10 keV protons. The
evident anisotropic nose structure may provide free energy to ex-
cite EMIC waves at L* > 4 (Zhang JC et al.,, 2014; Fok et al., 2016).

During SWDES3, the protons with u ~600 keV/nT penetrated to L* =
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3.5. The anisotropic energetic protons (>10 keV) extended down
to L* = 3.5, while anisotropic warm protons (100 eV to 1 keV) pen-
etrated to L* = 3.3. As shown in Figure 70, the frequency of the
upper hybrid resonant emission had a dramatic decrease around

* = 3.3, indicating that the plasmapause location was near L* =
3.3. The overlap of the anisotropic energetic and warm protons
may both contribute to the excitation of the EMIC waves at such
lower L-shells (Teng SC et al., 2019). The inward penetration of the
energetic protons from L* = 4.5 during SWDE1 to L* = 3.5 during
SWDES3 is roughly consistent with the inward extension of EMIC
waves shown in Figure 3.

During SWDE1&2, the solar wind dynamic pressure increased
gradually along with the enhancements of the solar wind density,
suggesting that electron losses due to the magnetopause shad-
owing effect may be less important than EMIC wave-induced scat-
tering loss. During SWDES3, the solar wind dynamic pressure had a
sudden increase at 18 UT on November 29.

It is challenging to determine the relationship between high solar
wind density and the loss of MeV electrons in the outer radiation
belt. We tried to resolve this question based on observations from
Van Allen Probes and ground stations, proposing that the inward
penetration of anisotropic energetic protons from the plasma
sheet due to enhanced convection and/or substorm injections
canlead to the inward extension of EMIC waves. They sub-
sequently can cause electron scattering loss from high L-shells
(L* = 5.5) down to lower L-shells (L* < 4) which is around the heart
of the outer radiation belt, leading to efficient precipitation losses.
The impacts of high solar wind density on energetic proton dy-
namics in the inner magnetosphere is still an open question re-
quiring further study.

5. Conclusions

In this paper, we reported an unusual non-storm MeV electron
flux loss event during three successive enhancements of solar
wind density measured by Van Allen Probes on November 27-30,
2015. Our principal conclusions are summarized as follows:

(1) The electron flux decrease along with energy-dependent PAD
narrowing (i.e., higher energy electrons manifest a narrower PAD)
was initially observed at higher L-shells (L* ~5.5) and then de-
veloped down to lower L-shells (L* < 4.0).

(2) The PSD losses of electrons with small pitch angles at L* > 4.5
are mainly due to outward radial diffusion during SWDE1. De-
creases of electron PSD moving down to L* = 4 at the end of
SWDE2 are dominated by EMIC wave scattering loss, and further
reached the region of L* < 4 during SWDE3. This may result from
the combined effect of radial diffusion and EMIC wave scattering.
Further, for electrons with large pitch angles, the PSD loss is
mainly controlled by outward radial diffusion throughout the en-
tirety of SWDEs.

(3) From the first to third enhancements of solar wind density, the
inner edge of EMIC wave activity observed by Van Allen Probes
and by ground stations moved respectively from L* =5 to L* = 3.9,
and from L = 6.38 to L = 4.16, respectively. This is consistent with
the penetration of anisotropic energetic protons from L* = 4.5 to
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L* = 3.5, suggesting that the inward extension of EMIC waves may
be driven by inward injection of the anisotropic energetic pro-
tons from the dense plasma sheet.

In contrast to many previous studies that focused on the impacts
of solar wind speed and solar wind dynamic pressure on the dy-
namics of outer radiation belt electrons, our results suggest that
enhanced solar wind density might act as an external driver of the
outer zone MeV electron loss process. However, the physical
mechanism underlying the relationship between high solar wind
density and outer zone MeV electron loss due to EMIC wave scat-
tering remains unknown.
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