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Abstract How relativistic electrons are lost is an important question surrounding the complex
dynamics of the Earth’s outer radiation belt. Radial loss to the magnetopause and local loss to the
atmosphere are two main competing paradigms. Here on the basis of the analysis of a radiation belt
storm event on 27 February 2014, we present new evidence for the electromagnetic ion cyclotron
(EMIC) wave-driven local precipitation loss of relativistic electrons in the heart of the outer radiation belt.
During the main phase of this storm, the radial profile of relativistic electron phase space density was
quasi-monotonic, qualitatively inconsistent with the prediction of radial loss theory. The local loss at low
L shells was required to prevent the development of phase space density peak resulting from the radial
loss process at high L shells. The rapid loss of relativistic electrons in the heart of outer radiation belt was
observed as a dip structure of the electron flux temporal profile closely related to intense EMIC waves. Our
simulations further confirm that the observed EMIC waves within a quite limited longitudinal region were
able to reduce the off-equatorially mirroring relativistic electron fluxes by up to 2 orders of magnitude
within about 1.5 h.

1. Introduction

The Earth'’s outer radiation belt electrons can exhibit complex dynamics during both storm (e.g., Baker et al.,
1986; Friedel et al., 2002; Reeves et al., 2003; Onsager et al., 2002; Horne, Thorne, Shprits, et al., 2005; Millan
& Thorne, 2007; Anderson et al., 2015) and nonstorm (Su et al., 2014, 2016; Schiller et al., 2014; Su, Zhu, Xiao,
Zong, et al,, 2015) times. How electrons are accelerated and lost are two fundamental questions in radiation
belt science.

Radial and local acceleration processes have been proposed as two dominant paradigms for the buildup of
the radiation belt relativistic electron fluxes (e.g., Schulz & Lanzerotti 1974; Horne & Thorne, 1998; Summers
etal., 1998; Rostoker et al., 1998; Elkington et al., 1999; Summers et al., 2002; Meredith, Cain, et al., 2003; Horne,
Thorne, Glauert, et al., 2005; Shprits, Thorne, Horne, et al., 2006; Mathie & Mann, 2000; Loto’Aniu et al., 2006;
Ukhorskiy et al., 2006; Omura et al., 2015). The corresponding evidences can be classified into two categories:
(1) electron phase space density (PSD) characteristics (Green & Kivelson, 2004) and (2) electron pitch angle
distribution (PAD) characteristics (Horne & Thorne, 1998; Summers et al., 1998). The radial profiles of electron
PSDs are monotonic under the action of radial acceleration alone (e.g., Su, Zhu, Xiao, Zong, et al., 2015) and
become peaked under the action of local acceleration (e.g., Chen et al.,, 2007; Reeves et al., 2013). The flat-top
PAD:s of electrons can be produced by the local acceleration (Horne et al., 2003; Thorne et al., 2013; Yang et al.,
2016), but no representative PAD characteristics should be expected for radial acceleration.

Parallel to the acceleration processes, there have been two dominant loss paradigms (Albert, 2014). One
paradigm (Li et al., 1997) is the radial loss to the magnetopause (boundary of the magnetosphere). With
the enhancement of solar wind pressure, the magnetopause is compressed toward the Earth and electrons
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Figure 1. An 18 month overview of geospace radiation environment: (a) geomagnetic activity index Dst and

(b-e) spin-averaged relativistic electron differential fluxes j (color coded) at different energy channels (shown).

The vertical dashed line denotes the 27 February 2014 storm producing the rapid loss and the subsequent 6 month
depression of relativistic electron radiation.

with drift paths crossing the magnetopause are directly lost (Hudson et al., 2014). Subsequently, more elec-
trons are lost through the magnetopause due to the outward radial diffusion by ultralow frequency (ULF)
waves (Shprits, Thorne, Friedel, et al., 2006; Loto’Aniu et al., 2010). The other paradigm is the local loss to the
atmosphere by whistler and electromagnetic ion cyclotron (EMIC) waves (Thorne & Kennel, 1971; Horne &
Thorne, 1998; Summers et al., 1998; Meredith, Thorne, et al., 2003; Bortnik et al., 2006; Li et al., 2007; Su et al.,
2011a, 2012, 2013; Ni et al,, 2014; Zhu et al., 2015; Gao et al.,, 2016; Mourenas et al., 2016; Wang et al., 2016).
Wave-driven pitch angle scattering can reduce the altitudes of electron mirror points, and collisions with
atmospheric particles yield the precipitation loss of electrons. The primary characteristic of radial loss is a radi-
ally peaked PSD profile (Turner et al., 2012; Mann et al., 2016), while the main evidences for local loss are the
flat-top PAD characteristic (Usanova et al.,, 2014; Engebretson et al., 2015; Su et al.,, 2016; Shprits et al., 2016)
and the wave-related electron precipitation observed at low altitudes (Lorentzen et al., 2001; Millan et al.,
2002; Miyoshi et al., 2008; Tsurutani et al.,, 2013; Breneman et al., 2015; Zhang, Halford, et al., 2016).

In this study, on the basis of the analysis of an extreme radiation belt electron loss event observed by the Van
Allen Probes (Radiation Belt Storm Probes, RBSP) (Mauk et al., 2013) and the Polar-Orbiting Environmental
Satellites (POES) (Evans & Greer, 2000) on 27 February 2014, we present new evidence for the EMIC-driven
local precipitation loss of relativistic electrons in the heart of the outer radiation belt.

2. Event Overview

Figure 1 shows an overview of geospace radiation environment measured by RBSP in the time range from 1
July 2013 to 1 January 2015. The relativistic electron fluxes were observed by the Relativistic Electron-Proton

SUETAL.

EMIC-DRIVEN RELATIVISTIC ELECTRON LOSS 2



@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA024169

e . . . -
a Mgy o -"fMagnetopausem_
- Mo p 9 =
(9]
o L
£ 75
% :
= .
n 3 &
1
b: RBSP
—g A B
‘Sq
_(I)
‘(/)
N‘E 3.4 3.4
o 4.2 4.2
e~ rfMeV MeV
10°
C
N
=
g 10°
~ o
N
&
B
10 <
d E
= o
E 10°
.
107
10°
e
w
Z
S
TN
&
f 10 E
ol
w
Z
S,

10°
09:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00
Universal Time

Figure 2. An overview of the 27 February 2014 radiation belt storm event: (a) geomagnetic activity indices SYM-H and
K, and radial locations L of subsolar magnetopause (Shue et al., 1998) and twin RBSP; (b) spin-averaged relativistic
electron differential fluxes j (color coded according to energy); (c, d) power spectral density Pg of the y component ULF
wave electric fields in the mGSE coordinate system (Wygant et al., 2013) as a function of time and frequency; and

(e, f) power spectral density Pg of the EMIC wave magnetic fields as a function of time and frequency. In Figure 2b, the
gray shadow marks the electron flux dip closely associated with intense EMIC waves. In Figures 2e and 2f, the dotted
lines represent the equatorial gyrofrequencies of helium f., and oxygen fq ions. The corresponding equatorial
magnetic field B, is estimated as B, = B,Bpe/Bmo With the observed local magnetic field B, and the TS04-modeled
(Tsyganenko & Sitnov, 2005) ratio By /By, between equatorial and local magnetic field strengths.

Telescope (REPT) (Baker et al., 2013) of Energetic Particle, Composition, and Thermal Plasma (ECT) suite
(Spence et al., 2013). In response to geomagnetic storms (Figure 1a), the radiation belt relativistic elec-
tron fluxes exhibited significant variations (Figures 1b—-1e). One of the most striking storms occurred on
27 February 2014 with a moderate geomagnetic disturbance level (Dst minimum of —85 nT). After this storm,
the electron fluxes in the energy range 1.8-4.2 MeV decreased by up to 2 orders of magnitude. Even though
at lower energies, the belts were reformed (Reeves et al., 2016), at 4.2 MeV the belts disappeared completely.
In the following 6 months even with a spate of storms, relativistic electron fluxes were always below the
level in mid-February 2014. This event on 27 February 2014 provided a good opportunity to understand
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T e the physical mechanisms responsible for the rapid loss of relativistic electrons.

1 N |
’ A Zhang, Li, et al. (2016) have analyzed the relativistic electron dynamics in the
= o | initial phase of this storm, and we here focus on the rapid loss of relativistic
g i ™ electrons in the main phase of this storm.
E 1021 . The storm started with a sudden enhancement of geomagnetic activity
N indices and a strong compression of magnetopause at 16:50 UT and reached
E 1 ‘ WMH, ~ ! ,H\ “ ‘ it ,‘Mm its peak disturbance level around 23:00 UT (Figure 2a). In order to obtain the
= 107 ( "‘ ' H)‘ f\ ‘i il \‘n / I ‘M 1 WN | ULF and EMIC wave power, we perform the fast Fourier transform of both
\u\' M M “”“ H“\ M M\”'ﬂ”‘ ”W‘ I w the electric field detected by the Electric Field and Wave instrument (Wygant
10— — et al., 2013) and the magnetic field detected by the tri-axial fluxgate magne-
3.0 3.5 4.0 4.5 5.0 5.5 L tometer of the Electric and Magnetic Field Instrument and Integrated Science
13:05  12:48  12:29  12:06  11:39  11:02 uT ) . )
15:06  15:24  15:44  16:08  16:39  17:24 UT  (EMFISIS) suite (Kletzing et al., 2013). The electron fluxes (Figure 2b) behaved
22:08  21:50 21:29 21:05 20:34 19:48 UT

quite smoothly during the quiescent period and became oscillating (Su, Zhu,
Figure 3. Radial profiles of spin-averaged relativistic electron differential  Xjao, Zong, et al., 2015) due to ULF waves (Figures 2c and 2d) during the storm
fluxes j at the energy channel of 3.4 MeV (color coded according to time).  ;ye The most clear loss feature was the “dip” structure of electron fluxes
observed by the twin RBSP in the heart of the outer radiation belt (L =~ 4.5).
In contrast to the enhanced ULF waves occurring throughout the storm period, the EMIC waves mainly in
the helium band showed a strong correspondence to the dip structure, implying the important role of EMIC
wave-driven precipitation loss in the heart of the outer radiation belt. It should be emphasized that the elec-
tron flux profiles in Figure 2b were measured by the moving satellites. Following the interplanetary shock, the
seeming decrease of electron fluxes was predominantly associated with the outward movement of satellites
rather than some real loss processes. Figure 3 displays the radial profiles of 3.4 MeV electron fluxes at different
time periods. One can easily find that the relativistic electrons were lost primarily in the dip period (red line,
19:25-21:05 UT) rather than following the interplanetary shock (blue line, after 16:50 UT).
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Figure 4. Comparison of observation with simulation of loss to magnetopause: (a) observation of L*-dependent phase
space density F in the TS04 geomagnetic field model (Tsyganenko & Sitnov, 2005) and (b) simulations of L*-dependent

phase space density F with diffusion rate (D« «) = (DL* L+)- Circles and lines are color coded according to time.

SUETAL. EMIC-DRIVEN RELATIVISTIC ELECTRON LOSS 4



@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA024169

& 407 ¥
] A W@i [

& 207 1 fv N

g RBSP-A = W - o

X 0q

Elnz RBSP-B

§

—20

F (c®MeVcm™)

09:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00 01:00 03:00 05:00 07:00 09:00

Feb 27 Feb 28
Universal Time

Figure 5. Generation of minibumps of electron phase space density: (a) relative difference between RBSP-observed Bg
and TS04-modeled By, geomagnetic fields, (b) electron phase space density F at 4 = 2000 MeV G~ and
K =0.15R¢ G'/2, and () magnetic shell L*. Color helps differentiate between RBSP-A and RBSP-B satellites.

3. Radial Loss to the Magnetopause

In order to distinguish between radial loss to the magnetopause and local loss to the atmosphere, we compare
the relativistic electron PSDs (Figure 4) observed with simulated in the adiabatic invariant coordinate system
(u, K, L*). The TS04 geomagnetic field model (Tsyganenko & Sitnov, 2005) is used to calculate K and L*, and the
observed magnetic field strength is adopted to calculate u. The plotted L*-dependent profiles had the fixed
u = 2000 MeV G~" and K = 0.15 R,G'/2. The corresponding electron energies were about 2.0 MeV at L*=5.0
and 5.0 MeV at L* = 3.0, and the corresponding local pitch angles were 40° -80°.

The observed PSDs (Figure 4a) peaked around L* = 4.1 before the storm (black and blue). At the beginning
of the storm (cyan and blue), a prompt and pronounced decrease of PSDs occurred at L* > 4.8 resulting from
the direct loss to the magnetopause (Figure 2a). The electron PSD turned into a quasi-monotonically increas-
ing function of L* in a few hours (magenta and red) and maintained such quasi-monotonic feature during the
next 10 h (gray). We argue that the minibumps at L* = 3.9-4.4 (magenta and red) are not the real spatial
structures but are caused by the spatial-temporal aliasing in an unrealistic geomagnetic field model. As shown
in Figure 5, the electron PSDs of twin RBSP fluctuated almost synchronously with the background field par-
ticularly during the time range 17:00-22:00 UT (Figure 5). Around 20:15 UT, a rapid and significant decrease
of magnetic field yielded an enhancement of electron phase space density, primarily due to the decrease of
electron energy for fixed u in the calculation. Consequently, the radial profiles of electron phase space density
(Figure 4a) exhibited two minibumps at the different L* but at the same time period. After 22:00, the observed
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Figure 6. Comparison of observation with simulations of loss to magnetopause based on different radial diffusion rates.
These panels correspond to simulations (lines color coded according to time) with radial diffusion rates (a) (Dy«+) =

(DBA ), (b) 10(DPA ), (c) 100(DPA . ), (d) (DPZEke), (e) 10(DOZeke), and (f) 100(DOZEKe). Observations of RBSP-A in the

time range 18:00-22:04 UT are plotted as red circles.

magnetic field was relatively smooth (Figure 5a), and the quasi-monotonic feature of the radial profiles of
electron phase space density became clear (Figures 5b and 5c).

We simulate the radial diffusion of relativistic electrons (Figure 4b) by solving the equation (Schulz &
Lanzerotti, 1974)

Z = 1
ot oL* L2 aL* ()

OF _ 20 ( (Dpe1+) oF >
with the electron PSD F and the radial diffusion rate (D, ... ). The simulation code is extracted from our previ-
ously developed STEERB model (Su et al., 2010a, 2010b, 2011b). The simulation is initialized at 17:00 UT and
ended at 22:00 UT. The initial condition F is given by the prestorm electron PSD of RBSP-A in the time range

11:13-12:53 UT. The boundary conditions are specified as
Fli«es = 0.016F],+_s, (2)

OF JoL*|,._s = 0. (3)

Given the RBSP orbital period of ~10 h, it is hard to differentiate between the spatial and temporal varia-
tion of ULF spectra in the time range 17:00-22:00 UT. Hence, we use the K -dependent radial diffusion rates
developed by Brautigam and Albert (2000):

(DE*ALx > =1 00.506Kp—9.325L>:<10 [d—1 ] (4)

and by Ozeke et al. (2014):

<Dng*ke> =216 % 10—8L*6100A217L*+0A461Kp [d—1 ] (5)
Prompt loss at the outer boundary L* = 5 (see equation (2)) produces the negative radial gradient of PSD,
allowing the outward radial diffusion at L* > 4.1. In contrast, inward radial diffusion acts at L* < 4.1 with the
positive radial gradient. The competition between outward and inward radial diffusion results in a distinct
peak of electron PSD around L* = 4.1, qualitatively deviating from the observed quasi-monotonic feature. No
matter how strong the radial diffusion is, the radial diffusion simulations always yield the peaked electron PSDs
(Figure 6). The increase of radial diffusion strength enhances the loss of electrons at high L shells and moves
the PSD peak toward low L shells. These results evidently suggest that radial diffusion alone was insufficient
to explain the relativistic electron loss especially at low L shells in this event.
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Figure 7. EMIC wave characteristics observed by RBSP-A: (a) magnetic power spectral density Pg, (b) normal angle v,
(c) ellipticity Eg, and (d) planarity Fg. The dotted lines represent the equatorial gyrofrequencies of helium f, and
oxygen f.q ions.

4, Local Loss to the Atmosphere

We next simulate the local precipitation loss of relativistic electrons in the heart of the outer radiation belt
L = 4.5 by solving the equation (Schulz & Lanzerotti, 1974; Lyons & Williams, 1984)

of 1 JoF
2 =1L 6(Ou i 402 )|

+ 22 [0 (0n 2L + 02 )|

with the phase space density F as a function of equatorial pitch angle @, and momentum p, the EMIC-driven
drift-averaged diffusion rates in equatorial pitch angle (D, ,_), momentum (D), and cross term (D, ,) =
(Dpg, )G = p?T(a,) sin @, cos @, and T ~ 1.30—0.56 sin a,. The simulation code is still extracted from our pre-
viously developed STEERB model (Su et al., 2010a, 2010b, 201 1b). The EMIC wave-driven diffusion is included
onlyin the time range 19:25-21:05 UT of the RBSP-observed dip structure (Figure 2b). It should be mentioned
that the spatial locations of intense EMIC waves can vary considerably with time because of the rapid evolution
of hot protons and background conditions (Jordanova et al., 2008; Zhang et al., 2014). Due to the limitation of
the orbital coverage, the RBSP satellites did not observe the EMIC waves throughout the dip period. The ini-
tial condition Fy is given by the prestorm electron PSD of RBSP-A around 16:08 UT. The boundary conditions
are specified as

(6)

FIEk=0.1 Mev = F0|Ek=0.1 MeV> @)
OF /0plg, =100 mev = O, (8)
SU ET AL. EMIC-DRIVEN RELATIVISTIC ELECTRON LOSS 7
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oxygen f.q ions.

Flgp=s° =0, )
OF /00, _gp = 0. (10)

We use the singular value decomposition (SVD) method (Santolik et al., 2003) to determine the propagation
characteristics of EMIC waves observed by twin RBSP (Figures 7 and 8). These waves had high values of pla-
narity (close to 1), allowing the application of SVD method. The corresponding values of ellipticity were close
to —1, indicating that these waves were predominantly left-hand circularly polarized. Most of these EMIC
waves propagated quasi-parallel to the ambient magnetic field with normal angles below 20°. It has been
shown that the parallel and moderately oblique (< 45°) EMIC waves have the approximately same diffusion
coefficients (Albert, 2008, Figure 4). Hence, for simplicity, we calculate the diffusion rates of EMIC waves based
on the parallel propagation approximation (Albert, 2003; Summers & Thorne, 2003). The wave frequency dis-
tribution is obtained by averaging RBSP-A data over 20:12-21:02 UT and RBSP-B data over 20:25-20:42 UT,
and the averaged wave frequency distribution is fitted to a Gaussian function (Albert, 2003, 2005)

2B? f,—f. A f—f.\’
PB_,ﬂ/Zfd [erf( f >+erf< 3 >] exp —< 3 ) . (11)

with the lower limit f; = 0.60f_,,, the upper limit f, = 0.98f,,,, the center f,, = 0.70f,,, the half width
fy = 0.20f ., and the amplitude B, = 1.9 nT (Figure 9a). As shown in Figures 7 and 8, the intense EMIC waves
emerged within a quite limited range of magnetic local time (MLT = 13.13-13.33, and 13.56—-13.88 for RBSP-A
and MLT = 13.63-13.95 for RBSP-B). We assume that EMIC waves were distributed within 0.48 h of magnetic
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local time. This MLT occurrence ratio 2% is comparable to the simulation parameters 1%-5% in the previ-
ous studies (e.g., Summers et al., 2007; Li et al., 2007; Shprits et al., 2009; Su et al., 2011a). Following the early
studies (e.g., Summers et al., 2007: Li et al., 2007), we include EMIC waves in the latitudinal range |[4] < 15°.
The background ion compositions are specified as 77%H* + 20%He* + 3%0" (typical values during storms)
(Jordanova et al., 2008). The equatorial magnetic field at L = 4.5 is taken to be B, =263 nT on the basis of
observations, and the field-aligned magnetic amplitude is set to follow the dipole model. The equatorial ratio
between plasma frequency and electron gyrofrequency f,, /f., = 22 is inferred from the measurements of
EMFISIS suite (Kurth et al., 2015). The obtained drift-averaged diffusion rates of EMIC waves are plotted in
Figure 9. Pitch angle diffusion is found to be absolutely dominant over momentum and cross diffusion, favor-
ing the rapid precipitation loss of relativistic electrons. The evolution of relativistic electrons is predominantly
controlled by the pitch angle diffusion of EMIC waves, and the inaccuracy of the lower boundary condition (7)
will not significantly affect the relativistic electron dynamics in the simulations. As calculated by Summers and
Thorne (2003), the strong diffusion limits for relativistic electrons are above 1072 s~' in the center of the outer
radiation belt. The drift-averaged pitch angle diffusion coefficients here are much smaller than the strong
diffusion limits, allowing the application of zero boundary condition (9) near the loss cone.

Figure 10a shows the high-density plasmasphere structure modeled by Goldstein et al., (2014) and the
EMIC waves observed by twin RBSP. Due to the enhanced magnetospheric convection during the storm,
the high-density plasmasphere (gray shadow) was eroded and the plasmaspheric plume formed in the day-
side. The twin RBSP trajectories (black lines) were located in the plasmasphere most of the time. The intense
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Figure 10. Comparison of observation with simulation of loss to atmosphere: (a) spatial distribution of EMIC waves
(color coded according to wave amplitude B;), with the gray shadow representing the modeled high-density
plasmasphere around 20:30 UT (Goldstein et al., 2014); and (b-e) observed (circles) and simulated (lines) equatorial
pitch angle distributions j = pF (color coded according to time) of relativistic electrons at the different energy channels
(shown) in the heart of the outer radiation belt (L = 4.5). In Figures 10b-10e, the observed electron fluxes within a

2 min window have been plotted at each time point.

EMIC waves occurred within a quite limited longitudinal region of the magnetospheric afternoon sector,
qualitatively consistent with the previous global simulations (Jordanova et al., 2008, Figure 1).

Figures 10b-10e present the comparison between observed and simulated relativistic electron PADs. The
observed local pitch angle a is mapped to the equatorial pitch angle a, along the TS04-modeled geomag-
netic field line. The observed a-dependent PSDs F(a) are directly transformed into the a,-dependent PSDs
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Figure 11. Trajectories of RBSP and POES satellites projected along the

magnetic field lines onto the equator. The plotted time range corresponds

to the time period of dip structure (19:25-21:05 UT) observed by RBSP

satellites (Figure 2). The gray shadow represents the modeled high-density
plasmasphere around 20:30 UT (Goldstein et al., 2014). The RBSP trajectories

RBSP-observed EMIC wave amplitude B, (nT)

are color coded according to the corresponding EMIC wave amplitude B;.

F(a,) = F(a = arcsin (sin g ix: )) with the ratio gﬁ between local
By, and equatorial By,, magnetic fields in the TS04 model. Note that at the
latter two time points, the RBSP located at the magnetic latitude A ~ 5°
were unable to measure the fluxes of electrons («, > 80°) mirroring around
the equator. Under the action of EMIC waves within a quite limited longitu-
dinal region, the simulations agree reasonably well with observations for
the relativistic electrons mirroring off the equator. As a result of the mono-
tonically increasing diffusion strength with increasing energy (Figure 9),
stronger depletion occurs at higher-energy channels. As the electron
energy increases, the peak of pitch angle diffusion rate moves toward a, =
90° (Figure 9). Consequently, the pitch angle distributions in the range
10° < |, — 90°| < 80° tend to be more flat at higher-energy channels. It
should be mentioned that the actual wave properties (e.g., spatial and fre-
quency distributions) and the background conditions (e.g., plasma density
and magnetic field) changed considerably with time. To reproduce every
detail of the observed electron flux evolution can be quite difficult because
of the lack of the accurate time-dependent wave/background parameters.
At 1.8 and 2.6 MeV, the model-data difference is comparable to the fluctu-
ation magnitude of the observed electron fluxes within a 2 min window.
At 3.4 MeV and 4.2 MeV, the observed electron fluxes were reduced to the
noise level, and the modeled scattering by EMIC appears to be sufficient

to explain the electron loss magnitude. These results suggest that the EMIC-driven pitch angle scattering was
likely to be the dominant loss mechanism in the heart of the outer radiation belt.

The POES system at low altitudes ~800 km (Evans & Greer, 2000) are usually expected to monitor the
radiation belt electron precipitation (Horne et al., 2009; Turner et al., 2012; Zhang, Halford, et al., 2016).

o
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Figure 12. POES-observed evolution of (a, ¢, e, and g) trapped and (b, d, f, and h) precipitating electrons in the different
energy ranges (shown).
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Figure 13. POES-observed evolution of (a, ¢, and e) trapped and (b, d, and f) precipitating protons at the different
energy channels (shown).
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On 27 February 2014, data of six POES satellites (MetOp-2/A, MetOp-2/B, NOAA 15, NOAA 16, NOAA1S,
and NOAA 19) were available (Figure 11). Unfortunately, during the short time period (19:25-21:05 UT) of
the flux dip structure observed by twin RBSP (Figure 2b), none of POES satellites passed though the mag-
netic local time region 1300-1400 with intense EMIC waves. As a result, the POES system cannot detect
the particle precipitation induced by EMIC waves in this event (Zhang, Li, et al.,, 2016). Figure 12 shows the
evolution of trapped and precipitating electrons at low altitudes. The enhanced precipitation of electrons
occurred primarily at the low energies (40-300 keV, below the minimum resonant energy of typical EMIC
waves (Meredith, Thorne, et al., 2003). Figure 13 additionally presents the evolution of protons at low altitudes.
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Figure 14. Loss of high-energy trapped electrons at low altitudes: (a) temporal profiles (squares) of the NOAA-POES
observed integral fluxes i of >612 keV trapped electrons averaged over the core part of the outer radiation belt (L = 3-5)
and (b) drift-averaged pitch angle diffusion rates by EMIC waves (color coded according to energy). In Figure 14a, the

dashed lines are introduced to guide the eye; the dotted lines are overplotted to help identify the electron flux variation;
the gray shadow marks the time period of dip structure (19:25-21:05 UT) observed by twin RBSP (Figure 2b).
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There was a clear correspondence between enhancements in the trapped and precipitating proton fluxes,
but no observable sign for the proton precipitations is related to EMIC waves (Bortnik et al., 2006). However,
benefiting from the operations of multiple satellites and their short orbital periods (~100 min), the POES sys-
tem can monitor the radial profiles of radiation belt with a high time resolution. We average the relativistic
(>612 keV) electron integral fluxes over the core part (L = 3-5) of the outer radiation belt with a time resolu-
tion of 0.5 h (Figure 14a). At energies >600 keV, the efficient pitch angle diffusion by EMIC waves can still act
over the pitch angles <30° (Figure 14b). These trapped electrons were lost predominantly in the time period
19:25-21:05 UT during which the dip structure of relativistic electron fluxes was observed by twin RBSP at
low latitudes. Outside this time period, no significant loss of trapped electrons can be identified. These data
demonstrate once again that the loss of high-energy electrons in the heart of the outer radiation belt was not
caused primarily by the ULF wave-driven outward radial diffusion starting around 17:00 UT but rather by the
EMIC wave driven pitch angle scattering starting around 19:25 UT.

5. Conclusion and Discussion

There have been two main competing paradigms for the loss of radiation belt relativistic electrons: radial
loss to the magnetopause (Shprits, Thorne, Friedel, et al., 2006; Loto’Aniu et al., 2010) and local loss to the
atmosphere (Thorne & Kennel, 1971; Horne & Thorne, 1998; Summers et al., 1998). For the former, the pri-
mary observational evidence is the radially peaked PSD profile of relativistic electrons (Turner et al., 2012;
Mann et al., 2016); for the latter, the observational evidences frequently mentioned in previous works are
the wave-related electron precipitation at low altitudes (Lorentzen et al., 2001; Millan et al., 2002; Miyoshi
et al., 2008; Tsurutani et al., 2013; Breneman et al., 2015) and the flat-top PAD characteristic (Usanova et al.,
2014; Engebretson et al.,, 2015; Su et al.,, 2016; Shprits et al., 2016). Here on the basis of the analysis of an
extreme radiation belt electron loss event observed by RBSP and POES on 27 February 2014, we present new
evidence for the EMIC wave-driven local precipitation loss of relativistic electrons in the heart of the outer
radiation belt:

1. The RBSP-observed radial profile of the relativistic electron PSD appeared to be quasi-monotonic, in con-
trast to the peaked type of previously reported events (e.g., Turner et al., 2014; Mann et al., 2016). Although
the radial loss indeed occurred at high L shells, the local loss should act at low L shells to prevent the devel-
opment of PSD peak. As far as we know, this is the first report of the evidence for the dominance of local
loss from the perspective of PSD radial characteristic. Such an evidence is parallel to the frequently men-
tioned evidence (peaked PSD characteristic) for the action of local acceleration in the outer radiation belt
(e.g., Green and Kivelson 2004; Chen et al.,, 2007; Reeves et al., 2013).

2. The RBSP-observed temporal profile of the relativistic electron flux exhibited a clear dip with an evident
correspondence to intense EMIC waves in the heart of the outer radiation belt. Such an evidence for the
EMIC-driven loss was rarely reported in the past due to the lack of observations with high resolution in
both space and time. Unfortunately, none of POES satellites passed though the magnetic local time region
1300- 1400 with intense EMIC waves. Consequently, the POES system did not capture the precipitation of
relativistic electrons. However, the POES observations did show that the relativistic electrons trapped in
the heart of the outer radiation belt were lost primarily during the time period of the dip structure. Our
simulations quantitatively confirm that the observed EMIC waves within a quite limited longitudinal region
can reduce the off-equatorially mirroring relativistic electron fluxes by up to 2 orders of magnitude within
about 1.5 h.

The whistler mode plasmaspheric hiss (Horne & Thorne, 1998; Summers et al., 1998; Breneman et al., 2015)
and magnetosonic waves (Roberts & Schulz 1968, Shprits; 2009) may also contribute to the local precipitation
loss of relativistic electrons. As shown in the previous simulations (e.g., Li et al., 2007; Su et al., 2016), the typ-
ical loss time scale of the off-equatorially mirroring relativistic electrons driven by plasmaspheric hiss waves
(a few days to hundreds of days) is much larger than that associated with EMIC waves (hours) (e.g., Summers
et al,, 2007, 2008). For the near-equatorially trapped electrons, the scattering of plasmaspheric hiss would
become dominant. However, as shown in Figure 15, the spatiotemporal characteristics of plasmaspheric hiss
appeared to be quite complicated. Although the twin RBSP were always located in the high-density plasma-
sphere (with the upper hybrid resonance frequency measured by the high-frequency receiver (Kurth et al.,
2015) of the EMFISIS Waves instrument above 40 kHz in Figures 15b and 15d), the hiss waves (measured
by the waveform receiver of the EMFISIS Waves instrument in Figures 15c and 15e) disappeared abruptly
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Figure 15. An overview of geospace environment on 27 February 2014: (a) geomagnetic activity indices SYM-H and AE
and (b-e) wave electric/magnetic power spectral densities (color coded). The vertical dashed line marks the arrival of
the interplanetary shock. In Figures 15b and 15d, the bright line corresponds to the upper hybrid resonance frequency
line (Kurth et al., 2015).

following the interplanetary shock (similar to the events reported by Su, Zhu, Xiao, Zheng, et al., 2015 and Liu
etal, 2017) and recovered intermittently in the next several hours. It is hard to determine the global distribu-
tion of plasmaspheric hiss waves on the basis of available data in this event. Through the bounce resonance
(Roberts & Schulz, 1968; Shprits, 2009), the magnetosonic waves can scatter the equatorially trapped electrons
toward the lower pitch angles. For this specific event, the intense magnetosonic waves were not observed by
the RBSP, and consequently, their spatiotemporal and spectral characteristics remained unclear. Meanwhile,
the measurements of near-equatorially trapped electrons were not available most of the time (Figure 10) due
to the limitation of RBSP orbits in this event. Hence, the contributions of plasmaspheric hiss and magnetosonic
waves to the loss of radiation belt electrons are not quantified in this study.
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In this study, we concentrate on the loss of approximately greater than MeV electrons in the heart of the
outer radiation belt. At lower energy channels (hundreds of keV), there was only a ~<8 times reduction of the
electron fluxes and the so-called dip structure became insignificant. It is well known that the loss efficiency
of EMIC waves decreases rapidly with the electron energy decreasing (e.g., Summers et al., 2007). The loss of
hundreds of keV electrons might result from a subtle combination of the radial diffusion by ULF waves and
the pitch angle scattering by plasmaspheric hiss and EMIC waves (e.g., Su et al., 2016). However, because of
the limitation of the orbital coverage of RBSP and the complicated evolution of plasmaspheric hiss and ULF
waves in this event, it is difficult to differentiate among the contributions of the three types of waves in the
loss of hundreds of keV electrons.
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