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We present multipoint simultaneous observations of the near-Earth magnetotail and outer
radiation belt during the substorm electron injection event on 16 August 2013. Time History of Events and
Macroscale Interactions during Substorms A in the near-Earth magnetotail observed ﬂux-enhanced electrons of
300 keV during the magnetic ﬁeld dipolarization. Geosynchronous orbit satellites also observed the intensive
electron injections. Located in the outer radiation belt, RBSP-A observed enhancements of MeV electrons
accompanied by substorm dipolarization. The phase space density (PSD) of MeV electrons at L*~5.4 increased
by 1 order of magnitude in 1 h, resulting in a local PSD peak of MeV electrons, which was caused by the direct
effect of substorm injections. Enhanced MeV electrons in the heart of the outer radiation belt were also detected
within 2 h, which may be associated with intensive substorm electron injections and subsequent local
acceleration by chorus waves. Multipoint observations have shown that substorm electron injections not only
can be the external source of MeV electrons at the outer edge of the outer radiation belt (L*~5.4) but also can
provide the intensive seed populations in the outer radiation belt. These initial higher-energy electrons from
injection can reach relativistic energy much faster. The observations also provide evidence that enhanced
substorm electron injections can explain rapid enhancements of MeV electrons in the outer radiation belt.

1. Introduction
It is generally believed that the Earth’s radiation belt electrons (tens to hundreds keV) mainly originate
from the plasma sheet [e.g., Ganushkina et al., 2014]. Substorm injections are sudden enhancements of
~10–~100 keV particles [e.g., Moore et al., 1981; Reeves et al., 1990], which are usually associated with substorm dipolarization. This dipolarization usually propagates tailward associated with the earthward transport
of particles during the substorm expansion phase [e.g., Lui, 1991; Ohtani et al., 1992; Baker et al., 1996;
Nakamura et al., 2009], with a duration of up to tens of minutes. There is another type of the magnetic ﬁeld
dipolarization that has a duration of tens of seconds [e.g., Nakamura et al., 2002; Sergeev et al., 2009; Runov
et al., 2009; Tang et al., 2010, 2013, 2016]. In this paper, the term “magnetic pulse” is used to describe this
transient phenomenon, which is often observed to propagate earthward. The magnetic pulse is usually
accompanied by enhanced electric ﬁelds (up to ~10 mV/m) [Runov et al., 2012]. The electrons accelerated
by these transient electric ﬁelds are rapidly transported toward the Earth [e.g., Sarris et al., 2002; Birn
et al., 2012; Gabrielse et al., 2012, 2016]. These substorm-injected electrons may be seed for relativistic
electrons (>1 MeV) in the outer radiation belt [e.g., Zhang et al., 2009; Boyd et al., 2014].
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Concerning the source of relativistic electrons in the outer radiation belt, the standard picture is a three-step
process: substorm electrons (~10–100 keV) are ﬁrst injected; then ~100 keV electrons are locally accelerated
by whistler mode chorus waves; and subsequently, radial diffusion redistributes the accelerated electrons
[e.g., Horne and Thorne, 1998; Meredith et al., 2003; Miyoshi et al., 2003, 2013; Omura et al., 2008, 2015;
Thorne, et al., 2013; Boyd et al., 2014; Li et al., 2014; Mourenas et al., 2014]. Previous studies have also proposed
the scenario of relativistic electron acceleration during high-speed streams [e.g., Tsurutani et al., 2006, 2010;
Kasahara et al., 2009; Miyoshi et al., 2013; Hajra et al., 2015a]. The enhancements of relativistic electrons
occurred ~1 to 2 days after the high-intensity, long-duration, continuous AE activity (HILDCAA) [e.g.,
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Figure 1. The geomagnetic indices (AE and SYM-H) between 15:00 UT on 15 August and 15:00 UT on 16 August 2013. The
vertical black dashed line indicates the time of a large substorm onset.

Tsurutani and Gonzalez, 1987; Tsurutani et al., 2006] onset of high-speed streams [Hajra et al., 2015a, 2015b].
Based on the phase space density (PSD) gradients beyond geostationary orbit, some studies have shown that
the source of relativistic electrons is chorus and ultralow-frequency wave acceleration in the outer radiation
belt [e.g., Chen et al., 2005; Kim et al., 2010; Turner et al., 2012a; Boyd et al., 2014; Ozeke et al., 2012].
Other studies have suggested that injections of relativistic electrons at the geosynchronous orbit are associated with substorm electric ﬁelds [e.g., Kim et al., 2000; Fok et al., 2001; Ingraham et al., 2001; Glocer et al.,
2011]. This is consistent with simulation results showing that the convection electric ﬁeld in the plasma sheet
and substorm dipolarization electric ﬁeld can cause MeV electron injections at the geosynchronous orbit
[Ganushkina et al., 2013; Kress et al., 2014]. Dai et al. [2014] presented observational evidence for injection
of relativistic electrons into the electron radiation belt via the intense electric ﬁelds in the midtail. Based
on the electron PSD at L~8, Lui et al. [2012] suggested that the electrons in the near-Earth magnetotail during
the magnetic ﬁeld dipolarization (substorm dipolarization and magnetic pulse) can be a potential source of
MeV electrons in the outer radiation belt. The source population of relativistic electrons in the outer radiation
belt and the role of substorm electron injections in the rapid enhancement of the outer radiation belt are not
well understood.
In this study we ﬁrst present multipoint simultaneous observations of the near-Earth magnetotail and outer
radiation belt during a substorm electron injection event using measurements from Time History of Events
and Macroscale Interactions during Substorms (THEMIS) [Angelopoulos, 2008], Geostationary Operational
Environmental Satellites (GOES), Los Alamos National Laboratory (LANL)-GEO satellite, and Van Allen Probe
[Mauk et al., 2012] at different radial distances (THEMIS-A ~10 RE, GOES 13, LANL-97 and 1994-084 ~6.6 RE,
and Van Allen Probe A or RBSP-A <6.0 RE). Our results show that substorm electron injections not only can
be the external source of MeV electrons at the outer edge of the outer radiation belt (L*~5.4) but also can provide the intensive seed populations in the outer radiation belt, and enhanced substorm electron injections
can explain prompt enhancements of MeV electrons in the outer radiation belt on substorm time scales.

2. Observations of Substorm Electron Injections
2.1. THEMIS-A and Geosynchronous Orbit Satellite Observations
Figure 1 shows the geomagnetic indices (AE and SYM-H) between 15:00 UT on 15 August and 15:00 UT on 16
August 2013. For the storm event on 15–16 August 2013, the storm main phase started at about 21:00 UT on
15 August and the SYM-H index reached a minimum of 54 nT at ~04:30 UT on 16 August (Figure 1b). At
~03:03 UT on 16 August, there was a large substorm occurrence (Figure 1a) and the SYM-H index had a minor
recovery (Figure 1b).
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Figure 2. The THEMIS-A observations during the interval 02:40–03:40 UT on 16 August 2013: (a) the magnetic ﬁeld measured by the Fluxgate Magnetometer (FGM)
instrument, (b) the ion ﬂow velocity Vi measured by the electrostatic analyzer (ESA) and Solid State Telescope (SST) instruments, (c) the y component of the electric
ﬁeld (Ey) measured by the Electric Field Instrument (EFI), and (d and e) the differential ﬂuxes of the 5.16–293 keV electrons from the ESA and SST. The GOES 13
measurements during the time interval 02:30–04:30 on 16 August 2013: (f) the Bz component, (g) the differential directional ﬂuxes of the 75–475 keV electrons, and
(h) the integral directional ﬂuxes of >0.8 MeV and >2.0 MeV electrons. (i and j) The electron differential directional ﬂuxes measured from geosynchronous satellite
1994-084 and LANL-97, respectively. The magnetic ﬁeld, velocity, and electric ﬁeld are in the GSM coordinates. The vertical dashed lines indicate the time of the
1
electron injections (or substorm onset) at THEMIS-A and GOES 13, respectively. Note that the >2.0 MeV electrons are at the instrument background levels (~10 )
for much of the time during the interval 02:30–04:30 UT.

Figure 2 shows the observations from THEMIS-A, GOES 13, LANL-97, and geosynchronous satellite 1994-084
during substorm electron injections. Figure 2a shows the ﬁrst strong continuous magnetic pulses (as
indicated by the ﬁrst vertical dashed line) and a subsequent increase in Bz (as indicated by the second vertical
dashed line), which is a characteristic signal of substorm dipolarization. The time scale of the “dipolarization
front” was about tens of seconds [e.g., Tang et al., 2010, 2016], which was less than the total time over which
the magnetic pulses were observed (about 6 min). The impulsive electric ﬁelds of ~30 mV/m (Figure 2c)
associated with fast ion ﬂows (Figure 2b) were observed by THEMIS-A. Usually, the intensive electric ﬁelds
can propagate inward and produce dipolarization and dispersionless injections in the outer radiation belt
[e.g., Li et al., 1998; Sarris et al., 2002]. As these strong electric ﬁelds occurred, THEMIS-A observed the intense
electron injections (up to 300 keV; Figure 2d). After ~03:12 UT (as indicated by the second vertical dashed
line), the intensive electron ﬂuxes were also observed (Figure 2d), which indicated that THEMIS-A was in
an expanding plasma sheet [e.g., Lui, 1996; Tang et al., 2009].
GOES 13, geosynchronous satellite 1994-084, and LANL-97 were located at (5.8, 3.0, 1.08) RE, (6.59, 0.5, 0.4)
RE, and (5.33, 3.34, 1.98) RE in GSM coordinates at 03:00 UT, respectively. Electron injections (Figures 2g
TANG ET AL.
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Figure 3. The observations from RBSP-A between 15:00 UT on 15 August and 15:00 UT on 16 August 2013. (a) The magnetic ﬁeld (Bx, By, and Bz) in the GSM
coordinate system and magnetic ﬁeld strength (Bt) from the EMFISIS instrument and (b and c) electron ﬂuxes observed by the MagEIS and REPT instruments.
*
The vertical black dashed line indicates the time of the magnetic ﬁeld dipolarization. Note that the red dots denote ~1.8 MeV electron differential ﬂuxes at L ~5.4
observed by RBSP-A.

and 2h) accompanied by the magnetic ﬁeld disturbances (Figure 2f) were also observed by GOES 13 at
substorm onset (as shown by the ﬁrst vertical dashed line). After ~03:16 UT (as indicated by the second
vertical dashed line), GOES 13 observed the intensive electron injections (up to >2.0 MeV; Figures 2g and
2h). Note that >2.0 MeV electrons are at the instrument background levels (~101) for much of the time during
the interval 02:30–04:30 UT. Geosynchronous satellite 1994-084, located at midnight, observed the electron
dispersionless injections at substorm onset (up to 850 keV; Figure 2i). LANL-97 satellite was on the dawnside
and observed the injections with a dispersed signature at 03:03 UT (Figure 2j). After ~03:16 UT, geosynchronous satellite 1994-084 and LANL-97 observed the dispersed injections of higher-energy electrons (up to
~600 keV; Figures 2i and 2j). The relativistic electron ﬂuxes at GOES 13 decreased after 03:45 UT (Figure 2h),
which may be because these electrons were transported to the outer radiation belt. Note that there was the
adiabatic ﬂux enhancement (i.e., the increase of electron ﬂuxes due to the magnetic ﬁeld increase) during
the magnetic ﬁeld dipolarization. However, enhancements of these electron ﬂuxes were mainly associated
with substorm electron injections.
2.2. RBSP-A Observations
Figure 3 shows the magnetic ﬁeld (Bx, By, Bz, and Bt in the GSM coordinate system) measured by the Electric
and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013], the spinaveraged electron ﬂuxes measured by the Magnetic Electron Ion Spectrometer (MagEIS) [Blake et al., 2013],
and Relativistic Electron-Proton Telescope (REPT) [Baker et al., 2012] instruments of the Energetic particle,
Composition, and Thermal plasma suite [Spence et al., 2013] on RBSP-A between 15:00 UT on 15 August

TANG ET AL.

SUBSTORM ELECTRON INJECTIONS

11,829

Journal of Geophysical Research: Space Physics

10.1002/2016JA023550

and 15:00 UT on 16 August 2013. Decreases in the electron ﬂuxes during the storm main phase
(01:00–03:00 UT on 16 August) were detected by the MagEIS and REPT instruments (Figures 3b and 3c).
The magnetic ﬁeld dipolarization (Figure 3a) accompanied by substorm electron injections (Figures 3b
and 3c) was clearly observed by RBSP-A after substorm onset (the vertical dashed line in Figure 3).
After the substorm injections, the electron ﬂuxes had very signiﬁcant increases (Figures 3b and 3c).
Based on the observations of 1.8 MeV electron ﬂuxes from RBSP-A at 18:52 UT on 15 August (j1), 01:20 UT
(j2), and 03:46 UT (j3) on 16 August 2013 (as indicated by the three red dots in Figure 3c), the role of substorm
electron injections in the recovery and enhancements of electron ﬂuxes at L*~5.4 was calculated. For 1.8 MeV
electrons, the substorm injections yielded Pr = j3/j2 = 3.4 and Pe = j3/j1 = 2.1 (Pr and Pe are the recovery and
enhancement coefﬁcients of 1.8 MeV electron ﬂuxes, respectively). For 742 keV, 902 keV, 2.1 MeV, 2.6 MeV,
and 3.4 MeV electrons, Pr was 3.3, 3.5, 3.6, 4.1, and 4.7, while Pe was 2.0, 2.3, 2.3, 2.0, and 2.1, respectively.
For the different energy electrons, Pr was different due to different loss processes, while Pe was almost same
due to substorm electron injections. Enhanced duskward electric ﬁeld (~6 mV/m) was observed by RBSP-A at
03:12 UT (not shown). RBSP-A and RBSP-B were in nearly identical orbit (orbital period of ~9 h) [Mauk et al.,
2012] but different by 1 h of magnetic local time. RBSP-B also observed the rapid recovery and enhancements
of MeV electron ﬂuxes in the outer radiation belt (not shown).
Figure 4 shows a plasma sheet boundary crossing observed by RBSP-A on 16 August 2013. Between 02:48 UT
and 03:10 UT, the energetic electrons (≥150 keV) almost disappeared (Figures 4a–4c) due to the stretching of
the magnetic ﬁeld lines. Birmingham [1984] and Artemyev et al. [2013] have shown that nonadiabatic motion
in strongly curved magnetic ﬁeld lines can result in the electron scattering near equatorial plane. The rest of
electron energy spectra (marked by the gray bar in Figures 4a and 4b) indicated that RBSP-A was located in
the near-Earth plasma sheet [e.g., Lui, 1996; Tang et al., 2009]. At near 03:12 UT, an increase in the elevation

 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
angle of the local magnetic ﬁeld with respect to the GSM x-y plane θ ¼ tan1 Bz = Bx 2 þ By 2
was
observed (Figure 4d), which indicated that substorm dipolarization occurred at RBSP-A. Subsequently,
RBSP-A reentered the outer radiation belt. During these crossings, the spacecraft potential measured by
the Electric Field and Waves (EFW) instrument [Wygant et al., 2013] observed the changes corresponding
to boundary crossings due to magnetotail dynamics and RBSP-A motion. Time domain structures (TDSs)
associated with substorm dipolarization were observed in the outer radiation belt (Figure 4f), and the
packets of millisecond pulses of intense electric ﬁeld parallel to the background geomagnetic ﬁeld were
not shown. The lower band chorus waves (the wave frequency was between 0.1* fce and 0.5* fce, where
fce is the electron gyrofrequency) were also observed from 03:40 to 03:50 UT (Figures 4f and 4g). From
the high-resolution wave burst data at 03:41 UT, the whistler mode chorus waves were identiﬁed at frequencies about 1000 Hz. The chorus waves were right-hand circularly polarized and propagated parallel to
the ambient magnetic ﬁeld with wave angle near 0° to 20° (not shown). During substorm dipolarization,
RBSP-A detected the quasi-perpendicular distributions (near 90°) for MeV electrons (not shown). These
pitch angle distributions indicated that the acceleration of MeV electrons in the outer radiation belt
may be caused by betatron acceleration [Northrop, 1963; Tang et al., 2013, 2016].
The most unambiguous signature of a “real” injection is the observation of the energy-dispersed
drifting electrons [e.g., Reeves et al., 1996; Ingraham et al., 2001; Dai et al., 2015]. Since RBSP-A was
located at the outer edge of the duskside electron radiation belt and observed strong magnetic ﬁeld ﬂuctuations during substorm dipolarization, the dispersed electron injections were not well identiﬁed. In the
following, we compared the changes of the PSDs around electron injections associated with substorm
dipolarization, in order to determine that MeV electrons at L*~5.4 were actually injected into the outer
radiation belt.
We plot the electron PSDs for the ﬁxed second adiabatic invariant K = 0.11 G1/2 RE and six ﬁrst adiabatic invariant values (μ = 209, 302, 630, 1096, 1905, and 3311 MeV/G) along the trajectory of RBSP-A between 18:00 UT
on 15 August and 15:25 UT on 16 August 2013 to show the PSD evolution before and after substorm electron
injections (see Figure 5). Note that the different colors show different times. For the ﬁxed K = 0.11 G1/2 RE, the
electron pitch angle range is from about 40° to 90° along the drift orbit. Since the T04 magnetic ﬁeld model
[Tsyganenko and Sitnov, 2005] had some inaccuracies, the evaluated parameter K had some uncertainties
(10–20%) [Reeves et al., 2013]. Such uncertainty was considered to produce a small difference of the electron
PSDs in Figure 5. For μ = 3311 MeV/G, the electron corresponding energy is 2–3 MeV at L* = 5. During quiet
TANG ET AL.
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Figure 4. A plasma boundary observed by RBSP-A on 16 August 2013, interpreted as a crossing into and out of the plasma sheet. (a–c) Electron energy spectra from the
 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
REPT, MagEIS, and HOPE instruments, respectively. (d) Elevation angle of the local magnetic ﬁeld with respect to the GSM x-y plane (θ ¼ tan1 Bz = Bx 2 þ By 2 Þ. (e)
Negative of the spacecraft potential from EFW instrument (Vavg = (V1 + V2)/2). (f and g) Spectrograms of the wave electric and magnetic ﬁelds, respectively. The white
dashed and solid lines correspond to 0.5* fce and 0.1* fce (fce is the electron gyrofrequency), respectively. The gray bar indicates that RBSP-A locates in the plasma sheet.
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*

Figure 5. The electron PSD at K = 0.11 G RE and different μ (μ = 209, 302, 630, 1096, 1905, and 3311 MeV/G) as a function of L during the time interval from 18:00
UT on 15 August to 15:25 UT on 16 August 2013.

times (18:00–21:00 UT on 15 August 2013), the electron PSD peaks for relativistic electrons (μ > 630 MeV/G)
were at L*~4.5. Before the injections, i.e., during 00:00–03:00 UT on 16 August 2013, the electron PSDs at
μ > 630 MeV/G at L* = 4.4–5.4 had some reduction (the diamond black lines in Figure 5), which may be
due to combined effects of electromagnetic ion cyclotron (EMIC) and whistler mode wave-induced scattering
[e.g., Su et al., 2011; Clilverd et al., 2015; Mourenas et al., 2016]. In this study, EMIC waves around
the helium ion gyrofrequency were detected by the EMFISIS magnetometer instrument on RBSP-A
between 02:45 UT and 02:55 UT outside the duskside plasmapause (not shown). After the injections, at
03:46 UT on 16 August 2013, the PSD peaks of the 209–3311 MeV/G populations appeared at L*~5.4
(Figure 5), which was due to substorm electron injections. The electron PSDs at μ > 209 MeV/G had 1
order of magnitude increase at L*~5.4. Some increases of the electron PSDs at μ > 209 MeV/G at L*~4.7
were also detected around 05:00 UT, which may be associated with intensive substorm injections and
subsequent chorus wave acceleration. Due to the weak chorus waves at L* = 4.4–5.0 between 08:35 UT
and 15:25 UT on 16 August 2013 (not shown), the electron PSDs at μ = 1905 and 3311 MeV/G had not
obviously changed.
2.3. Electron PSDs at THEMIS-A and RBSP-A
Figure 6 presents the electron PSDs for ~90° pitch angle at THEMIS-A and RBSP-A. Using the PSD formulas
of Chen et al. [2006], we calculated the electron PSDs at THEMIS-A. The near 90° pitch angle electron ﬂux
was from the average value at 85° and 95° pitch angles. Using the observed magnetic ﬁeld strength at
THEMIS-A, the ﬁrst adiabatic invariant μ was calculated. Note that the different colors show different times.
At the magnetic pulses (03:03:08 UT and 03:13:15 UT), the spectral shapes of the electron PSDs were almost
the same. During substorm dipolarization (e.g., at 03:20:30 UT), the electron PSDs at low values of μ
TANG ET AL.
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(μ < 100 MeV/G) decreased while the
electron PSDs at high values of μ
(μ > 100 MeV/G) increased. The highfrequency waves with fce during substorm dipolarization were observed by
THEMIS-A (not shown). The electron
PSD values during substorm dipolarization were higher than during the
magnetic pulses due to the nonadiabatic acceleration associated with
substorm dipolarization. The electron
PSD for 700 MeV/G electrons in the
near-Earth magnetotail (at THEMIS-A)
was ~1 × 103 to 1 × 102 (c/MeV cm)3.
Because there were no PSD data
Figure 6. The electron PSDs for ~90° pitch angle from THEMIS-A at
(K~0.0 G1/2 RE) from RBSP-A during
different times (ﬁlled circle) and RBSP-A (ﬁlled square) as a function of
substorm dipolarization (from 03:00 to
the ﬁrst adiabatic invariant μ.
04:30 UT), the PSD data (K = 0.0 G1/2 RE)
at 12:04:07 UT were selected. RBSP-A
observed that the PSD for 700 MeV/G electrons at L*~5 was ~1 × 104 (c/MeV cm)3, which is comparable to
that reported by Turner et al. [2012a], because the radial transport process usually corresponds to the higher
electron PSDs at larger radial distance. More important, the similarity between the spectral shape of the PSDs
at THEMIS-A and RBSP-A across a wide range of μ (100–1000 MeV/G) implied the radial transport process
from the near-Earth magnetotail (at THEMIS-A) to the outer radiation belt (at RBSP-A). According to the
Liouville’s theorem, the spectral shape of the electron PSDs did not change if the inward radial transport conserves the ﬁrst and second adiabatic invariants. So substorm electron injections can be the external source of
MeV electrons at the outer edge of the outer radiation belt (L*~5.4).

3. Discussion and Summary
3.1. The Injection Process of
MeV Electrons

Figure 7. The x-y plane schematic of THEMIS-A, GOES 13, LANL-97,
1994-084, and RBSP-A during the time interval of substorm electron
injections associated with the magnetic ﬁeld dipolarization.
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Observations of substorm electron
injections at substorm onset are summarized in Figure 7. Located at the
near-Earth magnetotail, THEMIS-A ﬁrst
observed the continuous magnetic
pulses (Figure 2a) and impulsive electric
ﬁelds of ~30 mV/m at around 03:00 UT
(Figure 2c). At the same time, the
electron injection region formed.
Geosynchronous satellite 1994-084,
located at near midnight, observed the
electron dispersionless injections at
the geosynchronous orbit at ~03:01
UT. During the propagation of the
electron injection region, GOES 13
observed the magnetic ﬁeld disturbances and intensive electron injections
at around 03:01 UT. LANL-97 was
outside the electron injection region
and observed some increases of dispersed electrons (~400 keV) at ~03:03
UT. Under the intensive electric ﬁelds,
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these dispersionless electrons were injected into the outer radiation belt. RBSP-A, located at the duskside
outer radiation belt, observed the magnetic ﬁeld dipolarization and enhanced MeV electron ﬂuxes after
~03:12 UT. During substorm dipolarization, the magnetic ﬁeld conﬁguration had signiﬁcant change, which
could trap some energetic electrons from the near-Earth magnetotail on closed drift shells. At 03:46 UT,
the local PSD peak of MeV electrons at the outer edge of the outer radiation belt (L*~5.4) was observed. In
the present study, we do not address how substorm dipolarization propagates in the outer radiation belt
and the near-Earth magnetotail.
Past simulations have shown that substorm dipolarization [Fok et al., 2001] or single electromagnetic pulse
[Mithaiwala and Horton, 2005] can cause relativistic electron injections at the geosynchronous orbit.
However, using the observations of the near-Earth plasma sheet (enhanced electron ﬂuxes and the series
of electromagnetic pulses at substorm onset detected by THEMIS-A) as an initial and boundary conditions,
the simulation of relativistic electron injections at the outer edge of the outer radiation belt (L*~5.4) during
the magnetic ﬁeld dipolarization and quantitative analysis of the complex injection process might be a
challenge. This will be a subject of future work.
3.2. The Source Population of Injected MeV Electrons
Previous observations [e.g., Baker et al., 1979] have shown that the ﬂux enhancements for high-energy electrons (>300 keV) in the inner magnetosphere were observed in about 20% of the substorm electron injection
events. The upper energy cutoff occurs because the near-Earth magnetotail lacks a source population for
high-energy electrons, and these higher-energy electrons have strong gradient and curvature drifts during
substorm injections [Reeves et al., 1996]. Taylor et al. [2004] have shown that the electrons in the midtail
during some geomagnetic storm events are the source population of injected MeV electrons. Dai et al.
[2014] found that enhanced electrons of 100 keV in the midtail during substorm dipolarization (within the
substorm time scale) were a source of injected MeV electrons at the geosynchronous orbit. Based on the electron PSD analysis, Lui et al. [2012] suggested that the electrons at L~8 during the magnetic ﬁeld dipolarization
could be a potential source of MeV electrons in the outer radiation belt.
Using multipoint simultaneous observations of the near-Earth magnetotail and outer radiation belt, we
provided the evidence that the energetic electrons (~300 keV) in the near-Earth magnetotail (at THEMIS-A)
during the magnetic ﬁeld dipolarization (the continuous magnetic pulses and substorm dipolarization) can
be a source population of injected MeV electrons at L*~5.4 (Figure 6). Assume that enhanced electrons at
the outer edge of the outer radiation belt (at RBSP-A) during substorm dipolarization come from the near0

Earth tail (at THEMIS-A). In the outer radiation belt, the magnetic ﬁeld strength Bt was up to 180 nT. The mag0

netic ﬁeld strength Bt in the near-Earth tail was ~30 nT, and then Bt/ Bt was about 6. For betatron acceleration
0

0

0

during the inward radial transport process, we obtained E ⊥ = (Bt /Bt) E⊥ = 6 E⊥, where E ⊥ and E⊥ indicate the
electron energy in the perpendicular direction to the magnetic ﬁeld after and before the acceleration. If
the initial energy of the electrons in the near-Earth tail was 300 keV, the accelerated energy of the electrons
at L*~5.4 could be up to 1.8 MeV. Observations also showed that the ﬂuxes of 300 keV electrons in the
near-Earth tail (at THEMIS-A) were larger than the increased ﬂuxes of 1.8 MeV electrons at RBSP-A (Figure 3c).
3.3. Prompt Enhancement of the Outer Radiation Belt
Previous studies have shown that injected MeV electrons were detected at the geosynchronous orbit [Birn et al.,
1998; Ganushkina et al., 2013; Kress et al., 2014; Dai et al., 2014]. Dai et al. [2015] showed that the injected
MeV electrons could be detected at L = 4.8. In their study, an order of magnitude increase of the PSD of
injected MeV electrons within 3 h was observed after a series of dipolarizations. Generally, the dropouts of
MeV electron ﬂuxes in the outer radiation belt due to the magnetopause shadowing effect and EMIC waveinduced scattering were observed during the storm main phase [e.g., Turner et al., 2012b; Clilverd et al., 2015].
In our event, the PSD of MeV electrons at L*~5.4 during the storm main phase increased by a factor of 10 in about
1 h time scale after one substorm dipolarization event. Usually, the time scale of the chorus wave acceleration of
approximately hundreds of keV electrons to MeV energies (about 12 h) [e.g., Li et al., 2014] was greater than
that of the rapid enhancements of MeV electron ﬂuxes at L*~5.4 (about 1 h). This will now be discussed in detail.
Previous studies showed that the PSD peak of MeV electrons in general storm was associated with the local
acceleration by whistler mode chorus waves or an external source [e.g., Green and Kivelson, 2004]. RBSP-A
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(located in duskside) only observed chorus waves during the interval of 03:40–03:50 UT (Figure 4g). Using a
proxy based on Polar-orbiting Operational Environmental Satellite electron precipitation measurements
(30–100 keV) [Li et al., 2013], the global distributions of the amplitudes of whistler mode chorus waves
were obtained (not shown). We found that the chorus wave intensity could be up to ~100 pT in some
magnetic local time sectors during 03:00–04:00 UT on 16 August 2013. Using the two-dimensional
Storm Time Evolution of Electron Radiation Belt (STEERB) code [Su et al., 2010, 2014], we simulated the
chorus-driven electron acceleration at L* = 5.4. The comparison between the energy spectrums around
L* = 5.4 from RBSP-A observations and STEERB simulations showed that these electrons at 01:20 UT at
L*~5.4 were unlikely to be effectively accelerated to MeV electrons by the whistler mode chorus waves
in 1 h (not shown).
TDSs are trains of intense electric ﬁeld spikes observed in the outer radiation belt during the dipolarization
[Malaspina et al., 2014, 2015; Mozer et al., 2015]. During the interval of 03:00–04:00 UT, TDSs were observed
in the outer radiation belt (Figure 4f). Usually, TDSs can provide 1–5 keV electron energization. However,
the increases of 30–150 keV electrons require chorus wave acceleration [Ma et al., 2016]. RBSP-A EFW burst
2 data also indicated that there were large-amplitude (or nonlinear) chorus waves at ~03:41 and 03:48 UT
(not shown). The amplitude of electric ﬁeld was about 6 mV/m, while the amplitude of magnetic ﬁeld was
near 0.7 nT, which might cause dramatic enhancements in electron energization in a few seconds [e.g.,
Mozer et al., 2014]. The electron PSDs at μ = 209 and 302 MeV/G had some increase at 03:48 UT. But, the peak
ﬂux of MeV electrons appeared at ~03:46 UT (Figure 5). These showed that the large-amplitude chorus waves
could not explain the peak ﬂux of MeV electrons at L* = 5.4. However, TDS and the large-amplitude chorus
waves in our case can play a potential role in enhancement in the outer radiation belt and quantitative analysis can be considered in the future.
In our case, substorm electron injections are the most likely explanation for the electron PSD peaks at L* = 5.4
during the storm main phase. Substorm electron injections associated with the magnetic ﬁeld dipolarization
were clearly observed by THEMIS-A and geosynchronous orbit satellites (Figure 2), and the direct injected
effects were observed for μ > 209 MeV/G at RBSP-A (Figure 5). These facts argued against chorus waves as
the agent responsible for the electron energization at L* = 5.4, and we suggested that the principal mechanism of the peak ﬂux of MeV electrons at L* = 5.4 was direct injection into the outer edge of the outer
radiation belt.
However, enhanced MeV electrons in the heart of the outer radiation belt (L*~4.7) were also detected at
around 05:00 UT (Figure 5), which may be associated with intensive substorm electron injections and subsequent local acceleration by chorus waves. Multipoint simultaneous observations have shown that enhanced
substrom electrons in the near-Earth magnetotail were injected into the outer radiation belt during substorm
dipolarization. This is consistent with the previous observations of deeper injections of the plasma sheet electrons into the inner magnetosphere during magnetic storms [e.g., Gonzalez et al., 1994] and high-speed
streams [Tsurutani and Gonzalez, 1987; Tsurutani et al., 2006]. The global distributions of chorus wave amplitudes have also shown that strong chorus waves occurred in the outer radiation belt between 04:00 and
05:00 UT on 16 August 2013 (not shown). Based on these observations, the new scenario of the rapid acceleration of relativistic electrons in the outer radiation belt is as follows: during the strong substorms, the electron energy in the plasma sheet can be up to hundreds of keV. These electrons are injected into the inner
magnetosphere. The local acceleration by chorus waves [e.g., Horne and Thorne, 1998; Meredith et al., 2003;
Miyoshi et al., 2003, 2013; Omura et al., 2008, 2015; Thorne et al., 2013] leads to the initial higher-energy electrons reach to relativistic energy within 2 h. The acceleration time scale of relativistic electrons (<2 h) is much
less than that of MeV electrons in the HILDCAA events [Hajra et al., 2015a, 2015b], because there are much
smaller injections of the plasma sheet electrons (~10 to 100 keV) during high-speed streams occurring in
the declining phase of the solar cycle. It has been shown experimentally that it typically takes days to get
~10 to 100 keV electrons locally accelerated to ~1 MeV in the outer radiation belt [e.g., Tsurutani et al.,
2006, 2010; Kasahara et al., 2009; Miyoshi et al., 2013].
In the present study, we present multipoint observations of substorm electron injections during the storm
event on 15–16 August 2013. Our observations also provide evidence that enhanced substorm electron injections can explain to rapid enhancements of MeV electrons in the outer radiation belt on a short time scale.
Usually, enhancement of the outer radiation belt during the storm time mainly depends on the frequency
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and intensity of substorm electron injections and whistler mode chorus wave acceleration and/or radial
transport. Statistical studies of solar wind conditions of relativistic electron injections and the respective
contributions of MeV electron injections and the local acceleration by chorus waves to the evolution of the
outer radiation belt will be a subject for future work.
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