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Abstract Geomagnetic storms can either increase or decrease relativistic electron ﬂuxes in the
outer radiation belt. A statistical survey of 84 isolated storms demonstrates that geomagnetic storms
preferentially decrease relativistic electron ﬂuxes at higher energies, while ﬂux enhancements are more
common at lower energies. In about 87% of the storms, 0.3–2.5 MeV electron ﬂuxes show an increase,
whereas 2.5–14 MeV electron ﬂuxes increase in only 35% of the storms. Superposed epoch analyses
suggest that such “energy-dependent” responses of electrons preferably occur during conditions of high
solar wind density which is favorable to generate magnetospheric electromagnetic ion cyclotron (EMIC)
waves, and these events are associated with relatively weaker chorus activities. We have examined one of
the cases where observed EMIC waves can resonate eﬀectively with >2.5 MeV electrons and scatter them
into the atmosphere. The correlation study further illustrates that electron ﬂux dropouts during storm
main phases do not correlate well with the ﬂux buildup during storm recovery phases. We suggest that a
combination of eﬃcient EMIC-induced scattering and weaker chorus-driven acceleration provides a viable
candidate for the energy-dependent responses of outer radiation belt relativistic electrons to geomagnetic
storms. These results are of great interest to both understanding of the radiation belt dynamics and
applications in space weather.
1. Introduction
Understanding storm time dynamics of relativistic electrons in the outer radiation belt is of great importance
from the perspectives of both science and applications. The population of relativistic electrons in the radiation
belts can vary dramatically over several orders of magnitude on timescales ranging from minutes to years
[Baker et al., 1994]. Intense relativistic electron ﬂuxes in the outer radiation belt pose a signiﬁcant hazard to
satellites and spacecraft, causing spacecraft operational failures or anomalies [Baker, 2000].
A statistical investigation using 3 years of 1.8–3.5 MeV electron ﬂux data from geosynchronous satellites
has shown that nearly all relativistic electron ﬂux enhancement events were closely associated with geomagnetic storms, but not all magnetic storms were accompanied by relativistic electron ﬂux enhancements
[Reeves, 1998]. Reeves et al. [2003] categorized three types of relativistic electron ﬂux variations during magnetic storms: enhancement, decrease, and no change. By modeling these three types of variations based on a
simple model, which incorporates electron acceleration by chorus waves and loss by hiss and electromagnetic
ion cyclotron (EMIC) waves, Summers et al. [2004] suggested that diﬀerent types of storm time relativistic electron ﬂux variations are consequences of the delicate competition between acceleration and loss processes.
How the acceleration and loss processes determine the increase/decrease of relativistic electron ﬂuxes during
storm times has been a key issue of radiation belt research over the last decade.
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Local acceleration by wave-particle interactions is thought to play a critical role in electron acceleration during
some magnetic storms [Reeves et al., 2013]. Thorne et al. [2013a] conﬁrmed quantitatively that chorus waves
are of remarkable eﬃciency for local electron acceleration in the heart of the outer radiation belt. Chorus
waves can signiﬁcantly accelerate ∼100 keV electrons up to ∼1 MeV on a timescale of ∼1 day. Important loss
processes include pitch angle scattering by EMIC waves [Summers et al., 2007a, 2007b], and magnetopause
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shadowing eﬀect [Turner et al., 2012], in addition to the Dst eﬀect [Kim and Chan, 1997], which leads to apparent electron ﬂux depletion during magnetic storms. Both observations and simulations have demonstrated
that the EMIC waves preferentially precipitate >2 MeV electrons [Meredith et al., 2003; Summers and Thorne,
2003], while the precipitation of <2 MeV electrons by EMIC waves can only occur in a very limited region of
high plasma density or weak ambient magnetic ﬁeld. Speciﬁcally, relativistic electrons of higher energy can be
scattered by EMIC waves in a broader range of pitch angles and in a broader mesosphere/lower thermosphere
region [Summers and Thorne, 2003; Usanova et al., 2014].
Previous studies [e.g., O’Brien et al., 2001; Iles et al., 1999; Onsager et al., 2002; Chen et al., 2007] have shown
that relativistic electron ﬂuxes behave diﬀerently with varying energies during geomagnetic storms in the
outer radiation belt. Van Allen Probes observations [Baker et al., 2013] revealed a relativistic electron storage ring structure in >2 MeV channels after a moderate geomagnetic storm, but such a structure was not
observed at lower energy channels. This signature was later reproduced by simulations [Thorne et al., 2013b;
Shprits et al., 2013; Ni et al., 2013] and Ni et al. [2015]. Energy-dependent response of radiation belt electrons to geomagnetic storms appears to be an essential feature of the radiation belt dynamics and requires
further studies. Recently, Turner et al. [2015] used electron ﬂux data from magnetic electron and ion spectrometers on Van Allen Probes to study the responses of ∼10 s of keV to 2 MeV electrons at diﬀerent L shells
(2.5 < L < 6) and found that electron ﬂux responses to magnetic storms are highly dependent on both L shells
and energies.
This work complements the previous studies [e.g., Reeves et al., 2003]. In particular we show that the increase
and decrease of electron ﬂuxes during storm times depend on the energy of the electrons. Moreover, we
ﬁnd clear evidence that the storms preferably decrease relativistic electron ﬂuxes at higher energies, while
ﬂux enhancements are more common at lower energies. In addition, combined with statistical studies and
a case study with the EMIC wave observation, we suggest that EMIC wave scattering together with weaker
chorus wave acceleration may lead to the distinct responses of higher- and lower-energy relativistic electrons
to geomagnetic storms.
In this paper, we show statistical investigations of electron ﬂux variations at two diﬀerent energy ranges
(0.3–2.5 MeV and 2.5–14 MeV) in the outer radiation belt during 84 isolated magnetic storm events spanning
from 1992 to 2004. In order to explain why electron storm time responses are dependent on electron energy
from an observational perspective, we perform a superposed epoch analysis under a series of solar wind and
geomagnetic conditions, which are closely associated with electron energization and loss processes.

2. Data Description
The L-sorted relativistic electron ﬂuxes, spanning nearly one solar cycle from July 1992 to June 2004, are measured by the proton-electron telescope (PET) instrument [Cook et al., 1993] on board Solar, Anomalous, and
Magnetospheric Particle Explorer (SAMPEX) spacecraft and the Medium Energy Proton and Electron Detector
(MEPED) instrument [Evans and Greer, 2004; Green, 2013] on board two Polar-orbiting Operational Environmental Satellite (POES)/NOAA satellites (NOAA 12 and NOAA 15). SAMPEX traveled in a nearly circular orbit
at an altitude of ∼600 km and inclination of 82∘ . The orbit period is ∼90 min. The PET instrument provides
relativistic electron ﬂux measurements at two energy channels (1.5–6 MeV and 2.5–14 MeV) [Tu et al., 2010].
The two POES/NOAA satellites are in the Sun-synchronous orbit at an altitude of ∼800 km with an orbital
period of about 100 min. The MEPED instrument on board NOAA 12 includes two pairs of directional electron/
proton telescopes and three omnidirectional proton detectors. The 0∘ telescopes are oriented outward along
the Earth-center-to-satellite direction, and the 90∘ telescopes are mounted to view approximately normal
to the direction of spacecraft velocity and the 0∘ telescopes. In the L range 3–7, the 0∘ detector measures
electrons within the loss cone, while the 90∘ detector measures mostly trapped electrons [Sandanger et al.,
2009]. The electron telescopes measure electrons between 30 keV and 2500 keV in three energy channels, i.e.,
E1 (30–2500 keV), E2 (100–2500 keV), and E3 (300–2500 keV). The proton telescopes measure proton ﬂuxes
over ﬁve energy channels, i.e., P1 (30–80 keV), P2 (80–250 keV), P3 (250–800 keV), P4 (800–2500 keV), and
P5 (>2500 keV) [Raben et al., 1995].
NOAA 15 carries a second-generation MEPED instrument. The view direction of the 90∘ telescopes is normal to
the 0∘ telescopes as on NOAA 12 but antiparallel to the spacecraft velocity vector. The electron telescopes have
the same energy channels as NOAA 12. The proton telescopes have six energy channels, i.e., P1 (30–80 keV),
XIONG ET AL.
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Figure 1. Three examples of the relativistic electrons with two diﬀerent energy responses to geomagnetic storms. (a) Flux enhanced at both energy channels.
(b) Fluxes change a little for high-energy channel and low-energy electron ﬂux increased. (c) High-energy electron ﬂux decreased and low-energy electron ﬂux
increased. Red line marks the time of minimum Dst occurred.

P2 (80–240 keV), P3 (240–800 keV), P4 (800–2500 keV), P5 (2500–6900 keV), and P6 (>6900 keV). Due to the
contamination from >0.6 MeV electrons, P6 detector can be used to measure the variation of these >0.6 MeV
electrons if the lower energy channel P5 measures nearly no counts of protons [Sandanger et al., 2009; Green,
2013]. To make data sets clean, we have removed the proton contamination using the correction procedure
developed by Lam et al. [2010] and excluded the points during solar proton events and at the South Atlantic
Anomaly [Ni et al., 2014].
The terrestrial radiation belt relativistic electron ﬂuxes vary coherently throughout the outer trapping zone
and over diﬀerent local times. Instruments on board low-altitude satellites SAMPEX and POES/NOAA will thus
observe ﬂux variations of electrons similar to the instruments measuring the same energies of electrons on
board a spacecraft near to the magnetic equator [Baker et al., 2001]. Therefore, we can use the measurements
from SAMPEX and the trapped electrons measured by the two POES/NOAA satellites to represent the global
electron ﬂux variations at diﬀerent L shells.
In this paper, the geomagnetic storms are deﬁned as distinct intervals during which the minimum Dst indices
are lower than −50 nT [Reeves et al., 2003]. To exclude the impact of multiple storms, only isolated storms are
considered where no other storms occur during the period of 7 days before and 5 days after the minimum Dst
[Zhao and Li, 2013]. A total of 84 isolated storm events is found to satisfy these two criteria from July 1992 to
June 2004 and has been selected for further analysis in the present study.

3. Energy-Dependent Responses of Relativistic Electrons to Geomagnetic Storms
Figure 1 shows three examples of the relativistic electron responses to geomagnetic storms. For 2.5–14 MeV
electrons, ﬂux enhancement, little change, and decrease are clearly seen in Figures 1a–1c, respectively.
The three types of electron responses to storms have been reported by Reeves et al. [2003]. However, for
low-energy electrons of 0.3–2.5 MeV, ﬂuxes exceed the prestorm level in all the three storms. It seems that,
comparing with high-energy electrons, low-energy electron ﬂuxes are more preferably increased during the
storm recovery phase.
XIONG ET AL.
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Figure 2. Statistics of ﬂux changes for four diﬀerent energy electrons by peak ﬂux and RBC index separately. (a, c, e, and
g) The histogram of the ratios of poststorm to prestorm ﬂuxes by peak values for electrons in the energy ranges of
2.5–14 MeV, 1.5–6 MeV, >0.6 MeV, and 0.3–2.5 MeV, respectively. (b, d, f, and h) The histogram of ratios by RBC indexes.

3.1. Statistical Results
This signature can be clearly present in statistical study, where we have analyzed 84 isolated storm events.
Both the peak electron ﬂux in the heart of the outer radiation belt and radiation belt content (RBC) index [Baker
et al., 2004] are used to quantify the storm time variations of relativistic electrons. The peak ﬂux is deﬁned
as the maximum value within the range 2.5 < L < 5.5. The RBC index of the outer radiation belt uses the
measured electron ﬂuxes and assumes a dipole ﬁeld and isotropic electron distributions. The improved RBC
index [Yuan and Zong, 2012] is calculated as
Lo

RBC =

XIONG ET AL.
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Figure 3. Superposed epoch analysis result of (a and c) type I events and (b and d) type II events. Figures 3a and 3c
show the 2.5–14 MeV electron ﬂux measured by PET/SAMPEX as a function of epoch time and L. Figures 3b and 3d
show the 0.3–2.5 MeV electron ﬂux measured by MEPED/POES as a function of epoch time and L. The value in each bin
is the 3 h averages of median value of electron ﬂuxes in a 0.1 L bin. The red dashed line marks the zero epoch time
when minimum Dst occurs.

where n(L) is the electron number density at L and dVORB (L) is the corresponding L shell volume. The electron
content is integrated within the dynamic outer boundary Lo and inner boundary Li (the positions where ﬂuxes
decay to e−4 of the corresponding peak ﬂuxes) of the outer radiation belt, instead of two ﬁxed boundaries
[Baker et al., 2004].
We deﬁne the prestorm peak ﬂux (RBC index) as the averaged peak ﬂux (RBC index) over the 1–2 days
prior to the minimum Dst. The poststorm peak ﬂux (RBC index) is the maximum peak ﬂux (RBC index) during 5 days after the minimum Dst. R is the ratio of poststorm to prestorm peak ﬂux (RBC index). Figure 2
shows the histogram of storm events sorted by the change in the peak ﬂux (left column) and RBC index
(right column) for four diﬀerent energy channels (2.5–14 MeV, 1.5–6 MeV, >0.6 MeV, and 0.3–2.5 MeV) for
the same 84 isolated storm events. The 84 storms are categorized into three groups: relativistic electron ﬂux
enhancements (R > 1.5, red bars), decreases (R < 0.67, blue bars), and “no changes” (0.67 < R < 1.5, green
bars). The 2.5–14 MeV channel shows about 44% (35%) of storms with electron ﬂux decreases (increases), as
shown in Figure 2a. For 1.5–6 MeV electrons (Figure 2c), about 55% of storms enhance ﬂuxes, 26% decreases
ﬂuxes, and 19% causes little change of ﬂux, which agrees with the ﬁnding of Reeves et al. [2003] using the
1.8–3.5 MeV electron ﬂux data at geostationary orbit. Turner et al. [2015] showed that for ≥ ∼1 MeV electrons,
enhancements, depletions, and no-change events are quite evenly distributed at L > 4; whereas at L < 4,
most events result in no change. This diﬀerence between Turner et al. [2015] and our work implies
that storms from this solar minimum (during the Van Allen Probes era) have not been as eﬀectively
enhancing the outer belt MeV electrons as the storms from the 1992–2004 (during the period of our
data set). However, in our study, the 0.3–2.5 MeV channel shows about 2% (87%) of storms with electron ﬂux decreases (increases), which is consistent with Turner et al. [2015]. The RBC indices show similar results (Figures 2b, 2d, and 2h). Although these four energy channels have some overlap in their
energy coverage, the center energies corresponding to those four detectors, 5, 2.5, 0.612, and 0.287 MeV
XIONG ET AL.
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Figure 4. Superposed epoch analysis of solar wind conditions and geomagnetic indices for (left column) type I and
(right column) type II storm cases. (a and h) Solar wind speed. (b and i) Solar wind density. (c and j) Solar wind dynamic
pressure. (d and k) IMF Bz . (e and l) Kp × 10 index. (f and m) AE index. (g and n) Dst index. The red line in each panel is
the median value, and the two blue lines are the upper quartile and lower quartile, respectively.

[Selesnick et al., 2003; Green, 2013], are clearly diﬀerent. From top to bottom of Figure 2, the center electron energy decreases, and accordingly, the possibility of observing ﬂux enhancements (decreases) clearly
increases (decreases). These results indicate that the relativistic electrons in the outer radiation belt cannot
be treated simply as a bulk population.
3.2. Energy-Dependent Storms and Energy-Independent Storms
To characterize the energy-dependent responses of relativistic electrons to magnetic storms, we examined
54 events among 84 isolated storm events. The other 30 storms, which produce no change or decrease of
0.3–2.5 MeV electron ﬂuxes or no change of 2.5–14 MeV electron ﬂuxes, are excluded for the further analysis.
We further sorted these 56 events into two groups (“type I” and “type II”) for superposed epoch studies. Type I
contains 26 storms where both 0.3–2.5 MeV and 2.5–14 MeV electron ﬂuxes enhanced after storms (Figures 3a
and 3c). Type II includes 28 events where low-energy electron ﬂuxes enhanced while high-energy electron
ﬂuxes decreased (Figures 3b and 3d). Figures 3a and 3b show the electron ﬂuxes of 2.5–14 MeV and Figures 3c
and 3d of 0.3–2.5 MeV as a function of epoch time and L.
XIONG ET AL.
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Figure 4 shows the superposed epoch analysis results of solar wind parameters and geomagnetic indices
during type I (Figures 4a–4g) and type II (Figures 4h–4n) events. Events with available OMNI data included 17
type I events and 22 type II events. During the main phase and early recovery phase, the solar wind speed in
the type II periods is lower compared to that in type I. The solar wind density is higher in type II periods than
in type I. Meanwhile, the interplanetary magnetic ﬁeld (IMF) Bz , Kp, AE, and Dst indices do not exhibit significant diﬀerences between the two types of events, which are conﬁrmed by Student’s t test when statistical
signiﬁcance level is set to be 5%.

4. Discussion
4.1. High-Density Solar Wind and Electron Loss by EMIC Waves
Understanding the diﬀerences in solar wind parameters between type I and type II events is of great importance to study the underlying physical mechanism(s) leading to distinct responses of electrons with varying
energies to geomagnetic storms. The solar wind density exhibits the most signiﬁcant diﬀerence between
type I (Figure 4b) and type II storms (Figure 4i), and high solar wind density is preferentially observed during
the type II intervals. The outer electron radiation belt is known to respond to solar wind density [Lyatsky and
Khazanov, 2008; Borovsky and Denton, 2009]. It has been reported that a negative correlation exists between
solar wind density and >2 MeV electron ﬂuxes with ∼12 h time lag at the geostationary orbit [Lyatsky and
Khazanov, 2008]. Both superdense and suprathermal plasma sheets could be produced by high solar wind
density during storm [Borovsky et al., 1998] and could last for ∼1 day and several days, respectively, from the
beginning of storms [Denton and Borovsky, 2008, 2012]. EMIC waves are preferentially excited within the overlapping area of the superdense plasma sheet and plasmaspheric plumes and the interaction region of the
cold plasmaspheric plasma and the suprathermal ions injected from the plasma sheet [Borovsky and Denton,
2009; Chen et al., 2010]. According to the above results, we speculate that the high solar wind density is very
likely linked to the strong EMIC excitation, which potentially removes radiation belt electrons by pitch angle
scattering.
In fact, EMIC waves were observed during storms with diﬀerent behaviors of electron ﬂuxes. Figure 5 shows
such a storm occurring in late November 2003. Figures 5a and 5b illustrate the ﬂux recovery of 0.3–2.5 MeV
and ﬂux depletion of 2.5–14 MeV electrons, respectively, and Figure 5c shows the Dst index. Figure 5d plots
the wave power spectral density of EMIC waves from fast Fourier transform analysis of the magnetic ﬁeld
measured by the ﬂuxgate magnetometer on board Cluster C4, Figure 5e the EMIC wave amplitude, Figure 5f
the calculated ratio fpe fce (fpe is the electron plasma frequency and fce is the electron gyrofrequency at the
equator) during the storm recovery phase, and Figure 5g the calculated electron minimum resonant energy
Emin . Here fpe fce is an important parameter which aﬀects Emin , and EMIC waves can only interact with the
electrons with energies greater than Emin [Meredith et al., 2003, 2014; Summers et al., 2007a, 2007b].
The observed hydrogen band EMIC waves were located in the heart of the outer zone with a strong amplitude
as high as 1 nT (Figure 5e). We estimate the electron minimum resonant energy assuming that the observed
EMIC waves are left-hand mode of ﬁeld-aligned propagation. The minimum kinetic energy of electrons for
cyclotron resonant interaction with L mode EMIC waves can be rewritten as [Summers and Thorne, 2003]

Emin

]1∕2
⎫
⎧[(
)
Ωce 2
⎪
⎪
= me c ⎨
+1
− 1⎬
kc
⎪
⎪
⎭
⎩
2

(2)

where me is the electron rest mass, k is the wave number which can be obtained from the dispersion relation in cold plasma [Summers and Thorne, 2003; Chen et al., 2011], c is the speed of light, and Ωce stands for
the equatorial electron gyrofrequency. We calculate the minimum electron resonant energy for these hydrogen band EMIC waves with wave power greater than 0.1 nT2 /Hz. The results shown in Figure 5g indicate that
the electron minimum resonant energies due to observed EMIC waves are greater than 2.5 MeV at all times.
Meredith et al. [2003, 2014] have illustrated that the minimum electron energy for resonant interactions with
hydrogen band EMIC wave falls below 2 MeV when the ratio fpe fce > 10. This ratio during the EMIC interval
of this event is much smaller than 10 (Figure 5f ). According to the superposed epoch analysis of solar wind
density and our estimations of electron minimum resonant energy, we infer that EMIC waves are favorably
excited during the energy-dependent storms and make an important contribution to the precipitation loss
of 2.5–14 MeV electrons.
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Figure 5. Storm in November 2003. Evolution of (a) 2.5–14 MeV electron ﬂux and (b) 0.3–2.5 MeV electron ﬂux
measured by PET/SAMPEC and MEPED/NOAA, respectively, and (c) Dst index during a geomagnetic storm in November
2003. (d) The magnetic wave power intensity of EMIC wave measured by Cluster C4 at the time represented by the red
dashed line in (Figures 5a–5c). Here the three white curves from top to bottom represent the hydrogen, helium, and
oxygen gyrofrequencies. (e) The calculated hydrogen band EMIC wave amplitude. (f ) The ratio of local plasma frequency
to local electron gyrofrequency. (g) The electron minimum resonant energies as a function of wave frequency
normalized to the local proton gyrofrequency. The two vertical dashed lines in each plot are the local oxygen and
helium ion gyrofrequencies, respectively. The two horizontal dashed lines mark 2.5 MeV and 14 MeV electron energies.

4.2. Relationship Between Flux Dropouts During Main Phase and Flux Buildup During
Recovery Phase
Regarding electron losses by EMIC waves during the recovery phase, ﬂux dropouts caused by the magnetopause shadowing eﬀect [e.g., Turner et al., 2012], which is one of main loss mechanisms during the main
phase, should also be taken into consideration. In order to ﬁgure out whether the ﬂux losses during storm
main phase aﬀect the ﬂux evolution in the following recovery phase or not, we calculated the linear correlation coeﬃcients between the RBCmin during storm main phase and the RBCmax in storm recovery phase. The
RBCmin during main phase is the minimum RBC index during 1 day before the beginning of recovery phase,
and the RBCmax index during recovery phase is the peak value of RBC indices during the ﬁrst 5 days after the
beginning of recovery phase. Figure 6 shows the results of the correlation analysis between these two RBC
indices. Figures 6a and 6b correspond to the 2.5–14 MeV and 0.3–2.5 MeV electrons, respectively. The linear
correlation coeﬃcient is 0.434 for 2.5–14 MeV (Figure 6a) and 0.315 for 0.3–2.5 MeV (Figure 6b), respectively.
XIONG ET AL.
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Figure 6. Correlation patterns for minimum RBC index during main phase versus maximum RBC index during the ﬁrst
5 days of recovery phase. (a) The correlation pattern for 2.5–14 MeV electron measured by SAMPEX and (b) the
correlation pattern for 0.3–2.5 MeV electron measured by POES.

Therefore, there is no clear correlation between the RBCmin during the main phase and RBCmax during recovery
phase. We hence can ignore the inﬂuence of electron ﬂux dropouts in storm main phase on the reconstruction
of the outer radiation belt during storm recovery phases.
4.3. Chorus Contribution to Energy-Dependent Storms
Electron ﬂux variations in the radiation belt manifest mainly the delicate competition between acceleration
and loss. Li et al. [2013] and Ni et al. [2014] developed a novel, physics-based methodology to infer the whistler
mode chorus wave intensities and constructed a global distribution using the NOAA POES data. Following
their procedure, we use J0 ∕J90 , the ratios of precipitated (0∘ ) and trapped (90∘ ) 30–100 keV electron ﬂuxes
to assess the chorus wave intensities and seek the diﬀerences of the acceleration processes between the two
types of events. Figures 7a and 7b plot the superposed epoch values of J0 ∕J90 as a function of epoch time at
the ranges of 3 < L < 4 (blue line) and 4 < L < 5 (red line) for the type I and type II events, respectively. For
the ﬁrst 8 h after the zero epoch time, the ratio J0 ∕J90 of type I is relatively higher than that of type II, especially
at the range of 4 < L < 5. The stronger and more persistent chorus waves over 0–8 h in type I events may
increase the ﬂuxes of electrons above 2.5 MeV [e.g., Thorne et al., 2013a; Li et al., 2014] more eﬃciently than
waves in type II events.
4.4. Possible Scenario for Energy-Dependent Response of Electrons to Storms
Based on the discussion in sections 4.1–4.3, we propose a possible scenario for the distinct responses of electrons to storms from the points of electron loss and acceleration. The high solar wind density during storm
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Figure 7. Superposed epoch analysis results of chorus wave activity during type I and type II events. (a and b) The ratios
of source electron (30–100 keV) ﬂuxes measured by MEPED/POES 0 and 90∘ detectors at the range of 3 < L < 4 (blue
line) and 4 < L < 5 (blue line) during type I and type II events, respectively.
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main phase and early recovery phase can produce a superdense and extrahot plasma sheet in storm recovery
phase where EMIC waves can be more likely generated. Meanwhile, electron loss due to EMIC waves is dependent on electron energy. Higher energy electrons are more easily scattered into atmosphere. In addition, weak
and short duration chorus activity in recovery phase is insuﬃcient to accelerate electrons up to high energies (such as 2.5–14 MeV). Therefore, eﬃcient EMIC scattering combined with weaker chorus acceleration is
a possible scenario for the energy dependence of storm time responses of relativistic electrons.

5. Summary
In this paper, 84 isolated storms (from July 1992 to June 2004) are carefully studied, and data from the PET
instrument on board SAMPEX spacecraft and MEPED instrument on board two POES/NOAA satellites are
analyzed. We ﬁnd that storms preferentially reduce the relativistic electron ﬂuxes at higher energies and
enhance the electron ﬂuxes at lower energies. In about 87% of storms, ﬂuxes of 0.3–2.5 MeV electrons show
increase, whereas only 35% storms show increase of 2.5–14 MeV electron ﬂuxes. Superposed epoch analyses illustrate that energy-dependent storms preferably occur during high solar wind density condition which
is conductive to generation of magnetospheric EMIC waves and accompanying weak chorus activities. We
also observed strong EMIC waves in the center of the outer radiation belt during recovery phase of a typical energy-dependent storm. We showed that EMIC waves can eﬀectively resonate with >2.5 MeV electrons
and scatter them into the atmosphere. The low correlation between the ﬂux dropouts in main phase and
the ﬂux buildup during recovery phase suggests that electron losses due to the magnetopause shadowing
eﬀect in storm main phase do not aﬀect the reconstruction of the outer radiation belt during storm recovery phases. These results greatly complement previous studies [e.g., Reeves et al., 2003; Summers et al., 2004]
and suggest that the combined eﬀects of available EMIC wave scattering and weaker chorus acceleration
appear to be the main cause for the distinct behavior of higher- and lower-energy relativistic electrons in
energy-dependent storms. The results are of great signiﬁcance for better understanding of the underlying
physics that closely connects to solar wind activities and geomagnetic conditions and for improving modeling
of the outer radiation belt environment.
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