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Abstract Superposed epoch analyses were performed on 193 signiﬁcant relativistic electron ﬂux dropout
events, in order to study the roles of different solar wind parameters in driving the depletion of relativistic
electrons, using ~16 years of data from the POES and GOES missions, and the OMNIWEB solar wind database.
We ﬁnd that the solar wind dynamic pressure and interplanetary magnetic ﬁeld (IMF) Bz play key roles in
causing the relativistic electron ﬂux dropouts, but also that either large solar wind dynamic pressure or strong
southward IMF Bz by itself is capable of producing the signiﬁcant depletion of relativistic electrons. The
relativistic electron ﬂux dropouts occur not only when the magnetopause is compressed closer to the Earth
but also when the magnetopause is located very far (> ~10 RE). Importantly, our results show that in addition
to the large solar wind dynamic pressure, which pushes the magnetopause inward strongly and causes
the electrons to escape from the magnetosphere, relativistic electrons can also be scattered into the loss cone
and precipitate into the Earth’s atmosphere during periods of strong southward IMF Bz, which preferentially
provides a source of free energy for electromagnetic ion cyclotron (EMIC) wave excitation. This is supported by
the fact that the strongest electron precipitation into the atmosphere is found in the dusk sector, where
EMIC waves are typically observed in the high-density plasmasphere or plume and cause efﬁcient electron
precipitation down to ~1 MeV.
1. Introduction
Since its discovery in 1958 by the Explorer series of spacecraft [Van Allen and Frank, 1959], the Van Allen
radiation belts have drawn extensive attention and intense scientiﬁc interest [Bortnik and Thorne, 2007;
Millan and Thorne, 2007; Summers et al., 2007; Thorne, 2010; Baker and Blake, 2012; Turner et al., 2012;
Thorne et al., 2013]. The Earth’s radiation belts, which consist of an inner belt and an outer belt, are ﬁlled
with trapped relativistic electrons, which have a great impact on spacecraft systems [Baker, 2002],
astronauts [Maalouf et al., 2011], and as polar atmospheric chemistry [Randall et al., 2005]. Understanding
their evolution is an indispensable part of space weather prediction. However, these energetic electrons in
the outer radiation belt can be highly dynamic with observed ﬂuxes varying by several orders of
magnitude on time scales of hours to days [Summers et al., 2007; Shprits et al., 2009; Selesnick and Kanekal,
2009; Kim et al., 2011; Turner et al., 2012; Thorne et al., 2013; Yuan and Zong, 2013; Li et al., 2014]. Although
the radiation belts have been studied for over four decades [Van Allen and Frank, 1959; Parker, 1960;
Freden and White, 1960; Thorne and Kennel, 1971; Lyons and Thorne, 1972; Millan and Thorne, 2007; Turner
et al., 2012], many of the processes responsible for the evolution of the outer belt are still not fully
understood due to the combined effects of electron acceleration and loss. For instance, similar
geomagnetic storms can produce dramatically different results in terms of enhancing or depleting
radiation belt electron ﬂuxes [Reeves et al., 2003]. In this paper, we focus primarily on the relativistic
electron ﬂux dropout events, which are often observed during geomagnetic storms [Onsager et al., 2002;
Reeves et al., 2003; Turner et al., 2012].
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Both theoretical and observational studies of relativistic electron losses have shown that the observed
decreases in the trapped electron ﬂux can be caused by reversible adiabatic effects [Mcilwain, 1966; Millan
and Thorne, 2007], or permanent losses through either precipitation into the atmosphere [Bortnik et al.,
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2006; Shprits et al., 2006, 2012; Millan et al., 2007; Jordanova et al., 2008; Turner et al., 2014] or magnetopause
shadowing [Bortnik et al., 2006; Kim et al., 2010; Turner et al., 2012, 2014; Yuan and Zong, 2013]. One of the
most promising mechanisms for driving rapid electron loss is magnetopause shadowing, which is caused by
the sudden inward movement of the magnetopause [Bortnik et al., 2006; Turner et al., 2012, 2014; Yuan and
Zong, 2013]. In this scenario, when electrons are drifting around the Earth, they encounter the compressed
magnetopause and escape from the magnetosphere. Moreover, the subsequent outward radial diffusion can
result in further losses toward the magnetopause and cause the decrease in electron ﬂuxes deep into low L shells.
In addition to being lost to the magnetopause, electrons can also be scattered into the loss cone and
precipitate into the Earth’s atmosphere [Bortnik et al., 2006; Millan et al., 2007; Millan and Thorne, 2007;
Turner et al., 2014]. Relativistic electrons can be pitch angle scattered through resonant interactions with
different plasma waves, including whistler mode chorus waves observed outside the plasmaspause
preferentially in the dawn sector and electromagnetic ion cyclotron (EMIC) waves usually observed in the
plasmaspheric plume region in the dusk sector. Whistler mode chorus is able to scatter approximately MeV
electrons if their interactions take place off the equator [Thorne et al., 2005]. While, EMIC waves can scatter
approximately MeV electrons strongly in a limited range of local time (e.g., near the dusk sector), where
the plasma density is high and thus lowers the minimum resonant energy [e.g., Li et al., 2007]. Moreover,
previous works have already provided the simultaneous observations of the relativistic electron
precipitation and the occurrence of EMIC waves [Rodger et al., 2008; Carson et al., 2013; Wang et al., 2014].
Another possible way of causing loss of energetic electrons to the Earth’s atmosphere is through current
sheet scattering [Sergeev and Tsyganenko, 1982], which occurs when the electron gyro radius is
comparable to the curvature radius of the magnetic ﬁeld. This mechanism takes place mainly on the
nightside, where the tail-like magnetic ﬁeld lines occur and have the smaller curvature radius. This
mechanism will act selectively on higher-energy particles such as relativistic electrons (approximately
MeV), since their gyro radii are larger than those of lower-energy particles. This phenomenon has also
been observed by the low-altitude satellites [Imhof et al., 1991].
Most studies on relativistic electron ﬂux dropouts have focused on events that occur during geomagnetic
storms driven by either corotating interaction regions [Denton and Borovsky, 2008; Borovsky and Denton,
2009, 2010; Morley et al., 2010a, 2010b; Meredith et al., 2011] or coronal mass ejections [Bortnik et al., 2006;
Turner et al., 2012; Yuan and Zong, 2013], although some studies have shown that relativistic electron ﬂux
dropouts can occur even without a geomagnetic storm [Green et al., 2004; Ohtani et al., 2009]. Using a
superposed epoch analysis on the dropout events, previous studies showed that there are usually
enhancements of the solar wind dynamic pressure and southward interplanetary magnetic ﬁeld (IMF) Bz
that accompany the depletion of relativistic electrons [Denton and Borovsky, 2008; Borovsky and Denton,
2010; Yuan and Zong, 2013]. In addition, satellite observations demonstrated that during most of the
relativistic electron ﬂux dropouts, the electron ﬂuxes do not recover to their previous levels even after the
geomagnetic conditions have substantially recovered [Bortnik et al., 2006; Turner et al., 2012]. To explain
this permanent loss of relativistic electrons during ﬂux dropouts, either magnetopause shadowing or
wave-particle interaction has been proposed based on observations and simulations, but there is still no
consensus in the community regarding when and where each mechanism is dominant. Although the solar
wind dynamic pressure and southward IMF Bz are believed to play an important role in causing the
relativistic electron ﬂux dropout, their relative roles are still not clear.
In this study we provide a comprehensive investigation into the effects of different solar wind parameters in
causing signiﬁcant relativistic electron ﬂux dropout events. While other studies have only focused on the
dropout events during geomagnetic storms, this study investigates ~16 years of data from six polar
orbiting satellites and eight geosynchronous spacecraft regardless of whether a geomagnetic storm occurs
or not. In section 2 we describe the data sets used in this study. Section 3.1 describes the method used for
identifying and classifying the events, and the statistical features of the events using a superposed epoch
analysis are shown in section 3.2. In sections 4 and 5, we summarize and further discuss our principal results.

2. Instrument and Data Sets
The 1 min average values of electron ﬂuxes with energies >0.6 MeV and >2 MeV at geosynchronous Earth
orbit (GEO) are provided by the Energetic Particle Sensor instrument on board the Geostationary
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Operational Environment Satellites (GOES) [Onsager et al., 1996]. For the present study, large amounts of
data from July 1998 to April 2014 are analyzed to identify the dropout events from eight GOES satellites
(from GOES 8 to GOES 15).
To complement the geosynchronous measurements, we also utilize electron measurements from the
Medium Energy Proton and Electron Detector (MEPED) on board the NOAA Polar Orbiting Environmental
Satellites (POES 15–19) and European Organization for the Exploitation of Meteorological Satellites
Meteorological Operational (MetOp) satellites (MetOp 02). These Sun-synchronous satellites orbit at a low
altitude (~800 km) and ﬂy around the Earth about every 100 min. The MEPED instrument is equipped with
two perpendicular electron solid-state detector telescopes: T0, called the 0° telescope, is mounted aligned
so that the center of its ﬁeld of view is approximately outward along the local zenith; T90, called the 90°
telescope, is placed perpendicular so that the center of its ﬁeld of view is antiparallel to the spacecraft
velocity [Evans and Greer, 2004]. Besides, three energy bands are designed to measure the ﬂux of electrons
from 30 keV to 2500 keV [Evans and Greer, 2004; Green, 2013]. Since the local bounce loss cone (~59°) is
much larger than the ﬁeld of view of each telescope (~30°) at the altitude of the POES/MetOp satellites,
the T0 telescope can measure the precipitating ﬂux inside the loss cone at L > 1.4 [Rodger et al., 2010], and the
T90 telescope mostly measures the geomagnetically trapped ﬂux with the invariant latitude from 55° to 70°
[Meredith et al., 2011]. In this paper, we analyze the electron ﬂux obtained from four energy channels, the
30 < E < 2500 keV, 100 < E < 2500 keV, 300 < E < 2500 keV, and E > ~1 MeV. The ﬂux of relativistic electrons
(E > ~1 MeV) is obtained from the E > 6900 keV proton channel [Sandanger et al., 2009; Green, 2013]. For
convenience, we henceforth refer to them as the E > 30 keV, E > 100 keV, E > 300 keV, and E > 1 MeV channels,
respectively. The proton contamination has been removed following the correction procedure described in
Lam et al. [2010].
To supplement the energetic electron data, 1 min averages of solar wind and IMF measurements data are
obtained from the OMNIWEB database (http://omniweb.gsfc.nasa.gov), which combines solar wind
observations taken by the different spacecraft including the IMP 8, Wind, and ACE spacecraft. All the data
have been time shifted from their spacecraft locations to the bow shock nose with the technique
explained at http://omniweb.gsfc.nasa.gov/html/HROdocum.html [Bargatze et al., 2005; Weimer and King,
2008]. Some geomagnetic indices, such as AE, AL, and Dst, are also obtained from the OMNIWEB database.
Kp index is provided by the World Data Center, Kyoto, Japan.

3. Observational Results
3.1. Event Identiﬁcation and Classiﬁcation
In order to select all the signiﬁcant electron ﬂux dropout events, we have examined the 16 year electron
(>2 MeV) ﬂux data obtained from eight GOES satellites. Our selection procedure is developed based on
the method used in the study of Green et al. [2004]. We ﬁrst conduct a 2 h smoothing on these data and
then calculate the ratio between the electron ﬂux at the current time (fc) and the ﬂux level 24 h prior to it
(fp) for each geosynchronous satellite. The ratio essentially compares the ﬂux measured at identical local
times. An electron ﬂux dropout event is recorded when this ﬂux ratio drops below 0.01. The onset of the
event is found by moving back in time until the ratio equals to 0.5, and its end is deﬁned as the time
when the ratio reaches its maximum within 2 days after the onset. In this study, only signiﬁcant dropout
events are considered by requiring that the mean electron ﬂux on one day after the onset must be lower
than 12.5% of that on 1 day before the onset. Solar proton events, which may contaminate the electron
channels, were removed from our event list using the NOAA Space Environment Center catalog of solar
proton events. Furthermore, those events observed within 1 day by several different satellites are only
counted as one event. Using this automated algorithm we selected 193 events.
Figure 1 shows an example from our electron ﬂux dropout event list, which was observed by the GOES 13
satellite. As indicated by the ratio fc/fp, this electron ﬂux dropout event occurred at ~05:00 UT on
17 September 2011 and lasted until ~16:00 UT, during which both the electron ﬂuxes with energies
E > 0.6 MeV and E > 2 MeV decreased by about 2 orders of magnitude within ~11 h (Figure 1c). The levels
of electron ﬂuxes remained low for the following several days, even after the geomagnetic condition
recovered to the predropout level on 19 September, indicating that there was a real and permanent loss
of relativistic electrons at GEO. This dropout event occurred during a modest geomagnetic storm with a
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Figure 1. An example of a relativistic electron ﬂux dropout event detected by the GOES 13 satellite on 17 September 2011
showing (a) the modeled subsolar magnetopause location r0 [Shue et al., 1998], (b) the ratio between the electron (>2 MeV)
ﬂux at the current time fc and that of its previous day fp with two horizontal dashed lines indicating the values of 0.5 and 0.01,
(c) the absolute electron ﬂuxes at geosynchronous orbit with energies E > 0.6 MeV (red line) and E > 2 MeV (black line),
(d) three components (Bx, By, and Bz) of IMF in GSM coordinates, (e) total solar wind speed Vt, (f) solar wind dynamic pressure
Pd (red line) and density (black line), (g) AE (black line) and AL (red line), and (h) Dst index. The onset and end of the dropout
event are marked by the vertical blue and red dashed lines, respectively.

minimum Dst index of ~ 60 nT (Figure 1h). The onset of this dropout event was triggered by a substantial
increase in solar wind dynamic pressure (Figure 1f), which causes the strong inward motion of the
magnetopause close to GEO, as can be seen with the aid of the empirical subsolar magnetopause location
(Figure 1a). The reversal of IMF Bz from northward to southward is also observed in Figure 1d, which is
closely associated with the strong disturbance in the AE and AL indices (Figure 1g) owing to strong
injections from the plasma sheet.
Solar wind dynamic pressure Pd and IMF Bz are believed to play the most signiﬁcant role in triggering the
electron ﬂux dropout and are therefore chosen to classify the dropout events in our study. We use the
instantaneous maximum dynamic pressure Pmax during each dropout event (from onset to end) to
GAO ET AL.
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Figure 2. The distributions of the dropout events in the (a) Ts/Tt-Pmax and (b) BS/BN-Pmax domains, respectively. In two
panels, each solid circle represents one dropout event, and its color denotes the minimum magnetopause location
(r0min) during the dropout event. The blue and red dotted lines show the ﬁrst (25%) and third (75%) quartiles, respectively.

represent the magnitude of the solar wind dynamic pressure. However, two proxies are used to classify the
southward IMF Bz: (1) Ts/Tt, which is the percentage of time duration with the southward IMF Bz during
each dropout event; (2) BS/BN, which is the ratio of the sum of the absolute magnitude of southward IMF
Bz to that of northward IMF Bz during each dropout event. Note that if the IMF Bz remains continuously
southward during one dropout event, BS/BN is artiﬁcially set to 104 in this study for convenience. Figure 2
displays the distributions of the dropout events in the (a) Ts/Tt-Pmax and (b) BS/BN-Pmax domains,
respectively. In the two panels, each solid circle represents one dropout event, and its color denotes the
minimum magnetopause location (r0min) during the dropout event calculated using the Shue et al. [1998]
model. The blue and red dotted lines show the ﬁrst (25%) and third (75%) quartiles, respectively. In both
panels, these dropout events seem to be spread along a line from top left to bottom right, which suggests
that both the southward IMF Bz and large solar wind dynamic pressure are important, and either one can
solely result in a signiﬁcant electron ﬂux dropout. Moreover, the dropout events can occur not only when
the magnetopause is pushed inward signiﬁcantly (r0min < 6 RE) but also when the magnetopause is quite
far (r0min > 10 RE). In Figure 2, it is shown that some dropout events take place with r0min~11 RE, during
which the solar wind dynamic pressure is very small. This indicates that the magnetopause is not the only
place where the relativistic electrons can be lost, and therefore, not all the dropout events can be
explained by the magnetopause shadowing. Surprisingly, there are still four events detected with the
condition that the solar wind dynamic pressure is low and the IMF Bz is northward as shown in the bottom
left of two panels. Although the cause of dropout in these events may be very interesting, it is beyond the
scope of this paper and will be left for a future study.
In order to isolate and investigate the roles of the solar wind dynamic pressure and IMF Bz, four groups
(P1, P2, B1, and B2 shown in Figure 2b) of relativistic electron dropout events are chosen to conduct the
superposed epoch analysis. The boundaries between the four groups (P1, P2, B1, and B2) are the ﬁrst
(25%) and third (75%) quartiles. The dropout events in Groups P1 and P2 occur with a similar IMF Bz,
but with the signiﬁcantly different solar wind dynamic pressure. Similarly, Groups B1 and B2 are
compared to isolate and show the effects primarily driven by the southward IMF Bz.
3.2. Superposed Epoch Analysis
The superposed epoch analysis triggered by the onset of dropout events is conducted on the relativistic
electron dropout events in the four groups (P1, P2, B1, and B2) selected above. Figure 3 presents the
averaged results of superposed epoch analyses for the subsolar magnetopause location r0, electron ﬂuxes
with energies E > 0.6 MeV and E > 2 MeV at GEO, IMF Bz, solar wind total speed Vt, density, dynamic
pressure Pd, AE, Dst, and Kp for Groups (a) P1 and (b) P2, respectively. The zero epoch is the onset of
dropout events and denoted by vertical dashed lines. Note that the electron ﬂuxes were normalized by
the mean ﬂux of 1 day prior to the onset for each event before conducting the superposed epoch analysis.
As a result, any potential nonphysical effects on the superposition, which are caused by the different
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Figure 3. The superposed averages of the subsolar magnetopause locations r0, electron ﬂuxes with energies E > 0.6 MeV
(red) and E > 2 MeV (blue) at GEO, IMF Bz, solar wind speed Vt, density (red), dynamic pressure Pd (blue), AE (red), Dst (blue),
and Kp for Groups (a) P1 and (b) P2, respectively. The zero epoch is the onset of dropout events and denoted by vertical
black dashed lines.

instruments onboard different satellites, can be eliminated. Prior to the onset, the electron ﬂux experiences
the diurnal variation in response to the change of magnetic ﬁeld topology, with its minimum at midnight and
maximum at noon. However, at the zero epoch, the electron ﬂuxes with energy values E > 0.6 MeV and
E > 2 MeV begin to decrease rapidly and continue to drop by 1 and 2 orders of magnitude, respectively,
within 1 day. Moreover, the averaged electron ﬂuxes of Group P2 decrease more signiﬁcantly than those of
Group P1, especially for the electrons with higher energies. This can also be found in Figure 4. Comparing
P1 and P2, the IMF Bz evolution is quite similar only with a small southward component (~ 3 nT) around
the onset, while the solar wind dynamic pressure is much larger in P2 due to the sudden increase of the
solar wind speed and density. Consequently, the averaged magnetopause location of Group P2 is much
closer to the Earth than that of Group P1, leading to the minimum at about 8 RE. It is worth noting that in
individual events the minimum magnetopause location could be much closer than the superposed
average value owing to variations in the timing of the minima. As shown in Figure 2b, the minimum
magnetopause location during the dropout events in Group P2 mostly can reach the geosynchronous
orbit. However, compared with P1, the larger solar wind dynamic pressure in P2 only causes the slightly
larger geomagnetic indices, such as AE, Dst, and Kp.
Figure 4 shows the results of the superposed epoch analysis of dropout events in Groups (a) P1 and (b) P2 for
the T90 and T0 measurements of electrons with energies E > 30 keV, E > 100 keV, E > 300 keV, and E > 1 MeV
averaged over all MLT sectors. The bin size is 0.5 L × 1 h. The zero epoch is the onset of dropout events and is
denoted by vertical dashed lines. The superposed average of the magnetopause location (black line) is also
overplotted for reference in each panel. In the ﬁfth row, the two panels illustrate the normalized ﬂux of
trapped electrons with energy E > 1 MeV, which is obtained by dividing the electron ﬂux by the mean ﬂux
occurring 24 h prior to the onset (zero epoch) at the same L shell. We discard those bins with the trapped
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Figure 4. The superposed averages of the T90 and T0 measurements for electrons with energies E > 30 keV, E > 100 keV,
E > 300 keV, and E > 1 MeV for dropout events in Groups (a) P1 and (b) P2. The bin size is 0.5 L × 1 h. The zero epoch is
the onset of dropout events and denoted by vertical dashed lines. The black line in each panel shows the superposed
average of the magnetopause location.

electron ﬂux smaller than 150 cm 2 s 1 sr 1, which is close to the background level. The ratio displayed in
bottom panels is the ratio between the ﬂux of precipitating electrons to that of trapped electrons with
energy E > 1 MeV in the same bin and is calculated for the bins where the ﬂux of precipitating electrons is
larger than 150 cm 2 s 1 sr 1. Compared with the results of P1 in Figure 4a, the ﬂuxes of trapped electrons
in all energy channels (from the top row to the forth row) in Figure 4b exhibit a faster and more signiﬁcant
depletion just after the onset. The ﬂuxes of trapped electrons with lower energies recover very quickly,
which is probably due to the injections of energetic electrons from the plasma sheet. However, electron
ﬂux enhancements for higher energy (approximately MeV) electrons take longer time (a few to ~10 h)
through the local acceleration by chorus waves [e.g., Thorne et al., 2013], which may account for the slow
recovery of the relativistic electron ﬂux. For trapped electrons with energy value E > 1 MeV, the ﬂux
dropout (drop by at least 1 order of magnitude) can be detected deep into L~4.5 in P2, much closer than
L~6 in P1, as shown in the ﬁfth row. However, there is no such difference between Groups P1 and P2 in
the ﬂux of precipitating relativistic electrons. Both the ﬂux of precipitating electrons (sixth row) and the
ratio (seventh row) between the ﬂux of precipitating and trapped electrons are quite low in Groups P1 and
P2, which indicates that the precipitation of relativistic electrons into the Earth’s atmosphere is probably
not able to account for the ﬂux dropout of relativistic electrons, consistent with the ﬁndings of Meredith
et al. [2011]. Here the abnormally strong >1 MeV electron precipitation in P1 below L~4 is due to
contamination by the energetic protons, which was too difﬁcult to remove. We have checked the ﬂux of
protons with energies >16 MeV in the four groups (not shown here) and clearly ﬁnd that the energetic
proton ﬂux in Group P1 is most signiﬁcant, especially below L~4, although we have removed solar proton
GAO ET AL.
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Figure 5. The superposed results for Groups B1 and B2 with the same format as Figure 3.

events based on the NOAA Space Environment Center catalog. Moreover, there is a clear consistency
between the abnormally strong >1 MeV electron precipitation below L~4 and the energetic proton ﬂux.
The strong energetic proton ﬂux may be due to the enhanced solar activity, but it still needs further
investigation and is beyond the scope of this paper. Overall, from Figures 3 and 4, we ﬁnd that larger solar
wind dynamic pressure pushes the magnetopause to progressively lower radial locations and leads to
more signiﬁcant ﬂux dropouts of relativistic electrons.
The superposed epoch analysis results of Groups B1 and B2 are displayed in Figure 5 with the same format as
Figure 3. Both the superposed results of Groups B1 and B2 show a moderate solar wind dynamic pressure Pd
(~3 nPa) and roughly similar subsolar magnetopause locations r0 (>9 RE) near the onset. But the IMF Bz (third
row) in Figure 5b is observed turning southward just prior to the onset and then reaching about 8 nT over
several hours. The strong southward IMF Bz can result in the signiﬁcant magnetospheric convection and the
strong injections from the plasma sheet, which is also reﬂected in the much more disturbed Dst, and much
larger AE and Kp in Figure 5b. This means that the relativistic electron dropout events in Group B2 occur
during geomagnetically active periods. Overall, the dropout of electron ﬂuxes with energy values
E > 0.6 MeV and E > 2 MeV is more signiﬁcant but the electron ﬂuxes recover more quickly in B2 than B1,
which is also shown in Figure 6. The faster recovery is probably due to the elevated level of convection
and substorm activity [e.g., McPherron et al., 2009; Li et al., 2012], which provide the source and seed
electrons to generate whistler mode chorus waves, which in turn accelerate ~100 keV seed electrons to
>1 MeV [e.g., Horne et al., 2005; Thorne et al., 2013].
Figure 6 has the same format as Figure 4, which illustrates the superposed average of electron measurements
by POES for Groups B1 and B2. In Figure 6a, the ﬂuxes of trapped electrons in higher-energy channels
(E > 300 keV and E > 1 MeV) show a moderate depletion, which is obvious at the large L shell (L > 5.5).
However, in Figure 6b, the ﬂuxes of trapped electrons in lower-energy channels (E > 30 keV and
E > 100 keV) do not exhibit any depletion at the zero epoch. Instead, they experience a rapid increase over
a large range of L shells (from 3 to 9), which is likely due to a series of strong injections from the plasma
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Figure 6. The superposed results for Groups B1 and B2 with the same format as Figure 4.

sheet, as indicated by the large AE index in Figure 5b. The most evident ﬂux dropout of trapped electrons is
found in the energy channel E > 1 MeV within a 0.3 day interval after the zero epoch, which can penetrate
into much lower L shells (L~4.5). The subsequent electron depletion is signiﬁcantly weaker and lasts nearly
for 1 day. This might be due to the much weaker electron precipitation, which is probably close to the
background noise level and thus cannot be measured by POES particle detectors. The relatively gradual
recovery of the relativistic electron ﬂux (>1 MeV) may be caused by the local acceleration driven by
whistler mode chorus waves. More importantly, the ﬂux of precipitating electrons with energies E > 1 MeV
shows a notable difference between Groups B1 and B2. Both the ﬂux of precipitating electrons (sixth row)
and the ratio (bottom row) between the ﬂux of precipitating and trapped electrons are much larger with
the passage of the large southward IMF Bz, as shown in Figure 6b.
The dependence of relativistic electron precipitation on the magnetic local time (MLT) is also investigated
next. Figure 7 shows the superposed average of the trapped and precipitating electron ﬂuxes, and the
ratio between them for Group B2 in the dawn (3 h < MLT < 9 h), noon (9 h < MLT < 15 h), dusk
(15 h < MLT < 21 h), and midnight (MLT > 21 h or MLT < 3 h) sectors. The zero epoch is the onset of ﬂux
dropout events and denoted by vertical dashed lines. Following the same approach as Figures 4 and 6, the
ratio is calculated only in the bins where the ﬂux of precipitating electrons is larger than
150 cm 2 s 1 sr 1. In the dawn and noon sectors, there is almost no electron precipitation near the onset.
However, in the dusk sector, both the ﬂux of precipitating electrons and the ratio between the ﬂux of
precipitating electrons to trapped electrons become very signiﬁcant along with the onset of dropouts in
the range of 4 < L < 6. Meanwhile, it is worth noting that the local bounce loss cone at the altitude of
POES/MetOp satellites is ~59°, which is much larger than the ﬁeld of view of T0 (~30°). As a result, only a
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Figure 7. The superposed averages of the ﬂuxes of trapped and precipitating electrons, and the ratio between them for
Group B2 in dawn (3 h < MLT < 9 h), noon (9 h < MLT < 15 h), dusk (15 h < MLT < 21 h), and midnight (MLT > 21 h or
MLT < 3 h) sectors. The zero epoch is the time at the onset of the ﬂux dropout events and denoted by vertical dashed lines.

small part of the precipitating ﬂux of relativistic electrons is measured, and the actual precipitation could be
even stronger, which may account for the global dropouts of relativistic electrons. One other thing to note is
that during the strong injections, the electromagnetic ion cyclotron waves (EMIC waves) are usually observed
in the dusk sector, with large wave amplitudes (> ~ 1 nT) [Halford et al., 2010; Usanova et al., 2012]. Both
theoretical and simulation studies have conﬁrmed that EMIC waves play an important role in resonant
scattering of energetic radiation belt electrons into the loss cone and causing the atmospheric
precipitation of relativistic electrons [Li et al., 2007; Jordanova et al., 2008; Carson et al., 2013; Wang et al.,
2014]. Therefore, the enhancement of precipitating ﬂux of relativistic electrons at the onset of dropouts
may be due to the intense EMIC waves by strong injections of energetic ions from the plasma sheet. In
addition, around the onset of dropouts, there are also modest relativistic electron precipitations in the
midnight sector, although their ﬂux and ratios are relatively lower. With the same format, Figure 8 presents
the superposed results for Group P2. Similarly, there is almost no electron precipitation near the onset
except for relatively weaker precipitation in the midnight sector. Compared to Figure 7, the precipitating
ﬂuxes of relativistic electrons in the dusk sector are too low to cause the relativistic electron ﬂux dropout
for Group P2, which suggests that during the large solar wind dynamic pressure, the relativistic electrons
tend to escape from the magnetosphere rather than precipitate into the atmosphere.

4. Discussion
Based on our statistical results (Figure 2), we conclude that during most of the relativistic electron ﬂux
dropouts, both the high solar wind dynamic pressure and southward IMF Bz can potentially be important
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Figure 8. The superposed results for Group P2 with the same format as Figure 7.

due to the combined effects of magnetopause shadowing and pitch angle scattering loss. Those dropout
events that occur during geomagnetic storms, which have been widely studied previously [Denton and
Borovsky, 2008; Borovsky and Denton, 2009; Meredith et al., 2011; Yuan and Zong, 2013], also have the
difﬁculty of differentiating the distinct roles of the solar wind dynamic pressure and southward IMF Bz. As
a result, either the magnetopause shadowing or wave-particle interaction has already been proposed to
explain the relativistic electron ﬂux dropouts, but no consensus has been reached. In order to investigate
the roles of solar wind dynamic pressure and IMF Bz, we pick all the signiﬁcant relativistic electron ﬂux
dropout events during the past ~16 years regardless of geomagnetic storms and then divide them into
several groups according to the prevailing solar wind parameters. Comparing the events in Groups P1
and P2, which occur with similar IMF Bz, but with the distinct solar wind dynamic pressure, we surmise
that the relativistic electrons are preferentially lost toward the magnetopause. Comparing the events in
Groups B1 and B2, we ﬁnd that the southward IMF Bz accounts for strong injections, which lead to the
generation of intense waves (such as EMIC waves and chorus waves). Through wave-particle
interactions, the relativistic electrons can be scattered into the loss cone and precipitate into the
atmosphere. The remarkable precipitation ﬂux of relativistic electrons in the dusk sector shown in Figure 7
further conﬁrms this speculation.
EMIC waves are believed to be generated through unstable ring current ion distributions injected from the
plasma sheet and observed primarily in the equatorial region of the magnetosphere. With the large
southward IMF Bz and large AE index, the EMIC waves preferentially occur in the dusk sector with large
amplitudes [Erlandson and Ukhorskiy, 2001; Halford et al., 2010; Usanova et al., 2012]. Moreover, their source
region is also observed to extend to lower L shells with increasing storm intensity [Bortnik et al., 2008].
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Lyons and Thorne [1972] pointed out the anomalous resonant interactions of EMIC waves with relativistic
electrons, which are able to scatter the electrons into the bounce loss cone through pitch angle scattering
and thus cause precipitations into the atmosphere. Recently, both case studies and statistical results have
provided observational evidence of the expected link between the EMIC waves and precipitating
relativistic electrons [Rodger et al., 2008; Carson et al., 2013; Wang et al., 2014]. However, whether the EMIC
waves can result in the relativistic electron ﬂux dropout is still under debate. In our study, with the large
southward IMF Bz and AE index, the superposed results of Group B2 present the strong precipitation of
relativistic electrons in the dusk sector, which is consistent with the preferential source region of EMIC
waves based on previous observations [Halford et al., 2010; Usanova et al., 2012]. Our observational results
support the idea that EMIC waves could signiﬁcantly contribute to the relativistic electron ﬂux dropouts.
Our results also show that there is relatively weak precipitation of relativistic electrons in the midnight sector
with the large solar wind dynamic pressure or southward IMF Bz. Two potential mechanisms may be
responsible. One is due to the scattering by EMIC waves. When the solar wind dynamic pressure is large or
IMF Bz is continuously southward, the source region of the EMIC waves may extend to the midnight sector
[Usanova et al., 2012]. As a result, a small part of relativistic electrons can be scattered into the
atmospheric loss cone by the EMIC waves. Another possibility is due to current sheet scattering, which
occurs only when the electron gyroradius is comparable to the curvature radius of the local magnetic ﬁeld.
Either the large solar wind dynamic pressure or southward IMF Bz can intensify the ring current, which
results in the more stretched magnetic ﬁelds in the midnight sector. In this case, the ﬁrst adiabatic
invariant of the relativistic electrons is violated. Subsequently, these relativistic electrons may scatter into
the loss cone and precipitate into the atmosphere. To clearly understand the precipitation of relativistic
electrons in the midnight sector, a further investigation is required, which is beyond the scope of this
paper. During the event identiﬁcation procedure, we initially found ~300 electron ﬂux dropout events
based on the method used in the study of Green et al. [2004]. However, there are some events during
which the relativistic electron ﬂuxes can recover to their predropout levels very fast (<1 day). We believe
that those dropouts are probably caused predominantly by the adiabatic effect, i.e., “Dst effect.” Since we
focus on studying the real, permanent loss of relativistic electrons in this paper, the dropouts mainly due
to the Dst effect should be eliminated. Therefore, an artiﬁcial criterion requiring that the mean electron
ﬂux 1 day after onset be signiﬁcantly lower than that of 1 day before onset (e.g., 12.5%) was chosen to
ﬁlter the initial event list, which has also been visually checked. It is worth noting that even in the ﬁnal
dropout events, the Dst effect still cannot be completely ruled out by using this artiﬁcial criterion but
coexists with the real electron loss.

5. Summary
We have utilized the ~16 years of data from six polar-orbiting satellites (POES), eight geosynchronous
spacecraft (GOES), and OMNIWEB solar wind database to study the roles played by the solar wind dynamic
pressure and the southward IMF Bz in driving signiﬁcant relativistic electron ﬂux dropouts. This
comprehensive analysis is performed for all signiﬁcant relativistic electron ﬂux dropouts regardless of the
occurrence of geomagnetic storms. The principal results are summarized as follows:
1. Solar wind dynamic pressure and IMF Bz play key roles in causing the relativistic electron ﬂux dropouts,
and either a large solar wind dynamic pressure or a strong southward IMF Bz can solely result in the
signiﬁcant depletion of relativistic electrons.
2. The relativistic electron ﬂux dropouts can occur not only when the magnetopause is compressed and
moves closer to the Earth [Bortnik et al., 2006; Turner et al., 2012, 2014; Yuan and Zong, 2013] but also when
the magnetopause is very far from the Earth. This indicates that the magnetopause is not the only place where
the electrons can be lost and not all dropout events can be explained by the magnetopause shadowing alone.
3. The large solar wind dynamic pressure pushes the magnetopause inward strongly and causes the electrons to escape from the magnetosphere, which is consistent with previous works [Bortnik, 2006; Turner
et al., 2012, 2014; Yuan and Zong, 2013]. In addition, the continuous southward IMF Bz results in strong
injections from the plasma sheet, which provides a source of free energy for electromagnetic wave
excitation. Then through wave-particle interactions, the relativistic electrons can be scattered into the loss
cone and precipitate into the atmosphere.
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4. The most remarkable precipitation of relativistic electrons is observed in the dusk sector with the strong
southward IMF Bz, where the EMIC waves are preferentially observed. Meanwhile, there is also weak
precipitation of relativistic electrons in the midnight sector during either the strong southward IMF Bz
or large dynamic pressure.
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