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Abstract Using the electron ﬂux measurements obtained from ﬁve satellites (GOES 15 and POES 15, 16,
18, and 19), we investigate the ﬂux variations of radiation belt electrons during forty solar wind dynamic
pressure pulses identiﬁed between September 2012 and December 2014. By utilizing the mean duration of
the pressure pulses as the epoch timeline and stretching or compressing the time phases of individual events
to normalize the duration by means of linear interpolation, we have performed normalized superposed
epoch analysis to evaluate the dynamic responses of radiation belt energetic electrons corresponding to
various groups of solar wind and magnetospheric conditions in association with solar wind dynamic pressure
pulses. Our results indicate that by adopting the timeline normalization we can reproduce the typical
response of the electron radiation belts to pressure pulses. Radiation belt electron ﬂuxes exhibit large
depletions right after the Pdyn peak during the periods of northward interplanetary magnetic ﬁeld (IMF) Bz
and are more likely to occur during the Pdyn pulse under southward IMF Bz conditions. For the pulse events
with large negative values of (Dst)min, radiation belt electrons respond in a manner similar to those with
southward IMF Bz, and the corresponding postpulse recovery can extend to L ~ 3 and exceed the prepulse
ﬂux levels. Triggered by the solar wind pressure enhancements, deeper earthward magnetopause erosion
provides favorable conditions for the prompt electron ﬂux dropouts that extend down to L ~ 5, and the
pressure pulses with longer duration tend to produce quicker and stronger electron ﬂux decay. In addition,
the events with high electron ﬂuxes before the Pdyn pulse tend to experience more severe electron ﬂux
dropouts during the course of the pulse, while the largest rate of electron ﬂux increase before and after the
pulse occurs under the preconditioned low electron ﬂuxes. These new results help us understand how
electron ﬂuxes respond to solar wind dynamic pressure pulses and how these responses depend on the solar
wind and geomagnetic conditions and on the preconditions in the electron radiation belts.
1. Introduction
Radiation belt electron ﬂuxes show variations on various timescales, and understanding of the radiation belt
dynamic responses to solar wind driving forces remains one central problem of the magnetospheric physics,
since extreme geospace radiation environment can pose potentially severe damage to satellites and astronauts [Baker et al., 2004]. Electron ﬂux dropouts present one of the most dramatic changes in the radiation
belts. As deﬁned by Turner et al. [2012a], a dropout indicates that the electron ﬂux decreases by at least a factor of 50 (or by less than 50 if the ﬂux level drops from some signiﬁcant level to the instrumental
background/noise level) as measured at approximately the same L shell, equatorial pitch angle, and magnetic
local time by the same spacecraft in a period less than 24 h. Usually, electron ﬂux dropouts can occur over a
broad range of energy (tens of keV up to several MeV) and L shell (i.e., L > ~ 3).
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It has been widely accepted that both losses to the atmosphere due to wave-induced pitch angle scattering and
to the magnetopause due to magnetospheric compression by enhanced solar wind activity play signiﬁcant roles
in producing electron ﬂux dropouts; however, their relative contributions remain not fully resolved. On one
hand, a variety of magnetospheric waves, including whistler-mode chorus, plasmaspheric hiss, electromagnetic
ion cyclotron (EMIC) waves, and magnetosonic waves, can impact the dynamics of radiation belt electrons via
wave-particle interactions [e.g., Shprits et al., 2008a, 2008b; Thorne, 2010; Ni et al., 2013b, 2015; Xiang et al.,
2016]. These emissions interact with magnetospheric electrons at energies ranging from ~ keV to ~ 10 MeV
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and force the electrons to experience precipitation loss to the atmosphere through pitch angle diffusion, while
the corresponding loss timescales vary from minutes to days. On the other hand, the magnetospheric compression due to enhanced solar wind dynamic pressure (Pdyn) substantially depletes electron ﬂuxes around the outer
boundary at high L shells where the electrons ﬁnd themselves moving from a closed to open drift shell during
the geomagnetic disturbance. Shprits et al. [2006] noticed that electron ﬂux dropouts are correlated with both
Pdyn increases and magnetopause compressions. They suggested that the inward gradients created by the loss
to the magnetopause can drive the outward radial diffusion and produce dropouts down to lower L values. Their
radial diffusion simulations showed that dropouts can occur down to L ~ 4 and reproduce the observed
dynamics of radiation belt electron ﬂuxes. They also showed that dropouts were observed at energies down
to 100 keV on highly elliptical orbit satellite observations, which cannot be explained by EMIC wave-induced
losses. Turner et al. [2012b] provided further observational evidence of this loss mechanism by showing that
low-altitude orbiting NOAA POES spacecraft did not observe the atmospheric precipitation for an event when
the dropout was clearly seen in the trapped electron ﬂuxes. Hwang et al. [2015] analyzed an electron ﬂux dropout event during a weak storm on 7–8 November 2008, by combining the multisatellite measurements with the
Radiation Belt Environment model simulations [Fok et al., 2008], to show that the electron ﬂux dropout could be
dominated by a combination of magnetopause shadowing and/or atmospheric loss.
While Shprits et al. [2006] considered only individual events, Shprits et al. [2012] and Ni et al. [2013a], using dataassimilative reconstruction of the radiation belt dynamics [e.g., Ni et al., 2009a, 2009b] from multiple spacecraft
for statistical analyses, found that 81% of the electron phase space density dropouts are related to moderate
increase or sudden jump in the solar wind dynamic pressure and that 68% of identiﬁed solar wind dynamic
pressure pulses correspond to electron phase space density dropout events. Applying superposed epoch analysis to relativistic electron ﬂuxes measured by Solar Anomalous and Magnetospheric Particle Explorer
(SAMPEX), Yuan and Zong [2013] showed that statistically high solar wind dynamic pressure leads to larger electron ﬂux dropouts than low dynamic pressure and that southward interplanetary magnetic ﬁeld (IMF) results in
stronger ﬂux decreases compared with northward IMF. A following study of Hietala et al. [2014] adopted the
method of normalized superposed epoch analysis to ﬁnd that interplanetary coronal mass ejection (ICME)-driven sheaths typically produce more than an order of magnitude decrease in the relativistic electron ﬂuxes and
that the ﬂuxes can stay below the preevent level for > 2 days after the sheath passage, resulting from enhanced
radial diffusion under magnetospheric compression conditions. Since their study applied a 24 h sliding window
average to the ﬂux observations, the start time of the electron ﬂux reduction was undeﬁned and the variations
faster than 1 day were omitted, which however can provide important clues of the underlying physics. For
instance, if the effect of magnetopause shadowing and successive outward transportation controls the dropout
of electron ﬂuxes, the ﬂuxes near the heart of the outer zone (i.e., L ~ 4) are very likely to decrease when the
magnetopause undergoes outward mitigation rather than during its inward penetration. If localized waveparticle interactions, such as EMIC wave-induced pitch angle diffusion, dominate, it is expected that the relativistic electron ﬂux dropout at L ~ 4 can occur rapidly on timescales of minutes to hours.
By averaging along the epoch timeline to remove the inﬂuence of random noise and to reveal the typical time
series for the speciﬁc classiﬁcation of events, superposed epoch analysis is commonly used to describe the most
likely dynamic behavior of the radiation belts in response to evolving solar wind conditions. As far as we are
aware, compared to the conventional technique of superposed epoch analysis that deﬁnes a single epoch marker, normalized superposed epoch analysis has not been adopted yet to explore the dynamic responses of the
radiation belts to solar wind dynamic pressure pulses, while the latter uses multiple references in each event to
normalize the timeline and possesses the advantage of placing all of the driver features on a similar timeline
with respect to the critical moments during events [Yokoyama and Kamide, 1997; Katus et al., 2013]. The methodology of normalized superposed epoch analysis allows us to include events of speciﬁc interest which occur at
different timescales. Therefore, the present study is dedicated to implementing normalized superposed epoch
analysis to long-term data sets from GOES and POES satellites in order to elaborate the dynamic responses of
Earth's radiation belts during periods of solar wind dynamic pressure pulse and shed light on the underlying
physical connection(s). We give the description of the data and methodology in section 2. Section 3 shows
the normalized superposed epoch analysis results for 40 solar wind dynamic pressure pulses identiﬁed during
the period from September 2012 to December 2014. A number of classiﬁcations of pressure pulse event and
radiation belt electron dynamics are selected to explore the major features and their potential correlation with
solar wind / magnetospheric parameters. We discuss the results in section 4 and make conclusions in section 5.
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2. Data and Methodology
The electron ﬂux measurements collected from ﬁve satellites, including the geosynchronous GOES 15 satellite
and Sun-synchronous, low-altitude POES 15, 16, 18, and 19 satellites, are adopted for the present study. The particle detector on board GOES 15 can provide 1 min resolution data of electron ﬂuxes at three energy channels,
i.e., > 0.8 MeV, > 2 MeV, and > 4 MeV, at the geostationary orbit. Medium Energy Proton and Electron Detector
(MEPED) on board four POES satellites measure both trapped and precipitated electron ﬂuxes in three energy
bands, i.e., >30 keV, >100 keV, and >300 keV, at the altitude of ~ 800 km with an orbital period of ~ 100 min
[Evans and Greer, 2004; Green, 2013]. To obtain the data sets as cleanly as possible, we have removed the proton
contamination using the correction procedure described in Lam et al. [2010] and also deleted from the database
the observation points during the solar proton events and those measured at the region of the South Atlantic
anomaly (SAA) [Casadio and Arino, 2011]. The data of solar wind parameter and geomagnetic indices are directly
acquired from the online OmniWeb (http://omniweb.gsfc.nasa.gov/) with a time resolution of 1 h. With the
above data available, we then identify the events of solar wind dynamic pressure pulse during the period from
September 2012 to December 2014. The criterion of a solar wind dynamic pressure pulse is that the magnitude
of the pressure increases by 5 nPa within 5 h [e.g., Shprits et al., 2012; Ni et al., 2013a]. By a careful vision check, we
ﬁnally establish a robust database of 40 solar wind dynamic pressure pulses with good quality in situ electron
ﬂux data for the subsequent investigation. The details of each identiﬁed pressure pulse event are listed in
Table 1. It is worthwhile to note that we delete 15 dynamic pressure pulse events either due to the serious
gap in satellites data or the close proximity of two neighboring events (less than 24 h).
In contrast to the conventional method of superposed epoch analysis featured by the adoption of one single
epoch marker [Borovsky and Denton, 2009], in this study we perform normalized superposed epoch analysis
by adopting two epoch markers, i.e., the onset of solar wind dynamic pressure pulse as the ﬁrst epoch marker
and its peak as the second marker. The onset of a solar wind dynamic pressure pulse is identiﬁed at the time
of low Pdyn value which is or closely approaches the prepulse level (usually < 3 nPa). To study the responses of
radiation belt electron ﬂuxes during a standard solar wind dynamic pressure pulse, the mean duration of each
pulse is utilized to normalize the epoch timeline. By normalizing the time period during each superposed
epoch in terms of linear interpolation, the individual phases of the pressure pulse of interest are essentially
either stretched or compressed to the average duration of the 40 pulse events between the two epoch markers. For the sake of time consistency, the temporal variation of electron ﬂux data from GOES 15 is normalized
in the same method of linear interpolation on the basis of average pulse duration. For electron ﬂux data from
POES satellites, we ﬁrst apply bin averaging every 30 min (~ a fourth of the orbital period) times every 0.1 L
shell to acquire the radial proﬁle of radiation belt electron ﬂuxes and then normalize its temporal variation
upon the mean epoch timeline of the pressure pulse. We also carefully check the normalization results to
assure that the major features of radiation belt electron dynamic responses to each pulse event are reasonably retained. Normalized superposed epoch analysis can provide insight into a time interval of interest
rather than a time epoch only, thereby holding the nature to reproduce the average features of considered
events in a more informative manner.
Figure 1 displays an example of the solar wind dynamic pressure pulse and prepulse to postpulse
variations of radiation belt electron ﬂuxes observed by GOES and POES satellites during the 3 day period
from 7 December to 9 December 2013. The red curve in the third panel represents the duration of identiﬁed solar wind dynamic pressure pulse (Pdyn). On 7 December, the dynamic pressure began to increase
at 17 UT. The magnetopause location (the fourth panel), obtained based on the model of Shue et al. [1997],
moved inward quickly, while the electron ﬂuxes showed only a slight change in the GOES (the ﬁfth panel)
and POES (the sixth to eighth panels) observations. As the dynamic pressure continued to increase at a
faster rate, reaching the peak value of 16 nPa in 6 h, IMF Bz shifted from northward to southward, and
the magnetopause penetrated deeper to lower L shells. Accordingly, the GOES electron ﬂuxes
of > 0.6 MeV and > 2.0 MeV channels declined quickly. At 02 UT on 8 December, when the dynamic pressure reached its maximum and the magnetopause approached L ~ 7, the GOES electron ﬂuxes dropped
substantially compared to the levels at 00 UT (2 h before) by about 3 orders of magnitude for > 0.6 MeV
electrons and by over 1 order of magnitude for > 2.0 MeV electrons. Following the peak of the dynamic
pressure, the magnetopause started to move outward. Fluxes of > 0.6 MeV electrons continued to reduce
for a few hours, while > 2.0 MeV electron ﬂuxes remained almost unchanged at a very low level.
Meanwhile, POES measurements indicated that the ﬂuxes of three energy channels increased considerably
NI ET AL.

PRESSURE PULSE-RELATED ELECTRON DROPOUT

8525

Journal of Geophysical Research: Space Physics

10.1002/2016JA023067

Table 1. List of Solar Wind Dynamic Pressure Pulses From September 2012 to December 2014
No.

Start Time YYYY-MM-DD

End Time YYYY-MM-DD

Duration (h)

Pdyn (nPa) Max

IMF Bz (nT) Mean

MP Min

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

2012-9-3/11:00
2012-9-4/22:00
2012-9-30/19:00
2012-10-31/14:00
2012-11-12/14:00
2012-11-23/21:00
2013-1-18/11:00
2013-3-1/05:00
2013-3-17/05:00
2013-3-23/17:00
2013-4-23/22:00
2013-5-18/00:00
2013-5-24/17:00
2013-5-31/14:00
2013-6-9/23:00
2013-6-27/13:00
2013-8-20/13:00
2013-8-27/11:00
2013-9-24/06:00
2013-10-2/01:00
2013-10-8/13:00
2013-12-7/17:00
2013-12-13/09:00
2014-2-7/16:00
2014-2-15/12:00
2014-2-19/04:00
2014-2-23/02:00
2014-2-27/08:00
2014-3-25/19:00
2014-4-5/10:00
2014-4-19/02:00
2014-4-20/10:00
2014-6-7/16:00
2014-7-14/06:00
2014-9-12/15:00
2014-9-19/00:00
2014-10-12/16:00
2014-11-4/19:00
2014-12-21/18:00
2014-12-23/10:00

2012-9-3/14:00
2012-9-5/05:00
2012-10-1/00:00
2012-10-31/16:00
2012-11-13/00:00
2012-11-24/00:00
2013-1-18/13:00
2013-3-1/10:00
2013-3-17/08:00
2013-3-23/23:00
2013-4-24/04:00
2013-5-18/02:00
2013-5-24/19:00
2013-5-31/23:00
2013-6-10/05:00
2013-6-28/00:00
2013-8-20/23:00
2013-8-27/17:00
2013-9-24/12:00
2013-10-2/05:00
2013-10-8/22:00
2013-12-8/02:00
2013-12-13/14:00
2014-2-8/03:00
2014-2-16/00:00
2014-2-19/13:00
2014-2-23/09:00
2014-2-27/20:00
2014-3-25/21:00
2014-4-5/22:00
2014-4-19/04:00
2014-4-20/14:00
2014-6-8/07:00
2014-7-14/15:00
2014-9-12/19:00
2014-9-19/06:00
2014-10-12/21:00
2014-11-4/21:00
2014-12-21/23:00
2014-12-23/12:00

3
7
5
2
10
3
2
5
3
6
6
2
2
9
6
11
10
6
6
4
9
9
5
11
12
9
7
12
2
12
2
4
15
9
4
6
5
2
5
2

10.2
7.6
7.5
7.6
10.5
8.6
14.9
8.7
12.5
8.5
9.7
6.9
9.1
12.2
6.9
9.5
8.6
6.6
7.4
30.8
12.8
16.1
7.9
19.2
19.5
12.2
10.2
12
6.2
13.4
8.8
8.8
31.3
9.6
17.2
12.3
9.2
10.1
10.3
10.3

1.5
2.3
5.4
1.4
1.7
4
11.1
3.1
1.1
0.4
5.1
3.4
2
0.3
2.7
1.5
0.3
1.2
0.6
5.4
1
0.4
0.2
0.6
3.2
7.9
3.3
1.6
1.1
2.4
2.2
6.1
1.3
7.9
9.7
4.7
0.3
0.3
5
7.3

7.2
8.5
6.6
8.2
7.5
8.1
7
7.8
6.7
8.3
7.5
7.8
7.9
7
8.5
7.7
8.1
8
8
5.6
7.8
7.1
8.4
6.7
6.7
7.5
8
6.7
8.6
7.4
7.8
7.8
6.8
8.2
6.7
7.8
7.5
7.8
7.2
8.2

Dst (nT) Min
78
70
133
74
109
42
53
55
132
32
49
57
55
119
16
98
23
54
24
67
65
66
37
32
22
102
56
99
22
13
17
24
38
14
75
22
40
38
73
55

a

GOES Dropout Index
0.06
0.22
0.07
0.01
0.18
0.01
0.18
0.44
0.25
0.02
0.29
0.14
0.01
0
0
0
0
0.01
0.01
0.04
0.02
0.04
0.07
0.07
0.01
0.39
0.02
0.37
0.44
0.32
0.14
0.06
0.42
0.35
0.04
0.44
0.44
0.04
0.04
0.54

a

Dropout index indicates the ratio of the minimum of GOES > 2.0 MeV electron ﬂux in the 48 h after zero epoch time to the mean value of GOES > 2.0 MeV
electron ﬂux in the 24 h before zero epoch time, which is designed to represent the degree of electron ﬂux depletion at the geostationary orbit.

at L > ~ 7 during the period from 21 to 24 UT on 7 December and then dropped substantially with the ﬂux
dropouts extending deeply into L < ~ 4 along with the rise of the dynamic pressure. Distinct differences in
the POES electron ﬂux evolution occur between the lower energy channels (i.e., > 30 keV and > 100 keV)
and the higher energy channel (i.e., > 300 keV). It is clear that the degree of the ﬂux dropout corresponding to the pressure pulse increased with electron energy, being most pronounced for > 300 keV electrons.
In accordance with the pressure jump and the innermost intrusion of the magnetopause and the plasmapause, > 30 keV and > 100 keV electrons penetrated downward to L ~ 3 but > 300 keV electrons did not. It
is worthwhile to note that the electron ﬂux dropout took place during the main phase of a modest
geomagnetic storm with (Dst)min ~ 60 nT. The ﬂuxes of > 30 keV and > 100 keV electrons started to
increase right after the (Dst)min. At around 09 UT on 8 December, the dynamic pressure almost returned
to the prestorm value. Accordingly, the electron ﬂuxes for > 30 keV– > 0.6 MeV energy channels showed
the gradual recovery, which distinctly took place ﬁrst at lower L shells and then expanded to higher L
shells. The > 2 MeV electron ﬂuxes exhibited almost no increase until 18 UT on 8 December. Overall, the
ﬂuxes for the lower energy channels recovered on a timescale much faster than the higher energy
NI ET AL.
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Figure 1. An example event of electron ﬂux dropout during a solar wind dynamic pressure pulse. Time series of OmniWeb
geomagnetic indices and solar wind parameters for the 3 day interval between 7 December 2013 and 9 December 2013.
(ﬁrst to eighth panels) Dst, IMF Bz, solar wind dynamic pressure (Pdyn), the magnetopause standoff distance modeled
following Shue et al. [1997], observations of radiation belt electron ﬂuxes at the geostationary orbit by GOES 15 satellite for
two energy channels: (red) > 0.6 MeV, (blue) > 2.0 MeV, temporal variations of radiation belt trapped electron ﬂuxes
observed by four POES (15, 16, 18, and 19) satellites for three energy channels (>30 keV, > 100 keV, and > 300 keV), which
are binned by 0.1 L times 0.5 h. In Figure 1 (third panel) of Pdyn, the overplotted red curve marks the Pdyn rise period.

channels. Such an energy dispersive feature of radiation belt electron ﬂux evolution in response to the
dynamic pressure pulse becomes even more striking when checking together the measurements of
POES and GOES at different electron energy channels from > 30 keV to > 2 MeV.
The example of Figure 1 clearly depicts the signiﬁcant impact of solar wind dynamic pressure pulse on the
radiation belt electron dynamics and the delicate spatiotemporal variations of radiation belt electron
ﬂuxes during and after the course of a dynamic pressure pulse. To investigate in detail the impact on
radiation belt electron ﬂux variations under various solar wind conditions, 40 solar wind dynamic pressure
events are carefully selected to form ﬁve representative groups for quantitative comparisons on basis of
the following criteria: (1) 10 events with largest average northward IMF Bz versus 10 events with largest
average southward IMF Bz (the time range of averaging IMF Bz is the period of the normalized pulse);
(2) 10 events with lowest magnetopause position versus 10 events with highest magnetopause position;
(3) 10 events with smallest values of (Dst)min versus 10 events with largest values of (Dst)min;(4) 10 events
with smallest dropout index of GOES > 2.0 MeV electron ﬂuxes versus 10 events with largest dropout index
of GOES > 2.0 MeV electron ﬂuxes; and (5) 10 events with longest Pdyn rise time versus 10 events with
shortest Pdyn rise time.
NI ET AL.
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Figure 2. Normalized superposed epoch analysis results of all 40 events. (ﬁrst to ninth panels) Pdyn, IMF Bz, MP, Dst,
electron ﬂuxes observed by GOES 15, and bin-averaged trapped electron ﬂuxes observed by four POES satellites. In
Figure 2 (ﬁrst to fourth panels), the black curves with markers (+) show the parameter data for each event, and the red thick
lines represent the mean values. In Figure 2 (ﬁfth and sixth panels), the red lines are the mean values, and the blue lines are
the upper and lower quartile levels for electron ﬂuxes.

3. Analysis Results
Figure 2 presents the results of the normalized superposed epoch analysis for all 40 dynamic pressure pulse
events tabulated in Table 1. Figure 2 (ﬁrst to fourth panels) presents the temporal variations of solar wind
dynamic pressure Pdyn, interplanetary magnetic ﬁeld (IMF) Bz, magnetopause standoff distance, and the Dst
index from 24 h preceding to 48 h following the solar wind dynamic pressure pulse. The two vertical red lines
indicate the normalized 6 h duration of the identiﬁed solar wind dynamic pressure pulse after either stretching
or compression over time. Note that 6 h is the average duration for all considered 40 pressure pulse events. In
Figure 2 (ﬁrst to fourth panels), the black curves with markers (+) show the parameter data for each event and
the thick red curves represent the mean values for all 40 events. Figure 2 (ﬁfth and sixth panels) is normalized
superposed epoch analysis results of > 0.6 MeV and > 2.0 MeV electron ﬂuxes observed by GOES 15. The red
curves give the mean values, and the blue lines represent the upper and lower quartiles. Figure 2 (seventh to
ninth panels) shows the trapped electron ﬂux measurements of POES 15, 16, 18, and 19 satellites in three energy
channels (>30 keV, > 100 keV, and > 300 keV) after performing the time normalization during the duration of
Pdyn pulses and bin averaging the ﬂuxes. Incorporation of POES electron ﬂux data enables us to pursue a comprehensive analysis of the dynamic responses of radiation belt electron population in a broad spatial extent.
As shown in Figure 2, before the arrival of the dynamic pressure pulse, on average both the solar wind parameters and radiation belt electron ﬂux measurements show modest and steady levels without large variations.
NI ET AL.
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The mean value is around 11 RE for the magnetopause location and around zero for Dst. When Pdyn increases
quickly at the zero superposed epoch time to form the dynamic pressure pulse, the magnetopause is compressed down to lower L shells and Dst increases slightly during the sudden storm commencement. In contrast,
the mean IMF Bz remains around zero. The average electron ﬂuxes also primarily stay at the prepulse levels until
Pdyn starts approaching the peak value. Speciﬁcally, GOES observed electron ﬂuxes of > 0.6 MeV and > 2.0 MeV
channels start to decline about 1 h before the Pdyn reaches its maximum value. The observations of POES satellites illustrate energy-dependent responses of radiation belt electron ﬂuxes to the occurrence of the pressure
pulse [e.g., Xiong et al., 2015; Reeves et al., 2016], showing that > 30 keV and > 100 keV electron ﬂuxes increase
and extend to both lower and higher L shells, while > 300 keV electron ﬂuxes decrease to a small degree at L ~ 6
and predominantly extend to lower L shells. Following the pressure pulse, Pdyn starts to decrease quickly and the
magnetopause location moves outward. Correspondingly, GOES electron ﬂuxes continue to decay for several
hours and subsequently increase for recovery to the prepulse levels. The timescales for both ﬂux decay and
recovery are much shorter for electrons >0.6 MeV than >2.0 MeV. POES observations show more complex
behavior. At energies >30 keV, electron ﬂuxes show the drop at L > ~ 7, but the increase at L < ~ 6 and the
extension to lower L shells ~ L = 3. The >100 keV electron ﬂuxes show the temporal variation in a manner similar
to that of >30 keV electrons, while ﬂuxes are conﬁned to a slightly different range of L shell. The major feature of
>300 keV electron ﬂuxes is that they decrease in a few hours right after the pressure pulse and then quickly
increase to the prepulse levels.
On the basis of normalized superposed epoch analysis, the average features of radiation belt electron ﬂuxes
with respect to the entire course of a solar wind dynamic pressure pulse (i.e., “ 1”–“+2” days) in Figure 2 manifest an overall strong dependence of electron radiation belt variation on energy, L shell, and time. However,
Figure 2 cannot look into the underlying connections between the radiation belt electron dynamics and
various potentially important parameters during the course of a pressure pulse. A number of studies have
emphasized the effect of different solar wind parameters upon radiation belt electron ﬂux dropouts in the
magnetosphere [e.g., Yuan and Zong, 2013; Gao et al., 2015]. In the present study, we will follow those studies
to statistically validate their conclusions and to investigate in detail the impact of important solar wind and
magnetospheric parameters on the dynamic responses of electron radiation belt during solar wind dynamic
pressure pulses.
Figure 3 shows the normalized superposed epoch analysis results for 10 pressure pulse events with the largest average northward IMF Bz (left column) and 10 pressure pulse events with the largest average southward
IMF Bz (right column). Such a large difference in IMF Bz is clearly illustrated in Figure 3 (second row).
Conditions of signiﬁcantly northward IMF Bz are more likely to correspond to sharper increases in Pdyn and
sudden storm commencements, while conditions of signiﬁcantly southward IMF Bz are preferentially associated with the storm main phase and lower magnetopause location. By comparison, there are a number
of interesting features of radiation belt electron ﬂux variations under the above two distinct conditions: (1)
relativistic electron ﬂuxes observed by GOES 15 increase slightly as the pulse occurs and start to decrease
quickly around 1–2 h before the Pdyn peak of the pulse for the most northward IMF Bz events. But for the most
southward IMF Bz events, GOES observed electron ﬂuxes are more likely to decrease following the occurrence
of the pulse, especially for > 0.6 MeV electrons; (2) during the course of the pressure pulse, POES satellites
observe a slight increase in average radiation belt electron ﬂuxes for >30 keV and >100 keV energy channels
under both conditions of signiﬁcantly northward and southward IMF Bz, while for >300 keV electrons, POES
satellites observe ﬂux increase for the most northward IMF Bz events but ﬂux decrease for the most southward IMF Bz events; (3) after the peak of the pressure pulse, POES satellites see the electron ﬂux decreases
at higher L shells regardless of energy channel or IMF Bz condition. Note that L shells for ﬂux decrease go
lower as electron energy increases. For the most southward IMF Bz events, POES observed electron ﬂuxes
in the outer radiation belt increase quickly right after the pressure pulse and substantially exceed the prepulse level during the phase of pressure decrease and magnetospheric recovery. In contrast, for the most
northward IMF Bz events, POES observed electron ﬂuxes increase to a lesser extent for >30 keV and
>100 keV energy channels but ﬁrst decrease considerably and then increase gradually for >300 keV electrons; (4) overall, POES measurements indicate that for the two conditions of IMF Bz, average radiation belt
energetic electron ﬂuxes are larger under conditions of most northward IMF Bz before the occurrence of
the pulse, become comparable during the pulse period, and are larger under conditions of most southward
IMF Bz after the completion of the pulse. In addition, large electron ﬂuxes can well extend to lower L shells for
NI ET AL.

PRESSURE PULSE-RELATED ELECTRON DROPOUT

8529

Journal of Geophysical Research: Space Physics

10.1002/2016JA023067

Figure 3. Same as in Figure 2 except for 10 events with the largest average northward IMF Bz versus 10 events with the largest average southward IMF Bz.

the most southward IMF Bz events. These features demonstrate the complex interplay of various underlying
physical processes upon the dynamic responses of radiation belt electron ﬂuxes to solar wind dynamic pressure pulse events. Further discussions of these results and the aforementioned results from the perspective of
physical understanding are deferred to section 4.
Figure 4 shows the normalized superposed epoch analysis results for 10 events with the lowest magnetopause position (left column) and 10 events with the highest magnetopause position (right column). For
the lowest magnetopause position events, the minimum magnetopause position is around 7 Re, while for
the highest magnetopause position events, it is around 8 Re. The striking differences in Pdyn and magnetopause position are clearly illustrated in Figure 4 (ﬁrst and second rows). In addition, the direction of IMF Bz
is also distinct between these two groups of events. During the lowest magnetopause events, IMF Bz stays
southward for a longer period, and Dst decreases considerably during the Pdyn pulse and after the Pdyn peak.
It is apparent that intense Pdyn jumps and southward IMF Bz is favorable to result in the strong compression of
the magnetosphere and the marked inward intrusion of the magnetopause, manifesting a likely coupling of
these two parameters to affect the effect of magnetopause location on the pulse-associated radiation belt
electron dynamics.
By comparison, there are a number of interesting features of radiation belt electron ﬂux variations under the
above two distinct conditions. First, the average radiation belt electron ﬂuxes at the geostationary orbit are
considerably smaller for the events with lower magnetopause location than for higher magnetopause location before the solar wind dynamic pressure pulse. It is therefore suggested that the preconditioned electron
ﬂux proﬁle should be an important contributor to the radiation belt electron dynamic responses to pressure
pulses, which will be evaluated more carefully in Figure 6. Fluxes of >0.6 MeV electrons observed by GOES 15
reduce quickly after the pulse under lowest magnetopause position conditions, but for the highest
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Figure 4. Same as in Figure 2 except for 10 events with the lowest magnetopause position versus 10 events with the highest magnetopause position.

magnetopause position events, GOES 15 only observes slight decay after the Pdyn pulse. Fluxes of > 2.0 MeV
electrons decay by about an order of magnitude after the Pdyn pulse for both groups of pulse events, but they
decrease much faster when the magnetopause experiences a deeper inward penetration, approaching the
minimum around 12 h after the zero epoch time. Second, during the pressure rise period, injections
of > 30 keV and > 100 keV electrons at higher L shells are apparently more intense under lowest magnetopause location conditions. After the peak of the pressure pulse, POES satellites see the electron ﬂux decrease
at higher L shells regardless of energy channel or magnetopause position. For the lowest magnetopause
position events, POES satellites observe average ﬂux dropouts at L > 5 for >300 keV electrons, which however is seen at L > 6 for the highest magnetopause position events. Third, GOES and POES combined measurements suggest that radiation belt electron ﬂuxes under conditions when the magnetopause is most
compressed, are lower before the occurrence of the pressure pulse, decrease quicker and penetrate inward
deeper during the electron ﬂux dropout period, and recover to or even exceed prepulse levels faster than for
the events with weaker magnetopause compression.
Figure 5 shows the normalized superposed epoch analysis results for 10 events with smallest values of (Dst)
min (left column) and 10 events with largest values of (Dst)min (right column). The average (Dst)min is around
60 nT for the former and ~ 10 nT for the latter. The average proﬁles of Pdyn and magnetopause position
are similar for both event groups during the normalized period of the pressure pulse, while the IMF Bz is
primarily southward and the magnetopause is more compressed for the smallest (Dst)min events. Large
electron ﬂux decays are seen from the GOES measurements at the two energy channels during the course
of the pressure pulse, but the events with smallest (Dst)min produce more intense ﬂux decreases, which
emerge during the Pdyn elevation phase but before the peak. POES trapped electron measurements
also show dynamic ﬂux variations at all the three energy channels. Overall, for the pulse events with large
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Figure 5. Same as in Figure 2 except for 10 events with the smallest values of (Dst)min versus 10 events with the largest values of (Dst)min.

negative values of (Dst)min, radiation belt electrons respond to in a manner similar to those with southward
IMF Bz, that is, largest decay occurring after the Pdyn peak and subsequent (postpulse) remarkable recovery
exceeding the prepulse level. The latter can even extend to L ~ 3. In contrast, electron ﬂux dropouts become
much less signiﬁcant when the absolute magnitude of (Dst)min becomes smaller.
To evaluate the degree of electron ﬂux decay in the outer radiation belt, we deﬁne a geostationary dropout
index, which is evaluated as the ratio of the minimum of GOES > 2.0 MeV electron ﬂux in the 48 h after zero
epoch time to the mean value of GOES > 2.0 MeV electron ﬂux in the 24 h before zero epoch time. Figure 6
gives normalized superposed epoch analysis results for 10 events with the smallest dropout index of GOES
>2.0 MeV electron ﬂuxes (left column) and 10 events with the largest dropout index of GOES >2.0 MeV electron ﬂuxes (right column). It is indicated that when the geostationary dropout indices are large, POES electron
ﬂuxes show much more pronounced decays around the heart of the outer radiation belt during and following
the pressure pulse. It is also worthwhile to note that for the pulse events of largest geostationary dropout
index, the preconditioned (i.e., prepulse) ﬂuxes of >100 keV and >300 keV electrons are signiﬁcantly stronger
and cover a broader L shell range. However, the largest ratio of electron ﬂux increase before and after the
pulse occurs under the circumstances of preconditioned low electron ﬂuxes.
Figure 7 displays the normalized superposed epoch analysis results for 10 events with longest Pdyn rise time (left
column) and 10 events with shortest Pdyn rise time (right column). The IMF Bz of events with longest Pdyn rise
time turns northward after the Pdyn pulse and then turns southward. But for shortest Pdyn rise time events,
IMF Bz remains primarily unchanged during the entire time interval. It is clearly demonstrated from the measurements of GOES 15 and POES satellites that the solar wind dynamic pressure pulse with longer Pdyn rise time can
cause radiation belt electron ﬂux decay in a quicker and stronger manner. Besides the pressure pulse duration,
its magnitude is also important to electron ﬂux variations. The studies of Shprits et al. [2012] and Ni et al. [2013a]
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Figure 6. Same as in Figure 2 except for 10 events with the largest geostationary dropout index of GOES > 2.0 MeV electron ﬂuxes versus 10 events with the smallest
geostationary dropout index of GOES > 2.0 MeV electron ﬂuxes.

investigated comprehensively the effect of the pressure pulse magnitude to ﬁnd that ﬂux dropout events can
occur with higher possibility for larger magnitude Pdyn pulses.

4. Discussions
Former studies indicated that electron ﬂux dropout could be dominated by a combination of magnetopause
shadowing and/or atmospheric loss (see reviews by Shprits et al. [2008b], Turner et al. [2014a, 2014b], Ni et al.
[2013b], and Xiang et al. [2016]). In the present study, our results further support that these mechanisms contribute to the radiation belt electron dynamic behaviors alone or in combination at different phases of a solar wind
dynamic pressure pulse. As shown in Figure 3, corresponding to most northward IMF Bz conditions, when Pdyn
drops from the peak value and the magnetopause recovers to a high location, electron ﬂuxes at L < 6 exhibit
signiﬁcant decreases, which can be a consequence of strong outward radial diffusion following the loss process
to the magnetopause. In contrast, for most southward IMF Bz conditions, electron ﬂuxes at L < 6 undergo substantial decreases during the Pdyn elevation period. Taken into account that magnetospheric wave activities are
preferentially intensiﬁed during periods of southward IMF Bz, it is reasonable to suggest that wave-induced pitch
angle scattering can contribute to the ﬂux decrease arising from loss to the atmosphere. Such wave candidates
include whistler-mode chorus, plasmaspheric hiss, and electromagnetic ion cyclotron (EMIC) waves, whereas
these wave modes tend to predominantly resonate with radiation belt electrons at different energies
from ~ 1 keV to 10 MeV. A recent simulation of Kang et al. [2016], on the basis of the Radiation Belt
Environment (RBE) model [Fok et al., 2008], demonstrated that EMIC waves can cause efﬁcient electron ﬂux
dropouts in the heart of the radiation belt within a short time period. Xiang et al. [2016] looked into multisatellite
simultaneous observations of magnetopause and atmospheric losses of radiation belt electrons during an event
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Figure 7. Same as in Figure 2 except for 10 events with longest Pdyn rise time versus 10 events with shortest Pdyn rise time.

of intense solar wind dynamic pressure pulse. They also found that electron scattering by plasma waves should
play as an important mechanism to explain the measured real electron losses in the outer zone. Quantitative
analyses of wave-induced scattering and resultant loss processes are outside the scope of the present study,
which, however, certainly requires comprehensive investigation in the future.
In the present study 40 events are used for detailed analyses and split into different classiﬁcations grouped by
10 events of various parameters. While it is difﬁcult to evaluate to which extent this investigation represents
the statistical features of the dynamic responses of radiation belt electron ﬂuxes during the period of solar
wind dynamic pressure pulse, we argue that our methodology of event selection and data treatment has followed a number of previous similar investigations. For instance, Hietala et al. [2014] used the same method to
study the depleting effects of 31 ICME-driven sheath regions on the outer electron radiation belt for the solar
cycle 23. They classiﬁed the events into speciﬁc groups and then compared the 10 events with largest value
of the respective parameter to the 10 events exhibiting the lowest value in that parameter. Li et al. [2015] also
investigated 16 efﬁcient radiation belt electron acceleration and 17 inefﬁcient acceleration events during the
period from October 2012 to March 2015 to study the potential solar wind conditions leading to efﬁcient
electron acceleration. In addition, Yuan and Zong [2013] analyzed 45 CME-associated solar wind dynamic
pressure enhancement events during the period of 1998–2003 to look into the outer zone relativistic electron
ﬂux dropouts under different solar wind conditions. According to those previous studies, our investigation on
basis of 40 robust pressure pulse events in 28 months is reasonable to produce useful results regarding the
pressure pulse-associated dynamic responses of the radiation belts. On the other hand, all those previous
studies performed superposed epoch analyses in a conventional manner, our present study adopts the
normalized superposed epoch analysis by using multiple markers rather than only one marker; therefore, it
is expected that further details of radiation belt electron ﬂux variation can be retained and that speciﬁc
features on a similar timeline can be identiﬁed to link underlying drivers during events.
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There are cases that radiation belt electron ﬂuxes show almost no changes during the course of a Pdyn pulse
[e.g., Shprits et al., 2012; Ni et al., 2013a], and there are also cases in which they exhibit dramatic decreases
during weak geomagnetic storms [e.g., Anderson et al., 2015]. Such complexity in the radiation belt electron
responses is further expressed by our results. As shown in Figure 5, a combination of Pdyn pulse and moderate
geomagnetic storm tends to provide a favorable condition for radiation belt electron ﬂux dropouts. In
contrast, weak Dst activities are likely to drive much smaller electron losses. The explanations to these differences are manifold, including the “Dst effect,” wave-particle interactions, and magnetopause shadowing. It is
also strongly suggested that the prompt, substantial postpulse electron ﬂux increase that well exceeds the
prepulse levels during more intense Dst activities is closely correlated with the considerable accumulation
(i.e., injection) of tens of keV electrons.
Another interesting result obtained in this study is that the radiation belt preconditioning also contributes
importantly to the responses of radiation belt electron ﬂux to solar wind dynamic pressure pulse events (see
Figure 6). Our results clearly demonstrate that pulse-associated electron ﬂux dropouts prefer to occur when
preconditioned (i.e., prepulse) electron ﬂuxes are high and that more pronounced electron ﬂux enhancements exceeding the prepulse levels are likely to take place when preconditioned electron ﬂuxes are low.
Solid consistency between the variations of relativistic electron ﬂux at the geostationary orbit and of energetic electron ﬂux around the heart of the outer zone can be also registered.
Overall, our results, on the basis of a comprehensive analysis of multiyear electron ﬂux data from both
geosynchronous and low-altitude satellites, provide further quantitative information concerning the electron
radiation belt responses before, during, and following the occurrences of solar wind dynamic pressures. They
also release important clues of physical processes/drivers involved in the loss, acceleration, and transport of
radiation belt electrons under various solar wind and geomagnetic conditions and preconditions in the
electron radiation belts. Therefore, the present study has implications for our use to develop a module to
radiation belt modeling codes that help better simulate and predict radiation belt electron ﬂux dropouts.
This will be a topic for future study.

5. Conclusions
In this paper we have investigated in detail the radiation belt electron ﬂux variations under a variety of solar
wind and magnetospheric conditions by performing a normalized superposed epoch analysis of over 2 years
of electron data measured by GOES 15 and four POES satellites. Normalized superposed epoch analysis is
able to place speciﬁc features on a similar timeline to look into the underlying connections and potential
drivers during events. Our major conclusions are summarized as follows:
1. In a statistically average sense, radiation belt electron ﬂuxes at tens of keV tend to increase during the
period of Pdyn jump. In contrast, >100 keV radiation belt electron ﬂuxes exhibit large depletions right after
the Pdyn peak rather than during the pulse, especially during the conditions of northward IMF Bz. Under
southward IMF Bz conditions, electron ﬂux dropouts are more likely to occur during the Pdyn pulse to cover
a broad range of L shell, and afterward, the ﬂuxes recover markedly to exceed the prepulse level to a
degree apparently larger than that for northward IMF Bz conditions.
2. Inward intrusion of the magnetopause location, under the impact of solar wind dynamic pressure
enhancements and the direction of IMF Bz, plays a critical role in the dynamic responses of radiation belt
electrons. Deeper earthward magnetopause erosion provides favorable circumstances for the prompt
occurrence of electron ﬂux dropouts at spatial extents down to L ~ 5.
3. For pulse events with large negative values of (Dst)min, radiation belt electrons respond in a manner
similar to those with southward IMF Bz, that is, the largest decay occurring after the Pdyn peak and
subsequent (postpulse) remarkable recovery exceeding the prepulse level. The latter can even extend
to L ~ 3. Electron ﬂux dropouts become more signiﬁcant when the magnitude of (Dst)min decreases
largely. The pressure pulses with longer duration also tend to produce quicker and stronger electron
ﬂux decay.
4. The precondition of radiation belt electron ﬂuxes also contribute to their dynamic variations during and
following solar wind dynamic pressure pulses. The events with high electron ﬂuxes before the Pdyn pulse
tend to experience more severe electron ﬂux dropouts during the course of the pulse. But the largest ratio
of electron ﬂux increase before and after the pulse occurs under the preconditioned low electron ﬂuxes.
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