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Abstract Relativistic electron flux responses in the inner magnetosphere are investigated for 28
magnetic storms driven by corotating interaction region (CIR) and 27 magnetic storms driven by coronal
mass ejection (CME), using data from the Relativistic Electron-Proton Telescope instrument on board Van
Allen Probes from October 2012 to May 2017. In this present study we analyze the role of CIRs and CMEs in
electron dynamics by sorting the electron fluxes in terms of averaged solar wind parameters, L-values, and
energies. The major outcomes from our study are the following: (i) At L = 3 and E = 3.4 MeV, for >70% cases
the electron flux remains stable, while at L = 5, for ~82% cases it changes with the geomagnetic conditions.
(i) At L = 5, ~53% of the CIR storms and 30% of the CME storms show electron flux increase. (iii) At a given
L-value, the tendency for the electron flux variation diminishes with the increasing energies for both
categories of storms. (iv) In case of CIR-driven storms, the electron flux changes are associated with changes
in Vsw and Sym-H. (v) At L ~ 3, CME storms show increased electron flux, while at L ~ 5, CIR storms are
responsible for the electron flux enhancements. (vi) During CME- and CIR-driven storms, distinct electron
flux variations are observed at L = 3 and L = 5.

1. Introduction

Geomagnetic storms can drastically affect the charged particles population trapped in the Earth's Van Allen
radiation belt (e.g., Baker & Kanekal, 2008; Kanekal, 2006; McIlwain, 1966). It is now well established that
the electron flux decreases during the geomagnetic storm main phase and often recovers back after the storm
has passed [Friedel et al., 2002; Kim & Chan, 1997; Miyoshi et al., 2003; Nakamura et al., 1998; Soraas &
Davis, 1968]. However, the temporal and spatial growth of radiation belt electrons can vary from storm to
storm. Reeves et al. (2003) studied the response of electron flux at L = 3-8 and found that only about 50%
of all storms resulted in increased fluxes, whereas 25% shows decreased fluxes and 25% shows little to no
change. It is currently believed that this is due to a balance between energization and loss processes, with
net flux being the result of their relative strengths.

Relativistic electrons also respond to the impact of an interplanetary (IP) shock on the Earth's magneto-
sphere (Blake et al., 1992; Kanekal et al., 2016; Li et al., 1993). For the extreme event in March 1991, Li
et al. (1993) simulated the response of relativistic electron flux to the IP shock and showed that the injection
and energization resulted from a nonresonant interaction of the particles with the time-varying electric field
induced by the shock. Zong et al. (2009, 2017) studied relationship between the energetic electron bursts and
the large shock-induced ultralow frequency (ULF) waves. They found that energetic electrons can be accel-
erated efficiently by poloidal mode ULF waves that have a sufficiently strong electric field in the direction of
electron drift motion. Moreover, IP shocks with even a small change in dynamic pressure can have a non-
negligible role in the radiation belt dynamics (Zong et al., 2009). Recently, Hao et al. (2019) demonstrated
that the acceleration of ultrarelativistic electrons (up to 3.4 MeV) in the outer radiation belt is due to drift
resonance by poloidal ULF waves.

Paulikas and Blake (1979) and Baker et al. (1979) found that average electron flux varies concurrently
with the solar wind velocity. High-speed solar wind streams do not always result in large flux enhance-
ment (Kim et al., 2006; Li et al., 2011; Reeves et al., 2011) and southward interplanetary magnetic field
(IMF) Bz is a second major factor (apart from elevated solar wind speed) necessary for electron flux
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enhancements (Blake et al., 1997; Li et al., 2005). When IMF Bgz is southward, frequent substorms are
expected. These substorms provide a seed population (Baker et al., 1998), which are energized by the
plasma waves produced by anistropy of lower energy source population (Jaynes et al., 2015).
Frequently injected hot electrons give rise to the excitation of the whistler mode chorus waves that accel-
erate electrons by way of resonant interaction (Li et al., 2005; Miyoshi et al., 2013). Recently, Li et al.
(2015) found that the prolonged southward IMF Bz, high solar wind velocity, and low solar wind dynamic
pressure are critical factors for the efficient megaelectron volt electron acceleration, especially when all
the three conditions are operating simultaneously. Moreover, the presence of source and seed population
is also crucial.

Many statistical studies have also been dedicated to the understanding of role of solar wind parameters to
the changing radiation belt electron flux during a magnetic storm. For 33 magnetic storms that resulted in
enhanced electron flux and 29 storms that did not, O'Brien et al. (2001) conducted a cross-correlation ana-
lysis for solar wind and geomagnetic activity data for outer radiation belt electrons at geosynchronous
orbit for 0.3-1.5 and >2-MeV energies. They found that the sustained solar wind velocity >450 km/s
and long-duration elevated Pc5 ULF wave power during the recovery phase are the best indicators to
describe the storms giving electron flux enhancements. Anderson et al. (2015) used LANL 1.8- to 3.5-
MeV electron flux data and studied 342 magnetic storms with Dst > -50 nT. They found that these storms
are less (more) likely for the electron flux enhancement (depletion) at geosynchronous orbit. Recently,
some studies are dedicated to electron flux variations using National Aeronautics and Space
Administration’s Van Allen Probes [Baker et al., 2014; Kilpua et al., 2015; Li et al., 2015; Shprits et al.,
2017; Turner et al., 2015, 2016; Zhao et al., 2017]; however, the causes for the different response of the
electron flux are still unclear.

The response of the outer zone electron flux is also dependent on the solar wind driver of magnetic storms,
coronal mass ejections (CMEs), and corotating interaction regions (CIRs; e.g., Borovsky & Denton, 2006;
Denton et al., 2006; Kataoka & Miyoshi, 2006; Yuan & Zong, 2012) as well as more complex driver conditions
(Kanekal et al., 2015). The electron flux variations are strongly governed by substructures of the solar wind
storm drivers (sheath, ejecta, and interface region) and prestorm electron flux levels (Hietala et al., 2014;
Kilpua et al., 2015). CME sheath-driven storms are highly effective for electron losses due to outward radial
diffusion and magnetopause shadowing. The mechanisms responsible for the development of radiation belt
electrons during CME- and CIR-driven geomagnetic storms are likely to differ and depend upon the various
parameters including IMF (Denton et al., 2006; Miyoshi et al., 2007 and Shen et al., 2017). Turner et al. (2015)
studied the response of 52 geomagnetic storms in the energy range of tens of kiloelectron volts to 2 MeV and
showed that at a given L-shell the peak electron flux correlates to the geomagnetic storm magnitude only.
Very recently, Turner et al. (2019) investigated a detailed statistical study of electron radiation belt response
to the geomagnetic storms as a function of energy and L-shell for 30 keV to 6.3 MeV by considering the
storms driven by CME shocks/sheaths and ejecta and found depletion of >1 MeV for outer belt and an
enhancement of megaelectron volt electrons at lower L-shells. The energization or loss of radiation belt elec-
trons are not completely understood with the existing theories of adiabatic changes observed to occur during
gradual buildup of the ring current (Kim & Chan, 1997) and magnetopause shadowing (Kang et al., 2018;
Shprits et al., 2006; Wilken et al., 1986). So more interesting future studies can be carried out by selecting
different solar drivers and solar wind parameters for each L-shell indicating inner and outer belt variations
as mentioned by Turner et al. (2019).

This present work is based upon statistical analysis of different geomagnetic storm drivers and IP parameters
on relativistic electron flux variations using data from the Relativistic Electron-Proton Telescope (REPT)
instrument for 28 magnetic storms driven by CIR and 27 magnetic storms driven by CME, for the period
of October 2012 to May 2017. Here, we continue to develop and extend previous studies of the electron flux
response by not only focusing on different energies but also different L-values (e.g., Turner et al., 2019). We
subcategorize the solar wind driving conditions based on magnitude of IMF Bz, Vsw, and Psw. We also
refined the previous studies by clearly separating the storm driver, that is, CME- and CIR-driven magnetic
storms. The paper is organized as follows. Section 2 deals with the description of the satellite data and selec-
tion of events in our study. Section 3 gives the observation and results of electron flux variations at different
L-range and energies. In section 4, we discuss our results followed by a summary in section 5.
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2. Data

For the present study, we used the data from the REPT (Baker et al., 2012) instrument on board Van Allen
Probes. The Van Allen Probes mission comprises of identically instrumented twin spacecraft flying in a
highly elliptical, low inclination orbit (1.1 X 5.8 Rg, inclination of ~10°, orbital period of ~9 hr) since
August 2012 (Mauk et al., 2014). In the L < 2 region, the electron channels are contaminated due to the pre-
sence of background from inner zone penetrating protons. This makes electron flux measurements uncer-
tain and hence we studied the electron flux above L = 3. REPT instrument resolves the electron flux into
12 different energy channels from 1.8 to 20 MeV.

Our study uses 1-min resolved symmetric component of the ring current (Sym-H), which is a high-resolution
version of the hourly Dst index (Wanliss & Showalter, 2006). The IP solar wind plasma parameters at the
Earth's orbit are from the OMNI database (King & Papitashvili, 2005) and solar wind data are from
Advanced Composition Explorer, Wind, IMP 8, and Geotail spacecraft measurements. We investigate the
variation of relativistic electron flux with the geomagnetic activity from October 2012 to May 2017. We select
geomagnetic storms based on minimum Sym-H being less than —50 nT and classified into two types in terms
of minimum Sym-H. The geomagnetic storms with —90 nT < minimum Sym-H < —50 nT are considered as
moderate, while the ones with minimum Sym-H < —90 nT are considered as intense. The geomagnetic
storms are further classified based on their solar drivers, namely, CME and CIR. Table 1 differentiates the
geomagnetic storms according to their solar wind drivers such as CMEs and CIRs. The CME storms are
induced by a shock and has a sudden increase in IMF Bz, Vsw, and proton density (Marcia & Raymond,
1997), while the CIR-driven magnetic storms can be identified with enhanced solar wind flow speed,
decreased proton density and fluctuating IMF Bz. The list so obtained is then verified with Shen et al.
(2017). Upon classifying these geomagnetic storms, we obtain 27 CME-driven and 28 CIR-driven geomag-
netic storms. We calculated the electron flux for inbound and outbound passages separately and hence we
have 110 observations corresponding to 55 geomagnetic storms.

Figures 1a and 1b show an example of the radiation belt electron flux variation for CIR- and CME-driven
geomagnetic storms. Sym-H, IMF Bg, solar wind dynamic pressure (Psw), and solar wind velocity (Vsw)
are shown in lower panels of Figure 1 for each geomagnetic storm. The minimum Sym-H values are almost
same. The top most panel of Figure 1 shows a spectrogram of spin-averaged differential electron flux of rela-
tivistic electron flux in the range of 1-20 MeV, color coded according to the bar to the right. It is seen that the
electron flux depletes during the geomagnetic main phase for the CIR-driven and CME-driven storms and
recovers promptly and exceeds the prestorm level for the CIR-driven storm. As for the CME-driven storm,
the electron flux recovers gradually.

In the following sections, we carry out a detailed analysis to study the interesting behavior of radiation belt
electrons for CME- and CIR-driven geomagnetic storms that occurred during the period from October 2012
to May 2017.

3. Observation and Results

3.1. Relativistic Electron Flux Variation With Different Storm Drivers

Figure 2 shows relativistic electron fluxes (3.4-5.2 MeV) measured by Probe-A as a function of L-shell and
time for three CME-driven geomagnetic storms. We selected these three CME-driven geomagnetic storms
as an example illustrating relativistic electron flux variations such that they flux show (a) an enhance-
ment, (b) a depletion, and (c) almost no change, respectively. The lower most panel in Figure 2 shows
the Dst index, reflecting the strength of the storm time ring current as well as all the other magneto-
spheric current. The duration starting from the time the Dst index begins to decrease after sudden com-
mencement (¢y) until the Dst minimum (¢;) is referred to as “at-storm” interval, covering the main phase
of the storm. For the geomagnetic storms that do not have sudden commencement (especially for CIR
storms), the at-storm interval is considered when Dst begins to decrease (f;) monotonically until the
Dst minimum (t,). So the at-storm interval is from f, to ;. We also define “prestorm flux” as the maxi-
mum flux in the prestorm interval that ranges from #,—1 to t,—4 days. We define “poststorm flux” is
the maximum flux in the poststorm interval that ranges from #+1 to t;+6 days. These are shown as
yellow-shaded portions in each lower panel in Figure 2. The maximum electron flux variation in each

PANDYA ET AL.



~1
AGU

100 Journal of Geophysical Research: Space Physics 10.1029/2019JA026771

ADVANCING EARTH
'AND SPACESCIENCE.

Table 1

List of CME and CIR driven magnetic storms

Sr. no CME-driven storms Sym-H (nT) CIR-driven storms Sym-H (nT)
1 2012-10-01/03:52 —138 2013-01-26/22:19 —62
2 2012-10-09/02:10 —116 2013-03-01/10:12 -76
3 2012-11-14/07:27 —118 2013-03-29/16:17 —64
4 2013-03-17/20:28 —132 2013-08-27/21:43 —64
5 2013-06-01/07:48 —137 2013-10-30/23:20 —-57
6 2013-06-29/06:36 —111 2013-12-08/08:30 -72
7 2013-07-06/08:33 —80 2014-06-08/06:50 -72
8 2013-10-02/06:19 —-90 2015-02-17/23:55 -70
9 2014-02-19/08:23 —127 2015-02-24/03:36 -76
10 2014-02-27/23:24 —101 2015-03-02/08:51 -70
11 2014-04-12/08:32 —-92 2015-04-16/23:29 —88
12 2014-04-30/09:10 —-76 2015-05-13/06:59 —98
13 2014-08-27/18:18 —90 2015-06-08/07:45 —105
14 2014-09-12/23:03 -97 2015-07-05/04:52 —58
15 2014-12-22/05:25 —65 2015-07-13/10:54 -71
16 2015-01-07/11:00 —135 2015-10-07/22:23 —124
17 2015-03-17/22:47 —234 2016-01-20/16:42 -95
18 2015-06-23/04:24 —208 2016-02-03/02:52 —60
19 2015-07-23/07:28 —-83 2016-02-18/00:28 —60
20 2015-08-16/07:37 —9%4 2016-03-06/21:20 —110
21 2015-08-27/20:32 —101 2016-05-08/08:15 —105
22 2015-09-09/08:03 —113 2016-07-25/17:17 —51
23 2015-11-07/06:05 —106 2016-08-03/06:49 —63
24 2015-12-20/22:49 —170 2016-08-23/21:13 —83
25 2015-12-31/23:56 —99 2016-09-02/01:53 —74
26 2016-03-06/21:20 —110 2016-09-29/09:32 —64
27 2016-10-13/23:45 —114 2017-03-01/22:17 —74
28 2017-03-27/14:45 —86

Note. Dates are formatted as YYYY-MM-DD. CIR = corotating interaction region; CME = coronal mass ejection.
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Figure 1. Energy versus time spectra for spin averaged differential electron flux for (a) CIR-driven geomagnetic storm of
5-16 October 2015 and (b) CME-driven geomagnetic storm of 29 May to 5 June 2013 is shown. The lower panels show
corresponding solar wind parameters, Vsw, Psw, and IMF Bz. The lower most panel gives the intensity of the geomagnetic
storm Sym-H. CIR = corotating interaction region; CME = coronal mass ejection; REPT = Relativistic Electron-Proton
Telescope.
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Figure 2. L-value versus time spectra of spin averaged differential electron flux at three different energy channels 3.4, 4.2, and 5.2 MeV is shown for coronal mass
ejection-driven geomagnetic storms (a) 7-18 April 2014, (b) 8-20 September 2014, and (c) 9-20 November 2012. During the poststorm interval, the electron flux may
(a) increase, (b) decrease, and (c) no change in comparison with the prestorm interval. REPT = Relativistic Electron-Proton Telescope.

interval can then be studied for all geomagnetic storms and classified as enhancement, depletion, or no
change for a given energy and at each L-value. With this clear definition, the electron flux variation
during a geomagnetic storm may fall into the categories of flux enhancement, depletion and no change
for a given L-value; that is, the same storm might exhibit these characteristics depending upon spatial
location (L-value) of measurement.

Figure 2a shows electron flux variation during a moderate geomagnetic storm of 12 April 2014 with Dst mini-
mum —87 nT. When the magnetic storm begins, the flux of relativistic electron decreases for all the energy
channels at L < 4. This is immediately followed by a rapid enhancement of the electron flux at higher L-
shells; that is, L > 4. At L = 5 and E = 3.4 MeV, the electron flux during the poststorm interval increases
by a factor of ~31 than the prestorm flux. Figure 2b shows electron flux variation during the geomagnetic
storm of 12 September 2014, having nearly similar strength of geomagnetic activity (Dst = —88 nT). As it
is evident from the figure, the response of the radiation belt electrons is quite different with electron flux
decrease during the storm main phase but no subsequent increase of electron flux. At L = 5 and electron
energy E = 3.4 MeV, the prestorm flux is greater than poststorm relativistic electron flux by the factor of
~5,000. This flux decrease was observed at L > 3, suggesting an irreversible loss of particles from the trapping
region. Figure 2c shows electron flux variation during the moderately intense geomagnetic storm of 13
November 2012, having a Dst minimum of —108 nT. The electron flux shows only a slight variation before
and after the geomagnetic storm.

Figure 3 shows examples of the radiation belt electrons for CIR-driven geomagnetic storms. We determine o
and t; in the same manner used for the CME-driven storms. For the magnetic storms having double peak
minima of Dst, we consider at-storm interval only for the lowest minimum Dst (t,). When the second mini-
mum peak exists near t;, we define “prestorm interval” and “poststorm interval” as follows. When t;, exists
before o, we define “prestorm” interval as the period from ¢;;—1 to t;;—4 days. When t;; exists after t;, we
define “poststorm” interval as the period from t;;+1 to #;+6 days. For the geomagnetic storm of 18
February 2016 (Figure 3a) with minimum Dst of —48 nT, a significant increase in the electron flux is seen
during the recovery phase. At L = 5 and electron energy E = 3.4 MeV, the poststorm flux increased by the
factor of ~3,000. The increase is more significant at lower energies (i.e., 3.4 MeV). For the geomagnetic storm
of 3 February 2016 (Figure 3b), having minimum Dst of —53 nT, the electron flux shows a decrease but does
not re-buildup during its poststorm interval. At L = 5 and electron energy E = 3.4 MeV, the prestorm flux
was almost 8 times the poststorm flux. During the magnetic storm of 8 December 2013 (minimum Dst of
—66 nT), the electron flux does not respond significantly to the magnetic storm and hence remains almost
unchanged. The complex response of electron flux variation changes with each phase of the storm at differ-
ent energies and L-values for all CIR- and CME-driven geomagnetic storms. Hence, we carried out a detailed
analysis of electron flux variations for each CME- and CIR-driven geomagnetic storm during prestorm, at-
storm and poststorm intervals is at different L-values and energies.
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Figure 3. Same as Figure 2 except for the corotating interaction region-driven geomagnetic storms.

3.2. Relativistic Electron Flux Variation at Different L-Values

We quantitatively examined the variability of relativistic electron fluxes at different L-shells in response to
the 28 CIR- and 27 CME-driven geomagnetic storms. In order to establish clear signatures of maximum flux
variations at a given L-value, we calculate j.x (L, K), which is the maximum value of the differential flux
averaged over a specified interval (i.e., prestorm, at-storm, or poststorm) at a given L-value and kinetic
energy K using REPT spin-averaged differential flux. The analysis represented in this work is for L = 3
and 5, and the kinetic energy to be 3.4, 4.2, 5.2, and 7.7 MeV. As Van Allen Probes take measurement at
the extreme ends of radiation belts, we show the distinction in the electron flux variation in the inner edge
of the outer belt (L = 3) and outer edge of outer belt (L = 5) with the most dynamic band of energies from 3.4
to 7.7 MeV.

Figure 4 shows the correlation between j,ax values at L = 3 at for electron energies ranging from 3.4 to 7.7
MeV for prestorm and at-storm fluxes (a, d, g, and j), at-storm and poststorm fluxes (b, e, h, and k), and pre-
storm and poststorm fluxes (c, f, i, and 1). Data for CIR-driven geomagnetic storms are represented by the
asterisks, while the CME-driven geomagnetic storms are denoted by the open circles. Red (gray) color repre-
sent the ratios being increased (decreased) by a factor of 2 or more, while blue color indicates “no change”
(absolute value of the ratio is <2). Here, the factor “2” is taken as a threshold to distinguish
increase/decrease/unchanged. The figure shows that the electron flux tends to decrease during the develop-
ing phase (from poststorm to at-storm, a, d, g, and j) and to increase during the declining phase (from at-
storm to poststorm, c, f, i, and 1) regardless of the storm driver. However, the majority of data points belong
to no change during developing and declining phases of the magnetic storm for all the energies. It is impor-
tant to note that the degree of the response to the magnetic storms is smaller at 7.7 MeV than those at lower
energies. In addition, the large changes (indicated by gray and red color) in the flux take place for the CME-
driven storms (open circles), irrespective of the strength of magnetic activity.

Figure 5 is the same as Figure 4, except for L = 5. The electron flux varies drastically in comparison with that
at L = 3. For many geomagnetic storms, the electron flux tends to decrease at all the energy channels during
the developing phase (a, d, g, and j), while it tends to increase during the declining phase (b, e, h, and k).
Upon comparing with the prestorm flux, the poststorm flux tends to increase largely (c, f, i, and 1). For the
majority of the cases, the electron flux dynamics is irrespective of the prestorm flux interval. The large
increase in the declining phase (b, e, h, and k) is found to occur for the CIR-driven storms. Again, the degree
of the change in the fluxes decreases with increasing energy. The flux remains almost steady during each
phase of the magnetic storm for 7.7 MeV.

We calculate the ratio defined by the following equation:

R(E, &) =7 E Blpostsiom .
Jmax (L’ K) |prest0rm

to quantitatively examine the nature of electron flux variability. Figure 6 shows histograms of the ratios R for
L = 3. For all the storm drives (both the CME and CIR storms, panels a-d), >71% observations show no
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Figure 4. Statistical results for 3.4- to 7.7-MeV electron flux variation at L = 3 for three intervals at-storm and prestorm (a,
d, g, and j; developing phase), poststorm and at-storm (b, e, h, and k; declining phase), and prestorm to declining time (c, f,
i, and 1). The observations of inbound and outbound passages of the satellite are merged for CME- (circle) and CIR-
(asterisk) driven geomagnetic storms. The colors red, gray, and blue stand for increase, decrease, and no change in the flux.
CIR = corotating interaction region; CME = coronal mass ejection.

significant change in the electron flux, in particular, at higher energies as shown in Figures 6a-6d. A similar
tendency is found for the CIR-driven magnetic storms (panels e-h), and the CME-driven magnetic storms
(panels i-1). A noticeable difference between the CIR- and CME-driven storms at L = 3 is that an increase
of the electron flux was observed only for the CME-driven storms.

Figure 7 is the same as Figure 6 except that L = 5. At 3.4 MeV (panel a), the electron flux shows a significant
change and 53% of them increase and 30% of them decrease. The drastic variations are reduced for higher
energies (panels c and d). Interestingly, the increase cases have a higher ratio in the CIR magnetic storms
than in the CME magnetic storms. This tendency is opposite to that found at L = 3. Though not shown here,
the electron flux variations at L = 4 remains in the transitional state between L = 3 and L = 5. At 3.4 MeV,
~40% of the cases (CME + CIR) shows electron flux increase, while 35% decreased and 25% did not change.

Figure 8 summarizes cumulative distribution functions (CDFs) calculated for the ratio Rat L =3 (a-d) and L
= 5(e-h). The CDF curves give the probability that a storm has a flux change ratio less than a certain value.
These integrated histograms do not suffer from the binning issues and can be easily analyzed by studying the
percentage change in the curves. We use Kolmogorov-Smirnov test (Press et al., 2007) to determine the sta-
tistical probability that the difference between the distribution is random. The Kolmogorov-Smirnov is
defined as the maximum value of the absolute difference between CME- and CIR-driven CDFs. For compar-
ing two different CDFs, namely, Fn;(x) and Fy,(x) having N1 and N2 number of samples, the K-S can be
computed using

A = MaX_g<x<oo|[Fn1 (%) —Fn2(x)|*100 2)

The larger the value of , the higher is the confidence for the two distributions to be significantly different. To
determine the significance (S) of the observed value of , we calculate the p value of the observed nonzero asa
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Figure 5. Same as Figure 4 except for L = 5.

measure of confirmation against the null hypothesis (Press et al., 2007). Hence, the significance “S” define
the measure of randomness in the difference. The value of is shown by black line in each panel. AtL =3
(panels a-d), the CDF curves are nearly independent of energy at low energies (<5.2 MeV), showing that
the CDF curves tend to be shallower for the CME-driven storms than for the CIR-driven storms. At L = 5,
the CDF curves for the CIR-driven storms are shifted toward higher R values (equation (1)), in
comparison with that for the CDF curves for the driven CME storms at low energies (<5.2 MeV). In
addition, the curves depend clearly on the energy. At the highest energy (7.7 MeV), no significant
difference in the curves are observed because most of the R values are closed to unity.

3.3. Dependence on IMF Bg, Solar Wind Parameters, and Sym-H

We further examined the CDF curves for different IMF, solar wind parameters, and Sym-H, which are
shown in Figures 9-12. Figure 9 shown the CDF curves for different IMF Bz (<—5 and >—5 nT), different
solar wind velocity (<500 and >500 km/s), different solar wind dynamic pressure (<4 and >4 nPa), and dif-
ferent Sym-H (<—100 and >—100 nT) for the CIR-driven storm. All the parameters, IMF Bz, Vsw, Psw, and
Sym-H, are averaged over the period between t, and . It is interesting note that the flux variations show a
clear dependence on strength of IMF Bz, and Sym-H at low energies (<5.2 MeV). This probably indicates that
strong southward IMF Bz tends to give rise to the decrease in the flux. Figure 10 is the same as Figure 9
except at L = 5. The dependence of the CDF curves on Vsw and Sym-H is prominent, whereas the depen-
dence on IMF Bz and Psw is relatively weak. The dependence is weak for higher energies and almost
vanishes at 7.7 MeV. It is noteworthy to understand that these results are drawn according to IMF and solar
wind parameters during storm main phase.

Similar analyses of the CDF curves are repeated for the CME-driven storms at L = 3 (Figure 11)and L = 5
(Figure 12). We find that the CDF curves at L = 5 do not show a significant difference between L =3 and L =
5, although the dynamic range in the abscissa is different. For the dependence on IMF Bz, it is clearly seen
that the electron flux increases for large southward IMF Bz (Bz < —6 nT). This is opposite to the tendency for
the CIR-driven storms (Figure 10). Electron flux tends to increase for fast solar wind (Vsw > 500 km/s) for
CME storms at L = 3. The dependence on Vsw is weaker than that for the CIR storm at L = 5. The
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Figure 6. Histograms of the rate of the change in the electron flux between the poststorm interval and the prestorm interval for the CME- and CIR-driven geomag-
netic storms at L = 3 for 3.4- to 7.7-MeV energy channels. When the rate of change falls within a factor of 2, we call it “no change.” When the rate is larger (smaller)
than 2, we consider it as “increase” (“decrease”). (a-d) The histograms for the CME- and CIR-driven storms. (e-h) The CIR-driven storms and (i-1) the CME-driven
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Figure 8. Cumulative probability distribution of poststorm to prestorm flux ratios binned according to CME- (red) or CIR-
(blue) driven geomagnetic storm at L = 3 (a—d) and L = 5 (e-h). Here we have a total of 56 observations for 28 CIR storms
and 54 observations for 27 CME-driven magnetic storms. The panels represent different energy channels at a given L-
value. The black line in each panel represents the value of . CIR = corotating interaction region; CME = coronal mass
ejection.

dependence on Psw is weak for the CME- and CIR-driven storms. The dependence on Sym-H is somewhat
weak for the CME-driven storms, whereas it is large for the CIR-driven storms (Figure 10).

4. Discussion

In our studies, we continue to extend the existing picture of the radiation belt electron flux variability in the
Earth's magnetosphere by analyzing the Van Allen Probes-REPT data from October 2012 to May 2017. We
statistically examined electron flux variations in the energy range of 3.4-7.7 MeV for 55 magnetic storms
having minimum Sym-H < —50 nT. Further, we classified these magnetic storms based on their respective
solar sources (CME and CIR) and categorized flux variability as enhancement, depletion, or no change based
on the electron flux observed at each L-value and each energy channel. We summarize the results, in Table 2,
from other previous investigations and compare the outcome to get a substantial understanding of electron
flux variation during magnetic storms. Our study extends previous studies and provides some new insights to
the current understanding of electron flux response to IP drivers.

For the considered range of energies, we find that the response of electron flux varies differently for the
CME-driven and CIR-driven storms at each L-value and interval of the storm and related solar wind para-
meters. At L = 3, the CME-driven storms show higher flux enhancements at lower energies (3.4-5.2 MeV)
than CIR storms, while no significant change is observed for higher energies (7.7 MeV; Figure 6). This could
be attributed to the strong plasmasphere erosion and a favorable condition for chorus waves to be excited at
low L-shell [e.g., Baker et al. 2004; Thorne et al., 2013]. On the other hand, it is found that, for L = 5, the flux

PANDYA ET AL.

10



Ar |

AUV . .
100 Journal of Geophysical Research: Space Physics 10.1029/2019JA026771
Vsw<500 km/s 38 =
Bz>-5nT 32 CIR Psw>4 nPa 36 Sym:H>100nT '48
1 1 1 1
E = 3.4 MeV (a) E =3.4 MeV (e) E =3.4 MeV i) E =3.4 MeV (m)
= = = x
Xo05 X205 X05 %05
= A=42711 K A=26321 % A=1833{ A=3333
$=0.89 S =36.15 S =73.60 S =50.30
0 0 0 0
1072 10° 102 102 10° 102 1072 10° 102 102 10° 102
1 1 1 1
E = 4.2 MeV (b) E = 4.2 MeV " E=4.2 MeV @) E = 4.2 MeV (n)
= = = =
X05 05 X205 %05
o A=30211 & A=2007 | A=17.22 | & A=39.58
S$=13.31 S =70.46 S =80.20 $=29.15
0 0 0
102 10° 102 102 10° 102 102 10° 102 102 10° 102
1 1 1 1
E =54 MeV () E = 5.4 MeV (9) E =54 MeV (k) E=5.4 MeV (0)
= = x =
= 0.5 = 0.5 = 0.5 < 0.5
A=33331 L A=1743 | & A=2889 | & A =50.00
$=7.38 S=84.85 S=19.44 $=9.30
0 0 0 0
1072 10° 102 102 10° 102 1072 10° 102 102 10° 102
1 1 1 1
E=7.7 MeV (d) E=7.7 MeV (h) E=7.7 MeV (0) E =7.7 MeV ®)
= = = x
X05 05 205 %05
[ A=20831 & A=2993 & A=2444 | & A=37.50
S=5397 $=22.00 S=37.46 S=35.41
0 0 0 0
102 10° 102 102 10° 102 102 10° 102 102 10° 102

Post storm/Pre storm

Post storm/Pre storm

Post storm/Pre storm

Post storm/Pre storm
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enhancements are more for CIR-driven storms than for CME up to 5.2 MeV. Irrespective of the storm driver,
the total percentage of the no change flux events decreases with the increasing L-value, that is, from L = 3
(70-90%) to L = 5 (15-90%) depending upon its energies. It is very much noticeable that there is a
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significant probability of flux enhancement for CIR-driven storms than CME, in particular for L = 5
(Figure 8). The CME and CIR storm response using GOES spacecraft at L = 6.6 by super epoch analysis
and found that CIRs are significantly more effective for the evolution of the outer belt electrons than
CMEs, due to existence of a series of particle injections driven by Alfven waves within the fast coronal
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Table 2
Summary of the Previous and Recent Studies of Radiation Belt Electron Flux During Geomagnetic Storms, Which Are Focused on CME- and CIR-Driven Storms
L-value Solar sources Total no.
Reference surveyed Energy surveyed category Spacecraft used of storms Outcomes
O'Brien et al. (2001) ~6.6 0.3-1.5 MeV Not categorized GOES 62 Sustained solar wind velocity >450 km/s
LANL increases relativistic electrons.

Reeves et al. (2003) ~6.6 1-3 MeV Not categorized POLAR 276 Relativistic electron flux shows an increase,
a decrease, or unchanged after a
geomagnetic storm. Dependence of
electron flux enhancements on Vsw
is shown.

Miyoshi and >1 and >300 keV CME + CIR NOAA-12 and GOES 78 CME-driven storms are effective at enhancing

Kataoka (2005) ~6.6 the subrelativistic electron flux (>300 keV)
at L < 3, while CIR-driven storms are the
most effective for rebuilding the
subrelativistic electron flux at L > 3.5.

Yuan and Zong (2012) >1 1.5-6 MeV CME + CIR SAMPEX 80 CME-driven storms produce more relativistic
electrons than CIR-driven storms.

Miyoshi et al. (2013) >2 and >2.5 MeV CIR Akebono and GOES 108 HSS events with the southward IMF are

~6.6 dominant for the relativistic electron
acceleration by whistler mode waves than
the events with the northward IMF

Hietala et al. (2014) ~6.6 >2 MeV CME GOES 31 CME sheaths are effective at depleting the
relativistic electron flux.

Anderson et al. (2015)  ~6.6 1.8-3.5 MeV Not categorized LANL 576 Dst is a poor indicator of the relativistic
electron dynamics

Turner et al. (2015) 2.5-6 Tens of Not categorized Van Allen Probes 52 At E > 1 MeV, the results are quite evenly

kiloelectron volts distributed between enhancements,
to 2 MeV depletions, and no-change events at

L > 4. At L < 4, most events result
in no change.

Kilpua et al. (2015) 3-6 and 0.06-1.5 MeV CME + CIR Van Allen Probe and 193 The electrons are depleted for CME ejecta

~6.6 GOES and sheaths while enhancements occur
during fast streams trailing the stream
interface or the CME.

Shen et al. (2017) 3-5 >1 MeV CME + CIR Van Allen Probes 59 CIR-driven storms have a greater effect at
geosynchronous orbit than CME-driven
storms especially for E>2 MeV

Moya et al. (2017) 6 1.8 MeV Not categorized Van Allen Probes 78 Depletion are more probable for 4- to 5-MeV
electrons in the outer radiation belt, and
no-change events are more frequent at
L < 3.5 for E ~ 3-MeV particles.

Murphy et al. (2018) 3-6 300keVto2.5MeV CME Van Allen Probes 73 Electron loss is mainly dominated during the
main phase by the electron loss while the
acceleration/source is dominated during the
recovery phase

Turner et al. (2019) 2.5-6  30keV to 6.3 MeV CME + CIR Van Allen Probes 110 CME shocks/sheaths and ejecta result in
a depletion of >1-MeV electrons for
L < 5. Storms driven by full CMEs and CIRs
produce an enhancement of megaelectron
volt electrons at L > 4.5

Note. CIR = corotating interaction region; CME = coronal mass ejection; HSS = high-speed solar wind streams; IMF = interplanetary magnetic field.

hole stream following the CIR [Miyoshi and Kataoka (2005). Recently, Turner et al. (2019) studied the
electron flux variation during 110 magnetic storms driven by CME and CIR at different L-values for the
band of 30 keV to 6.3 MeV. They found that at energies >1 MeV, for CIR storms, more electron flux is
enhanced at L > ~4.5 and for CME storms at L < 5. This is in accordance with our results that, at L = 3
increase of the electron flux was observed only for the CME-driven storms, while at L = 5 for CIR storms.

In the present study we determined the preferential IMF parameters leading to megaelectron volt electron
enhancements for different solar wind parameters at different L-value and energies. We show that high
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solar wind velocity is one of the major factors leading to the electron flux enhancement at L = 5. The post-
storm of electron flux enhances at all the energies with the increasing Vsw. The effects are more distinct in
case of CIR-driven storms. The CME-driven magnetic storms at L = 3 also shows the electron flux increase
with the increasing Vsw. This results are consistent with the previous results by Baker et al. (1997), Kanekal
et al. (1999), Reeves et al. (2003, 2011), and Yuan and Zong (2013), in which magnetic storms are not cate-
gorized. Additionally, we found that, the enhancement of the relativistic electron flux is relatively associated
with Vsw than IMF Bz at L = 5, whereas it is associated with IMF Bz than Vsw at L = 3. For southward IMF
Bz (<—6 nT), the electron flux enhances and it is more prominent for CME-driven storms at L = 5
(Figure 12). Further, Li et al. (2011) studied that southward IMF Bz is the essential condition for the electron
flux enhancements and selection of criteria of solarwind parameters is utmost important to study the related
flux variations. Recently, Aryan et al. (2014) studied that a large chorus intensities are observed during active
conditions having high Vsw, low solar wind densities, high Psw, and high IMF Bz. Moreover, this is found to
be consistent with recently developed a multiparameter chorus and plasmaspheric hiss wave models based
on geomagnetic index and solar wind parameters (Aryan et al., 2017). Chorus wave activities largely depend
on solar wind speed and southward IMF Bz strength. Very recently, Zhao et al. (2019) concluded that higher
solar wind speed, prolonged southward IMF Bz, and lower number density could be the possible reasons for
enhancement of electron flux in outer belt for magnetic storms, which are not classified as CME or CIR. Iles
et al. (2002) showed that the main requirement for electron flux enhancement and generation of whistler
mode waves during a recovery phase is the fast solar wind and predominant southward IMF Bz or fluctuat-
ing around zero. Recently, Yuan and Zong (2019) categorized CMEs into four types according to Bz direction
upstream of IP shock, at sheath region and within CME. They quantified the variations of 1.8- to 7.7-MeV
electrons and found that continuous southward IMF Bz from upstream of shock to CME leading edge cause
a prominent enhancements of megaelectron volt electrons, while continuous northward IMF Bz from
upstream of shock to CME leading edge results in depletion of megaelectron volt electrons.

We studied the dependence of the change in the relativistic electron flux on Sym-H at particular L-shell and
energy for CME and CIR storms. Our results clearly show that the intensity of storm (as seen by Sym-H) sig-
nificantly result in the increase of electron flux at L = 3 and 5 for CIR storms, while weaker strength noticed
for CME storms. Our study reveals the probability of electron flux variations in terms of the averaged solar
wind parameters and the storm drivers at L = 3 and 5. There are several mechanisms involved in the electron
flux variations like, magnetopause shadowing (Bortnik et al., 2006), radial transport by ULF waves (Rostoker
et al., 1998), interaction with chorus waves (Horne & Thorne, 1998; Li et al., 2015; Summers et al., 1998;
Thorne et al.,, 2013), and interaction with electromagnetic ion cyclotron waves [Baker et al., 2019;
Summers & Ma, 2000; Turner et al., 2019, and references there in]. In particular, nonlinear interaction with
electromagnetic ion cyclotron waves is suggested to cause scattering of relativistic electrons very rapidly,
resulting in precipitation into the upper atmosphere (Omura & Zhao, 2012). The clear attribution of any
mechanism for electron flux enhancements or dropouts is beyond scope of our study. However, our statisti-
cal results will provide an important input to test model studies in particular for CIR- and CME-driven geo-
magnetic storms for electron flux with the energies of >3.4 MeV.

5. Summary

When we compare the prestorm and poststorm fluxes, the significant outcomes of the studies are the follow-
ing: (i) At L = 3, we found that for >70% of the total geomagnetic storms, the electron flux remains
unchanged at all the energy channels. (if) When compared with CME storms, CIR-driven magnetic storms
do not significantly affect the electron flux at L = 3 (>82% magnetic storms show no change). (iii) At L = 5,
for >80% of the magnetic storms, the fluxes changes at E = 3.4 MeV. However, the electron flux variation
decreases with the increasing energies. (iv) Out of the total flux variation at L = 5 and E = 3.4 MeV, ~53%
increased and ~30% decreased. Out of the total flux increases ~56% is from CIR storms, while ~44% is from
CME-driven magnetic storms. (v) Poststorm electron flux is basically independent of the prestorm flux. (vi)
Solar wind speed (Vsw) is crucial for the electron flux enhancements. The poststorm electron flux, especially,
at L = 5 for CIR-driven magnetic storms, increases with Vsw. At higher energies, especially >5.4 MeV, the
role of Vsw for electron flux enhancement diminishes. (vii) At L = 3 for CIR-driven storms, magnitude of
IMF Bz and Sym-H is also considered as another important parameter that helps electron flux enhancement.
(viii) The electron flux variation is largely dependent on storm strength (Sym-H) in particularly for CIR-
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driven storms at L = 5. Our results highlight the importance of understanding electron loss and acceleration
processes during geomagnetic storms. Electron flux observed during the magnetic storms is a delicate bal-
ance between the amount of acceleration and the amount of loss.
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