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We present a statistical investigation (September 2012 - September 2017) of
pitch angle distribution (PAD) of energetic electrons (~30 keV - 1 MeV) in the
outer radiation belt (L > 3) during CME- and CIR-driven geomagnetic storms
using Van Allen Probe measurements. We selected geomagnetic storms based
on minimum of SYM-H being less than -50 nT and classified the storms
according to their drivers. Thus, we obtained 23 CME- and 24 CIR-driven
storms. During the storm intervals, pitch angle resolved electron flux
measurements are obtained from the MagkElIS instrument on-board Van Allen
Probe-A spacecraft. We assume symmetric pitch angle distributions around 90°
pitch angle and fit the observed PADs with Legendre polynomials after
propagating them to the magnetic equator. Legendre coefficients ¢, and ¢4,
and the ratio R = |co/cy4| are used to categorize the different PAD types. To
resolve the spatio-temporal distribution of PADs, these coefficients are binned
in 5 L-shell bins, 12 MLT bins for seven energy channels and four storm phases.
We found that several hundreds of keV electrons exhibit clear dependence on
local time, storm phases and storm drivers, with increased anisotropy for CME-
driven storms during main and early recovery phases. On the contrary, we found
that tens of keV electrons do not exhibit significant dependence on these
parameters. We have discussed the different physical mechanisms responsible
for the observed MLT dependent PADs and found drift-shell splitting to be the
major contributor.
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Introduction

The earth’s radiation belt electron dynamics is highly
complex, resulting from a delicate competition between
different acceleration, transport and loss mechanisms (e.g.,
Friedel et al. (2005)). The acceleration mechanism is mostly
driven by inward radial diffusion of radiation belt electrons from
higher to lower radial distances, or local wave-particle
interactions with various magnetospheric waves, or a
combination of the two (e.g., Schulz and Lanzerotti (1974);
Southwood and Kivelson (1981); Elkington et al. (2003);
Horne et al. (2003); Baker and Kanekal (2008); Ukhorskiy
et al. (2009); Zong et al. (2009); Thorne (2010); Claudepierre
et al. (2013); Reeves et al. (2013); Ma et al. (2015); Boyd et al.
(2016); Zong et al. (2017)). Interplanetary (IP) shocks generating
strong electric field impulse can also cause rapid energization of
radiation belt electrons within a time scale of few minutes (e.g.,
Foster et al. (2015); Kanekal et al. (2016)). The loss mechanism is
driven by pitch-angle scattering of electrons and subsequent
atmospheric precipitation led by wave-particle interactions
(e.g., Thorne (1977); Rodger et al. (2007); Reidy et al. (2021)),
or magnetopause shadowing caused by sudden magnetospheric
compression (e.g., Yu et al. (2013); Staples et al. (2020); Cohen
et al. (2021)), or a combination of both (e.g., Summers and
Thorne (2003); Bortnik et al. (2006); Shprits et al. (2006);
Ukhorskiy et al. (2006); Turner et al. (2012); Blum et al
(2015); Shprits et (2017)). The

dynamics also show strong dependence on several factors,

al. relativistic ~electron
such as, geomagnetic activity, solar wind driving conditions,
spatial location, local time, and background magnetospheric
conditions (e.g., Li et al. (1997); Reeves et al. (1998, 2003);
Meredith et al. (2003); Lee et al. (2013); Ni et al. (2013);
Thorne et al. (2013b,a); Baker et al. (2013, 2014b,a)). To
comprehensively understand the underlying physical processes
responsible for the complex radiation belt electron dynamics, an
useful approach is to investigate the evolution of electron pitch
angle distribution (PAD). This is because electrons of different
energies at different pitch angles respond differently to the
external influences (e.g., Chakraborty et al. (2021)) and
therefore, PADs can provide important information on the
source and loss processes in a specific region.

There are several types of PADs for electrons in the outer
radiation belt. The simplest of them is the isotropic distribution,
which is usually observed in the midnight MLT sector at
geosynchronous (GEO) orbit for substorm-injected electrons
having energy in the range of few tens to hundreds of keV
(Asnes et al, 2005). Some other commonly observed outer
radiation belt electron PADs are the pancake distribution,
butterfly distribution and flat top distribution. The pancake
distribution is the most prevalent type of PAD for outer
radiation belt electrons. This type of PAD is mostly found on
the dayside and is identified by electron flux maximum at 90°
pitch angle (e.g., West et al. (1973); Gannon et al. (2007)). The
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mechanisms that have been attributed to the formation of this
type of PAD are pitch angle diffusion caused by wave-particle
interaction and inward radial diffusion (Schulz and Lanzerotti
(1974); Summers et al. (1998); Horne et al. (2003); Xiao et al.
(2009b,a, 2012, 2014); Thorne et al. (2013c)). The butterfly PAD
is generally observed at nightside at larger L-shells and is
characterized by lower electron fluxes at 90° pitch angle
compared to fleld-aligned directions. This type of distribution,
at larger L-shells, is mostly attributed to drift-shell splitting of
electrons in an asymmetric magnetic field (e.g., Sibeck et al.
(1987); Selesnick and Blake (2002)), while at lower L-shells, past
studies have shown that wave-particle interactions with chorus
and/or magnetosonic waves can generate this type of PAD (e.g.,
Horne et al. (2005); Li et al. (2016)). The flat top PAD is generally
observed at dawn and dusk local times at larger L-shells and has
almost similar electron fluxes spread over a wide pitch angle
range around 90° pitch angle. Wave-particle interaction is
believed to generate this type of PAD and it is considered to
be an intermediate distribution between the pancake and
butterfly PADs (e.g., Horne et al. (2003); Zhao et al. (2017)).
Past studies have shown that radiation belt electron
pitch exhibit energy
dependence. Most of the equatorial PADs of 1-10s of keV
electrons in the outer radiation belt are pancake shaped (e.g.,
Zhao et al. (2020)). On the contrary, for hundreds of keV to few
MeV electrons, pancake PADs are prevalent on the dayside of

equatorial angle distributions an

both the outer and inner magnetosphere, while butterfly PADs
are prevalent on the nightside magnetosphere over extended
radial distances (e.g., West et al. (1973); Gannon et al. (2007); Ni
etal. (2015); Pandya et al. (2020)). The electron PADs have also
been found to depend on geomagnetic activity, L-shell and
magnetic local time (MLT) (e.g., Shi et al. (2016)). During
geomagnetic disturbed periods, the anisotropy of electron
PADs have been found to increase: pancake PADs become
more 90°-peaked. This has mostly been attributed to chorus
acceleration for regions outside the plasmasphere and
electromagnetic ion cyclotron (EMIC) wave scattering for
regions inside the plasmasphere (e.g., Ni et al. (2015)).
However, butterfly PADs do not exhibit strong correlation
with solar wind parameters, specifically, solar wind dynamic
pressure (Ni et al., 2016).

In recent years, several studies have examined the statistical
relationship between energetic particle equatorial pitch angle
distributions, different phases of geomagnetic storms, and solar
wind drivers using Van Allen Probe observations. Ni et al. (2015)
used 15 months of electron flux measurements from the
Relativistic Electron Proton Telescope (REPT) instrument
onboard the Van Allen Probes to study the storm time
evolution of PADs of ultra-relativistic (> 2 MeV) electrons.
They used sinusoidal functions of the form sin"(«) to fit the
observed pitch angle distribution, and used the sine power # to
indicate pitch angle anisotropy. The results from Ni et al. (2015)

showed that n increases with geomagnetic activity, suggesting
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increased pitch angle anisotropy during storm main phase.
Pandya et al. (2020) used 5 years of Van Allen Probe REPT
measurements to study the variation of pitch angle distribution
of relativistic electrons (1.8-6.3 MeV) during different phases of
55 geomagnetic storms driven by different solar wind drivers,
namely, coronal mass ejections (CMEs) and corotating
interacting regions (CIRs). Using the same sinusoidal fitting
method, Pandya et al. (2020) found the PADs to exhibit
strong dependence on MLT at higher L-shell (L = 5), while at
lower L-shells (L = 3), the electron PADs are found to be less
affected by geomagnetic activity and storm phase. Although, they
couldn’t find any significant dependence of the relativistic
electron PADs on the storm drivers (27 CMEs and 28 CIRs).
Greeley et al. (2021) studied the energization and isotropization
of the same outer radiation belt relativistic and ultra-relativistic
electron population (1.8-7.7 MeV) using REPT measurements
and sinusoidal fitting methods during storms driven by CMEs
and CIRs. They found that electron PADs are, in general, more
anisotropic for CME-driven storms compared to CIR-driven
storms. Also, the PADs of higher energy electrons are more
anisotropic than lower energy electrons, and the anisotropy
peaks within a day of DST,;,. The isotropization of electron
PADs were also found to have faster rates for CME-driven storms
than CIR-driven storms. Smirnov et al. (2022) used Van Allen
Probe Magnetic Electron Ion Spectrometer (MagEIS) instrument
measurements to examine equatorial PADs of electrons in the
energy range 30 keV - 1.6 MeV during 129 geomagnetic storms
in the entire Van Allen Probe era (2012-2019). They used
sinusoidal functions to fit the observed PADs for day and
night MLT sectors. Smirnov et al. (2022) found that on the
dayside, the distributions are mainly pancake which become
more 90° peaked during the storm main phase, and this
anisotropy increases with electron energy. They also found
butterfly PADs to be more prevalent on the nightside at
higher L-shells during geomagnetic quiet conditions, that
spread to lower L-shells during enhanced geomagnetic activity.

The previous studies discussed above, although, provide a
comprehensive picture of the storm-time evolution of electron
PADs in the outer radiation belt, the effect of storm drivers
(CMESs/CIRs) on the electron population having energies in the
range of few tens to several hundreds of keV has not yet been
investigated. Therefore, in this study, using 5 years (September
2012 to September 2017) of energetic electron flux (~30 keV to
~1 MeV) measurements from the MagEIS instrument on board
the Van Allen Probe-A spacecraft, we have extensively examined
the evolution of equatorial PADs in the outer radiation belt (L >
3) as a function of L-shell, MLT and electron kinetic energy
during different phases of 23 CME- and 24 CIR-driven
geomagnetic storms. The measured electron PADs have been
propagated to the magnetic equator and 5-min averages have
been calculated. To fit the equatorial PADs, a Legendre
polynomial form has been adopted following the method used
by Chen etal. (2014); Zhao et al. (2018, 2020), and the coefficients
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of Legendre polynomials are binned in radial distance (L), local
time (MLT) and electron kinetic energy. The coefficients give us
information about the electron PAD type and hence, the binned
coefficients are plotted on L-MLT polar maps to study the
characteristics of equatorial PADs during different phases of
geomagnetic storms. The underlying physical mechanisms
responsible for the observed PAD types have also been examined.

This paper is organized as follows: in Data and event
selection, data used in this study and the event selection
criteria are provided; in Methodology, the data analysis
methodology is discussed; in Results, the statistical results are
presented; in Discussion and conclusion, the possible physical
mechanisms are discussed; and finally, in Summary, we provide
our concluding remarks.

Data and event selection

The (MagkEIS)
instrument of Energetic Particle, Composition, and Thermal
Plasma Suite (ECT; Spence et al. (2013)) on board the Van
Allen Probes flying near the equatorial plane (Mauk et al., 2013)

Magnetic Electron Ion Spectrometer

provides high resolution electron flux measurements over an
energy range of ~ 30 keV to 4 MeV (Blake et al., 2013; Spence
et al, 2013). In this study, we have used the pitch angle resolved
Level 3 MagEIS data from Probe A measurements during the
period September 2012 to September 2017 at seven specific
energy channels (33 keV, 80 keV, 143 keV, 226 keV, 346 keV,
597 keV, and 909 keV) binned to 11 pitch angles (8.19°, 24.55",
40.91°, 57.27°, 73.64°, 90°, 106.36°, 122.73°, 139.09°, 155.45°, and
171.82°). Measurements from Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS; Kletzing
et al. (2013)) on board the Van Allen Probe - A spacecraft are
also used to investigate the chorus and ULF (ultra-low frequency)
wave activity during this period. The EMFISIS wave instruments
collect survey measurements of the wave electric and magnetic
fields during half-second collection periods every 6s over
65 logarithmically spaced frequency intervals between ~1 Hz
to ~12kHz. EMFISIS is also equipped with a fluxgate
magnetometer (FGM) that measures the magnetic field with a
sampling rate of 64 vectors/sec. In this study, we have used the
FGM data that provides magnetic field with 1 s resolution. The
key solar wind parameters and geomagnetic indices are procured
from the OMNIWEB data service with 1 min resolution.

To study the effects of storm drivers on the evolution of
radiation belt electron PADs, we created a 5 year period database
of geomagnetic storms from September 2012 to September 2017.
To create the database, we selected storms such that the
minimum SYM-H index was less than -50 nT and classified
them according to their drivers, namely coronal mass ejections
(CMEs) and corotating interacting regions (CIRs), the details of
which are listed in Table 1. The list of storms in Table 1 consists
of storms presented in Pandya et al. (2019) and other new storms
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TABLE 1 List of CME- and CIR-driven geomagnetic storms.

Event CME-associated storm

1 2012-10-01 -138
2 2012-11-14 -118
3 2013-03-17 -132
4 2013-06-01 -137
5 2013-06-29 ~111
6 2013-07-06 -80
7 2013-10-02 -90
8 2014-02-27 -101
9 2014-04-30 -76
10 2014-09-12 -97
11 2014-12-22 -65
12 2015-01-07 -135
13 2015-03-17 -234
14 2015-06-23 -208
15 2015-07-23 -83
16 2015-11-07 -106
17 2015-12-20 -170
18 2015-12-31 -117
19 2016-03-06 -110
20 2016-10-13 -114
21 2016-11-09 -55
22 2017-05-27 -142
23 2017-07-16 -67
24

to complete the 5 year period database. In addition, as our aim is
to study the evolution of PADs during different phases of
geomagnetic storms driven by different solar wind drivers, we
also ensured that the selected storms are isolated events. The new
ICME events identified in this work are supported by the event
list published by Cane and Richardson (http://www.srl.caltech.
edu/ACE/ASC/DATA/level3/icmetable2.htm), and the new CIR
events are consistent with the list of SIR/HSS events during
1995-2017 published by M. Grandin, A. T. Aikio, and A.
Kozlovsky (Grandin et al., 2019). After the storms are selected
and classified, they are divided into different storm phases,
defined as: main phase - the duration starting from the time
when SYM-H index begins to monotonically decrease to when
SYM-H reaches its minimum value; pre-storm phase - a period of
10 h prior to the main phase; early recovery phase - a period of
10 h after the main phase; and late recovery phase - a period of
10 h after the early recovery phase.

Methodology

To study the distribution of energetic electron PADs, the
PADs need to be quantified. In the past, different models have
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CIR-associated storm SYM-H,,;, (nT)

2013-01-26 —62
2013-03-01 -76
2013-08-27 —64
2013-10-30 =57
2013-12-08 =72
2014-06-08 =72
2015-02-17 =70
2015-02-24 -76
2015-05-13 -98
2015-06-08 -105
2015-07-05 -87
2015-07-13 -71
2016-01-20 -95
2016-02-03 —-60
2016-05-08 -105
2016-07-25 =51
2016-08-03 —63
2016-08-23 -83
2017-03-01 74
2017-03-27 -86
2017-04-04 =50
2017-05-29 —-142
2017-08-29 —64
2017-09-26 =74

been used to quantify PADs. Out of them, the most commonly
used are PAD models of the form sin"(«), where n is the
anisotropy index and « is the pitch angle (e.g., Garcia (1996);
Vampola (1997)); and empirical models using the method of
Legendre polynomial fitting (e.g., Chen et al. (2014); Zhao et al.
(2018, 2020)). The problem with fitting models having the form
of sin”(«) is that they can not represent butterfly PADs, whereas a
complete set of Legendre polynomials can represent any form of
PADs (Chen et al., 2014; Zhao et al., 2018, 2020). This makes
Legendre polynomial fitting models better candidates to study
electron PADs in the radiation belt. Chen et al. (2014), taking
measurements from CRRES, Polar and LANL-GEO satellites and
using the method of Legendre polynomial fitting developed an
empirical model of relativistic electrons (~ 150 keV to 1.5 MeV)
in the outer radiation belt. Later, Zhao et al. (2018) developed an
empirical model of electron PADs in the slot region and inner
radiation belt as a function of L-shell, MLT, electron energy and
geomagnetic activity using 4 years of Van Allen Probe
measurements and Legendre polynomials. Most recently, Zhao
et al. (2020) using 7 years of data from Van Allen Probes HOPE
instrument and Legendre polynomial fitting of observed PADs
examined the equatorial PADs of 1-50 keV electrons in the inner
magnetosphere. In this study, we have adapted the same method
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FIGURE 1

Examples of (A) pancake, (B) flattop and (C) butterfly pitch angle distributions. The red filled circles are normalized electron flux of 143 keV
electrons measured by MagEIS instrument on-board the Van Allen Probe-A spacecraft (propagated to the magnetic equator and averaged in 5 min
assuming symmetric distribution around 90° pitch angle), and blue curves show the Legendre polynomial fitting results. The first six Legendre
coefficients (c;— ce), RMSD and magnetic ephemeris information (L, MLT, MLAT) are provided in each panel.

of Legendre polynomial fitting as described in Chen et al. (2014)
and Zhao et al. (2018, 2020) to investigate the effect of storm
drivers on the statistical properties of equatorial electron PADs in
the outer radiation belt. Although the methodology adapted in
this study is the same as mentioned in the previous works, the
main focus of this study is to explore any characteristic
differences in the PADs of outer radiation belt electrons
spanning an energy range from tens of keV to MeV during
storms driven by different storm drivers.

Towards that goal, the steps followed in this study can be
described as: (1) We selected the electron flux data when Van
Allen Probe-A was close to the magnetic equator with the
absolute value of magnetic latitude (MLAT) less than 10"
This ensured that we have equatorial PADs with a wide pitch
angle coverage. (2) The measured electron PADs are propagated
to the magnetic equator using T89D (Tsyganenko, 1989)
magnetic field model. The selection of electron flux data when
the Van Allen Probe-A was within £10° MLAT also assured that
there is no large data gap near 90° pitch angle after propagating
the observed local electron flux data to the magnetic equator. (3)
5-min averages of equatorial PADs are calculated from the ~
10.8 s resolution data, assuming symmetric PADs around 90°
pitch angle. (4) The measured 5-minute-averaged equatorial
PADs then fitted by Legendre
represented by a set of normalized Legendre coefficients (c,).

are polynomials and
For a more comprehensive description of the Legendre
polynomials and coefficients, the readers are encouraged to
read the methodology sections of Chen et al. (2014); Zhao
et al. (2018, 2020). In this study, we have included only those
PADs that are well fitted by Legendre polynomials with a root-
mean-square-deviation (RMSD) < 0.1.

Figure 1 shows examples of Legendre polynomial fitting
results of the three most prevalent PAD types in the outer
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radiation belt: (a) pancake, (b) flat top and (c) butterfly. The
fitting results are shown by blue curves and the measured
equatorial PADs are shown by red filled circles. The sets of
first six normalized Legendre coefficients ¢; — ¢ representing the
different PAD types are shown at the top of each panel. Although
a complete set of Legendre polynomials should be used to
represent a PAD, in statistical studies, it is reasonable to
retain only a handful of coefficients (Zhao et al., 2018). Chen
et al. (2014) demonstrated that electron PADs in the outer
radiation belt can be well categorized by Legendre
polynomials up to the sixth order and therefore, in this study,
we have used normalized Legendre coefficients up to ¢ to
represent the measured PADs. Further, as we are considering
symmetric PADs around 90° pitch angle, we have taken the odd
order Legendre coefficients, i.e., ¢;, ¢3, and cs as zero. Therefore,
¢, ¢4 and ¢ become the only three fitting parameters for
representing the equatorial PADs. Chen et al. (2014) also
showed that as n increases, the value of ¢, becomes
significantly small and therefore, different pairs of the first
two even order Legendre coefficients (c,, ¢4) can be directly
read for categorizing PAD types. In this study, our discussions
will thus include only ¢, and ¢,. Pancake PADs have negative and
larger ¢, values and smaller values of |cy| (Figure 1A), flat top
PADs have usually comparable values of ¢, and ¢, (Figure 1B),
and butterfly PADs have negative and larger ¢, values and
smaller/comparable values of ¢, (Figure 1C). Therefore, if we
take ratio of the two coefficients, say R = |§—j|, then for pancake
PADs, R will be greater than one; for flattop PADs, R will be
comparable to one; and for butterfly PADs, R will be less than 1.
Thus, the values of R can be used to directly identify the PAD types.
To resolve the spatial and temporal distribution of PADs, the
coefficients ¢, and ¢, and the parameter R are binned in L with
bin width 0.8 L (5 bins from L = 3 to L = 7), MLT with bin width 2 h
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(12 bins), electron energy E (7 energy channels) and storm phases
(4 storm phases). Then, medians of the coefficients (¢, ¢;) and R in
each (L, MLT, E, and storm phase) bin are derived, based on which
the characteristics of ~30 keV to 1 MeV electron equatorial PADs in
the outer radiation belt are presented. Further, to ensure that we
have enough number of data points in each L-MLT bin for statistical
evaluation, we considered only those bins that have at least 40 data
points. This is because bins with few number of data points may
falsely appear as MLT variation. Supplementary Figure S2 in the
supporting document shows the distribution of data points in each
L-MLT bin. Supplementary Figure S3 shows the distribution of the
parameter R without excluding any bin to highlight the randomness
of such distribution if we include bins with few number of data
points.

To investigate the possible role of wave-particle interactions
in driving the different PAD shapes, we examined the statistical
properties of whistler mode chorus and Pc5 mode ULF waves
during the period of our study. To identify the chorus waves
having typical frequencies in the range 0.05-0.8 f.,, where f,, is
the equatorial electron gyrofrequency, we used the criteria as
described in Bingham et al. (2019), such as the Van Allen Probe-
A is outside the plasmasphere, and the waves have planarity >
0.6 and ellipticity > 0.7. After identifying the chorus waves, the
wave amplitudes are binned in (L, MLT, and storm phase) as
defined earlier. To visualize the excitation of the waves, we
defined an excitation factor (F) as the ratio of the chorus
wave power in each individual (L, MLT, and storm phase) bin
to the background chorus wave power. For background chorus
wave power, we considered the minimum chorus wave power
during the pre-storm phase. Finally, superposed epoch analyses
(SEA) is performed to derive the median of the parameter F,
based on which the role of chorus waves in outer radiation belt
electron dynamics is discussed.

To study the statistical distribution of Pc5 mode ULF waves
in the outer radiation belt, 1 s resolution magnetic field data from
the fluxgate magnetometer of EMFISIS on board the Van Allen
Probe-A spacecraft for the region L > 3 are first projected on a
mean-field aligned coordinate system to separate ULF field
variations along directions both perpendicular and parallel to
the magnetic field Takahashi et al. (1990). In this coordinate
system, the mean field is defined as the 400 s running average of
the magnetic field vector (B). The individual components are
defined as: (1) parallel component é; = (B)/|{B); (2) azimuthal
component €, = { B) x r, where r is the position vector of the
spacecraft with respect to the earth’s center; and (3) radial
component é; = é, x &. The magnetic field components are
defined as: radial (poloidal) component B, = B¢, which is
pointing radially outward; azimuthal (toroidal) component B, =
B - ¢, which is positive eastward; and parallel (compressional)
component B, = |B| — |{ B)|, which is pointing along the
magnetic field. Once the observed magnetic field has been
resolved into its three directional components, a low-pass
Butterworth filter with cut-off frequency of 10 mHz is applied
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to obtain wavelet power spectra covering the Pc5 frequency range
(typically 2-7 mHz) Balasis et al. (2013). For wavelet analysis, we
used Morlet mother wavelet function with w, = 6, as Morlet
wavelet in the range w, = 5-10 provides high time resolution that
is ideal for the study of ULF waves in the Pc4-5 range Balasis et al.
(2013). This provided us with ULF wave power in the
Pc5 frequency range for the three magnetic field components.
We then manually identified and eliminated false wave events for
each individual storm. Finally, SEA is performed to derive
median Pc5 ULF wave power, based on which, the role of
ULF waves in the outer radiation belt PAD is investigated.

Results

Using the methodology as described in Methodology, here we
present the statistical results of radiation belt electron PADs as a
function of L-shell, MLT and electron energy E during different
phases of CME- and CIR-driven geomagnetic storms.

Figure 2 shows the L-MLT distribution of the medians of ¢,
(left panel) and ¢, (right panel) at seven specific energy channels
(from top to bottom: 33 keV, 80 keV, 143 keV, 226 keV, 346 keV,
597 and 909 keV) during pre-storm, main, early recovery and late
recovery phase of CME-driven geomagnetic storms. For each
plot, the Earth is at the centre and the Sun is to the left. MLT =
12 is indicated in the leftmost column, and the concentric circles
denote L values from L = 1 to 7 with L-width of 2 Rz The
colorbar denotes the ¢, and ¢, values spanning a range from -1 to
1. From Figure 2, we can see that the coefficients ¢, and ¢, exhibit
dependence on electron energy, storm phase, L-shell and MLT.
We can also see that these coefficients exhibit opposite variations,
the combined (c,, ¢,) values being consistent with those defined
in Methodology. To understand these features explicitly, first, if
we increase the electron energy during a particular storm phase,
we can find that the distributions of ¢, and ¢4 are different in
different energy channels. As an example, during the pre-storm
phase, we can see that in the low energy channels, ¢, values are, in
general, negative at all L-shell and MLT, while in the higher
energy channels, a clear day-night asymmetry can be seen: ¢,
values are mostly negative on the dayside and positive on the
nightside outside L = 4. The parameter c4, on the other hand, at
lower energy channels, is mostly positive inside L = 4 and near
zero to slightly negative outside L = 4. At higher energies, at lower
L-shells, ¢, is mostly near-zero, while at higher L-shell and
nightside, it exhibits negative values. Second, keeping the
energy fixed, if we compare the distribution of ¢, and ¢4
during different storm phases, we can find the coefficients to
show clear storm phase dependence, particularly in the medium
and high energy channels. For example, during the pre-storm
phase, ¢, (cy) values of 597 keV electrons are mostly negative
(near-zero) on the dayside and slightly positive (slightly negative)
on the nightside outside L = 4. During the main phase, ¢, (c4)
values become mostly negative (positive) on the dayside and
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The distribution of coefficients c, (left panel) and c4 (right panel) in a respective L-MLT bin during coronal mass ejection (CME) driven
geomagnetic storms at seven specific energy channels, from top to bottom: 33 keV, 80 keV, 143 keV, 226 keV, 346 keV, 597 keV, and 909 keV. The
columns correspond to different storm phases. MLT = 12 is indicated in the leftmost column and the concentric circles denote L values from L =1to
7 with L-width of 2 Rg. For each panel, the Earth is at the centre and the Sun is to the left. The colorbar represents the corresponding ¢, and c4

values.

positive (negative) on the nightside. During the early recovery
phase, the day-night asymmetry further increases. In the late
recovery phase, the day-night asymmetry still persists, but the
values become less intense, indicating reduced anisotropy. These
examples also highlight the L-shell and MLT dependence that
itself varies with electron energy and storm phase.

Figure 3 shows L-MLT distribution of the medians of ¢, and
¢4 values for CIR-driven geomagnetic storms in the same manner
as in Figure 2. Similar to CME-driven storms, the coefficients ¢,
and ¢, exhibit energy dependence, L-shell dependence, day-night
asymmetry and storm phase variations. The overall features of
the variations in ¢, and ¢4 are found to be common for both the
storm drivers (CMEs/CIRs), the only difference being in the
values of the coefficients, particularly in the higher energy
channels. For CME-driven storms, the ¢4 values in the energy
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range 597-909 keV are close to ~ -1 for L > 3 and MLT =~18-4
during early recovery phase, whereas for CIR-driven storms, c,
values are in the range -0.25 to -0.75 for L > 4 and MLT =16-2.
This indicates slightly higher anisotropy in ¢, values for CME-
driven storms compared to CIR-driven storms. One can also see
that for CIR-driven storms, in the energy range 597-909 keV, ¢,
values are close to ~ 1 for L > 5and MLT ~16-4 during the main
phase, whereas for CME-driven storms, ¢, values are comparably
smaller (~ 0.75).

Figure 4 shows L-MLT distribution of the medians of the ratio
R = |cy/cy| for CME-driven (left panel) and CIR-driven (right panel)
geomagnetic storms. As defined in Methodology, pancake PADs
have R > 1, flattop PADs have R = 1 and butterfly PADs have R <
1. From the colorbar on the right, we can see that R > 1 values are
denoted by red to deep red, R = 1 values are denoted by slight red to
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Same as in Figure 2 but during corotating interacting region (CIR) driven geomagnetic storms.

slight blue,and R < 1 values are denoted by blue to deep blue. These
R values are used to identify the different PAD shapes. While
identifying the different PAD shapes, we have excluded the single
bins that exhibit random values as they might be manifestations of
statistical bias and falsely indicate MLT variations. We mostly
concentrate on the overall distribution and several intriguing
features are revealed from Figure 4:

1. In the low energy channels (33-80 keV), the fitting results
suggest that majority of PAD fits have values of R > 1 during
all the four storm phases and both the storm drivers (CMEs/
CIRs). This indicates that majority of tens of keV electrons in
the outer radiation belt exhibit pancake PADs. This is in
agreement with the results of Zhao et al. (2020): using
observations from the HOPE instrument on board the Van
Allen Probes and the same Legendre polynomial fitting
technique, they showed that most of the tens of keV
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electron equatorial PADs in the inner magnetosphere
during geomagnetically quiet (Kp < 1+), moderate (1+ <
Kp < 3+), and active times (Kp > 3+) are pancake PADs.

. In the medium energy channels (143-226 keV), for CME-

driven storms, during the pre-storm and main phase, R values
are > 1; during the early recovery phase, a day-night
asymmetry in R values can be seen: R > 1 at the dayside
and R ~ 1 or slightly < 1 at the nightside; and during the late
recovery phase, R values again become mostly greater than 1.
This indicates that during the pre-storm and main phase,
majority of few 100s of keV electrons exhibit pancake PADs;
during the early recovery phase, they exhibit pancake PADs at
the dayside and flattop PADs at the nightside; and during the
late recovery phase, the PADs again become mostly pancake
shaped. Just as the combination of ¢, and ¢, and hence R
provides information about the PAD shapes, changes in their
values give an estimation of the pitch angle anisotropy. Higher
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Comparison of the ratio R = |co/c4| between CME-driven (left panel) and CIR-driven (right panel) geomagnetic storms. R is plotted in the same

manner as in Figure 2, 3.

values of R suggest higher anisotropy. From Figure 4, it can be
seen that during the early and late recovery phases, R values
are significantly larger which suggest greater pitch angle
anisotropy during these storm phases. For CIR-driven
storms, the fitting results suggest that during the pre-storm
phase, R values are > 1; during the main phase, R values ~ 1 or
slightly < 1 can be seen at ~ 18 MLT and ~ 2 to 5 MLT; and
during the early and late recovery phases, R values again
become > 1. This indicates that during the pre-storm and
recovery phases, the PADs are mostly pancake, while during
the main phase, flattop PADs can be seen at around the dusk
and dawn MLT sectors. R values are also higher during the
early and late recovery phases, suggesting enhanced
anisotropy.

. In the high energy channels (346-909 keV), for CME-driven
storms, during the pre-storm phase, fitting results show that
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most of the dayside PAD fits have values of R > 1 while the
nightside PAD fits have values of R ~ 1 or slightly < 1; during
the main phase, R values are mostly greater than 1; during the
early recovery phase, R values are largely > 1 at the dayside
and < 1 at the nightside; and during the late recovery phase, R
values at the dayside are still greater than 1, while a few
patches of R values ~ 1 can be seen at the nightside for regions
outside L ~ 4. This indicates that during the pre-storm phase,
several 100s of keV electrons exhibit pancake PADs at the
dayside and flattop/butterfly PADs at the nightside; during the
main phase, the electron PAD shapes are mostly pancake;
during the early recovery phase, the PADs at the dayside are
pancake shaped while those at the nightside are butterfly
shaped; and in the late recovery phase, electrons at the dayside
exhibit pancake PADs while those at the nightside exhibit
flattop PADs outside L = 4 and pancake PADs inside L = 4.
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The ratio R also exhibits larger values during early and late
recovery phases indicating increased anisotropy. For CIR-
driven storms, the distribution of PADs during the different
storm phases follows, in general, the same trend as for CME-
driven storms, although the day-night asymmetry is less
prominent: during the early recovery phase, R values are
> lat the dayside and mostly ~ 1 with few bins of R
values slightly less than 1at the nightside. However, the
anisotropy is high during the late recovery phase as evident
from larger values of R. Also, during the late recovery phase, R
values ~ 1 or < 1 are confined to regions L > 6 on the
nightside, indicating that flattop/butterfly PADs are found
outside L = 6 while pancake PADs are found inside L = 6.

Discussion and conclusion

The statistical results presented above suggest that there is a
dependence of equatorial PADs on electron energy, geomagnetic
activity, and spatial location, both radial (L-shell dependence) and
azimuthal (MLT dependence). The equatorial PADs of few tens of
keV electrons are pancake shaped during all the four phases of
geomagnetic storms, although the distributions have higher
anisotropy (higher R values) during the main and early recovery
phases. For electrons having energy in the range of few to several
hundreds of keV, the dayside PADs are mostly pancake shaped
while butterfly PADs can be seen at night at higher L-shells. The
anisotropy of PADs is also found to increase with geomagnetic
activity. All of these results are in good agreement with the previous
studies (see e.g, Ni et al. (2015, 2016); Pandya et al. (2020); Zhao
et al. (2018, 2020); Greeley et al. (2021); Smirnov et al. (2022)).
However, in addition, our results also show prominent influence of
storm drivers (CMEs/CIRs) on the PADs of outer radiation belt
electrons, especially in the medium (143-226keV) and high
(346-909 keV) energy channels. In general, the pitch angle
distributions are found to be more anisotropic for CME-driven
storms compared to CIR-driven storms during the storm main and/
or early recovery phase.

The dependence of equatorial electron PADs on electron energy
and geomagnetic activity has been extensively studied in the past and
discussed in details in several papers (e.g., Sibeck et al. (1987);
Selesnick and Blake (2002); Korth et al. (1999); Califf et al. (2014,
2017); Zhao et al. (2017, 2018, 2020)). The energy dependence of
electron PADs has been attributed to the difference in radial flux
gradients of electrons having different energies (see e.g., Zhao et al.
(2020) and references therein). The dependence on geomagnetic
activity has been explained to happen mostly due to the deformed
magnetic field configurations, enhanced wave-particle interactions
or/and changes in the electron radial flux gradients during
geomagnetic disturbed times (see e.g, Zhao et al. (2018) and
references therein). In the discussions that will follow, we will
mainly focus on finding a possible explanation for the observed
MLT dependence of electron pitch angle distributions.
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The MLT dependence of electron PADS are especially found at
higher energies and during the storm main phase and/or the early
recovery phase. As an example, for CME-driven storms, for 909 keV
electrons in the early recovery phase, butterfly PADs can be seen
between L = 5 to 6 and MLT =18 to 3, while pancake PADs can be
seen at all other MLTSs and L-shells (Figure 4). One of the possible
mechanism for such MLT dependence is enhanced drift-shell
splitting caused by stretched geomagnetic fields during active
times. Different processes can cause drift shell splitting, the
y-component of the interplanetary magnetic field being one of
the potential candidates. The IMF By-component exerts a torque
on the magnetosphere, and in response, oppositely directed
azimuthal flows occur in the dayside cusp. These azimuthal flows
imply that open flux tubes are added asymmetrically to the tail lobes.
For IMF By > 0, flux tubes are preferentially added to the dawn side
and for IMF By < 0, flux tubes are preferentially added to the dusk
side (Cowley, 1981). This results in an asymmetrical stretching of the
geomagnetic field lines and can result in a day-night asymmetry in
the pitch angle distribution of higher energy electrons. For the lower
energy electrons, drift shell splitting can not generate butterfly PADs
as they have positive radial flux gradients at larger L-shells (Zhao
et al, 2018, 2020). This is the reason why tens of keV electrons
exhibit pancake PAD:s at all L-shells and MLTs for different storm
phases and both the storm drivers (Figure 4).

Other processes that can contribute to geomagnetic field line
stretching and drift-shell splitting are magnetic depressions near the
equator driven by injection of hot ions during magnetic disturbances
due to the diamagnetic effect (e.g., Lyons (1977); Ebihara et al.
(2008)); and changes in magnetic field B, component near the
equator (termed as magnetic dip or bz dip) during substorms (e.g.,
Heetal. (2017); Xiong et al. (2017,2019)). Past studies have reported
that magnetic depressions by 50% or more during the storm main
phase can produce nightside butterfly PADs, while 20% decrease in
magnetic field B, component can also contribute to these PADs (He
etal. (2017); Xia et al. (2017); Xiong et al. (2017)). Xiong et al. (2019)
statistically investigated the global distribution of magnetic dip
related butterfly PADs of 466 keV and 2.1 MeV electrons using
6 years of Van Allen Probe measurements from 2012 to 2018. They
found that the magnetic dip related butterfly PADs are confined
mostly in the duskside to midnight sector within 4.5 < L < 6.In our
case, we also found butterfly PADs in the high energy channels
(346-909 keV) confined in the nightside MLT sector for regions
outside L = 4.5. This is consistent with the findings of Xiong et al.
(2019), and thus, suggests that the nightside butterfly PADs may
have been formed by substorm induced magnetic dips.

Apart from field line stretching and drift shell splitting, some
past studies have reported contribution of local wave-particle
interactions in the generation of different pitch angle
distributions in different MLT sectors. Interaction with chorus
and/or magnetosonic waves are known to generate butterfly
PADs (e.g., Xiao et al. (2014); Yue et al. (2016)), while drift-
resonance of ULF waves with 90° pitch angle electrons can lead to
the formation of characteristic pancake PADs (e.g., Xiao et al.
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(A) L-MLT distribution of average integrated chorus wave excitation factor F during the four storm phases for coronal mass ejection (CME; left
panels) and corotating interacting region (CIR; right panels) driven geomagnetic storms in the same manner as in Figures 2—4. The colorbar shows
the excitation factor F in logarithmic scale (B) L-MLT distribution of ULF waves covering the Pc5 frequency range (2—7 mHz) for the three magnetic
field components (radial, azimuthal and compressional) during the four phases of geomagnetic storms driven by CMEs (left panel) and CIRs

(right panel). The colorbar at the right represents Pc5 ULF wave power.

(2009b,a, 2012, 2014); Thorne et al. (2013b)). Therefore, in this
study, we statistically investigated any possible role of chorus and
ULF waves in the observed MLT-dependence of PADs. In
Figure 5A, we have shown the chorus wave excitation factor F
(as defined in Methodology) during all the four storm phases and
both the storm drivers. We find that during the early recovery
phase of CME-driven storms, chorus wave power increases by
almost two orders of magnitude above the background level
between MLT = 20 and 10. For CIR-driven storms, during the
early recovery phase, the increase in chorus wave power is
relatively less intense. This region of enhanced chorus wave
power coincides with the region of observed butterfly PADs,
and therefore, it suggests that enhanced chorus wave activity
might have contributed to the formation of butterfly PADs. In
Figure 5B, we have shown the ULF wave power in Pc5 frequency
range (2-7 mHz) for three magnetic field components, and
during the four storm phases for both the storm drivers. We
can see that during the main and early recovery phase of
geomagnetic storms driven by both the storm drivers, the
ULF wave power increases by almost two orders of magnitude
above the pre-storm level, with slightly higher intensity for CME-
driven storms than CIR-driven storms. We can also see that the
enhancement in ULF wave power is mostly in the post-noon to
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pre-midnight sector. These observations suggest that Pc5 mode
ULF waves might have played a role in the formation of pancake
PADs. The results also highlight the difference in PADs between
the two storm drivers: both chorus and ULF waves are
comparably more intense during CME-driven storms, which
might have resulted in the higher anisotropy of both pancake
and butterfly PADs (higher R values, Figure 4) during CMEs
than CIRs.

From the statistical results of both the electron pitch angle
and magnetospheric wave distribution discussed above, although
the regions of wave power enhancements during geomagnetic
disturbed periods seem to coincide well with the corresponding
PAD types, wave-particle interactions resulting the observed
MLT dependent PADs does not seem to be a viable
explanation. This is because, the MLT dependence is mostly
observed at higher energies. An electron with energy 1 MeV at
L = 5 will have a drift period of approximately 15 min. Therefore,
to create such MLT-dependence, the local processes have to act
faster than this drift period. Also, even if such local wave-particle
interactions create a particular PAD type, the same distribution
will be observed at all other MLTs. Another possibility is that the
local processes have to act simultaneously on the electrons to
create different PADs at different MLT sectors. As an example, if
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the dayside processes make pancake PADs, then the dusk
processes will have to change them to butterfly before the
electrons drift to the night. Thus, based on these arguments, it
seems that the magnetic field line stretching during geomagnetic
disturbed times and drift-shell splitting resulted in the observed
MLT dependent equatorial electron PADs.

Summary

The major findings from this study can be summarized as
follows:

1. Tens of keV (33-80 keV) electrons exhibit mostly pancake
PADs at all local times, and do not exhibit significant
dependence on storm phases and storm drivers (CMEs/CIRs).

2. Few hundreds of keV (143-226 keV) electrons exhibit clear storm
phase and storm driver dependence. For CME-driven storms
during the prestorm and main phase, electrons have mostly
pancake PADs; during the early recovery phase, the dayside
PADs are pancake while nightside PADs are flattop; and during
the late recovery phase, PADs again become mostly pancake
shaped. For CIR-driven storms, the PADs during pre-storm and
recovery phases are mostly pancake, while during the main phase,
flattop PADs can be seen at around dusk and dawn, with enhanced
anisotropy during the early and late recovery phases.

3. Several hundreds of keV (346-909 keV) electrons exhibit mostly
pancake PADs on the dayside and butterfly PADs on the nightside,
and show clear dependence on storm phases and storm drivers: for
CME-driven storms during the pre-storm phase, these electrons
exhibit pancake PADs on the dayside and flattop/butterfly PADs
on the nightside; during the main phase, most of the PADs are
pancake shaped; during the early recovery phase, they exhibit
pancake PADs at the dayside and butterfly PADs at the nightside;
and during the late recovery phase, they exhibit pancake PADs at
the dayside and flattop PADs at the nightside at higher L-shells.
For CIR-driven storms, which are overall less intensive than CME-
driven storms, although the overall distribution remains almost
similar to those during CME-driven storms, the PADs are less
anisotropic (lower R values) compared to CME-driven storms
during the main and recovery phases.

4. Magnetic field line stretching and drift-shell splitting during
disturbed times resulted in the MLT dependent PAD of
346-909 keV electrons.
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