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Dependence of Electron Flux Dropouts in the Earth's Outer
Radiation Belt on Energy and Driving Parameters During
Geomagnetic Storms

Man Hua! 2, Jacob Bortnik! (/, and Donglai Ma'

'Department of Atmospheric and Oceanic Sciences, UCLA, Los Angeles, CA, USA

Abstract Using 5-year of measurements from Van Allen Probes, we present a survey of the statistical
dependence of the Earth's outer radiation belt electron flux dropouts during geomagnetic storms on electron
energy and various driving parameters including interplanetary magnetic field B,, Pg,, SYM-H, and AE. By
systematically investigating the dropouts over energies of 1 keV-10 MeV at L-shells spanning 4.0-6.5, we find
that the dropouts are naturally divided into three regions. The dropouts show much higher occurrence rates

at energies below ~100 keV and above ~1 MeV compared to much smaller occurrence rate at intermediate
energies around hundreds of keV. The flux decays more dramatically at energies above ~1 MeV compared to
the energies below ~100 keV. The flux dropouts of electrons below ~100 keV strongly depend on magnetic
local time (MLT), which demonstrate high occurrence rates on the nightside (18—06 MLT), with the highest
occurrence rate associated with northward B,, strong Py, and SYM-H, and weak AE conditions. The strongest
flux decay of these dropouts is found on the nightside, which strongly depends on P, and SYM-H. However,
there is no clear MLT dependence of the occurrence rate of relativistic electron flux dropouts above ~1 MeV,
but the flux decay of these dropouts is more significant on the dayside, with stronger decay associated with
southward IMF B, strong Py, SYM-H, and AE conditions. Our statistical results are crucial for understanding
of the fundamental physical mechanisms that control the outer belt electron dynamics and developing future
potential radiation belt forecasting capability.

1. Introduction

A great number of groundbreaking discoveries of the Earth's radiation belt electron dynamics have been achieved
since its discovery in 1958 (Li & Hudson, 2019; Ripoll et al., 2020; Tu et al., 2019), which is of great scientific
and practical interest. These outer belt electrons range from tens of keV to several MeV, and can exhibit highly
dynamic behavior, including loss, transport, and acceleration processes. Their flux change can reach several orders
of magnitude with timescales varying from hours to days, especially during strong storm or substorm activity
(Baker et al., 2004, 2019; Hua, Bortnik, Spence, & Reeves, 2023; Reeves et al., 2016; Turner et al., 2015, 2019).
Among these processes, fast and strong decreases in electron fluxes, also called dropouts (Green et al., 2004;
Onsager et al., 2002; Turner, Morley, et al., 2012, and references therein), have attracted extensive attention due
to their essential importance for radiation belt modeling and prediction.

It has been well acknowledged that dropouts typically occur during storm events (e.g., Baker et al., 1994; Reeves
et al., 2003; Xiang et al., 2018), and can be caused by various mechanisms operating individually or jointly.
Magnetopause shadowing due to solar wind compression of the magnetopause (Bortnik et al., 2006; Kim &
Chan, 1997; Ma et al., 2020; Staples et al., 2022; Turner, Shprits, et al., 2012; Ukhorskiy et al., 2006) or/and
accompanied by enhanced outward radial diffusion (Ozeke et al., 2017, 2020; Shprits et al., 2006; Tu et al., 2019)
can cause significant electron loss out of the magnetopause and into interplanetary space. Consequently, previ-
ous statistical studies (Boynton et al., 2016; Gao et al., 2015; Yuan & Zong, 2013) demonstrated that significant
compression of the magnetosphere due to high solar wind dynamic pressure that leads to steep electron flux
gradients and efficient outward radial diffusion creates a favorable condition to cause electron dropouts. Another
important loss mechanism is precipitation into the upper atmosphere caused by pitch-angle scattering via inter-
acting with various plasma waves, including whistler-mode chorus waves, electromagnetic ion cyclotron (EMIC)
waves, and plasmaspheric hiss (Blum & Breneman, 2020; Clilverd et al., 2015; Lyu et al., 2022; Meredith
et al., 2007; Miyoshi et al., 2008; Roger et al., 2015; Thorne, 2010; Thorne et al., 2010; Usanova et al., 2014).
In addition, electron pitch-angle scattering can also occur when the magnetic field line around which electron
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gyrates is highly stretched so that the electron gyroradius is comparable to the radius of field line curvature
(Sergeev & Tsyganenko, 1982). This mechanism, also known as current sheet scattering (CCS), typically occurs
on the nightside near the electron trapping boundary (outer radiation belt boundary), which can cause isotropic
pitch-angle distribution and precipitation of relativistic electrons (Capannolo et al., 2022; Delcourt et al., 1996;
Gray & Lee, 1982; Imhof et al., 1991, 1993; Smith et al., 2016; Yahnin et al., 2016, 2017). CCS primarily acts
on electrons at higher energies compared to the lower energies due to the larger gyroradii of the high-energy
electrons. Apart from these “true” loss processes, an adiabatic loss process, also known as the Dst effect, can also
cause apparent electron dropouts during geomagnetic storms (Kim & Chan, 1997). During the adiabatic process,
electrons move outward in L-shell and decrease in energy to conserve the three adiabatic invariants during the
storm time due to the decrease of the geomagnetic field strength outside of the main ring current region when the
ring current is enhanced. At least in principle, when the ring current decays, this process would reverse and these
energetic electrons should move back to their original locations and energies.

Despite a great number of both observational and modeling studies having successfully explained the physical
processes during electron flux dropouts in different events (e.g., Bortnik et al., 2006; Drozdov et al., 2019, 2022;
George et al., 2022; Kang et al., 2018; Su et al., 2016; Tsurutani et al., 2016; Tu et al., 2014, 2019; Turner, Shprits,
et al., 2012; Turner et al., 2014; Xiang et al., 2017; Zhang, Li, Ma, et al., 2016; Zhang, Li, Thorne, et al., 2016),
only a limited number of studies systematically investigated the statistical distributions of the outer belt electron
flux dropouts and their dependence on energies, various geomagnetic indices, and solar wind parameters. Several
studies have demonstrated the important impact of the high solar wind dynamic pressure (Pg,,) and southward
interplanetary magnetic field (IMF) B, on producing significant electron flux dropouts (e.g., Gao et al., 2015;
Gokani et al., 2022; Onsager et al., 2007; Yuan & Zong, 2013). Based on superposed epoch analysis of high-speed
stream (HSS) driven storms, the study by Borovsky and Denton (2010) suggested that magnetopause shadowing
could be crucial for relativistic electron dropouts during HSS storms. Similarly, Meredith et al. (2011) also inves-
tigated energetic electron precipitation during HSS storms, showing a strong magnetic local time (MLT) depend-
ence. Moreover, their results suggested that electron precipitation at energies >30 keV are driven by chorus waves,
while the dropouts of relativistic electrons are not caused by precipitation. By examining the characteristics of
the energetic electron dropouts under different solar conditions using long term data set of intense storms during
the years of 1996-2019, Gokani et al. (2022) suggested the more substantial flux decay with stronger solar wind
pressure and speed. However, in contrast to previous studies, their results show that it was either northward IMF
B, before turning southward or rapidly fluctuating IMF B, are important in producing significant dropouts. While
all the studies mentioned above focused on the analysis of dropouts at a specific energy or a wide energy range,
the studies by Boynton et al. (2016, 2017) investigated the electron flux dropouts over the energy range of tens of
keV to several MeV with a high energy resolution. Their results demonstrated far fewer dropouts over energies
of 63—~600 keV compared to those below 63 keV and above ~600 keV. In addition, the magnitude of the drop-
outs strongly depends on energy, which is much stronger at energies above 1 MeV comparing to lower energies.
However, both studies are performed at a specific L-shell. Apart from the above-mentioned statistical studies that
are based on electron flux measurements, the study of Xiang et al. (2018) investigated the statistical distributions
of dropouts over a wide range of u, K, and L* (the three adiabatic invariants) using electron phase space density
(PSD) in adiabatic invariant coordinate and their correlation with various indices, including Dst, IMF B,, P,
magnetopause location, and last closed drift shell. Their statistical results suggested that EMIC waves dominate
the dropouts at low L* region, which requires the most active geomagnetic and solar wind conditions. However,
both EMIC wave scattering and outward radial diffusion associated with magnetopause shadowing contribute
to dropouts at high L* region. One of the advantages of analyzing electron PSD is that the adiabatic variations
in the observed electron fluxes can be removed. However, this method still requires sophisticated calculations,
the assumption of a certain magnetic field model, and a large amount of interpolation, which is computationally
expensive compared to the analysis based on electron fluxes. Moreover, since the generations of both chorus and
EMIC waves that play an important role in dropouts are strongly associated with substorm injections, whose
correlation with dropouts is also important to understand the physical processes of the dropouts, which was not
included in their study. Meanwhile, since their study was based on fluxes measured by Magnetic Electron lon
Spectrometer (Blake et al., 2013) and Relativistic Electron Proton Telescope (Baker et al., 2013, 2021) onboard
Van Allen Probes, they statistics were confined with energies above ~30 keV. Therefore, there is still a lack of a
study that systematically and comprehensively investigates the statistical distribution of electron flux dropouts
over the entire outer belt and their dependence on energy, and potential driving parameters including various
geomagnetic indices, and solar wind parameters.
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In the current study, we comprehensively analyze the statistical morphology of the outer belt electron flux drop-
outs over energies of 1 keV-10 MeV during storm events using 5-year of observations from Van Allen Probes.
Our study, for the first time, systematically analyzes the dependence of dropouts of outer belt electrons over a
broad energy and L-shell range on various driving parameters, including IMF B,, P, SYM-H, and AE. In this
way, we attempt to diagnose the critical solar drivers and geomagnetic conditions that are responsible for signif-
icant electron flux dropouts at different energies, which is crucial for understanding of the underlying physical
mechanisms that control the outer belt electron dynamics and future radiation belt forecasts.

The paper is organized as follows. Section 2 describes the database and the criteria to select the dropouts. In
Section 3, we comprehensively investigate the statistical distribution of the dropouts and their dependence on
energy, L-shell, and various driving parameters. Sections 4 and 5 contain the discussion and conclusions.

2. Data and Methodology

The Energetic Particle Composition and Thermal Plasma suite (ECT; Spence et al., 2013) onboard the twin
Van Allen Probes (Mauk et al., 2013) provides high-quality electron flux measurements. The spin-averaged
cross-calibrated fitted electron flux data product with high energy resolution is adopted in this study (Boyd
et al., 2019). We use TS04D magnetic field model to obtain the Mcllwain L-shell (Tsyganenko & Sitnov, 2005).
We adopt the measurements of geomagnetic storm index (SYM-H), substorm index (AE), solar wind dynamic
pressure (Pgy,), and IMF B, provided by OMNIWeb with a time resolution of 1 min.

To systematically examine the statistical distributions of electron flux dropouts during geomagnetic storm events,
we perform a superposed epoch analysis of electron fluxes during all storm events when the minimum value of
the SYM-H index ((SYM-H)_, ) extended below —50 nT from 2013 to 2017. Here, the time of epoch time ¢ = 0
corresponds to (SYM-H)_. . There were 110 storm events selected in this study, which are the same as those
in Hua, Bortnik, Chu, et al. (2022) and Hua, Bortnik, Spence, and Reeves (2023). Similar to previous studies
(Boynton et al., 2016, 2017), the dropouts are automatically selected based on the following steps and criteria:

1. We first bin the electron fluxes into the grids of 0.1 L X 6 hr UT in four different MLT regions: 00-06, 06—12,
12-18, and 18-24. Here, the averaged absolute fluxes are adopted in each bin. Since Van Allen Probes had a
highly elliptical orbit period of ~9 hr, the time bin size of 6 hr here ensures at least one available measurement
in each bin for the most of the time. This bin size has also been widely adopted to investigate the outer belt
electron dynamics in previous studies (e.g., Drozdov et al., 2019; Hua, Bortnik, Spence, & Reeves, 2023; Hua
et al., 2019; Turner et al., 2015).

2. A decrease of flux by a factor >4 in 6 hr (the electron flux in the previous time step, j(t — 1), being at least 4
times larger than the current one, j(#), that is, ’(/’T’n” > 4), or a decrease by a factor >4 in 12 hr while the flux

decay by at least a factor of 1.5 in previous two successive time steps (j(f(—’tf) >4, % > 1.5,and “’(—:)1) > 1.5).
J Ju= J

Here, the flux decrease factor is adapted from the studies of Boynton et al. (2016, 2017). For reader's refer-
ence, the comparison of the electron flux dropout identification criteria between the current study and the
previous statistical studies are listed in Table S1 in Supporting Information S1.

3. We discard data points of identified dropouts if the dropouts are identified for less than five energy channels
or less than 3 L-shell bins in the same time bin. We would like to emphasize that our statistics is based on the
combined electron flux data with 127 energy channels logarithmically spaced between 10 eV and 20 MeV,
which means 20 energy values per decade (Boyd et al., 2019). Therefore, the threshold of 5 energy channels
comparing to 20 energy values per decade is still sufficiently small so that Criterion (3) only eliminates data
that is too isolated, while the dropouts over a wider energy and spatial range are included in our data set, which
are also the dropouts that matter the most and we care the most.

We present two storm events in Figure 1 below as typical examples shown to demonstrate that our selection crite-
ria can successfully identify the dropouts.

Figures la—1i present examples of identified dropouts observed by Van Allen Probes at the afternoon sector
12-18 MLT during the 9 October 2013 storm. This is a significant dropout event primarily caused by magneto-
pause shadowing, and accompanied by outward radial diffusion when the dayside magnetopause was compressed
due to the coronal mass ejection (CME)-shock (Foster et al., 2015; Hudson et al., 2015; Paral et al., 2015; Pierrard
etal., 2021). A substantial increase in P, (Figure 1a) accompanied by a reversal of IMF B, (Figure 1b) just before

HUA ET AL.

3of 15

A 01 “€20T ‘TO¥6691T

:sdny woxy papeoy

ASudOI suowwo)) aanear) ajqesrjdde ayy £q paurdAoS ae sajorIR YO 2SN JO S| 10§ AIeIqI aul[uQ) K3[IA\ UO (SUOHIPUOI-PUB-SULIA) W0 KA[1m’ AIRIqIauI[uo//:sd)y) suonIpuo)) pue swd | ay) 23S ‘[$207/S0/S0] uo Areiqry autjuQ Lo[1py ‘S0 ‘BIulojie) JO ANsIAIUN £q 7881 0VIET0T/6T01 0 1/10p/wod Kajim’ Kreiqijaul]



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA031882

Epoch: 2013-10-09/00:41 Epoch: 2016-11-10/15:21
(SYM-H)__=-77nT (SYM-H)__=-55nT

‘ . MLT:12-18 ‘ 800 _ MLT: 00 06 ‘ 800
28 (a) 15 d‘“"uwh ‘

W 600 100 A JIL;(W MANAG00
S i : , :
WWW. T L o P

200 0 200

o e 70100 .
Liiwanted AW i ot OM%P‘VWW%WWWWWWW

SwW

P
(nPa)

8
(km/s)

IMF B
(nT)
o

A

T
=)
o
2
)
o
2
L
o

M-
nT)

1 H
D>

DISTBIEEEs> >
D> DU
>
T
-
o
W

>
T

10 keV
§>I>I>E>
] B> D>

Iy

10°

> DB
>
> > ;
= A
I>DBEBBBBERS
T

32 keV

T
—
=]
=

DD D DB [0 > > DI

>
T

f

7
—_
()
-
> Db
o>
.

100 keV

T
—
Q[
=
3
-
T

316 keV

AT T

1000 keV
L

3162 keV
L

\ OO'IOU'IOCHOU'IOU'IOU‘IOO‘IOO‘IOOLOCFOU‘IOU‘IOU‘IOU‘IOU‘IOO‘IOU‘IOU‘IO‘
o ity i h
: .
N =
BB
ﬂ >3
i
OUIO UIO0UIUITO UTOUIUTO TOUIUTO UT1OUIUTO UTOUIUTO LTOL1O
]
H
S
‘
‘
;
-
(@)
o
Normalized flux

AR OOTOOAR OTOIOOMD OOOOMR O OOORROOODAR GO OD
ABO1OTOOMR O1O1OORD G O1OORR GO OORA OO ODAM NN OD

; ‘ ; ; : ; : : 10°
-1 0 1 2 3 4 83 -2 A1 0 1 2 3 4
Epoch time (days) Epoch time (days)

Figure 1. Examples of electron flux dropouts observed by Van Allen Probes during (a—i) the 9 October 2013 storm and (j—r)
the 10 November 2016 storm. (a) Solar wind dynamic pressure Py, (black) and speed V, (red). (b) North-south component
of the interplanetary magnetic field IMF B,) in Geocentric Solar Magnetospheric (GSM) coordinate. (c) AE (black) and
SYM-H (red) indices. (d—i) Superposed epoch analysis of spin-averaged electron fluxes measured by ECT from both Van
Allen Probes normalized by the fluxes at Lepoch = —3 days at 10, 32, 100, 316, 1,000, and 3,162 keV, respectively. Here, the
time of (SYM-H),, is taken as the epoch 0. The identified dropouts are marked as triangles. (j—r) Similar to (a—i) but for the
10 November 2016 storm.

t

epoch
reconnection, which are closely related to the intense storm and substorm activities occurring in the following day

~ 0 days indicates that there was a strong compression of the magnetopause and potential magnetopause

(Figure 1c). Figures 1d—1i show the superposed epoch analysis of electron flux evolution observed by both Van
Allen Probes normalized by the fluxes at Topoch = —3 days at 10, 32, 100, 316, 1,000, and 3,162 keV, respectively.
The identified dropouts are marked as triangles. Electron fluxes at 10—100s keV exhibit similar behavior, show-
ing a decrease during the pre-initial phase of the storm and enhancements during the recovery phase that exceed
the pre-initial phase of the storm. In particular, the quick electron losses for more than two orders of magnitude at
100 keV were only observed locally close to the heart of the outer belt over L = ~4.0-5.0, which can be caused
by the pitch angle scattering via locally interacting with chorus waves (Bortnik & Thorne, 2007; Hua, Bortnik, &
Ma, 2022). In contrast, the sudden and significant electron flux decrease, that is, dropouts, for relativistic electron
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fluxes at >1 MeV were observed almost over the entire outer belt corresponding to the solar wind dynamic pres-
sure pulse, without showing a clear L-shell dependence. This characteristic of electron flux dropouts is consistent
with the strong electron loss to the magnetopause as suggested from the previous studies (Hudson et al., 2015;
Paral et al., 2015; Pierrard et al., 2021).

Similarly, examples of electron flux dropouts during the 10 November 2016 storm observed over the dawn sector
00-06 MLT are shown in Figures 1j—11. In contrast to the 9 October 2013 storm event where the strong substorm
activities only lasted about 1 day after reaching (SYM-H),, , the strong substorm activities continued for several
days during the recovery phase of the 10 November 2016 storm, as suggested by several spikes in the AE index.
Consequently, there are more electron injections and potentially stronger chorus wave activity under such intense
and continuous substorms (Hua, Bortnik, Spence, & Reeves, 2023). Since the most efficient energy range of
pitch angle scattering of electrons due to chorus waves is from tens to ~100 keV, with the typical loss time scale
varying from tens of minutes to hours (Hua, Bortnik, & Ma, 2022; Ni et al., 2016), the quick electron loss at tens
of keV as marked by the triangles could be driven by locally interacting with chorus waves. Although the electron
fluxes at hundreds of keV (Figures 1o—1p) decreased modestly during the pre-initial phase of the storm, these
electrons quickly recovered during the main phase and recovery phase of the storm, which could be evidence of
either rapid acceleration, the Dst effect, or essentially no change in fluxes at these energies. Therefore, the flux
decrease of these electrons was not substantial enough to be identified as dropouts. On the contrary, the relativ-
istic electron fluxes significantly decreased by more than two orders of magnitude at L > ~4.5, with stronger
flux decreased observed at higher L-shell compared to the lower L-shell region. Consistent with previous studies
(Boynton et al., 2016, 2017), the magnitude of the relativistic electron flux dropouts is much more significant
than the electrons at tens of keV. Moreover, these electron flux dropouts were strongly associated with the sudden
increase of Pgy, (Figure 1j) and IMF B, southward turning (Figure 1k), suggesting a strong impact of magnet-
opause shadowing. For readers' reference, Figure S1 in Supporting Information S1 presents an example of the
superposed epoch analysis of the energy spectra of electron fluxes at a fixed L-shell, which again confirms that
our criteria can successfully select the significant and fast dropouts.

3. Statistical Dependence of Dropouts
3.1. Dependence on Electron Energy

Figure 2 shows the statistical electron flux dropout properties as a function of L-shell and electron energy based
on both Van Allen Probes observations during the selected 110 storm events. The electron flux dropout sample
numbers are shown in Figure 2a. Here, one data sample corresponds to one triangle symbol as shown in Figure 1.
Clearly, electron flux dropouts strongly depend on energy. While electron flux dropouts can be frequently
observed at energies below ~100 keV and above ~1 MeV, the number of dropout samples is extremely small
for the medium-energy electrons at hundreds of keV. Figure 2b shows the satellite dwell time for both Van Allen
Probes regardless of identification of dropouts, which demonstrates that Van Allen Probes have sufficient cover-
age over energies of 1 keV—~6 MeV and L-shells in the outer radiation belt. Figure 2c presents the occurrence
rate of the dropouts during storm times, that is, the number of dropout samples divided by the number of satellite
dwell time. Electron flux dropouts below ~100 keV and above ~1 MeV have larger occurrence rates compared to
the medium-energy electrons. The occurrence of the dropouts below 100 keV increases with increasing L-shell
at L < ~5.0 and roughly remains constant at L = 5.5-6.5. One of the possible explanations is that chorus wave
intensity roughly increases with increasing L-shell at L = 4.0-~6.0 (Meredith et al., 2020). Meanwhile, injected
electrons are more likely to penetrate to higher L-shells comparing to the lower L-shells, which can be further
lost due to interacting with intense chorus waves. Consequently, the dropout occurrence increases with increasing
L-shell at L < ~5.5. However, more injections at higher L-shell may interrupt the loss processes, possibly result-
ing in the constant occurrence rate at L = 5.5-6.5. In contrast, the occurrence of the dropouts above ~1 MeV
increases with increasing L-shell and extends to lower energies, possibly due to the reasons that the relativistic
electrons are more likely to be lost outside the magnetopause by magnetopause shadowing or/and accompanied
by the outward radial diffusion, and drift shell splitting at higher L-shells compared to the lower region. In addi-
tion, the most efficient energies of relativistic electron pitch-angle diffusion driven by EMIC waves decrease
with increasing L-shell (Ni et al., 2015), which can also contribute to higher occurrence rate of dropouts with
increasing L-shell and decreasing energy. Furthermore, higher occurrence rate of dropouts at the higher L-shells
might also be attributed to more efficient pitch-angle scattering caused by current sheet scattering (Sergeev &
Tsyganenko, 1982).
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Figure 2. Statistical electron flux dropout properties shown as a function of L-shell and electron energy based on both Van
Allen Probes observations during all the geomagnetic storms with (SYM-H), . below —50 nT during the years 2013-2017.
(a) Number of dropout samples. (b) Number of data points for dwell time of both Van Allen Probes. (c) Occurrence rate of
electron flux dropouts. (d—f) Lower quartile, median, and upper quartile of the flux decay ratio for the identified dropout
events, respectively.

To investigate the magnitude of the electron flux dropouts, we calculate the flux decay ratio for each identi-
fied dropout samples, which is the larger one between ’(’(—’ﬂl) and NT:)D Figures 2d-2f show the lower quartile,
J J

median, and the upper quartile of the flux decay ratio for the identified dropout events, respectively. Similar to
the occurrence rate of the dropouts, the magnitude of the dropouts is larger for electrons below ~100 keV and
above ~1 MeV comparing to the medium-energy electrons at hundreds of keV, with more significant dropouts
extending to hundreds of keV with increasing L-shell. In addition, the flux decay ratio is overall larger at energies
above ~1 MeV comparing to those below ~100 keV. Both the occurrence rate and flux decay ratio at all ener-
gies increase with increasing L-shell, which expands to medium-energy electrons, suggesting that magnetopause
shadowing accompanied by outward radial diffusion can contribute significantly to the dropouts at L > ~6.0.
Nevertheless, the sudden decrease in both occurrence rate and the flux decay ratio at medium-energy suggests
that apart from outward radial diffusion, other mechanisms are needed to cause the outer belt electron dropouts.

3.2. Dependence on IMF B,

To determine the impact of IMF B, on the electron flux dropouts, we separate the events into northward and
southward IMF B, conditions. In this study, the southward (northward) IMF B, condition is determined by the
ratio of the time-integrated absolute value of southward IMF B, to that of northward IMF B, larger (smaller)
than 1 during the previous 3 hr time interval of the identified dropout sample. Figure 3 shows the occurrence
rate of electron flux dropouts at various MLT sectors, from left to right: 00-06, 06—12, 12-18, and 18-24 under
(panels a to d) northward and (panels e to h) southward IMF B, conditions, respectively. The median results of
the flux decay ratio for the identified dropout events at indicated MLT sector during northward and southward
IMF B, condition are also presented in the lower panels of Figure 3. Interestingly, the electron flux dropouts at
energies below ~100 keV have higher occurrence rate during northward IMF B, conditions compared to the
southward IMF B, conditions, while there is no significant difference of the flux decay ratio under different IMF
B, conditions. These electron flux dropouts also strongly depend on MLT, showing a much higher occurrence
rate with peak reaching >0.1 on the nightside over 18—-06 MLT compared to the dayside. In particular, the dusk
side (12-18 MLT) exhibits the lowest occurrence rate of dropouts for electrons below ~100 keV. According to
previous statistics (Li et al., 2016; Meredith et al., 2020), chorus waves typically have larger wave amplitude on
the nightside, with the weakest intensity over the dusk side. The consistency of the MLT dependence of electron
flux dropouts at energies below ~100 keV and chorus wave intensity suggests that chorus waves play an essential
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Figure 3. Occurrence rate of electron flux dropouts at various magnetic local time (MLT) sectors, from left to right: 00-06,
06-12, 12-18, and 18-24 during (a—d) northward and (e-h) southward interplanetary magnetic field (IMF) B, conditions,
respectively. Median results of the flux decay ratio for the identified dropout events at indicated MLT sectors during (i—1)
northward and (m—p) southward IMF B, conditions, respectively.

role in causing the dropouts of electrons below ~100 keV. In contrast, the dropouts above ~1 MeV demonstrate
higher occurrence rate and stronger flux decay ratio under the southward IMF B, conditions compared to the
northward conditions. Although the occurrence rate of the dropouts for relativistic electrons does not show clear
dependence on MLT, these electron flux dropouts have slightly stronger flux decay ratio on the dayside (0618
MLT) compared to the nightside (18—06 MLT).

3.3. Dependence on Py,

Similar to Figure 3, Figure 4 shows the statistical distributions of electron flux dropouts during weak and strong
P, conditions. Here, the strong Pg,, condition is defined as mean(Pgy,) > 2 nPa, where the mean(Py,,,) is the mean
profile of the Py, during the previous 3 hr time interval of the identified dropout sample. Apart from the higher
occurrence of dropouts of electrons below ~100 keV over 18-24 MLT during strong Py, conditions (Figure 4h),
there is no clear dependence of occurrence rate of dropouts of these low-energy electrons on various Pgy,, condi-
tions (Figures 4a—4h). Nevertheless, the dropouts of these low-energy electrons exhibit stronger flux decay ratio
during strong Py, conditions compared to weak Py,, conditions (Figurse 4i—4p).

In contrast, P, conditions significantly influence the dropouts of relativistic electrons above ~1 MeV, with
majority of the significant dropouts observed during strong Py, conditions. The relativistic electron flux drop-
outs barely occur during weak P, conditions, indicating that most of the dropouts of the relativistic electrons
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Figure 4. Same format as Figure 3 but for results during (a—d and i-1) weak and (e-h and m-p) strong Pg,, conditions.

are associated with the compression of the magnetopause caused by the strong Py, supporting the crucial role of
magnetopause shadowing in causing these electron dropouts. In addition, the strongest dropouts with flux decay
ratio reaching ~20 are found at multi-MeV during strong Pg,, condition on the dayside, especially at the 06-12
MLT, which is close to the peak of the flux decay ratio during southward IMF B, condition (Figure 3n). These
electron dropouts can be caused by the combined impacts of southward IMF B, and strong Py, conditions when
both compression of magnetopause and outward radial diffusion get enhanced. Meanwhile, the sudden increase in
solar wind pressure pulses can also enhance the temperature anisotropic distributions of ions and electrons, lead-
ing to excitation of both EMIC and chorus waves on the dayside that can contribute to electron loss (McCollough
et al., 2010; Tsurutani et al., 2016; Zhang et al., 2017). The increase of dropout occurrence rates on the nightside
with increasing Pg,, might be attributed to the stretching of the magnetic field line in the tail region during strong
P, conditions, causing the electrons moving adiabatically to lower energies or higher L-shells.

3.4. Dependence on SYM-H

To examine the impact of the ring current buildup during geomagnetic storms on electron flux dropouts, Figure 5
displays the statistical distributions of dropouts during weak and strong SYM-H conditions. We define the strong
SYM-H condition as the mean(SYM-H) < —30 nT, where the mean(SYM-H) is the mean profile of the SYM-H
during the previous 3 hr time interval of the identified dropout sample. Overall, the dropouts of electrons at all
energies have higher occurrence rate and stronger flux decay ratio during strong SYM-H conditions compared
to weak SYM-H conditions. Since the geomagnetic storms are strongly correlated with the strong solar wind
activity and southward IMF B, conditions, the more significant electron dropouts are more likely to be observed
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Figure 5. Same format as Figure 3 but for results during (a—d and i-1) weak and (e-h and m—p) strong SYM-H conditions.

during active times compared to quiet conditions. Furthermore, the stronger and more frequently occurring drop-
outs during strong SYM-H conditions compared to the weak one may be attributed to the adiabatic electron loss
due to Dst effect when the ring current increases, which serves to move electrons outward to larger L-shells due
to an enhancement in the ring current (Kim & Chan, 1997), and act in concert with magnetopause shadowing.
Since different geomagnetic indices and solar wind parameters are intrinsically correlated with each other, it is
difficult to distinguish the contributions of the Dst effect to the electron dropouts from other loss mechanisms.
Nevertheless, as discussed in the study of Boynton et al. (2016), much higher occurrence and flux decay ratio of
dropouts at lower and higher energies compared to the intermediate energies suggests that the Dst effect does not
dominantly cause these dropouts.

3.5. Dependence on AE

To examine the impact of substorms on electron flux dropouts, Figure 6 presents the dropout events sorted
according to weak and strong AE conditions. Here, the strong AE condition is defined as mean(AE) > 100 nT,
where the mean(AE) is the mean profile of the AE during the previous 3 hr time interval of the identified dropout
sample. Surprisingly, the occurrence rate of the electron flux dropouts below ~100 keV is higher during weak AE
conditions at 00-06 MLT, which is different from our speculation that more intense chorus wave on the nightside
during strong AE condition can drive more frequent dropouts of electrons below ~100 keV.

The reason may be that the more frequent and intense electron injections and enhanced inward radial diffusion
during strong AE conditions can refill electron fluxes even as they are being simultaneously precipitated to the
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Figure 6. Same format as Figure 3 but for results during (a—d and i-1) weak and (e-h and m—p) strong AE conditions.

atmosphere, and thus interrupt the loss processes caused by wave-particle interactions due to chorus waves.
Therefore, overly active substorm conditions are not favorable for the electron flux dropouts below ~100 keV at
00-06 MLT. In addition, the flux decay ratio of these low energy electrons is similar under different AE condi-
tions. In contrast, dropouts of electron fluxes above ~1 MeV show higher occurrence rate and stronger flux decay
ratio during strong AE conditions compared to weak AE conditions. Although the injected ions during strong
AE conditions can provide free energy for the generation of EMIC waves that can effectively cause relativistic
electron flux dropouts, it is difficult to isolate the individual role of substorms on dropouts as AE index is strongly
correlated with SYM-H and solar wind drivers.

4. Discussion

The present statistical analysis of electron flux dropouts is unique in a number of ways. Here we analyze: (a) the
global morphology of the statistical distribution of the dropouts as a function of energy, spanning from 1 keV to
10 MeV, and L-shell spanning over L = 4.0-6.5; (b) dependence of dropouts on MLT, and (c) various driving
parameters, including IMF B, Pg,,, SYM-H, and AE indices.

Figure 7 presents a schematic illustration summarizing our findings, and listing the possible driving parameters
for electron flux dropouts at different L-shells and electron energies in the outer radiation belt. The dropouts
are naturally divided into three different regions. First, Region a, corresponding to the relativistic electron flux
dropouts at energies above ~1 MeV, demonstrates high occurrence rate during southward B,, strong P, SYM-H
and AE conditions, and having no clear dependence on MLT. In addition, the large flux decay ratio in Region a is
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Figure 7. Schematic illustration of possible driving parameters for electron flux dropouts at different L-shells and electron
energies in the Earth's outer radiation belt.

found on the dayside (06—-18 MLT), which strongly correlated with southward IMF B, strong Py, SYM-H and
AE conditions. Therefore, significant relativistic electron flux dropouts preferentially occur during active solar
wind drivers and geomagnetic conditions, which can be the result of the combined impact of the magnetopause
shadowing accompanied by outward transport due to the Dst effect, radial diffusion, and precipitation via locally
interacting with EMIC waves. Second, Region b is characterized by the extremely low occurrence rate and small
flux decay ratio for medium-energy electrons at hundreds of keV, and is associated with the southward IMF B,
strong Pg,, and AE conditions, indicating that the dropouts of these electrons are rare and only occur during
extremely active times. Another possible explanation is that these electrons can be easily accelerated by chorus
waves or/and enhanced inward radial diffusion with a typical time scale of several hours during the main phase of
the storm (Hua, Bortnik, & Ma, 2022), which is shorter than those electron acceleration at >~1 MeV that takes
tens of hours to days during the recovery phase of the storm (Hua, Bortnik, & Ma, 2022; Thorne et al., 2013).
Since our statistics are based on the electron fluxes binned into the grids of 0.1 L x 6 hr UT, significant flux
decay followed by quick flux enhancement within 6 hr could in principle occur, which would mask a dropout in
these energies and prevent them from being identified as dropouts in this study. While that is a possibility, we
should expect to see at least some small decrease in the 100s keV electron fluxes, reflecting the probability that
the electron dropout would statistically occur uniformly throughout the 6-hr time bin and thus may not always be
fully compensated by a rapid acceleration. Moreover, the few 100 keV energy has been shown in previous studies
(e.g., Summers et al., 2002) to be a “pivotal” energy, below which electron fluxes decrease and give up their
energy to grow waves, and above which electron fluxes increase at relativistic energies, causing enhancements of
relativistic electrons. So it may indeed be the case that 100s keV electrons experience very few dropouts as these
electrons can be quickly accelerated and reach the saturation state (Hua, Bortnik, & Ma, 2022).

The electron flux dropouts below ~100 keV in Region ¢ demonstrate strong MLT dependence, which have high
occurrence rate at nightside (18—06 MLT), with the highest occurrence rate associated with the northward IMF
B,, strong Py, and SYM-H, and weak AE conditions. The largest flux decay ratio in this region is found at night-
side, with strongly depends on Pg,, and SYM-H conditions. Nevertheless, the dominant loss mechanism for the
fewer dropouts on the dayside is also important, for example, their correlations with chorus wave activities and
substorm injections, which deserves more investigation in the future study.

Although we separately analyze the dependence of dropouts on various driving parameters, including IMF B,
Py, SYM-H, and AE, it is still difficult to differentiate the distinct role of different driving parameters in causing
electron flux dropouts since these parameters are intrinsically correlated with each other. Future study can employ
machine learning (ML) technique, such as explainable ML technique, to quantitatively analyze the attribution of
various driving parameters on producing dropouts and potentially unravel the underlying physical processes (Ma
et al., 2023). In addition, although the current study specifically focuses on investigation of dropouts during storm
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events, understanding the statistical properties of the non-storm time dropouts are also significant and interesting,
which will be left to the future study. It is noteworthy that there are still some uncertainties about the definitions
of the “strong” and “weak” conditions for various driving parameters, that is, IMF B , Py, SYM-H, and AE in the
present study. To check the sensitivity on these definitions, we also tried to use different threshold, instantaneous
extreme values (e.g., max(Pgy,), min(SYM-H)) and mean values calculated in the different time intervals (e.g.,
previous 3 and 6 hr of the identified dropout sample), which all gives similar conclusions. Moreover, our major
conclusions do not heavily depend on the selection criteria. For example, the statistical properties of the dropouts
have similar distributions with a smaller flux bin size in time domain. Removing Criterion (3) or slightly adjust-
ing the flux decrease threshold in Criterion (2), the statistical distributions of dropouts remain similar. Consider-
ing that the identification criteria vary in many previous studies (see Table S1 in Supporting Information S1), it is
an important research topic itself of understanding how the uncertainties in the choice of the identification criteria
influence the statistical properties of the dropouts. Furthermore, since the results of these statistical distributions
of dropouts can serve as training data set to predict the dropouts using ML technique (Bortnik et al., 2018), it is
of great significance to quantitatively analyze the sensitivity of the statistical properties of the dropouts to various
identification criteria, which will be left to a follow-up study in the future.

5. Conclusions

In the current study, we comprehensively investigated the statistical distribution of the outer belt electron flux
dropouts as a function of energy spanning from 1 keV to 10 MeV at L-shell over the range 4.0-6.5 during
geomagnetic storms using S-year observations from Van Allen Probes. Our study systematically analyzes the
dependence of dropouts of outer belt electrons over a broad energy and L-shell range on various driving param-
eters, including IMF B,, Py, SYM-H, and AE. In this way, we attempt to identify the critical solar wind driver
and geomagnetic conditions that cause significant electron flux dropouts at different energies, which is crucial
for understanding of the underlying physical mechanisms that control the outer belt electron dynamics and future
radiation belt forecast. Our major conclusions are as follows:

1. Electron flux dropouts strongly depends on electron energies, naturally dividing into three distinct regions
at energies above ~1 MeV (Region a), below ~100 keV (Region c) and much smaller occurrence rate at
medium-energies around hundreds of keV (Region b). The flux decay ratio is higher at energies above
~1 MeV compared to the energies below ~100 keV.

2. There is no clear MLT dependence of occurrence rate of relativistic electron flux dropouts above ~1 MeV, but
the flux decay ratio of these dropouts is more significant on the dayside, with stronger decay associated with
southward IMF B, strong Py, SYM-H, and AE conditions.

3. The flux dropouts of electrons below ~100 keV strongly depend on MLT, consistent with their slower (~hour)
drift periods. This dependence has high occurrence rate at the nightside (18—06 MLT), with the highest occur-
rence rate associated with northward B, strong Py, and SYM-H, and weak AE conditions. The strongest flux
decay of these dropouts is found on nightside, which strongly depends on Pg,, and SYM-H conditions.

While the precise causality of these dropouts is yet to be fully determined, the strong dependence on Pg,, and
SYM-H are suggestive of magnetopause shadowing, whereas SYM-H, AE and southward B, would point to
wave-driven losses.

Data Availability Statement

The Van Allen probes ECT data are publicly available https://rbsp-ect.newmexicoconsortium.org/data_pub/. The
geomagnetic indices are available from the OMNIWeb (https://omniweb.gsfc.nasa.gov/ow_min.html). The data
used to produce figures in the current study can be retrieved at https://doi.org/10.6084/m9.figshare.23576784.v1
(Hua, Bortnik, & Ma, 2023).
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