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Ultrarelativistic electrons (Ek > 3 MeV) are the most energetic electrons in the
Earth’s outer radiation belt, which can cause serious damage to equipments
on satellites. The evolutions of ultrarelativistic electrons during geomagnetic
storm have been well understood, but the effects of continuous geomagnetic
storm on ultrarelativistic electrons are still unclear. Using the data of the
Van Allen Probes, we study the evolutions of ultrarelativistic electrons in
the Earth’s outer radiation belt during the three continuous geomagnetic
storm events. These continuous geomagnetic storm events include the two
geomagnetic storms. During the recovery phase of the first geomagnetic
storm, enhanced relativistic and ultrarelativistic electrons with lower energies
(≥ 3.4 MeV) are observed. These enhanced relativistic electrons could be the
source of ultrarelativistic electrons and contribute to ultrarelativistic electron
acceleration during the second geomagnetic storm. While 3.4 MeV electrons
could be further enhanced during the second geomagnetic storm. During
the recovery phase of the second small or moderate geomagnetic storm,
ultrarelativistic electrons with higher cutoff energies (≥ 5.2 MeV) and higher
fluxes are observed. Compared to an isolated geomagnetic storm with similar
solar wind and geomagnetic conditions, ultrarelativistic electrons with higher
cutoff energies and higher fluxes are observed during the recovery phase of
the second geomagnetic storm. We also find that continuous geomagnetic
storm events may contribute even more to enhancements of ultrarelativistic
electrons in the outer radiation belt if the second geomagnetic storm is a
small or moderate storm with a low solar wind dynamic pressure and short-
duration main phase. These can help us to further understand the evolutions of
ultrarelativistic electrons in the Earth’s outer radiation belt during geomagnetic
storms.
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1 Introduction

The Earth’s outer radiation belt is occupied by electrons of
a broad energy range (10 s keV—a few MeV). The extreme and
rapid variations of the electrons of different energies during
geomagnetic storms are observed due to different loss and
acceleration mechanisms (e.g., Reeves et al., 2003; Chen et al., 2023;
Wang et al., 2023). During the storm main phase, large depletions
of the outer radiation belt electrons are usually observed. The
adiabatic and nonadiabatic effects can contribute to the depletion
of different energy electrons. The nonadiabatic effects mainly
include 1) magnetopause shadowing and subsequent enhanced
outward radial transport and 2) the scattering into the atmospheric
loss cone due to wave-particle interaction. The magnetopause
shadowing effect involves the loss of trapped electrons due to
enhanced solar wind dynamic pressure. Subsequently, outward
radial transport can lead to further loss of the outer radiation belt
electrons (e.g., Kim et al., 2008; L. Y; Li et al., 2013; Loto’aniu et al.,
2010; Shprits et al., 2006; Shprits et al., 2012; Turner et al., 2012;
Ukhorskiy and Sitnov, 2008; Xiang et al., 2016; Yuan and Zong,
2013). Atmospheric precipitation of different energetic electrons in
the outer radiation belt is due to resonant wave-particle interactions
between different magnetospheric plasma waves and electrons.
Previous studies have shown that electromagnetic ion cyclotron
(EMIC) waves can scatter relativistic and ultrarelativistic electrons
with small pitch angles and cause relativistic and ultrarelativistic
electron precipitations (e.g., Carson et al., 2013; Clilverd et al.,
2015; Engebretson et al., 2015; Kersten et al., 2014; L. Y; Li et al.,
2016; Mourenas et al., 2016; Miyoshi et al., 2008; Ni et al., 2015).
Yahnin et al. (2017) showed that of the more than a thousand
relativistic electron precipitation events they counted, a quarter
could be related to EMICwave scattering. Xiang et al. (2018) showed
that a combination of EMIC wave scattering and outward radial
diffusion was the dominant dropout mechanism at high L∗ region,
while EMIC wave scattering could lead to dropouts at low L∗ .

Usually, the fluxes of relativistic and ultrarelativistic electrons
in the outer radiation belt can increase during the storm recovery
phase due to the DST effect and different acceleration processes.
Previous studies have shown an important role of local acceleration
in ultrarelativistic electrons in the outer radiation belt (e.g.,
Reeves et al., 2013; Thorne et al., 2013; Li et al., 2014; Ma et al.,
2016). Based on the Van Allen Probes data, Allison and Shprits,
(2020) demonstrated that ultrarelativistic electrons could be locally
accelerated up to 7 MeV by chorus waves. Allison et al. (2021)
and Shprits et al. (2022) have also shown that the low plasma
number density (−10 cm–3) is a preferential condition for the local
acceleration of ultrarelativistic electrons. Recently, Hua et al. (2022)
revealed the natural upper limit of electron acceleration by chorus
waves, which strongly depends on the lower energy boundary and
the stable seed population.

Inward radial diffusion driven by ultralow-frequency
(ULF) waves is also an important acceleration mechanism
for ultrarelativistic electrons in the outer radiation belt (e.g.,
Reeves et al., 2013; Su et al., 2015). Jaynes et al. (2018) showed that
the inward radial diffusion driven by ULF waves could account
for enhancements of ultrarelativistic electrons. Zhao et al. (2018)
showed that local acceleration could explain the flux enhancements
for ∼ 3–5 MeV electrons and the inward radial diffusion could

contribute to the flux enhancements of −7 MeV electrons at the heart
of the outer radiation belt during a small to moderate geomagnetic
storm event. For the 17March 2013 and 17March 2015 geomagnetic
storm events, the observed and simulation results have shown that
the combined effect of local acceleration and inward radial diffusion
could explain enhancements of ultrarelativistic electrons in the outer
radiation belt (Baker et al., 2014; Li et al., 2016).

Many previous studies have focused on the effect of the solar
wind and magnetospheric processes on relativistic electrons in the
Earth’s outer radiation belt (e.g., Drozdov et al., 2019; Forsyth et al.,
2016; Gu et al., 2020; Kim et al., 2015; L. Y; Li et al., 2009; Reeves,
1998; Reeves et al., 2003; Reeves et al., 2011; Schiller et al., 2014;
Su et al., 2014; Tang et al., 2016; Tang et al., 2017; Tang et al.,
2023a.; Tang et al., 2023b; Turner et al., 2015; Turner et al., 2019;
Wing et al., 2016; Zhao et al., 2017). Using the Van Allen Probes
data, Li et al. (2015) have shown that high solar wind speed,
prolonged southward interplanetary magnetic field (IMF) Bz
component, and low solar wind dynamic pressure are critical for
the electron (μ = 3,433 MeV/G) acceleration in the outer radiation
belt. Using the data from the Relativistic Electron-Proton Telescope
(REPT) instruments, Moya et al. (2017) statistically studied the
effect of geomagnetic storms on the fluxes of ∼ 2–5 MeV electrons in
the outer radiation belt.They showed that the electron flux variations
(enhancement, loss, and no change) mainly depended on L-shell
and energy. Zhao et al. (2019a) studied the effects of solar wind
conditions and geomagnetic storms on ultrarelativistic electron
flux enhancements. They suggested that geomagnetic storms with
higher solar wind speed, prolonged southward IMF Bz, higher
solar wind Ey, lower solar wind number density, and continuous
and intense substorm activities could contribute to enhancements
of ultrarelativistic electrons in the outer radiation belt. Using the
Van Allen Probes data, Chen et al. (2023) statistically studied the
acceleration conditions of ultrarelativistic electrons with different
cutoff energies in the outer radiation belt during geomagnetic
storms. They found that different solar wind speeds and substorm
activities during the recovery stage could cause enhancements of
ultrarelativistic electrons with different energies.

Previous studies have focused on the evolution and acceleration
conditions of ultrarelativistic electrons during isolated geomagnetic
storms. However, the role of successive geomagnetic storms is not
well understood. In this study, we will analyze the evolution of
ultrarelativistic electrons in the outer radiation belt during the three
typical continuous geomagnetic storm events, and discuss the effect
of the first geomagnetic storm on the acceleration of ultrarelativistic
electrons during the second geomagnetic storm.

2 Observations and analysis

Continuousmagnetic storms in this study are defined as follows:
1) Each continuous magnetic storm event consists of two magnetic
storms that are consecutive in time. Each continuous magnetic
storm event lasts for a maximum of 2 weeks. The 2 weeks are
the maximum time from the first SYM-Hmin to the end of the
second storm recovery phase; 2) The enhancement of relativistic
and ultrarelativistic electron flux occurs in the first magnetic storm;
These enhanced fluxes are not significantly reduced until the
second magnetic storm occurs. There are three typical continuous
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geomagnetic storm events in this study. The reasons for these three
events as typical events are as follows: 1) The second storm of these
events was the small or moderate magnetic storm with a short
main phase and low solar wind dynamic pressure; 2) The May
2013 event consisted of two successive moderate magnetic storms,
which together led to enhancements of ultrarelativistic electrons;
3) The June 2013 event consisted of a strong magnetic storm (the
first magnetic storm) and a moderate magnetic storm (the second
magnetic storm), which together resulted in increased levels of
ultrarelativistic electrons; 4) The April 2017 event consisted of two
small magnetic storms, which together led to enhancements of
>7 MeV electrons.

2.1 The May 2013 event

Figure 1 shows the first continuous geomagnetic storm event
that occurred in May 2013. Solar wind parameters and geomagnetic
indices with a time resolution of 1 min and level 2 spin average
differential electron flux data from the Magnetic Electron Ion
Spectrometer (MagEIS) (Blake et al., 2013) and REPT (Baker et al.,
2012) instruments of the high energy particle, composition, and
thermal plasma (ECT) suite (Spence et al., 2013) from the Van Allen
Probes are used in the event analysis. Our study primarily uses
the data from Van Allen Probe B. However, the data from Van
Allen Probe A will be used when there are missing data for Van
Allen Probe B. The fluxes of 1 MeV electrons are from the MagEIS,
while the fluxes of >2 MeV electrons are from the REPT. This
continuous magnetic storm event included a moderate geomagnetic
storm on 18 May 2013 and a moderate geomagnetic storm on 25
May 2013. The geomagnetic storm on 18 May 2013 was caused by
a halo CME accompanied by a flare of the magnitude ×1.2 (not
shown). The minimum of the SYM-H index for this storm was
−67 nT. In the recovery phase (the SYM-H index gradually returned
from the SYM-Hmin to −0 nT, which may last 4 days), the IMF
Bz component fluctuated greatly in the north-south direction, and
the minimum of the Bz component was about −10 nT (Figure 1G).
The maximum solar wind speed was less than 500 km/s, and there
were no solar wind high-speed flows (Figure 1H). The solar wind
electric field Ey component had some perturbations (Figure 1I).
In the early recovery phase (from 12:00 UT on 18 May to 00:00
UT on 20 May), two isolated weak substorms with the AEmax
> 500 nT occurred. During the late recovery phase (from 00:00
UT on 20 May to 08:00 UT on 22 May), some small substorms
with the AEmax < 700 nT appeared (Figure 1J). During the main
phase (the SYM-H index rapidly declined from −0 nT to the SYM-
Hmin, which may last 12 h), the fluxes of 1.0–5.2 MeV electrons
significantly decreased based on the observations from Van Allen
Probe B (Figures 1C−F). Xiang et al. (2018) have showed that the
dominant dropout mechanisms at high L∗ region are often a
combination of EMIC wave scattering and outward radial diffusion.
At the same time, the solar wind dynamic pressure was up to
9 nPa (not shown), which can compress the magnetospause and
lead to the electron flux loss (e.g., Hudson et al., 2014; Gao et al.,
2015; Gokani et al., 2022). At ∼ 02:54–03:03 UT on 18 May 2013,
Van Allen Probe B was located at duskside and observed some
EMIC waves at three bands (H+, He+ and O+) at L∗ ∼ 4.0 (SI,
Supplementary Figure S1). Meredith et al. (2003) combined satellite

observations with theoretical results to suggest that EMIC waves
interact primarily with electrons above MeV energies. Lei et al.
(2023) showed that three bands of EMIC waves (H+, He+ and O+)
have a stronger scattering effect on electrons at higher L. These
guggested that the EMIC wave scattering make some contribution
for the decreased fluxes. The decrease in electron flux may also
have other causes. During the recovery phase, enhanced fluxes of
1.0–3.4 MeV electrons were observed at L∗∼ 4.4 (Figures 1D−F),
whichmay be due to local acceleration (e.g.,Thorne et al., 2013).The
peak flux of 1 MeV electrons appeared at L∗∼ 4.4 at ∼ 14:36 UT on
20 May 2013, and the flux was 692 cm−2/s/sr/keV. The peak flux of
3.4 MeV electrons appeared at L∗∼ 4.3 at ∼ 06:46 UT on 22 May
2013, and the flux was 1850 cm−2/s/sr/MeV. In this event, the flux
of 5.2 MeV electrons did not enhance (Figure 1C). According to the
definition of Chen et al. (2023), this storm event was defined as an
event with a cutoff energy of 3.4 MeV event (Figures 1A−F).

The second moderate geomagnetic storm occurred on 25 May
2013, about 7 days after the first geomagnetic storm, and was
caused by a halo CME (not shown). The minimum of the SYM-H
index was −65 nT. During the main phase (from 18:00 UT on 24
May to 05:00 UT on 25 May) and the early stage of the recovery
phase (from 05:00 UT on 25 May to 00:00 UT on 27 May), the
Bz and Ey components had strong perturbations (Figures 1G,I).
The solar wind velocity started to increase and reached 770 km/s
(Figure 1H). The continuous substorm activities occurred, and the
AE ∗max was up to 1,423 nT (Figure 1J). From the observations of
Van Allen Probe B, the fluxes of 1 MeV and 3.4 MeV electrons
during the main phase did not significantly decrease (Figures 1E,F).
This may be related to the intensity of the geomagnetic storm, the
duration of the main phase, and the lower dynamic pressure of
the solar wind, which we will discuss in detail in the discussion
section. During the recovery phase (from 05:00 UT on 25 May
to 00:00 UT on 30 May), the fluxes of 1.0, 2.1, 3.4, and 5.2 MeV
electrons gradually began to increase (Figures 1A−F). The peak
flux of 1.0 MeV electrons appeared at L∗∼ 4.8 at ∼ 14:50 UT on
29 May 2013, and the flux was 1,566 cm−2/s/sr/keV (Figure 1F).
The maximum energy of ultrarelativistic electrons with the flux
enhancements during the recovery phase was 6.3 MeV, and its
peak flux appeared at L∗∼ 4.7 at ∼14:53 UT on 29 May 2013
(Figure 1A). The growing local peaks in the electron phase space
densities (PSDs) for μ = 1,096, 2,290, 3,311, 4,786, 6,918, and
8,317 MeV/G were observed (SI, Supplementary Figure S2). Many
previous studies have suggested that the rising local peaks of the
electron PSD are caused by local acceleration due to the wave-
particle resonance interaction between chorus waves and electrons
(e.g., Reeves et al., 2013; Thorne et al., 2013; W; Li et al., 2014;
Ma et al., 2016;Hua, Bortnik, andMa, 2022).Thus, enhancements of
ultrarelativistic electronsweremainly due to the local acceleration by
chorus waves.

Figure 2 shows the variations of the electron fluxes with different
energies at L∗ ∼ 4.5 during the first continuous geomagnetic storm
event in May 2013. L∗ ∼ 4.5 was the main acceleration region of
radiation belt electrons. The flux values were taken for each pass
of Van Allen Probe B through the main acceleration region of
ultrarelativistic electrons. Some values of the observations from Van
Allen Probe B are bad points, which are blanked out in Figure 2.
When the flux value at a given moment is 0 or −1.00000E+31,
which is much lower than the fluxes at nearby moment, we refer
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FIGURE 1
An overview of the first continuous geomagnetic storm event that occurred in May 2013. The cutoff energy of the geomagnetic storm on 18 May 2013
is 3.4 MeV, while that of the geomagnetic storm on 25 May 2013 is 6.3 MeV. Panels (A–F) show the electron fluxes at energies of 7.7 MeV, 6.3 MeV,
5.2 MeV, 3.4 MeV, 2.1 MeV, and 1.0 MeV, respectively. The black dotted lines in (A–F) represent the L∗ value of the flux enhancements of ultrarelativistic
electrons at different energies during the second geomagnetic storm (L∗ ∼ 4.5). Panels (G–K) show the IMF Bz, solar wind velocity Vsw, and solar wind
electric field Ey in the GSM coordinates, AE index, and the SYM-H index, respectively. L∗ is the calculated Roederer’s shell parameter (in units of the
radius of the Earth), for which the internal magnetic field (IGRF) and external (OP77Q) models are used. The vertical blue dashed lines indicate the times
of the SYM-Hmin during the first continuous geomagnetic storm event.
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to the data at that moment as a bad point. For the data with fluxes
less than 101/cm2/s/sr/MeV (instrument background noise), they
may be affected by background levels and galactic cosmic rays
(e.g., Zhao et al., 2019b). There were some small flux perturbations
during Van Allen Probe B pass, which may be due to the Dst effect.
The cutoff energy of the geomagnetic storm on 25 May 2013 was
6.3 MeV. During the first geomagnetic storm, the flux of 1.0 MeV
electrons (F1) decreased from 6.8 × 104 cm−2/s/sr/MeV to 7.4 ×
103 cm−2/s/sr/MeV and then increased to 5.5 × 105 cm−2/s/sr/MeV
during the recovery phase. Before the main phase of the second
geomagnetic storm, F1 was 3.3 × 105 cm−2/s/sr/MeV, which had
some losses compared with the flux peak of the first geomagnetic
storm. Then, F1 decreased to 1.2 × 105 cm−2/s/sr/MeV during the
main phase of the second geomagnetic storm. In the recovery
phase of the second geomagnetic storm, F1 increased to 1.4 ×
106 cm−2/s/sr/MeV. Compared to F1 during the main phase of the
first geomagnetic storm, F1 during the main phase of the second
geomagnetic storm increased by nearly one order of magnitude.
These enhanced relativistic electrons could be used as the source
of ultrarelativistic electrons and contribute to ultrarelativistic
electron acceleration during the second geomagnetic storm (e.g.,
Allison et al., 2021; Chen et al., 2023;W; Li et al., 2014; Shprits et al.,
2022; Thorne et al., 2013). The fluxes of 3.4 MeV electrons (F2)
decreased to 6.2 cm−2/s/sr/MeV during the main phase of the first
geomagnetic storm and increased to 754 cm−2/s/sr/MeV during
the late recovery phase of the first geomagnetic storm. Then,
F2 decreased to 117 cm−2/s/sr/MeV during the main phase of
the second geomagnetic storm, and the flux peak of F2 during
the recovery phase of the second geomagnetic storm was 3.0 ×
104 cm−2/s/sr/MeV. Compared to F2 during the recovery phases of
the first continuous geomagnetic storm event, the fluxes of 3.4 MeV
electrons were further enhanced during the second geomagnetic
storm. And, enhanced fluxes of 5.2 and 6.3 MeV electrons were
observed during the second geomagnetic storm.

2.2 The June 2013 event

Figure 3 shows the second continuous geomagnetic storm that
occurred in June 2013. The continuous geomagnetic storm event
included a strong geomagnetic storm on 1 June 2013 and amoderate
geomagnetic storm on 7 June 2013. The minimum SYM-H index
for the storm on 1 June 2013 was −137 nT. During the storm main
phase (from 00:00 UT to 12:00 UT on 1 June), there was a strong
IMF Bz component, which was up to −21 nT (Figure 3G). The solar
wind speed was about 400 km/s (Figure 3H). The maximum solar
wind electric field Ey component was 8.64 mV/m (Figure 3I). There
was an isolated strong substorm and AE ∗max reached 1,391 nT
(Figure 3J). In the recovery phase (from 12:00 UT on 1 June to
12:00 UT on 6 June), the Bz component had some perturbations
in the north-south direction (Figure 3G). The long-duration high-
speed flows appeared, and the peak of the solar wind speed was
up to 775 km/s (Figure 3H). The Ey component also had some
perturbations (Figure 3I), and some continuous weak substorm
activities occurred (Figure 3J). The decreased fluxes of relativistic
and ultrarelativistic electrons during the storm main phase were
observed by Van Allen probe B (Figures 3B−F). Some EMIC waves
were also observed by Van Allen Probe B at ∼ 05:50–06:10 UT

FIGURE 2
Variations in the electron fluxes with different energies at L∗ ∼ 4.5
during the first continuous geomagnetic storm event in May 2013.
Energies are distinguished by colors. Black, blue, green, and red
represent 1.0 MeV, 3.4 MeV, 5.2 MeV, and 6.3 MeV, respectively. The
symbols represent the sequences of storm events, in turn, before the
first geomagnetic storm (at ∼ 18:38 UT on 17 May 2013) (circle), the
later main phase of the first geomagnetic storm (at ∼ 03:27 UT on 18
May 2013) (square), the later recovery phase of the first geomagnetic
storm (at ∼ 21:46 UT on 21 May 2013) (diamond), the later main phase
of the second geomagnetic storm (at ∼ 03:18 UT on 25 May 2013)
(upward triangle) and the later recovery phase of the second
geomagnetic storm (at ∼ 15:07 on 29 May 2013) (downward triangle).
The dotted line on the left indicates the time of the SYM-Hmin of the
first geomagnetic storm (at ∼ 03:40 UT on 18 May 2013), and the
dotted line on the right indicates the time of the SYM-Hmin of the
second geomagnetic storm (at ∼ 05:46 UT on 25 May 2013).

on 1 June 2013 (SI, Supplementary Figure S3). This suggested
that EMIC wave scattering possibly contributed to the reduction
in the fluxes of relativistic and ultrarelativistic electrons (e.g.,
Turner et al., 2014; Xiang et al., 2018). In the recovery phase, the
accelerated relativistic and ultrarelativistic electrons were observed
at L∗∼ 4.0–4.6 (Figures 3C−F). The peak flux of 1 MeV electrons
appeared at L∗∼ 4.3 at ∼ 12:42 UT on 3 June 2013, and the flux
was 1,369 cm−2/s/sr/keV (Figure 3F). In this event, the maximum
electron energy during the recovery phase was 5.2 MeV. The peak
flux of 5.2 MeV electrons was 97 cm−2/s/sr/MeV, which appeared at
L∗∼ 4.6 at ∼ 18:38 UT on 5 June 2013 (Figure 3C).

The second geomagnetic storm occurred on 7 June 2013, about
6 days after the first geomagnetic storm. The minimum SYM-H
index was −88 nT. During the main phase (from 16:00 UT on 6 June
to 04:00 UT on 7 June 2013) and the early stage of the recovery
phase (from 04:00 UT on 7 June to 12:00 UT on 8 June), the Bz
component was southward and lasted about 1 day (Figure 3G). The
maximum solar wind speed was less than 500 km/s (Figure 3H), and
theEy componentwas less than 6 mV/m (Figure 3I).The continuous
substorm activities occurred, and AE ∗max was 1,347 nT (Figure 3J).
From the observations of Van Allen probe B, the fluxes of relativistic
and ultrarelativistic electrons during the storm main phase were
not significantly decreased (Figures 3C−F). During the recovery
phase (from 04:00 UT on 7 June to 00:00 UT on 11 June), the
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FIGURE 3
An overview of the second continuous geomagnetic storm event that occurred in June 2013. The cutoff energy of the geomagnetic storm event on 1
June 2013 is 3.4 MeV, while that of the geomagnetic storm event on 7 June 2013 is 6.3 MeV. Panels (A–F) show the electron fluxes at energies of
7.7 MeV, 6.3 MeV, 5.2 MeV, 3.4 MeV, 2.1 MeV, and 1.0 MeV, respectively. The black dotted lines in (A–F) represent the L∗ value of the flux enhancements
of ultrarelativistic electrons at different energies during the second geomagnetic storm (L∗ ∼ 4.0). Panels (G–K) show the IMF Bz, solar wind velocity
Vsw, and solar wind electric field Ey in the GSM coordinates, AE index, and the SYM-H index, respectively. The vertical blue dashed lines indicate the
times of the SYM-Hmin during the second continuous geomagnetic storm event.
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fluxes of 1.0–6.3 MeV electrons recovered and enhanced rapidly.The
peak flux of 1.0 MeV electrons appeared at L∗∼ 4.0 at ∼ 10:25 UT
on 8 June 2013, the flux was 2.9 × 103 cm−2/s/sr/keV (Figure 3F).
The maximum energy of ultrarelativistic electrons was 6.3 MeV.
The peak flux of 6.3 MeV electrons was 371 cm−2/s/sr/MeV and
appeared at L∗ ∼ 3.9 at ∼ 07:50 UT on 9 June 2013 (Figure 3B).
The features of inward radial diffusion in the electron PSDs for μ =
1,096, 2,290, 3,311, 4,786, 6,918, and 8,317 MeV/G were observed
(SI, Supplementary Figure S4), which indicated that the inward
radial diffusion could contribute to enhancements of ultrarelativistic
electrons at L∗ ∼ 4.0.

Figure 4 shows the variations of the electron fluxes with different
energies at L∗∼ 4.0 during the second continuous geomagnetic
storm event in June 2013. L∗∼ 4.0 was the main acceleration
region of ultrarelativistic electrons during the second geomagnetic
storm. The cutoff energy of the geomagnetic storm on 7 June
2013 was 6.3 MeV. Before the first geomagnetic storm on 1
June 2013, 1.0 MeV, 3.4 MeV, 5.2 MeV, and 6.3 MeV electrons
had higher fluxes based on the observations from Van Allen
Probe B (as shown by the circles in Figure 4). During the
later main phase of the first geomagnetic storm, the fluxes of
relativistic and ultrarelativistic electrons significantly decreased,
their fluxes were 3.0 × 104 cm−2/s/sr/MeV, 83 cm−2/s/sr/MeV,
1 cm−2/s/sr/MeV, and 4 cm−2/s/sr/MeV for 1.0 MeV, 3.4 MeV,
5.2 MeV, and 6.3 MeV electrons, respectively (as shown by the
squares in Figure 4). The fluxes of 1.0 MeV, 3.4 MeV, and 5.2 MeV
electrons during the recovery phase of the first geomagnetic storm
increased to 9.0 × 105 cm−2/s/sr/MeV, 3.8 × 103 cm−2/s/sr/MeV,
and 55 cm−2/s/sr/MeV, respectively (as shown by the diamonds in
Figure 4). During the main phase of the second geomagnetic storm,
the fluxes of 1.0 MeV, 3.4 MeV, and 5.2 MeV electrons decreased
slightly (as shown by the upward triangles in Figure 4). Finally,
enhanced fluxes of ultrarelativistic electrons were observed during
the recovery phase of the second geomagnetic storm (as shown by
the downward triangles in Figure 4).

2.3 The April 2017 event

Figure 5 shows the third continuous geomagnetic storm event
that occurred in April 2017. Data of the electron fluxes is from both
Van Allen Probe A and B. This continuous geomagnetic storm event
included a small geomagnetic storm on 20 April 2017 and a small
geomagnetic storm on 22 April 2017. The minimum SYM-H index
of the geomagnetic storm on 20 April 2017 was −48 nT. During the
main phase (from 00:00UT on 20April to 05:00UT on 20April), the
southward IMF Bz component was about −12 nT (Figure 5G), the
maximum solar wind speed was about 550 km/s (Figure 5H), and
the maximum solar wind electric field Ey component was 6 mV/m
(Figure 5I). According to the observations of Van Allen probe B,
the fluxes of 3.4 MeV and 1 MeV electrons began to decrease at
00:00UTon20April 2017 (Figures 5E,F).During the recovery phase
(from 05:00 UT on 20 April to 14:00 UT on 21 April), the IMF
Bz component had some fluctuations in the north-south direction
(Figure 5G). There were long-duration high-speed flows of the solar
wind, and the peak velocity of the solar wind was up to 600 km/s
(Figure 5H).The Ey component had some perturbations (Figure 5I).
The intense substorm activities occurred, and the AE ∗max reached

FIGURE 4
Variations in the electron fluxes with different energies at L∗ ∼ 4.0
during the second continuous geomagnetic storm in June 2013. The
symbols represent the sequences of storm events, in turn, before the
first geomagnetic storm (at ∼ 21:51 UT on 31 May 2013) (circle), the
later main phase of the first geomagnetic storm (at ∼ 07:11 UT on 1
June 2013) (square), the later recovery phase of the first geomagnetic
storm (at ∼ 19:09 UT on 5 June 2013) (diamond), the later main phase
of the second geomagnetic storm (at ∼ 01:27 UT on 7 June 2013)
(upward triangle) and the later recovery phase of the second
geomagnetic storm (at ∼ 16:28 UT on 10 June 2013) (downward
triangle). The dotted line on the left indicates the time of the SYM-Hmin

of the first geomagnetic storm (at ∼ 07:48 UT on 1 June 2013), and the
dotted line on the right indicates the time of the SYM-Hmin of the
second geomagnetic storm (at ∼ 02:41 UT on 7 June 2013).

1,135 nT (Figure 5J). The fluxes of 1.0–3.4 MeV electrons had no
significant decreases during themain phase but increased during the
recovery phase (Figures 5D−F). The peak flux of 1 MeV electrons
was 907 cm−2/s/sr/keV, which appeared at L∗ ∼ 4.5 at 15:49 UT
on 21 April 2017. In this event, the maximum energy of enhanced
electrons during the recovery phase was 3.6 MeV and the peak flux
was 2,730 cm−2/s/sr/keV, which appeared at L∗ ∼ 3.6 at ∼ 09:58 UT
on 21 April 2017.

The minimum SYM-H index of the small geomagnetic storm
on 22 April was −53 nT, which was caused by the halo CME
associated with C5.5 flares (not shown). During this geomagnetic
storm, the Bz component had some fluctuations in the north-
south direction (Figure 5G). There were long-duration high-speed
flows, and the peak solar wind speed reached 767 km/s (Figure 5H).
The Ey component had also some fluctuations (Figure 5I). The
continuous and intense substorm activities occurred during the
recovery phase (from 04:00UT on 22April to 00:00UT on 26April),
and the AE ∗max reached 1,290 nT (Figure 5J). Chen et al. (2023)
have shown that continuous intense substorms in the early recovery
stage are important to the rapid recovery and enhancements
of ultrarelativistic electrons in the outer radiation belt. These
conditionsmay be favorable for enhancements of 7.7 MeV electrons.
Note that there are ∼7 h of the missing data from Van Allen Probe B
on April 22. However, when combined with the observations from
Van Allen Probe A, the evolution of relativistic and ultrarelativistic
electrons was similar to the first two storm events. That is, the
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FIGURE 5
An overview of the third continuous geomagnetic storm event that occurred in April 2017. The cutoff energy of the geomagnetic storm event on 20
April 2017 is 3.4 MeV, while that of the geomagnetic storm event on 22 April 2017 is 6.3 MeV. Panels (A–F) show the electron flux at energies of 7.7 MeV,
6.3 MeV, 5.2 MeV, 3.4 MeV, 2.1 MeV, and 1.0 MeV, respectively. The black dotted lines in (A–F) represent the L∗ value of the flux enhancements of
ultrarelativistic electrons at different energies during the second geomagnetic storm (L∗ ∼ 4.3). Panels (G–K) show the IMF Bz, solar wind velocity Vsw,
and solar wind electric field Ey in the GSM coordinates, AE index, and the SYM-H index, respectively. The vertical blue dashed lines indicate the times of
the SYM-Hmin during the third continuous geomagnetic storm event. Data is from Van Allen Probe A and B
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fluxes of relativistic and ultrarelativistic electrons during the storm
main phase were not significantly decreased. The fluxes of 3.4, 5.2,
and 6.3 MeV electrons started to increase during the early recovery
phase (from 04:00 UT on 22 April to 08:00 UT on 23 April). The
peak fluxes of 3.4, 5.2, and 6.3 MeV electrons appeared at L∗ ∼
4.3 (Figures 5B−D). The peak flux of 3.4 MeV electrons was 5.5 ×
105 cm−2/s/sr/MeV, which appeared at 14:11 UT on 25 April 2017.
The peak flux of 1 MeV electrons was 5.0 × 103 cm−2/s/sr/keV, which
appeared at L∗ ∼ 4.3 at 16:50 UT on 23 April 2017. The maximum
energy of ultrarelativistic electrons with the flux enhancements
during the recovery phase was 7.7 MeV. The peak flux of 7.7 MeV
electrons appeared at L∗ ∼ 4.4 at ∼ 01:07 UT on 25 April 2017, and
the flux was 237 cm−2/s/sr/MeV.

Figure 6 shows the variations of the electron fluxes with different
energies at L∗∼ 4.3 during the third continuous geomagnetic storm
event in April 2017. L∗∼ 4.3 was the main acceleration region
of ultrarelativistic electrons during the second geomagnetic storm.
As from Figure 6, the fluxes of 1.0–6.3 MeV electrons first had
some decreases during the main phase (as shown by the squares
in Figure 6). EMIC wave scattering possibly contributed to the
decreases (e.g., Turner et al., 2014; Su et al., 2016; Xiang et al., 2018).
Because the intense EMIC waves were observed by Van Allen Probe
B during themain phase (at ∼ 03:07–03:33 UT on 20 April 2017) (SI,
Supplementary Figure S5).Then the fluxes of 1.0–5.2 MeV electrons
increased during the recovery phase of the first geomagnetic storm
(as shown by the diamonds in Figure 6). During the main phase of
the second geomagnetic storm, the fluxes of 1.0–5.2 MeV electrons
continued to increase (as shownby the upward triangles in Figure 6).
These enhanced 1 MeV electrons during the first geomagnetic
storm could be the direct “source” of ultrarelativistic electrons
and contributed to ultrarelativistic electron acceleration during the
second geomagnetic storm. Ultrarelativistic electrons (3.4 MeV and
5.2 MeV electrons) during the first geomagnetic storm could be
further enhanced during the second geomagnetic storm. Compared
to the fluxes of ultrarelativistic electrons during the recovery phase
of the first geomagnetic storm, the fluxes of 3.4 MeV electrons
enhanced by two orders of magnitude, the fluxes of 5.2 MeV and
6.3 MeV electrons increased by three orders of magnitude, and the
fluxes of 7.7 MeV electrons were also greatly enhanced during the
recovery phase of the second geomagnetic storm (as shown by the
downward triangles in Figure 6).

3 Discussions

Previous studies have shown that high solar wind speed (V sw
> 500 km/s) and continuous substorms play an important role in
the acceleration of ultrarelativistic electrons in the Earth’s outer
radiation belt (e.g., Baker et al., 1997; Baker et al., 2019; Hajra et al.,
2015; Kim et al., 2015; W; Li et al., 2015; Zhao et al., 2019a). Using
the data from Van Allen Probes, Chen et al. (2023) statistically
studied 82 acceleration events of ultrarelativistic electrons in
the outer radiation belt. They found that the acceleration of
ultrarelativistic electrons at different energies requires the different
solar wind speeds and different substorm activities. To further
study the role of successive geomagnetic storms in the evolution
or enhancements of ultrarelativistic electrons in the Earth’s outer

FIGURE 6
Variations in the electron fluxes with different energies at L∗∼ 4.3
during the third continuous geomagnetic storm in April 2017. The
symbols represent the sequence of storm events, in turn, before the
first geomagnetic storm (at ∼ 18:39 UT on 19 April 2017) (circle), the
later main phase of the first geomagnetic storm (at ∼ 03:32 UT on 20
April 2017) (square), the later recovery phase of the first geomagnetic
storm (at ∼ 06:46 UT on 21 April 2017) (diamond), the later main phase
of the second geomagnetic storm (at ∼ 19:35 UT on 21 April 2017)
(upward triangle) and the later recovery phase of the second
geomagnetic storm (at ∼ 01:14 UT on 25 April 2017) (downward
triangle). The dotted line on the left indicates the time of the SYM-Hmin

of the first geomagnetic storm (at ∼ 04:28 UT on 20 April 2017), and
the dotted line on the right indicates the time of SYM-Hmin of the
second geomagnetic storm (at ∼ 04:35UT on 22 April 2017).

radiation belt, we compare some isolated geomagnetic storm
events picked from Chen et al. (2023) to the second geomagnetic
storms in the three typical continuous geomagnetic storm
events.

The storm on 25 May 2013 was the second geomagnetic storm
in the first continuous geomagnetic storm event in May 2013, and
a selected similar event was the isolated geomagnetic storm on 5
August 2019. The intensity of the geomagnetic storm on 5 August
2019 was −64 nT. The long-duration high-speed flows appeared
during the recovery phase and continuous substorms occurred
during the early recovery phase (SI, Supplementary Figure S6). The
two geomagnetic storms had similar solar wind speed flows, the
evolution and intensity of storms, and substorm activities during the
recovery phases. The cutoff energy of the geomagnetic storm on 5
August 2019 was 5.2 MeV, and the acceleration region was mainly
at L∗ ∼ 4.8 (SI, Supplementary Figure S6), while the cutoff energy
of the geomagnetic storm on 25 May 2013 was 6.3 MeV, and the
acceleration region was mainly at L∗ ∼ 4.5 (Figure 1). Tang et al.
(2023b) have shown that the timing, duration, and intensity of
substorms during the storm recovery phase are crucial to the
location of the local acceleration region. The electron fluxes of all
energies during the recovery phase of the geomagnetic storm on 25
May 2013 were at least double those of the geomagnetic storm on 5
August 2019 (SI, Supplementary Figure S7). These results show that
the moderate geomagnetic storm in this continuous geomagnetic
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storm event has higher cutoff energy and higher flux levels than the
isolated geomagnetic storm with similar conditions.

The storm on 7 June 2013 was the second geomagnetic storm
in the second continuous geomagnetic storm event in June 2013,
and a selected similar storm was the isolated geomagnetic storm
on 27 August 2014. The SYM-Hmin of the geomagnetic storm
on 27 August 2014 was −90 nT (SI, Supplementary Figure S8).
For the two geomagnetic storms, the solar wind speed flows
and the evolution and intensity of storms were similar. The
cutoff energy of the geomagnetic storm on 27 August 2014
was 5.2 MeV, and the acceleration region was mainly at L∗

∼ 4.5 (SI, Supplementary Figure S8), while the cutoff energy of
the geomagnetic storm on 7 June 2013 was 6.3 MeV, and the
acceleration region was mainly at L∗ ∼ 4.0 (Figure 2). The
flux levels of relativistic and ultrarelativistic electrons during the
recovery phase of the geomagnetic storm on 7 June 2013 were
much larger than those of the geomagnetic storm on 27 August
2014 (SI, Supplementary Figure S9). These results show that the
moderate geomagnetic storm in this continuous geomagnetic
storm events has higher cutoff energy and higher flux levels
than the isolated geomagnetic storms with continuous substorm
activities.

The storm on 22 April 2017 was the second geomagnetic storm
in the third continuous geomagnetic storm event in April 2017, and
a selected similar event was the geomagnetic storm on 31 January
2017. The intensity of the geomagnetic storm on 31 January 2017
was −48 nT (SI, Supplementary Figure S10). The two geomagnetic
storms had similar solar wind speed flows, the evolution and
intensity of storms, and continuous substorm activities during
the recovery phases. The cutoff energy of the geomagnetic storm
on 31 January 2017 was 6.3 MeV, and the acceleration region
was mainly at L∗ ∼ 4.6 (SI, Supplementary Figure S10), while the
cutoff energy of the geomagnetic storm on 22 April 2017 was
7.7 MeV, and the acceleration region was mainly at L∗ ∼ 4.3
(Figure 3).The flux levels of relativistic and ultrarelativistic electrons
during the recovery phase of the geomagnetic storm on 22 April
2017 were much higher than those of the geomagnetic storm
on 31 January 2017 (SI, Supplementary Figure S11). Chen et al.
(2023) showed that the enhancement of ultrarelativistic electrons
was related to continuous and intense substorms during the
recovery phase of the geomagnetic storm. Our results suggest that
continuous magnetic storms also can contribute to enhancements
of ultrarelativistic electrons during the geomagnetic storm. And,
Zhao et al. (2019a) showed that more intense geomagnetic storms
were easy to lead to the flux enhancements of ultrarelativistic
electrons with higher energies. However, ultrarelativistic electrons
with higher cutoff energies (≥5.2 MeV) and higher fluxes are
observed during the recovery phases of the second small or
moderate geomagnetic storms.

Some factors may influence whether continuous geomagnetic
storm events can affect the evolution and acceleration of
ultrarelativistic electrons in the Earth’s outer radiation belt. The
first factor is solar wind dynamic pressure. Previous studies have
shown that enhanced solar wind pressure can compress the
magnetopause and lead to electron flux dropouts (e.g., Onsager et al.,
2007; Turner et al., 2012; Yuan and Zong, 2013; Hudson et al.,
2014; Gao et al., 2015; Xiang et al., 2016; Gokani et al., 2022). And,
magnetospheric compressions can also lead to the anisotropic

distributions of ions and electrons, which generate EMIC waves on
the dayside (e.g., Anderson and Hamilton, 1993; McCollough et al.,
2010; Usanova et al., 2012; Zhang et al., 2016b; Saikin et al., 2016;
Xue et al., 2023; Yan et al., 2023) that can cause the loss of relativistic
and ultrarelativistic electrons (e.g., Zhang et al., 2016a; Su et al., 2017;
Zhu et al., 2020). Hua et al. (2023) found that themost significant flux
losses of >1 MeV electrons occurred during the strong solar wind
dynamic pressure while the flux losses barely occurred during the
weak solar wind dynamic pressure. During the second geomagnetic
storm of the three continuous geomagnetic storm events in this study,
the solar wind dynamic pressures were relatively low or had only
an instantaneous enhancement. Thus, the fluxes of relativistic and
ultrarelativistic electrons in the outer radiation belt during the main
phase were not significantly decreased.

The second factor is the intensity of the second geomagnetic
storm of the continuous geomagnetic storm event. During the
storm main phase, the large depletions of the outer radiation belt
electrons were due to the Dst effect (Kim and Chan, 1997; Li et al.,
1997) and nonadiabatic effects. Usually, the electron dropouts caused
by the Dst effect are positively correlated with the intensity of
geomagnetic storms. Xiang et al. (2018) have shown that the electron
dropouts at higher L shells due to outward radial diffusion induced
by magnetopause shadowing require stronger geomagnetic storms.
Previous studies have shown that EMIC waves can cause relativistic
andultrarelativisticelectronprecipitationsbyscatteringrelativisticand
ultrarelativistic electrons with small pitch angles (e.g., Shprits et al.,
2013; 2016; Turner et al., 2014; Usanova et al., 2014; Rodger et al.,
2015; Zhang et al., 2016a; 2016b; Su et al., 2016; Staples et al., 2023).
Previous studies also have shown that the losses of relativistic and
ultrarelativistic electrons caused by EMIC wave scattering at lower
L shells are more likely to occur during geomagnetic storms (e.g.,
Zhang et al., 2016b; Xiang et al., 2018; Hua et al., 2023). In this study,
the second geomagnetic storm of the three continuous geomagnetic
storm events is small or moderate geomagnetic storm. Using the data
from Van Allen Probe B, only some EMIC waves were observed at
high L∗ (L∗ > 5) (not shown). Thus, the decreases of relativistic and
ultrarelativistic electrons in thecenterof theouter radiationbeltduring
themainphases of the secondgeomagnetic stormswere smaller.These
relativistic electrons could be used as the source of ultrarelativistic
electronsandcontribute toultrarelativistic electronacceleration,while
the fluxes of 3.4 MeV electrons were further enhanced during the
second geomagnetic storm.

The third factor is the duration of the main phase. Wang et al.
(2023) found that the duration of themain phase played an important
role in the evolutions of the seed and MeV electrons in the
outer radiation belt during geomagnetic storms. EMIC waves were
important for the losses of ultrarelativistic electrons at lower L shells,
which is associated with shorter time scales (e.g., Meredith et al.,
2003; Summers et al., 2007; Cao et al., 2017; Ni et al., 2018). Previous
studies have also shown that EMIC waves can drive sub-relativistic
and relativistic electrons into the loss cone over a time scale of several
hours (e.g., Ni et al., 2015; Yuan et al., 2018; Capannolo et al., 2019;
Zhu et al., 2020; Zhang et al., 2021). These time scales were related to
the intensity of EMIC waves. In this study, the durations of the storm
main phases of the second geomagnetic storms were less than 12 h.
Thus, the fluxes of 1.0 MeV and 3.4 MeV electrons did not decrease
significantly during the short-duration main phases.
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Furthermore, Yahnin and Yahnina (2022) studied two
consecutive geomagnetic storms that formed under similar
conditions, with a rapid decay of the relativistic electron flux
during the main phase of the first magnetic storm but not during
the main phase of the second. They explained that variations in
the relativistic electron flux during the main phase of the second
magnetic storm were related to relativistic electron acceleration.
The SYM-Hmin of the second magnetic storm in their study was
< −100 nT, and AEmax > 1,500 nT. The second magnetic storms in
the three continuous magnetic storm events analyzed in this paper
were small or moderate magnetic storms, and substorm activities
during the main phase were not strong. Thus, the enhancement
of the relativistic electron flux due to the strong geomagnetic
perturbation is not the main factor for the absence of flux decay
of the relativistic electron flux during the main phase of the second
magnetic storm.

Of course, these are not the only factors that can influence
the final flux levels. Some factors (e.g., high-speed flows of the
solar wind and substorm activities during the second magnetic
storm event, etc.) may also have an impact on the resulting
the enhancement of electron fluxes. After all, the evolution of
ultrarelativistic electrons in the outer radiation belts is a very
complex process. Further statistical study of the “the effect of
continuous magnetic storms events on ultra-relativistic electrons” is
our future tasks.

4 Conclusion

In this work, we studied the evolution of ultrarelativistic
electrons in the Earth’s outer radiation belt during the
three continuous geomagnetic storm events. Each continuous
geomagnetic storm event included two magnetic storms. The main
conclusions can be summarized as follows:

(1) During the recovery phase of the first geomagnetic storm,
enhanced relativistic and ultrarelativistic electrons with lower
energies (≥3.4 MeV) are observed. These enhanced relativistic
electrons could be the source of ultrarelativistic electrons and
contribute to ultrarelativistic electron acceleration during the
second geomagnetic storm. While 3.4 MeV electrons could be
further enhanced during the second geomagnetic

(2) During the recovery phase of the second small or
moderate geomagnetic storm, ultrarelativistic electrons with
higher cutoff energies (≥5.2 MeV) and higher fluxes are
observed.

(3) Compared to isolated geomagnetic storms with similar
solar wind and geomagnetic conditions, ultrarelativistic
electrons with higher cutoff energies and higher fluxes are
observed during the recovery phase of the second geomagnetic
storm.

(4) If the second geomagnetic storm is a small or moderate
storm with a low solar wind dynamic pressure and short-
duration main phase, continuous geomagnetic storm events
may contribute even more to enhancements of ultrarelativistic
electrons in the outer radiation belt.
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