
1. Introduction
Energetic electron flux measurements in the Earth's inner radiation belt and slot region have an unusual maxima 
and minima at ∼100's of keV energies. Since 1960s a multiple local maximum in the electron energy spectra 
have been studied in the South Atlantic Anomaly region (≤800 km altitude) by several researchers (Imhof & 
Smith, 1965, 1966; Imhof et al., 1973, 1981). (Imhof & Smith, 1965, 1966) first reported a hill in the energy 
spectra of electrons at 0.75 and 1.3  MeV energies at L  =  1.15, using measurements from the polar orbiting 
earth-oriented satellite at 1650 UT on 2 November 1963. Cladis (1966) calculated the energy gain of the electrons 
due to magnetic field variations for this event and showed that the hill in the energy spectra are the manifestation 
of electron acceleration by the drift resonance interaction mechanism. Further, Datlowe et al. (1985) studied the 
energetic electron spectra (6 keV–1 MeV) over several hundred passages of low altitude satellite, namely S81-1, 
over South Atlantic Anomaly region, from L = 1.2–2. They showed that multiple hills persisted for most days 
irrespective of the geomagnetic activity. According to the DEMETER satellite measurements at L = 1.1–1.9, hills 
in the electron energy spectra have a constant bounce-averaged drift frequencies across the entire inner belt and 
they are formed as a result of resonant interaction of energetic electrons with ultralow frequency (ULF) waves 
induced by arrival of dense solar wind plasma during geomagnetically active periods (Sauvaud et al., 2013).

The periodic structures of electrons with regular hills and valleys are thought to be related to azimuthal drift 
motion of electrons. These structured features resemble zebra-like patterns and hence Ukhorskiy et al. (2014) 
entitled them as “Zebra stripes.” Combining modeling efforts and measurements made by the Radiation Belt 
Storm Probes Ion Composition Instrument (RBSPICE) instrument on board Van Allen Probe-A, Ukhorskiy 
et al.  (2014) showed that the quiet time electron zebra stripes pattern in the energy range of 20–250 keV are 
the result of slow longitudinal drift motion of electrons under the influence of the rotation of the Earth. Liu 
et al. (2016) made a statistical study of electron zebra stripes at L < 3 and showed that the amplitude of the hills 
is well correlated with the Kp index, indicating some possible role of geomagnetic activity in the generation 
of zebra stripes. Previous researchers have reported several interesting characteristic features exhibited by hills 
and valleys in the terrestrial electron zebra stripes. During the intervals of enhanced geomagnetic activity, the 
electron zebra stripes can appear as a distorted structures when rearranged into L-value versus drift frequency 
spectrogram (Ukhorskiy et al., 2014). Moreover, the separation between consecutive hills (and valleys) decreases 
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with time when represented on a drift frequency spectrogram (Lejosne & Roederer, 2016; Liu et al., 2016). Based 
on the observations, Lejosne and Mozer (2020) studied that the hills in the electron zebra stripes originate from 
the morning sector (∼9 magnetic local time [MLT]) while the valleys in the electron zebra stripes originate from 
the  premidnight sector (∼22 MLT).

One common feature of the zebra stripes is a monotonic decrease in energy of each stripe with L. Such dispersed 
patterns in the energetic electron spectra are believed to be associated with the rapid injection of charged particles 
from substorms (Lejosne & Mozer, 2020). Several researchers have proposed that zebra stripe is associated with 
spatial or temporal changes of the electric fields (e.g., Lejosne et al., 2022; Lejosne & Mozer, 2020; Lejosne & 
Roederer, 2016; Sauvaud et al., 2013; Ukhorskiy et al., 2014). Cladis (1966) was the first to postulate a model to 
understand the peak formation due to electron acceleration via the drift resonance mechanism. However, Datlowe 
et al.  (1985) suspected this theory as the electron energy gain per drift orbit is very small and hence the time 
required for the acceleration of electrons becomes too large. The drift resonance mechanism was also found to be 
inconsistent by Williams & Frank, 1984 for explaining the acceleration of ions. Contrarily, Sauvaud et al. (2013) 
performed a statistical analysis using DEMETER satellite observations and proposed that zebra stripes during 
the geomagnetic storms are the consequence of ULF wave interaction with energetic electrons. Nevertheless, this 
theory stands incompatible with the simultaneous observation of electron and ion zebra stripes. Wang et al. (2017) 
performed a test particle simulation of the energetic electrons and ions observed by the RBSPICE instrument on 
board Van Allen Probes during 15–16 February 2014. They employed a uniform, steady dawn-to-dusk convection 
electric field and the corotation electric field. The study showed that zebra stripes are reasonably reproduced by the 
convection electric field. For the same event, Lejosne et al. (2022) applied an empirical model for the equatorial 
vertical drift velocity depending on the AE index. With a formula, the vertical drift velocity is mapped to arbitrary 
L-value. The timing for the variations of the radial transport (electric field) is found to be valid. Recently, energetic 
electron flux enhancements distributed across discrete energy levels have been also observed in the inner magne-
tosphere of the Saturn (Hao et al., 2020; Sun et al., 2021, 2022) and Jupiter (Hao et al., 2020). These features are 
also named zebra stripes as they resemble the structures observed in the Earth's inner radiation belts. They showed 
that the electron zebra stripes in the outer planetary magnetosphere indicates the occurrence of global-electric 
field enhancements. However, a few questions remain regarding the enhanced convection electric field. What is 
the origin of the electric field involved in the formation of the zebra stripes? If the convection electric field was 
responsible, why did the convection electric field penetrate deep into the inner magnetosphere with L < 3?

The preferential MLT at which the electrons move inward to form the peaks originate is still unresolved. On 
the basis of observation, specifying MLT is probably not definitive because of inaccuracy in the determination 
of the history of the drift trajectories. To overcome this challenge and precisely obtain spatio-temporal evolu-
tion of the  electrons drifting not only in azimuthal direction, but also radial direction, we perform an advection 
simula tion for the electron zebra stripes. We also back-trace the electron trajectory to identify the initial loca-
tion of the electrons comprising the hills and valleys in the electron differential flux or zebra stripes. Section 2, 
describes the details of the satellite data and conditions imposed during the simulation. The details of the obser-
vation and results of electron zebra stripes from the Van Allen Probes spacecraft and the one inferred from the 
simulation are presented in Sections 3 and 4. The generation and evolution of electron zebra stripes in the Earth's 
inner magnetosphere are then discussed and summarized in Sections 5 and 6.

2. Data and Methodology
2.1. Van Allen Probes Data

The Van Allen Probes have an orbital period of ∼9 hr with an operational perigee at ∼700 km, an apogee at 
∼6.2 RE scanning the near-equatorial region at an inclination of ∼10° (Mauk et  al.,  2012). In this orbit it is 
possible to explore the dynamics of energetic electron fluxes and its band-like features namely, electron zebra 
stripes during the passage of Van Allen Probes through the Earth's inner magnetosphere. In this work we used 
data from the RBSPICE (Mitchell et al., 2013) aboard NASA's Van Allen Probe-A spacecraft. In this analysis we 
specifically use the differential electron fluxes binned at 90° pitch angle form the level 3 pitch angle and pressure 
data from High-Energy resolution, Low Time resolution, Electron Species Rates (ESRHELT) product having 64 
logarithmically spaced energy channels covering the energy range of 20–938 keV.

The inner magnetospheric electric fields are recorded by electric field and waves (Wygant et al., 2013) instrument 
on Van Allen Probes satellite. It comprises of two spin-plane boom pair that stretches 100 m across and one 
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spin-axis probes stretching 14 m away measuring all the three components of the electric fields. The electric fields 
are obtained in modified Geocentric Solar Ecliptic (mGSE) coordinate system. Spin-fit electric field y-component 
is the spin plane electric field, oriented nearly duskward at spin period cadence (∼11 s) in the mGSE coordinate 
system (Breneman et al., 2022). The spin fitting procedure involves a least-square fitting for each spin period of 
the Ey component of the onboard determined spin plane electric field. Here, V × B electric field in the spacecraft 
frame due to orbital motion of the spacecraft around the Earth is subtracted from the observed electric field.

2.2. Advection Simulation

Assuming that the electrons conserve the first two adiabatic invariants, we solved the following advection equa-
tion (Ebihara & Tanaka, 2013),

��
��

+ 1
���

�
��

(

���

⟨��
��

⟩

�
)

+ 1
��

�
��

(

��

⟨

��
��

⟩

�
)

+ 1
��

�
��

(

��
⟨��

��

⟩

�
)

+ 1
���

�
��

(

���
��
��

�
)

=
(

−
2�
��

)

loss cone
,

 (1)

where f, R, φ, K, x, p, γ, and τb are the phase space density of electrons, the distance from the center of the Earth, 
the MLT, the kinetic energy, cosine of the equatorial pitch angle, the momentum of a particle, the Lorentz factor, 
and the bounce period, respectively. The phase space density is as a function of R, ϕ, K and x. The left-hand side 
of Equation 1 is identical to that of Equation 1 of Jordanova et al. (2010) when the magnetic field is dipolar. The 
phase space density of the electrons inside the loss cone decreases with a characteristic timescale of half the 
bounce period. Sb is given by Roederer (1970).

𝑆𝑆𝑏𝑏 =

𝑠𝑠𝑚𝑚

∫
𝑠𝑠𝑚𝑚

′
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where sm and sm′ are mirror points in the Northern and Southern Hemispheres, respectively. Bm is the magnetic 
field at the mirror point. The bracket pair 𝐴𝐴 ⟨⟩ denotes the bounce-averaging operator. The bounce-averaged drift 
velocity is given by (Roederer, 1970)
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, (3)

where q is the charge, and E0 and B0 are the electric and magnetic fields in the equatorial plane, respectively. I is 
a function of the equatorial pitch angle, which is given by
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The rate of change in the kinetic energy is given by (Northrop, 1963)
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where M is the relativistic magnetic moment, which is given by
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The first term on the right-hand side of Equation 5 is omitted since we assume static magnetic field. The rate of 
change in x (cosine of the equatorial pitch angle) is given by (Ebihara & Tanaka, 2013)
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The radial distance in the equatorial plane ranged from 1.2 to 4.0 Earth radii (RE) with 24 grid points. The MLT 
is split into 48. The kinetic energy ranged from 10 keV to 2 MeV with 72 grid points. The pitch angle is split into 
8. We employed the Lax–Wendroff scheme (Lax & Wendroff, 1960) with the Superbee flux limiter (Roe, 1985) 
to solve Equation 1. The phase space density is zero at the beginning of the calculation. In Equation 1 we only 
include the losses of electrons through the loss cone. However, at lower L-values, there is also a presence of 
plasmaspheric hiss that is responsible for decreasing the intensity of the electrons fluxes but are not capable for 
depleting the inner belt electrons to form zebra stripe structures within such a short interval of time. Thus, we 
consider that the contribution of plasmaspheric hiss to the loss of electron fluxes giving rise to the zebra stripes is 
negligible. The phase space density at the outer boundary at L = 4.0 is set to be the relativistic kappa distribution 
(Xiao et al., 1998) with number density of 1.7 cm −3, characteristic energy of 2.3 keV, and the kappa value of 5.4 
(Birn et al., 1997; Christon et al., 1991). The boundary condition does not affect the conclusion of this paper 
significantly because we focus on the inward transport of the electrons that are initially located at L = 4.0.

The magnetic field is assumed to be the dipole field. Assuming that the magnetic field lines are equipotential, 
we mapped the electric field from the ionosphere to the equatorial plane along the magnetic field lines. No loss 
processes, other than the loss cone loss, are taken into consideration. For detailed information about the advection 
simulation, readers may refer Ebihara and Tanaka (2013). We began the advection simulation at 1800 UT on 7 
September 2017, and demonstrate the directional differential flux j given by

𝑗𝑗 = 𝑝𝑝
2
𝑓𝑓𝑓 (8)

2.3. Global MHD Simulation

To obtain the electric field, we used the global MHD simulation developed by Tanaka (2015). The following is 
a brief summary of the MHD simulation. The inner boundary of the magnetospheric domain is located on the 
sphere at 2.6 RE. First, we divide the sphere into 12 pentagons. Each pentagon is further divided into 5 triangles. 
In total, 60 triangles are present in the sphere. We call this Level 1. Each triangle is further divided into 4. Then, 
we have 240 triangles. We call this Level 2. By repeating the same procedure, we used the Level 6 grid system in 
which 61,440 triangles are embedded in the sphere. Secondly, 320 triangular prisms are stacked from the inner 
sphere to 200 RE at midnight and 600 RE at noon.

We determined the ionospheric conductivity by using variables at the inner boundary of the magnetospheric 
domain. For the contribution from the solar extreme ultraviolet, we determined the ionospheric conductivity 
depending on the solar zenith angle. For the contribution from discrete auroras, we increased the conductivity 
in the region where the upward FACs flow. For the contribution from the diffuse auroras, we increased the 
conductivity in the region where the plasma pressure and the temperature are high. For given the ionospheric 
conductivity and the FACs, we solved the following partial differential equation to obtain the electric potential at 
all the magnetic latitudes (Tanaka, 1994).

∇ ⋅ (Σ∇Φ𝑖𝑖) = −𝑗𝑗
‖

, (9)

where Σ, Φi and j|| are the height-integrated ionospheric conductivity tensor, the ionospheric electric poten-
tial, and FACs, respectively. The height-integrated conductivity tensor Σ is provided by Ebihara et al. (2014). 
Although the FAC is provided at magnetic latitudes larger than 51.7°, we can obtain the electric potential from 
pole to pole. The ionospheric electric field is mapped to the inner boundary of the magnetospheric domain, which 
is used determine the inner boundary condition of the plasma flow. For more detailed information about the 
calculation of the ionospheric conductivity, referrers may refer (Ebihara et al., 2014). The solar wind parameters 
(the solar wind velocity, the solar wind density, interplanetary magnetic field [IMF] By and IMF Bz) provided 
by the 1-min resolution of the OMNI database (King & Papitashvili, 2005, 2020) were used to the global MHD 
simulation as the boundary condition.

2.4. Test Particle Simulation

In order to obtain a detailed understanding of motion of the electrons, we also utilize test particle simulations 
by solving the bounce-averaged trajectories of electrons through solving Equations 3, 5, and 7 simultaneously. 
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The magnetic and electric fields used for the test particle simulation are the same as those used by the advection 
simulation.

3. Observation
The solar wind and geomagnetic conditions during 7–8 September 2017 are shown in Figure 1. One-minute reso-
lution data from OMNI dataset is shown in panels (a) solar wind velocity (Vsw), (b) solar wind number density 
(1/cc), (c) Interplanetary magnetic field y-component (IMF By), (d) Interplanetary magnetic field z-component 
(IMF Bz), and (e) symmetric component of geomagnetic disturbance fields (Sym-H) for 7–8 September 2017. At 
∼2300 UT on 7 September 2017, the solar wind velocity jumped from ∼470 to 707 km/s along with the south-
ward turning of the IMF Bz with the minimum peak value of −31.17 nT. A geomagnetic storm initiated at the 
same time during which the Sym-H index shows a rapid increase (from −13 to 9 nT), followed by the decrease to 
a minimum Sym-H value of −143 nT within 2 hr.

Figures 2a–2e presents the energy versus L-value spectrogram of directional differential electron fluxes at 90° 
pitch angle measured by the RBSPICE instrument during inbound and outbound passage of Van Allen Probe-A. 
Panel (f) shows the spin-fit y-component of the electric field (Ey) in mGSE coordinate system for the period 
of between 1200 UT on 7 September to 2359 UT on 8 September 2017. The duration over which the electron 
zebra stripes were recorded by the Van Allen Probes-A in panel (a–e) are indicated by the yellow shaded portion 
in panel (f). During the interval between 1554 UT and 1712 UT on 7 September 2017 (panel-a), distinct well 
organized patterns appear in the spectrum, which is known as zebra stripes (Ukhorskiy et al., 2014). The zebra 
stripes almost disappeared during the next orbital pass (between 2351 UT on 7 September and 0052 UT on 8 
September [panel-b]) during which a sharp jump in the Ey component is observed (panel f) that is associated with 
the sudden changes in the Vsw and IMF Bz (Figure 1). Panel-c shows distorted electron zebra stripes below L = 3, 
which provides an indication of the historical distortion of the electron drift shells. Apart from the distorted zebra 
stripes pattern in panel-c, it is interesting to observe a sudden electron flux enhancement with <400 keV energies 
at L > 2.8. This may be referred to as sudden particle enhancements at low L shells (SPELLS), in which during 
geomagnetically active conditions the electrons with ∼50 keV to ∼1 MeV energies fill the slot region and pene-
trates to the Earth's inner radiation belt (Turner et al., 2017). We will mention the relationship between SPELLS 
and the zebra stripes later. A new set of zebra stripes were rebuilt during the recovery phase of the magnetic 
storm, which were clearly seen at 0951 UT to 1105 UT on 8 September 2017 onward (panel d–e). The intervals 
of the stripes in energy are broader than observed before the magnetic storm.

We started the global MHD simulation at 1300 UT on 7 September 2017, and started the advection simulation at 
1600 UT on 7 September 2017. The starting time is well before the sudden increase in the solar wind velocity and 
long-lasting large-amplitude southward component of IMF. The timing is also well before the disappearance of 
the zebra stripes that occurred between 2032 UT on 7 September and 0052 UT on 8 September 2017. The solar 
wind velocity suddenly increased at ∼2345 UT on 6 September 2017 due to the arrival of a coronal mass ejection 
(CME). We suppose that the contribution from the passage of this CME is minor, and the start time of the two 
simulations (1300 UT and 1600 UT on 7 September 2017) is reasonable because of the following reasons. First, 
the southward component of IMF was small associated with the CME that arrived at the Earth ∼2345 UT on 
6 September 2017. Dst does not show a clear negative excursion. This implies that the FACs and the magneto-
spheric convection were weak, and the impact on the electron distribution was probably minor. The shock could 
result in the enhancements of the FACs and the magnetospheric convection, but these enhancements associated 
with a shock usually lasts for a few tens of minutes. The duration of this shock is probably too short to change the 
keV-range electrons. Secondly, as shown below, the electrons comprising the zebra could depart the outer region 
around 00–03 UT on 7 September 2017.

4. Simulation Result
4.1. Advection Simulation

Figure 3 shows the calculated spectrograms of the differential electron energy flux at midnight at 0000, 0300, 
0600, and 1200 UT on 8 September 2017. Here, the equatorial pitch angle of the electrons is 67.7°. At 0000 UT 
on 8 September, electrons with energies between ∼20 keV and ∼2 MeV are shown barely penetrating into the 
inner region. The flux monotonically decreases with energy, and no zebra strips present. As mentioned below, this 
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electron population is freshly transported from the outer region, and is similar to SPELLS (Turner et al., 2017). 
As the magnetic storm proceeds, electrons with energies below ∼50 keV penetrate to L ∼ 2.5 and stripes are 
becoming distinct at energies larger than 100 keV. At 0600 and 1200 UT, distinct almost evenly spaced hills and 
valleys in the energy spectrum develop, resembling the zebra stripe pattern in the differential flux. To analyze 
the generation of hills and valleys in the electron flux intensities, we focus on the electron fluxes at 1200 UT on 
8 September, and arbitrarily selected the electron flux at L = 3 at midnight indicated by the black vertical line.

Figure 1. (a) Solar wind velocity, (b) solar wind number density, (c) interplanetary magnetic field (IMF) y-component (IMF 
By), (d) IMF (Bz), and (e) Sym-H index for the period of between 1200 UT on 7 September to 2359 UT on 8 September 2017.
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Figure 4 shows a spectrum of the electron differential flux at L = 3 and midnight at 1200 UT on 8 September. 
The maximum and minimum intensities of the electron fluxes at L = 3 are clearly observed. The peak flux values 
are indicated by the pink circles and the cyan boxes with the corresponding peak energies. The meaning of the 
cyan boxes will be described later. The green circles are placed at local minimum in the electron differential flux.

Figure 5 shows the L-MLT distribution of the electron flux intensities in the equatorial plane at (a) 21.09 keV, 
(b) 35.55 keV, (c) 55.64 keV, (d) 87.06 keV, (e) 197.85 keV (f) 26.38 201 keV (g) 47.92 keV (h) 69.60 keV, (i) 
117.35 keV, and (j) 170.42 keV at 1200 UT on 8 September 2017. The top panels (a–e) show electron fluxes that 
exhibits hills at L = 3 at midnight, while the lower panels (f–j) show those exhibiting valleys at L = 3 at midnight. 
The arrows indicate the direction of the electric field (including the corotation electric field) while the length of 
the vector gives the magnitude. The electron fluxes have an asymmetric distribution in MLT. At a given L-value 
and MLT the flux increases and decreases in accordance with the energy dependent grad-B and curvature drift of 
the electrons, giving rise to the peak and valleys at a fixed position.

4.2. Test Particle Simulation

Figure 6 summarizes the L-value, the azimuthal component of the electric field (Eφ), MLT and the kinetic energy 
along the trajectories of the electrons that contribute to the hills of the fluxes indicated by the pink circles in 
Figure 4. The trajectories are traced backward in time from the point at L = 3 and midnight at 1200 UT on 8 
September 2017. The electron energies at the beginning of the backward tracing are 21.09 keV (black), 35.55 keV 

Figure 2. Energy versus L-value spectrograms of 90° pitch angle electron fluxes measured by Radiation Belt Storm Probes Ion Composition Instrument onboard Van 
Allen Probe-A on 7–8 September 2017 panels (a–e). Distinct electron zebra stripes were observed in the energy range of 20–500 keV. The consecutive inbound and 
outbound passes of the spacecraft are shown. On each pass, the spacecraft crossed 1 < L < 2.5 from midnight to the dawn sector and from dusk to midnight sector. 
Panel (f) shows the spin-fit electric field (Ey component) recorded by the Van Allen Probes-A for the period of between 1200 UT on 7 September to 2359 UT on 8 
September 2017. The periods of the observation shown in Panels a–e are indicated by shaded yellow portions in Figures 1 and 2f.
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(pink), 55.64 keV (blue), 87.06 keV (cyan), and 197.85 keV (magenta). The equatorial pitch angle was set to be 
67.7°. The circles in panel (a) corresponds to the times at which the electrons contributing to the hills are injected 
into the system at L = 4. Hereinafter, it is referred to as start time (Tstart).

Figure 6a shows the L-values of the electrons. After departing L = 4, the electrons moved to lower L-values for 
60–108 min. The inward transport is associated with the sustained enhancements of the westward electric field 
(negative Eφ) as shown in Figure 6b. The westward electric field gives rise to the inward transport of the electrons 
due to the E×B drift. The inward transport took place ∼22-08 MLT that is, premidnight-dawn region as shown 
in Figure 6c. During the inward transport the electrons gain energy as shown in Figure 6d. The characteristic 
features of electrons that contribute to the hills of zebra are summarized in Table 1.

Figure 7 is the same as Figure 6 except for the electrons comprising of the valleys indicated by the green circles in 
Figure 4. Again, the trajectories of electrons are traced backward in time starting at 1200 UT, L = 3 and midnight, 
with the initial electron pitch angle 67.7°. The initial energies of the valley electrons are 26.38 keV (black), 47.92 keV 
(pink), 69.60 keV (blue), 117.35 keV (cyan), and 170.42 keV (magenta). Contrary to the electrons composing the 
hills, as shown in Figure 7a, the electrons composing the valleys are not coming from the outer boundary of L = 4. 
The valley electrons come from L ∼ 2.4–3.2. In the beginning of the advection simulation the phase space density of 
the electrons is set to be zero everywhere. Hence according to Liouville's theorem the resultant flux should be zero. 
During the formation of the valleys the westward component of the electric field is not enhanced for prolong for a 
long period of time, whereas the eastward component is significantly enhanced. The phase space density of the elec-
trons comprising the valleys is not always zero because of numerical diffusion that occurs when we solve Equation 1.

Figure 3. Energy-L* spectrogram of electron fluxes obtained from global magnetohydrodynamics simulation at (a) 0000 UT, (b) 0300 UT, (c) 0600 UT, and (d) 1200 
UT on 8 September 2017. The equatorial pitch angle of the electrons is 67.7°. Black vertical line indicates L = 3.
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Figure 8 shows the distributions of the FAC (FAC), ionospheric Hall conduc-
tivity, the electric potential, and eastward component of the ionospheric 
electric field in the ionosphere in the Northern Hemisphere. As shown in 
Figure 8a, two pairs of the large-scale FACs are clearly demonstrated. The 
poleward pair corresponds to the Region 1 FACs, and the equatorward one 
corresponds to the Region 2 FACs. At 2300 UT on 7 September 2017, the 
magnitude of the Region 1 FACs is fairly weak. The magnitude of the Region 
1 FACs increased around 0000 UT on 8 September 2017, and decreased by 
0300 UT. Figure 8b shows the height-integrated ionospheric Hall conduc-
tivity, which can be, in part, regarded as aurora. At a glance, the ionospheric 
conductivity is distributed as if it surrounds the magnetic north pole. This 
may correspond to the auroral oval. Hereinafter, we call it an auroral oval. 
At 0000 UT on 8 September, the equatorward boundary of the auroral oval 
moves equatorward. In Figure 8c, the two-cell ionospheric electric potential 
pattern is shown. In general, the potential is positive on the dawnside, and 
negative on the duskside. The ionospheric Hall current flows along the equi-
potential line. On the nightside, the Hall current flows, in general, from low to 
high latitudes. The Hall current significantly increases when it flows from the 
low latitudes into the auroral oval because of the large positive gradient of  the 
conductivity along the Hall current. The discontinuity of the Hall current 
gives rise to accumulation of negative space charge at the equatorward edge 
of the auroral oval, which can be regarded as polarization. The negative space 
charge concentrated at the equatorward edge of the auroral oval leads to an 

associated the elongation of the dusk cell (negative potential) to the dawnside. The elongation of the dusk cell 
results in the extension of the region where the westward electric field extends to the dawnside as shown in 
Figure 8d. Figure 8d shows the azimuthal component of the ionospheric electric field (positive eastward). The 
westward electric field appears to dominate over the wide region from ∼2100 MLT to 0900 MLT at low latitudes. 
At 0100 UT, the Region 1 FACs further increased, resulting in the enhancements of the ionospheric potential, and 
the westward electric field. At 0200 UT, the Region 1 FACs are confined to the higher latitudes. The ionospheric 
conductivity also contracts, and the electrical potential and the electric field decreases. At 0300 UT, the FACs, the 
ionospheric conductivity, the electrical potential and the electric field diminishes to negligible values.

Figure 9 shows the azimuthal component of the ionospheric electric field at 50 MLAT as a function of MLT and 
time. The westward electric field (negative value) is enhanced from the premidnight to the dawn-noon sector 

Figure 4. Differential fluxes of electrons at L = 3, midnight, at 1200 UT on 
8 September 2017, which are taken along the black vertical line in Figure 3. 
Pink and cyan circles indicate the peak fluxes at the given energies. The origin 
of the peak fluxes indicated by the cyan boxes is uncertain probably due to 
numerical diffusion. The green circles indicate the valleys of the fluxes.

Figure 5. Snapshots of fluxes of (a) 21.09 keV, (b) 35.55 keV, (c) 55.64 keV, (d) 87.06 keV, (e) 197.85 keV (f) 26.38 keV (g) 47.92 keV (h) 69.60 keV, (i) 117.35 keV, 
(j) 170.42 keV electrons in the equatorial plane at 1200 UT on 8 September 2017. The equatorial pitch angle is 67.7°. The arrows indicate the electric field.

 21699402, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030950 by C
ochrane Japan, W

iley O
nline L

ibrary on [08/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

PANDYA ET AL.

10.1029/2022JA030950

10 of 16

between ∼2330 UT on 7 September and 0130 UT on 8 September. During this interval, the significant earth-
ward transport of the electrons took place as summarized in Table 1. The eastward electric field (positive value) 
is enhanced in two regions, the postdawn-postnoon region, and the postdusk region. The discontinuities of the 
electric field found around dusk and dawn are associated with the terminator (∼06 MLT and ∼18 MLT) at which 
the gradient of the ionospheric conductivity is large. These localized enhancements have already been presented 
by Senior and Blanc (1984), Tsunomura (1999), and Wolf (1970). The modulation of the electric field is caused 
by the polarization associated with the gradient of the ionospheric conductivity (Wolf, 1970). The distribution 

Figure 6. Simulated trajectories of five electrons constituting the hills in the electron fluxes under the real solar wind conditions. Initial energies of the electrons are 
21.09 keV (black) 35.55 keV, (pink) 55.64 keV, (blue) 87.06 keV, (cyan) 197.85 keV (magenta) starting at 0000 magnetic local time (MLT), 3 RE and 1200 UT on 8 
September 2017. The initial pitch angle is set at 67.7°. The L-value (a), azimuthal component of the electric field, Eφ, (b), MLT (c), and energy, E, (d) are shown as a 
function of time.

Table 1 
The Characteristics of 21.09, 35.55, 55.64, 87.06, and 197.85 keV Electrons Giving Rise to the Hills Indicated by the Pink Circles in Figure 4

21.09 keV 35.55 keV 55.64 keV 87.06 keV 197.85 keV

UT at which electron departs L = 4 (Tstart) 0230 UT 0015 UT 2346 UT 2345 UT 2359 UT

8 September 2017 7 September 2017 7 September 2017 8 September 2017 8 September 2017

Duration of initial inward transport (min) 89 94 108 79 60

Magnetic local time range of initial inward transport 2335–0317 2327–0648 2201–0832 2141–0851 1825–0939

Averaged radial speed of initial inward transport (RE/s) −6.67 × 10 −3 −12.7 × 10 −3 −11.50 × 10 −3 −14.67 × 10 −3 −14.00 × 10 −3

Averaged Eφ in initial inward transport (mV/m) −0.14 −0.011 −0.11 −0.11 −0.11
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of the azimuthal component of the electric field are, in general, consistent with the observation made during the 
intervals associated with zebra stripes as shown in Figure 9 of Lejosne and Mozer (2020).

5. Discussion
The direct cause of the zebra stripes is thought to be the enhancement of the convection electric field. When 
the westward electric field is enhanced, electrons move earthward by E × B drift as shown in Figure 6a, which 
gives rise to flux enhancements similar to SPELLS (Turner et al., 2017). When the electric field is weakened, 
the electrons drift eastward by the grad-B and curvature drifts, giving rise to zebra stripes. In that sense, SPELLS 
could be a manifestation of freshly transported electrons, and a source population of the zebra stripes.

In the simulation, the origin of the convection electric field is ionospheric space charge deposited by the 
Region 1 FACs. Cladis (1966) indicated that geomagnetic field fluctuations at lower altitudes are the results of 
local ionospheric currents. The geomagnetic variations are shown to be coherent from high to low latitudes in 
response to variations of IMF due to simultaneous development of the DP2 current (Nishida, 1968). The DP2 
current, which is the two-cell Hall ionospheric current, is suggested to be driven by the Region 1 FACs (Kikuchi 
et al., 1996). In response to the increased interaction between the fast solar wind plasma and the magnetic field 
of the Earth, the low-latitude boundary layer and the high-latitude boundary layer favor the generation of the 
Region 1 FACs that connects the Earth's magnetosphere and the ionosphere (Bythrow et al., 1981; Cowley, 1982; 
Eastman et  al.,  1976; Echim et  al.,  2008; Iijima,  2000; Johnson & Wing,  2015; De Keyser & Echim,  2013; 

Figure 7. Representation of panels (a–d) are same as Figure 6 except for five electrons constituting the valleys in the electron fluxes. Initial energies of the electrons 
are 26.38 keV (black), 47.92 keV (pink), 69.60 keV (blue), 117.35 keV (cyan), 170.42 keV (magenta) starting at 0000 magnetic local time, 3 RE and 1200 UT on 8 
September 2017.
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Lotko et al., 1987; Siscoe et al., 1991; Siscoe & Sanchez, 1987; Sonnerup, 1980). To determine the exact loca-
tion for the generation of Region-1 FACs, Ebihara and Tanaka (2022) back-traced the “packets” carrying the 
perturbation associated with FACs (group velocity of the Alfvén waves) in the reference frame of plasma from 

the ionosphere. They found that the Region 1 FACs are likely to be gener-
ated in the low-latitude magnetopause where the southward component of 
the IMF leads to the reconnection process. During the process, the newly 
reconnected magnetic field lines are dragged against the magnetic tension 
force in the anti-sunward and anti-equatorward directions by the solar wind 
originated plasma. This leads to the formation of Region-1 FACs. As the 
FACs arrive at the polar ionosphere, the FACs give rise to twin vortex pattern 
of the ionospheric convection (elec tric potential pattern, or the DP2 current) 
to the satisfaction of the current continuity equation. When one views the 
ionosphere from space in the Northern Hemisphere, the downward (upward) 
FACs is connected with divergent (convergent) electric field, namely, diver-
gent (convergent) Perderson current. The associated electric field is primarily 
in the dawn-to-dusk direction. The Hall current also appears simultaneously 

Figure 8. Snapshots of (a) field-aligned current at the ionosphere altitude (positive downward), (b) ionospheric Hall conductivity, (c) the electric potential down to 
the equator (red for positive and blue for negative potentials), (d) eastward component of the ionospheric electric field in the magnetic latitude and magnetic local time 
coordinates. The Sun is to the top. In the panels (a), (b) and (d), the contour lines indicate the electric potential (positive dashed line and negative solid line).

Figure 9. Azimuthal component of the ionospheric electric field (positive 
eastward) at 50 magnetic latitude (MLAT) as a function of magnetic local 
time (MLT) and time ranging from 1800 UT on 7 September to 1200 UT on 8 
September.
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in the clockwise (counterclockwise) direction. The electric fields generated at the high latitude ionosphere 
penetrates into the lower latitudes and comes down to the to the equatorial region in the inner magnetosphere 
(Kikuchi, 2005). Non-uniform ionospheric conductivity leads to a modification of the electric potential pattern 
near the terminator because of the polarization arising from the conductivity gradient (Wolf, 1970). For the DP2 
current, which is clockwise on the dawnside and counterclockwise on the duskside, the current is minimal at 
the equatorward edge of the nightside auroral oval where the ionospheric conductivity is high. Negative space 
charge is deposited, giving rise to a skew in the convection pattern. This skew is considered as the source of the 
Harang discontinuity (Tanaka, 2007). When the negative space charge accumulated at the equatorward edge of 
the nightside auroral oval increases, the skew becomes more significant. Consequently, the region where the 
westward electric field exits is shifted to the dawnside. This is consistent with the observation of the electric field 
by (Lejosne & Mozer, 2020) in which the electric field is presumed to be transmitted to the magnetosphere along 
the magnetic field line (FAC). The westward electric field results in the earthward motion of electrons trapped in 
the inner magnetosphere due to the EXB drift. After the earthward drift, the electrons undergo the gradient-B and 
curvature drifts with drift speed depending on the kinetic energy. An observer detects electrons with particular 
kinetic energies.

Wang et al. (2017) performed test particle simulation with a uniform, constant dawn-to-dusk convection electric 
field, in which the westward electric field is maximized at midnight, and symmetric with respect to midnight. 
The zebra stripes of electrons and ions are demonstrated in their simulation. This implies that the presence of 
the westward electric field is the necessary condition for the formation of the zebra stripes. The influence of the 
large-scale electric fields have been also recognized at the outer planets like Saturn and Jupiter. Hao et al. (2020) 
performed a test-particle simulation and compared with the observed zebra stripes to demonstrate that the 
global-scale noon to midnight electric fields observed at the Saturn and Jupiter can provide a significant adiaba-
tic electron acceleration. Also, Sun et al. (2021) made a statistical analysis of the electron zebra stripes observed 
between L = 5–9 in the Saturnian magnetosphere to suggest that the peak in the zebra stripes are formed from the 
dayside magnetosphere with a preferred occurrence at 15–18 LT, corresponding to an electric field directed from 
postnoon to postmidnight. Similarly, the ion spectrograms (30 keV–∼1 MeV) recorded by the Cassini spacecraft 
in the Saturn's inner magnetosphere indicates the importance of noon-midnight electric field for the formation of 
the ion zebra stripes (Sun et al., 2022).

The zebra stripes are similar to the multiple “nose” structures of keV ions often observed near the inner edge of 
the plasma sheet (Fennell et al., 1998). Ebihara et al. (2004) performed test particle simulations, and succeeded 
to reconstruct the spectrograms. They interpreted the multiple “nose” structures in terms of drift echoes of ions, 
and suggested that the peak fluxes take place at energy given as a function of the drift frequency and the elapsed 
time. The spectral shape depends largely on the electric field model assumed. Use of realistic electric field model 
is shown to reconstruct the spectrograms more completely than use of a simple electric field model Ebihara 
et al.  (2004). In our simulation, we employed the electric field obtained by the global MHD simulation with 
realistic solar wind conditions, and take into account the polarization in the ionosphere. The polarization is one 
of the possible mechanisms for the skew of the westward electric field as observed by Lejosne and Mozer (2020). 
However, the simulated spectrograms do not perfectly match the observed ones. The inner edges of the observed 
zebra stripes are located at L ∼ 1.5, whereas those obtained by the simulation are located at L ∼ 1.9. That is, 
the penetration distance is shorter in the simulation than in the observation. Note that we obtained the magneto-
spheric electric field by mapping the ionospheric electric field along the magnetic field lines. The ionospheric 
potential was calculated on the basis of the FACs flowing into and away from the polar ionosphere as described in 
Section 2.3. The difference in the penetration distance can be explained by relatively small westward electric field 
in comparison with the actual one. One possibility for the small electric field is that the magnitude of the FACs is 
smaller than actual. Another possibility is that the ionospheric conductivity is larger than actual. Hence the trans-
mission of these electric fields from the ionosphere to the inner magnetosphere is not sufficient. This results into 
the difference in the simulated zebra stripes and observed zebra stripes. The electric field is primarily determined 
by the Region 1 FACs and the ionospheric conductivity. We will investigate these parameters by comparing with 
observations in future. Apart from this, we think that the electric field variations are qualitatively consistent with 
the observations. In the simulation, the electric field is largely intensified ∼2300 UT on 7 September 2017 as 
shown in Figure 9. A sharp jump in the observed Ey component ∼2300 UT on 7 September 2017 as shown in 
Figure 2f. The intensification of the electric field could have took place widely as shown in Figure 8c, and played 
an important role in the redistribution of the electron fluxes and the formation of distinct electron zebra stripes.
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Lejosne and Mozer (2020) used data from the Van Allen Probes satellite, and showed that the zebra stripes are 
usually observed in the presence of prompt penetration electric fields during the substorm onset. It seems that 
the substorm-associated electric field may be insufficient for the formation of the zebra stripes because the 
substorm-associated electric field is rather impulsive, and short in the inner magnetosphere as shown by obser-
vations (e.g., Dai et al., 2015) and global MHD simulations (Ebihara & Tanaka, 2013). As shown in Figure 6a, 
it takes about 1–2 hr to accomplish the earthward transport of the electrons that constitute the zebra stripes. 
Substantial westward electric field lasting for, at least, 1–2 hr would be necessary.

6. Conclusion
The RBSPICE instrument on-board the Van Allen Probe-A spacecraft detected electron zebra stripes during the 
magnetic storm on 7–8 September 2017. We performed a physics-based simulation for the first time that covers 
the solar wind-inner magnetosphere coupling processes entirely. The global MHD simulation is used to obtain 
the electric field in the inner magnetosphere. The electric field is used by the advection simulation that solves the 
evolution of the phase space density of trapped electrons. Zebra stripes are shown to develop in the simulation. 
The conclusions are summarized as follows:

•  The zebra stripes are essentially the result of drift echoes of the particles that primarily undergo the gradient-B 
and curvature drifts.

•  The electrons comprising the hills of the zebra stripes come from the outer region where the phase space 
density of the electrons are high.

•  The electrons comprising the hills in the zebra stripes preferentially move inward in the pre-midnight to the 
dusk sector where the westward electric field is significantly enhanced.

•  The westward electric field is well elongated to the dawnside. The polarization arising from the gradient 
of the ionospheric conductivity makes the distribution skew to dawnside. The simulated distribution of the 
azimuthal component of the electric field is consistent with the observation.

In the future we will compare the simulated electric field and the FACs with the observed ones, and the processes 
leading to the disappearance of the zebra stripes that were observed during the main phase of the magnetic storm.

Data Availability Statement
The RBSPICE data used in this study are available from (http://rbspice.ftecs.com/Data.html). The solar wind data 
is available at NASA Goddard Space Flight Center's Space Physics Data Facility's OMNIWeb (https://omniweb.
gsfc.nasa.gov/) service.
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