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The “zebra stripes” are drift-periodic structures present in the form of peaks and valleys in
energetic (tens to hundreds of keV) electron spectrograms in the Earth’s inner belt and slot
region. Their characteristics inform of preceding electric field disturbances. Specifically,
their amplitude contains information on the radial transport of trapped particles generated
by azimuthal electric field disturbances. We introduce a method to quantify radial transport
from the measured amplitude of the zebra stripes, and we apply it to the zebra stripes
observed on 16 February 2014. The findings are compared with results from a particle
tracing code that leverages an empirical analytical model for the electric field disturbances.
The measured amplitude of the zebra stripes indicates that the electric field disturbances
transported the trapped population coherently, over radial distances spanning several
hundreds to thousands of kilometers. The magnitude of radial transport is shown to
depend on angular drift frequency and initial location (equatorial radial distance and
magnetic local time) in the disturbance. The model-observation comparison suggests
that the timing for electric field variations provided by the model is valid for studying radial
transport in the inner belt and slot region. On the other hand, we found discrepancies when
comparing radial transport magnitudes. When assuming that radial transport varies as L3,
as weakly suggested by the data for set angular drift frequencies, and extrapolating
observations to L = 1, the amount of experimental transport obtained is two to three times
greater than numerical estimates. Outputs from the standalone version of the Rice
Convection Model (RCM) suggests that the electric field disturbances are likely greater
than the estimates provided by the empirical model. RCM also supports the idea that radial
transport driven by the prompt penetration of magnetospheric convection varies as L3 in
the inner belt and slot region.

Keywords: radial transport, prompt penetration electric fields, disturbance electric fields, trapped particles, Earth’s
inner radiation belt, van allen probes

Edited by:
Jean-Francois Ripoll,

CEA DAM Île-de-France, France

Reviewed by:
Theodore Sarris,

Democritus University of Thrace,
Greece

Clare Watt,
Northumbria University,

United Kingdom

*Correspondence:
Solène Lejosne

solene@berkeley.edu

Specialty section:
This article was submitted to

Space Physics,
a section of the journal

Frontiers in Astronomy and Space
Sciences

Received: 28 November 2021
Accepted: 13 January 2022

Published: 17 February 2022

Citation:
Lejosne S, Fejer BG, Maruyama N and
Scherliess L (2022) Radial Transport of

Energetic Electrons as Determined
From the “Zebra Stripes” Measured in
the Earth’s Inner Belt and Slot Region.
Front. Astron. Space Sci. 9:823695.

doi: 10.3389/fspas.2022.823695

Frontiers in Astronomy and Space Sciences | www.frontiersin.org February 2022 | Volume 9 | Article 8236951

ORIGINAL RESEARCH
published: 17 February 2022

doi: 10.3389/fspas.2022.823695

http://crossmark.crossref.org/dialog/?doi=10.3389/fspas.2022.823695&domain=pdf&date_stamp=2022-02-17
https://www.frontiersin.org/articles/10.3389/fspas.2022.823695/full
https://www.frontiersin.org/articles/10.3389/fspas.2022.823695/full
https://www.frontiersin.org/articles/10.3389/fspas.2022.823695/full
https://www.frontiersin.org/articles/10.3389/fspas.2022.823695/full
http://creativecommons.org/licenses/by/4.0/
mailto:solene@berkeley.edu
https://doi.org/10.3389/fspas.2022.823695
https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://doi.org/10.3389/fspas.2022.823695


1 INTRODUCTION

The Van Allen Probes mission (Mauk et al., 2013) has provided
large amounts of measurements of the zebra stripes below an
equatorial altitude of about three Earth Radii (L < 3, i.e. < 54° in
magnetic latitude for the field line footpoint). The zebra stripes
are drift-periodic structures in the form of well-defined peaks and
valleys in the spectrograms of energetic (tens to hundreds of keV)
electrons. They are usually present over continuous portions
(several Earth radii) of the inner belt and slot region (Imhof
and Smith, 1965; Ukhorskiy et al., 2014). Similar structures have
also been detected in the inner magnetosphere of Saturn, where
they were used to provide information on magnetospheric
convection (Sun et al., 2021). Indeed, zebra stripe generation
mechanisms usually assume that some spatial and/or temporal
variations of the magnetospheric electric field modify trapped
particles’ drift motion depending on drift phase (e.g. Sauvaud
et al., 2013; Ukhorskiy et al., 2014; Lejosne and Roederer, 2016;
Liu et al., 2016; Selesnick et al., 2016).

One of the feature of the zebra stripes is that the drift frequency
separation between successive stripes decreases with time (Lejosne
and Roederer, 2016; Liu et al., 2016). This characteristic has been
leveraged recently to demonstrate that the time at which zebra stripes
are generated is usually associated with substorm onset (Lejosne and
Mozer, 2020a). As a result, the zebra stripes are now thought to be
routinely generated by the magnetospheric electric field disturbances
occurring around substorm onset. Tomodify drift motion depending
on drift phase, the electric field disturbance needs to vary rapidly
enough to violate the third adiabatic invariant of trapped energetic
electrons. In other words, it needs to have a characteristic timescale
shorter than a couple of hours (that is, the drift period timescale).

Magnetospheric electric fields and conjugate ionospheric
electric fields are usually related under the assumption of
equipotential field lines, as is the case within the plasmasphere
(e.g. Mozer, 1970; Lejosne and Mozer, 2016). Ionospheric electric
field disturbances associated with magnetic activity have been
well studied experimentally (e.g. Fejer et al., 2017 and references
therein). They are usually viewed as the combination of two
processes: 1) a large, sudden and relatively short-lived (<a couple
of hours) perturbation associated with the prompt penetration of
high-latitude electric fields and 2) a perturbation occurring on a
slower timescale due to the dynamo action of storm time winds.
In that context, the zebra stripes are now thought to be a mark of
the radial transport associated with the prompt penetration of
magnetospheric convection.

Radial transport in the absence of significant magnetic field
perturbations is primarily due to time variations of the azimuthal
component of the electric field (e.g. Fälthammar, 1965). This
component has been most accurately measured at the
geomagnetic equator in the ionosphere, where the magnetic
field lines are typically aligned in the north-south direction
and the vertical ion drift can be easily converted into a zonal
electric field. Years of radar observations of the ionospheric drift
resulted in a relatively simple analytical model for the storm time
dynamics of the disturbance electric fields over Jicamarca, Peru
(Fejer and Scherliess, 1997). This analytical model is leveraged in
the following.

The objective of this study is to demonstrate that the zebra
stripes contain information on important, yet mostly uncharted
drivers of the Earth’s inner radiation belt and slot region. Namely,
we show that the zebra stripes contain information: 1) on the
dynamics of electric field disturbances, and 2) on the irreversible
radial transport of trapped populations. Observational and
modeling resources are introduced in Section 2. In particular,
we describe the analytical empirical model for electric field
disturbances over Jicamarca. We also detail how to quantify
radial transport from measured fluctuations in trapped
particles’ directional differential fluxes in Section 2. We apply
the method in Section 3. We show that the analysis of the zebra
stripes of 16 February 2014 suggests radial transport up to a few
thousands of kilometers, variable as a function of drift frequency
and initial location, yet consistent over a broad range of L values
(ΔL > 1). We leverage the model for ionospheric electric field
disturbances at the equator to compute radial transport of
notionally trapped particles at L = 1. A comparison between
model and observation is presented in Section 3, and it is
discussed in Section 4 in the light of additional results from
the Rice Convection Model (RCM).

2 MATERIALS AND METHODS

We present the system of equations relative to drift motion and
radial transport for trapped energetic particles (Section 2.1) and
the empirical electric field model chosen to solve them (Section
2.2). Both elements are used in a particle tracing code, whose
outputs are compared with experimental estimates. In Section
2.3, we present the equation to implement in order to determine
radial transport from measured fluctuations in directional
differential fluxes. The assumptions underlying the theoretical
framework are also provided in Section 2.3.

2.1 Trapped Particles’ Drift Motion in the
Inner Belt and Slot Region
The objective of this Section is to present the theoretical
framework necessary to describe drift motion and radial
transport in the inner belt and slot region.

2.1.1 Trapped Particles’ Azimuthal Drift Motion
In the absence of significant time variation of the magnetic and
electric fields, trapped energetic electrons drift eastward around
the Earth, along closed surfaces known as drift shells. There is on
average no radial transport as they remain at about the same
equatorial distance from the Earth. The frequency of this periodic
drift motion, Ω/2π, is the sum of a relatively small contribution
due to the action of the electric field,ΩE/2π, and a main magnetic
contribution, ΩB/2π:

Ω � ΩE +ΩB (1)
The electric drift frequency is mostly constant and equal to co-

rotation frequency (ΩE � 2π/24 ˜ 0.26 rad/hr). It can slightly
(~10%) decrease during active times (e.g. Sandel et al., 2003;
Lejosne and Mozer, 2018). On the other hand, the magnetic drift
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frequency is a function of themagnetic field topology (magnitude,
gradient, and curvature of the magnetic field). The magnetic drift
frequency also depends on the particles’ characteristics (kinetic
energy, charge, and to a lesser extent, pitch angle). In the case of
electrons trapped in a magnetic dipole field:

ΩB(T, L, y) � 3LT

eBER
2
E

(γ + 1
γ

)D(y)
T (y) (2)

Where T is the kinetic energy, γ is the Lorentz factor, RE �
6400 km is one Earth radius, L is the normalized equatorial
radial distance, L � r/RE, BE � 30, 000 nT is the magnetic
equatorial field at the surface of the Earth, e is the
elementary charge, and D and T are functions of the sine of
the equatorial pitch angle, y. The ratio D(y)/T(y) lies between
1/3 and 1/2. It is equal to 1/2 for equatorial particles (y � 1) and
it decreases monotonically with decreasing pitch angle (Schulz
and Lanzerotti, 1974; see also Lejosne and Mozer, 2020a, 2020b
for the definitions of D and T ).

The value of the sine of the equatorial pitch angle, y, is
related to the pitch angle measured along the same field line, α,
through conservation of the first adiabatic invariant: y �
sin α

�����
Bo/B

√
where B is the local magnetic field magnitude,

and Bo is the magnetic field magnitude at the magnetic
equator of the same field line. In this study, the ratios
between B and Bo are calculated according to the
International Geomagnetic Reference Field to which the Kp-
driven Tsyganenko (1989) magnetic field model is
superimposed. Because the analysis is in the Earth’s inner
belt and slot region (L < 3), the choice of the magnetic field
model is unimportant provided that it remains consistent with
the assumption of a magnetic field that is mainly dipolar.

2.1.2 Trapped Particles’ Radial Motion
While the magnetic field of the inner belt and slot region remains
essentially equal to the internal geomagnetic field, the electric
field varies with time, t, driving radial transport. In polar
coordinates (r,φ), the radial transport of trapped particles is
described by the following set of equations of motion:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

dr

dt
� Eφ(r,φ; t)

Bo

dφ

dt
� Ω

(3)

where Eφ is the azimuthal component of the time varying electric
field at themagnetic equator, r is the equatorial radial location, andφ
is the drift phase, i.e., themagnetic local time of the trapped particles.
In this formulation, radial motion due to the internal geomagnetic
multipoles (Roederer et al., 1973) and to the quiet timewind dynamo
(Richmond et al., 1980) is assumed to be small in comparison with
radial motion driven by the time-varying electric fields. The main
cause of drift shell distortion for energetic particles of the inner belt,
the quiet time wind dynamo, provides 6–8 kV for the average dawn-
to-dusk electric potential variation at L = 1.30 (Lejosne et al., 2021),
and local time dependent distortion of ΔL ˜ 0.01, i.e., several tens of
kilometers (see also: Selesnick et al., 2016).

To solve this system of equations, information on the spatio-
temporal variations of the azimuthal component of the electric
field is required. We use an empirical model for the time varying
electric fields of the equatorial ionosphere. It is introduced in the
following (Section 2.2).

2.2 Analytical Empirical Model for the
Azimuthal Electric Field Disturbances of the
Equatorial Ionosphere
A mathematical formula for the azimuthal storm time
ionospheric electric field disturbances at the geomagnetic
equator has been developed by Fejer and Scherliess (1995),
Fejer and Scherliess (1997) leveraging 20 years (1968–1988)
and nearly five thousand hours of radar measurements of the
F-region vertical plasma drift (300–400 km) over Jicamarca, Peru.
The formulation with the highest time resolution uses the time
history of the 15 min averaged AE index to provide a description
of the prompt penetration and disturbance dynamo electric fields.
The magnitude of the local time dependent prompt penetration
electric fields is determined by the AE variations over the past

FIGURE 1 | The time evolution of the AE index on 15 February 2014 and 16 February 2014. The estimated time for the generation of zebra stripes is indicated by an
orange line. The standard deviation of the estimate is shaded in green. A substorm onset occurred during this time interval, at 00:15 UT on 16 February 2014 according to
the criteria set by Newell and Gjerloev (2011).
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15 min (AE(t) − AE(t − 15min)), at 30 min time delay
(AE(t − 15min) − AE(t − 45min)), and at 75 min time delay
(AE(t − 45min) − AE(t − 105min)). The electric fields
generated by the disturbance wind dynamo arise from shorter
term (1–12 h) and longer term (22–28 h) disturbance dynamo
effects. The short-term effects are represented using two
parameters AEd(1 − 6 hours) and AEd(7 − 12 hours), which
denote the average value of the AE index above a value of
130 nT from 1 to 6 h before the time t, and from 7 to 12 h
prior the time t, respectively. The longer term disturbance
dynamo electric fields AEd(22 − 28 hours) arise when the
average AE index from 22 to 28 h prior to the time t is
greater than 200 nT. The model informs the dynamics of the
azimuthal (i.e. zonal) component of the electric field in the
equatorial region of the ionosphere above the radar location
(B � 25, 000 nT). In the following, we assume that the model
remains valid at the magnetic equator of L � 1 (B � 30, 000 nT)

On 16 February 2014, zebra stripes were noticeable below L � 3
in the energetic electron spectrogramsmeasured by both VanAllen
Probes, for more than 10 h starting 05:40 UT (Liu et al., 2016). The
analysis of the drift frequency separation between successive stripes
suggested that the features were generated by fast electric field
variations occurring at 00:55 UT ± 42min on 16 February 2014
(Lejosne and Mozer, 2020a), a time interval that coincides with
substorm onset–at 00:15 UT on 16 February 2014 according to the
criteria set by Newell and Gjerloev (2011a). The concurrence
between substorm onset and generation time is a characteristic
feature of the zebra stripes (Lejosne and Mozer, 2020a). The time
series of the Auroral Electrojet (AE) index from NASA/GSFC’s
OMNI data set through OMNIWeb (https://omniweb.gsfc.nasa.
gov/) is provided with a 5 min time resolution in Figure 1. This
time series is the input to the model for equatorial electric field
disturbances. The AE index increases sharply at the beginning of 16
February 2014 (+900 nT in less than an hour). It reaches a
maximum of 1,008 nT at 00:15 UT. Then, it decreases by about
−300 nT in 1 hour before decreasing even faster (−740 nT/hr) and
reaching quiet time value levels below 100 nT by 02:10 UT.

The mostly quiet AE values of 15 February 2014 and the fast
variations measured around substorm onset indicates that the
main source of electric field disturbances for this event is the
prompt penetration of magnetospheric convection.

2.3 Relating Measured Fluctuations in
Trapped Particles’ Directional Differential
Fluxes and Radial Transport
Sudden variations of the fields produce drift echoes (e.g.,
Lanzerotti et al., 1967), that is, drift-periodic fluctuations in
flux measurements. The amplitude of the fluctuation is related
to the radial transport for trapped populations below L � 3
(Lejosne and Mozer, 2020b):

δj

j
(T, y, L) � ψ(T, y, L) dL

L
(4)

where δj � j(T, y, L; t+) − j(T, y, L; t−) is the fluctuation in
directional differential flux, j, and t− and t+ are times before
and after the occurrence of electric field disturbances, respectively.

The denominator, j, is the flux, measured at t−. This equation is
equivalent to detailing the conservation of phase space density, f,
along the dynamical paths of particles assuming conservation of
the first two adiabatic invariants. The function ψ controls how
radial transport, dL, shows up in flux measurements. It is
defined as:

ψ(T, y, L) � − 6D(y)
T (y) (1 − γ + 1

2γ
z ln j
z lnT

) − z ln j
z lnL

− Y(y)
4T (y)

1 − x2

x2

z ln j
z lnx

(5)
Where j is measured at t−, x � �����

1 − y2
√

is the cosine of the
equatorial pitch angle, and Y is Schulz and Lanzerotti (1974)’s
dipole bounce function (see also Lejosne and Mozer, 2020b for a
detailed derivation of Eq 4). The main assumptions underlying
this equation are that:

• There is no significant source or loss mechanism on the time
scale of many hours (i.e. multiple drift periods), so that the
phase space density f � j/p2 is constant along the
continuous trajectories of the system in phase space
(Liouville’s theorem);

• The timescale for electric field variations is such that the
drift motion is the only perturbed motion: in other words,
the first and second adiabatic invariants are conserved;

• There is no time variation of the magnetic field and the
magnetic field is mainly dipolar.

2.4 Data Set and Data Processing
2.4.1 Van Allen Probes Data Set
We analyze directional differential fluxes between L � 1.5 and
L � 3 in the 50–400 keV energy range provided by the Radiation
Belt Storm Probes Ion Composition Experiment (RBSPICE)
instruments (Mitchell et al., 2013) onboard the two Van Allen
Probes. The data products (level 3 Pitch Angle and Pressure
High-Energy resolution, Low Time resolution, Electron Species
Rates, lev-3-PAP_ESRHELT) offer high energy resolution (dE/E
~ 0.065) over 17 pitch angle channels with a 10° resolution in
almost every bin (15° in the first and last bins).

The Van Allen Probes had a perigee at ~600 km, an apogee at
~5.8 RE, a period of ~9 h and an inclination of ~10°. They crossed
the inner belt and slot region multiple times per day, providing
consecutive observations of the time evolution of the zebra stripes
close to the magnetic equator. At the beginning of the year 2014,
the inbound crossings of the region of interest (1.5 < L < 3) were
in the dusk sector (16–19.5 MLT) while the outbound crossings
were in the dawn sector (5–8 MLT).

2.4.2 Data Processing
To compute the fluctuations in directional differential fluxes, δj, it
is necessary to determine the differential flux before the occurrence
of electric field disturbances, j(t−) (Eq 4). Because the event occurs
at the beginning of 16 February 2014, we analyzed Van Allen
Probes data during 15 February 2014. While fluxes of trapped
energetic electrons have been shown to vary with magnetic local
time due to drift shell distortion by the quiet time wind dynamo
(e.g., Selesnick et al., 2016; Lejosne et al., 2021), this effect is found
to be unimportant for the range of L values (1.5< L < 3) and kinetic
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energy (50–400 keV) considered in this study: Δj/j, the relative
difference between equatorial fluxes measured in the dawn and
dusk sectors of the same L value, decreases with L value and kinetic
energy. It is less than 10% on average at L = 1.5, and less than 5%on
average at L = 1.7. This simplifies the analysis as the magnetic local
time dimension does not need to be taken into account when
determining the differential flux before the occurrence of electric
field disturbances, j(t−). For every L value (+/- 0.05) between 1.5
and 3, and for each energy channel between 50 and 400 keV, the
directional differential fluxes measured are represented as a
function of the sine of the equatorial pitch angle, y. A linear
least square regression is performed for the logarithm of the flux, j,

as a function of the logarithm of the sine of the equatorial pitch
angle, y, to find the best fitting sets of parameters (jo, n) so that
j(T, y, L; t−) � jo yn ≡ �j. The error of the estimate is quantified
by the root mean square error in every pitch angle bin
(x + / − 0.05). Because the energetic electron fluxes did not
vary significantly with time and magnetic local time on 15
February 2014, the fitting of the fluxes is relatively good: The
error is of the order of 10% for near equatorial particles, and it
increases with decreasing pitch angle – up to 50+% for the most
field aligned particles. Information on the fitting parameters (jo, n)
is then leveraged to estimate the function ψ(T, y, L) (Eq 5). The
partial derivatives z ln j/z lnT, z ln j/z lnL and z ln j/z lnx are
estimated locally by computing the slopes of the linear fits between
ln �j and lnT, lnL and lnx in bins of size 0.1L, 0.12T and 0.1x,
respectively.

Figure 2 shows the equatorial electron intensity at L = 1.8
during two successive inbound crossings on 16 February 2014 at
06:14 UT for Van Allen Probes B (18:14 MLT) and at 08:17 UT
for Van Allen Probes A (18:23 MLT). The reference equatorial
electron intensity, jo, is superimposed. The comparison between
the different curves shows the presence of time-varying, energy-
dependent fluctuations in the equatorial electron intensity, δj/j,
up to 100% for ~70 keV electrons.

3 RESULTS

3.1 Radial Transport From the Analysis of
the Zebra Stripes
Figure 3 illustrates how (Section 2.3) information on trapped
particles’ radial transport can be retrieved from an analysis of
fluctuations in directional differential fluxes observed at a later
time. The fluxes are similar to the ones shown in Figure 2. The
fluctuations (Figure 3A) are divided by the function ψ(T, y, L) to
provide information on radial transport (Figure 3B). The
oscillations in kinetic energy arise because the radial transport
magnitude varies with the drift phase (i.e., magnetic local time) at

FIGURE 3 | (A) Electron intensity fluctuations, δj/j, in the 90° pitch angle channel at L = 1.8 on 16 February 2014 at 06:14 UT according to Van Allen Probes B (RBB,
in red) and at 08:17 UT according to Van Allen Probes A (RBA, in blue) and (B) corresponding radial transport in km, δr � REdL. The error bars are mainly due to the
uncertainty in the magnitude of the flux before the occurrence of the electric field disturbances, j(t−).

FIGURE 2 | Zebra stripes observed during two successive inbound
crossings of L = 1.8 (18 MLT), at 06:14 UT by Van Allen Probes B (RBB, in red)
and at 08:17 UT by Van Allen Probes A (RBA, in blue). The time-varying
equatorial electron intensity is compared with the average equatorial
intensity at L � 1.8 of 15 February 2014 (in black) and shows 100%
fluctuations in equatorial electron intensity at low energies (~70 keV).
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the time of the event, ti, and this magnetic local time, φ(ti), is a
function of kinetic energy: φ(ti) � φ − Ω(t − ti), where φ is the
magnetic local time of the observation at time, t, and Ω is the
angular drift frequency (Eq. 1). Figure 3B suggests that the
electric field disturbances generated radial transport of the
order a thousand kilometers peak-to-peak at L � 1.8
(dL/L ˜ 0.1). This is at least one order of magnitude greater
than the effect of the quiet time wind dynamo, that generates
radial distortion of the drift shell between dawn and dusk of the
order of several tens of kilometers at L = 1.3 (Section 2.1.2, see
also Lejosne et al., 2021; Selesnick et al., 2016).

The approach illustrated in Figure 3 is applied to all inbound
and outbound crossings of the inner belt and slot region during the
morning of 16 February 2014. Figure 4A shows how radial
transport generated multiple (~7) hours before observations is
determined from an analysis of fluxes measured during one
crossing of 1.5 < L < 2.5. The illustration is for trapped particles
with a cosine of the equatorial pitch angle, x, below 0.5 (equatorial
pitch angles between 60° and 120°) and below L � 2.5, to focus on
estimates with relatively small error bars. Figure 4B provides the
kinetic energy, T, associated with the angular drift frequency, Ω, in
the case of equatorial electrons trapped at various L values
(1.5 < L < 2.5) in a dipole field (Eq. 1 and Eq. 2).

Figure 4A shows how radial transport oscillates with angular
drift frequency,Ω (Eq. 1 and Eq. 2) and increases with increasing
L values. These findings are consistent with the picture in which
the prompt penetration of high latitude electric fields quickly
modifies trapped particles’ drift motion, coherently over a large
(>1L) portion of the inner belt and slot region, and with an effect
that depends on the trapped particles’ location at the time of the
event. The oscillation with angular drift frequency indicates that
the amount of radial transport depends on the initial magnetic
local time of the electrons in the disturbance. Indeed, the angular
drift frequencies that correspond to the same phase of the
periodic signal share the same initial magnetic local time,
φ(ti). The increase with L values indicates that radial
transport is most efficient at higher L values. We emphasize

that radial transport is not expected to depend on pitch angle in
the electrostatic case (e.g., Fälthammar, 1968).

The radial transport estimates shown in Figure 4 as a function
of the angular drift frequency do not oscillate symmetrically around
a value of zero: They are negative (i.e. inward) on average. One
possible interpretation of this observation is that the drift motion of
the trapped particles has also been altered by a slower (occurring on
a time scale greater than trapped particles’ drift periods) variation
of the electric fields. A slow inward transport of the trapped
particles requires a relatively steady westward component for
the time varying electric fields (Eq. 3). This could be due to the
disturbance dynamo action of the storm time winds for instance.

We further investigate the dependence of radial transport with
equatorial radial distance, L, by performing a series of linear least

FIGURE 4 | (A) Radial transport, δr � REdL, caused by the electric field disturbances at the beginning of 16 February 2014 and estimated from an analysis of
fluctuations in electron intensity (50–400 keV, equatorial pitch angle of 90° + / − 30°) measured by Van Allen Probes A 7 hours after the event. Three L regions between L =
1.5 and L = 2.4 are represented by three colors to highlight the increase of radial transport with L (1.5 ≤ L ≤ 1.8 is in pink, 1.9 ≤ L ≤ 2.1 is in green and 2.2 ≤ L ≤ 2.4 is in
orange). (B)Conversion between angular drift frequency and kinetic energy in the case of equatorial electrons trapped at various L values (1.5 < L < 2.5) in a dipole field.

FIGURE 5 | Radial transport, δr � kRE , caused by the electric field
disturbances at the beginning of 16 February 2014, estimated at L = 1,
assuming that the radial transport varies as L3, i.e., δr(L) � kREL3.
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square regressions. For every angular drift frequency,
Ω (+/ − 0.1 rad/hr), and for every crossings of the inner belt
and slot region (1.5 < L < 3), we collect information on average
radial transport as a function of L (+/ − 0.1 ). Because radial
transport is not expected to depend on pitch angle in the
electrostatic case (e.g., Fälthammar, 1968), we collect all data
points relative to trapped particles with equatorial pitch angle of
90° + / − 30° (x≤ 0.5). Because radial transport is expected to
vary as a power of L, δr � kRELn, we perform linear least square
regressions between ln |δr| and ln L to determine the best sets of k
and n parameters for each angular drift frequency and inner belt
crossing time. We find estimates for the power of L associated
with radial transport, n, that are variable when considering all
inbound and outbound crossings of the inner belt and slot region
during the morning of 16 February 2014. The median value is of
the order of n � 3, with an interquartile range of 3 (value of the
first quartile: 2; value of the third quartile: 5). Considering that
radial transport is proportional to L3 is equivalent to assuming
that the electric field disturbances is uniform in the inner belt and
slot region (Eq. 3), a finding seemingly consistent with the
prompt penetration of magnetospheric convection.

The estimates for the k parameters are obtained byminimizing
the least squares of δr/REL3. The results, provided in Figure 5,
correspond to radial transport extrapolated to L = 1. It is of the
order of 300 km peak-to-peak for Ω ˜ 1 rad/hr and decreases to a
few tens of kilometers for Ω≥ 3 rad/hr. Decreasing (resp.
increasing) the assumed power of L by one unit in the least
square fit (n’ � n ∓ 1) increases (resp. decreases) the resulting
peak-to-peak amplitude of radial transport at L = 1 by factor ~2.

3.2 Radial Transport at L = 1 From Particle
Tracing
We apply the model developed by Fejer and Scherliess to compute
the perturbation in radial motion (i.e., the ionospheric meridional
drift disturbance) based on the time history of the AE index.
According to the model, the prompt penetration electric fields
are by far the main contributors to the perturbation in radial

motion (Section 2.2). The spatial and temporal variations of the
electric drift associated with prompt penetration of magnetospheric
dynamo electric field is represented in Figure 6. The time interval is
from 15 February 2014, 22 UT to 16 February 2014, 10 UT. The
sharp increase in the AE index at the beginning of 16 February 2014
is associated with a strong inward motion around 5 MLT (with a
maximummagnitude of ~ −30m/s). Similarly, the sharp decrease in
AE index around two UT is associated with a strong outward
motion around 5 MLT (with a maximum magnitude of 24 m/s,
i.e., 0.6 mV/m). In comparison, the perturbation in radial motion
velocity associated with the disturbance dynamo remains smaller
than 6m/s (0.15 mV/m) throughout the same time interval. With
this model, the characteristic time for the variation of the fields is
shorter than the drift period (<1 h vs. 1.25hr–6.3hr for Ω between
1 rad/hr and 5 rad/hr).

FIGURE 6 | 12 h of radial drift motion driven by the prompt penetration of magnetospheric convection between 15 February 2014, 22 UT and 16 February 2014, 10
UT, according to the analytical empirical model developed by Fejer and Scherliess (1997). (A) The amplitude is represented as a function of magnetic local time, MLT, for
different times. (B) The amplitude is color-coded as a function of the number of hours since 16 February 2014, 00 UT and the magnetic local time, MLT.

FIGURE 7 | Radial transport modeled at L = 1, at the time and magnetic
local time zones of Van Allen probes’ crossings (i. e. 5-8 MLT for the inbound
passes at 06:22 UT and 08:25 UT and 16–19.5 MLT for the outbound passes
at 07:36 UT and 09:41 UT). The electric field disturbances are provided
by the analytical empirical formula of Fejer and Scherliess (1997).
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We use these outputs to solve the dynamics of particles
unrealistically trapped at L = 1. Using Eq. 3, we launch
particles with different angular drift velocities, Ω, and different
drift phases at L = 1 on 15 February 2014, 22 UT. At the time of
the end of every crossing (06:22 UT, 07:36 UT, 08:25 UT and 09:
41 UT), we select the particles that are in the same magnetic local
time zone as the one scanned by the Van Allen Probes and we
store information relative to their radial transport, δr. The results
are provided in Figure 7.

The radial transport computed using the modeled electric field
disturbances (prompt penetration and disturbance wind
dynamo) varies as expected with time, magnetic local time,
and angular drift velocity, Ω. It is of the order of 150 km
peak-to-peak for Ω ˜ 1 − 2 rad/hr, and decreases to a few tens
of kilometers for Ω≥ 3 rad/hr.

3.3 Model-Observation Comparison
The comparison of Figure 5 and Figure 7 shows that the local
minima and maxima seen in the experimental estimates for
radial transport correspond to the ones obtained numerically.
The Pearson correlation coefficient, cc, between the two series
(experimental and numerical estimates of radial transport) is
high during the first pass, and then decreases with time (06:
22UT cc = 0.76; 07:36 UT cc = 0.52; 08:25 UT cc = 0.49; 09:41
UT cc = 0.39). The good agreement between the locations of the
extrema and the similitude in the overall shapes of the envelopes
suggest that the timing for electric field variations provided by
the model is valid for studying radial transport in the inner belt
and slot region. On the other hand, the amount of radial
transport provided by the model (Figure 7) is smaller than
the one resulting from the extrapolation of radial transport
experimental estimates down to L = 1 (Figure 5), by

approximately a factor 2–3. Because the numerical model
comes from an average over many scenarios, it is possible
that the penetration electric fields are underestimated in this
case. Another difference is that the experimental estimates for
radial transport are predominantly negative while the numerical
estimates oscillate around zero. This negative offset is present
during both inbound passes in the dusk sector and outbound
passes in the dawn sector. This rules off the quiet time wind
dynamo as the cause of the offset, since the effect of the quiet
time wind dynamo depends on local time. Even though the
effect of the electric fields due to the disturbance wind dynamo
are taken into account in the particle tracing, this discrepancy
suggests that their effect is greater than predictions. It could be
that the effect of the dynamo electric fields increases with
equatorial radial distance in the magnetosphere.

4 DISCUSSION

4.1 Comparing With Radial Transport Based
on the Electric Field Dynamics Provided by
the Rice Convection Model
We further investigate the model-data discrepancies by running
the University of Colorado’s version of the standalone Rice
Convection Model (RCM) for 15–16 February 2014 (e.g,
Maruyama et al., 2011). The data gaps in the OMNI solar wind
parameters are filled using WIND measurements. The modeled
prompt penetration electric fields are provided at 100 km altitude,
and they are mapped to the magnetic equator assuming
equipotential field lines in a magnetic dipole (e.g., Lejosne and
Mozer, 2016). Specifically, for the azimuthal electric field
component: Eφ � Eφ,iono L−3/2, where Eφ,iono is the ionospheric
eastward electric field. The time resolution for model outputs is
10 min. Themagnitude of the peak inwardmotion increases from a
value of −65m/s at 04:30 MLT around 00 UT on 16 February 2014
to a value of up to 38m/s at 00:20 UT at 03:15 MLT. These
magnitudes are ~2 times larger than the extrema provided by the
analytical empirical model (Figure 6A). In addition, the electric
field variations occur on a shorter timescale with RCM (+100 m/s
within 20min for RCM versus +50 m/s within 2 h for the analytical
empirical model). The results of the particle tracing at L = 1 using
RCM electric field disturbances are presented in Figure 8.

The quality of the agreement between model and data is lesser
here than in Section 3.3, with correlation coefficients below 0.5 in
all passes (06:22UT cc = 0.38; 07:36 UT cc = 0.35; 08:25 UT cc =
0.42; 09:41 UT cc = 0.14). That the amplitude of radial transport
does not decrease with the angular drift frequency indicates that
the characteristic timescale for the variations of the field is faster
than the drift period in all cases. This is in contrast with the
experimental result, where radial transport decreases and reaches
values of the order of a few tens of kilometers for Ω≥ 3 rad/hr
(Figure 5). This discrepancy suggests that the electric fields vary
too rapidly in the simulation.

We leverage the fact that RCM informs on electric field
dynamics at all magnetic latitudes to determine the power of
L, n, associated with radial transport in the simulations. The

FIGURE 8 | Radial transport modeled at L ~ 1, at the time and magnetic
local time zones of Van Allen probes’ crossings (i. e. 5-8 MLT for the inbound
passes at 06:22 UT and 08:25 UT and 16–19.5 MLT for the outbound passes
at 07:36 UT and 09:41 UT). The electric field disturbances are provided
by the standalone version of RCM at L = 1.03.
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average value is of the order of n � 3, with an interquartile range
of 0.6, in agreement with results from the experimental data
analysis (Section 3.1).

4.2 Other Considerations
4.2.1 Instrument Resolution
An instrument with a high-energy resolution is required when it
comes to resolving and analyzing drift echoes such as the zebra
stripes (e.g., Hartinger et al., 2018). Particles with slightly
different kinetic energies sharing the same energy channel
will have mixed adiabatically on a time scale of the order of
2π/dΩ (Schulz and Lanzerotti, 1974), i.e. of the order of
2π/(Ω(dE/E)). This effect can preclude the application of the
method introduced in Section 2.3 when the time interval
between the event and the observation of the resulting flux
variations is too long. The resolution of the RBSPICE
instruments is dE/E of ~0.06. Thus, for trapped particles with
angular drift velocities of 5 rad/hr, the timescale for adiabatic
mixing is ~20 h. That said, damping in the amplitude of the
zebra stripes occurs on shorter timescales. For instance, the
zebra stripes observed in the afternoon of 16 February 2014 have
significantly smaller peak-to-peak amplitudes than the ones
observed during the morning. That is why they were omitted
from this study.

4.2.2 Radial Diffusion in the Inner Belt and Slot Region
The power of L associated with radial transport informs the
power of L associated with radial diffusion, since
DLL � [(ΔL)2]/2Δt, where ΔL corresponds to the normalized
radial transport after a time Δt. This analysis suggests that radial
diffusion associated with the prompt penetration of
magnetospheric convection has a power of L equal to 6 in
the inner belt and slot region. A statistical analysis of zebra
stripe events is necessary to determine the frequency and
average magnitude of radial transport, both of which are
needed to quantify radial diffusion driven by magnetic
activity below L = 3.
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