
On the Confinement of Ultrarelativistic Electron
Remnant Belts to Low L Shells
V. A. Pinto1,2 , X.-J. Zhang1,3 , D. Mourenas4 , J. Bortnik1 , A. V. Artemyev3 ,
L. R. Lyons1 , and P. S. Moya5

1Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, CA, USA, 2Now at Institute
for the Study of Earth, Oceans, and Space, University of New Hampshire, Durham, NH, USA, 3Department of Earth,
Planetary, and Space Sciences, University of California, Los Angeles, CA, USA, 4CEA, DAM, DIF, Arpajon, France,
5Departamento de Física, Facultad de Ciencias, Universidad de Chile, Santiago, Chile

Abstract Ultrarelativistic electron remnant belts are frequently observed at low L shells between the
inner belt and a re-forming outer belt following geomagnetic disturbances that led to a dropout of electron
fluxes at higher radial distances from the Earth. Using wave, particle, and plasma measurements from the
Van Allen Probes and Pc3-Pc5 ultra low frequency (ULF) wave data from ground magnetometers from
September 2012 to November 2017, we find significant correlations between the upper edge of the remnant
belts and the minimum plasmapause and last closed drift shell locations. The maximum 2-hr-averaged
radial diffusion rate based on ULF wave power recorded during the dropouts is correlated with the upper
edge of the remnant belts and last closed drift shell position. Frequently, ULF wave power is sufficiently
strong down to the upper edge of the remnant belts to allow a fast outward radial diffusion of electrons up
to the last closed drift shell and to account for the observed confinement of remnant belts to low L shells.
The electron phase space density often exhibits the needed negative or oscillating outward gradients in the
region of flux loss. Accordingly, fast outward radial diffusion by ULF waves turns out to be a crucial
contributor to the depletion of the outer belt that leads to the formation of remnant belts of ultrarelativistic
electrons, although we show that multi-MeV electron precipitation through combined scattering by
contemporaneous electromagnetic ion cyclotron (EMIC) and lower-band chorus waves probably
contributes in a limited number of cases.

Plain Language Summary The Earth's Van Allen radiation belts are a very dynamic region
in the near-Earth magnetosphere where extremely energetic electrons can be trapped, transported,
energized, and removed over periods of minutes to weeks. There are generally two belts filled with
significant electron flux and a gap in between them. However, after certain geomagnetic disturbances,
a three-belt configuration of electron flux appears following a partial removal of the outer belt, followed
by a partial re-population, leaving a gap in between the remnant belt and new outer belt. In this work,
we study possible mechanisms that determine the extent of the partial removal of the outer belt for a
significant number of events that occurred between September 2012 and November 2017. We found that
the main mechanism removing the outer belt is likely fast transport of particles to regions far from Earth,
followed by loss of such electrons to the interplanetary medium, although sometimes precipitation of
particles into the Earth's atmosphere can also contribute.

1. Introduction
Early observations from the Van Allen Probes (Mauk et al., 2013) revealed the existence of a special transient
configuration of the Earth's radiation belts; a remnant belt of ultrarelativistic (multi-MeV) electron flux
located at approximately 3.0 < L < 3.5 formed in between the usual inner belt and a re-forming outer belt at
larger radial distances from Earth (Baker et al., 2013) that lasted for a month in September 2012. Turner et al.
(2013), through a statistical analysis using data from the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) satellites, suggested that such a configuration was infrequent but not unique
and that it likely corresponded to a depletion of the outer belt at high L shells, leaving behind a remnant
belt clearly separated from the naturally re-forming outermost radiation belt. The physical mechanisms
potentially leading to the formation of a remnant belt have been investigated in many recent works (Mann
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et al., 2016, 2018; Shprits et al., 2013, 2018; Thorne et al., 2013) that focused on the September 2012 event,
but to date, the problem remains controversial and far from a definitive answer.

Turner et al. (2013) reported and analyzed 13 remnant belt occurrences by looking at phase space density
(PSD) data from the THEMIS satellites, and Yuan and Zong (2013) reported and studied eight events using
the SAMPEX data. Nevertheless, no statistical study focusing on the formation of the remnant belts has
yet been performed. Remnant belts can exist for electrons between hundreds of keV and multi-MeV, and
recently, a statistical survey of ultrarelativistic electron remnant belts (hereafter simply called “URRBs”)
observed by the Van Allen Probes between September 2012 and November 2017 by Pinto et al. (2018)
found and characterized 30 such events and confirmed that remnant belt lifetimes increase with electron
energy from days to months. Such increase in lifetime is being mainly determined by plasmaspheric hiss
wave-induced scattering into the atmosphere (Lyons et al., 1972; Mourenas et al., 2017), although the addi-
tional presence of electromagnetic ion cyclotron (EMIC) waves can sometimes amplify loss for >2-MeV
electrons (Pinto et al., 2019; Thorne et al., 2013; Turner et al., 2013).

In the present paper, we consider events first reported by Pinto et al. (2018). The electron data corresponds to
spin-averaged omnidirectional flux measurements above 1.8 MeV from the Energetic Particle, Composition,
and Thermal Plasma Suite (Spence et al., 2013) Relativistic Electron Proton Telescope (Baker et al., 2013)
(ECT-REPT) on board the Van Allen Probes. Measurements from RBSP-A and RBSP-B were combined into
a single grid of points binned in space (ΔL = 0.1) and time (Δt = 4.5 hr) by averaging all available data
between 1 September 2012 and 30 November 2017. From the data, 30 triple-belt events were found each
with an associated ultrarelativistic remnant belt indicated in a clearly defined double peak in fluxes across
the outer belt. To avoid issues with the background level of the instruments, a minimum flux of at least
>25 cm−2 sr−1 s−1 was required for URRB selection (see also for more information Claudepierre et al., 2015;
Moya et al., 2017). A close inspection of these 30 events shows that 18 of them correspond to a sudden
dropout of 4-MeV electron flux (by at least a factor 3 in less than 10 hr) leading to a significant reduction
(by at least 0.5 Earth radius) of the outward extent of the outer radiation belt of ultrarelativistic electrons at
L > 4–4.5, meaning that the low L remnant belts were indeed significantly shaped by such events.

In the following sections, we focus on these 18 particular URRBs, where clear dropouts are seen over finite
time intervals (listed in supporting information Table S1). We examine the relationships between remnant
belt location, minimum last closed drift shell, minimum plasmapause position, and the magnitude of ultra
low frequency (ULF) wave-driven radial diffusion at L ∼ 3.9–4.6, to check whether a fast outward radial
diffusion by intense ULF waves could account for the formation of these 18 remnant belts (Mann et al., 2016,
2018; Turner et al., 2013). The role of contemporaneous EMIC and chorus waves in biting off the initial outer
part of the remnant belts (Li et al., 2007; Mourenas et al., 2016; Shprits et al., 2018; Zhang et al., 2017) is also
explored during several events with weak ULF wave power.

2. Statistical Relationships Between Remnant Belt Location, Last Closed Drift
Shell, Plasmapause, and ULF Wave Power

2.1. Correlations With Minimum Plasmapause and Last Closed Drift Shell
Pinto et al. (2018) have shown that a significant number of URRBs start to form just after the magnetopause
location is at its closest approach to the Earth, corresponding to a low position LLCDS of the last closed drift
shell, and that remnant belts assume their final shape at the time when SYM-H (and/or Dst) reach their
minimum values during the subsequent geomagnetic disturbance. Hereafter, we focus on the short period
of time of ∼5–8 hr between the times of minimum LLCDS and Dst, during which an electron flux dropout is
observed by the Van Allen Probes at the outer edge of the remnant belt, leading to its sudden confinement to
significantly lower L. Note that we focus here on the ∼5- to 8-hr period corresponding to the most important
dropout.

We estimate the minimum plasmapause position Lpp based on the plasma density Ne inferred from Van
Allen Probes upper-hybrid resonance (HFR) (Kurth et al., 2015) or spacecraft potential (EFW) measure-
ments (Kletzing et al., 2013) during the considered dropout intervals, calculating the minimum Lpp via the
formula Ne(Lpp) = max[30, 15(6.6∕Lpp)4] cm−3 (Li et al., 2015). In general, this estimate of Lpp accurately
separates the plasmasphere and trough regions (Agapitov et al., 2019). However, such density measurements
must be performed during the dropout interval and outside the ∼12–19 MLT sector frequently occupied
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by high-density plasmaspheric plumes, to prevent an overestimation of the minimum Lpp (Agapitov et al.,
2019; Goldstein et al., 2014). Therefore, we only use plasma density inferred from Van Allen Probes data
in the 20–24 MLT and 0–13 MLT sectors. When no Van Allen Probes estimate of Lpp is available in this
MLT range during the considered dropout interval, we use the minimum Lpp (averaged over eight consecu-
tive hours in MLT to reduce discrepancies with other methods) provided by test-particle simulations from
Goldstein et al. (2014) with a root-mean-square error of ∼0.4 Earth radius. Finally, when no other esti-
mate is available, we use the minimum statistical Lpp(Dst,MLT) given in equation (3) from O'Brien and
Moldwin (2003) on the basis of Combined Release and Radiation Effects Satellite (CRRES) statistics, with
a root-mean-square error of ∼0.53 Earth radius (all Lpp estimates are given in Table S1). The Lpp(Dst,MLT)
model has been chosen based on the correlation found by Mann et al. (2013) between a deeper penetration
of ULF wave power in the inner magnetosphere and a more negative Dst. The onset of enhanced convection
and the magnitude of ring current penetration that control the access of ULF wave power to low L shells
(Degeling et al., 2018; Mann et al., 2013; Rae et al., 2019) are probably better captured by Dst than by AE,
which is more related to substorm occurrences.

It has been suggested that URRBs may result from a depletion of the outer belt at high L shells caused by loss
across the magnetopause during magnetosphere compressions by strong solar wind impulses (often called
magnetopause shadowing loss) and/or due to EMIC wave-induced electron precipitation into the atmo-
sphere (Mann et al., 2016, 2018; Shprits et al., 2013, 2018; Turner et al., 2013; Yuan & Zong, 2013). Here, we
use the LANL∗ neural network code (Yu et al., 2012) to calculate the last closed drift shell for 90◦ equatorial
pitch angle electrons with the T96 (Tsyganenko, 1995) and TS05 (Tsyganenko, 2005) magnetic field models
(the older T96 model sometimes gives results in better agreement with observations (e.g., see Ganushkina
et al., 2013) and keep the minimum obtained value as an estimate of the minimum LLCDS ≃ L∗

LCDS(LANL ∗)
beyond which particles are lost (see Table S2), with an uncertainty of ∼0.5–0.8 Earth radius that mainly
depends on the accuracy of magnetic field models (Albert et al., 2018; Olifer et al., 2018). Although the adia-
batically invariant L∗ is slightly smaller than McIlwain L, the difference between them at L < 5–6 is generally
much smaller than uncertainties related to magnetic field models, and it is hereafter neglected to first order.

A typical event of ultrarelativistic remnant belt formation that occurred on 20 January 2016 is displayed in
Figure 1. The initial radiation belt of electrons at energies of E = 3.4, 4.2, and 5.2 MeV (panels a–c) extends
up to L ∼ 5 until roughly 10–11 UT, before a fast dropout leads over the next several hours to its confinement
to L ≤ max(L,Remnant Belt) ∼ 3.5, where the remnant belt's upper edge max(L,Remnant Belt) is taken
as the L shell where electron flux decreases to ∼1/e of its peak level at E = 4.2 MeV (blue dashed line).
The last closed drift shell of trapped electrons (red solid line) reaches its lowest position min[LLCDS] ∼ 4.4
near 9 UT on 20 January. The estimated plasmapause position Lpp (black dotted line) decreases to ≃2.75 at
∼13 UT on 20 January during the ∼9–14 UT dropout period, which appears to takes place between the time
of minimum LLCDS and the time ∼16 UT of minimum Dst ≃ −93 nT (panel d), during the main phase of
the storm.

Figure 2 shows a significant correlation between the upper edge of the 18 considered URRBs and min[Lpp].
The upper edge max(L,Remnant Belt) of the URRBs is generally within ≈0.0–0.5 Earth radius of the min-
imum plasmapause Lpp and increases linearly with it, the best least squares fit indicating a significant
correlation R = 0.56. The minimum LLCDS is similarly well correlated (R = 0.64) with max(L,Remnant Belt).
In addition, Figure 2 indicates that both the upper edge of the URRBs and the minimum plasmapause posi-
tion are often 1.0–1.5 Earth radii lower than the minimum LLCDS. Ultrarelativistic electrons bouncing along
geomagnetic field lines at L > LLCDS drift azimuthally around the Earth and encounter open field lines in
less than 15 min, being then quickly lost into interplanetary space (Olifer et al., 2018; Schulz & Lanzerotti,
1974). However, Figure 2 shows that the drop of ultrarelativistic electron flux above∼ max(L,Remnant Belt)
that produces a remnant belt cannot be explained solely this way. There is in general a large radial distance
of at least one Earth radius that separates this flux drop from the minimum LLCDS. In contrast, the minimum
plasmapause location Lpp follows much more closely the upper edge of URRBs in Figure 2. Therefore, the
maximum outward extent of the remnant belts seems to be more determined by the minimum plasmapause
position than by the minimum last closed drift shell.

The above results suggest that the physical mechanism responsible for the formation of URRBs could be
related to magnetopause shadowing loss through the reduction of LLCDS by a strong disturbance, but that
an additional process is needed in between the last closed drift shell and the plasmapause to account for
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Figure 1. Formation of ultrarelativistic electron remnant belts (URRBs) observed on 20 January 2016 by the Van Allen
Probes. (a–c) 3.4-, 4.2-, and 5.2-MeV electron flux from REPT as a function of time and L, plasmapause position Lpp
from a test-particle simulation (Goldstein et al., 2014) (black dotted line), approximate last closed drift shell (red solid
curve), and upper edge max(L,Remnant Belt) (blue dashed curve) of the peak flux of 4.2-MeV remnant belt electrons
(that decreases down to max(L,Remnant Belt) ≃ 3.5 after the dropout) are shown. (d) Dst index. Vertical dashed lines
indicate the dropout period between ∼9 UT (the approximate time of minimum LLCDS ≃ 4.4) and 14 UT.

additional electron loss there. This additional electron loss may be caused by a fast outward radial diffusion
by ULF waves (Mann et al., 2016, 2018; Ozeke et al., 2014; Schulz & Lanzerotti, 1974; Turner et al., 2013)
or by precipitation into the atmosphere through combined scattering by contemporaneous EMIC waves in
high-density plasmaspheric drainage plumes in the dusk sector and chorus waves just above the plasma-
pause in the dawn sector (Kersten et al., 2014; Li et al., 2007; Mourenas et al., 2016; Shprits et al., 2018;
Turner et al., 2013; Zhang et al., 2017). Note that the Dst effect can also transport electrons outward dur-
ing the decrease of Dst. However, it is an adiabatic effect such that electrons are generally transported back
inward during storm recovery (Kim & Chan, 1997). In all the considered dropout events, no recovery of the
ultrarelativistic electron flux is seen. Moreover, 60% (80%) of these events correspond to weak storms with
Dst ≥ −40 nT (Dst ≥ −70 nT). During such weak storms, the radial displacement of electrons caused by the
Dst effect should remain weak at low L < 4.5–5.0 where dropouts occur, requiring a strong outward radial
diffusion combined with magnetopause shadowing or local losses to explain these dropouts.

In the following sections, we examine the possible roles played by electron outward radial diffusion by
ULF waves, and by EMIC wave-induced precipitation, in the formation of the 18 considered URRBs in the
2012–2017 period.

2.2. Correlations With Radial Diffusion Rates of Remnant Belt and Last Closed Drift Shell
In the presence of a decreasing electron phase space density (PSD) toward higher L, where the closest
approach of the last closed drift shell of trapped electrons at L ≃ LLCDS has just produced a deep minimum,
ultrarelativistic electrons can be diffused radially outward by ULF waves and ultimately get lost on open
field lines (Albert et al., 2018; Olifer et al., 2018; Ozeke et al., 2014; Schulz & Lanzerotti, 1974). The strength
of the electron radial diffusion by ULF waves is usually largely determined by (and proportional to) the level
of equatorial azimuthal electric field ULF wave power, which can be estimated from ground D-component
magnetometer measurements under the assumption of a 90◦ polarization rotation through the ionosphere
(Ozeke et al., 2014). Outward radial diffusion can be very fast during disturbed periods and lead to signif-
icant variations in electron fluxes over timescales of only a few hours (Mann & Ozeke, 2016; Mann et al.,
2016; Murphy et al., 2015).
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Figure 2. Minimum plasmapause position min[Lpp] (black squares) and minimum position of the last closed drift shell
min[LLCDS] (red circles) during the time interval of remnant belt formation, as a function of the upper edge
max(L,Remnant Belt) (blue line) of the peak flux of remnant belt 4.2-MeV electrons, for the 18 URRBs suddenly
confined to lower L shells observed by the Van Allen Probes in 2012–2017. Best least squares fits are shown by dotted
lines of the same colors.

Recent works have revealed that intense ULF waves can reach low L shells down to the plasmapause location
(Hartinger et al., 2010; Ren et al., 2017), especially at the times when the magnetosphere is most com-
pressed (Murphy et al., 2015). Sometimes, ULF waves can travel through a plasmaspheric drainage plume of
high-density plasma toward low L on the dayside (Degeling et al., 2018). Rae et al. (2019) have further shown
that ULF wave power is often enhanced at low L during the main phase of strong geomagnetic storms, just
before the minimum Dst is reached. These previous works therefore suggest that, although electrons may
not have been immediately lost below L ≃ LLCDS, they could still have been lost via a fast outward radial
diffusion by intense ULF waves possibly present between the plasmapause and LLCDS (Ozeke et al., 2019).

Assuming poloidal mode ULF waves and a general prevalence of electric field radial diffusion in ULF
wave-particle interaction (e.g., Mann et al., 2013; Ozeke et al., 2014; Zong et al., 2009, 2017), the equatorial
ULF wave electric field is first estimated based on ground magnetometer measurements of the D com-
ponent of ULF waves (Ozeke et al., 2014; Wang et al., 2010), allowing to estimate the electric field radial
diffusion coefficient DLL at L ∼ 3.9 and L ∼ 4.6 in the same way as Ozeke et al. (2014). We consider the
D-component ULF integrated magnetic wave power (in nT2) measured in overlapping 2-hr moving win-
dows in the 1.5-20 mHz range at L ∼ 3.9 by the two stations at Prince George (PGE0) in British Columbia
from the THEMIS GMAG network (Mende et al., 2008) and at Dombas (DOB) from the Tromso Geophysical
University in Norway, as well as at L ∼ 4.6 from stations at Meanook (MEA) from the University of Alberta
and at Trapper Creek (TRAP) from the University of Alaska, and select the maximum 2-hr measured ULF
wave power during the considered dropout periods (such values are provided in Table S2 for each event). At
L ∼ 3.9, considering the pair of stations PGEO-DOB allows to always use data from at least one dayside sta-
tion, mitigating possible interferences in the ULF band from ionospheric currents in the ∼21–03 MLT sector
not corresponding to MHD waves in the equatorial magnetosphere (Murphy et al., 2015). Moreover, Ouyang
et al. (2019) have shown that non-magnetospheric ULF waves present at L ∼ 4 in the nightside ionosphere
are in general much less intense than magnetospheric ULF waves during geomagnetic storms, and all the
considered dropouts occurred during (weak to large) storms. In the following, we provide both DLL inferred
from ULF wave power at L ∼ 3.9–4.6 measured at all MLT and a lower limit to the full DLL inferred from
ULF wave power measured only in the 05–19 MLT sector.

ULF wave power at low L is usually symmetric in MLT, but it can become more localized during strong solar
wind disturbances (Hao et al., 2017; Li et al., 2017; Pahud et al., 2009). Individual magnetometer stations of
the considered MEA-TRAP and PGEO-DOB pairs are respectively separated by 3 and 9 hr in MLT, providing
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a limited MLT coverage. Accordingly, we assume that the measured ULF wave power from the MEA-TRAP
and PGEO-DOB pairs of stations is present over ≈6 and 12 hr in MLT, respectively, and divide this measured
ULF wave power by factors 6∕24 and 12∕24 to obtain rather conservative estimates of the MLT-averaged
ULF wave power at L ∼ 3.9 and 4.6 during the considered 2-hr periods. Such MLT-averaged ULF power
values are then used to estimate DLL(L ∼ 3.9) and DLL(L ∼ 4.6) (Ozeke et al., 2014; Wang et al., 2010). Since
DLL varies like L6 for fixed ULF wave power (Ozeke et al., 2014), we estimate the mean ⟨DLL⟩ over a given
region 3.4 ≤ max(L) < LLCDS as

⟨DLL⟩ ∼
DLL(L = 3.9)

3.96

L7
LCDS − max (L)7

7(LLCDS − max(L))

for LLCDS ≤ 4.2. For 4.2 < LLCDS ≤ 5.0, we use

⟨DLL⟩ ∼
DLL(L = 3.9)

3.96
(4.27 − max (L)7)

7(LLCDS − max(L))
+

DLL(L = 4.6)
4.66

L7
LCDS − 4.27

7(LLCDS − max(L))
.

For events with LLCDS > 5.0, we assume that ULF wave power at L > 5 is roughly given by the statistical
empirical model DLL,Oz(Kp,L) given in equation (23) from Ozeke et al. (2014), and we calculate

⟨DLL⟩ ∼
DLL(L = 3.9)

3.96
(4.27 − max (L)7)

7(LLCDS − max(L))
+

DLL(L = 4.6)
4.66

(57 − 4.27)
7(LLCDS − max(L))

+
L7

LCDS − 57

5.76

DLL,Oz(L = 5.7,max(Kp))
7(LLCDS − max(L))

.

The corresponding estimates of the maximum 2-hr ⟨DLL⟩ will be compared with statistical estimates
⟨DLL,Oz(Kp)⟩ based on the empirical model from Ozeke et al. (2014), considering the maximum Kp during
each dropout period.

For each event, we check the presence of intense ULF waves in between the minimum last closed drift shell
at L ≃ LLCDS and the upper remnant belt location. We inspect the period of remnant belt formation and select
the 2-hr interval of the strongest ULF wave power located both (i) between the times when LLCDS and Dst
reach their minimum and (ii) during the ∼5- to 8-hr period when the most significant electron flux dropout
occurs above the remnant belt in Van Allen Probes observations. This particular interval usually corresponds
to the highest ULF wave power at low L shells (Murphy et al., 2015; Rae et al., 2019). Moreover, LLCDS must
already have reached its minimum to allow the development of a very fast electron flux dropout via outward
radial diffusion toward higher L. This procedure is expected to yield a reasonable estimate of the maximal
strength of outward radial diffusion at the corresponding L shells in the lead-up to remnant belt formation.
For several events, we have also been able to confirm the occurrence of a drop of 4 MeV electron flux during
the selected 2-hr periods by using higher-resolution (∼1–3 hr) near-equatorial electron flux measurements
at L = 4.1–4.4 from combined X-ray dosimeters on board nine Global Positioning System (GPS) satellites
designated as SVN53-61 (Morley et al., 2016).

Figures 3a and 3b reveal the presence of significant correlations R ≃ 0.59–0.69 between the maximum
2-hr-averaged ⟨DLL⟩ at L ≃ 3.9 (estimated based on ULF wave power recorded on the ground) during the
dropouts and both the upper edge max(L) of remnant belts and the minimum LLCDS. Similar correlations
are obtained when considering ULF wave power from all MLT sectors or only from the ∼5–19 MLT sector.
Such correlations are consistent with previous works (Hartinger et al., 2010; Murphy et al., 2015; Ren et al.,
2017) that demonstrated the propagation of ULF waves down to the plasmapause during episodes of strong
magnetosphere compressions accompanied by plasmasphere erosion. In particular, Figure 3a shows that
more ULF wave power reaches lower L shells when the dropout biting off the outer edge of the remnant belts
simultaneously extends to lower L, since 63% to 100% of the events with remnant belt upper edge max(L) ≤
3.7 correspond to ⟨DLL⟩(L = 3.9) larger than 1 per day, whereas for 90% of the events with max(L) ≥ 3.8, the
radial diffusion rate ⟨DLL⟩(L = 3.9) remains smaller than 1 per day.

Figures 3c and 3d further show that during the 24 hr preceding the closest approach of the last closed drift
shell (i.e., before an electron flux dropout creates the remnant belt), the maximum 2-hr ULF wave power at
L ≃ 3.9 is usually ∼1.5 to 15 times smaller than the peak 2-hr ULF wave power found between the times of
minimum LLCDS and Dst during the dropout. Therefore, over the more than 24 hr preceding remnant belt
formation, the peak ULF wave power is generally found between the times when LLCDS and Dst successively
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Figure 3. (a) Estimated maximum 2-hr-averaged radial diffusion rate ⟨DLL⟩ at L ≃ 3.9 between the times of minimum LLCDS and Dst during the observed
electron flux dropouts above the remnant belts, as a function of the upper edge max(L) of remnant belts of 4.2-MeV electrons, for the 18 considered URRBs of
2012–2017. Values inferred from measured ULF wave power at all MLTs are shown by blue squares, and values obtained by considering only ULF wave power
from stations in the ∼5–19 MLT sector are shown by red diamonds. Best least squares fits to the data are shown by dotted lines of the same colors. (b) Same as
(a), but as a function of the minimum LLCDS. (c) Maximum 2-hr-averaged ULF wave power measured over 1.5–20 mHz at L ≃ 3.9 during a 2-hr period within
the 24 hr preceding the minimum of LLCDS, as a function of maximum 2-hr-averaged ULF wave power at L ≃ 3.9 between the times of minimum LLCDS and Dst
during the period of electron flux dropout above the 18 considered URRBs in 2012–2017. A solid black line indicates identical ULF wave powers. (d) Same as
(c), but considering only ULF wave power from stations in the 05–19 MLT sector.

reach their minimum, in agreement with previous studies (Murphy et al., 2015; Rae et al., 2019). Although
the maximum 2-hr ULF wave power recorded before the minimum LLCDS still remains much stronger than
the quiet time level of∼0.1 nT2, averaging ULF wave power over the full preceding 24 hr yields much smaller
levels ≈0.1–5 nT2 in general. During the majority ( ∼67% to 72%) of the events, the maximum 2-hr ULF wave
power in the 24 hr preceding the minimum LLCDS remains relatively moderate (<60 nT2) at L ≃ 3.9. In such
circumstances, intense ULF waves present at higher L shells before the considered L ∼ 4 dropout could
only drive electron outward radial diffusion nearby a much higher LLCDS, leaving the L ∼ 4 zone mostly
unaffected.

Finally, it can be noticed in Figures 3c and 3d that for five URRBs, the maximum 2-hr ULF wave power
recorded before the minimum LLCDS was ∼0.65 to 3 times the peak ULF wave power recorded just after
the minimum LLCDS. During such events, the electron flux dropout caused by outward radial diffusion may
have started earlier, in the vicinity of a higher last closed drift shell, before ultimately reaching the lowest
L. The remnant belt formed on 2–3 September 2012 is one of such five events, and Mann et al. (2016, 2018)
have indeed shown that a simple model of radial diffusion based on measured ULF waves can reproduce
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its formation over 1 day, provided that realistic energy-dependent and time-dependent electron fluxes are
considered at the outer boundary L ∼ 5.6.

The typical timescale of electron radial diffusion by ULF waves over a distance ΔL can be estimated as
Δt = (ΔL)2∕[DLLΔ ln(PSD)] (Ozeke et al., 2018; Schulz & Lanzerotti, 1974). Although the exact outward PSD
gradient is unknown during the 2-hr periods of the dropouts, we hereafter assume a reasonable negative
outward gradient of the electron PSD Δ ln(PSD)∕ΔL ≈ 1 (to first order) between max(L) and LLCDS, which
yields a rough estimate Δt ≈ [LLCDS − max(L)]∕DLL of the timescale of electron outward radial diffusion
from the upper edge max(L) of the remnant belts up to the minimum LLCDS.

Significant correlations R ≃ 0.53–0.80 are found in Figure 4a between the maximum 2-hr ⟨DLL⟩ estimated
from ground magnetometer measurements over max(L) < L < LLCDS during dropouts and the upper edge
max(L) of the remnant belts. Although the maximum 2-hr ⟨DLL⟩ varies strongly and can be ∼1.5 to 100
times larger than statistical levels (Ozeke et al., 2014), it still increases approximately like L6 on average,
which theoretically corresponds to a constant ULF wave power independent of L (Ozeke et al., 2014). This
means that the maximum 2-hr ULF wave power between max(L) and LLCDS remains of the same order of
magnitude during all the events, despite the important variations of max(L) and LLCDS from one event to the
other. No significant correlation is found between the statistical ⟨DLL,Oz(max(Kp))⟩ (Ozeke et al., 2014) and
max(L), probably because the statistical radial diffusion rate depends strongly on the maximum Kp during
the dropouts, which tends to increase for dropouts extending to lower L shells. As a result, the difference
between maximum 2-hr and statistical diffusion rates decreases toward lower L in Figure 4a. Figure 4b
shows that for 50% of the events, electrons starting at max(L) need a time Δt ≤ 2 hr for reaching min(LLCDS).
Moreover, we recall that the displayed Δt values are based on conservative estimates of ⟨DLL⟩, obtained by
assuming that the measured ULF wave power is present over only 6(12) hr in MLT at L ≃ 3.9(4.6). The
actual ⟨DLL⟩ could easily be twice larger than these conservative estimates. In such a case, electrons that
apparently need a time Δt ≤ 4 hr in Figure 4b to reach L = LLCDS could in fact reach it in less than 2 hr.
This means that up to ∼70% of the dropout events (with Δt ≤ 4 hr, see dotted green line in Figure 4b) could
actually be explained by a fast outward radial diffusion of electrons up to the last closed drift shell.

In addition, some of the dropouts may have occurred via outward radial diffusion over longer periods of ∼4
to 5 hr, since ULF wave power does not suddenly decrease to zero just after the considered 2-hr periods. The
initial electron PSD gradient may also have been sometimes steeper than assumed above, reducing Δt as
compared with our simple estimates (Ozeke et al., 2018, 2019). Ozeke et al. (2018) have indeed shown that
the early timescales of electron radial diffusion by 1 Earth radius over L = 4–5 can be less than ∼3 hr when
Kp > 6, later increasing as the gradient of electron PSD becomes less steep.

The above results show that ULF wave power is often sufficiently strong above the upper edge of the remnant
belts to allow a fast outward radial diffusion of ultrarelativistic electrons up to the last closed drift shell,
where they get lost. This suggests that fast outward diffusion associated to magnetopause shadowing loss
could account for the formation of at least ∼50–70% of the considered low-L remnant belts in 2012–2017.
It also provides a plausible explanation for the good correlation found in Figure 2 between the minimum
plasmapause and last closed drift shell positions and the maximum outward extension of the URRBs. Fast
outward radial diffusion by powerful ULF waves toward the minimum last closed drift shell could simply
drive a dropout of electron flux almost down to the plasmapause at min(Lpp) ≈ min(LLCDS) − 1 (Hartinger
et al., 2010; Murphy et al., 2015; Ren et al., 2017), thereby creating a remnant belt confined to low L shells
nearby and below the plasmapause.

2.3. Outward Gradient of Electron PSD During Dropouts
The loss of ultrarelativistic electrons through efficient ULF wave-driven outward radial diffusion actually
requires that two conditions be satisfied: (1) sufficiently intense ULF waves and (2) the presence of a negative
gradient of the electron PSD toward higher L (Schulz & Lanzerotti, 1974; Turner et al., 2013). The presence
of a negative outward PSD gradient can be checked using Van Allen Probes data, making use of the PSD as
a function of adiabatically invariant shells L∗ calculated using the Tsyganenko-Sitnov TS05 magnetic field
model (Tsyganenko, 2005) during these disturbances (Turner et al., 2012, 2013). Due to the fast decrease of
the electron flux with energy above 2 MeV, however, the estimated PSD gradient is strongly dependent on
the true magnitude of the magnetic field B through the first adiabatic invariant 𝜇 ≃ E(E+1)∕B MeV/G, with
B in Gauss and E electron energy in MeV. The inaccuracy of magnetic field models can result in significant
errors of PSD, even at relatively low L (e.g., Green, 2004; Loridan et al., 2019; Ozeke et al., 2019). As we
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Figure 4. (a) Estimated maximum 2-hr radial diffusion rate ⟨DLL⟩ over max(L) < L < LLCDS between times of
minimum LLCDS and Dst during the observed dropouts above the 18 URRBs, as a function of the upper edge max(L) of
remnant belts of 4-MeV electrons. Values inferred from measured ULF wave power at all MLTs are shown by blue
squares, and values obtained with only ULF wave power from stations in the ∼5–19 MLT sector are shown by red
diamonds. Best least squares fits to the data are shown by dotted lines of same colors. ⟨DLL,Oz max(Kp)⟩ from a
statistical model (Ozeke et al., 2014) is shown by black triangles. (b) Estimates of the timescale Δt of electrons outward
radial diffusion from max(L) to LLCDS, based on ⟨DLL⟩ in (a) during the period of observed electron flux dropout, as a
function of max(L). Values inferred from measured ULF wave power at all MLTs are shown by blue squares and values
obtained with only ULF wave power in the ∼5–19 MLT sector are shown by red diamonds. Best least squares fits to the
data are shown by dotted lines of same colors. Values based on the statistical ⟨DLL,Oz max(Kp)⟩ (Ozeke et al., 2014) are
shown by black triangles.

are using a model of the magnetic field, the estimated PSD(L∗) gradient must be considered with caution,
especially during periods with electron flux oscillations. Accordingly, we hereafter focus on the 13 events
during which no significant oscillation of 4 MeV electron flux is seen at L ∼ 4.0–4.5 just after the dropout
in Van Allen Probes data (see Table S1). During such events, the estimated radial PSD gradient is expected
to be more reliable.

Let us consider the PSD at low second adiabatic invariant K = 0.04 G1∕2RE (i.e., for large equatorial pitch
angles) as a function of L∗, during two successive orbits of the Van Allen Probes separated by ∼5 hr and
delimiting the flux drop interval. For half of the considered events, we find a peak of PSD at the same location
as the peak of 4 MeV electron flux of the URRB, but for the remaining events, only an inflection of the positive
slope of the PSD is found. During the considered events, which generally correspond to weak storms with
Dst > −50 nT, the remnant belt therefore shows up most frequently in electron fluxes. Between the upper
edge L∗ ∼ max(L) of the URRB of 4 MeV electron flux and L∗ ∼ min(LLCDS), the PSD of𝜇 ≃ 2,500 MeV/G and
𝜇 ≃ 4,000 MeV/G electrons exhibits a negative outward gradient (a steady decrease by a factor ≥2) during 7
to 8 of the 13 events during at least one of the two consecutive spacecraft orbits. For 𝜇 ≃ 4,000 MeV/G, all the
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events exhibit either a negative outward PSD gradient or some quasi-plateau with oscillations of less than
a factor 2, with a PSD drop by a factor ∼0.7 to 0.02 over 3.6 < L∗ < 5, and a minimum L∗ of the PSD peak
or quasi-plateau that remains less than 0.5 Earth radius above the upper edge of the URRB for most events
(see Table S1). Consequently, at least 60% of these dropouts could be readily explained by the sole effect of
outward radial diffusion by intense ULF waves toward a minimum of PSD at higher L shells produced earlier
by magnetopause shadowing, following a sudden compression of the magnetosphere by the solar wind.

Van Allen Probes observations of an oscillating quasi-plateau of PSD instead of a negative outward PSD
gradient may not seem very favorable for a fast electron loss via outward radial diffusion by ULF waves.
However, Mann and Ozeke (2016) have demonstrated that the PSD could be very different in between two
consecutive passages of the Van Allen Probes, which are separated by 4–5 hr. During this finite time interval,
a drop of PSD may occur in less than 2 hr via strong outward radial diffusion by ULF waves at L∗ > 4,
after a strong and quick loss at L ≥ LLCDS (Olifer et al., 2018) that initially creates a steep negative outward
PSD gradient at high L, and this negative PSD gradient may sometimes propagate afterwards to lower L∗

through the effect of intense ULF waves (Mann & Ozeke, 2016; Mann et al., 2016, 2018). Various observations
and simulations supporting the assumption of a formation by radial diffusion of a negative outward PSD
gradient below the minimum L∗

LCDS are provided and discussed in a recent review by Turner and Ukhorskiy
(2020). A simulation showing this effect is provided in Figure S1 from Mann et al. (2018). In addition, a
negative outward PSD gradient below the minimum L∗

LCDS is often seen in observations just after LLCDS
has reached its minimum during storms (Olifer, 2019). The very steep negative outward gradient found in
3 MeV electron flux measured by GPS satellites below the lowest L∗

LCDS is also suggestive of the presence of
a negative outward PSD gradient there (Olifer et al., 2018). Next, a strong peak of ∼1-2 MeV electron PSD
may be produced at L∗ > 5 in less than 1–2 hr by ULF wave-driven inward radial diffusion (Mann & Ozeke,
2016) or by a fast local acceleration of 150-300 keV electrons by whistler-mode chorus waves (Agapitov
et al., 2019; Kubota & Omura, 2018; Mourenas et al., 2018), finally creating a quasi-plateau of PSD (possibly
even a positive outward gradient) at 𝜇 ∼ 3,000–4,000 MeV/G. ULF wave-particle drift resonance can also
play a role in the quick acceleration of ultrarelativistic electrons (Degeling et al., 2018; Hao et al., 2019). In
principle, this whole scenario could easily take place in less than 3–4 hr and could generally go unnoticed
in Van Allen Probes observations, due to the too long time interval (4–5 hr) separating successive spacecraft
passages. Significant oscillations are frequently seen in the quasi-plateau of PSD and likely correspond to a
dynamic PSD evolution consistent with this scenario. Therefore, the present Van Allen Probes observations
of a quasi-plateau of PSD during 40% of the considered events do not rule out a dominant effect of ULF
wave-driven outward radial diffusion even for such dropouts.

Let us now examine in detail a typical event that took place between 4 UT and 6 UT on 11 October 2017.
This event corresponds to a weak magnetic storm with min(SYM-H) > −40 nT. Figures 5a and 5b show
the presence of a negative outward PSD gradient at L∗ > 4 near 1:10 UT and near 6:00 UT, inferred from
Van Allen Probes measurements at 𝜇 = 2,500–6,000 MeV/G and K = 0.04 G1∕2RE (i.e., for E ∼ 3–5 MeV
at L∗ ≃ 4). There is a peak of PSD near L∗ ≃ 3.8–4.0 at the same location as the peak of 4 MeV electron
flux of the URRB. Figure 5c displays the ratio of these two PSDs and shows a PSD drop down to 20% of its
initial level between 1:10 UT and 6:00 UT over this 𝜇 = 2,500-6,000 MeV/G range, just after a minimum of
LLCDS ≃ 6.7 is reached at around 4:30 UT (Figure 5f). Nearly simultaneously, a strong injection of electrons
develops from the L∗ > 5 region at 𝜇 < 300 MeV/G (E < 0.5 MeV), where the PSD gradient is positive as
in previous statistics (Turner et al., 2012). The presence of electron inward radial diffusion, fast injections,
or local chorus-driven energization during this limited time interval probably explains the much weaker
dropouts at energies below ∼1.5 MeV and low K, because radial diffusion and chorus-driven energization
are often stronger at equatorial pitch angles 𝛼eq > 50◦ (i.e., for K < 0.1 G1∕2RE) and they develop only
progressively from low to high energies (Li et al., 2014; Schulz, 1991).

Although Figure 5f shows that the minimum LLCDS remains far above the upper edge of the URRB located
at L∗ ≃ 4.2, the dropout of 4 MeV electrons ultimately extends down to L∗ ≃ 4 in Figure 5c. Additional
measurements from GPS satellites (Morley et al., 2016) at L = 4.1–4.4 displayed in Figure 5d reveal that this
drop of 4 MeV electron flux mainly occurred between 4:40 UT and 6 UT, precisely during the first 2-hr period
of elevated Pc4-Pc5 ULF wave power >60 nT2 found in Figure 5e and selected for this event. Therefore, this
dropout is fully consistent with a scenario of ultrarelativistic electron loss via outward radial diffusion by
intense ULF waves toward the region of smaller PSD located at higher L∗ near the minimum LLCDS.
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Figure 5. (a, b) Electron PSD radial profiles at 1:10 UT and 6:00 UT derived from REPT and MagEIS measurements on board the Van Allen Probes during two
consecutive orbits preceding and following a dropout event on 11 October 2017 with fixed K = 0.04 G1∕2RE . (c) Final to initial PSD ratio corresponding to
(a) and (b). (d) 4 MeV electron flux measured by GPS satellites at L ≃ 4.2 during the same period. (e) ULF wave power (in nT2) obtained from ground
magnetometer stations. (f) Estimated LLCDS and measured SYM-H over the same period.

3. Possible Role of EMIC and Chorus Waves in Multi-MeV Electron Flux
Dropouts at L ∼ 4–5

EMIC waves in the hydrogen band with an upper frequency cutoff around ∼0.45 times the proton gyrofre-
quency, occurring in regions of elevated electron plasma frequency to gyrofrequency ratio Fpe∕Fce ≥ 15
inside plasmaspheric drainage plumes at ∼11–20 MLT, are generally the most efficient, in combination with
contemporaneous chorus wave-driven pitch angle scattering above the dawnside plasmapause, for quickly
precipitating whole populations (up to large equatorial pitch angles) of∼2-5 MeV electrons (Mourenas et al.,
2016; Zhang et al., 2017). However, statistics of EMIC waves from the Van Allen Probes presented in Figure
2b from Zhang et al. (2016) for −650 nT< AL ∗< −250 nT (AL ∗ being the minimum AL in the preceding
3 hr), show a MLT-averaged occurrence rate of H-band EMIC waves of ∼0.5% over 3.5 < L < 4.5. Occur-
rences are roughly twice larger when AL ∗< −650 nT, but since such very active periods are much more
rare than −650 nT< AL ∗< −250 nT periods, an average occurrence rate of ∼0.5% over 3.5 < L < 4.5 is
a good estimate during AL ∗< −250 nT periods. This corresponds to time- and MLT-averaged EMIC wave
intensity ≈0.0019 nT2.

There were on average ∼4 hr, and always less than 6 hr, of AL < −250 nT during the period of formation of
the considered 18 URRBs in 2012–2017. Even in combination with contemporaneous intense lower-band
chorus waves just above the plasmapause on the dawnside, H-band EMIC waves of such low time-averaged
amplitudes are unlikely to drive a significant precipitation of ≃4.2-5.2 MeV electrons at L ≃ 4 over less
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than 6 hr via quasi-linear pitch angle scattering (Mourenas et al., 2016), as would be needed to explain
the formation of these URRBs. Of course, periods of unusually high time- and MLT-averaged EMIC wave
intensity may still lead to dropouts of multi-MeV electrons at L ≃ 4 even when the magnetopause remains
too far (Boynton et al., 2017; Xiang et al., 2018), allowing to form a remnant belt at lower L shells (Shprits
et al., 2013, 2018)—but such strong EMIC wave events probably cannot explain alone the majority of the
considered URRBs. Moreover, the time resolution of satellite observations (∼5–6 hr for the Van Allen Probes)
is generally not sufficient to unambiguously distinguish electron flux dropouts caused by EMIC and chorus
waves from dropouts produced by a fast outward radial diffusion by ULF waves in the presence of a quickly
varying electron PSD gradient (Mann et al., 2016, 2018; Mann & Ozeke, 2016). Nevertheless, we examined
Van Allen Probes data to check whether intense EMIC and chorus waves were present during the several
hours of electron flux dropout leading to remnant belt formation during two events, on 24 April 2013 at∼1–5
UT and on 7 December 2016 at ∼18–22 UT, characterized by the weakest ULF wave power at L = 3.9–4.6.
The corresponding dropouts occurred over L ≃ 4.1–5.1 and over L ∼ 3.8–5.0, respectively.

During the first event of 24 April 2013, a very weak 2-hr averaged ULF wave power ∼5 nT2 was recorded
at L ∼ 3.9 at the Dombas station in Norway, but relatively high ULF wave power ≃70 nT2 was still present
at L ∼ 4.5–4.6. The ULF waves at L ∼ 4.5–4.6 are sufficiently intense to explain the electron flux dropout
observed over L ≃ 4.4–5.0 between ∼1 UT and 5 UT on that day. Furthermore, examining data from two
additional magnetometer stations located at Pinawa and Lucky Lake in central Canada shows the presence at
L ≃ 4–4.2 of a peak of 2-hr averaged ULF wave power reaching 130 nT2 between∼0 UT and 2 UT on 24 April
(mainly in the 18–20 MLT sector). The presence of such a high ULF wave power implies that the dropout
down to L ≃ 4.1 recorded in the early hours of 24 April 2013 may have been produced by ULF wave-driven
outward radial diffusion alone. On the same day, Mitani et al. (2018) have also found an increase of oxygen
ion density and a decrease of proton density at L = 4.4–5 during the same 0–4 UT period (see their Figures
2 and 3). This inward propagation of oxygen ions down to L ≃ 4.4 is likely due to radial diffusion of ions
by Pc3-Pc5 ULF waves (Mitani et al., 2018)—the same ULF waves that provided outward radial diffusion
of MeV electrons. The outward PSD gradient was then negative at L∗ ≥ 4.1 for 𝜇 ∼ 2,500–4,000 MeV/G
electrons, favoring outward diffusion.

Intense helium-band EMIC waves (reaching ∼1 nT2 over 10 min) and lower-band chorus waves (∼30 pT2)
were simultaneously observed by the Van Allen Probes in the 21–22 MLT and 2 MLT sectors on the same day,
but only at L ≥ 4.3 (see Figure S1). Assuming that the plasma was composed of approximately 75% protons,
20% helium ions, and 5% oxygen ions during the main phase of the storm (Ni et al., 2015; Summers, 2003),
considering the cold plasma approximation for the wave dispersion relation, an electron plasma to gyrofre-
quency ratio 𝑓pe∕𝑓ce ≃ 23 inferred from Van Allen Probes spacecraft potential measurements (Wygant et al.,
2013) during the burst of EMIC waves in the duskside plume, and with a measured upper frequency cutoff
of EMIC wave power at ∼0.7 times the helium gyrofrequency, cyclotron resonance with these EMIC waves
could be reached at electron energies ∼2–5 MeV (Summers, 2003). Pitch angle scattering of low equatorial
pitch angle electrons by EMIC waves combined with diffusion of higher equatorial pitch angle electrons
by chorus waves could therefore have contributed to the observed dropout of ultrarelativistic electrons at
L = 4.3–4.5 (Li et al., 2007; Mourenas et al., 2016; Zhang et al., 2017). However, the contribution of EMIC
and chorus waves to this dropout cannot be easily distinguished from the simultaneous contribution of fast
outward radial diffusion by intense ULF waves (Mann et al., 2018), except for the fact that electron pre-
cipitation by contemporaneous EMIC and chorus waves was only operating at L = 4.3–4.5 whereas the
dropout occurred over the whole L = 4.1–5.0 region located below the minimum last closed drift shell at
L = min[LLCDS] ∼ 5.15.

During the second event of 7 December 2016, the maximum 2-hr averaged ULF wave power recorded at
Dombas and Prince George and at Meanook and Trapper Creek stations remained low (<37 nT2) over the
whole domain L ≃ 3.9–4.6 during the dropout observed at L ≃ 3.8–4.8 between ∼17 and 24 UT. We further
checked that Pinawa and Lucky Lake magnetometers at L ≃ 4 recorded a slightly weaker ULF wave power
during the same period and that the Athabasca magnetometer from the Canadian Space Agency Geospace
Observatory recorded an only slightly stronger ULF wave power at L ∼ 4.6 than the Meanook-Trapper Creek
pair of stations. Thus, ULF wave power remained consistently moderate during this event.
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Figure 6. (a, b) Variations of omnidirectional 1.8 and 4.2 MeV electron fluxes measured by REPT on board the two Van
Allen Probes as a function of time on 7 December 2016, for L = 3.6-4.8 (crosses show actual measurements).
(c, d) Lower-band chorus wave root-mean-square amplitude (in pT) and peak power frequency normalized to the
electron gyrofrequency, measured by Van Allen Probe A during the same period. (e, f) Helium-band and
Hydrogen-band EMIC wave power as a function of time and frequency, recorded during the same period by Van Allen
Probe B, and corresponding local electron plasma frequency to gyrofrequency ratio 𝑓pe∕𝑓ce estimated from
simultaneous spacecraft potential measurements (Wygant et al., 2013). Solid, dashed-dotted, and dotted white curves
indicate hydrogen, helium, and oxygen ion gyrofrequencies. A vertical red dotted line indicates 18 UT, the approximate
time of minimum last closed drift shell. Vertical dashed-dotted purple lines mark the 19:20–19:40 UT interval of most
intense measured EMIC waves.

Figures 6a and 6b show that both 1.8 and 4.2 MeV electron fluxes measured by the Van Allen Probes
decreased significantly between 16 UT and 19 UT at L ≃ 4.2–4.8, whereas electron fluxes at L = 3.6 simulta-
neously remained stable from 16 UT to 20:30 UT. Electron fluxes at 0.75–1.5 MeV measured by the MagEIS
instruments on the Van Allen Probes (Blake et al., 2013) varied similarly as 1.8 MeV electron fluxes mea-
sured by REPT. Such results are consistent with a dropout of >0.7 MeV electron fluxes over L ≃ 4.2–4.8
caused by the intense ULF waves recorded by ground magnetometers at L ≃ 4.0–4.6, which led to a fast out-
ward radial diffusion toward the nearby region of depleted electron fluxes above the last closed drift shell at
L = min[LLCDS] ∼ 5.3 (attained around 18 UT).
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However, it is worth noting in Figures 6a and 6b the different behavior of electron fluxes between ∼19
UT and 19:40–20:00 UT. During this period, the flux of 4.2 MeV electrons suddenly decreased faster than
before at L ≃ 4.2–4.6, contrary to the flux of 1.8 MeV electrons that remained stable over L = 3.6–4.8 (like
0.75-1.5 MeV electron fluxes). Such a fast and energy-dependent dropout of electron flux, affecting only
electrons above a minimum energy of ∼2–3 MeV in less than 1 hr, is suggestive of an effect of EMIC waves.
This particular period indeed contains the 19:20–19:40 UT interval during which bursts of intense EMIC
and chorus waves were simultaneously recorded by the Van Allen Probes at L ≃ 4.5–5.0.

Figure 6c shows that Van Allen Probe A detected at 19:20–19:40 UT intense lower-band chorus waves with
root-mean-square amplitudes ∼70–100 pT at L = 4.0–5.0 in the dawn sector, while Figure 6e shows that
Van Allen Probe B simultaneously recorded in the dusk sector intense (∼10 nT2) EMIC waves in the helium
band, with an upper frequency cutoff generally found at ≃0.8 times the helium gyrofrequency, and intense
(≈0.2 nT2) hydrogen-band EMIC waves over a frequency range ≃0.28–0.4 times the proton gyrofrequency
𝑓cp. Based on wave-normal angle measurements, such waves are mainly quasi-parallel. Assuming that such
powerful EMIC waves lasted in total roughly 1 hr (UT) and were present over ∼1 hr in MLT as in statistical
nightside observations (Blum et al., 2017) yields hourly-averaged and MLT-averaged EMIC wave powers of
≈0.5 nT2 in the helium band at 𝑓 /𝑓cp = 0.09–0.2 and ≈0.01 nT2 in the hydrogen band at 𝑓 /𝑓cp = 0.28–0.4
over L ∼ 4.5–5.0. However, accurately estimating the impact of EMIC waves on ultrarelativistic electrons
first requires to characterize the plasma ion composition (Kersten et al., 2014; Summers, 2003).

The plasma ion composition, dominated by thermal ions with energies of about 1 eV, sets limits on EMIC
wave frequencies (Kersten et al., 2014). Previous studies have estimated a helium fraction at L = 4.3–4.8 of
the order of ≈2–5% in general in the dusk sector during moderately disturbed periods with AE < 200 nT, the
rest of the ions being protons, except during strong geomagnetic storms where the oxygen ion fraction may
reach up to 5–10% (Kersten et al., 2014; Summers, 2003; Yue et al., 2018). In the present case, as suggested
by Kersten et al. (2014), we can estimate the helium ion fraction 𝜂He+ from the observed hydrogen-band
EMIC waves. Assuming a hydrogen-helium plasma (since Dst > −12 nT and ⟨AE⟩ ≃ 200 nT during this
period) and EMIC waves mainly generated with left-hand polarization near the equator as theory predicts,
the so-called crossover frequency may be estimated as 𝑓cr = (1 + 15𝜂He+)1∕2𝑓cp∕4, with a deep minimum in
EMIC wave power expected just below 𝑓cr (Kersten et al., 2014). A deep minimum of wave power is seen
below ≃0.28 𝑓cp at 19:20–19:40 UT in Van Allen Probe B measurements, yielding an estimate 𝜂He+ ≃ 2%.

Considering 𝜂He+ ≃ 2%, a measured upper frequency cutoff of hydrogen-band EMIC waves at ≃0.4 𝑓cp and
the electron plasma frequency to gyrofrequency ratio 𝑓pe∕𝑓ce ≃ 10 − 11 inferred from Van Allen Probes
spacecraft potential measurements (Wygant et al., 2013) at 19:10–19:40 UT in the dusk sector where EMIC
waves are observed (see Figure 6), only electrons of energy higher than ≃2.4–2.9 MeV can reach cyclotron
resonance with such waves (Summers, 2003). Considering a twice higher fraction of helium ions 𝜂He+ ∼ 4%
merely increases the minimum electron energy by 10%. As regards helium-band EMIC wave with an upper
frequency cutoff at ≃0.2 𝑓cp in general over 19:10–19:40 UT, cyclotron resonance with these waves requires
electron energies above ≃5–6 MeV for 𝜂He+ ∼ 2% and above ≃4–5 MeV for 𝜂He+ ∼ 4% (Summers, 2003).
Note that EMIC waves were observed in a sector of high plasma density inside a plasmasphere slightly more
extended on the duskside (with an estimated minimum Lpp ≃ 4.7 there), while contemporaneous chorus
waves recorded in the dawn sector were very probably in a lower density region with 𝑓pe∕𝑓ce ∼ 4–5 just
above a lower plasmapause in this MLT sector (Agapitov et al., 2019; Meredith et al., 2003). Unfortunately,
no plasma density measurements are available at that time in the dawn sector.

Based on analytical estimates of electron loss rates validated against simulations and observations
(Mourenas et al., 2016; Zhang et al., 2017), and considering the above wave and plasma parameters, the mea-
sured duskside hydrogen-band EMIC waves together with the contemporaneous dawnside chorus waves
could have precipitated approximately half of the ∼3-5 MeV electrons at L ≃ 4.5–5 between 19 UT and 20
UT without affecting lower energy electrons, in rough agreement with observations in Figures 6a and 6b.
The measured helium-band EMIC waves together with the same chorus waves could have produced a simi-
lar electron precipitation over a slightly higher energy range ∼4–6 MeV (Kersten et al., 2014; Ni et al., 2015;
Summers, 2003). Although some EMIC wave power sometimes nearly reaches the helium gyrofrequency
in Figure 6f, hot plasma effects (neglected in the above estimates) are then expected to keep the minimum
energy of electrons precipitated by such waves above at least∼1–2 MeV (Chen et al., 2013). This is confirmed
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by the stronger PSD drop observed at L∗ ∼ 4.5–5 for 𝜇 > 2,500 MeV/G. EMIC waves likely increased elec-
tron loss in this domain as compared with ULF wave-driven outward diffusion loss, which also occurred at
lower energy.

Therefore, the above investigation provides evidence that contemporaneous EMIC and chorus waves likely
played an important role in the creation of an URRB on 7 December 2016, by contributing to the 19–20 UT
dropout of multi-MeV electrons, together with fast outward radial diffusion by the simultaneously measured
intense ULF waves.

4. Conclusions
In the present paper, we explored the probable causes of the high-L dropout of electron flux that leads to
the formation of URRBs at L ∼ 3–3.5 for 18 different events previously reported by Pinto et al. (2018). Based
on 2012–2017 observations from the Van Allen Probes and ground magnetometer measurements of Pc3-Pc5
ULF waves, we have shown that the upper edge of these remnant belts is correlated with both the minimum
plasmapause position and the minimum last closed drift shell of trapped electrons. We further found that
the maximum 2-hr radial diffusion rate between the upper edge of the remnant belts and the last closed
drift shell, estimated based on ULF wave power recorded at L ∼ 3.9 during each dropout, is also correlated
with the minimum last closed drift shell and the upper extent of the remnant belts. ULF waves often reach
a high integrated power at low L shells down to the minimum plasmapause location. The corresponding
ULF wave-driven radial diffusion is therefore more likely to reach a high intensity at lower L shells when
the plasmapause and the last closed drift shell come closer to the Earth—potentially allowing to confine
URRBs to lower L shells in less than 2–4 hr. In addition, the PSD of multi-MeV electrons generally exhibits
the needed negative or oscillating outward radial gradient between the minimum location of 4 MeV electron
flux drop and the minimum last closed drift shell. Therefore, electron outward radial diffusion by intense
ULF waves is a very good candidate, together with magnetopause shadowing, to explain the electron losses
between the last closed drift shells and the plasmapause location for the studied URRBs events and, thus,
important for the location and formation of remnant belts.

An analysis of two remnant belts characterized by a weaker ULF wave power during the dropout interval has
shown that additional multi-MeV electron precipitation through combined scattering by contemporaneous
EMIC and lower-band chorus waves is probably contributing in at least a finite number of events. A more
comprehensive MLT and L-shell coverage by multiple satellites at a higher temporal resolution would be
needed to assess more precisely the relative importance of these different processes in the formation of
URRBs.
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