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The Earth’s magnetic field traps charged particles which are transported longitudinally around

Earth, generating a near-circular current, known as the ring current. While the ring current has been
measured on the ground and space for many decades, the enhancement of the ring current during
geomagnetic storms is still not well understood, due to many processes contributing to its dynamics
on different time scales. Here, we show that existing ring current models systematically overestimate
electron flux observations of 10-50 keV on the nightside during storm onset. By analyzing electron
drift trajectories, we show that this systematic overestimation of flux can be explained through a
missing loss process which operates in the pre-midnight sector. Quantifying this loss reveals that the
theoretical upper limit of loss has to be reached over a broad region of space in order to reproduce the
observations. This missing loss may be attributed to inaccuracies in the parameterization of the loss
due to chorus wave interactions, combined with the scattering by electrostatic electron cyclotron
harmonic waves which is currently not included in ring current models.

One of the major characteristics of a geomagnetic storm is the enhancement of the particle flux in the terres-
trial ring current. Due to the increased convection electric field and substorm injections during geomagneti-
cally active periods, both electron and ion populations, consisting of trapped and quasi-trapped particles, are
transported from the nightside geomagnetic tail structure inwards towards Earth. The enhancement of electron
flux at energies of ~ 10’s keV in the ring current not only weakens the Earth’s net magnetic field, but may also
form a hazardous environment for surface charging effects on spacecraft predominantly on the pre-midnight to
dawn side, which may lead to satellite anomalies! . Ring current electrons interacting with plasma waves can
be scattered to lower altitudes, where they collide with atmospheric molecules causing diffuse aurora* and the
formation of Nitrogen oxides (NOx) in the lower thermosphere®®. The produced NOx can then progress down
to the stratosphere, where it causes the catalytic destruction of ozone. Due to the important influence of the ring
current on geospace and the atmosphere, it is vital that we understand and are able to accurately simulate the
dynamics of particles in this region.

The complex motion of charged particles in the Earth’s magnetic field can be simplified by describing the
state of particles in terms of adiabatic invariants, variables that are usually conserved in the absence of plasma
waves. The first and second adiabatic invariants describe the gyro and bounce motion of particles in the Earth’s
magnetic field’, and their conservation leads to acceleration of particles as they are transported inwards towards
Earth, into regions of stronger magnetic field. The energization process of thermal electrons up to 10-100 keV
provides energy to plasma waves which, in turn, resonate with radiation belt electrons, accelerating them up to
multi-MeV®®. Counteracting this source process, the precipitation of ring current electrons into the atmosphere
due to scattering through wave-particle interactions is regarded as the main loss process for electrons®. The com-
petition of source and loss processes leads to rapid particle flux changes during a geomagnetic storm with time
scales of less than an hour. To model the flux enhancement during geomagnetic storms, kinetic models of ring
current electrons have been developed. The Fokker-Planck equation, which has been proven to be a powerful
tool for describing radiation belt dynamics'®'!, is also capable of describing ring current electron dynamics in
a convective-diffusive manner'*',

Electrons first enter the inner magnetosphere on the nightside and drift eastward around the Earth towards
the dayside. Validating the initial nightside enhancement is therefore key to further investigate the electron
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dynamics on the dawn and dayside. Simulations of the first few hours of intense geomagnetic storms overestimate
satellite observations of the 10—50 keV electron flux close to Earth on the nightside (see Fig. 1). This phenomenon
is not specific to a given storm event but rather appears as a systematic difference between simulations and reality
at the start of geomagnetic storms'>.

Here we report that this overestimation during storm onset is unlikely caused by inaccuracies of the source
terms, but rather due to not strong enough loss of electrons. We find that increased loss in the pre-midnight
sector is necessary to reproduce observations, which reaches the physical theoretical upper limit of loss over a
broad region, the strong diffusion limit. We attribute this missing loss to inaccuracies in the electron loss associ-
ated with chorus wave scattering, combined with scattering by electrostatic electron cyclotron harmonic (ECH)
waves, which is currently not included in modern ring current models.

Results

Simulation of the March 2013 St. Patrick’s Day storm. To investigate the loss and source processes,
we focus on the geomagnetic storm occurring on 17 March 2013, because of its clear distinction between low
and high geomagnetic activity. This event is considered as a strong storm event within the Van Allen Probes’ era,
and is also known as the St. Patrick’s Day event, examined in several works'®"!°. As shown in Fig. 1a, the storm
started at 05:00 UTC and the Dst index (a measure of the changes in the Earth’s magnetic field strength in the
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Figure 1. Flux spectrogram comparison during 17 March 2013. (a) Kp and Dst timeline. (b) Radial distance

of the RBSP-B satellite mapped to the equatorial plane. Electron flux spectrogram at 50° local pitch-angle (c)
observed by the RBSP-B satellite and (d) predicted by VERB-4D. (e) Logarithmic difference between simulation
results and observations.
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near equatorial region) first increased in response to the day-side compression of the magnetosphere. At 06:00
UTC, Dst began to decline signifying the commencement of the main phase of the storm, which lasted for ~ 14
h. Upon storm onset, the Kp index (a semi-logarithmic scale of the geomagnetic field disturbance) increased
sharply to 7- and remained between 6- and 7- throughout the storm.

Figure 1c shows the electron flux observations measured by the Helium, Oxygen, Proton, and Electron
(HOPE)* and the Magnetic Electron Ion Spectrometer (MagEIS)?! instruments mounted on the Radiation Belt
Storm Probes (RBSP) B satellite, which has its apogee at 00-01 magnetic local time (MLT) during this event. For
the sake of clarity, data is plotted on a modified time axis, such that the radial distance of the satellite changes
linearly (Fig. 1b), clearly displaying the region closer to Earth, which is only briefly traversed by the satellite'”.
Observing the incoming particles on the nightside during the storm, the satellite measured enhanced electron
flux down to radial distances of ~ 3 Earth radii (Rg). The sharp drop of flux at 3 Rg appositely coincides with the
Alfvén layer, the layer separating closed and open orbits for zero energy particles, which are not able to penetrate
deeper under these geomagnetic conditions, assuming static electric and magnetic fields.

We test if we can reproduce the enhancement with the Versatile Electron Radiation Belt (VERB-4D) model,
which solves for advection and diffusion of particles in the four dimensions of magnetic local time (MLT), radial
distance from Earth, and first and second adiabatic environments. In this work, we are using empirically derived
models parameterized by the Kp index to describe the electric field, magnetic field, and flux at the outer boundary
condition. Electron loss is incorporated by means of an exponential loss term, associated with chorus*»?* and
hiss* scattering. The full model setup is described in the “Methods” section.

Comparing the simulation results with RBSP-B observations along the satellite’s orbit (Fig. 1d), VERB-4D
overestimates the electron flux consistently between 5 and 50 keV for three consecutive trajectories of the satellite
at radial distances between 2.5 and 5 Rg. The overestimation has a maximum around the Alfvén layer at energies
between 10 and 20 keV, while electrons at energies > 60 keV are reproduced relatively well. An imbalance of
the source and loss processes of the model can be caused by inaccuracies of the outer radial boundary condi-
tions, the ambient electric and magnetic field (used for the drift velocity calculation), or the assumed electron
lifetimes. A comparison of the empirical magnetic field model used in this work against observations of the
RBSP-B Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument® shows
good agreement throughout the storm’s main phase (see Fig. 2a, Supplementary Fig. S1), making it an unlikely
candidate for causing the large overestimation. To test whether modelling errors of the electric field or boundary
conditions are causing the overestimation, additional simulations are performed using a different electric field
model, and statistically unlikely low flux levels at the model’s outer radial boundary (see “Methods” section). As
seen in Fig. 2b, this does not resolve the observed discrepancies between model and reality, as the overestimation
still persists. Our sensitivity test indicates that the discrepancies between the model and observations in Fig. 1
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Figure 2. Sensitivity test of source terms of VERB-4D for the second orbit of RBSP-B during the March 2013
storm. (a) Comparison between T89 and RBSP EMFISIS observations of magnetic field magnitude along the
RBSP-B orbit. (b) VERB-4D simulation results for 10 keV electrons using the original setup (see Fig. 1), the
Weimer electric field model®, and statistically low flux values at the outer radial boundary given by the 5th
percentile of electron flux predicted by the Denton model®.
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10 keV

30 keV

cannot be explained by inaccuracies of the source processes alone, but additional loss has to be applied in order
to reproduce flux observations.

Localization and quantitative description of missing loss process. Since measurements for this
event are taken on the nightside, particles travel only a short distance within geosynchronous orbit (GEO) before
they are measured by the satellite. By investigating the particles’ drift trajectories, one can find their origin at
GEO and their drift path through the inner magnetosphere.

Firstly, we find the innermost location where the overestimation was greater than one order of magnitude
along the RBSP-B dusk-side trajectory, starting around 09:00 UTC, for 10 and 30 keV electrons (dusk-side circle
in Fig. 3a,d). The drift trajectory of particles forming this overestimation is calculated by tracing them forwards
and backwards in time while conserving their first and second adiabatic invariants. The resulting drift trajectories
have their origin at GEO in the pre-midnight sector (see Fig. 3b,e). From there, particles are transported directly
to lower radial distances due to the strong sunward convection, before starting their drift around Earth. Both
particle populations are travelling away from GEO for around 4 hours before they are measured by the satellite.
Figure 3c,f display the change in energy along the particles’ trajectories because of adiabatic acceleration due to
conservation of the first adiabatic invariant. Electrons at 1 keV entering the simulation domain at GEO will end
up forming the 10 keV overestimation, while the 30 keV overestimation is formed by particles with energies of
5keV at GEO.

Focusing now on the innermost location where the overestimation was greater than one order of magnitude
along the subsequent pass of the satellite, which occurred on the dawn-side (dawn-side circle in Fig. 3), one
can see that the dawn-side overestimation is associated with the same electron trajectories as the dusk-side flux
overestimation. This demonstrates that both errors potentially stem from the same missing loss process, happen-
ing before the particles are measured by the satellite on the dusk-side. As a result, to resolve the overestimation
on the dusk-side, the loss process must be located in the pre-midnight sector and affect electrons with energies
between 1 and 30 keV. Furthermore, as the flux is overestimated by VERB-4D across radial distances of 3-5 Rg,
the loss process must also act over these distances.

To quantify the missing loss process, we construct empirical electron lifetimes applied to the pre-midnight
sector, so that the VERB-4D results would approximately match the RBSP-B observations. For simplicity, we
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Figure 3. Spatial location of overestimation and the electrons’ drift paths. (a) Comparison between flux
measured by RBSP-B and VERB-4D for the orbit starting around 09:00 and 10 keV. The black circle indicates
the innermost point, where overestimation was greater than one order of magnitude on the given trajectory.
(b) Calculated drift trajectory for a10 keV and 50° pitch-angle electron crossing the point of innermost
overestimation on the dusk-side indicated again by the black circle. Color-coded is the elapsed time of the drift
starting at the injection of the particle at GEO. (c) Same drift paths as in wave-particle interactions but now
color-coded is the energy of particles along the drift path. (d-f) Same format as (a-c) but for 30 keV particles.
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assume the same spatial and Kp dependence as the chorus lifetimes, assume a linear dependence in energy, and
fit the parameters by consecutive iterations (see “Methods” section). We find that with the addition of empirical
lifetimes, the strong diffusion limit®® (a theoretical limit of electron loss rate due to finite lifetimes within the
loss cone) is reached in the whole pre-midnight sector at large radial distances, indicating very strong loss (see
Supplementary Fig. S2). Close to dusk, the missing loss process has to act down to radial distances of ~ 3Rg,
while closer to midnight, it is sufficient to add the empirical loss above radial distances of ~ 4Rg. Because of the
strongly eroded plamasphere during this storm, these radial distances reside in the low density plasmatrough.

When we apply the additional empirical lifetimes to the VERB-4D simulations, particles are scattered by
the strong loss in regions of strong diffusion and only a fraction are able to reach very low radial distances, in
agreement with the observations (see Fig. 4). Therefore, the overestimation close to Earth is strongly decreased
or eliminated entirely for all considered energies on both the dusk and the dawn-side, showing that a missing
loss in the pre-midnight sector is indeed mainly responsible for the overestimation on the dawn-side.

Discussion

We identified a systematic discrepancy between model predictions and observations during intense storm
times in the inner magnetosphere. We have shown that inaccuracies of the source processes are unlikely to be
responsible for these overestimations, by validating the magnetic field model against satellite observations and
performing additional simulations using two different electric field models and lower flux at the outer radial
boundary. Theoretically, it could be possible that both empirical electric field models overestimate the electric
field strength during the storm, leading to an overestimation of particle flux. However, it has been shown that
empirical models tend to underestimate the electric field strength during this particular event”. Furthermore,
ring current simulations including self-consistent modelling of electric and magnetic fields show similar sig-
natures of overestimation of low energy electron flux during this particular storm?*?°. Nevertheless, due to the
great variability of the electric field during storms®, the localization and quantification of the empirical loss
should be treated with caution.

By looking at the drift trajectories of incoming particles, we were able to locate a missing loss process, which
is capable of resolving the overestimations of our simulations. Although it is not possible to exactly locate the
missing loss using this method, we found that the loss must reside in the pre-midnight sector in order to affect
the overestimations on both the dusk and dawn-side. In order to quantify the loss to some extent, we fitted the
VERB-4D simulation to reproduce the satellite observations by assuming a certain region of additional loss and
fitted the parameters through trial and error. While the additional loss on the dusk-side resolved the overes-
timation at radial distances of ~ 3Rg, it may be slightly too strong at higher radial distances, as regions which
were overestimated moderately in the original simulation are now underestimated (see Fig. 4 Panel g, around
11:00). This indicates that the empirically constructed lifetimes probably do not hold the same spatial depend-
ence as the lifetimes associated with chorus wave scattering and a more complicated fitting procedure would
be necessary to perfectly fit the observations. Furthermore, the fitting solution is not unique and inaccuracies
in the boundary conditions, electric field and the other loss models also may influence the prediction heavily.
Therefore, the empirical lifetimes constructed in this work should be treated as only providing an indication
as to where the missing loss process may operate and how strong it is. Nevertheless, we showed, that the total
loss has to be extremely strong, reaching the theoretical upper limit of strong diffusion in our case over a broad
region at large radial distances from Earth.

The main physical mechanism scattering electrons into the atmosphere and therefore producing loss from
the magnetic trapping region are wave-particle interactions. Therefore, the question arises which wave popula-
tion is responsible for the missing loss process observed in this work. One possible candidate are chorus waves.
Although loss by chorus waves is already included in modern electron ring current models'>'>*, it is difficult
to accurately estimate the impact of chorus waves on the electron population. Statistical models of the wave
properties?*! and cold plasma density are used to derive diffusion coefficients and electron lifetimes. These
models may not be accurate during strong storm events, since statistics for such events are poor and models do
not capture the characteristics***. In particular, the effect of cold plasma density variability on the scattering
rates of electrons has been proven to be very significant®*, while static models of the cold plasma environment
completely misrepresent the density during strong storm events®. A comparison between the cold plasma density
derived from EMFISIS measurements* and the Sheeley model* for the March 2013 storm reveals that the Sheeley
model overestimates the density inside the plamsatrough for most of the storm (see Supplementary Fig. S3).
Due to the uncertainties in wave properties and cold plasma density, it is not surprising that studies of event
specific diffusion coeflicients have shown great deviations from statistically derived coefficients’**, including
the coefficients of energetic electrons at dusk?.

Other types of waves may be also responsible for the missing loss process. ECH waves are currently not
included in VERB-4D, although they are capable of very efficiently scattering electrons of a few eV up to 10 keV
38-40_ Statistical studies of satellite measurements show that ECH waves occur mostly at radial distances of 5 Rg
and above on the nightside, including the pre-midnight sector®***2, where the missing loss process operates.
Therefore, ECH waves are very capable to scatter 1 keV electrons at GEO, diminishing the overestimation of
10keV electrons tremendously at radial distances of ~ 3RE.

To determine whether ECH waves or chorus waves are responsible for the missing loss process, more sophis-
ticated wave models of these types of waves have to be developed. It is particularly important to describe the
wave properties during strong storms more accurately. As the dispersion relation of plasma waves and therefore
the scattering of electrons strongly depends on the surrounding cold plasma density, simulations including
dynamical cold plasma density models**** need to be performed to correctly model wave-particle interactions.
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Figure 4. VERB-4D simulation using the derived empirical lifetimes. (a) Kp and Dst timeline. (b) Radial
distance of the RBSP-B satellite mapped to the equatorial plane. Electron flux spectrogram at 50° local pitch-
angle (c) observed by the RBSP-B satellite, (d) predicted by VERB-4D using chorus and hiss lifetimes, and (f)
predicted by VERB-4D adding the empirical lifetimes. Logarithmic difference between observations and (e) the
simulation without empirical lifetimes, (g) with empirical lifetimes.
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Methods

VERB-4D model setup. The four-dimensional Versatile Electron Radiation Belt code (VERB-4D)*, used
to simulate radiation belt*®, plasmasphere* and ring current dynamics', solves the diffusion-convection equa-
tion in MLT, radial distance R and the two modified adiabatic invariants V and K*°:

_ 7 _ 2
K= N and V = u(K + 0.5)%, (1)

where 11 and ] are the first and second adiabatic invariants’ and my is the electron rest mass. While the code is
capable of solving a full diffusion setup, which includes diffusion in L*, energy and pitch-angle, the pitch-angle
diffusion may be incorporated into a separate loss term under the assumption that the pitch-angle distribution
decays uniformly with the lowest normal mode**%. Energy diffusion is not considered as it acting on larger
time scales and is expected to not have a significant impact at the considered energies*. Radial diffusion is
implemented using precomputed diffusion coefficients®®, which are adapted to smoothly vanish below 40 keV,
as particles with longer drift times cannot be treated as diffusing in L**.
In this setup the following equation is solved in each time step:
af af 4 af 1 d af f

= — — G{(Djxy* N
3t op T RIGR TG P g T

(Vw) (2)

where f denotes phase space density, G is a Jacobian, (Dp [+ ) are the bounce averaged diffusion coefficients in L¥,
(vy) and (vr) are bounce averaged drift velocities in MLT and R, and 7,4y, are lifetimes of electrons associated
with wave—particle interactions.

The numerical grid is set up using 113 points in R, covering the range from 1 to 6.6 Rg, while the MLT
dimension is divided into 97 grid points. We are using more spatial points compared to previous studies'*!* such
that the region around the Alfvén layer is accurately resolved while keeping numerical diffusion across it at a
minimum. The V and K dimensions are set up using 30 and 31 grid points, while making sure that the desired
energy and pitch-angle range is defined for R > 2. The upper radial boundary is described by the statistical mean
given by the Kp-dependent Denton model®?, while the drift velocities are calculated using the Volland-Stern
electric field®*** with the Maynard-Chen Kp parameterization® and the addition of a Kp-dependent subauro-
ral polarization stream module®, and the T89 magnetic field model®”. VERB-4D uses a 9th order numerical
scheme®-%°, which allows for the accurate estimation of the advective transport of electrons. The sensitivity test
of the source processes is performed using the Weimer®' model of ionospheric electric potential mapped to the
equatorial plane'®, while the statistically low outer radial boundary flux values at GEO are described by the 5th
percentile of the Denton model®.

The loss of electrons due to wave-particle interactions is described by the lifetimes associated with chorus
scattering® outside the plasmasphere and with hiss scattering® inside the plasmasphere. We are using the param-
eterized chorus lifetimes derived from the diffusion coefficients at the edge of the loss cone. The plasmapause
location is calculated using the model of Carpenter and Anderson®?. The dayside magnetosphere introduces
loss by magnetopause shadowing for high energy particles®®. As we are only interested in the nightside flux of
low energy electrons, the magnetopause location will not affect our simulation and is therefore not modelled.

The initial condition for the simulation is constructed using the last full pass of the RBSP-B satellite before
the simulations begins while assuming MLT-isotropy.

Calculation of drift trajectories. To calculate the drift trajectory of a single particle population with given
energy, pitch-angle, start point, and start time, we first calculate u and K of the particles, assuming a dipole
magnetic field. By tracing the particles backwards in time, their origin at GEO can be identified, while the rest of
their trajectory is found by tracing them forwards in time. Both tracing directions are implemented as forward
Euler steps as described by the following equations:

Backward tracing: X" = x" — (v)(x", u, K,Kp) - At,

3
Forward tracing: X = x4 (v)(x", u, K,Kp) - At, 3)

where the bounce averaged particle’s velocity (v) consists of the ExB drift and gradient-curvature drift of particles
and depends on the particles’ position x, i, K and the current Kp value. We have used a very small time step of
At = 3 sto ensure stability of the explicit method.

Construction of empirical lifetimes.  Lifetimes representing the missing loss process are constructed by
multiplying the lifetimes associated with chorus wave scattering by a derived factor, which is linearly dependent
on energy. In this way, the empirical lifetimes inherit the Kp, R and MLT dependence, while the energy depend-
ence can be tuned to optimize the simulation results. Assuming the empirical lifetime factor has the form of Eq.
(4) in log space, where E is the kinetic energy of a particle, the problem of finding the correct parameters a and b
is simple enough to be found by manually tuning the parameters and comparing simulation results to observa-
tions in an iterative manner.

a—E
1Oglo('[empirical) = loglo(fchorus) -

; @
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We restrict the application of empirical lifetimes in space, energy and also only apply them if Kp is over a certain
threshold.

As simulation results agree reasonably well for energies >50keV (see Fig. 1), we conclude that no additional
loss is required above 50 keV. The missing loss process is therefore only active at low energy. On the dusk side
(17-21 MLT), we have applied the empirical loss according to Eq. (4) down to R = 3, while we have applied
such loss only for R > 4.5 closer to midnight (21-24 MLT), as higher loss at smaller radial distances led to
underestimation of the observed electron flux. Regarding the Kp threshold, the St. Patrick’s Day event has a
clear distinction between quiet time and storm onset, leading to the choice of applying the empirical lifetimes
when Kp is greater than 5, resulting in applying them during the full storm period. Parameter a is set to 50 keV
to smooth out the lifetimes at high energies, while parameter b is determined by trial and error while comparing
the simulation results to the RBSP observations, to be 0.0312 keV.

When the scattering rate of electrons is faster than the loss rate of particles inside the loss cone, the loss cone
fills and eventually reaches a flat pitch-angle distribution. Because of this phenomenon, a theoretical lower limit
of electron lifetime exists, also called the strong diffusion limit?****. As a consequence, if the empirical lifetimes
would suggest a lifetime below the strong diffusion limit®, the limit is used instead.

Data availability

All RBSP-ECT data are publicly available at the website https://rbsp-ect.newmexicoconsortium.org/data_pub/
rbspb/hope/level3/pitchangle/ and the RBSP-EMFISIS data at the website https://emfisis.physics.uiowa.edu/
Flight/. Dst and Kp values are from the NASA OMNIWeb data explorer, accessible at https://omniweb.gsfc.
nasa.gov/form/dx1.html.

Received: 14 October 2022; Accepted: 12 January 2023
Published online: 18 January 2023

References

1. Baker, D. The occurrence of operational anomalies in spacecraft and their relationship to space weather. IEEE Trans. Plasma Sci.
28, 2007-2016. https://doi.org/10.1109/27.902228 (2000).

2. Choi, H. S. et al. Analysis of GEO spacecraft anomalies: Space weather relationships. Space Weather 9, 597. https://doi.org/10.1029/
2010SW000597 (2011).

3. Ganushkina, N. ef al. Space weather effects produced by the ring current particles the scientific foundation of space weather edited
by Rudolf. Space Sci. Rev. 212, 1315-1344. https://doi.org/10.1007/s11214-017-0412-2 (2017).

4. Ni, B. et al. Origins of the earth’s diffuse auroral precipitation. Space Sci. Rev. 200, 205-259. https://doi.org/10.1007/s11214-016-
0234-7 (2016).

5. Fang, X. et al. Electron impact ionization: A new parameterization for 100 eV to 1 MeV electrons. J. Geophys. Res. Space Phys. 113,
84. https://doi.org/10.1029/2008JA013384 (2008).

6. Sinnhuber, M., Nieder, H. & Wieters, N. Energetic particle precipitation and the chemistry of the mesosphere/lower thermosphere.
Surv. Geophys. 33, 1281-1334. https://doi.org/10.1007/s10712-012-9201-3 (2012).

7. Schulz, M. & Lanzerotti, L. J. Particle Diffusion in the Radiation Belts Vol. 7 (Springer, 1974).

8. Allison, H. J., Shprits, Y. Y., Zhelavskaya, I. S., Wang, D. & Smirnov, A. G. Gyroresonant wave-particle interactions with chorus
waves during extreme depletions of plasma density in the Van Allen radiation belts. Sci. Adv. 7, eabc0380. https://doi.org/10.1126/
sciadv.abc0380 (2021).

9. Shprits, Y. Y. et al. A new population of ultra-relativistic electrons in the outer radiation zone. J. Geophys. Res. Space Phys. 127,
030214. https://doi.org/10.1029/2021JA030214 (2022).

10. Shprits, Y. Y., Elkington, S. R., Meredith, N. P. & Subbotin, D. A. Review of modeling of losses and sources of relativistic electrons
in the outer radiation belt I: Radial transport. J. Atmos. Solar Terr. Phys. 70, 1679-1693. https://doi.org/10.1016/].JASTP.2008.06.
008 (2008).

11. Thorne, R. M. Radiation belt dynamics: The importance of wave-particle interactions. Geophys. Res. Lett. 37, 044990. https://doi.
0rg/10.1029/2010GL044990 (2010).

12. Jordanova, V. K. et al. A bounce-averaged kinetic model of the ring current ion population. Geophys. Res. Lett. 21, 2785-2788.
https://doi.org/10.1029/94GL02695 (1994).

13. Fok, M. C. et al. The comprehensive inner magnetosphere—ionosphere model. J. Geophys. Res. Space Phys. 119, 7522-7540. https://
doi.org/10.1002/2014JA020239 (2014).

14. Aseev, N. A. et al. Transport and loss of ring current electrons inside geosynchronous orbit during the 17 March 2013 storm. J.
Geophys. Res. Space Phys. 124, 915-933. https://doi.org/10.1029/2018JA026031 (2019).

15. Haas, B., Shprits, Y. Y., Allison, H. J., Wutzig, M. & Wang, D. Which parameter controls ring current electron dynamics. Front.
Astron. Space Sci. 9, 11002 (2022).

16. Baker, D. N. et al. Gradual diffusion and punctuated phase space density enhancements of highly relativistic electrons: Van Allen
Probes observations. Geophys. Res. Lett. 41, 1351-1358. https://doi.org/10.1002/2013GL058942 (2014).

17. Boyd, A. J. et al. Quantifying the radiation belt seed population in the 17 March 2013 electron acceleration event. Geophys. Res.
Lett. 41, 2275-2281. https://doi.org/10.1002/2014GL059626 (2014).

18. Yu, Y. et al. Initial results from the GEM challenge on the spacecraft surface charging environment. Space Weather 17, 299-312.
https://doi.org/10.1029/2018SW002031 (2019).

19. Wang, D. et al. The effect of plasma boundaries on the dynamic evolution of relativistic radiation belt electrons. J. Geophys. Res.
Space Phys. 125, 027422, https://doi.org/10.1029/2019JA027422 (2020).

20. Funsten, H. O. et al. Helium, oxygen, proton, and electron (HOPE) mass spectrometer for the radiation belt storm probes mission.
Space Sci. Rev. 179, 423-484. https://doi.org/10.1007/s11214-013-9968-7 (2013).

21. Blake, J. B. et al. The magnetic electron ion spectrometer (MagEIS) instruments aboard the radiation belt storm probes (RBSP)
spacecraft. Space Sci. Rev. 179, 383-421. https://doi.org/10.1007/s11214-013-9991-8 (2013).

22. Wang, D. et al. Analytical chorus wave model derived from Van Allen probe observations. J. Geophys. Res. Space Phys. 124,
1063-1084. https://doi.org/10.1029/2018JA026183 (2019).

23. Wang, D., Shprits, Y. & Haas, B. Lifetime of energetic electrons due to interactions with chorus waves. GFZ Data Serv.https://doi.
0rg/10.5880/GFZ.2.7.2022.002 (2022).

24. Orlova, K., Shprits, Y. & Spasojevic, M. New global loss model of energetic and relativistic electrons based on Van Allen probes
measurements. J. Geophys. Res. Space Phys. 121, 1308-1314. https://doi.org/10.1002/2015]A021878 (2016).

Scientific Reports |

(2023) 13:970 | https://doi.org/10.1038/s41598-023-28093-2 nature portfolio


https://rbsp-ect.newmexicoconsortium.org/data_pub/rbspb/hope/level3/pitchangle/
https://rbsp-ect.newmexicoconsortium.org/data_pub/rbspb/hope/level3/pitchangle/
https://emfisis.physics.uiowa.edu/Flight/
https://emfisis.physics.uiowa.edu/Flight/
https://omniweb.gsfc.nasa.gov/form/dx1.html
https://omniweb.gsfc.nasa.gov/form/dx1.html
https://doi.org/10.1109/27.902228
https://doi.org/10.1029/2010SW000597
https://doi.org/10.1029/2010SW000597
https://doi.org/10.1007/s11214-017-0412-2
https://doi.org/10.1007/s11214-016-0234-7
https://doi.org/10.1007/s11214-016-0234-7
https://doi.org/10.1029/2008JA013384
https://doi.org/10.1007/s10712-012-9201-3
https://doi.org/10.1126/sciadv.abc0380
https://doi.org/10.1126/sciadv.abc0380
https://doi.org/10.1029/2021JA030214
https://doi.org/10.1016/J.JASTP.2008.06.008
https://doi.org/10.1016/J.JASTP.2008.06.008
https://doi.org/10.1029/2010GL044990
https://doi.org/10.1029/2010GL044990
https://doi.org/10.1029/94GL02695
https://doi.org/10.1002/2014JA020239
https://doi.org/10.1002/2014JA020239
https://doi.org/10.1029/2018JA026031
https://doi.org/10.1002/2013GL058942
https://doi.org/10.1002/2014GL059626
https://doi.org/10.1029/2018SW002031
https://doi.org/10.1029/2019JA027422
https://doi.org/10.1007/s11214-013-9968-7
https://doi.org/10.1007/s11214-013-9991-8
https://doi.org/10.1029/2018JA026183
https://doi.org/10.5880/GFZ.2.7.2022.002
https://doi.org/10.5880/GFZ.2.7.2022.002
https://doi.org/10.1002/2015JA021878

www.nature.com/scientificreports/

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kletzing, C. A. et al. The electric and magnetic field instrument suite and integrated science (EMFISIS) on RBSP. Space Sci. Rev.
179, 127-181. https://doi.org/10.1007/s11214-013-9993-6 (2013).

Kennel, C. F. Consequences of a magnetospheric plasma. Rev. Geophys. 7, 379-419. https://doi.org/10.1029/RG007i001p00379
(1969).

Menz, A. et al. Efficacy of electric field models in reproducing observed ring current ion spectra during two geomagnetic storms.
J. Geophys. Res. Space Phys. 124, 8974-8991. https://doi.org/10.1029/2019JA026683 (2019).

Yu, Y. et al. On the importance of using event-specific wave diffusion rates in modeling diffuse electron precipitation. J. Geophys.
Res. Space Phys. 127, €2021JA029918. https://doi.org/10.1029/2021JA029918 (2022).

Chen, M. W. et al. Diffuse auroral electron and ion precipitation effects on RCM-E comparisons with satellite data during the 17
March 2013 storm. J. Geophys. Res. Space Phys. 124, 4194-4216. https://doi.org/10.1029/2019JA026545 (2019).

Matsui, H. et al. Electric field measurements in the inner magnetosphere by cluster EDI. . Geophys. Res. Space Phys. 108, 1-12.
https://doi.org/10.1029/2003JA009913 (2003).

Li, W. et al. Global distribution of whistler-mode chorus waves observed on the THEMIS spacecraft. Geophys. Res. Lett. 36, 037595.
https://doi.org/10.1029/2009GL037595 (2009).

Sheeley, B. W., Moldwin, M. B., Rassoul, H. K. & Anderson, R. R. An empirical plasmasphere and trough density model: CRRES
observations. J. Geophys. Res. Space Phys. 106, 25631-25641. https://doi.org/10.1029/2000JA000286 (2001).

Denton, R. E., Menietti, J. D., Goldstein, J., Young, S. L. & Anderson, R. R. Electron density in the magnetosphere. . Geophys. Res.
Space Phys. 109, 010245. https://doi.org/10.1029/2003JA010245 (2004).

Zhao, L., Yu, Y., Delzanno, G. L. & Jordanova, V. K. Bounce- and MLT-averaged diffusion coefficients in a physics-based magnetic
field geometry obtained from RAM-SCB for the 17 March 2013 storm. J. Geophys. Res. Space Phys. 120, 2616-2630. https://doi.
0rg/10.1002/2014JA020858 (2015).

Kurth, W. S. et al. Electron densities inferred from plasma wave spectra obtained by the waves instrument on Van Allen Probes.
J. Geophys. Res. Space Phys. 120, 904-914. https://doi.org/10.1002/2014JA020857 (2015).

Li, W. et al. Radiation belt electron acceleration by chorus waves during the 17 March 2013 storm. J. Geophys. Res. Space Phys.
https://doi.org/10.1002/2014JA019945 (2014).

Ripoll, J. E. et al. Effects of whistler mode hiss waves in March 2013. J. Geophys. Res. Space Phys. 122, 7433-7462. https://doi.org/
10.1002/2017JA024139 (2017).

Horne, R. B,, Thorne, R. M., Meredith, N. P. & Anderson, R. R. Diffuse auroral electron scattering by electron cyclotron harmonic
and whistler mode waves during an isolated substorm. J. Geophys. Res. Space Phys. 108, 9736. https://doi.org/10.1029/2002JA0097
36 (2003).

Meredith, N. P, Horne, R. B., Thorne, R. M. & Anderson, R. R. Survey of upper band chorus and ECH waves: Implications for the
diffuse aurora. J. Geophys. Res. Space Phys. 114, 14230. https://doi.org/10.1029/2009JA014230 (2009).

Fukizawa, M. et al. Statistical study of approaching strong diffusion of low-energy electrons by chorus and ECH waves based on
in situ observations. J. Geophys. Res. Space Phys. 127, €2022030269. https://doi.org/10.1029/2022JA030269 (2022).

Ni, B. et al. Global distribution of electrostatic electron cyclotron harmonic waves observed on THEMIS. Geophys. Res. Lett. 38,
48793. https://doi.org/10.1029/2011GL048793 (2011).

Ni, B, Gu, X,, Fu, S., Xiang, Z. & Lou, Y. A statistical survey of electrostatic electron cyclotron harmonic waves based on THEMIS
FFF wave data. J. Geophys. Res. Space Phys. 122, 3342-3353. https://doi.org/10.1002/2016]JA023433 (2017).

Zhelavskaya, I. S., Shprits, Y. Y. & Spasojevi¢, M. Empirical modeling of the plasmasphere dynamics using neural networks. J.
Geophys. Res. Space Phys. 122, 11227-11244. https://doi.org/10.1002/2017JA024406 (2017).

Zhelavskaya, 1. S., Aseev, N. A. & Shprits, Y. Y. A Combined neural network- and physics-based approach for modeling plasmas-
phere dynamics. J. Geophys. Res. Space Phys. 126, 28077. https://doi.org/10.1029/2020JA028077 (2021).

Shprits, Y. Y. et al. Combined convective and diffusive simulations: Verb-4d comparison with 17 March 2013 Van Allen probes
observations. Geophys. Res. Lett. 42, 9600-9608. https://doi.org/10.1002/2015GL065230 (2015).

Subbotin, D. A. & Shprits, Y. Y. Three-dimensional radiation belt simulations in terms of adiabatic invariants using a single numeri-
cal grid. J. Geophys. Res. Space Phys. 117, 17467. https://doi.org/10.1029/2011JA017467/FORMAT/PDF (2012).

Shprits, Y. Y., Li, W. & Thorne, R. M. Controlling effect of the pitch angle scattering rates near the edge of the loss cone on electron
lifetimes. J. Geophys. Res. Space Phys. 111, 12206. https://doi.org/10.1029/2006JA011758 (2006).

Albert, J. M. & Shprits, Y. Y. Estimates of lifetimes against pitch angle diffusion. J. Atmos. Solar Terr. Phys. 71, 1647-1652. https://
doi.org/10.1016/].JASTP.2008.07.004 (2009).

Horne, R. B. et al. Timescale for radiation belt electron acceleration by whistler mode chorus waves. J. Geophys. Res. Space Phys.
110, 10811. https://doi.org/10.1029/2004JA010811 (2005).

Brautigam, D. H. & Albert, J. M. Radial diffusion analysis of outer radiation belt electrons during the October 9, 1990, magnetic
storm. J. Geophys. Res. 105, 291-309. https://doi.org/10.1029/1999JA900344 (2000).

Lyons, L. R. & Schulz, M. Access of energetic particles to storm time ring current through enhanced radial diffusion. J. Geophys.
Res. 94, 5491. https://doi.org/10.1029/ja094ia05p05491 (1989).

Denton, M. H. et al. An empirical model of electron and ion fluxes derived from observations at geosynchronous orbit. Space
Weather 13, 233-249. https://doi.org/10.1002/2015SW001168 (2015).

Volland, H. A semiempirical model of large-scale magnetospheric electric fields. J. Geophys. Res. 78, 171-180. https://doi.org/10.
1029/JA0781001P00171 (1973).

Stern, D. P. The motion of a proton in the equatorial magnetosphere. J. Geophys. Res. 80, 595-599. https://doi.org/10.1029/JA080
1004P00595 (1975).

Maynard, N. C. & Chen, A. J. Isolated cold plasma regions: Observations and their relation to possible production mechanisms.
J. Geophys. Res. 80, 1009-1013. https://doi.org/10.1029/JA0801007P01009 (1975).

Goldstein, J., Burch, J. L. & Sandel, B. R. Magnetospheric model of subauroral polarization stream. J. Geophys. Res. Space Phys.
110, 1-10. https://doi.org/10.1029/2005]A011135 (2005).

Tsyganenko, N. A. A magnetospheric magnetic field model with a warped tail current sheet. Planet. Space Sci. 37, 5-20. https://
doi.org/10.1016/0032-0633(89)90066-4 (1989).

Leonard, B. P. The ULTIMATE conservative difference scheme applied to unsteady one-dimensional advection. Tech. Rep. In
Computer Methods in Applied Mechanics and Engineering, Vol. 88 (1991).

Leonard, B. P. & Niknafs , H. S. Sharp monotonic resolution of discontinuities without clipping of narrow extrema. Tech. Rep. In
Computers & Fluids, Vol. 19 (1991).

Aseev, N. A,, Shprits, Y. Y., Drozdov, A. Y. & Kellerman, A. C. Numerical applications of the advective-diffusive codes for the inner
magnetosphere. Space Weather 14, 993-1010. https://doi.org/10.1002/2016SW001484/FORMAT/PDF (2016).

Weimer, D. R. Improved ionospheric electrodynamic models and application to calculating Joule heating rates. J. Geophys. Res.
Space Phys. 110, 1-21. https://doi.org/10.1029/2004JA010884 (2005).

Carpenter, D. L. & Anderson, R. R. An ISEE/whistler model of equatorial electron density in the magnetosphere. J. Geophys. Res.
97, 1097. https://doi.org/10.1029/91ja01548 (1992).

Turner, D. L., Shprits, Y., Hartinger, M. & Angelopoulos, V. Explaining sudden losses of outer radiation belt electrons during
geomagnetic storms. Nat. Phys. 8, 208-212. https://doi.org/10.1038/nphys2185 (2012).

Scientific Reports |

(2023) 13:970 |

https://doi.org/10.1038/s41598-023-28093-2 nature portfolio


https://doi.org/10.1007/s11214-013-9993-6
https://doi.org/10.1029/RG007i001p00379
https://doi.org/10.1029/2019JA026683
https://doi.org/10.1029/2021JA029918
https://doi.org/10.1029/2019JA026545
https://doi.org/10.1029/2003JA009913
https://doi.org/10.1029/2009GL037595
https://doi.org/10.1029/2000JA000286
https://doi.org/10.1029/2003JA010245
https://doi.org/10.1002/2014JA020858
https://doi.org/10.1002/2014JA020858
https://doi.org/10.1002/2014JA020857
https://doi.org/10.1002/2014JA019945
https://doi.org/10.1002/2017JA024139
https://doi.org/10.1002/2017JA024139
https://doi.org/10.1029/2002JA009736
https://doi.org/10.1029/2002JA009736
https://doi.org/10.1029/2009JA014230
https://doi.org/10.1029/2022JA030269
https://doi.org/10.1029/2011GL048793
https://doi.org/10.1002/2016JA023433
https://doi.org/10.1002/2017JA024406
https://doi.org/10.1029/2020JA028077
https://doi.org/10.1002/2015GL065230
https://doi.org/10.1029/2011JA017467/FORMAT/PDF
https://doi.org/10.1029/2006JA011758
https://doi.org/10.1016/J.JASTP.2008.07.004
https://doi.org/10.1016/J.JASTP.2008.07.004
https://doi.org/10.1029/2004JA010811
https://doi.org/10.1029/1999JA900344
https://doi.org/10.1029/ja094ia05p05491
https://doi.org/10.1002/2015SW001168
https://doi.org/10.1029/JA078I001P00171
https://doi.org/10.1029/JA078I001P00171
https://doi.org/10.1029/JA080I004P00595
https://doi.org/10.1029/JA080I004P00595
https://doi.org/10.1029/JA080I007P01009
https://doi.org/10.1029/2005JA011135
https://doi.org/10.1016/0032-0633(89)90066-4
https://doi.org/10.1016/0032-0633(89)90066-4
https://doi.org/10.1002/2016SW001484/FORMAT/PDF
https://doi.org/10.1029/2004JA010884
https://doi.org/10.1029/91ja01548
https://doi.org/10.1038/nphys2185

www.nature.com/scientificreports/

64. Summers, D. & Thorne, R. M. Relativistic electron pitch-angle scattering by electromagnetic ion cyclotron waves during geomag-
netic storms. J. Geophys. Res. Space Phys. 108, 9489. https://doi.org/10.1029/2002JA009489 (2003).

Acknowledgements

The authors acknowledge the NASA OMNI database (https://omniweb.gsfc.nasa.gov/form/dx1.html) and thank
the developers of the IRBEM library (https://github.com/PRBEM/IRBEM), which was used for magnetic field
calculations. The authors are grateful to the RBSP-ECT and RBSP-EMFISIS team for the provision of Van Allen
Probes observations. We thank Alexander Drozdov for fruitful discussion and for numerical improvements of
the VERB-4D model.

Author contributions

B.H. and Y.S. conceived the idea of the study. B.H. and M.W. conducted the numerical simulations. B.H. per-
formed the analysis of results with input from Y.S., H.A., and D.W. D.W. provided the electron lifetime due to
resonance with chorus waves. The first draft of the manuscript was written by B.H. and H.A; Y.S., HA., M.W,,
and D.W. contributed to structuring and editing the manuscript, and approved of the submitted version.

Funding

Open Access funding enabled and organized by Projekt DEAL. This project has received funding from the Euro-
pean Union’s Horizon 2020 research and innovation program under Grant Agreement No. 870452 (PAGER).
H.A. was supported by the Alexander von Humboldt foundation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-28093-2.

Correspondence and requests for materials should be addressed to B.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:970 | https://doi.org/10.1038/s41598-023-28093-2 nature portfolio


https://doi.org/10.1029/2002JA009489
https://omniweb.gsfc.nasa.gov/form/dx1.html
https://github.com/PRBEM/IRBEM
https://doi.org/10.1038/s41598-023-28093-2
https://doi.org/10.1038/s41598-023-28093-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A missing dusk-side loss process in the terrestrial electron ring current
	Results
	Simulation of the March 2013 St. Patrick’s Day storm. 
	Localization and quantitative description of missing loss process. 

	Discussion
	Methods
	VERB-4D model setup. 
	Calculation of drift trajectories. 
	Construction of empirical lifetimes. 

	References
	Acknowledgements


