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Abstract

The dynamics of the Earth’s electron ring current are governed by a complex balance between trans-

port, acceleration, and loss. Despite decades of modeling, a persistent discrepancy remains: physics-based

simulations consistently overestimate electron fluxes by up to two orders of magnitude. The current the-

ories fail to explain this "missing loss" process. Here, we demonstrate that no additional loss process is

required to explain this apparent mismatch between theory and observations; rather, the discrepancy

arises from neglecting the variability of the background plasma density. By coupling a time-dependent

plasma density model with a ring current simulation, we show that density depletions modulate the

plasma wave dispersion relation, enhancing electron precipitation by a factor of 100. This increase in loss

rates explains the difference between theoretical predictions and satellite observations. Our results reveal

that background plasma density, rather than wave intensity alone, is a primary driver of magnetospheric

particle loss, providing a vivid example of how cold plasma density can influence the loss of particles

that are up to 10,000 times more energetic than the cold plasma itself.

The ring current, a toroidal region composed of energetic charged particles encircling the Earth, plays a
crucial role in magnetospheric dynamics and has a pronounced effect on the ground. Ring current enhance-
ments lead to a significant decrease of the geomagnetic field1,2. While the existence of the ring current was
already hypothesized in the early 20th century3,4, it was first observed in situ in 1966 by the OGO-3 satel-
lite5. It is now understood that the ring current is primarily composed of ions and electrons with energies
ranging from a few keV to hundreds of keV. High solar activity increases the electric field associated with
the solar wind. This electric field maps into the magnetosphere and energizes particles, which contribute
to the ring current, causing its intensity to increase by several orders of magnitude6. During these times,
also called geomagnetic storms, electrons are most hazardous to the electrical components and solar panels
of satellites due to surface charging effects7. The enhancement of the ring current is counteracted by scat-
tering of electrons into the atmosphere due to interactions with whistler-mode plasma waves8, altering the
atmosphere’s chemistry and contributing to ozone depletion in the polar regions9.

Significant modeling efforts have been dedicated to understanding the transport, acceleration, and loss
mechanisms governing the electron ring current10. While the source of ring current electrons in the inner
magnetosphere is relatively well understood, the current models do not fully reproduce the observed loss
of electrons11,12. More specifically, a persistent discrepancy remains: physics-based simulations consistently
overestimate electron fluxes by over two orders of magnitude compared to in-situ satellite observations during
strong geomagnetic storms13,14. It was theorized that a “missing loss” process, not accounted for in current
models, could be responsible for this discrepancy14. This lack of scattering has also been confirmed by
Low-Earth-Orbit observations12, but these observations have also failed to reveal the physical mechanism
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responsible for this loss process. More recently, other types of waves, such as electron cyclotron harmonics
and time domain structures, have been tested as potential candidates for the missing loss process, but their
contribution has been found to be insufficient to explain the observed loss of particles15,16.

Here, we demonstrate that the “missing loss” is not a missing wave mode, but results from the neglect of
the coupling between the cold plasma background and the energetic ring current electrons (see Fig. 1). We
present global simulations of the Earth’s ring current during the March 2013 geomagnetic storm, coupling
a time-dependent plasma density model with a ring current simulation. We show that density depletions
significantly affect the plasma wave dispersion relation, shifting the resonance condition and allowing waves
to interact with higher-energy particles. This shift in resonance increases electron precipitation by up to two
orders of magnitude. This enhanced scattering effectively resolves the apparent overestimation of electron
fluxes.

Figure 1: Schematic of electron loss proposed in this study.

Increased Scattering under low background density conditions

Particles in the Earth’s magnetosphere are trapped by the geomagnetic field and organized by their equatorial
pitch angle: the angle between the particle momentum and the background magnetic field as it crosses the
magnetic equator. Particles with 90◦ equatorial pitch angle are trapped at the magnetic equator, while
particles with smaller equatorial pitch angles are mirroring between the northern and southern hemispheres.
By interacting with plasma waves, the mirror point of particles can be lowered to the atmosphere, where they
will collide with atmospheric particles and will be lost from the system. This process leads to the evolution
of the electron phase space density f governed by the pitch-angle diffusion equation:

∂f

∂t
=

1

sin(2α)T (α)

∂

∂α

(

sin(2α)T (α) Dαα
∂f

∂α

)

−
f

τLC
, (1)

where α is the equatorial pitch angle, T (α) = 1.38 − 0.32(sin α + sin1/2 α) is a function related to the
particles’ bounce frequency17, Dαα is the bounce-averaged diffusion coefficient due to scattering by whistler-
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mode plasma waves, and τLC is the quarter-bounce period, which is the average time field-aligned particles
will spend before being lost to the atmosphere. The trigonometric functions arise from the averaging of the
diffusion equation over the particles’ bounce period.

To quantify the sensitivity of our results to the assumed plasma density, we performed two sets of
simulations with constant and variable background plasma density. In these simulations, we calculate bounce-
averaged diffusion coefficients (Dαα in Eq. 2) for two distinct scenarios: a baseline representing long-term
average density and a “depleted” case corresponding to observations during intense geomagnetic activity18,19.
For the depleted case, we assume that the density is 4 times lower than the average values consistent with
observations20. As shown in Fig. 2A, for the low-density regime at low pitch angles, the diffusion coefficients
reflecting depleted density values are up to two orders of magnitude higher than the diffusion coefficients for
average density values. Since the rate of electron precipitation is primarily governed by scattering at small
pitch angles21, as it can create a bottleneck in scattering, this increase in pitch-angle scattering results in a
dramatic increase in loss. Rapid loss depletes the ring current electrons at timescales comparable to an hour
(Fig. 2C).

Figure 2: Diffusion coefficients and flux as a function of pitch angle at the end of the 3-hour simulation for
average and depleted density conditions (lower by a factor of 4). The diffusion rates are calculated for 9 keV,
L of 3, and magnetic local time of 21 hours. A Pitch-angle diffusion coefficients by chorus waves. B Density
dependency of the scattering rates into Earth’s atmosphere. C Flux evolution predicted by the diffusion
coefficients.

Changes in the background density ne alter the plasma wave dispersion relation, k2(ω) ∝ ω2

pe, through
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scaling of the plasma frequency ωpe ∝
√

ne. Assuming parallel propagation for whistler-mode chorus waves
and considering the first-order cyclotron resonance in the non-relativistic case, the resonance condition is
defined as v∥ = (ω − Ωe)/k, where v∥ is the parallel velocity of the resonant particle and Ωe = eB/me is the
electron cyclotron frequency. A reduced density results in a smaller wave number k for a given frequency
ω, causing a shift in the resonance condition towards particles with higher v∥. This mechanism effectively
increases the scattering rates of particles with higher energies and lower pitch angles, scattering more field-
aligned electrons into the atmosphere. The shift in the resonance is visible in the diffusion coefficients plotted
for varying density levels (see Supplementary Fig. S1 and S2).

The dependency of wave-particle interactions on the background plasma density has been known since
the formulation of the quasi-linear theory22,23. However, due to the complexity of calculating the scattering
rates and the multitude of input parameters, such as the distributions of waves in frequency and wave-normal
angle, the diversity of the wave spectrum, and the spatial distribution of waves, the density dependence has
been largely ignored. The shift in resonances illustrated above for a high plasma density and field-aligned
waves, is not very obvious in realistic cases.

In more recent years, studies discussed how diffusion coefficients depend on the background plasma den-
sity20,24, and that wave-particle interactions in low-density regions are responsible for accelerating electrons
to ultra-relativistic energies in the radiation belts25,26. These studies focused on relativistic electrons above
MeV energies, whereas the effects on ring current particles have not been previously explored. Here, we
demonstrate the substantial effect of low-density interactions on particles with energies below 50 keV driven
by upper-band chorus waves. As shown in Fig. 2B, in some cases, even a moderate decrease in density by
less than a factor of two can increase the scattering rates by an order of magnitude.

Ring current simulations including the plasma density variability

for the March 2013 geomagnetic storm

We then investigated whether this localized mechanism could resolve the “missing loss” issue by performing
4D ring current simulations coupled with a plasmasphere model of the March 2013 storm. This storm
event was the subject of previous studies highlighting the overestimation of electron fluxes by ring current
models13,14. The ring current simulation is based on a modified 4D Fokker-Planck equation accounting for
radial and azimuthal transport, and local diffusion of phase space density (f)
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Here, R is the radial coordinate, φ is the magnetic local time, while V and K are modified first and second
adiabatic invariants, respectively27. The drift velocities in magnetic local time (vφ) and radial distance
(vR) are calculated from empirical models describing the electric28–30 and magnetic field31 in the equatorial
plane. The diffusion coefficients DV V , DV K , and DKK represent the scattering and acceleration driven by
wave-particle interactions, which we modulate here using time-dependent plasma density. More information
about the V − K coordinate system and the Jacobian G is provided in Methods.

The diffusion coefficients vary in space and time based on the current level of geomagnetic activity
and, most importantly, the background plasma density.The background plasma density is modeled using
a physics-based approach that includes convection and refilling from the ionosphere (see Methods). An
example of the large depletion predicted by the plasmasphere model is depicted in Fig. 3, where the plasma
density decreases by up to a factor of 7 compared to the statistical model32. Crucially, the maximum density
depletion predicted by our model coincides spatially with the pre-midnight sector, where stronger electron
loss is required to match particle flux observations14. The predicted location of the density depletion is
consistent with statistical studies of cold plasma density18.
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Figure 3: Background density in the equatorial plane during the storm main phase. A Density predicted by
the static empirical model. B Density predicted by the physics-based model. C Ratio between the models
shown in Panel A and Panel B.

The results of the coupled ring current-plasmasphere simulation are presented in Fig. 4, showing a
comparison between simulated and observed electron fluxes in the inner magnetosphere from the RBSP-B
satellite. The overestimation of electron fluxes by up to two orders of magnitude is clearly visible in the
standard simulation with static background density (Panels C and E). In contrast, the coupled simulation
(Panels D and F) shows a significant reduction in electron fluxes at lower radial distances, bringing them
into closer agreement with observations. The increased scattering in the pre-midnight sector effectively
eliminates the overestimation, demonstrating that the inclusion of background plasma density variability
resolves the long-standing discrepancy in ring current models. Validation of the precipitating particles also
shows that the inclusion of variable background density improves the comparison to observations taken at
low-earth-orbit in the pre-midnight sector (see Supplementary Fig. S3)
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Figure 4: Observations and simulation results of ring current electrons during the March 2013 geomagnetic
storm. Data is shown on a modified x-axis which removes the visual bias towards large radial distances33.
A Kp index derived from ground observations and showing the level of geomagnetic activity throughout the
storm. B Radial distance and magnetic local time of the RBSP-B satellite normalized to Earth radii. C

RBSP-B HOPE observations of electron flux at 50◦ local pitch angle and 5 to 50 keV. D Simulated electron
flux along the satellite orbit by the model with static background density. E Simulated electron flux along
the satellite orbit by the model with dynamic density predicted by a physics-based model. F Normalized
difference between C and D. G Normalized difference between C and E.

While previous theories focused almost exclusively on wave power as the driver of precipitation, our
results demonstrate that even moderate wave intensities, as usually observed in the pre-midnight sector34,
can drive strong loss rates when the background density is lower than the average values that are often
assumed for simulations. This suggests that the “missing loss” was not due to an unaccounted-for wave
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mode, but missing cross-scale coupling between the cold and hot plasma populations.
These findings have profound implications for space sciences, space weather forecasting, atmospheric

chemistry, and climate science. Our results deepen our understanding of energetic electron precipitation, a
critical uncertainty in global magnetospheric and atmospheric modeling. By providing a physically consistent
mechanism for these loss rates, this work enables more accurate quantification of NOx and HOx production
in the upper atmosphere, which are key catalysts for ozone depletion in the polar regions. As highlighted in
the IPCC AR6 Working Group I report35, long-term simulations of electron precipitation are essential for
understanding solar-terrestrial coupling and its role in regional climate variability. Moreover, understanding
particle loss will allow researchers to quantify the effects of precipitation on ionospheric conductivity, which
is central to magnetospheric-ionospheric coupling36–38. This provides an important feedback between the
cold plasma density, the global magnetosphere, and the ionosphere. Similar processes and density control
may be important for the outer planetary and exoplanetary radiation environments, as well as for other
astrophysical phenomena related to particle acceleration and loss due to wave-particle interactions.

Methods

Calculation of bounce-averaged diffusion coefficients

The bounce-averaged diffusion coefficients, describing the interactions between chorus waves and electrons,
are calculated using the Full-Diffusion-Code (FDC)39. Necessary frequency and wave-normal-angle distri-
bution for lower and upper band chorus waves are based on statistical properties derived from satellite
observations34. We calculated diffusion coefficients for different background density values: the “standard”
case of an empirical, static density model32 as used in previous studies14,40, and for cases of density deple-
tion, where we assume a global density given by the static density model divided by a constant factor (2 to
10). Thus, we have defined the diffusion coefficients for each energy, equatorial pitch angle, radial distance,
magnetic local time, and various density levels, and can use combinations of those matrices to accurately
define the diffusion coefficients globally.

Physics-based predictions of the background plasma density

We utilize the VERB-CS (Versatile near-Earth environment of Radiation Belts and ring current - Convection
Simplified) model41 to simulate the time-dependent cold plasma density in the inner magnetosphere. The
model incorporates particle transport driven by the large-scale convection electric field, as well as refilling
processes from the ionosphere. The following equation is solved for every 15-minute time step to compute
the evolution of the cold plasma density ne:

∂ne

∂t
= −vR

∂ne

∂R
− vφ

∂ne

∂φ
+ S − L, (3)

where R is the radial coordinate, φ is the magnetic local time, vR and vφ are the radial and azimuthal
convection velocities derived from the large-scale Volland-Stern electric field28–30 and T89 magnetic field31

model, S is an empirical source term representing ionospheric refilling42, and L are losses to the dayside
magnetopause43. The spatial grid spans radial distances from 1 to 10 with a resolution of 0.2 Earth radii,
and magnetic local time from 0 to 24 hours with a resolution of 0.5 hours. The boundary condition at R = 10
is set using an empirical model driven by solar wind parameters44.

The comparison between the predicted cold plasma density and that measured by the Van Allen Probes
is shown in Supplementary Fig. S4. The cold-plasma density is inferred from the magnetic field spectrogram
by detecting the upper hybrid frequency, from which the background density can be calculated45. The
spectrogram during the main phase of the storm is occasionally obscured by electron cyclotron and other
broadband emissions, which makes it very challenging to identify the upper hybrid frequency, as stated in
the data description45. The data should therefore be treated with great care, as large uncertainties are
expected for this type of spectrogram.
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Coupled ring current-plasmasphere simulations

The density values obtained from the VERB-CS model are integrated into the ring current simulation by
updating the bounce-averaged diffusion coefficients at each 15-minute time step. We took the ratio between
the predicted density from VERB-CS and the empirical density model32, and discretized them into 10 levels
from 1 to 10. For each level of density depletion, we pre-computed diffusion coefficients as described in the
previous section. For each point in space and time outside the plasmapause, the diffusion coefficients are
used according to the current density level predicted by VERB-CS and scaled by the current Kp value.

We follow previous studies of the ring current11,46–49 and assume that energy diffusion is negligible. Thus,
Dpp and Dpa are set to zero before the diffusion coefficients are transformed into the (V, K) coordinate system
used by VERB-4D27. The potential contribution of energy diffusion at keV energies will be the subject of
future studies. V and K are modified adiabatic invariants, built from the first (µ) and second (J) adiabatic
invariants50:

K =
J

√
8m0µ

, V = µ · (K + 0.5)2, (4)

with m0 being the rest mass of the particles.
These time-dependent diffusion coefficients are then applied to the VERB-4D (Versatile near-Earth en-

vironment of Radiation Belts and ring current in four dimensions) model51, which solves Equation 2 using
a 15-minute time step. The VERB-4D model solves the Fokker-Planck equation on a grid of modified adia-
batic invariants (V, K), as this system allows for the efficient solving of convection and diffusion on a single
numerical grid27. For the derivation of the Jacobian G from the adiabatic invariant space to V-K space, we
refer to previous publications52. The model grid spans radial distances from 1 to 6.6 with a resolution of 0.2
Earth radii, magnetic local time from 0 to 24 hours with a resolution of 0.5 hours, logarithmically-spaced 60
points in energy from 0.1 eV to 100 keV at R = 6.6, and 61 points in equatorial pitch angle from 0.7 to 89.7
degrees at R = 6.6. The operators of Equation 2 are split into a 2-D convection and a 2-D diffusion step,
which are solved sequentially. The convection solver utilizes a 9th-order finite difference scheme in space and
a first-order explicit scheme in time53,54. The diffusion solver employs an implicit positive-preserving finite
volume scheme, ensuring numerical stability and physical consistency55. Previous studies have used an im-
plicit finite difference scheme to solve the diffusion equation, including mixed terms; however, this approach
failed at some time steps due to negative phase-space density values, leading to numerical instabilities56,57.
To achieve a realistic distribution within the loss cone, we found it necessary to perform the diffusion step
at a sub-time step of 6 seconds due to the fast particle dynamics there.

The initial condition is set using RBSP-B observations prior to the storm onset on March 17, 2013, in
agreement with previous studies14. The radial boundary condition at geosynchronous orbit is set using an
empirical model driven by the Kp index58, while we set f = 0 at R = 1. We further apply zero-derivative
boundary conditions at the lower and upper boundaries in V , corresponding to no flow over these boundaries.
Since we are not modeling local acceleration in this study, the choice of boundary conditions in V has a
negligible effect on the results. The upper-K boundary at pitch-angles close to zero is assumed to be a zero-
derivative boundary, to allow the modeling of the strong diffusion scenario59. A zero-derivative boundary
is also applied at the lower-K boundary, which is close to 90◦ pitch angle to reflect the symmetry of the
pitch-angle distribution.

Removing bump-on-tail instabilities from simulation output

As the wave-particle interactions are not treated self-consistently in the VERB-4D model, it is possible that
beams form in the velocity distribution of particles, also known as bump-on-tails. These bumps are highly
unstable as they lead to the growth of Langmuir waves. As a result, the particles donate their kinetic energy
to the wave field, effectively damping the distribution and smoothing the bump until stability is restored.

To capture this relaxation process, we implement an algorithm to detect and remove these features
from the phase-space density model output distribution for varying µ and constant K. A bump is identified
when the distribution exhibits a sustained positive gradient across at least five consecutive grid points,
immediately followed by a negative gradient. A representative example of a corrected distribution is provided
in Supplementary Fig. S5. The bump-on-tail instabilities already exist in the simulation assuming static
cold-plasma density, but got greatly enhanced when variable density is introduced. For comparison, a version
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of Fig. 4 retaining these instabilities is shown in Supplementary Fig. S6. On average, bump removal has
little influence on the simulation results, as indicated by the average normalized difference. However, it
removes one unphysical feature in the energy spectrogram during the satellite’s inbound pass at around
16 UTC. Applying energy diffusion might mitigate these unstable peaks through diffusive smoothing. We
suggest that the formation of unstable distributions due to the interplay between wave-particle interactions
and particle convection in the magnetosphere should be further investigated in future modeling studies.

The normalized-difference metric

We apply the “normalized difference” metric60 for the data-model comparison in Fig. 4, as this metric allows
us to verify the peak values of the ring current, while less attention is spent on lower flux values. This metric
is most suitable for this study, as we are most interested in the peak values, which were previously reported
as overestimated13,14. The normalized difference Ndiff is defined as:

Ndiff =
jsimulated − jobserved

jmax observed

, (5)

where jsimulated is the electron flux predicted by VERB-4D, jobserved is the observed flux, and jmax observed

is the maximum flux value observed during the simulation period for each energy.

Validation of precipitating flux

For validating the precipitating flux, we followed the processing steps from previous work12. The Polar
Operational Environmental Satellite (POES) Total Energy Detector (TED) measurements are mapped to
the equatorial plane using the T89 magnetic field model31, and data points below the background level are
removed. We sampled the simulations along virtual spacecraft paths using the maximum observed pitch
angle, accounting for a field of view of 15◦. Predicted fluxes below the instrument noise level were removed
in the same manner as the observations. The resulting data were then binned onto a spatial grid with a
resolution of 2 hours in MLT and 2/3 RE in radial distance using the log-averaging. Supplementary Fig.
S3 shows a bias (around a factor of 2) between observed and modeled precipitating fluxes using the model
with dynamic cold-plasma density. This discrepancy may arise from either a systematic underestimation of
electron loss in the model or intercalibration uncertainties in the measurements. Since the VERB-4D model
output scales linearly with the LANL-based boundary conditions at GEO58, the bias could be resolved by
a corresponding scaling of the boundary input. We conclude that further intercalibration with the POES
TED instrument is required to clarify the source of this discrepancy.

Code Availability

The code used in this study is available at https://git.gfz-potsdam.de/spsw/verb/verb4d/verb4d_

solver and https://git.gfz-potsdam.de/spsw/verb/verb4d/verb4dpy.
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