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Abstract This study uses the Versatile Electron Radiation Belt code to model Saturn's radiation belt
environment, investigating electron acceleration, loss, and transport mechanisms. The simulations consider
various physical processes, including convection particularly driven by a Volland-Stern (VS) electric field,
radial diffusion, collisional energy loss, and local wave-particle diffusion driven by chorus and hiss waves.
Starting from initial conditions derived from Cassini observations, our simulations successfully reproduce the
characteristic “zebra stripes” pattern in spectrograms of Saturn's radiation belts. Our results suggest that radial
diffusion and neutral-particle interactions have negligible effects on zebra stripe formation. However, the
presence of a persistent VS electric field results in significant electron acceleration above the Corotation Drift
Resonance energies in the MeV energy range, producing flux levels exceeding typical observations. Additional
local wave-particle diffusion further enhances electron acceleration in this energy range. When the VS electric
field pulse is treated as transient instead of constant to imitate dynamic conditions, the overestimation of MeV
electron flux is reduced near L ~ 5 but remains elevated and further enhanced near L ~ 8. Despite these
differences, the simulations underscore the critical role of the VS electric field and local diffusion in controlling
electron acceleration and transport. Our results highlight the necessity of understanding the interplay between
global electric fields and localized diffusion processes in shaping electron dynamics within Saturn's radiation
belts.

Plain Language Summary Saturn's radiation belts contain high-energy electrons that can be
transported and accelerated through interactions with the planet's electric and magnetic fields, as well as with
plasma waves. This study uses modeling to explore how these electrons behave, with a focus on a pattern called
“zebra stripes.” The results indicate that a large-scale electric field plays a dominant role in shaping the electron
energy spectrum, while interactions with plasma waves further accelerate electrons and redistribute their
energy. These findings enhance our understanding of Saturn's radiation belts dynamics.

1. Introduction

Saturn's radiation belts present an unique environment for studying electron acceleration and the overall behavior
of planetary radiation belts. Observations from the Cassini mission have revealed complex electron belt features,
including the notable “zebra stripes” signature, previously observed at Earth (e.g., Liu et al., 2016; Ukhorskiy
etal., 2014). Zebra stripes refer to distinct electron flux enhancements across different energy levels with a pattern
resembling the stripes of a zebra when displayed in energy versus time spectrograms where intensity is shown as
color-coding (see Figure 2c, for example). This signature is associated to variations in azimuthal electric fields
and particle drift (Sun et al., 2019). This phenomenon has been successfully reproduced in test-particle simu-
lations (Hao et al., 2020).

However, the radiation belt environment at Saturn results from the interplay of multiple competing physical
processes, balancing electron acceleration and loss mechanisms. Various loss mechanisms, such as ionization
energy loss from neutral-charged and charged-charged particle collisions, and pitch-angle diffusion due to the
same collisons as well as wave-particle interactions, limit or even counteract acceleration mechanisms like radial
diffusion, adiabatic acceleration, and energy diffusion driven by wave-particle interactions (e.g., Horne
et al., 2008; Kollmann et al., 2011, 2013; Roussos et al., 2014; Shprits et al., 2012; Woodfield et al., 2019). While
adiabatic acceleration associated with radial diffusion has been extensively studied (see Lejosne & Koll-
mann, 2020), it remains an active area of research, particularly regarding its role in shaping the dynamics of

DROZDOV ET AL.

1 of 14


https://orcid.org/0000-0002-5334-2026
https://orcid.org/0000-0002-4274-9760
https://orcid.org/0000-0003-0425-3358
https://orcid.org/0000-0002-4213-4037
https://orcid.org/0000-0002-0531-8814
mailto:adrozdov@ucla.edu
https://doi.org/10.1029/2025JA033898
https://doi.org/10.1029/2025JA033898
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025JA033898&domain=pdf&date_stamp=2025-05-03

MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2025JA033898

Saturn's radiation belts. In contrast, the role of large-scale electric fields in driving convective transport is less
well understood (e.g., Hao et al., 2020; Roussos et al., 2018; Sun et al., 2019). This transport mechanism
significantly influences the dynamics of Saturn's radiation belts, but its impact on electron populations is not fully
characterized.

For example, under stationary electric and magnetic conditions, a distinct population of electrons exists, where the
gradient-curvature drift is balanced by the azimuthal drift induced by the electric field. These electrons are in
Corotation Drift Resonance (CDR), with their energies aligning closely with the observed spectral cutoff of
electrons. Electrons near CDR are sensitive to being radially transported through by additional non-radial electric
field components (Roussos et al., 2018). Test-particle simulations indicate that such electric fields can effectively
drive adiabatic acceleration (e.g., Hao et al., 2020), providing insights into particle energization mechanisms, but
cannot explain the near-absence of electrons beyond CDR energy (Sun et al., 2019). One possible explanation
may be that conventional test-particle simulations do not account for local diffusion effects caused by wave-
particle interactions. Conversely, simulations based on the Fokker-Planck equation, which include local diffu-
sion, demonstrate that electron acceleration is efficiently driven by chorus waves (e.g., Shprits et al., 2012;
Woodfield et al., 2019). A comprehensive model that incorporates both large-scale and localized interactions is
necessary to enhance our understanding of Saturn's radiation belt dynamics.

The Versatile Electron Radiation Belt (VERB) code, which solves the three-dimensional Fokker-Planck equation,
has been widely used to model Earth's radiation belts (e.g., Drozdov et al., 2017, 2020, 2021; Saikin et al., 2021;
Shprits et al., 2008, 2009; Subbotin & Shprits, 2009, 2012). This model was later extended to the VERB-4D code,
which accounts for the drift phase of electrons by including additional advection terms, such as radial and
azimuthal convection (Aseev et al., 2016; Shprits et al., 2015).

In this study, we adapted the VERB-4D code to comprehensively model Saturn's radiation belts. Our analysis
examines the contributions of radial diffusion, collisional energy loss, alongside the effects of the Volland-Stern
(VS) electric field and wave-particle interactions, particularly those caused by chorus and hiss waves, on the
distribution and acceleration of electrons in Saturn's radiation belts.

2. Data and Methodology

To perform the modeling, we rely on measurements obtained by the Cassini satellite. We use these data to
establish initial and boundary conditions for our simulations, compare expected simulation results with obser-
vational patterns. This section describes the measurements, the modeling framework, and the key assumptions
used in our simulations.

2.1. Cassini Data

In this study, we use data from the Cassini mission, focusing on measurements from the Low Energy Magne-
tospheric Measurement System (LEMMS), part of the Magnetospheric Imaging Instrument (MIMI) package
(Krimigis et al., 2004). LEMMS detects electrons across an energy spectrum ranging from tens of keV to several
MeV (30 keV-20 MeV) (Krupp, Roussos, et al., 2018). The electron flux is derived from high-resolution electron
channels (PHE-E and PHA-F1), that reach up to 1.6 MeV and overlap within the 140—420 keV range. However,
there are discrepancies in their flux values within the overlapped region due to contamination from penetrating
MeV electrons and low counting statistics. To mitigate these discrepancies, we normalize the PHE-F1 channel
flux at 200 keV (with corresponding ratio of 0.83 + 0.41, depending on L) to align with the corresponding PHE-E
channel value. This normalization ratio is then applied to adjust the spectrum above 200 keV accordingly. The
processed data set is subsequently used to establish initial and boundary conditions for our simulations.

2.2. The Versatile Electron Radiation Belt Code

For this study, we adapted the four-dimensional (4D) version of the VERB code (Aseev et al., 2016; Shprits
et al., 2015; Subbotin & Shprits, 2009) to model the transport, acceleration, and loss processes driving Saturn's
radiation belts dynamics. Unlike earlier approaches based on tracing single particles (Hao et al., 2020; Roussos
et al., 2018), our method solves a form of the Fokker-Planck equation to simulate the evolution of the full phase
space density f. This allows us to include physical processes beyond convective transport, including contributions
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of diffusion processes. The simplified equation that accounts for convection, radial diffusion, and potential loss
mechanisms is expressed as:

d i)
*—‘( <1>> VR (TJI; EaTG<DLL> f

_f
)

T

where ® represents the azimuthal coordinate, R is the radial distance from Saturn, L denotes the dipole L-shell

(equal to R in the equatorial plane in the dipole field), and G is the Jacobian of the selected coordinate system. The

terms (ve) and (vg) are the azimuthal and radial bounce-averaged drift velocities, respectively; (D;;) is the

radial diffusion coefficient, and 7 represents the loss term.

We use Equation 1 to investigate the formation of zebra stripe patterns in Saturn's radiation belts, focusing on the
roles of radial diffusion and electron interactions with neutrals. This approach provides an approximation of the
potential impact of additional processes on the zebra stripe pattern formation and evolution. Furthermore, sim-
ulations based on Equation 1 are conducted to validate that our model can reproduce the zebra stripe structures
previously replicated using test-particle simulations.

To account for local diffusion, we introduce terms representing energy and pitch-angle scattering in modified
adiabatic invariants V-K space (Subbotin & Shprits, 2012), where K = [ sv/B,, — B(s)ds; V = pu-(K + 0.5)%,
u is the first adiabatic invariant, B is magnetic field along the field line s with value at the mirror points B,,. This
approach is chosen as it eliminates the need for interpolation between radial and local grids in comparison to the
traditional approach, when the local diffusion is solved in energy and pitch angle space. The additional diffusion
terms are expressed as:

Ve vamlo(om Z s om L)
+éa%[G(<DKK> % + (Dyk) %)] @
_I
Tle

where (Dyy), {Dkk), and (Dyg) are coefficients that describe bounce-averaged diffusion of the adiabatic in-
variants in a way that is equivalent to energy, pitch-angle, and mixed local diffusion. The term ;. denotes the loss
timescale due to atmospheric interactions and is set to one-quarter of the electron bounce period and replaces 7 in
Equation 1. In this model, we assume that particles are lost when they reach an altitude equal to Saturn's average
radius (60,268 km). By incorporating both convection and local diffusion processes, the model provides a more
comprehensive representation of particle transport. Extending Equation 1 to incorporate additional terms, we
account for both convection and local diffusion processes. Thus, the VERB-4D code allows us to explore in-
teractions with plasma waves such as chorus and hiss, along with other dynamic processes affecting electron
behavior. These improvements are important for better understanding of electron dynamics in Saturn's radiation
belts.

Our simulations focus on the L-shell range from 4 to 10, with typical boundary conditions (Subbotin &
Shprits, 2009; Woodfield et al., 2019). The inner boundary is placed at L = 4 because the measurements to be
compared to become increasingly unreliable further in. Phase space densities are relatively low in this region
(Kollmann et al., 2013), which we approximate here as 0. The outer boundary at L = 10 reflects constraints
imposed by Saturn's non-dipolar magnetic field (Carbary et al., 2009) and the limited detailed electric field
measurements beyond this region. The outer boundary conditions are held constant, corresponding to the average
phase space density in the initial conditions. The initial conditions are based on mission-averaged observations
(Section 2.1) and illustrated in the left column of Figures 2 and 4.

2.3. Convection and Radial Diffusion

We assume a dipole magnetic field, which is appropriate for the L-shell range between 4 and 10 and is suitable for
investigating the formation of the zebra stripe signature and understanding electron acceleration mechanisms. To
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account for electric fields, we use the VS and rigid corotation models, following Hao et al. (2020). The non-radial
VS electric field is assumed to be directed noon-to-midnight and parameterized as:

Ex® = =1-Eo(R/LyY ™" - (7 sin(® + 7/2))
Eg' = —1-Ey(R/LyY ™" - (cos(® + 7/2)) @
Ey=03mV/m, y=05

where EXS and Ec‘l/)s represent the radial and azimuthal components of the VS electric field, as illustrated in Figure
S1 in Supporting Information S1. Here, E,, denotes the noon-to-midnight electric field amplitude, while y is an
index controlling the spatial variation of the electric field, describing its observed decrease with L (Hao
et al., 2020). The electric field amplitude and L-shell dependence are selected to be consistent with previous test-
particle simulations, which are generally consistent with observations (e.g., Andriopoulou et al., 2014). The
chosen amplitude is higher than the average. However, it is worth noting that the electric field strength can vary
significantly, with some cases exceeding 0.6 mV/m.

The radial corotation electric field (also shown in Figure S1 in Supporting Information S1), ES, has only a radial
component and is defined following Andriopoulou et al. (2012) and Paranicas et al. (2010):

ES = Q-By-R/R*
By =0215%x107*T )
Q=162x10"*s7"

where B, represents Saturn's equatorial surface magnetic field and Q is the corotation frequency.

For simplicity and because we are not aiming to reproduce measurements from a specific Cassini orbit, we ignore
here the small-scale electric fields that are set up from injections resulting from centrifugally driven interchange
(e.g., Paranicas et al., 2020).

The total radial E; and azimuthal Eg electric fields used in the simulations are defined as:

Eo = Ey )
— Vs C
Eg = Ep° + Eg

Equation 1 does not explicitly include electric and magnetic fields but instead operates with the radial {vz) and
azimuthal (vg) velocities. While the radial velocity is primarily driven by the E x B drift, the azimuthal velocity
also accounts for the effects of magnetic gradient-curvature drift. These calculated velocities, along with their
individual components, are discussed in Text S1 in Supporting Information S1 and illustrated in Figure S2 in
Supporting Information S1.

The radial diffusion coefficient is parameterized as in Kollmann et al. (2011). Diffusion coefficients were
determined from instances where Cassini crossed the orbits of several moons and observed signatures of the
respective moons absorbing electrons. These absorption signatures refilled via radial diffusion, which allowed to
estimate the diffusion coefficient Roussos et al. (2007). The single diffusion coefficients were then fit with a L-
dependent function. Figure 1a illustrates the radial diffusion coefficient as a function of L:

Dy =2-10714. 177! (6)
Even though the absorption of electrons at moons can be used to quantify radial diffusion, this absorption does not

yield significant absorption signatures at all local times (which would in the measurements, such as the left
column in Figure 2). We therefore neglect the absorption of electrons at the moons.
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Figure 1. (a) The radial diffusion coefficient, derived from Cassini particle measurements (Kollmann et al., 2011);
(b) Approximation of the lifetime due to collisional energy loss based on Cassini observations.

2.4. Collisional Energy Loss Approximation

Saturn's moon Enceladus is located near L = 4. The direct loss of electrons to the moon is only evident in its
immediate environment (e.g., Jones et al., 2006) and not included in our simulation. However, Enceladus releases
gas and dust, some of which falls back due to gravity, while the rest forms the Neutral Torus (Smith et al., 2010)
and E-ring (Kempf et al., 2010). Energetic particles interact with this material, gradually losing energy when
colliding with its particles and ionizing them in the process. In this study, we neglect any changes in pitch angle
resulting from these collisions. We also focus on interaction with gas, which has been shown to dominate over the
dust at L = 7 (Kollmann, 2012), which will at least also apply to L > 7 because neutral torus densities are falling
more rapidly with increasing L than the I/F of the E-ring (e.g., Hood, 1983; Krupp, Kollmann, et al., 2018).
Energy loss effectively shifts a phase space density spectrum to lower energies. If the spectrum is continuously
falling, every given energy will experience a loss of particles over time. This is described as (Kollmann
et al., 2013; Schulz & Lanzerotti, 1974)

f v 0, dE
- E)— 7
s (Rl ™
where v, p, and E are speed, momentum, and kinetic energy of the charged particle. dE/dx is the energy loss of the
particle per traversed distance x in material.

dE/dx depends on the species and density of the material, in our case the Neutral Torus. We approximate it as
consisting of H,O and O and use tabulated values for dE/dx applicable under standard conditions (Berger
et al., 2005). These values are then linearly scaled to the Torus density at each respective distance. Our density
model assumes a simple exponential decay with L-shell, starting from L = 4, where the Neutral Torus density
peaks (see Figure S3 in Supporting Information S1). Density slopes and peak values are consistent with obser-
vations (Cassidy & Johnson, 2010; Melin et al., 2009) and generally fall within the range reported in more recent
studies (e.g., Smith & Richardson, 2021).

In order to get a first estimate if Equation 7 provides an important contribution to Equation 1, we assume that f(E)
at all times close to the observed average f;), which allows us to simply solve for 7 in Equation 7. Results are shown
in Figure 1b. The impact of 7 under this approximation on f(r) will be discussed in Section 4.

2.5. Local Diffusion

Whistler-mode chorus and hiss waves play an important role in shaping electron dynamics within Saturn's ra-
diation belts. Chorus waves are observed across most local times, with their intensity peaking on the night side
within the range of 4.5 <L <7.5 (Menietti et al., 2014). Chorus waves at Saturn are limited to the latitude range
0° <1<25° These waves are highly effective in accelerating electrons, particularly in low-density regions
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Time = 0.00 days, & =0° Time = 3.00 days, & =0° Time = 10.00 days, & =0°
Simulation #1: with persistant VS field

E, MeV

log10(Flux), 1/keV/icm?/s/sr

4 5 6 7 8 9 10 4 5 6 il 8 9 10 4 5 6 i 8 9 10
Simulation #2: with additional radial diffusion

E, MeV

4 5 6 7 8 9 10 4 5 6 7 8 9 10 4 5 6 T 8 9 10
Simulation #3: with additional collisional (ionization) energy loss approximation

E, MeV

log10(Flux), 1/keV/cm?/s/sr

o - N w &~
log10(Flux), 1/keVicm?/s/sr

4 5 6 7

E, MeV

log10(Flux), 1/keV/em?/s/sr

Figure 2. The electron flux from Versatile Electron Radiation Belt code simulation at equatorial pitch angle of ~90° as a
function of L-shell and energy at three time steps: 0 days (initial conditions), 3 and 10 days. Dashed white line shows the
Corotation Drift Resonance energy. (a—c) Results of Simulation #1, which includes convection terms and persistent VS
electric field. (d—f) Results of Simulation #2, based on Simulation #1, with additional radial diffusion term. (g—i) Results of
Simulation #3, based on Simulation #2, with an additional approximation of collisional energy loss. (j-1) Results of
Simulation #4, similar to Simulation #2 (with radial diffusion), but with VS electric field disabled after 3 days, imitating
electric pulse and dynamical electric field configuration.

between L ~ 2.5 and 5.5 where the ratio of plasma frequency to gyro-frequency is less than 1 (Woodfield
et al., 2019).

In contrast, hiss waves are ubiquitous, but structured primarily by L-shell, and observed at higher latitudes
(4> 25°) (Menietti et al., 2019). While typically associated with electron scattering at Earth, hiss waves at Saturn
contribute to electron acceleration under low-density conditions (Woodfield et al., 2022). Additionally, wave-
particle interactions involving Z-mode waves can also accelerate electrons, but the impact of these waves is
primarily constrained within the orbit of Enceladus (Woodfield et al., 2018; Yu et al., 2019) and is not considered
in this study. Electron cyclotron harmonic (ECH) waves have also been shown to significantly scatter low-energy
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electrons (~10 eV to a few keV) and shape butterfly pitch-angle distributions at Saturn (Long et al., 2023).
However, their effect lies outside the energy range considered in this study and is therefore not included.

In this study, we use bounce and drift-averaged diffusion coefficients corresponding to chorus and hiss waves
(Woodfield et al., 2019, 2022). The chorus coefficients have been updated to use the same background plasma
density model as those for the hiss waves, namely (Persoon et al., 2020), but all other parameters remain the same
as in (Woodfield et al., 2019). Wave-particle interaction diffusion coefficients have been calculated using the
Pitch Angle and Energy Diffusion of Ions and Electrons (PADIE) code (Glauert & Horne, 2005) and include
many different wave and background plasma parameters: wave strength, wave frequency, wave normal angle,
cold plasma density, background magnetic field strength. These coefficients are then converted to the V-K space
using the technique described by Subbotin and Shprits (2012) and linearly interpolated to the simulation grid
using normalized coordinates. The relatively limited observation data set at Saturn compared to the Earth is such
that to obtain global coverage of the coefficients, parameters are derived from a mixture of empirical averaged
data and models. This unfortunately loses any effects temporal variability may have on the diffusion coefficients,
as explored recently at Earth by (e.g., Watt et al., 2021).

3. Simulations

We perform multiple 10-day simulations of Saturn's electron belt evolution, incorporating radial diffusion,
convection, collisional energy loss, and local diffusion processes. The simulations time step is 15 min, however to
ensure the stability of the convection calculation, the time step for convection is automatically adjusted according
to the Courant-Friedrichs-Lewy Condition (see Aseev et al., 2016). These simulations allow us to evaluate the
relative contributions of each mechanism to the overall electron dynamics. The electron flux is converted to phase
space density and interpolated onto the simulation grid, providing initial and boundary conditions. Logarithmic
extrapolation is applied to preserve the spectral slope, and the pitch-angle distribution is assumed to follow a sin
function, which is the most commonly observed shape at 4 < L < 10 (Clark et al., 2014; Yuan et al., 2021). The
initial spectrum remains identical across all simulations and obtained from the observations without zebra stripe
patterns (a mission average profile). This allows us to investigate mechanisms responsible for their formation and
dynamics. We expect that a model that fully and accurately represents reality develops a zebra stripe pattern but
over time averages out to the observed mission-average that we also use as initial condition.

3.1. Simulation Grid

The simulation grid consists of four key dimensions: the phase of magnetic local time (P), L-shell (L), and two
adiabatic invariants, K and V. The magnetic local time phase spans from 0° to 360°, discretized into 25 points,
including an overlapping point to ensure periodic boundary conditions. The L-shell ranges from 4 to 10, divided
into 61 points with a resolution of 0.1. We use dipole approximation of the magnetic field in which L is equal to R
in the equatorial plane.

The adiabatic invariants K and V are constructed at the upper L boundary using pitch-angle values ranging from
0.7° to 89.3° and energy values spanning 10 keV to 10 MeV. The K parameter includes 91 grid points linearly
spaced along the pitch angle, while V is logarithmically spaced into 240 points along the energy axis. The high-
resolution in energy grid is chosen to study the details of zebra stripe structure.

3.2. Simulation Scenarios

To isolate the effects of different physical processes, we structure our simulations into distinct scenarios. The first
group of simulations (numbered #1 to #4) is conducted in three-dimensional (3D) space without considering the K
(or pitch angle) dimension. In these cases, electron evolution is modeled at a fixed equatorial pitch angle of
approximately of 90°. These simulations incorporate contributions from the VS and corotation electric fields, as
well as magnetic fields, which drive the dominant transport processes that result in radial and azimuthal velocities.

The VS model is implemented in two configurations: persistent and pulsed. This setup allows us to investigate the
role of electric field dynamics in electron acceleration, particularly in the ~MeV energy range above CDR, and
the formation of zebra stripe patterns. In the pulsed configuration, the electric fields Ey° and Ey> are deactivated
after 3 days, imitating a transient variation. This approach enables an analysis of the subsequent evolution of the
electron spectrum in the absence of the VS field, providing insight into how electric field variations affect
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Table 1
Simulation Configurations and Parameters
Simulation # Dimension VS Radial diffusion Loss term Local diffusion
1 3D Persistent
2 3D Persistent +
3 3D Persistent + Collisional energy loss
4 3D Pulse +
5 4D Persistent + Loss cone +
6 4D Pulse + Loss cone +

Note. The “Dimension” column specifies whether the setup is in 3D or 4D. The “VS” column indicates whether a persistent or
3-day pulsed Volland-Stern electric field was applied. The “Radial Diffusion” and “Local Diffusion” columns indicate the
inclusion (+) of these processes. The “Loss Term” column distinguishes between collisional energy loss 7, as described in
Equation 1, and losses due to the planetary loss cone boundary condition 7;., as described in Equation 2.

radiation belt dynamics. Additionally, in first group of simulations we examine the contributions of radial
diffusion and collisional energy loss to electron dynamics.

The second group of simulations (#5 and #6) is performed in four-dimensional (4D) space, incorporating the K
dimension along with local diffusion terms that account for interactions with chorus and hiss waves. As in the
previous cases, these simulations are conducted in both persistent and pulsed VS electric field configurations. In
these simulations, losses are driven by pitch-angle diffusion and the corresponding precipitation into the loss
cone, as described in Equation 2. Table 1 summarizes the simulation setups, listing each simulation number.

4. Results

To analyze the simulation results, we construct the electron flux energy spectrum as a function of the L-shell. We
focus on spectrum snapshots taken at the azimuthal location @ = 0°, corresponding to the magnetosphere's
dayside (or noon in magnetic local time). Results at other magnetic local times show qualitivaly the same behavior
and included in Supporting materials (see Figures S4—-S9 in Supporting Information S1).

4.1. Effects of Radial Diffusion and Collisional Energy Loss on Zebra Stripes

Figure 2 presents spectrum snapshots from the first group of 3D simulations (#1 to #4), illustrating the initial
conditions alongside the spectrum's evolution after 3 and 10 days. Figures 2a—2c shows the formation of zebra
stripes in Simulation #1, which accounts for azimuthal and radial drift velocities under a persistent VS electric
field and dipole magnetic field. These results closely replicate the test-particle simulations by Hao et al. (2020),
but are derived using a convection code by solving Equation 1. The successful reproduction of the zebra-stripe
signature validates our approach in capturing key electron dynamics observed in test-particle simulations.

The second row in Figures 2d—2f presents results from Simulation #2, which extends Simulation #1 by including
radial diffusion. A comparison of the electron energy spectra after 10 days (e.g., Figure 2c vs. Figure 2f) reveals
minimal variation. Figure 3a quantifies these differences on a logarithmic scale, showing an average deviation of
only 0.03. These results indicate that radial diffusion is insufficient to disrupt zebra stripes formation on the
timescales studied here. Radial diffusion may still play a critical role in setting up our assumed initial condition,
which is a process that occurs on longer time scales that are beyond the scope of this study.

The persistent appearance of zebra stripes suggests that their formation is primarily controlled by convective
processes, emphasizing the dominant role of large-scale electric fields over radial diffusion. We performed the
simulation similar to simulation #1 but without VS field (no shown) which resulted in no significant change of
initial flux and did not resulted in zebra stripes. Since, zebra stripes do not always appear in the observations, this
suggest that other factors may affect their formation. One of these factors may be time-variability of VS field. We
simulate such changes in simulations #4 and #6.

The next row in Figures 2g—2i presents results from Simulation #3, which extends Simulation #1 by incorporating
collisional energy loss. This simulation excludes radial diffusion to isolate the specific impact of the additional
loss term (see Section 2.4). As in the previous case, a comparison of the electron spectrum evolution after 10 days
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Figure 3. Logarithmic electron flux differences between simulations. The colorbar indicates the logarithmic difference of
flux between chosen simulations and specified time. Maximum and mean absolute differences are annotated on each panel.
(a) Difference between Simulation #1 and Simulation #2 after 10 days, indicating the influence of radial diffusion on zebra
stripes. (b) Difference between Simulation #2 and Simulation #3 after 10 days, indicating a contribution of approximated
collisional (ionization) energy loss. (c) Difference between Simulation #4 and Simulation #2 after 10 days, indicating the
contribution of corotation electric field and radial diffusion in the absence of VS field.
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Figure 4. The electron flux from Versatile Electron Radiation Belt code simulation at equatorial pitch angle of ~90° as a
function of L-shell and energy for the time of 0 days (initial conditions), 3 and 10 days. Dashed white line shows the

Corotation Drift Resonance energy. (a—c) Simulation #2, with enabled convection terms and persistent VS electric field and
radial diffusion. (d—f) Simulation #5: based on Simulation #2, with additional local diffusion terms reflective wave-particle
interaction due to hiss and chorus waves. (g—i) Simulation #6: based on Simulation #5, with VS electric field disabled after
3 days, imitating electric pulse and dynamical electric field configuration.
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(e.g., Figure 2c vs. Figure 2i) reveals no significant changes. The logarithmic difference in Figure 3b shows that
the additional loss term primarily affects the spectrum at L <7 and energies below 100 keV, with an average
difference of 0.01 across the entire spectrum. Thus, collisional energy loss under our approximation has a minimal
impact on the electron population and does not influence zebra stripe formation. However, given that most model
spectra significantly differ from the assumed average phase space density, our approximation may not be ac-
curate. Calculating collisional energy loss self-consistently, in a time dependent manner instead of approximating
it with its average value (through avoiding the approximation of using f;, instead of f(E) in the right hand side of
Equation 7), may resolve the data-model discrepancies found in runs #5 and #6, discussed below.

The last row in Figures 2j-21 presents results from Simulation #4, which extends Simulation #1 by including
radial diffusion and VS electric field in a pulsed configuration. As expected, Figure 2e (3 days of Simulation #2)
and Figure 2k (3 days of Simulation #4) are identical. However, in Simulation #4, the VS electric field is
deactivated after 3 days. Figure 21 shows that after 10 days, zebra stripe formation continues due to the asymmetry
in the energy spectrum across magnetic local time that developed after 3 days of simulation. Moreover, the stripes
tend to become denser and shift toward lower energies. Figure 3c presents the logarithmic difference between
Simulation #4 and #2 after 10 days, showing an average difference of 0.47. Below the ~MeV range, the difference
indicates enhanced electron flux in Simulation #4, while a general depletion is seen at higher energies (above the
CDR). Hence, the persistent corotation electric field continues to redistribute the energy spectrum and may
eventually lead to the diminishing of zebra stripe structures initially formed by the pulsed VS electric field.

4.2. Impact of Local Diffusion on Spectrum Evolution

A feature that all model runs discussed above had in common is that drifts in the VS field let electrons accumulate
just above CDR energies, forming an intensity peak at MeV energies, a behavior which is not observed. In the
following, we are investigating if local diffusion may yield smoother spectra.

Figure 4 is similar to Figure 2 but presents spectrum snapshots from the second group of 4D simulations (#5 and
#6), with Simulation #2 from the first group included for reference. In the 4D simulations, the spectra are shown at
a equatorial pitch angle of ~90° (88.6°), which is one grid point below the bounday. This figure highlights the
impact of local diffusion, and due to the pronounced acceleration effects, it uses a different color scale with higher
flux values. The second row in Figures 4d—4f illustrates the spectrum evolution of Simulation #5, which includes
convection, radial diffusion, and local diffusion from hiss and chorus waves. Radial diffusion is here only added
for completeness, but has no significant effect on the results. The last row in Figures 4g—4i presents results from
Simulation #6, which is similar to Simulation #5 but performed with a pulsed VS field configuration.

Both simulations indicate that local diffusion is able to smooth the peak above CDR energies at large L-shells. On
the other hand, under persistent VS field, local diffusion makes the peak at low L-shells more pronounced. We
suggest that this behavior may resolve when treating collisional energy loss self-consistently. This effect can be
most important at low L-shells where the Neutral Torus is most dense, but may also affect all other L-shells, due to
the vast extent of the torus. Energy loss scales with df /0t, which is high around the peak, particularly higher than
in our assumption. The balance of local diffusion and energy loss ultimately may yield a spectrum close to
observation.

Additionally, local diffusion suppresses zebra stripe formation. Therefore, when zebra stripes are observed, it
implies that either the VS electric field is stronger than assumed—which is possible due to its known variability
and incomplete constraints (e.g., Andriopoulou et al., 2014)—or that local diffusion is weaker than assumed,
which may occur if these waves are not consistently present (e.g., Menietti et al., 2014). Wave power varies with
universal time, local time and L-shell like the other parameters used to calculate the local diffusion coefficients.
The averages and model values we use to calculate these coefficients are based on many years of data, which do
not capture the temporal variability in diffusion rates experienced by electrons driven by the VS electric field. For
example, at any given L-shell (when summed over all local times), hiss wave power can vary by several orders of
magnitude (Menietti et al., 2019).

While the final spectra after 10 days differ slightly between simulation #5 (Figure 4f) and simulation #6
(Figure 41), the flux remains significantly higher than in simulation #2 (Figure 4c) and are therefore higher than
observed. While observations fluctuate about an order of magnitude away from the average in each direction
(Kollmann et al., 2011), the discrepancies here are several orders of magnitude. This behavior may result from
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Figure 5. Evolution of the electron flux spectrum over time at L = 5 (left column, region of acceleration above the critical
energy of radial diffusion, Corotation Drift Resonance (CDR)) and L = 8 (right column, region of pronounced zebra-stripes).
The color gradient represents time from O to 10 days. Dashed line shows the CDR energy. (a), (b) Simulation #2, persistent
VS field and radial diffusion. (c), (d) Simulation #5, additional local diffusion. (e), (f) Simulation #6, VS electric pulse
imitating dynamical electric field configuration.

local diffusion not always being well represented by the assumed average value. Also collisional energy loss may
be more important than in our approximation. In addition, accounting for wave-particle interaction due to
electromagnetic ion cyclotron (EMIC) waves may improve the simulation results (Cao et al., 2023).

Figure 5 presents line plots of spectrum evolution at fixed L = 5 (left column) and L = 8 (right column),
highlighting the pronounced spectral changes in simulations #2, #5 and #6. These locations are chosen to capture
flux variations above CDR (L = 5) and the evolution of zebra stripes (L = 8).

A comparison between simulations at L = 5 (Figures 5a, 5c, and 5e) demonstrates that local diffusion signifi-
cantly accelerates electrons above 1 MeV. However, the lower flux at the spectral peak in simulation #6 compared
to simulation #5, along with the pronounced 1 MeV peak in simulation #2 (Figure 5a), suggests that the VS
electric field is a key driver of electron acceleration above CDR. Although local acceleration is highly effective, in
the absence of the VS field at the end of simulation #6, local diffusion smooths the spectrum, reducing electron
flux levels. This indicates that while local diffusion contributes to electron energization, the VS field plays an
important role in maintaining high flux levels, particularly in the ~MeV range.

Figure 5b shows the spectrum at L = 8, highlighting multiple local extrema that evolve over time—an indication
of zebra stripe formation in simulation #2. Similarly, Figure 5d reveals the persistence of local extrema even after
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10 days in simulation #5, where the persistent VS electric field continues to support zebra stripe formation, though
with a reduced effect due to local diffusion. Finally, Figure 5f illustrates the spectrum from simulation #6, where
the zebra stripe pattern is no longer visible after 10 days. Unlike Simulation #4, where the pattern remains
preserved after the VS electric field is turned off, local diffusion in Simulation #6 dominates once the electric field
is deactivated. As a result, the zebra stripes are gradually erased by energy diffusion, emphasizing the key role of
local diffusion in suppressing the zebra stripe structures originally formed by the VS electric field.

Summarizing, the VS electric field is a key driver of electron acceleration, particularly above the CDR energies. A
persistent VS field sustains electron acceleration, producing high-energy peaks. In contrast, when the VS field is
turned off, the accelerated ~MeV electron flux gradually dissipates due to local diffusion and spectral gradient
changes. This demonstrates the combined influence of the VS field and local acceleration in shaping high-energy
electron distributions. Additionally, local diffusion from chorus and hiss waves suppresses zebra stripe formation,
indicating that it moderates the effects of the VS field and stabilizes electron spectra.

5. Conclusion

In this study, we examined how global and local physical processes influence electron acceleration and transport
in Saturn's radiation belts. Our results demonstrate that the evolution of energetic electrons and the formation of
zebra stripe patterns in spectrograms are predominantly driven by the Volland-Stern electric field.

Using the VERB convection-diffusion code, we successfully reproduced the zebra stripe signature, confirming
the dominant role of the noon-to-midnight Volland-Stern electric field in shaping the electron energy distribution.
In contrast, local diffusion processes due to interactions with chorus and hiss waves act to suppress zebra stripe
formation, while the overall increasing electron flux across all energies. The zebra stripes are not always distinctly
observed, and presented simulation results suggest, that while their formation depends on a large-scale electric
field, their subsequent evolution and potential diminishing can continue under corotation-driven convection or
local diffusion. Future research should focus on quantifying these temporal variations and their coupling with
local diffusion processes to refine our understanding of electron dynamics in Saturn's magnetosphere. Addi-
tionally, comparison of the modeled spatial and energy structures with spacecraft observations should provide a
quantitative assessment of the physical mechanisms at play. Further improvements may also come from including
additional wave-particle interactions, such as those involving EMIC, Z-mode, or ECH waves.

Although radial diffusion likely plays a role to set up the initial distribution on which the Volland-Stern electric
field is acting, it does not contribute to creating or disturbing the zebra stripe fine structure. Its potential temporal
variability (e.g., Kollmann et al., 2017) may, however, affect electron distribution dynamics. Furthermore, our use
of the Volland-Stern electric field represents a simplified and static approximation. Since Saturn's large-scale
electric field can vary significantly in time and space, future studies should consider more realistic models,
potentially based on MHD simulations (e.g., Sciola et al., 2021; Zhang et al., 2019), to better capture this vari-
ability and its impact on electron dynamics.

Our simulations also demonstrate the ability of both the Volland-Stern field as well as local diffusion to accelerate
electrons beyond CDR energies. However, this behavior is not observed in measurements. Collisional energy loss
does not contribute to spectral evolution within our model, however this is likely an artifact of our used
approximation. In addition, we assume that pitch-angle scattering due to neutral collisions is negligible. Because
electrons can scatter and may enter the loss cone, this assumption could contribute to the higher intensities
observed at smaller L-shells and should be further investigated. In reality, energy loss may be able to counter
acceleration processes to limit electron energies to their observed values.

Data Availability Statement

Cassini MIMI/LEMMS data can be obtained at https://pds-ppi.igpp.ucla.edu/collection/CO-S-MIMI-4-LEMMS-
CALIB-V1.0, (Kusterer et al., 2024). The simulation results and data for presented figures and videos are
available at UCLA Dataverse (Drozdov, 2025). The chorus and hiss diffusion coefficients are available via
Zenodo (Woodfield, 2025).
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