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1. Polarization Analysis of Type Ill Langmuir/Z-mode Waves with Coherent Magnetic Component
Observations by Solar Orbiter

Observations from the Solar Orbiter spacecraft provide unique insights into the interaction between
electron beams and the plasma background in the source regions of type Ill radio emissions. We analyzed
this interaction by examining the high-frequency electric and magnetic components of in situ wave
measurements, focusing on their polarization properties. Using electron data from onboard instruments,
we modeled the electron velocity distribution function and numerically solved the dispersion relation. We
compared the predicted polarization of the electric and magnetic components with the observations. Our
findings re consistent with propagation in the Langmuir/Zmode at an oblique wave vector. We explain the
magnetic component and transverse polarization by the presence of small density fluctuations, without
the need for mode conversion.

(a) RPW TNR V1-V2 2022/09/22 PSD (V2/m?Hz) (b) RPW TDS waveform spectrum 13:52 UT
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Overview of the type Ill radio emission on 2022 September 22. (a) The radio emission and Langmuir
waves, highlighting three specific timestamps. At 13:38 UT and 14:05 UT, we analyze the electron data,
while 13:52 UT marks the strongest Langmuir wave observations. (b) Spectrum of the observed
waveform at 13:52 UT, including a coherent high-frequency signal from the search coil magnetometer.
(c) The averaged electron Eux from the STEP instrument. (d) A hodogram of the strongest electric field
observations (100 samples), with arrows marking the projection of the ambient magnetic field (black)
and the predicted wave vector directions.
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2. A Dataset of Lower Band Whistler Mode Chorus and Exohiss with Instrumental Noise Thresholds

In this work, we presented a large database of natural electromagnetic emissions of lower band whistler
mode chorus and exohiss within the Earth’s magnetosphere. It is based on more than 124 million selected
survey measurements of magnetic fluctuations, recorded between 2001 and 2020 by the two NASA Van
Allen Probes and four ESA Cluster spacecraft. The database provides a comprehensive view of amplitudes
of these important electromagnetic emissions in the audible frequency range. We carefully conditioned
the data to minimize the influence of instrumental artefacts. We also removed all data points which might
have be contaminated by instrumental noise using a newly developed method to define detection
thresholds as a function of frequency, time, and instrument settings. The database can serve as a valuable
resource for a broad range of scientists studying space weather, magnetospheric physics, and radiation
belt dynamics.
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Distributions root-mean-square amplitudes and spatial coverage of overlapping measurements of lower-
band chorus and exohiss. Color coded distributions are given for datasets from Table 3 from the paper.
(a) Distributions of root-mean-square amplitudes Bw, (b) the same but for the restricted datasets on the
morning side with magnetic local time of 0—12 h, (c) distributions of magnetic latitudes for the datasets
from panel a, (d) distributions of magnetic local time, (e) distributions of equatorial distances from the
model plasmapause, (f) distributions of radial distances, all for the datasets from panel a. Histograms in
25 logaritmic bins are always normalized by the total number of measurements.
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3. Localization of the Cluster satellites in the geospace environment

The geometry of the terrestrial magnetized environment, or geospace, varies widely in space and time
due to the Earth’s magnetic field interactions with the interplanetary medium. A spacecraft’s location in
geospace is only approximately determined by its coordinates since the environment is inhomogeneous,
with distinct physical processes occurring in different regions. Knowing the location in the geospace offers
a strong support for data analysis. This paper introduced a new dataset, Geospace Region and
Magnetospheric Boundary identification (GRMB), which provides labelled positions for each Cluster
spacecraft over the whole mission, with respect to the local environment. This continuous labelling is
based on manual selection, supported by browsing 44 different Cluster data products. The GRMB dataset



includes 15 labels spanning from the plasmasphere to solar wind regions. Its consistency was validated
over 7 years against reference lists and by the physical properties of the GRMB regions. Over those years,
Cluster spent a similar proportion of the time (=15%) in the regions labelled lobe, plasmasheet,
plasmasheet transition region, magnetosheath and solar wind.
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4. Nonlinear acceleration of ultrarelativistic electrons in the outer radiation belt disrupted by
transverse wave modulations

Whistler-mode waves scatter ultrarelativistic electrons in the radiation belts and accelerate them through
resonant interactions. In simplified models, nonlinear phase trapping by high-amplitude waves can
increase electron energy by several MeV within seconds. However, the acceleration rate in realistic wave
packets is slower due to small-scale wave field structures reducing trapping efficiency. While previous
studies focused on short field-alighed amplitude modulations and phase jumps, we examine the effects
of transverse modulations, which have been observed to reach scales comparable to ultrarelativistic
electron gyroradii. Using test-particle simulations, we demonstrated that these modulations disrupt the
acceleration process. Our numerical results suggest that nonlinear trapping plays a negligible role in



accelerating electrons above a certain energy limit, reinforcing the diffusive nature of wave-driven
electron transport at multi-MeV energies. Unlike field- aligned structures, transverse phase incoherence
modifies the effective wave spectrum and allows for resonance, making amplitude modulations a
necessary component for suppression of acceleration.
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Evolution of electron energy for initial energy and pitch angle of 8.03 MeV and 84.38°. The first column
shows individual electron trajectories color-coded by initial gyrophase, while the second column presents
energy histograms at t = 3 s. (a—c). Various modulation depths without phase jumps at amplitude minima.
(d—f) Wave models with phase jumps.
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5. Effects of fine spectral structure of chorus emissions on nonlinear scattering and acceleration of
radiation belt electrons

Whistler-mode chorus waves play a crucial role in accelerating electrons in Earth's outer radiation belt to
relativistic and ultrarelativistic energies. While this electron evolution is typically modeled using a
diffusion approximation for scattering, high-amplitude chorus waves induce nonlinear resonant effects
that challenge this approach on short time scales. The long-term influence of these nonlinear interactions
on radiation belt dynamics remains an unresolved issue. Recent simplified models suggest rapid nonlinear
acceleration to ultrarelativistic energies, with formation of butterfly distributions during parallel wave
propagation. In this study, we introduced a novel numerical approach based on Liouville phase space
density mapping to investigate nonlinear scattering by high-amplitude waves over extended periods
(minutes and beyond). We use a numerical wave field model of lower-band chorus risers that includes
realistic fine-spectral features including subpacket modulations, phase decoherence, and jumps in wave
normal angle. By incorporating these detailed spectral characteristics of the waves, we demonstrate that
the rapid acceleration occurs across a broader pitch-angle range, forming a flat-top distribution. Similar
effect is observed as the repetition period of chorus elements becomes shorter, with the additional effect
of increased electron precipitation due to transition from bursty to continuous flux profiles in the loss
cone. These findings highlight the importance of incorporating nonlinear effects and fine-scale wave
properties in the future development of high-energy electron models for the outer radiation belt.
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The effects of chorus repetition period Trep on the phase space density (PSD) evolution, with each row
corresponding to one of the three values 0.8 s, 0.4 s, and 0.2 s. In all three cases, the wave field is
parametrized by 20w = 0 Qe0, 209 = 0°. The first column (panels a—c) shows the state of local PADs at four
different time points given by the number of cycles N = {1, 8, 16, 32}; the energy value is always the same,
Ek =104.7 keV. As the number of cycles increases, the PSD values are multiplied by 1/3 each time to fit all
lines into one plot without major overlaps. The second column (panels d—f) shows the PADs at N = 512
across several energy levels coded by color, with the same legend as in Figure 5. The dashed gray lines in
panels a—f represent the equatorial loss cone. The third column (panels g—i) shows the two-dimensional
PSD distribution in energies and equatorial pitch angles as a heat map.
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6. Rapid evolution of energetic lightning strokes in Mediterranean winter storms

The occurrence of winter lightning concentrates in a few specific regions in the world, including the
Mediterranean, where electromagnetic signatures of this interesting dangerous phenomenon have not
yet been studied in detail. We investigate the initial stage of energetic negative cloud-to-ground winter
lightning flashes in the West Mediterranean region using broadband magnetic field measurements (5
kHz—90 MHz) recorded in winter 2014/2015, which was unusually rich in global lightning activity. We
found that the winter pre-stroke processes leading to the high peak current lightning (<-100 kA) lasted
on average only 1.7 ms (in one case only 220 ps). Rapid evolution of energetic lightning indicates that
leader initiation charge centers can be as low as 500m above the ground. The measured distribution of
pre-stroke pulse amplitudes and interpulse intervals can be used to model the charge structure in the
lower thundercloud dipole and to derive the properties of in-cloud lightning channels.
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a) Distribution of time separations of the first pre-stroke pulse and the return stroke pulse. b) Distribution
of ratio of the amplitudes of the largest pre-stroke pulse and the returns stroke pulse.
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7. Post-Return Stroke VHF Electromagnetic Activity in North-Western Mediterranean Cloud-to-Ground
Lightning Flashes

We investigated properties of the electromagnetic activity following the first lightning return stroke (RS),
using concurrent observations from the SLAVIA (Shielded Loop Antenna with a Versatile Integrated
Amplifier) sensor, the lightning mapping array (LMA) SAETTA (Suivi de ['Activité Electrique
Tridimensionnelle Totale de I'Atmosphére) and Météorage LF network in the Corsica region. From the
data collected between September and December 2015, we selected 66 negative cloud-to-ground (-CG)
and 26 positive cloud-to-ground (+CG) lightning flashes in the north-western Mediterranean region. In the
SAETTA data, we observed a decrease of the Very High Frequency (VHF) radiation rate and the VHF power
as recorded within a typical 80-us time window at the LMA stations, immediately after the RS pulse in 59
-CG flashes. Contrastingly, we showed that all examined +CG flashes exhibit a rapid increase of the VHF
radiation rate and the VHF power immediately after the RS. We suggested a possible explanation of this
phenomenon by considering step-like propagation of a negative part of bidirectional leader starting at the
top end of the positive lightning channel inside the thundercloud, emitting electromagnetic radiation
across a broad frequency spectrum.
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a) Map of all 1st return strokes used in this study as located by Météorage. The color corresponds to the
absolute value of the first RS peak current IRS for each flash. The SAETTA stations are labelled by grey
triangles with their corresponding letter name, while the SLAVIA sensor is marked as a brown reversed
triangle. Cartographic outline denotes the island of Corsica and the northern part of Sardinia. b) Histogram
of the absolute value of first RS peak current [IRS| for all 66 -CG flashes; c) histogram of IRS for all 26 +CG
flashes.
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8. A Global Map of Average Electron Densities in the Magnetosphere of Saturn

Measurements from the Cassini Radio and Plasma Wave Science (RPWS) experiment obtained during the
entire orbital phase of the Cassini mission around Saturn (13.2 years) are processed into a meridional map
of plasma densities, comprising the innermost region of the ring ionosphere, the Enceladus plasma torus,
and the outer magnetosphere, up to a dipole L-shell of 30. We combined data from RPWS wave
observations, such as whistler-mode waves and upper hybrid electrostatic emissions, and from the RPWS
Langmuir probe when operated in the proxy mode, providing an estimate for the spacecraft potential. In
the region between dipole L-shells of 2.4 and 30, observed electron densities are described by an analytic
model that fits two functions, one for the water group ions and one for the protons, to observed densities
across latitude on each magnetic field line. The derived electron density profiles are then augmented by
a model for the cold core electron temperature as a function of L-shell to obtain a meridional map of the
electrostatic potential of the ambipolar electric field. The potential is extrapolated to the inner region of
the rings, i.e., to below L = 2.4, to solve for the distribution of electron density in the ring ionosphere. A
solution is based on a diffusive equilibrium model for the electrons and two ion species, and on
observations from Cassini along the Saturn Orbit Insertion trajectory. A combination of analytic and
diffusive equilibrium results finally yields an average global picture for the distribution of electron density
in Saturn's magnetosphere.
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Meridional distribution of electron density in the inner magnetosphere of Saturn from the model of
Taubenschuss et al. (2025). Prominent features are the Enceladus plasma torus, stretching between
equatorial distances p of 3 - 10, density peaks connected to the rings (inside p = 3 Rs), a plasma void above
the Bring, and a high-latitude plasmapause. Planetary magnetic dipole field lines are overplotted in purple
color.
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9. Description of instrumentation for missions with IAP involvement

We contributed to the different instrumental papers related to active mission to Jupiter and its icy
moons (JUICE), to terrestrial magnetospheric cusps mission (TRACERS) and to the large X /ray ESA
mission ATHENA.
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