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1. Multi-instrument observation of nonlinear EMIC-driven electron precipitation at sub-MeV
energies
In recent years, experimental results have consistently shown evidence of electromagnetic ion cyclotron
(EMIC) wave-driven electron precipitation down to energies as low as hundreds of keV. However, this is
at odds with the limits expected from quasi-linear theory. Recent analysis using nonlinear theory has
suggested energy limits as low as hundreds of keV, consistent with the experimental results, although to
date this has not been experimentally verified. In this study, we have presented concurrent observations
from Polar-orbiting Operational Environmental Satellite, Radiation Belt Storm Probes, Global Positioning
System, and ground-based instruments, showing concurrent EMIC waves and sub–MeV electron
precipitation, and a global dropout in electron flux. We have shown through test particle simulation that
the observed waves are capable of scattering electrons as low as hundreds of keV into the loss cone
through nonlinear trapping, consistent with the experimentally observed electron precipitation.

Distribution of the generated electrons in energy and pitch angle. The white line represents the energy
spectrum of this distribution summed across all pitch angles. The scales on the right represent the
proportion of the total generated electron population. (b) Comparison of the POES-derived electron
precipitation flux spectrum (red line) with the precipitation predicted by the test particle simulation
between 119 and 120 s (cyan histogram)
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2. Effects of ducting on whistler mode chorus or exohiss in the outer radiation belt.
Previously published statistics based on Cluster spacecraft measurements surprisingly showed that in
the outer radiation belt, lower band whistler mode waves predominantly propagate unattenuated
parallel to the magnetic field lines up to midlatitudes, where ray tracing simulations indicated highly
attenuated waves with oblique wave vectors. We have explained this behavior by considering a large
fraction of ducted waves. We argue that these ducts can be weak and thin enough to be difficult to
detect by spacecraft instrumentation while being strong enough to guide whistler mode waves in a cold
plasma ray tracing simulation. After adding a tenuous hot electron population, we have obtained a
strong effect of Landau damping on unducted waves, while the ducted waves experience less damping
or even growth. Consequently, the weighted average of amplitudes and wave normal angles of a
mixture of ducted and unducted waves has provided us with strong quasi-parallel waves, consistent with
the observations.

Ray trajectories in the meridional plane. Ducts are placed at L={4.0,5.5,7.0}and correspond to the initial
distance of the blue, purple, and red rays, respectively. The width of the ducts is 96 km, and the relative
density increase is 0.06. Black arrows represent the directions of wave vectors and are plotted with
equidistant group time intervals of 0.1 s and at the end of the trajectory. Initial wave normal angles are
0◦for the blue trajectory, −15◦for the purple trajectory, and 15◦for the red trajectory.
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3. Direct measurement of low-energy electron foreshock beams
Electrostatic plasma waves above and below the local electron plasma frequency represent a
characteristic feature of the foreshock region. These waves are known to be generated by electron
beams originating from the bow shock and their spectrum varies from narrowband intense waves close
to foreshock edge to weaker broadband emissions further downstream. We have presented a statistical
analysis of electron beams observed in the terrestrial foreshock by the Cluster spacecraft. We compared
the energy of foreshock electron beams with the spectrum of electrostatic waves and established a clear
correspondence between beam energy and spectrum of the waves. The broadband emissions are
correlated with low-energy beams, while high-energy electron beams are associated with narrowband
Langmuir waves. Next we solved the linear dispersion relation for a subset of observed electron plasma

distributions. We discovered that while the observed electron distributions often exhibit a “bump on
tail” feature necessary for an instability, the observed combination of beam energy, density, and
temperature typically corresponds to a stable situation. This indicates that strongly unstable electron
beams are quickly dissipated by the quasi-linear processes and only stable or marginally stable beams
persist long enough to be observed by the instrument.

Distribution of beam energy versus relative frequency of the largest peak in the electric field spectrum
constructed from the statistical data set of C2 measurements from 2002 to 2010. (left) Joint twodimensional histogram of beam energy in electron volts versus the relative frequency. (right) Analogous
histogram with beam velocity normalized to the thermal velocity on the vertical axis. Color coded is the
number of identified beams whose energy falls in the corresponding energy bin and frequency in the
frequency bin simultaneously.
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4. Evidence for low density holes in Jupiter’s ionosphere
Intense electromagnetic impulses induced by Jupiter’s lightning have been recognized to produce both
low-frequency dispersed whistler emissions and non-dispersed radio pulses. We have collaborated on a
discovery of electromagnetic pulses associated with Jovian lightning. Detected by the Juno Waves
instrument during its polar perijove passes, the dispersed millisecond pulses called Jupiter dispersed
pulses (JDPs) provide evidence of low density holes in Jupiter’s ionosphere. 445 of these JDP emissions
have been observed in snapshots of electric field waveforms. Assuming that the maximum delay occurs
in the vicinity of the free space ordinary mode cutoff frequency, we have estimated the characteristic
plasma densities and lengths of plasma irregularities along the line of propagation from lightning to
Juno. These irregularities show a direct link to low plasma density holes with less than 250 particles in
one cubic centimeter in the nightside ionosphere.

Example of Jupiter dispersed pulses (JDPs). The spectrogram was converted from a 16.384-ms waveform
snapshot. The orange curves are fitted via the O mode propagation model to a pair of JDPs with a pulseto-pulse interval of 0.7 ms.
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5. Lightning contribution to overall whistler mode wave intensities in the plasmasphere
We have analyzed contribution of thunderstorms to the intensity of electromagnetic radiation at audible
frequencies observed at altitudes between 600 and 32,000 km, where these waves can influence the
Van Allen radiation belts. We have used the World Wide Lightning Location Network to obtain
information about lightning locations and times. Based on that, a lightning activity level has been
assigned to individual electromagnetic wave measurements of two spacecraft missions: DEMETER and
Van Allen Probes. Subsequently, we compare median wave intensities obtained at the times of high and
low lightning activity. Their ratio reveals that the radio waves originating in strong lightning storms can
significantly overpower all other natural waves in a wide range of frequencies and L-shells. The strength
of this effect substantially depends on the local time. Specifically, it is the best pronounced in the
afternoon/evening/night sector and nearly absent in the morning/noon sector. This agrees with the
local time dependence of both, lightning occurrence and the wave attenuation in the ionosphere. The
observed lightning contribution mainly occurs at frequencies over 500 Hz and with a bandwidth
decreasing from 12 to 4 kHz for L between 1.5 and 5.

(a, b) Color-coded median power spectral density of electric field fluctuations measured by the DEMETER
spacecraft during the morning side half-orbits at the times of high and low lightning activity,
respectively. (c) Ratio between the panels (a) and (b). The red color in panel (c) corresponds to the
median wave intensity being larger at the times of high lightning activity than that at the times of low
lightning activity. The white color corresponds to the lightning contribution being negligible, and the blue
color corresponds to the median wave intensity at the times of low lightning activity being larger than
that at the times of high lightning activity. The solid black or white curves mark half of the equatorial
electron gyrofrequency calculated using a dipole magnetic field model. (d–f) Same as (a)–(c) but for
magnetic field measurements performed by the Van Allen Probes inside the plasmasphere in the MLT
interval from 9 to 12 hr.
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6. Initial breakdown pulses accompanied by VHF pulses during negative cloud‐to‐ground lightning
flashes
There is a lack of understanding of how a lightning flash initiates, as this process usually takes place deep
inside thunderclouds. Electromagnetic pulses emitted during lightning initiation, which can be measured
from a safe distance, help us to understand lightning better. We have used arrays of low‐frequency (~0–
2.5 MHz) and very high frequency (186–192 MHz) receivers and compared their recordings registered
during initiation of 20 cloud‐to‐ground lightning flashes. We have found that the larger pulses detected
during lightning initiation in low‐frequency records were systematically accompanied by pulses detected
in the very high frequency records. This observation indicates that the initial lightning extension process
occurs very fast and at multiple length scales and that emitted electromagnetic radiation covers a very
large range of frequencies.

Examples of Fast Antenna and LogRF data recorded at the EE station on 5 August 2016. The black curve
represents the calibrated waveform measured by the LogRF receiver, and the blue curve represents the
calibrated waveforms recorded by the broadband E‐change receiver. A blue arrow indicates the time of
occurrence of the first recognizable pulse in Fast Antenna records used as a start of the investigated 2‐
ms‐long waveform capture. Red dots plotted in panels (b) and (c) point at the occurrence heights of
individual initial breakdown pulses calculated using the Position By Fast Antenna method. Vertical grey
dotted lines identify very high frequency pulses occurring within durations of classical initial breakdown
pulses. Dotted red line in panel (c) represents a linear trend indicating the downward propagation of
developing discharge.
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7. Statistical Survey of Coronal Mass Ejections and Interplanetary Type II Bursts
Coronal mass ejections(CMEs)are responsible for most severe space weather events, such as solar
energetic particle events and geomagnetic storms at Earth. Type II radio bursts are slow drifting
emissions produced by beams of suprathermal electrons accelerated at CME-driven shock waves
propagating through the corona and interplanetary medium. We have reported a statistical study of 153
interplanetary type II radio bursts observed by the two STEREO spacecraft between 2008 March and
2014 August. The shock associated radio emission was compared with CME parameters included in the
Heliospheric Cataloguing, Analysis and Techniques Service catalog. We found that faster CMEs are
statistically more likely to be associated with the interplanetary type II radio bursts. We have correlated
frequency drifts of interplanetary type II bursts with white-light observations to localize radio sources
with respect to CMEs. Our results suggest that interplanetary type II bursts are more likely to have
asource region situated closer to CME flanks than CME leading edge regions.

Radio and white-light measurements by STEREO. (a), (b) Radio flux density S between 2012 October 22
00:00 UT and 12:00 UT at STEREO-A and STEREO-B, respectively. A white rectangle denotes the type II
burst. (c) STEREO-B/HI time-elongation map between 2012 October 22 and 26. Positions of the CME are
denoted as red circles. A green bar shows a time interval with the radio emission.
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8. Statistical survey of the terrestrial bow shock observed by the Cluster spacecraft

The Sun is continuously emitting a stream of charged particles—called the solar wind—from its
upper atmosphere. The terrestrial magnetosphere forms the obstacle to its flow. Due to supersonic
speed of the solar wind, the bow shock is created ahead of the magnetosphere. This abrupt
transition region between supersonic and subsonic flows has been frequently observed by the four
Cluster spacecraft. Using a timing analysis, we have retrieved speed and directions of the bow shock
motion for a large number of crossings. We have correlated the bow shock speed with the solar
wind speed and predictions of the bow shock locations by the empirical model. A better
understanding of the bow shock kinematics may bring new insights to wave-particle interactions
with applications in laboratory plasmas.

Statistical study of the bow shock speed. 2-D histogram of the number of events as a function of bow
shock speed and the solar wind speed. Solid and dotted lines denote median values and the 25th/75th
percentiles, respectively. A white dashed line shows a linear fit.
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