ARTIFICIAL SATELLITES, Vol. 55, No. 4 — 2020

§ sciendo
DOI: 10.2478/arsa-2020-0010

COMPARATIVE STUDY OF THE ENERGETIC ELECTRONS
REGISTERED TOGETHER WITH THE BROAD BAND EMISSIONS
IN DIFFERENT REGIONS OF THE IONOSPHERE

Jan BLECKI', Roman WRONOWSKI*, Jan SEOMINSKI?,
Sergey SAVIN?, Rafal IWANSKI®, Roger HAAGMANS*

1 Space Research Centre, Polish Academy of Sciences, Warsaw, Poland
2 Space Research Institute RAN, Moscow, Russia
3 Satellite Remote Sensing Centre, IMWM, Cracow, Poland
4 ESTEC, Noordwijk, The Netherlands

e-mails: jblecki@cbk.waw.pl, roman@cbk.waw.pl, jan@cbk.waw.pl,
ssavin@iki.rssi.ru, iwanski.rafal@gmail.com, Roger.Haagmans@esa.int

ABSTRACT. ELF/VLF waves have been registered in the outer polar cusps simultaneously
with high energy electrons fluxes by the satellites Magion 4 (subsatellite to Interball 1), Polar
and CLUSTER. Further, we discuss similar observations in the different regions of the
ionosphere, where DEMETER registered energetic electrons. The DEMETER satellite
operating on the nearly polar orbit at the altitude 650 km crossed different regions in the
ionosphere. Registrations of ELF/VVLF/HF waves together with the energetic electrons in the
polar cusp, in the ionospheric trough and over thunderstorm areas are presented in this paper.
The three satellites of ESA’s Swarm mission provide additional information on the ELF
waves in the mentioned areas together with electron density and temperature. A brief
discussion of the generation of these emissions by the so-called “fan instability” (FI) and
beam instability is presented.

Keywords: Atmosphere-ionosphere-magnetosphere  system, thunderstorms, energetic
electrons, ELF/VLF/HF waves, plasma instabilities, DEMETER, Swarm

1. INTRODUCTION

The main reservoirs of energetic particles in the Earth’s environment are radiation belts (Van
Allen belts) within the magnetosphere. Nevertheless, fluxes of electrons and ions with high
energy are registered in many other places of the space surrounding the Earth, even in the
atmosphere. The origin of these fluxes is different and some originate from a distant
astronomical object even outside our Galaxy. These are galactic cosmic rays. Some of them
originate from the Sun and are solar cosmic rays. In this paper, we will present observations
of energetic particles together with ELF/VLF/HF plasma waves as a result of the plasma
processes going on in the vicinity of Earth. The plasma waves are the most general feature of
the plasma environment. These play an important role leading to anomalous processes like
diffusion, resistivity, energy redistribution and particle acceleration in collision free space
plasma. Different types of waves are present in different regions of space. These are one of
the characteristics of these regions with different particle populations. One of the most
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interesting regions is the polar cusp. Plasma particles from the magnetosheath directly enter
there. The primary types of wave emissions observed in the polar cusp region are: broadband
ULF-ELF magnetic noise, whistler mode bursts, broadband electrostatic noise, electron
cyclotron harmonics waves, auroral hiss and auroral kilometric radiation. Earlier observations
of waves in the polar cusp originate from Hawkeye—in the outer cusp, from Viking in the
middle cusp, and from Freya and DE-1 in the lower cusp. These indicate the presence of
Alfven, lower hybrid, electron and ion cyclotron waves as the most typical modes in this
region of the magnetosphere (Scarf et al., 1972; Gurnett and Frank, 1978; Erlandson et al.,
1988; Pottelette et al., 1990). Later, the Polar, Interball and Cluster satellites enabled the
discovery of the presence of high energetic particles (electrons and ions) in the polar cusps.
Strong wave activity is associated with this population of plasma particles (Chen et al., 1998;
Blecki et al., 1999, 2005; Pickett et al., 1999; Savin et al., 2002). Further analysis of the
plasma waves and energetic particles by DEMETER satellite in the ionosphere at the altitude
660 km shows the presence of fluxes of energetic electrons together with plasma waves in
other areas as the ionospheric trough and over thunderstorms areas. The observations of this
type of event are presented in the next sections of this paper: the polar cusp in the third
section, the ionospheric trough in the fourth and thunderstorms in the fifth section. The last
section is devoted to the brief discussion of the generation mechanism of plasma waves due to
instabilities associated with the presence of energetic electron beams.

2. EXPERIMENTAL SYSTEM

To study the presence of energetic particles and their interaction with ionosphere and upper
atmosphere, we use the data originating from the DEMETER and Swarm satellites.
DEMETER was a low-altitude microsatellite operated from June 2004 until December 2010
in a polar, circular orbit initially at 710 km and slowly decaying to 660 km. DEMETER
measured variations of the electric field in the very low frequency (ELF-VLF) range from 0 to
20 kHz and in the high frequency range up to 4 MHz. These measurements were performed in
two modes, a survey mode and a burst mode. The spectrum of one electric component is
computed on board in the VLF/HF range during both modes. During the burst mode,
waveforms of the electric and magnetic field components were transmitted in the range up to
2 kHz (Berthelier et al., 2006; Parrot et al., 2006).

The plasma analyzer instrument measured variations of ion density at a 4 s time resolution.
An energetic particle detector measured electrons and protons with energies from 70 keV to
2.34 MeV every 4 s in survey mode or every 1 s in burst mode.

The Swarm satellite constellation is devoted to study the magnetic field of the Earth and the
influence of the effects caused by the Sun. It consists of three identical Swarm satellites (A, B,
and C), launched on 22 November 2013 into a near-polar orbit. The initial constellation of
satellites was formed on April 17, 2014. Satellites A and C are the lower pair flying separated
by 1.4° in longitude at the equator at an altitude of about 470 km in 87.30° inclined orbit,
Swarm B is operating at a higher orbit initially of about 520 km with an inclination of 87.75°.
All three satellites have an identical set of instruments. The absolute scalar magnetometer,
vector field magnetometer and Langmuir probe are important for our studies. The
magnetometers measure regularly main magnetic field with sampling rates of 1 Hz (absolute
value) and 50 Hz (3 vector components). The effects in the ionosphere we are targeting are
mainly seen in variations of the electromagnetic fields in a very broad frequency range.
Swarm capabilities limit our studies to very low frequencies called ULF (ultra-low
frequencies) and ELF (extra low frequencies), and in our case, we are able to analyze them up
to 25 Hz. Another instrument, which will be useful for our studies is the Langmuir probe
giving information on the electron temperature and concentration. Swarm does not measure
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the energetic particle fluxes, but some effect of these fluxes can be seen in the increase of the
plasma temperature (Olsen et al., 2013).

3. OBSERVATIONS IN THE POLAR CUSP

Earth’s magnetic field can be assumed in first approximation as a dipole field deformed by the
stream of solar wind. Topologically, field lines can be divided into two parts according to
their location on the sunward or tailward side of the Earth. Between them at the dayside, the
polar cusps are located.

These structures are characterized by a depletion magnetic field intensity and it allows a
plasma from the magnetosheath to directly enter into the magnetosphere. These regions of the
magnetosphere can be considered as key regions for the transfer of mass, momentum and
energy from the solar wind into the magnetosphere (e.g., Frank, 1971; Marklund et al., 1990;
Yamauchi et al., 1996; Fritz and Zong, 2005; https://wiki.oulu.fi/display/SpaceWiki/Cusps).

The polar cusp can be divided into two parts: the high-altitude cusp, also called outer cusp and
the low altitude cusp. The outer polar cusp is usually treated as a part of magnetosphere
occupying altitudes over 1500 km, while low altitude cusp is located at ionospheric altitudes.
Satellite measurements have shown that the cusp extends about 2.5 hours in local time around
noon and about one degree or less in latitude. However, its position can vary between 70° and
80° in geomagnetic latitude and strongly depends on Interplanetary Magnetic Field (IMF)
conditions: its direction and intensity and solar wind pressure.

The plasma, many types of waves and turbulent flows find its way to the ionosphere via the
outer cusp due to depletion of the magnetic field. The low frequency plasma waves control
the dynamics of the ions in collision free plasma and play a very important role in the
formation and behavior of this region. Multi-satellite observations demonstrate that the cusp is
a locus of accelerated plasma. There is evidence that cusp is a substantial source of energetic
particles (Chen et al., 1998; Fritz et al., 1998; Fritz, 2001). The energizing is related to strong
turbulence (Btecki et al., 2001), which was mapped by Interball-1 (Savin et al., 1998, 1999,
2001; Romanov et al., 1999). At the boundary of the inner cusp, the correlation of the low
frequency waves with the acceleration of magnetosheath plasma up to ~ 1 keV has been
pointed out (Pottelette et al., 1990).

The observed fluxes of accelerated plasma particles, the electron and ion populations with
higher temperature than ambient plasma and the very strong wave activity, particularly at low
frequencies, suggest the existence of the wave particle interaction processes (Blecki et al.,
2001). One of the finding from the Polar, Interball 1 and Magion 4 satellites is the presence of
high-energy particles (ions and electrons) in the outer polar cusp. Strong emissions of the
plasma waves are associated with these fluxes (Blecki et al. 1999; Pickett et al. 1999).

DEMETER satellite has been operating at 660 km altitude with regular crossings of the
proper polar cusp. Mainly due to operating scientific instruments in regions with magnetic
latitude below 65°, measurements in the polar cusp were performed only occasionally. A
French scientific campaign was organized in December 2007 to obtain simultaneous ground
base registration on Spitsbergen and on DEMETER. The studies of the waves and particles in
the cusp at the ionospheric altitude presented in this paper originate from the time of this
campaign.

Swarm satellites with their quasi-polar orbit operate without any gaps and the entire globe is
covered by registrations of parameters that are of interest to us. Figure 1 gives an example on
April 1, 2016, of electron temperature along a Swarm A orbit shown in the upper panel,
electron concentration (black line), electron temperature (red line) both in the middle panel
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and magnetic field variations spectra in the bottom panel. The satellite crossed the ionospheric
trough (this formation is discussed in next chapter) twice in the northern hemisphere at 20:20
UT and in the southern hemisphere at 21:00 UT. The southern polar cusp was crossed at
21:07 UT. Strong enhancements of the magnetic field variation can be observed both during
the crossing of the polar cusp and the ionospheric trough. This wave activity is accompanied
by strong variations of the electron temperature and concentration. The increase in plasma
density at 20:40 UT and 21:30 UT are associated with crossing of the ionospheric equatorial
anomaly.
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Figure 1. A plot of electron temperature along a complete Swarm A satellite orbit (upper panel)
on April 1 2016. The values of the temperature measured along the orbit are shown by dots with
different colors. Measurements of the electron temperature (red line) and concentration (black line)
are presented in the middle panel. The bottom panel shows the dynamic spectrogram of the magnetic
field variations. The registrations were done during geomagnetically very quiet time. Kp was not
higher than 1 summary Kp for entire day was 4-, Dst around zero, only days later weak geomagnetic
storm appears.
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Figure 2 presents an example of measurements done by DEMETER on December 10, 2010 in
the polar cusp at ionospheric altitude, when an event with strong wave activity and energetic
electrons was registered during the ground base French campaign on Spitsbergen.
Simultaneously, the DEMETER satellite, which entered polar cusp at 10:07:03 UT, observed
these processes in the high latitude ionosphere. This is visible as an increase of the plasma
density and the intensity of the wave activity in the ELF and VLF ranges. The exit from polar
cusp was at 10:07:28 UT.
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Figure 2. Electron density (upper panel), spectrogram of electron energy (second panel) and wave
spectra of three components of the electric field in the ELF range and one component in the VLF
range (4 bottom panels) observed by DEMETER in the polar cusp at ionospheric altitude
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This case as the case from Swarm presented above were registered during very quiet time. Kp
index was even lower and maximum value was 0+ and summary 1-. Dst until December 20,
when very weak disturbance of this index was registered, fluctuated around zero.

The wave spectra in both frequency ranges indicate strong variability in time, which
correspondents to spatial changes that can be associated with internal filamentary structure of
the cusp (Btecki et al., 2003). The broadening into higher energy (~200keV) of the electron
spectrograms is clearly visible at 10:07:12 UT, 10:07:20 UT and 10:07:30 UT. At the same
time, an increase of ELF emissions in frequency up to 1250 Hz appears. VLF emissions are
present during the entire time of the cusp crossing.
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Figure 3. Wavelet spectrogram (19-1250 Hz) of the electric field variations (upper) and bispectrum
of the same for time interval 10:07:12-10:07:22 UT when most intensive ELF/VLF emissions
were registered (bottom)

The development of the wave processes seen during this event is nonlinear, which can be
learned from wavelet and bispectral analysis shown in Figure 3. The same analysis was
applied for processes in the outer polar cusp registered by the CLUSTER satellites (Btegcki et
al., 2007; Savin et al., 2019). In the latter paper, the horizontal red maximum is associated
with nonlinear “pumping” to be effective for the electron acceleration. The red negatively
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inclined maximum corresponds to the nonlinear decay at the fixed sum frequency. The
nonlinearity observed in higher-order spectra of the ELF wave spectra is shown on the lower
Figure 3 where the interactions of three waves in the lowest part of frequency is visible as a
maximum of the bispectrum. It leads to spectra broadening in the wavelet spectrogram on the
upper part of Figure 3. Similar nonlinear processes were reported in the past for the cases seen
in the outer polar cusp (Btecki et al., 2001).

More detailed information about energetic electrons spectra is provided in Figure 4. One can
observe the broadening of spectra in the energy range up to 230 keV at 10:07:16-10:07:30
and 10:07:45-10:08:00 UT. This effect is accompanied by the emissions in the high
frequency range 0.5-1.8 MHz as shown in Figure 5. Also, some beams of electrons can be
distinguished at 10:07:13, 10:07:18, 10:07:29, 10:07:33 UT around energy 80-90 keV. They
can generate beam instability, but we are not able to see it due to upper limit of frequency
measured by Demeter.
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Figure 4 Spectrogram of electron energy from DEMETER in the polar cusp. Fluxes of electrons with
energy up to 230 keV are seen at 10:07:16, 10:07:30 and 10:07:45 until 10:08:00 UT The beams of
electrons can be distinguished at 10:07:13, 10:07:18, 10:07:29, 10:07:33 UT around energy 80-90keV.

The simultaneous presence of VLF, ELF, HF waves and fluxes of the energetic electrons
suggests the following physical picture of these observed processes. The ELF and VLF waves
interact in resonance with electrons. This leads to precipitation of the energetic electrons and
their generated plasma instabilities creating emissions in the HF range. Two types of
instabilities, fan instability and electron beam instability, need to be discussed in relation to
the presented observations. A brief discussion is provided in Chapter 6 of this paper.
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Figure 5. High frequency (0.55-1.8 MHz)—electric field variations observed by DEMETER
in the polar cusp during an energetic electron event. A good correlation of energetic electrons presence
(as shown in Figure 4) with enhancement of HF emissions is apparent
at 10:07:30 and 10:07:45-10:08:00 UT. The plasma frequency at this epochs was fpe~0.8 MHz
and electron cyclotron frequency fce~1.33 MHz.

4. OBSERVATIONS IN THE IONOSPHERIC TROUGH

The ionospheric trough is a location in the high-latitude region of the F layer characterized by
distinct depletion of plasma density mostly seen as electron density decrease in the high-
latitude ionosphere mainly determined by magnetospheric processes (Moffett and Quegan,
1983). The ionospheric trough width is several degrees in latitude and extends in longitude.
The latitude changes with local time from about 70° to 55°. Contrary to polar cusp, which is
dayside region, the ionospheric trough is mainly nightside phenomenon, although appears, in
weaker form, at all local time (Evans et al., 1983; Collis et al., 1988). It changes its structure
and position within time scales of several hours to one day. During increasing geomagnetic
activity, the trough moves to lower latitudes. Satellite and ground-based observations allow
determination of the large-scale structure of the high-latitude ionosphere, the main
ionospheric trough can be imagined as a natural boundary between the middle and subauroral
ionosphere. It is associated with another boundary—the boundary between cold plasma
escaping from the ionosphere into the plasmasphere and hot plasma in the outer
magnetosphere. The ionospheric trough is a projection of this boundary onto the ionosphere
(Anderson et al., 2008). A new results related to the structure and its variability were recently
obtained from the FORMOSAT-3/COSMIC (Lee et al., 2011) and DEMETER satellites
(Rothkaehl et al., 2008; Chen et al., 2018). The ELF/VLF waves strongly interact with
energetic electrons from the outer magnetosphere leading to electron precipitation into
ionosphere. The energetic electrons fluxes generate high frequency emissions due to the
instabilities, as mentioned in the previous chapter (Evans et al., 1983; Collis and Haggstrom,
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1988). Figures 6 and 7 show the effects of these explained processes observed by DEMETER
satellite.
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Figure 6. The measurements (from top to bottom) of the electron density, electron temperature, ion
density, spectrogram of the electron energy, spectrograms of the electric field variations—three
components in ELF, one component in VLF and one in HF frequency range. The entry of DEMETER
satellite in the ionospheric trough was around 19:44:00 and exit around 19:45:00 UT

The entry of the satellite on September 6, 2006 into the ionospheric trough results as depletion
of electron and ion density and an increase of ELF/VLF wave activity, which reaches a
maximum around 19:44:21 UT co-incident with a maximum of the energetic electrons flux.
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Strong variations of the electron temperature are present during crossing of the trough. The
wavelet and bispectral analysis show the non-linear development and broadening of the wave
spectrum. These waves are able to resonantly interact in very broad range with electrons and
accelerate them. As one can see in the bottom panel in Figure 6, it leads to the generation of
emission in the HF range up to 0.8 MHz (around 19:45:00 UT). The time of this case was
related to very weak disturbance of the geomagnetic filed. Kp was 1 during trough crossing
by DEMETER.
M n ||
‘\

| i
m,mu.ul ” ' |

39,0625

Wavelet Square Modulus

1250.00 L

£25.000
1.043

31R.500

-0.2178

166.250

Frequency {Hz)

—1.478

Log Power {uV/m)* / Hz

—B.738

P |
19.5313 |

19:44:21.000 19:44:21.667 18:44:22.333 19:44:25.000
ime (hh:mm:ss.mlsh

—4.000

Wavelet Squared Bicoherence

0.g8d4d

G25.0

L 0.7955

S00.0 4

375.0 | 05266

Bielle, 1)

250.0 1 0.3977

Frequency Fl (Hz)

125.0 0.1989

0.0000

: —
0.0000 416.7 833.3 1R50,
Frequency Fk (Hz}

Figure 7. The wavelet spectrogram and bispectrum of ELF electric field variations during the presence
of most energetic electrons and the strongest wave activity (19:44:21-19:44:23 UT). Strong nonlinear
“pumping” (horizontally spread maxima at fixed vertical frequencies) supports the strong particle
heating (cf. Fig. 3).
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Figure 8. The trough crossing by the Swarm B satellite. The upper panel shows the part of orbit
related to measurements presented in the middle and bottom panels. The colors of dots along the orbit
correspond to the value of the electron temperature. The plots in the middle panel represent the
electron concentration (black line) and temperature (red line). The bottom panel gives the spectrogram
of the magnetic field variations.

Swarm satellites crossed the polar trough regularly. As already mentioned, Swarm can
measure electron density and temperature, but not energetic particles. These effects, which
have been registered by DEMETER as a fluxes of energetic electrons, would only be seen as
variation of electron temperature being a consequence of heating of ionospheric plasma by
fluxes of energetic electrons. Figure 8 presents an example of a trough crossing on April 1,
2016. As it was mentioned above, it was a very quiet day. The depletion of electron density at
4:28:10 UT indicates the entry of Swarm B into the trough. Its entrance from higher latitude is
associated with strong enhancement (at 4:28:15 UT) of ELF waves for frequencies in the
lowest part of this range (up to 20 Hz). At the same time, a strong jump of electron
temperature (from 1990 K to 3900 K) is visible. Swarm exits the trough at 4:31:30 UT. Much
weaker emissions and variations of the temperature are registered at this edge of the trough.
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5. OBSERVATIONS IN THE IONOSPHERE OVER STRONG THUNDERSTORM

Thunderstorms are one of most powerful, beautiful, but also dangerous natural phenomena.
Lightning events are associated with many physical processes of interactions in the
atmosphere-ionosphere-magnetosphere system. The separation of the charge in thunderstorm
clouds leads to the accumulation of a great amount of energy. This energy is released as
lightning discharge on time scales less than 1 sec in a very localized area in space causing
formation of plasma channels with temperatures ~25000 K and with electron densities
exceeding 10*” cm2. The temperature of plasma in lightning discharge reaches a value higher
than that characterizing solar chromosphere. These values are higher than average values
measured in Earth’s ionosphere.

So a powerful lightning discharge is a source of disturbances in the ionosphere. Lightning is
also a source of acoustic gravity waves, which can propagate over long distances without
damping creating a good way of energy transfer into the ionosphere.

The DEMETER satellite delivered new results about the influence of thunderstorms, lightning
and particularly TLE (Transient Luminous Event) on the ionosphere. The electromagnetic and
plasma effects were clearly observed in a broad range of electromagnetic emissions, changes
in electron density and temperature and in energetic electron fluxes (Parrot et al., 2008, 2013;
Bourriez et al., 2016). Below we discuss an example of DEMETER registrations over a strong
thunderstorm in Poland on June 30, 2009. This day was geomagnetically very quiet, Kp index
during discussed thunderstorm was on the level 0+, Dst close to zero. So influence on the
ionosphere from outer space is negligible in the discussed thunderstorm region. The 136 IC
(inter clouds), 89 CG- (cloud to ground negative) and 3 CG+ (cloud to ground positive)
discharges has been detected by PERUN system in time interval 19:58-20:03 UT during
DEMETER flight above this thunderstorm active region. Table 1 gives the time, locations and
values of the maximum current for the most powerful strokes. These parameters are evaluated
from the system PERUN run by Institute of Meteorology and Water Management-National
Research Institute. The value of the currents during positive cloud to ground discharge on
19:57:54 and 20:00:47 UT could suggest that the effects observed by DEMETER are related
to sprite, but there was no optical evidence to support that. Figure 9 presents spectra of the
electric field variations in ELF (upper panel) and VLF (lower panel) range during flight over
this thunderstorm. The spectrogram of ELF variations is limited only to time interval when
burst mode was on. Emissions are present during the entire time of the flight over the
thunderstorm area. The characteristic vertical lines in the spectra represent the so called
sferics connected with direct transmissions of signal from the lightning discharge to the
satellite.

Table 1. The time, locations and values of the maximum current for the most powerful strokes

Date Time UT | Latitude | Longitude | Current max in kA
30/06/2009 19:57:54 52,4105 15,0033 103,380
30/06/2009 20:00:47 53,0546 23,4310 107,170
30/06/2009 20:02:07 51,9554 21,0176 63,700
30/06/2009 20:02:32 52,4673 15,3552 60,980
30/06/2009 20:03:25 52,3102 14,3756 94,850
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Figure 9. Spectra of the electric field variations in the ELF (upper panel) and VLF (bottom panel)
ranges observed by DEMETER in the ionosphere over strong thunder-storms in Poland. ELF spectra
are presented for the time interval related to burst mode.

The detailed spectrograms for this time interval together with ELF wave form are given in
Figure 10. Strong variations of electric field up to 0.5 mV/m are present 20:57:54 in the ELF
wave form as well as in spectrogram. Developing of VLF whistler following the stroke is seen
in the spectrogram in the lower panel of Fig 10. Second very short impulse appears 4 seconds
later and reaches value more than 0.6 mV/m, which is not related to any registrations by
PERUN system. The characteristic delay of the ELF waves in relation to VLF in order of 0.05
sec is due to dispersion of the velocity, which is proportional to square root of the wave
frequency.
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Figure 10. The wave form of the ELF electric field variations (upper panel) and spectrogram of it
(middle panel) and spectrogram of VLF—whistler waves (bottom panel).

Figure 11 presents the measurements of the electron temperature, the energetic electrons
spectrum, the energetic electron flux together with spectrograms of the VLF variations of the
electric field and HF (high frequency) electromagnetic emissions. The spectrogram of the
high frequency waves in this area is shown in the bottom panel of Figure 11. The strong
enhancements of the HF wave intensity and broadening of the spectra up to 0.25 MHz are pre-
sent in time interval 20:00:30-20:00:45 when Perun did not registered any CG discharge, but
many interclouds ones. The electron temperature increases at 20:00:30 and 20:00:45 UT are
present. Broadening of HF and VVLF spectra appears after that shortly.

Weak enhancements of the energetic electrons fluxes are seen at 20:01:58 and 20:02:30 UT,
the second one is also seen in the spectrogram with energy up to 122 keV. The presence of the
energetic electrons in the ionosphere above the thunderstorm areas is well known
experimental fact and were reported in many papers (see, e.g., Fullekrug et al, 2013). Their
origin is related to the precipitation of energetic electrons from radiation belts due to resonant
interaction of the VLF waves with trapped electrons.

Strong enhancements are seen in VLF spectrograms in band around 15 kHz in first case and
around 10 kHz and is associated with this precipitation. Another effect is the action of the
energetic electrons with ionospheric plasma and generation of plasma instability. It is shortly
discussed in the next part.
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Figure 11. The parameters of ionospheric plasma at 660 km altitude observed by DEMETER together
with VLF and HF over thunderstorms in Poland on June 30, 2009. The panels present from the top to
the bottom: energetic electrons energy spectrum, integrated flux of energetic electrons in three ranges:
band 1 — 971-2350 keV, band 2 — 526- 971 keV and band 3 — 72-526 keV, electron temperature
and spectrograms of VLF and HF emissions.

6. DISCUSSION

The presented observations of simultaneous presence of energetic electrons and plasma waves
in different regions of the near-Earth space from the DEMETER and Swarm satellites can be
interpreted as a development of an unstable plasma state. All these events were registered
during very quiet geomagnetic conditions. It can suggest that registered effects are associated
with internal conditions in the discussed structures (polar cusp, ionospheric trough, lightning)
and no influence from outer space. One can consider taking into account the presence of
energetic electrons fluxes, two types of plasma instabilities—fan instability and beam
instability. These are briefly discussed in the next two subsections.

6.1. Fan instability

Kadomtsev and Pogutse (1967) first studied this instability for a case where energetic
electrons were present in Tokamak. Omelchenko (1994) and Vaivads (1995) discussed this
phenomenon in relation to the auroral region, Krafft and Volokitin (2003) for the solar wind
and Savin (2004) in case of the magnetopause.

A particle beam along magnetic field lines is needed to develop this instability, but in contrast
to the usual beam-plasma instabilities, it does not require a threshold in relative velocity and a
positive slope in the distribution function. The presence of the long superthermal tail in the
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distribution function is enough for developing of this instability. This condition is relevant to
observations of DEMETER inside energetic particles fluxes. The maximum intensity seen in
the wave spectrogram is related to the maximum of growth rate of the instability, which was
calculated in the aforementioned theoretical works and would appear in the ionosphere at
frequency of 0.2 mce< ® < 0.4 @ce, It results in values at DEMETER altitude between 0.256
and 0.512 MHz in the ionosphere above a thunderstorm and 0.56 to 1.12 MHz in polar
regions. This condition is in good agreement with the spectra of the high frequency emissions
shown in figures 5, 6 and 11.

6.2 Beam instability

The presence of fluxes of the energetic electrons on a background of thermal plasma suggests
the possibility of another instability: beam instability. This instability can develop when the
strong beam of electrons is present on a background of ambient, thermal plasma. The
threshold for the development of it is associated with the velocity of the beam. This should be
higher than the thermal plasma velocity. This condition is fulfilled in the cases considered in
the previous chapters. Beams of electrons can be distinguished at 10:07:13, 10:07:18,
10:07:29, 10:07:33 UT around energy 80-90 keV in Fig. 4. They can generate beam
instability, with frequencies of waves around the local plasma frequency (cf. Treumann and
Baumjohann 1997), but we are not able to see them, because it is over upper limit of
frequency measured by DEMETER.

7. SUMMARY AND CONCLUSIONS

This paper presents observations of waves appearing together with plasma and energetic
electrons in the polar cusp, ionospheric trough and over thunderstorms from the DEMETER
satellite. These show that broad band (ELF/VLF/HF) wave phenomena can occur in these
regions when energetic electrons are present. The same type of event was reported for the
outer polar cusp observed by Prognoz 8, Magion 4 and CLUSTER satellites (Btgcki et al.,
2005, 2006). The interpretation of the observations suggests multi-steps processes. ELF/VLF
waves resonantly interact with energetic particles (electrons) in the magnetosphere, which
leads to precipitation of electrons into the ionosphere. The next step is the stimulation of
plasma instabilities. In the presented cases, two types of instabilities can develop generating
HF waves. These are: fan and beam instability. Previous registrations done by CLUSTER and
Interball show that fan instability should be seen as one of the important mechanism of waves
generation in the outer polar cusp responsible for the redistribution of the energy in cusp
plasma. The results from DEMETER presented in the present paper confirm that frequencies
of registered waves are in the ranges related to prediction based on the theory of these
instabilities. The plasma frequency calculated on the basis of the electrons concentration in
examined regions is in the range from 0.6 MHz in polar cusp to 3.6 MHz over thunderstorm,
while the electron cyclotron frequency from 2.8 MHz to 1.28 MHz respectively. These values
correspond to the registrations given in figures 5, 6 and 11. Swarm satellites cannot perform
directed measurements of energetic particles, but results presented in figures 1 and 8 contain
the information about strong variations of the electron temperature and density, which are
considered to result from the aforementioned processes.

Acknowledgements. The studies were conducted with financial support of the National
Science Centre, grant No. 2017/27/B/ST10/02285. We express our gratitude to M. Parrot, J-
A. Sauvaud, J-J. Berthelier, J-P. Lebreton, PI’s of DEMETER instruments from which data
were used; ESA is acknowledge for access to Swarm data in the context of activities
performed for the Swarm4Anom contract 4000112769.

145



REFERENCES

Anderson, P. C., Johnston, W. R., and Goldstein, J. (2008). Observations of the ionospheric
projection of the plasmapause. Geophysical Research Letters, 35, L15110.
https://doi.org/10.1029/2008GL033978

Berthelier, J.J., Godefroy, M., Leblanc, F., Malingre, M., Menvielle, M., Lagoutte, D.,
Brochot, J.Y., Colin, F., Elie, F., Legendre, C., Zamora, P., Benoist, D., Chapuis, Y., Artru, J.
And Pfaff, R., (2006), ICE - the electric field experiment on DEMETER. Planetary and
Space Science, 54, pp. 456-471.

Bourriez F., J.-A. Sauvaud, J.-L. Pincon, J.-J. Berthelier, and M. Parrot, (2016), A statistical
study over Europe of the relative locations of lightning and associated energetic burst of
electrons from the radiation belt, Ann. Geophys., 34, 157-164, doi:10.5194/angeo-34-157-
2016

Blecki J., K.Kossacki, R.Wronowski, Z.Nemecek, J.Safrankowa, S.Savin, J.A.Sauvaud, S.
Roma-nov, J. Juchniewicz, S.Klimov, P.Triska, J.Smilauer, J.Simunek, (1999), Low
Frequency Plasma Waves Observed In The Outer Polar Cusp, Adv.in Space. Res., 23, No 10,
1765.

Bfecki J., S. Savin, H. Rothkaehl, K. Stasiewicz , R. Wronowski , Z. Nemecek, J.Safrankowa,
K.Kudela, (2001), Wave- Particle Interaction In The Polar Cusp in “Multiscale and multipoint
measurements in space plasmas” ESA, SP-492 , pp 87-92, Nordwijk.

Blecki J., S. Savin, N. Cornilleau-Wehrlin, K. Kossacki, M. Parrot, H. Rothkaehl, K.
Stasiewicz, R. Wronowski, O. Santolik, J-A. Sauvaud, (2003), Fine Structure Of The Polar
Cusp As Deduced From The Plasma Wave And Plasma Measurements, Adv. Space Res., 32,
No 3, pp. 315-321,.

Blecki J., S.Savin, N.Cornilleau-Wehrlin, K.Kossacki, M.Parrot, Z.Nemecek, J.Safrankova,
R. Wronowski, K. Kudela, O. Santolik, (2005), The Low Frequency Plasma Waves In The
Outer Polar Cusp — Review Of Observations From Prognoz 8, Magion 4, Interball 1 And
Cluster Satellites, Survey in Geophysics, 26, 177-191.

Blecki J., N. Cornilleau-Wehrlin, M. Parrot, S. Savin, E. Amata, R. Bucik, R. Wronowski,
(2006) Instability Of The Energetic Electron Beams In The Polar Cusp-Observations By
Cluster And Interball-1, in Proceedings of the Symposium 5th Years of CLUSTER in Space,
SP-598, ESA, Noordwijk (cd-rom).

Btecki J., S. Savin, M. Parrot, R. Wronowski, (2007), Nonlinear Interactions of the Low
Frequency Plasma Waves in the Middle-altitude Polar Cusp as Observed by Prognoz-8,
Interball-1 and Cluster Satellites, Acta Geophysica, 55, no. 4, pp. 459-468,

Chen C. Y., Tiger J. Y. Liu, I. T. Lee, H. Rothkaehl, D. Przepiorka, Loren C. Chang, B.
Matyjasiak, K. Ryu, and K.-I. Oyama, The Midlatitude Trough and the Plasmapause in the
Nighttime lono-sphere Simultaneously Observed by DEMETER During 2006-2009, (2018)
Journal of  Geophysical Research: Space Physics, 123, 5917-5932.
https://doi.org/10.1029/2017JA024840

Chen, J., Fritz, T. A., Sheldon, R. B., Spence, H. E., Spjeldvik, W. N., Fennell, J. F., Livi,S.,
Russell, C. T., Pickett, J. S., and Gurnett, D. A.;, (1998), ‘Cusp Energetic Particle Events:
Implications for a Major Acceleration Region in Magnetosphere’, J. Geophys. Res. 103, 69—
78.

146



Collis, P. N., and I. Haggstrém, (1988), Plasma convection and auroral precipitation processes
as-sociated with the main ionospheric trough at high latitudes, J. Atmos. Terr. Phys., 50, 389-
404.

Evans, J. V., J. M. Holt, W. L. Oliver, and R. H. Wand, (1983), On the formation of daytime
troughs in the F-region within the plasmasphere, Geophys. Res. Lett., 10, 405-408.

Frank, L.A., ((1971), Plasma in the Earth's Polar Magnetosphere, J. Geophys. Res., 76, 5202—
5219.

Fritz, T.A., J. Chen, R.B. Sheldon, H.E. Spence, J.F. Fennell, S. Livim, C.T. Russell and J.S.
Pickett, (1999), Cusp Energetic Particle Events Measured by POLAR Spacecraft, Phys.
Chem. Earth (C), 24, 135.

Fritz, T.A., (2001), The Cusp as a Source of Magnetospheric Energetic Particles, Currents,
and Electric Fields: A New Paradigm, Space Science Reviews, 95: 4609.
https://doi.org/10.1023/A:1005286908441.

Fritz T. A. and Q. G. Zong, (2005), The Magnetospheric Cusps: A Summary, Surveys in
Geophysics, 26: 409-414, DOI 10.1007/s10712-005-1904-2.

Fullekrug M., Declan Diver, Jean-Louis Pincon, Alan D. R. Phelps, Anne Bourdon,
Christiane Helling, Elisabeth Blanc, Farideh Honary, R. Giles Harrison, Jean-Andre Sauvaud,
Jean-Baptiste Re-nard, Mark Lester, Michael Rycroft, Mike Kosch, Richard B. Horne, Serge
Soula, Stephane Gaffet, Energetic Charged Particles Above Thunderclouds, (2013), Surveys
in Geophysics, 34:1-41, DOI 10.1007/s10712-012-9205-z

Gurnett, D. A., Frank, L. A., (1978), Plasma waves in the polar cusp: Observations from
Hawkeye 1, J. Geophys. Res. 83, 1447-1462,.

Kadomtsev, B. B. and Pogutse, O. P., (1967): Electric conductivity of a plasma in a strong
magnet-ic field, Soviet Phys. JETP, Vol. 26, 1146,.

Krafft C. and A. Volokitin (2003), Interaction of suprathermal solar wind electron fluxes with
sheared whistler waves: fan instability, Annales Geophysicae, 21: 1393-1403.

Lee, I. T., Wang, W., Liu, J. Y., Chen, C. Y., & Lin, C. H. (2011). The ionospheric
midlatitude trough observed by FORMOSAT-3/COSMIC during solar minimum, J.Geophys.
Res., 116, A06311. https://doi.org/10.1029/2010JA015544

Marklund, G. T., L. G. Blomberg, C.-G. Féalthammar, R. E. Erlandson, and T. A. Potemra,
(1990), Signatures of the high-altitude polar cusp and dayside auroral regions as seen by the
Viking electric field experiment, J. Geophys. Res., 95, 5767-5780.

Moffett, R. J., & Quegan, S. (1983). The midlatitude trough in the electron concentration of
the ionospheric F-layer: A review of observations and modeling, J. Atmos. Terr. Phys., 45(5),
315-343. https://doi.org/10.1016/S0021-9169(83)80038-5

Olsen N, Friis-Christensen E, Floberghagen R, Alken P, Beggan CD, Chulliat A, Doornbos E,
Teixeira da Encarnacao J, Hamilton B, Hulot G, van den IJssel J, Kuvshinov A, Lesur V,
Ldhr H, Macmillan S, Maus S, Noja M, Olsen PEH, Park J, Plank G, Plthe C, Rauberg J,
Ritter P, Rother M, Sabaka TJ, Schachtschneider R, Sirol O, Stolle C, Thebault E, Thomson
AWP, Taffner-Clausen L, Velimsky, J, Vigneron P, Visser P N, (2013), The Swarm Satellite
Constellation Application and Re-search Facility (SCARF) and Swarm data products, Earth
Planets Space, 65:1189-1200, doi:10.5047/eps.2013.07.001.

Omelchenko, Yu., (1994): Modified lower hybrid fan instability excited by precipitating
auroral electrons, J. Geophys. Res., 99, 5965-5976.

147



Parrot M., D. Benoist, J.J. Berthelier, J.Btecki, Y.Chapuis, F.Colin, F. Elie, P. Fergeau, D.
Lagoutte, F. Lefeuvre, M. Lévéque, J.L. Pincon, H-C. Seran, P. Zamora, (2006), The
magnetic field experiment and its data processing onboard DEMETER: scientific objectives,
description and first results, Planetary and Space Science, 54, 441-455,

Parrot M., J. A. Sauvaud, S. Soula, J. L. Pincon, and O. van der Velde, lonospheric density
perturbations recorded by DEMETER above intense thunderstorms, J. Geophys. Res., (2013),
118, 5169-5176, doi:10.1002/jgra.50460.

Parrot M., J.J. Berthelier, J.P. Lebreton, R. Treumann, J.L. Rauch, (2008), DEMETER
Observations of EM Emissions Related to Thunderstorms, Space Sci Rev, 137: 511-519, DOI
10.1007/s11214-008-9347-y

Pickett, J.S., et al., (1999), Plasma waves observed during cusp energetic particle events,
Adv.in Space Res., 24, 23-34,.

Pottelette, R., Malingre, M., Dubouloz, N. et al., (1990), High-frequency waves in the
Cusp/Cleft regions, J. Geophys. Res. 95, 5957-5971.

Quegan, S., Bailey, G. J., Moffett, R. J., Heelis, R. A., Fuller-Rowell, T. J., Rees, D., & Spiro,
R. W. (1982). A theoretical study of the distribution of ionization in the high-latitude
ionosphere and the plasmasphere: First results on the mid-latitude trough and the light-ion
trough, J. Atmos. Terr. Phys., 44(7), 619-640. https://doi.org/10.1016/0021-9169(82)90073-3

Roger, A. S., R. J. Moffett, and S. Quegan, (1992), The role of ion drift in the formation of
the ionization troughs in the mid- and high-latitude ionosphere - a review, J. Atmos. Terr.
Phys., 54, 1-30.

Rothkaehl, H., Krankowski, A., Stanislawska, 1., Btecki, J., Parrot, M., Berthelier, J.-J., &
Lebreton, J.-P. (2008). Wave and plasma measurements and GPS diagnostics of the main
ionospheric trough as a hybrid method used for space weather purposes, Annales
Geophysicae, 26(2), 295-304. https://doi.org/10.5194/angeo-26-295-2008

Savin, S., J. Blecki, N. Pissarenko, V. Lutsenko, I. Kirpichev, E. Budnik, N. Borodkova,M.
Nozdrachev, L. Zelenyi, V. Romanov, |. Sandahl, J.A. Sauvaud, C.T. Russell, J. Buechner, B.
Nikutowski, G. Gustafsson, K. Stasiewicz and V. Korepanov, (2002), Accelerated particles
from turbulent boundary layer, Adv. Space Res., 30, 2821-2830.

Savin S., (2004), Experimental studies of the nonlinear interactions and processes of the
transport in the critical regions at the magnetopause, doctoral dissertation, (in Russian),
Moscow.

S. Savin, E.Amata, L. Zelenyi, C. Wang, H. Li, B. Tang, G. Pallocchi, J. Safrankova, Z.
Nemecek, S. Sharma, F. Marcucci, L. Kozak , J. L. Rauch, V. Budaeva, J. Blecki, L. Legen,
M. Nozdrachev, (2019), Collisionless Plasma Processes at Magnetospheric Boundaries: Role
of Strong Nonlinear Wave Interactions, ISSN 0021-3640, JETP Letters. DOI:
10.1134/S0021364019170028

Scarf, F. L., Fredricks, R. W., Green, I. M., Russell, C. T., (1972), Plasma waves in the
dayside polar cusp 1. Magnetospheric observations, J. Geophys. Res., 77, 2274-2293.

David Shklyar and Hiroshi Matsumoto, (2009), Oblique Whistler-Mode Waves in the
Inhomogeneous Magnetospheric Plasma: Resonant Interactions with Energetic Charged
Particles, Surv. Geophys., 30, 55-104, DOI 10.1007/s10712-009-9061-7.

Treumann R.A. and W. Baumjohann, (1997), Advanced space plasma physics, Imperial
College Press, London.

148



Vaivads, A., et al., (1995), Generation of ion acoustic waves by fan instability, J. Geophys.
Res., 100, 19435-19440.

Yamauchi, M., H. Nilsson, L. Eliasson, O. Norberg, M. Boehm, J. H. Clemmons, R. P.
Lepping, L. Blomberg, S.-1. Ohtani, T. Yamamoto, T. Mukai, T. Terasawa, and S. Kokubun,
(1996), Dynamic response of the cusp morphology to the solar wind: A case study during

passage of the solar wind plasma cloud on February 21, 1994, J. Geophys. Res., 101, 24675-
24687.

Received: 2020-06-25

Reviewed: 2020-08-22 (undisclosed name), 2020-11-03 (undisclosed name)
Accepted:  2020-12-06

149



	1. INTRODUCTION
	2. EXPERIMENTAL SYSTEM
	3. OBSERVATIONS IN THE POLAR CUSP
	4. OBSERVATIONS IN THE IONOSPHERIC TROUGH
	5. OBSERVATIONS IN THE IONOSPHERE OVER STRONG THUNDERSTORM
	6. DISCUSSION
	6.1. Fan instability
	6.2 Beam instability

	7. SUMMARY AND CONCLUSIONS
	REFERENCES

