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Abstract DEMETER was a low-altitude satellite in operation between 2004 and 2010 in a circular polar
orbit. One of its main scientific objectives was to study ionospheric perturbations related to man-made
activity. This paper investigates electromagnetic emissions triggered by Power Line Harmonic Radiation
(PLHR), the man-made waves emitted at harmonics of 50 or 60 Hz. They look like rising tones or hooks with a
starting frequency associated to a parent line with the frequency equal to a multiple of 50 or 60 Hz. They
occur preferentially during daytime in a frequency band between 1 and 4 kHz. It is shown that these
emissions are rather frequent at high latitudes (3 < L <6) above industrialized areas during periods of
moderate magnetic activity. Their average intensity is of the order of 10 pV?>m~2 Hz~". PLHR propagates in
the magnetosphere and triggers emissions due to wave-particle interactions in the equatorial region.

1. Introduction

Power Line Harmonic Radiation (PLHR) consists of ELF and VLF waves at the harmonic frequencies of
50 or 60 Hz radiated by electric power systems on the ground. Frequency-time spectrograms of these
events typically consist of several horizontal lines with mutual separation of 50/100 or 60/120 Hz. Evidence
of PLHR propagation in the magnetosphere was first obtained from the ground-based observations
[Helliwell et al., 1975]. Before the DEMETER microsatellite was launched, direct observations by satellites
were still rather rare and described only in a few papers [Bell et al., 1982; Koons et al., 1978; Tomizawa and
Yoshino, 1985; Rodger et al., 1995]. A systematic study of PLHR observations by DEMETER was performed
by Némec et al. [2006, 2007b, 2008, 2010] (see also references to other observations therein). They
showed that the frequency spacing of the lines corresponds well to the power system frequency in
possible generation regions. More recently these events have been also observed onboard CHIBIS-M by
Pronenko et al. [2014].

Némec et al.[2010] have also shown that PLHR events are too weak and the individual lines forming them are
too narrow to significantly increase the total wave intensity above industrialized regions. However, there
are some indications that PLHR is able to trigger new emissions. Such emissions were theoretically analyzed
by Nunn et al. [1999]. Using a simulation code, they were able to reproduce the shape of an event recorded by
a ground-based instrumentation in Finland. Many more Scandinavian events recorded with a magnetic
loop antenna have been presented by Manninen [2005]. The aim of this paper is to report all observations
of emissions triggered by PLHR and observed by DEMETER. Concerning the data analysis, we have used the
same approach as for the natural waves recently studied by Parrot et al. [2014]. The wave experiment
onboard DEMETER is briefly introduced in section 2. Some characteristic events are presented in section 3.
Section 4 describes some of the statistical properties of the observed events, whereas section 5 is devoted to
their possible relation with Magnetospheric Line Radiation (MLR). The obtained results are discussed in
section 6 and summarized in section 7.

2. The DEMETER Satellite

DEMETER was a LEO (Low Earth Orbiting) microsatellite launched on 29 June 2004. Its orbit was polar and
circular with an altitude of ~ 710 km which was subsequently lowered to 650 km at the end of 2005 till the
end of the mission in December 2010 [Cussac et al., 2006]. The orbit was nearly Sun-synchronous with a local
time at ~22:30 LT during the nighttime and at ~10:30 LT during daytime. The payload was continuously
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Figure 1. Spectrogram of an electric field component recorded on 16 October 2008 between 10:46:30 and 10:48:30 UT.
The spectrogram is from 0 up to 5 kHz, and its intensity is color coded according to the scale on the right. Its frequency
resolution is 9.7 Hz, and its time resolution is 0.1 s. The parameters displayed below are the time in UT, the local time (LT),
the geographic latitude and longitude, and the Mcllwain parameter L.

operated at invariant latitudes below 65°, but dedicated operations were also programmed at higher latitudes
when the satellite was traveling over ground-based facilities such as European Incoherent Scatter (EISCAT) or
High Frequency Active Auroral Research Program (HAARP). Data reported in this paper were acquired by
the instrument champ électrique (ICE) which measures electric components of plasma waves in

the frequency range from DC to 3.25 MHz. The very low frequency (VLF) range of ICE extends from 70 Hz to
20 kHz. There are two scientific modes, survey and burst; the latter being mainly activated when the satellite
is above active seismic regions or for specific purposes. In both modes, power spectra of one electric
component were calculated on board with a time resolution of 2.048 s and a frequency resolution of 19.53 Hz.
In the burst mode, waveforms of one electric component with a sampling frequency of 40 kHz were
downloaded, which allows spectra with a better time and frequency resolution than in survey mode. During
the burst mode periods, one can perform a wave propagation analysis using the six components of the
wavefield up to 1.25 kHz. For this reason, a software named PRASSADCO used in the past for other missions
has been revised to analyze the DEMETER data [Santolik et al., 2006].

A detailed description of ICE can be found in Berthelier et al. [2006]. All events shown in this paper have been
recorded during the burst mode of the experiment.

3. Examples of Events

Figure 1 represents a spectrogram of an electric field component recorded on 16 October 2008 during 2 min
over Scandinavia. The frequency is from 0 up to 5 kHz. The spectral line which is observed around 2.5 kHz
with a bandwidth of the order of 100 Hz can be attributed to PLHR. This is also the starting frequency of
triggered elements which can be seen both below and above this line. Other structured elements can be
seen at lower frequencies, but PLHR lines are not detected. The cutoff at ~ 600 Hz is close to the proton
gyrofrequency and is usually observed on a low-altitude satellite [see, for example, Santolik and Parrot, 1999].
This cutoff is present on all spectrograms shown in the following figures. A second example of triggered
emissions is presented in the middle of Figure 2 which displays hooks. At the beginning of the plot, they are
clearly supported by a parent line around 2250 Hz. After 04:46:00 UT, this line disappears but the hooks
remain until the end of the plot. At lower frequencies (around 1250 Hz), other hooks can also be observed
but without parent line. These hooks are very similar to those detected on ground by Helliwell [1965],
Nunn et al. [1999], and Manninen [2005]. Data in Figure 2 are recorded on 12 January 2010 when the satellite
is over the Indian Ocean at a location which is magnetically conjugated to Russia. Other hooks can be seen in
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Figure 2. Similar to Figure 1 but with data recorded on 12 January 2010 between 04:45:30 and 04:47:30 UT.

Figure 3 but without a parent line. These data are recorded on 26 January 2008 close to Alaska. The last
example of hooks is displayed in Figure 4. It concerns data recorded on 17 February 2008 along the same half-
orbit over two magnetically conjugated regions. Figure 4 (top) shows hooks around 2.5 kHz which are
recorded in the Northern Hemisphere (close to Alaska) whereas Figure 4 (bottom) shows hooks at similar
frequencies in the Southern Hemisphere.

Other examples of triggered emissions associated to PLHR can be seen in Parrot and Némec [2009, Figure 5].

4, The Statistical Analysis

Figure 5 shows locations of the 65 events which have been registered in the burst mode during the DEMETER
operation. This number of observed events is not representative of the real number of cases which can
be expected with a LEO satellite. This is due to the fact that DEMETER did not record data at high latitudes and
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Figure 3. Similar to Figure 2 but with data recorded on 26 January 2008 between 21:06:20 and 21:08:20 UT.
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Figure 4. (top) Similar to Figure 3 but with data recorded on 17 February 2008 between 20:52:30 and 20:54:30 UT. (bottom)
Similar to Figure 4 (top) but with data recorded later on the same half-orbit in the opposite hemisphere between 21:22:00
and 21:24:00 UT.

that only the data registered during the burst mode have been scrutinized (the burst mode coverage is
color coded in Figure 5). During the survey mode, the frequency resolution is not enough for a proper
detection of this type of waves. Nonetheless, it can be seen in Figure 5 that there is no clear longitudinal
dependence and that these events have been equally recorded at high latitudes in the north and in
the south (3 <L < 6). It appears that many events were recorded during the extension of the DEMETER
burst mode for experiments with HAARP, HAARP conjugate, and EISCAT [see, for example, Piddyachiy,
2012]. In fact, many events are detected when DEMETER is close to its normal limit of invariant latitude
(see Figure 5).

These events are observed between 1 and 4 kHz which is the usual frequency band of the PLHR [Némec et al.,
2007a] and mainly during daytime (85%). Their average intensity is of the order of 10 pV>m=2 Hz™".
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Figure 5. Geographical occurrence of the 65 events observed during the lifetime of the mission (black diamonds). The two
black lines correspond to the invariant latitude of 65° (L ~ 6). The map also shows the burst mode coverage according to the
color scale at the top.

It is important to check if the events occur during normal geomagnetic conditions or not. Therefore, we have
used a superposed epoch method to reveal the correlation between the timing of these waves and the AE
index amplitude. The time resolution used for the comparison was set to 1 h. The results are shown in
Figure 6. The thick line shows the mean value of the AE index whereas its standard deviation is indicated
by thin lines. It can be seen that there is a very small increase of the AE index a few days before the events,
on average by about 50 nT as compared to normal values. This means that the events are preferentially
observed in the recovery phase of magnetic substorms (see section 6).

5. On the Possible Relation With MLR

As opposed to the constant frequency of PLHR waves (1-4 kHz), Magnetospheric Line Radiation (MLR) has
lines drifting in frequencies with a larger bandwidth (1-8 kHz). Although they have been extensively studied
[Bell et al., 1982; Rodger et al., 1995, 1999, 2000a, 2000b; Parrot et al., 2007; Nemec et al., 2007a, 2009a, 2009b,
2012a, 2012b], there is a controversy about
s0049——L -+ v o v e b 1 the origin of these lines which are observed
: in space or on the ground because many of
' them are separated by neither 50 nor 60 Hz.
Another difference between these two
emissions is underlined in Figure 7 which
presents simultaneous observations of MLR
------- . and triggered emissions without parent
lines. Figure 7 (top) shows an electric field
spectrogram recorded on 28 November
2006 between 21:54:59 and 22:28:29 UT
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Figure 6. Results of the superposed epoch analysis of the AE index. Its presence of a burst mode and Figure 7
mean value (bold) as a function of the time relative to the occurrence of . .
the 65 events and the standard deviation of the mean value (thin). The (bottom) shows the corresponding detailed
vertical dotted line shows zero time difference, and the horizontal dotted ~ SPe€Ctrogram between 0 and 5 kHz. Triggered
line shows the average AE value over the duration of the DEMETER mission.  elements similar to those shown in Figure 1
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Figure 7. (top) Similar to Figure 1 but with data recorded on 28 November 2006 between 21:54:59 and 22:28:28 UT and in
the frequency range 0-20 kHz. The location of the burst mode is indicated by the two vertical white lines. (bottom) Detailed
spectrogram corresponding to the burst mode time interval with a frequency range between 0 and 5 kHz.

are observed around 1 kHz but without parent lines. The set of MLR lines is observed around 2.5 kHz, and it can
be seen that they do not trigger emissions. This is a general behavior. Sometimes they are only modulated as
quasiperiodic (QP) emissions (see, for example, Helliwell [1965] or Parrot and Némec [2009, Figure 3]). It must
be also noticed that QP emissions are observed above 4 kHz in Figure 7 (bottom) which is an indication of
magnetically perturbed conditions.

It is possible to determine the propagation characteristics of waves observed at frequencies lower than 1.25 kHz
from the burst mode data, when the six components of the electromagnetic field are available (see section 2).
Figure 8 shows the wave propagation analysis of the burst mode event in Figure 7 (bottom). The first two panels
represent frequency-time spectrograms of the wave magnetic and electric fields. The third panel displays the
parameter F which is the planarity of polarization F of the magnetic field fluctuations obtained using the Singular
Value Decomposition (SVD) method [Santolik et al., 2003]. This parameter is close to unity for a polarization state
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Figure 8. Wave propagation analysis of the event shown in Figure 7. (from top to bottom) The magnetic field spectrogram,
the electric field spectrogram, the planarity of polarization of the wave magnetic field, the ellipticity of magnetic field,
the polar angle 6, and the Poynting vector component along the terrestrial magnetic field normalized by the standard
deviation (see text for explanation). All parameters are color coded according to the scales on the right. The frequency
range is up to 1250 Hz. The parameters displayed on the abscissa are the time in UT, the geomagnetic latitude, and the
Mcllwain parameter L.

which corresponds to a single plane wave, it decreases to zero for randomly polarized waves. The ellipticity Eg
(the fourth panel) has been obtained as the ratio of the two largest axes of the polarization ellipsoid using
the SVD method. The sign of this parameter reflects the sense of polarization: negative values mean the left-handed
sense and positive values mean the right-handed sense. The SVD method is also used to calculate the direction
of the wave vector (the fifth panel) defined by the angle 6 from the Earth’s magnetic field. The sixth panel gives
the Poynting vector component along the terrestrial magnetic field normalized by its standard deviation
resulting from the statistical errors of the spectral analysis [Santolik et al., 2001]. For waves propagating from the
equator we expect to obtain positive values at positive latitudes and negative values at negative latitudes.
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Figure 9. Zoom of Figure 8 for the wave elements observed between 22:26:00 and 22:26:09 UT in the frequency
range 800-1250 Hz.

The empty areas in the panels correspond to frequency-time intervals with magnetic power spectral
densities below 1077 nT2Hz ™" or electric power spectral densities below 1076 mV?>m~™2 Hz~". These areas
are empty because the analysis is not meaningful for low power waves.

The results of this multidimensional analysis of plasma wave measurements as a function of the
universal time (UT) and frequency indicate that the waves are quasi field-aligned (low 6 values) and
right-handed circularly polarized (Ej is close to +1). Concerning the propagation, a zoom of Figure 8 has
been performed in Figure 9. The meaning of individual panels is the same as in Figure 8. It concerns
the elements which are observed between 22:26:00 and 22:26:09 UT in the frequency range 800-1250 Hz.
This fine-scale analysis indicates in the sixth panel that the elements are first propagating in the
opposite direction of the Earth’s magnetic field (blue part). As the event takes place in the Southern
Hemisphere, it means that the waves are propagating away from the geomagnetic equator. But just
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after this first part of each element, the waves are propagating in the direction of the Earth’s magnetic field
(red part) which means that they undergo a reflection below the satellite.

6. Discussions

These events recorded onboard DEMETER are the counterpart of previous ground-based observations
[see, for example, Nunn et al., 1999, Figure 1]. The two main differences are that the parent lines are not
always observed on the satellite events and that there is a frequency broadening of these parent lines.
All possible PLHR lines are not observed at the altitude of the satellite due to their attenuation during the
propagation through the ionosphere. According to Ando et al. [2002] and Jing et al. [2014], the attenuation
is scarce as function of the altitude but more important as function of the distance from the source. The
broadening of the parent line can be attributed to possible interactions with the ionospheric plasma at
high latitudes as it is the case for signals coming from VLF ground-based transmitters and crossing the
ionosphere [see, for example, Bell et al., 1981; Titova et al., 1984]. Concerning this latter point one must say
that this study is not in contradiction with the work by Némec et al. [2010]. In their statistical analysis
they identified the PLHR events with an automatic algorithm and found typical PLHR which consisted of
several very thin lines (see their Figure 1). This explains why principally no PLHR-triggered emissions were
found when they looked for that.

Results shown in Figure 6 mean that the events are predominantly observed after geomagnetic
substorms when energetic charged particles are present in the magnetosphere. Using a simulation code,
Nunn et al. [1999] have shown that the triggered emissions could be attributed to nonlinear wave-particle
interactions. In addition, Figure 5 indicates that a combination of two other factors is needed in order
to observe these triggered emissions: (i) location above industrialized regions or conjugated (to have
PLHR) and (ii) high-latitude regions. This second condition is necessary in order that the PLHR encounters
most of particles at the equator which is the main region suitable for wave-particle interactions
through cyclotron resonance mechanism (see, for example, Liemohn [1967] or more recent advances in
Trakhtengerts and Rycroft [2008]). Cyclotron resonance interactions are strongest near the equatorial plane
because the local cyclotron frequency and the resonant parallel electron energy are minimum along a
given magnetic field line.

The fact that hooks shown in Figure 2 are observed together with a parent line above the Indian Ocean
(an uninhabited area) is a further evidence of propagation of PLHR through the magnetosphere and across
the equatorial region. For this event, PLHR are supposed to be emitted from Russia.

Figure 4 indicates that hooks are observed quasi-simultaneously in both hemispheres. For this event, PLHR
are supposed to be emitted most probably from Alaska in the Northern Hemisphere, but it could also be
emitted from New Zealand in the Southern Hemisphere. The triggered emissions are emitted in the
equatorial region and can propagate down to the ionosphere. Although observations in both hemispheres
could not be simultaneous (there is a delay of approximately half an hour) and are not always in the burst
mode in both hemispheres, we have found that among the 65 events, there are nine events where triggered
emissions have a counterpart in the opposite hemisphere.

The propagation analysis done for the event shown in Figures 7 and 8 confirms that these elements are
propagating away from the geomagnetic equator. This is consistent with the proposed localization of

the source region of the triggered elements in the equatorial region which is the most favorable region for
wave-particle interactions.

7. Conclusions

In this paper, triggered emissions associated to PLHR and observed by the low-altitude satellite DEMETER
have been investigated. To summarize observations and discussions, one can say the following:

1. These emissions appear either as a series of short rising tones or as a series of hooks. The starting
frequency of these elements is often associated to a parent line with a frequency close to a
multiple of 50 or 60 Hz. When the parent line is not seen, it is assumed that it is too weak to be
observed but that it is present as the starting frequency of the elements remains close to a
multiple of 50 or 60 Hz.
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2. The emissions are observed during moderate magnetic activity at high latitudes above industrialized
regions (or magnetically conjugate parts of these regions).

3. MLR do not appear to trigger such elements and mainly look as a frequency modulation of preexisting hiss
(Figure 7 (top)).

Finally, it is noteworthy that it is possible to confound these series of short rising tones with chorus elements.
In the past, Luette et al. [1977] showed that chorus emissions tend to occur more frequently along longitudes
that contain industrial centers which are located at high latitudes. They suggested that PLHR can stimulate
chorus emissions through cyclotron resonance with trapped energetic electrons. This will be the subject of a
forthcoming paper with DEMETER data.
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