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Key points :
- DEMETER observed MF waves due to man-made activiabove the topside
ionosphere when the ionospheric density is anonsgtdow
- The observations are mainly related to the ionasplugh region
- These observations also occur in the South AtlaAimmaly and during high

magnetic activity

Abstract : DEMETER was a low altitude satellite apolar and circular orbit devoted to the
study of ionospheric perturbations in relation wstismic activity. Its scientific payload with

waves and plasma measurements also allows to stadymade waves. The aim of this paper
is to check the conditions of apparition of thesenrmade waves in the MF range (300 kHz,
3 MHz). These waves normally propagate in the Eambsphere waveguide but it is shown

that they can escape above the ionosphere whea ither decrease in the electron density.
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This meanly occurs at the ionospheric troughs vitheg are close to inhabited areas but also

above the South Atlantic Anomaly and when the magetivity is high.

Plain Language Summary: The aim of the micro-ss#eDEMETER (660 km altitude) was
devoted to the study of ionospheric anomalies whichuld be related to earthquake
preparation. But its scientific payload which wasnposed of wave, particle, and density
experiments also allows the survey of the Earthigirenment. In this work we have
performed a systematic study of man-made waveshndnie observed by the satellite in the
MF range (300 kHz — 3 MHz). Normally these wavesick are mainly used for radio
navigation and broadcasting, propagate in the wadegformed by the Earth’s surface and
the bottom of the ionosphere, but bursts of theaeew are observed above inhabited areas
when the ionospheric density is anomalously lowstcurs under three conditions: i) when
the satellite is close to the mid-latitude ionospheough, ii) in the area of the South Atlantic
Magnetic Anomaly where the Earth’s magnetic fieddlower than anywhere else, and iii)
when the magnetic activity is high. Then these \8aan propagate in the magnetosphere and

interact with natural waves.
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1. Introduction

Man-made Medium Frequency (MF) waves are in a #aqu range between 300 kHz
and 3 MHz. They are typically used by broadcastirggio-navigation (maritime and
aeronautical), and maritime mobile communicatidrisey propagate in the Earth-ionosphere
waveguide [Milsom, 2003]. Normally they are reflsdtand cannot cross the ionosphere

because their frequencies are lower than the pldsegaency in the F layer. But there is a
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possibility for these waves to cross the ionospherhey follow a magnetic field line.
Individual observations of broadcast transmittdyeva the F layer have been already done
[LaBelle et al., 1989; Kaiser et al., 1996; Kelley al., 1997; Hashimoto et al., 2018].
Concerning the low altitude satellite DEMETER, hfetrecorded MF spectra are averaged
over a large time interval, the transmitter locasicappear on a terrestrial map of wave
activity as hot spots which are a little bit shiffiequatorwards due to their propagation along a
magnetic field line [Fullekrug et al., 2009; Par@d18; Nagy et al., 2018].

MF man-made waves also appear in DEMETER MF spg@ms at very different
locations and the purpose of this paper is to syatieally study all bursts of man-made
waves which emerge from time to time in these Mécsppgrams. The DEMETER data are
briefly described in Section 2. Various events shewn in Section 3. Discussions and

conclusions are given in Sections 4 and 5, respagti

2. The data

DEMETER was in operation between 2004 and 2010 opolar and circular sun-
synchronous orbit with an altitude of 710 km (desed to 660 km in 2005). Among the
different experiments of the scientific payload rthavas an electric field experiment to
continuously measure onboard the satellite thetrédeteld spectrum up to 3.33 MHz with a
frequency resolution of 3.25 kHz and a time resoiubf 2.048 s [Berthelier et al., 2006].
The electron density was in situ measured by a amgprobe [Lebreton et al., 2006]. Due
to technical reasons data are only recorded atriantalatitudes less than 65° except for
specific campaigns in relation with HAARP or EISCAAIl data files and plots are organised
by half-orbits [Lagoutte et al., 2006]. In this gapthe up-going half-orbits corresponding to

night time (22:30 LT) are only used because thespheric electron density is too high
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during day time to observe MF waves coming fronobelA total of 28710 night time half-

orbits have been checked.

3. The observations

The top panel of Figure 1 shows the MF spectrogodnan electric field component
recorded on 24 September 2006 during 4 minutes.c@nesee a set of frequency lines over a
large frequency range between 0.6 and 1.6 MHz. iftensity of some frequency lines is
very important (0.3 p¥m?2.Hz?) as it is of the order of the wave intensity ie MLF range
(< 20 kHz). The spectrogram is recorded above Carzad the observed frequency lines
correspond to emissions from various transmittérdifferent frequencies because the MF
band has been shared between many different uBeesbottom panel of Figure 1 displays
the electron density which is lower at the timehef burst of the frequency lines. The density
decrease fits well with the apparition of the MFves The shape of the electron density
decrease (slow in the equatorward direction andpsinathe pole ward direction) is typical of
the phenomenon called mid latitude ionosphericghourhis ionospheric trough which is a
night-side event is well documented since a longetand, at both the F layer and the topside
ionosphere, it corresponds to the plasmapauseigos$see for example, Taylor and Walsh,
1972; Karpachev, 2003; Yizengaw and Moldwin, 20R6thkaehl et al., 2008; Grebowsky et
al., 2009; He et al., 2011; Chen et al., 2018; Hahgv et al., 2019].

Figure 2 is similar to Figure 1 but the data amorded on 'S August 2008 in a region
close to the equator. One can see that the ampanofithe MF waves also corresponds to a
decrease of the electron density. This electrorsitleis anomalously low at this location
because we are at the end of the non-typical sgtde 23 where the F10.7cm solar flux was

very low.
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A third event different from the two others is shom Figure 3. It was recorded on 8
November 2008, a day of moderate magnetic actwitih Dst = -17 nT and kp = 3.3. The
electron density in the bottom panel presents pdadapletions which are simultaneous with
the apparition of bursts of frequency lines in tibye panel.

A fourth example is shown in Figure 4 where theadat recorded on 15 December 2006
at the time of high magnetic activity (Dst = -156,kp = 7.7). This corresponds to a rare
half-orbit where we have at the beginning of thet @in event due to the magnetic activity
with a dramatic decrease of the density as in Eid@jrand at the end of the plot an event
related to an ionospheric trough as in Figure le @an notice that the two frequency bands
are different because the satellite is not abowe slime countries (close to Peru around

03.51.40 UT and above USA around 04.06.00 UT).

4. Discussions

All in all we have observed 1066 events relateth&trough (of which only 184 are in the
South hemisphere), 85 events related to an anos&@udensity, and 29 events related to a
high magnetic activity. The locations of all theseents are displayed in Figure 5 with
symbols of different colors. The events relatedhi trough (black symbol) are observed at
mid and high latitudes. They also correspond talmied areas where MF transmitters are
located but there are some unexplained gaps abosgestSouth Africa and the South America
which will be discussed later on. It is remarkatolesee that the events related to low density
(green symbol) are mainly located in the South WitaMagnetic Anomaly (SAMA). One
can also say that these events are recorded duimegr time in the South hemisphere which
contributes to the decrease of the electron detsitgther with low F10.7cm solar flux in the

decreasing part of the solar cycle 23. A seconadfgteen symbols is located in the Indian
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Ocean at the magnetic equator. The high magnetivtgcevents (red symbol) do not have
particular locations.

We cannot have all trough locations in our datald@cause we have a limitation in
latitude and we only record MF events close to loleal areas where man made waves can be
observed. But it is interesting to check the evolubf the detected troughs as function of the
time. This is done in Figure 6 where the L valuésthe trough positions in the North
hemisphere are shown as function of the years thasMcliwain parameter). Several points
can be underlined: i) there is a large variabibfythe trough positions, ii) the troughs are
mainly detected during winter time, and iii) thésea trend as the L values increases with the
time. This last variation is related to the decieg@gart of the solar cycle 23 because it is
known that the trough positions move to lower letés when the geomagnetic activity
increases [Rothkaehl et al., 2008; Chen et al.8R0is is well illustrated in Figure 4 where
the geographic latitude of the trough is around 36°

As it was noticed before, we only observe a vesy humber of events close to the
South Africa and the South America in Figure 5.sTisi due to the position of the trough in
the South hemisphere. It has been shown (see F3gof€hen et al., 2018) that the trough is
at latitudes much higher than the inhabited arédudies except for Australia and New
Zealand. Then even if there are emissions of MFeswan South Africa, Chile and Argentina
they cannot be observed because the locationesé ttmissions are too far from the trough
position. However we have a few events and the M#nelocated at lat = -67.6° and long =
270.7° is displayed in Figure 7 as example. Daienfa complete half-orbit are shown in this
Figure. One can see in the top panel the two MFssions observed in the South hemisphere
at ~ 05.17.00 UT and in the North hemisphere a5.5@30 UT. They both correspond to a
trough position indicated by the electron densitythe bottom panel. But the emissions

observed above the South Pacific Ocean are far fihen$outh American continent, and then,
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they cannot be attributed to MF transmitters lodate Chile or Argentina. As the trough
corresponds to the plasmapause at higher altittithes been shown by Blagoveshchensky et
al. [1997] that this plasmapause could be a wadegtor the MF waves. Therefore these
emissions observed above the South Pacific Oceast mome from the magnetically
conjugate region in the other hemisphere whicmi€anada (close to lat = 44.25°, long =
280.33°). In Figure 7, the other MF emission obsdnat ~ 05.50.30 UT in the North
hemisphere is also recorded above Canada. It catieed that they have a very similar
frequency band, and that, due to the propagatiemMF emission in the South hemisphere
have lower amplitude than the MF emission in thetiNbemisphere. Two other points must
be underlined concerning this event in Figure Ythe data are recorded during a period of
moderate magnetic activity (Dst = - 51 nT, kp =)6ahich means that the positions of the
trough are not usual, and (ii) to observe the Mikssion coming from above the satellite a
plasma depletion is additionally needed. Concertirggobservations just close to the New
Zealand in Figure 5 it also means that all thesntsvare certainly not due to transmitters
located in this country but a small part could &ated to emissions in the North hemisphere
because this area is magnetically conjugate tokalas

In Figures 1-4 and 7, the electron density is messat the altitude of the satellite but
we do not know the density below. It is possiblektain a rough value considering that (i)
the plasma frequency in kHz is equal to MNwhere theelectron density Nis in cm?®, and
(i) the MF waves cannot cross the ionosphereaeirtfrequencies are lower than the plasma
frequency. For example in Figure 1 the minimum diextcy observed in the spectrogram is of
the order of 0.6 MHz, and this means that the marinelectron density below the satellite is
~ 4.4 16 cnm®. This is higher than the minimum density obserae®60 km in the bottom
panel of Figure 1 as expected because in thisgfaite ionosphere the density decreases

when the altitude increases.
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5. Conclusions

For the first time an extensive study of the mardendF waves observed by a low
altitude satellite in the top of the ionosphere basn done. It is shown that these waves can
escape from the ionosphere at the locations whereskectron density is particularly low.
There are three possibilities:

- The largest number of events occurs when the gat@l close to the mid-latitude
ionospheric trough during winter time. At highetitakdes the trough corresponds to
the plasmapause which could be a waveguide for WE emissions
(Blagoveshchensky et al., 1997). Therefore, these wAves can propagate in the
opposite hemisphere as it is the case for the eshawn in Figure 7. Concerning their
possible influence in the magnetosphere, interactib man-made MF waves with
natural waves at large distances has been revegledshimoto et al. [2018].

- A second set of events is observed in the SAMA@ndd be related to the very low
solar flux at the end of the solar cycle 23.

- The third possibility happens during high magnetativity periods which produce

large and sharp plasma depletions in the ionospdensity.
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DEMETER Date ,,.,: 2006/09/24 Orbit: 11878 _1

ICE HF Spectrogram (onboard) E12
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Lat. 36.87 40.49 44.10 47.70 51.29
Long. 281.90 280.81 279.62 278.30 276.83
L 2.68 3.12 3.71 4.51 5.63

Figure 1: (top panel) MF spectrogram up to 2 MHbaard recorded on 24 September 2006
between 03:04:30 and 03:08:30 UT. The power sded#nasity is color-coded according to
the scale on the right. (bottom panel) Electronsttgnn situ recorded during the same period.
The parameters below the panels indicate the Usalemime, the Local Time, the

geographical latitude and longitude, and the Mcihwaarameter L.
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DEMETER Date ,,.,; 2008/08/03 Orbit: 21850 1

ICE HF Spectrogram (onboard) E12
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Figure 2: Same as Figure 1 but for data recorde@%August 2008 between 00:53:00 and

01:05:00 UT.
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DEMETER Date ,,.,: 2008/11/08 Orbit: 23277 1

ICE HF Spectrogram (onboard) E12
2.0x10%

1.5x10°% —|

1.0x10% —|

Frequency (Hz)
log(uV2.m™.Hz™)

5.0x10° —

ISL Electron density (Ne)

Ne(cm™)
=)

T T T T T T T T T T T

UTLT 03:44:00/22:12 03:45:30/22:09 03:47:00/22:06 03:48:30/22:03 03:50:00/21:59
Lat. -23.28 -17.83 -12.38 -6.93 -1.48
Long. 27712 275.87 274.67 273.50 272.35
L 1.18 1.15 1.13 1.12 1.14

Figure 3: Same as Figures 2 and 3 but for datardaedoon 8 November 2008 between

03:44:00 and 03:50:00 UT.
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DEMETER Date ,,,,: 2006/12/15 Orbit: 13083 _1

ICE HF Spectrogram (onboard) E12
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Figure 4: Same as Figures 1, 2 and 3 but for datarded on 15 December 2006 between
03:49:00 and 04:07:00 UT. The two white lines ie #pectrogram correspond to a lack of

data.
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Location of the events

Geocenlric latilude
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Figure 5 : Global map of the location of the eveiitse black signs + are related to positions
of the ionospheric trough. The green signs + cpord to ionospheric density decrease. The

red signs + are associated to periods of high niagaetivity.
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Variation of the trough location (North)
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Figure 6: L-values of the troughs where MF wavesaoserved as function of the time. Only

the events in the North hemisphere are considd@ieglred line is a linear fit of the data.
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DEMETER Date ., 2008/09/04 Orbit: 22323 1

ICE HF Spectrogram (onboard) E12
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Figure 7: Same as Figures 1-4 but for data recooted September 2008 between 05:15:30

and 05:51:57 UT. The two white lines in the spegitaon correspond to a lack of data.
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