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Key points:

E The NWC transmitter was not operating during ac#fjr time period, which
allows to directly its effects on the upper ionosygh

E Nightside ionospheric density and temperaturectdiations close to the
transmitter are significantly enhanced when itris 0

E Wave intensity is increased in a large frequerayge, lightning generated
whistlers contribute to the increase.
Abstract

NWC is an extremely powerful very low frequency @ 8Hz) transmitter located in the north-
west Australia. Although the transmitter typicatiperates continuously, it was off during the
second half of 2007. This allows for a direct congmn of an ionospheric situation at the
times when the transmitter is on with the times mvhbe transmitter is off. We use
electromagnetic wave and plasma measurements pedotby the Detection of Electro-
Magnetic Emissions Transmitted from Earthquake &egi(DEMETER) spacecraft at an
altitude of about 660 km. Given that the transmigignal is significantly attenuated in lower
ionospheric layers during the daytime and, moreotiez dayside ionosphere is controlled
primarily by the solar radiation, concealing poSsiltransmitter-related effects, we focus
exclusively on the nightside. We show that althotigh NWC transmitter signal does not
significantly change the mean plasma density anty afightly increases the electron
temperature, it causes significant perturbationsathi these quantities at distances up to about
200 km. The wave intensity is considerably enharinethe same spatial region close to the
transmitter in a large range of frequencies abdveuti14 kHz. Finally, clear signatures of
transmitter induced electron precipitation are deid to the east of the transmitter at
somewhat larger L-shells, consistent with a gyranasice condition.

1 Introduction
The NWC transmitter located at North West Cape,tralia §21.82° | ) operates at

19.8 kHz. With a transmission power of about 1 MMisithe most powerful transmission station in the
Southern hemisphere (note that as the transmitex military device, its exact transmission power
remains secret; it seems that during specific imbervals it did not reach the maximum levels alitjo

the transmitter was operating). Similarly to otlery low frequency (VLF) transmitters operating at
frequencies between about 10 and 30 kHz, it is bserhilitary for a long range communication with
submarines. The generated signals can propagatsidecaible distances in the waveguide formed
between the Earth’s surface and the bottom ofdhesphere with very little attenuation (Budden, )96
However, a part of the wave power escapes the wiadedo the near-Earth space plasma environment.
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Such signals get considerably attenuated when aimet through lower ionospheric layers (Cohenlet a
2012), but they ultimately make it to higher altiés. This can be readily experimentally demonsirbase
increased wave intensities at respective transnsitj@al frequencies measured by low-altitude spade
above the transmitter locations and close to thgnei@cally conjugate regions (Cohen & Inan, 2012; X
Zhang et al., 2017; Zhao et al., 2019) as welltdarger radial distances (Foster et al., 2016;e¥al.,
2017; Koronczay et al., 2018). The signal propagasippears to be primarily unducted (Z. Zhang et al
2018), in particular at lower L-shells (Clilverdadt, 2008). Although these two ways of propagatiead
not to result in significantly different spatial stlibutions of wave power, they result in strikingl
different wave normal angles along the propagapaths (Starks et al., 2020), which in turn afféw t
precipitation of energetic electrons induced byéhsignals (Rodger et al., 2010; Albert et al. @302

Effects stemming from the propagation of powerfllPvtransmitter signals in the near-Earth space
are expected to occur primarily on the nightsideeme the signal attenuation in the ionospherevigto
(Graf et al., 2013) and the resulting wave intéesipenetrating to the space are larger (Merediti. e
2019). The transmitter signal results in an ionesighheating and perturbations, both over a givef V
transmitter location and — at least in some casealse-in the magnetically conjugated region (Béll e
al., 2011). These can, in turn, cause an easi@tfation of VLF to medium frequency (MF, 300 kHz3o
MHz) waves through the ionosphere (Lefeuvre et2113), resulting in identifiable increases of leng
term average MF power spectral densities measwddvb altitude spacecraft close to the transmitter
locations (Parrot et al., 2009). The ionospheriating was further shown to affect subionospheric
propagation paths (Graf et al., 2011). Moreoveg, ithlated ionospheric perturbations may result in a
spectral broadening of VLF transmitter emissionga (¥t al., 2020) for sufficiently strong transmitte
signals (Mishin et al., 2010). If several transerit operate at not too distant locations, new eomiss
may be eventually formed by wave-wave interactidfisnec et al., 2017).

Another significant effect of VLF transmitter eniass, taking place in the equatorial region atdarg
radial distances, is the transmitter induced pitipn of radiation belt electrons (Sauvaud et 2008).
Drift-loss cone electron fluxes at energies ofwa feindred keV in a given range of L-shells werevaihno
to increase by 2-3 orders of magnitude due to M&CNransmitter operation (Gamble et al., 2008;tLi e
al., 2012). The precipitating energies as a functd L-shell can be described by a gyroresonant
condition (Cunningham et al., 2020) and the flugr@ases are detected primarily to the east of the
transmitter due to the electron azimuthal drift @hang et al., 2016). A theoretical analysis of
precipitation signatures produced by VLF transmitteeveals that the NWC transmitter induces the
strongest signature due to its optimal locationy loperating frequency, and high radiated power
(Kulkarni et al., 2008). Models of VLF transmitteffects on radiation belt electrons were eventually
developed, demonstrating the transmitter importatdeast in specific radial distances and eneagges
(Selesnick et al., 2013; Ma et al., 2017; Rosd.£2619).

In the present paper, we use the fact that the Nk&&Smitter was off for a considerable amount of
time in 2007. This allows us to directly experinaiyt evaluate its effects on the wave intensitgspha
density, electron temperature, and precipitatirmgtebn fluxes by comparing the values measuretieat t
times when the transmitter was operating with theken it was not. We further use the fact that the
NWC transmitter in spring 2010 was keying ratheanttoperating continuously, which allows us to
investigate related short term (on the order obsds) variations of the wave intensity. Data meadiny
the low-altitude Detection of Electromagnetic Ertdss Transmitted from Earthquake Regions
(DEMETER) spacecraft between 2006 and 2010 are fosdllis purpose. The spacecraft measurements
are described in section 2. The results obtainegsented in section 3 and they are discussszttion
4. Finally, the main results are briefly summariaedection 5.

2 Data

DEMETER was a low-altitude French spacecraft ofrggatetween 2004 and 2010 on a circular polar
orbit. The initial altitude of about 710 km was temsed to about 660 km in December, 2005. The orbit
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was Sun-synchronous, so that principally all mezrsents were performed in two distinct local times,
either close to 10:30 (hereinafter referred to @esy™) or close to 22:30 hours (hereinafter refen@as
“night”). The spacecraft measured continuously edrgagnetic latitudes lower than about 65 degrees. |
operated in two different modes, termed “Burst” a8drvey”. During the Burst mode, which was active
only during specific time intervals, data with highresolution were measured. In the frequency raifige
interest (up to 20 kHz), waveform of a single mdgnéParrot et al., 2006) and a single electric
(Berthelier, Godefroy, Leblanc, Malingre, et alQ0B) field component was measured with a sampling
frequency of 40 kHz and digitized with a 16 bitalesion. A low-pass filtering was applied befores th
data sampling. The frequency response of the fillas flat up to 17.4 kHz, with the slope at higher
frequencies of about -12 dB/octave. Not only the GlWansmitter signal at 19.8 kHz, but also strong
signals with frequencies higher than the Nyquisgfrency (20 kHz) can be thus detected due to radjasi
Due to a significant number of interferences in tfegnetic field data, only the electric field data
used in the present study. The dynamic range oklgetric field instrument is 85 dB. In the Survey
mode, the available data consist of onboard cakdlérequency-time spectrogram of power spectral
density of electric field fluctuations with a freepcy resolution of about 19.53 Hz (1024 frequeriog b
between 0 and 20 kHz) and a time resolution of aBau In the Burst mode, the measured electrid fie
waveform is available, allowing for variable frequeg and time resolutions based on a used spectral
analysis method. Langmuir probe on board the #atgitovided measurements of plasma number density
and electron temperature with a 1 s resolutiorsjpeetive of the satellite mode (Lebreton et alQ6)0
Energetic electron fluxes close to the loss coneeweeasured in 128 (256) energy channels between
about 70 keV and 2.3 MeV with a time resolutiomdf (1 s) in the Survey (Burst) mode (Sauvaud.et al
2006).

3 Results

Figure 1. Average power spectral density of electric fidldcfuations at a frequency of 19.8 kHz
around the NWC transmitter location is color codedording to the color scale on the right-hand.side
The nighttime data obtained during the entire domadf the DEMETER mission are used. The distances
are calculated between the spacecraft locationtfemdransmitter location projected along the magnet
field line to the spacecraft altitude (660 km). Thedd-aligned projection of the transmitter locatiis
shown by the black square symbol in the middle. ¥ésical projection of the transmitter location is
shown by the black cross toward the south.

Average power spectral density of electric fielacfuations at frequencies around 19.8 kHz close the
NWC transmitter location is color coded in Figuradcording to the color scale on the right-hane.sid
The Survey mode nighttime data obtained duringetitee DEMETER mission are used to construct the
plot. The power spectral densities are averaged three frequency bins (about 60 Hz) around the
transmitter signal frequency and the spatial rasmius 25 km both in geographic east-west (abagiss
and north-south (ordinate) directions. The distarare calculated between the spacecraft locatidriren
transmitter location projected along the magneigtdfline to the spacecraft altitude (660 km). The
intensity peak related to the transmitter operaisodearly visible. It is well centered around tinéddle
of the plot marked by the black square, correspando a field-aligned signal propagation in the
ionosphere. Should the signal propagate vertiagtlyfrom the transmitter location, the intensity lpea
would be expected to occur around the black crosatéd about 400 km (i.e., about 3.6 latitudinal
degrees) southward. The apparent stripes in thecpioespond to individual spacecraft orbits (whéeh,
during the nighttime, oriented from south-east totmwest). Finally, a hint of the signal interfece
pattern due to its propagation in the Earth-ionesplwaveguide can be seen in the bottom part of the
plot.

Figure 2. Power spectral density of electric field fluctoas at a frequency of 19.8 kHz as a function
of the distance between the spacecraft and thelfred projection of the transmitter. The red vaatiline
marks the limit of 200 km used in the further asaly
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Figure 2 shows the measured average power spdetnaity as a function of the distance between the
spacecraft location and the transmitter locationjgmted along the ambient magnetic field to the
spacecraft altitude (660 km). A power spectral dgrseak at the lowest distances, with the intgnsit
gradually decreasing with increasing distance, lsarty seen. Looking at Figure 1, the slight
displacement of the peak power from zero distarse e attributed to the aforementioned stripes of
individual orbits and a randomness stemming from éonount of data acquired at the lowest distances.
However, selecting spacecraft locations with figlidmed projections within 200 km from the tranganit
(marked by the red vertical line) allows for a cenient selection of locations where the detected
transmitter wave power is the most significant. Wéte that although the exact choice of this distanc
threshold is clearly somewhat arbitrary, it hasyaninor effects on the results presented belowigure
3. We adopt a value which corresponds to the dpati@nt of most significant ionospheric changes
related to the transmitter operation demonstragedihafter.

Figure 3. (a) Time dependence of power spectral densityestic field fluctuations at a frequency of
19.8 kHz at distances within 200 km from the traitien The horizontal lines at the top mark thedim
intervals (July-December) considered in the furthralysis. The transmitter was on during the fouet
intervals marked by red and it was off during tirgke time interval marked by blue. Power spectral
density of electric field fluctuations at a frequgnof 19.8 kHz at distances within 200 km from the
transmitter as a function of in-situ measured etectensity. Only the data measured during the tiow
intervals marked by the red bars in panel (a) weesl. The red line corresponds to the best powefitla

Power spectral density of electric field fluctuasoat the transmitter signal frequency measured at
distances within 200 km from the transmitter islgzed in Figure 3a as a function of time. Each data
point plotted represents a single power spectnasitie measured close to the transmitter. It casden
that while the measured power spectral densitigharproximity of the transmitter are most of timaet
rather high, there are three distinct time inteswalhen the measured power spectral densities aabdayt
six orders of magnitude lower. These are the timtervals when the NWC transmitter is off and only
normal transmitter non-related background electgratic waves are detected (the first and the second
interval) or the transmitter is not operating coatiusly, but it is rather keying (the third inteljvan the
following analysis, we aim to compare the ionosjghsituation at the times when the transmitterns o
and at the times when it is off. Considering pdss#ieasonal dependence of the situation, it isal@sito
compare the measurements performed during sameatteof the year. Moreover, the somewhat higher
DEMETER spacecraft altitude during the beginnindh&f mission might also affect the wave intensities
and plasma parameters measured. We thus limitrthlysas only to data measured in years 2006—2010.
Moreover, considering that the longest transmiftéperiod occurred in July—-December 2007 (begignin
slightly sooner and ending a bit later), we furthee the data measured in July—-December durinfiviine
respective years, corresponding to the time intemearked by horizontal color lines in Figure 3&eT
NWC transmitter was on in July—-December 2006, 2Q089, and 2010 (red color lines), while it was off
in July—December 2007 (blue color line).

Having identified the time intervals when the NWGQGswvoperating, we further investigate the
transmitter signal intensitﬂ) as a function of the in-situ measured electromsidy @) in Figure 3b.

Only the data measured within 200 km from the traitisr field line projection to the spacecraft taitie
during the four time intervals when the transmittexs operating and are used. It can be seen that th
measured power spectral densities are generallyerloat the times of higher electron densities

(Spearman’s rank correlation coefficient a). The red line corresponds to the best power law

fit, :

Figure 4. Example data measured in the vicinity of the NWahs$mitter on 21 October 2006 at the
time when it was continuously operating. (a) Fremyetime spectrogram of power spectral density of
electric field fluctuations measured in the Surwagde. (b) Frequency-time spectrogram of power
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spectral density of electric field fluctuations reaged in the Burst mode. (c) Time dependence cimda
density. (d) Time dependence of electron tempezafi@) Distance of the satellite from the transmitt
field line projection. (f) Zoomed Burst mode frequg-time spectrogram of power spectral density of
electric field fluctuations measured in the trartgenivery vicinity.

An example of variations of electromagnetic wavensity, plasma density, and electron temperature
measured in the vicinity of the transmitter duritg operation is shown in Figure 4. The data were
measured on 21 October 2006 between about 14:%18514:59:07 UT. The Burst mode was active
during this specific time interval, allowing forghrevaluation of wave power spectral density withigin
time resolution. Frequency-time spectrograms of grogpectral density of electric field fluctuations
obtained using the Survey mode data and using thist Bnode data are plotted in Figures 4a and 4b,

respectively. The frequency resolution used inBbest mode plot i 78.125 Wz and the time resotutio

is §0.0128 § . The frequency range between 10 andH20is plotted, with the NWC transmitter signal

(19.8 kHz) corresponding to the intense horizorita¢ identifiable at the very top. Additionally,
significantly increased wave intensities spanningh( decreasing intensities) as low as about 12 &idz
seen in the large portion of the plots around thddha of the plotted time interval, correspondingthe
closest proximity to the transmitter. These app®arto be continuous in time, but rather formed by
distinct short-lasting waves spanning over a lasgge of frequencies, suggestive of a possibléioalto
lightning generated whistlers. Moreover, this appéardiscreteness provides a supporting piece of
evidence that the observed signals are indeedarehhot an instrumental artifact due to the extigme
large NWC signal intensity detected. Finally, wetendhat although the frequency resolution of
DEMETER measurements above 20 kHz is as low asb3R&, it allows to identify increased wave
intensities in this time interval up to about 25zkfdot shown).

Plasma density and electron temperature plottdeigares 4c and 4d exhibit significant fluctuations
during this specific time interval, albeit their amevalues remain quite unchanged. Figure 4e shows a
time dependence of the distance between the sataltid the field line projection of the transmitter
location to the spacecraft altitude, demonstratimgt the observed variations of wave intensity and
plasma parameters occur at the times of the clapgsbach to the transmitter. Finally, Figure 46wh a
zoomed view of Figure 4b around the time of thesesd approach. The frequency resolution of theiplot

156.25 Hf and the time resolutio 2 s . dpywarent discrete structure of the emissionslis sti

observable, but the emissions themselves do not seeonsist of distinct lightning generated wiissl
Note that the local lower hybrid frequency evaldaising the measured plasma composition (Berthelier
Godefroy, Leblanc, Seran, et al., 2006; Vavilowalet 2013) for this particular event is about 9 kHe.,
below the plotted frequency range.

Figure 5. Frequency-distance plots of average power sped#asity of electric field fluctuations
close to the transmitter. (a) Time interval whea BAWWC transmitter was off. (b) Time intervals whba
NWC transmitter was on.

Having demonstrated wave intensity and plasma tianig close to the transmitter location in a single
example event, we aim to investigate these in aemsgstematic way in Figures 5, 6, and 7. Figure 5
shows frequency-distance plots of average powestigpalensities of electric field fluctuations aboto
the transmitter. Figure 5a is obtained using thev&umode data measured during July—-December 2007,
when the transmitter was off. Figure 5b is obtainsthg the Survey mode data measured during July-
December 2006, 2008, 2009, and 2010, when themittas was on. A striking difference between the
two plots can be immediately seen. Not only therise and spectrally broadened NWC transmitter kigna
at the top part of the plot is seen in Figure Slb@spared to Figure 5a, but also the wave intassiti a
broad range of frequencies above about 14 kHz #tdntes up to about 200 km from the transmitter
location are significantly larger. The average lowwgbrid frequency in the transmitter vicinity calated
over the analyzed periods is about 11 kHz, i.e.jtkensity increase is observed at frequencieseatie
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lower hybrid. Note that the large average powecspkdensity in the lowest distance bin in 200ig (e

5a) is due to a lack of data, as there are onlyghart time intervals when DEMETER approached so
close to the transmitter in 2007) and intense figig generated whistlers which occurred at those
particular times. Also note that intense horizotiteds observable in Figure 5 at frequencies awamf
19.8 kHz are due to the operation of other VLFgmaitters than NWC.

Figure 6. Plasma density variations as a function of théade from the transmitter (abscissa) and
year (ordinate) are color coded according to theraxale on the right-hand side. Only the datasuesd
between July and December are used. (a) Mean pldsnsity. (b) Standard deviation of plasma density.

Plasma densities measured by DEMETER close to W€ Nransmitter are analyzed in Figure 6 as a
function of the distance between the spacecraftlamtransmitter field line projection (abscissaj gear
(ordinate). Only the data measured between Julybstgmber are used to construct the figure. Fi§are
shows average plasma density values color codemtding to the color scale on the right-hand sidle. |

can be seen that these typically range betweert §balix 10 cmi J andff 1.8 x 1bcni . The densities

apparently tend to increase toward larger distafroes the transmitter. This can be understood zewsi

that while the low distance bins are based striottythe data measured close to the transmitter, the
densities at high distance bins are based on ainatitn of data measured toward the north and tdwar
south. Considering that the plasma density inceenea-linearly toward lower latitudes (He et aD1Q),

this may eventually result in the observed incredsgensities at higher distance bins. A strikiegttire
observed in Figure 6a are the lower densities @bdein July—-December 2008 (and to some extent also
in July-December 2009). This can be, however, yikelated to the solar minimum occurring that time.
All in all, although the observed distance and yteayear variability of plasma densities is quite
significant, there appears to be no significantngeaof densities observed in 2007, which might be
related to the non-operation of the NWC transmitter

The situation changes considerably in Figure 6biclwvldeals with standard deviations of plasma
densities in individual bins rather than with thairerage values. Note that the standard deviatiogist
be expected to increase toward higher distancesga#), the data measured to the north and tootlné s
of the transmitter are combined in there. On theiohand, the standard deviations at low distamnte b
are calculated from the data measured over ratiwt ime intervals, and they are thus expecteldeto
lower. This is roughly the case for the year 200Fen the NWC transmitter was off. However, at other
years, the situation is strikingly different. Thiaredard deviations of the plasma density are gépera
higher and, moreover, they seem to exhibit a lozakimum at distances within about 200 km from the
transmitter. Although the number of data at the/\®@ose distance bins is necessarily low (and theee
no data at all in the lowest distance bin in 20@Bg analysis performed independently for each year
provides us with a rough estimate of the overailality. Given this, it can be clearly seen thia¢ year
2007 stands out considerably, with the standardatiems of plasma densities being about 2—-3 times
lower than during other years at distances up taP00 km from the transmitter location.

Figure 7. Electron temperature variations as a functiorhefdistance from the transmitter (abscissa)
and year (ordinate) are color coded according éodblor scale on the right-hand side. Only the data
measured between July and December are used. @) &llectron temperature. (b) Standard deviation of
electron temperature.

Figure 7 uses the same format as Figure 6 to andhe variations of electron temperature measured
by DEMETER. The arguments about the mean temperatnd its standard deviation variability with
distance and year are mostly the same as in tieeafgdasma number density. Looking at Figure T, 0
can identify somewhat lower electron temperatureguly-December 2009. Although these are again
possibly attributable to the solar minimum, it rensaunclear why the temperatures are not so much
decreased also in July-December 2008, in line thithdensity decrease from Figure 6a. Another featur
identifiable in Figure 7a is a trend of the tempara to decrease with increasing distance from the
transmitter, possibly attributable to a non-lindatitudinal dependence of the temperature (He ¢t al
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2010) and the aforementioned north-south averagogever, the most striking feature in Figure 7a ar
the low electron temperatures measured in July-bbee 2007, i.e., during the period when the NWC
transmitter was off.

We note that the statistical results presentedgarEs 5, 6, and 7 are well consistent with thexgle
shown in Figure 4. Specifically, although the agergplasma density is basically unaffected and the
average electron temperature only slightly increadee to the transmitter operation, their standard
deviations (i.e., the fluctuation levels) increasgnificantly. Moreover, the wave intensity in aochd
frequency range is significantly increased ovelidadly the same region, i.e., within some 200 konir
the transmitter.

Figure 8: Measured fluxes of precipitating elecsrane color coded according to the color scaléen t
right-hand side. Only the data between July andeBer are used. (a)—(c) Precipitating electroneffux
at energies of about 100 keV, 200 keV, and 250 keSpectively, measured during the year 2007 when
the NWC transmitter was off. (d)—(f) Precipitatietectron fluxes at energies of about 100 keV, 200
keV, and 250 keV, respectively, measured duringytrers 2006, 2008, 2009, and 2010 when then the
NWC transmitter was on. The nearly horizontal ddslcerves mark the field line projections of
equatorial locations where a gyroresonant intevacbietween the transmitter signal and electrona of
given energy is expected to occur.

Having demonstrated the transmitter effects onefleetromagnetic wave intensity and cold plasma
properties, we finally focus on the transmittereeté on the energetic electron precipitation. Glerang
that the transmitter induced electron precipitai®mexpected not to be centered around the tratesmit
but rather shifted to the east due to the eastwaiftl of energetic electrons trapped in the Earth’s
magnetic field, we use the representation as aiftmof the east/west and north/south distance fitoan
transmitter rather than the total distance. Thelteobtained are shown in Figure 8. Figures 8aec a
obtained for July-December 2007 when the NWC trattemwas off. The individual panels correspond
to different electron energies, increasing leftigihit (100 keV, 200 keV, and 250 keV, respectivelhe
nearly horizontal dashed curves mark the field ljpmjections of equatorial locations where a
gyroresonant interaction between the transmittgnadiand electrons of a given energy is expected to
occur. These are calculated using a plasmasphenisityd model by Denton et al. (2004), assuming that
the relevant wave-particle interactions take piadhe equatorial plane, the transmitter signappgates
along the ambient magnetic field and the precipitaglectrons are originally on the edge of the tus®e.

No significant pattern can be seen, except of teeipitating electron fluxes gradually increasiogard

the south of the transmitter, i.e., toward largexomgagnetic latitudes (L-shells). Moreover, the
precipitating fluxes at higher energies are cleddyer than the fluxes at lower frequencies,
corresponding to the electron distribution functgenerally decreasing with increasing energy. Fgur
8d-f are obtained for July-December of 2006, 2&I®K9, and 2010, when the NWC transmitter was on.
Apart from the gradual flux increase toward soldinger L-shells), a new striking feature emergasiso
east of the transmitter, corresponding to the trattsr induced electron precipitation. The fluxnease is
the largest at lowest analyzed electron energied,itatbecomes weaker at higher energies, along with
lower background energetic electron fluxes at highveergies. Moreover, it is noticeable that thedoai
increased precipitating electron fluxes moves $lygmorthward (i.e., toward lower L-shells) with
increasing energy. This can be well understoo@iims of a gyroresonance condition, as is demoasirat
by the agreement with the nearly horizontal dashedes.

Figure 9. Example data measured in the vicinity of the NWsmitter on 14 May 2010 at the time
when it was keying. (a) Frequency-time spectrograimpower spectral density of electric field
fluctuations measured in the Burst mode. (b) Timpethdence of plasma density. (c) Time dependence of
electron temperature. (d) Distance of the satdlidm the transmitter field line projection.

In spring 2010, the NWC transmitter was not opatatontinuously, but it was rather keying, i.e.,
short intense regularly repeated signal pulses warsmitted. This mode is of a particular interastit
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allows to evaluate how the wave intensity and plgarameters changes at the time of the pulses as
compared to the surrounding time intervals on thcedes of seconds. An example of the DEMETER data
obtained close to the transmitter during such @gds shown in Figure 9. The format of the figise
similar to the format of Figure 4. Figure 9a shawhigh-resolution frequency-time spectrogram of the
power spectral density of electric field fluctuatiobased on the Burst mode data. The frequenctiraad

resolution is the same as in Figure 4b, andf 0.0128s , respectively. The times of the

NWC transmitter pulses can be readily seen at ihleebt frequencies of the plot, following a regular
temporal pattern. Moreover, particularly in the di@part of the plot when the spacecraft was véogec

to the transmitter field line projection, the wamgensities at the times of the pulses are enhaoceda
large frequency range, being noticeable at fregesnas low as about 10 kHz. Additionally, a
comparatively weaker intensity increase continuatugme is observable during the same time inteatal
frequencies between about 16 and 18 kHz. Electemsity and temperature measurements shown in
Figures 9a and 9b reveal a noticeable density dseretemperature increase, and considerable
fluctuations during this time interval. Althoughetimost striking intensity increases are thus $frict
related to the transmitter operation, ceasing bdgiqust after the transmitter pulses, considerakave
intensities still persist in between the pulseserothe entire region where the plasma properties ar
affected by the transmitter operation. The timeethelence of the spacecraft distance from the tratemi
field line projection in Figure 9d confirms thaighnterval indeed corresponds to the closest aubroo

the transmitter.

4 Discussion

NWC is among the most powerful VLF transmitters Maide, affecting ultimately the ionosphere
around its location. Moreover, its occasional toffirepresents a unique possibility to experimedntal
evaluate its effects by comparing the situatiorirduthe times when it was operating with the sitwrat
when it was not. DEMETER spacecraft is optimalljtesdi for such an analysis, as it provides long-term
continuous measurements of the space environméoivadltitudes and is equipped by a comprehensive
set of instruments to analyze not only the waverigity, but also the plasma density and electron
temperature, as well as precipitating energeticteda fluxes. Moreover, given its nearly Sun-
synchronous orbit, the analysis is principally dGeetied by intrinsic diurnal variations. Considerithgt
the daytime ionosphere is primarily controlled e tsolar radiation which introduces a significant
transmitter unrelated variability and, moreovemsidering that during the daytime the VLF transenitt
signal gets significantly attenuated in the lowendspheric layers inaccessible to DEMETER
measurements (Cohen et al., 2012), we limit théopaed analysis to the nightside.

Even on the nightside, the ionospheric propertiesta a significant degree controlled by the solar
activity, exhibiting both a seasonal dependencelanger term variations attributable to the solgle.
In order to eliminate the seasonal dependence, sgethe fact that DEMETER measurements were
basically continuous and regularly sampling th@gnaitter proximity, i.e., using averages over thme
periods of the year should effectively suppressipies seasonal dependences. The same is mostly true
for specific solar events. Although these may gagaiisturb the nightside ionosphere for short pesi
of time, the used averages over (at least) haifaa ghould effectively average these out. Supprgsbie
solar cycle dependence is more complicated, angnveipally did not make any attempt to do so.
Instead, we opt to analyze the plasma density swren temperature separately for individual years
which provides us with an estimate of the yeargaryvariability. This is — at least in some cases —
clearly much lower than the variations relatechi NWC transmitter operation.

Average plasma number density measured at the DEEREATtitude (about 660 km) in the transmitter
vicinity is principally unaffected by the transneittoperation, being controlled rather by the solarle
and other transmitter unrelated variations. Howgtrer detected transmitter signal intensity is galhe
lower at the times of larger in-situ measured pksmmber densities. Average electron temperature
seems to be slightly lower in 2007, when the trattemwas off, than during the other years. However
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the most striking effect of the transmitter opematiare the inhomogeneities of the two parameters
expressed by their standard deviations calculatent 85 km distance bins. These were significantly
lower in 2007, when the transmitter was off, thaniry any of the remaining years. Moreover, thedff

is found to be well localized around the transmitte distances within about 200 km. This resulinis
agreement with a case study by Parrot et al. (200gesting that the significant transmitter power
escaping to the space above the transmitter indanespheric variations at that given location. €ia
single point nature of the available measuremdniss not possible to experimentally distinguishettrer
these variations are temporal or whether they aiteer formed by short-scale localized structuress, |
however, noteworthy that they are not localizedtivally above the transmitter but rather around the
respective field line projection to the satellifétades. This can be explained by the transmisignal
propagation in the ionosphere principally along d@ingbient magnetic field rather than vertically (Enh

& Inan, 2012).

The wave intensity in the transmitter vicinity isaessarily increased at the transmitter frequebh@y8(
kHz). However, the wave intensity increase exteddan to much lower frequencies, being clearly
observable at frequencies as low as about 14 ks Gan be explained by the transmitter signal
broadening due to the scattering at induced iorergplrregularities (Bell et al., 2008; Galinsky at,
2011) once a critical threshold NWC signal ampktus reached (Xia et al., 2020). However, given the
apparently discrete nature of the emissions irrélspective range of frequencies identifiable inBloest
mode data, it appears that lightning generatedtighssscattered on these irregularities might fbgsi
also contribute to the observed emissions (Bakat.e2000). The events when the NWC transmittes wa
keying rather than operating continuously can gtevinore insight into this phenomenon. At the timies
the NWC transmitter pulses the situation is priatlipthe same as at the times of the transmitter
continuous operation. However, the plasma irregidarinduced by its operation do not disappeagraft
the transmitter pulse, and the plasma environmeiilé transmitter vicinity thus remains favorabbe f
the wave scattering even during the short timeniats between the transmitter pulses. Consequehdy,
wave intensity is found to be increased not onlyirduthe transmitter pulses themselves, but also —
albeit considerably less — in between them. Duthese times, however, the wave intensity incresise i
not attributable to the transmitter spectral brodulg but rather to the scattering of lightning gexted
whistlers.

5 Conclusions

The turn off of the NWC transmitter in July-Decemi#907 allows for a direct evaluation of its
effects on wave and plasma parameters measurdebgw-altitude DEMETER spacecraft in the upper
ionosphere. We compare the wave intensity, plasengity, and electron temperature measured in July—
December 2007 when the transmitter was off witls¢hmeasured during the same months of other years
(2006, 2008, 2009, and 2010), when the transmittex on. It turns out that the observed effectsnate
centered around the transmitter location, but #reyrather shifted northward, corresponding touinty
field-aligned transmitter signal propagation in ti@nosphere. Average plasma density is nearly
unaffected by the transmitter operation and aveedggdron temperature increases only slightly eesalt
of the transmitter operation within about 200 kmonfrthe transmitter field line projection. On théeat
hand, significant perturbations of both the plasieasity and electron temperature are observedeat th
times of the transmitter operation. The measuregkvirgensity in this spatial region is increaset ordy
at frequencies corresponding to the transmitteradigself, but principally in the entire frequennge
above about 14 kHz. Based on the burst-like straduentifiable in the high resolution wave data w
suggest that this intensity increase might be pbssit least partly related to lightning generated
emissions scattered at the transmitter inducedrnadsregularities. This is further supported by thet
that, during the transmitter keying, the wave istgnis increased (albeit significantly less) also
between the transmitter pulses, principally oves #mtire spatial region where significant plasma
perturbations are observed. Finally, we demonsttatethe transmitter induced electron precipitai®
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easily discernible to the south-east of the trattemicorresponding to the eastward azimuthal difift
electrons trapped in the Earth’s magnetic field #rgdcyclotron resonance condition.
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