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Abstract In this study, we use about 6.5 years of observation of Detection of Electromagnetic Emissions
Transmitted from Earthquake Regions (DEMETER) satellite to study the spectral broadening of NWC
ground transmitter signals and examine key parameters that control the width and intensity of the
broadening power. First, we analyze a typical spectral broadening event, with enhanced wave intensity
between lower hybrid resonance frequency and NWC signal frequency (19.8 kHz). The width and intensity
of broadening power are positively proportional to the NWCwave amplitude. A following statistical analysis
reveals a similar dependence on the NWC wave amplitude. The statistical analysis also indicates a
significantly negative correlation of broadening spectral intensity and width with the background plasma
density. The observations are consistent with existing theories predicting that lower plasma density drives a
lower threshold for spectral broadening.

1. Introduction

Very low frequency (VLF) waves emitted by ground‐based transmitters can penetrate through the iono-
sphere into the plasmasphere and cause ionospheric perturbations, particle precipitation, and heating
(Bell et al., 2011; Gamble et al., 2008; Graf et al., 2009; Inan et al., 2007; Li et al., 2012; Marshall et al.,
2010; Parrot et al., 2007, 2009; Sauvaud et al., 2008). Energetic electrons can interact with VLF waves
through the cyclotron resonance and lower hybrid parametric instabilities which may be produced by
VLF transmitters (Riggin & Kelley, 1982). Parrot et al. (2007) reported an event which observed plasma per-
turbations caused by VLF emissions from the NWC transmitter. The NWC transmitter, located in Australia,
operates with a frequency of 19.8 kHz and has very strong emission power (1,000 kW), which can cause sig-
nificant perturbations of electron density and temperature, as well as heating of ions in the ionosphere.
Accompanied with these ionospheric perturbations, broadband electrostatic emissions from lower hybrid
frequency ( flhr) to 19.8 kHz (VLF band) and from upper hybrid frequency ( fuhr) to about 2.5 MHz (medium
frequency [MF] band) were also observed. It has been suggested that the enhanced MF band electrostatic
waves are caused by the lightning‐generated whistler waves that penetrate through the ionosphere due to
the electron density perturbations caused by the VLF transmitter (Parrot et al., 2009). Mishin et al. (2010)
investigated potential plasma instabilities leading to the broadband VLF emissions and concluded that the
energy loss of the VLF signals and the excitation of broadband VLF emissions are caused by nonlinear inter-
actions based on the event of Parrot et al. (2007). Later, Galinsky et al. (2011) used a 3‐D numerical model to
simulate the nonlinear interactions of lower hybrid waves and reproduced the broadband lower hybrid elec-
trostatic emissions that were observed by the Detection of Electromagnetic Emissions Transmitted from
Earthquake Regions (DEMETER) satellite in Parrot et al. (2007). It should be noted that, besides the
NWC transmitter signal, lightning‐generated whistlers can also generate lower‐hybrid turbulence, which
can be observed in middle and low latitude regions (Berthelier et al., 2008).

In this study, we use about 6 years of observations of DEMETER satellite to analyze the spectral broadening
phenomenon of the NWC VLF transmitter emission in the ionosphere. Different payloads on DEMETER
provide the measurements of the wave power spectra in both VLF and high frequency (HF) bands as well
as the variations of plasma density and temperature, which are suitable for this study. We aim at determin-
ing where the spectral broadening occurs. Moreover, we also check the dependence of the intensity and fre-
quency width of the broadband emission on background parameters including the intensity of the NWC
transmitter, the background magnetic field, plasma density, and electron temperature. In section 2, we give
a brief introduction of the DEMETER satellite and its instruments. In section 3, the statistical results of the
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spectral broadening are shown. Finally, we provide the background parameter dependence analysis of the
spectral broadening in section 4.

2. Spacecraft and Instruments

DEMETER is a French satellite with a low‐altitude nearly Sun‐synchronous circular orbit (∼10:30 and
∼22:30 LT). It was operated over a ∼6.5‐year period from June 2004 to December 2010. The altitude of the
spacecraft was initially 710 km before December 2005 and then decreased to 660 km (Parrot et al., 2006).
The Instrument Champ Electrique (ICE) (Berthelier et al., 2006b) onboard consists of four sensors, which
are spherical aluminum electrodes with a 60‐mm diameter and deployed by stacer booms at approximately
4 m from the satellite. It can provide measurements of the electric field in the frequency range from DC/ULF
band (0–15 Hz) up to HF band (10 kHz to 3.175 MHz). The Instrument Magnetic Search Coil (IMSC) (Parrot
et al., 2006) can provide the measurement of the magnetic field from a few Hz to 20 kHz. The Instrument
Sonde de Langmuir (ISL) is a Langmuir probe that can measure the density and temperature of electrons
(Lebreton et al., 2006). The Instrument Analyseur de Plasma (IAP) is a two‐analyzer spectrometer that mea-
sures the ion density, composition, temperature, and flow velocity (Berthelier et al., 2006a). The background
magnetic field data are calculated from the International Geomagnetic Reference Field (IGRF) model.

3. Observations of Spectral Broadening

Figure 1 shows an event of NWC transmitter signal spectral broadening observed by the DEMETER satellite
on 2 June 2006 at nightside (with magnetic local time [MLT] around 22.3), which shows similar features as
those in the event reported by Parrot et al. (2007). This event lasts about 4 min from ∼14:50:30 UT to
∼14:54:30 UT, during which the DEMETER was flying over the NWC ground transmitter. Figures 1a–1e
show the electric wave power spectra density (P) of HF and VLF frequency bands, the electron density,
the electron temperature, and the ion temperature, respectively. One can see enhanced emissions of broad-
band spectra in both HF and VLF frequency bands during this time interval. The enhanced HF band emis-
sion is confined above the upper hybrid frequency ( fUHR) while the enhanced VLF band emission is
confined between the lower hybrid frequency ( fLHR) and the NWC transmitter signal frequency
(19.8 kHz). Coincident with the enhanced emissions, there are pronounced disturbances in the electron den-
sity and temperature (Figures 1c–1d) and elevated ion temperature (Figure 1e). It should be noted that NWC
transmitter signals that are also detected beyond the 3‐min period of the spectral broadening event do not
present the spectral broadening signatures. We replot the VLF power spectral density (Figure 1b) sorted
by NWC transmitter wave electric field amplitude (ANWC) in Figure 1f. ANWC is calculated byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑f i

Pðf iÞΔf
q

, where 21 frequency channels fi in the range from 19.609 to 20 kHz are used, P(fi) is the wave

power spectral density at the frequency channel fi, and Δf is the frequency channel width (∼19.53 Hz) of the
observed VLF spectra. One can see that only a certain subset of NWC transmitter signals of sufficient ampli-
tude (about a critical value of 103.4μV/m) is capable of triggering the broadening spectra in the VLF band.
For those signals of sufficient amplitudes, both the intensity and frequency width of the broadband VLF
emission increase as ANWC increases.

To reveal the statistical characteristics of NWC transmitter spectral broadening occurrence, we make use
of about 6 years (the mission time of DEMETER is about 6.5 years, but we exclude the period from June
2007 to Jan 2008 since the NWC transmitter was turned off in this period) of wave and plasma observa-
tions from the DEMETER satellite, with an emphasis at nightside (since NWC signals at dayside are
much weaker (Zhang et al., 2018) and thus less likely to cause spectral broadening). Figures 2a and 2b
show the spatial distribution (in geomagnetic latitude and longitude) of the geometric mean electric wave
intensity measured by DEMETER satellite at nightside for two selected frequency channels, 19.805 kHz
(which is the closest frequency to the NWC signal frequency) and 15 kHz, respectively. The widths for
geomagnetic longitude and latitude bins are both 1°. From the 19.805 kHz map (Figure 2a), one can
see two broad regions (of longitudinal and latitudinal widths over 15°) with strongly enhanced emissions
from the NWC transmitter, one centered around the NWC transmitter in the southern hemisphere and
the other one near its conjugate point in the northern hemisphere. The peaks of these two strong emis-
sion regions are marked by the two magenta open circles. For the map of 15 kHz (Figure 2b), there is
considerable wave spectral power density above the background emission near the corresponding peaks
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Figure 1. Overview of the spectral broadening event. (a) The electric wave power spectra in the HF band; (b) the electric wave power spectra in the VLF band;
(c) the variation of electron density; (d) the variation of electron temperature; (e) the variation of ion temperature; (f) the VLF power spectra as a function of the
amplitude of NWC signal. The white solid line in panel (b) denotes the lower hybrid resonance frequency.
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at 19.8 kHz (marked by the two open magenta circles), although much weaker than that at the frequency
channel of 19.8 kHz. Figure 2c shows the comparison of broadened spectra at the southern hemisphere
peak and four other location bins nearby (marked by the four open black circles in Figures 2a and 2b),
corresponding to locations 4° southward, northward, westward, and eastward of the peak point. In

Figure 2. The mean electric field intensity spatial distribution in geomagnetic longitude (x‐axis) and latitude (y‐axis) at nightside for (a) 19.805 kHz and (b)
15 kHz. The magenta open circles mark the location of maximum NWC signal wave intensity in the southern and northern hemispheres. (c) The electric
wave intensity variation versus wave frequency at five selected locations: the center point with the maximum wave power over the NWC transmitter (the magenta
circles in the southern hemisphere in panels (a) and (b)) and the other four location bins 4° east, west, south, and north from the center point. The black dashed
line represents the spectrum at a location significantly far from (60° west of) the central point.
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Figure 2c, the values of the geometric mean of the electric wave power spectral density are normalized by
the value at the frequency channel of 19.8 kHz (NWC signal frequency) to highlight the variation of the
frequency range of the broadened spectra. Among the five power spectral curves, there are common peaks
at the NWC transmitter operation frequency (19.8 kHz), which sharply fall off till the upper frequency
limit of the ICE instrument (20 kHz) and down to ∼19 kHz. There exists another enhanced emission over
the frequency range from ∼10 to ∼19 kHz, which is more pronounced for the spectrum at the center
point (denoted by the black line in Figure 2c) than the other four locations. The four colored lines show
similar variations since the transmitter distributed symmetrically around the center point, and the inten-
sity from ∼10 to ∼19 kHz of the colored lines are much weaker than that of the black line. It should be
noted that the absolute wave intensity near 19.8 kHz at the four location bins of the colored lines are
much weaker than that of the center point (the black solid line), meaning that the absolute intensity of
broadening waves at the four locations corresponding to the colored lines should be even weaker than
that of the center point. The VLF wave broadening spectra preferentially occur at the location of stronger
NWC transmitter signals. The broadened spectra occur over a broader frequency range below the NWC
operation frequency, from ∼10 to ∼19 kHz at the center point, while over a relatively narrow frequency
range at the other four locations, from ∼14 to ∼19 kHz. It is also shown that there exists a secondary
enhancement over the frequency range of 2–10 kHz, which is more pronounced at the four locations
away from the center. To check whether this enhancement corresponds to NWC signal, we add a control
line (the black dashed line), which is obtained by the mean wave intensity at a location significantly away
from the NWC signal peak (60° westward of the center point as an example, normalized by the same
NWC intensity of the purple line). We find a similar secondary enhancement in the control line. Thus,
this enhancement should not relate to the NWC signals and may be caused by the presence of the natural
background wave power.

The spectral broadening of the NWC transmitter reported above occurs at nightside for electric wave inten-
sity in the VLF frequency range near both the NWC transmitter location (southern hemisphere) and its con-
jugate point (northern hemisphere). We also perform a similar analysis on the VLF wave magnetic field
spectra (IMSC instrument) and at dayside. We find that significant spectral broadening can be observed only
at nightside rather than at dayside and for the electric rather than magnetic wave spectra. We should note
that the spectral broadening of the HF frequency band is much more significant near the NWC location
in the southern hemisphere than the northern hemisphere (not shown), which is consistent with Parrot et al.
(2009).

4. Preferred Conditions for Spectral Broadening

As shown above, not all NWC transmitter signals are accompanied with the spectral broadening phenom-
ena, and when they occur, the broadened spectra show varying spectral width and varying intensity.
Based on DEMETER wave and particle measurements over its mission life (∼6.5 years), we investigate
the preferred conditions of the spectral broadening phenomena and the dependence of broadened spectra
on background parameters. The background parameters we checked include the amplitude of NWC
transmitter signals, the background magnetic field, the electron density, and the electron temperature.
We examine VLF wave electric field spectra at the location bins within 10° in geomagnetic longitude
and within 5° in geomagnetic latitude of the center points of peak NWC signal intensity in the southern
and northern hemispheres. We select the VLF spectra with the presence of NWC transmitter signals only,
which is identified by the criterion that the power spectral density at 19.805 kHz is at least one order of
magnitude larger than those at two neighboring frequency channels (at 20 and 19.609 kHz). Then we sort
the selected spectra into the bins of NWC amplitude ANWC and evaluate the geometric averages of the
spectra in each bin for northern hemisphere (Figure 3a) and southern hemisphere (Figure 3c), respec-
tively. Figures 3b and 3d show the corresponding numbers of the spectra in each bin. Similar to the event
observation shown in Figure 1, the intensity and width of the broadened spectra increase as the NWC
amplitude increases. The threshold value of the NWC amplitude to form the broadened spectra is about
103.4μV/m.

In order to isolate the dependence of spectral broadening on the electron density (measured by the ISL
instrument) from the dependence on NWC wave amplitude, we select the VLF spectra with the additional
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constraint of NWC wave amplitude ANWC in a narrow range from 103.5 to 103.6 μV/m and then sort the
spectra into bins of the electron density. The effect of plasma density is shown in Figure 4. Figures 4a and
4d are the geometric averages of electric wave spectral density in each bin of electron density in the
northern and southern hemispheres, respectively. The corresponding numbers of the VLF spectra in each
density bin are shown in Figures 4b and 4e. The corresponding geometric averaged NWC amplitudes, in
Figures 4c and 4f, verify that the effect of NWC amplitude has been minimized in this analysis since the
averaged NWC amplitudes in each plasma density bin are nearly the same (Figures 4c and 4f). One can
see that the intensity and width of the broadened VLF spectra tend to increase as the plasma density
decreases (Figures 4a and 4d). Although the absolute value of the electron density measured by the ISL
instrument may not be very accurate, the relative change of electron density is of interest here when
considering the effect of plasma density on the spectral broadening. We also use a similar analysis to
isolate the effects of the other two parameters, the background magnetic field and the electron
temperature, and find no significant dependency on them (not shown). This does not mean that the
spectral broadening is independent of these two parameters for the following reason. Unlike the
significant variation of plasma density in the selected region above the NWC station from the DEMETER
observation, the variation of the other two parameters is not large enough to show their effects. The
background magnetic field only varies by ∼10% in the selected spatial regions, while electron temperature
varies only about a factor of ∼2 (from 1400 to 3400 K in the southern hemisphere and from 1800 to
3000 K in the northern hemisphere). The small variations make it difficult to isolate the dependencies on
the two parameters.

Figure 3. (a) and (c) are the VLF electric wave power spectra versus frequency (y‐axis) and NWC amplitude (x‐axis) at nightside in the northern and southern
hemispheres, respectively. (b) and (d) are the corresponding numbers of spectra in each NWC amplitude bins.
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To check the reliability of our statistical results on the effects of the NWC amplitude and the electron
density, we perform an occurrence analysis of the spectral broadening. Among the spectra with the pre-
sence of NWC transmitter signals (Figure 3), we first identify the spectra of the spectral broadening sig-
nature using the criterion that power spectral density is sufficiently high (>10(μV/m)2/Hz) for at least 100
frequency channels (about a width of 2 kHz) among the 512 frequency channels from 10 to 20 kHz. These
obtained broadened spectra are sorted into bins with different values of electron density and NWC ampli-
tude. Figure 5a shows the distribution of the number of broadened spectra (bins with sample number less
than 5 are marked as blank), and Figure 5b shows the corresponding occurrence rate (the ratio between
the number of the broadened spectra to the number of the spectra with the presence of NWC transmitter
signals). One can see increasing occurrence rate (approaching 1) at larger ANWC and smaller electron den-
sity, which supports the hypothesis that larger NWC amplitude and smaller electron density are favorable
conditions for the spectral broadening. In addition, the threshold values of NWC amplitude to excite spec-

tral broadening tend to be lower when electron density is smaller. The fitted threshold curve, ANWC
μV=m

� �2:53

Figure 4. Panels (a) and (d) are the VLF electric wave power spectra versus frequency (y‐axis) and plasma density (x‐axis) at nightside in the northern and
southern hemispheres, respectively. Panels (b) and (e) are the corresponding numbers of spectra in each density bins. Panels (c) and (f) are the corresponding
mean NWC amplitude in each density bins.
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¼10
Ne

104cm−3ð Þþ7:12, is obtained based on the occurrence rate of 50% in Figure 5b. The threshold values range
from ∼103μV/m for electron density of 1×104 cm−3 to ∼103.5μV/m for electron density of 2×104 cm−3.

5. Conclusions and Discussion

In this study, we use about 6 years of observation of the DEMETER satellite to study the preferred condition
for the spectral broadening of NWC transmitter emissions in the ionosphere and the statistical characteris-
tics of the broadened VLF spectra. The dependences of the spectral broadening on the NWC amplitude and
the background plasma density are examined, and the threshold for the NWC amplitude is obtained. The
main conclusions are summarized below:

1. The broadened emissions of NWC VLF transmitter signals are mainly electrostatic and occur at both the
source (southern) and conjugate (northern) hemispheres, in both VLF and HF frequency bands, but their
occurrences are preferred at nightside than dayside.

2. The spectral broadening occurs with a critical NWC signal amplitude of about 103.4 μV/m. The intensity
and frequency width of the broadened VLF spectra increase as the NWC amplitude increases.

3. When spectral broadening occurs, the intensity and frequency width of the broadened VLF spectra
increase as the background electron density decreases.

Here we discuss the dependencies of the spectral broadening and compare with the theories of three possible
plasma instabilities put forth in Mishin et al. (2010) to explain the spectral broadening. The three plasma
instabilities (PI) includes (1) nonresonant decay via nonlinear Landau damping on electrons (PInl), (2) reso-
nant decay into lower hybrid and ion Bernstein modes (PIib), and (3) a purely growing (PIpg) mode when the
Stokes and anti‐Stokes sidebands couple with density irregularities. The threshold values (equations 1–3)
and the growth rates (equations 4–6) were provided in Mishin et al. (2010) for the three instabilities,

Figure 5. Panel (a) is the distribution of the number of occurrence with broadening spectra versus plasma density (y‐axis) and NWC transmitter wave amplitude
(x‐axis). Panel (b) is the distribution of the spectral broadening occurrence rate.
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respectively. We would like to note the following few points. First, the growth rates of all the three instabil-
ities increase as the amplitude of NWC transmitter increases, which is supported by our statistical result that
the intensity and frequency width of the spectral broadening increase as the amplitude of NWC transmitter
increases. Second, Mishin et al.'s (2010) analysis suggests that the PInl should be the primary instability at f≥
flhr based on the comparison of growth rates for the three instabilities. Thus, for the effect of the plasma den-
sity, we check the variations of the instability threshold and growth rate of PInl versus different density
values by using the corresponding formulas (equations 1 and 4 in Mishin et al., 2010). According to equa-
tions 1 and 4 in Mishin et al. (2010), as the density increases, the instability threshold increases, and the
growth rate also increases with the density. While the growth rate decrease due to decreasing electron den-
sity might lead to a longer time scale of the spectral broadening, the lowering of the instability threshold due
to decreasing electron density explains higher occurrence of spectral broadening. In addition, the threshold
value of 1–3 mV/m (Figure 5b), depending on the value of plasma density, is consistent with the theoretical
threshold values predicted by the PInl (the top panel of Figure 2 in Mishin et al., 2010). Another possible fac-
tor is that as plasma density decreases, flhr decreases, which tends to increase the frequency width of the
broadened VLF emission. However, this effect of plasma density on the flhr is not quite significant when
the electron plasma frequency is much larger than the electron cyclotron frequency. The ion composition
may play a role on the flhr and thus the spectral broadening, which is left as further study.

The obtained dependencies and thresholds of the spectral broadening phenomenon due to NWC transmitter
signals are valuable for understanding the underlying mechanism. These results can help guide numerical
models (particle in cell simulation) in producing the broadened spectra and make a direct comparison with
simulation results, which are left as future work.

Data Availability Statement

The DEMETER data shown in the paper can be downloaded from https://cdpp-archive.cnes.fr/.
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