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Abstract Equatorial noise emissions are electromagnetic waves routinely observed in the equatorial
region of the inner magnetosphere at frequencies between the proton cyclotron frequency and the lower
hybrid frequency. Their observations are, however, typically limited to radial distances larger than about 2RE .
We use the data measured by the low-altitude DEMETER spacecraft (altitude of about 700 km) to confirm
that during periods of enhanced geomagnetic activity, these emissions penetrate down to low radial
distances and eventually become a dominant wave emission close to the proton cyclotron frequency in the
equatorial region. Wave data obtained during six intense geomagnetic storms (Dst<−100 nT) are analyzed.
It is shown that during the analyzed time intervals, the daytime wave activity within about 20∘ from the
geomagnetic equator is significantly enhanced, while the nightside wave activity shows a weaker increase
at lower frequencies. Multicomponent wave data allow us to determine dayside wave propagation
parameters. It is shown that the waves are nearly linearly polarized and their wave vector directions are
almost perpendicular to the ambient Earth’s magnetic field, as it has been previously observed for
equatorial noise emissions. Finally, we analyze the dependence of the equatorial wave intensity at the
proton cyclotron frequency on Dst and AE geomagnetic indices, and we demonstrate that the dayside
wave intensity increases by as much as 3 orders of magnitude during severely disturbed periods.

1. Introduction

Equatorial noise (EN) emissions are electromagnetic waves observed in the equatorial region of the inner
magnetosphere at frequencies between the proton cyclotron frequency and the lower hybrid frequency. They
are rather routinely observed at radial distances between about 3 and 6 Earth radii (RE) and within about 5∘
from the geomagnetic equator [Santolík et al., 2004; Němec et al., 2005; Ma et al., 2013; Hrbáčková et al., 2015],
but they can occasionally occur at significantly larger radial distances [Hrbáčková et al., 2015] and latitudes
[Tsurutani et al., 2014; Zhima et al., 2015]. These emissions are important for the dynamics of energetic elec-
trons in the radiation belts [Horne et al., 2007; Bortnik and Thorne, 2010; Bortnik et al., 2015; Ma et al., 2016;
Shprits, 2016].

Although the emissions originally appeared as a noise in low-resolution data [Russell et al., 1970], an analysis
of high-resolution frequency-time spectrograms revealed that they are in fact composed by a system of many
harmonic spectral lines [Gurnett, 1976] related to the proton cyclotron frequency in the source region. These
are generated by instabilities of ring-like proton distributions functions. The generation mechanism appears
to be theoretically rather well understood [McClements et al., 1994; Horne et al., 2000; Liu et al., 2011; Chen
et al., 2011, 2016], and there is also an experimental evidence of the ring-like proton distribution functions
observed in association with the waves [Perraut et al., 1982; Boardsen et al., 1992; Xiao et al., 2013; Ma et al.,
2014; Balikhin et al., 2015].

Once generated, the emissions propagate in the extraordinary mode nearly perpendicular to the ambient
Earth’s magnetic field [Kasahara et al., 1994; Walker et al., 2015; Boardsen et al., 2016]. This directly implies
why EN emissions are limited to frequencies below the lower hybrid frequency [Stix, 1992]. Magnetic field
fluctuations of the emissions are nearly linearly polarized along the ambient Earth’s magnetic field, and the
electric field fluctuations are elliptically polarized in the equatorial plane. The major polarization axis of the
electric field polarization ellipse is oriented along the wave vector direction [Laakso et al., 1990], which can
be used to determine the propagation direction [Santolík et al., 2002]. The emissions were observed both
inside and outside the plasmasphere. EN emissions observed outside the plasmasphere typically have higher
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Table 1. Overview of Electromagnetic Emissions Reported in DEMETER Spacecraft Data During Main and Recovery
Phases of Magnetic Storms at Different Latitudes and Frequency Rangesa

Frequency Location Nature of the Emissions References

ULF low latitudes EMIC waves Píša et al. [2015]

ELF equator EN emissions Santolík et al. [2016]

ELF equator LH turbulence Berthelier et al. [2008]

Malingre et al. [2008]

ELF trough harmonic emissions Parrot et al. [2006b]

ELF trough and high latitudes bursty emissions Parrot et al. [2014]

ELF/VLF low and middle latitudes QP emissions Hayosh et al. [2013, 2014, 2016]

ELF/VLF midlatitudes banded emissions Colpitts et al. [2012]

ELF/VLF all latitudes overall intensity Zhima et al. [2014]

MF high latitudes bursty emissions Broughton et al. [2014]

MF high latitudes AKR-like emissions Parrot and Berthelier [2012]
aEMIC stands for electromagnetic ion cyclotron, EN for equatorial noise, QP for quasiperiodic, LH for lower hybrid, AKR

for auroral kilometric radiation.

frequencies and are more intense than those observed in the plasmasphere [Ma et al., 2013; Němec et al.,
2015a]. Further, the propagation pattern inside and outside the plasmasphere appears to be rather different.
While the emissions propagate with a broad distribution of wave vectors centered in the azimuthal direction
in the plasma trough, their propagation can have principally any direction inside the plasmasphere [Němec
et al., 2013].

This suggests that for a large range of azimuthal orientations of the wave vector, the waves can be efficiently
trapped inside the plasmasphere, being reflected both at low and large radial distances [Chen and Thorne,
2012]. They may thus propagate over a broad region of magnetic local time (MLT) [Xiao et al., 2012]. In order
to propagate down to low altitudes, the wave vectors of the emissions would have to be almost in the merid-
ional plane, i.e., oriented nearly toward the Earth [Chen and Thorne, 2012]. This simplified theoretical assertion
has been recently demonstrated using a ray tracing simulation by Santolík et al. [2016]. This study also used
the data of the DEMETER spacecraft recorded during disturbed geomagnetic activity to demonstrate that
EN emissions can penetrate down to low altitudes. It appears that they could be rather significant, in partic-
ular during periods of enhanced geomagnetic activity. Quasiperiodic events observed by DEMETER close to
the geomagnetic equator have propagation parameters expected for EN [Hayosh et al., 2016], possibly corre-
sponding to modulated EN observed formerly at larger radial distances [Boardsen et al., 2014; Fu et al., 2014;
Němec et al., 2015b].

These examples, together with previous studies of the data recorded by the low-altitude satellite DEMETER,
have shown that during main and recovery phases of a magnetic storm, the ionosphere is invaded at different
latitudes by a dramatic variety of waves at various frequencies. An overview of these waves is shown in Table 1.
Additionally, there are other emissions in the lower part of the ultralow frequency (ULF, up to about 15 Hz)
range not observed by DEMETER [see, e.g., Menk, 2011].

In the present study we focus on electromagnetic waves observed by DEMETER in the equatorial region
during six strong isolated geomagnetic storms. We demonstrate that EN emissions routinely penetrate down
to 700 km altitudes during these periods. They eventually become dominant in a given range of geomagnetic
latitudes and frequencies. DEMETER wave measurements are described in section 2. Section 3 presents the
obtained results. These are discussed in section 4, and they are summarized in section 5.

2. Data Set

DEMETER spacecraft was a low-altitude spacecraft which operated between June 2004 and December 2010.
The spacecraft orbit was circular at an altitude of about 700 km. Further, it was nearly Sun synchronous;
i.e., the spacecraft was always located either close to the local noon (about 10:30 LT) or close to the local
midnight (about 22:30 LT). The measured data can be thus effectively divided into those measured during
the daytime parts of DEMETER orbits and those measured during the nighttime parts of the orbits. An exact
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Figure 1. Example of an equatorial noise event measured by the DEMETER spacecraft. The data were obtained on
12 September 2005 between about 20:44:30 UT and 20:47:00 UT. (a) Frequency-time spectrogram of power spectral
density of electric field fluctuations. (b) Frequency-time spectrogram of power spectral density of magnetic field
fluctuations. (c) Frequency-time plot of ellipticity of magnetic field fluctuations. (d) Frequency-time plot of polar angle
of wave vector direction with respect to the ambient magnetic field. The nearly horizontal black curve shown in
individual panels corresponds to the proton cyclotron frequency at the spacecraft location. The emissions are limited
to frequencies larger than the L = 0 cutoff frequency (see text).

distribution of MLTs at which DEMETER took measurements is shown in Figure 1 of Němec et al. [2010]. During
about 6.5 years of operation, DEMETER performed continuous wave measurements at geomagnetic latitudes
lower than about 65∘. For technical reasons, no measurements were performed in the polar regions. In the
continuous Survey mode wave measurements in the very low frequency (VLF, up to 20 kHz) range consisted
of a power spectrum of one electric and one magnetic field component. The time resolution of these mea-
surements was about 2 s, and the frequency resolution was about 20 Hz. During the so-called Burst mode,
which is active only during specifically selected time intervals, more precise data are measured in addition to
the aforementioned Survey mode data. In the VLF range, the Burst mode data consist of waveforms of one
electric and one magnetic field component measured with the sampling frequency of 40 kHz. Moreover, in
the extra low frequency (ELF, up to 1250 Hz) range, waveforms of all six electromagnetic field components
are measured with the sampling frequency of 2500 Hz. These multicomponent wave measurements allow us
to perform a detailed wave analysis [Santolík et al., 2006], i.e., to determine wave polarization and propaga-
tion properties. A more detailed description of electric and magnetic field measurements performed by the
DEMETER spacecraft was given by Berthelier et al. [2006] and Parrot et al. [2006a], respectively.

3. Results

An example of an EN event observed by the DEMETER spacecraft is shown in Figure 1. Figures 1a and 1b
show frequency-time spectrograms of power spectral density of electric and magnetic field fluctuations,
respectively. The data were measured on 12 September 2005 between about 20:44:30 UT and 20:47:00 UT.
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Figure 2. Evolution of geomagnetic indices and wave intensity during a geomagnetic storm which occurred in
September 2005. (a) Dst index as a function of time. The minimum value of Dst was −139 nT on 11 September 2005 at
10:30 UT. (b) AE index as a function of time. (c) Frequency-time plot of mean daytime power spectral density of electric
field fluctuations at geomagnetic latitudes within 5∘ from the geomagnetic equator. The overplotted black curve shows
the minimum of the proton cyclotron frequency during each equatorial crossing of the DEMETER spacecraft. (d) The
same as Figure 2c but during the nighttime.

EN emissions are the intense waves best pronounced in the left part of the plotted time interval at frequen-
cies between about 0.4 and 0.6 kHz. The nearly horizontal black curve shows the proton cyclotron frequency
at the spacecraft location. The emissions are limited to frequencies larger than the cutoff frequency, which
corresponds to the frequency of the L = 0 cutoff. This cutoff is related to the proton cyclotron frequency and
the plasma composition, and it is generally below the proton cyclotron frequency [Gurnett and Burns, 1968;
Santolík et al., 2006, 2016]. This is well consistent with the linearly polarized waves in Figure 1 extending down
to frequencies of about 300 Hz, i.e., to frequencies by about 50 Hz lower than the local proton cyclotron
frequency. An important feature identifiable in Figures 1a and 1b is the fine line structure of the emissions.
This is expected for EN emissions, consistent with their generation mechanism. Moreover, it can be seen that
the emissions are not continuous in time, but rather, their intensity exhibits a modulation of the wave intensity.

As the data were measured during the Burst mode, multicomponent data are available, and a detailed wave
analysis can be performed [Santolík et al., 2006]. Figure 1c shows a frequency-time plot of the ellipticity of
magnetic field fluctuations determined using the Singular Value Decomposition (SVD) method by Santolík
et al. [2003]. It is equal to the ratio of minor to major polarization axes; i.e., ellipticity values equal to 1 cor-
respond to a circular polarization, and ellipticity values equal to 0 correspond to linear polarization. This is
the expected situation for EN emissions [Santolík et al., 2004], as they propagate in the extraordinary mode
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nearly perpendicular to the ambient magnetic field. It can be seen that the values of ellipticity obtained
for the frequency-time interval with EN emissions are indeed close to 0. Note that the values of ellipticity
were evaluated only for frequency-time intervals with power spectral density of magnetic field fluctuations
larger than 10−7 nT2 Hz−1, in order to prevent the calculation in frequency-time intervals dominated by noise.
Frequency-time plot of the polar angle of wave vector direction with respect to the ambient magnetic field is
shown in Figure 1d. This was determined as the direction perpendicular to the plane of the magnetic field
fluctuations, again using the SVD method of Santolík et al. [2003]. The same intensity threshold for power
spectral density of magnetic field fluctuations as in Figure 1c was used. It can be seen that the values of wave
normal angles obtained for EN emissions are close to 90∘, as expected.

EN emissions penetrating down to the low altitudes of the DEMETER spacecraft appear to be a very rare
phenomenon [Santolík et al., 2016]. However, at times of an enhanced geomagnetic activity, their occurrence
rate substantially increases, and they eventually become the most intense wave emission in a given range
of frequencies and geomagnetic latitudes. The importance of the enhanced geomagnetic activity for the
EN occurrence at low altitudes is demonstrated in Figure 2. It shows the evolution of geomagnetic indices
and wave intensity in the equatorial region during a geomagnetic storm which occurred in September 2005.
Figure 2a shows the time variation of the Dst index. The Dst index reached a minimum value of −139 nT on 11
September 2005 at about 10:30 UT. The time interval ranging from 2 days before the Dst minimum to 10 days
after the Dst minimum is plotted. Figure 2b shows the time variation of the AE index. It can be seen that the
AE index is increased at the time of the geomagnetic storm, as expected.

Figures 2c and 2d show frequency-time plots of mean power spectral density of electric field fluctuations at
geomagnetic latitudes within 5∘ from the geomagnetic equator during the daytime and during the nighttime,
respectively, using the Survey mode data set. The intensity values obtained for individual equatorial crossings
were interpolated using an exponential interpolation to provide an apparently continuous data coverage.
The latitudinal threshold of 5∘ was used as EN emissions are known to occur in a limited region close to
the geomagnetic equator. The used value is a reasonable compromise between too low latitudinal range
(which would result in not enough data and, moreover, would cause problems related to min-B equator being
not exactly the same as the dipole magnetic equator) and too large latitudinal range (which would result in
including latitudinal regions where EN emissions do not occur). The overplotted black curves show the
minimum value of the proton cyclotron frequency at the spacecraft location during each DEMETER equato-
rial crossing. Note that in the dipole magnetic field approximation the minimum proton cyclotron frequency
should be the same for all equatorial crossings. However, as the real magnetic field configuration at DEMETER
altitudes differs quite significantly from a dipole, the minimum proton cyclotron frequency depends on the
geomagnetic longitude.

Figure 2c shows that the power spectral density of electric field fluctuations measured close to the geo-
magnetic equator during the daytime significantly increases around the time of the Dst minimum, and it
remains enhanced principally during the entire recovery phase. Eventually, the level of electric field fluctua-
tions returns back to its prestorm values at the end of the plotted time interval. The frequencies where the
power spectral densities are increased exhibit a clear lower cutoff. The frequency of this cutoff is lower than
the proton cyclotron frequency, but it roughly follows its evolution, consistent with the expected behavior of
the L = 0 cutoff. The behavior of the power spectral density of electric field fluctuations close to the geomag-
netic equator during the nighttime is rather different, as demonstrated in Figure 2d. The wave activity is also
slightly increased, but the waves mostly occur at frequencies well below the proton cyclotron frequency. This
is consistent with nighttime observations of Santolík et al. [2016], who also observed the waves well below
the local proton cyclotron frequency.

At frequencies lower than 1250 Hz, i.e., in the frequency range that we are interested in, DEMETER provided
multicomponent waveform measurements. Although these were limited to specific time intervals, they are
very important, as they allow us to determine detailed wave properties [Santolík et al., 2003]. The results of
such an analysis are shown in Figure 3 using a similar format as in Figure 2. The average wave parameters
within 5∘ from the geomagnetic equator are plotted as a function of frequency (ordinate) and time (abscissa).
Only the data measured during daytime half-orbits were used. Figures 3a–3d show the plots of power spectral
density of electric field fluctuations, power spectral density of magnetic field fluctuations, ellipticity of mag-
netic field fluctuations, and polar angle of wave vector direction, respectively. Note that as the Burst mode
is active only during specific time intervals, the data coverage in Figure 3 is significantly worse than the data
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Figure 3. Frequency-time plots of wave propagation parameters determined using multicomponent Burst mode data
within 5∘ from the geomagnetic equator during the daytime. (a) Power spectral density of electric field fluctuations,
(b) power spectral density of magnetic field fluctuations, (c) ellipticity of magnetic field fluctuations, and (d) polar angle
of wave vector direction. The black curves show the minimum proton cyclotron frequency during each equatorial
crossing of the DEMETER spacecraft.

coverage in Figure 2. Altogether, there were 30 DEMETER daytime half-orbits with Burst mode coverage
within 5∘ from the geomagnetic equator. These were interpolated to provide an apparently continuous data
coverage in Figure 3. An exponential interpolation of the wave intensity and linear interpolation of wave
propagation parameters in individual frequency bins was used. The ellipticity of magnetic field fluctuations
and polar angle of wave vector direction were determined only for frequency-time intervals when the power
spectral density of magnetic field fluctuations was larger than 10−7 nT2 Hz−1. The overplotted black curves in
individual panels correspond to the minimum of proton cyclotron frequency during each equatorial crossing
of the DEMETER spacecraft.

Figure 3a effectively corresponds to Figure 2c, while Figure 3b shows the analogous plot obtained for the
power spectral density of magnetic field fluctuations. However, these figures were calculated using the Burst
mode data only; i.e., they demonstrate the worse Burst mode coverage as compared to the continuous
coverage of the Survey mode. Figure 3c shows that the ellipticity of magnetic field fluctuations of the observed
emissions is rather low, as expected for EN emissions. Correspondingly, the wave normal angle depicted in
Figure 3d is generally close to 90∘, corresponding to the situation of wave vector perpendicular to the ambient
magnetic field. The wave properties of the observed emissions are thus consistent with those expected for
EN emissions, demonstrating that the detected wave activity can be really attributed to EN.
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Figure 4. Frequency-geomagnetic latitude plots of wave parameters during the daytime. The data obtained within
2 days after the Dst minimum, i.e., between 11 September 2005 10:30 UT and 13 September 2005 10:30 UT were used.
The frequency (ordinate) is normalized by the proton cyclotron frequency at the spacecraft location. (a) Results obtained
for power spectral density of Survey mode electric field data. (b) Results obtained for power spectral density of Burst
mode magnetic field data. (c) Results obtained for ellipticity of magnetic field fluctuations evaluated using the
multicomponent Burst mode data. (d) Results obtained for polar angle of wave vector direction evaluated using
the multicomponent Burst mode data.

It is of interest to determine the latitudinal and frequency range where EN emissions dominate over other
electromagnetic wave activity. This is done in Figure 4, which shows frequency-geomagnetic latitude plots of
relevant wave parameters. The data obtained within 2 days after the Dst minimum, i.e., between 11 September
2005 10:30 UT and 13 September 2005 10:30 UT were used. The frequency (ordinate) is normalized by
the proton cyclotron frequency at the spacecraft location. This attempts to account for the effect of the
low-frequency threshold of the observed emissions, which approximately follows the local proton cyclotron
frequency. Nevertheless, this normalization means that the same values of the normalized frequencies cor-
respond at larger latitudes to higher absolute frequencies. The normalized frequency-geomagnetic latitude
plot of power spectral density of electric field fluctuations is shown in Figure 4a. It was constructed using the
Survey mode data in order to obtain the best available coverage. For comparison, Figure 4b shows a normal-
ized frequency-geomagnetic latitude plot of power spectral density of magnetic field fluctuations obtained
using the Burst mode data. The Burst mode data were subsequently used to calculate detailed wave parame-
ters in Figures 4c and 4d. These show the normalized frequency-geomagnetic latitude plots of the ellipticity
of magnetic field fluctuations and of the polar angle of wave vector direction, respectively.
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Figure 5. Analogous to Figure 2 but for all six analyzed geomagnetic storms using the superposed epoch analysis.
The time zero, marked by vertical dashed lines, corresponds to the times of minimum Dst values. Variations of (a) Dst
and (b) AE indices are shown. The black curves correspond to variations during the six individual geomagnetic storms.
The red curves show the average variations. Variations of mean power spectral density of electric field fluctuations
(c) during the daytime and (d) during the nighttime are shown.

Several regions with an intense wave activity can be identified in Figure 4. The frequency-latitude inter-
val important for this paper, i.e., the frequency-latitude interval dominated by dayside EN emissions, is the
frequency-latitude interval located at the geomagnetic equator and at normalized frequencies larger than
about 1. The waves in this frequency-latitude interval are characterized by values of ellipticity close to 0 and
wave normal angles close to 90∘, as expected. Other regions of enhanced wave activity can be identified
at larger geomagnetic latitudes. These waves are, however, nearly circularly polarized (note that we do not
distinguish between the left-handed and right-handed polarization in the plot), and they propagate at lower
wave normal angles.

Having demonstrated that EN emissions can efficiently penetrate down to DEMETER altitudes during a
selected geomagnetic storm, it is of interest to investigate whether an analogous situation occurs also for
other geomagnetic storms. In order to do so, we have investigated all major isolated storms which occurred
during the lifetime of the DEMETER mission. Specifically, we focused on geomagnetic storms during which the
Dst index decreased to less than −100 nT. We further required no other geomagnetic storm to occur in a time
window between 2 days before the Dst minimum and 10 days after the Dst minimum. This left us with six geo-
magnetic storms for which the DEMETER data were available. The minimum Dst values of these storms were
−247 nT, −113 nT, −106 nT, −122 nT, −139 nT, and −162 nT. These minimum Dst values occurred on 15 May
2005, 30 May 2005, 13 June 2005, 31 August 2005, 11 September 2005, and 15 December 2006, respectively.
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Figure 6. Analogous to Figure 3 but for all six analyzed geomagnetic storms using the superposed epoch analysis.
The time zero, marked by vertical dashed lines, corresponds to the times of minimum Dst values.

Note that the largest storm which occurred during the DEMETER lifetime (November 2004, −374 nT) is not
included, as it exhibits a secondary Dst minimum, and it cannot be thus considered as isolated. The available
data were, nevertheless, checked, and the wave activity in the equatorial region was found to be significantly
increased (not shown), consistently with the presented results. It is, however, noteworthy, that during this
extreme geomagnetic storm a significant wave activity increase was observed also during the nighttime.

In order to analyze systematic variations of investigated parameters during these six storms, we have used
a superposed epoch analysis. The results obtained for individual storms were overlapped over each other,
using the times of the Dst minima as “time zero.” Variations of the mean values of investigated parameters as a
function of time relative to the time zero were then investigated, using the time window from−2 to +10 days.

The results obtained by the superposed epoch analysis method are shown in Figure 5. The format of the figure
corresponds to the format of Figure 2. Figure 5a shows the time variation of Dst index during the six analyzed
geomagnetic storms by the black curves. The red curve corresponds to the mean time dependence of the Dst
index. The same representation is used in Figure 5b to depict the variation of the AE index. Figures 5c and 5d
show the evolution of the mean value of power spectral density of electric field fluctuations within 5∘ from
the geomagnetic equator during the daytime and during the nighttime, respectively. It can be seen that the
evolution of the average wave intensity obtained using the superposed epoch analysis is similar to the afore-
mentioned variation obtained for the selected geomagnetic storm. Specifically, the wave intensity during the
daytime (Figure 5c) is significantly enhanced at the time of the Dst minimum, and it remains increased for
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Figure 7. Analogous to Figure 4 but superposed for all six analyzed geomagnetic storms. The data obtained within
2 days after the individual Dst minima were used.

several days, until eventually reaching low prestorm levels toward the end of the plotted time interval. During
the nighttime (Figure 5d), there is a smaller increase of the wave intensity at lower frequencies, just after the
time of the Dst minimum. We note that this general evolution trend is confirmed also when checking all the
six geomagnetic storms individually (not shown).

Average wave propagation parameters within 5∘ from the geomagnetic equator are analyzed in Figure 6.
Again, the used format is analogous to that of Figure 3, but this time the data from all the six geomagnetic
storms are included. Only the dayside data were used. The values of ellipticity are close to 0 principally during
all the analyzed frequency-time interval with increased wave intensity. This means that the waves are nearly
linearly polarized, as is expected for EN emissions. The values of polar angle of wave vector direction are
close to 90∘, corresponding to the wave vector perpendicular to the ambient magnetic field. We note that
this picture of the wave propagation properties is confirmed also when checking the propagation properties
observed during each analyzed geomagnetic storm separately (not shown).

The results obtained using the superposed epoch analysis are shown in Figure 7 using the normalized
frequency-geomagnetic latitude representation . The format of the figure is analogous to that of Figure 4.
Again, the data obtained within 2 days after the individual Dst minima were used. One can identify two regions
of increased wave intensity at larger geomagnetic latitudes. These are, however, not relevant for the present
study, as we focus on the emissions in the equatorial region. There, the increased wave intensity is limited to
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Figure 8. (a) Mean daytime power spectral density of electric field fluctuations at the proton cyclotron frequency within
5∘ from the geomagnetic equator as a function of Dst index. The red horizontal lines correspond to median values of
power spectral density in given intervals of Dst index. The blue horizontal lines correspond to 0.25 and 0.75 quartiles
of power spectral density in given intervals of Dst index. (b) Same as Figure 8a but for AE index.

frequencies larger than the proton cyclotron frequency (or, more precisely, to frequencies larger than the L=0
cutoff which is slightly lower than the proton cyclotron frequency). The emissions in this frequency-latitude
region are nearly linearly polarized, and they have wave vectors almost perpendicular to the ambient Earth’s
magnetic field; i.e., their propagation properties correspond to those expected for EN emissions.

The importance of enhanced geomagnetic activity for the occurrence of increased wave intensity in the equa-
torial region at DEMETER altitudes is further demonstrated in Figure 8. This time the analysis is not limited to
specific storm time intervals, and the data measured during all DEMETER dayside half-orbits are used instead.
Following the aforementioned results of the wave intensity being increased primarily at frequencies around
the proton cyclotron frequency, we focused on the region of geomagnetic latitudes within 5∘ from the geo-
magnetic equator and frequency bins of the VLF Survey mode data corresponding to the proton cyclotron
frequency at the spacecraft location. Resulting mean power spectral density of electric field fluctuations
calculated for each daytime equatorial crossing of the DEMETER spacecraft is then plotted as a function of Dst
and AE indices in Figures 8a and 8b, respectively. The red horizontal lines correspond to mean power spectral
densities of electric field fluctuations in given Dst/AE intervals. The blue horizontal lines correspond to 0.25
and 0.75 quartiles. It can be seen that the wave intensity systematically increases with decreasing Dst index
and with increasing AE index. The values of Spearman rank correlation coefficients [Sheskin, 2011] obtained
for Dst/AE index dependencies are about −0.54 and 0.45, respectively. The variation of the wave intensity is
indeed rather dramatic, as large as about 3 orders of magnitude.

4. Discussion

A possible propagation of EN emissions down to low altitudes was formerly investigated using a simplified
theoretical analysis, suggesting that it is indeed possible when the wave vector lies very close to the merid-
ional plane, i.e., when it has a negligible azimuthal component [Chen and Thorne, 2012]. Santolík et al. [2016]
presented a case study of such an event, combining 3-D ray tracing calculations and a detailed wave analysis
of DEMETER data. They demonstrated the importance of multi-ion plasma composition at DEMETER altitudes
and the resulting lower frequency (L = 0) cutoff of the emissions observed by DEMETER. The L = 0 cutoff
frequency depends on the plasma composition, and it is lower than the proton cyclotron frequency. Its
existence is crucial also for the results presented in this study.

As waves at frequencies above the L=0 cutoff should be able to penetrate down to DEMETER altitudes, upper
frequencies of observed EN emissions likely correspond to upper frequencies of EN emissions in the genera-
tion region. Given that EN propagates in the extraordinary mode nearly perpendicular to the ambient Earth’s
magnetic field, these frequencies should be lower than the lower hybrid frequency in the source region. EN
emissions observed by DEMETER typically extend to frequencies up to about 600–800 Hz (see Figure 6).
In the dense plasma approximation, the lower hybrid frequency is equal to the harmonic average of proton
and electron cyclotron frequencies; i.e., it is equal to about 42.85 times the proton cyclotron frequency. Using a
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dipole approximation for the magnetic field magnitude, we can thus obtain an upper estimate of the radial
distance where EN observed by DEMETER is generated, about 2.9–3.2 RE , roughly consistent with estimates
of Santolík et al. [2016] based on the line structure observed in the high-resolution Burst mode data.

As EN emissions are believed to be generated at multiples of proton cyclotron frequency in the source region,
the frequencies of individual observed lines should correspond to the harmonics of the proton cyclotron
frequency in the source region. The frequency separation of consecutive lines would then give us the ion
cyclotron frequency in the source [Posch et al., 2015; Santolík et al., 2016]. Nevertheless, this approach is some-
what difficult to apply routinely to DEMETER data. The reason is that the observed line structure is usually so
complex that it is difficult to identify a clear harmonic line structure. This is probably due to emissions coming
from various radial distances being observed at the same time, which results in overlapping of many individual
harmonic line systems.

The wave data measured by DEMETER during six strong isolated geomagnetic storms demonstrate that the
occurrence of EN emissions during the storm periods is a systematic phenomenon. Although at other times
the wave intensity at geomagnetic equator is usually rather low, during disturbed periods and at frequencies
between the L=0 cutoff frequency and about 600–800 Hz EN emissions are intense and dominant. There may
be two principal reasons that the increased geomagnetic activity is so crucial for EN emissions to be observed
by DEMETER. First, as suggested by Santolík et al. [2016], the intensity of EN emissions observed at larger radial
distances generally increases with the geomagnetic activity [Meredith et al., 2008; Ma et al., 2013; Hrbáčková
et al., 2015; Němec et al., 2015a]. More intense emissions are more likely to penetrate to DEMETER altitudes
with significant intensities. This scenario is consistent with the observed EN intensities at DEMETER altitudes
increasing with the geomagnetic activity. However, a comparison of the results depicted in Figure 8 with the
results from Figure 5 of Němec et al. [2015a] suggests that the intensity of EN emissions at low altitudes might
increase with the geomagnetic activity more significantly than the intensity of EN emissions at larger radial
distances. If this is really the case, it might indicate a possible change of the radial distance of EN generation
region during periods of enhanced geomagnetic activity. Specifically, if the generation region of EN emissions
moved to lower radial distances at the times of larger geomagnetic activity, the penetration of the emissions
down to DEMETER altitudes at these times would be easier. Moreover, the lower hybrid frequency in the gen-
eration region would be higher, and the frequency bandwidth of the emissions reaching DEMETER could be
thus larger.

As for the geomagnetic latitudes where EN emissions are observed on DEMETER, the results from Figure 7
show that the emissions extend to latitudes as large as about 20∘. The latitudinal extent appears to be larger at
lower frequencies. This could be due to the frequency spectrum of EN emissions at DEMETER. As EN emissions
on DEMETER principally always extend down to low frequencies, but their occurrence at higher frequencies
might be sporadic, at higher frequencies they are likely mixed with other emissions, resulting in apparently
lower latitudinal extent. This frequency spectrum of observed EN emissions is consistent with ray tracing
results by Santolík et al. [2016], who found that lower frequency waves penetrate easier to low altitudes.

Finally, it is curious that EN emissions observed by DEMETER are dominant during the daytime, while they are
much weaker during the night. This is rather a different pattern than observed at larger radial distances. There,
although EN emissions occur more often during the day than during the night [Green et al., 2005; Ma et al.,
2013], the difference is far less striking, in particular inside the plasmasphere [Hrbáčková et al., 2015; Němec
et al., 2015a]. This might possibly indicate that during geomagnetic storms, the source region of EN emissions
is located at lower radial distances and preferably on the dayside. This could be consistent with the strong
day-night asymmetry of the Earth’s magnetic field under disturbed geomagnetic conditions, and with the
plasmasphere possibly being more compressed on the dayside than on the nightside during these periods
[Moldwin et al., 2002].

5. Conclusions

We analyzed electromagnetic wave data measured by the DEMETER spacecraft during six strong
(Dst<−100 nT) isolated geomagnetic storms which occurred during the mission lifetime and for which the
data were available. We have shown, both using a selected event and using a superposed epoch analysis, that
the daytime wave intensity in the equatorial region is significantly increased during the storm periods at
frequencies above the L = 0 cutoff. Only a small wave intensity increase was observed during the nighttime.
Multicomponent wave measurements performed during the Burst mode allowed us to perform a detailed
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wave analysis. It was found that the waves are nearly linearly polarized, with wave vectors almost perpendicu-
lar to the ambient Earth’s magnetic field, as it has been previously demonstrated for EN emissions penetrating
down to the altitudes of the DEMETER spacecraft (at a radial distance of about 1.1RE). Finally, we used the data
from all daytime equatorial crossings of the spacecraft to obtain a dependence of the wave intensity at the
proton cyclotron frequency in the equatorial region on Dst and AE geomagnetic indices. We demonstrated
that the wave intensity increases by as much as 3 orders of magnitude during geomagnetically disturbed
periods. The obtained results show that during geomagnetically disturbed conditions, the EN emissions pen-
etrate to very low altitudes and eventually become the most important daytime emission in a given range of
frequencies and latitudes.
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Němec, F., O. Santolík, M. Parrot, and C. J. Rodger (2010), Relationship between median intensities of electromagnetic emissions in the VLF
range and lightning activity, J. Geophys. Res., 115, A08315, doi:10.1029/2010JA015296.
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