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Abstract Equatorial noise (EN) emissions are electromagnetic waves observed routinely in the
equatorial region of the inner magnetosphere. Although they are typically continuous in time, they
sometimes exhibit a quasiperiodic (QP) time modulation of the wave intensity, with modulation periods on
the order of minutes. We perform a detailed analysis of 118 EN events with the QP modulation. The events
are observed preferentially outside the plasmasphere. We determine the times and frequencies of individual
QP elements forming the events. Apart from the event modulation period, this allows us to characterize
the intensity and the frequency drift of individual QP wave elements. It is shown that the element intensity
peaks at the magnetic equator. The modulation period within a single event is usually quite stable, with
variations lower than 25% of the median value in the vast majority of cases. The events with shorter
modulation periods are typically more intense, and they tend to have larger frequency drifts. These relations
resemble the relations formerly revealed for extra low frequency/very low frequency quasiperiodic
emissions, suggesting that the origin of the QP modulation of the wave intensity of EN and ELF/VLF
emissions might be similar.

1. Introduction

Equatorial noise (EN) emissions (sometimes also termed fast magnetosonic waves) are whistler mode electro-
magnetic waves which are rather routinely observed in the vicinity of the geomagnetic equator both inside
and outside the plasmasphere at radial distances between about 2 and 7 RE (Boardsen et al., 2016; Kasahara
et al., 1994; Laakso et al., 1990; Ma et al., 2013; Němec et al., 2005; Posch et al., 2015). They propagate with wave
vectors oriented nearly perpendicular to the ambient magnetic field (Santolík et al., 2004; Walker, Balikhin,
Shklyar, et al., 2015), that is, they are limited to frequencies below the lower hybrid frequency. They may be
occasionally detected at altitudes as low as 700 km (Němec, Parrot, & Santolík, 2016; Santolík et al., 2016) and
at radial distances as large as 10 RE (Hrbáčková et al., 2015). Similar emissions off the geomagnetic equator
were also reported (Tsurutani et al., 2014; Zhima et al., 2015). Although the emissions appeared as noise when
they were observed for the first time in the low-resolution data (Russell et al., 1970), subsequent higher res-
olution data revealed that they were in fact formed by a system of harmonic spectral lines corresponding to
the proton cyclotron frequency in the source region (Gurnett, 1976). The emissions are generated by ring-like
proton distribution functions (Chen et al., 2011, 2016; Curtis & Wu, 1979; Liu et al., 2011; McClements & Dendy,
1993; McClements et al., 1994; Min & Liu, 2016; Sun et al., 2017) which were observed along with the event
occurrence (Balikhin et al., 2015; Boardsen et al., 1992; Ma et al., 2014; Meredith et al., 2008; Perraut et al.,
1982; Xiao et al., 2013; Xiao, Zhou, et al., 2015). It is noteworthy that the harmonic structure of the emissions
is at times missing, resulting in a broadband spectra over a continuous frequency range (Chen et al., 2016;
Tsurutani et al., 2014). This can be explained by the overlapping of adjacent unstable wave modes, as has been
demonstrated both using linear theory (Sun et al., 2016a) and particle-in-cell simulations (Sun et al., 2016b).
Although EN emissions stay confined to the equatorial plane, they may propagate in radial/azimuthal direc-
tions (Chen & Thorne, 2012; Horne et al., 2000; Němec, Santolík, Pickett, Hrbáčková, et al., 2013; Santolík et al.,
2002; Xiao et al., 2012). EN is considered to be important for electron dynamics in the Van Allen radiation
belts (Bortnik et al., 2015; Horne et al., 2007; Li et al., 2014; Ma et al., 2016; Ni et al., 2017; Shprits, 2016; Walker,
Balikhin, Canu, et al., 2015), as well as for the formation of so-called butterfly distribution functions (Li, Bortnik,
et al., 2016; Li, Ni, et al., 2016; Maldonado et al., 2016; Xiao, Yang, et al., 2015; Yang et al., 2017).
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Although EN emissions were typically considered to be continuous in time, they sometimes exhibit a
quasiperiodic (QP) time modulation of the wave intensity (Boardsen et al., 2014; Fu et al., 2014). This QP mod-
ulation of the EN wave intensity occurs in about 5% of the events, and it is statistically related to the periods of
an increased solar wind speed (Němec, Santolík, Hrbáčková, et al., 2015). The events occur predominantly in
the noon magnetic local time (MLT) sector. Although the occurrence rate of normal continuous EN also peaks
close to the local noon (Hrbáčková et al., 2015), the noon peak of the occurrence rate of EN with the QP modu-
lation of the wave intensity is much sharper, with the noontime occurrence rate about 4 times higher than the
nighttime occurrence rate (Němec, Santolík, Hrbáčková, et al., 2015). Němec, Santolík, Hrbáčková, et al. (2015)
further investigated high-resolution Cluster Wideband Data for all 17 events where these were available, and
they revealed the presence of a harmonic line structure in all of them. The emissions may occasionally consist
of two frequency bands of interleaved QP elements (Li et al., 2017) and were also observed at altitudes as low
as 700 km (Parrot et al., 2016).

The origin of the QP modulation, however, remains unclear. A possibly similar phenomenon exhibiting a
QP modulation of the wave intensity are extra low frequency/very low frequency (ELF/VLF) QP emissions
(Cornilleau-Wehrlin et al., 1978; Sazhin & Hayakawa, 1994; Tixier & Cornilleau-Wehrlin, 1986), which also prop-
agate in the whistler mode but approximately along the magnetic field lines (Hayosh et al., 2016; Němec,
Santolík, Pickett, Parrot, et al., 2013). These are also observed primarily on the dayside (Engebretson et al., 2004;
Morrison et al., 1994). Two main generation mechanisms were suggested to explain the formation of these
events: (i) modulation of the source region by a compressional ultra low frequency wave (Chen, 1974; Kimura,
1974; Sato et al., 1974; Sazhin, 1987) and (ii) periodic wave generation based on a self-consistent modulation
of magnetospheric flow cyclotron maser (Demekhov & Trakhtengerts, 1994; Pasmanik et al., 2004). However,
a direct confirmation of any of these suggested generation mechanisms is still missing. We note that—albeit
formed by individual elements drifting in frequency—the modulation periods of ELF/VLF QP emissions are
generally much larger and their frequency sweep rates much lower than those of discrete chorus emissions
(Gao et al., 2014a, 2014b), and they should not be confused.

We analyze detailed properties of 118 EN events with a QP modulation of the wave intensity observed by the
Cluster spacecraft during the first 10 years of operation (2001–2010). We demonstrate that some of their prop-
erties are remarkably similar to the properties formerly reported for ELF/VLF QP emissions propagating nearly
along the ambient magnetic field. The data set is described in section 2. The obtained results are presented
in section 3, and they are discussed in section 4. Finally, section 5 contains a brief summary.

2. Data set

Electromagnetic wave data measured by the Cluster spacecraft are used in the present study. Cluster is a mis-
sion consisting of four satellites flying in a close constellation on nearly identical high inclination orbits. The
orbital parameters evolved during the mission duration, but during the first years the spacecraft crossed the
equatorial plane around their perigee at a radial distance of about 4 RE , optimal for EN observations. Mul-
ticomponent measurements of electromagnetic waves were performed by the Spatio-Temporal Analysis of
Field Fluctuations Spectrum Analyzer (STAFF-SA). The instrument uses three orthogonal magnetic field com-
ponents and two electric field components in the spin plane of the spacecraft to calculate onboard 5 × 5
spectral matrices in 27 frequency channels logarithmically spaced between 8 Hz and 4 kHz. The time res-
olution is 1 s for the power spectral densities (main diagonals of spectral matrices) and 4 s for phases and
coherence (off-diagonal elements of spectral matrices). The measured data thus allow us to determine not
only the intensity of observed electromagnetic waves but also their polarization and propagation proper-
ties. A more detailed description of the instrument was given by Cornilleau-Wehrlin et al. (1997, 2003). In
addition to the electromagnetic wave measurements, the Waves of HIgh frequency Sounder for Probing the
Electron density by Relaxation instrument on board the Cluster spacecraft provides absolute measurements
of the electron plasma number density in the range 0.2–80 cm−3 based on the resonance sounding technique
(Décréau et al., 1997, 2001).

The data set analyzed in this paper consists of 118 events visually identified in total in the first 10 years of
the Cluster spacecraft data (Němec, Santolík, Hrbáčková, et al., 2015). We note that if EN with a QP mod-
ulation of the wave intensity is observed at the same time by several Cluster spacecraft, it is counted as
several separate events, one per spacecraft observing the emissions. An example of an EN event with a
QP modulation of the wave intensity observed by Cluster 1 on 4 September 2001 between 08:37 UT and
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UT: 0839 0842 0845 0848 0851 0854
MLat (deg) 4.08 -2.2- 1 -0.34 1.52 3.39 5.25

MLT (h): 11.88 11.90 11.91 11.93 11.95 11.97
R (RE): 4.40 4.39 4.39 4.40 4.40 4.40
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Figure 1. Example of an equatorial noise event with a quasiperiodic modulation of the wave intensity. The data were
measured by Cluster 1 on 4 September 2001 between 08:37 UT and 08:55 UT. (a) Frequency-time spectrogram of power
spectral density of magnetic field fluctuations. (b) Frequency-time plot of ellipticity of magnetic field fluctuations.
(c) Frequency-time plot of wave normal angle. MLT = magnetic local time.

08:55 UT is shown in Figure 1. Figure 1a shows a frequency-time spectrogram of power spectral density of
magnetic field fluctuations. EN is the intense emission at frequencies of about 100 Hz, which consists of sev-
eral well-distinguishable QP elements. Considering that multicomponent magnetic field measurements are
available, a detailed wave analysis can be done, as demonstrated in Figures 1b and 1c. This analysis was per-
formed only for frequency-time intervals with power spectral density of magnetic field fluctuations larger than
10−7 nT2 Hz−1. Figure 1b shows a frequency-time plot of the ellipticity of magnetic field fluctuations (Santolík
et al., 2003). The values of ellipticity correspond to the ratio of the middle and the largest axis of the polariza-
tion ellipsoid, and they may range between 0 and 1. The ellipticity of 0 corresponds to the linear polarization,
while the ellipticity of 1 corresponds to the circular polarization. It can be seen that the EN emissions are nearly
linearly polarized. The wave normal angle with respect to the ambient magnetic field shown in Figure 1c
may range between 0∘ and 90∘. The value of 0∘ corresponds to the wave vector oriented along/opposite the
ambient magnetic field, while the value of 90∘ corresponds to the wave vector oriented perpendicular to
the ambient magnetic field. It can be seen that the EN emissions propagate principally perpendicular to the
ambient magnetic field.

In order to perform a detailed analysis of identified EN events with QP modulation, it is important to properly
evaluate the timing of individual QP elements. In order to do so, we have developed a semiautomatic routine
which allows us to identify individual intensity peaks at frequencies of interest. Given the limited frequency
resolution of the STAFF-SA instrument (in the frequency range of interest about 10–50 Hz), it seems natural
to perform the analysis in each STAFF-SA frequency band separately. The idea of the analysis is demonstrated
in Figure 2. It shows exactly the same time interval as Figure 1, but this time we only show the power spec-
tral density data in the STAFF-SA frequency bins where the EN event with the QP modulation was observed.
Specifically, Figures 2a–2c show the time dependence of the power spectral density of magnetic field fluc-
tuations in the frequency ranges 78–99, 99–125, and 125–157 Hz, respectively. The time variation exhibits
several well-distinguishable peaks, corresponding to individual QP elements. In order to identify the begin-
ning and ending times of the QP elements, we have used a procedure similar to the one used by Němec,
Bezděková, et al. (2016), that is, we have identified the local minima in between the intensity peaks. These
intensity minima are then considered to separate the consecutive peaks, that is, an intensity peak is consid-
ered to start just after the end of the preceding one. The identified intensity minima are shown by the red
crosses in Figure 2. Such a peak identification was done for each of the 118 identified events, and for each of
the relevant frequency ranges of the STAFF-SA instrument, resulting in total 320 analyzed time dependencies
of power spectral density. Altogether, 3,474 intensity peaks were identified. The obtained results allow us to
directly evaluate the frequencies, modulation periods, and intensities of the events.
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Figure 2. Time variation of the power spectral density of magnetic field fluctuations corresponding to the event from
Figure 1 at various frequency ranges. (a) Frequency range 78–99 Hz, (b) frequency range 99–125 Hz, and (c) frequency
range 125–157 Hz. The red crosses mark the beginning/ending times of individual quasiperiodic elements determined
as the local intensity minima.

3. Results

In situ plasma density measurements performed by the Waves of HIgh frequency Sounder for Probing
the Electron density by Relaxation instrument at and around the times of the events allow us to identify
plasmapause crossings (if present) and to evaluate whether the events were observed inside or outside the
plasmasphere (Darrouzet et al., 2009, 2013). Given the Cluster polar orbit and the event occurrence close to
the equatorial plane, a plasmapause crossing is generally observed only for events observed inside the plas-
masphere. Event observations outside the plasmasphere effectively mean that the plasmasphere has a rather
low radial extent. The Cluster spacecraft are then typically located outside the plasmasphere during the entire
equatorial crossings, and no plasmapause crossings are observed. Out of the 118 analyzed events, 11 events
were observed inside the plasmasphere, 12 events spanned both inside and outside the plasmasphere, and 78
events were observed outside the plasmasphere. No plasma density data were available, or the plasmapause
was unclear in 17 events. With the given spacecraft orbit we have therefore collected more events outside the
plasmasphere than inside the plasmasphere. Moreover, some events spanning both inside and outside the
plasmasphere reveal a significant intensity decrease at the plasmapause when entering the plasmasphere.
For example, the event reported by Němec, Santolík, Hrbáčková, et al. (2015) in their Figure 2, observed by
Cluster 2 on 27 November 2003 between 02:24 UT and 03:16 UT, spanned both inside and outside the plas-
masphere. However, there was a significant decrease of the event intensity at the time when the spacecraft
was located inside the plasmasphere (approximately between 02:52 UT and 02:56 UT).

Figure 3a shows a histogram of frequencies where the individual events were observed. The binning on the
abscissa corresponds to the frequency bins of the STAFF-SA instrument. The ordinate shows the number of
events spanning over a given frequency bin. The error estimates (𝜎) were calculated separately in each fre-
quency bin, assuming that the number of events in the bin (n) follows a Poisson distribution, that is, 𝜎 =

√
n.

It can be seen that most events are observed at frequencies of about 100 Hz, with only a few at frequencies
below 50 Hz/above 200 Hz. Considering that the events are generated at harmonics of the proton cyclotron
frequency in the source region, it may be instructive to normalize the observed frequencies by the local pro-
ton cyclotron frequency. As the emissions may possibly propagate over a considerable radial distance (Horne
et al., 2000; Santolík et al., 2002), using the proton cyclotron frequency at the observation point may be inap-
propriate in some events. However, it should still provide us with a rough estimate of harmonic numbers
which are usually generated. The obtained results are shown in Figure 3b, which depicts the number of events
observed at given normalized frequencies. Each event was considered to contribute to all normalized fre-
quencies between the lowest and the largest normalized frequency of the event. Error estimates, calculated
in the same way as in Figure 3a, are shown by the thinner gray curves. It can be seen that the normalized
frequencies (harmonic numbers) are mostly between about 15 and 25.
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Figure 3. (a) Frequencies where the events are observed (118 events in total). The number of events spanning over a
given frequency bin of the Spatio-Temporal Analysis of Field Fluctuations Spectrum Analyzer instrument is plotted. The
error bars were calculated from the observed number of events assuming a Poisson distribution. (b) Same as (a) but for
frequencies normalized by the proton cyclotron frequency at the observation point. Error estimates are marked by the
thinner gray curves.

As for the intensity of the events, we can define an intensity of each QP element at a given frequency as an
average power spectral density calculated over the time duration of the element. The QP element intensity
is thus—as well as the beginning and ending times of individual QP elements—evaluated separately for
each STAFF-SA frequency interval. As can be expected from the EN confinement to the vicinity of the equa-
torial plane (e.g., Němec et al., 2005), it is found that the main factor controlling the QP element intensity is
the geomagnetic latitude. The obtained results are shown in Figure 4a. Each QP element intensity at each
STAFF-SA frequency bin where it was observed is shown by a color point. The color corresponds to the respec-
tive frequency bin, following the color scale on the right-hand side. The color curves correspond to the best
fit Gaussian dependencies in the frequency ranges 24.8–78.7, 78.7–157.5, and 157.5–315.0 Hz, respectively.
These frequency ranges were selected to correspond to the STAFF-SA frequency intervals and to reasonably
cover the entire frequency range of interest. It can be seen that the QP elements at lower frequencies are
on average more intense and confined somewhat closer to the equatorial plane than QP elements at higher
frequencies. Němec et al. (2006) reported that EN intensity tends to peak at the min-B equator, where the mag-
netic field magnitude along a given magnetic field line is minimal. The position of the min-B equator can be
readily estimated by using, for example, Tsyganenko (1989) magnetospheric magnetic field model. Figure 4b
demonstrates that the intensity of individual QP elements indeed peaks also at the min-B equator. Specifically,
when the geomagnetic latitude is given with respect to the min-B equator in place of the dipole geomagnetic
equator, the intensity dependencies get noticeably narrower and symmetric.

It is of interest to investigate how the modulation periods of the events evolve during the event duration or,
in other words, how stable they are. Given that Cluster is a multispacecraft mission, with individual space-
craft typically following each other on rather similar orbits, a single EN emission is often observed by several
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Figure 4. (a) Intensity of individual quasiperiodic elements as a function of the dipole geomagnetic latitude and
frequency. The frequency is color coded according to the color scale on the right-hand side. The color curves
correspond to the best fit Gaussian functions in the frequency ranges 24.8–78.7, 78.7–157.5, and 157.5–315.0 Hz,
respectively. (b) Same as (a) but for the geomagnetic latitude relative to the min-B equator.
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Figure 5. (a) Time separations between individual quasiperiodic elements of a given merged event normalized
by the median of these time separations. The histogram is calculated using the data corresponding to all merged
events and frequency ranges. The vertical red dashed lines correspond to ±25% interval. (b) Time separations between
individual quasiperiodic elements normalized by the modulation periods of respective merged events as a function
of time from the beginning of the merged events. The analysis was done separately for each frequency range,
according to the color scale on the right-hand side.

spacecraft with a short time delay, as the spacecraft consecutively pass through the geomagnetic equator.
Such an observation was evaluated as several (up to 4, depending on the number of Cluster spacecraft observ-
ing the emission) events in the aforementioned analysis. For the purpose of the analysis of the modulation
period evolution, we, however, group all these consecutive observations together, resulting in a single merged
event for each Cluster constellation pass through the equator. The total 118 EN events with the QP modula-
tion of the wave intensity are thus grouped into 52 merged events. We note that the multispacecraft nature of
the Cluster mission thus serves us here only to increase the total number of data and the time duration of indi-
vidual events, with no analysis employing simultaneous multipoint measurements being involved. Figure 5a
shows a histogram of normalized time differences between consecutive QP elements. It was calculated using
the data corresponding to all merged events and frequency ranges. For each merged event and STAFF-SA
frequency interval, the time separations of consecutive QP elements were determined as the differences of
the averages of element beginning and ending times. Finally, for each merged event and STAFF-SA frequency
interval, these were normalized by the median of these time separations. The vertical red dashed lines show
the 0.75 and 1.25 values, demonstrating that the time difference between consecutive QP elements is within
25% from the median modulation period in the vast majority of cases. Figure 5b shows the time evolution
of the modulation periods. The normalized modulation periods from Figure 5a are plotted as a function of
the time from the beginning of the merged event, that is, from the time when the first element forming the
merged event was observed. The results are color coded as a function of the frequency, using the color scale
on the right-hand side. Although the scatter of the data points is large, there appears to be a possible very
weak increasing trend (Spearman rank correlation coefficient of about 0.15).

Hayosh et al. (2014) analyzed detailed properties of 2,264 ELF/VLF QP emissions propagating in the whistler
mode approximately along the magnetic field lines identified in the electric field data measured by the
low-altitude Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions (DEMETER)
spacecraft. They showed that both the QP element intensity and the QP element frequency drift decrease
as a function of the modulation period. We can investigate whether these relations are valid also for EN with
the QP modulation, having identified the times of the EN QP elements (defined as the average of element
beginning and ending times) at individual STAFF-SA frequency bins. This is done in Figures 6 and 7. Given
the latitudinal dependence of the QP element intensity shown in Figure 4, we define the event intensity as
the intensity of its most intense element. The modulation period of an event is defined, following Hayosh
et al. (2014), as the median time difference between consecutive QP elements. The analysis is done separately
for each of the three frequency ranges used in Figure 4. Figure 6a shows the intensities of individual events
in the frequency range 24.8–78.7 Hz as a function of their modulation periods. The results are color coded
as a function of the frequency, following the color scale on the right-hand side. The uncertainties of each of
the data points are marked by the thin horizontal and vertical lines. The uncertainty 𝜎I of the maximum ele-
ment intensity was estimated by considering the intensity difference ΔI between the most intense and the
second most intense elements, that is, 𝜎I = ΔI

√
2∕2. The uncertainty of the modulation period was calcu-

lated, separately for each event, from the distribution of time differences between consecutive QP elements.
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Figure 6. (a) Event intensity (defined as the maximum intensity of individual quasiperiodic elements) as a function of the
event modulation period. The analysis was done separately for each frequency band of the Spatio-Temporal Analysis of
Field Fluctuations Spectrum Analyzer instrument, according to the color scale on the right-hand side. The uncertainties
of each of the data points are marked by the thin horizontal and vertical lines. The black line corresponds to the best
power law fit in the frequency range 24.8–78.7 Hz. (b) The same as panel (a) but for the frequency range 78.7–157.5 Hz.
(c) The same as panel (a) but for the frequency range 157.5–315.0 Hz. (d) Intensity of ELF/VLF quasiperiodic elements as
a function of respective modulation periods as obtained by Hayosh et al. (2014). The solid horizontal red lines show the
median values in individual modulation period intervals, and the dashed horizontal red lines show the respective 0.25
and 0.75 quartiles. The blue line corresponds to the best power law fit at modulation periods larger than 0.5 min.

We considered its 0.16 and 0.84 percentiles, which for a normal distribution correspond to ±1 standard devi-
ation (T0.16 and T0.84, respectively). The lower and upper estimates of the modulation period T0.5 were then
obtained as Tlow = T0.5 − (T0.5 − T0.16)∕

√
N and Tupp = T0.5 + (T0.84 − T0.5)∕

√
N, where N is the total number

of QP elements identified in a given event. The solid black line in Figure 6a shows a power law fit (y = Cxa).
Figures 6b and 6c use the same format as Figure 6a, but they were obtained for frequency ranges 78.7–157.5
and 157.5–315.0 Hz, respectively. It can be seen that, consistently with the results from Figure 4, the events
are less intense at higher frequencies. Moreover, a decreasing trend of the event intensity as a function of the
modulation period is identified in all analyzed frequency ranges. For the purpose of the comparison, Figure 6d
shows the results obtained by Hayosh et al. (2014) for ELF/VLF QP emissions. It uses the same range on the
abscissa and the same logarithmic extent on the ordinate, that is, it allows for an easy visual comparison. The
solid horizontal red lines show the median values in individual modulation period intervals, and the dashed
horizontal red lines show the respective 0.25 and 0.75 quartiles. Additionally, the solid blue line shows the
best power law fit at modulation periods larger than 0.5 min. This modulation period threshold was set some-
what arbitrarily, in order not to fit the more abruptly increasing intensities at very short modulation periods,
which are not observed for EN (marked by the blue dashed line). Considering the large scatter of individual
data points, the power law exponent of the best fit dependencies is remarkably similar. Specifically, the power
law exponent of the blue line in Figure 6d is −1.33 ± 0.07, and the power law exponents of the black lines in
Figures 6a–6c are−1.34±0.47,−1.25±0.19, and−1.22±0.54, respectively. Note that the errors of power law
exponents obtained for EN events with the QP modulation are larger than the errors of power law exponents
obtained for ELF/VLF QP emissions due to the lower number of analyzed events.

Figure 7 deals with the frequency drift of the events. For each of the QP elements, the frequency drift is cal-
culated using the time of the QP element at the minimum and maximum frequencies (the time of the QP
element at a given frequency is defined as the time in the middle of the local minima preceding and follow-
ing the element; the minimum and maximum frequencies are defined as central frequencies of the respective
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Figure 7. (a) Median frequency drifts of individual events as a function of their modulation periods. The uncertainties of
individual data points are marked by thin horizontal and vertical lines. The blue line corresponds to the best power law
fit. (b) Same as (a) but for ELF/VLF QP emissions analyzed by Hayosh et al. (2014). The red horizontal solid and dashed
lines correspond to median and quartile values in individual modulation period intervals. The blue line corresponds to
the best power law fit at modulation periods larger than 0.5 min.

STAFF-SA bins). Then, a median value of the frequency drifts of individual QP elements forming an event was
used as a characteristic frequency drift of the event. The obtained results are shown in Figure 7a. We note
that the determination of the frequency drifts is rather inaccurate due to the limited frequency resolution of
the STAFF-SA instrument, in particular at higher frequencies and for events spanning over few STAFF-SA fre-
quency bands. This was considered when calculating the uncertainties of individual data points, which are
marked by the thin horizontal and vertical lines. The uncertainty of the modulation period was calculated in
the same way as in Figure 6. The uncertainty of the frequency drift of a given event was obtained from the
bandwidths of the lowest and highest frequency bands where the event was observed. The upper estimate
of the frequency drift (i.e., the lower estimate of the event frequency extent) was obtained by assuming that
the event spans over only one third of the frequency ranges of the appropriate lowest and highest frequency
bands of the STAFF-SA instrument. Correspondingly, the lower estimate of the frequency drift (i.e., the upper
estimate of the event frequency extent) was obtained by assuming that the event spans over two thirds of the
appropriate lowest and highest frequency bands of the STAFF-SA instrument. Although the scatter of the indi-
vidual data points is large, there is a clear systematic trend of the frequency drifts to decrease with increasing
modulation period, as demonstrated by the best fit power law dependence shown by the blue line. Figure 7b
shows the results obtained by Hayosh et al. (2014) for ELF/VLF QP emissions, using the same ranges on both
abscissa and ordinate. The red horizontal solid and dashed lines again correspond to median and quartile val-
ues in individual modulation period intervals, and the solid blue line shows the best fit power law dependence
at modulation periods larger than 0.5 min. It can be seen that the dependence obtained for EN events with
the QP modulation is rather similar but decreasing somewhat slower. Specifically, while the power law expo-
nent of the blue line in Figure 7a is about −0.78 ± 0.17, the power law exponent of the blue line in Figure 7b
is about −1.54± 0.05. Again, due to the lower number of analyzed events, the errors of power law exponents
obtained for EN events with the QP modulation are larger than the errors of power law exponents obtained
for ELF/VLF QP emissions.

4. Discussion

Both the event observations primarily outside the plasmasphere and the intensity decrease at the plasma-
pause observed for some events when entering the plasmasphere indicate that the events are generated
outside the plasmasphere and they only occasionally propagate inside. Additionally, the frequencies where
the events are observed typically range from about 13 to 30 fcH+. Considering that EN outside the plasmas-
phere is typically observed at higher harmonic frequencies than EN inside the plasmasphere (Boardsen et al.,
2016; Němec, Santolík, Hrbáčková, & Cornilleau-Wehrlin, 2015), these rather high harmonic numbers of EN
with the QP modulation are also consistent with the events being generated primarily outside the plasmas-
phere. The characteristics of the 11 EN events with the QP modulation observed inside the plasmasphere and
the 78 events observed outside the plasmasphere are rather similar, with no clear difference between the two
groups of events. The events observed inside the plasmasphere have on average slightly lower frequencies,
suggesting that they might have been generated in regions with larger plasma number densities (Chen et al.,
2010; Ma et al., 2014). A possible generation of a small fraction of the events inside the plasmasphere thus
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cannot be ruled out. We note that sporadic event observations well inside the plasmasphere are consistent
with an analogous type of events observed at altitudes as low as 700 km (Parrot et al., 2016).

The events are limited to within few degrees from the geomagnetic equator, with the intensity peak just
at the min-B equator. This is in agreement with the former results on all EN emissions (Němec et al., 2005,
2006). The observed larger latitudinal spread and lower intensity of the events at higher frequencies appear to
be in agreement with the ray tracing calculation of event propagation, which shows that the emissions with
lower frequencies tend to stay confined closer to the equatorial plane (Santolík et al., 2016). The calculated
intensities of individual QP elements can be compared with former results obtained for normal continuous EN
emissions. The median magnetic spectral power of EN in low-density regions (i.e., roughly outside the plas-
masphere) and at latitudes within 5∘ from the geomagnetic equator was obtained by Boardsen et al. (2016)
using Van Allen Probes measurements as a function of the radial distance and MLT (see their Figure 6c). The
intensity distribution they obtained peaks at MLTs around noon, which is just the MLT sector where EN events
with the QP modulation are usually observed, reaching values of about 2 × 10−4 nT2 Hz−1. These intensities
are significantly larger than the intensities of EN with the QP modulation of the wave intensity obtained in the
present paper, which are typically below 10−5 nT2 Hz−1. This seems to be consistent with the finding that the
intensity of EN with the QP modulation is larger for events with shorter modulation periods, considering that
normal continuous EN might be possibly obtained as a limit of the QP-modulated EN when the modulation
period goes to zero. This might be perhaps understood in terms of the generation region being close to an
instability threshold, requiring always some time for the free energy to accumulate and the wave growth to
occur, favoring possibly the generation mechanism based on an analogy with a self-consistent modulation of
magnetospheric flow cyclotron maser (Demekhov & Trakhtengerts, 1994; Pasmanik et al., 2004).

The modulation period of a given event remains rather stable during the event duration. There appears to
be a very weak trend for the modulation period to increase with time, but on the analyzed time scales (lower
than 1 hr), the dependence is rather inconclusive. This might be vaguely consistent with the magnetospheric
flow cyclotron maser theory suggested to explain ELF/VLF QP emissions (Demekhov & Trakhtengerts, 1994;
Pasmanik et al., 2004), which predicts the modulation period to be inversely proportional to the flux of
involved energetic particles. A possible decrease of the particle flux during the event duration would then
result in the modulation period increase. The magnetospheric flow cyclotron maser theory appears to be
further consistent with decreases of modulation periods of ELF/VLF QP emissions observed at the times of
substorm injections (Manninen et al., 2013, 2014).

The analysis of detailed properties of EN with the QP modulation reveals some striking similarities with
ELF/VLF QP emissions propagating in the whistler mode approximately along the magnetic field lines. We
argue that the observed interrelations between event properties (modulation period, intensity, and frequency
drift) are intrinsically related to the generation of emissions, being indicative of the generation mechanism
and conditions in the source region. The similar dependencies obtained for EN with the QP modulation of
the wave intensity and ELF/VLF QP emissions are then hardly a coincidence, but they may indicate that the
origin of the QP modulation of the wave intensity (albeit unknown) might be the same for the two types emis-
sions. We suggest that the observation of more intense events tending to have shorter modulation periods
revealed by Hayosh et al. (2014) for ELF/VLF QP emissions and in the present paper for EN events with the QP
modulation might be consistent with the aforementioned magnetospheric flow cyclotron maser.

5. Conclusions

We have analyzed 118 EN events with a QP modulation of the wave intensity observed by the Cluster space-
craft during the first 10 years of operation (2001–2010). We identified the times and frequencies of individual
QP elements, which allowed us to determine the event modulation periods, intensities, and frequency drifts.
Although the events occur preferentially outside the plasmasphere, some of them are observed well inside.
The intensity of the QP elements generally peaks at the min-B equator, consistent with the event confinement
to the vicinity of the equatorial plane. The modulation period within a single event is usually quite stable,
within 25% of the median value in the vast majority of cases. It is found that the events with shorter modula-
tion periods are typically more intense, and they tend to exhibit larger frequency drifts. These dependencies
are similar to those reported by Hayosh et al. (2014) for ELF/VLF QP emissions propagating in the whistler
mode nearly along the ambient magnetic field, possibly suggesting that the mechanism responsible for the
origin of the QP modulation may also be similar for the two phenomena.
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A further theoretical development is clearly needed in order to understand the origin of EN events with
the QP modulation of the wave intensity. The detailed properties of the events determined in the present
paper should, hopefully, help with this future work and limit the possibilities for the generation mechanisms
considered when explaining this exciting phenomenon.
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variations of quasiperiodic and periodic VLF emissions in the outer magnetosphere. Journal of Geophysical Research, 109, A05216.
https://doi.org/10.1029/2003JA010335

Fu, H. S., Cao, J. B., Zhima, Z., Khotyaintsev, Y. V., Angelopoulos, V., Santolík, O., et al. (2014). First observation of rising-tone magnetosonic
waves. Geophysical Research Letters, 41, 7419–7426. https://doi.org/10.1002/2014GL061867

Gao, X., Li, W., Thorne, R. M., Bortnik, J., Angelopoulos, V., Lu, Q., et al. (2014a). New evidence for generation mechanisms of discrete and
hiss-like whistler mode waves. Geophysical Research Letters, 41, 4805–4811. https://doi.org/10.1002/2014GL060707

Gao, X., Li, W., Thorne, R. M., Bortnik, J., Angelopoulos, V., Lu, Q., et al. (2014b). Statistical results describing the bandwidth and
coherence coefficient of whistler mode waves using THEMIS waveform data. Journal of Geophysical Research: Space Physics, 119,
8992–9003. https://doi.org/10.1002/2014JA020158

Gurnett, D. A. (1976). Plasma wave interactions with energetic ions near the magnetic equator. Journal of Geophysical Research, 81,
2765–2770. https://doi.org/10.1029/JA081i016p02765
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Santolík, O., Parrot, M., & Němec, F. (2016). Propagation of equatorial noise to low altitudes: Decoupling from the magnetosonic mode.
Geophysical Research Letters, 43, 6694–6704. https://doi.org/10.1002/2016GL069582

Santolík, O., Pickett, J. S., Gurnett, D. A., Maksimovic, M., & Cornilleau-Wehrlin, N. (2002). Spatiotemporal variability and propagation of
equatorial noise observed by Cluster. Journal of Geophysical Research, 107(A12), 1495. https://doi.org/10.1029/2001JA009159

Sato, N., Hayashi, K., Kokubun, S., Oguti, T., & Fukunishi, H. (1974). Relationships between quasi-periodic VLF emission and geomagnetic
pulsation. Journal of Atmospheric and Terrestrial Physics, 36, 1515–1526. https://doi.org/10.1016/0021-9169(74)90229-3

Sazhin, S. S. (1987). An analytical model of quasiperiodic ELF-VLF emissions. Planetary and Space Science, 35(10), 1267–1274.
https://doi.org/10.1016/0032-0633(87)90111-5

Sazhin, S. S., & Hayakawa, M. (1994). Periodic and quasiperiodic VLF emissions. Journal of Geophysical Research, 56(6), 735–753.
https://doi.org/10.1016/0021-9169(94)90130-9

Shprits, Y. Y. (2016). Estimation of bounce resonant scattering by fast magnetosonic waves. Geophysical Research Letters, 43, 998–1006.
https://doi.org/10.1002/2015GL066796

Sun, J., Gao, X., Chen, L., Lu, Q., Tao, X., & Wang, S. (2016a). A parametric study for the generation of ion Bernstein modes
from a discrete spectrum to a continuous one in the inner magnetosphere. I. Linear theory. Physics of Plasmas, 23, 022901.
https://doi.org/10.1063/1.4941283

Sun, J., Gao, X., Lu, Q., Chen, L., Liu, X., Wang, X., et al. (2017). Spectral properties and associated plasma energization by magnetosonic
waves in the Earth’s magnetosphere: Particle-in-cell simulations. Journal of Geophysical Research: Space Physics, 122, 5377–5390.
https://doi.org/10.1002/2017JA024027

Sun, J., Gao, X., Lu, Q., Chen, L., Tao, X., & Wang, S. (2016b). A parametric study for the generation of ion Bernstein modes from a dis-
crete spectrum to a continuous one in the inner magnetosphere. II. Particle-in-cell simulations. Physics of Plasmas, 23, 022902.
https://doi.org/10.1063/1.4941284

Tixier, M., & Cornilleau-Wehrlin, N. (1986). How are the VLF quasi-periodic emissions controlled by harmonics of field line oscillations?
The results of a comparison between ground and GEOS satellites measurements. Journal of Geophysical Research, 91(A6), 6899–6919.
https://doi.org/10.1029/JA091iA06p06899

Tsurutani, B., Falkowski, B. J., Pickett, J. S., Verkhoglyadova, O. P., Santolík, O., & Lakhina, G. S. (2014). Extremely intense
ELF magnetosonic waves: A survey of polar observations. Journal of Geophysical Research: Space Physics, 119, 964–977.
https://doi.org/10.1002/2013JA019284

Tsyganenko, N. A. (1989). A magnetospheric magnetic field model with a warped tail current sheet. Planetary and Space Science, 37, 5–20.
https://doi.org/10.1016/0032-0633(89)90066-4

Walker, S. N., Balikhin, M. A., Canu, P., Cornilleau-Wehrlin, N., & Moiseenko, I. (2015). Investigation of the Chirikov reso-
nance overlap criteria for equatorial magnetosonic waves. Journal of Geophysical Research: Space Physics, 120, 8774–8781.
https://doi.org/10.1002/2015JA021718

Walker, S. N., Balikhin, M. A., Shklyar, D. R., Yearby, K. H., Canu, P., Carr, C. M., & Dandouras, I. (2015). Experimental determi-
nation of the dispersion relation of magnetosonic waves. Journal of Geophysical Research: Space Physics, 120, 9632–9650.
https://doi.org/10.1002/2015JA021746

Xiao, F., Yang, C., Su, Z., Zhou, Q., He, Z., He, Y., et al. (2015). Wave-driven butterfly distribution of Van Allen belt relativistic electrons.
Nature Communications, 6, 8590. https://doi.org/10.1038/ncomms9590

Xiao, F., Zhou, Q., He, Z., & Tang, L. (2012). Three-dimensional ray tracing of fast magnetosonic waves. Journal of Geophysical Research, 117,
A06208. https://doi.org/10.1029/2012JA017589

Xiao, F., Zhou, Q., He, Z., Yang, C., He, Y., & Tang, L. (2013). Magnetosonic wave instability by proton ring distributions: Simultaneous data
and modeling. Journal of Geophysical Research: Space Physics, 118, 4053–4058. https://doi.org/10.1002/jgra.50401

Xiao, F., Zhou, Q., He, Y., Yang, C., Liu, S., Baker, D. N., et al. (2015). Penetration of magnetosonic waves into the plasmasphere observed by
the Van Allen Probes. Geophysical Research Letters, 42, 7287–7294. https://doi.org/10.1002/2015GL065745

Yang, C., Su, Z., Xiao, F., Zheng, H., Wang, Y., Wang, S., et al. (2017). A positive correlation between energetic electron but-
terfly distributions and magnetosonic waves in the radiation belt slot region. Geophysical Research Letters, 44, 3980–3990.
https://doi.org/10.1002/2017GL073116

Zhima, Z., Chen, L., Fu, H., Cao, J., Horne, R. B., & Reeves, G. (2015). Observations of discrete magnetosonic waves off the magnetic equator.
Geophysical Research Letters, 42, 9694–9701. https://doi.org/10.1002/2015GL066255
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