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Propagation of equatorial noise to low altitudes:
Decoupling from the magnetosonic mode
0. Santolik™?, M. Parrot?, and F. Némec?

'Department of Space Physics, Institute of Atmospheric Physics CAS, Prague, Czechia, *Faculty of Mathematics and Physics,
Charles University, Prague, Czechia, 3LPC2E/CNRS, Orleans, France

Abstract Equatorial noise (often phenomenologically described as magnetosonic waves in the literature)
is a natural electromagnetic emission, which is generated by instability of ion distributions and which can
interact with electrons in the Van Allen radiation belts. We use multicomponent electromagnetic
measurements of the DEMETER spacecraft to investigate if equatorial noise propagates inward down to the
Earth. Analysis of a selected event recorded under disturbed geomagnetic conditions shows that equatorial
noise can be observed at an altitude of 700 km, while propagating radially downward as a superposition of
spectral lines from different distant sources observed at frequencies both below and above the local proton
cyclotron frequency. Changes in the local ion composition encountered by the waves during their inward
propagation disconnect the identified wave mode from the low-frequency magnetosonic mode. The local
ion composition also induces a cutoff which prevents the waves from propagating down to the ground.

1. Introduction

Natural electromagnetic emissions of equatorial noise [Russell et al, 1970; Gurnett, 1976] are receiving
increased attention because of their possible importance for electron dynamics in the radiation belts
[Horne et al.,, 2007; Li et al., 2014; Bortnik et al., 2015; Shprits, 2016; Walker et al., 2015a; Ma et al., 2016].
These emissions are composed of a complex system of many spectral lines with spacing ranging from a
few hertz to a few tens of hertz, linked to ion cyclotron frequencies in local or distant sources [Gurnett,
1976; Santolik et al., 2002a; Ma et al., 2014]. Superposed rising tone quasiperiodic structures can also occasion-
ally occur [Fu et al., 2014; Boardsen et al., 2014; Némec et al., 2015b].

Equatorial noise is frequently observed within a latitudinal range of about 10° from the geomagnetic equator
[Santolik et al., 2004; Némec et al., 2005, 2006; Posch et al., 2015; Hrbdckovd et al., 2015], although occasional
off-equatorial observations have also been reported [Tsurutani et al., 2014; Zhima et al., 2015]. It occurs at all
local times, both outside and inside the plasmapause, at radial distances between 2 and 8 Earth radii (R¢) [Ma
etal., 2013; Posch et al., 2015; Xiao et al., 2015; Némec et al., 2013, 2015a; Hrbdckovd et al., 20151. Its frequencies
are usually found between the proton cyclotron frequency and the lower hybrid frequency [Némec et al.,
2005, 2015a; Ma et al., 2013; Boardsen et al., 1992]. This frequency range is in agreement with the prevailing
wave generation model at proton Bernstein modes close to proton cyclotron harmonics from unstable
proton ring distributions [Meredith et al., 2008; Balikhin et al., 2015; Min and Liu, 2016] and subsequent propa-
gation in the extraordinary mode [Walker et al., 2015b]. This mode exists below the lower hybrid frequency for
wave vectors perpendicular to the geomagnetic field.

Emissions of equatorial noise are often referred to as magnetosonic waves in the literature [e.g., Perraut et al.,
1982; Laakso et al., 1990; Horne et al., 2000]. However, the same mode name is traditionally used for compres-
sional Alfvén waves at frequencies well below the ion cyclotron frequency [Stix, 1992]. The phenomenological
extension of the mode name of magnetosonic waves to equatorial noise at much higher frequencies may
therefore be a source of confusion. This extension was, according to Perraut et al. [1982], linked to the obser-
vations of extraordinary and right-handed polarization of equatorial noise, the same as for the traditional low-
frequency magnetosonic mode. This is, in theory, substantiated for a hypothetical case of a purely hydrogen
plasma, where the wave mode of equatorial noise is coupled to the low-frequency magnetosonic mode by a
smooth transition of the refractive index. Equatorial noise is also coupled to the whistler mode, without any
restriction for the plasma composition, and these emissions are therefore also naturally referred to as whistler
mode waves in a part of the existing literature [e.g., Russell et al., 1970; Gurnett, 1976; Santolik et al., 2002a;
Némec et al., 2005].
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Consistent with observations of spectral lines generated by sources at different radial distances from the
Earth, radial component of wave propagation has been identified [Santolik et al., 2004; Némec et al., 2013;
Xiao et al., 2015]. The waves may propagate radially outward [Walker et al., 2015b] but hypothetically also
toward the Earth and reach thus low altitudes. In the case of inward propagation of equatorial noise we
would expect that waves generated above the proton cyclotron frequency in the outer regions would travel
toward steeply increasing geomagnetic field, and therefore, their frequency might become lower than the
local proton cyclotron frequency. This scenario can explain recent results of Boardsen et al. [2016], who found
equatorial noise below the local proton cyclotron frequency in 8.3% of their events, based on mass proces-
sing of the Van Allen Probes survey data using an automated mode identification procedure. However, local
generation or even upward propagation from sources below the spacecraft could not be excluded in their
case because detailed spectra and wave propagation properties have not been analyzed for these events.

In the present letter we try to answer two open questions: (1) Does equatorial noise propagate from distant
sources down to low altitudes and to the Earth? (2) What are its frequency spectra and wave mode in this case?
For this purpose we use multicomponent electromagnetic measurements of the low-orbiting DEMETER space-
craft and we present results of a detailed analysis of a selected event with a clear line structure observed under
disturbed geomagnetic conditions. We show (1) that equatorial noise can be observed at an altitude of 700 km
with a radially downward propagation. We also show that (2) the observed emission is formed by superposition
of spectral lines from different distant sources occurring at frequencies both below and above the local proton
cyclotron frequency. The observed wave mode is induced by the local plasma containing multiple ion species.
It effectively decouples equatorial noise from the low-frequency magnetosonic mode. It also prevents the waves
from their further propagation down to the ground. In section 2 of this letter we briefly describe the data set and
show the results of a case study; in section 3 we analyze the data in detail as a function of frequency; section 4 is
devoted to interpretation of the observed propagation mode; in section 5 we show results of a ray-tracing simu-
lation based on the measurements; in section 6 we interpret and discuss our results.

2. Observations of Equatorial Noise at Low Altitudes

The DEMETER spacecraft operated from 2004 to 2010 on a circular nearly Sun-synchronous orbit at an alti-
tude of approximately 700 km. We analyze six-component measurements of the electric and magnetic fields
[Parrot et al., 2006; Berthelier et al., 2006a; Santolik et al., 2006] recorded during the burst-mode intervals as 16-
bit waveforms with a sampling frequency of 2.5kHz. From their power-frequency spectrograms we have
identified 47 events with a clear structure of spectral lines within 20° from the geomagnetic equator, system-
atically excluding cases of power-line harmonic radiation [Némec et al.,, 2007]. The selected events mostly
occur during high geomagnetic activity, with the main occurrence peak within £10° of geomagnetic latitude.
All of them show similar characteristics which might be consistent with properties of equatorial noise. Five of
these events have been briefly reported by Némec et al. [2007], but no analysis of propagation, wave mode,
and spectral properties has been done. Here we analyze in detail another case of this set which has been
selected for its particularly clear wave polarization properties.

The selected observations have been recorded on 12 April 2005 between 03:27 and 03:40 UT when the space-
craft moved above the Pacific coast of South America to the Gulf of Mexico during a nightside orbit with a
nearly constant magnetic local time from 22:30 to 21:50 at an altitude from 709 to 705 km. The geomagnetic
Kp index reached 5, and the AE index increased over 800 nT in the main phase of a moderate geomagnetic
storm with the minimum Dst index below —60 nT, following a previous increase of the solar wind density
up to 50cm ™3 and a subsequent pronounced southward turning of the interplanetary magnetic field.

Figures 1a and 1b, respectively, show frequency-time spectrograms of the total power of the electric and
magnetic fields, with a frequency resolution of 3.7 Hz. A structure of strong electromagnetic spectral lines
is well seen in the first part of the time interval before 03:33 UT at frequencies of 150-250 Hz, with a low-
intensity emission spanning up to 400 Hz. These waves, as we are going to show, can be attributed to equa-
torial noise, unlike the bursts of electromagnetic waves caused by lightning-generated whistlers and occur-
ring after 03:33 UT. Propagation of this type of waves has been analyzed in detail from the DEMETER data
previously [Santolik et al., 2008, 2009; Shklyar et al., 2012]. In our case the bursts are generally limited below
the local proton cyclotron frequency (f,+, shown by a black solid line), with some of them reaching above that
limit, especially toward the end of the analyzed time interval.
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Figure 1. Example of the burst-mode observations of the DEMETER spacecraft on 12 April 2005. Frequency-time plots of (a)
the sum of the power-spectral densities of three orthogonal electric field components, (b) the sum of the power-spectral
densities of three orthogonal magnetic field components, (c) the ellipticity of the magnetic field polarization with a sign
corresponding to the sense of polarization, (d) the ellipticity of the electric field polarization with a sign corresponding to
the sense of polarization, (e) the angle between the wave vector and the background magnetic field, (f) azimuth of the
wave vector with respect to the outward direction, positive eastward, (g) the angle between the Poynting vector and the
background magnetic field, and (h) azimuth of the Poynting vector with respect to the outward direction. A color scale is
given on the right-hand side of each plot. Values in Figures 1c—1h are plotted only for electric and magnetic power-spectral
densities above 107 nT2Hz ' and 5x 10~/ mv? m ™2 Hz_1, respectively. Arrows point to the three time intervals selected
for Figure 2. The local proton cyclotron frequency is given by a black solid line in each plot. Time is given in UT on the
bottom, as well as the geomagnetic latitude of the spacecraft.
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With the full 3-D measurement of the magnetic field fluctuations we have used the singular value decompo-
sition (SVD) method [Santolik et al., 2002b] to calculate the ellipticity of magnetic polarization shown in
Figure 1c. Values close to zero correspond to linear polarization, while —1 and +1 mean left- or right-handed
circular polarization, respectively. While the magnetic field polarization is linear before 03:33 UT, the same
analysis of the electric field polarization (Figure 1d) gives progressively increasing values from left-hand cir-
cular through linear to right-hand circular polarization, as a function of increasing frequency. After 03:33 UT,
both the magnetic and electric field polarization show another pattern: right-hand circular polarization at low
frequencies, with an excursion to linear and left-handed polarization, and then return back to the right-hand
circular polarization at higher frequencies.

The full 6-D measurements of the magnetic and electric field fluctuations also allow us to determine the wave
vector direction using the SVD method [Santolik et al., 2003]. The results, shown in Figures 1e and 1f, indicate
perpendicular and downward propagating waves before 03:33 UT, and after that time we detect mainly
upward waves propagating nearly antiparallel to the geomagnetic field, i.e., toward the equator. Very similar
pattern is obtained from an independent analysis of the direction of the Poynting vector [Santolik et al., 2001]
shown in Figures 1g and 1h.

3. Detailed Spectral Analysis of Equatorial Noise

The red, purple, and blue arrows in Figure 1¢, respectively, point to three 10s intervals around 03:28, 03:29,
and 03:30 UT. These intervals are analyzed in detail in Figure 2, using the same color coding for line plots
as a function of frequency with a resolution of 1.2 Hz. In agreement with original observations of Gurnett
[1976] we see a complex superposition of many harmonically spaced lines with different frequency spacings
in Figures 2a and 2b. For example, black arrows show the 18th, 19th, 22nd, and 23rd harmonics of 9.9 Hz,
which correspond to a hypothetical source of proton cyclotron harmonics located at an approximate radial
distance of 3.6 Re. Grey arrows show the 42nd-51st harmonics of 3.69 Hz, corresponding to fy+ at 5.1 Rg.
Alternatively, we may also interpret them as harmonics of He™ or O* cyclotron frequencies (f+ or fo+) at
3.2 or 2.0 Rg, respectively. This structure is similar in both electric and magnetic field spectra and in all three
time intervals, while the local f+ is changing from 284 to 297 Hz (see Figure 2a), suggesting again a distant
source. However, the electric field spectra in Figure 2a also show a line varying in frequency from 131 to
137 Hz and following thus the variation of the local f,+ at approximately 46% of its value. This line is nearly
absent in the magnetic field spectra in Figure 2b. The local origin in the ion Bernstein mode is probable either
close to the second harmonic of local f,.+ or close to the eighth harmonic of local f 5+. Hypothetically, it could
be also close to the fundamental cyclotron frequency of deuterium ions or He?".

The electric field spectra show a sharp lower cutoff which also varies with the local f;+, being at 127 Hz in the
most intense part of the emission around 03:29 UT (purple line). The magnetic field ellipticity (Figure 2c)
always gives linear polarization for the intense part of the emission as well as for the weaker waves up to
400 Hz, with exceptions of very narrow frequency bands around higher harmonics of 19.52 Hz, caused by arti-
ficial interferences linked to the onboard digital processing (marked by vertical dotted lines). The electric field
ellipticity (Figure 2d) consistently shows a pattern of changing polarization from left-hand circular to right-
hand circular. The change of the sense of polarization happens approximately at 183 Hz in the interval around
03:29 UT (purple line). The wave vector and Poynting vector directions in Figures 2e-2h independently show
the propagation properties in a much more detailed way than in the color spectrograms in Figure 1. The
waves propagate toward the Earth, very close to the plane of the magnetic meridian, at angles close to per-
pendicular to the local geomagnetic field line. A slightly southward inclination of the Poynting vector can be
identified in Figure 2g for the interval around 03:28 UT (red line), which was recorded to the south from the
equator. A remarkably similar propagation pattern is also observed for the weaker waves up to 400 Hz.

4. Interpretation of the Observed Polarization Properties

The observed line structure and propagation properties strongly suggest that the waves recorded before
03:33 UT are formed as equatorial noise and propagate down to the low orbiting spacecraft from different
distant sources. The main difference from typical equatorial noise is the sharp lower cutoff, which moves
up in frequency as the local f,;+ increases along the orbit (Figure 1a), as well as changes in the polarization
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Figure 2. Detailed analysis of 10 s time intervals marked by arrows in Figure 1c. Blue, magenta, and red lines show the
results for intervals centered at 13:28 UT, 13:29 UT, and 13:30 UT, respectively. (a—h) The description of separate panels

is the same as in Figure 1. Arrows show the characteristic frequencies for the three time intervals and identified harmonics
in the observed line structure. Vertical dotted lines denote instrumental interferences.
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sense of the electric field (Figure 1d). The sharp cutoff can correspond to L = 0 cutoff occurring below f - [Stix,
1992] for downward propagating waves [Gurnett and Burns, 1968; Santolik and Parrot, 1999],

1+ PO(ROH — 1)
Row

flo = fir (M
where Roy =16 is the ratio of masses of oxygen to hydrogen ions assuming a two-component plasma. With
the observed values at 03:29 UT (f, - o= 127 Hz, f,+ = 289 Hz), this equation gives the relative O" fraction
Po=40.2%. Between f, _ g and f,;- the theory also predicts a crossover frequency of polarization reversal,

14+ PO(ROH2 — 1)
fco = fH‘ ROH (2)

With the observed f.,=183 Hz we obtain P5=39.9%, in a remarkable agreement with the results from
equation (1).

The downward propagating equatorial noise observed in Figure 1 before 03:33 UT can be therefore attribu-
ted to the theoretical cold plasma mode shown in Figure 3a, at frequencies above the lower cutoff at f, _ .
This mode is coupled by a smooth variation of the refractive index to the whistler mode, so it is appropriate
to refer to equatorial noise as the whistler mode waves. Oppositely, Figure 3b shows the second possible the-
oretical cold plasma mode at the frequencies below f ;. It corresponds to the proton cyclotron branch, and, at
frequencies well below f-, it is coupled to the low-frequency magnetosonic mode, also known as compres-
sional Alfvén waves. Unless the wave vector is at zero angle 8¢ to the background magnetic field, there is a
sharp discontinuity of refractive indices of the whistler mode in Figure 3a and the magnetosonic-proton
cyclotron mode in Figure 3b. There is therefore no possibility to connect equatorial noise to the low-
frequency magnetosonic mode by a smooth variation of the refractive index in a plasma with multiple ions.

Our observations show that equatorial noise propagates downward with nearly perpendicular 8y (Figure 2e).
The theory (Figure 3c) shows that the Poynting vector angle 65 should also be perpendicular. This is in agree-
ment with the observations in Figure 2g. However, when 6y deviates from the perpendicular direction, we
obtain a difference in the directions of the wave vector and of the Poynting vector (Figure 3c), especially
at higher frequencies.

The theory (Figure 3e) well reproduces the observed linear polarization of magnetic field fluctuations
(Figure 2c). Polarization of the electric field varies with increasing frequency from left-hand circular to
right-hand circular, with a smooth polarization reversal at f., (Figure 3g), in agreement with our observations
in Figure 2d. Approaching f; — o from above the power of magnetic field fluctuations of this mode becomes
weaker relative to the electric field power (Figure 3i). The theory gives a factor of nearly 5 between waves at
frequencies of 155 Hz and 133 Hz. This may in part explain the absence of the peak just above f, _ o in Figure 2b,
where the magnetic field power changes between these frequencies by 1 order of magnitude more than the
electric field power in Figure 2a.

As a validation of our analysis, the lightning-generated waves recorded after 03:33 UT also show properties con-
sistent with the theory. During their outward but mainly antiparallel propagation with respect the geomagnetic
field (equivalent to small 6 angles for the mode in Figure 3b, both below and above the multiion hybrid fre-
quency fi, at 60 Hz), a part of their power departs into the left-hand polarized (Figures 3f and 3h) proton cyclo-
tron whistlers [Gurnett et al., 1965] with a resonance at f+, but another part occurs in the right-hand polarized
whistler mode, which continues above f ;- as it is seen at small 6, angles in Figures 3e and 3g.

5. Ray-Tracing Simulation

Ray-tracing simulations of equatorial noise have been performed in the past, for example, by Kasahara et al.
[1994], Boardsen et al.[1992, 2016], and Xiao et al.[2012], but the results did not show the possibility of inward
propagating waves, which was nevertheless indicated by a simplified theoretical analysis of Chen and Thorne
[2012]. Walker et al. [2015b] recently simulated outward radial propagation from a distance of 3.5 Rg. Figure 4
presents the first results of inward ray tracing of equatorial noise, showing the possibility that equatorial noise
reaches the low-Earth orbit where we observe it. We use a dipole model of the geomagnetic field and a dif-
fusive equilibrium plasma model with boundary conditions corresponding to measurements on board
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Figure 3. Theoretical properties of cold plasma wave modes below 400 Hz as a function of frequency and angle 6k
between the wave vector and the background magnetic field. We assume a three-component plasma model with para-
meters derived from observations at 03:29 UT (purple line in Figure 2): 60% H* ions, 40% O" ions, and electrons with a
plasma density of 3 x 10%em ™. Geomagnetic field strength corresponds to fy- = 289 Hz. Results are symmetric for 6 and
180°-0. Properties of the shear Alfvén-oxygen cyclotron mode (below f:) and of the whistler mode (above f; _ o) are given
on the left-hand side. Magnetosonic-proton cyclotron mode (below f;+) is shown on the right-hand side. (a and b)
Refractive index, (c and d) angle between the Poynting vector and the background magnetic field, (e and f) ellipticity of the
magnetic field polarization with a sign corresponding to the sense of polarization, (g and h) ellipticity of the electric field
polarization with a sign corresponding to the sense of polarization, and (i and j) dimensionless ratio of magnetic to electric
field power. Black lines represent the isocontours shown on the color scales for each figure.
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Figure 4. Results of a 3-D ray-tracing simulation with four color-coded initial wave vector directions (defined by angles ;
and g;) in the source at 3.6 Rg (a) for a wave frequency of 150 Hz, projected onto the plane of the local magnetic meridian;
area inside the dipole field line which crosses the equator at a radial distance of 3.6 Rgis greyed; (b) for 150 Hz, projected on
the magnetic equatorial plane, dotted line shows the local magnetic meridian of the source; (c) for 350 Hz, projected onto
the plane of the local magnetic meridian; and (d) for 350 Hz, projected on the magnetic equatorial plane.

DEMETER. For an altitude of 708 km we use the same three-component plasma model as in Figure 3: the ion
composition of 60% H* and 40% O" has been derived from our observations of characteristic frequencies
f, _o and f.o; plasma density of 3x10* cm™3 and temperature of 1000K correspond to measurements of
the IAP ion analyzer [Berthelier et al., 2006b]. This temperature defines the radial density profiles of the two
ions with a rapidly decreasing fraction of O". It reaches 99% at an altitude of 380 km below the spacecraft,
it falls down below 1% at 1000 km and below 0.1% at 1200 km.

The calculations have been done by a 3-D ray-tracing code with verification of the Wentzel-Krammers-
Brillouin approximation of geometric optics in every integration step, as it is described by Santolik et al.
[2009]. Wave propagation is simulated for the previously identified propagation mode (whistler mode from
Figure 3a) at a peak frequency of 150 Hz and also at a frequency of 350 Hz in the weak part of the observed
equatorial noise emission. The waves are launched from a radial distance of 3.6 R corresponding to one of
the observed systems of spectral lines which are shown by black arrows in Figure 2. Results in Figures 4a

SANTOLIK ET AL.

EQUATORIAL NOISE AT LOW ALTITUDES 6701



@AG U Geophysical Research Letters 10.1002/2016GL069582

Acknowledgments

DEMETER was a CNES mission. We thank
the engineers from CNES and scientific
laboratories (CBK, IRAP, LPC2E, LPP, and
SSD of ESTEC) who largely contributed
to the success of this mission. DEMETER
data are accessible from http://cdpp2.
cnes.fr/cdpp. This work was supported
by GACR grants 14-31899S and 15-
01775Y, MSMT grant LH 15304, and by
the Praemium Academiae award from
the CAS.

and 4c exhibit oscillations of the rays around the equatorial plane. These oscillations increase their amplitude
with frequency, as does the difference between the directions of the wave vector and of the Poynting vector
(see Figure 3c). They also grow if the initial wave vectors are more deviated from the perpendicular direction.
However, the inward propagation seems to focus the waves more toward the equator, as the amplitude of
oscillations decreases when the waves propagate toward the Earth, reaching eventually the DEMETER orbit.
This can, however, happen only if the initial wave vectors are very close to the plane of the local magnetic
meridian, as it is shown in Figures 4b and 4d. Outside this plane, propagation toward the Earth causes a
strong change of the wave vector azimuth which, in turn, bends the ray more and more away from the mer-
idional plane. An initial deviation by more than 1° is sufficient to deflect the simulated ray above the
DEMETER altitude at 350 Hz in Figure 4d. This effect is less pronounced at 150 Hz enabling thus waves at
lower frequencies to better penetrate down to low altitudes.

6. Discussion

The ray-tracing analysis shows that propagation of equatorial noise down to an altitude of 700 km is possible
if the wave frequency stays above the local L =0 cutoff. This is more likely to happen if the waves are gener-
ated within the plasmasphere where their frequencies are generally higher [Némec et al., 2015a; Boardsen
et al., 2016]. However, further penetration of equatorial noise down to the ground is excluded, at least for
the analyzed event: the downward propagating wave would encounter an increasing geomagnetic field
and hence increasing fy;+. Additionally, the O* fraction would also increase, causing that the L =0 cutoff fre-
quency becomes closer to f- according to equation (1). Altogether this would in our case mean that the L =0
cutoff would shift up to approximately 380 Hz at an altitude of 100 km, effectively wiping out the entire
observed frequency range of equatorial noise and preventing it from penetrating into the Earth-ionosphere
waveguide. In any case, it is rare for equatorial noise to reach frequencies above 400 Hz with higher intensities
[Némec et al., 2015a; Boardsen et al.,, 2016]; therefore, the possibility of further penetration to the ground
seems to be unlikely in general.

The penetration to the ground becomes even less probable if we consider the progressive azimuthal bending
of the rays approaching the Earth, as it is shown in Figures 4b and 4d. The condition of nearly radial wave
vectors in the source, however, appears already very restrictive for allowing waves to propagate down to
an altitude of 700 km, where we experimentally detect them. For one of the anticipated sources whose loca-
tion at a radial distance at 3.6 R¢ is based on a part of the harmonic line structure identified in measured fre-
quency spectra, we need to generate the waves within 1° from the radial direction at a frequency of 350 Hz. It
seems very unlikely that the source would radiate in such a limited azimuthal range, as the resonant condi-
tion does not generally depend on azimuthal angle. A probable explanation is that we only see a small frac-
tion of generated waves which propagate nearly radially while most of them propagate elsewhere.

Our observation of weaker equatorial noise at frequencies above 250Hz in Figures 1a and 1b might be
related to the fact that the ray-bending effect becomes more pronounced, and therefore, the interval of pos-
sible azimuths is more restricted at higher frequencies. This probably overweighs the effect discussed by
Chen et al. [2016], who concluded that equatorial noise with a continuous spectrum, as we observe it above
250 Hz, should be more intense than equatorial noise with pronounced spectral lines. Geomagnetically dis-
turbed conditions cause equatorial noise to generally increase its occurrence and intensity at all frequencies
[e.g., Hrbdckovd et al., 2015; Némec et al., 2015a], favoring therefore penetration of detectable wave power to
low altitudes.

Future systematic analysis of this phenomenon is necessary in order to draw firm conclusions on the geophy-
sical conditions under which equatorial noise penetrates to low altitudes. Further study is also needed con-
cerning the possibility of quasiperiodic modulation in these cases.
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