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Abstract We present results of simultaneous observations of VLF chorus elements at the ground-based
station Kannuslehto in Northern Finland and on board Van Allen Probe A. Visual inspection and correlation
analysis of the data reveal one-to-one correspondence of several (at least 12) chorus elements following
each other in a sequence. Poynting flux calculated from electromagnetic fields measured by the Electric
and Magnetic Field Instrument Suite and Integrated Science instrument on board Van Allen Probe A shows
that the waves propagate at small angles to the geomagnetic field and oppositely to its direction, that is,
from northern to southern geographic hemisphere. The spacecraft was located at L ≃ 4.1 at a geomagnetic
latitude of −12.4∘ close to the plasmapause and inside a localized density inhomogeneity with about 30%
density increase and a transverse size of about 600 km. The time delay between the waves detected on
the ground and on the spacecraft is about 1.3 s, with ground-based detection leading spacecraft detection.
The measured time delay is consistent with the wave travel time of quasi-parallel whistler-mode waves
for a realistic profile of the plasma density distribution along the field line. The results suggest that chorus
discrete elements can preserve their spectral shape during a hop from the generation region to the ground
followed by reflection from the ionosphere and return to the near-equatorial region.

1. Introduction

Chorus emissions in the very low frequency (VLF) range are discrete signals in the Earth magnetosphere
with short time scales (below 1 s) and fast frequency drift (of the order of 1 to 10 kHz/s). They have been
extensively studied for several decades (Burtis & Helliwell, 1975, 1976). Chorus is generated by cyclotron
instability of whistler-mode waves driven by energetic (∼5–100 keV) electrons. A great interest in studies of
chorus emissions is related to their nonlinear nature, which makes them an outstanding physical phe-
nomenon (Demekhov & Trakhtengerts, 2008; Demekhov et al., 2017; Katoh & Omura, 2006; Omura et al., 2008;
Trakhtengerts, 1995) and to their potentially important role in the dynamics of energetic electrons (Demekhov
et al., 2006; Summers & Ma, 2000).

A great number of chorus observations have been performed both in space (e.g., Hattori et al., 1991; LeDocq
et al., 1998; Li et al., 2016; Santolík, Gurnett, et al., 2003; Taubenschuss et al., 2014) and on the ground
(e.g., Martinez-Calderon, Shiokawa, Miyoshi, Ozaki, et al., 2016; Sazhin & Titova, 1978). However, to our best
knowledge, the only observation of one-to-one correspondence between individual chorus elements detected
on the ground and in space was reported by Jiříček et al. (1981). They analyzed VLF data of the low-orbiting
Intercosmos 14 spacecraft and ground-based data from Lovozero and Panska Ves. Such a correspondence
has been recently observed for quasiperiodic VLF emissions by using equatorial Van Allen Probes (hereafter,
Radiation Belt Storm Probes, RBSP) data (Martinez-Calderon, Shiokawa, Miyoshi, Keika, et al., 2016; Titova
et al., 2015) and low-orbiting DEMETER (Detection of ElectroMagnetic Emissions Transmitted from Earthquake
Regions) data (Němec et al., 2016).

In this paper, we present simultaneous observations of chorus emissions by the ground station Kannuslehto
(KAN) located in Northern Finland and the RBSP-A spacecraft. To our knowledge, we report for the first time
one-to-one correspondence between chorus elements detected on the ground and on board a spacecraft
in the equatorial region. In section 2, we present the data that demonstrate this high correlation between
the chorus elements. Besides visual comparison, we calculate the correlation coefficient between the wave
intensity envelopes at different frequencies. In section 3, we discuss the possible location of chorus generation
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Figure 1. Geomagnetic projections of the RBSP-A and RBSP-B onto the Northern Hemisphere from 10:00 to 12:00 UT
on 25 December 2015 and the location of KAN ground-based site.

region on the basis of the revealed emission properties. We compare the calculated time delay between the
observed chorus elements with theoretical hop time of parallel-propagating whistler-mode waves.

2. Data
2.1. Overview of the Event
We present the ground-based and spacecraft data for a VLF chorus event observed near 11:19 UT on
25 December 2015. Geomagnetic activity was fairly low, with the Dst index of −4 nT and AE∼100 nT. A mag-
netic storm occurred several days earlier, with a mininum Dst of about −150 nT reached at the end of 20
December 2015. On the day of observations, there was a substorm with AEmax ≈500 nT, reached at 08:30 UT.

The observed waves are part of a long-lasting (11:00 to 13:00) wave event including both chorus and hiss-like
emissions. We will devote a special study to this event as a whole, and in this paper we study the only short
interval that demonstrates close ground-spacecraft correlation for VLF chorus emissions. Waveform record
for this interval is only available for RBSP-A. RBSP-B observed clear chorus from 11:00:08 to 11:00:43 UT of the
entire 2 h event, but they were not seen at KAN.

2.2. Ground-Based VLF Data
We use ground-based VLF recordings from the KAN site located in northern Finland (67.74∘N, 26.27∘E;
L = 5.45). KAN location and the trajectories of both RBSP spacecraft, projected along the geomagnetic
field onto the Northern Hemisphere, are shown in Figure 1 for the time interval from 10:00 to 12:00 UT on
25 December 2015.

VLF emissions were recorded in the frequency band 0.2 to 39 kHz by using two mutually orthogonal magnetic
loop antennas oriented in the geographic north-south and east-west directions. Each loop is 10×10 m in size
with 10 turns, which yields an effective area of 1,000 m2. The noise level of the receiver is 10−14 nT2/Hz, and
the frequency response is almost flat in a frequency range of 2.5 to 39 kHz. The sensitivity is usually below the
natural noise level. More detailed description of the measurements is given by Manninen (2005).

Figure 2a shows the dynamic spectra of VLF magnetic field power measured at KAN on 25 December 2015
during a 1 min time interval starting at 11:19 UT. Chorus elements are observed at frequencies from 5 up to
7 kHz. Most clear elements are seen from 0 to 18 s and from 45 to 60 s.

Figure 2b shows the polarization parameter defined as

p = 10log
(|HR|2∕|HL|2

)
(1)

where HR,L = (HN ± iHE)∕
√

2 is the right- and left-hand polarized horizontal magnetic field components,
respectively, and HN,E is the northward and eastward projections of the wave magnetic field. One can see in
Figure 2b that the observed chorus elements have the polarization close to linear. This might indicate that
they propagated some distance in the Earth-ionosphere waveguide.
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Figure 2. VLF spectra obtained from KAN data: (a) total magnetic field power, (b) polarization parameter p defined by equation (1), and (c) angle 𝛼 between
the polarization ellipse minor axis and the north-south direction (with an ambiguity of 180∘). Dynamic spectra of VLF wave (d) magnetic Bu and (e) electric
Ev field components, computed from RBSP-A waveform data. Solid and dashed white lines show one half of the local and equatorial electron gyrofrequency,
respectively. (f ) Electron density obtained from high-frequency EMFISIS data by using the upper hybrid resonance line (Kurth et al., 2015). Red bar in Figure 2f
indicates the time range of Figures 2d and 2e.

The orientation of the polarization ellipse, which is shown in Figure 2c, allows one to roughly estimate the
angle of arrival of the waves, with an ambiguity of 180∘. This estimate can fail near the mode cutoff frequencies
and can also be prone to statistical errors if the polarization is close to circular. However, in the case of observed
chorus emissions the polarization is close to linear, and the ellipse orientation is fairly definite and stable
for the entire chorus sequence, indicating that the signals arrive from the direction of about 40∘ reckoned
from the geographic south, that is, from south-east. The arrival of these signals from the opposite north-west
direction is unrealistic because it would imply their downward entry into the waveguide at L> 5.5. This would
contradict the observed frequency range f > 5 kHz, since the equatorial electron gyrofrequency at L = 5.5
is fc eq ≃ 5.25 kHz, while chorus is generated at frequencies below fc eq (typically, from 0.1–0.2 up to 0.6fc eq).
The observed frequencies are substantially higher. Therefore, propagation from L> 5.5 is unlikely. Below we
see that RBSP data indeed suggest the generation of observed chorus south-east (equatorward) of the KAN
geomagnetic flux tube.

2.3. RBSP Data
Multicomponent data on electric and magnetic fields on board RBSP are provided by the Waves instrument
of the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) (Kletzing et al., 2013).
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Its continuous burst mode data consist of 6 s intervals of 3-D electric and magnetic waveforms sampled at
35 kHz. Examples of analysis of this data set are given by Santolík, Kletzing, et al. (2014) among others.

Dynamic spectra of one magnetic and one electric wave field component measured by RBSP-A are shown
in Figures 2d and 2e. RBSP-B did not observe these waves. Chorus elements with rising frequency are clearly
seen between 5 and 9 kHz. A local plasma density measurement in Figure 2f demonstrates that the chorus
observations shown in Figures 2d and 2e correspond to the spacecraft passing into the inward edge of the
plasmapause density gradient and inside a density enhancement (of about 30%) with a transverse scale
ΔL ∼ 0.1 corresponding to ∼ 600 km. Tic marks in Figure 2e indicate that the spacecraft was located in the
Southern Hemisphere at magnetic latitudes close to −12∘.

It is evident from Figures 2d and 2e that in the interval 11:19:08 to 11:19:19 UT there are many chorus elements
whose upper- and lower-frequency boundaries do not correspond to one half of either local (fc) or equatorial
(fc eq) value of electron cyclotron frequency. Such a feature indicates that these chorus elements might have
been generated in another magnetic flux tube with respect to the RBSP-A location. We estimate a possible
source location in section 3.1.

A closer look at the spectra reveals the presence of different subbands of chorus elements located below and
above a boundary that is not very well defined and spans from 6.2 to 6.8 kHz. The elements in the upper sub-
band have slightly larger slope, that is, higher-frequency drift rate. This feature is more clearly seen in Figure 2e
and also in Figures 3a, 3b, and 4b showing the detailed view of the time interval 11:19:08 to 11:19:19 UT.
Some of the elements in the upper subband seem to be directly connected to the ones in the lower subband
(e.g., elements 5 and 6 in Figure 4b). However, other elements do not have counterparts in the lower subband,
for example, the one starting at 11:19:11 UT. Hence, we think that they belong to another sequence. As we
show below, the elements in the lower subband are exactly those that are one to one correlated with the
elements detected on the ground. Hence, we focus on these elements in what follows.

Starting from 11:19:31, the chorus band is mostly bounded by 0.5fc eq ≈6 kHz from below. This part of chorus
is not seen at KAN. However, there are several discrete elements (from 11:19:41 to 11:19:57) below the line
0.5fc eq. They seem to start from the hiss band occupying the range from 3–3.5 to 5 kHz. These elements, as
we discuss below, also have counterparts in the ground-based (KAN) data.

Figure 3 shows propagation properties of the discussed chorus waves in the interval from 11:19:08 to
11:19:20 UT. It demonstrates their right-hand polarization, high planarity above 0.5fc eq (cf. Figures 2d and 2e),
and high coherence (Figures 3d–3f, respectively). The wave normal angles 𝜃k with respect to the geomag-
netic field are fairly small at frequencies above 6.5 kHz (𝜃k < 20∘, Figure 3g) and lie in the plane of the local
magnetic meridian (Figure 3h). One can also see that the waves below 0.5fc (both chorus and more noise-like
component) seem to have slightly higher wave normal angles (𝜃k ≈30∘–40∘), but these values are inconclu-
sive because planarity in Figure 3e is low at these frequencies.

Poynting flux of the discussed waves is always directed oppositely to the geomagnetic field (𝜃S ≃ 180∘,
Figure 3i), which corresponds to poleward propagation, since the spacecraft was located in the Southern
Hemisphere at a magnetic latitude of −12.4∘ (see on the bottom of Figure 2e).

2.4. Comparison and Correlation Between VLF Chorus Observed on the Ground and RBSP-A
Comparing the spectrograms presented in Figures 2a–2c and 2d–2e, one notices that chorus elements
observed by RBSP-A occupy a wider frequency range, from 5 kHz up to almost 9 kHz, while KAN receiver
detects chorus only at frequencies from 5 to 7 kHz. Considering that the spacecraft observes the waves
inside a plasma inhomogeneity with enhanced density, we can assume that VLF waves could be ducted by
this inhomogeneity if their frequencies are below one half of the electron gyrofrequency (Helliwell, 1965).
This assumption will be discussed in section 3.1.

We also see that the spectral power of chorus waves is by 3 to 5 orders of magnitude smaller at KAN than
at RPSP-A. This difference is probably related to the transmission of waves through the ionosphere and their
subsequent propagation in the Earth-ionosphere waveguide.

In Figure 4a one can notice that chorus elements detected on the ground apparently start from a fairly intense
hiss band observed in the frequency range from 3–3.2 to 4.9–5 kHz. A somewhat similar band is also seen in
spacecraft data (Figures 2d, 2e, 3, and 4b). However, in contrast to ground observations, it is notably weaker
than the chorus elements. Another feature of this hiss band detected on board the spacecraft is the similarity
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Figure 3. Dynamic spectra of VLF waves computed from RBSP-A waveform data. (a) Magnetic field spectrum, (b) electric
field spectrum, (c) Poynting flux spectral density (Santolík et al., 2010), (d) ellipticity with the sense of polarization
(Santolik et al., 2002), (e) magnetic planarity (Santolík, Parrot, et al., 2003), (f ) degree of coherence in the magnetic
polarization plane (Santolik & Gurnett, 2002), (g) polar and (h) azimuthal angle of wave vector (Santolík, Parrot, et al.,
2003), (i) polar and (j) azimuthal angle of Poynting vector from electromagnetic spectral matrices (Santolík et al., 2010).
Horizontal lines near 7.5 kHz correspond to one half of the local electron gyrofrequency.

of its propagation parameters to those of chorus (see Figure 3). We may speculate that guiding conditions for

hiss waves were better than for chorus because of their lower frequency, which allowed them to pass with

less attenuation to the ground.

Figures 4a and 4b show the VLF spectra calculated from KAN and RBSP-A data for the time interval of 11:19:08

to 11:19:20 UT one above the other, with KAN spectrum shifted to later times by 1.33 s. One can see obvious

one-to-one correspondence between several chorus elements detected by both spacecraft and ground-

based receiver. This plot demonstrates that the same chorus sequence was observed on the ground and on

board RBSP-A, and the waves arrived about 1.3 s earlier to the ground-based antennas than to the spacecraft.
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Figure 4. Comparison of the dynamic spectra of VLF chorus observed at (a) KAN and (b) by RBSP-A for the time interval
11:19:08 to 11:19:20 UT on 25 December 2015. The KAN spectrum is shifted by 1.33 s to the right. White horizontal lines
near 7.5 kHz and dashed line slightly below 6 kHz in Figure 4b mark one half of fc and fc eq, respectively. White dots on
both plots show the beginning of nine chorus elements corresponding to each other. They are also marked with digits.
White vertical lines in Figure 4a around 17 s are due to filtered strong sferics. (c) Correlation coefficient between the
envelopes of dynamic spectra of VLF waves measured by RBSP-A and KAN. (d) Brown: plasma density Nc at RBSP-A
obtained from EMFISIS measurements of upper hybrid frequency as a function of L shell crossed by the spacecraft.
Blue and green: hop time Tg of whistler-mode waves with f = 5, 400 Hz and f = 6, 300 Hz, respectively, propagating
parallel to the dipole geomagnetic field from the ionosphere to RBSP-A. Upper and lower pairs of Tg lines correspond
to two profiles of Nc along B, that is, respectively, to Nc ∝ B and the IMAGE RPI model (Ozhogin et al., 2012).
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The accuracy of timing at KAN was checked by three independent ways. We used GPS timing and also verified
it by Russian Alpha navigation signals and Beta precise time signals. The timing accuracy of RBSP data is 50 ms.

More quantitative representation of the observed correlation is given in Figure 4c, which shows the correlation
coefficient R between the envelopes of spectral intensities at different frequencies in the range of observed
chorus elements. A clear maximum at the lag 𝜏 of about 1.3 s is evident, with the correlation coefficient R≈0.7.
There is a small positive frequency dispersion of the R maximum: it is reached at 𝜏 ≃ 1.3 s for f = 5, 300 to
5,400 Hz, and at 𝜏≃1.35 to 1.4 s for f =6, 300 to 6,400 Hz. We discuss the time lag and dispersion in section 3.2.

We do not present a detailed comparison for the time interval 11:19:32 to 11:19:57 for the sake of brevity.
However, the analysis of this interval reveals another group of four elements detected both by KAN and
RBSP-A. They can be seen in Figure 2 at frequencies below 0.5fc eq ≃6.5 kHz. These elements start at 11:19:42
(the least clear burst, almost not seen at KAN), 11:19:45.5, 11:19:49, and 11:19:52.5 at RBSP-A. The time lag
of these elements at RBSP-A with respect to KAN is 1.4 s, which is only slightly different from the 1.3 s delay
observed from 11:19:08 to 11:19:20 UT. This similarity between the two subintervals seems natural if we relate
this time shift to the wave propagation between the spacecraft and the ground. A slight variation in the time
shift could be related to small plasma density variation both in time and space.

3. Discussion
3.1. Propagation Direction, Frequency Band, and Possible Source Location of Chorus Waves
According to the data presented above, chorus wave packets were detected first by KAN on the ground, and
then in 1.3 to 1.4 s they reached RBSP-A on the opposite side of the magnetic equator. They were propagating
quasi-parallel to the geomagnetic field at RBSP-A, and their Poynting flux was directed away from the equator
(𝜃S ≈180∘). Taking into account the common knowledge about near-equatorial location of chorus genera-
tion region, the only realistic scenario that satisfies the observation facts suggests downward propagation
of chorus wave packets from the generation region to the ionosphere, partial transmission to the ground
where they have been detected by KAN, and partial reflection from the ionosphere and coming back to
the near-equatorial region where they were detected by RBSP-A. A fairly large amplitude of chorus waves
measured by RBSP-A speaks in favor of either good reflection from the ionosphere or additional cyclotron
amplification in the equatorial region on the path from the ionosphere to RBSP-A.

In our case, we need ionospheric reflection of the quasi-parallel propagating waves that also can pass to the
ground. Good reflection of such waves is believed to be unlikely during the daytime. For example, Manninen
et al. (2013) argue based on model calculations that the geometrical optics approximation for VLF waves
remains valid down to the D region where collisional damping occurs. Hanzelka et al. (2017) observed iono-
spherically reflected VLF emissions at higher altitudes but for oblique incidence angles. As for the possibility
of additional amplification, it is consistent with the fact that the waves passed the equatorial plane before
coming to the spacecraft. A much smaller amplitude of the waves observed on the ground conforms to the
notion of their high damping in the ionosphere.

The scenario outlined above does not require the chorus generation region to be in the same flux tube as the
detection point. Moreover, it is more consistent with the generation in a slightly different flux tube. Indeed,
the spacecraft detected only the same elements that were earlier recorded at KAN. If the generation region
were located in this flux tube, then RBSP-A should have seen similar chorus bursts propagating directly from
the equator. Such bursts would reach the spacecraft earlier than the ground. An assumption of unidirectional
chorus generation seems to be unrealistic for the almost dipole magnetic field geometry.

For the chorus elements detected from 11:19:08 to 11:19:20 UT we can assume that their upper frequency fup

approximately corresponds to 0.5fc eq in the generation region. For fup we have two slightly different estimates.
One is based on the spacecraft data and yields 6.5 kHz as the boundary between two subbands discussed in
section 2.3 (Figure 4b). Another estimate comes from ground-based data (Figure 4a) and yields fup≃ 7 kHz.
This gives Lsource ≈ 4.08 to 3.98 in the dipole approximation, while same calculation for 0.5fc eq ≈ 6 kHz taken
from spacecraft data results in Lobs ≃ 4.18. Both values should not be directly compared with L values indi-
cated in Figure 2f, since the latter takes into account deviations from the dipole model. However, since these
deviations are relatively small, they do not affect the difference between Lobs and Lsource. Therefore, the esti-
mated location of the chorus source flux tube is 0.1 to 0.2RE ∼600–1200 km inward of the detection flux tube.
In this case, as is seen in Figure 2c, the source region should be slightly inward from the region of increased
electron density.
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An alternative source location is obtained if we assume that the discussed chorus was generated in the upper
band. In this case, we have 0.5fc eq source ≈5.2 kHz and Lsource ≈4.4, that is, outside the plasmasphere.

Whistler-mode waves are known to pass to the ground only if their wave normals are inside a rather small
cone around the vertical direction (Helliwell, 1965). Studies of whistler-mode ray trajectories showed that
refraction causes chorus waves to become quasi-electrostatic rather soon after they leave near-equatorial
region (Chum & Santolík, 2003). Bortnik et al. (2007) took into account Landau damping effects to study chorus
penetration to low altitudes. These authors considered a smooth radial plasma density profile and have found
that the nonducted VLF waves are mostly reflected near the lower hybrid resonance level or damped by
Landau resonance even earlier (Bortnik et al., 2006). The nonducted ray trajectories can reach the ground
only if they start at highly oblique angles in the geomagnetic equatorial plane. However, experimental results
of a statistical analysis of chorus propagation exclude this effect as a dominant one, clearly showing that
quasiparallel chorus still is much more frequent than oblique quasi-electrostatic waves in a large range of
latitudes (Santolík, Macúšová, et al., 2014). Since chorus is very often observed in the top side ionosphere
(Santolík et al., 2006) and on the ground, so there is a question what are the actual conditions facilitating
its exit. A well known regime ensuring such conditions is guided wave propagation, which, in particular, can
be realized in the presence of plasma or magnetic field inhomogeneities (Inan & Bell, 1977; Semenova &
Trakhtengerts, 1980; Streltsov et al., 2006).

On this basis, we assume that correlated chorus detection both at KAN and RBSP-A was possible due to the
plasma density inhomogeneity within which the chorus waves were detected by RBSP-A. This duct could be
important for guiding them at least from the ground to the spacecraft with low enough wave normal angles.
If the source was located at Lsource≈4, then also the propagation to the ground was guided. Note that the
frequency of the discussed waves is below 0.5fc eq, hence, they could indeed be guided by the enhanced
density duct. Another important argument in favor of this hypothesis comes from the coincidence between
the arrival angles of chorus detected by KAN and the direction to KAN from the field-aligned projection of the
duct observed by RBSP-A.

The absence of these chorus waves at RBSP-B is consistent with the outlined scenario, since it was located
rather far from the magnetic flux tube where chorus was observed.

Note that the transverse distance of 600–1,200 km from the implied generation region to the detection point
is much higher than the transverse size (∼100 km) of the generation region determined by Santolík and
Gurnett (2003) from multispacecraft Cluster VLF data. This is consistent with the absence of chorus wave
packets propagating directly to the spacecraft from the source region. The same is true for the alternative
generation region location (Lsource =4.4) whose distance from RBSP-A is 2,500 km.

As for the chorus elements detected from 11:19:40 to 11:19:55 UT (Figures 2d and 2e), their upper frequency
on the ground matches 0.5fc eq ≈6 kHz in the spacecraft flux tube. We cannot determine the possible source
location of these waves but can be pretty sure that the duct observed by RBSP-A played similar role for their
propagation as for the elements discussed above.

3.2. Correlation and Time Delay
We recall that the observed group time delay Tg between the arrival of chorus elements to the ground-based
station and spacecraft was about 1.3 s and higher frequencies showed slightly longer delay. According to
our scheme, this delay should correspond to one hop from the ionosphere to the detection point, which is
located at slightly larger distance than the geomagnetic equator. If we assume parallel propagation on this
entire path, then it is easy to calculate the whistler hop time based on the measured plasma density. For such
calculations, we use gyrotropic density distribution (Nc ∝B) and the IMAGE RPI model (Ozhogin et al., 2012).

The results of calculations are shown in Figure 4d together with the density profile determined from EMFISIS
measurements of upper hybrid frequency. The IMAGE RPI model yields the smallest group delay time whose
maximum value is only 0.2 s smaller than the observed delay. For the case Nc ∝B the calculated and observed
group delay is 0.15 to 0.2 s longer than the observed one if we assume that the waves propagated at the L shell
of RBSP-A. Thus, the measured time delay indicates that the actual field-aligned profile of Nc was in between
the RPI profile and Nc ∝B, which is quite a realistic situation.

The frequency dispersion of the calculated time lag is positive for the IMAGE RPI and Nc ∝ B models and
amounts to 0.05 to 0.1 s from 5,400 to 6,300 Hz. Therefore, both the observed delay time and its frequency
dispersion can be explained by the one-hop propagation.
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Martinez-Calderon, Shiokawa, Miyoshi, Keika, et al. (2016) were able to correlate single burst belonging to
noise-like quasiperiodic emissions observed both on the ground (Athabasca) and by RBSP-A. In their case
the spacecraft observations also lag ground-based observations by 2.2 to 3.8 s (the uncertainty being mainly
related to the long duration of wave burst). They interpreted the measured delay as the time difference
between the simultaneous wave propagation in the opposite directions: (1) unducted propagation from the
equatorial source (L≈3.4) to the ground (L=4.3) and (2) unducted propagation to the region of lower-hybrid
resonance reflection and then ducted propagation back to the RBSP-A location in the equatorial region at
higher L=3.65. In our case, the scenario similar to the one proposed by Martinez-Calderon, Shiokawa, Miyoshi,
Keika, et al. (2016) is inapplicable, since the wave propagation direction at the spacecraft is away from the
ground station. Therefore, we think that a simpler picture outlined above is the only possible one.
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