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[1] Electromagnetic waves observed by low-altitude
satellites and on the ground have sometimes — when
represented as a frequency-time spectrogram — a form of
several nearly parallel and almost equidistant clearly defined
lines at frequencies between 1 and 8 kHz. These may drift in
frequency and they are usually called Magnetospheric Line
Radiation (MLR). Although they have been known for a long
time, their origin is still unclear. We present an experimental
study using both ground-based and satellite data, showing
for the first time a detailed analysis of the simultaneous
observations of an MLR-like event on the ground and in
the conjugate region. We demonstrate that the individual
lines forming the event result (at least in this particular case)
from elements reflected between the northern and southern
hemispheres. Citation: N&mec, F., T. Raita, M. Parrot, O. Santolik,
and T. Turunen (2009), Conjugate observations on board a satellite
and on the ground of a remarkable MLR-like event, Geophys. Res.
Lett., 36, 122103, doi:10.1029/2009GL040974.

1. Introduction

[2] Electromagnetic waves in the magnetosphere — when
represented as a frequency-time spectrogram — sometimes
take a form of several nearly parallel and almost equidistant
clearly defined lines. These may drift in frequency and they
are usually called Magnetospheric Line Radiation (MLR).
Such Very Low Frequency (VLF) radio emissions have been
observed both by ground-based instruments [e.g., Rodger
etal., 1999,2000a, 2000b; Manninen, 2005] and low-altitude
satellites [e.g., Rodger et al., 1995; Parrot et al., 2005, 2006a,
2007; Nemec et al., 2007, 2009]. However, their origin is still
not certain. A detailed analysis of some MLR-like events
observed by the low-altitude spacecraft has enabled us to
demonstrate that one can distinguish a class of events called
Power Line Harmonic Radiation (PLHR), whose frequency
spacing is 50/100 Hz or 60/120 Hz [Némec et al., 2007].
These are generated by electromagnetic radiation from elec-
tric power systems on the ground and should not be confused
with MLR [Neémec et al., 2008].

[3] Parrot et al. [2007] used simultaneous measurements
on the ground and on board the DEMETER satellite to
perform a case study of a large-scale MLR event. The
reported the enormous size (area of about 7,400,000 km~)
and time duration (2 hours) of the event and demonstrated the
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power of conjugate observations on the ground and on board
satellites. Bullough [1995] suggested the possibility that
MLR could originate from PLHR by nonlinear wave-particle
interactions taking place in the equatorial region. This idea
was further studied by Nunn et al. [1999] using numerical
simulations and also adopted by Parrot et al. [2007]. Finally,
Nemec et al. [2009] reported an event consisting of both
PLHR and MLR that occurred during the same satellite orbit
and which were located in conjugate regions.

[4] In this paper we report a case study of an MLR-like
event with a large frequency drift composed of two different
frequency bands observed both by ground-based instruments
and by the low-altitude DEMETER satellite, showing that
the observations can be explained by VLF elements which
are reflected back and forth between the hemispheres along
the magnetic field line. Section 2 describes the DEMETER
satellite and the wave experiment on board as well as the
ground-based experiments. The detailed observations of a
most unusual MLR-like event are reported in Section 3.
Finally, they are discussed and summarized in Section 4.

2. DEMETER Satellite and Ground-Based
Experiments

[s] DEMETER is a low-altitude satellite (the original alti-
tude of 710 km was decreased to 660 km in December, 2005)
launched in June, 2004 into a nearly Sun-synchronous (10:30
LT and 22:30 LT) polar orbit. It measures electromagnetic
waves and plasma parameters all around the Earth except at
geomagnetic latitudes larger than 65 degrees. There are two
different modes of the satellite, called “Burst” and “Survey”.
In the VLF range (up to 20 kHz) in which we are interested,
power spectra of one electric and one magnetic field compo-
nent are calculated on board every 2 s (frequency resolution
19.53 Hz) during the Survey mode. During the Burst mode,
the waveform of one electric and one magnetic field com-
ponent is available (sampling frequency 40 kHz). The Burst
mode is active only above some specific geographic areas,
typically lasting a few minutes. A more detailed description
of the satellite and the wave experiments on board was given
by Berthelier et al. [2006] and Parrot et al. [2006b].

[6] The ground-based experiment was located at
Kannuslehto, Finland (67.74° N, 26.27° E, L = 5.34) and
consisted of two orthogonal coaxial cable aerials with the
effective area of 1000 m? each [Manninen, 2005, p- 33]. The
signal was sampled at 78.125 kHz and digitized with 24-bit
precision. Timing for the sampling was made with a 10 MHz
GPS reference clock.

3. Conjugate Observations of an MLR-Like Event

[7] Figure 1 represents a map of the area close to the
studied event. The position of Kannuslehto is marked by the

1 of 4



L22103

Figure 1. Map showing the areas close to the MLR-like
events studied. The position of Kannuslehto station is marked
by the solid circle. The thick black line shows the projection
of the magnetic field line starting at Kannuslehto station. The
projection of the orbit of the DEMETER satellite is plotted by
the thinner line. The areas where the line gets thicker mark the
locations where the Burst mode was active.

solid circle. The thick black line shows the projection of the
magnetic field line starting at the Kannuslehto station. At this
station, an MLR-like event was observed on March 1, 2008.
It started at about 17:30 UT and lasted up to nearly 20:00 UT.
The frequency range of the event was between 2 and 4 kHz. It
occurred almost continuously for all the 2.5 hours and it
consisted of two distinct frequency bands. For most of the
time these were observed simultaneously, but sometimes
only one of them was present. They were composed of series
of individual elements. These series typically lasted a few
minutes (a few tens of elements) and had gradual beginning
and end. We were lucky enough that DEMETER passed
above Kannuslehto at the same time when the event was
observed by the ground-based instruments. Moreover, the
Burst mode was active during that time and it was also active
during the time when DEMETER passed very close to the
magnetically conjugate region. The projection of the appro-
priate orbit of the DEMETER spacecraft is plotted by the
thinner line. The areas where the line gets thicker mark the
locations where DEMETER was in the Burst mode.

[8] Figure 2 represents the data recorded during the time
when DEMETER was in the Burst mode and passing nearby
Kannuslehto after 19:06:03 UT. Figure 2 (top) shows a
frequency-time spectrogram of the power spectral density
of the signal recorded on the ground, while Figure 2 (middle)
shows the corresponding frequency-time spectrogram
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recorded on board DEMETER. It can be seen that basically
the same phenomenon is observed, although the satellite data
additionally contain intense discrete emissions that come
probably from the magnetosphere and do not have the proper
orientation of the wave vector to reach the ground. There are
two sets of nearly parallel lines. The first of them consists of
falling tones and is located at frequencies between about
2400 Hz and 2800 Hz. The second set of lines consists of
rising tones occurring at frequencies between about 3100 Hz
and 3600 Hz. Between these two sets of lines there is a gap of
about 300 Hz where no particular emissions are observed.
The situation is schematically represented Figure 2 (bottom).
The plotted lines represent a simple approximation of the
individual elements observed in Figures 2 (top) and 2
(middle) (determined manually by fitting a single line to
each of them). The blue lines correspond to the ground-based
data from Figure 2 (top) and the red lines correspond to the
satellite data from Figure 2 (middle). The accuracy of timing
is approximately 0.25 s. Within this accuracy there is an
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Figure 2. (top) Frequency-time spectrogram of the power
spectral density of a signal recorded at the Kannuslehto
station on March 1, 2008 after 19:06:03 UT. (middle)
Frequency-time spectrogram of the power spectral density of
electric field fluctuations observed by the DEMETER
spacecraft on March 1, 2008 after 19:06:03 UT, correspond-
ing to the time interval when DEMETER was in the Burst
mode and passing close to the Kannuslehto station. (bottom)
Schematic frequency-time spectrogram comparing Kannus-
lehto (in blue) and DEMETER (in red) data.
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Figure 3. The same format as in Figure 2, but this time the
data start on March 1, 2008 at 18:35:03 UT, corresponding
to the time interval when DEMETER was passing close to
the conjugate point of the Kannuslehto station and the Burst
mode was active.

excellent agreement between the two, namely both the time
intervals between the lines and their slope are the same. It
seems that the satellite observes the emissions a bit earlier
than the instruments on the ground: the mean time separation
varies with frequency, but is about 0.4 £+ 0.1 s.

[o] Time intervals between individual elements and the
appropriate standard deviations have been determined using
linear fits to the times when they were observed. It turns out
that the time interval between the elements varies with
frequency. For the lower band, the variation is rather small:
the time delay is 3.79 s at 2400 Hz and 3.73 s at 2800 Hz.
However, for the upper band the variation becomes quite
significant: the time delay is 3.35 s at 3100 Hz and 3.09 s at
3600 Hz. The standard deviation is about 0.02 s for all the
cases.

[10] Figure 3 uses the same format as Figure 2, but
it represents the data measured after 18:35:03 UT when
DEMETER was in the Burst mode and passing close to the
region magnetically conjugate to Kannuslehto. Similarly to
Figure 2, the satellite data are more noisy than the ground-
based data, but the observed structure is approximately the
same. Again, two different bands of emissions are present.
The first one consists of rising tones at frequencies between
about 2350 Hz and 2600 Hz. The second one consists of
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falling tones at frequencies between about 2800 Hz and
3200 Hz. Once more, the two bands are separated by a gap
in which no particular emissions are observed. There is
practically no dispersion effect in the lower band: the time
delay is 3.54 s at 2350 Hz and 3.51 s at 2600 Hz. However,
in the upper band the dispersion is observable: the time delay
is 3.64 s at 2800 Hz and 3.50 s at 3200 Hz. The standard
deviation is again about 0.02 s for all the cases.

[11] From the schematic representation in Figure 3
(bottom) it can be seen that the times when the individual
elements are observed by the satellite (red color) are signif-
icantly shifted from the times when these elements are
observed on the ground (blue color). This can be explained
by the reflection of the elements between the hemispheres.
Let us say that the element is first observed at the
Kannuslehto station. Then it propagates along the magnetic
field line to the Southern hemisphere where it is observed by
the satellite close to the magnetically conjugate region.
Finally, it is reflected and propagates along the magnetic
field line back to the northern hemisphere and is detected
again at the Kannuslehto station. The difference between the
time of observation by the satellite and the time of obser-
vation by the ground-based instruments therefore approxi-
mately corresponds to the one-hop whistler mode travel time
of the element between the hemispheres — it is equal to the
half of the time separation of the elements observed on the
ground (or on board the satellite).

4. Discussion and Conclusions

[12] The results presented in Figure 2 are an extension of
the results reported by Parrot et al. [2007]. They showed that
both the frequency and the intensity of the observed emis-
sions are consistent between the DEMETER satellite and the
Kannuslehto station. However, the structure of the emissions
they studied (lines at nearly constant frequencies) did not
allow them to check the timing between the spacecraft and
the ground station. The recently observed emissions allow us
to perform such a check, as presented in Figure 2 (bottom). It
can be seen that the timing of individual elements agrees well
between the satellite and ground-based measurement. The
reason why the satellite observes the emissions a bit earlier is
that as the wave comes along the magnetic field line from the
southern hemisphere, it first encounters the satellite and then
it must propagate some 660 km or more to reach the ground
station.

[13] Such a careful check of the appropriate timing is
important for the interpretation of the results presented in
Figure 3 — it provides a useful information about the timing
accuracy when comparing DEMETER and Kannuslehto
data, supporting the explanation of two elements (one for
each band of emissions) traveling along the magnetic field
line between the hemispheres.

[14] Now we briefly discuss the propagation of electro-
magnetic waves between the hemispheres. The waves at
these frequencies propagate in the right-handed polarized
whistler mode, limited to the frequency range below the
electron gyrofrequency (fz;). At frequencies below f;,/2 they
may be trapped in the ducts of enhanced plasma density
[Helliwell, 1965; Walker, 1993]. Supposing a dipole approx-
imation of the Earth’s magnetic field, one can make a simple
estimate of the equatorial electron gyrofrequency (fy.,) along

3 of 4



L22103

the field line passing through the Kannsulehto station (), =
64.37°, L =5.34): fy., ~ 5700 Hz. The frequency of the gap
in Figures 2 and 3 therefore approximately corresponds to
JHeq/2, similarly as for chorus emissions [e.g., Burtis and
Helliwell, 1976; Santolik et al., 2005]. Application of more
sophisticated magnetic field models (leading in general to
slightly lower values of f7,.,) does not help much, because the
wave propagation path does not have to be so simple — most
importantly the wave may be traveling at slightly lower
L-shells, penetrating the ionosphere at lower geomagnetic
latitudes and finally propagating towards the Kannuslehto
station in the Earth-ionosphere waveguide. This would be
consistent with the DEMETER observations being taken at
these slightly lower geomagnetic latitudes (see Figure 1) and
still containing the event.

[15] Concerning the time delay between individual ele-
ments, we can make the following analysis. For ducted
propagation, the “nose” frequency f, of the minimum time
delay can be estimated as f,, ~ 0.4 fy,, [Sazhin et al., 1992].
This corresponds approximately to the frequencies of the
observed lower bands of emissions, explaining why they
exhibit almost no dispersion effect. Moreover, we have
performed a calculation of the expected time delay supposing
the dipole magnetic field (L = 5.34) and using a model profile
of plasma density [Denton et al., 2004]. It turns out that rather
typical equatorial electron densities at this L-value (V,, ~
25-30 cm ) are consistent with the observed time delays.
The propagation of the emissions in the upper band is more
complicated. Since f> f.,/2, it is commonly supposed that
they cannot be ducted [Walker, 1993]. However, in such a
case it is very difficult to explain the periodic observations of
individual elements in the conjugate regions. Moreover, these
waves exhibit a clear dispersion effect — i.e., the time delay
at larger frequencies is lower. There is also a question of the
origin of the first element; we suggest that it could be —
similarly to the whistler-mode chorus — generated in the
equatorial region by a temperature anisotropy of energetic
electrons [Omura et al., 2008]. However, chorus elements are
generated in series and have much larger frequency sweep
rates.

[16] We have used the unique conjugate measurements
on the ground and on board the low-altitude satellite in order
to demonstrate that, once generated, the wave elements can
bounce between the conjugate hemispheres for a long time
without visible attenuation, forming an MLR-like event.
Although this mechanism does not enable us to explain all
observations of MLR events, at least some of them can be
surely understood only by using such a simple scheme.
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