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Statistical study of ELF/VLF emissions recorded by a
low-altitude satellite during seismic events

Michel Parrot

Laboratoire de Physique et Chimie de 1’Environnement, Centre National de la Recherche Scientifique
Orléans, France

Abstract. This paper presents a statistical study of Jow-altitude satellite data linked to seismic
events. Data of the satellite AUREOL 3 are considered during 24-hour windows around the time
of 325 earthquakes with M, > 5. Amplitudes at the output of different frequency filters in the
ELF/VLF range, connected to electric or magnetic components, were stored in a file. This file is
organized as functions of three parameters: A, the difference between the time of the earthquake
and the time of the satellite data; ALong, the difference between the longitude of the earthquake
and the longitude of the satellite; and Alnv.Lat, the difference between the invariant latitude of the
earthquake and the invariant latitude of the satellite. When all data are averaged over time, the
amplitude is maximum in the interval ALong < 10° regardless of AInv.Lat. This indicates that, due
to propagation, waves related to seismic processes can be observed all along the magnetic meridian
passing over the epicenter of an earthquake. However, as the AUREOL 3 data were not
continuously recorded, thus providing a limited number of events, it was impossible to carry out

a complete statistical study.

1. Introduction

Electromagnetic emissions in the ELF/VLF range that are
related to seismic or volcanic activity are well known. Since the
reports by Gokhberg et al. [1982] and Warwick et al. [1982],
many papers have presented ground observations of wave
emissions during seismic events. The more recent work is by
Fraser-Smith et al. [1990], Fujinawa and Takahashi [1990], Dea
et al. [1993], and Koons and Roeder [1993]. Many other
references can be found in the review paper by Parrot et al.
[1993]. Two types of emissions can be considered. First, precursor
emissions occur a few hours before earthquakes, in a large-
frequency range from one hundredth hertz up to several
megahertz. Second, emissions observed after the shock generally
are attributed to the propagation of acoustic-gravity waves.
However, all hypotheses concerning the generation mechanism of
precursor emissions are also valid after the shock, when the
Earth’s crust returns to an equilibrium state. These hypotheses are
described by Parrot et al. [1993] and are mainly related to: wave
production by compression of rocks [Cress et al., 1987], diffusion
of water in the epicentral area [Draganov et al., 1991], and
redistribution of electric charges [Lockner et al., 1983; Enomoto
and Hashimoto, 1990].

The seismo-electromagnetic emissions can propagate up to the
ionosphere [Gokhberg et al., 1983, 1984; Molchanov, 1991], and
observations made with low-altitude satellites have shown
increases of ELF/VLF waves above seismic regions [Larkina et
al., 1983, 1989; Parrot and Mogilevsky, 1989, Chmyrev et al.,
1989; Mikhaylova et al., 1991; Molchanov et al., 1993]. Studying
the dispersion of whistlers, Hayakawa et al. [1993] have shown
that seismic activity can affect the propagation of magnetospheric
waves.

Most reports present observations of a single event, and no
direct relationship between earthquake and wave growth can be
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seen, although several hypotheses about the generation mechanism
exist. Only a statistical study can show the general behavior of
wave emissions. Such study is possible with ground observations
made close to the epicenters, but it takes a long time to register
many events. In contrast to ground experiments, satellite
experiments cover most seismic zones of the Earth, and statistical
studies become meaningful because of the much larger number of
recorded events. Such statistical work was carried out by
Henderson et al. [1993], using data from the low-altitude satellite
DE 2, but this work indicates no evident correlation between
seismic activity and wave emissions. Molchanov et al. [1993],
however, have observed electromagnetic emissions associated with
many earthquakes when they studied the Intercosmos 24 satellite
data. The aim of the present paper is to present another statistical
study with data from the low-altitude satellite AUREOL 3. The
working method is slightly different as it is not based on values
exceeding thresholds, as in the paper by Henderson et al. [1993],
but on average values calculated when all events are considered.
There is no comparison between earthquake orbits and control
orbits, but there is comparison between average amplitudes of
waves recorded close to earthquakes and those recorded far from
earthquakes. This study also considered the difference between
earthquake and satellite longitudes to check if there is a
longitudinal effect. Larkina et al. [1983, 1989] found that
emissions related to earthquakes could be observed at more than
100° in longitude from epicenters.

The experiment and data processing are described in section 2.
Section 3 presents the results, and conclusions are given in section
4

2. The Data

The ARCAD 3 wave experiment was placed into a quasi-polar
orbit onboard the triaxial-stabilized AUREOL 3 satellite (apogee
2012 km, perigee 408 km, inclination 82°5°, period 109.5 min),
launched on September 21, 1981. ARCAD 3 measured three
magnetic and two electric components of the waves in the ELF
and VLF range, from 10 Hz up to 15 kHz. The E, component was
approximately parallel to the Earth’s magnetic field at high
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latitude, the E; component being nearly perpendicular. The x
direction was nearly parallel to the satellite trajectory. All
characteristics of the experiment are given by Berthelier et al.
[1982]. Two telemetry systems were available on AUREOL 3: the
real-time French telemetry (TMF), only used when the satellite
was near a telemetry station, and the onboard tape-recorded Soviet
telemetry (TMS).

Because of the problem of correlating satellite orbit, earthquake
time, and satellite data, only the onboard recorded telemetry has
been used. This telemetry contains filterbank data with a
frequency range between 10 Hz and 15 kHz. At a given time the
filters are connected to two channels among the two electric and
the three magnetic components. Data from October 1981 until
December 1983 were used without any selection concerning
geomagnetic activity. Along the orbit, the recording period was
not continuous and varied from one day to another (there are days
without any data), depending on experiment programming. Only
two different TMS modes were considered: ZAP3 and ZAP4,
whose filter sampling frequencies were, respectively, 400 points
and 50 points every 128 s. The calibration sequences were
removed from the data. A data file was created with all samples
recorded + 24 hours around the time of an earthquake. Data
between -45° and +45° of invariant latitude were selected to avoid
zones of intense natural noise. Data processing of low-altitude
satellites have shown that, in this region, the natural noise at
frequencies lower than 800 Hz is generally not intense [Parrot,
1990]. The earthquakes were chosen from the Preliminary
determination of epicenters [1981 - 1983], with magnitudes larger
than 5.0 and with epicenters located between -45° and +45° of
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invariant latitude. For the two years of the mission, the total
number of earthquakes with corresponding satellite data is 325.
The positions of all epicenters are shown on Figure 1. As can be
seen, some of the earthquakes occurred below the sea, which is
certainly not a good condition to observe electromagnetic waves
[Oike and Ogawa, 1986], but in the Pacific ocean the many small
islands can act as antennae and propagate acoustic-gravity waves.

The data set is mainly organized as functions of three
parameters: At, the difference between the time of the earthquake
and the time of the satellite data; ALong, the absolute difference
between the longitude of the earthquake and the longitude of the
satellite; and Alnv.Lat, the absolute difference between the
invariant latitude of the earthquake (taken at 150 km above the
epicenter) and the invariant latitude of the satellite. The other
parameters are the five electromagnetic components because they
were not recorded simultaneously, and the filter frequencies of
140, 450, 800, 4500, and 15,000 Hz. Concerning this data set, two
points must be underlined: the same data may refer to different
earthquakes if they occurred in the same * 24 hour window, but
it is equally possible that several data records, recorded at
different places around the Earth, might refer to a single
earthquake. Several case studies corresponding to this data set can
be found in the works by Parrot and Mogilevsky [1989] and
Parrot et al. [1993].

3. The Results

For each electromagnetic component and each filter frequency,
two types of plots are presented. First, the average value of the
field is shown as functions of Alnv.Lat and of ALong with bins of

Epicenters of the earthquakes
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Figure 1. Locations of earthquake epicenters used in the statistical study.



PARROT: ELF/VLF EMISSIONS RECORDED DURING SEISMIC EVENTS

10° or 20°. The data have been averaged over the entire + 24
hours around the time of earthquakes. Considering that the waves
could easily propagate from one hemisphere to the other, the data
in opposite hemispheres are mixed for a given ALong value. A
maximum around the point (0°,0°) is expected if there is a
seismo-electromagnetic effect. Second, in order to detect precursor
effects, the average value of the field is shown as functions of At
with bins of 4 hours and of ALong with bins of 20°. In this last
case the data have been averaged over all invariant latitudes. For
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each plot the lower panel shows a table with the number of
earthquakes (lower number), and the number of data samples
(upper number) that were taken into account in all cells.

Plate 1 shows the average amplitude of the signal recorded by
magnetic component By, at 140 Hz as a function of Alnv.Lat and
ALong. All data contained in the set are plotted on this figure: the
data with ALong between 0° and 20° are relevant to satellite
observations close to epicenters, but data with ALong between
160° and 180° are related to satellite observations when
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Plate 1. In the upper panel, average amplitude of the waves at 140 Hz recorded by the magnetic component By,
as a function of the relative position between epicenters and satellite: AInv.Lat and ALong. This amplitude is color-
coded according to the scale on the right. In the lower panel, each cell indicates at the top the number of samples
and at the bottom the number of earthquakes, which were taken into account for the upper panel.
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earthquake epicenters were located at exactly the opposite place.
An increase of the wave intensity is observed for ALong between
0° and 20°. This increase is not only present for small Alnv.Lat,
but also for larger values. It indicates that, when an earthquake
occurs, there is a significant increase of waves in all of the
magnetic shell passing through the longitude of the epicenter. As
the data were averaged over the + 24 hours around the time of
earthquakes, we do not know if this emission is a precursor effect
or not. Looking to the color scale on the right, it must be noted
that there is only a factor of 2 between the intensity level of
emissions correlated with earthquakes and the background noise
level.
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Data in Plate 2 show part of the data shown on Plate 1, now
only considering telemetry in the ZAP3 mode. The plot is with
bins of 10° in ALong, and is now limited to ALong < 90°. The
lower panel shows that the number of events is slightly different.
The increase is also observed when satellite longitude is close to
that of the epicenters. No longitudinal effect can be observed in
Plates 1 and 2.

The variation as a function of frequency is shown in Plate 3,
where the average amplitude of the signal recorded by magnetic
component By, is plotted. It is the same as Plate 2 (same number
of samples and same number of earthquakes), but for three
different frequencies: 450 Hz in the lower panel, 800 Hz in the
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Plate 2. Same as in Plate 1, but with ALong < 90° and telemztry limited to ZAP3 mode.



Plate 3. Same as the upper panel
of Plate 2, but for different
frequencies: 450 Hz in the lower
panel, 800 Hz in the middle
panel, and 4500 Hz in the upper

panel.
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middle panel, and 4500 Hz in the upper panel. We see that the
increase in wave intensity close to the epicenter longitude is still
strong for the 450-Hz and 800-Hz filters, but that this effect
completely disappears at the higher frequency.

One data set for electric components is shown on Plate 4. It
concerns the E, component at 450 Hz (upper panel), and 140 Hz
(middle panel). The lower panel shows the number of samples and
events as in Plates 1 and 2. As with the magnetic components, an
increase is observed when Al.ong < 10°, but other peaks are also
seen at different places. This is due to the specificity of electric
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measurements. In this low-latitude region, Kelley and Mozer
[1972] and Holtet et al. [1977] have shown with low-altitude
satellite measurements that electrostatic turbulence is very
commonly observed around the magnetic equator. This
phenomenon mainly occurs during the night. In Plate 4 (and in the
others), no distinction is made bstween the emissions recorded
during day or night.

An important point is to known if our statistic can be corrupted
by other natural noises like whistlers due to thunderstorm activity
near the equator. Numerous whistlers may be occasionally
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Plate S. The upper panel shows the average wave amplitude at 140 Hz recorded by the magnetic component B, as
a function of At and ALong. This amplitude is color-coded according to the scale on the right. The lower panel

shows the same type of information as in Plate 1.
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observed at low latitudes [Scarabucci, 1970], but their importance
is relative. Our data are obtained with filters that measure the
mean power of the signal with a logarithmically compressed
output and a time delay of 0.3 s [Berthelier et al., 1982].
Therefore the amplitude of pulses like whistlers are strongly
attenuated. In fact, a representation of the data of the low-altitude
satellite AUREOL 3 at frequencies around 800 Hz and in
geographical coordinates [Parrot, 1990] does not indicate a
relation with regions of high thunderstorm activity (this is not the
case at higher frequencies). The ELF background noise level is
not very intense at low latitudes and this can be also observed
with other low-altitude satellites [Kelley and Mozer, 1972; Kelley
et al., 1975; Holtet et al., 1977]. A comparison between particular
power spectra obtained from orbits of AUREOL 3 near epicenters
and the average power spectrum recorded by AUREOL 3 at low
magnetic latitudes is shown in the work by Serebryakova et al.
[1992]. Another point concerns the attenuation of waves
propagating from the ground up to the ionosphere near the
equator. However, until now, we cannot say that the observed
wave enhancement is directly related to electromagnetic waves
produced by earthquakes at the ground level. Many other
hypotheses can be considered [Parrot et al., 1993].

To determine if the emissions observed close to the epicenter
longitudes occurred before or after the earthquakes, the complete
data set corresponding to magnetic component B, at frequency
140 Hz is shown in Plate 5. The average amplitude is now plotted
as a function of Af and ALong in the upper panel. The lower panel
indicates the number of samples and the number of events. We
can see a peak for ALong < 20°, and for At between O and -4
hours, which seems to indicate that it is a precursor emission.
However, the lower panel shows that the average value in this cell
is related to only 14 events, which is not very significant. In
general, the number of events in each cell is small, and thus the
statistics with A¢ are not meaningful because of too few events.
This is not the case for the (ALong, Alnv.lat) plots. If we retumn
to the lower panel of Plate 1, the situation is different because the
polar orbit of the satellite favors the number of events in each
cell: as the satellite stays at nearly the same longitude when the
orbit is between 45° and +45° in latitude, the same event can be
seen at different invariant latitudes.

4. Conclusions

Data from the low-orbiting satellite AUREOL 3 were used to
search for a correlation between seismic activity and increases in
wave emissions. Although a correlation between two phenomena
does not necessarily relate to a causative link, it is shown that
wave intensity is enhanced at frequencies lower than 800 Hz close
to epicenters. There is an extension of the increase in latitude, but
not in longitude, which agrees with the observations already
reported by Parrot and Lefeuvre [1985], and Serebryakova et al.
[1992].

The discrepancy with the paper of Henderson et al. [1993]
could be explained by differences in the statistical methods as
well as by the electromagnetic components that were used.
Henderson et al. [1993] only considered electric measurements,
but we have shown that such signals are disturbed by natural
electrostatic noise.

However, our data sets only contain a limited number of events
because the telemetry of the satellite was not continuously
recording around the Earth. The data sets are thus biased and do
not allow a complete statistical study. For this reason, it is
impossible to determine if the wave growth seen close to
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epicenters is due to a precursor emission, or to the effect of
acoustic-gravity waves after the shock. Moreover, a larger number
of events would also permit to take into account other important
parameters, such as the geomagnetic activity, the day/night effect,
and the depth, magnitude, and location of the earthquakes.
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