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A Search for ELF/VLF Emissions Induced by Earthquakes
as Observed in the Ionosphere by the DE 2 Satellite
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Satellite observations of ELF/VLF wave activity by groups from both the Soviet Union and France have
indicated the possibility of ELF/VLF radio emissions generated by earthquakes. However, an examination of
ELF/VLF wave data from the low-altitude (apogee ~ 1300 km, perigee ~300 km, inclination ~90°) Dynamics
Explorer 2 (DE 2) satellite showed no clearly distinguishable ELF/VLF signatures associated with earthquakes.
After an initial survey of approximately 5000 DE 2 orbits, ELF and VLF wave data were selected from 63
satellite orbits, called earthquake orbits, in which the ionospheric footprint of the DE 2 crossed the geographic
latitude while passing within £:20° geographic longitude of the epicenters of imminent or recent earthquakes of
magnitude >5.0. ELF/VLF noise measured near the epicenters was analyzed for occurrence rates and average
spectra, as well as for peak and mean electric field intensities in three spectrometers covering a frequency
range of 4 Hz - 512 kHz in 20 chanpels. The same analysis was then repeated for 61 carefully matched control
orbits when there were no imminent or recent earthquakes within +20° geographic longitude or within 410°
geographic latitude of the satellite footprint. These control orbits resembled the earthquake orbits with respect
to latitude, longitude, local time, and geomagnetic index K. Sixty-three percent of the earthquake orbits
showed an ELF or VLF emission above 10 xV/m in at least one of the 20 channels when the satellite passed
near an epicenter. The same analysis performed on control orbit data yielded a 62% chance of observing
similar emissions. Moreover, these results did not change when geomagnetic latitudes, instead of geographic
latitudes, were considered. Further analyses failed to indicate any significant differences between the ELF/VLF
noise measured on earthquake orbits and control orbits with regard to the general nature of the spectra, the

frequency of occurrence of emissions, and peak and mean values of the electric field of the emissions.

1. INTRODUCTION

Ionospheri¢c and magnetospheric disturbances attributable to
seismic phenomena have been the subject of many investiga-
tions in recent years. Ground-based observations of ULF, ELF,
and VLF radio emissions associated with seismic activity have
been widely documented [Gokhberg et al., 1981; Gokhberg et al.,
1982a; Maki and Ogawa, 1983; Tate and Daily, 1989; Fraser-
Smith et al., 1990]. Within the last 10 years, several researchers
have attributed satellite-based observations of anomalous wide-
band ELF/VLF emissions to concurrent earthquake activity near
the footprint of the satellite orbital track [Gokhberg et al., 1982b;
Larkina et al., 1983; Parrot and Lefeuvre, 1985; Chmyrev et al.,
1989; Larkina et al., 1989; Parrot and Mogilevsky, 1989; Sere-
bryakova et al., 1992]. The confirmation of such a result would
aid in refining current theories about such issues as earthquake
mechanisms, piezoelectric effects in rock, and ELF/VLF wave
propagation from ground sources to the ionosphere.

Past satellite observations of ELF/VLF emissions associated
with earthquakes can be categorized into two general classes, those
using a case study [Gokhberg et al., 1982b; Larkina et al., 1983;
Parrot and Mogilevsky, 1989; Larkina et al., 1989, Serebryakova
et al., 1992] and those using a statistical approach in which the
aggregate ELF/VLF wave data associated with many earthquakes
are examined [Parrot and Lefeuvre, 1985; Larkina et al., 1989;
Serebryakova et al., 1992]. Investigations of particular cases, in
which anomalous rises in the ELF/VLF spectrum on a particular
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orbit or a set of successive orbits of the Intercosmos 19 satellite
were associated with a nearby large earthquake (5.0 < m; < 6.1),
have been detailed by Larkina et al. [1983]. More recent studies
by Parrot and Mogilevsky [1989], using the Aureol 3 satellite, and
by Larkina et al. [1989], again using the Intercosmos 19 satellite,
used the same case study approach. All of these studies indi-
cated that as the polar orbiting satellites crossed the geographic
(or in some cases geomagnpetic) latitude of a strong earthquake, a
short (approximately 1-3 min) but sharp rise and fall of the back-
ground noise intensity level occurred in many electric field and
magnetic field ELF/VLF channels. As Larkina et al. [1989] illus-
trated, the noise was distributed along “longitudinal noise belts”
over £60° in longitude and +2° in latitude from the earthquake
epicenter and could be observed for several hours before or after
the earthquake occurred. Similarly, Parrot and Mogilevsky [1989]
measured a rise of ELF/VLF noise near the latitude of an immi-
nent earthquake but at a closer range in both time and space to
the earthquake time of occurrence and the epicenter location to
which it was attributed. Although control orbits or quantitative
measures of normal background emissions have not been cited, the
authors claim that such emissions in the low magnetic latitudes
are uncommon.

Statistical analyses of a large number of earthquakes were per-
formed in two instances. Larkina et al. [1989] assembled a set
of ~150 orbits associated with 39 earthquakes (several orbits per
earthquake, with successive orbits separated in time by the ~100-
min orbital period of the Intercosmos 19 satellite) to look for
the reliability and repeatability of this phenomenon. The mea-
surements near an earthquake epicenter were assigned a weight
according to the strength of the emission and its latitudinal dis-
placement with respect to the epicenter. The calculated reliability
of the precursor and postcursor emissions, based on experimen-
tal observation, ranged from 0.8 to 0.9. These reliability figures
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do not include control orbits but instead attempt to determine the
likelihood that such observed emissions did not randomly group
near the epicenters, based on Gaussian probability distributions.
However, the unconditional probability of an electric field emis-
sion near an epicenter as a function of the emission’s frequency
was somewhat lower, ranging from 0.49 to 0.69. Using the geo-
stationary satellite GEOS 2, Parrot and Lefeuvre [1985] also per-
formed a large statistical study on the probability of occurrence
of a VLF emission rise when earthquakes occurred near the mag-
netic footprints of the spacecraft. A total of 296 earthquakes with
magnitude >4.7 at longitudes +:40° with respect to the north and
south footprints of GEOS-2 were examined for short term (15 min
before or after an earthquake) increases in average wave activity
as compared to long term (90 min; 45 min before and 45 min
after an earthquake) average wave activity. A positive correlation
was attributed to 44.3% of all cases, compared with a correlation
of 41.4% in a control study of random data (353 randomly se-
lected periods). However, when using only the 152 earthquakes
within £20° geographical longitude of the GEOS 2 ionospheric
footprints, a positive correlation is attributed to 51.3% earthquake
events. The authors concluded that there appears to be an associ-
ation between VLF emissions observed on satellites and seismic
activity.

More recent work by Serebryakova et al. [1992] examined
a number of case studies connected with one active earthquake
region. Twenty-four orbits were examined that passed within 12°
in longitude of the epicentral region in Armenia during the months
following the primary shock of December 7, 1988. Magnetic field
emissions were observed as the satellite Cosmos 1809 crossed the
same geomagnetic latitude as the epicentral region, but only at
longitudes within 6° to 8° of the region. The authors concluded
that the epicentral region was permanently radiating at this time
due to the many aftershocks in this region. These particular orbits
were combined with the data from orbits of the Aureol 3 spacecraft
near other epicenters to define a power spectrum, which was then
compared with the average power spectrum recorded by Aureol 3
at low magnetic latitudes.

Satellite-based detection of ELF/VLF waves associated with
seismic activity is difficult for two reasons: (1) the chances of a
polar orbiting satellite performing ELF/VLF measurements near
the epicenter of a large imminent or recent earthquake are small,
and (2) the spectral signature of the earthquake related emission
has to be clearly distinguishable from a large variety of ELF/VLE
emissions due to sources other than seismic activity (e.g., thun-
derstorm generated whistlers, hiss, or chorus). The recognition
of these difficulties implies that a large amount of data, based
on both satellite ELF/VLF measurements and earthquake epicen-
ter listings, has to be examined to select ELF/VLF data that is
recorded near an imminent or recent earthquake, and more impor-
tantly, a large enough data set of control measurements must be
carefully selected to provide information on the ELF/VLF noise
background originating in nonseismic sources, against which any
possible emissions associated with earthquakes can be compared.

This study, using the ELF/VLF data from the DE 2 satellite,
attempts to overcome the main drawback of the previous work;
namely, the lack of sufficient control data to provide information
about normal low-latitude ELF/VLF background emissions. An
analysis of ELF/VLF wave data is presented using comparable sets
of earthquake and control orbits as detailed in the next section.

2. EXPERIMENTAL METHOD
2.1. The Dynamics Explorer 2 Satellite

The Dynamics Explorer Program was designed to investigate
coupling and interaction between the hot plasmas of the magne-
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tosphere and the cooler plasmas of the plasmasphere, ionosphere,
and upper atmosphere [Hoffinan et al., 1981]. Both the high-
altitude DE 1 and the low-altitude polar DE 2 satellites were
launched and began measurements in 1981, with DE 2 reenter-
ing in 1983 and DE 1 discontinuing operations in 1991. An ini-
tial attempt to use the wideband VLF data from the DE 1 satel-
lite revealed that, because of its highly elliptic orbit, low-altitude
measurements were too infrequent. On the other hand, the DE
2 satellite data consist entirely of low-altitude measurements, but
with spectrometers consisting of narrow-band discrete channels,
thus lacking the wave spectra detail available with a wideband
receiver.

Because matching suitable earthquakes with close-passing satel-
lite orbits requires large quantities of data, the DE 2 satellite
proved to be more useful than a higher-altitude satellite such as
the DE 1 (apogee ~25,000 km). The DE 2 satellite was in a polar
orbit with an initial apogee and perigee of 1300 km and 305 km,
respectively, and with a period of 101 min [Hoffman et al., 1981].
This type of satellite is well suited for this study because it or-
bited many times daily, crossing low geomagnetic latitudes. The
DE 2 Z axis was usually along the orbit normal, the spacecraft
Y axis was always held parallel or antiparallel to nadir, and the
spacecraft X axis was determined by the right-hand rule and in
the approximate direction of the velocity vector. Orbital param-
eters of the DE 2 spacecraft were, in general, similar to those of
the Intercosmos 19, Cosmos 1809, and Aureol 3 satellites used in
previous earthquake research (for a full description of the DE 2
experiment, see Space Science Instrumentation (volume 5, 1981)).

2.2. The Vector Electric Field Instrument

The vector electric field instrument (VEFI) was designed to pro-
vide large dynamic range, high temporal/spatial resolution, triaxial
electric field measurements. Six-11-m long cylindrical antennas
were planned to be deployed along three axes to form an array,
with the Z antenna along the spacecraft Z axis and the X and Y
antennas at 45° to the spacecraft's X and Y axes, respectively. In
orbit, however, one Z axis antenna failed to deploy, and measure-
ments were limited to the X and Y electric field axes. AC electric
field measurements were performed in a 1 £V/m to 10 mV/m
range. The AC portion of the VEFI was comprised of a filter
bank of 20 channels, separated into two groups of eight channels
covering the frequency range from 4 Hz to 1 kHz and one group
of 4 channels covering from 1 kHz to 512 kHz. Quantitative
spectral plots for all of the channels on a given orbit were ob-
tained using three comb filter spectrometers. For the 16 channels
between 4 Hz and 1 kHz (spectrometers A and B), both peak and
rms values were recorded either once or twice per second, while
for the four VLF channels from 1 kHz to 512 kHz (spectrome-
ter C), only rms values were recorded either once or twice per
second. In the spectrometer’s high gain setting, sensitivity was
approximately 1 #'V/m (independent of filter bandwidth), while in
the low-gain setting, sensitivity was approximately 10 xV/m (see
Table 1) [Maynard et al., 1981].

The general mode of operation of the VEFI was to assign spec-
trometers A and C to the axis nearest to perpendicular to the
magnetic field. Spectrometer B was generally assigned to the axis
nearest to parallel to the magnetic field. On occasion, all three
spectrometers were assigned to the same axis. The DE 2 VEFI in-
strumentation was comparable to the satellite spectrometers used
in previous earthquake research [Maynard et al., 1981; Larkina
et al., 1983; Parrot and Mogilevsky, 1989]; it had comparable
sensitivity on the electric field component (AC magnetic fields
were not measured) and a wider frequency bandwidth. Conse-
quently, it was assumed that signals reported by previous authors
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TABLE 1. Normalized Spectrometer Sensitivity,
Based on a Lower Threshold of 10 xV/m,
for the 20 VEFI Channels

Normalized Lower

Channel Bandwidth Threshold, uV/m Hz
SpectrometerC
128 - 512 kHz 384 kHz 0.016
16 - 64 kHz 48 kHz 0.045
4-16 kHz 12 kHz 0.09
1-4kHz 3 kHz 0.18
Spectrometer A
512-1024 Hz 512 Hz 043
256 - 512 Hz 256 Hz 0.63
128 - 256 Hz 128 Hz 0.88
64 -128 Hz 64 Hz 13
32-64 Hz 32 Hz 1.8
16 - 32 Hz 16 Hz 25
8 - 16 Hz 8 Hz 36
4-8 Hz 4 Hz 5.0
Spectrometer B
512-1024 Hz 512 Hz 043
361 -512Hz 151 Hz 0.82
256 -361 Hz 105 Hz 0.98
181-256 Hz 75Hz 1.15
64 -128 Hz 64 Hz 1.25
45 - 64 Hz 19 Hz 23
16 -32 Hz 16 Hz 25
4-8Hz 4 Hz 5.0

would be observed on the DE 2 satellite, provided that the satellite
footprint passed sufficiently close to the epicenters of comparable
earthquakes within a sufficiently close time frame with respect to
the shock, as reported in past works [Larkina et al., 1989; Parrot
and Mogilevsky, 1989].

2.3. Data Selection for Earthquake-Coincident Orbits

Orbits for this study were selected based on criteria similar to
those used in the previous research discussed above. The follow-
ing criteria were used to select DE 2 orbits for this study:

1. Satellite passed over the geographic latitude of an earth-
quake epicenter and within 20° of the epicenter’s geographic
longitude. Previously reported emissions associated with earth-
quake activity were observed over a wide range of longitude cen-
tered within a few degrees of latitude of the earthquake epicenter.
For example, the emissions were seen over £60° in longitude
from an epicenter [Larkina et al., 1983] but were stronger at close
range [Larkina et al., 1989; Parrot and Mogilevsky, 1989].

2. Satellite passed near an epicenter no more than 12 hours
before or 6 hours after an earthquake. Larkina et al. [1983 and
1989] associated individual emissions with a particular earthquake
many hours before and after the earthquake occurred.

3. Earthquake body wave magnitude m; >5.0. In the gath-
ering of large numbers of satellite orbits for statistical analyses,
similar cutoff criteria for the selection of sufficiently strong earth-
quakes were used by Parrot and Lefeuvre [1985] and Larkina et
al. [1989].

4. Invariant latitude of the earthquake <45°. Auroral hiss
and other magnetospheric emissions dominate the VLF spectrum
at higher geomagnetic latitudes [Larkina et al., 1989].

5. Kp 3-hour index <3+. To avoid the variability in the
general ionospheric noise background resulting from geomagnetic
disturbances, only geomagnetically “quiet” or *normal” periods
are being considered, as in Larkina et al. [1983]. The 3-hour
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geomagnetic index has been tabulated by Geomagnetic and So-
lar Data [1981-1983] published in the Journal of Geophysical
Research.

6. Receiver gain setting on “high” for the VLF channels.
Sometimes the VEFI was set on "low” gain to avoid saturating the
receiver in the auroral regions. The high” gain setting provided
maximum sensitivity and provided a common context for noise
event analysis.

In selecting orbits, epicenter listings from Preliminary Deter-
mination of Epicenters, National Earthquake Information Service
[1981-1983] were used to list all magnitude m) > 5.0 earthquakes
for a given day. Then, DE 2 summary plot data were scanned to
see if the satellite was sufficiently close in time and space to an
epicenter. If these criteria were met, and if the spectrometers were
operating at the time, the orbit was checked against the remaining
criteria for inclusion in the study.

Since the summary plots were intended solely for survey use,
complete data were requested from Goddard Space Flight Center
for the more detailed analysis that follows.- Out of a survey of
over 5000 orbits, 58 orbits satisfied the selection criteria. Of these
58 orbits, 63 distinct segments of these orbits could be matched
to specific earthquakes, since on four orbits the satellite passed
sufficiently close to different earthquakes at more than one lati-
tude. A segment of an earthquake or control orbit is defined as
a 4 min portion of the orbit centered on the latitude (geographic
or geomagnetic, depending on which is being considered) of an
earthquake, during which time the satellite geographic footprint
crossed approximately 16° of latitude. The 63 earthquake orbit
segments used in this study are hereafter referred to as earthquake
orbits.

2.4. Data Selection for Control Orbits

Contrary to previous claims that ELF/VLF emissions at low
magnetic latitudes, where all of the earthquake epicenters used in
this study were located, are not frequent [Larking et al., 1989; Par-
rot and Mogilevsky, 1989], such emissions were observed on DE 2
rather frequently. Therefore it was crucial to analyze control data
for orbits that were similar to the candidates for earthquake emis-
sions. All control orbits met criteria 4-6 of section 2.3 for earth-
quake orbits. In addition, only orbits in similar temporal/spatial
locations to the earthquake orbits were used. To be counted as a
control orbit, the satellite orbital track had to be within £10° in
longitude and within +2 hours local time of an earthquake orbit
that was previously selected by the above methodology. For ex-
ample, if a potential control orbit crossed 100° longitude at 1000
local time, it was included only if there was an earthquake orbit
used in the study that occurred within both the local time range
0800 to 1200 and the longitude range 90° to 110°. These criteria
insured that only control orbits close in local time and geographic
location to the earthquake orbits were selected.

Most importantly, control orbits could not have an earthquake of
any magnitude within -12/+6 hcurs, +£10° latitude, and +20° lon-
gitude of the location to which the control orbit is being matched
to an earthquake. This exclusion of all earthquakes was subject
to the limitations of the U.S.Geological Survey Preliminary De-
termination of Epicenters , which generally listed all earthquakes
greater in magnitude than m; = 4.5 and which also listed smaller
magnitude earthquakes where possible (M. J. S. Johnston, per-
sonal communications, 1992). In summary, control orbits were
selected to match the earthquake orbits as closely as possible, ex-
cept that for control orbits there were no significant earthquakes
near the relevant latitudes.

A total of 45 control orbits were selected, from which a to-
tal of 61 distinct orbital segments could be matched to one or
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more earthquakes. The 61 control orbit segments are hereafter
referred to as control orbits. Because of limited operation of the
DE 2 spacecraft due to power constraints and of variations in
the magnetic activity, it was difficult to obtain a control orbit for
each specific earthquake orbit segment. Nevertheless, 71% of the
earthquake orbits can be paired with at least one control orbit.
Some of the control orbits matched with more than one earth-
quake. In general, it is believed that, taken as an aggregate, the
control orbit data set provides average ELF/VLF wave activity
under geophysical conditions similar to those for the earthquake
orbits data set.

2.5. Electric Field Irregularities at Low Magnetic Latitudes

In general, emissions observed in the lower magnetic latitudes
were orders of magnitude weaker than those observed in the higher
magnetic latitudes. For this reason, the selection of data for this
study was confined to periods in which the satellite was in the
lower magnetic latitudes. However, even at the lower magnetic
latitudes, there exist electric field irregularities that could possibly
be misinterpreted as emissions generated by earthquakes. These
irregularities have been documented by Holtet et al., [1977] and
Kelley and Mozer, [1972] and are most commonly found in the
2000-0600 local time sector and near the magnetic equator [Holtet
et al. 1977]. For this study, since it was not desirable to elimi-
nate the 27 earthquake orbits and 22 control orbits that occurred
during this time sector, an attempt was made to screen out such
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irregularities from the data set based on their identified signatures.
Also, in section 3.2 below, a subset of the data was considered
that did not include orbits from the 2100-0500 local time sector.

3. OBSERVATIONS AND INTERPRETATIONS

3.1. Case Studies

Since case studies have formed the bulk of previous works, the
data for several individual orbits will now be presented. Figures
1-5 illustrate portions of the VEFI AC spectrometer records for
selected DE 2 orbits. Further details of the satellite ephemeris data
and earthquake information are given in Table 2. Data from the
DE 2 spectrometers are given for all 20 channels; the channels are
shown as stacked on top of one another, and the field strengths
are given along the vertical axis. Horizontally, each data sam-
ple represents an 8 min (left to right) segment of the orbit, dur-
ing which time the satellite traversed a range of approximately
30° of geographic latitude while maintaining approximately the
same geographic longitude. These segments are approximately
centered on the geographic and geomagnetic latitude of the earth-
quake under consideration, and for control orbits, these segments
are centered on the geographic and geomagnetic latitude of the
earthquake orbit to which the control orbit was matched.

3.1.1. Case study 1: Possible associated emission . Figure 1
shows an 8-min segment of data from orbit 4513, in which the
satellite passed within 2.5° longitude of the epicenter of an earth-
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Fig. 1. VEFI data for a 8-min segment of orbit 4513 (see Table 2).
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quake 56 min after it occurred. Arrows indicate when the satellite
footprint crossed the geographic and magnetic latitude of the earth-
quake. The magnitude 5.4 earthquake was located in Argentina.
Ephemeris data for the satellite, along with earthquake data, are
shown in Table 2.

As can be seen from the figure, there is significant wave activity
on many channels. At the middle of the plot, which corresponds
to a point near the magnetic latitude of the earthquake, a rise and
fall in the background noise intensity can be seen in several chan-
nels below 32 Hz and in the VLF channels between 4 and 64 kHz.
The emissions measured on the 4-8 Hz channel of spectrometer B
appear to be spin modulated as well. The presence of emissions
at this latitude suggests the possibility that the earthquake which
occurred 56 min prior to this orbital pass may have been responsi-
ble. Of the 11 earthquake orbits in which the earthquake occurred
below land, this is the most likely candidate for an associated
emission.

In order to assess the possible normal background emissions on
the earthquake orbit segment of Figure 1, data from two control
orbits at similar local times and positions are presented in Figures
2 and 3. Ephemeris data for these orbits are presented in Table
2. The first control orbit, shown in Figure 2, occurred almost 24
hours after the orbit shown in Figure 1. Although there had been
no earthquake activity in this area on this day, strong emissions
are again seen in many of the same channels. The presence of
such emissions suggests that electromagnetic effects of the earth-
quake activity may have still been ongoing or that these emissions

Fig. 2. VEFI data for a 8-min segment of orbit 4528 (see Table 2).

are actually normal background emissions originating from other
sources.

The second control orbit, shown in Figure 3, occurred 19 days
after the earthquake orbit of Figure 1. The emissions appear
weaker in spectrometers A and B, but this is a result of the spec-
trometer being at a lower gain setting. This difference is shown
in the different base of the vertical scale in this figure. Emis-
sions of similar magnitude to Figure 1 were again observed on
these channels as they rose above the threshold of 10 pV/m. The
strength of the emissions observed in spectrometer C (same ver-
tical scale as in Figures 1 and 2) is similar to that of Figures 1
and 2. On the basis of the observation during the control orbits

‘of similar emissions in the same channels as those of Figure 1, it

becomes difficult to attribute the emissions observed in Figure 1
to the nearby earthquake.

3.1.2. Case study 2: Absence of an associated emission . Fig-
ure 1, and the corresponding Figures 2 and 3, illustrate orbits on
which strong emissions above the receiver threshold were mea-
sured. Figure 4 illustrates a case in which such emissions were
not measured. On this segment, from orbit 5691, the satellite
passed within 17° of longitude of an earthquake epicenter 59 min
before it occumred. This earthquake, located in Venezuela, also
had a magnitude of 5.4. Again, ephemeris data for the satellite,
along with additional earthquake data are shown in Table 2.

In this case there are hardly any emissions measured above
the threshold of 10 uV/m. If emissions associated with earth-
quake as documented by previous investigators occur with a high
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Fig. 3. VEFI data for a 8-min segment of orbit 4801 (see Table 2).

degree of reliability, they should be expected on this orbit. In
fact, however, many of the earthquake orbits in this study lacked
measurable emissions just as does this orbit. Further, a matched
control orbit, illustrated in Figure 5, from 8 days later also lacks
strong emissions.

In summary, based on our qualitative analysis none of the earth-
quake orbits, especially when compared to control orbits, exhib-
ited unusual emissions that could be confidently attributed to a
nearby earthquake.

3.2. Statistical Analyses

Case studies provide useful examples, but statistical analyses of
the emissions observed near earthquake epicenters as compared to
those observed on control orbits are more important, since such
seismically related emissions, should they exist, must be distin-
guished from the average ELF/VLF background emissions. In
examining many events, the same criteria must be applied when
comparing one event to another. Therefore in interpreting the
complete spectra for all 63 earthquake orbits and 61 control orbits,
the maximum rms emission magnitude was graphically measured
for a 15° latitude (4 min) segment of the orbit. The particular 15°
portion was selected so that the 15 ° latitude range was centered
on the epicenter’s geographic latitude. Control orbits that were
matched to particular earthquake orbits were analyzed along the
same 15° latitude segments.

Receiver lower threshold was defined as 10 uV/m amplitude,
since this was the greatest sensitivity achievable in spectrometers

A and B for most of the orbits. Spectrometer c’s four VLF chan-
nels were sensitive to 1 4V/m, but in order to provide a uniform
threshold for this statistical comparison, the lower threshold was
considered to be 10 ' V/m even on these channels. This threshold
still provided a bandwidth-normalized sensitivity of at least 0.2
#V/m (Hz)-1/2 in these four VLF channels.

3.2.1. Aggregate statistics for all orbits . Figure 6 illustrates the
temporal and spatial distribution of the 63 earthquake orbits with
respect to their corresponding epicenters. It also presents infor-
mation concerning orbits that measured emissions on at least one
channel. If the particular segment of spectra near the earthquake
epicenter showed an emission in excess of 10 u#V/m rms on at
least one channel, the orbit was credited with having an emission.
In Table 3, the fraction of orbits showing emissions in the vicinity
of the epicenter is denoted for each particular category. For ex-
ample, 3 of the 63 earthquake orbits passed within 5 ° longitude
of an epicenter from between 8 to 12 hours before the earthquake
occurred, and two of these three orbits showed an emission above
10 pV/m on at least one channel. The fractions at the end of each
row or column are sums for that particular row or column.

Although the spread is fairly uniform, there is a slight tendency
for a higher proportion of orbits to exhibit emissions when the
satellite is closer in time to the earthquake time of occurrence
(6/7 for less than one hour before) or space (29/40 for within
10° geographic longitude) to the earthquake epicenter. However,
in overall terms, control orbits were as likely to exceed lower
spectrometer thresholds as were earthquake orbits. Forty of 63
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Fig. 4. VEFI data for a 8min segment of orbit 5691 (see Table 2).

earthquake orbits (63%) showed some kind of emission in at least
one channel; when the control orbit segments are similarly ana-
lyzed, 38 of 61 (62%) showed an emission in at least one channel.
These results illustrate two features of the data, based on this par-
ticular measure: (1) observations closer in time or longitude to the
earthquake epicenters appear, at first glance, to be more likely to
exhibit some kind of emission than observations further separated
from the earthquake epicenters, and (2) taken as a group, satellite
orbits included in this study do not exhibit statistics different from
those of control orbits.

Figure 7 illustrates the fraction of earthquake orbits and control
orbits exceeding the 10-pV/m threshold for all 20 channels as
a function of the channel. A few general trends can be seen
from this figure. First, for both earthquake and control orbits,
emissions above the threshold were most common in the range
from 0.5 kHz to 64 kHz, while relatively fewer orbits exceeded
this threshold for channels at lower or higher frequencies. Second,
control orbits exceeded the threshold, on average, slightly more
than did the earthquake orbits. Overall, however, there is no
significant difference between the group of earthquake orbits and
the control orbits; the small differences are probably due to the
sample size of the data set.

A measure of the strengths of these emissions as a function of
channel is illustrated by Figures 8 and 9. As discussed above, only
a fraction of the orbits exceeded the lower spectrometer threshold.
If an orbit did exceed the threshold for a particular channel, the

maximum field strength was measured. Figure 8 is a plot of the
maximum value reached on a particular channel considering all
63 earthquake orbits and all 61 control orbits. Figure 9 is a plot
of the mean value of those emissions that exceeded the thresh-
old. For example, if 20 of the 63 orbits exceeded the threshold
for a particular channel, the largest of the 20 values is plotted
in Figure 8 and the mean of the 20 values is plotted in Figure
9. These figures represent, in a sense, average spectra for the
observed emissions for earthquake and control otbits. They illus-
trate, particularly in the plot of mean value versus, channel, that
the strengths of emissions measured on earthquake orbits do not
differ significantly from those measured on control orbits. More
distinct differences between earthquake orbits and control orbits
illustrated in the graph’s ELF range are probably due to the very
small sample size from which data for these particular channels
are drawn (refer to Figure 7); there were very few emissions that
exceeded the threshold in these channels).

3.2.2. Aggregate statistics using geomagnetic coordinales .
Some previous authors [Serebryakova et al., 1992] have observed
anomalous emissions occurring at the same geomagnetic, instead
of geographic, latitude as that of an earthquake. For this rea-
son, the same analysis as above has been repeated but by using
the geomagnetic latitude of the epicenter as a criterion instead
of the geographic latitude. This new criterion limited the data
set somewhat, since the magnetic footprint of the DE 2 satellite
often did not cross very low invariant latitudes, where some of



9510

HENDERSON ET AL.: ELF/VLF WAVES AND EARTHQUAKES

dB Spcctrometer A; Y-antenna

Spectrometer B; X-antenna

dB
20+ 20 4
512-1024 Hz 512-1024 Hz
0 ] —= 0 ] =
20 201
256-512 Hz 361-512Hz
0 T T 3 0 ¥ :
20 207
128-256 Hz 256-361 Hz
0 . I 0 T
ol ’ i ; T
64-128 H. -
. z 181-256Hz  4p Spectrometer C; Y-antenna
; ¥ o : ¥
20 20 -1 207
32-64 Hz 64-128 Hz 128-512kH:z
0 : : 0 ' . 07 ! '
20_] 20 4
16-32 Hz 45-64 Hz 16-64 kHz
0 c : 0 . 07 ' -
20 20- 201
8-16 Hz 16-32Hz 4-16 kHz
0 : : 0 : . 07 " .
20 20 201
4-8 Hz 4-8Hz 1-4kHz
o- T T T 0 C T 1 1 o_ L 4 L
0 dB=10.0pV/m 0 dB=10.0pV/m 0 dB=1.0p4V/m

Fig. 5. VEFI data for a 8-min segment of orbit 5813 (see Table 2).

TABLE 2. Satellite Ephemeris and Earthquake Data for Figures 1-5

Figure 1 Figure 2 Figure 3 Figure 4 Figure 5
Satellite Data
Date June 1,1982  June 2,1982 June 20,1982 Aug.17,1982 Aug.25,1982
Time range,UT 1028-1036 1010-1018  912-920 1720-1728 1634-1642
Orbit number 4513 4528 4801 5691 5813
Geographic 23.8° S- 23.3° S- 23.0° S- 9.4° §- 4.5° §-
latitude range 55.6° S 551°8 52.7° s 20.5° N 24.9° N
Geographic 66° W- 63° W- 65° W- 65° W- 63° W-
longitude range 68° W 65° W 671° W 671° W 65° W
Magnetic 21° §- 22.1° S- 23.7° s- 20° N- 24° N-
latitude range 43.4° S 423°S 42.4° S 38° N 41.2° N
Local time 1742 1742 1630 1256 1224
Altitude km 318-413 325424 538-653 547-654 632-658
Kp 3-hour index 2 2 3 1 3
FarthquakeData
Date June 1,1982 Aug.17,1982
Time,UT 0937:25 1824:05
Geographic latitude ~ 42.87° S 9.54° N
Geographic longitude 70.34° W 84.16° W
Magnetic latitude 319° s 20.2° N
Magnitude,My, 54 54
Location Argentina Venezuela
(land) (land)
Depth,km 33 33
Orbit separation 2.5° 17
in longitude
Orbit separation 0:56 after 0:59 before
in time,hours earthquake earthquake
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FIG. 6. Distribution of the 63 earthquake orbits with respect to their
associated earthquakes when DE 2 crossed the geographic latitude of the
earthquake. The fractions in each box, row, or column represent the frac-
tion of orbits within that particular category which measured an emission
exceeding 10 2V/m in at least one channel. Sixty-three percent of earth-
quake orbits measured at least one such emission, compared with 62% of
control orbits.

the earthquakes were located. Nevertheless, 41 earthquake orbits
and 28 control orbits could be selected under these criteria. Fig-
ure 10 illustrates the fraction of orbits during which there was an
observed emission near the magnetic latitude of an earthquake,
compared with appropriately matched control observations. As
can be seen in comparison with Figure 7, emissions were again
observed near epicenters slightly less often than when geographic
latitude was the criterion used, particularly in the channels be-
tween 1 and 16 kHz. Furthermore, qualitative examination of
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these 41 orbits yielded no unusual emissions occurring near the
geomagnetic latitudes of earthquakes.

3.2.3. Statistics considering samples selected under different
criteria . The findings and analysis presented above may be de-
pendent on the criteria used in this study. Subsets of the data,
selected under different criteria, could show different results. For
example, a possible influence on the observation of emissions gen-
erated by earthquakes may be whether the earthquake occurred
below land or water. Oike and Ogawa [1986] suggest that emis-
sions are observed only in the case of earthquakes that occur in an
inland area or in a shallow water region. Also, earthquakes that
occur deep in the crust may not produce observable emissions.
The following additional criteria were used to select a subset of
earthquake orbits for similar analysis:(1) Earthquakes must have
occurred under land. (2) The depth of the earthquakes must have
been less than 100 km.,

Under these criteria, 10 earthquake orbits and 18 respective
control orbits were selected. Additionally, none of these selected
orbits occurred during the local time sector 2100-0500, thereby
minimizing the likelihood of nighttime natural emissions as dis-
cussed in section 2.5. Statistics similar to those of Figure 7 are
shown in Figure 11. Even under these criteria, which may be
more favorable to the observation of earthquake emissions, no
significant difference between earthquake and control orbits was
found. Again, minor differences are probably due to the small
sample size, which was unavoidable under these criteria. Also,
this subset of orbits did not qualitatively exhibit evidence of likely
earthquake-related emissions.

Finally, four orbits were obtained which passed near epicenters
of magnitude 6.0 or 6.1 earthquakes (the largest earthquakes in
this study). Only one of the four orbits exhibits emissions near
the epicenter on any channel. The emissions in this case are not
strong; furthermore, the earthquake occurred at a depth of 590
km, in a deep ocean area. The other three orbits associated with
magnitude >6.0 earthquakes do not exhibit any emissions above
threshold near the epicenter’s latitude.

With only 63 possible earthquake orbits from which to draw in
this study, severe fractioning of the data set limited the number of

|
O
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Control orbits

8- 4-8 512-361-256-181- 64- 45- 16- 4-8
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Fig. 7. Fraction of DE 2 orbits that measured an emission in a particular channel.
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Fig. 9. Normalized emission mean value for all emissions that exceeded 10 ' V/m, per channel.

special cases that could be meaningfully examined. For this reason
additional investigations must be performed using data from other
satellites in order to increase the sample size for these and other
interesting subsets of earthquake associated orbits. Such subsets
may indicate a correlation between emissions and earthquakes.

4. SUMMARY AND CONCLUSIONS

ELF/VLF wave data from 63 DE 2 orbits coincident with large
(magnitude >5.0 ) earthquakes have been examined individually
and compared with control orbits not coincident with earthquakes.
No unusual emissions, coincident with the passing of the DE 2
satellite near an epicenter within a certain temporal and spatial
window, were identified for any orbit. Approximately 63% of the

orbits showed an ELF or VLF emission above 10 xV/m in at least
one of the 20 channels when the satellite passed near an epicenter;
37% were quiet in all channels.

In addition to the 63 orbital passes near earthquake activity,
61 control orbits were examined. Control orbits were selected
to match, in terms of geographic and geomagnetic parameters of
the orbital track, as completely as possible with the orbits near
earthquakes, but for days on which there were no reported earth-
quakes near the orbital track. Using the same analysis as that per-
formed on the earthquake orbits, no significant differences were
found between earthquake orbits and control orbits with regard to
frequency of emissions, general spectral form, or peak or mean
values of the emissions. For example, as mentioned above, 63%
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Fig. 11. Fraction of DE 2 orbits that measured an emission in a particular channel for 10 earthquake orbits (and their respective
18 control orbits) in which the earthquake occurred below land and at a depth of less than 100 km.

of the earthquake orbits registered ELF/VLF emissions of some
kind near earthquake epicenters. The same analysis performed on
control orbits yielded a 62% chance of similar emissions.

Although clear signatures distinct from the background emis-
sions that normally occur were not observed, it is possible that
earthquake-induced emissions have signatures that cannot be dis-
tinguished from normal background emissions. In that case, how-
ever, if so, emissions in general should occur more often during
the earthquake orbits, which was not true in this data set.

While this work does not verify the previous claims of elec-
tromagnetic precursors to earthquakes, it does not eliminate the
possibility of such a phenomenon. These results, however, clearly
point out the difficulties involved in confirming such a claim based

on ionospheric observations in the ELF/VLF frequency bands and
suggest directions for future work.

The observation of potential earthquake precursors in the iono-
sphere is a relatively young field. As this paper exemplifies, the
existence and the possibility of satellite detection of such pre-
cursors remains open to scientific debate. Examination of addi-
tional data from other similar low-altitude satellites would con-
tribute most to the search for ELF/VLF emissions associated with
earthquakes. As was emphasized ahove, the analysis of adequate
amounts of control data will remain critical to the proper identi-
fication of emissions. More detailed observations, such as those
from a wideband receiver or from multiple antennas, could pos-
sibly be performed with other low-altitude satellites. Very large
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earthquakes may exhibit emissions of the kind previously reported
with regularity; other satellite data should be searched, and even
combined, in order to obtain a larger sample size for such special
cases. Nonseismic sources of ELF/VLF waves, such as wave par-
ticle interactions or thunderstorm activity, should be considered
when looking at individual cases. Finally, VLF emissions from
the moon or other planets exhibiting seismic activity might be
considered, especially in extraterrestrial cases with low-average
ELF/VLF background emissions.

Substantial contributions can also be made in the form of the-
oretical models for the physical realization of possible mecha-
nisms for seismic emissions [Larkina et al., 1989; Parrot and
Mogilevsky, 1989; Draganov et al., 1991]. Discussions of mech-
anisms for ELF/VLF wave production and propagation due to
seismic activity are beyond the scope of this study.
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