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Abstract We have studied changes in the ionosphere prior to crustal earthquakes
with magnitudes of M > 6.5 based on the data from the ground-based stations of
vertical ionospheric sounding in Japan for the period 1968-2004 (32 cases). The
data are analyzed based on hourly measurements of the virtual height and frequency
parameters of the sporadic E layer and critical frequency of the regular F2 layer
for the period of three days prior to the earthquakes provided that strong geomag-
netic disturbances are absent. In the studied intervals of time before all earthquakes,
anomalous changes were discovered both in the frequency parameters of the Es and
F?2 ionospheric layers and in the virtual height of the sporadic E layer. The changes
were observed on the same day at stations spaced apart by several hundred kilo-
meters. It is found that the lead-time of these ionospheric anomalies preceding the
seismic impact is sensitive to the magnitude of the subsequent earthquakes and it
tends to increase with the rise of the earthquake magnitude. It is concluded that such
ionospheric disturbances can be short-term ionospheric precursors of earthquakes.

Keywords Crustal earthquakes - Ionospheric disturbances * Ionospheric
precursors of earthquakes

1 Introduction

Over the last decade, studies of the earthquake preparation processes and their influ-
ence on the Earth’s ionosphere have significantly progressed due to in situ [11, 15]
and GPS satellite measurements [12, 16, 17]. Satellite observations have made it
possible to acquire information on the state of the ionosphere in poorly accessible,
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seismically active regions, while the dense network of GPS stations has provided
almost uninterrupted monitoring of changes in this state over large areas. An impor-
tant achievement in the study of seismo-ionospheric disturbances based on GPS
network data is the refinement of spatial scales of the disturbances for strong earth-
quakes: several thousand kilometers along the parallel and approximately one thou-
sand and half kilometers along the meridian [18, 19]. However, the main information
on seismogenic effects in the ionosphere was obtained from ground based stations
of the vertical ionospheric sounding (VIS) [2, 7, 10, 13, 14]. The long-term obser-
vations of such effects have made it possible to reveal a number of features typical
for seismo-ionospheric disturbances in the period of preparation of earthquakes and
after.

The studies of seismogenic disturbances in the ionosphere were conducted in
two directions: detailed studies of individual earthquakes and their influence on
the ionosphere in different regions of the Earth [2—4] and statistical analysis of the
effects of several earthquakes in a specific seismically active zone [7, 8, 10]. While
every earthquake is unique, it turned out to be possible to identify the most typical
properties of ionospheric disturbances preceding the main impact with some lead-
time [4, 8-10].

In the works [7, 13], it was shown that the lead-time (AT) of the detected iono-
spheric disturbances preceding earthquakes (IDPE) is from one day to several weeks,
depending on the magnitude of the earthquake and the distance from the observation
point to the epicenter. These disturbances can be ionospheric earthquake precursors
(IEPs) of various immediacy (in particular, medium-term, MIEPs, or short-term,
SIEPs). SIEPs are of the largest practical significance, as they occur from one to three
days before the earthquake and can be used for further prediction of major seismic
events as part of the general picture of pre-earthquake anomalies in other geophysi-
cal fields. At the same time, SIEPs are the least studied, since the “immediacy” of a
given disturbance is rather difficult to determine in epignosis. Studies of SIEP were
significantly moved forward by the paper of Hobara and Parrot [4], who thoroughly
considered the disturbances in the foF?2 critical frequencies during long intervals of
time before and after a strong earthquake with M = 8.3, which were detected by
multiple vertical-sounding stations at a distance from 400 to 3000 km from the epi-
center. Hobara and Parrot [4] showed that possible SIEPs of this earthquake occur
on the same day at all stations within the preparation zone (r < 1500 km, where r
is the radius of the earthquake preparation zone on the Earth’s surface). Therefore,
with comparison of the times of occurrence of seismo-ionospheric disturbances at
two or more stations spaced apart from each other within one region, it is possible
to identify a SIEPs by the proximity of these times.

Thus, the objective of the present work is to identify possible SIEPs preceding
earthquakes with M > 6.5 with a lead-time from several hours to 3 days based on
the data of VIS ground base stations at different positions in the region of Japan.
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2 Procedure of Data Analysis

This study used the data from hourly ionospheric measurements at VIS ground
based stations Kokobunji (¢ = 35.7°N, h = 139.5°E), Akita (¢ = 39.7°N, A =
140.1°E), and Wakkanai (¢ = 45.4°N, A = 141.7°E) in the time interval of four days,
including the day of the earthquake. A requirement for the ionospheric data was the
absence of significant geomagnetic planetary disturbances, i.e., the three-hour Kp
indexes of geomagnetic activity should not exceed the level of 3, in the specified
time intervals before each earthquake. Only strong crustal earthquakes with M > 6.5
and a hypocenter depth of 27 < 60 km for the period 1968-2004 were considered.
Thirty-two earthquakes were selected in this way. We analyzed the daily variations
in the F2-layer critical frequency (foF2) and Es-layer blanketing frequency (f,Es),
which characterize the electron density in the maxima of the corresponding layers;
the daily variations in the virtual height of the sporadic E-layer (4’ Es) were analyzed
as well. Further, we calculated the deviations of the above-mentioned ionospheric
parameters from monthly median values for each hour of the day at all stations in
the preparation zone of a given earthquake; the radius of the zone was determined
as rp= 10%*M km, in accordance with [1]. The relative variations Af,Es/f,ESmed
and AfoF2/foF2,.q were obtained for the frequency parameters. The interquartile
range (IQR) was chosen as a measure of scatter due to random deviations. The
IQR is the difference between the upper and lower quartiles of a given parameter
calculated on a three-day interval for any of the abovementioned parameters (Y (#;),
where #; is the point of the reference time). In this case, the “noise” bands K=+
= [AY(#))Imep £ 0.75 IQR or K+ = [AY(#;)/Y mea(ti)Imep £ 0.75 IQR restrict
possible variations of the parameters, which are explained by random deviations
with a certain degree of probability. As follows from the encyclopedia [5], in the
case of the normal distribution of the “error” of AY(¢;) or AY (¢;)/Y med(t;), the value
0.75 IQR approximately corresponds to one standard deviation. The AY(¢;) and
AY(2)/Y mea(t;) values that exceed the limits of the corresponding “noise” bands
were attributed to anomalous Y(¢;) values if the duration of such a disturbance (t)
was 1 h <t <3 h(seealso [7, 10]).

The pre-earthquake ionospheric disturbances discovered in the investigation
below occur on the same day above different stations, although the distances between
the stations and the epicenters of the respective earthquakes differ by several hundred
kilometers. This fact disagrees with the patterns of MIEP occurrence (see [6, 7]) but
is in close agreement with the features of IEP occurrence before a strong earthquake
with M = 8.3 in the same region [4], which were obtained from the data on the
variations in the critical frequency of the F2 ionospheric layer.

The features of the occurrence of possible SIEPs before crustal earthquakes are
illustrated by Fig. 1, which shows the time variations in the ionospheric parameters
at two stations, Kokobunji and Akita, separated from each other by a great-circle
distance R ~ 480 km. The variations in the planetary Kp-index are shown at the top
panel; the time of the earthquake is marked with a dashed line and an arrow; and
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Fig. 1 The time variations in the ionospheric parameters at two stations, Kokobunji and Akita,
separated from each other by a great-circle distance R &~ 480 km. The black “surges” in all parameters
mark possible SIEPs for the earthquake of January 14, 1978 with M = 6.5

the dash-dotted lines show the K= levels. The black “surges” in all parameters mark
possible SIEPs for the earthquake of January 14, 1978 with M = 6.5.

A similar analysis was performed for the ionospheric measurement data of VIS
ground based stations at different positions before all other crustal earthquakes with
M = 6.5-7.4 (32 events, as mentioned above). This made it possible to identify pre-
earthquake disturbances in the parameters of the Es and F2 layers observed during
the same day, which allowed us to identify them as possible SIEPs.
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3 Results and Discussions

Analysis of the identified ionospheric disturbances preceding earthquakes of different
magnitudes at VIS ground based stations separated from the epicenters by a distance
from 90 to 1000 km showed the following.

1. Possible seismo-ionospheric anomalies in the Es layer are characterized by an
increase in the virtual height of the layer and in the electron density as com-
pared to the background; the critical frequency of the F2 ionospheric layer (and
corresponding electron density at the layer maximum) can either increase (posi-
tive anomaly) or decrease (negative anomaly); however, negative anomalies are
predominant (24 cases out of 32).

2. The lead-times (AT) of possible ionospheric anomalies before earthquakes with
M = 6.5-7.4 vary from 0.5 to 2.5 days, increasing with the rise of the earthquake
magnitude.

In order to obtain the quantitative characteristics of the supposed dependence of
the lead-times (AT') on the magnitude for the identified pre-earthquake ionospheric
disturbances (possible SIEPs), we plotted the logarithms of these times (Ig[AT7])
as functions of magnitudes (M) for all 32 earthquakes using the data of Kokobunji
station; the times AT were determined from the extrema in the parameters A4’ Es
(AT jygs) and AfoF2[foF2eq (AT ,r2). The linear regressions obtained by the method
of least squares (with the corresponding correlation coefficients p) have the following
form:

1g[ATye,] = 0.35M —2.46, p =0.616 (1)
1g[ATfor2] = 0.47M —3.28, p =0.728 )

Additionally, the same procedure was performed for 20 earthquakes from the full
set, for which all values of the 3 h planetary Kp indexes during three days prior to the
corresponding earthquake did not exceed the level of 3 (level Q, or “quiet”, i.e. no
significant geomagnetic disturbances). For geomagnetically quiet conditions (level
Q) the following linear regressions were obtained:

1g[ATyg,] =03M —2.12, p =0.622 3)
1g[ATfop2] = 0.47M —3.24, p = 0.803 )

Figure 2 illustrates the above relationship (4).

That being said, the correlation coefficients for the Q level are higher when similar
parameters are compared. It has also turned out that the correlation coefficients for
the ATy,r, dependences are significantly higher than those for the corresponding
AT, g, dependences. This implies that, if the epignosis results are used to predict
earthquakes with account of the ionospheric changes, the variations in the F2-layer
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Fig. 2 The “cloud” of 1g[ AT, ] values (points) and the dependence (4) is given by a solid line

critical frequency provide a higher accuracy of the determination of the possible
time of the underground shock based on a SIEPs identified by the above-mentioned
technique.

It is of interest to compare our results of the determination of the lead-time of
a possible SIEPs (AT) (dependence (4) with the highest correlation coefficient p
= 0.803) with those obtained earlier [20] from the electricity measurements in the
near-surface atmospheric layer. For the upper limit of the magnitude range, M =
7.4, in accordance with Zubkov [20], we obtain AT(M = 7.4)zupkov = 1.84 day for
short-term earthquake precursors, while we have ATsp(M = 7.4) = 1.73 day in
our case. These values are in rather close agreement, which is also evidence that our
identification of possible SIEPs from the measurement data of the Es and F2 layer
parameters was correct.

4 Conclusions

Analysis of the changes in the ionospheric parameters of the Es and F2 layers for three
days prior to strong crustal earthquakes with M = 6.5-7.4 based on the observations
of VIS ground based stations at different positions in the region of Japan allowed us
to identify the following features of possible SIEPs:

1. In the case of possible SIEPs, the frequency parameters of the Es and F?2 layers
deviate from quiet background values by at least 20%, and the virtual height of
the sporadic Es layer deviates by more than 30 km for epicentral distances of
~300 km.

2. Anomalous changes in these ionospheric parameters are detected on the same
day at stations spaced apart by several hundred kilometers.

3. The lead-time of the possible SIEPs prior to underground impact is mainly deter-
mined by the energy of the upcoming earthquake and increases with a rise of its
magnitude M. The maximum lead-time for the seismic impact in the specified
range of magnitudes is 2.5 days.
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4.

For possible SIEPs, the inverse proportional dependence of lead-times AT on
the epicentral distances R from the observational station is absent. At the same
time, such dependence is typical for possible MIEPs. This is the main difference
in the dependences of lead-times AT of possible IEPs of various immediacy.

The described features may eventually make it possible to distinguish SIEPs from

other ionospheric anomalies not in epignosis but in real-time quiet geomagnetic
conditions, which is important for prediction of seismic hazard in comprehensive
forecasts of strong earthquakes with account of the ionospheric data.
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