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Abstract

This paper summarizes the results of more than 10 years spent by the authors studying the variations in the ionosphere
over seismically active regions several days or hours before strong earthquakes. The physical mechanisms of such variations
established by the authors and published previously are submitted in the references. This article is aimed mainly at determining
the major characteristic parameters of the observed effects (temporal and spatial variations, range in amplitude, etc.) to provide
the means to separate the seismogenic effects from other forms of ionospheric variability. Data obtained by ground-based
ionosondes and by topside vertical sounding from satellites are used in conjunction with local probe measurements. The topside
vertical profiles of the electron concentration are analyzed. It is shown that the most characteristic effect is that of scale height
changes in the vertical distribution of ions and electrons implying a decrease in the mean ion mass within the F-layer due to
seismogenic effects. This result is supported by direct mass-spectrometer measurements. Differences between magnetic storm

ionospheric disturbances and seismogenic variations within the ionosphere are also discussed.

(© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Recent publications (Pulinets, 1998a; Liu et al., 2000a;
Silina et al., 2001; Chuo et al., 2002) brought out clearly
that ionospheric variations do exist associated with the
seismic activity and appearing few days or hours before the
seismic shocks of large intensity (M > 5). The reasons for
such kind of ionosphere variability were explained within
the frame of global electric circuit conception (Pulinets
et al., 1998a, 2000, 2002a). The regional but substantially
large-scale changes in atmospheric electricity over seismi-
cally active areas before the seismic shock are mapped into
the ionosphere by means of a large-scale electric field.

After a period of theoretical and statistical studies the
new stage always begins—the practical application of the
knowledge gained. Those who want to study the ionospheric
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variability associated with seismic activity face many dif-
ficulties, but the most challenging one is the identification
of this kind of variability. More than 10 years spent by
the present authors in studying the seismo-ionospheric phe-
nomena led us to classify the main features of ionospheric
variations associated with pre-seismic activity. This classi-
fication is based on hundreds of cases processed using both
ground-based and satellite measurements. It is also based
on the knowledge of the ionospheric behavior under both
quiet and geomagnetically disturbed conditions as a back-
ground for seismo-ionospheric variability separation. For the
present study data of ground-based ionosondes and of top-
side sounding from onboard Alouette-2 and Intercosmos-19
satellites were used together with local plasma measure-
ments onboard the AE-C satellite.

Summarizing, we can state that, the main goal of the
present paper is not to discuss neither the physical mecha-
nism, which has been done elsewhere (Pulinets et al., 1998a,
2000, 2002a), nor the statistical confirmation of the observed
phenomena (Chen et al., 1999). Instead we collect the main
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characteristics of ionospheric precursors and place empha-
sis on those features which permit us to discriminate iono-
spheric precursors due to seismic activity from other causes
of ionospheric variability.

2. When ionosphere starts to feel earthquake
preparation

Theoretical calculations (Pulinets et al., 1998a) show
that the vertical ground electric field starts to penetrate ef-
fectively into the ionosphere and create irregularities in the
electron concentration when the area on the ground surface
occupied by the anomalous field exceeds 200 km in
diameter. This area could be identified with the zone of
earthquake preparation (Dobrovolsky et al., 1979) or by
determination of the precursory seismic activation zone
(Bowman et al., 1998). Here the usual precursors used in
seismology are borne in mind, foreshocks, deformations,
seismic waves velocity anomalies, etc. Using the Dobrovol-
sky formula R = 10%*" where R is the radius of earthquake
preparation zone, and M is the earthquake magnitude, for
R =100 km, we obtain M =4.6. In the paper of Garavaglia
et al. (2000) a good correlation between observed defor-
mations and radon emanations is reported, so that we can
identify the size of earthquake preparation zone used in
seismology with our scale parameter used for the zone
occupied by the anomalous electric field. The changes in
radon concentration are due to the deformations and crack
formation in the earth’s crust, so they should be observed
within the zone of earthquake preparation. And in our
model we use radon as a source of ionization for the elec-
tric field generation mechanism, so we can identify these
zones. Using the above estimate we can expect ionosphere
reaction from earthquakes with magnitudes larger than 4.6.

Another factor for estimation is the simple scaling. The
first-most conducting layer of the ionosphere, E-layer, is at
an altitude ~ 100 km, and electric field starts to penetrate
into the ionosphere when its spatial scale reaches the size of
the height of ionospheric layer. We can say that the quantity
between 100 and 200 km is a transition size for the electric
field area and correspondent ionosphere reaction, shown in
the results of statistical studies (Chen et al., 1999). Iono-
spheric precursors within 5 days before the seismic shock
were registered in 73% of the cases for earthquakes with
magnitude 5, and in 100% of the cases for earthquakes
with magnitude 6. Therefore we can regard the magnitude 5
as some threshold of ionosphere sensitivity for earthquake
preparation.

3. Temporal parameters of ionospheric precursors
With the word “precursor’ in the title of the present para-

graph, we would like to underline that it is used for brevity
and to indicate that this kind of variation appears before a

seismic event. But it does not mean for sure that it could be
always used as a real precursor in seismic prediction, in the
strict sense of the word used in seismology.

The main source of ionospheric data up to now is the
network of ground-based ionosondes. Usually only one
ionosonde happens to fall within the area of strong seismic
activity such as Chung-Li ionosonde in Taiwan or Rome
ionosonde in Central Italy. So we are faced with the case
of one-point measurements. When a site within a seismoac-
tive zone is instrumented with only one sensor, the only
way to identify seismo-ionospheric variations is through
good knowledge of their temporal characteristics. Analysis
of ionospheric data from many stations all over the world
shows that tentatively the time-dependent evolution can be
divided into two parts: one with a time-scale of days and
another one with a time-scale of hours. In our mind, this
reflects the different parts of the process, days—evolution
of the seismic source, hours—combination of electric field
and ionosphere variability.

The first question which arises in a temporal characteris-
tics analysis is how early precursors appear prior to a shock,
and can be identified. Empirically it was found that precur-
sors appear as early as 5 days before the shock (Pulinets,
1998b). Fig. 1 demonstrates the temporal evolution of the
critical frequency deviation AfoF2 (color coded) for the lon-
gitudinal sector where a series of the earthquakes occurred in
Italy. The picture is built by interpolating the ground-based
vertical sounding data obtained by a longitudinal chain of
European ionospheric stations situated close to 40°N within
alongitudinal interval 0°~25°E. The parameters of the earth-
quakes are given in Table 1. The first two earthquakes oc-
curred at longitude ~ 14°, and one can see in the figure that
just in this sector the variations differ from variations on
other longitudes. Then this anomalous bar shifts a little bit
to the East according to the longitude of the third earthquake
which is 17°. The resolution is not so good because there
are not too many ionosondes in Europe but the tendency
of the ionospheric variations is very clear. In other periods
where no precursors manifest themselves, the variations are
in phase at all stations, which produces the horizontal bars
over the entire longitudinal range. The colors reflect the pos-
itive and negative variations intrinsic to the ionosphere dur-
ing different types of disturbances. Let us look more care-
fully at the anomalous variations near longitude 14°. One
can see that the first strong positive deviation within this
sector appears 5 days before the shock on 7 of May, i.e. on 2
of May 1984. This visualization procedure was used only to
demonstrate that ionospheric precursors really exist. Later it
was supported by cross-correlation analysis carried out for
two ionosondes situated in such a way that one of the stations
was within the seismoactive zone, and the second one having
the same geomagnetic latitude was situated on longitude 5
—7° to the East or to the West (Gaivoronskaya and Pulinets,
2002). In such a configuration all types of ionospheric vari-
abilities are tracked by both ionosondes synchronously, and
the cross-correlation coefficient is very high (= 0.9). It is the
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Fig. 1. Deviation of the critical frequency foF2 (color coded) in the longitude sector 0-25°E at latitudes 35-45°N as a function of time
for a period of strong seismic activity. Black arrows on the left axis indicate the moments of earthquakes. Left axis—time in hours, right

axis—time in days.

same as the horizontal bars in Fig. 1 in the absence of seis-
mic precursors. But before earthquakes, the cross-correlation
drops up to values ~ 0.6 because the far station does not
“feel” well the seismo-ionospheric coupling due to limited
spatial size of ionospheric region modified by seismic activ-
ity. The first minimum of the cross-correlation coefficient is
observed usually 5 days before the seismic shock. The same
5 days were obtained for statistical processing of the Tai-
wanese ionospheric data for 10 years of continuous observa-
tions in the seismically active area (Liu et al., 2000b). The
ionospheric anomalies associated with the seismic activity
were observed 5 days before the seismic shock in Taiwan
too. The recently developed technique of the ionospheric
precursors registration by GPS TEC observations (Liu et al.,
2002) demonstrated the same result. The statistical process-

ing of GPS TEC data for 20 strongest earthquakes (M > 6)
from September 1999 to December 2002 in Taiwan area re-
vealed the precursors appearance within the time interval of
1-5 days before the seismic shock (Liu et al., 2004).

If we go to smaller time scales, we see that the ionospheric
precursors change as a function of local time. The critical
frequency deviation can be positive as well as negative.

Fig. 2a demonstrates the typical appearance of seismic
precursors registered at different ionospheric vertical sound-
ing stations for earthquakes with a magnitude from 5.4 up
to 7.1 (Pulinets et al., 1998b). Details are given in the fig-
ure caption. Because the changes in plasma density asso-
ciated with the seismic activity are, on an average, of the
same order of magnitude as the day-to-day ionospheric vari-
ations, the question arises, on how to distinguish seismic
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Fig. 2. (a) Examples of comparison of daily variations foF2 (points) with their monthly median values (dashes), three days before and one
day after earthquake, using data of ground-based stations of vertical sounding for various earthquakes: (1) Milkovo (5.09.1971, 18.35 UT,
M =17,2,); (2) Rome (23.11.1980, 18.34 UT, M = 6,7); (3) Vanimo (16.07.1980, 05.26 UT, M = 17,3); (4) Norfolk (14.07.1980, 16.15
UT, M = 6,6). Arrows specify the moments of earthquakes. (b) Comparison of daily variations foF2 (points) with the diurnal quiet foF2
(thin solid line) formed by the average of quiet days in September at several European ionospheric stations during two consecutive magnetic

storms: Storm 1—Sept. 15-16; Storm 2—Sept. 18-20, 1989.

precursors from the background of daily variations. It was
noted early (Pulinets et al., 1998b) that the behavior of the
seismo-ionospheric precursors shows some regularity in lo-
cal time. The first conclusion was that, for specific inter-
vals of local time, the deviation would be either negative or
positive. But later studies (Chen et al., 1999) have shown
that the situation is more complex. While the behavior in
local time has some regularity, it is different for different
days prior to the shock. The complex chain of physical pro-
cesses contributing to its generation could explain such an
intricate behavior of the ionospheric precursor. Among the
possible sources of variability we have to consider the geo-
logical structure of the region of study and especially the
structure of the tectonic faults, the source mechanisms for
the given earthquakes (slip, thrust, etc.), the sporadity or
regularity of the emanations from the ground into the atmo-
sphere, the atmospheric (weather) conditions, regular daily
variations of the ionosphere parameters, and the observation
point positions in relation to the future epicenter position.
The last point is illustrated in Fig. 3. Considering our theo-
retical calculations the distribution of the electron concentra-

tion within the F-region at an altitude of 250 km, we can ob-
tain completely different results for the same distribution in
ionosphere depending on the ionosonde position. At position
a—epicenter to the north-east from the ionosonde, we have
positive deviation, position b—epicenter to the north-west
from the ionosonde, we have negative deviation, position
c—epicenter to the north from ionosonde, we have almost
zero deviation, position d—epicenter to the north-north-west
from the ionosonde, we also have negative deviation but
much smaller than in position b. This distribution was cal-
culated for a “normal” (directed down) atmospheric field
direction, but a change in the electric field direction is of-
ten observed before the seismic shocks (Nikiforova and
Michnowski, 1995; Vershinin et al., 1999). This means that
the sign of the dipole distribution within the ionosphere can
reverse, which in turn will reflect on the ionosonde records
as a change of the deviation sign. Therefore, we can inter-
pret the different shape of variations observed by ionosondes
for different earthquakes as being due to relative positions
of the ionosondes and epicenter and to reversals of the at-
mospheric electric field direction.
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Fig. 3. Model distribution of the electron concentration at the alti-
tude 250 km. Solid dot—the vertical projection of the anomalous
electric field source.

Based on our theoretical calculations we can use the fol-
lowing statement as the working hypothesis: for fixed rel-
ative positions of the earthquake source and observation
points and for the same source mechanism, the shape of the
ionospheric precursor should be the same (or very similar)
for recurring earthquakes occurring in the same epicenter
region or close to it. Usually in the vicinity of the ionosonde
(within the radius of 500 km) only one active tectonic fault
is situated. Therefore one can expect the same ionospheric
variations observed before the earthquake at the given point.
In order to take into account long-time (days before seismic
shock), as well as short-time (within one day—Tlocal time)
variations it was proposed to construct a three-dimensional
portrait of the precursor where one axis (Y) is the local
time, the second axis (X') is the number of days prior to the
earthquake, and the third coordinate (color) is the ampli-
tude of the deviation of the critical frequency from an undis-
turbed state. We called this pattern recognition technique a
“precursor mask” (Lomonosov et al., 2000; Pulinets et al.,
2002b). The mask imposed on the data will help to iden-
tify the one-point observation precursors within the flow of
data. For estimation, we use the specially designed similar-
ity function S, where ionospheric data are presented in ma-
trix form. If S, grows with the number of earthquakes n, it
means that ionospheric data matrixes Aj are similar, which
permits the selection of a sequence similar to the earthquake
precursor shape from the data flow. Taking into account the
above discussion one should expect different masks for dif-
ferent locations. Retrospective data of ionospheric measure-
ments should be analyzed for every site in order to obtain
the appropriate mask that identifies the seismic precursors.
Fig. 4 demonstrates the mask for the ionospheric station at

GfoF2
+0.60

20

-
=)

4 3 -2
Days before earthquake -0.73

Fig. 4. Temporal mask for pre-seismic ionospheric variations in
Italy (Rome ionospheric station) Horizontal axis—days before the
earthquake, vertical axis—Ilocal time.

Rome. This mask can be applied to earthquake prediction
in Central Italy.

The difference between the seismo-ionospheric variations
and variations during magnetic storms is clearly seen from
their graphic comparison (Fig. 2). In Fig. 2a, where the
seismo-ionospheric variations are presented, the deviations
of'the critical frequency are not so pronounced as during geo-
magnetic storms (Fig. 2b), and do not last so long. Usually,
the duration of the deviation of one sign does not exceed 4—
6 h. Only for very strong earthquakes (such as Good Friday
carthquake at Alaska, 1964) the duration of the anomalous
deviation of the same sign can approach 12 h (Pulinets and
Legen’ka, 2003). But for magnetic storms a long duration of
the negative phase (more than 12 h) is normal. In Fig. 2b,
where data for two consecutive magnetic storms are pre-
sented, collected at three midlatitude ionospheric stations,
one can observe a very strong negative deviation lasting
more than 24 h, and the variations never have an oscillating
character (positive to negative reversals during few hours)
as one can see in Fig. 2a for the Milkovo station (1). The
amplitude variations during a magnetic storm, as one can
see from Fig. 2b, are also more pronounced, as much as two-
or three-fold. At the same time estimates made in (Pulinets
et al., 1998b) on the basis of analysis of ionospheric effects
of 54 worldwide earthquakes show £ 30% maximum devi-
ation for ionospheric precursors.

Another very important and maybe decisive factor is that
the ionospheric effect of a geomagnetic storm has a global
impact. It is observed all over the world while, the seismo-
genic effect is observed only by stations close to the antic-
ipated epicenter (less than 2000 km). This leads us to the
question of the spatial distribution of seismogenic variations
within the ionosphere.

4. Spatial distribution of ionospheric precursors

The most appropriate technique to study the spatial
distribution of seismo-ionospheric variations is satellite
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mapping. Measurements of the critical frequency foF2 by
vertical sounding from the ground or by topside sounding
from satellite give the same values. Therefore, we can use
topside sounding for such studies, supplemented by data
of ground-based ionospheric stations when they are located
within the area mapped by the satellite. The detailed de-
scriptions of the satellite data processing technique and re-
sults of the satellite mapping are presented in the paper by
Pulinets and Legen’ka (2003). Here we only use the esti-
mated spatial parameters of the ionospheric precursors in
the F2 region to supplement the set of their phenomeno-
logical characteristics. The topside sounding satellite mea-
surements were made globally, and large-scale ionospheric
variations before strong earthquakes were detected at all lat-
itudes. For high-latitude variations the data of the Alouette
satellite were used together with ground-based ionosondes
to study the effects of the Alaska “Good Friday” earthquake
of 1964. For other latitudes the data of the Intercosmos-19
topside sounder were used. Regardless of latitude, the spa-
tial scale of the ionospheric effects for strong earthquakes
is the same order of magnitude and is near 20° in longitude
as well as in latitude. But one can find the increase of the
modified area in the ionosphere with the increase of earth-
quake magnitude. For all latitudes the satellite data confirm
the ground-based data demonstrating the positive and nega-
tive variations relative to different local times.

Two new effects were detected by the satellites. Under
specific conditions (when both hemispheres are not sun-
lit) the conjugated effect could be observed. It means that
an ionospheric anomaly over a seismically active area is
mapped through the geomagnetic field lines on a magneti-
cally conjugated area of opposite hemisphere. An example
of such an effect is presented in Fig. 5 for the Irpinia earth-
quake of 1980 in Central Italy. The second important find-
ing relates to the equatorial ionosphere and is closely re-
lated to the conjugated effect described above. In equatorial
latitudes the length of the geomagnetic field lines is very
short, which facilitates the effect of magnetic conjunction.
And it was detected (Pulinets and Legen’ka, 2002) that, if
the epicenter falls between the crests of equatorial anomaly,
the effect within the ionosphere is observed not only over
the epicentral area, but the anomaly also reacts as a whole
structure, completely changing its shape and the anomaly
magnitude development (crest-to-trough density relation).
It appears as though the anomaly crests move towards the
geomagnetic equator and disappear before the earthquake in
afternoon hours of local time or in contrast, the crests de-
velop in the early morning before sunrise. This implies the
existence of the zonal component of the seismically gener-
ated electric field after its penetration into the ionosphere
and its interaction with the electric field responsible for the
fountain effect in the equatorial anomaly. As an independent
example of this phenomenon we point to the paper by Liu
et al., (2002), where GPS TEC monitoring was used to fol-
low the anomaly modification prior to the last destructive
earthquakes in Taiwan.

AF=-64h 03-04h LT

Latitude

30 40 56 60 70 80
Longitude

Fig. 5. Critical frequency deviation 2-D distribution using topside
and bottomside sounding data registered 40 h before the Irpinia
earthquake in Central Italy on 23.11.1980.

5. Pre-seismic variations of the ionospheric plasma
parameters

Up to now, in this paper, only the critical frequency
variations were described as ionospheric earthquake precur-
sors, but they reflect substantial changes occurring within
the whole ionosphere as reflected in variations of the local
plasma parameters. To analyze the local plasma parameters
variations at different altitudes data from the AE-C local
plasma probe were used for the period between January and
February 1974 when the orbit of the satellite was ellipti-
cal. For the temperature and ion composition measurements
we selected times of undisturbed conditions in the absence
of magnetic disturbances, periods during magnetic storms,
and periods few days before the earthquakes. In the Fig. 6a
one can see the effect of a geomagnetic storm on the lo-
cal temperature parameters in comparison with undisturbed
conditions. In Fig. 6b we present a similar comparison, plot-
ting the undisturbed measurements together with those of a
satellite pass over a seismically active area before an earth-
quake. Comparing the figures we note the well-known heat-
ing of the ionosphere during the main phase of a magnetic
storm when the increase of electron and ion temperatures at
middle latitudes can reach 1000 and 2000 K, respectively.
But no substantial ionospheric heating was observed neither
before nor after the earthquake. Only small (up to 200 K)
variations of the electron temperature 7. as well as varia-
tions of the temperature of the neutral component 7, are
observed prior to earthquakes. These electron temperature
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variations before the earthquake exhibit a wave-like charac-
ter with height—a fact that may imply an acoustic gravity
wave propagation effect (Hegai et al., 1997).

Figs. 7a and b represent a similar comparison of effects of
a geomagnetic storm and an earthquake but for ion compo-
sition. Because even small changes of the ionospheric elec-
tric field cause substantial ion drifts, the anomalous elec-
tric field appearing within the ionosphere above the region
of the impending earthquake plays an important role in the
observed variations. Modifications of the concentration of
atomic oxygen O" at heights of the F2-layer maximum and
of the concentration of molecular ions NO* and O27 in the
bottom of the layer were observed before earthquakes. It
should be noted that the variations of O, NO' and 02%
concentrations before earthquakes have the same sign (Fig.
7b), contrary to the variations of the ion compositions dur-
ing the main phase of an ionospheric storm (Fig. 7a), when
a decrease of ions O in an F2-layer is accompanied by a
substantial increase of concentration of NO* and 027, It is
interesting to note that these “in-phase” changes of the ion
concentrations before earthquakes are observed regardless
of the sign of electron density variations (positive or neg-
ative). These peculiarities of the ion composite variations

may be used to discriminate between seismically induced
variations and geomagnetically disturbed conditions.

The second remarkable feature noticed previously
(Boskova et al., 1993) is an increase in the light ion con-
centration in the ionosphere over the region of impending
earthquake activity, implying a decrease in the mean ion
mass. This effect is demonstrated in our analysis of the
AE-C data and is shown in Fig. 8a where measurements of
the mean ion mass are plotted, while the satellite passed
over the anticipated earthquake epicenter region one day
before the earthquake (dots), and one day after the earth-
quake (crosses). Measuring simultaneously the electron and
ion temperatures and using the formula for the ionosphere
height scale (Smith and Kaiser, 1967) the changes in the
ionosphere height scale can be obtained:

_ T+ T
" M. /0.85+ (h/Ro + 1)2dT./dh’

H;

where M is mean ion mass, and Ry is the Earth’s radius.
Since there are no noticeable changes in neither the elec-
tron nor the ion temperatures during the seismically induced
perturbation of the ionosphere, we conclude that the main
reason for the height scale changes is due to changes in
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Fig. 10. Mean ion mass (top panel) and height scale (bottom panel)
variations over the seismically active region 117 (solid line), 56
(circles) hours before the earthquake and 7 h after it (crosses).

the mean ion mass. Such changes in the height scale can
alternatively be obtained by topside sounding i.e. by deriv-
ing the height scale from the topside vertical electron pro-
files. Such measurements were conducted from onboard the
Intercosmos-19 satellite and examples of topside profiles
for undisturbed conditions and prior to earthquakes are pre-
sented in Fig. 9. This figure shows in the left panel the top-
side profiles measured over the epicenter area 172 and 56 h
before the earthquake and 7 h after it, in the middle panel
the height scale curves calculated for the given profiles, and
in the right panel the semithickness parameter B2u calcu-
lated from the model (Depuev and Pulinets, 2001; Nava
et al., 2001). These results are presented in Fig. 10. They

are consistent with estimates of the mean ion mass derived
from the vertical topside electron density profiles, showing
an effective decrease in the mean ion mass. This analysis
was carried out for the Irpinia earthquake in Italy 23.11.80,
40°46'N, 15°18’E, M = 6.9 and corresponds to the critical
frequency distribution shown in Fig. 5.

Analysis of in situ measurements of local plasma param-
eters and topside profiles of the vertical electron concen-
tration distribution reveal the differences in the ionospheric
variability during periods of geomagnetic storms and over a
seismically active region few days or hours prior to strong
earthquakes (M > 5). The main differences are:

e An “in-phase” changes of all ion species during seismi-
cally induced period effects contrary to those induced by
magnetic storms (increase in NO' and decrease in O
concentrations).

e Decrease of the mean ion mass as the main reason of the
scale height variations during seismically induced distur-
bances but increase in the electron and ion temperatures
as the source of the scale height variations during the
magnetic storms.

We can conclude that seismically induced ionospheric
variability shows unique features that permit us to exploit
ionospheric variations before strong earthquakes as a tool
for short-term earthquake prediction.

6. Conclusion

In this paper we have tried to demonstrate and pin down
the main characteristic features of the seismo-ionospheric
variations registered both by ground-based and satellite-
borne techniques. These variations involve the spatial and
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temporal development of the electron density, electron and
ion temperatures, ion composition, mean ion mass and ver-
tical distribution of the electron density. Remarkable differ-
ences have been identified between the seismo-ionospheric
effects and those caused by magnetic storms.

The main characteristics of ionospheric precursors can be
enumerated as follows:

e Scismically induced precursors affect the plasma density
(relative to a normal non-perturbed state), and are ob-
served between 5 days to a few hours prior to the earth-
quake.

e The variations (relative to a normal non-perturbed state)
can have a positive or negative sign.

e The duration of a seismically induced deviation of a given
sign is comparatively short about 4—6 h (relative to mag-
netic storm effects). Only in cases of very strong earth-
quakes (such as before the large 1964 Good Friday earth-
quake, Alaska) can the duration of a seismically induced
deviation reach about 12 h.

e The threshold at which seismogenic effects on the iono-
sphere become observable is determined by the size of
the earthquake preparation zone and corresponds to mag-
nitude 5.

e Seismo-ionospheric variations have the same amplitude,
on an average, as the day-to-day variability of an iono-
sphere (£30%), but can be much more pronounced, up
to 100%, at particular moments of local time.

e The sign and shape of seismo-ionospheric variations de-
pend on local time. This dependence may be different for
different latitudes and longitudes and will require addi-
tional research for every geophysical location.

e The affected area of the ionosphere at the height of the
F-layer maximum reaches ~ 40° both in latitude and lon-
gitude. The size of the area changes with the earthquake
magnitude.

e The maximum of the affected area in the ionosphere does
not coincide with the vertical projection of the epicenter
of the future earthquake.

e The variations in the ionosphere lead to changes in the
vertical distribution of the plasma, which leads to an in-
crease in the height scale of the ionosphere.

e The height scale changes are mainly due to changes in
the ion mass (increasing concentration of light ions) or
due to parallel particle fluxes. They are not due to plasma
temperature changes.

e The TEC seismo-ionospheric variations agree well with
the measured deviations in the critical frequency.

e Sometimes the corresponding ionospheric effects can be
observed in the magnetically conjugated region.
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