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Abstract. A statistical analysis of several ionospheric pa- et al., 1995; Liperovsky et al., 1992, 2000a). As the num-
rameters before earthquakes with magnitude> 5.5 lo- ber of earthquakes with magnitudé > 4.5 is rather large,
cated less than 500 km from an ionospheric vertical soundindor these events usually a statistical analysis of the phenom-
station is performed. lonospheric effects preceding “deep”ena preceding them was performed. But precursor effects
(depthz > 33km) and “crust” § < 33km) earthquakes of stronger earthquakes witlf > 6.0 were analysed sep-
were analysed separately. Data of nighttime measuremen@rately, as these earthquakes are rare and a statistical anal-
of the critical frequenciesoF2 and foEs, the frequency ysis is quite impossible (Pulinets, 1998; Hayakawa, 1999;
fbEs and Es-spread at the middle latitude station Dushanb®ndo, 2000). It should be pointed out that in studies of iono-
were used. The frequencig&F2 and fbEs are propor-  spheric precursors of earthquakes usually the dependence of
tional to the square root of the ionization density at heightsseismoionospheric effects on the distance from the hypocen-
of 300km and 100 km, respectively. It is shown that two ter to the vertical sounding station was considered. A de-
days before the earthquakes the valuesfoF2 averaged pendence on the depth of the epicenter was not examined.
over the morning hours (00:00 LT-06:00LT) and pbEs lonospheric effects were revealed not more than 1-5 days be-
averaged over the nighttime hours (18:00 LT-06:00 LT) de-fore the earthquakes, and usually 2—-3 days before the earth-
crease; the effect is stronger for the “deep” earthquakesquakes with magnitude®& < 5.5, post seismic influences
Analysing the coefficient of semitransparency which char-exist about 1-2 days after the earthquakes (Hayakawa and
acterizes the degree of small-scale turbulence, it was showRujinawa, 1994; Gokhberg et al., 1995; Liperovsky et al.,
that this value increases 1-4 days before “crust” earthquake4,992, 2000a; Hayakawa, 1999).

and it does not change before “deep” earthquakes. Study- In the present paper, an attempt of a statistical analysis of
ing Es-spread which manifests itself as diffuse Es track onionospheric effects 6 days before and 2 days after the earth-
ionograms and characterizes the degree of large-scale turbguakes withM > 5.5 is presented. The analysis of the tem-
lence, it was found that the number of Es-spread observationgoral dependence of the parameters of the ionosphere was
increases 1-3 days before the earthquakes; for “deep” earttperformed separately for so-called “deep” ¥ 33 km) and
quakes the effect is more intensive. Thus it may be concludedcrust” (¢ < 33 km) earthquakes: (designates the depth of
that different mechanisms of energy transfer from the regionthe seismic center below the Earth’s surface). One has to
of earthquake preparation to the ionosphere occur for “deeplunderline that the number of such earthquakes close to the
and “crust” events. chosen vertical sounding station during the time of the con-
tinuous operation of the station is not large enough to obtain
a good statistical confirmation of the obtained results, but
it nevertheless allows one to reveal a few common features
and tendencies of seismoionospheric phenomena. In the pa-
aer earthquakes with magnitudé > 5.5, which occurred at

1 Introduction

The interest in electromagnetic and ionospheric phenomen
caused by processes in the lithosphere which are related t .
earthquake preparation increased during the last ten year¥‘{ere considered. . ] ] )
General results of recent works on the subject were presented Pata of the Dushanbe vertical sounding station (coordi-
at conferences in Japan (Hayakawa and Fujinawa, 1994; Hd1ate€Sp = 385°N, i = 68.8°E) for the time interval from

yakawa, 1999), and in monographs and reviews (Gokhberg}%s until 1990 were used_. iny nighttime values.(to avoid
influences of the solar radiation) of the ionospheric param-

Correspondence taC.-V. Meister (cvmeister@aip.de) eters foF2, foEs, fbEs, and Es-spread (Es-spread means

istances less than 500 km from the vertical sounding station,
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a diffusive track of an Es-layer on an ionogram) were se- 1os
lected for the analysis. The nighttime was considered to be

the time from 18:00 LT till 06:00 LT. Vertical sounding was 104 T

performed in intervals of fifteen minutes. The time depen- ] /L\

dence of ionospheric parameters for every earthquake wa I/ N

studied during eight nights, six nights before the event ancg = \E

two nights after the event. g | \\E
qQ 96

If the earthquake took place in the night after 24:00 LT,
the night was considered to be a1” night. If the earth-
quake happened at night before 24:00 LT, the night was des %7
ignated by {1). In cases when the preseismic periods of 1
two different earthquakes coincided partially, only the first s : : : :
earthquake was used in the analysis. Thirty-six earthquake. (=6,-3) (=4,=3) =2,-1) (+1,+2)
with M > 5.5 were complied with the requirements of the ] N
performed analysis. With much regret the authors have td'9- - Time dependence of the critical frequengyF2 averaged
point out that data for all four listed ionospheric parame- over the morning hours (00:00 LT-06:00 LT). The results were ob-

. ._tained using the superimposed epoch method for 30 earthquakes
ters were not available for each earthquake. Thus when in; g penmp P d

A ; . . (20 deep and 10 crust events) with magnitude = 5.5 and
vestigating different ionospheric effects the authors had top _ 500km. The results are visualized for four groups of nights,
consider different numbers of earthquakes. The columns ifhe so-called £6, —5), (—4, —3), (~2, —1), (+-1, +2) nights. The
Table 1 contain the parameters of the analysed earthquakegsesented frequency values are normalized by the mean value over
date and time coordinates (latitude and longitude), the deptlhe four groups.

of the epicenteh and the magnituda/. The seismological

online catalogue of Obninsk was used. The availability of the

plasmaparameters is displayed by the sigiith the table.  that there exists a tendency for the mornifigF2-values to

To reveal seismoionospheric effects the data for everydecrease from the-(4, —3) nights to the £2, —1) nights.
earthquake were divided into four groups:€, —5), (—4,  Variations are not significant for other groups. Thus the char-
—3), (=2, 1) and (+1, +2) nights, correspondingly. Aver- acteristic time of decrease is around 2 days. An analysis
aging inside each group was made for each earthquake (i.@erformed separately for deep and crust earthquakes demon-
the mean value of the parameter in question was found for thetrated the same tendency, but due to the smaller numbers of
(=6, —5) night and so on) for the parametefsF2, fbEs,  earthquakes, the results are less significant. Qualitatively, the
and the coefficient of semi-transparensy bEs = (foEs— effect is stronger for deep earthquakes.
fDES) [fbEs. The results were normalized by the mean
value of all four groups. So the modification of dimension-
less parameters was analysed for each earthquake. Further-
more, the superimposed epoch method was used to obtar?ﬁ
general dependencies separately for déep- (33 km) and ]
crust ¢ < 33km) earthquakes. After this procedure, the It was proven (Liperovsky et al., 2000b) that téEs pa-

precision of the mean value was defined by the standard dd@meter averaged over the night hours decreases one day be-
viation from the mean value. fore an earthquake. The effect takes place for earthquakes

with M > 5 at distance® < 500 km from the epicenters.
Now it is proposed that the preparation time for earthquakes
2 The morning decrease off oF2 with M > 5.5 is yet larger than 1-2 nights, and so the char-
acteristic time scale of the decrease of the paramgb&s
The foF2 frequency is one of the most important iono- Mmay be different.
spheric parameters, often analysed in seismoionospheric In the present analysis, data were available for 26 earth-
studies. It can be measured either by satellites or by vertiquakes. In the cases with an absence of an Es-layer trace
cal sounding stations, and all sounding stations in the worldon the ionogram, thg bEs-value is assumed to be equal to
present the hourlyfoF2-values. The decrease ¢bF2 in the sensitivity threshold of the ionospheric station. As in the
the morning hours 1-5 days before strong earthquakes wagrevious case, averaged values were obtained for the four
already discussed by Pulinets (1998). In the present papegroups of nights, then the values were normalized and the
the time dependence ghbF2 is analysed separately for deep superimposed epoch method was used. The results are pre-
and crust earthquakes. ThieF2-parameter is averaged over sented in Fig. 2. A tendency for the decrease of the nighttime
the morning hours (00:00-06:00 LT). It should be mentioned fbEs from the ¢4, —3) nights to the {2, —1) nights ex-
that the number of deep earthquakes is 20, and the numbaests; variations are not significant for other groups. Analyses
of crust earthquakes is 10 in this analysis. Figure 1 showgperformed separately for 15 deep and 11 crust earthquakes
the results which were found using the superimposed epockdemonstrated the same tendency in both cases. Qualitatively,
method for four groups of nights. From the figure follows the effect is stronger for deep earthquakes.

The decrease of the average nighttime values glbEs
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Table 1. Parameters of earthquakes used for the analysis in the present paper

date uT latitude  longitude h M foF2 fbEs semi- Es-spread
transparency
03.10.85 18:.07 36.5N 71.64E 90 5.5 - + + +
17.01.88 3:36 36.2Z3 70.8¥E 99 55 + + + +
03.08.88 5143 368N 71.0YE 197 5.5 + + + +
09.09.88 21:12 36.4N 7143E 84 55 + + + +
19.11.89 4:29 36.7N 70.8%E 196 5.5 + + + +
03.09.90 2:40 364N 70.73E 200 5.5 + + + +
11.03.86 23:07 36.& 70.72E 183 5.6 + - - +
26.10.88 2:15 36.N 7094E 214 5.6 + + + +
06.05.89 21:14 363N 70.1%E 212 5.6 + + + +
27.04.85 1:31 387N 73.1%E 94 5.7 + - - -
13.10.86 16:11 36.&8 70.97E 102 5.7 - + - +
15.09.86 21:42 36.9N 71.0%E 100 5.8 + - - +
02.04.87 1845 36.6N 71.16E 118 5.8 + - - +
07.05.86 23:25 36.3N 70.7%E 211 59 + — — +
26.04.86 14:15 36.6N 71.13E 184 6.0 + - - +
26.03.88 22:58 383N 73.26E 106 6.0 + +
05.05.87 1540 36.3WN 70.7%E 189 6.1 + - - +
03.10.87 11:.00 36.60N 71.47PE 93 6.1 + - - +
13.07.90 14:20 36.6N 70.7%E 204 6.1 + + + +
25.10.90 454 352N 70.53E 110 6.1 — + + +
24.07.89 327 36.0N 71.19E 88 6.2 + + + +
15.05.90 14:25 359N 7053E 109 6.2 — + + +
29.07.85 7:54  36.3N 7092E 114 6.6 + - + +
05.02.90 5:16 37.08N 71.29E 89 6.6 + + + +
24.05.86 15:31 359N 69.04E 3 5.5 + - - +
21.12.88 8:21 414N 72.16E 3 55 + + + +
22.01.89 23.02 385N 68.69E 5 5.5 + + + +
09.01.88 3:55 39.¥Y&\ 71.46E 3 56 + + + +
14.12.88 11:45 39.ZAN 71.76E 3 5.6 + + + +
19.04.90 22:41 347N 69.64E 33 56 - + + +
20.07.88 6:20 37.YN 72.98E 3 57 + + + +
25.09.88 20:52 37.Z6l 71.9C0E 3 57 + + — +
03.11.90 16:39 39.0N 71.36E 3 5.9 - + + +
13.10.85 15:59 40.3N 69.7%E 3 6.0 + + + +
05.03.90 20:46 36.3 73.227E 3 60 + + + +
25.03.90 14:17 37.08d 73.06E 3 6.3 + + + +

4 Modification of fbEs semi-transparency coefficient

115

(—2, —1) nights in the case of crust earthquakes. For deep

earthquakea f bEs slightly varies within the error bounds.

It is of great importance to find out if there exists a phe-

nomenon which is only peculiar for crust earthquakes. These
earthquakes are the most destructive ones and the problet Spread-Es increase
of their prognosis has to be solved first. The authors pro-
posed that the semi-transparency coefficiefibEs=(f oEs—

characterizes the degree of turbulence of the E-region.

that the reason for the existence of lary¢bEs values is

The Es-spread effect in the mid-latitude ionosphere has been
fDES)IfbEs, which is very variable by itself, is sensitive studied by Bowman (1985) and Liperovskaya et al. (2000).
to crust earthquake preparation processes. This coefficienthe Es-spread effect consists of the diffusivity of the Es-layer
Itraces on the ionograms, and it apparently reflects the pro-
was supposed (Gorbunova and Shved, 1984; Takefu, 198%)esses of large-scale (few hundred meters) instabilities in the
sporadic layers. The Es-spread is a rather rare phenomenon
the radio wave scattering on small-scale (tens of meters) irand it is extremely seldom detected by ionospheric stations.
regularities of the electron density. In Fig. 3, the results of Es-spread is closely related to the solar activity and rarely
the semi-transparency coefficient analysis are presented sepbserved in years of solar maximum (Bowman, 1985; Liper-
arately for 15 deep and 10 crust earthquakes. The value ofvskaya et al., 2000). Usually, Es-spread is observed at low
the semi-transparency coefficient increases in thg (- 3),

values of the critical frequencgbEs (1-2 MHz); it has a sea-
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Fig. 2. Time dependence of the mean nighttime (18:00LT- _
06:00LT) fbEs frequency. The results were observed by the su- J
perimposed epoch method for 26 earthquakes (15 deep and 11 cru 11
ones) with magnitude/ = 55 andR < 500km. ThefbEs 105 / \I
frequency is visualized for four groups of nights, the so-called » ] / 1
(-6, —5), (-4, —3), (=2, —1), (+1, +2) nights, and normalized by § 100 T
the mean value over the four groups. S ] /
sonal dependence and it occurs more often in winter than ir  ss 1
summer. The characteristic time of Es-spread existence is ¢ i
the order of a few minutes (Liperovsky et al., 2000b). e =srns (-2,-1) (+1,42)

All these facts allow one to assume that Es-spread is pre-
dominantly connected with sporadic layer turbulence, whichFig. 3. Time dependence of the mean night-time (18:00 LT-06:00
is caused by neutral gas turbulization excited by atmospherit.T) coefficient of semi-transparenayfbEs=(f oEs—f bES)/f bEs.
waves with periods of several minutes propagating from theThe results were obtained by the superimposed epoch method for
Earth’s surface or/and from the lower atmosphere to the iono{&) 15 deep andb) 10 crust earthquakes with magnitutie= 5.5
sphere. Danilov et al. (1987) assumed that the Es-sprea_andR < 500km. The cc_;efﬁuent of semi-transparency is visual-
could be associated with meteorological effects in the atmo:28d for four groups of nights, the so-called§, —5), (~4, —3),
. - . (=2, —1), (+1, +2) nights, and normalized by the mean value over
sphere. Further, in the paper by Alimov et al. (1989), it was; - groups.
discussed that the disturbances propagating from the Earth’s
surface to the ionosphere during earthquake preparation can
reach the ionosphere and, as a result, increase the probabil-

ity of the Es-spread appearance. It was expected that gLomparison with the<6, —5, —4) nights. For the next step

L his comparison was provided separately for deep and crust
spread may become a prognostic indicator of earthquakes! i !
P y brog ¢ Incl au arthquakes for three magnitude intervals (Table 2). It was

Based on a six-year data sample, Liperovskaya et al. (2000 . .
published a statistical analysis which demonstrated that i ound that for earthquakes with 'magmtudMs = 58 Es-
case of earthquakes with magnitutie > 4.5 at a distance Spread appeares more often during the,(—2, —1) nights.

For 17 earthquakes which were used in the analysis, an in-

R < 500km from the vertical sounding (VS) stations, the din 10 . d b
probability of Es-spread observations is independent of the” caoc 0CCUTed 1N 19 Cases, In o cases a decrease was ob-

earthquake preparation processes occurring 1-3 days befof@ned: and in five cases no variations could be found.

a shock. A number of earthquakes, however, was accompa- IN & more accurate Es-spread effect analysis the earth-

nied by a distinct increase of Es-spread. So it is interestingfluakes with magnitudes®< M < 5.4 and 55 < M < 5.7

to analyse the effect separately for stronger$ 5.5) earth- ~ Were also considered. The results allow one to draw the con-

quakes and shorter distances to the VS stations. clusion that an increase in Es-spread takes place only for
There are no distinct links between Es-spread and the moStrong earthquakes.

ment of the earthquake; only five earthquakes (from a total of The analysis also shows the following tendency: for the

twenty-one events occurring at nighttime) were accompaniednost deep { > 33km) earthquakes with.5 < M <

by Es-spread for a few hours before the shock. 6.6 the number of Es-spread phenomena increases from the

Analysing each earthquake, the total number of Es-spread—6, —5, —4) nights to the {3, —2, —1) nights (they in-
observations was obtained for the§, —5, —4) nights and ~ crease in 13 cases, decrease in 4 cases, and no effect occurred
the (-3, —2, —1) nights before each event. Thus for each in 6 cases).
earthquake it was determined whether the Es-spread obser- One may suppose that this tendency is connected with
vations in the £3, —2, —1) nights increased or decreased in the differences between the absorption of wideband earth-
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Table 2. Es-spread effect

Magnitude of Increasing in the| Decreasing in the Equal in the £3,-2,—1)
the earthquakes (—3, —2, —1) nights (=3, —2, —1) nights and 6, —5, —4) nights

deep crust 2 deep crust z deep crust 2
5.0-5.4 8 11 19 13 8 21 7 0 7
55-5.7 6 1 7 2 4 6 2 3 5
5.8-6.6 7 3 10 2 0 2 4 1 5

quake preparation acoustic emissions from deep and crustays even the morphological features of seismoionospheric
eartquakes. It is quite possible that all the “short-wave” partseffects of strong earthquakes are not yet sufficiently studied.
of the deep earthquake emission spectra dissipates on the way A statistical analysis of Es-spread effects as earthquake
to the Earth’s surface, and thus only “long-period” waves precursors is performed in the work. Es-spread data are very
(T ~ 10— 100s) appear in the ionosphere and generate efrare, with only a few independently working researchers de-
fects of the same characteristic time in the Es-layer. On theiving them from ionograms. The analysis of the Es-spread
other hand, the semi-transparency coeffici8ifibEs varies  observations shows that Es-spread increases 1-3 days before
due to the “short-wave” acoustic noisE € 15s). earthquakes withld > 5.5, the effect is stronger for deep

In the monographs (Hayakawa and Fujinawa, 1994; Hayaearthquakes.
kawa, 1999) and the review (Liperovsky et al., 2000a), many In addition, the semi-transparency of the Es-layers is stud-
hypotheses on mechanisms of seismoionospheric couplinged. The semi-transparency can also be used to demonstrate
are presented. All hypotheses could be conditionally dividedseismoionospheric effects. It should be noted that the value
into two groups — the “acoustic” and the “electromagnetic”. of the semi-transparency depends on the presence of small-
In acoustic models it is supposed that acoustic disturbancescale (meters and tens of meters) plasma inhomogeneities
caused by lithospheric processes appear in the near-surfacd the Es-layers. It was found in this work that the semi-
neutral atmosphere. The acoustic and acoustic-gravity wavesansparency increases 1-4 days before crust earthquakes.
further penetrate up to ionospheric altitudes and, due to colBut it does not change before deep earthquakes.
lisional processes, cause disturbances in the plasma of the Furthermore, a statistical analysis of tfieEs-frequency
ionosphere. In a number of “electromagnetic” models it isis performed for earthquakes witf > 5.5. Earlier it was
supposed that currents, spots of electrical charges and elecevealed that the mean nighttime value ©fEs decreases
tromagnetic noise radiation arise on the Earth’s surface dudrom the (-2) night to the 1) night for earthquakes with
to processes of earthquake preparation. The parameters 6f < M. It is self-evident that earthquakes withs M <
the ionosphere are further modified under the influence of arb.5 form a large part of the earthquakes with > 5. The
electromagnetic field of lithospheric origin. A quantitative results of the present investigation also showed that they play
theory of a possible lithosphere-ionosphere coupling has no& dominant role. In the paper, the characteristic time scale of
been developed up to now. The dependence on the depth die decrease of the megibEs-frequency is determined for
the epicenters of the earthquakes is not taken into account isarthquakes witli4 > 5.5; it equals about 2 days (not 1, as
any hypothesis, so up to now, none of the available hypothefor earthquakes with 5 M < 5.5).
ses could satisfactorily interpret the obtained results. The morning decrease of theF2-frequency is also sta-
tistically investigated for the first time. It possesses a time
scale of about two days.

It is found that the decreases in tifeF2 and fbEs pa-
rameters take place for both deep and crust earthquakes.

Our analyses allow one to assume that the semi-

In the present work, a statistical analysi.s of ionospheric phetransparency coefficient is the most perspective parameter for
nomena before earthquakes with> 5.5 is performed. The 5 fyture earthquake prediction system.

conventional separation of strong earthquakes into so-called

“deep” and “crust” ones is introduced, and separate analyAcknowledgements(:.-v. M. thanks the Ministerium ifr Wis-
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6 Conclusions
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