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Abstract. Crustal earthquakes with magnitude 6M>5.5 and Molchanov, 2002). Although many mechanisms for the
observed in Italy for the period 1979-2009 including the lastearthquake precursor occurrence have been proposed (see a
one at L'Aquila on 6 April 2009 were considered to check special issue by Hayakawa et al., 2006, for recent progress
if the earlier obtained relationships for ionospheric precur-in this area), the researchers are still far from the understand-
sors for strong Japanese earthquakes are valid for the Italiaimg of these relationships. For instance, a thorough analy-
moderate earthquakes. The ionospheric precursors are basei@d of the association between earthquakes and Pcl pulsa-
on the observed variations of the sporadic E-layer parameterons (Bortnik et al., 2008) has revealed an enhanced occur-
(h'Es, fbEs) andfoF2 at the ionospheric station Rome. Em- rence probability of Pcl pulsations 5-15 days in advance of
pirical dependencies for the seismo-ionospheric disturbancethe earthquakes, during the daytime. This relationship was
relating the earthquake magnitude and the epicenter distancghown to be statistically significant. But only 2/3 of pul-
are obtained and they have been shown to be similar to thosgations were followed by at least one earthquake event, a
obtained earlier for Japanese earthquakes. The dependenaesighly similar fraction of earthquake events (274 of 434)
indicate the process of spreading the disturbance from thevere preceded by at least one pulsation. Along with this
epicenter towards periphery during the earthquake preparahey have obtained an important and interesting result — the
tion process. Large lead times for the precursor occurrencabsence of any significant association between earthquakes
(up to 34 days for M=5.8-5.9) tells about a prolong prepara-and geomagnetic activity despite the other concept saying
tion period. A possibility of using the obtained relationships that such relationship exists (Mazzarella and Palumbo, 1988;
for the earthquakes prediction is discussed. Yanben et al., 2004).

Seismo-ionospheric relationships are widely discussed in
recent publications (Strakhov et al., 1999; Ondoh, 2003,
2009; Trigunait et al., 2004; Hobara and Parrot, 2005; Liu
et al.,, 2006; Sharma et al., 2006; Maekawa et al., 2006;

) Ondoh and Hayakawa, 2006; Dabas et al., 2007). Various
1 Introduction ionospheric parameters are considered: F2-layer critical fre-
guencyfoF2, total electron content TEC, electron tempera-
fure Te at F2-layer heights, LF radio signals. The degree of
Péliability for the revealed associations is different in differ-
Nt analyses.

Keywords. lonosphere (lonospheric disturbances; lono-
spheric irregularities; General or miscellaneous)

Ground observations of various geophysical parameters fo
the periods preceding the earthquakes revealed some of the
which can be used as the earthquake precursors. The anom

lies in th;ahse_z p%rameter V?‘(;:;“Otns can be registered u”p 0 Statistically significant results based on 5-year observa-
one month in advance (middle-term precursors) as we 83ions of LF signals (wave path length of 770km) were ob-

with lead times from some hours up to one day (short-,_. . . .
.t dinJ Maek t al., 2006). An effect -
term precursors) (Gufeld and Gusev, 1998). Both electric ained in Japan (Maekawa et a ). An effective magni

and electro-magnetic effects often precede the earthquaket%de Meft as the integral impact of all earthquakes in sensi-
(e.q. Hayakawa, 1999: Bolt, 1999: Freund, 2000; Hayakaw e area for a current day was used in their study. It has been

%hown that the ionosphere is definitely disturbed in terms of
both amplitude and dispersion of the signals and these per-
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The amplitude decreases 38 dB and the dispersion sig- Sporadic Es parameters: its occurrence probability and the
nificantly enhances one week to a few days before the earthfrequency increase in the semi-transparency range have been
guake with My > 6.0. Such changes in both amplitude and considered by Silina et al. (2001). Ondoh (2003), Ondoh and
dispersion exceed thes2criterion, indicating the statistical Hayakawa (2006) have observed an anomalous foEs increase
significance. on some Japanese ionosonde stations close in time to a strong

An attempt to find an association between earthquakegarthquake with M=7.2.
and electron temperature Te in the topside low-latitude iono- In general, one may conclude that analyses of seismo-
sphere was undertaken by Sharma et al. (2006). Althougtionospheric relationships are performed at the level of look-
in 6 cases considered a 20—25% increase in Te has been olmg for a correlation (yes/no) under various time lags using
served, the results do not seem convincing. On one handhe only criterion — a statistical significance of the relation-
it is a well-know problem to specify an undisturbed back- ship revealed. However, the formation mechanisms of short-
ground level using satellite observations. On the other handterm, middle-term, and long-term earthquake precursors may
relatively weak earthquakes with#b were considered. Ac- be different and the corresponding ionospheric effects may
cording to other publications noticeable ionospheric effectsbe also different. Therefore, one may think that the revealed
in the F2-region are not expected under weak earthquakef®F2 decrease within 5 days before the earthquakes is typical
and such relatively small deviations in Te may result from of the short-term precursors while the aim of our paper is to
other reasons. Electron temperature is known to be closel§ind middle-term ionospheric precursors.
related to electron concentration in the F2-region, and the Any attempt to obtain a qualitative relationship for seismo-
latter in its turn is strongly affected by electric fields, which ionospheric precursors should be considered as an impor-
are very variable in the low-latitude ionosphere even undertant step towards the understanding of physical mechanism
guiet geomagnetic activity. However, these questions are nodf such relationships. For instance, Liu et al. (2006) have
discussed by Sharma et al. (2006). found the expressions relating the probability of the earth-

Variations offoF2 during seismo-active periods are con- quake to result in~25% foF2 decrease with the earthquake
sidered in many papers, d&F2 observations are usually magnitude and the distance between the earthquake epicenter
available from ground-based ionosondes. Two papers in thand the ionospheric station.
row should be mentioned. A reaction to an isolated and The approach being developed by Korsunova and Khegai
very powerful Hachinohe earthquake with M=8.3 has been(2006, 2008) may be considered as a successful step in this
analyzed by Hobara and Parrot (2005) usio2 observa- direction. The idea of their approach is based on the results
tions on the ionosonde stations in Asian longitudinal sector,of a theoretical analysis by Kim et al. (1993, 1994), who have
some of the stations being very close to the epicenter (40.8 Nshown that electric field above the preparation zone of future
143.2 E). AfoF2 decrease down to 3MHz 4 days prior the earthquake can penetrate into the ionosphere to form a dense
event and in 2 days after the earthquake have been observesporadic Es layer at 120-140 km heights. Therefore the basic
The effect took place in the course of one day only and max{feature of this mechanism is the formation of high Es layer
imized in the afternoon (15:00 LT) hours. Tfa=2 decrease due to penetrating electric field rather than the wind shear
was registered in the vicinity to the epicenter and not fur-mechanism forming usual sporadic Es. Korsunova and Khe-
ther than 1500 km apart. In this case we have a pronouncedai (2006, 2008) have shown that for strong=B15) crustal
ionospheric reaction to the event. As the formation mech-earthquakes observed in Japan, the deviations of ionospheric
anism of the mid-latitude daytime F2-layer is well-known, parameters from the background level can be related to the
an additional analysis of that and similar events may helpmagnitude and the epicenter distance of the corresponding
understand physical processes responsible for the observezhrthquake. The obtained dependence forAdg(R) tells
foF2 variations. A decrease fifF2 from its monthly median  about a decrease of the lead tim& with a corresponding
at Wakkanai was observed withif3 days around the strong increase of the epicenter distance R from the ionospheric sta-
earthquake with M=7.8 in Japan (Ondoh, 1998, 2000). tion. This tells about spreading of the seismo-ionospheric

Liu et al. (2006) have analyzed the association betweerdisturbance from the epicenter area towards periphery. Ear-
foF2 and 184 earthquakes with>\6.0 took place during lier similar dependencies were obtained for geophysical pa-
1994-1999 in the Taiwan area. The results of their statistameters measured at the ground level (Sidorin, 1992).
tical analysis coincide with thioF2 effects observed during A new feature of the Korsunova and Khegai (2006, 2008)
the above mentioned very strong earthquake — a decrease method is in simultaneous taking into account the variations
foF2 by >25% during the afternoon (12:00-18:00 LT) period of sporadic Es and regular F2 layers. The occurrence of ab-
significantly occurs within 5 days before the earthquake. Thenormally high Es layer witinh’Es>10 km is considered fol-
effect increases with the earthquake magnitude but decreasémwved by an increase in the blanketing frequefiays and
with the distance from the epicenter to the ionospheric stain foF2. The ionosphere reaction was shown to be related to
tion. However, only the M 5.4 earthquakes have a signifi- the magnitude of the earthquake being prepared — the weaker
cant chance to result in a pronoundeB2 decrease and only earthquake, the weaker ionosphere reaction.
those of them which were within the distance of 150 km.
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The Italian earthquakes are not that ppwerful and n,ume,r'TabIe 1. The earthquakes with magnitudex3.5 registered in Italy
ous as Japanese, however the last tragic events at LAquilgring 1979-2009. Geographical coordinates of the earthquake epi-

on 6 April 2009 urgently demand to consider all available centers and the distancg)from the Rome ionosonde are given.
methods which could help in the earthquakes prediction. For

this aim all the earthquakes with #6.5 observed in Italy Date of the U, M R Lat Lon
during 1979-2009 were analyzed using the method by Ko- earthquake  hour km
rsunova and Khegai (2006, 2008). On one hand the lItalian
earthquakes are less powerful compared to Japanese ones,
on théz1 other hand geographically thig is differentpregion and 7 May 1984 — 17:49 5.9 133 4l7 141
AR ; . o 11 May 1984 10:41 5.7 133 417 141
a priori it is not obvious whether similar quantitative rela- 26 Sep1997 00:33 5.6 137 430 12.9
tionships can be obtained for the Italian earthquakes. This is 26Sep1997 09:40 58 137 430 12.9
the aim of the present analysis, which seems to be important 140ct 1997 1523 55 140 43.0 13.0
from practical point of view. 12 Apr1998 10:556 5.6 494 46.28 31.57
9 Sep 1998 11:28 5.6 392 40.07 15.95
6 Sep2002 01:21 56 403 3838 13.65
2 Data analysis 6Apr2009 01:32 58 90 423 133

19Sep 1979 21:35 5.6 112 427 131

Initially all the earthquakes with magnitude N6.0 have
been considered but we could not reveal significant precur-
sors for weak events, therefore only strong earthquakes with’Es, fbEs, andfoF2 ionospheric parameters should simul-
M=>5.5 are analyzed in this paper. Overall 10 earthquakesaneously satisfy the precursor selection criteria. The oc-
with M>5.5 (Table 1) have been registered during 1979—currence of abnormally high Es layer for 2-3 h is consid-
2009 (Catalogo, 2005). These are crustal earthquakes witBred as a necessary condition for identification. THes
the epicenter deptk50km. Observations from the iono- heights should exceed the corresponding background values
spheric station Rome (41.8 N; 12.5 E) were used in our analby >10 km. An increase dbEs andfoF2 also for 2-3 h dur-
ysis. Only hourly observations are available for the major-ing the same day soon after théEs increase is considered
ity of cases. The distanck from the ionosonde station to as a sufficient condition for the precursor identification. The
the epicenter calculated along the great-cycle path is given imlanketing frequencfbEs excess over the background value
Table 1. The correction t& for E-region heights is<2km  should be not less than 20%. Electron concentration in the
for the selected events and it can be ignored. The epicenters2-layer is subjected to large and irregular variations, how-
are located at a distance 90-500 km to the north-east or to thever an increase ifoF2 by >10% over the background level
south from Rome. also for 2-3 h after the increasediits andbEs should take

The earth crust structure in seismic areas is not uniformplace.
and the ionospheric response may be different in different The analysis of ionospheric data on Rome for the earth-
directions (Sidorin, 1992). As we are unaware of the crustquake preparation periods (Table 1) has required the spec-
structure in the region in question, we confined our analy-ification of the earlier formulated criteria for the precursor
sis with the earthquakes in the nearest to the epicenter zoniéentification. The observations in Rome show from time
(R < 140km), which took place to the north-east from Rome. to time the occurrence of additional sporadic layers at F1-
For all these earthquakes Rome is located in the preparatiotayer heights (170—200) km mostly during morning and day-
zone according to the formula by Dobrovolsky et al. (1979).time hours. Although they are treated as Es, in fact they
One may suppose that under the accepted limitations this formay be due to the wind shear in the meridional component
mula for homogeneous media is valid for the selected earthef the neutral air wind velocity at F1-layer heights (Footitt
quakes as well. On the other hand, we could not find anyet al., 1983). It was also shown that the electric field ef-
reliable precursors for the distant and relatively weak earthfect was very small and cannot be responsible for the for-
guakes given in Table 1. It should be also mentioned that acmation of such sporadic layers. Moreover such layers ex-
cording to Liu et al. (2006) only the earthquakes which wereist more than 2-3 h (our criterion), i.e. they belong to other
within the distance of 150 km and with#5b.4 produced sig-  class of events. Therefore, such high sporadic layers were
nificant effect in the F2-region. It should be stressed thatnot considered in our analysis and we have confined our-
the analysis of the earthquake precursors in the nearest to theelves with 40 ke A#Z’Es>10 km. Normally foEs should be
epicenter zone is the most important from practical point oflargerfbEs, but thefbEs=foEs condition is accepted if only
view. foF2 value is present in the ionogram.

lonospheric observations for August—September 1979, lonospheric data analysis comprises of some steps. At
April-May 1984, August—October 1997, and March—April first the background:’Es, fbEs, foF2 variations are calcu-
2009 have been analyzed to identify the precursors. Accordlated. They characterize the quiet time diurnal variations for
ing to Korsunova and Khegai (2008) the deviations in threethe analyzed years and months. 27-day running medians
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Fig. 2a. The precursors identification for the 6 April 2009 (left
panel) and 14 October 1997 (right panel) earthquakes using ob-
servedAh’Es, §fbEs, andsfoF2 variations. 3-h ap and local K-
Fig. 1. ObservedAh’Es, 8fbEs, andsfoF2 along with 3-h ap and  indices are given in lower panels.

local K-indices for the whole preparation period (3 March 2009-6

April 2009) of the earthquake at L'Aquila. Dashes — the thresholds
corresponding to the precursor selection criteria. Vertical solid lineclose to our requirements). For this reason we have excluded

is the precursor date. this event from our analysis. It should be stressed that false
precursors have not been found for the earthquakes in ques-
tion.

calculated over all quiet (Apl5) days are used as the  Figyre 1 gets an idea about the variations of the analyzed

background values. Then absoluté'Es=1'Es—{'ESkned.  parameters for the whole 33-day preparation period of the 6

A frES=/pES~(fsESImed AfOF2=foF2—f0F2)med and rela-  April 2009 earthquake at LAquila. The variations are given

tive Af,ES/(fyESked AfoF2/(foF2)meq deviations are cal-  3jong with 3-ha,, and local K-indices. The thresholds corre-

culated for all 24:00 UT moments of each day. After this the sponding to our criteria are also shown in Fig. 1.

precursor is looked for in the period of 1.5 month preceding * Ajthough such data presentation may be interesting, it is

the earthquake date in accordance with the earlier formulatego mych informative to illustrate the precursor selection pro-

criteria. Mlddle—term earthquake precursors may occur up tocedure. ThereforeAi’Es, §fbEs, andsfoF2 variations along

40 days in advance (Korsunova and Khegai, 2006; Hao et al yith 3-h a, and local K-indices for the precursor dates are

2000) and this determines the time window selection of 1-5given in Fig. 2a—c for the 6 analyzed events. In the case of

month. the 6 April 2009 earthquake at L’Aquila 15-min observations
Sometimes earthquakes follow each other with a smallyre gvailable and they give a more detail picture and normally

time interval (see Table 1) and it may be problematic to corre-gnly 15-min observations should be used for such analysis.

late a particular precursor with a corresponding earthquakeDea"ng with 1-h observations one may miss a real precur-

In such cases the following rule is used. Under equal epicensgr for instance in the case of a 2-h upsurge in the analyzed

ter distances a precursor for an earthquake with larger magnarameters.

nitude occurs earlier and exhibits larger deviationg'iis

(Korsunova and Khegai, 2006). This enabled us to identify

ionospheric precursors for all the earthquakes in question3 Results

Table 2 gives the revealed precursors with the corresponding

parameters and the related earthquakes. For the 19 Septefable 2 and Fig. 2a—c shows that the precursors in the Es

ber 1979 event (Table 1) no precursors were found whichparameters can be identified even under magnetically dis-

would exactly correspond to our criteria (although they areturbed conditions. This is in agreement with the results by

Ann. Geophys., 28, 94850, 2010 www.ann-geophys.net/28/941/2010/
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Table 2. Revealed ionospheric precursors and corresponding earthquakes. Lead Tirfarsthe precursor occurrence and daily Ap indices
are given as well.

n/n  Date of the uT AWEs OfbEs o8foF2 AT  Ap Date of the uT M R
precursor hour days earthquake hour km

1 4 Apr1984  00:00-01:00 37 025 030 338 84 7May1984 17:49 59 133
2 24 Apr1984 01:00-02:00 27 082 016 174 6 11May1984 10:41 5.7 133
3 8 Sep 1997  05:00-06:00 19 061 016 178 12 26Sep1997 00:33 5.6 137
4 2Sep 1997 14:00-15:00 28 079 016 238 4 26Sep1997 09:40 5.8 137
5 20ct1997 00:00-01:00 21 087 022 126 5 14 0ct1997 15:23 55 140
6 3 Mar 2009 06:00-07:00 30 024 021 338 7 6 Apr2009 01:32 58 90
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Fig. 2b. Same as Fig. 2a, but for the 26 September 1997 at 09:40 UTrig. 2¢c. Same as Fig. 2a, but for the 11 May 1984 (left panel) and 7
(left panel) and 26 September 1997 at 00:33 UT (right panel) earthq\1ay 1984 at 00:33 UT (right panel) earthquakes.
quakes.

Maksyutin et al. (2001, 2005) who have shown #faEs<0 As it was mentioned earlier a distinctive feature of the ap-
for disturbed conditions. ARESs is related to foEs we should Plied method is using of three parameters simultaneously —

conclude that such reaction to geomagnetic activity is oppo{2—3) h splashes iA'Es, 5fbEs, andsfoF2 above the cor-
site to what is used in our method — we consider only in- responding thresholds should take place W|t_h|n one day and
creases ifbEs. According to their statistical analysis some they should follow each other. Therefore, using only the de-
foEs increase<20% takes place on the second day after theViations infoF2 as suggested in some publications, it is em-
geomagnetic disturbance and only in winter under solar min-2arrassing to identify the precursor with such lead times (see
imum. According to our criteria we consider only the cases 1aPle 2). Moreover, the deviationsfioF2 are not large (16—
with fbEs>20%. The geomagnetic activity effects can be an-30%) and they cannot be considered as independent precur-

ticipated in thefoF2 variations, but this relationship is known SOrS: Thus, if the Es-layer parameter observations are un-
to be not simple: for instance compaifeF2 values for quiet available, it is impossible to identify the middle-term precur-

and disturbed conditions in Table 2 and Fig. 2. Therefore, the>°'S in the F2-layer even in the nearest to the epicenter zone
criteria formulated earlier should be applied independentlyr the earthquakes with MS.5.
on the geomagnetic activity level.

www.ann-geophys.net/28/941/2010/ Ann. Geophys., 28,9480-2010
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Fig. 3. The observed dependencies for Iag() and logAT-R)on ~ Fig. 4. The observed dependences for lag(Es) and

the earthquake magnitude. Correlation coefficiertsd standard ~ 10g(AR’Es R) on the earthquake magnitude. Correlation coeffi-

deviations (SD) of the points from the regression line are given.cients ¢) and standard deviations (SD) are also given. Notice that

Notice that inclusion of the epicenter distanRémproves to some  unlike theAT case the inclusion of the epicenter distaiceoes

extent the dependence (bottom panel). Dashes-&®. Both de- ~ not improve the dependence (bottom panel). Dashes&f@. The

pendences are significant at 99% confidence level. upper dependence is significant at the 99% confidence level, while
the lower dependence is insignificant.

The results of Table 2 show that under equal epicenter disgai, 2006). They indicate the process of spreading the dis-

tances th_e I_arger the magnitude of the earthquak_e, the largef; -hance from the epicenter towards periphery. Such depen-
h'Es deviation (cf. nn 1-2 and 3-4). The lead time is alsoyences are given in Fig. 3 for the earthquakes in question
Iarger.for stronger earthquakes. These features are typical c(tl'able 2). The upper panel gives the dependence of lead
the middie-term precursors (Gufeld and Gusev, 1998). time on the earthquake magnitude. The lower panel gives the
The AWEs, §fbEs, andsfoF2 variations used for the pre- ggme dependence, but for the produsf'( R). It should be
cursors identification are shown in Flg 2a—c for the 6 Se-stressed that in the concept by Korsunova and Khega| (2006,
lected events (Table 2). Five of 6 precursor dates were mag2008) R really depends on the earthquake magnitude M for
netically quiet according to boty, and local K-indices vari- g within the preparation zone, therefore there is sense to
ation, while the day 4 April 1984 was very disturbed (Fig. 2¢ consider two dependencies separately. The inclusion of the
right panel), however the deviations in the analyzed paramepicenter distance to the dependence is seen to improve the
eters are in the same limits. This confirms the earlier mad%taﬂstics to some extent: the correlation coefficier.943
conclusion about the possibility to use geomagnetically dis-compared to 0.929 and the standard deviation SD=0.046 in-
turbed days for the precursor identification. It is seen that USstead of 0.064 in the first case. Both dependencies are sta-
ing 2-3 h splashes inx’Es, §fbEs, andsfoF2 following each  tistically significant at the 99% confidence level according to
other within one day as a criterion, it is possible to identify Fisher F-criterion. A modest effect of theinclusion is due
the precursor. to small range oR variations — allR values are within 133—
There are dependencies for middle-term precursors relatt40 km with the only exception on 3 March 1990 (Table 2).
ing the lead timeAT with the earthquake magnitude M and But these two points witlR=5.8 are seen to become much
the epicenter distande (Sidorin, 1992; Korsunova and Khe- closer in the bottom panel compared to the top one.

Ann. Geophys., 28, 94850, 2010 www.ann-geophys.net/28/941/2010/
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Table 3. The standard errors associated to the regressions (1—3§ Forecast possibilities

coefficients. . L o
An important result of our analysis is quantitative expres-

Equation  First coefficient Second coefficient sions (1-3) which relate the earthquake magnitude and the
epicenter distance with observatEs variations. In princi-

@) 1.093£0.22 —4.89/1.25 ple such expressions could be used for prediction purposes
g; 8'23%8'12 :;'giggg to determine the magnitude M and lead tim& of future

earthquake. As all the earthquakes in the vicinity of Rome
take place practically in one and the same area, the epicenter
distanceR may be considered as a known parameter. How-
ever large uncertainty (due to small statistics) of the regres-
sion coefficients (Table 3) does not allow us to make such

in Fig. 4. The correlation (():oefﬁci_ent betweenlag(Es)and  , ,egiction with an acceptable accuracy. For instance, the
M is 0.929 under the 99% confidence level. But unlike the magnitude M can be estimated from Eq. (3) witM=2.3

previous case (Fig. 3) the inclusion of the epicenter distance,,q this is not acceptable for any practical applications.
does not improve the dependence on M. The correlation co-
efficient for log(A#’Es R) drops down to 0.659 with the con-
fidence levek90% according to Fisher criterion. No signifi-
cant relationship betwedhEs and the earthquake magnitude
M was found. Therefore, only the relationships for lag(),
log(AT - R), and logA’Es) can be used for practice:

Similar dependencies fakh’'Es and AR’'Es R) are given

Another aspect of the earthquakes prediction is false pre-
cursors. It is obvious that dependences similar to (1-3) may
have any practical sense if only the probability of false pre-
cursors is not high. A special analysis has been undertaken
to clarify this question. We have checked two years 1997
and 1984 when real strong earthquakes took place (Table 1)

log(AT) = 1.091M— 4.897 1) and one “pure”_of stroqg_egrthquakes year 2002 when all ob-
served events in the vicinity of Rome& (<150 km) had the

log(AT - R) = 0.886M— 1.626 ) magnitude M<4.0. TheAK'Es,§f,Es, andsfoF2 deviations
were calculated for 24:00 UT moments of all days and all

log(AR'ES) = 0.672M—2.422 3) months of the years. The calculated values were analyzed

for ionospheric precursors in accordance with our criteria.

The standard errors associated to the regressions (1-3) cde list of the revealed false precursors is given in Table 4
efficients are given in Table 3. Due to small statistics (only 2/0ng with calculated MAT, R values using the relation-

6 events) the uncertainty in coefficients is pretty large how-ShiPs (1-3). Only the characteristics of strong#15) ex-
ever the obtained expressions are similar to those obtaineRected events are listed in Table 4. The undertaken analysis
by other researches. Using Es layer parameter observatiol¥s s_hown that false precursors really exist in all three_ years
at Ashkhabad (Middle Asia) for the earthquakes with mod- considered. They are seen not to be numerous, but their num-

erate magnitudes, Korsunova (2004) has obtained: ber is comparable to the number of real earthquakes (Table 2)
and they are not distinguished from real precursors. One may
log(AT - R) =0.74M—0.96 4) think that the false precursors are related to the same earth-

gquake preparation process which however has not resulted in
Korsunova and Khegai (2006) for 33 powerful earthquakesreal earthquake for unknown reasons.

with M>6 that occurred in the region of Kokubuniji station in
1985-2000, obtained the dependence:

5 Discussion
l0g(AT -R)=1.14M—4.72 (5)
r;’he undertaken consideration has shown that the approach
dproposed by Korsunova and Khegai (2006, 2008) can be ap-
plied as well for weaker earthquakes with 58 <6.0 tak-
ing place in Italy in the vicinity of Rome. The simultaneous
log(AT -R)=0.72M—0.72 (6) deviations inAh'Es,sfhEs, andsfoF2 above the correspond-
ing thresholds for 2—3 h following each other within one day
A qualitative agreement is seen for the dependences (2, 4an be related by logarithmic dependences with the earth-
5, 6) obtained using both ground and ionospheric precursorsguake magnitude and the epicenter distance. Despite few
The similarity of the dependencies obtained in different partscases available the obtained dependences (1-3) fak IBg(
of the world tells us about the uniformity of the processeslog(AT - R), and log@A/’'Es) versus the earthquake magni-
during the earthquake preparation period and the perspectivieide are statistically significant at the 99% confidence level
of the proposed method to use the observed Es-layer paranand may be considered as having real physical sense. The
eters as the ionospheric precursor. most interesting is the log(T - R) dependence which tells

Ground observations of various geophysical parameters fo
number of earthquakes with M=4-8 (Sidorin, 1992) resulte
in the following dependence:
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Table 4. Revealed false ionospheric precursors for three years 1997, 1984, 2002 along with calculAtEd Mvalues using the relation-
ships (1-3). Only expected events with¥.5 are listed.

n/n

Date of the false

ANWEs

uT SfbEs §foF2 M AT R
precursor hour days km
1 21 Apr 1997 06:00-08:00 28 058 033 58 24 124
2 20 May 1997 02:00-03:00 25 0.92 0.27 5.7 20 128
3 22 Nov 1997 13:00-14:00 30 0.21 0.71 5.8 27 121
4 2 Feb 1984 10:00-11:00 24 0.48 0.23 5.7 19 130
5 19 Mar 1984 16:00-17:00 39 0.25 0.17 6.0 41 112
6 20 Sep 1984 09:00-10:00 24 0.53 0.12 57 19 130
7 7 Aug 2002 05:00-06:00 22 030 022 56 16 134
8 21 Sep 2002 07:00-09:00 30 0.437 0.18 5.8 27 122
9 27 Dec 2002 07:00-08:00 31 0.41 0.12 5.8 28 120

about a decrease of the lead time for the precursor occurrendbe geomagnetic activity effects from their analyses, one
for larger epicenter distance, that is the seismo-ionospherishould keep in mind thdbF2 is a very variable parameter
disturbance spreads from the epicenter area towards periplaffected both from above (solar EUV, magnetospheric and
ery. Earlier similar dependencies were obtained from anal-dynamo electric fields, IMF changing thermospheric circu-
yses of geophysical parameter variations at the ground levdhtion and neutral composition, TADs etc.) and from below
(Sidorin, 1992). The dependence for lag() directly re-  (planetary and gravity waves, neutral gas vertical motion and
lates the lead time with the earthquake magnitude, that is theddy diffusion changing thermospheric neutral composition,
stronger the earthquake the larger lead time for the precursdropospheric electric fields not necessary related to seismic
to occur at a given distance from the epicenter. Large leagrocesses). Therefore, besides the geomagnetic activity ef-
times for the precursor occurrence (up to 34 days for M=5.8-fects there are many other reasonsffi¥2 variations. The
5.9, Table 2) tells about a prolong preparation period. Similarmorphology of the F2-layer perturbations not related to ge-
conclusions were obtained from electric field observations inomagnetic activity (so called Q-disturbances) can be found
China (Hao et al., 2000). The observed lead time varied fromin Mikhailov et al. (2004), Depueva et al. (2005). Equa-
2 to 40 days for 45 earthquakes with M=3.2—6.4. Keeping intorial and low-latitude F2-region considered by Dabas et
mind that atmospheric electric fields above the preparatioral. (2007) is strongly affected by electric fields which exhibit
zone and the anomalies in the ionospheric parameters are tharge variability even under geomagnetically quiet conditions
links of one chain (Pulinets et al., 1998), this coincidence is(e.g. counter electrojet). Therefoi@2 is a very “inconve-
hardly random. Therefore, this result as well as the resultqiient” ionospheric parameter for the role of an earthquake
by Korsunova and Khegai (2006, 2008) may be consideredrecursor. For this reason in our methiol2 is considered

as an important step towards the understanding the physicals a parameter whose variations are taken into account only
mechanism of the seismo-ionospheric relationships. along with Es parameter variations, but (2—3)-h deviations

A theory of the earthquake preparation based on tak_in AfoF2 abpve the background level should take place as
ing into account the electromagnetic processes in thewe"' For this reason we ha_lve excluded the_ 19 September
lithosphere-atmosphere-ionosphere system (Kimetal., 1994(15197.9 <_avent_ from our analysis as we have failed 1o fm_d the
Pulinets et al., 1998; Sorokin et al., 2006), implies a forma- eV|at-|on.s in all three parameters exactly corresponding to
tion of a sporadic E-layer with large electron concentration ' cntepa. : : : . .
at the heights of 120140 km above the earthquake prepara- The final goal of such considerations is to find reliable
tion zone. Long-living &7 ~2—3h) sporadic Es layers re- earthqugke precursors. Unfortunately there are not tpo many
vealed and used in our analysis occur at heights bg km publu_:atlons which can propose any recommendatl_ons for
higher than normal Es for corresponding geophysical Condi_practlcal usel.l Thehresults by Korlsunovah and Khegerx: (2006,
tions. Their formation is accompanied by an increadblis 2.008.) as well as the pres_ent analysis show a way now rou-
andfoE2. _tme |onolsph.er|c qbservatlons of Es and F2 I.ayer parameters
in the seismic regions could be used to predict the character-
Our method to identify a precursor uses three parameistics of future earthquakes. However due to small number
ters simultaneously, thah’Es being the main, and this is a of events (fortunately for Italy!) the statistic reliability of the
principle difference from other methods based on one ionoregression coefficients is not very high and prevents us from
spheric parameter foF2, for instance Liu et al. (2006); making any quantitative forecast.
Dabas et al. (2007). Although the authors try to eliminate
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6 Conclusions

The results of our analysis may be summarized as follows.
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