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Abstract. Inthis paper we focus on the variability of electron linets, 1998; Pulinets and Boyarchuk, 2004; Pulinets and Liu,
concentration in the ionosphere measured by ground base2004; Liu et al., 2004). The coupling between the ground
ionosondes and GPS receivers around the time of strongurface and the ionosphere is due to the anomalous electric
earthquakes. It has been detected and statistically provefield generated in the earthquake preparation area (Pulinets et
that several days before the seismic shock the level of thisl., 2000). The earthquake preparation area conception was
variability increases at the station closest to the epicenter, antroduced by Dobrovolsky et al. (1979) using the elastic de-
fact which can be regarded as precursory phenomenon. Mordrmation calculations. The size of the earthquake prepara-
precisely the localness of this specific kind of ionospheriction area depends on the earthquake magnitude. The same
variability is used for the correlation analysis of data of sev- (or very similar) dependencies were obtained not only in the
eral observation points. The similarity of geographical loca-case of the elastic deformations, but also in that of the spa-
tion of the observation points leads to the similarity of iono- tial distribution of different types of precursors in the seis-
spheric variations registered at these sites during both quiemic activation zone (Bowman et al., 1998; Kossobokov et
and disturbed geomagnetic conditions, except in the case dl., 2000) including geochemical ones (Toutain and Baubron,
those located at the seismoactive zone. As a rule, the local999) and local seismicity. Penetrating the ionosphere the
anomalies in the F2 layer and TEC accompanying the prepaanomalous electric field causes the ion drift that results in the
ration of strong earthquakes show themselves in the breakformation of electron density irregularities (Kim and Hegai,
ing of the mutual correlation of the critical frequencigs 2 1997). These anomalies that appear in the ionosphere before
or TEC between stations situated in and outside the seismithe main seismic shock can be considered as ionospheric pre-
zone. The precursory phenomenon appears 1 to 7 days beursors (Pulinets and Boyarchuk, 2004). The existence of the
fore the time of the seismic shock. ionospheric anomalies/ionospheric precursors is well estab-
lished not only by physical modeling but statistically as well
(Pulinets et al., 2002; Liu et al., 2004; Chen et al., 2004).

For the ionospheric precursors of earthquakes, both ap-
proaches are used. One way is to track the specific iono-

In short-term earthquake prediction two principal directions SPNere parameters trying to detect in the measurements the

can be separated. First one — the deterministic approacﬁace,ntly revealed main features of the ipnospheric precursor
which studies the temporal and spatial distribution behavior " Ulinets et al., 2003). _The other way s to use the statisti-
of some precursor, for example, the radon emanation (AIIengally gs_tabllshed behavior of Some parameter (fo_r example,
etal., 1983: King et al., 1993). The other one — the statisticath® critical frequencyf, F'2) as a signature of the impend-

patterns processing on the purpose to find some regularity iff'd €arthquake (Pulinets et al., 2002). Both approaches have

the behavior of statistical characteristics of the given param{heir advantages as well as their drawbacks. The first method

eter. Self organized criticality is one of the main streams of¢0uld fail in magnetically disturbed conditions, while the

statistical earthquake prediction at the present moment (RungeCF)nOI requires an a priori _knowledge of the precursor be-
dle et al., 2000). havior, which must be acquired through many years of ob-

servations. Obviously, this amount of information will be
unattainable for locations with recently installed ionosonde
or GPS receiver.

Correspondence tdS. A. Pulinets For the present study, one of the most important charac-
(pulse@geofisica.unam.mx) teristics of the ionospheric precursors of earthquakes is their

1 Introduction

It was established recently that seismic activity is one of
the sources of the day-to-day ionospheric variability (Pu-
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local character. The localness of seismo-ionospheric vari Fig. 2. From top to bottom: autocorrelation coefficient for
) P Petropavlovsk ionospheric station, autocorrelation coefficient for

ations has bee_n demonstrated by d_lfferent techniques, be_'nlglagadan ionospheric station, cross-correlation coefficient between
the most effective the topside sounding that shows the configpetropaviovsk and Magadan stations for period January-April 1974
uration of the modified areas in the ionOSphere, their size and'riang|es indicate the days with earthquakes, diamonds — magneti-
temporal dynamics (Pulinets and Legen’ka, 2003). The sizeally disturbed days.

of the modified area in the ionosphere is of the same order

of magnitude as the size of the earthquake preparation area

on the ground surface (Dobrovolosky, 1979; Pulinets et al.range of latitudes and longitudes the ionospheric reaction
2004). This fact offers us an opportunity to propose a veryto geomagnetic disturbances is very similar (see Fig. 3 in
simple but quite effective technique of detecting the iono- Szuszczewisz et al., 1998), and this may provide high cor-
spheric variations associated with the earthquake preparatiorelation in the daily variations between different ionospheric
process. stations. At a given time, the “receiver sensor” will be much
more sensitive to the seismogenic variations in comparison
with the “control receiver”. This fact is used in the proposed
technique.

In the simplest configuration two measurement points are For the calculation_ o_f_the daily correfation co_eﬁicientg we

used: one (“receiver-sensor”) located inside the earthquakuse the standard definition of the cross-cor_rglatlon coefficient

preparation area (see Fig. 1), and the other (“control-?De\.lore' 2000) where the records of thg critical freguer_my, or
' vertical total electron content (TEC), with equal time inter-

receiver”) located outside it. vals for the given dav are used-
Two important considerations regarding receivers localiza- 9 y '

2 Description of the technique

tion are taken into account S (fri —af)(fai —af)
. . i =0,k
1. receivers should be in the same (or very close) geomag€ = Z
netic latitude, in order to ensure the similarity of their (0102)
reaction to geomagnetic disturbances. The indices 1 and 2 correspond to the first and second iono-

2. the longitude of the receivers should not differ too much ;@higistastg:g];r:mﬁi %O(ﬁgurg%\g;gsaﬁgtheacnrg'cal
because of the LT (local time) dependence of iono_areq dete?/mined by the foIIowing ex réssions cz{; rinT:i le
sphere reaction to geomagnetic storm commencement. 1ed by g exp P P'e,

other sampling intervals can be used, for example 15 min

In general, the ionospheric variability in terms of critical intervals as it is used at ionospheric stations, or 10 min in-

frequency variations is lower for those variations associatedervals, which we use for vertical TEC calculations, respec-

with seismic activity than for those associated with geomag-tively, k£ will correspond to the number of records):

netic storms. Therefore, the seismically generated variations

may be shadowed by the storm-time variations. However, ,Z fi

. . . . . i=0,k

if two measurement points are used with the configurationaf =

shown in Fig. 1, storm-time variations can be excluded by k+1
cross-correlation of the records at the given points as storm- fi — af)?
time variations will be practically identical for both stations. T

It has been shown (Szuszczewisz et al., 1998) that in a largé™ = X
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10 s P 0vSIC6S INASTE) Magadan(GOONI51.0F) Table 1. Coordinates of INEGI GPS receivers used for the analysis
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Fig. 3. Upper panel — cross-correlation coefficient for

Petropaviovsk and Magadan stations for period January—Aprilm = min{f1; — f2,i}i—o.-

1992. Bottom paneM andm coefficients for the same stations

and the same period. Triangles indicate the days with earthquakes, It is obvious that the larger difference between indiggs

crosses — magnetically disturbed days. andm means the increased variability. Sometimes (like in

equinoctial conditions), when the daily maximum of the crit-

ical frequency is not so expressed due to extension of day-

light hours, the use of these indices of the variability can be

even more effective, a fact which is demonstrated at the bot-

tom panel of Fig. 3. It can be seen from the figure that the

3 The hypothesis testing instability observed in April in upper panel disappeared in
the bottom one, but precursory effects are seen in the figure

The proposed technology was tested on the series of earttas well.

quakes in the Western Pacific area (Russia Far East, Taiwan,

Japan). As an example we will consider the data of two ) .

Russian stations: Petropavlovsk-na-Kamchatke (98,0 4 The technique testing by GPS TEC data

158.7 ) and Magadan (60°0N, 151.0 ). The first one It has been shown (Liu et al., 2001) that the correlation coef-

Is inside the main Russian seismoactive area — Kamchatk {cient between the variations of the peak electron concen-

peninsula. To dgmonstrqtq the “clearing PrOCESS WE PreSelft iion NmF2 and vertical TEC (Total Electron Content)
the autocorrelation coefficients of both stations for a period.

of 4 months (January—April, 1974) in the upper two panels's 0.953, including in periods of anomalous variations con-

. . ected with seismic activity. This opens the possibility of
of the Fig. 2. Autocorrelation means that every consequen{;1pplying the developed technique to the TEC variations de-

dgy was correlatgd with the pr.ecedlng.one. .E\{ery magnep(}ived from the GPS receivers network. Such attempt was
disturbance causing a change in the daily variation of the crit-

ical frequency would be tracked by each station in the formmade for the recent strong#, =7.8) Colima earthquake in
of the gro o?the autocorrelation zoefficient However dueMeXiCO’ occurred on 21 January (20:06:48.09 LT), or 22 Jan-
b : » QUE oty (02:06:48.09 GMT) of 2003.

to increased ionospheric variability caused by the seismic To detect the possible ionospheric variations associated

activation menfuoned n I.ntroduct|0n, the additional drops with this earthquake the data of 5 stationary GPS receivers of
of autocorrelation coefficient appeared only on the record . . e
. . S the National Institute of Statistics, Geography and Informat-

of Petropavlovsk station, because of its location inside the . .
X Co ics (INEGI) were used. The stations coordinates are shown

earthquake preparation area. The cross-correlation is shovvirr1] Table 1

In th_e bottom panel of Fig. 2. On_e can see that, atleast during The data of the closest to epicenter receiver (COL2) were
the first part of the observed period, only the drops connected ! ) .
) o . analyzed first. To this purpose the monthly median was cal-
with the seismic events are left at the cross-correlation coef- . .
- . ! . . culated to compare with current data, and to determine the
ficient records in comparison with autocorrelation records. A7~ .. X .
o . deviations from the monthly median. Results are shown in
similar pattern can be observed for another period (January—. . )
. . ; Fig. 4. For the better time resolution only several days around
April 1992) in the upper panel of the Fig. 3. In both cases . .

; X . the time of the Colima earthquake are shown, clearly demon-
(Figs. 2 .and 3) the drops of the cross-correlation CoeﬁlClentstratin the presence of anomalous variations out of the upper
happened from 5 to 7 days before the time of the seismi gthep bp
shock.

Another parameter that can be used for estimating the sp
tial ionospheric variability is the daily maximum and mini-
mum difference of the critical frequencies hourly values of

both stations (Gaivoronskaya and Pulinets, 2002):

af is a daily mean value of the critical frequeney,is the
standard deviation.

%ound on 18 and 19 of January.

The current observations are indicated with a thick
a\ine, and represent the vertical TEC in TEC units (1
TECu=1G%el/m?). Monthly mean is indicated with a thin
line, and the upper bound with a dashed one. For the time
when anomalous peak of TEC was registered on 18 January
M = max{f1; — f2ili—ox (10:10 LT on 18 January 2003), the map of the TEC deviation
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o Fig. 6. Daily cross-correlation coefficients for vertical TEC de-

o rived from data of Toluca (TOL2), Culiacan (CUL) and Aguas-

e calientes (INEG) receivers for the period around the time of Colima

" earthquake. Upper panel — correlation coefficient between Culiacan
8 §§ and Toluca stations, bottom panel — correlation coefficient between
2 24 Aguascalientes and Toluca stations. The time of the Colima earth-
5 = quake is indicated in figures by sign.

ié

24

2

12 of the correlation coefficient 5 days before the seismic shock

i in the both panels and a smaller drop, 7 and 8 days before the

shock respectively, can be seen.
As one can see, the correlation technique works for GPS
Longitude TEC data as well. It shows the same time scale for precur-
sors as for the vertical sounding: precursors appear 5 days
Fig. 5. Spatial distribution of the VTEC deviation from the monthly before the seismic shock as it was described by Pulinets et
median at 10:10 LT on 18 January 2003. al. (2003). The high correlation between the stations records
is violated within the period several days before strong seis-
mic shock.
from the monthly median was constructed (Fig. 5) using the The second fast check of the correlation technique was
data of 5 receivers (their coordinates are shown in Table 1)made for the San Simeon earthquake in central California in
Acknowledging the limitations of such map (low spatial res- December 20033/=6.5, 35.7 N, 121.F W, 19:15:56 GMT
olution, lack of measurements in the left bottom corner of on 22 December 2003. The map of the GPS receivers used
the map, which is in the Pacific Ocean) it clearly demon- for the analysis and the epicenter position are shown in Fig. 7.
strates the presence of an anomaly just around the epicentd@he receiver closest to the epicenter (VNDP) is used as a
position of the impending earthquake. Keep in mind that dis-“sensor”. The graphs of the correlation coefficient for 3 sta-
tribution is built for a period of time of more than 3 days tions are shown in Fig. 8. Both curves indicate the gradual
before the seismic shock. drop of the cross-correlation coefficient starting from 15 of
To determine whether the correlation technique works forDecember, i.e. 7 days before the shock with absolute minima
the GPS data, the cross-correlation coefficient between difregistered one day and three days before the shock respec-
ferent stations was calculated. Taking into account that Coltively. CASA indicates a minimum the day after the shock
ima receiver stopped measurements immediately after thevhich can be associated with the acoustic action of the shock
seismic shock, due to damage and incompleteness of datan the ionosphere. It should be noted that not all the stations
records on 17 January (important day for the precursors idenfrom Fig. 7 showed the drop of the correlation coefficient,
tification), the Toluca receiver (TOL2) was used as a “sensor’which indicates the dependence of the technique on the re-
station. In Fig. 6 the cross-correlation coefficients for the ceiver position. The reason of this fact was explained by Pu-
pairs TOL2-INEG and TOL2-CUL are presented. The drop linets et al. (2004) and is connected with the complex distri-
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Fig. 7. Positions of GPS receivers (stars) used in analysis of TECFig. 8. Daily cross-correlation coefficients for vertical TEC de-

variations around the time of San Simeon earthquake 22 Decembeajyed from GPS receivers network at California, USA for Decem-

2003. Earthquake epicenter position. ber 2003. Upper panel — correlation coefficient between VNDP
and CASA stations, bottom panel — correlation coefficient between
VNDP and JPLM stations. The time of the San Simeon earthquake

bution of electron concentration anomaly in the ionosphereis indicated in figures by sign. The stations and the epicenter posi-

It could happen that the station does not “feel” the anomalytions are shown in the map (Fig. 7).

at all, as sometimes happens in our correlation analysis. This

question needs more careful investigation, and is the purpose

of a future work. Such study demands a very dense networknay not give the positive result. This fact is connected with

of GPS receivers, but at the time only Japan and the State dhe complex configuration of anomalous variations within

California (USA) have enough receivers to provide the nec-the ionosphere. The ionospheric irregularity may be shifted
essary resolution. along the geomagnetic field lines equatorward against the

vertical projection of the epicenter of the impending earth-
guake on the ionosphere. In such a situation the “sensor”
5 Conclusions station becomes blind and cannot “feel” the anomalous vari-
ations. This situation may be avoided by an accurate selec-
Very simple but powerful technique was presented whichtion of the positions of the “sensor” and “control” stations.
is based on the correlation of records of two receiving sta-t requires the additional investigations within the particu-
tions (ionosondes or GPS receivers). One of them is situatethr zone of seismic activity. Nevertheless the proposed tech-
within the area of earthquake preparation, while the othemique permits a low cost monitoring of ionospheric precur-
one (being in the same geophysical conditions) is outsidesors of earthquakes avoiding the use of expensive satellite
the earthquake preparation area (or its outer edge). Due ttechnologies.
similar geophysical conditions the correlation coefficient for
the registering stations is very high (usually, more than 0.9) AcknowledgementsThis work was supported by the grants

but few days before the strong seismic shock (from 7 to 1)f PAPIIT IN 126002, and CONACYT 40858-F. The authors
sharp drops of the daily correlation coefficient appear man_thank th_e Mexican Natlona! I_nstltute of Statistics, Geo_graphy and
Informatics (INEGI) for providing the GPS data from their network.

ifesting the increased variability of the ionosphere over the
earthquake preparation area. The proposed technique PeEited by: M. Contadakis
mits to identify the ionospheric precursors even in geomagyeyiewed by: J.-Y. Liu and another referee
netically disturbed conditions. The other parameters which
can be used for ionosphere variability estimation is the differ-
ence between maximal and minimal daily values of the criti-
cal frequencyf, F2 (or vertical TEC) for the stations used in
correlation analysis.
Some limitation of the proposed technique is connected
with the fact that an arbitrary location of the “sensor” station
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