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Electromagnetic and plasma effects of the seismological activity in the earth ionosphere

N.Isaev1, O.Serebriakova1, D.Teodosiev2
1 IZMIRAN, Russian Academy of Sciences, Troitsk, Moscow Region, Russia, isaev@izmiran.rssi.ru
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Abstract.  Data from the low-orbiting satellite COSMOS-1809 were used to search for a correlation between seismic activity and increases in ELF/VLF emissions and plasma density fluctuations for different regions. The data of ( 100 revolution of satellite were chosen for the analysis of ionospheric effects of this seismic activity. The analysis enables to draw the following conclusions. The electromagnetic emissions in the frequency range of 140-450 Hz are regularly observed within the L-shells with the root in the seismoactive zone. Near a zone of seismic activity (((=(6) at the altitude ~ 950 km bursts of ELF radiation are observed at the frequencies f=140 and 450 Hz in the magnetic and electric components. The radiation excess above the background level can reach more than an order of magnitude. The radiation bursts are observed minutes to hours beforehand an earthquake and during several hours after it. The sizes of the disturbed region are usually (400-600 km, and greater in the period of aftershock activity than during the earthquake development. The analysis of seismogenic ELE/VLF radiation had shown that the main signal characteristics (frequency, amplitude etc.) were sufficiently different for different seismoactive regions of the Earth. This fact is evidence of the seismoelectromagnetic parameters dependence on the physical-chemical properties of the Earth’s crust and lithospheric processes.
Key words:  seismic activity, ELF/VLF emissions, plasma density fluctuations, satellite data.

1.  Introduction
During the recent decade some authors reliably showed basing on the satellite and ground-based data, that there is a lithosphere-atmosphere-ionosphere interaction in the region of seismic activity during its increased levels. The mechanisms of such an interaction are still poorly developed. However, we have good reasons to suppose three main factors of the effect of the earthquake focus on the surrounding medium. This mechanical-chemical, acoustic and electromagnetic action (Liperovsky et al., 1992) the summary effect of which appeared at various stages of the earthquake development in the form of modifications of characteristics of electromagnetic waves and plasma in the ionosphere. The following effects were experimentally revealed:

- increase of intensity of ELF-VLF-noises, formation of small-scale plasma irregularity and appearance of an abnormal quasi-stationary electric field with the intensity 3(7 mV/m above the earthquake focus;

- increase of intensity of the atmosphere emissions in the lines 6300 and 5577 A;

- variation of light ion density and plasma temperature.


A number of seismogeneous effects were revealed from the data of vertical ionosphere sounding from the ground-based and satellite observations in the regions of seismic activity as well as from measurements of the amplitude and phase of the SLW signals on the radio lines passing through the regions of seismic activity. All the above mentioned effects are preceding the earthquake and are observed within time intervals from tens of minutes to several days before the earthquake onset and could be used as a perspective basis for developing the method of short-period prognosis of earthquakes. It should be reminded that these results were obtained from a limited number of measurements so they do not enable one to display the characteristic features, which could be used as a ground for methods of identifying earthquake precursors. The most extensive results concerning studies of earthquake precursors from satellite data are obtained up to now on the basis of measurements of low-frequency electromagnetic emissions. These results gave rise to a series of publications which convincingly proved that during earthquake preparation as well as in the period of aftershock activity the bursts of low-frequency emissions connected with the preparation and development of earthquakes are observed in the earth ionosphere (Gokhberg et al., 1982, 1983; Larkina et al., 1985; Chmyrev et al., 1989, 1997; Isaev et al., 1997; Mikhaylova et al., 1991; Molchanov et al., 1993; Parrot 1994; Parrot and Lefeuvre 1995; Serebryakova et al.,1992). The results of processing and analysis of telemetric information on the ELF emissions and ionospheric plasma parameters onboard “Cosmos-1809” above the different regions will be presented below.
2.  A brief description of the experimental results 

Measurements onboard "Cosmos-1809" satellite were carried out at the altitude of ~950 km. To measure the ELF-VLF emissions the five-band parallel spectrum analyser was used with central frequencies f0=140, 450, 800, 4500 and 15000 Hz and with the frequency bands (f=f0/6. The sensitivity for the electric component was 5(10-7 V/m(Hz1/2 and for the magnetic component it was 1-5 pT/Hz1/2, the dynamical range was 60 dB. For measuring the ionosphere plasma density Ne and its fluctuations dNe the capacity high-frequency impedance probe IZ-2 was used through which the quantities Ne and dNe were determined by means of measuring a variation of the probe detector capacity depending on variations of the dielectric permittivity of the ionosphere at the generator frequency f = 5.025 MHz. The circuit capacity is changing with plasma density variation and, respectively, its resonance frequency is also changed. This method provided high sensitivity and time resolution. The instrument time constant is determined by the HF-filter and has the value 20 mcs. Using the filter, the instrument detected the component of rapid dNe variations, i. e. the small-scale Ne variations. The maximum spatial resolution is determined by the interrogation rate of the instrument in telemetry and for the presented below results it is ~20 km in the channel of Ne measuring and ~4 km in the channel of dNe measuring.

After the strong earthquake in Armenia on December 07, 1988, during almost three months aftershocks of various intensities were registered near the earthquake focus. In this connection, the instruments aboard "Cosmos-1809" were switched to the monitoring mode (ZAP-4) and operated in it during January-February, 1988 (During properly Spitak earthquake the satellite device was not switched in.). In that period a great number of weak earthquakes occurred on the territory of Central Asia, Kazakhstan and Thian Shan. 

The regime of satellite monitoring in this period enabled the selection of a great number of passages (above 50) near the foci of the earthquakes (((=(6(), in the temporal window of several hours either before an earthquake or after it. An example of the data is shown in Fig.1. This presents the distributions of the radiation intensity in the magnetic component at the frequencies f=140 and 450 Hz as well as the values of plasma density Ne and its variations dNe over the zone of seismic activity ~3.4 hours before the rather strong aftershock of the Spitak earthquake with energetic class E=8 on January 20, 1989. The time instant 00.04.06 UT when the satellite crossed the geographic latitude of the earthquake focus, is marked with the vertical arrow. The measurements were carried out in the night - time sector under the conditions of the recovery phase of geomagnetic storm (Kp=30).  As seen from Fig. 1, an intensity burst of electromagnetic radiation at frequency f=140 Hz (bottom panel) with amplitude of up to 10 pT was observed in the longitude range 41.6( < ( < 42.0(, i.e. approximately 2( to the West from the focus and in the latitude range 30(< ( <33.1(. A weaker increase of electromagnetic noise (up to 3 pT) was observed also in the frequency f=450 Hz. 
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Fig.1. ELF emission intensity for the magnetic component B in the frequency channels 140 and 450 Hz, plasma density Ne and variations dNe over the Spitak seismic zone ~ 3.3 h before the shock on 20 January 1989.

At higher frequencies no increase of the radiation level was registered. In the both channels the radiation maximum is located on the L-shell  (L=1.42), which crosses the ionosphere lower boundary (h=100 km) above the earthquake center. The region of increased values of the radiation intensity is marked by vertical dotted lines in Fig. 1 and has the dimensions of ~ 450 km along the satellite orbit. One should note that both at the frequencies ~140 Hz and ~450 Hz a quasi-regular modulation of the intensity with the period 5-6 seconds is observed. In the disturbed region the small-scale dNe fluctuations with characteristic spatial scales  l=4-8 km and the magnitude dNe/Ne up to 8% were also observed (upper panel in Fig.1). Also, in the channel of dNe measurements the fluctuations of plasma density of a larger scale (l~50 km) but lower in magnitude (dNe~4-5%) were registered. 


The other example of the seismo-ionospheric effects is presented in Fig.2 for the earthquake in Iran on 17.01.1989. 

The distribution of the radiation intensity in the electric and magnetic components in the channel 140 Hz are presented parallel with the plasma density Ne and its variation dNe over the focus 2.5 minutes before the shock on January 17, 1989. The time instant when the satellite crossed the latitude of the earthquake focus (23.29.00 UT) is marked by a vertical arrow. The measurements were carried out in the night-time sector with the conditions of geomagnetic storm recovery phase at Kp=30. As is seen from Fig. 2, the intensity burst in the magnetic component of radiation at the frequency f=140 Hz (bottom panel) with amplitude up to 12 pT was observed in the longitude range 56(<(<57( i.e. approximately 1.0( to the West of the focus and in the latitude range 10(< ( <17(. 
[image: image5.wmf]Fig.2 ELF emission intensity for the magnetic B and E components in the frequency channels 140 Hz, plasma density Ne and its variations dNe over the focus of Iran earthquake ~ 2.5 min before the shock on 17 January 1989.
A weaker increase of electromagnetic noise (up to 3 pT) was observed at the frequency f=450 Hz (not shown in Fig. 2). At higher frequencies no increase in the radiation level was registered. In contrast to the results of [Serebryakova et al., 1992] in this case the electric field oscillations with amplitude ~ 10 (V/m were also registered in the channel f0=140 Hz. At higher frequencies no emissions in the electric component related to the seismic activity were registred. The zone of increased values of the radiation intensity in the channel f=140 Hz is marked by vertical dotted lines in Fig. 2. The maximum in this case was located at the L-shell (L=1.1) corresponding to the earthquake focus projected onto the lower boundary of the ionosphere (h(100 km). Note that in this region the small-scale fluctuations of plasma density dNe with the characteristic scale l(4 km and the amplitude dNe/Ne = 3-5% (upper panel in Fig. 2) is coincident with the results of (Chmyrev et al., 1997). A generation mechanism of such plasma density inhomogeneities was developed in (Sorokin et al., 1998). A cavity with decreased plasma density Ne (the second panel) was registered in the disturbed zone. The density was decreased by ~10% as compared to the density value outside the zone boundaries. A similar result has been obtained only once from the ISIS-2 satellite data (Gokhberg et al., 1983). The dimensions of the disturbed zone in the case under consideration were approximately 550 km. Over other zones of seismic activity there are observed similar intense bursts of ELF-radiation and plasma density irregularities. But effects of ELF-radiation can be observed at more high frequencies. The example of the seismo-ionospheric effects is presented in Fig.3 for 2 earthquakes in Japan (Hokkaido) on 19.01.1989. 
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Fig.3  An example of the seismo-ionospheric effects for the 2 earthquakes in Japan (Hokkaido) on 19.01.1989.
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This presents the distributions of the radiation intensity in the magnetic component at the frequencies f=4.5kHz over as well as the values of plasma density Ne and its 

Fig.4 .  ELF/VLF radiation related to submarine earthquakes.
variations dNe the zone of seismic activity ~3 hours before the first earthquake with energy class E=9 and ~1 hour after the second earthquake. The time instants when the satellite crossed the geographic latitudes of the earthquake foci, is marked by the vertical arrows. As is seen from Fig. 3, the intensity burst in the electric and magnetic components of radiation at the frequency f=4.5 kHz was observed in the longitude range 145.8(<(<146.4( i.e. approximately 3o-3.5( to the East of the foci.
Characteristic features of ELF/VLF radiation related to submarine earthquakes were displayed (a radiation of higher frequencies, up to 15 kHz were observed). The example of such a phenomenon is presented in Fig.4 for the earthquake in Japan Sea on 06.02.1989. It is obvious in the present case that the amplification of natural ELF/VLF radiation takes place, because an electromagnetic connection between the lithosphere and ionosphere is absent. As is seen from Figs 1 -3 and from the analysis of the other cases, the dimensions of the disturbed regions are usually several hundred kilometres in the latitudinal direction, mostly occurring in the 400-600 km range. However, in some cases the disturbed region reaches ~2000 km. Therefore, in selecting the data for modelling, every special case was considered individually. The disturbed regions are those marked by the vertical dotted lines in Figs 1 and 2. They were identified individually from measurements of ELF emissions and ionospheric plasma parameters Ne and dNe. The results of measurements in the above regions, as well as those in the regions remote by ~5( from the northern and southern boundaries of the disturbed region, were used for modelling. In this way the data with seismo-ionospheric effects and the data on background distributions of the parameters in the vicinity of the disturbed regions were selected from the database. 
The method of linear interpolation was applied to form the spatial distribution of ELF radiation intensity.
Fig.5 presents the spatial distribution of the seismic related radiation intensity in the magnetic component at a frequency of 140 Hz. The earthquake foci are marked by asterisks.

For these regions distributions of the signal (-to-) noise ratio were constructed as well. It should be noted that during the period under consideration in some cases several earthquakes with identical foci coordinates occurred. For aftershocks of the Spitak earthquake measurements taken in more than 20 satellite passes were used. As is seen from Fig.5, the regions of increased radiation intensity are rather clearly connected with the spatial location of the earthquake foci. This region represents a quasi-ring zone shifted by 5-15( towards the equator from the zone of the earthquake foci. (The shift magnitude depends on the focus latitude and increases as the latitude decreases). The maximum excess of the seismo-electromagnetic radiation intensity over the background ((2 pT) is of the order 12-16 pT. Zones of the highest intensity, corresponding to the earthquakes with energy class E>10, occurred in Central Asia, Iran and Pakistan. In the region where the effects of aftershocks of the Spitak earthquake were registered the radiation level reached 10 pT. Principle peculiarities of the spatial distribution of seismo-electromagnetic radiation found for the magnetic component at the frequency f = 140 Hz are practically the same for the electric component but the effect in the electric component is weaker.
Fig.5. The spatial distribution of the seismically related radiation intensity at the frequency 140 Hz for the magnetic component over Caucasus-Middleasia region in January-February 1989. 
The maximum frequency of the observed ELF emissions under consideration was f0 = 450 Hz. The maximum amplitudes were registered in the zone of the Spitak earthquake in contrast to the radiation at the frequency f0 =140 Hz. With increasing frequency a growth of background radiation is observed, reaching 6 pT at the frequency f0 = 450 Hz. So the detection of a weak seismo-electromagnetic signal becomes complicated. 
During the considered period measurements of more than 50 ELF-radiation events and the ionosphere plasma parameters above the foci of earthquakes occurred in the regions of Crimea, Caucasus, Iran, Middle Asia and Kazakhstan. The analysis of these measurements enabled the drawing of the following conclusions:

1. Over a zone of seismic activity (((=(6() at the altitudes h~950 km there are observed intense bursts of ELF-radiation at the frequencies f0=140 and 450 Hz in the magnetic component and at f0=140 Hz in the electric component. At the frequencies of 450 Hz only some cases of a weak increase in the level of the magnetic component were registered. Measurements at frequencies below 140 Hz were not carried out in this experiment. It was found that the radiation levels could exceed the background value by more than an order of magnitude. The radiation bursts are observed minutes to hours before an earthquake as well as during several hours after it. 

Fig.6. Distribution of the signal (-to-) noise ratio for the case in fig.5
2. In all the cases under investigation the small-scale irregularities of plasma density with characteristic spatial scales of l(10 km, l~50 km and l~100 km were registered. The magnitudes of the disturbances dNe /Ne range from 4 % to    10 %. 

A considerable set of satellite data on seismically related ELF emissions and ionospheric plasma density perturbations provides the ground for empirical modelling of these effects in the regions of interest.

The empirical model presented above for a spatial distribution of seismo-electromagnetic radiation was developed for the Black Sea - Central Asia region during a period of weak seismic activity. During the period under consideration a great number of earthquakes occurred in this region, all of them were weak, the energy class of the most of them not exceeding 10, i.e. their magnitudes were M(4. Nevertheless, the results obtained here on the spatial distributions of ELF emissions connected with seismic activity give clear evidence in favour of reliable detection of seismo-ionospheric phenomena. The effect is most pronounced in the magnetic component at the frequency f0 = 140 Hz. The regions of seismo-electromagnetic emissions are shifted by 5( - 10( towards the equator relative to the earthquake foci. This is caused by the character of ELF wave propagation from the lower boundary of the ionosphere up to a satellite orbit.  This shift depends on the magnetic inclination and therefore on the latitude of the earthquake focus. This result corresponds to the conclusions of (Parrot, 1994; Serebryakova, et al., 1992; Chmyrev et al., 1997). At higher frequencies no stable effects similar to those described above were detected. Only in several cases a weak seismo-electromagnetic signal was registered at the frequency f0 = 800 Hz. Unfortunately, measurements at frequencies below 140 Hz were not performed onboard the "Cosmos-1809" satellite. However, taking into account the results published in (Chmyrev et al., 1989; Parrot, 1994), one can assume that the detection of stable seismo-electromagnetic effects is also possible at frequencies f < 140 Hz. The empirical models proposed above were developed on the grounds of limited experimental data since the satellite "Cosmos-1809" was not aimed at monitoring seismic activity and operated in the appropriate mode only during a small fraction of its lifetime. However, these models can form a base for developing the global models of a distribution of seismo-electromagnetic ELF radiation in the terrestrial ionosphere. These models will be refined and expanded both with the application of "Cosmos-1809" data and on the basis of new experimental results.

3.The basis of the method of earthquake precursors detection from narrow-band measurements of ELF-emission.

Field of applicability.

Satellite measurements demonstrated that the characteristics of ELF emissions are substantially varied depending on the geomagnetic latitude (or on L-parameter). The most intense emissions are registered at high latitudes where a wide class of ULF-VLF emissions is observed. A detailed classification of these emissions is presented in (Molchanov, 1985) where the mechanisms of their generation are also considered. Without any special consideration of this question, let us only note that the level of natural radiation inside the plasmasphere substantially lower than at high latitudes.  The identical conclusion results from the data of measurements aboard "Cosmos-1809" satellite as is clearly seen from the figures, presented in the papers (Chmyrev et al., 1997; Isaev et al., 1997; Serebryakova et al., 1992). These figures demonstrate that the level of emissions in the ELF-range in the high-latitude ionosphere (see also Fig.'s 1 -3) may be substantially exceeding the amplitude of seismoelectromagnetic signals so it is practically impossible to detect it from the background emissions. Hence, the proposed method is applicable only at midlatitudes, from the northern to southern projections of plasmapause to ionosphere. The position of plasmapause projection is usually defined from the position of the main ionosphere trough (MIT), which can be identified from the results of measurements of plasma density Ne. The plasmapause position depending on Kp index could also be determined from empirical formulas (Binsck, 1967; Carpenter and Park, 1973):

Lp = 6 (1-0.1Kp) for Kp< 4

Lp = 5.7 - 0.47Kp for Kp> 3

or on the basis of analytical modelling (Isaev  et al.,1979). Taking into account the relation of the invariant latitude ( to the parameter L: cos2 (= 1/L one can determine a dependence of geographic plasmapause position on the level of geomagnetic disturbance and to define the field of applicability of the proposed method.

 Frequency range.
As resulted from the proceeding studies, seismoelectromagnetic earthquake precursors appear with the maximum stability at the frequencies f0 ~ 140 Hz, and they are weaker at the frequencies f0 ~ 450 Hz. At higher frequencies they are practically absent. However, taking into account the results of the papers (Chmyrev et al., 1989; Bilichenko et al., 1990), the proposed method can extrapolate the lower frequencies down to a fraction of Hz.

 Amplitudes of seismoelectromagnetic signals.

The signals with the ratio signal/ noise ( 3 can be considered as earthquake precursors. The absolute magnitudes of the emission density are ( 0.3 - 3 pT/Hz1/2 at the frequencies 100-500 Hz.

 Dimensions of the disturbed region.

Disturbed regions (with increased emission intensity), detected by an analysis of a great number of earthquakes, have the latitude extension (( ( ( (( (with respect to the earthquake focus). An equatorward shift of the disturbed region is determined by the magnetic inclination and at latitude ~40( it is (( ( ((.

 A probability of detecting a seismosignal and the problem of false signals.

On the basis of the statistical analysis of the data on the seismoelectromagnetic effects for the Caucausian-Central Asiatic region a probability of seismosignal detecting was calculated which appeared not lees than 75%. However, this value was determined from a limited experimental material (~50 earthquakes) and will be refined. For the other regions of seismic activity on the earth a similar work is planned for the future.

As a result of the analysis of "Cosmos-1809" data, described above, the effects similar to seismoelectromagnetic ones have been detected. Fig.7 demonstrates an example of such a phenomenon, registered on 23.01.1989 at about 22.02.30 UT. Similar effects are frequently observed near the equator and are not connected with seismic activity. Dimensions of the region of increased emission intensity are ~ 50 km, i.e. 0.5( of latitude. A hypothesis is proposed on a connection of these phenomena with the thunderstorm activity.

Fig.7.  The effect similar to seismoelectromagnetic one.

Temporal characteristics of precursors.

It was detected on the basis of analysis of experimental data that the earthquake precursors in ELF-emissions can be registered several hours beforehand the main shock. It is established now that (tmax ( 8 hours for the events under consideration.

4. Summary and Discussion
The detachment of seismoionospheric effects relative to background values from measurements onboard the near-earth satellites is a complicated problem since the ionosphere plasma parameters, mechanisms of the field and radiation generation, conditions of propagation of various types of waves are to a considerable extent dependent on the solar activity, geomagnetic disturbance level, season, local time, etc. Besides, a great number of the physical processes are developed in the near-earth plasma resulting frequently in variations of ionosphere parameters similar to seismoionospheric effects, especially, in a high-latitude zone.
The most extensive results concerning studies of earthquake precursors from satellite data are obtained up to now on the basis of measurements of low-frequency electromagnetic emissions. These results gave rise to series of publications which proved convincingly that during the earthquake preparation as well as in the period of aftershock activity the bursts of low-frequency emissions connected with the preparation and development of earthquakes are observed in the earth ionosphere (Gokhberg et al., 1983; Larkina et al., 1985; Chmyrev et al., 1989; Mikhaylova et al., 1991; Molchanov et al., 1993; Serebryakova et al., 1997). In the work (Parrot, 1994) statistical studies were performed on the basis of an analysis of the data on ELF/VLF emissions, registered onboard the OREOL-3 satellite for more than 300 earthquakes. In this paper the dependence of the average amplitude of the seismoelectromagnetic signal on a distance in latitude and longitude of the point of measurements was studied. Besides, the dependence of the signal amplitude on (t, which is the time interval between the earthquake occurrence and the moment of measurement in a 24 - hour time window was also examined. This approach enables the authors to obtain a number of important results. For example, the seismoelectromagnetic effects are the most pronounced at the frequencies below 800 Hz near the focus. The extension of the disturbed region in latitude is considerably greater than in longitude. This conclusion agrees with the results of the papers (Parrot and Lefeuvre, 1985; Serebryakova et al., 1992; Chmyrev et al., 1997).

The results, presented in the works quoted, proved the existence of low-frequency (ULF-VLF) emissions in the earth ionosphere, connected with the seismic processes. A number of ground-based experiments on measurements of ULF-VLF emissions during periods of preparation and development of earthquakes also demonstrated the presence of low-frequency emissions in a wide range of frequencies, connected with seismic sources (Fraser-Smith et al., 1990; Gokhberg et al., 1982, 1988; Ralchovsky and Komarov, 1988). The results of the above quoted papers as well as those, described below concerning the analysis of "Cosmos-1809" data allow us to formulate the grounds for the methods of identification of earthquake precursors in ELF-emissions and in the distribution of ionospheric plasma parameters. The empirical models proposed above were developed on the grounds of limited experimental data since the satellite "Cosmos-1809" was not aimed at monitoring seismic activity and operated in the appropriate mode only during a small fraction of its lifetime. However, these models can form a base for developing the global models of a distribution of seismo-electromagnetic ELF radiation in the terrestrial ionosphere. These models will be refined and expanded both with the application of "Cosmos-1809" data and on the basis of new experimental results.
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ЕЛЕКТРОМАГНИТНИ И ПЛАЗМЕНИ ЕФЕКТИ ОТ СЕИЗМИЧНА АКТИВНОСТ В ЙОНОСФЕРАТА НА ЗЕМЯТА

Н.Исаев1, О.Серебрякова1, Д.Теодосиев2
Резюме.  Представени са резултатите от анализа на спътникови измервания на ELF електромагнитно поле и параметрите на плазмата над епицентрове на земетресения в районите на Крим, Кавказ, Иран, Средна Азия и Казахстан, по данни от спътника "Космос 1809". Анализът показва почти винаги повишение в интензивностите на ELF емисиите при честоти 140 Hz и 450 Hz за магнитната компонента и при 140 Hz за електричната компонента в близост до сеизмично активната зона (( ( = ( 6() на височина h = 950 км. Те се наблюдават от минути-часове преди земетресението, до няколко часа след земетресението. В много от изследваните случаи в смутената област се регистрират дребномащабни нееднородности в плътността на плазмата с характерни пространствени размери от 1-10 км, 1-50 км и 1-100 км. Големините на смущенията са от 4 % до 10 %, като тези нееднородности могат да бъдат свързани както с увеличение, така и с намаление в плътността на плазмата.
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