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Abstract.  The conception of the discrimination of electromagnetic emissions possibly related to the seismic processes is discussed. Basic formulas relevant to estimates of expected electromagnetic field produced on the ground by mechanic-electromagnetic emitters in geophysical media are provided. The comparative elementary analysis of the structure of hypothetical electromagnetic disturbances, produced by a lithospheric source, and of common electromagnetic noises suggests some simple techniques for the discrimination of signals from those two sources during single-point ground observations. The suggested impedance method claims that the ratios between vertical and horizontal components for magnetic and electric wave fields could be used for signal discrimination. A comparison of the electromagnetic field structure excited by probable lithospheric source and atmospheric/ionospheric source indicates that the best chance to reveal an anomalous emission can be obtained with either a horizontal electric antenna, underground vertical electric antenna, or vertical magnetic antenna.
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Introduction: Seismo-electromagnetic VLF/ULF disturbances

Electromagnetic signals and noise seem to be one of the most plausible short-term precursory phenomena among the various kinds of geophysical fields changes preceding earthquakes. The observed anomalies of electromagnetic emissions cover the frequency band range from ULF (ultralow-frequency, ~10-3(1 Hz), ELF (extremely-low-frequency, ~0.1(1 kHz), VLF (very low frequency, ~1kHz (1MHz), and even up to HF (high frequency, ~1(10 MHz) band. The largest number of events were reported where pulse-like signals and noises enhanced few weeks-hours before an impending earthquake in VLF range (Malyshkov and Dzhumbaev, 1987; Fujinawa and Takahashi, 1990; Remizov et al., 1990, 1991) and ELF range (Maki and Ogawa, 1983; Oike and 1 Ogawa, 1986; Dea et al., 1993; Hata et al., 1996). Despite these promising observational results, the fact of occurrence of anomalous electromagnetic emissions before earthquakes cannot be considered as well established, because researchers are reluctant to publish negative results. Though, there are few reports on the lack of expected electromagnetic emission prior to seismic events under seemingly favorable conditions (Fenoglio et al., 1993; Fraser-Smith et al., 1994). The criteria of the choice of the VLF-ELF events by different authors are rather arbitrary. 
There are two main hypotheses regarding the generation mechanism of the VLF waves induced by earthquakes and volcanic eruptions:

- the first one proposes that electromagnetic waves are directly emitted by sub-surface emitters within the preparation zone (Gershenzon et al., 1987; Mastov and Lasukov, 1989);

- the second mechanism proposes that the emission is a result of radio path interference owing to a regional atmosphere-ionosphere disturbances before seismic events. Though being very questionable, so far it is the only way to interpret in principle the effect of "electromagnetic quiescence" before the seismic events sometimes observed (Malyshkov and Dzhumbaev, 1987; Tate and Daily, 1989). 

The generation of radio emission under pressure in a rock sample is a well-established fact in laboratory experiments and it may provide opportunity to evaluate the effective emission rate (Nitsan, 1977; Ogawa et al., 1985). However, the application of these estimates to the field observations met with difficulties, either due to incorrect calculation schemes (Warwick et al., 1982) or some fundamental inconsistence. 

The advantage of the ULF frequency range as compared with VLF observations is a larger skin depth, that enables the electromagnetic emissions in this band reach the ground directly from an epicenter of a forthcoming quake (Park et al., 1993). Studies of ULF disturbances in seismically active regions have revealed several classes of electromagnetic phenomena related to earthquakes:

(a) electromagnetic signals synchronous with the passage of seismic waves through the observation point from far earthquakes (Iyemori et al., 1996). These disturbances are caused by induction effects and are rather satisfactory described theoretically (see review (Surkov and Pilipenko, 1997)); 

(b) sporadic magnetic impulses, slightly preceding (~10 s) seismic fronts (Belov et al., 1974;Gokhberg et al., 1989). Probably, these transient magnetic impulses are excited by a rapid movement of large-scale crust blocks during a quake. No profound theory of this process has been so far developed, except some rough estimates of the effect (Gugliel'mi and Levshenko, 1994);

(c) irregular magnetic pulsations (Fraser-Smith et al., 1990; Kopytenko et al., 1993; Hayakawa et al., 1996; Matsumoto et al., 1996; Yagova et al., 2002) or sporadic impulses (Moore, 1964; Naumov,21999; Villante et al., 2001), observed tens of minutes - hours before earthquakes.

(d) precursory variations of the telluric electric field in ULF band were reported by VAN group (e.g., Varotsos et al., (1994)), who claimed that apart from bay-type long-term disturbances an every sizable quake (M ( 5) was preceded by a transient seismic electric signal (SES), recorded from several tens to 600 km. These short (~few minutes) sharp fluctuations had typical amplitudes ~1 mV/m, duration ~1 hour, and the time prior to an event ~ 7 hours, and were not accompanied by any significant magnetic variations. VAN group supposed that SES is related to the polarization (depolarization) of solids under stress. However, the VAN method remains highly controversial as shown in a GRL special issue "Debate on VAN" (Geller, 1996). Most debates were focused on the weak statistical evaluation of VAN prediction and the vague physical mechanisms for generation and propagation of SES. In particular, the study of electromagnetic noise in Greece by Pham et al. (1998) showed the existence of SES-like signals, that were clearly identified as emitted by the transmitters of local military bases. Thus, some SES interpreted by the VAN group as precursors to earthquakes are due to some digital transmitters. However, this does not exclude the necessity of further studies of SES morphology and their mechanisms. The two latter classes of ULF events, most relevant to the problem of earthquake prediction, are poorly studied and have no clear physical explanation (Surkov and Pilipenko, 1999). These anomalous ULF pulsations might be related to 

- electromagnetic radiation emitted by large-scale cracks during the final stage of the crust destruction (Molchanov and Hayakawa, 1995);

- the induction effect of cracking-induced acoustic emission (Surkov et al., 2003);

- electrokinetic effect of non-steady fluid dynamics in fracture zone (Fenoglio et al., 1995; Fedorov et al., 2001). All the reported observations were conducted in areas as much as possible free from industrial and natural interference, though it is hardly possible in industrialized countries. Thus, the feasibility of seismic-related emissions observations in densely populated cities, which evidently is a far-reaching goal of these studies, was not even considered.

The principal drawback of all reported observations was that for a search of seismic-related electromagnetic signals the same equipment (vertical electric aerial, horizontal induction coils, etc.) were used that had been elaborated for the study of atmospheric and space wave phenomena. That's why, even for the "successful" observational results some ambiguity still remains and provides reason for controversial interpretation.

The key problem in the study of anomalous electromagnetic disturbances related with seismic activity is the elaboration of effective algorithms to discriminate these effects from common natural or industrial activity. The suggested methods can be categorized into three groups:

Spatial-gradient methods are based on an expected difference between the spatial structure of ionospheric disturbances and local seismogenic noises, and require a multi-station array. Krylov and Nikiforova (1995) suppressed the ionospheric ULF noise with the help of a gradient installation with precise measurements and subtraction by two high-sensitive induction magnetometers separated by ~ 0.1-1.5 km. To avoid the seismic impact on the installation the sensors were oriented along the geomagnetic field. The non-compensated signals with field gradients more than 10% have been identified as a new natural electromagnetic emission of seismic and seismic geological media. The emission formed local "spots" of intensity with mosaic spatial distribution with typical scale less than 1 km. It was suggested that the physical nature of this noise is related with discrete disorientation of geomagnetic domains, though the efficiency of this mechanism has not been estimated. The experimental results of gradient measurements are highly sensitive to the sensors orientation and need further verification. Later on, similar gradient installations were deployed in seismic regions in Japan.

Spectral-statistical methods are based on the detection of anomalous behavior of statistical features of long-lasting electromagnetic observations (Mastov et al., 1986), and have been used surprisingly rarely so far. Spectral discriminants for the extraction of signal from noise was used by Beljaev and Remizov (1993) in the analysis of the recordings of the impulsive electromagnetic field in ELF and VLF bands. The introduced parameter that stressed the relative increase of ELF component as compared with VLF part indicated the occurrence of an anomaly with duration ~ 2 hours about 16 hours before quakes with M ( 3(4 at R ( 150(500 km. The occurrence of abnormal electromagnetic noises could be revealed by the methods previously developed for the earthquake explosion differentiation. An average explosion spectrum can be clearly differentiated from the shallow quake spectrum by the slow drop of at higher frequencies. The spectral discriminator, based on various combinations of normalized moments of spectral frequencies, may be applied and validated for an electromagnetic warning system as well.

Polarization-impedance methods are based on specific features of seismic-related signals (i.e. polarization and impedance), and require simultaneous usage of both the magnetic and electric components of a signal under study (Pilipenko et al., 1998). We believe that the latter group of methods might be an effective discrimination tool, that has been insufficiently used so far. In this paper we indicate some simple methods for the detection and discrimination of anomalous signals of lithospheric origin, and justify them by derived relationships between components of the electromagnetic field generated by sources of different physical nature.

Micro-fracturing as an emitter of electromagnetic emissions

Most probably, the seismic-related emissions in VLF band are related to local sub-surface emitters. The density of cracks n in these layers is much less than the critical density n* in the epicenter of a forthcoming earthquake, n << n*. In its turn, electromagnetic disturbances in ULF band have skin-depths (g larger or comparable to typical depths of the crust earthquakes. So, ULF signals can contain information about destruction processes within an epicenter region, where the cracks density approaches the critical values, i.e. n ( n* (Gershenzon et al., 1989). For our consideration a particular micro-physical mechanism of the generation of electromagnetic disturbances is not important. The basic approach proposed in this paper is the same both for the VLF and ULF frequency bands, and some specifics for each band will be indicated. All relationships are given in SI units, however, for comparison with other results some formulas are given in Gaussian units (in square brackets). A geophysical medium can be characterized by the complex dielectric permeability ( or complex conductivity (
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where (0 is dielectric constant, (r = ( + i(st/(0( is the relative dielectric permittivity of a medium, and (st is the static conductivity. Any local mechanic-electromagnetic process can be described as an effective emitter, such as:
- Electric dipole PE = Ql

- Magnetic dipole PM = IS(
where l is the distance between separated charges Q. Sometimes it is convenient to introduce the current dipole M = ( jd3V . 

Electric and magnetic fields generated by an elementary emitter (e.g., electric dipole) is composed of the near-field part (dominating at distances R much less than a wave length, R <<(), intermediate part (R ( (), and far-zone field (R >>(), that is

E = Enear + Emid + Efar,   H = Hnear + Hfar
In the near zone the E field is nearly electrostatic and rapidly decays with distance (( R-3)

E = (3 R(PE.R)(PE.R2)/4((R5

The magnetic field in the near zone is due to an induction field (( R-2), and is described by the Bio-Sauvard law

H = [M(R]/4(R3 ( (i(PE/4(R2
In the far-field zone both electric and magnetic components are radiation and slow decaying (( R-1)

E = (k2PE/4((R,    H = ((k [PE(R]/4(R2
where k is the wave vector. For the magnetic dipole the formulas are the same with the substitute PM (
PE, and E ( H.

Under typical conditions, in the ULF-VLF frequency range the crust should be considered as a conductive, rather than dielectric, medium, so ((( >> (0  and ( ( (i((( << (0. Neglect of this fact (Gershenzon et al., 1987) leads to the overestimation of possible electromagnetic power on the earth's surface emitted by micro-fracturing process. In fact, the efectiveness of an emitter in a conductive medium may be even weaker than described by the above elementary formulas because of the concentration of back currents near the emitter and larger Ohmic losses.

Micro-crack as an emitter of electromagnetic waves

Micro-cracking is accompanied by a charge separation and its subsequent relaxation. This process produces time variations of the effective electric dipole moment, thus providing electromagnetic emission, which intensity can be estimated by the above elementary relationships. The frequency of the relevant electromagnetic burst is determined by the characteristic time scale, ( , of the charge variations as f ( (-1. The emission intensity decreases with the increase of f.

The variation of the electric charge accumulated either on the borders of a crack (Molchanov and Hayakawa, 1995) or in the tip of a crack (Gershenzon et al., 1986) is determined by two typical time scales:

- time of a crack (with scale L) growth with velocity Vc: ( ( L/Vc;

- time of charge relaxation through a surrounding conductive medium: (0 ( ((0((((.

Here the first factor, ((0(((, is the ordinary Maxwellian time of relaxation of a point charge in an infinite medium. The geometric factor ( (L/(L) depends on a crack geometry (i.e., the ratio between length L and thickness (L of a crack). It can be estimated for elementary geometrical models of a crack: for the sphere ( = 1.5, and for the ellipsoid with small axis (L and large axis L, ( = ((/2)(L/(L). For typical thin cracks with (L/L ( 10-2 the factor ( may increase the relaxation time (o up to two orders of magnitude. This factor would also decrease the frequency and alter the emission intensity.

The radiated electromagnetic power in a far zone is determined by the ratio between the typical scale of emitting system l and the wavelength of electromagnetic wave ( ( k-1, as follows

J = I02(kl)2/48((c
where I0 is the magnitude of an oscillating current. Because the typical crack size L is by many orders of magnitude less than the wavelength (, even in the VLF range, so the factor kl ( kL is very small. Thus, the formula (2) shows that a micro-crack is a poor emitter of radio waves, and the electromagnetic signal from a micro-crack can hardly be detected in the far zone. 

However, we cannot exclude that the global nature of the destruction processes in the lithosphere can cause a certain rate of synchronization of the cracking. In this case, a system of cracks would act as a coherent emitter. As a result, an effective antenna length would increase and the radiated power would substantially increase also. For example, for the same power supply a system of n coherent emitters would generate a signal with amplitude (n times more than a system of non-coherent emitters. Also, it should be noted that the efficiency of underground emitters can be substantially enhanced by the presence of a steep geo-electric inhomogeneity. However, these possibilities are very hypothetical so far and they have not been justified yet by any model.

Underground electric dipole model of a micro-crack
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Fig. 1 
The above consideration indicates that micro-cracks are poor emitters of ULF or VLF waves, and discernible electromagnetic waves could be hardly detected in the far-field zone of these emitters. Therefore, any physically reasonable methods should be aimed at the detection of electromagnetic field from underground emitters in the near-field zone (kg( << 1), where ( is the distance along the surface from the epicenter, and kg ( (g-1 is the wave length in the crust. For a physical insight of the electromagnetic field structure from an underground emitter let us consider the elementary problem of a buried electric dipole. We assume that such a dipole with an arbitrary oriented moment PE = qL = iIoL/( is situated at depth z = -h, as shown in Figure 1. Neglect of the air conductivity and displacement currents ((( 0, (o (0) results to the "current non-penetration" boundary condition, namely jz(z = 0,() = 0. According to the mirror images method and this boundary condition the total E field inside the ground is composed of the action of real (z = -h) and imaginary (z = h) dipoles. The E field in the air is produced by the real dipole and induced surface charge Q. The electric field of this surface charge can be replaced by a field produced by an imaginary dipole at z = -h. Hence, the resultant E field in the air can be calculated with the ordinary formulas for electric dipole in an infinite media, but with the moment 2PE, as follows

Er =  PE cos(/((R3,   E(= PEsin(/2((R3 

(3)

From (3) it follows that both E( and Er electric components, generated by an underground dipole in the near-field zone, are comparable in magnitude above the Earth's surface. 

The magnetic component in the near zone of the electric dipole is to be relatively weak, as follows

H/E ( (i((R




 (4)

The relationship (4) shows that in near-zone magnetic and electric components are in-quadrature, in contrast to the far-zone, and magnetic component is relatively weak, as (H=E(( (kgR) << 1. 

Our consideration has been limited to the near-field zone of the underground dipole, that is ( < (g. At larger distances from the source epicenter, when (g << ( << (0, that is within the near-field zone according to the wavelength (o in the air and the far-field according to the ground wavelength, other relationships for the ground electromagnetic field excited by an underground dipole should be used (e.g. (Banos, 1966)). Typically, for ULF frequency band the latter approximation is valid starting from relatively large distances ~ 102 km. 

Now let us consider the relationship for the electromagnetic field at the surface excited by an underground emitter at depth h slightly beyond the near-zone (ko( << 1, kg( >> 1), namely

Ez = ( (((0((((2((k02/kg3(cos((   E( ( i(((0((((3((1/kg(2cos(
Here the factor exp ((iko( ( ikg(h + z)) has been omitted, and all components are normalized to Iol. From (5) the ratio between vertical and horizontal electric components is as follows

(Ez/E((( i(k0/kg((k0(( << 1 



(6)

The above means that wave Ez decays faster than the horizontal E does.

Field structure of atmospheric and lithospheric electromagnetic emissions
To give the idea for the possible discrimination between signals from ionospheric/atmospheric sources and underground sources, let us consider the multi-component structure of electromagnetic disturbance at the ground-air boundary. In our elementary treatment this surface is assumed to be a boundary which separates two media with different electromagnetic characteristics.

Basic properties of electromagnetic waves in layered media

The propagation of electromagnetic disturbances in a medium is described by the system of Maxwell's equations:

[((H] = (i((E      [((E] = i((0H 


(7)

where (0 is the magnetic permeability of free space. Any electromagnetic field which impinges the ground-air interface can be presented as a sum of incident and reflected plane waves of the form ( exp((i(t+ikr){exp(ikzz)+Rexp(-ikzz)}. Both media are characterized by their characteristic resistance (or impedance) Z and wave vector k, which are determined in the following way

k = (((((1/2(  Z = (((()1/2 


(8)
Both media are considered to be non-magnetic, i.e. (((0. The above parameters are essentially different in the two media:

- In the air, where ( = 0, the characteristic impedance is Z0 = ((o((0) = 120(  Ohm, and the wave vector is k0 = (((0(0(1/2( ((c.

- In the ground, where (st((((( >> 1, the wave vector kg = (i((()1/2 = (1+i)(g-1, and impedance is Zg = ((0(kg = ((0(((st(1/2 = Z0(kg/k0).

Here the skin-depth is (g = (2(((st((1/2 (((((f(st(-1/2.  At the air-ground interface the boundary conditions must hold: {E(} = {H(}  = 0 and {(En} = {(Hn} = 0. 

At first glance it seems, as Hayakawa et al. (1993) assumed, that electric and magnetic components of the wave in each medium must be related by their corresponding wave resistances, e.g. Z0 or Zg. However, it is not the case near the Earth's surface where incident and reflected waves are superposed. 

In a laterally homogeneous layer the set of Maxwell's equations for plane waves ( exp((i(t + ik(() is decomposed into two sub-systems for partial waves of electric (E) and magnetic (H) types. If we assume that x is the wave propagation direction along a waveguide (kx = k(), then the properties of these wave modes are as follows:

- in electric (TH) mode: Ez ( 0 and Hz = 0, E( (( k(, whereas Hx = 0. This mode can be excited by a vertical electric dipole, such as radio transmitters, lightning, etc. - In magnetic (TE) mode: Hz ( 0 and Ez = 0, H( (( k(, Hx ( 0, and Ex = 0. This mode is excited by a magnetic type source (loop current). 

In the general case (e.g., inclined electric dipole in the atmosphere), both modes are excited. Both modes are described by the same dispersion equation

kz2 + k(2 = i(((



 (9)

The Snellius law for the reflection and refraction of plane waves at a boundary reduces to the continuity of transverse wave vector k( = (kx, ky). The surface partial impedances of electric and magnetic modes at the boundary between two homogeneous hemi-spaces are (Chetaev, 1984)
Z(E) = (ikz/(;    Z(H) = ((/kz 



(10)

Structure of ULF waves from ionospheric/magnetospheric sources

The apparent impedance of an ionospheric/magnetospheric signal in ULF band, i.e. the ratio of the electric component to the magnetic one, above a laterally homogeneous ground surface is equal to the Tikhonov-Cagniard impedance Zg (Kaufman and Keller, 1981), determined only by the vertical distribution of crustal conductivity, but not by the wave parameters

E( = (Zg[n(H(] 



(11)

where n is the vector normal to the Earth's surface pointing downward. The apparent resistance (a of the crust is related to the TC impedance as (a = ((()-1(Zg(2. 

The vertical component of the ULF magnetic field, Hz, is a sensitive indicator of inhomogeneities of both the ULF field and crust conductivity. The relationship between Hz and the horizontal magnetic component, H(, of the ULF field can be easily estimated in the case of strong skin-effect, which is valid in a wide range of the crust and ULF waves parameters, as follows

Hz = i((()-1 (Zg(( H( + H((Zg) 


(12)

From (12) it follows that the ratio between vertical and horizontal magnetic components of the ionospheric / magnetospheric ULF waves is about the ratio between the skin-depth and wave horizontal spatial scale (
(Hz/H(( = (kg()-1 



(13)

This ratio in the most typical situations is small.

Structure of ULF seismo-magnetic signals

The induction effect of the seismic waves can be estimated from the Maxwell's quasi-stationary equations. The magnitude of the magnetic field B induced by the conductor oscillations in the geomagnetic field B0 is determined by the Reynold's magnetic number Rem = ((Cs(s = (-1((s/(g)2, where Cs is the velocity of seismic wave, (s is the wave length, (g is the skin-depth.

In the case Rem >> 1 ("frozen-in limit") the following estimate of the induced magnetic field can be obtained B/B0 ( v/Cs ( (s/(s, where (s and v are the displacement and the velocity of the medium associated to the seismic wave. In the reverse extreme case Rem << 1 ("diffusion" limit) the induced magnetic field is smaller and can be estimated as B/B0 ( (v/Cs)Rem. 

The electric field component in an inertial reference system can be estimated from the Faraday's induction equation E ( CsB. As sensors oscillate with the earth's surface, the transformation of the electric field into a laboratory system should be taken into account: E0 = E + [v(B0]. In the "frozen in" limit the electric fields in the inertial and the laboratory systems are of the same order. In the "diffusion" limit the electric field in the laboratory system is determined by the transformation factor, i.e. E ( vB0. Neglecting the transformation effect, the apparent impedance of the seismo-induction signal is determined by the velocity of the seismic wave

Zind = E/H ( (Cs 



(14)

Moreover, the seismo-magnetic signal polarization, induced by a plane seismic wave, in the vertical plane in the atmosphere is strictly circular, which follows from Maxwell's equations ((H = 0 and ((H = 0, namely: Hz = i((k((/k()H(. So, seismo-magnetic induction signals could be retrieved from ionosphere-magnetosphere ULF background basing on the specific polarization and impedance features, described above. A very promising direction of the study of seismo-electromagnetic ULF activity is the deployment of magnetometers and electric sensors at the sea bottom near seismically active shores (e.g., Japan, California, Kamchatka). There are several factors which make these observations more effective than the existing ones on-land observations:

- the background technological and ionospheric noise is substantially screened by the water layer;

- the attenuation of possible lithospheric signals is to be less owing to the closer proximity to most  epicenters and absence of attenuation by highly-conductive sea. 

However, the difficulty that is related to contamination of data with interference induced by water movement may arise. The impedance technique outlined in this section can be applied to eliminate this influence using specific magnitudes of apparent impedances of magneto-induction signals.

Structure of VLF electromagnetic field from far sources above the ground

The background VLF electromagnetic noise is mainly produced by distant thunderstorms, radio transmitters, etc. Now we consider the main features of the electromagnetic field structure near the surface from distant source. The particular kind of radio transmitter is not essential for the structure of a wave field in a far zone. The needed relationships can be derived from the local Leontovich boundary condition, which is valid in the VLF range with great surplus (i.e., kg ~ k0).

The Leontovich boundary condition couples horizontal magnetic and electric components by the impedance-type relationship

E( = Zg[n ( H(],

where 

Zg = Z0(g–1/2       [Zg = (g–1/2] 



(15)

The relationship between the vertical, Ez, and horizontal, E(, electric components can be obtained by differentiating (15) by transverse coordinate and using the Maxwell's equation [(( H]z = (i((0Ez in the air ((st = 0; (r = 1) as follows

Ez = (ik0-1((g(1/2(((E(( ( (ik0-1(Z0/Zg) (((E(( 

(16)

From (15, 16) the ratio between Ez and E( follows

Ez/E( = (kg/k0)  = ((g)1/2 >> 1 



(17)

The above means that the VLF electric field is nearly normal to the Earth's surface. The small component along the propagation direction emerges due to a finite Earth's conductivity. 

In a similar way, using the Maxwell's equation [((E]z = i((0Hz, and impedance relationship (15) one can obtain the well-known Wait's formula, which couples the vertical and horizontal components of the wave magnetic field

Hz = (ik0-1(Zg/Z0)((H( 


 (18)

From (18) the ratio between Hz and H( for an atmospheric plane VLF wave can be estimated as j (Hz/H((( Zg/Z0 ( ((g)-1/2 << 1. Hence, the vertical magnetic component above a homogeneous surface is small as compared with the horizontal magnetic component.

Discrimination between VLF-ULF electromagnetic field of atmospheric and lithospheric origin

The principal problem in the study of seismo-related electromagnetic disturbances is the discrimination of these effects from common natural or industrial activity. Here we indicate some simple methods of discrimination, based on some specific features of seismic-related signals.

In the VLF range radio waves propagate mainly as E-mode and are observed in the far-field zone. This mode is by vertical electric dipole type sources, such as radio transmitters, lightning, etc. Contrary to the VLF radio wave, the magnetospheric sources of disturbances in the ULF range are above the conductive ionosphere and they practically cannot excite E-mode in the atmosphere, because ionospheric currents do not penetrate into the low-conductive atmosphere. The Ez component of background ULF signal of a magnetospheric origin is small and is about the fair weather atmospheric electricity noise that is about 1 V/m (Anisimov et al., 1993). It is the magnetic mode that is effectively excited by ionospheric / magnetospheric ULF sources above an observation site.

Discrimination by apparent impedances

The ratio between electric and magnetic components at the boundary of two media is determined by the impedance of the medium where the wave will propagate. In a case of ionospheric signal, which is incident on the highly-conductive earth surface from above, the impedances of both modes do not depend on the wave's spatial structure and are reduced to TC impedance, that is 

Z(E)atm = Z(H)atm ( Zg 



(19)

For a wave from a probable lithospheric source, which impinges on the surface from the Earth's interiors, partial impedances Zlit of the E and H modes are different and depend on the wave structure, as follows

Z(E)lit = i(k((Z0/k0;   Z(H)lit = (ik0Z0/k( 

(20)

The impedances (20) of a signal from an underground source can be compared with ordinary TC impedance of a signal from an atmospheric/ionospheric source (11, 15)

Z(E)lit/Zg = i(k((kg/k02;     Z(H)lit/Zg = (ikg/(k(( 

(21)
For the reasonable parameters of a probable lithospheric source, e.g. (kg(((k((>> k0, the comparison (21) shows that (Z(E)lit(>> (Zg(and (Z(H)lit(>> (Zg(. Therefore the ratios of horizontal electric and magnetic components are essentially different for ionospheric and lithospheric signals, especially for the electric mode. Simply speaking, in an ionospheric signal incident on highly conductive ground: E is small and H is nearly doubled at the interface air-ground, whereas in a lithospheric signal: H is small and E is doubled. 

The absolute values of horizontal E and H components can be envisaged with the transformation into the Gauss units, where they have the same dimensions. These dimensionless impedances can be obtained from impedances in SI units by dividing by Z0 (i.e., Z = Z(Ohm)/Z0(Ohm), that is Zg/Z0 = k0/kg:

Z(E)lit/Z0 = i(k((/k0;     Z(H)lit/Z0 = (ik0/(k(( 


(22)

As might be expected, for the underground electric source the absolute value of E component is larger than H component. In the specific case of an underground magnetic source the H component is larger than E.

Ratio between vertical and horizontal components

The vertical components in the air can be estimated from the Maxwell's equations for partial modes and corresponding impedance relations (21). For magnetic and electric modes, correspondingly, one can obtain

Hz/Hx = i(k((/kx ,          Ez/Ex = i(k((/kx 

(23)

The operator in k-space corresponds to the integral operator in x-space. So, an exact spatial structure of amplitude-phase relationships between components of electromagnetic disturbance from a subsurface source can be obtained only with the solution of a particular problem. However, as follows from (23) (Hz(k)(=(H((k)(This shows that for lithospheric signals by the order of magnitude the vertical and horizontal magnetic components are comparable in general. In contrast to this, for the ionospheric signal, as follows from (12, 18), Hz component is small above the highly-conducting crust, i.e. (Hz/H((<< 1. The ratio between vertical and horizontal magnetic components are essentially different for signals from different sources, i.e. (Hz/H((lit >> (Hz/H((ion

Thus, multi-component observations of the ULF field, including magnetic and electric components, may be an effective tool for the discrimination between signals of ionospheric and seismic origins.

Recommendations for optimal choice of antenna

Here we compare the relationships from textbooks on radio wave propagation theory (e.g., Rjazantzev and Shabelnikov, 1965) with the predictions of features of possible underground seismic-related radio emitters, made in previous sections. On the basis of this comparison we suggest the optimal choice of antenna that will enable one to suppress any undesired component of background electromagnetic emissions and this way to achieve a higher signal-to-noise (S/N) ratio in search of seismo-electromagnetic emissions. This background electromagnetic noise is mainly produced by distant thunderstorms, radio transmitters, etc., in the VLF-ELF range, and by ionospheric/magnetospheric disturbances above the observation site in the ULF range. Now we consider the main features of the VLF electromagnetic field structure near the surface from a distant source. The particular kind of a source is not essential for the structure of a wave field in the far zone. For the case of an emitter above the ground (h = +0) in the far field zone (k0( >> 1) the vertical component, Ez, Hz, and the components along the direction of propagation, E~, H(, and across it, H(, are as follows:

Ez = i(((0((((((k0/kg(cos(
E(=  ( i(((0(kg(H( = i(((0((((((k0/kg(2cos( 
 (24)

Hz = (1/2((2)( k0/kg(2sin(
In the above formula the attenuation function and phase factor exp((ik0() have been omitted, and all field components are normalized to I0l. Several important features of the electromagnetic field structure excited by a far source above the ground are to be mentioned:

As expected, for atmospheric signal the ratio between horizontal electric and magnetic components is determined by surface impedance (E(/H(( = Zg. From (24) the ratio between vertical and horizontal electric components is as follows

(Ez/E(( = (kg/k0) >> 1 


(25)

This inequality indicates that the wave electric field is nearly normal to the Earth's Surface, and only a small component aligned with the propagation direction emerges due to a finite Earth's conductivity. In other words, radio wave propagates mainly as E-mode. Hence, this type of signal will dominate in an output of a vertical electric antenna, and much less component will leak into a horizontal electric antenna. At the same time, signals from local underground emitters have comparable vertical and horizontal electric components. Therefore, the recording of signals from underground emitters with a horizontal electric antenna will provide a much higher S/N ratio. In the ground, the vertical electric component from the atmospheric source drops significantly and becomes less than the horizontal one. Indeed, the ratio between Ez in the air and in the ground as follows from the vertical current continuity

Ez(g)/E((g) = (k0/kg)2 



(26)

results in the following relationship

(Ez(g)/E((g)( = (k0/kg)2 << 1 



(27)

On the other hand, the lithospheric signal inside the ground has comparable vertical and horizontal components, as was shown in the previous sections. Hence, to suppress an atmospheric signal and reveal the emission from an underground source a vertical electric underground antenna might be effective. The ratio between vertical and horizontal magnetic components for ionospheric/atmospheric wave can be estimated from (24) as

(Hz/H((= k0/kg << 1 



(28)

Hence, Hz above a homogeneous surface is small as compared to H(, whereas an underground source provides comparable vertical and horizontal magnetic components. Thus, a magnetic component of a lithospheric signal is to be detected with vertical magnetic antenna to provide a better S/N ratio.

In summary, we suggest that for the observations of electromagnetic noises, possibly related to the final stage of an earthquake, the optimal conditions from the view of S/N ratio for the detection of lithospheric radio emission could be achieved with:

- above-surface horizontal electric antenna,

- sub-surface vertical electric antenna,

- vertical magnetic antenna.

Discussion

The model of sub-surface radio-emitters have been considered in (Gokhberg et al., 1988) and it has been concluded a vertical electric antenna is the most effective for the detection of lithospheric VLF radioemission. This conclusion justified the numerous previous observations of electromagnetic noises, possibly related to final stage of earthquake development. In contrast to this, we think that technique used so far is not optimal from the viewpoint of S/N ratio for the detection of lithospheric radio emission.

Actually, some of the criteria have been successfully applied already for the retrieval of seismic-related ULF signals by Hayakawa et al. (1996). As another example, confirming the proposed approach, we note that ULF signals before M = 4.6 quake in California were detected with vertically oriented search coil sensor and were not detected with horizontally oriented sensors (Dea et al., 1991). Our consideration has shown that in the air the vertical and horizontal electric components from an underground source are of the same order. Hence, the suggestion, which can be met elsewhere (Finkelstein and Powell, 1970), that Ez produced by an underground source can be enhanced by ((g=(a) times due to a vertical current continuity at the drastic contrast between the ground and air conductivities, is incorrect. An effective usage of underground antenna for registration of a vertical component of the underground electric field was demonstrated by Yuan et al. (1996). During nearly 2 years of operation anomalous signals both in ULF (0.01-1 Hz) and VLF (1-9 KHz) were detected before all 12 earthquakes with M = 4.0(6.3 within few hundreds km. A strong irregular ULF signal occurred about 15 days before the shock and lasted from 3 to 18 hours.

The basic ideas of the proposed discrimination methods have been based on the simplified consideration of plane waves. A further development of these methods demands the elaboration of more sophisticated numerical models with more realistic sources and propagation patterns (e.g., Honkura and Kuwata, 1993).

Conclusion

Some considerations concerning the detection of anomalous electromagnetic emissions, possibly related to seismic activity, have been provided. The comparative elementary analysis of the structure of hypothetic electromagnetic disturbances, produced by a lithospheric source, and of common electromagnetic noises suggests some simple technique for the discrimination of signals from those two sources. It is claimed that the following ratios between components could be used: vertical magnetic and horizontal magnetic, horizontal electric and horizontal magnetic, vertical electric and horizontal electric. We suggest that for the observations of electromagnetic noises, possibly related to the final stage of an earthquake, the optimal S/N ratio for the detection of a lithospheric radio emission could be achieved with the above-surface horizontal electric antenna, sub-surface vertical electric antenna, or vertical magnetic antenna. As a far-reaching goal, an ideal observatory for the monitoring ULF/VLF seismo-electromagnetic disturbances should include 6-component observations in the air, and measurements of the vertical electric field in a borehole (Hayakawa et al., 1993; Yoshino et al., 1985).
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Откриване и различаване на vlf/ulf сеизмогенни електромагнитни емисии
В. Пилипенко, П. Неновски, Х.Танака

Резюме.  Дискутира се концепция за различаване на електромагнитни емисии, свързани вериятно със сеизмични процеси. Дадени са основни формули, които се отнасят към оценяване на електрично поле от механично-електромагнитни излъчватели в геофизичната среда, проникнало на повърхността. Направеният елементарен сравнителен анализ на структурата на хипотетични електромагнитни смущения, генерирани от литосферен източник, и на обичайните електромагнитни шумове предлага някои прости техники на различаване на сигнали от тези два източника, получени с еднопунктови наблюдения. Предложеният импедансен метод претендира, че отношението между вертикалната и хоризонталните компоненти на магнитното и електричното полета би могло да се използва за различаване на сигналите. Сравнението на структурата на електроматнитното поле, породена от вероятен литосферен източник, с такава от атмосферен/йоносферен източник показва, че най-добри шансове да открием аномална електромагнитна емисия може да получим с хоризонтална електрическа антена, вертикална електрическа антена под земята, или с вертикална магнитна антена.
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