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Abstract. A technique of direction finding is proposed, istic wavelength (in vacuum) in the ULF frequency range is
which can be applied to the magnetic-dipole type source lo-so large that an observer is always situated in the near zone,
cated in the conductive ground. To distinguish a weak ULFi.e. in such a case the traditional radiowave methods, such
source signal from the natural noise a network of multicom-as the wave time lag measurement or miscellaneous interfer-
ponent magnetometers is supposed to be used. The data obace schemes, are inapplicable. Second, in practice, the ULF
tained by the ground-based stations is processed in such source of interest is seemingly located under the ground, may
way that a set of partial derivatives of the magnetic perturba-be at higher depth. In such a case the electromagnetic signals
tions due to the source are found. Comparing these derivaundergo a strong dissipation and dispersion since the ULF
tives with theoretical formulae makes it possible, in princi- field spreading in conductive layers of the ground is governed
ple, to find the ULF source parameters such as the distancky the diffusion law.

and amplitude. Averaging the data and a special procedure In spite of this fact Kopytenko et al. (2000, 2002) and
are proposed in order to exclude random fluctuations in thasmaguilov et al. (2003) have proposed a special technique
magnetic moment orientation and to avoid hydrogeologicalfor searching of the underground ULF source. A network
and other local factors. of the ground-recording stations equipped with magnetome-
ters was used to detect the time lag or the phase difference
between signals recorded at different points. This technique
is not reliable enough since the front of signal widens due
to the strong dispersion mentioned above. Besides, the typi-

The problem of direction finding of the underground Sourcecal time-sgale of the signals that can be_ related to earthquake

as well as the problem of searching of a weak electromagprecursor is as Iarg_e as se_veral tens minutes or hours so that

netic signal in the background of natural ionospheric andthe front of signals is practically gbsent. )

magnetospheric noise and man-made interference are of a | "€ concept of another technique based on the amplitude

special interest in geophysical studies. For instance, obsedifference measurements at different stations is the subject of

vations of the weak ULF electromagnetic signals before aPresentstudy. This technique can be applied just for the cases

strong crust earthquakes with magnitude-6 have been re- when the time lag and phase difference are hardly detectable.

ported by a number of authors (e.g. Fraser-Smith et al., 1990;

Bernardi et al., 1991; Kopytenko et al., 1990; Molchanov et

al., 1992; Hayakawa et al., 1996, 2000; Kawate et al., 19982 Direction finding in the case of two ground-recording

Singh et al., 2003; Varotsos et al, 2003a, 2003b). Whether ~Stations

these signals are really associated with tectonic activity and _ - o

earthquake preparation process have been a subject for r&1 this section we study a possibility of finding the ULF

cent discussions. In this sense a crucial method in solving th€0urce in the background of natural noise. Once the distance

above-mentioned problem could be finding the source signafrom the source is much greater than the source size one can

location. use a point-source approximation. In the analysis that fol-
In order to solve this problem one comes across a numbeloWs, we consider a lumped magnetic dipole immersed in a

of serious difficulties and complexities. First, the character-uniform conductor medium. The characteristic spatial scale
of the ULF-field generated by the source is supposed to be

Correspondence tov. V. Surkov much greater than the typical size of the ground inhomo-
(surkov@redline.ru) geneities. In practice, this scale is of the order of tens or
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tance between two ground-recording stations is of the order
zA y of [ ~10km, the lag time between the onset times is of order
At ~ uoorl/2 =0.6-1.3s.

| X It is usually the case that the duration of the seismogenic
o signals varies from several tens minutes till hours. The same
period of variation,I’, might be typical for the source itself.
SinceT > t; andT > Ar the shape of observed signal
is practically independent of the propagation timend the
time lag Az. This means that the electromagnetic field of
the underground source can be calculated in quasi-stationary
approximation. To first order in frequency the exact solution
of the problem obtained by Wait and Campbell (1953) is thus
transformed to the form

HO o, Pm - T
B=_My , 1
4 3 @)
Fig. 1. An illustration of equipment arrangement and the magnetic Which coincides with the field of magnetic dipole in the free
dipole location. space, that is the well-known Bio-Savart’s law. It is not

wonder because in the low-frequency limit the correspond-

ing skin-length tends to infinity. Note that,, in Eq. (1)
hundreds kilometers. Hence the mean ground parameters cghould be considered as a slowly varying function of time
be applied to study the field distribution. with characteristic period >17,.

In the model proposed by Surkov (1997, 1999) and Surkov Itis c;lear that the proble_m of direction fmdujg cannot be
et al. (2003) the effective magnetic moment results from theS0lved in the presence of single ground-recording station and
geomagnetic perturbations due to energization of crack forSC WO stations are necessary at least. The spatial scale of
mation in fracture zones in the vicinity of the fault. Acous- the ULF background noise originated from the ionosphere-
tic emission of the cracks in conductive layers of the groundMagnetosphere origin is of the order of hundreds and thou-

excites the geomagnetic perturbations and telluric currents i$ands kilometers. Suppose this spatial scale is much greater
such away that the net magnetic momgptmust be pointed than the characteristic length of the perturbations generated
oppositely to the vector of geomagnetic induction. by the ULF source. The influence of background noise can

We cannot come close to specifying the origin of the mag-then bet ehm;nateid b% S(;Jb'[l’iti?tIOP of the dﬁtiﬁbtalfidtﬁy ]EWOt
netic dipole in any detail, but we consider the case of ar-MagNEIOMELErs focated not far from each other. LEL the Nirs

bitrary transient magnetic dipole which is immersed in the magnetometer be at the origh of the coordinate system

uniform half-space with constant conductivity The exact and .the s_econd one is on the x-axis at the distancene
solution of the problem that takes into account the boundaryz'axIS points gpwards. . .
condition at the ground surface have been obtained by Wait n ggophyspa! r.esearch the source of Interest can be sit-
and Campbell (1953). It follows from this solution that the uated in the vicinity of a crust fault or in an earthquake

ULF electromagnetic field spreading in conductive mediumhypocenter at higher depth. If the source area is approxi-

obeys the diffusion law. For example, once the source “turnsmate'.y c:nlr;)mdes W|thhfocal zonel,tlts Crk]?radf”s“cl S;E? can
on” at the moment =0, the electromagnetic perturbations seemingly be as much as several tens kilometers. In this case

at arbitrary moment are basically concentrated within area the lumped dipole appIrOX|mat|on is applied .'f only the d|§—_

restricted by the radius; ~ 2v/D7, whereD = (j00)~2 ta_mce from the source is much greater than its characteristic
denotes the coefficient of magnetic diffusion in the conduc->"*€- . - .

tor medium andug is the magnetic constant. Hence the ve- In this study the point magnetic dipole is assumed to be

locity of the perturbations front propagation can be roughly ﬁ:i:\lxzd ?g'ng}’:'thticior?'t%at? zn{xt?’ )r)’?{ Zr$1} :]Ot Se det?r-
estimated as; ~ 7y ~ +/D/t. ed. The direction of the magnetic moment vegipris

A ding t t studv. the sianal ibl defined by two accidental angles andaz shown in Fig. 1,
_According to our recent study, the SIghals PossIbly assO-g, 141 the magnetic moment projections onto the coordinate

ciated with impending earthquakes have been detected NQes and p., are random quantities as well

farther thanr ~100—.200 km from_thg earthquake epicen.- Asféﬁ”ﬁg forlt?rzlé moment the angles anda? aré deter-

ter, as documented in many publlcat|ons.(e.g. see a revlevKwinate/fixed, the magnetic field of the point moment is given

by Surkov (2000), and references therein, Hayakawa an(é)y

’ , Eq. (1). If the distance from the momet>> [, one can
Molghanqv, 2002; Haygkawa and Hattor|,.2004)_ The PrOP- ;e the approximate formulaB ~ (I - V) B for the magne-
agation time for the signals can be estimated as follow

. 2/(4D) 2/4. Taking the above distances and ometer recording difference. The incremex® is theoreti-
a~T = Hoo T cally expressed through partial derivatives of Eq. (1). Usin
the conductivity of the upper crust =102 S/m, we obtain y exp ugh part vatv a- (1) s

- ) . the abbreviations; = 3/9;, we get
1ty ~3-12s. The characteristic velocity of the perturbation ' ' g
propagation isvy ~2/(upor) ~8-16km/s. Once the dis- 9;B; = A (Clijpx +bijpy + Cijpz) , (2)
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wherei = x,yandj =x, y, z.
Here the following coefficients are used

dyx = COSP1 (3 — 5co¢ /31) ,
yy = Gy = byy = COSP2 (l —5co0¢ ﬁ1> ,

dyz = Cxx = COSPB3 (1 — 5c0¢ ﬁl) ,

dyy = byy = by, = COSP1 (1 —5coé ﬂ2> ,

ay; = by; = cxy = cyx = —5C0SP1 COSP, COSP3, 3)
byy = COSp2 (3 — 5co¢ ﬂ2> :

by; = ¢y, = COSP3 (1 —5co0¢ ﬂz) ,

Crz = COSP1 (1 —5co0¢ ;33) , .

.= 1—-5co¢ B3), 4

¢yz = COSP2 (2 co$ p) ;@/é

A= < S0 ) .
471'r61

The direction cosines,

Fig. 2. A schematic drawing of the equipment arrangement and

cosp1 = @, CoSpo = E7 CoSBz = Z_O, the local coordinate systems. The predominant directiopfpis
ro ro ro shown by Z-axis.

that give the direction to the source are related as follows,
cos By + co< B, + cos B3 = 1. (4) Here we made use of the following abbreviations
Now we take into account the accidental character of the 2 2 2
magnetic moment. In this consideration, the accidentala _ ((8)(3},) >+((8xBZ) ) gy — <(a"By) > ®)
alternating-sign functions in Eqg. (2) should be replaced by 1= ((axBx)Z) 2= ((axBx)2>'
its mean square values

) sl 2l 2] The direction cosine cé8s is derivable from Eq. (4). The
<(3iBj) >= A <a,-,- <Px> + bj; <Py> +¢ij <Pz> + 2a;;b;; <P.xpy> derivatives in Eq. (8) can be evaluated through the average

+2aijci; (pep:) + 2bijci; (pypz)) _ ) squared differences obtained at different points.
Assuming for the moment, there is an equal probability for ((3, B)?) ~ l%((ABX)Z) , <(axBy)2> A 112<(ABy)2>,
direction of the magnetic moment vector, and then we get<(a B )2) ~d ((AB )2>

I Pz 12 @
(p?) = <p;%> = (p?) = (p?)/(p?)3. The probabilities for the
projections are independent with each other in such a wa
that(px py) = (pxp:) = (pyp:) = 0. Since the source loca-
tion is assumed to be constant, the anglgss, and g3 are
independent of time. It follows from Egs. (3)—(5), then

©)

Herel is the distance between two three-component magne-
¥ometers. Based on Egs. (7)—(9) and empirical data one can
find, in principle, the direction to the source.

Taking into account that the direction cosines must be
smaller than unity, we obtain the limitationg >5/3 and
((3:Bx)?) = A1 (5cod 1 — 2cod p1 + 1), ap <1. Itis obvious, if that is not the case, the assumption on

<(3x By)2> = A1 (0052 B1 + cog B + 5cog B cod B2) . (6) homogeneous probability distribution for the directiorpgf

P is not true. In such a case the more complicated technique
((0xB.)%) = A1 (co& p1 + co’ B3 + 5 cog B1 COS f3) , should be applied.

where
2

1 J2%) 3 Direction finding in the case of three ground-
A1=—A<p2>=3<p2> 2] _ iing g

3 Arrg recording stations
The sets of Egs. (6) and (4) can be solved for directiononce, in spite of accidental character of the magnetic mo-
cosines ment vectorp,,, there is a predominant orientation of the

1/2 is i ici
cod B = 5% ap+ 2+ [(al + 2)2 + 5a1] / ] ’ v.ectorpmz the_ use of_ two magnetometer§ IS msufﬁment to
! (7)  find the direction cosines. To illustrate this, consider an ar-

5cod 1—2cod p1+1)
1+5co0% B1 )

cod By = az(

rangement in which three three-component magnetometers
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are placed at three different points. One of them is located asquared projections gf,,, parallel and perpendicular té-z
the origin of coordinate system, the places of the second axis; that is

and third magnetometers are shown by the vedtpesdl, 2 2 5 5 .

in Fig. 2. Let z-axis be directed vertically upward while the <1’II> = <P co¢ 9> and <1’i> = <P sm20>. (13)
x-axis points from the West to the East and the y-axis pointsthe mean projections of the magnetic moment in Eg. (5) can

from the South to the North. For convenience we also use thge expressed through the mean values (Eq. 13) as follows
local Cartesian coordinate systems with their origins at points

01 and 0». The corresponding axes;,y1,z1 andxz,y2,z2, <P§) = 0-5(Pi) + pasSin? a1 cog az,
are chosen to be parallel each other as shown in Fig. 2. p2) = 0.5(p2) + pasSin? ay sirf az,
The lumped magnetic dipolg,, is characterized by the <P?) = 05(p?) + pasco a1, (14)
radius vectorg ={xg, yo, zo} and its orientation is random (pxpy) — PasSir? a1 Sinap cosas,
(Fig. 2). Making allowance for the inequalifyx| <« |ro| {pxpz) = pasSiNa1 COSa COS2,
wherek =1,2, one can use the approximate relationship< '

Py Pz) = pasSina1 COSw1 Sinay,
ABy =~ (I; - V) By. Hence we get y Z) as

where the parameter

k) _ k) (k) (k) (k)
ABY =109, B +1M0,B", (10, _ <pﬁ) _ O.5<pi>
wherelfck) andlﬁk) are the projections of the vectaisonto  takes into account the asymmetry of the probability density

the coordinate axes. The set of linear equations (10) can bdistribution. In particular, if all the directions of the vector
solved for the partial derivatives and their mean squared valp,, have equal probability, thepas =0.

ues are Substituting a set of Eq. (14) into Eq. (5), and using a set

5 of Eqg. (11), we come to a set of six equations for eight un-
((:B)%) = & <(AB§1>1§2> - aBiY) > known parameteras, a, B1, B2, B3, pas (p3) andA. As

] we have noted above, only five equations among them are in-
((ayB,.)2> = é (ABZ,(Z)Z,(CD _ ABi(l)lfcz)) > (11)  dependent. These equations should be supplemented by the

connection (Eq. 4). Nevertheless we need some additional
A D@ @ . : .
x Ly x by’ ' ¥, 2 information for solving the problem.

hould b d that in th h v i il It is worth mentioning that in some theoretical models the
It should be noted that in the atmosphere only five partia crack’s acoustic emission due to rock fracture gives rise to

derivatives ofB among the nine are independent values SINC&qrmation of the electric currents and geomagnetic pertur-

there are four connections between the derivatives followingOations whose effective magnetic moment points oppositely
from the Maxwe_lls equaﬂonjx B =0andv - B =0. In to the vector of local geomagnetic fieRly (Surkov, 1997,

our cas.e there is the connectibpB; = d; By. It follows 1999; Surkov et al., 2003). In such a case the angleand
from this, a2 can be considered as given values since the total mag-
netic moment of whole crack ensemble is directed oppositely
to the vectorBg. Note that the problem can also be solved

When substituting the experimental data in Eq. (12), one mayVhen the asymmetry parameter is small enough. The same
expect that this equation will hold only approximately. Nev- technique can be developed for the ULF electric current mo-

ertheless, Eq. (12) may be used for the control of recordingMent/dipole. o _
accuracy. One of the challenges of the direction finding problem is

dp know enough the influence of the systematic errors on the
results of measurements. For example, the magnetometer an-

. : t be quite co-directed. Besides it is possible to
it possible to evaluate the mean square of the tensor of all_e_nnas cannot be ; i
P d P think about the distortions of local Earth’s electromagnetic

tial der|vat|ves<(8,- Bj)2> in Eq. (11). Equating these exper- |4 caused by the relief features, meteorological and hydro-

imental derivatives to that given by Egs. (3) and (5), we cangeological factors, local variations of the ground conductiv-

estimate the mean magnetic dipole projections. On the otheity and etc.

hand, these mean projections can be calculated theoretically. |n order to eliminate the influence of these and other fac-
In order to estimate the averaged magnetic dipole projectors the data obtained in point3; and O, should be pre-

tions in Eq. (5) we suppose that there is a predominant direciminary corrected with respect to a reference magnetometer

tion for the vectorp,, despite of the accidental orientation of placed in the poin®. For example it is customary to correct

the magnetic dipole. This direction shown in Fig. 2 By z these dataB1 and B>, as follows

axis is defined by the constant angtesandaz. The prob- , ~ , A

ability density distribution around’&xis is assumed to be £ 1= Arx Bi,  B'a=~Azx By,

axially symmetric so that the direction pf,, depends solely whereA; andA; are the symmetric matrixes, whose coeffi-

on the polar anglé between the vectgp,, and Z-axis. This  cients are selected empirically in such a way that the quanti-

probability distribution can be characterized by the two meanties B’1 andB’, agree with each other and with the reference

ABPI® — ABPID = ABPI®Y — ABMIP), (12)

The main idea of the method proposed in the present pap
is that the use of the experimental differenrzteBi(k) makes
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magnetometer recording on average. In fact these matrixelayakawa, M. and Hattori, K.: ULF electromagnetics emissions
slightly turn the vectors of magnetic induction in order to  associated with earthquakes: Review, Trans. Fundamentals and
make the recordings compatible with each other. When cal- Materials, Special Issue on Electromagnetic Theory and Its Ap-

culating the difference&Bi(k) in Eq. (11), these corrected | pIicat.ilon ?/e(;‘ irl1<press, iOOi. A Hattori. K d Havak
valuesB’, and B should be used. smaguilov, V. S., Kopytenko, Yu. A., Hattori, K., and Hayakawa,

M.: Variations of phase velocity and gradient of ULF geomag-
netic disturbances connected with the Izu strong earthquakes,
Nat. Haz. Earth Sys. Sci., 3, 211-215, 2003,

SRef-ID: 1684-9981/nhess/2003-3-211.

. . . . . |Kawate, R., Molchanov, O. A., and Hayakawa, M.: Ultra-low-
This promising technique based on evaluation of the partia frequency magnetic fields during the Guam earthquake of 8 Au-

derivatives of the magnetic perturbations makes it pos- g,st1993 and their interpretation, Phys. Earth Planet. Inter., 105,
sible, in principle, to find both the location of the ULF 229 238 199s.

magneto-dipole source and the direction cosines of the meaRopytenko, Yu. A., Matiashvili, T. G., Voronov, P. M., Kopytenko,
moment vector. The technique can be applied irrespective E. A., and Molchanov, O. A.: Detection of ULF emissions con-
of the fact that either the remote source is situated in the nected with the Spitak earthquake and its aftershock activity,
ground, in the atmosphere or the ionosphere. In addition, based on geomagnetic pulsation data at Dusheti and Vardzia ob-
this technique is valid when the signals from underground servations, Preprint of IZMIRAN, 1990 (in Russian).
ULF source undergo strong dissipation and dispersion in<oPytenko, Yu. A., Ismaguilov, V. S., Kopytenko, E. A., Voronov,
conductive rock that makes difficulties in recording of time - M- and Zaitsev, D. B.. Magnetic location of geomagnetic dis-

. . A . turbance sources, DAN, series Geophysics, 371, 685-687, 2000.
lag and phase difference of the signals. From this viewpoint

h | f litud d ial derivati f h’Kopytenko, Yu. A., Ismaguilov, V. S., Molchanov, O. A., Kopy-
the analyses of amplitudes and spatial derivatives of the tenko, E. A., Voronov, P. M., Hattori, K., Hayakawa, M., and

magnetic perturbations, seems, to be more perspective. zyjisey, D. B.: Investigation of ULF magnetic disturbances in
There are two limitations of the technique, first, a spatial  japan during seismic active period, J. Atm. Electr., 22, 207-215,
scale of natural noise variation should be much greater than 2002.

both characteristic length of the ULF signal variation and Molchanov, O. A., Kopytenko, Yu. A., Voronov, P. M., Kopytenko,
distances between magnetometers, and second, the characE. A., Matiashvili, T. G., Fraser-Smith, A. C., and Bernardi, A.:
teristic source size must be small compared to distance from Results of ULF magnetic field measurements near the epicen-
the source. As both conditions are satisfied, the technique ters of the Spitak s =6.9) and Loma Prieta){; =7.1) earth-
allows us to discriminate a weak useful ULF signal from ‘izggezggmpara“"e analysis, Geophys. Res. Lett., 19, 1495~
background noise with ponfldencg. This |nfo_rmat|on can Singh, I’?. P. Singh, B., Mishra, P. K.. and Hayakawa, M.: On the
be extremely useful for interpretation of experimental data

. - . . lithosphere-atmosphere coupling of seismo-electromagnetic sig-
and for understanding of the origin the ULF signals and, in nals, Radio Sci., 38, 1065-1074. 2003.

particular, for finding the electromagnetic signals possibly grkov, v, v.: The nature of electromagnetic forerunners of earth-

4 Conclusions

related to impending earthquakes. quakes, Transactions (Doklady) of the Russian Academy of Sci-
ences. Earth Science Sections, 355, 945-947, 1997.

Edited by: P. F. Biagi Surkov, V. V.: ULF electromagnetic perturbations resulting from the

Reviewed by: two referees fracture and dilatancy in the earthquake preparation zone, in “At-

mospheric and lonospheric Phenomena Associated with Earth-
quakes”, edited by Hayakawa, M., TERRAPUB, Tokyo, 357—
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