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METOAWKA OLIEHKU PUCKA BO3HUKHOBEHWSA HOBEMLLUX OMON3HEN Or0-3ANAQHOIMO BEPEIA KPbIMA

NHxeHepHO-2€0/102U4ECKOE OCBOEHUE MEepPpUMoOpuUU HKHo20 6epeza Kpbima, komopbil siensiemcsi akmugHol 2e051020-MeKMOoHUYecKol
cmpykmypoli, ece20a yc/10XHSI/IOCb WUPOKUM pacrpocmpaHeHUeM 3K302eHHbIX 2eosio2udeckux npouyeccoe (3IT1). Ocob6eHHO onacHbIM siefieHuUeM
0Ons pea2uoHa siensitomcsi ononsHu. llpakmuka yKpernieHusi CKIIOHO8 U ycmpaHeHUs1 OCHOBHbIX ¢haKmopoe ornosi3HeobpasoeaHusi Ha uccnedyemol
meppumopuu npodosikaemcsi noYmu nosicmosiemusi. 3a yka3aHHbIl nepuod paspabomaH KOMMIEKC MeMOOUK C Ueslblo OCyu,ecmesieHusi uHxe-
HepHO-2€0/102U4eCKUX Meponpusimul, a makxe eHeOpPeHbl OCHO8bI MPO2HO3UPOBaHUsI aKmueu3ayuu ornos3Hel U ux o6HapyXeHuUsi Ha MeCMHO-
cmu. OdHako, HecMOmps1 Ha yKpeneHue KOHmpgopcoe u cmabunu3ayuro 2paHOUO3HbIX OMOJI3HE8bIX CUCMEeM, Ha Ce200HAWHUU OeHb Habnrooda-
emcsi meHOeHYUs1 akmueu3ayuu U 803HUKHOBEHUSI COBPEMEHHbIX Ornosi3Hell He2sly60K020 3as/l0KeHUsI MeXHO2eHHO20 U 3PO3UOHHO20 MPOUCXONK-
OeHus. lMocnedHue ¢hopmupyromcsi 8 NMOKPOBHbIX 3J1H08UANIbHO-0es1H08UAaNIbHLIX OMIIOXKEHUsIX, Komopble 3arie2alom Ha nuuwesbix hopmayusx
maepuyeckoli cepuu u cpedHeropcko2o eo3pacma. [ToecemecmHoe pacnpocmpaHeHue He6onbWux u Heary60Kux ononsHeli cozdaem npobnemy
ux ebisie/IeHUs1 80 8peMsi MOHUMOpPUH208bIx pabom. Memodbl npocmpaHcmeeHHO20 ModesTupo8aHuUsi OMoJI3HeoNnacHbIX meppumopuli ("2eoduHa-
Muyeckozo" unu "ononsHeeo20" nomeHyuasna), komopbie 6a3upyromcs Ha meopuu eeposimHocmu, pa3pabomaHbl Ha npumepe omaoenbHbIX
0r1os13He8bIX PalioHO8, MO3MOMY Hy)XO0alomcsl 8 Uucnosib3o8aHuU demanu3uposaHHol UHOPMayuu Ha OCHoee KpyrnHoMmacwmabHbix CbEMOK. C
Opyzoli cmopoHbl, OueHKa npedpacrnosioXeHHOCMU MmeppumMopuU K pa3eumuro onosi3Hell ¢ UCMosib308aHUEM PacyYémHbIX nokazamesel — KO3gh-
¢uyueHma nuHeliHo20 u niowadHo20 NMopaxeHusi — He omobpaxxaem GuHaMUKU U HanpaeJsieHusi pa3eumusi npouecca. Takum obpa3om, Heo6xo-
dumMocmb OUEeHKU pucka akmueusayuu u obpa3oeaHusi cCoepeMeHHbIX Ornosi3Hel Hyx0aemcsi 8 co30aHuUuU 6osee nNpuemMsIeEMO20 C MOYKU 3pPeHus
YyKa3aHHbIX Kpumepuese — UH¢ghopmamueHocmu U HadéxHocmu, memoda pe2uoHa/lbHO20 NMPOCMPaHCMEEHHO20 aHa/lu3a paseumusi npouyecca.
lpednoxeHHas1 8 uccnedosaHuu MemooukKa yYumbieaem KakK akmueHocms (OUHaMUKy pa3eumusi) orosi3Heli 8 npedesiax pe2uoHa, mak u UHmMeH-
cuesHoCcmb ux nposienieHuli (nnowjadHoe nopaxeHue). Bnepebie ¢ yenblo o60ocHO8aHUsI pacrpedesieHuUs1 KoaghghuyueHma pucka e npedenax reo-
3anadHozo nobepexbsi Kpbima 6bina npuceoeHa KosuYyecmeeHHasl xapakmepucmuka Kpumepuro 2eHemu4ecko2o0 muna emeujaroujux nopod c
ucnonb308aHuUeM UCMOpPUKO-2eosio2udecko2o memoda I.C. 3onomapéea. B pesynomame uccnedoeaHusi 6bis1a cocmaesieHa kapma palioHupoea-
Hus uccnedyemoli meppumopuu Mo cmeneHuU pucka nposiesieHusi onon3sHel Heany6oko2o 3anezaHusi. [locmpoeHHass Modesnlb omo6paxaem Kak
HanpaesieHue onos3Heobpa3oeaHusi, mak U COCmMosiHue 2eosio2uyeckoli cpedbl. Kapma oyeHku pucka pacrnpocmpaHeHusl onossHel 8 KoMreKce ¢
Kapmol mexHOo2eHHOU Ha2py3Ku siefisilomcsi uHghopmamueHoli ocHogol palioHUPOBaHUsi MeppUMOopPUU Mo cmerneHu ycmoliyugocmu 2eosoauye-
cKoli cpedbl K pa3HbIM munaM mexHo2eHHbIx eo3delicmeuli, a makxe K pa3eumuto onosi3Hel He2s1y60K020 3a10KeHUsI.

Knioyeebie crioga: puck, ornosizeHb 8 MOKPOGHbLIX MOPOdax, aKmueHOCMb, MopaXKeHue, ycmouliyueocmsb CK/IOHa.
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MOMENT TENSOR INVERSION OF WAVE FORMS

(PexomeHAo8aHO YrieHOM pedaKyiliHoi koneaii 0-pom ¢pis.-mam. Hayk, npodp. b.I1. Macrnosum)

The authors present a moment tensor inversion of waveforms, which is more robust and yields more stable and more accurate re-
sults than standard approaches. The inversion is solved in two steps. First, a point source of seismic waves is considered, with defined
location and origin time. Matrix method is used to solve the problem of wave propagation in the medium modeled as a horizontally lay-
ered heterogeneous elastic structure (isotropic and/or anisotropic). In order to allow the source mechanism to change with time each

moment tensor component has its own time history. The source is described by the full moment tensor M,,, A numerical technique

developed based on forward modeling is used for the inversion of the observed waveforms for the components of moment tensor and
the earthquake source-time function (STF(t)). The method provides a good estimate for the complete mechanism when records are
treated, which corresponds to a velocity model contained inside the interpolation range. The method of waveform inversion using only
direct P- and S-waves at stations that we have developed allows us to retrieve the moment tensor of a point source as a function of time.
We computed the moment tensor solutions also using the graphic method. The traditional graphical method is based on the P-waves
prior arrival using information about fuzzy first motion and the S/P amplitude ratio. The polarities between P-waves first motion were
defined from complete records on seismograms taking into account the possible inversion of the sign on the z-component. A logarithm
of the S/P amplitude ratio is calculated using seismic data received at each station from the three components. Input data for the azi-
muth and take-off angle are calculated by software packages for each event. Finally, the proposed moment tensor inversion is tested on
real data for the earthquakes of 24.04.2011 (13"02™12°, 35.92°N, 14.95°E (near Malta), M,4.0) and 29.12.2013 (17°0970.04°, 41.37°N, 14.45°E
(Southern Italy), M,4.9).
Keywords: matrix method, moment time function, earthquake mechanism, tensor of seismic moment.

Introduction. The basis for quantifying the earthquake to large earthquakes. It is usually applied employing the

sources is seismic moment tensor. The moment tensor is point-source approximation and assuming a time inde-
calculated by several approaches: using amplitudes of pendent focal mechanism. The inversion is performed in
seismic waves [2, 11], S/P amplitude ratios [3, 8], full wave- the time domain or in the frequency domain. The inversion
forms [1, 4, 6, 9, 10]. The inversion of full waveforms is a yields seismic moment tensor and, as a result, source time
widely used approach applicable on all scales: from small function, STF(t). The waveform inversion is a data-
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demanding procedure: it needs a good knowledge of the
velocity model, an accurate source location and good azi-
muthal coverage of the focal sphere. The wave form inver-
sion is a non-linear procedure. In this paper, authors pro-
pose a new inversion scheme for computing the time-
independent moment tensors. The proposed inversion is
performed in two steps. First, authors consider propagation
of seismic waves in vertically inhomogeneous media and
develop a version of matrix method for calculation of syn-
thetic seismograms on the upper surface of the layered
isotropic and/or anisotropic medium. The point source is
located inside a layer and is represented with seismic mo-
ment tensor. The results for the field of displacements on
the upper surface are presented in a matrix form using
amplitude spectra, and separately for the far-field and the
near field. Subsequently, only the far-field displacements
are considered. Second, the moment time functions

M,,(w) are calculated based on generalized inversion and
transformed into M, (t) by applying the inverse Fourier
transform and factorized in seismic moment tensor M,

and STF(t): M,,(t)=M,,STF(t). The factorization means
that the focal mechanism is independent of time. Here it

b

North

should be noted that analytic-numeric approaches to de-
termination of seismic moment tensor have been formu-
lated with application of eigenvector analysis reducing the
problem to system of linear equations. The assumption of
time-independent focal mechanism is a very good ap-
proximation while studying the mechanisms in the fre-
quency range of direct P- and S-waves. The factorization
yields both the source time function STF(t) and the seis-

mic moment tensor M,,,. Therefore, based on the matrix

method of Thomson and Haskell, the authors develop a
new analytical technique for calculation of seismic waves in
layered (isotropic and/or anisotropic) media. They present
an approach to determination of the source time function
and the seismic moment tensor from the observed wave-
forms. The goal of this paper is to obtain the focal mecha-
nism using waveform inversion for moment time functions
at one station. Versions of focal mechanisms of two earth-
quakes: near Malta and Southern ltaly obtained alterna-
tively by graphic method and by waveform inversion are
shown in Fig. 1 and Fig. 2. It also should be noted that
choice of velocity model is very important in determining
the focal mechanisms.

c

a
Fig. 1. The lower hemisphere equal area projections of focal mechanisms obtained by graphic method (a, b) and by waveform
inversion for moment time functions (c) from the first peaks of M,,(t) functions shown in Fig. 3
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—

a b

1. Frequency-domain waveform inversion for a
moment time function. In the time domain and in
cylindrical coordinates (r,¢,z), the following expressions
have been obtained, using the matrix method, in [5] for the
far-field displacements on the upper surface of layered
medium for a point source:
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N
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Fig. 2. Lower hemisphere equal area projections of focal mechanisms obtained by graphic method (a, b) and by the waveform

inversion for moment time functions (c) from the first peaks of M,,(t) functions shown in Fig. 4

Mm

TkZJL‘ [ Mgy |k (1)
0

I
a

i

o[ 0 Ol demd . dmd
1_0 JOI O J1l3_2 5—=vY0: Y6 — VY1

where Jp and J; are Bessel functions, k — horizontal wave num-
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ber, L‘1[k77] — inverse Laplace transform, n — coefficient of

Mellin, and quantity M;contains the six moment time functions.
Eg. (1) can be expressed in matrix form for direct P- and

S-waves at N stations (i=1,...,N) in the spectral domain:
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Each vector in (Ug),U(S(;),...U\(S%) contains six dis-

placement components of direct P- and S-waves at N sta-
tions (i=1,...,N).
Kq
GM=UQ, G=|: (3)
Kn

Matrix K and vector M and Ug’) are functions of fre-

quency. The vector M of moment time functions is obtained
using the generalized inversion:

GGM=GUY (4)
M=(G'G)'GUY, (5)

where (G'G)'G is the generalized inverse of G. Eq.(5) is
solved at each frequency. The moment time functions
M,,,(w) are calculated using Eq. (5) and can be trans-

formed into M,,(t) by applying the inverse Fourier trans-
form and can be written as follows:

Mip (t) = My, STF(8) (6)
where M, is the seismic moment tensor and STF(t) is

the source time function.

The factorization means that the focal mechanism is inde-
pendent of time. Although the focal mechanism may be de-
pendent on the frequency range of the studied waves [11] the
assumption of time independent focal mechanism is a very
good approximation while determining it in the frequency
range of direct P- and S-waves. It should be noted that the
results of determination of moment time function (5) can be
obtained also using seismic data at only one station.

2. Numerical modeling. In this section, the efficiency of
the proposed inversion is tested numerically on two events
and compared with other standard methods. The problem of
determination of the focal mechanism solutions for the
earthquakes in the regions where local seismic activity is low
has recently become especially important. Particularly it is so
in the Carpathian region of Ukraine, where insufficient num-
ber of stations combines with low seismic activity. For de-
termination of focal mechanisms a traditional graphical
method is proposed, utilizing the polarities of first arrivals of
P-waves and accounting for the information on fuzzy polari-
ties by estimating the S/P amplitude ratios in them [7]. In the

current paper, the determination of focal mechanisms is de-
scribed for the earthquakes of 24.04.2011 (13"02™12°,
35.92°N, 14.95°E (near Malta), Mw4.0) and 29.12.2013
(17"09™0.04, 41.37°N, 14.45°E (southern ltaly), My4.9) using
both the frequency-domain waveform inversion for moment
time functions and the graphical method. The focal mecha-
nisms are obtained for these events by graphical method
according to the input data (Tab. 1 and Tab. 2) and velocity
models (Fig. 5a, 5b). The data on first motions of P-waves
are plotted upon a lower-hemisphere stereographic projec-
tion (Fig. 1, 2) for the two events. The focal mechanisms and
the time history are given by the six independent time func-
tions corresponding to the six moment tensor components
(indicated in all plots as My,, My, see Fig. 3 and Fig. 4). The
focal mechanism solutions obtained by waveform inversion
for the moment time functions using the first peaks of

M,,,(t) functions are not very far from the true mechanisms

(see Fig. 1b, 1c and Fig. 2b, 2c). The parameters of focal
mechanisms for the events are indicated in Tab.3 and
Tab. 4. The source time duration is 1.2 s for the earthquake
of 24.04.2011 and 2.3 s for the earthquake 29.12.2013. It
should be noted that the accuracy of velocity model is very
important while determining the focal mechanism. In our
case, the proposed method gives better results for the mo-
ment time function (Fig. 3) and the focal mechanism (Fig. 1)
for the event 24.04.2011. Thus, the knowledge of proper
structural model plays a crucial role in the inversion of wave-
forms for the moment tensor and the focal mechanism.

3. Discussions and conclusions. The method of wave-
form inversion using only direct P- and S-waves at stations
that we have developed allows us to retrieve the moment ten-
sor of a point source as a function of time. In comparison with
graphic method it has the following advantages:

(1) It allows us to vary the velocity model during inversion.

(2) It allows us to change each vector in

-
(U(Sﬂ),U(Sq),...U(S% that contains six displacement compo-

nents of direct P- and S-waves at N stations (i=1,...,N).

The waveform inversion produces moment tensors of
varying accuracy. The technique proposed for the moment
tensor inversion has been applied to observations of
events in Southern Italy and near Malta. The application of
the technique to real data indicates that time-frequency
approach is robust and produces more reliable moment
tensors than other inversion schemes. The inversions, per-
formed with the use of records from time-extended
sources, show good resolution of the inverted parameters.
The time duration of the sources is retrieved satisfactorily.

In the future papers, the next steps will be considered
consisting in development of approaches, based again on
matrix method, enabling to model the earthquake rupture,
and the inversion for finite-fault source parameters. Ex-
tended sources, modeled as a superposition of N point
sources, will be represented by a number of shear disloca-
tions or double couples with moment tensors. The results for
the field of displacements on the upper surface will be pre-
sented in matrix form as a sum of displacements from each
point source. Equations for the wave fields are essentially
similar to ones as for the point source, except for the new
amplitude vectors. The vectors would now be frequency,
azimuth and the source depth dependent for each point
source, reflecting the directivity properties of the composite
source. Authors will propose a new approach to determine
parameters of a finite-fault source: rupture velocity, slip ve-
locity, rupture time, rise time. Finally, the proposed moment
tensor inversion will be tested on real data observed in a
complex 3-D inhomogeneous geological environment.
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Fig. 3. The time functions M,,,(t) corresponding to the six moment tensor components obtained from inversion
of the records of the direct P- and S waves at the station WDD for the event of 24.04.2011
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Fig. 4. The time functions M, (t) corresponding to the six moment tensor components obtained from inversion of the records of
the direct P- and S waves at the station PIGN for the event of 29.12.2013
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Fig. 5. Velocity models used to compute the focal mechanisms of events of 24.04.2011 (a) and 29.12.2013 (b)
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Table 1
The input data for the focal mechanism solution for the event of 24.04.2011
Station | Polarity of first arrival | Epicentral distance, deg | Epicentral distance, km | Azimuth, deg | Incidence angle, deg

WDD +iPg 0.355 39.56 256.6 -5.7
HMDC -iPn 1.05 116.26 352.7 36.6
HAVL +iPn 1.05 116.32 7.5 36.6
SSY +iPn 1.24 137.72 4.6 36.6
HVZN -iPn 1.27 141.17 351.6 36.6
HAGA +iPn 1.37 152.58 6.8 36.6
RAFF -iPn 1.39 153.88 340.3 36.6
HLNI +iPn 1.43 158.62 357.5 36.6
ECNV -ePn 1.69 187.21 353.6 36.6
CAGR -iPn 1.74 193.11 348.2 36.6
ESLN +iPn 1.77 196.78 0.6 36.6
RESU -iPn 1.87 207.57 337.8 36.6
MMME +iPn 2.03 225.26 6.8 36.6
GIB -iPn 2.20 244.02 340.6 36.6
MPAZ +iPn 2.20 244 .48 22.2 36.6
MPNC +iPn 2.25 249.64 8.1 36.6
CORL -iPn 2.37 263.65 326.8 36.6
MSRU +iPn 2.39 264.84 10.6 36.6
IVPL +iPn 2.46 272.6 0.6 36.6
ILLI +iPn 2.53 280.35 360.0 36.6
JOPP +iPn 2.79 309,57 15.2 36.6
PLAC +iPn 2.79 310.22 24.7 36.6
Ccuc +iPn 4.13 458.58 9.2 36.6

Table 2

Input data for the focal mechanism solution for the event of 29.12.2013
Station | Polarity of first arrival | Epicentral distance, deg | Epicentral distance, km | Azimuth, deg | Incidence angle, deg

VAGA +iPg .165 18.38 286.4 -31.2
SACR -iPg .198 22.06 81.7 -27.0
BSSO +iPg .209 23.28 321 -26.1
PIGN +iPg .261 29.08 229.8 -20.4
MIDA +iPg .308 34.27 3324 -18.4
PSB1 -iPg .31 35.21 117.8 -17.6
PAOL +iPg .350 38.92 164.7 -16.0
GATE - iPg 377 42.83 67.4 -14.6
CERA +iPg .393 43.82 305.7 -14.4
RNI2 +iPg .400 44.44 326.9 -15.6
TRIV +iPg 405 45.08 11.2 -13.8
CIGN +iPg 447 49.78 50.2 -12.3
MRB1 -iPg 464 51.67 121.9 -12.1
MODR +iPg 481 53.6 242.6 -11.4
MOCO - ePg .535 59.67 89.7 -11.0
ovo +iPg .543 60.34 183.8 -10.4
MELA -iPg .612 68.14 56.4 -8.9
FRES +iPg .627 69.65 15.4 -8.9
POFI +iPg .650 72.37 302.7 -8.9
CAFE -iPg .686 76.49 119.5 -8.6
LPEL +iPg .705 78.32 344.0 -8.2
SNAL -iPg 727 80.92 127.4 -8.0
SGTA - iPg .730 814 108.4 -8.0
INTR +iPg .759 84.32 328.0 7.7
VVLD +iPg .793 88.29 309.5 -7.4
MCRV -iPg .801 89.06 136.8 -7.5
CAFR +iPg .861 95.68 355.2 -6.4
GUAR - ePg .948 105.65 297.0 -6.1
VULT -iPg 974 108.54 114.8 -6.1
MRLC -iPg .997 111.1 1275 -5.7
PTQR +iPg 1.02 113.23 310.3 -5.8
SGRT +iPg 1.05 116.57 67.9 -5.6
CDRU - ePg 1.09 121.68 143.3 -5.4
FAGN - ePg 1.10 122.69 324.7 -5.2
MSAG +iP* 1.15 128.08 721 22.8
CMPR -eP* 1.24 137.36 148.0 22.8
CERT -iP* 1.24 137.93 298.4 22.8
AQU - iP* 1.25 139.58 322.1 22.8
PZUN - eP* 1.26 139.95 124.7 22.8
ACER +iP* 1.27 141.55 116.8 22.8
RDP -iPn 1.35 150.52 287.3 41.3
MRVN +iPn 1.35 150.82 102.6 41.3
RMP -iPn 1.38 153.45 289.3 41.3
MA9 -iPn 1.39 155.53 287.3 41.3
CAMP -iPn 1.40 155.55 326.9 41.3
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Station | Polarity of first arrival | Epicentral distance, deg | Epicentral distance, km | Azimuth, deg | Incidence angle, deg
TERO -iPn 1.40 155.79 333.8 41.3
MTCE -iPn 1.43 159.34 297.8 41.3
MTSN -iPn 1.48 164.85 137.7 41.3
MGR -iPn 1.49 165.75 145.3 41.3
TRTR +iPn 1.49 165.82 344.9 41.3
SIRI -iPn 1.60 178.39 137.3 41.3
MIGL -ePn 1.69 188.28 116.2 41.3
cuc -iPn 1.72 191.74 142.5 41.3
NRCA -iPn 1.77 196.53 326.5 413
CESX -iPn 1.86 206.52 312.5 41.3
FDMO -iPn 1.95 216.55 329.4 41.3
TOLF -iPn 1.95 217.68 291.7 41.3
CESI -iPn 1.99 221.89 325.6 413
ARVD -iPn 2.40 266.96 333.0 413
CELI -iPn 2.52 280 140.7 41.3
ASQU -iPn 3.12 346.91 322.0 41.3
Table 3
Parameters of focal mechanism for the event of 24.04.2011
Plane1 Plane2 P T N
Strike (@s) Dip (8) | Slip (\) |[Strike (¢ps) Dip (8) Slip (A) Azm Plunge Azm Plunge Azm |Plunge
192° 68° 30° 90° 63° 155° 320° 3 52° 36° 226° 54°
Table 4
Parameters of focal mechanism for the event of 29.12.2013
Plane1 Plane2 P T N
Strike (¢s) Dip (d) Slip (\) | Strike (9s) | Dip (d) Slip (A) Azm Plunge Azm Plunge Azm Plunge
316° 64° -73° 102° 30° -120° 257° 67° 33° 17 129° 15°
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BU3HAYEHHSA TEH30OPA CEACMIYHOIO MOMEHTY 3 XBUJIbOBUX ®OPM

Memotro cmammi € susHa4yeHHs1 KOMIIOHEHM meH30pa celicMiYHO20 MOMeHmMy ma nobydoea MexaHi3My 802HUW,a 3eMsiempycy 3 8UKOPUCMaH-
HSIM 3anucie celicMiyHux cmaHyil. Y po6omi 3acmocoeaHo Mampu4Huli Memoo 07151 No6ydoeu xeusib08020 0JIs1 Ha 8iNbHIl MoeepxHi wapyeamo-
20 cepedoeuuwja. Aemopu eukopucmoegyroms MemoOuKy eudifieHHsI i3 M08HO20 X8UJILOB0O20 M0JIs1 YaCMUHU, W0 eidnoesidae nowupeHHro npssmux P
ma S xeusnib. BusHa4yeHHs1 celicMi4YHO20 meH30pa SIK (hyHKUiT Yacy Mae eesiuke npakmuyHe 3Ha4YeHHSI, OCKiflbku dae MoX/usicmb oyiHUmu mpusea-
nicmb npoyecy ymeopeHHs1 po3puey, W0 2eHepye ymeopeHHs1 celicMiYHUX xeusnb. Y pe3ynbmami po3e'a3aHHs o6epHeHoi 3adayi celicMonozii, wjo
3800umbcsi 00 po3e’'A3aHHs cUCMEMU Mampu4yHUX Pi8HSIHb, OMPUMaHO 4Yacoei 3a/le)XHOCMi KOMIMOHEHM meH3opa celicMi4Ho20 MoMeHmy. Pe-
3ynbmamu po3paxyHkie 6yno anpob6oeaHo Ha Ae8ox peasibHUX celicMiyHux nodisix: y patioHi Manbmu (24/04/2011, 13:02:12, 35.92°N, 14.95°E,
MW=4.0) ma Imanii (29/12/2013, 17:09:0.04, 41.37°N, 14.45°E, MW=4.9), ma nposedeHO NopieHsNIbHUU aHasi3 3 pe3yJbmamamu, ompumMaHuMu 3a
donomozor 2paghiyHo20 Memody. Sk pesynbmam AocnidxeHb 6yno nobydoeaHo MexaHi3Mu eoz2HUWa GaHuUx 3eMsiempycie ma eusHa4yeHoO OpPi€H-
mauyiro HoOanbHUX MIOWUH, a MaKoX Yac, MPomsi2om siko2o eidbyeanacsi nodisi. Y po6omi npedcmaesieHo meopito 0nsi U3Ha4eHHSI KOMIMOHEeHM
meH3opa celicMi4YH020 MOMeHMYy sik (byHKUil Yacy y eunadky peecmpauii nons nepemiwenb N cmanyismu. lMoka3zaHo, wjo suKopucmaHHs 3anucie
Ha 00Hili cmaHyii Moxxe damu no3umueHuli pe3ysibmam 07151 8U3HaYeHHs1 celicMi4HO20 meH30pa U Onsi No6ydoeu MexaHi3My eo2HUWA 3emMiaempy-
cy. Y po6omi eukopucmaHo HUXHHo niecghepy 0nsi nobydoeu ¢hokasibHO20 MexaHi3my. Baxnueum Onsi po3e'sizaHHsi o6epHeHol 3adayi € moyHicmb
3adaeaHHs1 weudkicHoi modeni. Ha npuknadi deox nodili noka3aHo, W0 Napamempu ma MexaHi3aM eo2HuUwWa ons nepwoi nodii susHayeHo 3 Ginb-
wor moyYHicmio, Hix Onsi dpyaoi nodii. lMokasaHo, wjo dnsi o6epHeHoi 3adayi 3 sUKOPUCMAaHHSIM X8UJIbOBUX (hOPM € 8aX/IUBUM 8U3HAa4YE€HHSI Yacie
ecmynie npsimux P ma S xeunb ma 0oexuH ixHix 3anucie. 3a 3Ha4YeHHsIMU Nepwux MaKCuMyMie Ha ompumMaHux 3anucax 0151 KOMIOHeHM meH3opa
celicMi4HO20 MOMeHMY 8 pe3ysibmami po3e'sa3aHHs1 06epHeHOI 3adayi eu3Ha4YeHO MexaHi3MU 802HUW, 3emsiempycie ma napamempu HoOasrbHUX
nnowuH. BiozHa4eHo nepcrnekmueu euKkopucmaHHsi po3nodisieHo20 Axepesa O71s1 po3e 'si3yeaHHs sIK MPSIMUX, mak i o6epHeHuUx 3aday.

Knro4oei cnosa: mampu4Huli Memod, yacoea yHKyisi Oxxepesna, MexaHi3M 802HUW,a, MEH30p celicCMi4HO20 MOMEHMY.
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KapnaTtckoe otaeneHue

WHcTuTyTa reodpmamnkm um. C.1. Cy66otnHa HAH YkpauHbl,
yn. Hay4Has, 3-6, r. JibBoB, YkpaunHa, 79060

ONPEOENEHUE TEH30PA CEUCMUYECTOIO MOMEHTA U3 BOJTHOBbLIX ®OPM

Lenbto danHOU cmambu sienisiemcsi onpedesieHUe KOMIMOHEHM MeH30pa celicMU4ecKo20 MOMEeHma U ocmpoeHue MexaHu3mMa ovaza 3emJie-
mpsiceHusi ¢ ucnonb3oeaHueM 3anuceli celicMudeckux cmaHyuii. B pabome ucnonb3yemcsi Mampu4Hblii Memod Osisi MOCMPOeHUsi 80/THO8020
nonsi Ha ce0600HOU M08ePXHOCMU CII0UCMO20 Ccpedbl. ABMOpPbI UCMO/b3YHM MemoOuKy ebidesieHuUs1 U3 MoJIH020 80JIHOBO20 MOJIs1 Yacmu, coom-
semcmeyroujeli pacnpocmpaHeHuro npsiMmbix P u S eonH. OnpedeneHue celicMu4ecko2o0 meH3opa Kak pyHKYyuu epemMeHu umeem 6osbuioe npak-
muyeckoe 3HavyeHue, mak KaKk daem 603MOXHOCMb OUeHUMb MPodosKUMeNLHOCMb npoyecca obpa3osaHusi pa3pbiea, KOmopbil 2eHepupyem
o6pa3oeaHue celicMu4ecKkux eoJsiH. B pesynsmame peweHusi o6pamHoii 3adaqu celicMosio2uu, Ymo ceodUMCs K peuleHuto cucmemMbl MampuYHbIX
ypasHeHul, nosly4eHbl 8peMeHHbIe 3a8UCUMOCIMU KOMIOHEHM meH3opa celicMu4ecko2o0 MomeHma. Pe3ynbmambl pacyemos 6bi1u anpobuposa-
Hbl Ha 08yX peasibHbIX celicMU4YecKux cobbimusix: 8 palioHe Manbmbi (24/04/2011, 13:02:12, 35.92°N, 14.95°E, My= 4.0) u Umanuu (29/12/2013,
17:09:0.04, 41.37°N, 14.45°E, My= 4.9), u npoeedeH cpagHUMesNbHbIl aHanu3 ¢ pe3ysbmamamMu, Mosly4eHHbIMU C MOMOWbIO 2paghuyecko2o Mmemo-
Oa. Kak pesynbmam uccnedogaHuli 6bisiu NOCMPOEHbl MexaHU3Mbl o4aza OaHHbIX 3emMsiempsiceHull u onpedesieHbl OpUeHMayuu HodasbHbIX
nnockocmel, a makKxe epeMsi, Ha MPOMsKeHUU KOmopoz2o npoucxodusio cobbimue. B pabome npedcmaeneHa meopusi 0ns1 onpedesieHUsi KOMMo-
HeHm meH30pa celicMU4eCKO20 MOMeHmMa KakK (hyHKUUU epeMeHuU e cilyyae peaucmpayuu nosns nepemeweHul N cmanyusmu. lMokazaHo, ymo
ucnonb3oeaHue 3anuceli Ha 0OHOU cmMaHyuu Moxem Aamb MoOIOKUMeENbHbIU pe3ysbmam Onsi onpedeneHusi celicMu4ecko20 meH3opa u Ans no-
CcmpoeHusi MexaHu3Ma o4aza 3emsiempsiceHusi. B pabome ucnonb3oeaHa HUXHAS1 nosycgepa Os1si NIoOcCmMpoeHuUsi hokasibHO20 MexaHU3Ma. BaxHbiM
0Ons peweHusi o6pamHoll 3adaqu siefisiemcsi MoYHOCMb 3adaHusi ckopocmHol modenu. Ha npumepe d8yx cobbimuli moka3aHo, Ymo napamempsbl! U
MexaHuU3M oyaza Onsi nepeo2o cobbimusi onpedesieHbl ¢ 6onbweli MOYHOCMbIO, YeM Osisi emopo2o cobbimusi. [TokazaHo, ymo dnss o6pamHol
3adayqu ¢ ucnosb308aHUEM 80J/THOBbIX (hOPM s187IsiemcCsi 8aXHbIM onpedesieHue epeMeH nocmynneHull npsimbix P u S eonH u dnuH ux 3anucel. Mo
3Ha4yeHUsIM repebiX MaKCUMYMO8 Ha MoJly4YeHHbIX 3amnucsix KOMIMOHEeHM MmeH30pa celicMU4ecKo20 MOMeHma 8 pe3ysibmame peweHuss o6pamHol
3ada4u onpedesieHbl MexaHU3Mbl 04a208 3emsiempsiCeHUll u napamemps! HoOaslbHUX nockocmel. OmMeyeHb! nepcrneKmMuebl UCMoIb308aHUs
pacrnpedesnieHHO20 UCMOYHUKa Oisi peweHusl KaK NpsiMbIX, MakK U 06pamHbIx 3aday.

Knioyeenie cnosa: mampu4Hbili Memod, epeMeHHasi hyHKUUS1 UCMOYHUKA, MeXaHU3M oYaaa, MeH30p celicMU4YeCKo20 MOMeHma.
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CYYACHUU CTAH NPOBJIEMM CTIMKUX PO3B'A3KIB
OBEPHEHMX NIHINHUX 3A0AM FPABIMETPII

(PexomeHdoeaHO 4YrieHOM pedaKuyiliHol Kkosezii 0-pom ¢hi3.-mam. Hayk, cm. Hayk. cniepo6. |.M. KopyaziHum)

Mema po6omu nonsizae y ecmaHoesieHHi npu4uH 6e3nidcmaeHoi 3MiHU wjinbHocmi y po3e‘'asky OJ13I, nepeeipui ix Ha meopemuvy-
Hux npuknadax ma cmeopeHHi Memody po38'a3Ky o6epHeHoI NiHiliHOT 3ada4i epasimempii (OJ13I) 3 peanibHUM 8i0MeOpPeHHSIM pPo3Io-
diny winbHOocmi 8 aHoMasnibHOMY Mmirli 83008 Lio20 8epMuKaibHOI OCi.

Ob6epHeHi 3adayi epasimempii ti MazHimomempii cunbHO HEKOPEKMHI, 30KpeMa, moMy, W0 Pi3Hi Kpumepii onmumiszayii daromb pi3Hi
piweHHs1 i eBOHU MOXXymb 6ymu icmomHo pi3HUMU e destkux obnacmsix iHmepnpemaduitiHoi Modeni. A npu nepeegipyi cmitikocmi po3e’si3kie
4acmo eusiesisembCsl HegidnoegioHicmb: npu mMasux rnoxubkax nosnsi 8 6azambox MoYKax ompuMyomMb 8eJ1UKi 3MiHU winsHocmi y 6r10kax,
po3mauioeaHux nid yumu moyvkamu. Bazomux ycnixie 6yno docsiazHymo nicssi moeo, sik: 1) akad. B.H. Cmpaxoe eucyHye ymogy: cmilikuli
ma 2eosio2iyHo 3micmoeHuli po3e'asok OJI3I” moxe 6ymu ompumaHuli minbku Memodamu yMoeHoi onmumizauii. Kpim mozo, dns po3e’as-
Ky OJI3I eiH po3pobue imepauiliHuli Memod HaliMeHWux keadpamie Hee's130k nons; 2) akad. B.l. CmapocmeHko po3pobue imepauitiHy
ronpasky ons poss‘saskie CJIAP; 3) [1.0. Minerko dosie meopemy: Onisi cmiiikoz2o po3s‘s3ky OJI3I” Heo6XiOHOH yMOEOIo € pigHiCMb now;
Kapmu rosis ma npoekyii inmepnpemayitiHoi Modesni Ha kapmy nons. Ljas meopema eidnoeidae eumozam B.H. Cmpaxoea. Ii I1.0. MineHko
eukopucmae 9ns po3e'sisky OJI3I" imepauitiHum Mmemodom HaliMeHwux keadpamie B.H. Cmpaxoea Onsi Heg's130K rosisi ma po3pobue ¢i-
NbmpauyitiHut imepayitiHuli Memod npocmoi imepayii 3 nonpaskoro B.l. CmapocmeHka, onmumisyroyu MiHiMym cymu keadpamie imepa-
yitiHux nonpasok 0o wjinbHocmi 2ipcbKux nopid. Y pesynbmami 6ys10 cmeopeHo onmumMizogaHull imepauyitiHuti Memod 2apaHImogaHo20
cmitiko2o po3e’asky OJI3I" dns 6azamowapoeoi iHmepnpemaduiliHoi Modesti, y sIKili KOXXeH 20puU30HManbHUll wap WinbHO ynakoeaHul
6okamu, wjo maroms ¢hopmy NMPSIMOKYMHO20 napasesenineda ma pisHy U Hegidomy winbHicms. Ane yeti Memod abcosromHo He 2apaH-
mye 2eosnoziyHoi Yu ¢hizuyHoi eionoeidHocmi ompumaHux po3e’saskom OJI3[C 3HaveHb WinbHOCMI KOXXHO20 610Ky Moderi pearlbHUM 3Ha-
YeHHSIM winbHocmi macueie 2ipcbkux nopid. P.B. MiHeHKo po3pobue dgoemarnHy memoOuKy ompumMaHHs CMilikoeo ma 3MiCmoeHo20
po3e’sazky OJI3I". 3a do0amkoeuM pileHHsIM 3 YMOYHIOIOYUMU imepayiliHuMu rornpaekamu ricsnsi eupieHrO8aHHs MoYamKoeux yMoe ime-
pauiliHo20 npoyecy Ha Gpy2oMy emarni y ecix wapax mModesii Mu ompumMyeMo po3nodin wjinsHocmi, sikuli 36izaembcs 3 if po3nodiom e
aHoMaslbHUX minax meopemuyHoi Moderti. Lje o3Havae, ujo OCHOBHOO MPUYUHOK 3MEHWEHHS1 WinbHocmi y po3e'sisky OJI3IC 3 2nubuHoro
Ha nepwomy emarni € eiocymHicms ynpaeJsiiHHs1 po3rnodisioM Hes'sI3KU MoJIsi Ha KOXHIl imepauii @ KOXHill mo4yi npu nepemeopeHHi ii e
imepauitiHi nonpaeku 01151 ecix 6510kie MoOeJTi, siki 3Hax00sIMbCs1 Mi0 MOYKOHO MOJISl.

Knro4oei crnoea: epasimempisi, o6epHeHa 3adayva, imepayiliHuli Memod, imepauiliHa nonpaeka, kpumepili onmumisayii, no-
Psi00K nornpaeku.

MocTtaHoBKa NpobnemMu B 3aranibHOMY BUrnagi Ta ii rpaBiMeTpii € HeobXigHOK CKNaLoBOK YCMILLHMX MOLUYKIB
3B'A30K 3 BaXX/IMBUMM HayKOBMMWU abo NpPaKTU4HUMMU Oyab-AKMX POLOBMLL, KOPUCHUX KOManuH, a 3 iHWOro, BOHU €
3apavyamu. 3 ogHoro GOKy, po3B'sA3kM OBEpPHEHMX 3agdad HEKOPEKTHUMMU, 30KpeEMa, Yepes Te, Lo NPSMUMM YK iTepa-
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