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PaccMmoTpeHbl ABa MeTOAa NeJsleHroBaHus
reocepHbIX MCTOYHUKOB KoJsie6aHUI 1 BOJIH
MH$Pa3BYKOBOro U HU3KOYACTOTHOIO 3BYKOBOIrO
AnanasoHoB na3sepHbiMu aedopmMorpadpamu.
MepBbii MeTOA OCHOBAH Ha NpPeAnoJIoXKeHUN,
YTO perucTpupyembie BOJIHOBbIe

BO3MYLLEHUS OTHOCATCS K MOBEPXHOCTHbIM
BOJIHAM p3/1eeBCKOro Tuna. B atom cnyyae
MCNoJ/b3yeTCs ABYXKOOPUHATHbIN J1a3epHbIi
Aedopmorpad, CoCToSALWMNIN U3 PAAOM CTOSLLUX
OAHOKOOPAMHATHbIX J1asepHbIX aedpopmorpacos
C B3aMMHO-NepneHAUKYISIPHbIMU
M3MepuTe/ibHbIMM Nae4yamu. Bo BTopom cnyyae
MCNoJ/b3yeTCsl TPUAHTYNSALUOHHBIA METOA,.

B 3TOM MeTOAEe NPUMEHSIOTCA MUHUMYM TPpU
NpOCTPaHCTBEHHO-pa3HeCeHHbIX Jla3epHbIX

Aedopmorpada.

Knto4yeBble cnoBa: 4BYXKOOPANHATHbLIN N1a3epHbIA
nedopmorpad, NpoCTpaHCTBEHHO-PA3HECEHHbIE
nazepHble fepopmorpadbl, NeseHroBaHue,
TpuaHrynaums
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BBEAEHUE

PemleHue 3aJady O MOHMTOPHHIe U oOIlpefeie-
HHUM MeCTOIIO/IOKEHUSI PasjIMYHBIX HCTOYHHKOB
AHTPOIIOTEHHOI'0 U IIPHUPOSHOrO IIPOUCXOXKIEHUS
C HCII0JIb30BaHHEM JIa3epHO-UHTepPepeHIIMOHHBIX
METO[OB BBIIIOJIHSIETCSI C IIPUMEHEeHHeM KOM-
IIJIEKCHOTO IOAXO0JA, YYMTHIBAIOUIEr0 KaK HaIlpaB-
JIEHHOCTb, TaK WU PpaclpefeleHHe B IIPOCTPAHCTBe
H3MepUTebHBIX CHCTeM. B Hamem ciydvae, mas
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Direction Finding

of Geospheric
Disturbances

by Laser Strainmeters

C.1.Dolgikh, S.S. Budrin, S. G. Dolgikh, V. A. Chupin
V.I.Ilichev Pacific Oceanological Institute Far Eastern Branch
Russian Academy of Sciences, Vladivostok, Russia

Two methods of direction finding of geosphere
sources of oscillations and waves of infrasonic
and low-frequency sound ranges by laser
strainmeters are considered. The first method
is based on the assumption that the recorded
wave disturbances refer to surface waves of the
Rayleigh type. In this case, a two- coordinate
laser strainmeter is used, which consists of
adjacent one- coordinate laser strainmeters
with mutually perpendicular measuring arms.
In the second case, the triangulation method
is used. This method uses a minimum of three
spatially separated laser strainmeters.

Keywords: two-coordinate laser strainmeter,
spatially separated laser strainmeters, direction
finding, triangulation
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INTRODUCTION
The problems of monitoring and determining the loca-
tion of various sources of anthropogenic and natural
origin using laser interference methods are solved
using an integrated approach that takes into account
both the directivity and the spatial distribution of
measuring systems. In our case, several methods can
be used to solve the problem of detecting and deter-
mining the location of oscillating sources. The first
method consists in using an orthogonal system of
laser strainmeters, the second method is based on the
use of three or more spaced laser strainmeters having
the same directivity.

The first method is based on the assumption of
a known polarization of the recorded wave processes.
Such well-known polarization signals include seismo-
acoustic signals arising at the water-bottom bound-
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pellleHHUs] 3afauu OOHApy>KeHHUSI U OIpefeleHUs
MeCTOIIOJIOKEHUSI MCTOYHUKOB KOJeOaHHUH MOSKHO
HCIIO/Ib30BaTh HECKOJbKO MeTOHOB. IIepBbINI MeTOf,
COCTOMUT B HUCIIOJIb30BAHHH OPTOTOHAJIBHON CHCTEMBI
nasepHBIX JedopmorpadoB, BTOPOM MeTOJ, OCHO-
BaH Ha MCIIONB30BAHUM TpeX U Oolee pasHeCeHHBIX
B IIPOCTPAHCTBe j1a3epHBIX Hedpopmorpadpos, UMeIO-
KX OOMHAKOBYIO HAIIPaBJIe€HHOCTb.

[lepBBIE MeTo[ Oa3supyeTcs Ha IpeAroNoXKeHHH
06 M3BeCTHOM MOJSPHU3aALIUU PeTUCTPHUPYEMBIX BOJI-
HOBBIX MPOIeCCOB. K TaKMM H3BECTHBIM IIOJSPH-
3allUOHHBIM CHUTHaJIaM MOXXHO OTHeCTH CeHCMoa-
KyCTUUYeCKHe CUTHa/Ibl, BOSHUKAIOIIKe Ha IpaHHUIle
«Bofa-AHO» B pe3yjbTaTe TpaHCOOpMALIUU THAPO-
aKyCTHYeCKHMX CHTHaJIOB, CO3[aBaeMBIX B BoJe
HU3KOYAaCTOTHBIMU THAPOaKyCTUYeCKHMHU H3/y-
YaTeNsIMH U JBHKYIIMMHMCS IIOJBOSHBIMU U HaJBO-
OHBIMH 06BeKTaMHU. BriepBble BO3MOXKHOCTB OTCIIe-
KUBAaHMS IlepeMelleHUs] HUCTOUYHHUKA reochepHBIX
BO3MYIIEHUH C IIOMOILBIO JIa3epHOro febopmMmorpada
6pu1a onmcaHa B pabore [1], B KOTOPOH IIPUBOLHUIIACH
3anuchk 105-MeTpoBoro sasepHoro mgepopmorpada,
cofepkallas IPOMOAYIHPOBAHHbIE TPAaBUTAL|HOH-
HBIMH MOPCKHMMHM BOJTHAMH CEeHCMOAKYyCTHYeCKHe
BOJIHBI, CO3ZlaBaeMble Ha TpaHHIle «BOAA-AHO» ABHU-
KYIIMMCSL HaJBOOHBIM CygHOM. Ilo BapHaLUsIM
[lapaMeTPOB MOAY/ISLIUU B JaHHOM 3allMCH MOKHO
OLleHHMBaThb HM3MeHeHHe HaIlpaB/leHHs [BHXKeHHUS
cynHa. J[pyrou THII aMIIMTYJHOM MOAYISLIUH I10J-
BOJHOT'O IIYMOH3JIyUeHHSI MOPCKHUX CyJOB IIHPOKO
HCII0/Ib3yeTCd B HACTOSIIee BpeMs Ha IIPaKTHUKe /4
ux Kiaccuouranuu [2]. B pabore [3] 6p110 ITOKa3aHoO,
YTO B 06/1aCTH HU3KUX YaCTOT CeMCMOAKyCTHYeCcKHe
[I0BePXHOCTHBIE BOJIHBl CTAaHOBSATCS AOMHUHHPYIO-
MMM MeXaHH3MOM IIepeHOoCa aKyCTH4YeCKOH 3Hep-
TMHU B MEJIKOBOJHOM ILIelbPOBOM 30HE MOPS. IKC-
IlepUMeHTAJIbHble HCCIefOBaHHUSI CPaBHUTEIbHBIX
YPOBHEHN aKyCTHYecKHX HIYMOB, PerHCTpHpPyeMBIX
rugpodoHaMHU U AOHHBIMHU reodpoHamu [3], moka-
3aJIM, 4TO Ha MeJIKOBOJHOM Ilenbde IMPH 4aCTOTaX
HMKe 25 T B CIIeKTpe 3amMcer rugpopoHoB Habiro-
IaeTcsl YMeHbIIeHHe, a B CIIeKTpe 3amucer reodo-
HOB — yBeJIM4YeHUe YPOBHS CIIeKTPaJIbHBIX COCTABIIS-
IoIUX. JJaHHOe II0BeJleHHe 3aBUCUT OT OTHOLIEHHS
IJIMHBI THAPOAKYCTUYECKON BOMHBL K ITy6HHe MOPpS.
[Ipu raybuHaxX MeHblle IIOJOBHUHBI JJIMHBI THAPO-
aKyCTHUYeCKOM BOJIHBl BO3HHUKAKT YCIOBHUS, IIpHU
KOTOPBIX IIOYTH BCSI THIAPOAKyCTUYeCKasl 3Heprus
TpaHCGOpPMHUPYeTCsl B yIpyrue KonebaHus [Ha,
perucTpupyemMmsle 6eperoBbIM Jja3epHbIM Aedpopmo-
rpadom [4]. laHHBIe Iy6HHBL 6BUIM Ha3BaHBI KPU-
TUYeCKMMHU ITyOHMHaMH. B 3eMHON Kope 3TH BO3-
MYIIeHHS PAacIpOCTPAHSIOTCS B OCHOBHOM B BHJe

ary as a result of the transformation of sonar signals
generated in the water by a low-frequency underwater
sound projector and moving underwater and surface
objects. For the first time, the ability to track the
movement of a source of geospheric disturbances
using a laser strainmeter was described in paper [1], in
which a record of a 105-meter laser strainmeter was
given, containing seismoacoustic waves modulated
by gravitational sea waves generated at the “water-
bottom” boundary by a moving surface vessel. Varia-
tions in the modulation parameters in this record
can be used to estimate the change in the direction
of the ship’s movement. Another type of amplitude
modulation of underwater noise emission from sea
vessels is currently widely used in practice for their
classification [2]. In paper [3], it was shown that in the
low-frequency region, seismoacoustic surface waves
become the dominant mechanism for the transfer
of acoustic energy in the shallow-water shelf zone of
the sea. Experimental studies of comparative levels of
acoustic noise recorded by hydrophones and bottom
geophones [3] have shown that on the shallow shelf
at frequencies below 25 Hz, a decrease is observed in
the spectrum of hydrophone records, and an increase
in the level of spectral components in the spectrum of
geophone records. This behavior depends on the ratio
of sonar wavelength to sea depth. At depths less than
half the length of the hydroacoustic wave, conditions
arise under which almost all of the hydroacoustic
energy is transformed into elastic vibrations of the
bottom, recorded by a coastal laser strainmeter [4].
These depths have been called critical depths. In the
earth’s crust, these disturbances propagate mainly
in the form of Rayleigh-type surface waves. This
condition can be used for registration and direction
finding of such disturbances with a two-coordinate
laser strainmeter consisting of two one-coordinate
laser strainmeters with almost mutually perpendicu-
lar measuring arms installed at Mys Shul’tsa [5].

Not always recorded disturbances can be repre-
sented in the form of the Rayleigh-type surface waves.
For example, deformation jumps recorded by distant
laser strainmeters [6] and which are an unconditional
indicator of the occurrence of seabed movements [7]
leading to a tsunami cannot be attributed to Rayleigh-
type surface waves in any way. Therefore, it is impos-
sible to use the polarization properties of surface
waves for their direction finding. For this, the trian-
gulation method, which is based on the use of three or
more spatially separated laser strainmeters, is fitting
better. This system includes strainmeters described in
work [8]. In the second part of the article, using the
example of a recording of deformation disturbances
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[I0BEPXHOCTHBIX BOJIH P37€eBCKOr0 THIA. IJTO
YyCIOBHE MOSKHO KCIIONB30BaTh IIPH PervucTpanyuu
[ IIeJIeHIOBAHMS ITOOOHBIX BO3MYINEHHUH IBYXKO-
OPAMHATHBIM Ja3epHBIM Jedopmorpadom, cocTos-
MM M3 IBYX OJHOKOOPAHUHATHBIX J1a3epHBIX Aedop-
MorpadoB C IIOYTHU B3aHUMHO-IIepPIIeHIUKYISIPHBIMHU
H3MEepPUTEeNbHBIMU IIJIeYaMH, YCTAaHOBJIEHHBIMU
Ha M. [lynsna [5].

Jlamexo He BCerga PpPeruCTpHUpPyeMble BO3MYyIIe-
HHUS MOXHO IIPe[ICTABUTb B BH[E IIOBEPXHOCTHBIX
BOJIH P3/IeeBCKOro THUIIA. TaK, HaIlpUMep, CKa4KH
nebopMal MK, perucTpupyemble yAaJeHHBIMHU
nazepHbIMH gedopmorpadamu [6] u sSBASIOIIHECS
6e3yCJIOBHBIM WHJHMKATOPOM BO3HHUKHOBEHHS IIOJ-
BIDKEK MOPCKOTO JHa [7], IpUBOASIIMX K IIyHAMH,
HeJIb3S HHKAaK OTHEeCTH K IIOBEPXHOCTHBIM BOJI-
HaM P3/71eeBCKOro TUIA. [I03ToOMy [/ HX IIeJieH-
TFOBAaHUS HEBO3MOKHO HCIIONb30BaTh IIOJISIPHU3AIU-
OHHBIE CBOKCTBA ITOBEPXHOCTHBIX BOJH. [JISI 3TOrO
Jydlle IIOAXOLUT TPHUAHIYISILMOHHBIN MeETO[,
B OCHOBe KOTOPOTI'O JIeXKUT IIPpHUMeHeHUe Tpex U bosee
IIPOCTPAaHCTBEHHO-Pa3HeCeHHBIX Ja3epHBIX Aedop-
Morpados. K Takoil cHcTeMe MOXHO OTHeCTH Jedop-
morpadsl, onucaHHble B pabote [8]. Bo BTOpo# yactu
CTaTbU Ha I[pHMepe PeruCTpaluu AedopMallHOH-
HBIX BO3MYILIEHUH Pa3JINYHOr0 IIPOHCXOKAEHUS
PaccMOTpHUM 0CO6eHHOCTH PaboThl TPHAHTYJISLIHMOH-
HOTO MeTo[a IIeJIeHTOBAHUS AAHHBIMU JIa3ePHBIMH
IedopmorpadpaMu.

NENEHTOBAHUVE OE®OPMALIMOHHDbIX
BO3MYLLEHU ABYXKOOPANUHATHbIM
NA3EPHbIM AJE®DOPMOIPA®OM

3 uroHg 2014 roja C IMOMOINBIO OPTOTOHAJIBHOM
CHCTeMBl JIa3epHBIX JedpopMorpadoB, HaIIPaBIeH-
HOCTH «CeBep-Ior» M «3aIlaf-BOCTOK», YCTaHOBJIEH-
HbIX Ha M3C «M. Hlynbla», yoajaoch B TeUeHHe [JIH-
TEJIPHOTO BPeMeHH OCYIIeCTBUTh COIIPOBOXKACHUE
ImapoMa OT MOMEHTa HayvaJla ero ABM>KeHHs U3 II0pTa
3apybHHO [0 MaKCHMaJIbHO BO3MOXKHOH MAHCTaH-
uuy HabnopeHus. [lepBuyHas uHGopMalUs O Tpa-
eKTOPUH [BKKeHHUs Iapoma 6blla B3siTa C pecypca
http://marinetraffic.com, IIpefOCTaBISIONEM
JaHHBbIe B OTKPBITOM [OCTyIIe O IIOJIO’KeHHH CYIOB,
3aperMCTPUPOBAHHBIX B ABTOMaTH4ecKoM HaeHTH-
dukanuonHom Cucteme (AIS). Ha puc. 1 mpencras-
JIeHBl CIIeKTPOTPaMMBl CHHXPOHHBIX 3aIlHCeH [OBYX
nedopmorpados.

CrekTporpaMMBI, ITOKa3saHHBIe Ha PHC. 1, UMeEIOT
IJIMTeNIBHOCTD 7 Y. C ABYX AedopMorpados «ceBep-ror»
M «3aIlaf-BOCTOK» B pAuamasoHe 20,5-22 T'1.Bpemsa
Ha CIeKTporpaMMax OTCUHUTBIBAETCd OT Hadala
3anucH - 8:00 UTC. CTpesikaMH Ha CIIeKTPOrpaMMax
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of various origins, the features of the triangulation
method of direction finding by these laser strainme-
ters will be considered.

DIRECTION FINDING OF DEFORMATION
DISTURBANCES BY A TWO-COORDINATE
LASER STRAINMETER

On June 3, 2014, with the help of an orthogonal
system of laser strainmeters, directions «north-south»
and «west-east», installed at the Mys Shul’tsa Marine
Experimental Station, it was possible for a long time
to escort the ferry from the moment it began to move
from the port of Zarubino to the maximum possible
observation distance. The primary information on the
trajectory of the ferry was taken from the resource
http://marinetraffic.com, which provides publicly
available data on the position of vessels registered in
the Automatic Identification System (AIS). Figure 1
shows spectrograms of synchronous recordings of two
strainmeters.

The spectrograms shown in Fig. 1 have a duration
of 7 h from two “north-south” and “west-east” strain-
meters in the range of 20.5-22 Hz.The time on the
spectrograms is counted from the beginning of the
recording - 8:00 UTC. The arrows on the spectrograms
indicate the times corresponding to the position of the

C.-10. yacrora, I'y

B.-3. yacrora, I'iy

0 1:0:0 2:0:0 3:0:0 4:0:0 5:0:0 6:0:0 7:0:0

Puc. 1. Cnexmpoz2pammbl 3anucu 08yxKoopOUHAMHO20
nasepHozo depopmozpada 3 utoHs 2014 2. npu 0suxke-

HUU pelicosozo Mopckozo napoma (8sepxy — «cegep-toe»,
8HU3Y — «3aNnad-80CcmMoK»)

Fig. 1. Spectrograms of the recording of a two-coordinate
laser strainmeter on June 3, 2014 during the movement of

a liner sea ferry (above - “north-south”, below - “west-east”)
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yKa3aHbl MOMEHTHI BpeMeHH, COOT-
BeTCTBYIOIIHE II0JIO’KEHHIO CyAHA
B TOYKaX, [IOMeYEeHHEIX Ha TPaek-
TOPUM [OBMIKEHHS IIapoMa, IIpef-
CTaBJIeHHOU Ha PHC. 2.

Kak MOXHO BHOETh II0 pHcC. 1
U PHUC. 2, YaCTOTHbIE TPEeKH [IapoMa
OueHb XOPOIIO BHUIHBI Ha CIIeK-
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HalpaBleHUs Ha [IBHKYyIleecs
cyaHo. IIpu BBIIIOJTHEHHM pacue-
TOB B COOTBETCTBHU C [1, 5] cum-
TaJI0Ch, YTO OCHOBHBIE CMeILeHHSs
ycToeB medopMorpadoB BBI3BAHEI
[I0BepXHOCTHBIMH BOJIHAMH p3Jie-
eBCKOro THIIA. [Ipu pacueTe Oymem

Lt

Puc. 2. Mapwpym napoma ¢ MapKepHblMU moykamu u epemeHem,
noay4yeHHbimu u3 AlS
Fig. 2. Ferry route with marker points and time, obtained from AIS

ITopT COK40

'

YUUTBIBATBb TOJIBKO COCTABIISIIOIIYIO
BOJIHBI, OPUEHTHPOBAHHYIO BIOJb
HaIlpaBJIeHUs PaCIOpocTpaHeHHs BONHBI. CHavasna
pacdeTsl ITpoBefieM IIPU YCJIOBUH, YTO yroJl Hallpasiie-
HHS Ha UICTOYHHK HaX0JUTCSI MeXKIY OCSIMHU JIa3€PHBIX
nedopmorpadoB «ceBep-IOr» M «3aIlafi-BOCTOK» (I107I0-
>KeHHe MapKepHOH TouKU 1). IIpoeKLMH COCTaBIsIO-
IIKMX, OPHEHTHUPOBAHHBIX 10 HAIIPaBIeHHUIO PaCIIpo-
CTpaHeHHsI BOJIHBI, HA OCH JIa3epHbIX AedopMorpadoB
«ceBep-IOI» U «3allaj] BOCTOK» OyayT paBHBL:

vessel at the points marked on the trajectory of the
ferry, shown in Fig. 2.

As can be seen from Figs. 1 and 2, the frequency
tracks of the ferry are very clearly visible on the
spectrograms of both strainmeters up to the turning
point 7, after which they become less contrasting, but
they can be traced very confidently up to the marker
point 9-12:00 UTC, corresponding to the distance
of the vessel from Mys Shul’tsa at 156 km. Taking

A(1,1)=A(L)cos(a, —v,), (1) || into account the directive pattern of laser strainme-
ters [14, 17], the possibility of using a two-coordinate
A(2,1)=A(2)cos(o, -1, ), (2) || laser strainmeter to determine the direction of a mov-

Ize: Yy, — yrol HallpaB/leHHs Ha HCTOYHHK, OTCYMTHIBA-
eMBIH OT HaIlPaBJIeHUS Ha CeBep II0 YaCOBOM CTpeJIKe,
A(L,1) u A(2,1) - aMIUIUTYABL Ha 4acTOTe aHAIHU3UpYye-
MOTO CHTHaJla, [OoJy4eHHbIe IIPU CIIeKTPaIbHOM 06pa-
BoTKe 3armrcell na3epHbIX febopmorpados «ceBep-ror»
U «3aI1a]] BOCTOK”» IIPH HAXOKIAEeHHUHU [1apoMa B TOUKe 1,
A1) u AQQ) - «UCTHHHas» aMIUIUTYAQ CMeNleHUs
YaCcTUL, Cpefbl, IMpPUBeLeHHAs K AAuHe 6a3bl jaszep-
HBIX HedopmMorpadoB «ceBep-lor» M «3araf-BOCTOK”,

ing vessel was investigated. When performing cal-
culations, in accordance with [1, 5], it was assumed
that the main displacements of the abutments of the
strainmeters are caused by the Rayleigh-type surface
waves. When calculating, we will take into account
only the wave component oriented along the direc-
tion of wave propagation. First, we will carry out the
calculations under the condition that the angle of
direction to the source is between the “north-south”
and “west-east” axes of the laser strainmeters (marker
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[IPY HaXOXKJIEHHH I1apoMa B TOYKe 1, 0f U &, — YIJIBL
MEXIy OCSIMH JIa3epHBIX AedpopMorpadoB «ceBep-ror»
U «3aIa/i-BOCTOK» U HallpaBjleHHeM Ha ceBep (198°).

YuutsiBas To, uto A(l)/A(2)=2,8, u packianpiBas
KOCHHYCBHI B ypaBHeHUsX (1) 1 (2), uMeeM:

AlL1) )=cos(ocl)COS(%)+Sin(a1)51n(71)’

2,8-A(2) ©

rme:

) A2,0)
~ cos(ay )cos(y,)+sin (o, )sin(y,)’

A(Z) (4)
I[Tpu oncTaHoBKe (4) B (3) 11oC/Ie HeCJIOKHBIX ITpeob-
Pa30BaHHUI MTONTyYaeM:

{A(Ll)cos(ocz) _cos(osl)}

2,8-A(2,1)

{sin(%)_w} |

Y, =arctg (5)

Jlasee pacueTsl IIPOBOASTCS IIPH YCIIOBHH, YTO YIOJ
HaIlpaB/leHHWsl Ha MCTOYHHUK HAXOOUTCS BOCTOYHee
ocu saszepHoro gedopmorpada «ceBep-ior» (Iosoxe-
HHe MapKepHBIX Touek 2-11). B 3ToMm ciy4ae Ipoek-
LIMK COCTaBJSIIONIEl, OPHEHTHPOBAHHOM II0 HaIlpaB-
JIeHHIO PacIpOCTpPaHeHHUS BOJIHBI, HAa OCH JIa3epHBIX
nedopmorpados byzmer paBHa:

A(Li+1)=A(1)cos(o - ,.,), ©)

A(2,i+1)=A(2)cos(180° (o, — 7., ), @)
rge: y; U Y;,; - YIJIBl HalpaB/leHHUs Ha HCTOY-
HHUK, OTCUMTHIBAEMBIM OT HAIlpPaBJIeHHUsS Ha CeBep
st i+1 touku, A(l,i+l) m AQ2,i+1l) - aMIIUTYABL
Ha YacToTe aHAJIM3UPYeMOro CUTHaIa, II0Ny4YeHHbIe
IIPU CIIEKTPAJIbHOM 06paboTKe 3aIrceil Jia3epHBIX
nepopmorpadoB «ceBep-lor» H «3aIaf-BOCTOK» IIPH
HAaXOXIeHUH IIapoMa B MapkepHOM Touke (i+1), A(l)
U AQ2) - “UCTHHHAs» aMIUIMTYAA CMellleHHsl YacTHUI]
cpenbl, IpUBefeHHAs K IyIMHe 6a3bl 1a3epHBIX fedop-
MOrpadoB «CeBep-IOI» M «3aIlafl-BOCTOK”», IIPH HAXOXK-
IeHUM IapoMa B TodKe i+1. Pemas cucreMy ypas-
HeHuH (6) u (7) u ¢ ydyeroM Toro, 4To A(1)/A(2)=2,8,
[IOJIy4daeM:

{A(UJFI)COS(%)NOS(%)}

2,8-A(2,i+1)
Yy =arctg| - {

A(Li+1)sin(oy) - ®

2,8-A(2,i+1)

+sin(oc1)}
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point position 1). The projections of the components
oriented in the direction of wave propagation on the
“north-south” and “west-east” axis of the laser strain-
meters will be equal:

A(1,1)=A(1)cos(a, - v,), @

A(2,1)=A(2)cos(a, —,), 2
where: y, is the angle of direction to the source,
measured from the north direction clockwise, A(1,1)
and A(2,1) are the amplitudes at the frequency of the
analyzed signal, obtained during spectral processing
of the records of “north-south” and “west-east” laser
strainmeters, when the ferry is at point 1, A(1) and
A(2) are the “true” amplitude of the displacement of
the particles of the medium, reduced to the length of
the base of the “north-south” and “west-east” laser
strainmeters, when the ferry is at point 1, o; and a,
are the angles between axes of the “north-south” and
“west-east” laser strainmeters and the north direction
(198°).

Taking into account that A(1)/A(2)=2,8, and expand-
ing the cosines in equations (1) and (2), we have:

z,sLAa)) = cos(o )eos(y,) +sin(e)sin(y,), ()
where:
AQ) AQ,1) "

- cos(a, )cos(y,)+sin(o, )sin(y,)’

When substituting (4) into (3) after simple transfor-
mations, we obtain:

2,8-A(2,1)

{Sm ()- A(l,l)sin(ocz)} '

2,8-A(2,1)

v, =arctg

Further calculations are carried out under the con-
dition that the angle of direction to the source is east
of the axis of the “north-south” laser strainmeter
(position of marker points 2-11). In this case, the pro-
jection of the component oriented in the direction of
wave propagation on the axis of the laser strainmeters
will be equal to:

A(Li+1)=A(1)cos(o - ,.,), ©)

A(2,i+1)= A(2)cos(180° (o, - 7., )), )
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I[Tocse aHa/NM3a pe3y/IbTATOB PAaCueTOB ObUIM BBISB-
JIeHBl HeKOTOphle IIOIPeIIHOCTH B 3HaYeHUIX YIJIOB
C peajnbHBIM HaIlpaBJieHHeM [BHKeHHS MCTOYHHKA.
IIpyymHA 5TOro MOXKeT OBITh CBsI3aHA C PacIpoOCTpa-
HeHHeM CHUTHAJIOB OT IIapoMma A0 JIa3epHoro nedop-
morpada. PacCMOTpHUM [Ba BO3MOXHBIX C(/Iydas
pacIpocTpaHeHMs:

1. 3ny4eHHBIN IIapOMOM CHMTHa/I 3axBaThIBa-

eTCsl 3BYKOBBIM KaHaJIOM K PacIIpoCTpaHseTCs
o HeMy gm0 IIybuH 35 M (IpHMepHO II0JIO-
BMHa [JIMHBI BOJHBI Ha 4yacrtore 21,5 'l mmpu
ckopocTu 1500 M/c), a manee CUTHAN [0 Jasep-
Horo JepopMorpada pacpocTPaHsIeTCs TOIbKO
[I0 TpaHHIle «BOLA-AHO» B BHJe BOJHBL P3nes
[IOBePXHOCTHOI'O0 THUIIAa LHJIHMHIPUYECKOM Ppac-
XOAHUMOCTH. KOHeUHO, U3Ty4YeHHBbIH [1apOMOM
CUTHAJI Ha IIebde HAUMHAET B3aUMOIEMCTBO-
BaTh C JHOM paHblle, HO MBI He 3HaeMm IJIy-
OMHBI PaCIIONIOKEHHEe OCH 3BYKOBOIO KaHaua,
mostoMy OygeM CYHUTaTh, UTO M3JIyYeHHBIH
[IapoMOM CHTHaJl PacCIpoCTpaHseTCd II0 Irpa-
HHIe «BOJA-AHO» [0 JIa3epHoro JepopmMmorpada
HadHMHas C IIyOUH 35 M, a 110 BOfie He pacIpo-
CTpaHseTcs.

2. IIpx OTCYTCTBMM 3BYKOBOTO KaHaja CHUIHaJ,
CO3JAHHBIM IIapOMOM, II0 3aKoHY cepuue-
CKOH PacXOJHMOCTH pacIpocTpaHsieTcs [0 AHaA,
a Jajee CUIHaJl [0 JiasepHoro medopmorpadpa
pacmpocTpaHseTcs II0 TpaHMIle «BOAA-THO»
B BHJe BOJHBI P3jles IIOBePXHOCTHOIO THIIA
LMJINHAPUYECKOM pacxoAMMoOCTH. HecmorTps
Ha 3TO, MeTOJ, OIlpele/leHHs HaIllpaB/IeHHe
Ha MCTOYHHUK C IIOMOIIBIO CHUCTEMBI OPTOIO-
HaJAbHBIX Ja3epHBIX OedopmorpadoB naer
BIIOJIHE XOPOIIKe pe3yJIbTaThl.

NMENEHTOBAHUE AE®OPMALMNHHDIX
BO3MYLLEHUA TPUAHTYIALUOHHbIM
METOAOM

Termepp  pacCMOTPHUM  MeToJ OobHapyKkeHHUS
MCTOYHUKA KOJIeOaHMM C HCII0/Jb30BAaHHEM
IPOCTPAaHCTBEHHO-pa3HeCeHHOH CHUCTeMEI
M3 HeCKOJIBKHX JIa3epHBIX Jepopmorpados. B man-
HBI MOMEHT MBI MMeeM TaKyl CHUCTeMy, COCTOS-
Iy M3 Tpex jasepHbIX Aepopmorpados. Jlasep-
Hble gedopmorpadnl pacmonararTcsa: M. llynsua,
[IpuMopcKuM Kpar; M. CBobonmHBIM, 0. CaxaluH;
r. KpacHokaMeHcK, 3abalKajbCKUM Kpad. [aH-
HBIF MeTOJ, -~ MeTOJ TPUAHIYISLUU — He SBISIeTCs
HOBBIM M IIOBCEMECTHO IIPHMEHSIeTCS B COBPeMeH-
HOM >KM3HH, B TOM YHCJIe U B CHCTeMax TIeoIlo-
3SUIMOHUPOBAHMSA, OLHAKO IIPHMEHeHHe ero s
HaXOXOeHHs MCTOYHHKA C IIOMOINBIO J1a3epHO-

=

where: y, and y;,, are the angles of direction to the
source, measured from the north direction for i+1
point, A(l,i+1) and A(2,i+1) are the amplitudes at
the frequency of the analyzed signal, obtained by
spectral processing of records of “north-south” and
“west-east” laser strainmeters, when the ferry is at
the marker point (i+1), A(1) and A(2) are the “true’
amplitude of displacement of the medium particles,
reduced to the length of the base of the “north-south”
and “west-east” laser strainmeters, when the ferry is
at i+1 point. Solving the system of equations (6) and
(7) and taking into account the fact that A(1)/A(2)=2.8,
we obtain:

i

{A<ll+1)cos<a) +cos(a1)}

2,8-A(2,i+1)
Yy+1 = arCtg _{ » (8)

A(Li+1)sin(o,)
2,8-A(2,i+1)

+sin(oc1)}

After analyzing the calculation results, some
errors were revealed in the values of the angles with
the real direction of the source movement; this may
be due to the propagation of signals from the ferry
to the laser strainmeter. Let’s consider two possible
cases of propagation:

1. The signal emitted by the ferry is captured by
the sound channel and propagates through
it to a depth of 35 m (approximately half the
wavelength at a frequency of 21.5 Hz at a speed
of 1500 m/s), and then the signal to the laser
strainmeter propagates only along the “water-
bottom” boundary in the form of a Rayleigh
wave of the surface type of cylindrical
divergence. Of course, the signal emitted by the
ferry on the shelf begins to interact with the
bottom earlier, but we do not know the depth
of the location of the axis of the sound channel,
so we will assume that the signal emitted by
the ferry propagates along the “water-bottom”
boundary to the laser strainmeter starting
from a depth of 35 m, and does not propagate
through the water.

2. In the absence of a sound channel, the signal
generated by the ferry, according to the law of
spherical divergence, propagates to the bottom,
and then the signal to the laser strainmeter
propagates along the “water-bottom” boundary
in the form of a Rayleigh wave of the surface
type of cylindrical divergence. Despite this,
the method of determining the direction to
the source using a system of orthogonal laser
strainmeters gives quite good results.
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MHTeppepeHIIHOHHBIX
BIIepBEIe.

JlorycTuM, YTO MBI HMeeM HCTOYHHK Kojeba-
HUMN eCcTeCTBeHHOIO0 H/IM aHTPOIIOreHHOTO0 XapakK-
Te€pa B aKBAaTOPHUU SINOHCKOrO MoOpsi. HCTOUHHU-
KaMH{ JAaHHBIX KoJIebaHHUM MOIyT ObITh IIOABOJHEIE
B3pBIBBI, 3eMJIETpsiCeHHUs], TaudyHbI, aHOMAaJIbHO
bonpinrie BOMHBI U T.I. ByJeM cUMTaTh, YTO KOJe-
6aHHs OT MCTOYHHKA IIPOHUKAIOT B BEPXHHUM CJIOH
3eMHOK KOPHI M PacIIPOCTPAHSIOTCS [0 TOUeK IIpHeMa
CO CpefHEeM CKOPOCTBIO 2 KM/C. 3afaiuM Ha KapTe
IIPOM3BOJIBPHYIO TOYKY B SIIIOHCKOM MOpe, B KOTOPOH
[IpeAIIOIOKUTEeIBHO HaXOAUTCS MCTOYHUK KoJle-
6aHMI. PacCTOSHHUS OT HCTOYHHKA [0 TO4YEK IIpH-
eMa ciaenyroinpe: «McTouHuK - M. Hlyabema» - 640 kM,
«MICTOYHUK - M. CBOGOmHBINM» - 1484 kM, «HcTO4Y-
HUK - KpacHokameHck» - 1818 km. Torma Bpems
npuxofa A0 KaXAOHM TOYKMU Ipuema: «HICTOYHHK -
M. Ilynema» - 640/2=320 c, «HMCTOYHHUK — M. CBoboj-
HBII» - 1484/2=742 c, «FICTOYHUK — KpacHOKaMeHCK» —
1818/2=909 c. YuMuTHIBas, 4TO B TOYKY «M. Illyneiia»
KosebaHus NPUAYT IIepBBIMHU, TO CYHUTAEM 3Ty TOUKY
3a HY/JIeBYIO OTMETKY, TOILJa BpeMeHa pacIIpoCTpa-
HeHHUs [0 OCTaJbHBIX TOueKk OymyT cCienymomiue:
«M. Iynsna» - 0 ¢, «m. CBobomHBIN» - 742-320=422 c,
«KpacHOKaMeHCK» = 909-320=589 c.

[IpousBemeM pacueT HaIIpaB/leHHs Ha HCTOYHHUK
II0 Tpacce pacmpocTpaHeHusa «M. Ilynbia - M. Cso-
6omHBIN». [IJIS 3TOrO HA4epTUM 2 Kpyra C LeHTPOM
B Touke «M. Hlympita» pamuycom 1000 m 1200 xm.
BelumnciasgeM pacCTOSHHE C Y4YeTOM BpeMeHH pac-
IIpocTpaHeHMsa oOT «M. Mlyabiia»

npubopoB obcyskpmaeTcs
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DIRECTION FINDING OF DEFORMATION
DISTURBANCES BY TRIANGULATION METHOD
Now we will consider a method for detecting an oscil-
lation source using a spatially spaced system of several
laser strainmeters. At the moment we have such a sys-
tem consisting of three laser strainmeters. Laser strain-
meters are located at Mys Shul’tsa, Primorsky Krai;
Mys Svobodny, Sakhalin; Krasnokamensk, Trans-Baikal
Territory. This method, the triangulation method is
not new and is widely used in modern life, including
in geolocation systems, but its use for finding a source
using laser interference devices is discussed for the first
time.

Let’s assume that we have a source of fluctuations
of a natural or anthropogenic nature in the waters of
the Sea of Japan. The sources of these vibrations can be
underwater explosions, earthquakes, typhoons, abnor-
mally large waves, etc. Let’s assume that vibrations
from the source penetrate into the upper layer of the
earth’s crust and propagate to the receiving points at
an average speed of 2 km/s. Let’s set an arbitrary point
on the map in the Sea of Japan, where the oscillating
source is supposedly located. The distances from the
source to the receiving points are as follows: Source -
Mys Shul’tsa - 640 km, Source - Mys Svobodny - 1484 km,
Source - Krasnokamensk - 1818 km. Then the time of
arrival to each receiving point: Source - Mys Shul’tsa -
640/2 = 320 s, Source - Mys Svobodny - 1484/2 = 742 s,
Source - Krasnokamensk - 1818/2 = 909 s. Considering
that the oscillations will come to the point Mys Shul’tsa
first, then we consider this point as the zero mark, then

o «M. CBODOOHBIN» 422-2=844 kM.
Hanee 4epTUM 2 Kpyra C LeH-
TPOM B TO4YKe «M. CBOOOSHBII»
pamuycom 1000+844=1844 &M
u 1200+844=2044 kM. Ilo mepece-
YeHHUSIM OKPY)KHOCTeH 4epTHUM 2
HaIlpaB/IeHUsI Ha HCTOYHHUK (3es1e-
Hble TMHHUH).

Kak MOXHO YBHAETh U3 PUC. 3,
ObUIM IIONy4eHBl J[ABa HAIpaBs-
JIeHHWs Ha HCTOYHHUK, IIPH 3TOM
OJHO M3 HHUX SBJISIeTCSd MHCTHH-
HBIM, a BTOpOe JIOKHBIM. JIOXK-
HOe HalpaBjeHHe Ha HMCTOYHHK
IIpY JATBHEHIINX pacdyeTax bymer
KCKJIIOYEHO.

IIpousBemeM pacyeT HaIIpaB-
JeHKWs Ha HMCTOYHHK II0 Tpacce
pacmpocTpaHenus «Mm. Ilyneua -
KpacHoKkaMeHCK». YepTHM 2 KpyTa
C LUeHTPOM B To4ke «M. Iymbiia»

Puc. 3. Cxema pacuema HanpasneHus Ha UCMOYHUK N0 mpacce «m.
LWynbua - m. CB0600HbIL»

Fig. 3. Scheme for calculating the direction to the source along the trace
“c. Schultz - c. Svobodny”

R1200km
e R1000Kkm

o M. CBOGOIHBIN

oM. Tynpra

4

CTOYHHNK

R1 844 km

Hanpaenetue 1 R 2 044 km
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panuycom 1000 1 1200 kM. Bpems
IIpUX04a BOMHBI OT «M. Illynbria»
mo «KpacHOKaMeHCK»  COCTaB-
nsgetr 589 c. PaccrosHHe C yd4e-
TOM BpeMeHH PpaCIpOCTpPaHeHHs
or «mM. Mlymeuma» mpo «KpacHoka-
MeHCK» 589-2=1178 kM. YepTtum 2
Kpyra C LIieHTpOM B To4Ke «KpacHo-
KaMeHCK»paguycoM1000+1178=2178km
U 1200+1178=2378 kM. Ilo mepe-
CedeHHSM OKPY)KHOCTEH YepTHM
2 HampaB/leHHUs Ha HCTUHHBIN
HCTOYHHUK (KpacHbIe JINHUH).

Ha puc. 4 nBa HampaB/lIeHHS
IepeceKkaroTCs, COOTBETCTBEHHO
OHH ABJISIOTCS HCTUHHBIMH, OBa
OCTa/JIBHBIX HAIlpaBleHUs ybu-
paeM Kak JIOKHBIe,

PaccuMThIBaeM HampasJie-
HHe Ha MCTOYHHMK II0 Tpacce «M.

Puc. 4. Cxema pac4ema HanpasneHus Ha UCMOYHUK no mpacce

«m. Lynbua - KpacHokameHck»

Fig. 4. Scheme for calculating the direction to the source along the trace
“c. Schultz - Krasnokamensk”

R1200km
R1000km

PR |

\
)
4

M. lynsra

HICTOYHUK

R2178 km
R2 378 km

CBOOOOHEBIN - KpacHoKaMeHCK”.
YepTuM 2 Kpyra C LeHTPOM
B TOUKe «M. CBOOOIHBII» panumycom 1000 u 1200 kM.
BrluncisseM pacCcTossHHe C y4eTOM BpeMeHH pac-
npoctpaHenus (589-422=167 ¢) ot «M. CBOOOZHBII»
o «KpacHokaMeHCK» 167-2=334 kM. YepTuM 2 Kpyra
C LeHTPOM B TouKe «KpacHOKaMeHCK» paJHuyCoOM
1000+334=1334 xm u 1200+334=1534 xm. Ilo mepe-
Ce4eHHUSIM OKPY)KHOCTEH 4YepTHM HaIlpaBleHHe
Ha UCTUHHBIN UCTOUHHUK (QHOIETOBAS IUHUS).

Ha puc. 5 BUIHO, YTO HaIlpaB/IeHU s [IepeceKaroTcs
B OJHOM TOYKe, MaHHAas TO4YKa

the propagation times to the remaining points will be
as follows: Mys Shul’tsa - 0 s, Mys Svobodny - 742-320 =
422 s, Krasnokamensk - 909-320 = 589 s.

Let’s calculate the direction to the source along the
Mys Shul’tsa - Mys Svobodny propagation path. To do
this, draw 2 circles with the center at the point Mys
Shul’tsa point with a radius 0of 1000 and 1200 km. We cal-
culate the distance taking into account the propagation
time from Mys Shul’tsa to Mys Svobodny 422-2=844 km.

IrepecedyeHus H 6y,IIET ABJIATBCA
MEeCTOITIOJIOKeHHeM HMCTOYHHKA.

3AKJ/TIOMEHUE
B manHON paboTe mpencTaBieHO
HEeCKOJIbKO MeTOJ0B oIlpefese-
HUS HaIlpaBJIeHUS M MeCTOIIO0JIO0-
SKeHUSI UCTOYHHUKOB KoynebaHHI
©CTeCTBEHHOTO M aHTPOIIOTeH-
HOTO IIPOMCXOXKAEHUS C IIOMOIIBIO
CHUCTeM, COCTOAIIMX H3 HeCKOJb-
KHUX JIa3epHBIX fedpopMorpados.
IIp¥ HKCIIONB30BAHUHU OPTOTO-
HaJlbHOM CHCTEMBbl HaIlpaBJIeH-
HBIX JIa3epHBIX medpopmorpadpos
omubka B oIpefeleHHUH HaIlpaB-
JIeHHS Ha HUCTOYHHUK HaXOLUTCH
B ripenenax ot 0.2% 10 16.5%. Ilpu
3TOM, KaK OXHAAA0Ch, MaKCH-
MaJIbHBIe OIIMOKY CBSI3aHBI C IBU-
>KeHHeM I1apoMa Ha MeJIKOH Boje

MecmonoAosKeHLe UCMOUHUKRA, —
Tlepeceuenue mpex HanpasAeHuil

Puc. 5. Cxema pac4ema HanpasneHus Ha UCMOYHUK No mpacce

«M. C80600HBIL — KpaCHOKAMEHCK»

Fig. 5. Scheme for calculating the direction to the source along the trace
“c. Svobodny - Krasnokamensk

)
KpacHOKaMeHCK
O

M. CBO6OIHBII
M. IIyabLa

R1334km
R1534km

R'1 000 km

R1200km
HCTOYHUK

"
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(0JIMHA THAPOAKyCTHUYeCKOM BOJIHBI Ha YacToTe 20 'L
paBHa 0Ko0j0 75 M). CHHU3UTb IOTPEIIHOCTb MOXKET
[IpHMeHeHHe TpeTber OCH - BepTHKajlbHOH. Cylie-
CTBEHHBIM BKJIaJ B OHmHKOKYy BHOCSAT 0CODEHHOCTHU
TpaHCGOpPMaLMU THAPOAKyCTHYeCKHUX BOJIH Ha Ipa-
HUIle «BOJA-IHO» U Ipeobpa3oBaHHUs KX SHEPTUHU
B 3HEPIHIO BOJIH P3/IeeBCKOr0 THUIIA, PACIIPOCTPAHSIIO-
IIMXCS 10 TPaHHILIe «BOJA-JHO”, a TAKXKe pa3IuYHBIX
OpPYyTUX BONH (IPOJONBHBIX M IIONEePeYHbIX, BOTH
Ctoyrnu u JIsBa). YueT Bcex 0COOEHHOCTEI BO3MO-
JK€H TOJIbKO IIPHM TOYHOM 3HAHHH O CTPYKType MOp-
CKOI'0 JHA U XapaKTepPHUCTHKAX II0POJ, MOPCKOIO JHA,
yIJla HaK/IOHa MOPCKOIO HA U T. II., YeM Ha JaHHBIU
MOMEHT aBTODPBl He pacrosiaraioT. Ilocie mposefe-
HUS psiia IKCIIePUMeHTaIbHEIX paboT o ompeferne-
HHIO YIIPYTHX [IapaMeTPOB MOPCKOIO JHS U II0CTpoe-
HHUSI er0 aKyCTHUYeCKOM MOJIelTH MOXKHO 6oyiee TOUHO
pelIMTh 3aJayy II0 IleJIleHIy HaJBOJHOIO CyAHa.
[1rocOM OaHHOIO MeTOHa ABJISIeTCS HaXOXIeHHe
CHCTeMBI J1a3epHBIX JedopMorpados B OGHOL TOUKe,
UTO SB/ISIeTCS IIPEUMYIeCTBOM Ilepe], pacIpe/esieH-
HBIMH CHCTeMaMU Jedopmorpados.

[TpoCTpaHCTBeHHO-Pa3HeCeHHbIe CHCTeMBI Jlasep-
HbIX JedopmorpadoB o061amaroT OOJbIIEN TOYHO-
CTBIO OIlpefle/ieHHsI MeCTOIIOJIOKeHHS HCTOYHHKA,
a IIpU HCII0/b30BaHUU 60JIbIIEro KOJTUYecTBa M3Me-
PUTEeNBHEIX CTAaHI MK, paclpefeleHHBIX B IIPO-
CTPaHCTBe, TOYHOCTH Oy/eT yBeTUUHBATECsI. OCHOB-
HOH IOTPeIIHOCTBI0 B JAHHOM MeTOJe BBICTyIIaeT
M30TPOIHOCTh U COCTAB CpeAbl PacIpOCTpaHeHHUS
perucTpupyeMsix KonebaHum. Tak, /s BolIH Pajes
B Pa3sHbIX MaTepHajaXx CKOPOCThb PACIIPOCTPaHeHHUs
MOXKeT BapbUpPOBAThCsl B OOJBHIMX IIpefesax, uTo
MOKeT CO3/1aBaTh CyIleCTBeHHBIe ONHMOKU B oIpe-
JeJIeHUH MeCTOIIOJIOKeHHs MCTOYHHKA. He uckiio-
YeHO M TO, YTO Ha Tpacce PaclIpoCTpaHeHUs KoJjie-
OaHUI OT OZHOM TOUKH HM3MepeHHs [0 APyrom
MOTYT HaXOAWTCS IeojloTHYeCKre aHOMAajHhH, KOTO-
pble He II03BOJAT HKCII0JIb30BaTh JAHHBIK MeETO[.
B CcBA3HM C 3THM YCTaHOBKa JIa3epHbIX Aedopmorpa-
$OB [MO/IKHA OCYILIECTBIATBCA B MeCTax C 3apaHee
HM3BeCTHOM M XOPOIIO HCCIeLO0BAaHHOM TeoJIoThdYe-
CKOHM CTPYKTYpPOH IIO0 HaIlpaBJIeHHSM PacIIpocTpa-
HeHHUSI KoaebaHHUK OT OJHOM TOYKH H3MepeHHH
IO IPYyTOH.

VicToyHMK OQHMHAHCHUPOBaHUA. MccaemoBaHus
BBIIIOJIHEHBI 33 CYeT CpeACcTB MUHUCTEepPCTBA HAayKHU
U BbICHIET0 obpa3oBaHMs (TeMa rocsamaHus «H3y-
yeHHe QyHIaAMEHTa/lbHBIX OCHOB BO3HMKHOBEHMS,
pasBUTHS, TpaHCPOpMALMH U B3aHMOJEHCTBUS
TUAPOAKYCTUYeCKUX, THAPOPU3IHUECKUX U TeodHu-
3UYeCcKHUX I10eH B MUPOBOM OKeaHe»).
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Next, draw 2 circles with the center at the point Mys
Svobodny with a radius of 1000+844=1844 km and
1200 +844=2044 km. At the intersections of the circles,
draw 2 directions to the source (green lines).

As you can see from Fig. 3, two directions to the
source were received, one of them being true and the
other false. A false direction to the source will be
excluded in further calculations.

Let’s calculate the direction to the source along the
Mys Shul’tsa - Krasnokamensk propagation path. Draw
2 circles with the center at the Mys Shul’tsa point with
a radius of 1000 and 1200 km. The arrival time of the
wave from Mys Shul'tsa to Krasnokamensk is 589 s.
The distance taking into account the propagation time
from Mys Shul’tsa to Krasnokamensk 589-:2=1178 km.
We draw 2 circles with the center at the Krasnoka-
mensk point with a radius of 1000+1178=2178 km and
1200+1178=2378 km. At the intersections of the circles,
draw 2 directions to the true source (red lines).

In Fig. 4, two directions intersect, respectively,
they are true, the other two directions are removed as
false.

We calculate the direction to the source along the
Mys Svobodny - Krasnokamensk propagation path.
Draw 2 circles with the center at the Mys Svobodny
point with a radius of 1000 and 1200 km. We calculate
the distance taking into account the propagation time
(589-422=167 s) from Mys Svobodny to Krasnokamensk
167-:2=334 km. We draw 2 circles with the center at the
Krasnokamensk point with a radius 0£1000+334=1334 km
and 1200+334=1534 km. At the intersections of the circles,
draw the direction to the true source (purple line).

In Fig. 5it can be seen that the directions intersect at
one point, this intersection point will be the location of
the source.

CONCLUSION

This paper presents several methods for determining
the direction and location of oscillating sources of
natural and anthropogenic origin, using systems
consisting of several laser strainmeters.

When using an orthogonal system of directed laser
strainmeters, the error in determining the direction
to the source ranges from 0.2% to 16.5%. At the same
time, as expected, the maximum errors are associ-
ated with the movement of the ferry in shallow water
(the length of the hydroacoustic wave at a frequency
of 20 Hz is about 75 m). The use of the third axis - the
vertical one - can reduce the error. A significant con-
tribution to the error is made by the features of the
transformation of hydroacoustic waves at the “water-
bottom” boundary and the conversion of their energy
into the energy of Rayleigh-type waves propagating
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along the “water-bottom” boundary, as well as various
other waves (longitudinal and transverse, Stoneley
and Love waves). Taking into account all the features is
possible only with accurate knowledge of the structure
of the seabed and characteristics of the seabed rocks,
the angle of inclination of the seabed, etc., which
the author does not currently have. After carrying out
a number of experimental works to determine the
elastic parameters of the seabed and build its acoustic
model, it is possible to more accurately solve the prob-
lem of the direction finding of a surface vessel. The
advantage of this method is finding the system of laser
strainmeters at one point, which is an advantage over
distributed systems of strainmeters.

Spatially separated systems of laser strainmeters
have higher accuracy in determining the location of
the source, and with the use of a larger number of
measuring stations distributed in space, the accuracy
will increase. The main error in this method is the
isotropy and composition of the propagation medium
of the recorded oscillations. For example, for Rayleigh
waves in different materials, the propagation velocity
can vary within wide limits, which can create signifi-
cant errors in determining the location of the source. It
is also possible that geological anomalies can be found
on the path of propagation of oscillations from one
measurement point to another, which will not allow
the use of this method. In this regard, the installation
of laser strainmeters should be carried out in places
with a previously known and well-studied geological
structure along the directions of propagation of oscilla-
tions from one measurement point to another.
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