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BBEAEHWE

PazpaboTka HOBBIX TEXHOJIOTHIH KPAaTKOCPOYHOTO
IIPOTHO3a OMAaCHBIX THAPOAMHAMHYECKHUX IIPOLIeCCOB
3eMH (BOTTHBI LIyHAMH, “BOTHBI-YOHUUIIBI» U OP.), UX
[leJIeHTalluKu U UIeHTUQUKALIMYU Ha CTAJUH 3aPOK-
JIeHUs WU Ppa3BUTHUS HMeeT I'POMaZHOe 3HaudeHUe,.
Ha maHHBIM MOMEHT IIPaKTH4YeCKH HeT JOCTaTOYHO
Ha/Ie>kKHBIX METOMOB PEeruCTpPallui BO3HHKHOBEHHUS
ONACHBIX THUAPOOHHAMHUYECKHUX IIPOLIeCccCOB 3eMIH,
Ha 4YTO YKa3bIBAIOT KaTaCTpodHUUecKHe COOBITHS
[IOC/IeJHUX JIeT. B kauecTBe XapaKTepHOro IIpuMepa
MOXKHO IIPHUBECTH ABa COOBITHSI, KOTOpBIE CBSI3aHBI
C 3eMJIeTpsICEHUSIMM, MPOHUCIIeSUIMMU B 3eMHOM
Kope I1oJ, MOpPCKUM AHOM. Tak B ,ue1<a6pe 2004 ropa
IIPOM30IUIO MOIIHOe 3eMjeTpsiceHHue B MHOAUICKOM
OKeaHe, B pe3yJbTaTe 4dero obpa3oBasack LIyHAMH,
yHecmIas >KU3HU Oosee 283000 uenoBek [1-4]. Ilpu
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INTRODUCTION

The development of new technologies for short-term
forecasting of dangerous hydrodynamic processes of
the Earth (tsunami waves, “rogue waves”, etc.), their
direction finding and identification at the stage of
origin and development is of great importance. At the
moment, there are practically no sufficiently reliable
methods for registering the occurrence of dangerous
hydrodynamic processes on the Earth, as indicated by
the catastrophic events of recent years. As a typical
example, two events can be cited that are associated
with earthquakes that occurred in the earth’s crust
under the seabed. Thus, in December 2004, a power-
ful earthquake occurred in the Indian Ocean, result-
ing in a tsunami that killed more than 283,000 peo-
ple [1-4]. At the same time, no alarm was announced
in connection with the formation of a tsunami. In
January 2007, there was a powerful earthquake in the
Pacific Ocean, as a result, the danger of a tsunami
was declared on the Kuril Islands and on the island
of Hokkaido. There was no tsunami. These examples
indicate that tsunami warning services are not work-
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3TOM He b6pUIa 0OBSIBIEHA TpeBora B CBSI3W C obpa-
30BaHMeM ILyHaMH. A B sgHBape 2007 ropa Ipou-
30IIJI0 MOIIHOe 3eMJIeTpsiceHHe B THXOM OKeaHe,
B pe3ynbrare 6bUIa OOBSIBIEHA OIACHOCTh LIyHAMH
Ha KypHJIbCKHX OCTOBaX H Ha OCTpPOBe XOKKaHgo.
LyHamu He 6p10. JIaHHBIE IIPIMEPBI TOBOPSIT O TOM,
YTO CAYKOBI IIpenynpeskaeHus, CBSI3aHHbIe C OITacHO-
CTBIO BO3HUKHOBEHHS I[yHaMH, paboTaioT He 3ddek-
THBHO. EC/IH B IIepBoM Ci1ydae rorubia Macca Jofen
U HaHeceH OOJIBIION SKOHOMHUECKHH U COL[MaIbHO-
IIOJTUTUYeCKUH yiepb, To BO BTOpPOM Cllydae HaHe-
ceH 6OJBIION 3KOHOMHYECKHUH yliepd XO03sHCTBYIO-
UM 0ObeKTaM B 30He, Ifie 6bU1a 00BSIBIEHA TPEBOTa,
B CBA3U C IIpeKpallleHHueM HMX QYHKIIMOHHPOBAHHS
U IIpOBeleHHeM IIPOTHBOLIYHAMHOIIACHBIX MePOIIpH-
ATHUH, 3BaKyallle! JI0JeH U3 IIpeAIoaaraeMblX pao-
HOB 3aTOILJIEHUS.

HJebopMallMOHHBIe aHOMAJ/IMK, BbI3BIBAIOIIKE
LIyHaMH, BO3HHMKAIOT IIPU Pa3/JHUYHBIX TeOSHHAMU-
YeCcKUX ITpolieccax. Ilomamisiiomee UX OONBIIMHCTBO
CBSI3aHO C 3eMJIeTpsiceHHUsAMH. CaMHM 3eMieTpsice-
HUSI BCEIo JIMIIb «TPSICYyT» OHO B JHAIlla30He IIepHO-
JI0OB OT HECKOJIBKHX CeKyH], [0 HEeCKOJIBbKHX JeCITKOB
CeKyHJ M He MOTYT BhI3BaTh LyHaMHK. A Aebopmaliiu-
OHHble AHOMAJIMH, BBI3BaHHBIe 3eMJIETPSICEHUSIMH,
HaXoJsTCSL B KpakHe JIeBOM YacTOTHOM JHalla3oHe
M He MOTYT OBITh 3aperHCTPUPOBAHEL JIIOOBIMHU, IasKe
I POKOIIOJIOCHBIMU ~ cericMorpadamu. Hambonee
3¢ PeKTUBHBIMU [IJIS1 PerUCTPALIMY LyHAMU SIB/ISTFOTCS
YCTAaHOBKH, CIIOCOOHBIe PerHCTPHUPOBaTh JedopMarllk-
OHHBIe IMOJABMXKKH, IIPUBOAMAIIME K BO3SHHUKHOBEHUIO
BOJIHBI. CKOPOCTh PaCIpOCTpaHeHHS OepOopMalloH-
HOM IIO/IBIKKH B YIIPYIOHM Cpefie Ha IIOPSIOK bosbiie
CKOPOCTH PacIIpoCTpaHeHHs LyHamu. Haubosee mep-
CIIeKTUBHBIMHU IS UX PErMCTPAllMU U IIeJeHIralyiu
SIBJIAIOTCA JIa3epHbIe edpopMorpadphsl FOPU30HTATBHOTO
TUma 61aromaps CBOMM OCHOBHBIM XapaKTEPHUCTH-
KaM: TOYHOCTH U3MepeHHsI MUKPOCMellleHUH 3e MHOM
Kopel 0,1 HM, 9acTOTHOMY AHara3oHy oT 0 (ycIoBHO)
mo 1000 I'u, AMHAMHYECKUH [OHANa30H IpaKTH4Ye-
CKHM He OIPaHH4YeH IIPH H3MEepeHHH eCTeCTBeHHBIX
[IPOLIeCCOB MHPPA3BYKOBOIO JHalla30Ha. PerucTpalius
OepopMalLlOHHOKM aHOMA/IMHK JIasepHBIM Aedopmo-
rpadom [5], pacmonoskeHHBIM Ha M. Illyablia, Haxons-
IIeMCsl Ha 3Ha4YMTeJIbPHOM PAacCTOSSHUU OT MecTa reHe-
pallMy IIyHAMHM, [I03BOJIMJIA COOPMYTHPOBATH OCHOBBI
nepopMallMOHHOIO MeTOJa OIpefe/leHHus LyHaMHU-
TeHHOCTH 3eMJIeTPsiCeHUH [6].

B HacTosllen CTaTbe HCC/IefyeM 3aIllMCH [ABYX
pAfOM IIPOMUCHIEUIMX 3eMJeTpsCeHHI, OJHO
K3 KOTOPBIX OBLIO IyHAMHUTEHHBIM, a Jpyroe He 6bII0
LyHaMHUTeHHBIM. B panbHeHIIeM MpH OMMHCAaHHUU
BO3MOXKHOCTEH JIa3epPHBIX H3MepHTeJeld BapHaLluH

ing effectively. If in the first case, a lot of people
died and great economic and socio-political damage
was caused, then in the second case, great economic
damage was caused to economic facilities in the zone
where the alarm was announced, due to the termina-
tion of their functioning and the implementation of
anti-tsunami hazardous measures, the evacuation of
people from the alleged flooded areas.

Strain anomalies that cause tsunamis occur during
various geodynamic processes. The overwhelming
majority of them are associated with earthquakes.
The earthquakes themselves only “shake” the bottom
in the range of periods from several seconds to several
tens of seconds and cannot cause a tsunami. Alterna-
tively, the strain anomalies caused by earthquakes
are in the extreme left frequency range and cannot
be recorded by any, even broadband seismographs.
The most efficient devices for tsunami registration
are those capable of registering strain slips leading
to the appearance of a wave. The rate of propagation
of the strain slip in an elastic medium is an order of
magnitude higher than the rate of propagation of
a tsunami. The most promising for their registration
and direction finding are horizontal laser strainme-
ters due to their main characteristics: the accuracy
of measuring the microdisplacements of the Earth’s
crust is 0.1 nm, the frequency range is from 0 (con-
ventionally) to 1000 Hz, the dynamic range is practi-
cally unlimited when measuring natural processes
in the infrasonic range. Registration of the strain
anomaly by a laser strainmeter [5] at Cape Schultz,
located at a considerable distance from the place of
tsunami generation, made it possible to formulate
the foundations of the strain method for determin-
ing the tsunamigenicity of earthquakes [6].

In this article, we investigate the records of two
side-by-side earthquakes, one of which was tsuna-
migenic, and the other was not tsunamigenic. In
the future, when describing the capabilities of laser
meters for hydrospheric pressure variations, we will
substantiate the foundations of creating new tsu-
nami warning systems.

EXPERIMENTAL DATA

AND THEIR PROCESSING RESULTS

Since the beginning of the operation of a horizontal
laser strainmeter with a north-south orientation
and with a measuring arm length of 52.5 m, cre-
ated in accordance with [7], a large amount of data
of a wide frequency range of artificial and natural
origin has been obtained, including data on various
tsunamigenic and not tsunamigenic earthquakes. In
this section, we will analyze the records of two earth-

PHOTONICS VOL. 14 N2 72020 617



FI/I,ZLPOCCDEPHOI'O OaBJIeHHU s 06OCHYEM OCHOBBI CO31a-
HHS HOBBIX CHCTEM IIPEAYIIPEKAEHH A IyHAMH.

SKCMNEPUMEHTAJIbHbIE JAHHDbIE

N PE3YJIbTATbI X OBPABOTKHA

C MoMeHTa Hauajsa paboTel 1asepHOro medpopmo-
rpada TOpPHU30HTAJIBHOTO THIIA OpPHeHTallhueHn
CeBep-I0T M C /JMHOM H3MEepUTEeJIbHOIO IlIeda
52,5 M, CO3LAHHOIO B COOTBETCTBHUH C [7], 6B IOy~
4yeH 60JIBIION 00BeM JAaHHBIX IIMPOKOrO JHUAIA30HA
YaCTOT HMCKYCCTBEHHOIO M €eCTeCTBeHHOTO IIPOMC-
XOKIeHHsI, B TOM YH(C/Ie JAHHBIE II0 PasIMYHBIM
LyHAMHIeHHBIM W He LlyHaMHUIeHHBIM 3eMJIeTpsi-
CeHUsM. B JaHHOM paspeie MBI IIpoaHaIM3UPyeM
3aIIMCH ABYX PSANOM IIPOMCHIeIIHNX 3eMJIeTPSICeHUH,
I1oc/Ie KasKAO0To U3 KOTOPBIX OblIa 06bsIBIIeHA TPeBOra
LlyHAMH, XOTS OJHO M3 HHUX He IPHUBeIo K o6paso-
BAaHHUIO I[yHAMH, a BTOpOe IIPHBeI0 K 00pa3oBaHUIO
LIyHaAMH.

5 ceHTa6ps 2004 roma Ha IOKHOM Ilobepeskbe
ocTpoBa XOHCIO, SIIIOHHKS, IPOM30ILIO ABa MOIIHBIX
3eM/eTpsceHHs. IlepBoe 3emieTpsceHHe C MarHHU-
Tygou 7,2 mpousomio B 10:07:07 B TOUKe C KOOPOH-
HaTtaMu 33.14°N, 136.62°E, Ha pacCTOSSHHUH OKOJIO
75 KM K BOCTOKY OT 0. XOHCIO, Ha IaybuHe 20 KM
OT YPOBHs MOPs. BTopoe 3emieTpsceHue C MarHUTY-
nou 7,5 npousomnuio B 14:57:16. ETo THIIOLEHTP HaXo0-
JUJICS B TOYKe C KoopauHatamu 33.19°N, 137.05°E,
Ha PacCTOSHHMH OKOJIO 130 KM K BOCTOKY OT IO>KHOM
4acTH 0. XOHCI0, Ha IybuHe 10 KM OT YPOBHSI MOPSL.
Ha puc. 1 mpuBeneHa KapTa-cXemMa PacIlOIOKeHHS
SIUILEHTPOB [BYX CHUJIPHBIX 3eM-
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quakes that occurred side by side, after each of which
a tsunami alert was declared, although one of them
did not lead to the formation of a tsunami, and the
second led to the formation of a tsunami.

On September 5, 2004, two powerful earth-
quakes struck the southern coast of Honshu Island,
Japan. The first earthquake with a magnitude of 7.2
occurred at 10:07:07 at the point with coordinates
33.14°N, 136.62°E, at a distance of about 75 km east
of Honshu Island, at a depth of 20 km from sea
level. The second earthquake with a magnitude of
7.5 occurred at 14:57:16. Its hypocenter was located
at the point with coordinates 33.19°N, 137.05°E, at
a distance of about 130 km east of the southern part
of Honshu Island, at a depth of 10 km from sea level.
Fig. 1 shows a schematic map of the location of the
epicenters of two strong earthquakes (red circle) and
a series of earthquakes with a magnitude of about
5 (orange circles). Earthquakes with a magnitude of
about 5 were recorded on the southern coast of Hon-
shu Island after the second strong earthquake.

Both strong earthquakes were recorded by a laser
strainmeter installed at the Marine Experimental Sta-
tion of the Pacific Oceanological Institute Far Eastern
Branch of Russian Academy of Sciences “Cape Schulz”,
at the point with coordinates 42.58°N, 131.13°E. The
distance from the epicenters of earthquakes to the
laser strainmeter is about 1,162 km. The record of
the first non-tsunamigenic earthquake is shown
in Fig. 2 (top). The signal from the earthquake was
recorded by a laser strainmeter at 10:13:46 on Sep-

JTeTpsiceHUN (KPacHBIM Kpyr)
U 4epelbl 3eMJIETPSICeHHMH C Mar-
HUTYJOH OK0IO 5 (OpaH’KeBhle
KPYyrH). 3eM/eTpsSCeHHs C MarHu-
TYZOM OKOJIO 5 ObLIM 3aperucTpH-
POBaHBI Ha IOXKHOM I106epeskbe 0.
XOHCI0 II0CIe BTOPOIO CHJIBHOTO
3eMJIeTPSICeHHS.

Oba CHIBHBIX 3eMJIEeTPsICeHHUS
OBLIM 3aperuCTPUPOBAHBL JIa3ep-
HBIM Aedpopmorpadom, yCTaHOB-
JMeHHBIM Ha M2C TOU [IBO PAH
«m. Ilynpna», B TOUKe C KOOPAH-
HaTamu 42.58°N, 131.13°E. Pac-
CTOSHHe OT JHOHIEHTPOB 3eM-
JTeTpsiCeHHU A0  JIa3epHOro
nedopMmorpada cocTaBisieT OKOIO
1162 kM. Ha puc. 2 (BepxHHI),
NpUBeleHa 3alHCh IIepPBOIO
He IIyHAaMHUIe€HHOIO 3eMJIeTpsce-
Hug. CUTHal OT 3eMJIeTPSACeHHUs

Puc. 1. Kapma-cxema pacnonoxxkeHust anuueHmpos 3emaempsiceHull 8 patioHe
H0XKH020 Nobepexkbst XoHCto 5 ceHmsbpst 2004 200a

Fig. 1. Schematic map of the location of earthquake epicenters in the area of the
southern coast of Honshu on September 5, 2004
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OBLZT 3aperuCTpUpPOBAaH Ja3epHBIM AebopMmorpadpom
B 10:13:46 5 ceHTs6pst 2004 roma. YUHTHIBas BpeMsi
pacrIpocTpaHeHHs] KonebaHUM OT SMHULEHTPA 3eM-
JIeTPSACeHHUS N0 MeCTa YCTAHOBKH JIa3epHOro medop-
morpada, CKOpOCTh UX PaCIIPOCTPAaHEHUS IIPUMEPHO
paBHa 2.909 xM/c. Ha puc. 2 (HUWKHUH) IpHUBeleHa
3alKMCh BTOPOro, LIYHAMMIEHHOTO, 3eMJIeTPSICeHM.
CUrHam OT 3eMJIeTpsiCeHHsI OBl 3aperdCcTPHUPOBAH
nasepHbIM Jedopmorpadpom B 15:03:52 5 ceHTH6pA
2004 roma. PaccTrossHMe OT SMMILIEHTpPa 3eMJIETPsICe-
HUS [0 j1asepHOro gepopmMmorpada cocTaBiseT OKOJIO
1152 kM. YUHuTBIBasE BpeMsl PacCIIpPOCTpaHEHHS KoJjie-
OaHUI OT SIULIEHTPA 3eMJIeTPSICeHHU S IO MecTa yCTa-
HOBKH JjIa3epHOro gedpopmorpada, CKOpoCTh UX pac-
IIPOCTPaHeHMs IIPUMePHO paBHa 2,909 kM /c.

Ha puc. 3 npuBefeHa yBeIrMYeHHas 3alKMCh Ja3ep-
Horo gedpopmorpadpa ropu3oHTaTbHOIO THUIIA II€PBOTO,
He IIyHAMHUIEeHHOrO, 3eMJIeTpsiCeHUs (BepXHUH)
M OUHaMH4YecKas CIeKTpPorpaMMma 3TOTO 3eMJIeTpsi-
ceHUs (HMKHUI). Hadamo 3eM/IeTpsiCeHHSI OTMe-
4YeHO CTpelKoH. Ha sammcu HeT mepopMallMOHHOHN
AHOMAaJIMM, XapaKTePHOM ISl LyHAMHIEHHOIO 3eM-
JeTpACceHMsl, a Ha AUHAMMHYECKOH CIeKTporpaMMme

i g

tember 5, 2004. Taking into account the propagation
time of oscillations from the epicenter of the earth-
quake to the place where the laser strainmeter is
installed, their propagation velocity is approximately
2.909 km/s. Fig. 2 (bottom) shows a record of the sec-
ond earthquake, tsunamigenic one. The signal from
the earthquake was recorded by a laser strainmeter at
15:03:52 on September 5, 2004. The distance from the
epicenter of the earthquake to the laser strainmeter
is about 1,152 km. Taking into account the time of
propagation of oscillations from the epicenter of the
earthquake to the place where the laser strainme-
ter is installed, the velocity of their propagation is
approximately 2.909 km/s.

Fig. 3 shows an enlarged record of a horizontal-
type laser strainmeter of the first non-tsunamigenic
earthquake (top) and a dynamic spectrogram of this
earthquake (bottom). The beginning of the earth-
quake is marked with an arrow. The record does not
show a strain anomaly characteristic of a tsunami-
genic earthquake, and the dynamic spectrogram
clearly shows oscillations with periods of about 10
and 16 s.
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Puc. 2. ®pazmenm 3anucu 52,5-mempos0o20 na3epHoz0
dedpopmozpada 3a ceHms6pb 2004 200a: 3anucb HeLyHaMu-
2eHH020 3eMAempsiceHuUs (8epXHuUll) U 3anuch LyHAMU2€eH-
HO20 3emAempsiceHus (HUXHUL) Ha toze 3anddH020 nobepe-
JKbsl XOHCHO

Fig. 2. Fragment of a record of a 52.5-meter laser strain-
meter for September 2004 a record of a non-tsunamigenic
earthquake (top) and a record of a tsunamigenic earthquake
(bottom) in the south of the west coast of Honshu
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Puc. 3. ®pazmeHm 3anucu 52,5-mempoe020 Aa3epHozo0
depopmozpada: He UyHAMU2eHHO20 3eMAaempsiceHus (8epx-
HUl) U QUHAMUHECKAS CneKmpo2pamMma 3mozo 3emaemps-
ceHus (HUKHUl)

Fig. 3. Fragment of a recording of a 52.5-meter laser strain-
meter: a non-tsunamigenic earthquake (top) and a dynamic
spectrogram of this earthquake (bottom)
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SPKO BbIPaskeHbl KojebaHHUs C IIepHUOAAMH OKOJIO
10ul6ec.

Ha puc. 4 npuBefeHa 3allMCh HYHaAMHUTE@HHOIO 3eM-
neTpsiceHUs] (BepXHHUM) M AHMHaMH4YecKas CIIeKTPO-
rpaMma 3aIlKCH 3TOT0 3eMJIeTpSCeHMs (HIDKHUMN).
Hauano 3eMileTpsiceHHsI OTMeueHO CTPeJIKOH. BuaHo,
4TO II0C/Ie Hayajla 3eMJIETPSACeHMS IIPOH30IL/I0 U3Me-
HeHHe XapaKTepa 3amuch. [lepopmMallMoHHas aHO-
Majus BO3HHK/IA IIPUMEpPHO 4Yepe3 2,5 MHH IocCie
Havasa 3emyeTpsiceHus. Ha 6ase ynasepHoro medop-
morpada ¢ AIMHOM Iieda 52,5 M AedopMallMOHHAs
AHOMAJIMS COCTaB/IsfeT BeIUYHHY 19,2 MKM. Ha guHa-
MHYECKOHN CIIeKTporpaMMe MPHUCYTCTBYIOT Kojeba-
HUA ¢ nepuogamu 10 u 16 ¢, HO Haubosee CUIBHBIE
Ko/mebaHUs BbIENSAIOTCS B 6o/lee HM3KOYACTOTHOM
obmacru.

LlyHaMHUTeHHOe 3eMJIeTpsCeHHe IIPOM30IIIO0
B MecTe, IZe I1ybuHa Mopsi cocTaBiseT 2700 M, IpHU
3TOM CKOPOCTb LIlyHAMH MOXKeT COCTaBIATh 0,16 KM /c.
YuuThIBas, 4TO A0 OirsKkariliero robepesxbsi OKOJIO
130 kM, TO BOJIHA LiyHAaMH JOCTUTHeT bepera depes
812 c. JlasepHbld Jedopmorpad, YCTaHOBIEHHBIN
Ha 1ore IIpEMOPCKOTO Kpasi, 3aperucTprupoBai gedop-
MaIIMOHHYI0 aHOMAJIHIO, KOTOpasi IIpHBesa K obpaso-
BAaHMIO IIlyHaMH, Ha 9 MUH paHbllle, YeM caMasi 60/1b-
IIas BOIHA JIOLLIA 10 OJIMDKAMIIero rmobepeskbs.

OueHKy MaKCHMMa/IbHOTO 3HAa4YeHHS BePTHKAJIb-
HOIO CMeIIeHMS OHA B SMHLEHTPe MOXKXHO CAe/NIaTh
o popmyie [8]:

Hlcm]=1,5M,,-21gh[xmM],

roe: M, - MarHHTyga 3emieTpsceHus, H - mak-
CMMaJIbHas BBICOTA CMeEINEHUSI OHA B 3IHILIEHTpe
u h - rnybuHa ¢dokyca. IloAcTaHOBKA CIOla MarHU-
Tyasl M,,=7,5 1 rnybuHbl dokyca h=10 KM IPUBOAUT
K oLleHKe H~3,3 cM.

IIo maHHBIM MeCTHBIX CMH 3IHLEHTp 3eMie-
TPACeHUSI HaXOOUJICS PSALOM C IIOJIYOCTpoBOM Kuu,
BBIXOASIIUM B TUXUI OKeaH. TOTYKH 3eMJeTpsice-
HHUS OIIYINAJIKMCh HAa GOBIION TEPPUTOPHH, BIUIOTH
mgo r. Tokuo, ymameHHOro Ha 600 KM OT 3HMLIEHTpA.
KonebaHUs IMPUIIIKUCh U Ha JPEBHIOI CTONHLY Smo-
HUU r. Hapa. Ilocjie mepBoro M BTOPOTO 3eMJIETPS-
ceHMs 6pUTa 0OBSIBIEHA TpeBora liyHaMH. Ho mocie
IIePBOr0 3eMJIETPSCEHHsT HabIIo[anace TONBKO IIPU-
JIMBHAs BOJIHA BBICOTOM 0Koj10 0,5 M. A Ioc/ie BTOpOro
3eMJIeTpsiCeHUs Habmioganoch Hebosplloe LyHaAMH
C BBICOTOM BOJIHBI OKOJIO OJHOrOo MeTpa. Ilocie mep-
BOI'O TOTYKA OBLIO ITPeKpaIlleHO [BHKEHIe 3JIeKTPU-
YeK M CKOPOCTHBIX II0e3[0B. B pe3yibTaTe BO3JeH-
CTBUS LIyHAMHU IIOCTpagaiu 14 yenoBek, B IIpepexType
BakasiMa Ipous3olllia aBapus, IpUBeAlIas K IIpeKpa-
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Fig. 4 shows a record of a tsunamigenic earth-
quake (top) and a dynamic spectrogram of the
record of this earthquake (bottom). The beginning
of the earthquake is marked with an arrow. It
can be seen that after the beginning of the earth-
quake, the character of the recording changed.
The strain anomaly occurred approximately 2.5
minutes after the onset of the earthquake. Based
on a laser strainmeter with an arm length of 52.5
m, the strain anomaly is 19.2 pm. On the dynamic
spectrogram there are oscillations with periods of
10 and 16 s, but the strongest oscillations stand out
in the lower frequency region.

Tsunamigenic earthquake occurred in a place
where the sea depth is 2700 m, while the tsunami
velocity can be 0.16 km/s. Considering that the
nearest coast is about 130 km away, the tsunami
wave will reach the coast in 812 s. A laser strainme-
ter, installed in the south of Primorsky Krai, reg-
istered a strain anomaly 9 minutes earlier, which
led to the formation of a tsunami, than the largest
wave reached the nearest coast.
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Puc. 4. ®pazmeHm 3anucu 52,5 Memposo20 Na3epH020
depopmozpada uyHamuzeHH020 3emaempsceHus (8epxHull)
U QUHAMUYECKAs cnekmpoz2pamma 3mo20 3emAaempsiceHus
(HUXKHUO)

Fig. 4. Fragment of a record of a 52.5-meter laser strainmeter
of a tsunamigenic earthquake (top) and a dynamic spectro-
gram of this earthquake (bottom)
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IIEeHUIO I10IaUU 3/1eKTPO3HEPruH, y rnobepeskbs IIpe-
dexTypel MuU3 mepeBepHYIMCh 4 HebGONBIIMX CydHA.
Hebonpmasg BoAHA LiyHaMHM HaHeC/la He3Ha4yHTeNlb-
HBIN yIIepb SKOHOMHUKe SITIOHUH.

B Hacrosimee Bpemsi B CyskOe IIpemyIpeskIeHHUsI
LIyHAaMH /IS PeTHUCTPALlUU KonebaHUN YPOBHS MOPS
HMCIIONIb3YIOTCSL OOHHBIe MAAaTYMKKU cUcTeMbl DART
(Deep-ocean Assessment and Reporting of Tsunamis),
KOTOpble 06eCrIeuuBalOT HOCTATOYHO XOPOIIMI YpO-
BeHb M3MepeHUH [/Is pellleHHs NPUKIaJHBIX 337ad,
HO He[OCTAaTOYHBIM [JIsl pellleHUs psga PyHAAMeH-
TaJbHBIX 3a/lad, CBSI3aHHBIX C TOUHBIM IIPOrHO30M
LlyHAMH II0 IIOJIyYeHHBIM 3alMUCSIM. [JI1 pelleHUs
OAHHBIX OYHIAMEHTAJIBHBIX 3afad IIpefjaraercs
HCII0JIb30BaTh JIa3epHble H3MepUTeNH BapHallUi
ruapocdepHOro fgapneHud [9], HO oCHaIEHHbIe ApYy-
TOHM CHCTeMOM KOMIIEHCALIMU TuIpocdepHOro gaBs-
NeHUsI, NPUMEHSeMON IpHU IOrpyskeHHUH Ipubopa
Ha JHO W/IM €ro IOAHSITHU, obecriedHBaIOLIeH ero
paborocriocobHoCTh pu GonpmKx nybHHAX. BHem-
HHUI BHJ M ONTHYECKas CxeMa JIa3epHOIO H3MepH-
Te/lsl BapUallMM [aBjleHUs] THMAPOCcPephl MPeACcTaB-
JIeHBI Ha pHUC. 5.

Jla3epHBIN U3MepHUTeNIb BapHALUK FHAPOCHEPHOTO
IaBneHUs (pUC. 5 a) MpeAcTaBisieT COO0M LMIUHAPU-
YeckuH kopmyc (1), KOTOpPBIH 3aKpeIlIeH B 3aIlllUTHOMN
pemeTke (2). OfHaA CTOPOHA KOPIIyCa IepMeTHYHO
3arjylieHa U UMeeT OTBepCTHe oA Kabenb. Jpyras
CTOpPOHA I'epMETHYHO 3aKPbIBA€TCS ChbeMHOM KPpBIII-
KoH (3). CHapyku mpubopa pacIonosKeHa 3J1acTHY-
Hasi eMKOCTb (4) C BO34yXOM, BBIXOJHOE OTBepCcTHe
KOTOPOH C IIOMOIIBI0 TPYOKU COefUHEHO C KOMIIeH-
CallMOHHOM KaMepoll, pacIloNoXXeHHOM B CheMHOH
KpBIIIKe. YyBCTBHUTEIBHBIM 3Jle-

i g

The maximum value of the vertical displacement of
the bottom at the epicenter can be estimated by the
formula [8]:

Hlcm]=1.5M,,-21gh[km],

where: M, is the magnitude of the earthquake, H is
the maximum height of the bottom displacement at
the epicenter, and h is the depth of focus. Substitut-
ing here the magnitude M,=7.5 and the depth of
focus h=10 km leads to an estimate of H~3.3 cm.

According to local media reports, the epicenter
of the earthquake was located near the Kii Penin-
sula, overlooking the Pacific Ocean. The earthquake
shocks were felt over a large area, up to the city of
Tokyo, located 600 km from the epicenter. Oscilla-
tions also fell on the ancient capital of Japan, Nara.
After the first and second earthquakes, the tsunami
alert was announced. However, after the first earth-
quake, only a tidal wave with a height of about 0.5 m
was observed. After the second earthquake, a small
tsunami with a wave height of about one meter
was observed. After the first push, the movement
of electric trains and high-speed trains was stopped.
Because of the tsunami, 14 people were injured, an
accident occurred in Wakayama prefecture that led
to a power outage, and 4 small ships capsized off the
coast of Mie Prefecture. A small tsunami wave caused
minor damage to the Japanese economy.

Currently, the tsunami warning service uses bot-
tom sensors of the DART (Deep-ocean Assessment and
Reporting of Tsunamis) system to register sea level
fluctuations, which provide a sufficiently good level

MEHTOM JIa3epHOT0 THApPodoHa
ABNsieTCs Kpyriaas MembpaHa,
3aKpeIVIeHHad B ero CbeMHOM
KpBIIIKe TakUM obpa3om, dYTO
OHA ee CTOPOHA KOHTAaKTHpYeT
C BOmOM, a npyras obpameHa
BHYTpp IHpubopa u sBIseTcs
4JacTpio HHTepdepomMeTpa Mai-
KeJIbCOHA. Bce omTu4yeckue 3jie-
MEHTBl JIa3epPHOTO0 H3MEPHUTeNs
BapHaluy ruapochepHOro maB-
nenus (puc. 5 b) >kecTko 3akpe-
IUIeHBl Ha ONTHYecKor 6ase (8).
Jlya nmasepa (11) depe3 KoIMMa-
Top (10) momazaeT Ha IIJIOCKOIIA-
pa/l/IeNIbHYIO0 [Ie/IUTe/bHYIO ILIa-
cTuHy (7), KoTopas IenHT ero
Ha [Ba OTHENBHBIX Jy4a, H3Me-

Puc. 5. JlasepHblli usmepumens 8apuayuli 2udpocepHozo daeieHuUs!: a) — 8Hell-
Hul 8ud; b) - onmuyeckas cxema

Fig. 5. Laser meter for hydrospheric pressure variations: a) — appearance;

b) - optical scheme

b) 4 7 9 10

PUTEeIbHBIN M ONOPHBIM. I1epBhIi
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7yd (M3MepUTeNbHBIN) HAallpaB/ieH B IUH3Y (4), falee
yepes ONTHYECKoe OKHO Ha MeM6paHy ¢ 3epKaJIbHbIM
HambUIeHHeM, HaxoJsllyiocs B Kpblmke (1). ITocte
OTPKEHHUSI OT MeMOPaHBI JIyd CHOBA IIONAJAeT CHA-
4yajia Ha JIMH3y, a [I0TOM Ha [Ae/luTe/bHYIO ILIa-
CTUHY (7), OTpasKeHHeM OT KOTOPOI OH HaIlpaBJIseTcs
Ha ¢oTomuron Ppe3oHaHCHOro ycunurens (9). Bro-
Ppo¥ 1y4(OIIOPHBIH) IIOC/Ie [eIHTeNbHOM IUIACTHHBI
IIPOXOJMUT dYepe3 CHCTeMy YIPaBISIOMHX 3epKall
(5) u (6), yCTaHOB/IIEHHBIX Ha IIbe30KepaMHYeCKUX
OCHOBaHUSX. Jlasee OH, KaK U U3MepHUTeIbHbIM 1YY,
mornazgaeT Ha GOTOAMOM PE30HAHCHOIO YCHJIMTENS.
C IIOMOIIBIO 3TUX ABYX Jy4dell HacTpahBaeTCsi HHTep-
depeHLIMOHHAs KapTHHA, H3MeHeHHe KOTOPok bymeT
COOTBETCTBOBATh BapHaLIUAM THIPOChepHOro JaBie-
HUSI, BO3ZEHCTBYIONIUX Ha MeMOpaHy.

Bapuauuu ruppocdepHOro mAaBjleHUs MPHUBO-
OST K CMeLIeHHIO IeHTpa MeMOpaHBI, KOTOpoe
M PerUCTpPUpYeT Ja3epHBI H3MEepUTeIb BapUaLUI
rugpochepHoro gamneHHs. IIpefenpHass TOYHOCTb
M3MepeHMsl CMellleHHs MeMOpaHBbl oOIpefensercs
CTabHUJIBHOCTBIO YaCTOTHl IPHMEHSEeMOr0 TeHi-
HeOHOBOTO JIa3epa:

Al:L&,
A%

rae: L - pa3HOCTh OIITHYECKOro XoJa B IIjiedaxX MHTep-
bepomeTpa B HAYaJbHBIM MOMEHT M3MepeHHUS,
Av

HeCcTabHIbHOCTD YaCTOThl, V — 4YaCTOTa H

Av - I PHHA I10JI0CHI JIa3epHOT0 U3NydyeHUs. B nasep-
HOM HM3MepHTe/le BapHALlUM T'HMAPOCOepHOTo JaBie-
HUS HKCIIONb3yeTCsl PaBHOIIIEYUH HHTepdepoMeTp
MarikenbcoHa, paboyuil M 3TAJIOHHBIE IUIEYH KOTO-
POro ypaBHeHBI C TOUHOCTbIO He XyXe 1 cMm. IIpH cTa-
OMJIBHOCTH 4acTOThl pabouero sasepa, paBHOM 1079,
IipesiesbHas TOYHOCTb H3MEPEeHH s CMelIeHHs [IeHTpa
MeMbpaHsbl paBHa 10 M. JTa IIpesenbHas BeIMYUHA
M3MepeHHUs CMelleHHUs [IeHTPa MeMOpaHbI I103BOJISIET

HU3MepsaThb BapHallklHU BHeIIHero OaBJIeHHsd
C TOYHOCTBIO
_ 16-Al-R* E
3-(1-0%)-R"’

rae: Al - cMemeHUe LleHTpa MeM6paHBI, h — TONMIIHMHA
MmemMbpansl, E - momynp IOHTa, 6 - KO3QPHULIKEHT
ITyaccoHa, R - naMeTp MeMOpaHHI.

B n1asepHOM ruApodoHe MOKHO HCIIOIb30BaTh
MeMOpaHBl PAa3HOM TOJIIHHBL, H3rOTOBIEHHbIE
M3 HepxKaBelomen cTamu. IIpu R=5 cm, h=1 MM,
E=2,1-101 H/Mm?, 6=0,25, ©UMeeM:

AP=1,9-10%- Al
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of measurements for solving applied problems, but
insufficient for solving a number of fundamental
problems associated with accurate tsunami forecast
based on the records received. To solve these funda-
mental problems, it is proposed to use laser meters
for hydrospheric pressure variations [9], but equipped
with a different hydrospheric pressure compensation
system used when the device is submerged or raised
to the bottom, ensuring its performance at great
depths. The external view and optical layout of the
laser meter for hydrosphere pressure variations are
shown in Fig. 5.

The laser meter of hydrosphere pressure variations
(Fig. 5a) is a cylindrical body (1), which is fixed in
a protective grid (2). One side of the body is hermeti-
cally sealed and has a hole for the cable. The other
side is sealed with a removable cover (3). Outside the
device there is an elastic container (4) with air, the
outlet of which is connected with a tube to a com-
pensation chamber located in a removable cover. The
sensitive element of the laser hydrophone is a round
membrane fixed in its removable cover in such a way
that one side of it is in contact with water, and the
other is turned inside the device and is part of the
Michelson interferometer. All optical elements of
the laser meter for hydrospheric pressure variations
(Fig. 5b) are rigidly fixed on the optical base (8). The
laser beam (11) passes through the collimator (10)
onto a plane-parallel dividing plate (7), which divides
it into two separate beams, measuring and refer-
ence. The first (measuring) beam is directed into the
lens (4), then through the optical window onto the
mirror-coated membrane located in the cover (1). After
reflection from the membrane, the beam again hits
the lens, and then onto the dividing plate (7), from
which it is reflected to the photodiode of the resonant
amplifier (9). The second beam (reference), after the
dividing plate, passes through a system of control
mirrors (5) and (6) mounted on piezoceramic bases.
Then, like the measuring beam, it hits the photodi-
ode of the resonant amplifier. With the help of these
two beams, an interference pattern is adjusted, the
change in which will correspond to the variations in
hydrospheric pressure acting on the membrane.

Variations in hydrospheric pressure lead to a dis-
placement of the center of the membrane, which is
recorded by a laser meter for hydrospheric pressure
variations. The limiting accuracy of the membrane
displacement measurement is determined by the
frequency stability of the used helium-neon laser:

Al:Lﬂ,
v
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IIpu BBHIIIeyKa3aHHOMW IIpefie/IbHOM BeJIHYHHe
HM3MepeHHs CMeIlleHHs IeHTpa MeMOpaHBl HMMeeM
IpefelbHYI0 BeJIUYHUHY H3MEpPeHHUs BapHallUH
rugpochepHOro AaBleHHUs, paBHy0 0,0019 IIa (uimu
0,002 Ila). JTa mpenenbHass BeIHMYMHA I103BOJISIET
PerucTpupoBaTh KojaebaHHUS yPOBHS MOpS C IIpe-
IeJbHOM TOYHOCTRIO 0,2 MKM. JlaHHas BelUYMHAa
Ha HEeCKOJbKO IIOPSAKOB Jydullle NpefelbHON BelH-
YMHBI JOHHBIX IIPHeMHUKOB DART.

3AKJ/TIOMEHUE
IIpy cpaBHEHHUH pe3yabTaTOB 06paboOTKU MaHHBIX
nasepHoro pgedpopmorpada, 3adHKCHUPOBABIIErO

CHUTHIBL OT [BYX PSAOM IIPOMCIIEAINHX MOIIHBIX
3eMJIETPSICEHUM, MOXHO OTMeTHTb, UTO, CYAS
[0 OCHOBHBIM CIIEKTPAJIbHBIM ITHKAM I1€PBOHAYAJIb-
HBIX Y4aCTKOB HX 3amnucei (10 u 16 c), AJIHHBI pas-
PBIBOB B oOdarax 3eMJIeTPsSCeHUN OBUIM ITPHUMeEpPHO
OWHAKOBble. B 3amMCH LIyHAaMUI€HHOTO 3eMJIeTps-
CeHHUsI HaOMIONaeTcsl CKAuoK AepopMalyu IIOPSAKA
0,32-10%, mpOmOPLIMOHANBHBIN CMeIleHHI0 Ha base
nedopmorpada (52,5 M), paBHOMY 0KoJio 17 MkM. Cka-
YoK JebopMalMy BO3HHUK 4Yepe3 HEKOTOpoe BpeMsi
[ocjle Haydaja 3eMJIeTpsiceHHs. [JaHHBIM CKAadoK
oebopmManvu COOPMHUPOBAH CMeIIeHHEM MOPCKOTO
OHA B SMHLEHTPe 3eMJIETPSICeHHs, KOTOpoe U IpHU-
Beslo K obpa3oBaHMIO LiyHaMH. [lofmobHBle CKauKu
mebopMalvu Ha JazepHbIX Aedopmorpadax Habiio-
OAIHCh U PaHee IIPU PerHCTPALiMK I[yHAMUTE€HHBIX
3eMJIETPSICEHUM, W BCera OHU BO3HUKAIU dYepe3
HeKoTOpoe HebosblIoe BpeMs IOCIe Haydasa 3emie-
TpsiceHUH (5, 6]. [laHHBIe CKauKU febOpMaLIUH SIBIIS-
I0TCsl OecCIIOpHBIM MHIHUKATOPOM IIyHAMHIE€HHOTO
3eMJIeTPSCeHHUS.

lNMpombiliNieHHble BaKyyMHble

BbICOKOYACTOTHbIE
niaasmeHHble CUCTeEMDbI

BY

O6GnacTy NpUMEeHEHKNA:

* BakyymMHOE HAHECEHWE NOKPLITHA - ONTHYSCKME NOKPLITHA,
NasepHan v WK onTwka, YNPOYHAKUWME NOKPLITHA W Apyroe
L MHKDDBJ‘IEKTPDHHKE = NAIIMOXHMHYECKDE OCaJEHWE B
TPaBAEHWE NOKPLITUK, HOHHOE TpagneHJwe

MoHHBIE MCTOYUHMEKW
leHepaTopbl NAa3Mbl

CucTemsl NUTAHWA NNA3IMEHHBIX YCTPOWUCTE
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where: L is the difference in the optical path in the
arms of the interferometer at the initial moment of

Av . . - .
measurement, —- is the frequency instability, v is

the frequency, and Av is the bandwidth of the laser
radiation. In the laser meter for hydrospheric pres-
sure variations, a Michelson equal-arm interferome-
ter is used, the working and reference arms of which
are equalized with an accuracy of at least 1 cm. When
the frequency of the working laser is 107, the limit-
ing accuracy of measuring the displacement of the
membrane center is 10 pm. This limiting value for
measuring the displacement of the center of the
membrane allows you to measure variations in exter-
nal pressure with an accuracy

_ 16-AlK-E

“3(1-0%)-RY’
where: Al is displacement of the center of the mem-
brane, h is membrane thickness, E is Young’s modu-
lus, o is Poisson’s ratio, R is membrane diameter.

The laser hydrophone can use stainless steel mem-

branes of various thicknesses. With R=5cm, h=1mm,
E=2.1'101 N/m?, 0=0.25, we have:

AP=1,9-10°-Al.

With the above limiting value for measuring the
displacement of the membrane center, we have a lim-
iting value for measuring variations in hydrospheric
pressure equal to 0.0019 Pa (or 0.002 Pa). This limit-
ing value makes it possible to record sea level fluctua-
tions with an extreme accuracy of 0.2 pm. This value

PHOTONICS vOL. 14 N2 72020 623



=

OmnucaHbl BO3MOKHOCTH JIa3€pPHOI0 H3MepUTeIs
BapHallM¥ THUAPOCPEePHOro [aBjleHHs, IIpefHAa3Ha-
YeHHOTO I PETUCTPAllMK KoebaHUN YPOBHS MOPS,
BBI3BAHHBIX Pa3/IMYHBIMU IIPOLIeCCAMHU, CBA3aHHBIMHU
B TOM YHCJIe ¥ C CMeIIeHUSIMHU MOPCKOTO JHA, IIPUBO-
OSIMMUMU K 06pa30oBaHUIO LIyHAMU. B oTIH4Me OT JOH-
HBIX IPpUEMHHKOB DART, IpHMeHSIeMBIX B HAaCTO-
slee BpeMs B KauyecTBe OCHOBHBIX PErMCTPaTOPOB
noflobHOro poza, JiazepHble M3MepPHTeNTH BapHaI[UM
TUAPOCOEPHOro AaB/leHHs, [IOMeIléHHble Ha [HO,
MOTYT M3MePATh U3MEHEeHHs YPOBHS MOPSL C TOUHO-
CThIO OKOJIO 0,2 MKM, YTO Ha HECKOJIbKO IIOPSAKOB
JIydllle BCeX MOM0OHBIX U3MePUTENIbHBIX CUCTEM.

Paboma ebinoAHeHa npu uacmuyHoil ¢puHarcosoil noddepskke
epauma PODU (18-05-80011, onacHble f8AeHus) u membl «H3y-
eHue (GyHOAMEHMAAbHbIX OCHOB8 B03HUKHOBEHUSA, pa3sumus,
mpaxcopmayuu U e3aumodeiicmeus 2u0pOAKYCMUHECKUX,
2udpou3udeckux u 2e0u3uUeckux noeii 8 Muposom okeaHe».
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is several orders of magnitude better than the limit
value for DART bottom receivers.

CONCLUSION

When comparing the results of processing the data of
a laser strainmeter, which recorded signals from two
nearby powerful earthquakes, it can be noted that,
judging by the main spectral peaks of the initial
sections of their records (10 and 16 s), the lengths of
breaks in the earthquake foci were approximately the
same. In the record of the tsunamigenic earthquake,
a strain jump of the order of 0.32:10° is observed,
which is proportional to the displacement at the base
of the strainmeter (52.5 m), equal to about 17 pm.
The strain jump occurred some time after the onset
of the earthquake. This strain jump was formed by
the displacement of the seabed at the epicenter of
the earthquake, which led to the formation of the
tsunami. Similar jumps in strain on laser strainme-
ters were observed earlier during the registration of
tsunamigenic earthquakes and they always appeared
some short time after the onset of earthquakes [5, 6].
These strain jumps are an indisputable indicator of
a tsunamigenic earthquake.

The paper describes the capabilities of a laser gauge
of hydrospheric pressure variations intended for
recording sea level fluctuations caused by various
processes, including those associated with displace-
ments of the seabed, leading to the formation of
a tsunami. Unlike bottom DART receivers, which
are currently used as the main recorders of this
kind, laser meters of hydrospheric pressure varia-
tions placed on the bottom can measure sea level
changes with an accuracy of about 0.2 pm, which is
several orders of magnitude better than all similar
measuring systems.
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