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TOTIOTPA®UYECKHNIA ®AKTOP U ITPEAEJBHBIE ITIEPEXO/IbI
B YPABHEHUAX JIJIA CYBUMHEPIIMOHHBIX BOJIH

Cratbs noctynuia B penakimio 29.09.2022, nocie nopadotku 08.11.2022, mpuHsTa B eyats 08.12.2022

AHHOTAIMSA

PaccmaTpuBaroTcs Tororpaduueckue CyoOMHEpLIMOHHBIE BOJTHBI, PACITPOCTPAHSIOIINECS Ha HIeb(he M OKEaHNIECKOM KeJlo0e.
Ha done 0630pa ucTopru 1ccien0BaHusT TOMOrpachuuecKuX BOJIH U MOSIBJIEHMSI COOTBETCTBYIOLIMX TEPMUHOB aBTOPHI IAIOT OIKCa-
HHE 0COOEHHOCTEH pacTpoOCTpaHEHMST STUX BOJH W BBIBOJ OCHOBHBIX JTUCIIEPCUOHHBIX YpaBHEeHMIA. [1oKa3aHo, 4To Bce BapuaHTHI
MPeCTaBIEHHBIX B CTaThe PEIICHUI B OCHOBE CBOEH Ga3UpYIOTCS Ha OMHOM M TOM e AMCIIEPCMOHHOM COOTHOLICHUM — 3TO [KC-
MEePCUOHHOE COOTHOLLIEHUE IJIsT Tonorpacdudeckux BoiH Poccou. TToctpoeHs! 1Ba Kilacca JIOKaIM30BAHHBIX PELICHUIA: OTHO s
11e1b(DOBBIX BOJIH, BTOpOe, (PaKTUYECKU, TOXE 111eJTb()OBOE, HO €ro MPUHSITO Ha3bIBaTh XKeJJ000BbIMU BojiHaMU. [TokazaHo, 4To uist
3KeJIOOOBBIX BOJTH TTOMEPEYHOE BOJTHOBOE YKCJIO HE SIBJISICTCS HE3aBUCUMBIM, KaK TS 1IeTb(OBBIX BOJIH, a SBIIeTCS (DYHKIMEH OT
IIPOIOJILHOIO BOJIHOBOIO YKC/Ia. [pyrumMu cjioBamMu, Tormorpaduieckre BoIHbI PoccOu — 3T0 Beeraa AByMepHbIE BOIHBI, B TO BPEMsI
Kak 11eJTb(hOBbIC BOJHBI MPEICTABICHBI KBA3MOTHOMEPHBIMM PELICHUSIMUA. AHATUTUUECKAsT HOBU3HA pabOThI COCTOUT B TOM, UTO
B HEl yIalI0Ch IPOM3BECTH CIIMBKY 3KeJI000BbBIX U LIETb(OBBIX BOJIH, KOTOPbIE paHEe OTCYTCTBOBAIM B Pa0OTAaX 110 JAHHOM TeMaTHKE.
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Abstract

In this paper, sub-inertial waves propagating on the Kuril shelf and the oceanic trench are considered. Against the background
of a historical review of the beginning of the study of topographic waves and the appearance of relevant terms, a description of the
features of wave propagation and the derivation of the main dispersion equations are given. We show that all variants of the topo-
graphic solutions presented in the article are basically based on the same dispersion relation: this is the dispersion relation for Rossby
topographic waves. Two separate classes of localized solutions have been constructed: one is for the shelf, and the second, in fact,
is also for the shelf, but which is commonly called trench waves. We demonstrate that the transverse wave number for trench waves is
not independent, as for shelf waves, but is a function of the longitudinal wave number. In other words, Rossby topographic waves are
two—dimensional waves, while shelf waves are quasi-one-dimensional solutions. The analytical novelty of the work consists of the fact
that we can make crosslinking of trench and shelf waves. This fact was not presented in previous articles on this topic.

Keywords: shelf, ocean trench, topographic waves, shelf waves, trench waves, crosslinking solutions

1. Beenenue

B nocnenHue ronbl MosiIBUIOCh MHOXECTBO MCCIEI0BAHUM, B KOTOPBIX U3YUYalOTCsl Pa3IMuHbIe KJIacChl CyOu-
HEPILIMOHHBIX BOJIH B OK€aHe B OOJIACTSIX, JUISI KOTOPBIX XapaKTepHbI 3HAYNTEIbHbIE U3MEHEHUST JTOHHON TOTIO-
rpacduu (cM., Hapumep, [1—5]). Ans aTux pailoHOB OKeaHa HaOJIIOMAaeTCs 3aXBaT BOJHOBOI HEPIUU KPYITHO-
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MacCIITaOHBIMU TOMIOTpadUIECKUMH U3MEHEHNSIMU. Pe3Kie M3MeHEHMS TIIyOMHBI B OTKPBITOM OKeaHe IPUBOIST
K MOSIBJIEHUIO «TOIMOrpachruyeckKux» BOJIH, KOTOPbIE MO CBOEMY XapaKTepy aHAJIOTMYHBI 11eTb(MOBbIM BOJIHAM, 00-
pasyoIIMMCS B 30He 1e/Ib(ha-KOHTUHEHTAIBHOTO CKJIOHA [6]. CpaBHMTEIbHBIN aHAIU3 BKJIaAa pa3IMdyHbIX (ak-
TOPOB B IHCIIEPCUOHHBIC YpaBHEHUS ITOKA3bIBACT, UTO TOIOrpaduiecKuii (pakTop SBISIETCS TOMUHUPYIOIIUM
[2—5, 7, 8]. llenbdhoBble BOJHBI — BaXHEHIIMWI BUI CYOMHEPLIMOHHBIX KOJeOaHUI, UrpaloOIIuii BaXHYIO POJIb
B MU3MEHYMBOCTH YPOBHS OKeaHa B CHHONTUYECKOM IuaIla3oHe 4acTor [6, 9].

B o6uactsx rimy60oKOBOIHBIX XKeJ1000B 00pa3yeTcs IPYroil BUJ CYOMHEPIIMOHHBIX KOJIEOaHUI, pacpoCTpaHe-
HUE KOTOPBIX BIOJb OKEAHCKOU CTOPOHBI Xejoba GopMUPYeT CUCTEMY KeJTOOOBbIX BOJIH. TepMUH «Ke1000BbIe
BOJIHBI» BITEpBbIe OBIT MCITOJIb30BaH Maiicekom [10] msg mcciaenoBaHUsl CyOMHEPLIMOHHBIX BOJH, pacIipocTpa-
HSIOIINXCsl B okeaHckux xenobax (Kypubckuii, Anonckuit, Anono-Kypwibckuit, Ynnuiickuii, [lepyanckuit).
B maremaTuyeckoit Mojesu KeJ000BbIX BOJH IByMEpHasi Tororpadusi IpuHUMAaeTcsl ONHOPOAHOM BIOJb CKJIOHA
JKej100a 1 UMeeT KOHEUHbBIe MacIIITa0bl TTONIePEYHON NU3MEHUMBOCTH.

J11st omMcaHus TMHEHBIX KeJT000BBIX BOJIH MCTIOJIB3YeTCsSl MaTeMaTUUeCcKast MOJIeJb, B OCHOBE KOTOPO JIEKUT
JuHeliHoe ypaBHeHue LllpenrHrepa ¢ 1OMOTHUTEIbHBIMU TPAHUYHBIMU YCIOBUSIMU, KOTOPbIE MPUBOMAST K KBaH-
TOBaHUIO TTOIIEPEYHOrO BOJIHOBOTO Ynciia. PellleHue cTpouTest B TPUTOHOMETPUYECKOit hopMme (CHHYC), JTOKaJIH-
30BaHHBIM ITTOTIepeK TomorpadmiecKoit 0COOEHHOCTH, 1 MOHOXPOMATHUIECKOM TUIOCKOM BOJTHBI, OCTyIIeil BIOJIb
Tonorpauyeckoii 0COOEHHOCTU — CKJIOHA kejioba. OTMeTUM, YTO pelleHre TUuMa «ABoiiHas BoiHa KenbBruHa»,
JUTST KOTOPOTO B TOMorpacduueckoM npoduie NCob3yeTcst ABE 9KCITOHEHThI, HE PACCMATPUBAECTCSI B MOJENIU Ke-
J1000BbIX BOJH [10].

Ecnu npousBogHasi mpoduis TIyOMHbI 1eiabda 3HaKOMOCTOsIHHA, TOTIa MaTeMaTUYeCK 3a1adya Mo3BOJIsSIeT
MPOM3BECTU aHAU3 KPaeBoii 3a1a4u B o01IeM BUle U cHOPMYIMPOBAThH OMpeNeIeHHbIE TEOPEMbI CIIEKTPATbHOMN
3anauu [6]. PerieHust aToit 3anaun Ha3bIBAIOTCS «II€TbGOBBIMU BoJTHaMu» [11].

Ecnu npousBoaHas mpoduis ryOMHBI 1eab(a MeHsIET 3HaK MpU yaaJeHUUu oT Oepera (OKeaHU4YeCcKuit xe-
J100), Toraa MaTeMaTUIeCKii aHaIU3 CYIIIEeCTBEHHO yCIoxXHsIeTcs. [ Tonmorpadun Tumna «keiao0» CTPOsITCS 4acT-
HBIE KJIACCHI KYCOUHO-TVIANKNX aHAIMTUIECKUX PEIIeHU, KOTOPHIE YCIOBHO HA3BIBAIOTCS «KEJIOOOBEIC BOJTHBI».
OCOOEHHOCTbHIO MHOTMX OKEAHWYECKUX KeJT000B SIBJISIETCSI MX OJIM3KOE PacIiosioXeHue K 0eperoBoii ueprte, TeM ca-
MBIM 00JIacTH IIebda 1 KOHTUHEHTAIbHOTO CKJIOHA O0BEIMHSIIOTCS M MIPUMBIKAIOT K BHYTPEHHE! YacTH Xkemoba
(puc. 1). B nanbHeiiem 6yneM Ha3bIBaTh BHYTPEHHIOIO YaCTh Xe100a, COCTOSUIYIO U3 1eabda U KOHTUHEHTAb-
HOTO CKJIOHA, TOCTUTAIOIero MakKCMMaJIbHOM TJIYOMHBI XKeao0a, «kKea000BbIM 1ieabdoM». Jpyras cTopoHa xe-
JI06a — oKeaHMUYecKass — MMeeT MEHBIIYI0 U3MEHUYUBOCTD 110 TJIYOMHE U, KaK MPpaBUIo, OOIbIITYIO KPYTHU3HY [12].
Taxum 06pa3zoM, TPy MOCTPOEHUM MaTEMATUYECKON MOJIENIH XKeJT0OOBBIX BOJH BCE (PU3UUYECKOE MTOTYOECKOHEUHOE
MPOCTPAHCTBO YCJIOBHO pa3doMBaeTcsl Ha TpU obaacTu: 1) xKea000BbIi eabd, Iae rIyorHa oKeaHa yBeInuMBaeTcsl;
2) okeaHMYeCKasl 4acThb XeJioba, Tae TIyOMHa OKeaHa YMEHBIIIAeTCsI, a TPOU3BOIHAsI (DYHKIIUM, ONHICHIBAIOILICH
IIyOMHY, MEHSET 3HaK; 3) OTKPBITHII OKeaH, TI¢ IIyOrMHa OKeaHa ITOCTOSTHHA 1 KOHEYHa.

Tak kak B Mofaenu xkeJo00BbIX BoJH Maiiceka [10] paccMaTpuBaloTCsl TOJbKO CYOMHEPLIMOHHbIE KOJIeOaHMUsI,
M 9acTOTa BpallleHUsT 3eMJIM CUMTACTCSI TTOCTOSTHHON (OTCYTCTBYeT B-3(heKT), a Takke OTCYTCTBYIOT CABUTOBBHIC
TEUEHMUSI, TO B OTKPBITOM YaCTH OKeaHa pellleHre BCerIa HOCUT YMCTO 3aTyXaloIIii SKCITOHEHIIMAIBHBII XapaKTep,
M 9TO pellieHe NHOTAA Ha3bIBAIOT «9KCITOHEHLIMATbHBINA XBOCT».

bynem paccmaTpuBaTh BOJTHOBBIE IBUXKEHUST HA f~TIJIOCKOCTH, T. €.

f= const. (1.1)

TTocTOSTHCTBO YacTOTHI BpallleHUs] 3eMJIM YHUUTOXKAET BOJTHBI
C YaCTOTaMU MEHBIIIC YaCTOTHI BpallleHus caMmoii 3emiau. Takum
00pa3oM, B OTKPBITOI YaCTH OKeaHa CyOMHEPIIMOHHBIE BOJIHO-
Bble KoJIeOaHUsI MOMABJISIOTCS. DTOT (PaKT BIEPBbIE OTMETUII
Jlonre-Xurrunc [13, 14].

Kpome Toro, B mMoxmenu xenoOoBbix BosH Maiiceka [10]
WIIYTCSl CYOMHEPLMOHHBbIE KOJeOaHUsS C TMPOCTPAHCTBEHHDI-
MM MaciuTabaMu COTHM KHMJIOMETPOB, OIHAKO HE YYMTHIBAET-  Pyc. 1. [Ipodhuib OKeaHNIeCKoro xenoba: | — kerno-
csl B-2deKT B OTKPBITOM YacTW OKeaHa, T.€. CTPOUTCS CTPOTO  GoBblif 1ienbd (1eabd + KOHTUHEHTAIBHBIIA CKJIOH),
3aMKHYTasl CUCTeMa BOJIH, a U3 3aJaud (DaKTUYECKHM MCKIIIoYa- 2 — OKEaHMYECKas 4acThb Xenoba, 3 — OTKPBITBIH
1oTcs BoTHBI PoccOu, mamaroniie Ha 1meiabd M3 OTKPHITOI Ya- OK€aH
ctu okeaHa. [locienHee sIBIsIeTCS] TIIaBHBIM HEIOCTATKOM JIaH- Fig. 1. Profile of the oceanic trench: 1 — trench shelf
Hoit mozmem. Cormacho teopun [10, 11, 15], XemoG0BbIE (shelf + continental slope), 2 — oceanic part of the
BOJIHBI MOXHO IIPEACTAaBUTb B BUAC ABYX YaCTHBIX pemeHI/Iﬁ: trench, 3 — open ocean
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1) mreab(OBBIE BOIHEL: peIlleHNE JIOKAIM30BaHO Ha IIeIb(OBOIT YacTH Kej100a, IIpK 3TOM B HaIlpaBJICHUH OT IIebda
B CTOPOHY OTKPBITOTO OK€aHa 3TO pellieHue MOXHO MPeICTaBUTh KaK KojiebaHre—3aTyXaHue—3aTyXaHue; 2) Xeao-
OOBBIC BOJIHBI: PEIICHNE JIOKAJIM30BaHO Ha OKEaHMYECKOM YacTH Kejloba, 3TO pellleHrne MOXHO IPEICTaBUTh Kak
3aTyxXaHue—KoJjiebaHne—3atyxanue. [IpUHINIMATBHO BaXKHBIM MOMEHTOM SIBJISICTCS TO, YTO XOTsI OBI B OTHOI YacTH
npoduist B MOAEIU XKeJT0OOBbIX BOJH (HAIIOMHUM, YTO CYIIIECTBYET TPU YaCTU MPOGMUIIST — KeJIO0O0BBIN HIenbd, kKe-
JI0O, OTKPBITHII OKeaH) JTOKHO OBITh KojiebaTebHOe pellieHre. B pellreHnn o0s13aTeIbHO JOKEH TIPUCYTCTBOBATh
CHUHYC, B IByX IPYIMX — 3aTyXaloIIe SKCITOHEHTHI, a B OTKPBITOI YaCTH OKeaHa — 3KCITOHEHIIMAIBHBIN XBocT [10].
B aToM ciyuae, kak nmokaszaHo B padote [10], menbpoBasi 4acTh pelleHus] aCUMITOTUYECKU CLIMBAETCS C IeTb(pOBOIi
BosIHOM byxBanbiaa u Anamca [16], eciiv B MOIEIN YCTPaHUTh OKEAHMUECKYIO 3KeJIOOOBYIO YaCTh TONOrpaduu 1 ycTpe-
MWTb €€ IMUPUHY K HyJT10. OTHAKO, IeMCTBYS aHAJIOTUYHO JIJIS KeJI000BOit YaCTH pelICHNS U YCTPEMIISIS IITUPUHY y3Ke
1eboBoIt yacTu Tonorpaduu K Hy10, aBTopbl [10] HE CMOIIM CIIUTD XKeJI000BOE pellieHre ¢ BHYTPEHHEN 1le/b-
¢oBoii BosHO#1 ByxBanbna u Agamca. OHM TPOCTO He CTaJIM aHAJIM3UPOBATh JAHHBIN (DaKT, COCIABIIMCH HA MaJIbIii
MHTepec K JaHHOMY KJIacCy pellleHuii. B pe3yibraTe BOIPOC: CIMUBAIOTCS WM HE CIIMBAIOTCS XKeJT0OOBEIC BOJTHEI
[10] ¢ pemenuem byxBanbaa n Agamca [16], ocTaiicst OTKpBITBIM. B maHHO#T paboTe MbI yCTpaHUM 3TOT HEJIOCTATOK
M TTIOKaXXeM, 4To XeyoboBoe peleHue [10] cimBaeTcs ¢ BHyTpeHHel 11e1b(hoBoi BojiHOM byxBanbmaa u Anamca. s
3TOTO TPEOYeTCs He YyCTPEMIISITh K HYJIIO IIMPUHY 11eb¢hoBoil yacTu Tororpaduun (;keJo00BbIiA 11eb(d), moMenas
TBEPAYIO CTEHKY B LIESHTp XeJioba, Kak 3To Aenanu [10], a, HA000pOT, OTONBUHYTh €€ OECKOHEUHO Aaneko. B pesyib-
TaTe aHaJIM3 JKeJI0OOBBIX BOJIH MPHOOpPETACT JIOTMUHBIN U 3aKOHYCHHBINM XapaKTep.

Takum 06pa3oM, MBI (HOPMYTUPYEM IIeIb UCCIeIOBAHMS: ITOKAaXXeM, 9TO pellleHNE «KeJIOOOBbIe BOIHEI Maii-
CceKa» aCUMIITOTUYECKM CIIMBaeTcsl ¢ Tororpaduyeckoit 1 BHyTpeHHeil Tonorpaduyeckoil BontHaMu byxBanbaa
u Anamca. Crienuduka 3aKiIodaeTcs B CIoco0e MpeaebHOro mepexona: sl CIIMBKY OKEaHWYECKOI YacTh XKe-
JT060BOTO perreHns Maiiceka ¢ BHyTpeHHel meab(oBoit BoHOoI byxBanbma n AmaMca HY>KHO YCTPEMUTh K HYJTIO
’KeJ1000BYI0 YaCcTh PELIEHUs] WX, HA000POT, YCTPEMUTH IIMPUHY KeJa00a K OECKOHEUHOCTU C OJHOBPEMEHHBIM
CTpeMJICHUEM KPYTHM3HBI IIeJibtha K HYJI0. A [UIST CITMBKU XeJI000BOI BOJTHBI C BHYTPEHHEU ToIorpadudecKoi
BOJIHOM byxBanmbma M AmamMca Hy:XHO TakKKe OCCKOHEYHO OTONBUTATh TPAHUILY, PACIIUpPSS 00JacTh Imeibda
W yCTPEMJISISI K HYJTIO KPYTU3HY LIebda.

Hacrogias pabora moctpoeHa cieayouM oopa3zomM. Bo BropoM pasnesne Mbl IPUBOAUM OCHOBHBIE ypaB-
HEHMS U TaeM JUCIIEpCHOHHBIC COOTHOIICHUS TSI Tomorpadmueckux BoH Poccou. Jlasee MbI MaeM OT TIPOCTO-
ro K CJIOXKHOMY: CHauajla B TPETbeM paszfiesie MpUBOIUM pellieHue byxBaibaa u Anamca, KOTOpOe BIOCIEICTBUU
CTAHOBUTCS aCUMIITOTMKAMM OoJiee CI0XKHOTO pellleHus Maiiceka. 3aTeM, B UeTBEpTOM paszelie, Mbl IPUBOIUM
pemenue Maiiceka [ 10] 11 >ke1000BbIX BOJIH, TIOITYTHO YCTPaHSIsSi MHOXECTBO OIMEYaTOK B €r0 paboTe, U YCMEITHO
CIIMBaeM acUMIITOTUYECKU pellieHue Maiiceka ¢ peieHueM byxBanbna u Anamca. B pesyibTaTe Mbl 10Ka3bIBaeM,
yTo pemieHne byxBanbaa u Amamca — 3To aCUMIITOTUKY pelieHust Maiiceka [10].

LlenTpanbHOIi Uneeil cTatbu, KOTOpask 00CYXKIaeTcs B CIEMYIOIIUX TpeX pasaenax (5—7), ABasgeTcs yTBepxKae-
HUe, 4YTO BCe BapuaHThl MPEACTABICHHbBIX B CTaThe TOMOrpaduueckux pelieHuit B OCHOBE CBOeit 0a3upyloTcs Ha
OTHOM U TOM € TUCIIEPCMOHHOM COOTHOIICHUM — 3TO AUCIIEPCHOHHOE COOTHOIIECHUE MJIST TOMOrpachuueCcKnX
BoJiH PoccOn. MBI moKa3bIBaeM, 9YTO TAKOM ITOAXO CHIJIBHO YITPOIIAST BOCIIPUSITHE OOCYKIAeMBIX B pa00OTe pa3HBIX
Tororpachuyecknx Moaeei.

2. ITocranoBka 3agaun. OCHOBHbIE YPABHEHHS

TeopeTuueckum 6a3rcom AJisi ONUCaHUS XKeJT000BBIX BOJIH SIBJISIIOTCS JTMHEApU30BaHHbIE 0apOTPOMHbIE ypaB-
HEHMST MEJIKOI BOIBI B IPUOIVIKEHNU «TBEPIAOI KPBILIKNA» ¢ yueToM Tornorpadun [6, 10]:

u—fr+p'p,=0, 2.1)
v+ fit + plp, =0, 2.2)
(Hu), + (Hv),= 0. (2.3)

Cnenys pa6ote [10], mpuHIMaeM ycioBre TeocTpo(UKU, TEM CAMBIM OT(UILTPOBLIBASI BHICOKOYACTOTHBII HEMpe-
PEIBHBIN ciekTp BoJTH [lyaHKape, a TakoKe KpacBbIe BOJHBI:

u=-Y,/H,v=-Y/H. (2.4)
ITpu 5TOM UCTIONB3YIOTCS CEAYIOLIME OO03HAYEHUSI: U U V — KOMIIOHEHThI CKOPOCTH B X U ) HampaBieHUsx, W —
(ynkuus toka, H — rmyOouHa, p — naBjieHue, p — IJIOTHOCTD BOJbI, f — mapametp Kopuonuca. [punsita kinaccu-
yeckasl IpaBasi CicTeMa KOOpPIWHAT, OCH X, y HallpaBJIeHBI MOTEpeK Xenoda (B CTOpoHY OT 6epera (nmpu x = —L))
M BIOJIb XK€J100a, COOTBETCTBEHHO.
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IMoncrasnsist (2.4) B (2.1) u (2.2) (ypaBHeHue (2.3) Mpu 9TOM BBHITIOJIHSIETCSI aBTOMATUYECKN) U pacCMaTpUBast
pelleHusT BOJIHOBOTO XapaKTepa BI0Jb Tonorpauyeckoit 0co0eHHOCTH (CKJIOHA XKeJlio0a)

¥ = W(x)expi(ky-ot), (2.5)
I1oJIiydacM CJICAYIOLICC JIMHETHOE OJHOPOAHOC OJHOMCPHOC YPAaBHCHUC!
¥ k 2
) . f_(Lj Koy, (2.6)
H) | o \H) H

rae kK — TpoaoJibHask KOMITOHEHTa BOJTHOBOTO YMCIa, KOTOpasi CTPOro BellleCTBEHHA U, corjiacHo [10], cTtporo mo-
JIOXUTEJIbHA, (0 — YaCTOTa BOJIHBI, KOTOPAsl TAKXKE BEIIECTBEHHA U MOXET IIPUHUMATh, KaK MOJOXUTEIbHbIE, TAK
¥ OTpULIaTeNIbHbIe 3HaUeHUs. COOTBETCTBEHHO, B 3aBUCHUMOCTH OT 3HaKa, MOJIyJaloTCs pa3HbIe HAIpaBIeHUS da-
30BO#i CKOPOCTHU. 3aMETHM, YTO, B OTJIMYHME OT IAHHOTO MOX0/a, B MOHOTpaduu [6], HA060POT, W Bceraa MoaoXKu-
TeJIbHA, HO BOJIHOBOE YMCJIO kK MOXET IIPUHUMATD KakK ITOJIOKUTEIbHbIE, TaK U OTpULIaTeIbHble 3HaueHus. Cieno-
BaTeJIbHO, pa3HbIe HATIPABJIEHUST PACTIPOCTPAHEHUST BOJTH — CEBEPO-BOCTOYHOE UJIU I0TO-3aIMMaTHOE — TOCTUTAETCS
3a CYET Pa3HOIo 3HaKa BOJIHOBOTO YMCJIA.

YcnoBust citmBoK mipu x = 0 (11eHTp Keoba — 3T0 TOYKA MaKCUMATbHOU IITyOuHbBI Ha Tipoduie) u x = L, (rpa-
HUIIA XXeJ100a CO CTOPOHBI OTKPBITOTO OKeaHa) UMEIOT BU/L:

[W]=0,x=0,x=L,, 2.7)

Y, +(fk/o)¥

=0, x=0, x=1L, 2.8
- x x=1, (2.8)

YcnoBue (2.8) mwist HENIPePHIBHOM MOIEIIN TOITOrpacdry IPUHUMAET BUI:
[V, ]=0,x=0,x=L,. (2.9)

Taxxe B obactu menbda cTaBUTCS YCIOBUE HEMPOTEKAaHUS (B TOUKE X = — L | HET IepeHoca 4epe3 0eperoByo
muHuo) [10]:

[P]=0,x=—-L, (2.10)
U 3aTyXaHUs Ha OECKOHEYHOCTHU:

Y —0,x— 0. (2.11)

Jlucnepcuonnoe coomnowenue 0as monoepaguueckoii goanvt Poccou
HA IKCNOHEHUUAAbHOM npodute monozpagduu

Knaccuueckoit 3amenoit ¥ = H'/2 g ypasHeHun (2.6) MOXHO yopaTh IepBYyI0 NPOU3BOAHYIO [3, 9] U npu-
BECTH yKa3aHHOE ypaBHEHME K YPaBHCHUIO C KJIACCMYCCKUM ITOTCHIIMAJIOM TapMOHWYECKOTO OCLUJUISTOPA.
Hawnbosee ycrneniHoil ¥ MpocToOil 1Sl aHalU3a MOJAEIbI0 OKEaHUYECKOIo Xejoba SIBISIeTCS MOMeNb C 9KCITO-
HEHIUAJIbHBIM TIpodusieM Tonorpaduu Mpyu aHAJIUTUIECKOM TOAXO0IE M MOIEb CO CTyNEeHYAaThIM MpodhuieM
IJIST 9UclIeHHOTO cueta. CyIIecTBYIOT M ApYrue YacTHBIC CIydad ITapaMeTpU3aly TOIoTrpadui, KOraa MOXKHO
MOJIyYUTh O6e30TpakaresbHble petieHus [17, 18], u perieHUs B TepMUHAX BBIPOXKIEHHBIX TUTIEPTEOMETPUUECKUX
dbynkuwmii [19].

st knaccuueckoit Tomorpaduyeckoil BoHbl PoccOu Ha sKCIoHeHIMaabHOM mipoduie Tororpadumn H =
= Hyexp(—x/L), L — mupuHa menbda, peieHue uiercst B popme ¥ = H'? exp[i (klx +kyy— (ot):l, rne ky uk, —
nonepedHoe (IOIMepeK XKejloda) U MPOMOIbHOE BOJHOBBIC YMcia. Torma IUCIepCMOHHOE COOTHOIICHUE MMEEeT
Buza [3, 9]:

o= —(Bo +f/L)k2

= : 2.12
ki +k; +1/40° @12

rae By — napaMeTp -IIOCKOCTH.

OcHoBHast uiiest TaHHOM paboThl COCTOUT B TOM, UYTO BCE PA3HOBMIHOCTU CYyOMHEPIIMOHHBIX TOITOTpahuIecKux
BOJIH, BKJTIOYast 1Ieb(OBBIE U KeJT0OOBbIE BOJHBI, BBITEKAIOT UMEHHO M3 3TOTO TUCIIEPCUOHHOTO COOTHOIIECHUSI.
U noatomy cooTtHotieHue (2.12) Mbl ipeyiaraeM Ha3bIBaTh OOIIUM JAMCTIEPCUOHHBIM COOTHOIIIEHUEM Ha 3KCIIO-
HeHUMaJIbHOM Tpoduiie Tornorpaduu (cM. Takxke [4, 5]).

11



Thesviumes B.I., Tpasxun B.C., Beaonenxo T.B.
Gnevyshev V.G., Travkin V.S., Belonenko T.V.

Hcropruecku TiepBbIMU, KTO TTOCTPOWII aHATTUTUUYECKYIO MOJIETh CyOMHEPIIMOHHBIX TOMOTpaduiyeckux BOJH,
obun byxBanbn u Anamc [16]. B cBoeii paboTte oHU MpoaHaM3UPOBAIM JBE KAUECTBEHHO Pa3HbIX MOJIEIM TOIO-
rpauuecKux BOJIH: IIeIb(MOBbIE BOJHBI M BHYTPEHHUE NIETb(MOBbIE BOJIHBL. [IpMHIMNMATBHBIM OTIMYMEM BHY-
TpeHHe#l 11enb(h)OBOIl BOJHBI OT OOBIYHOM I11eTh(OBOI BOJHBI SIBISIETCS HATMUKME OECKOHEYHO TMPOTSDKEHHOTO
OKeaHa KOHEUYHOI MIyOMHbI. DTa NOMOJHUTEIbHAS CTENeHb CBOOOIBI MTPUBOAMT K TMOSIBIEHUIO HEKON OCOOEHHO-
CTU B TIOBEJCHWUM HYJEBOU MObI, aHAJTU3 KOTOPOW CTAaHOBUTCS KpailHe UyBCTBUTEIbHBIM B IJIMHHOBOJHOBOM
npenene. [TocnemHee MOXET OOBSICHATHCS TEM, YTO TIepBasi MoJa WIKM TIEPEXOIUT B MBOIHYIO BoiHY KenbBuHa,
WA 00€ BOJHBI MMEIOT OJIM3KKE NUCIIePCHOHHbIE KPYBbIE B IJIMHHOBOJHOBOM JMaria3oHe. 3aberast BIepen, OT-
METUM, YTO byxBaibJ 1 Anamc yBUAETU B MpeieIbHOM Tepexo/ie onpeneeHHbIe TPYIHOCTH, U PACCMOTPENN pa3-
Hble ero BapuaHTbl. OqHOBpeMeHHO JIoHre-Xurruuc [13] mpoBoauT KpaiiHe TPYIOEMKHUIl aHAU3 ¢ MPUMEHEHUEM
pasfoxeHuit 6os1ee BHICOKOTO TMOPSIAKA, YTOObl AOCTUYbL (hU3UYECKM MPABUJIBHOTO TMOBEAEHUS YacCTOThI (CTpeM-
JIEHUSI YaCTOThI K HYJIIO TIPU CTPEMJIEHUU K HYJIO BOJTHOBOTO 4yuciia). B To ke BpeMs npyrue aBTOpbI, B YaCTHOCTHU
[6, 10, 11], oyt ApyruMm myTeM, MPUMEHSIST YMCIEHHBIN CYET, U TIOKa3bIBalOT aGCOOTHO TITaIKUe TUCTIEPCUOHHBIE
KPUBbIE, B TOM YMCJIe U [JIs IEpBOit Monbl. Takoii monxom He 03HavYaeT, YTo MPUMEHsIeMblii aHaJIM3 HEBEPHBIiA, a CBU-
JIETEJICTBYET, CKOPEE, O TOM, YTO B JUIMHHOBOJIHOM IIPEIEJIE BOBMOXHBI Pa3HbIE BADUAHTHI, U PE3YJIBTAT 3aBUCUT OT
TOTO, YTO UMEHHO TTHITAETCSI HAWTH aBTOP, YIUTHIBAsI, TTO KAKOI cxeMe YMCIIEHHO CYMTAETCs KpaeBas 3aayva.

Ilepexonum K onmucaHUIO MEPBOIt U caMOli MPOCTOit Monean Tonorpaduyeckux BoiaH Poccou.

3. Illeancossie BoaHbI ByxBambaa u Axamca

Mopuenb Tonorpacduu B Mozesu [16] mpruHUMaeTCs B CIenyoleM SKCITOHEHIIMaIbHOM BUe (puc. 2):

H, = Hyexp(2bx), 0<x<I,

3.1)
H,=Hyexp(2b), x>1.

Pelrenue uiem B CJICOYIOIEM BUIE:

¥, = Asinmxexpb(x—1), 0<x<],

3.2
v, =Asinmexp[—k(x—l)], x21, (3-2)
rae nosaraem k > 0. Torna nucrnepcuoHHOE COOTHOLIeHUe (2.12) mpuMeT BU:
2fbk
= 3.3
k2 +m* + b? )

AMIUIATY/Ia BOJTHBI B 9TOM CJlydae 3KCIIOHEHIIMAJIbHO 3aTyXaeT C OMMHAKOBOM CKOPOCThIO 110 00€ CTOPOHBI OT
paspbiBa. Jlaiee, UCIOIb3ysl CIIMBKM IMPOM3BOIHBIX (DYHKITUIA, TTOJIydyaeM yCJIOBHE Ha MOMepeYHOE BOJTHOBOE YUCIIO:

tanm = —— " (3.4)
k+b

B nanbHeiilem aHanuse 6yz[eT paccMaTpuBaThCA CIIMBKa I_HCJTB(I)OBBIX M >KeJI00OOBBIX BOJIH.

Buympennue weavghosvie oanvt Byxeaavoa u Adamca

B monenu skeno6oBeIX BoH Maiiceka [10] mpenmonaraercs,
YTO IIMPYHA 1IejIb(ha KOHeUHA U 4TO 1Iejbd Y Oepera BHIXOAUT Ha
KOHEYHY1o IyouHy. OqHaKo, eciv MPpeanooKuTh, YTO JeBas rpa-
HUIIa MOZIEIN MMEeT KOHEUHYIO TITyOMHY 1 ITPY 3TOM OTOIBUTACTCST
Ha OGECKOHEYHOCTb, TO TOTIA TPAHUYHOE YCJIOBUE HEMPOTEKAHUS
(2.10) 3amensieTcst Ha ycaoBue 3atyxaHus (2.11). Takoii Tum To-
norpadyy Ha3bIBAETCS «KPYTOM MOABOAHBINA OTKOC» WM TPOCTO
«TTOABOAHBIN oTKOC» ([9], 1. 24, cTp. 311). B MOonmenu npruHrmaeTcst
NpUOIMKEHUE «TBEPIOI KPBIIIKU», MIPU 3TOM paccMaTpUBaIOTCS
BOJIHBI C JUTMHAMM MeHbI1Ie GapoTporHoro paguyca Poccou. Ma3za,
CBSI3aHHAs1 C KaXI0M 13 COOCTBEHHBIX (DYHKIIMIA, pacpOCTpaHsi-
eTcsl TaK, YTO MeJIKasl BoJa OCTaeTcs cripaBa (B CEBEpHOM IOJTylIa-
pun). MOXHO TakKe TTOKa3aTh, YTO 3TH BOJIHBI 001adar0T JUCTIep-
Fig. 2. Topography profile in Buchwald and Adam’s cueil. [To Mepe mprOIVKeHNs IMPHUHBI Ieb(da K HYJTI0 Bce Ooitee

model [16] BBICOKME MOJIbI CBOIATCA K YCTAHOBUBIIIMMCH TEYEHUSAM.

VA s d

Puc. 2. INpoduns Tonorpaduu B moaenu byxBanbia
un Anamca [16]
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Crnenyst pabote [16], mprMeM ClienyIoNIyI0 3KCTTOHEHITUATbHYIO y
Mozelb Tonorpaguu (puc. 3):
H =h, x<0, 7 X
H,=hexp2bx, 0<x<L, (3.5) . S
Hy=hexp2bL,, L,<x<w. : I
PerreHue uieTcs B clienyoleM BUIE: hl
= <
Y, =4 exp(|k|x), x<0, h,
¥, =(A,sin mx + A;cosm x)exp(bx), 0<x<L,, (3.6)
W, = Agexp(—|k| (x— L)), Ly <x <o

.
CHoBa UCIOJIb3Ys IMCIEPCUOHHOE COOTHOILIEHUE ISl Tororpadu-
yeckux BoJiH Poccbu, monyyaem

-2f bk
®,=—5—a——s, n=12,.. 3.7
"k (k)+ b’ G

Puc. 3. Mognens Tonorpaduu Byxsanbaa u Amam-
ca[16]

Fig. 3. Buchwald and Adams topography model [16]

W3 ycrnoBuii cluMBOK MojiydyaeM clieayroniee yciaoBue Ha onpeneneHue /,(k):
21, |k|

tanL,l, =————1CL
B TSI

(3.8)
r1ie # — HOMEP MOJIbI.

AHau3, BBINIOJIHEHHBII B paboTe [16], TOKa3bIBaeT, 4YTO BHYTPEHHME 1IeIb(OBbIE BOJIHBI TPAKTUYECKH COBIIAIA-
0T C «OOBIYHBIMU» 1LIETb(MOBLIMU BOJTHAMU, HO 33 MCKJIIOUEHUEM HyJIeBOi1 Moabl. HyjieBast Moma BHYTPEHHHUX 1€/ b~
(hoBBIX BOJIH 00JTamaeT HEKOM CITeMMUKOIL: e¢ BHYTpEHHEE IMOMepeIHOE BOJTHOBOE YHCIIO / TIPY MAaJTBIX IPOIOTBHBIX
BOJIHOBBIX YMCJIaX K CTAHOBUTCSI YUCTO MHUMBIM / = i [,. COOTBETCTBEHHO, ypaBHeHUe (3.8) MpUHUMAET BULI:

24y k|

: (3.9)
12— k?

tanh L,/ =—
b

[Tpu 3TOM YacTOTa HYJICBOM MOIBI CTPEMUTCS He K HYJTIO, KaK 3TO IIPOUCXOINT Y BCEX APYTHX MO TOTIOTpapIeCKIX
BoJIH PoccOu, a K yactoTe BpaieHust 3emiiu [16], 4To BBIIJISIIUT HECKOJIBKO CTpaHHBIM. 3aberasi Briepe, OTMETHUM,
yto JloHre-Xurrusc [13, 14] moay4dun apyroit pe3yabTar, M HUXKE MBI 3TO IMOKaxeM. [1pn yueTe TUBEepreHTHOCTH
JacToTa, KaK ¥ BO MHOTMX (DM3MYECKUX MOICIISX, CTPEMUTCST K HYJTIO, M B pe3y/IbTaTe MOJIyJaloTCs KIIacCUIeCKIe
IJIMHHBIE BOJTHBI. B mpeaenbHOM mepexoie, MpU CTpeMJISHUHN IMPUHBI TONOrpaduyeckoil 0COOEHHOCTH K HYJIIO:
L,—0,b—0,bL,=1/2In(H,/H;), 5Ta HyneBast MOJIa, COTMIAacHO [16], TepeXoauT B IBOWHYIO OE3MMBEPTCHTHYIO
BostHy KenbBuHa. 151 3TOi MOIBI pellieHre Hal Tormorpadrieckoil 0cOOeHHOCTBIO HOCUT YK€ He CUHYCOMIATb-
HBIii, a 9KCIIOHEHIIMAJIbHBIN XapakTep. TepMuH «aBoitHast BojaHa KenbBuHa» nmpuHamiexxut Jlonre-Xurruncey [ 14].
OmHAaKO ¥ 3TO MPUHIMITNAILHO BaXHO: TBOIHAs BoiHA KeTbBUHA TTOSIBIISICTCS B 3ama4ye O BHYTPEHHUX IIIETh-
(hOBBIX BOTHAX MMEHHO KaK MpPeIeIbHbBIN MepeXo HyJIEBOI MOIBI IIPH TepeXxoe K TUITY Tororpacdnu B BUIE CTY-
MEeHbKU M HE UMEET HMKAKOTO OTHOIIIEHHS K 3KeJ1000BBIM BojiHaM Maiiceka. OTMETUM TakKe, YTO B 3aa4e MOsIB-

JIIETCA XapaKTepHbIA MacluTab A HyJIeBOW MOABI k :(Jl+b2L§ —1) / L,. DTo MaciuTab CMeHbl pelleHust

B HYJICBOI MOJIe, KOTIa CUHYCOMAAIBHOE pellIeHre Hall 3KeJI000M IepeXOIUT B IBOITHOE SKCITOHCHIINAIBHOE, T. €.
nBoitHyto BosiHy KenbBruHa. Huxe Oynet mokazaHo, 4To OJIM3KUI MaciiTad OyaeT paccMaTpUBaThLCS B CJIEIYIOLIEM
pasnene. s Kypunbckoro xenoba, HarpuMmep, BeuunHa bL, = 0,2332, (cm. Tadu. 1 [10]); pacueTsl JUIMHBI BOJHbBI
JAIOT BOJHOBOE Yncno kg = 5 X 10~* kM, 4To cooTBeTCTBYET MTMHE BOMHBI MpuMepHO 13000 KM. DTO CAMIIKOM
OoJTbIIIas BeIMIMHA, W TIOSIBIICHNE HEYCTOMUYMBOCTH HOCUT YMCTO TCOPETHUECKHIT XapaKTep.

4. XKes1000Bbie BoJIHBI Maiiceka

B xeno60BbIX BomHax Maiiceka [10] xkemo00oBoe pelreHre CUIbHO JIOKAJTN30BaHO HaJl TOIorpadguueckoii oco-
OEHHOCTBIO TOJILKO CO CTOPOHHI wejib(a. 3HaueHne coOCTBEHHOM (PyHKIMM Ha Gepery umeet mopsaok 10-3 or
3HaueHus Hazg Tornorpadueii [6]. [TosToMy mjig Hee 3aMeHa JIEBOrO I'PaHUYHOIO YCJIOBUST HEITPOTEKAHMST Ha 3aTy-
XaHne (U3NIECKN He TOJDKHA OKa3bIBAaTh CYIIECTBEHHOTO BIUSHUSA. 7151 3ke1000BOM BOJHBI 00JIee BaXKHYIO POJIb
WUTpaeT HaJIMuYKre OECKOHEYHO MPOTSIKEHHOTO OTKPBITOTO OKeaHa KOHEYHO TITyOWHBI.
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B 210l Monenun paccmarpuBaeTcst 6oJiee CIoXHass KOH(MUTYpalusi, KOTopasi o CyTH COCTOUT U3 BYX BUIOB
BOJIH. B Heit 00benHeHBI 11e1b()OoBbIe BOJIHBI M BHyTpeHHME 111e1b(oBbIe BOIHBI ByxBanbaa u Anamca [16]. danee,
cnenys padore [10], mpuMeM clieIyIolIyo SKCITOHEHIIMATbHYIO MOJIEb Xeno0a:

H, =Hjexp2ox, —L, <x<0,
H, =Hyexp(-2px), 0<x<1L,, 4.1)
Hy=Hyexp(-2BL,), L,<x<oo.

Jna Kypunbckoro xeno6a (cm. [10], a6 1) Hy = 8,25 km, L, = 185 km, L, = 55 km, a.= 0,95 X 102 kv~ !, B =
=424 x103km,a=a L,=1,75,b=BL,=0,784,r= L, / L, =0,297.

IIpoduns Tororpaduu sIBISIETCS HEMPEPHIBHLIM, OAHAKO, MPOU3BOAHAS MTpoduiis Tonorpacdun TEPIUT pas-
pbiB. Clie10BaTe/IbHO, pellieHue A1t (QYHKIMU TOKA UILETCS Ha KJIacce KyCOYHO-IIaAKUX (DYHKIMIA C TPUMEHEHU -
€M yCJIOBHI cMBOK TIpu X = 0 1 x = L,. Pe3ynbrar, mosyyeHHsI B padoTte [10], MOXHO chopMyanpoBaTh Claery-
IOLIUM 00pa30M: MOCTPOEHO pellieHNe, aBTOMAaTUUECKHU YIOBIETBOpsIIollee ycaoBuio (2.8) B Buae:

W, = Asinm(x + Ly Jexpax, —L <x<0,
W, =(Bsinkx + AsinmL coslx)exp(-px), 0<x<L,, 4.2)
W, =(Bsin(l L)+ AsinmL, cos(I L, ))Jexp(-BL, —k(x— L, )), L, <x <o,

OtMeTuM, uTo B cTathe [10] B mocaenHeit popmyiie uMeeTcs orieyaTka, KOTopas 3[ech UCIIpaBiieHa. [lajee, B cuty
3aTyXaHUs pelIeHUs B OTKPBITOM YacTh OKeaHa, B (hopmyire (3.8) BOJHOBOE UKMCIIO kK TIPUHUMAETCS TTOJIOXKUTEThb-
HBIM k > 0, a 9acToTa (0 MOXET MPUHUMATh KaK MOJIOKUTEIbHBIC, TaK W OTPHUIIATeIbHEBIC 3HaUYCHMS (B MOHOTpahrn
[6] @ > 0, HO kK MOXKET ObITb KaK MOJIOXUTEIbHBIM, TAK U OTPUIATEIbHBIM).

B (4.2) mapameTpsl m 1 [ omipenessIroTcsI 10 (DOpMyJIaMm:

1/2
:[—zafk—az—kz , (4.3)
()
1/2
AR (4.4)
Q)

Tloncranss (4.2) B (2.8), mosnyyaeM CUCTEMY ABYX OAHOPOJAHBIX ypaBHeHU 1151 A 1 B. Marpuua C koahdulimeH-
TOB UMEET BUII;

sin(mLy )| (k—B)cos(I L,)~Isin(IL,)] [(k—B)sin(IL,)+Icos(IL,)] ‘

4.5)
sin(mL, ){a.+B} +mcos(mL,) -1
ITpupaBHUBas K HyIIO IeTepMUHAHT MaTpullbl, [10] moaydaem clieayooliee ypaBHeHHE:
(a+B+meotmL )[I+(k—PB)tan/ L, | +1(k—B—Itan/L,)=0. (4.6)

OtMeTuM, 4TO aBTOPLI paboThl [10], a TakKe BrocaeacTBUM [6], HA3bIBAIOT UMEHHO 3TO YPaBHEHUE AUCIIEPCUOH -
HBIM cooTHOIIeHUEM. OTMETUM, 4TO B (popmyiie (4.6) MbI UCTIPABUJIA €11I€ OIHY OITeYaTKy B ITOCIEIHEM ClIaraeMoM
B pabore [10].

Hanee, mpu niepexojie oT (4.5) k (4.6), aBropsl [ 10] genarot HessBHOE npenmnonoxeHue: sin(mL;) =0, cos(/L,) #0.
Taxkum 06pa3om, MOCTPOEHHBIE JTOKAIU30BaHHBIE pelieHus: B padoTe [10] cyniecTByOT, 0MHAKO HE UCUEPIIbIBAIOT
BCE BO3MOXKHbBIC CLICHAPHUU.

YucneHHbI aHAJIM3 COOTHOLLIEHNS (4.6), BbITOIHEHHDIH B [10], 3aK1104aeTCs B CIIEAYIOIIEM: TIOIHAS CIIEKTPAJIbHAS
3a1a4ya JOITyCKaeT 1Ba YaCTHBIX TPUOMIKEHHBIX peltieHus. I1epBoe pelieHre — 3To 1ie1b(oBbIe BOJIHBIL; PeIIEHE HOCUT
OCLIMJUISIIMOHHBIN XapakTep B paiioHe 1iebha M BHyTPEHHE YacTH 3KeJ100a, 1 3aTyXaeT B OCTATbHOI YacTh (DU3nIecKo-
TO IpocTpaHCcTBa. Bropoe pertieHre — 3To »ke1000BbIe BOJIHBI; PEIlIEHUE OCIWIIMPYET TOJIBKO B paifloHe MOPCKOM YacTH
Keso0a, 3aTyxast Ha Ieibhe U B OTKPHITOM OKeaHe. ABTOPBI YTBEPXKIAIOT, YTO ITU YaCTHBIE pellieHus (111e1b(oBbIe BOJI-
HBI U 3KeJIOOOBBIE BOJIHBI) MOXKHO TOJTYYUTh, KaK IpeAeIbHbIC ITePEeXOabl M3 O0IIe MOIEIH XeI100a; OHU JIOKAIM30BaHbI
B OT/IEJTbHBIX YACTSIX KeJIo0a v ¢ OY€Hb XOPOIIIEi TOUHOCTBIO SIBJISIFOTCS PEIIEHUSIMU OOIIIEi MOJIEN I OKEaHCKOTO KeJ00a.

Ilepexonum K ONMCAaHUIO 3TUX YACTHBIX PEIICHUIA.

5. AcHMIITOTHKA 7KeJI000BbIX BOJH Ha mebge. CmmBKa ¢ mebgoBoii BOJTHOI

OcHOBHBIEC BUIHI pelibecha THA, OTIPeAesIIIoNIre TUITHI 3aXBaueHHBIX BOJIH, TIpeACTaBIeHEI Ha puc. 4. Bo Bcex
cJIy4yasix BOJIHBI pacipOCTPaHSIIOTCS Tak, YTO B CEBEPHOM IMOJyIIapUM (B 10)KHOM — HAao00pOT) MeJiKasl Boaa (Oe-
per) ocTaeTcs ¢ IIpaBOii CTOPOHBI OTHOCUTEILHO HAIIPABICHMST IBYKEHUSI.
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Puc. 4. Tunbl 3axBauyeHHbBIX BOJIH (HaIlpaBeHUe MOKa3aHO CTPEIKaMM) B 3aBUCMMOCTU
oT (hopMbI pesibeda THA: @ — KeJT000BbIE BOJIHBI; 6 — I11eIb(hOBbIE BOJIHBI; 8 — BOJHBI
KenbBruHa; ¢ — BHyTpeHHUE LIeab(OBbIC BOJHbBI; 0 — JIBOMHbIE BOJIHbI KenbBruHa

Fig. 4. Types of captured waves (direction shown by arrows) depending on the shape of
the bottom relief: @ — trench waves; b — shelf waves; ¢ — Kelvin waves; d — internal shelf
waves; e — Kelvin double waves

Haunem paccMoTpeHue ¢ peleHus it TpuOpexXHoit 30HbI. [1pennoaoxum, 4To Ha iieibde peleHrue HOCUT
OCHMJUTMPYIOIINI XapakTep. Torma BOJHOBOE YUCIIO M, 33JJaHHOe COOTHOIIeHueM (4.3), TOJDKHO OBITh TTOJOXKM -
TeJIbHBIM. J1J1s1 3TOTO0 MpU o < 0 TOJKHO BBITIOJIHITBLCS YCIOBUE:

20 k <co
a’+k? f

ITockonbKy OCh y HallpaBJieHa Ha ceBep, TO M3 BhIpaxkeHUs WIS (ha3bl B (2.5) B IPOIOILHOM HaIlpaBICHUH XeJlo0a

<0. (5.1)

(O] o
I1oJIy4acMm E <0. CJ'[CI[OBaTCJH)HO, (1)33.’:1 ]_[ICIII)(I)OBOI/I BOJIHBI paClipoCTpaHACTCA B OTPUIATCJIbHOM HaIllpaBJICHWH,

T.€. Ha I0ro-3amnaj, ocTaBJisisl Oeper cripaBa (ceBepHoe nosyiiapue). [1pu aToM, U3 cooTHolIeHus (4.4) aBToMaTh-
YECKH ITOJTyJaeTCsT TaK, YTO BOJTHOBOE YMCJIO / B 3keJI000BOM YacTh OyAeT YMCTO MHUMBIM, CJICIOBATEIbHO, IS
Kemoba perieHrne HOCUT 3aTyXalolnii xapakTep.

IlepBoe KauecTBeHHOE pellleHre s 1eabda — 3TO OCHUJUISLMSI-3aTyXaHue-3aTyxaHue (HampaBjieHue OT
Oepera B CTOPOHY OTKPBITOro oKeaHa). ABTopbl [10] ciiuBanu penieHue ClieayomuM o0pa3oM: U3 COOTHOIIEHUS
(4.6) npu npenenbHOM nepexonie L, —> 0 (B u / orpaHnU€eHbI) MOITy4aeM COOTHOLIEHHUE:

(k+a)sinmL, +mcosmL, =0 (5.2)

nin

tanml, =— , m=my(k), n=12,.. (5.3)

k+o
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CooTHoMIeH e IS aMTUTUTY/T eTb(hOBbIX BOTH B/A — 0. Takoii crmocob CIMBOK, MpU KOTOPOM IITMPUHA Ke-
JIOOOBOIT YaCTU CTPEMUTCS K HYJII0, JAaeT MPaBWIbHBIN pe3yJibTaT U3-3a TOTO, YTO CIpaBa €CTh MOJTYOeCKOHEUHbI
OKeaH KOHEeuHO rmyOouHbl. OTHAKO MOMbITKA CAEIATh TO XK€ CaMOe CUMMETPUYHO IS 111eJb(OBOIi YacTu, yCTpeM-
JISl IMUPUHY 1LIefbda K HyJI0, TPUBOAUT K HEOXKUAAHHOMY Pe3yJbTaTy ¢ CUHTYJIIPHOCThI0. ABTOpPHI [ 10] HEe mpo-
KOMMEHTHUPOBAJIU 3TY CUHTYJISIPHOCTb U OCTAaBUJIM BOMIPOC OTKPHITHIM. [103TOMY 11 CUMMETPUYHOCTH Mpeaeib-
HBIX TIEPEX0I0B 1IeTb(OBON U KeJT000BOI BOJH MBI JeJlaeM aJIbTepHATUBHBIIN MpeneIbHbIi nepexo rnpu L, — o,
3 — 0. ITpu aTOM nonyyaetcs / — ik, a BOCIIOIb30BaBIIMCh COOTHOLIEHNEM tani/ L, =itanh / L,, MBI B pe3ysbTa-
TE CHOBA MoJtydaeM cooTHolueHue (5.3). JlaHHbII pe3yJbTaT SIBJISIETCS KpaiiHe yCTOMYMBBIM TTpu Ly, — o, § — 0, TO
€CTh HE 3aBUCUT OT 3HAUEHMUSI BEIMUMHBI [3L,, KOTOpast MOXKET ObITh KaK 0ECKOHEYHO OOJIBIIION, TaK 1 6ECKOHEYHO
Masioi. ['papuueckuii aHanu3 ypasHeHus (5.3) BIMONIHEH B pabote [16], ¥ 31ech Mbl €ro IPUBOAUTD He OyIeM.

Co CTOpOHbBI AHATUTUKU OCHOBHAS UJesI 9TOM YacTU Hallleil paboThl 3aKTI0YAETCSI B TOM, YTOOBI pacCMaTpUBaTh
3KeJ000BBIE BOJIHBI B KAYECTBE HEKOETO MOJBUIA KJIaCCUUECKHUX Tororpaguiyeckux BoiaH Poccou ¢ kiiaccuueckum
JIMCTIEPCYOHHBIM COOTHOIIIEHeM. MBI TaKKe 1ojlaraeM, 4To HeT OOJIbIIOI HEOOXOIMMOCTH BBOJIUTH HOBBIE KJTac-
ChI BOJIH C TPAHCLIEHACHTHBIMU AUCTIEPCUOHHBIMU COOTHOIIIEHUsIMU. Pa3BrBast 3To HampaBjeHKe, Mbl IIpeagaraemM
aJbTEPHATUBHYIO MHTeprpeTanuio noaxogam [10] u [6]. MbI rtosaraem, 4To AUCIIEPCUOHHBIMUA COOTHOILIEHUSIMU
MpaBwibHee Ha3bIBaTh ypaBHeHUS (4.3) u (4.4) — AUCTIEPCUOHHBIE COOTHOIIIEHUST IS TOMTOTpaMuecKrx BOJH,
a cooTHoIleHMe (4.6) 1 ero YacTHbIE CIy4ar Mbl pacCMaTpUBaeM Kak JOMOJHUTEIbHOE YCIOBUE, ONPeIeIsiolee
MOTMEePEYHYI0 KOMIIOHEHTY BOJTHOBOTO UUCIIA.

TakuM 006pa3om, MbI TIOJTydaeM HEKHUe TTOIKIIACChl KiIacCUUecKrx Tonorpacduieckux BoiH Poccou ¢ nucnep-
CUOHHBIM COOTHOIIEHUEM, B KOTOPOM €CTh OCOOEHHOCTh B HAXOXIEHUHU MOMEePEYHON KOMIOHEHThI BOJTHOBOTO
gyucia. GakTUIeCKH MbI TIpe/IJIaraeM BepHYTHCS K TPAKTOBKE, KOTOPast ObLIa TPeIOKeHa B TEPBOI OPUTUHATBHOM
pabote Ha 3Ty Temy — [16].

Illeavghosoie 60anbt 6 atbmepramueHoOM U30HCeHUU

Hanum Gosiee MPOCTYI0 TPAKTOBKY 111esib(hoBoil yactu pemeHus [10] — menbdoBoil BOTHEI B TEpMUHAX TOIO-
rpaguueckux BojH Poccou. HamoMHUM, 4TO peub UAET TOJBKO O CYOMHEPLIMOHHBIX KOJIeOaHUSIX.

Paccmotpum opmyny (4.1) mpumMeHUTETHHO K 11ebdoBoii yactu Tonorpacduu. [Monoxum 1/L = -2a, k; =m,
k, = kv noacraBum B (2.12). OKOHYATEJIBHO MTOJIy4aeM COOTHOLIeHUE (4.3) 1S 111eb(hOBBIX BOJIH B KIACCUYECKOM
BUe Tonorpacduyeckux BojH Poccou B Bune:

—2o0f k
O=—F—. 5.4)
k2 +m?+o?

M MeHHO 5TO COOTHOILIEHNE MPaBUIbHEE Ha3bIBATh NIUCIIEPCUOHHBIM COOTHOIIIEHUEM TS 1IeJIb(OOBBIX BOJIH.
JHanee, Hy>XHO HAJIOXKUTb YCJIOBUE, YTO 1Ieb(] HEe OECKOHEUHBIH, a UMEET KOHEYHYIo UpuHy L. [eomeTpuue-
CKHM TOHSITHO, UTO TOTJA MOSBUTCSI HEKOE YCIOBHE, KOTOPOE MMO3BOJIUT CIIUTh CUHYC Ha IIeIb(MOBOM CTOPOHE
KeJio0a ¢ SKCIMOHEHTON Ha OKEAaHWYECKOM YacTu xejtoba Wil Kaxxa1oro GUKCUPOBAHHOTO 3HAYEHUS BOJTHOBOTO
yucna k, tae 0 < k < o (cornacHo peueHuto [10], k cuuTaercsl MOJOXUTENbHBIM). [JIsT 3TOro HY>KHO HaWTH
3HAYCHME M, peIInB ypaBHeHME (5.3), M 3aTeM IMOJYUYUTDh (DYHKIIMOHAIBHYIO 3aBUCUMOCTDb m = m(k). Takux pe-
IIeHUii OyzneT cueTHoe MHOXecTBO m = m,(k), n = 1, 2, ... Jlanee HaliieHHbIe 3HAYEHMUS TTOACTABIsIEM B (5.4)
M CTPOUM IpaduK (HAHOCUM OAHY TOUKY Ha IMUCIIEPCUOHHOI KpUBOIi). 3aTeM OepeM HOBOe 3HaUeHHe BOJTHOBOTIO
YHClIa k ¥ MMOBTOPsIeM Tpotieaypy. I1oaToMy nucriepcmoHHOE COOTHOIIIEHUE IS IIeTb(OBBIX BOJIH CIEIYET 3a-
MMUCHIBATh B BUIE:

=20/ k

- TR . 5.5
¢ k> +my (k)+a? " -2

Onupasick Ha pe3ynbTaT padoThl [ 16], mpuBeneM oueHKy mwis m, (k):

%<mn(0)3mn(k)sz. (5.6)

DyHKIMOHATbHAS 3aBUCUMOCTh m = m(k) KpaiiHe c1ab0 U3MEHSIET IMCIIePCUOHHYIO KPUBYIO ToIorpaduye-

ckux BojH Poccou. OtmeTum, uto [10] u [16] He paccMOTpean OAMH YACTHBIA CIy4daii, KOTOPbIi TakKe JOKEeH

OBITH peann3oBaH. YcioBue sin(mL,) = 0 paBHOCWJIBHO YCTaHOBKE JOTIOJTHUTEIBHON TBEPIO CTeHKH TIpH x = 0:

Y ,(0) = ¥,(0) = 0. dns menbdoBoil 30HBI BOJTHOBOE YMCJIIO /1 MEPECTAET 3aBUCETh OT MPOAOIbHON KOMIIOHEHTHI
BOJIHOBOTO BEKTOpa k, IIO3TOMY Cpa3y HaXOIUM B SIBHOM BUIIE TUCKPETHBII CIIEKTP:

nm
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(5.7

Il
S

Il
—
N

sin(mL,)=0, m

BorHoOBOE 9mCi10 B 3Ke1000BOM YacTh / — CHOBA YMCTO MHUMOE, T. €. MMEeT MECTO 3aTyXaHue BHe meiabda. Jduc-
MEPCUOHHOE COOTHOILLIeHUe (4.3) mMpuHUMAET BUL:

o 2o0f kK 2o0f k . (5.8)

Km0’ 2 i(mm/ L) 4o
DTO COOTHOILLIEHUE KAYeCTBEHHO OX0Xe Ha (5.5), 0OJHAKO OHO IPOILE B TOM CMBICIIE, UTO HE COAEPXKUT He-
M3BECTHOM 3aBUCUMOCTU m = m(k) 1 TeM caMbIM He TpeOyeT HMKAaKOro YMCJICHHOTO cyeTa. DTO AUCIIEPCUOHHOE
COOTHOILIIEHKE HOCUT YaCTHBII XapaKTep, OJHAKO Ha IIPAKTUKE OHO MOXET ObITh MOJIC3HO B CUJLY IIPOCTOIO BUIA
U BIIOJIHE TIOHSITHOTO F€OMETPUUYECKOTO CMBICIA: # — DTO KOJIMYECTBO MOJIYIIEPUOI0B CMHYCa, KOTOPOE BIIMChIBA-
eTCs B lIETb(OBYIO 30HY.
Hanee, cnenyst [16], HaxomuM JJIMHHOBOJHOBYIO aCUMITOTUKY kK —> 00 TIUCIIEPCUOHHOIO COOTHOLIeHUs (5.5):

—2o0f k

T 0) 1o

n=12,.. (5.9)

3aBUCUMOCTb OT BOJTHOBOTO YMCJIa MOJyYMIACh TMHEHHAsS, KAK U JJOJKHO ObITh B JUIMHHOBOJIHOBOM mpezese. Tor-
1a (a3oBasi CKOPOCTb PaBHA IPYIIIOBOIi U paBHA
=2af
c=Cyx—gt . n=1,2,.. (5.10)
m; (0)+a
TMepeiinem K 6e3pa3MepHBIM MEPEMEHHBIM, TIPUHUMAs MacIuTab JTMHBI L, — IMMPUHY I1eTb()OBOi 4acTH Xe-
n106a: mapameTp o = o.L,, IPOIOIbHOE BOIHOBOE YHCIO k= kL, IIonepedyHoe BOIHOBOE yncio m = mL,. lanee
IJIsl IPOCTOTBI 3aMUCH OMYCKAEM 3BE30UKU Y MepeMeHHbIX. Toraa oLeHKa, HarpuMmep, IepBoro MornepeyHoro
BOJIHOBOTO UUCJIa — MEPBOit MOJIBI — UMEET BUJI;

%<m13n, (5.11)
JIUISI BTOPOI MO/IBI:
37“<m2 <2n (5.12)

Mg Kypuibckoro mpoduiist IucriepcuOHHbBIE KpUBBIE IETb(OBBIX 1 XKeJIOOO0BBIX BOJIH IPeACTaBICHbBI HA pUC. 5.

o/f
0,45

04
0,35}

03|
02s)

1 1 1 1 1 | | ‘
-0,04 -0,03 —0,02 —0,01 0 0,01 0,02 0,03 0,04
k (k™)

Puc. 5. JlucriepcroHHas auarpaMma, paccuyutanHas 1o dopmyne (5.8) mia Kypuibckoro
paitioHa, menbMoBbIX (ClIeBa) U XKeJI0OOBBIX (CIIpaBa) BOJIH

Fig. 5. Dispersion diagram calculated using the formula (5.8) for the Kuril region: shelf (left)
and trench (right) waves
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6. Oco0eHHOCTH KeT1000BbIX BOJIH

OO6paTM BHUMaHUe Ha CIICAYIOIINI MOMEHT, OTHOCAIIMICS K TepMuHOJoruu. B moHorpadum [6] (c. 102)
roBOpUTCS ciienytoliee: aBTopsl [ 10] paccMarpuBanu «aBoHbIE BOJHBI KelbBUHA, pacpoCTpaHSIOIINECS BAOJb
OKEaHCKOM CTOPOHBI Xenobda Ha ceBepo-BOCTOK». OMHAKO B AEHCTBUTENLHOCTH B padoTe [10] BooOIIIe HE BCTpe-
YyaeTcs TaKOM TEPMUH: «IBOMHBbIC BOJHBI KelbBUHA», U MOJYYEHHBIE IS Xej1o0a pellleHusI aBTOPbl Ha3bIBAIOT
«XKeJOOOBBIMU BOJIHAMU» (french waves). Mbl Takke MPUAEPXKUBAEMCSI TEPMUHA «KeJI000BbIe BOJHBD» [20, 21].
Tepmun «aBoiiHble BoHbI KenbBuHa» 0bu1 BBeAeH JloHre-Xurrunce [13, 14] Kak npeneabHbIi Tepexo HyJaeBoi
MOJIbl Ha HEIIPEPBIBHOM TONOrpacuyecKoil 0COOEHHOCTH K TONOrpachruyecKoMy MpOMIIIO TUIIA «CTyIIeHbKa» IIPU
CTPEeMJIEHUM IIUPUHBI TOTOrpaduieckoil 0cOOEHHOCTU K HY0. [IpenebHbIi repexo, BHITIOJHEHHBIN HUXe
B Hallleli paboTe, IToKa3bIBaeT 000CHOBAHHOCTh ITPUMEHEHUsI JAHHOTO TepMUHA. JIeiiCTBUTEIbHO, ITYCTh pellieHue
SIBJISICTCST OCIIMJUTMPYIOIINM B XKeJIOO0BOIT YacTH, T. €. BOJIHOBOE YMCJIO / BelecTBeHHO. Torma u3 (4.4) ciaemyer, 4To
JIOJIKHO BBITIOTHSATBCSI COOTHOIIIEHUE:

0<9<—22Bk2. (6.1)
f B +k
B 3TOM cilyyae BOJTHOBOE YMCJIO 7 aBTOMATMYECKW CTAHOBUTCS YMCTO MHUMBIM m = (M, tne M =
1/2
2a0f k
= of +a’+k? (BepeTcs MOJTOKUTENBHBIN 3HAK KOPHS ). JIMCIEpCMOHHOE COOTHOLIEHKE B nipeaene L; — 0
®
(00 — orpaHMYEHO) UMEET BUII:
(k—P)sin(/L,)+Icos(/L,)=0 (6.2)
wi (cMm. [10])
/
tan(/ L, )= ——. 6.3
(1 L) == r (6.3)

Taxxe ripu k = 3 [10] monaratot / = 0 — tpuBuaibHoe peieHue. OagHako u3 (6.2) BULHO, YTO €CTh U HETPUBUAJIb-
Hoe penieHne cos(/L,) = 0. Torna cooTHomIEHWE AMTUTUTYI 115 KEJI000BBIX BOJTH TIEPEBOPAYMBAETCSI U CTAHOBUTCS
A/B=0.

2Keaoboevte 6oanvt 6 aAabmMepHaAmuUGHOM U3N0HCEHUU

Crenaem cieayioliiee npeodpazoBaHusi: Bo BTopoii ¢opmyiie (4.1) nonoxum 1/L =2, k; = 1, ky = k v 3atem
noactaBuM B (2.12). 3aTteM 1T 3KCITOHEHIIMATBLHOTO TTPOMIUIS TOTorpadu pacCMOTPUM TUCIIEPCUOHHOE COOT-
HOIIIEHKE IJIS TOITOrpauIecKuX BOJTH

2Bf k
O=———7:. (6.4)
K2+1%+ [32
Ho (6.4) — 70 elie ¥ AUCIepCUOHHOE COOTHOILIEHHE [IJIsI XKeJIOOOBBIX BOJIH. Jasee, 1j1s1 Kax1oro hMKCMpPOBaHHO-
ro 3HaYEHMS BOJIHOBOI'O uncia k > 0 HyxKHO HaiiTy 3HaueHue /, pemns ypaBHeHue (6.2). Takum o6pa3om, mojy4da-
eM 3aBucuMocTb / = /(k). Takux pemeHuii 6ynet cueTHoe MHOXecTBO [ = [,(k), n =1, 2, ..., TO3TOMY OUCIIEPCUOH -
HOE COOTHOIICHHE JUISl KeJI000BBIX BOJIH MPaBUJIbHEE HAIMMCaTh B BUIC:

Wk i (6.5)

K2+ 12 (k) +p*

n

Janee, 1JsT YUCIEHHOTO CUYeTa CHOBA TepeiaeM K 6e3pa3sMepHbIM MepeMEHHBIM, TOIBKO YK€ MPUHKUMAasl 32 Mac-
1ITa6 JUIMHBI LIMPUHY OKEAHUYECKOM yacTu xenoba Ly: [ = [L,, k" = kL,, B* = BL,. lna Kypunbckoro xenoba mo-
aydaeM B° = 0,2332. Kak u paHee, 3Be3104KH Y IEpeMEHHBIX oyckaeM. Torna ypasHeHue (6.3) 1151 HAXOKIEHUS
3aBucuMocTu / = /(k) B 6e3pazmepHoM Buae 1151 Kypuiibckoro xenoda mpuHUMAaET BU;

/
tan/ = ————. (6.6)
k—0,2332
JaHHOE BOJIHOBOE YMCJIO / y>Ke pacCMaTPUBaJIOCh BBIIIIE, M MTOCKOJIBKY JAaeT OYeHb OOJIBbIIYIO IJTUHY BOJHBI, OHO HE
TIPEICTABIISICT IMTPAKTUICCKOTO MHTEpeca.
o151 3ken000BBIX BOJH B KypHiIbCKOM 3KeJIo0e BasKHYIO POJIb MTpaeT HaJW4Ire OTKPBITOrO OKeaHa IOCTOSH-

HOM TJIYyOUHBI ¢ BHELIHENH CTOPOHBI OT Xejioba. CornacHo pe3ynabTaTaM paboThI [15], yTo Takke MOATBEPKIAAETCS
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pesyabTatamiu [16], OTKPBITHIA OKeaH ¢J1a00 BIMSIET HAa KOPOTKKE XKeJI0OOBbIE BOJIHBI, B TO BPeMs KaK JUIMHHbIE
BOJIHBI, CKOPEE BCEro, CTAHOBATCS HEYCTOMYMBBIMU. BO3MOXKHO, UMEHHO 3Ta HEYCTOMYMBOCTD M MOPOXIAET BUX-
peBbIe XkeJIo0oBble 00pa3oBaHusl, HabMonaeMbie B Kypuiibckom xenooe [22—27].

ITpenenbHblii nepexon L; — 0 s xKea000BOI BOTHBI, BBITTOTHEHHBINM aBTopamu [10], pusndyeckn o3HavaeT
MepeHOC TBEPIOI CTEHKMU C IIeTb(ha B caMylo IJTyOOKYI0 yacTh Xej100a. He coBceM MOHITHO, KaK yaaeTcst u30exaTh
CUHTYJISIPHOCTH JUTS IIOJTYYEHHOM aCUMIITOTUKM. DTO TaKKe BBHITJISIIUT HECKOJIBKO CTPAHHO U C (PU3UIECKOIT TOUKM
3peHust, TaK Kak Ui 11eabhoBOi BOMHBI iej1aeTcs MpeefibHblil nepexon L, — o, T.e. OKeaHckKasl (1pasasi) rpa-
HUIIa XeJlo0a oToaBUraeTcs Ha 6ecKoHeuHOCTh. [Ipu 3TOM [UTst 11eIbOBOIT YaCTU pelleHUsI TTOJIy4aeTCsl BIIOJTHE
OXUMIaeMbIil pe3yJIbTaT, U IIeJIb(hoBasi aCUMITOTHKA BBIXOAUT Ha IIETH(MOOBYIO BOTHY.

Tenepb paccMOTPUM aJIbTEPHATUBHBIN Mepexon U ISl keso0oBoii acuMnTotuku. Bmecto L; — 0 mpumem,
Hao0o0poT: L; — o, T.e. 1eabhoBy0 (JIEBYIO) TPaHUILy Xea00a OTOABUHEM Ha 6ecKOHEYHOCTb. [1pn aToM Takxke
I00aBUM JIOIOJHUTEIbHOE yciaoBue oo — 0, T.e. KpyTU3HA Tormorpacuu CTpeMUTCST K HY/II0. Torma KOMIIOHEHTa
BOJIHOBOTO YHCJIA #1 CTAHOBUTCS YMCTO MHUMOIA. JIJI oTipeneIeHHOCTH TToJIoXuM m = ik, k > 0. Torma, mpuHUMast
BO BHMMaHMe cotik = —icothk, cooTHoleHMe (4.6) s onpenesieHUs ITOIepeYHON KOMITOHEHTHI BOJTHOBOTO YHCIa
[ mpuHUMaeT BUL;

21 k
24 B2 K2
A 3TO ¥ €CTh 3HAKOMOE YpaBHEHUE JIJIs1 BHYTPEHHUX IIeTb(MOBBIX BOJH, MmoxydyeHHOoe [16]. Takum 06pa3om, MbI O-
JIydaeM BIIOJIHE MOHSATHBIN (DPU3NYECKUIA pe3yIbTaT: TOYHO TaK Ke, Kak meabdoBas acumiroTyka [10] maer mieib-
(doByio BonHy [16], kenoboBasi, OKeaHUYECKAasl YACTh PELICHMS Xe100a BBIXOAUT HA BHYTPEHHIOW 1IEIb(OOBYIO
BOJIHY [16]. ITouemy-To aBTOpHI [10] He MOKa3aau 3TOT MOMEHT. BO3MOXHO, OH HE MOJY4YMIICS ITIOTOMY, YTO OHU
CMECTWIM TBEPAYIO CTEHKY B LIEHTP XkeJio0a.

tan/ L, = (6.7)

7. IBoiinas BosiHa KenbBuHa

Krnaccuueckast TpakToBKa NBOMHBIX BOTH KelbBrHA OCHOBaHa Ha CTyIleHYaTol Moaeau Tororpacduu [9]:

H=H, x<0,
(7.1
H=H, x>0
B atoMm cityuae ypaBHeHue (2.6) mpUMeET BU:
Y kY =0. (7.2)

Pemrenue, ymoBieTBOpsIONIce 3aTyXaHIIO Ha OECKOHEYHOCTH, MIMEET IIPOCTOM BHII;
Y= Aexp(|k| x), x <0,

(7.3)

Y= Aexp(—|k| x), x> 0.

AMIUIMTYIa BOJTHBI B 9TOM CJIyJae SKCIOHEHIINAIBbHO 3aTyXaeT ¢ OMMHAKOBOW CKOPOCTHIO IO 00€ CTOPOHBI OT pa3-

pbiBa.
Hcronb3ys ycinoBre CIMBOK, MOJyYaeM CIeayIolee JUCIIEPCUOHHOE COOTHOIIEHHE:!
o H,-H,
—=—2Lsgnlk|, (7.4)
f Hy+H,

rne H, > H,, sgn — ¢dyHK1MsI cMeHbl 3HaKa. Toraa ais npoduisi TUMa «CTyMeHbKa» MOIydaeTcsl, YTo sl JTI0060ro
BOJIHOBOTO YHCJIA CYIIECTBYET TOJIbKO OITHO PEIIeHNe — OOHA CyOMHepIroHHass Moga. OTMETUM, 9TO TIPU 3TOM
TPYIIIOBast CKOPOCTh 3THUX BOJIH BCETIa paBHA HYITIO.

XoTs TepMUH «IBoliHasl BojiHa KenbBuHa» npuHaniexut Jlonre-Xurruuc [13, 14], Ho caMo oTuUCIIepCUOHHOE
cootHouueHue (7.4), 1o-BUINMOMY, ObLJIO U3BECTHO €llle PaHbIIIe U JaHO TakxKe B padote [16]. ITosxe Jlonre-Xur-
ruHC [13] paccMoTpen 3agady ¢ HeTpephIBHEIMU ITPOGIIISIMA TOITOrpaUy 1, MCIIONB3Ysl IPeaeIbHBINA MTepeXo OT
HEIPEePBIBHOTO MTPOMIIIS K TPODIITIO «CTYIIEHbKa», BEIBEJ BTOPOE TUCIIEPCUOHHOE YPaBHEHUE MIJIsT IBOMTHBIX BOJH
KenpBuHa. [1py 5TOM 0Ka3anoch, 4TO I HEIPEPHIBHOTO MTPOMWIIS CYIIECTBYET CUCTHBIN HabOp COOCTBEHHBIX
(byHKIMIA, HO TIpU MpENeTbHOM Tepexoe K Mpo@UITio «CTyIIeHbKa» TOJIBKO OHA HU3IIask MOJIa HEUyBCTBUTEIbHA
K (popme nipoduiist 1o TayonHe. bosiee BICOKME MOABI 3aBUCAT OT AeTaneit poduiis U IIpU MpeaeibHOM Iepexoie
CTPEeMATCS K CTAllMOHAPHBIM TEUEHUSIM, Ha OCHOBaHUHM 4ero JIoHTe-XurruHce [13] mpuimen K BEIBOMY, YTO camast
HU3Kasl MOJia, CKOpee BCero, M 0yAeT Hab0JaThCs B pealbHOM OKeaHe.
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[MpyHIMTIMATHEHO BaXKHBIM MOMEHTOM SIBJISIETCST TO, YTO B clieaytonieit cratbe Jlonre-XurruHce [14] otkasancs
OT AWCNEepCUOHHOrO cooTHolueHus (7.4). [TpuunHa MOHsTHA: NeMCTBUTEIBbHO, ¢ (PU3NUYECKOI TOUKU 3pEeHUs] He-
BEpHO, eciu (a30Bble CKOPOCTU JJMHHBIX BOJTH MPUHUMAIOT OECKOHEUHO Oosibliine 3HaueHus1. Jlonre-XurruHe
[14], mpumeHnsist Gosiee TOUHBIE (JI0 BTOPOTO MOPSIAKA) aCUMITTOTUIECKUE PA3IOKEHUS, TIOJTYIWIT, YTO JIJIS HU3IIEeH
MOJbI JUIMHHBIX BOJIH PoccOu BIoiHe onpaBaaHo, YTO YaCTOTa CTPEMUTCS K HYJIO, a He K KOHCTaHTe MpU yyeTe
nuBepreHuny BoJiH. [To cytu, niis 6apoTpornHoit MOIbl OH J00OABWII B 3HAMeHaTeIb 0apoTpOIHbIN pannyc Poccoun
f?*/gH. Onnaxo, B ciydyae, Koraa npoQuib [IyOUHBI 4(X) B TIEPEXOIHOI 30HE 3KCIIOHEHLMAILHEIIA, 3TO YK€ Ha-
XOIMTCS B MPOTUBOPEYNH ¢ pe3yibTatoM byxBanbaa u Anamca [16]. [To mHeHuto Jlonre-Xurrunc [14], aTo mipo-
TUBOpEYME CBSI3aHO C TEM, YTO OH YYUTHIBAJI TOPU3OHTATBHYIO IMBEPTEeHIIMIO BOJTHOBOTO NBUXKEHUs. OTMETUM,
YTO JaHHBIC (PaKThI He OTpaXkeHbl B paboTax [6, 10, 11], XOTs MOCTpOEHHbIE HA OCHOBE YMCIIEHHBIX PACUETOB THC-
MepCUOHHBIC KpUBbIE B MOHOTpaduu [6] cOOTBETCTBYIOT pe3yJibTaTaM ctaTbi JIoHre-XurruHe [14]. OnuH U3 3TuX
PE3yIbTaTOB 3aKJII0YAETCS B TOM, YTO YaCTOTAa CTPEMUTCS K HYJTIO B JUIMHHOBOJIHOBOM Tipenesie. CleayeT OTMETUTD,
YTO cama Mpollenypa MpeiebHOTO Nepexoaa He COBCEM OJHO3HauYHa. KpuBHM3Ha IUCIEpCUOHHON KPUBOH IS HY-
JIeBOI Moibl 1BOMHOI BoJiHbI KeslbBrHA KpaliHe CI0XKHA B OKPECTHOCTHU HYJIS ([T JUTMHHBIX BOJIH). DTO OTMEYaloT
takke ¥ byxBanba n Amamc [16]. Hamm onenkn mrsg KamMmyaTckoro keno0a JaroT CIUIITKOM MaJible 3HaYeHHsT BOJI-
HOBOTO YKCJIa, T. €. COOTBETCTBYIOIIME JUIMHBI BOJIH, CKOPEE BCETO, HOCAT YMCTO TEOPETUYECKHUI XapaKTep, TaK KaK
(hakTUYECKU BBIXOAST 3a TPaHUIbI MACIITAOOB MOJIENH f~TJIOCKOCTH.

Bo BTopoii ctatbe JIonre-Xurrunce [ 14] aBTop ncrnpaBui NpeabI Ay CBOM pe3yabTaT, OMHAKO B MOHOTpadun
[9] 06 3TOM He roBoputcs. [J1aBHBIN pe3yabTaT 3aKII0YaeTCs B CAEAYIOLIEM: IJIS1 BCEX MOJ, BKJIIOYasi U HU3IIYIO
Mofy (3TO BaXKHO), IPU YCIOBUHU ydeTa NUBEPIrEeHIIMU BOJH, IPYINOBAasi CKOPOCTh Tonorpaduueckux BojaH Poccou
1 uX (pazoBasi CKOPOCTb COBMAAIOT 10 HATIPABJICHUIO TSI ITTMHHBIX BOJIH (MIPU MaJIbIX BOJTHOBBIX UMCIAX) U UMEIOT
MPOTUBOTONIOKHbBIE HATTPABIEHUS 11 KOPOTKUX BOJIH.

8. 3akmoueHue

MoxHO chOpMYIUPOBATH CIICAYIOIINE OCHOBHBIC BEIBOIBI M3 3KCITOHEHIIMAIEHOM TOIOTpapUIeCcKOit MOIEITH 3Ke-
J06a. Maza IMHEHBIX TonorpaMIecKX HU3KOYaCTOTHBIX BOJIH BCET/IA PACIIPOCTPAHSIETCSI, OCTABJISISI MEJIKYIO BOILY
(v Geper) cripaBa. Jlanee, MOXKHO TTOCTPOUTD JIBa OTAEJIBHBIX KJIacca JIOKATM30BaHHBIX PEIIeHUIT: OHO 1IeJIb(hOBOE,
BTOpOE, (PaKTUIECKH, TOXKE IITH(OBOE, HO KOTOPOE IIPUHSITO HA3hIBATh XKEJI000BBIMH BOJTHAMM (B HEKOTOPBIX MCTOU-
HMKaXx 3TO pellieHue OIIMO0YHO Ha3bIBAIOT ABOMHBIMU BosiHaMu KenbBruHa). Ha nucriepcMOHHBIX KPUBBIX 000MX BU-
JIOB BOJIH €CTh, KaK 9KCTPeMyMbI (HyJIeBas TPYIIIIOBast CKOPOCTh), TaK U TOYKH Tepernda (3KCTpeMyM IpyMIOBOIi CKO-
pocTr). DTO yKa3bIBaeT Ha TO, YTO SHEPIUS (BUXPU) MOXKET PacIpOCTPaHIThCS BIOJb Iebda, KaK, HallpuMmep, I
Kypunbckoro 1ienbgda, Ha roro-3anap (0osee IJMHHbIE BOJIHBI), TaK U Ha CEBEPO-BOCTOK (00JIee KOPOTKUE BOJIHbI).

OmHako 1 OKeaHCKOM 4acTu kKeymoba (1S 3KeT000BBIX BOJIH), 3TO He TaK. bojiee IIMHHBIE BOJIHBI UMEIOT
MPEeNMYIIEeCTBEHHO CEBepO-BOCTOUHOE HAIIpaBJICHUE PAacIIPOCTPaHEHMST SHEPTUM, a 00jee KOPOTKHE — IOr0-3a-
nagHoe. ZKeao00Bble BOJHBI HAa MOPSIIOK OoJiee MeaIeHHbIe (IMepuoabl 00JbllIe, a CKOPOCTU MEHbIIIE), YeM 1Ieb-
(boBBIE BOJIHBI. DTO KaueCTBEHHO OOBICHSETCS IMPSIMOI MPOIOPLMOHAIBHOCTHIO (pa30BOI CKOPOCTU KPYTU3HE
9KCIOHEeHIINAILHOTO poduist Tororpacduu [4, 5].

AHaIUTUYEeCKHe MOJIEIN U YMCICHHBIN CYeT IMOKa3bIBaloOT, YTO KeJIOOOBbIE BOJIHBI JOBOJBLHO OBICTPO 3aTyXa-
IOT B CTOPOHY I1iebda 1 (haKTUUYEeCKH He OKa3bIBAIOT CYIIECTBEHHOTO BIMSHUS Ha MIEIb(OBYIO YaCTh PEIICHMUSI.
ZKeno0OoBBIe BOTHEI HEJIb3sT 3apeTUCTPUPOBATh, HAXOASCh Ha Oepery, 1 TPy aHaJIN3e YMCTO IIeTb(OBBIX pEIICHUA
MOXHO HE YYUTHIBATh BOBMOXHBIX OCHMJUISIIIMOHHBIX PEIIeHUI, JIOKaJIM30BaHHBIX Ha XeJo0e.

W Haobopor, 1menbhoBast BoJHa KpaifHe MEUICHHO 3aTyXaeT B CTOPOHY 3keno0a (ITo KpaliHel Mepe, IS Tep-
BBIX HOMEPOB MOIT), YTO KpaifHe OTPUIIATEILHO IS KeJT00OBBIX JIOKATM30BAHHBIX pellleHni. MBI He MOXeM Ofl-
HO3HAYHO YTBEPXKIATh, YTO IIeJIb( HE BIUSET Ha KeJI0OOBbIe BOTHBI. OUeBUIHO, BIUSHUE HIeTb(ha Ha KeJI0O0BbIe
JIOKAJTM30BaHHBIC PEIICHUS MOXKET MPOSIBUTHCS TTPU HEJIMHEWHOM TTOXOJIE.

Bo3MOXHOCTh pacrpocTpaHeHHUsI K IIOJIOCY HU3KOYACTOTHBIX BOJH PoccOu Tormorpadpmnyeckoro Tuma, 3a-
xBaueHHbBIX Kypuio-KamuaTckuM keao00oM, ObliIa TeopeTU4ecKu mpeackasana [10, 26], KOTopbie UCITOb30BaIN
TEPMUH «IBOIHBIC BOJHB KenbBuHa». DTU KBa3ureocTporuecKre BOJHBI BOZHUKAIOT Oaromapsi COXpaHCHUIO
MOTEHINAIBHOI 3aBUXPEHHOCTH M MEXaHW3MaM BOCCTAHOBJICHUS, 00ecIIeunBacMBIM crutoii Kopuosnmica 1 n3me-
HEHMeM TTyOMHbBI OKeaHa.

AHanuTHYecKasi HOBU3HA JaHHOI pabOTHI COCTOMT B TOM, YTO HaM YIaJIOCh IMMPOU3BECTH CIITMBKM XKeJTOOOBBIX
BoJH [ 10] 1 111e1b(hoBBIX BOJH [16], hrsnuecku 060CHOBaHHbBIE W BIOJHE OXUIaeMble. [1JIst 3TOro GbIIO MpeIo-
JKEHO OECKOHEYHO yBEJMIMBATh (PacIIvpsiTh) COOTBETCTBYIOIIME 00JIAaCTH IIeTbda WK Xej100a Ipr OHOBPEMEH-
HOM CTpeMJICHUU KPYTU3HBI TOIMorpaduu K HyIIO.
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YYBCTBUTEJIbHOCTH TEMITEPATYPLI 1 COJIEHOCTHA MOPCKOM BOJIbI
K UX BPEMEHU BOCCTAHOBJIEHU S, PUT'YPUPYIOIIIEM B TPAHUYHbBIX YCIIOBUAX
JIJIA DTUX NTEPEMEHHBIX HA CBOBOJIHOI ITOBEPXHOCTU MOPS JIAIITEBBIX
B BE3JIEJHBIN IIEPHUO]

Cratbs ioctynuia B penakiuio 12.08.2022, nocie nopadorku 10.01.2023, npunsita B neyats 16.01.2023

AHHOTAIMSA

JInst uiccenoBaHus YyBCTBUTEILHOCTA TeMIIEpaTyphl U COJIEHOCTH MOPCKOIT BOABI K MU3BMEHEHHUIO UX BPEMEHM BOCCTaHOB-
JIeHUsT, GUTYPUPYIOIIEM B BOCCTAHABIMBAIOIINX IPAHUYHBIX YCJIOBUSIX Ha TTIOBEPXHOCTH MOPSI, TIPUBJIEKAIOTCST TPEXMEPHAsT KO-
HEYHO-3JIeMeHTHas1 Tuapoctatudeckast Mmoaeab QUODDY-4 u KocBeHHbII crioco0 onucaHus 3(heKkTa BHYTPEHHUX MPUIMBHBIX
BOJIH. B ocHOBe moc/ieHero JeXXUT UCMOIb30BaHUE CKOPPEKTUPOBAHHOTO KO3 dUIIMEHTa BEPTUKATBHOUN TypOYJIeHTHOI Aud-
(y3uu, IPeaCTaBIISIONIEro CO00I CYMMY TOTO Ke HECKOPPEKTUPOBAaHHOTO KoadduiineHTa 1 KoahGuiineHTa IManuKHUIeCKOit
muddysun. TlepBolil U3 HUX XapaKTepu3yeT BIMSHUE HENPWIMBHBIX (DAKTOPOB, PACCUMTHLIBAEMBI C TIOMOIIBIO 2,5-yPOBHEBOI
CXEMBI TYpOYJIEHTHOTO 3aMbIKaHUSI, BTOPOI, OIpeaeisieMblii OTHOIIIEHMEM MHAYLIMPYEeMOid BHYTPEHHUMU TTPWIMBHBIMU BOJIHA-
MM IACCUTIAIIY GapOKIMHHOM MPWJIMBHOM SHEPTUU K KBaJpaTy YacTOTHI TUIABYYECTH, — BIMSTHUE YUCTO IPUIMBHOTO (haKkTopa.
OlIeHKa 3TOM TUCCUTIALIMKY HAXOIUTCS U3 PEIICHNUST BCTIOMOTaTeIbHOM 3a1aur O TMHAMUKE ¥ 9HEPreTHKE BHYTPEHHUX IMTPUIMBHBIX
BoJTH. OOCYKITAI0TCS TIOJISI TeMIIepaTyphl M COJIEHOCTH MOPCKOM BOIBI B IIOBEPXHOCTHOM M TIPUIOHHOM CJIOSIX MOPST I X BEPTH-
KaJbHBIE pacIipeaesieHUs BIOJIb MEpUINOHAIBHOTO pasdpesa 120°B.1. Kpome Ha3BaHHBIX ITOJIEH M BEPTUKATBHBIX pacIIpeeIeHUI,
OTBEYAIOIINX CHJIEHOMY BOCCTAHOBJICHUIO MPEICKa3bIBAEMbIX XapaKTePUCTHK K MX KITMMATUIECKUM 3HAYECHUSIM, TOTIOJTHUTETEHO
BBITIOJTHSTIOTCS €1IE ABA YMCACHHBIX 3KCIIEPUMEHTA ISl yMEPEHHOTO M CMEIIIaHHOTO BOCCTAHOBJICHUIA. B pe3ynbrare BBISICHSIETCS,
YTO TeMIlepaTypa ¥ COJIEHOCTbh MOPCKOI BOIBI CJIa00 YYBCTBUTEJIbHBI K M3MEHEHUSIM X BpeMEHM BoccTaHOBJIeHUsT. CKa3aHHOe
CJIeyeT U3 CpaBHEHUSI MOMIETbHBIX CPEIHUX (32 BBIOpAHHBIIN TIEPHO U TIO TIIOIIAAN MOPS) 3HAUEHMIT TeMIIEpaTyphl M COIEHOCTH
MOPCKOI BOJIBI ¥ KX BEPTUKAIBLHBIX TIPOGMUIICi, PACCUNTAHHBIX ITPU Pa3HbIX 3HAUYESHUSIX BPEMEHN BOCCTAHOBJICHMSI.

KiioueBbie ¢j10Ba: YyBCTBUTEILHOCTh, MOJACIMPOBAHKE, BHYTPEHHME MPUIMBHbBIE BOJIHBI, MHAyLIMpyeMasi BI1B nuccumnanus 6a-
POKJIMHHOM IIPWJIMBHOM SHEPTUH, BPEMS BOCCTAHOBJIEHMS, MOpe JlanTeBhIX
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Abstract

In order to study sensitivity of seawater temperature and salinity in the no-ice Laptev Sea to their restoring times, appending
in the boundary conditions for these variables at the free surface, the 3D finite-element hydrostatic model QUODDY-4 and the
indirect means of describing internal tidal waves have been applied. The latter is based on the use of the corrected eddy diffusivity
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representing the sum of the same uncorrected diffusivity and the diapycnal diffusivity. The first of them characterizes the influence
of non-tidal factors, computed using 2.5-level eddy closure scheme, the second, determined by the ratio of internal tidal waves
induced baroclinic tidal energy dissipation to the buoyancy frequency in square, the influence of purely tidal factor. The estimate
of this dissipation obtained from a solution of auxiliary problem on the internal tidal waves dynamics and energetics is attached.
Seawater temperature and salinity in the subsurface and near-bottom layers of the Sea and also their vertical distributions along the
120°E meridional transection obtained for the strong, moderate, and mixed restoring times are discussed. As a result, it is clarified
that seawater temperature and salinity are weakly sensitive to changes in the restoring time. The saying follows from a comparison
of model averaged (over a chosen period and by the Sea area) values of seawater temperature and salinity, and from their local
vertical profiles, computed with regard to accepted estimates of the restoring time.

Keywords: sensitivity, modeling, internal tidal waves (ITW), ITW-induced baroclinic tidal energy dissipation, restoring time, the
Laptev Sea

1. Benenne

OnHuM U3 TIOITYJIAPHBIX CMoco0O0B ONMUCaHUS HOPMHUPOBAHHBLIX COOTBETCTBCHHO Ha O6’I)CMHYIO TCIJIOEMKOCTb

0oC U CpeHIOIO TUIOTHOCTD Py MOPCKOM BOIbI BEPTUKAJIbHBIX TYPOYJIEHTHBIX [IOTOKOB TeIl1a kO %z uconu k a%z

Ha rpaHulIe pa3/esa Boaa-BO3MyX SBISIETCS MCIOIb30BaHUE UX ONPeaeIeHUIi B TEpMUHAX Pa3HOCTEN KIMMaTUYECKUX
¥ TIpeCcKa3bIBaeMBIX 3HAUCHU I TeMITepaTyphl 7 1 COICHOCTH S MOPCKOit Bombl. DUTYpUPYIOIITE B STHX BEIPAKECHUSIX
K02(hOULIMEHTBI MPOMOPLUOHATIBHOCTH CONEPXKAT TOJLIUHY MMOBEPXHOCTHOTO CJI0SI, OTOXKAECTBIISIEMYIO C PACCTOS-
HUEM MeXXIy CBOOOTHOI MOBEPXHOCTHIO MOPSI M OJIVKANIIIM K HEll pacueTHBIM YPOBHEM, U 00paTHOE BpeMsI BOCCTa-
HOBJIEHUS. BpeMst BOCCTaHOBJIEHUS TEMIIEpaTyphl M COJIEHOCTH OyieM 0003HAa4YaTh MOCPEICTBOM Tt U Tg. YTTOMSIHY-
Tasi 3[1eCh TOJIIMHA TOBEPXHOCTHOTO cJiosi mpuHUMaeTcs paBHo# 1 M. CortacHo [ 1], Takast hopMyTrpoBKa Ha3BaHbIX
TMOTOKOB OIpaBlaHa, €c/ii BpeMsl BOCCTAHOBJICHUS U3MEHSIETCS B Mpeaesiax OT HeCKOJbKUX CYTOK 10 HECKOJbKUX
MECSIIIEeB, HYJIeBbIE TTOTOKU TETLJIa U COJIM OTCYTCTBYIOT, M PACTIPOCTPAHEHNE TMTOTOKOB U3 MEJIKOMACIITAOHOTO MHTEP-
BaJla U3BMEHUYMBOCTU Ha KPYIMHOMACIITAOHbBIN 3KBUBAJIEHTHO UX yCUJIeHUIO. [IpuMepsl MpUMEHEeHUsI 3TUX TPaHUY-
HBIX YCJIOBUI MOXHO HaiiTh B [1—6]. C yyeToM CKa3aHHOTO LiejIb HACTOSIILEH paboThl Mbl BUAENA B TOM, YTOOBI, MC-
TOJIB3YsI TPEXMEPHYI0 KOHEYHO-3JIeMEHTHYIO Truapocratindeckyio Monenb QUODDY-4 u KocBeHHBI criocod
onucaHus 3ddekTa BHyTpeHHUX MPUIUMBHBIX BoJH (BITB) ycTaHOBUTH, KAaKOBa YyBCTBUTEIBHOCTh TEMIIEPATYPHI
U COJIEHOCTU MOPCKO¥ BOJIbI B Oe31eqHOM Mope JlanTeBbIX (MPOJOKUTEIBHOCTh O€3JIEIHOTO Nepruoja — UIojb, aB-
TYCT) K UX BpeMEHU BOCCTaHOBJICHUs. PaHee IMOTOOHBIX MCCIIeIOBAaHNI IyBCTBUTEIIBHOCTU B Mope JlanTeBhIX, Ha-
CKOJIBKO HaM M3BECTHO, HE BBIMTOJIHSIOCh. Bo Bcex o0cyknaeMbIx caydasix GOPCUHT HEMPUIUBHOTO MTPOUCXOXKACHUS
CUMTAETCs paBHBIM CpeaHeMy (3a 6e3/IeqHbIN MepUO: UI0Jb, aBIYCT) 3HAUYEHUIO, U3 COOOPaKEHUT MUHUMU3ALUU
pacueTHOTO BPEMEHU, IPWIMBHBIN (DOPCUHT OyIeT yKa3aH B paszelie 2, IprIeM I0I HEITPUIMBHBIM (DOPCUHTOM II0-
HUMAaETCsI BHELIIHEE BO3IEHCTBIE (BETPOBOE, TEPMOXATMHHOE U 00S13aHHOE MAaCCOOOMEHY C COCETHUMU BOJOEMaMU).
DBOJIOLMST HEMPUJIMBHBIX (POPCUHTOB B TEUEHUE TOJOBOTO IIUKJIA HE YUUThIBAeTCsI. OCHOBAHUEM CITY>KUT MOJTYyYEH-
HOE B [5] 3aKITIOYEHME O TOM, YTO PACXOXKACHUS MEXIY PELICHUSIMU, OTBEYAIOILMMU MIPUHATHIM 311ECh OITPENeICHUEM
(hopCHUHTOB U ero onpeaeJeHUIO KaK YaCTH TOJOBOT0 LIUKJIa HE3HAUYNUTEIbHBI.

2. Ucnonb3yemasi MojieJib U KOCBeHHbI ciioco® omucanus 3pdexra BIIB

H71sT mMOCTIDKEeHUSI TTOCTABICHHOM eI MCIIOIh30Bajlach TPeXMEpHasl KOHEUHO-3JIEMEHTHAsI THAPOCTaTHYC-
ckasg monenab QUODDY-4. E€ netanbHoe onucanue npuBoautcs B [7]. [ToaTomy Bo n3dexxaHue MOBTOPEHU MbI
OrpaHUYMMCS TOJIBKO MEePeUrcIeHUEeM MOIEIbHBIX YPaBHEHUI, a TAKXKe OMMCAaHMEM MPUHSTHIX B HEll crieuaib-
HOI1 IIpoLIeIyphl OITpeesIeHIs 6apOKIMHHOTO TPaINeHTa JaBJICHUS U TPAHNYHBIX YCIIOBUI Ha CBOOOMIHOI ITOBEPX-
HOCTU MODSI U ero AHe (ToyHee, Ha OJMDKaIIuMX K HUM PAcYETHBIX YPOBHSIX). 31€Ch ke MPUBOIUTCS MepeuyeHb
WCTOYHUKOB AMIMMPUIECKOI MH(MOPMALINU, OTKYAa OHA 3aMMCTBYETCS TIPU peau3allii MOJEIH.

Mogenbs BKITIOUAST TaK Ha3bIBaeMOE IBYMEpPHOE 000OIIEHHOE YpaBHEHNE HEPA3pEIBHOCTH B BOJTHOBOM (hop-
M€ JJII BO3MYILEHUI YPOBHSI MOPSI, HEMpeoOpa3oBaHHbIE YPaBHEHUS NBUXKEHUS, 3alIMCaHHbIE B MPUOIKEHUSIX
ruapocTaTuki U byccuHecka, BOMIOLIMOHHBIC YPaBHEHUS UISI TeMIIepaTyphbl M COJIEHOCTU MOPCKOI BOMIBI U Xa-
PaKTePUCTUK TYpOYICHTHOCTH (KMHETHIeCcKoi sHeprum TypoyneaTHocTr (KOT) n Macmraba TypOyIeHTHOCTH),
TPEXMEpPHOE YpaBHEHUE HEPa3pbIBHOCTH, CIIyXalllee IJis ONpenejeHUs] BEPTUKATbHOIW CKOPOCTU, U YPaBHEHUS
TUAPOCTATUKM U COCTOSTHUSI MOPCKOM BOBI. DBOTIOLIMOHHBIC YPABHEHMUS 111 TOPU30HTAJIbHOI CKOPOCTH, TEMIIE-
paTypsl U COJIEHOCTA MOPCKOM BOIBI M XapaKTePUCTUK TypOYICHTHOCTH TOCIIE TIEPEHECCHMS WICHOB, XapaKTepH-
3YIOIIUX aBEKIIUIO U TOPU3OHTATIbHYIO TYpOyJeHTHYIO AU(dy3uto, Ha MPEAbIAYIINI I1ar 110 BpEeMEHU pellaloTcs
KaK CHCTEeMbl HeCTallMOHAPHBIX OMHOMEPHBIX (110 BEPTUKAJIN) HEOTHOPOIHBIX AU(depeHIMaTbHbIX YPaBHEHUIA.
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ITpuHsTasg MOIETb UCTIONB3YeT YIIOMSHYTYIO BBIIIIE CIICHIMATBHYIO TIPOICAYPY pacuéTa OapOKIMHHOTO IpaIn-
eHTa maBieHus. E€ cyTh CBOOUTCS K CIemyrOIIeMy: TDIOTHOCTb MOPCKOM BOIBI Ha (PUKCUPOBAHHOM TOPU30HTE MH-
TEPITOIUPYETCS ¢ O-KOOPAMHATHOIN CETKM Ha Z-KOOPAMHATHYIO, TTOCJIE Yero OApOKIMHHBIA TPamveHT TaBICHUS
pacCcYMTHIBAETCS Ha Z-KOOPAMHATHOM CETKE M 3aTeM MHTEPIIOIMPYETCs Ha3al Ha 0-KOOPAMHATHYIO CETKY, Ha KO-
TOPOIT M MPOU3BOAUTCS MHTEIPUPOBAHNE YPaBHEHUI MOICIIN.

I'panuynbie yenoBus mig KOT Ha Oamkalimx K ¢cBOOOIHOM MTOBEPXHOCTH U IHY PaCUETHBIX YPOBHSIX 3a1a-
10TCs ycnoBueM Jlupuxiie, BhITEKaOIUM U3 TPUOJIMXKEHHOTO paBeHCTBA MeX Iy MpoayKuueit n nuccunauu KOT
MPpU anImpoKCUMalMM MaciTaba TypOyJIeHTHOCTU 3aKOHOM CTEHKM U cBsi3biBatouM KOT ¢ kBagpaToM cKOpOCTH
TpeHus1. ['paHUMYHbIE 3HaYeHUsT MaclTaba TypOyJIeHTHOCTH TaM e OIpeAesisIioTCs 3aKOHOM cTeHKu. Heobxonu-
MBI 11 pacyéTa ropu30HTAIBHON CKOPOCTU BEPTUKATbHBIN MOTOK UMITYJIbca Ha OaMXKaiieM K CBOOOAHOM Mo-
BEPXHOCTU MOPSI PAaCYETHOM YPOBHE BBbIPAXKaeTcs yepe3 MOTOK UMITYJIbCa B MPUBOAHOM CJioe aTMOchephl, a OH
napamMeTpu3yeTcsl KBaApaTUYHbIM 3aKOHOM COMPOTUBJIEHUS C KOG (MUIIMEHTOM COMPOTUBIEHUS, paBHbIM 1,3 X
103, Tax e nmapaMeTpu3yeTcs IIOTOK MMITYJIbCa Ha O/vkaiieM Ko AHy pacueTHoM ypoBHe. Koadduuunenr co-
[IPOTUBJIECHUS B 3TOM Cllyyae NpUHUMaeTcs paBHbIM 5,0 X 1073, 3HaueHMs] ypOBHS HAa OTKPBITBIX TPAHULAX PaC-
YeTHOI 00J1acTH, paccMaTpuBaeMble B Ka4eCTBe HeNPUJIMBHOTO (hopcuHTa, 3agatorcs mo gjaHnaeiM CNES-CLS09
I00aJIbHOM cpeaHelt JMHaMUUecKoit Tornmorpadu CBOOOIHOM ITOBEPXHOCTH MOPS, JOITOJTHEHHOM TaHHBIMU CITYT-
HUKOBOM aJIbTUMETPUM YPOBHS U in Situ U3BMEPEHUSIMU CKOPOCTell TeueHuii [§].

ITone ckopocTu BeTpa B IIpU3eMHOM cjioe aTMocdephl 3amaeTcsa cpeaHuM 3a 1979—1989 rr. B 6e3nenHblii iepu-
on (11oJb, aBryct) no gaHHbiIM ERA-Interim nmpoaykra peaHanu3a COCTOSTHUST aTMOC(epbl, UCITOJIb3YIOLINM YCO-
BEPILEHCTBOBaHHbIE aTMOC(HEPHYIO MOJEIb U CUCTEMY aCCUMUWISILIMA TaHHBIX HAOMIOACHUN MO CPAaBHEHUIO C UX
nepBoHaYaibHBIMU BepcusiMu [9]. Cyas mo pesyjabTaTaM CpaBHUTEIbHOIO aHaiM3a, mpuBeaeHHoro B [10], aTor
MPOAYKT SIBJSIETCS HAUTYYIIMM U3 CEMU UMEIOIIUXCST CETOIHS.

TemnepaTypa U COJEHOCTh MOPCKOM BOABI Ha OJvkaiillieM K CBOOOTHON MOBEPXHOCTU PACUETHOM YPOBHE
B MOpE OIPEAEIISIOTCS MOCPEICTBOM BOCCTAHABIUBAIOIIUX (restoring) TpaHUYHBIX YCIOBUIA, YITOMUHABIIUXCS pa-
Hee. BpeMmst BoccTaHOBJICHMS IIPUHUMACTCSI HEOMMHAKOBEIM B Pa3IMUHBIX YMCJICHHBIX SKCIIEpUMEHTaX, O YEM Oy-
JIeT cKa3aHo HILKe. KiimMaTudyeckne 3HaueHUsI IepeMeHHBIX 0epyTcs 13 @ poBoro atiaca ApkTukHu [11], ocpen-
HEHHBIC 32 TOT X MEePHUOI, YTO W BeTpoBOit (hopcuHT. [T0TOKM Teria u com Ha OirKaitiieM KO THY pacuéTHOM
YPOBHE TTPUHUMAIOTCSI pABHBIMU HYJI0. Mope cunTaeTcst cTpatuUuilipoBaHHBIM U CBOOOIHBIM OT MOPCKOTO JIbl1a
M PEYHOTO CTOKA, YTO U30aBJIsIeT OT HCOOXOAMMOCTH PACCMaTPUBATh X TTOCICACTBHSI.

Tl'opusoHTaIbHOE pa3pelieHre KOHEYHO-3JIEMEHTHOI CeTKU 3a1aeTcsl B CPEIHEM MO TIIOIIAAN MOPST paBHBIM
5 kM. BBomutcs oTciexuBarolias Tonorpaduio 1Ha BepTHKaabHasl KOOPAMHATAa C HEpaBHOMEPHbBIM paclipesesie-
HUEM CJIoeB 1o BepTukaiu. Touia Mops aenutcst Ha 40 cioeB epeMeHHOM MPOTSKEHHOCTH T10 TyOMHe, Crylia-
IOIIMXCS B TOBEPXHOCTHOM U MPUIAOHHOM TMOrpaHWYHbIX ciosix. Illar nmo BpemMeHU 3amaeTcst paBHbIM 24 ¢, HE00-
XOIUMOCTb BBIOOPA KOTOPOTO AUKTYETCSI PEIlIEHUEM 3BOJIOLIMOHHBIX YPaBHEHU 1S TOPU30OHTATbHON CKOPOCTH,
TeMIepaTypbl U COJIEHOCTH MOPCKOI BOIBI U XapaKTePUCTUK TYpPOYJIEHTHOCTU KaK CUCTEM HeCTallMOHAPHBIX Of-
HOMEPHBIX (MO0 BEPTUKAIU) HEOJHOPOAHBIX NUDdepeHIUATbHBIX YPaBHEHU . [JTyOUHBI 3aMMCTBYIOTCS U3 OaHKa
nanHbix IBCAO. OcTasibHble TapaMeTpbl MOV TPUHUMAIOTCS TAKUMU K€, KaK U B €€ OpUTMHAIBHON Bepcui [7].

I1puBneyeHne KocBeHHOro criocoba onucanus 3ddexra BIIB, nzbasiasger or HEOOXOAUMOCTU SIBHO BOCIIPO-
n3BoauTh BIIB, uTo mMo3BOJIIET MCTIONB30BATh OOJIee TPYOOe IMPOCTPAaHCTBEHHO-BPEeMEHHOE pa3pelleHne, a 3To,
B CBOIO OYepeb, TO3BOJISIET CHU3UTD TPEOOBAHMS K BEIUMCIMTEIIBHBIM MOIITHOCTSIM.

Huccunanys 6apoKJIMHHON MPUJINBHON SHEPTUM CUMTAETCs 00sI3aHHOM CBOMM ITPOMCXOKICHUEM HE Oporpa-
(prueckoMy CONPOTUBIIEHUIO, KAaK 3TO TpUHUMAaeTcs B [12], a MHIyLIMpyeMOit BHYTPEHHUMU MPUIMBHBIMU BOJTHAMU
(BIIB) nuccumnanuu 6apOKJIMHHON MPWJIMBHOM SHEPruu, BXOISILEH B BbIpaxkeHHE TSI KO3hGbUIIMEHTa TMaKK-
Huueckoii nuddysun [13]. [ocneaHee cBsi3bIBacT Ha3BaHHBIN KO3(MUIIMEHT C HOPMUPOBAHHOM Ha P, CPEAHEH 32
MPWIMBHBIA LUK JIOKATbHOMN AUCCUNAlMEl YITOMSIHYTOM SHEpruy U OOpaTHBIM KBaApaTOM YacTOThI TJIaBYYECTH.
CliokeHre HEeCKOPPEKTUPOBAHHOTO KoadhdUIIMeHTa BepTUKATbHON TypOyJeHTHO muddy3uu, ompenensieMoro
HEeMPWIMBHBIMU (hOPCUHTaMU, ¢ KOIGhMUIIMEHTOM TUAMUKHWYECKOU nuddy3un, onpeaeaseMbiM YUCTO MPWIUB-
HBIM (DOPCUHTOM, JaeT BO3MOXHOCTb OLIEHUTh CKOPPEKTUPOBaHHBIH (¢ yuetoMm BIIB) koaddunimeHT BepTukanbHON
TypOyneHTHolt nuddysun. OG0CHOBAaHUEM CITYKUT TIPUOIDKEHNE «CJIaboro B3auMoneicTBus» | 14], cormacHo Ko-
TOPOMY, €CJIA Pa3HOCTh XapaKTepHBIX YaCTOT 1 IMPOCTPAHCTBEHHBIX MACIITA0OB TypOYJICHTHOCTH Pa3IMIHOTO TIPO-
HMCXOKICHUS TOCTATOYHO BEJINKA, TO HEJTMHEMHBIMU B3aUMOICHCTBUSIMI MEKITY OTIEIbHBIMU COCTABIISIOIINMU TYP-
OyJIECHTHOCTHU MOXHO IIpeHeOpedb, MPUOIMKEHHO CUnTasi X aJIMTUBHBIMU, XOTSI CAMU I10 ce0e 3TU COCTaBJISIOIIE
TYpOYJICHTHOCTH SIBJISIIOTCSI CWUIBHO HETMHEHHBIMU. PellleHre ncxomHoi HayaabHO-KpaeBoil 3a1auu, XapaKTepu3y-
IOIIel KIMMaT MOPsI, MIIIETCS] B TAKOI MOCeNOBaTeIbHOCTU: CHavajla peraloTcsl 1Be BCIIOMOoraTebHbIe 3a1auu —
OIlHa, OTBeUalolass HeIIPUIMBHBIM (DOPCUHTAM, W IpyTasi, OIMCHIBAIONIAs TMHAMUKY 1 3HepreTuky BIIB, — umcro
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pUIMBHOMY (hopcuHTy. M3 pernieHust epBoii 3aaaun ONpeaessiTCs HECKOPPEKTUPOBAHHBI KOA(DhUIIMEHT BepTH-
KaJbHOI TypOyneHTHOI nuddy3uu, BTopoit — cpenHuii (3a MPUIMBHBIN TMKI) KOA(MOUIMEHT TMaTMKHUYECKO
nudoysun. 3ateM 06a KoadpuImeHTa CYMMUPYIOTCS, M HAXOIUTCS CKOPPEKTUPOBaHHLIN (3a cueT adpdekra BITB)
K03(hGUIIMEHT BEPTUKAILHON TYpOyJIeHTHOM nudy3uu, rmociie 4ero ypaBHeHUsT TUIPOTEPMOIMHAMUKIA MOPST MH-
TErpyupyroTCs Jajiee Mpyu CKOPPEKTUPOBAHHOM KO3 GdUIIMEHTE 10 BbIXONA PellleHUs] Ha KBa3UCTAallMOHAPHBIN pe-
xkuM. CpaBHEHME pellieHNH, TTOJIydeHHBIX ¢ y4eToM 1 0e3 yueTta a¢gdekra BIIB, maer npeacrasieHne o MpUIMBHBIX
M3MEHEHUSIX KIMMAaTUIeCKNX XapaKTepUCTUK B Mope. [IpermyIiiecTBoM TaKoro criocoda ommcaHust SIBIISIETCST 0TKA3
OT JIByX alipUOPHBIX TPEANOIOKEHWI, TIPUHATHIX B [12], Kak TO: 0 HEM3MEHHOCTH B TOPU3OHTAILHOM TUIOCKOCTH
BEPTUKATBHOTO pacrpeieIeHUs UCCUTallii 0apOKJIMHHON MPUIMBHON 9HEPrun U (hrKcaluy BepTUKAILHOTO Mac-
mtaba BEIPOXKICHUST TUCCUTIAIINH (3alaHKe eTO PaBHBIM 3HAYEHUIO, CBOMCTBEHHOMY Bpasmibckoil KOTJIIOBUHE), Kak
3TO JienaeTcs B ciydyae, KOraa OTBETCTBEHHOCTh 3a JMCCUMALMIO BO3/IaraeTcsl Ha oporpachuyeckoe COrpoTUBICHUE.
O0a npeanonoxeHus: AMCKYCCUOHHBI, UMes B BUJTY MSITHUCTOCTb CTPYKTYPbI IMCCUTIALINY B OKeaHe. TakoBa BKpaTiie
CYTb IIPUHSTOTO KOCBEHHOTO criocoba onucanus 3¢ dexra BITB, npemnoxenHoro B [15]. Koadduument nnanukHu-
yeckoit nuddy3run, HeOOXOIUMBbIA 1S OTIpeneeHUs] CKOPPEKTUPOBAHHOTO Ko dulIMeHTa BEPTUKAIbHOI TypOy-
JIEHTHOM 11 dy3un, 3a1aeTcs 1Mo pe3yabrataM padoTsl [16].

3. Pe3yabTaTbl MOAEIMPOBAHUS

H71s1 1oCTVKEeHUST TIOCTaBJICHHOM 11eJIM ObUTIO TIPU3HAHO 11eJIeCO00pa3HBIM BBIMIOJHUTH, KAK MUHUMYM, ClIie-
IVIOIINe TPU YMCIICHHBIX KCIIEPUMEHTA: 1) BOCCTAaHOBJICHHNE TEMIIEPATYphl M COJIEHOCTA MOPCKOM BOIBI K MX
KJIMMaTUYECKUM 3HAUYEHUSIM CUMTAETCSl MPOMCXOISIIIMM C OAMHAKOBOI CKOPOCTHIO U, IO TEPMUHOJOTUU aBTOpa
craThk [6], CUIILHBIM (COOTBETCTBEHHO, BPEMS BOCCTAHOBJIEHUsI 3a1aeTcst paBHbIM T = 10° ¢, T3 = 10° ¢); 2) Boc-
CTaHOBJIEHHUE 3a1aeTCs OMMHAKOBBIM, KaK M B MPEABIIYILEM ClIydae, n yMepeHHbIM (1= 10° ¢, 4= 10° ¢); 3) Boc-
CTaHOBJIEHUE TOJIATAETCS PA3HBIM [UISl TEMIIEPATYPHI U COJIEHOCTH MOPCKOM BOJIBI M CMEIIaHHBIM (T,= 10° ¢, Tg=
= 10 ¢). I1epBblil 9KCIIEPUMEHT Gy/IeM OTOXIECTBIIATb C OTCYETHBIM, UCTIOIb3YEMbIM B JalbHEiIIeM 15 CpaB-
HeHMS ¢ IByMs npyruMu. Kak yxke oTMedanoch Bo BBemeHUM, Bo BceX TpeX caydasx (hOPCUHT 3a7aTcsT CpeaTHUM
(3a BBIOpaHHBIN MepPUOa) U3 COOOPaKEHUI MUHUMU3ALUU pacu€THOro BpeMeHU. OCHOBAaHUEM CIYKUT MOJTyYeH-
HOE B [5] 3aKJTIOYCHUE O TOM, YTO PACXOXKACHMUST MEXIY PEIICHUSIMHU, OTBEYAIOIIMMHU TIPUHSATOMY 31€Ch CIIOCOOY
OITMCAHMS HETIPWJIMBHBIX (POPCUHTOB, M MX OIPEACICHUSIMH KaK YaCTH TOJOBOTO IIMKJIA, MAJTHL.

Cyns no pe3yiabTaTaM MOJESIMPOBAHUSI, TeMIIepaTypa MOPCKOIi BOJbI B pacCMaTpUBaeMOM MOPE MOCTENEeHHO
yMmeHbIaercs ot 3 1o —1,5 °C B moBepxHOCcTHOM cjioe 1 oT 0,5 1o —1,5 °C B mpunonHoMm (puc. 1). Temmeparypa
BoJbl B Ty0e byop-Xas, OneHekckoM, AHabapcKOM U XaTaHTCKOM 3ajIMBax yMeHblaetcs ot 2 °C BOIU3U MaTe-
puka 10 1 °C B ycTheBbIX 30HaX. HarpoTuB, col€HOCTh MOPCKO# BOIbI yBenuuBaeTcs ot 16 10 32 %o B moBepx-
HOCTHOM cJjioe U oT 18 10 31 %o B ipuaoHHOM (puc. 2). ConéHoctb Boabl B SIHCKOM, OJleHEKCKOM 1 XaTaHICKOM
3aJIMBaX OCTAETCS MPAKTUYECKU HEU3MEHHOM U paBHOI 18—22 %o.
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Puc. 1. Temnepatypsl MOpPCKOi1 BOIBI B TOBEPXHOCTHOM (&) ¥ TIPUIOHHOM (0) CIIOSIX MOPSI TIPY 3HAYEHUSIX BDEMEHU BOCCTAHOB-
JIEHUsI, MPUHSTHIX B 3KCTIepUMeHTe |

Fig. 1. Seawater temperature in subsurface (a) and near-bottom (b) layers of the sea for values of the restoring time, accepted in
the experiment 1
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Puc. 2. ConeHocTb MOPCKOIA BOMIBI B TTOBEPXHOCTHOM (@) M TIPUAOHHOM (0) CJIOSIX MODPSI TP 3HAYEHUSIX BpDEMEHU BOCCTAHOBJIE-
HWSI, TPUHSITBIX B 9KCIIepUMeHTe |

Fig. 2. Seawater salinity in subsurface (a) and near-bottom (b) layers of the sea for values of the restoring time, accepted in the
experiment 1

Ha puc. 3 nmpencraBieHo BepTUKAJIbHOE paclipe/ie]ieHe TeMIepaTypbl MOPCKOM BOIBI BIOJIb MEPUIMOHAIb-
Horo pa3zpesa 120°B.1. OTMeTuM, npexie BCero, o01IMe TEHACHIIUY €€ U3MEHEHUS: YMEHbIIIEHUE TEMITepaTypbl OT
HEOOJBIINX TTOJIOKUTEIBbHBIX 3HaUeHU (~2 °C) mo orpunatenbHbIX (—1 °C), dhakT, M3BECTHBIM HAMU U3 HAOJIO-
neHuii [17]. B 3ToM OTHOIIEHUU pe3ybTaThl MOIEINPOBAHUS HOBOU MH(MOpMALIMK He MPUBHOCAT. OTpagHO, 4TO
OHM He MPOTUBOPEYAT TaHHBIM HaOIIOACHMUIA.

Hixe ormchIBaroTCs 1MOJIsI pa3HOCTEi MOACIBHBIX 3HAYCHU I TeMIIEpaTyPhI M COIEHOCTA MOPCKOM BOMIBI, OTBE-
Yalolre pa3TuIHbIM KOMOMHAIIMSIM BTOPOTO U TPETHETO SKCIIEPUMEHTOB OTHOCUTEIHLHO TiepBoro. HetpymaHo Bu-
JIeTh, UTO PA3HOCTHU TEMIIEPATYP B IIOBEPXHOCTHOM cJioe (puc. 4), oTBeyalue KOMOMHAIIMY SKCIIEPUMEHTOB 2—1,
HeBeMKH, cocTansis 1o 0,1 °C B 3amamgHOIf YacT MOPSI, 3aTeM OHM yMeHbInatoTes 10 —0,8 °C B BOCTOUHOIA, ITO-
ciie 9yero BHOBB yBenmnuuBatoTcs 1o —0,2 °C B okpecTHOCTH TIpoJi. M. JlanTeBa B ceBEpO-BOCTOYHO YaCTH MOpsI.
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Puc. 3. BepTukanbHble pacrpeneseHus TeMrepaTypsbl (@) U COIeHOCTH (6) MOPCKOI BOIbI BAOJb MEPUAMOHAIBLHOTO pa3pesa
120°B.11. TIpY 3HAYEHUSIX BpEMEHU BOCCTAHOBJICHUSI, IPUHSATHIX B 9KCIIEpUMEHTE 1

Fig. 3. Vertical distributions of seawater temperature (a) and salinity (b) along 120°E meridional transection for values of the
restoring time, accepted in the experiment 1
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Puc. 4. PazHoCTh TeMITepaTyp MOPCKOM BOIBI B TIOBEPXHOCTHOM (&) ¥ TIPUIOHHOM (6) CJIOSIX MOPSI ITPpU KOMOWHAILIUY SKCIIepH-
MeHTOB 2—1

Fig. 4. A difference of seawater temperature in the subsurface (a) and near-bottom (b) layers of the Sea for the 2—1 combination
of experiments

B npumoHHOM cj10e pa3HOCTh TeMIlepaTyp JU00 MIpUHUMAET OJM3KUE K HYJIIO 3HAYeHUs, TU00 YBEeIMIMBacTCS Ha
JIOJIU I'pajyca, Iu00, HaKoHell, yMeHbluaeTcs 1o —0,2 °C. MakcuMalibHble TIOHUXKEHMST TeMITepaTypbl OTMEUaroTCsI
B SHckom, OneHekckoM, AHAOApCKOM M XaTaHTCKOM 3aiuBax, rae oHu pocturaior —0,4 °C. 3MeHeHus TeMrie-
paTyphl B TIOBEPXHOCTHOM CJIO€, OTBEYAIOIIe KOMOMHALIMM SKCIIEPUMEHTOB 3—1, TakKkKe HEeBEJIMKHU, COCTABIISIS
—0,04 °C B LeHTpaJIbHOI YacTu MOpsI, 3aTeM oHM yBenuuuBatotcs 10 0,04 °C, BHoBb ymeHbLIatoTes 10 —0,02 °C
B JHCKOM 3aj1. U TpUHUMAIOT OoJiee HU3KMe 3HaYyeHUd B Tyoe byop-Xas. B mpunoHHoOM clioe mpH TOi 3ke KOMOMHa-
LMY 9KCIIEPUMEHTOB pa3HOCTh TeMITtepaTyphl yBeamuuBaeTcst Ha 0,05 °C B 3ammagHoit vactu Mopst, nocturaet 0,1 °C
K 10Ty, MOCJIe Yero yBeJuyeHue TeMrepaTypbl CMeHsieTcs ee yMeHblieHrueM Ha —(0,2 °C B 10ro-BOCTOYHOM YacTu
mops 1 Ha —0,4 °C B fIHcKoMm 3ai. 1 ryoe byop-Xas.

Pa3HOCTb COJIEHOCTH MOPCKOI BO/IbI B TIOBEPXHOCTHOM CJIO€, OTBeYarollass KOMOMHAIUMU 3KCIEPUMEHTOB 2— 1
(puc. 5), y€Tko meauTcst Ha Tpu obsacTu. B ogHoI1, pacnonararoleiicss B ceBepo-3anaaHoil YacTu MOpsI U OTYaCTH
B LICHTPaJIbHOI, OHA 0JIM3Ka K HYI0, cocTaBisst 20,5 %o, yBeanuuBaeTcs 10 3,0—3,5 %o K 10r0-BOCTOKY M 3aTeM
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Puc. 5. PazHOCTb COJIEHOCT MOPCKOI BOIBI B TOBEPXHOCTHOM (@) I TIPUIOHHOM (6) CIIOSIX MOPsI TIPY KOMOMHAIIUY SKCIIepH-
MEHTOB 2—1

Fig. 5. A difference of seawater salinity in the subsurface (@) and near-bottom (b) layers of the Sea for the 2—1 combination of
experiments
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BHOBb ITOHMXaeTcst 10 1,5 %o u MeHbiie B SAHCKoM 3aj1. B nmpugonHoMm cioe oHa cocrasisieT 0,00—0,25 %o B oc-
HOBHOI1 YaCTH MOPSI U TOJILKO B BOCTOYHOI YacTu ryosl byop-Xasi, a Takke B OleHEKCKOM 1 AHabapCKOM 3aMBax
yBeauuuBaetrcst 10 0,75 %o, CMEHSISICh ¢ OTPULIATE/IBHON Ha MOJOXUTEIbHYIO 110 MEpe YBEJIUYECHUs PACCTOSIHUS
BIOJIb OCH XaTaHTCKOTO 3all.

Yrto KacaeTcsl pa3HOCTel TeMrepaTypbl U COJAEHOCTU MOPCKOI BOAbLI B KOMOMHALIMSIX 9KCIIEPUMEHTOB 3—1
(He TIpeACTaBICHO), TO OHU MIPUMEHUTEIBLHO K TeMIlepaType OJIM3KM K HYJIIO B TIOBEPXHOCTHOM CJIO€ BOJIM3U MIPH-
MEpPHO TIOJIOBUHBI CEBEPHOIT M BCeil ceBepo-3amaaHOil OTKPHITHIX TPAHUIL MOPS, K IOTY OHM CTAHOBSTCS OTPHUIIA-
TeJbHbIMU, focTturas —0,04 °C u MeHblIe, 3aTeM NePexXoasT Yepe3 HyJlb U Tpeo0pa3ytoTcsl B MOJIOXUTEIbHBIE, paB-
Hble 0,02 °C u 6oJblie, M, HAKOHEII, B KpaitHell I0T0-BOCTOYHOI YaCTU MOPST BHOBb CTAHOBSITCS OTPUILIATEIbHBIMU.
B pesynbrare pa3HOCTh TeMmIlepaTyphl B ryoe byop-Xast okaseiBaeTcst oTpaLaTeIbHOM, B OJIEHEKCKOM 3aJI. — T10-
JIOXKUTEJIbHOM, a B XaTaHTCKOM 3aJl. — BHOBb OTpMIIAaTeJbHOM. B MpHIOHHOM cjioe pa3HOCTh TeMIiepaTyp Ou3Ka
K HYJTIO Ha OOJIBIIIE YacTH MOPSI, 3aTeM TIEPEXOIUT Uepe3 HyJIb K 0Ty U Iajiee BCIOAY OCTaeTCsl OTpHUllaTe/bHOI. JIBa
nckimodeHuss — OJeHeKCKUil 1 XaTaHTCKMiT 3aJUBHL. B ImepBoM M3 HUX pa3HOCTh TeMIIEpaTyphl TTOJOXUTEIbHA
u paBHa 0,1 °C u 6oJiblle, BO BTOPOM — OJIM3Ka K HYJIIO.

Pa3HoCTb CONEHOCTH MOPCKOI BOABI B IIOBEPXHOCTHOM CJIOC OT OTPHUIIATEIbHBIX Ha CEBEpe MEePEeXOaUT Yepes
HYJIb Ha I0T€ U CTAHOBUTCS ITOJIOXKUTEIHHON B OOIMMPHONM 0OJIACTH, PACITOJIOXEHHOU B IOTO-BOCTOYHOM YacTH
MOPSI, 1 BHOBb CMEHSIETCS OTpMIIaTeJIbHOM B SIHCKOM 3aj1. HeGosbliime nmosoxuTeabHble 3HaueHus (1o 1,5 %o) oHa
npuobpertaeT B rydoe byop-Xast u Gosblie (10 2 %o0) B OneHeKCKOM 3ajl. biuskue K HyJI10 3HaUY€HUST pa3HOCTEei
conénoctu, gocturatonie 1,5 %o, npucyiim XaTaHrckomy 3aji. B IpumoHHOM clioe 3HaYeHMsI Pa3HOCTU COJIEHO-
CTU OJIM3KU K HYJII0, C TPUOIMKeHeM K 0. KoTenbHbIN CTaHOBSITCS MOJIOXUTEIbHBIMU, paBHBIMU 0,5 %o, 3aTeM
OTpULIATEIbHBIMU 10 —1,5 %0 1 BHOBB MOJIOXUTEIbHBIMU B I'yoe byop-Xas u SIlHcKOM 3aj1. 3HaueHMsI pa3HOCTU
coniéHocTu 31ech 61m3KkM K 0,5 %o B SIHCKOM 3ai1. 1 MeHblie B Tyoe byop-Xas. OTMeTuM Takxke e€ MOHUKEeHUE 10
—1,0 %0 B OJIeHEKCKOM 3aJl. ¥ YepedoBaHNe OTPUIIATEIbHBIX U TTOJOXUTEIBHBIX 3HaUeHU (B nipeneiax +0,5 %o)
B XaTaHTCcKOM 3aJl. BOu3u o. bon. beruyes.

PaccMoTpuM BepTHUKaAJIBHBIC pacIipeie/ieHIs TeMIIEPaTyphl M COIEHOCTA MOPCKOM BOIBI BIOJIb MEPUINOHATb-
Horo paspesa 120°B.1. Mx pacnpeneneHusi, oTBeuamolie KOMOMHALMY 9KCIIEPUMEHTOB 2—1, XapaKTepu3yloTcs
TOYTH OMHOPOIHBIMU CTPYKTYPaAMHU C TUITMIHBIMU TSI HUX HEOOIBIITMMU 3HAaUeHUSIMM pasHocTeii 1o —0,2 °C mwis
TemriepaTypbl U 1,5 %o Uit CONEHOCTU B MEJIKOBOIHOM YaCcTH pa3pe3a U MEHbUIMMU UX 3HAYEHUSIMU B TIyOOKO-
BOJHOI YacTu BOJM3U CBOOOIHOI MOBEPXHOCTU MOpsl. MIcKITloueHHe COCTaBISIOT Pa3HOCTH TeMITepaTyphbl B IIIy-
OOKOBOJTHOM YacTH pa3pe3a, OXBaThIBAIOIINE BEPXHUE HECKOJIBKO COTEH METPOB M IaXKe CJIOI MOpPSI ¢ OOJIBIITUMU
rryonHamu. OTHAKO pa3HOCTH TEMIIEPATyPhl 31eCh HEBEJIMKM 1, KaK IIPaBUJIO, HE BBIXOIST 3a IMPEIeIbl TOUHOCTH
ee n3aMepeHuii (puc. 6). CTpyKTypa pa3HOCTE# COJICHOCTH Ha BCEM paspese I KOMOMHAIWI SKCIIEPUMEHTOB 3—1
(He MpPUBOAUTCSA) TTOXOXa Ha TIPUCYIILYIO IJIsI KOMOMHAIIMU SKCIIEPUMEHTOB 2—1 B CMBIC/IC X OJIM30CTU K HYJIIO.
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Puc. 6. To ke, Kak Ha puc. 3, IJI pa3HOCTEI TeMIiepaTyphl (a) ¥ COJICHOCTH (6) MOPCKOI BOIBI TP KOMOMHAIINY 9KCTICPUMEH-
TOB 2—1

Fig. 6. The same as in Fig. 3 for the difference of seawater temperature (a) and salinity (b) for the 2—1 combination of experiments
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WNHoe neno — pasHocTy TeMnepaTypsl 11l KOMOMHALMY KcrepuMeHToB 3—1 (He mpuBoautcs). [Ipucyiuve emy
Pa3HOCTH TeMIlepaTyphbl MOJyYaroTcsl HanboJjee 3aMeTHBIMU BOJIM3KU MaTepuka, rae oHu gocturatot 0,02 °C. To
K€ caMoe TIPOMCXOIUT B ITYOOKOBOIHONM YacTH pa3pes3a ¢ TOU JIUIIb Pa3HULICH, YTO OHU CTAHOBSITCS 3[€Ch, XOTS
U MaJIBIMU, HO OOHapyxuBaembiMu. Ellle pa3 mogyepkHeM, 4To B 000UX ciyvasx (I 00ernx KOMOUHALIUI dKCIIe-
PUMEHTOB) PA3HOCTU COJIEHOCTU OCTAlOTCS OJM3KUMMU K HYJIIO B Ipeesiax BCero pa3pesa.

3aKOHYMM OOCYXK/IeHUE PEe3yJIbTATOB MOJICTIUPOBAHUS IBYMSI 3aKITIOUEHUSIMU, HETTOCPEICTBEHHO BhITEKAlIO-
UMW U3 CPAaBHEHUSI MOJIEIbHBIX CPEAHUX (32 BHIOPAHHBIN TTEPUOM 1 TI0 THIONIAAN MOPST) 3HAYeHUI TeMIiepa-
Typbl T ¥ coI€HOCTU S MOPCKOI BOABI B TOBEPXHOCTHOM U MPUIOHHOM CJIO0SIX MOPsI, OTBEYAIOIIMX TPUHSITHIM
OlIEHKAM BPEMEHU BOCCTAHOBJIEHUSI, C TaHHBIMU HaOMOAeHUI (CM. TabJ. 1) U MOIEIbHBIX JIOKAJbHBIX BEPTU -
KaJIbHBIX TIpobuIieil Ha3BaHHBIX TIepeMeHHBIX (puc. 7). CpaBHeHUE MOJIETbHBIX CPeTHUX (B YKa3aHHOM CMBIC]IE)
3HAUYEHMIt TPEX Map MEePeMEeHHbIX MeXIy co00il B KaXIOM CJioe C JaHHBIMU HAaOJIOAeHUI yOexkaaeT, UYTO OHMU,
BO-TIEPBBIX, COM3MEPUMbI MeXILy co00 1151 T 1 IMIIb MaJlo OTJIMYAIOTCS 1151 S U UTO, BO-BTOPBIX, UYYBCTBUTEIb-
HOCTh T/S K U3MEHEHUSIM UX BPEMEHU BOCCTAHOBJIEHUsI MOXKXHO CUMTATh c1aboii. B TOM, 4TO 3TO Tak, MOXHO
yOenuThCs IMOO MO OTCYTCTBUIO pa3HECEHU MOAEIbHBIX BEPTUKAIbHBIX Mpoduieit 7/S, oTBeyaroux pa3HbIM
3HAYEHUSIM BPEMEHU BOCCTaHOBJIEHUS ((pakT, 03HAYAIOIIMI MX CIUSHUE), TUOO0 TT0 HEOONBIIUM pa3HEeCeHU-
sIM COOTBETCTBYIOIIMX BEPTUKAIBHBIX Mpoduieii, He MpeBOCXOAAIINM, KaK TpaBwio, mpuMmepHo 1 °C mist T
un 1,5%o0 g S.

Tabauua 1
Table 1

Cpennue (3a BbIOpaHHBIN NEPHO M 1O MIOMIAM MOPS) 3HAYEHHUS TeEMIIEPATYPbl 7 ¥ CONIEHOCTH S MOPCKOIA BOJIBI
M C JaHHbIE HAOJIIOIEHMI

The averaged (for the chosen period and by the sea’s area) values of seawater temperature 7 and salinity .S
and observational data

JlaHHbIe HAOMIONEHUI, TIPUBEICHHBIC
MecToronoxeHue odaacT DxcnepumeHT 1 DKCrepuMeHT 2 DKCcrepuMeHT 3
B LMGpoBOM atiace Apkruka [12]
onpenenenust 7/
T°C S%o T°C S%o T°C S%o T°C S%o
TToBepXHOCTHBII Ci10¥ 0,38 22,98 0,27 23,62 —0,10 25,37 0,27 25,37
[IpunoHHBI croit —0,68 30,42 —0,30 30,50 —0,33 30,56 —0,31 30,56
a) a) 0) b)
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Puc. 7. BeptukanbHbie npoduin TeMiepaTypsl (a) U cOJIeHOCTH (6) MOPCKOIA BOJIBI B TIYHKTAX C IMpoTaMu 74, 76, 78, 80°c.1i1.
BIOJIb MEPUIMOHAIBHOTO pa3pesa 120°B.4., COOTBETCTBYIOLIME PAa3IMYHBIM MOJIEIbHBIM 9KCIIEPUMEHTAM 1 TaHHBIM HabJIoe-
HUI

Fig. 7. Vertical profiles of seawater temperature (a) and salinity () at the sites with the latitudes of 74, 76, 78, 80°N in the 120°E
meridional transection for the different model experiments and observational data
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OOpaTtuM BHMMaHUE Ha ellle OJHY OCOOEHHOCTb pPellIeHUsI, TIPeACTaBIeHHYIO Ha puc. 7. Peub uaeT o cpaBHU-
TEJIbHO HEOOJBIINX OTKJIIOHEHUSIX TOBEPXHOCTHBIX TeMnepatyp T, M COJIEHOCTH S, BOBI HA CBOOOTHOI MOBEPXHO-
CTU MODSI OT X HAOII0AaeMbIX (B HAIIIEM Cllyyae KIIMMaTUIeCKUX) 3HaUeHUIA. 1151 0OBbSICHEHUS IMIPUYMHBI TOSIBIIC-
HUSI 3TOI 0OCOOCHHOCTHU TUCKPETU3NPYEM BepTUKAIbHBIC IIPOM3BOIHBIC OT 7 1 .S, BXOASIINE B TPAHUYHBIC YCIIOBUS
Ha CBOOOIHOI MOBEPXHOCTU, OAHOCTOPOHHUMU KOHEUYHBIMU pa3HOCTIMU. B pesynabrare moiayyaem, cKaxem, JIJIs
T BbIpaxkeHUe

T T
rne 4 — TOJIIIMHA TIOBEPXHOCTHOTO CJI0SI, paBHAs €ro MPOTSKEHHOCTH OT CBOOOIHOI TMTOBEPXHOCTH MOPSI 10 OJIM-
>KaWIIero K Heil pacyeTHOTO ypOBHS ¢ MHAEKCOM —1, 7| — Temneparypa Ha 3ToM ypoBHe, T, 1 T,; — TIpeacKas3bl-
BaeMble U KIIMMAaTUYECKUE 3HAUEHUSI TEMIIEPATYPhl BOJbI HA TOBEPXHOCTU MODH, k) — KO3 OUIIMEHT BEpTUKATb-
HOM TypOyneHTHOI nnddy3nn Ha ypOBHE IIEPOXOBATOCTU MOPCKOi1 MOBEPXHOCTU CHU3Y, OTIpeAeIsieMbIii 3aKOHOM

h k h  k
crenku. Torma, mpeHeGperas — 1o cpaBHeHUIo ¢ —*% BcieacTBHe HepaBeHCTBA — < —20 h /1. <k o/ h
h h T w0

Tr Tr
n nonaras, uto 7_; u T cBA3aHbl APYT C ApYyroM cooTHowieHueM 1 = o7, , Tie o.p — MHOXMTEIb, XapaKTepU3y-
ot Koppensuuio 7 ¢ T, NpUxoauM K OKOHYATEJIbHOMY BbIPaXXEHMIO

T,=(1-a;) ——T,. )

2
. -1 h
W3 Hero cienyeT, 4TO MOBEPXHOCTHAs TeMriepaTypa T, ¢ TOUHOCTBIO 10 MOCTOSIHHOM (1 - aT) ——— coBIMa-
T
T™w0
JIaeT ¢ ee KIMMaTUIeCcKUM 3HaueHueM 7. BbIBOa MOXKHO MOBTOPUTH MPUMEHUTENBHO K TOBEPXHOCTHOI COJIEHO-

CTU S, MOPCKOI BOZIBI UJIM MPOCTO 3aMEHUTB 0003HaueHus ar, 1y, Ty, burypupyouue B onpeneaeHuu 7y, Ha o,
S, Sy, COOTBETCTBEHHO. TakuM 00pa3oM, YIOMsIHYTast 0OCOOEHHOCTb CBOMM MIPOMCXOXAEHUEM 00s13aHa UCTIONb-
30BaHMIO BOCCTAaHABIMBAIOLIMX TPAHUYHBIX YCJIOBUI Ha TOBEPXHOCTU pa3iesia BoJa-BO3AyX, KOTOpbIe MIPU yuyeTe
cBsa3u Mexay T_; u T,, paBHO KaK U MeX1y S_; U S, IPeIOoNPEAESIOT €€ IPUCYTCTBUE HAa CBOOOAHOM ITOBEPXHO-
CTU MOpS.

OTMETHUM TaKKe TEHASHIUMIO K CIJIaXKMBAHUIO BEPTUKATbHBIX TPAJUEHTOB TEMIIEPATYPhl U COJIEHOCTH MOPCKOM
BOJIbI, BUIMMO, UMEIOIIYIO TIPSIMOE OTHOIIIEHKME He K 00CYKIaeMbIM 37e€Ch BOCCTAHABIMBAIOIINM ITPAaHUYHBIM yC-
JIOBUSIM, a cKopee K BktoueHuto BITB, yuet KoTopbIx BjieUeT 3a cO00i1 ycuaeHe BepTUKaIbHOTO MepeMellIBaHUs
M, CJIeA0BaTebHO, CIVIAXXMBaHUE BEPTUKATbHBIX TPAAMEeHTOB Ha3BaHHBIX MEPEMEHHBIX.

4. 3akmoueHue

7151 uccnenoBaHUsI YyBCTBUTEIbHOCTU TEMIIEPATYPbI U COAEHOCTA MOPCKOM BOJbI K UBMEHEHUSIM UX BpEMEHU
BOCCTaHOBJIEHUsI B O6e31eqHOM Mope JlanTeBbIX MpUBIEKAeTCS TPEXMEpPHasi KOHEYHO-3JIEMEHTHAs TUIpOCTaTuIe-
ckast moaesib QUODDY-4 u kxocBeHHbI criocob onucanus addekra BITB. JlokanbHas auccumnanmst 6apokivH-
HOI MPUJIMBHOM 3HEPTUU, BXOSIAs B BhIpakeHue il KoaddulimeHta iuanukHu4YecKoi nuddy3uu, HaXoauT-
Cs1 U3 pelleHUsT BCIIOMOTaTeIbHON 3a1aun o fuHamuke 1 sHepretuke BIIB. Onucanue okaibHON nuccumnanumn
MPOU3BOJUTCS C UCMOJB30BAHUEM KOCBEHHOTO CITIOCO0a, KOTOPBINA CBOAUTCS K €€ MPEACTABICHUIO B TEPMUHAX
CKOPPEKTUPOBAHHOTO KO3(hdulIMeHTa BepTUKATbHOI TYypOyJeHTHOH 1 dy3un, yYUTHIBAIOLIETO UHAYLIUPYEMYIO
BIIB nuccunanuio 6apokanHHON NpuianBHON aHeprun. OOCYKNaloTcst pe3yJbTaThl MOAECIUPOBAHNS TEMIIEPATYPhI
U COJIEHOCTU MOPCKOM BOMIBI B MOBEPXHOCTHOM M MPUJOHHBIX CJIOSIX MOPSI, a TAKXKE UX BEPTUKAIbHbBIE pacIipesie-
JIEHUsl BIOJb MEPUAMOHAIBHOTO pa3pe3a 120°B.1., oTBeyalole CUIbHOMY YMEPEHHOMY U CMEIIaHHOMY TUIaM
BOCCTaHOBJICHUSI IEPEMEHHBIX K UX KIIMMAaTUYECKUM 3HaYeHUsIM. B pesysbTare cpaBHeHUsI BBISICHSIETCSI, YTO TEM-
mneparypa u COJEHOCTb MOPCKOM BOIBI B MOpe JIanTeBbIX SBISIOTCS CJIA00 YYBCTBUTEIbHBIMU K UBMEHEHUSM UX
BpeMeHM BoccTaHOBJeHUs. CKazaHHOE TaKXKe CJAeAyeT U3 CPAaBHEHUSI MOJEIbHbBIX BEPTUKAIbHBIX MPOGhUIei TeM-
TepaTypbl U COJIEHOCTU MOPCKOI BOIBI B psifie MMyHKTOB YKa3aHHOTO MEPUAMOHAIBHOTO pa3pesa il TpeX pa3HbIX
TUMOB BOCCTAHOBJIEHUd. PaHee nMccienoBaHus YyBCTBUTEIbHOCTY PEIICHUS K 3aIaHUI0 TPAHUYHBIX YCIOBUI Ha
MOBEPXHOCTU MOPsI JIanTeBbIX HE TPOU3BOAMINCE.
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AHHOTAIMSA

PaszpaboTaHbl TeOpeTUYECKHE MOAEIU CTATUCTUYECKUX XapaKTePUCTUK JIMAAPHOIO 9XO-CUTHAJA, TIpeaHa3HaueHHbIe IS
MHTEpIIpEeTaluu PE3YJbTaTOB ONTUYECKOIr0 30HAMPOBAHMSI CUJILHO 3BTPpO(MUPOBAHHBIX BonoeMoB. [losyueHbl hopMysibl st
pacuera CTaTUCTUYECKU CPEIHETO 3HaYeHUs U Kod(ddulimeHTa BapualMy SHEPTUM CUTHAIa YIIPYyroro o0paTHOro paccesiHus,
MPUXOASIIEro U3 MPUMOBEPXHOCTHOTO CJI0ST BOJABI CO CYyYaliHO-HEOTHOPOIHBIMU MMOKa3aTesIMU TOMIOIIEHUS] U pacCesTHUSI.
IIpuBeneHbl MpUMeEpbl 3aBUCUMOCTU YKa3aHHBIX XapaKTePUCTUK CHUTHaa OT KO3(h(GULKEHTOB BapyallMy ONTUYECKUX XapaK-
TEPUCTUK BOJIbI. YCTAHOBIICHO, UYTO (DIYKTyalluu TTOKa3aTelIsl TIOIJIOIIEHUS MPUBOAST K YBEJIMYEHUIO CPEIHEN SHEPTUU TIPU-
HUMaeMOro CUrHaja, a (pJIyKTyalluy ToKa3aTesl paccesiHus — K €€ HeOOJIbILIOMY YMEHbILIEHU0. 3HAUUTEJIbHOE YMEHbIIIEHUE
CpeHeit 9HepruK 3X0-CUTHAJIa MOXET HaOJII0IaThCs MPU B3aMMHO KOPPEIUMPOBAHHBIX (hJIYKTYyalMsIX TTOKa3aTesIeit Mmomiolie-
HUS M paccesiHus, T.€. B clyJae, Koraa GayKTyupyeT rmokasaTelb ociadaeHUs TP HEM3MEHHOM ajiboe0 OMHOKPATHOTO pac-
cesiHUsI. BpickazaHbl cOOOpaxkeHUsI 0 TOM, KaKUM 00pa30oM MOTYT OBITh MOCTPOEHBI aJTOPUTMbI OLIEHKU CPEIHUX 3HAUYCHUI
ONTUYECKUX XapaKTePUCTUK BOIABI ¥ TTApAMETPOB MX HEOTHOPOIHOCTEH 10 CpeaHEMY 3HAYEHUIO U KO3 GUIIMEHTY Bapualliu
9HEPruU dXO-CUTHAJIA.

KiroueBsie ciioBa: jimap, Boma, YIpyroe paccesiHue cBeta, QUIyKTyalluy TUIAPOONTUISCKUX XapaKTePUCTUK, CTAaTUCTUIECKIE
CBOICTBA JIMAAPHBIX 9XO-CUTHATIOB
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Abstract

Theoretical models of the statistical characteristics of the lidar echo signal have been developed to interpret the results of
optical sounding of heavily eutrophicated water bodies. Formulas are obtained for calculating the statistically average value
and coefficient of variation of the energy of the elastic backscattering signal coming from the near-surface layer of water with
randomly inhomogeneous absorption and scattering coefficients. Examples of the dependence of the indicated signal charac-
teristics on the coefficients of variation of the optical characteristics of water are given. It has been established that fluctuations
in the absorption coefficient lead to an increase in the average energy of the received signal, and fluctuations in the scattering
coefficient to its slight decrease. A significant decrease in the average echo signal energy can be observed with cross-cor-
related fluctuations in the absorption and scattering coefficients, i.e. in the case when the attenuation coefficient fluctuates
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at a constant single scattering albedo. Considerations are made on how algorithms for estimating the average values of the opti-
cal characteristics of water and the parameters of their inhomogeneities from the average value and the coefficient of variation
of the echo signal energy can be constructed.

Keywords: lidar, water, elastic light scattering, fluctuations in hydrooptical characteristics, statistical properties of lidar echoes

1. Beenenue

CylecTBYIOIINE METOABI MHTEPIIPETALIMU Pe3yIbTaTOB JJa3¢pHOT0 30HANPOBAHNS MOPEil 1 BHYTPEHHUX BOIOE-
MOB 0a3MpPYIOTCS Ha TEOPUH PACIIPOCTPAaHEHHUS CBETa B BOJAX C OMHOPOTHBIMU I TOPU30HTAIBHO OTHOPOIHBIMU
OINITUYECKUMU CBOMCTBAMHU, KOTOPBIC XapaKTepHU3YIOTCS 3aJaHHBIMU TPOMUIISIMU TIEPBUYHBIX THAPOOTITHIECKIX
xapakrepuctuk (ITI'X) [1-26]. Mexay TeM, B peaJIbHbIX YCJIOBUSIX ONTUYECKHE XapaKTEPUCTUKH BOJIbI — ITOKa3a-
TEJIV TIOTJIOIICHUS ¥ PACCESTHUSI, MOTYT 3aMETHO (hJIYKTYUPOBATh, T. €. CTyJallHBIM 00pa30M M3MEHSITHCS BO BpeMe-
HU U npocTpaHcTBe. OcobeHHO bobine uykryauuu [1I'X (¢ mpocTpaHCTBEHHBIMU MacllITabaMU MOpsIAKa JeH-
MeTpa u 6osee!) HaGMIODAIOTCS BO BHYTPEHHUX BOIOEMAX B IIepUO, LiBeTeHus Boabl [27—31], 1 atu diaykryauun
TOJDKHBI YIUTHIBATHCS IIPY IIOCTPOCHUH aJITOPUTMOB OIpeAe/IeHNs] KOHIICHTPALIMU paCTBOPEHHOTO 1 B3BEIIICHHO-
TO B BOJIE BEIIECTBA 110 JUAAPHBIM 3X0-CUTHaaM. MI3BeCTHO, YTO CJIOM MyTHOM Cpelbl ¢ 3alaHHBIM KOJIMYECTBOM
TOTJIOIIAOIIETO BEIIECTBA MMEET MUHUMAJIBHYIO TIPO3PAYHOCTD IMPU OMHOPOIHOM pacIipeneeHUU MOTJIOTUTES
B cJioe, a (hJIyKTyallMi €ro KOHIICHTPALMHY YBEJIMUMBAIOT CPEIHIOI0 TTPO3PAavYHOCTh CosT (3(hheKT «pemieTa») [32—
34]. Dtot addexT Hapsay ¢ a¢hdeKToM 00pazoBaHUs TeHel 3a HeogHopoaHOCTsIMU T1I'X goKeH MposIBASITHCS
W TIPU JIa3€PHOM 30HAMPOBAHUU BOTHOM Cpebl CO CAyIaiitHO-HEOTHOPOIHBIMU ONTUYECKUMU cBoiicTBaMMU. Llenb
MAHHOI pabOTHI 3aKITI0YAETCS B TECOPETUUECKOM UCCIICAOBAHNN BIMSHUS (DIIYKTYALINiA ITOKa3aTeIeit IOTrIOIICHMST
M paccestHUs BOJbI Ha XapaKTEPUCTUKM CUTHAJIA yIIPYyroro 00paTHOTO PacCesTHUST — CTaTUCTUYECKHU CPEIHUIA CUT-
HaJI ¥ TUCIIEPCUIO €T0 OTHOCUTEIbHBIX DiryKTyaruii. M3noxkeHHas B padboTe Teopus B ONIpeneIeHHON CTeTIeH! M0~
IO0OHA TEOPUH TIPOCTPAHCTBEHHBIX IITYMOB, BO3HMKAIOIINX B ONTUYECKUX TOMOTpaMMax OMOTKaHEH 13-3a (PIyKTy-
allMii X ONITUYECKUX XapaKTepuCTUK [35—37]. Paznuuune Mexmay AByMsl TEOPUSIMU OOYCIOBJIEHO B OCHOBHOM TeM,
YTO B paboTax o ToMorpacdun aHaJIU3UPOBAJICS ABYMEPHBII MTPOCTPAHCTBEHHBIM CUTHAJI, a 3[eCh OyaeT Mccie-
JIOBaThCSI OMHOMEPHBIM CUTHATT — 3HEPTUS IIPUHUMAEMOT0 CBETOBOTO MMITYJIbca KaK (DYHKIIVST TOPU30HTATHHOM
KoopauHaTel inaapa. C TaKMMU CUTHAJIaMU ITPUXOAMTCS UMETD JIEJIO B CITydasix, KOTraa Juaap He TT03BOJISIeT pas3ie-
JIATh OTKJIMK CPENbl HA MapLUUAIBbHBIE 3XO-CUTHAJIBI, TPUXOASILNE C PA3IMYHBIX NIYOUH, KAK 3TO UMEET MECTO ITPHU
30HAMPOBAHUHU BOI C OUeHb HU3KOI ITPO3PAYHOCTHIO WIIH IIPH PETUCTPAILIUY CUTHAIOB (hIyOpeCICHIINMN.

2. ITocTaHoBKa 3a1a4M

CuuraeM, 4TO JIMOAP pacIioiaraeTcs Ha BBICOTe H Ha ITJIOCKOIT BOXHOI ITOBEPXHOCTBIO, a TUarpaMMBbl Ha-
MIPaBJIEHHOCTH U3Ty4aTess ¥ IPUeMHUKA UMeIOT OOIIYI0 0Ch, OPMEHTHPOBAaHHYIO BepTHKaIbHO?. [1py HarmucaHum
bopmyn ucnons3yem cieayrolire obo3HaueHus: W(r) — 3Heprus curHaia ynpyroro oopaTHOTO paccessHUsT Kak
byHKUMS KOOpAMHAT TOYKU TIepECeyeHrst OCH JIa3epHOro MyyKa ¢ BOAHOI MOBEPXHOCTIO I(X, y); W, — sHeprus
30HIMUPYIOLIETO UMITYJIbCA; 2r; U 28| — OTUaMETpP M YToJl paCXOIMMOCTH JIa3epHOTO My4Ka; 2r, U 23, — nruameTp
BXOJIHOTO 3payka M YToJl MMOJis 3peHust IpueMHuKa; Ry — KoadduimeHT orpakeHus OpeHessi BOAHOM TTOBEepX-
HocTH; 1, = 1,33 — noka3zaresib pesaoMIeHus Boasl; a(r, z), b(r, z) u c(r, 7) = a + b — nokasareyiv NOIJIOLIEHUS,
paccessHMsT U ociabJieHUsT CBeTa B TOYKE BOIbI C KOOpAMHATaMU X, Y, Z. UHAMKATpUCYy paccesiHUs 3adaeM B BUJIE

KOMOMHALIMU Y3KOM P¢(6) 1 u3otponHoii PC(0) =1 MHIMKATPHC C BECOBBIMH MHOXKMTEISMHU, 3aBUCSIIUMUI OT
BEPOSITHOCTH OOPATHOTO PACCESTHUS Dy

P©)=(1-2p,)PT(0)+2p,P°(0), p,=(1/2) j P(0)sin0do. (1
/2

4
ITpenmnosaraem BoiTTOTHEHHBIMU ycaoBust (1/2) j P(0)sin6d0 =1, P! O>n/2)<< py <<,
0

'Hau6onee 6GuIcTpBle BpeMeHHBIe n3MeHeHus T11'X BO3HMKAIOT B pe3y/sTaTe MepeHoca HeomHoponHocTeil ITIX TeueHUuAMHU.
XapakTepHoe BpeMs 3TUX U3MEHEHUI paBHO OTHOIIIEHUIO MPOCTPAHCTBEHHOTO MaciITaba HEOTHOPOTHOCTEHM K CKOPOCTH Te-
YeHUSI.

2B pealbHbIX YCIOBUAX 30HAMPOBAHKE OCYILECTBISAETCS IO HEKOTOPBIM YIJIOM K BEPTUKAJIU, YTOObI OTPaKEHMS OT BOTHOM
TMOBEPXHOCTHU He Mornaaanu B poronpueMHUK. OgHAKO K 3aMETHBIM U3MEHEHUSIM CUTHaIA, MPUXO/SILIET0 U3 BOAHON TOMILH,
9TO HE MPUBOUT.
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/2
02 =(1/2) j 02P" (0)sin0d0 << 1. )

IToxazaTenu norioeHUs u paccessHuA NMpeacTraBIsA€M B BUIC

a(r,z)=all+3a(r,z) ], b(r,z)=b[1+38b(r,z)], A3)

rme @ u b MX CTaTUCTUYECKU CpelHUe 3HAYeHMsI, a da U &b — ciiydaiiHble OTHOCUTEIbHbIE OTKIIOHEHUS OT Cpeli-
Hux 3HaueHU. Onykryanuu [1I'X canTaem mpocTpaHCTBEHHO OMHOPOXHBIMHU 1 XapaKTeprU3yeM KOPPEISIIIMOHHBI-
MU (DYHKIHUSIMU BUIA

B, (p,) = 3a(r + p,z + 0)da(r,2) = (8a)’ - R(P)Z(9), )
By(p,c) = 3b(r + pr2 + O0b(r,2) = (3b)’ - R(p)Z(3), 5)
R(p)=exp(~p* /p}). Z(2)=ch™(s/5y), ©)

2 2 . .
rae (8a)” u (8b)" — mmcnepcuu OTHOCHTETBHBIX (IIYKTYaLHii TOKa3aTeseii MOTMOLIEHNST M PACCEsTHMUSI, TTapame-
TPBI Gy ¥ Py — PAIUYChl BEPTUKAIBHOl M FOPU30HTAILHOI Koppensauun (uykTyauuii ykasanubix [1IX. 3ametum,

4TO (PYHKUUS ch™? (g / Qo) B (6) O4YeHb MaJIO OTJIMYAETCS OT exp(—c_;2 / gg) , HO €€ UCII0JIb30BaHUE BMECTO raycco-
BO (DYHKIIMY ITO3BOJISICT CYIIECTBEHHO YIIPOCTUTh aHATUTUYECKIE BRIPAKEHUS TSI CTATUCTUUCCKMX XapaKTepH-
CTHK 3XO-CUTHAaJA.

3. Mogenb cirydaifHOi peau3aiun 3X0-CHrHAIA

Mopenb 00paTHO PacCesTHHOTO CUTHAJIa CTPOUJIACH B TIPEATIONIOXKEHUH, YTO PaauyCc TOPU3OHTAILHON KOppe-
nsuuu paykryauuii ITIX npeBbilaeT ropu30HTaIbHBIN pa3Mep OCBELIaeMOro o0bemMa BOIbI, a paanuyc BepTUKaJb-
HOIT KOppesIun uX QIyKTyalllii MOXKeT OBITh JTI00bIM. [1pu caemanHOM IpeanoiokeHnu (GopMyITy I pacuera
SHEPTUM curHaja W(r) MOXHO MOJIyYUTh, IIPOMHTETPHUPOBAB 110 BPEMEHH M3BECTHOE BHIPaKEHUE TSI MOITHOCTH
MMITYJIbCHOI'O CUTHaJIa YIIPYroro 00paTHOIO paccesiHus, IPUXOSIIETr0 U3 BOIHOM Cpebl C TOPU30HTAIbHO OHO-
pomHbiMu [1TX, TIpon3BOIBLHO 3aBUCIIINMMU OT TIIyOUHGEI [1, 8, 38]. DTa hopmysna nMmeeT BUL,

W(r)=(nW, /4)r 92j2bb(r,z) HE (r,r',2) Ey(r,r',2)d’r |dz, 7

bb(r)z) = Pbb(r,Z), (8)

rae b, — mokasatesib 00paTHOro paccesiHusi, £; — o0Jy4eHHOCTb B TOUKe (r',Z) OT BCIIOMOTaTeIbHOTO HEMPepPbIB-
HOT'O UCTOYHMKA U3JTYYeHUS C ETMHUYHOM MOIIIHOCTBIO M TAKUMU XK€, KaK Y pealbHOTO UCTOUHUKA, TTapaMeTpaMu
2r; u 294, a £, — pacrnipefesieHre 00Jly4eHHOCTH B BOJE OT BCIIOMOTaTeJIbHOIO HENPEPbIBHOTO UCTOYHMKA C €/11-
HUYHOI MOUTHOCTBIO, TUAMETPOM arepTypbl 27, U MIUPUHON TUarpaMMbl HATIPaBAEHHOCTU 29,.

Briusinue cTpatuguunpoBaHHOM BOAHON cpellbl HA CTPYKTYPY JIA3€PHOT0 MyYKa ¢ XOPOLIeil TOUHOCThIO OMU-
CBhIBaeTCsl pellieHUeM ypaBHEHHsI TiepeHOca U3yUeHUsI B MATOYTJI0BOM Mpubauxkennu [39]. OmHako, 3To pelieHne
MpecTaBisieTcs B Bujie nHterpana Oypoe, 4To YCIOXKHSIET pacyeT CTaTUCTUISCKNX MOMEHTOB curHasa W. T1oato-
My 31€Ch Mbl BOCIIOJIb3yeMCsl MEHeEe TOYHOM, HO OYEHb ITPOCTOM, MOIEIBIO T10JIEi 00/ Ty4eHHOCTH £ 5, TOCTPOEH-
HOI Ha OCHOBE pellIeHUST YpaBHEHUSI MepeHOca U3JTyUeH s B MaJIOyrJIoBoM Tuddy3noHHOM nipubmkeHun [39]:

- Ry

E(rr\,z)= Tlcd()exp ja Nz (' =x) /d(z) |, i=1,2, )
a(r,z)=a(r,z)+2b,(r,2), (10)
di(2)=r? +0}(H +2/n,)’ +%l7(1—2pb)9_2~z3. (11)

B cooTBeTcTBHMM ¢ 3TOI MOIENbIO pacmpeecHe O0JIYyIeHHOCTH B TIONIEPEYHOM CEUYCHMU CBETOBOTO ITydKa
onuceiBaeTcs pyHkimeii ['aycca, a mokaszaTesib SKCIIOHEHIIMAIbHOTO OC1abeHUSI TTOTHONM MOLTHOCTHU ITy4YKa O pa-
BEH CyMMe IoKa3aTesIeii MOTJIOIEHUS U U30TPOITHOTO paccessHUs. DD hEKT yITMpeHUS ITydKa 13-3a MHOTOKPAaTHOTO
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paccesiHUSI CBETa «BIIEPE» YUUTHIBAECTCS TPETHUM CllaraéMbIM B IIpaBoii yacTu ¢opmydsl (11). [Tpu aTom BiusiHue
(arykTyaumii mokasaresst paccestHUsI Ha JUCTIEPCUIO pacripeesieHusl 00JyYeHHOCTH d; CYUTAeTCsl TPeHEOPEXXKMMO
manbiM. [locne moncrtaHoBKM BeipaxkeHuii (9)—(11) B ypaBHeHUe (7) OHO IPUHUMAET BU

dz

12
d(z)’ (12)

© Z
W(r) = A[2b,(r,2)- eXp{—Zja(r,z’)dZ'}
0 0
A=(1-R; )’ W,r26l /4.
d(z) = (rl2 +r22)+(612 +6§)(H +z/nw)2 +§5(1_2Pb)9_2'z3-

4. @opmyJibl I pacyeTa CTATHCTHIECKHX XAPAKTEPUCTHK IX0-CHTHAJIA

ITpocTpaHcTBeHHBII curHan W(r) OyaeM xapakTepu3oBaTh €ro CTaTUCTUUYECKMMY MOMEHTaMU MEPBOTO U BTO-
pOro Mopsiika — CpeIHUM 3HaueHueM W u KoppelsiLiMOHHON (QyHKIIMei

By (p) =W (r +p)W(r), (13)
a Takxke pyHKuuMe Koppensiuuu
—2
Byyy (p) = AW (r +p)AW (r) = By, ()~ W (14)
nykryauuii curnana AW (r) =W (r) — W, nucrepcueit ero paykTyauuit
dy = B,y (0), (15)
KO3 DULIMEHTOM MPOCTPAHCTBEHHOM KOppeasuuu GayKTyauuit
K(p) =By (p)/ Byy (0) (16)
1 K03 PUIIMEHTOM BaprallMy CUTHAJa
8y = dy | W. (17)

JJ1s1 Tydiiiero TIOHUMaHUS TOTO, rmouemy (uykryauu pa3nudHbix [1TX mo-pazHoMy pOsIBISIOTCS B 9X0-CUT-
HaJle, pacyeT ero CTaTUCTUIECKUX XapaKTEPUCTUK ObLT BBHITIOJIHEH TSI CITy4aeB, Koraa (IyKTyupyeTt 1u0o ONuH U3
napamMeTpoB a U b, uiu GhIyKTYyUpyeT IoKa3aTeab ociabaeHust ¢ = a + b Ipy COXpaHEHUU aJIb0E0 OTHOKPATHOTO
paccesdHus o, = b/c.

A. @ayKTynpyeT TOJIbKO NOKa3aTeb noriomenns. [1pu ycnosuu 6b = 0 ypaBHeHMe (12) TpUHUMAET BUI

W(r)=2 pbBAofexp[—zma (r.2) |F,(2)dz, (18)
0
At,(r,2)= ajaa(r,z')dzz F,(2)= exp[—z(a +2p,b )z] /d(2). (19)
0

Ecyu cuntath, 4TO IMoKas3aTesb SKCIIOHEHTH ¢ = —2AT, (r,z) B IIpaBoit yacT ypaBHeHUS (18) pacripenesieH 1o Hop-
MaJIbHOMY 3aKOHY, TO CTATUCTHUYECKOE YCpeqHeHrne PYHKIMU W MOXHO BBITTOJTHUTE C TIOMOIIBIO COOTHOIIICHUS

exp(p) = exp| 07 /2 . (20)
DTO COOTHOLIEHNE MOXHO MCIIONIB30BaTh U ISl HAXOXAeHUA GyHKuMn By (p), monarasd cp:—2[Ara (r+

+p,2, ) + A1, (r,2,) |- B pesynbrate Haxomum:

W = 2pbl7ATexp{2(Ara (r,z))ﬂFa(z)dz, (21)
0

By (p) = (2pbl7A)2 TT[exp(4Ara (r+p,z )Ara(r,zz)) - 1] X
00

{exp(z(ma (r2)) 24 zz))zﬂlzulm(zz)dzldzz, (22)
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Ch(z1 /Go)Ch(Zz /CS())

Ara(l‘+P,Z1)ATa(rszz):(8")2 R(P)(EQO)ZIH ch[(z -2)/¢ } ’
17 %2 0

(23)

(At,(r,2))° =2(8a)* (g, ) In[ch(z / )] (24)

B. ®aykTynpyeT TOIbKO OKa3aTeb paccesuus. [1pu ycinosuu da = 0 ypaBHeHMe (12) 1 hopMyJIBI 11T pacdeTa
CTATUCTUYECKNX MOMEHTOB SHEPTUH 3XO-CHUTHAJIAa MOTYT OBITh 3aITCaHbI B BUIC

win= ATbe (r»Z)eXp(_Llibb(f,z')dzljw -
0 0

d(z)
B (25)
= (A / 2))_[{1 —exp[—4pb (Ez + Arb(r,z)ﬂ} F,(2)dz,
0
3 N d | exp(—2az
Arb(l',z)=b_([6b(l',z )dZ, ]%(Z)z_d_z{%} (26)
W=(4/ 2))?{1 —exp‘:—4pbl7z +8p; (At, (r,z))z}}l‘},(z)dz, (27)
0
By (p)=(4° /4).[I[exp(16p,fAtb(r+p,zl)Arb(r,z2))—1J><
00 (28)

{exp[—4pb5 (21 +2) +8p2 (Aty(r,2) +8p§(Arb(r,z2))2ﬂ1§,(Zl )F,(2,)dz, dz,.

BripaxkeHusd 115 CTATUCTUYECKUX MOMEHTOB (DYHKLMU AT, (r,z) nosy4darorcs u3 popmyi (23) u (24) myreM 3ame-

2 2 _ T
Hbl (8a)” —(8b)°, @ > b.
C. @aykTynpyer nokasarejb 0CJIa0/ieHUs] P HEU3MEHHOM 3HAUYEHUHU aJIb0eI0 OJJHOKPATHOTO paccesnusi. Eciu
TIPEATIONOXUTD, YTO BBINOJIHAETCS yCIOBUE ®y, =b/c=b /¢ =const, 1 GIyKTyauuu nokasaTess OcaabieHus
¢ = a + b onuckIBaloTCS (popMysIaMu

e(r,z)=cl1+38¢(r,2) ] (29)

B.(p,q) = 3e(r + p,z + 9)8e(r,2) = (8¢) - R(P)Z (<), (30)

TO ypaBHeHMe (12) 1 hopMyJIbI I pacueTa CTATUCTUUECKUX MOMEHTOB SHEPIUU 3XO-CHUTHAJIa MOTYT OBITH 3aIlH-
CaHbI B BUIIE

W (r) = C[{1-exp[ ~2k(cz + An(r.2)) |} Fu(@)dk, G
0
k=1-(1-2p,)w,, C=awyp,A/k, (32)
At(r,z)=c[dc(r,2")dz, F.(z)= —a%(a’(z))f1 , (33)
0
W = CT[] - exp(—2k€z + 21{2(Ar(r,z))2 ﬂ F.(2)dz, (34)
0

B,y (p) = C2Tf[exp(4k2m(r +p,2)AUr L)) - 1] x
00 (35)

x[exp(—zka(zl +2))+ 2k (At ) + 2k2(At(r,z2))2ﬂFc(Zl )F.(z,)dz, dz,.

BrIpaxkeHus 1719 CTAaTUCTUYECKUX MOMEHTOB (DYHKIIMU A‘E(I‘,Z) nojyvatorcs u3 popmyin (23) u (24) mytemM 3aMeHBI

(éia)2 - (6c)2, a—c.
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5. UncieHHbI aHAJIN3 CTATUCTHIECKIX XAPAKTEPUCTHK IX0-CHUTHATIA

Kak cnenyer uz popmyi (12)—(35), BeIpaskeHUS IJTsI CTATUCTUYECKUX XapaKTEPUCTUK 9XO-CUTHAJIA MOTYT ObITh
IpefcTaB/IeHbl B BUe (PyHKLMIT Oe3pa3MepHOIl IepeMeHHOil ¢p 1 Ge3pa3MepHBIX apaMeTpoB &, =b /¢, ¢p,,

[ (6a)2, (8b)2, (8c)2, c(r? +r})"?, TH. Hapuc. 1, a, puc. 2, a v puc. 3, a Ipe/iCTaBIeHbl PE3yJIbTaThl pacye-
Ta TapameTpa

N (36)

XapaKTePU3YIOLIEro OTIMYKME CTATUCTUYECKU CPeIHE DHEepruu w (bIIyKTYUpyIOLIEro 9X0-CUrHaja OT SHepruu
W, peryasipHOro curHaja, KOTOpbIii JOJKEH ObUT Obl MPUXOIUTh U3 BOAHON CPe/ibl C MPOCTPAHCTBEHHO OIHOPO/I-
HBIMU ONITUYECKUMU XapaKTePUCTUKAMU a = @, b= b. KpuBble 5TUX PUCYHKOB N300paXkaioT 3aBUCHMOCTb ITapa-
meTpa N oT KoahULIMEHTOB Bapualun

3 =(3a)' 5, =\(50)', 5. (o) o7

rokasaTeJieil TOIIOLIEHMSI, PACCEsTHUSI 1 OCIabIeHUsI TPU TPEX Pa3IMUHBIX 3HAUCHUSIX TIapamMeTpa @, U IpH yc-
JoBuax cgy = 0,75, E(r,2 +r22)1/ 2= 0,175, ¢cH =5. Puc. 1, 6, puc. 2, 6 1 puc. 3, 6 WITIOCTPUPYIOT 3aBUCUMOCTb
ko3¢ dulLIneHTa Bapualuu dy, 3Hepruu sxo-curxana (popmyna (17)) or BenuuuHel napamerpos (37) u &, mpu
yKa3aHHBIX BBIIIE 3HAUCHUSIX TPEX IPYTUX NTapaMeTpPOB.

M3 pucyHKOB BUIHO, YTO MPOCTPaHCTBeHHbIE (uiyKTyauuu pasnuuHbix [1I'X mo-pasHoMy MpoOSIBISIOTCS
B x0-curHajie. OIyKTyallny IToKa3aTes ITOIOMeHNs (IIPY ero 3alaHHOM CPeIHEM 3HAYCHUH ) MOTYT IIPUBOIUTD
K CYIIIECTBEHHOMY YBEJMUCHUIO CTATUCTUYECKU CPeNHEro curHaia (puc. 1, a), Torma Kak uykryaimu rmoxkasaTesst
paccestHUsI ero yMeHbIIAIoT, HO 04eHb He3HAYUTEJIbHO (puc. 2, @). [Ipy B3auMHO KOppeIupoOBaHHBIX (DIIyKTyalusix
ToKa3aTeieit MMOMIOIIEeHUS 1 paccessHU (T. €. (IYKTYAIMsIX IToKa3aTesis OCIabIeHNS IIPY 3aJaHHOM ajTb0eIo Of-
HOKpPaTHOTO paccesiHUsI) CPeIHUIT CUTHAI MOXET YMEHBIIAThCs CYLIeCTBEHHO (puc. 3, a).

B paccMaTpuBaeMbIX Tpex ciyyasix YMCJIEHHbIE 3HaUeHUs1 KoadduiMeHTa Bapualuy curHaia oy, (Mpu ycio-
BUU §, = O, = J,) TOXe paziauyatorcs (puc. 1, 6, puc. 2, 6 u puc. 3, 6), HO HE TaK CyLIECTBEHHO, KaK 3HaYeHUsI
napameTpa N, xapakTepusytolero BiausHue ¢aykryauuit [1I'X Ha cpenHoo sHepruto curHaina. Kpussie puc. 1,
a v 6, n300paxarollre 3aBUCUMOCTb IapaMeTpoB N 1 dy, OT KO3 dULMeHTa Bapraliiy MoKa3aTessi MOTIOIEHNS
8,4, OUEHDb MEX Y COOOI ITOXOXKU, UETO HENb3s1 CKa3aTh O COOTBETCTBYIOILMX KPUBBIX puc. 2 U 3. [IpocTpaHCTBEeHHbIE
(baykTyaum mokasaTessi pacCesiHUS BBI3bIBAIOT CUJIbHBIE (DIYKTyallMM 3X0- curHaja (puc. 2, 6), HO He OKa3bIBaloT
3aMETHOTO BJIMSIHMS Ha €T0 CpelHee 3HaueHue. 3aBUCUMOCTb dyA8,) mpu &, = 0,5 (puc. 3, 6) 1o100Ha 3aBUCUMO-
cti dyA3,) (puc. 1, 6), anpu &, = 0,9 oHa MOYTH COBMALACT C 3aBUCUMOCTBIO SyAJ,) (puc. 2, 6).

a) " : |
N 3
0.6 _
0.2
04 - A —
®y = 0,5 0.7 ‘
-
0,1 g |
0,2 — > _ —
P - 0,9
- - lll-llIlIllllllIlll
- - IIIIIIIIIIIII'IIIIDI
| 0 LTt | I

0,2 0,4 0,6 0,8 9,
Puc. 1. 3aBucumocts napamerpoB N (a) u 8y, (6) (cM. hopmyasl (36) u (17)) ot koadbuLMeHTa Bapralny nokasaTess Moro-
LIEHUS 3, IPY 3HAUCHUSX TapaMeTpa @, , YKa3aHHBIX HA PUCYHKAX, U TIPU YCIOBUAX ¢, = 0,75, E(rl2 + rzz)l/ 220,175, ¢H =5.

Fig. 1. Dependence of the parameters N (@) and 3y, (b) (see eq. (36) and (17)) on the absorbance variation coefficient 3, at the values

of the parameter @ , indicated in the figures and assuming €g, =0.75, &(5’ +r})"/? =0.175, ¢H =5.
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a) a) 0) b)
N Sy ‘
4
06 | by =05 A5
—0,01 - : 09
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0.4 1 A7 Sop o
0,02 |- -
02 | -
—0,03 I ! ' ‘ 0 ! | ! w
02 04 06 08 9, 02 04 06 08 o

Puc. 2. 3aBucumoctb napametrpoB N (a) u 3y, (6) ot koadduliMeHTa Bapraluy 1MoKasaressi pacCestHusI O, TIPU YCTIOBHUSIX, YKa-
3aHHBIX B TIOATUCH K PUCYHKY |

Fig. 2. Dependence of the parameters N (a) and 8y, (b) on the variation coefficient §, of the scattering coefficient under the con-
ditions indicated in the caption to Fig. 1

a) 0) b)
N O
0,75
0,1 |-
0,5 _
0,2 |
0,25
0,3 | | L | 0

0,2 0,4 0,6 0,8 0,

Puc. 3. 3aBucumocts napametpos N (a) u 8y, (6) ot koadbuLMeHTa Bapuauu rnokasaressi ocjiabiaeHus 8, pu yCIOBUSIX, yKa-
3aHHBIX B MOJMUCH K PUCYHKY |

Fig. 3. Dependence of the parameters N (a) and 8, (b) on the variation coefficient d, of the attenuation coefficient under the con-
ditions indicated in the caption to Fig. 1

3aMeTuM, 4TO yBeJWUYeHUE CpeAHEl IHEPTUM 3XO-CUTHAJIA U3-3a (hIyKTyallMii moKa3aressl TOTJIOIEHUS SIB-
JISIETCST HETIOCPEACTBCHHBIM MIPOSIBICHUEM 3 (deKTa «pelleTa», MPUBOISIIICTO K YBEIMICHUIO TOJNIINHEI BOTHOTO
CJI0$1, 3 KOTOPOTO TIPUXOIUT CUTHAJ. A ee YMEHBIIICHNE N3-3a (PIIYKTyaIInii ImoKa3aTeIsl OCIa0IeHUS WIK TToKa3a-
TeJIST pacCesTHUSI TIPOUCXOIUT B PE3YJIBTaTe TOTO, YTO BEPXHSISI YaCTh KaXKIOTO M3 CTYCTKOB ITOTJIOIIAIONIETO U pac-
CEMBAIOIIIEeTO BEIIeCTBA 3aTEHSIET €r0 HUXKHIOIO YacTh.

Ha puc. 4 npuseneHs! pe3yabTaThl pacueta KoadduimeHTa NpocTpaHCTBEHHOI Koppesiunu K(p) duykrya-
LM SHEPIUM 9XO-CUTHAJIA, MOPOXIAAEMBIX HEOMHOPOIHOCTSIMM IOKa3aTesist ocinabneHus Boanl (opmyinl (16),
(35)). PrucyHoK mOKa3bIBaeT, 4TO B paccMaTtpruBaeMoM ciaydae ¢hyHKUIuS K(p) 3aMeTHO oTindaeTcs oT Koaddu-
IIMeHTa TOPU3OHTAIbHOM Koppessiinu R(p) (uykTyanuii moxkasatessi 0Cia0iIeHusT TOJIbKO MPU OYeHb OOJBbIINX
3HaueHUsX ero koahduimeHTa BapuaLmu J,.

41



Joaun JI.C.
Dolin L.S.

Puc. 4. KoapduuneHT mpocTpaHCTBEHHON Koppensiliuu (pyKTya-
uuii axo-curHana K(p) npu 3HaueHUsix KoadduimeHTa Bapuanuu
nokasarensi ocnabsnenus 8, = 0,8, 1,6; R(p) — xoadduumeHT ro-
R(p) | pU3OHTAJBHOI KOppeasuuy (IIyKTyaluil IoKa3aTeiIs 0Caa0IeHusI;

0,5 -

cp, =0,75, oy = 0,7, mpoune napamMeTphbl yKa3aHbl B IIOANMUCH K PU-
CYHKYy |
Fig. 4. The spatial correlation coefficient K(p) of the echo signal fluc-

tuations for the variation coefficient of the attenuation coefficient
3. = 0.8, 1.6; R(p) is the horizontal correlation coefficient of attenua-

— tion coefficient fluctuation; c¢p, = 0.75; ®, = 0.7; R(p) — see equation
1,5 Py (6); other parameters are indicated in the caption to Figure 1

6. Bo3mMoKHblii CIOCOO OLIEHKH ONTHYECKHX CBOWCTB BOJIBI IO CpeIHEMY 3HAYEHHIO
U Ko3(hpUIMeHTy BapHaiK SHEPTUM IXO0-CUTHAJIA

Ecnu mist ompeneieHHOCTU CUMTaTh, YTO (PIYKTYHPYIOIIEH XapaKTepUCTUKOMN BOMIBI SIBIISIETCS TTOKAa3aTeIb OC-
JabseHust, To BuA GyHKIMNA N 1 8y, n300pakeHHBIX Ha pUC. 3, OyIeT 3aBUCETh OT CPEIHUX 3HAYEHUI ¢ , b TIOKa-
3aresieil 0cnabieHnsl U pacCesiHUS, BEPOSATHOCTU OOPAaTHOTO PacCcesiHUs py, apaMeTpa MHIMKATPUCHl pacCesHUs

92 1 BEPTUKAJIBbHOTO paanyca KOPpPEeIsAUnUU G (I)IIYKTyaHI/Iﬁ rnokaszaTesisl ociadeHUsI. I/I3MepI/IB JBa CTaTUCTUYC-

CKUX TMapaMeTpa CUTHaIa W u Sy, MBI MOXEM COCTaBUTb TOJIBKO [1BA YPABHEHUS JIJIs1 pellieHNs1 00paTHO 3a1auH,
YTO yKa3bIBaeT Ha HEBO3MOXKHOCTD €€ pellleHrs 0€3 UCITOIb30BaHMSI HEKOTOPO anpuopHoit MHDopMalu od orn-
TUYECKUX XapaKTePUCTUKAX BOIBI.

Kak BunHoO n3 puc. 4, pu ycinosnu , < 1 paguyc Koppersiunn (IyKTyaluii SHEPTUN 3X0-CUTHAJIA Py, (IIU-
puHa dyHKimn K(p) 1Mo ypoBHIO 1/e) MpakTUYecKr He OTJIMYAETCST OT TOPU3OHTAIBHOIO pailyca KOPPENSILUAU P
(ykTyaumii mokazarenst ocnabneHust (mmpunsl ¢hyHkuuu R(p) o yposHio 1/e). Tloatomy, ecnu uykryauumn
ToKa3areJst OcabJeHNsT CYUTATh U30TPOITHBIMMU, TO TSI OLIEHKH BEPTUKAIBHOTO PaInyca MX KOPPEISIIMU MOKHO
BOCIIOJIb30BAThCSI COOTHOLIEHUEM Gy = Pyp-

J71s1 yMEHBIIIEHUST YMClIa HEM3BECTHBIX ITapaMeTPOB B MOMECIISIX 9X0-CUTHAIa MOXHO ObUTIO OBl MCITOJIb30BaTh
AMIMUPUYECKUE KOPPETSIIMOHHBIE CBSI3M Mexky pasnuuHbiMu [1TX, momo6HbIe perpeccusim JleBuna — Kormenesu-

ya [40, 41], KOTOpbIE [TO3BOJISIIOT BBIPA3UTh NAPAMETPhI b , py U 02 4yepes ImoKasaTesIb OCJIabIeHUsI ¢ . DTU perpec-

CUM OBbLIM MOJIYy4eHBI U MOPCKUX BOJ, ¢ MokaszarteseM ocinabnenus ¢ =(0,3+1) M~ Ha qauHe BosHbL 500 HM.
ITouck aHAIOrMYHBIX PErPECCHUIi 11 BOJ BHYTPEHHUX BOIOEMOB B IIEPUOI UX LIBETEHUs ceituac Toxe Bemetcs [29].

Ecnu Ob1 mapamertpst b , p, u 0? GbuHn yIaJleHbl U3 TEOPEeTUUYECKUX BblpakeHuit st W, W, N u 8y, ¢ moMouipio

SMIUPUYECKUX PETPECCUA, TO JJISI HAXOXKIEHUS OCTaBUINXCS IBYX [MapaMETPOB € U &, MOXHO ObUIO ObI UCTOJB30-
BaTh ypaBHEHUS

Wy@)[1+N@,8,)|=W", 8,(€.5,)=35), (38)

e W' u 8y, — U3MEpEeHHbIE 3HAYCHUS CTATUCTUYECKUX XapaKTepUCTUK curHana; W = W(SC =(0) — sHeprusa
CUTHaJIa, MPUXOASIIETO U3 BOIOEMa C OJHOPOJHBIMU ONTUYECKMMU CBOMcTBaMU. [locie HaxoxXneHus napameTrpa
¢ ocrtanbpHble [1I'X onpenensitoTcsi ¢ MOMOIUIBIO TeX Xe CaMbIX Perpeccuit, KOTOpble UCTTOIb30BAIUCH IS TTOTyYe-
HUs ypaBHeHuit (38).

7. 3aKkmoueHne

OcHOBHa# 1LIeJIb 3TOit pa6OTbI 3aKJII0Y9AJIaCh B UCCIICIOBAHUY MEXaHMU3MOB BO3ICUCTBUS ITPOCTPAHCTBECHHBIX
(I)IIYKTyaHI/Iﬁ Pa3INYHbIX IIT'X nHa JINJAPHBIC 3XO-CUTHAJIbI, YTO l'IOTpC6OBaJ'IO MAaKCUMAJIbHOI0 yInpoumeHHuA nc-
I10JIb3YEMBbIX MoOJiesieil ONTUYECKUX CBOMCTB BoAbl. OIHAKO npeﬂnaraeMmﬁ METOJ pacye€Ta CTaTUCTUUYCCKUX Xa-
PaKTECPUCTUK 3XO-CUTHAJIIOB BIIOJHE IPUTOACH U JIA PA3BUTUA TCOPUM JIMAAPHOI'O 30HAMPOBAHMHA PEAJIbHBIX
BOOOCMOB. npOBC,[[eHHOC HUCCICOOBAHUEC ITOKa3aJlo, 4YTO (IJJTYKTyaHI/H/I rokKasareJiei HOorjaomeHudA, pacCeAaAHUuA
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¥ TI0Ka3aTtejis ocjabieHus (Ipr HEeM3MEHHOM allb0eq0 OTHOKPATHOTO PACCesTHUS) IPUMEPHO OIMHAKOBO IIPO-
SIBJISTIOTCSI BO (DJTYKTYaIIMsIX 9XO-CUTHAJIa, HO TMO-Pa3HOMY U3MEHSIIOT ero cpefHioo sHepruto. [lonm BausHUEeM
yKTyaruii mokasaTesisi IMOIVIOIICHUSI OHA YBEJIWYMBACTCS, a B pe3yjbTaTe (IyKTyalldii ImokasaTensi ocaadiie-
HUS U pacCesTHUS CPEeIHSSI SHEPIUs CUTHAJIA YMEHbIIIAeTCs, HO B CYIIIECTBEHHO pa3HOM cTereHu. Takue IposiB-
JneHus ¢daykryauuit [1I'X KauecTBEHHO OOBSICHSIOTCS ABYMs 3dheKkTaMu — yBEJIUYEHUEM CpedHel Mpo3payHo-
CTHU BOIHOTO CJIOST M3-3a (PIYKTyaluii roka3artelis rmoriomieHus («dpdeKT peiieTa») U oOpa3oBaHUEM TEHEN 3a
HEOTHOPOTHOCTSIMU TTOKa3aTelisl OcadIeHrsI, O1aromapss KOTOPBIM OTpaXKkaTeJbHasl CITIOCOOHOCTh BOTHOTO CJIOS
yMeHbIIaeTcsl. OTU 3h@EKTHI CieayeT yYUThIBATh MPU MTOCTPOSHUU aJITOPUTMOB OMpeNeIeHUSI ONTUYECKUX XapaK-
TEPUCTUK CUJIBHO 3BTPOGUPOBAHHBIX BO IO JTUIAPHBIM CUTHAJIAM.

3aMeTHM, UTO P HaIBOAHOM PACIIOJIOKCHUH JTNIapa HaOIfoaeHIe YKa3aHHBIX 3()(EeKTOB MOXET MOTpeOo-
BaTh MPUHSATUS CIIELIMATbHBIX MEP ISl YCTPAHEHUSI HEraTUBHOTO BAMSIHUSI BOMHON MOBEPXHOCTU HA MIPUHUMAe-
MBIt curHai. Hanbonee oueBMAHBIN (HO HE BCErna MOCTYITHBII) CITOCO0 PEeIeHMs 3TOi TpobieMbl — padboTa B yc-
JIOBUSIX INTWIS. [1py HaTWMIUKM BOJTHEHUS BOAHAS TIOBEPXHOCTH OIpeAeICHHBIM 00pa30M MOAYIMPYET MOITHOCTh
U SHEPIUIO 3XO-CUTHAJIA U CTAHOBSITCS UICTOYHMKOM MYJIbTUTUTMKATUBHOM IMOMEXU, KOTOpas 3aTPYIHSIET U3Mepe-
nue I[1I'X. TTo-BuanMomy, ¢ 3TOIi ITOMEX0i MOXKHO OBIJIO ObI OOPOTHCS TEM Ke CITOCOOOM, KOTOPbIi TIpeaiaraeTcs
WCITOTb30BaTh IJIST YIIyYIIeHUS BUOUMOCTH ITOABOIHBIX OOBEKTOB Yepe3 B3BOJHOBAHHYIO BOTHYIO ITOBEPXHOCTH
B YCJIOBUSIX €CTECTBEHHOTO ocBelleHUs [42]. OH 3akitouaeTcs B yCTpaHEHUU UCKaXKEHU I CUTHAJIa C TTOMOIIbIO MH-
dopmarinm o penbede TOro yuacTka moBEpXHOCTH, Yepe3 KOTOPHIN pacCesTHHBIN CBET MOCTYITaeT Ha (hOTOmpueM-
HUK. laHHBIE O peibehe TOBEPXHOCTU MOTYT OBbITh MOTYYEHbI TyTEM 00PaOOTKU €€ U300paxeHuit, GopMUPYyeMBbIX
crnieuMaabHOl BUujeokaMepoit [43].

DuUHAHCHPOBaHHE

Pabota BeInoJTHEHa B paMKax peajm3anui [IporpaMMbl cTpaTermyecKoro akaaeMruIeckoro inaepcrsa « [ Ipuopn-
tet 2030» HHI'Y (Ne tembr H-468—99 2021—2023) 1 1o rocynapctBeHHOMY 3agaHuio (Tema Ne 0030—2021—-0006).

Funding

The work was carried out as part of the implementation of the Strategic Academic Leadership Program “Priority 2030”
of UNN (direction Ne N-468-99 2021-2023) and according to the State assignment (theme Ne 0030-2021—0006).

JlurepaTtypa

1. Joaun JI.C., Casenves B.A. O xapakTeprCTHKaX CUTHAJIAa OOPaTHOTO pacCesTHUs IPY UMITYJIbCHOM OOJTyYeHUH MYTHOM
cpenbl Y3KUM HarpaBieHHbIM cBeToBbIM TTydkoM // M3Bectust AH CCCP. ®usuka atmocdepsr u okeana. 1971. T. 7,
Ne 5. C. 505-510.

2. bpaso->Kusomosckuii JI.M., Topoees JI.b., oaun JI.C., Mouenes C.b. OnipeneeHue moKa3arteieil OoTIOMEeHST U pac-
CesTHUSI MOPCKOI BOZIBI TI0O HEKOTOPBIM XapaKTePUCTUKAM CBETOBOTO MOJIsI UCKYCCTBEHHBIX UCTOYHUKOB cBeTa // ['u-
JIpodusnyeckre U ruapoonTuIecKue uccienoBanust B AtaantuyeckoM u Tuxom okeanax. Ilox pen. A.C. MoHuHa,
K.C. ludpuna. M.: Hayka, 1974. C. 153—158.

Ontuka okeana / [Ton pen. A.C. Monuna. M.: Hayka, 1983. T. 1. ®usnyeckas ontuka okeana. 371 c.

4. Billard B., Abbot R.H., Penny M.F. Airborne estimation of sea turbidity parameters from the WRELANDS laser airborne
depth sounder // Applied Optics. 1986. Vol. 25. P. 2080—2088.

5. bpaso-2Kusomosckuii JI.M., Jloaun JI.C., Caseaves B.A., DPadees B.B., llleconvkos ). b. OnTHYecKE METOIbI TUATHO-
CTHUKM OKeaHa. JlazepHoe TUCTaHLIMOHHOE 30HANPOBaHNE // «/ IMCTaHIIMOHHBIE METOIBI U3yYeHHUS OKeaHa». [ OpbKuii:
NTII®d AH CCCP, 1987. C. 84—125.

6. Hoge F.E., Wright C.W., Krabill W.B., Buntzen R.R., Gilbert G.D., Swift R.N., Yungel J.K., Berry R.E. Airborne lidar de-
tection of subsurface oceanic scattering layers // Applied Optics. 1988. Vol. 27. P. 3969—3977.

7. Bacuavkoe A.1l., Konopanun T.B., Macnukoe E.B. OnipeneneHue npoduis mokasaressi pacCesiHus CBeTa o NoJisipu3a-
LIMOHHBIM XapaKTePUCTUKAM OTPAXKEHHOIO Ha3al M3JIydeHUs [IPU UMITYJIbCHOM 30HIMPOBAaHUM OKeaHa. // W3BecTust
AH CCCP, ®usuka atmocdepsr 1 okeana. 1990. T. 26, Ne 3. C. 307—312.

Hoaun JI.C., Jlesun U. M. CipaBOUHUK 110 TEOPUU MOABOAHOTO BuaeHus. Jlenunrpan: ['mnpomereousnat, 1991. 230 c.
Dolin L.S., Levin I.M. Optics, Underwater // Encyclopedia of Applied Physics, VCH Publishers, 1995. Vol. 12. P. 571-601.

10. Bacunvkos A.11., Toavdun FO.A., Typees b.A. OnpeneeHue BEPTUKAIbHOTO paclpene/ieHus MoKa3aTesl paccessHus
MOPCKOI BOMBI C ITOMOIIbIO aBUALIMOHHOTO IoJisipu3anonHoro yugapa // Wssectuss PAH. ®@usuka armochepsl
u okeaHa. 1997. T. 33, Ne 4. C. 563—569.

43



Joaun JI.C.
Dolin L.S.

44

11.

12.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Vasilkov A.P., Goldin Y.A., Gureev B.A., Hoge F.E., Swift R.N., Wright C.W. Airborne polarized lidar detection of scatter-
ing layers in the ocean // Applied Optics. 2001. Vol. 40, N 24. P. 4353—4364. doi:10.1364/A0.40.004353

Bissonnette L.R., Roy G., Poutier L., Cober S.G., Isaac G.A. Multiple-scattering lidar retrieval method: tests on Monte
Carlo simulations and comparisons with in situ measurements // Applied Optics. 2002. Vol. 41, N 30. P. 6307—6324.
doi:10.1364/A0.41.006307

. Feygels V.1., Kopilevich Y.1., Surkov A., Yangel J.K., Behrenfeld M.J. Airborne lidar system with variable field-of-view re-

ceiver for water optical measurements // Proceedings of SPIE. Ocean Remote Sensing and Imaging I1. 2003. Vol. 5155.
P. 12-21.

Koxanenxo I'11., Kpexosa M. M., Ilennep U.5., lllamanaes B.C. O6GHapykeHUE HEOTHOPOTHOCTEH TUAPO30JIST TTOISIPH -
3aIMOHHBIM JnapoM // Ontuka atmocdepst 1 okeana. 2004. T. 17, Ne 9. C. 750—758.

Kopilevich Yu., Feygels V.I., Tuell G.H., Surkov A. Measurement of ocean water optical properties and seafloor reflec-
tance with scanning hydrographic operational airborne lidar survey (SHOALS): 1. Theoretical background // Proceed-
ings of SPIE. 2005. Vol. 5885. 9 p.

Tuell G.H., Feygels V., Kopilevich Yu., Weidemann A.D., Cunningham A.G., Mani R., Podoba V., Ramnath V., Park J.Y.,
Aitken J. Measurement of ocean water optical properties and seafloor reflectance with scanning hydrographic operation-

al airborne lidar survey (SHOALS): II. Practical results and comparison with independent data // Proceedings of SPIE.
2005. Vol. 5885. 13 p.

. Hoge F.E. Oceanic inherent optical properties: proposed single laser lidar and retrieval theory // Applied Optics. 2005.

Vol. 44, N 34. P. 7483—7486. doi:10.1364/A0.44.007483

Churnside J. H., Thorne R.E. Comparison of airborne lidar measurements with 420 kHz echo-sounder measurements of
zooplankton // Applied Optics. 2005. Vol. 44, N 26. P. 5504—5514. doi:10.1364/A0.44.005504

Zege E., Katsev 1., Prikhach A. Retrieval of seawater inherent optical properties profiles from lidar waveforms // Proceed-
ings of SPIE. 2007. Vol. 6615, 66150B, 10 p.

Dolina 1.S., Dolin L.S., Levin I. M., Rodionov A.A., Savel’ev V.A. Inverse problems of lidar sensing of the ocean. In:
Current Research on Remote Sensing, Laser Probing, and Imagery in Natural Waters // Proceeding of SPIE. 2007.
Vol. 6615, 66150C — 1-10.

Joaun JI.C. JInpapHbIii METOI M3MEPEHMSI YaCTOTHO-KOHTPACTHOI XapaKTepUCTUKYU BOTHBIX cyioeB // DyHnaMeHTab-
Hast ¥ ripukiaaHas ruapodusrka. 2010. T. 3, Ne 3 (9). C. 62—71.

Koxanenxo I'1l., baaun 10.C., [lennep U. 5., lllamanaes B.C. JlugapHble 1 in situ ©3MepeHMST ONTUYECKUX TTApaMETPOB
TIOBEPXHOCTHBIX CJIOeB BoAbI B 03epe baitkan // Ontuka armocdeps! u okeana. 2011. T. 24, Ne 5. C. 377—385.

Palmer S.C.J., Pelevin V.V., Goncharenko I., Kovdcs A.W., Zlinszky A., Présing M., Horvdth H., Nicolds-Perea V., Balz-
ter H., Toth V.R. Ultraviolet Fluorescence LiDAR (UFL) as a Measurement Tool for Water Quality Parameters in Tur-
bid Lake Conditions // Remote Sensing. 2013. Vol. 5. P. 4405—4422. doi:10.3390/rs5094405

Ileaesun B.B., 3asvsno6 I1.0., Konosanoe b.B., Abpamos O.HU., [paboeckuii A.b., [onuapenko U.B. luctaHUMOHHOE
Jla3epHOe 30HAMPOBAHME MOPEi M BHYTPEHHHUX BOIOEMOB IOPTATMBHBIMM YJIbTpacbHoNeTOBbIMU JaapaMu // Tpy-
nbl VIII mexxayHaponHoit KoHgepeHuu «CoBpeMeHHbIe TPo0JIeMbl ONITUKU €CTBECTBEHHBIX Boy». 2015. C. 179—184.

Inyxoe B.A., Toavoun FO.A., Poduoroe M.A. DXcniepuMeHTaIbHast OllcHKa Bo3MoXHocTei naapa [1J1/1-1 o peructpa-
LMY TUAPOOTITUIECKUX HEOTHOPOITHOCTEN B TOJIIIE MOPCKOM cpenbl // DyHaaMeHTaTbHas U MPUKIIaaHast TUIpodu3n-
Ka.2017. T. 10, Ne 2. C. 41—48. doi:10.7868/S207366731702006X

Tnyxoe B.A., Toavoun 10.A., Poouonos M.A. JIunapHbIit METOI peTUCTpallii BHYTPEHHUX BOJIH B BOIAX C IBYXCJIOMHOM
cTpatuduKanmeit r’iIpooNTUYECKNX XapakTepucTuK // @yHnaMeHTanbHast U mpukianHas ruagpodusuka. 2021. T. 14,
Ne 3. C. 86—97. doi:10.7868/S2073667321030084

Jleonés B.H., Ipuwun M.A., [lepwun C.M., Bynxun A.D., Kanycmun HU.A., Moavkos A.A., Epmaxoe C.A. JlunapHoe 30H11-
poBaHMe MPECHOBOIHOI aKBaTOPUHM C BbICOKOW KOHIIEHTpaluel puroraHkroHa // CoBpeMeHHbIe MPoOIeMbl THCTaH-
HKoHHOoro 3oHapoBaHus 3eman u3 Kocmoca. 2016. T. 13, Ne 1. C. 119—134. doi:10.21046/2070-7401-2016-13-1-119-134

Grishin M. Ya., Lednev V.N., Pershin S.M., Bunkin A.F., Kobylyanskiy V.V., Ermakov S.A., Kapustin 1.A., Molkov A.A. La-
ser remote sensing of an algal bloom in a freshwater reservoir // Laser Physics. 2016. Vol. 26. 125601 (8pp).
doi:10.1088/1054—660X/26/12/125601

Moanvkos A.A., Kanycmun U.A., Ileconvkos FO.b., Bodeneesa E.JI., Karawnurxos U.H. B3anMoCBSI3b TIEPBUYHBIX TH-
JPOOTITUUYECKMX XapaKTepUCTUK Ha 650 HM ¢ riyOuHO BuanmMocTu arucka CeKKU M KOHIIEHTpalMeil CUHe-3eIeHbIX
Bozopocieii B [opbKoBckoM BomoxpaHwmiie // OyHaaMeHTaTbHas U TpukianHas ruapodusuka. 2018, T. 11, Ne 3.
C. 26—33. doi:10.7868/S2073667318030036

Molkov A.A., Fedorov S.V., Pelevin V.V., Korchemkina E.N. On regional models for high-resolution retrieval of Chloro-
phyll aand TSM Concentrations in the Gorky Reservoir by Sentinel-2 Imagery // Remote Sensing. 2019. Vol. 10, N 11.
P. 1215—1241. doi.org/10.3390/rs11101215



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

O BJIMSIHIM IPOCTPAHCTBEHHBIX (QIYKTyaluii rHIPOONTHYECKUX XaPAKTEPUCTHK HA HEPTHIO MPUXOISIIEro U3 BOAOEMA. ..

On the influence of spatial fluctuations of the water inherent optical properties on the energy of a lidar echo signal coming...

Moavkoe A.A., Ileaeéun B.B., Kopuemkuna E.H. OpuruHaabHasi METOIMKA BAIMIALIMM CITyTHUKOBBIX TaHHBIX B YCJIOBU -
SIX CUJTbHOM MTPOCTPAHCTBEHHO-BPEMEHHOM M3MEHUMBOCTH ONITUYECKUX CBOCTB BOJIbl BHYTPEHHUX 3BTPOMGHBIX BOIO-
eMoB // @yHmaMeHTaIbHast U TpukiIagHas ruapodusuka. 2020. T. 13, Ne 2. C. 60—67. doi: 10.7868,/S2073667320020070

Fukshansky L. Absorption statistics in turbid media // Journal of Quantitative Spectroscopy and Radiative Transfer.
1987. Vol. 38. P. 389—406.

McClendon J.H., Fukshansky L. On the interpretation of absorption spectra of leaves — II. The non-absorbed ray of
the sieve effect and the mean optical pathlength in the remainder of the leaf // Photo-chem Photobiol. 1990. Vol. 51.
P.211-216.

Anisimov O., Fukshansky L. Stochastic radiation in macroheteroge-neous random optical media // Journal of Quantita-
tive Spectroscopy and Radiative Transfer. 1992. Vol. 48. P. 169—186.

Moaun JI.C., Cepeeesa E.A., Typuun HU.B. TeHeBble IyMbl B ONTUYECKUX TOMOTpamMMax 6noTkaHeit // KBaHToBas ayek-
tpoHuka. 2008. T. 38, Ne 6. C. 543—550.

Joaun JI.C. Pa3BuTHe TEOPUU TIEpEHOCA U3TYUEHUS B TIPUIOKEHUH K 3a1a9aM WHCTPYMEHTATBHOTO BUICHUS B MYyT-
HBIX cpenax // Yenexu pusnueckux Hayk. 2009. T. 179, Ne 5. C. 553—560. doi:10.3367/UFNe.0179.200905k.0553

Dolin L.S., Sergeeva E.A., Turchin I.V. Correlation characteristics of optical coherence tomography images of turbid me-
dia with statistically inhomogeneous optical parameters // Journal of Quantitative Spectroscopy and Radiative Transfer.
2012. Vol. 113, N 9. P. 691—703. doi:10.1016/j.jqsrt.2012.02.004

Hoaun J1.C., Jloauna U.C., Cagenves B.A. JlugapHbIit MeTOI ONIpeie/ieHUsT XapaKTepUCTUK BHYTpeHHUX BoJH // U3Be-
ctusg PAH. ®usuka atmocdepsl 1 okeana. 2012. T. 48, Ne 4. C. 501-511.

Ioaun JI.C., Casenves B.A. K Teopum pacrpocTpaHeHUs y3KOTO MydKa cBeTa B CTpaTU(ULIMPOBAHHOM paccenBaroleii
cpene // N3Bectus By3oB. Pammodusuka. 1979. T. 22, Ne 11. C. 1310—1317.

Jleeun U., Konesesuu O. KoppensiiMOHHBIE COOTHOIIEHUST MEXY TTEPBUYHBIMUA THIPOOTITUUECKMMU XapaKTepUCTH -
KaMU B CIIEKTPaJIbHOM quana3oHe okojio 550 uM. // Okeanosnorust. 2007. Ne 3, C. 374—379.

Jlesun U.M. ManonapamMeTpuuecKne MOIEIU MePBUYHBIX ONTUYECKUX XapaKTePUCTUK MOPCKOIi Boaibl // DyHnameH-
TaxbHas v IpuKianHas ruapodusuka. 2014. T. 7, Ne 3, C. 3—-22.

Typaaes .1., Jloaun JI.C. O HaGIIOAEHUH TTOABOIHBIX 0OBEKTOB Yepe3 B3BOTHOBAHHYIO BOIHYIO ITOBEPXHOCTh: HOBBIIA
aJITOPUTM KOPPEKILIMU M300pakeHUid 1 JabopaTtopHblii akciepuMeHT // M3B. PAH. ®usnka atMochepsl 1 oKeaHa.
2013.T. 49, Ne 3. C. 370-376.

Typaaee JI.I. HaxoxneHyre BEKTOPA YKJIOHOB B3BOJIHOBAHHOWM BOIHOM MOBEPXHOCTH II0 €€ M300paKEHUIO B yCJIO-
BUSIX €CTECTBEHHOTO ocBeliieHust // DyHmameHTanbHas U npukiagHas ruapodusmuka. 2018. T. 11, Ne 3. C. 91-96.
doi:10.7868/S20736673180300115

References

10.

Dolin L.S., Savel’ev V.A. Backscattering signal characteristics at pulse narrow beam illumination of a turbid medium.
Izvestiya Academy of Science USSR, Atmospheric and Oceanic Physics. 1971, 7, 5, 505—510 (in Russian).

Bravo-Zhivotovsky D.M., Gordeev L.B., Dolin L.S., Mochenev S.B. Determining the absorption and scattering coefficients
of sea water by some characteristics of a light field of artificial light sources. Hydrophysical and hydrooptics investigations in
the Atlantic and the Pacific Oceans / Ed. By Monin A.S., Shifrin K.S. M., Nauka, 1974, 153—158 (in Russian).

Ocean optics / Ed. By Monin A.S. M., Nauka, 1983. Vol. 1. Physical optics of the ocean. 371 p. (in Russian).

Billard B., Abbot R.H., Penny M.F. Airborne estimation of sea turbidity parameters from the WRELANDS laser airborne
depth sounder. Applied Optics. 1986, 25, 2080—2088.

Bravo-Zhivotovsky D.M., Dolin L.S., Savel’ev V.A., Fadeev V.V., Shchegol’kov Yu.B. Optical methods for sounding of the
ocean: laser remote sensing. Methods of Remote Sensing of the Ocean / Ed. By Bravo-Zhivotovsky D.M., Dolin L.S. /n-
stitute of Applied Physics, Gorky, USSR, 1987, 84—125 (in Russian).

Hoge F.E., Wright C.W., Krabill W.B., Buntzen R.R., Gilbert G.D., Swift R.N., Yungel J.K., Berry R.E. Airborne lidar de-
tection of subsurface oceanic scattering layers. Applied Optics. 1988, 27, 3969—3977.

Vasilkov A.P., Kondranin T.V., Myasnikov E.V. Determination of the profile of the light scattering index from the polar-
ization characteristics of back-reflected radiation in pulsed sounding of the ocean. Izvestiva Academy of Science USSR,
Atmospheric and Oceanic Physics. 1990, 26, 3, 307—312 (in Russian).

Dolin L.S., Levin 1. M. Handbook on the Theory of Underwater Vision. Leningrad, Gidrometeoizdat, 1991. 230 p. (in Rus-
sian).

Dolin L.S., Levin I.M. Optics, Underwater. Encyclopedia of Applied Physics. VCH Publishers, 1995, 12, 571—601.

Vasilkov A.P., Goldin Yu.A., Gureev B.A. Determination of the vertical distribution of the seawater scattering index using
an aviation polarization lidar. Izvestiya, Atmospheric and Oceanic Physics. 1997, 33, 4, 563—569 (in Russian).

45



Joaun JI.C.
Dolin L.S.

46

11.

12.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Vasilkov A.P., Goldin Y.A., Gureev B.A., Hoge F.E., Swift R.N., Wright C.W. Airborne polarized lidar detection of scatter-
ing layers in the ocean. Applied Optics. 2001, 40, 24, 4353—4364. doi:10.1364/A0.40.004353

Bissonnette L.R., Roy G., Poutier L., Cober S.G., Isaac G.A. Multiple-scattering lidar retrieval method: tests on Monte Carlo
simulations and comparisons with in situ measurements. Applied Optics. 2002, 41, 30, 6307—6324. doi:10.1364/A0.41.006307

. Feygels V.1., Kopilevich Y.1., Surkov A., Yangel J.K., Behrenfeld M.J. Airborne lidar system with variable field-of-view

receiver for water optical measurements. Proceedings of SPIE. Ocean Remote Sensing and Imaging I1. 2003, 5155, 12—21.

Kokhanenko G.P., Krekova M.M., Penner I.E., Shamanaev V.S. Detection of hydrosol inhomogeneities by a polarizing
lidar. Atmospheric and Oceanic Optics. 2004, 17,9, 750—758. (in Russian).

Kopilevich Yu., Feygels V.I., Tuell G.H., Surkov A. Measurement of ocean water optical properties and seafloor reflectance
with scanning hydrographic operational airborne lidar survey (SHOALS): 1. Theoretical background. Proceedings of
SPIE. 2005, 5885, 9 p.

Tuell G.H., Feygels V., Kopilevich Yu., Weidemann A.D., Cunningham A.G., Mani R., Podoba V., Ramnath V., Park J.Y.,
Aitken J. Measurement of ocean water optical properties and seafloor reflectance with scanning hydrographic operational
airborne lidar survey (SHOALS): 11. Practical results and comparison with independent data. Proceedings of SPIE. 2005,
5885, 13 p.

Hoge F.E. Oceanic inherent optical properties: proposed single laser lidar and retrieval theory. Applied Optics. 2005, 44,
34, 7483—7486. doi: 10.1364/A0.44.007483

. Churnside J.H., Thorne R.E. Comparison of airborne lidar measurements with 420 kHz echo-sounder measurements of

zooplankton. Applied Optics. 2005, 44, 26, 5504—5514. doi:10.1364/A0.44.005504

Zege E., Katsev 1., Prikhach A. Retrieval of seawater inherent optical properties profiles from lidar waveforms. Proceedings
of SPIE. 2007, 6615, 66150B, 10 p.

Dolina 1.S., Dolin L.S., Levin .M., Rodionov A.A., Savel’ev V.A. Inverse problems of lidar sensing of the ocean In:
Current Research on Remote Sensing, Laser Probing, and Imagery in Natural Waters. Proceeding of SPIE. 2007, 6615,
66150C — 1-10.

Dolin L.S. Lidar method for measurement of the modulation transfer function of water layers. Fundamental and Applied
Hydrophysics. 2010, 3(9), 62—71 (in Russian).

Kokhanenko G.P., Balin Yu.S., Penner I.E., Shamanaev V.S. Lidar and in situ measurements of optical parameters of wa-
ter surface layers in Lake Baikal. Atmospheric and Oceanic Optics. 2011, 24, 478—486. doi:10.1134/S1024856011050083

Palmer S.C.J., Pelevin V.V., Goncharenko I., Kovdcs A.W., Zlinszky A., Présing M., Horvdth H., Nicolds-Perea V., Balz-
ter H., Toth V.R. Ultraviolet fluorescence LiDAR (UFL) as a measurement tool for water quality parameters in turbid
lake conditions. Remote Sensing. 2013, 5, 4405—4422. doi:10.3390/rs5094405

Pelevin V., Zavialov P., Konovalov B., Abramov O., Grabovskiy A., Goncharenko I. Remote Laser Sensing of the Seas and
Inland Waters Bodies using Portable Fluorescent Lidars(UFL series). Proceedings of VIII International Conference “Cur-
rent problems in optics of natural waters” (ONW’2015). St. Petersburg, 2015, 179—184 (in Russian).

Glukhov V. A., Goldin Yu.A., Rodionov M.A. Experimental estimation of the capabilities of the lidar PLD-1 for the regis-
tration of various hydro-optical irregularities of the sea water column. Fundamental and Applied Hydrophysics. 2017, 10,
2,41-48. doi:10.7868/S207366731702006X (in Russian).

Glukhov V. A., Goldin Yu.A., Rodionov M.A. Method of Internal Waves Registration by Lidar Sounding in Case of Wa-
ters with Two-Layer Sratification of Hydrooptical Characteristics. Fundamental and Applied Hydrophysics. 2021, 14, 3,
86—97. doi:10.7868/S2073667321030084 (in Russian).

Lednev V.N., Grishin M. Ya., Pershin S.M., Bunkin A.F., Kapustin I.A., Molkov A.A., Ermakov S.A. Laser remote probing
of freshwater reservoir with high phytoplankton concentration. Sovremennye Problemy Distantsionnogo Zondirovaniya
Zemli iz Kosmosa. 2016, 13, 1, 119—134 (in Russian). doi:10.21046,/2070-7401-2016-13-1-119-134

Grishin M. Ya., Lednev V.N., Pershin S.M., Bunkin A.F., Kobylyanskiy V.V., Ermakov S.A., Kapustin 1.A., Molkov A.A. La-
ser remote sensing of an algal bloom in a freshwater reservoir. Laser Physics. 2016, 26, 125601 (8pp).
doi:10.1088/1054—660X/26/12/125601

Molkov A.A., Kapustin I.A., Shchegolkov Yu.B., Vodeneeva E. L., Kalashnikov I.N. On correlation between inherent opti-
cal properties at 650 nm, Secchi depth and blue-green algal abundance for the Gorky reservoir. Fundamental and Applied
Hydrophysics. 2018, 11, 3, 26—33. doi:10.7868/S2073667318030036

Molkov A.A., Fedorov S.V., Pelevin V.V., Korchemkina E.N. On regional models for high-resolution retrieval of Chlo-
rophyll a and TSM concentrations in the Gorky Reservoir by Sentinel-2 imagery. Remote Sensing. 2019, 10, 11, 1215—
1241. doi:10.3390/rs11101215

Molkov A.A., Pelevin V.V., Korchemkina E.N. Approach of non-station-based in situ measurements for high resolution satel-
lite remote sensing of productive and highly changeable inland waters. Fundamental and Applied Hydrophysics. 2020, 13(2),
60—67. doi:10.7868/S2073667320020070



32.

O BJIMSIHIM IPOCTPAHCTBEHHBIX (QIYKTyaluii rHIPOONTHYECKUX XaPAKTEPUCTHK HA HEPTHIO MPUXOISIIEro U3 BOAOEMA. ..

On the influence of spatial fluctuations of the water inherent optical properties on the energy of a lidar echo signal coming...

Fukshansky L. Absorption statistics in turbid media. Journal of Quantitative Spectroscopy and Radiative Transfer. 1987,
38, 389—406.

33. McClendon J.H., Fukshansky L. On the interpretation of absorption spectra of leaves — I1. The non-absorbed ray of the
sieve effect and the mean optical pathlength in the remainder of the leaf. Photo-chem Photobiol.1990, 51, 211-216.

34. Anisimov O., Fukshansky L. Stochastic radiation in macroheterogeneous random optical media. Journal of Quantitative
Spectroscopy and Radiative Transfer. 1992, 48, 169—186.

35. Dolin L.S., Sergeeva E.A., Turchin I.V. Shadow noise in OCT images of biological tissues. Quantum Electronics. 2008, 38,
6, 543—550. doi:10.1070/QE2008v038n06ABEH013839

36. Dolin L.S. Development of the radiative transfer theory as applied to instrumental imaging in turbid media. Physics —
Uspekhi. 2009, 52, 5, 519—526. doi:10.3367/UFNe.0179.200905k.0553

37. Dolin L.S., Sergeeva E.A., Turchin 1.V. Correlation characteristics of optical coherence tomography images of turbid
media with statistically inhomogeneous optical parameters. Journal of Quantitative Spectroscopy and Radiative Transfer.
2012, 113,9, 691—703. doi:10.1016/j.jgsrt.2012.02.004

38. Dolin L.S., Dolina 1.S., Saveliev V.A. A lidar method for determining internal wave characteristics. Izvestiya, Atmospheric
and Oceanic Physics. 2012, 48, 4, 444—453. doi:10.1134/S0001433812040068

39. Dolin L.S., Savel’ev V.A. Theory of the propagation of a narrow light beam in a stratified scattering medium. Radiophysics
and Quantum Electronics. 1979, 22, 11, 911-917.

40. Levin I.M., Kopelevich O.V. Correlations between the inherent hydrooptical characteristics in the spectral range close to
550 nm. Oceanology. 2007, 47, 3, 344—349. doi:10.1134/S000143700703006X

41. Levin I.M. Few-parameter optical models of seawater inherent optical properties. Fundamental and Applied Hydrophysics.
2014, 7, 3, 3—22 (in Russian).

42. Turlaev D.G., Dolin L.S. On observing underwater objects through a wavy water surface: a new algorithm for image
correction and laboratory experiment. Izvestiya, Atmospheric and Oceanic Physics. 2013, 49, 3, 339—345.
doi:10.1134/S0001433813030158

43. Turlaev D.G. Determining the vector of slopes of the water surface from its image undernatural iilumination. Fundamen-
tal and Applied Hydrophysics. 2018, 11, 3, 91—-96 (in Russian). doi:10.7868/S20736673180300115

00 aBTOpe

HOJINH Jles Cepreesnu, PUHLI Author ID: 18674, ORCID ID: 0000-0002-0043-8972,

Scopus Author ID: 7003454310, lev.dolin@ipfran.ru



OYHIAMEHTAJIbHAA u [TPUKIIAIHAA THIPODOU3HUKA. 2023. T. 16, Ne 1
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2023. Vol. 16, No. 1

DOI 10.48612/fpg/rada-dxbz-35be

VK 551.46.06 + 528.8.04

© A. V. Frolova'2, D. V. Pozdnyakov'?*, E. A. Morozov?, 2023

ISt. Petersburg State University, 7—9 Universitetskaya Emb., St. Petersburg, 199034, Russia
2Nansen International Environmental and Remote Sensing Centre, 14" Line 7, Vasilievsky Island,
St. Petersburg, 199034, Russia

3Marine Hydrophysical Institute, Kapitanskaya Str., 2, Sevastopol, 299011, Russia
*d.pozdnyakov@spbu.ru; dmitry.pozdnyakov@niersc.spb.ru

A SATELLITE STUDY OF THE E. HUXLEYI PHENOMENON IN THE BARENTS,
NORWEGIAN, AND GREENLAND SEAS IN 2003—2021: TEMPORAL DYNAMICS
OF THE BLOOM AREAL EXTENT, INORGANIC CARBON PRODUCTION
AND CO, PARTIAL PRESSURE IN SURFACE WATER

Received 04.07.2022, Revised 22.11.2022, Accepted 15.01.2023

Abstract

Based on satellite data, E. huxleyi bloom contouring, quantification of particulate inorganic carbon (PIC) production and
increment of CO, partial pressure, (pCO,) in surface water were performed. 18-year (2003—2021) time series of these variables
are obtained for the Norwegian, Greenland and Barents seas. The bloom areas in the North Atlantic—Arctic water are the low-
est in the Greenland Sea varying from 10x103 km? to (20—40)x10° km2. In the Norwegian and Barents Seas they reach in some
years (60—80)x10% km?2 and (500—600)x10? km?, respectively. The total PIC content within E. huxleyi blooms rarely exceeds in
the Greenland and Norwegian seas 12—14 kilotons and 40 kilotons, respectively. In the Barents Sea, in some years, it can be up
to 550 kilotons. The highest level of pCO, within E. huxleyi blooms in surface waters in the Barents Sea was ~350 patm. In the
Norwegian Sea, pCO, in surface waters within the E. huxl/eyi bloom was also close to 350 uatm, but most often it remained about
250 patm. In the Greenland Sea there were only four years of relatively enhanced pCO, (up to 250 uatm), otherwise remaining
below the level of confident determination by our method. As E. huxleyi blooms are generally very extensive, occur throughout the
entire World Oceans (and hence in sum occur all year around), this phenomenon has a potential to both decrease to some degree
the role of the World Oceans as sinkers of atmospheric CO,, and affect the carbonate counter pump.

Keywords: Satellite remote sensing of E. huxleyi blooms, 18-year time series of bloom surface, production of inorganic carbon,
bloom-driven increase in CO, partial pressure, effect of preseeding, the Gulf Stream, influence on ocean-atmosphere CO, fluxes
and carbonate counter pump
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AHHOTaUUsA

Ha ocHOBe CIyTHUKOBBIX TaHHBIX TIPOBENCH aHANW3 LBeTeHus E. huxleyi: KomvuuecTBEHHas OlleHKa MPOMYKIIMU B3Be-
weHHoro Heopranmueckoro yriaepona (PIC) u yBennuenust napuunansHoro aasiaeHust CO,, (pCO,) B TOBEPXHOCTHBIX BOJAX.
BpemenHble psigpl 9THX IepeMeHHBIX ObUTH moTyueHbl it Hopsexkckoro, [pennanackoro u bapenuesa mopeii 3a 18-neTHuii
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A satellite study of the E. huxleyi phenomenon in the Barents, Norwegian, and Greenland Seas in 2003—2021...
CnyTHHKOBOE HccieioBanue (henomena nperenuii E. huxleyi B bapennesom, Hopsexkckom u Ipenstanackom mopsix B 2003—2021 rr...

nepuon (2003—2021 rr.). [Lromaau BeTeHUS B ceBEpOaTIaHTUYECKUX M apKTUYECKUX BOJAX HAaMMEHbIME B [peHIaHIcKoM
mope — ot 10x103 km? mo (20—40)x 103 km2. B HopBexckoM 1 BapeH1IeBoM MOpPSX OHM JOCTUTAIOT B HEKOTOPHIE rofsl (60—
80)x103 km? 1 (500—600)x10? kM2, cootBeTcTBeHHO. O61IEe conepxkanue PIC B userenun E. huxleyi penxo npespimaer 12—
14 xunotoHH u 40 kunotoHH B [penHnanackoMm 1 HopBexXckoM MopsiX, COOTBeTCTBeHHO. B bapeHiieBoM Mope B HEKOTOpBIe
ronbl OHO MoxeT gocturath 550 kunoronH. Haubonbinee 3nauenune pCO, Bo Bpems uBeteHust E. huxleyi B TOBEPXHOCTHBIX
Bonax bapenuesa mopst coctaBwio ~350 mxkatM. B Hopsexxckom Mope pCO, B TOBEPXHOCTHBIX BOJAX B TIPEAENAX LIBETCHUS
E. huxleyi Taxxe 0b110 6;113K0 K 350 MKaTM, HO 4aiiie ocTaBaaoch okojio 250 mkatM. B [peHnannckom Mope ObLIO TOIBKO Ye-
ThIpE ToJla OTHOCUTENBHO NoBbIIEHHOTO pCO, (10 250 MKaTM), B OCTaJIbHOE BPEMSI OH OCTABAJICSI HVKE YPOBHSI YBEPEHHOTO
ornpeneneHus HaluM MetonoM. [Tockonbky 1iBeteHust E. huxleyi 0ObIYHO OY€HBb OOLIMPHBI, IPOUCXOIAT 110 BceMy MupoBomy
oKeaHy (M, ClieoBaTeIbHO, B COBOKYITHOCTH TTPOUCXOMSIT KPYIJIBIN TOMT), 3TO SIBJIEHNE IMOTEHIIMAIBHO MOXET KaK CHU3UTH IO
HEKOTOpOIi cTerneHu poib MupoBoro okeaHa kak nortoturesns atmocdepraoro CO,, Tak U MOBIUSITE HA KAPOOHATHBII HACOC.

KiouyeBbie cioBa: CriyTHUKOBOE OMCTAHIIMOHHOE 30HAMpPOBaHUe LiBeTeHus1 E. huxleyi, 18-1eTHUIT BpeMEHHOM Psi IUTOIIAAN
LIBETEHU S, TPOMU3BOICTBO HEOPTAaHUYECKOTO YIIEpO/Ia, BhI3BAHHOE LIBETEHUEM yBeJIMYeHue napuuanbHoro nasaeHust CO,, ad-
dekT npeaBapuTeNbHOrO 3aceBa, [onbbcerpum, BiusHue Ha motoku CO, u3 okeaHa B aTMocdepy U KapOOHATHBII HACOC

1. Introduction

The anthropogenically-caused increase in the content of carbon dioxide, CO,, in the atmosphere predominantly
determines the observed global warming [1]. At the same time, the efficiency of the World Ocean, the main reser-
voir of atmospheric CO, sink, gradually deteriorates as the reaction of dissolution of CO, gradually moves towards
saturation. With the ongoing warming of the ocean surface, the dynamic equilibrium shifts between the dissociated
and suspended forms of calcite, CaCOj. This, in turn, causes an increase in the process of acidification of the surface
waters of the ocean [2, 3], which in turn triggers the process of transformation of the biotic system in the ocean along
the chain of biogeochemical reactions [4].

In the marine phytoplankton community, coccolithophores are the main calcifiers, i.¢. producers of suspended
CaCOs;. In this group of microalgae in pelagic waters, the most widespread and effective CaCO; producer is Emiliania
huxleyi [5].

Moreover, some of the CO, molecules released in the calcification reaction [6] are used by E. huxleyi cell for pho-
tosynthesis, thus decreasing the need of the cell in CO, dissolved in water and enhancing the partial pressure, pCO,,
in surface water within the bloom area. As a result, the atmospheric CO, flux into the blooming area should decrease.
Thus, the ability of E. huxleyi to produce particulate inorganic carbon (PIC), and enhance pCO, lends this microalga
a significant role as a climatological factor. For this reason, the study of occurrence of E. huxleyi blooms, their spatial
extent and intensity in the waters of the World Ocean is of importance.

As a rule, the spatial extent (S) of E. huxleyi blooms and their temporal variability [7] are generally very signifi-
cant, and this necessitates the use of remote sensing observations along with shipboard studies.

The start to remote observations of E. huxleyi blooms was prompted by the pioneering work of Holligan et al. [8].
Further on, satellite-based studies were continued and developed in a number of studies.

Based on the application of spaceborne ocean colour data, many of remote sensing observations of E. hux-
leyi were focused on identification of blooms of these algae in some limited locations of World Ocean [9—17].
Somewhat fewer publications were reported on quantifications of both bloom extent and the concentration of
PIC [17—19]. Some articles were focused on establishing the time series of quantified parameters characterizing
coccolithophore blooms [11, 14, 16, 17, 20—23]. The length of the published time series of data on coccolitho-
phore blooms varies significantly, and possibly the longest one (1997—2011) is that reported by [17] for the bloom
areas and cumulative/summated PIC values across the World Oceans. In a latter publication, [7] reported on a
16-year (1998—2013) series of bloom areal extent, .S, and PIC production by E. huxleyi, but solely in subpolar
and polar seas.

It was found that ocean colour remote sensing data could also be used to retrieve E. huxleyi-driven pCO, incre-
ment, ApCO, [24]. The impact of E. huxleyi bloom on CO, fluxes between the atmosphere and ocean was confirmed
in a series of spaceborne case studies performed by Morozov et al. [25] in some North Atlantic and Arctic seas.

In the present paper, based on the methodologies developed by Kondrik et al. [7, 24], we investigate the spa-
tio-temporal variations in S, ApCO, and PIC within the blooms of E. huxleyi in the Norwegian, Greenland and
Barents seas over the time period 2003—2021. This selection of seas is dictated by the previous findings (dating back
to 1998—2013) that the E. huxleyi blooms are most extensive and intense as compared to other areas in the North
Atlantic and Arctic [26]. That is why it was of interest to expand the time interval of observations, bringing it clos-
er to the present time in order to examine the contemporary features in the dynamics of the E. huxleyi blooming
phenomenon.
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2. Data sources
2.1. Ocean colour data

To investigate multi-year dynamics of ocean colour features of marine environments, harmonized bridging/
merging of multi-sensor spaceborne data at the desired spatial and temporal resolution are mandatory. The GlobC-
olour product [27] was employed in this study. In the early 2018, the processor has been modified to apply a lower
level of flagging, resulting in a better spatial and temporal coverage. According to the GlobColor User Guide, in 2020
all NASA sensors readings, including new error bars, were updated to R2018.0 in the entire archive. Data spatial and
temporal resolution is 4 by 4 km and 8 days, respectively.

The data used in this study were developed, validated, and distributed by ACRI-ST (European Marine Obser-
vation and Data Network), France. In our case, images in 6 channels (412, 443, 490, 531, 555, 670 nm) were em-
ployed. Although data on spectral remote sensing reflection, R,,()), also can also be found in other data sources (e. g.
OC—CCI (Ocean Color Climate Change Initiative), MEaSUREs (Making Earth Science Data Records to use in
research environments)), however, the consistency of the long time series provided by them suffers more from some
limitations due to problems with sensors [28].

Data resolution and projection. In our analyses, one month and 4 km by 4 km data resolution was used. Given the
latitudinal location of the seas addressed in this study, the EPSG:4326 projection (the WGS84 (World Geodetic System
1984) Coordinate Systems whose unique reference code, the so-called EPSG code which is 4326) was applied [29].

2.2. Sea surface temperature (SST) data

To obtain SST, we applied the NOAA satellite dataset [30] at a 4 km by 4 km spatial and twice-daily (night)
resolution from the Pathfinder v5.3 level 3 collated (L3C) product based on the Advance Very High Resolution Ra-
diometer (AVHRR) measurements over the 1981-present period [31,32].

2.3. Sea surface salinity (SSS) and nitrates, NOy data

SSS and nitrates data at 1° by 1° spatial and daily resolution for the time period 1955—2017 are from the World
Ocean Atlas 2018 (WOA18) [33].

The WOA18 in situ data (more than 15.7 million oceanographic casts made up of 3.56 billion individual profile
measurements), were collected in the World Ocean Database, interpolated over the 1° by 1° and averaged over time
period 1955-2017.

To harmonize the time resolution of the input data, the temporal resolution for SSS, SST, NO; were brought to
that of the GlobColour, that is 8 days.

3. Methodology
3.1 Radiometric parameter and bloom area quantification

Defined as the above water surface upwelling spectral radiance normalized to the atmospherically corrected spec-
tral irradiance, the spectral remote sensing reflection, R, (A), is one of the fundamentally important parameters
provided by a number of satellite products of different processing levels. Being a convolution of light interactions
with all co-occurring water constituents, R, (}) is instrumental in solving inverse problems of marine remote sensing
including the retrieval of the parameters which are the subject of the present study.

The statistical data analysis of the R, () spectral curvature associated with E. huxleyi blooms revealed that the R
maximum can locate at either 510 nm or 490 nm depending upon the phase of the bloom development: the first loca-
tion is inherent in the earlier stages of bloom formation and is due to a joint effect of backscattering of coccoliths and
pigment absorption, while the second location is indicative of a senile bloom that is populated mostly by coccoliths
and mainly died algal cells. These features permitted to accurately delineate E. huxleyi blooms but also draw con-
clusions on their life cycle stage. Additional thresholds for R, spectral values (sr—') [>0.001, >0.008, >0.01, > 0.005,
0.005—0.05, ~0 at respectively 412, 443, 490, 531, 555 and 670 nm] deduced from the aforementioned statistical data
analysis helped improve the efficiency of E. huxleyi contouring [7].

3.2. Cloud masking problem mitigation

To mitigate the problem of cloud-masking and associated loss of data, the following averaging procedure was
applied: R (A) values from pixels adjacent to the cloud-masked one were averaged together with the R.(A) values
from the cloud-masked pixel but taken from the immediately preceding and following 8-day periods. The efficiency
of this approach was evaluated in [7].
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3.3. Quantification of particulate inorganic matter PIM; the BOREALI algorithm

Quantification of the concentration of particulate inorganic matter in the form of coccoliths (PIM), was per-
formed with the BOREALI (Bio-optical Retrieval Algorithm) algorithm [26] which is a multivariate optimization
procedure permitting, in our case, to restore from R, (A) the concentration vector of co-occurring colour producing
agents, CPAs. As CPAs, we considered water per se, phytoplankton, coined here as Chl-a, PIM (in the case of E.
huxleyi blooms, PIM = coccoliths), and coloured dissolved organic matter, CDOM. Running of the BOREALLI al-
gorithm requires a hydro-optical model of the waters prone to remote sensing, i.e. spectral specific absorption and
backscattering coefficients of each CPA. The inverse problem solution is based on the iterative procedure of assessing
the function f(C) of squares of residuals of the difference between the observed/retrieved and simulated values of
R, Which is the subsurface remote sensing reflectance defined as the upwelling spectral radiance just beneath the
water—air interface normalized to the downwelling spectral irradiance at the same level [34]. Thus, R, and R, are
both the spectral remote sensing reflectance, but R, defined as the ratio of upwelling radiance just above the air-water
interface and the downwelling irradiance at the same level.

As there are parameterizations (equation of their liner dependence) relating R,,,, and R, [35], R, (1) can be ob-
tained from the GlobColour product we used.

Through varying the concentration vector C = [1, Chl-a, PIM, CDOM] (1 stands for water per se), and minimi-
zation at each wavelength of the function f{C), the absolute minimum can be found, e.g. with the Levenberg—Mar-
quardt finite difference algorithm [36]. The value of C obtained on attaining the absolute minimum of the function
A(C) is the solution of the inverse problem. Thus, this technique permits retrieving simultaneously all CPA compo-
nents of the concentration vector C. Simulated spectral values of R,,, were obtained via employing the parameteriza-
tion suggested by Jerome, et al. [34].

The hydro-optical model employed in this study is taken from Kondrik et al. [7]. This model was thorough-
ly validated and showed the following statistical characteristics: correlation coefficient, R = 0.88; linear regression
equation, f{x) = 0.6159x + 6.9197; determination coefficient, R2= 0.77; root mean square error, RMSE = 3.55 x 10°
coccoliths m—3; systematic error, BIAS = 25.30 %; mean absolute error, MAE = 32.30 %.

In addition to PIM (particulate inorganic matter, i.e. the coccoliths) quantification, the results of the BORE-
ALI algorithm application were also used to define more precisely E. huxleyi bloom areas via applying a threshold
of 90x10°coccolithsxm™3 The latter assures the closest correspondence between the bloom surfaces assessed by our
radiometric and BOREALLI algorithms. Besides, it agrees well with the average coccolith concentrations in developed
E. huxleyi blooms reported from the World Ocean [10, 37].

3.4. Determination of inorganic particulate carbon (PIC)

The total content of PIC was determined for each 8 day-time period through multiplication of the carbon
mass per coccolith, m, i.e. PIM, mixed layer depth, MLD, and the bloom area, §. The PIC assessment of over
the entire bloom area was performed through averaging PIC values in each pixel. The value of m was equaled to
0.2 pg[37,7]. The moment, at which the PIC assessment could be ideally performed in each bloom, corresponded
to the situation when two conditions were fulfilled: (a) the bloom attained its largest surface and (b) the spectral
curvature of remote-sensing reflectance, R, (), exhibited a maximum at about 490 nm (bearing in mind that the
location of the maximum at about 490 nm indicates that the bloom is prevalently composed of coccoliths, see
Section 3.1). The relevance of choosing the stage when the bloom area is largest as the moment of determining
PIC content might be underpinned by the following considerations. Given that during the vegetation period, the
typical MLD extent in the target seas rarely exceeds 20 m [38] and the coccolith sinking rate assessed in the liter-
ature is about 0.1 m x day~! [39]; the coccolith concentration determined at the conditions specified above must
be truly representative. However, in real-life conditions, the composition of E. huxleyi blooms is at any time het-
erogenous encompassing the areas with R, (A) peaking at 490 and 510 nm. That is why the BOREALI algorithm
was applied within the entire bloom to 8 day-averaged images permitting to overcome the above impediment and
obtain the desired time series.

3.5. Determination of the mixed layer depth (MLD) within E. huxleyi blooms

To retrieve the columnar values of PIM and then PIC, the value of MLD needed to be available across the target
bloom area. In situ determinations of SST and SSS at individual stations are appropriate for our aims because only
spatially continuous MLD are required. This is why we addressed the climatological data provided Montegut et al.
[38]. The reasoning of this selection is given in more detail in Kondrik et al. [7].
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3.6. Determination of ApCO,

The previously established relationship between ApCO, and R, at A = 490 nm [ApCO,=3926.466x R ((490) + 3.22;
R2= (.54, probability that the null hypothesis correct, p <« 0.001, and RMSE = 23.4 patm; total number of in situ data
= 2615 collectively from GLODAP and WOA13] [7] was used to quantify the bloom-driven increments ApCO,. Values
of ApCO, were firstly corrected for the standard temperature (10 °C) and then corrected for the respective background
values of pCO,, (pCO,),, to yield the desired bloom-driven increments ApCO, under the standard conditions. The
above equation was further applied to all detected E. huxleyi blooms to retrieve ApCO, values in each pixel, firstly, at
10 °C. This was then followed by bringing the determined ApCO, values to the actual SST and SSS through employing
equations (S2)—(S8) given in Kondrik et al. (Appendix) [24]. The background partial pressure of CO,, (pCO,), was
numerically assessed at a “standard” temperature 10 °C through making use of the climatological database of the con-
centration of nitrates NO5™ dissolved in waters adjacent to E. huxleyi bloom areas (See Kondrik et al. [24] for details).

4. Results and discussion
4.1. Temporal dynamics of bloom areas, S, and particulate inorganic carbon, PIC, production

Fig. 1 illustrates the identified E. huxleyi blooms as well as their surficial extent and associated PIC values produc-
tion in the seas addressed in this study for the time period 2003—2021.

Fig. 1. Interannual dynamics of E. huxleyi outbursts, respective bloom surfaces (defined with our spectral algorithm) and within-
bloom inorganic carbon contents (designated in blue and red, respectively) as retrieved from space across the target seas over
2003—2021: (a) Barents Sea, (b) Norwegian Sea, and (c¢) Greenland Sea
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4.1.1. Barents Sea

Our space-based observations are indicative that E. huxleyi blooms in the Barents Sea occur annually, although
their intensity is subject to significant variations. In some years (specifically, in 2004, 2011, 2012, 2013, 2016, 2020),
blooms occupied very large areas mounting up to (500—600)x 103 km2. However, such occasions alternate with the
years of remarkably subdued activity of E. huxleyi bloom development, especially during 2017—2019. A somewhat re-
duced blooming activity also fell on 2009 and 2010. However, even in the years of relatively low bloom development,
the bloom areas were about 100x 103 km?2, which is remarkable in itself. The highest levels of PIC production were in
excess of (400—550) kt, but even low levels were, nevertheless, at about (50—150) kt.

It is noteworthy that the values of peak bloom areas do not necessary correspond with the peak values of PIC
production and vice versa, which has a natural explanation: large bloom areas are not necessary densely populated
with coccoliths, and contrarily, even small-size blooms can be relatively efficient in producing PIC.

As Fig. 1 illustrates, there is no clear trend in interannual variations of either E. huxleyi bloom surface or PIC pro-
duction, although some sort of an indication of a quasi-sinusoidal pattern of the conjoint variation in both parameters
can be tentatively supposed.

4.1.2. Norwegian Sea

Similar to the Barents Sea, the pattern of E. huxleyi outbursts was expressly irregular: relatively large blooms
with an area within (40—80)x103kmZalternated with rather long periods of relatively low population growth intensity
of this microalgae. The strongest outburst occurred in 2013, and since then the bloom areas did not exceed some
(20—40)x10°km?

It is possible to suppose that the blooms in this sea are characterized by dense populations of coccoliths because
in all bloom cases the PIC production was appreciably high, in some years exceeding (30—40) kt in the blooms of a
rather moderate surficial extent as compared with e. g. the Barents Sea.

The time series illustrated in Fig. 1 for this sea leaves an impression that since 2013 there is a trend of a gradual
decline in the intensity of E. huxleyi growth in this sea. This impression is reinforced by the declining tendency (over
the time period 1998—2013) in S previously revealed in Kondrik et al. [7].

4.1.3. Greenland Sea

As compared to the Norwegian Sea and especially the Barents Sea, the Greenland Sea is characterized by a far less
significant intensity of E. huxleyi growth and formation of blooms. Over the entire period 2003—2021, there were only
three relatively extensive bloom events in 2008, 2010, and 2014, although all of them were of about (20—40)x103 km?2.
At the same time, small-scale blooms (<10x10° km?) occurred annually. The PIC production was also at low levels:
in the majority of bloom events, it remained at about 3—4 kt, with the exception of 2008, 2010, 2013, and 2014 when
it reached ca. 15 kt, 10 kt, and 6 kt, respectively.

4.2. Temporal dynamics of pCO, and ApCO, within E. huxleyi blooms through 2003—2021

Fig. 2 illustrates for the time period 2003—2021 the quantified interannual variations of marine surface water
enrichment with CO, partial pressure within E. huxleyi blooms in the seas addressed in this study.

4.2.1. Barents Sea

The increase of pCO, in surface waters within E. huxlyei blooms in the Barents Sea was most significant among
the seas targeted in this study. In some years (2003, 2011) the resultant, [(pCO,) , + ApCO,], partial CO, pressure
was as high as ~350 yatm. Many years were marked by the respective values appreciably above 300 uatm, and they
practically never dropped below 250 patm.

As Table 1 illustrates, the mean maximum increase in pCO, within E. huxleyi blooms in the Barents Sea over the time
period 2003—2021 constituted 62.5 %, whereas the maximum was 97.4 %. Such an assessment of the above maximum
mean-yearly values [ApCO,/(pCO,) ] provides a clear vision of the CO, emission in the atmospheric boundary layer.

4.2.2. Norwegian Sea

The increase in pCO, in surface waters during the E. huxlyei bloom in the Norwegian Sea was the second highest
after the Barents Sea. Indeed, only in one single year, 2011, the resultant, [(pCO,) , + ApCO,], partial CO, was also
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Fig. 2. Temporal variations in mean-monthly values in both (pCO,) ,,, uatm — gray bars, and [(pCO,), + ApCO,],
uatm — orange bars in the Barents, Norwegian, and Greenland Seas (a, 6, ¢, respectively) during 2003—2021

close to 350 patm, and only four times (in 2003, 2006, 2016, and 2018) it exceeded 300 uatm, whereas most often it
remained about 250 uatm. Remarkably, the above years of large bloom formation in the Norwegian Sea correspond,
at least partially, with the years of extensive blooms in the Barents Sea.

The mean relative increment in pCO, driven by E. huxleyi blooms over the time period 2003—2021 is 46.4 %, and
the maximum value of this parameter over the same time interval was 88.8 %.

4.2.3. Greenland Sea

The Greenland Sea is the least active in terms of both production of extensive E. huxleyi blooms (Fig. 1) and
enrichment of surface waters with dissolved CO, (Fig. 2). There was only four years of relatively enhanced growth of
this alga: in 2008, 2010, 2013, and 2014. In those years pCO, within the bloom area reached 250 patm, remaining in
other years below the level of confident determination by our method.
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Table 1

Interannual variations in maximum mean-yearly values of the E. huxleyi bloom-driven increase
in CO, partial pressure, ApCQO,, in surface water over the bloom area with respect
to the respective background value, (pCO,),, i.e. [ApCO,/(pCO,),]x100 %. Notes:
1. the data are absent for some outbursts in the target seas as the respective
ApCO, values proved to be lower the assessed retrieval error of 23.4 patm [7]. 2. the mean (*)
and maximal (**) values of [ApCO,/(pCO,);]*100 % over the time period 2003—2021
do not consider the years of near-zero values of this parameter

Year [ApCO,/ (pCO,) ,] max (%)
Barents Sea Norwegian Sea Greenland Sea
2003 81.4 88.8 20.9
2004 66.1 48.3 12.4
2005 49.2 25.4 13.4
2006 45.9 79.1 29.2
2007 77.0 32.2
2008 40.9 36.9 69.5
2009 60.8 21.0 22.8
2010 46.1 48.2
2011 97.1 54.2
2012 97.0 22.6 31.3
2013 76.4 37.8 33.5
2014 58.2 16.8 25.8
2015 58.1 444
2016 88.4 56.5
2017 39.7
2018 66.4 66.8 23.7
2019 34.7 56.7
2020 45.0
2021 58.2 54.2
Time period 2003—2021 mean* 62.5 46.4 30.1
Time period 2003—2021 max™ 97.1 88.8 69.5

This situation found its reflection in the data illustrated in Table 1: the mean increase in pCO, within E. huxleyi
blooms in the Greenland over the time period 2003—2021 did not go beyond 30.1 %, whereas the maximum did not
surpass 70 %.

4.2.4. Intra-annual variations of E. huxleyi blooms

Although this is beyond the major focus of our present study, we also considered the intra-annual variations of
FE. huxleyi blooms throughout the time period of our spaceborne observations.

Figure 3 reveals that in the North and Norwegian Seas the earliest monospecific blooms of E. huxleyi occur in
early June. Further on, they advance northward to the Greenland Sea (beginning of July), and arise in the Barents
Sea by the beginning of August. On some specific years, the onsets of E. huxleyi blooming were found to be shifted
to somewhat later dates, namely, up to mid-July in the North Sea, mid-August in the Norwegian Sea, and early
September in the Barents Sea. Nevertheless, in all target seas the major blooming events occur once a year, and ex-
clusively during the warm time period.

The intra-annual localization of the bloom within a concrete sea does not remain sedentary but can dis-
place. Thus for instance, the blooming in the North Sea is often initially located at its northwestern boundary
(in the vicinity of the northern extremity of Scotland) but further on it moves out ward forking along the British
coastline and towards the southern coastal zone of Norway. Only after that the bloom starts extending over the
central North Sea.
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Fig. 3. Intra-annual variations of timing of E. huxleyi peak bloom onset in the target area

The bloom in the Norwegian Sea forms in the central and southern shore zone nearly simultaneously with the
aforementioned blooming neighboring Scotland. Further on the bloom gradually displaces to the northern part of
the Norwegian Sea.

The above temporal sequence is presumably dictated by the Gulf Stream specific features. Indeed, its main
branch splits in the region of the north-western Scotland to further proceed to the southern coastal zone of Norway,
and to the central North Sea along the coast of Scotland and England. The other (weaker) branch of the Gulf Stream
(detached from the main stream at lower latitudes) moves to Greenland and rounds it.

Prior to starting the aforementioned chain-like movement from the North Sea further north to the Norwegian,
Greenland and Barents Seas, the bloom emerges at the very southern extremity of the British Islands and then
develops along the western and north-western coast of this Island State, rounds it and goes on the way discussed
above.

Not illustrated here, our data have not revealed any definite tendency in variations regarding the duration of
blooming periods. At the same time, some factors (such as the enhancement or decay of MLD) can significantly
affect the blooming duration and even result in bloom suppression Pozdnyakov et al. [41]. This might be an explicit
indication that the conditions for E. huxleyi growth were very unfavorable in those years and seas.

4.2.5. Discussion

Comparing the data presented above on variations of bloom surface .S, PIC production as well as pCO, enhance-
ment within E. huxleyi blooms in three target seas, several sea-specific features can be identified.

Firstly, the incidence of peak blooms in the Norwegian and Greenland seas was irregular. They arose in “batch-
es” preceded and followed by the periods of significant decline in E. huxleyi population growth.

In the Norwegian Sea, peak blooms occurred in the same years as in the Barents Sea, albeit in the latter sea the
years of peak blooms were much more numerous. Contrarily, in the Greenland Sea, the years of those few peak
blooms recorded in our study, completely differ from those in the other seas. It might be tentatively conjected, that
at least some the pick blooms in the Barents Sea were initiated through the mechanism of “preseeding” [40]. The
latter implies that E. huxleyi living cells from intense blooms in the Norwegian Sea were transported by the Gulfst-
ream further north, up to the Barents Sea and then triggered therein a new vast bloom. Obviously, the “preseeding”
mechanism is not the only one conditioning the outbursts of E. huxleyi in the Barents Sea as well as in all other ma-
rine locations of this phenomenon: a favorable combinations of multiple environmental factors, such as SST, SSS,
alkalinity/acidity, water column stratification, water movements (currents, eddies, fronts, advection), availability of
nutrients and trace metals, viruses, microzooplankton grazing, seeding, water surface illumination, wind and wave
driven surface water mixing, large-scale atmospheric baric formations and air mass transport, atmospheric CO, par-
tial pressure (pCO,), and teleconnections [41]. Clearly, the situations favoring the massive outbursts of E. Auxleyi in
the Barents Sea occur regularly/annually.

Unlike the Barents Sea, the “preseeding” mechanism as such is not enough to trigger E. huxleyi blooms in the
Greenland Sea: the weaker branch of the Gulf Stream that reaches this sea does not bring enough cell “seeds” to start
new blooms, and their origin resides in the influence of the aforementioned environmental factors.

Regarding the temporal sequence of E. huxleyi outbursts in the target seas, the blooms first appear in the Norwe-
gian Sea, then in the Greenland Sea, and only after that in the Barents Sea. This is in full agreement with the findings
reported earlier by Kondrik et al. [7], who have hypothesized that, concertedly with environmental forcing, the Gulf
Stream conditions the propagation E. huxleyi blooms from the English Chanell and western coastal zone of England
into the North Atlantic and Arctic.
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The E. huxleyi-driven PIC production is expressly sea-specific: it is the highest in the Barents Sea (maximum val-
ues reached hundred thousand kilotons), whereas in the Greenland Sea, most often, it varied within several kilotons,
and only on a couple of occasions it exceeded 12—14 kilotons. The Norwegian Sea occupies an intermediate position
in this regard.

Data reported in Table 1 are strongly indicative that E. huxleyi blooms can significantly contribute to CO, partial
pressure in surface water within the bloom area. Indeed, in the case of the Norwegian, and especially the Barents
Seas, the recorded maximum increment can nearly double the respective background value. As mentioned above,
this can reduce the absorptive capacity of the marine surface water with regard to atmospheric CO,, and this was
confirmed by Morozov et al. [25] for the North Atlantic: on average, the column-average content of CO, in the
atmosphere over the E. huxleyi blooms showed an increase by about 1—2 ppmv. Fig. 2 and Table 1 illustrate that at
least in the Norwegian Sea and especially the Barents Sea there is no distinct tendency towards a decrease of this
phenomenon during the time period 2003—2021. It is also noteworthy, that our data have demonstrated that there
was no direct proportion between the bloom surface and the respective increment of ApCO,, as the letter is regulated
by the actual density of coccoliths within the bloom.

A comparison of §, PIC and ApCO, values reported in this study with the respective data by Kondrik et al. [7]
shows that the latter estimations are appreciably underestimated. Given that methodologically both studies are ab-
solutely identical, the reason of this inconsistency should reside in the input satellite data. Indeed, we utilized the
GlobColour product: in 2020 all NASA radiometric characteristics were reevaluated/updated to R2018.0 version for
the entire archive (including new error bars), whereas Kondrik et al. [7] used the OC CCI database. Obviously, the
refined GlobColour radiometric sensitivity proved to be higher, which permitted to obtain more accurate estimates
of the desired parameters.

5. Concluding remarks

Based on the previously developed remote sensing methodologies and retrieval algorithms, 2003—2021 time se-
ries of E. huxleyi bloom extent, .S, concentration of particulate inorganic carbon, PIC, and CO, partial pressure
increment, ApCO,, in surface water within the bloom were obtained for the Norwegian, Greenland and Barents seas.

The obtained time series for the three seas revealed no trend in the temporal dynamics of the above parameters.
E. huxleyi bloom in the Barents Sea occurs annually, although its intensity was subject to significant fluctuations,
ranging between ~ 600x103 km? and ~ 50x103 km?2. In the Norwegian Sea, the pattern of outbursts of E. huxleyi
was expressly uneven: relatively large blooms with an area of ~ (40—80)x103 km? alternated with fairly long peri-
ods of relatively low growth intensity of this microalgae. There were only three relatively extensive blooms in 2008,
2010 and 2014, although they all had an area of about (20—40)x103 km?. At the same time, small-scale blooms
(<10x103 km?.) occurred annually.

The E. huxleyi-driven PIC production was expressly sea-specific: it was the highest in the Barents Sea (maximum
values reached hundred kilotons), whereas in the Greenland Sea, most often, it varied within several kilotons. The
Norwegian Sea occupies an intermediate position in this regard.

The increase of pCO, in surface waters within E. huxlyei blooms in the Barents Sea was most significant among
the seas targeted in this study. In some years (2003, 2011) the resultant, [(pCO,) , + ApCO,], partial CO, pressure was
as high as ~350 patm and practically never dropped below 250 uatm. The level of pCO2 in surface waters during the
E. huxleyi bloom in the Norwegian Sea was the second highest after the Barents Sea, but most often it remained about
250 patm. The Greenland Sea is the least active in terms of both production of extensive E. huxleyi blooms (Fig. 1) and
enrichment of surface waters with dissolved CO, (Fig. 2).

The influence of E. huxleyi blooms on the hydrochemistry was nevertheless obviously significant in terms of en-
riching the marine surface water with both suspended carbon and dissolved carbon dioxide. So that, this phenomenon
has a potential to both decrease the role of the World Oceans as sinkers of atmospheric CO,, and affect the carbonate
counter pump.
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Abstract

The Suez Canal suffers from heavy maritime traffic, especially oil tankers, due to its strategic location between the Mediter-
ranean and the Red Sea. As a result, it is prone to accidental oil spills, which might obstruct the maritime lane via the canal and
severely harm the marine and coastal ecosystems. This study aims to forecast an oil spill trajectory and fate under the influence
of different wind regimes using the General NOAA Operational Modeling Environment (GNOME) and the Automated Data
Inquiry for Oil Spills (ADIOS2) models to define the potentially affected regions. Hence, four scenarios were simulated, assuming
a spill of one thousand metric tons of Arabian light crude oil into the seawater about two kilometers from the Suez Canal’s south-
ern entrance. The results highlight that wind direction and sea currents substantially affect the movement of oil spills. The trajec-
tory maps show that the north-west wind forces the spilled oil to move toward the southeast direction, threatening the navigation
lane through the Suez Canal and about 38 km of beaches south of the canal, which has several vital projects such as the Ayoun
Mousse power plant and a lot of resorts. In the case of northern winds, the oil moved south in the center of the Gulf, which may
allow response teams more time to clean up the spill. However, in the case of north-east winds, the oil drifted southwesterly and
threatened the Green Island and western shores of the Gulf, which has many tourist villages. About a quarter of the oil evaporated,
and more than two-thirds of the oil emulsified in all four scenarios. For the first time, this study has provided an understanding
of oil spill forecasting and trajectory modeling for the Suez Canal’s southern entrance. Also, it can be considered a prediction tool
for Egypt’s policymakers and Suez Canal Authority (SCA) to develop adequate and practical strategies to mitigate crude oil spill
consequences.

Keywords: Oil spill, Modeling, Scenarios, GNOME, ADIOS, Suez Canal, Gulf of Suez
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MOJIEJIUPOBAHUE TPAEKTOPUM U TTIOCHEACTBUM PA3JINBA HEOTU
Y I0KHOTI'O BXOJIA CYBIIKOT'O KAHAJIA, KPACHOE MOPE, ETUIIET
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AHHOTANUSA

CyslKHUI KaHaJl CTpagaeT OT MHTEHCUBHOTO MOPCKOTO CyIOXOICTBA, 0COOCHHO HE(PTSIHBIX TAHKEPOB, M3-3a €T0 CTpaTerH-
YyecKoro nojoxeHust Mmexay CpeauseMHbIM U KpacHbIM MOpsiMU. B pe3ysibraTe OH MoaBepXKeH cllydalfHbIM pa3iuBaM HeMTH,
KOTOpPBIE MOTYT 3a0JIOKMPOBATh MOPCKOI TTYTh Uepe3 KaHal 1 HAHECTU CEPhEe3HbIN yIIepO MOPCKOI M MpHOPEXKHOI 3KOCHCTe-
MaM. DTo MccaeoBaHue HallpaBieHO Ha MPOTHO3UPOBAHKUE TPACKTOPUH U TTOCJIEACTBUI pa3MBOB He(THU IO BIUSHUEM pa3-
JIMYHBIX BETPOBBIX PEKUMOB C MCIIOJIE30BaHUEM 00111ei cpenbl onepaTuBHOro MoneanpoBanust NOAA (GNOME) u moneneii
aBTOMATU3UPOBAHHOIO 3arpoca JaHHbIX 1J1s1 pa3nuBoB HedTn (ADIOS2) mist onpenesieHUs] MOTEHUIMAIbLHO MOCTPpaaaBIINX
pernoHoB. Takum 06pa3oM, OBLTN CMOIETMPOBAHBI YETBIPE CLICHAPHS, ITpeanoaramiye pasaus 1000 MeTpuyecKrx TOHH apa-
BUICKOI JIErKOM ChIpOii HE()TU B MOPCKYIO BOY IPUMEPHO B 2-X KM OT I03KHOT0 Bxoja B Cyankuii KaHall. Pe3ynbraTbl mokasbi-
BAlOT, YTO HAIpaBJIeHNE BETPpa 1 MOPCKHE TEUECHMS CYIIECTBEHHO BIMSIOT Ha ITepeMelleHre pa3inBoB Hedtr. KapTel TpaekTo-
PYM MOKAa3bIBAIOT, YTO CEBEPO-3aMaaHblil BETep 3aCTaBsIeT pa3auBIIYyIOCS He(Th IBUTAThCS B IOr0O-BOCTOUHOM HaIlpaBIeHUMU,
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Horo Bxona Cyaukoro KaHana, KpacHoe mope, Eruner // ®yHnaMeHTalbHas U npukianHas ruapodusuka. 2023, T. 16, Ne 1.
C. 63—79. doi:10.48612/fpg/hgda-1ht8-db7d
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yrpokasi HaBUraliMoHHOMY 1y T uepe3 Cya1Kuii KaHasl U OKOJIO 38 KM IJISDKEH K 10Ty OT KaHaa, TIe eCTh HECKOJIBKO XKM3HEHHO
BaXKHBIX ITPOEKTOB, TAaKMX Kak Ayoun Mousse 3JIeKTpOCTaHIIMsI 1 MHOTO KypopToB. B cityuae ceBepHBIX BeTpOB HedTh repeme-
1aJ1ach Ha 10T B LIEHTP 3aMBa, YTO MOXET JaTh TPYIIaM pearnpoBaHus OOJIbIlle BpeMeH! ISl TMKBUAALMY pa3nuBa. OgHako
B cJlyyae CeBepO-BOCTOUHBIX BETPOB HedTh npeiidhoBaia Ha 10ro-3amnaa 1 yrpoxajia ocTpoBy 3eieHblil U 3anagHbIM Geperam
3aJIMBa, IJI¢ PACIIONIOKEHO MHOXECTBO TYPUCTUYECKUX TOCeTKOB. OKOJIO YeTBepTH He(TH MCIapuioch, U 6ojiee ABYX TpeTeit
He(TU SMyIBIMPOBATIOCH BO BCEX YETHIPEX CLIEHAPUSX. DTO UCCASNOBAHME BIIEPBbIE 1AJI0 MPEACTABICHUE O TPOTHO3UPOBAHUU
pa3arBOB HE(TU U MOIEIMPOBAHUM TPACKTOPUH Pa3iMBa Ha 10>kHOM Bxozie B Cyatikuit KaHai. Kpome Toro, ero MoxHO paccma-
TPUBATh KaK UHCTPYMEHT MPOrHO3UPOBaHUS il moauTukoB Erunrta u Ynpasnenus Cyaukoro kaHana (SCA) mis pa3paboTku
aJICKBaTHBIX U MPAKTUUECKUX CTPATETHH MO CMSITYCHUIO TIOCIENCTBUI PAa3IMBOB ChIPOI HE(DTH.

KioueBbie ciioBa: pa3nus HedTH, MonenupoBanue, ciieHapu, GNOME, ADIOS, Cysukuii kaHan, Cys1Kuii 3a1uB

1. Introduction

Worldwide demand for crude oil continues to increase, despite the current attempts to convert to sustainable
energy sources and renewable fuels [1, 2]. Marine transport is the most common method for transporting crude oil
globally, which has economic and environmental benefits [3, 4]. As a result, the number of ships, the intensity of traffic,
and port operations have increased. Hence, the possibility of accidents resulting in oil spills will increase [4, 5]. According to
the International Tanker Owners Pollution Federation (ITOPF) [6], the total crude oil spilled into the marine environment
due to tanker incidents in 2021 was approximately 10,000 tons. Oil spills are considered the most critical form of marine
pollution [7—9]. Thus, the oil spill incidents remain a concerned subject of research for efficient prevention and re-
sponse measures. Simulating oil spill movement and behavior is essential before beginning any response plan [10, 11].

When oil is spilled into the marine environment, it undergoes a series of physical and chemical changes known as
weathering [12—14]. The major oil spill weathering processes are evaporation and emulsification, which depend on the
type of oil spilled and environmental conditions during and after the spill. [15—17]. Evaporation is the leading actor in
removing oil from the sea surface. At the same time, emulsification leads to persistence and an increase in the volume of
pollutants [18]. Thus, predicting the behavior of spilled oil enables selecting the most efficient and effective response and
mitigation techniques [19]. Modeling hypothetical oil spills before they occur is necessary to assess the likelihood of an oil
spill damaging vulnerable resources in water areas and coasts, to determine the time available for deploying the forces and
means of an oil spill containment and response system, to evaluate options for strategies for using technical means [20].

Oil spill modeling is an effective tool that can anticipate a spill’s trajectory, estimate the time it will take for the
oil to reach certain regions of interest, and assess the spill’s status once it gets to the modeled sites [1, 21, 22]. Various
efforts have been made worldwide to model the oil spill movement in real and hypothetical incidents. Simulation
of the oil spill has been carried out by different software. Some of the most extensively used oil spill models capable
of anticipating the direction and outcome of oil spills are as follows; General NOAA Operational Modeling Envi-
ronment (GNOME) [23—-26], Delft3D-PART [27], OILMAP [28], Particle Transport Model (OILTRANS) [29],
OpenOil [30, 31], and Automated Data Inquiry for Oil Spills (ADIOS2) [32, 33].

The Suez Canal is one of the main crucial shipping routes for Egypt and the entire globe. The possibility of oil spill
accidents in Egyptian water has increased due to the shipping traffic that passes through the Suez Canal to the Mediter-
ranean Sea [34]. On the 5™ of August, 2014, Egyptian President Abdel Fattah El-Sisi declared the start of Egypt’s new
Suez Canal project. Consequently, canal traffic increased from 18,830 vessels in 2020 to 20,694 in 2021, or more than
56 per day [35]. Due to this heavy traffic, the canal is prone to accidental oil spills that might obstruct the maritime route
and harm the marine ecosystem. According to Kostianaia et al. [34], the Suez Canal has already seen many oil spill
incidents. As a result of oil tanker accidents, about 4,000 tons of crude oil leaked in 2004, and 9,000 tons were spilled
in 2006 [36]. Despite the high shipping activities and the potential of being exposed to oil spills in Egypt’s waters, only
a few published research papers have predicted the trajectory of spills [36—40]. Moreover, there is no existing reference
for predicting oil spill movement in the area under investigation (the Suez Canal’s southern entrance), making this the
first research of its sort. The study aims to simulate an assumptive oil spill incident at the Suez Canal’s southern entrance
under the influence of different wind regimes, primarily to define the potentially affected regions.

2. Study area

The Suez Canal is an artificial waterway of 193 km running from Port Said north to the Gulf of Suez south, thus
connecting the Mediterranean and the Red Seas, as shown in Fig. 1. It is one of the most vital and heavily used waterways
globally; navigation started on the 17" of November, 1869 [34]. According to the Suez Canal Authority [41], the canal
accounts for around 10 % of worldwide marine traffic and provides Egypt with much-needed foreign cash. In 2021, the
canal transported almost 1.27 billion tons of cargo, a 13 % increase over the previous year and the highest amounts ever
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Fig. 1. The Suez Bay and Canal map showing the hypothetical oil spill source as a big red dot off the southern entrance of the Suez
Canal and Zaytyat Port

recorded. Fig. 2 shows marine traffic density in the Gulf of Suez and Suez Canal for all ship types in 2021 [42]. In the
present study, an assumptive oil spill is considered in the Suez Bay, off the southern entrance of the Suez Canal Fig. 1.
The Suez Bay, which represents the south entrance of the Suez Canal, is a shallow extension of the Gulf of Suez, roughly
twisted in shape, with its central axis in the NE-SW direction
[43]. Therefore, the Bay is always congested with cargos and
tankers awaiting transit through the canal to the Mediterra-
nean, which may result in oil leak accidents. Another factor
contributing to the probability of an oil spill in the region is
the Zytyat port. The Port is one of Egypt’s oldest and largest
specialty ports. It is utilized by Suez oil corporations to ac-
cept oil tankers laden with petroleum and gas from the Red
Sea and South Sinai Governorate [44].

3. Data used and methodology

In this study, two software have been used, General
NOAA Operational Modeling Environment (GNOME)
and Automated Data Inquiry for Oil Spills (ADIOS2). These
models can identify the target area impacted by pollutants and
calculate the weathering processes (evaporation and emulsifi-
cation) [23, 45]. The results of these models are in the form of
images, graphics, movies, and data files compatible with GIS
(geographic information system) for further analysis [16].
These data could be analyzed using various workflows for fur-
ther investigation [46]. Fig. 3 represents this study’s input and
output flowchart for trajectory and behavior modeling.

Fig. 2 Heavy traffic at the Gulf of Suez and Suez Canal, source | ~\ 3 i i: ) 122km?/
marine traffic [42] & ; A i year)
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Fig. 3. A flowchart of input and output for oil spill trajectory and fate modeling

3.1. Oil-spill trajectory simulation

The General National Oceanic and Atmospheric Administration Operational Oil Modeling Environment
(GNOME) model was developed by NOAA’s Hazardous Materials Response (HAZMAT) and debuted on the
16th of March, 1999 [47]. The GNOME model is two-dimensional and more generalizable than other models
and requires fewer parameters as input [48]. This two-dimensional model is frequently used in marine, coastal,
and riverine environments to predict the movement of oil slicks [25, 48]. GNOME’s input data set contains coast-
line data, spill location, oil type, spill volume, and direction of the wind and sea currents. In addition, the model
provides georeferenced trajectory output that may be used as an input to GIS (geographic information system)
tools [24]. The GNOME model uses the Euler-Lagrange particle tracking method to monitor oil spill movement
[49]. This method considers the oil slick to be a group of particles. As each particle passes through water, its path
through the liquid is computed. The time-dependent velocity and direction of each particle may also be calculat-
ed. Due to diffusion and evaporation, oil conditions can be monitored in real-time [33, 50]. The GNOME model
includes a refloating algorithm that empirically describes the adhesiveness of the oil to the shoreline; a “half-life”
parameter can be set by the user It is a function of substrate porosity, the presence or absence of vegetation, the in-
herent stickiness of the oil, and other physical properties and processes of the environment as well. These different
parameters have been lumped together in a single parameter, “half-life”. This is the number of hours in which half
of the oil on a given shoreline is expected to be removed if (1) there is an offshore wind or diffusive transport and
(2) sea level is at the same level, or higher, than the level of the oil when it was beached [23, 47]. Samaras et al. [51]
present half-life values for different beach types ranging from zero for seawalls and concrete to 124 sheltered sand
or gravel beach. In this study we used a half-life value of 24 h for GNOME simulations, which is representative of
a sand or a gravel beaches”.

In this study, we adopted the GNOME modeling tool because of its record of practical deployment and vali-
dation against real-world environmental disasters and its widespread use across organizations [1, 52]. Moreover,
as shown by multiple studies, GNOME findings for many scenarios demonstrated a high degree of consisten-
cy between model simulation, satellite data, and experimental observations [25, 53]. Consequently, the Marine
Emergency Mutual Aid Centre has advised that oil spills in the Arabian Gulf be simulated using the GNOME
model [54].
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3.2. Oil-spill weathering simulation

The Automated Data Inquiry for Oil Spills (ADIOS?2) is an oil spill model developed by National Oceanic and Atmo-
spheric Administration (NOAA). It stimulates the processes involved in oil weathering, including evaporation and emul-
sification [45]. The model input data are the oil type and amount, seawater temperature, wind, and current data. ADIOS2
blends a library of around 1,000 oils with a short-term oil fate and cleaning model to estimate how long spilled oil will
persist in the marine environment and develop cleanup techniques. Computed ADIOS2 data combines real-time weather
data (wind speed) with chemical and physical property data from its oil library [46]. The model codes are available for dif-
ferent water areas: open sea, nearshore waters, semi-confined coastal waters, estuaries, rivers, lakes, and reservoirs [55].

3.3. Data sources

This study’s spill scenarios comprise both actual and hypothetical environmental parameters. The actual wind
parameters were obtained in NetCDF file format from the European Centre for Medium-Range Weather Forecasting
(ECMWF) Reanalysis (ERAS)!. The hypothetical wind parameters are the north-west NW, north N, and north-east
NE with a constant speed of 4 m/s. We selected these parameters based on the Egyptian meteorological authority [56].
The actual currents parameters were obtained from GLOBAL ANALYSIS FORECAST_PHY 001 024 Global
Ocean 1/12° Physics Analysis and Forecast updated Daily) in a NetCDF format, a format suitable for GNOME?2.

The GNOME requires that the file describing the coastline be in a bna format, which is available from the
High-resolution Shoreline (GSHHS) database using the GNOME Online Oceanographic Data server (GOODS).
The GSHHS is a high-resolution geography data set amalgamated from two databases: World Vector Shorelines
(WVS) and CIA World Data Bank 11 (WDBII) [16, 57]°.

4. Model formulation and assumptions

A hypothetical oil spill caused by a tanker accident in the Suez Bay at the southern entrance of the Suez Canal is
considered for the present study. This possible oil spill source is in the shipping lane about 2 kilometers from the shore-
line, as shown in Fig. 1. One thousand metric tons of Arabian light crude oil is assumed to have spilled on the 10t of
February 2021 at 12.00 am. The Arabian Light crude oil selection was based on the frequency with which tankers carry it
via the Suez Canal and the Sumed pipeline [37]. Additionally, the ADIOS2 Model library includes a parameter database
for this oil type and the characteristic constants necessary to solve the constitutive equations Table 1.

The GNOME and ADIOS2 models were used to simulate the trajectory and behavior of the spill. As previously
mentioned, the GNOME and ADIOS2 input data sets contain coastline data, wind data, sea currents data, oil spill
location, oil type, oil amount, and seawater temperature. This study’s spill scenarios comprise both actual and hy-
pothetical environmental parameters. The actual wind data was downloaded from the ECMWEF Reanalysis ERAS,
while sea currents data was from Copernicus. The wind speed is assumed to be constant at 4 m/s, which is the av-
erage scalar speed for February in Suez, and the wind direction is manipulated to represent the three predominant
wind directions: the NW, accounting for 22.4 % of the frequency; the N (17.3%); and the NE (7.0 %) [36]. Seawater
temperature was extracted from previous studies, where the average seawater temperature in winter is 18.7 °C [58].

Table 1
Arabian light crude oil characteristics (ADIOS2 oil library database)
Parameter Quantity
API (degree) 33.4
Density 0.878 g/ccat 0 °C

Viscosity 12 c¢Stat 0 °C

Pour point —-53°C

Adhesion 0.14 g/m?

Aromatic 39 weight%

API, American Petroleum Institute.

https://www.ecmwf.int/
2 https://resources.marine.copernicus.eu/product download/GLOBAL ANALYSIS FORECAST PHY 001 024
3 https://gnome.orr.noaa.gov/goods/tools/GSHHS/coast_subset
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Table 2
GNOME model scenarios with various parameters
Scenario Spill location Volume of spill Seawater current ‘Wave speed and direction
Scenario | Late: 29.9214 N 1000 metric tons Variable Variable

Long:32.5493 E

. Late: 29.9214 N . .
Scenario 2 Long: 32.5493 E 1000 metric tons Variable 4 m/s from NW

. Late: 29.9214 N . .
Scenario 3 Long: 32.5493 E 1000 metric tons Variable 4 m/s from N

. Late: 29.9214 N . .
Scenario 4 Long: 32.5493 E 1000 metric tons Variable 4 m/s from NNE

Coastline data was obtained from the GSHHS database by the GOODS server. The simulation period was 72 h at a
step of 0.25 h. The along-current and cross-current uncertainty values for the sea currents data were adjusted to 10 %
to accommodate probable currents value uncertainties. According to Zelenke et al. [23], along-current uncertainty is
the uncertainty in the forward and backward currents values. In contrast, cross-current uncertainty refers to the left
and right direction uncertainty. Four different scenario settings are presented in Table 2.

5. Results

Variable wind and sea current data are used for Scenario 1. The simulation for the model started at 12:00 am on the
10th of February 2021. One thousand metric tons of Arabian light crude oil hypothecated to have leaked from the vessels at
the spill location. The spill is represented in terms of dots which are either black or red. The black color dots represent the
best guess solution, assuming there are no input parameters uncertainties. In contrast, the red dots represent a minimum
regret solution that incorporates the uncertainties of wind and sea currents. The red dots on the map show the possible
uncertainty of the spill position (more correctly, the contamination area), i.e. not an increase in the actual contamination
area, but a possible shift of the “center of mass” of oil spills. The area covered by the “red dots” is not in general associated
with a possible increase in the area of the contamination area. This is just the displacement of the black dots in any direction.

The results of Scenario 1 from the GNOME model are displayed in Fig. 4 as maps every six hours. As the simu-
lation started, oil particles drifted in a southeast direction SE. Three hours after the simulation’s beginning at 3 am,
about 0.84 % (177 metric tons) of the oil started reaching the southern entrance of the Suez Canal and continued

£ (@ qcimeig

% | o i
Qesm/Ataka Qesm'Ataka
A

‘,}’?

: [@oe=meg
QesmiAtaka

4
,;r

Fig. 4. Oil particle position for Scenario 1 (variable wind and sea currents speed and direction). The black dots represent BGS,
and the red dot presents MRS). The spill source is shown as the big blue dot
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toaccumulate on the easternside ofthe Gulfof Suez. After 72 hours, approximately 37.2 % ofthe oil had covered about 34
kilometers of the east coast of the Gulf of Suez from (29°56°17.50”N32°33’14.24” E t0 29°42°29.57”N32°41°20.83”E)
for both black dots (best guess) and red dots (minimum regret solution). At the same time, approximately 35.9 %
(359 mt) of the oil traveled 30 km from the spill source and remained floating. The evaporation and emulsification
processes started immediately after the oil spill. Within 72 hours, around 26 % (260 mt) of the total oil spill had evap-
orated, and the emulsion water content reached approximately 84.8 %, Fig. 5.

Scenario 2 is simulated with a constant wind speed of 4 m/s from the NW direction and variable sea current. The
model is set off on 10.2.2021 at 12:00 am. Here we saw the slick starts to move ESE direction with the best guess and
minimum regret coverage area, Fig. 6. In this scenario, beaching started after two hours at 2 am; nearly less than one
metric ton of oil was found to be beached along the southern entrance of the Suez Canal. At the end of the simulation,

Scenario 1 oil budget %

@ Evapration %
4 Beaching %
= Floating %

-#- Emulsification%

Oil budget %
8
L

—o——o

. T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Time h

Fig. 5. The spilled oil’s evaporation, beaching, floating, and emulsification during
the simulation period of Scenario 1
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Fig. 6 Oil particle position for Scenario 2 (constant wind speed 4 m/s from NW direction). The black dots represent BGS,
and the red dot presents MRS). The spill source is shown as the big blue dot

69



Abdallah I.M., Chantsev VY.
Ab6oannax U.M., Yanyes B.IO.

approximately 70.5 % of the whole oil was beached along the eastern shoreline of the Gulf of Suez, south ofthe Suez Ca-
nal. In this case, Black dots covered about 16.5 km (29°55°46.04”N32°33°36.28”E t0 29°48°56.49”°N32°35°52.46”E),
While Red dots affect more than 38 km (29°56°17.43”N32°33°27.54”E to 29°39°33.62”N32°39°45.01”E). After 72
hours, the evaporation rate was about 25.2 %, and the emulsification amount was 73.3 %, Fig. 7.

In Scenario 3, the simulation is run with a constant wind speed 4 m/s from the N direction. As the simulation
started at 12 am, the spill moved in the south direction with black (best guess solution, BGS) and Red (minimum
regret solution, MRS) dots, Fig. 8. After 9 hours, a minor amount of 0.1 % of oil reached the eastern and western
beaches of the Gulf of Suez. While at the end of the simulation, the majority of the oil, around 73.8 %, stayed floating
in the center of the Gulf waters and continued travel in the south direction. After 72 hours, the amount of oil lost due
to evaporation reached 25.6 %, and the emulsion water content reached approximately 76.4 %, Fig. 9.
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Fig. 7. The spilled oil’s evaporation, beaching, floating, and emulsification during the simulation period of Scenario 2
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Fig. 8. Oil particle position for Scenario 3 (constant wind speed 4 m/s from N direction). The black dots represent BGS,
and the red dot presents MRS). The spill source is shown as the big blue dot
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Fig. 9. The spilled oil’s evaporation, beaching, floating, and emulsification during
the simulation period of Scenario 3

The fourth scenario is simulated with a constant wind speed of 4 m/s from the north-east NE, Fig. 10. As the sim-
ulation begins at 12 am, the oil slick starts moving in the southwest direction toward the western coast of the Gulf of
Suez. Immediately after 2 hours at 2 am, approximately 1.4 % (140 mt) starts beached to the Green Island, about 2 km
from the spill location. After 18 h at 6 pm, the slick traveled about 9 km and reached the western coast of the Gulf of
Suez at Al-Adabiya port. After 72 hours, approximately 60.3 % of all spilled oil accumulated on the Green Island and
covered about 40 km of the western coast of the Gulf of Suez from 29°54°31.20” N32°27°43.70” E to 29°39°11.66”
N32°21°54.20” E for black and red dots. At the same time, approximately13.7 % remained in the water and continued
floating. As shown in Fig. 11, the amount of oil lost due to evaporation was about 25.3 % (253 mt), and the emulsion
water content reached approximately 80.1 % at the end of the simulation.
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Fig. 10. Oil particle position for Scenario 4 (constant wind speed 4 m/s from NE direction). The black dots represent BGS,
and the red dot presents MRS). The spill source is shown as the big blue dot
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Fig. 11. The spilled oil’s evaporation, beaching, floating, and emulsification during
the simulation period of Scenario 4

6. Discussion

This study simulates four possible oil spill scenarios that may be induced by a vessel accident at the southern en-
trance of the Suez Canal. Hence, the GNOME trajectory model simulated the oil spill’s movement and time to reach
the beach. In addition, the Automated Data Inquiry for Oil Spills (ADIOS2) has been utilized to identify how the oil
breaks down naturally as it propagates (through evaporation and emulsification).

The trajectory maps in this study show that wind speed and direction significantly affected the movement of
spilled oil in all four scenarios. These results are in line with those of previous studies. Numerous prior studies have
indicated that the wind speed and direction during and after an oil spill significantly affect the oil’s mobility in the ma-
rine environment [59—62]. Another potential cause for the flow of the spilled oil in the south direction in all scenarios
is that it may be influenced by the predominant southerly movement of the sea currents. According to Frihy [63], sea
currents in the Gulf of Suez mainly move southward.

The results show that the spilled oil moved southeast in Scenarios 1 and 2. Although in Scenario 1 we used actual
wind data for February extracted from the ECMWF reanalysis ERA5 model, in the second scenario, we utilized a
constant wind speed of 4 m/s and a constant direction from the north-west. This is because the north-west wind
predominates in this area throughout February and forces the oil to move in the southeast direction. The north-west
wind regime accounts for about 24 % of the frequency of February in the northern part of the Gulf of Suez [56]. The
current findings are consistent with Hussein [36], who used the GNOME oil spill model to simulate several antici-
pated oil spill scenarios under the influence of various wind regimes in the northern portion of the Gulf of Suez. She
found that when the predominant wind is from the north-west direction, all oil spill trajectories flow in the southeast
direction, toward the eastern shoreline of the Gulf. In this study, the spilled oil in both scenarios 1,2 reached the nav-
igation lane of the Suez Canal within two to three hours. Also, approximately 30 to 38 kilometers of beaches south of
the Suez Canal were threatened by oil contamination. Thus, in the case of an oil spill from a source at the southern
entrance of the Suez Canal, the navigation lane via the Suez Canal and the area south of the Suez Canal would be the
most vulnerable to contamination. This area has various crucial projects, such as the Ayoun Mousse power plant and
several tourist resorts. Therefore, oil spill response personnel in the region must constantly be on alert.

In the case of the third scenario, the prevailing winds were from the north, the spill headed south, and almost
three-quarters of all spilled oil continued to float in the water for 72 hours till the end of the simulation period.
Therefore, the response teams could have enough time to choose the appropriate method to mitigate the effect of
this spilled oil before it contaminates the coastline. Continuing with the fourth scenario, we assumed that the NE
wind was dominant. In this scenario, the spilled oil moved southwesterly to the west coast of the Gulf of Suez. The
movement direction of the oil in this scenario is consistent with Pradhan et al. [16], who simulated an oil spill in
the Bay of Bengal, India. They observed that the oil moved in the southwest direction when northerly winds blew.
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In this study, Scenario 4 represents a significant threat to the Green Island and the western coast of the Gulf of Suez,
from Al-Adabiya port in the north to Ain Sukhna port in the south. This area is characterized by sensitive and fragile
natural resources, habitats, vast coastal plain, extensive tidal flat, tourist resorts, and its aquatic environment hosting
a vital coral reef [64].

The propagation of individual oil slicks over the water surface will be determined by the processes of turbulent
diffusion [65]. The estimation of the radius of the diffusing impurity region according to [66] was determined by the
ratio 62 [cm?] = 0.0108723* (sec), where o2 is the average square of scattering of diffusing particles. A recent study [67]
used trackers placed on sponge rubber pancakes. They compared the ratio of oil slick area between the simulation
using the derived diffusion model and those using a constant value for the horizontal turbulent diffusion coefficient.
They found that, there is no difference between the results simulated with the derived diffusion model and those
obtained using a value of diffusion coefficient = 22 m?%/s, and their simulations agree well with the observed oil slick
areas. GNOME used a constant diffusion coefficient ~10 m2/s as model default. Therefore, it is necessary in future
studies to carefully select the diffusion coefficient value.

To validate the results obtained from a spill model, remotely sensed data of a real case trajectory or a field ex-
periment should be used. However, this final step cannot be achieved in this study owing to the lack of real cases
and, more importantly, the lack of transparency about oil spills in the Egyptian waters, as the authorities are keen on
promoting the tourism industry [36].

Weathering processes occur at varied speeds after the oil spill. Evaporation is the first weathering process that
occurs after an oil spill. During this process, most volatile components of crude oil are removed within hours fol-
lowing the spill, which significantly impacts the density and viscosity of the oil slick [19]. As a result, determining
the rate of evaporation is critical. ADIOS2 contains a pseudo-component evaporation model (Jones, 1997). In the
pseudo-component approach, crude oils and refined products are modeled as a relatively small number of discrete,
non-interacting components. Each pseudo component (PC) is treated as a single substance with an associated vapor
pressure and relative mole fraction. The total evaporation rate of the slick is the sum of the individual rates [45]. The
results show that approximately a quarter of the oil spilled was lost due to evaporation in all scenarios. The Arabian
Light crude has a higher percentage of light and soluble fractions than other types of oil [37].

Emulsification is the process of incorporating water into the oil [19]. The negative impact of emulsification is an
increase in the slick volume, which significantly raises the cleaning expense. Consequently, emulsification is a pro-
cess that plays a significant role in oil spill modeling [1]. The results demonstrate that the emulsion water content was
extremely high in all scenarios. It might be because the simulation period was in February, and the turbulence at the
water’s surface was at its peak. These results support the findings of Bozkurtoglu [68], who suggested that turbulence
at the sea surface promotes emulsion. the emulsification causes a rise in pollutant concentration. Therefore, these
results about the behavior of oil after a spill are crucial for spill responders [10, 18].

The limitation of GNOME model is that it considers the oil slick a set of particles. There is a source of uncer-
tainty because, for computational purposes, GNOME divide the slick into Lagrangian elements (LEs) or particles
and tracks their movement, which doesn’t calculate the oil spill area taking into account boundary conditions on the
free and contact boundary, which the weathering processes directly depend on the area of the oil. Zatsepa et al. [69]
created a new Eulerian-Lagrangian numerical method and developed SPILLMOD took into account the boundary
condition. In ADIOS2, each LE, representing a changing volume of oil, constitutes the center of a Thiessen polygon
with a surface area relative to the local density of LEs, allowing the estimation of a variable local thickness, based on
the polygon area and oil volume. The approaches followed by Lagrangian oil spill models to compute oil surface area
or thickness adds further uncertainty in the spreading estimation [1].

7. Conclusion

Since the Suez Canal is one of the world’s busiest shipping routes, particularly for crude oil transit, it is vulnerable
to oil spills, which may disrupt traffic, harm marine and coastal ecosystems, and threaten infrastructure and tourist
resorts in the Gulf of Suez. This study simulates 1,000 metric tons of Arabian light crude oil that spilled into seawater
on the 10™ of February, 2021, at 12:00 am in the shipping lane about 2 km from the Suez Canal’s southern entrance.
Four scenarios were simulated using GNOME and ADIOS2 models in different wind conditions to define the poten-
tially affected regions, determine when the oil would reach the coast, how much oil remains in the water, and calcu-
late the weathering processes of the spilled oil (evaporation and emulsification). The study revealed that the spilled
oil movement had been influenced by the direction of the wind in each scenario and the seawater current direction in
the region. The spilled oil movement in scenario 1.2 was influenced by the north-west NW wind and drifted towards
the eastern shoreline of the Gulf of Suez and reached the beach within two to three hours. As a result, the Suez Canal
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navigation lane and approximately 30 to 38 km of beaches south of the Suez Canal, which have several projects and
touristic resorts, were endangered by oil pollution. The north wind in Scenario 3 forced the spilled oil to move in the
south direction, and the high proportion of the oil (73.8 %) remained floating until the end of the simulation and did
not threaten the beaches. In Scenario 4, the spill moved in the southwest (SW) direction toward the western coast of
the Gulf of Suez under the influence of north-east NE wind. The spilled oil reached Green Island within two hours,
and after 72 h, roughly 60.3 % of oil particles covered a distance of 40 km south of Al-Adabiya port to Ain Sukhna
port. According to the ADIOS?2 results, in all scenarios, a considerable portion of the spilled oil, almost a quarter of
the oil, evaporated, and more than two-thirds of the oil emulsified.
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AHHOTAIUSA

PaccmarpuBaeTcst Monenb (hOpMUPOBAHKS TPAIUEHTHOTO TIOJIST YPOBHST OKeaHa B KOCMMUYECKOM JIBYXIIO3UIIMOHHOM panape,
HCTMOJIb3YIOLIEM UHTEPGHEPOMETP € TIONepevyHoit 6a30ii Ha MpUEeMHOM amnrnapare. Bo3MOXHOCTb MPUMEHEHUS CPAaBHUTEbHO Ma-
JI0i1 (TTOTIepeyHoit) aHTeHHOM 6a3bl pa3MepoM 5—10 M 00yCIOB/IeHa OTPOMHBIM BEIMTPHBIILIEM B 3HEPTEeTUKE TP paboTe B PeKMe
KBa3U3EPKaAJIbHOTO PACCESTHUSI CUTHAJIa Ha MEJIKUMX BETPOBBIX BOJHAX. D(h(HEKTUBHOCTL CUCTEMbl OLIEHUBAETCS IyTEM Mpeodpa-
30BaHUS UMCIOLIEHCS TTPOCTPAaHCTBEHHO-BPEMEHHOI MOIEN pa3BUTHS BOJHEI IyHamu (Kypuibckoe 3emiieTpsiceHre 4 OKTIOpst
1994 r.) B maHOpaMHOE paaroJIOKaIIMOHHOE U300pakeHHe oIl YPOBHSI oKeaHa. OUueBUIHOE MPEUMYIIECTBO MAHOPAMHOTO U30-
OpakeHUS TOJIOBHOM BOJTHBI 3aKJTIOYAETCST B BOBMOXKHOCTHY TTPOTHO3MPOBATh HATIpaBJICHUE € NBIDKCHUSI, aMIUTUTYIY W B KOHEY-
HOM cuére — OXHuaaeMoe BpeMsl MPUXoa BOJIHBI B 3aJJaHHYI0 NTPUOpexXHYIo 00acThb. [TojyyeHHOe paaroioKaloHHOe u300pa-
JKEHME TTOATBEPXKAAET TIIaBHYI0 0COOCHHOCTh KBAa3M3ePKATbHOTO METoA: (MIyKTYallMOHHO-YPOBEHHAST YYBCTBUTEILHOCTh U3ME-
HSIETCSI BIOJIb 30HBI 0030pa (~2000 KM) 1 siBIsSIeTCsl HAMXY/LLeH BOJIM3M 3epKaibHOI Touku. [Tpy BEIOpaHHbBIX MapamMeTpax pagapa,
CPEeIHSIS TIO 30He 0030pa YyBCTBUTELHOCTh COCTABISIET ~5 cM TSt Tutotanku (15 x 15) k. be3 yuéra BpeMeHU, HEOOXOIMMOTO
VTS iepenayu MHdopMauuy oT MPUEMHOTO arrapara 10 MOABEPKEHHBIX IIyHaMU paiilOHOB CYILIM, MMHUMAIbHBIM BpEMEHHOI
WHTEPBaJI MEXIY TOSIBJICHUEM (PpOHTA BOJTHBI 1 MOMEHTOM OITOBEIIIEHUST 00 OITACHOCTY IIyHAMU OITPEIEIISIeTCST YUCIIOM MOCISI0-
BaTeJIbHO 3aITyckaeMbIx TaHIeMOB M KA (MajibIX KOCMUYECKHMX almnapaToB), U MU eNMHCTBEHHOM TaHIEME COCTaBIIsIET ~45 MUH.

KunroueBbie cioBa: uHtepdepomeTp, liyHaMu, ABYXTTO3UIIMOHHbBIN pPaauooKaTop
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Abstract

A model of the formation of the gradient sea-level field by the space bi-static radar measurements is developed. An inter-
ferometer radar with cross-sectional base is used as a receiver. The relatively small antenna 5—10 m of cross-sectional base gives
a huge gain in energy when working for quasi-mirror scattering in the range of short wind waves. The efficiency of the system is
evaluated by converting the dynamical model of tsunami wave evolution for the case of the Kuril earthquake (October 4, 1994)
into a panoramic radar image of the sea level. The panoramic image of the front wave allows predicting the direction, amplitude
and, finally, the expected time of tsunami arrival to a given point. The obtained radar image confirms the main feature of the qua-
si-mirror method: the fluctuation-level sensitivity varies within the radar swath (~2000 km) and is the worst near the mirror point.
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For the chosen radar parameters, the average sensitivity in the swath is ~5 cm for a site (15 X 15) km. Without accounting the time
required to transmit information from the receiver to the tsunami—prone sites, the minimal time interval between the appearance
of the wave front and the tsunami alert is determined by the number of sequentially launched small tandem spacecrafts. For a single
tandem this time is about 45 min.

Keywords: Interferometer, tsunami, bistatic radar

1. Benenne

3aaya orepaTMBHOTO OMOBEIIEHMST OepEroBbIX palilOHOB 00 OTTACHOCTH IIyHAMU TTPY UCTTOJIb30BAaHUM KOCMU-
YECKUX CPEACTB IJIsI pETMCTPallMM IPAIMEHTHOIO TI0JIsI YPOBHS OKeaHa He pelllaeTcs IMyTEM HMCIOJIb30BaHMs Tpac-
CEPHBIX PaTuoaJbTUMETPOB. OTHAKO KOCMUYECKasl panuooKalus OypHO pa3BUBaeTCs, U Ha 0a3e yXKe U3yYeHHBIX
M YaCTUYHO PeaIM30BaHHBIX METOMIOB MOXHO CUMTATh MEPCIIEKTUBHBIM MEPEXO OT TPACCOBOTO K MAaHOPaMHOMY
(bopMUpPOBaHMIO TIOJIS YPOBHS ITyTEM MCITOJIB30BAHUS IBYXITO3UIIMOHHOTO KOCMIUYECKOTO pasapa B pesKnuMe KBa3u-
3epKajabHOro paccesHus [1—6]. IIpu cooTBETCTBYIOLIEM BHIOOPE IMapaMeTPOB BU3MPOBaHUs (IIPeaIoIaraioliero,
YTO JUAarpaMMBl HAIIPaBICHHOCTH U3IyJaionieil 1 TIPUEMHONM aHTeHH HaXOISITCS B OTHOM 1 TOM K¢ BEPTUKATbHOM
IUIOCKOCTH) — MOpCKasi TOBEPXHOCTh 00JIafaeT Ype3BbIYailHO BHICOKOI OTpaxkaTeJIbHOM CITOCOOHOCTHIO, a 30Ha
6okoBoro panuosiokaloHHoro (PJI) o630pa Bo3pacTaeT Ha MOPSIAOK MPU HEKOTOPOM YXYAIIEHUM MOMEePEeYHOro
paspetreHus. Peanuzaiiisi OCHOBHBIX TTPEUMYIIECTB ABYXMO3UIIMOHHOIO KBa3M3epKaJIbHOIO pagapa — CpaBHU-
TeJIbHO MaJIOM MOIITHOCTH M3Iy9aeMOT0O CUTHaJIa TIPY UCKITIOYMTEIHHO IMMPOKOM 30He 0030pa — BO3MOXKHA MIPHU
pa3paboTke «raHmeMa» u3 1ByX MKA, mpemHa3HauYeHHOTO IJI II00ATbHOIO MOHUTOPUHTA OKEaHCKOU ITOBEpPX-
HOCTHU C TMarHOCTUKOM TI0JIsI YPOBHSI. BbIcoKast ynenbHast oTpaxkalrolasi ClIoCOOHOCTh TTOBEPXHOCTH B KBa3n3ep-
KaJIbHOM peXrMe 30HIMPOBaHMS TTO3BOJISIET MCITOIb30BaTh HA MIPUEMHOM armapare UHTepdepoMeTp CO CpaBHU-
TEJIbHO MaJioit (MmorepeuHoii) aHTeHHOM 0a30i1 pasMepoM ~5 M, a TakKxKe MUJIJIMMETPOBbIN AUAana3oH U3ayYeHus.
OpueHTupysch Ha Hamu padotsl mo PJI uateppepomerpuu [7, 8], paccmatpuBaeTcst Monesib (hopmupoBanHus PJI
M300paKeH!sI pa3BUBAIOIICICST BOJHBI IIyHAMM B IBYXITO3MIIMOHHOM KBa3W3epKaJIbHOM pamape (KOCMUYECKMit
TMaHOPaMHBII paguoaIbTUMETD).

Bo MHOTMX 0Te4eCTBEeHHBIX 1 3apy0ekHBIX Pab0OTax pacCMaTpUBaIach BO3MOXHOCTh PETrMCTPAlIMY I1yTa TPaBy -
TALIMOHHBIX CEMICMOBOJTH B TPACCEPHBIX (OTHOITO3MLIMOHHBIX) pagnoaTbTUMETPaX, HAXOISIINXCS B TaHHOE BpeMs
Ha opoutax [9—11]. KoHeuHo, Takass perucTpaliys nojie3Ha ¢ TOYKU 3PEHUST BCECTOPOHHETO U3YUYeHUs JaHHOTO
SIBICHUSI — OJHAKO IIJIS ONEepaTUBHOM AMArHOCTUMKHU IIyHAaMHM M3 KOCMOCa HeoOXOoauMa TPYIIHIPOBKA U3 OTPOM-
HOTO KOJIMYECTBAa OMHOBPEMEHHO PabOTAIOIINX TPACCEPHBIX aIbTUMETPOB, UTO TIPEACTABIISICTCS HEPEATN3YeMbIM.
BrimBuraemas mmest pa3paOOTKU MAaHOPAMHOTO PagMoaTbTUMETpa 3allluileHa POCCUMCKUMM maTeHTaMu |2, 3].
K coxanenuto, MHOTHE OTeYeCTBEHHBIE pabOTHI ATOTO TJIaHA, BKJIIOYAsT ITATEHTHI, HEe YITOMUHAIOTCS B OOIITMPHOMN
JUTepaType, MOCBAIIEHHOM pagroanbtumeTpuu [12—16].

B naHHoI1 paboTe, Ha 6a3e UCXOAHOI MOJEIN Pa3BUTHS peabHOM rPaBUTALIMOHHOM CEliCMOBOJIHBI, pa3pado-
TaHa YMCJICHHAsI MOJeIb (DOPMUPOBAHUS €€ TTaHOPAMHBIX N300pakeHUIi B NIBYXITO3ULIMOHHOM KBa3n3epKaJIbHOM
pamape, 4TO IMO3BOJISIET OCYIIECTBUTD IIPOTHO3 TIPUXOIa BOJHBI B IIlyHAMHOTIACHBIC TIPUOPEXHBIC 00JIACTH 32 MU-
HUMAaJIbHOE BPEMSI.

2. HpOCTpaHCTBeHHO-BpeMeHl—laﬂ MOJieJIb NOJISI BBICOT CeCMUYECKOi rpasvnauuonﬂoﬁ BOJIHBI
0 JAHHBIM Kypl/lJ'[l)CKOI‘O 3EMJIETPSACCHUA

CuinbHoe 3emierpsicenue (M, = §,1) npousonwno 4 okrs6ps 1994 r. 8 13.23 CI'B (cpennee Bpems 1o ['puHBu-
4y), ero 3MULEHTp Haxoaucs Boau3u o. lllukoraH. [TocaeacTBus 1yyHaMu ObLIM 3aperMcTpUPOBaHbI Oosiee YeM
B 60 TyHKTaXx 10 BCEMY TMXOOKEaHCKOMY ITOOEPEXKbIO.

bruta pa3paboTaHa yncieHHas (TUAPOAUHAMUYECKAS) MOJEIb PA3BUTUS OMUCAHHOTIO siBleHUs (puc. 1), Ko-
Topas BKodaer 1800 rmociiegoBaTeIbHbIX N300paXkeHU it pasmepoM 896 x 1277 nukceneil, onuH MUKCEIb COOTBET-
cTByeT ruromanke 15 x 15 km. [1pu BpeMeHM MOBTOPsSIeMOCTH HaOIoAeHUI 1 Kaap B MUHYTY o0lliee BpeMsI pa3BUTHUS
cocrtasiset ~30 4. BeicoTa rojioBHOI BOTHBI (KpOMe TTPUOPEKHBIX 30H) JIEXUT B Tipeaenax ot 2 1o 10 cm. Ha puc. 1,
a, 6 U 6 TIpelCcTaBjleHbl TPU Kaapa, OTCTOSIIKE BO BpeMeHU OT Havana (B anuueHTpe) Ha 200, 500 u 1000 muH.
Bapuariust ypoBHSI OTHOCUTEIBHO YPOBHS Teoraa KaanOpyeTcss KOHTPAaCTHBIM KJIMHOM B Tpeaenax oT —10 cM 1o
+10 cm. BunHo, 9TO B JaHHOM CjIydae YBepeHHas! PErUCTpals U3 KOCMOCa TOJIOBHOM BOJIHBI BO3MOXHA BILIOTh
IIo e€ TOsIBJICHMST Ha 9KBaTOpe, 3a BpeMs ~8 4 OT ee reHepaluu B anulieHTpe. Ha puc. 1, 6 mokazaHa MyHKTUPOM
obsiactb Tuxoro okeaHa, UCIOJb3yeMasi HAaMU B Ka4Y€CTBE MCXOIHON MOJEIN ISl BBISICHEHUS BO3MOXHOCTU PJI
BBISIBJICHHS OTTACHOCTH IIyHaMU 32 MUHUMAaJIbHOE BpeMs.
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Puc. 1. TuaponrHamMuyeckast Moieib pa3BUTHS TPAaBUTALIMOHHOM BOJTHBI IyHaMH [ 17]. Kypunbckoe 3emneTpsiceHue 4 oKTsI0pst
1994 1., 13.23 CI'B: @ — 200 muH, 6 — 500 muH, ¢ — 1000 mun ot 13.23 CI'B; 6*1 — o6mactb, HabII0MaeMast TaHOPAMHBIM pa-
IHOATETUMETPOM (CM. pHC. 6)

Fig. 1. Hydrodynamic model of the gravitational tsunami-wave evolution [17]. The Kuril earthquake on October 4, 1994, 13.23 UTC:
a — 200 min, » — 500 min, ¢ — 1000 min— from 13.23 UTC; b*1 — the area observed by the panoramic radio altimeter (see Fig. 6)
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3. Me3omacmTadHbie H300pazKeHHsl OJISI BBICOT PA3BUBAIOMIEICS BOJIHbBI IlyHAME
(maHOpaMHBIHA PAAMOATLTHMETP)

Panee ObL1M paccMOTpeHBI YCI0BUST (HOPMUPOBAHUS TAHOPAMHOTO T0JISI YPOBHS OKeaHa TIPU UCTIOIb30BaAHUU
KOCMMYECKOTO PaIuOJOKALIMOHHOTO MHTepGhepoOMeTpa C MOMEPEeUYHO aHTEHHOU 0a30ii, UCTIOIb3YIOIIEro KBa3u-
3epKaIbHbII PEXUM BU3UPOBAHUS MOPCKOI MoBepxHOCTH [1—6]. [eoMeTpust BUBMpPOBaHUS MOPCKOI MOBEPXHO-
CTH MpeacTaBieHa Ha puc. 2.

Bou16op nmapameTpoB pagapa ¢ peaibHoii aneptypoii (PPA) ocHoBbIBanics Ha cooTHouweHuu (1) njst Moaysst
KoadduieHTa Koppeasiiuu

4mcl, cosy,siny, cos(;t —Yo— 9]

P = [m[rH A ’ M

rze [, — pa3mMep aHTeHHOIi 6a3bl, Yy — yrosl BU3UPOBaHUA 3ePKaJIbHOM TOYKM, O — yroj HakJoHa 6a3bl K BEpTUKa-
i, m=(y —y,) /H — nonoxeHue Touku (y) OTHOCUTEIbHO 3€PKAJIbHO TOUKHU ) B 30HE 0030pa, A — [JIMHA BOJHbI
n3nydeHus1, H — BBICOTa OpOUTHI, Af — IMIMPUHA CIIEKTPa N3TydacMoro curHajia. OayKTyalrmoHHas 9YBCTBUTEIb-
HOCTb G, K U3MEPSIEMOMY T0JII0 YPOBHS SIBJISIETCS] HAWJTYYILIE B OMPeeEHHBIX TIpeaeaaX U3MEHEeHUs BeTUUMHBI
B,, a onTMManbHasd e€ BEIMYMHA YMEHBLIAETCS NPY YBEIMYEHUU OTHOLIEHUS POH/COOCTBEHHBIH 1IyM ¢ (puc. 3).

W3 Berpaxenns (1) BUAHO, 9TO OTHOINEHUS pa3Mepa 6a3el MHTeP(EePOMETPa K BEICOTE OpouTHI (1, /H) v mmpu-
HBI CIIEKTpa CUTHAJA K ero yactote (Af/f, fo = ¢/\) UTPaIOT pellalolLyo pojib, U YTO MPU OTPaHUYEHHOM pa3Mepe
0a3bl, 3aJaHHOIT BEICOTE OPOMTHI U 3alaHHBIX ITapaMeTpax CUTHaIA CJIeAyeT BbIOMpPaTh HAUMEHBIIIYIO BO3MOXHYIO
BEJIMYMHY f3,, @ 5TO, B CBOIO OYEPEIb, TPEOYET HANOOJIBIIETO BO3ZMOXHOTO OTHOIIEHUS (hoH/1rym g. [Ipumem Ha-
KJIOH 6 6a3bl mHTepdepomMeTpa B TOUHOCTU COOTBETCTBYIOIIMM MOJOXEHHUIO 3epKalIbHOM TOUKU 0 = 11/2 — vy,,. [Tpu-
MeM cpeIHee Io 30He 0030pa 3HayeHue m = | U 3aganuM JOIyCTMMOE B JaHHOM ciydae OTHOIIeHUEe DOH/IIyM
g =30 (30 1b) — yTO MoO3BOJISIET padOTATh IPU P i, = 0,25 ¢ MoTepeit GhayKTyallMOHHO-YPOBEHHON YyBCTBUTEb-
HOCTU He OoJjiee 1 1B OTHOCUTENBHO MPeaeIbHON BETUUUHDI G . 3318 UM MAKCUMAIbHO-I0MYCTUMYIO BETUUUHY
aHTEHHOI 6a3bl /[, = 5 M, JulMHY BosiHBL A = 0,9 cM, vy = 65° u H = 800 kM, Torna us sbipaxeHus (1) onpeneinsiercs
IOITyCTHMasI IIMPUHA CIIeKTpa curHaia, Af = 4 MI'm. MeI BummM, 9To pacuéTHas IIMPUHA CIIEKTpa oKa3ajach Ha-
MHOTO MEHBbIIIEH, HEXKEJIM Y NEHCTBYIONNX KOCMUYECKUX (TPACCEPHBIX) PaINOaIbTUMETPOB, WX IaXkKe Y CAaMOJIET-
HBIX MTHTEPDEPOMETPOB, Iie TIPY TaKOM ke IJIMHe 0a3bl BbICOTA MOJIETa MEHbIIIE Ha Ba MTOPSIIKA.
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Puc. 2. TeomeTpuss BU3MPOBAaHUS TTOBEPXHOCTH OKeaHa B IBYXITO3MLIMOHHOM KBa3M3epPKaJIbHOM
HNPCA (uHTepdepeHIMOHHBIM pafapoM ¢ CUHTE3MPOBaHHOI1 anepTypoii). Illapoo6pasHocTh 3eM-
JIM Ha PUCYHKE HEe OTOOpakeHa

Fig. 2. Geometry of the ocean surface sounding by bi-static quasi-mirror ISAR (interferometric syn-
thetic aperture radar). The Earth sphericity is not shown in the figure
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Puc. 3. HopmupoBaHHast (iiyKkryauroHHast 4yBCTBUTEIbHOCTDL PJI mHTEpdepomeTpa

Fig. 3. Normalized fluctuation sensitivity of the interferometric radar

Ha puc. 4 npuBeneHsl rpaduku, WLTIOCTPUPYIOLIKE YXYAIIEHWE BAOJb 30HbI 0030pa MOoMNepevyHoil paspelia-
IOLIIeii CIIOCOOHOCTH 7(/m,) ¥ PACTSKEHUE MacIITaba rOpU3OHTATbHON NalbHOCTH ((aKTHYECKM — paclInpeHue
30HbI 0030pa K(m,) = L,/2AR), tne L, — cymmapHasi IIMPUHA 30HbI 0030pa ¢ LIEHTPOM B 3epKallbHOIi Touke. Taxk,
NpU IMPUHE CTIEKTpa curHana Af = 4 MTu cpenHee nonepeyHoe paspelieHue r, B 30He 0030pa (|my| =0,3- 2,0)

coctaBisget 600 M.
Bennunna AR onpenenseTcs, Kak BCerna, MpoIoJIbHBIM pa3MepOM aHTEHHBI D, M CKOPOCThIO annapata W,. 1na
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Puc. 4. Tlonepeunas paspeniaionias CrocoOHOCTb ry(m,) n KO3bOUUMEHT pacTsKe-
HMS MacTaba ropu3OHTAIbHOM faibHOCTH K(/m,) 11l PABHOBBICOTHbIX alNapaToB

Fig. 4. Cross-track resolution r,(m,) and the stretching coefficient of the along-track
distance K(m,) for equal-altitude devices (equi-altitude)
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Ha pwuc. 5, a moka3aHa ri00aabHasT KapTUHA 30HANPOBAHMS ITOBEPXHOCTH 3eMJIM IBYXITO3UIIMOHHBIM pama-
poMm (TaHaeMoM u3 ABYX paBHOBLICOTHBIX MKA B mpoekiiuu Mepkaropa. BugHo, 4yTo Ha 0oJibliieii YacTU BUTKa
(~ £ 70° mo mMpoTe) HeoOXoAMMast OpUEHTALIMSI aHTEHH COXPaHSIETCS — OMHAKO TIPU MePeXxoe ¢ BOCXOMSIIEro Ha
HUCXOISIINI BUTOK HEOOXOIUM IIPOrpaMMUPYEMBbIil pa3BOPOT aHTeHH, MPUIEM Tepeaarolias aHTeHHA CTAHOBUT-
cs IpUEMHOIA, a MpuéMHast — Iepenatoineii. Ha puc. 5, 6 mokazaHa cxeMa 30HAMPOBAaHUS TOJIOBHOM CEICMOBOJTHBI
BOJIM3M 9KBATOPa, UTO MPUMEPHO COOTBETCTBYET MOJIEIbHOMY M300paxeHuto puc. 1, 6. O6o3HaueHsl: W — cko-
pocTb BpaileHus 3emiun; W, — ckopoctb KA nipu yriie HakjIoHa 3 K MepuauaHy (HapucOBaHHAas TPAEKTOPUSI OTHO-
CUTCS K LIEHTPY 00JacTh 0030pa TaHaeMa); V,, — CKOpOCTh CEIICMOBOJIHBI MPH yIJie HAKJIOHA oL K Mepuanany; Ly —
paccTosiHue, TpoiIeHHoe ceiicMoBoHOM; O3 — moyioXXeHne odara 3eMJieTpsiceHusT Ha puc. 5, 6. [Ipocreitime
PacYETHI TTO3BOJISTIOT I'Py0O ONIPEISTUTh ITapaMeTPhl OIIEpaTUBHOTO MOHUTOPWHTA CEICMOBOJTHBEL.

Puc. 5. a — mioGanbHas KapTMHA 30HIUPOBAHUS IOBEPXHOCTY 3eMJIM ABYXIIO3ULIMOHHBIM pana-
pOM; 6 — MpUMepHasi MPOCTPAHCTBEHHAsI KAPTHMHA 30HIMPOBAHUS TOJIOBHOM CECMOBOIHBI BOJIU -
31 9kBaropa; O3 — IMOIOXEeHNE OYara 3eMJIeTPSICEHUsI Ha puC. 5, 6

Fig. 5. a — the global picture of the Earth surface sounding with bi-static radar; b — a spatial sketch
of the sounding pattern of the front of a seismic wave near the equator; O3 — the position of the
earthquake source in Fig. 5, b
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Bo-nepBbIX, «BpeMsi OXKuAaHMS» CEMICMOBOJIHBI Y 9KBaTtopa coctasisieT Ty = Ly/V,, ~8 4, u 3a 310 Bpemsi KA
cogepiaet ~ 10 mosyBUTKOB — €CJI YUYECThb, YTO PAAUOATBTUMETP paboTaeT Kak Ha BOCXOASIIIEM, TaK U Ha HUCXO-
JSILEeM yyacTKax BUTKa. 3aTeM, TOJeMB BpeMsi 00opoTta 3eMJIu BOKPYT Ocu Ha BpeMs noiysButka (7 = 45 MuH),
MOHO OIPEASTUTD YUCIIO MOJYBUTKOB KA, HEOOXOAUMBIX JJIs1 TOTO, YTOOBI OH OKa3ajics BTOPOI pa3 Hal TOM ke
TOYKOM MmoBepxHOCTU: 1| = 24/0,75 = 32. Takum 006pazom, «BpeMsi TOBTOPSIEMOCTU» [IJIs1 OMIMHOYHOTO (TPACCEPHO-
r0) aJIbTUMETPa cocTaBsieT bosiee cyToK. COOTBETCTBEHHO, /IJIsI PACCMAaTPUBAEMOTO 3/1€Ch MTAHOPAMHOTO aJIbTUME-
Tpa YKMCIIO MOJYBUTKOB COCTABUT 1y = W T /(L,cosB), uto pasHo 1 mipu L, ~1500 km.

CrienoBatesibHO, 1JIs PEIIeHUsT 331a4M JOCTATOYHO OJHOTO MAaHOPAMHOTIO aJIbTUMETPA, a 32 BPEMsI X012 BOJIHbI
T, oHa MOXET OBbITh 3aPETMCTPUPOBAHA HECKOJBKO Pa3 C «<BpEMEHEM MOBTOPSEMOCTH» 45 MUH. YMEHBILIUTb 3TOT
WHTEPBaJ BO3MOXHO TOJbKO yBEJIMYEHUEM KOJIMYECTBA MOCIEN0BATEIbHO 3aMycKaeMbIX TaHaeMoB. [To-Bunumo-
My, TaKO€ pellieHNe BPsI/I JIN 11eJ1ecO00pa3Ho.

AJITOpUTM 00pabOTKU KBaApaTypHbIX CUTHAJIOB, 00pa3yIolMXcsl B MHTephepoMeTpe C IolepevHoii 6a30it Ha
BBIXOJIE KOPPEJISITOpa, 3aKITI0YaeTCsl B He3aBUCMMOM HAKOIIJIEHUM Pa3HOCTHO-(ha30BbIX OTCYETOB CUHYCHOM U KO-
CHHYCHOM COCTaBIAIOLIMX C MOCIENYIOLIMM UX AEJIEHUEM APYT Ha APYra U BBEACHUEM allpMOPHOIO (Majio U3MEHS -
OIIIeTOCs 10 YTy BU3MpoBaHusl) Koadduimenra. [1py 3TOM B CMIIBHOM CTETIEHU TTOIABIISTIOTCS] BApUAIlU WHTEH-
CUBHOCTHU cuUrHaja. Bapuaiuu cpenHero ypoBHs (IpM OCPEIHEHUHU OTCUETOB HAa ME30MACIITaOHBIX IUIOIIATKAX)
HaxoasTCsl U3 COOTHOIIEHUS (2):

n=1
N .
A LH % Sin(¢, —ocn)’ 2

TC n;l
2nl,Ctgy, Cos(z—yn —6) 5 Cos(cpn _an)

rae ¢, — u3Mepsiemasi pa3HocTb (a3, o, — anmnapaTypHas (y4yuTbiBaemasi) pasHocTb (a3, BO3ZHMKaroLIas M3-3a
pasnnuus yrjia BUSUPOBAHUS Y, U YIJ1a BUSUPOBAHUS 3epKabHON TOUKU. DIIyKTyallMOHHO-YPOBEHHAs! YYBCTBU-
TeJbHOCTD (3) ompeneaseTcs LUPUHON CIIeKTpa CUTHajaa Af, pa3MepoM OCpeaHSIONIeH TIoIAnKu d U YAeJIbHbIM
(Ha 1 M?) YMCIIOM HE3aBUCHMMBIX OTCUETOB curHaia N, (4):

Ouo = e &)
A0 4Afd N, cosy, '

N, = 2 . ﬁ|m|cos3 Y- 4)
D 2Ty cD,,

X

HorycTrMasi IIMpUHA CTICKTpa CUTHAJIA, OMPEaeISoNnIas YyBCTBUTEIbHOCTh MHTEPp(epoMeTpa K ITOTI0 YPOB-
HfL, KECTKO CB3aHa KO3 (MULNUEHTOM [3, ¥ BXOIUT B 3HAMEHATEIb BRIpaXkeH!s (3) B CTENEHN TpU BTOPLIX. Pacue-
ThI TIOKa3aJu, 9To ipu d = 15 kM, Af = 4 MI't — urykTyalinoHHast YyBCTBUTETLHOCTh U3MEHSIETCST BIOTb 30HbBI
o63opa (|m| = 0,3+2) B ipenenax ot ~4 c¢m 10 ~10 cm. TIpu aTOM HCKITIOYAETCsT 00JIACTD BOJIM3K 3€PKATbHOM TOUKHI
(Jm| = 0+0,3), tme paykTyalMoHHas 4yBCTBUTEIBHOCTD Xyxe 10 cM.

TakuMm obpazoM, 151 GOPMUPOBAHUS PAIMOIOKAIIMOHHOTO Kalpa, BKIIOYAIOIIETo TOJOBHYIO CEiICMOBOIIHY,
JIOCTATOYHO BOCITOJIb30BAThCsI OAHUM MOJEIbHBIM M300paxeHueM (puc. 1, 6). B uzodpaxeHuu Boipe3aeTcsl OqHa
Tpacca ¢ lWMpuHOi kanpa 3200 KM, YTO COOTBETCTBYET BeaMUUHE 2Hm ,,, Ipu m,,, = 2,0. anee, npoBoaurcs
MOMUKCEIbHOEe CYMMUPOBaHUE UCXOTHOTO IOJISI BBICOT C HOpMaJIbHO-pacIpeneeHHBIM IIIyMOM ITPUEMHUKA, THUC-
TIepCUsi KOTOPOTO oIpeaeseTcs (payKTyalluOHHO-YPOBEHHO 4yBCTBUTEILHOCTHIO (3). B obmactu m = 0,3 3kBU-
BaJICHTHBII IIIyM MAaKCUMAJIEH, 4TO MOAABISET MOJIE3HbIA CUTHAJ, a B 00J1acTu |m| > 0,3 1IyM OKas3bIBaeTCs MOILY-
CTHUMBIM TIPY TIOPOTOBOM OTHOIIICHUY CUTHAJI/IITYM TTOPSIAKA eIMHUIIEL. TakuM 00pa3om, popMUpyeTcss HECKOJIbKO
HMCKaXXeHHOEe ITaHOpaMHOe M300pakeHNe IyTa, BKJII0Yasi TOJIOBHYIO BOJIHY.

Ha puc. 6 mpencraBiaeHo moJy4eHHOE TAKUM 00pa3oM paaroI0KaLMOHHOE M300pakKeHUE, ET0 MECTO ITOKA3aHO
Ha puc. 1, 6.

CpaBHUBas U300pakeHHE pPUC. 6 C UCXOOHBIM (MOMAEIbHBIM) M300pakeHHeM puc. 1, 6, Mbl BUIAUM KX
MPUMEpPHOE COOTBETCTBUE, HECMOTPsI Ha ToJaBJIeHNe CUTHAla — KakK 10 LEeHTPaJIbHON (MepUIMOHAILHOI) OCH,
TaK U JUIs1 CEMCMOBOJTH, CJIEAYIOLIMX 3a TOJIOBHOI BOTHOM. [To-BrauMoMy, Tpy MHOM BBIOOpE MapaMeTpoB paaapa
(BbicoTe opouThl 400 KM Tipu 1IMpUHE 30HBI 0030pa 1500 KM) BO3MOXHO YAYYLIUTH (PAYKTYallMOHHO-YPOBEHHYIO
YYBCTBUTEJIBHOCTb (3) 10 BEIMUUHBI ~2—3 CM U YBEJIUYUTH OTHOIIEHUE CUTHAJT/IITYM.

IIpencraBum Ternepb, YTO CIIYTHUKOBBIN «TaHAEM» IECTBYET U TIOJYUYEHO peabHOe M300pakeHNe TOJOBHOM
YaCcTU IPAaBUTALIMOHHON ceiicMOBOJIHBL. E€ omacHOCTb («LyHAMUI€HHOCTb») MOXHO OLEHUTh KMHETUYECKOM

SHeprueil BOJHbI MPU ABMXEHUHU C (ha30Boii ckopocThio V = /gH , H—rinybouna gHa. DHeprust (Bpacuére Ha L =1 kKM
MPOTSIKEHHOCTHU BOJIHBI) COCTABJISIET
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12 cMm

6 cM

« Ocm
5
= 210°
3
=
—6cm
197°
—12cMm

Puc. 6. PagnonsobpaxeHre rpaBUTAIIMOHHOM CEIICMOBOJTHBI B TAHOPAMHOM PaIoaIbTUMETPe, UCITOIb3Ys MOIeNb puc. 1, 6

Fig. 6. The radar image of a gravitational seismic wave in a panoramic radio altimeter with the model of Fig. 1, b

_ ALhpgH
2
TJie m — cyMMapHasi Macca BOJbI, p — IUIOTHOCTH BOJIbI, A — JUTMHA CEHCMOBOIIHBI, # — e€ BbicoTa. CoriacHo puc. 6,
mbl umeeM A = 400 kv, i = 0,1 M, H =4 xm, u Torga u3 (5) nomydaem E ~3 x 10" ]Ik, T.e. ~0,3 nentamkoyns! Takas
SHEprus KoJIoccalabHa, OHA MPHOIIKACTCS K SJHEPTUH B3phIBa HEOOIBIIOTO siepHoro 3apsiaa B ~100 kumororn THT.

E=mV? (3)

4. OcHOBHbIE BbIBOIbI

1. PaccMmoTpeHa Momenb (popMupoBaHUsT M300paKeHUIT MOPCKOI TTOBEPXHOCTU B MEPCIEKTUBHOM JBYXITO-
3ULIMOHHOM «KBa3u3epKaJIbHOM» panape, Mpy UCTOIb30BaHNM Ha TIPUEMHOM arapaTe uHTepdepomMeTpa ¢ mo-
MepevYHoi aHTeHHOI 0a30if — YTO MO3BOJIIET CO3/IaTh MAHOPAMHBIN PaTMOATETUMETP C ME30MACIITaOHbIM pa3-
peireHreM. Upe3BblUailHO BBICOKAsl OTpaXkaTesbHasi CIIOCOOHOCTh MOPCKOM MOBEPXHOCTH B KBa3u3epKaTbHOM
peXuMe JaeT BO3MOXHOCTb OOECTIEUUTh HEOOXOMUMYIO (hIIyKTyallMOHHO-YPOBEHHYIO YyBCTBUTEILHOCTD (~5 cM
Ha ~ 1 5-KWJIOMeTpOBbIX IJIONIAAKAaX) MPU CPABHUTEIBHO HEOOIBbIIIOM pa3Mepe aHTEHHOM 6a3bl (~5 M).

2. NMetoinasicst YMcieHHas: TMAPOIMHAMMUYECKAast MOJIeNIb TPABUTALIMOHHON CEICMOBOJIHBI, C(HOPMHUPOBAHHAS
o nanHbM Kypuibckoro 3emnerpsicerust (4 okTsiopst 1994 r.), mo3Bonwia chopMrpoBaTh TPEXMEPHOE PaJNO-
JIOKAITMOHHOE M300pakeHue, oTBevalolee TpeOOBaHUSIM OIePaTUBHOTO MOHUTOPWHTA TOJIOBHOM 00JIaCTH Ceii-
CMOBOJTHBI. PIIyKTyallMOHHASI-yPOBEHHASI YYBCTBUTEIBHOCTD M300paXkKeHUsI U3MEHSIETCS B IpeesiaX Kaapa, u mo-
JlydeHHOe CcTIyTHUKOBoe PJI-u300paxkeHne COOTBETCTBYET MCXOMHOU MOIENU PacTpOCTPAaHEHUS] CeCMOBOHbBI
C HEOOTBIIMMU UCKAKEHUSIMH.

3. Takum obGpa3oM, Ha Oa3e M3IOKEHHOIo MaTepurasa MpeacTaBIseTCss BO3MOXKHBIM TIEpeXo/l K peabHO pa3-
paboTKe CITyTHUKOBOTO TAHOPAMHOTO PaJIMOaIbTUMETPA.
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DOPEKTUBHOCTb UIEHTUPUKAILINU NEIbONHAMU
(TURSIOPS TRUNCATUS) KITACCOB CJIOKHBIX ITYMOITIOAOBHBIX CUTHAJIOB
B YCJIOBUSAX ITPOCTPAHCTBEHHOW HEOITPEJIEJIEHHOCTU
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AHHOTAIMSA

B pamkax vccienoBaHKsI CITIOCOOHOCTH CIIyXOBOM CUCTEMBI IeTb(MUHOB pellaTh CIIOXKHYIO 3a1ady MACHTUMOUKALIUN 1 KJ1ac-
cudUKalUU 110 OIpeaeIeHHbBIM MHBAPUAHTHBIM MPU3HAKAM IIYMOMOIOOHBIX CUTHAJIOB PACCMOTPeHA BO3MOXHOCTh €€ pe-
IIEHUST B YCIIOBUSIX TTPOCTPAHCTBEHHON HEOIPEICIIEHHOCTH MX OJHOBPEMEHHOTO TpeabsBicHus. Ha nenbdunHax-acbannHax,
00y4YeHHBIX paclo3HaBaTh M KJIaCCU(ULIMPOBATH MOAOO0HbBIE CUTHAJIBI, IIPOBEAEHO MCCIENOBAaHME MX BO3MOXHOCTH BhIOOpa
OIpEIeJIEHHOTO Kjlacca CUTHAJIOB M3 HECKOJBKUX, OMHOBPEMEHHO 3Bydanux. [eb(UH JOKEH ObUT pacrio3HaTh CUTHAIT MO~
JIOKUTEJILHOTO Kjlacca MPY OOIHOBPEMEHHO 3BYydYallleil Mape CUTHAJIOB: MOJIOXHUTEIbHBIA-OTPUIIATENbHbBIN (AJIbTepHATUBHBII
BBIOOD) ¥ MMPH OMHOBPEMEHHO 3BYYalllMX TPEX CUTHAJIAX: TTOJIOXKUTEIbHBIN-OTPULIATEIbHBIN-OTPULATEIBHBIN (MHOTOAIBTEpHA~
TUBHBII BbIOOp). [ToKazaHo, 4To AenbbuH 3(DGEKTUBHO PELIaeT MOCTABIEHHYIO 3a1ady IIPU IIPOCTOM aJbTePHATUBHOM IIPO-
CTPAHCTBEHHOM BBIOOpE U3 IBYX MCTOYHMKOB CUTHAJIOB, Ha TIpeeie TOCTOBEPHOCTH MPH BEIOOPE M3 TPEX MICTOYHUKOB W HEIO-
CTOBEPHO IPU BbIOOPE U3 OOJIBILIETO KOJIMYECTBA UCTOYHUKOB.

KuoueBbie citoBa: nenb(urH, IIyMOITOAO0HBIN CUTHAI, KJIacCU(UKAIIS, TPOCTPaHCTBEHHAsI HEOTIPEACIEHHOCTD, albTepHATUB-
HBII BBIOOpP, MHOTOQJIBTEPHATUBHBIN BEIOOD
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EFFICIENCY OF IDENTIFICATION OF COMPLEX NOISE-LIKE SIGNAL CLASSES
BY DOLPHINS (TURSIOPS TRUNCATUS) UNDER SIMULTANEOUS PRESENTATION
SPATIAL UNCERTAINTY
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Abstract

The possibility of dolphin’s auditory system to solve the complex problem of identifying and classifying noise-like signals
according to certain invariant features is considered under conditions of spatial uncertainty of their simultaneous presentation.
There was studied the ability of bottlenose dolphins, which were trained to recognize and classify such signals, to select a certain
class of signals from several that sound simultaneously. The dolphin had to recognize a positive class signal with a pair of simul-
taneously sounding signals: positive-negative (alternative choice) and with simultaneously sounding three signals: positive-nega-
tive-negative (multiple choice). It’s shown that the dolphin effectively solves the problem with a simple alternative choice of two
signal sources, at the limit of reliability when choosing from three sources and unreliable when choosing from more sources.

Keywords: dolphin, noise-like signal, classification, spatial uncertainty, alternative choice, multiple choice

Ccepika it uutupoBanust: Axu A.B. DddextuBHOCTh MaeHTuduKamu neabduHamu (Tursiops truncatus) KJIaccoB CIOKHBIX
IIYMOTIONOOHBIX CUTHAJIOB B YCIIOBUSIX TIPOCTPAHCTBEHHOU HEOTIPEIEIEHHOCTH X OMTHOBPEMEHHOTO TipenbsiBienus // OyHna-
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Efficiency of identification of complex noise-like signal classes by dolphins (7ursiops truncatus) under simultaneous...

1. Beenenue

HccnenoBaHne OCHOBHBIX IIPUHIIUIIOB M MEXaHM3MOB aKyCTUUYECKOTO aHAIM3a U BBIICHEHNE OCOOSHHOCTEH
(DYHKIIMOHMPOBAHMS CITYXOBOM CUCTEMBI MOPCKUX 3XOJIOLMPYIOLIINX MIIEKOITUTAIOIINX TIPEICTABIISICT BOIIPOC UC-
KJTIOYMTEIbHOM BaxKHOCTU. OpraH ciiyxa y 9TUX XKMBOTHBIX pelllaeT 3a1ady YCTAaHOBJIEHHUS CBOMCTB UCTOUHMKA 3BY-
Ka 1 HalpaBJICHUS HA HETO KaK B AKTUBHOM PEXUME, KOTIa OOBEKTHI 00JIy4atoTCsl COOCTBEHHBIMU 30HIUPYIOLIUMU
CHUTHAJIaMU AeJIb(MHA ¥ CTAHOBSITCS UCTOYHMKAMU 3Xa, TAK M B TACCUBHOM PEXMME, KOTIa MHTEPECYIOIINE K-
BOTHOTO OOBEKTHI CAMU SIBJISIIOTCSI MICTOUHMKAMU 3ByKa. B mocienHeM ciiyyae opraH ciayxa paboTaeT Kak caMOCTO-
SITebHAsI CUCTEMa aHaIM3a aKyCTUISCKUX CUTHAJIOB U TSI 3(h(PeKTUBHOTO BOCIIPUSITHUS 3BYKOB MOJKECH 00J1an1aTh
CBOMCTBOM IMAaHOPAMHOCTH, T. €. OBITh IIOCTOSTHHO TOTOBBIM K IPHEMY CUTHAJIOB BO BCEM BO3MOXHOM IUaria3oHe
HarpaBJIeHU, pacCTOSSHUI, UHTEHCUBHOCTE, MOMEHTOB TOSIBJICHUSI U CIIEKTPaJbHO-BPEMEHHBIX XapaKTepH-
CTUK. YCIIOBUSI pabOTHI CIIyXa Y 3XOJIOIUPYIOIINX MOPCKUX MJICKOITUTAIOIINX B AKTUBHOM M ITACCUBHOM pEeXXMMax
CYIIECTBEHHO pas3nnJatoTcs. [laccCuBHBINM CiTyx, 00eCIeYnBaloINil BOCIIPUSTAE CUTHAJIOB C 3apaHee HEM3BECTHOTO
HarpaBJieHusI, JOJKEeH ObITh HeHampaBieHHbIM. CIyxoBas cucTema, paboTarollasi B TaCCUBHOM peXuMe, T10 Cy-
LIECTBY paboTaeT 1Mo MeTOIy, U3BBECTHOMY B TMUIPOJIOKALIMY KaK meseHroBaHue. OOHapyXeHne UCTOYHUKOB CUT-
HaJIOB €CTECTBEHHOTO MJIM MCKYCCTBEHHOTO TTPOMCXOXKICHUS U OIpeAe/ieHe HATIpaBIeH!Us Ha HErO JOCTUTAaeTCs
MyTeM UCCJIeNOBaHUS TPOCTPAHCTBEHHOI CTPYKTYPbI 3BYKOBOTI'O TOJISI, CO31aBaeMOT0 pa3IMYHbIMU OObEKTAMMU.

B xome aBomonnm ciyxoBasi cucTteMa Ieab(MUHOB IMPUCITOCOOMIACH PadOTaTh B YCIOBUSIX ITOCTOSTHHOTO NEii-
CTBHSI aKyCTMUECKMX ITOMEX, TAKMX KaK MOPCKHUE IIYMBI OMOT€HHOI0, aOMOTEHHOTO M aHTPOIIOTEHHOTO ITPOMC-
XoXaeHus. Bo MHOTUX 3KCIepUMMEHTaIbHBIX paboTax u3ydyeHa mpobsieMa BbIIeJeHUS Nelb(prHAMU TOJE3HOTO
CHTHaJIa U3 IIyMoBoit momexu [1—4]. OmHaKo CyIIeCTByeT He TaK MHOTO MCCIICIOBAHU IyBCTBUTEIIBHOCTH CITyXO-
BOI CCTEMBI IeTb(OUHOB K BOCIIPUSITHIO COOCTBEHHO IIIyMOBEIX CUTHAJIOB, MEHSTIOIIINX CBOU TTApAMETPHI, a TAKKE
K MX KjJaccubUKalM T10 ONpeaeeHHOMY MHBapUaHTHOMY NpU3HaKy. X BocnipusiTue MHTEPECHO C OJHOM CTO-
POHBI OTOMY, YTO OOJBLIMHCTBO PEAbHO CYLIECTBYIOLIMX B MOPCKOW Cpelle 3BYKOB UMEET LIIYMOBOI XapakTep,
W, C IPYTOM CTOPOHBI, 3TU CUTHAJIBI IMEIOT B CBOMX CITEKTpaX MHOTO ITPU3HAKOB U COCTABJISIIOIINX, KOTOPhIE MOTIIN
OBl OBITh MCTOJIB30BAaHbI AeIbMOUHOM MPU UX paclo3HaBaHUM U UACHTUGbUKAIUU. M3ydeHre Toro, Kak u Kakue
CIIeKTpaIbHbIe MHDOPMAIIMOHHBIE TPU3HAKN UCTIOIB3YIOTCS TIPY PACIIO3HABAHUM CUTHAJIOB, TTO3BOJIMIIO OBI IIPH-
WTH K TOHUMaHMIO MEXaHU3Ma pabOTHI CIIYXOBOI CHCTeMBI. BhImeneHne CTyXOBOM CUCTEMOM B CIIEKTpE CHUTHA-
JIOB MH(OPMALIMOHHBIX MPU3HAKOB, COAEPXKAIIIMX MHBAPUAHTHOCTD MPUHAUIEXXHOCTH K ONpeaeIeHHOMY KJaccy,
BIiepBhIe OblT1a paccMoTpeHa H.A. JIyopoBckuM ¢ coaBTopamu [4, 5]. UMmu Xe Obla MpeacTaBieHa uepapXudecku
OpraHM30BaHHasI CHCTeMa HEe3aBUCHMBIX CIICKTPaJbHBIX MPU3HAKOB, KOTOPhIE MOTYT OBITh MCIIOJB30BAaHBI KakK
WHBapUaHTHI MPU KiacCubUKalMi CUTHAJIOB. B mopsinke 3HaUMMOCTH 3TO: 1) MaKpOCTpyKTypa criekTpa (hopma
ero ormdaroIeii); 2) MUKPOCTPYKTypa CIEKTpa (IMCKPETHBIC COCTABJISIONINE) U 3) 3HEeprus curHaia. B Hammx
paborax [6—9] OblI1a IOKa3aHa CIIOCOOHOCTh K BOCHPUSITUIO U KiacCUdUKALUU AeJb(PUHAMU HU3KOYACTOTHBIX
LIYMOTIOMOOHBIX CUTHAJIOB, BO3MOXHbIE MH(MOPMAIIMOHHbIE TPU3HAKU B CITIEKTPE CUTHATIOB, HEOOXOAUMBbIE U 10-
CTaTOYHBIC TSI UX MPABUJIBHON MACHTU(UKAIINN, a TAKXKE UX UepapXuiyecKas 3HAaYNMOCThb. TeM He MeHee, HeKO-
TOpPBIEC ACITEKTHI BOCIIPHUATHS AeTb(MHAMU IMOJOOHBIX CUTHAJIOB OCTAJIMCH HeM3ydeHHBIMK. B HacToseir padbote
HCClen0Bagach ClIOCOOHOCTh AeMb(MUHOB pa3anuyaTh U KiIacCU(GUIIMPOBaTh IIYMOMOI0OHbIE CUTHAJIBI B YCIOBHUSIX
MPOCTPAHCTBEHHOI HEOTIPENEICHHOCTU UX OMHOBPEMEHHOTO IIPEAbsIBICHNUS TIPU BRIOOPE C pa3HOIt CTEIICHBIO aJlb-
TEPHATHUBHOCTH HAIIpaBJICHUS UX U3TYICHHUSI.

2. Marepuajbl © METOIbI

Ha nmenpcuHax-acdanmHax, oOy4eHHBIX PacO3HABATh U KIACCU(PUIIMPOBATH ITYMOIIOIOOHBIE CUTHAJIbI, OBLIO
MPOBENCHO MCCIeNOBAHNE MX BO3MOXHOCTHM BBIOOpA OTPENEIEHHOTO KJIacCa CUTHAJIOB M3 HECKOJIBKUX ONHOBpE-
MeHHO 3Byvalux. CUTHaJIbl, UCIOJIb3yeMble B TaHHOK paboTe IO MCCIeIOBAHMIO CIIOCOOHOCTH AEIB(MUHOB K MX
MPOCTPAHCTBEHHOMY BBIOODY, TIPEICTABIISIIM M3 Ce0s1 UMUTALIMU IITyMOB WIM IIIyMOITONOOHBIE CUTHAJIBI, KOTOPHIE
MPUMEHSUTICh HAMM B TIPEIbIIYIIMX padotax [6—9] (puc. 1). B ocHOBY MMUTAIIMK ITYMOB OBUT TTOJIOKEH METON 00-
pa30BaHUs IIMPOKOMOJOCHBIX CUTHAJIOB, MPEACTaBISIONIMX COO0I COBOKYITHOCTb UMIYJIbCOB Pa3HOI MOJISIPHOCTH,
HaXOSIIIIMXCS B TICEBIOCTYYaliHBIX TIOCEIOBATEIFHOCTSIX. B OTiIMUme oT cayJaifHbIX TTOCIeA0BaTeIbHOCTEHM, B HUX
TOCJIeIOBATEIbHOCT UMITYJIbCOB UMEET TePUO, ¥ BHIXOTHOE HAIPsDKeHWE M3MEHSIETCs ¢ YaCTOTOM, KpaTHOM Ja-
CTOTE TAKTOBBIX UMITYJbCOB (ObLTA MPUMEHEHBI MPSIMOYTOJbHbIE UMITYJIbChl C 3allOJTHEHUEM Hecylllell 4acTOToi
125 xI'r). Co3maHHBIN UTISI CUHTE3a IITyMOTIOAOOHBIX CUTHAJIOB T€HEepaTOp IMO3BOJISLT MOAEIMPOBAThH OOIBIIIOE MHO-
roo0pasue IIyMOIIOI0OHBIX TTPOIIECCOB, CPEIN KOTOPHIX OBUTA BHIOPAHBI TPY TTOCIENIOBATEIHBHOCTH UMITYJTHCOB, 3a-
JAloLIKX OIpeneaeHHbIN Kiaacc curHaioB (1-it kinace — 10100000, 2-it kmacc — 10100110, 3-it kmace — 11110000).
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Puc. 1. BpemeHHast 1 crieKTpajibHasi CTPYKTYPhI CUTHAJIOB: @ — BpPeMEHHasl CTPYKTypa CUTHAJIOB. T — Tepuol CIeIOBaHUS

TPYIITBI UMIYJIBCOB B TocnenoBarenbHoctu. T = 736 mxc, T, = 4480 mxc, T3 = 2080 MKC. T — MUHMMAJIbHAsI JUTUTETbHOCTD

OJTHOTO MMITYJIbCA B KaXKIIOM peXuMe paboThl: T; = 92 MKc, T, = 560 Mkc, T3 = 260 Mxc (7' = 87); 6 — cnieKTpaibHasi CTPyKTypa
curHaoB. 1o ocu aGcLuce — YacTora, 0 OCH OPAMHAT — aMILIATYAA CIIEKTPaIbHBIX COCTABIISIOLINX

Fig. 1. Temporal and spectral structures of signals: @ — temporal structure of signals. 7' — repetition period of a group of impulses
in a sequence. 7; = 736 mcs, T, = 4480 mcs, 73 = 2080 mcs. T — minimum duration of one impulse in each operation mode.
T; = 92 mcs, 1, = 560 mcs, 13 = 260 mcs (7 = 8 T); b — spectral structure of signals. Abscissa — frequency, Y-axis — spectral
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BHyTpr Kaxkmoro Kjacca ITOCIeI0OBAaTeIbHOCTA MOTJIM PACTITUBATBCS WU CKUMAThCSI. DTO MPOUCXOMIWIO MyTeM
3aJaHusl pa3HOM BPEMEHHOM IJIMTEIbHOCTH OQMHOYHOIO MMIIyJibca, KoTopas coctasisia 92, 260 u 560 mkc. Ta-
KUM 00pa3oM, TpU CUTHaJIa pa3HOIo YaCTOTHO-BPEMEHHOI'O MaciuTaba, HO OJHOI YaCTOTHO-BPEMEHHOM CTPYKTYPhI
TIPEACTABIISTA OOWH KJIaCC CUTHAJIOB, a IBE IPYTHUE CTPYKTYPHI C CUTHAJIAMU pa3HOTO MacITaba — JIBa IPYTHUX Kiracca
curHanoB. Kaxiplii Kitacc CUTHAJIOB OMNPEAeIsICS CBOe (DOpMOIi CIeKTpa U OAMHAKOBBIM HA0OPOM pacIipeaesieHUst
JUCKPETHBIX cocTaBstommx. OOMH KJIacC CUTHAJIOB OBLT BEIOpPAH KaK TMOJIOKUTEbHBINI, IBa IPYIrUX — KaK OTpUIIa-
TenbHbIe. [11s1 IByX neb(UHOB OHM ObUTH pa3Hbie. 1151 0THOTO TIOJIOKUTETLHBIM ObLT IMEePBBIi KJlacc, IUTsl IPYToro —
TpeTuit. DDhEeKTUBHBIN YaCTOTHBII Irana3oH CUTHAJIOB ObUT cocpenoToueH B mojoce 150 I'm...5 kI,

DKCIEpUMEHTHI MPOBOAMINCH B PACITONIOKEHHOM B OTKPBITON OyXTe MOpPSI CBaliHO-CETEBOM BOJibepe 9 X 7 X
X 5 M Ha OBYX B3pOCTBIX AebdrHax-adaanHax, paHee Y4aCTBOBABIINX B aKYCTUIECKIX MCCIICIOBAHMSIX, TIPOBEICH-
HBIX [0 METOAMKE MOBEACHYECKUX PEaKIIUii C MUILEBBIM MTOIKPEIJICHUEM ITPY CBOOOIHOM IJIaBaHWHU KMBOTHBIX. Ha
TIpeabsIBICHUE TTOJIOXKUTEIBHOTO CUTHAJA AeTb(hUH MTOJKEH OBbLT IMTOMONTH K PaCIIOOXKEHHOMY Tiepe TUAPO(hOHOM
nHINMGEPEHTHOMY TTIEHOIIACTOBOMY MaHUITYJIITOPY M KOCHYTHCS €0 POCTPYMOM, 3a UTO TOJTydast peIOy. Peakiims
Ha OTpULATEIbHBII CUTHA He MoAKperUisiachk. [lepBoHavanbHO Tiepe1 JKUBOTHBIM CTaBUJIACh 3aa4a OTJIMYMTD T10-
JIOXKUTETbHBIN KJIACC CUTHAJIOB C IJTUTEIBHOCTBIO UMITYJIbCa 92 MKC OT TaKOTO e IO IIUTeIbHOCTY MMITYJIbCa, HO
OTJIMYAIONIETOCS TT0 BPeMEHHOM TTOCIeI0BaTeIbBHOCTI MMITYJIBCOB CUTHAJIA OTPULIATEILHOTO Ki1acca. CUTHAIBI IBYX
KJIaCCOB B CJTYYaiiHOM TIOPSIIKE TOCII0BATE/IEHO ITOIaBaIMCh HA OIMH U3JTy4aTellb, KOTOPbIN pa3Mellaics B BOJIbe-
pe B 6 M oT xkuBoTHOTO. [IpenbsBisiemast mporpamma cocrostia U3 20 CUTHAJIOB TTOJIOKUTEIBHOTO 1 10 20 CUTHAJIOB
KaXXIIOTO M3 OTpUIATEIbHBIX KJTAacCcOB. [T0CKOIBKY B KasKIOM KJlacce CUTHAJIBI OBLTU TIPEICTaBICHBI TPEMS JITUTEThb-
HOCTSIMU UMITYJIbCa, BCETO XKMBOTHOMY B ITporpaMMe npenbsasisuiochk 120 curHanoB. Kak nmokasaiu 3KCIepUMEHTHI,
NeNbGhUH YCTICITHO pelaj 3amady KiacCu(UKaluy MOJOXUTEIbHOTO Kjlacca IITyMOB B YCIOBHSIX, KOTa Ha TOT Xe
ruapodOH TTOCIeAOBATEILHO TIPEIBSIBIISIICS KJIACC OTPUIIATEIBHBIX CUTHAJIOB. B pe3ynbraTe IepBOHAYAIEHOTO 00-
yueHus1 eabGUHBI KIacCUDULMPOBAIU MPEAbSIBISIEMbIE UM CUTHAJIbI C BBICOKOI BeposiTHOCTBIO (P = (0,95—1,00).

B ectecTBeHHOI cpene oOUTaHUS AeTb(MUHBI PEIKO CTAJIKUBAIOTCS C TAKOM MPOCTOM 3amadeii pacro3HaBaHMSI.
Yarre BO3HMKAaeT HEOOXOIMMOCTh BBINEJICHUS ITOJIC3HOTO CUTHaja Ha (hOHE OTHOBPEMEHHO ITPUCYTCTBYIOIINX
B MOPE MHOXECTB ITOXOXHMX CUTHAJIOB, SIBJISTIOIIMXCS B TaHHBIIA MOMEHT IToMexoii. [TpryeM, MCTOUHMK HaXOXKIEHMST
B IIPOCTPAHCTBE TOJIE3HOTO CUTHAJA Yallle BCero Hem3BecTeH. IMeHHO mo3ToMy ObliIa TTOCTaBJIeHa 3amgayda oIpe-
JIETUTh CIIOCOOHOCTD CIIYXOBOM CHCTEMBI AelIb(pbHA KIIaCCU(UIINPOBATH IIIyM KaK ITOJIE3HBIM CUTHAJ B YCIOBUSIX
MPOCTPAHCTBEHHOW HEONPEIeIEHHOCTHU ero MPUXo/ia IpH albTepHATMBHOM BbIOOpE. [1J1s1 3TOro B aKBaTOPUIO TTPO-
BEICHUS SKCIIepUMeHTa ObUT BBEICH BTOPOU MACHTUYHBINM TMIPOMOH Ha pacCTOSTHUU 3,5 M OT TiepBoro (puc. 2, a).

IMonsaTHO, 9TO 3(PHEKTUBHOCTH MPABIIIBHOM pabOTHI SKUBOTHOTO B TAKKX YCJIOBUSIX 3aBUCHT €IIIE W OT YIJIOBOTO
pa3HeceHUsI MICTOUHUKOB curHayioB. YeM yros 6onbiie (BrioTh A0 180°), Tem Jierye 3agava U Bblllie Pe3yJIbTaT UACH-
trduKauru. [1py CIUIIKOM OCTPBIX YIJIax 3aJaya CTAaHOBUTCS MPaKTUYECKM HEBBITTOTHUMOM. B ccienoBany ObLT

Puc. 2. CxeMa 5KCNEPUMEHTOB: @ — albTeP- q) a) 6) b)
HATMBHBIA (M3 [ByX) IPOCTPAHCTBEHHBI Bbl- o 7Oy — ! - 7,0 —————>
00p CcHUTHajla MOJIOXKUTENbHOrO Kiacca. No | i
u Ne 2 — runpodoHbI, U3Tydyarole pa3Hble Ne 2 Ne ] No 1
CUTHAJIBI (YEPHBIE TOUYKU) U MAHMITYJISITOPHI,

@]
O O, 35M 35
3,5M ’ DM O
KOTOpBIE JOJDKEH yOApUTh OeIb(PUH IIpu 3a-
BepLICHUU peakiuu (Oebie KpyKKu). benbrii
KPY>KOK BHM3Y — MaHMUITYJISITOP CTAPTOBOM 10~
3ULIMU; 6 — MHOTOAJIBTEPHATUBHBIN (M3 Tpex)
=
- <
> N % QS’

No 3 Ne 2

MPOCTPAHCTBEHHbII BEIOOP CUTHATA MOIOXKM- ?»0
TeabHOro kiaacca. Ne 1, Ne 2, Ne 3 — runpodo- ) o o -

Hbl U MAHUITYJIATOPbI aHAJIOT'MYHO pUC. 2, a

9,0 M

Fig. 2. Experiment scheme: a — positive class
signal alternative (of two) spatial choice. No 1 and
Ne2 — hydrophones emitting different signals
(black points) and manipulators that the dolphin
must hit when the reaction is completed (white
circles). White circle at the bottom — start posi-
tion manipulator; b — positive class signal mul- '
tiple (of three) spatial choice. No 1, Noe 2, No 3 —

hydrophones and manipulators similarly Fig. 2, a P=30% \ P=75%
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B3AT CJIyJail CpeHETO YITIOBOTO pa3HeCeHUsI MCTOUYHMKOB ~45°, Taknm 00pa3oM, OMHOBPEMEHHO B CIIyJalfHOM T10-
psiIKe Ha OJIMH M3 Pa3HECEHHBIX THAPOMOHOB IMOCTYMA CUTHA TTOJIOXUTEILHOTO KJlacca, Ha IPYToii IMOCTyIa CUT-
HaJI OJTHOTO 13 IBYX OTPHUILIATEIBHBIX KJ1accoB. Ha KaxKmbIit 13 TMaApo(OHOB B CIyJaifHOM MOPSIIKE MOTJIU ITOAaBaThCS
CUTHAJTBI KaK TTOJIOKUTEIIBHOTO, TaK ¥ OTPUIIATEIBHBIX KJIACCOB JIFO00I 13 BEIOPAHHBIX JJI SKCIIEPUMEHTA IJTATEITh-
HOCTel MMIysTbca. YMCIo pas3IMyHbIX COYETAHUI TTOOKUTEIBHBIX U OTPHUIATEIbHBIX CUTHAJIOB TPEX IJIATEITbHO-
CTeii, TIogaBaeMbIX Ha JiBa TMIpodoHa, cocTaBisieT 18. DkcnepuMeHTanbHas ImporpaMma coctosiia 13 20 ImoBTOpOB
BCEX BO3MOXKHBIX coueTaHuii. Takum o6pa3oM, obliiee KOJIMYECTBO MperbsaBIeHII cocTaBsio 360.

Ha BTOpOM 3Tame mcciiefoBaHMST ITPOUCXOAMIIO YBEIMYEHNUE TTPOCTPAHCTBEHHONM HEOIPEAeICHHOCTH TOSIB-
JIGHUsI TIOJIC3HOTO CHTHAJIa, YTO OCYIIECTBIISIIOCH IyTeM BBEICHUS B aKBAaTOPUIO BOJIbePA TPETHETO UICHTUIHOTO
ruapodoHa C TaKUM Xe TTPOCTPaHCTBEeHHBIM pa3HeceHHeM (pHc. 2, 6). 3agada XXKMBOTHOTO COCTOSIIA B TIPABIJIBHOM
00HAPYKEHNU NCTOYHMNKA CUTHAJIOB ITOJIOXKUTEIBHOTO KJIacca, KOTOPhIe MOTJIH TTOAaBaThCS B CIIydaifHOM MTOPSIIKE
Ha J1000l M3 TpeX PacIlOJOXEHHBIX B BOIbepe TMaApodoHoB. OTHOBPEMEHHO Ha JBa IPYIMX MOJABAIUCH IITyMbI
OTPUIIATEILHBIX KJIaCCOB. TakuM 00pa3oM, KaxkIoe coueTaHe OMHOBPEMEHHO TTPEICTABISIEMBIX CUTHAJIOB BKITIO-
YaJio OJMH CUTHAJI TTOJIOKUTEJIBHOTO KJIacca M JIBa CUTHAJIa OTPULIATEIbHBIX KJIACCOB Pa3HbIX AIMTeIbHOCTEN. Pa-
Oouas TIporpaMMa oOecrieurBaja MPeabsIBICHUE B CIyYailHOM MOPSIIKE BCEX BO3MOXHBIX COUCTAHUM, KAaKOBBIX
nosyaniiock 81, Ha Tpu ruapodoHa. CoyeTaHUs TIPEABIBIISIINCH AHAJIOTMYHO C TICPBBIM 3TarloM IBadliaTh pas,
o0l1ee YMCIo npeabsapieHuii — 1620.

2. Pe3yabTaThl 1 00CyXKIeHHE

PesynbraThl 5KCIIEPUMEHTOB B BUIE YCPEIHEHHBIX BEPOSITHOCTEH MTPaBMJIBHOTO BBIOOPA JeTb(OUHAMU MTPEIb-
SIBICHHBIX CUTHAJIOB TaHBI B Tabnuiie 1.

BeposTHOCTB pacTtio3HaBaHUS MOJIOXUTEILHOTO KJTacca IIYMOBBIX CUTHAJIOB TP IIPOCTOM aIbTePHATUBHOM
MPOCTPAHCTBEHHOM BBIOOPE M3 [IBYX PA3HECEHHBIX HCTOYHUKOB COXpaHsIach BhICOKOH (P, = 0,9). CurHasbl
C IUTUTEJIbHOCTBIO UMITYJIbca 260 MKC MMeIn HAauOOJIbIIIYIO BEPOSITHOCTD pasinndeHus (91 %). He BoisiBIIeHO Tipe-
MMYIIECTB pacIlO3HaBaHUS B COYETAHUM CUTHAJIOB ITOJOXUTEIBHOTO KJlacca ¢ CUTHAJIAMU KaKOTro-JI100 M3 OT-
pUIIATENIBHBIX KJIacCOB. BBemeHne MpoCTpaHCTBEHHOM HEOIpPeaeIeHHOCTH MOJIE3HOTO CUTHAIa B BUE €ro Mmo-
SIBJICHUSI HA OMHOM U3 IBYX Pa3HECEHHBIX B BOJIbepe TUAPO(POHOB HE3HAYMTEIbHO CHIXAIO BEPOSITHOCTD €0
UAEHTU(hUKALUN.

Tabauuya 1
Table 1

BeposiTHOCTH NPABUJIBHOTO BHIOOPA /1eIb(PMHAMYM CUTHAJIOB MOJIOXKHUTEIBHOTO KJIAacca U3 ABYX
¥ TPeX OHOBPEMEHHO 3BYYAIMX CTOYHMKOB

Probabilities of correct choice by dolphins of a positive class signals from two and three simultaneously sounding sources

JLinTeIbHOCTh BeposiTHOCTD MPaBUIIbHOTO BbIOOpA JloBepuUTEIbHBII
AJIbTEpHAaTUBHOCTDb BbIOOpA Curnan
UMITyJIbca Henbbunl Henbbhun2 CpenHee MHTEpBal
92 0,88 0,90 0,89 +0,01
A 260 0,90 0,92 0,91 +0,01
560 0,90 0,90 0,90 +0,01
92 0,88 0,88 0,88 +0,01
Bb160p 13 IBYX MICTOUHUKOB b 260 0,90 0,92 0,91 +0,01
560 0,88 0,92 0,90 +0,02
92 0,88 0,90 0,89 +0,01
B 260 0,91 0,92 0,92 +0,01
560 0,90 0,88 0,89 +0,01
92 0,74 0,78 0,76 +0,02
A 260 0,76 0,80 0,78 +0,02
560 0,75 0,75 0,75 +0,01
92 0,73 0,75 0,74 +0,01
Bp160p 13 Tpex HICTOYHUKOB b 260 0,75 0,75 0,75 +0,01
560 0,72 0,74 0,73 +0,01
92 0,74 0,74 0,74 +0,01
B 260 0,75 0,77 0,76 +0,01
560 0,73 0,75 0,74 +0,01
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CpenHsis BEpOSATHOCTb MTPABWIbHON UIEHTU(PUKALIMY MOJOXUTETBHOIO KJIAaCCa CUTHAJIOB TIPU MHOTOAJIbTEP-
HaTMBHOM BbIOOpe Ha (hOHE JABYX OJHOBPEMEHHO 3BYyYalllUX OTpUIIATEIbHBIX cocTaBuia 75 %. CUrHajbl ¢ 1Id-
TEJIBLHOCTBIO MMITYJIbca 260 MKC Tak:Ke MoKasaay HeOOJIbIIIOe ITPEMMYILIECTBO B paCO3HABaHUU U KJIaCCU(UKALINT
(Ha 1-2%). JanbHeiilliee yBeIMUeHNE MPOCTPAHCTBEHHOM HeOIpeaeJeHHOCTH TIPUXO/a MOJIEe3HOTO CUTHaIa Ha
(hoHe 6oJbIIETO YKCIIa OTPULIATETBHBIX 0KA3a710Ch HEBO3MOXHBIM U MTPUBOIMIIO K HEOCTOBEPHOIt pabOTe KMBOT-
HBIX TI0 UX PACTIO3HABAHUIO U KJIacCU(UKALIUU.

IMonyyeHHbIE faHHBIE CBUAETENBCTBYIOT O TOM, YTO KiIacCU(pUKAIUS AeTb(UHAMU UTYMOBBIX CUTHAJTIOB B yC-
JIOBUSIX MIPOCTPAHCTBEHHOIN HEOMpPeaeIeHHOCTU OJHOBPEMEHHOTO MPEAbSIBICHUSI BO3MOXHA U TOCTATOUHO BbI-
COKa MpU TIPOCTOI TMPOCTPAHCTBEHHON ajibTepHATHBE (BA OMHOBPEMEHHO 3BYYalllUX MCTOYHUKA CUTHAJIOB),
HO C POCTOM JIbTEPHATUBHOCTU BHIOOpPA PE3KO TaJaeT BEPOSTHOCTh MPAaBWIBHOM PabOTHI XKUBOTHBIX (TTPU TPeX
WCTOYHUMKAX pe3yJIbTaT ellle TOCTOBEPHbIN, MpU YeThipeX yxXe HeT). PaboTa pelana 3agauyu onpeaenaeHusi MpuH-
LIMTTMAJIbHON BO3MOXHOCTH pellieHUs Neb(MHOM CIIOXHOM 3a1aun KiaccudUKaluy IIyMOB B YCJIOBUSIX Pa3HOM
CTEeTIEHU TTPOCTPAHCTBEHHOM HEOTpeIeIEHHOCTH X IIPUXOa.

B ocHoBe opmMrpoBaHUS MPOCTPAHCTBEHHBIX XapaKTePUCTUK CIYXOBOTO MpUeMa JiexaT (pu3nosornyeckue
MEeXaHU3Mbl OMHAYPaJIbHOTO CllyXa, 00ecreuynBalole HarpaBiIeHHOe U301 paTeTbHOE BOCIIPUSTIE aKyCTUUYECKOM
VHGOPMALIMU U3 OKPYXKAIOIIETO MPOCTPAHCTBA U OCOOEHHOCTU OpUEeHTALIMOHHOTO noBeaeHus Buaa [10]. s no-
LIMPYIOIIMX KUBOTHBIX HAITPaBJEHHOE BOCIIPUSITUE CUTHAIOB IMPpUOOpeETaeT 0cob60 BaxkHOE 3HaUYE€HNE, T. K. UMEHHO
9TU KUBOTHBIE TIOCTOSIHHO CTaJIKMBAIOTCS C HEOOXOMMMOCTBIO OTIMYATh HYXKHBIM TOJIE3HBIN CUTHAIT OT MOXOXUX
TMTOCTOPOHHUX CUTHAJIOB TI0 HEOOJIBIIION pa3HUIlE B yIiax mageHus 3Byka [11, 12]. CrtocoOHOCTh CITyXOBOit cucTe-
MbI OTCTpauBaTh OJMH CUTHAJI OT IPYTOro 3aBUCUT OT CTETNIEHU MPOCTPAHCTBEHHOTO pa3HECEHNSI UICTOUHUKOB CUT-
HaJIOB U CBOMCTBEHHA psITy BUIOB XUBOTHBIX. B mccienoBaHusix Ha yesoBeke, MPOBEAEHHBIX MO METOJUKE TTPO-
CTPAaHCTBEHHOTO CMELIEHUSI CUTHAJIA, ObLIO TTOKA3aHO, YTO MPOCTPAHCTBEHHOE pa3/ie/IeHue UCTOYHUKOB CUTHAIA
M MOMEXU MPUBOIUT K MaJeHUIO MACKUPYIOLLETO BAMSIHUS MoMexu Ha BeanuuHy a0 10 b [13, 14]. ¥V neabpuHa
pa3HeceHre UCTOUHUKOB CUTHAJIA U IIIyMa B TOPU30OHTAIBHOU MIOCKOCTH MPUBOAUT K YMEHbBIIIEHUIO MaCKUPYIO-
IeTo BIMSHUS myMa Ha BenunHy 10 30 nb [15, 16]. Takoe Xe mageHue BeTUIMHBI MACKUPOBKU MTOJYYEHO IS
Jetyyux Mbiieit [17]. TIpu npocTpaHCTBEHHOM pa3HECEHUU NCTOYHUKOB TMOJIE3HOTO0 CUTHaa MTPOMCXOAUT NeMa-
CKUPOBKa, TTPOUCXOMSIIAS 32 CUET HATMYUSI MHTEPAypPATbHBIX PAa3IMUUil B CUTHAJIE, U CUTHAJT CIIBIIIUTCS JIy4Ille.
B ciygae nmpocTpaHCTBEHHOTO COBMEIIIEHUSI ICTOYHUKOB CUTHAJIA U TIOMEXU HE CYIIECTBYET MHTEPAaypaTbHbIX pa3-
JIMYMI B mapamMeTpax CUTHAJIOB Ha BXOJAE CUCTEMbI, U BeJIMYMHA MAaCKMPOBKU OKa3biBaeTCsl HauoboJiblieil. B aToM
ciyyae paboTaloT UHbIE MEXaHU3MBbI, OOJIETYalolINe BblIeJIeHUE 3BYKOBBIX CUTHAIOB Ha (hOHE IiIyMa: TpeaBapu-
TeJIbHAsT HACTPOITKA CITYXOBO# CUCTEMBI TPU MPHUEMe COOTBETCTBYIONINX CUTHAJIOB; ONITUMAaJIbHAST YacTOTA 3aTloJI-
HEHMS CUTHaJIa; 10CTaTOYHasl CUJla CUTHaJIa.

4. 3akmouenue

ITpoBeneHHBIEe HAMU paHee MCCieNoBaHMsT [6—9] moKa3aiu, 4To CiyxoBasi CUCTeMa Jeb(rHa CITOcCOOHa pas-
JINYATh U KJIaCCU(ULIMPOBATh HU3KOYACTOTHbIE IIIyMbI KaK IOJIE3HbIE CUTHAJIbI, €CJIM B UX CTPYKTYPE UMEIOTCS MH-
BapMaHTHBIC IIPU3HAKUA B BUIE OIpPEICICHHON PUTMIUYIECKON MTOCIeI0BATEIEHOCT UMITYJIbCOB. CIIOCOOHOCTh 3Ta
COXpaHSIETCST ¥ TIPY N3MEHEHWHW YaCTOTHO-BPEMEHHOIO MacITada mpeacTaBIeHUsT CUTHAIa BHYTPH KJjlacca, T. €. IIPU
€ro PacTSKeHUU-CKATUM, YTO JOCTUTAIOCh U3MEHEHUEM IIMTEIbHOCTU UMITYJIbCa BHYTPU KaXIoro kKiacca. B Ha-
CTOSIIIIEM MCCIeIOBAaHUM TI0OKA3aHO, UYTO CIYXOBas CHUCTeMa Jeb(MUHA COXpAaHSET BHICOKYIO BEPOSITHOCTh MICHTHU-
(prKaIMM KJ1acCOB 3TUX CUTHAJIOB B YCIIOBUSIX aJIbTEPHATUBHOIO BHIOOPA M MIPOCTPAHCTBEHHOM HEOMPEIeIEHHOCTH
IMOSIBJICHUSI TTOJIE3HOIO CUTHAJIA, T. €. B YCJIOBUSIX MAKCUMAJIBHO NPUOIMKEHHBIX K eCTeCTBeHHbIM. [leieHraliust 3By-
KOBBIX CUTHAJIOB B €CTECTBEHHBIX MOPCKHUX YCIOBUSIX SIBJISICTCS BaXKHEUIIIEH (PYHKIIMEIT KaK CIYXOBBIX CCTEM MOP-
CKUX XMBOTHBIX, TAK M TEXHUUECKUX TMAPOAKYCTHUECKMX cucTeM. HecMOTpst Ha TO, YTO COBpeMEHHBIE THIPOAKY-
CTUYECKME CUCTEMBI IIOCTOSIHHO COBEPILIEHCTBYIOTCS U B TIEJICHTOBAHUM UCTOYHUKOB ITOJIE3HBIX MH(POPMALIMOHHBIX
CUTHAJIOB, ¥ B TIOMEXOYCTOMUYMBOCTH, XKUBbIE OMOCOHAPHI TTO-TIPEXKHEMY OTINIAIOTCS OObIIel 3(PHEKTUBHOCTHIO
110 TOYHOCTH PabOThI, OOJIBIIEH IIIMPOKOIOJOCHOCTBIO, a TaKXKe MEHBLIMMU pa3MepaMy W SHEPrornoTpedIeHEM.
DU3MOIOTNYEeCKIE MEXaHM3MBI, HCITOJIb3YeMble e Ib(pMHAMU MPU MEeJICHIOBAHUN U MACHTU(MUKALIUN CJIOKHBIX aKy-
CTUYECKMX CUTHAJIOB, TIPEICTABIISTIOT HETIOCPEACTBEHHBIN MHTEpEC He TOJBKO IS OMOJIOTOB, HO U IJIT MHKEHEPOB,
paboTaIOLINX HAJI TEXHUYECKUMU IMPOOJIeMaMK B TCOpHH OOHapyKeHMsI. M3ydeHrne MeXaHM3MOB, JIEKAIIX B OCHOBE
BBICOKOM 3((EKTUBHOCTU CITYXOBOM CUCTEMBI AeTH(OUHOB, JOJKHO CIIOCOOCTBOBAThL O0JIee TITyOOKOMY MOHUMAHUIO
aIaNTallMOHHBIX BO3MOXHOCTEH CIIeIINATN3UPOBAHHBIX OMOJIOTMYSCKIX aHATN3aTOPHBIX CUCTEM, (hOPMUPYIOIIIXCS
B DBOJIIOLINHN, a TAKXKE CONCICTBOBATh PEIICHUIO Psiia BasKHEMIIINX TEXHUUECKMX 3a1a4, CBI3aHHBIX C pa3pabOTKOit
U COBEPILIEHCTBOBAHUEM CHCTEM TMIPOJIOKALIMN U CUCTEM TTOJBOIHOM CBSI3U.
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