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HPEANCIIOBUE

3a rmocJieNH1e OeCATUIIETHS BCe Yallle OTMevaroTCs IpaMaTnieckre KIMMaTnieckre U3MeHeHUsT BO MHOTMX PerMoHax
3emun. Baxkneitnnyto posib B iporieccax (hopMHUPOBaHMS ITOTOIbI M KJIMMaTa UTPalOT OKeaHbl. B HacTosiiliee BpeMsi OUeBUIHO,
9TO 0€3 yueTa peaibHbIX XapaKTepUCTUK B3aMMOIEHCTBUS aTMOC(hEphl 1 OKeaHa HEBO3MOXKHO YCIIEIITHOE Pa3BUTHE KaK
MOJICIMPOBaHUsI aTMOC(HEPHOM IMPKYJISILIMN U TUHAMUKH MOPCKOI Cpellbl, TaK U CO37laBaeMbIX Ha 3TOIf OCHOBE METO/IOB
JOJITOCPOYHOTO M CBEPXCPOYHOTO MPOTHO3a MOTOABI M KIIMMara. [103ToMy ucclienoBaHue B3auMOIeHCTBUS TUAPOCHEPHI
¥ aTMocdepbl CTAHOBUTCS Bce 6ojiee HEOOXOIMMBIM ISl TIOHUMaHUsI TIPUPOJIbI MPOLIECCOB, NMTPOTEKAIOIIMX Ha Hallleit
TJIaHEeTe, W JaJTbHENIIEero pa3BUTHS HayK TUAPOJIOTMHI, METEOPOJIOTMHU U OKEaHOJIOTUH.

B Bomnpocax B3anMoieiicTBusI 0OKeaHa 1 aTMOcGhepbl pacCCMaTPpUBAIOTCS: CTPYKTYpa IMOBEPXHOCTHU OKeaHa, 00pa3o-
BaHUWe pa3HbIX TUIIOB BOJIH; TIOTOKM TeIljIa, KOJTUYeCTBa IBYKEHUS, BEIIECTBA, TPOHU3BIBAIOIINE TTOBEPXHOCTh OKeaHa;
(b13MKO-XMMUYECKUE CBOMCTBA TTOBEPXHOCTU OKeaHa (OTpaxkeHue, MOMIOIEHUEe U U3JTyYeHUe JTyYUCTO SHEPTUH, T10-
BEPXHOCTHOE HATSDKeHUeE); (hU3ndecKre IPOLIeCChl B MTOTPaHUYHBIX CIIOSX OKeaHa U aTMOCHepHI.

OcHOBY B3aUMOJICIICTBUSI OKeaHa U aTMOc(epbl COCTaBJISIET OOMEH SHeprueii U BelIeCTBOM, COIEPXKAIIUMUCS B BOIHOM
M BO3IOYyIIHOM cpenax. OOMEH 3TOT yCJIOXKHEH Mpeodpa3oBaHUSIMU (POPM DHEPIUU, U3MEHEHUSIMU (Da30BOTO COCTOSTHMUS
1 PU3UKO-XUMUUECKOI CTPYKTYphI BEIIECTB, TIEPEXOISIIMX U3 OMHOI Cpelbl B ApYryto. B COBOKYyITHOCTH 3TH MpoLiecChl
OIPENEIISIIOT CIIOXKHYIO M3MEHYMBOCTh TMHAMUYECKOTO 1 (DU3UKO-XUMUIECKOTO COCTOSTHUS aTMOC(EpPHI U BOIbI, UMEIO-
1IYI0 IIUPOKHUIA AUATIa30H TTPOSIBJICHUIA.

B 1963 roay, Korma ToJbKO HaMEYaluCh OCHOBHBIC IIYTU U3YyYEHMS B3aUMOICICTBYSI OKeaHa 1 aTMOCHEphI, TpyIia
BEIYIIMX aMepUKaHCKHX Teo(hU3MKOB KOHCTaTUpOBaia: «Mbl HayaJld TYMaHHO MPEJCTaBIIsATh ceOe, YTo aTMOocdepa 1 oKe-
aH, KOTOpPbIe BMECTE COCTaBJISIOT MOABMXKHYIO 0007I04YKY 3eMIIN, B IeHCTBUTEILHOCTH (DYHKIIMOHUPYIOT KaK TUTAaHTCKAst
MeXaHu4ecKasli U TepMoAMHamMuueckasi cucrema. I1pobGyiema nsyyeHust B3auMOIeHCTBUSI aTMOC(Ephl U OKeaHa JOJKHA
CTaTh OMHUM U3 BaxKHEUIINX 00BEKTOB reo(pr3nKM B OnKaiiiiee necatuietue». C Tex mop Mmpoiuio 0ojiee moayBeKa.
Hayxka o B3aumoeiictBuu atMochepsl M OKeaHa IMpeBpaTUiach B CIEUAIbHYIO TUCIHUTLIAHY, LIEIbI0 KOTOPOU SIBJISIETCS
00BSICHEHNE €CTeCTBEHHOI M3MEHUMBOCTY B3aMOIEUCTBYIONINX TT0JIeit aTMocdepsl 1 okeaHa. [Iporpecc ObUI TOCTUTHYT
Os1aromapsi OCYIIECTBIEHUIO KPYITHBIX 3KCIIEPUMEHTAIBHBIX TIPOTPaMM, C OJTHOIT CTOPOHbBI, U BHEIPEHUIO (PU3UUECKUX
MoJeneit B3auMoaeicTBUs aTMochephl U OKeaHa, ¢ apyroii. O6a 3T Mmoaxoaa siBJASIOTCS B3aMMHO JOTIOTHSIOIIMMU:
TEOPETUUYECKUIA TIPEIIIoIaraeT UCIOIb30BaHNE SKCIIEPUMEHTATbHBIX JAHHBIX UISI IPOBEPKU MOJIEIICi, SKCIIEpUMEHTAIb-
HbBII — KOHIIENTYaJIbHBIX Ui, TTONKPETIJICHHBIX pe3yJIbTaTaM1 MOJEIbHBIX UCCIICIOBAHUIA.

Pa3BuTHe 1UCTaHIMOHHBIX MOPCKUX Y aBUAKOCMUYECKHX CPEICTB 30HAMPOBAHUS TO3BOJIMIIO BBECTU COBEPIIIEHHO
HOBBIE METOIbI MCCIeIOBaHMIA. B yacTHOCTH, co3MaHa CeTh ONpalIvBaeMbIX CO CITYTHUKOB IpeiyIoninx u 3assKopeH-
HbIX OyeB. CITyTHUKOBBIC U3MEPEHMSI CTaJI OCHOBOI I100aJIbHOI CUCTeMbI HENMPEPBIBHOM pervcTpalu paavaliOHHbIX
TOTOKOB, 00JIAYHOCTH, TEMITEPaTyphl TOBEPXHOCTH OKeaHa, CKOPOCTU BETpa, TTapaMeTPOB BOJTHEHHUSI U YPOBHS OKeaHa.

[TocnenHue moyiBeKa 03HAMEHOBAIMCH U OecrnpelieIeHTHBIM POCTOM aKTMBHOCTU B 00J1aCTU MaTeMaTUYeCKO-
O MOJETMPOBAHUS B3aMMOIEICTBUS OKeaHa U aTMOCdephl ¢ MOCTPOSHUEM LeJI0i uepapXuu Moesieil CucTeMbl
oKeaH-aTMoc(depa: OT IJT0OAbHBIX A0 Me30MacIITaOHbBIX M BUXpepa3peliatoluX.

O030p 3TUX U MHOTUX APYIUX MPOOIeM B3auMOIECTBIS aTMOCHEphl M OKeaHa CTaJl OCHOBHOI LIEJIbI0 CO3MaHuUsI
3TOTrO BBIMYCKa.

CHeuBbITyCK MOCBSIIEH IMaMsITH BBIAAIOIIETOCS YIeHOI0, IIEPBOro pykopoauTest CaHKT-IeTepOyprckoro gpuinana
Wuctutyra okeanosoruu uM. I1.T1. upiroBa PAH C.C. 3unutunkesuya (1935—1921). Cepreii CepreeBud BHEC OrpoM-
HBII BKJIaJ B TEOPUIO TIOTPAHUYHBIX CJIOEB, B TOM YKC/Ie ¥ (POPMUPYIOIIMXCS TTPU B3aMMOAEMCTBUM aTMOC(hEphl U OKeaHa.
TBopueckomy nytu C.C. 3uIMTHHKEBMYA U €ro BKJIady B COBPEeMEHHYIO HayKy MocBsiieHa ctatbst M.B. D3ay «XI-ii Bek:
CMeHa mapauTrMbl B TEOPUU TUIAHETAPHOTO TMTOTPAHUIHOTO CIIOST».

B cratbe /1.B. YanukoBa «Pa3anyHble MOAXOAbBI K MOJEIUPOBAHNIO MOPCKUX BOJIH» IIPEJACTaBIEH 0030p COBpe-
MEHHBIX ITOIXOIOB B MPSIMOM MOJIETMPOBAHNU TTOBEPXHOCTHBIX BOJIH, OCHOBAHHBIX Ha TIOJHBIX YPABHEHUSX IMHAMUKHU
HEBSI3KOM XXMIKOCTU CO CBOOOIHOM MOBEPXHOCTHIO. Pa3inyHbIM acnieKTam MCCiieJOBaHUSI TTOBEPXHOCTHBIX BOJIH MOCBSI-
1IeHbI Takke cTaTbu A.A. MosibkoBa «KayecTBeHHbIE OLIEHKN BO3MOXHOCTU BOCCTAHOBJIEHUS TPOGhUIIsi BOJTHEHUS 1O
MOJIEJIbHBIM cTepeous3obpaxeHussM kpyra CHesutnyca», A.E. KoprHeHko u np. «OlieHKa BpeMeHU Xu3HU «baparika»
obpyuBatolieiics BosiHbl», K.B. ®okuHoit u K.}O. Byarakosa «CoBMecTHOE MOJAEIMPOBaHIE BETPOBBIX BOJIH U BOJI-
HOBOT'O MOTPAHUYHOTO CJI0ST». Pe3yabTaThl palMoJIOKaIllMOHHOTO HAOII0IeHUSI 32 MOPCKOi1 TTOBEPXHOCTHIO TIpeJACTaB-
neHsl B ctathe C.B. [lepecnernna «Monenb paaroloKalOHHOIO HaOMI0AeHUSI BUOPAIIMOHHBIX ITOBEPXHOCTHBIX BOJIH,
BO30Y>KIaeMbIX UCTOYHUKOM 3eMJICTPSICEHU I (IOHHBIM BUOPATOPOM)»; U, HAKOHEIl, KPYITHOMACIITaOHBIM TTpolieccam
B3aMMOAEUCTBUS aTMOC(EpPHI U oKeaHa TMocBsieHbl cTaTbu A.A. CyMKUHOM 1 1p. «Ce30HHOE OUUIleHUE OTO Jiba
bapeH1ieBa MOpSI 1 €ro 3aBUCUMOCTb OT aJIBeKIIMK Teruia ATaaHTuyeckumu Bogamu» u U.B. Ceprix u ap. «O niepexone
TEMITepaTypHOTO pexXxuma perrnoHa besoro Mopsi B HoBoe (pa30BOe COCTOSTHUE».

Matepuabl myGaMKalKrit MOTYT TIPENCTaBIATh MHTEPEC ISl CIICHUAIMCTOB, CTYIEHTOB 1 aCIIMPaHTOB TMAPOMETEO-
POJIOTUYECKUX CIIELIUATbHOCTEH.

HayuHbIi1 pemakTop BBITTyCKa
HUpuna Anamonvesna Penuna
(Hucmumym ¢usuxu ammocgepot um. A.M. O6yxoea PAH)
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XXI-1 BEK: CMEHA ITAPAIUTMBI B TEOPUMU IIJIAHETAPHOTO
IHOI'PAHMYHOTIO CJIOA

B Hauane XXI Beka Cepreit CepreeBud 3UJIMTUHKEBUY BBICTYITUI MHULIMATOPOM CMEHbI (DyHIAMEHTaIbHOM MmapaaurmMbl
B TEOPUH TUTAHETAPHOTO TTOIPAHUYHOTO CJI0SI, U IIIMPE, B CTATUCTUYECKOM IMIpOMEXaHUKe CTPaTU(UIIMPOBAHHBIX TYpOYJICHT-
HbBIX TeueHuii. PykoBons 3HameHuToli Kadenpoit meteoposioruu B YHuBepcutete Ynncansl, LBenus (1998—2003), emy u ero
COTPYIHUKAM YIaJI0Ch OPTaHWMUYECKU BBECTU TOHSTHSI TOTEHIMATLHOU M TMOJTHON 3HEPTUH TYpOYJEHTHOCTH U TIEPECMOTPETh
OCHOBOIIOJIaralollue MpeacTaBieHus 0 TypOyJIeHTHOM OOMeHe B cTpaTU(ULMPOBAHHBIX TeueHusX. [TpoaomkuB paboTaTh Kak
npodeccop-aMepuTyc B YHUBepcutere XeabcuHKU, PunnsHaus (2004—2021), u mpuBieKast TpecTUKHbIE MerarpaHThl B Poc-
cuu u EBponeiickom Colo3e, OH, MO CyTHU, CO3[aJ U BO3IJIaBWJI BUPTYaJIbHbIM MEXIYHAPOAHBIIA HAyYHO-MUCCIEN0BATEIbCKUMN
WHCTUTYT — TPETHiI MHCTUTYT B CBOEHM HAyYHOM Kapbepe — JIJIsT TPOPAbOTKU TEOPETUICCKIUX OCHOB M TIPAKTUUECKUX MPH-
JIOXKEHUI, KOTOpbIE BhITEKAIM M3 HOBOIT MapaaurMbl SHEPreTUKU TypOyJeHTHOCTU. OObeIMHEHHDBIE UM YUEHbIE U MPAaKTUKHU
MPOIOJIKAIOT Pa3BUBATh HayYHOE HacIenre SMINTUHKeBMYA B paMKax [1aH-EBpasuiickoro DkcrepuMeHTa.

KimoueBbie cioBa: HayuHoe Hacienue C.C. 3WIMTUHKeBUYA, TTapaanTMa B TCOPUU TypOYJEHTHOCTH, TeOpHS ogooust MoHu-
Ha-O0yxoBa, MoJIHasi SHEPTUs TYPOYJIEHTHOCTHU, TIJIaHeTapHbIN MOrpaHUYHbINM CJI0M B KiIMMaTe 3eMJIu
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Institute for Physics and Technology, Faculty of Science and Technology, Norwegian Arctic University — University in
Tromse; PO Box 6050 Langnes, N-9037 Tromse, Norway

E-mail: Igor.ezau@uit.no

XXI-ST CENTURY: A SHIFT OF PARADIGM IN
THE PLANETARY BOUNDARY LAYER THEORY

At the beginning of 21 century, Sergej Sergeevich Zilitinkevich initiated a shift of the fundamental paradigm in the planetary
boundary layer theory, and wider, in statistical hydromechanics of stratified flows. He held the position of the chair in meteorology at
Uppsala University, Sweden in 1998—2003, where he and his colleagues consistently introduced a concept of turbulent potential and to-
tal energy and not least reviewed fundamental understanding of turbulent mixing in stratified flows. Zilitinkevich continued as a profes-
sor-emeritus at University of Helsinki, Finland, in 2004—2021, where he attracted prestigious mega-grants both in Russia and European
Union. As such, he created and led a virtual international research institute — the third institute in course of his carrier in science — for
development of theoretical foundations and practical implications of the new paradigm for turbulent energies. A network of researchers
and practitioners established by Zilitinkevich continue their joint research in the Pan-Eurasian Experiment frameworks.

Keywords: scientific legacy of S.S. Zilitinkevich, new turbulence paradigm, Monin-Obukhov similarity theory, total turbulent
energy, planetary boundary layer in the Earth climate system

1. Beenenne

dutocodckast Teopust To3HaHUS [ 1] TIpemyiaraeT HaM B3IUISII Ha HAyYHBIN IIPOrpecce Kak Ha MOCJIeI0BaTeIbHOCTh
PEBOJIIOLIMOHHBIX CABUIOB, BEOYIIIMX K CMEHE HayYHO! MapaaurMbl B TOHUMaHUKU OObEKTUBHBIX 3aKOHOMEPHOCTE
npupoabl 1 o6ectsa. CMeHa MapagurMbl, B IIMPOKOM MJIM Y3KOM HAyYHO! IUCLHUILIMHE, IPOUCXOIUT He yacTo. OHa
COBepIIIaeTcs He IT0 JKeJIAHUIO UCCIIenoBaTeIsI, a IO/ JaBJIeHUEeM HAaKOIMMBIIMXCST TPOTUBOPEUYMBBIX (PAKTOB M SMITH-
PUUYECKMX TIOATIOPOK IS OOLIEMPU3HAHHBIX, U YacTO BCE ellg Xopollo padoraroiiux, Teopuiti. B Teopun reodu-
3UYECKUX TypOYJIEHTHBIX TEUCHUI U IUIaHEeTapHbIX ITorpaHuyHbIX coéB (ITI1C) takasg cMeHa HaydHOM MMapaaurMbl
Ha3pena K KoHIy XX-1o Beka. Cepreit CepreeBid 3MITMTUHKEBUY OTHUM 13 TIEPBLIX 0CO3HAT HEOOXOTUMOCTh TEOpE-
TUYECKOTO IIPOPHIBA B 3TOI 00JIACTY U MPEIIOKIII SICHYIO Y BIOXHOBJISIIOLIYIO IIPOrPaMMY JUISI €T0 OCYILIECTBICHMSI.

Ccpika [t mutupoBanus: D3ay M. H. XXI-it BeK: cMeHa ImapaaurMbl B TEOPUM TIAHETaAPHOTO MTOTpaHUIHOTO ciiost // DyHma-
MeHTaIbHas U NpuKiIagHas rugpodusuka. 2022. T. 15, Ne 1. C. 9—18. doi: 10.48612/fpg/ep89-n4z5-gbbb

For citation: Esau I.N. XXI-st Century: a Shift of Paradigm in the Planetary Boundary Layer Theory. Fundamental and Applied
Hydrophysics. 2022, 15, 1, 9—18. doi: 10.48612/fpg/ep89-n4z5-gbb6
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Hauunas ¢ JIstonca ®@past Puuapncona, Jlronsura Ipanmist, Teogopa ¢on Kapmana u Anexcannpa @puamana
(cM. [2]), koTopbie padoTtanu B 1920-x rr. u 6a3zupoBaluch Ha boJiee paHHUX padotax OcbopHa PeliHonbaca, Teopun
TMOTPAHUYHBIX CJIOEB CO3IABAINCH, CIIEIys MapaaurMe OMUCaHus KOJJIEKTUBHOTO BO3AECUCTBUSI XaOTUYECKUX BO3MY-
1eHU (payKTyalyii) MoToka, BOLIEAIMX B HAYYHYIO TEPMUHOJIOTUIO KaK «TypOyJEeHTHOCTb» [3], Ha €ro, MoToka,
OCpeIHEHHBIE 110 BPEMEHM, MPOCTPAHCTBY UM MO CTATUCTUYECKOMY aHCAMOJIIO XapaKTepuCTUKU. TakuM o0pa3om,
TeopHsl TypOYJSHTHOCTH CO3IaBajach Kak TUITMYHAS «3MEPIKEHTHAs» Teopusl — (DeHOMEHOJIOTMIecKasl TeOpHs CH-
CTeM, KOTOpasi, HaBepHOe, He CITy4aifHO, HAUMHAET pa3BUBAThCS B 9T e Tofbl [4, 5]. McuepribiBatoliee onmcaHue
KJIaCCUUYECKOM MapagurMbl U METOMOB JIJIs paOOThI C TypOYJIEHTHBIMM MOTOKAMU U TJIaHETAPHBIMU MTOTPAaHUYHBIMU
cnosgmu (ITTNC) nano B Tpyae Monuna u Sroma «Cratuctnueckas 'maopomexanukar [6]. st mpuKiIagHbIX 3ama4
MPOMYKTUBHBIM U IIMPOKO PACHPOCTPAHEHHBIM TMOAXONOM CTalIU Teopusl moaoduss MoHnHa-O0yxoBa (cM. 0630p
B [7]) v mocTpoeHHbIE Ha €€ OCHOBE 3aKOHBI corpoTuBieHus [8—10]. Teopust mogodusi cBsizana TypOyJeHTHbIE TOTOKU
MOMEHTA, TeTUIa U MPUMECH Ha MOJICTUIIAIOIIEH TOBEPXHOCTU C U3MEHEHUEM OCPETHEHHBIX XapaKTePUCTUK CKOPOCTU
U HarpaBJIeHUs TEUeHMsI, TeMITepaTypbl (TUIOTHOCTH) U KOHIeHTpalmy rpumecu B camoM [I1C. 3nech u nanee Mol
OyIeM TOBOPUTH TOJIBKO O 3afauyax, CBsI3aHHbIX ¢ TypOysaeHTHbIM [TT1C 3eMHoOIt aTMocdephbl, 1S KOTOPOTo CKOPOCTU
TEUEHUsI — 3TO BeTep; IMJIOTHOCTh 3aBUCUT INIABHBIM 00pa30M OT TeMIIepaTypbl, a TPaHUIIA — 3TO MOACTUIIAOIIAS TTO-
BEPXHOCTH (ITOYBA, BOJIAa WM PACTUTEIbHBIN ITOKPOB). 3aMETUM TIPU 3TOM, YTO HAy4YHbIE MHTEPECH! 3WINTUHKEeBUYA
ropaszio IM1pe UCKYCCTBEHHO HaBsSI3aHHBIX HAMU PaMOK, a €ro pe3yJIbTaThl MIPUMEHUMBbI B TOUTH J11000I 001acTH Typ-
OyJIEeHTHOM TMAPOAMHAMUKHI, BKJII0YAs KJIACCUYECKIE 3a1a4i B TeopuM TypOyaeHTHocT [11] n actpodusuku [12, 13].

Bo3HUKHYB Kak 3Mep/DKeHTHasl Teopusl, Kiaccuieckas IapajnrMa, OIHAKOo, YITyCTWJIa BaKHEUIIEo
AMEPIKEHTHYIO COCTaBJISIIOLLYIO TYPOYJIEHTHBIX TEYEHU I — caMOOpraHU3aluIo TypOYJIEHTHOCTH, BOSHUKHOBEHUE
U Pa3BUTHE TaK HA3bIBAEMbIX «OOJIBIINX BUXpei». M3-3a cBOMX pa3mMepoB OOJbIlINEe BUXPU HE pACCMATPUBAIUCH
TEOPUAMU U1 O6CKOHEUHO MaNbIX (uiyKTyauuii. D @GeKThl 00IbIINX BUXPEU HE OMUCHIBAIUCH, & BBIHYXXIEHO 3a-
MEHSUIMCh SMITUPUYECKUMU MOMpaBKaMu B Teopusix kinaccuueckoit mapanurMsl [3]. K Hayany XXI-ro Beka MHO-
TUM CIEMATMCTaM CTaJIO OYEBUIHO, YTO AIMITUPUUYECKUE TIONTTOPKU ISl OMTMCAHUS TYPOYJIEHTHOCTU KaK Pe3yJib-
TaTa pa3pylieHus] BCE MEHBIIUX U MEHBIINX BUXPEH — T.H. TIPSIMON KacKall 9HEPTUM — CTAHOBSIITCSI TOPMO30M
JnajabHeiero pa3putus. Bo-nepBbiX, HAKOMWJINCH CBUAETENbCTBA BEAYIIEH POJIM HEJTOKATbHbBIX B3aUMOJEHCTBUIA
B HeCTpaTU(UIMPOBAHHBIX 1 ycToitunBo-cTpaTuduurpoBaHHbix [1I1C. bolto mokaszaHo, 4To 60IbIINE BUXPU U3
[TT1C mMoryT mpou3BOAUTH Cpa3y HAMHOTO MEHBIIIME TI0 MACIITa0y BUXPU BOJIM3U TTOBEPXHOCTH, U YEPE3 ITO U3ME-
HSIIOT TypOyJIeHTHbIe MOTOKH [ 14, 15]. beuto moka3zaHo, 4ToO TypOy/IeHTHbIE TOTOKU KaKMM-TO 00pa30M YyBCTBYIOT
0COOEHHOCTH cTpaTuduKauuu 1 TedeHus Ha BepxHeit rpanuie I[1I1C, To ecth B cBOGOIHOI atMocdepe [16, 17].
Bo-BTOpBIX, OBLIO HE SICHO KaKUM 00pa3oM CJIeAyeT YUeCTh reHepaluio OOIbIINX BUXPE — caMOOpraHU3alnio
TypOYJeHTHOCTU — B uucTO KOHBeKTUBHBIX [1T1C [3, 18]. bruto mokaszano [19, 20], yTo MexaHU3M HeCTaOWIb-
HocTU KOHBekuu Panesi-buHapa, koria BUXpU BO3ZHUKAIOT Cpa3y BO BCEM CJIO€, CKOPEE BCEr0 HEMPUMEHUM [IIsT
onmcanus [MITC. TpeboBanoch epecMOTpeTh OCHOBAHUS TEOPUH TTOI00MST, Wi 110 BeipaxkeHuto B.H. JIsikocoBa
«BTUCHYTb» CAMOOPTraHU3alMI0 U HEJOKAJIbHOCTh B (hopMyJibl Teopur MoHuHa-O0yxoBa, MOHSIB U MaTeMaThye-
CKU OIKCaB cTaTucTuueckue 3(pdeKThl ITUX CYIIECTBEHHO SMEPIKEHTHBIX CBOMCTB TYpOYJIEHTHBIX CUCTEM.

2. IIpo6aema sMnupU3Ma NONPABOYHBIX (PYHKIMI

DMIIMPHU3M TIONPABOYHBIX (DYHKIIUM KaxKeTCsl, Ha TMEePBBIil B3IJISIA, HE3HAUUTEIBbHBIM TEXHUUYECKUM HEyI00-
CTBOM, MEJIKOI IeTajIbIo B (hDeHOMEHOJIOTUUECKOM TeoprH TypOyaeHTHOCTH. [1pu 6oee riryboKoM pacCMOTPEHNH,
OITHAKO, OKa3bIBaeTCsI, YTO O€3 MOHUMAaHUs OCHOBOIIOJIAraloIIMX 3aKOHOB, HEOOXOMMMBIX JJISI OTIMCAHMST TUX
(byHKIIMI1, HEBO3MOXKHO MPOJABIKEHNE B TIOHMMAaHUM TertoMaccoooMeHa B [1T1C u yiydiiieHue Moneseii Toroabl
U KJINMarTa.

He BnaBasich B eTaiu, KOTOpbIe YUTATeb MOXET HAUTH B IMTUPYEMbIX paboTax, TEOPUIO MOI00UST MOXHO
CYMMMPOBATH CIEAYIOIINMU YPAaBHEHUSIMU

dU  u. Z
&K (z)
d® 0. Z
& el )

rae U — ocpenHEHHas CKOPOCThb BeTpa, ® — ocpeaHEHHAs MOTeHLIMalbHas TeMIepaTypa, U — CKOPOCThb TPEHUSI,
onpenessieMast TypOyJeHTHBIMUA MOTOKAMU MOMEHTA, 0+ — TypOYJIEHTHBIM MaclITaOMPOBaHHbII MOTOK TeMIiepa-
TYpBI Ha TIOBEPXHOCTH, 7 — BEPTUKAJIbHAs (HOpMasIbHAs K MIOBEPXHOCTH) KoopauHaTa, u k = 0,4 — mocTostHHast
Kapmana. I'panreHTsl ckopocTu u Temnepatypsl B [TI1C B3auMocBs3aHbl yepe3 MaciuTad muHHbB O0yxoBa
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—u}

_E

s

rae Fy — notok masyuectu. [pu L < 0 remneparypa MoacTUIaOLEH TOBEPXHOCTH BhILLE TEMIIEPATYPbI ITpUJIETa-
O11I€H XKUJIKOCTH, YTO CO3MAET NOMOJIHUTENIbHYIO HEYCTOMUMBOCTD (KOHBEKIIMIO) U TYpOYJIEHTHBIE NBUXKEHMS, TETI-
JIO MIEPEHOCUTCS TYpOYJIEHTHOCThIO OT MoBepxHOCTU K [1T1C, BbIpaBHUBAsSI TpaAUEHTHl CPEOHEN TeMIlepaTyphl,
CKOPOCTH M KOHLIEHTpallUK pumMecH; npu L > 0, Temrneparypa NoACTUIAONIEH TOBEPXHOCTH HUXKE TEMITEpaTyphl
MPUJIETAIONIEH XUAKOCTH, UTO BBIHYXIAET TypOYJIEeHTHOCTh 3aTpAuMBaTh 9HEPTUIO HA MepeMelIMBaHue 0oJiee Xo-
JIOIHOTO, U cliefoBaTeibHO 6osee Tskenoro ciod [TI1C y moBepXxHOCTH, TypOYJIEHTHOCTb YTacaeT U CPEIHUE rpa-

L L
9TH 3 GEKTH CTpaTU(PUKAIINN B TCOPHIO TTOIOOMSI, KOTOpast He OblJIa TIpeIHAa3HAYCHA IJT 3TOr0, 00 M3HAYAITBHO

K4 4
JUECHTLI B MIPUITOBEPXHOCTHOM CJIOC XKMIKOCTU O6OCTp$ﬂOTCH. HonpaBquHe (bYHKHI/H/I Oy (—j, Oy [—] BBOOAT

TIPUHUMATIOCE @, (%) =1 [2, 3]. [lonpaBouHble HYHKIIMY NOAPA3ZyMEBATUCH SMIUpUYecKUMU [21]. OHU oHU-

MAaJIMCh KaK «yYHUBEpCaIbHBIe» [7, 22], HO pacXoXIeHNe ¢ TaHHBIMHU HAOIIOACHMIT TIPUBEIIO K OOJIBIIIOMY Pa3HOO-
Opaszuto Takux GyHKIWI B HAyYHOI auTepatype [23—25].

Taxkum 06pazoM, onpaBoyHble GYHKIUU — 3TO noanopku mjst Teopuii [TITC B ob1IenpruHATON napaaurme.
K xonIiry XX-ro Beka ObIJT HAKOIUIEH OTPOMHBIN MaCCUB HAOIIONEHN, KOTOPBII YKa3bIBaJI HE TOJBKO Ha 3aBUCH -
MOCTb IOIPAaBOK OT IOTOKOB Teruia U crpatudukanuu B ITT1C, HO 1 OT MHOXECTBa Apyrux (akTopoB [26], BKITIO-
yasi, Cpeu Mpoyvero, TOJALIMHY caMOro IiepeMelaHHoro cios, 4. Bepxuss rpanuua INI1C, otnenéHHas ot moBepx-
HOCTM MHOTHMMM COTHSMM METPOB, MOIJIa BJIMSITH Ha TIPUIIOBEPXHOCTHBIC ITOTOKM TOJIBKO Yepe3 OOJBIINE,
saxsaTbiBatolue Bech II1C, Buxpu [3, 16, 17]. D10 mesano monpaBKu, 3a4acTyIO, OY€Hb CJIOXKHO ITOArOHOYHOM

KOHCTPYKLMEH TUNa @, (%,%,. ) .j, KOTOpast XOpollio paboTaja st OMHUX ClyJyaeB, HO MPUBOIMIIA K ellIé Gojiee

3HAYUTEJBbHBIM OIIMOKAM MJI APYTUX, KAa3aJI0Ch Obl, MOAOOHBIX CIy4yaeB. YTOUHEHNWE U CPAaBHEHUE MOTIPABOYHBIX
dbyuxumii [25, 27, 28] cTano cTojb Ke pacrpoCTPaHEHHON CKOJIb U MaJIOMOJIE3HOM MPaKTUKON B UCCIEIOBAHUSIX
u monenuposanuu [TT1C. Hazpen kpusnuc napagurMel. [TepeocMbIcieHre HAKOTUIEHHBIX 3HAHUI CTaJIo HEOOXOaM -
MbIM YCJIOBUEM [IJIS1 JAJIbHEHIIIETo mporpecca.

3. Cmena mapagurmbl: Hayunas mporpamma a1 KadeApsl METEOPOJIOTHH B YTIIIcasie

K 1999-my romy, Korma s Havyasn y9uThesl U padbotaTth y Ceprest CepreeBuya, 3UIUTUHKEBUY YKE TOCTaTOUYHO
SICHO TIPE/ICTaBJISIT cebe CBSA3b MEXIy Mpo0IeMoii OOIbINX BUXpeil (camoopranusainueit TypoynentHoctr) B [TI1C
M HeJIOKaJIbHBIMU 3¢dekTamu B TypOyneHTHBIX rotokax. TonmuHa IIT1C, A, yxke paccmaTpuBaiach Kak BaxkHeli-
Kt mapamMeTp TypOyJEHTHOTO MepeMellMBaHusI U (popMUPOBaHUS OIOIKeTa Terjla Ha MOICTUIAIONICH TOBEPXHO-
cti. OO 3TOM roBOpPSAT ero paboThl [29—31], KOTOpbIe MHE OBLIO TIPEIIOXKEHO OCBOUTH MPEKIE, YeM MEePEeHTH K N3Y-
YEHUIO TypOYJIEHTHOCTH C MOMOIIIbIO BUXpEe-pa3peniaronieii MoIeu (B aHTJIOS3bIYHOM TepMuHOIoTuM — large-eddy
simulation model). [ToHnMaHue HEOOXOAUMOCTH M TEPCIIEKTUB BUXpE-pa3pellaoniero MoAeIUpOBaHUs TypOy-
JICHTHOCTH PE3KO OTIINYAJIO MOAX0I SYINTHHKEBMYA OT padbOT OOJBIIMHCTBA UCCIIeAoBaTe il aTMOCc(hepHOI TypOy-
JICHTHOCTH TOro BpeMeHU. HayuHoe coob1iecTBO moka enié ObI10 COCPeA0TOYSHO Ha U3YUYEHU U JTIOKAJIBHOM, MPUIIO-

o o < o ..
BEPXHOCTHOMN Typ6yﬂeHTHOCTI/I, BCEX OTUX OTKJIOHEHUU OT Z — 3aBUCUMOCTEH, IMPEATOXKEHHDBIX CIIC MoHUHBIM

u 3umutuHKeBI4IeM [8] (cM. Takke 0630p B [9]). M3aMepsTh TypOyIeHTHOCTD Ha BepxHeit rpanutie ITI1C ymenn mmio-
X0, C OOJTBIIMMU HEOIPEEIEHHOCTIMA K 0YeHb (PparMeHTapHO BO BPEMEHM M IIPOCTpaHCTBe. JJaHHBIX COBpEMEH-
HBIX KOMITBIOTEpU3UPOBAHHBIX COAAPOB, JUAAPOB, IPOHOB U MACCUBOB TEPMOAHEMOMETPOB €IIIE He ObLIO.

Moii HayuHBII pyKOBOIUTENH TOJIBKO YTO TTOJIyYUJT PyKOBOJICTBO 3HAMEHUTOH Kadeapoii METeOpOIOTUY U 3Ba-
HHUe MOJHOTOo Mpodeccopa B yHUBepcUTeTe ropoaa Ynrcana, [lBeuus. JApy3bst U KoIeTd B 9TOT MOMEHT B 1IYT-
Ky 3BaJIM 3WIMTUHKEBUYA «IIpodheccope» Ha UTATbIHCKUM MaHep ¢ yIapeHHMeM Ha «0». M OH BIIOJIHE MOAXOIWT
K CBOEMY 3BaHUIO U MOJIOKECHHNIO. YHUBEPCUTET YTIIICAIbl — cTrapeifimmii yauBepcuteT LIBenmu, ma u Bcero EB-
POITEICKOTO ceBepa — 3TO YHUBEPCHUTET, HATPY:KEHHBII TpaguusMu. B coctaB Kadenpbl MeTeOpOIOrMH BXOIMIIA
CUJIbHEIIIas TpyTIIa ¢ JaBHUMM TpaauLUSIMU HaOJI0IaTEIbHOIO U3YYeHUS TyPOYJIEHTHOCTU B TIPU3EMHOM CJI0E
TITIC [15, 26, 32]. Jo0aBiio, 4TO MOJHBII ITPodeccop 31eCh — 3TO He KPACUBBINA TUTYII, a 3HAYMTEIbHAs CAMOCTO-
STeJIbHAsI TOJDKHOCTD C OOJIBIINMU IIpaBaMU M OTBETCTBEHHOCTBIO. B TO BpeMs anMUHMCTpaLKs IPaKTUIECKHA He
nMesia BO3MOXHOCTH BMEILIMBATLCS B IESITEIbHOCTh Kadeap, a Ha000poT, Obula 00s13aHa TOMOTAaTh 3TOM NesITe/Ib-
HocTtu. Ho 1 ot mpodeccopa TpedoBaIoCch COOTBETCTBOBATH TODKHOCTU. TpeboBaIoch OBITh IMIECPOM HE TOJIBKO
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B HayKe, HO U B OpTaHU3alNM ucciaenoBanmit. OLeHUBAIM He 110 MHOWKATOPaM, a TI0 TIPECTIKY CPeny KOJUIET,
npodeccopoB Apyrux Kadeap u yHuBepcuteToB. PadoTa Ha BHICOKOM HaydHOM YpOBHE MpeanogaraeT MexXIauciim-
TUIMHAPHOCTh MCCIIeI0BaHMM. 3WIMTUHKEBUY HAIEsICS, YTO, COCAMHUB TEOPETUUECKUE COOOpakeHMs, TaHHbIE
HaOIOIaTeIbHOM METEOPOJIOTHH ¥, HOBOTO B TO BpeMsl, YMCICHHOTO MOICTUPOBAHNUSA TYpPOYJIeHTHOCTH, YIacTCs
MOHSTH (PU3NYECKYIO MPUPOABI MOMPABOYHBIX (PYHKLIMIA, YIATU OT SMIIMPU3Ma B OMMCAaHUN (PEHOMEHOIOTUYECKUX
TypOyJIEeHTHBIX 3(P(PEKTOB.

ITpakTaecku cpasy 1o npudeituio Cepreit CepreeBrdY U3JI0XII MHE CBOIO TIPOTPaMMY I10 CMEHE HayIHOM
napaaurMbl B Teopuu ITITC. ITo ero MHeHMI0, 3Ta 061aCTh HAYKU HAaXOAUJIACh MO TMITHO30M JIOKAJIbHOM TEOpUU
TypoynentHocTH [33]. IIpenmonaranock, yto pasMmep (M MyTh cMellieHus, [) TypOyJIeHTHBIX BUXpeil B yCTONYM-
Bo-ctpatuduuupoBanHom II1C, tae L > 0, Man B CpaBHEHWU C €TO TOJIIIUHOM, TO ecTh [ < A. A pa3 Tak, TO Mpe-
Jlarajoch 3aMEHUTb, WK T10 KpaitHell Mepe AOTMOJHUTb, MacIuTad L, CBSI3aHHBIN C TOTOKOM TerJjla Ha MOBEPXHO-
CTH, aHAJIOTUYHBIM 1O CTPYKTYPE JIOKATbHBIM MACIITA0OM A, KOTOPHIit ObLIT OBbI CBSI3aH C JOKAJIbHBIMU ITOTOKAMU
B TOHKUX IIPOCTIOMKAX BHYTPU IOTPAHUIHOTO cJ10s1. TypOyIeHTHASI IPUPOIA TAKKUX ITPOCIIOEK BRISICHIIACH TOPA3I0
no3aHee B paboTax moja o0LIUM pyKoBOACTBOM 3uiauTuHKeBuYa [34]. [TpermylilecTBo J0KaabHON TEOPUU 3aKITIO-
4aJ0Ch B TOM, YTO TypOYJICHTHBIC IIOTOKH B JIOKAJbHOI HOPMUPOBKE CTAHOBUJIMCHh HE3aBUCUMBIMU OT CTPaTU(U-
kauuu. Hanpumep, TypOy/ieHTHas BS3KOCTb, Kj,— OAMH M3 BaXHEHUIIMX MapaMeTpoB B MOAENSIX aTMocdepsl
Ky

Uy
HUKTO HE 3aMeTUJI Toro hakra, 4To JOKaJIbHbIe MOTOKM TMpeaIarajoch anpoKCUMMUPOBATh Yepe3 IMIUPUIYECKU

M OKeaHa — MOIJIa OBITh alIIPOKCUMHPOBaHA IIPOCTO KOHCTAHTOIA, =0,07. Kak 3T0 HM yIMBUTEIHLHO, HO

A
r[o;:[o6paHHy}o (bYHKL[I/HO TOJIIWHBI TOTPAHNUYHOTO CJ104A, TO €CTh, HAIIPUMEP, TaK I = (1 - %j

SWINTUHKEBUY 3amaiicsl BorrpocoM: «Kakmm obpa3oM JoKalbHBIE, MAJIOTO MaciuTadba (hJIyKTyallud B TypOy-
JICHTHOM MOTPaHUYHOM CJIO€ MOTYT OBITh CBSI3aHBI C CYIIIECTBEHHO HEJOKAJIbHBIM MapaMeTpOM — €ro TOJIIM-
HOi1?». B onmHOi#t u3 cBomux pabot oH pasmbinuisier [2]: «[Ipupoma TypOyJIeHTHOCTH OIpEneIsieTcsl TeHepaLneit
OOJBIIMX BUXPEl M3-32 HEYCTOMIMBOCTHU CPETHETO MBIKEHUS U TIPSIMBIM KacKaJlOM KWHETUYECKOI IHEPTUH, T.€.
rnocJie0BaTeIbHBIM IpOOJIEeHMEM BUXpell ¢ epenadyeil sHepruu oT OOJbIINX BUXPEN K MEHBIINM, 3aBepIIaoiIeii-
cs1 ee BSI3KOM auccunanmeii (mepexoaoM B TEIJIOBYIO SHEPTUI0) HA HAUMEHbBIIUX BUXPSIX... [1a6HbIMU UHCMPYMeEH-
mamu Mooeaupoganusi mypoyaeHmHbIX meueHUil CAYICam Yucmo A10KAAbHble KOHYenyuu: uaest TpafueHTHOTO TepeHoca
1 KO3(DDULIMEHTOB TypOYJIEHTHOM BSI3KOCTH, ... TeOpus mogodusi MonuHa-O0yxoBa. [1pakTrueckue 1eau gaib-
HEWIIMX UCCIEAOBAHUI CBOASITCS B 3HAYUTEIHLHON Mepe K YTOYHEHUIO 3HaHMIT 0 KOaddulimeHTax TypOyJIeHTHOTO
TepeHoca — B UX 3aBUCUMOCTH OT JIOKAJTbHBIX XapaKTePUCTUK CPETHETO ABUKEHUS ...», KOTOPHIE OTIPEICIISTIOTCS
ypaBHeHueM OanaHca KOT, a Takxke yHMBepCaabHBIMU MOIMPABOYHBIMU (PYHKIMSIMU U KOHCTaHTaMu. MIMEHHO
MOCTOSIHHOE TIPUCYTCTBUE, a 3HAUUT U TIOCTOSIHHAS TeHepalusl O0NbIINX BUXPE, pocT (IyKTyaluii U COOTBET-
CTBEHHO OOpaTHBIN KacKall SHEPTUU TYpOYJICHTHOCTH, ObLIN YITYIIIEHBI B JIOKATHLHON TTapagurMe.

4. PoxkjieHre Teopuu MOJHO SHEPrUH TYPOYJIEeHTHOCTH

Ha cemunapax B Ymrrcaie, rae ¢ 1998 mo 2003 r., KaxeTcsl, TOOBIBAIM MIOYTH BCE 3HAUMTEIbHBIC YUEHBIC C MH-
Tepecamu B obsactu Teopuii ITT1C, peub mouTu cpasy ke 3aliljia 00 SHepreTuke TypOYyJIAeHTHBIX ABUKEeHUIT. MHOTHE
IO pa3roBopa ¢ 3UJIUTUHKEBUUEM HE 3ayMBIBAIMCh HaJl OCHOBAHUSIMU TEOPUU MOA00MS 1 TIpenesax e€ mpuMeH -
MOCTH. BBUIO IPUBEIYHO Pa3MBIIUISITh B TEPMUHAX KMHETUUECKOM sHepruu TypoyneHTHocTr (KOT), e€ mpomyk-
MY 1 nuccunanuu. Ha omHOM 13 ceMUHApOB s1 OCTOPOXKHO BhICKA3aJl CBOM COOOPaKEHMS 10 TIOBOY YPaBHEHMS
oamanca KOT, roe, mo-mMoeMy MHEHUIO, CONEPXKAIUCH JIMIITh OMHU HEM3BECTHBIC WIEHBI U B UCTOUHMKAX, U B CTO-
Kax. SWJINTUHKEBUY CHayaja pa30omI MOU COOOpaXKeHMS, HO TTOTOM 3aMETHJI, YTO, KOHECYHO, IepeMeIINBaHIE
CTpaTU(UIIMPOBAHHOTO CBOSI TOJKHO U3MEHSITh 1 €r0 TTOTeHIIMAaIbHYI0 SHePruio. 3aKOHBI COXpaHEHUs TPeOyIoT,
yTo0ObI yacTh KOT He HanpsiMylo yHUYTOXAanach (IMCCUTTMPOBAJa), a TIepexoania B MOTEHIUAIbHYIO SHEPTHUIO 3a
CYET TeMITepaTypPHBIX (QIYKTyalldii, KOTOPYIO 3MJIUTHHKEBUY Ha3BaJl ITOTCHIIMAILHOM SHeprueil TypOyJIeHTHOCTH
(ITOC). JanpHeiias pa3padoTka TpedoBasia KOJUIEKTUBHBIX YCUIUI, HO MHOTHE KOJIJIETH, K KOTOPbIM OOpaliaics
Cepreii CepreeBud, 0TKa3bIBaIMCh M, HABEPHOE, CYUTAIIM OECTIEPCIEKTUBHOM WM, HA000POT, CIUIITKOM aMOM LI -
O3HOI TaKylo 3amady. Yaajioch 3anHTepecoBaTh rpynmy T. Dneriepuna, H. Kiteopuna n Y. PoraueBckoro us yHu-
BepcuteTa bep-1lleBa, M3panb, KOTOpbie y:kKe MMeJIM HEKOTOpbIe HapaOOTKK B 3TOM HarpaBieHuu [35].

KitoueBy1o poJib B TEOPUU MOTHOM TypOYJIEHTHOI SHEpruu urpaet TypoyneHTHoe uncio [Ipanmns. Ero acum-
NTOTUYECKOE TTOBEACHUE OTIpenesIeTcsl (hM3NKO TypOYIeHTHOTO TIepeMeIIMBaHUsI TeIia 1 MoMeHTa. CTpaTtudn-
KaIus ToAaBisieT BepTUKaIbHBIC IBIKEHUS, TO ecTh yMeHbImaeT KOT. I1pu aToM TeMmmepaTypHbIe (IyKTyalllnu
MOTYT, HA00OPOT, YCUJIMBAThLCS, TaK KaK BO3pacTaeT pa3HUIIA TeMIIepaTyp COCEIHUX CIOEB, TO ecTh pacter [1DT.
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XXI-ii BeK: cMeHa MapaJurMbl B TEOPUM IIAHETAPHOTO MOTPAHUYHOTO CJI0S
XXI-st century: a shift of paradigm in the planetary boundary layer theory

MBI MpUXOAMM K aHAJIOTUH C 3a/1a4eil MasiTHUKA C TPeHUEM B KJIacCU4ecKoi MexaHuke. B cBoto ouepenb, Bo3pac-
tatoriast [19T B oTaenbHBIX 00JaCTIX TEUEHUST MOXET MPUBOAUTH K CTOJIb 3HAYMUTEIbHOMY OCIa0JEeHUIO CTpaTU-
(ukanuu, yto cayvaitHele (IIyKTyalluy CABUTAa CKOPOCTU HAYHYT BO3pAcTaTh, MOPOXIAsl CIIOPATUYECKyIO Typ-
OyJEHTHOCTh — SIBJICHUE XOPOIIIO U3BECTHOE, HO OCTaBaBIlIMecss HeOObICHEHHBIM [32, 36]. TypOyleHTHOe YnCiIo
[Tpanpis cBsi3aHO ¢ MoNMpaBoOYHbIMU HYHKUMAMEU KakK Pr = @4/, (cM., Hanipumep, [37]). Takum o6pazom, dyepes
TMOHUMAaHME DHEPTETUKU TYpOYIeHTHOCTH, (pusndeckoii B3aumocBsa3u KOT u [1DT, MbI mojiygaeM BO3MOXHOCTh
BBIBECTU M3 TEOPETUUECKUX COOOPaKEHUI BUI 3TUX (DYHKIINIA, a HE TalaTh, My4asiCh SMITUPUIECKUM MTOIO0POM
K pa3MbITOMY 00JIaKy HaOJI0JaTEIbHbIX TaHHBIX. DTa CBSI3b MOCIYXUjIa OTIPABHON TOUKOMN TS pa3MbILIICHUI
y3Ke 11eJ10i1 TPYTITbl TEOPETUKOB, BO3IJIABISIEMOI 3WIIUTUHKEBUYEM.

Bckope ynanoch mosnydutb (opmysibl, OObSICHSIIOLIME PAa3TMYUs B ACUMIITOTUUYECKOM MOBENEHUU @Oy U Oy,
U TEM CaMbIM 3aKPbITh TaK Ha3bIBa€MYIO MPOOJIEMY «UTMHHBIX XBOCTOB» [38, 39], Kkorna 3HauuTeIbHbIE TYpOYJIEHT-
HBbIe TTOTOKM PETUCTPUPOBAINCH TaxKe B crIbHO cTpatuduimpoBaHHbIX [TI1C [40, 41], 4TO HEAOMYCTUMO B Kjac-
cuyeckoii mapanurme. [TpuBeném (popMybl 11T YHUBEPCATbHBIX TIOTIPABOYHBIX (DYHKIIMI cremys [42]:

(PM(é) :1+CUIE_:’
Py (i) =1 +C91§+C92§27

2 ( 1 T [CNu* jz Cu. )
E=—=z||—| | ———| +| =7
L. L N 7]
3neck, koHctanthl paBHbl: C;= 1, Cy=0,1, Cyy =2, Cy = 1,6, Cy, = 0,2; N — 510 yacrora bpenrta—Bsaiicans;
f — mapamerp Kopuonuca. Takum obpazom, acuMnrorudeckoe yucio [IpaHaris momyyaeTcst paBHbiM Pr = 1 +
+0,1e (puc. 1).

Y 571010 cTaThl OYeHb KOPOTKAs M YETKasA aHHOTaLs: «B 3T0i paboTe MBI rIepecMaTpUBaEM TEOPUIO TTOTO0MS
IJIST YCTOMIMBO-CTPATU(PUIIIPOBAHHBIX aTMOC(HEPHBIX ITOTPAHUYHBIX CJIOEB; (POPMYJINPYEM aHATUTHIECKOE pe-
HIeHue I Tpoduieil CKOpOCTH BeTpa U MOTEHILIMAIbHON TemIiepaTyphl 15 Bceil Tonmubbl [I1C; nposepsiem
Hallle pellieHre, UCITOJb3Yys TaHHbIC BUXpepa3pellarolieii MoIean U HaOMIoAeHIT; M pa3BUBacM YIyJIICHHYIO
TEXHUKY BBIUMCIIEHU I TOTOKOB Y MOBEPXHOCTH JJIs1 UCTIOIb30BAHUS B MOJENSIX TPOrHo3a noroiel». Cepreit Cep-
reeBUY BOOOIIE yaessyl BCE 0O0Jble BHUMAHMS SICHOCTA M KPATKOCTU U3JIOXEHMSI B CBOMX MOCIEIHUX pado-
Tax. « MBI KOHKYpHUPYEM C ThICSTYaAMU MH(GOPMAIIMOHHBIX UCTOYHUKOB 32 BHUMaHNE HAyYHOTO COOOIIECTBa, —
COOOIIMJI OH MHE, OTBeYasi Ha BOIPOC O CMBICJIE TAKUX 3aTPaT BpEMEHU U Tpy/a Ha MOATOTOBKY TEKCTa, U MPO-
TOJIXKUI: «/laxke Bplmaromieecsi, HO MI0X0 HalmMcaHHasi, paboTa OCTaHeTCsl He3aMeUeHHOM, a 3HAYUT, U TPy Halll
TOIPOCTY MPOIAmET».

Prandtl no. Pryvs. Richardson no. R;

K-1941, MO-1954 ignore self-control of heat flux, Fy, and suggest the similar viscosity
and conductivity: Prr= K,/ Ky = constant
This suggests erroneous turbulence cut off at Ri > Ri.= 0,25

Pry T T T : 24 Black line: Pryafter
nhe EFB turbulence

102 closure (Z et al.,
2007-2018)
Red line: Pryprescribed

10! by convectional theories
(e. g. MO-1954)

100

0,001 0,01 0,1 1 10 100 Ri

Puc. 1. Onna u3 npe3enrtanuii C.C. 3MIMTHHKEBUYA, OOBSICHSIONIAS CBS3b MEXIY DHEpre-
TUKOU TypOYJIEHTHOCTH, TYpOYJICHTHBIM YrcioM [1paHmis v onpaBOYHBIMU (DYHKIIUSMU.
KpacHoii ntuHMeilt npeacraBiaeHa TpaaullMOHHAas napaaurma; YépHoil TMHUE U CUMBOJIa-
MM TIpeJICTaBICHBI, COOTBETCTBEHHO, HOBAsI MapaaurMa u (aktnueckue gaHHble. [1pe3eH-
Talus TOCTYIHA 1o anpecy https://www.sanu.ac.rs/ (1ata oopanieHust: 10.12.2021)
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Ionumanue cBsa3u mexay [19T, KOT u 6oablinMu, CpaBHUTENBHO AOJTOXUBYIIUMU BUXPSIMU, TIPUILLIO HE
cpasdy. MouM 1epBbIM 3aJJaHUEM ObLIO MOCTPOUTH TPEXMEPHYIO YUCIEHHYIO MOJIEJ]Ib TOTPAHUYHOTO CJ10sT aTMOCche-
pBI, KOTOpast Obl TO3BOJIMIIA CMOJIEIMPOBATh U U3YYUTh CTPYKTYPY TypOYJIEHTHBIX (hIIYKTyaluii U UX YyBCTBUTEb-
HocTb K yctoitunBoctu ITITC. Takue Moaenn yxe CyliecTBOBain, HO paboTaau OHU TOJBKO IS KOHBEKTUBHBIX
U HECTPaTUMDUILIMPOBAHHBIX TeUueHU . BcKOpe BBISICHUIOCH, YTO TpebyeTcs nepenucaTb MoJeb 3aHOBO C UCTOb-
30BaHUEM CXEM, COXPAHSIOLINX HEPTUIO, U C TPUMEHEHUEM HOBOTO TMHAMUYECKOTO TYPOYJIEHTHOTO 3aMbIKAHUSI
[43]. D10 3aHsAM0 HEMaANIO BpeMeHM. TeopeTuuecKue Xe BBIKJIAIKU TPeOOBaM SKCIIEPUMEHTAILHON TTPOBEPKH,
a TaHHbIE HAOIIOAEHUI OCTaBAJIMCh MPOTUBOPEUNBBIMU.

Kak BbIsSICHUIOCH BIOCJIEACTBUU, MHOTHUE TMPOTUBOPEUUS] BO3HUKIM M3-32 XKEJAHUSI IKCIEPUMEHTATOPOB
BTUCHYTh HAOJIOEHUS B KIACCUYECKYIO TAapajurMy, TO €CTh OOJIBIIIONH MAacCUB JaHHBIX TTOMPOCTY BHIOPAKOBBI-
BaJIcsl el Ha dTare MepBUYHOro KOHTposist KadyectBa. Cepreit CepreeBUY MCMOIb30BaJl BCe CBOM HE3aypsiAHbIE
OpraHM3aTOPCKUE CIIOCOOHOCTHU /IJIsI BOBJIEUEHUSI B PaOOTY IO MPOBEPKE HEJTOKATbHBIX TEOPUIA BEAYIIIMX MUPOBBIX
yu€HbIX. KTo TopKO He moObiBai B Ymmcaie B 3Tu roabl! OCOOeHHO MHTEHCUBHBIMU ObLUTA AUCKYccUU ¢ Jlappu
MapToM — BenylIuM CIeMaTiCTOM 10 HAOMI0JEHUSIM 32 aTMOC(EPHBIMU MOTPAHUYHBIMU cllosiMU. Jlappu Toxke
YYBCTBOBAJI CBSI3b MEXIY JOKATbHBIMU U HEJIOKAJIbHBIMU CBOMCTBAMU TYpOYJIEHTHOCTH, HO MCKall TIPUUYMHY HE
BO BHYTPEHHEI caMOOpraHM3alliu, a BO BIUSHUN BHENTHUX (haKTOPOB TAKMX KaK MECTHBIE BO3MYITHBIE TEUSHUS
Y HEOTHOPOAHOCTU MOBEPXHOCTU [44]. DTO ObLIO BIMSTEILHOE U TTOMYJISIPHOE B Cpelie MOJebepoB MHeHuUe. [1po-
THUBOIIOCTABUTh 3TOMY MHEHUIO ObLIO MOKA HEYEero.

Hakowner, B konue 2002-ro roma, HOBasl BUXpe-pa3peniaroiiasi Moesib Mpolijia TeCThl U 3apaborana. Cpa-
3y OOHapy:KUJIach CBSI3b MeXAy cTpaTudukalmeit ceodoaHoit armocdepsl (Boiiie ITITC) u Tonmumnoii IITC. DTo
Obla Ta 3a/1ava, pellieHre KOTOpoil 6e3 MOIeIMpoBaHuUsl TypOYJEHTHBIX BUXPEl MPEACTABISIOCh MTPAKTUIECKU
OecriepcrieKTUBHBIM. K MoeMy coxkaleHU10, JaHHbIE U3 MOJEIU PE3KO Pa3oIUIUCh C MPEeICKa3aHUSIMU HaMEYeH-
Hoi1 Teopuu. S ObUT pacCTPOEH, HO BCE Xe pelInIcs MoKa3aTh pe3ybTaTbl HAYyYHOMY PYKOBOIUTENIO. Y MEHS ObLIT
JIOBOJIbHO MPUIIMOJICHHBIN BU, HaBEPHOE, KOT/a s IOKJIaabIBal U MOKa3bIBal pe3yibratel. HactpoeHue, Buam-
Mo, niepenasioch u Cepreio CepreeBudy — ObLUIO BUTHO, KaK OH OOlyMbIBae€T HE CBEPHYTh JIM MOIO paboOTy ¢ MO-
JIeJIbl0 U TIepeHaNpaBUTh YCUJIMSI Ha OOCUYET CTAaTUCTUK MO U3MEPEHUSIM B aTMocdepe, MoaydyeHHbIM OT Jlappu
u Yrncanbckoit rpymibl. HeoxunanHo ero HacTpoeHue pe3Ko U3MEHWIOCh. «Y TeOsi MOMEeb He MOATBEPKIAeT
3Ty TeOpuIo?» — CIPOCHI OH: «/la OHa 1 He MoJKHA e€ MOATBepXkaaTh!». OH MIPUHSIICS ¢ SHTY3Ma3MOM PAacCKa3bl-
BaTh, KaK YK€ MHOTO JIeT HEIOBOJIEH 3TOI MOATOHKOM TypOyJIEeHTHBIX TOTOKOB, KOTOPasi OJHOCTbIO UTHOPUPYET
(pusuky TypOyneHTHOro oomMeHa. Pa3dopoc maHHBIX HabOMoneHUIT ObLT orpoMeH. Jlydiee, YTo yaaBajaoCch BBIXKATh
U3 aHAJIN3a B aTMOC(EPHBIX TaHHBIX, OTPAXEHO B COBMECTHON MyOiMKauuu 3UJIATUHKEBUYA C DKCIIEpUMEHTA-
Topamu [38]. MBI TyT xXe HauaJiu HaOpachlBaTh HOBBIH IJIaH pacu€ToB. TpedoBasoCch MOJYYUTh JaHHbIE U3 OoJiee
TPYIHOU ISl pacu€ToB obacTu mapameTpoB. CIycTs HECKOJIBKO HEeNb JaHHbIE ObLIU MOJTYYEHBl U TTOJTHOCTHIO
TOATBEPAIIN HOBBIE TEOPETUUCCKIE BBIKJIAAKH, XOTSI ¥ C HECKOJIPKO MHBIMK KoaddutineHntamu [9, 35, 42, 45—48].

5. Hpmane HOBO# napaaurMbl 1 BKJIIOYCHHUE B KIIMMATHYCCKYIO HAYYHYIO MIOBECTKY

Ecnu unen yu€Horo ornepexaroT CBO€ BpeMsi, HAMBHO ObLJIO Obl OXKUIATh, YTO OHU OYIYT BOCHPUHSTHI HAYYHBIM
COOOIIIECTBOM KaK TOBOPUTHCS C «I€Ta». Takoil pa3pblB B BOCHPUSITUM UMEET HEMPUSITHbIE MOCIEACTBUS B BUIE
TPYAHOCTEH ¢ yOoauKalueid, MPUBOAUT K OTKa3y B (GPMHAHCUPOBAHUM MPOEKTOB, U B LIEJIOM 3aMeUISIET TTPOABUXKE-
Hue B pabdote. C MoI0OHBIMY TPYAHOCTSIMY CTOIKHYJICS U SWIMTUHKEBUY. Y TUBUTETHHO OBLIO HA0IIOIATh, UTO YeEM
0oJIbLIIe MBI TPOpadaThIBAEM HOBYIO TEOPUIO, UM OOJIbIIIE COOMPAEM TAHHBIX U MOJEIbHBIX PE3YJbTAaTOB, YeM 0OJIb-
111e K HaM TIPUCOEAMHSIETCST KOJUIET U3 CaMbIX Pa3HbIX 00JIACTEe METEOPOJIOTHU, TeM OOJIbIIIE TPYIHOCTEN BOZHUKA-
eT ¢ mybaukanueit pe3yabTaroB. Pociio u conpoTrBiieHUE OOIbIIMHCTBA YYACTHUKOB KOHMEPEHIIUIA 1 CEMUHAPOB.
Ka3zasioch, 4To OHU TepsitoT opueHTalMIo. Jleso pa3BUTUSI U YTOYHEHUs MapaaurMbl, KOTOPOMY OHM TMOCBSTUIN
CBOIO XU3Hb, IOC/IE J0KIaa 3UTUTUHKEBUYA TPU BCE €ro MSITKOCTU U 00assHUU, HAYMHANIO Ka3aThCs MEJTKUM
U BTOPOCTETIEHHBIM. DTO BBI3BIBAJIO OTTOpXEHUE. [IpenctaBbTe, Ballle UMs BOILILIO B HAYKy Ha3BaHUEM KaKOW-HU-
Oynb (PYHKIIMM WM TIOAXOMAQ, a 0Ka3aJoCh, YTO OHU (DU3NYeCcKU OeccMbIcieHHbl. O0CyXnast 3T TPYAHOCTU, MbI
K 2005-My rofy NMpUILIM K BBIBOLY, YTO Hal0 MEHATH Mojavy napaaurmbl. Hy:XHO nokasath KoJjuieraM, yTo OHU
MOTYT ITO-UHOMY B3IJISSHYTh Ha CBOU Xe€ pe3ynbTathl. [Tloaxonbl v hopMysibl MOTYT ObITh 3aHOBO MHTEPIIPETUPOBAHBI
U BCTPOEHbBI B HOBYIO mapanurmy. Ho st 3Toro Hy»kHO ObLJI0 M HaM B3IVISIHYTh Ha MapaaurMy Kak Ha yacTb OoJiee
LIMPOKOI HAYYHOI TTOBECTKH, TO €CTh 0003HAUYUTH €€ BIUSIHUE Ha OoJiee INPOKUe 001acTh HAyKU U MTPAKTUKU.

K sToMy BpemeHU, BULIS, YTO CXeMBbI TypOYJEHTHOTO MEPEMEIIMBAHUS NAIOT HEYIOBIETBOPUTEIbHBIEC PE3YJIb-
TaThbl, a YIIOMSIHYTbI€ BbIllIE MHOTOUMCJIEHHbIE MOMBITKU MOA00paTh HaWIy4yllle YHUBEPCATIbHbIE MOMPaBOYHbIE
(yHkuuu Ge3pe3ynbTaTHbI, pa3pabOTUYMKK MOJENEH Hayalu paccMaTpUBaTh TypOYJIEHTHbIE MOTOKU Kak TOMI-
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Puc. 2. Cepreii Cepreesuy 3wmutuHkeBud u [eopruii JI3komnoB (3KcTpaopanHapHbIil podeccop
Yuusepcurera [IpeTopri) OTKPBIBAIOT MEXIYHAPOIHYIO KOHbepeHiuto «[TnaHeTapHbie morpa-
HUYHBIE cJTou B kimMare 3eMin», KeiintayH, FOxHo-Adprkanckas Pecriyonuka, 2008

TOHOYHBIE TTapaMeTphbl B CBOMX Mojeisx. Hanmpumep, TypOyeHTHasT BSI3KOCThb, a 3HAYUT U ITOTOKM, W TOJIIIMHA
TITIC, ncKycCcTBEHHO M 3HAYUTEIbHO 3aBBIIIAIOTCS B MOJEISIX MMPorHo3a rmoroasl [49, 50]. Cnenyst cooOpaxkeHUsIM
Jlappu Mapra [28, 44], MHOTHE aBTOPBI OOBSICHSITM TaKOE 3aBBHIIIICHUE HEOOXOTMMOCTHIO YIETa HEOMHOPOTHOCTEH
TTOBEPXHOCTU M MECTHBIX TeueHuit B mapamerpusanuu [1I1C. Takue cooOpaxkeHUsT 0TYACTH CITPABEUTUBLI, HO HE
MOTYT OOBSCHUTH MOYEMY OLIMOKM MOJeJieil BO3pacTaioT MpU YCUIEHUN ycToitunBocTU ctpatudukauuu IITC.
HarmpoTtuB, 3uIMTHHKEBAY HACTaWBaJ, UTO IIPUIMHA KPOETCS B CTPYKTYpe cCaMOii TypOYJIEHTHOCTH.

Mexay pa3rpoMHOI pelieH3uel Ha MPoeKT no HesiokaiabHoi Meteoposioruu [TITC (2002) u BeiaeaeHueM mpe-
ctuxkHoro rpaHTa EBponeiickoro HayyHoro LlenTpa (Atmospheric planetary boundary layers: physics, modelling
and role in Earth system, 2009) iporuto 7 TpynHBIX JieT. HemocTaTki omHOTO IpoeKTa 00epHYINCH JOCTOMHCTBAMM
JIpyroro. A HavyajJoch Takoe MpeBpallleHUe ¢ 3aMedyaHusl pelieH3eHTa Ha Hallly padboTy [9]. PetieH3eHT nucai: «Bbl
paccMmaTpuBaeTe Takue ciayyau YCTOMYMBOM cTpaTuduKalMu B aTMochepe, KOTOpbie, HABEpHOE, MaJlo KOMY MHTe-
PECHBI, BCTPEUArOTCST PEKO, U, TT0 CYTH, HM Ha YTO HE BIMSIIOT B 3aa4ax, MMEIOIINX XOTh KaKoe-HUOYIb MPaKTH-
YecKoe 3HaYeHNe». Mbl OB YBEPEHbI, UTO 3TO HE TaK, HO UYTO MBI MOTJIM IIPOTUBOTIOCTaBUTHL? CxoXee 3aMevyaHue
IIPUBOIMIIOCH U B pELIEH3UM Ha yoMsiHyThIi mpoeKT 110 ITI1C: «ITpoekT umeeT c1abyio CBs3b C pealbHbIMU 3a1a-
YaMHU METEOPOJIOTHH, KOTOPhIe KOHIIEHTPUPYIOTCS BOKPYT aTMOC(EpHON KOHBEKIIMU 1 € BIUSIHUU Ha KJIUMaT».
Crasio oueBUAHBIM, YTO 0e3 moHuMaHus poiu crpatuduiupoBaHHbix [TT1C u addexros Tonmunel ITT1C B 3a-
JaJyax U3BMEHEeHHUs KirMaTa padoTa 3WJIMTUHKEBUYA He OyIeT MOJHOLIEHHO BOCIIPUHSITA HAYYHBIM COOOIIIECTBOM.

SWINTUHKEBUY HEe B TIEPBHI pa3 odpamancsa K mpodiaemam II1C u kimmMara, HO ceifuac TpeOOBaICs CBEXUIA
B3rsin. [ToHMMaHue posu TypOyJIeHTHOTO TepeMeIIMBaHus B TIporieccax (hOpMUPOBAHUS M OTKIIMKA KJIMMara
3emnu npuBeno C. Manat6e un K. Xaccenbmana k HobGenesckoit mpemun no ¢usuke B 2021 r. Ho HoGeneBckue
Jlaypeathl paccMaTpuBain Tojbko KoHBeKTuBHBIC [1T1C B aTMOchepe 1 oKeaHe COOTBETCTBEHHO. A ceifdac Tpe-
0oBaJIOCh YKa3aTh Ha poJib YCTOMUMBOM cTpaTudukamuu. [Tpoctoil pacuér nokaswiBai [51, 52], yTo acuMMeTpusi
B KJIMMaTUYECKOM OTKJIMKE TeMIIepaTyphbl Y MOBEPXHOCTU (hOPMUPYETCS pa3HULICH B TOJIIMHE THEBHOTO (KOH-
BeKTHUBHOTO) ¥ HOUHOTO (ycToitumBoro) I1I1C. ITpocTeiMu c10BaMHM, TETUIO, IIOABOAMMOE K 00JIee TOHKOMY CJIOI0,
HarpeBaeT ero ObICTpee WM Ha OoJblylo BeaumuuHy. [anbHeiimas paboTta TpeboBaza KOMITBIOTEPHBIX PAacUYEéTOB
M INIyOOKOTO CTaTUCTUYECKOTO aHaau3a. DTy paboTy BBIMOJIHSUII I CO CBouMU coTpynHukaMu B HaHceH LleHTpe
(Bepren, Hopserusi). B Te ronbr n XaccenbMaH U SUJTUTUHKEBUY 002 OBLIM COBMECTUTEIISIMU B HAIlleM MHCTUTYTE.
BceTpeuasick nHorna B bepreHe, Mbl BUeTBepoM, BKITouasi Puuapna JIpBu, o0Ccykaanu repcrieKTUBbI 3TO pabOoThI.
PesynbraTtoMm siBunmch nyoaukauuu [53, 54], mokassiBaloliie, YTO yCTOMYMBAs CTpaTU(UKALIMS UMEET pellaolee
3HaueHNE Ha YCUJICHHE TI100aTbHOTO IMOTEIUICHHUs B paiioHax ¢ mpeobiamanreM ToHKuX [1T1C, Hanboee 3aMeTHO
B APKTHUYECKOM YCWJIEHUH W B TEMIIEpaTypHBIX pEKOpIax MocieaAHuX JieT. [1apaienbHo npyras rpyrma B YHUBEp-
cuteTe XeJbCUHKHU pa3pabaThiBajia BIusiHUe cTpaTuduuupoBaHHbix ITITC Ha ropoackoii kiaumar [55].
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6. BmecTo 3aKm0ueHus

ITomyuenue rpanTa EBporneiickoro Hayaroro IlenTpa (2009), KOTOpPHBIi OBLT LIETUKOM HAIIpaBJICH Ha M3yJYEeHUE
(byHIaMeHTaIbHBIX CBOWCTB HEJOKAJIbHOI TypOyJleHTHOCTU, TpuuéM He Tosbko B ITITC, oka3anock cpenctBom
CO3MaHus IIMpoYaiilieit ceTu MeXIyHapoIHON HaydyHOI Koorepaluu. B KakoM-To cMbIce 3TO ObLT BUPTYaJlb-
HBIIf HAyYHBI MHCTUTYT, BO3IJIABISIEMBII M HATIPaBIsIeMblii SMIIMTUHKEBUYEM — TPETUId UHCTUTYT, KOTOPBIii OH
co3nan B cBoeil xxu3Hu. Bckope kK Hemy npubaBuiachk BOJHE peajibHast Jabopartopus B MHcTutyTe [MpukinagHoii
®uszuku PAH B Hisxknem HoBroposne, co3nanHas Ha cpenctBa Poccuiickoro MerarpanTa U pyKoBoguMast 3ujiu-
tnHKeBnueM u FOmmeii Tpounkoii. CaMocTosITeNIbHBIE 1 COCTOsIBIINECS yuéHble u3 EBporeiickux ctpan, CIIIA,
Nzpaunnst, Poccuu 1 YkpanHbI ¢ 3HTY3Ma3MOM TPYAMINCH, 3aXBaUe€HHbBIE UESIMU HOBOY HayYHOI mapanurmbl. Ou-
Jocockoe npenackazaHue KyHa o Tom, 4To cMeHa mapaaurMbl OIBUTHET MCCIeaoBaTesIeii TO-HOBOMY B3IJISTHYTh
Ha CBOM PE3YJIBTATHI U JaHHbBIC, OyecTsie moaTsepamiock. [locTenmeHHO HapacTarolass MEeKIUCITUTIMHAPHOCTD
paboT U OTKPHITUE HOBBIX MPUIOXEHUI 711 MOJyYEHHBIX PE3yJbTATOB MPUBEIU K HEOOXOAUMOCTU OpraHU3aluu
KPYITHOTO MEXIyHAapOIHOTO KOHCOPIMyMa TEOPETUKOB, MOJEILEPOB U MpakTUKoB. Ycwiusimu Cepres Cepree-
Br4a 3unutuHKeBnda 1 Mapkky Kynmana koHcopumnyM npuoopén ¢opmy Ilan-EBpasuiickoro DkcnepruMeHTa
(PEEX) [56], KOTOpBIil poIoIKaeT CBOIO aKTUBHYIO IeSITeJIbHOCTh, Pa3BUBasl HAyYHOE Hacieare SUIUTUHKEBH-
ya, 1 B HacTtosiee Bpems (https://www.atm.helsinki.fi/peex/).
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Abstract

The main approaches in direct modeling of surface waves based on complete equations of dynamics of the inviscid liquid
with a free surface are briefly considered. Most of the models are intended for study of the applied and engineering problems. It is
assumed that the main model is written in the curvilinear coordinate system where the height is counted off from wave surface. In
the two-dimensional periodic formulation, when using a conformal system, the problem is reduced to the system of one-dimen-
sional equations that can be easily solved using Fourier-transform method. For three-dimensional waves such simplifications do
not exist, thus, the vertical velocity on the surface is calculated by solving a three-dimensional Poisson equation or using a surface
integral method. An approximate scheme based on the two-dimensional equations is considered. The scheme allows reproducing
the statistical mode of waves with high accuracy consistent with the similar results obtained from the accurate three-dimensional
model.
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PA3JIMYHBLIE ITOAXOJbI K MOAEJINPOBAHNIO MOPCKHUX BOJIH

Cratbs moctymia B pegakumio 31.08.2021, mocne nopadotku 04.10.2021, mpunsra B mevats 11.10.2021

AHHOTAIMS

Kpatko paccMOTpeHbI TaBHBIE MOIXOAbI B MPSIMOM MOIETMPOBAHUYN TMOBEPXHOCTHBIX BOJH, OCHOBAaHHBIE Ha TMOJHBIX
YpaBHEHUSIX IMHAMUKU HEBSI3KOM XXUIKOCTU CO CBOOOHOIT MOBEPXHOCThIO. boibliiasi yacTh Mojiesieii penHa3HauyeHa aJis uc-
CJIeIOBaHMS IPUKIIATHBIX U MHXEeHEePHBIX pobiem. [Ipenmnonaraercsi, 4To OCHOBHOI SIBJISIETCSI MOZIENb, 3alTMCAHHASI B KPUBO-
JIMHEIHOM crcTeMe KOOPIMHAT, B KOTOPOIi BbICOTA OTCUMTHIBAETCS OT BOJIHOBOI MOBEPXHOCTU. B 1ByMEpHOIT mepuoanyeckoit
b opMynMpoBKe MPU UCTIOIH30BaHUYU KOH(MOPMHOI CHUCTEMBI 3aa4a CBOAUTCS K CCTEMe OTHOMEPHBIX YPaBHEHUIA, JIETKO pe-
maeMbIX ¢ ucnojb3oBanrem dypbe MeTona. 11t TpEXMEPHBIX BOJIH TaKue YIIPOIISHUST He CYIIECTBYIOT, M BEpTUKaJIbHAsT CKO-
POCTb Ha TIOBEPXHOCTU PACCUUTHIBAETCS MyTEM pelIeHus1 TpExMepHoro ypaBHeHus [lyaccoHa miv METOIOM MOBEPXHOCTHOTO
uHTerpaia. PaccmarpuBaercs npubIMXKEHHast cxeMa, OCHOBaHHAs Ha IByXMEPHBIX ypaBHEeHUIX. Cxema MO3BOJISIET BOCITPOU3-
BOAWTDH CTATUCTUYECKUIT PEKUM BOJTH C BBICOKOI TOUHOCTBIO COTTIACYIOIINIACS C AaHATIOTMYHBIMU PE3yIbTaTaMU, TTOJyYeHHBIMU
10 TOYHOI TPEXMEPHOI MOIEIH.

KiioueBbie ciioBa: MOACIMPOBAHUE BETPOBLIX BOJIH, Pa3BUTHUE BOJIH, BOJTHOBOW CIIEKTD, (Dypbe METO/, BEPpTUKaAJIbHasA CKOPOCTb
Ha MOBECPXHOCTHU, IIPUTOK SHEPIUM OT BETPA K BOJIHAM, IVCCUTIALIMA BOJIH, BOJTHOBasi CTATUCTUKA

1. Introduction

The numerical modeling in fluid mechanics can be defined as a method of simulation of the real process based on
full nonlinear equations. The most popular method of the surface wave simulation is based on the spectral represen-
tation of wave field. This technology was developed specifically for wave forecasting. Currently, this approach is the
only possible method that allows describing an evolution of wave field over the large areas for long periods. Despite

Cepika mis mutupoBanust: Yaauxog /. B. Pa3nuaHbie MOIXomabl K MOIETMPOBAHUIO MOPCKUX BONH // DyHmameHTaIbHast
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a broad range of applicability, the spectral modeling cannot be referred to the numerical modeling since it is based
on the assumption of linearity. In fact, the spectral description does not contain any information on waves, but only
on distribution of wave energy over direction and frequency in each point of the domain. For example, those data
cannot be used for calculation of probability of wave height. The spectral model assumes that wave field consists of
superposition of linear waves with random phases and an arbitrary angle distribution. Being converted to a physical
wave field, it looks unreal, because real waves usually have the prolonged smooth troughs and sharp peaks.

An alternative approach is based on the equations that are able to reproduce the movement of real waves. Such
approach is sometimes called “the phaseresolving modeling” or “direct modeling” that is defined as a mathematical
modeling of surface waves including an explicit simulation of surface elevation and a velocity field evolution. Com-
pared with the spectral wave modeling, the phase resolving modeling is more general since it reproduces the real visible
physical process and is based on the well-formulated full equations. The phase resolving models usually operate with a
large number of degrees of freedom. Being applied to similar tasks, the direct method is more complicated and requires
more computational resources. The simplest way of such modeling is calculation of a wave field evolution based on the
linear equations. Such approach allows reproducing the main effects of the linear wave transformation due to super-
position of wave modes, reflections, refraction etc. This approach is useful for many technical applications, although it
cannot reproduce the nonlinear nature of waves and transformation of wave field due to nonlinearity. Another example
of a relatively simple object is the case of shallow-water waves. The nonlinearity can be taken into account in the more
sophisticated models derived from the fundamental fluid mechanics equations with some simplifications.

The most popular approach is based on a nonlinear Schrodinger equation of different orders [1] obtained by
expansion of the surface wave displacement. The main advantage of a simplified approach is that it allows reducing
of a three-dimensional (3-D) problem to a two-dimensional one (or 2-D problem to 1-D problem). However, it is
not always clear which of the non-realistic effects are eliminated or included in the model after simplifications. For
example, in Schrodinger equations the instability of high waves is missing; hence, the amplitudes of simulated waves
can be unrealistically large. In reality, an excessive growth of waves is prevented due the wave-breaking instability.
The most general approach being developed over the past years is based on the initial two-dimensional or three-
dimensional equations (still potential).

All the tasks based on those equations can be divided into two groups: the periodic and non-periodic problems.
An assumption of periodicity considerably simplifies construction of the numerical models though such formulation
can be applied to the cases when the condition of periodicity is acceptable, for example, when the domain is consid-
ered as a small part of a large homogeneous area. For limited domains with no periodicity the problem becomes more
complicated since the Fourier presentation cannot be used directly.

From the point of view of physics, a problem of phase resolving modeling can be divided into two groups: the
adiabatic and non-adiabatic modeling. A simple adiabatic model assumes that the process develops with no input
or output of energy. Being not completely free of limitations, such formulation allows investigating wave motion on
the basis of true initial equations. Including the effects of dissipation is always connected with an assumption that
generally contradicts the assumption of potentiality, i.e., the new terms added to the equations should be referred to
as pure phenomenological.

All the phase resolving models use the methods of computational mathematics and inherit all their advantages and
disadvantages, i.e., on one side, the possibility of a detailed description of the processes, on the other side, a bunch of
specific problems connected with the computational stability, space and time resolution. The mathematical modeling
produces huge volumes of information the processing of which can be more complicated than the modeling itself.

The phase resolving wave modeling takes a lot of computer time since it normally uses the surface-following
coordinate system, which considerably complicates the equations. The most time-consuming part of the model is an
elliptic equation for the velocity potential usually solved with iterations. Luckily, for a two-dimensional problem this
obstacle is completely eliminated by use of the conformal coordinates reducing the problem to a one-dimensional
system of equations which can be solved with high accuracy [2]. For a three-dimensional problem, the reduction to
a two-dimensional form is evidently impossible; hence, solution of a 3-D elliptical equation for the velocity poten-
tial becomes an essential part of the entire problem. This equation is quite similar to the equation for pressure in a
non-potential problem. It follows that the 3-D Euler equations being more complicated still can be solved over the
acceptable computer time.

The main attention in the current review is devoted to the approaches related to the geophysical fluid dynamics.
The models considered below are intended for investigation of mechanics of surface waves and development of pa-
rameterization of a physical process in the waves that can be used in the spectral wave forecasting models. The scope
of the review is limited to the works devoted to free periodic waves and based on the principal equation for potential
waves. The results obtained on the basis of the models are not a subject of the paper.
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2. General approaches

In the past decades a large volume of papers devoted to the numerical methods developed for investigation of
wave processes have been published. They include a Finite Difference Method [3, 4], a Finite Volume Method [5],
a Finite Element Method [6, 7], a Boundary (Integral) Element Method [8], Spectral Methods [9—12] as well as a
Smoothed Particle Hydrodynamics method [13]; a Large Eddy Simulation Method (LES) [14, 15], a Moving Par-
ticle Semi-implicit method [16]; a Constrained Interpolation Profile method [17], a Method of Fundamental Solu-
tions [18] and a Meshless Local Petrov—Galerkin method [19]. The fully nonlinear model can be applied to many
problems. Most of the models were designed for engineering applications such as the overturning waves at the beach,
broken waves, the waves generated by landslides, freak waves, solitary waves, tsunamis, the violent sloshing waves,
the interaction of extreme waves with beaches as well as the interaction of steep waves with fixed structures or differ-
ent floating structures. The references given above make up less than one percent of the publications on those topics.

The problem of the numerical simulation of surface waves has a long history. The most general method to sim-
ulate motion with a free surface is based on some sort of the Lagrangian approach [20] which assumes the tracing of
variable surface in a fixed grid with a different order accuracy (see, e.g., [21—24]). At present, the applicability of this
method is restricted by simulation over the relatively short-term periods. However, the accuracy of this method will
increase significantly when a very high resolution becomes possible. An advantage of this method is that it can be used
for simulation of the 3-D rotational motion of a viscous fluid even for the non-single-value interface. The simula-
tion of a nonlinear unsteady potential flow with a free surface began with development of the Eulerian—Lagrangian
boundary integral equations approach [5] for steep overturning waves. This method, in principle, may be generalized
for 3-D motion, but it requires considerable computational resources. The motion with the single-value 1-D and 2-D
interface is easily simulated using the simplest surface-following coordinates where the height is counted off from the
interface [26]. This system of coordinates is unsteady and non-orthogonal, so the equations of motion become com-
plicated. The waves on finite depth were investigated by transforming the volume occupied by fluid into a rectangular
domain [27]. The more complicated surface-following transformations have been constructed even for the case of a
multiple-valued surface [28]. The grid method was generalized using adaptive grids (e.g., [29]) and a finite-volume
approach [30].

3. Two-dimensional waves

Two-dimensional waves are a motion considered in a plane (x, z) (x is a horizontal coordinate and z is a vertical
one). The numerous attempts to investigate such waves in the Cartesian coordinate system were not successful. In
fact, the approach based on the non-stationary conformal mapping had been formulated even before it was used for
numerical simulations. It had been introduced in [31, 32]), and later considered in [33—34]. Tanveer [35, 36] used
that approach for investigation of Rayleigh—Taylor instability and generation of surface singularities. However, no
authors of those works used conformal transformation for simulation of the long-term multi-mode periodic wave
dynamics. Such 2-D model was completed in 1992, when a systematic use of the new approach to different problems
was initiated. A numerical scheme based on conformal mapping (and its validation), as well as the results of the long-
term simulations were presented in [37—39]. The scheme for arbitrary depth was described in [40, 41]. More details
for a case of shallow water were given in [42]. Later, the method developed was used with some minor modifications
in [43, 44] to demonstrate certain nonlinear properties of steep waves. The non-stationary conformal mapping for
finite depth allows rewriting the principal equations of the potential flow with a free surface in the surface-following
coordinate system. Laplace equation retains its form, while the boundaries of the flow domain (i.e., a free surface
and, for the case of finite depth, the bottom) are the coordinate surfaces in a new coordinate system. Accordingly,
the velocity potential in the entire domain receives a standard representation based on its Fourier expansion on a free
surface. As a result, the hydrodynamic system of the equations (not simplified) is represented by two simple evolu-
tionary equations which can be solved numerically in a straightforward way and used for theoretical investigations.

The assumption of potentiality simplifies the approach so significantly that the numerical scheme does not re-
quire any finite-difference approximations since the derivatives can be calculated precisely using the Fourier pre-
sentations, while the nonlinearities can be approximated on a dense grid with the well-estimated accuracy. If special
measures (see [45]) are not taken, the calculations normally terminate much earlier due to the strong crest instability
[25] shortly manifesting itself by separation of the falling volume into two phases. This phenomenon is obviously
non-potential. Hence, as in many branches of geophysical fluid dynamics, some special measures (probably, precar-
ious from the point of view of the potential theory) must be taken to prevent numerical instabilities, at the same time
considering the physical consequences of such events.
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The conformal model turns out to be a perfect tool for investigation of many problems of wave dynamics. The
high accuracy of the model was proved by comparison of a nonstationary solution with the exact solutions for gravity
waves (i.e. Stokes waves), gravity-capillary i.e. waves and capillary waves (i.e., [46]). The algorithms for calculations
of stationary waves were developed in [41]. The most interesting feature of the multi-mode wave fields was a clear
separation of the wavenumber-frequency spectra into regular curvilinear branches with most of the energy concen-
trated along what we call ‘main branches’ This effect was observed in [47]. The conformal modeling was used for
investigation of many other problems of wave dynamics: the dynamics of extreme waves [48], statistical properties
of one-dimensional waves [49, 50], Benjamin-Feir instability [51], freak waves [52, 53], wave breaking [54—56].
A systematic description of conformal modeling and the results obtained are given in a book [57].

The main advantage of conformal modeling is very high accuracy and performance. Even with a use of many
thousands of Fourier modes, the long-term runs could be done for quite acceptable time. Hence, in many cases when
the two-dimensionality is acceptable, the conformal model should be used instead of highly complicated three-di-
mensional models. The conformal model can be used for modeling and parameterization of a local physical process
such as energy input to waves from wind, wave breaking, i.e. for the processes with relatively short time scales. The
conformal model is evidently inapplicable for simulation of a developing wave field since the nonlinear interaction in
2-D space is not effective. A two-dimensional approach considers a strongly idealized wave field, since even mono-
chromatic waves in the presence of lateral disturbances quickly obtain a two-dimensional structure. The difficulty
arising is not a direct result of the dimension increase. The fundamental complication is that the problem cannot be
reduced to a two-dimensional problem, and even for the case of a double-periodic wave field the problem of solution
of Laplace equation for the velocity potential arises.

The majority of the models designed for investigation of three-dimensional wave dynamics are based on the sim-
plified equations such as the second order perturbation methods in which the higher order terms are ignored. Overall,
it is unclear which effects are missing in such simplified models.

4. Three-dimensional waves

Over the past decades many papers devoted to three-dimensional numerical methods developed for investiga-
tion of wave processes has been published. The three-dimensional modeling of surface waves based on full nonlin-
ear equations is a powerful tool for investigation of wave processes, development of parameterization schemes for
phaseresolving and spectral models and direct simulation of wave regimes in small basins. This type of modeling is
rapidly developing. The most sophisticated method is based on full three-dimensional equations and surface integral
formulations [58—65]. All models of such type extend an approach [66] originally given in the two-dimensional set-
ting. The model is based upon a Hamiltonian formulation [67], which allows reducing a problem of surface variables
computation by introducing a Dirichlet—Neumann operator which is expressed in terms of its Taylor series expan-
sion in homogeneous powers of surface elevation. Each term in this Taylor series can be obtained from the recursion
formula and efficiently computed using fast Fourier transforms.

The main advantage of the boundary integral equation methods (BIEM) is that they are accurate and can de-
scribe highly nonlinear waves. A method of solution of Laplace equation is based on the use of Green’s function,
which allows us to reduce a 3-D water-wave problem to a 2-D boundary integral problem.

The surface integral method is well suited for simulation of wave effects connected with very large steepness,
specifically, for investigation of freak wave generation. These methods can be applied both to periodic and non-pe-
riodic flows. The methods do not impose any limitations on wave steepness, so they can be used even for simulation
of waves that approach breaking [60], when the surface obtains a non-single value shape. The method allows us to
take into account the bottom topography [68] and investigate the interaction of waves with fixed structures or with
freely-responding floating structures [69, 70].

However, the BIEM method is quite complicated and time-consuming. It was used mostly for simulation of relatively
simple wave fields, and it is unlikely that the method can be applied to simulation of a long-term evolution of the large-scale
multi-mode wave field with a broad spectrum. The implementation of a multi-pole technique for the general problem of
sea wave simulation [65] can solve the problem but obviously leads to the considerable algorithmic difficulties.

Currently, the most popular approach is a HOS (High Order Scheme) model developed in [71, 72]. The HOS is
also based on the paper [67] where a convenient form of the dynamic and kinematic surface conditions was suggested:

The equations suggested by Zakharov were not intended for modeling, but for investigation of stability of the
finite amplitude waves. In fact, a system of coordinates where depth is measured from the surface was used, but the
Laplace equation for the velocity potential was taken in its traditional form. However, the Zakharov followers have
accepted this idea literally. They used two coordinate systems: a curvilinear surface-fitting system for the surface

22



Different Approaches to Numerical Modeling of Sea Waves
Pasinunbie NOAXO0bl K MOJACIUPOBAHUIO MOPCKHUX BOJIH

conditions and the Cartesian system for calculation of the surface vertical velocity. The analytical solution for the
velocity potential in the Cartesian coordinate system is known. It is based on Fourier coefficients on a fixed level,
while the true variables are Fourier coefficients for the potential on a free surface. Here a problem of transition from
one coordinate system to another arises. This problem is solved by expansion of the surface potential in Taylor series
in the vicinity of the surface. The accuracy of this method depends on estimation of an exponential function with the
finite number terms of Taylor series. For the small-amplitude waves and for a narrow wave spectrum, such accuracy
is satisfactory. However, for the case of a broad wave spectrum that contains many wave modes, an order of Taylor
series should be high. The problem is now that the waves with high wave numbers are superimposed over the surface
of larger waves. Since the amplitudes of the surface potential attenuate exponentially, the amplitude of a small wave
at positive elevation increases, and on the contrary, can approach zero at negative elevations. It is clear that such for-
mulation of HOS model cannot reproduce the high-frequency waves, which actually reduces the nonlinearity of the
model. This is why such models can be integrated for long periods using no high frequency smoothing. In addition,
the accuracy of calculation of a vertical velocity on the surface depends on full elevation at each point. Hence, the
accuracy is not uniform along the wave profile. A substantial increase of an order of Taylor expansion can result in
the numerical instability due to occasional amplification of the modes with high wave numbers. However, the HOS
approach has been widely used (for example, [73—75]). It has shown its ability to efficiently simulate the wave evolu-
tion (propagation, nonlinear wave—wave interactions, etc.) in a large-scale domain [76—77]. It is obvious that HOS
model can be used for many practical purposes. HOS-Ocean is a numerical model dedicated to propagation of the
non-linear wave fields in the open ocean with an arbitrary constant depth in a double-periodic domain.

Another group of 3-D models use direct solution of Laplace equations written in the curvilinear coordinate
system. The most universal approach based on the 3-D finite-difference model is being developed at the Technical
University of Denmark (TUD model, see [4]). The model is intended for calculation of wave dynamics in a basin of
arbitrary shape and topography, containing the fixed and floating bodies. Evidently, this model is targeted at solution
of different engineering problems of designing and operation of marine technique. However, the model is so universal
that is can be applied to simulation of wave regimes in small basins. The parameterization of physical processes in
TUD model was not yet presented.

A model [78] developed at Institute of Oceanology RAS in association with Melbourne University is not quite
universal, but it is supplied with the developed algorithms for parameterization of the physical processes. The system of
equations includes the evolutionary kinematic and dynamic surface conditions and Laplace equation for the velocity
potential. The double-periodic domain of infinite depth is considered. Construction of the exact numerical scheme for
a long-term integration of these equations in the Cartesian coordinate system is impossible, since the surface moves
between the grid knots. Instead, the system of the curvilinear coordinates fitted with a surface is introduced. The penalty
follows immediately after turning the simple Cartesian coordinates into the curvilinear, nonstationary and non-orthog-
onal coordinate system. Fortunately, the evolutionary equations become just slightly complicated, while Laplace equa-
tion transforms into a full elliptic equation. At each time step this equation can be represented as Poisson equation with
the right-hand side depending on the solution itself as well as on the metric coefficient. Since the norm of the right sight
of the equation is usually small, the solution of Poisson equation can be found with a three-diagonal matrix algorithm
and the iterations over the right-hand side. This procedure being formulated in the Fourier space is greatly simplified by
the assumption of periodicity. The significant simplification of the problem can be achieved by separation of the velocity
potential into the linear and nonlinear components. It is assumed that a linear component satisfies Laplace equation
with the known solution. The equation for a nonlinear component can be obtained by extracting Laplace equation from
the initial Poisson equation. Such procedure has a lot of advantages since a nonlinear component is on the average less
by 1—2 decimal orders than the linear one. It means that for solution of the reduced Poisson equation a lesser number
of levels in vertical, a lesser number of iterations and a smaller accuracy criterion can be used. The use of two compo-
nents in the evolutionary equation does not seem to provide noticeable advantages, however this way deserves further
consideration. The potential wave problem gives a unique opportunity for validation of the full nonlinear model in
comparison with the exact stationary solution obtained in the conformal coordinates [41]. The structure of Stokes wave
was supported within a long interval of integration. After implementation of the energy input scheme and wave-breaking
parameterization, the model was used for direct simulations of a two-dimensional wave field evolution under the action
of wind, nonlinear interactions and dissipation [79].

5. 2-D model for simulation of 3-D waves

All 3-D models based on full equations have a common limitation, i.e. a low computational efficiency. Working
with such models, even with modest resolution, turns into the endless waiting of the results. This property of the mod-
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els slows down their improvement, in particular, development of parameterization schemes for physical processes
since such work requires multiple repetitions of the runs. Such schemes significantly depend on the model resolution;
it limits the possibility of the research with low-resolution models.

Recently, an attempt to develop a new approach to the phase-resolving modeling of two-dimensional periodic
wave fields was undertaken in [80, 81]. The main idea of the scheme follows from the presentation of the velocity
potential as a sum of the linear and nonlinear components suggested in [78]. The solution for a linear component is
known; hence, a nonlinear component should be calculated through Poisson equation with a zero boundary condi-
tion on the surface. Such approach offers a new way to simplify the calculation by considering 2-D Poisson equation
on the surface. The equation that can be treated as the additional surface conditions contains both the first ¢, and
second ¢ vertical derivatives of the potential. Thus, the system of equations remains unclosed. It was empirically
discovered that those variables are closely connected to each other. The linear dependence between ¢, and ¢, was
checked in [80, 81]. It was shown that the use of such hypotheses leads to formulation of the closed system of equa-
tions, which allows obtaining the results close to those obtained with the full wave model.

Thus, a new approach is based on the following features of mathematical formulation of the potential surface
deep-water wave dynamics:

1. The evolution of wave field is well described by a linear subsystem of linear equations with the relatively small
corrections due to nonlinearity. The time scale for the non-adiabatic and nonlinear transformation of spectrum ex-
ceeds by 3—4 decimal order the character period of waves.

2. The three-dimensional structure of waves is described on the basis of Laplace equation for the velocity poten-
tial written in the surface-fitted coordinate system where Laplace equation turns into a general elliptical equation that
can be represented as Poisson equation with the right-hand side depending on solution. For solution of this equation
more than 95 % time and memory is required.

3. The evolutionary equations for the surface potential include surface values of the vertical velocity calculated
after the equation for the velocity potential has been solved. Other information obtained in the course of calculation
of 3-D field of the surface potential is not used.

4. The surface vertical velocity can be represented as a sum of a linear component (described analytically) and a
relatively small nonlinear correction.

5. Poisson equation written for surface gives an additional surface condition, containing both the vertical velocity
and its vertical derivative. Typically, the nonlinear correction to the vertical velocity is by one order smaller than the
full vertical velocity.

6. The vertical profiles of a nonlinear component of the surface potential in the vicinity of surface calculated by
the 3-D full wave model (FWM) [79, 57] allow us to suggest that the vertical velocity and its vertical derivative can be
simply connected locally in a physical space.

7. This connection has been investigated and parameterized on the basis of the exact FWM. That allows us to ex-
clude a vertical derivative of vertical velocity and transform the entire 3-D formulation into 2-D (surface) formulation.

A detailed derivation of 2-D equation is given in [80—82]. Finally, the system of 2-D equations for simulation of
a multi-mode wave field evolution includes standard evolutionary kinematic and dynamic surface conditions and an
additional diagnostic condition for calculation of the surface vertical velocity [82]:
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S

Here & and 3 are ‘horizontal’ surface-following coordinates; { is a vertical coordinate (£ = 0 on the surface and it grows
upwards); T is time; (€, 9, 1) is the surface elevation above a mean level; n. is a time derivative; n: and ng are horizontal
derivatives of n over € and 3; ¢ is the surface velocity potential; ¢ and ¢g are the along-surface derivatives over & and 9;
@: = w is a vertical derivative of the potential on the surface (i.e. the surface vertical velocity); A = g + ngg is the 2-D

‘horizontal’ Laplacian of elevation; s = né + né; pis the air pressure on the surface, divided by water density.

The vertical velocity w is represented as a sum of the linear w and nonlinear w components. A linear component

W =0, is calculated analytically since ¢ satisfies Laplace equation Qg +@gq + @, =0 which is solved with the

boundary conditions (& =0) =¢ and G, (§ — ) — 0. The surface distribution of a nonlinear component is calcu-
lated from Eq. (3).
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Coefficient 4 in (3) is calculated by the formula
A=cHw), (4)
where o is dispersion of elevation 1, while p is a parameter

u=ocoy, %)
where o, is the dispersion of the horizontal Laplacian of elevation An. The function F'is approximated as follows,

F:dOp.+d1
n+d,

where d, = 0.535, d, = 0.0414, d, = 0.00321. The function F(p) is shown in fig. 2 in (Chalikov, 2021a).

The equations (1—3) are written in a nondimensional form, which formally follows from the suggestion that the
acceleration of gravity is equal to one. Note that this form of equation is highly convenient because adiabatic equa-
tions are self-similar and the results can be easily transformed into a dimensional form by choosing a specific length
scale and appropriate scales for variables [57]. Remarkably, a nondimensional form of equations is also reasonable to
use in the non-adiabatic formulation, as transformation of the integral characteristics of solution occurs at the scales
many times larger than the period and length of wave.

An approximation (6) is also correct for the dimensional variables, because it is independent of an external scale
L. The form of relations (4, 5) and the constants in (6) were found on the basis of numerous numerical experiments
with FWM and empirical (in a computational sense) selection of nondimensional variables as well as the function F
and the numerical parameters. This is why that simplified model is named Heuristic Wave model (HWM).

The numerical scheme is based on Fourier-transform method with the use of Fourier and grid presentations
of variables; moreover, the number of freedom degrees in the grid space exceeds four times that in Fourier space.
The vertical velocity w is calculated with Eq. (3) by iterations. For integration in time, the forth-order Runge-Kutta
scheme was used.

An equation (3) is represented in a form convenient for iterations. It is also solved with Fourier-transform meth-
od. Since the iterations start from the initial condition taken from a previous time step, the typical number of itera-
tions is two and never exceeds four. The occurrence of the computational instability usually signals that the dissipa-
tion cannot cope with excessively large surface steepness or curvature.

The simplified model gives almost the same statistical results as the full model. It is easy to see that the equations
suggested above are completely similar to complete equations, with one exception though: a small non-linear cor-
rection to the total vertical velocity is calculated not from 3-D Poisson equation but from a simple 2-D equation (3).
It can be added that the simplified model has a much simpler structure than FWM and is easily programmed.

It is obvious that the approach developed here is not precise. It cannot be applied for the individual cases with a
small number of modes, for example, for simulation of a steep Stokes wave, as it was demonstrated for FWM in [57,
79]. The model is intended for simulation of dynamics and statistics of the homogeneous multi-mode wave field.

(6)

6. Non-adiabatic terms

The full adiabatic model is suitable for the relatively short time intervals only. Real waves receive energy from
wind and dissipate. Currently, such processes are poorly studied because they are evidently more complicated than
the wave movement itself. Therefore, neither of the models can be considered as fully adequate. The algorithms de-
scribing the input energy from wind and wave dissipation have been developed for wave forecasting models (see, for
example [83]), but this scheme is applicable for relatively low wave numbers.

The energy input term is calculated on the basis of Miles theory. According to this theory, the energy input in a
small interval in Fourier space is proportional to the wave energy in this interval with a coefficient depending on the
wave age (a ratio of the mean phase velocity in a spectral interval to the wind velocity). The shape of this coefficient
(called B-function) is poorly known (see [84]).

A nonlinear flux of energy directed to small wave numbers produces downshifting of spectrum, while an opposite
flux forms a shape of the spectral tail. The second process can produce accumulation of energy near a ‘cut’ wave
number. Both processes become more intensive with increase of energy input. The growth of amplitudes at high wave
numbers is followed by that of the local steepness and numerical instability. This well-known phenomenon in the
numerical fluid mechanics is eliminated by use of a highly selective filter simulating the nonlinear viscosity.

The main process of wave dissipation is the wave breaking. The instability of interface leading to breaking is an
important and poorly developed problem of fluid mechanics. In general, this essentially nonlinear process should be
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investigated for a two-phase flow. Such approach was demonstrated, for example, in [85]. The problem of the break-
ing parameterization includes two points: (1) establishment of a criterion of the breaking onset and (2) development
of an algorithm of the breaking parameterization. The problem of breaking is discussed in details in [86]. It was found
in [87] that a clear predictor of breaking formulated in dynamical and geometrical terms, probably, does not exist.
The most evident criterion of breaking is the breaking itself, i.e., the process when some part of the upper portion
of a sharp wave crest is falling down. This process is usually followed by separation of the detached volume of liquid
into the water and air phases. Unfortunately, there is no possibility to describe this process within the scope of the
potential theory. The algorithm for the breaking parameterization must prevent numerical instability. The situation is
similar to the numerical modeling of turbulence (LES technique) where the local highly selective viscosity is used to
prevent appearance of too high local gradients of the velocity and pressure. The description of breaking in the direct
wave modeling should satisfy the following conditions: (1) it should prevent the onset of instability at each point of
millions of grid points over more than 100 thousand of time steps. (2) It should describe in a more or less realistic
way the loss of the kinetic and potential energies with preservation of balance between them. (3) It should preserve
the volume. It was suggested in [41] that an acceptable scheme could be based on a local highly selective diffusion
operator with a special diffusion coefficient.

In general, the problem of parameterization of the physical processes is far from completion. All the schemes
contain the coefficients which values are known with low accuracy. However, by tuning those coefficients it is possi-
ble to simulate wave development under the action of wind more or less plausibly.

7. Conclusion

At present, the direct wave modeling forms an independent section of the computational fluid mechanics. Most of
the models are targeted at the technical problems such as wave dynamics of the coastal zone, the interaction of waves with
various objects, the design and operation of marine technique. Nevertheless, direct modeling has made a significant con-
tribution to the geophysical research, i.e. the mechanics and statistics of nonlinear sea waves (including the problems of
extreme waves). The role of direct modeling will increase due to the fact that it can be used for development of the spectral
modeling. Even now, the direct modeling can be used to study wave regimes in small reservoirs with the real bathymetry.

8. Acknowledgements

Author would like to thank Mrs. O. Chalikova for her assistance in preparation of the manuscript.

9. Funding

This research was performed in the framework of the state assignment of Russian Academy of Science (Theme
No. FMWE-2021-0014).

References

1. Dysthe K.B. Note on a modification to the nonlinear Schrodinger equation for application to deep water waves. Proc.
R. Soc. Lond. 1979, A 369, 105—114.

2. Chalikov D., Sheinin D. Direct modeling of one-dimensional nonlinear potential waves. Nonlinear ocean waves.
Advances in Fluid Mechanics (Perrie W. (ed)). 1998, 17, 207—258.

3. Engsig-Karup A.P., Harry B., Bingham H.B., Lindberg O. An efficient flexible-order model for 3D nonlinear water waves.
J. Comput. Physics. 2009, 228(6), 2100—2118. doi: 10.1016/j.jcp.2008.11.028

4. Engsig-Karup A., Madsen M., Glimberg S. A massively parallel GPU-accelerated mode for analysis of fully nonlinear free
surface waves. International Journal for Numerical Methods in Fluids. 2012, 2675. doi: 10.1002/1d.2675

5. Causon D.M., Mingham C.G., Qian L. Developments in multi-fluid finite volume free surface capturing methods.
Advances in Numerical Simulation of Nonlinear Water Waves. 2010, 397—427. doi: 10.1142/9789812836502_0011

6. Ma Q.W., Yan S. Qale-FEM method and its application to the simulation of free responses of floating bodies and
overturning waves. Advances in Numerical Simulation of Nonlinear Water Waves. 2010, 165—202.
doi: 10.1142/9789812836502_0005

7. Greaves D. Application of the finite volume method to the simulation of nonlinear water waves. Advances in Numerical
Simulation of Nonlinear Water Waves. 2010, 357—396. doi: 10.1142/9789812836502_0010

8.  GrueJ., Fructus D. Model for fully nonlinear ocean wave simulations derived using fourier inversion of integral equations
in 3D. Advances in Numerical Simulation of Nonlinear Water Waves. 2010, 1—42. doi: 10.1142/9789812836502_0001

26



10.

11.

14.

15.

16.

17.

20.

21.

22.
23.
24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.
35.
36.

37.

38.

Different Approaches to Numerical Modeling of Sea Waves
Pasinunbie NOAXO0bl K MOJACIUPOBAHUIO MOPCKHUX BOJIH

Ducrozet G., Bonnefoy F., Le Touzé D., Ferrant P. 3-D HOS simulations of extreme waves in open seas. Nat. Hazards
Earth Syst. Sci. 2007, 7, 109—122. doi: 10.5194/nhess-7-109-2007

Ducrozet G., Bingham H.B., Engsig-Karup A.P., Bonnefoy F., Ferrant P. A comparative study of two fast nonlinear free-
surface water wave models. Int. J. Numer. Meth. Fluids. 2012, 69, 1818—1834.

Ducrozet G., Bonnefoy F., Le Touzé D., Ferrant P. HOS-ocean: Open-source solver for nonlinear waves in open ocean
based on High-Order Spectral method. Comp. Phys. Comm. 2016, 203, 245—254. doi: 10.1016/j.cpc.2016.02.017
Touboul J., Kharif C. Two-dimensional direct numerical simulations of the dynamics of rogue waves under wind action.
Advances in Numerical Simulation of Nonlinear Water Waves. 2010, 43—74. doi: 10.1142/9789812836502_0002
Dalrymple R.A., Gomez-Gesteira M., Rogers B.D., Panizzo A.,Zou S., Crespo A.J., Cuomo G., Narayanaswamy M. Smoothed
particle hydrodynamics for water waves. Advances in Numerical Simulation of Nonlinear Water Waves. 2010, 465—495.
Issa R, Violeau D, Lee E.-S., Flament H. Modelling nonlinear water waves with RANS and LES SPH models. Advances
in Numerical Simulation of Nonlinear Water Waves. 2010, 497—537. doi: 10.1142/9789812836502_0014

Lubin P., Caltagirone J.-P. Large eddy simulation of the hydrodynamics generated by breaking waves. Advances in
Numerical Simulation of Nonlinear Water Waves. 2010, 575—604. doi: 10.1142/9789812836502_0016

Kim K.S., Kim M.H., Park J.C. Development of MPS (Moving Particle Simulation) method for Multi-liquid-layer
Sloshing. Journal of Mathematical Problems in Engineering. 2014,2014, Article ID350165, 13 p. doi: 10.1155/2014/350165
Zhao X., Liu B.-J., Liang S.-X., Sun Z.-C. Constrained interpolation profile (CIP) method and its application. Chuan Bo
Li Xue/Journal of Ship Mechanics. 2016, 20(4), 393—402. doi: 10.3969/j.issn.1007-7294.2016.04.002

Young D.-L., Wu N.-J., Tsay T.-K. Method of fundamental solutions for fully nonlinear water waves. Advances in
Numerical Simulation of Nonlinear Water Waves. 2010, 325—355. doi: 10.1142/9789812836502_0009

. Ma Q.W., Yan S. Qale-FEM method and its application to the simulation of free responses of floating bodies and

overturning waves. Advances in Numerical Simulation of Nonlinear Water Waves. 2010, 165—202.

Harlow F.H., Welch E. Numerical calculation of time-dependent viscous incompressible flow of fluid with free surface.
Phys. Fluids. 1965, 8, 2182—2189. doi: 10.1063/1.1761178

Noh W.F., Woodward P. SLIC (simple line interface calculation). Lecture Notes in Physics. Springer-Verlag, New York,
1967, 59, 330—340.

Hirt C.W., Nichols B.D. Volume of fluid method for the dynamics of free surface. J. Comput. Phys. 1981, 39, 201—225.
Prosperetti A., Jacobs J.W. A numerical method for potential flow with free surface. J. Comput. Phys. 1983, 51, 365—386.
Miyata H. Finite-difference simulation of breaking waves. J. Comput. Phys. 1986, 5, 179—-214.

Longuet-Higgins M.S., Cokelet E.D. The deformation of steep surface waves on water. I. A numerical method of
computation. Proc. R. Soc. Lond. 1976, 350, 1-26.

Chalikov D.V. Numerical simulation of wind-wave interaction. Journal of Fluid Mechanics. 1978, 87, 561—582.

Dommermuth D.G. The laminar interactions of a pair of vortex tubes with a free surface. Journal of Fluid Mechanics. 1993,
246, 91—115. doi: 10.1017/S0022112093000059

Thompson J.F., Warsi Z.U., Mastin C.W. Boundary-fitted coordinate systems for numerical solution of partial differential
equations. A review. J. Comput. Phys. 1982, 47, 1—108. doi: 10.1016/0021-9991(82)90066-3

Fritts M.J., Meinhold M.J., von Kerczek C.H. The calculation of nonlinear bow waves. Proceedings of the 17th Symposium
on Naval Hydrodynamics, The Hague, Netherlands, 1988, 485—497.

Fenton J., Rienecker M. A Fourier method for solving nonlinear water-wave problems: application to solitary-wave
interactions. Journal of Fluid Mechanics. 1982, 118, 411—443. doi: 10.1017/S0022112082001141

Whitney J.C. The numerical solution of unsteady free-surface flows by conformal mapping. Proc. Second Inter. Conf. on
Numer. Fluid Dynamics (ed. M. Holt), Springer-Verlag, 1971, 458—462.

Ovsyannikov L.V. Dynamics of liquid continuum. Inst. of Fluid Mechanics. Siberian Branch of Russian Academy of
Science. 15, 104—125, 1973.

Kano T., Nishida T. Sur le ondes de surface de 1’eau avec une justification mathematique des equations des ondes en eau
peu profonde. J. Math. Kyoto Univ. (JMKYAZ). 1979, 19—2, 335—370. doi: 10.1215/KIM/1250522437

Fornberg B. Anumerical method for conformal mapping. SIAM. J. Sci. Comput. 1980, 1, 386—400. doi: 10.1137/0905055
Tanveer S. Singularities in water waves and Rayleigh-Taylor instability. Proc. R. Soc. Lond. 1991, A435, 137—158.

Tanveer S. Singularities in the classical Rayleigh-Taylor flow: formation and subsequent motion. Proc. R. Soc. Lond.
1993, Ad441, 501—525.

Chalikov D., Sheinin D. Numerical simulation of surface waves based on equations of potential wave dynamics. Proc.
ONR, Ocean Waves Workshop. 1994, Tucson, Arizona, 1994.

Chalikov D., Sheinin D. The Numerical Investigation of Wavenumber-Frequency Spectrum for 1-D Nonlinear Waves.
WMO/ISCU, CAS/JSC Working Group on Numerical Experimentation, Report #19. WMO/TD-No0.592, 1994.

27



Chalikov D.V.
Yanuxos JI.B.

28

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.

SI.

52.
53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

Chalikov D., Sheinin D. Numerical investigation of wavenumber-frequency spectrum for 1-D nonlinear waves. Ocean
Sciences Meeting, Feb.21-25, San-Diego, CA. Abstract in: EOS, transactions (supplement), AGU, 75, #3, 100, 1994.

Chalikov D., Sheinin D. Numerical modeling of surface waves based on principal equations of potential wave dynamics.
Technical Note. NOAA/NCEP/OMB, 1996. 54 p.

Chalikov D., Sheinin D. Direct modeling of one-dimensional nonlinear potential waves. Nonlinear Ocean Waves, ed.
W. Perrie, Advances in Fluid Mechanics. 1998, 17, 207—258.

Sheinin D., Chalikov D. Hydrodynamical modeling of potential surface waves. Problems of hydrometeorology and
environment on the eve of XXI century. Proceedings of international theoretical conference, St. Petersburg, June 24—25,
1999. St.- Petersburg, Hydrometeoizdat, 305—337, 2001.

Zakharov V.E., Dyachenko A.l., Vasilyev O.A. New method for numerical simulation of a nonstationary potential flow of
incompressible fluid with a free surface. European Journal of Mechanics, B/Fluids. 2002, 21, 283—291.

Zakharov V.E., Dyachenko A.1l., Prokofiev A.O. Freak waves as nonlinear stage of Stokes wave modulation instability.
European Journal of Mechanics, B/Fluids. 2006, 25, 677—692. doi: 10.1016/j.euromechflu.2006.03.004

Dold J.W. An efficient surface-integral algorithm applied to unsteady gravity waves. Journal of Comp. Phys. 1992, 103,
90—115. doi: 10.1016/0021-9991(92)90327-U

Crapper G.D. Introduction to water waves. Wiley, Chichester, 1984. 224 p.

Yuen H.C., Lake B.M. Nonlinear dynamics of deep-water gravity waves. Adv. in Appl. Mech. 1982, 22, 67—229.
doi: 10.1016/S0065—2156(08)70066—8

Chalikov D., Sheinin D. Modeling of Extreme Waves Based on Equations of Potential Flow with a Free Surface. J. Comp.
Phys. 2005, 210, 247—273. doi: 10.1016/j.jcp.2005.04.008

Chalikov D. Statistical properties of nonlinear one-dimensional wave fields. Nonlinear Processes in Geophysics. 2005, 12,
1-19.

Agnon Y., Babanin A.V., Young I.R., Chalikov D. Fine scale inhomogeneity of wind-wave energy input, skewness, and
asymmetry. Geophys. Res. Lett. 2005, 32. doi: 10.1029/2005GL022701

Chalikov D. Numerical simulation of Benjamin-Feirinstability and its consequences. Physics of Fluid. 2007, 19,016602-15.
doi: 10.1063/1.2432303

Chalikov D.V. Statistics of Extreme Wind Waves. Fundamental and Applied Hydrophysics. 2009, 3(5), 4—24.
Chalikov D. Freak waves: their occurrence and probability. Physics of Fluids. 2009, 21, 076602. doi: 10.1063/1.3175713

Babanin A.V., Chalikov D., Young I.R., Saveliev I. 2010 Numerical and laboratory investigation of breaking of steep two-
dimensional waves in deep water. Journal of Fluid Mechanics. 2010, 644, 433—463. doi: 10.1017/S002211200999245X

Galchenko A., Alexander V. Babanin, Dmitry Chalikov, I.R. Young. Modulational instabilities and breaking strength for
deep-water wave groups. J. Phys. Oceanogr. 2010, 40, 10, 2313—2324. doi: 10.1175/2010JP0O4405.1

Chalikov D., Babanin A.V. Simulation of wave breaking in one-dimensional spectral environment. Journal Phys. Ocean.
2012,42, 11, 1745—1761. doi: 10.1175/JPO-D-11-0128.1

Chalikov D. Numerical modeling of sea waves (eBook). Springer, 2016. 330 p. doi: 10.1007/978-3-319-32916-1
Beale J.T. A convergent boundary integral method for three-dimensional water waves. Math. Comput. 2001, 70, 977—1029.

Xue M., Xu H., Liu Y., Yue D.K. P. Computations of fully nonlinear three-dimensional wave and wave—body interactions.
I. Dynamics of steep three-dimensional waves. Journal of Fluid Mechanics. 2001, 438, 11—39.
doi: 10.1017/S0022112001004396

Grilli S., Guyenne P., Dias F. A fully nonlinear model for three-dimensional overturning waves over arbitrary bottom. /nt.
J. Num. Methods Fluids. 2001, 35, 829—867. doi: 10.1002/1097-0363(20010415)35:7<829::AID-FLD115>3.0.CO;2-2

Clamond D., Grue J. A fast method for fully nonlinear water wave dynamics. Journal of Fluid Mechanics. 2001, 447,
337—-355. doi: 10.1017/S0022112001006000

Clamond D., Fructus D., Grue J., Krisitiansen O. An efficient method for three-dimensional surface wave simulations.
Part IT: Generation and absorption. J. Comput. Physics. 2005, 205, 686—705. doi. 10.1016/j.jcp.2004.11.038

Fructus D., Clamond D., Grue J, Kristiansen . An efficient model for three-dimensional surface wave simulations. Part I:
Free space problems. J. Comput. Phys. 2005, 205, 665—685. doi: 10.1016/j.jcp.2004.11.027

Guyenne P., Grilli S.T. Numerical study of three-dimensional overturning waves in shallow water. J. Fluid Mech. 2006,
547, 361—-388. doi: 10.1017/S0022112005007317

Fochesato C., Dias F., Grilli S. Wave energy focusing in a three-dimensional numerical wave tank. Proc. R. Soc. A. 2006,
462, 2715-2735.

Craig W., Sulem C. Numerical simulation of gravity waves. J. Comput. Phys. 1993, 108, 73—83. doi: 10.1006/jcph.1993.1164

Zakharov V. E. Stability of periodic waves of finite amplitude on the surface of deep fluid. J. Appl. Mech. Tech. Phys.
JETF. 1968, 2, 190—194.



Different Approaches to Numerical Modeling of Sea Waves
Pasinunbie NOAXO0bl K MOJACIUPOBAHUIO MOPCKHUX BOJIH

68. GrueJ., Fructus D. Model for fully nonlinear ocean wave simulations derived using fourier inversion of integral equations
in 3D. Advances in Numerical Simulation of Nonlinear Water Waves. 2010, 1—42. doi: org/10.1142/9789812836502_0001

69. Liu Y., Gou Y., Teng. B., Yoshida S. An extremely efficient boundary element method for wave interaction with long
cylindrical structures based on free-surface green’s function. Computation. 2016, 4(3), 36.
doi: 10.3390/computation4030036

70. Zheng Y. H., Shen Y.M., Ng C.O. Effective boundary element method for the interaction of oblique waves with long prismatic
structures in water of finite depth. Ocean Engineering. 2008, 35, 5—6, 494—502. doi: 10.1016/J.0OCEANENG.2007.12.003

71. Dommermuth D., Yue D. A high-order spectral method for the study of nonlinear gravity Waves. Journal of Fluid Mechan-
ics. 1987, 184, 267—288. doi: 10.1017/S002211208700288X

72. West B., Brueckner K., Janda R., Milder M., Milton R. A new numerical method for surface hydrodynamics. Journal of
Geophysical Research. 1987, 92, 11803—11824. doi: 10.1029/JC0921C11P11803

73. Tanaka M. Verification of Hasselmann’s energy transfer among surface gravity waves by direct numerical simulations of
primitive equations. Journal of Fluid Mechanics. 2001, 444, 199—221. doi: 10.1017/50022112001005389

74. Toffoli A., Onorato M., Bitner-Gregersen E., Monbaliu J. Development of a bimodal structure in ocean wave spectra.
Journal of Geophysical Research. 2010, 115, C3, C03006. doi: 10.1029/2009JC005495

75. Touboul J., Kharif C. Two-dimensional direct numerical simulations of the dynamics of rogue waves under wind action.
Advances in Numerical Simulation of Nonlinear Water Waves. 2010, 43—74. doi: 10.1142/9789812836502_0002

76. Ducrozet G., Bonnefoy F., Le Touzé D., Ferrant P. 3-D HOS simulations of extreme waves in open seas. Nat. Hazards
Earth Syst. Sci. 2007, 7, 109—122. doi: 10.5194/nhess-7-109-2007

77. Ducrozet G., Bingham H.B., Engsig-Karup A.P., Bonnefoy F., Ferrant P. A comparative study of two fast nonlinear free-
surface water wave models. Int. J. Numer. Meth. Fluids. 2012, 1818—1834. doi: 10.1002/f1d.2672

78. Chalikov D., Babanin A.V., Sanina E. Numerical modeling of three-dimensional fully nonlinear potential periodic waves.
Ocean Dynamics. 2014, 64, 10, 1469—1486. doi: 10.1007/s10236-014-0755-0

79. Chalikov D. High-resolution numerical simulation of surface wave development under the action of wind. Geophysics and
Ocean Waves Studies / eds. K.S. Essa et al. IntechOpen, London, 2020. doi: 10.5772/intechopen.92262

80. Chalikov D. Accelerated reproduction of 2-D periodic waves. Ocean Dynamics. 2021, 71(4). doi: 10.1007/s10236-021-01450-3

81. Chalikov. D. A two-dimensional approach to the three-dimensional phase resolving wave modeling. Examines Mar. Biol.
Oceanogr. 2021, 4(1), EIMBO.000576. doi: 10.31031/EIMB0.2021.04.000576

82. Chalikov D.A. 2D Model for 3D Periodic Deep-WaterWaves. J. Mar. Sci. Eng. 2022. Vol. 10, 410. doi: 10.3390/jmse 10030410

83. Tolman H., Chalikov D. On the source terms in a third-generation wind wave model. J. Phys. Oceanogr. 1996, 11, 2497—2518.

84. Chalikov D., Babanin A.V. Parameterization of wave boundary layer. Atmosphere. 2019. 10(11), 686. doi: 10.3390/atmos10110686

85. Chalikov D., Rainchik S. Coupled Numerical Modelling of Wind and Waves and the Theory of the Wave Boundary Lay-
er. Boundary-Layer Meteorol. 2011, 138, 1—141. doi: 10.1007/s10546-010-9543-7

86. Babanin A.V. Breaking and dissipation of ocean surface waves. Cambridge University Press, 2011. 463 p.

87. Babanin A., Chalikov D. Numerical investigation of turbulence generation in non-Breaking potential waves. Journal of
Geophysical Research. 2012, 117, C00J17. doi: 10.1029/2012JC007929

Jluteparypa

1. Dysthe K.B. Note on a modification to the nonlinear Schrodinger equation for application to deep water waves // Proc.
R. Soc. Lond. 1979. A 369. P. 105—114.

2. Chalikov D., Sheinin D. Direct modeling of one-dimensional nonlinear potential waves. Nonlinear ocean waves // Advances
in Fluid Mechanics (Perrie W. (ed)). 1998. Vol. 17. P. 207—-258.

3. Engsig-Karup A.P., Harry B., Bingham H.B., Lindberg O. An efficient flexible-order model for 3D nonlinear water
waves // J. Comput. Physics. 2009. 228(6). P. 2100—2118. doi: 10.1016/j.jcp.2008.11.028

4.  Engsig-Karup A., Madsen M., Glimberg S. A massively parallel GPU-accelerated mode for analysis of fully nonlinear free
surface waves // International Journal for Numerical Methods in Fluids. 2012. 2675. doi: 10.1002/f1d.2675

5. Causon D.M., Mingham C.G., Qian L. Developments in multi-fluid finite volume free surface capturing methods //
Advances in Numerical Simulation of Nonlinear Water Waves. 2010. P. 397—427. doi: 10.1142/9789812836502_0011

6. Ma Q.W., Yan S. Qale-FEM method and its application to the simulation of free responses of floating bodies
and overturning waves // Advances in Numerical Simulation of Nonlinear Water Waves. 2010. P. 165-202.
doi: 10.1142/9789812836502_0005

7. Greaves D. Application of the finite volume method to the simulation of nonlinear water waves // Advances in Numerical

Simulation of Nonlinear Water Waves. 2010. P. 357—396.

29



Chalikov D.V.
Yanuxos JI.B.

30

10.

11.

13.

14.

16.

17.

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.
35.

Grue J., Fructus D. Model for fully nonlinear ocean wave simulations derived using fourier inversion of integral equations
in 3D // Advances in Numerical Simulation of Nonlinear Water Waves. 2010. P. 1-42.

Ducrozet G., Bonnefoy F., Le Touzé D., Ferrant P. 3-D HOS simulations of extreme waves in open seas // Nat. Hazards
Earth Syst. Sci. 2007. Vol. 7. P. 109—122. doi: 10.5194/nhess-7-109-2007

Ducrozet G., Bingham H.B., Engsig-Karup A.P., Bonnefoy F., Ferrant P. A comparative study of two fast nonlinear free-
surface water wave models // Int. J. Numer. Meth. Fluids. 2012. Vol. 69. P. 1818—1834.

Ducrozet G., Bonnefoy F., Le Touzé D., Ferrant P. HOS-ocean: Open-source solver for nonlinear waves in open ocean
based on High-Order Spectral method // Comp. Phys. Comm. 2016. Vol. 203. P. 245—254. doi: 10.1016/j.cpc.2016.02.017
Touboul J., Kharif C. Two-dimensional direct numerical simulations of the dynamics of rogue waves under wind
action // Advances in Numerical Simulation of Nonlinear Water Waves. 2010. P. 43—74.

Dalrymple R.A., Gomez-Gesteira M., Rogers B.D., Panizzo A.,Zou S., Crespo A.J., Cuomo G., Narayanaswamy M. Smoothed
particle hydrodynamics for water waves // Advances in Numerical Simulation of Nonlinear Water Waves. 2010. P. 465—
495.

Issa R, Violeau D, Lee E.-S., Flament H. Modelling nonlinear water waves with RANS and LES SPH models // Advances
in Numerical Simulation of Nonlinear Water Waves. 2010. P. 497—537.

. Lubin P., Caltagirone J.-P. Large eddy simulation of the hydrodynamics generated by breaking waves // Advances in

Numerical Simulation of Nonlinear Water Waves. 2010. P. 575—604.

Kim K.S., Kim M.H., Park J.C. Development of MPS (Moving Particle Simulation) method for Multi-liquid-
layer Sloshing // Journal of Mathematical Problems in Engineering. 2014. Vol. 2014. Article 1D350165, 13 p.
doi: 10.1155/2014/350165

Zhao X., Liu B.-J., Liang S.-X., Sun Z.-C. Constrained interpolation profile (CIP) method and its application // Chuan
Bo Li Xue/Journal of Ship Mechanics. 2016. Vol. 20(4). P. 393—402. doi: 10.3969/j.issn.1007—7294.2016.04.002

. Young D.-L., Wu N.-J., Tsay T.-K. Method of fundamental solutions for fully nonlinear water waves // Advances in

Numerical Simulation of Nonlinear Water Waves. 2010. P. 325—355.

Ma Q.W., Yan S. Qale-FEM method and its application to the simulation of free responses of floating bodies and
overturning waves // Advances in Numerical Simulation of Nonlinear Water Waves. 2010. P. 165—202.

Harlow F.H., Welch E. Numerical calculation of time-dependent viscous incompressible flow of fluid with free
surface // Phys. Fluids. 1965. Vol. 8. P. 2182—2189.

Noh W.F., Woodward P. SLIC (simple line interface calculation) // Lecture Notes in Physics. Springer-Verlag, New
York, 1967. Vol. 59. P. 330—340.

Hirt C.W., Nichols B.D. Volume of fluid method for the dynamics of free surface // J. Comput. Phys. 1981. Vol. 39.
P.201-225.

Prosperetti A., Jacobs J.W. A numerical method for potential flow with free surface // J. Comp. Phys. 1983. Vol. 51.
P. 365—386.

Miyata H. Finite-difference simulation of breaking waves // 1986. J. Comput. Phys. Vol. 5. P. 179-214.

Longuet-Higgins M.S., Cokelet E.D. The deformation of steep surface waves on water. I. A numerical method of
computation // Proc. R. Soc. Lond. 1976. Vol. 350. P. 1-26.

Chalikov D.V. Numerical simulation of wind-wave interaction // Journal of Fluid Mechanics. 1978. Vol. 87. P. 561—582.

Dommermuth D.G. The laminar interactions of a pair of vortex tubes with a free surface // Journal of Fluid Mechanics.
1993. Vol. 246. P. 91—115.

Thompson J.F., Warsi Z.U., Mastin C.W. Boundary-fitted coordinate systems for numerical solution of partial differential
equations. A review // J. Comput. Phys. 1982. Vol. 47. P. 1—-108.

Fritts M.J., Meinhold M.J., von Kerczek C.H. The calculation of nonlinear bow waves // Proceedings of the 17th
Symposium on Naval Hydrodynamics, The Hague, Netherlands, 1988, P. 485—497.

Farmer J., Martinelli L., Jameson A. A Fourier method for solving nonlinear water-wave problems: application to solitary-
wave interactions // Journal of Fluid Mechanics. 1993. Vol. 118. P. 411—443.

Whitney J.C. The numerical solution of unsteady free-surface flows by conformal mapping // Proc. Second Inter. Conf.
on Numer. Fluid Dynamics (ed. M. Holt), Springer-Verlag, 1971, P. 458—462.

Ovsyannikov L.V. Dynamics of liquid continuum. Trudy Inst. of Fluid Mechanics. Siberian Branch of Russian Academy
of Science. 15, 104—125, 1973

Kano T., Nishida T. Sur le ondes de surface de I’eau avec une justification mathematique des equations des ondes en eau
peu profonde // J. Math. Kyoto Univ. (JMKYAZ), 1979. 19-2. P. 335-370.

Fornberg B. A numerical method for conformal mapping. SIAM // J. Sci. Comput. 1980. Vol. 1. P. 386—400.
Tanveer S. Singularities in water waves and Rayleigh-Taylor instability // Proc. R. Soc. Lond. 1991. A435. P. 137—158.



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.
58.

59.

60.

6l.

62.

Different Approaches to Numerical Modeling of Sea Waves
Pasinunbie NOAXO0bl K MOJACIUPOBAHUIO MOPCKHUX BOJIH

Tanveer S. Singularities in the classical Rayleigh-Taylor flow: formation and subsequent motion // Proc. R. Soc. Lond.
1993. A441. P. 501-525.

Chalikov D., Sheinin D. Numerical simulation of surface waves based on equations of potential wave dynamics // Proc.
ONR, Ocean Waves Workshop. 1994. Tucson, Arizona, 1994.

Chalikov D., Sheinin D. The Numerical Investigation of Wavenumber-Frequency Spectrum for 1-D Nonlinear
Waves // WMO/ISCU, CAS/JSC Working Group on Numerical Experimentation, Report #19. WMO,/TD-No0.592, 1994.

Chalikov D., Sheinin D. Numerical investigation of wavenumber-frequency spectrum for 1-D nonlinear waves // Ocean
Sciences Meeting, Feb.21—25, San-Diego, CA. Abstract in: EOS, transactions (supplement), AGU, 75, #3, p.100, 1994.

Chalikov D., Sheinin D. Numerical modeling of surface waves based on principal equations of potential wave
dynamics // Technical Note. NOAA/NCEP/OMB, 1996. 54 p

Chalikov D., Sheinin D. Direct modeling of one-dimensional nonlinear potential waves // Nonlinear Ocean Waves, ed.
W. Perrie, Advances in Fluid Mechanics. 1998. Vol. 17. P. 207—258.

Sheinin D., Chalikov D. Hydrodynamical modeling of potential surface waves // Problems of hydrometeorology and
environment on the eve of XXI century. Proceedings of international theoretical conference, St. Petersburg, June 24—
25, 1999. St.-Petersburg, Hydrometeoizdat, 2001, 305—337.

Zakharov V.E., Dyachenko A.I., Vasilyev O.A. New method for numerical simulation of a nonstationary potential flow of
incompressible fluid with a free surface // European Journ. of Mech, B/Fluids. 2002. V. 21. P. 283—291.

Zakharov V.E., Dyachenko A.1., Prokofiev A.O. Freak waves as nonlinear stage of Stokes wave modulation
instability // European Journal of Mechanics, B/Fluids. 2006. Vol. 25. P. 677—692.

Dold J.W. An efficient surface-integral algorithm applied to unsteady gravity waves // Journal of Comp. Phys. 1992.
Vol. 103. P. 90—115.

Crapper G.D. Introduction to water waves. Wiley, Chichester, 1984. 224 p.

Yuen H.C., Lake B.M. Nonlinear dynamics of deep-water gravity waves // Adv. in Appl. Mech. 1982. Vol. 22. P. 67—229.
doi: 10.1016/S0065-2156(08)70066-8

Chalikov D., Sheinin D. Modeling of Extreme Waves Based on Equations of Potential Flow with a Free Surface //
J. Comp. Phys. 2005. Vol. 210. P. 247-273.

Chalikov D. Statistical properties of nonlinear one-dimensional wave fields // Nonlinear Processes in Geophysics. 2005.
Vol. 12. P. 1-19.

Agnon Y., Babanin A.V., Young I.R., Chalikov D. Fine scale inhomogeneity of wind-wave energy input, skewness, and
asymmetry // Geophys. Res. Lett. 2005. Vol. 32. doi: 10.1029/2005GL022701

Chalikov D. Numerical simulation of Benjamin-Feir instability and its consequences // Physics of Fluid. 2007. Vol. 19.
016602—15. doi: 10.1063/1.2432303

Yanurxoe JI. B. CTaTHCTHKA SKCTPEMaJIbHBIX BETPOBBIX BOJIHS // DyHIaMeHTaIbHAasI U MMPUKIIaaHas ruapodusrka. 2009.
Ne 3(5). C. 4-24.

Chalikov D. Freak waves: their occurrence and probability // Physics of Fluids. 2009. Vol. 21. 076602.

doi: 10.1063/1.3175713

Babanin A.V., Chalikov D., Young I.R., Saveliev I. 2010 Numerical and laboratory investigation of breaking of steep
two-dimensional waves in deep water // Journal of Fluid Mechanics. 2010. Vol. 644. P. 433—463.
doi: 10.1017/S002211200999245X

Galchenko A., Alexander V. Babanin, Dmitry Chalikov, I.R. Young. Modulational instabilities and breaking strength for
deep-water wave groups // J. Phys. Oceanogr. 2010. 40, No. 10, P. 2313—2324. doi: 10.1175/2010JP0O4405.1

Chalikov D., Babanin A.V. Simulation of wave breaking in one-dimensional spectral environment // Journal Phys.
Ocean. 2012. Vol. 42, N11. P. 1745—1761.

Chalikov D. Numerical modeling of sea waves (eBook). Springer, 2016. 330 p. doi: 10.1007/978-3-319-32916-1

Beale J.T. A convergent boundary integral method for three-dimensional water waves // Math. Comput. 2001. Vol. 70.
P.977—-1029.

Xue M., Xu H., Liu Y., Yue D.K.P. Computations of fully nonlinear three-dimensional wave and wave—body interactions.
I. Dynamics of steep three-dimensional waves // Journal of Fluid Mechanics. 2001. Vol. 438. P. 11-39.

Grilli S., Guyenne P., Dias F. A fully nonlinear model for three-dimensional overturning waves over arbitrary bot-
tom // Int. J. Num. Methods Fluids. 2001. Vol. 35. P. 829—867.

Clamond D., Grue J. A fast method for fully nonlinear water wave dynamics // Journal of Fluid Mechanics. 2001. Vol. 447.
P. 337-355.

Clamond D., Fructus D., Grue J., Krisitiansen O. An efficient method for three-dimensional surface wave simulations.
Part II: Generation and absorption // J. Comp. Physics. 2005. Vol. 205. P. 686—705. doi. 10.1016/j.jcp.2004.11.038

31



Chalikov D.V.
Yanuxos JI.B.

32

63

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.
85.

86.
87.

Fructus D., Clamond D., Grue J, Kristiansen @. An efficient model for three-dimensional surface wave simulations. Part I:
Free space problems //J. Comp. Phys. 2005. Vol. 205. P. 665—685.

Guyenne P., Grilli S.T. Numerical study of three-dimensional overturning waves in shallow water // Journal of Fluid
Mechanics. 2006. Vol. 547. P. 361—388.

Fochesato C., Dias F., Grilli §. Wave energy focusing in a three-dimensional numerical wave tank // Proc. R. Soc. A.
2006. 462. P. 2715-2735.

Craig W., Sulem C. Numerical simulation of gravity waves // J. Comput. Phys. 1993. Vol. 108. P. 73—83.

Zakharov V. E. Stability of periodic waves of finite amplitude on the surface of deep fluid // J. Appl. Mech. Tech. Phys.
JETF. 1968. Vol. 2. P. 190—194.

GrueJ., Fructus D. Model for fully nonlinear ocean wave simulations derived using fourier inversion of integral equations in
3D//Advancesin Numerical Simulationof Nonlinear Water Waves. 2010. P. 1—42.doi:org/10.1142/9789812836502_0001

Liu Y., Gou Y., Bin Teng. B., Shigeo Yoshida S. An extremely efficient boundary element method for wave interaction
with long cylindrical structures based on free-surface green’s function // Computation. 2016. 4(3):36.
doi: 10.3390/computation4030036

Zheng Y.H., Shen Y.M., Ng C.O. Effective boundary element method for the interaction of oblique waves with long pris-
matic structures in water of finite depth // Ocean Engineering. 2008. Vol. 35, Iss. 5—6. P. 494—502.
doi: 10.1016/J.OCEANENG.2007.12.003

Dommermuth D., Yue D. A high-order spectral method for the study of nonlinear gravity Waves // Journal of Fluid Me-
chanics. 1987. Vol. 184. P. 267—288.

West B., Brueckner K., Janda R., Milder M., Milton R. A new numerical method for surface hydrodynamics // Journal of
Geophysical Research. 1987. Vol. 92. P. 11803—11824.

Tanaka M. Verification of Hasselmann’s energy transfer among surface gravity waves by direct numerical simulations of
primitive equations // Journal of Fluid Mechanics. 2001. Vol. 444. P. 199—-221.

Toffoli A., Onorato M., Bitner-Gregersen E., Monbaliu J. Development of a bimodal structure in ocean wave spec-
tra // Journal of Geophysical Research. 2010. Vol. 115, Iss. C3. C03006. doi: 10.1029/2009JC005495

Touboul J., Kharif C. Two-dimensional direct numerical simulations of the dynamics of rogue waves under wind ac-
tion // Advances in Numerical Simulation of Nonlinear Water Waves. 2010. P. 43—74.

Ducrozet G., Bonnefoy F., Le Touzé D., Ferrant P. 3-D HOS simulations of extreme waves in open seas // Nat. Hazards
Earth Syst. Sci. 2007. Vol. 7. P. 109—122.

Ducrozet G., Bingham H.B., Engsig-Karup A.P., Bonnefoy F., Ferrant P. A comparative study of two fast nonlinear
free-surface water wave models // Int. J. Numer. Meth. Fluids. 2012. P. 1818—1834.

Chalikov D., Babanin A.V., Sanina E. Numerical modeling of three-dimensional fully nonlinear potential periodic
waves // Ocean Dynamics. 2014. Vol. 64, 10. P. 1469—1486.

Chalikov D. High-resolution numerical simulation of surface wave development under the action of wind // Geophysics
and Ocean Waves Studies / eds. K.S. Essa et al. London: IntechOpen, 2020. doi: 10.5772/intechopen.92262

Chalikov D. Accelerated reproduction of 2-D periodic waves // Ocean Dynamics. 2021. 71(4).
doi: 10.1007/s10236-021-01450-3

Chalikov. D. A two-dimensional approach to the three-dimensional phase resolving wave modeling // Examines Mar.
Biol. Oceanogr. 2021. 4(1). EIMB0.000576. doi: 10.31031/EIMB0.2021.04.000576

Chalikov D.A. 2D Model for 3D Periodic Deep-WaterWaves. J. Mar. Sci. Eng. 2022, 10, 410. doi: 10.3390/jmse 10030410

Tolman H., Chalikov D. On the source terms in a third-generation wind wave model // J. Phys. Oceanogr. 1996. No 11.
P. 2497-2518.

Chalikov D., Babanin A.V. Parameterization of wave boundary layer // Atmosphere. 2019.

Chalikov D., Rainchik S. Coupled Numerical Modelling of Wind and Waves and the Theory of the Wave Boundary Lay-
er. Boundary-Layer Meteorol. 2011. Vol. 138. P. 1—141. doi: 10.1007/s10546-010-9543-7

Babanin A.V. Breaking and dissipation of ocean surface waves. Cambridge University Press, 2011. 463 p.

Babanin A., Chalikov D. Numerical investigation of turbulence generation in non-Breaking potential waves // Journal of
Geophysical Research. 2012. Vol. 117. C00J17. doi: 10.1029/2012JC007929



OYHIAMEHTAJIbHASA u [TPUKIIATHAA THIPODOU3UKA. 2022. T. 15, Ne 1
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 1

VK 551.463.5

© A. A. Moavkog"-?*, 2022

"Mucturyt dpusuxu armocdepsl uMm. A.M. O6yxosa PAH, 119017, ITsrkeBekuit nep., 1.3, . Mocksa, Poccust
2WnctutyT npukiaagHoit usuku PAH, 603950, yi. YabaHosa, 1. 46, r. Huwxunit Hosropon, Poccus
*E-mail: a.molkov@inbox.ru

KAYECTBEHHBIE OITEHKHN BO3MO2KHOCTU BOCCTAHOBJIEHUA ITPOPWNIIA
BOJIHEHUS 110 MOAEJbHBIM CTEPEOU30BPAXKEHUAM KPYTA CHEJVINYCA

Cratpst moctynuia B pexakuuio 02.09.2021, mocne nopadotku 15.12.2021, mpunsara B mevats 10.01.2022

AnHoTanms

Ha kayecTBEHHOM ypOBHE PAaCCMOTPEHBI BOBMOXHOCTH MCITOJIb30BaHUS ONTHYECKUX CTEPEOM300PAKEHUIT MOPCKOIA TT0-
BEPXHOCTH, 3apETUCTPUPOBAHHBIX U3-T10 BOIbI, IPUMEHUTENILHO K 3a1a4e JUCTAHIIMOHHOM TMArHOCTUKY BOJIHEHUs. 3agada
peann3oBaHa B YMCISHHOM 3KCIIEPUMMEHTE C HMCIIOJIb30BaHMEM MOIEIN cTepeon3odpaxkeHus: Kpyra CHeiuyca (IIOIBOIHOIO
n306paxeHuss HeOoCcBoaa) IS 3aJaHHOTO pelibeha MOPCKOM MOBepXHOCTH. [IpoaHaIM3upoBaHO BIUSHUE ITapaMeTpoB (o-
TOKaMephbl, TCOMETPUM HAOIIOIEHNST, OCBEICHNS 1 BOJIHEHUS Ha Ka4eCTBO MOCTPOEHMS KapT AUCITAPAHTHOCTH (CMEIIEHNUS ),
HEOOXOIUMBIX JUTSI BOCCTAHOBIICHUST JATbHOCTE IO BUSMPYEMBIX JIEMEHTOB MOPCKOI1 MoBepxXHOCTH. ChOpMYITMPOBaHBI PEKO-
MEHIALMU TT0 METOIMKE MTPOBEACHMS HATYPHOIO 9KCIIEPUMEHTA C LIEIbIO alpo0aliuy MpeaaokKeHHOrO MeToa.

KinioueBbie cioBa: NMCTaHLIMOHHOE 30HIMPOBaHMUE, MOABOAHOE BHUIAEHME, CTEPEOBMIAEHME, NUCHAPAHTHOCTb, M300paKeHUE
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Abstract

On a qualitative level, the possibilities of using optical stereo images of the sea surface, registered from under the water, are
considered in relation to the problem of remote diagnostics of waves. The task is implemented in a numerical experiment using a
stereo image model of the Snell’s window (underwater image of the sky) for a given relief of the sea surface. The influence of the
camera parameters, observation geometry, illumination and excitement on the quality of constructing disparity maps, necessary to
restore the distances to the sighted elements of the sea surface, is analyzed. Recommendations on the methodology of a full-scale
experiment in order to test the proposed method are formulated.

Keywords: remote sensing, underwater imagery, stereo imagery, disparity, Snell’s window, sea roughness, wind waves
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1. Beenenue

Peructpanust 1 o6paboTka n300pakeHNUit MOPCKOI MOBEPXHOCTU SIBISIETCS OJHUM M3 CaMbIX pe3yJibTaTUB-
HBIX MTHCTPYMEHTOB [IJIST BOCCTAHOBJICHMST XapaKTEePUCTUK BOJTHEHUS B IIMPOKOM JHWAITa30HE IJIMH ITOBEPXHOCT-
HbIX BOJIH [1—3]. Cpenu cyIliecTBYIOIIMX METOIOB 0CO00€ BHUMAaHUE 3aCIyKUBaeT CTepeohoTorpaMMeTpUUeCKUit
METOH, OCHOBAaHHBIIA HAa CMHXPOHHOM PErMCcTpallMy y4acTKa B3BOJIHOBAHHOI BOOHOM ITOBEPXHOCTU C MTOMOIUBIO
IBYyX (i Oosiee) poToKaMep M Toceayolleil 00padoTke cTepeorn300pakKeHU ¢ NCTIOAb30BAHUEM U3BECTHBIX
aJITOPUTMOB BOCCTaHOBJICHUSI JAJILHOCTU A0 2JIEMEHTOB MOBEPXHOCTU Yepe3 BEIMUYMHY OUCTapaHTHOCTU [4—7].

Ccepinka g uutupoBaHusi: Moavkos A.A. KayecTBeHHBIE OLIEHKM BO3MOXHOCTH BOCCTAHOBJICHUSI MPOMUIIS BOJIHEHUS 10
MOJIENIbHBIM cTepeon3o0paxeHusiM kpyra CHemtnyca // @yHaaMeHTanbHas M NMpuKiaaHas ruapodusuka. 2022, T. 15, Ne 1.
C. 33—47. doi: 10.48612/fpg/p112-6ptf-fhSr

For citation: Molkov A.A. Qualitative Estimation of Modeled Snell’s Window Stereo Imagery for Wind Wave Profile Retrieval.
Fundamental and Applied Hydrophysics. 2022, 15, 1, 33—47. doi: 10.48612/fpg/p112-6ptf-fh5r
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Puc. 1. [Tpumepsl nposiBieHUsT METKOMACIITaOHOTO BOJIHEHUST BOJIM3M rpaHulibl Kpyra CHesuinyca

Fig. 1. Examples of the small-scale wave manifestation near the boundary of the Snell’s window

IMonm mucmapaHTHOCTBIO (TTapaJUTaKCOM WJIM CMEIIeHNEeM) ITOHMMAaeTCs pa3sHMIla KOOPIMHAT IMUKCEIeH CTepeo-
rnapbl, COOTBETCTBYIOIINX OTHOMY M TOMY Xe 00beKTy. COIJIacHO JINTepaTypHBIM JaHHBIM, 3TOT METOJ, YCIIEITHO
paboTaeT Mpu IUarHOCTUKE IJIMHHOBOJHOBOM YaCTU BETPOBOIO BOJHEHUS C JJIMHAMM BOJIH 10 JECATKOB CAaHTU-
MeTpoB. [Ipu 3TOM ISt pa3pelieHUsT COOTBETCTBYIOIINX BOJIH B M300paKeHUM JOJIKHBI IIPUCYTCTBOBATh MapKe-
PBI MEHBIITNX MAacIITa00B, KOTOPBIMH BBICTYITAlOT TPAaBUTALIMOHHO-KATMJUISIPHBIC W KalTUJUISIpHBIC BOJIHBI. bojee
MEJIKOMAaCIITaOHBIX €CTECTBEHHBIX MapKEPOB Ha BOAHOI MOBEPXHOCTU HET (0OpYILIEHHUS He SIBJISIIOTCS HAACXKHBIM
MapkepoM). BmecTe ¢ Tem, TIpu HeOJAropPUATHBIX YCIOBUSX OCBEIICHUS YUIM HE ONTUMAaIbHO BEIOPAHHBIX ITapa-
MeTpax HaOIIOAeHUS KaIMMIIIPHOE BOJTHEHNE MOXET ObITh TPYIHO pa3nanMo. OIHaKO Jaxke caMble MEJIKOMac-
1ITabHbIC BOJHBI C JUIMHAMU TOPsIAKAa MUJIJIMMETPOB MOTYT CTaTh BBICOKOKOHTPACTHBIM OOBEKTOM B Cydae MX
HaOJIFOIEHNSI U3-TI01 BOIBI IO YIJIaMM OJIM3KUMH K YTy IIOJTHOTO BHYTPEHHETO OTpakeHUs. B kauecTBe mpumepa
Ha puc. 1 TIpeacTaBIeHbl N300pakeH!s BETPOBOM psion (cjeBa) M yIaBIleil B BOAY KaIlIW JOXIS Ha TpaHULIE KpyTa
CHennmyca (cripaBa) — MOJIBOIHOIO M300paxkeHust HebocBoaa [8].

B oTcyTcTBUE BOTHEHUS KpPYyT OYepUYMBaeTCs HAOOpOM JIydeil, IMamaolInX Ha MOPCKYIO ITOBEPXHOCTD IT0 Ka-
caTeJIbHOM M UCTIBITHIBAIOILIUX MPeJOMJIeHUE MO YoM P, = arcsin(1/m) ~ 48,75° B COOTBETCTBUM C 3aKOHOM
CHemnuyca (3mech m ~ 1,33 — 1mokasaresb IpejoMIIeHUsT Boabl). Bugnmas sipkocTh n300paxkeHusl BHYyTpU KpyTa
3aBHCHUT OT ONTUYECKUX CBOIICTB BOIBI M INIyOMHEI pa3MellleHNs MprueMHuKa. [1o Mepe IpUOIsKeHUS K TpaHuIIe
Kpyra koadduieHT otpaxeHns Openens R, CTpeMUTCS K €IMHUILIE, & IPKOCTh TIPETIOMIEHHOTO CBETA, TPOTOp-
uroHaibHas 1 — R, — x Hyomo. [lo aToit npuunte nsobpaxeHue kpyra CHejuyca npencrasisier coboil cBet-
JIoe TIITHO Ha TeMHOM (boHe. BosTHeHMe MeHsIeT TOKaIBHBIN YKIIOH ITOBEPXHOCTH, TIPUBOIS K PE3KUM BapHaIldsIM
ko3 dummeHTa otpaxenus OpeHenrs BOM3M rpaHuibl Kpyra CHeutmyca. COOTBETCTBYIOIINE aJITOPUTMBI BOC-
CTAHOBJICHUS TTApaMETPOB BOJHEHUS (IUCIIEPCUN YKIIOHOB M CIIEKTpa YKJIOHOB) MYTEM CTaTUYECKO 00pabOTKHU
cepun n300paxkeHUi Kpyra CHesummyca npencraBieHs B [9, 10]. DhGeKTUBHOCTS M TOYHOCTb 3THX aJTOPUTMOB
TIpY IPUMEHEHUN B peaJTbHBIX YCIIOBUSIX ITOKA ellle 1O KOHIIA He YCTAHOBJIEHBI, HO IBE OCOOEHHOCTH UMEIOT MECTO.
IlepBasi 0cOOEHHOCTD 3aKJTI0YAETCS B UCITOJIb30BAaHUM MOJIENICi, a 3HAUUT U TPUOIMKEHUI ITPU CO3MaHUU paccMa-
TPUBAEMBIX aJITOPUTMOB (HampuMep, IIpeHeOpekKeHe BO3BBIIICHUSIMU TTOBEPXHOCTH TIPU pacyeTe ITOABOTHOTO
CBETOBOTO M0JIsI, TpeHeopexkeHune 3¢ GeKToM 3aTeHeHUs U Ap.). BTopasi o0coOeHHOCTH CBsI3aHa ¢ HEOOXOAUMOCTBIO
00paboTKM MaccuBa M300paxkeHWI BBICOKOTO paspelleHusT (IIs1 pas3andeHus MeJIKOMAacIITaOHOro BOJIHEHUS),
YTO SIBIISICTCST PECYPCHO-3aTPAaTHBIM TIpolieccoM. MeTol cTepeoHAOMIONCHUS JINIIICH 3TUX TPYIHOCTEHN 1 TI03TOMY
YCITEIITHO TIPUMEHSIETCS B IIMPOKOM psIIe 3amad, ¥ B TOM YHUCJIe TIPU HAOIIOOEHUN MOPCKOM moBepXHOCTH. [0
3TOI MPUYMHE OIpeAeICHHbI MHTePeC BhI3bIBACT UCCICI0BaHUE MPUMEHUMOCTH 3TOT0 METOA ISl BUSUPOBAHUS
MOPCKOM MOBEPXHOCTU CHU3Y, U3-TIOX BOABI. B Takoif mocTaHOBKe 3amada pelraeTcsl BepBhie. [1oaToMy BBUIY
OTCYTCTBUS HATYPHBIX M300pakeHUI TTpeaBapuTeIbHas OLleHKA BO3MOXKXHOCTEM METOIa TOCTUTACTCST ITyTeM aHa-
JIN3a MOJEbHBIX M300paxkeHuit Kpyra CHesinyca, oJydeHHbBIX C UCITOJb30BaHUEM HOBOI JOMOJHEHHON MOJe-
1 kpyra CHeJtyca 1 IeTepPMUHUPOBAHHOTO BOJTHEHUS B IIpeHeOpexXeHNH 3(pheKTaMu pacCesTHUsI CBETa B BOIIC.
B pabote npuBoasTCS: MOnEh cTepeon3odpaxeHust kpyra CHeimyca, puMephl pacuyera CTepeon300pakeHUit
M KapT AUCIIapaHTHOCTY B 3aBUCHMOCTH OT FEOMETPUU HAOIIONCHHUS U Psia MapaMeTPOB KaMepbl, BOJTHEHUS 1 OC-
BEIICHMS, a TAKXKe PEKOMEHIAIINH 110 MPAKTHIEeCKOM peaan3aliii MeTOa.
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2. MeToapl 1 NMOIXOAbI
2.1. Jlonywenus

MopenvupoBaHye peaTUCTUYHBIX M B TO XK€ BpeMsl MaTeMaTUIeCKW TOYHBIX TTOIBOIHBIX N300pasKeHU SIBJISI-
€TCsI TPYIHOM U 3aTpaTHOI MO BpeMEHU 3aaaueii, KoTopas Ipy BCeii BHUMATEIbHOCTU K “IeTansiM” MOXET ObITh
peleHa TOJIBKO TIPH HEJIOM psie NOIMyIIeHNi. B 3aBUCMMOCTI OT MPIIIOKEHUS HEKOTOPhIE M3 JOMYIIEHU MOTYT
OBITH HE BaXHBI, @ HEKOTOPbIE — MPUHIIMITHATLHO HeoOXonuMbl. OTipeiesieHue U TeX W IPYTUX IyTeM TTpeaBapy-
TeJbHOTO aHaJIM3a MPEAIIECTBYIOIIMX PaOOT MO MOIABOJHOMY BUACHUIO OMHOBPEMEHHO C OCOOEHHOCTSIMU CTEPEO-
BUICHUS B MAIIMHHOM 3pEHUN BUIUTCS Pa3yMHBIM ONITUMM3MPYIOLINM IIIarOM, ¢ KOTOPOTO HEOOXOMIMMO HayaTh
IMOCTPOEHME MOJIeIN cTepeon3odpaxkeHus kpyra CHeyutnyca.

Bynem cuurtath, 4TO cTepeor300pakeHUsI MOPCKOU MOBEPXHOCTU (hOPMUPYIOTCS MyTeM OTHOBPEMEHHOM pe-
TUCTPAIIMH YIJIOBOTO pacIipefesIeHUs IPKOCTH HUCXOMISIIETO CBeTa C IIOMOIIBIO ABYX MICHTUYHBIX CHHXPOHU30-
BaHHBIX UJeATbHBIX (hOTOATTIAPATOB C U3BECTHBIMM XapakKTepucTuKamu. [1on naeaibHbIMU ITOHUMAIOTCS (hOTOATT-
naparthbl, B KOTOPBIX OTCYTCTBYIOT COOCTBEHHBIE IITYMbI, IMCTOPCUST OOBEKTUBOB ITPEHEOPEKMMO Majia, BHYTPEHHSIS
¥ BHEIITHSISI KAJIMOPOBKA CTEPEOCUCTEMBI, PABHO KaK U peKTU(PUKAIIMS N300paXkeHWit He TpeOyroTCs (CM., HATIpH-
Mep, [7]). CienaHHbIe yIPOIIEHUS TTO3BOJISIIOT IMPOITYCTUTD PSIIT 9TAIOB, 00s13aTeTbHBIX PU 00pabOTKe HAaTypPHBIX
cTepeor300paXkeHU, U MOJONTH HEMOCPEICTBEHHO K MPOIIEAYPe BEIYUCICHUS KapT AMCIapaHTHOCTHU, HEOOXO0 1 -
MBIX TSI BOCCTAaHOBJICHUS JAIbBHOCTH IO BU3UPYEMBIX 3JICMEHTOB MOPCKOM TTOBEPXHOCTH.

B Hacrosuii MOMEHT CYIIECTBYET ILeJIbIii Habop METOMOB pacyeTa AUCIIapaHTHOCTH, OTJIUYAIOIINXCST TOU-
HOCTBIO, CKOPOCTBIO M MPUHIIMUIIOM IeiCTBUS (CM., HAIIpUMEpP, UX CpaBHUTEIbHBIN aHanu3 B [11]). [Touck onTu-
MaJIBHOTO METO/Ia OCOOCHHO BaKeH B MPUJIOXKEHUSIX MAIIMHHOTO 3PEHMS, TIe TpeOyeTcsl HelpephiBHAS OlleHKa
JATbHOCTEH 10 00BEKTOB B PEXUMe peaTbHOTro BpeMeHM. Lleb HacTosIiero ucciie1oBaHust MHasi, a MMEHHO OLIeH-
Ka MPUHIMIIMAIbHBIX BO3MOXHOCTEH MpUMEHEHUsI cTepeon3obpaxeHuil kpyra CHeiiyca 1Jisi BOCCTaHOBJICHUS
napamMeTpoB BolHeHMS. [1o 3Toi mMpuYMHE MBI OTrPaHUYMINCH MPUMEHEHHEM OTHOTO IMMPOKO PaCIpOCTpaHEeH-
HOTO MeToja rmourcka, a uMeHHo Semi-Global Matching (SGM) [12], obecnieurBaroiiero KOMIpoMuce MexXIy Ka-
YeCTBOM DPE3yJIbTaTOB U BPeMEHEM BbIUMCIeHU. OCHOBHBIMU (paKTOpaMu, MPEIMSITCTBYIOIIMMU KaueCTBEHHOMY
BOCCTaHOBJICHHWIO KapT AMCITAPAHTHOCTH, SIBJISTFOTCSI TIPOTSDKEHHBIE MOHOTOHHBIE O0JIACTH M pe3Kne M3MEHEHUS
SIPKOCTH (pa3pbIBbl). M Te u Apyrue B 1OCTaTOYHOM KOJIMYECTBE MPUCYTCTBYIOT 3a rpaHulleil Kpyra CHemuimyca
TP MaJIoii OCBEIIIEHHOCTH, HalipuMep, B BeuepHee BpeMsl (puc. 1, 6), WM B LIEHTPaJbHOM YacTH Kpyra Ipyu MajoM
TpamreHTe IPKOCTA Heba M MajIbIX Bapralnsax KoadduineHnTta otpaxkenus Openens (puc. 1, a). YuntsiBas cka-
3aHHOE, ONITUMAJIbHBIM KaXKeTCsI YIaCTOK ITOBEPXHOCTH BOJIM3M IpaHUIlbl Kpyra CHeJjuinyca, rie ecTh 3aMeTHBIN
TrpaaleHT SIPKOCTU Heba M JOCTaTOYHAsl OCBEIIEHHOCTh HUXKHEHM CTOPOHBI MOPCKOI MOBEPXHOCTHU 3a IpeaeiaMu
kpyra. [IpuMepoM Takoif 00JIACTA MOXKET CIIY>KUTh 00JIaCTh BHYTPU MPSIMOYTOJIBHUKA, OTMEYCHHOTO ITYHKTUPOM
Ha puc. 1, a.

BHyTpu paccMarpuBaeMoii 00J1aCTH OTYETIUBO IETEKTUPYIOTCS CpeIHe-pa3MepHbIe YIaCTKHU ¢ KBa3UOIHOPOI-
HOI1 Ha TIepBBIN B3TJISI IPKOCTBIO, a TTPU OJIM3KOM PACCMOTPEHUN — C YHUKAIBHON MEIKOMACIIITAa0HOI HACEUKOIA,
(opMupyemMoii KarmIIsIpHBIM BOTHEHHeM. IMeHHO Oyiarofapio ee HaJIM4MIO PACCMOTPEHHBIE METOIbI TTOMCcKa
COOTBETCTBUI MPUBOISAT B KOHEUHOM CYETe K YCIHEITHOMY pa3pellieHUIO B pebede MOPCKO MOBEPXHOCTU Oosiee
ITMHHOBOJTHOBOM YacCTH BOJTHEHHS, a UMEHHO I'paBUTALIMOHHO-KAIMMILIApHOI. [TocmeHsIsI B CBOIO oUepeb SIBIIsI-
€TCsl MapKepoM JIs1 pa3pelieHus elle 0oiee JNTIMHHOBOJIHOBOI YaCcTU BOJIHEHUS U T.A. [7].

OueBUIHO, YTO B YMCICHHOM 9KCIIEPUMEHTE KaueCTBO BOCCO3IaHUsI U300paKeHU I, MOTOOHbBIX BbIIECJIEHHOMY
(¢parmenTy Ha puc. 1, @, ¥ ¢ y9eTOM M3JI0XKEHHOTO BBIIIIE, 3aBUCHUT OT IETaIu3allii pejbeda MoIeaInpyeMoil Mop-
CKO1 TTOBepXHOCTH. TpalTuIIMOHHO TS 3TOTO MTPUMEHSIETCST CYTIEPIIO3ULINS TUTOCKUX BOJTH C IETEPMUHUPOBAHHOMN
aMIUTMTYIOM, OIpenesisieMOoii Mo CIIEKTPY BOJTHEHUS, U clydaliHoi ¢azoit. Yem Ooiee KOPOTKME BOJTHBI YYaCTBY-
0T B GOPMUPOBAHUN BOJTHEHUS, TeM O0JIiee pecypCHO-3aTpaTHBIM CTaHOBUTCS pacueT. [Ipu a3ToM K pe3yiabTaTam
MOJICTMPOBAHUS OCTAIOTCS TPAAWIIMOHHBIC BOIIPOCHI TUIIA HEIOCTATOYHOM «OCTPOTHI» BOJHEHUS. OMHOBpEeMEH-
HO C 3TUM, HEOOXOIUMOCTh UCCAEA0BAHUS CTEPEOU300PaKEHUI B 3aBUCUMOCTH OT 1IeJIOro Habopa mapamMeTpoB,
a 3HAYUT HEOOXOIMMOCTh MOACIMPOBAHMS OOJIBIIIOTO KOJIMYECTBA M300pakKeHWIT BBICOKOTO pa3pelleHNUsI, UCKITIO-
Yujia yKa3aHHbBIN TTOIXO/T MOJIEIMPOBAHUST BOJIHEHYSI. AJTbTepHATUBHBIN BapUaHT 3aKJI0YAJICS B CIICIYIOIIEM.

2.2. Modeaw 6oanenus

OCHOBHOI1 peJibe(d MOBEPXHOCTH 3a1a1M OJMHOYHOM CUHYCOMIATBHOM BOJTHOI — BOJIHOI 3bIOM C ITepecTpa-
MBAeMbIMU B XO/I¢ 9KCIIEPUMEHTOB IapaMeTpaMy (aMILIMTYI0M U JJIMHOM BOJIHBI) U PACIIPOCTPAHSIIOLICICS BIOJIb
TOI1 3K€ KOOPAMHATHOM OCH, BIOJIb KOTOPOI PACIIOIOXEHBI ONITUYECKUE IIPUEMHUKH.
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Puc. 2. Tlpumep TeKCTYypBI IUISI CO3MAHUSI MEIKOMACIITAOHBIX HEOTHOPOMTHOCTE Ha
MOPCKOI1 MOBEpXHOCTH (CJIeBa) U ee KPYITHBIN IJ1aH (crpaBa)

Fig. 2. An example of a texture for creating small-scale irregularities on the sea surface
(left) and its close-up view (right)

M3zobpaxeHue ynaBilieit B BOAY KaIlid AOXAS Ha puc. 1, 6 MOATOJKHYJIO K Hee MaalolluX B BOAY 00bEeK-
TOB PA3JIMYHBIX MACIUTA00OB, TEHEPUPYIOLIUX PACXOAAIMECH LIUIMHIPUYECKHUE BOJIHBI PA3JIMYHON UHTEHCUBHO-
CTU, JUTUHBI, KpyTU3HbI. 10 2TOI nMpuyrHe nmojie HEOAHOPOIHOCTEM CpeaHUX MaclTaboB BOCCO3IaANuM HAOOPOM
LWJIMHIPUYECKUX BOJIH, MPOU3BOJbHO PaCKUAAHHBIX MO 3aJaHHOK KOOPAMHATHOM CETKE U HE MEHSIOIIMX T10JI0-
JKEHUSI OT 9KCIIEPMMEHTa K 3KcrepuMeHTy. [1poTsskeHHOCTh 00J1acTH pacipOCTpaHEeHUsI KaXKIOM BOJHBI 3aaeM
5KCITOHEHIIMATbHBIM 3aKOHOM 3aTyXaHMSI.

Haubonee meiakomacimitaOHble HEOMHOPOAHOCTU CO3MaavMM MyTeM OLIM(PPOBKU U MaclTaOMpOBaHUs cIadbo
HEOTHOPOMHOM (1O SIPKOCTH) MEJIKOMACIITAaOHOW TeKCTYpHI, MpeacTaBleHHOM Ha puc. 2. [TomoOHBIE TeKCTyphl
TPaTULIMOHHO UCTIOJIB3YIOTCSI B CUCTEMaX peHIepUHTIa MTpU BU3yaliu3alui 00beKTOB ISl IPUIAHUS UM peaTuCTHY -
HocTu. [loslydeHHBIN pe3yabTaT CXOX C MOISIMPOBAHUEM ABYMEPHOIO OEJIOro Iiyma, MHTEHCUBHOCTh KOTOPO-
ro J0JKHA ObITh 3HAYUTEIbHO MEHbIIIe, YeM aMIUIMTYya HEOJHOPOIHOCTEN cpeaHUX MaciuTaboB. JJonmycTUMOCTh
MPEIJIOKEHHOTO MOIX0Aa ONIPENENIeTCS TEM, UTO, KaK YXKe OTMEUaoCh BhIIIE, B CTEPEOHAOTIOAEHUU MOPCKOI MO-
BEPXHOCTHU cCaMO€ MEJIKOMACIITaAOHOEe BOJTHEHUE SIBJISIETCSI HEOOXOAMMBIM JIEMEHTOM [IJIs1 BOCCTAHOBJIEHUS OoJiee
ITMHHOBOJTHOBOM yacTtu. CreqoBaTeIbHO, MIPU TIepecYeTe BOCCTAHOBICHHOTO pesibeda B CIIEKTP BO3BBIIICHUIA,
MocJeAHUI OyIeT OnpeiesieH Ha CIIeKTPaIbHOM WHTEpBasie, He colepKalleM Hanbojiee KOPOTKYIO YacTh BOJHE-
HUsI, YTO U yIIpolllaeT TpeOOBaHUS K €e MOIEIUPOBAHUIO.

2.3. Modeaw uzobpaxcenus kpyea Creaauyca c yuemom 0cxo0sauiezo c6emnioso2o nomoxa

PaccMoTpuM MrHOBEHHBIN MPOMWIb CIyYaliHON peaan3aliy B3BOJHOBAHHOM BOIHOM MOBEPXHOCTH, OCBE-
LIEHHOM HEIMOJISIPU30BaHHBIM CBETOM: CBEPXY — CBETOM HeOOCBOAA, CHU3Y — BOCXOMSIIMM U3 BOIHOM TOJIIIU

cBeToM (puc. 3). YrioBoe pacnpenejieHue IpKOCTU HeOOCBOIa U BOAHOM TOJIIM OnpeaeauM (GyHKIUSIMU Lﬁ' (nf)

u L,.T (nj) COOTBETCTBEHHO, T n,.l u n,.T — TFOPU3OHTAJIbHBIE KOMIIOHEHTHI €MIMHUYHBIX BEKTOPOB MaJAI0IIEro Ha
MODPCKYIO TTOBEPXHOCTb CBETa CBEPXY U CHM3Y COOTBETCTBEHHO, Q,.i u Q,.T. Penbed moBepxHOCTU XapaKTepu3syem
dbynkuueit Bo3sbilieHu 7 = (r)) 1 BeKTOpoM YKJIOHOB 1| = N (1), KOTOPBIi1 MpencTaBiseT co00l TOpU30HTAb-
HYIO COCTaBJIAIOLLYIO eAMHUYHOM HopMau (N) K TOBEPXHOCTH S B TOUKE Iy = I + ((ry) e, ¥ CBA3aH ¢ pyHKUMEN ee
BO3BBILICHUI COOTHOILIEHUEM 1) = M, X + 1, X, = —Al(e, — eAMHUYHBIN OPT OCH Z, I — PAIMUYC BEKTOP NPOEKIMU
TOYKM I'y Ha TUIOCKOCTb Z = (). OnTryecKue CBOKCTBA BOIbI 3a/1aeM MMOKa3aTeIeM MPEJIOMICHUS M U OCIa0IEHUS C.
3aBUCHUMOCTbBIO ITUX ITOKa3aTeseil OT JVIMHBI BOJIHBI CBETa, TEMITEPATYPhl U COJIEHOCTHU BOJbI ITpeHeOperaem.
CuyuTaeM, 4TO M300paXkeHUe IMOBEPXHOCTU (hOPMUPYETCsS C MOMOIIBIO ONTUYECKOTO NMPUEMHMKA, Pacro-
JIO)KEHHOTO B TOYKE I, Ha IyOMHE Z, U PErMCTPUPYIOLIETO YIJIOBOE pachpeiesieHue sIpKOCTU MPUXOISIIETO OT
noBepxHocTU cBeTa L(n). Pacuer sipkocTy Mpou3BOAMM B YHUBEPCAIbHOI (hopMe uepe3 SIpPKOCTb CBETa Ha rpa-
HUllEe pa3nena u ¢pyHkiuo ['pruHa [14], ucrnonb3ys ee MpoCTeIy0 MOJEb, MMOJHOCTbIO UTHOPUPYIOLIYIO BKJIa
paccestHHOTO BOJOit cBeTa. B 3TOM MpHOIMKeHUM MBI CIMTaeM BOCXOISIIINN TTOTOK HE Pe3yJbTaTOM MHOTOKpaT-
HOTO paccesTHUs HUCXOSIIIETO ITOTOKA CBETa, a CUMTAEM €T0 IeTePMUHUPOBAHHBIM M HE MCIIBITHIBAIOIIAM pacce-
ssHue. B yacTtHocTH, nonaras riyouHy 6ecKoHeuHOI (BAUsIHUE AHA OTCYTCTBYET) YIJIOBOE pacipeieieHUe SIPKOCTU
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BOCXOJISITIIETO TTIOTOKA CYUTAEM U30TPOITHBIM (CM. (hOPMYJIbI
Huke). Takoll moaxo Mo3BOJISIET CO3AaTh HaM TTOIBOIHbBIMN
WCTOYHUK CBETa, HEOOXOMMMBII JIsI OCBEILEHUSI MOPCKOM
MOBEPXHOCTU CHU3Y, 3HAUUTEIBHO YIIPOCTUTh MaTeMaTuye-
CKUE BBIKJIAIKU U YCKOPUTH YMCIICHHBIN CYET.

Janee, MpUMEHSISI YaCTO MCIIOb3yeMOe B 3a/ayax Ofl-
TUKU B3BOJTHOBAHHOW BOAHOIN MOBEpXHOCTU S(PDEeKTUB-
HOE TPaHUYHOE YCJIOBUE IS SIPKOCTU Ha TJIOCKOCTH Z = 0,
WTHOpPUpYIOLIee BIUSHME BO3BBILICHWI MOBEPXHOCTU Ha
CTPYKTYPY CBETOBOT'O ITOJISI TTOJI [TOBEPXHOCTHIO, U, OCTABJISISI
B CTOPOHE MaTeMaTUUECKUE BBIKIIAIKHU, TPUXOIUM K CIIEIy-
fo1eMy Habopy (popMyJ 15T YIIIOBOTO pactpeneieHust sip-
KocTH n3obpakenust kpyra CHemnuyca L(n) Kak pyHKINT
TOPU3OHTAJILHONW KOMITOHEHTHI N eIMHUYHOTO BEKTOpa €2,
XapaKTepu3YIOllero HampaBieHUe paclpoCTPaHEHUST CBETa
B Boze (puc. 4):

1eboceo0

moinya 600wl

L(Il) = Lsky(n) + Lwater(n)a (1)

rae
Puc. 3. I'paduueckass cxema, TosicHsTIoIast (popMupoBa-

Ly, (n) =Ly, |z=0 (—nZ /N1-n?, n)exp{—c 7 /\1-n? } (2)  Hue u300paxeHus kpyra CHeluyca CBETOM Heba 1 CBETOM

BOJHOM TOJIX, TEPCOTPAKEHHBIM MOpCKOI71 TTOBEPXHO-
— SIPKOCTU TIPEJIOMJIEHHOTO BOJHOM TOBEPXHOCTHIO CTBIO B HIDKHIOIO nOTycepy

cpeTa Heba, Fig. 3. A graphical diagram explaining the formation of the

9 o Ul Snell's window image by the light of the sky and the light of
Ly |z=0 (ro,n) =m (1 - Ry (ai (ro,n)))L,- (ni (rﬂ’n)) 3) the water column reflected by the sea surface into the lower

hemisphere
— SIPKOCTb IMPEJTOMIIEHHOIO CBETA HA TPAHULIE pa3aeiia

z=0BTOuKe Ty = —nZ /N1-n?,
2

(ot 1| [V e | (i e o

v =
2 \/l—ocl.l2+\/m2—ocil2 \/l—ocl.l2+m’2\/m2—ocil2
— xoahdunmeHT oTpaxenus: OpeHesnst 1151 HEMOJSPU3OBAHHOTO CBETa,

ay (r,n)=sin9; = m\/l —(\/1 —n? \J1-n(1,)? - n'q(ro))2 (5)

— CHHYC JIOKQJIbHOTO yIJIa MafeHusl, BbIpaKaeMblii yepe3 JIOKaIbHBIN YKIOH 1(ry) U HallpaB/ieHUEe MPeIoM-

JIEHHOTO CBeTa n,
1 2
1+2y/1-n; (ry,m)
(] 10 i \1o>
L; (“i (ro’“)) =1L 3 (6)
— YIJIOBOE pacripefesieHre SIpKOCTH 110 HeOOCBOIY TPU CIJIOIIHOM 00JJaYHOCTH (Liw — SApKOCTb HeOOCBOJA
B 3€HUTE),

2 2
n,.i(ro,n)zlinn2 n+v1-n’n+n 1;“ —(n+ l—nzn) @)

2

— TOPU3OHTAIbHAS KOMITOHEHTA eMMHIYHOIO BEKTOPA, MAJaIOIIETro CBEpXy Ha MOPCKYIO ITOBEPXHOCTh CBETa Q,.i.
AHaJIOTMYHBII Habop (PopMysT MMeeT MeCTO JUIsl BTOPOro ciaraeMoro (1), onpeaesnsoniero BKiaa B IPKOCTh
kpyra CHeJmyca OT IIepeoTPaxkeHHOTO MOBEPXHOCTHIO BOCXOISIIETO M3 BOTHOM TOJIIIHN CBETOBOTO ITOTOKA:!

o (—nZ Ji-n* ,n)exp{—cz Ji-n® } )

L

‘water

(n)=L

‘water

rae
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L

‘water

. Tt
Fg(l’o,ﬂ)=RF(0t,~ (ro,n))L,. (ni (ro,n)) )
- _ [[_ 2
— SIPKOCTb OTP@KEHHOTO BOCXOZISILLETO CBETA Ha IpaHmLe pasnena z = 0 B Touke Iy =-nZ /v1-n’,

2

RT(aT):] M\/l—a?2—\/1—m2a?2 2+ \/1—G?2—m\/l—m2af2
A e el ) e i

— koaddunmreHT oTpaxkeHuss @peHest 1151 HEMoISIPU30BaHHOTO CBETa,

a (r,n)=sin9 = \/1 —(\/1 —n? J1-n(r,)? - nn(ro))2 (11)

— CHHYC JIOKAJIbHOTIO yrjia naacHusd,

(10)

™o |

£ (n] (rpom)) = £ (12)

— M30TPOITHOE YIIIOBOE pacrpeaesicHre IpPKOCTH BOAHOM TOMILH,

2
nj(rojn)z n+ 1—n2n+n\/1+n2—(n+ l—nzn) (13)

1+n

— TOPU3OHTATbHASI KOMIIOHEHTA €AMHUYHOTO BEKTOPA, MagaroIero CHU3y Ha MOPCKYIO ITIOBEPXHOCTh cBeTa 2 T
Ha npakTuke BMecTo nepeMeHHoiIi n B popmyJie (1) u ganee ynooHee MCIIOIb30BaTh HIMJIMHAPUYECKHUE KOOPIM-
HaThl (3, ¢, 7) U AEKapPTOBBI KOOPAUHATHI (X, V', Z), CBSI3aHHbIE COOTHOIIEHUSIMU:

nx:—x/\/x2+y2+zz, ny:—y/\/x2+y2+z2, (14)

§ = arcsin(n), ¢ = tg(n,/n,). (15)

IMpuBeneHHbIit HAOOP (GOPMYJI OMUCHIBAET YIIIOBOE pacIipeae/ieHue IPKOCTU HUCXOISILEro OT MOBEPXHOCTU
CBeTa, NICTOYHMKAMM KOTOPOTO CITy>KaT CBET Heba M CBET BOMXHOI TOJIIM, OOPATHO PACCESTHHBIN MOBEPXHOCTHIO
B HIDKHIOIO TToJycdepy.

2.4. Modeab cmepeousobpaixcenus kpyea Cueaauyca

B Hacrosieii paboTe Mbl pACCMOTPUM OJIHY M3 BO3MOXHBIX CXeM MOJBOJHOr0 HabtoaeHus. J1is yrpolleHus ee
CXeMaTUYIHOE TIPEACTaBIICHNE BRITIOJTHEHO Ha IMpUMepe TIOCKOCTH XxZ (puc. 5). CunraeM, 4To ABE KaMephbl pacItoyo-
>KEHBI B TUTOCKOCTH XZ Ha OJHOM TITyOWHe Z, Ha ynajieHnH (6a3e) b Ipyr oT Ipyra B HAlpaBJIEHUH OCH X, COBITAIAIOIIEH
C HampaBJieHUEM pacipocTpaHeHusl BoHeHUs1. Kamepbl opreHTHPOBaHbI MO/, YIJIOM 3 K BEPTUKAIbHOMI OCU U Me-
[OT TI0JIe 3peHMmsI, ompenensieMoe yrimoM 2o. MPoKycHOe paccTossHUEe KaMmep TIPUHUMAeM PaBHBIM f, pa3Mep MaTpH-
Ubl — M, X M, PA3PELIEHUE MATPULIBI — P, X p,,, KPOTI-(akTop — s. [lepBast KaMepa BU3UPYET y4aCTOK TIOBEPXHOCTH
MPOTSKEHHOCTBIO A B, BTOpast — A, B,. IIpoTskeHHOCTh yuacTKa, epeKpbiBAeMOro 00eMMu Kamepamu, 0003HaYuM
yepes A,B,. PaccMoTpuM Ha HeM NMPoU3BOJIbHYIO TOUYKY D, MOJI0XKEHUE KOTOPOii Ha MepBOil MaTpulie XapaKTepu3yem
Tapoii KoopauHar (4, v|), Ha BTOpoil — (u,, v,). CBsI3b MEXIy HallpaBJICHUEM Ha BU3UPYEMBIN 3JIEMEHT MOPCKOM
MOBEPXHOCTU U €ro KoopAMHaTaMu (B TTMKCEJISIX) Ha M300paxkeHUH ClieyeT U3 reOMeTpUH Ha puc. 4.

" :’i—z(%—ftan(s}i—ﬁ)j, (16)

_py(my tan (¢, )
A cos(9;, -B) ) (17

Pacuetsl, BbinonHeHHbIE 0 hopmynaMm (1)—(17), hbopMUPYIOT OCHOBY pacueTa CTepeou300paKeHUsT Kpyra
CHesnyca. PazHuiy Mexay KoopaMHaTaMy OJHOTO U TOTO e 3JIeMEeHTa U300paXeHU it MPUHUMAaeM 32 UICKOMYIO
JIUCITAapaHTHOCTS d.

2.5. Modeaupoeanue

Iporiecc MonenupoBaHus cTepeon3odpakeHnii kpyra CHesyca ocyiecTBIsuIcs noiaroBo. [lepBoHavyaibHO
OIpeAeIsIMCh BHYTPEHHUE MapaMeTphbl KaMepbl Ha MIpUMepe TUMOBOI 3epKajibHoIt KaMepbl Nikon D5100 ¢ 00b-
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ektuBoM Nikkor 18—55 MM mo mpuuuHe ee perysnsp- m,

HOTO UCITOJIb30BaHUSI HAaMU B HATYPHBIX W3MEPEHUSIX: " uz\

20= 60°, £= 25 Wn, m, x m, = 23,6 15,8 MM, p, X p, = /\ S
= 2144 x 1424 mukceneii, s = 1,5. [lanee 3amaBaiich mapa- =
METpPhI BOAbI (ITOKa3aTeJn OCIabAeHUs U MPETOMIICHUS)
1 BHELLIHME NTapaMeTPbl KaMepbl: yOMHa NIOTPYXEHUs Z,
M ¥ YTOJI HAaKJIOHA 3 OTHOCUTEIbHO BepTUKAIU (CM. 3Ha-
yeHus B Ta0i. 1). TlocieaHuii yaiie Bcero ornpenessiics
3HayeHueM 3 = Bg, — 10°, 4TO MO3BOJISIO MOTYYUTD B Ka-
JIpe YJ4acTOK TMOBEPXHOCTU MIPUMEPHO OIMHAKOBOU MPO-
TSDKEHHOCTH OTHOCUTEJILHO IpaHuIlbl Kpyra CHeJuidyca.
TpeTbM 1IaroM BBIYUCISUIUCH TPAHUIBI BU3UPYEMOTO
yJacTka B JIEKapTOBBIX KOOpPIWHATaX M 3aJaBajlaCh pPaB-
HOMEpHasi ceTKa C paspenieHueM p, x p,. Ha sananHoi
KOOPIMHATHOM CETKE PACCUMTBIBAICS peiabed MOpPCKOit
TIOBEPXHOCTU, TIPUYEM TIOJIOKEHWE IMJIMHIPUIECKUX
BOJIH Bceraa Obl1o (PMKCHPOBAHO, a TTapaMeTphbl 3bI0M OT
9KCIIEPUMEHTA K IKCIEPUMEHTY MEHSJIMCh MEXIY HBY- Fig. 4. Geometry of the sea surface observation by an

MsI BapraHTaMU 3HAUYEHU, 00eCTIeYnBAIONITNX HE TOIBKO underwater stereo system

pa3HbIil MaciuTad BOJIH, HO U UX KPYTU3HY (CM. Tab. 1).

Hainee penbed mepecynThIBajCs B M0JIe YKIOHOB 1)(r), KOTOPOE B CBOIO OUYepe/ib UCTIONb30BAIOCH ISl TIOCTPOCHMUST
1o ¢opmysie (1) yrIoBBIX pacripenesieHuii BUTUMOM SIPKOCTH TIOBEPXHOCTH, «PETUCTPUPYEMBIX» KaKJION KaMepoi.
TTocaenHyM 111aroM OCYIIECTBIISUICS pacyeT crepeon3odpaxeHnii Kpyra CHe/utnyca o dopmyiiam (16) u (17).

Puc. 4. TeomeTpust HAGTIONEHUST MOPCKOIA TTOBEPXHOCTHU
MOABOIHON CTEPEOCUCTEMOM

Tabauya 1
Table 1
OcHOBHbBIE nmapaMeTpsl 321244 ¥ MX 3HAYCHUA
The main parameters and its values
BHyTpeHHMe mapaMeTpbl KaMepbl
VYron 3penust 30°; 60°
dokycHOe paccTosTHUE 50 MMm; 25 MM
Pasmep MaTpuLIbl 23,6 X 15,8 MM
PasperreHue 2144 x 1424
Kporn-dakTop 1,5
BHelnnune napaMeTpbl CTEPEO CHCTEMBI
I'ny6uHa pacronoxeHust 2M; 5™
Crepeo 6a3za 0,05m;0,2Mm;0,5m
HakJ1ioH KaMepbl OT BepTUKAIN 38,75°; 58,75°
ITapameTpbl BOJIHEHUS
CuHycouaabHast BOJIHA AMILIUTYIa, M JnunHa, M Haxkuion, °©
0,06 1 20
0,006 0,3 8
HwiuHapuyeckre BOJTHbI AMIuTyna, M JnuHa, M Haxkuion, °©
Ne 1 0,031 0,314 19
Ne 2 0,019 0,128 27
Ne 3 0,075 0,251 45
Ne 4 0,013 0,251 10
Ne 5 0,036 0,180 18
Ne 6 0,006 0,063 17
Ne 7 0,013 0,063 33
Ne 8 0,017 0,042 53
Ne 9 0,013 0,126 18
Ne 10 0,013 0,063 33
Ne 11 0,189 0,628 44
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Oxonuanue maon. 1

HunmHapuyeckue BOJIHbBI AMIuMTy1a, M JnvHa, M HakJion, ©
Ne 12 0,025 0,084 46
Ne 13 0,075 0,251 43
Ne 14 0,126 0,251 57
Ne 15 0,126 0,628 33

OnrTuyecKue CBOMCTBA BOIbI

[Toxa3atesnb MpeIoMIICHUS 1,33 1/m

IMoka3zaTenb ocnabieHus 0,33 1/m

TIapameTpbl METOIA MOMCKA AUCIIAPAHTHOCTH

Merton Semi-Global Matching (SGM)
Jlnana3oH BapualMii AMCIapaHTHOCTU 128
OKHO noucka 5 nukcenei

B xauecTBe mprmMepa Ha puc. 5 TIpeACTaBIeH pe3yabTaT pacueTa U300paXkeHU ¢ y9eTOM TeKCTYpbl (MeJIKoMac-
1ITaOHOIO BOJIHEHUST) U Oe3 Hee.

3. Pe3yabTaTbl 1 00CyKeHHe
3.1. Yeaoevie pacnpedeaenus 6uoumoi ApKocmu nogepxHocmu

IIpencraBiieHre pe3yabTaTOB CTOMT HAYaTh C PACCMOTPEHUS IIPUMEPOB pacueTa BUAUMOM SPKOCTU ITOBEPXHO-
ct 1o popmyie (1) mrs AByx riyouH 2 M (puc. 6) u 5 M (puc. 7) npu pa3HbIX TapaMeTpax 36101. CIUTOLIHOM qyroi
OTMeYeHa TpaHuIIa HeBO3MYIIleHHOTO Kpyra CHeyumyca. I1o ocsiM OTJIOKeHBI 36HUTHBIN 1 a3UMYTaIbHBIN YTIIHL.

OTHOCUTETFHO HEOOJBIION (opMaT TIpeIcTaBIeHHBIX N300pakeHU He TTO3BOJISIET PasIiIIaeTh MEJIKHAE OeTai
B CTPYKTYpe M300paxkeHMii, HO €ro BIIOJHE JOCTAaTOYHO, YTOOBI YBUAETh PA3IMUYUs B IPKOCTSX HanboJjiee MpOTSKEH-
HbIX 2JIEMEHTOB U U3MEHEHUH (DOPMbI CPEAHUX I10 pa3MePy CBETJIBIX M TEMHbIX IIATEH (COMOCTABICHBI IYHKTUPHBIMU
JIMHUSMU-CTPEJIKAMH ), (PM3MKA KOTOPHIX ITOSICHSITACH B HavaJie pabOThI, BILIOTH IO WX MPAKTUIECKU TTOJTHOTO MCUEe3-
HOBeHMUSI (COIMOCTaBJIEHbI CILIOIIHBIMU TUHUSAMU-CTpenKamu). [TogoOHbIe apbl U300pakeHW NCTIOJIb30BANUCH 11T
TIOCTPOSHMS KapT AMCITAPAHTHOCTU M OLIEHKM MX KaueCTBa B 3aBUCUMOCTH OT BapHalllii ITapaMeTPOB 3adaum.

3.2. Kapmut ducnapanmuocmu u ux uzmMeH4u80CMs Npu 6apuauusx cnepeodasot

PaccmotpuMm pe3ysbTaThl pacuyeTa KapT AMCIIAPAHTHOCTH Ha MPUMEPE IBYX BapMAaHTOB BOMHEHUS (ITapaMeTphI
yKazaHbl Ha puc. 7 1 8) Mpu Tpex 3HaueHusx crepeodassl — 0,05 m, 0,2 M, 0,5 M 1 ABYX 3HAYEHUSIX TIYOUHBI 2 M
(puc. 7) u 5 M (puc. 8). Illkana nucriapaHTHOCTH MpeacTaBleHa B mukceaax. BumHo, 4To mpu MeHblei IiyonHe U Ma-
JI0It cTepeobase MopsaKa TPETH TUIOIIAIN KapThl HE MMEET Pa3phIBOB, B CTPYKTYPE IIPOCIICKMBAIOTCS PACXOISIIITCCST
MWIMHApHIecKUe BOJHBL. C yBeMIeHeM 0a3bl KaueCTBO KapTHI MTAIaeT, MOSIBIIIETCS MHOXKECTBO pa3phiBOB. CUTY-
alus OT YaCTU CTAaHOBMTCS JIydllie Ha OOJIblIel riyouHe. 37ech Ipyu MaJloii cTepeoda3e OTUETIMBO MPOCEKBACTCS
CTPYKTYpa 36101 1 HanboJree KPYITHBIX HMJIMHAPUICCKIX BOJTH, XOTS BapHalliK AUCITapaHTHOCTH He Beuku. C yBe-
JIMYEHUEM 0a3bl YBEJTMIMBACTCS KOJIMTIECTBO ITPOITYCKOB B KapTe, TepsieTcss H(MOPMAIIHST O IMIMHIPUISCKIX BOTHAX,
HO pacTyT BapualliM AUCIIAPAaHTHOCTH, CBS3aHHBIC C 3bI0bl0. Ha mpakTuke, UCIONB3Ys CIIelMaIbHbIE aJITOPUTMbI
MOCTGUIBTPALINM KapT, YCTPAHSIOMINECS Pa3phIBBI, TPOMUITH BOIHBI 3610 MOKET OBITh BOCCTAHOBJICH JOCTaTOYHO
neTtanbHO. [1py manpHEHIIIEM YBETMUCHIH CTepeo0a3bl KOJTMISCTBO Pa3pbIBOB ITPOIOJIKACT PACTH, a KOPPEKTHBIC Ba-
pUaly AUCTIAPAHTHOCTU HAOJIIOAAIOTCS MPU OOJIBIINX JAIBHOCTSIX, YTO COXpaHsIeT BO3MOXKHOCTb BOCCTAHOBJICHUS
TapaMeTpoOB 3bI0U IT0 YIAJICHHOM 00JIacT! M300paskeHUs. JIJIsT IToIydeHIST KOPPEKTHBIX 3HAYCHUI TUCTIAPAHTHOCTH
Ha MaJIbIX JTATBbHOCTSIX MOTPeOyeTCs MOBTOPHAs MPOLIEAypa MOMCKa COOTBETCTBUIA TTPU OOJIBIIMX BapualUsaX TUcHa-
paHTHOCTH (256 1 512), KoTopast MOXKET MOTpedoBaTh 3HAYMTEIHHOIO YBEJIMUEHUST BpEMEHH CUETa.

3.2.1. Kapmbl duchapanmHocmu u ux UsMeH4u80CMy NPpU 8apuayusax GoxycrHoeo paccmosnus (yeia obzopa)

CorjlacHO TeOpuU CTEPEOBUICHUS MUCIAPAHTHOCTh JUHEWHO pacTeT IMPOIOPLMOHATBLHO IPOU3BEACHUIO
crepeobas3bl U (POKYCHOTo paccTtosiHus [15]. B ¢BsSI3U ¢ 3TUM M HA OCHOBAHUM MOJYYEHHBIX CBEIEHUI O BIAUSIHUU
cTepeobasbl, KaXKeTcsl MHTEPECHBIM OLIEHUTh BIUSIHUE Bapualuii (hOKycHOro pacctosiHus. PaccMoTpum ciydaii
JIBYKPATHOTO yBeINUYEHUS (POKYCHOTO PACCTOSIHUSI, COITPOBOXKIAIOIIETOCST 00y>KeHUEM T10J1s1 3peHus1 10 30° TpoTHUB
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5 5,5 6 6,5 7 7,5 8 8,5 9 9,5 10

Puc. 5. ITpumep pacuera U300pakeHU MOPCKOM MOBEPXHOCTHU C YIETOM MEIKOMACIITAOHbIX He-
OITHOPONIHOCTEM (BBepXy) U 6e3 HUX (BHU3Y)

Fig. 5. An example of the simulated sea surface relief with small-scale irregularities (above) and
without them (below)

60° panee. [TyHKTUpHBIE TPSIMOYTOJILHUKHM Ha IMPEICTaBICHHBIX paHee n300paxeHusx kpyra CHemnumyca (puc. 7
" 8) IEMOHCTPUPYIOT HACKOJIBKO O0Y3MJICS BU3MPYEMBbII YIaCTOK MTOBEPXHOCTH. JleTalbHBIC M300paKeHUS STUX
YUYaCTKOB TPEACTaBIeHbI B BEpXHUX psiax Ha puc. 9 u 10. CpaBHeHUE KapT AUCIIAPAHTHOCTHU C TIPEIIIEeCTBYIO-
IIMMHU Ha pUcC. 7 U 8 TTO3BOJISIET 3aKIIOYMTh, YTO BapyallMy AUCIIapaHTHOCTH AE€MCTBUTENbHO BBIPOC/M B IBa pas3a.
Habmromaemerit poct HanbosIee ToJIe3eH C TOYKU 3PSHMS MOBBIIICHUS ACTAIN3aIlMA BOCCTAHABIMBAEMOTO PeJibe-
(a MopcKoii MOBEpPXHOCTHU MPU ee HAOTIOAEHUN ¢ O0JIbIlel ITyOUHBI TPU MajIeHbKOI cTepeobase. [1pu cpeagHem
3HaYEHUHU cTepeoda3bl 3HAUEHUSI NMCIIApAHTHOCTHU TPU MaJIbIX YIJIaX BU3UPOBAHUS, T.€. IPYU Majioil TaJIbHOCTHU
(BHYTpM TpaHuUIbl Kpyra CHeliyca) YXOmsIT B orpaHnYeHUs. OMHOBPEMEHHO C STUM IIPH OOJIBIINX JAITBHOCTSIX
CTaHOBSITCS pa3JIMYMMBbI KaK BOJTHBI HanboJiee KOPOTKOI 3bI0M, TaK U IMJIMHAPUUYECKNE BOJHBI (TIPaBblii pUCYHOK
o cnyvas b = 0,2 m). [Tpu 6onblieit ctepeobase KapTa AMCHAapaHTHOCTU CUJILHO 3alllyMJIeHa Y pa3pbiBHA, a TOo-
TOMY BPSIZI JTA OKAKETCH TTOJIE3HOM MPU pellIeHNM 00paTHOM 3agadu.

3.2.2. Kapmoi duchapanmnocmu 6 3a8UcumMoCmu om MeaKoMacumaoHoll cocmasasouell 60AHeHUs

PaccMmoTpuM BiavsiHUE MEIKOMACIITAOHO YaCcTU BOJIHEHHUSI, HE TPaOAULIMOHHO CMOICIMPOBAHHOI B Bue Oe-
JIOTO IIIyMa, Ha Ka4eCTBO pacueTa KapT IMCITAPAaHTHOCTU Ha IIpUMepe IBYX BApUAHTOB 3bIOM, IBYX TJTYOMH U IBYX
3HaueHuii crepeodas (puc. 11u 12). He TpynHo BUaeTh, 4TO Mpu O0JIbIIEH ITyOMHE U Majioil cTepeodase B CTPYKType
KapThl, IOCTPOEHHOI 0e3 yueTa MeJIKOMACIITaOHOI'O BOJIHEHMS, IIPUCYTCTBYET OOJIbllIee KOJIMYECTBO LIYMOB U OT-
CYTCTBYET UH(MOpPMALIUS O HUJIMHAPUUECKUX BoHaxX (puc. 11, psasl 2 u 3). [Ipu MeHblIel r1yOuHe cuTyauust o0-
patHas (puc. 12, psast 2 u 3). [Ipu 6onpieit crepeodase B 000X cIydasix JIydilee KauecTBO KapT IUCITAPaHTHOCTH
HaOJIoMaeTcs B cilydae IpeHeOpeskeHUsT MeTKOMacITaOHbIM BOJIHEHUEM. BoccTaHaBmBaeMble KapThl COMEpKaT
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A=1M,A4=0,06m 2=0,3m,4=0,006 M

128

Puc. 7. PesynbraT pacuera nuzodpaxkeHuit kpyra CHesuiyca (BEpXHMIA psil) U KapT IUCTIApaHTHOCTH IJIsT TITyOu-
HBI 2 M, TOJIs 3peHusT 60°, Tpex 3HAUCHUSIX cTepeoOasbl b (3HAYEHUS YKa3aHbl Ha PUCYHKE) U ABYX BapMaHTOB
3bI0M (TTapaMeTphl yKazaHbl Ha pucyHKe). LlIKara mucrapaHTHOCTH TTpeacTaB/IeHa B ITMKCEIax

Fig. 7. The result of calculating the Snell’s window images (top row) and disparity maps for a depth of 2 m,
a field of view of 60°, three values of the stereo base (values are shown in the figure) and two swell options
(parameters are shown in the figure). The disparity scale is presented in pixels

A=1MA=0,06 M A=0,3Mm,4=0,006 M
! i B ¢ X 77 7]
128

128

128

Puc. 8. Pesynbrar pacuera uzobpaxkeHnuii kpyra CHesutnyca (BepXHUIA psio) M KapT OUCTIAPAHTHOCTH TSI
LIYyOMHBI 5 M, MOJIst 3peHust 60°, Tpex 3HaYeHUsIX cTepeobasbl b (3HaYCHUST yKa3aHbl Ha PUCYHKE) U IBYX
BapMaHTOB 3bI0M (ITapaMeTphl YKa3aHbl Ha pucyHKe). IlIKana mucrmapaHTHOCTH MpeACTaB/IeHa B TTMKCEIaxX

Fig. 8. The result of calculating the Snell’s window images (top row) and disparity maps for a depth of 5 m,
a field of view of 60°, three values of the stereo base (values are shown in the figure) and two swell options
(parameters are shown in the figure). The disparity scale is presented in pixels
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A=1MmA=0,06 M A=0,3m,4=0,006Mm

128

Puc. 9. Pesynprar pacuera nzobpaxkeHuii kpyra CHelinyca (BepXHUI psii) W KapT OMCIIAPaHTHOCTHU

JUISE TyOUHBL 2 M, mosist 3peHus 30°, Tpex 3HaueHUsIX cTepeo0asbl b (3HaUEHUs YKa3aHbl Ha PUCYHKE)

M IBYX BapMAHTOB 3bI0M (ITapaMeTphbl yKa3aHbl Ha pucyHke). lllkama mucrmapaHTHOCTH IIpeacTaBleHa
B ITUKCeEJIax

Fig. 9. The result of calculating the Snell’s window images (top row) and disparity maps for a depth of 5 m,
a field of view of 30°, three values of the stereo base (values are shown in the figure) and two swell options
(parameters are shown in the figure). The disparity scale is presented in pixels

A=1M,4=0,06 A=0,3Mm,4=0,006m

Puc. 10. PesynbraT pacueta nuzoopaxenuit kpyra CHesinyca (BEpXHUI psii) M KapT AUCIIApAHTHOCTU JUIST
mIyOMHBI 5 M, moJist 3peHust 30°, Tpex 3HaYeHUsIX CTepeo0asnl b (3HaYeHUsT yKa3aHbl HA PUCYHKE) U IBYX
BapMaHTOB 3bI0M (ITapaMeTphl yKa3aHbl Ha pyucyHKe). [llkana nrucrmapaHTHOCTH MpeCcTaBIeHa B ITMKCeIax

Fig. 10. The result of calculating the Snell’s window images (top row) and disparity maps for a depth of 2 m, a field
of view of 30°, three values of the stereo base (values are shown in the figure) and two swell options (parameters are
shown in the figure). The disparity scale is presented in pixels
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128

Puc. 11. Pe3ynbrar pacueta nsobpaxenuii kpyra CHemnnyca (psin 1) 1 COOTBETCTBYIO-

IIKUX UM KapT IUCIAPAHTHOCTU C YYETOM MEIKOMACIITAOHOTO BOJHEHUS (psabl 2 U 4)

U 6e3 Hero (psiabl 3 U 5) 7151 IBYX BapMaHTOB 3bI0M (MapaMeTpbl yKa3aHbl HA PUCYHKE)
C IyOWHBI 5 M U TIPU ABYX 3HAYEHUSIX CTepe00a3bl b (3HaUeHUs yKa3aHbl HA PUCYHKE)

Fig. 11. The result of calculating the Snell’s window images (row 1) and disparity maps,

taking into account small-scale waves (rows 2 and 4) and without it (rows 3 and 5) for a

depth of 5 m, two values of the stereo base (the values are shown in the figure) and two
variants of swell (parameters are shown in the figure)

MEHbIIIee KOJUYECTBO Pa3pbiBOB M He TPEOYIOT NOMOJHMUTEIbHOM nocTduiabTpaun. BMecte ¢ TeM, JTI00OMBITHO
OTMETUTD IIPOSIBJICHUE MajI0 MHTEHCUBHBIX LIMJIMHIPUYECKHMX BOJH Ha MaJIbIX JAJIbHOCTSIX B CTPYKTYPE KapT AUC-
MapaHTHOCTHU AJIsI OObIIEH TTIyOMHBI 1 00JblIei 6a3sl (puc. 11, psin 5).

IIponeMOHCTpUPOBAHHbINM MPUMED YKa3bIBa€T Ha TO, YTO, BO3MOXHO, UCIIOJIb30BAHHbIN MOAXO/ C IIPEICTaB-
JIECHMEM MEJIKOMACIITaAOHOIO BOJTHEHMS O€JIbIM IIIyMOM He SIBJISIETCSI ONTUMAJIbHBIM 110 IPUYMHE HEI0CTaTOYHOM
CBSI3aHHOCTH B IIPOCTPAHCTBE COCEIHUX 3JIEMEHTOB «[€HEPUPYEMOLi» BOJIHbL. OTBETUTh Ha 3TOT BOIIPOC IJIAHUPY-
€TCs B CJICAYIOILIEM UCCIeIOBAHUU, TIe HECMOTPSI Ha BpEMEHHbBIE 3aTPaThl, Mbl IIOIIPOOYEM CMOJIEIMPOBATh BOJIHE-
HUE Ha MaKCUMAaJIbHO IIIMPOKOM CIIEKTPaJIbHOM MHTEpBajie C UCIOJb30BAHMEM TPAAULIMOHHBIX aJITOPUTMOB MO-
JIEIMPOBAHUSI BETPOBOI'O BOJIHEHMUSI.

4. 3akiouenue

B pabote Ha KaYeCTBEHHOM YPOBHE PACCMOTPEHA MPUHLUIUATIbHAS BO3MOXHOCTb UCIIOJIb30BAHUS CTEPEOU30-
opaxkeHuit kpyra CHeJuiMyca IPpUMEHUTEBHO K 3a1adye TMCTAHIIMOHHOM NTMarHOCTUKY BOJTHEHMS. 3amada paccMa-
TpUBajach BIEPBBIC, TTOTOMY BBMIY OTCYTCTBHUSI HATYPHBIX M300pakeHUIi, MCIIOIb30BAINCh BO3MOXHOCTUA YMC-
JIECHHOTO cYeTa Ha 0a3e MpeUIoXKeHHOM MOIeIN CTepeon3o0pakeHns Kpyra CHeuiyca. YTIOMSIHyTasi BOSMOXHOCTh
OLIEHMBAJIACh T10 KAYECTBY MOCTPOECHHUS KapT IMCIIAPAHTHOCTH B 3aBUCUMOCTU OT YCJIOBUIA BOJIHEHUS, OCBEILICHUS,
a TakKe TTapaMeTpoB KaMephl M HabOJoaeHs. 3HaUYeHUs BCexX MapaMeTpoB Opalich MaKCUMAJIbHO OJTM3KHUMU K pe-
AJTBHBIM YCJIOBUSIM 1 MCIOJIb3YeMOi (POTOTEXHUKE, YTOOBI Pe3yIbTaThl PaCUeTOB MOIJIM OBITh TOJIE3HBI B KAYECTBE
TpeaBapyUTeNIbHON BCIIOMOTATeIbHOM MH(pOPMALIMU IJIs YCIIEITHOM perncTpalny n3obdpakeHuii kpyra CHeliyca
B peaJIbHBIX MOPCKUX yCcJIOBUSIX. [1pu 3TOM KaMephbl CYMTAINCh UACATbHBIMU, YTO ITO3BOJIMIIO N30eKaTh KaTMOPOBKHU
CTEPEOCUCTEMBI U PeKTU(DUKALIUY N300paXkeHU T, HEOOXOAUMBIX IPY pabOTe C HATYPHBIMU U300PAXKEHUSIMU.

ITonyyeHHbIE pe3yabTaThl YKa3bIBAIOT HA TO, YTO METOA MPUMEHUM JUISI PETUCTPALIMK FPAaBUTALIMOHHO-KaITUJI-
JISPHOI YacTu BOJIHEHUS C TJIyOMH, Ille B MOPCKUX YCJIOBUSIX BJAMSIHUEM PACCESTHUS Y TIOJIOLLIEHMSI CBETa B BOJE
MOXHO TIpeHeOpeub. [Ipu 3ToM peructpaiiys n300paxkeHUi T0KHA OCYIIECTBISTHCS TAKMM 00pa3oM, YTOOHBI sip-
KOCTb HIXKHEU CTOPOHBI MOPCKOI TTOBEPXHOCTH 3a MpeaeaaMu TpaHMIIbl Kpyra CHeinyca (To €CTh TP BU3UPO-
BaHWU TOJT YIJIaMU OOJIBIITMMHU yTJIa IIOJTHOTO BHYTPEHHETO OTpaskeHMsI ) OblIa 3HAYUTETLHOM.
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Puc. 12. Pesynbrar pacuera uzoopaxeHnuii kpyra CHemnmyca (psii 1) 1 COOTBETCTBYIOIIMX UM

KapT AMCIAPAHTHOCTH C YIETOM MEJIKOMACIITAOHOTO BOITHEHUS (psiabl 2 v 4) 1 6e3 Hero (psiibl

31 5) s IByX BapMaHTOB 3bI0M (ITapaMeTphl YKa3aHbl Ha PUCYHKE) C ITYOUMHBI 2 M M ITPU IBYX
3HAYCHUSIX cTepeoOasbl b (3HaUCHUSI yKa3aHbl HAa PUCYHKE)

Fig. 12. The result of calculating the Snell’s window images (row 1) and disparity maps, taking

into account small-scale waves (rows 2 and 4) and without it (rows 3 and 5) for a depth of 2 m, two

values of the stereo base (the values are shown in the figure) and two variants of swell (parameters
are shown in the figure)

BaxxHO oTMETUTH, YTO, 10 HAlllEeMy MHEHMIO, B CHJIy TOIO YTO paCCMOTPEHHasl JJIsl YUCJIEHHOIo cueTa 3ajgadya
JIOCTaTOYHO MIEAIM3UPOBAHA, BOTIPOC BOCCTAHOBJICHUS JAJIBHOCTEN O 3JIEMEHTOB MOBEPXHOCTU YEPE3 PACCMO-
TPEeHHYIO KapTy AUCIIapaHTHOCTHU JIOJKEH PELIAThCS C UCTIOJb30BAaHUEM HATYPHbBIX M300paXkKeHM U YYUTHIBaTh BCE
HeoOXOoAMMBbIe 1JIs1 3TOTO IeMCTBUSI, peKOMeHayeMble Teopueit crepeoBuaeHus. [1o 3Toit mpuyrHe JaHHBIN LIar He
paccMaTpuBaJICsl B HACTOSIIIEM MCCeI0BaHWM, HO 3alUIaHUPOBAaH B KaUeCTBE OyayILIUX padoT.
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MOZIEJIb PAINOJTOKAIIMOHHOI'O HABJIIOJEHUA
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AHHOTAIUSA

[Mpomoirkas uccienoBaHus, OMyOJIMKOBaHHBIE paHee [ 1], paccMaTpuBaeTcss MOACIb PATMOJOKAIIMOHHOTO MOHUTOPHHTA
BUOPALIMOHHBIX BOJIH, BOZHMKAIOIIMX HA MOPCKOM MOBEPXHOCTU BOJM3M oyara JOHHOTO 3emieTpsiceHusi. Bo3Oyxmnaemast
rapamMeTpu4eckKu BUOpALIMOHHAs BOJIHA XapaKTepu3yeTcs OMxXHel (TuaApoJnHaMUYeCKO) U fajibHEl (3ByKOBOI1) o0iacTsi-
MU. AMIUIUTYAA OJMXXKHEN BOJHBI 3aBUCUT OT IMapaMeTpOB TOHHOIO BUOpaTOpa 1 INIyOMHBI THA, JaJbHSIS pacpoCTpaHsIeTCs
B BOJIHOBOJZIE, 00pa30BaHHOM BOJHOI ITOBEPXHOCTHIO U TUIOCKUM THOM. HamMewyaemblit HATYypHBIN SKCIIEPUMEHT Mpearoia-
raeT ycTaHOBKY BUOpaTopa Ha HeOoIbIoil rimyouHe (30 M) M1 MpUMeHEHUEe COBPEMEHHOI0 CaMOJIETHOTO panapa, ClocoOOHOTO
dopMUpoBaTh KakK SIPKOCTHBIE, TAK M CKOPOCTHBIE PaJIMOJOKAIIMOHHBIE N300pakeHUsT ¢l1abo oTpaxalolleii MOpCKOil IMo-
BEPXHOCTHU IPU JJIMHE BO30YKIaeMOii BUOPALIMOHHOM BOJHBI ~1,5 CM, YTO COOTBETCTBYET YaCTOTE BO30YKAAIOIIECH BOJHBI
~30 'l 1 «pe30HaHCHOM» PaJuOBOJIHE TMHOM ~3 ¢M (paauojioKallMOHHBIN X-1uana3oH). PaccmarpuBaeTcss BO3MOXHOCTh
HabII0IeHNUST BUOPALIMOHHBIX BOJIH B pajape ¢ CHHTe3upoBaHHOI anepTypoii B L, P u YKB-nuanazonax. [IpuBonstcs Takxke
pPacy€Thl, OTHOCSILIKECS K HEOOXOMMBIM MapaMeTpaM caMOJIETHOTO pajapa ¢ CHHTE3UPOBAHHOI arepTypoi, BKJItoUas ajaro-
PUTMBI 0OPAOOTKM UCXOAHOTO CUTHaIA TTpU (POPMUPOBAHUM SIPKOCTHBIX M CKOPOCTHBIX PaaOI0KAIIMOHHBIX M300paXKeHUit
BUOPAIIMOHHBIX BOJTH.

KiroueBbie ¢j10Ba: TOHHBI BUOpATOp, OJIMKHEE U TaibHee MOJIs 1aBJICHHUsI, 3ByKOBOM BOJIHOBOJI, BUOPAIIMOHHAs BOJIHA Ha (hOHE
BETPOBBIX BOJIH, SIPKOCTHOE 1 CKOPOCTHOE PaanO0J0KALIMOHHbIE N300paXKeHHsI
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Abstract

This research article is continuation case study based on a model of radar monitoring of vibration waves occurring on the sea
surface near the source of a bottom earthquake. The vibration wave is generated parametrically, has near (hydrodynamic) and far
(sound) components. The amplitude of the near (generating) wave depends on the bottom vibrator parameters and the depth of the
bottom, the far wave propagates in the waveguide formed by the surface and the flat bottom. The vibrator will be installed at a shal-
low depth (30 m) and the modern aircraft radar will be used to create amplitude and velocity radar images during the experiment.
The length of the generated vibration wave will be ~1.5 cm, which corresponds to the frequency of the generating wave ~30 Hz
and the “resonant” wave of the radar with a length of ~3 cm (radar X-band). The possibility of monitoring vibration waves in the
amplitude and velocity channels of the SAR (synthetic aperture radar) in L, P and UHF-bands is estimated. Also, the expected
view of the SAR images is shown. Calculations of the necessary parameters of the aircraft radar are provided, including algorithms
for processing the initial signal when creating amplitude and velocity radar images of vibration waves.

Keywords: bottom vibrator, near and far pressure fields, sound waveguide, vibration wave on the background of wind waves, am-
plitude and velocity radar images
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Monenb paauoJOKAIMOHHOTO HAOMIOIEHHS BAOPAIMOHHBIX MOBEPXHOCTHBIX BOJIH, BO30YK/1a€MbIX HCTOYHHKOM 3eMJIETPSICEHHit
The model of radar observation of the surface vibration waves generated by earthquake source

1. Beenenue

B naieit padote [1] paccmarpuBaics 3¢hdeKT napameTpruyeckoro Bo30YyK1eHUsl TOBEPXHOCTHOI BOJHBI rap-
MOHWYECKUM UCTOYHUKOM BUOpAllMU, YCTAHOBJICHHOM Ha JHE HerJyooKoro BomoéMa. OTMevasioch, YTO B OJIMXK-
Heit oT BUOpaTopa 001aCTU MOXHO HE CUMTAThCSI CO CXKUMAaEeMOCTBIO XKUIKOCTH, T.€. MPUHUMATh TUAPOANHAMMU-
yeckoe 000CHOBaHME paccMarprBaeMoro 3¢ dekra. JJabopaTOpHBIN 3KCIIEpUMEHT, TIPOBEACHHBIN TIPpU TITyOUHE
BaHHBI H = 15 cM 1 yactote BuOparopa F, = 30 'l mokasaj, 4To Ha MOBEPXHOCTH, B COOTBETCTBUHU C TEOPUSIMU
napamMeTpu4ecKoro Bo30ykaeHus [2, 3] — Hax BUOpaTopoM, BOKPYT MaJIOrO IATHA CTOSTYMX BOJIH (T.H. «psion Da-
panesi») BO3HUKAET KOJIbLIEBas Oeryias BoiHa ¢ yactotoil F, = 15 I'u n nnmHOM A, ~1,5 ¢cM — B COOTBETCTBUU
C IMCITEpCHOHHBIM COOTHOIIIEHWEM JUTS TPaBUTAIIMOHHO-KAITIISIPHBIX BOJIH. DTa BOJTHAa OTOOpakajaach KakK «pe-
30HAaHCHas» Ha BbIXojae (ha30BOT0 METEKTOpa JabOpaTOPHOIO pajaapa, IMpyu HAIMYMU aMIUIMTYIHBIX (QIyKTyalluit
¢ IMMpPUHOI1 criekTpa 8 F ~2 'l — 4YTOo clleAyeT OTHECTH K «ITapaMeTPUISCKO HeyCTOMUMBOCTI» 3(deKTa.

ITpu nepexone ot J1abOPaTOPHOTO IKCIEPUMEHTA K HATYPHOMY, T1e IIyOrHa BOAOEMA U PACCTOSIHUE OT BU-
OpaTopa CpaBHUMBI C JUTMHOI 3BYKOBOIM BOJHBI (M BO MHOTMX CJTydasix — HAMHOTO €€ MPEBBIIIAIOT), HEOOXOIUMO
WCXOINTh U3 TIPEICTABICHN 00 aKyCTUYECKOM IT0JI€, B YACTHOCTH O TOJIe aKyCTUUECKOTO IaBJICHNUS B BOJTHOBOJE,
00pa30BaHHOM <«KECTKUM» THOM U «MSITKO» BOJHOM MOBEPXHOCTHIO. K coxkaneHMIo, B HEMaBHO U3IaHHBIX OTe-
YeCTBEHHBIX padoTax [4, 5], MOCBAIIEHHBIX ITPOOIEeMaM pacIpoCTpaHEeHUS 3ByKa — 3TOT BOIPOC, HA HaIll B3IJISI,
YIOBJIETBOPUTEJLHO HE PACCMOTPEH, ITI03TOMY Mbl O0pAaTUIIMCh K KilaccuuecKoii pabore M.A. McakoBuua [6], rae
TIPUBEACHBI BRIPAsKEHUS TS TTOJIsI JaBJICHMS B SKUIKOCTH — KaK B CJTydae TUIOCKOM BOJTHBI B BoJTHOBoIE (§ 70), Tak
U B clTyyae MHTEPECYIOIIei HaC HMIMHAPUIECKOM BOJIHEI (§ 80), orpaHMYeHHO 3KECTKO# CTEeHKOM (IHO) 1 MSITKOIt
CTEHKOI (MOBEPXHOCTD).

B HameuaeMoOM HaTypHOM 3KCITEPUMEHTE IPEICTOUT KMCITOIb30BaTh MCKYCCTBEHHBIN MCTOYHWK BUOpAIIN,
yCTaHaBJIMBAeMbIil Ha THE «MOpPCKoro nojauroHa» tuma noinurona MI'M PAH (Kauusenu, Kpsim). B aTom ciiyuae
rryonHa Bogoéma coctapiisgeT H ~30 M, a YacTOTHI BUOpALIMU JOJIKHBI COOTBETCTBOBATh MMEIOIIIMMCS JJTMHAM BOJTH
CaMOJIETHOTO MJIM KOCMUYECKOT0 pajgapa. PacuéTsl, a TakKe MOTyYeHHbIe CKOPOCTHBIE N300pakeHUs OT 3apy0exK-
HOTO JIefCTBYIONIEro caMon€THOro panapa [7] u kocmmndeckoro pagapa (Tandem TerraSAR-X [8]) moka3sbiBaloT,
YTO MTOAOOHBIIT NICTOUHUK BUOpAIlMM JOJIKEH OBITh BUIECH Ha (hOHE BETPOBBIX BOJH. MMeeTcs M OTeUeCTBEHHBII
(yeThIp€xauana3oHHbIi) camoieTHbI PJI Kommiekc, nmpeaHa3HaueHHBINA «1JIsI TTOBEPXHOCTHOIO U MOIMNOBEPX-
HOCTHOTO 30HaAupoBaHusI» [9]. [IpeanaraemMblii SKCIIEpUMEHT JOKEH MOCHYXXUTh PELISHUIO 3aJa4l pagruoJIoKa-
roHHoTo (PJI) MOHMTOPWHTA 0YaroB 3eMJIETPSICEHMIA, TI¢ CTICKTP YacTOT BUOpALIMK IITMPOK Y HEOTHOKPATHO M3-
MepsiyICsl TIOCPEACTBOM MOHHBIX ceficMoMmeTpoB [10]. HakoHel, ciaenyeT onpeneauTb nmapameTpbl GOpMUPYEMbIX
PJI n3obpakeHnuii u HeooxonuMmblie mapameTpsl PJI anmapaTypsl, BKItouas €€ 9HEpreTUKYy.

Taxum oOpa3om, maHHas paboTa SIBJIIETCSI MHOTOIUCIIUTUIMHAPHOM, T.€. COOEPXKUT PACUEThI, OOBEIMHSIOIINE
M3BECTHbIE PabOTHI MO MpobaeMaM TMAPOGMU3NKY, TUAPOAKYCTUKU U panrodU3nKu (MMeeTcs B BULy padoThl [11,
12] mo popmupoBaHuto ckopocTHbix PJI n3oopaxenuii). Lleapto xxe naHHOI paOOTHI SIBJISIETCSI 0OOCHOBaHME Ha-
MeuaeMoTo HaTypHOTO 3KcrepruMeHTa 1o PJI HabmroneHIo TTOBEpXHOCTHBIX BUOPAITMOHHBIX BOJTH, BO30YKIAEMBIX
JTIOHHBIM BUOPaTOPOM.

2. JIoHHbBIii rApMOHUYECKHIT BUOPATOP, OJIMKHEE M JaJIbHee 1oJie TABJIeHUs

IIpesxae yem o0paTUTBCS K paauoJIOKAllMU JOHHBIX 3eMJIETPSICEHUI, paCCMOTPUM HUMEIOIIMecs TpeacTaBie-
HUS 00 UX UCTOYHUKE — JOHHOM BUOpaTtope. [laBiaeHue B cpeae Haj BUOpATOpOM OBIJIO pacCYMTAHO B MPEAIIO-
JIOXKEHUH, 9TO pa3Mep BUOpMpYIOLIeil MeEMOpaHbl Majl MO CPAaBHEHUIO C JUIMHOW 3BYKOBOI BOMHBL: d / A, <<1,
A, =c/ F,, F, — 4acToTa BUOpaLluH, c — CKOPOCTb 3ByKa B Bozie. B 3TOM cilydae, Mpu MCMONBb30BAHUN THAPO-
ITUHAMMYECKUX TIPEACTAaBICHUM, TMarpaMMa HampaBJIeHHOCTH MCTOUYHUKA TIPeACTaBIsieT coboii morychepy, rue
BepTHKAJIbHAS COCTABIISIONIAS aMITIUTYIbI JABJICHMS COCTABIISICT:

3 pd*b, »* cosO B npd*h,, F*cosd
Pn=""0w  ~ 8
3nech H — rimybuHa Bonoéma, d — quaMeTp JOHHOM MeMOpaHbl, BUOpUpYIOIIEH ¢ aMILIUTYa01 b,,, 6 = arctg(x/H),
X — FOPU30HTAJILHOE PACCTOSTHUE OT TOUKM HaJ BUOpaTopom [1].
IIpeacraBieHus 0 pacpOCTPAaHEHUU 3BYKOBOI BOJIHBI IIPUBOASIT K TOMY, UTO MEXIY «KECTKUM» JTHOM U «MSIT-
KOIi» BOTHOM TTOBEPXHOCTHIO CYIIIECTBYET BOJTHOBOI, BO30YXIaeMblIil JOHHBIM BUOPATOPOM TP aMILIUTY/IE TaBJie-
Hust (1). ITpu 3TOM, 3ByKOBasi BOJIHA MOXET PACIIPOCTPAHSITHCS BIOJIb BOJIHOBOIA JIMILb IIPU YCJIOBUU, YTO €€ Ya-

)]

o . c o
CTOTA BBIIIE «KPUTHUYECKOI» YACTOTHI, OIPEACIIEeMON KaK FS* = m, T.C. IpY IJIAHE 3BYKOBOU BOJIHBI MCHBIIC
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geTBepTH DIyOuHBI 1Ha. [Ipn Fg > F, nMeeTcst peleHue [Uisi 3ByKOBOTO TABJICHHs BIOJIb BOJIHOBO/A, IPHHUMAsT
00e cTeHKU TTOCKUMU. MCITob3yIoTess MUINMHAPUIECKIEe KOOPANHATHI (7, X) M BBOASATCS TOPU30HTAIILHOE U BEp-
THUKaJIbHOE BOJIHOBbIE yucia (y, £), OTInYalolinecss OT BOJIHOBOIO YUCia B CBOOOLHOM cpene k = 2nF,/c, npuyém

R=y2+ 2
2
p(z,x):pm(x)sin(gz+mt)Hél) kal—% ) ?2)

Benuuuna p,,(x) onpenensiercs BeipaxeHueM (1), a Hél) (k,x) — (yHK1IMSA XaHKeJs IepBoro poaa (HyJIeBoro
nopsiaka), onpenessitonias yoblBaloIllylo ¢ pOCTOM TOPU3OHTAIbHON KOOPAMHATHI X aMIUIMTYAy AaBiaeHus. Ochb z
HarnpabJieHa BHU3. [IpuHuMaem z = H, 1 17151 3ByKOBOI1 BOJIHBI, PACIIPOCTPAHSIIOIIEICS IO BOJTHOBOIY BIOJb OCH X,
BBIUMCIsIEM MOAynb yHKImu (2) mipu sin (£z) = 1. CurHan octaércs rapMOHUYECKUM, OTHAKO PACCMaTpPUBaEM

TOJIBKO €Io0 IMPpOCTPAHCTBEHHLIC KOMITOHCHTLI. Bennunna = 2n— 1), n = 1,2— BCPTHUKAJIBbHOC BOJITHOBOC

=
2H
YCJI0, KOTOpOe NMpUHUMaeM HauMeHbInM (1 = 1) [6]. [Ipy Haauuum KBagpaTUIHOTO JeTEKTOpa, ITOMEIaeMOro
y IIOBEPXHOCTH B PA3IMUHBIX TOYKAX HA OCU X, PACUETHOE BhIPaXKEHUE AJIsI AMILIATY/IbI JaBJICHUS I10JIy4aeT BU/I:

2(x) = by (x)| " (x) : 3)

X

Re( H{"(x))

_ H(g]) 27'5ng

e H"(x) )

Takum 06pa3oM, MPUHUMAETCSI TIPENCTaBICHUE O OJIVKHEN p,,(X) U AalbHEH (3BYKOBOIA) COCTABIISIIOLIMX BOJI-
HBbI, paCIPOCTPaHSIIOLLMXCS BOKPYT TOHHOTO Bubparopa. [1pu yactotax F; < ¢/4 H 3ByKoBasi BoJIHa B10JIb BOJIHOBO-
Jla He pacrpoCTpaHsIeTcs, a MOLyJib (GyHKIMU XaHKes (4) caeayeT BHIYUCIATh TOJAbKO IS JajibHeit 00J1acTu npu
F,>c/4AHux>4H/2n.

Hanee HEOOXOIMMO COTIACOBATh MOJyYEHHBIC JaHHBIEC C YCIOBUSAMU, TUITUIHBIMY JJISI COBPEMEHHBIX METOIOB
PJI 30Ha1MpoBaHMsS MOPCKOIi MOBEpXHOCTU. B nTaHHOM ciiydae nMmeeTcs B BUIY pagap O60KOBOTO 0030pa C peaqbHOMi
WM cuHTe3upoBaHHoI aneptypoit (PPA wiu PCA), niuHa BOJHBI KOTOPOTO XKEeCTKO CBsI3aHa C JUIMHOM 00pa3yio-
1Ieficsl Ha MOBEPXHOCTU BUOPALIMOHHOM BOJIHBI. byneM cuutath yroa PJI BusupoBaHus MOBEPXHOCTU HACTUJIBHBIM
(y>60°), Torna minHa A, BUOPAIIMOHHON BOJTHBI TOJIKHA OBITH BIBOE MEHbIIIE IUTMHBI A, «PE30HAHCHON» PaTMOBOJI-
HbL: A, = A/2. YacToTy BO30yk1aeMOlf MOBEPXHOCTHOI BUOPALIMOHHON BOJIHBI, B CBOIO OYEPENb, TPUMEM BIIBOE
MEHbLUEH YacTOThl BUOPALIMM, YTO CIEAYET U3 MPOBEAEHHOTO 3KcnepumenTa [1]: F, = F,/2. Drta yacToTa cBsi3aHa

3\1/2
-1

k 2n
C IMMHON A, BO30yXXIaeMOI BOJHBEI IUCIIEPCUOHHBIM COOTHOIIEHUEM o, =| gk, +c—-| , roe k,=—c ,
P A,
6 =75T" ¢2 — NOBEpXHOCTHOE HATSKEHUE.
ITpu gacrorax F, < 10 I'x caemyet rmpeHeOpedb TOBEPXHOCTHBIM HATSKEHUEM, TOTIA TTOJIYYUM IIPOCTYIO B3aK-

MOCBS$I3b, Ille HabIoaaeMas pafapoM 4acToTa BUOPUPYIOLIEH MeMOPaHbI OMpeneisieTcsT JIMHON paTroBOJHBI pa-

Japa:
g

F =2/2. 5

F=2) s)

OpUeHTUPYSICh HA OTeYeCTBeHHbIN camosi€éTHbIN PJI koMrmuieke [9], u3 BolpaxkeHus (5) MojaydaroTes Cleayio-
1mue (HeobxXoauMble) YacTOThl BUOpALIUU:

a) X-nuana3oH, A = 3,1 cm, F; =28 't (¢ yu€TOM NOBEPXHOCTHOTO HATSIXKEHMUS);

6) L-nnamason, L =23 cMm, F,=7,4';

B) P-nnanazon, A =90 cm, F,=3,7 T'u;

r) YKB-auanazon, A =220 cMm, F, = 2,4 I'L.

Ha puc. 1 npuBeneHsl 3aBUcUMOCTH (3) [JTS YKa3aHHBIX YACTOT BUOPALIMU TTPY PA3TUUYHBIX [NTyOUHAX MOPCKOTO
Bogoéma. I'myouna H = 30 M (puc. 1, a) COOTBETCTBYyeT HaMeuyaeMOMYy SKCIepuMeHTy Ha nonurone MI'M PAH,
B 3TOM CJly4yae pairdoyIoKalysl 3ByKOBOM BOJHbBI BO3MOXHA JMlIb B X-Auana3zoHe npu F, = 28 I'u. luameTp pac-
TOJIOKEHHOM Ha AHE MeMOpaHBI 37ech BBIOpaH d = 20 cM, aMIIIUTyAa e€ Bubpauuu npuusra b,, = 2 cm. I[1pu rry-
oune H = 150 m (puc. 1, 6) ucnone3yroTtcs yactotsl BUbpauuu F, = 7,4 I'nu 3,7 'l (BOZMOXHOCTb paairoI0Kalluu
B L- u P-nuanasonax), npunstel d = 1 M, b,, = 10 cm. [nyouna H = 1000 M (puc. 1, ) COOTBETCTBYET U3BECTHOMY
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STTOHCKOMY CEMCMOJIOTUIECKOMY KCIIEPUMEHTY TIPH peaTbHOM 3eMJICTPSICCHUI MarHUTYIOM 5,8 ¢ M3MepeHneM CITeK-
Tpa 3BYKOBOTI'O JIaBJIeHMsI HEMOCpeICTBEHHO Ha JHe Bomoéma [10]. Mcxoast u3 HeoOXOAMMOCTH 3aXBaTUTh XOTS Obl YaCTh
BHUOPALIMOHHOTO CIEKTPA, 31€Ch UCNIONB3YI0TCs YyacToThl F, = 2,4 T'uu F, = 1 'y (uro coorserctByeT YKB 1 KB-nunana-
30HaM), a B KaUuecTBe «IlapaMeTpoB MeMOpaHbl» B3sThl d = 100 M u b,, = 0,1 M. [Lj1s1 3TO0TO Cilyyasi Ha puc. 2 TIOCTPOEHBI
TpeXMEpHbIE U300PAXKEH NS aMIUTUTY/IbI TaBJIEHUS B COOTBETCTBUY C IBYMEPHBIM rpadpukomM Ha puc. 1, 6 ipu F, =24 'L

W3 puc. 1 BUnHO, 4T0 MaKcUMajbHasl aMIUIUTYdA JaBJICHUS B «OMKHel» obsactu (BOIM3U x = () Ipu BbI-
OpaHHBIX TapaMeTpax MeMOpaHbl U TIIyOMHBI THA YPe3BBIYAITHO CHIILHO 3aBHUCHUT OT YaCTOTH BUOpAIINU, IIIMPUHA
aToit obnactu coctasisier ~0,3 H. IlepBblit MaKCUMyM, 00pa3ylOLIMIiCS B BOJTHOBOAE MPU HaUMEHbIIEH IJIMHE
3BYKOBOI BOsIHBI Ay ~4H (yactota F, = c¢/4H) umeet nopsnok 0,15 oT 1iaBHOro MakCMMyMa, U € yBEJMUYEHUEM
JacTOTHI Pe3K0 namaeT. PeasbHOE 3eMIIeTpsiCeHIE XapaKTeprU3yeTCsl IMMPOKUM CIICKTPOM YacTOT: HallpuMep, B pa-
6orte [10] u3aMepeHHBIH CEeKTp AaBIEHUI MOYTH MJI0CKKH B o01actu yactoT F, = (0,1-3) I'ty, mpu mpoaomkuTenb-
HocTu usMepeHuit ~10 muH. BaxxHo crnemyromee: misg PJI HaGmogeHusT ouara 3eMJICTPSICEHUSI TIPU €ro TIIyOuHe

0) b)
P, Tla — I N
10 Feecdo oo _
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L2
\\\\
0 ".— Vi L & : _1_: -
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Puc. 1. OxunaemMbie 3aBUCMMOCTH aMILIUTYIbI JaBJICHMs BO30YXIalolleil HU3KOYaCTOTHOM BOJIHBI B YCJIOBHUSIX MOPCKOTO I10-

JINTOHA C UCTIOJIb30BaHNEM MaJIOpa3MepHOTO JOHHOTO BUOpaTopa (BepTUKATbHBIN pa3pe3), X — PACCTOSTHUE OT TOUKH ITOBEPX-

HOCTHU Haz BuOparopoMm. a — nryouHa H = 30 M. Yacrora Bubparopa F, = 28 I11. 3Byk ¢ yactoToit F; = 7,4 I'1 yepe3 BOJTHOBOL,

He MpoXoIuT; 6 — nryouHa H = 150 m. 1 — vacrota Bubparopa F, = 7,4 I'n, 2 — vacrota F, = 3,7 I'; ¢ — myouna H = 1000 m.
1 —yacrora Bubparopa F; = 2,4 Iy, 2 — yactora F, = 1,0 I

Fig. 1. Expected dependence of the pressure amplitude of the created low-frequency vibration wave in the conditions of the marine

polygon with the use of a small-sized bottom vibrator (a vertical cut), x — the distance from the point of surface above the vibrator.

a — depth H = 30 m. Frequency of the vibrator F;, = 28 Hz. The sound with frequency F, = 7.4 Hz does not pass through the

waveguide; b — depth H = 150 m. I — frequency of the vibrator F, = 7.4 Hz, 2 — frequency F, = 3.7 Hz; ¢ — Depth H = 1000 m.
1 — frequency of the vibrator F, = 2.4 Hz; 2 — frequency F; = 1.0 Hz
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Puc. 2. Tpé€xmepHoe n3006paxkeHre aMIUIATYIbI TaBJIeHUS BOKPYT MaJopa3MepHOTO ovara 3eMJIeTPSICEHUsI
nipu myouHe Bonoéma H = 1000 M, npu yactore F; = 2,4 I11 (COOTBETCTBYET HaOIIOACHUIO B PaMOIOKaLIM-
onHoM YKB-nuamnazone)

Fig. 2. Three-dimensional image of pressure amplitude around a small-scale earthquake focus at depth
H=1000 m, at a frequency F; =2.4 Hz (observing in UHV-range)

H = 1000 M, 1j1s1 TpOXOXKIEHMS 3ByKa 110 BOJTHOBOIY «IIOBEPXHOCTb — JHO», HEOOXOAMMO PETUCTPUPOBATDH YACTO-
Tl F, > ¢/4H ~0,4 T, uto BKItoyaeT Bce ynoMsiHyTble PJI kaHanbl. OfnHako, B OTJIMYME OT MOJUTOHHBIX U3Mepe-
HUI, TOe YacTOoTa MMUTALIMOHHOTO BUOpaTopa onpenesseTcs JIMHOK BOJHBI pagapa, MpU paaroJoKallluul 04aroB
3eMJICTPSICEHUI CIIeayeT, Ha000POT, BEIOMPATh IJIMHY BOJHBI pagapa B COOTBETCTBUM C OIIPEICIEHHOI 00IaCThIO
CIieKTpa JaaByieHui. [I71s1 3axBaTa MmpaBoii YacTH crieKTpa B JaHHOM cllydae cienyeT ucroiib3oBath Y KB-nauamazon
C «pe30HaHCHOI» yactoroit F;= 2,4 I'u. I3 puc. 2 BUTHO, YTO B 3TOM CJIydae 0XUIaeMble BETUUYUHBI JaBJICHUI TPU
HabOmomeHun ouara 3emieTpsicenus (500—2000) [Ta — mpu BEIOpaHHBIX ITapaMeTpax BUOpaTopa Ha IBa MOPsIKa
TIPEBBIIIAIOT JABJICHUS, TTOJIydaeMble ITPH ITOJTUTOHHBIX N3MEPEHUSIX.

3. AMILIMTYa BO30YKIaeMOii BHOPAIIMOHHOI BOJIHbI M CPABHEHHE C AMILIUTY/IOiA,
JaocTaTounoi Aias PJI Ha0moaeHns BHOPAMOHHOI BOJIHBI HA (DOHE BETPOBBIX BOJH

IIpoBeneHHbIe pacuéThl [ 1] MO3BOIWIN CBSI3aTh aMILJIUTYLY BO30YKAalOIIel BOJHBI (B TOUKE Hal BUOPATOPOM)
¢ mapaMeTpaMM JOHHOro BuOpartopa. [logyyaeTcs, 4To aMIUIMTYyna BO30OYKIECHUST COCTaBIIsIeT

_nkd [,

o H \2ng

5 (6)
M MIPOCTPAHCTBEHHbBIE 3aBUCUMOCTHU 1151 1aBieHus (3), moka3aHHbIe Ha puc. 1 U puc. 2, 9KBUBaJIEHTHBI 3aBUCUMO-
CTSIM aMIUTUTYIBI BO30YKIAIOIICH BOJIHBI OT TOPMU30HTAIBHOTIO PACCTOSTHUS (OTHOCUTEIFHO TOYKM Hall BUOpATO-
poM), TTyOMHBI BOTOEMA M YacTOThI BUOpaunu &,,(x, H, Fg), Ipy 3aJaHHBIX THaMeTpe MeMOpaHbI (d) 1 aMITTUTYy e
e¢ Bubpauuu (b,,).

JUis oXugaeMbIX TIOJUTOHHBIX u3MepeHuil npumeM H = 30 M, d = 20 cm, b,, = 2 cM. Eciu He yuyuThiBaTh
napamMeTpUIYeCcKuii «MEeXaHU3M YCUJIEHUSI» TOBEPXHOCTHOW BUOPOBOJIHBI, TO JJISI YKa3aHHOW 4acCTOThl BUOpalluU
F, =28 ' u3 (6) B TOuKe Haa BUOpATOPOM ToJydaeTcsi Bo3Oyxaatoniast amriautyna &, ~ 0,02 cM. O603HauuB Be-
JIMYMHY [apaMeTPUUecKOoro ycuieHus Q, noiydum aMruTyny 4, = Q&,, Bo30yx1aeMoii Ha TOBEepXHOCTH BUOpa-
LIMOHHOU BOJIHBI.

ITpu panrosokau MOPCKOI MOBEPXHOCTU YPOBEHb OTPaKEHHOIO CUTHAJIA TMPUHSTO OLEHUBATh BEJIMUMHOM
VBIIP (ynenpHOM 3(pPHEKTMBHOM ITOBEPXHOCTHU PACCESTHMST), HE 3aBUCSIIICH OT ITapaMeTPOB allllapaTyphl U JaTbHO-

. . N 4rsin
cTu. BoaHOBOE 4KCII0 MOBEPXHOCTHOI BOTHBI (OCHOBOM NN(PaKLIMOHHBII pe3oHaHc) cocTaBuAeT K, = Ty,

A — IJIMHA PaguOBOJIHLI, ¥ — YTIOJI BUSUPOBAHUS MOBEPXHOCTU. CHGKTpaI[BHaF[ IIJIOTHOCTb HOBCpXHOCTHOﬁ BI/I6pa—
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2 2
. . h h
LIMOHHOM BOJHBI NpHU €€ aMmIummMTyiae h, cocTaBuser V¥, = ’”2 =— n S U VOIIP npunumaer BUI:
2K, 8k;sin"y

(SO) —k 2p? |q| cos? Y- ctg? Y, k.= 2m/\.
vibr
CnexTpajibHasl IUIOTHOCTb MEJIKMX BETPOBBIX BOJH COCTaBJISIET (SO) » :%kf |q|2 ctg’ T, (Km), rue
win

W, (K ) =LK, a

res) =5 Kies: = 6,5x1073.B rpaButanrionHo-kanuisipHoii ([K) obiactu BennumHa a, c1abo 3aBUCUT OT

CKOPOCTH BETPa, 3AECh MbI 3TOI 3aBUCUMOCTbBIO ITpeHeOperaem (cM. moadopKy padoT atoro riaHa B [13]). Umeem

_9 |‘1|2

i = 6a cos? Y, ¥ cooTHoleHue ¥YDITP oka3biBaeTcs CIEAYIOIINM:
WIn

TOorIa (SO )
(SO )vibr _ 2-10° E.:an2

)

rae Q =h,,/€,, — BeIMUMHA «[TapaMEeTPUIECKOTO YCUIICHHSI» UCXOTHOI BUOPOBOIHBL. K coxkaneHuio, aTa BeJIMunHa
HE MOXET OBbITh OTIpefiesieHa aHATUTUIECKU, U U3MepeHa (BecbMa rpy0o) UMb B JIAOOPATOPHOM SKCIIEPUMEHTE
[1]. 3 (7) monyyaetcs, uTo TpéxkpaTHoe npeBbiieHue YOITP Budbposoansl Hag YOIIP menkoii BETpoBOit BOJTHBI

obecnieynBaeTcs npu &, > 2- 1072 %, T.€. IJI TOYKU Haa BubpaTtopoM (puc. 1, a) B X-aguamnazone (A = 3 ¢cM) He0O-

XOIMMO TIapaMeTprdeckoe ycrieHre Q >10, a 11 nanbHUX («BOJTHOBOIHBIX» ) ToueK Heooxomnumo Q >102 — ecnn
HE TOBOPUTH O BO3MOXHOCTH €IIE YCUIUTh BO30YKIAIOIIYI0 BOJIHY, U3MEHUB KOHCTPYKIIUIO BUOparopa. Bompoc
O BJIMSTHUM KPYITHBIX BOJIH 37eCh He ITOAHMMAaeM, OTChiiasg K pabdore [14], roe paccMaTpuBaeTcss BO3MOXHOCTh
(unbTpauuu peryasipHoii (M, B 3HAUUTEJIbHOM CTENeHU, CyYailHOM) COCTaBISIIOIIUX KPYITHBIX BOJIH C UCITOJIb30-
BaHUEM IpsSIMOTo U 0bpaTHOro Myphe-rpeodpazoBaHuii OT MmoxydyaeMbix PJI n300paxkeHuii ¢ 3apaHee U3BECTHBIM
MPOCTPAHCTBEHHBIM CIIEKTPOM IT0JIE3HOTO CUTHAJA. Bo BCSIKOM citydae, eclii MCKIIFOUUTh CYTy0O0 IIITOPMOBBIE YC-
JIOBHSI, TO IUIST PACIO3HABAHUSI MICKOMOTO «ITOPTPETa» ITOABOIHOTO BUOpAaTOpa, MO-BUINMOMY, JOCTATOYHO pac-
CMOTPEHHOTO 3ech npeBbiieHUsT Y DITP BubpoBosHbl Han YOIIP «pe3oHaHCHOI» BETPOBOIA BOJTHBI.

4. Oxunaemsrii Bua PJI n300pazkeHuii moBepXHOCTHBIX BUOPALMOHHBIX BOJIH

B aspokocMuueckux pamgapax 60KOBOro 0063opa, padoTamlIMX B PEXXUME CEASKIIUU ABUXKYIIUXCS 1ejaeil (MH-
TepdepoMeTpus ¢ MPOIOIbHOM aHTeHHOI 6a30it, cMm. [7—9, 11, 12]), mMeeTcss BOSMOXKHOCTD BBIIEIISATH ITO-OTHACIb-
HOCTH aMIUTUTYIy CUTHaJIa (MOIYJIb KOMIUIEKCHOI BEJIMIMHBI) M (pa3y CUTHAJIa KaK apKTaHTEHC OTHOIICHUS €TO
KBaJpaTypPHbBIX COCTABISIIOIINX. B «OMkHe» (ruapoaMHaMUYecKoii) 001acTh, Kak ciieayeT U3 akcrneprumeHTa [ 1],
MpU JOCTAaTOYHO MaJjioii amruiutyze &, (mopsinka 0,1 cM) Bo30Oyxaaroleil MOBEpPXHOCTHON HU3KOYACTOTHON BU-
OPOBOJIHBI, HETIOCPEACTBEHHO Hall MCTOYHUKOM BHOpAIIMM BO3HUKAET Y3KOE ITSITHO CTOSYMX BOJIH, YCUJICHHBIX
napameTpuueckum abekrom — T.H. «psidob Papanesi». Yactora HabM0qaeMbIX BOJIH B 2 pa3a HUXKE YacTOThI F,
BUOpaTopa, a uX JUIMHA A, ONpeesseMas U3BECTHBIM IMCIIEPCUOHHBIM COOTHOLIEHUEM, HA HECKOJIBKO MOPSIKOB

. 2
MCHBIIEC IJINHBI 3BYKOBOU BI/I6pOBOJ’[HbIZ Av = —g2 (3}160]3 HpeHereraeM ITOBEPXHOCTHBIM HaTSDKeHI/ICM). HaHpI/I—

S
Mep, ipu F, = 10 ['11 (4TO COOTBETCTBYET MTMHE 3ByKOBOM BOHBI A, = 150 M) mmeeM A, = 6,2 cm. Takum o6pazom,

B sspkocTHOM KaHajie MPCA (nHTepdepeHUMOHHOrO pajapa ¢ CUHTE3MPOBAHHOM arepTypoii) HeMoCPeACTBEHHO
HaJ BUOpaTOpOM 00pa3yeTcs sIpKoe MSTHO, M BOKPYT 3TOTO ISITHA 00pa3yIoTCs, COTJIAaCHO IPOBEICHHOMY 3KCIIepH-
MEHTY, KOJIbLIEBbIe Oeryliie BOJHbI Maioit JuHbl. X 3aTyXxaHueM BIOJIb OCU X HeJlb3sl MpeHeOpeub. [lekpeMeHT

BSI3KOTO 3aTyXaHUSI COCTABIISIET ¥ = 2nkv2, rae n = 10-M%/¢c — KMHeMaTHyecKas BI3KOCTb BObI. B rpaBuTalinoH-

HOM MHTEPBAJIC MOBEPXHOCTHLIX BOJIH kvz = 0)3 / gz, 1 JEKPEMCHT 3aTyXaHUWA OJId BI/I6paLII/IOHHbIX BOJIH COCTaBJIA-

_ 4 -6 Fv -1 9
eT x=32n"-10 —5c . DTO 03HAYAET, YTO aMILJIUTYAa Oeryiieit BOJHbI YMEHbIIAETCS B € pa3 Ha OTpe3Ke
g

3
n=2th 8

= M (®)
ang (275)5 . 2nFV5
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n B HaweM ciydae (F, = 10 '), Al = 5 M. Takum o6pazom, B ckopocTHOM KaHasie MPCA BruGpaiimoHHast BoiHa
JIOJKHA TIPOSIBIISITBCS KaK TeYeHHe BOKPYT LIEHTPAIbHOTO MSTHA CO CKOPOCThIO, paBHOM €€ paauaibHOi (ha3oBoii
CKOPOCTH (CaMO e IIEHTPaJbHOE MSITHO B CKOPOCTHOM KaHaJie He BUIHO). Takast KapTUHa CylIECTBEHHO OTJIMYa-
€TCS OT TeUEHUST Ha BETPOBOIA BOJIHE, I/ie (ha3bl OTPaKEHHOTO CUTHAJIA B (DOPMUPYEMBIX yIaCTKaX MEJTKOCTPYKTYP-
HOI MOPCKOIi MOBepXHOCTH (ropsiaka 1 M) SIBJISIIOTCSI CAyYailHbIMMU.

«BubpaunoHHble naTHa», cHOPMUPOBAHHBIE B MOJUTOHHBIX ycioBusix (H = 30 m, F; = 30 T'u, F, = 15 T'y
puc. 1, a) B sspkoctHoM PJI uzobpaxenuu u orodpaxatomue YOIIP cTossumx BUOpAlIMOHHBIX BOJH HEMOCPE-
CTBEHHO HajJ BUOPATOPOM, MOJKHBI UMEThb nuameTp mopsiaka 10 M, a okpyKalolluii opeos 0eryimux BoJH OYeHb
y30K (ropsiika | m). Ecnu rmo3Boisier aHepreTuka paaapa, To SpKue KoJiblia CTOSIYMX BOJTH TOJKHBI HAOMI0IaThCs
1 Ha HEKOTOPBIX PACCTOSTHUSIX (OT TOYKM Haa BuOpaTopom). M3 puc. 1, a BUmHO, 4TO KOJIbIIa «BOJTHOBOIHOMN» MPHU-
pPOIbI JOJKHBI OTCTOSATh OT TOUKW Had BUOpaTopoM Ha paccTosiHusx x = (40, 70, 100) M. B yciaoBusix riiybokoro
Bompoéma (H = 1000 m) mpu ucnonb3oBanuu PJI YKB-nuanasona atTv pacCTOSIHUS 3HAYUTEIHHO YBEIMUMBAIOTCSI —
cM. puc. 1, ¢ u puc. 2. OTHAKO pUCOBATH 3[€Ch OKMUIAEMbIE B TOJTUTOHHBIX YcaoBuUsax PJI uzobpaxeHnus Bubpaiu-
OHHBIX MOBEPXHOCTHBIX BOJIH — Ha CErOIHsSI HaM MPEICTaBsIeTCs MPEXIEeBPEMEHHBIM.

5. Heo0xonumbie mapameTpsl 1 ocodeHHOCTH PCA, BINOJIHSAIONMET0 MOHUTOPHHT MOPCKOIi Ce€iiCMOOOCTAHOBKH

JIBIDXEHME JIOKAJIbHOTO OTpaxkaTesisi Ha IIOBEPXHOCTH 3eMJIM YYMTHIBAETCSI BBEICHUEM pallalbHOI U TAHTEH-
LIMAJTLHOM COCTABIIAIOIINX €T0 CKOPOCTHU B (PYHKIIMOHAJI, OMTMCHIBAIOIINIA TTOBeeHUE (ha3bl TPUHUMAEMOTO CUTHA-
Jla TIpU OMHOBPEMEHHOM TepeMellieHUH OTpaxkareist U Mpuémo-Tiepeaaonieit aHteHHbI. [1onpoGHOe U3IoKeHue
crocoba 06padoTku curHaia B MPCA ¢ nponosibHOIt aHTeHHOM 6a30it umeeTcs B [11], 3mech MpUXOAUTCS BKpaT-
11€ TIOBTOPUTb OCHOBHBIE IMOJOXEHUSI, BaXKHbBIE TSI CJTydasi MOHUTOPUHTA BUOPALIMOHHBIX MOPCKHUX (TIOJIBOTHBIX)
WCTOYHUKOB.

CurHaJ Ha BBIXO/IE aHTEHHbI UMEET BU/I:

. . 47 21 2 2
U(t):UOCXp J (Pn‘l‘TRn—znlff;iy'Fm(Wx—Vx) t 5

n

rae fdy = Tysin Y, — JOIJIEPOBCKMI1 YACTOTHBII CIBUT OT PafMabHO-ABIXKYLIErocs oTpaxaress; W, — TaHreH-

LMaJibHasi CKOPOCTb aHTEHHBI; @, — (a3a oTpaxarens; R, v, — HaKJIOHHas JaJlbHOCTb U YTOJl BU3MPOBAaHUS OTpa-
XaTesis; A — JUIMHA BOJIHBI CUTHAJIA,  — BPEeMsI, OTCUMTBHIBAEMOE OT 3aJaHHOTO T0JI0KeHUsT (hazoBoro 1eHTpa (DII)
aHTeHHbI. [IpeHeOperasi Manoil TaAHTeHIMATIbHOM CKOPOCThIO OTpaXkaTeJisl IO CPaBHEHUIO CO CKOPOCTbIO aHTEHHBI
U oTHOCS (a30Bblii caBUT 4R, /\ K HAYAIBHOMY (P, U151 TOCEI0BATEIbHOCTH kK UMITYJIbCOB C [IEPUOIOM CJIE10Ba-
Hus T,3amuiieM CUTHal B BUjie

, 2w} 21
U k) =Uyexp j| @y — 20, Tk + =2 T2k> | = U, exp j| @, +ak| k-2 |, )
AR, T,
Wl o, V,R,siny,
rac a= },T ro tV = - CIBUT OC BpEMEHU MN3-3a CKOPOCTH OTpaXKaTeyid.
n X

Ecnu 3a BpeMs mIpoxoma aHTeHHOU CBoeil MIWHBI D, PUHUMAIOTCST YE€THIPEe OTPaKeHHBIX MMITyIbca (D, =
4W.T,), To cMellleHe aHTEHHbI Ha MOJIOBUHY CBOEI JJIMHBI MPOUCXOAMT 3a JBa UMIIYJbCA, U «IOTJIEPOBCKOE»
npupaieHue $hasbl CUTHaIa 3a 3T0 BpeMs cOCTaBUT 4atfy, T,. Tlonoxenns DL aHTEHHBI OTHOCUTENILHO TpaBepca
IIpU OTOM COOTBETCTBYIOT Kk = £1. DTO 03HAyYaeT, YTO JOMOJHUTEIbHbINA (DA30BbIil CABUT, BOSHUKAIOLIUIA 13-3a
IBVDKEHUSI aHTEHHBI B 000MX €€ MOJIOKEeHMSIX oTHOoCcUTeNbHO DIl omrHaKoB, 1 MOXKET OBITh CKOMIIEHCHPOBAH.
HeiicTBUTEIbHO, M3 BbIpaxkeHus1 (9) ciemyeT, 4TO pa3HOCTb (a3 CHUTHAJIOB B 3TOM CJIydyae COCTaBJIsEeT

t t
v — 4 "
Ap=—-4a| k - 7| U B Touke TpaBepca (k= 0) Ap = 4a7 = 4rcfdyTr, T.€. [IPY UCIIOJIb30BAHUU PEATILHOM anepTyphl
r r
(PPA) 3amaua permaeTcs IIpocTo.
JI1st oTydeHUsT HeOOXOAMMOTO a3MMYTAJIBHOTO pa3pelleHusT (0COOEHHO M3 KOcMoca) MPUMEHSIIOT CUHTE3
a3UMYTAJIBHOM TUarpaMMbl HAalpaBJIeHHOCTU — aJITOPUTM CBEPTKY MPUHUMaEeMOro curHaia (9) ¢ onopHbIM CUT-

HaJloM BUAa exp(—jan?), 4acToTa MOAYJSILIMU KOTOPOIO M3MEHSETCSl JIMHEHHO OTHOCUTEIbHO TOYKM TpaBepca

n=20, a—W=—2an:
on
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. N2 2 N/2 ¢
<U(k)> = _f [U(k - n)exp<—jan2)}in =U, expj{(po + ak[k —Tyﬂ j exp[—2jan(k _TLHM’
-N/2 rJ1-N2 r
rne N = L /W, T, — 4uciio HaKatuIMBaeMbIX UMITYJIbCOB, L, — pa3Mep CUHTE3UPOBAHHON anepTypsl. Makcumab-
HOE YMCJI0 HAKATUTMBAEMBIX MMITYJILCOB OMPENENAETCSA PEATbHOM anepTypoii, B 1aHHOM ciaydae N,,.= 4AR, /D2
ITpeHeOperasi U3MEHEHUEM NAIBHOCTH R, OTpaxaTessl MpH MepeMelIeHU aHTEHHbl Ha pa3Mep 3JIEMEHTa
ryo = AR,/D,, IoJyyaeM CMHTE3MPOBAHHBII a3UMyTalbHbII OTKIMK PCA:

2
- sinp(k)| [ 2 i , 2
<U(k)>=UONWexp {%mk( _T,V =U,Nexp| -b k_FV, expd j| o, +ak _T,V , (10)
e B(k)= 2nW T Ly k- pe M a anmnpoKCUMalus SINBI e B NaéT BO3MOXHOCTb 3a-
= an ].; ) - }\’2R3 ’ p p 2TC

mMcaTh aMITIUTYLy OTKJIMKA B BUJIE TTOJIOXUTENBHOM (PYyHKIIMM 6e3 OOKOBBIX JIETIECTKOB, K YeMY U CTPEMSITCSI, pa3-
pabaThIBast ONITUMU3MPOBAHHbBIC AJITOPUTMbI CUHTE3a.

CpasBHuBas BeipaxeHus (9) u (10), MBI BUOUM, 4TO (ha30BEIif MHOXHTEIb OCTAJICSI TEM XK€, YTO M Oe3 CHTe3a,
OJTHAKO TOYKA MaKCMMAJIbHOW aMIUIMTYIbl OKa3alach CABUHYTOM OT TpaBepca (k, = t,/T,). Pacuér nokasbiBaer,
4TO B CAMOJIETHBIX YCJIOBUSIX U3MEPEHUE Uepe3nepruoaHOi pa3HOCTH (a3 BOKPYT aToil Touku (ky— 1, ky + 1) maér
A = 0 yxe npu pananbHOi ckopoctu otpaxarenst V, > 1 em/c. CrieoBatesibHO, HATMYUE a3UMYTAIbHOTO CIBUTA
X, B JAaHHOM CJIy4ae MCKJII0YaeT BO3MOXKHOCTb M3MepeHust ckopocTu V), o dase otkinka PCA B LieHTpe CUHTE3H -
POBaHHOIO aMIUIUTYIHOTO MHKa.

ITokazano [11], dyTo 3amaya u3MepeHUs paauaabHO cKopocTH oTpaxaress B PCA pelraeTcs myTéM ceKly-
OHUPOBAHUS aHTEHHBI, T.€. UCITOJIb30BAaHUS IBYX pa3HECEHHBIX (Da30BBIX LIEHTPOB C PACCTOSTHUEM MEXIy HUMU
L. =D./2 (puc. 3).

H7151 ha30BBIX LIEHTPOB JICBOI M IIPaBOI CEKIINIA, Ha BXOHaX IBYX CHHTE3aTOPOB B ITOJIOXEHUSIX A 1 b aHTeHHBIX
CeKI1IMit 00pa3yroTCsl CUTHAJIbI:

U, (k) =U(k)exp j{% +a{k2 —%(k—l)}} u U, (k) =U(k)exp j{% +a{k2 —2Ti(k+ 1)}},

rae U(k) orobpakaet peanbHyto JIHA. Ha Beixogax CMHTE3aTOPOB 00pa3yOTCsl OTKIMKU:

2
(U,4(0)) = UGN exp —b[k—’TLJ exp j[(p0+a[k2—2;l(k—l)ﬂ (11)

r r

2
(U2, (0)) = UGN, exp —b[k—tTl] exp j|:(p0+a(k2—2tTl(k+l)ﬂ .

r

r

Wi

Puc. 3. I'eomeTpust Bu3MpOBaHUSI TTOBEPXHOCTU B UH-
tepdepeHurionHoM PCA. 1, 2 — cekuuun uHTepdepo-
metpa; D,, D, — NponoNbHbIHA U TONEPEYHbI pa3Meph
aHTeHHBI; Ly, L, — pa3Mephbl IISATHA PEAIbHOM arepTyphb;
Fy — Pa3pelICHUe 0 a3uMYTY (MPOIOJILHOE); Fy, — pas-
peleHune 1o TOPU30HTATBLHOM NATBHOCTH (ITOTIEPEYHOE);
d — cUMMETpHYHas OCcpenHsAoIIad miomanka; vV, V, —
COCTaBJISTIONINE CKOPOCTH TIIOIIAIKN

Rn

Vi

Fig. 3. Surface vision geometry in interference SAR. 1, H v

2 — sections of interferometer; D,, D, — longitudinal
and transverse dimensions of the antenna; L., L, — the
sizes of the spotted real aperture; r, — azimuth resolution
(longitudinal); r, — resolution of horizontal distance
(transverse); d — symmetrical averaging site; V, V,, — the

components of the site velocity Ly

\!?
/
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ITpu nonavye Ha TMOPUIHYIO (CYMMO-Pa3HOCTHYIO) CXeMY 3TUX OTKJIMKOB (OT MepeaHEe aHTEHHBI — C 3aePXK-
koit Ha 27,), Ha BbIXOAEe TMOPUAHON CXEMBbI UMEEM:

Upyy = (Up(K)) + (U, (K)) =
2

—UMK)N, exp| —b| k— | lexpj| op +ak| k-2 | || exp| —2072 | £ exp| 2072 ||, (12)
7, T, 7, 7,

T. €. MOIYJIM CyMMapHOI'O U Pa3HOCTHOTO OTKJIMKOB (12) B TOUKe MaKCUMaJIbHOU aMILIUTYIbI SIBJSTIOTCS KICKOMBI-

1/2
MU KBaApaTypHbIMU COCTaBJSIIOIIMMU curHaaa. Ux cymma (U czos + Uszm) UCTIONBb3yeTcs 1151 (hOPMUPOBAHUS SIp-

U, I
kocTHOTO PJI M300paxkeHus1, a BenuunHa AQ = arcth—S‘“ = 2aTL =2nf,, T, — st GOPMUPOBaHKsI CKOPOCTHOTO
cos r

PJI uzo6paxeHus.

2V,
B Hauem ciryyae fdy = Tysin Yn» V) — ba3oBast CKOPOCTh BUOPAIIMOHHO BOJIHBL.

CiienyeT OTMETUTB, YTO MOJTydyaeMas TaKuM 00pa3oM MH(OpMaIus 0 3HAYeHUU a3UMYTaJIbHOTO CABUTA ), MAET
BO3MOXKHOCTb €TI0 MCKJIIOUUTh Ha 000MX M300pakeHUSIX (SIPKOCTHOM M CKOPOCTHOM), TEM CaMbIM OCYIIIECTBIISISI
(bopmupoBanue HernckaxxeHHbIX PJI n3o0paxeHuii BuOpaltmoHHbIX BOJH B PCA, monoOHbBIX MpUBEACHHBIM Ha
puc. 2. @yHKIIMOHAIbHAS CXeMa, MOSICHSIONIAs ITOCIeI0BaTeIbHOCTD Ollepalliii, MpuBeneHa Ha puc. 4, Ha Heil He
TMOKa3aHbl YCTPOIMCTBA, 00ecIIeunBalolIe CUHTe3 (CXXaTHe) CUTHaJIa 110 HaKJIOHHOM ganbHOCTU. O003HAYeHHI: 1,
2 — cexkumu aHTeHHbI PCA; 3 — reHepaTop OMOpHOro curHaia; 4 — a3uMyTajbHble CUHTE3aTOPhI; 5 — 3aIepxkKa
Ha J1Ba NIepuo/ia CleNOBaHUsI UMITYIbCOB; 6 — TMOpUAHAs (CyMMO-Pa3HOCTHAsI) cxeMa; 7 — BbIUMCIUTEb aMILIU-
TYIbI; 8§ — BBIYMCIUTEIb PA3HOCTH (ha3; 9 — BBEIYMCIUTEIb-KOPPEKTOP IapaMeTPOB OTIOPHOTO CUTHAaJA (CKOPOCTh
¥ BBICOTA ariapara, TpaBepCHbIe KOOPAWHATHI); 10 — BEIUUCIUTEIb-KOPPEKTOP a3UMYTATbHONW KOOPIUHATHI IBU-
XKylerocst oobekTa; 11 — hopMupoBaHUEe CKOPOCTHOTO (Pa3HOCTHO-(ha30BOro) uzodpaxeHus; 12 — bopMupoBa-
HUE SIPKOCTHOTO (aMTUIUTYTHOTO) N300paKeHUs. AITOPUTM MOLOOHOTO POIa TPUMEHSIETCS] B TePMaHCKOM KOCMU-
yeckoM PCA TerraSAR-X nipu ¢popmMrpoBaHUM U300paXeHU HA3eMHBIX U MOPCKUX ABUXXYIIUXCS 00BbEKTOB [12].

Tenepb pacCMOTPUM COOTHOIUEHUS 151 (PAYKTYallMOHHOI 4yBCTBUTENbHOCTU U dHepreTuke PCA npu ¢op-
MMPOBAaHUU SIPKOCTHOI'O M CKOPOCTHOIO M300pakeHMil MOPCKO# moBepXxHOCTU. DOHOBBII CUTHA Ha JIeMEHTE
paspelnieHust HaKarunBaeTCst KOTEPeHTHO, & COOCTBEHHBIN IITyM — HEKOT€PEHTHO, TOT/a IS IPKOCTHOTO M300pa-

KEeHMSsI, Tpy 6osbiioM yucie (N > 20) HakanauBaeMbIX (MTPUXOASIIMXCS Ha 2JIEMEHT pa3pelleHUs) UMITYIbCOB,
2

IIOPOroBOo€ COOTHOIICHMWE BLIIIAAWUT CIICAYIOLINM O6pa3OM: Uzo =%, rae Em — CpE€AHC-KBaApPaTU4YC€CKOC
W
> 4
2 6V
3 - + v v
1 4 8 7
A A
H__y v v
v ol @] J@
—»
Xos Yo |

Puc. 4. ®ynkunoHaibHas cxeMa, MmosicHsomnas crnocod dopmupopanus B PCA sgpkocT-
HOTO M CKOPOCTHOIO M300paXXeHMI ¢ KOMIIEHCALMeN (MCKIIOYEHNEM) a3MMyTaIbHOTO
C/IBMTA ABUXKYIIETOCS 00beKTa

Fig. 4. Functional scheme that explains the method of generating amplitude and velocity
images in the ISAR with compensation (exclusion) of the azimuthal shift of a moving object
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OTKJIOHEHUE aMITTUTYIBI IITyMa, g, — MOPOTOBBIN Koadduiment. Bens ciona curaan U 02 , TTOJTy9aeM COOTHOIIIe-
HUe, TJIe B JIeBOIi YaCcTH MMeeM pabodee OTHOIIEHWE CUTHAII/IIIYM g2, a B 3HAMeHaTeJle IPaBoii YacT — Tpedyemast

2
U,
TIOPOTOBAst BEIMUMHA KOHTPACTa MHTeHCHBHOCTH curHana AUZ /U : g} ==L = % O6wamo mpu-

- U_I?I AU(?
U2 N
0

Humarot 101g(1 + K;p) = 1 b, K

fop = AUO2 / UO2 = 0,26. Yncio HaKkarIMBaeMBbIX HEKOTEPEHTHO peann3anuii

L
IITyMa OTIPENIEIISIETCST OTHOIIEHNEM CMHTE3UPOBAHHOTO W PeajTbHOTO pa3MepoB aHTeHH: N = D—", L,.>> D,. Cneno-
X

D
BaTeJIbHO, TIPU 33laHHOM 1opore ¢y = 3 u K;,,, = 1 1b, B PCA nony4aem q2 ~ 10 [—=. Takum o6pa3oM, 6aromaps
X

KOTE€PEHTHOMY HAKOIJIECHUIO UMITYJIbCOB Ha MaJlioi TIoIIaaKe BO3MOXHO copMupoBaTh sipkocTHoe PJI nzobpa-
JKeHUe cJ1ab0-0TpaXKaloleli TOBEPXHOCTH C XOPOIITMM pa3pelicHreM. [1omydaercs, 9To B YCIIOBUSIX aBUAIIMOHHOTO
PCA, npu D, = 1™, L, =100 M — 110 pOHY MOKHO paboTaTh B peKMMe MOJHOI (DOKYCUPOBKU MPU pabOYeM OTHO-
1eHMU (GOH/IIYM MOPSIIKA eTUHULIBI.

DrrykTyanmmoHHas OIIMOKa TIPU M3MEPEHNHM Pa3HOCTHO-(Aa30BOro IPUpPAIICeHUsS 3aBUCUT OT KPYTU3HBI (a-
30-CKOPOCTHOM XapakTepucTuku 0v,/0V,, uncia N HEKOTEPEHTHO HAKATIMBAEMBIX LIYMOBBIX OTCUETOB, & TAKXKE
OT MonyJist |p,| KoadduiimeHTa KOppensy HAKAIUTNBAEMOTO CUTHAJIA TI0 OTHOIIIEHUIO K TIOMEXe:

(13)

2
0
IIpu oTHOwEHMM curHai/wym ¢ >> 1 (T.e. npeHeOperas OHOM) MOXHO CUMTaThb |p,,|=—1 1 7 6\5” =
+4q y

8nT,siny,
=—7" "% torna u3 cootHoieHus (10) moaydaercst GpaykTyallMOHHO-CKOPOCTHAsI YyBCTBUTEJIbHOCTh, OTBEYa-

o1ast GOKyCHUPOBAHHOMY Pa3pelleHUIO «TOYEUHOI0» OTpaskaTes:

~ A
21T q\2N, siny,

Opo (14)

B aBuanmonroM PCA (A=3cwm, T, = 103 ¢, y = 60°, N ~10%) npu ¢ = 10 MbI MOJIy4rIn ObI TAKMM 0OPa3oM
CKOPOCTHYIO UyBCTBUTEJbHOCTh Oy ~2 CM/C, IPU pa3pelieHuu ~1 M 1o 06erM ocsiM.

B cnydae dhoHOBOrO OTpakaTesns (MOpckre TeUeHHUsI) KapTUHA CYIIECTBEHHO nu3MeHsieTcs. Yucno HezaBucu-
. , 2d?
MbIX (POHOBBIX OTCYETOB HA CHMMETPUYHOM TLIOIIAAKEe pa3Mepom d >> ry, r, coctasisier N = D a Koadbuuu-

xry
€HT ¢ MpeJCcTaBIsgeT OTHOLIEeHUe (DOH/COOCTBEHHBDII LIyM, TOT/Ia
Ay D,r
X
oy = — (15)
8nT.dsiny,

DTO O3HayaeT, YTO TPHW 3aJaHHBIX ITapaMmeTpax aBManmoHHOTO PCA, CKOpPOCTHYIO. UYBCTBUTEIHLHOCTH
Oy ~2 cM/C MOXHO TOJYYUTh JUIIb MPU BEICOKOM OTHOLIEHUU (hoH/1myM (¢ = 10) 1 Ha TuIoLIanKax pa3Mepom He
MmeHee d ~10 M o 06enM OCsIM.

OHepretuka PCA paccuuThIBaeTCsl CTaHAApPTHBIM CIIOCOOOM, Ha OCHOBE W3BECTHOIO COOTHOIIEHUS

2
P =P GalGa2)\‘ St
| 3 4
(47:) R

n

> qszmAf , Tie P;, P, — MOITHOCTU U3JTy4aeMOTro ¥ IPUHUMAEMOTO KOPOTKUX UMITYJTbCOB (6€3

yueTa K09 dULIMeHTa CKaTus 1Mo NaIbHOCTH), S, — DI1P «roueyHoro» orpaxatess, Af — MMpUHA CIIEKTPa CUTHA-

4nD D, 4nL D,
2 yCUJIEHHE aHTeHHBI Ha nepenady, G,, = 7

Ha npuéM, D, — BepTUKAJbHBIA pasMep aHTeHHbI, 1), — SKBMBaJEHTHas IIYyMOBasi TeMIlepaTypa MPUEMHUKa,
k=1,37-10"23 [I:x/K — nocrosinHas bosabumana. [lIupuHa 30HbI 0630pa L, cOOTBETCTBYET YIIIOMECTHOM IIMPUHE

Ja, Gal = — YCUJICHUC CI/IHT€3I/Ip0BaHHOI7I AHTCHHBI
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AnarpaMMbl HallpaBJIEeHHOCTH aHTEHHBI (OnpesiesigeMoii pasMepoM D,), asuMyTallbHas KMpUHa L, onpenensgercs
pasmepoM D,, W Yrojl HakJOHa aHTEHHOW TJIOCKOCTU O COrfacoBaH CO CPEAHUM YIJIOM BU3UPOBAHUS Y,

Y, = (1/2) — 6 (puc. 3).

4ng*kT, R\ A
B sToMm ciyuae, UMITyJIbCHAasA MOIIHOCTb P > nq”—,,f

.. CpenHsist MOLIHOCTh OOpaTHO MPOMOPIUAO-
DID.L.S,

T
HajibHa Koo duLeHTy cxarus B = Aft,u ckBaxHoctu O =—-, a HanOOJIbILWIA TIEpUOJ crieoBaHust T, onpenens-

Ty

€TCSI HEOOXOIMMOCTBIO COXpaHEHMST KOTePEHTHOCTH (DOHA, T.€. TIPUEMOM JIBYX UMITYJIHCOB 3a BpeMsI IIPOJIETA pa3-

D
Mepa aHTeHHBl D T, < ZVI; , W, — ckopoctb Hocutensi. B pesynbrare cpeaHsis uziydaemasi MOILIHOCTb
X

—~ P _8ng’kT, RHW, ) .

h=—-2> P . 3aMeHUM TOYEUHBI OoTpaxkaTelb (POHOBBIM, TOTIIA C YUETOM pa3MepoOB pas3pelrac-
BQ D:D;L.S,

0 cAMR

— 1 e S° — YOIIP nosepxHOCTH.
2MfL, siny,,

MOIJi IIJIOLUALKHM IIPU TOJIHOM (DOKYCUPOBKE UMEEM S, = Sorxry =5

Beeném H — BbICOTY 10JIETA, TOTAA

5 16mg* kT, AfH* W, sin Va

1= 2120 3 (16)
D;D;S ccos’ y,

s ¢popmuposanus PJI n300paxeHnii MOPCKOI MOBEPXHOCTH ¢ caMojéTa mpumeM ¢ = 10, Af = 3x108 I'u,
v, > 60°, Torma nipu kT, Af= 1020 Bt u aiinHe BosiHbI A = 3x10~2 M, a TaKKe COOCHO-BEPTUKATBHOI TTOJISIpU3aLIiI
AHTEHHBI (Ha Tepenady u Mpuém), ciieayeT npuHsaTh Bennaudy YOIIP SO = 1073, Ipu H = 10* m, W, = 10? m/c,
D,=2wm,D,=0,2 M, cpeaHss MOLUHOCTb f’l > 6 BT, u ipu cxkBaxxHoctn Q ~10? HeobXomMMast UMITYIbCHAS MOIII-
HocTb (JIYM-ummnyibca) cocrasut P,~ 600 Br.

Takum 06pa3om, BEISIBUIMCH OCHOBHBIE TTapaMeTphl camonéTHoro PCA: pa3peliieHue 1o o0emM ocsiM TTopsiaKa
1 M pU KOHTPACTHO-SIPKOCTHOM (hJTyKTYyalIMOHHOU 4yBCcTBUTENbHOCTU PJI n3obpaxenuii syyme 1 nb, ckopoct-
HOM (bITYyKTyallMOHHOI YyBCTBUTEIBHOCTH G, ~ 2 CM/C Ha rutomjanke paaMepom d ~ 10 M 1 UMITyJIbCHON MOLTHOCTH
nopsiika 1 kBr. LlupuHa 30HbI 0630pa coctaBut L, ~ 3H, 1.e. He MeHee 30 km. CrielyeT OTMETUTB, YTO MOJTyYeHHASA
BEJIMUMHA G~ 2 CM/C 151 CKOPOCTHOM (IyKTyallMOHHOM YyBCTBUTEIBbHOCTH O3HaYaeT, YTo noporosas dha3oBas
CKOPOCTh BUOPAIIMOHHOM BOJIHBI COCTaBJISIET He MeHee ~6 cM/c. B HaMeyaeMOM HaTypHOM 3KCIIEpMMEHTE C Ya-
ctotamu Bubpartopa F; ~ 30 't u BUOpauroHHO# BoHbL F, ~ 15 'l — e€ da3zoBasi ckopocTb cocTaBisIeT ~25 cM/c,
T.e. B cKopocTHOM PJI n3o0paxkeHnu, Kak v B aMIIUTYTHOM, BUOpAlIMOHHAsT BOJIHA MOJIKHA OBITH XOPOIIIO BUIHA
Ha (hOoHE BETPOBbBIX BOJH.

6. KpaTkue BbIBOIBI

1. IIpuHsTHIE AOMYILIEHUS O ITapaMeTpax MIOCKOTO IHA, O MAJIOCTU pa3MEPOB JOHHOIO BUOpaTopa Mo cpaBHe-
HUIO C JUTMHOM U3JTy4aeMOi UM 3BYKOBOI BOJTHBI M O TJIyOMHE BOJOEMa, CPABHUMOM C JUTMHOM 3BYKOBOI BOJTHBI,
MPUBOMIAIT K ONpeneaEHHON KapTUHE MJis1 BO30YKIaeMbIX TapaMeTPUUYECKHU MMOBEPXHOCTHBIX BUOPAIITMOHHBIX BOJH
MaJIoi JUIMHBL. B OmmkHel oomactu (BOJM3M OT TOYKU Hall BUOPATOPOM) aMILIUTYAa BUOPAIIMOHHOM BOJIHBI MaK-
CUMaJibHa, B TaJIbHEl Xe 00J1aCTh aMIUTUTYa MOXET ObITh 3HAUUTETLHOI Ha OTpeNeIEHHBIX PACCTOSTHUSX (BOJI-
HOBOJIHOE PacIlpoCTpaHEeHUE 3BYKa).

2. Ilpu HebombiIol TMyonHe BomoéMa (20—40 M) mpencTaBisieTcsi BRIMOJIHUMBIM UMUTAIIMOHHBIN HATYyp-
HBII AKCMIEPUMEHT C y4yacTHeM JIOHHOTO BUOpaTopa U caMOJIETHOTO pajapa, UCTIONb3YIolIero nHTephepoMeTp
C TIPOAOJIbHOI aHTEHHOM 0a30ii, MpU HEOOXOAMMON MPUBSI3KE NJIUHBI BOJIHBI pagapa (X-auana3oH) K 4acToTe
Bubpamuu (30 I').

3. BubpauMoHHBIIi CIIEKTP peaTbHOTO oyara 3eMJIeTpsICeHUsI, U3MepeHHbIN Ha riyoruHe 1000M, nMest miocKyto
dopmy B npenenax (0,1—3 I'ir). Panronokanust mogodbHOro oyara BO3MOXHa MPpU JUTMHE BOJHBI pagapa dojee 1 M
(YKB- u KB-gnana3oHsr).

4. PagronoKaimoHHble N300pakeHUsT BUOPALIMOHHBIX BOJIH, C(HOPMUPOBAHHBIE B IPKOCTHOM U CKOPOCTHOM
KaHasiax coBpeMeHHbIX PCA, NOKHBI UMETh pa3inyHylo ¢hopMy U, IO CIeJaHHbIM pacyéTaM, BUOpaliMoOHHas BOJI-
Ha JOJDKHA XOPOIIIO BRIACISATHCS Ha (DOHE BETPOBBIX BOJIH.
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The model of radar observation of the surface vibration waves generated by earthquake source

7. BnarogapHocTu

ABTOpHI IIIyOOKO OIaromapHBI pelieH3eHTaM, YbM 3aMeUYaHUsl ITO3BOJIMIN HE TOJIBKO YIYUIIUTh TEKCT CTaThbU
(B 0COOEHHOCTH PUCYHKM), HO Y YCTPAaHUTh UMEIOIIYIOCS B TIEpBOHAYAIBHOM TEKCTE TPUHINITHAIBHYIO OIITNOKY.
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OIIEHKA BPEMEHU JKU3HU «BAPAIIIKA» OBPYIINBAIOIIEVCSA BOJTHBI
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AHHOTAIUSA

IpencraBieHbl pe3yabTaThl UCCAEIOBAHUS BpEMEHM XU3HU OOPYIIEHUI BETPOBBIX BOJIH (0apallKoB) 1 IIPOCTPAHCTBEH-
HOTO pacrpeeeHIsI MOMEHTOB 3apOXKICHMS 0OPYIICHU 11O MPOMIITIO JUTMHHOM TMTOBEPXHOCTHOI BOJHBI, IOTy4eHHBIE B XOIE
CIIELIMAIN3UPOBAHHBIX DKCIIEPUMEHTOB ¢ OKeaHorpaduyeckoil miatdopmbl B UepHom mope. Perucrpanns 6apaiikoB ocy-
LIECTBJISIACH 10 BUIEO3aIMCSIM MOPCKOi MoBepXHOCTH. OMHOBPEMEHHO C BUICO3aMMCSIMU U3MEPSUTMCh XapaKTePUCTUKH 110~
BEPXHOCTHOTO BOJIHEHUSI, a TAKXKE PErMCTPUPOBAIACh METEOPOIOrnIecKas MHMOOPMAIIKSI.

IToka3aHo, 4TO pacnpeneeHue BpeMEeHM XXKU3H1 Gapaliika XOpOoIo OMUChIBAETCS 9KCIIOHEHIIMAIbHBIM 3aKOHOM. YCTaHOB-
JIEHO, YTO OTHOIIEHNE BPEMEHM XM3HU MHIMBHUIYaILHOIO Oapailika K IIeprojIy o0pylIrBaloiieiicss BosHbl paBHo 0,3, a pacripe-
JIeJIEHHsI 9TOTO OTHOIIEHUST TOAOOHBI JJIsT Pa3IMYHbIX BETPOBBIX U BOJTHOBBIX ycJ10BUid. [Toka3aHo, 4To 3apokaeHue 6apalikoB
IIPOMCXOIUT IPEUMYIIECTBEHHO B paiioHe rpeOHs IIMHHOM BOJIHBI CO CMEIIIEHMEM Ha €€ IePeIHUI CKJIIOH B cpeaHeM Ha 9,6°
(as3bl WIMHHOM BOJIHBI. BO3HMKHYB Ha nepeaHeM (PpoHTe, Oapalliek 3a BpeMsl )KM3HU CMELIAeTCs Ha 3aHUI (DPOHT IJIMHHOMN
BOJIHBI, TaK 4TO Pa3HOCTHb (pa3 MEXIy 3apOXKIeHUEM OOPYIIEHMS M MAaKCMMYMOM JOJIM IIOBEPXHOCTH, 3aHATON OapallKaMu,
cocrasisier 21,6°.

KuroueBbie ciioBa: oOpylieHUsI BETPOBBIX BOJIH, BpEeMsI )KM3HU Oapailika, HaTypHbIe UCCIIeIOBaHMSsI, HaYalbHbIIi MOMEHT 00py-
IIEHUST BETPOBOI BOJHBI, MOAYJISIIIUS OOpYIIEHU KOPOTKHUX BOJTH IJTMHHBIMU BOJIHAMU
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ESTIMATION OF THE “WHITECAP” LIFETIME OF BREAKING WAVE
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Abstract

The paper presents the results of a study of the lifetime of wind-wave breaking (“whitecaps”) and the spatial distribution of
the moments of wave-breaking initiation along the profile of a long surface wave. The results obtained during the specialized ex-
periments from an oceanographic platform in the Black Sea are given. The registration of the whitecaps was carried out based on
the video recordings of the sea surface. The surface waves’ characteristics were measured and the meteorological information was
recorded simultaneously with the video recordings.

It is shown that the distribution of the whitecaps’ lifetime is well described by an exponential law. It was found that the ratio
of the lifetime of an individual whitecap to the period of the breaking wave is 0.3. The distributions of the above-mentioned ratio
are similar for different wind and wave conditions. It is indicated that the generation of whitecaps occurs mainly in the region of
the crest of a long wave with a shift to its front slope on average by 9.6 of the phase of the long wave. The whitecap having arisen
at the leading edge shifts to the trailing edge of the long wave during its lifetime, so that the phase difference between the breaking
initiation and the maximum of the surface fraction covered by the whitecaps equals 21.6.

Keywords: wind wave breaking, whitecap lifetime, field studies, initial moment of wind wave breaking, modulation of short wave
breaking by long waves
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1. Beenenue

OOpylIeHUsT BETPOBBIX BOJIH UTPAIOT BaxKHYIO POJIb B MPOIIECCcax Ha MOPCKOI MOBEPXHOCTH — Tra3000MeHe
MEXIy OKeaHOM 1 aTMocdepoii [ 1], auccunanyy Hepruy BETPOBBIX BOJIH [2], TeHepaluy TypOyJIeHTHOCTH B IPU-
IIOBEPXHOCTHOM cJioe Mops [ 3], reHepauinyl GpbI3r [4], ¥ BIUSIOT HA CTPYKTYPY aTMOC(hEPHOTO IMOrpaHciios |5, 6].
MHTEeHCUBHOCTh OOPYIIEHUI YYBCTBUTEIbHA K HEOTHOPOIHOCTSIM TTOBEPXHOCTHBIX TEUCHUI, CBSI3aHHBIX C pa3-
JIMYHBIMUA OKEAaHCKMMU TUHAMWYECKUMU TpoIieccaMy (BHYTPEHHUE BOJHBI, TPAaHUIIBI CY0- U MEe30MaCIITaOHBIX
TeYeHU I, GPOHTHI), YTO UCITOIB3YETCS B MPAKTUUECKUX MPUIOXKEHUSIX TUCTAHIIMOHHOTO 30HAUpOoBaHUs [7—9].

OOpy1eHre BOJH Ha MOPCKOI TTOBEPXHOCTH MPEACTABIISIET COO0I CI0XKHOE TUAPOIMHAMUYECKOE SIBJICHUE.
Baparek HaunHaeT GopMHUPOBATHCS, KOTIa BOJIHA IIPW OOPYIIIEHNH BOBJIEKAET BO3MAYX B IIOBEPXHOCTHBIN CIIOM
Bonbl. PacripocTpaHssich ¢ rpeOHeM 00pyIIMBaloIIeiicss BOJHBI, TIeHHAs 00JIaCTh 3HAUYUTEIIFHO YBEIMINBACTCS
B pa3Mepax. Co BpeMeHeM no3aau Oapallika IMosiBiaseTcs 1uieiid octatouHolt neHbl. TpaaulMoHHO Oapaliexk
paccMaTpuBaloOT, KaK aKTUBHYIO a3y oopylieHust, «baszy A» o HomeHkiaatype [10, 11], a octatouHyio «pac-
TEKIIYIOCS MEHY», XapaKTEePU3YIOILIYIOCS 00JlaKaMU BCIUJIbIBAIOIIMX y3bIpeil BO3ayxa, — KakK MacCUBHYIO «dazy
b» [10, 11]. I[TockonbKy MPOCTPAaHCTBEHHO-BpeMeHHasl CTOXacTUUecKasl JUHAMUKA U JIEKTPOJMHAMUKA 3TUX
(a3 mpuHIMNIIMANBHO pa3uyHa [12], paznuyaercsa v pojib 3TUX a3 B GU3NIYECKUX ABIIEHUSIX Ha MOPCKOI O~
BEPXHOCTH, 1, COOTBETCTBEHHO, BaXKHOCTh MX MCCIICIOBAHUS IIJISI pa3IMIHBIX CTICIUAIBHBIX 3aga4u. Hampumep,
€CJIV B SIBJIEHUSIX Ta3000MeHa U COOCTBEHHOTO MUKPOBOJIHOBOTO U3JTyYeHMSI MOPCKOI IMMOBEPXHOCTH Hanbosee
BaxkHa «a3za b» [12], To ais BU3yaiu3aluyu AUCCUNALIMU BOJHOBOU sHepruu [2] u dopMupoBaHUS paaroyio-
KallMOHHOT'O CUTHaJIa OCHOBHOM MHTEpec MpencTapsioT 6bapamku — «dasa A» [13, 14]. B nanHoit padoTte, oc-
HOBAHHOI Ha OTITMYECKOM perucTpalii MOPCKOI MOBEPXHOCTH MO/ YIJIaMU HAaOMIOAeHUST OKOJIO 45 rpaaycos,
aKIICHT CAeJIaH Ha MCCIICIOBAHUM BPEMEHHOM SBOIIONNM Oapallika, BOSHUKAIOIIETO IIPU OOPYIIICHUH BETPOBOM
TPaBUTAIIMOHHOI BOJHEI.

Kaxk mokaszanu pe3yabTaThl UccienoBaHuii [ 15, 16], xapakTepHoe BpeMs XKU3HU 00pyIieHus B «ase b» minres
CEKYH/IbI, a IUTUTEJIbHOCTD «(a3bl A» COCTaBIISIET JAeCsAThIe MoJU ceKyHIbl. [T0aTOMy B HATYpHBIX 9KCTIEpUMEHTaX
orpeesieHrue BpeMEHU XXU3HU Oapallika 3aTpyIHUTEIbHO, a pe3yIbTaThl HEMHOTOUMCIIEHHBIX padoT [17—20] nmpo-
TUBOPEUYUBHI. B 3aBUCMMOCTH OT BeTpO-BOJIHOBBIX YCJIIOBUI CpenHEe 3HAUCHNE BPEMEHU XXU3HU OOPYIIeHUS T I10
JAHHBIM PaIMOJIOKAIIMOHHBIX U3MEPEHUI B TUAMa30He 3JIEKTPOMArHUTHBIX BOJIH 3 cM n3MeHsieTcst ot 0,8 ¢ 1o 3 ¢
[19]. ITo naHHBIM aKyCTUYECKMX U3MEPEHUI T JexXuT B mpenenax 1,2 ¢ no 1,8 ¢ [17]. B To xe Bpems1 aHanu3 pac-
TpeaeaeHUs T, TOIyIeHHBIX B YepHOM Mope B paitoHe CTalioHapHOit okeaHoTpaduyecKoii mmathopMbl B padboTe
[20], mokassiBaet, uto 0,3<7T <0,8 c. [Ipn u3yyeHuU cpeHEro BpeMeHU XX1U3HU Oapallka MpeacTaBisieT UHTepeC
COOTHOLIEHME MEXAY T W CPeIHUM TepUOoaIOM OOPYLIMBAIOLIEICS BOJHBI T . COrIacHO JaHHbBIM [17] T cocTaB-

nseT 45—65% or T . B pabote [21] mokaszaHo, 4TO 151 eAMHUYHBIX OOPYIIIEHUI OTHOILIEHKE T K IEPUOTY OOPYIIN-
BaloIECsT BOJTHBI JIEXUT B mpenenax 0,3—0,5. B pe3ynbrare pannosoKallMOHHBIX M3MepeHuil [19] momxydyeHo 3Ha-
yeHue ’C/ T =0,8. [lepeunciieHHbIE PACXOXIEHUSI, YKA3bIBAIOT Ha LIEJIECO00Pa3HOCTh AAIbHEMIIINX UCCIIENOBaAHUIA
BPEMEHMU KU3HU 0apalikoB, OMHOM U3 OCHOBHBIX (PM3MUECKUX XapaKTePUCTUK OOPYIICHUST BOJTHBI.

B HaTypHBIX yCIOBUSIX OOPYIIEHMsI BETPOBBIX BOJH MPOUCXOAST B MPUCYTCTBUE JUTMHHBIX BOJH — BETPOBBIX
BOJIH CIIEKTPaJIbHOTO IMKA U/WJIK BOJH 3b101. IJTMHHBIE BETPOBBIE BOJIHBI OOPYIIAIOTCS peaKo [22], HO BHI3BIBAIOT
MOJIYJISILINIO OOpYIIeHUIT Oojiee KOPOTKMX BOIH [23—25].

B pesynbrate GapallkKi KOHLUEHTPUPYIOTCS B OKPECTHOCTU IPeOHS UIMHHON BOJIHBI, IIPU 5TOM MaKCHUMYMbI
JIOJTV TIOBEPXHOCTH (), TIOKPHITOM 0OpYIIEHUSIMU, CMEIIEHBI Ha 3aIHUN CKJIOH MOIYJIMpPYIoIIeit BOIHEI [25]. BTo,
Ha MepBbIN B3MJIS, TPOTUBOPEYUT TEOPETUIECKUM TIPEICTABICHUSM, COTIIACHO KOTOPBIM MaKCUMYM aMILIUATY/IbI
KOPOTKMX BOJIH JOJIKEH HaXOOUThCS Ha MepeaHeM CKJIOHE BOJIM3M rpeOHSsT JJIMHHOM BOJHBI [26, 27]. AHanu3 Ta-
KOI'O pacXOXIEHMS B IPOCTPAHCTBEHHOM pacioyiokeHnur Q MpUBOIKUTCA B [25], rie rmokasaHo, 4To HaOIrogaeMblit
caBUT MakcuMmyMa Q Ha 3aJHUI CKJIOH MOIYJIMPYIOLIEil BOJIHBI OObSICHSIETCS KOHEYHBIM BpEMEHEM CYILECTBOBA-
HUs1 0apalIkoB, B TEYEHNE KOTOPOTO OHU OTCTAIOT OT TpeOHEe JUTMHHBIX BOJTH U3-3a Pa3HULIBI (Pa30BbIX CKOPOCTEH
JUIMHHBIX Y OOPYIIMBAIOIIUXCS KOPOTKUX BOJTH. DTO OOCTOSITENIbCTBO MHCITMPUPOBAJIO HAIll UHTEpeC K OoJee Je-
TaJIbHBIM OLIEHKaM BpeMeH XXU3HU 0apallrkoB, a TAKKe K MOMEHTaM Hayvajia OOpyIIeHUI B IPUCYTCTBHE JUIMHHBIX
BOJIH. EC/IM 5TM MOMEHTBI OKaXXyTCsl CKOHLIEHTPUPOBAaHbI B 00JIaCTU YCUJICHUSI aMILIUTYI KOPOTKHX BOJIH, UTO,
COIIACHO TEOPETUYECKUM IIPeICKa3aHUsIM, JOJIKHO MMETh MECTO Iiepel IpeOHEeM UIMHHOM BOJIHBI, TO BBIBOIbI
paboTHI [25] OyAyT CYIIECTBEHHO TOTIOTHEHBI.

Lenbio HacTosiieil pabOThI SIBISETCS M3YYEHUE CTATUCTUYECKUX XapaKTEPUCTUK BPEMEHM KMU3HU OOpylie-
HUI, UX CBSI3b C MIEPUOIOM OOPYIIMBAIOIIEHCsI BOJHBI M MCCIIEOBAHUE pacIipeieieHrs HaYaJIbHBIX MOMEHTOB 00-
PYILIEHWIA BIOIb MPOMUJIsS JIMHHOI BOJIHEI.
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2. HarypHblii 3KCIepUMEHT

2.1. Obwee onucanue

DKcnepuMeHTAIbHBIE UCCIIEI0BaHMS ObUTH BBITIOJIHEHBI B oceHHMIt rtepuon 2015, 2018—2019 rr. ¢ okeaHorpa-
(uueckoii miardopmbl B YepHom mope BOm3u roc. Kanusenu. [Tnatdopma pacrionoxeHa Ha pacctosiHAM 0,5 KM
oT Oepera, e riyouHa Bojabl ipuMepHo 30 M. PaGoThl MTpOBOAMINCH B YCIOBUSIX YCTOMYMBOTO BETPA CO CTOPOHbI
MODST M COCTOSUTM B CHHXPOHHOM BUIIEO CheMKE MOPCKOI TTOBEPXHOCTH, BOJTHOTpaUECKMNX M3MEPEHUSIX 1 3aTlv-
CSIX CKOpOCTH BeTpa (cM. puc. 1).

Peructpatiust o0pyiieHn BETPOBBIX BOJIH OCYILECTBISIIACH C TTOMOIIBIO LIM(MPOBOI BUIEOKAMEPHI C YACTOTON
3amrcH 25 KaapoB B ceKyHOy U paspereHneM 1920 x 1080 mukceneit. Kamepa pacmosaraiack Ha BeIcoTe 12 M Han
YPOBHEM MOPsi. YTOJ MEXIY ONTUYECKOI OChIO BUIEOKAMEPbl Y MOBEPXHOCTHIO MOPSI BhIOMpPasICS paBHbIM 35—45°.
Yron 0630pa 00BEKTHBA IO TOPUIOHTAIN COCTABIISLT 54°, a 110 BepTuKanu — 32°. Bo3BbIIeHUST MOPCKOI TTOBEPXHO-
CTHU PETUCTPUPOBATIUCH CTPYHHBIM BOJTHOTPA(POM, paCITOIOKEHHBIM Ha KOHIIE CTpesibl inHoi 11 M. Coop meTeopo-
JIOTUYECKOM MH(POPpMALMN OCYLIECTBIISICS MHOTO(MYHKIIMOHAIBHBIM KOMITIIeEKcoM Davis 6152 EU, pacniofloXKeHHbIM
Ha BBICOTE 23 M HaJl ypOBHEM MOpPsI Ha MauyTe oOKeaHorpachudecKoi miathopmsbl (cM. puc. 1). U3MepeHHast CKOpoCThb
BETpa MepecunThIBajIach B CKOpocTh BeTpa U Ha BbicoTe 10 M ¢ MCTIONIb30BaHWEM JaHHBIX O TEMIIEpaType BO3ayXa,
TeMrepaTtype BOJbl U BJAXHOCTU o MeToauKe [28]. DKcnepruMeHThbI ObUTU IMTPOBENEHbI MPU CKOPOCTSIX BeTpa 9 M/c —
21 M/c. bonee monpoOHO MeToIMKA ITPOBEACHNUS U3MEPEHUI 1 OIMMCcaHKe TTPUOOPOB MpeAcTaBlIeHHI B [29, 30].

2.2. Bpemena ncusnu 6apauxos

J1J1s1 OLICHOK BpeMEHU >KU3HU GapalllkoB ObLIM MCIOJb30BaHbI JaHHbIE, ULl KOTOPBIX Kalp BUACO3AIIUCH OX-
BaTHIBAJI TUIOLIANb MOPCKOi rmoBepxHocTH okoio 400 M2. [1py M3BECTHOIT TeOMeTpUM CHEMKH Kalp M300paxke-
HUSI IPUBS3BIBAJICS K KOOPAMHATAM Ha TOPU30HTAJIbHOM IJTIOCKOCTH, PACIIOJIOXKEHHOM Ha CpeTHEM YPOBHE MODSI.
B nipenenax kagpa paspelieHue BIoJab BEPTUKaIbHOM ocu n3aMeHstoch ot 0,01 10 0,06 M, a BIOIb TOPU30HTATIBHOMN
ocu — o1 0,01 mo 0,02 m.

Puc. 1. Cxema pacmosioxXeHHsT U3MEPUTEILHOM alllmapaTypbl Ha OKeaHoTrpaduieckoii matdopme

Fig. 1. The instrumentation layout on the oceanographic platform
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Wnentudukanms 6apaiikoB MO BUAE03aMUCIM MOPCKOUM MOBEPXHOCTU OCYIIECTBIISLIACH C TTIOMOIIBIO airo-
putMma [31]. AIrOpUT™M OCHOBaH Ha OTJMYMM MOJEIBLHOIO rayccoBa pacipeneaeHus spKoctu / B BUIEOKaape B OT-
CYTCTBUM OOpYIICHUI OT (paKTUUECKOTO pactipeeieHus SPKOCTU B MMPUCYTCTBUU MEHHBIX CTPYKTYp. OOpyiieHus
HUCKaXaloT «XBOCT» HOPMaJIbHOTO pacripeneneHus p(/) mpu OOJIbIIKUX 3HAYEHUSIX IPKOCTU. YPOBEHb SIPKOCTH 1),
BBbIILIE KOTOPOTo HaOII0Aa0TCsl UCKaxkeHus p([), MpUHUMAaJICS 3a BeJIMYMHY ITOpora, a 00JacTi MOPCKOI MOBEepX-
HOCTHU C SIPKOCTbIO, IPEBbILIAOLLEN /), pacCMaTPUBAJIMCh KaK MEHHbIE CTPYKTYPHI. g mocienyromnero aHaausa
BBIIEJISIACH JTUITh aKTUBHAsK (da3a oopyieHuit («hasza A», bapailiku), a TIATHA pacTeKIIecs: MeHbl, OCTaBIIIECS
rnocJie TPOXOXIEHUST 0OpYILIeHNs, aBTOMaTUYECKU OTHOUIBTPOBBIBAIMCH, UCIOJb3YsI KWHEMAaTUUECKUE CBOMCTBA
0o0pylIeHU# B pa3InIHbIX (azax [31—-33].

OCcHOBHOE pa3Inure KNHEMaTUKHU (ha3 BbIpaXKaeTcsi B TOM, UTO Oapalliky CMEIIAIoTCs B TOPU3OHTAILHOI TUIO-
CKOCTH C TIPUMEPHO TTOCTOSTHHBIM BEKTOPOM CKOPOCTH, B TO BpeMsI KaK JBMXKEHUST OCTATOYHBIX TTIEHHBIX CTPYKTYP
MMEIOT XaOTUYHBIN xapakrep. Puc. 2 rnmokaspiBaeT 3BoMIOIMIO Oapalika ¢ MOMEHTa, KOTJia OH TMOSIBUJICS] BIIEPBbIE
(cM. Bpe3Ky ¢ yBeTMueHneM M300pakeHus Ha puc. 2, @), 10 MOMEHTA ero UCUe3HOBEHUSI, TIOCJIe KOTOPOTO Ha MOP-
CKOIf TOBEPXHOCTU OCTAIOCH JIMIIb MSTHO PACTEKIIeHCs MeHbI, pacoNOKEHHOE BOJU3U HUXKHEN T'PaHULIBI PUC. 2,
e. bapaiiku 1 pacrekinasicsl meHa BbIJISIAT SIPKUMU 00pa3oBaHUAMU OeJioro 1BeTa. KpacHbIM LIBETOM BbIIEIEHBI
MUKCEIU U300pakeHusl, KOTOpble anroputm [31] uaeHtuduimpyer, Kak akTuBHYI0 (asy oopymenus. [1o mepe
pa3BUTHS Oapallka BOKPYT 00J1acTy KpaCHOTO 1LiBeTa (HeMOoCpeACTBEHHO Oapalika) MOXHO BUAETh MUKCeau 6e10ro
1IBeTa, COOTBETCTRYIOIIME 001aKaM BCIUTBIBAIOIIMX MTY3bIPbKOB.

Puc. 3 Gonee monpoOHO MOKA3bIBAET IBOIOLMIO IUIOWAAN (pUC. 3, @) U IBUXEHUE T€OMETPUYECKOTO LIEH-
tpa (X, Y) B JIOKaJgbHOI cucteMe KoopauHaT (puc. 3, 6) Toro e rneHHoro oopazoBaHusi. CUMBOJIbI (») Ha puc. 3,
a COOTBETCTBYIOT MMOCJEeI0BATENIbHO KajpaM, MPUBEICHHBIM Ha pUC. 2, a—e. AHAJIOTUYHbIE TIPUMEDPBI BOJIOLIMU
TEOMETPUYECKUX XapaKTePUCTUK 0apallikoB TMPOWLTIOCTPUPOBAHBI U B IPYTUX UCCIENOBAHUSIX (CM., HATIpUMED,
puc. 3 u 4 B [22] u puc. 3 B [30]). BpemeHHas sBoJjto1us O6apaiiika, IBUXKYILIErocsl ¢ BIIOJIHE ONpPeaeJeHHON CKO-
POCTbIO, XapaKTepU3yeTCsl POCTOM €ro TUIONIAIU 10 HEKOTOPOro MaKCUMyMa. 3aTeM HauMHaeTcsl pacraji Oapaiika
Ha TISITHA OCTaTOYHON TIeHBI, a IBMDKEHUE TeOMETPUIEeCKOro IEHTpa SIPKOIl 00JIaCTU CYIIECTBEHHO 3aMeISIeTCs
U, HaKOHell, TPMHUMAET KoJieOaTeIbHbII XapakTep, oTpaxasi opOUTalbHbIe ABVUXXKEHUs JOMUHAHTHBIX BojaH. Ha
9TOM y4yacTKe cTazia TUIoaau MEHHOM CTpyKTYphl «has3bl A 1 b» HepazmuuuMbl Ha U300paKEHUSIX BULUMOTO T1a-
ma3oHa. OqHako (husuKa sIBIeHUST OOPYIIIEeHUST BOJHBI TTOIpa3yMeBaeT, UTo sipKast 001acTh aKTUBHOTO OOPYIIIEHUS
(Gapallek) XecTKO CBsI3aHa ¢ 0OpYyIIMBAIOIIEHCSI BOJTHOM, U MOTOMY ABUKETCS ¢ e€ (pa3oBoii ckopocThio [34]. [Toa-
TOMY K aKTUBHOI «haze A» ciielyeT OTHOCUTb SIpKUE 00JIACTH, IBUKYIIUECS C TIOCTOSTHHOM cKopocThio. UHTepBan
BPEMEHU, B TeUEHNE KOTOPOTO UMEHHO TaKOe MBUKEHUE HAOTI01aeTCsl, COOTBETCTBYET POCTY TUIOIIANN Oapaiika.
[Tpu aHamM3e cTaTUCTUYECKUX XapaKTePUCTUK aKTUBHOM (ha3bl 00pyILIeHU, KaK MpaBUIO, pacCMaTPUBAIOT JHUILb
Y4aCcTOK pOCTa TUIOIIAAN, UTHOPUPYS TIEHHBIE CTPYKTYPhI Ha ydacTke e€ crana (cM., Harpumep, [22, 30, 31-33)).

AnroputM [31], ucnonb3ys 1epeBO pellieHni Ha OCHOBE KUHEMATUYECKUX MapaMeTpOB MEHHOH 00J1acTU, Mo-
3BOJISIET aJIeKBaTHO BbIIEIATH «da3zy A» oOpylieHuit (puc. 2). B kauecTBe MOMEHTOB pacriajga 0apalikoB MPUHU-
MaJIUCh MOMEHTBI JOCTUKEHMSI MAKCUMYyMa UX TUTOIIaan (Ha puc. 3, a, 3TOT MOMEHT OTMEUeH BepTUKAIbHOM JIn-
Hueit). UHaTepBan BpeMeHU T MeXIy MOMEHTaMU OOHapy>KeHUS U TOCTVKEHUST MaKCUMyMa TUTOIIany Gapaiika
MPUHKMMAJCS B KaUeCTBE BpeMEHHU ero Ku3Hu. B naHHoi paboTe paccMaTpuBalniCh TOJIbKO Te Oapalliku, KOTOpbie
BO3HUKJIM U pacliaiiCh BHYTPU HAOII0NAaeMOit 00I1aCTH.

Kak crnenyer u3 puc. 3, 6, 10 MOMeHTa pacriaga Gapaiiiek IBVKETCS MPSIMOJIMHEIHO ¢ TMTOCTOSIHHOM CKOpO-

cTbio ¢ =+ X2 + Y2, MBI cunTaim sty CKOpocTb paBHOIT (ha30BOii CKOPOCTH OGPYLLINBAIOLIEHCS BOJIHbI, KAK TIPe/-
noxkeHo O.M. @ummricoM [34]. OTcroma, UCTIONb3ys TUCIIEPCUOHHOE COOTHOIIEHNE TPABUTAIIMOHHBIX BOJH Ha
1yOOKOIt Bone, Il Kaxa0ro Oapalika ObUIM OLIEHEHBI NIEPUOAbl HeCcyllIuX BoJH T = 2mc/g, TAe g — yCKOpeHue
CBOOOIHOTO MaaeHMUS.

2.3. 3apoycoenue oOpywenuii noo eausnuem OAUHHBIX 604H

J71s1 uccaenoBaHUs MOAYJISLIUIA OOpYLIEHU I JUIMHHBIMU BostHaMU B 2018 rogy ObpU1a mpoBeeHa cepus U3 BOCh-
MM CITELIMAJTbHBIX SKCIIEPUMEHTOB MPU CKOpPOCTSIX BeTpa 13—19 M/c [25]. Kamepa opreHTHUpoBaiach HaBCTpEUy
HaTpaBJICHUIO [UIMHHBIX BOJH, KOTOPOE BCErJa COBIANAllo ¢ HalpaBieHWeM BeTpa. BrimosHsiach BUgeocheMKa
yJacTKa MOPCKOIT ITOBEpXHOCTH B MECTE €€ IepeceueHNs co CTpyHO BojHorpada (puc. 2). I1pu aToM BoHOTrpad
ObLJT CHHXPOHU3MPOBAH C BUIEOKAMEPOIi TTyTeM 3allMCH €T0 CUTHAIa BMECTE CO 3BYKOBBIM PSIIOM C KAMEPHI B €11 -
HbIi ¢aitn. TouHocTh cuHxpoHu3amu — 1 Mc. B pesynbrate B paboTte [25] ObUIO yCTaHOBIEHO pacIpenesieHue
TIOJTV TIOBEPXHOCTH, 3aHSTOM OapallkaMu, BIOJb MpodUiIsd ITMHHOM BOTHEL. HacTosimas padoTta oTBedaeT Ha BO-
MpOC, KaK pacrpeaeeHbl MOMEHTBI 3apOKIEHUST OOPYIIIeHUIA BIOIb JJIMHHON BOJTHBI.
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b) c)

Puc. 2. DBoso1us 0OpyLICHUS: @ — MOMEHT 3apOXICHUsI bapaiika; 6—0 — JABUKEHUE U POCT Gapallika, e — MITHO PacTeKIIeii-

cs1 TIEHBI MOCJie UCUe3HOBeHMsI Oapaiiika. KpacHbIM 11BETOM BblejieHa akKTUBHasK (ha3a 0OpYILIECHUS COITACHO TIPUMEHSIEMOMY

anroputmy [31]. 3eleHBIM LIBETOM TOKa3aHbl TPAHUIIBI KBaPATHOTO y4acTKa, UCTIOJIb30BAHHOTO [UISI UCCIICIOBAHUST BIUSTHUS
JUTMHHBIX BOJTH Ha 3apOX/IEHUE 0OpYILIeHU I

Fig. 2. Evolution of wave breaking: ¢ — the moment of whitecap generation; b—e — movement and growth of the whitecap; f— a
spot of spreading foam after the disappearance of the whitecap. The active phase of the breaking is highlighted in red according to
the applied algorithm [31]. The square area used is shown by green box
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Puc. 3. iamenenwus miomanm S (@) 1 KOOpAMHAT TEOMETPUUECKOTO TIeHTpa X 1 Y (6) sipKoro 06pa3oBaHusI, COOTBETCTBYIOIIETO
00pYILIEHUIO BOJTHBI, KOTOpOE MoKa3aHo Ha puc. 2. Ha rpaduke cuMBOJIbI (» ) TTOC/IEIOBATEIbLHO COOTBETCTBYIOT KaapaM, Mpr-
BEIIEHHBIM Ha puc. 2. BepTukaiibHas mpsiMasi oTME4aeT MOMEHT pacriajia 6apainika

Fig. 3. Changes in the area, .5, (@) and coordinates of the geometric center X and Y, (b) of breaking shown in Fig. 2. The symbols
() correspond to the video frames shown in Fig. 2. The vertical line indicates the moment of whitecap disappearance

65



Kopunenxo A.E., Maaunosckuii B.B., /Iynoé B.A., Kyopsseues B.H.
Korinenko A.E., Malinovsky V.V., Dulov V.A., Kudryavtsev V.N.

0,5
04 fre-e-t------t * o 0-
0,3
0,2
0,1
= 0
0,1
—0,2
-0,3
—0,4 [ s IS EEECh | S LLh
-0,5
0

Cia M

-

W
(==}
—_
=3 555
(==}
—
wn k-

Puc. 4. ®parmeHT 3anucy BO3BBILIEHUI MOPCKOI MOBEPXHOCTH £(#) ¢ OTMETKaMU («) B MOMEHTBI Hayaaa oOpylleHui.
CrpaBa — pacTSIHYTBII TT0O OCH BpEMEHU YUaCTOK, COOTBETCTBYIOIINIT MHINBUIYaTbHOI BOITHE

Fig. 4. A record fragment of the sea surface elevations {(#) with the marks (+) at the moments of the beginning of the break-
ing. An individual breaking event is zoomed on the right panel

B aT0it 9acT sKcneprMeHTa 0c000¢ BHIMAaHNE YIEsIOCh (PUKCAITMY HAaYaIbHOTO 3Tara OOPYIIICHUS BOJTHBI:
KOT/Ia TOJIbKO HauMHaeT (hopMHUpoBaThesl Oapaniek. Mbl Olpenessiii MOMEHTBI 3apOKIeHUsT OOpYIIeHUIi B KBa-
JIPaTHOM y4acTke co cTopoHoit L,, = 0,9 M 1 LIECHTpOM B TOUKE MEepeceyeHust co CTpyHOI BosiHorpada (cM. puc. 2,
TIIe TPAaHUIIBI KBaapaTa IMTOKa3aHbl 3¢JIEHBIM IIBETOM).

Puc. 4 maet npumep TOTy4aeMbIX JaHHBIX: BO3BBIIMICHUI MOPCKOW moBepxHOocTH ((f) U MPUBS3aHHBIX K HUM MO
BpeMEHU MOMEHTOB HavaJsia oOpyieHuid. s moayyeHust XxapakTepuCTUK JJIMHHBIX BOJTH Oblla UCIIOJIb30BaHaA Me-
TONVWKA aHaJIM3a MHIWBUAYAIBHBIX BOJH (CM., HammpuMep, [23, 25]). MOMeHT nepecedeHUsI HYJIsT «CHU3Y BBEPX»
curHanoM ((f) paccMaTpuBaics, KaK HayaJlo MHAMBUAYAJTbHON BOJIHBI, KOTOPAsl MPOAOJIKAIACh 10 CIEAYIOIIETO
rnepeceyeHust HyJisl «CHU3Y BBEpX» (CM. ipuMep Ha puc. 4 cripasa). JJIMTEIbHOCTh MHANBUIYATbHOM BOJTHBI CUMTA-
nacsb ee nepuonoM 7;. Torna da3a BoIHBI B MOMEHT BpeMeHU f ecTb @ = 2n(f — £;)/T;, rie MOMEHT f; COOTBETCTBYET
Havay BOJHBI. BOJHOBOE YKCIO MHIMBUIYAIbHON BOJHBI ONPEAETSAIOCh, Kak K; = (2n/T))?/g, a mocyie yMHOXe-
HUS €ro Ha aMIUIMTYAY UHAUBUAYAJIbHON BOJHBI MTOTY4YaIn
OILICHKY TapaMeTpa KPpyTU3HBI BOITHHBI AK.

B pe3synbraTe ObUTM MOTYYEHBI JaHHBIE U151 O0Jiee yeM
1300 uHAMBUAYAIBHBIX BOJH. JleTaniu METOOUKM TaKoit 00-
paboTKM, OLIEHKU OLIMOOK, a TaKxKe MoApOOHOe ONUCcaHue
METEO-BOJIHOBEIX YCIIOBHIT BO BpeMS 3THX 3KCIIEPUMEHTOB
npuBeneHo B [25].

10!

10°

3. Pe3yabTaTsl

3.1. Cmamucmura epemenu xcu3nu oopyuwenuii

—2
10 Ha puc. 5 nokazaHa MmI0THOCTb BEpOSITHOCTH p(T), TO-

JlyueHHasl o BceM JaHHbIM. Kak cienyeT u3 puc. 5, a, pac-
npeaeneHue p(t) Xopollo anmpoOKCUMUPYETCs IKCITOHEH-
Toit p(t) = 6,88 - exp(—3.49 - 1), MOKAa3aHHON CIUIOUTHOIA
0 1 2 3 4 5 nuHueil. CpenHee 3HaYeHUE MO BCEM JTaHHBIM COCTaBJISIET
T=0,46 c. DKCNOHEHLIMAIbHBIN BUI pPaclpeaesieHUs] CO-
Puc. 5. I1oTHOCTU BEPOSITHOCTU BPEMEHM XKU3HU 00pYy-  TJIacyeTcsl ¢ pe3yiabTaTaMu, NMpUBEIeHHLIMU B [19], rme
ureHnit. CMBOJIBI (0) — Pe3y/IbTaThl HAIMX U3MEPEHNUI,  cpenHee 3HAYEHME BpEeMEHH XU3HU cocTaBuiio 0,4 c.
(o) u (+) — naunpie u3 pador [17] u [19]. Jinxun — an- Pacnipenenenust p(t), NOJy4eHHbIE TPU aKyCTUYECKMX
TPOKCHMUPYIOUINE KPUBLIE p(T) =p - exp(—¢ " 1) U paguosniokauroHHbIX (PJI) u3aMepeHUsIX, J1eMOHCTPUPY-
Fig. 5. Probability densities of the breaking lifetime. Symbols ~ ¥0TCSI, COOTBETCTBEHHO, B [17] 1 [19], 1, KaK ykasbiBanoch
(o) are our measurements, (o) and (+) — the data from [17] BbIllI€, CPEAHUE 3HAUYEHUS] BPEMEHU >XXU3HU OOPYILEHUIA,
and [19]. Lines are approximating curves, p(t) =p - exp(—¢°1) TIpUBOAWMBIE B 3TUX paboTaX, CYIIECTBEHHO OOJbIIE T,

10-3
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MOJTYY€HHOTO TP HAIlIMX u3MepeHusix. Takoe pacxoxie- 4,5 r T T T
HUE B 3HAUEHUSIX T MOXET ObITh BbI3BAHO MPUMEHEHUEM

pPa3IMYHBIX U3MEPUTEIbHBIX METOHIOB. Vcroyb3yemblie 4r . i )
B HAIlIUX SKCIIEPUMEHTAaX BUAeOKaMepa U METOANKa 00- 351

pabOTKM BHMIEOKAAPOB MO3BOJISIIOT MACHTUMOUIIMPOBATH

00pYLIEHHS C MUHUMAJIBHOM JIIUTENLHOCTBIO Ty, = 0,12 3t

¢, Torna Kak npu uaMepenusx [17] u [19] 1, coctaBuio

0,5 c. Kak otmeueHo B [19] oOpylieHUsT MEJIKMX MacIlTa- ~ 2571

60B TiposiBisiiorcs Tipu PJI cheMKe, HO 1151 OONBIION UX E !

YacTU OTpejieJieHue T He TIPEJCTABIISIETCS BO3MOXHBIM

M 3HAYUTEJIbHOE YKMCIIO MaJIbIX OOpYIICHUT UTHOPUPYET- 1,5

cs1. B pesynbrare Ha ructorpamMme T HaOJIIOJAETCS] MaK-

cumyM 1ipu T = 1,75 ¢ 1 1eBee MaKCUMyMa MPOUCXOIUT Lt

YMEHBIIEHHUE Y1CIIa 3aperuCTPUPOBAHHBIX COOBITHIA, (CM. 05l

puc. 3 B [19]). [Ipn akycTMuecKoM MeTome M3MEpeHU ’

[17] s 45 % obpyenuii T > 2. Takum o6pa3zoM, 60JIb- 0

e 3HaYeHUsI T MPU U3MEPEHUsIX aKycThudeckuM u PJI 0

METOIaMU MOTYT OBITh CBSI3aHbI KaK C peTUCTpalueii 00-

PYIIEHHUH ¢ MUHUMAIBHBIM 3HAUCHUEM Ty ~ 0,5-0,7 ¢, Puc. 6. PacnipeneneHusi OTHOILIEHWI BpeMEHU XXU3HU 00py-
Tak 1 peructparueit «passl b», 4To MPUBOANT K 3aBBILIC-  jjjenuii K neproty OBPYIIMBAIONIEHCS BOTHBI Y IUS1 BCEX Ce-
HUIO T. 31€Ch HEOOXONUMO OTMETUTb, UYTO UBMEPEHUS  puii U3MEPEHHIA, CILIOIIHAS JIMHUSI — Pe3yJIbTaT YCPEIHEHHsT
BPEMEHU KU3HU 00pylleHuit, mpuBoaumsie B [17] u [19],
BBITIOJIHSIUChH B YCJOBUSIX OTKPBITOTO OK€aHa C Xapak-
TEpHBIMU TIEPUOJAMU BOJIH 5—7 ¢ M TIpU HAJTMUYUU 3bI0U.

B [19] npuBeneHs! ructorpammbl H(t), TOCTpOEHHbBIE
KaK I0 paIuoJ0KAIMOHHBIM, TaK 1 MO aKyCTUYECKUM JaHHBIM (TToclieAHre ObLIM MpenocTaBiaeHbl aBTopamu [17]).
Ucnonb3yst 3HaueHUsT 00erX TUCTOTPAMM, Mbl PACCUUTATIM COOTBETCTBYIOLINE 9TUM U3MEPEHUSIM TUIOTHOCTH Be-
POSITHOCTU BEJIMUYMHBI T, MPEeACTaBAeHHbIe Ha pUc. 5 cuMBosiaMu (9) U (o). Tak ke, Kak 1 B HallleM ciiydae, p(t)
YIOBJIETBOPUTEIBHO OMUCHIBAIOTCS 9KCITOHEHIMATIbHBIM 3aKOHOM p(tT) = p - exp(—q * t), rae KoahdUIMeHTH p
coctaBysioT 1,51 1 0,52, 3HaueHus ¢ paBHbI 1,1 1 0,9 mis gaHabIX [19] 1 [17], cOOTBEeTCTBEHHO. 3AeCh TP pacyeTe
p(t) s PJI naHHBIX MPOUTHOPUPOBAHBI CTATUCTUYECKU C1ab0 obecriedyeHHble 3HaYeHus H(t), jeBee MaKCUMyMa
(cM. aHanu3 pe3yabTaToB B [19]).

Ha puc. 6 mokaszaHbl pacripene/ieHust OTHOLIEHUST BpeMEeHU KU3HM Oapallika K Mepuoay oOpyIIrBaroleics
BOJIHBI Y7 = 1/ T 17151 UHAMBUIYAJIbHBIX COOBITUI 00pylIeHuid. PacripeneneHus Aisi LIeCTUAECATH YEThIpEX peaiu-
3alMi, XapaKTepU3YIOLIMXCS pa3IMYHBIMU CKOPOCTSIMU BeTpa, oKa3aHbl ToukaMu. CrulolHast JMHUS TOKa3blBa-

Fig. 6. Distributions of the ratios of breaking lifetime to the
period of the breaking wave v for all measurements, the solid
line is the result of averaging

eT YCpeIHeHHoe pacrnpeneneHue yr. CTaHaapTHOEe OTKJIOHEHNE OT Hero COCTaBJsieT (yT)2 = 0,13, moaTBepxKIas,
4TO pacrpeieeHUs Y ISl pa3TMYHBIX CKOPOCTEl BeTpa MMEIOT OIMHAKOBYIO (hOpMY, OLIEHKA KOTOPO# Mpe/icTaB-
JieHa YyCpeAHEHHBIM paclipefesieHrueM. MakcumyM pacnpenenenuit Haobmopaaetcs rnpu y,= 0.2. CpegHee 3HaYeHUe
OTHONIECHUST BPEMEHM KMU3HM Oapalika K Iepruoay oOpyIIMBaIOIIeiicss BOJHBI COCTaBJIsIET E =0,3. Bennuunsl yr
nexar B untepsaiie 0,1—0,41 ¢ BepositHoCcTbIO 75 % 1 B unTepBajie ot 0,1—0,56 — ¢ BeposiTHOCThIO 90 %.

3.2. Pacnpedeaenue codvimuil Havaia oopyuieHuti 60016 npoQhuist OAUHHOU 80AHDL

Ha puc. 7 mokazaHbl pacripeiesieHus COObITUIT Hayaaa o0pyIeHU I BAOIb TPOodWIs ITMHHON BOJTHBI 15T BCEX
cepuii uamepenuii. Kaxmoe codbliTre XapakTepu3syetcs (a30ii JIIMHHOM BOTHBI (CM. Tmoapasaen 2.3), To3ToMy He-
HOPMUPOBaHHEBIE pacIIpeae/IeHUs ITOJYyIeHBI ITyTeM ITOCTPOSHMS TUCTOrpaMM 1utst 3Tux a3 N(P). Taxske Ha puc. 7
TIPUBEICHBI YCPEHEHHbIE Oe3pa3MepHble TPOQWIN IIMHHBIX BOJH, {(D) = K,C; (D), rae ycpeaHeHe BbITTOJHEHO
110 BCEM MHIMBUAYAJIbHBIM BOJIHAM B peaiM3alluy IMpu GUKCUPOBAaHHOI ase.

I'maBHOIT ocobeHHOCTRIO V(D) SIBIISICTCS TO, YTO TOYKHU 3apOKICHUS 0apalllKoOB KOHIICHTPUPYIOTCS B 00J1aCTH
rpeOHST U CYILIECTBEHHO peke BO3HUKAIOT B pailoHe BMaauHbl. B To BpeMs Kak cpenHuil mpoduib IIUHHON BOJI-
HBbl CUHYCOUTAIBHBIN, CpeaHUil MPpo(GUIb KOTUYECTBA OOPYIICHUI MMeeT SIBHO BBIPAXKEHHBIM acCUMETPUYHBII
Bua. s onpenenenus (azosoro casura, @, Mexay peanuszauusiMu C u N NpeacTaBUM MojlydeHHble poduin
N B Buzie yceueHHOTO pasnoxkenns Dypee: N = N + N,sin(® - D)) +.... [lonoxutensHoe 3HayeHne D, o3HaYaeT
CIBUT MakcuMmyma N Ha 3aJHUIi CKJIOH UIMHOI BojHbI. Ha puc. 8 npencrasieHbl 3aBucumoctd @, oT cpenHero
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Puc. 7. HeHopMupoBaHHOE pacripeneiecHue COObITHII Hauaia oopyineHuid N (CUMBOJIBI) BOOJb TPOMWMIIS IJTUHHOI BOJHBI It
Bcex cepuil uamMepeHuii. CriioniHble TMHUM — YCPEAHEHHbIE TPOMWIN ITTMHHBIX BOJH ((D)

Fig. 7. Unnormalized distribution of events of the breaking beginning N (symbols) along the long wave profile for all series of
measurements. Solid lines are the averaged profiles of long waves {(®D)

YKJIOHA IJTMHOI BOJTHBI KA u ckopocTH BeTpa U BMecTe ¢ JaHHBIMHU IIJIsT IOJIM TTOBEPXHOCTU Q, 3aHATOI Gapalil-
KaMu, KOTOpble MosydeHbl B pabote [25]. Puc. 8 nemoHcTpupyert, yto @ MpakTUUECKU HE 3aBUCUT OT KAwU
B MCCJIEIOBAHHOM JMAIIa30He 3TUX BeJWYMH. Benmuunnsbl chazoBoro casura @, ais Q cMenaoTest Ha 3aAHUNA CKITOH
JUIMHOM BOJIHBI B cpeaHeM Ha 11,6°, B TO BpeMsl KaK MOMEHTbI 3apOXKICHMS OOPYLIEHUI CMELEHbI Ha MTepeIHui
CKJIOH B cpeiHeM Ha —9,6°.

VxazanHoe paznuane B pa3oBbIx ciBurax Q u N cBSI3aHO C KOHEYHBIM BpeMeHeM XKU3HU Oapamka. Cormac-
HO usnyeckoil momenu [25] obpyieHus: (GOpMUPYIOTCS ITaBHBIM 00pa3oM Ha rpedHe JOMWHAHTHOI BOJIHBI.
bapaiek, nurasicb ¢ $a3oBoii CKOPOCTbIO ¢ OOPYIIMBAIOIIEICS KOPOTKON BOJHBI B TEUEHUE BPEMEHM KU3HU

a) a) 0) b)
50 - - - 50 - - - - .
25 25+
+ +
1 + 4 +
5 T 5 o 4+
£ 0 o = o
- a] = a]
S} TR = e @ == == S
00 g o 00 o o
=25t =25¢
50 i i ; 50 i i i i i
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Puc. 8. 3aBucumoctb hazoBoro ciapura O; oT BETPOBOIHOBBIX YCIOBUIA: @ — OT KPYTU3HBI BOJIHBI; 6 — OT

ckopocTtu BeTpa. CuMBoJiaMu (0) MpeacTaBIeHbl JaHHbIe HACTOSIIEN paboThl, cMMBOJIaMu (+) MoKa3aHbl

pe3ynbTathl [25]. YpoBHU CIUTOIIHBIX JIMHUI COOTBETCTBYIOT CPEIHMUM 3HAYEHUSIM —9,6° /15T HALLUX JaH-
HBIX 1 11,6° W1t naHHBIX [25].

Fig. 8. Dependence of the phase shift ®;: a — on the wave steepness; b — on the wind speed. Symbols (o)
represent the present paper data, symbols (+) show the results of [25]. The levels of the solid lines correspond
to the mean values —9,6° for our data and 11,6° for the data of [25].
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T, OTCTAHET OT I'peOHS UIMHHOI BOJHBI, IBWKYIIEIcSI co cBoeil (a3oBoif ckopocThio C. Torma omeHka caBura
da3z AD® mexay N u Q onpenensieTcsl cMellleHreM 0apalllka OTHOCUTEIbHO TJIMHHOM BOJIHBI 32 BpeMsI JKU3HHU T:
AD = K(C — ¢) - 1 [25], tne K — BOJHOBOE YMCJIO IJIMHHOW BOJHBI. ECiin oxapakTepr3oBaTh IJIMHHBIE BOJTHBI
nx cpemHeil da3oBoii ckopocthio C = 8,2 M/c (pacCUMTAHHON MyTeM YCPeIHEHMS IO BCeM WHIWBUIYaIbHBIM
JIUTMHHBIM BOJTHAM), a KOPOTKME OOPYIINBAIOIINECST BOJTHBI — CPEIHEH MO BceM TaHHBIM (Pa30BOil CKOPOCTHIO ¢ =
2,5 M/c, TO C y4eTOM ITOJIydeHHOM paHee oLleHKH T ~ 0,37 nmpuxoaum K BeaudrHe ¢azoBoro capura AD = 24°, uyro
B TOYHOCTH COTJIACYETCS C SKCIIEPHUMEHTOM.

4. 3akmoueHue

B Hacrosmieit paboTe mpeacTaBiIeHBI pe3yIbTaThl ABYX 9KCIIEPUMEHTOB, IIPOBOAMMBIX Ha CTallMOHAPHOM OKe-
aHorpaduyeckoil miatdopme B YHepHOM Mope, ¢ UCMOJb30BAaHMEM BUICOKAMEPBI U CTPYHHOIO BoJIHOTpada npu
CcKopocTsX BeTpa oT 9 10 21 m/c.

BpeMs xK13HM (ITUTETEHOCTH) OOPYIIEHUI T XOPOIIIO OITUCHIBACTCST 9KCITOHEHIIMATILHBIM 3aKOHOM. B 11oT-
HOCTU BEPOSITHOCTH T coracyeTcs ¢ pesyabratamu [17, 19, 20]. CpenHee mo BceM 3amucsiM BpeMsl >KU3HU 00py-
meHuii coctapiser 0,46 ¢, 4TO CylIECTBEHHO MEHbIIIE 3HAYEHU, OJIydeHHbIX ITpu akycTrudeckux (1,3—1,7 ¢ [17])
U paauosiokalimoHHbIX (0,7—3 ¢ [19]) uamepeHusx.

I110THOCTU BEPOSITHOCTU OTHOILIEHUI TUTUTEIbHOCTH WHAMBUIYAIbHBIX OOPYLICHUI K Mepuoay oopylivuBa-
IOLIIMXCST BOJIH, Y7, TTOJYYCHHbIE VTSI 64 cepuii U3MEpEeHU I TP pa3IMYHbBIX THAPOMETEOPOJOTUIECKUX YCIOBUSIX,
coBmanaioT. Pacripenenenus y, mMetoT MakcumMyM Tipu v = 0,2. C BeposITHOCTBIO 75 % BETUUUHEL Y HAXOISATCS
B uHTepBaje 0,1—-0,41 u ¢ BepositHocThIO 90 % nexkat B mHTepBase oT 0,1 1o 0,56. CpenHee 3HaYeHUE OTHOIICHUS
BPEMEHM XU3HU MHINBUIYATbHBIX OapaIlkoB K MEPUOIY COOTBETCTBYIOIINX OOPYIIIMBAIOIIMNXCS BOJIH COCTABISICT
0,3, uyto coBnanaet co 3HayeHusIMu 0,3 < ﬁ <0,5, npuBoaAuMBIX B [21, HO HUXE, YeEM OLIEHKa r/ T =0,8, nony-
yeHHas B [19].

3apoxneHus 6apalikoB MPOUCXOIAT MPEUMYIIECTBEHHO B paliloHe TPeOHS IIMHHON BOJHBI U CMEIICHBI Ha
ee mepeaHuil CKJIOH Ha 9,6° da3bl JIMHHOM BOTHBL. PaKT KOHLIEHTPALIMU HaYaIbHBIX MOMEHTOB OOpPYIIEHUIA Ha
rnepeaHeM CKJIIOHE MOIYJIMPYIOIIEH BOJIHBI COOTBETCTBYET TEOPETUUECKUM BhIBoIaM [26, 27]. B To ke BpeMs, Kak
MOKa3aHo B [25], MAaKCUMYM JIOJIM TTOBEPXHOCTH, TIOKPBITOM OOPYIICHUSIMU, CMEILIeH MO ¢a3e IUIMHHOM BOJTHBI Ha
11,6° Ha 3aIHUI CKJIOH OTHOCHUTENIBHO ee rpebHs1. Takum o6pa3om, 6apaliiek BOSHUKAET Ha MepelHeM CKIIOHE M 3a
BpeMsI XKM3HU CMEILIAeTCsl Ha 3aIHUI CKJIOH IJIMHHOI BOJIHBI B CpeIHEM Ha ~21°, 4To MoATBepKAaeT BbIBOIbI [25].
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COBMECTHOE MOJEJINMPOBAHUE BETPOBBIX BOJIH
1 BOJIHOBOTI'O ITIOT'PAHUYHOTI'O CJI0A

Crarbs noctynuia B penakuuio 13.09.2021, mocae nopadotku 29.10.2021, mpuHsita Kk nevatu 25.11.2021

CdopmynupoBaHa 1 pealr30BaHa COBMECTHAsI MOMIEb BOJTHOBOTO TIOTPAHUYHOTO CJIOSI ¥ BOJIH, OOBENMHSIONIAs pa3pa-
OOTaHHbBIE paHee COOTBETCTBYIOIIME Moaear. CoBMeCTHasi MOZIE/b UCIIOIb30BaIach B IBYX BapUaHTax: ¢ y4eToM U 0e3 yyera
BOJTHOBOTO TMOTOKA UMTIYJibca. [IpoBeneHbl cepuu 9KCMEPUMEHTOB C IIMPOKUM TUATIa30HOM U3MEHEHUSI BXOJHBIX TapaMeTPOB
(ckopoCTh BeTpa Ha BepXHeil TpaHUIIe BOJIHOBOTO MOIPAHMYHOTO CJI0ST M OOPATHBIN BO3pacT BOJHBI) M pACCUMTAHbBI 3HAYCHMS
METEOPOJIOTUIECKUX XapaKTEPUCTUK: CKOPOCTU BETPa, BOJIHOBOTO U TypOYJIEHTHOTO IMOTOKOB UMITYJIbCA B BOJTHOBOM TOTpa-
HUYHOM cJioe. [TosrydeHHbIe pe3yIbTaThl MPOaHATU3UPOBAHEI C IIEJIbIO TTPOIEMOHCTPUPOBATH HEOOXOIMMOCTD YUeTa BOJTHOBOTO
TTOTOKA UMITYJIbCA B MOJEJISIX BOTHOBOTO IMOTPAHUYHOTO CJI0SI, 8 TAKXKe MTOKa3aTh 0COOEHHOCTH Pe3yabTaTOB COBMECTHOTO MO-
NeTMPOBaHUsI UTSI OITMCaHWsT BOJTHOBOTO MOrpaHUYHOTrO cijiosi. [TokazaHo, 4YTO pe3ylbTaThl COBMECTHOTO MOIEIMPOBAHMUS ISt
YKa3aHHBIX METEOPOJIOTUUYECKUX XapaKTEPUCTUK 3HAUUTEIHHBIM 00pa30M OTIMYAIOTCS OT Pe3yAbTaTOB, TONYIeHHBIX TI0 MOTIE-
JIV BOJTHOBOTO IMOTPAHUYHOTO CJI01, AJIsI PAa3BUTOrO U C1a00Pa3BUTOrO BOJIHEHUSI. YUET BOJHOBOIO ITOTOKA UMITYJIbCA MPUBOIUT
K 3aMETHBIM OTKJIOHEHUSIM TTPOMUIIS CKOPOCTH BETPa B HUXKHEH YaCTH BOJIHOBOTO TTOTPAHUYHOTO CJIOST OT JIOTaprMUIECKOTO,
MPUMEHHUMOTO NP OMMMCAHUU aTMOC(HEPHOTO MOrPAHUYHOTO CIIO5I.

KiroueBbie cioBa: BOJTHOBOI MOTPaHUYHBIN CJIOI, BETPOBBIE BOJHBI, BOJIHOBOI ITOTOK UMITYJIbCA, BOJTHOBOM CITIEKTP, B3aMO-
NEefCTBUE OKeaHa 1 aTMOChepbl

1. Introduction

The theory of the boundary layer was developed in detail in the work of S.S. Zilitinkevich [1]. This paper presents
the results of a study of the lower part of the atmospheric boundary layer above the sea. The wave boundary layer (fur-
ther referred to as “‘WBL’) is an integral element of the planetary boundary layer in which an exchange of momentum
between the atmosphere and the ocean is formed.

An understanding of the wind-waves interactions is important for many applications: wave forecasting models,
weather forecasting, and climate modeling. Specifics of boundary layer above sea is a presence of the wave-induced
velocity and pressure fields. The wave boundary layer is considered as the lowest part of the atmospheric boundary

Ccpuika s imtupoBanust: @oxuna K. B., bysearos K. F0. CoBMeCcTHOE MOIETMPOBAaHNE BETPOBBIX BOJIH M BOTHOBOTO ITOTPAHMY -
Horo ciiost // @yHnaMeHTaIbHas U npukiianHas ruapodusuka. 2022. T. 15, Ne 1. C. 73—81. doi: 10.48612/fpg/4pgl-agtu-u56k
For citation: Fokina K.V., Bulgakov K. Yu. Coupled Modelling of Wind Waves and Wave Boundary Layer. Fundamental and Applied
Hydrophysics. 2022, 15, 1, 73—81. doi: 10.48612/fpg/4pgl-agtu-uS6k
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layer with thickness of several meters, where fluctuations caused by waves are clearly pronounced [2]. The height
of WBL is the order of significant wave height. The motion within the WBL is affected by the surface waves, which
means its structure depends on the characteristics of the wave field. Since the WBL forms wave stress, its structure in-
fluences the dynamics of the entire atmospheric boundary layer. The stress is composed of two main components: the
turbulent momentum flux and the wave produced momentum flux (WPMF), which transfers energy and momentum
to waves [3, 4]. The stationary structure of the wave boundary layer is defined by wind velocity (or horizontal stress) at
upper level and by spectral shape of wind waves. Hence the WBL and wave field form the closely connected dynamic
system, which should be considered as a single object for modeling.

The two-dimensional coupled model of the wave boundary layer and potential waves is described in [5]. The
airflow is described with Reynolds equation with parameterized turbulence. The waves are simulated by conformal
model [6]. The air and wave components of the model were coupled at each time step by transferring the surface
pressure obtained in the WBL model to the wave model; the shape of the surface and the components of the surface
velocity, obtained in the wave model in the WBL model. Last version of the coupled model [7] is capable of introduc-
ing an explicit description of the physics of the wind—wave interactions in the wave forecasting models.

The present work continues the studies of the wave boundary layer and the wind waves interactions by coupling
with one-dimensional WBL model. 2-D WBL model is much more detailed than 1-D model, but 2-D computations
take considerable computer resources. That is why 2-D WBL model can be used for investigation of the WBL physics
but not for wave forecasting of coupled ocean-atmosphere models. The main advantage of 1-D model is sharp accel-
eration of computations. Thus, such model can be implemented in wave forecasting models in the future.

2. The one-dimensional wave boundary layer model

The one-dimensional WBL model presented in [8, 9] is intended to describe the structure and evolution of the
wave boundary layer and for use in ocean—atmosphere coupled models. The equations of the one-dimensional WBL
model were obtained in [7] by averaging the two-dimensional Reynolds equations of motion written in the conformal
coordinate system along the horizontal coordinate lines:

2k, "
ot 0z 0z
@ziK%ﬁ-P—s, )
ot 0z 07

where u is the horizontal component of the velocity, T,, is the wave induced momentum flux, e is the turbulence ki-
netic energy, ¢ is the dissipation rate:

e/ C

-— (3)

Kz

where C, = 3.7; k is a von Karman constant.
Kis a turbulent coefficient:

K =xz\Je/C,, “4)

Pis a rate of turbulent energy production:
ou( ,ou
P=—|K—+1, | 5
oz ( oz WJ ©)

The Egs. (1, 2, 5) differ from routine boundary layer equation by presence of effects connected with wave-pro-
duced momentum flux t,, (WPMF). The equations are approximated on a non-uniform grid Az;,; =y Az;, where
v, = 1.10is the stretching coefficient. The domain height is equal to 10 meters with the number of vertical levels L = 50.

As shown in [7], the averaged profiles of the spectral components of the WPMF considerably depend on the

wavenumber k. Normalizing each profile by its surface values of r'fvo and introducing the non-dimensional wave
height kz, the profiles converge and r’fv can be described as follows

™ =1k exp(Gkz), (6)

where G is the weak function of @ = Q/ Q,

G =0.985+0.4(w)"%, (7)
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where Q, is the non-dimensional frequency in the spectral peak, Q is the non-dimensional frequency, calculated by
the formula
Q= o, UN/2)/g, (3)

where w;, = |gk|!/2, Uis wind speed at the height 2,/2.
The Fourier component of the WPMF on the surface r";o is defined through the following expression

o = kgB_ (U)S(k), ©9)

where B is the imaginary part of beta function, S is the one-dimensional wave spectrum.
Thus, the WPMF profile t,,(m?/s?), included in equations (1) and (5), is calculated by the relation [7]:

Fobensal-o{a o)
1,(2) = Y 07B(Q)S(w;)exp| -G wi? Ao, |, (10)
i=0

where M is the wave number.
Approximation of the imaginary part of -function is obtained from [9]:

b = Bo +ay(Q- )+ (Q-Q)* Q) <Q
! By +ay(Q-Q)) -4 (Q-9) Q>

where a, = 0.02277, a, = 0.09476, 3, = —0.02, Q, = 0.58.

Equation (10) assumes that WPMF is a linear composition of fluxes produced by wave modes which surface val-
ues are calculated with a use of -function. Each spectral component of WPMF decreases with height exponentially.
To compute the energy input at each interval Aw,, it is necessary to calculate the wind speed at a height equal to half
of the wavelength 1/2. Such multiple calculations take a lot of computer time. This problem is solved by introducing
the approximation of wind speed profile using the cubic spline interpolation. The spline coefficients were calculated
based on the tridiagonal matrix method. After that the wind velocity at reference levels is calculated analytically with
no use of interpolation procedure.

For equation (1), the wind speed Uy is set at the upper boundary. The surface stress is assigned in a form

(Kﬂj 32, (12)
z=0

where the near-wall value of the friction velocity vy« is calculated by the formula:

(an

200

-1
Ve :KUIEIHLJ . (13)
Where z,, is a roughness parameter calculated by the formula from [10]

20 = 0,111, (14)
Ve
where v, is friction velocity, 1 is the viscosity coefficient (1.5-1075 m?/s). Scheme (12)—(14) assumes the vertical res-
olution in a vicinity of surface is so high that lower level falls in viscous sublayer. For equation (2), the upper value of
the turbulence energy e is equal to:

e,y =Cvi, (15)
where
vi= (Ka—”] . (16)
0z ) _y
The diffusion of turbulent energy at wave surface is equal to zero:
[K . E] =0. (17)
dz ) o
The initial conditions are the profiles of wind speed U(z), turbulence energy e(z), and dissipation rate £(z):
3
U(z)=2In2; e(z) = Cp2; e(z) = - (18)
K Zpo K
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3. The wave model equations

The process of wave dynamics is reproduced using the one-dimensional nonlinear model [6], which includes
parametrizations for energy input and wave breaking and allows to consider nonlinear effects on the time scales much
longer than the wave period. Periodic one-dimensional waves are considered. The principal equations for waves writ-
ten in Cartesian coordinates, are Laplace equation for the velocity potential ®

O, +D,=0 (19)
the kinematic condition at free surface z = A(x, 7)
h+h O, —®,=0 (20)
and the Lagrange integral
(I>T+%<CD§+CD§)+h+pO=O, 1)
where p,) is the surface pressure.
The equations are solved in the domain
—0 < x <oo—H<z<h(x,{). (22)

Since numerical integration of system (19)—(21) is computationally inefficient, to make a numerical solution
feasible, the surface-following coordinate system is introduced. The use of such coordinates allows simplifications in
the formulation of the numerical scheme. The new coordinate system maps the domain (22) onto the strip

—n<E <o -H<E<0 (23)

with periodicity condition
x(&, ¢, 1) =x(§ +2m, £, 1) + 2, (24)
2(&, G 1) =2(E&+2n, G, 1), (25)

where 1 is the new time coordinate.
Conformal mapping, due to periodicity condition (24)—(25), can be represented as:

x=E+xy(1)+ 7M§I§M,k¢0n,k(r) S H 9, (8), (26)
=G+ Y n@IMECEA) g ) @7)

~M<k<M J#0 sinhkH

Due to conformal mapping, Laplace equation retains its shape and can be solved analytically. The system (19)—
(21) is written in the new coordinates as

O, + D =0, (28)
Z, = xéar +Z¢Ges (29)
and the Lagrange integral
1 i(.2 -2 _
P+ + ) (0F ~0F )+ 24 py =0, (30)
where J is the Jacobian of mapping:
J=x§+z§=x§+zc2. 31)

The boundary condition requires attenuation of the vertical velocity at depth:
f)d&,@—)oo,r):o. (32)

The Laplace equation (28) along with (32) is solved through the Fourier expansion, which reduces (28)—(30) to
a 1-D problem:

D=3 @(Dexp(kC)9, (&), (33)

—M<ksM
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where ¢, are the Fourier coefficients of the surface potential @ (&, £ =0, 1), 9, are the basic functions:

cosk&, k>0

. 34
sink&,k <0 (34)

9 (8) = {

The wind—waves energy and momentum exchange occurs due to the dynamic surface pressure p,, which is in-

cluded in equation (30). According to linear theory [11], the Fourier components of the surface pressure p, are related
to the components of the surface elevation by the following expression:

Pyt = (Bk,l +iByy )(hk,l +ih ), (35)

where B, and B_, are real and imaginary parts of B-function.

Equations of the wave model, as well as equations for the WBL, are written in a non-dimensional form with
the following scales: length L and time 7' = L!/2g~1/2 (g is the gravity acceleration). Equations (28)—(31) constitute
a closed system of predictive equations for surface functions z(¢, £ = 0, t) = n(&, t) u ®(§, £ = 0, 1), which can be
solved using the Fourier transformation.

4. Coupling of the wave model with the model of the wave boundary layer

The coupled model allows to directly connect the dynamics of the boundary layer with the wave spectrum. The
wave spectrum in the WBL model is set as the initial conditions, has a smoother idealized shape, does not evolve in
the course of the calculations, and differs significantly from the spectrum simulated by the wave model that is closer
to the real spectrum. The main difference is that simulated waves obtain the nonlinear features: the wave crests are
sharper and troughs are smoother than in the initially assigned field.

The coupling process is reduced to a two-way exchange of fields between the models, which makes it possible to con-
sider the mutual influence of wind waves and the atmosphere r. Thus, both models are integrated simultancously, exchang-
ing matching information: the wave model provides the WBL model with wave spectrum, which is subsequently used to
calculate the WPMF produced by the waves (10). The development of the wave field occurs under the influence of energy
input, dissipation, and nonlinear interaction between wind and waves. In this case, as noted earlier, energy input is carried
out due to changes in the surface pressure. The use of the approximation for f function (11) and the wind speed profile
calculated in the WBL model allows obtaining the values of the surface pressure determined by equation (30).

5. Calculations and results

The wave spectrum is approximated with the number of modes M = 2048 and the number of grid nodes N = 8192.
The experiments were performed for the values of the inverse wave age 0, = {0.855, 1,2, 3,4, 5,6, 7, 8,9, 10} and the
wind speed at the upper boundary of the WBL U, = {10, 20, 30} m/s. The non-dimensional wind speed at the upper
boundary is determined by the ratio:
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0 500 1000 1500 2000
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Fig. 1. The wave spectrum obtained by the WBL model (solid line) and the wave model (dashed line)
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U, =" (36)

n bl
v k,
where k, = 50 is the peak wave number.
The time step At is equal to 0.0025. The length scale L = U,/U,, is determined from the calculated non-dimensional
wind speed and the given value of the dimensional wind speed. The wave spectrum for each group of experiments is
assigned by the JONSWAP spectrum [12]:

S(0) = ago™ exp(—l,zsaf“ )yl’, (37)

- 2
where d=0/v, (0, = 28 frequency at spectral peak), y = 3.3, a = 0.01(U10/Cp)0'66, r= exp[[w—_lj J
Uy V26

Three versions of the model are considered: 1) one-dimensional model of the wave boundary layer; 2) coupled
model including the WPMF (taking into account the deviation of the wind profile from the logarithmic profile);
3) coupled model not taking into account the WPMEF, i.e. considering a logarithmic wind profile.

The profiles of the turbulent 1, and wave t,, momentum fluxes obtained by the WBL model and the coupled model for
the wind speed at the WBL upper boundary equal to 10, 20, and 30 m/s and the extreme values of the inverse wave age:
fully developed conditions (2, = 0.855) and young waves (Q2, = 10) are shown in Fig. 2. Each run was performed until
the full momentum flux became constant over height.

As seen, the decrease in turbulent momentum flux at approaching the surface is compensated by the increase in the
WPME. In the case of fully developed waves, the differences of momentum fluxes values calculated with the coupled
model and single WBL model are not observed over the entire WBL height for all U, values. For younger sea, the dif-
ference in momentum fluxes for the two types of considered experiments is clearly manifested. Thus, for 0, = 10, the
values of t,, on the surface obtained using the coupled model are, on average, by 30 % less than the values obtained using
the WBL model, since the parameterization of the WPMF includes the value of the wave spectrum, which, as has been
illustrated earlier, show noticeable differences for the WBL model and the wave model. In a steady boundary layer the
total momentum flux is constant over height; hence, the differences in the vertical WPMF profiles should be reflected in
the vertical turbulent flux profiles. Thus, the maximum distinctions of the turbulent fluxes values are observed at the upper
boundary of the domain in each experiment.

As shown in the Fig. 3 (a, b) for Uy = 10 m/s and Q,, < 4 the WPMF values near the surface can exceed the values
of the turbulent flux by 15—20 % when using the coupled model; whereas for the WBL model the WPMEF values are
less than the turbulent flux values irrespective of the inverse wave age and wind speed.

a) a) 0) b) 6)
10.0 10.0 e 10.0

1.0 1.0 1.0
g g g
W W W
0.1 4 0.1 0.1
£ 1 gl (1 - . S PN W AR B
0.00 0.05 0.10 0.15 0.0 02 04 06 038 0.0 05 10 1.5 20 25
Fluxes Fluxes Fluxes

Fig. 2. The turbulent t, (curves on the right) and wave 1, (curves on the left) momentum fluxes profiles (solid
curves — the WBL model, dashed curves — coupled model) for extreme values of 0, = 0.855and 10: a — U;, = 10 m/s;
b—Uy=20m/s;c— Ujy=30m/s
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Fig. 3. The turbulent 1, and wave t,, momentum fluxes profiles for U,, = 10 m/s (solid curves — the WBL model,
dashed curves — coupled model):a — Q,=2;b—Q,=4;,c—Q,=6;d—Q,=8
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Fig. 4. Velocity u profiles for U,y = 10 m/s (thick solid curves — the WBL model, thin solid curves — the coupled
model, dashed curves — the coupled model without the WPMF): a — Q,=0.855; 6 — Q,=4;¢c — Q, =38

The wind speed profiles for different values of the inverse wave age for three values of wind speed (10, 20, and
30 m/s) are shown in Fig. 4 and Fig. 5 as a function of height z(m). The dotted line corresponds to the logarithmic
wind profile, i.e. shows the wind profile in the absence of the WPMF. The results of coupled modeling for Q, = 0.855
completely coincide with the results obtained by the WBL model. Deviations from the logarithmic profile in the lower
part of the WBL are observed, and the magnitude of this deviation becomes larger with the increase in Uj,. As the
inverse wave age increases, the wind profiles calculated by the two models show slight deviation through the entire

WBL height (Fig. 4, b, ¢).

The wind velocity profiles obtained from the coupled model for U;, = 20 m/s and 30 m/s and all the values of
Q, (Fig. 5, a, ¢) demonstrate smaller scatter of the wind speed values compared to the ones obtained from the WBL
model. The deviations from the WBL model reach 2—3 m/s in the lower part of the domain for large values of the

inverse wave age.

As seen, in the lowest part of the WBL, deviations of the wind velocity profile from the logarithmic profile reach
several meters at U;, = 10 m/s, 5 m/s at U;, = 20 m/s, and at U, = 30 m/s — about 10 m/s. It is also worth assuming
that the use of the coupled model will mainly affect the results for developing and underdeveloped waves (in the pres-

ent work — for the values of Q, being in the range from 2 to 10).
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Fig. 5. Velocity u profiles: @ — the coupled model for U, = 20 m/s; b —the WBL model for

U,y = 20 m/s; ¢ — the coupled model for U;;, = 30 m/s; d — the WBL model for U, = 30

m/s. The dotted line refers to profile in absence of wave produced momentum flux. In each
group, the curves are in order of growing Q,, (from left to right)

6. Conclusion

The results confirm that coupled modeling of the WBL and waves dynamics does not give qualitatively new
results for fully developed waves (€2, = 0.855 and 1). However, for underdeveloped waves (for three presented ex-
periments this refers to the cases when 2 < Q,, < 10), the results of the coupled modeling show some peculiarities in
comparison to the WBL model: in particular, values of the wind speed, WPMF, and turbulent fluxes obtained as a
result of simulations with the WBL model exceed the results of coupled modeling to varying degrees.

The existing WBL models, as a rule, do not consider the division of the total momentum flux into the wave and
turbulent components. The illustrated results demonstrate that including the WPMF in the WBL models results
in significant deviations of the wind velocity profile from the logarithmic one, and as the wind speed at the upper
boundary of the WBL increases, such differences become more distinct, reaching the difference of 40—50 % near the
surface. Such deviations appear at all specified values of the inverse wave age. It can be assumed that the inclusion of
parameterizations of the WPMF in wave forecasting models can improve the quality of wind waves forecasting. Note
that specific feature of WBL can be reproduced at high resolution of wave spectrum and high vertical resolution.

It was shown that the distribution of surface pressure depends on the shape of so-called -function. It was clearly
shown in [13] that the values of B-function obtained from different approximations differ by several times. Note that
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the existing uncertainty in B-function shape may significantly influence the results. The thorough investigation of
B-function shape is performed in [7], however the results depend on the WBL resolution and such dependence is
not clearly described. That means the problem is far from being solved and further investigations of B-function with
high-resolution coupled model are highly required.
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AHHOTaIMSA

BapeH1ieBo Mope SIBIISIETCS] OMHUM U3 KITIOUYEBBIX PAfOHOB APKTUKH JUIST MOHUTOPUHTA KIIMMAaTUYeCKUX n3MeHeHuid. Xotst ba-
PEHLIEBO MOPE OTHOCUTCS K YUCITY JIENOBUTBIX, OHO, B OT/IMUKE OT APYTUX aDKTUUECKMX MOPEii, HUKOIIA HE MOKPBIBAETCS JILIOM 101
HOCTbI0. OIHUM M3 MapaMeTPOB, XapaKTepU3YIOLIMX U3MEHEHUE JISTOBOTO PeXMMa, SIBISIETCS aTa TIOJTHOTO OYMILEHUS OTO JIb/A.
B nccnenoBaHnM MCMOIBb30BaHbI TAaHHBIE O KOHLIEHTpaluu (criouéHHocTr) Jbaa Climate Data Record (CDR) NOAA/NSIDC ¢ 1979
1o 2019 r. u naHHble okeaHckoro peaHann3a GLORYS12V1 (Global Ocean Physics Reanalysis) ¢ 1993 o 2019 r. BeinosiHeHHbI# aHa-
JIN3 TIPOCTPAHCTBEHHO-BPEMEHHON N3MEHUMBOCTHU JAThI MOJTHOTO OUMIIIEHHsT OTO Jibja ISl akBaTOpuK bapeHiieBa MOpsi ¢ UCTIONB30-
BaHMeM Metofa kiactepHoro aHai3a HDBSCAN 1o3Bosinit BeIAEIUTb palioHbI (KJ1ACTEPbl) C CHHXPOHHOM IMHAMUMKOM JaThl TOJTHO-
TO OUHMIIEHUSI OTO JibIa. Psii BbIIEIEHHBIX PaiOHOB HAXOISITCSI HA YT PacTipOCTPaHEHUsI aTIaHTMYeCKUX Bol B bapeHiieBoM Mope,
YTO ITO3BOJIVIIO CBSI3aTh BISIBJIEHHYIO BPEMEHHYIO M3MEHYMBOCTD AaThI TIOJIHOTO OYMIIIEHMST OTO JIba C U3BMEHUMBOCTBIO ITepeHoca aT-
JIAHTUYECKMX BOI Yepe3 3ara/Hyo rpaHuily Mopsi. Ha Beeit akBatopuu bapeniieBa Mopst rociie 2003 r. HaG/r01aeTCsl yCTOMYNBOE CMe-
IIEHKEe CPOKOB CE30HHOTO OYMILICHHMS OTO Jiba Ha 6ostee paHHMe. [1pr 9ToM KaskoMy 13 BbIIEJICHHBIX IIIECTH PailOHOB CBOMCTBEHHA
CBOSI IMHAMUKA M CKOPOCTh U3MEHEHMIA IaThl TIOJIHOTO OUYMILIECHUS OTO JIbla. 3aMETHOE BJIMSIHUE HA ATy MOJTHOTO OYUILICHHUST OTO
JIbIIa aTBEKTUBHOTO TTOTOKA TeTlIa Yepe3 3araaHyro rpaHuity bapeHiieBa Mopst BBISIBJIEHO TSI PAilOHOB B IIEHTPATbHOI 1 BOCTOYHOI
qacTsix Mopst. [1J1st pa3HbIX paiiOHOB MaKCUMAJIbHBIN KO3(MMUIIMEHT KOPPEISILIUK IAThI TIOJIHOTO OUMIIIEHUSI OTO Jiba HaOI0NaeTCst
MPU Pa3HbIX BpeMeHHBIX caBurax (ot 0 10 6 Mec.) aBeKTMBHOTO IMOTOKa Teruia. BemyrHa BpeMeHHOTO ¢/IBUTa KOCBEHHO YKa3bIBaeT
Ha BpeMsI POXOKICHUSI TETJIOBBIM CUTHAJIOM PACCTOSIHUST OT 3arialHOM TpaHMIIbI MOPs IO COOTBETCTBYIOILETO paitoHa. CoxpaHeHMe
TEH/ICHLIMU K BO3PACTAHUIO MPOJIOJDKUTETIBHOCTH Oe3/1eHOTo ce30Ha B bapeH11eBoM Mope SIBIISIETCS] OJIHUM M3 ITPOSIBIEHUIA HapacTa-
IolIel «aIaHTU(OUKAIINN» TIPUATIAHTUIECKONH APKTHUKY, BCTIEICTBUE YETO OTKPHIBAIOTCSI HOBBIE TIEPCTIEKTUBHI TS SKOHOMITIECKOM
JESITEIbHOCTA B 3TOM apKTUUECKOM perMoHe. B yacTHOCTH, 3TO BJMSIET Ha TPAHCIIOPTUPOBKY M YCIOBUS IOOBIYM YIJIEBOIOPOIOB,
TaKXXe Ha BOCIPOM3BO/ICTBO, PACTIpeieIeHUE 1 TIOBEIeHe OCHOBHBIX ITPOMBICJIOBBIX BUIIOB PhIObI B bapeHiieBoM Mope.
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Received 19.09.2021, revised 21.02.2022, accepted 28.02.2022

Abstract

The Barents Sea is one of the key areas in the Arctic for monitoring of climate change. Although the Barents Sea is one of the
Arctic seas, it is never completely covered with ice. One of the parameters characterizing the change in the ice regime is the date
of ice retreat (DOR). The study is based on ice concentration data from the NOAA / NSIDC Climate Data Record (CDR) from
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Seasonal ice removal in the Barents Sea and its dependence on heat advection by Atlantic waters

1979 to 2019 and the GLORYS12V1 ocean reanalysis data from 1993 to 2019. The analysis of the spatial and temporal variability
of DOR for the Barents Sea using the HDBSCAN cluster analysis method made it possible to identify areas (clusters) with the
synchronous dynamics of DOR. A number of the identified areas are located on the path of the Atlantic waters (AW) in the Barents
Sea, which made it possible to relate the revealed temporal variability of the DOR to the variability of the AW transport across the
western boundary of the sea. Over the entire Barents Sea, after 2003, there has been a steady trend in the timing of seasonal ice
removal to earlier ones. At the same time, each of the six regions identified has its own dynamics and rate of changes in DOR. A
noticeable effect of the advective heat flux across the western boundary of the Barents Sea on the DOR was revealed for areas in
the central and eastern parts of the sea. At the same time, for different regions, the maximum correlation coefficient is observed at
different time lags (from 0 to 6 months). The value of the time lag indirectly indicates the time the thermal signal travels the dis-
tance from the western boundary of the sea to the corresponding region. The continuing trend towards an increase in the duration
of the ice—free season in the Barents Sea is one of the manifestations of the growing “Atlantification” of the East Atlantic sector
of the Arctic Ocean-which opens up new prospects for socio—economic activity in this Arctic region.

Keywords: sea ice, dates of ice retreat, Barents Sea, “atlantification”, cluster analysis, climate change

1. Benenne

3a nocinennue 40 et B ApKTUKE, B YaCTHOCTHU, B bapeH1ieBom Mmope (bM) Hab1toa10TCsl 3HAYMTENbHbIE U3Me-
HeHMsl. BM — mrenbdoBoe apKTruueckoe MOpe ¢ BBICOKMM TEMITOM COKpPAIlleHUs TUIOIIAaAd MOPCKOTO JIbIa B 3UM-
HUIA Tiepron. B ¢Bs13u ¢ 3TM B HacTosee BpemMst BM mpencraBisieT co00i peTMOH, MHTEPECHBIN IJIT M3YICHUS
B3aMMOJIeCTBUSI aTMOC(EPHI, MOPCKOTIO Jibaa 1 okeaHa. CorjiacHO TporHo3aM, kK cepeauHe XXI Beka BM oOyznet
KPYIJIOTOIUYHO CBOOOIHO OTO Jibaa [ 1]. JIeHOBUTOCTH M IIIOLIAH JSASTHOTO TTOKPOBA CYMTAIOTCS KITFOUEBBIMU KT -
MaTUIeCKMMM WHIWKATOPaMM M BKJIIOYCHBI B MHOTOYMCJICHHBIC HAIIlMOHAJIBHBIC M MEXKIYHApOMHBIC OTYCTHI 00
OLIEHKe U3MeHeHu i kiumara [1].

B nocnennne necaruiervss B BM HaGmogaeTcst cokpallieH1e IIOMaa MOPCKOro Jibaa 3MMOi ipruMepHo Ha 50 %
¥ YBeIMUCHUE TIPUTOKA aTiaHTHIecKo Boabl (AB). Ha MexkmekamHBIX BpeMEHHBIX MacIlTabaxX MoKa3aHa CTAaTUCTHYC-
CKasl CBSI3b MEXJIy YBEJIMYEHNEM aBEKTMBHOIO TIOTOKA TeIlla B I0r0-3araIHoil YacTu MOpPsI M yMEHBIIIEHHEM TUIOIa-
I JIEASTHOTO MOKpoBa B bapeHiieBom Mope [2]. YKe paccMaTpuBajach CBSI3b MeXIY JISAOBUMTOCThIO bapeH1ieBa Mope
B MapTe ¢ TeMITepaTypoii BO3Iyxa B sSTHBape, (heBpajie, MapTe U arpelte (CMHXPOHHAsI KOPPEIIAIusI). YCTaHOBJIEHO, YTO
3HaYMMbIe KO3 (OUILIMEHTHI KOPPEJSILIMIT OTMEUAIOTCST MEXKITY TeMITEpaTypoii BO3IyXa B tHBape U JIbIOM B MapTe [3].

OmHako JIEMOBUTOCTh M IUIOIAAb JISASHOIO IMMOKPOBA MPEIOCTABIISIOT HEMOJHYIO MH(pOPMALINIO 00 M3MEH-
YUBOCTH MOPCKOTO Jibaa. [IoMUMO CTpeMUTEILHOTO COKpAIleHMST TIIOIAa MOPCKOro Jibaa B BM B HacTosIee
BpeMsl HaOJItoAaeTcsl OCBOOOXKIEHUE aKBAaTOPUM OTO Jibla B 0ojiee paHHUE CPOKU M 00pa30BaHME MOPCKOTO JibJa
B OoJsiee Tmo3aHMit cpok [3]. Jara moyiHOro ouunineHus: akBatopuu oto Jbaa (JII10) — onuH 13 mapamMeTpoB, Xapak-
TEePU3YIOIINX U3MEHEHNEe MOPCKOTO JIbIa M eTo 3BOMoLMio. OUUIIeHrne OTO JbIa — 3TO IJIUTEIbHBINA MpoIecc,
KOTOPBIM MOXET NpephIBaThCsI KPATKOBPEMEHHBIM JIeN000pa30BaHUEM U/WJIM UMITOPTOM APei(YIOMMX JIbIMH.
Ctporo onpeneantsb 10 Ha OOJBIIMX aKBaTOPHUSIX HEBO3MOXKXHO, TIO3TOMY IIJIST KOJTMUECTBEHHOM OIIEHKH MCTIOJb-
3yeTcsl TOPOTOBOE 3HAUeHNE KOHIIEHTPAIMKU (CTUIOYEHHOCTH) MopcKoro baa. s onpenenenust AI1O o6braHO
HCITOJIB3YIOT MIOPOrOBOE 3HAUCHNE KOHIIEHTpaLuu ibaa 15 % [4].

M3MeHeHus B CpOKax MOJIHOTO OYMIIIEHHUST OT MOPCKOTO JIbAa Pa3IMYHbI B 3aBUCMMOCTH OT Te0rpadpuIecKoro Imo-
noxxeHnst. KOro-BocToyHast 9acTh MOPsI B CpeTHEM OCBOOOXKIAETCST OTO JIbAA B Mae, HO B OTHEIbHBIC ToAbI cpok JITTO
MOXET CMECTUTBCS BIIepel, BILIOTh 10 aBrycta. LleHTpaibHbIil paiioH MOpST B CPeTHEM OCBOOOKIAIOTCST OTO JIb/A B MIO-
He-utoJie. Bricokoe anbbeno MopcKoro Jibaa odecrneyrBaeT 0obllIee OTPaKeHe MPUXOASIIEH COMTHEYHOM paaualiu.
[To 3T0i1 mpruMHe BO3pacTaHUe TIOMIANINA OTKPBITOM BOIBI BeeT K 3(h(PeKTUBHOMY ITOTEIICHUIO ITOBEPXHOCTHOTO CII0S
BOII. YBEJIMUYEHUE TTPOIOJDKUTETLHOCTH O€3/IEMHOTO Meproia TAKKe MPUBOAMT K YMEHbBIICHUIO MHBEPCUM TEMITEpaTy-
PBI BO3MIyXa, YBEJIMICHUIO UCIIAPSHUS M KOJTMYECTBA OCATKOB, MU3MEHEHUIO aTMOC(EPHOM IIUPKY/ISILINHA [5].

3amachkl BOOHBIX OMOJIOTMYECKMX pecypcoB B BM 3aBUCAT OT M3MEHUMBOCTH KOMITOHEHT KJIMMATUYECKOM CH-
CTeMBbI U CPOKOB cxojia Jibfa [6]. Ha mpoTsskeHM MHOTUX IECSTKOB JIET TpecKa SIBJISIETCSI OCHOBHBIM OOBEKTOM
npomeiciia B BM [6]. [lnomank MOPCKOro Jiba OINpeaessieT TpaHully paiioHa IIPOMBIC/IA CEBEPO-BOCTOYHOM ap-
kTuaeckoit Tpecku. KoadduimeHT koppensiiumy Mexmy cpenHeil JeqoBUTOCTbIo Mopst 3a heBpaib — Mait Mpe-
1LIECTBYIOLLIETO MOJYroaus K ceBepy oT 75°C.1. U BBIJIOBOM Ha 3TOI e aKkBaTOPUU B aBrycte-Hos10pe paBeH —0,79
¢ 1977 o 2010 1. [6]. B aHoMaibHO X0sI0AHbBIE TOABI 1977—1979 IT. pailoHbI IPOMBICIIA ObLIM OrPAHUYEHbBI 3aMep-
3arolleil YacThio MOpSI, TOra Kak B Teruiblil mepron 2004—2006 rr. naHHbIe pailoHbl ObLIN OTKPBITHI [7]. BeikuBa-
€MOCTb MOJIOIU TPECKU, MO BCeil BUIMMOCTH, CBSI3aHa C IaTOi Havasia «lBeTeHUs» GUTOIIaHKTOHA. «LIBeTeHue»
¢urornankroHa B BM 4yBCTBUTEIBHO K CE30HHBIM U MEXTOIOBBIM M3MEHEHUSIM TTOJI0XKEHUSI KPOMKU MOPCKOTO
JIbIA, pacIipefesIeHNI0 BOTHBIX MacC, OKeaHNUeCKNX (hpoHTOB [8]. B BeceHHMii ITeproa HabIogaeTCs «IIBETCHUE»
BIOJIb KDOMKM JIbjIa, BBI3BAHHOE ONMPECHEHUEM TTOBEPXHOCTHOTO CJIOST MODSI.
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HI1O B HEKOTOPOI CTEIIEHN MOKET OTPakaTh CPOK Hayajla ”HTCHCUBHOTO TTPOMYIIMPOBAHUS OPTaHUIECKOTO
BellecTBa GUTOTUIAHKTOHOM [9]. B ¢BsI3M ¢ TeM, UTO TasiHME MOPCKOTO Jibla MPUBOAUT K OMPECHEHUIO MOBEPX-
HOCTHOTO CJIOSI U (hOPMUPOBAHUIO YCTOMUMBOI CTpaTU(OUKAIIMY BOTHOM TOJIIIIN, TIPU OTCYTCTBUU M YMEPEHHOM
BETPOBOM IIepeMEIIMBAHUM TaKK€e YCIOBUS MOTYT IIPUBECTU K BECEHHEMY «IIBETEHUIO» (DUTOIJIAaHKTOHA.

Ha ©Gosnbliieil yacTu apKTUYECKOTO PerdoHa IMpOaOJIKUTENbHOCTD JIEIOBOIO MepruoAa B MOPSIX COKpAIllaeTcsl
B CpeIHEM He MEHee UeM Ha 5 IHeil/necsTuiaeTre, a B CeBepo-BOCTOUHOI yacTn bapeHiieBa MOpsi CKOPOCTh COKpa-
eHust Jocturana 6osee 65 nHeii/necarwietre [ 10]. Haubonbimit orpuniatenbHbiii pen A0 cpean apKTuuecKux
Mopeit otmedaetcst B BM u cocTaBiisieT B cpenHeM —5,6 qHell/nekany, ypoBeHb 3HaunMoct 99 % [11]. YepenHeHHBIE
tpeHasl 110 mna Beeit akBatopuu bBM B nepuon ¢ 1979/80 mo 2010/11 rr. cocrasisttor —1,8 £ 0,5 mHeit/ron [12].
Takoke HabMogaeTCsl CMENIeHue aT Havaia JienooopazoBaHust Ha 5 gHeit 3a pecsatuierue [4]. CormacHo [13], Bpe-
MS$I CE30HHOTO MakcUMyMa Temriepatyphbl nmoBepxHocty okeaHa (TT1O) 3aBucut ot JAITO. B BbilIe nepeuncieHHbIX
MCCIEeTOBAHUSX TTPOBOAMIICS MOAPOOHBIN aHanmu3 TpeHnoB 1 casuroB JITO musa Bceit Apktuku. B maHHOI cTaThe
npoBoautcs aHanu3 JITTO HermocpencTBeHHO Tt akBaTopny bapeHiieBa Mmops. B ncciieroBaHUY IPUMEHSIICS METO],
knactepHoro aHanuza HDBSCAN [14]. PazneneHue Ha KiacTepbl MO3BOJISIET BbIACIUTH PAOHBI C CUHXPOHHOM 1M~
Hamukoit II10 mis mocenyromeit OlieHKY BIUSIHUS aTMOChEephl Y OKeaHa Ha U3BMEHEHHUE SKOCUCTEMBI.

OcHOBHbIMU (hakTOpaMHU, BausiomuMu Ha uameHeHus 1O B BM, gBASIIOTCS 3aTOK TEILJIbIX aTJaHTUYECKUX
Boa (AB), uamMeHUMBOCTh aTMOC(EPHON LHUPKYJISIUU U CBSI3aHHbIE C HEl aHOMaJIMU JABJCHUSI, TEMIEPaTypbl
M TIpeobafaloniero HamnpasieHus BeTpa. CorjacHo psiiy HeJaBHUX MCCAeAOBaHU [15] MMEHHO MPUTOK 4epe3
3aITaTHYIO TPAHUILY MOPSI SIBJISIETCS KITIOUEBBIM BHEITHUM (DAKTOPOM, OIIPEACIISIIONINM JISTOBEII pexkxuM bapeHiie-
Ba Mopsi. C yyeToM 3TOro BOIpocCy BO3MOXHOTO BiausHUS noctyruieHruss AB B BM Ha JITTO 6b110 yaeneHo ocoboe
BHUMaHME B JaHHOI CTaThe.

CTaThsI COCTONT U3 IIIESCTU pa3ieiioB, BKIo4Yas BeeneHne. Bo BTopoM 1 TpeTheM pasiesiaX OIMMCaHbI UCIIONb30-
BaHHbBIE UCXOJHbIE TaHHbBIE U METOJbI MCCIe0BaHMsI. B yeTBepTOM pasnese npeacTaBieHbl OCHOBHBIE PE3YJIbTaThl
BBITIOJTHEHHBIX PAacUeTOB M UX aHaiu3. B pasgene 5 mpoBeneHo oOcykIeHUE MOJYYeHHBIX pe3yabraToB. CTaThs
3aBepIIaeTCs KPaTKUM TIepeYHEeM OCHOBHBIX BEIBOJOB, CIICIYIOIINX 13 BEITIOJTHCHHOTO aHAJIM3a.

2. laHnbie

2.1. Konuenmpauus avoa ClimateDataRecord (CDR) NOAA/NSIDC

C 1979 roga maccMBHbIE MUKPOBOJIHOBbBIE TIaTUMKW PETUCTPUPYIOT KOHLEHTPALIMIO MOPCKOTO JIbAa, YTO O3B0~
JISIET OTCJIeXKMBATh U3BMEHYMBOCTh MOPCKOTO JibJia B MOJISIPHBIX peruoHax. B mcciaenoBaHUM MCIOIb30BaHbI JaH-
Hble 0 KoHueHTpauu jbaa ClimateDataRecord (CDR) NOAA/NSIDC [16] ¢ 1979 o 2019 r. McxomHblit MaccuB
chopMUPOBaH Ha MNOJISIPHOI cTepeorpacUecKoii CETKE ¢ TOPU3OHTAILHBIM pa3pelueHuemM 25 X 25 kM. BpemeHHas
IHUCKPETHOCTh COCTABIISIET 2 mHs 1o utonst 1987 1. u 1 meHsb roce 3Toli nathl. JlaHHbIe IMHEITHO MHTEPITOIMPOBAHbI
IUIST TIOJTYIeHUST MACCHBA C OTHOPOIHBIM BPeMEHHBIM pa3pellleHueM OTHU CyTKA. CHUHONTUYCCKas N3MEHINBOCTh
yaajeHa ¢ MOMOIIBIO CIIIaKWBAHUS 7-THEBHBIM CKOJIB3SIIIUM CPEIHUM, YTOOBI UCKJIIOUUTH BBICOKOYACTOTHBIE KO-
JIe0aHUST KOHIICHTPaLMK JIbIA.

2.2. T'udpoaoecuueckue oannsie

Jns neneii naHHOTo UCCea0BaHUs Mcnonb3oBaH okeaHckuii peaHann3 GLORYS12V1 (Global Ocean Physics
Reanalysis, GLOBAL MULTIYEAR PHY 001 030) [17]. Ero MomenbHasI COCTaBJISTIOIIAS TIPEICTABIISICT U3 CeOST
akTyaiabHyto Bepcuto miatdopmbsl NEMO [18] ¢ ucnosnbzoBaHMEM MOBEPXHOCTHOTO (hOPCUHTA U3 aTMOC(HEPHOTo
peananuza ECMWF ERAS [19]. MaccuB BKItoUaeT JaHHBIE 110 14 OKeaHMYeCKUM apamMeTpaM ¢ TOPU30HTaIbHBIM
paspemerueM 1/12° u 50 ypoBHSIMU 110 TiTyonHe ¢ THBaps 1993 mo nexadpb 2019 1T. BKITtounTeabHO. B HacTosmeit
paboTe ObUIM MCITOIb30BaHbI €XK€CYTOUHbIE TaHHbIE.

W3 maccuBa GLORYS12V1 Obl1u U3BJI€YeHBI JaHHBIE 1151 6-TH pa3pe3oB Ha rpaHuuax bapeHiiesa Mopsi ¢ co-
TIpeaeTbHBIMA MOPCKMMU OacceifHaMM, TIPeICTaBIICHHBIX Ha puc. 1.

3. MeToapl

3.1. Jlama noanozo ouuuieHus omo av0a

HTIO onpenensieTcs Mo AaHHBIM O KOHLIEHTpaluu jbaa. B padore [4] misg onpenenenus JAI1O mo akBatopun
Bceil APKTUKM MCIIOJIb30BajIv IMOPOroBoe 3HaueHue KOoHIeHTpauuu jpaa 15%. B padore [11] AITO onpenens-
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JIN KaK TIOCJICAHUI TeHb ¢ KOHIIEHTpaIre Tbaa
15 % mnepen MUHUMATbLHOU JIETHE KOHLIEHTpa-
nuei abga. Mbl ITOMOJHWIM 3TO OINpeaeaeHre
YCIIOBHEM, UTO ITOCJIe JAaHHOI JAThI MIPOHXOJIKI-
TEJIBHOCTh TIeproa ¢ KOHIEHTpaLMell Jibaa Me-
Hee 15 % noirkHa ObITh HAMOOJIBIIIEA.

3.2. Kaacmepnuuii anaausz memodom
HDBSCAN

BrinmonHeH kitactepHbIit aHanu3 psaaos 11O
B KaxmoM y3ie ceTku Meronom HDBSCAN
[14] — anropuT™MOM KJIaCTEpHOTO aHaIu3a, SIB-
nsommmMces pacipenneM DBSCAN [20].

AIT1O B KaxXIOM y3JIe CeTKU 3a KaXKObIil TOI
MpeacTaBieHbl 1100 HOMepoM nHs roaa (1—365),
b0 «nan» B TOM clly4yae, eCJIu Jied HaOIromacs
BECh IO/l UM €ro He ObLIOo coBceM. MbI BbIOM-
pajii TOJILKO TE Y3JIbI CETKH, UISI KOTOPBIX MMe-
Jock He MeHee 20 3HavyeHwuii JITTO 3a BpeMeHHOI
uHTepBan ¢ 1979 mo 2019 rr. OtcyTcTBYIOINUM
3HaueHusMU TpucBauBajica 0 (ibga He ObLIO)
win 367 (nen HaGmonmaiacs Bech rom). Takum
o0pa3oM, B HaIlleM cllydae TPYIIUpyeMble 00b-
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Puc. 1. IpocTpancTBeHHOE TONOXEHWE pa3pe3oB Ha rpaHuiax ba-

peHILeBa MOpst

Fig. 1. Position of sections at the boundaries of the Barents Sea

€KThl — Y3JIbl CeTKH, B KaXJI0M U3 KOTopbix ornpeaeneHsl IO munumym 3a 20 et u3 untepaia 1979—2019 rr.
B xauecTBe MephI cX0ICTBa 00BEKTOB (Y3JI0B CETKH) UCTIONIB30BaH KoadduimeHT Koppensunu CrmmpmeHa (). Jas
WUCKITIOUEHUsI OTPUIIATEIILHBIX PACCTOSTHUI B pacuéTax UCToNb3oBaiu p + 1.

Hns HDBSCAN, B oTinuue OT MHOTUX APYTMX METOJIOB KJIACTepPHOI0 aHan3a, He 3a1aeTCsl KOJMYeCTBO KJla-
crepos (rpyri). B taHHOM MeToe TPYNMUPOBKU HEOOXOAMMO 331aTh €AMHCTBEHHBIN MapaMeTp — MUHUMAaJbHOE
KOJIMYECTBO COCETHNX 00BEKTOB (minPts), B HallleM ciIyJae y3710B CETKH, HEOOXOIMMOe TSI OObeIMHEHUS 00BhEeK-
TOB B KJIacTep. 3HaUeHUE TOro MapaMeTpa B pe3yabTaTe padoThl AJITOPUTMA OJHO3HAYHO OTIpenessieT KOJIUYECTBO
BBIACJIECHHBIX TpyI. [pynnupoBKa y3710B CETKH BBITIOIHEHA 110 psinaM 3HaueHuit JAT1O ni1st paznuuHbix 3HAaUSHU
minPts. YeM MeHb11e minPts, Tem Gosblee KOJTUYECTBO KJIAaCTepOB OyneT 0OHapyXeHO U, HA000pOoT, 4YeM OoJblIe
minPts, TeM MeHblIe KJacTepoB OyIeT onpeaeaeHo. ¥YBeauueHue minPts mpuBoOaUT K CAMSIHUIO HEOOBIINUX KJla-
crepoB. B HalleM ciiyyae MakCMMalIbHOE KOJIMYECTBO KiacTepoB nmpu minPts = 10 coctasmiio 36.
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Puc. 2. KomyecTBo K1acTepoB B 3aBUCUMOCTH OT minPts

Fig. 2. Number of clusters depending on minPts
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Hnss HDBSCAN HeT eauHOro Metoza ornpeaesieHus 3HaueHud minPts. B pabore [21] nmpennaraetcs BEIOMpaTh
minPts B 1Ba pa3a 6obl1e pa3MepHOCTH psiaa. B paccMaTpuBaeMoM ciyyae pa3MepHOCTb psina coctaBuia 40 jer,
yTo naeT 3HaueHue minPts paBHoe 80. B craTtbe [22] mpemnaraercst yctaHaBIuBaTh minPts 6obllle Ha eTMHUILY OT
3HAYEeHUs pa3MepHOCTU psia (B HaimeM ciydae — 41). OgHako Mpu BHIOOpE TaKWX OOJIBIIMX 3HaYeHUi minPts
B cJlyyae, KOrjaa KoJMYeCTBO TPYNIUPYEMbIX O0BbEKTOB OTHOCUTENBLHO HEeBEIMKO (B HalleM ciiydae 44758), rpyr-
nupoBka MmetomoM HDBSCAN 00beIMHUT MPaKTUIECKH BCE OOBEKTHI B OMUH KJIacTep.

B pab6ote [14] mpemaraercst BoIOMpaTh minPts B 3aBucuMocTy OT 1iesieit aHanm3a. PykoBonCTBysICh JaHHOM
peKoMeHIaluel 1 HEOOXOIMMOCTbIO BbIIEIeHUS reorpaduyecKux paifoHOB C OTHOCUTEIbHO CUHXPOHHOM U3MEH-
yuBOCTbIO AT1O, MBI BBIIIOJHWIN IPYIIUPOBKY € pa3HbIMU 3HaYeHussMu minPts (ot 10 1o 60) u BbIOpaiu TOT Ba-
PUAHT, KOTOPBII MAaKCUMaJILHO OTpaXxaeT reorpadudeckue 0cOOEHHOCTU akBaTopuu (minPts = 25).

3.3. Pacuem adeexuuu menia

CymMapHsIit ieperoc Ternia (D) B GUKCPOBaHHON TOUKE TIPEICTABISIET MHTETPATbHBIN ITepeHOC TeTlIa B 3a-
JAHHOM NMara3oHe IyOMH uepe3 eNMHUYHbIN CerMeHT, COOTBETCTBYIONIUI Y3y pa3pe3a. MHTerpan Fy no Bceii
JUTMHE paspes3a OTpeiesisieT CyMMapHbBIil TIepeHOC Terljia Yepe3 BeCh pa3pe3 B HAINpaBJIeHUH, TIEPIIEHANKYISIPHOM
ocu pazpesa. [IpocTpaHCTBeHHOE TOJIOXKEHME OOJIBITMHCTRA pa3pe3oB (purc. 1) He COBITaaio C HaINpaBIeHUEM oceit
KOOPIMHAT, YTO MPUBEJIO K HEOOXOAMMOCTH TIepecueTa CKopocTe TedeHus. J1Jist 3Toro ucrnoiib3oBajiach popmMyJia:

V, =vxcos(a)+vxcos(B), (1

rne Vn — cKopocTb TeueHUs1, HOpMabHas K OCU pa3pesa, 3 — yroa HakJIoHa OCU pa3pe3a OTHOCUTEJbHO HaIlpaB-
JIeHUs Ha BOCTOK, o = 90 — . B ciydae, Korna ock pa3pesa coBranaia ¢ HarnpaBJleHUEeM 0Cceil KOOpIUHAT, UCTIOb-
30BaJIMCh COOTBETCTBYIOIINE KOMITOHEHTBI CKOPOCTEM TeUCHMIA.

[TpousBseneHne aHOMaNINK MOTCHLIMAIBHOI TeMIiepaTypbl (6(z) — 6,,) 1 ckopocTu TedeHust Va(z) nporopuu-
OHabHO TOTOKY Teria (Dy, Bt/M). CooTBeTCTBEHHO IS KAXKIIOTO y3J/ia OTAEIbHOTO pa3pesa 3TO MpOou3BeneHUe
MHTETPUPOBAIOCH TTO BEPTUKAIHM, YTOOBI IIOJTYIUTHh CYMMAapPHBIi ITOTOK TeTlIa yepe3 pa3pes:

Zp

0 0
DH = Ipwchn (Z)(Q(Z) _eref)dz ~ ZO,SPWCP |:Vn (ej - eref)d'_ Vn (ej+1 - 9ref ):|(Zj+l —Zj )’ (2
7l J
TOE: Z; S Z; S 2y
B dopmyne (2) 7, v z,, — HUKHUIA U BEPXHUIA MIPE/ie/ibl MHTErPUPOBAHUSI COOTBETCTBEHHO, cg — ynenbHas
I

TEIUIOEMKOCTh MOPCKO# BOJIBI TIPY TTOCTOSTHHOM JIaBIEHUHU (cg =3989,24495292815 oK ), a p,, — IJIOTHOCTb
r
MOPCKO#t Bozbl B pubmxenun byceunecka (p, = 1035 Kr/m?), Vn; — ckopoCTb TeueHus Ha YpoBHE g;. 6, — mo-
TeHLMAIbHAsI TEMIIEpaTypa Ha ypoBHe z;, 0,,,= —1,8 °C.
BenuunHbl cyMmMapHoOro nepeHoca teria uepe3 paspes (F;) paccurTaHbl TyTeM FOPU30HTATIbHOTO UHTETPUPO-

BaHWMS 110 Beell mmnHe pa3pesa (L) cpemHmnx mo rryorHe ITOTOKOB B COOTBETCTBUM ¢ popmyinoit (3):

m
Fy = [ Dydl ~3°0,5(Dy + Dy )AL, [B1l, 3)
() i1
rjie i 0003HaYaeT HOMEP y3Jia pa3pe3a OT ero Havana, 4/; ;1| — pacCTOAHUE MEXILY ABYMsI COCENHUMU y3aamu. [Tpu
pacyeTe TOpU30HTAIBHBIX PACCTOSTHUM MCIOJIb30BaJICsT 9KBATOPUAIbHbBIN pagnyc 3emn = 6378137 m (cooTBeT-
ctByeT npoekiu WGS84).

Jyist Kaxkmoro u3 6-TH pa3pe3oB pacCUMTaHbl CyMMapHbIE MEPEHOCHI Teria, U3 KOTOPBIX IS MOCIEAYIOIIEro
aHajM3a ObLI yoaJIeH JMHEWHBIN TPEHI ¥ BHIITOJIHEHO OCPEIHEHUE 10 MECSILIaM.

4. Pe3yabTarbl

4.1. IlIpocmpancmeenno-eépemennas usmenuueocmo 110

IMonyuennoe pacnipeaenenue JITO no Bceit akBatopun bapeniieBa mops ¢ 1979 mo 2019 rr. xapakTtepusyeTcs
30HAJIBHOM 3aKOHOMEPHOCTHIO, ¢ 00Jiee paHHUMU JaTaMM B FOKHOI 9acTu Mopsi. OCcBOOOXIEHUE OTO Jibla Ha-
yrHaeTcsl B (peBpalie B 10XKHOI YacTU MOPS U TTOCJIEAOBATEIbHO MPOJBUTAETCS Ha CeBep, IIie MOJTHOE OUMILEHUE
TIPOVCXOINUT B KOHIIE CeHTSIOPs. B 1980-x rT. Habmomanmch peakue epruoabl C TTOJTHOCTBIO CBOOOTHBIM OTO JIBIA
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MopeM, a ¢ 2005 1. pexkuM MOJTHOCTBIO CBOOOTHOTO OTO JIbJIa MOPSI CTaJl MPAKTUIeCKU MOCTOSTHHBIM [3]. OcHOBHas
YacTh aKBaTOPUU OCBOOOKIAETCS OTO JIbJIa B MIEPUOJL C alpeJist IO aBIyCT BKIIOUMTENBHO (puc. 3). 3amagHast 4acThb
MODPSI OTJIMYAETCS OT BOCTOUHOM YacTH 0ojiee paHHUMHU cpokamu AT10.

MaxcuMaibHasI TUIOMIAah MOPCKOTO JIbIAa Ha MCCICIOBAaHHON aKBaTOpUU MOps Habmomanachk B 1979 1. Jlen
pacrnpocTpaHsica Ha 2/3 Mops, U IIoLanb, OCBOOOXKIEHHas: OTO Jibaa, coctasuaa 1026.427 x 103 km? (puc. 4).
MuHuManbHas IIoLIAaab, KOTOpas MOJHOCThI0 OCBOOOAMIACH OT MOPCKOTO JibAa, Habmogamacs B 2016 1. u co-
craBuia 354.509 x 103 km? (puc. 4). Bosbluas 4acTb JbAa cTasia B Mae, B TO BpeMsl Kak B 1979 I. OCHOBHOe CTa-
WBaHWe HaOJI0Iaaoch B MoHe 1 uioie. B 2016 r. ocBOOOXIEHNE OTO JIbA B I0KHOM 9acTH MOpsI, BIOJIb ITo0epe-
Kbsl KOHTUHEHTA, HA0JII0IaI0Ch B aripeie, B 1979 r.— 3HaUuTeNIbHO M03Ke, B Mac-uioHe. CorslacHO MOJIydeHHBIM
pe3yJibTaTaM HabJII0maeTcsl OTCYTCTBUE Jibaa BOIM3MU 3amagHoro rmodepexns Hosoit 3emuu B 2016 1., B TO BpeMst
Kak B 1979 1. B 3TOM pervoHe ObUIO JOCTAaTOYHO MO3[HEEe OCBOOOXIeHUE OTO Jibaa. B 1979 r. B 1oro-BocTouHoit
4acTH MOps HaOJII0JAJICsT MOPCKOM JIed, KOTOPBI MTOCTENIEHHO TasiT B anipese-mae, B 2016 1. B 3TOM paifoHe Jibaa
He 6b110. Kpomka sibaa B 2016 T. B ceBepo-BOCTOYHOI YacTU MOPSI HAXOIMJIACh CEBEpHEI, UeM B CeBepO-3aIaHOM
yactu Mopst. B 2016 r. HaGo1a10¢ch 0CBOOOXKIESHKE OTO JIbA B SIHBape B CEBEPO-BOCTOYHOM YyacTu, B 1979 r. B siH-
Bape OYMIIEHNE OTO JibJa HabJI0IaI0Ch B ceBepo-3aranHoii yactu. 2006, 2007, 2012, 2013, 2015—2017 rr. 6butn
aHOMAJIbHO TEIIBIMU U XapaKTePU30BAIMCHh BEICOKMMU TeMIIepaTypaMM BOIBI M BO3MyXa. Y CTOWUMBEINA TETLIbII
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Fig. 3. Average DOR for 1979—2019-in the Barents Sea
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Fig. 4. DOR in the Barents Sea in 1979 and 2016 (maximum and minimum ice extend, respectively)
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nepuon B bapentieBom mope Havascs B 2000 r. 1 npepbiBaiics TonbKo B 2003 1. (yMepeHHO XOJIOTHEIN Tom) [23].
2016 1. cTay peKOpAHO TEMIBIM — KJIMMaTUYECKUii MHAEKC JOCTUT MaKCMMabHO BEICOKOT'O 3HAY€HUSsI 33 BECh pac-
cMaTtpuBaeMblii iepuon [23].

CpenHsisl IUIOIAAbL MOpPS, OcBOOOXKIAOIAsIcCs OTO Jbaa, 3a 1979—2019 rr. cocraBuia 624,6223 x 103 xm?2.
B 2011 r. niomaap aKkBaTOpMU, OCBOOOAMBIIEICSI OTO Jiba, OKa3ajach HauboJjee OJM3Ka K cpeaHell miolaau
3a uHTepBaa 1979—2019 rr. u cocraBuia 603,4772 x 10°. B aToM rofy KpoMKa Jibaa JOCTUrana 75°C.11., U Hau-
0oJjiee 3HAYMTEIbHOE YMEHbIIEHNE TUIOLIAAN JIEASHOIO IOKpPOBa MPOoM30LLIo B uioHe-uioje. B 2000, 2006, 2008
u 2011 rr. MHTEHCUBHOE OCBOOOXIEHUS OTO JIba B LIEHTPAJIbHON YacTU MOpPsSI HaOJIOAaIOCh B MapTe-arpere,
¥ B MIOHE-MIOJIe, TOrIa KaK B Mae OTCTYIUICHUE JibAa ObUIO He3HAYMTeaIbHO (puc. 5). B 2018 r. B mponnBe MexXIy
apx. ImunoeprenoMm n 3PU ounineHre HA9aIoCch Ha MECSII paHbIIle, YeM BIOJIb OeperoB apxurresaroB. Cxoxast
cutyauus Habmoaanack B 2011, 2004, 2002, 1985, 1984 rr.

Paccuurtansl MakcuMaabHbIe 1 MUHUMAaTbHBIE 3HaYeHus AI1O mis kaxmgoro y3ia ceTku (Haubosiee paHHUE
¥ TIO3IHNUE JaThl OYUIIEHUS OTO JIbAa COOTBETCTBEHHO). MaKcHUMaIbHBIC 3HAYCHUST OYUIICHUS OTO JIbIa HaOIf0-
JAIOTCSI B CEBEPHOM YacTh MOps, a MUHUMaJIbHble — B [0XKHOI. MakcuManbHble 3HaueHus JII1O Habaonanuch
B MypMaHCKOM MEJIKOBOJIbE B Mae, B paiioHe LleHTpanbHOro Xejioba B MioHe, BIoJb 75°c.11. ¢ 10°B.4. mo 50°B.1.
B M10JIe, BOOJIb 77°c.11. B aBrycte, Mmexny 3®U u apx. lInunbdepreHoM B aBrycre-ceHTsI0pe. MUHUMATbHbIE 3HA-
yeHus JIITO He UMEIoT TaKoro CMHHXPOHHOTO X0/1a, Kak MaKkCcUMayibHble. MuHuMaibHble 3HaueHus1 JAT10 B paiioHe
MypmaHCcKOro MeaKoBonbs U LleHTpanbHOTO XXenoba HabmonaTcs B peBpaie — amnpese, Booab 75°c.11., ¢ 10°B.1.
1o 50°B.1I.— ¢ SHBaps IO MapT, BOOJB 77°C.11.— ¢ ampelis o Mait, mexay 3®U u apx. [IImumndepreHoM — B Mae.
B akBaTopun MypMaHCKOTO MEJIKOBOJIbsI pa3HUIIA MEXIY MaKCUMaIbHBIMU U MUHUMAJIbHBIMA 3HAYEHUSIMU CO-
crapisieT 30—90 nHeit, B patioHe LleHTpanbHoro xemodba — 90—120 mHeit, Boonp 75°c.m1. ¢ 10°B.a. mo 50°B.O.—
120—150 mreit, Bmons 77°c.ur.— 140—170 gueit, mexoy 3®U u apxunemnarom Lmmoeprenom — 120—150 oHeii.

Ha Bceit akBaTopruu MOps1 HaOJI0JAaeTCsl 3HAYUMBI OTpULIATENbHbIN KoadduimeHT perpeccuu JAITO, 3a uc-
kmoyeHneM paifoHa mexnay 3PU u apx. LlnubdepreHom, rue 3T0T KOIMOULMEHT perpeccuu 0JU30K K HYIIIO.
OtpuniatenbHbIN Ko duiineHT perpeccuu nokaswiBaet, uto JT10 caBuraercs Ha Gojiee paHHME Cpoku. Takxke,
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Puc. 6. Paitonsl c cuaxponHoii uameHnunBoctbio 110 (a) u BpemeHHoit xon cpeqHero o paitony JI10 ¢ 1979
no 2019 rr (6, 8)

Fig. 6. Regions of synchronous variability of DOR (a) and time-series of arithmetic mean of DOR over these
regions from 1979 to 2019 (b, ¢)

BIOJIb O0JIACTU PACPOCTPAHEHUsI KPOMKM MOPCKOTO Jibaa Ko3(hdUuIMeHT perpeccuu He 3HaunM. O0iacTh Mak-
CHMAaJIbHBIX OTPUIIATEIBHBIX KoadduiineHToB perpeccun (ot —0,20 mo —0,25, mpumepHo 8—10 mHeit 3a 40 eT)
HaxomuTcs B paitoHe Bo3BeIIeHHOCTU Ilepcest. B paitone LleHTpanbHOI Bo3BeIIeHHOCTH, CeBepo-KannHCKOI
u I'ycuHoit 6aHOK KoadduuueHT perpeccun coctapiseT oT —0,05 1o —0,12. B paitone HoBo3emenbcKoit 6aHKU
YIJIOBO# KoadbduimeHT JuHuu perpeccuu ot —0,10 mo —0,20.

Takum 00pa3oM, oTMeUaeTCs CMEIIeHNEe CPOKOB OUMIICHNST aKBaTOPUHU OTO JIbIa Ha OoJiee paHHUE Ha BCei
akBatopuu bM.

4.2. Boideaenue xapaxmepHuix paioHo6é Menoodom KAACMEPHO20 AHAAU3A

I'pynnupoBka y310B cetku MetogoM HDBSCAN BoinmosiHeHa 11 Bcex 3HauyeHuit minPts B untepsaie ot 10 o
60. Jliist eTajapHOro aHauKu3a BeIOpaH BapuaHT st minPts = 25, comepkaiiuii 6 OCHOBHBIX KJIaCTEPOB B IIpeaesiax
BM (puc. 6). CineayeT OTMETUTb, YTO AJaHHBIM BapuaHT coaepkai 11 KiaacTepoB, HO 5 M3 HUX HaXOIUJIUCh 3a TMpe-
JeJaMU MHTEpeCyIolleil Hac akBaTOPUM.

BrimeneHHBIC palioHBI COCPEIOTOUYCHBI B CEBEPHOII, CEBEPO-BOCTOUHOI M IOTO-BOCTOUYHBIX YACTSIX MODSI.
Pannss, cpennss, no3aHss AI10, a Takke Koap@UIMEHT perpeccuu s Kaxaoro u3 paitoHon ¢ 1979 nmo 2019 rr.
MpeacTaBaeHbI B Ta0. 1.

B GonpimHCTBe paiioHoB MuHUMaidbHoe 3HayeHue JIT1O nabmoganock B uHtepBaie 2012—2019 rr. Toibko
B paiioHe 2 oHo npuuuiochk Ha 2006 r. HauGosiee paHHee OTCTYIUIEHUE Jiba HA0II0IaI0Ch B pailoHe 3, KOTOPbIi
HaxXoauTCs BocToYHee Bo3BbIlIeHHOCTH [lepces. B paiioHe 3 oTcTymieHue Jibaa HaOII04a7a0Ch B 00Jiee paHHUI
[epuo, YeM B pailoHax 5 u 6, KOTOpble HAXOMSATCS 3HAYMTEIbHO I0XKHee. AHOMAIUSI HU3KOI KOHLIEHTpALIMU
MOPCKOTO JibJa Habmonanack B 2016 1 2018 rr. [24]. B 2016 r. oTMeuaicss paHHUIA CXO[ JibAa B paiioHax 1 u 3.

OcBOOOXIEHME OTO JIbJa B CPEIHEM HauMHAaeTCs B (heBpasie B I0XKHOM YaCTU MOPSI U TTOCJISAOBATEILHO ITPOIBUTa-
eTCsI Ha CeBep, IIIe TIOJTHOES OUMIIICHUE IPOMCXOINT B KOHIIE CEHTSIOpsI. B cpemHeM 0cBOOOXKIEHIE OTO JIbAa B FOXKHOM
YaCTH MOPS IIPOMCXOINT B arpesie-Mae, B IIEHTPAJIBHOM — ¢ KOHIIa MasI IO KOHEII MIOHS, B CEBEPHOI 9YaCTH — BO BTO-
poii nosoBuHe utoist. CaMoe Mo3aHee OUMIIIEHME aKBaTOPUU OTO Jibaa Habmoganock B Havaje 1980x u 1989—1990 rr.
B paitonax 3 u 4, KOTOpble HAXOOATCS OJIM3KO APYT K APYTY, CAMBIM IMO3MHUIA CXOM JIbAA B UCCIICMyeMBIi TIepHO Ha-
omonainca B 1980 r. B paitoHax 5 u 6 néx coién Haubosiee mo3aHO (B CEPEeAUHE UIOJISI U BO BTOPOI MTOJIOBMHE MIOHS
cooTBeTcTBeHHO) B 1981 1 1982 rr. [1pu 3TOM B paitoHax 1 1 2 HECMOTpsI Ha TO, YTO pailoH 2 rPaHUYUT C palilOHOM
3, B 1980—1982 rT. MO3mHETO OYMILIEHMS OTO JibJa He Habmonanochk. Hanbosee mo3aHee ounileHe OTO JIbja B HUX
Ha0J1I01aJTOCh B MIEPBOI MOJOBUHE CEHTSIOPs U MepBoit mosioBuHe aBrycta B 1990 u 1989 rr. cOOTBETCTBEHHO.
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Tabauua 1
Table 1
MaxkcumasbHasi, MUHUMAJIbHAA M CPeIHsS 1aTa NOJIHOT0 OYMILEHHs OTO JIbJIA LIS KA2KIO0ro paiioHa
Maximum, minimum and average date of retreat sea ice for each area
XapaKTepuCTUKU Howep paiiona
1 2 3 4 5 6
Pannee 110 27.05.2016 05.04.2006 25.01.2016 29.04.2019 11.03.2012 09.02.2015
Cpennee 10 19.07-21.07 | 22.06—24.06 | 27.05—-29.05 | 16.06—18.06 | 13.05—15.05 | 18.04—20.04
IMo3znHee AT10 11.09.1990 08.08.1989 18.07.1980 14.08.1980 14.07.1981 22.06.1982
Koadduument perpeccun -1,3 -1,8 2,2 -1,8 2,1 -1,5

B paiionax 1 u 6 HabGIIOHAETCA MUHUMATBHBINA OTPULIATEIBHBIN KO3(MOUIIMEHT PErpecCur, TO eCTh CPOKH OUM-
LIEHUST OTO JIbJa UMEIOT HauMeHee SIpPKO BbhIpakeHHBI TpeHA. B paiionax 2, 3 u 5 HabmogaeTcss MaKCUMaIbHBI
OTPUIIATEIBLHBIN KO3(MMUIIMEHT PeTPECCUm, TO €CTh B HUX CPOKHM OYUIIICHHUS OTO JIbIa MMEIOT 00Jiee BEIPaKeHHBIM
TpeHa. MUHUMAabHBIA OTpULIATENbHBINA KO2GhMhUIMEHT perpeccu HadmoaaeTcs B paitone 1 (—1,3), a makcu-
MaJbHBI — B paitoHe 3 (—2,2).

CBs13b Mexxny paiioHamMu 1o n3MeHUYnBOCTH II1O KommuecTBeHHO OIlcHEHA C MIOMOIILIO Ko3(GhHIMenTa paHro-
Boii koppessimu Cnupmena (p). Camblii BBICOKUIT KoadhduimeHT Koppesiiiu Haomonaetcst Mmexay JII1O B paiione 3
M B OCTaJIbHBIX paitoHax. OueHb BbICOKas MOJIOKUTENIbHAS U 3HaUMMast Koppesaius (KoaduimeHT koppesaimu 0,90,
p <0,05) HabmomaeTcs Mexxmy paitoHamu 3 1 4. CBsI3b MeXXIy paifoHaMU 3 1 2, KOTOPbIe HAXOISATCS PSIIOM, HECKOJIBKO
ciabee: KoapuLmeHT Koppeasunu paBeH 0.83. Mexny paiioHOM 3 1 pailoHOM 5, KOTOPbIif HAXOAUTCS 3HAYUTETbHO
I0XKHee, CBsI3b BbICOKas U KoadduimeHT Koppessuuu paseH 0,89. B Toxxe Bpemst KoahDUIIMEHT KOPPEISIUA MEXKITY
paiionamu 4 u 5 paBeH 0,84. Takske oTMeUaeTCsl BBICOKAsi KOPPEJISILIMS MEXK Ly paiioHoM 2 1 paiioHamu 4 u 5, paBHast 0,76
1 0,74 coorBeTcTBeHHO. [151 paiioHa 1 camast BeICOKas KoppesisiLins Ha0rogaercs ¢ paiionamu 2 1 3 (0,60 1 0,61 coot-
BeTCTBeHHO). OYeHb citabas 1 MUHUMasIbHasT Koppesiys (p = 0,26) oTMedaeTcs MeXKIy CaMbIMK OTIAJICHHBIMU IPYT
ot apyra paiioHamu 1 u 6. B uenom, mexay JIT10 B paiioHe 1 1 B OCTaJIbHBIX paiioHaX KOppeJisilivsl HauboJiee ciabast.

B psine paitoHOB JienoBbIe YCIO0BUSI KOHKPETHOTO TO/Ia MOTYT OTYACTH OTIPEIEISITHCS YCIOBUSIMU TTPENbIIYIIIE-
ro roga [11]. dnsg yctaHoBaeHus crenieHu cBs3u JI1O B nipenenax BbIAEISHHBIX PAiOHOB ¢ COOTBETCTBYIOIIUMU
3HAUYEHUSIMU TMIPEIbIAYILEro roja paccuuTad Ko3h@UUMUEHT aBTOKOPPEISILUUA €O CIBUTOM 1 101, (0ay10), KOTOPBIIA
rmokaszaj cienyloiee. MakcruMasibHasi aBTOKOPPESIIIMSI OTHOCUTEBHO IPYTUX paliloHOB HabJItonaeTcs AJis pailoHa
S (Pauto = 0.69), UTO TOBOPUT O 3aMETHOI B3aMMOCBSI3M MEXJIy MocieayoimuMu ronamu. KoadbduimeHTs! aBTo-
KOppeJsnu 111 paitoHos 2, 3 n 4 pasasl 0,57, 0,50 1 0,60, 4TO Tak ke MOKa3bIBAET HAJIMUKE B3AUMOCBSI3U. ABTO-
KOppEJISILIMS CeBepHOTo paiioHa 1 u 1okHoro paitoHa 6 paBHa 0,20 1 0,26 COOTBETCTBEHHO, UTO OTpakaeT cliabyio
3aBucuMocTb AI10 ot 3Hauenus JI1O B npenblayiiuii rom.

OnpenenéHHBII MHTEPEC TAKKe MPEICTaBIIsIeT BOIIpoc Bo3MoxkHoTo BivstHUs JII10 B ogHmx paiioHax Ha IT10
B IPYruX ¢ MHTepBaJoM | Tox. s yCTaHOBJIEHMST TAaKUX CBSI3CH pacCUMTaHbl KO(MDGUIIMEHTH KOPPEISLIUU CO
casuroM | ron mexnay Bcemu napamu paitonos (p[AI10,, AI1O,,], rne AT1O, u AT10,, — psnst AT1O B paitoHax n
u m, npuuéM psia AI10,, caiBUHYT Ha onHO 3HayeHue BieBo). Hanbosee BbicokMe 3HaU€HMS JTaHHOTO NapaMeTpa
B uHTepBaie 0,5—0,63 o6HapyxeHbI IUTst paiioHa 2 (Haripumep, p[AT10,, AI105] = 0,63), Hanbonee HU3KUE — IS
paiioHa 6 (3HaueHus mapamerpa ot 0,23 1o 0,40).

CymmecTByeT ompeneneHHas cBsI3b Mexny cpemHuM JII1IO mo paiioHy M cpemHeil KOHIIEHTpallueil Jbaa
(KJI,) (Tabm. 2).

Tabauya 2
Table 2
KonuenTtpauusd bna B rozasl panuero u no3anero 110
Ice concentration in the years of early and late DOR
XapakTepucTUKU Howep paiiora
1 2 3 4 5 6
lon MakcumanbHOM 1990 r. 1989 r. 1980 1. 1980 r. 1981 r. 1982 .
AT10/KJ, 0,77 0,79 0,65 0,70 0,25 0,4
T'on MUHUMAaNTBHOMI 2016 . 2006 . 2016 . 2019 . 2012T. 2015 .
ANO/KI,, 0,34 0,19 0,20 0,31 0,06 0,05
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B cesepHbix paiionax KJI, 3Ha4nTEIBHO BbILLE, YEM B IOXHOM YaCTH aKBATOPUU MOPs. B rojibl mo3iHero oum-
IIEHMS OTO Jibaa oT™Mevanach Bbicokast KJI, (> 6onee 0.70) B paitonax 1, 2, 4. B cocennem paiione 3 KJI, HesHauu-
TeapHO Hike 1 gocturaeT 0,65. Haumnas ¢ 2010-ro roma, Koraa jie cTaa CXOAUTh 3HAYUTEBHO paHbllle, BEICOKAS
KOHIIEHTPALMS JIbla OTHOCUTENILHO JPYIUX YacTeil Mops Habmonanach B paiioHax 1 u 4. B paitonax 2 u 3 KJI,
HUXE M MMEET CXOXKMIA MOPAIOK BENMYMH, MeHbLIe Beero KJl g, B pailonax 5 u 6.

ITo BceM BhIIeIECHHBIM paifoHaM KOHLIEHTPAIIYS JIbIa B TOIbI ITO3MHETO OCBOOOXKICHMS OTO JIbAa, 3HAYUTEIBHO
BBIIIIE, YeM B TOIBI PAHHETO OCBOOOXKICHMS OTO JIbIa. B paitonax 1, 2, 3u 4 B ronbl IO3IHETO OCBOOOXICHUS OTO
abaa KJI, Obu1a MakcMMabHOM 1TMTEbHOE BPEMs], BILIOTh 10 Hayasia jieta. B roibl paHHEro 0CBOOOXIEHHUS OTO
abia sHavyenust KJI, Tonbko B otaenbHbie oY gocturaet 1,0 u uMeet 6osbiiioil pasdpoc sHaueHuii. B roapl ¢ BbI-
COKOIi KOHLIEHTPALKEH Jiba HAOIIoAaeTCs TTocTeneHHoe yMenbiienue KJl,, ¢ Hu3Kkoii — Gosee peskoe.

Taknm 00pa3oM, OTMeUYaeTcs CMelIeHNEe CPOKOB OUMILIEHUS aKBAaTOPUU OTO JIbJa Ha 0oJjiee paHHME IO BCei
akBatopuu bM, HO KaxXmoMy palioHy CBOMCTBEHHA CBOSI TMHAMMKA M CKOPOCTh. ECTh cX0XeCcTh MeXIy COCEIHN-
MU paiioHaMH, a HanboJjee yIajJeHHbIC IpYyT OT ApyTa paifOHBI XapaKTepU3yIOTCS MEHBIIEeH cBs13bo. Habmomaercs
BBICOKAsI aBTOKOPPEJISILINS TSI BCEX BBIIEJICHHBIX paifOHOB, KpoMe paiioHa 1. CaMblii MUHUMAaJTbHBI OTPUIATETb-
HBIIT KO3DOUIIMEHT perpeccur Habmomaercs mis paiioHa 1 (—1,3), a o1 paitoHa 3 — MakKCUMaIbHBIN (—2,2).
CrnemoBarebHO, O0JIee 3aMEeTHBII CABUT Ha paHHUE JaThl HAOIOJAeTCs B IEHTPAIbHON YacTH aKBaTOPHH, Tl Ha
CETOIHSIIHUI IeHb ITPOXOINT I'PaHULIA KPOMKU JIbIA.

4.3. Ceazv JI10 c adsekmueHbIM nepeHocom menia

B BapeH1ileBoM MOpe OCHOBHBIM aJIBEKTUBHBIM MCTOYHMKOM TeIljIa SIBJISICTCS TMOCTYIICHUE aTIaHTUYECKUX
Box u3 Hopsexckoro Mmopst mexxy M. Hopakar u o. Measexuii. CorylacHO BBITTOJTHEHHBIM pacueTaMm, IMOTOK Teriia
Yyepe3 3TOT pa3pe3 Ha MOPsI0K BEJIMYMHBI IIPEBLILIAET TOTOKHU TEIJIa Yepe3 Apyrue rpaHuLibl Mopsi. COOTBETCTBEH-
HO, ISl CCIeI0BaHKs BO3MOXKHOM cBsizu ¢ IT10 Oblia paccMOTpeHa M3MEHYMBOCTh CyMMAapHOTO aIBEKTUBHOIO
IMOTOKA TeTuIa TOJIbKO Yepe3 3TOT padpe3. Pe3ynbrarsl pacuera kpocc-Koppessiiuit Mmexay JIT10 u moTokom Teriia
yepe3 pas3pes-1 s pa3IMuHbIX MECSIIeB rojia IpeacTaBieH B Ta0I. 3.

MakcuMalbHbIi, 110 aGCOIIOTHOM BeJIMYMHE, KOA(POUILMEHT KOPPEIsiiUY OTMEYaeTcs IUlsl paiiloHa 2 1 I0TO-
KoM Ttera B utojie. C yuetoMm cpeatero JITO mist aToro paitoHa (KOHEL UIOHST), PACCMOTPEHHOTO BBIIIE, 3TOT pe-
3yJIbTAT MOXHO CYMTATh BIIOJIHE OXMIAEMbIM, ITOCKOJIBKY palioH 2 HAXOAWUTCSI B HEIIOCPEACTBEHHOM OJIM30CTH OT
3araJHoNi TpaHULIbl MOPSI, M MOCTYMalollas ¢ ceBepHOii BeTBbio Hopakarckoro teyeHus (puc. 7) aTjlaHTUYeCKAast
BOJa OBICTPO €TI0 JOCTUTACT, HE YCIIeBas 3aMeTHO TpaHC(HOPMUPOBATHCS.

Tabauya 3
Table 3
Kpocc-koppensiust Mexxay II1O u cpeaneMecsayHbIM NOTOKOM Telia
(c yIaJeHHbIM JIMHEHHbIM TPEHI0M) Yepe3 pa3pe3-1 Ha BpeMeHHOM uHTepBaJie 1993—2019
Cross-correlation between DOR and the average monthly heat flux
(with a removed linear trend) through section-1 in the time period 1993—2019
Howmep paiiona
Mecsn
1 2 3 4 5 6
1 0,128 —0,254 —0,410 —-0,290 —0,228 —0,244
2 0,433 0,063 0,190 -0,377 —0,504 —-0,359
3 0,141 0,319 —-0,129 —0,495 —-0,191 —0,351
4 —0,261 —0,318 —0,229 0,124 0,201 0,046
5 —0,244 —-0,195 0,320 —-0,270 —0,260 —-0,173
6 —0,336 —-0,293 —0,243 0,431 0,310 0,129
7 —0,401 -0,593 0,143 —0,018 —0,109 0,507
8 —0,197 —0,208 —0,219 —0,098 0,016 —0,098
9 —0,162 0,090 0,228 0,051 0,174 —0,135
10 —0,105 0,449 —0,031 0,302 0,327 —0,367
11 —0,444 0,093 —0,256 0,296 0,324 —0,069
12 —-0,26 —0,069 —0,144 0,383 0,321 0,323

Ilosicnenue: XXUpHBIM IPUATOM BbIAEIEHBI KOAGMGUIIUEHTHI KOPPESLNH, TIPeBbIIIaIoIIre 1o a0CoMI0THOI BeanuuHe 0,5.
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Puc. 7. I'eHepanbHas cxema MOBEPXHOCTHBIX TeueHuit B bapeHiieBom u Kapckom mopsix [25]

Fig. 7. General scheme of surface currents in the Barents and Kara Seas [25]

Boicokue mo abcomoTHOM BeanurnHe KO(P@UIIMEeHTh KOppeasuun HabaoaaTcs Takxke s paiiona 5 (—0,504
¢ TIOTOKOM TeTIa B eBpaiie) u paitoHa 4 (—0,495 ¢ moTokom Terura B Mapte). Eciii commocTaBUTh pacmoioxKeHNe
paiioHOB 4 1 5 (cM. puc. 6) CO CXeMOIi TeueHUi Ha puc. 7, TO MOXKHO BUIETh, YTO PAOH 5 HAXOAUTCS Ha ITyTU I0XK-
Hoit BeTBM Hopakamnckoro teueHus, nepexonsiiero B 3amnanHoe HoBosemenabckoe TeUeHUE Ha I0XKHOM rpaHule
paitoHa 4. COOTBETCTBEHHO, BpDEMEHHOM COBUT B 5 MeCsIleB KOCBEHHO TTOKa3bIBaCT BpeMs TOOCTaHUS TEILIOBO-
rO CHUTHaa B I03KHOW BeTBM Hopakarckoro TedyeHus 10 YKa3aHHBIX pailoHOB. MeHbIlne KO3 hUITMEHTH KOP-
peasiuuu 1151 pailoHOB 4 U 5, TI0 CpaBHEHMUIO C pailoHOM 2 BEPOSITHO CBSI3aHbI C TpaHCdopMalmeit (oxIaxkaeHueM
¥ pacIIpeCHEHNEM) aTJIAHTUIECKOM BOIBI B I03KHOI BeTBU Hopakarickoro TedeHUsI BCICACTBHUE CIUSHUS C BOTAMU
xoJionHoro TeyeHus Jiutke (puc. 7). Beicokuii u, mpu 3TOM, TOJOXUTENbHBIN Ko3dduiineHT Koppessiuu (0,507)
JTTO ¢ moToKOM Teruia B MIoJie I CAMOTO FOXKHOTO pailoHa 6 BbI3BaJl COMHEHMS B €ro peaiucTudHoCTh. [1pu
00Jice BHUMATEILHOM M3ydeHUM BpeMeHHoro psiaa AI10 mis paiioHa 6 BhISCHUIOCH, 4TO U3 26-T1 JieT (¢ 1993 1o
2019 rr.) nensiHOI MOKPOB B JaHHOM paiioHe Habronancs Tojabko B 9-tu cinyvasx. T. e. BpemeHHoi psn AITO Ha
JIBE TPETU COCTOUT U3 HYJIEBbIX 3HAYEHMI, YTO HE MTO3BOJISIET pacCCMaTPUBATh MOJyYEHHbIN BICOKUIT KO3 hULIM-
SHT KOPPEJSIIINM KaK PeaTuCTUYHO OIMMCHIBAIOIINI CBI3HOCTh BpEeMEHHBIX psimoB. Koppensinm Mexmy ¢GpakTh-
YECKUMHU M PaCCYUTAHHBIMU TI0 PETPECCUOHHBIM 3aBUCUMOCTAM aHomanusiMu IO mist paitoHoB 2 1 5, a Takke
(hakTyeckue u paccuuTaHHbie BpeMeHHble psabl JATTO ¢ 1o6aBieHHBIMU TMHEHHBIMU TPEHIAMU TTPEACTABICHBI
Ha puc. 8. XopoIIo 3aMeTHO, 4TO pe3koe yMeHbIneHue AI10 B 06oux paitonax mpousonuio mexay 2003 1 2007-m
rogamu. B paitoHe 5 cylecTBEHHO BO3pOCia aMIUIUTYyIa MEXTOJIOBBIX KOJIEOaHU, TTPUYEM B OTAEJbHBIE TOIbI
nociae 2007-ro roga PaitoH-5 ObLT B cpeHEM KPYTJIOTOAUYHO Oe3IeAHbIM.

5. Obcyxknenne pe3yabTaToOB

BoinonHeHHBII aHAJIU3 TPOCTpaHCTBEHHO—BpeMeHHoM nameHunBoctu JII10 nnst akBatopun bapeHiieBa Mmopst
C UCIoJyib30BaHueM MeTtona kiactepHoro aHain3a HDBSCAN mo3Bosinil BbIICIUTh PailoHbl (KJIaCTEPhl) C CUH-
xpoHHo#T guHamMukou JAI10. Psan BeImeIeHHBIX pailoOHOB HAaXOMSTCS Ha ITYTH PACIPOCTpaHEHUS aTJaHTUIECKUX
Boa (AB) B bapeHniieBom mope (puc. 7), 4TO MO3BOJWIO CBSI3aTh BBISIBJICHHYIO BPEMEHHYI0 U3MeHYnBOCTh 11O
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C U3MEHUYMBOCTHIO MepeHoca AB depe3 3amanHyto rpaHuily Mops. TeroBoe Bo3aeiicteue AB obOyciioBieHo mo-
CTYIJIEHUEM AOMOJHUTEIbHOIO TEIJia B BEpXHUI CJIOI BOA M K HUXKHEI rpaHulie jensiHoro nokposa CaBur Bo
BpeMeHU Mexy noctyruieHneM AB depes 3amanHyto rpanuily bapenuena mopst u JIT1O onpenensieTcst CKOPOCTHIO
TEUEHUSsI, TIPU YCIOBUHU, YTO TETUIOBOU CUTHAJ AJOCTUTAE€T UHTEPECYIOIIUX PAiOHOB C COXPAHEHUEM JOCTAaTOYHOM
MHTEHCUBHOCTU. HekoTopoe orpaHuyeHue Ha MpeacTaBIeHHbIE HUKE BbIBOIIBI BHECU ABa o0cTosiTebeTRa. [lep-
BOE CBSI3aHO C TEM, YTO JOCTYITHbIE BPEMEHHbBIE PsIIbl aIBEKTUBHBIX MOTOKOB Teruia HaunHatoTes ¢ 1993 ropa,
T.€. COCTABJISTIOT TOJIBKO 26 JIET, YTO, 6e3yCIOBHO, HE MOXET ObITh MMPU3HAHO JTOCTATOYHBIM JIJISI CTPOTOM OlleH-
KU TIOJIYYEHHBIX KOPPEJSIIMOHHBIX 3aBUCUMOCTel. JIpyrMM OorpaHUYeHUEM SIBJISIIOTCS 3HAUUTEJbHbIE TPEHIIbI
BO BPEMEHHBIX psfax. [1pu aToM cienyer OTMETUTh, YTO TPEHIBL HE SBJISIOTCS OJHOPOIHBIMU 10 BPEMEHU, YTO
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Puc. 8. Koppensitiun Mexay hakTUUYECKUMU U PACCUMTAHHBIMU 10 PETPECCUOHHBIM 3aBUCUMOCTSIM aHoManusmu JAT1O0 s

paiioHoB 2 (a) u 5 (). @akTnueckue (KpacHbIM 1IBET) U paccuuTaHHbIe (Toy0oii 11BeT) BpeMeHHbIe psiabl JII1O ¢ mobaBneH-

HBIMU JIMHEWHBIMU TpEeHAaMU ISl paiiloHOB 2 (6) u 5 (e). ZKupHbIMU JUHIMU Ha (6) U (&) MOKa3aHO CKOJb3slIee S-IeTHee
CITaXBaHUE

Fig. 8. Correlations between the actual and calculated by regression dependences anomalies of AP for regions 2 (@) and 5 (c). Ac-
tual (red color) and calculated (blue color) time series of DPO with added linear trends for regions 2 (b) and 5 (). Bold lines in
(b) and (d) show sliding 5-year smoothing
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KOCBEHHO YKa3bIBaeT Ha U3MEHEHUE CTATUCTUUYECKON CTPYKTYpHI psinoB B Havase 2000-x rr. YToOsl oThUIBTpO-
BaTh MCKYCCTBEHHO 3aBBIIIICHHbIE KOPPEJSALIMM, CBSI3aHHBIE C TPEHIAMU, ITePe/l PACYETOM KOPPEJIAInii IMHEHHbIE
TPEHIBI B psiAaxX yIAISIIMCh, a HA 3Talle IPUMEHEHMS TTOIyYeHHBIX PerPeCCHMOHHBIX 3aBUCUMOCTEH T00aBIISUINCh
K pacueTHOMY PSIIY B BUIE JeTePMUHUPOBAHHONM KOMIIOHEHTHI. Baromapst mpuMeHeHUIO YKa3aHHOM IPOILeIyphlI
KOJIMYECTBO 3HAYMMBIX KOPPEJSILIUIA CYIIIECTBEHHO COKPATUJIOCh, YTO BEPOSITHO CJIEAYET NMPU3HATh MTO3UTUBHBIM
pe3yIbTaTOM, ITOCKOJIBKY PacCUMTaHHBIE TAKMM 00pa3oM KOPPEJSIIUM IO CYTH OTpaXkaloT MCKOMYIO CBSI3HOCTD
PSIOB, a HEe CBSI3HOCTD TPEHIIOB.

PesynbraThl aHanM3a, MpencTaBlIeHHOrO B MpenblAylIeM pasiese, B LIeJOM COMIacyloTCs C PaclooXeHUEM
BbIICJICHHBIX 6-TU OAHOPOAHBIX 110 n3MeHynBocTH JITO paiioHoB (kinactepoB). CeBepHast BeTBb Hopakarckoro
TEUCHMS TIepeceKaeT paifoH 2, ISk KOTOPOTO OTMEUaeTCsl caMasi BEICOKAsT IO aOCOIOTHOM BEJIMIMHE KOPPEIISIIINS
C aIBEKTMBHBIM MEPEHOCOM TerlIa Yepe3 3alaJHylo I'paHMILy Mopst Mexay MbicoM Hopakam u o. MenBexuii. He-
CMOTPSI Ha OJIU3KOE pacIiojioxkeHne paitfoHOB 2 1 3, 0coOeHHOCTH BpeMeHHOoi n3meHunBocTu 1O B 3THX paiioHax
CYIIIECTBEHHO pa3InyHEL. )11 yKa3aHHBIX palilOHOB paHHEe U ITO3IHee OUMIIEHIE OTO JIbIa HaOII0OaIoCh B pa3HbIe
ronbl. B paiioHe 3 nex cxoauT B cpeHEM B KOHIIE Masi, a B palioHe 2 Ha Mecsll Mo3Ke, B KOHIEe UioHs. Takxke mist
paiioHa 2 XxapaKTepHBI TOIbI ¢ 00JIee paHHUM CXOIOM Jibaa B Terutblil mepuon (¢ 2003 r.) 1 6ojee MO3MHUM B XOJIOA-
Hbiit nepuon (¢ 1979 r. mo 1989 r.), HO npu 5TOM B cpenHeM Jieq cxoaut nosxe. Koadduuument koppesnsiuu 11O
C aIBEKTUBHBIM MTOTOKOM TeIlj1a Yepe3 3anagHyro rpaHUIly MOpS 1S palioHa 3 HU IJisI OHOIO U3 MecCsILIeB roia He
MIPEBOCXOIUT 110 abcomoTHOI BenmuuHe 0,5 (Tadma. 3). Mcxons n3 nepedncieHHbIX (DaKTOB MOXKHO 3aKJIIOYUTh,
YTO HECMOTPS Ha 0JIM3K0e TeorpacnuecKoe MOJIOKEHNE YKa3aHHBIX paiiloHOB, m3MeHYnBoCTh II10 B HUX orpene-
JIIeTCsl BO3ACMCTBUEM pa3IMIHbIX (DakTopoB. M3 cxeMbl TOBEPXHOCTHBIX TeueHui B bapeHueBoM Mope (puc. 7),
B YaCTHOCTH CJIEyeT, YTO paiioH 3 HAXOMUTCS MO OOIBIITMM BAUSHUEM MOCTYIIAIOIINX C CeBepa XOJIOIHBIX apKTH-
YeCKHUX BOM, KOTOPBIE BEPOATHO B 3HAYUTEIILHOM CTEIIEHN OJIOKMPYIOT TEIIOBOE Bo3neiicTBre AB.

Brnosb 3anmagHoro nodepexns apxunenara Hosast 3emiisi, Ha MyTu pacnpocTpaHeHMsI TpUOpexkHOoro 3anaaHo-
ro HoBosemenbcKOro TeueHusl, BBIIEISIOTCS paitoHbl S 1 4. [I1 3TUX pailOHOB OTMEUYEHBI JOCTATOYHO BHICOKHE
K03 PUIMEHTHI KOPPEJSIIUY C aABEKTUBHBIM IIEPEHOCOM TeTlla Yepes 3aMmaaHyto TpaHuily bapeHiesa Mops, XOTsS
OHU HECKOJIbKO MEHbIIIe, YeM JJIs1 paiioHa 2, 4TO BEpOSITHO 00bsICHsIETCS TeM (pakToM, yTo AB B 3anmamHom Ho-
BO3eMEJIbCKOM TEUCHUM yTpauMBaeT CBOU UCXOMHbBIC TEPMOXAIMHHBIC XapaKTEPUCTUKH BCIICACTBUE ITepeMeIlTnBa-
HUS ¢ BOIAMU XOJIOIHOTO TeueHUs JIUTKe, a TakKe ¢ XOJIOMHBIMU BOIaMU, 00pa3yIOIIMMICS Ha 3aIlaIHOM IIebde
apxumnenara HoBast 3eMJyist B 3MMHMIA ce30H [26].

3HauYMMOl CBSI3M MTOTOKA TeTlIa Yepes 3amnanHyto rpanuily bapeniieBa mops ¢ JIT10 B paiioHax 1 1 6 BBISIBJICHO
He Obuto. Paiton 1, Haxonsuiics Ha rpaHulle bapeHueBa Mops 1 6acceiiHa HaHceHa, HAXOMUTCS B CTOPOHE OT
notoka AB uepe3 bapeHueBo mope, u Teopetndecku JIMTO B 3TOM palioHe MOXET 3aBUCETh OT MOCTyIieHus1 AB
¢ ceBepa yepe3 xkeaob6 Ppani-Bukropus. OnHako, pacuetsl Koppeasuuii Mmexay AI10 B paiioHe 1 1 moTokom
Teruta yepes paspes 5 (puc. 1) He mokasaiu BhICOKUX KO3GhMUIIMEHTOB Koppesiiiny. [1Jist paifoHa 6 BBICOKUIA ITOJI0-
KUTENbHbBIN KoadduimeHT Koppeasuuu JIITO 1 moTokoM Teria yepes 3araaHylo rpaHUILy MOPS B UI0JIe OKa3aacs
apTe(akToM B CUJIYy TOTO, YTO B OOJIBIIMHCTBE IMPOaHAIM3UPOBAHHBIX JIET JIEASHOI IOKPOB B paiioHe 6 KPYIJIOro-
ITAYHO OTCYTCTBOBAJ.

6. BoiBoabl

006006111251 TTPOBENEHHBIN aHATTN3, MOKXHO C(hOPMYJIMPOBATH CIEAYIONINEe OCHOBHBIE BHIBOJIBI:

1. IlTpumenenue metona kiactepHoro aHanuza HDBSCAN nis1 ucciaenoBaHusi MpOCTpaHCTBEHHO-BPEMEHHOI
n3meHunBoctH JAI1O nsa akBatopuu bapeniieBa Mops ¢ 1979 o 2019 r. Mo3BoIMIO BBIIEAUTD paiioOHbI (KIacTephl)
¢ CUHXpOHHOM aAuHamukoi J1IT0.

2. Ha Bceit akBatopuu bapeHiieBa mopst ocie 2003 r. HaGonaeTcsl yCTOMUMBOE CMELIEHUE CPOKOB CE30H-
HOTO OUMIIIEHUST OTO JibJia Ha Oojiee paHHUE. [1py 3TOM KaxkIoMy M3 BBIIEJIEHHBIX PallOHOB CBOMCTBEHHA CBOSI
JWHAMUKA U CKOPOCTb.

3. Paitonsl 2—5 xapakTepn3yroTcst HamnuueM «mamstv» JI1O Ha rogoBoM MaciuTabe, YTO MOATBEPKIaeTCS
CPaBHUTEIbHO BHICOKMMU KOA(DGUIIMEHTAMU aBTOKOPPEJISIIIMY Ha TOJOBOM CIBUTE, B OTJIMYUE OT pailoHoB 1 1 6,
JUTST KOTOPBIX KO3 (UITMEHTHI aBTOKOPPEISIIIMY Ha TOJOBOM C/IBUTE MaJIbl.

4. Haubonee 3HauutenbHoe cMmelneHue JITO Ha Oosee paHHMe BBISIBICHO ISl pailoHa 5 (10ro-3aramHblil
menbd HoBoit 3emnn), rae cyliecTBEHHO BO3pOCia aMIUIMTYAa MEKTOIOBBIX KOJieOaHU, MPUYEM B OTAEIbHBIE
ronbl nocye 2007 r. 3TOT paiioH ObUT B CPEAHEM KPYIJIOTOAUYHO O€3JIeMHBIM, YETO paHee He HabI01a10Ch.

5. 3ameTtHoe BiausHue Ha JIT1O agBeKTUBHOIO MOTOKA TeIJ1a yepe3 3anaaHyio rpaHuily bapeHiieBa Mopsi BbISIB-
JIEHO 17151 pailoHOB 2, 4 U 5, pacloNIOXKEHHBIX Ha MyTU PaclpoCTpaHEHUsI aTylaHTUdecKux Bof. [1pu atom st pas-
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HBIX paifOHOB MaKCHMAaJIbHBIM KO3(POUIIMEHT KOPPESIIny HaOtomaeTcs TIpU pa3HBIX BpeMEHHBIX caBurax (ot 0
1o 6 mec.). BemurHa BpeMeHHOIO CIBUTa KOCBEHHO YKa3bIBaeT Ha BpPeMsl TTPOXOXKIEHMS TETUIOBBIM CUTHAJIOM
pPacCTOSTHUS OT 3araHOM TPaHUIIBI MOPSI 1O COOTBETCTBYIOIIETO paifoHa.

6. Copur JII1O B bapeHiieBoM Mope Ha 0ojiee paHHEE MOXKET IIPUBECTU U K U3MEHEHUIO CPOKOB Hayasia Ipu-
KPOMOYHOTO «IIBETECHHS», Ha JOJI0 KOoToporo npuxogutcs 50—65 % romoBoii mepBUYHON MpoayKuuu [27], 4To
MOXET MOBJIUSTH Ha OMOJOTUUECKYIO MPOIYKTUBHOCTD MODSI.

Ha ommxaitimme mecaTUIeTHs] TIPOTHO3UPYETCsS COXpaHEHME TCHICHIMHU ITO3IHETO OCEHHETO O0pa30BaHMS
MOPCKOTO JibJia U 00Jiee paHHEro BECEHHEro OUMILeHUs akBaTopuu bapeHiieBa MOpsi OT MOPCKOTO Jibjia, UYTO CBUE-
TEJIbCTBYET O MPOAOJIKAIOIIEHCS «aTIaHTU(DUKAIIUW» TIpUaTiIaHTuYeckKoi ApkTuku [28]. C yuyeToM 3TOro Heobxo-
IAMO TIPOAOJIKATh M3YIeHNE COBPEMEHHBIX ITPOIIECCOB M3MEHEHUS KJIMMaTa B APKTUKE M, B YACTHOCTH, JICIIOBBIX
YCJIOBUIA, TaK KaK 3TU U3MEHEHUS B 3HAUMTEIbHOI CTENIEHU OMNpPENe/sIioT BO3HUKAIOLIME BO3MOXHOCTU U PUCKU
BEICHUS XO3SIMCTBEHHOM NESITEIbHOCTY B apKTUUECKOM perroHe. B manpHeIeM miaHupyeTcsl UCCIenoBaTh BIM-
sTHUEe aTMochepHOTo (hDOPCUHTA Ha JATHI ITOJTHOTO OUMIICHHUE OTO JIbIA.

7. ®uHaHCHpOBaHHE

Cratbs TIonrotoByieHa Tipu (puHaHcoBoit omaepxke rpanta PH® 19—17—00110 u npu nommepxke Mex-
NUCUUTUIMHAPHON HayyHO-00pa30BaTeIbHON IIKOJAbI MOCKOBCKOTO TOCYAapCTBEHHOTO YHMBEpPCUTETAa WMEHU
M.B. JlomoHocoBa «bynyiiee nmiaaHeThl U I100aTbHbIe U3BMEHEHUS OKPYKAIOIIeit CpeIbl».
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AHHOTaIUSA

HccnenoBaHbl M3MEHEHUST TEMIIEPATYPhl BO3/LyXa Y MOBEPXHOCTU U 3aBUXPEHHOCTH MOJIs CKOPOCTHU BeTpa akBaTopuu be-
JIOTo MOpsl U Tepputopur MypmaHCKoi#t 1 ApxaHrenbckoit oonacteit u Pecriyonuku Kapenusi. AHanM3upoBaiuch cperHeMecs -
Hble naHHbIe peaHann3a NCEP/NCAR 3a nepuon 1950—2020 rr. OLieHeHHBbI ¢ TTOMOIIIbIO JMHEMHOT0 TpeHIa CPpeNHUii poCT
TeMIIepaTyphl Bo3myxa y moepxHoctu coctasmi +0,24 °C/10 net. Ha hoHe aT0OTO JIMHEITHOTO pOCTa HAOTIONAIOTCS CYIIIECTBEH-
Hble MEXIeKaaHble U3MEHEHUS TeMIepaTypbl BO3ayXa Y MOBEPXHOCTU. BblneneHbl Mepuoabl: yCUIeHUsI KOHTUHEHTAIbHOCTU
kimMata (1950—1976 rr.), 6osee Mopckoro kiaumara (1977—1998 1r.), u GbICTPOro pocTa TeMITepaTyphbl BO3yXa Y MOBEPXHOCTH
(1999—2020 rr.). [1epexon oT neprona ycuieHUss KOHTUHEHTAJIbHOCTU KJIMMaTa K Mepuony 6ojee MOPCKOTro KJaMMara CBsI3aH
¢ yewieHueM BiusiHus CeBepHOU ATIaHTUKU Ha MCCIIeMyeMblil peToH. BBIIBUHYTA TUIIOTE3a, YTO TIepUOI OBICTPOTO pOCTa
TeMIepaTypbl BO3/yxa Y MOBEPXHOCTU BbI3BaH MPOU3OLLIEAIINM MEPEXONIOM KIMMATUYECKOI CUCTeMBbl 3aMaaHoil yacTu poc-
cuiickoit ApKTHUKU B HOBoe (ha3oBoe cocTostHue. HabiomaeMoe roTerieHre B ApKTUKE BBI3BAJIO COKPAIIIEHNEe MOPCKOTO JIb/A,
4TO MPUBEJO K YBETMUESHUIO MOMIOLIEHHUsT COTHEUHOI SHEpruu nmoBepxHocThio bapeHiieBa n benoro mopeii.

KoioueBbie ci1oBa: 3MeHeHUs KIMMara, TeMrepaTtypa, Apktuka, beinoe mope, bapeHiieBo Mope, MOpCKoOIi Jiea, atMocdepHast
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Abstract

Changes in near surface air temperature (SAT) and vorticity of the wind speed field of the White Sea and the territory of
the Murmansk and Arkhangelsk regions and the Republic of Karelia are investigated. We analyzed the monthly average NCEP/
NCAR reanalysis data for the period 1950—2020. The average surface air temperature growth estimated using a linear trend was
+0.24 °C/10 years. Against the background of this linear growth, significant interdecadal changes in surface air temperature are
observed. The following periods are highlighted: the strengthening of the continentality of the climate (1950—1976), a more mari-
time climate (1977—1998), and the rapid growth of surface air temperature (1999—2020). The transition from a period of increasing
continentality of the climate to a period of a more maritime climate is associated with an increase in the influence of the North

Ccoitka mist mutupoBanus: Cepoix U.B., Kocmsanoii A.I., Jlebedes C.A., Kocmsanas E.A. O nepexone TeMIepaTypHOTO peXuma
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O nepexone TemnepatypHoro pexuma pernona bBesoro mops B HoBoe ¢a3oBoe cocTosinne
On the transition of temperature regime of the White Sea Region to a new phase state

Atlantic on the region under study. A hypothesis has been put forward that the period of rapid growth of surface air temperature
is caused by the transition of the climatic system of the western part of the Russian Arctic into a new phase state. The observed
warming in the Arctic has caused a reduction in sea ice, which has led to an increase in solar energy absorption by the surface of
the Barents and White Seas.

Keywords: climate change, temperature, Arctic, White Sea, Barents Sea, sea ice, atmospheric circulation

1. Benenne

CybapkTuueckast 30Ha Poccun ocobeHHO ysI3BMMa K UI3BMEHEHWIO KJIMMara, TTOCKOJIbKY B 30He MHOTOJIETHEH
MEp3JIOThI PACOOXeHa UH(MPACTPYKTypa HA COTHU MUJIJIMAPIOB 10JU1apoB. B To ke Bpemsi, Mo TaHHbIM Ha0JIIo-
IeHuii ¢ cepeauHbl 1970-X IT. cpemHue TeMIIepaTyphl 31eCh PacTyT B 2,5 pa3a ObICTpee, YeM B IICJIOM I10 TIJIaHeTe.
Ecnu npounsoiineT oTTanBaHre MeP3JIbIX TOJIIII, TO U3-32 3HAUUTETLHOTO CONEPXKaHMS B HUX JIbla, CPEMHSIS ocaaKa
rpyHTOB MoXeT cocTabiisiTh 10—20 cm B roa [1]. XKenesHonopokHast uHGpacTpyKTypa B CyOApKTUUECKUX PErMOHaX
9KCIUTYaTUPYETCS B YPE3BBIYAITHO CIIOXKHBIX MHXKEHEPHO-T€OJIOTMUECKMX U TaHIIIA(DTHO-KITNMAaTHICCKUX YCTIOBH-
SIX, TIOIBEPrasiCh HEIIPEePBIBHOMY BO3ICHCTBUIO PAa3IMIHBIX BHEITHUX BO3IECCTBHIA, MPUBOASAIINX K Ae(hOopMaIisM
MYTU U UCKYCCTBEHHBIX coopyxeHuii [1]. Cpenu Hux: 6eperoBasi abpa3usi, cejieBble MOTOKHU, MAaBOIKU, DPO3USI,
OITOJI3HU U CIUIBIBBI, OOBAJIBI M OCHIIIA, KapCTOBBIC MPOBAIIBI, Cy(h(HO3MOHHBIC TTPOCANKM, HAJICAN, TEPMOKAPCT,
TEPMO3PPO3HSI U CONMDITIOKIINS, pa3phIBHBIE Ae(OpMaIli, MOPO3HOE ITyYeHNE, CHEXKHBIC JJABUHEI U TI.

OCTpOBKOBbI€ 30HbI MHOTOJIETHell Mep3noThl HaxoasATcsl Ha Kojbckom moyocTtpoBe [2]. MHbpacTpyKTy-
pa OAO «PXKX» B 5TOM pernoHe 0COOEHHO ysI3BMMa Iepel HeraTUBHBIMU (paKTOpaMU PeTMOHAJILHOTO M3MEHe-
HUs KJIMMaTa, IMOCKOJIBKY TJIaBHOM Mpo0sieMoit yuacTka BoixoBcTpoit — MypMaHCK sSBisieTcs TOT (pakT, 4To U3
1320 xM ero aiauHbl 60ee 340 KM COCTaBJSIIOT OMHOIYTHBIE YYACTKU, YTO OTPAaHUUYUBAET €ro MPOIYCKHYIO CIO-
cobHocTh. Kpome Toro, 30 anpens 2020 r. [TpaButenbetBo PD mocTaBmiio 3amady yBeIMYUTh MTEPEBO3KU C 28 110
44 MH. T B rof Ha yyactke MypMaHckoro otaeneHust OKTa0pbcKoii xxene3Hol noporu K 2023 r., a He K 2035-my,
Kak IJIaHupoBaiu paHee, a K 2035 r. oHu mosmkHbI Beipactu 1o 100 muH. T (https://tass.ru/ekonomika/9890949,
https://rg.ru/2020/11/10/reg-szfo/propusknaia-sposobnost-zheleznodorozhnoj-infrastruktury-v-zapoliare-
vyrastet.html). B ¢cBg3m ¢ 3TIM, McciaenoBaHUS N3MEHEHUI KJIMMaTa Ha Tepputopun MypMmaHCcKoii ooiact, Pe-
cnyonuku Kapenust u ApxaHreabCKoi 001acTu Ype3BbluaiiHO BaxkHbI 1Jis1 Poccuiickux xene3Hbix popor (P2K/).
JlaHHOEe ucclienoBaHue SIBISIeTCS TIPONOJKEHUEM paboT, HavYaThIX B [3—5, 1].

C Hauana 2000-x rr. 6bU10 OMYOIMKOBAHO HECKOJBKO PadOT MO UCCIeIOBAaHUIO PErMOHAIbHOIO U3MEHEHUS
KJIMMaTa B UCCIIeAyeMOM pPerMoHe, raBHbIM 00pa3oM, B paiioHe BogocOopHoro bacceiiHa benoro mopst u Kape-
Jmu. OIHAKO B OOJIBIIMHCTBE paboT nepnon uccienoBanusg orpannumnBaicsg 2000 vwim 2011 rogom, mosToMy Kpu-
TAYECKHE M3MEHEHUS KJIMMAaTa B MepBbie OBa AccATmieThs XXI BeKa B HUX MPAKTUYECKU He OBUIM OTPaKCHBI.
Kpome Toro, ocHoBHbI€ YCUIUsI ObLIM HaIlpaBIeHbl HA U3yUyeHMe BoIocOOpHOro d6acceitHa benoro Mopsi, KOTOpbIii
B OOJIBIIIET YaCTH HAXOMUTCS I0r0-BOCTOUHEEe beroro Mops 1 ncciieayeMoro HaMu peruoHa.

Tak, HaripuMep, B [6—8] mokaszaHo, 4To Ui perrnoHa beoro mops ¢ 1985 r. Havasicst mepuo, KOTOPBIi Xapak-
TEePU30BaJICs MOJOXUTEIbHBIMU AaHOMAIMSIMU BOCTOUHOTO TTepeHoca, MPU 3TOM MOBTOPSIEMOCTD 3aragHbIX (hopM
nepeHoca 6nu1a 6;113Ka K HopMme. OTpuIiaTeIbHbIC aHOMAJIMY TEMIIepaTyphl Bo3ayxa B KoHIIe 1980-X IT. cMEHIINCH
MOJOXUTEAbHBIMU 10 2,0—2,5 °C, a aHoMauu aTMOC(HEPHOTro JaBJIeHUsI CMEHUJIN 3HAK C MOJIOXXKUTEILHOTO Ha OT-
punatenbHbiit. [ToHMKeHue aTMochepHOro AaBiIeHUs] OOBSICHSETCS YBEIMYEHUEM 3allaJHbIX ITEPEHOCOB, YCUIe-
HUEM IIUKJIOHNYECKOM aKTUBHOCTH, a TIOBBIIIICHUE TEMIIEPaTyphl BO3MyXa — IMOCTYIIJICHUEM TEIUIBIX BO3MYIITHBIX
macc ¢ Ariaantuku. CIIeKTp KojiebaHuil TeMIepaTypbl IPU3EMHOr0 Bo3ayXa B ApXaHrejabcKe 3a 176 JeT BhISIBUII
JTOMUHUpPYIOLIME KojiebaHus ¢ neproaoM 4—5 u 11—13 yiet, 4To CBUIETEIbCTBYET O BAUSIHUM KPYITHOMACIITa0-
HBIX KIIMMaTUYECKUX TTPOIIECCOB Ha (DOPMUPOBAHME TOJITOIIEPHUOTHON N3MEHUNBOCTU TUAPOMETEOPOIOIMICCKIX
XapakTepuCcTUK perrnoHa beyoro mops. OxupaeTcs, 4To TeMrepaTypa Bo3ayxa B peruoHe K 2050 r. BoIpacTeT 10
2,8—3,3°C, 1.e. Ha 1,8—2,3 °C orHocutenbHo 1840 r. unu Ha 0,5—1,0 °C otHocuTeabHo 2000 r. [8].

B [9, 10] paccmoTpeH TeMIiepaTypHblii pexkum tepputopui Kapennu B 1950—2011 rr., mokaszaHo, 4To HAaUMHas
¢ 1989 r. HabIFOIAFOTCSI TOJIBKO MOJIOXKUTEIbHBIC aHOMAJIUH TeMITepaTyphl Bo3ayxa rmopsinka 1—2 °C, mo cpaBHEHUIO
co cpenHuM 3HayeHueM 3a 1961—1990 rr. HauGobliee roTeruieHue HabI0aaeTcsl B 3MMHUI TIEPUO U B MapTe OT
0,3 °C 10 0,6 °C/10 net. [1oBbllieHHE TeMIIEPATYPhI BO3IYyXa, OUEBUIHO, IIPUBOAUT K POCTY TEMIIEPATYPhI [IOYBHI.
AHaIIN3 JaHHBIX HAOTIOACHUI IO BBITSDKHBIM TEPMOMETpPaM 101 €CTECTBEHHBIM ITOKPOBOM Ha TiIyomHax ot 20 10
320 cM nmokaszai, uto B TeueHue 1990-x u 2000-x IT. cpeaHeroaoBasi Temiiepatypa MouBbl Ha pa3JIUYHbIX IIyOMHAX
1o 320 cm Ha TeppuTopun Kapenum mpeBbimiana KIuMaTHIecKyo Hopmy Ha 1,0—1,5 °C B 1oXXHBIX palioHaX ¥ Ha
0,5—1,0 °C B ceBepHbIx pailoHax pecnyosuku [10]. CnenyeT OTMETUTb, UTO KJAMMaTUUECKON HOPMOI B 10XKHOI
Kapenuu saBasercs temnepartypa rmounbl —1,5...—2,0 °C Ha rinyoune 20 cM ¢ nekadpst 10 cepeauHbI arpesisi, OAHAKO
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B TeueHue 19912011 rr. mpomep3aHue MOYBBI OTMEUYEHO HE ObLIO, B TO BPEMS KaK B LIEHTPAJIbHBIX U CEBEPHBIX
paiioHax oHo elile coxpaHsutoch [10]. Ha ocTanbHbIX ITyOMHAX CpeAHUE MECSIUYHbIe 3HAUSHUST TeMIepaTyphbl B Te-
YeHME roja ObLIM MONOXUTEeIbHBIMU. B [11] mo cmyTHUKOBBIM faHHBIM 3a 2002—2019 rr. ToKa3aHo, 9YTO CKOPOCTh
pocTa TeMIiepaTyphl IOUYBBI B HEKOTOPBIX paiioHax Kosbckoro moixyoctpoBa MoxeT nocturath +0,1 °C/rog.

B [12, 13] ans aHanu3a MeXrogoBOi M3MEHUMBOCTU TEPMUYECKOTO U JIeAOBOro pexuma o3ep Kapenuu wmc-
MOJTb30BaHbl TaKXXe NAaHHBIE O TEMIepaType BO3[dyxa C MPUJIEralolIuX METeOCTaHLMI. AHAIU3 3TUX PSIOB 3a
1953—2011 rr. mokasaJ IMoJIOXXUTEbHBIN TpeH I TeMItepatyphbl Bozayxa 0,2—0,3 °C/10 xer, aB 1976—2014 rr. 0,57—
0,67 °C/10 net B paitoHe Mexny JlamoxxckuM o3epoM U benbiM MopeM, a Ha MeTeocTaHMu Bamaam (Jlamoxxckoe
o3epo) mo +1,12 °C/10 net B utore.

B [14] nna KonbcKoro mosyocTpoBa MokKa3aHo, 4To TeMreparypa Bo3ayxa ¢ 1878 mo 2013 rox pocia co cpen-
Heit ckopocThio 1 °C/100 jet, mpu 3TOM CKOPOCTh pocTa 3aMeTHO yBeanuuiaach B 1980—2009 rr. +0,55 °C/10 ner.
B 2000—2009 rr. MaKcuMaabHbIC 3HAYCHUST CPEIHUX aHOMAJINIA TEMITepaTyphl TPU3EMHOTO BO3IyXa HAOMIONaINCh
sumoii (+1,8 °C), a MuHumanbubie — jietoM (+0,75 °C). ABTOpbI 00paTHIM BHUMaHKE Ha CYIIECTBEHHYIO HEOTHO-
POIHOCTb U3MEeHEeHU i TeMmnepatypbl Ha Konbckom nosyoctpose. Hanpumep, Ha MypMaHckoM nobepexbe, oopa-
IIEHHOM K bapeH1ieBy MOpIo, MOTEIJIeHUE 3aMETHO U CTAaTUCTUYECKM 3HAUYUMO, a Ha TepckoM u Kannanakiickom
Oeperax beyroro Mopst 3HaueHMs TPeH 1A CYIIIECTBEHHO MEHbIIIE U MPAKTUIeCK HE3HAUMMBbI. DTO CBUIETEILCTBYET
0 MO3aMYHOCTH MMKPOKJIMMATUYECKUX YCIIOBUM, KOTOPbIE ISl TeOMOP(MOIOTUYECKHUX MPOLIECCOB B HEOOIBIIIMX
OacceifHax TOPHBIX PeK OKA3bIBAIOTCS BAXKHEE PETMOHATbHBIX TEHACHIIUMA.

B [15, 16] nnst Bomoc6opHoro 6acceitHa beoro Mopst mokazaHo, YTO Ha OCHOBE JaHHBIX METEOCTAHIIMIA cpe/-
HUe 3HaueHus TemnepaTypbl Bozayxa 3a 1991—2017 rr. noBsicuauchk Ha 0,8—1,2 °C mo cpaBHEHUIO CO CTaHIAPT-
HBIM KJIMMaTHUYeCKUM neprogoM — 1961—1990 rr. JJaHHbIe HAOIIOAECHUI CBUIETEIBCTBYIOT O TIOYTU CUHXPOHHOM
XapakTepe U3MEHYMBOCTHU CPETHETOIOBOM TeMIIepaTyphl BO3/1yxa 1o Bcemy Bomocbopy benoro mopst. Uto kacaetcst
Pa3HBIX CE30HOB rojia, TO HauOOJIbllIee TOBBIIIEHUE TEMIIEPATYPhl 3apETMCTPUPOBAHO ISl 3SMMHUX MECSIIEB, OCO-
OcHHO s sTHBaps (cpenHue 3HadeHMs 32 1991—2017 IT. mpeBhIIIaloT KIuMaTudeckKue HopMbl Ha 1,7—2,5 °C).

B [17] nns BomocGopHoro 6acceiftHa OHEXXCKOro o3epa MoKa3aHo, 4To BO BTOpoii nojoBruHe XXI Beka TeM-
neparypa Bo3ayxa MoBbICUTCS B cpenHeM Ha 4,53 °C no cpaBHeHuIo ¢ niepuoaoM 1951—2000 rr, mpu 3ToM cyliie-
CTBEHHOE MOTEIJICHNE OXUIAETCsI UMEHHO B 3UMHMUIT niepuof. OXUnaercs, YTo yBeJIMUEHUE CPEIHUX STHBAPCKUX
temnepatyp B 2001—2050 rr. mpousoiineT Ha 5,6 °C, a B 2051—2100 rr. Ha 8,6 °C.

B [18] paccMoTpeH TemioBoii cToK peK Bogocbopa benoro Mopst u ero namMeHYuBOCTh. [Toka3aHo MoOBbIlLIEHKE
TeMIIepaTyphbl BOIbI YCTheB peK BomocOopa benoro mopst 3a 1956—2015 rr., 0cob6eHHO sIpKO BhIpaxkeHHoe ¢ 1990 r.
ITpoBeneHHbIE MOIETbHBIE SKCIIEPUMEHTHI ITOKA3aJI1, YTO IMOBBIIIEHNUE VI IOHKEHUE CPeTHEMECSIHOM TemIie-
paTypbl BoJIbI B pekax Ha 2 °C, a Takke M3MEeHeH1e UX BOIHOro croka Ha 30 % He MpuBeneT K CYIIeCTBEeHHOMY 13-
MEHEHUIO CPOKOB JIeN000pa30BaHMsl U pa3pyllIeHUs Jibla B 3a/iuBaxX benoro Mopsi, a Tulb U3MEHUT TeMIepaTypy
BOJIBI B TETJIOE BPEeMsI TO/aA.

B BbIlIEnIEpeuncaeHHBIX paboTaXx 0TMEUaIoCh, YTO MTOCIEACTBUS M3BMEHEHUS KJIMMaTa Ha BojgocOope besoro
MODPSI CYIIIECTBEHHBIM 00pa30M CKa3bIBAIOTCSI HAa PHIOOJIOBCTBE, CEJTbCKOM U JIECHOM XO3s1CTBE (TJIaBHBIM 00pa-
30M, 3a CUET MOBBIIICHUSI TeMITepaTyphl BO3myxa 1 Boabl benoro Mops u pex), a nanbHelilee n3MeHeHUe KiuMaTa
MOXET TIOBJIMSITh Ha OOBIYY TOJIE3HBIX MCKOTIAEMbIX, SHEPIeTUKY, TPAHCIIOPT U TypU3M, KOTOPbIe pa3BUBAIOTCS
B benomopre u Ha KosibckoMm monyoctpose [16].

2. JlaHHBIE 1 METO/bI

B cTaThe aHaM3MpoBaInCh CpeIHEMECSIYHBIC TaHHBIE TeMIIepaTyphl Bo3ayxa y moBepxHoctu (TBIT) u ckopo-
ctu Betpa Ha ypoBHe curma 0,995 u3 NCEP/NCAR Reanalysis Ha ceTke 2,5 x 2,5° 3a mepuon 1950—2020 rr. [19].
Yposenb curma 0,995 sBisieTcs caMbIM OJIM3KMM K TMTOBEPXHOCTH YPOBHEM MOJEJIU, MCTOJIb3YIOIIeiics Tpu yCBO-
enun naHHbIX B NCEP/NCAR Reanalysis, 1 mpuOIM3UTeIbHO COOTBETCTBYET BhICOTE 42,2 M HaJ ITOBEPXHOCTHIO,
MIpUIeM OTCUET BBICOTHI BEIETCS OT peibea MECTHOCTH B KaxKIOM y31e ceTKH. [1o11 TOBEpXHOCTHIO UMEETCS B BULY
TBep/aask WIM XUIKask TIOBEPXHOCTh CYIIM MJIM OKeaHa B 3aBUCMMOCTHM OT KOHKPETHOTO y3jia ceTku. Ha ypoBHe
curma 0,995 atmocdepHoe naBieHre B TaHHOM y3JIe CeTKM Ha TaHHOM BpeMeHHOM miare B 0,995 pa3 mpeBbliaeT
aTMocepHOe TaBIeHNEe Y TTIOBEPXHOCTH B 3TOM Y3JIe CETKHU B 3TO BpeMs.

B xauecTBe JOMOTHUTENIBHBIX TaHHBIX, KCTIOJb30BAHHBIX MPU OOCYKIEHUU MOJYYEHHBIX Pe3yJIbTaToB, MPU-
BJICUCHBI CPETHEMECSTUHBIC 3HAUeHUST KOHIICHTPAIIMA MOPCKOTO Jibaa (TUIOIIAAb, TTOKPHITAas JIBIOM JII000M CILI0-
YEHHOCTHU, B MPOIEHTAX OT OOIICHT TIIoIIaay MOps), TTIOJYyIeHHBIE OCPEIHECHNEM CPEIHECYTOUHBIX 3HAUCHU M3
maccuBa CMEMS EUMETSAT OSI SAF SEAICE _GLO_SEAICE 14 REP OBSERVATIONS 011 009 nHa
cetke 12,5 xm 3a mepuon 1979—2020 rr. [20]. DTu maHHbBIC SBISIOTCS CITYTHUKOBBIMU M TIOKPBHIBAIOT BHICOKHE
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mpoTel CeBepHOTO Tosymapus. JlOMOTHUTEThHO aHAIM3UPOBAINCH CPETHEMECSUHbIe JaHHbBIE TeMITepaTypbl
OKeaHa Ha pa3JIMYHbIX TJIyOMHax riaodanbHoro okeanuueckoro peaHaianza GECCO3 (German contribution of the
Estimating the Circulation and Climate of the Ocean project) Ha ceTke 1 X 1° 3a mepuon 1948—2018 rr. [21].

B xaxioM y3ie ceTku paccuuTaH CpelHUit 32 paccMaTpuBaeMblit IEPUO/] TOJOBOM XOI UCCIIEIYEMBbIX XapaKTe-
puctuk. [TorydeHHBIN OTAETBHO 1T KAXKIOTO Y371a CETKU CPETHUI TOJJOBOI X0/ BBIYUTAJICS U3 UCXOMHBIX TaHHBIX
JUTSI TIOTyYEHU I aHOMaJMid B KaXKJOM Y37 CETKU OTHOCUTEBHO CPEIHEro rof0BOro Xo/a (ajee mpocTo aHoMa-
nnii). JInHeitHble TPEHIBI BEIYUCISTACH C TIOMOIIBIO METO/Ia HAMMEHBIITNX KBAIpaTOB.

ITpoussommiiock ocpenHenune anHomannii TBIT mist pacimpenHoro pernona bemoro mopst (61,25—71,25°¢c.1.;
28,75—46,25°8.1.). KoopnuHatbl ykazanbsl ¢ yuetoM ceTku NCEP/NCAR Reanalysis, MOCKOJBKY KaxIblil y3el
CETKM COMIEPKUT TaHHBIE OCpeIHEHHbIE IJIs1 CBOeM oKpecTHOCTH t1,25°. B ncciaeayeMblit permoH morajaaioT y3JIbl
CeTKM ¢ mumpoTtamu 62,5°, 65°, 67,5°, 70°c.u1. u goaroramu 30°, 32,5°, 35°, 37,5°, 40°, 42,5°, 45°8.1. Takum 06-
pa3oM, uccienyeMblii perMoH BKIIIOYAeT B ce0sl BClo akBaTopuio besroro Mopsi, yacts tora bapeHiieBa Mopsi, BCio
TeppuToputo MypmaHcKoii obactu u peciiydoauku Kapenus u 001b1IyI0 4acTh ApXaHTeJIbCKOM 00JIacTH.

JI1st aHanm3a TUIa aTMOChEpPHO LIUPKYJISILIMU B HEOOBIIMX PETUOHAX UCTIOJIb3YIOT MOHSTHE 3aBUXPEHHOCTH,
KOTOpast TipeacTanisieT coboii { = 0V/ox — 0U/dy, tne U u V — 30HaNbHAS U MEpUAMOHATbHAS COCTABIISIIONINE
ckopocTH BeTpa. C npyroit CTOpPOHbI, 3aBUXPEHHOCTb ECTh POTOP OT JIMHUIA ToKa = rot(y). [lonoxuTenbHast Be-
JMYrHA € XapakTepu3yeT MpeodiiafaHue MMKIOHUYECKON IIMPKYJISAINU, OTpUIaTebHasE — aHTUIUKIIOHUYECKOM.
JIaHHBII MTOIXO0/ MO3BOIWII TPOAHATM3UPOBATh U3BMEHUMBOCTD TUIA IUPKYISIIUM Haj akBaTopueli YepHoro u Ka-
CIUIACKOTro Mopeit [22—25], rae MpoBOAUIICS aHAJU3 MEXTOIOBOM U3MEHUMBOCTU 3aBUXPEHHOCTHU KaK LIUPKYJISI-
MU Mopsl, Tak U aTMocdepbl Hag HUM. [lo faHHOI MeTonMKe MPOBOAWIICS aHAIU3 BPEMEHHOW M3MEHYMBOCTHU
CpeITHEeMeCSYHOM 3aBUXPEHHOCTU CKOPOCTH BeTpa Ha ypoBHe curMa 0,995 mjis BblneieHus IepuooB CMEHBI aT-
MochepHOI LUPKYISALIMU Hal pailoHoM ucciaenoBaHus 3a 1950—2020 rr.

3. Pe3yabTaThl

Ha puc. 1 (3eneHas nauHus1) mpenctabieH BpeMeHHoM psia usMeHeHuit cpeaHeid TBIT B uccinenyemom pervo-
He. M3ameHuuBocTh cpenHeMecssuHoi TBIT coctaBaser ~35 °C: ot —18 °C go +17 °C. IIpu 5TOM U3BMEHUUBOCTh
JokanbHbIX MUHUMYMOB TBIT coctaBnsier ~13 °C: ot —18 °C 1o —5 °C, 4TO cujbHee U3MEHUUMBOCTU JIOKAJTbHBIX
makcumymoB TBIT ~6 °C: or +11 °C no +17 °C.

B paccmaTpuBaeMblii BpeMEeHHOI Mepro UMEJI0 MECTO TJI00abHOE TMOTeIUIeHUe KJIMMara, BhI3BaHHOE, TI0
BCeil BUIMMOCTH, TJITaBHBIM 00pa3oM aHTPOIOTEHHBIM BoszeiicTBreM [26]. OnHaKo Kak riiobaibHasl, TakK U peruo-
HaJTbHasI KIIMMATUIeCKIE CUCTEMBI SIBIISIIOTCS HEIMHEHBIMM, TIO3TOMY M MX OTKJIMKU Ha aHTPOITOT€HHOE BO3IEeii-
CTBHE TaKXKe SIBJISTIOTCSI HeTMHEHBIMU. Ho B HacTosImee BpeMst HageXXKHO ¥ TOYHO OTICIUTh HeJTMHEHHBIIN OTKINK
KJIMMAaTUIEeCKOM CHCTeMbl Ha aHTPOIIOTEHHBIN (DOPCUHT OT ¢€ HEIMHEMHBIX OTKIIMKOB Ha IPYTHe BHEITHHUE BO3-
IeWcTBUs (HarmpuMep, Ha U3MEHEHUsI COJTHEUHOI aKTUBHOCTH) M OT COOCTBEHHBIX KOJIEOAHUI CUCTEMBI (MOJIBI
KJIMMaTUYeCKOM M3MEHYMBOCTH ), HA HaIIl B3IJISII, TIPEACTABISICTCS OYeHb CI0XHOI 3amaueii.

JluneliHasg ammpokcumauusi BpeMeHHoOro psiza usMeHeHuit cpenHeir TBII pernona benoro mopst nemoH-
cTpupyeT e€ pocT B cpeaHem Ha +0,24 °C 3a 10 net (¢puoneroBas nuHus Ha puc. 1). Takum obpas3om, 3a paccma-
tpuBaemsbliii 71 roa poct TBII coctaBun npubausurensHo +1,7 °C. OgHako cieayeT NpruHATh BO BHUMaHUE, YTO
MPUMEHEHHBIN U1 OLIEHKU JIMHEITHOTO TPEeHIa MEeTOMl HAaMMEHBIIINX KBaIpaToB OYeHb YYBCTBUTEJIEH K KPAaeBbIM
3HAYCHUsIM. A Ha KpaeBble 3HaYEHMSI, B CBOIO OUYepE/lb, BIMSIET MEXIOI0Bask M MeXCe30HHasi U3MEHYMBOCTD HC-
caemyemoro psiga. bosiee Toro, nanee oynet rmokasaHo, yto udmeHeHus TBII paccmaTprBaeMoro peruoHa MOXHO
pasnenuTh Ha TPU Pa3TMIHbIX TIEPUO/Ia, a JUTS aHAIM3a TAKOTO MMOBEICHUSI CUCTEMBI JTy4Ille IPUMEHSITh arllpOKCH-
MalMIo CTyNeH4YaTol (PyHKIIMEH.

Mexromosas (puc. 1, YepHast KpyBasi JUHUS) M MexKce30HHasI (puc. 1, KpacHbIC M CHHUE KPYTH) N3MEHINBOCTh
cpemaux anoManuii TBIT B paccMaTprBacMoM pernoHe IeMOHCTPUPYET OOJIBIION TMATIa30H 3HAUCHU I, KaK MEXKITY
OTIEIbHBIMU TOOAMU, TaK W OTACIBHBIMU ce30HaMU. [1pu 3ToM m3meHunBoCTh aHoManuiit TBIT Mexny 3suMHIMMI
nepuogamMu (1exadbpb — eBpasib) CUJIbHEEe, YeM MEXIY JISTHUMU IepruoaaMu (MIOHb — aBTYCT).

Ha puc. 2 npencrasieHa U3MeHYMBOCTb cpenHux aHoMmanuii TBIT uccienyemoro permoHa nocjiae mpuMeHeHUs
HU3KOYACTOTHBIX (DUJIBTPOB IS BblAeJeHUs 00jiee TPOIOKUTEIbHBIX M3MeHeHUuil. Ha BpeMeHHBbIX psinax puc. 2
Ha ¢oHe nuHeitHoro pocta aHoMaauii TBIT MOXHO BBIAECIUTH TPU TEpUOIA C OTIMYAIOIIUMUCS XapaKTepUCTH-
kamu. [lepsolii iepuon 1950—1976 rr. xapakrepusyeTcsi CHJIBHBIMM TTOJIOKUTEIbHBIMU aHoManusiMu TBIT B Te-
TUible rmoJiyroaus (Maii — okTsiopb). Bo BTopoii nepuoa 1977—1998 rr. cutyauust usMeHuUIach U CUJIbHbIE TTOJ0XM -
TenbHbIe aHoManuu TBIT cranu HaGMonaThCsI B OCHOBHOM B XOJIOHBIE TTOJIYTOMMSI, a B TETLJIbIE ITOTYTOMUS CTATN
HaOJII0IaThCsl B OCHOBHOM OTpULIaTebHble aHOMannu. Tpetuit nepuon 1999—2020 rr. xapakTepusyeTcsl pe3Kum
poctoMm anomanuit TBIT kak B xononustit (o +3 °C), Tak u B Teruiblit nepuon roaa (no +2 °C).
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Puc. 1. U3meHeHus1 cpenHeil TeMnepaTypbl BO3Ayxa y 1mo-
BepxHoctu (TBII) B pernone benoro mops (3eneHblit),
1 W JIMHEIHOE MPUOJIMXKEHNE 3TOT0 BpeMeHHOoro psiaa (du-
G T BB oseToBbIit) 3a 1950—2020 rr. U3MeHeHust CpeHruX aHOMa-
o JUlelA IR SAAIALN i smii TBIT B peruone benoro mops, criaxkeHHbIe 1-JeTHUM
- I Al ¢unsrpoM baTTepBopTa HUXXHUX YaCTOT (YEPHBIiT), U UX
JIMHEWHBIN TpeHn (YepHas mpsiMasi TuHus). Kpyramu ot-
MeUeHbl cpenHue 3HauyeHuss aHomanuit TBII mis snera
] (MoHb — aBTYyCT) (KpacHBIN) U 3UMBI (IeKaOpbp — (eB-
-6 paiib) (cuHwuit).

Temneparypa, °C

Fig. 1. Changes in mean near surface air temperature (SAT)
107 in the White Sea region (green), and a linear approximation
12 of this time series (purple) for 1950—2020. Changes in mean
14 SAT anomalies in the White Sea region, smoothed by a
1-year low-pass Butterworth filter (black), and their linear
trend (black straight line). The circles indicate the mean
values of the SAT anomalies for summer (June — August)
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Tompr (red) and winter (December — February) (blue)
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4 T - Puc. 2. V3aMeHeHUs CcpeaHUX aHOMAaJIUMi TeMIiepaTyphbl
s 1 Ul /\/ \ L Bosnyxa y noBepxHoctu (TBII) B pernone benoro mopst
] W \\{\ “\ 3a 1950—2020 1., criakeHHbIe 2-TeTHUM ((DUOJIETOBBII)
J ° | u 7-netHUM (opaHxkeBblil) ¢uisTpamMu baTTepBopra

A HWXXHUX YacToT. X TuHeliHbIi TpeHa (YepHblii) U HAaKO-
TUIEHHAs CyMMa aHOMaJIMii TIoclie yIaJleHUsI TMHEITHOTO
TpeHaa (3eneHsblit). Kpyramu oTMeueHbl cpeaHue 3Haue-
HUST aHOMAJIWI TSI TETJIoTo (Maif — OKTI0ph) (KpacHBI)
U XOJIONHOTO (HOSIOpb — anpesib) (CUMHUI) MOTYTOanii.
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Fig. 2. Changes in mean near surface air temperature

] ° U J ) " i (SAT) anomalies in the White Sea region for 1950—2020,
3 ° e d A smoothed by 2-year (purple) and 7-year (orange) low-
1 \ JJV\ hf pass Butterworth filters. Their linear trend (black) and the
4 y l}"’ V ! accumulated sum of anomalies after the removal of the

s linear trend (green) are drawn. The circles mark the average
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 ~ values of the anomalies for the warm (May — October)
Tonbt (red) and cold (November — April) (blue) seasons

CyliecTBOBaHNWE YKa3aHHBIX TPEX MEPUOIOB pa3IMIHOIO KJIMMaTa MOATBEepKAacT MoBeAcHNE TpadrKka HaKo-
rieHHol cymMbl aHoManuii TBIT nmocie ynaneHus: auHeliHOro TpeHna (puc. 2, 3eaeHblil). HakoreHHas cymma
MO3BOJISIET BbIACAUTD IJIUTEIbHbIC (MeXIeKaaHble) U3BMEHEHUSI, HEe TIPUMEHSISI TPU 3TOM (DUJIBbTPALIMIO C OOJIBIINM
OKHOM, KOTOpas MOXET MCKa3UThb PE3YJIbTAT, 0COOCHHO Ha KpasiX UcClieayeMoro psina. I'paddmk HaKOTUIEHHOM CyM-
Mbl aHomanuit TBIT B ocHoBHOM cHuaetcst ¢ 1977 roga no npuoausuteabHo 1999 rona, B 2000-x cTabuansupy-
etrcs, a B 2010-x HaunHaeT ObIcTpo pactu. [lonTBepxxaasi, TakuMm obpaszoM, pe3kuii poct TBII B TpeTtuit nepuon
(1999—2020 rT.), B 2—3 pa3a peBHIIABIINI IO CBOEH BemmunHe cpenauii poct TBII 3a Bech ncciemyeMblii iepron
(+0,24 °C 3a 10 ner).

AHaJIu3 BpeMEHHO U3MEHUMBOCTHU CPEIHEMECIUHON 3aBUXPEHHOCTU CKOPOCTH BeTpa Ha ypoBHe curma 0,995
(puc. 3) mokasai, 4To B IMOJIe 3aBUXPEHHOCTH MOXKHO BBIICIWTH TPHU TIEpHoda €¢ pocTa U MameHus. DT Iepu-
OJIIbl CBSI3aHBI C OCTa0JIeHUEM LIMKJIOHUYECKON MUPKYISIIUU WK ee ycrieHrueM. Tak B epuoanl 1950—1972 rr.
1 1999—2020 rr. Haba0maeTCsT Mepuoa ocaabaeHUs LIUKIOHUYECKON LIUPKYISILuu, a B iepuona 1973—1998 rr. ee
YCUJICHHE.
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Puc. 3. BpeMeHHast UIBMEHUYMBOCTh CPEIHETONOBOM (TTOCIe MeIMaHHOI (UIIBTpa-
1IMH1) 3aBUXPEHHOCTH MOJIsl CKOPOCTHU BeTpa Ha ypoBHe curma 0,995 3a 1950—2020 rr.

Fig. 3. Temporal variability of the mean annual (after the median filtration) vorticity
of the wind speed field at a sigma level of 0.995 for 1950—2020

Ha puc. 4 npencrasnensl nonst cpeqaux TBIT 3a Bech paccmMarpuBaemblii mepuos (puc. 4, a) 1 3a BblAeJeHHbIE
Tpu niepuonaa (puc. 4, 6—e). OTMeTUM, 9TO BCE y3JIbI CETKM, KOTOPBIC MCITOIB3YIOTCS MIPU IMOCTPOSHUHN TparKOB
puc. 1—3, mpencTaBlieHbl Ha 3TUX TIOJISIX, HO 3TH TIOJIST PACIIMPEHbI Ha 10T, W JOIOJHUTEILHO BKIIFOYAIOT B CeOsT
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Puc. 4. [Tons cpennux Temmneparyp Bosayxa y nmosepxaHoct (TBIT) 3a mepuomsr:
a — 1950—2020 rr.; 6 — 1950—1976 rr.; 6 — 1977—1998 1T.; 2 — 1999—2020 1T.

Fig. 4. Fields of mean near surface air temperatures (SAT) for the periods:
a — 1950—-2020; b — 1950—1976; ¢ — 1977—1998; d — 1999—-2020
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JAHHbIE U3 y3JI0B ceTKu ¢ muporamu 60,0°c.1n. Ha puc. 4 oOpaiaeT Ha ce0s1 BHUMAHKE TO, YTO B IE€PBLIE 1Ba
nepuoaa (1950—1976 u 1977—1998 rr.) cpenuue TBII Mano orauuanuch, HO B Tpetuit mepuon (1999—2020 rr.)
TIPOM30IIEN CylleCTBeHHBIN caBuT cpenHux TBII mo cpaBHeHUIO ¢ IBYMS TIpeAbIIyIINMU TTIepronamu. B mepBoie
JIBa repuoja Ha oro-3amaiae Kojabckoro mojyoctpoBa B peruose (66,5—68,5°c.11.; 30—34°B.1.) 1 Ha BoCTOKe Ap-
XaHTeJIbCKOM o0acTu (64—67°c.u1.; 43—45°.1.) cpennue TBIT 6butn HEMHOTO HYKe HyJs (puc. 4, 6 — 6), U3-3a
Yero TaM MOTJIU CYILIECTBOBAaTh OCTPOBKOBBIE 30HBI MHOTOJIETHE# Mep3/oTHI [2]. B TpeTuii nepuon cpennue TBIT
CTaJIv BBIIIIE HYJIST BO BCeld 001acTu uccienoBaHus (puc. 4, ¢), 3-3a 4ero cjenyeT OXUAaTh TasTHUSI MHOTOJIETHE !
MEep3JIOThl B 3TUX pernoHax. MHTepecHO 0COOEHHOCThIO MPOU3OIIEAIINX U3BMEHEHUM SIBJISIETCST TOT (DAKT, YTO
MPOIBIXKEHME TEIlIa ¢ 1ora Ha ceBep (Harpumep, uzotepma 2 °C Ha gojrote 38°B.1. moaHsIachk ¢ 60°C.111. IpaKTH-
YecKH 10 65°C.111.) TPUBEIIO He K CMEILEHHIO XOJIOIHBIX 00JIacTei K ceBepy, a K MX BBKMMAaHUIO Ha 3araj U BOCTOK,
COOTBETCTBEHHO. Kpome Toro, Ha rpaayc rnoreriena arMocgepa 1 Hajl 103KHOI yacThbio bapeHueBa mops (puc. 4, ¢).

Ha puc. 5 npeacraBiieHbl OIS OLIEHEHHBIX C ITOMOIIBIO JIMHEMHOIO MPUOIVKEHUsST U3MEHEHUII aHOMaJIUi
TBII 3a Bech paccMaTpuBaeMBIi TICPUOJ U 3a BBIIEJICHHEIC TPU TTeprona. BumHo, 4To 3a Bech paccMaTpUBaeMbIit
nepuoj poct TBIT coctasnsin B cpenHeM ot +0,1 1o +0,4 °C 3a 10 net (puc. 5, @). OnHako B NepBbIii BbIACICHHbII
neproj Habmoaanoch rnmoHmwkenue TBIT Ha Gonblleit TeppuUTOPUN MCCIIeIyeMOro peruoHa, B OCOOEHHOCTH, B yKa-
3aHHBIX BBIIIIE paifOHAX CYIIECTBOBAHMSI MHOTOJIETHE Mep3JIOTHI (puc. 5, 6). Bo BTOpoii mepuon Habomancs poct
TBII B cpenrem ot +0,1 no +0,4 °C 3a 10 net (puc. 5, ¢). B TpeTuii e nepruoa 3TOT pOCT CYILIECTBEHHO YCKOPUICS
u cocTaBui B cpeaHeM oT +0,4 mo +1,0 °C 3a 10 net (puc. 5, ¢). [Ipuaem, Hanbonee cuiabHbBINM pocT TBIT Hab 0maMT-
csl B CEBEPO-BOCTOYHOI YaCTH pacCMaTpUBAaEMOTro pernoHa, Ha akBatopuu benoro u bapeniiesa mopsi.

Ha puc. 6 npencrasieHsl 1o u3MeHeHuii (pasnoctu) cpeadeil TBIT Mexay BbineaeHHbIMU NeprogamMu. Bo
Bropoii nepuof (1977—1998 rr.) o cpaBHeHMIO ¢ TiepBbIM (1950—1976 rr.) cpenanss TBII yBeianunnach B OCHOB-
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Puc. 5. IMonst usMeHeHuit aHoManii TemMrieparypbl Bo3ayxa y nosepxHoctu (TBIT) oue-
HEHHBIX C TIOMOIIIBIO IMHEWHBIX TPEHAOB 3a Tiepuonsl: a —1950—2020 rr.;
6 — 1950—1976 tr.; 6 — 1977—1998 rr.; & — 1999—2020 rr.

Fig. 5. Fields of changes in near surface air temperature (SAT) anomalies estimated using
linear trends for the periods: @ —1950—2020; b — 1950—1976; ¢ — 1977—1998;
d —1999-2020
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Puc. 6. INons usMeHeHmii cpenHeit TemrepaTypbl Bo3ayxa y moBepxHoctu (TBIT) mex-
ny nepuonamu: a — 1977—1998 rr. u 1950—1976 rr.; 6 — 1999—2020 rr. u 1977—1998 rr.;
6 — 1999—2020 rr. 1 1950—1976 rr.; e — 1999—2020 rr. u 1950—1998 rr.

Fig. 6. Fields of changes in mean near surface air temperature (SAT) between the periods:
a — 1977-1998 and 1950—1976; b — 1999—2020 and 1977—1998; ¢ — 1999—2020 and
1950—1976; d — 1999—2020 and 1950—1998

HOM B IOJXHOM YacTH paccMaTpuBaeMoro perroHa (puc. 6, a). B ceBepHoii xe yactu cpennsist TBIT Bo BTOpoii Tie-
pUoJ cTaja HUxXe, yeM B nepBblil. B Tpetuii nepuon (1999—2020 rr.) cpennsis TBII cyliecTBeHHO BbIpocia BO BCEM
paccMaTpUBaEMOM PErMOHE 110 OTHOILIEHUIO KO BTOpoMy (puc. 6, 6), mepBomy (puc. 6, ) 1 KO BCeMY MPEIIIeCTBY-
foieMy repuony (puc. 6, 2). Hanbosee cunbHo cpeansiss TBII B TpeTuii mepuon yBeIMUYMIaCh B LIEHTPE 3aIlagHoR
YacTHU paccMaTpUBAEMOI0 perMoHa, BKJIo4as akBaTopuio beaoro mopsi.

4. Tuckyccus

OobHnapyxeHHble uaMmeHeHus1 TBIT pernona benoro Mmopst Mexxay BblaeeHHbIMU NTEPUOJAMU MOTYT ObITh CBSI3a-
HbI KaK C aHTPOIIOI€HHBIM [JI00aJbHBIM MOTEIJICHUEM, TaK U C BIMSIHUEM Ha UCCIIeIyeMblil pEerMOH €CTeCTBEHHbIX
MOJI KJIMMaTu4ecKoi nameHunBoctu. B Tuxom okeane B 1976/1977 u 1998/1999 rr. npou30LLIM KIMMATUYECKUE
capuru (climate shifts) [27—31]. OHu posSIBUIMCH B epexoaax MeXX Iy MPOTUBOIOJOXHBIMU (azamu TuxookeaH-
ckoro nekamgHoro Kojebanus (Pacific Decadal Oscillation — PDO) n MexnekamHoro THXOOKeaHCKOTO KOJIeOaH!sI
(Interdecadal Pacific Oscillation — IPO) [32—34]. DTu KMMMaTUYECKUE CIBUTU OKa3au TIO0aIbHOE BIWSHUE,
B TOM uyucie u Ha peruoH CeBepHoit ATnaHTuku [34, 35].

CeBepHasl ATIIaHTMKA OKa3bIBAaeT CYIIECTBEHHOE BIMSIHUE Ha paccMaTpuBaeMblit pernoH benoro mops. Iep-
BBI BbIAEJICHHBIN TTeproa (1950—1976 rr.) oTauvaeTcsl XOJIOMHBIMU 3UMaMU M KapKUMU JIESTHUMU TIepUOIaMU,
TO €CTh 00Jiee KOHTUHEHTAJIBbHBIM KiauMaToM. Kak mokasaHo B pabotax [36, 37], 270 cBsI3aHO ¢ ocjabeBaHUEM
BIMsIHUS B 3TOT nepuon CeBepHOMl ATJIAHTUKU Ha MCCIIEAYEMbI PETMOH, YTO TaKXKe MOATBEpXaaeTcs ociabiie-
HUEM IIUKJIOHWYECKOl 3aBUXpeHHOCTH (puc. 3). Bo BTOpoitl BeinenenHbiit mepuon (1977—1998 rr.) 3uMbl cramu
Msrde, a JeTHue aHoMmanuu TBII craau B OCHOBHOM OTpULIaTeIbHBIMU. TO €CTh KIIMMAT UCCIIEAYeMOro peruoHa
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cTast 6oJiee MOPCKUM T10 CPAaBHEHUIO C TIPEABITYIITUM TIEPUOAOM. DTO CBSA3aHO ¢ ycwiieHueM BiaussHus CeBepHoit
ATJIaHTUKH Ha UCCIIeIyeMbIi peroH Bo BTopoii ieproz [36, 37]. Kak moka3aHo B paboTe [35] ycrieHre BIUSTHUST
CeBepHoit AtnaHTuku B 1977—1998 1T. Ha pernoH benoro Mopst SBUJIOCH pe3yIbTaTOM M3MEHEHMS IIUPKYJISIIN
atMocdepsl Han CeBepHOIT ATaHTHKO# 1 EBporoii. DTo MposIBUIIOCH ¥ B YCWIEHUN IMKJIOHWIECKOW 3aBUXPEH -
HocTu aTMocdepbl pernoHa benoro mops (puc. 3).

B tpetuii BeineneHHsiin epuon (1999—2020 rr.) Habmogaetcst pe3kuii poct TBII B uccienyeMoM permone.
MoOXHO MPEeANONIOXUTh, YTO TO CBI3aHO C PE3KUM POCTOM TeMITepaTypbl B APKTUKE B 3TOT nepuon [38], u cyiie-
CTBEHHBIM COKpAIlIEHUEM IUIOLIAaM MOPCKOro Jbaa B bapeHiieBom mope (puc. 7) [39]. DTo mocayXuio mnpuamHoOi
YCUWJICHUS TIOJIOKUTEILHOM 00paTHOI CBSI3U B BUIE OCIa0JIeHUs cTpaTU(UKAIIMK BEpXHETO ¢1os1 Boabl bapeHiieBa
MOpsI, YCUJICHUSI TIepeMEeIINBAaHUS U TTOTHSTHS 00Jiee TeTUIBIX M COJICHBIX aTIAHTUICCKUX BOJ K MMoBepXHOCTH [40].
Takke TOTIOJIHUTEIbHBII BKJIA B POCT TeMIIEpaTyphl BOJbI BepXHeTo ciiost bapeHiieBa u beioro mopeit BHOCHT mo-
JIOXKUTEIbHAsI 00OpaTHas CBSI3b OT TTOTJIOLISHUS COTHEYHOTO U3TYUSHUST: TIPY MOTETUICHUM APKTUKM TUTOIIANb JIbIa
YMEHBIIIACTCSI, M 3TO TIPUBOIUT K OOJIBIIEMY ITOTJIOMICHUIO COTHEYHOTO U3IyIeHUS TTOBEPXHOCThIO [41]. TakuMm
obpasoM, pe3kuii poct TBII B TpeTnii BbIEICHHBIN TIEPUO, MTO-BUAMMOMY, CBSI3aH C YCWJIGHUEM ACCTBUS 00-
PaTHBIX TTOJIOXKUTEbHbBIX CBSI3€H, UTO O3HAYAET MEPEXO KIIMMaTUYECKOUM CUCTEMBI UCcClieayeMoro peroHa benoro
MOpsI B HOBOE (ha30BOE COCTOSTHHUE.

K coxaneHnuio, Ha JaHHBIE 110 KOHLIEHTPALMK MOPCKOTO JIbJIa B y3J1aX CETKH, COIEPXKAIIUX OEPErOBYIO JIMHUIO,
OKa3bIBaIOT CWJIbHOE BIMSHUE OLIMOKHM aJIrOpUTMa 00pabOTKM CITYTHMKOBBIX TaHHBIX [20]. DTO TTO3BOJISIET YCOM-
HUTHCS B HAIESKHOCTH JaHHBIX 110 KOHIIEHTPAIIMX MOPCKOTO JIbAa U CYIIeCTBEHHOI YacTh akBaTopun bejoro
MOPSI M3-3a €ro MaJIbIX pa3MepoB U CIIOXKHOI KoHdurypauuu. [ToaToMy pe3yabTaThl U3MEHEHUI KOHIICHTPALIMU
MOpPCKOTO Jbaa (puc. 7) ciaemyeT, Ipexae Bcero, paccMatpuBarth mis1 bapeHiieBa u Kapckoro mopeit. [Tone name-
HEHMI cpemHeil KOHIEHTPAIM MOPCKOTO JIbaa (puc. 7) IPUBEICHO B PAaBHOBEIMKON a3MMYTaIbHOM ITPOCKIINHI
JlambepTa, KoTopasi TOYHO MpPeaCTaB/sIeT IJI0Iaab BO BCceX 00acTsaX cepbl. DTO MO3BOJISIET MPaBUIbHEE OLIEHUTh
TUIOIIAIb COKpAIlEHUs KOHIICHTPALIM MOPCKOTO Jibaa B pernoHe bapeHiieBa u Kapckoro mopeii.

IMoTtennenne KimMaTta ApKTUKY U COKpallleHre JIeHOBOTO IMoKpoBa bapeniieBa n Kapckoro Mopeii He MOTJIO
He cKa3aThbCs Ha KuMmaTe pernoHa benoro mopsi. Micxoms U3 aToro, McciienyeMblii perMoH ObLI pacIMpeH ¢ BKITO-
YyeHHeM akKBaTOpuu bapeHIieBa MOpsST M YacTUYHO
Kapckoro Mops (65—82°c.ir.; 15—70°8.1.). [l Bcero
3TOTO PaCHIMPEHHOTO PervoHa ObLIY ITOCTPOEHBI Tpa-
¢puxu nameHenuii cpenHux anomanauii TBIT u aHoma-
JIA TeMrepaTypbl OKeaHa Ha Pa3IUYHBIX TIyOMHaX
(puc. 8). B ciyyae aHoManuit TeMmepaTypbl OKeaHa
BBIOMPAJIMCH TE Y3JIbI CETKM, KOTOPBIE ITOMAnaiT B pe-
TMOH (65—82°c.11.; 15—70°B.1.) ¥ He SIBJISIIOTCS CYIIICH.

Ha puc. 8 Habntomaercst ObICTpBI pOCT TeMIepa-
TYpbl B peruoHe (65—82°c.ur.; 15—70°B.1.) HaymHas
¢ 1999 roma. IMpuuem poct TemmepaTypsl ¢ 1999 roma
no 2007 rr. Ha rayouHax 47—100 M Havayicsl paHbllle
U TIPEB30IIe] POCT TeMIEpaTyphl Y MOBEPXHOCTU Ha
riyounax 6—27 M. B pernone BapeHiieBa Mopsi Ha-
omromaetcsl KBa3u-15-71eTHee KojiebaHUe TemIepaTy-
DBl BBI3BaHHOE, MPEXIE BCEro, aaBeKIMeil Teruia u3
CesepHoit ATmantuku [41]. Bo3MoXHO, 4TO MMEH-
HO 3TO KOjiebaHWe M TOCIYKWJIO OTHOW W3 MPUYUH
obicTporo pocrta temrieparypbl B 2000-x rr. Takum
00pa3oM, HamIne OOpATHBIX CBSI3CHT MEXIY permo-
HaJbHBIMU MU3MEHEHUSIMU TeMIIepaTypbl BO3ayXa Hajl
Puc. 7. ITosie usMeHeHUi (pa3HOCTH) CpeNHEN KOHLIEHTPALMKM — aKBaTOPHMENl M KOHLEHTPALMU MOPCKOTIo Jjbla B Ba-

(%) mopckoro npna bemnoro, bapenuesa u Kapckoro mopeii peHLeBoM U KapckoM Mopsix TpeOyeT NOMOIHUTEb-
mexay nepuogamu 1999—2020 rr. u 1979—1998 rr. B paBHOBe- HBIX UCCIIEIOBAHMIL

JIUKOW a3uMyTaIbHOM rpoeximu Jlambepra

Fig. 7. Field of changes (difference) in the average concentration 5. 3akmouenne

(%) of the sea ice in the White, Barents and Kara seas between

the periods 1999—2020 and 1979—1998 in Lambert azimuthal [lpoBesieHHOe uCCEN0BAHNE MOKA3ANO, YTO B pe-
equal-area projection rruoHe benoro Mops B ocnenuue 2 necsitunerust (1999—
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2020 1T.) TIPOSIBIISIETCS CYIIeCTBEeHHAS N3MEHYMBOCTD PETMOHAIBHOTO KJIMMAaTa, KOTOpasi BBIPA3WIaCh B IOTSTICHUM
atoro peruoHa oT +0,9 1o +1,5 °C o cpaBHeHUI0 ¢ npeapinymumMu ronramu (1977—1998 rr.), B pe3KoM yBeaTn4eHUn
pocta TemrniepaTypsl Bo3ayxa (+0,4 — +1,0 °C 3a 10 neT), K cMmetieHunIo u3orepMbl +2 °C Ha 550 KM Ha ceBep BILIOTh
IO 103KHOM YacTh beroro Mops 1 K ITOTHOMY NCUE3HOBEHUIO CPETHUX OTPHUIIATeIbHBIX TEMIIepaTyp.

Peskuii poct TBII B ucciienyeMoM peroHe, BEpOSITHO, CBSI3aH C pe3KMM POCTOM TeMIIepaTyphl BO3IyXa U MOPSI
Bbapeniiesa u Kapckoro mopeii, HaunHas ¢ 1999 r. (puc. 8), a Takzke ¢ CyllIeCTBEHHBIM COKpallleHUEM JISASTHOTO T10-
kpoBa bapenmnensa u Kapckoro mopeit (puc. 7). Peskuit poct TBII B TpeTnit BbIneIeHHBII TTEPUOI, ITO-BUIUMOMY,
CBsI3aH C YCWJICHUEM JCMCTBUSI OOPATHBIX MOJTOXKUTEIBHBIX CBSI3eil MeXIy oKeaHoM U aTMocdepoii. OcabieHue
cTpaTu(dUKalMy BEPXHEro cJiosl Boabl bapeHiieBa Mopsl B pe3yabTaTe MOTEIICHUS, U YCUJICHUs TIepeMeIlIMBaHus
¥ TIONHSITHS O0JIee TEIUIBIX U COJICHBIX aTJaHTHMYECKMX BOJ K MOBEPXHOCTU MOTJIO MPUBECTH K 3HAUYUTEIHLHOMY
POCTY TeMITIepaTyphl ITOBEPXHOCTH MOPSI. JLOTIOTHUTEIbHBIN BKJIAI B pOCT TeMIIEpaTyphl BOABI BEpXHETo cjiosT ba-
peHiieBa 1 Kapckoro Mopeit BHOCUT IMOJIOXUTeIbHAasE oOpaTHAasl CBSI3b OT MOMIOIIEHUS] COJTHEYHOIO U3TYYeHUS
B pe3yJIbTaTe YMEHBIICHUS TUIOMIAON JISASHOTO MoKpoBa. Kpome Toro, MexromoBass M3MEHUYMBOCTh aHOMAITHI
TeMIiepaTypbl Boabl bapeHiieBa u Kapckoro Mopeii okasaja, 4To CylIeCTBYIOT TIepHOIbl BpDEMEHU, KOTa aHOMa-
JINY TeMIepaTypbl BoAbl Ha rmyornHax 47—100 M IpeBOCXOAAT COOTBETCTBYIOLINE aHOMAIUU B MTPUITOBEPXHOCTHOM
cioe (puc. 8), 9To 03HAYaeT IeproandecKoe (KBa3u-15-1eTHee KonebaHne) JOMUHUPYIOIIee BIUSHIE aIBeKIINN
Teruia, MpuHocumoro TeueHussMu u3 Hopsexxckoro mopsi. UMeHHo 3ToT apdekT B nepuon 1999—2007 rr. BHocua
CYILIECTBEHHBIN BKJaa, Koraa Ha ¢oHe pe3KOro pocTa TeMmIlepaTyphbl BOIbI M BO3MyXa, aHOMAJIUM TeMIIepaTyphl
BobI Ha TtyonHax 47—100 M IpeBOCXOAMIM COOTBETCTBYIOLIME AHOMAIMU Ha [J1youHax 6—27 M.

Hcue3HoBeHNE CPeTHUX OTPULIATENIBEHBIX TEMITEPATyp BO3MyXa SIBJISIETCS Ype3BhIYAifHO BaXKHBIM (haKTOM, T0-
CKOJIBKY 3TO O3HayaeT (ha30BbIii Iepexo1, KOTOPhIM MPUBEACT K PacTeIICHUIO BEYHOMEP3JIbIX ITPYHTOB Ha BCeil
TeppuTopu MypMaHCKOM M ApXaHTeJIbCKOI obyacteil. PacTeruienrie BeUHOMEP3JIbIX TPYHTOB M 3HAUUTEIIHLHOE
MOBBIIIEHWE CPETHUX TEMITepaTyp NMpUBEAeT K NU3MEHEHUIO BOJHOIO OajaHca MHOTOYMCIEHHBIX PeK U 03ep HC-
CJICyeMOT0 PeruoHa, K YCUJICHUIO TaKUX reoMOp(hOJIOrMYECKUX MPOLIeCCOB KaK BOTOCHEXKHbBIE TTOTOKU (pa3HoO-
BUITHOCTb CeJIeil) U OIOJI3HU-CIUILIBHI [ 14] 1 MOXKET OKa3aTh HeTaTUBHOE BO3ICHCTBIE HA TPAHCIIOPTHYIO UH(Dpa-
CTPYKTYpY [42], B TOM umcie Ha uHGpacTpyKTypy U pabotocnocodoHocth OAO «P2XK/I» B uccaenyeMoM pervuoHe.

B [42] moka3aHo, uto mis Tepputopur KojabcKoro mojyocTpoBa, OTIMYAIONIECs BBICOKOTEMITEpaTypHOi
MHOTOJICTHEH MEP3JI0TOI PEIKOOCTPOBHOIO XapaKTepa, 00BEKThI, OCHOBaHIME KOTOPBIX 00pa30BaHO CBASMU TIIy-
OMHOIT 5 M M MeHee, MoABepralTcs 0YeHb BEICOKMM PUCKAM CHIDKEHUS CBOeil (DYHKIIMOHAJIBLHOCTH, BILIOTh IO
HYJIEeBOTO ypoBHs. Tak, HanmpuMep, Mpyu OTHOCUTEIHLHO HEeOOIbIIOM NoTerieHuu a0 +1 °C cBau rimyouHOIM 5 M, Kak
MPaBUIIO, ellle obecreunBaloT pyHKIMoHaNbHOCTh U = 0,65—0,85 (U= 1 cOOTBETCTBYET MAKCUMAJIbHOMY YPOBHIO
(byHK1IMOHAaTBHOCTY 1)1 6a30BOT0, HEM3MEHHOTO KJIMMAaTa), YTO CYMTACTCS CPETHUM YPOBHEM KIMMATUUYECKOTO
pUCKa B OTHOIIIEHUU 00bEeKTa TPaHCIIOPTHOI MHMpacTpykTyphl. [Torennenue 1o +2 °C 3ayacTylo yxe NpUBOIUT
K CHIDKEHHIO (hyHKIMOHATbHOCTH 10 U < 0,5 (IIpy HaTMIuy TpyHTOB HU3KOM BIaXKHOCTH), a TToTerieHue 10 +3 °C
IUIST OOBEKTOB 3TOM TPYIIIBI MOKHO CYMTATh KaTacTPO(GHUUECKNM; (PYHKIIMOHAIBHOCTb CHIDKAETCS IO YPOBHS
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0,35, 4TO COOTBETCTBYET HETIPUEMIIEMO OOJIBIIIOMY YPOBHIO KITMMAaTUYeCKUX PUCKOB. M3 TIpoBeneHHOTO

KCCJIENOBAHMS CJIENYET YPE3BLIYAHO BaXKHbBIM BBIBOJ: OOBEKTHI Ha CBAfHBIX OCHOBAHUAX C INTYOMHOM MeHee 6 M
MOJABEPraroTCs MOBBILLIEHHOMY PUCKY YK€ TPy nmoTeruieHnu 10 +2 °C, Mo3ToMy MHKeHEepHast 3allnuTa 3TUX 00beK-
TOB JIOJDKHA OCYIIECTBIISIThCS TEMITAMHU, OTIePEXKAIOIINMU ITOTEIIJICHIE perMOHATBHOTO KiuMarta [42].

6. ®uHaHCcHpoBaHUe

HccnenoBanue BBIMOMHEHO B paMKax ITpoekTa PH® N21-77—30010 «CucTteMHBII aHAIN3 TUHAMUKH Te0(hH-
3MYECKUX MTPOLIECCOB B POCCUICKOI APKTHKE U UX BO3JEHCTBUE HA pa3BUTHE U (DYHKIIMOHUPOBaHUE UH(MPACTPYK-
TYpBI JKeJIe3HOTOPOXHOTO TpaHcnopTa» (2021—2024 rr.).
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AHHOTAIUSA

ITpobaema cuctemaTr3amu MHGOPMALIMU 00 UICTOPUIECKUX HAaBOMHEHUSIX HeBbl Ha CerOMHSIIIIHUI IeHb TTPENCTaBIISIeTCS
KpaitHe akTyasbHOM. [TocTpoeHMe MPOrHOCTUYECKUX MOJIENIei, 11eJ1eco00pa3HOCTh CTPOUTEILCTBA HOBBIX THAPOTEXHUYECKUX
COOPYXEHMUIA, IJIAHUPOBAHUE MHXEHEPHO-XO3SIHCTBEHHOM, MPUPOIOOXPAHHON U OOIIECTBEHHO-KY/IBTYPHOM OEATEIbHOCTH
HEeBO3MOXKHBI 6€3 KOMIUIEKCHOTO aHaIi3a CBeleHU 0 HaBOmHeHUsIX. IMerolnmecs e B pacIopsbkKeHUM UcclienoBaTeieii ohu-
LIMaJIbHbIE KATaJIOTH, K COXAIECHUIO, HEIOCTATOYHO NH(POPMATUBHEI M N300MIYIOT NCKaXeHUsIMU. PaGoTa ¢ GOJIbIIMM Maccu-
BOM YMCJICHHBIX 3HAYE€HMI1, XapaKTepU3yIOLIMX BEICOThl HABOAHEHUI HeBbl pa3HbIX 310X, IPOTUBOPEYMBOCTD ITUX 3HAYCHM I
JaXe B paMKax OTHEIbHO B3SIThIX COOBITUIA, BAXKHOCTD ITOSICHEHMS ¥ YTOYHEHMSI MX C LIEJIbI0 COXPAHEHMS BCeX MH(POPMALIMOH-
HBIX aCMEeKTOB — BCE 3TO MPHUBEIO K HEOOXOMMMOCTH (hOpMUPOBaHUS 3JIEKTPOHHOI 6a3bl JTaHHBIX HaBOAHeHU. OCHOBHAasI
3a/1a4a ee Co3MaHus — MHGOPMALMOHHAS IMOIIEePKKa UCCIEIOBAHMI, CBI3aHHBIX C PECTaBpaLMeil NCKaXXEHHBIX PII0B (MK
OTIENbHBIX UCTOPUYECKUX HaBOAHEHUIT HeBbr).

KoioueBbie ciioBa: ayieKTpoHHast 6a3a gaHHbix, HaBogHeHus1 Hesbl, XVIII B., penpe3eHTaTUBHbBIN KaTalor, ypOBHEMEpPHbIE Ha-
OmoneHUs
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Abstract

The problem of systematizing information about the historical floods of the Neva seems to be extremely urgent today. The
construction of predictive models, the feasibility of building new hydraulic structures, planning of engineering, economic, envi-
ronmental, social and cultural activities are impossible without a comprehensive analysis of information about floods. The official
catalogs available to researchers, unfortunately, are not informative enough and are full of distortions. Working with a large array
of numerical values characterizing the flood heights of the Neva of different eras, the inconsistency of these values, even within the
framework of individual events, the importance of clarifying them in order to preserve all information aspects — all this led to the
need to form the Database of floods. The main task of its creation is information support of research related to the restoration of
distorted rows (or individual historical floods of the Neva).

Keywords: Database, floods of the Neva, XVIIIth century, representative catalog, level observations

Bormpoc o cuctemaTtuzannu uMeIoLIUXcs CBEAEHU 0 HaBOIHEHUsIX HeBbl B ICTOPUYECKOM KOHTEKCTE Ha ce-
TOIHSIIITHUIN IEHb MPEICTABISIeTCS KpaliHe akTyaabHbIM. [TlocTpoeHMe TPOTHOCTUYECKUX MOJIENIEi, CTPOUTEIHCTBO
HOBBIX TUAPOTEXHUIECKUX COOPYXKEHUI, IJITaHUPOBaHNE MHXXEHEPHO-X03sIMCTBEHHOM, TTPUPOI0OXPAHHON 1 00-
LIECTBEHHO-KYJIbTYPHOI JESITeTbHOCTU HEBO3MOXHbI 0€3 KOMITJIEKCHOTO aHaliu3a Takux cBeneHuii. [1pobiema
OCJIOXHSIETCST TeM, YTO UMEIOIINECS B PACTIOPSKEHWU KMCCIieioBaTeieil oduimaibHble TIepeYHr W KaTajloT Ha-
BogHeHuil Hebl XVIII — XXI BB. HemocTaTOUHO MH(MOPMATUBHBI U U300UTYIOT UCKAXKEHUSIMU CYOBEKTUBHOTO
XapakTepa.

Bompoc o mouncke u aHaIM3e COXPaHUBIIMXCS MAaTePUATIOB, KOTOPbIE MOXHO ObUTO ObI MCTIONH30BATh TIPU pe-
CTaBpalMid BbICOT YPOBHEMEPHbBIX HaOMoAeHUH, BO3HUK B 1981—1988 IT., KOraa BBISICHWIOCH, YTO B pe3yJbTaTe

Ccpinka mist mutupoBanust: Marosa T.H. «HaBonnenust Heol XVIII B.». DiekTpoHHas 6a3a maHHbIX // OyHIamMeHTaIbHasT
u nipukianHas ruapodusuka. 2022. T. 15, Ne 1. C. 112—118. doi: 10.48612/fpg/g66z-rp28-gmr9

For citation: Malova T.1. “The floods of the Neva, XVIII century”. Database. Fundamental and Applied Hydrophysics. 2022, 15, 1,
112—118. doi: 10.48612/fpg/g66z-rp28-gmr9
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ctpoutenbcTBa KoMrutekca coopykKeHMi 3ammuThl Jle-
HUHTpaga OT HaBOIHEeHMI uctopudyeckuii KpoHiuraz-
TCKUit QyTIITOK (pUC. 1) OKaxkeTcst BHYTpU Orpaxiae-
Moit akBatopuu [1—4]. YHUKaIbHBII ypOBHEMEPHBIi
psia OBLTO HEOOXOAUMO COXPAHUTD. TaKkKe aKTyaTbHbIM
BOIIPOCOM ObLIO BBISICHEHUE COCTOSIHUST TallTMHCKO-
ro (Pesenbckoro) n Bamaamckoro (yTinTokoB, ceTu
HacKaJIbHbIX METOK opauHapoB {OUHCKOro 3aJivBa,
HeHTpaIbHOI yacTi bantuiickoro mopst 1 Jlamoxkcko-
ro o3epa, a Takxke METOK BBICOT HaBogHeHUit HeBbl
B Cankr-IleTepOypre u ero mpuropogax. C aTUMH 1ie-
JIIMU ObUTHA TIPEATIPUHSITHI OOLIMPHbIE IOUCKOBBIE ap-
XUBHBIC, OMOIMOTEYHBIC ¥ HATYPHBIC TIONCKH.
AKTyalbHOCTb 3TUX PabOT ompeaensijiach 00Jb-
MM BHUMAaHUEM, YIeJIsIeMbIM IIpo0djieMaM HaBOIHE-
Huil HeBbl ¢ 103U1M i1 MHCTPYMEHTAILHOTO Obecneve- Py, 1. Kponmranrckuii ¢hyTIITOK, pacIONIOXKEHHbBIN Ha ObIke
HUS UCCIIEN0BAHWI 3BOJIIOLIMY IPUPOIHBIX ITPOLIECCOB  CuHero MocTa uyepe3 O6BONHOI KaHal: olndpoBaHHas peiika
Ha BEKOBbBIX UHTEpBaJiax. ¥ TaOJIMYKA C OTMETKOI BBICOTBI KaTaCTpO(i)I/I‘IeCKOFO HaBOIHC-

JeiACcTBUTENBEHO, OGhULAIbHEIE IEPEYHI 1 KaTa- Hust 7 (19) HosiGpst 1824 1.

Jory, HpiﬂCTaBﬂH}OmMe MHQOPMALHIO O BICOTaX Ha- Fig. 1. The Kronstadt tide-gauge, located on the bull of the Blue
BonHeHnit Hepbl, HeTOUHBI. O/IHA M3 PUYMH 9TOTO — Bridge over the Obvodnoy Canal: a digitized rail and a plate with
KJIOHMPOBAHME OLIMOOYHBIX CBEACHUI M OTCYTCTBHE  the height of the catastrophic flood on November 7 (19), 1824
Y aBTOPOB >KeJaHUs pa3o0paThCsl B CIOXHON U 3amy-

TaHHOI cucTteme (a TouHee — OecCUCTEMbe) AJaHHBIX [CM., HanmpumMep, 5S—7]. OCHOBHbIE OUEBUIHbBIE HEAOCTATKU
COBpPEMEHHBIX TlepeuHell HaBogHeHuit HeBol B uznoxenun A.U. Mopayxas-bontosckoro [8, 9], P.A. Hexuxos-
ckoro [10], K.C. TTomepanmua [11—15] MOXHO cBeCTU K CIIETYIONIAM.

1. PacipocTpaHeHue cucTeM oTcueTa BbICOT HaBoaHeHU it HeBbl (0T oparHapa iu ypoBHeMepHoro nocta «l'op-
HBIIt ”THCTUTYT», YTBEP>KIEHHOTO K 9KCIUTyaTaunu B 1878 1., miaum ot Hayama banTuiickoil ccTeMbl BBICOT, BBEIECH-
HOIi B MPAKTUKY reofe3ndeckux, Tornorpaduueckux u rugporpadpuyeckux padbot B 1946 r.) Ha Bce IpeaIecTBO-
BaBllIee BpeMsl u3ydyeHus HaBogHeHuit HeBbl. JlaHHbII (haKT aHAJIOTMYEH MOCTYIMPOBAHUIO TTOJTHOTO OTCYTCTBUS
M3MEHEHUsI BBICOTHOTO IOJIOXKEHUS JIOKaJIbHBIX opanHapoB PuHCKOro 3aauBa, Hesbl u Jlamoxckoro o3epa Ha
BekoBbIX nHTepBajiax (Cankr-IleTepOypry — Oosee Tpexcot jiert!).

2. [IpunuceiBaHWE €AMHON TOYHOCTU «M3MepeHU» (=1 cM) HEeM3MEepPEeHHBIM BbICOTAM HABOAHEHU I WU U3Me-
PEHHBIM C pa3HOI TOYHOCTBIO B pa3HbIe MEPUOALI HAOTIOAESHUIA.

3. PacmipocTpaHeHue Tpagallii HaBOOHEHWI, MIPUHATON amMuHHUcTpanueit Jlenmnrpamza B 1980 1. («omac-
Hble», 161—210 cM; «0co00 omacHbie», 211—-299 cMm; «karactpoduyeckue», 300 cM 1 BbILIE), HA DMOXY PAHHETO
Cankr-IleTepOypra, Korma HU3MEHHYIO TEpPUTOPHIO TOpOaa 3aTOIUISLIN Jaxke He3HAYMTEIbHBIC C COBPEMEHHBIX
TMO3ULINI HABOTHEHUSI.

BbIsiBJI€HO OTPOMHOE YMCJIO OMMCOK U UCKaXKEHU I CBEIeHUI 0 HaBOIHEeHUsIX HeBbl, MAKCUMYM KOTOPBIX IPU-
XOIUTCS Ha TOMABI MOCJIe KaTacTpoDUIeCKOro HaBOMHeHUS 23 ceHTsI0ps1 1924 1., Korna Ha OCHOBaHUM HEOOOCHO-
BaHHBIX TUTIOTE3 ObLI TIOJTHOCTHIO pa3pyllieH U UcKaxeH psin HaBomHeHWit Heswr 1721—1729 rr. W.T. JlelitmaHa,
OnyOJIMKOBAaHHBIN B COBMECTHOM cTaThe ¢ JI. Ditepom [16, 17]. Takxke 611 nckaxeH psin D.U. Ilpetepa no dyr-
ILITOKY, yCTAaHOBJIECHHOMY Ha p. Moiike B 840 dyTax K BocToky oT CrHero MocTa, 3a nepuon ¢ 1749 o 1777 rr. [18].
Kpowme Toro, 66110 «060cHOBaHO» cyliecTBoBaHMEe Muduieckoro [lerponasinosckoro dytimroka, B.JI. KpadTt 06-
BUHEH B MCKaXXE€HUHU BbICOTHI KaTacTpoduuyeckoro HaBogHeHus 1777 r. u T.4. Bce 3To U3710XeHO B ABYX MyOJIMKa-
musx 1932 r. A.. Mopnyxasi- boaToBckoro [8, 9], uTo, 6e3ycI0BHO, CBSI3aHO ¢ AeATeIbHOCThI0 Oc000ii KOMUCCUH
10 pacciieJOBAaHUIO HEOTIPaBIaBIlIerocst TporHo3a HaBonHeHust 1924 r [19—23]. Tem He MeHee, B TIOCJIEBOCHHbBIE
rofibl Bce ocHOBHbIe ook A.M. Mopnyxasi- BoiToBcKOro 0bU1M COXpaHEHbI, BOCIIPOU3BEAECHBI, U MPOAOIKAIOT
TupaxkuponaTbes B XXI B.

PaboTa ¢ GobIIMM MAacCMBOM YMCJIEHHBIX 3HAYEHU, XapaKTepU3YIOIINX BbICOTHI HaBOIXHEeHWT HeBbl pas-
HBIX 3I0X, MTPOTUBOPEYMBOCTb 9TUX 3HAYEHUI JaXe B paMKax OTAEJbHO B3SITbIX COOBITUI, BAXKHOCTb MOSICHEHUS
¥ YTOUHEHMSI MX C IIEJIbI0 COXpAHEHMS BCeX, axke CaMbIX HE3HAUMTEJIbHBIX, Ha TIEPBBIi B3I, MHOOPMAIIMOHHBIX
acCIeKTOB — BCE 3TO TMPHUBEJIO K HEOOXOAMMOCTH (DOPMUPOBAHMS JIEKTPOHHOI 0a3bl TaHHBIX HaBogHeHU. Oc-
HOBHas 3a/aua ee co3aaHuss — uH(opMalMoHHas MOoAnepKKa UCCAeIOBAaHUN, CBSI3aHHbIX C pecTaBpaliMeit ucka-
SKEHHBIX PSIIOB (MJIU OTIEIbHBIX UCTOPUYECKNX HaBoAHeHUM HeBbr).
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basza gaHHBIX MIpeAcTaBisieT cO00l Tabully, coaepxallyo uHpopmannio o6 00beKTax ONpeaeIeHHOTO BUIa
(ncropmyeckux HaBogHeHUSIX HeBwr). Kaxkmast cTpoka TaOIUIIBI COMEPKUT JaHHBIC 00 00BEKTaX, a CTOJIOIIBI CO-
nIepXKaT aTpUOYThI, 9TH OOBEKTHI XapaKTepu3yolnue. B paMKax IpoBecHHOTO MCCIeI0BaHUS B 0a3y JaHHBIX ObLTa
noMmetieHa nHdopmauusa o HaBogHeHUs1X Hesbl XVIII B.

C TOYKM 3peHUs aHaJIN3a IMPEeAMETHOM 001acT, 6a3a TaHHBIX 00eCIIeYMBaeT CUCTEMAaTHU3alIMIO JaHHBIX O Ha-
BogHeHUsX HeBbl, 1aeT KOMILIEKCHOE TIPEACTaBIeHUE O KaXKIIOM KOHKPETHOM paccMaTpUBaeMOM BMHU30/Ie C Kavye-
CTBEHHOM U KOJIMYECTBEHHOI TOUYEK 3PEHMUSI, IO3BOJISIET OCYIIECTBISATh IMTOMCK MH(MDOpMALIUK:

— 110 nare (B pa3HbIX CUCTeMaXx JIETOCYUCIICHMS);

BBICOTE MOIbEMa BOAbl OTHOCUTEBHO Pa3HbIX OPAMHAPOB (B pa3HbIX CUCTEMAaX CYETa BHICOT);
aBTOPY ONMCAaHUS HaBOAHEHMs (P ero HAJIMIWN);

— cChlIKe Ha Oubarorpacdrdeckuii UCTOUHUK (OMyOJTMKOBAHHBINA UV apXUBHBI).

C Touku 3peHus (PYHKIIMOHATBHBIX BO3MOXHOCTEN, UCOJb30BaHUE 0a3bl TAHHBIX O3BOJISIET BU3YaTIbHO OlLle-
HUBaTh MCKAXXKCHHBIC PSObI MCTOPUIECKNX HaBOMHeHWIT HeBbl M BepuuIIMpoBaTh MHGOPMALIMIO O HUX MyTeM
CPaBHCHMSI Pa3IMYHBIX CBEICHUIA.

B 0a3e paHHBIX OTpaxkeHHbI cieaywoinre arpuoyTel HaBogHeHuit Hesbl XVIII B.:

1) rom coObITHS;

2) aBTOp ONMUCAHMUS;

3) nata HaBomHeHus (FOnuaHckas cuctema);

4) nata HaBogHeHMs (I'puropmaHckasi cuctemMa);

5) BeTep (B ciryvyae HaIM4us MH(QOPMALIN);

6) BBICOTA, YKa3bIBacMasi B ICTOUHUKAX:

* KayecTBEHHas OlIEHKa,

* BBICOTA, YKa3bIBacMasl B UCTOYHUKAX ((PYTHI U JIOUMBI, CM),

* BBICOTa OT OpaAuHapa peku Moiiku (DyTsl U TIOHUMBI, CM),

* BBICOTA OT OpAMHApa AIMHUpaNTEeCKOTo (yTIITOKA (PYTHI M JIOWMBI B aHTIIMICKOM U (PpaHITy3CKOM Me-
pax, cM),

« BBIcOTa OT opnuHapa Hessl y ['opHOro macTHTyTa (CM),

* BBIcOTa B banTuiickoii cucteme BBICOT ((DYTHI U MIOMMBI, CM);

7) ccohlika Ha oubnmorpaduyecKkuii ICTOYHUK.

Bonbiioe konuuecTBo moJjieii TadbaUIIbl COAEPKUT MTPUMeUaHsl, HEOOXOIMMOCTh pa3MeIleHUs KOTOPBIX OTpe-
nensiercs creuudukoit dopMupoBaHus 6a3bl JaHHBIX (HA OCHOBE MCTOPUYECKUX M3bICKAaHMI, aHAIN3a apXUBHBIX
JMIOKYMEHTOB, COMTOCTaBJICHMS Pa3IMYHbIX, 3a4aCTYIO TPOTUBOPEUYUBBIX, UCTOYHUKOB).

ITpuMepbl TpUMedaHWIA:

1) «/lata TpebyeT MOATBEPXKACHMS ITO IPYTUM UCTOYHUKAM»;

2) «Omunbka WiIm onucKa y aBTopa;

3) «CBeeHuUs He COTIacyloTcs ¢ APYTUMU TaHHBIMUW»;

4) «HabmoneHus BBITIONHSUTUCH 110 aKaaeMndecKoMy QyTIIToKy okosio 8 muauu B.O.»;

5) «BricoTa He mpuBencHA K “eAMHOMY HYJIIO TTOCTa” »;

6) «3HaueHue 3auMcTBOBaHO Y A.M. Mopayxasi- BonToBCcKOro»;

7) «Boicorta npuBeneHa M.A. PoikaueBbIM K opAuHapy AnMupanteiickoro dytitoka KoHia XIX B.»,

8) «®.B. bayep npuBoIUT 3HAYeHKS BO (DpaHIIy3CKOI CUCTEME MEp».

Baza naHHBIX comep:KUT 856 CTPOK M OXBaThIBAE€T MCTOpUYecKre HaBogHeHust Hesbr 3a 1703, 1705—1707, 1710,
1715—1718, 1721, 1723—1738, 1740—1741, 1743—1744, 1747, 1749, 1751—-1752, 1754, 1756—1760, 1762—1768,
1771—1778, 1781, 1788, 1794, 1797, 1799 rr. Takum ob6pa3om, MHGOPMALIMOHHO OXBaUeHHBIMU OKa3bIBAIOTCS BCE
COOBITUSI, OTPaKEHHbIE B HbIHE CYIIECTBYIOIIMX KaTaJloraXx HAaBOJAHEHMIA, a TAKXKe B PACCMOTPEHHBIX B X0/ UCClie-
TMIOBaHWS OMOIMOTEYHBIX M apXVMBHBIX UCTOYHMKAX.

baza noctpoeHa 1o xpoHosorudyeckomy npuHuuiy (ot 1703 go 1799 rr.).

®parMeHTHI 2JIeKTPOHHO# 6a3bl naHHbIX «HaBomHenust Heswl XVIII B.» nipencraBieHsl Ha puc. 2—5.

IMomuepkHeM, 4TO TIpeJIOKeHHAsI 0a3a TaHHBIX He SIBISCTCS TTOJTHOLICHHBIM PEIIPEe3eHTATUBHBIM KaTaJlOTOM Ha-
BonHeHuii Hesbl. Ee 11e/1b — obecrieueHre cucteMaTu3alum ceefeHuit 0o ucropudyeckux HapogHeHusix Heor XVIII B.
Co3smaHne e perpe3eHTaTUBHOTO KaTajiora, KOTOPHIi ObI OXBATHIBaJI BCe COOBITHSI ¢ MOMeHTa ocHoBaHMs CaHkT-I1e-
TepOypra 1 o HaCTOSIILEro BpeMeH!,— Jea0 Oyayiuero. [IpyuHIMmbI HOCTpoeHus TaKOro KaTajora, onpoOOBaHHBIE Ha
Martepuajax HabaoIeHi 3a ypoBHeM Mopsl Ha KpoHInTanTckoMm (yTIITOKE, MOTYT OBITh CBEIEHBI K CIICIYIOIIIM.

1. KoMmIiieKCHBIN METOIOJIOTMYECKUI TTOIX0 K PEIIeHUIO IMTPOOJIEMBI.

11. be3ycnoBHBIIi MPUOPUTET MEPBOMCTOUHUKOB.
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BATA BATA(
CUCTEMA) CUCTEMA)

«kOpHan» Nerpa | i 120 cenrabps | MOpA BeAUKan BOAD
1706 Nerp | 9 centabpa 120 centabpa (WSW xaxoit ne Guisano
1706 [M.A. Puixaves 9 cenTabpa 120 centabps >8¢
1706 [M.A. Poixaves 9 centabpa 120 cenTabpa 86108
1706 |4.0. CaaTckuii 9 centabpa 20 cenTabpa 8 118

Puc. 2. ®parmenT 6a3bl gaHHbIX (1703—1706 rT.)

Fig. 2. The fragment of the Database (1703—1706)

1721 .1 Neitrman, /1. dinep. 5 HoABpA 16 HoRGpA 3.125apw
721 J.G. Leutmann, L. Euler 5 HoRGpA 16 HoRGpA 7.49
721 | .B. bepxronbiy 5 HoAGpR 16 HoRGpA CHNbHLIA BLICOKaR BOAD

1721 ©.8. Bepxronsy. 10 HoGpa 21 worbpa e Tax Buicoka

1721 ©.8. Bepxronsy. 11 HoR6ps 22 Hos6pa cinbnei

1721 B.1. Kpagr S HonBpa 16 Hos6pa sw 7.4
1721 W.r. reoprm 5 HoRBPA |16 Hos6ps 76 4n
1721 B.H. bepx 5 HoRGpA 16 HORGPR 7640
1721 C.1. Annep 1 HoRGPR 12 HonGpa louenb sbicoxan

1721 C.1. Aanep 5 HoRBpA 16 Honbipa b4
1721 CratucTuseckue Tabauust 'S HOABPA 16 Horbps 74 4n
1721 7.1 Asuixos 1HoaBpa 12 Hosbpa

1721 |A.14. Aiseixos S HoRBpA. 16 HoRGps c mopa

721 |4, Asbixos 11 Hor6pA 22 HoRGpR € MOpA

721 M.A. Poikaues 5 HoAGpA 16 HoRGpA SwW 764
721 |A.N. Mopayx: 5 HoRGpn 16 HonGpA 76 4n
1721 |1.0. Conrckui 1 HoAGpa 12 Hoabpa >5¢.
1721 |4.0. Corenuit S HoABpA 16 HoAGpA 76 4n
1721 |4.0. Coatciuit 10 HoR6pA 21 HoaGpA ~5¢
1721 |0.0. Convexuit 11 HoR6ps 22 HoR6pa ~5¢
721 M.C. lpywesckuii, H.H. Nlasapexxo 5 HoABpA |16 HoR6pa

Puc. 3. ®parmeHT 6a3bl JaHHBIX (KaTacTpoduyeckoe HaBomHeHMe 1721 T.)

Fig. 3. The fragment of the Database (catastrophic flood of 1721)

MoxoAHbIN ¥ypHan 1706 roga. CM6., 1854.C. 8

Nucema u By Metpa CNé.: dus, 1887.T. IV (1706). Ne 1349-1350
Poikaues M.A. O sbicoTe 9(20) 1706 r. no Nerpa /l Hayk, 1898. Cep. V. T. IX. N2 4. C. XLIX
Poikaues M.A. O Hasognenmax s C.-MletepBypre v o WX NpeAcK i // 3anmckm no rmap dnm, 1898. Boin. XIX. C. 103
Caarckmi 1.0, 8 ycTbe pekv Hesbl ¢ 1300 no 1932 roga // C6opnk paGor HUMKX: 3auwra ot . 1.: Of 1933, C. 282
1 M.C., H.H. Usy N HasoaHeHu v ux npeackasanme // Tpyap locyaa b yTa, 1957. Buin. 41. C. 142-158
i P.A. pexu Heebl n Hesckoii ryGbl. /1.: T 1988. 224 ¢.
K.C. ny 0 8 Cal // C6opHuk pabor no Ne 27.CN6.: 2004. C. 97-110; Nomepaney, K.C. HasoaHt

Puc. 4. ®parmeHT 6a3bl TaHHBIX (MpUMep 0HOPMIICHHS CChUIOK HA MCTOUHUKH )

Fig. 4. The fragment of the Database (example of formatting links to bibliography)
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Malova T'1.
1775 1.0, Conronmi 15 wons 26 wous [sb2a
1775 1.0, Cenrcxnit 16 asrycra 27 asrycra Sbaa
1775 M.C. Iy scxmit, H.H. Nlasapes 15 mions. 26 wons
1775 }r_n 15 wows 26 wona |
1775 K. Mowepaney 15 wona 26 wona
1777 @.B. bayep 10 centabpn 21 cenabpn 106 3a
22 B, KpaoT 16 arycra 27 asrycra sw 5608
1771 B, Kpadt 9-10 cenrabpn 20-21 cenrabpn }ﬁ: 106 78
Y22 B.1. Kpadr 25 centabpa 6 oxTaGpa |Nw 4108
1777 B Kpadr 17 oxrabpn 28 oxrabpn SW 6 0
1777 W.I. Feopmn 10 centabps 21 centabpa o 10078
1777 W[ Teopru 7 oxtabpn 18 oxnbpa S| Coepenws we cornacyorca 64 0
1777 B.H. Bepx 10 centabpa 21 cenabpa [SHpyIIa Ane 10072
1777 CH_Annep 10 cenrabpn 21 conatpn 9% 10
1777 CH. Annep 7 oxabpa 18 oxkTabpa 60
1777 Cratncrmecnne Tabnmus 10 cenrabon 21 conrabpn B 10678
777 C Tabmuet 7 oxTabpa 18 oxaGpa sw 6608
1777 WM. Nywxapes 10 cenrabpn 21 centabpa | 2104
777 WM. Mywrapes 7 oxTabpa 18 oxabpn 1 66
1777 M.A. Poiaves 16 asrycra 27 asrycra Sw 5414
1777 [MA.Poaues 5-10 centabpn 20-21 centabpn %Hv 10674
1777 |MA- Poiaves 17 oxiabps 28 oxTabps [sw 60
1777 [A1. Moppyxaii-bontosckoit 16 asrycra 27 asrycra | 5408

Puc. 5. ®parmeHT 6a3b1 JaHHBIX (TTPUMEYaHKE K OIHOM U3 TYeeK, ONUChIBAIOIINX KaTacTpoduieckoe HaBogHeHKe 1777 T.)

Fig. 5. The fragment of the Database (footnote to one of the cells describing the catastrophic flood of 1777)

II1. OTKa3 oT «MCIpaBICHUI» PSIIOB U CBeIeHUI post factum.

1V. KaTtanoruzauust ormmcoK U pacxoxXJIeHU Bepcuii 3a Bce BpeMsl HAOIIOAEHUIA.

V. Ilyonukanust Bcex 6e3 UCKTIOUEHUST COXPAaHUBIIUXCSI BEPCUIT U MaTepUasioB.

VI. Pa3zpaboTka 1 BHeIpeHNE B TPAKTUKY YHU(DUIIMPOBAHHOM IMPOrpaMMBbl OLICHKU OJHOPOIHOCTH, TOJITOBPE-
MEHHOI TOYHOCTU U PETIPe3eHTAaTUBHOCTH BEKOBBIX PSIIOB.

VII. [Touck HOBBIX CBeI€HUI 00 ypOBHEMEPHBIX HAOIIOIEHUSIX.

OnHaKo HeOOXOMMMO YUYUTHIBATh, YTO UMEIOIIMECS MaTepUalibl M CBEICHUS:

1) dparmMeHTapHbI, HEMOJHBI U TPOTUBOPEUYUBHI;

2) coaep:kat oouare dSMOLIMOHATBHBIX XapaKTEPUCTUK;

3) mostydeHbI U3 HAOMIONEHU Ha pa3IMIHbIX MYHKTAaX, yIAJICHHBIX APYT OT Apyra MHOTAA Ha HECKOJIBKO KUJIO-
METpOB;

4) npeacTaBiaeHbl U3MEPEHUSIMU B PA3IMYHbBIX HEOMHOPOIHBIX CUCTEMAaX OTcUeTa (OT JJOKaJbHBIX OPIMHAPOB),
M3MEHSIIOIIMXCSI BO BpEMEHU U ITPOCTPAHCTBE;

5) OTHEeCEHBI Ha pa3HBIX 3TallaX K pa3HbIM CHCTeMaM CcueTa BBICOT (OT ¢IMHOIO OPAMHAPHOTO YPOBHS, B pa3-
JIMYHBIX TEOIE3UNYECKUX CUCTEMaX KOOPIAUHAT U Jp.);

6) UCKaXXeHbI Pa3JIMYHOIO POJIa «IIOIPaBKAMMU» U «KOPPEKLIMSIMM», B YACTHOCTH, 3a CUET «MCIIPABICHUSI» IIep-
BUYHBIX MAaTEPUAJIOB;

7) nedbopMUpPOBaHbI MTPU IKCTPAMOJISILUU O0JIee TO3AHUX WU JaXe COBpeMeHHoU bantuiickoii cucTeMbl Bbl-
COT Ha IECATKM M COTHM JIET Ha3all.

ITouck cBeneHMit 0 HaBomHeHMUSIX HeBbI, MX aHaM3 ¥ Bepu KAl HEITPEMEHHO JOJIKHBI OBITh IIPOIOJIKECHBI
C COBPEMEHHBIX HayYHbIX TO3uLIMi. Ha qaHHBIH ke MOMEHT MpeaIOKEHHYIO 2JIeKTPOHHYI0 0a3y JaHHBIX, BKJTIOYa-
o111yI0 B ce0st cBeneHus o HaponHeHUs1X HeBbl XVIII B., MOXXKHO paccMaTpuBaTh KaK MPUHIIMITHATIBHO HOBBIH 3Tall
Ha IIyT! (DOpMUPOBaHMST (PYHIAMEHTAIBHOTO PeTIPe3eHTAaTUBHOTO KaTajiora HaBomHeHit HeBHl.

OsnakoMuTbes ¢ bazoii naHHbix HaBogHeHUIT HeBbl XVIII B. MOXKHO MO cchlIKe:

https://spb.ocean.ru/wp-content/uploads/2020/09/Baza-dannykh-navodneniy-Nevy-XVIII-v.xlsx

DuHAHCUPOBaHNE

Pa6ora BEITIOTHEeHA B pamKax roc3aganuss Ne FMWE-2021-0014.
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OYHIAMEHTAJIbHASA u [TPUKIIATHAA THIPODOU3UKA. 2022. T. 15, Ne 1
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 1

Pedaruyus omnpaeasiem wumameneii k nepeoUCMOHHUKY
02151 danvHeluell duckyccuu

O KHUTIE C.B. TPUBHA
«@OPMAJIbBHAS ®U3NKA: YPABHEHU A IBUXKEHU S »

B npowedwem 2021 200y ucnoanunoce 661 70 nem Cepeeto Bacunvesuuy [pubuny, doseue 200bl npopabomasuieco
6 Uncmumyme o3zepogederuss PAH na donxchocmu 3aeedyroweco radbopamopueii Mamemamu4ecKoeo Mooeiupo8aHusl.
Cepeeil Bacunvesuu, 6ydyuu evinyckHukom Kagheopst 2u0poouHamuKu MamemamurKo-mexanuueckoeo gaxysomema Jle-
Hunepadckoeo (wuine Cankm-IlemepOypeckoeo) eocydapcmeenHoeo yYHusepcumema, umen WupoKue HayuHvle uLHmepe-
Cbl, KOMOpble He 02PaAHUYUBANUCH NPOOAeMAMUKOLL, CE8A3AHHOU AUULb ¢ u3yveHuem 03ép. Ewé do nepexoda na pabomy
8 Hncmumym o3epogedenus on Hanucas — Au4HoO u 6 coaemopcmee — 6onee 100 HayuHbix pabom no meopuu 63pbleos,
pacnpocmpanenuy yOapHoixX U ceiicCMO83DbIBHbIX 60AH, U M.O.

B nocaednue 200vt ceoeii acusnu C.B. [pubun mHoeo paboman Hao onpocamu, c8sA3aHHbIMU C YHOAMEHMANbHBI-
MU 3aKOHamMU (PU3UKU, U NOCMPOUN INEOPUID, NO3BOASIOULYI0 ONUCHIBAMb 8AeHUS KAK MAKPOMUPA, MAK U MUKPOMUDA,
U CNOCOOHYH) CMAamb A02UMeCKUM (PYHOAMEHMOM CO8DeMeHHOU meopemut1eckoll usuxu. Pesyssmamom smux mHo20-
AEMHUX UCCAeD08AHUIL SIBUAOCH HanUcanue um monoepaguu «Popmanvras uzuka: ypagneHus 08UNCEHUS>.

Xomsi cmepmo npepeana naaHvl asmopa npoodoalCUmMs paseumue dmoll meopuu, U emopas 4acms MoHoepaguu
0CManach He3a8epuléHHolL, mem He MeHee, NPUMEHEHHbII UM AKCUOMAamu4ecKuti no0xo0 U paspabomanHbslii Mmamemamu-
Yeckull annapam 0aém, Ha Haul 832450, MOWHBLIL UHCIPYMeHm meM, KMo CReuuaiu3upyemcs Ha uccaedo8anusx 6 3moil
obaracmu, u KMo HamepeH paseueams npeocmasneHus 0 Pu3U1ecKux 3aKOHax Hauleeo Mupa.

B cBoeit MoHOTrpadum, Beimenieii B 2013 roay, aBTop, CTpEeMSICh TOHATH TITYOMHHBIE KOPHU Y CYTh U3BECTHBIX
Ha CeroaHs (hM3MIECKNX 3aKOHOB, 00BEKTUBHO OIICHUTH KOPPEKTHOCTh COOTBETCTBYIOIIMX YPABHEHUIT MaTeMaTH -
YeCKOU (DM3UKU U CTEIIeHb MX ITOJTHOTHI, M3JIOXKUII pa3pabOTaHHYIO UM TEOPUIO, TTO3BOJISIONIYIO TT0-HOBOMY B3TJIS-
HYTb Ha YpaBHEHHUS, OIMMCHIBAOIINE SIBIICHUSI MUKPO- 1 MakKpoMupa. C 3ToIt 1eIbI0 ObLIa TIPeATIPUHSITA TTOITBITKA
MpeaeabHO (hOpMaM30BaTh MPOLIECC TTOyYEHUS ITUX YPABHEHWI U IPOBECTH UX BBIBOI Ha 6a3e MPOCTOM, SICHOM
M KPaTKOi aKCMOMaTUKHA MaTeMaTUIeCKOTO M TeOMETPUIeCKOro xapakTepa. [1py 3ToM aBTOp CTaBUII 1IeJIb, YTOOBI
HCITOb3yeMasi UM aKkcMoMaTHKa He BKJIoYasa B ce0s KaKue-Iu0o AMMUpPUYECKHe 3aKOHbI, a HA000OpOT — 3TU
3aKOHBI BEIBOAWIMCH Ha OCHOBAaHUM MaTeMaTHYECKOro aHajlu3a, COBEpIIaeMoro Ha 6a3e MUCIOIb3yeMOit UM aKCH-
OMAaTHUKHM U pa3pabOTaHHOTO MaTeMaTUYECKOTIO arlapara.

B ocHoBy pa6otsl C.B. I'prbnHa Oblja 1moJjioxkeHa aKCMoMaTUKa TEOPUH CITJIONTHOM cpeanl. B MexaHMKe criioni-
HBIX Cpell paCCMAaTPUBAIOTCS IBIDKEHUS TAKUX MaTePUATbHBIX TEJI, BHYTPEHHUM CTPOCHUEM KOTOPHBIX MOXHO TIpe-
HeOpeub BBUY TOTO, YTO JIMTHEIHBIE pPa3Mephl COCTABIISIONINX X YACTHII, 3HAYNTEIIEHO MEHBIIIE COOTBETCTBYOIIINX
pa3MepoB UCCIIeAyeMbIX 00BEKTOB. B 3TOM citydae 3a yacTuily — MpOMapKUpPOBaHHYIO TOUKY ITPOCTPAHCTBA — MOX-
HO MPUHMMATh JII000I CKOJIb YTOOHO Majiblii 00bEéM. Takoif Moaxon MO3BOJISIET UCIOIb30BaTh aKCUOMY CILIOII-
HOCTHU, T.€. CUMTaTh, UYTO MaTepHaJIbHOE TEJIO TMPEACTABISIET COOOI CIUIOLIHYIO Cpeay, 3alOoJHSIONIYI0 00BEM Oe3
CBOOOIHBIX MTPOMEXYTKOB; CBOMCTBA Teja BO BCEX €ro TOYKaX OMMHAKOBBI M HE 3aBUCAT OT pa3mepoB Teja. Coot-
BETCTBEHHO TaKMe XapaKTePUCTUKU TeJI, KaK IJIOTHOCTH, CKOPOCTH, OOBEMBI, U T..I., CAUUTAIOTCS HETIPEPBIBHBIMU.
HaHHoe yIipoIieHre T1a€T BO3MOXHOCTh IIPUMEHEHHSI B MEXaHUKE CILTOITHBIX CPeJI alrapaTa BBICIICH MAaTeMaTHKH,
XOPOIIIO Pa3pabOTaHHOTO I HEIIPEPHIBHBIX (DYHKIINIA. JIBIKeHIE TAKMX YaCTHII OITPEIEIISIeTCS CKAISIPHBIM TI0JIeM
TUTOTHOCTHU 1 BEKTOPHBIM TI0JIeM cKopocTeit. HBIe (hm3nuecKue Mot 1 KOHCTAHTHI, B TOM YHCJIE 3JIEKTPUICCKUE,
TPaBUTAIIMOHHBIC U T.1I., TOJDKHBI, TIO MBICJI aBTOpa, BOZHUKATh «CaMU CO00» B X0OzIe pa3BEPTHIBAHUS TEOPUH, KaK
(bopMaibHO HEOOXOMUMBIE WJIM TOCTATOUHBIE CIICACTBHS IIPOBOIMMBIX MaTeMaTUYECKHUX ITpeoOpa3oBaHuil (Harmo-
Jo0Me MPOX3BOIbHBIX BEJIMUMH, BO3HUKAIOIIUX MPU UHTETPUPOBaHUM TUbbepeHIIMATbHBIX YpaBHEHMIA).

IToMuMO aKCHMOM CIUIOLIIHOCTU M HEMPEPBIBHOCTY MPUHUMAETCSI, YTO BCE MPOLIECCHI MPOUCXOISAT B TPEXMEpP-
HOM TOYEUHOM MPOCTPAHCTBE, B KOTOPOM OITpEeACICHBI PACCTOSTHUS MEXKIY TOUKaMU, U Pa3BUBAIOTCSI BO BPEMEHM,
MpUIEM TeUCHHE BPEMEHH 3aBUCHUT OT BEIOOpA cHCTeMBbI oTcuéTa. Hampumep, B KilacCMIeCKOM MEXaHUKE CILIOII-
HBIX Cpell BpeMsI TeUET OMMHAKOBO JUIS BceX HaOMomaresieii, a B peJIITUBUCTCKON — IIPOCTPAHCTBO U BPEMSI CBSI-
3BIBAIOTCS B €AMHOE TIPOCTPAHCTBO—BpeMsl. Kpome Toro, BO3MOKHEI IIPOLIECCHI CBSI3U IIPOCTPAHCTBA U BPEMCHH,
OTJIMYHBIE OT PEJIITUBUCTCKON TOYKW 3pEHMS, HATTPUMED, TakKhe, KaK B KBa3UPEIITUBUCTCKUX TTPUOIMKEHUSIX
K TEOPUU YIIPYTOCTH.

Pa3paboTaHHbBIil aBTOpOM MaTeMaTUYECKUIA anmapaT MO3BOJMJ MPOBECTH aHAJIM3 OTHOLIEHUIT MeXIy mapa-
METpaMM HcclielyeMoro o0beKkTa Ha HOBOM ypoBHe. B yacTHOCTH, Oblla BBe[eHa airedpa BEeKTOPHBIX MPOU3Be/Ie-
HUIi (OMKBaTEepPHUOHOB), TTO3BOJIMBIIAS TOTYMHUTH KOMITOHEHTHI UICKOMOIT BEKTOP-(YHKIIMU 3aMKHYTOI CHCTe-
Me JIMHEeMHBIX YpaBHEHW B YACTHBIX TTPOM3BONHBIX. [IpMHIIMIIMATEHEIM MOMEHTOM B 3TOIt pa3paboTKe SBUIIOCH
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BBEICHUE YETHIPEXMEPHOU KOMIUIEKCHOM BEKTOP-(QYHKIIMU M TIPEACTABICHUE C €€ TTOMOIIBIO NeCTBUTEIIHLHBIX
ImapaMeTPOB CIUIOLITHO cpelbl B (hopMe, COOTBETCTBYIOIIEH BHIOpAHHOMY TTPEACTABICHUIO O CBOMCTBAX IMPOCTPaH-
CTBa—BpEMEHHU, T.¢. B hopMe TeH3opa Pumana. B onpene€HHBIX cllydyasx mojrydaeMble MpeACcTaBICHUS ConepKaT
TIOTTOTHUTEbHBII TUCKPETHBII TTapaMeTp, MPUHUMAIOIINI 3HaYeHUST + 1 Wi —1, KOTOPBIit MOXKHO MHTEPIIPETH-
pOBaTh KaK CIMPaJbHOCTh. AHAJIN3 MTOJIyYEeHHBIX YpaBHEHUW I TTO3BOJISIET Ha3BaTh X YPaBHEHUSIMU KBAHTOBOI TEO-
puM, a BBEAEHHYIO YETHIPEXMEPHYIO BEKTOP-(DYHKIINIO — BOJTHOBOM (hyHKIIMEH. st (hr3nyecKoit MHTepIIpeTalnu
ATUX TOJIeil NCITOIb3YeTCsT aHAIN3 KAIMOPOBOYHBIX U MUCIIEPCUOHHBIX COOTHOIIIEHU, KOTOPBIE CIEMYIOT U3 yXKe
MOJYyYeHHBIX ypaBHeHU. MneHTndGuLMpoBaH, B YaCTHOCTU, 4-BEKTOPHBII 3JIEKTPOMAarHUTHBIN MTOTEHIIUAT 1 He-
CKOJIbKO MaCCOBBIX ITapaMeTPOB, HAIIpUMeEP, BeTUIMHA, UTparoIasl poJib TocTosTHHOM [1naHka, u apyrue.

IIpuBenéM HEKOTOPHIC PE3YJIBTATH UCCICAOBAHNS ITOIYICHHBIX CUCTEM YPaBHEHUI, pa30WB MX Ha IBE TPYII-
ITbl, ¥ TI0OKa3aB UX CBSI3b C MPU3HAHHBIMU KJIACCUYECKUMMU MOJOXEHUSIMU TEOPUM ABUKEHUSI CILIOIIHOMN Cpeibl
¥ KBaHTOBOIi TEOpMH, KaK B KJJACCUYECKOM, TaK U B PEISITUBUCTCKOM CIydJae.

KBantoBas MexaHuka

1. KBaHTOBbBIE BOJIHOBBIE YpaBHEHUS, MToayyeHHble B Teopuu C.B. 'pubnHa NpUMEHUTENBHO K €BKIUI0BOM
reoOMeTPUU MPOCTPAHCTBAa—BPEMEHH, B YACTHOM CJlydyae NMpUMEHEeHUsI mpocTpaHcTBa [anuiess nomyckaror
YIPOIIEHUSI 10 OTHOTO YpaBHEHMST — U3BeCTHOTO ypaBHeHUs LlpenuHrepa.

2. PensTMBUCTCKME BOJIHOBBIE YpPaBHEHMSI B YAaCTHBIX CIIydasx JOITYCKAlOT CHUXKEHWE CBOEH pa3MepHOCTU
BIBOE U IMOJYyYEHHE TOYHBIX YPAaBHEHUI ISl IBYXKOMITOHEHTHBIX BeJIMYMH. OOHUM 13 BapUaHTOB TaKUX
penyIMpOBaHHBIX YPAaBHEHUIA IS CMECH YaCTHUI] IBYX COPTOB SIBJISIIOTCSI U3BECTHBIC ypaBHeHUs [upaka,
a COOTBETCTBYIOIINE ABYXKOMITOHEHTHBIE BETMIMHBI — CIIMHOPAMU Pa3IMYHBIX TUTIOB. 3aMETHUM, YTO CTTU-
HODPBI B HACTOSIIIIEH TEOPUM TOSIBISIIOTCS] €CTECTBEHHO, T.€. OHU MOSIBJISIIOTCS HE MyTEM BBEeIEeHUs B pa3pa-
OaThIBAEMYIO TCOPUIO M3BECTHHIX (DM3MUYECKMX BEJIMUMH, a KaK BCIIoMoratejbHbie BekTopa. [1o cymecTBy,
CITMHOP — 3TO BCETO JIMIITh YaCTHBIN CiTydait 4-BeKTOpa, KOMITOHEHTBI KOTOPOTO CBSI3aHBI IBYMSI TIPOCTET -
IIUMU 3aBUCUMOCTSIMU.

3. DAeKTPOMAarHUTHBIC TIOJISI B PEISITUBMCTCKOM BaprMaHTE TCOPUU OIMMCHIBAIOTCSI YPaBHEHUSIMM, COBITaAlO-
UMY C ypaBHEHUsIMU MakcBelia, KOTOpPhIE, OMHAKO, TOTYCKAIOT MPUHIIUTTHAIIBHYIO BO3MOXHOCTbH OTIpe-
JIeJEHHOI Moau(UKaLIMU.

4. AHanu3 pe3ysbTaToOB PEIIeHUs CTAHAAPTHOM KBAaHTOBOI 3aMa4y O pacy€Te mapamMeTpPOB BOJTHOBOM (DYHKIINM
U e€ QHEPTEeTUYECKNX YPOBHEH B 1TOJIe KYJIOHOBCKOTO TMOTEHITMAA, IPOBENEHHBII B paMKaxX IMOJTHOM CUCTe-
MBI JIJI51 YeTBIPEXKOMIIOHEHTHOI BOJIHOBOI (DYHKIIMM, MOKA3bIBAET UX OTJIMYKE BOJIU3U LIEHTPA CUMMETPUU
OT COOTBETCTBYIOIIIMX PE3YJIbTATOB, TTOJIyUeHHBIX Ha Oa3e ypaBHeHUs [llpenuHrepa ninm ypaBHeHuMi JInpaka,
WMEIOIINX PE3KO HEPETYIISIPHBIN XapakTep. DTOT hakT, O-BUIUMOMY, TOJKEH ObITh MHTEPIIPETUPOBAH KaK
HaJIMYME B PEeIIEHUU siipa, KOTOPOEe He YJIaBIMBAIOCh MPEAbIIYIIUMU TeopusiMu. Kak U3BecTHO, peleHue
TMAHHOM 3aIauM M €ro yTOUYHEeHNe Ha 0a3¢ 3THUX TEOPUid IBIJIOCH KPaeyroJIbHBIM KAMHEM JUISI TECOPUU BJICK-
TPOMATHUTHOTO U3JTyYeHUSI aTOMOB U CTPOCHUSI MX 000j0uek. [ToaToMy BOo3HMKAIOIIAss BOBMOXKHOCTh CO-
BMECTHOTI'O OMUCaHUS siIpa U 000JOUYKM aToMa MO3BOJISIET HAACSAThCS Ha TEOPETUYECKOE OMUCaHUe HOBBIX
BaXKHbIX (PM3NYECKUX SIBICHU, HapUMep, OeTa-pacranga uiv Ipyrux TUMOB PAAU0AKTUBHBIX U3ITyYEHUA.

5. ¥YpaBHeHus Jlupaka Ha CETOMHSIITHU AeHb TPU3HAHBI CTAHIAPTHOU MOJIEJIBIO JIJIST PA3TMIHBIX YACTHUI] C TI0-
JIYLIEJIBIM CITUHOM (B YaCTHOCTHU, JIEKTPOHOB), OJJHAKO OHU HE OMMCHIBAIOT TaK1e BaxKHbIE MPOLIECChI, KaK,
HampuMep, MPOIIECC CIIapuBaHUS JIEKTPOHOB ¢ 00pa30BaHMEM KYMEPOBCKUX IMap U OOpaTHBIN Ipoliece,
TIOCKOJIbKY Pe3YJIbTUPYIONIEH 3/1eCh SIBJISIETCS YacTUIIA C BeIMUYMHOM criHa 1. [To coBpeMeHHBIM TpeicTaB-
JIEHUSIM 3TOT TPOLECC SIBSIETCS OMPENe oMM 11 BOSHUKHOBEHMST WJIM MOTEPU CBEPXITPOBOIUMOCTU
BellleCcTBa. AHAIN3 PEIITUBUCTCKIX KBAaHTOBBIX ypaBHEHUI, Mony4eHHBIX B padbote C.B. I'pnbuHa, moka-
3BIBACT, YTO OHU OIMMCHIBAIOT YaCTUIIHI C TIPOM3BOIHHBIM CITUHOM. [103TOMY MOXXHO HalesIThCs, UTO pa3pa-
OOTaHHBII MaTeMaTUUYECKUI anmnapar siBJsIeTCsl aieKBAaTHBIM [UISl U3yYeHUsI JaHHOU MPOOIEMBI.

Knaccuueckas TEOPHUs IBH2KCHUA CILTIOIIHOM Cpeabl U CnenuajJabHasA TeOPUsA OTHOCUTEJIbHOCTH

1. AHanu3 TEH30pOB SHEPTUM-UMITYJIbCA CIUIOLIHON CPebl MOKA3bIBAET, YTO UMEET MECTO CYILIECTBEHHOE OT-
JINYME UX COCTaBa OT COCTaBa TAKOBBIX, KAK B KJIACCUYECKOM, TaK U B PEJISITUBUCTCKON TUAPOAMHAMUKE
(cM. ocHoBomoarampIme padotsl A. DitHiuTeiliHa u JI. Jlanmay). MaremaTuduecku 3TOT (hakT OObSICHSIETCS
HajguyueM B (hopMysIax HACcTOSIIIENH TEOPUU HOBOTO (DM3UYECKOTO BEKTOPA, KOTOPBIiA CBSI3aH C HEOIHOPO/I -
HOCTBIO Aechopmalinii YaCTUIL CPeNibl, BO3HUKAIOIIEH B X0/Ie TPOTeKaHusl (husnueckux nporeccos. Hanuuue
5TOTO BEKTOPAa B OKOHYATEJBHOM pe3yJbTaTe HaBEBAE€T MBICU 00 OTBEPTHYTOM B Hayajie MPOIILIOro BeKa
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HOHATHU 3(Upa, HO ABISETCI YMCTO MATEMATUUECKUM pe3yIbTaTOM TEOPUU, KOTOPBIM B paMKax IPUHS-
TOI aKCMOMATHKHN He MOXKET OBITh OcTriopeH. ETo BelmumHa, Kak IMOKa3bIBacT M3ydeHUE PEISITUBICTCKOTO
BapHMaHTa TeOPUH, TTPOMOPIMOHAIbHA BeJIMUNHE TTOCTOSTHHOM [Tmanka 1, clieqoBaTeIbHO, SIBIISIETCST YMCTO
KBaHTOBBIM 3(pdeKToM. B pesiTUBUCTCKOM BapuaHTe TEOPUU JAaHHBII BEKTOP MPUCYTCTBYET yKe B 0a30BbIX
dopmymax mIst UMITyJIbCa YaCTUIIBI, BHI3BIBAS €TI0 MCKaKeHNE, TIOA00HOE BIMSIHUIO TOKOB XO0JIJ1a Ha OCHOB-
HOM IMOTOK B MATHUTHOM THIPOIMHAMUKE. B OTCYTCTBUM 3TOT0 BeKTOpa (POPMYITHI 1T KOMIIOHEHT TeH30pa
SHEPTUM—UMITYJIbCA, TTOJIyIeHHBIC TEOPETUUECKH, COBITANAIOT ¢ pOpMyIaMU, M3BECTHBIMU U3 JINTEPATYPHI.

2. I1poBeneHHBII aHAIN3 KOMIIOHEHTOB TEH30pa HANIPSLKEHWI TTOKAa3bIBaeT, UTO pa3BUBaeMast TCOPUsI MOXKET
UMEThb HEITOCPEACTBEHHOE TTPUJIOXKEHNE K MTPo0ieMe BOSHUKHOBEHMST M Pa3BUTUST TYPOYJIEHTHOCTH B JKHI-
KOCTH, APYTYMHU CJIOBaMU, HE UCKJIIOUEHO, YTO TYpOYJIEHTHOCTh €CTh MPOSIBJIEHUE KBAaHTOBBIX 2(D(HeKTOB Ha
MaKpOCKOI4YeckoM ypoBHe. [Tog KBaHTOBBIMU 3¢¢eKTaMu 3[0eCh TOHUMAIOTCS 3(P@EKTHI, TTPOITOPLMO-
HaJIbHBIC BeJIMUMHE TTOCTOSTHHOM [1naHka.

3. Eie omHMM BaxKHBIM aCITEKTOM JUTSI TIPUJIOXKEHUS pa3pabOTaHHOIT TEOpHU SIBISICTCS THIPOIMHAMIKA CBEPX-
TEKy4ei KUIKOCTHU, TTOCKOJIBKY OOIICIPU3HAHHBIM SIBJISIeTCS (PaKT (PU3MICCKOI OIM30CTH 3TOTO SIBJICHMS
K SIBJICHUIO CBEPXIIPOBOINMOCTH.

[TpuHIMIIMATBHO HOBBIM PE3YJIbTATOM SIBJISIETCS OTCYTCTBUE CPEIU OMpPENessIolIX pa3MEepHBIX ITapaMeTPOB
BEJIMUMHBI MACChl, KOTOpasi TIPUCYTCTBYET B M3BECTHBIX KBAHTOBBIX Teopusix. M3BecTHO, uto naypear HobGenes-
cKoii mpemun 1o pusnke npodeccop C. Baitnbepr B cBoeit JlnpakoBckoii ek B KeMOpumke yrBep>Kuai, 4To
MMEHHO HaJIMINE MAaCChI IPUBOINT K HEOOXOAMMOCTHU IIPUCYTCTBHUS B BEIBOAAX KBAHTOBBIX TCOPHUIA PACXOISIITXCS
aneMeHTOB. KcTaTu, B 3TOI 3Ke JICKIIUYA TOBOPHUTCS O TOM, UYTO Ha CETOTHS CIIEAYET OTKA3aThCsI OT TCOPUH YpaBHE-
Huit Jlupaka, Tak Kak OHa BKJIIOYAET B Ce0s1 IMILb YaCTULIbI ¢ MoayLebiM ciiuHoM. OngHako B padote C.B. I'pubuna
MaTeMaTUYEeCKH MOoKa3aHO, UTO 3Ta TeOpus SIBJISICTCS JIUIIb YACTHBIM CydyaeM 0oJjiee 00Ieit MOIeIu, JOMyCKato-
1€ BO3MOXKHOCTD OTTMCAHUS YaCTUIL C IIPOU3BOJBHBIM CITUHOM.

Hanee B ypaBHeHUsX, noiydeHHbIXx C.B. ['puOuHbIM, nexaercs nepexon K HEKOTOPbIM BEIIeCTBEHHBIM Tiepe-
MEHHBIM, W TIOJYYCHHYIO CUCTEMY aBTOpP HA3bIBAeT BEIICCTBCHHBIMU YPaBHEHUSIMU TCOPUU OTHOCHUTEIHBHOCTH.
B HUX IpHUCYTCTBYET KaK ypaBHEHME HENPEPBIBHOCTHU IS TNTOTHOCTU CPEIBl, TaK W YpaBHECHUE M3MEHCHUS MM-
nyJibca. BaKHBIM MOMEHTOM SIBJISIETCSI TO, YTO IPH BBIBOJE IMOCIEAHEN CUCTEMBI ITOHATHE TNIOTHOCTH CPEIbl pa3-
OMBaeTCs HAa CyMMY JIBYX HE3aBUCHMBIX WICHOB, a B YpaBHEHUHU IJII UMITYJIbCa MPUCYTCTBYIOT IBa HE3aBUCUMBIX
BekTopa K u V. [Tokazano, yto rpu Bektope /N = (0 ypaBHeHME IJISI UMITYJIbCa ITPAaKTUUECKU COBITaJaeT C ypaBHe-
HueM A. DitHmreiiHa n3 CriermanbHoit Teopun OTHOCUTETbHOCTH M K SIBIIsIeTCST MMITYJIbcoM cpenbl. [Tpu K = 0
TOJTy4aeTcsT ypaBHEHHME Tt BEKTOpa [V, KOTOPOTO HEeT B TeopuM DifHIITeitHa. OQHAKO OH CYIIECTBYET, UYTO CIICAYET
W3 pellleHUs M3BECTHBIX 3a1ay JIJIsT KBAHTOBBIX ypaBHeHMIA. [Toka emé paHo ¢ yBepeHHOCThIO TOBOPUTH O TIPUPO-
ne GU3NIECKUX SIBIICHUM, XapaKTepr3yeMbIX 3TUM BEKTOPOM,— HEOOXOAMMO IPOBEACHNE SKCIIEPUMEHTATbHOM
MpOrpaMMBbl 1JI1 TOYHOM (DU3MYECKOM MHTepIIpeTalluy 3Toro ¢beHoMeHa. BmecTe ¢ TeM, BBUIY TOro 4TO MpUpoaa
3TOr0 BEKTOPa, OUEBUIHO, CBSI3aHA C «KPYUCHUEM», BIIOJIHE BO3MOXHO, UTO B pe3yJIbTaTe JaIbHEHIIIero MaTeMaTH-
yecKoro aHanm3a ypaBHeHU Teopuu C.B. 'prbuHa n ipoBeneHNsT SKCIIEPUMEHTAIBHBIX UCCICI0OBAHUN yIacTCs
00OHApYKUTH CBSI3b C UHTYUTUBHO BBEICHHBIMHU CTOJIETHEC Ha3al TOPCUOHHBIMU TTOJISIMH.

Ve nociie uznanust ceoeit MoHorpacduu C.B. 'puOUH MOATOTOBUJ CTaThiO, OMYOJIMKOBAHHYIO B COOPHUKE
«Hayxka n obpazoBanue B XXI Beke», B KOTOPOil aBTOP, OCHOBBIBAsICh Ha MOJIOKEHUSIX CBOCI TEOPHU, TIPUBEI BbI-
BOJ TpaguliMoHHoro ypaBHeHus [IpenuHrepa. Kak u3BecTHO, 3T0 ypaBHEeHUE, UMelolee GyHIaMeHTalIbHOE 3Ha-
YeHME B KBAaHTOBOI (hM3MKe, ObUIO HE BBIBEACHO, a MOCTyInpoBaHo IlIpenrnHrepoM, 1Mo aHaJIOTUM ¢ KJIaCCUIECKOit
OIITHKOM, HA OCHOBE 00OOIIEHNST SKCIIEPUMEHTAIBHBIX TaHHBIX. Clle0BaTe/IbHO, CYIIeCTBOBAHNE TEOPHH, MO3BO-
Jsonneii BoiBecTH ypaBHeHne IlIpenunrepa, cIyKuT BaKHEHIINM 10Ka3aTeIbCTBOM BEPHOCTH TAKOI TEOPHH H CBHIE-
TeJIb,CTBOM NEPCIEKTUBHOCTH €€ JAJIbHEINero pasBuTHs.

Takum o6paszom, padota C.B. 'pubrHa MOXKeT paccMaTpUBaThCs KaK TeOpeTuYecKasi OCHOBA «HOBOM» aKCU-
oMaTHU4ecKoil Gpu3nKu, o0beANHSIONIEH BHIBOIbBI KBAHTOBOM TEOPUU M CTAaHIAPTHONM TEOPUU OTHOCUTEIBLHOCTH,
W HaJ Hel npeacTtouT eile 0osplias pabota. HECOMHEHHBIM JOCTOMHCTBOM ITOCTPOEHHOW aBTOPOM MOJENU SIB-
JIIETCST TOT (DaKT, YTO BCE COOTHOIICHMS, TTOTyIeHHBIC B HEl, SBISIIOTCS HEOCIIOPUMBIMU, TTOCKOJIBKY BBIBEIC-
HBI YMCTO MaTeMaTUYCCKUMM TIPeoOpa3oBaHUSIMU M3 aKCMOMATUUYCCKUX NOIMYIICHWI, U B OTOCIBHBIX CIIydasx
(ypaBHeHHnsT MakcBemta, ypaBHeHUs Jrpaka) cOBITamaloT ¢ pe3yjbTaTaMM, paHee M3BECTHBIMU W3 JINTEPATYPHI,
W paCIIUPSIIOT MX. JIpyruMu cIoBaMU, aBTOP, (PaKTUUIECKU BIIEPBBIC, HE MOJb30BAJICS KAKMMU-IM00 TUITOTE3aMM
WA MUHTYUTHBHBIMU ITOJIOKEHUSIMU TUIIA IIPUHIIMAIIA «<MUHUMAJIbHOTO ICUCTBUS», @ BCE PE3YJIbTaThl, IOJy4YeHHbIE
B €0 TCOPUH, TT0 CYTH, €CTh CJCACTBHEC YMCTO MaTeMAaTUIECKIX OTepallnii Hal MICXOMHBIM, KpaliHe OTpaHUYCHHBIM,
HaO0OPOM COOTHOIIECHUN (hM3NIECKUX TTepeMEHHBIX. Y13 3TOr0 MOXHO MPEIIOI0XKUTh, YTO OCHOBHBIC YPaBHEHUS
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COBPEMEHHO! (PU3UKU aKCUOMATUYHBI, T.€. MOTYT OBITh MOJYYEHbI (POPMATIBHO U3 3JIEMEHTAPHBIX AKCUOM, CBSI-
3aHHBIX C aKCMOMATUKOM MeXaHUKM CTUIOLTHBIX CPell, BCJASICTBHUE YEro aBTOp Ha3Bajl CBOIO MoHorpaduio «PDop-
MajibHasi GU3UKa: yPABHEHUSI IBUXKECHUST».

ABTOp paboTas Hall BTOPOIi YacThlO CBOEI MOHOTpaduu, rie mpeanosiarai pacCMOTPETh UHbIE (DOPMBI BEKTOP-
HBIX TTPOU3BEACHUI KOMILJIEKCHBIX 4-MEPHbIX BEKTOPOB B CJlyyae HOBBIX MpeoOpa3oBaHMil MPOCTpaHCTBa—Bpe-
meHu. [IpenMeTom paccMOTpeHUsl TOKHBI ObUIM CTaTh BOMPOCHI MO U3MEHEHUIO XapaKTepUCTUK METPUUYECKOTO
teH3opa Pumana. Taxoke npearnosarajoch pacCMOTPETh U3BECTHBIE MTpeoOpazoBaHus ['aniies, KOTOpble MPUBOAST
K KJIACCUYECKUM YPaBHEHMSIM ABUKEHUSI CIUIOLIHONM Cpelibl B C/Iydae UCIOIb30BaHMS BEIIECTBEHHBIX YPABHEHUIA.
KomrmiekcHbie ypaBHEHMS IBUXKEHUST, KaK TTOKA3bIBACTCS B pe3yJIbTaTe KOPOTKOTO aHATIU3a, MO3BOJISIIOT BbIBECTU
COOTHOLIEHUE MEXY TPAIUEHTOM CKaJSIPHON 4aCTU BOJHOBOU (DYHKIIMU U €€ BEKTOPHOI 4acThlO, YTO JIOCTa-
TOYHO JJIs1 MTOJIydyeHUs pa3iudHoii ¢hopMbl ypaBHeHUs1 LllpeauHrepa B pa3IMUHbIX MOJSIX. ABTOP BUAET U MHOTHE
JIpyTvie BO3MOXHOCTU Pa3BUTUSI CBOCH TEOpUH.

K coxanenuto, Cepreii BacunbeBru ['prbuH He ycrnen peanu3oBaTh 3TU IJIAHBI U NPOJOJIKUTH pabOTy Hal
cBoeil Teopueii. bonesHb mpepBasia ero padboTy, HO MOCTPOEHHAsI UM MOJEJIb, Ha Halll B3IJIsI, UMEET OOJIbLINE TTep-
CTIEKTUBBI U XIET TeX, KTO, paboTast Ha CThIKe (DU3NKU U MATEeMATUKK, MOT Obl Pa3BUTh UIIEU U MOJXObI aBTOpA.
[ToHATHO, YTO B paMKaxX HEOOIBIION CTATb HEBO3MOXKHO OCBETUTD BCE aCIEKTHI pAOOTHI aBTOPA U OTBETUTH Ha BCE
BOIMPOCHI, KOTOPbIE MOTYT BOBHUKHYTh y ynuTatesst. YToObl OLIEHUTh BeCh MacilTad paboThl aBTOpa, HEOOXOAUMO
BHUMAaTeJIbHO TPOYUTATH caMy MOHOrpaduio. TeM, KTo 3auHTepecyeTcst padoToit [ prubuHa 1 3aX0UeT MPOoI0JIKUTh
HayaTble UM UCCIIEAOBAHMS, Mbl MOTJIU ObI MEPENATh YXKe U3TaHHYI0 MOHOTPAa(hUIO U O3HAKOMUTh UX C TEMU Hapa-
OoTKaMU aBTOpa, KOTOPbIE OBbLIM ClIETaHbl yKe Mocie MyoJInKaluu ero MoHorpaduu.

B.A. Pymanuyee, B.U. 3ambiuinses
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In the article:

Alekseev G.V., Smirnov A.V., Pnyushkov A.V., Vyazilova A.E., Kulakov M.Y., Glok N.I. Changes of Fresh Water
Content in the Upper Layer of the Arctic Basin in the 1950s—2010s. Fundamentalnaya i Prikladnaya Gidrofizika.
2021, 14, 4, 25-38.
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Panee onybauxoeaunvlii mexcm Ha c. 34:

Text published earlier on p. 34:

During the observed warming since 1980, it increased on average by 0.17 + 0.14 km?/year, and in the 2000—2010s
by 0.24 + 0.14 km?/year.

Cnedyem yumams KakK:

Should be read as:

During the observed warming since 1980, it increased on average by 170 + 140 km3/year, and in the 2000—2010s
by 240 £ 140 km?/year.
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