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1. BBenenne

Onucanuss HEOOBIYHBIX MOPCKUX BOJIH B HAYYHOW JIATEpA-
Type UMeroT 0oJiee 4eM IOJIyBeKOBYrO uctoputo [1, 2], HO
cepbé3Hoe BHUMaHME "BOJHBI-yOUiNb" (B aHIIIOA3BIYHON
JIATEpAType HAMOOJIee YaCTO HA3BIBAEMBIE rogue wave WA

freak wave) nosyunimu Ha pyoexe XX — XXI BB. mociie moss-

JICHUS 3HAYUTEJILHOTO YUCJIa AKKYPATHBIX HHCTPYMECHTAIb-
HBIX M3MEPEHUH, KOTOpbIE JEMOHCTPUPOBAJIU E€IUHUYHBIC
BOJIHBI WJIM KOPOTKHUE IYT'H BOJIH, 3HAYATEILHO MPEBHIIIAIO-
X 1o BeicoTe poHOBOE BoJiHeHUE [3]. C BoJIHAMU-yOwMiina-
MH CBSI3BIBAIOT PSijl KPYIHBIX WHIMJICHTOB C KOpaOIsIMU U
menb(oBbMI IaTGOpPMaMu (B YACTHOCTH, C TaHKepoM Pre-
stige (2002 r.), maiiHepamu Norwegian Dawn (2005 r.), Louis
Majesty (2010 r.), rpy3oBbeiM cyaaoMm Cemfjord (2015 r.))
(cm. [4—8], a Takke [9, 10] 0 HEOXUTAHHBIX 3aIJIECKaX BOJIH
Ha Oeper). Bo3MOXHOCTb ONMCaHUsS aHOMAJIbHO BBICOKHX
BOJIH B PAMKAaX YK€ UCIOJIb3YEMbIX B OKCAHOJIOTUH U MOP-
CKOW WHXEHEPUH MOJeJIed BETPOBOTO BOJIHEHHS B CIIEKT-
panbHOI (hopMe ToIBepraeTcs COMHEHHIO. B CBSI3U ¢ 3THM B
MOCJIeIHUE [1BA JECSTHJIETUS HPOBOJIUIINCH MHTEHCHUBHBIE
paboThl MO HATYPHBIM H3MEpPEHHSIM MOPCKUX BOJH, TO-
CTPOCHHIO HOBBIX (PH3MKO-MATEMATHUYECKHX W BEPOSITHOCT-
HBIX MOJIeJNIei, (PU3NIECKOMY MOJICIUPOBAHUIO, YYETY CO-
3/1aBaeMbIX IKCTPEMAJIbHBIMUA BOJIHAMH HArpy30K, pa3BH-
THIO METOJIOB NMPOTHO3a MOPCKUX BOJIH. OO30pbI aKTyallb-
HBIX MCCJIeIOBAHMI BOJTH-yOMIIl MOXHO HAWTHU, HATIPUMED, B
MoHorpadusx [5, 11-14], cratesx [7, 15—-19]. Hacrosmmit
0030p MOCBSIIEH B TIEPBYIO OYepeIb OOCYKICHUIO MOTYYeH-
HBIX B TIOCJICTHUE HECKOJILKO JIET Pe3yIbTATOB MOCTPOCHUS
(u3MKO-MaTEMAaTHYECKUX MOJIENIEN BOJIH-yOUNI U MOJIeIu-
pOBaHUSI aHOMAJIbHO BBICOKMX MOPCKuX BoJH. OmHOBpe-
MEHHO C IPOTPECCOM B H3YUEHUU MOPCKUX BOJIH-YOUHUI] poI-
CTBEHHBIE HCCJIEOBAHUS CTAJH MPOBOJUTHCS B IPYTHX
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dbopmyJsl (1):
H2
P(H) =~ -2 —= 2
(t1) ~exp (<277 ). @
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Puc. 1. 3anuce HoBorogHeil BOJIHBI: CMEIICHHE MMOBEPXHOCTH B TOYKE
U3MEpEeHusl OT BpeMeHH. BBICOTBI aHOMAaJIbHOW BOJIHBI, OIpe/eIEHHbIE
COIJIACHO METOJIaM down-crossing W up-crossing, OKa3aHbl Ha BCTaBKe
KakK Hyown ¥ Hyp.

ob6acTAX (U3MKM, TMPEXKIe BCEro B HEJUHEHHOUN onTHKe
(cm. [17, 20—22]). Cuenunduka "ontudeckux BoJH-yOuil" B
HACTOSIIIEM 0030pe 00CYKIAaThCs HE OYIET.

AOCOII0THOE OOJIBIIIMHCTBO OCYIIECTBJIEHHBIX M HBIHE
MPOBOISAIINXCS] U3MEPEHUI BOJIH B MOPE MPEJICTABIICHO Bpe-
MEHHBIMU [TOCJIEIOBATEILHOCTSIMA MOMEHTAJILHOTO CMelIle-
HUS TOBEPXHOCTH BOABI B TOUKE U3MepeHus. JIMHHbIE 3a11-
cu paszfensrorcst Ha natepBaibl 10 —30 MUH, KOTOpbIE Mpea-
MOJIATAFOTCSl CTATUCTUYECKU OJHOPOAHBIMU. [IJIs1 KaXaoro
TAKOT0 BpEMEHHOTO MHTEPBAJIa 3aI1Ch pa30MBACTCS HA €U~
HUYHBIE BOJIHBI Ha OCHOBE TEPECEUCHUs YPOBHS HEBO3MY-
MEHHOW MOBEPXHOCTU. [ JIABHBIMU XapaKTEPUCTUKAMU HH-
JUBUIYaIbHBIX BOJH SIBJISIFOTCS] UX IEpUOABI U BBICOTHI. [To-
CJIETHHE BBIYUCIISIFOTCS KaK BEPTUKAJIBLHOE PACCTOSIHIE MEX-
Iy BepXHel TOYKo# (rpeOHEM) U HIDKHEH TOUKOM (JI05KOUHO)
WHIMBUIYAJIbHOM BOJHBI (CM. BCTaBKy Ha puc. 1). Cymect-
BYIOT pa3JIMYHbIe BapHAHTBI PEaJIM3aldd OMUCAHHOMN Mpo-
neayps! [23], HoToMy NEpHOJIbI U BBICOTHI BOJIH MOTYT OIle-
HUBATbCS HEMHOT'O TIO-Pa3HOMY.

Ha pucynke 1 npuBenéH Hambojiee M3BECTHBIM TpUMEDP
AHOMAJIBHO BBICOKOH BOJIHBI — Tak Has3biBaeMoit HoBorom-
uett BostHBI (New Year Wave), 3apeructpupoBaHHOM Ja3ep-
HBIM aJbTEMETPOM Ha miaTdopme "dponuep" (Draupner) B
CeBepHoM Mope [24] 1 sHBaps 1995 r. Ha pucynke mpen-
cTaByieHbl 20-MUHYTHAs 3aMUCh CMEIIEHNUS TIOBEPXHOCTH, a
TakXxe e€ OTPe30K ¢ aHOMaJIbHOU BoJIHOM. YacToTa m3mepe-
Huit 2,1 T'm obecnieynBaeT JOCTATOYHO MOIPOOHOE ONIMCAHUE
nipoduIis BOJIHBI (KpYXKKHU Ha BcTaBke). Beicota HoBoroHei
BOJIHBI, OLleHUBaeMas kKak H = 25,6 M, 3HAUUTEJILHO NPEBBI-
LIaeT YpOBEHb (POHOBOTO BOJIHEHUSI.

TpaauuMOHHBIM [JIs OMHCAHMS BOJH HAa MOPCKOMW IO-
BEPXHOCTH TEPBBIM MPUOIIKEHUEM SIBJISIETCSI UX TPENICTAB-
JICHWE B BUJE JIMHEHHOW CYNEepHO3UIMHA HE3aBUCUMBIX CITY-
YaHBIX CHHYCOUIAJIBHBIX BOJIH. TOr/Ia B CUITY IEHTPATHHON
IIpeIeIbHON TeOPEMBI CMELLIEHHUE TOBEPXHOCTHU MO AYMHSIETCS
rayCccoBOM CTATUCTHKE, a IPU MPEANOTOKEHUN JOCTATOYHO
Y3KOTO CHEKTPa BEPOSATHOCTh U3MEPEHHS BOJIHBI C BEICOTON
He MeHee yeM H omnmcbiBaeTcs pacipeneieaneM Pases [25]:

o). )
2

T1e 0° — OUCIEPCUsT CMEIIeHNA TTOBEPXHOCTH. B okeaHorpa-
(un xapakTepHas (Tak Ha3bIBacMas SHAYMTEIIbHAS, significant)
BBICOTA BOJIH Hg OOBIYHO OIpejessieTcss Kak cpeaHee OT
TpeTu HamboJiee BBICOKUX BOJIH B 3anucu, Hj;3. B ciyuae
y3KOT'0 CHEKTpa 3Ta BEJIMUMHA CBSI3aHA CO CPETHEKBAAPATHAY-
HbIM CMEIUEHUEM NOBEPXHOCTH, Hi;3 ~4,0040. ns ue
CJIMIIIKOM Y3KOTO CIEKTpa HCHOJIb3yeTCs MOAU(PUKAIIMS

P(H):exp(—

rje ucnoyp3oBanue Hs = Hij3 TO3BOJSET CHU3UThL BKJIAJ
MEJIKOMACIITAOHBIX BOJIH B OLEHKY 3HAYCHHS CpeIHEH
BBICOTHI U TIOJIYYUTh JIy4Illce COBHAACHHUE C PE3yIbTATOM
PSIMOTO MOJIETUPOBAHUS.

B kauecTBe XapaKTEPUCTUKH '"HeopauHapHOCTU" BHICO-
KO# BOJIHBI BBOST HAPaMeTpP MPEBBIIEHHUS] (POHOBOTO BOJI-
Henus Al (amplification index wim abnormality index)

Al=— (3)

rlie 3HAUMTeNIbHAs BhicoTa H onpenensercs kKak Hy = Hy 3
um Hg = 4¢. HauboJiee 4acTo UCIOJIb3YEMOE B JIUTEPATYPE
onpeesenne, Bulaeisroniee kiace "Bouu-youiin", 3amaér
MHHUMAJIbHOE HEOOXOAMMOE MPEBBIIICHUE BHICOTHI BOJHBI
Al > 2. AnbTepHATHUBHBIE OIpEJEICHUSI MOPCKUAX BOJIH-
yOMHAIl MOTYT HMCHOJIB30BATH APYTrHUe MOPOTOBbIC 3HAYCHUS
Al, BkIrOUaTH B ce0s JOMOJIHUTEIbHBIE TpeOoBaHus (K a0-
COJIFOTHOW BEJINUMHE BOJIHBI, ACUMMETPHUHU BOJIHBI), (hopMy-
JIMPOBATHCS JJIs1 BBICOTHI peOHs U T.4. B HacTosmmem 0630pe
B Ka4eCTBe OTIPe/IeJICHUS BOJIH-YOMIAI OYAeT UCTIOIb30BATHCS
KPUTEPUii MPEBBIIICHHS JIJ1s1 BBICOT BOJIH (3) UM CXOXUI KpH-
Tepuil 111 KO3 PUIMEHTa YCUIIEHUST aMILUTATY ] BOJIH (39).

Pacnpenenenne BeposiTHOCTEN MPEBBILLIEHNUS BHICOT BOJIH
(2) TOBOJILHO XOPOIIIO OMUCHIBACT PEAJIbHYIO CUTYAIIMEO IS
HE CJIUIIKOM pPeAKNX COOBITUI U COOTBETCTBEHHO HE CIIUIII-
KOM BBICOKHX BOJIH [25]. s BBenéunoro napamerpa Al (3)
JIETKO CJIeIaTh OLEHKY MOBTOPSEMOCTH COOBITHI 3KCTpe-
MaJIbHBIX BOJIH COTJIACHO DACIPEICJIEHUIO BEPOSTHOCTEH
(2). Ansa Hosoronueit Bomuel Hy3~11,4 mu H/H, 32,24,
OTCIOZA CJIEYET, YTO OHA COOTBETCTBYET COOBITHIO C BEPOSIT-
HOCTBIO IpUMepHO 4 X 1073, T.e. 0HO}1 BOJIHE U3 HPUMEPHO
20 Ttoeic. [lonaras mepuon BeTpoBBIX BOJIH paBHBIM 10 c,
MOJIy4uM, 4TO BoJHA ¢ uHIekcoM Al = 2,24 umeer moBTo-
PpsieMOCTb MeHee 3 CyT. AHAJIOTUYHO, BOJIHBI C IIPEBBILLIEHUEM
Al = 2 noJokHBI perucTpupoBaThbes 2—3 pasa B cyTkH. [1o-
CKOJIbKY C IPAKTUYECKON TOYKHU 3PEHUS BAXKHA BBICOTA BOJIH
1o aOCOJIFOTHOW BEJIMYMHE, YTO HE YUYUTBIBACTCS OIpeIesie-
HHUEM BOJIH-yOuiill Ha ocHOBe mapametrpa Al, B neiicTBuTeNb-
HOCTU OTACHBIE BOJIHBI-YOUMITbI BCTPEYAOTCS HAMHOTO PeXe.

ITpoGyiema BOH-yOMHUIl HA MOPCKOU TOBEPXHOCTU MO-
KeT OBITh CHOPMYIHPOBAHA B CTATUCTHYECKOM CMBICIIE KaK
OTHCaHNE BEPOSTHOCTHBIX CBOUCTB BOJIH (UX BBICOT, AMILIH-
Ty rpeOHel U JIOKOUH U T.[.) B YCIIOBHOM JMATIa30HE BOJIH-
yowuiint Al > 2; pacnpeneienune Pajiest 0ObIMHO UCIOJIB3YIOT B
KayecTBe pedepeHTHOro. B mpakTHYecKuX MPUIIOKEHUSIX B
paMKax KBaJpaTUYHON CIIAOOHEJIMHEHHOW TEOPUU YUHMTHI-
BArOTCSl OTJIMYMS (OPMBI BOJH OT CHHYCOMIAJILHOM, YTO B
MEPBYIO OYepenb H3MEHSET PACIpEesIeHUs] BEPOSITHOCTEN
JUTSL aMILTATY]T TpeOHEH U J10KOMH BOJIH, HO HE BBICOT. BoJi-
HbI-yOUIAIIbI HE ONUCBHIBAFOTCS CTATHUCTUYECKUMU MOJCIISIMU
BTOpOrO nopsijka. B pazaerne 2 obcyxaaercs, 4T0, HECMOTPS
Ha OOJIBIIOE KOJMYECTBO HMHCTPYMEHTAJBHBIX H3MEpPEHUA
BOJIH Ha NMOBEPXHOCTU MOPS (HECKOJIBKO COTEH MHJLIMOHOB
WHJUBUYaIbHBIX BOJIH), JOCTOBEPHOTO CTATUCTUYECKOTO
ONHUCAHMS B JIMANa30He BOJH-yOWiill He mostyueHo. Tam ke
IPUBOIATCS UMEIOIIMECS] HAOII0AEHUSI aHOMAJIbHO BBICOKHX
BOJIH OYEBH/ILAMH.

OTKJIOHEHUE CTATUCTUKUA BOJIH OT TaycCOBOW yJIOOHO
OIICHUBATH 110 3HAYEHUSIM CTATHCTHYECKUX MOMEHTOB. Jluc-
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Tepcusl ONpeIesIIeTCsl Yepe3 CpeIHEeKBaIPATHYHOE OTKIIOHE-
HHUE CMELIEHHs IOBEPXHOCTH 1: 62> = (%) ¢ HyJNeBBLIM Cpell-
HuM, (i) = 0; TpeTuii U YeTBEPTHIN CTATHCTHYECKHE MOMEH-
THI 3, A4 OIPEACIIAIOTCS 1O hopMyJIam

AFQ ;L4=<Z¥. (4)

XOopo110 U3BECTHO, YTO JJIsl FAyCCOBOM CIIy4ailHOW BeJIMYH-
HbI 23 = 0, A4 = 3. OTKJIOHEHUS OT 3TUX 3HAYCHHUIH U3MEPCH-
HBIX BEJUYUH O3HAYAIOT COOTBETCTBEHHO BEPTHUKAILHYIO
ACHIMMETPUIO BOJH M U3MEHEHHE OajlaHca MEXIy IOJISIMU
CMENICHUN TOBEPXHOCTH Majold M OOJBIION BEJUYUHBI
(BeMUUHY A4 —3 HA3BIBAIOT DKCIIECCOM).

B nurammdeckom cMbIciie TpoOJieMa BOJTH-yOHATT MOKET
MOHUMATBLCS KaK MOWCK JICHCTBYIOIIMX MEXaHU3MOB OBICT-
pOro 3HAYUTEJIBHOTO YCUJIEHUS aMILIUTYbI BOJIH; (CM. 00-
cyxjeHue B pasjeiie 3). B nmepByro ouepenp B JMTEepaType
OBLITM PACCMOTPEHBI JIMHEHHBIE MEXaHU3MbI (POKYCHPOBKH
BOJIH, 3((GEKThI YCUJICHUS BOJH HA TeUeHHsIX. [1OCKOJIbKY
MPOIIECCHI CIIYYAHON CYNMEPIO3UIUK BOJH B OJHOPOJIHBIX
YCJIOBUSIX YK€ YUTEHBI B TayCCOBOI CTATUCTUKE, BaXKHBI APY-
rue 3¢ dexThl yeuseHnus: BosiH. B HacTosieM 00630pe akueHT
JieaeTcs Ha HOBBIX JJIS OKEAHOJIOTMH MeXaHHU3Max POcTa
BOJIH B pe3yjbTaTe "ObICTphIX" HEJMHENHLIX B3aUMOIEHCT-
BUI BOJIH, HHUIIUUPYEMBIX B TOM YUCJIE U3MEHEHHEM YCJIO-
BUI (HEOHOPOJIHOE JTHO, TEUCHHUSI, IEPEMEHHBIN BeTep). DTH
9 QeKTsl He YYMTHIBAIOTCS B KUHETUYECKUX YpPaBHEHMSIX,
UCTIOJIb3YEMBIX IIEHTPaMM NPOTHO3a ISl MOJEJIMPOBAHUS
BoJyiHeHUs1. Hanbosee mpeacTaBUTENbHBIN IJIACT PabOT CBSI-
3aH ¢ "nepeotkpriTreM" 3 derTa MOIYIISIIIUOHHON HEYCTOM-
YUBOCTH MOPCKHX BOJIH, KOTOpasi MpeACTaBIsieTCs HanboJiee
BEPOSITHBIM KaHIUIATOM HAa POJIb YHUBEPCAJIBLHOTO MeXa-
HU3Ma MOBBIIIEHNS BEPOSITHOCTH aHOMAJILHO BBICOKUX BOJIH
IIPH OTPEACTIEHHBIX YCIOBHSIX.

BoutbIias yacTh uCciIe0BaHUI MOPCKUX BOJIH-YOHMIAT] BBI-
MOJTHEHA JIJTsl YCJIOBHH TITyOoKoro Mopsi. B aToM mpenerte u3
MOCTAHOBKM 33124 BBIMATACT MapaMeTp TJIYOUHBI U TPEX-
BOJIHOBBIE B3aUMOJECHCTBUS MPUBOIAT JIUIIb K U3MEHECHUIO
(dbopmbl BostH. B cityuae 6acceitHa HeOOIBIIION TTyOMHBI CMe-
[ICHUE MOBEPXHOCTH MOTYNHSIETCS TAyCCOBY PACIPEICIICHHIO
TOJIBKO JIJI51 BOJIH C OU€Hb MaJIol aMIUIUTY10H. JleiicTBeHHas
TUISL YCJIOBUH TITyOOKOW BOJBI MOJIYJISIIUOHHAS HEYCTOWIH-
BOCTBb HCUe3aeT Ha MesKoBoAbe. OmHaKo 3 (eKThl HeJIUHEH-
HOM AMHAMUKM BOJIH Ha MEJIKOM BOJE TakXe MOTYT IPHUBO-
JIUTDH K 3HAYATEILHOMY YBEJIMYECHUIO BEPOSITHOCTU BBICOKUX
BOJIH. BoJtHBI, pacnpocTpaHstomuecs B yCIOBHSIX HePEMeH-
HO TJTyOWHBI, TOABEPKEHBI PA3HBIM HEJIMHEITHBIM MEXaHU3-
MaM ycuiieHUusl. DTU 3P(EKThl Takke 0OCYXITAIOTCS B pas3-
nene 3.

Wcnonb3oBanue MHTErPUPYEMBIX HEJTMHEWHBIX MOJEJe
B Ka4eCTBE MEPBOTO MPUOIIMKEHUS I onucanus 3pdekToB
BOJIH-yOUHII TO3BOJISIET IPUMEHSTH METOI OOPATHOM 327241
paccesHUsSI ¥ POJICTBEHHBIE TOYHBIE METOJIBI JUISl TIOJTyUCHHS
MO/JIEJTIbHBIX AHAJUTHYSCKUX PEIICHUH, 3PPEKTUBHOTO OIH-
CaHWs HEJIMHEWHBIX BOJIH M MX aHcaMoOuiel [26 —28]. B pabo-
Tax [29, 30], HanpuMep, B KaueCTBE MaTEMATUIYECKUX MOJIe-
JIel BOJTH-yOWHUI ObLIM TpPEIJIOKEHbI OpH3epHBbIE PEIleHUs
HeymHeliHoro ypaBHenus pémunrepa (HVII) [31 - 34], pe-
AJTN3YIONIE HEJIMHEHHBI MEXaHU3M T'eHEPAIMU HEOXKHUIaH-
HO BBICOKHX BOJIH, KOTOPbIE "BO3HHUKAIOT U3 HUOTKY/A U UC-
gezaroT 0e3 ciena" [35]. [lo3aHee 9TOT Ki1ace pelleHuii ObLI
nomnosHeH HoBbiMU pettieHusimu HV I u npyrux unrerpupye-
MBIX YpaBHEHHH, OTIUCHIBAIOIINMHI HEJIMHEHHYIO CTA IO Pa3-

BUTHSI HEYCTONYMBOCTH CUHYCOUIATHHBIX M HECUHYCOUIATb-
HbIX BOJIH. KJtacc mo1o0HBIX pellieHnld HeJTMHEHHBIX YpaBHE-
HUIi Ha3bIBAIOT "'pelleHnsaMu Thna BoJH-youin" (rogue wave
solutions), oun yxe yrpatuid csou (usuyeckue "kopuu" u
ACCIIEYIOTCS KaK CAMOCTOSITEIbHbIe MaTeMaTHYeCKIE OO BEK-
Thl. BBUIO MOKa3aHO COOTBETCTBHE MEXIY MOIYJISAIIMOHHON
HEYCTOHYMBOCTBLIO U PELLEHUSIMU TUIIA BOJIH-YOUIALL, IOJIyye-
HO YHUBEPCAJIbHOE ONUCAHUE KaPTUHBI MOIYJISIIMOHHON He-
YCTOMYMBOCTH. DTH Pe3yJIbTaThl 0OCYX AAIOTCS B pasjeiie 4.

BBuay ynmoMsIHYTBIX BBIIIE TPYIHOCTEH ONPEIEICHUS Be-
POSITHOCTHBIX CBOMCTB BOJIH-YOWHII MO HATYPHBIM JTAHHBIM
0c000€e BHUMAHHUE MOJIyYHJIO MOJAEIUPOBAHNE BOJIH B paM-
Kax JJAOOpaTOPHBIX HKCIIEPUMEHTOB U YHMCICHHOE MOJEIH-
poBanue. Mcrnonp3yemplil B HAIIM JHH JJISI OTIEPATUBHOTO
MPOTHO3a PACUYET SBOIONIM BOJH B PAMKAX CHEKTPAJbHBIX
YpaBHEHWI YHEPTETUYECKOTO OajlaHca OCHOBAH Ha MPEIIO-
JIOKEHHUSAX OTHOCHTEJIBHO CJIA00M HEJIMHEMHOCTH, KBAa3UCTa-
[IMOHAPHOCTH M HE3aBUCHUMOCTH CJIy4alHbIX (a3 BOJIH [36].
Kunernveckue Mojenu HE CIOCOOHBI YYUTHIBATH BOJIHBI-
yOwuitnpl, u TpedyeTcs mpsiMoe (pazopaspeniaromiee) YUCICH-
HOE MOJIeIMPOBAaHUE HAMOOJIee MOIHBIX YPaBHEHUN THIPO-
TUHAMUKHA. B TO e BpeMst [IJIs1 OJTydeHHs] OOJIbIINX CTATH-
CTHUYECKUX aHCcaMOJIei HyXHbI ObICTpbIe KOAbI [37, 38]. MeTo-
JIbI pacuéTa ypaBHEHUH THAPOIMHAMUKH, UCTIOIb3yeMBbIE IS
croxactuieckoro (Monrte-Kapiio) MmoaemmpoBaHusi MOPCKHX
BOJIH, IPUBOASTCS B pazneie 5. Jlamee B TOM ke pasfee
00CYXITAtOTCSI Pe3yJIbTATHI YUCJISHHOTO MOJICIIMPOBAHHMS aH-
caMOJ1elt HeperyJISIpHBIX BOJTH: HAOJIFOICHUE OBICTPOU 9BOJTIO-
LM BOJIH, BEPOSITHOCTHBIE PACIPENIEIICHNS, & TAKXKE Pe3yJIb-
TaThl MCCIICJOBAHUM XapaKTepHOTO MOPTPETa BOJIH-YOHIMIIL:
(hOpMBI IKCTPEMATBHBIX BOJIH, JJIUTEILHOCTU COOBITHIA.

OO6cyxaeHne 00IIeil KapTHHBI MOJYYSHHBIX Pe3yJIbTa-
TOB, OTKPBITBIX MPOOJIEM M NEePCIEKTUBHBIX HANPABIICHUN
UCCIIEOBAHUM BOJIH-YOMIAIl IPUBEICHO B 3aKJIFOUYEHUHU (pas3-
nen 6). Kpome mosydeHust pacyéTHBIX XapaKTEPUCTHK IKC-
TPeMaJIbHBIX BOJIH MPAKTHYECKU BAXXHOH SIBJISETCS BO3MOXK-
HOCTh IPEJCKA3aHUs OMACHBIX BOJIH HA Pa3HBIX BPEMEHHBIX
TOPHU30HTAX: IETSPMHUHUCTCKHN MPOTHO3 HA MaJIbIX BpeMe-
Hax (HECKOJIbKO MHHYT) U BEPOSTHOCTHBIN MPOTHO3 JIs1 60-
Jiee MPOJOJDKUTEIbHBIX BPEMEHHBIX HHTEPBAJIOB.

2. /lanHble HAOJIIOAeHHI
W perucTpaumii BOJIH-yOMIill

Coo0111eHns 0 BHE3AIIHBIX MOPCKUX BOJIHAX, IPUBOISIINX K
MOBPEXKICHIIO KOpabiieil 1 KOHCTPYKIUN B OTKPBITOM MOpE
U Ha Oepery, CMBIBAIOIIUX JIFOJEH HAa MOOEpEekKbe, MOSIB-
JISTIOTCSL B cpeficTBax maccoBoit uadopmanuu (CMU) npak-
THYECKU KaXAyr Henesito. M3 mociaeqHux ciydaeB —
16 saBapst 2021 r. 114-meTpoBoe rpy3oBoe cyano "Apsun"
ObLIO pa30UTO HaABOE BOJIHOM B UEpHOM MOpe y ToOepexbst
Typuuu 1 3aTOHYJIO, CIACIOCH TOJIBKO IIECTEPO WIEHOB IKH-
naxa u3 13 [39]. 4 suBaps TOro ke roja HeOXKUJaHHAS BOJIHA
CMbLIa IBYX AeTel ¢ mispka B Kasmdopauu, u ux orer moruo,
nbiTasick crnactu gertedt [40]. B uHTepHETE MOXHO HailTH
00JIbIIIOE KOJIMYECTBO ONHMCAHMIA, (POTO- U BUJICOJOKYMEH-
TOB TakuXx cOOBITHI U BOJIH. B mocnennue 20 et Ob11H cle-
JIAHBI TIOMBITKH cOOpaTh W MPOAHATM3UPOBATH MOAOOHBIE
cayvau BostH-youinn [8 — 10, 41 —47]. CocraBiicHHBIE KaTaJI0-
TH COJIEPXKAT MOAPOOHBIC OMUCAHUS MPOU3OIICAIIAX COOBI-
TUH, a TAKKE HEKOTOPBIE UX XaPAKTEPUCTUKHU IO CBUIIETEIb-
CTBAM OYEBHAIECB U JOCTYHHBIM JaHHBIM (MeTeoobOcTa-
HOBKA, PeaHaJIu3 BOJHEHHUS B aKBAaTOPUH U T.1.). B kauecTBe
OTIPEICIISIFOIIETO KPUTEPHsI BOJTH-yOUHUIT OOBIYHO HCIIOJIb-
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Puc. 2. (a) MecTa co6bITHII BOTH-yOMiAn B Mupe 1o qanasiM CMU B 2011 -
2018 rr. (6) Pacnipenenenue cyyaes 1o MecTam Bo3HUKHOBeHUs [10].

3yeTcst BBICOTHBIH (3), XOTs CBeIeHHsI 00 aMILIATY I BOJHBI
HE Bcerga JOCTOBepHO m3BecTHBI. Kpome Toro, 8 CMU
OOBIYHO OCBEIIAIOTCSI COOBITHSI, MPUHECIINE HAUOOJIBIIUIA
YPOH, 6€30THOCUTEIBLHO BBICOTHI BOJIH.

IMocnenuuii katanor [8] conepxut onucanus 210 coObI-
Tnii 3a nepuoa 2011 —-2018 rr., 4TO B CpeTHEM COOTBETCTBYET
OJHOMY CIIyyaro B Tpu Hepaenu. [ eorpaduueckoe pacrpe-
JieJieHre HaOJTIOTaBINUXCS BOJIH-YOUHII TpPEACTaBICHO Ha
puc. 2a. HepaBHOMEpHOCTb pacupelesieHUsl CBsI3aHa KakK C
MPUBSI3KOW K OCHOBHBIM IYTSIM CYyJAOXOJCTBA B MupoBoMm
OKeaHe, TaK ¥ C pa3HOH INTIOTHOCTBIO 3acelieHus 6epera, Tpya-
HOCTSIMHU TOWCKa WH(pOpMANH B HeaHTJIOs3brMHBIX CMU.
PucyHok 20 miumrocTpupyeT pacupeesieHue 3aperucTpupo-
BAaHHBIX CJIy4aeB IO MeCTaM HaOJIIOAEHUS: TJIyOoKasl WU
MeJikas Boja (B KayecTBE MOPOTOBOM BbIOpaHa TJyOWMHA
50 M), a Taxxe Ha Oepery. Kak BUAHO U3 pUCYHKA, AaHOMAJIb-
HbIe BOJIHBI HAOJIFOAAINCH KaK HAa TIyOOKO BOJE, Tak U Ha
MEJIKOBObe (3TOT (PaKT OTIEIBHO HCCIIEAOBasICS B paboTte
[48]). Haubonee wacto B mose 3peaus CMU nonamaroT ciy-
Yay aHOMAJIbHBIX BOJIH Ha Oepery (B aHIJIOS3bIYHOM JIuTepa-
Type MX Ha3bIBAIOT sneaker waves), HO KaTtactpo(dsl c 3a-
TOHYBIIUMHU KOPAOJISMH B OTKPBITOM MOPE JIUAUPYIOT IO
YHCITY MTOTUOIIIHX.

IlepesioM B pu3HAHUAU TPOOIEMBI AHOMAJIBHO BBICOKUX
MOPCKHUX BOJIH COOOIIIECTBOM OKEaHOJOTOB U MOPCKHUX WH-
JKEHEPOB CBS3aH C MOSIBJICHUEM OOJIBIIOTO MACCHBA JAHHBIX
MHCTPYMEHTAJIbHBIX U3MEPEHUI MOPCKUX BOJIH. [TogaBsto-
mee OOJIBIIMHCTBO WM3MEPEHUI NPEACTABJICHO 3alUCSIMU
CMEIIEeHNS] MOPCKON TOBEPXHOCTH B OJTHOU TOYKE, ITOJTyYeH-
HBIMH YCTPONCTBAMH pa3HOro pona (Oyd, BBICOTOMEDHI,
JaTYMKKU JOHHOTO JAaBJIEHUS U T.J.) Ha PA3JUYHBIX IJIyOu-
Hax. B XXI B. BeTpoBbie BoHBI 30-METPOBOI BLICOTHI peru-
CTPHUPOBAJIUCH HEOJTHOKPATHO; 3HAYMTENbHAS BBHICOTA BOJIH
MoOKeT nocturath 14— 16 m B CeBepHoii ATinantuke [49, 50] u

JlaXke BBIIE B IPyrux akBatopusx [S1]. HekoTopbie BOJHBI,
JIEMOHCTPUPYIOILIUE 3KCTPAOPANHAPHOE MIPEBbIIIeHIE (PoHO-
BOT'O BOJIHEHUSI, IOJIyYHJIM COOCTBEHHBIE MMeHa: kpoMe Ho-
BOTOJIHEW BOJIHBI (Wi BOJIHBI [pomHepa, Draupner wave,
1995 r., Al = 2,24) s10 Bonubl Yura (1987 r., Al =~ 2,67),
Andrea (2007 r., Al ~ 2,67), Killard (2014 r., Al = 2,29).
HaxornuienHble TaHHBIE PErMCTPALUK TOBEPXHOCTHBIX BOJIH
MO3BOJISIFOT TOBOPUTH O KOJIMUYECTBEHHBIX XapaKTEPUCTHKAX
BOJIH-yOUMII U CTPOUTH COOTBETCTBYIOIINE BEPOSITHOCTHBIE
pacrnpeieyieHus1, TpedyeMble B MHKEHEPHUH.

Tax, B paborte [52] mpuBOASATCS pe3yJIbTaThl 0OpabOTKN
122 MJIH UHAMBUIYAJILHBIX BOJIH, U3MEPEHHBIX C T00BIBAIO-
UX mWiaThopM u OysIMH B 4eTHIPEX PA3HBIX T'eOr papUUECKUX
nyHkTax (6omee 30 MecT M3MepeHMiA, TIyOMHBI OT 7 M 110
1,3 kM), GoJsiee 3,5 ThIC. U3 3TUX BOJIH YAOBJICTBOPSIOT aMII-
JINTYAHOMY KpuTeputo BoJiH-yOwmitn (3). Takum oOpaszom,
MPUMEPHO OJTHA BOJIHA M3 33 ThIC. OKa3bIBAETCS AaHOMAJILHO
BBICOKOM, M €CJIM 3a XapaKTEepHBbIA MEpPUOJl BETPOBBIX BOJIH
npuHsATh 10 ¢, TO MoJIyuaeTcs, 4To BOJIHA-YOUIIA B CpETHEM
MOSIBIISIETCSI KaXKIble 4eThIpe OHS. B paccmaTpuBaBmiemMcs
OaHKe JTaHHBIX MaKCUMaJIbHASI BEICOTA BOJIHEI 25,5 M, a Mak-
cuMaJibHas BbicoTa rpeOHs 18,5 M. ABTOpSHI [52] HE cMoru
BBISIBUTH XapaKTEPUCTUKU BOJTHEHUS, 0JIAr ONPUSTCTBYIOIIHE
BO3HUKHOBEHHIO BOJIH-yOMIIl; aHOMAaJIbHbIE BOJIHBI BCTpE-
YAFOTCSl NPH PA3JIMYHBIX KOMOMHAIMSIX BETPOBOTO BOJIHE-
HUs 1 3b101. 1o mToram paboTHl OBLI ClEIaH BBIBOJ, YTO
BOJIHBI-YOUHIIBI SIBJISTEFOTCSI PE3YJIbTATOM JUCHEPCHOHHOM (o-
KYCHPOBKH, JIJIsl UX 0ObSICHEHHS HEJTMHEHHBIX MEXaHU3MOB He
TpebyeTcs.

Hpyroii 6aHk AaHHBIX HAa OocHOBe 20-JIETHUX 3amuceil Ha
34 6ysx B TuxoM okeaHe MpoaHAIM3UpOBaH B [53], oH co-
Jiep kUt puMepHo 800 MITH MHIMBHTY A TbHBIX BOJIH, BKJIFOUAsT
8 ThIC. BOJIH-yOMiil (oaHa BosIHa-yOuitna Ha 100 ThIC. BOJIH).
OtmeyaeTcs, 4TO YUCIIO BOJIH-yOuill, 3aperucTpupOBaHHbIX
Ha OJJHOM Oye 3a roJ1, MOXeT JocTurath 50. 3aMeTHOH CBSI3U
MEX/Ty YaCTOTON BOJIH-YOUMII U TJIyOUHOM MOpsi 0OOHApYyKe-
HO He OBLIO (M3MepeHH s IPOBOIIINCH B YCIOBHSIX JOBOJBHO
riryboxoit Bombl, 6osiee 80 M). 3a BcE Bpemsi HAOIIOACHHIA
MHJEKC mpeBbileHns BRICOTHI Al (3) math pa3 gocrurali 3Ha-
yeHus 3.

B T0 e Bpems BBIBOJ O 3aBUCHMOCTH YacCTOTBI BO3HUK-
HOBEHUSI aHOMAJILHBIX BOJIH OT MECTa PETUCTPALIUH JeJIaJICS
B pabore [54] Ha ocHOBe 00paboTku 3amuceii ¢ 80 OyEB BIOTIb
O6eperoB Amepuku 1tst TJ1youd ot 10 M u 6ostee: 1,1 Mutpx uH-
IUBUAYaIbHBIX BOJIH, TOYTU 75 THIC. BOJH-yOuI ¢ Al > 2,
Bkuroyast 19 Bosn ¢ Al > 5, B cpegHeM oniHa BOJIHA-yOMHIA
Ha 15 thIc. BosiH. (CoryacHO pajieeBckol craTuctuke (2),
yemteHnne Al = 5 MOKHO COOTBETCTBOBATH OBTOPSIEMOCTH
cobuITHs 6otee wem 10'° et B coryuae BourH ¢ meprooM 10 c.
IToaToMy nOJTy4eHHBIN pe3yJIbTaT, OYEBUIHO, TOBOPUT OO
0 QakTuyecku MHOTO OOJIbIIIEH BEepOSITHOCTH BO3HHKHOBE-
HUs BOJIH-YOWUii11, 1060 0 HeJOCTOBEPHOCTHU U3MepeHuid.) Kak
MOAYEPKUBAIIOCH B HCCIIEIOBAHNH, YyBCTBUTEILHOCTD K JIO-
KaJbHBIM YCJIOBHSIM OCOOCHHO BBICOKA IS HMPUOPEKHBIX
paiioHOB U HanboJiee BEPOSATHO, YTO MEXaHU3MbI BO3HUKHO-
BEHMsI BOJIH-yOUII B pa3HbIX MecTax pa3auyHbl. MHOros1eT-
HUE HAOJIFOACHUS B [55] MOKA3BIBAIOT TAKKE MEKIOJUYHYIO
M3MEHYMBOCTb YACTOTHI MOSIBJICHUSI BOJIH-YOWIfIl, KOTOpas
MO-Pa3HOMY MPOSIBIISIETCS B PA3JINYHBIX palloHaX OKeaHa.

Bosee 300 mMuH MHIUMBUAYAJIbHBIX BOJIH, U3MEPEHHBIX
pa3HbIMH JaTYAKAMH B YCIOBHUSIX MEJIKOBObs CeBEpHOTO
Mops (He TiryOxe 35 M), IpoaHaIU3uPOBaHbI B cTaThe [56]. B
CPaBHEHHH C OTIMCAHHBIMU BBIIIIE CIIY4asitMU OHH AEMOHCTPH-
PYIOT 00Jiee BBICOKYIO CPEHIOIO YACTOTY TOSIBJICHHS BOJIH-
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Puc. 3. Pa3ubie popmbl BOJIH-YOUIAIL, 3aperucTpUpOBAaHHBIX OyeM Ha 3amaiHoM 1esbde Mumauu [61]: Bbicokuii rpebens (Turl 1), 3HaKONepeMeHHAas BOJIHA

(tun 2), "apipka B Mope" (Tum 3), MHTEHCUBHAS rpynma (Tl 4).

yOuiin — oAuH pa3 Ha 5—8 THIC. BOJIH B 3aBUCUMOCTH OT
TOYKH u3MepeHus. B To xe Bpems B [44] Mo uToraM cratu-
CTHYECKOTO HcciIeqoBaHus 0ojee 1| MIIH BOJIH, 3aperucTpu-
POBaHHBIX OYysSMH Ha pa3HBIX TJIyOWHAX, JIeJaeTcs BBIBOM O
0oJiee 4aCTOM BO3HUKHOBEHUH BOJIH-YOUWMII B YCIIOBHSIX OT-
KPBITOTO MOPSL, TJ1yOOKOil BOIBI.

OTmeTHM, 4TO NpUBEAEHHDIE BLIIIE OLEHKU CpeIHel yac-
TOTBHI MOBTOPSIEMOCTH aHOMAJIbHO BBICOKMX BOJIH CYILECT-
BEHHO Hudice, 9eM CJIEAYET U3 JINHEHHON TEOPHH ISl y3KO-
TIOJIOCHOTO TayccoBa IPOIECca — PAJIEEBCKON KpUBOH (2)
(omna BosHa-yOmiina w3 3000). OHM TakXke MPOTHUBOpPEYAT
pe3yiabratam OoJiee paHHUX HATYPHBIX MCCIIEIOBAHMIA [S7 —
59], B KOTOPBIX 3asIBJISJIOCH O 3HAYUTEILHOM HEOOIICHKE Be-
POSITHOCTH BOJIH-YOWIAL pacupeaesieHneM Pasrest.

[MprHIMMIATEHBIMEI TPYIHOCTSIME IIOCTPOEHUS BEPOSIT-
HOCTHBIX pacrpejieIcHUii Ha OCHOBE HATYPHBIX U3MEpPEHUN
SBJISIFOTCSl CTATUCTUYECKAsT HEOJHOPOIHOCTh M KOHEUHOCTD
BBIOOPOK (sampling variability). B To xe Bpemsi octaércs
AKTYaJIbHBIM U BOTPOC KA4YECTBA PETUCTPALIUH IKCTPEMaIb-
HBIX BOJIH: KaK TOYHOCTH HPOIEIypbl BOCCTAHOBJICHUSI WH-
(dbopManum 0 CMeIeHUH MTOBEPXHOCTH B CIIy4yae KOCBEHHBIX
U3MepeHU (JIOHHBIM JaTYAKOM JABJICHHSI WJIA aKCEJIEPO-
MeTpOM Ha Oye U T.I1.), TaK U TEXHUYECKHE OCOOEHHOCTHU IPU-
OOpOB M CBS3aHHBIE C HUMH NOTPEIIHOCTH. [IpumeHsemble
IIPU PErUCTPALIUH BOJIH SMIMPUYECKUE TPOLIEAYPHI KOHTPOJIS
KayecTBa 3aIiCeil caMl MOTYT SIBJISIThCS MCTOYHHKOM CHC-
TeMaTUIecKuX omuook. O0Cykaaemas BbIIle TPOTHBOPEUH-
BOCTb BBIBOJOB, CJIEAYIOLINX U3 CTATUCTUYECKOM 00paboTKH
JIAaHHBIX JUIUTENIbHBIX HATYPHBIX M3MEPEHUuil, mpuaaétr oco-
Oyr0 BaXXHOCTB Pe3yJabTaTaM (PU3MYECKOTO MOISIUPOBAHIS
B pPaMKaX MPSIMOTO YHCIICHHOTO MOJICIMPOBAHUS WU IKCIIe-
PUMEHTAIBHBIX I3MEPEHUI B KOHTPOJUPYEMBIX YCIOBHUSIX.

Kpome oreHuBaHMSI BEPOSTHOCTHBIX CBOMCTB 3KCTpe-
MaJIbHBIX BOJIH JAHHBIE HATYPHBIX U3MEPEHUH UCCIe1yI0TCS
Ha MpeaMeT XapaKTepHbIX (OPM 3KCTPEMAJIbHBIX BOJIH, YTO
MOXET OBITh HCIOJIb30BAHO, HAIPUMED, JIJIsI OLICHKU BO3IEH-
CTBUS HA COOPYXeHusl. PaHee B InTepaType oTMevaIach 0co-
O6eHHast popMa aHOMAJILHBIX BOJIH, BOSHUKAIOIIMX HA CHJIb-
HOM BCTPEYHOM TeYSHUH MbIca MroJbHOTO (FOr0-BOCTOYHOE
nodepexbe AQpUKN), — € TPOTHKEHHON MOJIOTOU JIOKOU-
HOH W MOCJIEAYIOIIMM KPYTHIM BBICOKHM T'peOHEM, Tak Ha-
3pIBaeMast BosiHa JlaBpenona [60].

B nestom, manHbIe HAOITIOIEHIIA CBHIETETLCTBYIOT O Pa3-
HOOOpa3uu (hopM BOJTH-YOHIAI, HaKe N3MEPEHHBIX B OJTHOM U
TOM JX€ MecTe B pasHoe Bpems. Ha pucyHke 3 mpuBeIeHbI
(hopMbI BOJIH-YOUIiI, 0OOHAPYKEHHBIX B 3aIUCIX Ha Oye, ycTa-
HOBJICHHOM Ha TJ1yOuHe 13 M y 3amaHoro nodepexbst Muauu
[61]. HauGoJiee vacTo aHOMAJIbHO BICOKKE BOJIHBI SIBJISIFOTCS
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Puc. 4. 3anucek BosiHeHUS B paiioHe ycThs o3epa M3menunBoe (CaxalinH),
cojieprkaliiasi aHoMasbHy o BoJIHY ¢ Al = 2,65 [63].

eMHUYHBIMU € OOJIBIITUM T'peOHeM (THIl 1), MOTYT OBITH 3HA-
KOTNIEpEMEHHBIMU (THII 2), HO BO3HUKAIOT U B COCTABE IPYIIITBI
U3 HeCKOJbKuX Goubiimx BosiH ("meBsiTeiid Ban" wim "Tpu
cectpsl", Tum 4). Taxke perucTpUPYIOTCS M BOJIHBI C OY€Hb IJIy-
O0KO JIOXKOMHOI (TaKk Ha3bIBaeMas JbIPKa B Mope, TUI 3),
npuyéM B wHcciaeAoBaHWH [61] ABIPKM B MOpE COCTaBWIIN
noutn 40 % ot obmrero umcia BoiH-youin. 1o pesynbra-
TaM U3MepeHuit B npubpexnoii 30He bantuiickoro mopst [62]
63 % HabrogaeMBIX BOJIH-YOMIAL TPeICTABIISLIIN cO00 ou-
HOYHBII rpebeHb, a 17 % — oauHOYHYO BIaIuHy. Bobias
YaCTh AaHOMAJIBHBIX BOJIH Ha MEJIKOBO/bE IIeIb(ha OCTpOBa
CaxanuH [63] oka3ayach MpeACTABICHHONW TPYNIIAMHU BBICO-
KHX BOJIH, KaK B MpUMepe, TPpUBEAEHHOM Ha puc. 4. Peruct-
PUPOBAIUCH BOJIHBI-yOuiinbl u B UépHoM Mope [4, 64].
IMocnenoBaTeIbHBIX CTATUCTHIECKUX UCCIIETOBAHUM (hopM
QHOMAJIbHBIX BOJIH C XOPOILei 00ecreYeHHOCThI0 HEMHOTO.
Vcepennénnbie mpodin HATYPHBIX BOJH-YOUMIT IO PE3YJib-
TaTaM JIByX paOOT IpUBEIACHBI HA PHC. 5; OHU BBITJISAST J0-
BOJILHO CXOXHMHU. B [52] oT™Meuanach B cpefHeM OOJIbIast
KPYTH3HA BOJH-YOWII[ [0 CPaBHEHUIO C KPYTU3HOH "HOp-
MaJIbHBIX" Goubimux BosiH (puc. 5a). Kak BuaHo, rpeGHM
BOJIH OCTpeE, UX BHICOTA OOJIbIIIE IJIyOUH COCETHUX JIOKOUH,
YTO KAUECTBEHHO COTJIACYETCS C PEIIeHNeM JJIsl CTallnoHaP-
HOU HEeJIMHEWHOW BOJIHBI HA TJTyO0KOH BOIe (BOJTHBI CTOKCA).
HexoTtopeie u3 3anuceit BoJIH-yOuiin (Hanpumep, Andrea
Wave) 1eMOHCTPHUPYIOT CHJIBHYIO ACUMMETPHIO I'peOHsl, SIB-
JISIFOLIYROCSL TIPU3HAKOM OOpyIlieHusl. Y cpeaHEHHbIE TPOQH-
JIX 9KCTPEeMAaJIbHBIX BOJH IS 3aJaHHBIX ToporoB Al Obum
HOCTPOEHDI B [54] 1 cpaBHeHbI ¢ popMamu "oObIYHBIX" BOJH
(Al < 2), a TakxKe C BBIBOJAMH APYTrUX pabOT HA OCHOBE Ha-
TYPHBIX JaHHBIX. XOTS aBTOPBI YIOMSIHYTHIX Pa0OT e1MHBI B
TOM 3aKJIIOYEHHH, YTO B XapaKTEepPHOM INOPTPETE BOJIHBI-
yOUHUIIEI UMEETCSI OCTPBIN IpeOeHb, CIEAYIOMIMIA MKy 00-
Jiee MEJIKUMU JIOKOMHAMH, BBIBOABI IO 0OoJiee MeTaTbHOMY
ONHUCAHWIO HeoJHO3HauHbl. Ha pucynke 56 u3 [54] mpuse-
JIEHBI TTPO(UIIN IKCTPEMAJIBHBIX BOJIH, KOTOPbBIC BBITJISIAT
3aMEeTHO PA3JUYHBIMHU 71 HAOOPOB BOJIH-yOUIiI, BBIACICH-
HBIX 10 BBICOTHOMY TIpu3HaKy (3) (CHHSIA KpUBasi) U aHAJIO-
TUYHOMY KPHTEPHIO JIJIsI BBICOT IpeOHel BOJH (KpacHas KpH-
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H, ’
n/Hs H>2H, vt —— &

He > 1,25H,

| | | | |
) -1 0 1 2 YT,

Puc. 5. (a) Ycepennénnsnit npoduns BoaH-yomidn (uépHas kpusas) u 1 %
"HOopMabHBEIX" BOJIH ¢ MAaKCUMAJILHOW aMIUTUTY0M rpebHs (KpacHas
KpHBas) 1o pe3yibraTtaM [52]. (6) ®opMel BOJIH-YOHHI] ¢ BEICOTOMH Oostee
2 Hy (cuHsIs KpuBasi), BBICOTOM rpebHst 6osiee 1,25 H, (kpacHast kpuBasi), a
Takke 1% caMbIX BBICOKHX "HOpMasbHBIX" BOJIH (3e/€éHast KpUBas) MO
pe3ysbTaTam [54].

Bas). [To pesynbraTam uamepeHuit y nobdepexnbs: bpazmwimn
[58] BosTHBI-YOUitIIbI ¢ O0JIee riTyOOKMMU JTIOKOMHAMU 110341
9KCTPEMAJIbHOTO TPeOHsSI BCTPEUAIOTCS MOYTH B JBA pasa
Jarre, YeM C JIOKOUHAMU, PACIOJIOKEHHBIMH CIIepeId. DTOT
BBIBOJI MPOTUBOIIOJIOKEH KapTUHE HA puC. 50 (CUHAS KpH-
Basi). B [65] oOcyx1anuch cylecTBeHHbIE pa3inyus (POPMbI U
ACHIMMETPUH 3KCTPEMAJIbHBIX BOJH B 3aBHCUMOCTH OT JO-
CTH)KEHUSI UMH TIOPOTa OOPYIIICHHUS.

B nocienHue roapl pa3BUBAIOTCS HOBBIE MIJIsSI OKEAHOT Pa-
(¢um TeopeTHUECKUEe W IKCIEPUMEHTAJBHBIC MOAXOIbI IS
OTIMCAHUS IBUKEHUS IBYMEPHOM OBEPXHOCTH, YTO MOJIIEP-
JKHBAETCSl PACTYIIMMH BO3MOXHOCTSIMHU MO MPSIMOMY 4YHC-
JICHHOMY MOJEJIMPOBAHUIO MOPCKUX BOJIH U PA3BUTHEM Me-
TOJIOB CTEPEOMETPUYECKON PETUCTPAIIMU BOJIH B HATYPHBIX
ycioBusix [66—68]. Kak MOXHO 0XXHIAaTh, BBIXOJT 32 PAMKH
OJHOTOYCYHBIX U3MEPEHUI MOPCKOW MOBEPXHOCTH, OTCJIC-
KUBAHUE TUHAMUKYU BOJIH B NMPOCTPAHCTBE U BPEMEHU IIO-
3BOJISIT O0Jiee ONpeAesIEHHO OTBETHTh Ha BOMPOCH! O Xapak-
TepHBIX (hopMax BOJIH-yOHIALl, UX BEPOSTHOCTHBIX CBOMCTBAX
¥ HanboJiee IeCTBEHHBIX MEXaHU3MAaX TeHEePAIHH.

3. ®usnyeckne MeXaHU3Mbl U MO/1eJIH
BO3HHKHOBEHHSI MOPCKHX BOJIH-YOMiiIl]

BepHoe npescraBienne o ¢pusnueckux 3ddextax, mpuBos-
X K BO3HUKHOBEHHIO BOJIH-YOWHI], HEOOXOAUMO JJISI MO-
JIeIMPOBAHMS AUHAMUKH M CTATUCTHKU 3THX BOJIH, a TAKXKe
pa3paboTku MeToI0B mporHo3a. Kpome ommcanust cobcCt-
BEHHO (pU3MYECKUX MeXaHU3MOB B paszzeie 3.1 Mol chopmy-
Jmpyem 0a30BbIe MOIEIIH.

3.1. ba3zoBble ypaBHeHHs I'HIPOIUHAMUKH

JI71s1 omucaHusi MOPCKHX BOJIH MHTEPECYIOIIMX HAC MacIITa-
0OB 0OBIYHO XOPOIIIO MPUMEHUMO TPEANOJIOKECHUE O TIOTEH-
MUATHLHOCTH JIBMKEHUS XKHUIKOCTH, MPUBOJSIIEe K ypaBHe-
Huto Jlamtaca Ui HOTeHIMaIa CKopocTH ¢(x, y, z, t), KOTO-
poe 3ammiieM s CJI0si OJHOPOAHOM HEC)KMMAEMOU BOJbBI
BBIIIIC TOPU3OHTAIBHOTO YPOBHS HA z = —/i CO CBOOOIHOM
MOBEPXHOCTBIO z = N(X, y, f)

0% 0%

0x?2 + 0y? +

2
ZTZ’: , —h<z<n. (5)
Hcnonb3yercs nexkapToBa cucteMa KoopauHat (X, ), z), rie
OCb z HATIPABJICHA BEPTUKAJILHO BBEPX, 4 HANPABJICHHE OCH X
najee OyaeT BBIOMPATHCS COBIIAIAFOIINM C TOMUHUPYIOIIAM
HaIpaBJICHUEM JBIDKeHUS BOJIH. CHcTeMa ypaBHEHUH THPO-
JNIMHAMUKH TaKXKe BKJIFOUACT B ceOsl yCIIOBHE HEMPOTEKAHUS
Ha JHe, KHHEMAaTHYeCKOe M AMHAMHUYECKOE YCIOBHUS HA CBO-
60aHOI ToBepxHOCTH [26, 69]:

dp B
E—O, zZ = I’l7 (6)

) ob oy 0dd am\*> [on\*10
7’12777;7777’74, ]+ l + ﬁ £
ot Ox Ox

ob o L(00NT 1 (000 1 (3N
ar 81T 2\ o 2\ oy 2\ 2z
on 2 on 2 B

B (7) u (8) BBeséH moBepXHOCTHBIN moTeHIUaN @ (x,y, 1) =
= ¢(x,y,z=mn,t), g — YCKOpEeHHE CBOOOJHOIO MaICHHUs,
P, — naBnenue atmocheps! HaJl IOBEPXHOCTHIO. B paccmart-
pPHBAaEMBIX 3aJa4ax Uil BOJIH JumHHEe 10 cM MOXKHO mpe-
HeOpeub CUJION MOBEPXHOCTHOTO HaTspkeHus. [Ipenebperas
cnadbiMu 3 (eKTaMu HEOJHOPOHOCTH AaBiieHus: P,, Oe3
noTepu OOIIHOCTH MOXHO BbIOpaTh P, =0, n TOrOa ypas-
HeHus (5)—(8) OMMCHIBAIOT TOJIBKO IBHXKEHHE BOJIBI.

B npub irkeHrH BOJTH MaJION aMILTUTY bl PEIIICHUE yPaB-
Henwii (5)—(8) umeer Bun [69]

n(x,1) = Re [dexp (i0)], 0 =kx — o1, 9)
o(x,2,1) = % Im [4 exp (i0)] ¥(2),

(2) = cosh (|k|(z + h))
~ cosh([k|r)

o (k) = /g|k| tanh ([k[#) .
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3nech BBeIeHO 0003HaueHue X = (1, ) IJIsl BEKTOPA, JIe)Kallle-
T'O B TOPH3OHTAJIBHOI TIoCcKoCTH, mapameTp k = (ky, ky) —
BOJIHOBOW BEKTOD, (0 — YaCTOTAa, CBSI3aHHASI C BOJIHOBBIM
BEKTOPOM JIUCIEPCHOHHBIM cooTHoueHnem (11), 4 — am-
IUTATYJa BOJIHBL. BepTmkayibHas CTpyKTypa HOTEHIHAJA
ckopoctu BxoauT B (10) B Buae Muoxutenst ¥ (z), 3aBUcsiie-
ro OT BOJIHOBOTO yuciia. Ob1iee JIMHEIHHOE pellicHre Havallb-
HOUW 3amaum TnpejctasisieTcs B Buae cBEépTku (9)—(11) mo
BOJIHOBBIM BeKTOpaM (IIPEICTaBJIEHNE B BUIE HWHTErpaja
dypre).

D¢} hekTHBHBIM MOAXOAOM ISl OIHCAHUS IIOBEPXHOCT-
HBIX BOJIH SIBJISIETCSI TAMUJIBTOHOB (hopMasiu3m, pa3BUTHIA B
paborte [26]. Tlepemennbie 1 1 @ 00Pa3yrOT KAHOHUYECKYIO
napy ¢ TaMIJIbTOHHAHOM H, ypaBHEHHUS IBIDKCHUS IS KO-
TOPBIX UMEIOT BH/T

o SH od  OH
5*%: 57_8_7[7 (12)

(Vo) dz,

1
H=T+U, T:—deJ
2 —h

U:%Jnde. (13)

BBezeHre HOPMAaJIbHBIX NEPEMEHHBIX dk(f) B JABYMEPHOM
MPOCTPAHCTBE BOJIHOBBIX BEKTOPOB IO3BOJISIET MOJIYYHUTH
HEJIMHEHHbIC YPABHEHUS B CIIEKTPAJIbHOM (hopme:

; 0H
day

Wk * . g ¥
Ny = 1/2—g(ak+a_k)» Py = —1 2—a)k(ak_a—k)v

1 .
ag = ﬁja(x, t) exp (—ikx) dx,

Qo _
or

(14)

(15)

rae n, 1 $x — mpeobpazoBanus Dypbe OT CMEIICHUS
MOBEPXHOCTH ¥ MOBEPXHOCTHOTO HOTEHIMAJIA COOTBETCT-
BeHHO, wx = w (k) — OUCIIEPCHOHHOE COOTHOIICHUE IS
JIMHEWHBIX BOJH. [ aMUJIbTOHHAH B3aMMOJEHCTBHIA MEXITY
BosHaMut Hin (H=H+ Hint , Hy= [oxakay dk) mmeeT criox-
Hyto Gopmy. Ero npeacrasienue B BiIe ACHMITOTHIECKOTO
PA3JIOKEHUS IO MaJIOMY TapaMeTPy KPYTU3HBI BOJIH ITO3BO-
JISIET MOJIyYUTh OOJiee MPOCThIe NMPHOIMKEHHBIC YpaBHEHHUS
[70—72]. Tlepexon K HOBBIM KAHOHHYECKHM ME€PEMEHHBIM
bx(?) uckrOYaeT N3 AMHAMHUYECKUX YPAaBHEHUI HEpEe3OHAHC-
HbIe TPEXBOJIHOBBIE (pACIa/IHbIe) B3AUMOJICHCTBHS U YIPO-
aeT HeJIMHEHHYo YacTh. [TosryqaeMoe B UTOTE 9BOJTIOIMOH-
HOE ypaBHEHHE [UJIsl BOJIH Ha IJIyOOKO#l BOJE B HOBBIX Iie-
pEMEHHBIX coxpaHnsieT popmy (14),

.0b *
la_lk = wbk + J Tkklkzksbklbkzbk3 x

X 5(k+k1 —kz—k3) dk; dk, dk; . (16)
Vpasuenue 3axapoBa (16) ocTaéTcsi TEXHUYECKH CJIOXKHBIM
JUTISL pEeleHns] U3-3a IIeCTUKPATHOTO WHTErpaa B MpaBOM
yacTu. HenmuueiHbIi K03 HUIUeHT 4-BOJTHOBBIX B3aMO/ICH-
CcTBUHA Tk kk; B NOABIHTEIPAJIbHOW YACTH TAKXKE MMEET
JIOBOJIBHO Tpomo3kuii Bua [70], HO oOnamaer cBOMCTBaMu
CAMMETPHUHU IO HMHJACKCAM B3aUMOJICHCTBYIOIIUX BOJIH, a
TaKkKe OJTHOPOJHOCTHU, YTO MOXKET OBITh UCIOJIb30BAHO (CM.
pasmen 5.2).
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3.2. T'eomeTpuyeckasi u qucnepcuoHnasi GoxKycHpoBKa

s onucanust HOKyCHPOBKH BOJIH, B TOM YHUCJIE B YCIIOBHSIX
ILUIABHO U3MEHSIOLIEHCS Cpebl, HAMPUMED MPU MEPEMEHHON
rayOuHe, B TMOJIe HEOMHOPOJHBIX TCUCHUU, yITOOHBIM SIB-
JIsieTcsl TpuOJIMKeHne reoMeTpuueckoit ontuku [69)]. Jlyuw,
BJIOJIb KOTOPBIX pACIpOCTpaHseTCs JuHelHas BojHa (9)—
(11), onpenesnsaroTCs CUCTEMOM B TaMIJIbTOHOBOH popme:

dx Ow dk ow

Tk AT ox {17

a sBJIsroLMeCs: PYyHKIMSIME KOOPIMHATHI B BPEMEHH BOJIHO-
BOW BEKTOP M YaCTOTA ONpPEHESFOTCS depe3 (a3y BOJIHBI
0(x,1): k(x,7) = VO, w(x, 1) = —06/0¢. ITpu Tex xe npeano-
JIOKEHHUSAX aMIUINTYAa BOJIH HAXOJUTCS M3 YPaBHEHHS
OajaHca SHEprum,

2
M+V(cgr|A\2) =0,

o (18)
rae ¢gr = Ow/0k — rpymnmoBas ckopocTb. AMIUIUTYJa BOJIH
BO3pacTaeT B OOJACTSAX CXOXICHUS JIydel, BIOJIb KOTOPBIX
MEPEHOCUTCSI BOJTHOBasi 3Heprust (3QdexT reoMeTpuyueckoi
(doxycupoBkn). Takasi cuTyanuss MOXXeT BO3HUKATh NP MH-
TepdepeHIuN Pa3JIMYHBIX BOJHOBBIX CHUCTEM (HAIpHUMED,
BETPOBBIX BOJIH, CO3[IaHHBIX PA3HBIMU HITOPMaMH), pedpak-
MU BOJIH HA OCOOCHHOCTSX Oatumerpum (MOJABOJHBIC
XOJIMBI, TpeOHU, OeperoBble JIMHUX U T.J1.), & TAKXKe Ha Tede-
HUSIX.

JlyuyeBast Teopust B puU3MKe, B YACTHOCTH B IPUIIOKEHUH K
BOJIHAM HAa MOBEPXHOCTH BOJBI (HAIPUMED, K BOJIHAM IIyHA-
MH), O4€Hb XOpoIlo pa3paborana. PopmaabHO 00pararo-
masicsi B OECKOHEYHOCTh aMIUIATYIa BOJH Ha KayCTHKAX
OKa3bIBaeTCSl KOHEYHON HpH OoJiee aKKypaTHOM aHaJIH3e.
Kaprtuna nyueii, kayctuk u obJyiacteit pOKyCHPOBKH BOJIHO-
BOH 9HEPI'MHU B YCIOBHSIX PEabHOIO OKeaHa OUYeHb CIOXKHA U
W3MEHYMBA U MOXXET PACCMATPUBATHCS KaK CIIydyaiHas.

Jucniepcnonnasi YOKyCupOBKa SIBJISIETCS] APYTUM OUEBHU]I-
HBIM JIMHEHHBIM MEXaHM3MOM BO3HUKHOBEHHUSI BOJIH 0OJIb-
moi aMmMTyapl. OHa MOXeT OBITh ONMHMCAaHA C TTOMOIIBIO
npeobpazoBanus ®ypre Ha ocHoBe pemreHus (9)—(11), Ho
0COOEHHO HATJISTHOW CTAaHOBUTCS mocJe cBeaeHus (17) k ku-
HEeMaTHYeCKOMY YPaBHEHHMIO AJIS IPYHIIOBON CKOPOCTH Cyr (k)
(3mech U1 MPOCTOTHI PACCMOTPEHO OJHOHAINPABJICHHOE JIBU-
KEHHUE, Cgr = (Cgr, 0)) [73]

Ocgr Ocgr
ot T oy

=0. (19)

Pemenune ypaBHenus (19) mMeeT BHUA HPOCTOW BOJIHBI
Cor(X, 1) = co(X — Cgrt) T MOXKET OBITH NPOAHATH3UPOBAHO
rpaduyecku. B HavaIbHBI MOMEHT BpeMeHH ¢ = () B mocJie-
JIOBATEJILHOCTHU BOJIH 00Jiee OBICTPBIE OKA3bIBAIOTCS NMO3a11
MeteHHBIX, ecid deg/dx < 0. COOTBETCTBEHHO B 3TUX HH-
TepBajax nyra 6yAeT MPOUCXOANTH CIIOKEHHE YJHEPTUH BOJIH,
COOTBETCTBYIOIee BO3PACTAHHIO MOMEHTAJIBHOTO Tpa-
aneHTa (QYHKIHUN Cgr(X). DBOJIONUS WHTCHCHBHOCTH BOJH
OTMCBIBACTCS OJHOMEPHOM Bepcuel ypaBHenus (18), pere-
HHUE KOTOPOTO B BUJIE PUMAHOBON BOJIHBI HAXOIUTCS aHAJIM-
THYECKH U MOXKET JOCTUTaTh (POopMaJibHO OECKOHEUHOU
BEJIMYHMHBI TIPH CJIOKEHUH BOJIH PA3HBIX [IJIMH.
I'enepupyemMble BETPOM BOJIHBI MOTYT OBITH KpaliHe He-
OJHOPOJIHBIMHU MO HANPABJICHUSIM M JJIMHAM, YTO CO3JaET
YCJIOBUSL 1151 HOCTOSIHHO MPOMCXOISIIHNX IIPOIIECCOB CIIyYaii-
HOM POCTPaHCTBEHHO-BpeMeHHOM (hokycupoBku [74]. B To
Ke Bpems CilydailHasi Cymepro3uiusl BOJH YYATHIBAETCS B
paMKax TayccoBOM CTATHCTUKHU W CJIEIYIOIIETO U3 Heé pac-
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npenesieHust Pasiest 11 BBICOT BOJIH, TO3TOMY COOBITHSI T€0-
METPHUYECKOW M AUCIIEPCUOHHOM (POKYCUPOBKM B OJTHOPOJI-
HBIX CTAIIMOHAPHBIX YCJIOBUSIX HE M3MEHSIOT PIJIEEBCKOTO
pacrpeieJIeHus: BEpOSTHOCTE! IKCTPEMAaIbHBIX BOJIH.

ITponecchl JIMHEHHOW CYyNEpIO3UIUA BOJH C Pa3HBIMHA
JUTMHAMU WJIA HAIIPaBJICHUSIMH HEOJTHOKPATHO BOCIIPOU3BO-
JIUJIACH B JJAOOPATOPHBIX YCIOBUSX B PA3JIMYHBIX BapUALIUSIX
U MOTYT CUATATHCS CTAaHAAPTHBIMU [75, 76]. Yuér HenuHei-
HBIX IIONIPABOK K YACTOTE (Tak Ha3bIBaEMOE HeJIMHEWHOE JTUC-
MEPCHOHHOE COOTHOIICHHUE) YIyYIlaeT OMUCaHUe, HO 3HAYM-
TEJILHO YCIOXKHSET MPOOJIEeMY HAXOXKICHUS MOCIIE0BATEIb-
HOCTH BOJIH, obecnieunBaroleit HanboJiee CUIIbHYIO (POKYCH-
poBKy. 31ech 3pPEKTUBHBIM SIBJISICTCS METOJI OOpalleHus
BOJIHOBOTO (DpPOHTA, KOTJA peIaeTcsl HavallbHASI HEJIMHEH-
Has 3aJ1a4a ¢ OKHUIaeMoit (POPMOii BOJIHBI-yOUUIIBI U TIOJTY-
qaeMoe Ha OOJIBIIMX BPEMEHAX PElICHUE HEOOXOIMMO WH-
BEPTUPOBATH JJIsI OCYIIECTBJIEHUSI 0OpaTHOrO Impouecca [73,
77, 78]. C pusuveckoit TOUKHU 3peHUst HOKYCUPOBAHUE JINHEI-
HBIX U HEJIMHEHHBIX MaKeTOB MPOUCXOAUT OJAMHAKOBO B OT-
CYTCTBUE HEYCTOWIMBOCTH, TIOITOMY OOBIMHO TOBOPST O JTUC-
MIEPCHOHHOM (DOKYCHPOBAHMU JJaXke B paMKax HEJMHEHHON
3agaud. OddexTsl AUCHEPCHOHHOIO M TE€OMETPUUYECKOTO
CXOX[IEHUS BOJIH MOTYT O0ecleunBaTh HayaJbHYIO CTaIUIO
pocTa BOJH, KOTOPBIM Aajiee MPOIOJIKAETCS B Pe3yIbTaTe
JIEACTBUS HEJTMHEWMHBIX MEXaHU3MOB [79 —81].

3.3. Heqmneiinble B3anMoaeiicTBUSI BOJIH
U MOAYJISIIHOHHAS HEYCTOHYNBOCTH
HenuneiiHocTh HapymaeT HE3aBUCUMOCTH CHEKTPAJIbHBIX
KOMIIOHEHT, MPEANOJaraéMyr0 HEHTPAJbHOU MpeneabHOU
TEOPEMOM, YTO MOXKET HPUBOAUTH K CYIIIECTBEHHBIM OTKJIO-
HEHUSIM OT rayCCOBOM CTAaTUCTUKU. D ek ThI HeIMHEHHOCTH
ONPEIEIISIOT JUHAMHUKY OOJIBIIIUX BOJIH M MOTOMY HPHHIIN-
MHUAJIbHBI JIs1 OTMCAHUS PEAJIUCTUYHBIX BOJH-yOuiin. Beugy
CJIOKHOCTH pEULIeHHS] HEeJWHEHHBIX 3aJa4 3HAYMTeIbHAas
9aCTh MCCJICIOBAHNN Oa3UPyeTCs Ha YHCIEHHOM MOJIEJIUPO-
BAHWU W/ PUOJINKEHHBIX YPABHEHUSIX.
JoMuHMpYOIIAs YaCTh UCCIIEAOBAHUH MTOCBSILIEHA YCIIO-
BHSIM OTKPBITOTO OKeaHa U 00Jb10ii Tityounsl (kh > 1), xor-
Ja qucriepcusi cuiibHasl. {Jis BOJIH Ha Ti1yOOKO# BoJie pe3o-
HAHCHBbIE YCJIOBHSI MEXAY TPOWKamMH BOJIH (KBagpaTHYHAS
HEJINHEWHOCTD) B OOBIYHBIX CATYAIUSIX HE BBITIOTHSIIOTCS, He-
JIMHEeWHAasl TUHAMUKA 00YyCIIOBJIEHA HEJIMHEHHOCTBIO CIIEAYIO-
Lero nopsiaka (4-sosHoBble B3auMoeiictus). Hepesonanc-
HbIE KBaIpaTUYHBIE U O0JIee BBICOKOTO MOPSIAKA B3aUMOICH-
CTBUS SIBHO TIPOSIBJISIFOTCS B OTKJIOHEHHH (POPMEBI BOJH OT
CHHYCOMIAJILHON, HO HE BJIMSIOT HA JIBOJIIONMIO CIEKTpa
HOpPMaJbHBIX BOJH b (16). YcnoBus 4-BOTHOBBIX pe30HAHC-
HBIX B3aMMO/ICHICTBUI UMEIOT BHJ]

ki +ky =ks +Kky, o1 +w=w3+ w4,

(20)

re KaXaasi U3 4acTOT OIpeAeIIIeTCs Yepe3 AUCIePCHOHHOE
cooTrommenne, w; = w(k;), j=1,2,3,4. Pe3oHaHCHBIE yCITIO-
BUsI 3AMUCBIBAIOTCS IS TIpejielia BOJH OECKOHEYHO MAaJIoi
AMIUTATY b, XOTSI O JICUCTBUEM HEJIMHEHHOCTH OHU U3Me-
HsAroTCAd. HeoaHOKpaTHO MOKa3bIBAJIOCh, YTO KBa3Upe3o-
HaHCHBIE (TIOYTH PE30HAHCHBIE) B3aUMO/ICHCTBHSI UTPAIOT HE
MEHBIIYIO POJIb, Y€M B3aUMOJIEHCTBUS MEXIY BOJIHAMH,
HaXOJSAIMUMUCS B TOYHOM pe3oHance [82, 83]. B ciyuae
BOJIH Ha OOJIBIION I'JIyOMHE CTelleHb HEJIMHEHHOCTH OTIpe/ie-
JIIeT KPYTU3HA BOJIH, & ~ k|A|.

Bripaxkenue s skciiecca CMEIIeHNN TOBEPXHOCTHU, YUU-
THIBAIOIIEe CIadble KOPPEISIUU HOPMAJILHBIX BOJIH B pe-
3yJbTaTe 4-BOJTHOBBIX B3aUMOJIEWCTBUN B paMKax ypaBHe-

VO®H 2023
HUH 3axapoBa, MOXHO HalTH B [84]:
12
;\.4dyn = ﬁj Tkklkzkﬂ/wwlwzw3 G,'N1N2N3 X
X (S(k + ki —ky — k3) dk;dk,dks s (21)
1 — cos (Awt)

(Bb}) = NK) 6k —K), G, =220

rIe
Ao =0+ w; —w)— 3.

CooTHotrenue (21) 3anuchIiBaeTCs I CIEKTPATBHBIX KOM-
noHeHT BosiHOBOro AeiictBust N(K) (yrioBble cKOOKH O3Ha-
YAFOT yCpeTHEHHE IT0 AHCAMOJTIO ), TOITOMY YXe He COJEPXKAT
3aBHCHMOCTH OT (pa3 BOJIH, HO HACIIEYeT OT TMHAMHIECKOTO
ypaBHEHHsI 6-KpaTHBIA HHTErpajl. DTOT HHTErPaJl BEIYUCIICH
B [85] my1s1 KBa3uCTAIIMOHAPHBIX YCJIOBHIA (O0JIbIIIME BpeMeHa
1) IPH TIPEIMOJIOKEHUH Y3KOTO CIICKTPA:

2 = % BFI?,

rae napametrp BFI (Benjamin— Feir Index — unnexc benn-
)amMuHa —®uepa) BBIYUCISETCS UYepe3 OTHOIICHUE MepPhI
HEJIMHEIHOCTHU BOJIH K TUCIICPCUHL:

(22)

€
BFI =V2 .
Ok
3nech O = Ak/k — oTHOCHTENbHAS IMPUHA CIIEKTPA BOJI-
HOBBIX uuces. [ToHBIN 3kcuecc B (4) ckiaabiBaeTcs W3
d
Y 4 ompenensieMoro Hepe3OHAHCHBIMU

JMHAMMYECKOTO A,
B3aumMoIelicTBIsIME /"™ (CBA3aHHbIE HETMHEITHbIE BOJTHDI),

(23)

dg =3+ 20 4 phound ) bound _ 9ge2 (24)
B pamkax ciiaGOHEJMHEWHON TEOpUU BTOPOTO MOPSIKA
O(&?) acuMMeTpus 3a/1aéTCsl CBA3AHHBIMU BOJIHAMU, A3 =
= 3¢. 151 peasibHOTO MOPSI MOXHO HCIIOJIB30BAThH OIEHKY
ISt cpeniHeit kpyTusHsl ¢ = kg = 0,03 — 0,1, moatomy acum-
METpPHUS U SKCLECC OT CBSI3AHHBIX BOJIH MaJIbl. B TO %e BpeMst
napameTp BFI MoxeT ObITh He MaJIbIM, €CJTH KPYTU3HA BOJIH
BeJIMKA WM CHEKTP BOJHOBBIX YHCET JOCTATOYHO Y30K, U
TOr/Ia OOIIMIA IKCIIECC MOXKET 3HAYMTENILHO BO3PACTATh 3a
CU€T ero JMHAMMYECKOI 4acTH.

B [85] Teopermuecku moxazaHo s cilaboOHerayccoBa
mporecca, 4YTO BO3pACTAHUE YETBEPTOrO MOMEHTA, A4 > 3,
MPUBOUT K YBEJIMYCHUIO BEPOSITHOCTH BOJIH C OOJBIIION BBI-
coroit, H > 4o:

P(H) mexp(—%) [1 + (24—3)B<§>} ,

B(&) = 57 (62— 16)

(psix I'pama — Mapibe mist ciraboHerayccoBa pacipeIeIeHust
[25]), moaTOMY 3KCIECC YacTO HCMOJIb3YIOT B KA4eCTBE IO-
Ka3aTeJsisl CTEIIeH! IKCTPEMATbHOCTH BOJTHEHUSI.

Wupexkc BFI (23), xoTOphIil COOTBETCTBYET mMapamMeTpy
nogoobus HeymHeitHoro ypaBHenus [lIpénaunrepa, 6L npe-
JIOXeH B pabotax [84, 86] kak TiIyOOKOBOJHBINA aHAJIOT W3-
BECTHOTO HapameTpa Ypcesuta Jis cIaboHeIMHeHHBIX cla-
00IMCTIIEPCUOHHBIX BOJIH Ha MeJIKOM BoJie. OCHOBBIBASICh HA
9TOM NOoHMMaHuM, napamerp BFI nis xoHeuHOW riryOuHBI
MOpPSI MOXHO JIETKO 3amucath ¢ Y4€ToM Ko3dduuueHToB
HVYII (cMm. pazgen 5.2, ypaBHeHue (61)) — HeJTMHEHHOCTH o,
u pucnepcut ff: BFlggice depth = BFI(oc/[f)l/2 [87].

(25)
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Kputepuit BFI > 1 cooTBeTcTByeT YCIOBHUSIM BO3HUK-
HOBEHHUSI MOJYJIIIMOHHON HEYCTOWMYMBOCTU BOJH (CM. 00-
30p [27]). HeycTOWYMBOCTH OJTHOPOIAHBIX BOJIH TIO OTHOIIIE-
HUIO K JOCTATOYHO IJIMHHBIM BO3MYIIICHUSIM Pa3BUBAETCS B
pe3ysbTaTe KBa3MPE30OHAHCHBIX 4-BOJHOBBIX HEJTMHEWHBIX
B3AaUMOJCUCTBUIN U SIBJISIETCS TOMUHHUPYIOIIMM THIIOM He-
YCTONYHMBOCTHU BOJIH MAJION U yMEPEHHON KPYTU3HBI HA TJIy-
6oxoit Boae [88]. IIpomoJibHBIE BO3MYIICHUST HEJTMHEHHBIX
BOJIH CTAHOBSITCS] YCTOWYMBBIMHI ITPU YMEHBIIICHUH TJTy OMHEI,
kh < 1,363; HAaIpOTUB, BO3MYIIEHUS IOJ YIJIOM K HaIpaB-
JICHUIO JIBUXKCHUSI BOJIH OCTAIOTCS HEYCTOWYMBBIMHU, HO C
MEHBIIIMM HHKPEMEHTOM 110 Ty1youH kh ~ 0,5. Moayasiuon-
Has HEyCTONYMBOCTDb UCUE3aeT HA MEHBIINX TJIyOHHAX.

Otmernm, uto dakTrueckn napamerp BFI obcyxmancs
HaMHOTO panee M. AnnGepom [89], KOTOPBIA MPEIOKUIT
anasor HYII nis onucanus ciydaliHbIX BOoJIH. Ha ocHOBe
CHEJIAHHBIX OLIEHOK AJIbOEp 3aKJIF0UUI, YTO TUIIUYHBIE MOD-
CKH€ CIIEKTPBI COOTBETCTBYIOT YCTOMYNBOMY YCIIOBHIO, XOTSI
¥ OJIM3KHM K TOPOTY HEYCTOWYMBOCTH. MM Oblia BhICKa3aHa
TUIIOTE3d, YTO MOJYJISIIMOHHAS] HEYyCTOWYMBOCTH HE MO3BO-
JISIET PEeaJIn30BbIBATHCS YCIOBUSIM CO CIIMIIIKOM Y3KUM CIIEKT-
pom. Ceromnsi 3QQpekT MOAYISIUOHHOW HEYCTONYMBOCTHU
MOPCKHUX BOJIH pAacCCMaTPHUBACTCS KaK MEXaHU3M BO3HUKHO-
BEHMsI BOJIH OOJIBIION AMIUIUTYIbI, YBEIMYMBAIOLINA WX
BEPOSITHOCTh. MaTeMaTH4YeCKOe OMHMCAHUE 3TUX MPOIECCOB
B paMKax NpUOJIMKEHHBIX HHTETPUPYEMBIX MOJIEJIE 00Cy K-
naercst B pazjene 4. Baxnast posib 3pekToB CUIILHON He-
JIMHEHHOCTH, MPUBOISIIUX K O0JIee pe3KOMY POCTY aHOMAJTb-
HOU BOJIHBI H ITOCJIEIYIOLIEMY OOPYIIIEHUIO, IO TYEPKUBATIACH
B pabote [90]. OT™meTuM, uTOo B pabote [91] obpamanocs
BHUMaHHE Ha HeJMHEeWHbIe 3()(EKThI 5-BOJHOBBIX B3aWMO-
JIEUCTBUHM, TPOSIBICHHUS KOTOPBIX aBTOPHI HAOJIOJAN B
crnekTpe 3anucu HoBorojHeit BoJiHbL. [1sSTHBOJIHOBBIE pe-
30HAHCHI PEATN3YIOTCS! TOJBKO I TPEXMEPHBIX BOJIH, YTO
OCIIOXKHSIET UCCIIETOBAHHE.

3.4. O000meHus napamerpa

MO/YJISILMOHHOI HeyCTOHYMBOCTH

BBenéHHBIN TEOPETHYECKH C UCIOJIb30BAHMEM psla Ipel-
MOJIOKEHUN MHJEKC MOayasanuoHHo HeycTtorunmBoctu BFI
(23) 3amucaH ISt TapaMETPOB CIEKTPA & U Iy, TOITOMY OH
THIOTETHYECKH IT03BOJISIET OIIEHUBATH OMACHOCTB COCTOSIHIH
MOpsI Ha OCHOBE CTaHAAPTHBIX BBIXOJHBIX TAHHBIX CYIIe-
CTBYIOIIMX (CHEKTPAJIbHBIX) MOJEJIEl IPOrHO3a BOJIHEHUSI.
Psn uccrnenoBanuii O HAIIpaBJIeH HA MOUCK (OPMBI 3aIIICU
3TOr0 WHIEKCA, OMPEIEIISIIOIIEed MOPOT MOMYJISIIHOHHON
HEYCTOHYMBOCTH BOJIH MPHU 00JIee PEATUCTHYHBIX IS MOPS
YCIIOBUSIX.

IIpomonpHBIE BOSMYIIIEHHS BOJIH Ha IIyOOKOH Boze CO-
OTBETCTBYIOT MaKCUMaJIbHOMY MHKPEMEHTY MOIYJISIHOH-
HOU HeycToWunBOCTH [88], B TO BpeMst KaKk BO3MYIICHUS O]
CJIMIIIKOM OOJIBIINM YIJIOM K JOMHUHHPYIOIIEMY HampasJe-
HUIO JBIYDKEHHS BOJIH yCTONYMBBL. JIJ1s1 ONMUCAHUST HEKOJUIM-
HEeapHBIX CIIyYaifHBIX BOJIH B JINTEpAType IPEIIOKEHO He-
CKOJIBKO aJIbTEPHATHBHBIX BAPHAHTOB IapaMeTpa MOJIYJIs-
nMOoHHOM HeycTonunBocTH. B [92] momudukanus BFI chop-
MYJHPOBAaHA HAa OCHOBE TEOPETHUYECKUX IMPEICTABICHUH O
3aBUCHMOCTH JKCIlecca OT HapaMeTpOB CIA0OHETHMHEHHBIX
BOJTH C y3KHUM CIEKTPOM, YHCIEHHOT0 Moaemposanus HYIII
JUISL IBYX TIOBEPXHOCTHBIX KOOPAWHAT M COIIOCTABJICHHS C
JIaHHBIMM JIA0OPATOPHBIX U3MEPEHUIA,

2 2
) _ BFI _ 0y (26)

w

4%

3nech d, = Ok /2 — OTHOCHTENbHAS IIUPUHA YACTOTHOTO
CIIEKTpa JIIS BOJIH Ha TJIyOOKO# BOJE, dg — OTHOCHTEJIbHAS
IMpUHA YTJOBOTO CHEKTpa, oy = 7,1 — sMmmmpuyeckuit
koddpdunuent. B Takxom mpencrapieHuu dopmyra s
JIMHAMHUYECKOTO 3Kcuecca (22) coxpaHsieT CBOU BHJI, TOJIBKO
napametp BFI nosmkeH ObITh 3aMEHEH CBOUM JIBYMEPHBIM
anaynoroM BFI,p. Cxosxasi 3anuck, OCHOBaHHAsl HA MOAU(H-
Karmu HOpMYJITBI IS CHEKTPATBHON IMPUHBI, UCTIOTh30BA-
Jach B [93].

Hpyrue anprepHatuBbl uHAckcy BFI mpenmaramuce B
paborax [94, 95] Ha OCHOBE YK€ YHOMUHABIIINXCS ypaBHEHUN
Anbbepa. B [94] B onpenenenue (23) 6b11 106aByeH GakTop,
3aBHCSILIUI OT IIMPUHBI YTJIOBOTO criekTpa. B [95] ucnosb3o-
BaH B SIBHO¥ ()opMe MOJIETHHBIN CIIEKTP MOPCKOTO BOJTHEHUS
JONSWAP [96] (cMm. paszaen 5) u mpeliJIoKeHbl HOBBIE Mapa-
METpBI B BUJIE

P 0,0256
InH=— I, =11 - 27
1 o 2 1+ oAy (27)
rae op — MHOXHUTEIL NPH HpoQuile CIEKTPa, 3aIarOLIuii

UHTEHCUBHOCTbL BOJIH (Tak Ha3biBaeMblii mapameTp Pu-
JIUIca), y — MUKOBATOCTh CHEKTpa (CTENeHb BBIPAXKEHHOCTH
TJIABHOTO CIIEKTPaIbHOTO nuka). [To ymomanuto op ~ 0,01 u
y = 3,3. ABTOpBI HACTAWBAIOT, YTO BBEJEHHBIA IJII OTHO-
HalpaBJICHHBIX BOJIH mapamerp Il; CylIeCTBEHHO OTJIH-
yaetcst oT BFI (23), mockoJibKy mapamMeTpsl op U P BIUSIOT U
Ha KPYTU3HY BOJIH, U Ha CIEKTPAJbHYIO LIMPUHY, IPHYEM
SIBJISIFOTCSL (pU3MYECKH OoJiee aJeKBATHBIMU XapaKTEPUCTH-
KaMU criekTpa. B Toil ke padote mpeasioxeHo ob0OIeHe
WHAEKCa MOMIYJISIIOHHON HEYyCTONYMBOCTH ISl HEKOJIJIH-
HeapHbIX BOJIH [1,. KoHeuHas mmpuHa YIrjioBOro CHekTpa
yunTbiBaeTcs B I (27) ¢ IOMOIIBIO TaK HA3bIBAEMOH TJIy-
OMHBI YTJIOBOTO CIEKTPA Aq, 09 ~ Ay ! Taxxe B [95] oneHeHbI
MOPOTOBbIE 3HAYEHUS, COOTBETCTBYIOIINE MOMYJISIMOHHO
HEyCTOMYUBBIM crekTpaM: 11y > 1 u I, > 1,1; 3T 3HaYeHUs
TI03/JHee YTOYHSUIUCh APYTMMU aBTOPAMH.

3.5. KorepenrtHble BOJIHOBBIE CTPYKTYPbI

U UX B3aMMO/IeliCTBUSA

ITpu npeanonoxennu ciadoctu 3PHEeKTOB HETMHEWHOCTH, a
TaKXe Y30CTH YaCTOTHOTO W YIJIOBOTO CIEKTPOB CHUCTEMa
(5)—(8) MoxkeT OBITH CBeJicHa K 00JIee TPOCTHIM HEJIMHEITHBIM
ypaBHEHHSIM (CM. Takxke pazzei 5.2), B TOM 4YuCie K ypaB-
HEHUSIM, HHTEIPUPYEMBbIM METOJOM OOpaTHON 3a1a4u pac-
cestaust (MO3P): ypasuenusim Koprtesera— e Bpuza u Ka-
nomieBa — [leTBramBuim (Korja JJIMHA BOJIH OOJIbIIE TITy-
ounebl, kh < 1) nnu k HemuHeHOMY ypaBHeHuto Ipénnarepa
IUTs cIaObIX MOMAYJISIIMA BOJIH. Bee mepevnciieHHbIE ypaB-
HEHMs JOINYCKAIOT TOYHBIE PELICHUS] B BHUAE CTPYKTYPHO
YCTOMYMBBIX YeAUHEHHBIX BOJIH WJIM BOJIHOBBIX IPYIIIL, CYIIe-
CTBYIOIIKX B pe3yJibTaTe Oananca 3pQPeKkTOB HEJIMHEHHOCTH
W AWcrnepcud. B ciydae BOJIH Ha TIyOOKOW BOJE MOMIYJIS-
[IMOHHAsI HEYCTOWYNBOCTH HEMTOCPEJICTBEHHO CBsI3aHA C OpH-
3epubiMH perienusiMu HYI (cMm. pa3nen 4), KoTopbie B CBOKO
ouepesb MOT'YT HHTEPIPETUPOBATHCS KAK COJIMTOHBI OTH-
Oaromield Ha QoHe ogHOpOJHOU BOJIHBL. CylllecTBOBaHUE
COJIMTOHOB MOJJIEPKUBACTCS KOTEPEHTHONH AMHAMHUKOMN
COOTBETCTBYIOIIUX CIEKTPAIbHBIX KOMIOHEHT, MO3TOMY
MPUCYTCTBUE COJIMTOHOB B MOJISIX HEPETYJSPHBIX BOJH
U3MEHSIET CTATUCTUKY. MI3BECTHO, YTO BEPOSITHOCTh BO3HUK-
HOBEHUSI BBICOKMUX BOJIH Ha MEJIKOM M TJIyOOKO# BOJE BO3-
pacTaeTt mpH yBEJINUYECHUHU BKJIAJA COJIUTOHHOM yacTu [86, 97].
CoJMTOHHBIE B3aUMOJICUCTBUS MOTYT 00€CTIeYNBATH U TPHH-
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LOUIIAAJIBbHO HEJIMHEHHble MEXaHU3Mbl T'€HEepalluu BOJIH-
youitn [98—100]. B3aumoneiicTBue yeOIWHEHHBIX TPYII
BOJIH, PACHPOCTPAHSIIONINXCS MOJ MaJIBIM YIJIOM APYT K
JpYry, Ipe1arajoch B Ka4eCTBE €CTECTBEHHOI'O MEXaHU3Ma
BO3HHKHOBEHUS BOJTH-youi B [101].

B mpenenbHOM citydae, KOrAa BOJIHBI IIPEICTABJICHBI UC-
KJIFOUYUTEJILHO COJIMTOHAMH, TOBOPSIT O COJIMTOHHOM Trase.
CIIeKTp acCONMUPOBAHHON 3a/1auy pACCEsTHUS JJIs1 HHTET PU-
PYEMBIX ypaBHEHHH COAEPKUT KJIFOUEBYIO MHPOPMAIHIO O
cocrase BOJIH. [IpoGyieMa yCTaHOBJIEHUS CBSI3U MEXAY Ta-
KUM "HEJIMHERHBIM CIIEKTPOM" U CTATHCTUYECKMMH CBOMCT-
BAMHM COJIMTOHHOTO ra3a (OmUcaHue UHTErpUpyeMoit TypOy-
JICHTHOCTH) SIBJISIETCSI IPEAMETOM AKTUBHBIX HCCIIEAOBAHMIA
[102—107] m BBIXOAMT 32 paMKH HacTosIIero oozopa. Otme-
THM TOJIBKO, YTO pa3Hble THUIIbI COJIMTOHHOIO raza obdecre-
YUBAIOT MOBBIICHHYIO UJIHM MOHKEHHYIO BEPOSATHOCTH BO3-
HUKHOBEHHSI 3KCTpeMaJIbHbIX BOJH [103]. BbImosiHeH psn
paboT Mo MOAEIMPOBAHUIO T'a3a COJUTOHOB U COJUTOHOB
orubaroleii B paMKax HEMHTETPUPYEMbIX 00O0OIEHUH MO-
JIeTIbHBIX YPAaBHEHHH, a TAKXe UCXOJHBIX YPaBHEHUI THIPO-
nuaamMukd [108 — 110] (em. Taxxke pazgen 5.5).

3.6. Hesmnelinasi JMHAMHKA BOJTH

[PH U3MEHSIIOLIMXCH YCJIOBHSX

B MHOTOYHCIICHHBIX 9KCIEPUMEHTAIBHBIX M TEOPETUIECKHX
paboTax MokKa3aHo, YTO MOYJISIIMOHHO HEYCTOWYMNBAS BOJI-
HOBasl CHCTEMa MPHUXOJUT B KBa3UPABHOBECHOE COCTOSHUE.
IIpu sTOM CHayaja CHEKTP BOJH PE3KO YIIMPSETCS U Be-
POSITHOCTB 3KCTPEMAJILHBIX BOJIH CYILIIECTBEHHO BO3PACTAET;
3aTeM CIEKTp CyXaeTcs, HO B MEHBIICH CTermeHHu (CM. pas3-
nen 5.3). DieraHTHOe TeopeTHieckoe OOOCHOBAHHE CBSI3H
MEX/y IIUPUHOM CIIEKTpa M 3KCLeccoM AaHo B pabore [111]
C HCIOJIb30BAHHEM TaMUJIbTOHOBA MPEICTABJICHUS IS
HVII:

L B 00~ 5

)4([) = ).4([()) 2 52

(28)

31ech o U § — COOTBETCTBEHHO KOA(PUIIMEHTHI HEJTMHEHHO-
ctu u nucnepcunt HYII (cMm. ypaBaenue (61) B pa3mese 5.2); B
TOI e paboTe npuBeieHa U PopMyJia ISl HEKOJUTMHEAPHBIX
BOJIH.

DBOJTIOIHSI IKCIIECCa BO BPEMEHH B IMPEOJIOKESHUH C1a-
6011 HErayccoBOCTH ObliIa HCCIIEOBAHA B TEOPETUYECKUX Pa-
6otax [112, 113], rue mectumepHsblit uaterpadi (21), Heobxo-
UMBIH 17151 pacyéTa TMHAMUYECKOTO KCIIECCa, IPH UCIOIb-
30BaHUN HEKOTOPBIX MPEANOJIOKEHUIH MPUBOIUTCS K BUOY
[85, 113]

2301y = 3J (R, 1) BFI?, = 82wyt . (29)
3nech J — uHTErpagbHas QyHKIUs, UMEIoIasi KyOnIecKyro
3aBHCUMOCTb OT CIEKTpa BOJH, T — (YHKIUS BPEMEHH,
ompeJesisitonias KaYeCTBeHHBIH BHJ 3aBUCUMOCTH J OT
BpeMeHH, R — XapaKTepUCTHKA IIUPHUHBI YTJIOBOTO CIEKTpa
(26). bbL10 TOKA3aHO, YTO HEJIMHEWHASI CAMOMO/IYJISIIUS pa3-
BHBAETCS MPH JOCTATOYHO Y3KOM YIJIOBOM CIIeKTpe, R < 1,
TOT/Ia JMHAMHWYECKUIA JKCIIECC BO3PACTAET, MOCTHTAeT JIO-
KaJIbHOT'O MaKCHMyMa ¥ 3aTeM YOBIBAET B MEHBIIIEH CTETICHN.

Cxokast ObICTpasi IBOJIIONHUS CHIEKTPOB M BEPOSTHOCTHBIX
XapaKTEPUCTHK BOJIH BO3HUKAET B PAa3HbIX CUTYyalUsX, KOrga
HeJIMHelHas BOJIHOBAs CHCTEMa CTAHOBUTCSI MOy JISIIIUOHHO
HEYCTONYMBOM WJIM TOJBEPTAETCS BO3MYIICHHIO: MPH 3a/1a-
HUM HAYAJBHBIX YCJIOBUU B BUJE JIMHEHHON CyNepHO3UIINU

BOJIH C JOCTATOYHO Y3KUM cnekTpoM [114], mpu npunyau-
TeJIbHOM mepeMerimBanuu a3 BoJH [115], npu BKIrOYCHUU
WJI BBIKJIFOYCHUH HAKAYKH, MOJIETMPYIOIIEH AefCTBIE BETpa
[116—118]. AHasormyHOE MOBeIeHNE HAOII01AJIOCh TPH ObI-
CTPOM M3MEHEHHH YCJIOBUH pacrpocTpaHeHus Teuenuit [119,
120] i oxasibHOU Ti1yOunsl [121—123].

IMocneanuii ciryyaid — nepeMeHHOU ri1yOuHBI — MPUBJIEK
0co0oe BHHUMAaHME BBUAY €r0 BAXHOCTH JJIS1 MPUOPEXHBIX
paiionoB. IIpobiiema TpaHnchopMalyu BOJIH HAJT U3MEHSIO-
IIIIMCSI THOM HMEET JUTUTEILHYIO UCTOPHIO (JIMHEWHA S TPAHC-
(dbopmanusi, pacnpocTpaHeHHe COJUTOHOB JIJTMHHBIX BOJIH),
HO B MOCJIEHUE TOJbI AKLUEHT AeJAaeTCsl Ha HeJIMHEeHHbIe He-
peryJisipHbIe BOJIHBI, 00BN Arana3oH ri1youH. UssectHo,
4TO B CJIyYae aauadaTHIeCKl MEIJICHHOTO YMEHbBIIICHHSI TJTy-
OMHBI COJIMTOHBI JUIMHHBIX BOJIH PAcTyT ObICTpee, YeM JId-
HelHble BOJIHBI (HEJIMHEWHBIN M JIMHEWHBIN 3akoHbl [ puHa
cooTBeTCTBeHHO). KavecTBeHHO cxoxue 3peKThl pean3y-
FOTCS U 111 COJIMTOHOB Oru0aroled, pacpoCcTpaHsIOMUXCS
B HEOJHOPOIHBIX YCIOBUSX UJIM IIPH BHEIIIHEM BO3JEHCTBUU
[118, 124, 125].

Dddext Bo3pacTaHUsT ACHMMETPHH, IKCIECCa U BEPOSIT-
HOCTH BBICOKUX BOJIH NMPHU OBICTPOM YMEHBIIICHUH TJTyOUHBI
ObLIT OOHAPYKEH B UUCJICHHBIX U JJAOOPATOPHBIX IKCIIEPUMEH-
TaxX OTHOCUTEJILHO JaBHO [121 —123]. Pemienue 3toii mpo6Jie-
MBI B OOIIIEM BHU/IE MPECTABIISETCS CIOXKHOM 3a1aueit n3-3a
OOJIBIIIOTO KOJIMYECTBA YMPABISIOMINX MMApaMETPOB W H3-
MEHYHNBOCTH HEJIMHEWHBIX W JUCIIEPCHOHHBIX CBOMCTB BOJIH
B 3aBUCHUMOCTH OT TJ1yOuHbI [126—128]. B HenaBHO BbIIIE-
et padore [129] apdext sxkcTpeMuzanuu BOJIH MpU Pe3KOM
YMEHBIIICHUU TJIYOUHBI OOBSICHSETCS B paMKax cJiabOHeH-
HeitHOIi Teopuu BTOpOro nopsiaka. [1pu ObICTpoit cMeHe TITy-
OMHBI Hapymiaercs OalaHC MeXIy CBOOOJHBIMH W CBSI3aH-
HBIMU BOJTHOBBIMY KOMIIOHEHTAMH, BCJICJICTBHIE YeT0 BO3HU-
KaroT HOBbIE CBOOOHbIE BOJIHEI (B YACTHOCTH, BIBOE OoJiee
KOPOTKHE) B IPOTUBO(A3E C TOPOKIAFOITUMHU HEJTMHEHHBIMU
BoJHaMH. [lanbHeHIasi 3BOJIIONUS BOJIH MPUBOIUT K KOH-
CTPYKTHUBHOI HHTEep(HEepeHIIHN.

HelMHEHHBI MeXaHU3M YCUJICHUS BOJIH IPU PE3KOM yBe-
JIMYCHWH TJIyOWHBI, IPEJTOKEHHBIN B [125], cBsI3aH ¢ TpaHCc-
(opmanueir coMMTOHOB orubarouieit, KOTopble MOTYT pac-
MIPOCTPAHSATHCS HA HE CIUIIKOM MeEJIKO Boze, kh > 1,363, B
TOM YHCJIIE C TeHEPAIINE HOBBIX COJIMTOHOB OTUOAIOIIEH U UX
B3anMozelicTerueM. [1peiokeHHbI MeXaHI3M O TEHIIHAIIb-
HO TIPUMEHHM K JIFOOBIM CUTYalHusM, KOTJa CBOWCTBA HEJIH-
HEWHOCTH Y TUCTIEPCUH U3MEHSIFOTCS TaK, YTO 3(D(HeK TUBHBIN
unnexc BFI Bo3pacraer. Hanpumep, npu ycuneHu#n BCTpey-
HOT'O TE€YEHUs, KaK mpejyarajioch B [120].

3.7. Hequneiinasi JUHAMHKA 3aXBaYeHHbIX BOJH

3axBaT W mocieayrolas OJOKMPOBKA BOJH TEUYCHHUSIMHU,
BeAyllMe K BO3PACTAHMIO aMIUIMTYAbI BOJH B ONpeAeEH-
HBIX 00JIACTSIX, YKE TaBHO 00CYKAAHNCH B pAMKaX JIMHEHHOM
Teopun (cM., Hanpumep, [74, 130, 131]). [Tozmree st 3¢-
(beKThI BOCITPOU3BOIMIIUCH C YYETOM CJIa0O0H HEJTMHEHHOCTH
U B paMKaXx IMOJIHBIX MO HEJMHEWHOCTH Monenei [119, 122,
132] (cm. takxke 0630p [133]). HoBoe moHnMaHue CBsI3aHO C
IPUHIUNNAAIBHO HEJIMHEHHBIMU MEXaHU3MaMU BO3HUKHOBE-
HUS 9KCTPEMAaJIbHBIX BOJIH B MOJISIX 3aXBaueHHBIX BOJH. Kax
cJeyeT U3 MPSIMOTO YHCIIEHHOTO MOJICJIMPOBAHUS U OTpPa-
JKEHO B IBYMEPHBIX (DOPMYJIUPOBKAX MHJIEKCA MOTYJISIIAOH-
HOH HeycTonunBoctH (26), (27), addexT HenmHelHOW caMo-
MOMYJIAIUU OBICTPO OcjlabeBaeT ¢ BO3pACTAHMEM IIUPUHBI
yrjoBoro crektpa. Hambosee monBepkeHBl MOIYJISLIUOH-
HOI HEYCTOWYMBOCTH BOJIHBI C Y3KHM YIJIOBBIM U 4aCTOT-
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HBIM CHEKTPOM, KOTOPbIE HETUIMYHBI [l HATYPHBIX yCJIO-
BUi. B ciyuasix 3axBaTa BOJH CTPYWHBIMH TE€UCHHSIMHU HIIA
MPOTSOKEHHBIMI HEOTHOPOJHOCTSIMU NHA (Tomorpaduue-
CKUe BOJIHBI), B YACTHOCTH CKJIOHOM JIHA Ha MEJKOBOJIbE
(KpaeBble BOJIHBI), IMEET MECTO (POPMHPOBAHUE BOJHOBO-
JI0B C MOJIOBOI monepeuyHoi cTpykTypoil. B pesynbTaTe mpo-
ucxoauT 3G(GHEKTUBHOE YMEHBIIICHUE PA3MEPHOCTH JTUHAMHU-
YeCKOW CUCTEMBI, HeJIMHEeHAs THHAMUKA CTAHOBHUTCS OJIN3-
KOH K CJIy4aro KOJUIMHEAPHBIX BOJIH M PEAIN3YIOTCS 3HAUM-
TEJIbHO OoJiee ONaromnpusiTHbIE JJIsi MOJYJISIIMOHHOW He-
YCTOMYUBOCTH YCJIOBUS, HEIOCTHKUMBIC B OOBIYHBIX CITY-
qasix [134, 135].

4. MaTtemaTn4eckue Mo/1eJiM BOJIH-YOHiill
Ha ¢oHe MOy TMPOBAHHBIX BOJIH

Haunbompiiee BHUMaHUE MOJTYYHIIO UCCIIEIOBAHIE TUHAMUKYU
BoJiH B pamkax HVII ¢oxycupyroliero Tuma, OnuchiBaro-
IIETO MOJYJIHPOBAHHBIE BOJHBI HA MOBEPXHOCTU OCTa-
TOYHO TJIybokoro OacceitHa (cM. paszaen 5.2). B 6e3pasmep-
HbIX iepeMeHHbIX HVIII BbIpaxkaeTcs: B BUe
. 1 )
3neck KoMIUTeKCHAsE pyHKIWsE i/ (x, ) OTUCHIBACT MO/TYJISIIIIH
BOJIH, GyHKuHs [Y(x, )| ompenenseT aMIUIATYIbl BOJIH.
Vpasuenue (30) ”HBApUAHTHO MO OTHOIICHHUIO K MacIuTab-
HOMY OpeoOpa3oBaHUIO, Tak 4To eciu (yHkims Y(x,t)
sBisieTcst perieareM (30), TO 11 MPOU3BOJIBLHOTO JACHCTBH-
TeqpHOTrO uymcaa C pelmieHueM sBIsSeTCs W QyHKIHS

Cy(Cx, C?r).

4.1. Ilepuoanyeckue pemieHnst

HesmmHeitHoro ypaBHenusi IlIpéunrepa

HVII (30) umeeT pelieHue B BUAEC OJHOPOJHOW BOJIHBI
MOCTOSIHHOM aMILTUTYTbI

W (x, 1) = exp (ir), (1)

KoTopoe 00001aercs ¢ yuéToM mMacmtabHoro npeodbpaso-
BaHUS U IPOU3BOJIBHOIO CABUra BpeMeHu . Bosee ciioxHbIe
pelieHnsl IPEACTABIUMBI B BH/IE IIEPUOANYECKUX O KOOPIHU-
HaTe QyHKIUH

W(x, 1) = u(x)exp (iw?) . (32)
B (32) napameTp » UMeeT CMBICII TONIPABKH K 4aCTOTE, u(X) —
MEPUOIUIECKUN PO(PHIIb OrudaroIell, yI0BJIETBOPSIFOIINI
ypaBaeHuto Jlakca — HoBukoBa BTOpOTo mopsiika

2

u” +2ul"u —20u=0. (33)
IMepuoanveckue perieHusi ypaBHeHUs (33) BbIpaxxaroTcs B
TePMHHAX 3IJUHMNTHYCCKUX GyHKnui SIkobu ¢ mMomysem
k € (0,1). IBa mpocTeHIInX MEPHOANIESCKHUX PEIICHUS C TPH-
BHAJILHBIMU (Da3aMu MPEACTABIISIOTCS BHIPAKCHUSIMIE:

u(x) =dn(x;k), o=

(2—k?), (34)

N —

1
u(x) = ken (x;k), » =7 (2k* —1). (35)
" Muougaisaoe" pemenue (34) CTporo NoJOKATEILHOE, B TO
BpeMs Kak "knonganbHoe" (35) — 3nakonepeMenHoe. B npe-
nene k = 1 o6a pertienus, (34) u (35), mepexoasT B COJIUTOH

orubaroniei

u(x) ! 0] _1 . (36)

~coshx’ 2

Hpyrue pemenust ypaBaeHus (33) MOryT OBITH CKOHCT-
PYHPOBAHBI B MPE/ICTABJICHUH MOJISIPHBIX KOOPAUHAT, u(X) =
= R(x)exp (10 (x)), moacranoBka KoToporo B (33) npuBoaut
K BBIpaXEHHAM 1719 GyHKIMI R u O

B o
R(x):\/lm, @/(X):%7

w:%(3b—1—k2), (37)
JUIsl IPOU3BOJIbHBIX MapameTpos b € (k1) u k € (0,1),
©'(x) — npoussomuas Gpyuknuu O(x). Ha xpasx momycru-
MBIX 3HAaYeHHMil mapamerpa, b =1 u b = k?, pemenue (37)
BocnpouszBoauT pemenus (34) u (35) COOTBETCTBEHHO.
Tounsle petenus (34) —(37) uccie10Banuch B KOHTEKCTE MO-
JYJISIIUOHHOW HEYCTOWYMBOCTH U BOJIH-yOmiin [136, 137].

Crnemys ONpeesIeHNIO0 BOJIH-yOMHMIl KaK BO3HUKAIOIIAX
CJIOBHO HHOTKYyJa W HCYE3arONMX Oe3 cilefa Ha 3aJaHHOM
(dbone Y, MOXKHO JaTh MaTEMATUIECKOE ONPEIEIEHIE ITOTO
CBOMCTBA 7151 QYHKIIUU )

ma}§|z//(x,t)—t//b(x—xi,t—ti)}—>0 npu ¢ — oo (38)
X€)

JUJTSl HEKOTOPBIX JeHCTBUTEILHBIX KOHCTAHT X4 | 1. CXOXKUIA
¢ (3) uncnoBoit (pakTOp yCUIICHUS BOJIHBI M OTpPEe UM KaK
OTHOILICHNE MAKCUMAJIbHO JOCTIKMMOM aMIUIUTYIbI pele-
HUS K MAKCUMAaJIbHOH aMIuuTy e hoHa,
max__|(x,1)]
M _ (x,neR? (39)

" ma )|
(x,z)e)s(%Z Yp(x )|

Kak xopormo uzsectHo, HVII (30) siByisieTcst ycinoBuem
COBMECTHOCTH ¢, = @, Iapbl JIakca co crekTpaabHbIM Ia-
pamerpoM ( € C U KOMIUIEKCHO3HAYHBIMU COOCTBEHHBIMU
BeKTOpaMu ¢ (X, 1):

0r = UM Do, Uw,o:(ifb* fg), (40)
P, = V(IP7C)§0,

WP W,
V) =i (41)

* 1 * 2 1 2
=Ly +§¢x = *§|‘P|

Takoe npeacTaBieHHE TO3BOJISET MOJYIATh AHATATHICCKHC
pe3yJIbTaThl IO ONUCAHUIO MOJIYJISLMOHHON HEeyCcTOHYMBO-
CTH BOJIH M IPOLECCOB BO3HUKHOBEHUS HA UX (oHe BOIH-
yoOuiini. YpaBHeHHe ¢ MPOW3BOAHON mo koopamHaTe (40)
MpeACTaBISIET cOOO CIEeKTpalbHYIO 3aJady 3axapoBa—
[labaTa, mosyyeHHyIo B mmoHepckoil pabote [138] (oma
SIBJISIETCS. YaCTHBIM CiIydaeM cucteMbl AGiosuna, Kayna,
Heroamna u Cerypa (AKHC) (Ablowitz, Kaup, Newell,
Segur) [139]).

Vpapuenus Jlakca o0iamaroT Takoil cCUMMETpHeEH, 4To
ecn ¢ = (¢, (pz)T — COOCTBEHHBIN BEKTOP C COOCTBEHHBIM
3HayeHueM {, To ¢ = (¢, —q)l*)T — COOCTBEHHBIN BEKTOD
IUIs1 cobcTBeHHOro 3Hauenuss —(*. Takum obGpa3om, cobCT-
BEHHbBIC 3HAYCHUS aCCOIMUPOBAHHOM 3a1auu paccesHus (40)
MOSIBJISIFOTCS] HA KOMIJIEKCHOM MJIOCKOCTH CUMMETPUIHBIMU
MO0 OTHOIIICHHIO K MHAMOW OCH MapaMH.
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4.2. BoHbI-youiinsl Ha ¢oHe BOJH

NOCTOSIHHOW aMILIATY/IbI (OpH3ephl)

Xopormo m3BecTHO, yTo permenne HY I B Bume ogqaopoaHoit
BOJIHBI (31) MOIYJISIIMOHHO HEyCTOWYUBO [27]: MaJible BO3-
MYIIEHHS JOCTATOYHO OOJIBINON JJIMHBI 3KCIIOHECHIINAIBLHO
Bo3pacTaroT. ISl MILTIOCTpAllul 3TOTO SIBJIEHUSI PACCMOT-
P¥M BO3MYILIEHHE OJTHOPOIHO BOJIHEI (31) B BUC

W(x, 1) = exp (it) [1 + (uo + ivg) exp (Af + ikx)+

+ (ug +ivg) exp (A"t — ikx)] (42)
rae (ug,v9) € C? — coOCTBEHHBI BEKTOP, ONHUCLIBAIOILIMIA
cnabple Bo3MylueHus, k € } — BoxHOBOE uynciao. CooTHO-
IIeHUe IJIsl MOCTOSHHBIX A = A(k) ciemyeTr U3 JMHEHHOTO
aHAJIN3a yCTONYMBOCTH PEILCHUS,

1
2 2 2
A =k (1——k>

HeycroiiunBeie BO3MYIICHUS C MOJIOKHUTEIbHBIMH 3HAaUe-
HUSIMU /. COOTBETCTBYIOT BOJIHOBBIM YHCJIAM BO3MYIIICHUS K
B unTepBatie (0, 2). Takum oOpa3zoM, HEYCTONYUBBIMH $IB-
JISFOTCSL JOCTATOYHO JJIMHHBIE BO3MYIIEHUS, JJIMHOW L =
=2n/k > m.

B [140] npencraByieHa yHUBepcabHasl KAPTUHA IMHAMU-
KM JIOKAJIM30BAHHBIX BO3MYIIIEHHI OTHOPOIHON BOJIHBI. 17151
IMHPOKOTO KJIacca JOKAIM30BAHHBIX HAYAJIBHBIX BO3MYIIE-
HUWU, 17151 KOTOPBIX 3amava 3axaposa — [llabaTa (40) He mmeeT
JIUCKPETHBIX COOCTBEHHBIX 3HAYEHMI, TIOKA3aHO, YTO pellle-
HUe Y(X,f) COCTOMT W3 [BYX BHEIIHHX HEBO3MYIIEHHBIX
CEKTOPOB, PA3/eJIEHHBIX KJIMHOOOPA3HOW IEeHTPaIbHOH 00-
JIACTBIO, 3aIOJHEHHOW MOIYJIMPOBAHHBIMHU MEPUOIMICCKH-
MH BOJTHAMU.

VHuBepcaibHas KapTUHA MEPUOIUYECKUX BO3MYIIICHUIMA
IJIOCKOM BOJIHBI McCCileioBanack B pabote [141]. JTlunamuka
OJHON HEyCTOMYMBON MOJBI AaHATIU3UPOBATIACH C TOMOIIIBIO
METO/Ia KOHEYHO-30HHBIX IOTEHINAIOB, 0a3UPYIOIIErocs Ha
CIeKTpaJIbHOI 3amaue 3axaposa —llabaTa ¢ nepuoaniecku-
MM TPAaHUYHBIMU YCJIOBUSIME. B mpocteifiiemM ciyvae oHO-
30HHOTO BO3MYIIEHUS TOKA3aHO, YTO ACUMITOTUYECKOE pe-
IIICHUE OMHUCBIBACTCS OpHU3epoM (CM. HUXKE) C MapaMeTpaMu,
3aaBa€MbIMU HAYaJIbHBIMH YCIOBHSIMH.

B oTHOIIEHNN MOAYISIIMOHHON HEYCTOWYMBOCTH BOIIPOC
3aKJIIOYaeTCsl B TOM, Kak ()OHOBasi OJTHOPOJIHAS BOJIHA Jie-
(bopmupyeTcst IpU pa3BUTUU HEYCTOMYMBBIX MOJ, KaK aHO-
MaJIbHO BBICOKHME BOJIHBI BO3HUKAIOT, PACIIPOCTPAHSIOTCS U
ucyezaroT. PaccMaTpuBaemble HUXKE Opusepuvie (OT aHTIL
breather) penieHusI MOJIETUPYIOT BOJIHBI-YOUMAIIBI.

Pemienne HV I Tuma BostHBI-yOuitib! (38), Tokam3oBaH-
HOE MO KoopauHaTe X, ckoHcTpyupoBaHo [l. Ileperpunom

(32],

() = |

(43)

4(1 + 2ir)
1 +4(x2+12)
a IepUOANIECKIE MO X pelleHus ¢ nepuogom L = 2 /k > n—
B paborte [33]:

} exp (i7), (44)

_ kY k2 cosh (Af)+2i/sinh (At)
Valv,1)= [1 B (5) k cosh (At)— A cos (kx)

3nech k € (0,2) — cBoGOAHBIN mapaMeTp, A 3amaérest (43).
MaxkcumanbHast aMILTUTYAa peleHus (44) onpeaensieTcs Kak
M = |{(0,0)] = 3. Takum obpaszom, Opusep Ileperpuna
obecreunBaeT TPOEKPATHOE YCUJICHHE TI0 CPaBHEHUIO ¢ (o-
HOBO# BoHOH. KoadduumenTt ycmnenns BoJH B pelieHHH

} exp (ir) . (45)

(45), o6bIYHO Ha3bIBaeMOM OpHu3epoM AXMeaueBa, 3a1aéTcs
COOTHOIICHHEM

2
M= |y(0,0)| =1424/1— kz,
OH MOHOTOHHO YObIBaeT OT 3 110 | mpu u3menenuu k ot 0 10 2.
Bo3mylienne ¢ MakCUMaJbHBIM HHKPEMEHTOM HEYCTOMU-
ypBocTH A =1 mpu k =22 cooTBeTCTBYeT 3HAYECHMIO
M=1+2"72x24,

Bbpuzepnoe pemenne HVIII, onuceiBaroiee nepuoamnye-
CKHE MO BpPEMEHHU (MO3TOMY OHO HE YIOBJIETBOPSET (Gop-
MaJIbHOMY KpuTepuio (38)) 1 JI0KaJIM30BaHHBIE MO X MOJIY-
sisiian, 6b110 MotyueHo E.A. Ky3nenobsiM [31] eé panee,

ke (0,2), (46)

2 iy sin ()
E)K cos (yt) + 2iysin (1) exp (ir), (47)

Yk (x,0)= |:1_<2 y cosh (kx) — K cos (y?)

rae p =k (1+x2/4)"%, k€ (0,00) — cBOGOMHBIH mapa-
meTp. Pemienne Ky3nenosa (47) cBsizaHo ¢ (45) popmanbHOU
3amMeHol k =ix, A =1iy. bpusep Ileperpuna mMoxeT OBITH
nosy4veH u3 (45) u (47) B npenenax k — 0 u k — 0 cooTBeT-
CTBEHHO.

BBUIH MOCTPOCHBI B aHAIUTHYECKON GOopMe MyJIbTHOPH-
3EpHBIC PEIICHUS], B MIEPBYIO OYEPE/Ib MPEICTABIISIFOIINE CO-
001 MHOTOKPATHO BBIPOXK/ICHHBIE ajIreOpandeckue Opusepol
Ileperpuna (OGpu3epbl BHICOKOTO MOPSAKA, WM Super-rogue
waves) [35, 142, 143].

Kax nokaszano B [34], pewienus (44), (45), (47) ausitoTcst
BBIPOX/ICHHBIMU CJTy4asiMu OoJiee O0IIIero Kjiacca IBOSKOIe-
puonnyueckux (o x u ¢) perennit HVII (30) B Buae

W(x, 1) = [q(x, 1) +16(r)] exp (i0(7)) , (48)
rae ¢, 0 u @ — nericTButenbHble QyHKIMA. 17151 PUKCUpOBaH-
HOTO MOMeHTa BpemeHu ! GyHkumus u(x) = q(x,t)+1i0(¢)
yIOBJIETBOPsieT ypaBHeHHIo Jlakca — HoBuKoBa TpeThero mno-
psimka

u" 4+ 6|ulu’ — 20u' =0, (49)
a IBOSIKOTIEPHOIMYECKUE PEIICHNS BEIPAXKAIOTCSI B BUE pa-
IMOHAJIBHBIX (DYHKIUH, COMEpKAIIMX IILTUNTHICCKIE (QYHK-
nun Sxobu (neranm cM. B [144]).

Ha pucynke 6 moctpoeH criekTp 3aaauu paccessHus (40)
JUTSL IByX CEMEHCTB JIBOSIKOTICPUOIUYECKUX pelieHuil (48).
Bup permeHnst 3aBHCHT OT TPEX map KOpHeil: +v/z;, £1/Z,,
+./z; — acconunpoBanHoro noiuaoma P({):

6 ea 1oy 2

PO =l +g (" +8C1) "+ Co—wCy, (50)
rae o — napametp ypaBHeHus (49), C; u C;— KOHCTAHTBI
WHTETPUPOBAHUS 3TOTO ypaBHeHUS (CM. netajiu B [144]).
CriexTp Ha pucC. 62 COOTBETCTBYET AEHCTBHTEIBHBIM KOP-
HIM 0 < z; < zp < z3, a CHEKTp Ha puc. 66 — ogHOMY
NEACTBUTEILHOMY, z; > 0, H JBYM KOMILJIEKCHO-COMPSIKEH-
HBIM KOPHSIM, 2 = z7. Kopuu £+/Z|, £1/Z,, £+/Z; moka3anst
Ha puc. 6 KPACHBIMU KPYKKAMU.

Cornacro Teopun Dioke, CHEKTP 334291 PACCESHUS, CO-
OTBETCTBYIOIINNA TMEPUOINIECKIM IO X pereHusm (48), co-
CTOUT M3 KYCKOB HENPEPBIBHOI'O CIEKTPA, MOKA3aHHBIX Ha
puc. 6 Y€ pHBIMHA JIMHASIMH, [IJ151 KOTOPBIX PELICHUSIMH CIICKT-
panbHoOI mpobiemsl 3axaposa —[llabaTa sSBISAIOTCS OrpaHu-
YeHHbIE KBa3unepuoanyeckue Gynkumu. Kpome MHIMOI ocn
(Bcernma mMpUHAIISKAIIEH CHEKTPY) CHEKTPY MPUHAIIEKAT
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Puc. 6. ITpumeps! cieKTPOB 3a1a4 paccestHus Ha KOMITJIEKCHOMH MJIOCKO-
ctu { ISl IBOSIKOTICPUOINYECKUX peleHui (48) [144].

TPH HENPEPBIBHbIE JIMHUH, COSAMHSIONINE IIECTh KOPHEH O~
smHoMa P(().

Korma zz =1,z =2, = C(f <1, rme {=(1 fk2/4)1/2,
IIEJIM MEX/1y CHEKTPAJIbHBIMU JIMHUSIMU Ha JeHCTBUTEIILHOM
ocH (puc. 6a) CMBIKAIOTCS B mapy Touyek +{,, mpuHajexa-
mux uatepsaiy [—1, 1]. B atom npeaene peienue (48) mpe-
obpasyercsi B Opuszep Axmenuesa (45). Korma zy = 1uz, =
=z =(>1rtel=(1+ K2/4)1/2, BHEIIIHHE CIIEKTPab-
HBIC JITHAYM Ha JEHCTBUTENBHOM ocH (pHC. 6a) CXUMAIOTCS B
napy Touek +(, BHe untepsana [—1, 1]. JlanHas cutyanus
COOTBETCTBYET TpaHchopMmanuu perieHus (48) B Opuzep Kys-
HeroBa (47). Takoe e BBIPOXKJIECHHE MPOMCXOJHUT, KOTAa
z; = | ¥ KOMILJIEKCHBIE CIIEKTPaJIbHBIE IMHAU HA pHC. 60 CKU-
MaroTcs B mapy Touek +{g.

Ecmu z; = z; = z3 = 1, TO Bce Tpu napbl KOPHEH TOPOK-
JalOT mapy Touek +1 Ha KpasiXx CIeKTPaJbHOrO MHTEpBaja
[—1, 1]. BaToM npezeie ABOSKONIEpHOAMYECKOE peleHue (48)
BBEIPOXIAETCS B YOBIBAIOIINI CTENEHHEIM 00Pa30M 1O X | ¢
opmsep Ileperpuna (44).

OO000mIEHHbIE OpHU3EPHBIE PEIICHUS IS KOMILIEKCHBIX
cobcTBeHHbIX 3HaueHUt {(o, —{;}, CKOHCTpyHpOBaHHBIC B
[145, 146], 0Ocy)qaUuCh B CBSI3U C BOJTHAMHU-YOUATIAMU; OHU
MPEJICTABJISIOT COOON BO3MYIleHUS! (POHOBOW BOJIHBI, JIBH-
XKYIIIECs] OTHOCHTEIHHO BBIOPAHHOM cicTeMBbI oTcuéTa. [1a-

PBI PACIIPOCTPAHSIOIIUXCST HABCTPEUY OPHU3epOB COOTBETCT-
BYIOT KBaJpyIuieTaM cobcTBeHHbIX ducen {£(y, +{; }, Takue
TOYHBIE PEIICHUS TOCTPOEHHI B [147].

B HenmaBHUX myOMKaANUsIX OOJIBIIIOE BHUMAHUE yACIISICT-
Csl BOIIPOCY YCTOHUMBOCTU Opu3epoB. JIuHamuka Opu3epoB
Ileperpuna u Ky3nenoBa mona neicTBueM BO3MYILEHUHN HUC-
ciaegoBaiack B [148, 149] ¢ ucnoabp3oBanueM MO3P s
(yHKIUHA, CMagaronx K HEHYJIEBBIM I'PAHHYHBIM YCJIOBH-
siMm. [ToTHOTA KBaApaTOB COOCTBEHHBIX (DYHKIINH CIIEKTPAJIb-
Hol 3agaun 3axaposa —[llabaTa (40) B k1acce pyHKIUH, cIia-
JTAFOIIMX K HEHYJIEBBIM T'DAHUYHBIM YCJIIOBUSM, JI0Ka3aHa B
[150], roe aTOT pe3yjbTaT UCHOJIB30BAJICS B UCCIIETOBAHUU
nuHeapu3oBaHHOTO ypaBHenus HVYII:

. 1
1v,+§vxx+2|1//|2v+lﬁ2v*:0. (51)

JIuneitHast anmpokcumanusi HE AAET OMUCAHUSI TPaHC-
(dhopmaruu Bo3myiéHHbIX Opusepos [leperpuna. B [151] mo-
Ka3zaHa CTPYKTYpHasi HEYCTOMYMUBOCTD CIIEKTpa 3a/Ja4u pac-
cestaust uist pertieHust [leperprHaa Mo OTHOIIEHHUIO K MaJIbIM
BO3MYIIICHUSIM. B 3aBHCHMOCTH OT 3HaKa CKaJISIPHOU BeJIH-
YHUHBI

[x Vo (x,0)[Re ((x,0)) — yp(x,0)] dx, (52)

rzae Yp — petenne Ileperpuna (44), y(x,0) — HavaIbHOE
yenosue juis1 HVII (30), yaoBieTBopsitoliee rpaHuYHOMY
ycinoBuio Y(x,0) — 1 mpu |x| — oo, U3 KpaHHX TOUYEK
criekTpajabHOoTO oTpe3ka [—1, 1] poxmaercsa aubo mapa
JIEACTBUTEJIBHBIX COOCTBEHHBIX 3HA4YeHWid, JIMOO KBaIpy-
miet. [lepBblil ciiyyail COOTBETCTBYET BO3HUKHOBEHUIO
"crostuero" 6pusepa KysHenosa, Kak MOKa3aHO Ha puc. 7a,
a BO BTOPOM cJlydyae pPOXJaeTcs CUMMETpHUYHAs mapa Opu-
3epOB, ABMKYIIMXCS B MPOTHUBOMOJIOKHBIX HAMPABICHHUSIX
(puc. 70).

Kapruna neycroitunBoctu 6pusepos [leperpuna mpouit-
JIFOCTpUpOBaHa B [152] mocpeacTBOM YHCICHHOTO MO/IEIIH-
poBaHus BpeMeHHOM sBotoru B pamkax HVYIII. Juneiinas
HEYCTOMYMBOCTb Opu3epoB IleperpuHa uccienoBaaach Tak-
xe B [153].

JeranbHOE YMCIIEHHOE WCCIIEIOBAHNUE JIMHEWHON yCTOM-
yuBocTH Opu3epoB Kysnenosa mposoamiock B [154] ¢ mo-
Molpto Teopun Poke BO BpeMeHH IOCJE YCEYeHHs Mpo-
CTPAHCTBEHHOT'O MHTEpBaja A0 KOHEYHOI'O C HMCIOJIb30Ba-
HHUEM NePUOAMYECKUX T'PAaHUYHBIX ycioBuid. Kak mokazaHo,
6pmsep Ky3HenoBa HEyCTONYHUB € TeM K€ HHKPEMEHTOM, YTO
1 (HOHOBAST OAHOPOJIHASI BOJIHA, HO YUCJIO HEYCTOWYMBBIX
MOJT 3aBHCHT OT pa3zMepa 00JacTh MOJCTUPOBAHUS U YOBI-
BaeT C YMEHBIIEHUEM IIPOCTPAHCTBEHHOT O IEPHOIA.

Jpyroe uHTEpecHOE HCCIEIOBAHME KacaeTcsl JIMHEWHOU
HEYCTOHYUBOCTHU Opu3epoB AXMeInueBa B IPOCTPAHCTBE (QYHK-
Ui, nepuoanveckux 1o x. B [155] yrBepxnanock, 4To perie-
Hue (45) TuHEHO HEYCTOWYMBO, €CJIM B 00JIACTH HEYCTOWYH-
BocTH (43) momeniaeTcs 6oJjiee YeM oHA HEyCTONYMBASI MO-
114, OJTHAKO OHO JIMHEHWHO ycToiunBo nipu L € (7, 21), Koraa B
00J1aCTh HEYCTOMUMBOCTH (43) TomagaeT JIMIIb OJHA MOJA.
DTOT BBIBOJ ONPOBEPrHYT B HemaBHel pabote [156], rae
ABTOPBI TIOCTPOMJIN SIBHBIE PEIICHUS JINHEAPU3UPOBAHHOTO
HVII (51) n1st = 5, 3anaBaeMoro perieHneM AxMeaueBa
(45), 9KCIIOHEHIIMAIBHO BO3PACTAIOLINE BO BPEMEHH ! B CIIy-
Yae KaK OJIHOMU, TaK U HECKOJIbKMX HEyCTONYMBBIX MOJ.

Jpyrum criocoboMm 3akiiroueHre 0 HeyCTOMYMBOCTH OpH-
3epoB AXMeIueBa B KJlacce Meproanyeckux GpyHKIui moiry-
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Puc. 7. TToBepxHOCTB |(X, 7)| B KOOpAMHATAX MPOCTPAHCTBA U BPEMEHH
nas Opusepa KysHenoBa ¢ coOCTBEHHBIM 3HauyeHHeM ( = 2 (a) u ABYX
OpusepoB ¢ cOOCTBeHHbIMH 3HaueHHsMH ( = 1,5+ 0,51, ABmXymuxcs
HaBcTpeuy Ipyr apyry (6).

YeHO C MCNOJIb30BaHUeM ypaBHeHus Jlakca — HoBukosa uet-
BEPTOrO MOPSIIKA ¥ BAPUAIIMOHHOTO TPEACTABIICHHS OpH3e-
poB [157]. Cxoxuii noaxod npuMeHéH k Opuzepam Kysnero-
Ba u IleperpuHa, KOTOpble OKa3aJUCh 3HEPreTHYECKU He-
YCTOMYMBBIMHU B Kj1acce GYHKIMIA, CIATAIOMINX K HEHYJIEBBIM
TPAaHUYHBIM YCJIOBUSM. XOTsI O0OCY)XIaeMble OpU3EpHBIE pe-
IIEHNsT SIBJISTEOTCSL pellieHnsiMi ypaBHeHust Jlakca— HoBukosa
TpeThero nopsiaxa (49), oHu TaKkxe yI0BJIETBOPSIOT YPABHEHUIO
4yeTBEPTOro nopsiika (1 BceM ypabHeHusiM Jlakca—HoBukosa
0oJ1ee BBICOKHX TOPSAKOB), YTO OBLIO MCHOJIB30BaHO B [157].

4.3. BoyHbI-youiinsl Ha (poHe MOy THPOBAHHBLIX BOJIH
M3BecTHO, YTO BOJHBI C MEPUOIMYCCKUMU MOJIYJISIHSIMUA
Bu/a (32) HEYCTONYUBHI IO OTHOIICHUIO K JJIMHHBIM BO3MY-
weHusM [136] (cM. HenmaBHUiT 0030p [158]). B cBsizu ¢ aTum
BO3HMKAET €CTECTBEHHBI BONPOC O CYIIECTBOBAHUM BOJIH-
yOuiin Ha poHe meproanUecku MOAYINPOBAHHBIX BOJIH, aHA-
JIOTHYHBIX ONMCAHHBIM BBIIIEe Opu3epam Ha (HOHE OTHOPOI-
HOU BOJIHBI.

Takue perieHus BIepBble ObUIM TOCTPOCHBI YACICHHO B
[159]. BosHBI-yOWiIbI, BO3HHUKAIOIIME W3 TMEPUOAMUYECKHX
JTHOUJAJILHBIX BOJIH (34), HAOIF01a/IMCh B YUCJICHHOM MOJIE-
JIMPOBaHWU BpeMeHHOH sBoJtormu B pamkax HYII B [109].
TouHble pelieHus JIsi TAKUX BOJIH-YOUUTT TOCTpOeHHI B [160]
u 0000611eHBI B [161]. MoayssiuoHHast HEYCTOWYUBOCTD TIe-
PUOANYECKH MOYJIMPOBAHHBIX BOJIH U BO3HUKAIOIIUE HA UX
(hoHe BOJIHBI-yOMIAIIbI HAOJIFOTAJIUCH B 3KCIIEpUMeEHTax [162].

CBsi3b MEX/1y HEyCTOWYMBOCTBIO penieHuid (32) u BO3HU-
KHOBEHHEM BOJIH-yOwmiin yctanoBseHa B [137]. Uépuas nuHus

1,0 —
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Puc. 8. I'pannnst TpeyrospHoit obiaactu Ha mwiockoctu (b, k), rae cy-
LLIECTBYIOT MEPUOINYECKHE pelieHus (37) ¢ HeTpuBHAIbHOM (a30id.
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Puc. 9. CrekTpsl 3a/1a4i paccessHUsl Ha KOMILUIEKCHOU TUIOCKOCTH { ISt
nepuoanyeckux perennii (37) ¢ mapamerpamu (b, k) = (0,85,0,85) (a) u
(b, k) = (0,95,0,90) (6) [137].

Ha pHC. § OrpaHUYUBaAECT 00JIACTh HA IUNIOCKOCTH MApaMEeTPOB
(b, k), roe cyuiecTByroT nepuoanueckue perieHus (37) ¢ He-
TpuBHadbHOU (azoit. CrexTpsl cucteMbl Jlakca Ha puc. 9
MOCTPOEHBI IS HAOOPOB TMapaMeTpOB, OTMEYEHHBIX Ha



T.193, Ne 2

MOPCKUE BOJIHBI-VYBUMILIBI: HABJIIOJEHUS, ®U3UKA U MATEMATUKA 169

puc. 8 cHHUMHU KpyxkaMu. YEpHbIe TUHUM HA pUC. 9 TOKA3bI-
BAIOT CHEKTpAJIbHBIC JIUHUM, 4 KPACHBIC KPYKKHA COOTBETCT-
BYIOT TOJIOKEHUSM KOPHEH acCOIMMPOBAHHOTO MOJIMHOMA
Jutst miepuoauyeckux perennii (37) (em. neram B [136, 137]):

PO = 04 23— 1= k)0 — iy /b — k31— b+

+i[—3b2+2b(1+k2)+(1

T — k)] (53)

ITosunom (53) obiagaer AByMsI CHMMETPUYHBIMH Mapamu
xopreit {{4, —{i}:

Ci:%(\/gi\/b—kz)i%\/l—b.

(54)

3enéHas KpuBasi Ha puc. 8§ pas3mesnsieT ABe 00JacTH C Ka-
4EeCTBEHHO Pa3HBIMU cleKTpaMu. CIeKTp 3a1aui PaCCesHUs
JUISL TIEPUOJMYECKMX PEIICHW B HUXHEH (WM BEpXHEi)
00JIACTH CONEPXKUT CHEKTPAJIbHBIC JIMHHUH, MEepeceKarolne
MHHMYIO (WJIH JIeHCTBUTEIHHYIO) OCh HA ILUIOCKOCTH { (CM.
puc. 9).

CBsi3b MEXY CIIEKTPOM CUCTeMBI JIakca M CIeKTpOM Mo-
JTYJISIIIMOHHOW HEYCTOWYMBOCTH TIEPUOJIMYECKHUX pellieHuid (32)
oObsicHeHa B [136]. [ToacTaHOBKA € pa3/esIstoIIUMUCS TIepeMeH-
HbIMU (X, 1) =u (x) exp (iw?), v(x,?)=wi(x)exp (iwt+At)
u v*(x, 1) = wa(x) exp (—iw? + Af) CBOIUT JIMHEAPU3OBAHHOE
HVII (51) k 3aaue HA yCTOWYMBOCTH PEIIEHUS CO CIEKTPaIb-
HBIM IApaMeTPOM A. DTa 3a/1a4a Ha YCTOMIUBOCTb MOXKET ObITh
3anucaHa B (hopme

Lw =ilozw, (55)
rae w = (wy, wz)T, o3 = diag (1, —1), u JuHeHBII onepaTop
L nMeeT B

1
——af+w—2|u|2 —u?
L=| 2 (56)

1
in*? ) 6f+w—2|u|2

W3 teopun ®Pioke cieayeT, YTO CreKTp 3agaqn (55) cocTouT
13 HETPEPBIBHBIX CIIEKTPAJIbHBIX JHHUMH, 111 KOTOPBIX COO-
CTBEHHBIN BEKTOP W SIBJISIETCSl OTPAHUYEHHON KBAa3HUIIEPUO-
Ueckoi (pyHKIMeH KoopauHATHl X. HeycToiunBbie perre-
HUS cOOTBETCTBYIOT Re A > 0. Moay isiioHHON HEeYCTOHYM-
BOCTH NEPUOANYECKHUX PEILIEHUN COOTBETCTBYIOT CIIEKTPAJIb-
Hble iuHNK ¢ Re A > 0, mpoxoasimue yepe3 Touxy 4 = 0.

CnekTp 3amaun (55) MoXeT OBbITh TOJIyYCH U3 CIIEKTpa
3agaun 3axaposa— [llabata (40) c ucionp3oBanueM Hopmy-
JIBI Ipe0Opa3oBaHuUs

)= +2i/P(0),

rae nosuHoM P({) ompenenén B (53). Cnextp 3agaum Ha
YCTONYMBOCTh Ha KOMIUIEKCHOU TJIOCKOCTH A TOCTPOEH Ha
puc. 10 1is Tex ke HaOOPOB MapaMeTpoB, UTO U HA puc. 9. B
3aBUCHMOCTH OT CHEKTPA 3aJa4l PACCESTHUSI CIIEKTP 3ada4u
YCTOWYMBOCTH UMEET BUJI JIMOO ABYX BOCBMEPOK (puc. 10a),
60 6a6ouku (puc. 100).

B oTmume oT criekTpa MOTyJISIUOHHOI HEYCTOWIHBOCTH
IJIOCKUX BOJIH (42), (43), ciekTp A HEyCTOWYHMBBIX BO3MY-
IICHUN MEPUOANICSCKUX pEIIeHU ¢ HeTPUBUAJILHOU (ha3oi
Oosiee He MEMCTBUTENBHBIA. DTO CBOWCTBO YCJIOXHSET Ha-
OJIr0IeHE MOYJISIMAOHHON HEYCTOMYMBOCTU KHOMIATBHBIX
BoJH (35) miam BOJH C HeTpuBHANbHOI (azoit (37), BOC-

(57)

0,6

| MHnmas yacrb
o e =
o o o ~
T T T T

|
=
~
T

~0,6 | | | | | | |
-0,2 -0,1 0 0,1 0,2 0,3 0,4
JelicTBUTEIbHAS YACTh

| Munmas yacrob
= =
— o —

T T T

|
=
o
T

-0,3 | | |
-0,2 -0,1 0 0,1 0,2 0,3 0,4
JlelicTBUTEIbHAS YACTh

Puc. 10. BeTBu MOIyJSIMOHHON HEYCTOWYMBOCTH HA KOMILICKCHOM
IUIOCKOCTH /A HJsl Tepuoamdeckoro pemtenust (37) ¢ mapaMmeTpaMu
(b, k) = (0,85,0,85) (a) u (b, k) = (0,95,0,90) (6) [137].

npousBenEéHHON B 3kcniepumenTax [162]. Tonbpko B citydae
JTHOUJAJBHBIX BOJIH (34), KOTOpBII 0000111aeT perieHne s
BOJIH IOCTOSIHHOM aMIUTHTYIbI (31), CyIIecTBYET JIMIIb OHA
BETBb MOJYJISLIMOHHOIN HEYCTOWYMBOCTH, pacroJjararoas-
Csl Ha IEHCTBUTEILHOM OCH, aHAJIOTUYHO pertieHuto (43) [136,
158, 162].

Tenepb 0OBSICHUM pPOJIb KpacHOW KpHBOW Ha puc. 8 u
CBSI3b MEXJTy MOIYJISIIMOHHON HEYCTONYUBOCTBIO MIEPUOIH-
4eCKH MOJYJUPOBAHHBIX BOJIH U BO3HHKHOBEHHEM Ha HX
(hoHe aHOMAJIBHO BBICOKUX BOJIH. TOYKe HA KPACHOW KPUBOH
Ha puc. 8 orBevaroT puc. 9a u 10a. Kpacnas xpuasi coot-
BETCTBYET CHUTYyaluH, KOTJa BHYTPEHHsISI BOCbMEpDKa Ha
CIIEKTPAJIbHON IIJIOCKOCTH A CIUTFOIIMBAETCS K MHAMOM OCH,
KaK I10Ka3aHo Ha puc. 10a. DTo NpUBOAUT K [EJIOKAJIU3ALNU
AQHOMAJIbHO BBICOKHMX BOJIH, BO3HUKAIOIIMX Ha MEPHOIMYE-
cKkoM (poHe, Kak OOBSICHSICTCS HUXKE.

B [137] pettienus B BuJie BOJIH-YOUItI] ObLIA CKOHCTPYUPO-
BaHBI C TOMOIIBIO ANITe0PANYecKoTO METOIa HAa OCHOBE KOP-
Heit (54) nommuoma P({) (53). Ha pucynke 11 moxa3ansl pe-
IICHUSI B BUJIC BOJIH-YOMUI] Ha (DOHE EPUOIUUECKUX MOJIY-
JISIIIANA, COOTBETCTBYIOIIINE BEIOOPY apaMeTpoB Ha puc. 9 u
10. BepxHmit psig u300paskeHHH COOTBETCTBYET KOPHIO (.,
HYDKHUHA psifi — KOpHEO {_.
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Puc. 11. Tounble pemieHus B BuAe BOJH-yOMiln Ha (oHe mepmommdeckoii BosHbI (37) mis BbiOopa mapamerpos (b,k) = (0,85,0,85) (a, B) u
(b,k) =(0,95,0,90) (6, r). PucyHku a, 6 OTBE4arOT BEepXHIUM KOHEYHBIM TOYKaM criekTpa Jlakca Ha puc. 9, puc. B, r — HmwxHuM [137].

Koaddunment ycuienust BosH, omnpenenéHHbir B (39),
BBIYHUCIICH B [137]:

/ k2
M:E:2:|: 1—7,

IJic BEpXHUI U HIOKHUHN 3HAKM OTBEYaroT KOpHsM (. B (54).
BenmurHa ycniieHHs BOJIHBI CBsI3aHA C PACCTOSHUEM Ha puC. 9
OT KOPHSI 10 MHAMOM OCH.

Jutst nHonaanbHbIX BOJH (34) ¢ b = 1 popmyna (58) maér
3apucumoctb M =2 £ (1 — kz)l/ 2, a 1151 KHOM/TATTbHBIX BOJIH
¢ b = k? mocturaemoe ycuienue pasao 18yM, M = 2. Koad-
¢urmenT ycwiteHust M Il 9THX CIIy4aeB MOJIYYSH TEOPETH-
yecku B [160] m 3aTeM MOATBEPKAEH SKCHEPUMEHTAJIBLHO
[162].

Kasxzaplii u3 kopHeit P(1), moka3aHHBIX KPACHBIMU KPYX-
KaMu Ha puc. 9, mpeobpazoBanueMm (57) oToOpakaercs: B
TOYKY Hayaja 0TCY€Ta KOMILIEKCHOH TIOCKOCTH /4 Ha puc. 10.
MHKpeMeHT MOIYJISIIIMOHHONW HEYCTOWYHBOCTH 3aBUCHUT OT
yIJIa, 01 KOTOPBIM CHEKTpaJIbHAasl JIMHUS MePeceKaeT TOUKY
/A = 0: OH MeHbIIIe, eCJIU JIMHUSI TPOXOIUT OJIMKE K MHUMOM
ocH, 1 OOJIBIIIE, ECITM OHA OJINMKE K JENCTBUTEILHON OCH.

DTOT ke YroJ onpeAesseT 1 CTENeHb JOKAIM3aIIH BOJI-
HbI-yOuitnpl. Perienne Ha puc. 11B COOTBETCTBYET BHYTpEH-
Hell BocbMEpke Ha puc. 10a, cxaToll BHOJHL MHUMOW OCH.
JanHoe pelleHne IeJ0OKAIM30BAHO HA IUIOCKOCTH (X,f) U
(bakTHUECKH MIPEACTABIISIET COOOM pacIpOCTPaHEHHE COTUTO-
Ha Ha (hOHE MePUOINIECKH MOIYJINPOBAHHON BOJIHEI. Pere-
HUe Ha puc. 1lr cooTBeTcTByeT TO# 4yacTum 0aboukM Ha
puc. 100, koTopas epecekaeT Hayajlo KOOPIUHAT OJIMKe K
MHHMO#l OCH. DTO peIleHHE JOKaJN30BAHO Ha IUIOCKOCTH
(x,¢) ¥ COOTBETCTBYET OIpEICIICHUIO BOJHBI-yOuiier (38),
XOTsl CTENeHb JIOKAJIM3aluu U cjabee, YeM y BOJIH-YOHIAIL,
COOTBETCTBYIOIIUX JIPYTOil BETBU 0A00YKH.

(58)

CBsI3b MEXIy HAKJIOHOM JIMHAHM MOJIYJISIIUOHHOM He-
YCTORYMBOCTH HA TUIOCKOCTH A JIJISI IEPUOIMIESCKA MOTYJTH-
POBAHHOTO PEICHUS W JIOKAIHM3AIMENd BO3HUKAIONIUX aHO-
MaJIbHO BBICOKUX BOJIH TakXe IMOJATBEPXKIAJach HAa MHOTHUX
npyrux npumepax. s cucrem ceszanabix HVII B paborax
[163, 164] cneman BBIBOA, YTO AHOMATTBHO BBEICOKUE BOJTHBI HA
(oHEe BOJH TOCTOSHHOW AMIUIMTYABI MOTYT BBIPACTATH
TOJILKO B MOAYJISIIMOHHO HEYCTONYMBBIX Citydyasx. s mom-
MHOJXECTB IapaMeTpPOB, COOTBETCTBYIOLIUX MOIYJISIIMOH-
HOU yCTOMYMBOCTH, HE yIAETCSI CKOHCTPYUPOBATH PELICHUS
THIA BOJH-YOMIAIl, U B IPSIMOM YUCJIEHHOM MOJIEINPOBAHUN
JIOKAJIM30BAHHBIX BOJIH OOJIBIIION aMILTUTYIbI HE BOSHUKAET
[165]. 3mech BaxkHO OTMETHUTh, YTO €CJIM PEIIeHHe C IMOCTO-
SIHHOM aMILIUTYOW WJIM NEPUOANYECKOE PellleHue ISl OrU-
Garoleil HeyCTOMYMBBI IO OTHOLIEHUIO K KOPOTKUM BO3MY-
LIEHUsIM, HO YCTOWYMBEI IO OTHOILIECHHIO K O0Jiee TITMHHBIM
BO3MYIIEHUSIM, TO BOJIHA CUMTAETCSI MOIYJIUOHHO YCTOM-
YUBOM.

Jpyroi npuMep MaTeMaTHIECKAX BOJTH-YOUHUI] IIPE/ICTAB-
JisieTcsl ypaBHeHreM cunyc-I"opioHa [166], rie ABa perieHus
B BHUJE NMEPUOANYECKUX BOJH MMEIOT pa3JInuHbIe CBOICTBA
MOMYJIIIIMOHHOM HeycToiunBocTH [167, 168]. KHoumabHbIe
BOJIHBI MOJYJISIIIOHHO HEYCTOWYUBBI, 1 BOZHUKAIOIINE BOJI-
HBI-yOUIIBI JTOKAIM30BaHbI B IPOCTPAHCTBE U BpeMeHU. B TO
ke BpeMsl THOUIAJIbHBIE BOJHBI MOTYJISIIIUOHHO YCTOWINABBI
(HO HEYCTOWYMBBI IO OTHOLLIEHUIO K BO3MYILEHHUSIM C MEHb-
IIUM TPOCTPAHCTBEHHBIM MNEPUOAOM) M PEILCHUS B BHUAC
BOJIH-YOUMII BBIPOXKAAIOTCS B PACIPOCTPAHSIFOIINECS] COJIH-
TOHBL. CXOXasl CATyanusl HaOJI01aeTCsl B paMKax MOU(BH-
nupoBaHHoro ypaBHeHusi Kopresera— e Bpuza [169].

4.4. BoJiee CJI0KHbIE CTPYKTYPbI BOJIH-YOMIAL[
Bosee cioxHble KBa3UNEPHOINUECKAE BOJTHOBBIE TATTEPHBI
onuceiBaroTcst TounbiME pertenusimu HYI (30) B Tepmunax
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Puc. 12. Pemienus B Bujie BOJIH-yOUiill, BOBHUKAIOUIMX HAa ()OHE JBOSIKO-
MEPUOUYECKUX PEIICHHIA. PeleHnsl COOTBETCTBYIOT CIEKTPY CHCTEMBI
Jlakca, npuBeJEHHOMY Ha puc. 6: COOCTBEHHOMY 3HAUYCHHIO +/Z; (&) U

vz, (0) [144].

tera-pynkuuit Pumana [170 —173]. Pumanosa tera-pyHkus
BTOPOTO POJa OIMHUCHIBAET OOIlIee pelleHne YpaBHEHHS
Jlakca— HoBukoBa TpeThero nopsizaka (49) u B 4aCTHBIX CITy-
qasiX CBOAUTCS K PAIIMOHATIBHBIM (DYHKITUSM JJLTUNTHYECKUX
¢ysknuit Sxobwu, kak ObuTO HalimeHo B [34]. B mociemnem
CJIyyae peleHus SIBJISIFOTCS IEPUOINUECKUMHU U B IPOCTPAH-
CTBE, U BO BpeMeHHU. [IpenacTaBisieTcsi, 4TO 3TU IBOSIKOIE-
pUOIMYECKHE PEUICHUS! OMUCHIBAIOT MPOMEXYTOYHYIO CTa-
JIUIO TIepe T BOSHUKHOBEHUEM XaOTHYHBIX BOJIH B pe3yJIbTaTe
Pa3BUTHS MOJTYJISSIHOHHON HEYCTOWYNBOCTH TIJIOCKUX BOJIH.
JIBa ceMelicTBa JBOSKONEPUOINICCKUX PEIICHIHA 3aTAF0T
(honoBbie BoHBI [174]: ¢ moBTOpSstOIIMMUCS (PazaMu MOJTy-
Jsiimid (puc. 12a) u ¢ uepenyrommmucs gazamu (puc. 120).
COOTBETCTBYIOIINE UM CIIEKTPBI CHCTeMBI JIakca MOCTpOeHbI
Ha puc. 6a u 6. OTH ABa cemeicTBa 000OIIAIOT pEIlIeHUs B
Bujie OpuszepoB AxmenueBa (45), 4TO HATJISIIHO BUIHO IO
CIIEKTpaM, KaK OMHCAHO B pazzelie 4.2. DKCiepuMeHTaIbHbIe
HAOJIIOJICHUs] JBOSIKONEPHOINYECKUX PELICHUH KaK BO3MY-
1IeHn# Opu3epoB AxmeauneBa ynomuHaauch B [175, 176].
Pemiennsi, omuchIBaroIye BO3HIUKHOBEHHME BOJIH-YOMIALL
Ha (OHE TBOSKONEPUOINYECKUX PEIICHUH, MOCTPOCHBI aHa-
JINTUYECKU U YUCIICHHO B [144]. THKpeMeHThI ABOSKOIIEPHO-
JIMYECKUX pelIeHul paccuuTaHbl B [158] HA OCHOBE 4HCIICH-
HOTO aHaln3a ypaBHEHUH cucTeMsbl Jlakca, a Takke moJryde-
HBI 110 pe3yJIbTaTaM HPSIMOTO YUCICHHOTO MOJICTUPOBAHUS
HVII B [177]. B pa6ote [158] moka3zaHo, YTO UHKPEMEHT

MOJTYJISIUI OJTHOPOTHOM BOJIHBI OOJIBIIIE, YeM Y JTBOSKOIIE-
PHUOIMYECKOTO PEIEHHS C 9KBUBAJIEHTHOM aMILuTy1oi. Tak
e KaK M B CITy4asiX, ONMCAHHBIX BBIIIIE, AHOMAJILHO BBICOKHE
BOJIHBI, BO3HUKAIOIIHE HA (POHE JBOSIKOTIEPHOIMYECKUX Pe-
IIEHUH JJ1s1 OTUOAIOIIEH, CBSA3BIBAKOTCS C HEYCTONYMBOCTBIO
(hoHOBO BOJIHBL.

Ha pucynke 12 npenctaBiieHbl peLeHUs], ONUCHIBAIOLINE
BOJIHBI-yOMHIIBI, BOSHUKAIOIINE HA (pOHE MEePHOIMYECKU MO-
JTyJIMPOBAHHBIX BOJH. J{JIs1 K&KI0TO COOCTBEHHOT O 3HAYECHUSI
CIIeKTpa cucTeMbl JIakca, pacnoioKeHHOTO Ha KpasiX CIIEKT-
paJIbHBIX JIMHUI HA PHC. 6, MOXET OBITh MOCTPOCHO PEIlICHHE
B BUJIE JIOKAJM30BAHHOM 110 KOOPAMHATE U BPEMEHH BOJIHBI-
youiinel. [Tpu 3TOM KO3(PPUITMEHT YCUIICHUS BOJIHBI MAKCH-
MalJieH i1 COOCTBEHHOTO 3HAueHMs, HanboJiee yIaJIEHHOTO
OT MHUMOM ocH. VIMEHHO Takue pelieHHs, COOTBETCTBYIO-
e MaKCUMaJIbHOMY YCUJICHUIO, TIOKa3aHbl Ha puc. 12.

5. HpﬂMOC MOAECIHUPOBAHHEC MOPCKHX BOJIH

5.1. TpaauuuoHHbIi NOIX0/T

B ocHOBe omrcaHust MOPCKOTO BOJIHEHHUSI B TPOTHOCTHYECKUX
moaensax (WAM, WaveWatch, SWAN) J1eXuT crekTpalib-
Hasl KMHeTH4Yeckass Teopus (ypaBHeHHs XaccejlbMaHHa). B
KOHCEPBATHBHOM BH/C ypaBHEHHs OaJlaHCa CIIEKTPAJIBbHOM
wioTHocTH BosHoBoro AeiictBus N (k, x, 1) =E(k, x, 1) /w(k),
rae E — MOBEpXHOCTHAS IUIOTHOCTH TOJHOW MEXaHUYECKOM
SHEpruM, 3anuchbiBaroTcs B Buje [71, 72, 96]:

ON
o + Vi(egeN) = Sui, g = Vo, (59)
Spl = 4J“ | Tk (N1 NaN3 + NNy N3y — NNy Ny —

— NN1N3) Im [G(Aw, l)}é(k +k; —ky, — kg) X

X dk1 dk2 dk3 5 (60)

Aow=w+ w —w; — w3,
1 —exp (—iAwt)

Aw ’
I7Ie COOTHOIIIEHHE MEX/Iy BOJHOBBIMH BEKTOPAMHU M YACTO-
TaMH 3a4aETCsl JIMHEHHBIM JTUCIEPCUOHHBIM COOTHOIICHHEM.
Beipaxkenue (60) miis mHTErpajia CTOJIKHOBEHHH Sy, MOJTy-
4yaeMoe U3 CIEeKTpajbHBIX ypaBHeHHi 3axapoBa (16) B
MPE/IIOJIOKEHHH CIa00TO OTKJIOHEHHsI OT TayccoBa IIPO-
mecca, CoAepP)UT KO3(h(PUIUMEHT 4-BOJHOBBIX B3aUMO/ICHCT-
BU Tk, k,k;- BbiBOZ cuctemsl (59), (60) mpeanosaraer He-
3aBUCUMOCTD CJIYYailHbIX (a3 BOJIH (TMIOTE3a 3aMbIKAHHUS).
HexoHcepBaTuBHasi popMa KUHETHYECKOTO ypaBHeHUs (59)
y4auThIBaeT 3(h(EKThI BO3ACHCTBUS BETPA U IUCCUIIAINH, HO
CTPOTOro BhIBOJA WX BUAA W3 MEPBBIX MPHHIMIIOB HE CY-
IIECTBYET.

B "kiaccuyeckoM" BapuaHTe KMHETHYECKOTO YPABHEHUS
SIBHO HUCIIOJIb3YETCsI IIPe/IesT OOJIBIINX BPEMEH B IPEAIIOI0NKE-
HHUU MEJICHHO MEHSIOIIEHCS (DYHKIMU BOJIHOBOTO ICUCTBHSI,
toraa Im G(Aw, t) — nd(Aw) 1 Ha IBOJTFOLHIO BIUSFOT TOJIb-
KO PE30HAHCHBIC HEeJIMHEHHbIE B3aUMOJICUCTBUSI, oOpalaro-
e B HYJIb (PYHKIIMIO PAa3HOCTHOM 4acTOThI A®, 4TO 00JIer-
4aeT BbIYKMCIICHUE HHTErpaia Syy. JJIst OTHOPOIHBIX YCIOBUM
XapaKTepHbIl MaciuTad BpEMEHH 3BOJIFONUH CICIyeT U3
ypasaenus (60): mis "kiaccuueckoro" cirydast 3TO TaK Ha3bl-
BaeMblil Kunemuueckuii Macitab O(woe™), rae wy — xa-

G(Aw,t) =
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0.6 _ A(x, t) [26, 69]:
it DRSS Vcxomble 04 0A 0°4
S 2
o5 v ypmenn i Gy gy ) HalAPHp 5D - (61)
04 e
’ o o o n(x, 1) = Re [A(x, 1) exp (ikox — iwgr)] , (62)
03 F TN -
Usmepenns T KOTOpO€ MOJHOCTBIO HMHTErpupyercs ¢ nomouipio MO3P

Vpapuenue 3axapoBa

Kunetuueckoe ypaBHeHue

—0.1 | | | |

0 10 20 30 40 /L 50

Puc. 13. DBouronus 3Kcuecca CMEIICHUsSI MOBEPXHOCTH (44 — 3) 1o pe-
3yJIbTATAM YUCICHHOT'O MOJCIUPOBAHUS MOIU(MUIMPOBAHHOIO KMHETH-
YeCKOT0 ypaBHEHUsI, ypaBHeHMId 3axaposa, koga HOSM st ypaBHeHuit
Diinepa u JabopaTopHbIX u3Mepenuii. [1o ocu abermce oTio)eHo pac-
CTOsIHIE, HOPMHPOBAHHOE HA JJIHHY BOJIH, COOTBETCTBYIOIIMX ITHKY
crexTpa [179].

pakTepHas 4acToTa, & = koo — TapamMeTp HEeJINHEHHOCTH.
Juis manbeix BpeméH Im G(Aw, ) ~ ¢, 1 TOrza BO3HHKAET
0oJjiee OBICTPBIN Tak HA3BIBAEMbBIM OuHAMUUECKUI MACIITA0
O(woe™?2). BeIcTpas SBOIOLHUS BOTHOBBIX CIIEKTPOB HAGIIO-
Jlajlach B MPSIMOM YHCJICHHOM MOJIEJIMPOBAHUM ypaBHEHUI
3axapoBa B pabotax [116, 117]. Kak moka3aHo HmXe, Ha
IMHAMAYECKOM MacITabe BPEeMEHU pPa3BUBAETCS MOMIYJIS-
[MMOHHAsI HEYCTOWYNBOCTD WM CBSI3AHHAS C HEH MOBBIIIICHHAS
BEPOSITHOCTh BOJIH-yOuUiI. JIiist yu€ra OBICTPBIX BOJHOBBIX
B3aumoeiicTBuii B [83, 113, 178] npeayioxkeHbl BEpCUU KUHE-
TUYECKOTO YPABHEHHMS, YUUTHIBAIOILIUE 3aBUCUMOCTh (DyHK-
uua G OT BPEMEHH.

[Ipumep 3BOTIONUHM YETBEPTOrO CTATUCTHYECKOTO MO-
MEHTA JJIsl OJIHAX M TeX JKE& YCIOBUN HEPETYJISIPHBIX BOJIH C
y3KHM HayaJIbHbIM CHEKTpPOM TpuBe/i€H Ha puc. 13 [179] mo
JAHHBIM pacuéTa KMHETUIECKOT0 YPaBHEHUS, YUUThIBAIOLIE-
0 3aBUCUMOCTb PyHKIIUU G OT BpeMeHH, pacuéra dazopas-
pelIaroIX ypaBHEHWI 3axapoBa, a TakkKe PEIeHUsl ypaB-
HEHU! THIPOIWHAMUKH B WCXOmHOU (opmyimposke. Kax
BUJHO U3 PUCYHKa, HECMOTpPSl Ha MPUMEPHOE CXOACTBO IO-
B€JICHUS KPUBBIX, OHU JIEMOHCTPUPYIOT 3aMETHOE pa3jInyKe.
Pacuétr mcxomHpIX ypaBHEHHH TUAPOJWHAMUKU BOCIPOU3-
BOJUT JTabOopaTOpHBbIE M3MepeHHs (TIOKa3aHHbIE KPYKKAMM)
JIyYIle TPYTHX.

Jiis moempoBaHus 3pPEKTOB CUILHOW HEJIMHEHHOCTH,
KOTE€PEHTHBIX U OBICTPO MPOTEKAIOIIMX MPOIECCOB TpeOyeT-
cs pacuéT NIMHAMUYECKUX YpaBHEHUH, pa3periaromux (asbl
BoyH. [{U1st 3ama4 mporHo3a 1 pacuéTa CTaTUCTUYECKUX pac-
npeAeaeHuii HyXHbl "ObICTphle" 3BOIIONUOHHLIE MOAEIA U
yucieHHble Koabl. Jlanee maércst kpaTkuii 0630p TaKUX MO-
neneil, npu4éM 0oco6oe BHUMAHUE YAEISETCs CIy4aro riy6o-
KO BOJIbI, IPUBEJACHBI PE3YJbTATHl UX UCIOJb30BAHMS IS
UCCIIEIOBAHUS BOJIH-YOUII B COMOCTABICHIH C JAHHBIMH JIa-
OOpATOPHBIX U HATYPHBIX SKCIIEPUMEHTOB.

5.2. BuicTpble MoAe/H /ISl ONMUCAHUS THHAMHKH
MOBEPXHOCTHBIX BOJIH

B mpeamosioxeHun Y3KOro CIEKTpa € JOMHUHHUPYIOIIHM
BOJIHOBBIM YHCJIOM ko M 4aCTOTO# wy = w(k() U3 ypaBHeHNIt
3axaposa cieayer HVII mis koMIUIeKCHON orubaromei

(cM. paspen 4). K 6e3pasmepromy Bumy (30) mist pyHKmmm
W(x',t") ypasuenue (61) cBoauTest mociie mpeodpa3oBaHuii

fwg o 200,
X/: @(X—Cgrt), t/:Tt, lp: (,z)_OA . (63)
HVYII yuntsisaet 3¢dekThl TpeThero nopska O(e3) cna-

ObIX HEJMHEHHOCTH U aucnepcuu, o = O(g). JleficTBUTEND-
HbIe KO3 PUIMEHTHI ypaBHeHUS (61) siBIsOTCS QYHKIUSIMU
Ge3pasmepHoil TiyOunsl koh, mpuuém f > 0. Hemunelnslit
ko3 unueHT o MeHsieT cBo#t 3Hak mpu koh = 1,363 u Ha
OoJIbIIIeH TITyOIHE 00ECIIeUNBAET BBITIOJTHEHUAE KPUTEPHUS MO-
JYJISIIIOHHO HEYCTOWYMBO# cpeibl aff > 0.

B nurepatype npeacTaBiieHbl ACMMITOTUYECKHE MOAEIU
MO/IyJIMPOBAHHBIX BOJIH 00Jiee BLICOKOTO mopsiaka (cM., Ha-
npumep, [180, 181]), Ho HauboJIee oMY IIPHBI MOAU(PUKATIAN
ypaBuenusi Jducta [182, 183], sBisromerocsi HeJIOKaJIbHBIM
00606mennem HVII yeTBépToro nmopsiuka, 0(84), JJ181 ToCcTa-
TOYHO TJIy6OKOH BOmEI, koh = O(e~!). DBomronmonHoe ypas-
HEHHE OMKCHIBAET AMIUIATYAY BOJHBI A (X, 1), T MOTEHIHAT
HHIYyIUPOBAHHOTO TeUeHUs (X, z, ) HAXOOUTCS U3 ypaBHE-
Hus Jlammaca ¢ 3aJaHHBIMY TPAHUYHBIMY YCIIOBUSIMHA HA JTHE
¥ Ha HEBO3MYIIIEHHOM ypOBHE IOBepXHOCTH z = 0:

A k ki A
6 . d A+w0 A4~ 3y 0|A|26
6 dx
_ woko 2614 a(p|,: _
4 A ox + koA —— o =0, (64)
0%p %o
ey = —h<z<un;
) +6z 0, h<z<n
op 0 0P
P yp, =0, Lo, 2=

?z 2 ox oz

B mepBoM mpuOJIMKeHHH CMEIEHHE TOBEPXHOCTH 1(X, !)
paccuutbiBaetcsd mo popmylie (62) (GopMysIbl peKOHCTPYK-
MK ¢ ToyHocThio O(e3) MoxHO HaiiTu B [184]). Onepartop
JWCIEPCHH, MMerolnuii B npocTpancTe dypbe Bum L =

g(ko + k) — wg, onuChIBaET TMHEHHOE PellleHNe YpaBHe-
Huli ruapoauHamuku. Kinaccuueckoe HVIII (61) nist npenena
rJyOoKoi BOJABI moJiyyaeTcs u3 (64) oTOpachIBaHWEM IIO-
CJIEHUX TPEX ClIAraeMbIX B 3BOJIIOIMOHHOM YPaBHECHHUU U
yceuenuem mucniepentt 10 LA = wo A, /(8k3)+ +0(e*). s
KPATKOCTHU 3]1eCh TPUBEIACHBI BEPCUU YPAaBHEHWH ISl OTH-
Oaroreit (61), (64) Ge3 yuéra monepeyHoOl MOBEPXHOCTHOU
KOODIUHATHI.

B miockoii reoMeTpun (0HA TOPU3OHTAILHAS KOOPIH-
HaTa) JUIS PelIeHus] YpaBHEHUN THIPOIUHAMUKA dPPeKTr-
BEH METOJ KOH(DOPMHBIX OTOOPAXKEHUMA, CBOASIIUX 3aM0JI-
HCHHYIO JKHJIKOCTBEO 00JacTh Z = X + iz, OIrpaHUYCHHYIO
CBEpXy HECTAIIMOHAPHON CBOOOIHOI rpanuneii z = 1(x, t), K
cioro W = u + iv ¢ Heu3sMeHHO# BepxHel rpanuneit v = 0. B
cirydae OeCKOHEYHO TIIyOOKOiT BOIBI Takoe Mpeobpa3oBaHme
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z= I-Al{x(u7 0 —u}, x(ut)=u-— I:I{Z(u7 0}, (65)
rne H — omepatop I'mibGepra. Torjga mojHasi cucreMa
ypaBHeHU! THApoMHAMUKH (5)—(8) MOXkeT ObITH CBelicHA K
KyOMYeCKMM MO HEJIMHEHHOCTH YPAaBHEHUSIM B KOH(GOPMHBIX
mepeMeHHbIX [185, 186]:

R,=i(URw — RUw), V,=i(UVw — RBy)+g(R—-1),

(66)

U= P{VR*+V*R}, B=P{VV'}, 13:%(1 +iH),

R:L, V:‘ii(qwrilfl{qs}). (67)
Zw Zy OW

3nech @ — MOTEHIMAI CKOPOCTH HA MOBEPXHOCTU, KaK U

panee. Yncnennas cxema ypaBHenuid 1yt R(W, 1) u V(W 1)
(66) (ypaBuenus [{psiuenko —3axapoBa) obamaeT BHICOKOW
CKOpPOCTBIO M ycTOWuMBOCThIO. B pabote [187] mokazana
UCKJIFOUUTEILHO BBICOKAS TOYHOCTbL PacuéTa 3BOJIIOIUHU
O4YeHb KPYThIX BOJIH B TeueHue 1000 nepuoioB ajis popmy-
JIUPOBKY ypaBHEHUIA B KOHDOPMHBIX niepeMeHHbIX Z( W, 1) u
®(W,t). B nutepatype npuBoASTCs 00001IeHNsT MOJEIHN B
KOH(MOPMHBIX IEPEMEHHBIX JIJIs CIy4aeB KOHSYHOU TJ1yOUHBI,
TMOIBMKHOTO JTHA, ClIa0oHenapasieIbHbIX BoyH [188, 189]. B
HenaBHUX nyoOsmkamusax [190, 191] npenjiararoTcsi HOBbIC
AHAJIMTUYECKHE TIOJIXOJIbl HA OCHOBE KOH(POPMHBIX 0TOOpa-
skeHuid Ut 6osiee 3PEKTUBHOTO OMHCAHUS OYEHb KPYThIX
BOJIH.

[TpennoxeHHbI He3aBUCUMO B paboTax [192, 193] nces-
JIOCHEKTpaJbHBIA MeTon BbIcoKoro mopsiaka (High Order
Spectral Method, HOSM) niist peliieHusi UCXOIHBIX MOTEH-
[UAJIbHBIX ypaBHeHMI TuapoauHamMuku (5)—(8) obmamaer
0oJIBIIIeH TPOM3BOAUTELHOCTBIO, YeM YpaBHEHUS 3axapo-
Ba aHAJIOTUYHOTO mopsiaka no HejaunnerHoctu. B HOSM nost
BbIYKCIIeHUs BXoAAuX B (7), (8) BepTUKATIBLHBIX KOMIIOHEHT
CKOPOCTH Ha Ka)XJOM LIare 1o BPeMEHU UCTIOJIb3YeTCs TOU-
Hoe pernieHue ypaBHenus Jlamiaca (5) B mocTOsIHHON 00Jia-
CTH, OTPAHUYEHHOU CBEpPXY YPOBHEM HEBO3MYIIEHHOW TO-
BepxHoctH z = 0. IToTeHnuan ckopoctu ¢(X, z, t) MpeaCcTaB-
JSeTCs B BHAE ACHMIITOTHYECKOro psima ¢ ) mo mazomy
napaMeTpy KpyTHU3HBI BOJIH &, a MEPECUET MOBEPXHOCTHOTO
notennuaita @(x,?) Ha ypoBeHb z = 0 MPOUCXOMUT C MO-
MOIIBIO OOpAIleHNsI PA3JIOKEHHsT MOTeHnua€a ¢(X,z, 1) B
psn Teitnopa BOm3H z = 0 10 MTPOU3BOJILHOTO OPsiAKa M:

M
p=> 0"(x,z1),
- M M-m 7’,1 n
o h (m) —
P(x,1) = }; 2l oz " (x,2=0,1), (68)
e cosh (|k,|(z + h))

o — Z o™ (1) exp (ik,x) .

g cosh ([ky|h)

IMapameTp M ompenensieT CTeNeHb HEJIMHEHHOCTH MO/IEIH.
Cxema HOSM B popmymuposke [193] sxBuBaseHTHA 4-BOJI-
HOBBIM raMIJIbTOHOBBIM YPAaBHEHUSIM 3aXapoBa MPpH BEIOOPE
M =3 [194]. B [195, 196] npensoxeHbl Moau(pUKAINU
HOSM pis onrcaHusi BOJIH HA HEOTHOPOAHBIX OATUMETPUU
U TEYEHUSX, YJIyYlIeHa CXOIUMOCTb METOAA JISI ONMCAHUS
OYEHb KPYTHIX BOJIH.

BBuny orpannuennbix Bo3moxnocteit HOSM no omnuca-
HUIO KPYTBIX BOJIH pa3HbIX JymH (cM. [37, 38]) B [197] ObLn
MPE/JIOKEH HOBBIM OBICTPBIA METOJ pEIICHUs] ypaBHEHUMN
(5)—(8) c BBICOKOI TOYHOCTBHIO B COIIPOBOXKIAIOIIEH KPUBO-
JIMHEHHON cUCTeMe KOOPIMHAT, UCTIOJIB3YIONIHIA B KA4eCTBe
MEPBOTO MPHUOJIVKEHHS AaHATUTHYECKOE PEIIICHUE YPABHEHUS
Jlannaca.

OTMeTHM DS HOBBIX MOJEJIEH, SBIISIFOIIMXCS MOauu-
KalysIMH ypaBHEHHH 3axapoBa JJIs ClIydast OHOHANPABIICH-
HBIX BOJIH: TaK Ha3bIBa€Mble KOMITAKTHBIC U CYIIEPKOMIIAKT-
Hble ypaBHeHus [189—200]. Ins ux BbIBOJIA UCHOJIB3YIOTCS
HOBOE KaHOHHMYECKoe mpeobpasoBanue oT by (1) (em. (16)) k
HEePEMEHHBIM ¢y (1) U P yIPOIICHHUI, OCHOBAHHBIX HA CBOM-
CTBaxX CHMMETPHUH YeTHIPEXBOJIHOBOTO KO DHUIIMEHTA B3an-
MoAeHCTBHS Tk, k,k; ¥ €TO AMMPOKCHMAIIN HA PE30OHAHCHBIX
MOBEPXHOCTSIX. KOMIAKTHBIC ypaBHEHHSI MMEIOT MPOCTYIO
3aIMCh KaK B CHEKTPAJIbHOM, TaK U B PU3NUECKOM MPOCTPAH-
CTBaX, a TakXe JOIMYCKAaIOT TaK HAa3bIBAEMYIO MPOCTPAHCT-
BEHHYIO (POPMYIUPOBKY, KOTJa IBOJIOIMOHHOM IepeMEHHO I
CTAHOBHTCSI KOOpAMHATA, a He BpeMs. CyIIeCTBEHHO, YTO
CYIEPKOMITAKTHOE YpaBHEHHUE JTOMYCKAEeT TOYHOE PEIllCHHE B
BUJIE COJIMTOHONOIOOHON KOPOTKOM IpyHNbl KPYTHIX BOJIH
[199], HEe umeroliee GOPMAJIBHOTO OTPAHUYCHHS HA IITUPUHY
criekTpa (cM. pasen 5.5).

5.3. CroxacTH4yeckoe 4HC/IeHHOEe MO/IeIMPOBaHHE
MOPCKHX BOJIH
Oco0yro poJib B pelieHn:d TpoOJIeMbl BOJIH-YOUII] UT'paeT
npsmoe (azopaspelnaroiiee YUCICHHOE MOIETUPOBAHUE
HEPETYJISIPHBIX BOJIH, MTO3BOJISIIOIIEE CBSI3ATh CIIEKTPAJIbHbIE
XapaKTEPUCTUKH (SIBJISFOIINAECS] BBIXOAHBIMUA JAHHBIMU CY-
IIECTBYIOMINX MPOTHOCTHYECKUAX MOJIEJIEH MOPCKOTO BOJIHE-
HUS1) ¥ BEPOSITHOCTHBIE CBOCTBA BOJIH P MUHUMYME TIPE/I-
nojoxenuit. Hanbosee 4yacto ucCnoJib3yercst Takasi 1mocra-
HOBKa 3a/JayM, 4YTO JIS 3aJaHHOTO B HAYaJbHBIA MOMEHT
t =0 crmekTpa BOJHEHUS BBLITOJHSETCS PACUET IBOJIFOIMH
BOJIH B TeueHHe HeKoToporo BpeMenu 0 < ¢ < T. Ilocuenyto-
masi craTucTuyeckass oopaboTka BBIOJIHSIETCS U Habopa
peanu3anyii HayaJabHbIX YCJIOBUIL co ciayyallHbIMU pazamu, a
Taxke MHOTAA U YCPEeOHEHHEM 110 mepruoay Bpemenu 7. Bui-
Oupasi IUTEILHOCTh MOIEIUPOBaHUs T He CIIUIIKOM OOJIb-
o, 00bIYHO IpeHeOperaroT 3 dexTamu 3aTyxaHus BOJH U
BETPOBOI HaKayKku. JJOMUHUPYIOIIAS YaCTh CTOXaCTHIECKO-
I'0 YUCJIEHHOTO MOJIEJIMPOBAHUS BBIIIOJIHEHA B paMKax Iepe-
YHCJICHHBIX B paszese 5.2 mopesed. Cxema j1ab0paTOpPHBIX
9KCIEPUMEHTOB BBITJISIIUT AHAJIOTHYHBIM OOpa3oM C TeM
OTJIMYHEM, YTO BOJHONPOAYKTOPOM CO31aETCS HE Ha-
YJaJIbHOE, a TPAHNYHOE YCJIOBHME HA OJHOI CTOPOHE JIOTKA H
HCCJIETyeTCS IBOJIIOIUS BOJIH MO Mepe JBIKCHHS BIIOJIb
OacceiiHa.

7151 pacy€ToB OOBIMHO UCHOJIB3YIOT CIIEKTPHI MOAEIBHBIX
dbopwm, Brirouas cnektp JONSWAP, ompenenénnsiii o pe-
3yJbTaTaM JJINTENIbHBIX n3Mepernii B CeBepHoM Mope [96]:

exp{ 1 (w—w,
4 _ %)
[ Swp]y 2 szg

)2
S(w):“l’g2 exp |~ % ] (69)

W’

30eck wp — YacTOTa MHUKA CIEKTpa, op — napameTp du-
JIATICA, OMPEEISIONINNA WHTEHCUBHOCTh BOJIH; IapaMeTpbl
6=0,07n0=0,09 118 v < Wp, ¥ ® > Wp COOTBETCTBEHHO.
IIpu BBIOOpE MapamMeTpa MUKOBATOCTH ) PABHBIM €IWHUIIE
BbeIpaxkeHue (69) commagaer mo (GopmMe C KIACCUYECKUM
cnektpoM [Mupcona — Mockosuna [23]. 17151 60JIbIINX 3HAYE-
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HUU TIMKOBATOCTH CIIEKTP CTaHOBUTCS 3(dekTuBHO Oosce
Y3KUM.

[MpuHIIIIATEHAS TPYAHOCTH MOIETUPOBAHUS OOIBIINX
BOJIH 3aKkJirouaercs B yuére obpymenuit [201]. Permenus uc-
XOOHBIX ypaBHEeHUHU (5)—(8) MOJDKHBI OBITH OJHO3HAYHLIMH
¢byskImMAME KoopauHAT. B KOHQOPMHBIX NEPEMEHHBIX TO-
BEPXHOCTb OMHUCHIBACTCS] MAPAMETPUYECKH M MOXET OBITh
HEO/IHO3HAYHOU (DYHKIMEH TOPHU30HTAJILHOW KOOPIUHATHI,
HO 0e3 camomnepeceueHuil. [Ipn BO3ZHUKHOBEHUHW OOJIBIIIX
YKJIOHOB IIOBEPXHOCTH (J1a)ke B OJTHOU TOYKE IIPOCTPAHCTBA)
psanel Dypbe HAUUHAIOT MJIOXO CXOIUTHCS, YTO BEIET K He-
YCTOHYMBOCTU KOPOTKUX BOJIH B pAMKaX CIIEKTPAJIbHBIX YUC-
JIeHHBIX KO0A0B. [TOCKOJIBKY 17151 CTOXaCTUYECKOTO MOMEIH-
poBaHUS TPEeOYIOTCS ObICTPhIEe MOJIEIN, UCIOJB3YIOT Mapa-
MeTpu3anuio 3pQexToB 0OpyIIeHUs C IPUMEHEHUEM CIIEKT-
PaJIbHBIX (PUIIBTPOB UJIK C J0OABIICHHEM UCKYCCTBEHHOMU BSI3-
KocTH B obJyiactu KOpoTkux BoOJH [94, 187, 202]. dnst xoMm-
MIEHCAIIMY IOTEePb SHEPTUU UHOT1a JOOABIISAIOT Hakauky [203,
204]. Apyras cTpaTerus 3aKJIFOYaeTcsl B pacuéTe ypaBHEHHA
6e3 mapamerpuszanuu 3pQPeKTOB OOpYIIEHUS 1O MOMEHTA
MEPBOTO ONPOKUJIBIBAHNUS BOJHBI (HE 00s3aTEIbHO caMoi
BBICOKOH), KOT1a YMCJIEHHAS] CX€Ma OCTaHaBJIMBACTCS U3-3a
HeycToiunBoctu [205, 206]. Bee mepeunciieHHbIE TOAXO/IbI
UMEIOT CBOM HETOCTATKH, CHIOCOOHBIE MPUBOINTD K CHCTEMA-
THYECKUM OIMOKAM B OTIMCAHWUHT PACTIPEICTICHUI BEpOSTHOC-
Tel BBICOT BOJIH.

B GoJibIioM urciie mpoBeAEHHBIX BRIYUCIUTEIBLHBIX U JIa-
GOpaTOPHBIX IKCIIEPUMEHTOB (Hanpumep, [92, 114, 115, 179,
207, 208]) mokazaHo, YTO €CJIM CHEKTP HAYaJIbHBIX yCIIOBUH
npu GUKCHPOBAHHOW MHTEHCUBHOCTH JOCTATOYHO Y3KHiA, TO
MPOUCXOUT €ro OBICTPOe YIIMPEHHE, COMPOBOXIATOIIEECS
poctoMm 3kcrecca (cMm. puc. 13), mpu 3TOM BO3pacTaer U Be-
POSITHOCTH BBICOKHX BOJIH. HeycToiunBbIe COCTOSTHUS XOPO-
IO OMPEIEIISIOTCS UHIEKCOM MOAYJISIITUOHHON HEeyCTOWYH-
Boctu BFI (23). Ha pucynke 14 nmoctpoeHs! rpauku auHa-
MHKH MOMEHTaIbHBIX 3HaueHnid BFI mo pesyiabpTatam pac-
4yéTa OJHOHAIPABJICHHBIX BOJH C T'ayCCOBBIM CHEKTPOM B
pamkax HVII u xoHpopMHBIX ypaBHeHu#l [IbsiueHko—3a-
XapoBa, a TaKXke MO JaHHbIM U3MepeHuil BoJIH B 300-Met-
poBOM THIpoIuHaAMHIueckoM JioTke [207, 209]. HauanbHbie
yenosusi u3 oonactu BFI < 1 okas3piBaroTcst ycTORYMBBIMY U
Ha PACCMOTPEHHBIX BPEMEHAX HE JIEMOHCTPHUPYIOT 3aMETHO-
ro U3MEHEHUs CTaTUCTHYeCKNX cBOicTB BoJiH. [Ipu BFI > 1
IIPOUCXOAUT BO3BPAT CUCTEMBI B yCTOMUMBOE COCTOSIHUE 3a
XapakTepHOEe BPEMSs, COOTBETCTBYIOIIEE IUHAMUYECKOMY
mactaby Ty = wp'e7. B 9TOT MHTEpBAT BPEMEHH 3HAYH-
TeJIbHO BO3PACTAET BEPOSITHOCTH BOZHUKHOBEHUS OUE€HB BBI-
COKMX BOJIH, KOTOpasi OTpaxaeTcss 1 B KPaTKOBPEMEHHOM
BO3pACTaHUU JKCIECCa CMEIICHHI MOBEPXHOCTHU, KaK MOKa-
3aHO Ha puc. 15a.

3HAYUTEIBHBIA POCT IKCIIECCA CMEILEHHUI MOBEPXHOCTHU
Ha BpeMeHaxX AMHAMHYECKOTO MacImTada 3a CU€T ero AWHa-
Mirdeckoit yactu %" IpH pe3skoM HM3MEHEHHH BETpa Mpo-
JIEMOHCTPUPOBAH B YHCJICHHOM MOJIEJIMPOBAHIH yPaBHEHUN
3axaposa [116]. B pabote [210], roe nuHamuyeckast 4acThb
9KCIIECCA BBLACIISIIACH U3 TAHHBIX MPSIMOTO YUCIEHHOTO MO-
JIEJTIPOBAHUSl YpPAaBHEHU Dijiepa, MOKa3aHo, YTO POJIb JH-
HaMHIYECKOTO JKCIeCca BaKHA B HEPABHOBECHBIX CHUTYAIUSIX
WHTEHCUBHOTO BOJIHEHMSI C OTHOCUTEIHHO Y3KAM YIJIOBBIM
CIEKTPOM, KaK BIIHO U3 puc. 15a. B mpoTuBHOM ciyuae 1mim-
POKOTO CIEKTpa OCHOBHOM BKJIAJ B KCIECC (M CBSI3aHHOE C
HUM OTKJIOHEHHE OT rayCCOBOW CTATUCTHKH) JAIOT CBSI3aH-
HbIC BOJIHBI (pHc. 156). TIpu Takux ycJIOBHUSIX CTATUCTHYECKHE
MOMEHTHI OTpeIeIITIOTCS GopMoii criekTpa ((ha3oBbIe COOT-

3.0
2,5

2,0 [

BFI
o

Z/Tm

Puc. 14. DBosronnsi MoMeHTaJIbHOTO MHACKca BFI o manHbIM yncieH-
HOT'O MOJICJIMPOBAHMSI OJIHOHATIPABJICHHBIX BOJIH B pamkax HVII (kpac-
HbIE CILIOIIHBIE KPUBBIC), MOJHBIX ypaBHEHUH Diliepa (CHHHUE MyHKTHP-
HbIE KPUBBIE) U Ta0OPATOPHBIX U3MepeHuit (cumBoIIbI) [209].

0.8 -
0,6 -
04

A4 =3

Puc. 15. OBoronus noyHoro (A4 — 3) (4€pHbIE KPUBBIE) X AUHAMUYECKOTO
ify" (kpacHBIE KpHUBbIE) 9KCIecCa CMEIEHHI IIOBEPXHOCTH 110 Pe3yJIbTa-
TaM YUCJIEHHOI'0 MOJIEJIMPOBaHUs ypaBHeHUH Diiepa Metogom HOSM
(M = 3) nna ycnosuit T, = 10 ¢, H; = 6—7 M M IIOJYIIMPUHBI YTJI0OBOTO
criektpa JONSWAP 6° (a) u 30° (0). ['opusoHTanbHasi MITPUXOBas
npsiMas — OIEHKA JKCIECca CBA3AHHBIX BOMH A (24). Unrepsan
BpeMeHH ¢ < () COOTBETCTBYET MOArOTOBUTEIBHOI CTa N HHUALMAIN3A-
Uy BeryucieHunit [210].

HOIIIEHNSI BOJIH HE BaXKHBI), M C HCIIOJb30BAHIEM YHACICHHBIX
METOJIOB JJIsI pacu€Ta MIeCTUKPATHOTO CHHTYJISIPHOTO UHTE-
rpajia (21) oHM MOTYT OBITB IIPEJICTABIJICHBI B BUJIE ITAPAMET-
pu3anuil peaTucTUYHBIX CrieKTpoB (Takux kak JONSWAP)
[211], uTO mAT MPaKTUYECKUN MHCTPYMEHT JIJIsl BEPOSTHOCT-
HOTO OIMCAHUS BOJIH B CTAIIMOHAPHBIX YCIOBHSIX.
Pacnipenesiennsi BeposiTHOCTEH BBICOT BOJIH, IOCTPOECH-
HBIC Ha OCHOBE YHCJICHHOTO MOJEJIMPOBAHHUsS OJHOHAIPA-
BJIEHHBIX BOJIH co criekTpoM JONSWAP nipu y = 3 u ymepen-
HOH HesuHeHHOCTH kpo ~ 0,035 (oOpyiieHni TpaKTHIECKH
He BO3HMKaeT) B pamkax HOSM (M = 6), npuBeneHbl Ha
puc. 16. OHE JEMOHCTPUPYIOT COBHAJEHHE C pacHpejele-
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Puc. 16. PacuipenesieHust BEpOSTHOCTEH BHICOT OTHOHANPABJIEHHBIX BOJIH
10 pe3yJIbTaTaM YhcIeHHOro MoaempoBanus (ciiektp JONSWAP, T, =
=10 ¢, Hy = 3,5 M,y = 3) B cpaBHeHUU ¢ pacnpesesenuem Pases (2). Tpu
JIMHUM COOTBETCTBYIOT ancamOiissM mu3 100, 300 u 999 ciyuaiiHbix pe-
AJIN3ALMIA, 3aJIMBKA [IBETOM — OIIEHKA JOBEPUTEIBHOTO HHTEpBaa [250].

HUeM Pajiess B MHTEpBaJie BOJIH OTHOCUTEILHO HEOOJIBIION
BBICOTBI M 3HAYMMOE PA3JIMYHUE [UIS BLICOKUX BOJIH, H >2H | 3.

IIpencraBusieTcst, 4TO OOJBLIIMHCTBO MOPCKUX CIIEKTPOB
COOTBETCTBYET PABHOBECHBIM YCIOBUSIM JJOCTATOYHO IIIHPO-
KOro criektTpa. B yacrHocru, B [212] Ha ocHOBe MOEIMPOBA-
Hus 00001IeHNs ypaBHEHMS AbOepa 115 cily4yast IIUPOKOro
CIEKTpa ClIeJIaH BBIBOJ OO0 YCTOMYMBOCTH COCTOSIHUN BOJI-
HeHusl ¢ Y < | mpu JOOBIX PeasMCTUYHBIX BBICOTAX BOJIH.
DTUM 0OCTOSITEILCTBOM MOXET OBITh OOBSICHEH TOT Mapa-
JIOKC, 9TO TIOCJIE YCPETHEHUS MO OOJIBINIM aHCaMOJIsIM Ha-
TYPHBIX U3MEPEHUIN OTKJIOHEHHUE PACIPEEICHUS BEPOSTHOC-
Tell BBICOT BOJIH OT PAJIEEBCKOI'O OKA3bIBAETCS] HE3aMETHBIM
[52, 213, 214]. A5 OUEHKU OMACHOCTH BOJIH-yOWMHIl U BO3-
MO>KHOCTH HX TPOTHO3a HEOOXO MO HCCIIETOBATH MEXaHU3-
MBI BOSHUKHOBEHUSI B MOPE HEPABHOBECHBIX YCIIOBHIA, B 4aCT-
HOCTH CIIEKTPOB C Y3KUM UHTCHCHBHBIM THKOM.

5.4. XapakTepHblii HOPTPeT BOJHBI-YOHMAIbI

Bcaencreue mucnepcuu, HamboJiee CHIBHONW Ha OOJIBIION
TJIyOWHE, TPYIIIBI BOJH IBAXKYTCS MEJICHHEE HHNBIIYAJTb-
HBIX BOJIH. HanbosbImme cMeleHus MOBEPXHOCTH B TPYIIIAaxX
HAOJIFOTAFOTCS B T€ MOMEHTBI, KOT /1 TIUK BOJTHBI COBIA/IACT C
MakcuMyMoM orubaromeid rpynmbl. M3-3a HeJMHEWHBIX
MONpPaBOK BhICOTA rpeOHEl OoJiblile TIyOUHBI JIOXKOUH. U3
9THUX MPOCTBIX PACCYKIACHUH CIIEAYeT, YTO BOJH-YOUMII clie-
JIyeT OXKHUIATh B BUJEC OYEHDb BBICOKHMX I'PEOHEHN, OKPYKEHHBIX
BOJIHAMHU MEHbBIIIEeH aMIUTATYIbl. PacuéTHble KOHUTYypanun
BOJIHOBBIX IIOCIICAOBATEIBHOCTEH, CONCPKAIIUX MAaKCH-
MaJIbHbIE BOJIHBI, MOTYT HOJIy4aTbCs B paMKax JIMHEHHOM
Teopuu (Tak HazeiBaeMoit New Wave theory) umm e€ cinabo-
HeJIMHEHHOTO 000061eHus (cM. [65, 215, 216]) mubo mo pe-

2% 3%

Puc. 17. XapakrepHoe pacnpenesnerue Gpopm BosH ¢ Al > 2 1o TaHHBIM
TMPSMOTO YUCJICHHOTO MO/ICJIMPOBAHUS HEPETYJISIPHBIX BOJIH C YMEPEHHOM
(a) u cuibHOI (0) HenmHeHHOCTHIO [225]. CTpelikoil moKa3aHo HaIpas-
JICHUE BIKEHUS BOJIH.

3yJbTATaM MPSMOTO YHCJICHHOTO MOJICJIUPOBAHUS YpaBHE-
Hu# rugpoauHamuku [90, 94, 217—-225].

JefcTBUTEIBHO, 7151 9KCTPEMAJIbHBIX BOJIH XapaKTePHBI
0oJjiee BBICOKHE OCTpbIC TpeOHM, Takue MpOQUIU JTOMUHH-
PYIOT cpeaul paccuuTaHHbIX BOJIH ¢ Al > 2. Bostabl Oosbioi
aAMIUTATYIbI, BOSHUKAIOIIHE B PE3yJIbTaTe MOAYJISIIIMOHHON
HEYCTOHYUBOCTH, B ITpolecce POKyCHUPOBKHU COOMParoT B cebe
MHOTO OOJIBLIYIO 3HEPIHIO, YeM COCEIHME BOJIHBI, C BO3pa-
CTaHHEM KPYTU3HBI BOJIH KOHIIEHTPAIHS BOJHOBOW SHEPTUU
emé 6onee yBemmumBaetcs [218, 220]. 1o ¢hopme 3T BOTHBI
OJIM3KM K IpUMEpaM HATYpHBIX U3MepeHuit Ha puc. 1,5. Ho
BO3HHKAIOT ¥ BOJIHBI IPYTUX (hOPM, IPUBEIEHHBIX HA puC. 3, 4
[219]. TTo pe3ysibTaTaM YHUCICHHOTO MOJCIUPOBAHUS OTMeE-
YeHO, YTO Y JOMUHUPYIOIIEH YaCTU BOJIH-YOUiill 6oJjiee BbI-
COKWM SIBJISIETCSI 33 THUH CKJIOH (JTOKOMHA C3a01 TIIyOXKe, 4eM
cnepenn) [94, 219, 224, 225] (puc. 17), uTo corjacyeTcs ¢ Ha-
TYPHBIMHU H3MepeHusiMu B [58]. Takass acHMMeETpUsT TIPOSIB-
JISIETCST TOJIBKO B YCJIOBUSIX MHTCHCHBHOT'O BOJTHEHUS U yCH-
JIMBAETCS C BO3PACTAHUEM IIIMPUHBI YTJIOBOTO cHekTpa [225],
4TO HE COOTHOCHUTCS C MEXaHM3MOM MOAYJISIIMOHHOW He-
YCTONYMBOCTH 1 ellE TpeOyeT 0O bICHEHUSI.
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Puc. 18. Koaddunuents! ycusnenns Al B 3aBUCHMOCTH OT IPOIOJDKUTEIIb-
HOCTH KCTPeMaJIbHBIX coObITuit Al > 2 B nepuonax Boan 7, = 10 ¢ mo
AaHHBIM IPSIMOTO 4HCJIEHHOTO Monenuposanus [227]. Ciysan A u E
OTHOCATCSI K yMepeHHo (Hg = 3,5 M) 1 cuibHOU (Hy = 6—7 M) Hemm-
HEHHOCTH COOTBETCTBEHHO. HIKHME HHAEKCHI YKa3bIBaIOT XapaKTEPHYIO
LIMPHHY YIJIOBOI'O CIEKTPa B Ipajaycax.

Bosee ckyTHBIM OKa3bIBaeTCs IPEACTaBIIEHHE 00 00BEM-
HOM TIOPTPETE, MOTYYAIOIIEMCS B TPEXMEPHBIX YHCIEHHBIX
cumysiusx [94, 223]. B [217, 226] oTMedanock, YTO TUIHY-
HBIM SIBJISIETCS] BOSHUKHOBEHUE aHOMAJIbHO BHICOKHX BOJIH Ha
3Ur3aroo0pa3HbIX M PACIPOCTPAHSIOIIUXCS TOJT ONTUMAJTb-
HBIM YIJIOM K BOJIHOBBIM ()POHTAM HATTEPHAX MOBEPXHOCT-
HbIX BOJIH. Bosiee pa3sHooOpa3Hasi kapTHHA BOJIH-yOWHI[ B
MOJISIX BOJIH C IIIMPOKKUM CIIEKTPOM HaOro1anack B [227].

OueBUAIBI OOBIMHO OTMEYAIOT CKOPOTEUHOCTH COOBITHIA
BOJIH-YOUIII, YTO MOXET OBITH CJIEJICTBAEM OOJIBIIION CKOPO-
CTH JBIDKEHUS BOJIH (32 OJuH nepro] 10-CeKyHTHbIC BOTHbI
Ha TJ1yO0oKo# Boje npoberaroT okosio 80 m). TTocpeacTsom
OTCJIC)KUBAHUS IBOJIIOIMN WHTCHCHBHBIX BOJIH B BBIYUCIIU-
TEJILHBIX 9KCIEPUMEHTAX OLEHUBAJIMCH XapaKTepHble "Bpe-
MeHa xu3Hu" BoJH-yOuiin. B uenom, Gosbliee ycuiieHUE
BOJIH Ha0JIr01aeTCS B 00JIee NIUTEIbHBIX COOBITHSAX, KaK IMO-
Ka3aHo Ha puc. 18; MOXKHO OTMETUTDH HEOKUAAHHO OOJIBIIYIO
JUIMTEJILHOCTb 3KCTpPEeMAaJIbHBIX coObITHI. B paborax [225,
227, 228] mOCTpOEHBI pacCHpenesieHUus] BEPOSITHOCTEH IJIst
MPOJIOJDKUTENIBHOCTEH BOH-yOmiAN. Ecnu mmpuHa yrioBo-
TO CIIEKTpa He CIUIIKOM BEJINKA, TO BOJIHBI HA ()OHE MHTEH-
CHBHOI'O BOJIHEHHUSI MOTYT NpeBbIIaTh nopor Al =2 B Te-
YeHHe HECKOJIbKUX JECSTKOB NEepHoI0B. BoJHBI-yOMilub! B
YCJIOBHUSIX IIUPOKOTO YIJIOBOTO CHEKTPA U CIa00i HEeJIMHEH-
HOCTH )KUBYT HAMHOTO MEHbIIIE, TaKe B CPABHEHHUU C JIMHEH-
HBIM pEIICHUEM.

5.5. CuibHO He/IMHEIiHbIE COJTMTOHBI H OpH3ephl

Ha NMOBEPXHOCTH BOJBI

B paborte [229] B paMKax YUCIIEHHOTO PEIICHHUS UCXOTHBIX
ypaBHEHUI THAPOIWHAMUKH Ha TJIyOOKOW BOJE B KOH-
(OPMHBIX MEPEeMEHHBIX ObLTH OOHAPYXKEHBI COJIMTOHOIIO-
JOOHBIE BOJIHOBBIE I'PYNIBI C KPYTH3HOW, HPHOIMKAIO-
mielicss k mopory oopymenusi. M3-3a 00JIbI110i M3MEHYUBO-
ctu (popMbl (TpymIa COAEPKUT BCEro Mapy BOJH, KOTOPBIC
OeryT BIBOE OBICTpEe TPYIIBI) 3TH PEIISHUs] MHOTAA HA3BI-
BaroT Opmsepamu. B [230] moka3aHo, YTO Takue TPYIIIIbI
YIIOBJIETBOPUTEIILHO OIMCBIBAFOTCS B paMKaXx CJIaOOHENH-
HEHHOW TEOpHH MOIYIMPOBAHHBIX BOJIH (64) pu 3HAUCHUSIX
KPYTH3HBI JJO BEJMYUH mopsiaka kold| ~ 0,2, rue |A| —
MaKCHMaJbHasl aMIUTUTYIa, kg — XapaKTepHOE BOJHOBOE
9UCIIO.

nog /g
0,2

x/Loy
Puc. 19. CranmosapHast BOJTHOBAs IPYIIa MAaKCHMAaJIbHON KPYTU3HbI HA
r1y00KO# Bozie MO pe3ysibTaTaM JaOOpaTOPHBIX IKCIEPUMEHTOB [231].
(a) 3amucu CMeILEHHs ITOBEPXHOCTH Ha Pa3HbIX JaTYMKaxX (CIUIOIIHbBIE
KpHBBbIE) M ormbaromasi mo pe3yjibTaTaM MOJCIMPOBAHMS ypaBHEHUN
Ditnepa (mwtpuxosasi kpuBas). (6) JBa MOMEHTaJbHBIX poduiis u 3¢d-
(bexTHBHAS OorubaroLIast o Pe3yJIbTaTaM YUCICHHOTO MOCIUPOBAHUSI.

Haiinennsie "npenensapie" conuToHbI orubdaroleit Boc-
MPOMU3BEJICHBI B JIAOOPATOPHBIX 3KCrepuMeHTax [231, 232],
OpuYEM MOKA3aHO, YTO JJISl UX TeHEPAU MOXeT OBbITh UC-
MOJIb30BAHO COJIMTOHHOE perierne cranmaptaoro HVII
(36). UucTpymMeHTAIbHBIE 3aMCH HAanOOoJIlee WHTEHCUBHOTO
M KOPOTKOTO JIAOOPATOPHOTO COJIMTOHA OTMOAroIeil mpu-
BeZieHbI Ha puc. 19a (BpeMeHHBIe mocienoBateabHocTn). Co-
OTBETCTBYIOIIIME MOMEHTAJIbHBIE MPO(UIN MOCTPOEHBI MO
pe3yJbTaTaM MPSMOrO YHCIEHHOTO MOJEJIUPOBAHMS Ha
puc. 196. KpyTtusna conmrona ormbaromnieit Ha puc. 19 mo
MAaKCHMaJIbHOMY CMEIICHUIO TIOBEPXHOCTHU OICHUBACTCS KaK
ko|A| ~ 0,3 uim 4epe3 BBICOTY BOJHBI Kak koH/2 ~ 0,25.
Taxum 006pa3oM, CTPYKTYPHO YCTONYMBBIE YeIMHEHHBIC HE-
JINHEHHBIE TMAKeThl KOJUTMHEAPHBIX BOJH HA TOBEPXHOCTH
TJIyOOKOM BOJIBI CYIIECTBYIOT MPAKTHYECKU BO BCEM Juara-
30HE KPYTHU3HBI BOJH — BIUIOTH JI0 JOCTHXKEHUSI MOpOra
JIOKaJIbHOTO 00py1IeHus. B 1abopaTopHbIX 3KCHepUMEHTax
[232] moka3zaHO, YTO MHTEHCUBHBIC COJTMTOHHBIE TPYIIIBI MO-
TyT B3aMMOJEHCTBOBATh MOYTH YHOPYTO, MOAOOHO COJUTO-
HaMm orubaroeit uaterpupyemoro HVIII. PactipocTpanenue
1 MHOXXECTBEHHbBIE B3aUMO/ICHCTBUSI MHTEHCUBHBIX COJIMTO-
HOB OTrHOAaroniell B YMCICHHOM MOJCIUPOBAHUN KOMIIAKT-
HBIX YPABHEHUH U MOJIHBIX YPAaBHEHUN TaKXKe UCCIIEI0BAINCH
U COIIOCTABIISUIUCH € PE3YJIbTATAMU HHTETPUPYEMON TeOpUu
B paborax [199, 233 -235].

IIpennararomnimecs: B Ka4eCTBE MPOTOTHUIIOB BOJIH-YOMIMAIL
opuzepst HVII, Bkitouasi pemieHusi BBICOKMX IOPSJIKOB,
MO/JIEIUPOBAJIUCH B pAMKaX MOJIHBIX YPABHEHUN TUIPOIMHA-
MHKHU U B JJAOOpaTOpHBIX YCIOBHUSX [236—241] (cM. Takxke
pasznen 4). B kauectBe 0OIEro BEIBOIA MOXHO CKa3aTh, YTO
cnabonenmHelHble Opu3epHble perrennst HVII ¢ ynoBieTso-
PUTEJILHOM TOYHOCTHIO BOCIIPOU3BO/ISITCS HA KOHEYHBIX Bpe-
MEHHBIX WMHTEpBaJiaX U JIEMOHCTPHPYIOT BO3HHKHOBCHHE
BOJIHBI OOJIBIION aMILIMTY bl "'CJIOBHO HMOTKYyIa'" ¢ mociie-
JyFOLIEH (HeTOJIHOM ) teMotyisiiueid. B ciiyuae KOHKypeHIIUu
HECKOJIbKUX HEYCTOWYMBBIX MOJ HBOJIIOIMS BOJIH Ha 0OJIb-
X BPEMEHAX MOXET CHUJIbHO OTJIMYAThCS OT aHAJUTHYe-
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Puc. 20. TIpumep HeoOpymarouieiicss BOJIHBI ¢ MAaKCHMAaJIbHBIM YCHUJIE-
HUEM aMIUTUTYIBI IO Pe3yJbTaTaM YHCIEHHOTO MOJCIMPOBAHHUS MOY-
JISIIAOHHO HEYCTONYMBBIX OJHOHAmNpaBliieHHbIX BoJiH [240]. KpacHas
LITPHXOBAsi KPHBasi — MOMEHTAJIbHBIA MPOQUIb BOJHBI C MAKCHMAJIb-
HBIM CMELIEHUEM, Cepble KPUBbIE — HPO(HIIN BOJIH B COCETHUE MOMEHTBI
BPEMEHH B CONPOBOX/AIOIIEH cucTeMe KoopauHaT. ToHkoi uépHOll u
JKMUPHOU CUHEN KPUBBIMHE ITOKa3aHbI TPO(uIM 0JHOPOAHBIX BOJIH CTOKCA,
MOJOTHAHHBIX COOTBETCTBEHHO MO JIOKAJIBHBIM JKCTpeMyMaMm (OIIEHKa
KPYTH3HBI JaHA B JIEBOI YaCTU PHCYHKA) U IPEOHIO (OLCHKA KPYTU3HBI — B
MPaBOM YaCTU PUCYHKA) MaKCUMAJIbHOW BOJIHBI.

ckoro pereHusi. PoOpMbI BOJIH-YOUMI, COOTBETCTBYIOIIIX
MAaKCUMAaJIbHOMY YCUJICHUIO MOJIYJIIHUOHHO HEYCTOWYUBBIX
IyTOB BOJIH JIO MOpOTa O0pyIleHusl, UccieaoBaanuch B [240].
Bo3Hukarommue s3kcTpemMaibHbIe BOJHBI OKa3aJIUCh OYEHb I10-
XOKUMH 10 PopMe [Tt pa3HbIX 3aTPABOYHBIX YCI0BUit [239]
¢ rpebHsMH, Oojiee y3KUMH, YeM B OJHOPOHBIX BOJHAX
Croxkca (puc. 20).

BosiHOBBIE TPYNIBI B MOJISIX CIyYalHBIX BOJIH, MOXO0XHE
Ha COJIMTOHBI orubatronieii u Opusepsl [leperpuna, u ux cCBs3b
C JKCTPEMAaIbHBIMU COOBITHSIMH OTMEYAJICh BO MHOTHX
nyoMKanmsx (cM., HampuMmep, [238, 242 —249]). B HenaBHeit
pabore [250] ObLI BBIMOJHEH aHAJIU3 YBOJIFOLIUN HEPETYJIsIp-
HBIX BOJIH B pAMKaX YACICHHOTO MOJICJIMPOBAHUS yPABHECHUN
Ditnepa, rjae Habr0AaI0Ch GOPMUPOBAHKE JTOJITOKUBYIIICH
COJINTOHOTIOAOOHOI I'pyNIIBI MHTEHCUBHBIX BOJIH. HecmoTpst
Ha CHJIbHYIO HEJIMHEHHOCTH PEIeHHs] M IMHPOKUIA CIEKTP
BOJIH, TTAPAMETPBI COJIUTOHA (CKOPOCTh, aMILTUTY/Ia) CJIabo
U3MEHSINCH B TeueHune 6osiee ueM 200 nepruooB. bosbima-
CTBO BOJIH O0JIbIION aMILIUTYAbI BO3HUKAJIO HA €ro (OHe.

5.6. PexoHcTpyknusi MOPCKHX BOJIH-YOHiiIl

IIpssMoe YMCIEHHOE MOIEIMPOBAHUE HCIOIB3YETCS IS
PEKOHCTPYKIIM aHOMAJIbHO BBICOKHX BOJIH MO JAHHBIM U3-
MepEeHull CMelleH!s TOBEPXHOCTH B TOUKE, a TAKXKe J1JI BOC-
MIPOU3BENICHUSI COCTOSIHUIM MOPsI, KOT Ja TAKKE BOJIHBI HAOJIIO-
nanuch. B mepBoM cityyae 3ajada COCTOUT B HAXOXKICHUH
TUAPOAMHAMHUYECKUX MOJIeH BOIM3M MecTa m3MepeHus. [1o
U3BECTHOMY BPEMEHHOMY DSy CMEIICHUS MOBEPXHOCTHU
n(x = xp,!) UpH NMPEANOJOKEHUH OTHOHAIPABICHHOCTH
BOJIH B paMKax NPUOJIMKEHHBIX HEJMHEHHO-IUCIIEPCHOH-
HBIX MOJeJIe MOXeT ObITh BOCCTAHOBJICH NMOBEPXHOCTHBIN
noteHuuaix P(xg,t). Jdust pacuéra IBOJIOUMM BOJH MO
NIBIXKEHUIO, X > X(, U IPOTHUB ABIKEHHS, X < X(, UCIOJb-
3YIOTCSI IPOCTPAHCTBEHHBIE BEPCUU ACUMITTOTHYECKHX YPaB-
HeHull [184, 251]. PeaqucTUYHOCTD OJIy4aeMOl peKOHCTPYK-
UM MHCTPYMEHTAJIbHO M3MEPEHHBIX MOPCKHUX BOJIH-YOHMHIL
noaTBepxkaeHa B [184] mocpeJCTBOM COMOCTABJICHUS C
pe3yJbTaTaMH pacyéTa MCXOMHBIX YPaBHEHUH THUAPOIMHA-
MUKH.

[TpunnunuanbHas BaXHOCTh y4€Ta TPEXMEPHOU AMHA-
MuKH ipu popmupoBanun HoBoroaHei BosiHbI (cM. puc. 1)
yTBEpXKIanach B paborte [252] HA OCHOBAHUU HETUIIMYHOTO
st reopun HVII cpennero cmerienns: BBEpX coaepikarieit
HoBoroantoro BoyiHY rpynmbl. KauecTBeHHOE pasjimine BO
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BPEMEHHBIX 3aMUCIX IKCTPEMAJIbHBIX BOJIH, BO3HHKAFOIIUX
P CTOJIKHOBEHHH IMOMYTHBIX U BCTPEUYHBIX COJIUTOHOB OTH-
Garomieii, otMevaoch B [232]. Takum oOpa3oM, C UCHOJIB30-
BAHHUEM Pe3yJIbTATOB HEJIMHEWHOIN TEOpUH BO3MOXHO BOC-
CTAHOBJICHUE TUHAMUKHA aHOMAJIBHBIX BOJIH TI0 HEMPSIMBIM
CBUJICTEILCTBAM.

PexoHCTpyKIIMU U3MEPEHHBIX BOJIH-yOUII BBITOJIHSINCH
U B JJAa0OOPATOPHBIX JIOTKAX C UCIOJIb30BAHUEM CJIa0OHEH-
HEHHOU TeopwH ISl pacu€Ta TPAHMYHOTO YCIIOBHS HA BOJI-
HOTPOJYKTOPE U €r0 MOCIIEYIOMIETO YyTOYHEHHS C TOMOIIBIO
ATepalMoHHOU npouenypsl. Tak, HoBoroausis BoytHa Bocco-
371aBaJIach B M0JIE OJTHOHATIPABJICHHBIX BOJIH [253], a mpu nipe-
MIOJIOKEHUH O JIByXMOJOBOM XapakTepe — KakK pe3yjbTaT
pACIIPOCTPAHSIIOIIMXCS IO YTJIOM APYT K APYTy BOJH [254].

B pamkax BTOpOTO HANpAaBJIEHHsI OIACHBIE COCTOSIHUS
MOPSI PEKOHCTPYUPOBAIACH TIOCPEACTBOM HPSIMOTO YUCIICH-
HOTO MOJIEJIMPOBAHUS YPaBHEHUN TUAPOIUHAMUKA C Ha-
YaJIbHBIMH YCJIOBUSIMH B BUJIE HEPETYJISIPHBIX BOJIH C 3aJ1aH-
HBIM YaCTOTHO-YIJIOBBIM crieKTpoMm [213, 255—-259]. Ucnoib-
3yeMble ISl 3aJaHHsI HAYaJIbHBIX YCIIOBUIl CIIEKTPHI BOJIHE-
HUSI OTIPEICIISIIIACH MO PE3YJIbTATaM PeaHaln3a sk COOTBET-
CTBYIOIIMX AKBATOPHI M BPEMEHHBIX HHTEPBAJIOB. B unciieH-
HBIX 3KCHEPUMEHTAX BO3HUKAJIU BOJIHBI OOJIBINION AMILIUTY-
IIbI, KOTOPBIE, TIO 3aKJIIOYESHUSIM aBTOPOB, TOBOJIBHO XOPOIIIO
COOTBETCTBOBAJN NMPOGIIISIM H3MEPEHHBIX BOJIH.

6. 3akarouenue

Bomnpoc o npupoae aHOMaJIbHO BBICOKMX BOJIH, OOHApYKeH-
HBIX B HATYPHBIX 3aIUCSIX MOPCKOTO BOJIHEHHSI, MOTUBUPO-
Bas 3a mocieguue 20 JIET HCCIETOBAHHS HAMHOTO OoJiee
mupokoro kpyra 3afad. "Ceoun" BOJHBI-yOUNLLI TIOABUIINCH
B OIITHKE U MaTEMAaTHKE; caMa npobJieMa 4acTo TPaKTyeTcs
0OoJiee MHUPOKO KaK IKCTpEeMalibHbIE COOBITUS B TOJSIX
HEJIMHEHHBIX BOJIH PA3IMYHON TPUPOIHI.

HacuntsiBaeTcss HECKOJIBKO COTEH MHJIJIMOHOB HHCTPY-
MEHTaJIbHO U3MEPEHHBIX BOJIH, BKJIFOYASl HECKOJIBKO ThICSY
BOJIH-YOUIiI]; aOCOJIFOTHBIE BBICOTBI MOPCKHX BOJIH MOTYT
nocturath 30 M. Pe3ynbraThl cTaTUCTHYECKOH 00paboTKu
HATYPHBIX U3MEPEHUI MpOTUBOPeUnBLl. [loMuMoO TexHmYe-
CKHX BOINPOCOB (3HAYUTEIBHOE YHCIO H3MEPEHHH BOJIH-
youitin oTOpakoBbIBaeTCA NpU (OPMATH30BAHHOU MPOBEP-
Ke), pe3yJIbTaThl 00paOOTKH HATYPHBIX JAHHBIX MOTYT MO/~
BEpPraThbCsi COMHEHHMIO 1O PsIy NPUYUH: HEOAHOPOIHOCTH
JTaHHBIX, U3MEHYMBOCTb BBIOOPOK, OTHOCHUTEJILHO HEOOJIb-
M€ MACCHUBBI JAHHBIX WM T.O. Permcrpamusi MOMEHTAJIbHOM
MOPCKOH IIOBEPXHOCTH, B OTJIMYME OT KJIACCHIECKHUX JJISI OKea-
Horpaduu U3MEpeHUu B OJHON TOUKe, TaéT HAMHOTO OoJiee
ooratyro nHGOpPMAIIO, HO TPeOyeT HOBBIX MOIXO0OB.

B pe3ynbTate npoBeAEHHBIX UCCIIEAOBAHUH HACHTU(DUIIU-
POBAHBI MEXaHU3MBI T€HEPALUN AHOMAJIbHO BBICOKHX BOJIH,
MIPEJIOKEHBI HOBbIE (DM3UKO-MAaTeMATHYECKHEe MOMJEIH, UX
yurTbiBaronue. [TocTpoeH u uccieqoBaH psix 6a30BbBIX pele-
HUl MHTETPUPYEMBIX YPaBHEHUH, OMUCHIBAIOIIAX B3aMMO-
JIEHCTBUS COJTMTOHHBIX CTPYKTYD, HETMHEWHYIO CTAIMIO MO-
JIyJISIMUOHHOM HEYCTOMYMBOCTH BOJH. COJIMTOHHBIE U OpH-
3epuble peurenuss HVI npenmoxeHs! B kayecTBe cTaHAAPT-
HBIX BOJTHOBBIX (POPM 17151 MOPEXOTHBIX TeCTOB [260—262].

ITepecMOTpeHO IpeACTABICHUE O POJIM IIPOLIECCOB HEIH-
HEHHOW CAMOMOTYJISIIIMHA B CTOXACTUYECKUX MOJISIX MOPCKUX
BOJIH M O BAXXHOCTH Y4ETa HEJIMHEHHOCTU BBICOKOT'O OPSIIKA
B CTATUCTHYECKUX MOJIEJSX, IPEIJIOKEHBI HOBbIE KOHTPOJIH-
pyIoIye napaMeTphl, XapaKTePH3YyIOIINe MOBEICHHE BOJTHO-
BBIX CHCTeM. B 1a00paTOpHBIX 3KCIEpUMEHTaX, MPOBEIEH-
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HBIX B THAPOJIMHAMUYECKUX OacceiiHaX, UCIIOIb30BAJIOCH BbI-
COKOTOYHOE 00OpYyIOBaHHUE, MO3BOJIMBIIEE BOCCO3IATh He-
JINHEeHBbIE aHATIMTHYECKUE PEIIeHNs], OCYIIECTBUTH MOICIH-
poBaHHME BOJIH Ha OoJbliuxX nucTaHnusx. PazpaboraHHble
OBICTpblE MOJIEIM TUAPOAMHAMHKY TO3BOJIMJIM HAKOIHUTH
00JIBIIIONH 00BEM JAHHBIX PEATUCTUYHBIX PACUETOB MOPCKHUX
BOJIH.

HecMoTpst Ha OTyUeHHBIE pe3yIbTaThl (PYHIaMEHTAb-
HOTO U ITPUKJIATHOT'O XapaKTepa, BBIXO 32 PAMKHU OKEaHOJI0-
MU Ha MEKIUCIUTUIMHAPHBIA YPOBEHb, IPOOJIEMY MOPCKUX
BOJIH-YOUHII HEJIb3Sl CUMTATDH peléHHoi. B wactHoCTH, NEii-
CTBEHHOCTb pabOTAIOIIEro B paMKax (PU3MYECKOT'0 MO/IEIIH-
pPOBaHMS MEXaHW3Ma HEJIMHEHHON CaMOMOMYJSIMK BOJIH
OCTaEéTCsl HeJJOKa3aHHOM /ISl peasIbHBIX YCJIOBUH, U B psle
MyOJIMKAIIMA  yTBEPXKIAAETCS, UTO BOJHBI-yOMUIIBI MOXKHO
O0OBSICHATH O€3 MOTYJISIIIMOHHON HeycTounBocTH [213]. JIBan-
1aTh JeT Ha3zax HopBexxamu C. Xasepom u O. AnnepceHOM
ObLT cHOPMYIUPOBAH BOIPOC O TOM, SIBJISIFOTCS JIU BOJIHBI-
yOUUIIBI PEIKUMU COOBITHSIMH, TIOPOKJAEHHBIMU OOBIYHBIMU
(pn3mIeCKMMYU MEeXaHU3MaMH, WM THITHYHBIMHA TIPOSIBIICHUSI-
MH peIKO peam3yeMbIXx MexaHu3MoB [263]. Ha ocHoBanuu
IPEICTABJICHHBIX B HAcTOsALIeM 0030pe AaHHBIX OTBET B
OTHOILIEHUU MOPCKHMX BOJIH, cKopee, BTopoil. OH crocobeH
OOBSICHUTh HECOOTBETCTBUE MEXAY BBIBOAAMH TEOpETHYE-
CKOTO MOJENMPOBAHMUS, BKJIIOUAsl TaOOpATOPHBbIE IKCIEPH-
MEHTBHI, U JAHHBIMHU CTATUCTHYECKOT O AHAJIN3a MHOT OJIETHUX
n3Mepennii. CTaTUCTUYECKUH BKJIAl OT PEIKOro Kjacca co-
OBITHUIA, COOTBETCTBYIOIIUX ""aHOMAJILHBIM'" COCTOSIHISIM MO-
ps ¢ OOJIBIION BEPOSITHOCTbEO BO3HUKHOBEHMSI OYEHDb BBICO-
KHX BOJIH, MOXET ObITh HeOoMbIM. Ho BO3MOXHOCTH TPO-
THO3UPOBATH TaKUe YCJIOBUS OyAeT MMeTh OOJIBIIYIO TpaK-
THYECKYIO MOJIb3Y.

Jist mporHo3a BO3HUKHOBEHHS! aHOMAJIBHO BBICOKHX
BOJIH MOXHO TPEIJIOKUTH HECKOJIbKO myTed. Brmaromaps
MOSIBJICHUIO OBICTPBIX KOJAOB pacyéTa MCXOAHBIX M MpUOIH-
KEHHBIX YpaBHEHU! TUAPOAMHAMUKH U POCTY MPOHU3BOIM-
TEJIbHOCTU BBIYUCIIMTENIBHBIX YCTPOWCTB CTAHOBHUTCS BO3-
MOHBIM IIPOTHO3 B PEKUME PeasIbHOTO BpeMeHU. TexHuue-
cKas peasiu3alus ONEpekarolero pacuéTa 3BOJIIOLUN BOJH
HAa CIIEAYIOIINE HECKOIHKO MIUHYT Ha OCHOBE HH(OPMALUH C
paJapa BOJHOBOII OOCTaHOBKH B pajJiyce HECKOJIbKHX KH-
JIOMETPOB KaXXETCS BIIOJIHE BO3MOXKHOM [264—266]. YuuThI-
Basl OTHOCUTEJILHO HEOOJIBIIIE TOPU3OHTHI IPOTHOCTHYECKO-
ro MOJEJIUPOBAHMS, ISl HETO MOHO HCIIOJIb30BaTh OoJjiee
rpyOble, HO ObICTpbIe MOJEIIH, BKJIIOYasl ypaBHEHUS JJIs1 OTU-
Oaroreid M JMHelHble ypaBHeHus [267]. [IpuHnumuaabHas
OCYIIECTBIMOCTD JIETEPMHUHUCTCKOTO MPOTHO3a CJIEAYeT W3
XOPpOIIETO COTJIACUS 3BOJIFOIMHM HEJIMHEHHBIX BOJIH B J1a00-
PATOPHBIX JIOTKAX W IO PE3YJIbTaTaM KOMIIBFOTEPHOTO MO-
JenupoBanHus Ha BpemeHax 1m0 10'—10? mepuonoB BoJH.
OrneHka TeOPeTHYECKOro mpeesia 1eTePMUHUCTCKOTO POT-
HO3a COOTBETCTBYET Iopsanka 103 mepuomam BoJH st Xa-
PaKTepHBIX YCIOBUiA B MOpe [268]; mporHo3 Ha 0OJIbIIIe Bpe-
MEHa BO3MOXEH TOJIBKO B BEPOSITHOCTHOM CMBICJIE.

Hpyras rpynna mojaxo0B OCHOBBIBAETCS HA YUCIOBBIX
UHJIEKCaX, UCTIOJIBb3YEMBIX JJIsl OLIEHKH BEPOSITHOCTH BO3HUK-
HOBEHHUSI IKCTPEMAJIbHBIX BOJIH. JIJIsl MHTETrpamyuu C Cyuie-
CTBYIOIIIMMH MOJIEJISIMH OINEPATUBHOIO NMPOTHO3a WHIUKA-
TOPBI OITACHBIX BOJTHOBBIX COCTOSTHUM JOJIKHBI BBIYUCIISTHCS
0 CIIEKTpabHBIM JaHHBIM (uHIekc BFI u ero BapuaHThr).
ITona unnexkcoB BFI yxe paccuMThIBaroTCsS €BPOIEHCKUM
neHTpoM npornosa norogpl ECMRWF (European Centre
for Medium-Range Weather Forecasts), onu anaan3upona-
Juchk B [269]. 1715 HepaBHOBECHBIX yCIIOBUH (B TOM 4HCIIE HA

MOPOre MOJYJISIIUOHHON HEYCTOWYUBOCTH) CBSI3b MEXIY
CHEKTPAJILHBIMU M CTATUCTHYECKUMHU XaPAKTEPUCTUKAMU HE
JIOKaJlbHA BO BPEMEHH, YTO MOKa HE YYUThIBaeTcs. Apyroi
MPUHIUIHAAILHON TPYTHOCTBIO SIBJISIETCSI KOPOTKUN BpEMeEH-
HOM MacmTab ONMACHBIX SIBJICHHH (IMHAMHUYECKUHA MaciITad
Tn = a)rj‘afz, YTO COCTABJISIET HECKOJIBKO [IECSITKOB MHUHYT
UJIM MEHee) U COOTBETCTBEHHO MEHBIINI CPOK MPOrHO3a Mo
CPaBHEHHUIO CO CPOKOM KJIACCHYECKOTO IIPOTHO3a Ha OCHOBE
KAHETHYECKUX Mojiejiell (HECKOIbKO 9acoB 1 0oJiee).

IToaxoapl, OCHOBAaHHBIC HA OLIEHKE CBOMCTB IPYII BOJIH,
MOJHO OTHECTH K IPOMEKYTOUHOMY, TPEThEMY, THITY POT-
HO3a. B [270, 271] npemsioxkeH U 3aTeM MPOTECTUPOBAH HA
JIabOPATOPHBIX JTAHHBIX CIIOCOO OMpe/Ie/ICHUs] TPeH 14 JIMHA-
MHKH TPYIII BOJIH Ha OCHOBE AIMPOKCHMAIMU Tpoduiem
sech (coBmamaromuM ¢ (GoOpMoOil COJTMTOHOB OTrUOArOICH
HVII). Bosnee nocienoBaTe IbHbII U aKKYypaTHBINA, HO U 00-
Jiee CJIOKHBIN cr1oco0 NpOorHo3a JUHAMUKY BOJHOBBIX I'PYII
CBSI3aH C MPUMEHEHNEeM MeTo1a 0OpATHOH 3a/1a4l pacCestHUS
IIPH IPEIIOJIOKEHHN AIPOKCHMAIUN TUHAMUKA BOJIH MH-
Terpupyemoit Mojiesibro. Hectporo roBopsi, mpu 3TOM BBIYH-
cisieTcst AMHAMIYeckuit anasor unaekca BFI Ha macmradax
OTHEJIbHBIX Ipynn. Pa3HbIME aBTOpaMu MpPEIIOKEHO He-
CKOJIBKO BapHallMil TAKOTO MOAXO0Aa ISl YCIOBHM riTyOOKOU
BOJIBI (13 HamboJIee CBEXUX padoT: [245, 246, 250, 272, 273)).
COJUTOHHBIA aHAJIM3 TOJIEH BOJIH HA MEJIKOBOJbE TaKkKe
npoBoauics [274]. Teopernuyeckoe OonmucaHue BEPOSTHOCT-
HBIX CBOWCTB HEPETYJISIPHBIX HEJIMHEWHBIX BOJIH 1O JTAHHBIM
CIIEKTPa ACCOLMUPOBAHHOM 3a1a4M pPACCESHUS SIBJISICTCS APY-
roif MpUBJIEKATEILHON IeNIbI0, K KOTOPOU Moka AenaroTcs
Jiainb nepsble maru [102, 106].

VMeroTcst e IMHUYHBIE TPUMEPBI UCTIOIb30BAHUS HEHPOH-
HBIX CETEH MIJIs MPOTrHO3a BOSHUKHOBEHHMSI OMACHBIX BOJIH HA
nobepexkbe, HO TOKa, HA HAIl B3IJISA, OHM HE CIUIIKOM
yOeuTe IbHBI.

O030p MOArOTOBJIEH TMpu (PUHAHCOBOW MOAACPIKKE
Poccuiickum  doHIOM (HyHIAMEHTATBHBIX HCCIIETOBAHAN
(PODPU) B pamrax HayuHoro mpoekta Ne20-15-50112. Uc-
ciegoanust A.B.C. u E.H.II. nonaepxkaHbl rocy1apCcTBEH-
HbIM 3aaHueM (Tema Ne 0030-2021-0007) u rpanTom PODU
21-55-15008.
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Rogue waves in the sea: observations, physics and mathematics
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Rogue waves are anomalously high waves that may suddenly form on the sea surface. At the dawn of the 21st century, they attracted the
interest of researchers, from oceanographers to mathematicians. The review discusses the results of their research: physical mechanisms
leading to the generation of anomalously high waves and respective mathematical models, observational data, results of direct
numerical simulations and laboratory experiments, and new approaches to modeling and forecasting extreme sea waves.
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