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B crarbe npoBeseHo HcclieJoBaHUE BOJIHOBOTO KIMMarta npudpexxHoii akaropuu r. Cynak (Heproe mope). Ha
OCHOBE CTaTHCTHYECKOTO aHalu3a pPETPOCHEKTUBHBIX AaHHbIX Moaenn SWAN-ERAI 3a 1979-2019 rr.
MOYy4YEeHBl OIIEPAaTHBHBIE M JKCTPEMalIbHBIE XapaKTEPHCTUKU BETPOBOrO BoJHeHMs. C HCIIOIb30BaHUEM
pacnpeneneHus [ 'ymOenst paccunTaHbI BOJTHOBBIE TAPAMETPHI IITOPMOB PA3NUIHOM OBTOpsieMocTH. [l BeTpa
4%-1i pexxuMHON obecrmedeHHOCTH Ha ocHOBe Monend SWAN u MeTona BIIOKCHHBIX CETOK HPOH3BEICHBI
pacyeTbl XapaKTEePHCTUK BETPOBBIX BOJH C BBICOKMM IIPOCTPAHCTBEHHBIM paspeuieHueM (~ 2 Mm).
IIpoanann3npoBaHbI OIS BBICOT 3HAYUTEIBHBIX BOJIH U IPUIOHHBIX OPOUTAIBHBIX CKOpOCTel. BrisiBieHO, 4TO
Haubosiee CHIBHOEC BOJIHEHHME (OPMUPYETCS IIpU IOro-3alafgHOM, OXKHOM M IOr0-BOCTOYHOM BETpax.
TlonyueHHBIE pe3yibTaThl UMEIOT MPAKTUYECKYI0 3HAUMMOCTH JUISI OLIEHKHM Harpy3ok Ha Oepero3amuTHYIo
MHQPACTPYKTYPY U NPOTHO3UPOBAHNS JIUTOANHAMHYIECKHUX IIPOLIECCOB B OEPEroBoii 30He.

Kniouesvle cnosa: BONHOBOW KIMMar, BeTpoBoe BoiHeHHe, YepHoe Mmope, Cynak, MaTeMaTH4ecKoe
MogenupoBanne, SWAN, skcTpeMabHbIe XapaKTePUCTUKH, IPUIOHHBIC CKOPOCTH, OeperoBast 30Ha.

BBEJEHUE

Paiionom nccrenoBanus B 1aHHOH padoTe siBisieTcs yacts Cynakckoit OyxTsl UepHoro
Mopsi, IpuJIararomas ¢ 3anajga Kk M. Amgak (puc. 1). 3aech HaxonsaTes 1Ba yyactka oepera
pa3IMYHBIX THUIOB: ypOaHW3upoBaHHas HaOepexHas r. Cynak, MOCTpOCHHas B Hadaie
1970-x romoB, u M. Amvak, sBisromuiics ¢ 1988 r. 3amoBemHBIM ypouunieM. Mbic u
OJIHOMMEHHAS T'opa CI0KEHBI IPOYHBIMHU CEPHIMU MPaMOPOBHUIHBIMHU U3BECTHAKaMU. [ Lsik
3]1eCh OYEHb Y3KHH, 4aCTO NMPECTABISAIONINI CO00M MPOCTO MIBbIOOBLIN HaBasl. [ToaBOAHBIH
CKJIOH TpUTIyObIii. BeperozamutHbie cOOpyKEHHS rOpoIa-KypopTa MpeACTaBIIsIFOT cOOO0M
OeroHHyI0 HalepexHyro ¢ 6 OyHamu, pacmoyiokeHHbIMH udepe3 90 M. B mexxOyHHBIX
MPOCTPAHCTBAX PACHOJIOKEH VLK IUPUHOU 10 20—-30 M U3 TEMHO-CEpPOro MecKa ¢ MEeJIKON
ranpkoit [1]. T'mapoTexHHUYECKHE COOPYKEHHS B HACTOSIIEE BPEMS HYXKIAIOTCS B
PEKOHCTPYKUMH, TPH MPOBEIEHUH KOTOPOM HEOOXOMUMBI CBEICHHS O PEKHUMHO-
KJIMMaTHYECKUX 0COOEHHOCTSAX BETPOBOr'O BOJIHEHHSI B IPHOPEKHOM aKBATOPUH C BBICOKUM
MPOCTPAHCTBEHHBIM pa3pereHreM. OIHaKo, PEerHoHaJbHBIX Pa0dOT MO HCCIEIOBAHUIO
BOJIHOBOTO PEXHMMa B pacCMaTpUBAEMOM PaiiOHE HET.

Ha ceroansinuii 1eHb CyIIECTBYET MHOXKECTBO Pa0OT MO UCCIIECAOBAHUIO PA3TMYHBIX
acCIeKTOB BETPOBOTO BoJHEHHS B UepHOM Mope. OHU MOCBALICHB U3yYEHHIO BOJTHOBOTO
KJIMMaTa BO BCEM MOPCKOM Oaccerine [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] u B OTACIBHBIX
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0OJBIIKX MO TUTOINAAM palioHax akBaropuu [13, 14, 15, 16]. OO0mieir 0cOOEHHOCTHIO BCEX
BBIIICNIEPEYHCIICHHBIX paboT SABISETCS TO, YTO B HUX MCCIIETYIOTCS XapaKTEPUCTUKH BOJTH
BIaIH OT OeperoBoif TMHUHM. VIcTob30BaHue UX U U3YYEHHS XapaKTEePUCTHK BETPOBOTO
BOJTHEHHUSI B MEJIKOBOJHBIX MPUOPEKHBIX PETHOHAX 3aTPYJHHUTENBHO, B MIEPBYIO OYepeab,
n3-3a TPyOOTO MPOCTPAHCTBEHHOTO Pa3peIIeHHs MOMYYEHHBIX PEe3yJbTaToB, YTO HE TaeT
BO3MOKHOCTH YYHUTBHIBAaTh BIIMSHHE JIOKAJIBHBIX OCOOCHHOCTEH OEeperoBOro W TOHHOTO
penbeda Ha XapaKTEPUCTHKH BOJNH W BeTpa. PernoHanbHbie paOOTHl AOTONHSIOT H
YTOUHSIIOT OOIIyI0 KapTHHY BETPOBOTO BOJIHEHHS AJS Bcero A3oBo-UepHOMOPCKOTO
OaccelfHa ¥ SBIAIOTCA BaKHBIM HPOJOIDKEHHEM M PA3BUTHEM BBIICTIEPEUHCICHHBIX
HCCJIEJOBAHUH.

34972 34974 34976 34978 3498 34982 34084 24985 34988 3499

Puc. 1. ITonoxxenue nzydaemont odnactu (a). batumerpuueckas kapra-cxema paifoHa
uccnenoBanus (0)
CocTaBieHO aBTOpaMu.

CBefieHHST O BETPO-BOJIHOBOM DEKUME BJOJNb BOCTOYHOTO Oepera Kpeima
NpeJICTaBICHBI B CIPaBOYHBIX MaTepuanax [17, 18], rae Bce Mope pa3duTo Ha Gonbline
o0lacTd MO  ONpENeNCHHbIM KPHUTEpUsM. AHanu3y JaHHBIX, COOpaHHBIX Ha
THUIPOMETEOPOIIOTUIECKUX CTAHIUSIX, TIOCBAIIEHB! pa0oThl [19, 20], ogHako OmvKanIImiA
noct HaOmoeHus pacnoiokeH Ha MIT SInTa n He XapakTepu3yeT CUTYalrIoO B aKBATOPHU
r. Cynak. MccienoBanus BOJHOBOIO KiMMarta B 6eperoBoit 3oHe KprsiMckoro nosyoctpoa
Ha OCHOBE PE3YJIFTATOB MAaTEeMaTHUECKOI0 MOAEIMPOBAHMS MPOBOAMIMCH B padorax [21,
22,23, 24, 25, 26, 27, 28, 29, 30, 31], ogHaxo paiion Cynakckoii OyXThl B HUX OcTajcs 0e3
BHUMaHUs. TakuM 00pa3oM, JaHHOE WCCIIEOBAHUE SIBIACTCS MPOJOJDKCHUEM IIMKIIA
PETHOHANBHBIX Pa0OT MO HCCIEIOBAHUIO BETPO-BOJHOBBIX XapaKTEPUCTUK MPHOPEKHBIX
akBatopuii Kpsima.

L]envro HacTOsIIEH PaOOTHI SBISETCS HCCIIEJOBAHNE CTATHCTHUECKUX XapaKTEPUCTHK
¥ MPOCTPAHCTBEHHOM CTPYKTYpbl BETPOBOTO BOJHEHHUS! B akBaTopuu YepHoro mops B
paifione r. Cynmak MeToJaMd CTaTHUCTHYECKOrO aHalu3a W MaTeMaTh4ecKoro
MOJIEITMPOBAHUSL.
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MATEPHAJIBI U METO/bI HCCJIEJOBAHMUS

Ha mepBom oaTame st OLEHKH CTAaTUCTHYECKHX XapaKTePUCTHK BOJHEHHUS B
WCCIIETyeMOM paliOHE WCIIONB30BAJNCh PE3YyNbTAaThl PETPOCIEKTHBHBIX PacUYeTOB
BETPOBBIX BOJIH 3a mepuoj 1979-2019 rr. ¢ AuCKpeTHOCTHIO MO BpeMeHu 1 4. Maccus
maHHblx  (mamee — wmaccuB SWAN-ERAI) Opim momydeH ¢ MOMOIIBIO YHCIEHHOW
criekTpanbHO-IucKkpeTHo Moaenn SWAN (Simulating Waves Nearshore) [32, 33].
Pesynprarel Bamumanuu v BepH(PHUKAIIMH MOJETH MO AAHHBIM W3MEPEHH BOJIHEHUS Ha
MOPCKHX InIaTdopMax IpeacTaBieHBl B pabdorax [2, 34]. PacueTsl mpoBomgwinch Ha
HECTPYKTYpPHUPOBaHHON pacuéTHOM ceTke s A30BO-UEepHOMOpPCKOTO pEruoHa co
CTyIIeHHEM B pUOpekHOi 30He [8]. B kauecTBe nonei BeTpa ObLTH HCIIOIB30BaHbI JAHHBIC
rnobanpHBEIX aTMocepHbIX peaHamm3oB ERA-Interim m ERAS5S Espomeiickoro mentpa
CpeIHECPOYHBIX TPOrHO30B [35] ¢ mpocTpaHcTBeHHBIM paszpenieHueM (,25°. YrioBoe
paspemienue moaenu SWAN cocrtapisiio 10°. ITo vacToTHOM KOOpAUHATE, U3MEHSIOIIEHCS
B quanazoHe 0,055-0,625 I'u, ucnonp3oBanack HepaBHOMepHas cetka ¢ 40 y3namu. Ilpu
WHTETPUPOBAHUH TI0 BPEMEHU NPUMEHSIACh HesiBHAas pa3HOCTHas cxema ¢ mmarom 30
MHHYT.

N3 maccuBa SWAN-ERAI Ob1 Be10Opan Ommkaiimmii k Cyaxky y3el pacdeTHON CETKU
Ha n3o0ate 45 M. J{st 370 TouKH OBLTH CPOPMHUPOBAHBEI MHOTOJIETHHUE PSAIBI TAPAMETPOB,

BKJIFOYAIOLIKE: BBICOTY 3HaunTenbHbix BouH (N,); cpennee Hampasienue Bonuenus (6);
NMKOBBIA TIepuojl BOJH (7,); cpeanuit mepuon Bonu (7 ). Ha ocHoe copmMupOBaHHBIX

PsiioB OBUTM pacCUUTaHbl ONEPATUBHBIE M 3KCTPEMAIBHBIE XapAKTEPUCTHKH BETPOBOTO
BosHEeHUs. OnepaTuBHBIE XaPAKTEPUCTHKH BOJIHEHHUS ONPEAEISIIOT (POHOBBIE YCIOBUS
JKCILTyaTallMy TPOEKTUPYEMBIX 00BEKTOB MPHUOPEKHON HHPPACTPYKTYPHI B UCCIIETyEMOM
paiioHe, JKCTpeMallbHble XapaKTEePUCTUKA — DPEXKUM NpeAeTbHBIX HAarpy30K Ha OTH
O0OBEKTEHI.

Ha Bropom stame paGotsr Ha ocHoBe moaenu SWAN [32, 33] momydeHbl KapThl
NPOCTPAHCTBEHHOTO paclpeiesieH!s] apaMeTpoB BETPOBOIO BOJIHEHHS B NPUOPEKHON
30He I. Cynak. PacueTs! mpoBeieHb! 111 BOCBMH OCHOBHBIX HampaBieHuit Betpa 10, 4, 2 u
1%-noti pexxumHoM obecieueHHOCTH (PO) (Tabdn. 1), 3Ha4eHUST KOTOPBHIX OBUIH MOITYyYEHBI
B pe3yJIbTaTe OCPENHEHUS NaHHBIX U3 padoThI [17] mis 2 paiiona YepHoro Mopsi.

Tabmuua 1.
MaxkcumanbHast ckopocTh Berpa (M/c) 10, 4,2 u 1 %-Hol pexnMHOR
obecniedyenHoctH (PO) mo BockMu pymbam

PO, % C CB B I0B 10 103 3 c3
10 26,8 (29,1 |245 |199 |237 |297 |284 |248
28,0 (30,7 |259 |[211 |251 |312 |294 |256
289 (319 (269 |220 |263 [323 [30,2 |261
1 29,8 1330 280 |[230 |274 |334 |[309 |26,7

CocraBieHo aBropamu 1o [17].
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Jsi TOBBIMICHUS TOYHOCTH MATEMATHYECKOTO MOJCIHMPOBAHUS BOJHOBBIX MOJICH
HCITOJIB30BANICSI 5-TH IIIaroBBIM METON BJIOXKEHHBIX ceTOK. IlocTpoeHme pembeda maHA
pacdeTHBIX O00IacTe MPOBOAMIOCH HAa OCHOBE OIM(PPOBKA BCEX JOCTYITHBIX
HAaBUTAIlMOHHBIX KapT pailoHOB pacueroB. Ha mepBoM Imare MoJenvpOBaIUCh OIS
BOJIHEHHUSI BO BceM YepHOMOpCKOM OacceliHe; Ha BTOPOM W TPETbEM IIaraXx BOJHEHHE
paccunTHIBANIOCh I 00JacTel, BKIIOYAIOMIUX MOIyocTpoB KpeiM U ero roxHbIA Oeper
COOTBETCTBCHHO; Ha YETBEPTOM IlIare MOJs BOJH ONPEICISUINCH JJISi aKBaTOPUH OT
M. Kamuuk no M. Meranom. Ha mnstom miare Ha CceTKE C CaMbIM BBICOKUM
MIPOCTPAHCTBEHHBIM pa3pelieHueM ~ 2 X 2 M pacCUHTHIBAIUCH TI0JIST BOJTH B IIPHOPEIKHOM
patione r. Cynak pazmepom 1,5 Ha 2 kM, BriItoyaroniem M. Amuak (puc. 1). Ha Bropom u
BCEX MOCIEAYIONIUX IIarax napameTphbl BETPOBBIX BOJH Ha JKUJKHUX TPaHUIAX PaCUCTHBIX
obOnactell OIpenesuIMCh WHTEPIONANAEH MOJENbHBIX [aHHBIX, I[TONyYeHHBIX Ha
MpenbIIyIeM mare. YriioBoe paspemnrenne mogenu SWAN cocrasmsiio 10°. 1o wactoTHO#M
KoopauHare, uzmenstomeiics ot 0,02 o 2 ', ucnons3oBanack HepaBHOMEpHAas ceTka ¢ 31
y3JI0M.

PE3YJBbTATBI HCCJIEJOBAHUA

AHanu3 ONepaTUBHBIX XaPaKTEPHCTUK BOJHEHUS B TOYKE C TiryomHOW 45 M Ha
TpaBep3e HabepexHoi r. Cynak Mokasas, YTO MaKCUMAaJbHYIO MOBTOpseMocTh (49%)
MMEIOT BOJIHEI ¢ BEIcoTaMu 0,25 1 0,5 M; BOJHBI BRICOTOM 1 M 1 2,5 M BO3HHMKAIOT B 8% H
0,9% cny4aeB cooTBeTcTBeHHO (puc. 2, a). ['mcrorpaMma MOBTOPSEMOCTH CPEIHUX
Mepuoa0B BOJIH (puc. 2, 0) MMEET XapaKTEPHYH0 OCOOCHHOCTh: Ha HEW OTYETIUBO
BBIIENIICTCST MHTepBan 2,5-3,5 ¢, TOe MOBTOPAEMOCTh NEPHOAOB npeBbimaeT 14%, B
yKa3aHHBIM UHTEPBaJ MEpUOI0B mmonaaaet 45% Bcex Caydyacs.
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Puc. 2. TToBTOpsieMOCTh BBHICOTHI 3HAYUTEIHHBIX BOJIH (@) U CPEIHETO Mepruoaa BOJTH
(6)
Ha n3o00ate ~45 M B paiiore T. Cynak mo nanasiM SWAN-ERAI
CocTaBieHo aBTOpamMH.

B OonbiimHCTBE CitydaeB BOJIHBI B HCCIEAYEMBI paiioH MPUXOIAT C BOCTOKA-OTO-
BOCTOKa M IOro-foro-samaga (mosropsiemoctb 14%) (puc. 3, a). Ha pose cpemnux
MHOTOJICTHUX 3HAYCHWH BBICOTHI 3HAYMTENBHBIX BOJH (puc. 3, ©) BwImenseTcs 3
HanpaBJICHHs [IOJIX0/1a K UCCIIelyeMOMY paiioHy Hanbojee BBICOKMX BOJH: BOCTOK-IOTO-
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BOCTOK, IOT, I0ro-toro-3amnaj. CpeqHue MHOTOJETHHE 3HAYEHUsl Ul 3TUX HAIpaBICHUI
nmocturaiot 1,0-1,1 m.

J1s uccaemyeMoil akBaTOpHU TaKXKe PACCUHTaHbI MIPOJOJLKUTEILHOCTH IITOPMOBBIX
cutyanuil. B cooTBeTcTBUM C OOIENPUHATON NPAKTUKON JUIS OLIEHOK 3THX XapaKTEePHCTHK
HCIIOJIb30BAINCh 3HAYEHHUS BBICOT BOJIH 3%-0 00€CIIEYEHHOCTH B chcTeMe ITopMa ( hyy,
). [ KOHKpETHOro MITOPMa PaBEHCTBO hy, =a O3HAayaer, 4To B 3-X MPOIEHTaxX BCEX
Clly4aeB BBICOTBHI BOJH OyIyT NpeBbIIATh 3HaueHue a. Pacuer h,, BBINOIHAICA C
HOMOIIBI0 MHTETPANbHOH (QYHKIUH BEPOSTHOCTU PACHpENeTIeHHs] BHICOT BOJIH IS MODPA
KOHEYHOM riryOuHs! [36].

JIIMTENBHOCTD IITOPMOBBIX CHUTyaLMii ompezensuiach ycmoBusamu Ny, > 1,25 m;

Ny, >2wm; Ny, >3 M; hy, >4 M. B Tabn. 2 npuBeaeHbl JaHHBIE O CPEAHEH MHOTOJICTHEH

MPOJOJDKUTENILHOCTH (CYT) IO MECSILIaM ITOPMOBBIX CUTYyalluil B MPUOPEKHON aKBaTOPHU
r. Cynak. B HKkHEH cTpoke TaOMWIBI A KaXIOH Tpagalli JaHa ee CPeIHss 3a TO.
IMPOAOJLKUTCIIBHOCTD. Kak BHUIHO U3 Ta6HI/IHLI, Hanbosee MIPOAOJDKUTCIIbHBIC ITOPMOBBIC

CI/ITyaI_II/II/I BO3HUKAKT B ,ueKa6pe — SIHBape, MUHHUMAJIBHAA OIUTCIBHOCTH H_ITOpMOB
OTMECYACTCA B HFOHC — HIOJIC.
0 0
315 45 315 45
270 90 270 90
1?2 16 : a1 12
225 135 225 135
180 180
a 0

Puc. 3. Po3bl moBTOpsieMocTn cpeaHero HampaBieHus BonHeHus (%) (a) u
pacnpeneneHus IO HANpPaBIEHWsIM CPEJHUX MHOTOJETHHX 3HAYEHWH BBICOTHI
3HAYUTEIbHBIX BOJIH (M) (0) Ha u3o0ate ~45 M B paiione r. Cynak no nanasiM SWAN-ERAI

CocTaBiieHO aBTOpaMH.

AHanu3 pacupeeeHus 1Mo ToAaM JUTUTEILHOCTH (CyT) IITOPMOB 10 JaHHBIM SWAN-
ERAI 3a mepuon 1979-2019 rr. mys deThipex rpajainuii HWHTEHCUBHOCTH IITOPMA,
MPHUBENEHHBIX BBIIIE, IMOKA3aj, YTO CPEJHWE MHOTOJETHHE 3HAYCHUS IUTEIHHOCTH
IITOPMOB COOTBETCTBEHHO paBHbI: 14,2 cyT; 7,6 cyT; 3,1 cyT; 1,2 cyT (puc. 4, a, 0).

Hapuc.4, © mnpuBeaeHo pacmpeneieHHe TOJOBBIX MAKCHMYMOB  BBICOTHI
3HAYUTENBHBIX BOJIH h,. BUIHO, 4TO MX 3HaYeHMs U3MEHSIOTCS B mpenaenax oT 2,7 po 5,9

M, a cpefHee cocTaBiseT 4,1 M.
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Tabunna 2.

CpenHsist MHOTOJIETHSIS TIPOIOJKUTETFHOCTE (CYT) IITOPMOBBIX CHUTYaIHi TIO
Mecsiam Ha nzobare ~45 M B paiione r. Cynak o ganabiMm SWAN-ERAI

Mecsust Ny, >1,25M g, =2 M hyy, =3m hgy, = 4M
1 21,2 13,3 6,3 2,7
2 19,0 12,3 57 2,3
3 19,3 11,4 5,0 19
4 14,6 7,5 2,5 0,8
5 9,7 3,9 1,0 0,2
6 6,8 2,4 0,7 0,2
7 7,3 2,3 0,7 0,2
8 8,7 3,3 0,6 0,1
9 10,9 50 1,7 0,6
10 15,2 7,7 2,9 1,0
11 18,3 10,4 4,6 1,9
12 214 13,3 6,3 2,8
CpenHee 3a rof 14,4 7,7 3,2 1,2

TIPOAOIRITEABHOCTS, YT

1980 1984 1988

1992 1996 2000 2004 2008 2012 2016

Tonut

BLICOTA 3HAYHTENLHEIX BOIH, M

6

w

-

w

~

1]

[ w IS o
1 1 1 1

TIpONOmKHTEALHOCTD, CYT

o
|

CocTaBieHO aBTOPaMHU.

6 1980 1984 1988 1992 1996 2000 2004 2008 2012 2016

T

1978 1983 1987 1991 18995 1899 2003 2007 2011 2015 2019

Toas

Puc. 4 Pacnpenenenue mo rofgam UIMTENBHOCTH (CyT) INTOPMOBBIX CUTYallWid st
Ny, > 1,25 mu hy,, >2 m (cepsiit user) (a) u gost hy, >3 mu hy, >4 M (ceperit user) (0)

¥ TOJOBBIX MAaKCHMyMOB BBICOTHI 3HAQUUTENIbHBIX BOJH h, (B) Ha m300are 45 M B paiioHe

r. Cynak no nanaeiM SWAN-ERAI
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JIs OLIEHKM MAKCHMYMOB CPEJHHX BBICOT BOJNH 4 = 0,63 - hy ¥ CPeHUX MEPHOIOB
BOJNH 7 B mpuOpexHoi 30He T. Cylak HCIONB30BaJICsl METOJI TOJOBBIX MaKCHMYMOB,
0a3upyroLMiics Ha 2-XMapaMeTPUUECKOM 3KCTpeMalbHOM pactpenenenun ['ymbens [36].
N3 maccuBa BOJHOBBIX XapakTepucTHK SWAN-ERAI BeineneHsl psnbl TOAOBBIX
MaKCUMyMOB CpPEIHHMX BBICOT M CpPEAHUX IepuonoB. Jlajee METOAOM HaMMEHBIINX
KBaJpaTOB OMpelelieHbl COOTBETCTBYIOIIME TapaMeTpbl pacmpeneneHus [ymoOens,
MOCTPOCHBI OUIIOTHI TOJOBBIX MakCMMyMOB. Ha oCHOBe moiydeHHBIX paclpeneleHHui
I'ymOenst BBIYMCIIEHBI CpeIHIE 3HAYEHUS BEICOT BOJIH M CPEIHUE 3HAUEHHS [IEPHOI0B BOJIH,
BO3MOXHBIX 1 pa3 Brox, 5, 10, 25, 50 u 100 met. /lanee Ha OCHOBE 3THX CPEIHUX 3HAUCHUIN
¢ moMotIslo pacnpeaenenus [ myxoBckoro [37] moiay4eHbl OLEHKH BBICOT U NIEPHUOJIOB BOJIH
pasITUIHON 00ECTIEYCHHOCTH B CUCTEME, BOBMOXKHBIX 1 pa3 B rox, 5, 10, 25, 50 u 100 mer
(Tabm. 3).

CkopocTh, HampaBieHHE M BpeMsi JIeHCTBUSI BeTpa, OCOOCHHOCTH penbeda IHa,
KoHurypauusi Oepera W 3HaueHUs 3(PQPEKTUBHBIX PA3rOHOB OMNPEACISIIOT XapakTep
MPOCTPAaHCTBEHHON CTPYKTYPHI BETPOBOTO BOJMHEHMS B OeperoBoit 30He. Paiion r. Cymak
XapaKTepU3yeTcsl TOBOJBHO MPSMOIUHEHHBIM Oeperom ¢ ykimonoMm mHa ~0,02—-0,05 M,
CJIeJIOBATENIbHO, BOJHOBBIC TOJIS HAa OOJNbIICH YacTH HCCIEAyeMOH akBaToOpuu OyIyT
OTHOCUTENIFHO OIHOPOAHBIMHU. MckitoueHne cocTaBiasieT BOCTOYHAs 4acThb PACUETHOU
obnacTy, BKITIOYArOIIas BBRIABUHYTHIH B Mope Ha 500 M mpurmyOsrii Oeper y M. Airgax
(yxmon cocrasisier ~0,16) (puc. 1). BMecte ¢ Mpicom Meranowm, pacnosiokKeHHBIM Ha 10T0-
BocToke CynakcKoi OyXThl, M. AJT4ak OKa3bIBaeT IKpaHUPYIOLIee ASHCTBHE ISl BOTHEHHUS
OT ceBepo-BOCTOKAa. TakuM o0pa3zom, Hambosiee BOJHOONMACHBIMH HANpaBICHUAMH IS
HCCIIEIyEeMOTro paiioHa SIBJISIOTCS BOJIHBI, IPUXOISIINE U3 CEKTOPA 3amajl — I0ro-BOCTOK.

Tabmnna 3.
Beicora 3HaunTeIBHBIX BONH N, cpexHsist BeicoTa BOMH h , cpexHuii mepros BOJH 7,

cpenHsist JumHA BOH A , Bbicota BOIH 50% (Ngy, ), 13% (hya, ), 3% (hyy, ) 1 1% (hyy,)

00eCIeYeHHOCTH B CHCTEME IITOPMa, BO3MOXKHOTO B OeperoBoii 30He T. Cynak 1 pa3 B roj,
5,10, 25, 50 u 100 net

T,romet | hyom | hom | 7,¢ | 2 ,m | Do M | Diggeom | Ny om | hypym
1 45 2,3 8,4 107 2,2 3,7 4.8 55
5 5,4 2,9 9,2 128 2,7 45 5,8 6,6
10 59 31 9,6 139 3,0 49 6,3 7.2
25 6,5 3,4 10,1 152 3,3 54 6,9 7,9
50 6,9 3,7 10,5 162 3,5 5,8 7.4 8,4
100 7.3 3,9 10,9 172 3,7 6,1 7,9 8,9

CocraBieHO aBTOpaMH.
OcTaHoBUMCS Ha pPacCMOTPEHUUN BOJIHOBBIX HOJ’IGIZ, IMOJIYYCHHBIX IJId PACUCTHBIX

cKopocTeii BeTpa 4%-Hol peXKMMHOM 00eCTIeYeHHOCTH (U1 CKOPOCTEH BO3MOXHBIX 1 pa3
B 25 JIeT) ¥ COOTBETCTBYIOLIMX MOMEHTY BpeMeHH 16 4. AHanu3 pe3yabTaToB pacueToB IS
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ITOPMOB PEeKUMHOM obecnieuenHoctd 10%, 2% u 1% mokazan, 4Tto KoHQHUrypauus
BOJIHOBBIX IIOJIEH [UI 3TUX CUTYyaluil KAYECTBEHHO HE MEHSAETCS.

Ha puc. 5 nokaszaHsl npoCTpaHCTBEHHBIE paclIpelesIeHHS BBICOThI 3HAUUTEIIbHBIX BOJIH
hs m cpemHero HampaBiieHHs BOJHEHHS B HCCICIyeMOM paifoHe Ui 3alaJHoro, ro-
3aMaJHOr0, F0’KHOTO, I0I0-BOCTOYHOTO, BOCTOUYHOI'O U CEBEPO-BOCTOYHOIO HAIpaBJICHUM
BeTpa.

AHanu3 TONyYeHHBIX pPE3yJbTaTOB IOKa3all, YTO Haumboyee CHIBHOE BOJIHEHUE C
BbIcOTaMH 8—10 M B MOpHCTOM uacTH pacyeTHOW oOjacTd (GopMHpYeETCs TMPH IOTO-
3armagHoOM, FOKHOM W FOTO-BOCTOYHOM BeTpax (puc. 5, 6, B, T), 4TO 0OYCIOBIEHO
HanOOJBIIEH CKOPOCTBIO HCHONB3YEMOIro pacdeTHOro BeTpa (Tabmuma 1), OGombmimMu
pasroHaMH BOJIHEHUsSI B aKBaTOpUU UepHOTO MOPS 1 OTKPBITOCTHIO aKBATOPHH.

IIpu neiicTBuu 3amafgHOrO ¥ BOCTOYHOTO BETPOB B UCCIEAYEMYIO 00aCTh MPUXOAST
BOJIHBI C BEICOTaMH OKOJI0 7 M (puc. 5, a). [To Mepe mpuOIMmKeHNs BOIH K HAOSPEKHON MX
BBICOTHI MOCTENIEHHO YMEHBIIAIOTCS 10 BennuuH 1,5-2,0 M B paiioHe OKOHEYHOCTH OyH.
OTtMeTuM, 9TO IUIS BCEX PACCMOTPEHHBIX BBILIE CIy4aeB CTPYKTypa BOJHOBBIX IOJIEH,
HauuHasg ¢ u300aTbl 5 M M MEHBIIE, MMEET WMIACHTUYHBIC 3HAYCHHS BBICOT BOJIH U
NPaKTUYECKU HE 3aBUCHT OT HAIIPABJICHHUS TCHEPUPYIOIIETro uX BeTpa. Takum oOpazoM, mpu
rnyonHax <10 M BBICOTBI BOJIH OMNpEACISAIOTCA, B NEPBYIO O4Yepenb, pacrpenelicHHeM
TITyOuH.

Ionst BonHeHus, (opMHUpyeMble BETpaMH OT CEBEPHBIX PYMOOB, HMEIOT HHYIO
cTpykTypy. llpu nedcTBuM ceBepo-BOCTOYHOTO BETPa B PACUETHYIO O0JACTh MPUXOMASAT
TpaHC(OPMHUPOBAHHbBIE 33 CUET pepakLUUH BOJHBI OTKPBITOIO MOPS OI0-BOCTOYHOIO
HaTpaBIeHUs ¢ BEICOTaMU ~3,5 M (puc. 5, e) CeBepHBIi U ceBepo-3anaaHblii BETpa AYIOT C
Oepera u B MiccieyeMoi 001acTu He (POPMHUPYIOT 3HAYMMOTO BOJTHEHHSI.

W3-3a  OTHOCHUTENBHOW  MEJNKOBOTHOCTH OYXTHl ~ CYIIECTBEHHOE BIHMSHHE Ha
pacmpocTpaHeHWH  BOJMH  OKasblBaeT  pedpakuusa. Ha  B3Mopee  HampaBieHue
pacrnpocTpaHeHHsl BOJH OTJIMYaeTcs OT HampaBieHus BeTpa (puc. 5). Camo sBieHue
pedpakyy MTOPMOBBIX BOJH Ha MOAXOAE K Oepery BO3ZHHMKAET BCIEACTBHE TOTO, YTO
JUIMHA TOAXOSIINX BOJH CYIIECTBEHHO MPEBBIILACT IITyOUHY MOpPS B IPUOPEKHON 30HE.
BOmm3u nabepesxHoi r. Cynak BOJIHBI B OOJIBIIMHCTBE CIIy4aeB UMEIOT HarpasieHue ~ 45°.

BaxHbIM (akTOpOM, OMpPEACISIONIMM MTOTEPH BOJHOBON SHEPTUU 3a CUET JIOHHOTO
TPEHUs], SBISETCS aMIUIUTya OPOUTAILHONW CKOPOCTH BOJIHOBOTO JBIKEHHUS y AHA Vb
(m/c). DTOT mapameTp OKa3bIBaeT HEMOCPEACTBEHHOE BIHMSIHUE Ha MOP(QOAMHAMHYECKHE
MPOIIeCCHl B aKBaTOpUH. Ha METKOBOIb€ BOJIHBI IPOHUKAFOT JI0 JTHA ¥ B3BEIIUBAIOT JIOHHBIN
MaTepual, Ipy 3TOM JI0JIsl KHHETHYECKON SHEPTUH BOJIH MIEPEXOJUT YaCTHYHO B PabOTy TI0
B3BELIMBAHUIO M MEPEMEUICHUIO JIOHHOIO MaTepuasa M YacTUYHO B (OpMHUpOBaHHE
TypOyJIEHTHBIX BUXpEH, 00pa3yromuxcs pu 00TeKaHUU MEJIKOMACIITA0OHBIX HEPOBHOCTEH

pembeda 1HA, GOPMUPYS MEXaHU3M JOHHOTO TpPeHUS. 30HBl MaKCHMyMOB V),

COOTBETCTBYIOT 30HaM IOTEHIMAJIbHOTO pa3MblBa JHA, MPHU YCJIOBMU HAJIMYMS Ha IHE
MOJIBHYKHBIX HAHOCOB.

Ha puc. 6 npeacraBiieHb! pacdeTHBIE MOJIS1 CKOPOCTEH MPUIOHHBIX BOJTHOBBIX TCUESHUN
uig 6 paccMaTpuBaeMbIX HampaBlieHHH BeTpa 4 %-HOH peXKMMHOM 00eClieueHHOCTH B
npudpexHoit 30He T. Cymak. BuaHo, 4TO MakcHManbHBIE TMPHUIOHHBIE OpPOHUTAIHHBIE
CKOPOCTH HaOJIOJAIOTCS TPH F0XKHOM (pHC. 6, 6) U FOT0-BOCTOYHOM (pHC. 6, B) BETpax.
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Puc. 5. Beicora 3HauntensHbIXx BouH (N,) M cpenHee HampaBieHHE BOJHCHHS MPH

3armagHoM (a), 'oro-3anagaHoM (0), 0KHOM (B), FOT0-BOCTOYHOM (T'), BOCTOYHOM (1) U CEBEPO-
BOCTOYHOM (€) BeTpe 4 %-HOoil pesKUMHOI 00ecTiedeHHOCTH B IpUOpeskHoii 30He T. Cymak
CocTaBieHO aBTOPaMHu.

X
L
L3

T

Ha Goupliieli yacTi akBaTOpUH BETMYMHBI CKOPOCTEH JiexkaT B nipezenax ot 1,4 go 2,2
M/c. BOmusu Gepera xapaktepHeiMu mns V), saBisrorcs 3Hauenus 0,8-1,2 m/c. O6mieit
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0COOEHHOCTBIO BCEX PACCMOTPEHHBIX CIIy4aeB SIBISACTCS HAIM4YHE 30HBI MHTEHCH(UKAIH
MIPUIOHHBIX BOJHOBBIX TEUEHHH B OEperoBoil 30He M. AnYak, rjie HaOII0MaeTcsi pe3Koe
yBEIWYeHHE 3HAYCHUH NPUIOHHBIX CKOpOCcTe 10 BenmunH 2,8—3,0 M/c.

: 34974 34976 u.'vn 34:. !1.'”2 1‘"“‘ l‘.'” !4.'* 34.99

T T T ) S T T T . -
U974 34976 34978 3498 34962 34964 34986 34988 3499 34976 34978 3498 34982 34984 34985 34988 3499

44,838

44,832

e 04

34974 34976 34978 3498 34982 34984 34086 34988 3499 34974 34976 34978 3498 34982 34984 34986 34988 3499

Puc. 6 CkopocTh NpPUAOHHBIX BOJHOBBIX TEUEHHH (M/C) MpH 3amajHoM (a), IOro-
3amagHoM (0), 10KHOM (B), FOT0-BOCTOYHOM (T), BOCTOYHOM (1) U CEBEPO-BOCTOYHOM (€)
BeTpe 4 %-HOH peXUMHOM 00ecTIedeHHOCTH B MpUuOpekHOH 30He r. Cyaak

CocTaBieHO aBTOpaMHu.
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3AK/IIOYEHUE

[IpoBeneHo wmccnemoBaHUE CTATUCTHYECKUX XapaKTEPUCTHK M MPOCTPAHCTBEHHOM
CTPYKTYPBI BETPOBOT'O BOJTHEHWSI B aKBaTOpHH YepHOTO MOps B paiioHe T. Cynak Ha OCHOBE
METOJIOB CTATUCTHYECKOTO aHAJIN3a U MAaTeMaTHYEeCKOTO MOJICIIMPOBaHUSI.

Jlyis ToYKM, pacloNIOKCHHOW Ha riryOouHe 45 M Ha TpaBep3e HabOepexHoi r. Cynmak
BBITIOJTHEH CTATHCTHYECKUH aHalN3 PETPOCHEKTHBHBIX PACUETOB BETPOBOT'O BOJTHEHHS 3a
1979-2019 rr. o nanasiM SWAN-ERAL

BrisBiieno, yro BojHenue ¢ BbicoTamMu hs< 0,5 M cocraBnser Gonee 49% Bcex
ClIydaeB; BOJHBI BbICOTOM h, =1 M Bo3HuKaOT B 8% ciydaeB, a IOBTOPSIEMOCTh BOJIH

BeICOTON h, > 2,5 M coctaBmser 0,9%. Bo Bpemennoii uatepsan 2,5-3,5 ¢ Bxoaur Oosee

45% Bcex 3HAUCHMH CpeNHUX NEPHUOAOB BOJH. B OOJBIIMHCTBE CilydyacB BOJIHBI B
WCCIIeyeMbI palloH MPHUXOIAT C BOCTOKA-IOrO-BOCTOKA M IOro-foro-3amana. Hamboiee
BBICOKHE BOJIHBI B HICCIIEAYEMBIH pallOH MPUXOAAT OT BOCTOKA-IOT0-BOCTOKA, FOTa U IOTO-
Ioro-3amnaja.

AHanmu3 pacmpeneneHuss 1O TOAaM JIUTETFHOCTH IITOPMOB ISl CIEIYIOIINX
rpaganuii naTencusroctu Ny, >1,25wm; hy, >2wm; hy, >3 m; hy,, >4 m mokasan, uto

WX CpeAHHe MHOTOJETHHE 3HaueHus pasHel 14,2 cyt; 7,6 cyt; 3,1 cyr; 1,2cyr
COOTBETCTBEHHO. B TeueHue roma Hanbonee MPOJOIKUTEIbHBIE IITOPMbI BO3HUKAIOT B
nexabpe — ssHBape, MUHUMAbHAS JUTHTENILHOCTH IITOPMOB OTMEYAETCS B HIOHE — HIOJIE.
Ha ocHoBe MeToma TOJOBBIX MAaKCHUMYMOB M 3KCTPEMAJIBHOIO paclpeaeeHUs
I'ymOenst onpeneneHs! BEICOTHI, IEPUOBI U AJTHHBI BOJIH B CUCTEME PACUETHBIX ITOPMOB,
BO3MOXHBIX 1 pa3 B N mer. Jlnms mropma Bo3MoOkHOTO 1 pa3 B 25 JeT MOTydeHBI
CIIeIyIOIMEe 3HAYCHHUSI BOJIHOBBIX MapaMeTPOB: BhICOTA 3HAYUTENbHBIX BOJNH hs = 6,5

M, cpenHss BbicoTa BonH N = 3.4 m, cpeanumii nepuon 7 = 10,1 ¢, cpepuss AIMHA BOJH
A =152 wm, BbicoTa BoJH 1%-Hoii oGecnieueHHOCTH B cucTeMe wropma h,, = 7,9 M.

Ha ocnose mogein SWAN ¢ BBICOKMM IPOCTPaHCTBEHHBIM Pa3pELICHUEM BBIITOIHEHO
MaTeMaTHYeCKOe MOJEIMPOBAaHUE IIOJIEH BETPOBBIX BOJIH JUIS PAcCUETHHIX IITOPMOB
BO3MOXHBIX | pa3 B 25 net. [lomyueno, uro Hanbosee CHILHOE BOITHEHUE C BBICOTAMU 8—
10 M B MOpHCTOI YacTH pacueTHOH 00JacTH POPMUPYETCS TIPU IOT0-3aMaTHOM, F03)KHOM U
IOr0-BOCTOYHOM BeTpax. BhIsABIEHO, 4TO, HAUMHAs C M300aThl B 5 M, CTPYKTYpa BOJIHOBBIX
MoJiell TPAaKTUYECKH HE 3aBUCUT OT HAmNpaBlIeHUs TEHEpUPYIOLIero WX BeTpa U
ompeznenseTcs TONbKO penbedpom Ha akBaropuu. CyIIecTBEHHOE BIMSHHE Ha
pacnpocTpaHEeHUH BOJIH OKa3bIBAaeT pedpakius, BCIEACTBIE KOTOPOi BOIM3H HaOepeKHOU
r. Cyznak BOJIHBI B OOJBIIMHCTBE CIIy4aeB UMEIOT HampasieHue ~ 45°. OnpeneneHo, 4To Ha

OoJbIIel YacTH aKBATOPHU BEIWYUHBI IPHAOHHBIX OPOMTANBHBIX CKOpocTeil V, mexart B

npeznenax ot 1,4 1o 2,2 m/c; BOnu3u Gepera XxapakTepHBIMU 171 V, ABIAIOTCS 3HaYEHUS

0,8-1,2 mM/c; y Mbica Anmvak HaOJrolaeTcss pe3Koe yBEJIMUYCHHE 3HAYEHHMH TPUIOHHBIX
cKopocTeit 1o BenmuuH 2,8—3,0 M/c.
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BJAI'OJAPHOCTH
HUccnenoBanre BBHIOIHEHO TPH (PUHAHCOBOW MOAMECPKKE TEMBI TOCYIAPCTBEHHOTO

3amanus MUHUCTEpPCTBA HAaykH W Bbicmiero obpaszoBanus P® Noe FNNN-2024-0016.
MoienbHBIE pacyeThl MPOBOMINCH Ha BRIUUCIUTEabHOM Kiactepe MHI (http://www.hpc-
mhi.org).
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This study is devoted to a comprehensive analysis of the wave climate in the coastal waters
of the city of Sudak (the Black Sea). The relevance of the study stems from the need to
reconstruct the coastal protection structures of this resort city, which necessitates obtaining
detailed data on the wind and wave regime with high spatial resolution. Despite of numerous
studies of the wave climate of the Black Sea as a whole, the Sudak Bay region has not
previously been the subject of such close regional study, which determines the novelty and
practical significance of this work.

The study is based on a combination of statistical analysis and mathematical modeling. At
the first stage, a statistical analysis of SWAN-ERAI model retrospective data was carried
out over a 40-year period (1979-2019) for a point placed on the 45-meter isobath.
Operational (background) and extreme wave characteristics were calculated, including the
duration of storms and the repeatability of wave heights and periods. The Gumbel
distribution was used to estimate extreme wave parameters (heights, periods, and
wavelengths) with a repeatability from 1 to 100 years. At the second stage, detailed
mathematical modeling was made using the SWAN spectral wave model for eight main
wind directions with varying regime repeatability (10%, 4%, 2%, and 1%). To achieve high
accuracy in the coastal zone, a five-step nested grid method was used, which allowed to
obtain results with a spatial resolution of approximately 2 meters in the final computational
domain of 1.5 x 2 km, including Cape Alchak and the city embankment.

It was established that waves with significant wave heights less than 0.5 m and average
periods of 2.5-3.5 s account for 49% of all cases; the repeatability of waves with heights of
1.0 m and more than 2.5 m is 8% and 1%, respectively. For the study area, storm waves are
most likely to propagate from the east-southeast (repeatability is 14%) and south-southwest
(repeatability is 14%). The average long-term storm duration is 14.2 days, the total value
by year varies from 5.5 to 172.4 days. The longest storm situations occur from December
to January, while the minimum storm duration is observed in June—July. Wave parameters
for storms of varying repeatability were calculated using the Gumbel distribution. For
example, for a storm that is possible once in 25 years, the height of significant waves will
be 6.5 m, and the height of waves with a 1% probability in the storm system will reach
7.9m.

Modeling of the spatial structure of wave fields revealed that the strongest waves, with
heights of 8-10 m, in the seaward part of the computational domain are formed by
southwest, south, and southeast winds. Starting from the 5-10 m isobath, the distribution of
wave heights is practically independent on wind direction and is determined primarily by
the bottom topography. Refraction plays a significant role, leading to the fact that near the
shore, waves in most cases approach the shore at an angle of approximately 45°. Analysis
of the fields of bottom orbital velocities is important for assessing bottom erosion and
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lithodynamic processes. It was determined that over most of the water area, the values of
bottom orbital velocities lie in the range from 1.4 to 2.2 m/s; near the shore, typical values
are 0.8-1.2 m/s; near Cape Alchak, a sharp increase in bottom velocities to values of 2.8—
3.0 m/s is observed.

This investigation provides, for the first time, such a detailed characterization of the wave
climate in the coastal waters of Sudak. The obtained quantitative data on operational and
extreme wave loads, as well as the spatial distribution of wave parameters and bottom
velocities, provide the basis for: designing and reconstructing coastal protection structures
(embankments, groins); assessing the risks of coastal and bottom erosion; forecasting
lithodynamic processes and sediment transport; and ensuring the safety of maritime
activities in this area. The results of this study fill an existing gap in regional research on
the Black Sea coast of Crimea and can be used by government agencies, design
organizations, and scientific organizations.

Keywords: Wave climate, wind waves, the Black Sea, Sudak, mathematical modeling,
SWAN, extreme characteristics, near-bottom velocities, coastal zone.

References

1. Goryachkin, Yu.N., Dolotov, V.V. Morskie berega Kryma (Sea Coasts of Crimea). Sevastopol: Colorit, 2019,
256 p. (in Russian).

2. Polonsky, A.B., Fomin, V.V., Garmashov, A.V., 2011. Harakteristiki vetrovogo volneniya Chernogo morya
(Characteristics of wind waves of the Black Sea). Rep. National Academy of Sciences of Ukraine, (8),
pp.108-112 (in Russian).

3. Arkhipkin V.S., Gippius F.N., Koltermann K. P., Surkova G.V. Wind waves in the Black Sea: results of a
hindcast study. Nat. Hazards Earth Syst. Sci, 2014, Ne14, pp. 2883-2897. DOI: 10.5194/nhess-14-2883-2014.

4. Gippius F.N., Arkhipkin V.S. Mnogoletnyaya izmenchivost' shtormovogo volneniya na Chernom more po
rezul'tatam modelirovaniya (Interannual variability of storm waves in the Black sea according to numerical
modelling results). Vestnik Moskovskogo universiteta. Seriya 5, Geografiya, 2017, no. 1(1), pp. 38-47.
(in Russian).

5. Fomin V.V. Numerical modeling of wind waves in the Black Sea generated by atmospheric cyclones. Journal
of Physics: Conf. Series, 2017, Ne 899, pp. 052005. DOI: 10.1088/1742-6596/899/5/052005.

6. Divinskii B., Fomin V., Kosyan R., Lazorenko D. Maximum Waves in the Black Sea, in Proceedings of the
Fourteenth International MEDCOAST Congress on Coastal and Marine Sciences, Engineering, Management
and Con-servation MEDCOAST 2019 (Marmaris, Turkey, 22-26 October 2019). Mugla, Turkey:
Mediterranean Coastal Foundation (MEDCOAST Foundation). 2019. Vol. 2. P. 799-810.

7. Divinsky B.V., Fomin V.V., Lazorenko D.l. Maksimal'nye volny na akvatorii Chernogo morya po rezul'tatam
chislennogo modelirovaniya (Maximum waves in the Black Sea based on the results of numerical
modeling). Hydrosphere Ecology, 2024, N2 (12), pp. 68-80 (in Russian).

8. Divinsky B.V., Fomin V.V., Kosyan R.D., Ratner Y.B. Extreme wind waves in the Black Sea. Oceanologia,
2020, V. 62, Iss. 1, pp. 23-30. DOI: 10.1016/j.0cean0.2019.06.003.

9. Bernardino M., Rusu L., Guedes Soares Evaluation of extreme storm waves in the Black Sea. Journal of
Operational Oceanography, 2020, Vol. 14(2), pp. 114-128. DOI: 10.1080/1755876X.2020.1736748.

10. Akpinar A., Ihsan Komircli M. Assessment of wave energy resource of the Black Sea based on 15-year
numerical  hindcast data. Applied Energy, 2013, Vol. 101, pp. 502-512. DOI:
10.1016/j.apenergy.2012.06.005.

11. Rusu L. Assessment of the wave energy in the Black Sea based on a 15-Year hindcast with data assimilation.
Energies, 2015, Vol. 8, Iss. 9, pp. 10370-10388. DOI: 10.3390/en80910370.

12. Dulov, V.A., Yurovskaya, M.V., Fomin, V.V., Shokurov, M.V., Yurovsky, Yu.Yu., Barabanov, V.S. and
Garmashov, A.V. Extreme Black Sea Storm in November, 2023. Physical Oceanography, 2024, 31(2), pp.
295-316.

71



Xapumonosa JI. B., Muxaiinuuenxo C. FO., @omun B. B., Anexcees /[. B.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Valchev N.N., Trifonova E.V., Andreeva N.K. Past and recent trends in the western Black Sea storminess.
Nat. Hazards Earth Syst. Sci., 2012, 12, pp. 961-977. DOI: 10.5194/nhess-12-961-2012.

Myslenkov S.A., Shestakova A.A., Toropov P.A. Chislennoe modelirovanie shtormovogo volneniya u
severo-vostochnogo poberezh'ya Chernogo moray (Numerical Modeling of Storm Surges on the Northeastern
Coast of the Black Sea). Meteorology and Hydrology, 2016, no. 10, pp. 61-71 (in Russian).

Divinsky, B.V. and Kosyan, R.D. Wave Climate of the Coastal Zone of the Crimean Peninsula. Physical
Oceanography, 2018, 25(2), pp. 93-101. https://doi.org/10.22449/1573-160X-2018-2-93-101

Galabov V., Chervenkov H. Study of the Western Black Sea Storms with a Focus on the Storms Caused by
Cyclones of North African Origin, in: Vilibi¢ I., Horvath K., Palau J. (eds). Meteorology and Climatology of
the Mediterranean and Black Seas. Pageoph Topical Volumes. Birkhauser, Cham, 2019. DOI: 10.1007/978-
3-030-11958-4_5.

Spravochnye dannye po rezhimu vetra i volneniya Baltijskogo, Severnogo, Chernogo, Azovskogo i
Sredizemnogo morej (Reference Data on the Wind and Wave Regime of the Baltic, North, Black, Azov and
Mediterranean Seas). Lopatoukhin LI, Bukhanovsky AV, Ivanov SV, Chernyshova ES (Eds.). Russian
Maritime Register of Shipping: St. Petersburg, Russia, 2006, 452 p. (in Russian).

Efimov V.V., Komarovskaya O.l. Atlas ekstremal'nogo vetrovogo volneniya Chernogo morya (Atlas of
Extreme Wind Waves of the Black Sea). Sevastopol: MGl NASU, 2009. 59 p. (in Russian).

Repetin L.N., Belokopytov V.N., Lipchenko M.M. Vetry i volnenie v pribrezhnoj zone yugo-zapadnoj chasti
Krym (Winds and Waves in the Coastal Zone of the Southwestern Part of Crimea). Ecological Safety of
Coastal and Shelf Zones and Comprehensive Use of Shelf Resources, 2003, Issue 9, pp. 13-28 (in Russian).
Goryachkin Yu.N., Repetin L.N. Storm Shtormovoj vetro-volnovoj rezhim u Chernomorskogo poberezh'ya
Kryma (Wind-Wave Regime off the Black Sea Coast of Crimea). Ecological Safety of Coastal and Shelf
Zones and Comprehensive Use of Shelf Resources, 2009, Issue 19, pp. 56—69 (in Russian).

Fomin V.V., Alekseev D.V., Ivancha E.V. Modeling of Wind Waves in the Bays of South-West Part of the
Crimea Peninsula. Turkish Journal of Fisheries and Aquatic Sciences, 2012, Vol. 12, pp. 363-369.
DOI: 10.4194/1303-2712-v12_2_23.

Alekseev, D.V., Fomin, V.V., lvancha, E.V., Kharitonova, L.VV. and Cherkesov, L.VV. Matematicheskoe
modelirovanie vetrovogo volneniya v Sevastopol'skoj buhte (Mathematical simulation of wind waves in the
Sevastopol Bay). Morskoy Gidrofizicheskiy Zhurnal, 2012, no. 1, pp. 75-84 (in Russian).

Alekseev D.V., Ivanov V.A,, Ivancha E.V., Fomin V.V., Cherkesov L.V. Ocenka zashchitnyh molov na
harakteristiki vetrovogo volneniya v Sevastopol'skoj buhte (Assessment of Protective Breakwaters on Wind
Wave Characteristics in Sevastopol Bay. Meteorology and Hydrology, 2013, no. 4, pp. 47-57 (in Russian).
Fomin V.V., Polozok A.A. Rezhim vetrovogo volneniya v rajone Balaklavskoj buhty (Wind Wave Regime
in the Area of Balaklava Bay). Ecological Safety of Coastal and Shelf Zones of Sea, 2020, no. 2, pp. 53-67.
DOI: 10.22449/2413-5577-2020-2-53-67 (in Russian).

Fomin V.V., Polozok A.A. Osobennosti vetrovogo volneniya v Balaklavskoj buhte v ekstremal'nyh vetrovyh
usloviyah (Wind Waves in the Balaklava Bay under Extreme Wind Conditions). Ecological Safety of Coastal
and Shelf Zones of Sea, 2021, no. 1, pp. 5-22. DOI: 10.22449/2413-5577-2021-1-5-22 (in Russian).
Kharitonova, L.V., Alekseev, D.V. and Fomin, V.V. Kompleksnoe issledovanie volnovyh i litodinamicheskih
processov Vv beregovoj zone p. Morskoe (Vostochnyj Krym) (Comprehensive Study of Wave and
Lithodynamic Processes in the Coastal Area of the Village of Morskoye (Eastern Crimea)). Ecological Safety
of Coastal and Shelf Zones of Sea, 2021, no. 3, pp. 5-22. doi:10.22449/2413-5577-2021-3-5-22 (in Russian).
Kharitonova L.V., Alekseev D.V., Fomin V.V. Matematicheskoe modelirovanie volnovogo rezhima buhty
Aj-Todor (Mathematical Modeling of the Wave Regime in Ay-Todor Bay). InterCarto. InterGIS, 2021, Vol.
27, no. 3, pp. 16-31. DOI: 10.35595/2414-9179-2021-3-27-16-31. EDN ILCROO (in Russian).

Fomina I.N., Polozok A.A., Fomin V.V. Rezhim vetrovogo volneniya v rajone Gurzufa (yuzhnoe poberezh'e
Kryma) (Wind Wave Regime in the Gurzuf Area (Southern Coast of Crimea)). Ecology. Economy.
Informatics. Series: System Analysis and Modeling of Economic and Ecological Systems, 2023, Issue 8, pp.
57-62. DOI: 10.23885/2500-395X-2023-1-8-57-62 (in Russian).

Fomin V.V., Polozok A.A., Fomina I.N. Wind Wave Regime in the Alupka Area, in: Karev V. (eds).
Proceedings of the 9th International Conference on Physical and Mathematical Modelling of Earth and
Environmental Processes. PMMEEP 2023. Springer Proceedings in Earth and Environmental Sciences.
Springer, Cham. 2024. DOI: 10.1007/978-3-031-54589-4_54.

72



BOJIHOBO! KJIMMAT ITPUBPEXXHOI AKBATOPUM I'. CYJIAK
(UEPHOE MOPE)

30.

31.

32.

33

35.

36.

37.

Kharitonova L.V., Fomin V.V., Alekseev D.V. Wave Climate of Koktebel Bay of the Black Sea, in: Chaplina,
T. (eds). Processes in GeoMedia. Springer Geology. Springer, Singapore, 2024, V. VIII. DOI: 10.1007/978-
981-97-6627-7_28.

Kharitonova L.V., Fomin V.V., Goryachkin Yu.N., Alekseev D.V. Mezhgodovaya izmenchivost'
vdol'beregovogo potoka nanosov v buhte Koktebel' (Chernoe more) (Interannual variability of the alongshore
sediment flux in Koktebel bay (the Black Sea)). Scientific Notes of V.l. Vernadsky Crimean Federal
University. Geography. Geology, 2024, Vol. 10, no. 2, pp. 75-90. EDN JECMHU (in Russian).

Booij N., Ris R.C., Holthuijsen L.H. A third-generation wave model for coastal regions. Model description
and validation. Journal of Geophysical Research, 1999, V. 104 (4), pp. 7649-7666. DOI: 10.1029/98)C02622.

. SWAN User Manual. Cycle 111 version 41.20. Delft University of Technology, Netherlands, 2018, 121 p.
34,

Mikhailichenko, S.Yu., Garmashov, A.V. and Fomin, V.V. Verifikaciya modeli vetrovogo volneniya SWAN
po nablyudeniyam na stacionarnoj okeanograficheskoj platforme gidrofizicheskogo poligona RAN
(Verification of the Swan Wind Waves Model by Observations on the Stationary Oceanographic Platform of
the Black Sea Hydrophysical Polygon of RAS). Ecological Safety of Coastal and Shelf Zones of Sea, 2016,
no. 2, pp. 52-57 (in Russian).

Forecast | ECMWEF [Electronic resource]. Access mode: https://www.ecmwf.int/en/forecasts (accessed:
15.05.2020).

Lopatoukhin L.J., Rozhkov V.A., Ryabinin V.E., Swail V.R, Boukhanovsky A.V., Degtyarev A.B. Estimation
of extreme wind wave heights. World Meteorological Organisation. JCOMM Technical Report WMO/TD,
2000, no. 1041. DOI: 10.25607/0OBP-1495.

Krylov Yu.M. Spektral'nye metody issledovaniya i rascheta vetrovyh voln (Spectral Methods for the Study
and Calculation of Wind Waves). Leningrad: Gidrometeoizdat, 1966, 255 p. (in Russian)

Hocmynuna 6 peoaxyuro 19.11.2025 2.

73



