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BBEJIEHUE

AKTYaJIbHOCTBH PadoThI

[IITopmoOBBIE HaroHbI YPOBHS Mops OTHOCSITCA K OTIACHBIM
TUJPOMETEOPOJIOTUUECKUM  SIBJICHUSAM, KOTOpPbIE B psiA€ CIy4aeB MPUBOIAT K
HABOJHEHMSIM, MHOT1a KaTacTpoduueckoro xapakrepa. B @uHckom 3ainBe HanOOIbIIHIMA
ymiep0 OT OMNacHbIX TMOABEMOB YPOBHS, BBI3BAHHBIX IITOPMOBBIMH HaroHaMu,
UCIIBITHIBAET €ro BOCTOYHasi yacTh. HecmoTpsi Ha BBoA B 3kcmutyatanuio B 2011 r.
KOMIUIeKca 3amuTHbIX coopyxeHuid Cankr-IletepObypra ot nHaBomnenuit (K3C),
npo0OyieMa OINAacHBIX TMOABEMOB YPOBHS OCTA€TCcsl HacylmHoM mnsg pailoHoB CaHKT-
[leTepOypra u Jlenunrpaackoi obnactu, pacnosioxkeHHbIx k 3anaay ot K3C. 3nech, Bo
BpeMsl IITOPMOBBIX HAaroHOB, MOJBEPKEHBI MOATOIJICHUIO MPUOPEKHBIE TEPPUTOPHH,
pa3MbIBalOTCsl OeperoBas JuHHs, MIsku KypoptHoro paitona Cankt-IletepOypra,
YY4aCTKH  IOCCEMHBIX JIOPOT, HAHOCUTCA yIIepd oOBbeKTaM  XO3SHCTBEHHOU
JeSITENBHOCTH, TIOCTPOCHHBIM B OeperoBoit nojioce (pucyHok B.1). CormnacHo oneHkam
KrneBaHHOro, OCHOBaHHBIM Ha YMCIEHHBIX JKCIEPUMEHTaX C TUAPOJAUHAMHYECKOUN
MOJEINbIO, mocie 3aKkpbITUs cTBOpoB K3C mOMOIHUTENBHBIN MOABEM YPOBHS MOpS K

3amaay oT gamObI coctaBisgeT oT 3 10 10% (Knesannsriii, Konecos, Moctamanu, 2015).

Pucynok B.1. ITocnencteust naBoguenus 2011 roga. Jlopora bonsias Maxopa — JleOsxbe
(Cnesa) poto CyxaueBa B.H., ITapk Cectpopeuxue JlyOku (crpasa), poro MBanosa II.
(https://ru.wikipedia.org).


https://ru.wikipedia.org/
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Bonbinyto 03a004E€HHOCTHh BBI3BIBAIOT BO3MOXKHBIE MOCIENCTBUA s bantuku
IJI00aJIbHOTO  TOBBIIEHUS ypoBHSA MupoBoro okeana. Pe3ynprartel aHamusa
CIyTHUKOBOM abTUMETPUUECKON NH(OPMAIIUU TOKA3BIBAIOT, UYTO CPEAHUI POCT YPOBHS
MupoBoro okeana 3a mnepuonx 1993 - 2021 rr. cocraBaser 3.51 wmm/ron
(https://www.aviso.altimetry.fr/en/news). OlleHKH JTUHEUHBIX TPEHJOB B H3MEHEHUSX
YpOBHS bBanTHUCKOrO MOps, BBINIOJHEHHBIE HAa OCHOBE AaHAJIN3a CIYTHUKOBOM
anbTUMeTpuyeckod nHopmanuu 3a nepuon 1993- 2015 rr., cBUAETENBCTBYIOT, UTO
ypoBeHb Mopsi B bantuke pactér Owictpee, ueM B MHUpPOBOM OKeaHE: B CPEIHEM IO
aKBaTOpUM MOps ero pocT coctamiseT 4.0 mm/roz, a ans OuUHCKOro 3anuBa - 710 5.5
mM/rog (Madsen u ap., 2019). DTu oOuEHKH CBUIETEIBLCTBYIOT 00 yBEIUYCHUU
BEPOSITHOCTH COOBITUN IITOPMOBBIX HaroHoB B OuHckoM 3anuBe. Pe3ynbTaTh
NOCIICTHUX MaICOKIMMATHUYECKUX HCCIIeIOBaHUH, OITy0JIMKOBaHHBIX B padote (Dutton u
ap., 2015) moka3eiBatoT, yTo 125 THICSY JIET Ha3a] TeMIIepaTypa Bo3Iyxa Oblia TaKOH xKe,
KaK ceiyac, OJJHAaKO YpOBEHb MOps TOT/a IPEBBIIAT HACTOAIIMM MPUMEPHO Ha 6 M.
ABTOpBI pabOTHI MPEATIONATAIOT, YTO TASTHUE JIEAHUKOBBIX MTOKPOBOB 3€MJIH 3aMa3IbIBacT
OTHOCHUTEJIBHO TJIO0ANBHOTO MOTEIJIEHUS, U C TEUYEHHWEM BPEMEHHU, €CIIM HACTOsIIee
noTteryieHue OyneT MpoaoHKaThCs, JIETHUKOBBIN MOKPOB HAIlIeH TJIAHETHl HAYHET TasiTh
aKTUBHEE U YPOBEHb MOPS MOXKET MOAHATHCA HAa 6 M, Kak U 125 ThIc. jieT Ha3al. [ToHsATHO,
YTO TaKOW creHapui OyJeT CONMPOBOXKIAThCS 3aTOIJICHUEM OTPOMHBIX IUIOMIAIEH
npubanTuiickux rocynapctB. [IporHocTudeckne oreHKH (UHCKUX HCCIenoBaTenei
MOKa3bIBAIOT, YTO B OyaymieM Ha tore OUHISHIUN 3BCTATUYECKOE MOBBIILICHHE YPOBHS
MOPS MIPEBBICUT BIMSHUE MPOTUBOIIOIOKHOTO Mporecca nogusatus cymu (Leppéranta,
Myrberg, 2009).

'pynna amepukaHCKUX HCCIIENOBATENEH, HCIOIB3YSI TEOPUIO SKCTPEMAIbHBIX
3HAYEHUM K MMEIOIIMMCS CBEICHUSM O TEMIIAX I[IOBBIIICHUS YPOBHA MOpS U
HAaBOJHEHUSX, CHOporHosuponanga, 4rto k 2050 roay ypoBeHb OKeaHa BOJW3U
OOJIBIIMHCTBA MPUOPEKHBIX TeppuTopuil moBbicutcss Ha 10-20 cM, a yacrora
HaBOJHEHMM yBenuuuTcs B 2 paza (Vitousek u np., 2017).

OtrMeuarolieecss B MOCIEAHUE JACCATHIETUS 3aMETHOE YBEJIMYCHUE KOJIMYECTBA

IITOPMOBBIX HArOHOB B OTKPHITON bantuke n ®unckom 3anuse (Wolski u np., 2014) He



HAaXOJWT TMoOKa ené MpeACTABUTEILHOIO HAYyYHOrOo OOBSCHEHHUS €ro MpUYHH.
VYcrosiBiinecss Ha CETOAHSAIIHUM JI€Hb NPEACTaBICHUS 00 OCHOBHOM MEXaHU3ME
HABOJHEHUW B yCThe HEBBI, CBA3aHHOM C COBMECTHBIM BO3JIECUCTBUEM IITOPMOBOTO
HAaroHa M JUIMHHOW T'PaBUTAIIMOHHOW BOJIHBI, aMIUIMTY/1a KOTOPOM PE3KO BO3pPACTAET B
pe3yibTaTe pe3oHaHca ¢ aHeMOOApUUYECKUMHU CHUJIAMH, BBITJISIAT OrpaHUYCHHBIMU Ha
¢boHE COBPEMEHHBIX TEOPETUUYECKUX HMCCIICIOBAHUN ATUHAMUKUA HU3KOYACTOTHBIX BOJIH,
Y, B YaCTHOCTH, TPAAUECHTHO-BUXPEBBIX BOJIH.

Bo 2-i1 nonoBune XX Beka Ha BocToke DuHCKOro 3anmuBa ObUIM MPOBEIEHBI
ClelIMA]IbHBIE  HATypHbIE  JKCHEPUMEHTHl IO  HUCCIEIOBAHUIO  HU3MEHYMBOCTH
TUJPOJIOTUUECKUX XAPAKTEPUCTUK BO BpPEMsSI OMACHBIX MOJBEMOB YpPOBHS MOPS
(MuxaiinoB, 1964; MuxaitnoB, 1966). AHanu3 MNOJIYYEHHBIX B paMKax dTUX
AKCTIEPUMEHTOB JIAHHBIX TO3BOJIMJI CJIeJIaTh BBIBOJBI 00 OJHOPOIHOCTH BEPTUKATHLHOMU
CTPYKTYpbl TEYCHUH TIPH OIACHBIX MOJAbEMAX YPOBHS MOPS M 00 OMpaBAaHHOCTHU
MIPUMEHEHUS] CUCTEMbBI YPABHEHUM «MEJIKOW BOABI» ISl TUIPOJIMHAMUYECKOTrO ITPOrHO3a
HEBCKMX HaBOJHEHUN. OTHAKO OLIEHKA BEPTUKAIBHON CTPYKTYPhI TEUEHUI B BOCTOUYHOM
yactu PUHCKOro 3anuBa npousBoawiack FO.Jl. MuxailioBeIM MO JAHHBIM UX U3MEPEHUI
BCET0 Ha 2 TOPU3O0HTAX, IPUYEM BEPXHUN U3MEPUTENIh Ha OYHKOBBIX CTAHIIMSIX CTABUIICS
Ha ropu3oHTe 14 M OT moBepXHOCTH MOps. [IoHATHO, YTO CcTONL rpydoe pasperiecHue
U3MEPEHUN TEYEHHUH T10 BEPTUKAINA HE JAECT BO3MOXKHOCTH JOCTATOYHO TOYHO OLICHUTH
HX BEPTUKAIBHYIO CTPYKTYDY.

B nmocnegHue gecaTWNeTHST UW3MEPEHUA OKEAHOJOTMYECKHUX XapaKTEPUCTUK
MIPOM3BOJIATCS C TIOMOIIBIO HOBBIX, 00JIee MPEACTAaBUTEIBHBIX TPUOOPHBIX KOMILICKCOB,
cTaja JOCTyIHAa JJIS IIMPOKOTO Kpyra MOojJb30BaTeNied pa3HooOpa3Has CHyTHUKOBAS
nHpopManus, MTaHHBIC PEaHATN30B METCOPOJOTHUCCKUX M TUIAPOPU3HUECCKUX ITOJICH;
3HAYUTEJILHOC pa3BUTHE MOy YUITH METObI CTATUCTHUYECKOIO aHajim3a
TUJIPOMETEOPOTIOTUUECKOM nHpopManuu, YHUCJICHHOT'O TUJIPOJIUHAMUYECKOTO
MOJICIUPOBAHUS  MOPCKUX  aKBaTOpPUM, dYTO TIO3BOJISIET HAa HOBOM, OoJjee
MPE/ICTABUTEIIPHOM  YPOBHE  HCCIEAOBAaTh U HJACHTHU(GUIIMPOBATH  IPOIECCHI,

OIIPCACIAIOINC IITOPMOBBIC HAI'OHBI B DUHCKOM 3aJIuBe.



OcHOBHasg II€Jb OWCCEPTALIMOHHON pabdOThl — OIIEHUTh CTATUCTUYECKHE

XapaKTePUCTUKA IITOPMOBBIX HAroHoB B @OUHCKOM 3anuBe balTUHCKOro Mops,
OCOOCHHOCTU HW3MEHYUBOCTU TEPMOXAJIMHHOU CTPYKTYphl M TEUCHUH BO BpeMsl HX
dbopmMupoBaHus, a TAKXKE UCCIICIOBATH MPUUYMUHBI 1 MEXaHU3MbI MEXTOJJOBBIX U3MEHEHUIM
ITOPMOBBIX HATOHOB B COBPEMEHHBIX KIIMMATUYECKUX YCIOBUSX.

JIns ToCTHKEHUS LIeNU PELIArOTCs CIECAYIOMUE 3a0a4u:

1. O6ocHOBaTh KpUTEPHUI BBIJEICHUS ITOPMOBBIX HATOHOB B psilaXx MapeorpadHbIX
U3MEPEHUMN YPOBHS MOPS.

2. BoiienuTh, HAa OCHOBE NPEJI0KEHHOIO KPUTEPHs, IITOPMOBBIE HATOHBI B Psjax
YPOBHSI MOPSI Y OLICHUTh UX CTATUCTUYECKUE XAPAKTECPUCTUKH.

3. UccnenoBath M3MEHEHUS TEPMOXATMHHOW CTPYKTYpbl W TeueHUil B DuHCKOM
3aJIMBE B Mepuoji GOpMHUPOBAHUS OTIACHBIX MOABEMOB YPOBHS MOPS, BBI3bIBAEMBIX
ITOPMOBBIMHA HarOHaAMH.

4. OleHUTh OCOOEHHOCTH CTAaTUCTHUYECKOW CBS3M MEXIYy JUHAMHUYECKUMHU
nponeccamy B @UHCKOM 3aJIMBE U U3MEHUMBOCTHIO KaCaTEJIIbHOI'O TPEHUS BETPA BO
BpeMsl IITOPMOBBIX HarOHOB.

5. UccnenoBate BIHSIHUE Pa3IUYHBIX THAPOMETEOPOJIOTUUECKUX IPOLIECCOB HaA

MCIKTOJOBYIO H3BMCHYHNBOCTDb ITOPMOBBIX HAI'OHOB B DUHCKOM 3aJIMBE.



Hayuynast HOBH3Ha pa0doThI

. IIpennoxen KpUTEpUM BBIJCIEHUS IITOPMOBBIX HAroHOB, YYUTHIBAKOLIAU
MPOCTPAHCTBEHHYI0 W3MEHUYMBOCTh WX HHTEHCHUBHOCTH, C MOMOUIBIO KOTOPOTO
BBIJICJICHBI IITOPMOBBIE HATOHBI B DUHCKOM 3a71MBE U OLICHEHBI UX CTATUCTUYECKHUE
XapaKTEPUCTUKHU.

.Ha ocHoBe aHanmu3a [OaHHBIX OKeaHOTpAPUUYECKUX CTAHIMH U peaHaIu3a
ruApou3nUecKux Mojed uccieaoBaHbl 0COOCHHOCTH BPEMEHHON M3MEHUMBOCTHU
TEPMOXAJIMHHOW CTPYKTYphl BoJ UHCKOro 3aiuBa BO BpeMs (POpMHUPOBAHUS
HITOPMOBBIX HArOHOB, BBI3bIBAIOIIIMX OMACHBIE MMOIbEMBI YPOBHS MOPSI.

.C nomompto aHanmu3za gaHHbiIXx ADCP  u  pe3ynbTatoB  YMCJIEHHOTO
TUAPOJIMHAMHYECKOTO MOJICITUPOBAHUS OLICHEH CPaBHUTEIBHBIN BKJIa 0apOTPOIIOn
U OapOKJIMHHOW KOMIIOHEHT B H3MEHCHHS CYMMapHBIX TEYCHUH BO BpeMs
IITOPMOBBIX HArOHOB B @UHCKOM 3aJIUBeE.

. UccnenoBanbl 0COOEHHOCTH HECTAIIMOHAPHOCTH CTATUCTUYECKON CBSI3U MEXKIY
KacaTeJIbHBIM TPEHUEM BETpPa M XAPAKTEPUCTUKAMHM JIMHAMHMKHA BOJ BO BpeMms
IITOPMOBBIX HarOHOB, BBI3bIBAIOIMX OINACHBIE ITOIBEMBI YPOBHS MODSI.

. BeisiBieH 3aMeTHBIN BKJIAQJ CE30HHBIX KOJICOaHWUN YpPOBHS Ha MEXKIOJOBYIO
U3MEHUYHUBOCTh KOJIMYECTBA IUITOPMOBBIX HAroHOB ypoOBHS B (PUHCKOM 3aJIMBE: B
95% cnydaeB coOBITHS HEBCKMX HaBOAHeHHMH B mepuoa ¢ 1971 mo 2018 rr.
IIPOMCXOJWIN BO BPEMS MOJIOKUTEIBHON AHOMAJIMUA CE30HHBIX U3MEHEHUN YPOBHS
MODHL.

. IlokazaHo, 4Tro HaOIIOJAIONIEECSs YMEHBIIEHUE KOJIMYECTBA W HHTEHCUBHOCTH
HITOPMOBBIX HAaroHoB B ®@MHCKOM 3aimBe B KOHIE XX u Hayane XXI BEKOB B
OONBIIMHCTBE CIIy4aeB CBS3aHO CO CHIDKEHHWEM IHMKJIOHWYECKON aKTUBHOCTH B

atMocdepe.



IHos10:keHNnsl, BLIHOCHMbIE HA 3ALIUTY:

1. OneHKM MEXTON0BOM N3MEHYMBOCTU CTATUCTUYECKUX XapAKTEPUCTUK I TOPMOBBIX
HaroHoB B @UHCKOM 3aJIMB€, BBIACICHHBIX C IOMOIIBIO NIPEIIIOKEHHOTO KPUTEPUSL.

2. OCHOBHBIE 3aKOHOMEPHOCTH U3MEHUMBOCTH TEPMOXATMHHOM CTPYKTYPbI U TEUEHNUI
B nepuoasl (HOPMHUPOBAHUS UITOPMOBBIX HArOHOB, BBI3BIBAIOLIUX ONACHBIE
OABEMBI YpOBHs MOpsi B DUHCKOM 3ai11Be.

3. OLleCHKM HECTAllMOHAPHOCTH CTAaTUCTHYECKOM CBS3M MEXIY XapaKTEPUCTUKAMU
JVHAMUKHU BOJl U KaCAaTEJIbHBIM TPEHUEM BETPA BO BPEMS IITOPMOBBIX HATOHOB.

4. OCHOBHBIE MEXAHU3MBbI MEXKI0JI0BOM M3MEHUYMBOCTU XAPAKTEPUCTUK IITOPMOBBIX

HaroHoB B @UHCKOM 3aJIMBe B KOHIIE XX 1 Hadajie X XI BeKoB.

IIpakTHyeckasi 3HAYMMOCTh

PesynbTaTel paboThl BONUIM B MaTepHaibl oTuyeToB mo TemaM ruiaHa HUOKP
(HUTP) Pocrunpomera:

1.5.4.3. «HccnenoBanue peKUMHO-KIMMATHYECKUX XapaKTEPUCTUK AaKBATOPUU
MupoBoro okeaHa, MOpeii 1 MOPCKHUX YCTheB pek Poccuu, BKITtOUasi OJISIpHBIE 00J1aCTH
3emaum» (2011-2013 rr.).

1.5.1.2 «Pa3paboTath MO/I€TH U CO3/1aTh TEXHOJIOTHH AUArHO3a U MTPOTHO3a TEYCHUIN
1 ypoBHs Ha Mopsix Poccuu ¢ peranuzanueit B menbhoBbix 30Hax» (2014-2016 rr.)

1.5.3.5. «O1eHka ruipoMeTeopoIOrHUeCKUX U JIEJOBBIX YCIOBUM Mopeil Poccuu u
pa3paboTKa €XKEroJIHbIX U KBapTaJbHBIX 0030pPOB TEKYILETO COCTOSIHUS Mopeil Poccuny
(2014-2016 rr.)

1.5.3.8 «OueHka HW3MEHYUBOCTU THAPOMETEOPOJIOTMYECKUX XapaKTEPUCTUK
Banrtuiickoro mops 3a nepuoa ¢ 1979 no 2013 rogei» (2014-2016 rr.)

1.5.2.1 OG30p ycioBuil W TEHACHUUNA PA3BUTUS TUIPOMETEOPOTOTHUUECKUX

nporueccoB B bantuiickom mope B 2018 r., BKIIt04Yas OMacHbIE THPOIOTHUYECKUE SIBJICHUS

(2017-2019 rr.)



1.5.2.3 «OuneHka XapakTEPUCTHUK AHOMAJBHBIX THUAPOJOTHYECKUX IPOLECCOB B
bantuiickoM Mope ¢ IMOMOIIBIO CTATUCTUYECKOIO aHajln3a KOHTAKTHOM, CIIyTHUKOBOU
uH(pOpMAaIMHU U PE3yJIbTATOB YUCIEHHOTO TUAPOMETEOPOIOTHUECKOTO MOIETUPOBAHU S
(2017-2019 rr.)

4.6.7 «BbIIBIECHHUE U TPOTHO3 HETATUBHBIX TEHICHIIUN B COBPEMEHHBIX U3MEHEHUAX
TUAPOJOTHYECKUX MPOLECCOB, BI3BAHHBIX MEHAKOIIUMCS KIMMAaTOM U yCUJIMBAIOIINMCS
aHTPOIIOTEHHBIM BO3/ieiicTBUEM (Ha mpumepe bantuiickoro mopsi)» (2020-HB)

4.6.8 «Pa3zpaboTka pEKOMEHIANMI IO Pa3BUTHIO CUCTeMbl 3amuThl CaHKT-
[TerepOypra ot HaBogHEHUY (2020-HB)

Pe3ynbpTaThl MOTYT OBITH UCIIOB30BAHBI:

- B paboTe QeaepanbHbIX U PErMOHAIBHBIX OPTaHOB MCIIOJHUTEIbHON BIACTH IS
IUIAHUPOBAHUS W pPeaM3ali MEpPONpUITHA 00eCcreunBarOINX JOCTHXKEHUE Ieen
YCTOMYHUBOTO Pa3BUTHS MMPUOPEKHBIX akBaTOpuit DUHCKOTO 3a/iMBa banTuiickoro Mopsi;

- B paboTe OpraHoB TEPPUTOPUATBHOTO U CTPATErMUYECKOrO TUIAHUPOBAHUS JIS
OLICHKH BO3MOKHBIX U3MEHEHUU MPUPOJHON Cpelpl U KiIMMaTa B peruoHe PUHCKOro
3aIMBa C 1ENbI0 IUIAHUPOBAHUS Mep IO aJanTaluyd K H3MEHEHUSM KiumaTa u
peanuzanuu HallmoHanbHOro MiIaHa MEPONPUITUH O aAanTaluu.

- NpU TMPOEKTUPOBAHUU U CTPOUTEIBCTBE TUIPOTEXHUYECKUX COOPYKEHUH,
TPAHCTIOPTUPOBKE T'Py30B B akBaTopuu DHUHCKOTO 3anMBa, a Takke sl o0ecreyeHus
roCyJapCTBEHHBIX OpranoB u Hacenenus Cankt-IletepOypra u Jlenunrpaackon odmacTu
uH(popMaIeil 0 COCTOSTHUM THAPOMETEOPOIOTUYECKUX YCIOBUN B perrone MUHCKOTo
3anuBa banTuiickoro mops.

- B paboTe CTPYKTYpHBIX TMojapaszaeneHuid JIupeknuu KOMIUIEKCa 3alluTHBIX

coopyxxenuit Cankr-IletepOypra ot mHaBoguenuii (K3C)
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Anpodanus U my0JuKanus pe3yJabTaToB
Pe3ynpraTel pa®OThl JOKIaAbIBaIUCh Ha POCCHHCKMX U MEXIyHapOIHBIX
koHpepenmusax, utoroBeix ceccusix ®I'bY «I'OMH» u CIIO ®OI'BY «I'OWH», Ha
pabouux  ceMuHapax, 3acelaHusiX  yY4yeHoro  cosera  ['ocylnapcTBEHHOrO
OKeaHOrpaMyeckoro MHCTUTYTa W Ha AaTTeCTallMM aclHUpaHTOB. Pe3ynbTaThl

MPEACTABISTUCH B (POPME YCTHBIX U CTEHOBBIX JOKIIAJIOB.

Hayunsie pe3ynbTaThl paOoThl omyOiaukoBaHbl B 1 MoHorpaduu, 18 craThsix B
NEePUONYECKUX U3JIaHUAX, B TOM uucie 10 pabot B uznanusx, uHaexkcupyeMoix B WOS
U Scopus, a TaKke B MaTepHaliax U Te3Ucax JOKIAJ0B POCCUMCKUX U MEXyHAPOIHBIX
KOH(epeHIUi:

[lepeuens nmyOnukanuii B pedepupyeMbix HayuHbIX uznanusax (WoS u Scopus)

1. E.A. 3axapuyk, B.H. CyxaueB. «K Bompocy 00 uaeHTH(pUKALUU BOJIH HEBCKUX
HaBOJHEHU». MeTeoposiorus u ruaposorus, 2013, Ne3, ¢ 66-74.
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1. CYHIECTBYIOIIHUE TPEJICTABJIEHUA O MEXAHU3MAX
IITOPMOBBIX HATOHOB B ®UTHCKOM 3AJIMBE BAJITUMACKOI'O MOPSI

TepMHH IITOPMOBOM HAroOH B HAYYHOU JINTEPATYPE UMEET Pa3HbIE OIPEACICHUS.
Hanpumep, K. boynen omnpenenser mTOpMOBOW HaroH Kak BBI3BIBAEMOE
METCOPOJIOTHUECCKUMHU ~ TPUYUHAMU  BO3MYIIICHHE YPOBHS MOpS  OTHOCHUTEIIBHO
NOBEpXHOCTH, UCKpuBIEHHOW mpuiuBoM (boynen, 1988). B MexnyHapoaHnom
I'maponoruueckom Cropape (International Glossary of Hydrology, 1992) mropmoBoii
HaroH — 3TO TOBBIIICHUE YPOBHS MOPs, BBI3BAHHOE IPOXOXKICHUEM IICHTPA HU3KOTO
atmocepHoro nasienus. Gonnert (Gonnert u ap., 2001) paccmMaTpuBarOT IMTOPMOBOM
HaroH Kak KojeOaHus YpOBHS BOABI B TMPUOPEIKHON 30HE, MPOJOJDKAIONINECS OT
HECKOJIbKUX MUHYT JI0 HECKOJBKUX JHEH, U BOSHUKAIOIIKE B pe3yJbTaTe BO3JEHCTBUS
cucTeM aTtMoc(epHOro MaBJICHHS Ha MOPCKy moBepxHocTh. Pugh and Woodworth
(Pugh, Woodworth, 2014) noHumaroT 1oy 3TUM SIBIIGHUEM TOIbEMbI YPOBHS, KOTOPHIC
BBbI3BaHbI CUJIBHBIMU BETPAMU U HU3KUM JIABICHUEM BO3/1yXa, BOSHUKAIOIIMMH BO BpPEMsI
IITOPMOB.

B MOpcKOM SHIMKIIONENYECKOM CIPAaBOYHUKE IITOPMOBOW HATOH OMPEEIsIeTCs
KaK MOABEM YpPOBHS MOpSl Yy MOOEpEXbsi B pe3yJbTaTe NEWCTBUS CHWJIHBHOTO BETpa U
cTaTrdeckoro 3pdexra atMochepHOro JaBICHUS IPH MPOXOKICHUH IUKIIOHA, U, ajee,
YTOYHSIETCA, YTO B 3aBUCUMOCTH OT KOH(PUTYpaIuu 6eperoBoi 4epThl, MPeo0IIa1atomux
TIIyOMH B MPUOPEKHON 30HE W (Da3pl aCTPOHOMUUYECKOTO MPUIIMBA OOMIMA TOIBEM
YPOBHS TIpU IITOPMOBOM HAaroHe MOXET JOCTHTaTh 7 M W 0oliee, 4TO MPUBOIUT K
KaracTpopuyeckuM HaBOAHEHUSM Ha obepexne (HMcanun, 1986).

Horsburgh (Horsburgh u gp., 2021) ompenenstor IMTOPMOBOM HAroH Kak
MOBBIIIIEHNE YPOBHS MOPSI, BBI3BAHHOE HU3KUM aTMOC()EPHBIM JTaBIEHUEM M CUIIbHBIMH
BETpaMu, KOTOPHIC B COYETAHUH C BpaIlleHHEM 3eMJIH MEePEMENIaloT BOAY K OEperoBoit
JTUHUH.

[lepeuncnennbie onpeeTICHUs He B TIOJHOM Mepe YUUTHIBAIOT MHOTO()aKTOPHOCTh

IMTOPMOBOI'O HAroHa. Ha3BaHue 3TOro omacHoro IMPpHUPOJHOI'O ABJICHUA YKa3bIBACT, 4YTO
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MPOIIECC 3HAYUTEIHHOTO MOIHEEMA YPOBHS MOPS POUCXOAUT BO BpeMms mropma. O1HaKo,
MPOJOJDKUTENBHOCTh OJHOTO HTOpMa B ceBepHOi bantuke konedsercs ot 3.5 mo 9
4acoB, a B 10%kHOM — oT 3 10 10 wacos (Tep3ues, PoxxkoB, CmupHoBa, 1992), B To BpeMs
KakK, HarpuMep, IPO0JDKUTEIBHOCTh IITOPMOBBIX HArOHOB y moOepexuid ['epmanuu u
[Tonbmm Bapeupyet ot 11 1o 117 wacoB (Sztobryn u ap., 2005). Takue pacxoxIeHHs B
MPOIOKUTEILHOCTH IIITOPMOB W IITOPMOBBIX HArOHOB OOBSCHSIOTCS TEM, YTO TOJ
JIEWCTBHEM KacaTeJIbHOTO TPEHUS BETPa B JIBIXKYIIEMCS HAJl MOPEM TIIyOOKOM IUKJIOHE,
BO30YXKIAIOTCS HE TOJIbKO MHTECHCHUBHBIC BETPOBBIE TEUCHHS, KOTOPbIC NMPU HATOHHOM
HaIpaBJIEHUM BETpa MEPEHOCAT K Oepery 3HAUUTENIbHBIE MAacChl BOJAbI 1 COBMECTHO CO
cTaTudeckuM 3P HeKToM aTMOCHEPHOTO TABJICHUS MPUBOSIT K 3HAUUTEIILHOMY MOIBEMY
YPOBHS B TIPUOPEKHON 30HE. AHEeMOOapHUUYECKUe CUJIbI B IIUKIIOHE BO3OYKIAIOT TaKkKe
JUTMHHBIC BOJIHBI, HA TPEOCHb KOTOPBIX HAKJIAABIBAETCS BETPOBON HArOH YPOBHS MOpS
(ABepkues, Kieannuwii, 2007; 3axapuyk, CyxaueB, Tuxonoma, 2020; 3axapuyk,
Tuxonosa, 2011; JlaG3oBckuii, 1971). B nepuon dopMupoBaHusi mMTOPMOBLIX HATOHOB
JUIMHHBIE BOJIHBI PACIpPOCTPAHSAIOTCS ¢ 3anmajga Ha BocTok DuHCKOro 3ammBa co
ckopocTsmu oT 4.5 10 11.2 M/c u uMeroT mepuosl oT 25 1o 41 yaca (3axapuyk, Cyxaues,
Tuxonona, 2020; 3axapuyk, TuxonoBa, 2011). B paGote 3axapuyka u TuxoHOBOM
(3axapuyk, TuxonoBa, 2011) ObLIO mMOKa3aHO, YTO HE BCErJa JJIMHHBIC BOJHBI,
BBI3BIBAIOLIME HABOJHEHUS Ha BOCTOKE DUHCKOTO 3ajiMBa HMEJU XapaKTEPUCTHKU
CBOOOJHBIX  OapOTPOIMHBIX T'PABUTAIIMOHHBIX BOJH; B psAE CiIy4aeB OHH
UIACHTUPUIIMPOBAINCH Kak Tomorpaduueckre BoiHbI (3axapuyk, TuxonoBa, 2011).
Pe3ynbTaThl YMCIEHHBIX YKCIEPUMEHTOB Ha TPEXMEPHON TMIPOAMHAMUYECKON MOJEIN
bantuiickoro Mopsi CBUAETEIBCTBYIOT, UTO M3-3a 3HAYUTEIBHOU 3aMKHYTOCTH MOpPS U
BpallleHUs] 3eMJIM JJIMHHBIE BOJIHBI, BBI3BIBAIOIIME OCOOO OMACHbIE MOJBEMBI YPOBHS
Mops B Puxckom u @DuHCKOM 3aiuMBaXx BO BpeMsl IITOPMOBBIX HAroHOB
TPaHC(POPMUPYIOTCS B TMPOTPECCUBHO-CTOSYME BOJHBI, HMMEIONIUE BBIPAKECHHYIO
aM(PUAPOMHUUECKYIO CUCTEMY C Y3JIOM B paiioHe ['0TiiaHACKON BIaJuHbI U MyYHOCTH Ha
BocToke DUHCKOro 3anvBa, B PrkckoM 3anmuBe W Ha toro-3anane bantuku (3axapuyk,
CyxaueB, Tuxonona, 2020). B ®uHCcKOM 3a11B€, COTIaCHO YMCICHHBIM SKCIIEPUMEHTAM,

Hpeo6naﬂaeT MOCTYINAaTCJIbHOC BOJTHOBOC IBHKCHHUC BOAHBIX MAaCC BO BPpEMs IITOPMOBOI'O
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HaroHa (3axapuyk, CyxaueB, Tuxonosa, 2020). IIponsurasice k BepmnHe DuHCKOTO
3aJIMBa, IJIMHHAS BOJHA IMOCTOSIHHO YBEJIIMYMUBAETCS B BBICOTE BCIIECACTBUE YMEHbBILICHHUS
IUIOLIAAM MONEpeUHbIX cedeHuil 3anmuBa. JlabopatopHbie onbiTel M.C. ['pymieBckoro
MOKa3aJid, 4YTO CBOOOJHAs BOJHA, pacrpocTpaHstomasics Baoib DUHCKOro 3alvBa,
yBEJIMYMBAET CBOIO BbICOTY B HeBckoil rybe B 3 — 3,5 pasa (I'pymeBckuii, 1954).
YuclieHHbIE SKCHEPUMEHTbl Ha TUAPOAMHAMUYECKON MOJENH CBHUJIETEIBCTBYIOT, UTO
JUIMHHASI BOJIHA MPU OTCYTCTBUM BO3MYIIAIOIIUX CHJI, paclpocTpanssich no GuHckomy
3aJIMBY, YBEJIIMUMBAET CBOIO BbicOTy Bcero Ha 40 — 50% (ABepkue, KneBanusiii, 2007).
Emé ognuM BaskHbIM (DaKTOPOM, BIMSIIOLIMM Ha OMACHbIE NOIBEMBI ypoBHS B DuHCKOM
3aJIMBE BO BPEMsI IITOPMOBBIX HATOHOB, SIBJISIETCSI PE30HAHC MEXAY aHEMOOAPUUECKUMU
CHWJIaMH B aTMOC(EPHOM IHMKJIOHE U COOCTBEHHBIMHU KojeOaHusiMu bantuiickoro mops
(KynmukoB, MenseneB, 2013; Jla63oBckuii, 1971). CormacHo TEOpEeTUUESCKUM
UCCIIEIOBAaHUAM, JIO00M MOpCKOM OacceitH XxapakTepu3yeTcsi HabopoM COOCTBEHHBIX
4acTOT 0apOTPONHBIX U OAPOKIUHHBIX KOJIeOaHU, KOTOPBIE ACNATCS Ha JIBA OCHOBHBIX
kinacca (Jle brmon, Maiicek, 1981). CoOGcTBeHHBIE KOJIeOaHUs 1-TO Kiacca - JUTMHHBIC
IPaBUTALIMOHHBIE BOJIHBI, SIBISIOIIMECS TMPOAOIBHBIMH BoJHaMU. (CoOOCTBEHHbIE
KonebaHus 2-ro Kjiacca — TPAJUEHTHO-BUXPEBBIE BOJIHBI, HAanOoOJiee WU3BECTHBIMH U
M3YYCHHBIMU MIPEICTABUTENIIMHI KOTOPBIX SIBISIOTCS BOJIHBI PoccOu u Tonorpadudeckue
BoiHbI (JIe bion, Maiicek, 1981). 910 npenmyI1eCTBEHHO TOPU30HTAIBHO-IONIEPEUYHBIE
BOJIHOBBIE JIBUKEHUS, KOTOPHIE T€HEPUPYIOTCS TOJBKO HAa YACTOTAX, JEKAIIMX HUKE
nHeprronHoi yactoTsl (Pedlosky, 1979).

[Ipu coBmageHUH CKOPOCTU MABMXKEHHUS aTMOC(EpPHBIX LUKIOHOB ¢ (ha30BOM
CKOpPOCTBIO CBOOOJHBIX BOJIH, TEHEPUPYIOLINXCS HAa YaCTOTAaX COOCTBEHHBIX KOJeOaHUM
banTuiickoro Mopsi, IPOUCXOAUT SIBJIEGHHE PE30HAaHCa, YTO MPUBOAUT K OCOOEHHO
CHUJIBHOMY YBEJIMYEHHIO BBICOTHI JJTMHON BOJHBI U CBA3aHHOMY C HEU MOJBEMY YPOBHSL.
ITo onienkam H. A. Jlab30Bckoro (JIab30Bckuit, 1971) sinenue pezonanca B @UHCKOM
3aJIMBE BO3MOXHO MPU CKOPOCTAX aTMOCPepHBIX UKIOHOB 15 - 21 m/c. Tlo pe3ynpTaTam
YUCJIEHHOTO THIPOIMHAMUYECKOT0 MOJEIMPOBAHUS IKCTPEMAIIbHBIE TIOTbEMBI YPOBHSI B
BOCTOYHOI yacTu OUHCKOTO 3a1uBa (OPMHUPYIOTCS IPU MEHBIIUX CKOPOCTSX JIBHIKEHUS

uukioHoB (12 — 15 m/c) (ABepkues, KneBannsbiit, 2007).
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Pe3ynpTarhl YHCIEHHBIX HKCHEPUMEHTOB HA TUIPOAUHAMUYECKON MOJEIU
MOKa3bIBAIOT, UYTO OCHOBHAs CHJIa, BO30YXKIAIOIIas OMAacHbIE MOJHEMBbI YPOBHS Ha
BOoCTOKEe PUHCKOro 3ajMBa BO BPEMSI IITOPMOBBIX HArOHOB — CHJIa TAHT€HIUAIBHOTO
HaIpsKEHUS BETPA, BKIIAJ KOTOPOM cocTaBiiseT 69%. BinsiHue cuiibl ropu30HTaIbHOTO
rpajueHTa atMoc(GepHOro AaBJICHHMS U €ro craTudeckoro 3@¢exkra He NpPEeBBILIAET,
cooTBeTCTBEeHHO, 15% 1 16% (ABepkues, Knesannsiii, 2007).

Takum o0pa3om, mnpoiecc (GOPMUPOBAHUS IITOPMOBOTO HAaroHa CBS3aH C
COBMECTHBIM BIIUSTHUEM HECKOJIbKUX (PaKTOPOB, BKJIAJIbl KOTOPHIX B CYMMAapPHBIN MOIBEM
YPOBHS MOpS BO BPEMSI IITOPMOBOI'O HArOHA MOTYT Pa3jnyaThCsl B KAXKJOM KOHKPETHOM
clIyJae.

B nanHoit pabGore MBI OyneM TOHUMATh TIO0J IITOPMOBBIMH HAaroHamu
3HAYMTENIbHBIC TTOABEMBI YPOBHS MOPSI B IPUOPEKHOM 30HE, BHI3BIBAEMBIE CYMMapHBIM
NEHUCTBHEM BpalleHusi 3€MJIM, CHJI KacaTelbHOIO TPEHUsS BETpa, TIpaJueHTa
aTMOC(EPHOTO JaBJICHUS U €ro CTATUYECKOro 3P dekTa B TIIyOOKOM LUKIOHE U UTUHHOU
BOJIHBI, KOTOpasi TEHEPUPYETCS MO MPSMBIM BO3/IEWCTBUEM aHEMOOAPUYECKUX CUIT WU
KE B pe3ylibTaTe pe30HaHCa AITHX CUJI C COOCTBEHHBIMH KOJIEOAHHUSAMH MOPCKOTO
Oacceiina.

[ItopmoBBIE HaroHsbl YPOBHS Mopst OTHOCSITCS K OMacHbIM
TUAPOMETEOPOIOTUYECKHUM SIBIIEHUSIM B CHILY TOTO, YTO B PSIA€ CIIyYa€B OHU MPUBOIST K
HABOJAHEHHUSM, WHOTJAA KaTacTpopuyeckoro xapakrtepa. Hawmbonpmmit  ymiepo
ITOPMOBBIE HAaroHbl OKAa3bIBalOT B BOCTOYHOW dacTu (PHHCKOrO 3anuBa, TAE IMOJ UX
BIUSIHUEM (OPMHUPYIOTCS ONAacHbIE TMOABEMBI YPOBHS MOPS, BO BpeMsS KOTOPBIX
HAHOCHTCS 3HAYUTENBHBIN yIIepO mpuOpekHoi HHOPACTPYKTYpE.

K omacHbiM noibéMam ypoBHS, BbI3bIBalOIIMM HaBogHeHHs B CankT-IletepOypre,
HUCTOPUYECKH TPUHATO OTHOCHUTH MPEBBIIIECHUS YpOoBHS Oojiee 160 cM OTHOCHUTEIBHO
ayns Kponmranrckoro dyrmroka (pucyHok 1.1), 3a KOTOPBI TpUHUMAETCS CpeaHee
MHOTOJIETHEE  TOJOKEHHWE  BOJHOW  MMOBEPXHOCTHM  bantmilckoro  Mops  y
ruapomereoposiorndeckoro nocra Kpoumranr (o. Kornun). Ilpu Takux noabémax
ypoBHS1 MOpst Bozibl p. HeBbl BbixonsT u3 6eperos, u B CankT-lleTepOypre npoucxoasit

MOJTOIIJICHUSI TOPOJCKUX TeppuTopuii. C caMoro Havajia CTpOUTENbCTBa Topoja CaHKT-
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IletepOypra ero >KMTEIM CTOJKHYJIHUCh C ONACHOCTBIO 3aTOIUICHUS TOPOACKHUX
TEPPUTOPUI. YIKE CITyCTS JIBa Mecsla Mocie 3anoxeHus ropoga 19 asrycra 1703 roaa,
HABOJIHEHUE IIPEPBAJIO CTPOUTENBHBIE PAOOTHI, PA3HECIIO YaCTh JieCca U CTPOUTEIbHBIX
MaTepuaaoB, IPEeBpaTUB BOWCKOBOW Jarepb, pacIOJOXUBIIMNCA Ha TPaHULE

[leTporpanckoii u BeiOoprckoi CTOpoH B HEMPOXOUMOE OOJIOTO.

Pucynok 1.1. 3nanune Kponmraarckoro QyTinToxa.

B psne ciydaeB HaBojHEHHS B ycThe HeBbI 00OpauMBaiuCh JJIS €T0 KUTEICH
HACTOSIIIIUM ~ CTUXUWHBIM  O€JCTBMEM C  YENOBEYECKMMHU  IKepTBaMH. TaK,
KaracTpouyeckoe HaBojgHeHUE 1824 r., mpu KOTOpOM Boja mojHsiach Ha 421 cm
oTHOcuTenbHO HyJs Kponmraarckoro ¢yrmrToka, crtouno ropoxy oxono 4000
yejaoBeuecKux xu3Hel (pucyHok 1.2 u 1.3). B 310 HaBogHEHHE OBLIIO YHUUTOXKEHO 324
MOCTPOIKH, TOBpexaeHo 3257 crpoeHuit u morubimo okono 3600 roioB cKkorta.
Hcropuueckne naHHbIE CBUAETEIBCTBYIOT, YTO M paHee B ycTbhe HeBbl ciyyanuchk
AKCTpEMAJIbHBIE TMOJBEMBbl YPOBHSI MOPS, MPEBHIIAIONINE AK€ BbIIICYKa3aHHbBIC
(KongparoBuy, 1993). Tak, B 1300 r., cyas mo JIETOMUCAM, YPOBEHb IOIHSIICS BBIIIEC

opaunapa 6osee uem Ha 500 cm (Mnbuna, ['paxos, 1978).
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IlepBble TOCTOBEPHBIE CBEAECHUS O HEBCKMX HABOJHEHHAX OTHOCATCA K Hadaly
XVIII Beka, xorma B BOCTOYHOM YacTu (DUHCKOro 3ajMBa B NEPUOJ CTPOUTEIHCTBA T.
Cankr-Iletepbypra (1703 r.) u kpenoctu Kponmraar Ha o. Kornun Hayanu
MIPOU3BOJIUTHCS AMU30UUYECKUE U3MepeHus: ypoBHs. B 1o Bpems B I[letepOypre Obin
YCTAaHOBJIEH TMEpBbIi (QYTIITOK — MOCTOSIHHAs BOJAOMEpHas pelKa C JIeJICHUSIMHU,
IpeAHa3HaYeHHasl U1 HENMOCPEACTBEHHOI'O OTCYeTa YpOBHs BOAbl, a B 1707 romy —
opranu3oBaHa (QyrtmTouHas ciyx0a Ha o. Koriun. 3amepbl ypoBHsS Mopsi Obuid
HEO0OXOIUMBI JJ11 0€30MacHOTo IUIaBaHusl Kopabield MOoJIOA0ro poccHiickoro ¢iora mo
MeNKOBOIbIM PUHCKOI0 3aJIMBa U YCTheBOU 00acTi HeBbl, a Takke /J1s CTPOUTENIbCTBA
000POHUTENBHBIX cOOpykeHui Ha 0. KotnuH. B aToT nepuon B paitone HeBckoii ry0bI u
duHCKOro 3amuMBa B pa3HOE Bpems JehcTBoBaio Oosiee 30 MyHKTOB BOJAOMEPHBIX
HaOmoneHui. Perynsipubie cpounsle (3 pa3za B CyTKH) HAOJIIOACHUS 37€Ch ObUIH HAYaThI
c 1806 roga. B xonie 1897 r. Ha BomoMepHOM ToCcTy y T. KpoHiuTaara Obl1 yCTaHOBJICH
caMoIIMcell ypOBHS U, HaunHas ¢ 1898 T., 10 3TOMY MyHKTY UMEIOTCS TaHHbIE €KEYACHBIX

3HAYEHUN YPOBHS MOPSI.

Pucynok 1.2. BennuuHbl MOOABEMOB YPOBHS MOpsI B BalTHIICKOW cHCTEME BO BpeEMs
HaBOAHEHWI. KpacHBIM IIBETOM OTMEYEHBI 3HAUYCHUS YPOBHS MOpS, 3a(pUKCHPOBAHHBIC
Ha nam0Oe, nocie Beoja K3C B akcrutyaranuio.
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Pucynox 1.3. Otmerku ypoBHS BOAbl B IleTpomaBioBCKOW KpEmocTH MpHU
karactpoduueckux HaBogHeHuax B Cankr-IlerepOypre.

Hcropus uccnenoBanuss CaHkT-IleTepOyprckux HaBOJHEHUH TOMHUT Pa3IMYHbBIC
TPaKTOBKH MeXaHU3MOB ux ¢opmupoBanus. Emé B konne XVIII Bexa akagemuk Kpadt
(Kpadt, 1780) Ha ocHOBe COOpaHHBIX UM MaTEPHAIOB HATYPHBIX HAOIIOJACHUHN MPHUIIIETT
K BBIBOJly, YTO OCHOBHOM NMPUYMHON HaBOJAHECHUH SIBJISIOTCS 3alaJHbIE U IOr0-3aI1aIHbIE
BeTpa, HaroHsoIme Boay ¢ Mopsa B Hesckyto ry0y. Bropoit npuunnoii Kpadt cuuran
BO3/ICHCTBHE MTPUIIMBOOOPA3YIOIMNX CHII Ha KoJebanus ypoBHs B ycThe HeBnl. [1o3ke, Ha
OCHOBE TEOPETHUECKUX U AIMIIUPUUYECKUX UCCIEAOBAHUN MPUIUBOB ObLIO MOKA3aHO, YTO
MX BO3JICMCTBUE HA SKCTPAOPAUHAPHBIE MTOIBEMBI YPOBHS B BOCTOYHOM YacTh OUHCKOTO
3aMBa MPEHEOPEKUMO Mayo, W3-3a OTHOCUTEIBHO HEOOJBIIMX pPa3MEPOB MOPS, €ro
3HAYUTEIBHOW 3aMKHYTOCTH U OTPAHUYEHHOM CBSI3U C ATIAHTHYECKUM OKEaHOM.

B XIX Beke akamemukamu bepxom (bepx, 1826) u Illyoeptom (Lllybept, 1877)
MOAACP>KUBATIOCH MHEHUE 0 (POPMUPOBAHUU HABOJHEHUI CTOKOM p. HeBbl, KoTOpas npu
CUJIBHBIX 3aIIaIHBIX BETPAX HE MOXKET MPEOAOJIETh MUX HAIOpPa M HU3JIUTHh CBOHU BOJBI B

@uHckuil 3amuB. OJHAKO 3TO MPEAINONOKEHHE OBbLIO OMPOBEPTHYTO MOCIEIYIOIIUMU
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U3MEPEHUSIMHU YPOBHSI BO BpeMsl HABOJHEHHM, KOTOphIE MOKa3adyu HaJIuuue oOpaTHOTO
€ro yKJIOHa (YMEHbLIEHUE YPOBHS BO BpeMs HaBOAHEHUH oT HeBckoil ryObl B CTOPOHY
peuHoro pycina Henr).

B camom kxonne XIX u mepBoii monoBuHe XX BEKa MIHUPOKOE PACIPOCTPAHEHUE
MOJTy4yunsia BOJIHOBAsI MHTEPIIPETallUsl HEBCKUX HABOJAHEHUM, BIIEPBBIC MpeJIoKkeHHass M.
A. PrikaueBbiM (PrikaueB, 1898), u, B manpHelIeM, MoJy4YUBIIas pa3BuTHe B padotax B.
10. Buze (Buze, 1925); C. A. CoseroBa (Cosetos, 1933); B. A. bepra (bepr, 1935).
Knaccudeckoe omnmurie BOJIH OT HE BOJHOBBIX KOJICOAHUN OOBICHACTCS HaTUIUEM
OpOUTANBLHBIX JIBMOKEHUW YaCTHI] BOJBI C COOTBETCTBYIOIIUM pPACIPOCTPAHCHHEM B
npocTpaHcTBe (OPMBI BOJIHBI, O€3 ITepeHOCa MaCChl, YTO HE CBOMCTBEHHO JIPYTUM BUIAM
KoJjeOaTeNnbHBIX JABWKEHUN. [losiBIeHHe BOJTHOBOW TPAaKTOBKM HABOJHEHHM OBLIO
CBS3aHO C pe3yjbTaTaMM aHajin3a MHCTPYMEHTAJIBHBIX H3MEPEHHU YPOBHS MOPS B
pasnu4HbBIX OeperoBblX MyHKTax bantuiickoro Mopsi, CeTh KOTOPBIX IOCTOSHHO
yBeIu4YMBajiach. b0 3aMedyeHo, 4TO mepe] HaBOAHEHUSMH MAKCUMyM BO3MYILECHHS
YpOBHS B IPUOPEKHOI 30HE MepeMeNIaeTcs C Iora Ha ceBep OTKphIToi bantuku, a 3arem
3axoauT B OUHCKUH 3a]IUB U PACIpPOCTPAHSAETCS MO HEMY, 3HAUUTEIIBHO yBEINYUBASIChH
[0 aMIUIUTYJE BCJIEACTBUE YMEHBIIECHHUS IUIONIAAN €r0 CEUYEHHs], UHOTAA 10 OMACHBIX U
KaTtacTpo(puuecKknux pazMepoB.

Ha ocHoBe momo0HbIX HaOMOACHU Oblla BEICKa3aHa TUIIOTE3a O MIPOTPECCUBHOM
XapakTepe BOJHBI, (popmupyromel HaBogHeHus B yctbe Hesol. [1o pasHocTH BpeMeHH
MpUX0Jla MAaKCUMyMa B COCEIHHE MYHKThl OLEHUBAIACH CKOPOCTh PAacHpOCTPaHEHUS
MIPOTPECCUBHOM BOJIHBI HAa PA3IMYHBIX ydacTKax moOepexbs. B tabmuie 1.1, B3sgTOl U3
pabotsl MakpuHoBoii (MakpuHoBa, 1954), npeacTaBieHbl OLIEHEHHbIE YKa3aHHBIM BBIIIIE
crocoOOM CKOPOCTU PACHpPOCTPAHEHUs] BOJHBI HA PA3IUYHBIX Y4YaCTKax MOOEPExXbs
bantuiickoro mMopss Bo Bpemsi (opmupoBaHHS KaTacTpOUYECKOTO HABOJHCHHS B
Hegckoii ry0e B centsiope 1924 roga. Xopomio BUAHO, YTO 3TH CKOPOCTU MEHSIOTCS B
mupokux npeaenax ot 4 go 50 m/c. Tak kak no 2-i monoBuHBI XX BeEKa Cpeau
Pa3JIUYHBIX BUJIOB OKEAHCKUX JJIMHHBIX BOJIH ObUIM U3BECTHBI TOJIBKO IPABUTALIMOHHbBIC
BOJIHBI, CTAHOBUTCS MOHSITHBIM JKEJIaHUE UCCIeoBaTeNel TeX JeT UAECHTU(PUIUpPOBaTh

BOJIHbI HCBCKHX HaBOI[HCHI/Iﬁ KaK MJIMHHBIC I'PaBUTAIlMOHHBLIC BOJIHEIL. TCOpeTI/I‘-IeCKI/Ie
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OLICHKU (DA30BBIX CKOPOCTEH JJIMHHBIX I'PABUTALMOHHBIX BOJIH JJIA CPEIHUX TIIyOUH
otkpbiTor bantuku (59 M) u ®@unckoro 3anuBa (29 M), BBIOTHEHHbBIE MO U3BECTHOMU
dopmyne C=(gH)'?, tne H — rny6uHa MOps, g — YCKOPEHUE CHUJIBI TSYKECTH, PABHBI
COOTBETCTBEHHO, 24 u 17 M/c. CpaBHEHHE 3TUX OLIEHOK, C IPEICTaBICHHBIMU B Ta0JIULIE
1.1, mokas3pIBaeT, 4YTO Ha HEKOTOPBIX ydacTKax MoOepexbsi CKOPOCTH pacpoCTpaHeHUs
BOJIHBI, (POPMHUPYIOIIEH HABOJHEHUE, IEUCTBUTENBHO OJUM3KHU K TEOPETHUECKOU (pa3oBoil
CKOPOCTH JIJTMHHBIX TPABUTALIMOHHBIX BOJIH, & HA PYTUX — B HECKOJIBKO pa3 OTJIMYAIOTCS
OT TaKOBOM. 3aBBIIEHHBIE IMIUPUUECKUE OLIEHKU BOJHbBI HABOAHEHUS, OTHOCUTEIBHO UX
TEOPETUYECKUX 3HAUCHUMN, OOBICHSIINCH TEM, YTO B 3amaiHON yacTu DUHCKOTO 3aJlvBa,
BCJIEACTBHE OOJBIIEH TIyOMHBI y FOKHOTO Oepera, 4eM y CEBEpHOro, ()pOHT BOJIHBI
pacnoJiaraycs He MonepeK 3aJIKBa, a MoJ| yriioM, IPpUUeM paciupoCcTpaHEeHUE BOIHBI BIOJb
IOKHOTO Oepera omepexano €€ paclpocTpaHEeHUE BAOJIb CEBEpHOro Oepera

(I'pymeBckuii, 1954; MakpunoBa, 1954).

Tabmuua 1.1. OueHKH CKOPOCTH paclpoCTpaHEHHUsT BOJHBI HA pPa3HBIX ydacTKax
noOepexbs bantuku, cpopmupoBasiieit karacrpouueckoe HaBoiHeHUE B JIeHUHTpaae
23 centsa6ps 1924 roga (MakpunoBa, 1954).

Crannus Paccrosinue, BpeMst mpoXxo1eHus THKa BOJIHBI CKOpOCTh BOJIHBI,
KM Hara u yacel | MutepBan ot McTtaga, yacsel Mm/c
Hcran 0 22.09 20:00 0 16.7
Kynrcxonem 120 22.09 22:00 2 23.9
Jlanncopt 550 23.09 03:00 7 19.4
CTOKroipm 620 23.09 04:00 8 4.4
Jerepou 700 23.09 09:00 10 9.2
XaHKo 800 23.09 12:00 16 50.0
Tamnuu 890 23.09 12:30 16:30 16.7
XenbpCUHKHU 920 23.09 13:00 17 13.9

Jlennnrpan 1220 23.09 19:15 23:15

Ha ocHoBe mpeacTaBiIeHHBIX BBIIIE HAOMIOACHUN U OIEHOK MHTEPIIPETAIUS BOJTH
HEBCKMX HABOJHEHWM, KAaK TIPOrPECCUBHBIX JJIMHHBIX T'PAaBUTAMOHHBIX BOJIH,
YTBEPAWJIACH CPEJIM MHOTHX MCCIIEIOBATENEN Ha LIENbIM BEK, BIUIOTh 10 HAIIUX JTHEH, HE
MOJBEPrasiCb COMHEHUIO.

[TapannenbHO € 3TOM TMNOTE30M B MEPBOM MOJOBHHE XX BEKa CYIIECTBOBAJIA
TOYKA 3PEHHUSI, YTO MPUUYMHON HEBCKUX HABOJAHEHUU MOTYT OBITh CTOSUME KOJeOaHUS

BOJIbI (celiim) B cucteme oTKphITas bantuka - ®unckuii 3anus ([y6os, 1937; lBaHoB,
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1946). Ceiiiamu NpuHATO HA3bIBATh CBOOOIHBIE 3aTyXaIOIINE KOIeOaHUs YPOBHS MOPS
B 3aMKHYTBHIX WJIM YaCTUYHO OTPAHUUYEHHBIX BOJOEMAX, MPOUCXOJAIINE MO HWHEPIUU
MocJie MpeKpalleHusi JeUCTBHUS BO3MYIIAIONIUX CUJI B BHUJI€ CTOSIYMX TPABUTAIIMOHHBIX
BOJIH C YacTOTaMU COOCTBEHHBIX KkoyieOanuit 6acceitna (I'py3unos, 1973; Jlemenurikas,
1974; Jla63oBckuii, 1971). Camplii mpocTOM BUA CEWIll — KOrja YpPOBEHb BOJbI
MOJHUMAETCS y OJTHOTO Kpasi 6acceiiHa, B TO K€ BpeMsl, OITyCKasCh Y IPYroro ero Kpas.
[Tocepenune Oacceitna HaOMIOAaETCS Y3710Bast JIMHUA, BJOJIb KOTOPOU KOJIeOaHHs YPOBHS
OTCYTCTBYIOT, M YaCTHUIIbl BOJbI JIBIXKYTCSI TOJBKO TOPHU3OHTAIBHO. DTOT BUJ CEHMII
Ha3bIBAIOT OJHOY3JOBBIMH. JIByXy3JI0BOIl Ha3bIBAIOT CEMllly, UMEIOIIYIO JIBE€ y3JO0BBIC
muHuu. Ceilin ObIBalIOT 1 MHOTOY3JI0BbIE — TPH, YeThIpe U Oosee y3:10B. Crienuduyueckoi
OCOOEHHOCTBIO CEWII SIBISIETCS OAHOBPEMEHHOCTh (pa3bl KojeOaHHs BO BCEX TOYKAX
OacceitHa co ckaukooOpa3HbIM ee u3mMeHeHneM Ha 180° B y3110Boil 30He.

VYkazanus Ha ceiiid B banTuiickom Mope aenaauch 0OObIYHO Ha TOM OCHOBAHUH,
YTO MPU NOJABEME YPOBHS BOJIBI B OTHOM paccMaTpuBaeMoM ydacTke bantuiickoro Mmops
i OUHCKOTO 3a1MBa B UX MPOTHUBOMOJIOKHBIX KOHIIAX HAOIIOAAETCsl HU3KOE CTOSTHUE
ypoBHs Mopsi. OHAKO ATOT MPU3HAK HE SBJISETCS JOCTATOYHBIM JIJISl MIACHTU(UKAIIUU
KojeOaHuil ypoBHs Kak ceiml. B cBsa3u ¢ atum B. I1. JIy6oB ([ly6oB, 1937) mpuber k
1a60paTOPHOMY MOECIUPOBAHUIO TUIPOJUHAMUYECKUX MPOIIECCOB, PA3BUBAIOIIUXCS B
Bantuiickom Mmope u ®uHckoM 3anuBe. OH MOJyYUII YEThIPE Pa3IUYHBIX CUCTEMBbI CEUIII
— OT OJIHOTO JI0 YEThIPEX Y3JI0B, M HMMEBIIUX CIEAYIOUIME MEePUOAbl KOJIEOaHUM:
OIHOY3JIOBas ceima — 48 4JacoB, nByxysznoBas — 30 yacoB, TpexysnoBas — 24 yaca,
YEThIPEXy3J0Bas — § 4acos.

Pe3ynbTaTel 1a00paTopHBIX MccheaoBanmii [[yooBa okaszanu OOJIbIIOE BIUSHHUE HA
HampaBJiCHWE MbBICIM  psija  MCCJeNOoBaTelie, 3aHUMAaBIIMXCS  MOUCKAMH U
MCCJIeIOBAaHUSIMU Celieo0pa3HbIx Kojiebanuii B bantuiickom mope. Hekotopsie u3 HUX
CTaJIM Ja)ke CYUTaTh CEUIIM OCHOBHOM NMPUUYMHON HEBCKUX HaBoaHeHUM (MBaHoB, 1946;
CxopHskoB, 1948).

Ceitn bantuiickoro Mopst u3ydayiuch 1 HemellkuM yueHbiM Heitmanom (Neuman,
1941). CornacHo ero uccie0BaHUsIM aMIUTUTYAbI, CEHIl B BOCTOYHOM YacTh DUHCKOTO

3aJIMBa OYE€Hb HEBEJIMKU M OOBIYHO HE IMPCBLIIIAIOT 10 cM ¥ IUIIb B UCKITIOUUTEIBHBIX
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cnyuasx gocturator 40 cm. Tem He MeHee, OH JONyCKaJl BO3MOXHOCTh
HEOJIaroNnpUATHBIX THIPOMETEOPOJIOTMYECKUX YCIOBHM, IPU KOTOPBIX ceiilieo0pa3Hbie
KOJI€OaHMsI MOTYT IOCTUTHYTh OOJIBIINX Pa3MeEpOB.

B paborax 6osiee mo3gHero nepuo/ia, OCHOBaHHBIX Ha pe3ysibTaTax 1abopaTopHOTo
Y YHUCIICHHOTO THUIAPOJUHAMUYECKOTO0 MOJEIUPOBAHUS, aBTOPHl MPUXOJAT K BBIBOIY O
HE3HAYUTEIILHOM BIUSHUM CEHIl Ha (OPMUPOBAHME OIMACHBIX U KATaCTPOPUUECKUX
noabeMoB ypoBHsl B ycThe HeBwl (I'pymieBckuit, 1954; Jla63oBckuii, 1971; [IsackoBckuid,
[Tomepaner, 1982).

B nacTosiiiee Bpemsi COTJIacHO COBPEMEHHBIM MPEICTABICHUSIM, OCHOBAaHHBIM Ha
AMITUPUYECKUX U TEOPETUUECKUX HUCCIICIOBAHUIX, HEBCKME HABOJHECHUS MPEICTABIISIIOT
co001i c10KHBI MHOTO(aKTOPHBIH TTporiecc. CUuUTaeTCs, 4YTO OMACHBIE MOABEMBI YPOBHS
B HeBckoii ry0e, mnpuBOAsIIME K HABOAHEHUAM, (QOPMHUPYIOTCS B pe3yJbTaTe
CyNepro3uiuu  KojeOaHuii ypoBHA MOpPS  pa3HbIX BPEMEHHBIX MacHITaOoB:
Me30MacIITaOHBIX, CHHONTHYECKUX, CE30HHBIX, MHOTOJIeTHUX. [Ipeobnagaroniuii BKiIaj
B (pOpMUPOBAHUE HEBCKUX HABOJHEHUN BHOCIT Me30MAacCIITaOHBbIE KOJeOaHUS ypOBHSA
MOPS ¢ XapaKTePHBIMU NIEPUOJAMU OKOJIO OTHUX CYyTOK (AHTOHOB, 2001; HexxnxoBckuid,
1981; CBoaHblli HayyHO-TEXHMYECKHH oTueT mno Teme 176 «Merong mnporHosa
Jlenunrpaackux HaBojHeHUM, 1966), BbI3bIBacMBbIC aHEMOOAPUUYECKHUMHU CHJIAMHU B
nepeMenarIuXcs HaJl akBaTopuel baaTuiickoro Mops TiyOOKHX IUKIOHAX (ABEPKHUEB,
Knepannsiit, 2009; I'pymesckuit, 1954; Jla63oBckuii, 1971; IlackoBckuii, [Tomepanerr,
1982). Ux Bkiam B cyMMapHble HNOIBEMBI YPOBHS MOpPsSI BO BpeMsi HABOJHEHHU IO
onieHkaMm (3axapuyk, Tuxonosa, 2011) moxer nocturats 73%.

B crarbe (3axapuyk, Tuxonosa, 2011) Obu10 BEICKa3aHO COMHEHUE, OTHOCUTEIBHO
€AMHCTBEHHO BO3MOJKHOW HACHTU(DMKAIIMKA BOJH HEBCKUX HABOJHECHHWHA KaK JJIMHHBIX
IPABUTALMOHHBIX, TaK KaK, COTJIACHO TEOPETHUUYECKUM IPEJICTABICHUSM, 3TU BOJIHBI Ha
Bpamjaroieiicss 3emie MOryT TE€HEpUpPOBAThCS TOJIBKO Ha TMEpUOAaX MEHbIIE
unepuuonnoro (Ilemnocku, 1984). Ileprion MHEPUMOHHBIX KOJEOAHWUW ISl IIUPOTHI
Cankr-IletepOypra paBen 13.86 yacoB, B TO BpeMs KaK XapaKTE€pHbIE MEPHOJIbl HEBCKUX
HaBOJHEHUM paBHBI 24 - 30 yacam, a makcumainbHble — 70-75 yacam (AHTOHOB, 2001;

Hexuxosckuii, 1981; CBoaHBIM Hay4yHO-TEXHMYECKMH OT4eT mo Teme 176 «Meron
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nporHo3a JlenuHrpajackux HaBogHeHuH, 1966), To ecTb oHM B 2-5 pa3 OoJblie nepuoja
MHEPIMOHHBIX KoJieOaHUi. ENMHCTBEHHBIN BU TPaBUTALMOHHBIX BOJIH, KOTOPBIE MOTYT
reHepUpOBaThCS Ha MEepuojax OOoJblle WHEPLUMOHHOIO — 3TO BOJHBI KenpBuHa —
3aXBavyeHHbIC OEperoM JIMHHBbIE TpaBUTAalMOHHBIE BONHBI (JIe bion, Maiicek, 1981;
[leanocku, 1984). 3axBaT BOJTHOBOW 3HEPIUHU ITHX BOJH B OKEAHAX M MOPAX CBS3aH C
COBMECTHBIM 3(¢deKToM Hanuuusi OOKOBOM TpaHulbl U BpameHus 3emud. OJHaKo,
cornacHo pabore (Ilemmocku, 1984), nnst cymiectBoBaHusi BoiH KenbBHHA Ha HU3ZKHUX
4acToTax, JJIsi KOTOphIX o << f (rme o - 4acTtora BOJHHI, f - mapameTp Kopwuomuca,
f=2Qsin0, () - yriaoBas CKOpPOCTb BpallleHus: 3eMiu, 0 - mupora Mecra), 00g3aTEIbHO
JIOJI’KHO BBITIOJIHSTHCSI HEPABEHCTBO

kRy < 1 (D)

JgH

rje k - BOJIHOBOE YHuCIo, Ry - BHeNHUN paauyc aedopmaiuu PoccOu, Ry = R

To ecTh nMHa BOJHBI AOHKHA HAMHOTO MpeBocxoauTh Ry. B pabore (3axapuyk,
Tuxonosa, 2011) Ha ocHOBe (Pypbe-aHAIN3a CHHXPOHHBIX U3MEPEHUIN YPOBHS MOPS Ha
MATEPUKOBBIX M OCTPOBHBIX CTAHIMSIX BOCTOYHOM yacTu (DHUHCKOTO 3aiuBa OBLIO
MOKa3aHo, YTO B MEPHObI (POPMHUPOBAHUS OMACHBIX MOIBEMOB YPOBHSA MOPS, JTHHBI
BOJIH HaBOAHEHUU BapbUpyOT OT 452 no 1400 kM. Takum obpazom, s DUHCKOTO
3ajuMBa HepaBeHCTBO (1) HE BBIMOJIHIETCS — JJIUHBI BOJH HEBCKUX HABOJHEHUU
CPaBHHUMBI C Ry, KOTOPBIH JIJIsl CpeiHel TiyOnHbI 3anuBa 29 M, pased 839 km. [ToaTomy,
MaJIOBEpPOSITHO, YTO HU3KOYACTOTHBIE BOJIHBI, BBI3bIBAIOIINE HABOJAHEHUS B ycThe HeBbl,
MOT'YT OBITh CBSI3aHBI ¢ BOJTHOM KenbpBuHA.

Y4uuteiBas, 4TO XapaKTEpHbIE TEPHOJL BOJH HABOJHEHHM OOJbIIE TIEpPHOJa
MHEPUUOHHBIX KOJIeOaHUM, OIIEHEHHOro sl IHpOThl PUHCKOTO 3ajauBa, B padote
(Baxapuyk, Tuxonoma, 2011) ObUIO NpPOBENEHO CpPAaBHEHUE HX XaPAKTEPUCTUK C
TEOPETUYECKUMH JTUCIIEPCUOHHBIMU COOTHOILLICHHUSIMU PAa3JIMYHBIX BUIOB T'PaJUECHTHO-
BuxpeBbix BOJH (benonenko, 3axapuyk, ®ykc, 2004; Tapees, 1974; dykc, 2005).
CpaBHeHHE TIO3BOJIMJIO B PsA€ CIy4yaeB HUJCHTU(PUUUPOBATH BOJHBI HEBCKUX
HaBOJIHEHMM, Kak OapokIMHHBIE Tomnorpaduyeckue BoiHbL. Ha ocHOBe pe3ynbTaTtoB

YHUCJIICHHOTO THAPOAMHAMHUYCCKOIO MOACIMPOBAHMA K aHAJIK3a MeTeOpOJIOFI/I‘ICCKOﬁ
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uH(popmalu ObUIO MOKA3aHO, YTO 3TH BOJIHBI T€HEPUPYIOTCS B pe3yJbTaTe pe30HaHCa
MEXAY aHEeMOOapUYeCKMMH CHJIaMHU B TJIYOOKHMX aTMOC(EpHBIX LHUKIOHAX H
CcOOCTBEHHBIMU HU3KOYaCTOTHBIMU KoJiIeOaHUAMHU B cucTeMe DUHCKUMN 3a11B — OTKpbITast
bantuka, u uaeHTUGUIUPYIOTCS Kak cBOOOJHBIE Tonorpaduyeckue BoiaHbl (benonenko,
3axapuyk, ®Dykc, 2004). ITomoOHBIN pe30HAHC OCYIIECTBISETCS, KOTJa CKOPOCTH
JIBUKEHUS TIIyOOKMX aTMOC(EpHBIX LHMKIOHOB CTAaHOBSATCA paBHBIMU (Da30BbIM
CKOPOCTSIM CBOOOIHBIX Tomnorpaduueckux BoyH (3axapuyk, Tuxonosa, 2011). Bo Bpems
pe30HaHCa TEeHEPUPYIOTCS BbIHYXKJIEHHbIE TOMOrpauueckue BOJIHBI, aMIUIUTYZa
KOTOPBIX 0COOEHHO CUJIBHO Bo3pacTaeT. PacnpocTpanssich Ha BOCTOK PUHCKOTO 3a1Ba,
STH BOJIHBI BHOCSAT, BO MHOTHX CIydasX, OINpEAeNSIomnid BKIaJ B (OpMHUpPOBAHUE
HaBojHeHu B HeBckoit ry0e.

Otmeyaromiasicss TEHJICHLMS YBEJIWYEHUs KOJIMYECTBA HaBogHEeHUUW B CaHKT-
[leTtepOypre, a Takke HMeIIHecs NpoOensbl B HAIUX 3HAHUAX 00 HMX MPHUPOJE,
BBISBJISIIOT HEOOXOJMMOCTh MPOJOJIKATh HU3YYEHHE STOT0 OMACHOTO MPUPOIHOTO
SBJICHUS, YTOUHSTh MEXaHU3Mbl €r0 BO3HMKHOBEHHUS W Ha MX OCHOBE pa3pabaThIBaTh

HOBBIE 0OJIC€ TOYHBIE IMPOTrHOCTUYCCKUC MOJCIIN.
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2. BBIIEJIEHUE IITOPMOBBIX HAI'OHOB 1 OIIMCAHHUE UX
CTATUCTHYECKHUX XAPAKTEPUCTHK

HaunGonpmuit ymepd B @UHCKOM 3aJIMBE IITOPMOBbIE HArOHBI TPUHOCAT CaHKT-
[TerepOypry u JlenuHrpaackoit 06;1acTH, BbI3bIBasi, BO MHOTHX ClIyuasx, HaBoaHeHus. [1o
1982 rona kputepuem BbIieTICHUST HABOAHEHUH B JICHMHTpajie cunTasncs ypoBeHb Oosee
150 cM OTHOCUTENIBHO OpAWHApa, 3a KOTOPHIA MPUHUMAJICS CPEIHUN MHOTOJETHHI
ypoBeHb BO/ibl B HeBe B paiione rugponocta y I'opHoro uncturyrta. B Hactosiiee Bpems
Kk HaBogHeHUsIM B CaHkT-IlerepOypre npuHATO OTHOCUTH MOIBEMBI ypOBHS BbIle 160
CM OTHOCHUTENbHO HYJsA KpoHmranrckoro gyrmroka (uiav Hyns banTHiicKoi cucTeMbl
BBICOT), 32 KOTOPBIA MPUHATO CPEAHEEC MHOTOJIETHEE MOJOKEHUE BOJHON MOBEPXHOCTH
bantuiickoro Mopss 'y rtuaponocta B Kponmraare. Hakomiennas B CaHKT-
[letepOyprckom LleHTpe M0 rUAPOMETEOPOIOTHH U MOHUTOPUHTY OKPY>KAIOIIEH CpeJIbl
CeBepo-3anagnoro ynpasieHus [uapoMercimykObl cTatucTHueckas WHGOpMAaIUs
MO3BOJISIET TOJIYYUTh CBEJCHHUS O J1aTax, BEIMYMHAX U MPOJOKUTENBHOCTH OMACHBIX
no15EMOB ypoBHs1 Mopsi B CaHkT-IleTepOypre, BbI3BaHHBIX IITOPMOBBIMU Haronamu. 13
pucynka 2.1 u tabmunel 2.1, cienyer, aro ¢ 1703 mo 2011 rr. B Cankr-Iletepbypre
orMmeyvasioch 311 cimydyaeB HaBogHeHu. M3 Hux 234 - onacubie (160 — 210 cm), 71 - oco60
omacubie (211 - 300 cm) u 3 — karactpoduueckue (6onee 301 cm). MakcuManbHBIHI
mobeM ypoBHS B ycThe HeBbl Habmonancs Bo Bpemst HaBogHeHus 19(7) HosiOpst 1824 r.
u coctaBuia 421 cm Han Hysnem banrtuiickoro dytmroka. [lo pacyeram cnenuanncToB
MHCTUTYTA «JIEHTHIpONPOEKT» MOAbEM YPOBHS BOAbI B yCThe HEBbI MOXKET JOCTUTATh
4.87 m ¢ BepositHocThIO 1 pa3 B 1000 ner, a 1 pa3 B 10000 et — 5.40 m.

N3 311 3apeructpupoBaHHbIX HaBogHEeHUH 237 mim 76% TpPOU30IUINA C CEHTAOPS
Mo J1eKabpb, TO €CTh OCEHbIO M B Hadalie 3UMbl. B 3uMHUHE Mecslbl (SHBapb-MapT)
orMmeueHo 45 HaBonnenuit (15%), BecHol u 1eToM (ampenb-aBryct) — 26 ciaydaen (9%).
Takoe pacnpezieneHue CiiydyaeB HABOJHEHHUI B TEUEHHUE rojja OOBACHSIETCA CE30HHBIM
M3MEHEHHEM WHTEHCHUBHOCTU LMKIOHUYECKOW NESITENBbHOCTH B aTMocdepe, a 3UMOH,

0T4aCTH, pa3BUTUCM JICAAHOI'O IIOKPOBA.
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Ha pucynke 2.1 nmoka3zaHo pacnpeneneHue KOJIMYeCTBa CIIy4yaeB HaBOAHEHUW IO
ronam, HaunHas ¢ 1703 mo 2011 rr. M3 pe3ynpraTtoB, NpUBEICHHBIX Ha pUCyHKE 2.1,
caenyet, uro B XVIII cronerun npousonuio 75, B XIX - 77, B XX — 138 HaBOgHEHUH,
IIpUYEM B NEpBOM MoJoBUHE XX cTtojetust — 57, a Bo Bropor — 81 HaBogHeHue. Kak
BHUJIHO, B XX BEKE 4aCTOTA UX PE3KO YBEJIMYMWIACh. 3a 11 €T HOBOro ThICAYENETHUSA, 10

BBeaeHus B akcruryatanuu K3C npouzonuio 22 HaBOJHEHHS.

Pucynok 2.1. Pacnipenenenue ciydyaeB HeBCKMX HaBOJAHEHU MO rOJiaM.

HakoruieHHble cBeA€HUS O HABOAHEHUAX B ycTbe HEBBI MOKa3bIBAalOT, 4YTO
CKOPOCTh TMOJBEMA, MPOJOJDKUTEILHOCTh CTOSIHUS BBICOKOTO YpoBHs (Oombiie 160 cm
BC) u ckopocTh cnaza CylECTBEHHO 3aBUCIT OT BBICOTHI MOJBEMA YPOBHS BO BpeMs
HaBojHeHUs: Tipu BeicoTe 150-200 cM cpeaHsst CKOpOCTh noabema paBHsercs 20 — 25
CM/4, cpenHsis CKopocTh majeHust 15 — 20 cm/4; npu ypoBHsX Bbimie 200 cM CKOPOCTh
noabeMa yBenuuuBaetcs o 25-30 cm/4, a ckopocTs nagenus a0 20-25 cm/4 (AHTOHOB,
2001; CBoaHblii Hay4yHO-TEXHMYECKMH oT4eT 1o Teme 176 «Meroa mporHosa
Jlenunrpaackux HaBogHeHUH, 1966). Hambomnpimas ckopocTh moabeMa HaOIIOganach
npu HaBOAHEHUsX 15 oktsaOps 1929 r. u 1 oktabps 1994 r. — okomo 100 cwm/u.
Hawnbonpimas HabmomeHHas ckopocTh cnaga — 90 cm/a (CBOAHBIM HAYYHO-TEX HUYCCKHM
oruer no Tteme 176 «Merton mnporHo3a JleHuHrpajackux HaBogHeHuu, 1966). B
OOJIBIIMHCTBE CiTy4yaeB BpeMs crnajaa ObiBaeT B 1.1 — 1.3 pasza Gouibliie BpeMeHU Mo beMa
(HexuxoBckuii, 1981).

CpenHsisi JIUTENbHOCTh CTOSHUSI BBICOKOTO ypoBHs (0ojee 160 cM) mipu BbicOTe

HaBogHeHus 190 cm coctaBmisietT 2.5 vaca, pu 210 cm — 3.5 4daca, 260 cm — 5.5 yaca u
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npu noabeme B 310 cm — 7.5 yac. Bo Bpems HaBogHeHus 24-25 Hosi0ps 1903 r. ¢ BeicoTOM
noabema 269 cMm ypoBeHb BoAbl Bbilie 160 cM ynepxkuBancsa 13.5 gacoB. D10 ciyyaii
CaMOr0 IIPOJIOJKUTEIIBHOTO CTOSIHUSI BHICOKOTO YpOBHsI (CBOAHBIN HAYYHO-TEXHUUECKU N
otyeT no teMe 176 «Merox nporuosa JIeHMHrpaackux HaBogHeHUH, 1966).

Becw nepuos HaBoIHEHUS OT Hayajla pe3Koro mojabeMa YpPOBHS BOJIBI U 10 KOHIIA
ero craja, mpoJIoJHKaeTCsl B CPEAHEM 10 OAHUM UcTouHUKaM 24 yaca (AHTOHOB, 2001),
a no apyrum 30 gacoB (Hexxuxosckuii, 1981; CBOAHBIN HAYyYHO-TEXHUUECKUNA OTUYET 1O
TeMe 176 «Metoa nporrosa JIeHMHrpajackux HaBogHeHUH, 1966). Hanmenbiuii nepuoa
HaBoaHeHUs cocTaBisieT 10 — 12 yacos, a Haubonbui 70 — 75 yacoB (CBOJIHBIN Hay4YHO-
TEXHUYECKHM oTUeT 1o Teme 176 «Metoa nporuo3a JIeHMHTpaackux HaBoJHEHUH, 1966).

YacTora TOBTOPSIEMOCTH HABOJAHEHWW B TEUEHHE TOJa MOXKET 3HAUYUTEIIBHO
MEHSAThCSI. MakcuMalbHOE KOJNYECTBO HaBOJHEeHUIN — 10 ciaydyaeB — mpou30LII0 3MMOM
u ocenbto 1983 r. bonee 5 HaBoHEHUH B roj1 oTMedanoch B 1863 r. (8 ciydaes), B 1874
r. (7 cinyuaeB), 1975 r. (6 cnydaeB). UIMeetcs psia jeT, KOrja HaBOJIHEHHS TOBTOPSIIUCH
oT 2 10 5 pa3 Broa. B nmepuoasr 1745-1751, 1808 — 1821, 1881 — 1894, 1900-1902, 1906-
1908, 1945-1947, 1951-1953, 1959-1960, 1965-1966, 1987-1988, 1995-1997, 2000,

2004, 2009, 2012 n 2014 rr. HaBOJHEHUI HE OTMEYaJIOCh.

Ta6muma 2.1. [ToBropsieMocTs HeBckuX HaBogHeHU B 1703 -2008 rr.

Knacc HaBogHEHMS KoandectBo Mecatist rona Bcero
I (IO IV |V | VI|VII|VI|IX| X | XI|XII
Omacublie 160-210 | Yucnocmywaes (22| 7| 7 | 1 | 4| 5 1 10 [ 25|56 | 57| 39 234
CM % 91313 |<1|2] 2 0 4 1112424 17 100
Oco00 omacHble Yucnocnywae | 8 |1 | 0| O | 1] O 0 4 101921 7 71
211-299 cm % 1mmj{1ryo0j}o0j14(0 0 6 14 127|130 10 100
KaTaCTpO(bI/I‘IeCKI/Ie, Yucio CJIy4acB 0 0 0 0 0 0 0 0 2 0 1 0 3
Boiie 301 cm % 0j]0[ 0] 0]0] O 0 0 (670 (33| 0 100
Beero Yucnocnywaes (30 8 | 7 | 1 | 5] 5 1 14 |37 |75| 78| 46 | 308
% 10312 (<12 2|<l 4 12124125 15 100

CrarucTudeckue JaHHbIE MOKA3bIBAIOT, YTO OMACHBIE TOABEMBI YPOBHS Ha BOCTOKE
@UHCKOr0 3ajMBa MPOUCXOASAT B JIOO0OE BpeMsi CYTOK M CE€30Ha roja IMpU CaMbIX
Pa3sHOOOPA3HBIX MOTOAHBIX YCIOBUSIX B 3TOM peruone. B 90% ciaydaeB HaBOJHEHUS B
ycthe HeBbl OTMEUanuch OCEHBIO M 3UMOHN (CEHTSIOpb-(QeBpalb) MPU CHIBHBIX U

IMTOPMOBBIX 3allaJHBIX WJIK IOro-3allaJHbIX BCTpPax. Hambonbiiee KOJIMYSCTBO
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HAaBOJHEHHUI MPOUCXOIUIO MPU CKOPOCTH BeTpa OKojo 12 m/c, a karacTpoduyeckue
HABOJHEHUS COMPOBOKIAIUCH BETPOM CO CKOpocThio 15-25 M/c (MakpunoBa, 1954). Ho
ObIBaJIM HABOJHEHMS U TPU OUYEHHb CIAOOM JIOKAJHLHOM 3allaJlHOM BETpPE B pailoHe
HeBckoii ryObl, mpu MOJTHOM €ro OTCYTCTBUHU M, JaXKe, MPU BOCTOYHOM U CEBEPO-
BOCTOYHOM BeTpe (CBOJIHBIN HayYHO-TEXHUYECKUH 0TUeT 1o TeMe 176 «Metop nporuosa
Jlenunrpaackux HaBojgHeHuil, 1966). Hampumep, akagemuk Kpadt ykaspiBanm Ha
HaBojaHeHue B 1764 r., koTopoe npousonuio npu nojaxHom mruie B [lerepoypre (Kpadr,
1780). Hakanyne 3TOoro HaBOJAHEHUsI B OTKpBITOM bantuke cBuperncrBoBan mropMm. B
pabote O. B. MakpunoBo#t (MakpunoBa, 1954) yka3bIBaeTcsi, 4YTO CIy4au MOJHEMOB
ypoBHs B HeBckoii ry6e Boimie 160 cM mipu MITHJIE U 1K€ CTOHHBIX BETPaX BOCTOYHBIX
pyMOOB OTMEYaIMCh MHOTOKPATHO.

[IpumenuTenbHO KO BceMy banTuiickoMmy MOpO ISl BBIICJICHHS HITOPMOBBIX
HAaroHOB HCIIOJIB30BAIKMCH pa3Hble kputepuu. s moOepexuit 'epmMaHuu mMITOPMOBBIM
HaroHOM OOBIYHO CUMTAETCS YBEJIUYEHUE YPOBHS MOpPs Kak MUHUMYM Ha 100 cM Bhile
cpeanero ypoBHs (Wolski u ap., 2014). [Tonsckas rugpomeTeopoaoruueckas ciyxoa
OTHOCHUT K 3TOMY SIBJIEHUIO MOABEMBI ypOBHS, NpeBblaromue 70 ¢cM OTHOCUTEIBHO
cpennero ypoBHs Mops (Majewski, Dziadziuszko, Wisniewska, 1983). B Cesepo-
3anmagHoOM YTPaBJIEHUU MO THIPOMETEOPOJIOTHH U MOHUTOPHUHIY OKPYXKAIOIIEH Cpeabl
IJI paioHa BOCTOYHOM 4acTu DUHCKOro 3ajvBa B 3aBUCHUMOCTH OT ToJa U MeCTa
HaAOJIOICHHI 32 YPOBHEM MOPS UCIIOJIB30BAJICS OYCHD IITUPOKUM JTUATIa30H €T0 3HAYCHU N
(ot 50 mo 135 cm), BbIlIE KOTOPBIX MOJABEM YPOBHSI CUMTAJICS IITOPMOBBIM HArOHOM
(Typaunos, 1976). IlpumeHeHnEe TaKUX KPUTEPUEB ISl BHIICIEHUS IITOPMOBBIX HATOHOB
B banTtuiickom Mope SIBIISIETCSI HEIOCTATOYHO MPEJACTAaBUTEIbHBIM, TaK KaK JAUCIEPCHUS
KojeOanuii ypoBHs B bantuiickoMm Mope, B 3aBUCHMOCTH OT pailOHa MEHSETCS B
HeckoJibKo pa3. Eciu, Hanpumep, B CToKkroiasMe npeBbllieHue ypoBHa B 70 ¢M - OUEHb
pEAKOE SKCTPAOPAMHAPHOE COOBITHE, NMPOUCXOASAIIEE OAUH pa3 3a MHOIO JIET, TO JUIS
BOCTOYHOM 4YacTu DUHCKOrO 3ajuBa TaKWE MPEBBIMICHUS YPOBHA MOpSI - 4YacThle
COOBITHS, KOTOPBIE CIIYHYalOTCSl IPU OTCYTCTBUU IITOPMOBBIX YCIOBHH.

B nannoii pabote 111 000CHOBaHUSI KPUTEPHUS BbIJCIEHUS IITOPMOBBIX HATOHOB B

DUHCKOM 3aJIMBE M OLOCHKHM HX XapPaKTCPUCTHUK HCIIOJIB30BAJIMCh PAAblI CKCHACHBIX
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MapeorpaHbIX U3MEpeHU YpoBHsS Mops Ha 9 craHiusx OUHCKOTO 3aiduBa: XaHKO,
Xenbcunku, XamuHa, Beioopr, Kponmrant, ['ornann, leneneso, Cunamsia, Tanaux

(pucyHok 2.2).

Pucynox 2.2. bartumerpuss DuUHCKOTO 3aJBa M MECTOIOJOXEHUE CTaHIUU
MapeorpagpHbIX U3MEPEHHUHN YPOBHS MOps (KpacHbIE TPEYTOJIbHUKH ), THCTPYMEHTAIBHBIX
U3MepeHul BeTpa (CHHHE POMOBI), a TaKKe TOYEK CETOUYHOU obnactu peananuza ERAS
(3enéuble KpyXKHu). Apabckumu nudpamMu TOKazaHbl Oimkaimme K mapeorpadHbIM
cTanusM Touku peaHanu3a ERAS, xoTopsie MCHOIB30BaNuCh ISl OIEHOK BETpa U
atMocepHOoro maBieHus. Pumckumu nmdpamMu o0003HAUYEHBI TPU palioHa, TAE II0
naHHbIM peananu3a ERAS onennBanach MHTEHCUBHOCTD ITUKIIOTEHE3A.

Hanubie n1s 3 uHCKUX cTannuii (XaHKo, XeTbCUHKH, XaMHHA) U 2-X 3CTOHCKUX
cranmuil (Tammua u CusutaMsin) 601 Tory4deHsl ¢ pecypca Copernicus Marine Service
(http://marine.copernicus.eu), a TaHHbIE U3MEPEHUN YPOBHS € 4-X POCCUMCKUX CTaHITUN
(Be1oopr, Kponmranr, [lleneneso, ['ornana) Obutn npenoctaBieHbl CeBepo-3amnaaHbiM

ynpasieanem DenepanbHON  CIyKObI O THAPOMETEOPOJOTHA W MOHUTOPUHTY

okpyxaromieit cpeasl (C3 YI'MC Pocruapomera) (http:// www.meteo.nw.ru).


http://marine.copernicus.eu/
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B Ttabnuue 2.2 gaHo onucaHue JaHHBIX MapeorpaHbIX U3MEPEHUN YPOBHS MOPS.
HaunGosnbmas AjiMHa UCMIOJIb3YEMbIX PSJIOB €KEUaCHBIX 3HAUEHUN YPOBHS COCTaBIISIET 48

net, a HauMmenbiuas 9 net. KonumdectBo mponyckoB B panax Bapsupyet ot 0.09 no 5.47%.

Tabnuua 2.2. Onucanue psaioB MapeorpadHbIx MU3MepeHuil ypoBHS Mopsi B DUHCKOM
3aynuBe. /lannble XaHko, XenbcuHkH, XamuHa, TamiuH, Cumtamsd - Copernicus Marine
Service (http://marine.copernicus.eu), a ganubie Bribopr, Kpoumranr, Illeneneso,
lNornang monyuensl ot CeBepo-3amagHoro ynparieHuss denepanbHON CIIy»KOBI MO
TUAPOMETEOPOJIOTHU U MOHUTOPUHTY okpyxatoiei cpeanl (C3 YI'MC Pocruapomera)
(http://www.meteo.nw.ru).

Crannus ITepuon, Koopaunatsl NutepBan Hucno KonnuectBo
rOJIbI B.x., C.mr., | U3MEPEHHH | U3MEPEHUH | IPOIYCKOB,
rpai. rpai. %
XaHKO 1971 - 2018 | 22.98 | 59.82 1 gac 420768 0.09
Xenbcunku | 1971 -2018 | 24.96 | 60.15 1 gac 420768 0.09
XamuHa 1971 - 2018 | 27.20 | 60.56 1 gac 420768 0.09
Bri6opr 1977 - 2018 | 28.73 | 60.70 1 gac 368160 0.64
Kponmrraar | 1971 - 2018 | 29.77 | 60.00 1 gac 420768 0.01
[lleneneBo | 1989 - 2018 | 29.15 | 59.99 1 gac 298032 2.30
TI'ormanng 1977 - 1989 | 27.00 | 60.07 1 gac 113952 0.48
Tannun 2006 - 2018 | 24.76 | 59.44 1 gac 113952 5.47
Cummamsn | 2007 - 2015 | 27.74 | 59.47 1 gac 78888 4.01

B Tabnuue 2.3 npuBeeHbl HEKOTOPHIE CTATUCTUYECKUE XAPAKTEPUCTHKU PAIOB
ypOBHS MOpsl. MOXHO BHAETb, UYTO B 3aBUCHUMOCTH OT palioHa CTaTUCTUYECKHUE
XapaKTepUCTUKN KoneOanuii ypoBHS B @OUHCKOM 3ajlUBE 3aMETHO MEHSIOTCS.
HauGonbmas qucnepcus koyebaHuil ypoBHs oTMedaeTcst B KpoHiitaare, u oHa MoYTH B
2 pasa Oomblne aucrnepcud KoneOanwii ypoBHs B Xanko. Taxke, B Kpoumranre
HaOJIOMA0TCSl HAMOOJBIINE 3HAYCHHS] MAaKCUMYMOB YPOBHSI MOPSI, KOTOPbIE TIOUTH B 2
pa3za Oosblle 3HAaYEHUH MakCUMyMOB ypoBHS B Tamnune u Xanko. Ilo cpaBHeHMIO €
MaKCUMyMaMH, pa30poc 3HAYECHUH MHHMUMYMOB YPOBHS Mopsi MeHblne (B 1.6 pasa).
HawnGonpmme 3HadeHUs MHUHUMYMOB OTMeEYaroTcss B Bribopre,

Kponmranre wu

[IleneneBo, a HAMMEHBIITME — HA 3aMajie 3aJMBa B MyHKTe XaHKO (Tadauma. 2.3).


http://marine.copernicus.eu/

32

Tabnuua 2.3. CTaTUCTUYECKUE XAPAKTEPUCTUKH PSIIOB YPOBHS Mopsi: D - nucnepcusi, o
- Cp. KB. OTKJIOHEHUE, { max - MAKCUMAIBHBIN U { min - MUHUMAJIBHBIM YPOBEHb MOPHI.

Crannus epuon, D, cm? G, CM { max ¢ min
TOJIBI
XaHko 1971 - 2018 512 23 130 -79
Xenscunku | 1971 - 2018 599 24 150 -93
XamuHa 1971 - 2018 752 27 194 -116
Br16opr 1977 - 2018 853 29 202 -128
Kponmranr | 1971 - 2018 907 30 238 -126
[MleneneBo | 1989 - 2018 809 28 215 -128
I'ornang 1977 - 1989 820 29 162 -95
Cumnmamsn | 2007 — 2015 641 25 163 -102
Tanauu 2006 - 2018 584 24 120 -96

VYuuTbiBasi 3aMETHBIC U3MEHEHUS B IPOCTPAHCTBE CTATUCTUUYECKUX XAPAKTEPUCTUK
KoseOaHuil ypoBHs B OUHCKOM 3auBe, TIpeiaraeTcs AJis BbIOopa KpUTEpHs BbIICICHUS
CIIy4yaeB IITOPMOBBIX HAroHOB MWCIOJIL30BaTh CPEIAHEKBAJIPATUUECKOE OTKIOHEHHUE
ypoBHs (). ByneM npuHUMaTh 3a ciydau IMTOPMOBBIX HATOHOB MOABEMBI YPOBHS MOPSI,
MpEBBIIAIOIIME 3HAYEHUE 30, a 32 MPOAOJIKUTEIILHOCTh ITOPMOBBIX HAaroHoB (Ts) —
NepHoJI B Yyacax, Korja 3HaueHus ypoBHs Oblu >3 0. [Ipu 3TOM, €clii MUHUMYM MEXTY
JBYMSI COCETHUMH MaKCUMyMaMH YPOBHS, IIPEBBIIAIOIIUMU 3 O, JICKUT BBIIIEC 3HAUYCHUS
30, TO 3TH MaKCUMYMBI OyJIeM OTHOCUTB K OJJHOMY IITOPMOBOMY HaroHy, a €CJiv HUXE,
— K pa3HbIM. 3HaUYCHHE YPOBHS 3 0 OJIU3KO K KPUTEPHUSAM BBIICIICHUS IITOPMOBBIX HATOHOB
(80-100 cm), mpUHATHIM HA HEKOTOPBIX MOpcKkux craHuusx Pocruapomera (I'opHblii
uHCcTUTYT, HeBckas YctweeBas, Jlucuii Hoc, O3epku), pacrnoioXeHHBIX B BOCTOYHOM
yactu @Dunckoro 3anmuBa (TypanoB, 1976). Opnako oneHka YpoBHS Mops 30
3HAYUTENILHO OOJIbIIE KPUTEPHS BBIICICHHS IITOPMOBBIX HATOHOB Ha JIPYTUX CTAHIMSAX
Pocrunpomera B @unckom 3anue (50 cm), Takux kak Yctb-Jlyra, Momnsiii, ['ornann,
[Tpumopck (Typanos, 1976). Ha nam B3risia, nogbEMbI ypoBHS B 50 cM HEJb3s1 OTHOCUTD
K IITOPMOBOMY HAroHy, TakK Kak B BOCTOYHOM d4acTu DOHUHCKOro 3ajauMBa TaKue
BO3BBIIICHUSI YPOBHS MPOUCXOJAT JOBOJIBHO YACTO MPU CIa0OBIX U YMEPEHHBIX BETpaXx.
[TostoMy, kputepuii >3 sBiageTcs Oojiee NPEACTABUTEIBHBIM IS OINpEaSTICHHS

MOABEMOB YpPOBHS B INTOPMOBBIX YCIOBHUAX. OIIEHKM JBYXMEPHBIX IUIOTHOCTEU
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pacrpenesneHus BEPOATHOCTEN XapaKTEpUCTUK BETpa B pPasHbIX paiioHax DUHCKOrO
3ayBa (pucyHOK 5.1) mokaspIBalOT, 4TO MpU MOABEMAX YPOBHSL Mops >3 o, Haubosee
BEPOSITHBIE CKOPOCTH IOr0-3alaJIHOr0 BETpa 3/1eChb MMEIOT 3HAaueHus OKojo 12 wm/c
(3axapuyk, CyxaueB, Tuxonosa, 2021). IIpu takom Betpe Ha bantuke dhopmupyrorcs
IITOPMOBBIE YCJIOBUSI U BBOJATCS OTpPaHUYEHUS Ha JACUCTBUS MPOU3BOJICTBEHHOIO
000pyI0BaHUSI MOPCKUX MOPTOB, Ha BBIXOJ MaJIO- U CPETHETOHHAKHBIX MOPCKHUX CYOB
B Mope M Ha akBaropuio noptoB (TepsueB, PoxkoB, CmupnoBa, 1992). Cnenyet
3aMETHUTh, TaKXKe, 4TO NMpu mnoabeéMax ypoBHs >3 o B Cankr-IleTepOypre HauMHaroT
(dopMUpOBaTLCS HEONArOMPUATHBIE YCIOBUSA [JISl CYJIOXOJCTBAa IOJI TOPOJCKUMU
moctamu (MakpuHoBa, 1954).

Cnydad CWIBHBIX IITOPMOBBIX HAaroHOB BBIACISIUCH MPHU MOABEMAX YpPOBHS,

IMPCBbINTAOITUX S5o. HpI/I TaKUX 3HA4YCHUSAX Ha BOCTOKe DMHCKOIro 3aJiuBa MMPOUCXOIAT

OIacHbIE MOABEMBI YPOBHS MOpS, KOTOpbIE MPUBOIAT K HaBoaHeHHsM. OneHka >50
0JIM3Ka K IPUHATOMY KPUTEpHIO BhIieTeHus: HaBogHeHu B CankT-IletepOypre (6osnbiie
160 cM, oTHOCUTENBHO HYJIA KpoHIITanTckoro GyTiiToka).

HccnenoBanre MeXroJoOBBIX M3MEHEHUNM HWHTEHCHUBHOCTH IITOPMOBBIX HAaroHOB
IIPOU3BOJIUIIOCH MTyTEM OIEHOK JUCTIEPCUU TpeBbllieHUH ypoBHs (D) 1 MakcuManbHBIX
3a TOJl 3HAYEHUU YPOBHA MOPS (max. 7151 onieHOK D U3 MCXOIHBIX PSZIOB €KEUACHBIX
3HAYCHUH YPOBHS MOPsI UCKITIOUAIIUCH KOJIEOaHUs ¢ IepruogaMu > 5 cyTok. OuinbTpanms
KoJeOaHWii MPOBOAMIACH C TIOMOIIBI0 OBICTpOro mpeoOpazoBanusi Pypee. [lo psmy
3HAYEHUN YPOBHS MOPS ObLI MOTy4eH psij kodhpuireHToB @yphe Ha COOTBETCTBYIOIIUX
nepuonax (dacrorax). Kospdunmentsl, Ha mepuogax 5 m Oojiee CyTOK OOHYJISIIUCK.
3areMm ¢ moMmombio oOpaTHOro mpeoOpazoBaHus Dyppe 1o KodhuUIEHTaAM
BOCCTaHABIMBAJICS PAJ C YK€ OT(PUIBTPOBAHHBIMU KOJICOAHUSMU 3aJJaHHBIX TIEPUOIOB.
JItst ITMHHABIX PSAIOB, Takas GUIBTpaIds UMeeT Oosiee YeTKUH cpe3 Ha 4acToTax, v Oojee
KaueCTBEeHHYIO (prnbTpanuto, yem, Hanpumep, hunstp barTepBopTa.

B monydeHHBIX OCTaTOYHBIX psAgaX TMPOU3BOAWIACH BBIOOPKA  TOJBKO
MOJIOKUTENIbHBIX 3HAYEHUM YPOBHS, KOTOpas MOJBEprajach 3areM JIUCIEPCHOHHOMY

AHAJIU3Y C MPEJCTABIECHUEM PE3YJIbTATOB 32 KAXKIBIN TO/I.
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Ha pucynke 2.3 mokaszaHbl pe3yJibTaTbl MEXKIOJOBBIX HM3MEHEHUM KOJIMYECTBA
CJIy4aeB IITOPMOBBIX HarOHOB, OLIEHEHHBIX N0 KpUTeputo >3c. B 3aBUCHUMOCTH OT rojia
U MECTOIOJOXKEHHUS CTaHIMKM, KOJIMYECTBO IITOPMOBBIX HAroOHOB, MPEBBIIIAIONIUX
3HaueHue 3o, MmeHseTcss B GUHCKOM 3aliuBe B IIUPOKUX npezenax: ot 0 - 1 ciydaeB B 1ot
no 16 — 52 cayuaes.

MakcuManbHOE KOJWYECTBO IITOPMOBBIX HAroHoB B 3amuBe (oT 19 mo 52),
BBIJICJIEHHBIX IO Kputepuro >3c, npuxoaurca Ha 1983 roa. B stor rog B CaHkT-
[leTrepOypre npowusonwio Haubosbliee KonuuecTBO HaBoaHeHui (10 ciayuaeB) 3a BCIO
320-netHror0 ucroputo ropoga (3axapuyk, CyxaueB, TuxonoBa, 2015; Ilomepaner,
1999). He ormeuaercs OONBIIMX pPA3NTMUMNA B KOJWYECTBE IITOPMOBBIX HArOHOB Y
IIPOTUBOTIONIOKHBIX APYT IPYTY CEBEPHBIX U FOKHBIX MAaTEPUKOBBIX MOOEPEKUI 3aIMBa
(Xenwcunku u TamnuH, Xamuna u Cusnamsin). OgHako, Ha OCTPOBHOM cTaHIU ['ornan
KOJIMYECTBO IITOPMOBBIX HATOHOB B OTJEJIbHBIE T'0JIbl MEHbIIIE TOYTH B 1.5 — 4.0 pa3a no
CPaBHEHHIO C PACIIOJIOKEHHOW K CEBEepy OT HEE MaTEepUKOBOM CTaHUMEW XaMHHa.
OuLeHKH IITOPMOBBIX HAroHOB IO CaMbIM [JIMHHBIM psigaM YpoBHs (=30 ieT)
CBUJIETENBCTBYIOT, YTO, 3a HCKIIOueHHeM BpiOopra, Bo Bcex ciydasXx OTMedaercs
OTPUIIATEJIbHBIN TPEH]I, KOTOPHIM, OJHAKO, HE SBJISIETCS 3HAYMMbIM (pucyHok 2.3). Ha

CTaHIMu BeIOOPT TpeH1 OTCYTCTBYET.
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Pucynok 2.3. MexXroioBble U3MEHEHHUS KOJMYECTBA CIy4acB IITOPMOBBIX HAroHOB,
BBIJICJICHHBIX 10 KpuTepuio >3c Ha craHiuax B Puackom 3amuBe. L{udpsr Han
CTOJIOMKAMHU — KOJIMYECTBO IITOPMOBBIX HaroHoB. JIJIsi caMbIX JUIMHHBIX PSJIOB IPAMOK
JIMHUEW TTOKa3aH JIUHEWHBIN TPEH,.

B tabnune 2.4 nmpuBeIeHBI OIICHKH MPOJIOIKUTEILHOCTH IITOPMOBBIX HATOHOB C
noabéMaMu ypoBHS >3c. OHM MEHSIOTCS B 3aBHCHUMOCTH OT pailloHa OT CBOHUX

MHUHUMAQJIBHBIX 3HaUY€HUM 1 9ac 10 MakCHUMalbHBIX 3HauYeHUU 26 — 96 yacoB. CpeaHue

OLIEHKH MTEPUOJIOB IITOPMOBBIX HATOHOB BapbUpyrOTCS OT 6.7 10 9.0 yacos.
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Tabmuma 2.4. OueHkH NOPOJOJDKUTENBHOCTH (B Yacax) IITOPMOBBIX HAaroHOB C
noabéMaMu ypoBHs >36: MuHUMaNbHAs (Tmin), cpennss (T), makcumanbHas (Timax)

Crannun Tinin T Tmax
XaHKo 1.0 9.0 96
XeNbCUHKH 1.0 9.0 47
XaMuHa 1.0 7.3 47
I'ornang 1.0 7.6 27
Br16opr 1.0 9.6 83
Kponmraar 1.0 6.9 57
[lleneneBo 1.0 7.3 45
Cunnamsin 1.0 7.1 35
Tannun 1.0 6.7 26

Pe3ynbTaThl OLIEHKH IITOPMOBBIX HATOHOB MO KPUTEPHUIO >5G CBHUJICTEIHCTBYIOT
(pucyHOK 2.4), 4TO B MyHKTE XaHKO TaKHUE€ MOIBEMBI YPOBHS SIBJISIIOTCS OYCHB PEIKUM
sBieHueM (Bcero 2 ciyuas 3a 48 ner). [lo-BuguMoMy, peIKUMU COOBITUSIMU SIBIISTFOTCS
TaKue ITOPMOBBIE HArOHBI M HA cTaHMU TaiuuH, rae 3a nociaeaaue 13 net (¢ 2006 no
2018 rr.) HE MPOU30NIIO0 HU OJJHOTO CIy4asi HOAbEMA YPOBHS, IMTPEBBIIIAONIECTO 3HAYCHUS
56. Ha ct. Xenbcunku ¢ 1984 mo 2007 rr. mpousonuio 8 ciiyyaeB MoabEMOB YPOBHS,
NPEBBIMIAIONIMX 3HAYeHHE 5G, a 0 W MOCJe 3TOro nepuoja ux He Halmomanock. Ha
cTaHusx XamuHa u BwiObopr, B mociegHue JABa JECATUIICTHS OTMeEYaeTcs
HE3HAUYMTENIbHOE YBEJIUYEHHUE KOJUYECTBA MOJBEMOB YPOBHA MOpS >5G (pUCyHOK 2.4).

Ha camom BocTOKe PUHCKOrO 3aJIMBa IITOPMOBBIE HATOHBI >5G MPUBOJIT K ONACHBIM
noabEMaM ypOBHSI MOps, KOTOPbIE BBI3BIBAIOT HABOJHEHHUS B MPUOPEKHBIX paiioHAX
Cankt-IletepOypra u Jlenunrpanckoit oonactu (3axapuyk, Cyxaues, Tuxonosa, 2017).
Pe3ynbTaThl, IpeacTaBICHHbIE HA PUCYHKE 2.4 CBUAETENBCTBYIOT, yTO nociie 1983 rona,
Korja HaOII0Janoch caMoe OOJBINOE YHUCIIO CIy4YaeB IITOPMOBBIX HAaroHoB >56 (6
ciydyaeB B KpoHimTaare), oTMEYaeTcs YMEHBUIEHHWE KOJIMYECTBAa TaKMX MOJbEMOB
YPOBH$, BIUIOTh JO MX IOJHOrO OTCYTCTBHS B TeueHHue TpEX Jiet ¢ 1995 mo 1997 rr, a,
3aTeM, YHUCJIO CIy4aeB OMACHBIX MOJABEMOB YPOBHS HE3HAUUTENIBHO YBEIUYMBAETCH,

nocTuras B oTAenabHbIe ToAbl 3 — 4 cimydaeB (Illenenero).
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PucyHok 2.4. MexroaoBble U3MEHEHUSI KOJIMYECTBA CIYy4aeB IITOPMOBBIX HArOHOB I10
KPUTEPHIO >5C Ha OTACIBHBIX CTAHIMAX B OUHCKOM 3aJIMBE.

PucyHok 2.5 umitocTpupyeT U3MEHEHUsi BO BPEMEHU IHUCHEPCUHM MPEBBIIICHUN
YPOBHS y KOJIeOaHMi C TepuoiaMu <5 CyTOK Ha Pa3IMYHbIX CTAaHIUAX OUHCKOTO 3aI1BA.
HabGnromgaeTcs cymecTBeHHOE YBETUYCHHE AUCTIEPCUH ITUX IMPEBBIIMICHUNA YPOBHS TMPH
JBUKEHUHM HAa BOCTOK OT 6.5-15.0 cm? Ha 3amane (Xanko) no 40-118 cm? Ha BocToke
3anuBa (IlleneneBo, Kponmraar). MoxHO OTMETHUTB, UTO 3a UCKIIOUeHHEM BriOopra, Ha
BCEX OCTaJbHbIX CTaHUUSIX DUHCKOro 3amMBa OTMEYAIOTCS OTPUIIATEIbHBIE JTUHEHHbIE
TPEHJbl B M3MEHEHUSAX IUCIEPCUU, KOTOPbIE CBHUAETEIbCTBYIOT, YTO B MOCIEIHUE
JNECATUICTUS TPOUCXOJUT YMEHBIIICHUE UHTEHCUBHOCTH MOJIOKUTEIbHBIX BO3MYIIICHUN
YPOBHSI MOPsI B Mana3zoHe (JOPMUPOBAHUS IITOPMOBBIX HaroHOB. OTHAKO B 3aMaIHON U

LEHTPAJIbHOMN YacTsSIX CEBEPHOIro MmoOepexbs 3anuBa (XaHko, XeIbCUHKU, XaMHUHA) 3TU
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TPEH/bl HE SBIISIOTCS 3HAYUMBIMHM, B TO BpeMs Kak Ha BocToke 3anuBa (KpoHmrtanr,
[lleneneBo) oTpuLATEIbHbIE JUHEWHBIE TPEHJbl — 3HAUYUMble (PUCYHOK 2.5).
PaccuuTanHble KBaJpaTHUHbIE TPEH/IbI 3HAYMMBbI Ha BCEX CTaHIMAX, KpoMe XaHko. OHH
CBUJIETENBbCTBYIOT, YTO B LIEHTPAJIbHON YacTu 3aiuBa (XeIbCUHKM U XaMHUHA) C Hayala
1970-x mo xonenm 1980-x oTMeudanach TEHIEHIMS K YBEIWYEHHUIO JUCIEPCUU
MOJIOKUTENIbHBIX BO3MYILEHUM YPOBHS MOpsI B AMAana3oHE IITOPMOBBIX HAaroHOB, a C
Havasma 1990-x mo HacTosmiee Bpemsi HaOMIOAAaeTCsl BbIpaKEHHas TEHJICHLUS
yMeHblIeHusT ux aucrepcud. Ha cranimum BeiOopr kBagpaTHUHBIA TPEH| MOKa3bIBAET
yBEJIMUEHUE AMCIEPCUU KOJIEOAHWH YPOBHS, BBI3BIBAIOIIMX IITOPMOBBIE HATOHBI, C
koHia 1970-x o navano 2000-x, a 3aTeM — yMeHblIeHne ux aucnepcuu a0 2018 r. Ha
BocToke @Puuckoro 3anuBa (Kponmranr u IlleneneBo) kBajapaTH4HbIE TPEHIBI
MOKA3bIBAIOT YMEHBIICHUE HHTEHCUBHOCTH MOJOKUTEIbHBIX BOZMYIIIEHUN YPOBHS MOPSI
B Jauamna3oHe (opMHpOBaHMS IITOPMOBBIX HArOHOB Ha BCEM NPOTSHKEHUU

pacCMaTpuBaACMbIX BPCMCHHLBIX PAIOB.
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Pucynok 2.5. Jucnepcus (D) ocrarounbix (mociie (GuiIbTpaIuy) IOJI0KHUTEIBHBIX
IPEBBINICHUN YPOBHS y KoiebaHuii ¢ mepuogamMu <5 cyrtok. IIpsMoii kpacHOUW JTuHUEH
0003Ha4YeHBI 3HAYUMBIN (CIUIOIIHAS JIMHHSA) W HE3HAYMMBIN (ITyHKTHD) JIMHEHHBIC
TpeHabpl. CHHHE JIMHUM - 3HAYUMBIM (CIUIOLIHAS JIMHUSI) M HE3HAYUMMBINA (IIYHKTHD)
KBaJPAaTUYHbIEC TPEHBI.

Ha pucynke 2.6 npeacraBiieHbl OLIEHKH MAKCUMAJIbHBIX TOABEMOB YPOBHS ((max)
3a Ka)KIblil T0J. 3HaUeHUSI MAKCUMYMOB YPOBHSI MOPSI YBEJIMUMBAIOTCS MPH JIBUKEHUU C
3amajga Ha BOCcTOK oT 50-124 cm Ha camoli 3amagHoi cTtaHmuM XaHko, 60 -195 cMm B
HeHTpaibHON YacTu (XenbCcuHKHM, XamMuHa) U 70 80 — 238 cM Ha BOCTOKE 3aJIMBa
(Beioopr, Kponmranr, IlleneneBo). Xopoiio BUIHO, YTO Ha BCEX CTAaHUHUSX, KpOMeE
BriOopra, oTmMevaeTcsi yMeHbIIEHHUE 3HaUeHH MaKCUMYMOB. OO 3TOM CBUJIETENbCTBYIOT
OTpUILIATENIbHBIC JTMHEWHbIC TPEHAbl B M3MEHEHUSIX MAKCUMAJIbHBIX 3HAYEHUU YPOBHS,
KOTOpbIE, OJHAKO, HE SIBJISIIOTCA 3HAYMMbIMU. Ha cranuuu BeiOopr JMHENHBIN TpeHa
orcyTcTByeT. OILIEHKM KBAaJpPAaTUYHBIX TPEHAOB IOKA3bIBAIOT, YTO OHU SIBISIOTCS

3HaAa4YMMbIMH TOJIBKO Ha 3ammajac 1 B HCHTpaHBHOﬁ 4aCTHu CCBEPHOTO Ho6epe>1<551 DUHCKOTO
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3anuBa (XaHKO, XeNbCHMHKH, XaMHHA), TAe A0 Haydaga 1990-x oTrmeyanock
HE3HAYUTEJILHOE YBEJIMUYCHHE MAKCUMYMOB, a 3aT€M UX YMEHBIICHHUE J0 HACTOSIIEro
nepuona. Ha BocToke DOUHCKOTO 3ajdMBa KBaJpaTUUHbIE TPEHIbl B H3MEHEHUSX

MAaKCUMYMOB 3HAYEHUHN YPOBHS MOPSI HE BBIPAXKEHBI.

PucyHok 2.6. MeXronoBble U3BMEHEHHUS OLIEHOK MAaKCUMAJIbHBIX 3a IO 3HAYEHUN YPOBHS
Mops. IlpsiMast kpacHass TyHKTUpHAas JIMHHUS - JUHEHHbIA TpeHa. CHUHHE JIHMHUM -
3HAYMMBIN (CIUTIONIHAS JTUHUS) U HE3HAYUMBbIN (ITyHKTHUP) KBaJpaTUUHBIE TPEHIbI.

Takum 00pa3oMm, aHaIu3 U3MEHEHUN BO BPEMEHHU PaA3JIMYHBIX XAPAKTEPUCTUK
IITOPMOBBIX HATOHOB CBUJETEIBCTBYET B OOJBIIMHCTBE CIIy4YaeB, O C1ab0W U HE BCeraa
3HAYMMOW TEHJICHUMHA K YMEHBUICHHID MX KOJIMYECTBA, NUCIEPCUA U MAaKCHUMYMOB
YPOBHH.

[Tony4yeHHble HaMH pPeE3yabTaThl OLEHOK CTAaTHCTUYECKHUX XapaKTEPUCTHUK
IITOPMOBBIX HAaroHOB B Pa3IMYHBIX MPUOpPEKHBIX palloHax OUHCKOTO 3ajauBa

CBUACTCILCTBYIOT, YTO B IMOCJIICAHUC ACCATHIICTHUA OTMEUYACTCA TCHACHIMA YMCHBIICHHA
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UX KOJIMYECTBA, TUCIIEPCUU U MAKCUMYMOB YPOBHS MOpsl. DTH pe3yJIbTaThbl OTIMYAIOTCS
OT BBINIOJIHEHHOTO PAHEE MCCIIEIOBAaHUS IUTOPMOBBIX HAaroHoB B OTKphITOM banrtuke,
boranyeckom m ®unckom 3anuBax B mepuoa 1960 — 2010 rr., B KOTOpoM ObLIH
OTMEUEHbI TOJOXXHUTEIbHbIE TPEHJbl B MEXIOJOBBIX HW3MEHEHHUSX KOJIMYECTBA
mrTopMoBbix HaroHoB (Wolski u np., 2014). He uckirodeHO, YTO pa3auuMs MEXKIY
HalIMMU U TPEIbIAYIIUIMU OLIEHKAMU MOTYT OBITh CBSI3aHbI C 00JI€€ MO3AHUM MEPUOIOM
aHanM3a IITOPMOBBIX HAaroHOB B JaHHOM paloTe, a Takke HMHOW METOJUKOW HX

BBIACICHUA.
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3. OCOBEHHOCTH UBMEHYUBOCTH TEPMOXAJMHHOHN CTPYKTYPLI
U TEYEHU ®UHCKOT'O 3AJIUBA BO BPEMS LIITOPMOBBLIX HATOHOB

3.1. TepmoxajauHHAsI CTPYKTYPa BOAHBIX MacCC

Tak kak B 90 mporeHTax ciiy4aeB HEBCKHE HABOJHECHHUS OTMEUAIOTCS B OCEHHE-
3UMHUUN TIEPHO/I, PU IITOPMOBBIX BETpax, OCEHHE-3UMHEH KOHBEKIIMH U CHJIBHOM BETPO-
BOJITHOBOM IE€PEMEIIMBAHUM, CUYUTAIOCh, YTO BOJBI HETNIyOOKOro (UHCKOro 3auBa
(cpennsis TiyOuHa 59 MeETpOB) B ATOT NEPUOA TIOJHOCTHIO TIEPEMEIIUBAIOTCA MU
yCTOMUMBOM cTpaTtudukamuu He HaOmonaercs (Muxaitios, 1964; Muxaiinos, 1966). B
TO JKE€ BpEMs, B psJ€ CIy4acB BOJHBI, BBI3bIBAIOIINE HEBCKUE HABOJHEHUS,
UACHTUDHUITUPYIOTCSA Kak OapokimHHBIE Tomorpaduueckue (3axapuyk, Cyxades, 2013;
3axapuyk, CyxaueB, Tuxonona, 2015; 3axapuyk, CyxaueB, Tuxonona, 2017; 3axapuyk,
TuxonoBa, 2011), oagHako, XOpOIIO H3BECTHO, YTO OApPOKIMHHBIE MOJBI
TOMOrpaUueckux BOJH MOTYT TEHEpUPOBATHCS M PACIPOCTPAHATCS, TOJIBKO B
OapOKIMHHOM MOpE, T.€. HEOOXOAMMBIM YCIIOBUEM JJISi MX TEHEpAllMd U SBOJIOIUU
ABIIAETCS Hanuume ycTonumBoi crpatudukanuu (benonenko, 3axapuyk, Dykc, 2004;
Tapees, 1974; Rhines, 1970).

st uccnenoBanust ycinoBuid crpaTudukanuy Boa OUHCKOTO 3aj1MBa B MEPUOJ
OTMacHBIX T0TheMOB ypoBHs B CankT-IleTepOypre ObUTH NCITOIB30BAHBI MEXTYHAPOTHBIE
0a3bl TaHHBIX CYJOBBIX M3MEPEHUH U JaHHBIC peaHan3a OKeaHOTpahUIECKUX TOJIEH.

Taxxke 1 WCCIENOBAaHUS YCIOBUH YCTOWYMBOCTH CTpaTH(PUKAIMHA OBLIH
BBITIOJTHEHBI OIIeHKH KpuTepus ycroitunoct (E), mo meTonuke, moapoOHO H310KEHHON
B pabore (MBano-®panukeBuu, 1953). Kpurepuii ycTOMUHMBOCTH XapaKTepHU3yeT
paBHOBecHe yacTullpl Boabl. [Ipy E>0 yacTuiia HaxoauTcsi B YCTOMYMBOM PaBHOBECHH,

npu E=0 B Oe3paznuunom, npu E<O B HeycroiuuBom. [lo abcosoTHON Beau4HHE



43

YCTOWYUBOCTh NPOMOPLHMOHATIBHA apXUMEIOBOM cuile, JEHCTBYIOIIEH HAa CMELIEHHYIO
yactunty (Bano-®panukesud, 1953).

OueHuTh ¢ NOMONIBI0 KOHTAKTHBIX U3MEPEHMI cTpaTtudukanuio 1, Tem doiee, ee
W3MEHEHHUs] BO BPEMEHM B TIEPUOJABl IITOPMOBBIX HAaroOHOB, BBI3BIBAIOIIHUX
AKCTpaopAMHApHbIE MOJABEMbI YPOBHS Mopsi B HeBckoil rybe, BecbMa mpoOieMaTHyHoO,
TaK KaKk B IITOPMOBBIX YCJIOBHUSIX HMHCTPYMEHTAJIbHBIE CYJIOBBIE H3MEPEHUs
okeaHOrpaUYEeCKUX XapaKTepUCTUK, KaK MpaBWiIO, 3aTpyAHEHbl. JleHCTBUTEIBHO,
MpPOAHAIM3UPOBAB  0a3bl  JTAHHBIX  CYJOBBIX  JKCHEIUIIMOHHBIX  MCCJICIOBAHUMN
TEPMOXAJIMHHON CTPYKTYphl BoJ PuHckoro 3anua ¢ 1990 roga mo HacTosiiee Bpems,
HaM yJ1aJloCh MOJYYUTh PE3YJIbTATHI TOJBKO 6 30HIUPOBAHUM A akBaTopur DUHCKOTO
3QJIMBa, BBITIOJHEHHBIX (DUHCKUMU CIenHaaucTaMu BO Bpems skcnenunuii Ha HUC
«Aranda» B 1998 u 2007 rogax B NITOPMOBBIX YCIOBHSIX, KOTOPBIC TOBJICKIN 3a COOOM
HaBoaHeHus B Cankt-IletepOypre. B To sxe Bpemsi, B OTKpbITOM bantuke u e€ nponuBax
CYIIOBBIX W3MEpEHHWH, BBIMOJIHEHHBIX B mepuoi HaBogHeHud B Cankr-IletepOypre,

okazanock — 296 (pucyHok 3.1).
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Pucynok 3.1. Kapra cya0BbIX H3MEpEHUN TEMIEPATYyPbl U COJIEHOCTH MOPCKOM BOJBI B
nepuoa HaoOmoaaBumxcsi B CaHkT-IlerepOypre omacHbIX MOIBEMOB YPOBHS MOpHS,
KpacHeIM IIBeTOM — gaHHble ¢  pecypca Copernicus Marine  Service
(http://marine.copernicus.eu), 3eneHpIM U3 0a3el  das. bykBamm 0003HAUEHBI
TUAPOJOTUUECKUE CTAHIIMU, MPE/ICTABICHHBIC HA pUCYHKE 3.2.


http://marine.copernicus.eu/
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Hcxons u3 momyyeHHBIX npoduiied Temneparypbl U COJIEHOCTH (pUCYHOK 3.2),
OBbLIM TMPOU3BEIECHBI OLICHKM IJIOTHOCTH MOPCKOM BOJABI MO YPAaBHEHUIO COCTOSIHHS
UNESCO 1983 (EOS 80) (ypaBuenue (3.1)), rae IUIOTHOCTBH sIBIsieTcsl (PyHKIHEH
TEMIIEPaTyphl, COJICHOCTH U THJIPOCTATUYECKOTO JaBICHUS.

p=f(TSP) (3.1)
re: p — INIOTHOCTh MOPCKO# Boabl (kr/m®), T —Temmeparypsl Mopckoit Boasl (°C), S —

COJICHOCTb MOPCKOM BoJibI (psu), P — rugpoctatuueckoe gasnexue (10).

Pucynok 3.2. BeprukanbHbie mpoQuian TemmnepaTypbl (KpacHas JUHUS), COJEHOCTU
(cuHsis AMHUS) U TUIOTHOCTU (YepHasi JUHUSA) MOPCKOM BOJbl B (DUHCKOM 3aliMBE,
BBITIOJIHEHHBIE B Mepuojsl (hopmupoBanus HaBoaHeHuM B Hesckoii ry0e. Kpurepuit
YCTOMYMBOCTHU BOJHBIX Macc (3en€Hble TU(Pbl) U TOPU3OHT HAUOOJIBIIIEH YCTOWUUBOCTH
BOJIHBIX Macc (3eyeHbll myHkTup). a — 19.10.1998, 6 - 10.01.2007, B - 10.01.2007, T -
12.01.2007, o - 12.01.2007, ¢ — 07.12.2015. PacnomokeHne CTaHIIMM MOKAa3aHO Ha
pucynke 3.1.
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OOpamaer Ha ce0s BHMMaHHE, 4TO B MEpUOJbl (HOPMUPOBAHUS HABOJHEHUU B
neHTpasbHOM yacTu GuHckoro 3anmBa B 2007 rogy u B €ro 3amnajaHou yactu B 1998 roay
3a cueT TypOyJIEHTHOTO NIEpeMeTuBaHus 00pa3yeTcsl MOIHBIA KBa3UOJHOPOIHBIN CIIOM,
JocTUTAIOUK r1yOuH 55 - 65 MeTpoB, HUKE KOTOPOIO pacroiaraeTcs BbIPa’KEHHbBIN
MUKHOKJIMH, OTJEJSIOIUNA 00Jiee COJIEHbIE BOJBI, PACHPOCTPAHSIONIMECS B IPUIOHHOM
cinoe (pucyHok 3.2). Ilepemanbl TemmepaTypbl M COJICHOCTH MEXJYy BEPXHUM
KBa3MOJHOPOJIHBIM U MPUIAOHHBIM CJ10sIMU focTUrarot 37ech 1.0 —4.5°C u 0.3 — 1.4 %o.
B 3amanHo# yactu 3anuBa HaOmrogaeTcst 0oJiee CII0KHOE paclpesiesieHne TeMIEpaTyphbl
U COJIEHOCTH. 3J€Ch, TOJIIMHA BEPXHEr0 KBAa3HMOJHOPOIHOTO CJIOS CYIIECTBEHHO
MEHBIIIE, YeM B IIEHTPAJIbHOM YacTH 3aliuBa, U coctaBisieT 12 — 32 m. Hike otmevaetcs
BbIpa)KEHHAs1 MHBEPCHS TemmepaTypsl ¢ ee nepenaaoM B 0.4°C. MI3MeHeHHe COJIEHOCTH
OT MOBEPXHOCTH JI0 JHA UMEET CTyINeH4YaTyo ¢opMmy, a ee nepenaa cocrasisieT 0.5 %o
(pucyHok 3.21) u 2.5 %o (pucyHok 3.2r). MOIIHOCTh BEPXHETO KBa3UOAHOPOIHOTO CIOS
coctaBisgeT oT 35 o 55 M, a mepenaabl TeMIlepaTyphbl U COJIEHOCTH MEXAY BEPXHUM
KBa3UOJHOPOJIHBIM U TIPUIOHHBIM CIIOSIMU MOTYT HOCTUTATh 37eCh 4°C u 7 %o.

JIJist OIIeHKM MPOCTPAHCTBEHHOI'O paclpeeleHus] YCIOBUM CTpaTu(UKauu BOJ
®uHCKOTO 3a71MBa ObUTH MPUBJICYCHBI JaHHBIC peaHaln3a OKeaHOTrpaduuecKux MoJen
nonydyeHnble mo wmonenu Hiromb-BOOS-Model (HBM-V1) (MyOcean Products.
http://www.myocean.eu). Ha pucynke 3.3 npencraniex pazpe3 AB Brosb ocu @uHCKOTO
3aJIuBa, JAJI1 KOTOPOTo OBbLIM MPOU3BEACHBI OLICHKH TUIOTHOCTH MOPCKOI BOJIBI AJIs BCEX
ropuzoHToB. Pacuer miotHOocTH mpousBoawics 1o (opmyne (3.1). Hcxomubimu
JAHHBIMU ISl pacueTa IJIOTHOCTH BOJIBI CIYKUIIM TEMIIEpATypa U COJEHOCTh MOPCKOM
BOJIbI, a TaKXKe riIyOnHa ropu3oHTa. Touku paspe3a AB BbIOMpanuch U3 CETKU JTaHHBIX
peaHanmsza, TakKUM O0pa3oM, YTOOBI OHU MPUXOJWINCH Ha TIYOOKOBOJHYIO YacTh

®duHCKOro 3aJInBa, KaK HaubOosiee o0ecrieueHHbIe JaHHBIMH TOYKH pCaHaIn3a.
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Pucynok 3.3. barumerpuss ®dunckoro 3amuBa u paspe3 (AB), Bmons kotoporo
IPOU3BOAMIACH OLIEHKA TUIOTHOCTH 10 JAHHBIM peaHajau3a myocean.

AHann3 BEpTUKAIBHOTO paclpeleseHns IUIOTHOCTA BOJABI BAOJIb pa3pe3a AB 3a
JaThl, KOTJJa B BOCTOUYHON yacTu DUHCKOTO 3a71MBa HAOIIOJATNCH OMAcCHBIE MOIbEMbI
YPOBHSI, MOKa3bIBaCT, UTO JJIA ITyOOKOBOJHOU (10 120 M) 3amagHON M LEHTPaTbHOM
yacTu OUHCKOTO 3a71MBa XapaKTEPHBIM SIBJIACTCS HAJUYUE BBIPAKEHHOTI'O0 MUKHOKJIMHA
Ha TiiyomHax 30-55 M. Pa3HOCTH MJIOTHOCTEH MeEXIy BEPXHHMM KBa3WOIHOPIOIHBIM
CIIOEM W TPHUJAOHHBIM CIIOEM MOXET JOCTUTaTh 4 Kr/M3, TpU OSTOM BEPXHHM
KBa3HOJHOPOAHBIN CIIOW Xopolo nepemeniat. s menkoBoaHoi (10 30 M) BOCTOUHOM
gacTr OUHCKOTO 3aJIMBa XapaKTepHO 00Jiee paBHOMEPHOE BEPTUKAITHHOE paCIIpECIICHIE

IJIOTHOCTH BOJBI (PUCYHOK 3.4).
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Pucynoxk 3.4. BeprukanbHoe pacnpesienieHle mIOTHOCTH BObI BI0JIb pa3pe3a OUHCKOTo
3anmuBa (AB) BO Bpemsi IITOPMOBBIX HAroHOB, BbI3BABIIMX HaBOAHEHUsI B (CaHKT-
[letepOypre. (4 okta0pst 1994 rona, 19 oktadps 1998 rona, 10 ausaps 2007 roga u 7
nekadbps 2015 roma).

Pesynprarthl aHanmM3a BEPTUKAIBHBIX MNPOQUIEH TEeMIEpaTypbl W COJCHOCTH,
NPECTaBIIEHHBIX Ha pUCYHKaX 3.2 U 3.4, MOKa3bIBAIOT, YTO, HECMOTPS Ha IMTOPMOBOM
BETEP, OCCHHE-3UMHIOI0 KOHBEKIINIO M1 MHTEHCUBHOE BETPO-BOJIHOBOEC IIEPEMEIITUBAHNC B
®UHCKOM 3aJIMBE COXpAaHSETCS BhIpakeHHas crparudukarws. [lo-BuauMomy, B TaKuX
YCIIOBHSX TIPU YCHJICHUH MPOIECCOB TYPOYJICHTHON BA3KOCTH U MU dy3un cyOcTaHIuN
MIPOUCXOJIUT 3HAYUTEIFHOE YCHIICHHUE MPOIECCOB QJABEKIUM TEIJia U co B DUHCKHIMA

3alMB W3 OTKpHITOM bantuku, dYTo cmocoOCTByeT MOACPKAHUIO YCTONYMBOM

cTpatuduKaIum.
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3.2. U3MeH4YuBOCTb TeueHuil 1o JaHHbIM ADCP u pe3yJbTaramM 4HCICHHBIX
JIKCHEPUMEHTOB ¢ TMAPOAMHAMHUYECKONH MOE/IbI0

B npenpiaymieit rinase, ObUIO MOKa3aHO, YTO, HECMOTPSI HA IITOPMOBBIE BETPHI,
OCCHHE-3UMHEI0 KOHBEKIIMI0O W HMHTCHCHBHOE BETPO-BOJHOBOE IEPEMEIIMBAHUE B
DUHCKOM 3aJIMBE COXPAHAETCS YCTONUYMBasl cTpaTu(UKaIis BO BpeMs pacpOCTpaHEHHUsI
no HeMy BoJiH HeBckux HaBogHeHuil. Takum oOpa3oMm, B OTKpbITOM banthke u B
DUHCKOM 3ajJMBE CYIIECTBYIOT aKBaTOPUHM, B KOTOPBIX CO3JAIOTCS OJIarOMpPUSTHBIC
YCJIOBHS JJIsl TEHEPAIlMU U DBOJTIOLUK OApOKIMHHBIX Tororpaduueckux BOJIH, KOTOPHIE,
o pesysbratam pador (3axapuyk, Cyxaues, 2013; 3axapuyk, Tuxonona, 2011) moryr
OKa3bIBaTh 3aMETHOE BIHMSHUE B (DOPMUPOBAHKE OMACHBIX TTOIbEMOB YPOBHS Ha BOCTOKE
DUHCKOT0 3aJIUBa BO BPEMs IITOPMOBBIX HArOHOB.

Jlns  monaTBepXKICeHHMS HMACHTU(GUKAIMA BOJH HEBCKUX HABOJHEHUW Kak
O0apOKJIIMHHBIX TOMOrpadUUecKUX TIOJe3HO OyAeT MPUBJICUb TaKKe HAOJIOJCHHS 3a
TeueHUsIMU B @DUHCKOM 3alIMBE, BO BpPEMs IITOPMOBBIX HAaroHOB, BBI3BIBAIOIIUX
HABOJIHEHHUS Ha BOCTOKE PUHCKOIrO 3aJIUBA.

26 u 28 nexabps 2011 r. Ha BocToke PUHCKOTO 3a7MBa MPOU3OIILIO ABa OMACHBIX
noabEMa ypoBHs Mopsi. HecMoTpst Ha TO, 4TO MPOITYCKHBIE BOPOTa KOMITJIEKCA 3alIMTHBIX
coopyxenuii Cankr-IleTepOypra or HaBOAHEHHUW B 3TH TEPHOJBI OBLUIM 3aKPBITHI,
MaKCHUMaJIbHBI TOJheM YpoBHS B ycThe HeBwl (1. ['opHBI MHCTUTYT) 28 mexadps
coctaBui 169 cM, PEBBICUB KPUTUUYECKYIO OTMETKY B 160 cM, BbIIIE KOTOPOU MOIBEMBI
YPOBHS IPUHATO OTHOCUTH K HaBOJAHEHUsIM. COrIacHO TUIPOAMHAMUYECKOMY MPOTHO3Y
CankT-IletepOyprckoro ILII'MC-P, cnemanHomy c 3a071aroBpeMEHHOCTBIO 6 4YacoB,
MaKCUMAJIbHBIN MOJBEM YPOBHSA MpH OTKPHITHIX BopoTax K3C momxkeH ObUT 1OCTUTHYTh
otmMetku 220 cMm, 10 ectb B Cankrt-IlerepOypre mnpowmsonio Obl 0c000 oOmacHoe
HABOJITHECHHE.

JI1s1 uccnenoBaHus MPOLIECCOB, OMPENCIISIONIUX OMAaCcHbIE MOABEMBI YPOBHS MOPSI

B Aekabpe 2011 r. HaMH UCTIONIB30BAIUCH JAHHBIE €KEUACHBIX 3HAUEHUN YPOBHS MODS,
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MOJIyYEHHbIE  HAa  OCHOBE  MapeorpadHbIX  M3MEPEHHH  Ha  MPUOPEKHBIX
rugpomMereoposiorndeckux cranuuax [lamgucku, Tamnun, Kynna, llleneneBo; nannsie
€XKEYaCHbIX 3HA4YeHUM BeTpa, MNoJydyeHHble B pamkax npoekta HIRLAM
(https://en.ilmatieteenlaitos.fi/) ¢ mpocTpancTBeHHBIM paspemieHremM 10x10 kM; gaHHBIC
MUHYTHBIX H3MEpeHuil BeTpa Ha craHiuu llleneneBo; gaHHbIE MHCTPYMEHTAIBHBIX
U3MEpPEHUN HAalpaBJICHUs U CKOPOCTU TEYEHUUW B TpEX panoHax DuUHCKOro 3anusa
(pucyHOK 3.5), OMy4eHHBIE C MTOMOIIBIO aKyCTUYECKOT0 JOILIEPOBCKOTO npoduiorpada
TeueHuil. Mi3MepeHus: mpoBOAMIMCH Ha TpeX aBTOHOMHBIX ctaHuusX. Cranmuu 21 u 20
Oobutn ycraHoBieHbl ¢ Oopra HUC "Salme" 21 nexabpss 2011 roga OcTtoHCKUMU
crienuanucTaMu W3 TaVIMHCKOTO HMHCTUTYyTa MOPCKHUX CHCTEM W 00OpYI0BaHBI
normepoBckumu npoduiiorpadpamu  Teuenud 300 kHz Teledyne RD Instruments.
HenpepoiBHbie uamMepeHus TeueHuit Ha cTaHuax 21 u 20 npou3BoAUINCH C UHTEPBAIOM
30 munyT 10 9 mas 2012 rona.

Cranrmus 21 Obuta ycTaHOBJICHA B TOUKE ¢ KoopauHaTamu: 59° 29.6' c.ur. n 23°54.1'
B.A. ['myObuHa nmoctanoBku cocrasuiia 90 metpoB. M3Mepenus: TeueHuit Mpou3BOAMINUCH
Ha 39 TOpU30HTAX, OTCTOSALIMX APYT OT Apyra Ha 2 MeTpa, HUKHUK TOPU30HT MPUXOJUICS
Ha r1youHy 86 MeTpoB, moBepXHOCTHBIN — 10 MeTpoB. Ctaniusa 20 paboTana B TOUKE C
koopauHatamu: 59°45.05' cam. u 25°27.19' B.a. M3Mepenuss TedyeHuid Ha HeEH
BBITIOJTHSUTUCH € TTOMOIIBIO aKyCTHYECKOro JoruiepoBckoro mpodunorpapa ADCP 300
kHz WorkHorse Sentinel Teledyne RD Instruments. 'myOuna mocTtaHoBku cocTaBuia 85
MeTpoB. KonnuecTBo ropu3oHTOB — 38. ['OpH30HTHI U3MEPEHUI OTCTOSIU APYT OT JIpyra
Ha 2 METpa, HIKHUN TOPU30HT MPUXOIUJICS HA TIIyOnHy 82 MeTpa, TOBEpXHOCTHBINA — 8
METpPOB.

ABtomatnueckas nonHas ctanmus CIIO I'OMH 6wuta ycTaHoBiI€Ha B BOCTOUHOM
yactu DUHCKOro 3alvBa B TOYKE ¢ KoopauHatamu: 59°58.65' c.u. m 29°03.25' B.g.
(pucynok 3.5) corpynuukamu Cankt-IletepOyprckoro otmenenus ['ocygapcTBEHHOTO
okeaHorpaguyeckoro nHctutyTa uMenn H.H. 3yOoBa BO BpeMs 3KCIEIUIIUKA HA CYJHE
«Jlanmanaus» ocenpto 2009 roma B 3 kumomeTpax oT Oepera (CyxaueB u ap., 2014).
I'nmy6una nocranoBku ctanuuu - 20 M. Kpome ADCP Ha cTtanuuu ObLT yCTaHOBIICH TaKKe

npubop YSI 6600 V2, uzmepstomiuii TeMnepaTrypy U COJEHOCTb B MPUJOHHOM CIOE€.
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[lonyyennass uHopManus ¢ npuOOpoOB MepenaBajach B ONEPATUBHOM PEXHUME IO
Ka0enp-TPOCy 4Yepe3 MoJeM Ha KoMmIbikoTep, ycTaHoBieHHbI Ha ['MC «llleneneBoy.
N3mepenus TeueHnii npou3Boawinch Ha 11 ropuszoHTax ¢ uaTepBasom 1 munyta. [ns
JNaIbHENIIEr0 aHAJIN3a U3MEPEHUS TEUEHUN HA BCEX TPEX CTAHLMAX YCPEAHSUIMCH 10 |

gaca.

Pucynok 3.5. MecromnonoxxeHrue aBTOHOMHBIX CTaHIUK, oOopyaoBaHHbIX ADCP
(bnaxkkn), myHKTOB MapeorpadHBIX U3MEPEHUN YPOBHS MOPsI (UePHBIE KPYKKH ).

Ha pucynke 3.6 npeacrtaBiieHbl BpEMEHHOM XOJ1 €KEHYaCHBIX 3HAaUCHUN BEKTOPOB
CKOPOCTH BETpa B paiioHe paOOThl aBTOHOMHOM cTaHIu 20, U3MEHEHUs YPOBHS MOPS Ha
crannuax TammmH, Kynna, IllemeneBo, HM3MEHUYMBOCTh BEPTHUKAIBHBIX IpoduiIei
CKOPOCTH TE€UEHHH M MX CTATUCTUYECKUX XaPAKTEPUCTHUK (BEKTOP MAaTEMaTUUYECKOTO
OKHMJIaHUS U OOJIbIlIast M Majasi OCH 3JUJIUIICA CPEHEr0 KBAJIPATUYECKOTO OTKIOHEHUS)
Ha aBTOHOMHBIX cTaHiusAx 21, 20 u CIIO I'OUH, a Takxe U3MEHEHUs! TEMIIEPATypbl U
coseHocTH B mpuaoHHOM cioe Ha ctannmu CIIO 'OUH c 25 mo 29 mexab6ps 2011 r.
MakcuManbHasi CKOpOCTh BETpa 3amaJHbIX pyMOOB B paiioHe DUHCKOro 3ajJuBa B 3TOT
nepuoa no nanHbiM HIRLAM (pucyHok 3.6 a) 1 MHCTpPYMEHTAJIbHBIM U3MEPEHUSIM Ha
crannuu IlleneneBo (pucynok 3.7) mocturana 20-24 m/c, a MakCUMaiabHbIE TOIHEMBI
ypoBHs B Tamnune coctaBmim 98 u 99 cm, B Kynae — 145 u 149 cwm, B llleneneBo — 178

u 158 cMm (pucyHnok 3.60).
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BunHo, 4T0 MakcuMyMBbl IOABEMOB YpoBHA B llleneneBo HACTyarOT NO3KE, YeEM
B Tammmne Ha 8 - 11 4acoB, 4TO CBUAETEIBCTBYET O MOCTYIATEILHOM XapaKTepe BOJH
HaBogHeHuil. Ux mepuoxa (7), OUEHEHHBI MO BPEMEHH MEXKIY ABYMS COCEIHUMHU
MaKCUMYMaMH YPOBHSI MOPSI, COCTaBIIsi€T NPUOIUZUTENBHO 26-28 4acoB, 4TO OJU3KO K
nepuoay coOCTBEHHBIX KojiebaHuil B cucteme bantuka - Ounckuii 3anuB (29 vacon),
pPAaCCUMTAHHBIX HA OCHOBE YHMCJIEHHOTO THMAPOAMHAMHYECKOTO MOJEIUPOBAHHUS
(Baxapuyk, Tuxonoma, 2007). IlpuHumMasi, 4TO paccTOsTHUE MEXAy [alsIMHOM U
[leneneBo L = 250 kM u, 3Has BpeMs 3ala3/IbIBAHUS HACTYIUICHUS] MAKCUMyMa Ha 3THUX
craniusix At = 8 + 11 d4acoB, MOXHO TMPHUOJU3UTEIBHO OLEHUTb CKOPOCTb
pacrnpocTpaHeHMsI BOJIH HaBOJHEHUH ¢y = L/At= 6.3+8.7 m/c, a Takke HMX JJIMHY
A=T%c/~=590+877 kM. DTH OLIEHKH XOPOULIO COTIJAacyIOTCs C XapaKTEPUCTHUKAMH BOJH
HABOJHEHHM, NOJyYEHHBIMU paHee Ha OCHOBE (ypbe aHaIM3a CUHXPOHHBIX M3MEpPEHUN
YPOBHSI HA MAaTEPUKOBBIX M OCTPOBHBIX CTAHILIMSAX B BOCTOYHOUN 4acT PUHCKOTO 3a11Ba

(3axapuyk, Tuxonona, 2011).
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Pucynok 3.6. BpeMeHHOM X0/ €:K€4aCHBIX 3HAYCHU BEKTOPOB CKOPOCTH BETPA B PaliOHE
paboTbl aBTOHOMHOW cTaHiuu 20 (a); ”3BMEHEHUs YPOBHS MOpPSl Ha CTaHUUAX TauluHH
(1), Kynna (2) u llenenero (3) (0); n3aMeHEHUsI €KEYaCHBIX 3HAUYECHUNU BEPTUKAIBHBIX
npoduiaei CKOPOCTU TEYEHUM U UX CTATUCTUUYECKHX XapaKTEPUCTHUK HAa aBTOHOMHBIX
cranuusax 21 (8), 20 (r) u CIIO I'OUH (1), a Takke u3mMeHeHUs] TeMneparypsl (4) u
cosieHoctu (5) Ha riyoune 19 m cranuuu CI1O I'OUH (e).
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[Ipu pacpocTpaHeHUH BOJH HABOJHEHHUI HAa BOCTOKE DUHCKOI0 3ajMBa (CTaHIUS
CIIO T'OMH) otmewanuch 3aMe€THbIE HW3MEHEHHsI B TpUAOHHOM cioe (19 w™)
temrepatypsl BoJibl Ha (0.8°C) u ee conenoctu (Ha 1.4%o0) ¢ TEHICHIIMEN UX YBETUYCHUS
(pucyHok 3.6e).

N3 pe3ynbTaToB, NpeICTaBICHHBIX HA PUCYHKE 3.6 B,T,J, BUIHO, UTO HA CTAHIUSIX
21 u 20 makcuMallbHbIE CKOPOCTH M3MepeHHbIX TeueHuil (40-70 cm/c) oTmevaroTcs B
IPUIIOBEPXHOCTHOM CJIOE€ B IEPUOJI CI1aJ1a YPOBHS MOPSI MOCIIE €r0 ONACHOTO MOABbEMA, a
Ha cranuuu CITO 'OMH — Bo Bpemst npoxoxaeHuu jJoxx0uHbl (51 cm/c) u rpedus (44
cM/c) BosiHbl HaBoaHeHUW. C TIyOMHON, B JTH TMEPUOABI, CKOPOCTH TEUCHUU
YMEHBIIAIOTCS MPU HE3HAUUTEIILHOM U3MEHEHUM X HAapaBieHus: Ha ctaHuuu 21 1o 33
cM/c, Ha ctanuu 20 - 1o 35 cm/c u Ha ctanuu CIIO I'OMH no 3nauenuit 17 — 22 cm/c
B IIPUJOHHOM CJIOE.

Ha cranuusax 21 u 20 npu pacrpocTpaHEHUU BOJH HABOJHEHUN HAa TOPU30HTAX
OTMEYAETCsl Bpall€HUE C TEYEHWEM BPEMEHHU BEKTOPOB CYMMAapHBIX TEUYEHUW, YTO
cBoiicTBeHHO BonHOBOMY Tiporeccy. Ha cranmmm CIIO T'OMH Ttakas ocoOeHHOCTH
OTMEUAETCs TOJIBKO MPHU UCKIIOUEHUH (POHOBOTO TCUEHMUSI.

Ha pucynke 3.6 B,r,1 (cmpaBa) Jisi Ka)KJI0ro TOPHU30HTA COBMEILIEHBI BEKTOP
CpeaHEero 3a 5 CyToK (POHOBOTO (CpeHEero) TeUeHUs ¢ OOJIBIION U MaJIOW OCSIMHM dJUTHIICA
CpPEIHETr0 KBaJpaTHYECKOIO0 OTKJIOHCHHUS KOJIeOaHW TedeHWH. XOpOIIO BHIHO, YTO
¢oHOBOE TeueHne Ha cTaHIuu 21 yBenmuumBaercs ¢ riayounoit ot 10 no 16 cm/c, u ero
BekTop B cioe 10 - 40 M HampaBieH Ha Ioro-3amaja, a TiyOke - Ha 3amaja, TO eCTh
MIPOTHBOMNOJIOKHO HAMNPABICHUIO JOMUHUPYIOIIUX B 3TOT MEPHOJI BETPOBBIX MOTOKOB.
Takast 0COOEHHOCTh TEUEHHII B JAHHOM pailOHE OTMEYallach U pPAaHEE SCTOHCKUMU
cnermanuctamu (Liblik u ap., 2013). Hanpasnenus 607abIIMX OCEH SJUTUIICOB CPETHETO
KBQ/IPaTUYECKOTO OTKJIOHEHHS KoJeOaHuil TeueHnii (pucyHok 3.68, crpasa) B cioe 10 -
40 M OpHEHTUPOBAHBI BJIOJIb BEKTOPOB UX MATEMaTHYECKOIO OKHIAHUS (CpPEIHEro
nepeHoca), a riyoxe — nox yriom 30° - 45° k HUM.

Ha cranuuu 20 ckopocTh cpeaHEero TeueHus 3-5 cMm/C, 1 OHa B HECKOJBKO pa3
MEHbLIE, YeM Ha cTaHIMM 21. Ha BepXHUX rOpU30HTaX CpEIHEE TEUEHHUE HAIIPABICHO HA

I0r0-10T0-3aIa/1, a ¢ TIIyOUHOU B HEM YBEITUYUBAETCS BIUSIHUE 3aI1aTHOM COCTABIISIONIEH,
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U B IIPUJIOHHOM CJIO€ CPEJHEE TEUEHNE HAIIPABICHO YK€ Ha 3amaj-roro-zanaa. Ha stoi
CTaHIIMM HalpaBjeHUs OOJBIIUX OCEH DBJUIMIICOB CPEIHEr0 KBaJApPaTUYECKOIO
OTKJIOHEHUsI KojeOaHui TeuyeHud (pucyHok 3.6B, cmpaBa) B cimoe 10 - 40 ™
OPUEHTUPOBAHBI MOJ YIJIOM NPUOIM3UTENBHO 45° K BEKTOPY MX MaTeMaTH4eCKOTro
OKUJaHUs, a rIy0xe - MPUOIU3UTENBHO BAOJIb HEro, U TOJBKO Yy CaMOI0 JIHA BEKTOP
CpPEIHETr0 TMEepeHOoca CHOBAa OTKJIOHSAETCS OT HampaBieHUsi OOJbIION OCH 3ILIUICA
CPEAHETO KBAaAPaTHYECKOIO0 OTKIOHEHMUS.

Ha Boctoke ®unckoro 3ammBa (ctanuus CIIO T'OMH) donoBoe TeueHue
HAIpaBJICHO HAa BOCTOK-CEBEPO-BOCTOK. Ero ckopocts Mensiercss ot 27 cMm/c 'y
noBepxHocT 10 11.5 cm/c B mnpugoHHOM cjoe. B MOBEpXHOCTHOM CJO€ 3/1€Ch
HampaBJIeHUs OOJIBIIUX OCeH JIUIUIICOB CPEIHEro KBAJAPAaTUYECKOTO OTKJIOHEHUS
KosieO0aHui TeueHuu (pUCyHOK 3.6, cripaBa) OPUEHTHPOBAHBI MO/ OOJBIINUM YIJIOM K
BEKTOPY MaTeMaTUYECKOTr0 OKHUIaHUsI, a TITy0Ke BI0Jb HETO.

OOpamaer Ha cebs BHUMaHWE, 4YTO Ha cTaHIUU 20 3HA4YeHHS MOMYJS
MaTeMaTUYECKOI0 OXHUIAHHUS CKOPOCTUM TEYEHHUM HA BCEX TOPU3OHTAX 3HAYUTEIIBHO
MEHBIIIE CYMMBbI IOJYOCEH S3JUIMIICOB CPEIHEr0 KBaApaTUYECKOIO OTKJIOHEHHS. JTa
0COOEHHOCTH CBUJIETEIHCTBYET O CYIIECTBEHHOM HEYCTOWYUBOCTH CYMMapHOTO TEUEHUS
B JIaHHOM parioHe PUHCKOTO 3aJIMBa, [0 CPABHEHUIO C IByMs JIPYTUMHU PalOHAMH.

Ha Bcex TpéXx cTaHIMAX NpH YBEIUYEHUU TIIYOMHBI HE OTMEYAeTCs Pa3BOpOTa
BEKTOpa CpPEOHEro TEYEHHs [0 CHHpPAIM OKMaHa, YTO CBHJIETEIbCTBYET O
HE3HAUMTEIHLHOM BKJIaJe YHUCTO JpeidoBoi cocTaBistonieli B (OHOBBIA IMEPEHOC,
KOTOpBIA (opMuUpyeTcs, MO-BUAMMOMY, IJIaBHBIM 00pa3oM, 3a CUYeT TIPaJUEHTHOTO
TeUeHUsl. ITOT pe3yabTaT TpeOyeT HEKOTOPOTO MOSCHEHUSI.

Emé Dxman (Ekman, 1905), npu onvcanuu TeOpy BETPOBBIX TEUCHUI, OTMEYAIL,
gT0 Ha paccrosiHuu 10 100 kM oT Oepera u Ha rryouHax meree 500 M BETpoBOE TEUCHHUE,
MpU MOPUHATHIX JOMYIICHUSX (BETEp IOCTOSHHOW CHUJIbI M HaIpaBICHUS, OKEaH
OJIHOPOJIEH IO IUIOTHOCTU M BSI3KOCTU M HEOIPAHWYEH IO MPOCTPAHCTBY M IIIyOUHE),
YCTAaHABJIMBACTCA B IPOJODKEHUE HECKOJNBKMX [JHEW, a TOBEPXHOCTHOE — B
IIPOIOJKEHNE HECKOIBKHX YacOB. B peanbHbIX NpUpOAHBIX yCIoBUAX PUHCKOTO 3a11BAa,

n3-3a CI0XHONH MOPGOMETpHH €ro OEperoBoM JHWHHH, OOJBIINX W3MEHEHUN TOHHOM
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Tonorpaduu, BeIpaXXEHHON CTpaTU(PUKAIMU MOPS U 3HAYUTEIHHON MPOCTPAHCTBEHHO-
BPEMEHHOM W3MEHYMBOCTH CKOPOCTU M HalpaBlieHHs BeTpa, Bpems (HOpMUPOBAHUS
CPaBHUTEIBHO YCTOWYUBBIX BETPOBBIX TEUEHUU, MO-BUAUMOMY, MOXKET CYIIECTBEHHO
YBEITUYUTHCS.

I'paduxu exeMuHyTHBIX U3MepeHu BeTpa Ha Mbice Kamennsiil B paitone 'MC
«IlleneneBo» B mepuoj €ro HauOOJBIIETO YCUIEHUS, TPEICTABICHHbBIE HA pUCYHKE 3.7,
MOKAa3bIBAIOT, YTO, JCHCTBUTEIBHO, B IITOPMOBBIX YCJIOBHUSAX HAOJIOJAIOTCS OYECHBb
3HAYMTENIbHBIC U3MEHEHHUS CKOPOCTH BETpa, JocTUraromue 5-8 m/c mo moaysto, u 10° —
40° mo wampaBneHuto. I[lo-BUIUMOMY, WH3-3a OSTOrO0 B IITOPMOBBIX YCIIOBHSIX,
IPUBOAAIINX K 0CO00 OMacHbIM TOJbeMaM YypoBHs Mopsi B HeBckoil ryOe, OTKIMK
BOJHBIX MacC Ha BO3JICHCTBHE aHEMOOApUUECKUX CHJI B ABWXKYIIUMCS Haja bantukoit
rIy00KOM aTMOC(hEpHOM IIMKIIOHE SBJISETCS HE JIOKAIBHBIM, KOT/Ia B K&XKJI0H TOUKE MOPS
TeHEPUPYIOTCSI SKMAaHOBCKHUE BETPOBBIEC TEUEHUS, a TI00ATBbHBIM, KOT/Ia TIOJI IEHCTBUEM
BO3MYILAIOMINX CUJI TEHEPUPYIOTCS BBIHYKICHHbIE HU3KOUYACTOTHBIE BOJIHBI, KOTOPBIE B
psafe ciay4daeB HUIACHTU(MUIUPYIOTCS Kak OapOoKIMHHBIE TOMOrpaduueckrue BOJIHBI
(3axapuyk, Tuxonoma, 2011). PacnpocTtpanssice 1mo ®PUHCKOMY 3allUBY, 3TH BOJIHBI

BBI3bIBAIOT OIIACHBIC HOI[T)éMLI YPOBHA MOpPs B €TI0 BOCTOYHOM YacCTH.

Pucynok 3.7. ExxeMuHyTHbIE U3MEPEHUS] CKOPOCTH (CIUIOLIHAS JIMHUS) U HANpPaBJICHUS
(mynktup) Berpa Ha Mbice Kamennsiii B paitone I'MC «lllemeneBo» B mepuoj
dbopMHUpOBaHUS OMTACHOTO MOABEMA YPOBHS MODSI.

JIns ouleHKH BKJIaja OapOKJIMHHOM COCTaBISIIOLIEH B CyMMapHbI€ TEUEHUS W3
KaXXJI0r0 BEKTOpa CKOPOCTH B U3MEPEHHOM BEPTUKAJTILHOM MPOQuUiIe TEUSHUM BHIYUTAICS
CpeIHUN 1O BEpPTUKAIU s ATOro mnpoduist BeKTOp cKopocTu. Pucynok 3.8

WUTIOCTPUPYET U3MEHEHHSI BO BpEMEHU OapOKIMHHOW KOMIIOHEHThI CKOPOCTH TEUYEHUM

Ha BCEX 3-X CTaHIMAX B TMepuoa pacnpocTpaHeHuss no DOUHCKOMY 3alIUBY
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HU3KOYACTOTHBIX BOJIH, KOTOPbIE MOBIMUSJIM Ha (POPMUPOBAHHE ONACHOIO MOABbEMA
YPOBHS B €r0 BOCTOYHOM 4acTu. XOpOIIO BUJIHO, YTO B IITOPMOBBIX YCIOBUSAX BO BPEMS
OIMACHBIX MOABEMOB YPOBHS MOPSI HE MPOUCXOIUT OAPOTPONHU3ALMH TE€YEHUH, HA000POT,
B ATOT MEPHUOJI OTMEYAETCSA YBEIMUYECHHE AMIUIUTYAbl UX OApOKIMHHON COCTABIISIIOIIECH.
BeprukanbHas cTpykTypa OapOKJIMHHBIX TEUEHUH Takas e, Kak ¥ Yy BHYTPEHHUX BOJIH
1-ii BepTUKANIbHOW MOJbI: B TMOBEPXHOCTHOM M MPHUIOHHOM CJOSIX OTMEYaroTCs
MaKCHUMYMBbI TEUEHUM, & B TNIYyOMHHOM CJIO€ - OJMH MUHUMYM (y3€Jl BOJIHBI); C TITyOUHOMN
TEYEHHs] MEHSIOT CBOM HarpaBieHuss Ha oOpartnble. Ha cranmmsax 21 u 20 y3en
BEPTHKAJIbHON OapoKIMHHON MoAbl HaOmonaercs B cioe 40-50 m, a juist ctanuu CI1O
I'OMH ©a rny6unax 5-7 M. MakcuManbHble CKOPOCTH OapOKIMHHBIX TEYEHUUN
nocturatot 30 - 38 cM/c B MOBEpXHOCTHOM cJjioe U 15 - 25 cM/c B IPpUIOHHOM cJ10€. DTOT
pe3yabTaT, B CPABHEHNUH C U3MEPEHHBIMH TEYEHUAMH, CBUAETENBCTBYET O 3HAUUTEIBHOM

BKJIaJ€C 6apOKJII/IHHOﬁ KOMIIOHCHTBI B CYMMAPHBIC TCUCHU .
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Pucynox 3.8. bapokinHHas KOMIIOHEHTa TEYEHWI Ha aBTOHOMHBIX cTaHuusx 21 (a), 20
(6) u CIIO TOUH (B) B mepuon pacmpoctpaHeHusi mo DuUHCKOMY 3aUBY BOJH
HaBOJIHECHUMN.

JI71s1 OTIeHKH CTENIeHU BO3HCTBHS OAPOKIMHHON U 0apOTPOITHON COCTaBIISAIOIICH
Ha KoJieOaHUs YPOBHS MOpsS OBLI MpOBENECH pacueT KOod(D(PHUIIMEHTOB B3aMMHOM
KOpPEJALNU CKAISIPHOTO (YPOBEHb MOPS) U BEKTOPHOTO (T€UEHHE) MPOLIECCOB, COTJIACHO
pabote (Poxkos, 2002). Cienys MeToauke, M3JIOKEHHON B 3TOM paboTe, B Hayaie,
OIICHUBAJIMCHh MATPHITHI KO3 (DHUITMESHTOB B3aUMHBIX KOPPEIISIUI CICAYIOIMIETO BUA:

e Teu Tow
D(V =" T Tw (3.2)
Tv( vu T

Tuu ruv

Dy, = (3.3)

7"‘U‘U, T‘U‘U
rae Dgy m Dy, — onpenenuTeny MaTpull, { — CKaJspHBIM mpoiecc (B HAIIEM cliydae —
YPOBEHBb MOpsi), V' — BEKTOpHBIN nponece (TeYeHus1), U, v — COCTABIISIIONINE BEKTOPHOTO

mporecca V' Ha mnapaienb W MEPUAUAH, COOTBETCTBEHHO, 7¢g, Fius Fuvs--es Fov —



59

KOd(pPUIIMEHThl B3aUMHOM KOppENsSUHMHU. 3aTeM, PACCUUTHIBAJICS MHOKECTBEHHBIM

KO3 (PUIIMEHT B3aUMHOMN KOPPEISILIUN MEKTY CKaISIPHBIM (&) U BEKTOPHBIM MPOLECCAMU

:
Ry (6,8) = [1- Dev (3.4)

rjie 0 - BpeMEHHOU CIBUT, ¢ — BpeMs.

Pacuet Ry(9,f) npon3BOAMINCE C Y4ETOM HECTAlIMOHAPHOCTH TipoiieccoB. [lepuon
KBa3UCTAIMOHAPHOCTH JIJIS pacueToB R:(0,f) mpuHUMaIICs paBHBIM 72 YyacaM, a HHTepPBaJ
CKOJIbXKEeHUS — 24 yacam.

Pe3ynbTaThl B3aMMHOTO KOPPEJSAIIMOHHOTO aHaIM3a NMPHUBEACHBI HA PUCYHKE 3.9.
Bo Bpems omacHBIX MOABEMOB YPOBHS HA BCEX CTAHIIUSAX OTMEYACTCS BBHICOKAS CBS3b
MEXITy OapOTpONHBIMH KOJCOAHUSAMU TEUYCHHHW W YPOBHS Mops. B a3roT mepuon
MaKCUMaJibHbIe K03 HUIMEHTHI Koppessiiuu R:y(0,1) nocturarot 3HadeHuit 0.68 — 0.98.
B nanbHueiimem, ¢ ssuBaps no utoHb 2012 roga Takke B OCHOBHOM OTMEYAETCS BHICOKAS
KOppesAIus MeKy 0apOTpONMHBIMU KOJIEOAHUSIMU TEYSHUM U YPOBHEM MOPS, U JIUIIb B
penKuX ciydasx omeHku R:(0,f) moHmwkarorcs 3aech no 3HadeHun 0.42-0.57. Takwue
AMU30ANYECKUE TIOHIKEHUSI KOPPEJSIIIMU B OOJNIbIIEH Mepe BBIpAXKEHBI ISl OoJiee

MEJIKOBOJTHOTO paifloHa BOCTOYHOM yacTu DUHCKOTO 3aiuBa, T1e padoTana ctanius CI1O

I'OHH.



60

Pucynok 3.9. (a) M3MeHeHne BO BpeMEHH MaKCUMAalIbHBIX 3HAYCHHUH KOA(hPUIIMEHTOB
B3aUMHON Koppensiuu Rey(0,t) Mexay O0apoTpomHOM KOMIIOHEHTOW TEUYCHHH Ha
ctaniuu 21 u yposHem mops B [Tangucku (kpacHasi TMHUS ), 0apOTPOITHONM KOMIIOHEHTOM
TedeHuid Ha ctaHiu 20 U ypoBHeM Mops B TammmHHE (CHHSS JTHHUS), 0apOTPOITHON
koMroHeHTol TeueHnit Ha ctaHuuu CIIO T'OMH u ypoBHem mopst B Kponmranare
(uepnas gnuHus); (0,B,r) MakCUMaJibHbIC 3HA4YeHUS KoOd(PPUIIMEHTOB B3aUMHOMN
koppemsiiuu Rev(0,t) Mexay O0apoKIMHHOM KOMIOHEHTOM TedeHMi Ha craHuuu 21 u
ypoBHeM Mops B [Tamaucku (6), 6apOKIMHHON KOMIIOHEHTOM TedeHuH Ha ctaHiuu 20 u
ypoBHeM Mopsi B TamnuaHe (B), 0apOKIMHHONW KOMIIOHEHTOU TeueHuii Ha ctannuu CI1O
I'OUH u yposaem mops B llleneneso (T), yepHas 3Be31a — nata HaBogHEHUs] B CaHKT-
ITerepOypre.

B nepuonabl HaBOAHEHUH Takke OTMEYAETCS BBICOKAS B3aUMOCBSI3b MEXIY
KOJICOAHHMSIMU YPOBHS MOPS ¥ OAPOKIIMHHON KOMITOHEHTOUW uIyKTyarnuii Teuenuii. B ato
BpeMsI MaKCHUMajbHbIe 3HA4eHHUS Kod(hUIMEeHTOB Koppemsuu Rq(0,f) mocturaior
BesimurH 0.65 — 0.87. OnHaKoO B 3aBUCUMOCTH OT ITyOMHBI 3HaUeHUsS R:1(0,f) MEHSAIOTCA
B IIMPOKUX Mpejenax U s OTAEbHbIX TOPU30HTOB UX OlleHKU MeHblne 0.6. B menowm,
JUIsL BCETro TMepuoja HAOMIOJEHUM OTMeYaeTcsi 3HAYUTEIbHAs HECTAllMOHAPHOCTH

B3aUMOCBS3U MKy OapOKIMHON KOMIIOHEHTOM TeUeHUU U ypoBHeM mops. Ha 3amane

®uHckoro 3anuBa (ctaHuus 21) u B ero neHTpanbHOoM yactu (ctaHuus 20) mepuojibl
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HU3KUX 3HaUeHUM R:y(0,f) Ha MHOTUX FOpU30HTAX B psjie cilydaeB npuomamkatores Kk 10-
15 cytkam. Ha BocTtoke ®unckoro 3anuBa (ctanuus CIIO "OWH) nepuonbl HU3KHUX
3HaueHUN R:(0,f) 3aMETHO MEHbIIIE W OTMEYAIOTCS OHU CYIIECTBEHHO peXe, U, B
cpeaHeM, 37ech 3HaueHUs! Ry(0,f) cyliecTBEHHO BbIIIE, Y€M B JIBYX JIPYTUX pailoHax
3aJIMBa.

Takum 00pa3oM, pe3yiabTaThl B3aUMHOIO KOPPEJSIITUOHHOTO aHallhu3a MEXIy
KOJICOaHUSMH YPOBHSI MOPS U TCUCHUSIMU TTOKA3bIBAIOT, YTO 3HAUUTEIILHBIM BKJIAJ B UX
B3aMMOCBS3b OKa3bIBACT HE TOJILKO OApOTPOIHAs, HO TaK)Ke U OApOKIMHHASI KOMITOHEHTA
TEUYCHUH.

JIns mpoBEepKH THUIIOTE3bl O HAJIWYMU OapOKJIMHHOM KOMIIOHCHTBHI TEYCHUU B
BOJIHAaX, (GOPMUPYIOIIUX OMACHBIE IO IEEMBI YPOBHS Ha BOCTOKe DUHCKOTO 3a11Ba, OBLITN
3aJICMICTBOBAHbBl JIaHHBIC YHWCJEHHBIX JKcrnepuMeHToB Ha Mojenu INMOM (Institute
Numerical Mathematics Ocean Model) (Jduanckuit u np., 2006; uanckwuii, 2013;
Zalesny u gnp., 2012). Ilpu oOaWHAKOBBIX HAYJIBHBIX W TPAHUYHBIX YCIOBHUSIX
MOJIETUPOBAIIUCH TMHAMUYECKHUE XapaKTepUCTUKU DUHCKOro 3aiuBa B 0apOTPOITHOM
npuOIMKeHUH, a TakXKe pelanach mnojiHas (OapoxnuHHAas) 3amada. [IpoBenenue >Tux
JIBYX YHUCJICHHBIX JKCHEPUMEHTOB IPOU3BOJUIOCH C IIEJbI0 OLEHKH OapOKIUHHOM
KOMITOHEHTBI TEYEHUH MO MOAEIBbHBIM JaHHBIM. JlJIsl 3TOTO U3 TEUEHUH, paCCUNTaHHBIX
B paMKax TOJHOM 3ajayd, BKJIaJ B KOTOPHIE OKAa3bIBAIOT KAaK OapOKIWMHHAS, TaK H
O0apoTpomHasi COCTaBISIONIAS, BBIYUTAIUCh TEUCHHUS, OICHEHHBIE MO 0apOTPOITHOMN
MOJEINH.

JIns TmepBOro  YHUCJIEHHOTO ASKCIEPUMEHTAa HCHOJb30Bajach TpEXMEpHas
OapokIMHHAS HENWHEWHAas TUIPOJWHAMUYECKass MOJeNb, pa3paboTaHHas HA OCHOBE
CUTMa-MOJIENIM MOPCKOM M OKEaHMYECKOW LUPKYISAUMU MHCTUTyTa BBIYMCIMTEIBHOU
marematuku (MBM PAH), nonmyuuBmieid B MEXIyHapOJHOW MpaKTUKE Ha3BaHHE
INMOM (/Inanckuii u ap., 2006; JInanckwmii, 2013; Zalesny u np., 2012).

BTopoii 4YuMCIEHHBIM HKCIEPUMEHT, B paMKaxX KOTOPOTO pPacCUUTHIBAIACH
IMHaMKKa Boj banTtuiickoro mMops B 0apoTponmHOM NPHUOJIMKEHUH, MPOU3BOJUICA C
MOMOIIbIO TPEXMEPHOU OApPOTPOITHOM MO, peali30BaHHON Takke Ha 0a3e Mojenu

INMOM, B KOTOpO¥ MJIOTHOCTH BOJbI Oblia (PUKCHpPOBAHA MOCTOSSHHOW BEITUYMHON B
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MIPOCTPAHCTBE U BO BPEMEHHU Ha BCEM MHTEpBajle UHTErPUPOBaHUA. [ paHUYHBIE YCIOBUS
3a/1aBAJIUCh TakKue K€, KaK U B MEPBOM UYHCIEHHOM 3KCIEPUMEHTE, TOJBKO C Y4ETOM
peteHus 0apoTPOITHON 3aauH.

Uucnennele pacuersl npoBoauiauch aisa nepuoaa ¢ 1 sueaps 2011 roga mo 31
nexadbpst 2011 r. PacyeTHbld miar mo BpeMeHU cocTaBuil 1 MuUH. BeIBoa pe3ynbTaTtoB
CY€Ta NMPOM3BOUIICS 32 OCPEIHEHHBIN 3 YACOBBIA MEPHUOI.

B pe3ynbrare npoBeeHHBIX SKCIEPUMEHTOB ObLIM MOJTYUYEHbI CpeiHKe 3a 3 yaca
noJisi ypOBHSL Mops M TeueHuM Ha 16 ropusontax. s BepudUKaUU MOTYYEHHBIX
JAHHBIX ObUTM OLEHEHBI KOA(PPUIUMEHTH B3aUMHON KOPPEISIIUOHHOW (QYHKIIMH MEXY
JAHHBIMM ~ YMCJIEHHOTO  TUAPOAMHAMUYECKOTO  MOJEIUPOBAHMS U JAHHBIMU
aBTOMAaTUYECKUX JOHHBIX CTAaHIIUN, 000PYAOBAHHBIX JOIUIEPOBCKUMHU TIpoduiiorpadamu
teueHuit (tabnuma 3.1). OueHku B3aMMHOW KOPPENALMOHHON (YHKIMH BEKTOPHBIX
IIPOIIECCOB MPOBOAMIIUCH corslacHo MeTtonuke (benpimes, KneBanmon, Poxkos, 1983).
J171s1 3TOro CHavasa pacCUMTHIBAJIUCh 2 MHBAPUAHTA B3aUMHOW KOPPEJISIIITUOHHOMN TEH30P-
dynximn Ky, (6,t) 1is kaxaoro ropusonta d.

Ky,u,(0,8), Ky, (0, 1)

3.5
Ko 0,0, Koo (6, ) (3.5)

KVdUd ,t) =

- -
rae V(t) u U(t) — BEeKTOpHBIE MPOIECCHl HA MCCICAYEMOM TOPU30HTE, ¢ - Bpems, 6-

_)
BPEMEHHOM CIIBHT, V; - COCTaBJIONIAs BEKTOPHOTO Tpoiecca V(t) Ha mapaiens; v, -

=

COCTaBIIAIONIAsl BEKTOpHOTro mpomecca V(t) Ha ™MepuauaH; u; - COCTABISIONIAS

.

BeKTOpHOTO Tiporiecca U(t) Ha mapasuiens; uy - COCTABISAIONIAs BEKTOPHOTO IMpollecca

N
U(t) Ha MepuamnaH.
Jluneiinpii  wnBapuant  [,YV(6f) paBen cueny  MaTpuIbl  B3aMMHOIA

KOppensinoHHOW  TeH3op-GyHkmmu  Kyy(6, ¢) W XapakrtepuzyeT OOIIHOCTH

- -

WHTEHCUBHOCTEH KOJUIMHEAPHBIX N3MEHEHUH BEKTOPHBIX TiporteccoB V (t) u U(t).
Wnpukarop Bpamenus QVV(6) paBeH pasHOCTH HEAMATOHANHHBIX KOMIIOHEHTOB

MaTpUlbl B3aMMHOM KOppeIaluoHHOW TeH3op-hyHkuuu Kyu(6) u xapakrepusyer

- -

OOIIHOCTh OPTOTOHAIBHBIX W3MeHeHuH B mpomeccax V(t) m U(t), mpuuem, ecnu
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N N
QYY(6)>0, To nponecc U(t) pasBepHYT B CpPEIHEM OTHOCHTENBHO mpouecca V(t) Ha
3aJJaHHOM IIPOMEXYTKE BPEMEHM IO 4acoBoi crpenke, ecmu QVY(H) < 0, - To npotus
4aCOBOU CTPEJIKU.

ITocne vopmuposanus 1;Y9(0, f) u QVY(O, ) Ha nuHEHHBI WHBApUAHT TEH30pa
nucniepcuu, coriacHo (benbrmes, Knesanios, PoxkoB, 1983), paccuuThIBaIuch X
HOPMHUPOBAHHBIC 3HAUCHUS: TIZU(Q, HuryU(o,t).

Pe3ynbTaThl B3aUMHOTO KOPPESIIMOHHOTO aHAIM3a MEXIY pPAaCCUUTAaHHBIMU U
U3MEPEHHBIMU TEUCHHUSIMU TpuBencHbl B Tabiuie 3.1. B paiioHe paGoThl JOHHOI
craniiun 21  k03hPUIMEHTH B3aUMHON KOpPEIALMH MEXKIYy KOJTMHEAPHBIMU
MU3MCHCHHMSIMU M3MEPCHHBIX M PACCUMTAHHBIX TCUYCHUH BApBUPYIOT B 3aBUCHMOCTH OT
ropusoHTa ot 0.34 10 0.70. [Togo6HBIE OLIEHKH KOPPEAIUU 3aMETHO BBIIIIE HA CTAHIIUU
20, rne onn umeroT 3HadeHus ot 0.54 no 0.78. B paitone pa6otsl craniuu CI1I0 'OUH
3Ha4YeHUsT KOd(PUIIMEHTOB B3auMHOW Koppemsuuu coctaBisitor 0.28 - 0.66. Takum
o0pa3oM, HECMOTpSi Ha BCE OrPAHUYEHUS U JIONYIIEHHUS METO/Ja YHUCIEHHOIO
TUAPOJAMHAMUYECKOTO MOJCIHUPOBAHUS, Ha OTAENIbHBIX TOPU30HTaX MOJENb BechbMa

PCAITUCTUYIHO OIIMCBIBACT U3MCHCHUA TeueHu B GUHCKOM 3aJIMBeE.
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Tabnuua 3.1. Pe3ynbrarhl B3aMMHOTO KOPPEISLMOHHOTO aHajdu3a MEXAY TECUCHHSIMHU,
n3MepeHHbIMU ¢ omoupio ADCP 1 paccuuTaHHBIMU IO MOJEIH.

Craunust Ne 21 Craunus Ne 20 Craunus CIIO I'OMH
Koppenupyemslie Koppemupyemsie Koppemupyemslie
TOPU30HTBL v(6) | 1§V (6) TOPU30HTHL: UACIRRIC) TOPU30HTEL v(6) | ryV(6)
ADCP | Monens ADCP | Mogens ADCP | Mogens
12 12 0.70 | 0.13 12 12 0.63 | 0.19 1 1 0.28 | -0.54
14 14 0.63 | 0.23 14 15 0.61 | 0.21 2 2 0.42 | -0.46
16 17 0.58 | 0.28 18 18 0.59 | 0.28 4 4 0.49 | -0.35
20 20 0.52 | 0.34 20 20 0.57 | 0.29 5 5 0.57 | -0.23
22 22 0.45 | 0.37 24 23 0.60 | 0.30 7 7 0.64 | -0.07
24 25 0.39 | 0.37 26 26 0.57 | 0.31 8 8 0.66 | 0.01

28 28 0.35 | 0.33 28 29 0.55 | 0.28 10 10 0.57 | 0.00

30 31 0.34 | 0.25 32 32 0.54 | 0.24 11 11 0.52 | -0.03
36 36 0.38 | 0.16 38 37 0.58 | 0.14 13 13 0.50 | -0.04
40 41 0.45 | 0.07 42 42 0.64 | 0.08 14 14 0.49 | -0.04
46 46 0.48 | 0.03 48 47 0.68 | 0.07 16 15 0.50 | -0.54
52 52 0.52 | -0.01 54 54 0.68 | 0.06
58 59 0.54 | 0.00 60 61 0.70 | 0.07

66 65 0.55 | 0.02 68 68 0.71 | 0.07

70 70 0.55 | 0.06 72 73 0.73 | 0.05

74 73 0.59 | 0.08 76 76 0.75 | 0.06

76 77 0.62 | 0.07 80 80 0.78 | 0.10

C moMOIIBI0 PACCUMTAHHBIX B OOOMX YHCIEHHBIX DJKCHEPUMEHTaX TEUCHUM
(monHast m OapoTpomHasl 3ajaya) JJig TOYEK IMMOCTAHOBKU JTOHHBIX aBTOMAaTHYECKHUX
cranmuii 21, 20 u CIIO T'OMH (pucynok 3.5) ObLIO MPOU3BENCHO BBIIEIECHUE HX
O0apOoKITMHHON KOMIOHEHTHI. C 3TOH 1ENIbI0 U3 BEKTOPOB TEUCHH, OIEHEHHBIX B IEPBOM
YHUCIICHHOM OJKCIlepuMeHTe (TMoJHas 3ajada), BBIYUTAINCH OapOTPOIHBIE TEYCHHUS,

OLICHEHHBIE BO BTOPOM 3KcriepuMeHTe. Pe3ynbTaThl ipuBeaeHbl Ha pucyHkax 3.10 —3.12.
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Pucynok 3.10. Mi3meHneHnne Bo BpeMeHU BEPTUKAIBHBIX TTpoduiieli Teuennii B GuaCKOM
3aJIMBE, PACCUMTAHHBIX C MOMOIIBIO THApOoAuHaMuYeckoil Mmoaenn INMOM nis Touku
paboThl foHHOM cTaHIus 21 (pucyHok 3.5) B nepuo GopMUpOBaHUs OMACHBIX MOIBEMOB
ypoBHst Mopst B Aeka0Ope 2011 r.: (a) - monHas 3amaya, (0) - 6bapoTponHas 3anaya, (B) -
Pa3HOCTh MEX1Y MOJTHOM ¥ OapOTPOMHOM 3aJa4aMHu.
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Pucynok 3.11. V3meHneHnne BO BpeMeHU BEPTUKAIBHBIX TTpoduiieli Teuennii B GuHCKOM
3aJIMBE, PAaCCUYMTAHHBIX C MOMOIIBIO TUApoaAMHaMuUYeckoit Moaenu INMOM njs Touku
paboThl noHHOM cTaHIus 20 (pucyHok 3.5) B nepror GopMUpPOBaHUS OMACHBIX MOIBEMOB
ypoBHst Mopst B aeka0Ope 2011 r.: (a) - monHas 3amaya, (0) - 6bapoTponHas 3anaya, (B) -
Pa3HOCTh MEXIY MOJTHON U OapOTPOMHOI 3a1auaMH.
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Pucynok 3.12. VI3meHneHnne BO BpeMEHU BEPTUKAIBHBIX TTpoduiieli Teuennii B GuHCKOM
3aJIMBE, PACCUMTAHHBIX C MOMOIIBIO THApOoAuHaMuYeckoil Mmoaenn INMOM nis Touku
pabotsl fonHoi ctanuuu CI1O I'OUH (pucynok 3.5) B nepuoi GopMupoBaHuUsi OMacHbIX
noabEMOB ypoBHS Mopsi B Aekabpe 2011 r.: (a) - monnHas 3amaya, (0) - OapoTpornHas
3a/1a4a, (B) - pa3HOCTh MEXK/ly TTOJIHOW U 0apOTPOIMHOMN 3a1a4aMH.
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BunHo, uro B paiioHe pabotbl ctanumii 21 u 20 MakcuUMalbHbIE CKOPOCTH
pacCUMTaHHBIX 110 TOJHOM 3aaaue TeueHuil (pucyHok 3.10a, 3.11a, 3.12a) ormeyarorcs B
MIPUMOBEPXHOCTHOM CJIO€ B MIEPUOJ CMa/la YPOBHSA MOPS MOCIIE €ro ONacHOro noabémMa u
nocturaior 43 - 49 cm/c, yTo OJIM3KO K M3MEpPEHHBIM TeueHusiM (pucyHok 3.6). Ha
cranuuu CI1IO I'OMH makcumanbHble CKOPOCTH PACCYMTAHHBIX TEYEHUN COCTABIAIOT 48
cMm/c, mpeBbimias Ha 10 cMm/c uX M3MepeHHbIE 3HAYEHHUS, U OTMEYAIOTCS BO BpEMS
NPOXOXKJIEHUSI TPEOHS BOJIHBI HABOJIHEHU B MoJie ypoBHS Mops. Kak u y u3MepeHHbIX
TEYEHHUM, C TIIyOMHOW, B 3TH NEPHOJbI, BO BCEX 3-X CIIy4asX CKOPOCTH MOJAENIbHBIX
TEYEHUN YMEHbIIIAIOTCA 0€3 n3MeHeHus ux HanpasieHus (pucynok 3.10a, 3.11a, 3.12a).
Jlnst pailoHOB palOThl BceX TPEX JOHHBIX CTAHIMM pacCUUTaHHbIE IO MOJIEIH
O6aporponHbie TeueHus (pucyHok 3.100, 3.116, 3.120) moka3pIBarOT BO BpeMsl OMACHBIX
NOJILEMOB YPOBHSI MOPSI OJHOHAMPABIECHHYIO BEPTHUKAIBHYIO CTPYKTYpY MOTOKOB 0e€3
"SKMaHOBCKOW'" KOMIIOHEHTHI.

Onenkn 6apOKJIMHHON KOMIIOHEHTHI TE€UEHUM, CACIaHHbIE HAMH T10 pe3yJIbTaTam
YUCJICHHOTO THAPOAMHAMHUYECKOTO MojaenupoBanus (pucyHok 3.10B, 3.11B, 3.12B),
CBUJIETEIILCTBYIOT O TOM, UTO BO BPEMS OMACHBIX MTOABEMOB YPOBHS MOPSI OHA IOCTUTAET
18-20 cm/c B paitone pabotsl ctaniwmii 21 u 20 u 15 cm/c B paitone padotsi ctaniuu CI10
I'OHH.

Takum o00pa3oMm, pe3yabTaThl aHajdM3a YUCJICHHBIX JKCIIEPUMEHTOB Ha
TUIPOJAMHAMUYECKOW MOJENN baaTHIICKOro MOpsSI CBUIETENBCTBYIOT, YTO B INTOPMOBBIX
YCJIOBHSAX 3UMHErO IEpHOJia BO BpeMs pacnpocTpaHeHus o OHUHCKOMY 3aJuBY BOJH

HaBOI[HeHI/Iﬁ B TCUCHHAX OTMCYACTCA BbIPAKCHHAA 6apOI(J'H/IHHa${ KOMIIOHCHTA.
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4. OIEHKA HECTAIIMUOHAPHOCTHU CTATUCTUYECKOM CBA3U
MEXAY TEYUEHUAMU U KACATEJIBHBIM TPEHUEM BETPA BO BPEMA
HITOPMOBbBIX HAI'OHOB

-

Jlnst olleHKH OCOOCHHOCTEM B3aMMOCBSI3M MEXAy W3MeHeHusiMu Betpa W (f) u

-

kosniebanusmMu teueHuit V(t) Obul mpoBeAeH B3aUMHBIA KOPPEISUMOHHBIA aHanu3. s
3TOr0 MO JAHHBIM €)XEYaCHBIX 3HAUYCHUN BETpA, IIOJIYYEHHBIM B paMKax IIPOEKTa

HIRLAM, a5t TOYeK MOCTAHOBKUA AaBTOHOMHBIX CTAHIIMI PACCUUTHIBAIUCH CUHXPOHHBIE

N - -
C TEYCHUSIMH PSAJIbl 3HAUCHU N TaHTCHIMAIBHOTO HampshKkeHus Betpa T = cpoW |W | (tne

¢ — 6e3pa3MepHbIid KO3PHUITHEHT, Py- TUIOTHOCTH BO3AYyXa).

N -
YuuteiBasg, uto t(t) m V(t) - BekTopHBIE mpolecchl, coriacHo (benblmies,
Knesanmon, PoxkoB, 1983), paccuuThiBaiuch 2  HWHBapuMaHTa  B3aUMHOM

KOPPEISIMOHHON TeH30p-PYyHKIUU Kyy( 6 ¢) ¢ yueTOM HeCTallMOHAPHOCTH MPOIIECCOB 110

dopmye (3.5).

%
IIpu wuccnemoBanuu koppensnuu mexay t(t) u V(t) Hamu, mpexae BcCero,
CTaBWJIach 3ajJadya OIICHUTHh BO3JICMCTBHE CHJIBI KacaTeJIbHOTO TPEHUS BETpa Ha
TeHEPalUo BO3MYIICHUNA TEYEHUH B IMAIIa30HE TIEPUOJIOB MPOXOKIACHUA Hall balTukoin

aTMOC(EPHBIX ITUKIOHOB (0OKOJO 2 - 3 CYTOK). B CBSi3M C 3THM, U3 PAIOB €KEYACHBIX

-

N
3nauenuit T (t) u V(t) c momomrsto puiabTpa barTepBopTa HCKITIOYaIach HU3KOYACTOTHAS
COCTaBIIAIONIAs ¢ TIeproIoM Oonee 3 cyTok. [lepro KBa3ucTalmoOHaApHOCTH /IJIs pacueTa

r,‘f”(@, t) u ryY(6,t) npuHEMACS PaBHEIM 72 YacaM, a MHTEPBAl CKONBLKEHHS — 24

qacaM.

-

N
Pe3ynpTaThl B3aMMHOTO KOPPENANMOHHOTO aHamm3a Mexay t(t) u V(t)

MpPEJICTABICHBI HAa pUCyHKax 4.1 u 4.2.
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Pucynok 4.1. MaxkcumaiibHble 3HAaY€HHUS HWHBapHUaHTa r,‘:U (6,t) B3auMHOM
KoppensinuoHHoW TeH3zop-byHkuun Kyy(0,t) Mexmy kxacaTenbHbIM TPEeHHEM BETpa U
TEYCHHUSIMU, OLICHEHHBbIE I pailoHoB DUHCKOrO 3aiuBa, TAe padoTald aBTOHOMHBIC
cranmuu 21 (a), 20 (6) u CIIO 'OUH (B), a Takke BpeMeHHbIE CABUTH O, HA KOTOPBIX
HaOJIIOTANINCh r,‘:U(H, t) nns cranmuu 21 (r), 20 (x), m CIIO 'OUH (e). 3Be3goukoii
OTMEUEH TIEPHO/] OTIACHBIX TOIBEMOB YPOBHS MOPSI.
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Pucynox 4.2. MakcuManbHble 3Ha4YeHHs MHBapuMaHTa 715C(6,t)  B3aMMHOI
KoppensinnoHHoW TeH3op-GyHkuun Kyy(0,t) Mexmy kacaTelnbHBIM TPEHHEM BETpa U
TEYCHHUSIMU, OLICHEHHBbIE Il pailoHoB DUHCKOro 3anuBa, TAe padoTald aBTOHOMHBIC
cranmuu 21 (a), 20 (6) u CIIO 'OUH (B), a Takke BpeMeHHbIC CABUTH O, HA KOTOPBIX
Habmonanuck 1y Y (0,t) nna crammuu 21 (1), 20 (1), u CIIO TOUH (e). 3Be3n0uKoif
OTMEUEH TIEPHO/] OTIACHBIX TOIEEMOB YPOBHS MOPSI.

OOpamaer Ha ceOst BHUMaHUE, YTO /IS 3anmaaHoro (ctanmus 21) U meHTpasbHOTO

(crannus 20) paiioHoB PUHCKOTO 3ajMBa BO BPEMs OMACHBIX MOJBEMOB YPOBHS MOPS

(26-28 nekabps 2011 r.) Mexay KOJUIMHEAPHBIMU W3MEHEHUSIMU ?(t) u V(t) ue

OTMEYaeTCsl B3aUMOCBSI3U: r,‘:U (6,t) <0.5 (pucynoxk 4.1). Ha Boctoke @UHCKOTO 3a71Ba

-

5
BBICOKHE 3HAYCHHS KOPPEJSIIMHA MEXIY KOJUIMHEAapHbIMHU n3MeHeHusmu t(t) u V(t),

nocturatomue 0.61+0.80, HaOM01aI0TCS B MPUIOHHOM CJIO€ Ha OTPUIIATEIbHBIX CBUTAX
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@ = - 24 yaca, CBUJETENLCTBYIOIIUX O CYIIECTBEHHOM 3amla3/IbIBAHUU KOJIeOaHUMU

N -
BO3MyIatomieil cuiel T(t) oTHOcUTENnbHO QurokTyanuit V(t). B suBape-utone 2012 r.
BbICOKHME 3HaueHusa (>0.6) mHBapuaHTa rIZU (6,t) oTMeHaroTCsl UMb MU0 INIECKH (B

TeueHue 3-9 CyTOK), IpU CYIIECTBEHHBIX BpEMEHHBIX cBUrax (= +15+24 yaca) u, yaie

BCETO, TOJIBKO B OTHENBHBIX CJHOSIX MOps. IIpm 3TOM BBICOKAas KOppENSUUs MEXAY

N -
KOJUTMHEAPHBIMU M3MeHeHUsIMH T (t) u V (t) MoxkeT ObITh KaK MpsIMOil, TaK U 0OpaTHOM.

MoxHO OTMCTHUTB, TAKXKC, YTO B OJHHUX ClIydadax BBICOKOM KOppCIIIUU  MCKIAY

N -
KOJUTMHEapHbIMU U3MeHeHusaMu T (t) u V (t) konebaHus BeTpa onepexaroT (IOKTyaIluu

TEUCHHH (TMOJOKUTENbHbIE 3HAYeHUs ¢), a B JAPYyrux, Hao0OOpOT, KojeOaHUs BeTpa
3ama3pIBalOT OTHOCUTENBHO (PIIIOKTYyaIMil TeueHui (oTpulaTeabHble 3HaUeHUs 6).

B otianuwme ot KOJUIMHCAPHBIX U3MEHCHUH B nepruoa OIIaCHBbIX HO,)I’I)éMOB YPOBHA

_)
MOps Ha6HIOI[a€TC}I BbICOKAsA B3aMMOCBA3b MCKAY OPTOI'OHAJIbHBIMHU KOJICOAHHSIMH T(t)

u I_/)(t) (pucyHOK 4.2). B 9T0 Bpems oreHKH mHBapHaHTa 7y °(6,t) nns cranmun 20
nocturaroT 3HaueHuit +0.71 npu 6 = - 24 gaca; mis craduu 21 rg u (6,t) =+0.63 npu
0=+16 uacos; ans crannuu CITO TOWH Bricokas koppensis (1 C (0,t) = +0.66 npu
6= -7 4acoB) oTMeYaeTCs TOJIBLKO Ha caMOM BepxHeMm ropusonTte 0.5 M. B memom, mis
BCEro MepHoja W3MEPeHMil TedyeHWi, BBICOKME 3HAueHMs WHBapuanta 7130 (6,t)
HaOJII0IAFOTCS Yale, 4eM Uil MHBapHaHTa r,‘:U(B,t), HO C TaKOM >K€ BBIPAXKECHHOMU
CTETICHBIO HECTAIMOHAPHOCTH, W OXBATHIBAIOT OOJBIINE IO TIyOWHE CJIOW, YeM Y
WHBapHaHTa r,‘;U 6,1).

Takum o0pa3oM, pe3yJbTaThl B3AUMHOTO KOPPEJSIIITUOHHOTO aHalIu3a BBISBISIOT

5
OYEHb CJIOKHBIA XapaKTep CTATUCTUUYECKOU CBSI3U MEXKIY ?(t) u V(t). B 3anagHoi
(ctanmus 21) m uentpanpHoi (cTtaHuus 20) yacTax DOUHCKOTO 3alvBa BO BpeMs
pactpoCTpaHEeHHS] HU3KOYaCTOTHBIX BOJIH, KOTOPBIC BIUSIOT HA (POPMUPOBAHHE OTTACHBIX
MoAbEMOB YPOBHS MOpS, Tepeaada dSHEPTHH OT KacaTeJIbHOTO TPEHHs BeTpa B

ABHKYIICMCA FJ'IY6OKOM aTMOC(I)epHOM OUKJIOHC K BOJHBIM MacCaM OCYHICCTBIIACTCA

N -
gyepe3 opToroHainbHble KoneOanus T(t) m V(t), a Ha BOCTOKE 3aMBa Ha TEHEPAIHIO
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BOHHOO6pa3HBIX BOSMYIHGHI/Iﬁ TCUCHUHN 3HAYUTCILHOC BIIHUSHUE OKa3bIBAKOT, KakK

-

KOJUTMHEapHbIe TaK U OPTOTOHANbHBIE W3MEeHEHUs T (t). Bpicokue 3HaUeHHs OIEHOK
VU VU

vHBapuantoB 17,° (6,t) u 1,5 (6,t) B OTOT MEPHOA CBHUAETENLCTBYKOT O TOM, YTO

HHU3KOYAaCTOTHBIC BOJIHBI, BJIHUAIOIIKC Ha OIIACHBIC HOII’béMBI YPOBHA, ABJIAIOTCA

BBIHYK/JICHHBIMU. AHaJIU3 PE3yJbTaTOB B3AMMHOTO KOPPEJSLIMOHHOTO aHAIN3a MEXKAY

N -
t(t) m V(t) 3a BcE BpemMs U3MEPCHUN TEYCHUH HE BBIABISICT KaKHUX-THOO
3aKOHOMEPHOCTEW MEXJy MEPUOAaMHU BBICOKOM KOPPEJSIUUM W U3MEHEHUSIMU
HaIMpaBJI€HUH M CKOPOCTEHM BETPOBBIX IMOTOKOB: BBICOKME 3HAUYCHUSI WHBAPUAHTOB

rIZU(B, t) u ryY(6,t) orMeyaroTcs KaKk OpU CHMIBHBIX, TaK M CJa0ObIX BETpax

N -
pa3zHooOpa3Hbix HarpasieHui. [lo-Bugumomy, Ha Koppensiuuto mexay t(t) u V(t)
3HAYUTEIFHOE BIIMSHHUE OKAa3bIBAIOT CKOPOCTH JIBHIKEHHUS aTMOC(EpPHBIX IUKIOHOB H

AHTHIIUKJIOHOB.
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5. MEXAHU3MbI MEKI'OJOBOM U3MEHYNBOCTH LITOPMOBBIX
HAI'OHOB

MeXrooBble M3MEHEHMS KOJMYECTBA INTOPMOBBIX HArOHOB B Pa3IMYHBIX
paiionax bantuiickoro Mops (B ToM ymcie u B @UHCKOM 3aJIMBE) OLIEHUBAIUCH B paboTe
T. Bonscku u ap. (Wolski u ap., 2014) 3a nepuoa 1960 — 2010 rr. nmo kpureputo >70 cMm,
OTHOCHUTEJIbHO €BPOIEHCKON cucTembl BepTUKalbHbIX oTcueToB (EVRS). PesynbraTh
MOKa3aJId HaJTMYKe, MPAKTUYECKHU BO BCEX CIIyYasX, MOJOKUTEIbHBIX JTUHEHHBIX TPEH]I0B
B MEXKIOJOBBIX M3MEHEHMSIX KOJIMYECTBA IITOPMOBBIX HArOHOB, CBUJETEJILCTBYIOIIHUX,
YTO Ha Pa3IMYHBIX MOOEPEkbiIX banTuiickoro Mopsi B paccMarpuBaeMbiii aBTopoMm 50-
JIETHUW TIEPUOJ WX YHCIIO HEYKJIOHHO pacTeT. B pabGote Johansson (Johansson u np.,
2001) oueHMBaIUCh TPEHIbI, PACCUUTAHHBIX 3a KaXIbId TOJl, CPEIHEKBAAPATUUYECCKUX
OTKJIOHEHUW M MaKCUMYMOB YpOBHSI Mopsi Ha 13 cranuusx nodepexns OuHIsHIUN 1O
psiiaM 3HaUY€HUN YpOBHS ¢ HHTepBajioM 4 yaca. Hanbombimast mpogoiKUTeIbHOCTD PSIOB
ypOBHA Ha 3TuX cTaHuusax coctaBwia 111 ner (¢ 1888 mo 1999 roxn). PesynbraTsl
nokasainu, 4ro B OUHCKOM 3anuBe Ha CTaHIUAX XAaHKO U XaMHHaA B IPOLIJIOM BEKE
HAOJIIOaNTUCh  3HAYMMBIC TIOJIOKUTENIbHBIE JIMHEWHbIE TPEHIbl B HW3MEHEHMSIX
CTaHJAPTHBIX OTKJIOHCHHWH W MaKCUMyMOB KoJicOaHMI ypOBHS Mops. 15-nmeTHee
CKOJIB3SIIIEE CPEIHEE PSAJIOB OTUX XaPAaKTEPUCTHK TIOKA3aj0, 4YTO HAWOOJbIIEEe WX
yBennueHue orMeqanoch B 1960-x -1970-x romax npouuioro Beka, a 3aTéM HaMEeTHIIACh
TEHJCHLHUSI K YMEHBIICHWIO 3HAYEHHM CTAaHAAPTHBIX OTKJIOHEHMH M MaKCUMyMOB
konebannit ypoBHs mops. Tylkowski and Hojan (Tylkowski, Hojan, 2018) ¢ momomisio
KBaHTWIBHOI'O aHAJI3a HWCCIEAOBAIIA MEXIOJOBBIE HW3MEHEHUS JKCTPEMAaJbHbBIX
COOBITHUI B TUAPOMETEOPOTIOTUYECKHUX MPOILIECCaX y MOJIbCKOro nodepexbst bantuku, B
TOM YHUCJIE U B KOJIEOAHUSX YPOBHS MOpsL. X pe3ynbTarsl HoKa3aliu, 4To B epuoa ¢ 1965
1o 2014 roa HabIr0Ja€TCA 3HAUUMBINA TOJIOKUTEIBHBIN TPEH ] B UBMEHEHUSIX KOJTUYECTBA
JHEH C DOKCTpeMalbHBIMM TMOJBEMAMHU YPOBHS Mops. Pe3ynbTraThl BbIACICHUS

MTOPMOBBEIX HAaroHoB B DUHCKOM 3ajiiBE IIO NpCaAI0OKCHHOMY KPHTCPHUIO 36,
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MPEJCTABICHHBIE B TJaBe 2, CBUICTEIBCTBYIOT, 4YTO B IMOCIEIHUE ACCATHICTUS
OTMEYAETCS] TCHACHUNS YMEHBIICHUS! KOJIMYECTBA IITOPMOBBIX HATOHOB, NUCIEPCHUU U
MaKCUMyMOB ypOBHsI Mops. Hcropuueckue naHHble O mnpousomeqmux B CaHKT-
[TerepOypre HAaBOAHEHUSX CBUACTEIBCTBYIOT, UTO UX YUCIO B KOHIE XX U Hayane XXI
BEKOB BO3pOCIO. Pe3ynbpTarhl, MpeACcTaBlIeHHbIE HA PUCYHKE 2.1, MOKa3bIBAIOT, UTO 3a
nocineanue 30 eT KoJIM4ecTBO HaBOJHEHHM B ycTbe HeBrl yBenmmuunocs B 1.6 pasza no
CPaBHEHUIO C MNPEABIAYIIUM TpUAUATHIETHEM. Pa3Hble TEHJACHIIMM B OIEHKAaxX
MEKTOJJOBOM M3MEHUYMBOCTH KOJMYECTBA IITOPMOBBIX HAroHoB B banTtuiickom mope,
CBSI3aHBI, TO-BUAUMOMY, C HE CHHXPOHHBIMH TE€pHOJaMH  HAOJIOACHUN,
3a7IeCTBOBAaHHBIMU B aHanu3ze. OIHAKO MEXaHU3Mbl MEXTOJIOBOM HW3MEHUYHUBOCTHU
YaCTOTHI OMACHBIX MOJBEMOB YPOBHSI MOPSl HA BOCTOKE DUHCKOTrO 3ajMBa OCTAETCS BCE
€ILIE HETTIOHATHBIM.

A. E. AutonoBbsiM (AHTOHOB, 2001) HccienoBanach 3aBUCUMOCTh MEKIOJOBBIX
U3MEHEHUW 4YMClia 1 MHTEHCUBHOCTH HEBCKMX HABOJHEHUN OT Pa3JIMYHBIX MHIEKCOB
aTMOC(EpHON LHUPKYISAIUU, COJHEYHON aKTHMBHOCTH, IUIAHETAPHO-KOCMUYECKUX U
pPErMOHAIBHBIX THUAPOMETEOPOJIOTHYECKUX TporeccoB. Pa3paboTaHHble aBTOpOM Ha
OCHOBE JTHUX MPEIUKTOPOB JOJTOCPOYHBIE TPOrHO3bI HEBCKUX HABOAHEHUWU HE
MNOATBEPKIAIOTCS BPEMEHEM.

OnHa U3 rUnoTe3 yBEIMYEHUs YacTOThl HABOJAHEHUMN B MOCIEIHHUE OECATHIICTHS
MO>KET OBITH CBsI3aHA C JOJTONEPUOTHBIMU U3MEHEHUSIMHU XapaKTEPUCTHK aTMOC(EpHBIX
LHUKJIOHOB. JIEMCTBUTENbHO, HAIM 3HAHUS O MEXAHW3MaX I'€HEpald HAaBOJHCHUU B
ycTbe HeBbl maroT BeCKME OCHOBAaHMS NpPEAIonaraTb, 4YTO MEKIOA0Bask N3MEHYMBOCTD
aHEeMOOapUYeCKUX CHUJ B UUKIOHAX, MX YHCIEHHOCTU, TPACKTOPUH U CKOpOCTei
JIBUKEHUSI JOJDKHBI, IO-BUIAMMOMY, BJIMSATH M HA HM3MEHEHHUS YacCTOThl OIACHBIX
MOABEMOB YPOBHS MOPsI Ha BOCTOKE (DUHCKOro 3a11Ba.

XapakTepucTukd aTMOC(EpHBIX ITMKIOHOB Haj banTukod wucciemoBaiuch 3a
nepuoa 1948-2002 rr. B padote (Sepp, Jaagus, 2011). ABTopamu ObLIO MOKa3aHO, YTO B
JOJITONIEPUOIHBIX M3MEHEHUAX KOJUYECTBA TITyOOKUX IMKIOHOB (JIaBJICHUE B IIEHTPE
<1000 rlla) naGaromaeTcs MOMOKUTENIbHBIN 3HAUMMBIN TUHENWHbINH TpeHa. Hanbomnbiiee

KOJIMYECTBO TITyOOKUX IIUKIOHOB 0T™Meuanoch B 1973 r. (32), a HauMenbiiee — B 1996 (6)
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u 1953 (8) rr. B u3MeHeHusx atMoc(pepHOro aBiieHUs B LEHTPaxX ITyOOKUX LIMKIOHOB
HaOIro1aJICA 3HAUUMbIN OTPULATENIbHBIN JIMHEUHBIN TPEH, CBUAECTEIbCTBYIOIIUN O TOM,
4TO UX riyOuHa 3a nepuoa ¢ 1948 no 2002 rr. yBenuumiach B cpeHeM Ha 2.2 rlla.

B pa6ore C. M. T'opaeesoit u B. H. Manuauna (I'opneeBa, Manunun, 2012)
OLICHUBAJIOCh KOJIWYECTBO LUKIIOHOB, TPAEKTOPUU KOTOPBIX IMPOXOIWIM 4YEpE3 paioH,
orpaHu4eHHbINd 59° - 66° c.u1. u 21° — 30° B.A. 32 nepuoa ¢ 1958 o 2008 r. Pe3ynbTaThl
MOKa3ajiv, 4TO B MEXIOJIOBOM M3MEHUMBOCTH ITUKJIOHOB MPOSBISIETCS HEJIUHEHHBIN
TpeHA: 10 cepeanHbl 1980-X rog0B YMCI0 UKIOHOB POCIIO, @ 3aTEM CTaJI0 YMEHBIIATHCS.
3HaueHus KOAI(POUIMEHTOB KOPPEISIIIUA MEXKAY YHUCIOM HEBCKUX HABOJHCHUN U
KOJIMYECTBOM IIMKJIOHOB OKa3zanuch HU3KUMU (0.28 + 0.32). KBaHTWIbHBIN aHanu3 HE
BBISIBIJI 3aMETHBIX MEXKTOJIOBbIX U3BMEHEHUM B TPACKTOPUSIX ABUKEHHUS BCEX IUKIIOHOB,
NPOXOJISAIIMX Yepe3 BBHIOPAHHBIM aBTOpamMu pailoH. OaHAKO ISl «HABOJHEHYECKUX)
IMKJIOHOB Ha Mepuauane I'puHBuya orMedanock 3ametHoe (okosio 1000 kM) cmelieHue
K CEBEpY MEJMaHbl TpaeKTOpul Mexay nepuoaamu 1958 - 1975 u 1976 — 2008 rr., B TO
Bpems kak Ha mepunuane Cankr-IletepOypra 3To cMmenieHne ObUIO0 HE3HAYUTEIBHBIM 10
CpPaBHEHHUIO C pa3MepamMHu aTMoc(epHbIX IMKIOHOB. K Hemoctatkam JaHHON paboThI
CJIElyeT OTHECTH HEIOCTATOYHO MPaBUIBHBIN BHIOOp paiioHa, B KOTOPOM OIEHUBAIUCH
XapaKTEPUCTUKU LIUKIOHOB, TAK KaK COIMVIACHO MCTOPUYECKUM CBEIAECHHUSAM TPACKTOPUU
JNBUKECHHS «HABOJHEHYECKHUX LIMKJIOHOBY» MOTYT IIPOXOJHUTh KaK CEBEPHEE, TaK U I0XKHEE
BBIOpAaHHOTO aBTOpaMu parioHa (MakpuHoBa, 1954).

Btopas rumoreza yBelMYEHHs] YAacTOTHl OMACHBIX MOABEMOB YPOBHS MOpPS Ha
BocToke (DHHCKOTO 3a71MBa MOXET OBITh CBS3aHa C TEOPETHYECCKOM HIAeHTH(UKaueit
BOJIH HEBCKMX HABOJHEHUH, KaKk OapOKIMHHBIX TOMOrpagUYECKUX BOJH (3axapuyk,
TuxonoBa, 2011). Takas uneHTHUdUKAIMSA HE HUCKIIOYAET THUIOTE3bl O BIUSHUM
MEKTOJIOBbIX HM3MEHEHUN OapOKIMHHBIX YCJIOBUM banTuiickoro Mops Ha 4YacToTy
reHepaluu OMacHBIX MOJBEMOB YPOBHS Ha BocToke DUHCKOro 3anuBa. B paboTe Takxke
paccMaTpuBaeTCsl BIMSHUE CE30HHBIX KojeOaHud ypoBHs banTtuiickoro Mopsi Ha

dbopMHUpOBaHUE OMACHBIX MOAHEMOB YPOBHS Ha BOCTOKe DUHCKOTO 3a1uBa.
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5.1. BausiHue XapaKTEepPUCTHK aTMOC(epHBIX HUKJIOHOB HA MEKI0A0BYI0
U3MEHYUBOCTH IITOPMOBLIX HATOHOB

Ecan uccnenoBaHuio MEXaHM3MOB MPUBOMSIIMX K BO3HUKHOBEHHUIO OIACHBIX
NOABEMOB YPOBHSI Ha BOCTOKE DUHCKOTO 3aliiBa MOCBSIIEHO MHOTO HAY4YHBIX TPYJOB,
TO TpUYMHAM ¢ (PU3NYECKUM MEXaHU3MaM, BBI3BIBAIOIIUM HX MEXTOJOBYIO
U3MEHUYUBOCTD, YJEIJIOCh MEHBIIIE BHUMAHUSA U 3TOT BOMPOC OCTAECTCS HEAOCTATOYHO
U3YYEHHBIM.

B oTOil rnmaBe Ha OCHOBE CTAaTUCTUYECKOTO aHAJIM3a COBPEMEHHBIX
TUAPOMETEOPOJIOTHUECKHX JTAHHBIX OIICHUBAETCS 3aBUCHMOCTh MEKT'0IOBBIX H3MEHEHU
YaCcTOThl OMNACHBIX MOABEMOB YPOBHS MOpsi Ha BOCTOKe @OUHCKOro 3ajluBa OT
pa3zHo00pa3HBIX THIPOMETEOPOTOTHYECKUX (HaKTOPOB.

OnHa 13 OCHOBHBIX ITPUYMH BOBHUKHOBEHUS IITOPMOBBIX HATOHOB, BBI3BIBAIOIINX
OMacHble€ TMOABEMBI YPOBHA MOps Ha BOCTOKE DHUHCKOro 3anuBa, CBA3BIBAETCA C
BO3JICCTBHEM aHEMOOAPUIECKUX CHJI B IPOXOAAIINX Ha banTuiickum MopeM riry0oKnux
nukinoHax (Antonos, 2001; I'opneesa, Manunun, 2012; Sepp, Jaagus, 2011). B cBsizu ¢
ATUM MCCJEA0BaNAacCh TUIIOTE3d, COTJIACHO KOTOPOM, YBEJIWYEHHUE YacTOTHI OIMACHBIX
NoAbEMOB YPOBHSI MOps Ha BOCTOKe DOUHCKOTO 3alMBa B IMOCHEAHUE JECITHICTHUS
0o0yCJTaBIMBACTCS  MEXTOJOBOM HM3MEHYMBOCTBIO  XapaKTEPUCTHK aTMOCHEPHBIX
IIUKIIOHOB (UX TITyOWHBI, TPACKTOPUH JBUKEHUS, CKOPOCTH BETpa B ITUKIIOHE).

st uccnenoBaHus OCOOCHHOCTEH MPOCTPAHCTBEHHO-BPEMEHHBIX H3MEHEHUN
METEOPOJIOTMYECKUX XapaKTEPUCTUK B MEPUOJbI IITOPMOBBIX HATOHOB UCIOJIb30BAIUCH
cpouHble (4 pa3a B CYTKH) JaHHbIE HWHCTPYMEHTAJbHBIX HM3MEpPEHH BeTpa Ha
ruapomMereoposiorndeckux cranuusax (I'MC) Beibopr (¢ 1966 no 2017 rr.), O3epku (c
1977 no 2018 rr.) u atmocdepHoro naBiieHus Ha cTaHu KpoHIITaar, KoTopbie ObLIU
npefoctaBieHsl  CeBepo-3amaaHbiM — ynpaBieHuem @DenepanbHOM  CIyk OBl 1O
TUAPOMETEOPOJIOTUU U MOHUTOPUHTY okpyxatoiei cpeasl (C3 YI'MC Pocruapomera)

(http://www.meteo.nw.ru), a Takxe JaHHbIE XapaKTEPUCTUK BeTpa U aTMOC(HEpPHOro
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nasienus u3 peananusza ERA (Hersbach u np., 2020). Beibopka ganusix ¢ pecypca ERAS
(https://cds.climate.copernicus.eu) TpoU3BOUIACH C BPEMEHHBIM MHTEpPBAJIOM | 4Hac u
IIPOCTPAaHCTBEHHBIM paspemenuem 0.25°x0.25°.

Hanubsle atmocdepHoro napineHuss peaHaiuza ERAS  cpaBHuBamuch ¢
u3MepeHussMu atMoceproro napieHuss Ha 10 TPUOPEKHBIX CTAHIMN IIBEICKOTO
nobepexnst bantuiickoro Mops, noisydeHHbIMU c pecypca llIBeackoro wuHCTUTYTa
mereoposioruu U ruaposoruu (https://www.smhi.se) 1 Ha OJHOM CTAHIIMM BOCTOYHOM
gactu ®unckoro 3anuBa (Kponmrant). CpaBHeHHE MOKA3aJI0 OY€HB XOPOIIIee COTIacue:
BEJTUYUHBI KOA(DPUIIUEHTOB KOPPEIALINN MEXKy CPAaBHUBAEMBIMU Psi/laMHU BapbUPOBATU
oT 0.98 1o 1.00, 4TO CBUAETENBCTBYET O JOCTATOYHO BHICOKOW JIMHEUHOM CBSI3U MEXKIY
MOJICTBHBIMU M HAOJIOJAEMBIMUA Ha CTAHIMSIX MU3MCHEHHUSMU aTM. JIaBJICHUS; OICHKH
a0COJIFOTHOM omuOKu ObLtM He Belnku W MeHsutuch ot 0.30 mo 0.73 rlla; 3HaueHwms
OTHOCUTENbHOM OommnoOKu BapbupoBanu B mpeaenax 0.33 — 0.83%; oueHku Kputepus
TOYHOCTH TMOKa3aiu, 4To oT 98 no 100 % 3HaueHuit B psagax aTMocpepHOro AaBICHUS
peananusa ERA-5 He BoixoaaT 3a npenensl <0.674c, rae 6 - cp. KB. OTKIIOHEHUE PSI/IOB
MHCTPYMEHTAJIbHBIX U3MEPEHUN aTMOC(HEPHOTO JTABICHHUS.

OnenuBanue HamOoJee BEPOSTHBIX HAIpPaBICHUN U CKOPOCTEH BETpa BO BpeMs
IITOPMOBBIX HAaroHOB MPOU3BOJMIIOCH IYTEM pacueTa JABYXMEPHBIX ILJIOTHOCTEMN
pacrpeneneHus BEpOsSTHOCTEH BEKTOPOB CKOPOCTH BETpa MO METOJMKE, ONMHUCAHHOWN B
pabore (PoxkoB, 1984). Onenku pacrpeaeneHnii BETpa BBITOIHIIACH IS OJMMKaNIInX
K TUJIPOMETEOPOJIOTUUECKUM CTAHIUAM TOYEK CETOYHOUM obnactu peananu3za ERAS na
BPEMEHHBIX OTpE3Kax, KOrja NOoAbEMBI YpPOBHS TMpeBbIIanu 3HaueHus 3o. [
CpaBHEHHUSI ObUTH OLIEHEHBI TAKXKE ABYXMEPHbIE IUIIOTHOCTH BEPOSITHOCTH BEKTOPOB BETpa
10 UHCTPYMEHTaIbHbIM n3MepeHusiMm Ha ' MC Boi0opr.

Pucynok 5.1 wmmroctpupyer, 4To i1 pacCMAaTpUBAE€MbIX PallOHOB CEBEPHOTO
nobepexnbss GUHCKOTO 3a/liBa U B PalOHE €ro BEPIIUHBI MpeoOdIiaaeT OJTHOMOIOBAS
CTPYKTypa IUJIOTHOCTEH BEpPOSATHOCTH BEKTOPOB BETPa, CBUACTEIBCTBYIOIIAS, YTO
IITOPMOBBIE HAaroHbl 3J€Ch MPOUCXOISAT MPHU BETpax 3amajJHbIX pyMOOB, AYIOUIUX C
HauOosiee BEpPOSITHOM CKOpPOCThIO 9-12 M/c, mpuyeM BEpOSITHOCTh TaKUX BETPOB

YBCIIMYHUBACTCA IIpW ABMIKCHUM C 3allaga Ha BOCTOK. Y 10KHOTO HO6epC)KB$I 3aJIMBa


https://cds.climate.copernicus.eu/
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CTPYKTypa BeTpa BO BpeMs IITOPMOBBIX HAaroOHOB MEHSIETCA: B pacHpeacICHUsIX
BEPOSITHOCTEN BEKTOPOB CKOPOCTH BETpa MOABISIIOTCS JIpyrue Moisl. B oTiuuue ot
ceBepHOro mnooepexnbs, B Tamwmne u CuuiamMsid MITOPMOBBIE HAroHbl ¢ MOAbEMAMHU
ypoBHsI 00JbIe 3G MPOUCXOAT Yallle BCEro MpH 3alajHbIX U IOTr0-3aMaJHbIX BETpax C
MEHBIIIMMU 3HAYCHUSIMH HanOoJiee BEpOsITHOM CKOpocTH BeTpa B 5 m/c. Kpome 3toro,
3nech, a Takke y craHiuu lllemeneBo, BBIAEISIOTCS MO HANpaBICHUSIM MEHEe
BBIPXKEHHBIE MOJIbI CEBEPO-BOCTOUHBIX U IOT0-BOCTOYHBIX (y Cuinmamsd) BetpoB. B
patione cranuuu [lleneneBo, KpoMe MOJIBI FOr0-3aMaIHBIX BETPOB CO CKOpocTaMu 11 m/c
BBIJICJISIETCS. paBHO3HAUHAs €d MOJla CKOpOCTeH BeTpa B 7 M/C, UMEIOIIUX TaKUE Ke
HarpaBieHus. BuaHo Takke, 4To BEPOATHOCTh 3HAUCHUM BETpa Y FOKHOTO MOOEPEKbsI

YBCIMYIUBACTCA C BOCTOKA Ha 3alldd.

Pucynok 5.1. JIByxmMepHbIE IUIOTHOCTHM PACHPEICICHUS BEPOSTHOCTEN BEKTOPOB
CKOPOCTH BETpa, PAaCCUYMTAHHBIE JJISI NEPUOAOB IITOPMOBBIX HAaroHOB YPOBHS MOpH,
MPEBBIIAIONINX 3G, IO HHCTPYMEHTaIbHbIM u3MepenusiM Ha ['MC BoiOopr u 1o 1aHHbIM
peananu3a ERA-S.
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I1o nannbpIM peananu3a ERAS onieHuBanmch Takxke pactupeneneHuss BEpOSATHOCTEN
aTMOC(EPHOro JaBJIEHUS BO BPEMs IITOPMOBBIX HATOHOB YPOBHS MOPSI, PEBBIIIAIOIINX
3HaueHue 3o. Ha pucynke 5.2 mpeacTaBieHbl pacnpeesieHus] BEPOATHOCTEW 3HAUEHU I
aTMOC(EPHOT0 IaBJICHUS BO BPEMSI IITOPMOBBIX HATOHOB C IOJIBEMOM YPOBHS MOps >3 G.
VY ceBepHoro moOepexbs u B BepumnHe 3anuBa (Kponmtaar) Haubornee BepOsITHBIC
3HAYEHUs aTMOC(EPHOTO AaBICHHS BO BpeMsI IITOPMOBBIX HaroHoB paBHbl 995 rlla. [Tpu
JIBMKEHUM K 1ory HauOoyiee BEpOSTHbIE 3HAYEHHS aTMOC(HEPHOro JIaBJICHHUS
yBenuuuBaroTcs a0 1010 rlla (paiton ['ornmanga). V 1oxkHOro mobepexxbss OUHCKOTO
3aJIMBa HAMOOJBIIYIO0 BEPOSATHOCTh UMEIOT 3HaueHus1 armocdepHoro aasnenus B 1005 —
1015 rlla (pucynox 5.2). Pe3ynbTarsl, NpuBeAEHHBIE HA PUCYHKE 5.2 CBUICTEIbCTBYIOT,
4yT0 atMocepHoe AaBieHre HaJ OUHCKUM 3aJJMBOM BO BpeMs IITOPMOBBIX HAarOHOB HE
ABJISIETCS OYEHb HU3KMM. ODTO CBSI3aHO C TE€M, YTO TPACKTOPUU JBHKEHHUS LEHTPOB
[MKJIOHOB, BBI3BIBAIOIIUX IITOPMOBBIE HArOHBI, IPOXOAAT ceBepHee DUHCKOro 3anmBa

(I'opneesa, Manunun, 2014; 3axapuyk, CyxadeB, Tuxonosa, 2014; 3axapuyk, Cyxaues,

Tuxonosa, 2015).

Pucynok 5.2. PacnpeneneHusi BEpOSTHOCTEH 3HAYEHUM aTMOC(EPHOTO MaBJICHUS BO
BpeMsI IITOPMOBBIX HArOHOB C MOJBEMOM YPOBHS MOpsI >3G.
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JUisi MHTeprpeTanuu BBISBICHHBIX OCOOCHHOCTEW B M3MEHEHUSX IITOPMOBBIX
HaroHoB OBUIM MPOAHAIU3UPOBAHBI COBPEMEHHBIE TEHJIECHLUHU METEOPOIOTrHUYECKUX
npoueccoB. Ha pucynke 5.3 moka3zaHbl MEXTOJOBbIE W3MEHEHHS OLEHOK JIMHEHHOTO
MHBapUaHTa TEH30pa JUCIIEPCUU TOPU3OHTAIBHOIO IPAJIMEHTa aTMOC(PEPHOTrO JABICHUS
11(0) kak OJHOM W3 XapaKTepUCTUK IIOKA3aTelss HMHTEHCUBHOCTH IIMKJIOTE€HE3a B

atmocdepe.

Pucynok 5.3. I3MeHeHue IMHEWHOTO MHBAPUAHTA TEH30PA AUCTIEPCUN TOPU3OHTAIIBHOT O
rpaguenta armoceprnoro nasnenus [;(0) B aTMocdepHBIX TUKIOHAX HAJ TpeMs
paiionamu ®Dunckoro 3anupa: 3amaaubiM (1), nentpansubiM (II) u BocTounsiM (III)
(MecTomnosioxkeHus paloHOB AaHbl Ha pucyHke 2.2). Kpacnoil nuHuelr o003HaueH
JIMHEWHBIN TPEH.
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IS OIEHKM HWHTEHCHUBHOCTH AaTMOC(EPHBIX IUKJIOHOB TMPOBOJUICS pacyeT
JUCIIEPCUU TOPU3OHTAIILHOTO IpaiieHTa aTMOCPepHOTro NaBiaeHUs /1(f)Gradpa B ITUKIIOHAX
Jlns aTOr0, B Hauase, no ganHbM peaHanu3a ERAS (Hersbach u ap., 2020) noaydeHHbIM
c pecypca (https://cds.climate.copernicus.eu) ajg  peruoHa, OTrPaHUUYEHHOTO
koopauHatamu 30°- 87.5° c.mr., 80°3.4. - 60° B.A., BHIOMpATUCH €XKEUACHBIC IOJIS
3HauUE€HUN aTMOc(epHOro naBiieHUs Ha ypoBHe Mops (P,). CorjacHoO MeTOOMKeE,
uznoxkeHHo B paborax (bapaun M.IO., 2005; T'omuubi u nap., 2007), THUKIOHBI
BBIICIISITUCH JUISI KaXXKIOTO CpOKa B TMoJie aTMOC(EepHOro JaBiieHus, Kak o00JiacTu

IMOHWKCHHOT'O NAaBJICHUSA, OTPAHNYCHHBIC 3aMKHYTBIMHA 1/1306apaM1/1, MyTEM HUCKITIOUCHUSA

cpeaHero mo nomo 3Hadenus b, . Jig  OTpMIATENBHBIX  HEOJHOPOIHOCTEM

pacCUMTHIBAJICA TOPU3OHTANBHBIA TpamueHt paBieHus (GradP,). Tax kak GradP, —
BEKTOpHAsl BEJIMYMHA, JUISI OLCHKH €€ HMHTCHCUBHOCTH PACCUUTHIBAJICS JIMHCHHBIN
uHBapuaHT TeH3opa aucnepcuu GradP, (Poxxkos, 1984):

Il(t)GradPa = Du(t) + Dv(t) ( 5.1 )
rane D, D, — npucnepcun coctasisitonux GradP, Ha mapaiienb 1 MepUAHaH, ¢ - BpeMsl.
OueHku [1(f)Gradpa IPOU3BOAUIUCH C yYETOM HECTAIIMOHAPHOCTU IIpollecca: MEPUOJ]
KBa3UCTALIMOHAPHOCTHU JJ1a pacueTa /1(¢)Gradra TPUHUMAJICS PaBHBIM 1 TOmYy.

Bo Bcex Tpéx partoHax OUHCKOro 3aMBa OTMEYAIOTCS OTPULIATEIbHBIE 3HAUNMbBIE
JUHEWHbIEe TpeHIbl B oueHkax /1(0), CBUAETENbCTBYIOINE O CHUKEHUH UHTEHCUBHOCTH
aTMOC(EepHBIX IHUKIOHOB Haj DPuHCKMM 3anmuBoM B KoHIe XX u Hauaise XXI BekoB
(pucyHok 5.3).

O CHWXEHHMHM UMUKJIOHMYECKONM akTUBHOCTH Haa  DHUHCKUM  3a1MBOM
CBUJICTENILCTBYIOT PE3yJbTaThl aHajdu3a HMHCTPYMEHTAJIbHBIX H3MEPEHUU BETpa Ha
cranuuax Ozepku u Beidopr Bo Bropoii noinoBune XX u Hayane XXI Beko. Ha pucynke
5.4 moxa3zaHbl cIlydan BETpa 3amajgHbIX pPyMOOB, WMeBIIero ckopoctu >11 wm/c
OTMEYABIIMXCSl HAa 3TUX CTAHIMIX C CEHTAOps mo (eBpasib U MaKCUMAaJIbHBIE 3a TOJ
3Ha4YeHUs! BeTpa. Pe3ynbTaThl CBUJETENBCTBYIOT, YUTO BO BPEMEHHOM XOJI€ Pa3IMYHBIX

XAPaKTCPUCTHUK BETPa OTMCHAKOTCA BhIPA)KCHHBIC OTPHUIATCIIBHBIC 3HAYUMBIC TPCH/BI.
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Pucynok 5.4. MexronoBble M3MEHEHUs KOJIMYECTBA ciydyaeB, korga Berep Ha ['MC
ctaniusax O3epku (cussis MuHusA) U Beibopr (uepHas nunaus) umen Hanpasinenus F03-C3
(225°- 315°) u ckopoctu >11 M/c B mepuoj ¢ aBrycrta Imo MapT BKIIOYHUTEIBHO (a), a
Tak)Ke 3HaYCHUH MaKCUMaJbHON CKOPOCTH BETpPA 3a KaXKIbIM IO/l Ha 3THX CTaHIUAX (0).
[IpssMBbIMU KpacCHBIMU JTUHUSMH MOKa3aHbl 3HAYUMBIE JTUHEHHBIE TPEH/IBI.

Jist  ucciaemoBaHMsT MEXTOJOBBIX HM3MEHEHUM KOJUYECTBA aTMOC(HEpPHBIX
IIUKIIOHOB, WX TJIyOMHBI, CKOPOCTEH MEepEeMEIIECHUSI U TPACKTOPUH JIBIKEHUS UX IEHTPa
WCITIOJIB30BAJICSI aPXHMB XAPaKTEPUCTHUK IUKIOHMYECKOW aKTUBHOCTH B CeBepHOM
nonymapun ¢ 1958 mo 2008 rox c¢ BpemeHHbIM uHTepBajioM 6 uacoB (Northern
Hemisphere Cyclone Locations and Characteristics from NCEP/NCAR Reanalysis Data).
AJTOpUTM pacyeTa mapaMeTpOB IIUKIOHOB, MPEICTABJICHHBIX B TJAHHOM apXWBe, OTHCAaH
B pabote (Serreze u aAp., 1997). [{ns paboTsl ObLI BEIOpaH TOT K€ paiioH, 4TO U IpU padoTe

¢ peanaim3oM ERA-5. M3 Bcero maccuBa JaHHBIX BBIOMPATHCH TOJBKO T€ ITUKIIOHBI,
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LEHTPbl KOTOPBIX MONaJalid B 3aJIaHHbI palloH W JaBJI€HHE B LIEHTPE KOTOPBIX OBLIO
menee 1005 mO.

Pucynok 5.5 m 5.6 wumocTpupyeT W3MEHEHHUE KBaHTWIIEH OIEHOK TTyOUHBI
aTMOC(EpHBIX LUKJIOHOB, MMeroNuX napienue B 1eHtpe <1005 rlla. Bunno, uto B
olieHKax meauansl MeDz,(f) Habmo1aeTcs 3HaYUMBI OTPULIATEIBHBINA JINHEWHBIN TPEH,
B TO BpeMs Kak B OIIEHKaX MHUHUMYMOB aTMOC(EpHOro AaBICHHs, OTPHULATEIbHBIN
JUHEUHBIM TpPeH]l He 3HauuM. AHaIM3 KBAJPATUYHBIX TPEHIOB IOKa3ad, 4TO [0
cepeaunbl 1980-x riryOnHa aTMOC(hEpHBIX IMKIOHOB YBEJIUYMBAIACH, a 3aTe€M Hadaja

YMCHBIIATHCA.

Pucynok 5.5. M3menenue Bo BpemeHu MeawaHbl MeDgzy(t) oneHok aTmocdepHOro
JaBJIeHUs B IeHTpe MUKIOHOB <1005 MO (uepHas MUHUS), 3HAYUMBIN JIMHEHHBIN TPEH]T
(KkpacHasi TMHMS ), 3HAUMMBIN KBaIPATUYHBIN TpeH T (CUHSS JIUHUS ).

Pucynok 5.6. 3meHeHne Bo BpeMeHH MHHUMYMOB MinDz,(t) omeHok aTMocdepHOTro
JaBlieHUs B 1IeHTpe HUKIOHOB <1005 MO (uepHas JIMHUS ), HE 3HAYUMBIN TMHEUHBIA TPEH]T
(KpacHas JIMHUS TyHKTUP), 3HAUUMbBIA KBaJIpaTUYHBIN TPeH (CUHSS TUHUSA).
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[Ipu onucanuu (pU3NYECKUX MEXAHU3MOB (OPMHPOBAHUS HABOJAHEHHH B YCThE
HeBbl Goublioe 3Hau€HUE MPUIAETCS CKOPOCTSIM JBUKEHUS aTMOC(EPHBIX IIUKIOHOB.
[Ipu coBnageHUM UX CKOPOCTU CO CKOPOCTBIO PacHpoOCTpaHEHUs: CBOOOJAHON JITMHHOM
BOJIHBl B MOJI€ YPOBHA MOpS MPOMCXOAUT PE30HAHC, YTO NPUBOJUT K OCOOEHHO
3HAYUTEIBHOMY yBEJIMUYEHUIO €€ aMIIuTy bl (JIab30Bckuii, 1971). Ha pucynke 5.7 u 5.8
MPEACTABIICHbl PE3yJbTaThl KBAaHTHJIBHOTO AaHAJNM3a OLEHOK CKOPOCTH JIBHIKEHUS
aTMOC(EpHBIX LUKIOHOB. BHIHO, YTO MaKCHUMallbHbIE CKOPOCTH TMepeMEelleHUs
IIUKJIOHOB JocTuraroT 36.5 m/c, a meamanHele Bapeupyior ot 11.2 mo 11.7 wm/c.
JlonronepuoiHble TEHJIEHUMHA B M3MEHYMBOCTH 3TOM XapaKTEPUCTHKU HE BBISBISIOT
3HAYUTEIBHBIX U3MEHEHUH: JIMHEWHbIE U KBaJ[paTHYHbIE TPEHABI B OLEHKAX CKOPOCTH

ABHKCHUA NUKIIOHOB HE ABJIAIOTCA 3HAYUMBIMU.

Pucynok 5.7. U3mMeHeHHe BO BpEMEHH MaKCUMYyMOB CKOPOCTH JIBIDKCHHST aTMOC(EPHBIX
HUKIOHOB MaxVz,(t) (uepHast TUHUS), HE 3HAUUMBIN JTMHEHHBIN TpeH ] (KpacHast JIMHUS,
MIyHKTHUP), HE 3HAUUMBIN KBaIpaTUUHbBIA TPEH (CUHSS JIMHUS, TYHKTHUDP).

Pucynok 5.8. V3MeHeHue BO BpPEeMEHU MEIUAHbl CKOPOCTH JBHXKEHHUS aTMOCQEPHBIX
HUKIOHOB MeVz,(t) (uepHas JuHUA), HE 3HAUUMBINA JTUHEUHBIA TpeH A (KpacHas JUHUA,
MYHKTHUP), HE 3HAUUMBIN KBaIpaTUUHbBIA TPEH/| (CUHSS JIMHUS, TYHKTHD).
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B pabote (3axapuyk, Tuxonosa, 2011) Ha ocHOBe (ypbe-aHaIM3a U3MEpPEHU
YPOBHSI Ha MAaTEPUKOBBIX M OCTPOBHBIX CTaHIMAX B DUHCKOM 3aliiBe OBLIO MOKA3aHO,
9TO B Tepuoabl (OPMUPOBAHUS OMNACHBIX MOJBEMOB YPOBHS MOpPs, CKOPOCTH
pacnpoCTpaHEeHHs] BOJIH HABOJAHEHHUM BapbupyroT oT 4.5 1o 11.2 m/c. B cBs3u ¢ 3TuM,
MIPEACTABISAETCS MOJIE3HBIM OLEHUTh KOJUYECTBO CIIy4YaeB, KOT/1a BO3MOYKEH PE30HAHC
MEXIy aHEeMOOapUYEeCKUMH CUJIaMU B MepeMellamuxcs Haj bantukol nukioHaMu U
CBOOOJHBIMM JUIMHHBIMU BOJIHAMH B TOJI€ YPOBHSI MOps. Takoil pe30oHaHC BO3MOXKEH,
KOI'Jla CKOPOCTH ABWKEHHSI aTMOC(HEPHBIX LUKIOHOB OJIM3KUA K (Da30BBIM CKOPOCTSIM
pacrpocTpaHeHus: BOJIH HaBogHeHu (3axapuyk, TuxoHona, 2011; Jla63oBckuii, 1971).
Ha pucynke 5.9 mpencrabieHn rpapuk M3MEHEHHsS BO BPEMEHU KOJUYECTBA CIyyaeB
NVge(f) B OCEHHE-3UMHHUE TEPUOMBI, KOrJa aTMOC(hepHbIC IUKIOHBI JIBUTAJIUCh CO
ckopocTsimu 4.5 — 11.2 m/c. B aTux oneHkax oTmedaeTcs CiaOblii MOJIOKUTEIbHBIN
JUHEWHBIA TPEHJ, KOTOPBIA HE SABISETCS 3HAYMMBIM, B TO BpEMsl KaK 3HAauYHUMBIH
KBaJPaTUYHbIA TPEHJ IMOKa3blBaeT, 4yTo A0 Hadaia 1990-x KOJWYecTBO cilydacs

YBCIMYINBAJIOCH, a ITIOCJIC 3TOI'O IICPpHOoJa HAMCTUIIACh TCHACHIUS K HX YMCHBIIICHUIO.

Pucynok 5.9. KonmnuectBo citydaeB NVree(t) B ceHTsIOpe-eBpaie, koraa arMmocepHbIe
IIUKJIOHBI JIBUTAIUCH cO cKkopocTsamu 4.5 — 11.2 m/c. He 3HaUMMBII JTUHEHHBIA TPEH
(KpacHas JIMHUSI, TYHKTHUP), 3HAYUMbIN KBaJIPAaTUYHBIN TpeH T (CUHSIS JTUHUSA).

Ha pucynke 5.10 mpencraBneH pe3ynabTaT KBAaHTWIBHOIO aHAIW3A MOJOKEHUN
LEHTPOB aTMOC(HEPHBIX UKIOHOB. DTOT aHAJIU3 HE BBISIBUI 3HAUYUTEIIbHBIX U3MEHEHUN
B TPACKTOPHUSIX UX ABMXKEHUA HaJ bantuiickum MopeM. B MeXromoBbIX U3MEHEHHSX
MEJIMaHbl MECTOTOJIOKECHHSI ILEHTPOB HUKIOHOB MeCz,(f) oTMmedaroTcss 2-4 JeTHUE

KoJie0aHus M ci1ab0 BBIPAKEHHBIA MOJOKUTEIbHBIA JIMHEWUHBIM TpPEeHZl, KOTOPBIA He

ABJIACTCA 3HAYMMBIM.
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Pucynok 5.10. M3meHeHne BO BpeMEHU MeEAMaHBI TPACKTOPHM JBMXKEHUS IIEHTpa
aTMOC(EpHBIX IUKIOHOB MeVzy(t) (uepHast MUHUS), HE 3HAUYMMBIA JIMHEWHBIM TPEH]
(kpacHas JTUHUSI, TyHKTUP), 3HAUUMBINA KBaJAPATUYHBIN TPEH (CUHSS TUHUSA).

Jlist nanbHEWIero MCCieoBaHUsS B3aWMOCBSI3M XapaKTEPUCTUK aTMOCQEPHBIX
LUKIJIOHOB C MEXIOJOBOM M3MEHYMBOCTHIO YMCIEHHOCTU HEBCKUX HABOJHEHUU MEXKIY
HUMU ObLI MPOBEEH B3aUMHBIN KOPpEISMOHHbIN aHau3. B Tabnune 5.1 npeacraBieHs
KO3 PUIIMEHTH MaKCUMAJIbHON KOPPENIALUU MEXKIAY KOJIMUECTBOM HaBOJHEHHUH B YCThE
HeBbl 1 BBIOpaHHBIMH METEOPOJIOTMUYECKUMHU NpeauKkTopaMu. OHM MOKa3bIBAIOT, YTO HE

OTMCYACTCS B3aUMOCBA3U MCIKIAY YaCTOTOM OMAaCHBIX MMOJABEMOB YPOBHA MOPA Ha BOCTOKEC

DUHCKOTO 3aJTMBa U PA3IMYHBIMU XapaKTEePUCTUKAMU aTMOC(EPHBIX IIMKIOHOB.
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Ta6numa 5.1. Pe3ynpTaThl B3aUMHOTO KOPPENSIIMOHHOTO aHaKM3a MEXKy U3MEHEHUSIMHU
KOJIMYECTBA HABOJHEHUM B ycThe HeBBI #(?) M paznUYHBIMU METEOPOIOTHUYECKUMHU
MPEIUKTOPAMHU.

No N(t) X METeopOIOruYECKUit MakcumanbHbIi KO3 HULHEHT
OPEIUKTOP KOppessiuuu
1 N(t) x 11(t)Gradra 0.004
2 N(t)x MeCz(t) 0.341
3 N(t)x MeDzx(t) 0.317
4 N(t)x MinDzx(t) 0.314
5 N(t)x Nogo(t) 0.390
6 N(t)x MaxVzu(t) 0.061
7 N(t)x MeVzq(t) 0.170
8 N(t)x NVgre(t) 0.025
9 n(t)x MaxW(t) 0.055
10 N(t)x Nw(t) 0.335

[Ipumeuanust - [11(f)Gradrs - JMHEHWHBIM WHBApUAHT TPAJUEHTAa aTM. JaBJICHUS,
MeCz,(t) - MenraHa OIEHOK IOJIOKEHHH IEHTPOB LIUKIOHOB; MeDz,(1)- MeuaHa OIICHOK
IyOMHBI TUKIOHOB;, MinDz,(t)- OIEHKM MHUHMMYMOB aTM. JaBJIEHHs B IIEHTpax
ITUKIIOHOB; Nogy(f)- KOTMYECTBO IHMKJIOHOB C JaBJICHHWEM B IieHTpe MeHee 990 MoO;
MaxV z,(t)- ”3MEHYUBOCTh MAaKCUMYMOB B CKOPOCTSIX JBHKEHUS LMKIOHOB; Mel z,()-
U3MEHEHUS MEIHaHbl CKOPOCTH JBHXKEHUS HUKIOHOB;, NVg.-(f)- KOJIMYECTBO CiIydyacB
JBIDKCHHSI IIUKJIOHOB €O cKopocTsMu oT 4.5 mo 11.2 wm/c; MaxW(t)- m3meHeHuUs
MaKCUMYMOB CKOPOCTH 3amaJHbIX M 10-3. BETPOB; Np(f)- KOJIMYECTBO CIy4yaeB, KOrja
CKOPOCTb 3aIla/IHBIX U 10-3. BETPOB ObLIa > 11 m/c.

Takum 00pa3om, pe3ynbTaThl CTATUCTHYECKOTO aHajIn3a METEOPOJOTHYCCKOM
nHpoOpManMK HE TMOATBEPXKIAAIOT THUIIOTE3bl O BIMSIHUUW MEXIOJOBOM H3MEHYMBOCTHU
Pa3HOOOPA3HBIX XapPAaKTEPUCTUK aTMOC(HEPHBIX ITMKIOHOB HA YBEIMYCHHE YaCTOTHI
HaBOJHCHHMK B ycThe HeBbl B mociegnue aecsatuietvs. Ecau ObI pocT KoHMUecTBa
OMacHBIX TOABEMOB YPOBHS Ha BOCTOKe DUHCKOrO 3ajvMBa OBLI CBSI3aH TOJIBKO C
OIIEHCHHBIMU HAMHU METEOPOJIOTHUYECKUMU MTapamMeTpaMu, Mbl HAOI101a11 ObI TTOJJ00HYIO
TEHJICHIIMIO M B HUX U3MEHYUBOCTU. (OJHAKO TNPOBEAEHHBIM HaMU aHaIU3
METECOPOJIOTUYECKUX XAPAKTEPUCTUK ITOKA3BIBAET OTCYTCTBUE 3HAYMMBIX JIMHEUHBIX
TPEHJIOB B M3MEHEHUSAX TNIYOMHBI IIMKJIOHOB, MX KOJMYECTBA, TPACKTOPHUU U CKOPOCTEH

HUX JABHXKCHHA, YHCIC CIydaCB CHIIBHBIX BCTPOB 3adlldJHBIX MW IOro-3amaJHbIX
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HaIpaBJICHUH, a TaKXKe HaJIMYMEe 3HAYUMOTO OTPHUIATENBHOIO TPEHAAa B MEXKIOJ0BOM
M3MEHYMBOCTU MAaKCUMYMOB 3THUX BETPOB.

OnpoBepKEHUEM TOJNBKO «METEOPOJOTUUECKOW» MPHUPOABl  OTMEYAIOUIUXCS
JOJITOTIEPUOIHBIX TEHACHIIMI B U3MEHEHUSIX KOJIMYECTBAa HEBCKUX HABOJIHEHUM CIIyKaT
U IIpeJICTaBIECHHbIE B Tabauue 5.1 pe3yapTaTbl B3aUMHOTO KOPPENSLIMOHHOTO aHAIu3a
MEXAY KOJIMYECTBOM HABOAHEHUM U Ppa3IMYHBIMH XapaKTEPUCTUKAMHU JTUHAMUKH
[IUKJIOHOB, OLIEHEHHBIMU JJIs1 peruoHa banTuiickoro Mopsi, KOTOpble CBUIETEIbCTBYIOT
00 OTCYTCTBUHU CBSI3U MEXIY YKa3aHHBIMH MPOLECCAMHU.

[lony4yeHHble BbILIE PE3YJbTAThl CBUIETEIBCTBYIOT O TOM, YTO TOJIBKO JIMIIb
MHTEHCUBHOCTH aHEMOOAPUUYECKUX CUJI B ITYOOKMX IUKIOHAX U U3MEHUYUBOCTHU JPYTHUX
UX MapaMeTpoB HEJAOCTATOYHO JJIsi BO30OYKIECHMS OMACHBIX MOIBEMOB YPOBHS MODS.
Bo3MoxxHO, 31ech Takxke OOJIbIIOE 3HAYEHME HMEIOT YCIOBHUS MOPCKOM cpefbl, B

KOTOPBIX 'CHCPUPYIOTCA U 9BOJIIONMOHUPYIOT BOJIHBI HCBCKHUX HaBO,ZIHeHI/If/'I.
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5.2. O BJuSIHMM U3MEHEHHH 0APOKIMHHOCTH BaJTHIICKOr0 MOPS1 HA MEKI010BYI0
H3MEHYHUBOCTb ONACHBIX ObEMOB YPOBHS MOPS

B psge pabot (3axapuyk, Cyxaues, 2013; 3axapuyk, Tuxonona, 2011) Ha ocHOBe
TEOPETUYECKUX U IMIUPUUYECKUX HMCCIICIOBAHUN OBUIO MOKA3aHO, YTO BOJHBI HEBCKUX
HABOJHEHUM HUJCHTUPUIHUPYIOTCS KakK OapOKIMHHBIC TOmorpadu4ecKue BOJHEI.
[ToaToMy, MOXXHO TPEANOJIOKUTh, YTO MEXKIOJI0Basi H3MEHUUBOCTH OapOKIMHHBIX
yCI0BUM DBalTUHCKOTO MOpPST OKa3bIBA€T 3aMETHOE BIMSAHUE HA YacTOTYy OIACHBIX
noABEMOB ypoBHS Ha BocToke DuHCcKoro 3anvpa. Cuiibl TAHTEHIIMATBHOTO HAMPSHKEHUS
BETpa W rOPU30HTAIBLHOTO IrpajueHTa aTMOC(HEpPHOTO JaBICHUs B ITyOOKHX ITUKIOHAX
BBIBOJIAT TEPMOJMHAMUYECKYIO CUCTEMY balTUKKW M3 PaBHOBECHOTO COCTOSHHUSI Ha
gacToTe €€ COOCTBEHHBIX KoJieOaHul, (HOpMHUPYS BOSMYIIIEHUE YPOBHS MOPS, pelaKcalus
KOTOPOTrO B HU3KOYACTOTHOM JHAana3oHE YacTOT MPOUCXOJMUT B BHJIE OapOKIMHHBIX
Tonorpauueckux BOJH, pAaCpOCTPaHAIONINXCA HAa BOCTOK B Dunckuit 3anuB. OmaHaKo
IUIs aHOMAJIBHOTO POCTa MX aMIUIUTYAbI, BIUSIOIIETO B KOHEUHOM MTOre Ha OMACHBIN
noabEM ypoBHS B HeBckol ryde, HeoOX0 UMbl OJIaronpusTHbIC OApPOKIMHHBIC YCIIOBHS
OacceiinHa.

JIns  TOpoBEpKHM MPEANOJOXKEHUS O BIHWSAHUM  MEXIOJOBBIX HM3MEHEHUU
OapOKIMHHBIX YCIOBUI balTuiickoro Mopsi Ha 4acTOTy T€HEpaIliy OMACHBIX MOIBEMOB
YPOBHS HCIIONB30BAIUCH JaHHBIC peaHain3a ruapodusndeckux mojeil bamnruiickoro
MOps, TOJIydeHHble B pamkax Impoekrta «MyOcean», W BKJIIOYAIOIINE MaCCUBBI
CPEAHEMECAYHBIX 3HAYEHUI TEMIIePaTYpHlI, COJICHOCTH, TOPU30HTAIIBHBIX
COCTaBISIIOIINX CKOPOCTEM TEYEHWM C BEPTUKAIBHBIM pAa3pelIeHuEM S M U
MIPOCTPAHCTBEHHBIM paspemeHueM 5.6 kM 3a 1990 — 2009 rr, mosy4yeHHbIE TyTEM
ACCUMWJISIIIUM  CYJIOBBIX U CIIyTHUKOBBIX JAaHHBIX B TPEXMEPHOU OapOKIMHHOMN
rugpoauHaMudecko mozenu okeana Hiromb-BOOS-Model (HBM-V1) (MyOcean

Products. http://www.myocean.eu).
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[To nannbiM peananuza MyQOcean B y31ax CETOUHON 00JIACTH JIJIsE KAXKIOTO CIIOST U
TOPU30HTa OLEHUBAJIUCH, COOTBETCTBEHHO, CPEIHEr0JIOBbIE 3HAUYECHMSI BEPTUKAIBHBIX
(Ap,) n ropuzoHTanbHBIX (Gradpyy) rpalMeHTOB MJIOTHOCTH MOPCKOM BOJBI 3a MEPUOA
1990 — 2009 rr. lanee npoBOAMICS B3aUMHBIN KOPPEIALUOHHBIA aHAIN3 MEXKIY PSAIaMU
I'PaJMeHTOB TIOTHOCTH MOPCKOM Bonbl Ap,(f), Gradpy(f) 1 KONMUECTBOM HABOAHEHUI
7(¢) ¢ UICIOJIL30BAHKUEM CJIEAYIOIIUX METOANYECKUX M0AX010B. OlleHKa HOPMUPOBAHHOM
B3aUMHOM KOppeSIMOHHON QyHKIIMU Mex1y Ap(f) u 7(f) Mporu3BOAUIOCH TTO U3BECTHOU
dbopmyie:

Tapm (7) = _Kapn@ (5.2)

’ KAp (O)Kn (0)

rie Kap(0), Ky(0) — nucnepcun IByX CKalspHBIX TpoueccoB Ap(f) u n(t), a Ky, (T) =

1 (T-
T-770 TAP(t)TI(t+T) dt - wx B3aMMHas KoBapualMoHHass (GyHKOus, 7 — JJIMHA

peanu3alum, 7 - BpeMEHHOM CIBUT.

PucyHnok 5.11 wmtrocTpupyet pe3ysibTaThl B3AUMHOTO KOPPEJSIIUOHHOTO aHAJIN3a
MEXIYy KOJIMYECTBOM HABOJHEHUN B ycThe HeBbl M HM3MEHEHUAMH OapOKIMHHBIX
ycinoBur bantuiickoro Mops. Ha ceBepo-BOCTOKE OTKpBITOM balTuku mnpu BXOJe B
DuHCKUH 32JIUB BBIJICTISACTCS PaiioH, T1ie KO3 PUITMEHTHI Koppensaiuu Mexay 1(f) u Ap(t)
npubmkaroTes kK 0.60 (pucyHok 5.11a), CBUIETENBLCTBYSI O TOM, YTO POCT YMCIIa HEBCKHUX
HAaBOJAHEHWI CBA3aH C YycwieHueM cTpatudukanuu. CxeMa KBa3HIOCTOSHHOMN
MUPKyJIAuK Boa bantuiickoro mopsi, npeactaBiennas B padore (Tepsues, Poxkos,
CmupnoBa, 1992) mnoxka3piBaeT, 4YTO HUMEHHO B 3TOM paliOHE BCTPEYAIOTCS
pactpecHEHHBIE MAaTEPUKOBBIM CTOKOM BOJbI DUHCKOTO 3amuBa U 0o0yiee COJIEHBIC
TpaHC(POPMUPOBAHHBIE CEBEPOMOPCKHUE BOJBI, MOCTYMAIONINE W3 FOT0-3aMMaHON YacTh
banrtuiickoro Mopsi. DTOT pe3ylbTaT C YYETOM MPEIbIAYIIMX HAIIUX MCCIEeIOBAHUN
(Baxapuyk, Cyxaue, 2013; 3axapuyk, TuxonoBa, 2011) cBuaeTenbCTByeT, 4YTO B
BBIJICJIEHHOM  pailoHe  CKJIaJbIBalOTCS  HauOojee  OJaronpusiTHbIE  yCJIOBUS
cTpaTudUKalUU JJIsl TeHepalui 0ApOKIMHHBIX TONOrpaduuecKux BOJH, (POPMUPYIOLIUX

ONaCHbIC MOABEMBI YPOBHS Ha BOCTOKE PUHCKOIO 3aJIMBa.
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Pucynox 5.11. MakcumanbHble 3Ha4eHHS KOI(PPUIIMEHTOB KOPPEIAIUN MEXTY
KOJIMYECTBOM HEBCKHUX HABOAHEHUW T(t) M BEPTUKAIBHBIM TPAJUEHTOM ILIOTHOCTU
Mopckoii Boabl B cioe 5-10 m (a); mexay mn(t) U TOPU3OHTAIBHBIM T'PAJUECHTOM
MI0THOCTH MopcKoi Boabl (Gradp) B moBepxHOCTHOM ciioe (0) u Ha ropu3oHTe 85 M (B).

JInsi HECKOJIbKMX JIOKaJbHBIX akBaTopuid banTtuiickoro mopsi HaOMOarTCs
BBICOKHE 3HaueHUs K03 duruenToB koppensaiuu Mexay Grado(r) u 7(f), mocturaromue
0.66 — 0.73 (pucyHok 5.110,B). Takumu akBaTOpusiMu B LEHTpajibHOW bantuke u
DUHCKOM 3aJIMBE OKA3AJINCh PaloH ['0TIaHACKON BIaAWHbI, aKBATOPHS, MPUJIETAOMIAS K
I0ro-3anajiHoMy nooepexnio OUHIAHANY, a TakKe pailoH HapBckoro 3anuBa.

He BbI3bIBaeT cOMHEHMs, 4TO HaOmomaronieecs B TMOCIEAHUE ECATUIICTHUS

rI00albHOE MOTCIUICHWE KJIMMaTa BIHMSET M Ha H3MCHCHUE 6apOKJ'II/IHHI)IX YCJ'IOBI/Iﬁ
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bantuiickoro Mops, KOTOpbIE CTaji, MO-BUAMMOMY, Oosiee OJIArONpUATHBIMHU IS
reHepanuu OapOKIMHHBIX TONorpauyeckux BOJH, (POPMUPYIOIIMX HABOJHEHHUS Ha
BocToke PuHCKOTrOo 3anuBa. [loaTBepxkaeHNEM ATON TUIOTE3bl MOXKET CIIY>)KUTh PUCYHOK
5.12, Ha KOTOpOoM H300pak€Hbl HW3MEHEHHS BO BpPEMEHHU OLEHOK pa3HOCTEH
TEMIEPATyphl, COIEHOCTH U TIIOTHOCTH MEXKY OBEPXHOCTHBIM M IPUJIOHHBIM CIOSAMHU
Ha TpEX cTaHuMsIX B DUHCKOM 3amuBe. OTU MHOTOJIETHHUE PSAbl TEPMOXAIMHHBIX
XapaKTepUCTUK ObUIA MOJIyYEHBl HA OCHOBE JAaHHBIX CYJOBBIX U3MEPEHUH, MPOMYCKH B
KOTOPBIX 3aIOJHSUIUCh 3HAYEHUSIMU TEMIEPATypbl U COJIEHOCTH M3 apXHMBa peaHain3a

okeaHoJsiornueckux nojeid MyOcean.

Pucynok 5.12. I3MeHeHus BO BpeMEHHU OIIEHOK pa3HocTel TemnepaTyp (KpacHbIN 1[BET),
COJIEHOCTU (CMHHUM LBET) W IJIOTHOCTH (YEpPHBIM IBET) MEXK]Y MHOBEPXHOCTHBIM H
MPUJOHHBIM cJOsIMU Ha TpEX crtaHuusax B Puuckom 3anmuse (LL9, LL7 u LL3A).
[IpssMbIMHU JTUHUSMU OOO3HAYEHBI 3HAYMMBIC JIMHEHHBIE TPEHIbl, MYHKTUPOM — HE
3HA4YUMBIE.
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PesynbTaTsl, npeacTaBieHHbIE HA pUCYHKE 5.12, MOKa3bIBAaIOT, YTO B MOCIEIHUE
necatuietnss B OUHCKOM 3aJMBE MPOUCXOAUT YCWICHHE CTpaTHPUKALUU, KOTOPOE
CBSA3aHO IIPEXKJIE BCErO C HEOJMHAKOBBIM YMEHBIIEHUEM COJIEHOCTH B TIOBEPXHOCTHOM U
IIPUOHHOM CJIOSIX. Y TIOBEPXHOCTH COJIEHOCTh YMEHBIIAETCS ObICTpEE, UEM Yy JHA, U3-3a
YEro B OLIEHKAX €€ pa3HOCTH XOPOILIO BBIPAYXKEH IOJOKUTEIBHBIA TPEHI, B TO BPEMS Kak
YBEJIMYEHNE TEMIIEPATYPbl B IMOBEPXHOCTHOM M NPUAOHHOM CJIOSIX IPOUCXOIUT C
OJIMHAKOBOW MHTEHCHBHOCTBIO, Ha YTO YKa3bIBa€T OTCYTCTBHME 3HAYUMOI'O JIMHEWHOIO
TPEHJa B OLICHKaX Pa3sHOCTH TeMieparypbl. TakuM o0pa3oM, COIIACHO TEOPETUUECKUM
uccinenoBanusaM (3axapuyk, Tuxonosa, 2011), ycioBust ajig reHepauuu OapOKIMHHBIX
TOMOrpaUUecKux BOJH, KOTOpPbIE BHOCIT 3HAYUTENbHBIA BKJIAaA B (POpPMUPOBaAHHUE
OIMACHBIX MOABEMOB ypOoBHS B DUHCKOM 3a1MBe, CTAaHOBATCS Ooiiee Omaronpusitabie. [1o-
BUJIMMOMY, U3-3a 3TOI'0 KOJIMYECTBO HEBCKMX HABOJHEHMI B MOCIEAHEE TPUALATUIIETHE

3daMCTHO BBLIPOCJIO.
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5.3. BiansiHue MeKrog0Boi M3MEHYMBOCTH CE30HHBIX KOJ1e0aHMi YPOBHS MOPS Ha
IITOPMOBBIE HATOHBbI

HccnenoBanus MOKa3bIBaIOT, YTO BKJIAJ CE30HHBIX KoneOanuil banTtuiickoro mops
B OMAacHbIE MOJIBEMBI YPOBHS HAa BOCTOKe DUHCKOTO 3aJIMBa B OT/ACJIBHBIC TOJIBI MOXKET
nocturath 26% (3axapuyk, Tuxonona, 2011).

Jlns  uccienoBaHUs MEXKIOAOBBIX HW3MEHEHUM ypoBHS bantuiickoro mops
UCITIOJIH30BAJICSI MAaCCUB KOMOWHUPOBAHHBIX aJIbTUMETPUUECKUX JTAHHBIX HECKOJIBKHX
cnyTHUKOB: Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1,
T/P, ENVISAT, GFO, ERS1/2, Bxitouaroniuii mojisi aHoManuii ypoBHs Mopsi (SLA) ¢
npocTpaHcTBeHHBIM pazpemienueM 0.25° x 0.25° u nuckpernoctsio 1 cytku (E.U.
Copernicus Marine Service Information http://marine.copernicus.eu), MOTy4YeHHBIC
METOJOM ONTUMAIBHOW MHTEepIoJAnuu 3a nepuoa 1993 — 2018 rr. (Bretherton, Davis,
Fandry, 1976; Pujol u gap., 2016). Ilpu co3ganuu wMaccuBa B HCXOJHBIC
aTbTUMETPUUYCCKUE JaHHbIE ObLTa BBEJCHA IIOMpPaBKa Ha OPOWTAIBHYIO OIIHOKY,
KOPpPEKIIMM Ha MHCTPYMEHTAJIbHBbIC OIIMOKH, TOMpaBKa Ha BIMSHUE TpomocQepsl U
noHoc(hephl Ha 3ama3blBaHUE 30HAUPYIONMIETO U OTPAKEHHOTO MMITYJIbCa albTUMETPA
(Traon le, Nadal, Ducet, 1998). KpoMe 3TOro, u3 aibTUMETPUYECCKUX TAHHBIX OBLIN
HCKIIFOYCHBI KoJIeOaHMs, CBSI3aHHBIE CO CTaTHYeCKUM dPdekTom armocdepHOTo
NABIICHUS, BO3JICUCTBUS BETPOBBIX BOJIH, OKEAHCKUX M 3E€MHBIX IPUIHBOB.
AJpTUMETpUYECKHE JaHHBIE TPOBEPSUINCh HA HAIW4YWE MpoIyckoB. Haumbombiiee
KOJIMYECTBO MPOIYCKOB, Bappupytouiee oT 2 10 25%, CBA3aHO ¢ HAIUYKMEM IPUNAiHOTO
u JApeidyromero napJa B 3UMHUN NEpPUOJ W NPUXOJUTCA HA CEBEPHYIO 4YacThb
BotHHMueckoro 3anuBa, a TakyKe Ha [IEHTPAIbHYI0 U BOCTOUHYI0 YacTH DUHCKOTO 3a/I1Ba.

JIns  OLIEHKW MEXIoJOBOM HM3MEHUYHMBOCTH CE30HHBIX KOJICOAHUW YpPOBHSA
Banrtuiickoro Mopst ObUT IPOBEIECH CKONB3AIUN rapmMoHndeckuii ananus (Plag, Tsimplis,
1999) exxecyTOUHBIX albTUMETPUUYECKUX NAHHBIX. /{715 TOJOBOM rapMOHUKHU Sa Mepuoa

KBa3HCTAI[MOHAPHOCTH (OTPE30K psifia JUIsl pacyeToB) MPUHUMAJICS PaBHbIM | roj, u



96

CKONp3siuil  Dypbe aHaIu3 MNPOBOAWICS 0e3 mepekphiTus (T.€. 3a KaKIbId
nocyenyouuii ron). ns apyrux rapMOHUK CKoJb3gmuid Oypre aHaIn3 MPOBOJIUICS C
nepekpbiTueM. JUId BBIACIEHUS HECTALMOHAPHOW IOJYIOJOBOM KOMIIOHEHTHI Ssa
MIEpUOJ KBa3UCTAIMOHAPHOCTU NIPUHUMAJICS PAaBHBIM | TOJI, U CKOJIB)KEHHE MPOBOANIOCH
C IEPEKPBITUEM YEPE3 KaKAbIE MOIT0A; IS BBIAECIEHUS TPETh-TOI0BOM TapMOHUKH Sta
IIEpUOJ KBA3HCTAlMOHAPHOCTH IPUHHUMAJCS PABHBIM & MECALEB, U CKOJIBbXEHUE
IIPOBOJIMIIOCH YEPE3 KaxKable 4 MecAla; JJI BbIICICHUS YETBEPTh-TOJJOBOM TapMOHUKH
Sqa mepuoa KBa3UCTALMOHAPHOCTH NMPUHUMAJICS PaBHBIM O MECSLIEB, U CKOJIbKECHHE
OpOBOAWIOCH Yepe3 Kaxkable 3 mecsua. [lo olleHeHHBIM amIuMTyJgaM U (azaMm ais
KOKIOr0 Iepuoja KBa3UCTALlMOHAPHOCTHU IPEABBIYMUCISIIINCH PAAbl  KOMIIOHEHT
CE30HHBIX KOJIeOaHU, KOTOPbIE 3aTEM CKJICUBAIKUCH B PsiJl, OMMCHIBAIOIINI MEKIO/IOBbIE
M3MEHEHMSI KaKI0M KOMITIOHEHTHI CE30HHBIX KOJieOaHUil. 3HAUMMOCTb JIMHEHHOTO TPEH1a
B MEXXIOJOBBIX M3MEHEHHMSAX aMIUIMTYJ FapMOHHUK Sa, Ssa, Sta, Sqa OLleHHMBaJach C
nomonisto kputepus Ctorogenta (Manuaus, 2008).

Ha pucynke 5.13 npencraBieHsl IPUMEPhl COCTABIISAIONIMX CE30HHBIX KOJeOaHn!
ypoBHs Mops Sa, Ssa, Sta, Sqa B @UHCKOM 3aJIMBE U OTKPBITON banTuke, pacCUMTaHHBIX
10 JaHHBIM CIIyTHUKOBOM aJbTHUMETPUM C YYETOM HECTALMOHAPHOCTH IIpolecca ¢
IIOMOIIBIO CKOJIB3SIIETO TAPMOHUYECKOI0 aHaJIN3a, a Ha pucyHke 5.14 cocrasisroniue
CE30HHBIX KoJIeOaHUM YPOBHSI MOpsl U uX cyneprno3uius B KpoHmiTajnre mo AaHHbIM

MHCTPYMEHTAJIbHBIX U3MEPEHUM.
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Pucynoxk 5.13. Ilpumeps! cocTaBisIOMIUX CE30HHBIX KoJebaHuit ypoBHs Sa, Ssa, Sta, Sqa
U ux cynepno3uuuu Sa+Ssat+Sta+Sqa, OIEHEHHBIX C YYE€TOM HECTAallMOHAPHOCTH
nporecca, B ®uHckoM 3anuBe (a) B TOUKe ¢ KoopauHatamu 59.9° c.., 27.9° B.n. U B
oTKpbITON bantuke (6) B Touke 57.1° c.mr., 19.9° B.a., paccCUMTaHHBIC IO CITy THUKOBBIM
aTbTUMETPUYECKUM JAHHBIM.
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Pucynok 5.14. Cocransitoniue Ce30HHBIX KojeOaHuii ypoBHs Sa, Ssa, Sta, Sqa u ux
cynepno3unusa Sa+Ssa+Sta+Sqa, OlleHEHHBIE C YYETOM HECTAlMOHAPHOCTH MPOIlEcca Ha
rMc Kponmraar

OtMeuaeTcss 3HAUMTEIbHAs MEXKTOJ0Bas M3MEHUYMBOCTb aMIUIMTYIl y Bcex 4-X
KOMITIOHEHT. B oTnenpHBIE TOABI aMIUTUTYABl COCTABIISIIONINX CE30HHBIX KOJeOaHWI
nocturator 20-40 cM u Gozee, B TO BpeMsi KaK B JAPYTHUE TOAbl OHU YMEHBIIAIOTCS JI0
HeCcKoJbKkux caHntuMeTpoB. Ha cr. Kponmraar (pucynok 5.14) camas Ooinbmias
aMILTUTYy1a TapMOHUKH Sa oTMevanack B 1983 r. B 3ToT roa npouzonuio caMmoe 00Jb110€
3a Bcto wuctoputo Cankrt-lletepOypra kommdectBo HaBomHeHwil (10 cmydaeB). Bo
BPEMEHHOM XOJ€ aMIUIUTYJ, COCTaBIISIOMNX Sa, Ssa, Sta, Sqa XOpoIo MpoCcIeKUBaACTCS
aMILTUTYyAHAsE MOAYJIALIMS C IEPUOJAMH OTrMOAIOIIUX BOJIH, MPUOIU3ZUTENBHO, OT 2 10 10
ner. Ha w™oaynsiuuio ce3oHHbIX KosieOaHui ypoBHS bantuiickoro mops Takxke

oOpamanocs BHMMaHue B pabote (Barbosa, Donner, 2016). Psawsl cynepno3uiuu
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rapMoHuk Sa+Ssat+Sta+Sqa, paccuuTaHHBIE TO JaHHBIM CIYTHUKOBOW aJlbTUMETPUHU,
CBHJIETEIBCTBYIOT, UTO B OTKPBITBIX pallOHaX LEHTPAIbHOM 4dacTh (DUHCKOTO 3anvBa
MOABEMBI YPOBHS MOPSI B CE30HHBIX KOJICOAHUSX B OTJIENbHBIE TO/IbI focTuratot 50 cMm, u
UX BEJIMYUHBI 00JIbIIIE, IO CPAaBHEHUIO € OTKpbITOM bantukoii (pucynok 5.13). Ha camom
BocToke DduHckoro 3anuBa (KpoHIITanT) pe3yiabTaThl CKOJIB3SIIETO TapMOHHYECKOTO
aHaju3a MapeorpadHbIX U3MEPEHUN YPOBHS MOPsI MOKA3bIBAIOT €I OOJbIINE 3HAUCHUS
NPEBBILICHUN YPOBHS B CE30HHBIX KoJebaHUsx, gocturaromme 83 cm (pucyHok 5.14).
YuuteiBas 3TU pe3ysbTaThl, U, TO, YTO MAKCUMyMbI CE30HHBIX KOJEOaHUU YPOBHS B
DuHCKOM 3aJIMBE OTMEUArOTCs Beerja oceHbto u 3uMoit (Tep3ues, PoxxkoB, CMupHOBa,
1992; Cheng, Xu, Li, 2018; Ménnikus, Soomere, Viska, 2020; Zakharchuk u np., 2022),
MOKHO C YBEPEHHOCTBIO CKa3aTh, YTO CE30HHBIC KOJICOAHMsI OKA3bIBAIOT 3HAYUTEIIHHOEC
BIUsSIHUE Ha (OPMUPOBAHUE OIMACHBIX MOJBEMOB YPOBHS MOPS BO BPEMs IITOPMOBBIX
HaroHoB B @UHCKOM 3aJIuBe.

Ha pucynke 5.15 mpeacrtaBieHbl BEIMYMHBI JIMHEWHBIX TPEHIIOB MEXTOJIOBBIX
M3MEHEHHUM y aMIUTUTYy rapMOHHMK Sa, Ssa, Sta, Sqa ce30HHbIX KoieOaHMil ypOBHS 3a
nepuoy 1993-2018 rr. MoXHO BUAETH, YTO Ha BCEW aKkBAaTOpUM banTHilckoro Mops HE
OTMEYAETCSl 3HAUUMBIX TPEHIOB B MEXTOJOBBIX U3MEHEHUSAX aMIUIUTY]l FapMOHUK Sta,
Sqa. [Ins rapmoHukM Sa mji1 MHOTHMX PETMOHOB bBanTHKKM BBIIENIAETCS 3HAYUMBIMA
MOJIOKUTEIBHBIA TPEH] ¢ BeJIMYMHAMU OT +1.3 MMm/ron Ha roro-3amajze Mops 10 + 2.2
MM/TOJ B CEeBepHOM dYacTu boTHMYeckoro 3ammBa. J[ms rapMoHUMKM Ssa 3HAYMMBIN
OTPHULATEIBHBIN TPEHJI OTMEYAETCS TOJIBKO JIJIA LHEHTPAIBHOM U F0KHOM YaCTH OTKPBITOU
bantuku, B Jlarckux nponuBax u Karrerare. Ero Benmumunusl BapsupytoT ot -0.3 Mm/roj
B Karrerate no -1.0 mM/ron B otkpbeiToii bantuke. Pe3ynbrarel, mpencraBieHHbIC Ha
pucyHke 5.15, cBuneTenbCTBYIOT, 4TO B niepuod 1993-2018 rr. B @UHCKOM 3aJIMBE HE

OTMCYAJIOCh 3HAYUMMBbIX TPCHAOB B UIBMCHCHHAX COCTABJIAIOIMNX CC30HHBIX KOJIEOaHMHA.
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Pucynok 5.15. BenuuuHbl JUHEMHOTO TPEHAA MEXTOJOBBIX HW3MEHEHHH aMIUIUTY]I
Pa3TUYHBIX COCTABJISIONINX CE30HHBIX KoJieOaHu ypoBHS bantuiickoro Mops 3a nepuos
1993-2018 rr. 3amTpuxoBaHbl PETHOHBI, T]Ie OIICHKU TPEH 14 ObLTH HE 3HAYUMBI.

Ha pucysnke 5.16 npeacraBiieH NpeaBbIYUCICHHBIN €KECYTOYHBIN PsiJl CE30HHBIX
Kojiebanuii ypoBHS Mops B Kponmranre 3a 1971-2019 roasl, Ha KOTOPBI HAHECEHBI
natel HaBogHeHW B Cankt-IletepOypre. Omnenku mokazamu, 4T0 B 95% ciydaes
omacHble MOABEMBI YpOBHS Mops B HeBckoil rybe oTMmedanuch NpH MOJOKUTEIbHON

AHOMAJIMU CE30HHBIX KoJieOaHWil ypoBHS Mopsi. Takum oOpa3om, TMOJyYEeHHbIE

PE3yJIbTaThl, CBUACTCIIbCTBYIOT, YTO MCKIOJOBasA N3MCHYNBOCTh CC30HHBIX KoJIcOaHmi
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YPOBHA MOPA OKa3bIBACT 3HAYUTCIIBHOC BIIMAHUC HA (bOpMHpOBaHI/Ie OITaACHBIX ITIOABEMOB

ypoBHS Ha BocToke DUHCKOTO 3aIuBa.

Pucynok 5.16. IlpeaBblYucieHHBIN pPsSAJ CE30HHBIX KOJICOAHHW YypOBHS MOpS B
Kponmtanare (cunsis nunus) u 1atel HaBoaHeHUH B CankT-IleTepOypre (KpacHbIe TOUKH).
KpacnHast nuHus — HyJ€eBOE 3HaUCHHE.
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SAKVIIOYEHUE

CratucTUdyecKuii aHalu3 IITOPMOBBIX HAaroHOB H  METEOPOJIOTMYECKOMN
uHpopmaruu B paiione duHckoro 3anuBa B mocieaHue aecsaTwiietus XX U MepBbIe
necatuwietus XXI Beka mo3BossieT ¢aienaTh Cleayone OCHOBHBIE BHIBOIBI:

1. TlpemyioxeHHBIA KPUTEPUN BBIACICHUS IITOPMOBBIX HAroHOB IMO3BOJISIET
YUYHUTHIBATh TPOCTPAHCTBEHHYIO U3MEHUUBOCTh UX XapaKTEPUCTHUK.

2. Pe3ynbTaThl OIICHKH MITOPMOBBIX HATOHOB B DUHCKOM 3aJIMBE TIOKA3bIBAIOT, YTO
B 3aBUCUMOCTH OT T'0J1a U MECTOTIOJIOKEHHUS CTAHIIUU, KOJTUYECTBO IITOPMOBBIX HArOHOB,
IPEBBIIAIONTNX 3HAaUeHUE 3G, MeHsieTcs B DUHCKOM 3a7uBe B MIUPOKUX Tpezaenax: ot 0
- 1 cnywaeB Broa 10 16 — 52 cinydaeB. O1eHKH IITOPMOBBIX HATOHOB IO CAMBIM JJIMHHBIM
psgam ypoBHs (=30 neT) CBUAETENBCTBYIOT, UTO, 3a HCKIoueHueMm BriOopra, Ha
OCTAJIBHBIX CTAaHLMIX OTMEUYAETCS OTPULATENIbHBIA TPEHJ B W3MEHEHHHM KOJIMYECTBA
IITOPMOBBIX HArOHOB, KOTOPBIM, OJTHAKO, HE SIBJISIETCS 3HaYMMbIM. CpelHHUE MEepUoabl
IITOPMOBBIX HATOHOB BapbUPYIOTCA OT 6.7 10 9.0 yacoB, a MaKCUMaJIbHBIE IOCTUTAIOT 26
— 96 yacoB. Pe3ynbrarhl aHanm3a METEOPOIOTUYECKON HH(POPMAIIUU, TIPEICTABIICHHbIE B
paboTe, CBHIETEILCTBYIOT O CHIYKEHUH MHTEHCUBHOCTH IMKJIOTeHEe3a B aTMocdepe Haf
bantuiickum MopeM B mnocnenHue aecatwieTus. llo-BuaumMomMy, B MHTEHCMBHOCTH
aTMOC(EpHOTO  IMKJIOTEeHe3a HaJ  bainTukoil  CymIeCTBYIOT  JOJITOTICPUOIHBIC
UKIWYHOCTH, CBSI3aHHBIE C W3MEHEHWSMU KIMaTa ¥ KPYyMHOMAacIITaOHOTO
B3aMMOJICCTBHUS B cHUCTeMe OKeaH-atMocepa B peruone CeBepHON ATIAHTUKHU
(Tep3ues, PoxkoB, CmupHoBa, 1992), koTOpble HAXOJAT OTpPAKEHHUE B MEXKTOJOBBIX
M3MEHEHHUSIX XapaKTepUCTHK IITOPMOBBIX HaroHOoB B bantuiickom Mope.

3. AHaINM3 BEPTUKAIBHBIX MpOQuUiIeH TeMmepaTtypbl U COJIEHOCTH B PUHCKOM
3aJIMBE, MOJYYEHHBIX MO CYJIOBBIM U3MEPEHUSIM B MEpUObl POpMHUPOBaHMS HABOJHEHUN
B HeBckoii ry0e (pucyHok 3.2 u 3.4), moka3bIBaloT, 4YTO, HECMOTPSI HA LITOPMOBOI BETED,
OCEHHE-3MMHIOI0 KOHBEKIIMIO W HWHTEHCUBHOE BETPO-BOJIHOBOE IIEpPEMELIMBAHUE B

3aJIUBE COXpaHsieTcs BblpakeHHas cTpaTudukanus. [lo-BuauMoMy, B TaKUX YCIOBHUSIX
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IpU  YCWJIEHUH TPOLECCOB TYypOyJIeHTHOM Bs3kocTh U Auddy3uu cyOcTaHIUMU
MPOUCXOJIUT 3HAYUTEIBHOE YCUIEHHUE MPOLECCOB aJBEKLUUH TeIjia U coi B OUHCKUIM
3aJIUB U3 OTKpHITOM bantuku, dYTo cmnocoOCTByeT MOAAECPKAHUIO YCTONYMBOM
ctparudukanuu. Ilpu sTOM B moOcnenHHe [ecATUIETHS HaOMI0JAaeTCs YCHIIEHUE
cTpatu(duKalnuy BOJ, CBSI3aHHOE C MOBBILIEHUEM TEMIIEpaTyphbl BO3/1yXa, YBEIUYECHUEM
aTMOC(EpHBIX  OCAJKOB, YMEHBIICHHMEM HWHTEHCUBHOCTHM BETpa HaJ MOpEM,
pPACIPECHEHHEM BEPXHETO KBAa3WOJHOPOJHOIO CJIOSI M YBEJIWYEHHEM COJEHOCTHU
rIyOMHHBIX ¥ npuoHHBIX BoA (Leppéranta, Myrberg, 2009).

4. BapokIMHHBIM XapakTep HU3KOYACTOTHBIX BOJIH, (OPMHUPYIOUIUX OMNacHbIC
NoIbEMBI YPOBHSI MOpsi Ha BOCTOKe (DUHCKOTO 3aliiBa, MOATBEPXKIAETCS aHAITU30M
MHCTPYMEHTAJIbHBIX U3MEPEHUI TEUEHHUI HA aBTOHOMHBIX CTAHIUAX, paOOTaBIINX B TPEX
paiioHax 3ayiuBa. Pe3ynbTarhl 3TOro aHanu3a MoKa3bIBaloT, YTO B IITOPMOBBIX YCIOBHUSX
BO BpPEMSI OTMACHBIX MOIBEMOB YPOBHS MOPS HE MPOUCXOAUT OAPOTPOIU3AIMH TEUCHH,
HA00OpOT, B 3TOT MEPUOJI OTMEYAETCS YBEIMYECHHE MX OApOKIMHHOW KOMIOHEHTHI
(pucyHok 3.8). BeprukanbHas CTpyKTypa BBIIEICHHBIX HAMH OapOKJIMHHBIX TE€YEHHH,
Takas e, KaKk U y BHYTPEHHUX BOJH |- BEPTHKaJbHOW MOJbI: B MOBEPXHOCTHOM H
NPUIOHHOM CJIOSIX OTMEUYAaloTCd MAaKCUMYMbl TEUEHUW, B TIYOMHHOM CIIO€ - OJUH
MUHUMYM (y3€J1 BOJHBI), M C TIOyOMHON OapOKIMHHBIE TEUYECHUS MEHSAIOT CBOU
HarpaBiieHus Ha oOpartHbele. Ha ctanmusax 21 u 20 y3en BepTUKAIBHOW OapOKIMHHOU
Mozbl Habmomaercs B cioe 40-50 M, a misa cranmuu CIIO I'OWH nHa rioybunrax 5-7 wm.
MakcumanbHble CKOPOCTH OapOKIMHHBIX TeueHuid nocturaror 30 - 38 cm/c B
MOBEPXHOCTHOM clioe U 15 - 25 cm/c B mpumoHHOM ciioe. Pe3ynbTaTthl B3aMMHOTO
KOPPEJSIIUOHHOTO aHaldu3a MEXIy YPOBHEM MOpPSi M OapOKIMHHBIMU TEUCHUSIMH,
MOKa3bIBAIOT, YTO BO BpeMs (OpMUpOBaHMs HAaBOAHEHHMH B ycThe HeBbl oTMeuaercs
TECHasl CBSI3b MEXKAY KOJICOAaHWSAMH YpPOBHS MOpS M OapOKIMHHBIMU KOJICOAHUSIMH
TEUCHUM.

5. Bo Bcex Tpéx paitoHax DUHCKOro 3ajavBa BO BpeMs (OPMHUPOBAHUSI OMACHBIX
NOABEMOB YpPOBHA MOpPS MpU YBEJIWYEHUU TIyOMHBI HE OTMEYaeTcsl pa3BopoTa
MTHOBEHHBIX M CPEAHUX 32 5 CYTOK BEKTOPOB CKOPOCTH T€YEHHH IO CIUpaid JDKMaHa,

YTO CBUJIETEILCTBYET O HE3HAUUTEILHOM BKJIAJ1€ YUCTO APEUPOBBIX TeUEHUHN B (DOHOBBIIM
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nepeHoc. Takas OCOOEHHOCTh MOXET OBITh CBsI3aHa C TEM, 4YTO, M3-3a CIOKHOU
MopdomeTpun 6eperoBoit TMHUKU OUHCKOTO 3aliMBa, OONBIINX U3MEHEHHUIN €ro TOHHOU
Tonorpaduu, BEIPA)KEHHON CTpaTU(PUKALMU MOPS U 3HAUYUTEIBHON IMPOCTPAaHCTBEHHO-
BPEMEHHON M3MEHUYMBOCTU CKOPOCTH M HAIPaBJIEHUS BETPA CPABHUTEIBLHO YCTOMYMBHIE
npeiioBbie TEUeHUS, MO-BUAUMOMY, HE ycreBaroT chopmupoBaTbes. M3-3a 3Toro B
IITOPMOBBIX YCJIOBHSIX, MPUBOJAIIUNX K HABOJHEHUSIM B HeBckoll ry0e, OTKIMK BOJIHBIX
Macc Ha BO3JIEWCTBHE aHEMOOApUUECKUX CHJ B JBIKYIIMMCS Hall banTukoil rirybokom
aTMOC(EPHOM IIUKJIOHE SBIISIETCSI HE JIOKAJIbHBIM, KOTJla B KaXKJIOM TOYKE MOps
TreHepUPYIOTCSl SKMAaHOBCKHUE BETPOBBIEC TEUEHUS, a TI00ATBbHBIM, KOT/1a O]l IeHCTBUEM
BO3MYIIAIOIINX CHJI TEHEPUPYIOTCS BBIHYXJICHHbIE HU3KOYACTOTHBIE BOJIHBI, KOTOPBIE B
psge ciay4daeB HWIASCHTU(GUUHPYIOTCS Kak OapOKIMHHBIE TOoNorpaduueckrue BOJIHBI
(3axapuyk, TuxonoBa, 2011). Pacnpoctpansisice nmo ®@UHCKOMY 3aJUBY, 3TH BOJHBI
BBI3BIBAIOT OMACHBIE MTOABEMBI YPOBHS MOPS B €0 BOCTOYHOM YacCTH.

6. PGSYJII)TaTI)I B3aMMHOTI'0O KOPPCILIIUOHHOTO aHAaJIM3a BBIABJIAIIOT OUCHD CIJIO>KHBIN

_)
XapaKTep CTaTUCTUYECKOM CBSI3U MEXK/Ty KacaTelIbHbIM TpeHUeM BeTpa T (t) U TeUeHUsIMU

ﬁ
V' (t) BO BpeMst IITOPMOBBIX HATOHOB, BBI3BIBAIOIINX OMACHBIE TTOILEMBI YPOBHS Mopsi. B

3anaiHoi (ctanums 21) u neHnTpanbHo# (cTanuus 20) yactsx @UHCKOTO 3aJI1MBa BO BpeMs
pacnpocTpaHEeHHs] HU3KOYaCTOTHBIX BOJIH, KOTOPBIE BIUSIOT HA (POPMUPOBAHKE OTIACHBIX
noI5EMOB YPOBHS MOpsi, TEpelada dSHEPrUd OT KacaTelIbHOTO TpPEHHsS BeTpa B

JIBUXKYIIEMCS TIyOOKOM aTMOC(HEpPHOM IMKJIOHE K BOJHBIM MaccaM OCYIIECTBIISETCS

=

%
yepe3 opToroHanbHbie Konebanus T(t) u V(t), a Ha BOCTOKE 3alMBa Ha TEHEPAIMIO

BOJIHOO6paBHI>IX BOSMYIHCHI/Iﬁ TCUCHUN 3HAUYUTEILHOEC BIIMSIHHE OKa3bIBAIOT, KakK

5

KOJUIMHEApHBIE TaK M OPTOTOHANbHBIE M3MeHeHUus T (t). Bpicokue 3HaYeHUS OIEHOK
4 VU

uHBapuantoB 17.°(6,t) u 1, (6,t) B 3TOT MEPHOA CBHUAETENBCTBYIOT O TOM, YTO

HHU3KO4YaCTOTHBIC BOJIHBI, BJIMAIOIIKC Ha OIIACHBIC HOI[’I)éMBI YPOBHA, SABJIAIOTCA

BBIHYKJICHHBIMUA. AHQJIN3 PE3YJbTATOB B3aUMHOIO KOPPEJISLUOHHOTO aHAN3a MEXKIY

-

5
t(t) m V(t) 3a Bc€ Bpemss WH3MEpEHHUH TEUEHUH HE BBIBISIET KaKUX-THOO

3aKOHOMCpHOCTCI71 MCXKAY IICpuoaamMu BBICOKOH Kopp/usinukin W HU3MCHCHHAMU
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HaHpaBJIeHI/Iﬁ n CKOpOCTCfI BCTPOBLIX IIOTOKOB: BBICOKHMC 3HAYCHUA HWHBAPUAHTOB

’Y(6,t) u ryY(6,t) ormeuaroTcs Kak OpU CHIBHBIX, TaK M CIAaOBIX BETpax
1

5
pa3HooOpa3HbIX HampaBieHui. [lo-BUIuMOMY, Ha KOPPEISAIUI0 MEXKTY ?(t) u V(t)
3HAYUTEJIbHOC BIIMSHHUE OKa3bIBAIOT CKOPOCTH JBIIKECHHUS aTMOC(EpPHBIX ITUKIOHOB H
AHTHIIUKIIOHOB.

7. Pe3ynabTaThl CTATUCTHYECKOTO aHAIU3a METEOPOJIOTHYECKOW WH(pOpMAIINH,
MOJyYCHHBIC HAa OCHOBE MWCIIONIb30BAaHHBIX HaMHU METOAMYCCKHUX ITOJXO0J0B, HE
MOJTBEP)KAAIOT THUIIOTE3bl O BIUSHUM MEKIOJOBOM H3MEHYMBOCTH Pa3sHOOOpa3HbIX
XapaKTEePUCTUK aTMOC(HEPHBIX IMKJIOHOB Ha YBEIIMYCHHUE YaCTOTHI IITOPMOBBIX HArOHOB,
BBI3BIBAIOIINX HABOJIHCHHS B ycThe HeBbl B mocnemnue mecstuierus. Eciu Obl poct
KOJINYECTBA OIACHBIX MOJABEMOB YPOBHS Ha BOCTOKe PUHCKOTO 3aiuBa ObUT CBSI3aH
TOJILKO C OIICHEHHBIMM HAMH METEOPOJIOrMYESCKUMHU apaMeTpaMu, Mbl HaOJI01amu Obl
MOJ00HYI0 TEHICHIMIO U B MX U3MeHUHMBOCTH. OJHAKO NPOBEIEHHBIA HAMH aHAJIW3
METEOPOJIOTHUECKUX XAPAKTEPUCTHK IMOKA3bIBACT OTCYTCTBHE 3HAYMMBIX JIMHCHHBIX
TPEH/IOB B U3MEHEHUSIX TITyOMHBI IUKJIOHOB, UX KOJMUYECTBA, TPACKTOPHHA U CKOPOCTEH
UX JBWDKCHHsI, 4YHCIC CIy4acB CHJIbHBIX BETPOB 3alaJHbIX M FOr0-3amajHbIX
HaMpaBJICHUH, a TaKKe HAIMYAE 3HAYMMOTO OTPHUIATEIBHOIO TPEHIa B MEKIOJO0BOM
M3MEHUYUBOCTH MaKCHMYMOB 3THX BETPOB.

OnpoBepKEHUEM TOJIBKO «METCOPOJIOTMUYCCKOW» TMPHUPOJBI  OTMEYAIOIIUXCS
JOJTONICPUOTHBIX TSHICHIINA B N3MCHECHUSAX KOJIMUYECTBA HEBCKMX HABOIHCHHM CITy)KaT
U TIpeJICTaBJICHHBIC B TaOmuIe 5.1 pe3ynapTaThl B3AMMHOTO KOPPEJSIIMOHHOTO aHAN3a
MEXy KOJHMYECTBOM HABOJAHCHHA W Pa3IUYHBIMH XapaKTEPUCTUKAMH JTUHAMUKA
ITUKJIOHOB, OICHEHHBIMHU JJII pernoHa BanTuiickoro Mopsi, KOTOpbIE CBHIIETEIIBCTBYIOT
00 OTCYTCTBHH CBSI3M MEKIY YKa3aHHBIMH ITPOIIECCAMHU.

8. B IpOTHBOIIOJIOKHOCTL pe3yJIbTaTaM B3aWMMHOTO KOPPEISIMOHHOTO aHaln3a
KOJIMYECTBA HABOJHCHHUI U XapaKTEPUCTUK aTMOC(HEPHBIX ITUKJIOHOB, JIUIS Psijia PAiiOHOB
banTmiickoro Mopsi OTMEYaeTcs BBICOKAs KOPPEIALUsS MEXIy YHCIOM OITaCHBIX
MobEMOB YPOBHSI Ha BOCTOKe DWHCKOTO 3aiuBa W HM3MCHCHHSIMH OapOKIMHHBIX

yciaoBuil mops (pucyHok 5.11). Takumu akBatopusiMd B UEHTpaidbHOU bantuke wu
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DUHCKOM 3aJIMBE OKA3AJIMCh PAOH [ 0TIIaHICKOM BIAAUHBI, AKBATOPHUS, IPUJIETAIOLIAS K
I0ro-3anajHoMy mnooepexpio OuHISIHANM, a Takxke paiioH Hapsckoro 3amusa. Ilo-
BUJIUIMOMY, UMEHHO B 3THX palilOHaX CKJIAJIbIBAIOTCS Harbojee 01aronpusTHbIC YCIOBUS
Cpeabl JUIsl TeHepaluy 0apOKIMHHBIX Tomorpaduueckux BOJIH, (POPMUPYIOMIUX OMAaCHBIE
MoABEMBI YPOBHS Ha BOCTOKe DUHCKOTO 3aliiBa. DTU PE3ybTaThl CBUIACTEILCTBYIOT O
TOM, YTO TOJIBKO JIMIIIb MHTEHCUBHOCTH aHEMOOApUUECKUX CHJI B ITYOOKHUX IIUKIOHAX U
U3MEHYMBOCTH JPYTUX HUX MMapaMeTpPOB HEAOCTATOYHO IS BO30YXKICHHUS OMACHBIX
noabEMOB ypoBHsI Mopsi. Kpome 3Tux (pakTopoB Takke O0JIbIlIOE 3HAYCHUE HMEIOT
YCJIOBUSI MOPCKOM Cpejibl, B KOTOPBIX T'€HEPUPYIOTCS M DBOJIOIUOHUPYIOT BOJIHBI
HEBCKUX  HaBOJHEHUW. MexkrogoBas H3MEHUHMBOCTh OApOKIMHHBIX  yCJIOBUH
bantuiickoro mMopsi Oka3bpIBaeT 3aMETHOE BJIUSHHE HA YaCcTOTy OINACHBIX TMOABEMOB
ypoBHsS Ha BocToke DuHCKoro 3anuBa. CUJbl TAHTEHIIUAJIBLHOTO HAIPSHKEHUS BETpa U
TOPU30HTAIBHOTO TPaueHTa aTMOC(EPHOTO JAaBICHUS B TITyOOKUX ITUKIIOHAX BBIBOJSIT
TEPMOJANHAMUYECKYIO CHUCTEMY BalITHKM M3 paBHOBECHOTO COCTOSIHHMSI Ha 4acToTe €€
CcOOCTBEHHBIX KoJieOaHuH, (OpMHUPYST BO3MYIIIEHUE YPOBHS MOPS, pEIaKcalus KOTOpPOro
B HHU3KOYACTOTHOM JHama3oHE YacTOT MPOUCXOAUT B BHAE OapOKIMHHBIX
Tomorpauueckux BOJH, PACIPOCTPAHSAIOMMXCS HA BOCTOK B DuHckuil 3anuB. OHAKO
IUIsl aHOMAJIBHOTO POCTa MX aMIUIUTYAbI, BIUSIOIIETO B KOHEUHOM MTOre Ha OMACHBIN
noabEM ypoBHS B HeBckol ryde, HeoOX0 UMbl OJIaronpusTHbIC OApPOKIMHHBIC YCIIOBHS
OacceitHa. He BbI3bIBa€T COMHEHHUS, YTO HAOJIOAIONIEECS B MOCIIEIHNUE JCCATHUICTUS B
pe3yabpTaTe ro0aJbHOTO MOTEIJIEHUS KIMMaTa yBEIMYeHUE TemnepaTypsl bantuiickoro
MOpsI, BIMSIET U Ha U3MEHEHHE OapOKIMHHBIX YCIOBHM €ro OacceiiHa, KOTOpbIe CTajH,
Mo-BUAMMOMY,  Oojiee  OJNArOmpusiTHBIMU  JJi1  TEHepaluu  OapOKJIMHHBIX
Tomorpauueckux BOJH, (POPMUPYIOMIMX HABOJHEHUS Ha BOCTOKe (DUHCKOTO 3aMBa.
Ota rTUnoTe3a TpeOyeT IOMOJTHUTENbHBIX, Oo0Jiee MOAPOOHBIX HCCIENOBAaHUM C
MPUBJICYEHUEM YHUCIEHHOTO TUIPOAMHAMUYECKOT0 MOACIUPOBAHMUS.

9. Pe3ynbTaThl TapMOHHMYECKOTO aHajdu3a CIYTHUKOBBIX albTUMETPUUECKUX
JAHHBIX U UHCTPYMEHTAJIbHBIX HAOMIOAEHUN 3a ypoBHEM banTuiickoro Mopsi mokasanu
3aMETHYI0 MEXKI0JIOBYI0 HM3MEHUMBOCTH CE30HHBIX KoJjieOaHuil. B oTnenapHble romabl

IMPCBBIIICHUC YPOBHA HAZl €TI0 CPCAHUM 3HAUYCHUCM 3a CUHCT CE30HHBIX KOJICOaHMUI MOXKET
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nocturath 80 cM. Ilo pe3ynbraram aHanmu3a CE30HHBIX KOJIEOAHUN YpOBHS Ha CTaHUUU
["OpHBIII UHCTUTYT BBISBIEHO 4TO B Oojiee yeM B 95 % ciayuaeB HEBCKHME HABOAHEHHUS

MPOUCXOJAT Ha (DOHE MOJIOKUTEIbHBIX AHOMAJUH.
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MPUJIOXKEHHUE A CIUCOK WLIFOCTPALIAI

Pucynok B.1. ITocneacteust HaBoguenus 2011 roga. Jopora bonsmas Mxopa
— Jle6sxbe (Cnesa) ¢poro CyxaueBa B.H., ITapk Cectpopeukue [IyOoxu

(cnpaga), ¢hoto MBanosa I1. (https://ru.wikipedia.org). ......cccccccveeeeeeeiccnniniineennnn.
Pucynoxk 1.1. 3nanne KpoHIITAATCKOTO QYTIITOKA. ..cceevuuvrreeeeriiiiieeeeaiiieeeeeenene

Pucynok 1.2. BennuuHbl 1o16eMOB ypOBHSI MOps B bantuiickoii cucreme BO
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INTRODUCTION

Relevance of the work

Storm surges of sea level are dangerous hydrometeorological phenomena, which in
some cases lead to floods, sometimes catastrophic. In the Gulf of Finland, the eastern part
of the Gulf of Finland is experiencing the greatest damage from dangerous level rises
caused by storm surges. Despite the commissioning in 2011 of the St. Petersburg Flood
Protection Complex (FPC), the problem of dangerous level rises remains urgent for the
districts of St. Petersburg and the Leningrad Region located to the west of the FPC. Here,
during storm surges, coastal areas are subject to flooding, the coastline, the beaches of
the Kurortny district of St. Petersburg, sections of highways are eroded, damage is caused
to economic facilities built in the coastal strip (Figure I.1). According to Klevanny's
estimates, based on numerical experiments with a hydrodynamic model, after the closure
of the FPC alignments, an additional rise in sea level to the west of the dam ranges from

3 to 10%.(Klevanny, Kolesov, Mostamandi, 2015)

Figure I. 1. The aftermath of the 2011 flood. Bolshaya Izhora-Lebyazhye road (left) photo
by V.N. Sukhachev, Sestroretsky Dubki Park (right), photo by P. Ivanov
(https://ru.wikipedia.org).

Of great concern are the possible consequences for the Baltic of global sea level rise.
The results of the analysis of satellite altimetry information show that the average increase
in sea level for the period 1993 - 2021 s 3.51 mm/year

(https://www.aviso.altimetry.fr/en/news). Estimates of linear trends in changes in the


https://ru.wikipedia.org/
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level of the Baltic Sea, made on the basis of the analysis of satellite altimetry information
for the period 1993-2015, indicate that the sea level in the Baltic Sea is growing faster
than in the World Ocean: on average, its growth in the sea area is 4.0 mm/year, and for
the Gulf of Finland - up to 5.5 mm/year (Madsen et al., 2019). These estimates indicate
an increase in the likelihood of storm surge events in the Gulf of Finland. The results of
the latest paleoclimatic studies published in the work (Dutton et al., 2015) show that 125
thousand years ago the air temperature was the same as now, but the sea level then
exceeded the present by about 6 m. The authors suggest that the melting of the Earth's ice
sheets is late relative to global warming, and over time, if the present warming continues,
the ice sheet of our planet will begin to melt more actively and sea level can rise to 6 m,
as well as 125 thousand years ago. It is clear that such a scenario will be accompanied by
the flooding of huge areas of the Baltic states. Prognostic estimates of Finnish researchers
show that in the future in southern Finland, eustatic sea level rise will exceed the impact
of the opposite process of land rise (Lepparanta and Myrberg, 2009).

A group of American researchers, using the theory of extreme values to the available
information about the rate of sea level rise and floods, predicted that by 2050 the sea level
near most coastal areas will increase by 10-20 cm, and the frequency of floods will
increase by 2 times (Vitousek et al., 2017).

The noticeable increase in the number of storm surges in the open Baltic and the
Gulf of Finland (Wolski et al., 2014), which has been observed in recent decades, does
not yet find a representative scientific explanation for its causes. The currently established
ideas about the main mechanism of floods at the mouth of the Neva, associated with the
combined effect of a storm surge and a long gravitational wave, the amplitude of which
increases sharply as a result of resonance with anemobaric forces, look limited against
the background of modern theoretical studies of the dynamics of low-frequency waves,
and, in particular, gradient-vortex waves.

In the 2nd half of the twentieth century, special field experiments were carried out
in the east of the Gulf of Finland to study the variability of hydrological characteristics
during dangerous sea level rises (Mikhailov, 1964; Mikhailov, 1966). The analysis of the

data obtained in the framework of these experiments made it possible to draw conclusions
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about the homogeneity of the vertical structure of currents during dangerous sea level
rises and about the justification of using the system of "shallow water" equations for the
hydrodynamic forecast of Neva floods. However, the assessment of the vertical structure
of currents in the eastern part of the Gulf of Finland was carried out by Y.D. Mikhailov
according to their measurements on only 2 horizons, and the upper meter at buoy stations
was placed on the horizon 14 m from the sea surface. It is clear that such a rough
resolution of measurements of flows vertically does not make it possible to accurately
assess their vertical structure.

In recent decades, measurements of oceanological characteristics have been made
with the help of new, more representative instrument complexes, a variety of satellite
information, data from reanalyses of meteorological and hydrophysical fields have
become available to a wide range of users; Methods of statistical analysis of
hydrometeorological information, numerical hydrodynamic modeling of marine areas
have been significantly developed, which makes it possible to study and identify the
processes that determine storm surges in the Gulf of Finland at a new, more representative
level.

The main purpose of the dissertation is to evaluate the statistical characteristics of

storm surges in the Gulf of Finland of the Baltic Sea, the features of the variability of the
thermohaline structure and currents during their formation, as well as to investigate the
causes and mechanisms of interannual changes in storm surges in modern climatic
conditions.
To achieve the goal, the following tasks are solved:
1. To substantiate the criterion for the allocation of storm surges in the series of tide
gauge measurements of sea level.
2. To identify, on the basis of the proposed criterion, storm surges in the series of sea
level and evaluate their statistical characteristics.
3. To investigate changes in the thermohaline structure and currents in the Gulf of

Finland during the formation of dangerous sea level rises caused by storm surges.
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. To assess the features of the statistical relationship between dynamic processes in
the Gulf of Finland and the variability of the tangential friction of the wind during
storm surges.

. To investigate the influence of various hydrometeorological processes on the

interannual variability of storm surges in the Gulf of Finland.

Scientific novelty of the work

. A criterion for the allocation of storm surges is proposed, taking into account the
spatial variability of their intensity, with the help of which storm surges in the Gulf
of Finland are identified and their statistical characteristics are evaluated.

. Based on the analysis of data from oceanographic stations and reanalysis of
hydrophysical fields, the features of the temporal variability of the thermohaline
structure of the waters of the Gulf of Finland during the formation of storm surges
causing dangerous sea level rises are investigated.

. Using the analysis of ADCP data and the results of numerical hydrodynamic
modeling, the comparative contribution of the barotropic and baroclinic components
to changes in total currents during storm surges in the Gulf of Finland was estimated.
. The features of the nonstationarity of the statistical relationship between the
tangential friction of the wind and the characteristics of water dynamics during storm
surges causing dangerous sea level rises are investigated.

. A significant contribution of seasonal level fluctuations to the interannual variability
of the number of storm surges in the Gulf of Finland was revealed: in 95% of cases,
the events of the Neva floods in the period from 1971 to 2018 occurred during a
positive anomaly of seasonal changes in sea level.

. It 1s shown that the observed decrease in the number and intensity of storm surges
in the Gulf of Finland in the late twentieth and early twentieth centuries is in most

cases associated with a decrease in cyclonic activity in the atmosphere.
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Provisions to be defended:

1. Estimates of the interannual variability of the statistical characteristics of storm
surges in the Gulf of Finland, identified using the proposed criterion.

2. The main regularities of the variability of the thermohaline structure and currents
during the formation of storm surges that cause dangerous sea level rises in the Gulf
of Finland.

3. Estimates of the nonstationarity of the statistical relationship between the
characteristics of water dynamics and the tangential friction of the wind during storm
surges.

4. The main mechanisms of interannual variability of the characteristics of storm

surges in the Gulf of Finland in the late twentieth and early twentieth centuries.

Practical significance

The results of the work were included in the materials of the reports on the topics of
the R&D plan of Roshydromet:

1.5.4.3. "Study of the regime and climatic characteristics of the waters of the World
Ocean, seas and sea mouths of the rivers of Russia, including the polar regions of the
Earth" (2011-2013).

1.5.1.2 "Develop models and create technologies for diagnosing and predicting
currents and levels in the seas of Russia with details in offshore zones" (2014-2016).

1.5.3.5. "Assessment of hydrometeorological and ice conditions of the seas of Russia
and development of annual and quarterly reviews of the current state of the seas of Russia"
(2014-2016).

1.5.3.8 "On the assessment of the variability of hydrometeorological characteristics
of the Baltic Sea for the period from 1979 to 2013" (2014-2016).

1.5.2.1 Overview of conditions and trends in the development of
hydrometeorological processes in the Baltic Sea in 2018, including hydrological hazards

(2017-2019).
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1.5.2.3 "Assessment of the characteristics of anomalous hydrological processes in
the Baltic Sea using statistical analysis of contact, satellite information and results of
numerical hydrometeorological modeling" (2017-2019)

4.6.7 "ldentification and forecast of negative trends in modern changes in
hydrological processes caused by a changing climate and increasing anthropogenic
impact (on the example of the Baltic Sea)" (2020-present)

4.6.8 "Development of recommendations for the development of the flood protection
system in St. Petersburg" (2020-present)

The results can be used:

- in the work of federal and regional executive authorities to plan and implement
measures to ensure the achievement of sustainable development goals in the coastal
waters of the Gulf of Finland and the Baltic Sea;

- in the work of territorial and strategic planning bodies to assess possible changes
in the natural environment and climate in the Gulf of Finland region in order to plan
adaptation measures to climate change and implement the National Adaptation Action
Plan.

- in the design and construction of hydraulic structures, transportation of goods in
the waters of the Gulf of Finland, as well as to provide state bodies and the population of
St. Petersburg and the Leningrad Region with information on the state of
hydrometeorological conditions in the Gulf of Finland region of the Baltic Sea.

- in the work of structural subdivisions of the Directorate of the Complex of Flood

Protection Structures of St. Petersburg (FPC)
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Approbation and publication of results
The results of the work were reported at Russian and international conferences, final
sessions of the Federal State Budgetary Institution "SOI" and the Secondary Vocational
Education of the Federal State Budgetary Institution "SOI", at working seminars,
meetings of the Academic Council of the State Oceanographic Institute and at the
certification of graduate students. The results were presented in the form of oral and poster

presentations.

The scientific results of the work are published in 1 monograph, 18 articles in
periodicals, including 10 works in publications indexed in WOS and Scopus, as well as
in materials and abstracts of reports of Russian and international conferences:

List of publications in refereed scientific journals (WoS and Scopus)

1. E.A. Zakharchuk, V.N. Sukhachev. On the issue of identifying the waves of the Neva
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2. E. A. Zakharchuk, A. S. Kudryavtsev, V. N. Sukhachev. On the resonance-wave
mechanism of the Great Baltic Floods — Meteorology and Hydrology, 2014, No. 2,
pp. 56-68.

3. E. A. Zakharchuk, V. N. Sukhachev, N. A. Tikhonova. On the possible reasons for
the increase in the frequency of the Neva floods in recent decades - Meteorology and
Hydrology, 2015, No. 1, pp. 86-95.

4. E. A. Zakharchuk, V. N. Sukhachev, N. A. Tikhonova Statistical structure of
synoptic-scale currents in the area of the continental slope of the Laptev Sea and
features of their generation under the influence of anemobaric forces, Oceanology,
2016, vol. 56, no. 5, pp. 1-18.

5. N.A. Tikhonova, V.N. Sukhachev Wave interpretation of the great Baltic floods,
Meteorology and Hydrology, 2017, No. 4, pp. 67-79.

6. E.A. Zakharchuk, V.N. Sukhachev, "The use of satellite altimetry information to
assess the features of the generation of perturbations of the synoptic scale under the

influence of tangential friction of the wind in the system of the Baltic and North Seas"
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1. EXISTING IDEAS ABOUT THE MECHANISMS OF STORM SURGES IN
THE GULF OF FINLAND OF THE BALTIC SEA

The term storm surge has different definitions in the scientific literature. For
example, K. Bowden defines a storm surge as a disturbance of sea level caused by
meteorological causes relative to the surface curved by the tide (Bowden, 1988). In the
International Hydrological Dictionary (International Glossary of Hydrology, 1992),
storm surge is sea level rise caused by the passage of a center of low atmospheric pressure.
Gonnert (Gonnert et al., 2001) considers storm surge as fluctuations in the water level in
the coastal zone, lasting from a few minutes to several days, and resulting from the impact
of atmospheric pressure systems on the sea surface. Pugh and Woodworth (Pugh and
Woodworth, 2014) understand this phenomenon as level rises, which are caused by strong
winds and low air pressure that occur during storms.

In the marine encyclopedic reference book, storm surge is defined as a rise in sea
level off the coast as a result of the action of strong winds and the static effect of
atmospheric pressure during the passage of a cyclone, and, further, it is specified that,
depending on the configuration of the coastline, the prevailing depths in the coastal zone
and the phase of the astronomical tide, the total rise in the level during a storm surge can
reach 7 m or more, which leads to catastrophic flooding on the coast (Isanin, 1986).

Horsburgh (Horsburgh et al., 2021) defines storm surge as sea level rise caused by
low atmospheric pressure and strong winds, which, combined with the Earth's rotation,
move water toward the coastline.

These definitions do not fully take into account the multifactorial nature of the
storm surge. The name of this dangerous natural phenomenon indicates that the process
of a significant rise in sea level occurs during a storm. However, the duration of one storm
in the northern Baltic ranges from 3.5 to 9 hours, and in the southern - from 3 to 10 hours
(Terziev, Rozhkov, Smirnova, 1992), while, for example, the duration of storm surges off
the coasts of Germany and Poland varies from 11 to 117 hours (Sztobryn et al., 2005).

Such discrepancies in the duration of storms and storm surges are explained by the fact
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that under the influence of tangential friction of the wind in a deep cyclone moving over
the sea, not only intense wind currents are excited, which, with a surge wind direction,
carry significant masses of water to the shore and, together with the static effect of
atmospheric pressure, lead to a significant rise in the level in the coastal zone.
Anemobaric forces in a cyclone also excite long waves, on the crest of which the wind
surge of sea level is superimposed (Averkiev, Klevanny, 2007; Zakharchuk, Sukhacheyv,
Tikhonova, 2020; Zakharchuk, Tikhonova, 2011; Labzovsky, 1971). During the
formation of storm surges, long waves propagate from west to east of the Gulf of Finland
at speeds from 4.5 to 11.2 m/s and have periods from 25 to 41 hours (Zakharchuk,
Sukhachev, Tikhonova, 2020; Zakharchuk, Tikhonova, 2011). In the work of Zakharchuk
and Tikhonova (Zakharchuk, Tikhonova, 2011), it was shown that not always the long
waves that cause floods in the east of the Gulf of Finland had the characteristics of free
barotropic gravitational waves; In a number of cases, they have been identified as
topographic waves (Zakharchuk, Tikhonova, 2011). The results of numerical experiments
on a three-dimensional hydrodynamic model of the Baltic Sea indicate that due to the
significant closure of the sea and the rotation of the Earth, long waves that cause
particularly dangerous sea level rises in the Gulf of Riga and the Gulf of Finland during
storm surges are transformed into progressive-standing waves with a pronounced
amphidromic system with a node in the area of the Gotland Trench and antinodes in the
east of the Gulf of Finland, in the Gulf of Riga and in the southwest of the Baltic
(Zakharchuk, Sukhachev, Tikhonova, 2020). In the Gulf of Finland, according to
numerical experiments, the translational wave motion of water masses prevails during a
storm surge (Zakharchuk, Sukhachev, Tikhonova, 2020). Moving to the top of the Gulf
of Finland, the long wave is constantly increasing in height due to a decrease in the cross-
sectional area of the bay. Laboratory experiments of M.S. Hrushevsky showed that a free
wave propagating along the Gulf of Finland increases its height in the Neva Bay by 3 -
3.5 times (Hrushevsky, 1954). Numerical experiments on a hydrodynamic model show
that a long wave, in the absence of disturbing forces, propagating through the Gulf of
Finland, increases its height by only 40 - 50% (Averkiev, Klevanny, 2007). Another

important factor influencing the dangerous level rises in the Gulf of Finland during storm
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surges 1s the resonance between the anemobaric forces in the atmospheric cyclone and
the natural oscillations of the Baltic Sea (Kulikov, Medvedev, 2013; Labzovsky, 1971).
According to theoretical studies, any sea basin is characterized by a set of natural
frequencies of barotropic and baroclinic oscillations, which are divided into two main
classes (Le Blon, Mysek, 1981). Self-oscillations of the 1st class are long gravitational
waves, which are longitudinal waves. Natural oscillations of the 2nd class are gradient-
vortex waves, the most famous and studied representatives of which are Rossby waves
and topographic waves (Le Blon, Mysek, 1981). These are predominantly horizontal-
transverse wave motions, which are generated only at frequencies lying below the inertial
frequency (Pedlosky, 1979).

When the velocity of atmospheric cyclones coincides with the phase velocity of
free waves generated at the natural frequencies of the Baltic Sea, a resonance
phenomenon occurs, which leads to a particularly strong increase in altitude by the
wavelength and the associated rise in the level. According to N. A. Labzovsky's estimates
(Labzovsky, 1971), the phenomenon of resonance in the Gulf of Finland is possible at
atmospheric cyclone velocities of 15 - 21 m/s. According to the results of numerical
hydrodynamic modeling, extreme level rises in the eastern part of the Gulf of Finland are
formed at lower cyclone speeds (12 - 15 m/s) (Averkiev, Klevanny, 2007).

The results of numerical experiments on the hydrodynamic model show that the
main force that excites dangerous level rises in the east of the Gulf of Finland during
storm surges is the force of tangential wind stress, the contribution of which is 69%. The
influence of the force of the horizontal gradient of atmospheric pressure and its static
effect does not exceed, respectively, 15% and 16% (Averkiev, Klevanny, 2007).

Thus, the process of storm surge formation is associated with the combined
influence of several factors, the contributions of which to the total sea level rise during
the storm surge may differ in each case.

In this paper, we will understand storm surges as significant rises in sea level in the
coastal zone, caused by the total effect of the Earth's rotation, the forces of tangential
friction of the wind, the gradient of atmospheric pressure and its static effect in a deep

cyclone and the long wave, which is generated under the direct influence of anemobaric
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forces or as a result of the resonance of these forces with the natural oscillations of the
sea basin.

Sea level storm surges are dangerous hydrometeorological phenomena due to the
fact that in some cases they lead to floods, sometimes catastrophic. Storm surges cause
the greatest damage in the eastern part of the Gulf of Finland, where they cause dangerous
sea level rises, during which significant damage is caused to coastal infrastructure.

Historically, it is customary to refer to dangerous level rises that cause flooding in
St. Petersburg as exceeding 160 cm the level above zero of the Kronstadt footstock (Fig.
1.1), which is taken as the average long-term position of the water surface of the Baltic
Sea at the Kronstadt hydrometeorological post (Kotlin Island). With such rises in sea
level, the waters of the Neva River overflow their banks, and flooding of urban areas
occurs in St. Petersburg. From the very beginning of construction of the city of St.
Petersburg, its inhabitants faced the danger of flooding urban areas. Two months after the
foundation of the city on August 19, 1703, the flood interrupted construction work,
smashed part of the forest and building materials, turning the military camp, located on

the border of the Petrograd and Vyborg sides, into an impassable swamp.

Figurel.1 The building of the Kronstadt footstock.
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In some cases, floods at the mouth of the Neva turned into a real natural disaster
for its inhabitants with human casualties. Thus, the catastrophic flood of 1824, in which
the water rose by 421 cm relative to the zero of the Kronstadt footstock, cost the city
about 4000 human lives (Figures 1.2 and 1.3). During this flood, 324 buildings were
destroyed, 3257 buildings were damaged and about 3600 heads of cattle died. Historical
data show that earlier extreme sea level rises occurred at the mouth of the Neva, exceeding
even the above (Kondratovich, 1993). So, in 1300 y., judging by the chronicles, the level
rose above the ordinary by more than 500 cm (Ilyina, Grakhov, 1978).

The first reliable information about the Neva floods dates back to the beginning of
the XVIII century, when episodic level measurements began to be made in the eastern
part of the Gulf of Finland during the construction of St. Petersburg (1703 y.) and the
Kronstadt fortress on Kotlin Island. At this time, the first footstock was installed in St.
Petersburg - a permanent water measuring rail with divisions, designed to directly
measure the water level, and in 1707 - a foot service was organized on the island of Kotlin.
Sea level measurements were necessary for the safe navigation of the ships of the young
Russian fleet in the shallow waters of the Gulf of Finland and the mouth of the Neva
region, as well as for the construction of defensive structures on Kotlin Island. During
this period, in the area of the Neva Bay and the Gulf of Finland, more than 30 water
observation points operated at different times. Regular urgent (3 times a day) observations
here have been started since 1806. At the end 1897 y. a level recorder was installed at the
water measuring post near the city of Kronstadt and, starting from 1898 y., there are data

on hourly sea level values for this item.

Figure 1.2. Magnitude of sea level rises in the Baltic system during floods. The red color
indicates the sea level values recorded on the dam after the commissioning of the FPC.
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Figure 1.3. Water level marks in the Peter and Paul Fortress during catastrophic floods in
St. Petersburg.

The history of the study of the St. Petersburg floods remembers various
interpretations of the mechanisms of their formation. At the end of the XVIII century,
Academician Kraft (Kraft, 1780), on the basis of the materials of field observations
collected by him, came to the conclusion that the main cause of floods is the western and
southwestern winds that catch up with water from the sea into the Neva Bay. Kraft
considered the second reason to be the effect of tidal forces on level fluctuations at the
mouth of the Neva. Later, on the basis of theoretical and empirical studies of tides, it was
shown, that their impact on the extraordinary level rises in the eastern part of the Gulf of
Finland is negligible, due to the relatively small size of the sea, its considerable isolation
and limited connection with the Atlantic Ocean.

In the XIX century, academicians Berch (Berch, 1826) and Schubert (Schubert,
1877) supported the opinion about the formation of floods by the flow of the Neva River,
which, with strong westerly winds, cannot overcome their pressure and pour its waters

into the Gulf of Finland. However, this assumption was refuted by subsequent
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measurements of the level during floods, which showed the presence of its reverse slope
(a decrease 1n the level during floods from the Neva Bay towards the Neva riverbed).

At the very end of the XIX and the first half of the XX century, the wave
interpretation of the Neva floods, first proposed by M. A. Rykachev (Rykachev, 1898),
and, later, developed in the works of V. Y. Viese (Visas, 1925); S. A. Sovetova (Soviets,
1933); V. A. Berg (Berg, 1935). The classical difference between waves and non-wave
oscillations is explained by the presence of orbital motions of water particles with a
corresponding propagation in space of the waveform, without mass transfer, which is not
typical of other types of oscillatory movements. The emergence of the wave interpretation
of floods was associated with the results of the analysis of instrumental measurements of
sea level in various coastal points of the Baltic Sea, the network of which was constantly
increasing. It was observed that before floods, the maximum disturbance of the level in
the coastal zone moves from the south to the north of the open Baltic, and then enters the
Gulf of Finland and spreads along it, significantly increasing in amplitude due to a
decrease in its cross-sectional area, sometimes to dangerous and catastrophic sizes.

On the basis of such observations, a hypothesis was made about the progressive
nature of the wave that forms floods at the mouth of the Neva. By the difference in the
time of arrival of the maximum in neighboring points, the speed of propagation of the
progressive wave in different parts of the coast was estimated. Table 1.1, taken from
Makrinova's work (Makrinova, 1954), presents the velocities of wave propagation
estimated by the above method in various parts of the Baltic Sea coast during the
formation of a catastrophic flood in the Neva Bay in September 1924. It can be clearly
seen that these speeds vary widely from 4 to 50 m/s. Since up to the 2nd half of XX
centuries, among the various types of ocean long waves, only gravitational waves were
known, the desire of researchers of those years to identify the waves of the Neva floods
as long gravitational waves becomes understandable. Theoretical estimates of the phase
velocities of long gravitational waves for the average depths of the open Baltic (59 m)
and the Gulf of Finland (29 m), performed according to the well-known formula
C=(gH)"?, where H is the depth of the sea, g is the acceleration of gravity, are 24 and 17

m/s, respectively, shows that in some parts of the coast the velocities of propagation of
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the wave forming the flood are really close to the theoretical phase velocity of long
gravitational waves, and in others they differ several times from that. Overestimated
empirical estimates of the flood wave, relative to their theoretical values, were explained
by the fact that in the western part of the Gulf of Finland, due to the greater depth at the
southern coast than at the north, the wave front was located not across the bay, but at an
angle, and the wave propagation along the southern coast was ahead of its propagation

along the northern shore (Hrushevsky, 1954; Makrinova, 1954).

Table 1.1. Estimates of the speed of wave propagation in different parts of the Baltic
coast, which formed a catastrophic flood in Leningrad on September 23, 1924
(Makrinova, 1954).

Station Distance Wave Peak Transit Time Wave velocity,

km Date & Interval from Ystad, hours m/s
Hours
Ystad 0 22.09 20:00 0 16.7
Kungsholm 120 22.09 22:00 2 23.9
Landsort 550 23.09 03:00 7 19.4
Stockholm 620 23.09 04:00 8 4.4
Degerbi 700 23.09 09:00 10 9.2
Hanko 800 23.09 12:00 16 50.0
Tallinn 890 23.09 12:30 16:30 16.7
Helsinki 920 23.09 13:00 17 13.9
Leningrad 1220 23.09 19:15 23:15

On the basis of the above observations and assessments, the interpretation of the
waves of the Neva floods as progressive long gravitational waves has been established
among many researchers for a whole century, up to the present day, without being
questioned.

In parallel with this hypothesis, in the first half of the XX century, there was a point
of view that the cause of the Neva floods could be standing fluctuations of water (seiches)
in the open Baltic - Gulf of Finland system (Dubov, 1937; Ivanov, 1946). Seiches are
called free damped fluctuations of sea level in closed or partially limited water bodies,
occurring by inertia after the cessation of the perturbing forces in the form of standing
gravitational waves with the frequencies of natural oscillations of the basin (Gruzinov,
1973; Demenitskaya, 1974; Labzovsky, 1971). The simplest type of seich¢ — when the

water level rises at one edge of the pool, at the same time, dropping at the other edge. In
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the middle of the basin there is a nodal line, along which there are no fluctuations in the
level, and water particles move only horizontally. This type of seiché is called single-
node. A two-node seicha is a seicha that has two nodal lines. Seiches are also multi-node
- three, four or more nodes. A specific feature of the siché is the simultaneity of the
oscillation phase at all points of the basin with its abrupt change by 180° in the nodal
zone.

References to seiches in the Baltic Sea were usually made on the grounds that when
the water level rises in one section of the Baltic Sea or the Gulf of Finland in question,
there is a low sea level at their opposite ends. However, this feature is not sufficient to
identify level fluctuations as a seiche. In this regard, V. P. Dubov (Dubov, 1937) resorted
to laboratory modeling of hydrodynamic processes developing in the Baltic Sea and the
Gulf of Finland. He received four different systems of siches - from one to four nodes,
and had the following periods of oscillation: single-node siché - 48 hours, two-node - 30
hours, three-node - 24 hours, four-node - 8 hours.

The results of Dubov's laboratory studies had a great influence on the direction of
thought of a number of researchers engaged in the search and study of seichet oscillations
in the Baltic Sea. Some of them even began to consider the seiches the main cause of the
Neva floods (Ivanov, 1946; Skornyakov, 1948).

The seiches of the Baltic Sea were also studied by the German scientist Neumann
(Neuman, 1941). According to his studies of the amplitudes, the seiches in the eastern
part of the Gulf of Finland are very small and usually do not exceed 10 cm and only in
exceptional cases reach 40 cm.

In the works of a later period, based on the results of laboratory and numerical
hydrodynamic modeling, the authors come to the conclusion that there is an insignificant
influence of seiches on the formation of dangerous and catastrophic level rises at the
mouth of the Neva (Hrushevsky, 1954; Labzovsky, 1971; Piaskovsky, Pomeranets,
1982).

At present, according to modern ideas based on empirical and theoretical studies,
the Neva floods are a complex multifactorial process. It is believed that dangerous rises

in the level in the Neva Bay, leading to floods, are formed as a result of a superposition
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of sea level fluctuations of different time scales: mesoscale, synoptic, seasonal, perennial.
The predominant contribution to the formation of the Neva floods is made by mesoscale
fluctuations in sea level with characteristic periods of about one day (Antonov, 2001;
Nezhikhovsky, 1981; Summary scientific and technical report on topic 176 "Method of
forecasting the Leningrad floods, 1966), caused by anemobaric forces in deep cyclones
moving over the Baltic Sea (Averkiev, Klevanny, 2009; Hrushevsky, 1954; Labzovsky,
1971; Piaskovsky, Pomeranets, 1982). Their contribution to total sea level rises during
floods is estimated (Zakharchuk, Tikhonova, 2011) to be as high as 73%.

The article (Zakharchuk, Tikhonova, 2011) expressed doubts about the only
possible identification of the waves of the Neva floods as long gravitational, since,
according to theoretical concepts, these waves on the rotating Earth can be generated only
for periods less than the inertial one (Pedloski, 1984). The period of inertial oscillations
for the latitude of St. Petersburg is 13.86 hours, while the characteristic periods of the
Neva floods are 24 - 30 hours, and the maximum - 70-75 hours (Antonov, 2001;
Nezhikhovsky, 1981; Summary scientific and technical report on topic 176 "Method of
forecasting the Leningrad floods, 1966), that is, they are 2-5 times longer than the period
of inertial oscillations. The only kind of gravitational waves that can be generated for
periods longer than the inertial wave are Kelvin waves - long gravitational waves captured
by the coast (Le Blond, Maisek, 1981; Pedloski, 1984). The capture of the wave energy
of these waves in the oceans and seas is associated with the combined effect of the
presence of a lateral boundary and the rotation of the Earth. However, according to the
work (Pedloski, 1984), for the existence of Kelvin waves at low frequencies, for which
o<<f(where o is the frequency of the wave, fis the Coriolis parameter, f = 2Qsin0, €, is
the angular velocity of the Earth's rotation, 0 is the latitude of the place), the inequality
must necessarily be met

kRy < 1, (1)
JgH

where £ is the wave number, R is the outer radius of Rossby's deformation, Ry = R

That is, the wavelength should be much greater than R,. In the work (Zakharchuk,

Tikhonova, 2011) on the basis of Fourier analysis of synchronous sea level measurements
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at continental and island stations of the eastern part of the Gulf of Finland, it was shown
that during periods of formation of dangerous sea level rises, flood wavelengths vary from
452 to 1400 km. Thus, for the Gulf of Finland, inequality (1) is not fulfilled - the
wavelengths of the Neva floods are comparable to R, which for the average depth of the
bay is 29 m, equal to 839 km. Therefore, it is unlikely that the low-frequency waves that
cause floods at the mouth of the Neva can be associated with the Kelvin wave.

Taking into account that the characteristic periods of flood waves are longer than
the period of inertial oscillations estimated for the latitude of the Gulf of Finland, their
characteristics were compared in the work (Zakharchuk, Tikhonova, 2011) with the
theoretical dispersion relations of various types of gradient-vortex waves (Belonenko,
Zakharchuk, Fuchs, 2004; Tareev, 1974; Fuchs, 2005). The comparison made it possible
in some cases to identify the waves of the Neva floods as baroclinic topographic waves.
Based on the results of numerical hydrodynamic modeling and analysis of meteorological
information, it was shown that these waves are generated as a result of resonance between
anemobaric forces in deep atmospheric cyclones and intrinsic low-frequency oscillations
in the Gulf of Finland — open Baltic system, and are identified as free topographic waves
(Belonenko, Zakharchuk, Fuchs, 2004). Such a resonance is carried out when the
velocities of deep atmospheric cyclones become equal phase velocities of free
topographic waves (Zakharchuk, Tikhonova, 2011). During resonance, stimulated
topographic waves are generated, the amplitude of which increases especially strongly.
Spreading to the east of the Gulf of Finland, these waves make, in many cases, a decisive
contribution to the formation of floods in the Neva Bay.

The observed trend of increasing the number of floods in St. Petersburg, as well as
the existing gaps in our knowledge about their nature, reveal the need to continue studying
this dangerous natural phenomenon, to clarify the mechanisms of its occurrence and, on

their basis, to develop new, more accurate predictive models.
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2. ISOLATION OF STORM SURGES AND DESCRIPTION OF THEIR
STATISTICAL CHARACTERISTICS

Storm surges cause the greatest damage in the Gulf of Finland to St. Petersburg and
the Leningrad Region, causing, in many cases, floods. Until 1982, the criterion for the
allocation of floods in Leningrad was considered to be a level of more than 150 cm
relative to the ordinary, which was taken as the average long-term water level in the Neva
in the area of the gauging station at the Gornii Institute. Currently, floods in St. Petersburg
are usually attributed to rises above 160 cm relative to the zero of the Kronstadt footstock
(or zero of the Baltic system of heights), for which the average long-term position of the
water surface of the Baltic Sea at the gauging station in Kronstadt is taken. The statistical
information accumulated at the St. Petersburg Center for Hydrometeorology and
Environmental Monitoring of the North-West Department of the Hydrometeorological
Service makes it possible to obtain information on the dates, magnitude and duration of
dangerous sea level rises in St. Petersburg caused by storm surges. From Figure 2.1 and
Table 2.1, it follows that from 1703 to 2011 in St. Petersburg there were 311 cases of
floods. Of these, 234 are dangerous (160 — 210 cm), 71 are especially dangerous (211 —
300 cm) and 3 are catastrophic (more 301 c¢cm). The maximum rise in the level at the
mouth of the Neva was observed during the flood of November 19 (7), 1824 and
amounted 421 cm to zero of the Baltic footstock. According to the calculations of the
specialists of the Lenhydroproject Institute, the rise in the water level at the mouth of the
Neva can reach 4.87 m. with a probability of 1 time in 1000 years, and 5.40 m. 1 time in
10000 years.

Of the 311 floods recorded, 237 or 76% occurred between September and
December, that is, in autumn and early winter. In the winter months (January-March), 45
floods (15%) were noted, in spring and summer (April-August) - 26 cases (9%). This
distribution of floods during the year is explained by seasonal changes in the intensity of
cyclonic activity in the atmosphere, and in winter, in part, by the development of ice

cover.


http://www.meteo.nw.ru/articles/index.php?id=590
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Figure 2.1 shows the distribution of the number of floods by year, from 1703 to
2011. From the results shown in Figure 2.1, it follows that in the XVIII century there were
75, in the XIX - 77, in the XX - 138 floods, and in the first half of the XX century - 57,
and in the second - 81 floods. As can be seen, in the XX century, their frequency increased
dramatically. For 11 years of the new millennium, 22 floods occurred before the

commissioning of the FPC.

Figure 2.1. Distribution of cases of Neva floods by year.

The accumulated data on floods at the mouth of the Neva show that the rate of rise,
the duration of standing at a high level (more 160 cm BS) and the rate of decline
significantly depend on the height of the level rise during the flood: at a height of 150-
200 cm, the average speed of ascent is 20 - 25 cm/h, the average rate of fall is 15 - 20
cm/h; At higher levels 200 cm, the lifting speed increases to 25-30 cm/h, and the drop
rate to 20-25 cm/h (Antonov, 2001; Summary scientific and technical report on topic 176
"Method of forecasting the Leningrad floods, 1966). The highest rate of ascent was
observed during the floods of October 15 1929 y. and October 1 1994 y. — about 100
cm/h. The highest observed rate of decline is 90 cm/h (Summary scientific and technical
report on topic 176 "Method of forecasting the Leningrad floods, 1966). In most cases,
the recession time is 1.1 to 1.3 times longer than the rise time (Nezhikhovsky, 1981).

The average duration of standing at a high level (more 160 cm) at a flood height
190 cm is 2.5 hours, at a height 210 cm of 3.5 hours, 260 cm - 5.5 hours, and at a rise of
310 cm - 7.5 hours. During the flood on November 24-25 1903 y. with the height of the

rise 269 cm, the water level above 160 cm was held for 13.5 hours. This is the case of the
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longest high-level standing (Summary scientific and technical report on topic 176
"Method of forecasting the Leningrad floods, 1966).

The entire period of flooding from the beginning of a sharp rise in the water level
to the end of its decline lasts an average of 24 hours for some sources (Antonov, 2001),
and 30 hours for others (Nezhikhovsky, 1981; Summary scientific and technical report
on topic 176 "Method of forecasting the Leningrad floods, 1966). The smallest flood
period 1s 10 to 12 hours, and the longest is 70 to 75 hours (Summary scientific and
technical report on topic 176 "Method of forecasting the Leningrad floods, 1966).

The frequency of flood recurrence throughout the year can vary considerably. The
maximum number of floods - 10 cases - occurred in winter and autumn 1983y. More than
5 floods per year were reported in 1863y. (8 cases), in 1874 y. (7 cases),1975 y. (6 cases).
There are a number of years when floods were repeated from 2 to 5 times a year. There
were no floods in the periods 1745-1751, 1808-1821, 1881-1894, 1900-1902, 1906-1908,
1945-1947, 1951-1953, 1959-1960, 1965-1966, 1987-1988, 1995-1997, 2000, 2004,
2009, 2012 and 2014.

Table 2.1. Frequency of the Neva floods in 1703 -2008

Flood cl Quantit Months of the year Altogether
class anfti
00 WAy T T [m [1v [ | WE [ vl | VI | IX | X | XT | XTI &
Dangerous 160- N“f;;:sr of 1ol 7l 7|1 4] 5| 1] 10]25|56|57[30]| 234
210
cm % o33 l<t|2] 2 o0/ 4 [11]24]24] 17 100
Especially Numberof ¢ 1 o ol 1| 0 | 0| 4 [10l19]21] 7 71
dangerous 211- cases
299 cm % 1ml1]o]o|1] 0] o] 6 [14]27]30] 10 100
Catastrophic, N“gls’;r of 1o lololololo]o|ol2lo]1]o 3
bove 301
above S0 cm % ololololol oo o |67]0/(33] o 100
Numberof 1551 o\ o 1y 15| 5 | 1 | 14 |37]75|78 | 46 308
Altogether cases
% 1032 ]<1]2] 2 [<1| 4 [12]24]25] 15 100

Statistics show that dangerous rises in the level in the east of the Gulf of Finland
occur at any time of the day and season of the year under a wide variety of weather
conditions in this region. In 90% of cases, floods at the mouth of the Neva were observed
in autumn and winter (September-February) with strong and stormy westerly or

southwesterly winds. The greatest number of floods occurred at a wind speed of about 12
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m/s, and catastrophic floods were accompanied by winds of 15-25 m/s (Makrinova,
1954). But there were floods with a very weak local westerly wind in the area of the Neva
Bay, in its complete absence and, even, with an east and northeast wind (Summary
scientific and technical report on topic 176 "Method of forecasting the Leningrad floods,
1966). For example, Academician Kraft pointed to the flood in 1764, which occurred with
complete calm in St. Petersburg (Kraft, 1780). On the eve of this flood, a storm raged in
the open Baltic. In the work of O. V. Makrinova (Makrinova, 1954), it is indicated that
cases of level rises in the Neva Bay above 160 cm with calm and even driving winds of
the eastern rhumbs were noted many times.

For the entire Baltic Sea, different criteria were used to identify storm surges. For
the coasts of Germany, a storm surge is generally considered to be a sea level increase of
at least 100 cm above the average level (Wolski et al., 2014). The Polish
Hydrometeorological Service classifies level rises exceeding 70 cm relative to mean sea
level to this phenomenon (Majewski, Dziadziuszko, Wisniewska, 1983). In the North-
West Department of Hydrometeorology and Environmental Monitoring for the area of
the eastern part of the Gulf of Finland, depending on the year and the place of observation
of sea level, a very wide range of its values (from 50 to 135 cm) was used, above which
the rise in the level was considered a storm surge (Turanov, 1976). The application of
such criteria for the allocation of storm surges in the Baltic Sea is not sufficiently
representative, since the variance of level fluctuations in the Baltic Sea, depending on the
area, varies several times. If, for example, in Stockholm, an excess of 70 cm is a very rare
extraordinary event that occurs once in many years, then for the eastern part of the Gulf
of Finland such sea level exceedances are frequent events that occur in the absence of
storm conditions.

In this work, to substantiate the criterion for the selection of storm surges in the
Gulf of Finland and assess their characteristics, a series of hourly tide gauge
measurements of sea level at 9 stations of the Gulf of Finland were used: Hanko, Helsinki,

Hamina, Vyborg, Kronstadt, Hogland, Shepelevo, Sillamie, Tallinn (Fig. 2.2).
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Figure 2.2. Bathymetry of the Gulf of Finland and the location of stations for tide gauge
measurements of sea level (red triangles), instrumental wind measurements (blue
diamonds), as well as points of the grid area of reanalysis ERAS (green circles). The
Arabic numerals show the ERAS reanalysis points closest to the tide gauge stations,
which were used to estimate wind and atmospheric pressure. Roman numerals indicate
three areas where the intensity of cyclogenesis was estimated according to the ERAS
reanalysis.

Data for 3 Finnish stations (Hanko, Helsinki, Hamina) and 2 Estonian stations
(Tallinn and Sillamde) were obtained from the Copernicus Marine Service
(http://marine.copernicus. eu), and level measurement data from 4 Russian stations
(Vyborg, Kronstadt, Shepelevo, Gogland) were provided by the North-West Department
of the Federal Service for Hydrometeorology and Environmental Monitoring (SZ UGMS
Roshydromet) (http://www.meteo.nw.ru).

Table 2.2 describes tide gauge measurements. The longest length of the hourly
level series used is 48 years, and the smallest is 9 years. The number of passes in the rows

varies from 0.09 to 5.47%.
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Table 2.2. Description of series of tide gauge measurements of sea level in the Gulf of
Finland. Data from Hanko, Helsinki, Hamina, Tallinn, Sillaméde - Copernicus Marine
Service (http://marine. copernicus. eu), and the data of Vyborg, Kronstadt, Shepelevo,
Gogland were obtained from the North-West Directorate of the Federal Service for
Hydrometeorology and Environmental Monitoring (SZ UGMS Roshydromet)
(http://www.meteo.nw.ru).

Station Period, Coordinates | Measurement | Number of | Number
years E. N. interval measurements of
absences,
%
Hanko 1971 -2018 | 22.98 | 59.82 1 hour 420768 0.09
Helsinki | 1971 -2018 | 24.96 | 60.15 1 hour 420768 0.09
Hamina | 1971 -2018 | 27.20 | 60.56 1 hour 420768 0.09
Vyborg | 1977 -2018 | 28.73 | 60.70 1 hour 368160 0.64
Kronstadt | 1971 -2018 | 29.77 | 60.00 1 hour 420768 0.01
Shepelevo | 1989 - 2018 | 29.15 | 59.99 1 hour 298032 2.30
Hogland | 1977 - 1989 | 27.00 | 60.07 1 hour 113952 0.48
Tallinn | 2006 - 2018 | 24.76 | 59.44 1 hour 113952 5.47
Sillamde | 2007 - 2015 | 27.74 | 59.47 1 hour 78888 4.01

Table 2.3 shows some of the statistical characteristics of the sea-level series. It can
be seen that, depending on the area, the statistical characteristics of level fluctuations in
the Gulf of Finland vary markedly. The greatest variance of level fluctuations is observed
in Kronstadt, and it is almost 2 times greater than the variance of level fluctuations in
Hanko. Also, in Kronstadt, the highest values of sea level maxima are observed, which
are almost 2 times higher than the values of the level maximums in Tallinn and Hanko.
Compared to the maximums, the spread of sea level minimums is smaller (1.6 times). The
highest values of the minimums are observed in Vyborg, Kronstadt and Shepelevo, and

the lowest in the west of the bay at the point of Hanko (Table 2.3).
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Table 2.3. Statistical characteristics of the sea level series: D - variance, o - average sq.
deviation, {max - maximum and { min - minimum sea level.

Station Period, years | D, cm? ocm € max { min
Hanko 1971 - 2018 512 23 130 -79
Helsinki 1971 - 2018 599 24 150 -93
Hamina 1971 - 2018 752 27 194 -116
Vyborg 1977 - 2018 853 29 202 -128
Kronstadt | 1971 -2018 907 30 238 -126
Shepelevo | 1989 - 2018 809 28 215 -128
Hogland 1977 - 1989 820 29 162 -95
Sillaméde | 2007 —2015 641 25 163 -102
Tallinn 2006 - 2018 584 24 120 -96

Taking into account the noticeable changes in the space of the statistical
characteristics of level fluctuations in the Gulf of Finland, it is proposed to use the
standard deviation of the level (o) to select the criterion for distinguishing cases of storm
surges. We will take for the cases of storm surges sea level rises exceeding the value of
30, and for the duration of storm surges (Ts) - the period in hours when the level values
were >3 0. At the same time, if the minimum between two adjacent level maximums
exceeding 3o lies above the value of 3o, then these maximums will be attributed to one
storm surge, and if lower, to different ones. The value of level 3o is close to the criteria
for the allocation of storm surges (80-100 cm), adopted at some marine stations of
Roshydromet (Gornii Institute, Nevskaya Ustyevaya, Lisiy Nos, Ozerki), located in the
eastern part of the Gulf of Finland (Turanov, 1976). However, the assessment of sea level
3o is significantly higher than the criterion for the allocation of storm surges at other
stations of Roshydromet in the Gulf of Finland (50 cm), such as Ust-Luga, Moshchny,
Gogland, Primorsk (Turanov, 1976). In our opinion rises of 50 cm cannot be attributed to
storm surge, since in the eastern part of the Gulf of Finland such elevations occur quite
often with weak and moderate winds. Therefore, criterion >3 o is more representative for
determining level rises in stormy conditions. Estimates of two-dimensional densities of
the probability distribution of wind characteristics in different regions of the Gulf of
Finland (Figure 5.1) show that with sea level rises >3 o, the most likely southwest wind

speeds here have values of about 12 m/s (Zakharchuk, Sukhachev, Tikhonova, 2021).
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With such a wind in the Baltic, storm conditions are formed and restrictions are imposed
on the operation of the production equipment of seaports, on the exit of small and
medium-tonnage sea vessels to the sea and to the water area of ports (Terziev, Rozhkov,
Smirnova, 1992). It should also be noted that with rises in the level of >3 in St.
Petersburg, unfavorable conditions for navigation under city bridges begin to form
(Makrinova, 1954).

Cases of severe storm surges stood out at level rises greater than 5o. At such values,
dangerous sea level rises occur in the east of the Gulf of Finland, which lead to floods. A
score of >5 o 1s close to the accepted criterion for the allocation of floods in St. Petersburg
(more than 160 cm, relative to the zero of the Kronstadt footstock).

The study of interannual changes in the intensity of storm surges was carried out
by estimating the variance of level exceedances (D) and the maximum sea level values
for the year (max. For estimates D, fluctuations with periods of > 5 days were excluded
from the initial series of hourly sea level values. Oscillation filtering was carried out using
the fast Fourier transform. For a number of sea level values, a number of Fourier
coefficients were obtained for the corresponding periods (frequencies). The coefficients
for periods of 5 or more days were reset to zero. Then, with the help of the inverse Fourier
transform by coefficients, a series with already filtered fluctuations of the given periods
was restored. For long series, such filtering has a clearer cut at frequencies, and better
filtering than, for example, the Butterworth filter.

In the obtained residual series, only positive values of the level were sampled,
which was then subjected to analysis of variance with the presentation of the results for
each year.

Figure 2.3 shows the results of interannual changes in the number of storm surge
cases estimated by criterion >3c. Depending on the year and location of the station, the
number of storm surges exceeding the value of 3o varies widely in the Gulf of Finland:
from O - 1 cases per year to 16 - 52 cases.

The maximum number of storm surges in the Gulf (from 19 to 52), identified by

criterion >3c, occurred in 1983. This year in St. Petersburg there was the largest number
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of floods (10 cases) in the entire 320-year history of the city (Zakharchuk, Sukhachev,
Tikhonova, 2015; Pomeranets, 1999). There are no large differences in the number of
storm surges in the opposite northern and southern continental coasts of the bay (Helsinki
and Tallinn, Hamina and Sillamée). However, at the island station of Hogland, the number
of storm surges in some years is almost 1.5 - 4.0 times less compared to the mainland
station of Hamina located to the north of it. Estimates of storm surges for the longest
series of the level (=30 years) indicate that, with the exception of Vyborg, in all cases
there is a negative trend, which, however, is not significant (Figure 2.3). There is no trend

at the Vyborg station.

Figure 2.3. Interannual changes in the number of storm surge cases identified by criterion
>30 at stations in the Gulf of Finland. The numbers above the columns are the number of
storm surges. For the longest series, a straight line shows a linear trend.
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Table 2.4 shows estimates of the duration of storm surges with rises in >3c levels.
They vary depending on the area from their minimum values of 1 hour to maximum
values of 26 - 96 hours. Average estimates of storm surge periods range from 6.7 to 9.0

hours.

Table 2.4. Estimates of the duration (in hours) of storm surges with level rises >3c:
minimum (Thin), medium (T), maximum (T max)

Station Thin T Tinax
Hanko 1.0 9.0 96
Helsinki 1.0 9.0 47
Hamina 1.0 7.3 47
Hogland 1.0 7.6 27
Vyborg 1.0 9.6 83
Kronstadt 1.0 6.9 57
Shepelevo 1.0 7.3 45
Sillamée 1.0 7.1 35
Tallinn 1.0 6.7 26

The results of the assessment of storm surges according to criterion >5c indicate
(Fig. 2.4) that at the Hanko point, such level rises are very rare (only 2 cases in 48 years).
Apparently, such storm surges are also rare events at the Tallinn station, where over the
past 13 years (from 2006 to 2018) there has not been a single case of a rise in the level
exceeding the value of 5c. Between 1984 and 2007, there were 8 rises above 5o at
Helsinki station, and there were no rises before or after this period. At the stations of
Hamina and Vyborg, in the last two decades there has been a slight increase in the number
of sea level rises >5c (Figure 2.4). In the very east of the Gulf of Finland, storm surges
>5c lead to dangerous sea level rises that cause flooding in the coastal areas of St.
Petersburg and the Leningrad region (Zakharchuk, Sukhachev, Tikhonova, 2017). The
results presented in Figure 2.4 indicate that after 1983, when the largest number of cases
of storm surges was observed >5c (6 cases in Kronstadt), there is a decrease in the number
of such level rises, up to their complete absence for three years from 1995 to 1997, and,
then, the number of cases of dangerous level rises increases slightly, reaching 3-4 cases

in some years (Shepelevo).
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Figure 2.4. Interannual changes in the number of cases of storm surges according to
criterion >5c at selected stations in the Gulf of Finland.

Figure 2.5 illustrates the changes in time of the variance of exceedances of
oscillations with periods of <5 days at various stations of the Gulf of Finland. There is a
significant increase in the variance of these level exceedances when moving eastward
from 6.5-15.0 cm? in the west (Hanko) to 40-118 cm? in the east of the bay (Shepelevo,
Kronstadt). It can be noted that, with the exception of Vyborg, all other stations of the
Gulf of Finland have negative linear trends in variance changes, which indicate that in
recent decades there has been a decrease in the intensity of positive sea level disturbances

in range of formation of storm surges. However, in the western and central parts of the
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northern coast of the bay (Hanko, Helsinki, Hamina) these trends are not significant,
while in the east of the bay (Kronstadt, Shepelevo) negative linear trends are significant
(Fig. 2.5). The calculated quadratic trends are significant at all stations except Hanko.
They show that in the central part of the bay (Helsinki and Hamina) from the beginning
of the 1970s to the end of the 1980s, there was a tendency to increase the variance of
positive sea level disturbances in the range of storm surges, and from the beginning of the
1990s to the present there has been a pronounced tendency to reduce their variance. At
the Vyborg station, the quadratic trend shows an increase in the variance of level
fluctuations that cause storm surges from the late 1970s to the early 2000s, and then a

decrease in their variance until 2018.

Figure 2.5. Variance (D) of residual (after filtration) positive exceedances of the level in
oscillations with periods of <5 days. A straight red line indicates significant (solid line)
and insignificant (dotted) linear trends. The blue lines are significant (solid line) and
insignificant (dashed) quadratic trends.
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Figure 2.6 shows estimates of maximum level rises ({max) for each year. The values
of sea level maximums increase when moving from west to east from 50-124 cm at the
westernmost Hanko station, 60-195 cm in the central part (Helsinki, Hamina) and up to
80-238 cm in the east of the bay (Vyborg, Kronstadt, Shepelevo). It is clearly seen that at
all stations, except for Vyborg, there is a decrease in the values of the maximums. This is
evidenced by negative linear trends in changes in the maximum values of the level, which,
however, are not significant. There is no linear trend at the Vyborg station. Estimates of
quadratic trends show that they are significant only in the west and central part of the
northern coast of the Gulf of Finland (Hanko, Helsinki, Hamina), where there was a slight
increase in maxima until the early 1990s, and then their decrease until the present period.
In the east of the Gulf of Finland, quadratic trends in changes in sea level maxima are not

expressed.

Figure 2.6. Interannual changes in estimates of maximum sea level values for the year.
The straight red dashed line is a linear trend. The blue lines are significant (solid line) and
insignificant (dashed) quadratic trends.
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Thus, the analysis of changes over time of various characteristics of storm surges
indicates in most cases a weak and not always significant tendency to reduce their
number, variance and level maximums.

Our results of assessments of the statistical characteristics of storm surges in
various coastal areas of the Gulf of Finland indicate that in recent decades there has been
a tendency to reduce their number, variance and sea level maximums. These results differ
from the previous study of storm surges in the open Baltic, the Gulf of Bothnia and the
Gulf of Finland in the period 1960-2010, in which positive trends in interannual changes
in the number of storm surges were noted (Wolski et al., 2014). It is possible that the
differences between our and previous estimates may be associated with a later period of

storm surge analysis in this work, as well as a different method of their identification.
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3. FEATURES OF THE VARIABILITY OF THE THERMOHALINE
STRUCTURE AND CURRENTS OF THE GULF OF FINLAND DURING
STORM SURGES

3.1. Thermohaline structure of water masses

Since in 90 percent of cases the Neva floods are observed in the autumn-winter
period, with storm winds, autumn-winter convection and strong wind-wave mixing, it
was believed that the waters of the shallow Gulf of Finland (average depth of 59 meters)
during this period are completely mixed and stable stratification is not observed
(Mikhailov, 1964; Mikhailov, 1966). At the same time, in some cases, the waves that
cause the Neva floods are identified as baroclinic topographic (Zakharchuk, Sukhachev,
2013; Zakharchuk, Sukhachev, Tikhonova, 2015; Zakharchuk, Sukhachev, Tikhonova,
2017; Zakharchuk, Tikhonova, 2011), however, it is well known that the baroclinic modes
of topographic waves can be generated and propagate only in the baroclinic sea, i.e. a
necessary condition for their generation and evolution is the presence of stable
stratification (Belonenko, Zakharchuk, Fuchs, 2004; Tareev, 1974; Rhines, 1970).

To study the conditions of stratification of the waters of the Gulf of Finland during
the period of dangerous level rises in St. Petersburg, international databases of ship
measurements and data from the reanalysis of oceanographic fields were used.

Also, to study the conditions for the stability of stratification, assessments of the
stability criterion (E) were performed, according to the methodology detailed in the work
(Ivano-Frantskevich, 1953). The stability criterion characterizes the equilibrium of a
water particle. At E>0 the particle is in stable equilibrium, at E = 0 in indifferent, at E<0
in unstable. In absolute magnitude, the stability is proportional to the Archimedean force

acting on the displaced particle (Ivano-Frantskevich, 1953).
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It is very problematic to assess stratification and, especially, its changes over time
during periods of storm surges that cause extraordinary sea level rises in the Neva Bay
using contact measurements, since instrumental ship measurements of oceanographic
characteristics are usually difficult in storm conditions. Indeed, after analyzing the
databases of ship expeditionary studies of the thermohaline structure of the waters of the
Gulf of Finland from 1990 to the present, we managed to obtain the results of only 6
soundings for the Gulf of Finland, performed by Finnish specialists during expeditions to
the R/V Aranda in 1998 and 2007 in storm conditions that led to floods in St. Petersburg.
At the same time, in the open Baltic and its straits, ship measurements made during the

floods in St. Petersburg turned out to be 296 (Fig. 3.1).
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Figure 3.1. Map of ship measurements of temperature and salinity of sea water during the
period of dangerous sea level rises observed in St. Petersburg, in red - data from the
Copernicus Marine Service resource (http://marine.copernicus.eu), in green from the
DAS database. The letters indicate the hydrological stations shown in Figure 3.2.
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Based on the obtained temperature and salinity profiles (Figure 3.2), estimates of
the density of seawater were made according to the UNESCO 1983 equation of state
(EOS 80) (equation (3.1)), where density is a function of temperature, salinity and
hydrostatic pressure.

p=f(TSP) (3.1)
where: is the density of seawater (kg/pm?), T is the temperature of seawater (°C), S is the

salinity of seawater (psu), P is the hydrostatic pressure (dB).

Figure 3.2. Vertical profiles of temperature (red line), salinity (blue line) and density
(black line) of seawater in the Gulf of Finland, made during the periods of flood formation
in the Neva Bay. The criterion of stability of water masses (green numbers) and the
horizon of the greatest stability of water masses (green dotted line). a - 19.10.1998, b -
10.01.2007, ¢ - 10.01.2007, d - 12.01.2007, d - 12.01.2007, e - 07.12.2015. The location
of the stations is shown in Figure 3.1.
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It is noteworthy that during the periods of flood formation in the central part of the
Gulf of Finland in 2007 and in its western part in 1998, due to turbulent mixing, a
powerful quasi-homogeneous layer is formed, reaching depths of 55 - 65 meters, below
which there is a pronounced pycnocline, separating the saltier waters spreading in the
bottom layer (Fig. 3.2). Differences in temperature and salinity between the upper quasi-
homogeneous and bottom layers reach here 1.0 — 4.5°C and 0.3 — 1.4 %o. In the western
part of the bay, there is a more complex distribution of temperature and salinity. Here, the
thickness of the upper quasi-homogeneous layer is significantly less than in the central
part of the bay, and is 12 - 32 m. Below, a pronounced temperature inversion with its
difference of 0.4°C is noted. The change in salinity from the surface to the bottom has a
stepped shape, and its difference is 0.5 %o (Figure 3.2d) and 2.5 %o (Figure 3.2g). The
thickness of the upper quasi-homogeneous layer is from 35 to 55 m, and the differences
in temperature and salinity between the upper quasi-homogeneous and bottom layers can
reach 4°C and 7 %o here.

To assess the spatial distribution of the stratification conditions of the waters of the
Gulf of Finland, data from the reanalysis of oceanographic fields obtained from the
Hiromb-BOOS-Model (HBM-V 1) model (MyOcean Products. http://www.myocean.eu).
Figure 3.3 shows a section of AB along the axis of the Gulf of Finland, for which the
density of sea water for all horizons was estimated. The density was calculated according
to formulase (3.1). The initial data for calculating the density of water were the
temperature and salinity of sea water, as well as the depth of the horizon. The AB section
points were selected from the reanalysis data grid, so that they fall on the deep-water part

of the Gulf of Finland, as the most data-rich points of reanalysis.
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Figure 3.3. Bathymetry of the Gulf of Finland and the section (AB) along which the
density was estimated according to the myocean reanalysis data.

Analysis of the vertical distribution of water density along the AB section for the
dates when dangerous level rises were observed in the eastern part of the Gulf of Finland
shows that the deep-water (up to 120 m) western and central parts of the Gulf of Finland
are characterized by the presence of a pronounced pycnocline at depths of 30-55 m. In
this case, the upper quasi-homogeneous layer is well mixed. The shallow (up to 30 m)
eastern part of the Gulf of Finland is characterized by a more uniform vertical distribution

of water density (Figure 3.4).
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Figure 3.4. Vertical distribution of water density along the Gulf of Finland (AB) section
during storm surges that caused flooding in St. Petersburg. (4 October 1994, 19 October
1998, 10 January 2007 and 7 December 2015).

The results of the analysis of the vertical profiles of temperature and salinity
presented in Figures 3.2 and 3.4, show that, despite the storm wind, autumn-winter
convection and intense wind-wave mixing in the Gulf of Finland, pronounced
stratification remains. Apparently, under such conditions, with the strengthening of the
processes of turbulent viscosity and diffusion of the substance, there is a significant

increase in the processes of advection of heat and salt into the Gulf of Finland from the

open Baltic, which contributes to the maintenance of stable stratification.
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3.2. Variability of flows according to ADCP data and results of numerical
experiments with a hydrodynamic model

In the previous chapter, it was shown that, despite the storm winds, autumn-winter
convection and intense wind-wave mixing in the Gulf of Finland, a stable stratification
remains during the propagation of the waves of the Neva floods along it. Thus, in the
open Baltic and in the Gulf of Finland there are water areas in which favorable conditions
are created for the generation and evolution of baroclinic topographic waves, which,
according to the results of the work (Zakharchuk, Sukhachev, 2013; Zakharchuk,
Tikhonova, 2011), can have a significant impact on the formation of dangerous level rises
in the east of the Gulf of Finland during storm surges.

To confirm the identification of the waves of the Neva floods as baroclinic
topographic ones, it will also be useful to involve observations of currents in the Gulf of
Finland, during storm surges that cause floods in the east of the Gulf of Finland.

On December 26 and 28, 2011, two dangerous sea level rises occurred in the eastern
Gulf of Finland. Despite the fact that the access gates of the complex of flood protection
structures in St. Petersburg were closed during these periods, the maximum rise in the
level at the mouth of the Neva (Gornii Institute) on December 28 was 169 cm, exceeding
the critical mark of 160 cm, above which level rises are usually referred to as floods.
According to the hydrodynamic forecast of the St. Petersburg CGMS-R, made with a lead
time of 6 hours, the maximum rise in the level with the open gates of the FPC should have
reached the mark of 220 cm, that is, a particularly dangerous flood would have occurred
in St. Petersburg.

To study the processes that determine dangerous sea level rises in December 2011,
we used hourly sea level data obtained on the basis of tide gauge measurements at the
coastal hydrometeorological stations of Paldiski, Tallinn, Kunda, Shepelevo; data of
hourly wind values obtained within the framework of the HIRLAM project

(https://en.ilmatieteenlaitos.fi/) with a spatial resolution of 10x10 km; data of minute
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wind measurements at the Shepelevo station; data of instrumental measurements of the
direction and speed of currents in three regions of the Gulf of Finland (Fig. 3.5) obtained
using an acoustic Doppler flow profiler. Measurements were carried out at three
autonomous stations. Stations 21 and 20 were installed from the board of the research
vessel "Salme" on December 21, 2011 by Estonian specialists from the Tallinn Institute
of Marine Systems and equipped with Doppler profilers of 300 kHz currents Teledyne
RD Instruments. Continuous current measurements at stations 21 and 20 were made at
intervals of 30 minutes until May 9, 2012.

Station 21 was installed at 59°29.6' N and 23°54.1' E. The depth of the setting was
90 meters. Measurements of currents were made on 39 horizons, separated from each
other by 2 meters, the lower horizon was at a depth of 86 meters, the surface horizon was
10 meters. Station 20 operated at 59°45.05' N and 25°27.19' E Measurements of currents
on it were performed using an acoustic Doppler profiler ADCP 300 kHz WorkHorse
Sentinel Teledyne RD Instruments. The depth of the setting was 85 meters. The number
of horizons is 38. The measurement horizons were separated from each other by 2 meters,
the lower horizon was at a depth of 82 meters, the surface horizon was 8 meters.

The automatic bottom station of the SPB SOI was installed in the eastern part of
the Gulf of Finland at the coordinates: 59°58.65'N and 29°03.25" E (Fig. 3.5) employees
of the St. Petersburg branch of the State Oceanographic Institute named after N.N. Zubov
during an expedition on the ship "Lapland" in the fall of 2009, 3 kilometers from the coast
(Sukhachev et al., 2014). The depth of the station is 20 m. In addition to ADCP, the Y SI
6600 V2 device was also installed at the station, which measures the temperature and
salinity in the bottom layer. The information received from the devices was transmitted
on-line via a cable-cable via a modem to a computer installed on the Shepelevo HMS.
Measurements of currents were made on 11 horizons with an interval of 1 minute. For

further analysis, the flow measurements at all three stations were averaged to 1 hour.
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Figure 3.5. Location of autonomous stations equipped with ADCP (flags), tide gauge
measuring points (black circles).

In Figure 3. 6 shows the time course of hourly values of wind speed vectors in the
area of operation of the autonomous station 20, changes in sea level at the stations of
Tallinn, Kunda, Shepelevo, variability of vertical profiles of the speed of currents and
their statistical characteristics (the vector of mathematical expectation and the major and
minor axes of the ellipse of the standard deviation) at autonomous stations 21, 20 and
SPB SOI, as well as changes in temperature and salinity in the bottom layer at the SPB
SOI station from 25 to 29 December 2011 The maximum wind speed of the western
rhumbs in the area of the Gulf of Finland during this period according to HIRLAM data
(Fig. 3.6 a) and instrumental measurements at the Shepelevo station (Figure 3.7) reached
20-24 m/s, and the maximum level rises in Tallinn were 98 and 99 cm, in Kunda - 145
and 149 cm, in Shepelevo - 178 and 158 cm (Fig. 3.6b).

It can be seen that the maximums of level rises in Shepelevo occur later than in
Tallinn by 8 - 11 hours, which indicates the progressive nature of flood waves. Their
period (7), estimated from the time between two adjacent sea level maxima, is
approximately 26-28 hours, which is close to the period of natural oscillations in the
Baltic-Gulf of Finland system (29 hours), calculated on the basis of numerical

hydrodynamic modeling (Zakharchuk, Tikhonova, 2007). Assuming that the distance
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between Tallinn and Shepelevo L = 250 km and knowing the delay time of the onset of
the maximum at these stations Az = 8 + 11 hours, it is possible to estimate the speed of
propagation of flood waves with ¢ = L/At= 6.3+8.7 m/s, as well as their length
A=Txc=590+877 km. These estimates are in good agreement with the characteristics of
flood waves obtained earlier on the basis of Fourier analysis of synchronous level
measurements at mainland and island stations in the eastern part of the Gulf of Finland

(Zakharchuk, Tikhonova, 2011).
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Figure 3.6. Time course of hourly values of wind speed vectors in the area of operation
of the autonomous station 20 (a); sea level changes at Tallinn (1), Kunda (2) and
Shepelevo (3) (b) stations; changes in the hourly values of the vertical profiles of the flow
velocity and their statistical characteristics at the stand-alone stations 21 (c), 20 (d) and

the SPBSOI (e), as well as changes in temperature (4) and salinity (5) at a depth of 19 m
at the SPBSOI () station.
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With the propagation of flood waves in the east of the Gulf of Finland (SPBSOI
station), there were noticeable changes in the bottom layer (19 m) of water temperature
by 0.8°C and its salinity by 1.4%o with a tendency to increase them (Fig. 3.6f).

From the results presented in Figure 3.6 c,d,e, it can be seen that at stations 21 and
20 the maximum velocities of the measured currents (40-70 cm/s) are observed in the
near-surface layer during the decline in sea level after its dangerous rise, and at the station
of the SPBSOI - during the passage of the trough (51 cm/s) and the crest (44 cm/s) of the
flood wave. With depth, during these periods, the velocities of currents decrease with a
slight change in their direction: at station 21 to 33 cm/s, at station 20 - up to 35 cm/s and
at the SPBSOI station up to values of 17 - 22 cm/s in the bottom layer.

At stations 21 and 20, during the propagation of flood waves on the horizons, there
1s a rotation over time of the vectors of total flows, which is characteristic of the wave
process. At the SPBSOI station, such a feature is noted only with the exclusion of the
background flow.

In Figure 3. 6 c,d,e (right) for each horizon the vector of the average for 5 days of
the background (average) flow is combined with the large and small axes of the ellipse of
the standard deviation of flow fluctuations. It is clearly seen that the background flow at
station 21 increases with a depth of 10 to 16 cm / s, and its vector in the layer of 10 - 40
m is directed to the southwest, and deeper - to the west, that is, opposite to the direction
of the wind currents dominating during this period. This feature of the currents in this
area was noted earlier by Estonian specialists (Liblik et al., 2013). The directions of the
major axes of the ellipses of the standard deviation of flow oscillations (Fig. 3.6 c, right)
in a layer of 10 - 40 m are oriented along the vectors of their mathematical expectation
(average transfer), and deeper - at an angle of 30° - 45° to them.

At station 20, the speed of the average current is 3-5 cm/s, and it is several times
less than at station 21. On the upper horizons, the middle current is directed to the south-
southwest, and with the depth in it, the influence of the western component increases, and
in the bottom layer the middle current is already directed to the west-southwest. At this
station, the direction of the major axes of the ellipses of the standard deviation of the

oscillations of the currents (Fig. 3.6 c, right) in the layer 10 - 40 m are oriented at an angle
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of approximately 45° to the vector of their mathematical expectation, and deeper -
approximately along it, and only at the bottom the vector of the average transfer again
deviates from the direction of the major axis of the ellipse of the standard deviation.

In the east of the Gulf of Finland (SPBSOI station), the background current is
directed to the east-northeast. Its speed varies from 27 cm/s at the surface to 11.5 cm/s at
the bottom layer. In the surface layer here are the directions of the major axes of the
ellipses of the standard deviation of the oscillations of the currents (Fig. 3.6e, right) are
oriented at a large angle to the vector of mathematical expectation, and deeper along it.

It is noteworthy that at station 20, the values of the modulus of mathematical
expectation of the velocity of currents at all horizons are significantly less than the sum
of the semi-axes of the ellipses of the standard deviation. This feature indicates a
significant instability of the total current in this area of the Gulf of Finland, compared
with the other two areas.

At all three stations, with increasing depth, there is no reversal of the vector of the
average flow along the Ekman spiral, which indicates an insignificant contribution of the
purely drift component to the background transport, which is formed, apparently, mainly
due to the gradient flow. This result requires some explanation.

Even Ekman (Ekman, 1905), when describing the theory of wind currents, noted
that at a distance of up to 100 km from the coast and at depths of less than 500 m, the
wind current, under the assumptions made (the wind is constant in strength and direction,
the ocean is homogeneous in density and viscosity and unlimited in space and depth), is
established in the course of several days, and the surface - in the course of several hours.
In the real natural conditions of the Gulf of Finland, due to the complex morphometry of
its coastline, large changes in bottom topography, pronounced stratification of the sea and
significant spatial-temporal variability of wind speed and direction, the time of formation
of relatively stable wind currents, apparently, can increase significantly.

Graphs of minute-by-minute wind measurements at Cape Kamenny in the area of
the Shepelevo HMS during the period of its greatest amplification, presented in Figure
3.7, show that, indeed, in storm conditions there are very significant changes in wind

speed, reaching 5-8 m/s modulo, and 10° - 40° in direction. Apparently, because of this,
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in storm conditions, leading to particularly dangerous sea level rises in the Neva Bay, the
response of water masses to the effects of anemobaric forces in a deep atmospheric
cyclone moving over the Baltic is not local, when Ekman wind currents are generated at
each point of the sea, and global, when stimulated low-frequency waves are generated
under the influence of disturbing forces, which in some cases are identified as baroclinic
topographic waves (Zakharchuk, Tikhonova, 2011). Spreading across the Gulf of Finland,

these waves cause dangerous rises in sea level in its eastern part.

Figure 3.7. Minute-by-minute measurements of wind speed (solid line) and direction
(dotted line) at Cape Kamenny in the area of the Shepelevo HMS during the formation of
a dangerous rise in sea level.

To estimate the contribution of the baroclinic component to the total flows, the
vertical average velocity vector for this profile was subtracted from each velocity vector
in the measured vertical flow profile. Figure 3.8 illustrates the changes in time of the
baroclinic component of the velocity of currents at all 3 stations during the propagation
of low-frequency waves along the Gulf of Finland, which influenced the formation of a
dangerous rise in the level in its eastern part. It is clearly seen that in storm conditions
during dangerous sea level rises, barotropization of currents does not occur, on the
contrary, during this period there is an increase in the amplitude of their baroclinic
component. Vertical structure of baroclinic flows the same as that of the internal waves
of the Ist vertical mode: in the surface and bottom layers, the maxima of currents are
noted, and in the deep layer - one minimum (wave node); With the depth of the current,
they change their directions to the opposite. At stations 21 and 20, the vertical baroclinic
mode node is observed in the 40-50 m layer, and for the SPBSOI station at depths of 5-7

m. The maximum velocities of the baroclinic flows reach 30 - 38 cm/s in the surface layer
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and 15 - 25 cm/s in the bottom layer. This result, in comparison with the measured flows,

indicates a significant contribution of the baroclinic component to the total flows.

Figure 3.8. Baroclinic component of currents at autonomous stations 21 (a), 20 (b) and
SPBSOI (c¢) during the period of flood wave propagation in the Gulf of Finland.

To assess the degree of influence of the baroclinic and barotropic components on
sea level fluctuations, the coefficients of mutual correlation of scalar (sea level) and
vector (flow) processes were calculated, according to (Rozhkov, 2002). Following the
methodology described in this work, at the beginning, the matrices of mutual correlation

coefficients of the following form were evaluated:
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where D¢y and D, are determinants of matrices, £ is a scalar process (in our case, sea

level), V is a vector process (flows), u, v are the components of the vector process V in
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parallel and meridian, respectively, r¢;, r¢, Fuvs,- . ., Fw— coefficients of mutual correlation.
Then, the multiple coefficients of mutual correlation between the scalar (&) and vector

processes (V) was calculated:
Ry(6,1) = [1-=L (3.4)

where 0 is the time shift, t is the time.

The calculation of R(0,7) was carried out taking into account the non-stationarity
of the processes. The quasi-stationarity period for the calculations of Ry(0,7) was assumed
to be 72 hours, and the slip interval was assumed to be 24 hours.

The results of the mutual correlation analysis are shown in Figure 3.9. During
dangerous rises in the level at all stations, there is a high relationship between barotropic
fluctuations in currents and sea level. During this period, the maximum correlation
coefficients R:(0,¢) reach values of 0.68 — 0.98. Subsequently, from January to June 2012,
there is also a high correlation between barotropic fluctuations of currents and sea levels,
and only in rare cases estimates of R(0,7) are lowered here to values of 0.42-0.57. Such
episodic decreases in correlation are more pronounced for the shallower water area of the

eastern part of the Gulf of Finland, where the SPBSOI station operated.
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Figure 3.9. (a) Time change in the maximum values of the mutual correlation coefficients
Rev(0,t) between the barotropic component of the currents at station 21 and the sea level
in Paldiski (red line), the barotropic component of the currents at station 20 and the sea
level in Tallinn (blue line), the barotropic component of currents at the SPBSOI station
and the sea level in Kronstadt (black line); (b, ¢, d) the maximum values of the mutual
correlation coefficients Rey(0,t) between the baroclinic component of the currents at
station 21 and the sea level in Paldiski (b), the baroclinic component of the currents at
station 20 and the sea level in Tallinn (c), the baroclinic component of the currents at the
SPBSOI station and the sea level in Shepelevo (d), the black star is the date of the flood
in St. Petersburg.

During periods of flooding, there is also a high relationship between sea level
fluctuations and the baroclinic component of current fluctuations. At this time, the
maximum values of the correlation coefficients R:(0,7) reach values of 0.65 — 0.87.
However, depending on the depth, the values of R:(0,7) vary widely and for individual
horizons their estimates are less than 0.6. In general, for the entire observation period,
there is a significant non-stationarity of the relationship between the barocline component
currents and sea level. In the west of the Gulf of Finland (station 21) and 1n its central

part (station 20), periods of low values of R(0,f) on many horizons in some cases
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approach 10 — 15 days. In the east of the Gulf of Finland (SPBSOI station) periods of low
values R:(9,1) is noticeably smaller and much less frequent, and, on average, the values
of Ry(9,¢) are significantly higher than in the other two areas of the Gulf.

Thus, the results of mutual correlation analysis between sea level fluctuations and
currents show that not only the barotropic, but also the baroclinic component of currents
makes a significant contribution to their relationship.

To test the hypothesis of the presence of a baroclinic component of currents in the
waves that form dangerous level rises in the east of the Gulf of Finland, data from
numerical experiments on the INMOM (Institute Numerical Mathematics Ocean Model)
model were used (Dianski et al., 2006; Dianski, 2013; Zalesny et al., 2012). Under the
same initial and boundary conditions, the dynamic characteristics of the Gulf of Finland
were modeled in the barotropic approximation, and the complete (baroclinic) problem
was solved. These two numerical experiments were carried out in order to evaluate the
baroclinic component of flows according to model data. To do this, from the flows
calculated within the framework of the complete problem, the contribution to which is
provided by both the baroclinic and the barotropic component, the flows, evaluated by a
barotropic model.

For the first numerical experiment, a three-dimensional baroclinic nonlinear
hydrodynamic model was used, developed on the basis of the sigma model of marine and
oceanic circulation of the Institute of Computational Mathematics (INM RAS), which
received the name INMOM in international practice (Dianski et al., 2006; Dianski, 2013;
Zalesny et al., 2012).

The second numerical experiment, which calculated the dynamics of the waters of
the Baltic Sea in the barotropic approximation, was carried out using a three-dimensional
barotropic model, also implemented on the basis of the INMOM model, in which the
density of water was fixed as a constant value in space and time over the entire integration
interval. The boundary conditions were set the same as in the first numerical experiment,

only taking into account the solution of the barotropic problem.
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Numerical calculations were carried out for the period from January 1, 2011 to
December 31, 2011. The calculated time step was 1 min. The output of the results of the
account was made for an averaged 3-hour period.

As a result of the experiments, the average fields of sea level and currents on 16
horizons for 3 hours were obtained. To verify the data obtained, the coefficients of the
mutual correlation function between the data of numerical hydrodynamic modeling and
the data of automatic bottom stations equipped with Doppler flow profilers were
estimated (Table 3.1). Estimates of the mutual correlation function (Belyshev,
Klevantsov, Rozhkov, 1983) of vector processes were carried out according to the
methodology. To do this, 2 invariants of the mutual correlation tensor function for each

horizon d were first calculated. Ky, (6, t)

Ky u,(0,8), Ky, v, (6, t)>

3.5
Ky, (6,6), Koo, (6,1) (3:5)

KVdUd(gl t) = (

- -

where V(t) and U(t) is the vector processes on the horizon under study, ¢ is the time, &
-
is the time shift, v; is the component of the vector process V(t) in parallel; v, is a

5
component of the vector process V(t) on the meridian; u; - component of the vector

- -

process U(t) in parallel; u, is a component of the vector process U(t) on the meridian.
The linear invariant /,YY(8¢) is equal to the trace of the matrix of the mutual

correlation tensor function Kvu(6,¢) and characterizes the commonality of the intensities

of collinear changes in vector processes V(t) and U(t).
The rotation indicator QVY(6) is equal to the difference of the non-diagonal

components of the matrix of the mutual correlation tensor function Kvu(6) and
characterizes the commonality of orthogonal changes in the processes V (t) and U(t), and

if QVY(6)>0, then the process U(t) is deployed on average relative to the process V (t) at

a given time interval clockwise, if QVY(0) < 0, then counterclockwise.
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After normalizing 1,YV(6,¢) and QVY(8, 1) to the linear invariant of the dispersion
tensor, according to (Belyshev, Klevantsov, Rozhkov, 1983), their normalized values
were calculated: 'Y (6, t) and vV (6, 1).

The results of the mutual correlation analysis between the calculated and measured
currents are shown in Table 3.1. In the area of operation of the bottom station 21, the
coefficients of mutual correlation between the collinear changes of the measured and
calculated currents vary depending on the horizon from 0.34 to 0.70. Such correlation
estimates are markedly higher at station 20, where they have values ranging from 0.54 to
0.78. In the area of operation of the SPBSOI station, the values of the mutual correlation
coefficients are 0.28 - 0.66. Thus, despite all the limitations and assumptions of the
method of numerical hydrodynamic modeling, at some horizons, the model very

realistically describes changes in currents in the Gulf of Finland.

Table 3.1. The results of the mutual correlation analysis between the currents measured
by ADCP and calculated by the model.

Station No. 21 Station No. 20 Station SPBSOI
Correlated Correlated Correlated
horizons: v(0) | r¥U(6) horizons: v (0) | r¥Y(6) horizons: V(@) | r¥U(6)
ADCP | Model ADCP | Model ADCP | Model

12 12 0.70 0.13 12 12 0.63 0.19 1 1 0.28 | -0.54
14 14 0.63 0.23 14 15 0.61 0.21 2 2 0.42 | -0.46
16 17 0.58 0.28 18 18 0.59 0.28 4 4 0.49 | -0.35
20 20 0.52 0.34 20 20 0.57 0.29 5 5 0.57 | -0.23
22 22 0.45 0.37 24 23 0.60 0.30 7 7 0.64 | -0.07
24 25 0.39 0.37 26 26 0.57 0.31 8 8 0.66 0.01
28 28 0.35 0.33 28 29 0.55 0.28 10 10 0.57 0.00
30 31 0.34 0.25 32 32 0.54 0.24 11 11 0.52 | -0.03
36 36 0.38 0.16 38 37 0.58 0.14 13 13 0.50 | -0.04
40 41 0.45 0.07 42 42 0.64 0.08 14 14 0.49 | -0.04
46 46 0.48 0.03 48 47 0.68 0.07 16 15 0.50 | -0.54
52 52 0.52 | -0.01 54 54 0.68 0.06
58 59 0.54 0.00 60 61 0.70 0.07

66 65 0.55 | 0.02 68 68 0.71 | 0.07

70 70 0.55 | 0.06 72 73 0.73 | 0.05

74 73 0.59 | 0.08 76 76 0.75 | 0.06

76 77 0.62 | 0.07 80 80 0.78 | 0.10

With the help of the flows calculated in both numerical experiments (complete and

barotropic problem) for the points of setting the bottom automatic stations 21, 20 and the
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SPBSOI (Fig. 3.5), their baroclinic component was isolated. For this purpose, the
barotropic flows evaluated in the second experiment were subtracted from the flow

vectors estimated in the first numerical experiment (complete problem). The results are

shown in Figure 3.10 — 3.12.
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Figure 3.10. Change in time of vertical profiles of currents in the Gulf of Finland,
calculated using the hydrodynamic model INMOM for the point of operation of the
bottom station 21 (Fig. 3.5) during the formation of dangerous sea level rises in December
2011: (a) - complete task, (b) - barotropic task, (c) - the difference between complete and
barotropic tasks.



179

Figure 3.11. Changes in time of vertical profiles of currents in the Gulf of Finland,
calculated using the hydrodynamic model INMOM for the point of operation of the
bottom station 20 (Fig 3.5) during the formation of dangerous sea level rises in December
2011: (a) - complete task, (b) - barotropic task, (c) - the difference between complete and
barotropic tasks.
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Figure 3.12. Changes in time of vertical profiles of currents in the Gulf of Finland,
calculated using the INMOM hydrodynamic model for the point of operation of the
bottom station of the SPBSOI (Fig. 3.5) during the formation of dangerous sea level rises
in December 2011: (a) - complete task, (b) - barotropic task, (c) - the difference between
complete and barotropic tasks.
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It can be seen that in the area of operation of stations 21 and 20, the maximum
velocities of the currents calculated for the complete problem (Fig. 3.10a, 3.11a, 3.12a)
are observed in the near-surface layer during the period of decline in sea level after its
dangerous rise and reach 43 - 49 cm/s, which is close to the measured currents (Figure
3.6). At the SPBSOI station, the maximum velocities of the calculated currents are 48
cm/s, exceeding their measured values by 10 cm/s, and are observed during the passage
of the crest of the flood wave in the sea level field. As with the measured currents, with
depth, in these periods, in all 3 cases, the velocities of the model currents decrease without
changing their direction (Fig. 3.10a, 3.11a, 3.12a). For the areas of operation of all three
bottom stations, barotropic flows calculated according to the model (Fig. 3.10b, 3.11b,
3.12b) show during dangerous sea level rises a unidirectional vertical structure of flows
without an "Ekman" component.

Estimates of the baroclinic component of currents made by us based on the results
of numerical hydrodynamic modeling (Fig. 3.10c, 3.11c, 3.12¢), indicate that during
dangerous rises in sea level it reaches 18-20 cm/s in the area of operation of stations 21
and 20 and 15 cm/s in the area of operation of the SPBSOI station.

Thus, the results of the analysis of numerical experiments on the hydrodynamic
model of the Baltic Sea indicate that in the stormy conditions of the winter period during
the propagation of flood waves in the currents of the Gulf of Finland, there is a

pronounced baroclinic component.
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4. ESTIMATION OF THE NONSTATIONARITY OF THE STATISTICAL
RELATIONSHIP BETWEEN CURRENTS AND TANGENTIAL FRICTION OF
THE WIND DURING STORM SURGES

-

To assess the features of the relationship between wind changes W (¢) and current

-

V(t) fluctuations, a mutual correlation analysis was carried out. To do this, according to

the hourly wind values obtained within the framework of the HIRLAM project, a series

- -

5
of wind tangential stress values synchronous with currents T = cp,W |W| (where c is a
dimensionless coefficient, p, is the density of air) were calculated for the setting points

of autonomous stations.

N -
Taking into account that t(t) and V(t) - vector processes, according to (Belyshev
et al., 1983), 2 invariants of the mutual correlation tensor function Kvu(6f) were

calculated, taking into account the nonstationarity of the processes according to the

formula (3.5).

N -

In the study of the correlation between t(t) and V (t) us, first of all, the task was

to assess the effect of the force of tangential friction of the wind on the generation of
perturbations of currents in the range of periods of passage over the Baltic of atmospheric

cyclones (about 2 - 3 days). In this regard, the low-frequency component with a period of

more than 3 days was excluded from the series of hourly values ?(t) and V (t) with the
help of the Butterworth filter. The quasi-stationarity period for the calculation rIZU ,1)
and 5V (0, t)was assumed to be 72 hours, and the slip interval was 24 hours.

The results of the mutual correlation analysis between ?(t) and V (t) are presented

in Figures 4.1 and 4.2.
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Figure 4.1. The maximum values of the invariant rIZU(Q, t) of the mutual correlation
tensor function Kyy(0,t) between the shear friction of the wind and currents, estimated
for the areas of the Gulf of Finland where autonomous stations 21 (a), 20 (b) and SPBSOI
(c) operated, as well as time shifts 0 at which were observed rXU (6, t) for stations 21 (d),
20 (e), and SPBSOI (f). An asterisk indicates the period of dangerous sea level rises.
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Figure 4.2. The maximum values of the invariant r5Y(8,t) of the mutual correlation
tensor function Kyy(0,t) between the tangential friction of the wind and currents,
estimated for the areas of the Gulf of Finland where autonomous stations 21 (a), 20 (b)

and SPBSOI (c) were operating, as well as time shifts 0 at which were observed r U (6, t)
for stations 21 (d), 20 (e), and SPBSOI (f). An asterisk indicates the period of dangerous
sea level rises.

It is noteworthy that for the western (station 21) and central (station 20) regions of

the Gulf of Finland during dangerous sea level rises (December 26-28, 2011), there is no
relationship between collinear changes ?(t) and V (t): TIZU (6,t) <0.5 (Figure 4.1). In the

east of the Gulf of Finland, high correlation values between collinear changes ?(t) and
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V(t), reaching 0.61+0.80, are observed in the bottom layer at negative shifts 8= - 24

hours, indicating a significant delay in the oscillations of the perturbing force 7 (t) relative

. - . . . VU
to fluctuationsV (¢). In January-June 2012, high values (>0.6) of the invariant [~ (6, t)

are observed only sporadically (within 3-9 days), with significant time shifts (0= 15+24

hours) and, most often, only in certain layers of the sea. At the same time, there is a high

—

correlation between collinear changes 7(t) and V (t) can be both direct and inverse. It

5
can also be noted that in some cases the high correlation between collinear changes 7 (t)

-

and V(t) wind fluctuations are ahead of current fluctuations (positive values 6), and in
others, on the contrary, wind fluctuations are delayed relative to current fluctuations
(negative values 6).

In contrast to collinear changes during dangerous sea level rises, there is a high

relationship between orthogonal oscillations ?(t) and ;(t) (Figure 4.2). At this time, the
invariant r!‘{ U(@,t) estimates for station 20 reach values of +0.71 at &= - 24 hours; for
station 21 7Y (6, t)=+0.63 at #=+16 hours; For the SPBSOI station, a high correlation
(ryU(6,t)=+0.66 at 6= -7 hours) is observed only at the uppermost horizon of 0.5 m. In
general, for the entire period of flow measurements, high values of the invariant 7,V (6, t)
are observed more often than for the invariant TIZU (6, t), but with the same pronounced
degree of nonstationarity, and cover layers that are larger in depth than that of the
invariant TXU(Q, t).

Thus, the results of mutual correlation analysis reveal a very complex nature of the

statistical relationship between ?(t) and V(t). In the western (station 21) and central
(station 20) parts of the Gulf of Finland, during the propagation of low-frequency waves,
which affect the formation of dangerous sea level rises, the transfer of energy from the

tangential friction of the wind in a moving deep atmospheric cyclone to the water masses

is carried out through orthogonal oscillations ;(t) and V(t), and in the east of the bay,

both collinear and orthogonal changes ?(t) have a significant influence on the generation
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of wave-like perturbations of currents. High values of invariant rIZU (6,t) and 17V (6, 1)

estimates during this period indicate that low-frequency waves affecting dangerous level

rises are stimulated. Analysis of the results of mutual correlation analysis between 7 (t)

and V(t) for the entire time of measurements of currents does not reveal any patterns
between periods of high correlation and changes in the directions and velocities of wind

flows: high values of invariants TXU(Q, t) and 1Y (0, t) are observed both in strong and

-

5
weak winds of various directions. Apparently, the correlation between 7(t) and V(t) a
significant influence is exerted by the velocities of atmospheric cyclones and

anticyclones.
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5. MECHANISMS OF INTERANNUAL VARIABILITY OF STORM SURGES

Interannual changes in the number of storm surges in various regions of the Baltic
Sea (including the Gulf of Finland) were estimated in the work of T. Wolski et al. (Wolski
et al., 2014) for the period 1960 — 2010 according to the criterion >70 cm, relative to the
European Vertical Reference System (EVRS). The results showed the presence, in almost
all cases, of positive linear trends in interannual changes in the number of storm surges,
indicating that on various coasts of the Baltic Sea in the 50-year period considered by the
author, their number is steadily increasing. Johansson's work (Johansson et al., 2001)
evaluated trends calculated for each year, standard deviations and sea level maximums at
13 stations on the coast of Finland using a series of level values with an interval of 4
hours. The longest length of level series at these stations was 111 years (from 1888 to
1999). The results showed that in the Gulf of Finland at the Hanko and Hamina stations
in the last century, significant positive linear trends were observed in changes in standard
deviations and maximums of sea level fluctuations. A 15-year moving average of the
series of these characteristics showed that their greatest increase was noted in the 1960s-
1970s of the last century, and then there was a tendency to decrease the values of standard
deviations and maxima of sea level fluctuations. Tylkowski and Hojan (Tylkowski,
Hojan, 2018) used quantile analysis to investigate interannual changes in extreme events
in hydrometeorological processes off the Polish Baltic coast, including sea level
fluctuations. Their results showed that between 1965 and 2014 there was a significant
positive trend in changes in the number of days with extreme sea level rises. The results
of the allocation of storm surges in the Gulf of Finland according to the proposed criterion
30, presented in Chapter 2, indicate that in recent decades there has been a tendency to
reduce the number of storm surges, variance and sea level maximums. Historical data on
the floods that occurred in St. Petersburg indicate that their number increased in the late
XX and early XXI centuries. The results presented in Figure 2.1 show that over the past

30 years, the number of floods at the mouth of the Neva has increased by 1.6 times
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compared to the previous thirty years. Different trends in estimates of the interannual
variability of the number of storm surges in the Baltic Sea are apparently associated with
non-synchronous observation periods involved in the analysis. However, the extent of the
interannual variability of the frequency of dangerous sea level rises in the east of the Gulf
of Finland is still unclear.

A. E. Antonov (Antonov, 2001) investigated the dependence of interannual
changes in the number and intensity of the Neva floods on various indices of atmospheric
circulation, solar activity, planetary-cosmic and regional hydrometeorological processes.
The long-term forecasts of the Neva floods developed by the author on the basis of these
predictors are not confirmed by time.

One of the hypotheses of the increase in the frequency of floods in recent decades
may be associated with long-term changes in the characteristics of atmospheric cyclones.
Indeed, our knowledge of the mechanisms of flood generation at the mouth of the Neva
gives good reason to assume that the interannual variability of anemobaric forces in
cyclones, their numbers, trajectories and velocities of movement should, apparently,
influence changes in the frequency of dangerous sea level rises in the east of the Gulf of
Finland.

The characteristics of atmospheric cyclones over the Baltic Sea were studied for
the period 1948-2002 in (Sepp, Jaagus, 2011). The authors showed that in long-term
changes in the number of deep cyclones (pressure at the center <1000 hPa), a positive
significant linear trend is observed. The largest number of deep cyclones was observed in
1973 (32), and the smallest in 1996 (6) and 1953 (8). That their depth for the period from
1948 to 2002 increased by an average of 2.2 hPa.

In the work of S. M. Gordeeva and V. N. Malinin (Gordeeva, Malinin, 2012), the
number of cyclones whose trajectories passed through the area bounded by 59° - 66° N
and 21° - 30° E for the period from 1958 to 2008 was estimated. The values of the
correlation coefficients between the number of Neva floods and the number of cyclones
turned out to be low (0.28 + 0.32). Quantile analysis did not reveal any noticeable
interannual changes in the trajectories of all cyclones passing through the area chosen by

the authors. However, for "flood" cyclones on the Greenwich meridian, there was a
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noticeable (about 1000 km) mixing to the north of the median trajectories between the
periods 1958 - 1975 and 1976 - 2008, while on the meridian of St. Petersburg this shift
was insignificant compared to the size of atmospheric cyclones. The disadvantages of this
work include the insufficiently correct choice of the area in which the characteristics of
cyclones were evaluated, since according to historical information, the trajectories of the
"flood cyclones" can pass both north and south of the area chosen by the authors
(Makrinova, 1954).

The second hypothesis of an increase in the frequency of dangerous sea level rises
in the east of the Gulf of Finland can be associated with the theoretical identification of
the waves of the Neva floods as baroclinic topographic waves (Zakharchuk, Tikhonova,
2011). Such identification does not exclude the hypothesis about the influence of
interannual changes in the baroclinic conditions of the Baltic Sea on the frequency of
generation of dangerous level rises in the east of the Gulf of Finland. The paper also
examines the influence of seasonal fluctuations in the level of the Baltic Sea on the

formation of dangerous level rises in the east of the Gulf of Finland.
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5.1. Influence of atmospheric cyclone characteristics on interannual variability of
storm surges

While many scientific papers have been devoted to the study of the mechanisms
leading to the emergence of dangerous level rises in the east of the Gulf of Finland, less
attention has been paid to the causes and physical mechanisms that cause their interannual
variability, and this issue remains insufficiently studied.

In this chapter, on the basis of statistical analysis of modern hydrometeorological
data, the dependence of interannual changes in the frequency of dangerous sea level rises
in the east of the Gulf of Finland on various hydrometeorological factors is assessed.

One of the main causes of storm surges, which cause dangerous sea level rises in
the east of the Gulf of Finland, is associated with the influence of anemobaric forces in
deep cyclones passing over the Baltic Sea (Antonov, 2001; Gordeeva, Malinin, 2012;
Sepp, Jaagus, 2011). In this regard, the hypothesis was investigated, according to which
the increase in the frequency of dangerous sea level rises in the east of the Gulf of Finland
in recent decades is due to the interannual variability of the characteristics of atmospheric
cyclones (their depth, trajectories, wind speed in the cyclone).

To study the features of spatial-temporal changes in meteorological characteristics
during periods of storm surges, urgent (4 times a day) data of instrumental wind
measurements at hydrometeorological stations (HMS) Vyborg (from 1966 to 2017),
Ozerki (from 1977 to 2018) and atmospheric pressure at the Kronstadt station, which
were provided by the North-West Department of the Federal Service for
Hydrometeorology and Environmental Monitoring (SZ UGMS Roshydromet), were used
(http://www.meteo.nw.ru), as well as wind and barometric pressure data from the ERA
reanalysis  (Hersbach et al, 2020). Sampling data from ERA 5
(https://cds.climate.copernicus. EU) was produced with a time interval of 1 hour and a

spatial resolution of 0.25°x0.25°
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The atmospheric pressure data of the ERAS reanalysis were compared with
atmospheric pressure measurements at 10 coastal stations on the Swedish coast of the
Baltic Sea, obtained from the resource of the Swedish Institute of Meteorology and
Hydrology (https://www.smhi.se) and at one station in the eastern part of the Gulf of
Finland (Kronstadt). The comparison showed a very good agreement: the values of the
correlation coefficients between the compared series varied from 0.98 to 1.00, which
indicates a fairly high linear relationship between the model and the changes in atm
observed at the stations. Pressure; The absolute error estimates were not large and varied
from 0.30 to 0.73 hPa; relative error values varied within 0.33 — 0.83%; estimates of the
accuracy criterion showed that from 98 to 100% of the values in the atmospheric pressure
reanalysis series of ERA-5 do not go beyond <0.674c, where G is the average deviation
of the series of instrumental measurements of atmospheric pressure.

Estimation of the most probable wind directions and velocities during storm surges
was carried out by calculating the two-dimensional densities of the probability
distribution of wind velocity vectors according to the method described in (Rozhkov,
1984). Wind distributions were estimated for the points of the ERA 5 grid reanalysis area
closest to hydrometeorological stations at time intervals when level rises exceeded 3o
values. For comparison, two-dimensional probability densities of wind vectors were also
estimated from instrumental measurements at the Vyborg HMS.

Figure 5.1 illustrates that for the considered areas of the northern coast of the Gulf
of Finland and in the area of its summit, a single-mode structure of probability densities
of wind vectors prevails, indicating that storm surges occur here with winds of western
rhumbs blowing at the most probable speed of 9-12 m/s, and the probability of such winds
increases when moving from west to east. Off the southern coast of the bay, the wind
structure changes during storm surges: other modes appear in the probability distributions
of wind velocity vectors. In contrast to the northern coast, in Tallinn and Sillamée, storm
surges with level rises greater than 36 occur most often with westerly and southwesterly
winds with lower values of the most likely wind speed of 5 m/s. In the area of the
Shepelevo station, in addition to the mode of southwest winds with speeds of 11 m/s, an

equivalent mode of wind speeds of 7 m/s, having the same directions, stands out. It can
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also be seen that the probability of wind values off the southern coast increases from east

to west.

Figure 5.1. Two-dimensional density of probability distribution of wind velocity vectors
calculated for periods of storm surges of sea level exceeding 36 by instrumental
measurements at HMS Vyborg and by reanalysis data ERA-5.
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According to the ERA 5 reanalysis, the probability distributions of atmospheric
pressure during storm surges exceeding the value of 3o were also estimated. Figure 5.2
shows the probability distributions of atmospheric pressure values during storm surges
with sea level rise >3c. Near the northern coast and at the top of the bay (Kronstadt), the
most probable values of atmospheric pressure during storm surges are 995 hPa. When
moving to in the south, the most probable values of atmospheric pressure increase to 1010
hPa (Hogland region). At the southern coast of the Gulf of Finland, atmospheric pressure
values of 1005 - 1015 hPa are most likely (Fig. 5.2). The results shown in Figure 5.2
indicate that the atmospheric pressure over the Gulf of Finland during storm surges is not
very low. This is due to the fact that the trajectories of the centers of cyclones that cause
storm surges pass north of the Gulf of Finland (Gordeeva, Malinin, 2014; Zakharchuk,
Sukhachev, Tikhonova, 2014; Zakharchuk, Sukhachev, Tikhonova, 2015).
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Figure 5.2. Probability distributions of atmospheric pressure values during storm surges
with sea level rise >3c.

To interpret the identified features in changes in storm surges, current trends in
meteorological processes were analyzed. Figure 5.3 shows the interannual changes in the
estimates of the linear invariant of the variance tensor of the horizontal atmospheric
pressure gradient /;(0) as one of the characteristics of the indicator of cyclogenesis

intensity in the atmosphere.
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Figure 5.3. Change in the linear invariant of the variacne tensor of the horizontal
atmospheric pressure gradient I;(0) in atmospheric cyclones over three regions of the Gulf
of Finland: western (I), central (II) and eastern (IIT) (the locations of the areas are given
in Figure 2.2). The red line indicates a linear trend.
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To assess the intensity of atmospheric cyclones, the variance of the horizontal
gradient of atmospheric pressure /i(f)cradra in cyclones was calculated. To do this, at the
beginning, according to the ERA 5 reanalysis data (Hersbach et al., 2020) obtained from
the resource (https://cds.climate.copernicus.eu) for the region bounded by the coordinates
30°-87.5° N, 80°-60° E, hourly fields of atmospheric pressure values at sea level (Pa)
were selected. According to the methodology described in the works (Bardin M.Y ., 2005;
Golitsyn et al., 2007), cyclones were allocated for each period in the atmospheric pressure

field, as areas of reduced pressure, bounded by closed isobars, by excluding the average

value over the field P,. For negative inhomogeneities, a horizontal gradient was calculated
pressure (GradP,). Since GradP, is a vector quantity, a linear invariant of the variance
tensor GradP, was calculated to estimate its intensity (Rozhkov, 1984):

I1(6) gradpa = Dy (t) + Dy (t) (5.1)
where D, D, — variance of the components of GradP, per parallel and meridian, t is time.
Estimates of I (t)gr.qpq Were made taking into account the non-stationary process: the
quasi-stationary period for calculating I; (t) gr.qpqg Was taken equal to 1 year.

In all three regions of the Gulf of Finland, there are negative significant linear
trends in estimates /;(0), indicating a decrease in the intensity of atmospheric cyclones
over the Gulf of Finland in the late twentieth and early twentieth centuries (Figure 5.3).

The decrease in cyclonic activity over the Gulf of Finland is evidenced by the
results of the analysis of instrumental wind measurements at the Ozerki and Vyborg
stations in the second half of the twentieth and early twentieth centuries. Figure 5.4 shows
the cases of the wind of the western thumbs, which had speeds of >11 m / s, observed at
these stations from September to February and the maximum wind values for the year.
The results show that in the temporal course of various wind characteristics, pronounced

negative significant trends are noted.
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Figure 5.4. Interannual changes in the number of cases when the wind at the HMS stations
Ozerki (blue line) and Vyborg (black line) had directions SW-NW (225°-315°) and speed
>11 m/s in the period from August to March inclusive (a), as well as the values of the
maximum wind speed for each year at these stations (b). Straight red lines show
significant linear trends.

To study interannual changes in the number of atmospheric cyclones, their depth,
velocities of movement and trajectories of their center, the archive of cyclonic activity
characteristics in the Northern Hemisphere from 1958 to 2008 with a time interval of 6
hours (Northern Hemisphere Cyclone Locations and Characteristics from NCEP/NCAR
Reanalysis Data) was used. The algorithm for calculating the parameters of cyclones
presented in this archive is described in the paper (Serreze et al., 1997). The same area
was chosen for the work as when working with the ERA-5 reanalysis. From the entire
data array, only those cyclones were selected, the centers of which fell into a given area
and the pressure in the center of which was less than 1005 mb.

Figures 5.5 and 5.6 illustrate the change in quantiles of estimates of the depth of
atmospheric cyclones having a pressure at the center of <1005 hPa. It can be seen that in
the estimates of the median MeD,(t) there is a significant negative linear trend, while in
the estimates of atmospheric pressure minimums, the negative linear trend is not
significant. Analysis of quadratic trends showed that until the mid-1980s, the depth of

atmospheric cyclones increased and then began to decrease.
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Figure 5.5. Time change in the median MeDzx(t) of atmospheric pressure estimates at the
center of cyclones <1005 mb (black line), significant linear trend (red line), significant
quadratic trend (blue line).

Figure 5.6. Time changes in the minimum MinDz,(t) estimates of atmospheric pressure

in the center of cyclones <1005 mb (black line), non-significant linear trend (red line
dotted), significant quadratic trend (blue line).

When describing the physical mechanisms of flood formation at the mouth of the
Neva, great importance is attached to the velocities of atmospheric cyclones. When their
velocity coincides with the velocity of propagation of a free wavelength in a sea level
field, a resonance occurs, which leads to a particularly significant increase in its amplitude
(Labzovsky, 1971). Figures 5.7 and 5.8 show the results of quantile analysis of
atmospheric cyclone velocity estimates. It can be seen that the maximum velocities of
cyclones reach 36.5 m/s, and the median range from 11.2 to 11.7 m/s. Long-term trends
in the variability of this characteristic do not reveal significant changes: linear and

quadratic trends in estimates of the speed of cyclones are not significant.
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Figure 5.7. Change in time of the maxima of the velocity of atmospheric cyclones
MaxVzy(t) (black line), not a significant linear trend (red line, dotted line), not a
significant quadratic trend (blue line, dotted line).

Figure 5.8. Change in time of the median velocity of atmospheric cyclones MeVzx(t)
(black line), non-significant linear trend (red line, dotted line), non-significant quadratic
trend (blue line, dotted line).

In the work (Zakharchuk, Tikhonova, 2011), on the basis of Fourier analysis of
level measurements at mainland and island stations in the Gulf of Finland, it was shown
that during periods of formation of dangerous sea level rises, the velocities of propagation
of flood waves vary from 4.5 to 11.2 m/s. In this regard, it seems useful to estimate the
number of cases when a resonance is possible between anemobaric forces in cyclones
moving over the Baltic and free long waves in the sea level field. Such a resonance is
possible, when the velocities of atmospheric cyclones are close to the phase velocities of
propagation of flood waves (Zakharchuk, Tikhonova, 2011; Labzovsky, 1971). Figure
5.9 shows a graph of the change over time in the number of cases of NVz.(f) in the

autumn-winter periods, when atmospheric cyclones moved at speeds of 4.5 — 11.2 m/s.
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In these estimates, there is a weak positive linear trend, which is not significant, while a
significant quadratic trend shows that before the early 1990s, the number of cases

increased, and after this period there was a downward trend.

Figure 5.9. The number of cases of NVge,(t) in September-February, when atmospheric
cyclones moved at speeds of 4.5 — 11.2 m/s. A significant linear trend (red line, dotted
line), a significant quadratic trend (blue line).

Figure 5.10 shows the result of a quantile analysis of the positions of the centers of
atmospheric cyclones. This analysis did not reveal significant changes in the trajectories
of their movement over the Baltic Sea. In interannual changes in the median location of
the centers of cyclones MeCz,(?), there are 2-4 year fluctuations and a weakly expressed

positive linear trend, which is not significant.

Figure 5.10. Change in time of the median trajectories of the center of atmospheric
cyclones MeVzy(t) (black line), non-significant linear trend (red line, dotted line),
significant quadratic trend (blue line).

To further study the relationship between the characteristics of atmospheric
cyclones and the interannual variability of the number of Neva floods, a mutual

correlation analysis was carried out between them. Table 5.1 shows the coefficients of

the maximum correlation between the number of floods at the mouth of the Neva and the
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selected meteorological predictors. They show that there is no relationship between the
frequency of dangerous sea level rises in the east of the Gulf of Finland and the different

characteristics of atmospheric cyclones.

Table 5.1. Results of mutual correlation analysis between changes in the number of floods
at the mouth of the Neva #(?) and various meteorological predictors.

Ne | n(t) x meteorological predictor | Maximum correlation coefficient
! N(t) X 11(H)Gradpa 0.004
2 N(t)x MeCza(t) 0.341
3 N(t)x MeDz(t) 0.317
A 1(t)x MinDzy(t) 0.314
> M(t)x Nogo(t) 0.390
6 N(t)x MaxVzu(t) 0.061
7 N(t)x MeVzu(t) 0.170
8 ()% NVreAt) 0.025
) n(tx MaxW(t) 0.055
10 n(t)x Nw(t) 0.335

Notes - [i(t)Gradrs 1S @ linear invariant of the atm pressure gradient, MeCz,(¢) is the
median of estimates of the positions of the cyclone centers; MeDz,(t) is the median of
cyclone depth estimates; MinDy, (f) - estimates of atm pressure minimums in the centers
of cyclones; N 990 (¢) - the number of cyclones with a pressure in the center of less than
990 mb; MaxV(t) - variability of maxima in the velocities of cyclones; MeVz(f) -
changes in the median velocity of cyclones; NVg..(f) - the number of cases of cyclones
with speeds from 4.5 to 11.2 m/s; MaxW(t) - changes in the speed maxima of the west
and south-west winds; Ny(?) is the number of cases when the speed of the westerly and
south-west winds was >11 m/s.

Thus, the results of statistical analysis of meteorological information do not
confirm the hypothesis about the influence of interannual variability of various
characteristics of atmospheric cyclones on the increase in the frequency of floods at the
mouth of the Neva in recent decades. If the increase in the number of dangerous level
rises in the east of the Gulf of Finland were associated only with the meteorological
parameters we estimated, we would observe a similar trend in their variability. However,
our analysis of meteorological characteristics shows the absence of significant linear
trends in changes in the depth of cyclones, their number, trajectories and speeds of their

movement, the number of cases of strong winds in western and southwestern directions,
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as well as the presence of a significant negative trend in the interannual variability of the
maxima of these winds.

The results of the mutual correlation analysis between the number of floods and
various characteristics of cyclone dynamics estimated for the Baltic Sea region, presented
in Table 5.1, also serve as a refutation of the "meteorological" nature of the observed
long-term trends in changes in the number of Neva floods, which indicate the absence of
a connection between these processes.

The results obtained above indicate that the intensity of anemobaric forces in deep
cyclones and the variability of their other parameters alone are not enough to excite
dangerous sea level rises. Perhaps the conditions of the marine environment in which the

waves of the Neva floods are generated and evolve are also of great importance here.
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5.2. On the influence of changes in the baroclinity of the Baltic Sea on the
interannual variability of dangerous sea level rises

In a number of works (Zakharchuk, Sukhachev, 2013; Zakharchuk, Tikhonova,
2011), on the basis of theoretical and empirical studies, it was shown that the waves of
the Neva floods are identified as baroclinic topographic waves. Therefore, it can be
assumed that the interannual variability of the baroclinic conditions of the Baltic Sea has
a significant impact on the frequency of dangerous level rises in the east of the Gulf of
Finland. The forces of tangential wind stress and the horizontal gradient of atmospheric
pressure in deep cyclones bring the thermodynamic system of the Baltic Sea out of
equilibrium at the frequency of its natural oscillations, forming a perturbation of sea level,
the relaxation of which in the low-frequency frequency range occurs in the form of
baroclinic topographic waves propagating eastward into the Gulf of Finland. However,
for the abnormal growth of their amplitude, which ultimately affects the dangerous rise
in the level in the Neva Bay, favorable baroclinic conditions of the basin are necessary.

To test the assumption about the influence of interannual changes in the baroclinic
conditions of the Baltic Sea on the frequency of generation of dangerous level rises, we
used data reanalysis of the hydrophysical fields of the Baltic Sea, obtained within the
framework of the MyOcean project, and including arrays of average monthly values of
temperature, salinity, horizontal components of the velocities of currents ¢ vertical
resolution of 5 m and spatial resolution of 5.6 km for 1990 — 2009, obtained by
assimilation of ship and satellite data in a three-dimensional baroclinic hydrodynamic
model of the ocean Hiromb-BOOS-Model (HBM-V1) (MyOcean Products.
http://www.myocean.eu).

According to the MyOcean reanalysis, the Ap average annual values of vertical
(Ap,) and horizontal (Gradpxy) gradients of seawater density for the period 1990 — 2009
were estimated in the nodes of the grid area for each layer and horizon, respectively and

the number of floods 7(7) using the following methodological approaches. The evaluation
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of the normalized mutual correlation function between Ap(t) and 77 (¢) was carried out

according to the well-known formula:

KAp,n (T)

\/KAP(O)K,, 0)

(5.2)

Tapm (T) =

where Kap(0), K;(0) are the variance of the two scalar processes Ap(¢f) and 7(f), and

Kppn(T) = TL_T fOT_TAp(t)n(t + 1) dt are their mutual covariance function, T is the

length of the realization, 7 is the time shift.

Figure 5.11 illustrates the results of a mutual correlation analysis between the
number of floods at the mouth of the Neva and changes in the baroclinic conditions of the
Baltic Sea. In the northeast of the open Baltic, at the entrance to the Gulf of Finland, there
is an area where the correlation coefficients between 7(¢) and Ap(¢) approach 0.60 (Figure
5.11a), indicating that the increase in the number of Neva floods is associated with
increased stratification. The scheme of quasi-constant circulation of the waters of the
Baltic Sea, presented in the paper (Terziev, Rozhkov, Smirnova, 1992), shows that it is
in this area that the waters of the Gulf of Finland freshened by continental runoff and the
saltier transformed North Sea waters coming from the southwestern part of the Baltic Sea
meet. This result, taking into account our previous studies (Zakharchuk, Sukhachev,
2013; Zakharchuk, Tikhonova, 2011), indicates that the most favorable stratification
conditions are formed in the selected area for the generation of baroclinic topographic

waves that form dangerous level rises in the east of the Gulf of Finland.
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Figure 5.11. Maximum values of the correlation coefficients between the number of Neva
floods n(t) and the vertical gradient of seawater density in a layer of 5-10 m (a); between
n(t) and the horizontal gradient of seawater density (Gradp) in the surface layer (b) and
at the horizon of 85 m (c¢).

For several local waters of the Baltic Sea, high values of the correlation coefficients
between Gradp(f) and 7(¢), are observed, reaching 0.66 — 0.73 (Fig. 5.11 b, ¢). Such water
areas in the central Baltic and the Gulf of Finland were the area of the Gotland deep, the

water area adjacent to the southwestern coast of Finland, as well as the area of the Narva

Bay.
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There is no doubt that the global warming observed in recent decades also affects
the change in the baroclinic conditions of the Baltic Sea, which have apparently become
more favorable for the generation of baroclinic topographic waves that form floods in the
east of the Gulf of Finland. This hypothesis can be confirmed by Figure 5.12, which
shows changes over time in estimates of temperature, salinity and density differences
between the surface and bottom layers at three stations in the Gulf of Finland. These long-
term series of thermohaline characteristics were obtained on the basis of ship
measurement data, the gaps in which were filled with temperature and salinity values

from the MyOcean Oceanological Field Reanalysis Archive.

Figure 5.12. Changes in time estimates of temperature (red), salinity (blue) and density
(black) between the surface and bottom layers at three stations in the Gulf of Finland
(LLY, LL7 and LL3A). Straight lines indicate significant linear trends, dotted lines
indicate non-significant ones.
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The results are presented in Figure 5.12, show that in recent decades in the Gulf of
Finland there has been an increase in stratification, which is primarily associated with an
unequal decrease in salinity in the surface and bottom layers. At the surface, salinity
decreases faster than at the bottom, which is why a positive trend is well expressed in the
estimates of its difference, while the increase in temperature in the surface and bottom
layers occurs with the same intensity, this is indicated by the absence of a significant
linear trend in the estimates of the temperature difference. Thus, according to theoretical
studies (Zakharchuk, Tikhonova, 2011), the conditions for the generation of baroclinic
topographic waves, which make a significant contribution to the formation of dangerous
level rises in the Gulf of Finland, are becoming more favorable. Apparently, because of

this, the number of Neva floods in the last thirty years has increased markedly.
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5.3. Effect of interannual variability of seasonal variations in sea level on storm
surges

Studies show that the contribution of seasonal fluctuations in the Baltic Sea to
dangerous level rises in the east of the Gulf of Finland in some years can reach 26%
(Zakharchuk, Tikhonova, 2011).

To study interannual changes in the level of the Baltic Sea, an array of combined
altimetry data from several satellites was used: Jason-3, Sentinel-3A, HY-2A,
Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2, including sea
level anomaly fields (SLA) with a spatial resolution of 0.25° x 0.25° and a resolution of
1 day (E.U. Copernicus Marine Service Information http://marine.copernicus.eu)
obtained by the method of optimal interpolation for the period 1993 — 2018 (Bretherton,
Davis, Fandry, 1976; Pujol et al., 2016). When creating the array, a correction for orbital
error, correction for instrumental errors, correction for the influence of the troposphere
and ionosphere on the delay of the probing and reflected momentum of the altimeter were
introduced into the initial altimetry data (Traon le, Nadal, Ducet, 1998). In addition,
fluctuations associated with the static effect of atmospheric pressure, the effects of wind
waves, ocean and earth tides were excluded from the altimetry data. Altimetry data were
checked for gaps. The largest number of passes, varying from 2 to 25%, is associated with
the presence of fast ice and drifting ice in winter and falls on the northern part of the Gulf
of Bothnia, as well as on the central and eastern parts of the Gulf of Finland.

A rolling harmonic analysis (Plag, Tsimplis, 1999) of daily altimetry data was
carried out to assess the interannual variability of seasonal variations in the Baltic Sea
level. For the annual harmonic Sa, the quasi-stationarity period (a segment of the series
for calculations) was assumed to be 1 year, and the sliding Fourier analysis was carried
out without overlap (i.e., for each subsequent year). For other harmonics, the sliding
Fourier analysis was performed with overlap. To isolate the non-stationary semi-annual

component of Ssa, the quasi-stationarity period was assumed to be 1 year, and the slip
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was carried out with overlap every six months; to isolate the third-year harmonic the
period of quasi-stationarity was assumed to be 8 months, and gliding was carried out
every 4 months; to isolate the quarter-annual harmonic of Sqa, the quasi-stationarity
period was assumed to be 6 months, and the slip was carried out every 3 months. Based
on the estimated amplitudes and phases for each period of quasi-stationarity, series of
components of seasonal fluctuations were calculated, which were then glued together into
a series describing the interannual changes in each component seasonal fluctuations. The
significance of the linear trend in interannual changes in the harmonic amplitudes of Sa,
Ssa, Sta, Sqa was estimated using the Student's criterion (Malinin, 2008).

In Figure 5.13 shows examples of the components of seasonal fluctuations in sea
level Sa, Ssa, Sta, Sqga in the Gulf of Finland and the open Baltic, calculated from satellite
altimetry data, taking into account the nonstationarity of the process using sliding
harmonic analysis, and in Figure 5.14 components of seasonal fluctuations in sea level

and their superposition in Kronstadt according to instrumental measurements.
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Figure 5.13. Examples of the components of seasonal fluctuations in the level of Sa, Ssa,
Sta, Sqa and their superposition Sa+Ssa+Sta+Sqa, estimated taking into account the
nonstationarity of the process, in the Gulf of Finland (a) at the point with coordinates
59.9° N, 27.9° E and in the open Baltic (b) at 57.1° N, 19.9° E, calculated from satellite
altimetry data.
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Figure 5.14. Components of seasonal fluctuations in the level of Sa, Ssa, Sta, Sqa and
their superposition Sa+Ssa+Sta+Sqa, estimated taking into account the nonstationarity of
the process at the Kronstadt HMS

There is a significant interannual variability of amplitudes in all 4 components. In
some years, the amplitudes of the components of seasonal fluctuations reach 20-40 ¢cm or
more, while in other years they decrease to several centimeters. At the station Kronstadt
(Fig. 5.14) the largest amplitude of the harmonic Sa was observed in 1983. This year there
was the largest number of floods in the history of St. Petersburg (10 cases). In the time
course of the amplitudes constituting Sa, Ssa, Sta, Sqa, amplitude modulation with
periods of envelope waves of approximately 2 to 10 years is well traced. The modulation
of seasonal fluctuations in the level of the Baltic Sea was also paid attention to in the

work (Barbosa, Donner, 2016). The superposition series of Sa+Ssa+Sta+Sqa harmonics,
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calculated from satellite altimetry data, indicate that in the open areas of the central part
of the Gulf of Finland, sea level rises in seasonal fluctuations in some years reach 50 cm,
and their magnitude is greater than in the open Baltic (Fig. 5.13). In the very east of the
Gulf of Finland (Kronstadt), the results of a sliding harmonic analysis of tide gauge
measurements of sea level show even higher values of level exceedances in seasonal
fluctuations, reaching 83 cm (Fig. 5.14). Taking into account these results, and the fact
that the maximums of seasonal level fluctuations in the Gulf of Finland are always
observed in autumn and winter (Cheng, Xu, Li, 2018; Méannikus, Soomere, Viska, 2020;
Zakharchuk et al., 2022; Terziev, Rozhkov, Smirnova, 1992), it is safe to say that seasonal
fluctuations have a significant impact on the formation of dangerous sea level rises during
storm surges in the Gulf of Finland.

In Figure 5.15 shows the values of linear trends of interannual changes in the
amplitudes of harmonics of Sa, Ssa, Sta, Sqa of seasonal level fluctuations for the period
1993-2018. It can be seen that there are no significant trends in interannual changes in the
amplitudes of the Sta, Sqa harmonics throughout the Baltic Sea. For the Sa harmonic, for
many regions of the Baltic, a significant positive trend with values from +1.3 mm/year is
distinguished in the southwest of the sea to + 2.2 mm/year in the northern part of the Gulf
of Bothnia. For the Ssa harmonic, a significant negative trend is observed only for the
central and southern parts of the open Baltic, in the Danish Straits and the Kattegat. Its
values range from -0.3 mm/year in Kattegat to -1.0 mm/year in the open Baltic. The
results are presented in Figure 5.15, indicate that in the period 1993-2018 in the Gulf of
Finland there were no significant trends in changes in the components of seasonal

fluctuations.
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Figure 5.15. The values of the linear trend of interannual changes in the amplitudes of
various components of seasonal fluctuations in the Baltic Sea level for the period 1993-
2018 are shaded regions where trend estimates were not significant.

Figure 5.16 shows a pre-calculated daily series of seasonal fluctuations in sea level
in Kronstadt for 1971-2019, on which the dates of floods in St. Petersburg are plotted.
Estimates showed that in 95% of cases, dangerous sea level rises in the Neva Bay were
observed with a positive anomaly of seasonal sea level fluctuations. Thus, the results

obtained indicate that the interannual variability of seasonal sea level fluctuations have a

significant impact on formation of dangerous level rises in the east of the Gulf of Finland.
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Figure 5.16. A pre-calculated series of seasonal fluctuations in sea level in Kronstadt (blue
line) and flood dates in St. Petersburg (red dots). The red line is zero.
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CONCLUSION

Statistical analysis of storm surges and meteorological information in the Gulf of
Finland in the last decades of the twentieth century and the first decades of the twenty-
first century allows us to draw the following main conclusions:

1. The proposed criterion for the allocation of storm surges allows us to take into
account the spatial variability of their characteristics.

2. The results of the assessment of storm surges in the Gulf of Finland show that,
depending on the year and location of the station, the number of storm surges exceeding
the value of 3o varies widely in the Gulf of Finland: from 0 - 1 cases per year to 16 - 52
cases. Estimates of storm surges for the longest series of the level (=30 years) indicate
that, with the exception of Vyborg, at other stations there is a negative trend in the change
in the number of storm surges, which, however, is not significant. The average periods of
storm surges range from 6.7 to 9.0 hours, and the maximum reaches 26 to 96 hours. The
results of the analysis of meteorological information presented in the paper indicate a
decrease in the intensity of cyclogenesis in the atmosphere over the Baltic Sea in recent
decades. Apparently, in the intensity of atmospheric cyclogenesis over the Baltic, there
are long-period cycles associated with climate changes and large-scale interaction in the
ocean-atmosphere system in the North Atlantic region (Terziev et al., 1992), which are
reflected in interannual changes in the characteristics of storm surges in the Baltic Sea.

3. Analysis of vertical profiles of temperature and salinity in the Gulf of Finland,
obtained from ship measurements during the formation of floods in the Neva Bay (Fig.
3.2 and 3.4), show that, despite the storm wind, autumn-winter convection and intense
wind-wave mixing, pronounced stratification remains in the bay. Apparently, under such
conditions, with the strengthening of the processes of turbulent viscosity and diffusion of
the substance, there is a significant increase in the processes of advection of heat and salt
into the Gulf of Finland from the open Baltic, which contributes to the maintenance of

stable stratification. At the same time, in recent decades, there has been an increase in
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water stratification associated with an increase in air temperature, an increase in
precipitation, a decrease in wind intensity over the sea, desalination of the upper quasi-
homogeneous layer and an increase in the salinity of deep and bottom waters (Leppéranta,
Myrberg, 2009).

4. The baroclinic nature of low-frequency waves that form dangerous sea level rises
in the east of the Gulf of Finland is confirmed by the analysis of instrumental
measurements of currents at autonomous stations operating in three areas of the bay. The
results of this analysis show that in storm conditions during dangerous sea level rises,
barotropization of currents does not occur, on the contrary, during this period there is an
increase in their baroclinic component (Fig. 3.8). The vertical structure of the baroclinic
flows identified by us is the same as that of the internal waves of the 1st vertical mode:
in the surface and bottom layers there are maxima of currents, in the deep layer - one
minimum (wave node), and with depth the baroclinic flows change their directions to the
reverse. At stations 21 and 20, the vertical baroclinic mode node is observed in the 40-50
m layer, and for the SPBSOI station at depths of 5-7 m. The maximum velocities of the
baroclinic flows reach 30 - 38 cm/s in the surface layer and 15 - 25 cm/s in the bottom
layer. The results of mutual correlation analysis between sea level and baroclinic currents
show that during the formation of floods at the mouth of the Neva, there is a close
relationship between sea level fluctuations and baroclinic fluctuations in currents.

5. In all three regions of the Gulf of Finland, during the formation of dangerous sea
level rises, with increasing depth, there is no reversal of instantaneous and average 5-day
vectors of the velocity of currents along the Ekman spiral, which indicates an insignificant
contribution of purely drift currents to background transport. This peculiarity may be due
to the fact that, due to the complex morphometry of the coastline of the Gulf of Finland,
large changes in its bottom topography, pronounced stratification of the sea and
significant spatial-temporal variability of wind speed and direction, relatively stable drift
currents, apparently, do not have time to form. Because of this, in storm conditions
leading to floods in the Neva Bay, the response of water masses to the impact of
anemobaric forces in a deep atmospheric cyclone moving over the Baltic is not local,

when Ekman wind currents are generated at each point of the sea, but global, when forced
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low-frequency waves are generated under the influence of disturbing forces, which in
some cases are identified as baroclinic topographic waves (Zakharchuk, Tikhonova,
2011). Spreading across the Gulf of Finland, these waves cause dangerous rises in sea
level in its eastern part.

6. The results of the mutual correlation analysis reveal a very complex nature of

the statistical relationship between the tangential friction of the wind 7(t) and currents

-

V' (t) during storm surges that cause dangerous sea level rises. In the western (station 21)
and central (station 20) parts of the Gulf of Finland, during the propagation of low-
frequency waves, which affect the formation of dangerous sea level rises, the transfer of

energy from the tangential friction of the wind in a moving deep atmospheric cyclone to

N -
the water masses is carried out through orthogonal oscillations 7(t) and V(t), and in the

5
east of the bay, both collinear and orthogonal changes 7(t) have a significant influence
on the generation of wave-like perturbations of currents. High values of invariant

rIZU(Q, t) and 1Y (6, t) estimates during this period indicate that low-frequency waves

affecting dangerous level rises are stimulated. Analysis of the results of mutual

N -
correlation analysis between t(t) and V(t) for the entire time of measurements of
currents does not reveal any patterns between periods of high correlation and changes in

the directions and velocities of wind flows: high values of invariants r,‘:U(H,t) and

ryV(6,t) are observed both in strong and weak winds of various directions. Apparently,

the correlation between ?(t) and I_/)(t) a significant influence is exerted by the velocities
of atmospheric cyclones and anticyclones.

7. The results of statistical analysis of meteorological information obtained on the
basis of the methodological approaches used by us do not confirm the hypothesis about
the influence of interannual variability of various characteristics of atmospheric cyclones
on the increase in the frequency of storm surges that cause floods at the mouth of the
Neva in recent decades. If the increase in the number of dangerous level rises in the east
of the Gulf of Finland were associated only with the meteorological parameters we

estimated, we would observe a similar trend in their variability. However, our analysis of
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meteorological characteristics shows the absence of significant linear trends in changes
in the depth of cyclones, their number, trajectories and speeds of their movement, the
number of cases of strong winds in western and southwestern directions, as well as the
presence of a significant negative trend in the interannual variability of the maxima of
these winds.

The results of the mutual correlation analysis between the number of floods and
various characteristics of cyclone dynamics estimated for the Baltic Sea region, presented
in Table 5.1, also serve as a refutation of the "meteorological" nature of the observed
long-term trends in changes in the number of Neva floods, which indicate the absence of
a connection between these processes.

8. In contrast to the results of a mutual correlation analysis of the number of floods
and the characteristics of atmospheric cyclones, for a number of areas of the Baltic Sea,
there 1s a high correlation between the number of dangerous level rises in the east of the
Gulf of Finland and changes in baroclinic sea conditions (Fig. 5.11). Such water areas in
the central Baltic and the Gulf of Finland were the area of the Gotland deep, the water
area adjacent to the southwestern coast of Finland, as well as the area of the Narva Bay.
Apparently, it is in these areas that the most favorable environmental conditions are
formed for the generation of baroclinic topographic waves, which form dangerous rises
in the level in the east of the Gulf of Finland. These results indicate that the intensity of
anemobaric forces in deep cyclones and the variability of their other parameters alone are
not enough to excite dangerous sea level rises. In addition to these factors, the conditions
of the marine environment in which the waves of the Neva floods are generated and
evolve are also of great importance. The interannual variability of the baroclinic
conditions of the Baltic Sea has a significant impact on the frequency of dangerous level
rises in the east of the Gulf of Finland. The forces of tangential wind stress and the
horizontal gradient of atmospheric pressure in deep cyclones bring the thermodynamic
system of the Baltic Sea out of equilibrium at the frequency of its natural oscillations,
forming a perturbation of sea level, the relaxation of which in the low-frequency
frequency range occurs in the form of baroclinic topographic waves propagating eastward

into the Gulf of Finland. However, for the abnormal growth of their amplitude, which
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ultimately affects the dangerous rise in the level in the Neva Bay, favorable baroclinic
conditions of the basin are necessary. There is no doubt that the increase in the
temperature of the Baltic Sea observed in recent decades as a result of global warming
also affects the change in the baroclinic conditions of its basin, which have apparently
become more favorable for the generation of baroclinic topographic waves that form
floods in the east of the Gulf of Finland. This hypothesis requires additional, more
detailed studies involving numerical hydrodynamic modeling.

9. The results of harmonic analysis of satellite altimetry data and instrumental
observations of the Baltic Sea level showed a noticeable interannual variability of
seasonal fluctuations. In some years, the excess of the level above its average value due
to seasonal fluctuations can reach 80 cm According to the results of the analysis of
seasonal fluctuations in the level at the station of the Gornii Institute, it was revealed that
in more than 95% of cases the Neva floods occur against the background of positive

anomalies.
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