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CTtaTbsl MOCBAIIEHA aHAIU3Y TTPolieccoB muddepeHIIMaTbHOM T bhy31H, OTBETCTBEHHBIX 32 TUATTUKHU-
yeckoe IepeMelninBaHue B 30He [IpMMOpCKOro TeyeHMsl 3amajgHOro HallpaBJieHUSI B CEBEPHOM 4acTu
SnonHckoro Mopsi. B craTtbe npuBeAeHBI pe3yabTaThl 00pabOTKM M aHaJIM3a JUIMHHOTO BPEMEHHOTO psiaa
pPEeryJISIpHBIX U3BMEPEHUI BEPTUKAIBHBIX POMUIICH TEPMOXaTUHHBIX XapaKTePUCTUK U CKOPOCTU TCUCHMST
HaJ BEpXHEM YacThi0 KOHTUHEHTAJIBHOTO CKJIOHA MeXmy ropu3oHTaMu 60 1 420 M Ha OYHKOBOI CTaHIIMU
“AkBajior” ¢ anpeJs 1o okrsi6pb 2015 r. C momomipio nmapamerpusanuu OcbopHa-Kokca (1972) u mapa-
meTtpusanuu ['perra (1989), mosydeHs! olileHKM K03 duiirneHToB 3 HEKTUBHOTO OOMEHA TETLJIOM U1 COJIbIO,
a Tak:Ke MOTOKa TJIaBy4YecTU. BBITIOJHEHBI OlIeHKHU yTiia TepHepa 11 BepuduKaluy mpoleccoB IBOMHOIM
muddysun. MccnemoBaHbl BKIIAAbI MMOCTOMHON KOHBEKIIMM W COJIEBBIX MAJbIEB B MOTOK TUIABYYECTH.
YcraHoBiieHO, uTo 61aronaps nuddepeHanbHoM 1udGy3MM MTHTEHCUBHBIM BEPTUKAIbHBIM IEPEMEITH -
BaHMEM ObLI OXBa4YeH IIaBHBIM 00Opa3oM ciioit oT 80 mo 170 m. [Ipuyem, ¢ cepeanHbI BECHBI 10 Havyajia Mast
MocJIoiiHasE KOHBEKIIMS MPOHMKaJa 10 Topu3oHTa 250 M, a 3aTeM BeIyllylo POJib UTpajl Mpolecc Mo TUITY
CoJIeBBIX MaJiblieB. CIBUTOBAsI HEYCTOMUYMBOCTD, OOYCJIOBIIEHHAS, B TOM YKCIIe, CJ1a60-HEeTMHEeTHBIM B3aM-
MOJIeICTBMEM BHYTPEHHUX BOJIH, Mpeobianajia B HUXKeeKaIluX CI0sIX.

KiroueBble ciioBa: nuarMmkHU4YecKoe TrepeMelinBanue, nuddepeHumnanbHas a1uddy3us, THCTPYMEHTab-
HbIe U3MepeHus, SImoHCKoe Mope
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1. BBEAEHUE

B HexkoTOpbIX pailoHaXx oOKeaHa AIUANTUKHUYE-
CKOe/BepTUKAJIbHOE TepeMellIuBaHe MOXET 00y-
CJIaBJIMBAThCsl KOMOMHAIIMEH BKIIaI0B TypOYyIeHTHO-
ctu u nuddepeHunanbHoit auddysuu [Inoue et al.,
2007]. B crygae TypOyJIeHTHOCTH, pa3BUBaroIIeiics B
pesyJibTaTe CIBUTOBOM HEYCTONYMBOCTU, OOYCIIOB-
JICHHOM B TOM YMCJIe HEJIMHEMHBIM B3aUMOIEICTBUEM
BHyTpeHHUX BoiH (BB) [Wunsch, 2004]|, pa3Butue
polecca COIMPOBOXIACTCI IOTEPEN YCTOMYMBOCTU
TUTOTHOCTHOM cTpaTu(uKalMi, a UHTEHCUBHOCTb Te-
peMelBaHNs OMMHAKOBA KaK JJIsl TeIUla, TaK U COJIN.
B cnygae muddepennuanpHoit nuddy3um, KapTuHa
nHas. [1pnu ycToiiumMBOIi TNIOTHOCTHOM cTpaTuduKa-
LIMU, PETUCTPUPYIOTCS TIOTOKM TLJIaBYy4YeCTH, KOTO-

CraTbsl MOATOTOBJIEHA HA OCHOBE YCTHOTO J0KJIa/1a, PeacTaB-
JgeHHoro Ha IV Becepoccuiickoit KoH(MEepeHIIUN ¢ MEeXXKIyHapOI-
HBIM yyactueM “TypOyJeHTHOCTb, AMHAMUKa atMochepbl U
KJIMMaTa”, MOCBSIIEeHHON MmaMsITh akageMuka A.M. O0yxoBa
(Mocksa, 22—24 Hosi6ps 2022 1.).

pbIe SIBJSIIOTCSI MPSIMBIM CJIEACTBUEM HEYCTONYUBO-
CTH BEPTUKAJBbHBIX pacHpelneicHUA TeMIlepaTyphl
BOIbI WJIX €€ COJIEHOCTU, B YCIOBUSIX 0OJIee MHTEH-
CHBHOI MOJIEKYJISIpHOM T y3uu TeIlia o cpaBHe-
HU10 ¢ nuddysueit conn, (Kod3pGULMEHT MOJIEKY-
JnsspHOM mmddy3um Teruia Ha ABa IMmopsiaka OOJIbIIIe,
yeM Koo dUiimeHT MoaeKyasapHoil iuddy3un conmn)
[Radko, 2013]. bnaromnpusiTHbIe YCIOBUS ST Pa3BU-
™M guddepeHaabHon 1udPy3nn B pexXKnMe Mo-
cioitHoit KoHBekunu [PemopoB, 1986] mMoryr Ha-
OJII0NAaThCS B TEPMOXAIMHHBIX MHTPY3USIX B OKCaH-
yeckux (ppoHTanbHBIX 30Hax [Kyspmmnua, 1997], a
muddepeHunanbHas augdys3usi B popMe CoeBbIX
nanblieB [Penopos, 1972] MoXeT MPOUCXOIUTh Ha
HIDKHMX TpaHULIaX UHTpy3uii [Penopos, 1984; 3ane-
nuH u ap., 1995]. IuddepeHumnanbHo-a1uddy3MoH-
Hasl KOHBEKIMs THUIIA COJIEBBIX ITaJIbLICB BHOCUT
BKJIaJ B BEHTWISILIMIO BOJ TEPMOKJIMHA B HEKOTOPBIX
paiioHax okeaHa [IIepeckokoB u @enopos, 1989] u
CUMTAETCS BaxKHBIM KJIMMAaTOOOpa3yromuM (akTo-
poM [ITepeckokoB u @egopos., 1985]. Caenyet oTMe-
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TUTh, YTO B OOHOM M3 HETaBHUX MCCIECIOBAHUIA, 10~
CBSIIIIEHHBIX TUANTUKHUYECKOMY TIepeMEIINBaHUIO B
okeaHe [Gregg et al., 2018], aBTOpbI pa3negauau Mo-
HATUS 0 TuddepeHITnaTbLHON TUdGY3N U TBOMHOMN
nnuddy3nun, cBsI3aB MEepBYIO ¢ MpolieccaMi ¢ Ipeood-
JIaJaHUEM TIOCJIOMHOII KOHBEKIIMU, a BTOPYIO — C
KOHBEKIIMEN I10 TUIIY COJIEBBIX ITAIBLEB B YCIOBHSIX
OYeHb CJ1ad0ro BEpTUKAIBLHOTO CIBUTa CKOpocTu. B
IaHHOW paboTe MBI OyAeM yIOTPEeOISITh TEPMUH
muddepeHunanpHasg auddy3uss, TpUACPKUBASICh
TPaOUILIMOHHOIO OIIpEeAeCHMsI, KOTOPOE BKIIOYACT
KaK ITIOCIOMHYI0 KOHBEKIIUIO, TAK M KOHBEKIIHUIO I10
TUIIYy COJEBBIX ITAJbLIEB, IIPUYEM HE O0sI3aTEIHLHO
MPpU OTCYTCTBUM BEPTUKAIBLHOIO CIBUT'Aa CKOPOCTH.

JlaHHbIE U3BMEPEHUN TUATTMKHUYECKOIO MepeMe-
muBaHus B inoHckoMm Mope (nasee, AM) nmpakTuye-
CKH OTCYTCTBYIOT, XOTSI IpPOILECChl BEPTUKAIHHOIO
oOMeHa 37ech BBI3BIBAIOT OOJILIION MHTEPEC B KOH-
TeKCTe M3YYEHUSI TTPUYMH MOBBIIIEHHOTO COMIepKa-
HUSI PAaCTBOPEHHOTO KHCJIOpPOIa B BOMHOII TOJIIIE
[Talley et al., 2006]. M 4yacTo paccMaTpuBaeTCsd Kak
OKeaH B MMHHUATIOpE U3-3a KOHBeliepa BOMHBIX Macc
M HEKOTOPHIX YepT LUPKYJISINUU, CXOXKMUX ¢ Mupo-
BbIM oKeaHoOM [Ichiye, 1984; Gamo et al., 2014]. I'1y-
OOKOBOOHBII ceBepHBIi OacceiiH SIM, oxBaueHHBIM
KPYITHOMACIITAOHBIM HUKJIOHUYSCKUM KPYTOBOPO-
TOM, IIPEACTaBJIsIET COO0OM KOMITAKTHYIO 30HY CMeE-
IIEHUSI BOMHBIX MAcC Pa3INnYHOTIO MPOUCXOXKICHUSI
[Talley et al., 2006]. B wacTHOCTH, 31€CH IPOUCXOTUT
cMmenieHre Bon Terioro LlycuMmckoro TeyeHwms, sSIB-
JIsiolerocsi mpoaoKeHueM BeTBu Kypocuo, u xo-
JomHoro mpubpexHoro teueHus IllpeHka roro-3a-
MMagHOrO HampasJieHus, Oepyllero Hadyano B TaTtap-
ckoMm TiposiuBe. Ilo-BuauMoMy, M3 KOHBEPIreHIIUU
3TUX ABYX TedeHuit popmupyercsti [Ipumopckoe Te-
YeHMe 3aaJHOro HAaIllpaBJIeHUS, CTPEXKeHb KOTOPOTO
pacrnosiaraetcsl HaJi KOHTUHEHTAJbHBIM CKJIOHOM U
IpociiexuBaeTcs 1o paiioHa 3anuBa Iletpa Bemuko-
ro, a mHorga m 3amagHee [Hwkutun m np., 2020].
EctecTBeHHO 0X1IATh, YTO MPOLIECCHI AUATTUKHUYE-
CKOTO IIepeMelInBaHus B CeBepHOIi YacTu SITTOHCKO-
ro MOpS M B CeBepoO-3amnamaHoit yactu Tuxoro okeaHa
BO (¢poHTaNnbHOI 30He TeueHuit Osicuo u Kypocuo
[Inoue et al., 2007] MmoryT uMeTh MHOTO 001Iero. MH-
teHcupukanmsa [IpruMopckoro TedeHusT B BEPXHEM
cJioe Mops B Teribli nepuon roga [Kim et al., 2010]
BIMsIeT Ha (D)OHOBBIE YCJIOBUSI CABUTOBOII HEYCTOM-
yuBocTH BB, BO3HMKaIOIIMX KaK OTKJIMK MOpPSI Ha aT-
MocdepHble BosmeicTBust [Spomryk u ap., 2016] u
npwiMBHEIX BB, KOTOpble CTaHOBSTCS HEYCTOMYM-
BBIMM TIpM BbIXone Ha menbd [HaBpouxuit m np.,
2010; HosorpsicoB u ap., 2016; HoBoTrpsicoB u np.,
2018]. MuTeHcuduKalys CABUTOBOM HEYCTOMYUBO-
CTH MOXKET BIUSATH Ha (POPMUPOBAHUE TUAITMKHUYEC-
CKOTO nepeMeIIBaHusI.

JIsmoo6pa3oBaHue B ceBepHOI yacT TaTapcKoro
npoiausa [TpycenkoBa u ap., 2019] u Ha akBaTopum
3anuBa Ilerpa Benukoro [Talley et al., 2003; Jla3za-
proK u ap., 2013; JIazaprox u ap., 2021] mOJKHEI CITO-
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CTEITAHOB wu np.

COOCTBOBATh Pa3BUTUIO TIpoIeccoB AnddepeHIIN-
aTbHO-IU(P(Y3MOHHON KOHBEKIIMM B IIPUIIOBEPX-
HOCTHOM CJI0€ MOpsI B 3UMHUI ce30H. BecHoi1 mox
JIeJACTBMEM BETPOB CEBEPHBIX PyMOOB, a TaKKe U3-3a
pacripecHeHUsI BOMI, BBI3BAHHOTO TasTHUEM MOPCKOTO
JIbaa, W IIPOHOJIKAIONIISCS ITOTEpU Terjla II0BEPX-
HOCTHBIM CJIOEM MOpPS$I, DOPMUPYIOTCS YCIIOBUS JJIST
pa3BUTHUs IBOMHON nuddy3um B BOOHON Toe. B
KOHIIEe JleTa—Havyajie OCeHU Ojaromapsi yBeIU4YeHUIO
pacxona BetBu Kypocuo uepes Llycumckuii/Kopeii-
ckuii ipoiuB [OcTpoBckuii u ap., 2009] 1 UHTEHCUB-
HOMY MOPCKOMY IIMKJIOT€HEe3y 3HAUUTEIbHO YCUIUBA-
€TCsI IIPUTOK 0O0JIee COJICHBIX U TEIUIBIX BOM B CEBEPHBII
OacceifH u3 roro-BocrouHoit yactu AM [Kim et al.,
2010; Stepanov et al., 2022]. Ha BepxHei1 rpaHuiie NH-
TPy3Uii 3THUX BOM MOTYT HAOJIOMAThCS SIBJIEHUS I10-
CJIOITHOM KOHBEKIIUM, a HA HWXKHEN BO3MOXHBI TU(-
depeHIMaATbHO-TUMdY3NOHHBIE TIPOIIECCHI, (POpMI-
pylolie coyieBble Mayblbl. KOHBEKIMS B pexXuMme
COJICBBIX ITAJIBLIEB BeAeT K YCWJICHUIO BEHTWJISIIAU
BOJI TEPMOKJIMHA, 10 aHAJIOTUH C IIporeccaMmu B Mu-
poBoM okeaHe [Ilepeckokos, 2019].

B pa6ote [Ostrovskii et al., 2021] Ha ocHOBe aHa-
JIn3a IJIMHHBIX BPEMEHHBIX DPSIOB BEPTUKAIbHBIX
nmpoduieit TeMrepaTypbl M COJIEHOCTH MOPCKOM BO-
IbI, a TaKXKe CKOPOCTU TEYCHUS, YIAIOCh KOJIMYE-
CTBEHHO OLICHUTb MapaMeTPhl TMATTMKHUYECKOTO T1e-
pEMEILIMBaHUS B MPEANOI0KECHUN O BEIylleil poju
CIBUTOBOW HEYCTOMYMBOCTU, OOYCIIOBIICHHON cla-
00-HeJIMHENHBIM B3auMojeiicTBueM BB Han KoHTH-
HEHTaJIbHBIM CKJIOHOM. DKCIEepUMEHTAIbHBIC TaH-
HbI€ IJIs1 OLIEHUBAHMSI ObUIM TOJIYYEHbI C TTOMOIIIBIO
npodumorpada “Aksanor” [OcrpoBckuii u ap., 2013],
paboTaBIIET0 B COCTaBE 3asKOPEHHON aBTOHOMHOI
OyIKOBOIi CTaHILIMU B CeBEPO-3aIlafHON YacTU MOPsI C
anpens no okTsops 2015 r. belia uccienoBaHa n3MeH-
YUBOCTh CKOPOCTH OUCCUIIALIMU TYPOYJEHTHON Ku-
HETUYECKOM PHEPruu U Ko3dduiimeHTa BepTUKalb-
HOTO TYpOYJIEHTHOTO TIepeMEITUBaHUS T10 TITyONMHE 1
BpEMEHMU, a TaKKe YaCTUUYHO OTKMCAH CE30HHBIN X0
BEPTUKAJIBHBIX ITOTOKOB TEIUIa, COJIM ¥ PACTBOPEHHOTO
kucyopona. OueHKy ObLIU MOJTyYeHbl HA OCHOBE TOH-
KO-CTpYKTypHOI1 mapameTpu3anuu [ Polzin et al., 2014].
OnHako Tpolecchl ABOMHOM nuddy3un paccMoTpe-
HbI HE OBLIN.

B maHHOM HCcIenoBaHUM, UCIOIB3YS TOT K€ Mac-
CUB JaHHBIX TTpoditorpada “Aksanor”, IIpOBOINT -
¢l aHaJIMu3 TIpoleccoB nuddepeHIUaAIbHON TUd Y-
311, OTBETCTBEHHBIX 3a OUAIMKHUYECKOE IIepeMe-
muBaHue B 30He IIpuMopcKoro TeueHus 3ariafHoOro
HampaBJICHUSI B CeBEPHOI yacTu SIIIOHCKOro Mops.
ITonydeHBI KOJIMYECTBEHHBIE OLICHKN KO PUIINECH-
TOB BEPTUKAJIbHOTO TypOYyJICHTHOTO OOMEHa, a TaKXKe
MOTOKA IUIABYYECTH, OCHOBAHHbBIC Ha IIPEIIIOIOXKECHINN
O TOM, 4YTO BKJIAI IIpolieccoB IupdepeHIMATBHON
mnddy3un BpeMeHaMU JIOKAJTBHO MOXKET OBITh IIpe00-
JIAJAIOIINM B TMATTMKHUYECKOM MepeMEIIMBaHUU.
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Puc. 1. (a) Cxema TeyeHuit u penbed THa ceBepo-3araaHoi yactu SnoHckoro Mopsi (1o nanueiM ETOPO2 [NGDC, 2006]).
3I1B — 3anuB [letpa Benukoro, [1K — IMpumopckuii kpaii. JIunueit KpacHOTo 1IBeTa 0003HaYeHO nponoskeHue Llycumckoro
TeueHus, roiayooro 1BeTta — TeueHue LlpeHka, opanxeBoro 1iBeta — [Ipumopckoe TeueHre. YepHbIMU IMHUSIMU 0003HaYeHa
CTPYKTypa KPYITHOMACIITAOHOTO IIMKJIOHUYECKOTO KpyroBopota Han LleHTpanbsHOI KoTinoBuHOM AnmoHckoro Mops. (6) YBe-
JIMYEHHBIN pparMeHT Tonorpacduu mHa. KpacHbIit Kpy>KoK — 3assKOpEeHHasl CTAaHIIUSI C aBTOHOMHBIM MOIBOIHBIM IPOMUIIO-
rpadom “Axksaiior”, paborasiias ¢ 18 anpens no 15 oktsa6pst 2015 r.

2. TAHHBIE

HarypHbie naHHBIE, HCIIOIb3yeMble HIKE ISt
OLIEHKM BepPTUKaJBHOTO TEILIOMAacCoIlepeHoca, ObI-
JIM TIOJIyY€HBbI C MOMOIIbIO 3asIKOPEHHOU IPUTOMN-
JIEHHOI OyHMKOBOII CTaHLIMM C POOOTU3UPOBAHHBIM
TOIBOIHBIM ITpodmnorpadoM “Axksaior”. CtaHIHs
onu1a yctraHosJieHa 3kcneaunueit TOM IBO PAH Ha
HUC “Axkagemuxk M.A. JlaBpeHtbeB” (peiic Ne 69) B
amrpeste 2015 1. Ha KOHTMHEHTAJILHOM CKJIOHE Ha U30-
Gare 425 M B Touke 133°47.1" B.1. 11 42°33.7’ c.111. B ce-
BepoO-3amnagHoi 9acTu JIITOHCKOro Mopsi B 30HE IpHU-
OpexHoro xojionHoro IIpumopckoro tedeHust (CMm.
puc. 1).

Armmmapar “AxBanor” BBITOJTHSI TIPOMINpPOBa-
HUE BOOHOI TOJIIU MpPU ABUXKEHUU BOOJb Oyliperna
3asIKOPEHHOM CTaHLIMM MEXIY BEepXHEi IPUTOILICH-
HOI IJIaBy4YeCThIO M 3aJaHHBIM ITyOMHHBIM TOPHU-
30HTOM. 30HIMPOBAHUS BBINOJIHSUIMCH CTPOTO C MH-
TepBaJIoOM 6 YaCcOB B TEUEHME BCETO CPOKA MMOCTAHOB-
K1 cranOonu c¢ 18 ampensg mo 15 okrsaopg 2015 T.
Kazkabie mecTb CyTOK MepBhIe MATh JHE arapat K-
JIpOoBaJ MexXay ropu3oHTamu 60 1 280 M, a Ha ClIeayIo-
WA, IeCTOM IeHb Aeian 0oJjee ITyOOoKIe 30HIUPOBa-
Hust 10 TopuszoHTa 420 M. [Ipr 5ToM CKOPOCTH ero repe-
MELIEHUS cocTaBIsuia mpuMepHo 0.2 m ¢~

Ha ammapare “AxBaior” ObUIM yCTaHOBJICHBI IIPH-
oopsl: Tepmocosiemep SBE CTD 52-MP n akyctude-
CKUIi1 IOTIJIEPOBCKUI TOYSUHBII U3MEPUTESIb CKOPOCTHU
teueHust Nortek Aquadopp 2 MIT1 (monpo6Hoe ormca-
HUe cMoTpuTe B padbote [Ostrovskii et al., 2021]). ITomy-
YeHHbIE BpEMEHHBIC PsIbl JaHHBIX CoAep:Kaau Gosee
1500 BepTUKaIBLHBIX TPOMUIICH O KaXKIOMY U3MEPEH-
Homy napametpy. [1pm mocnenyroreit oopaboTke naH-
HbIX CTD 30HI1a ¢ MOMOIIBIO MUHUMU3ALMH TTOTPell-
HOCTe 1 BBEIEHUSI MTONPABOK Ha MHEPLIMOHHOCTD aT-
YUKOB yAaJIOCh MPUBECTU MX TOYHOCTh K CTaHIapTaM

MN3BECTHUA PAH. ®PU3NKA ATMOC®DEPHI 1 OKEAHA

WOCE: no temneparype +0.002°C u 110 3JIeKTpOIIPO-
BonHoct no +0.003 MCMm cm~! [JIazapok u ap.,
2017]. 3areM, UCHONB3ysI CTaHAAPTHBIE IIPOLIEAYPHI
TEOS-10 [Wright et al., 2011], MbI paccUnTHIBAIN HO-
TeHUMAIbHYIO TeMrepaTypy (6) U coleHOCTb BOIHI (.5),
3HAUEHUSI KOTOPBIX, HapSAy C TOPU3OHTAIbHBIMU
KomnoHeHTaMu ckopocTtu TedeHus (U), rpyrmmpo-
BaJIM MO JABJICHUIO I10 CI0SIM 2 10ap U yCPEIHSIIN.

3. METOJ OUEHWBAHHWA
JUATITMKHNUYECKOI'O ITEPEMEIIINBAHWA

st onpeneneHus BkJana nuddepeHInaIbHON
I dy3un B BEpTUKATbHBIN TETJIO- U MAaCCONEPEHOC
WCIIOJIb3YETCS MapaMeTpu3allvs, MpelIoXeHHas B
pa6ore [Osborn et al., 1972; Osborn, 1980]. Beipaxe-

HUeE JJIs TIOTOKa IulaByvyecty J, = —=-w'p', rne g —

Do
YCKOpE€HHE CBOOOILHOIO IMAaigeHusl, p, — OTCUYETHAsI
TUIOTHOCTD, P — MJIOTHOCTh MOPCKOU BOJIbI, W — BEP-
TUKAJIbHASI CKOPOCTh (IITPUXOM 0003HAYCHBI (hITyK-
TyalluM, a BepXHssl yepTa O3HA4yaeT OCPEOHEHUE 10
BpeMEHH ), B IMHEApPU30BaHHOM (hOopMe UMEET CISaY-
IO BUL:

Jy = —5(—poam + poﬁﬁ),

Oo

1)

rie o1 B — Ko bULMEeHTHI TETUIOBOTO PACIITMPEHMSI
1 cosieHocHoro cxaTtust [Roquet et al., 2015]. B aTtom
ciyyae,

Jy = —g(aky —BFy), (2)
rae Fy u Fg — NOTOKM Temia U COjid, KOTOPbIE COOT-
BETCTBEHHO, TMPOINOPLUOHAIbHBI BEPTUKAIBbHBIM
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TPaIVEeHTaM OCPEIHEHHBIX 3HAYEHUN MOTCHIUAIb-
HOM TeMImepaTypbl U COJICHOCTU:

00 oS
Fy=-Ky7, Fs=—-Ks—. 3

0z 0z
B (3) Ky 1 K¢ — xoadduuneHTs! 3(ppeKTrUBHOrO 06-
MeHa TeIlJIOM U coyiblo. OTMETUM, YTO MpHU Mpeoodia-
ITaHuu mnpouecca muddepeHInanbHON muddy3un

9T KO3 PUIIMEHTHI HE paBHBI MEXIY COOOIA.

B cootBercTBUM ¢ [Osborn et al., 1972], koadhdu-

HOUEHT KB , OICHUBACTCA CIICAYIOIIINM 06p2130M:
X
KQ =0 (4)
5
0z

rac¢ X — CKOPOCTb AUCCUITallUN BapI/IaHI/Iﬁ TEMIICpaA-

'

TYpHI X ~ 6%{8_) , 31ech %, =1.5x107 M2 ¢! —
<
KO3 PULIMEHT MoJIeKyIsipHOil nuddy3uu. OueHka

K iponiopuroHanbHa K, ¥ TNIOTHOCTHOMY OTHOLIE-
HUIO R, = o 90 / B aa—S , KOTOpOE XapaKTepu3yeT NposiB-
Z

0z
Jgenue auddepeHmanbHoi muddysuu  [Ruddick,
1983]. Beipaxxenue nis K ¢, comacHo [McDougall et al.,

1992], umeeT CaeayIonIuii BUI:

K = ﬁKe, (3)
Y
o€ Y — OTHOIICHME KOMITIOHCHT ITOTOKA IJIaBy4YE€CTU:
oF;
y=—2, (6)
BFs

KoTopoe NMpuHuMaeT 3HaueHus 0 <y <1 mist cose-
BbIX MajblieB U Yy > 1 IS MOCIOWHONW KOHBEKIIUU.
Hixe MBI GymeM OLIEHWBATh Y B COOTBETCTBUH C pa-
ooroii [Hamilton et al., 1989] ¢ yuetom koadduiim-
eHTa 3(OEeKTUBHOCTY NepeMelIMBaHus B IIpolecce

mddepeHInanpbHON TUdGy3nn (TD D ) 1 OTHOIIIEe-
Hus R, o popmyrie:

_ RprDD ;
v RI?P+R -1 @

DD
3mech B KadecTBe [7~ MHCIONIb3yeM BbIpaxkeHUE,
npemioxeHHoe B [Inoue et al, 2007]:

XN’

Y
2e (8_6)
0z

rme N — 4JacToTa MJaBy4ecTU, € — UHTEHCUBHOCTD
IVCCUIIALIMK TYpOYJIEHTHOM KUHETUIECKOMN SHEPTUU
(TKD), koTopas OLIEHUBA€TCSI B COOTBETCTBUU C
npennoioxeHusMu OcbopHa o OajnaHce MeXIy HC-
TouHnkamMu TKD, ee nuccunanmeil 1 moTokaMu Tia-

FDD —

®)
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Byudectu [Osborn, 1980]. Kpome sToro, mpenmnoJara-
eTcsl, 4TO €, 0OyCJIOBJIEHa, IJTaBHBIM 00pa3oM ci1abo-
HEeJIMHENHBIM B3auMopelictBueM BB. OcHoBHOIT
BKJIaJI BHOCSIT KBa3u-nHepHoHHbIe BB, acToTa Ko-
TOPBIX HAXOMUTCS BOJIM3U JIOKATbHOM NHEPLIMOHHOM

4acToThl, f, paBHO 9.87 X 107 pax ¢! B paiioHe Ha-
IIUX ucclienoBaHuii Ha 42.6° c.iui. I olieHKY € Oy-
JIeM rcnojib3oBaTh Gopmyny I'perra [Gregg, 1989]:

_2 _4
e=(7x10") M L ©)
NoVeeu
rae N, = 7.86 X 107 pax c~! — 310, Tak Ha3BIBaEMoOE,

(boHOBOE 3HaYEHME YACTOTHI IUIABYYECTH, V, = |Uz| —
JIOKAJTBHBI BEPTUKAIBHBIA CIBAT CKOPOCTH, a

2
Vi =1.91x107 [%j [c_z} — 5TO mapaMeTpu3a-

Z
0
st B Monenau [appera—MaHKa 11 BepTUKAJTBHBIX
BOJIHOBBIX Ymcesl MeHbIuX, yeM 0.6 pax ¢! [Garrett
et al., 1972].

PaHee ObLIO yCTaHOBJIEHO, YTO CABMIOBasl He-
YCTOMYMBOCTh, TaKXe MOXET pa3BUBaTbCsl B pac-
CMaTpUBAaEMOM PETHMOHE, YTO MOATBEPXKIAAETCS aHa-
JuzoM umncia Puuapncona [Ostrovskii et al., 2021]. B
HaCTOSIIIIEM MCCIIeNOBAHUM TUIAHUPYETCS CPaBHUTH
MOTOKM TIJIaBYy4YeCTH, 00yCIOBICHHBIC TU(hDepeHIIN -
ajibHOM U dy3uei U CIBUTOBOI HEYCTOMUYNBOCTHIO.
st olleHKM TOTOKa IJIaBy4yeCTH, OOYCIOBJIEHHOTO
CIBUTOBOI HEYCTOMYMBOCTBIO, OyIeM CUMTATh, YTO
HabonaeTcs 6ajaHC MeXIy UCTOYHUMKAMU U CTOKa-
mu TKD [Osborn et al., 1972; Osborn, 1980]. Torma
MOTOK MJIaBYy4€CTU UMEET BUI:

s = 8= 8 g B N2, (10)
0o Py 02

rie K, K03 dUILIMEeHT TYpOyJeHTHOro oOMeHa

Mmaccoii u K, = Ky = K. B coorBerctBuu ¢ [Osborn,
1980] msg oeHKN K, monaraiot, 4to:

(1)

Y

K sr%.

CootHomienue (11) 4YacTo HOpUMEHSIIOT B BHIAE

K, = Fs/ N’ ,tne I' = 0.2 — koo UIMEeHT, XapaKTe-
pusyoluit 3(pGeKTUBHOCTL TypOYJIEHTHOTO IIepe-
MemmBaHus [Osborn, 1980].

OO0pabartbeIBas JaHHBIE HAIIIETO HATYPHOTO 3KCITe-

puMeHTa, OyleM pacCuMThiBaTh 3HayeHus V, ia
BepTHKajdbHOrOo MacinTada 10 M, BBIOOpP KOTOPOTO
ObLT 000ocHOBaH B pabote [Gregg, 1989] B kauecTBe
Maciuraba OTceYeHMs] MHTCHCUBHBIX KOJIEOAHUIA C
HHM3KUMU BOJIHOBBIMHY YK CJIAMM, B TOM YU CJIe BOJIM3U
4acToThl f. DTOT MacilTad Mbl TaKXe OyJAeM UCIIOJb-
30BaTh JJI51 OLIEHKU BEPTUKAIbHBIX TPaIueHTOB O 11 S.
st pa3aeneHnss U3MEePEHHEBIX BpEMEHHBIX PSIIOB Ha
¢oHOBYIO (CpEIHIOKW) BEIMYMHY M aHOMaauu (OT-
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KJIOHEHHUSI OT CPEOHEro) BOCIIONb3YyeMCS IPOLEIy-
PO CKOJIB3SIIIIETO CPEIHETo ¢ OKHOM 12 4.

s onpenesieHUs1 TIEpUOJ0B pa3BUTUSI TBOMHOMN
I @y3un, 4acTo UCIIOIb3YIOT TaKOM ITapaMeTp Kak
yroj TepHepa (7u), KOTOPBIi CBSI3aH C IJIOTHOCTHBIM
otHoweHneM R, = tg[Tu +45°] [Ruddick, 1983].
DTOT mapaMeTp y1oOeH B Ka4eCTBE MephI Ipeobamsa-
HUSI OOHOTO IIpolecca Ham ApYyruM (IOCIOHOI KOH-
BEKILIMI,/COJIEBBIX MAIbLIEB), IIOCKOIbKY 7i TI0 CpaBHE-
HUIO C R, TIO3BOJISIET M30eKaTh HEONPEIEIEHHOCTH,
CBSI3aHHOIM CO 3HAKOM BEPTUKAJbHOI MPOM3BOAHOM
TeMIIEpaTypbl/COJIEHOCTH U TUIOTHOCTU. BennuuHa
—90° £ Tu < —45° yKa3bIBaeT Ha BO3MOXHOE pa3BU-
THE MOCJOMHON KOHBEKIIMHU, a pu 45° < Tu < 90° —
Ha pa3BUTHE COJIeBbIX ManblieB. Eciu Tu uameHsieTcs
B IIpeaeiax oT —45° mo 45°, To cumraeTcs, 9To He00-
XOIMMBIE YCIIOBUS IJIsI pa3BUTHUS OBoitHON nuddy-
311 OTCYTCTBYIOT. IIpu onieHke yria TepHepa ObLIM
HCIOJIb30BaHbI JaHHEIE C BEPTUKAJIbHBIM pa3pelie-
HHEeM 2 noap.

OTMeTnM, 4TO Ha 3Tare o0padOTKM JAHHBIX, YTOOBI
n30exkaTh BKJIaaa “JOXHBIX” aHOMaJIuii (apTedakToB)
B OLIEHKN V,, Oblia npoBeneHa (hyibTpauus mpopuieit
TOPM30HTAJIBHBIX KOMIIOHEHT CKOPOCTU TEYEHUSI C IO~
MOIIIBIO TTPOLIEIYPHI CKOJIB3SIIIETO CPETHETO C OKHOM 4
n6ap. 3HaueHUs KO3(DGUIIMEHTOB O U B, a Takxke
yron Tepuepa (7u) BBIYKUCICHBI IO aJTrOpUTMaM
TEOS-10 [Wright et al., 2011].

4. PESYJIBTATDI

4.1. Tudpoaoeuueckue ycioeus
6 cesepo-3anadnoll wacmu SAnouckoeo mops

IMonyronoBasi MPOAOIKUTEILHOCTh HATYPHOTO
SKCTIEPUMEHTa TIO3BOJIMJIA TIPOBECTH HAOIIONECHUS
MPU Pa3JIMYHBIX THIPOMETEOPOJTOTUYSCKUX YCIOBU-
six. HauasibHBIi TTIepuo C cepeIMHbBI altpeJist 10 Haya-
JIa WIOHST XapaKTepu30BaJICs TTOHMKEHHBIMH 3HAYe-
HUSIMU TEMIIEPATYPhI ¥ COJIEHOCTH BOIHI B Cjioe OT 60
1o 120 M. PazHu11a ocpeqHEeHHBIX 3HAYEHUI B Ipejie-
JIax CJIOsI MOCTHTAJIa TS TeMIIepaTyphl M COJIEHOCTH,
1.5°C u 0.2 e.m.c. cootrBeTcTBeHHO [Ostrovskii et al.,
2021]. TepmoxanuHHasi cTpatudukalys Oblia 00y-
CJIOBJICHA TasTHUEM JIbaa B TaTapcKoM IIpOJINBE 1 TTe-
PEHOCOM XOJIOTHBIX BOJ C TIOHMKEHHOM COJIEHOCTHIO
B BepxHeM ciioe [IpuMopcKrUM TeueHUeEM BIOJIb CeBe-
po-3amagHOro 1modepexnps SIM B 1oro-3amagHoM Ha-
npaBieHuU. JlOTOTHUTEIbHOE BO3MECTBUE Ha TIe-
PEHOC 3THUX BOJA OKa3bIBaJl BETEP CEBEPHBIX PyMOOB.

IMo3nHee ¢ cepeIVHBI UIOHS MO OKTSIOph, BKJIAM
TeMIlepaTypHoii cTpaTudUKalui B BEPTUKAIbHYIO
YCTOMYMBOCTL cTayn oInpeneiasiomuM. ColHeYHBI
MporpeB MpuBea K ¢GOPMUPOBAHUIO TEPMOKIIMHA. B
STOT MEPUOI HA BEPTUKAJIBHBIX MPOMUISIX COJICHO-
CTH YaCTO PETUCTPUPOBAIMCH MTOJIOKUTEIbHbIE aHO-
MaJIuu Gaaromapsi ITOCTYIUIEHUIO 6oJiee TETUIBIX U CO-
JeHbIX Boxd ¢ IlpmMopckmMm TeueHnem. Bcenencrsue
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CMEHBI MYCCOHA YMEHBIIWICSI BKJIad BETPOBOIO
npetida B 3amagHbIi nepeHoc B 30He [Ipumopckoro
TEUECHMUS.

4.2. Ouenka OuanuKHU4ecKko20 nepemeiuéanus,
00yca061eHH020 dugpepenyuanshoil duggysueii

AHanu3upys olieHKH yriia TepHepa (puc. 2) MOX-
HO OTMETUTh, YTO B OTAEIbHBIC MEPUOIBI JIOKAJTBHO
JTOMUHUPOBAJI TOT WJIM MHOU TUI nuddepeHIanb-
HOM KOHBEeKIUM. B yacTHOCTH, ¢ cepearHEbl ampeis
JI0 Havaia Masi He0OXOAMBIE YCIOBUS IJIST Pa3BUTHSI
MOCJAOMHOM KOHBEKLIMU BBIMOJHSIJIMCh B Mpeaeaax
BCEM MCCIeAyeMOM BOMHOM TOIIY, 3HadeHUsI Tu Ba-
PBUPOBAJIM MPEUMYLIECTBEHHO OT —75° 1o —60° u
JIVIIb HEOOJIBIIIOE YMCIIO COOBITUM OBLIO CBSI3aHO C
pa3BUTHEM COJIEBBIX ITAJILIIEB.

3aTeM, HEINPOIOKUTEILHOE BpeMsl B cepeauHe
Masi 3HaueHus yria TepHepa B cioe myoxe 100 M Ko-
JIeGaJIUCh IIPEUMYILIECTBEHHO B nuara3oHe ot 70° 1o
90°, 4TO yKa3pIBaJIO HA Pa3BUTUE COJICBBIX IaJIbLECB.
IIpuMmepHO ¢ cepeauHbI UIOHS Pa3BUTHE COJIEBBIX
HaJIBLEB IIPeo0Iamaao Hal ITOCITOHOM KOHBEKIINEH,
OolleHKU Tu ObUIM MPEUMYIIECTBEHHO B IIpeaeaax oT
45° mo 90°. BaxkHO OTMETHUTH, YTO B 3TOT IIEPUOI
YCJIOBUSI TSI pa3BUTHSL COJIEBBIX ITAJIbLIEB CYIIIECTBO-
BaJIY BIUIOTH A0 TTyOuH 250 M, B OTIMYHME OT YCIIOBUM
IUIST pa3BUTHUS IIOCIOMHOM KOHBEKILIM, KOTOpPBIE
orpannymBayMch mryomHamu 150—170 M. Oiuenkm
HEOOXOOUMBIX YCJIOBUI IJISI pPa3BUTUS ITBOMHOM
I @y3un yKa3bBaloT Ha €€ BO3MOXHOe (hOpPMUPO-
BaHMeE B Mpelenax MCCISIyeMOIo CIOs M KaK CIIel-
CTBME, MOTECHUMAJbHBIA BKJaa 3TOTO IIpoliecca B
JIVAIIMKHUYECKOe ITepeMelllIBaHe, HApSIIy CO CABU -
rOBOii HEYCTOMYMBOCTHIO. OmHAKO ITOJIydYCHHBIC
OlIeHKU Tu OTpaKaloT JIUIIb HEOOXOAUMEBIE YCIIOBUS
111 pa3BuTust AuddepeHmaibHoi nuddy3uu, 4to
TpeOyeT OaJibHEWIIeTO aHajln3a COOTBETCTBYIOIIMX
¢hparMeHTOB MCXOIHBIX PSIIOB JaHHBIX.

B pamkax npemioxXeHHOro BhIlIe MoaX04a U B CO-
OTBETCTBUMU C POpMYJIoii (4) pacCMOTPUM AUArpamMMy
ryouHa-BpeMs 1151 KoaddulimeHTa 3¢hb¢heKTUBHOTO
obmeHa terioM K, (puc. 3a), KoTopasi CBULETENILCTBY-
€T O CUJIbHOM HEOMHOPOMIHOCTH pacIpeeieHrs 3Hauye-
HUi1 K, Kak 1o yOrHe, Tak U 1o BpeMeHU. OTMeTuM,
4TO He3HauMMBbIe BemmunHbl K, < 1078 m? ¢!, He moka-
3aHbl Ha puc. 3a. MakcuMmalibHble 3Ha4YeHUsI

K, >107° m? ¢! Habmonanuce B cioe ot 70 10 220 M
C cepedvHBI anpesisi 10 Havaia Mast. B nanbHeliiemM,
Ky XOTb ¥ 1OCTHTAJI BBICOKMX 3HAYEHUN B KOHLIE Mas
W B CepelMHE aBrycTa, HO 3TO MPOUCXOAUIO Ha
MeHbIIMX NyorHax (1o 170 m). CpaBHeHUe pacIipe-
neneHuit oueHok K, (puc. 3a) u Tu (puc. 2) non-
TBEPAWIIO, YTO TTOCJIOHAs KOHBEKIIUS TTPEeUMYIIe-
CTBEHHO pa3BuBajach B cioe oT 60 mo 170 m. Hc-
KJTIOUeHME COCTABIII TIEPUOJ C CEPEIMHBI alipesis 10
KOHIIa Masl, Korga BO BcCeli ucciaeayeMoil BOOHOM
Ne 5
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Puc. 2. Bapuaunu yrina TepHepa (7u) [rpamycsr|, paccanTaHHbIe MO JTaHHBIM M3MepEeHUii Ha cTaHuuu “Aksaior” 2015 T.

TOJIIIIE CYIIECTBOBAIN OJIAarOIIPUSTHBIEC YCIIOBUSI IJISI
Pa3BUTHUS MOCIOMNHON KOHBEKLIMU.

ITpu onpeneseHUU MO SKCTIEPUMEHTATbLHBIM JaH-
HBIM 3HaYeHUil KoadduumreHTa ooMeHa conblo K,
OBUIM TMOJIY4EHBl OLEHKM OTHOIICHUS KOMITOHEHT
noTtoka miaBydectu y (7) u koaddunuenta apdex-
TUBHOCTHU TIepeMeIInBaHUs B npolecce guddepeH-

uabHON nuddy3uun re? (8) (puc. 4). ITockonbKy
MHTepeC TPENCTaBIISIM JIMIIL Te TEPUOIbI, KOoTaa

DD
3HayeHus [ ObUIM OJIM3KU WJIM BhIlIEe KO3 hUII-
eHTa 3(P@GEKTUBHOCTU ITIepeMEIINBaHUsI, OOYCIOB-
JIEHHOTO CABUTOBOM HEYCTOMYMBOCTBIO, T.€. KOrma

DD DD
I'™ > 0.2 [Osborn, 1980], ouenku I'"" B npyrue mo-
MEHTBI BpEMEHM OBLIM MCKJIIOUEHBLI U3 PacCMOTpE-
HUs. B HauanbHEBINM TTeproa HaOIIOASHWI ¢ cepeaHBI

DD
arrpeiid 10 KOHIIa Mas SBHaA4YCHU A I'"" nocturanu mak-

DD
cumyma (I'"" > 1) B pasaMUYHBIX CIOSIX Ha DIyOMHaX
1o 250 m (puc. 4a). OgHako 3aTeM, B TeUEHUE BCETO

DD

UIOHS BbIcOKMe 3HayeHus I > 1 HaOmomaauch B
y3koM cjioe oT 80 mo 150 M. BnocneacTBuu, BbICOKUE
DD

I'"" mpabGmogaimch Ha Topru3oHTax He nryoxke 200 M.

DD

Takum obpa3zom, TTOTyYeHHBIE OLIeHK Y U I He
IpOTUBOpPEYAT IIPEACTaBICHUIO O pocTe 3¢hPEeKTUBHO-
CTU MepeMellIrBaHusl B Nepuo ASUCTBUSI TTOCIOMHOM

DD
KoHBeklMu. B Toxe Bpems, BeaudyuHbl [ > 0.2
ObUIM OTMEYEHBI B CIIyYasix, Koraa 3HaueHus1 K, Obl-

Ji1 HeBbIcOKUMU (K, ~ 107 M2 ¢Y). Bugumo, B 310
BpeMsI KOHBEKIIUSI B pEXKMMeE COJIEBBIX IaJIbLIEB JO-
MHMHHUpOBaJa B JMaMKHUYECKOM MepeMelllMBaHNN.
O Benyleil poJid 3TOTO IIpoliecca Mo CPaBHEHUIO C
TIOCJIOMTHOM KOHBEKILME CBUAETEIbCTBOBAIN BBICO-
K€ OLIEHKU OTHOIIEHWS KOMIIOHEHT MOTOKA IJIaBy-
yectr (6) v > 1, moydeHHbIE 1T IEPUOIA C CEPean-
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HbI aIlpeJis ¥ IO Hayaja Masi, a TaKKe B KOHLIe Mast. B
OCTaJIbHbIC MEPUOAbI Yallle HaOIIOTaINCh 3HAYSCHUSI
v <1 (puc. 46).

Ha puc. 36 mpencrasieHa aumarpaMma IIyOMHa-
BpeMs1 IJisi KoadduumreHTa a3pheKTuBHOTO 0oOMeHa
COJIBbIO, COMNIACHO KOTOPOMY C Hayajia 9KCIIeprMeHTa
JI0 KOHLIAa Masl CJIOM C BBICOKHUMM 3HAYCHUSIMU

K > 107" M2 ¢! HaGmonaMch 10 mIyGUHBL 250 M, a
o3ke NpeuMyIecTBeHHO 0 rmyouHsl 170 m. CpaB-
HeHHUe AuarpaMm IIyOuHa-BpeMs Ko3(p@ UILMEHTOB
3¢ HeKTUBHOro oOMeHa TeIJIOM M COJIBIO ITOKa3aJlo,
4yTO 3HaueHUs1 K mpeBblian K, MpakTUYeCKU Ha
NPOTSKEHUM BCETo IIeproaa HaOIOAeHWN, MCKIIIO-
yasi KOPOTKUiT BpeMEHHOI MHTEepBaJ C CepeaHbI arl-
pensd 1o Hadajla Mas, Korma Ko3(hOUIMeHTh OBIITN
OJIM3KMMMU MO BeJIWYMHE. YKa3aHHble 0OCOOEHHOCTU

pacnupeneneHust Kodddunmenta K, MOTHOCTHIO CO-

[1aCYIOTCS C PACCMOTPEHHBIMMU BbIIIIE OLIEHKAMU r’?
U Y, KOTOPbIC TTOATBEPAMIIN, YTO KOHBEKIIUS B PEXKI-
Me COJIEBBIX IajblieB OBLIa MpeoO0IamaloIuM IIpO-
LIECCOM I10 CPaBHEHMIO C MOCIOMHON KOHBEKLIUEH B
Te4eHHE MOYTH BCETO Ieproaa HaOMIOIeH!It, 3a 1C-
KJIFOUEHUEM KOHIIA BECHBI.

Haunbonee MHTEHCUBHBINA MOTOK IUIABYYECTU J,
0OyCJIOBJIGHHBI mpolueccoM auddepeHInaTbHOM
nnuddy3nn, Hadmonaacs B Hadyaje Halllero SKCrepu-
MEHTA C CepeIVHBI arpes 10 CepeIruHbI Masi, KOraa
B OTAEJIbHBIX CJIOSIX 3HaYeHUs J, JOCTUTAIU BEJIUYU-
Hbl 1078 Brkr—! (puc. 3B). JAnanukHU4YECKOE Iepeme-
IIBaHUE B 3TOT IIepPUOI ObLIO OOYCIOBIIEHO, IJIaB-
HBIM 00pa30oM, IocioitHOI KoHBeKIne. [ToBbIlIeH-

—-10 —
Hble 3HayeHus J, 10" Br kr~!, Habmomamuch

JIOKAJIbHO B Hayalle MIOJISI, B CEpeaMHEe aBrycTta U B
HaygaJie CeHTIOops Ha ryomHax 10 170 m.
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103

1077

103

1077

10-8

~

10710

10711

Puc. 3. JluarpaMmma rinyouHa-BpeMsi ISl OLIeHOK KoadduiineHToB 3G eKTUBHOro 0OMeHa TeriomM (Ke) (M2 c_l) (a) u co-
JIBIO (K S) (M2 c_l) (6), 1 BEepTUKAITBHOTO TTOTOKA TIAaBy4YEeCTH (J b) (Bt KI‘_I) (B), TIOJTyY€HHBIX B COOTBETCTBMU C COOTHOIIIE-
Husimu (4), (5) u (2).
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Puc. 4. Ilnarpamma myouHa-BpeMs 2 (GeKTUBHOCTY MepeMelIMBaHusl, 00ycioBieHHOTo quddepeHmantbHoi nuddysueit (F bb )

u (0) — OTHOLIIEHUE MTOTOKOB I1aByyectu (y). Beanunnsl I

4.3. Cpasnenue nomokoe niasgy1ecmu
3a cuem dughghepenyuarvroil ouggysuu
U cO08U2080IL HEYCMOLMUBOCMU

PaccMoTpuM, Kakyto posib urpaia auddepeHim-
anbHas nuddy3uss B IManMKHUYECKOM MepeMellu-
BaHWU HapsiAy CO CABUTOBOI HEYCTOMUMBOCTHIO. 1151
CPaBHEHUS YCPENHUM IMOCIONHO TOJTyYEHHBIE OLIEH-
KM TIOTOKOB IUIaBydyecTd 3a cueT auddepeHmnanb-

Hoit nuddysuu (J,) (2) 1 CIBUTOBOI HEYCTOMYUBO-
et (J)") (10). Boizenum ciion: BepxHuii ot 60 10
150 M (BbIIlIe IIABHOTO IMMKHOKJIMHA), B IIpeaeiax Ko-

Toporo nuddepeHanbHasg tuddy3ust npeodiaagaia
B TE€UEHME BCEro mnepuona HaOMIOASHUIA, U HIDKHUMN

cioii ot 150 no 250 M, rne BBICOKME 3HA4eHU J, Ha-
O/1100ATMCh TOJIBKO C CEPENMHBI AllpeJist 1O Hayasla Mast.

Bapuauuy motokoB ruiasydectd, (J,) u <J,ﬂ’””>,

OoCpedHEHHBIX B BEpxHeM cjioe oT 60 1o 150 M, xopo-
L0 COIJIACYIOTCS APYT ¢ ApyroMm (puc. 5a). C cepenu-

HBI anpeJisi 10 Havasia Mast 3HaueHus (J,) ObLIM Han-

N3BECTHUA PAH. ®U3UKA ATMOC®EPHI 1 OKEAHA

DD 551073 e mokasamwL.

OOJIBIIMMU U B OTAEIbHBIE MOMEHTHI BpEMECHMU IIpC-

turb
BOCXOOWIN <Jb'” > IToaToMy, Ha 3THX DIyOWHax

OTCYTCTBOBAJIM YCIIOBUS JJisI (POPMUPOBAHUSI XOPO-
10 IIepeMEIIaHHBIX CI0eB, KaK MOXHO OBIIIO OBI
MPEINOIOXUTh, PYKOBOICTBYSICh TOJIBKO aHAJIN30M
ckopoctu guccuttannu TKD. B manbHeiiieM ¢ cepe-

JUIAHBI MIOHSI 10 CePEIMHbI aBrycra (J,) GbUI 3HAYM-

turb
TEJIbHO MCHbLIIIC <Jbur >, T.€. BOTOT I€pMUOI CABUTOBasA

HEYCTOMYMBOCTb TOMUHUPOBAja B TEIJIO- U MacCO-
obmeHe. bmke Kk oceHu, rmpouecc auddepeHInaIb-
Holi nuddy31r BHOBb Ha4Yajl UTpaTh BEAYIYIO POJb B
BEPTUKAJIbHOM OOMEHE TETIJIOM U COJIbIO B CI0SIX Hall
[JIABHBIM MUKHOKJIMHOM.

B Tonuie Box m1y0OxKe IJTaBHOTO IMMMKHOKJIMHA CH-
Tyalsl ¢ JTOMHUHUPOBaHHUEM mpolecca nuddepeH-
unanbHoi auddysun Gbuta uuoit. IMortok (J,),
ocpemHeHHHBIN B cioe oT 150 mo 250 M ObLT yXe He

turb
CTOJIb 3BHAYUTCJICH ITO CPAaBHCHUIO C <Jbur >
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Puc. 5. Iluarpamma rimyorHa-BpeMsI 111 TOTOKOB mjiaBydectu (BT Kr’l), 00ycoBIeHHBIX TUddepeHInaabHOM 1uddy3nei

((J)) (KpacHast TMHMS), U CIBUTOBOI HEYCTOHYMBOCTHIO (<Jl',”rb

>) (CHUHSISI TUHUST), OCPEIHEHHBIX 110 BEPTUKAIU B CJIO€ OT

60 o 150 m (a) u ot 150 10 250 M (6). Ocbh opaAMHAT 3amaHa B JJorapuMUIEeCcKOM MaciiTabe.

HecMotpst Ha To, 4TO Beaylasi poyib MPOLIECCOB
nuddepeHnaabHoN nuddy3un B IMaTMKHUYECKOM
nepeMelTMBaHNN COXpaHsUIach BIUIOTH JO Hadaja
Masi, B JaJbHEHIleM 3TOT mpoliecc ObLT MeHee 3Ha-
YUM ITI0 CPaBHEHWIO CO CIBUTOBOUW HEYCTOMNYMBO-
cThio. Tak, B OTHeNbHBIE IEPHUOILI BpEMEHU BETNIM -

turb
Ha <‘]b> ObLIa Ha ABa ImopsdaKa MEHbIIEC, YEM <Jb >

TeMm He MeHee, 3apeTUCTPUPOBAHO HECKOJIBKO COOBI-
THI1, KOrga 00a OCpEeIHEHHBIX B CJIO€ ITOTOKA OBLIN
COM3MEPUMBI, T.€. OMHOTO MOPSIAKA BEINYMHEL.

5. ObCYXKAEHUE

B nanHoili paboTe mpoBeleH aHaJIu3 BKJaaa Ipo-
neccoB nuddepeHIanbHON TUddy3un, Kak 1o THU-
Iy TTIOCJAOMHOM KOHBEKLIMHU, TAK U KOHBEKLIUU T10 TU-
Iy COJIEBBIX MAaJiblieB, B IMAIMMKHUYECKOE TepeMe-
IIIMBaHWE B BOIHOW TOJIIE Hal KOHTMHEHTAJIbHBIM
CKJIOHOM B paiioHe [TpuMopcKoro Te4yeHus B CEBEPO-
3araaHoi yacTu SmMoHCKOro Mops B alpeie—OKTsI0-
pe 2015 T.

B yactHOCTH, M1 aHAIM3a UHTEHCUBHOCTU BEPTU-
KaJIbHOTO TEIUIO-, COJIM- U MacCcOOOMeHa BCIENCTBUE
paboTel mporeccoB auddepeHImaTbHON TUddy3Un

MN3BECTHUA PAH. ®PU3NKA ATMOC®DEPHI 1 OKEAHA

OBbUIM TTOJIYYCHBI TI0 TaHHBIM IJTUTEIBHBIX CEPUl CUH-
XPOHHBIX U3MEPEHUI TEPMOXATMHHBIX MapaMeTPOB U
CKOPOCTH T€YEHUSI COOTBETCTBYIOIIME KOJTUYCCTBEH-
HBIE OLICHKH KO3 GUIIEeHTOB 3(p(hEeKTUBHOTO OOMeE-
Ha, a TakXke TOTOoKa IiaBydyecTu. Mcrmosb3oBajach
mapameTpusanusg OcoopHa m Kokca [Osborn et al.,
1972], pa3paboTaHHast IS TOHKOCTPYKTYPHBIX
daykryannii  temriepatypel. KoaddunmeHTtsr 3¢h-
(exTrBHOrO OOMeEHa TemIoM K, ObUIM OLIEHEHBI IO
BEPTUKAJIbHBIM MPOMUISIM TeMIlepaTypbl BOAbI, KO-
TOpbIe U3MEPSINCh C MaKCUMaJbHO BO3MOXKHOM

TOYHOCTBIO MOpSIKa 107°°C. Yro Kacaercsi OLEHKH
koadduumeHTa apdekTuBHOro oo6mMeHa conblo K,
TO KaK 3To ObIIO oTMedeHo B [Gregg et al., 2018] mpsi-
Masl OlLIeHKa MO TaHHBIM O (QJIYKTyallUsIX COJIEHOCTH,
XOTh U TEOPETUYECKM BO3MOXHA, HO Ha MPaKTUKE
BpSII U 1ieJiecooOpa3Ha M3-3a OIINOKU U3MEpPEHUIA.
B namem ciydae ormocpemoBaHHBIE OLEHKU KO3(d-
¢uumenra adpdexkTuBHOro odbmeHa conblo Ky mno
dopmynam (5)—(8) Moriu OBITH MEHEE TOUHBI, YeEM
OLeHKM K, M3-3a BO3MOXHBIX IOIPELIHOCTEN WMH-
CTPYMEHTAJIbHBIX UBMEPEHU {1 BJIEKTPOIIPOBOAHOCTH,
BbI3BAaHHBIX TETIJIOBBIM KOHTAKTOM KOpITyca 1aTyuKa
Ne 5
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C U3MEPSIEMOM MOpIHE MOPCKOM BOIBI (TaK HA3bI-
BaeMoro, 3 ¢eKTa TenaIoBoi eMKOCTU U3MEPUTEIb-
HOIi stueiiku). XoTsl B paboTe Oblla MCIOJIb30BaHa
crienMajgbHas Ipoleaypa KOPPeKIMM 3TUX ITOTPell-
Hocrteit [JIazapiok u np., 2017], OymeTt He JIUIITHE OT-
METHUTh, YTO K ITOJIyYCHHEIM BBIIIIE OLIEHKAM KO3(]-

(l)I/I]_[I/ICHTa KS Hago OTHOCUTLCA C OCTOPOKHOCTLBIO.

YcioBus npoBeAeHUST HAIIEro 3KCIIEpUMEHTaIb-
HOTO MCCJIEA0BaHMsI ObUIM TaKOBBI, YTO C CEPEIMHBI
arpesisi 10 KOHIa Masl B YCJIOBUSIX ¢/1aboro pagudaliv-
OHHOTO IIpOrpeBa IMOBEPXHOCTHOIO CJIOS 1 Oj1aroaa-
psi TasTHUIO JIbAA B CEBEPHOM YacTu SIMOHCKOro Mopst
GOpMUPOBAJIMCH XOJOAHbIE U CJIA00COJIEHBIC BOMIHI,
KOTOpbIE MNepeHOCWINCh IIpMMOpPCKMM TedeHueM
BIIOJIb KOHTMHEHTAJILHOIO CKJIOHA B IOTO-3allaJHOM
HanpaBiaeHMU. Ha MHTpy3UsX 3TUX BOA B TEIJIOM U
COJICHOIT OKpY2KaIoIleil BOMHOM TOJIIIE Mbl HAOJI1I01a -
JIU XapaKTepHbIE MTPOSIBJICHUS Mpolecca NOCIOMHOM
KOHBEKIIUU. DTO TOATBEPXKAATIOCh HATUYHUEM HEOO-
XOIUMBIX YCIIOBUI IJISI pa3BUTHUS U depeHIINAb-
HoIt mnd Y3 1 BBICOKUMHU 3HAYEHUSIMU KO3 Dm-
LIMEHTOB 3(h(EKTUBHOTO OOMEHA TEIJIOM U COJIbIO, a
TaK:Ke OLIeHKaMM MOTOKa IIaBydyecTu. B mociemyio-
L1 IePUO, C MIOHS IO OKTIOPb, IPOSIBACHUS IIPO-
1eccoB auddepeHunanbHol Tuddy3un ObLIN 00Y-
CJIOBJICHBI, INIABHBIMU 00pa3oM, peryasapHOM aaBeK-
LMel BBICOKOCOJIEHBIX BOA B ITPMIOBEPXHOCTHBIN
CJIOI BBIIIE INIABHOTO MUKHOKJIMHA. AIBEKIIUS, 10~
BUIMMOMY, ObLIa CBsI3aHa, KaK C YCUJIEHUEM BETBU
Lycnmmckoro Teuenus [Stepanov et al., 2022], Tak 1 ¢
TIEpEHOCOM BOJ Me30MacCIITaOHBIMU BuUxpsimMu [Jla-
IbIYeHKO U ap., 2013; Stepanov et al., 2022; OcTpoB-
ckuii u ap., 2023]. B aToT mepron oTMeUeH pocT KO-
adduieHTa 3¢pPEeKTUBHOTO OOMEHA COJIbIO U, KaK
cJIeACTBUE, MHTEHCU(PUKAIIMS ITOTOKA IUIaByYECTH.

Hcnonb3oBanHas HaMu ImapameTpu3anust Ocoop-
Ha 1 Kokca mmpoko npuMeHsIach IJIsl OLIEHKU KO-
a(ppuieHTOB 3(PphEeKTUBHOTO OOMEHA TETJIOM U CO-
JIBIO, a TaKXKe BePTUKAJIbHBIX IOTOKOB IJIAByYECTH B
pa3TMYHBIX YacTax Muposoro okeaHa [Gregg et al.,
2018; Nakano et al., 2019]. OcpenHeHHbIE OLIEHKU

notoka ruiasydectd ((J,) ~ 107'°-107° Br kr'), npu-
BeIICHHEBIE B TTonpasese 4.3, HEeII0X0 COTIacyloTCs C
TeMU, YTO ObLIY MOJIYyYEHBI TPU aHAJIU3E UHCTPYMEH-
TalIbHBIX U3MEPEHUI BIOIb BOCTOYHOIO MOOEPEKbS
0. XOHCI0, B 30He CMeIIeHMs TeTUThIX Boa Kypocwo ¢
xonogHbIMU Bomamu Osicuo [Inoue et al., 2007].
Kpome Toro, Hamm oneHK Ko3dunueHTa 3phek-

tuBHOCTH nepemernnBanust [ mpu npeoGnagaHun
muddepeHunanbHol guddy3un, nocturapimme 1.2,
OJIM3KU 1O BETMIMHE K TEM, UTO OBUTH ITOJTyYEHBI TSI
dpoHTanbHOM 30HBI Kypocuo-Osicuo. Jass obGoux
paiioHoB BKkjanm muddepeHIUanbHO muddy3un B
IUATTMKHUYECKOe TIepeMelTnBaHre ObIJT CPaBHUM, a
WHOTIA UM MPEeBOCXOIWI BKJIAJ CABUTOBOI HEYCTOMi-
quBOCTH. OTMETUM, YTO B OTJIMYHE OT UCCIIeIOBaH-
HOTO HaMHU paifoHa, Y BOCTOYHOTO ITOGEPEXbs O.

N3BECTHUA PAH. ®U3UKA ATMOC®EPHI 1 OKEAHA

CTEITAHOB wu np.

XOHCIO MOCJIOIHAS KOHBEKIIUS npeo6naz[ana Hall
KOHBEKLIUEN MO TUITY COJICBBIX ITAJIBLICB.

Bricokue 3HaueHms Ko3dduimeHToB 3PdeKk-
TUBHOTO OOMEHA TEIUIOM M COJIbIO, IPEBLIIAOIINE

107* M2 ¢!, a TakKe BBICOKME 3HAYEHUsI KODDULIM-
€HTa, XapakKTepusyrwliluero 3@PeKTUBHOCTb IIepeMe-
mmBaHus (~1.0), ObUIM MTOIy4YeHbI IIPU aHAJIN3E MH-
CTPpYMEHTAIbHBIX M3MepeHuii B paiioHe Kypocmo
[Nagai et al., 2015]. Takke moaTBEpANIOCH Ipeobia-
JaHue mpoleccoB auddepeHInaIbHol auddy3un
HaJ CABUTOBOM HEYCTOMYMBOCTBIO B 3TOM palioHe
Tuxoro okeaHa.

C npyroii CTOpoOHBI, ObUIM OTMEUYEHBI CTyYau, KOraa
HECMOTPSI Ha BBICOKME KOA(MDDULIMEHTHI 3(pHeKTUBHO-

ro oOMeHa TeruioM U coJibio (>1 07" M2 ¢™) 1 HaMume
YCJIOBUI, HEOOXONUMBIX IS Pa3BUTHUS TPOILIECCOB
nuddepeHumnanbHoi  auddy3un, caBuronas He-
YCTOMYMBOCTH TNpeoliianana B pa3BUTUN TUATUKHU-
YeCKOro TepeMelInBaHus, MOJ0OOHO TOMY KakK 3TO
ObLJIO OOHApYXKeHO NMPU aHaJIM3€ WHCTPYMEHTaIb-
HbIX U3MEpPEHUIi, BBIMIOJHEHHBIX B JIETHUU CE30H
2007 r. B paitoHe, TOe pacIpoOCTpaHsIETCS TeUeHHUE
Cosg [Ishizu et al., 2013]. I[ToaToMy, HaM OBLIO TakK
BaXXHO BBITIOJIHUTh KOJMWYECTBEHHOE CpaBHEHUE
OIICHOK ITOTOKOB IIJIaBYY€CTH, OOYCITOBJICHHBIX TU Q-
depeHumnanbHOM 1Uddy3reit 1 CABUTOBOM HEYCTOM -
YUBOCTBIO, UTO CTaJ0 BO3MOXHBIM Ojlarogapsi CUH-
XPOHHBIM U3MEPEHUSIM TEPMOXJIMHHON cTpatudu-
Kallui U TOPU3OHTAIBLHON KOMIIOHEHThI CKOPOCTU
TeUyeHUs.

CrenyeT OTMETUTh, UTO MOPCKasi TypOYJIEHTHOCTD
HE OrpaHUYMBAETCS TOJIBKO TMPOLIECCaAMU, CBSI3aHHbI-
MU C OOpyllIeHWeM BHYTPEHHMX TI'paBUTALIMOHHBIX
BosiH. Kak ObLTO TTOKa3aHo paHee B padote [ Ostrovskii
et al.,, 2021] KoIM4YECTBO COOBITHII, KOIma YHCIIO
PuyapncoHa ymoBJIeTBOPSIIIO YCJIOBUIO HEYCTOHYNMBO-
CTU, ObLJIO AOBOJBHO 3HAYWTEIbHBIM. AHAJIU3 3TUX
COOBITHI M OLIEHKY cKopocTu nuccurrau TKD mna-
HUPYETCsl MPOBECTU C MOMOIIBIO METOA TIepecTaHO-
BoK Topmna [Thorpe, 1977] B OynyiiiemM ucciaenoBaHUM.

6. SAKJIFOYEHUE

B Hacrosi1ieit paboTe BriepBbIie BHITTOJIHEH aHAIN3
npoueccoB auddepeHInaIbHON 1Tuddy3un, OTBET-
CTBEHHBIX 32 AUANIMKHUYECKOE MepeMellIMBaHUE Hal
KOHTUHEHTAJIbHBIM CKJIOHOM B 30He [IpumMopckoro
TeUeHUsI B ceBepo-3alaaHoit yactu AAnoHCKOro Mo-
psi. 3a IPOIOJKUTENBbHBIN TTEPUOL C CEPENMHBI anipe-
JIsT M 10 Havaja oKTsa0ps 2015 r. ¢ momoIibpio nmpodu-
norpada “AxBajior” moiaydyeHbl YHUKAJIbHbIE JaHHbBIE
M0 TEMIIepaType, COJIEHOCTH BOJbl U CUHXPOHHBIMU
C HUMU U3MEPEHUSIMU CKOPOCTU TeueHUs1. Tlosyro-
JIoBasi MPOAOJLKUTEIbHOCTh HATYpHOTO 3KCIepU-
MEHTa I03BOJIMJIa OXBATUTh HE TOJILKO XapaKTEPHbIE
U3MEHEHUsI BEpTUKAJIbHOM CTpaTudUKallMu B MOpE,
00yCJIOBJIEHHbIE CMEHOI MYCCOHA, POCTOM M OCJ1ab-
JIEHWEM MOCTYIMAaOIIE COJTHEYHOI pagualuu, HO U
Ne 5
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MMOIYYNTh KOJMYECTBEHHOE IIPENCTaBICHNE O Im-
depeHMaNIbHOM TUdPY3UU, CBI3aHHOI ¢ Me30Mac-
INITAaOHBIMM BUXPSIMU M WHTEHCUBHBIMU KBa3U-
WHEPLUOHHBIMU KOJIEOAHUSIMU, OOYCIIOBICHHBIMU,
B TOM YHCJI€ TIPOXOXKASHUEM ABYX TPOIMMYECKUX LMK~
J0HOB. IloaTBepKIeHO, YTO B UCCIIEAYEMBbIil IEpUOL,
TOJIIIIA BOMN HAal KOHTWHEHTAJIbHBIM CKJIIOHOM OBLIa
OXBaueHa WHTECHCHUBHBIM BepPTUKAJbHBIM II€peMe-
IIMBaHUEM, IIPUPOJAa KOTOPOIO CBs3aHa HE TOJIBKO
€O c1a00-HEeTMHEHBIM B3aMOIeAICTBEM BHYTPEH-
HUX TpaBUTALlMOHHBIX BOJIH, HO M C IpolieccaMu
nuddepeHumnanbHoll nuddysuu. ITokazaHo, 4To ¢
CepeIrHBI alpesis 10 Hadaja Mas HaumboJjiee SIpKO
MPOSIBUJICS MPOLIECC MOCIOMHONM KOHBEKLINU, KOTO-
pbIii OBIT OTBETCTBEHEH 3a (DOPMUPOBAHUE MHTCH-
CHMBHOTIO ITIOTOKA IUIABY4YECTU B IIpeAcjiaxX BCEeTro HMC-
caexyemoro ciost or 60 1o 250 M. B mocnenyroriumii
IIepHO BpeMeHH 0 CEpEeINHBI OCEHU Mpeob1amaio-
MMM TIPOILECCOM TeHepaluy II0TOKA IUIaBY4YECTHU
CJIy>K1Jia KOHBEKIIYS 10 TUITY COJIeBBIX HajblieB. Of1-
HAKO HIKE ITIaBHOI'O IIMKHOKJIMHA BKJIag 000MX BU-
noB nnddepeHInanbHoN TndPy3un OcIIadIsIiIcsS U B
rnepeMelnBaHuY JOMUHUPOBAJ MPOLECC CIBUTOBOM
HEYCTOMYMBOCTH, CBSI3aHHbLIN, B TOM YHCJIE CO Cja-
0O-HEJIMHEMHBIM B3aMMOIEHUCTBUEM BHYTPEHHUX
BOJIH. Tak:Ke OBIJIM BBISIBJICHBI IEPUOIBI “TUIIWHEL”,
KOIJIa TIPOLIECCHI, CBSI3aHHbIC ¢ TU(depeHINATbHOM
muddy3ueii, okasplBaau cjladoe BIMSHHWE Ha Aua-
MUKHUYECKOE TTepeMelInBaHue.

ABTOpPHI BBIpaXaloT TIIyOOKyl0 OJ1aroJapHOCThb
koiuteram: B.b. Jlo6anos mn [.J1. KaniyHeHKO oKa3a-
JIM OPraHM3alilMOHHYIO U TEXHUYCCKYIO ITOMOIIb I1O
XOJy MPOBEACHUS SKCITEIULINN MTPU OCYILECTBIICHUU
JumTenbHoro skcriepuMenTa. . A. 1lIBoeB BBHITION-
HWJI UHXXKECHCPHBIC paGOTbI ITO ITOCTAaHOBKE U ITIOABEMY
OylikoBoli cranuyu “Axsajor” ¢ 6opra HUC “Akane-
muKk JlaBpeaTeeB”. Ixk.-X. [1apk 1 FO.-T.. I1apk coneii-
CTBOBAJIM B OpraHM3aliu HAaTypHOTO SKCIICpHUMECHTA.

PaGora BeImosHEHA 3a cueT rpaHTa Poccuiickoro
HaydyHoro ¢onma Ne 23-27-00333, https://rscf.ru/
project/23-27-00333/.
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Diapycnal Mixing and Double Diffusion over the Continental Slope
in the Northern Sea of Japan in the Warm Half-Year
D. V. Stepanov" *, A. G. OstrovskiiZ, and A. Yu. Lazaryuk!
!IPichev Pacific Oceanological Institute, Baltiyskaya, 43, Viadivostok, 690041 Russia

2Shirshov Institute of Oceanology, Russian Academy of Sciences, 36, Nahimovskiy prospekt, Moscow, 117997 Russia
*e-mail: step-nov@poi.dvo.ru

This study investigates double diffusion processes responsible for diapycnal mixing in the Primorye current
in the northern Sea of Japan. The results of processing and analysis of a long time series of data from regular
Aqualog-profiler measurements of thermohaline characteristics and current velocity over the continental
slope between the horizons of 60 and 420 m from April to October 2015. Using the Osborne-Cox parameter-
ization (1972) and Gregg’s (1989) parameterization, we estimated heat and salt diffusivities, as well as the
buoyancy flux. To reveal the processes of double diffusion, the Turner angle was estimated. We estimated
contributions of diffusive convection and salt fingers into the buoyancy flux. Due to double diffusion, the in-
tense vertical mixing covered the layer from 80 to 170 m. From mid-spring to early May, diffusive convection
penetrated to a horizon of 250 m, and then a process like salt fingers played a leading role. Shear instability
caused by the weakly nonlinear interaction of internal waves prevailed in the underlying layers.

Keywords: diapycnal mixing, double diffusion, observations, Sea of Japan
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