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[Tpu B3auMoeiicTBUM Me30MacIlITAOHBIX BUXPEil ¢ TeYEeHNEM CYILIECTBYeT TPU BapMaHTa ITOBEACHUS BUX-
peii: BpallileHue, HyTallMOHHbBIEe KoJIeOaHUsI M HEeOrpaHWYeHHOE BHITATUBaHUE. B paboTte maeTcst onucaHue
bu3nYeCcKMX yCIIOBUI BHITITUBAHUS BUXpeil B hraMeHThI. 11 MUpoBOro okeaHa M OTIEIbHBIX Peruo-
HOB JTJaHa OIIeHKa JOJIM BUXPEil, IJe OHU BBITSITMBAIOTCS B (DUJIAMEHTHI, TTepepacIipenesisis SHepTrio ¢ Me-
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M3BecTHO, 4YTO B OKeaHE IIPW B3aUMOIEiCTBUU
ME30MACIITAOHOTO BHUXPSI C TEUEHHEM CYIIECTBYET
pEeXUM, TIpU KOTOPOM SIIPO BUXPSI PaACTATUBAETCS
STUM TEYCHMEM, a BUXPb, KaK JOKAJIM30BaHHOE 00-
paszoBaHue, (aKTUYECKM MpeKpallaeT CyllecTBO-
BaTb. DTOT BapUaHT IOBEICHUSI COOTBETCTBYET Cla-
ObIM BHMXpSIM B HEOIHOPOMHBLIX ITOTOKax. Pacuer
SHEPruy MoKasall, YTO IPU YIIMHEHUU BUXPS €T0
KMHETUYeCKass U JOCTYITHAs MOTEeHIIMAJIbHASI DHEp-
rust ymeHbluarorcs [1].

UccnenoBanus, cBsi3aHHBIE ¢ TpaHcdopManmeit
BITUTITUYECKOTO BUXPsI TIPU B3aUMOACHCTBUY C DO-
HOBBIM TeyeHHeM, OepyT Hadajo oT pabotr Kupxro-
da. Brocnenctum C.A. YarumeiruH [2] m mo3nHee
C. Kuna [3] nmoka3zanu, 4TO CylIeCTBYET TPU BapuaH-
Ta MOBEJICHUSI: BpallleHUe, HyTalluOHHbIE KOJe0aHUs
U HEOrpaHWUYEHHOE BBITSATMBaHUE. B mepBbIX NBYX
cllydasix BUXpb OCTaeTcsl JOKaJU30BaHHBIM 00pa3o-
BaHMEM; B OCJIENHEM OJIHA U3 OCEil HEOTPaHUUYEHHO
YBEJIMYMBAETCS, a BTOpasi CTpeMUTCs K HyJto. B ro-
PU3OHTAJILHOM TLJIaHE TaKOi BUXPb CTAHOBUTCS T1O-
XOXUM Ha BUXPEBYIO HUTH (WIX (DUJIAMEHT).

Llenpio naHHO paboOTHI ABJISIIOTCH onucaHue hu-
3UUYECKUX YCJIOBUI BBITSTUBAHUSI TPEXMEPHBIX BJI-
JIMTICOMJANIBHBIX BUXpE OKeaHa B (UIAMEHThl U
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OLlcHKA JOJIM ME30MacCIITaOHBLIX BUXpEil, KOTOpEIC
BBITSITUBAIOTCS B (QUJIAMEHTHI, TIEpepacpeacisisi TeM
caMbIM DHEPIUIO ¢ Me3oMacliuTadba Ha cyoMe3omac-
mTao.

B pabotax [1, 4—9] pa3paboTaHa Teopusi 3BOJIIO-
i 3D-3IurnconaanbHbIX GapOKIMHHBIX BUXpEi
oz, AeiicTBUeM TedeHWM. 711 6apoTpOITHBIX Tede-
HUi i), = (u,,v,,0) ¢ IMHENHOI 3aBUCUMOCTBIO CKO-
POCTH TEYEHUST OT TOPU3OHTATBHBIX KOOPIAWHAT:

_ Uy = Uy +ex — Yy,
iy, = (Uy,v5,0) =

Vy = Vo +YX —ey,
3agava CBOIMTCST K DBOJIOIUKA BO BpEMEHH IBYX TO-
PM3OHTAJILHBIX Tojiyoceil amnuricouna a(f) m b(f).
3neck U= (4, v) — CKOPOCTb T€YEHMUS, Uy U V, — CO-
CTaBJISIONIE CKOPOCTH TEYEeHUSI B LIEHTPE BUXPS
x=0,y=0; (x,y, 7) —OeKapToBa IIpaBasi CUCTEMa KO-
OPIMHAT: OCH X 1 Y TOPU3OHTAIBHEIE, OCh L — BEPTH-
KajibHasl; KO3(MOULMEHTHl Y U e OMUCHIBAIOT IMPO-
CTPAHCTBEHHYIO U3MEHYNBOCTH (DOHOBOTO TEUCHMS,

Y= %rota fi, — yTJIOBasi CKOPOCTb BPAILIEHUS KUIKUX

yacTull B QOHOBOM T€UEHUU, ¢ — KOIPPUIIUCHT Jie-
dopMann ¢poHOBOro TedyeHus. JIroboe GapoTpoIr-
HO€ JIMHEMHOEe IO KOOpAMHAaTaM paclipeaesieHue
CKOPOCTEI MOXKHO ITyTEM ITOBOPOTa BOKPYT BEPTUKAJIb-
HOI OCH CBECTM K BbIIIEyKa3aHHOU 3aBUCMMOCTU. B
0apOTPOITHBIX TEYEHUSIX BEPTUKAJIbHAS MOJIyOCh € MO~
CTOsIHHA. be3pa3MmepHblil MapaMeTp € XapaKTepu3yeT
CTETeHb BBITSITMBAHUS BUXPS B TOPU30HTAILHOM T1J1I0C-
KOCTU U ONpeaessieTcs yepe3 OTHOIIEHE ero ropu-

30HTAJbHBIX MAacCIITA0OB £ =§' be3 orpanunueHus
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OOIITHOCTH MOXXHO CYUTATh, 4TO € = 1. B pabdorax [1,
5—12] BBomuTCSI Oe3pa3MepHbBIl MMapaMeTp BepTHU-

" N
KaJIbHOM CIITFOCHYTOCTMU sAdpa BUXPA: K== <

£ f—
f~Nab
napameTtp Kopuonuca, N = const — yactora Bsiics-
ns1-bpeHra.

CrnenyeT OTMETUTh, 4TO TpeOboBaHKE OApOTPOITHO-
¢t (POHOBOTO TeUeHUsI BeCbMa YCI0BHO. Buxph ak-
TUBHO pearnpyeT Ha TeYeHHe Ha TOPU30HTAX pacIio-
JIOXKEHUS SIApa BUXPSI U MEHee aKTUBHO WJIM BOOOIIEe
HE YyBCTBYET (POHOBOE TEUCHHE BEIIIE M HIKE 3TOTO
cios1. [ToaTomMy B KauecTBe yIIpOIIEHUSI MBI PACCMOT-
peiu TedeHUs, He3aBUCSIINE OT BEPTUKAJIbHOM KO-
OpIMHATHEI HA YPOBHSIX PACTIONIOXEHUS SIIpa BUXPSI.
Kaxkoe TeueHUe BHIIIE 1 HUKE 9TOTO CJIOS, HE OYeHb
BaxkHO. [loaTOMy nj11 MaTeMaTU4yecKoul IPOCTOTHI
MBI TIPOIUTMJIN BEPTUKAIBLHO OTHOPOTHOE TeUCHHE
BBIIIIE Y HIDKE SIIpa BUXPS, CACIIAB €T0 TAKUM XKe, Kak
Y Ha TOPU3OHTAX PACIIONOXeHUs sipa. B pesynbraTe
MTOJTYYMJIACH MOJIETb 6ApOTPOITHOTO TEUSHUS BO BCeit
TOJIIIMHE OKeaHa. B pealbHOCTH ciielyeT yYUThIBATD
TOJIBKO BEPTUKAJIbHO OCPEAHEHHOE TeYeHHEe Ha Tro-
PHM30HTAX PacHoJIOKeHUs sapa BUxps. UMeHHO 3To
MBI OyZIeM IesiaTh TPY M3YICHUU DBOJIOIIUY BUXpEi
MPUITOBEPXHOCTHOTO CJI0SI OKeaHa, paccMmaTpuBast
OCpeIHEeHHBIE CBOMCTBA MOPCKOI Cpelbl B BEpXHEM
JIBYXCOTMETPOBOM ITPUITOBEPXHOCTHOM CJIO€ OKeaHa.

3agavy 3BOJIOLUN (DOPMBI BUXPSI MOXXHO CBECTH K
cucreMe IByX nuddepeHINAITBHBIX YPAaBHEHUN OISt
OTHOIIEHUS TIOJIyOCei M yTja opueHTauuu 6, oopa-
3yeMOii OOJbIIei TOPU3OHTAJIILHOM ITOJIYOChIO 3J1-
JIMTICOUIA a ¢ OChlo X. PerieHue 3Toii CUCTEMBI OITU -
ChIBAET BOJIIOLINIO0 KOHKPETHOTO BUXPSI, 3aBUCSIIIYIO
OT MapaMeTpoB e U Y GOHOBOro TeueHusl. [letanu Bbli-
BOJIa TIpeACTaBJIeHBI B padorax [1, 5].

MoxxHo 1okasaTb, YTO Tpu 6e3pa3MepHble XapaK-
TEPUCTUKU Y/e, G/e U K NOJHOCTBIO OMNPENEISIIOT
9BOJIIOIMIO BUXPS TIPU €ro aedopMainnid TeYeHUEM
TIPY JTIOOBIX HaYaJIbHBIX YCIIOBMSIX Ha € M 0. 31eCh G —
U30bITOYHAS MOTEHIIMATIbHAS 3aBUXPEHHOCTb BUXPE-
BOTO Si/ipa MO CPABHEHUIO C MOTEHIMAJILHON 3aBUX-
peHHoCTbIO (poHOBOTO TeueHus [1, 5]. YnobHo G/e
3aMEHMTb Ha napametp rot,U /e, TOCKONbKY IS

KPYIJIbIX BUXpeil G u rot U OIHO3HAYHO CBS3aHbI
IpYT ¢ ApYroM. YnoOcTBO JaHHOIO Habopa uucen y/e,
rot,U/e n K cOCTOMT B CJIeAyIOUIEM: Y/e OTHOCUTCS
WCKIIOYUTENIbHO K XapaKTepUCTHUKe (DOHOBOIO Teue-
Hus, rot, U /e TOKa3bIBa€T OTHOCUTENIbHYIO MHTEH-
CUBHOCTB Buxpsl, a K xapakTepusyeT CILIIOCHYTOCTh
BuxpeBoro sipa. Manbie 3HadeHuss K < 1 cooTBer-
CTBYIOT TOHKMM BUXpPSIM, 6ojibine K > 1 — TOJICTBIM.
I1pu Bo3aeiicTBUM 0ApOTPOITHOTO TEYSHUSI Ha BUXPh
napameTp K ocTaeTcs HEeM3MEHHBIM, HECMOTpS Ha
nedopmanuio ssapa Buxps [1, 5]. [ToctostHcTBO K 1151
KaXXI0ro BUXPsI ITO3BOJISIET U3YIUTh HATMYME KAXKIIO-
Io U3 TPeX PEXXMMOB IIOBEICHUS BUXPEM Ha IIOCKO-

ctu napameTpos (Y/e, rot, U /e) (puc. 1).
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I'paHUIIBI 30H IBISIOTCS TMHUSIMM ONQypKanu,
IIpY TIepeCeYeHUN KOTOPhIX MOSIBISETCS HOBbI MU
HcYe3aeT YK€ CYIIESCTBYIOIIMIA PeXUM IIOBEICHUS
Buxps. Hac GyzmeT mHTEepecoBaTh B OCHOBHOM 30Ha I,
IpY 3TOM HanboJiee BaXKHBIM CBOMCTBOM 31ECh SIBJISI-
€TCsI OrpaHMYeHMEe Ha UHTEHCUBHOCTD BUXpeEil. DTO
30HE COOTBETCTBYIOT OTHOCUTEIBHO ClIa0ble BUXPH,
KOTOpbIE HE BBDKMBAIOT B HEOJHOPOIHBIX TCUCHUSIX,
pacTATruBasiCh B BUXpeBble HUTU. MOXHO ITOKa3aTh,
YTO ¢ yBeandeHneM 3HaueHUsT K rpaHuiibl 30HbI [ 1 11
“MoATATUBAIOTCS” OJIVKE K OCY OpAMHAT /e, HO HU-
KOIlla €e He JOCTUraloT. MOXHO TakXKe IOKa3aTh,
yro 1ipu K > 10 cOOTBETCTBYIOIINE JUHUU TPaHUI]L
30H NPaKTUYECKU COBITAAAIOT, T.€. BHYTPEHHSISI YaCTh
30HbI I s Gonbliyx 3HaYeHW K mpakKTUYECKU
orpaanyeHa yepHbIMHU JUHUAMHU K = 10. Taknm 06-
paszoM, BHYTpH 30HHI I popMmupyercs “cepaieBuHa”,
JIJISI KOTOPOI BCe BUXPU, HE3aBUCHUMO OT pa3mepa I10
BepTukanu (rmapamerp K) 1 He3aBUCUMO OT MHTEH-
CUBHOCTH CaMOTro BUXps (mapaMeTp G) 00s13aTeIbHO
HEOTrpaHMUYEHHO BHITITUBaloTcs. “CepaleBuHa” ae-
MOHCTPUpPYET 00JIaCTh HEMHMHYEMOTO BBITSITUBAHUS
Buxpeit Kupxroda nz 2D-runpoanHaMuKU, YTO Clie-
JIyeT U3 Hallleil TEOPUU I COOTBETCTBYET O0OOIIEHUIO
pa6oter Kuna [3].

PaccMmoTpuMm Temeps 3TH MPOLECCH IS pealb-
HOTO oKeaHa. PacueThl OyneM MpoBOAUTH ITO JaH-
HbBIM TJIOOAJIbHOIO OKEaHWYEeCKOTo peaHaln3a
GLORYSI12VI [13].

Ha pwuc. 2 xapTupoBaHBI pacueThl JJIsT aKBaTOPUiA
JIodoTeHCKOII KOTJIOBUHBI U TeUEeHUSI ATYJIbSIC, a HA
puc. 3 — mist Bcero Muposoro okeana Ha 10.06.2010
¢ ocpenHeHueM BepxHero 200-metpoBoro cios. B
BUXPEBBIX sJpax (KpacHBIN 1IBET) BHITITMBAHUE 3a-
MpelieHo, B JOMeHaX IToJy0oro 1iBeTa BHITITMBAHUE
BUXpeit paspemieHo. o ob1ieii ruromany 10MeHOB
C pa3peleHreM Ha BeITATuBaHue st JIopoTeHckoi
KOTJIOBUHBI COCTaBIIsAeT 61%, a miIst paitoHa ATYIbsIC
50%. CymmapHas Iiollagb JOMEHOB MupoBOro
OKeaHa, IJie BUXPU MOTYT BBITSITUBATLCS, BApbUPYET
B 3aBUCHUMOCTU OT OCpPEIHEHUSI HaHHBIX oT 60 1o
66%, 4TO TaKXKe MPEBBIIIAET CYMMApPHYIO ILJIOIIANb
JIOMEHOB C 3allpellieHeEM K BBITITUBAHUIO BUXPEIA.
MoxxHO moKa3aTh, YTO BHYTPUTOOOBASI U MEXKTOHdO-
Basi U3MEHYMBOCTb 3TUX CBOMCTB HE BBHIPAXXEHBI, KakK
U Ce30HHasi UBMEHUYMBOCTD, UTO O3HAYAET, YTO MOTY-
YeHHBIC OLIECHKU YCTOYNBHI.

OCHOBHOI BBIBOI PaOOTHI 3aKJIIOYAETCS B TOM,
YTO MpU 3BOJIOLIMM ME30MacCIITaOHBIX BUXpEil Ha
¢doHe n1edOpPMUPYIOIIETo UX TEUEHUS CIEAYET OXKM-
JIaTh MepeKauyKy SHEPrun OT BUXpell K (prnaMeHTaM,
T.€. OT ME30MAaCIITA0OHBIX IBUKEHUI Ha cyOMe3oMac-
mTab. DTO NpSIMOIi SHEPreTUUYECKMI KacKald, U CBSI-
3aH OH C HEOTpaHUYEHHBIM BHITSITUBAaHUEM BUXpeEil B
dunmameHTsl. CorTacHO TEOPETUUYECKUM pacyeTam,
SHEPIUsl BUXPs IIPY 3HAYUTEIBHOM YIJIMHECHUY siapa
ymeHbimaercss Ha 20—60%. Ilockonbky B dusmde-
CKOI cucTeMe MPUCYTCTBYIOT TOJBKO BUXPh U Teue-
ToM 508
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Puc. 1. IleMoHCTpallMoHHas KapTa 30H MOBeNeHUsI BUXpeil Ha npumMepe 3HaueHus1 K = 0.4 B I1ockocTu napameTpos (Y/e,

rot, U /e). I1o ocu opauHaT BELIENSIOTCS TPU 00JIACTHU: JUISl IBYX 00OacTei [y/e| > 1 IpUCYTCTBYIOT TOJIBKO KOJIEGATENBHBII 1
BpalareabHblil pexxumbl (30Ha [V), 061acTh MpocTUpaeTcs 10 6eCKOHEYHOCTH); B 061acTH [y/e] < 1 pa3pelieHbl BCe TPH PeXu-
Ma, KOTOpbIe OTHEJIEHBI APYT OT Ipyra YeThIpbMsI KPUBBIMU, BBIXOASIIMMU norapHo u3 (0; *1) u GJIM3KOoi K HUM TOYKaM.
B pesysbrare mosoca |y/e| < 1 pa3éuBaeTcst Ha CHMMETPUYHBIE TPU 30HBI:

* BHYTpeHHsIsl (30Ha [) — 00si3aTelieH TOJIbKO PEXXUM HEOrpaHUYEHHOTO BBITSTMBAHUS SIAPA BUXPSI;

* nmpomexyTtouHasi (3oHa II) — pa3peleHbl KosedaTeTbHbINH PEXXUM M HEOTPAaHUUYEHHOTO BBITSITMBAHMSI,

» BHewnHss (30Ha I11) — pa3penieHbI Bce pexknMBbI: BpalllaTeIbHbBIN, KOJIeOATeIbHbBIN U BBITITUBAHUSI.

(a)
2.0
C.II. —41.5
70.0° 1, o
0.5
67.5°F
0

5° B.O. 10°.B.IL. 150 B.1.20

Puc. 2. Pacripenesnienus 3HaueHuit [y/e| B JlohoTeHCKOI KOTIOBHHE (a) M B pernoHe TedeHust Aryibsic (6). KpacHbie o6macti
[Y/el > 1 cOOTBETCTBYIOT 30HaM C 3alIPETOM Ha HEOTPAHMYEHHOE BHITSITMBAHUE BUXDEl; B TONYOBIX C [}/e| < 1 pa3pelneHo He-
OrpaHMYEHHOE BBITSTHBAHUE BUXpeil. MIcxonHbIe TaHHBIE UMEIOT MPOCTPAHCTBEHHOE pa3peteHue 0.25°, mpoBeaeHO CIIaXu-
BaHUE METOJIOM CKOJIb3SIILIETO CPEAHErO C INUPUHOI OKHA 5 stueeK. [{J1s1 cpaBHEeHUsI OKa3aHbl OKPYXKHOCTH ¢ paauycoM 100 km

(a) 1 500 kM (6).

HUE, TO €CTECTBEHHO OXWIATh, YTO “HOTepsHHAs”
SHEprusl BUXpeil nmepepacnpeacanTcs Ha3aa B Teue-
Hue. Ecau BepHYThCSI K MpEACTABIECHUIO aHCAaMOJIS
BUXpEN Kak K reousnueckoil TypOyJIeHTHOCTH, IJIe
BUXPU TeHEPUPYIOTCS TEUEHUEM U 3aT€M DHEPreTH-

YeCKHU B3aMMOJIEHCTBYIOT C HUM, TO SIBJIEHUE BO3Bpa-
IIeHUST SHEPTUN OT TYpPOYJIEHTHOCTH B TEUCHHE Ha-
3bIBaeTCsl SIBJEHUMEM “OTpMLATENbLHON BSI3KOCTU”
WM OOpaTHBIM KackKaaoM 3Hepruu. B Haieit pabote
MBI COIIPUKOCHYJIMCH C SIBJICHUEM “‘OTpULATEIbHOM

JOOKJIAIBI POCCUMCKOM AKAJTEMUU HAYK. HAVKU O 3EMJIE  Tom 508 Ne2 2023
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90°

2.0

0%80° 135° 90° 45° 0°
3.0.

45°

90°
B.I.

135° 180°

Puc. 3. TIpocTpaHCcTBEeHHOE pacrpenesieHre napamerpa |y/e| aist MupoBoro okeana. MicxomHble TaHHBIE UMEIOT ITPOCTPaH-
CTBEHHOE paspelleHue 1°, MpoBeaeHO CIIaXXUBaHUE METOAOM CKOJIB3SILEro CpeaHero ¢ InpuHoi okHa 10 sueek. st cpaB-
HEHUs TOKa3aHbl OKPY>XHOCTH ¢ panunycoM 1000 km. OKpyXHOCTH MpoBeaeHbI Ha mmpoTax 0°, 30°, 60°u Ha nonrorax 0°, 135°.

BSI3KOCTH ¥ MOKa3biBaeM B MUpoBOM oKeaHe 00Jia- 3.

CTH ee IposiBieHUs (rory0ooii 1iBeT Ha puc. 2 1 3). Xo-
TSI TIOJIHOM SICHOCTH B BOIIPOCE Iepedadyur SHEePTUU
BUXpE IO CIIEKTPY pa3MepoB ellle HET, TeM He MeHee
mpoliecc TpeBpalleHusT BUXpeil B (prIaMeHThl B KO-
HEYHOM MTOIE JOJDKCH IIPUBECTU K MHTETPaJIbHOMY
nepepacnpeaeieHUIo SHepru BUXpeil OT Me30Mac-
mraba Ha cyomMe3zomMaciiTad (IpsMoii 3HepreTuye-
CKUIi1 KacKal), a yMEHbIIIeHNEe HEPTUN BUXPEil ITpU
TOM K€ MpOolLiecCce BBITITUBAHMSI BO3BpAIllaeT dHEP-
ruio B TeueHus1 (0OpaTHBIM Kackaa SHEPTUU WJIU SIB-
JIEHVE€ OTPULIATEIbHOMI BI3KOCTH).

NCTOYHUKUN OPUHAHCHPOBAHUA

Pabora BpImONHEeHA IIpU (HUHAHCOBOM ITOMIEPIKKE
Poccuiickoro HaygHoro ¢onma (rpoekr 22-17-00267) u
o Teme rocynapctBeHHoro 3aganust 0128-2021-0002.
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DIRECT AND INVERSE ENERGY CASCADE IN THE OCEAN
DURING VORTEX ELONGATING
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‘When mesoscale vortices interact with the flow, there are three variants of their behavior: rotation, nutational
oscillations, and unlimited elongating. This paper describes the physical conditions of vortex transforming in-
to filaments. We estimate the proportion of vortices that are stretching out into filaments in the World Ocean

and some regions. Due to the elongation, the vortices redistribute the energy from mesoscale to submeso-
scale.
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