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PaccMoTpeHa 3amava 0 MOCTPOEHUHM PEeIIeHUi, ONMUCHIBAIOIINX BHYTPEHHWE TPAaBUTAIIMOHHBIX BOJHBI B
cTpaTuUIIMPOBAHHON Ccpele KOHEYHOM TJyOWHBI ¢ pa3HOHAIpPaBJIEHHBIMU CIABUTOBBIMU TEUEHUSIMU.
PaccMoTpeHO MoneTbHOE IMTOCTOSTHHOE pacIipenesieHre 4acToThl bpeHTa—Bsiicis v muHeltHas 3aBUCHMOCTD
CABUTOBOTO TEUEHMS MO TIyOMHE U MOJTy4eHO aHATMTUIYECKOe pellieHe 3aauk, KOTOPOe BhIpayKaeTcsl uepe3
MoaudurpoBaHHble GyHKIMKU beccenst MHUMMoro nHaekca. C IToMOIIbIo Je6aeBCKUX aCUMITOTUK MOIM-
uimpoBanHoii GyHkMU beccens moaydeHbl aHATUTUYECKUE BhIPAXKEHUs! IUTSl TUCTIEPCUOHHBIX COOTHO-
IIEHW T, WcCIIemoBaHbl (Da30Bble XapaKTepUCTUKK BOJTHOBBIX noJieid. McceqoBaHbl 3aBUCMMOCTH BOJTHOBBIX
XapaKTePUCTUK BO30YXKIAaeMbIX IMOJIEHl OT OCHOBHBIX MapaMeTPOB UCTIOJIb30BaHHBIX MOJENIel cTpaTuduka-

o1u, TeYECHUM U PEXKMMOB Ir€HEpallviu.
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CTU, CABUTOBBIE TeYeHUs, MoaUdUIIMpoBaHHas ¢pyHK1Ms beccens
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Cpenu 0OJIBLIOr0 MHOroo0pasusi HaOJIroJaeMbIX
BOJIHOBBIX TTPOLIECCOB Pa3InuHON (hU3NUECKO MpuU-
poIbI B OKeaHe 1 aTMocdepe 3eMITM OCOOBI MHTEpPEC
BBI3bIBACT B3aMMOJEICTBME BO30YKIaeMbIX BOJH C
TUOPOAVHAMUYECKUMH TToTOKaMU [1—6]. ABuKeHue
CTpaTuULIMPOBAHHO Cpebl SIBISIETCS OAHUM U3 OC-
HOBHBIX (haKTOPOB, BIMSIIOIINX Ha TWHAMUKY BHYT-
peHHUX rpaBuTtalMoHHBIX BoiaH (BI'B) kxak B ecte-
CTBEHHBIX YCJIOBUSIX, TaK U B TEXHUUYECKUX YCTPOW-
cTBax. B coBpeMeHHBIX Hay4YHBIX UCCIIETOBAHUSIX TPU
aHaymm3e nuHaMuKy BI'B B mpuponHBIX cTpaTuduUim-
POBaHHBIX Cpelax C yYETOM HaIMYMS TEUEHU TTpU-
MEHSIIOTCSI aCUMIITOTUYECKHUE METOAbl MCCJIeNOBa-
HUSI aHAJUTWYECKUX MoJelieii BOJTHOBOII reHepa-
oun. B nuHeitHOM TIpMOIMXKEeHWM CYIIECTBYIOIINE
MOAXOAbI K OMUCAHUIO BOJTHOBO KapTUHBI BO30YK-
maeMbIx noJsieit BI'B ocHOBaHBI Ha HpeacTaBICHUM
BOJTHOBBIX ToJieit mHTeTpagaMu Pypbe U UX aCHUMII-
TOTUYECKOM aHaiu3e [7]. B peailbHbIX OKEaHUYECKUX
yCIIOBHSIX HeoOxomumo paccmarpuBatbh BI'B, pac-
MpocTpaHsolecss Ha (oHe CpelIHUX TEUYEeHUI C
BEPTUKAIBLHBIM CABUTOM CKOPOCTH, TIpUUYEM Bapua-
LIMSI CKOPOCTU TI0 BEPTUMKAIU COCTABJISIIOT NECSATKU
CM/C 1 M/C, TO €CTb UMEET TOT K€ IOPSIOK, UTO U
MakcuMayibHble ckopoctu BI'B. Takue TedeHust
JIOJIKHBI CYILIECTBEHHO CKa3blBaTbCSl Ha pacIipocTpa-
Henuu BI'B [8—16]. Eciu maciurab n3amMeHeHUs Te-
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YEeHUWU 10 TOPU30HTAIM MHOTO Oosbiie 4auH BI'B, a
MaciiTab BpeMeHHO U3MEHYMBOCTU MHOTO O0JIbIIe
TepHUOI0B BHYTPEHHUX BOJIH, TO €CTECTBEHHOI MaTe-
MaTHUUYECKOI MOJAEBIO SIBJISIETCS CIydail cTallMoHap-
HBIX ¥ TOPU3OHTATIbHBIX OJHOPOJHbIX CIBUTOBbBIX T€YE-
Huii [2—4, 10]. Llenbto HacTosieil paboThl SIBJSETCS
MOCTPOEHNE aHAJIMTUYECKUX PEIIEHW, OM1ChIBalO-
mux 1noysi BI'B B crpatudunimpoBaHHoit cpeae Ko-
HEYHO MIyOMHBI C YYE€TOM pa3HOHAIpaBJIEHHBIX
CIIBUTOBBIX TCUEHUA.

PaccMmarpuBaeTcss BepTUKaIbHO CTPaTU(UIIUPO-
BaHHasl cpeda KOHeuHoW riyouHsl H. Ilyctb
(U(2),V(z)) — BEKTOp CABUTOBOIO TEUYEHUS HA TOPU-
30HTE z. MIcXOaHO 1151 NaJIbHEHILIETO aHAIN3a SIBJISI-
eTCsl IMHeapu30BaHHasl CUCTeMa ypaBHEHUI TMIPOIM-
HAMUKU OTHOCUTEJIbHO HEBO3MYILIEHHOTO COCTOSIHUSI,
Kotopas umeeT Buf [2—4, 10]
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rae (U,, Uy, W) — KOMIIOHEHTBI BO3MYILIEHHON CKO-
pocTH, (p, p) — BO3MYILIEHHUS NaBJIEHUS U TIJIOTHO-
CTH, Py(z) — HEBO3MYyLIEHHasl IJIOTHOCTb CPEINBI.
Bocnionp3oBaBuince mnpubamkeHueM byccuHecka,
MOXHO TIOJYYUTh ypaBHEHUE MJisi BepTUKaJbHOM
KOMIIOHEHTBI CKOPOCTH [2—4]
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A, = () = -8 2Pol),

Po(z) dz

rone N 2(z) — KBajpaT yacTtoThl bpeHTta—Bstiicss (ya-
CTOTHI IJIABYYECTU), g — YCKOPEHUE CBOOOIHOTO Ta-
nmeHus. ['paHMIHBIE YCIIOBUS OepyTCs B BHUIE (BEPTH-
KaJbHasI OCh 7 HampaBjieHa BBEPX)

W =0 npu z=0-H. 2)

Hanee UCTIONB3YIOTCS CIEAYIOIIUE MPEAIIOI0XKE -
Hus. Yacrora bpenta—Bsiicss npeamonaraercs mo-
CTOSsHHOI: N(z) = N = const. CABUTOBOE TeYeHUE
MpeAroaaraeTcss OMHOMEPHBIM: V' (z) = 0. @yHKuuUs
U(z) — nuHeitHas dyHkuus rnyounsl: U(z) = U, +
+(UO—UH)z/H, Uy=U@0)>0,Uy; =U(-H) < 0.HUc-
MOJIb30BaHMUE JAHHOK MOJEIbHOI TMAPOJIOTUM (110~
CTOSTHHOE€ pachpeneyieHWe 4YacTOThl ILIaBYy4eCTH,
pa3HOHAIIpaBJIeHHbIEC CIBUTOBLIE TEYSHMS) IIIMPOKO
MIPUMEHSIETCS B peajlbHbIX OKEaHOJIOTUYECKUX pac-
YyeTax W IMO3BOJISIET YYUTHIBATh OCHOBHBIE OCOOCH-
HOCTHU BOJTHOBOI IMHAMUKM C Y4ETOM peaibHOM 13-
MEHUYMBOCTU ILUIOTHOCTU MOPCKOM Cpembl, HaOJ0-
JlaeMoil mpy HaTypHbIX u3MepeHusix BI'B B okeane, a
TaKXKe MCCIenoBarh 3amadyy aHanuTudecku [10—19].
B [9] B TOM 4mcCIIE ¢ MCITOJIB30BAaHUEM TAaHHOM MOIEIN
aHAJIU3UPOBAIMCh PE3yJbTaThl MHOTOYMCICHHBIX
WCCIeIOBAaHUII II0 HATYPHBIM M3MEPEHUSIM BHYT-
PEHHUX BOJIH, TE€YEHMI, a TakKXke MX B3aUMOJIECHi-
CTBMIO B Pa3JIMUYHBIX 00JacTssx MupoBoro okeaHa.
B [11, 12] paccmoTpeHa reHepauus BI'B BoiH caBu-
roBeiIM TeueHHeM B TiponamBe Kapckme Bopora,
MpUYEM T€YEeHHUE MEHSETCS C MPUJIMBHOU 4YacTo-
Toit, 1 makeTbl BI'B mogBasoTcsa ¢ nmepruoandHo-
CTbIO, ONIpEENASIEMOI CABUTOBOM HEYCTOMUYMBOCTH
TEUYEHU. AHAJIOTUYHBIEC PE3yIbTaThl MOJYYEHBI B
[9, 10] Ha npumepe ['MOpanTapcKoro MpojauBa, rie
paccMOTpeHBI n3MepeHus TeueHnit 1 BI'B, ammmmi-
TyJa KOTOPBIX MOXKET COCTABJISITh IECITKUA METPOB.
MHoTrOoYMCIeHHBIE U3MEPEeHUS IIPUAOHHEIX TOTO-
KOB B TJTYyOOKOBOIHBIX akBaTopusax CeBepHOM AT-
JIJAHTUKM TTOKA3bIBAIOT, YTO HA OOJBINUX IITyOUHaX
rpagueHTHl CABUTOBBIX CKOPOCTEi M 3HAUCHUS Ya-
CTOTHI TJIAaBYYECTU MaJibl, OCHOBHBIC WM3MEHEHUSI
3TUX TUAPOPUNUECKUX TTapaMeTPOB HAOIIOAAIOTCS
B BEpXHUX CJIOSIX OKeaHa Ha IIyomHax nopsiaka 100—
200 MeTpoB, UTO MO3BOJISIET MCITOJIb30BATh MPEIJIO-
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JKEHHYIO MOJEJbHYIO TUAPOJIOTUIO U JIMHENHYIO 3a-
BHUCHMOCTb CABUTOBBIX T€YEHMU OT riayOouHbI [8—10,
13, 14]. Takxe TmpearojaraeTcs, 4YTO BbIMOJHEHO
ycaoBUe ycToiiunBocTd Maitica mist yucna Pudapn-

-2
cona: Ri = N* (‘Z—U) > 1/ 4 [1—4]. XapakTepHble 3Ha-
z

yeHUs Jncen PudapacoHa B akBaTOpusix MUpPOBOIo
okeaHa (ATJIAHTUYECKUII OKeaH, MOPSI APKTUYECKOTO
OacceiiHa) MpuM OTCYTCTBUM JIUHAMWUYECKON He-
YCTOMYMBOCTH TEUYECHUI MOTYT HAXOAUThCS B UHTEP-
Bajnax ot 2 1o 20 [8, 9, 13, 14]. Torma B 6e3pa3MepHBIX
KOOpIMHAaTax U ITIepeMEHHBIX

x*=1tx/H, y*:Tcy/H, z*:nz/H,
o' =w/N, r*=1IN,

M(z*)zU(z)n/NH a+ bz*, aanO/NH,
b=U, - UH)/NH ypaBHeHus1 (1)—(2) MoXHO Tipen-
CTaBUThb B BUE (3BE300UYKa “*” majiee OIycKaeTcsl)

0 9\
(— + M(z)—) AW + NX QAW =0,
ox

ot 3)

W =0 opu z=0,-m

BBeneHHbIl BhIIIE MTapaMeTp b €CTh BETUYUHA 00-
paTHasi KBaJpaTHOMY KOpPHIO U3 uMcia PuuyapacoHa:
b= 1/ VRi, mapameTrp a — OTHOIIEHUE AMIUIATYIbI

MIPUIIOBEPXHOCTHOTO TeueHUst U, K MaKCUMaJbHOI
TPYIIIIOBOI CKOpOCTH pacnpocTtpaHeHus1 BI'B B oke-

aHe, paBHOM NH/n [2, 3, 7]. Pemenue 3amaun (3)
WILETCS BHUIE CBOOOOHBIX TapMOHMYECKMX BOJIH:
W (t,x,y,z7) = @z)exp(i(®r —ux —vy). Torma mwist
onpeneaeHust GyHKIUU ((Z) UMEEM
82(p 2 -2
— tk(0-pM(z)) " -Do =0,
07’ 4)
¢=0 mpu z=0,—m k°=p’+Vv’.
B xaudecTtBe nBYX NMHEHO HE3aBUCHMBIX pellle-
Huii 3aga4u (4) BO3bMEM

[t @) =v2Br@)lPBr2),
e /,; — momubuimpoBaHHas GyHkums beccens MHU-
Moro wuHmekca ik, r(z) = ®—uM(z), A= w/BZ — /4,
B= k/ bu. PemieHue, ynoBIeTBOpAIOLIEE TPAHUYHOMY
ycaosuto nipu z = 0 umeet Bun: O(z) = i( £, (0)f(z) —
- f(0)fi(2)). Pyukuuu fi(z) — KOMILUIEKCHO CO-
MPSIKEHBI, TTORTOMY pelIeHUue ((7) SABIsSEeTCS Aeii-

CTBUTEJIBHBIM. TaK Kak IIpeArojaraercsi, 9YTO BBHI-
MOJTHEHO yCJIOBHE ycToiumBocTr Maiica mist ymciia

Puuapncona, To b’ < 4. OTcio1a B YaCTHOCTH CJIEIy-

2 o
eT, uto ° > 1/4 Y 3HaYeHus A neiicrBuTenbHbl. Tpe-
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Puc. 1. MozenbHbIe TpoG N pa3HOHANPABIEHHBIX CIBUTOBBIX TEUCHMIA.

0OBaHMUE YIOBJIETBOPEHUS TPAHUUYHOMY YCJIOBUIO ITPU
Z = —T. ONpeaensieT JUCIIEPCUOHHOE COOTHOLIIEHUE

L BrON_p Br(=m) = L_sBr0)1;Br(-m) = 0.(5)

B [16] 11 aHaIOTMYHOI MOIETBHOMN THAPOJIOTUI
(TTOCTOSTHHAST YacTOTa TUIaBy4YeCTH, JIMHEWHBIN Mpo-
¢bwIb COBUTrOBOTO TeYeHMsI, KOHEUYHasl TOJIIIMHA
CTPaTU(GUILIMPOBAHHOTO CJIOST) MOJYYEHO JAUCTIEePCH-
OHHOE COOTHOIIIEHWE B BUIE, aHAJIOTUYHOM (5), U
ObLIIO OTMEUYEHO, YTO pellleHHWe 3TOro ypaBHEHUS
MpencTaBasieT OOJIbIIYI0 MaTeMaTUYeCKyl0 Tpyl-
HocTb. boliee cioxHOU 3agaueit sBsieTCsl UCCIeno-
BaHUE aHAJIMTUYECKUX CBOMNCTB IOJYyYEHHOTO MC-
MEPCUOHHOTO YPaBHEHUSI, TaK KaK 3TO IaET BO3MOX-
HOCTb TTOJIyYUTh aCUMIOTOTUYECKUE BbIPasKeHUS IS
noJjieii BI'B ripu pa3nnyHbIX peXrMax BOJTHOBOM Te-
Hepauuu. lanee OyayT U3ydyeHbl OCHOBHBIE OCOOEH-
HOCTHU PEIIeHU TUCTIEPCUOHHOIO YpaBHEHMUS (5) U
IMOCTPOEHbl AaCUMMNTOTUYECKUE TIPEICTaBIEHUST pe-
ILIEHUS] 3TOTO ypaBHEHUS. PellleHus IMCepCUOHHO-
ro ypaBHeHUsI (5) MOXHO TIPEACTaBUTh B BUIE
o,(U,v) unu 1, (v, ). B HacTroseil pabore Oyner uc-
MOJIb30BaThC AMCIEPCUOHHASI 3aBUCUMOCTb BUIE
W,(v), cuutas o pukcupoBaHHBIM NapameTpoM. Pac-
CMaTpUBAETCS TUIPOJIOTUUeCcKast MOAEb JUHEMHOTO
pa3HOHAIPaBJIIEHHOTO CIBUTOBOTO TEUEHUS — Teue-
HY€ WM3MEHSET CBOE HaIpaBJieHUE C yBeJMYEeHUEeM
[JIyOMHBI, TO €CTh MIPUIOHHBIE U TPUITOBEPXHOCTHBIE
TeyeHUsl pa3HoHampaBieHbl (puc. 1). [anee OymyT
KCIIOJIb30BaThCs JIBa MOJEIbHBIX pachpeaeaeHus
CIIBUTOBOTO TEUYCHMS I10 TJIyOMHE, 0003HaYaeMble Ha
puc. 1 uanekcamu / (mepsasi MozeJib) U 2 (BTopasi MO-
nenb). B mepBoM ciyyae 3HaueHHUsI BCexX MapaMeTpoB
caenmyrorue: a = 0.8, b = 0.39, ® = 0.54, Ri = 6.5, BO
BTOpoM ciaydae: a = 0.8, 5 =0.72, ®=0.54, Ri =1.9.
B nepBoM ciiyyae mpunoBepXHOCTHOE TeUeH1e ObICT-
pee IPUIOHHOT0, BO BTOPOM CJly4ae MpUJIOHHOE Te-
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YyeHre OOoJibllle TT0 aMIUIUTYAE MPUITTOBEPXHOCTHOTO.
B ncnonb3oBaHHBIX MOJEISIX @ < 1 3TO 0O3HaYaeT, YTo
aMIUIMTYIbl CIBUTOBBIX TEYEHUU HE TMPEeBbIIIAIOT
MaKCUMaJbHOM TpyMNMIOBOM CKOPOCTU pacHpocTpa-
HeHus BI'B, yto HaGmomaemMo B yciaoBusix MUpPOBOTO
okeaHa. [lapameTp <1 ompenenseT OTHOILIEHUE
4acTOThl CBOOOHOM BOJHBI K MaKCUMaJIbHOMY 3Ha-
YEHUIO YacTOThI TLUIaBYy4yeCTH, JaHHbIE MOJEbHbIC
mapaMeTpbl OMMCHIBaIOT pacmpocTtpaHeHue BI'B c¢
YacTOTOM MOYTH B iBa pa3a MEHbIIIE YaCTOTHI TJ1aBy-
YeCTH, UTO TaKKe HabJIFogaeMo B pealibHbIX OKEaHU-
yeckux ycioBusix [8—10, 14]. B ucmonb3oBaHHOM MO-
JIeJId TUIPOJIOTUM Pa3HOHAMPABIEHHbBIX CABUTOBBIX
TeUYEHUI TUCTIEPCUOHHBIE KPUBBIE TIPEICTABIISIIOT CO-
0011 3aMKHYTHIe JuHKMKU. Ha puc. 2 m3o0pakeHbl ouc-
MEePCUOHHBIE KPUBBIE MEPBBIX TPEX MO/I [JIS1 IEPBOI1 MO-
JIe7Td, Ha puc. 3 — IMUCIIEPCUOHHBIE KPUBBIC MEPBbIX
Tpex Mo U151 BTopoil Monenu. Kaxaas aucrepcroHHast
KpUBasl epecekaer ocb OV B TOUKAX V,,, 3HAYEHUS KO-
TOPBIX OIPEACIISIIOTCS U3 PelleHUs KpaeBoii 3anauu (4)

2\—1/2
mpup =0:v, = zonl— o) A n=12,...
PaccMoTpyM acMMNITOTUYECKHME pEIIeHUS THC-
MEPCUOHHOTrO ypaBHeHUs (5), cuuTasi OOJbIIUM MHa-
pameTpom B, Torma A MOXHO 3aMeHHTH Ha [B|. Boc-

ITOJIb3yeMCS 1e6aeBCKOM aCUMITTOTUKOM (A = 1) Mo-
IuguurpoBaHHO (yHKIIMM beccejii MHUMOTro

uHgekca /., (T), Koropas, B OTIIMYME OT Kjlaccude-
CKOM aCUMNOTOTUKMU IIPU T —> oo, ONpeacsieT MoBeIe-

Hue QYHKUMU [, (T) IpU OONBIIMX 3HAYEHUAX KaK
MHIEKca A, TaK ¥ aprymeHTa T. MonnduiunpoBaHHast

dynkumsa beccenst 1., (T) yoOBJIETBOpPSIET ypaBHE-
Huto [21-23]

Y (1) + Y (1) + (W — )Y (1) = 0,

Y(v) = Lip(D).
Ne 1
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W, (v)

Puc. 2. IlucnepcnoHHBIE KPUBBIE TIEPBBIX TPeX MO (IIepBasi MOAeNb), / — IepBast Moma, 2 — BTopasi Mofa, 3 — TpeThs MoJa.

w,(v)

0.8

0.
0.4
0.2

3

~

02

=07

14

Puc. 3. IucriepcuoHHbBIe KPMBBIE MIEPBBIX TPeX MO (BTOpasi MOfeb), I — nepBast Moja, 2 — BTopast Moja, 3 — TpeThsl MOJia.

C nomo1ipio 3aMeHbl Y (T) = Z (1:)/ Jt TEPEMEH -
HO1 3TO ypaBHEHVE MOXHO MPEICTAaBUTH B BUE

Z'@+ 14+ X - Z(m) =0 (6)
Ipu A > 1/4 ypaBrenue (6) ynpomaercst
Z'M+q0ZM =0, qv=Q" -t ()

Torna BKbB acumnroruka ypaBHeHus (7) B ciaydae
T < A, ONHKCHIBAMOIIAsl OCLWLIAPYIOIIUE pELICHUS],
UMeEET BUT

2@ = gy " exp(i[ Ja(oudr),

2
[ a@san = o7 b =T
A—VA -1
JI1s1 DKCITOHEHIIMAILHO PacTyIINX MJIM YOBIBAIO-
mux pemreHuit BKb acumnitotuka ypaBHeHust (7)
MpU T > A UMEET BUJL

2@ = D.(~g()) " exp(i[ Va1,
J.\/—q(‘r)dT =1 - A? — harctg(NT — A*/N).

Jamee OymyT paccMaTpuBaThCS TOJIBKO (PYHKIIMH
I_; () (bynkums /_; (T) KOMIUIEKCHO COMPSIKEHA C
I,(t) u I;,(—1) = exp(-tA) 1, (T)). 1T HAXOXICHUST
MHoOXwuTeneir D, Heobxonumo cpaBHUTb BKDb

MN3BECTUA PAH. ®PU3NKA ATMOC®EPHI 1 OKEAHA

ACUMIITOTUKY C KJIACCUYECKOM aCUMIITOTUKOM 1_j (T)
MpU T — o

Re I_,(1) = exp(1)/v2nr,
Im 7 ;5 (1) = exp(~T + mh)/22nt.
Bripaxxenue mis BKb acumnrornkm ¢yHKUIUN
1_;(t) ipu T > A UMeeT BULI
Re (1) = (¢ = 1) " exp(A,)/V2r,
Im /(1) = (7" =A%) exp(A)/2V2r,

=T = A T harctg(NT — kz/k) + 1t7\./2.

[TponomrkM aHAIMTUYECKHU IIEPBYIO U3 (popmyI (8)
13 00J1aCTU T > A B 00JIACTb T < A Yepe3 BEPXHIOIO MO-
JIYTUIOCKOCTh KOMITIEKCHOM MEpEMEHHOM T, B Pe3yJib-
TaTe MOIYYUM

®)

I =@ =2 exp (a)/m,
( resll x xwxz n/4]+ ©)

k Ny
+ nk/ 2.

Torma nebaeBckasg aCMMIITOTMKA MOIN(UILIIPO-
BaHHOW pyHKUMN beccens I_; (T) MHUMOTO MHIEKCA
(11pm GOJIBIINX 3HAYEHUSIX KaK MHIEKca A, TaK U ap-
Ne 1
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Puc. 4. OcoOble TOUYKM pELIeHUs] TUCIIEPCUOHHOTO YPaBHEHMUSI.

TyMeHTa T) ToJlydyaeTcs mnoiacTaHoBkoil B (8), (9)
BMECTO T 3HaueHus Ar [21—23]

L) = (F* =17 exp(di(AO® — m/4) x
X exp(n?t/2)/\/m,
@zﬂ_%m%x 0<r<l,
Re L, (M) = (r* =1) " x
x exp(M®(r) + m/2))/~2mA,

Im I, (M) = 307 —1)* x
X exp(-M®(r) — m/2)) /221,

D(r) = N arctg(m), r>1.

(10)

3HaueHue r = (0 — Touka BETBJEHWUS, 3HAYEHUE
r =1 — Touyka noBopoTa, rae acuMntotuku (10) He
padoraior. Ecmu r <0, 1O umeem: [,(Ar) =
=exp(-TM I (-Ar), 1_;(Ar) = exp(mM)]_;(—Ar). Ons
JabHEHIINX pacyeToB mapameTp 3 = 6.57, Bce uuc-
JICHHbIE pe3y/bTaThl MTPUBEIEHbI /151 MIEPBO MOJEIN.
Ha puc. 4 npuBeneHa reoMeTpusi pacrosioKeHUsI 0CO-
ObIX TOYEK, OMPEESAIONIMX OCHOBHbIE KAaUeCTBEHHbIE
OCOOEHHOCTU TOBEIEHUST AUCIIEPCUOHHBIX KPUBBIX B
wiockocty nepemeHHbix (W, W), roe ¥ = o — uM(z).
Ha puc. 4 nokaszanbl 3aBucumoctu 7(0) (JiuHUSA e) u
r(—m) (muHus f) Kak GyHKumu (L. Touku A, D SBISIIOT-
csl TOYKaMU BETBJICHUSI, OHM OTBEYAIOT TeM 3Haye-
Husa W, npu Kotopeix #(0) =r(—H)=0. Paspes B
KOMIUIEKCHOM MJIOCKOCTH |l TIPOBEAEH OT —ool10 A U
ot D 10 +oo. Toukn moBOpoOTa, OTACIISIONINAE 3HAYE -
HUSI TIEPEMEHHON |, MPU KOTOPBIX CYIIECTBYIOT
BOJIHOBBIE pellleHUus1 — 3To Touku B, C Ha puc. 4.
IIpu W > U ¥ OpU [l < Lz BOJTHOBBIE BO3MYLIEHUS
OTCYTCTBYIOT.
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CoOTBeTCTBYIOIIME YUCICHHBIE 3HAUCHUS PABHBI:
u, =-1.67, up, =0.675 w, =-0.575, uo =1.08. U3
puc. 4 BUTHO, UTO JCUCTBUTENIbHBIC PELICHUS JTUC-
NEePCUOHHOTO YpaBHEHMUS CYIIECTBYIOT B MHTEpBaJie
L, <W<Up B uHTEepBase Wy < L < L, AUCOEPCU-
OHHOEe YypaBHeHHE (5), MCIIOJNb3ysl ACHUMIITOTUKU
(10), MOXXHO TIpeICTaBUTh B BUIE

BO(r(-m)) — O(r(0)) =7tn, n=1,2,....

OTKyna MOXHO TIOJTyYUTh

vV, (W) = £y (k) (©(r(=m)) — B((0)) > = 1)'/%. (11)

B unTepBaie |, < | < |l pelIeHNe TUCIEPCUOH-
HOTo ypaBHeHUS (5) UMeeT BUL,

v, (W) = £ (7n — /4 (O (-m)))” - D% (12)

ITosmyuuTs 3aBUCUMOCTH L, (V) U3 BbIpaKeHuii (11),
(12) BO3MOXXHO, MCHOJIb3Ysl CTAHAAPTHbIE BBIUMCIIU-
TelIbHBbIE CHCTeMbl Tuma “Maremaruka”. Ha puc. 5
U300paxeHa TUCHepCUOHHas Kpusas L, (V), paccuu-
TaHHasl YMCJIEHHO (CIUIOIIHAS JIMHUS), U €€ TIpU-
OIMKEeHUsI, pacCYUTaHHbBIC ¢ UCHOJIb30BaHUs Hop-
mynbl (11) (muTpuxoBas nuHusI) U Gopmyisl (12)
(IUTpUX-ITYHKTAPHAS JTUHUS).

Jns uccinenoBaHus BeIHYKIeHHBIX BI'B B cTpa-
TUGULIUPOBAHHOM OKE€aHE CO CIBUTOBBIMU Teue-
HUSIMM HEOOXOOMMO pellaTh 3amavy (3) ¢ HeHyJie-
BOIi mpaBoii yacteio Q(f,x,),2,%)), KOHKPETHBII
BUII KOTOpOI ompeaeasieTcsi BUAOM HCTOYHUKA
Bo3myuleHuit. Ecau paccMaTpuBaTh B KauecTBe UC-
TOYHMKA HAlpaBJ€HHYIO MO BEPTUKAIU CUIY, TO

umeeM: Q(4,x,1,2,2) = 8'(1)3(z — 29)(8"(x)d(y) +
+ 8"(y)d(x)). B ciryyae TOUeYHOIr0 UCTOYHMKA MAC-
col: Q(1,x,¥,2,29) = 8"(1)3(x)d(»)d'(z — z). Ecnn T2

dyrxumst umeer Buit: O (1, X, ¥, 2, 29) = (x)3()d(z — 29) X
X exp(iot), To paccmarpuBaeTcsd hyHKIUS ['puHa
3agadu (3) s OCHMJUIMPYIOIIEro TOUeUHOrO MC-
Ne 1
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Puc. 5. lucnepcruoHHas Kpusas |1(V) 4 ee allllpOKCUMaLIMU.

TOYHUKA BO3MYIIESHU, PacIIOJIOXKEHHOTO Ha Iy~

o6uHe z,. O4eBUIHO, YTO B CHJIY JUHEMHOCTH pac-
cMaTpMBaeMoOil 3ajauyu, WCIOJb3ys MOJyYeHHbIe
ACMMIITOTUUYECKHUE pellieHns A1 GyHKIuu I'puHa,
B aJibHEMIIIEM MOXHO TOJYUYUThb TpeAcTaBICHUS
s nojieit BI'B, reHepupyeMbIX NpOU3BOJIbHBIMU
HEJIOKAJIbHBIMU U HECTALIUOHAPHBIMU UCTOYHUKA-
MU B CTpaTUDULIMPOBAHHOM OKEaHe CO CIBUTOBbI-
mu tedeHussMu [7, 17—19]. OgHUM U3 OCHOBHBIX
UCTOUYHUKOB reHepauuu BI'B B okeaHe Moryt siB-
JISITbCS  IBUXKYyLIMECS aTMoc(hepHble IIUKIOHBI.
Bo3byxnaemMbie ¢ TOMOIIbIO 3TOTO MEXaHU3Ma Te-
Hepalliy BOJHOBbBIE T0JI UTPAIOT 3HAYUTEIbHYIO
pOJIb B pa3iMUHbIX MeXaHMU3MaxX MepeHoca SHePTUr
B TOJIIE OKeaHa. DKCIIepUMMEHTaIbHOE OOHapyXKe-
Hue ciena BI'B ot gBuyiierocsl yparaHa sSIBUJIOCh
OIHUM W3 BINEUATSIIOIINX JTOCTUKEHUN COBPEMEH-
HoIf okeaHomornu [17, 20]. Ha bombmmx paccTosTHU-
SIX peaJibHble WCTOYHMKM BO3MYIIEHUI (TalidyH,
BO3MYIIIEHUSI aTMOC(EPHOTO AaBJICHUSI, ITUKIOH)
JIonyckKarlT (Gu3dndyecku 0O0OCHOBAHHYIO allllpOKCU-
MalUI0 HEKOTOPOU CUCTEMOM TOYEYHBIX JIOKAJINU30-
BaHHbBIX UCTOUHUKOB, B3ThIX C OIpeeIeHHbIMU Be-
camMu. TouyeyHbIM HECTallMOHAPHBIM MCTOYHUKOM
reHepanuu BI'B B peajlbHOM OKeaHe TakKe MOXKHO
CUMUTATh KPYTOU CKJIOH IMOIepeyHOro XxpedTa B Mpo-
JIUBaX, KOTOPbIIi 00TEKAETCSI CIBUTOBBIM TEUEHUEM U
MEPUOANYECKUM TPUJIMBHBIM TeueHuem [9, 11—14].
Takoii moaxon siBsieTcs (puznuecku 060CHOBaHHBIM
JUTS. pellieHUsT MHOTHUX 3aJlad MOJAEJIMPOBAHUS TeHe-
pauuu TuHeHbIX BI'B B oKeaHe ¢ yueTOM CABUTOBBIX
teyeHuii [2—4, 10]. Ha 60ab1Inx pacCTOSHUSIX OT UC-
TOYHUKOB BO3MYIIIEHUI TOYHas ¢hopMa MCTOUHMKA
MPaKTUYECKU HE BJIMSIET Ha BOJIHOBBIE XapaKTepu-
ctuku BI'B, KoTopbie omnpenenstoTcsl mapaMeTpaMmu
CTpaTuULIMPOBAHHOM Cpelibl U COOTBETCTBYIOIIMMU

MN3BECTUA PAH. ®PU3NKA ATMOC®EPHI 1 OKEAHA

3aKkoHaMu gucrnepcuu [7, 18, 19]. B obwmem ciyyae
pellieHe TIPeaCTaBIIsIeT COO0M CyMMY BEpTUKATBHBIX

BOJIHOBBIX Mom: W = z W,, The xaxnas Moaa siBisi-
n

CTCHd Cyr[epHO3I/H_[I/IeI71 IIJIOCKHMX BOJIH BUOa
W, = [ F(2v)exp(it,(v)x +vy - on)dv, (13)

rae cooCTBeHHBIE (PYHKIIUM CIIEKTpaabHOM 3agadu (3)
BXOIAIT B aMIUIUTYAY F,(z,V), KOTOpas SIBJISIETCS MEJI-
JIEHHO MeHsTtolelicss PyHKLuel nepeMeHHon v. H-
Terpasibl TUIa (9) Ha GONBIIUX PACCTOSTHUSIX OT UCTOY-
HUKOB Bo3MylleHUii BI'B MOXXHO BBIYMCIUTHL METO-
JoMm cramuoHapHoit dasel [7, 18, 19]. Kaxmyio
JIHCIIEPCUOHHYIO KPUBYIO L, (V) MOXHO IPEICTaBUTD B
BUIE NBYX BETBEi: BepxHell, oOO3HayaeMoil udepe3
ML(V) A HWXHEH, 0003Ha4YaeMoii 4epes u,z,(v). Pac-
CMOTPHMM CHayajia Cjiy4yail BEpXHEU BETBU NUCIIEPCU-
OHHOI KpuBoil. BBemem o6Go3HaueHMs1 1151 (has3bl:

Q =1 (v) + vy — of. crionw3ys yciaoBue CTammo-
HapHOCTH (ha3bl aa_sz = 0, MOJy4M CEMENCTBO JIMHUIA
\%

ITOCTOSIHHOM (pasbl ¢ MapaMeTpoM V

__Q+or  _d4MQ+ton
W) =vd,v) T V) = vd, W)
1
dn(v) — d“n(v).
dv
ITonyueHHBIE BBIpAXKEHUS OMMUCHIBAIOT BOJTHOBYIO
KapTUHY Bo30yxXnaembix nojieit BI'B ipu x > 0. I1pu

x < 0 aHaJIOTMYHOE CEeMENCTBO JUHUI ITOCTOSTHHOM
¢da3bl OMUCHIBAIOTCS 3TUMU BbIpaXEHUSIMU, TAC B

ypaBHeHUU 11 a3kl 2 BMECTO ul,(v) Heo0XoauMOo
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(b)

Puc. 6. ®azoBas CTPYKTYypa BOJIHOBOIO I10JIs, CJI€EBA — II€pBasd MO/EJIb, CIIpaBa — BTOpas MOIC/Ib.

HCIOIB30BaTh ui(v). Ha puc. 6 nokasaHbl 1MHWHU HO-
CTOSTHHO# (a3wl ipu 1 =4, Q =21k, k =1,2,...,6,
paccuyuTaHHBIE IJIs [IePBOI BOJTHOBOM MOJIBI. DTH pe-
3yJIbTaThl MOKA3bIBAIOT 3HAYUTEJbHYIO 3aBUCUMOCTD
¢da30Boit CTPYyKTyphl BO30OyXmaeMbix Tosieii BI'B ot
COOTHOIIEHUS aMITJIUTYI TPUAOHHOTI'O 1 ITPUTIOBEPX-
HOCTHOI'O CIBMIOBBIX TeueHMii. B yacTHocTH, eciu
aMILUIUTYIbl TPUIOHHOTO U TPUMTOBEPXHOCTHOTO Te-
YeHUI paBHBI, TO COOTBETCTBYOIIAS (pa3oBast KApTU-
Ha BOJIHOBOTO IOJIsSI — cCUMMeTpuyHa. Eciiu aMIuim-
TYIbl TIPUAOHHOTO U MPUITOBEPXHOCTHOTO TEUEHMIA
pasnU4YHbI, TO (ha3oBasi KapTUHA BO30YXKIaeMbIX 1O-
neit BI'B craHoBuTcst accuMmeTpudHoii. IToaTomy ac-
CUMETPUYHOCTb (Da30BbIX KAPTUH BOJHOBBIX TOJIEH
MOXET SIBJISITCS OAHUM U3 TPU3HAKOB 3aMETHOM T1e-
pecTpoiiKu B pacnipeaeseHU! Mo MIyOrHEe CABUTOBBIX
OKEaHUYECKUX TEUYECHUIA.

Takum obpa3zoM, pellieHa 3a1a4a o 1oJjie BHyTpPeH-
HMX T'PaBUTALIMOHHBIX BOJIH B CTpaTU(UIIMPOBAHHOM
cpene KOHEUHOI IIYOMHEBI ¢ pa3HOHAIIPaBICHHBIMU
CIBUTOBBIMM TEUCHUSIMU. JIJIsI aHAJIUTUYECKOIO pe-
IIEHUS 3aa4i MCIOJb30BaHO ITOCTOSIHHOE pacIpe-
JIeJIeHe YacTOTHI IUIaBy4YeCTH U JIMHEIHAs 3aBUCHU-
MOCTb CIBUTOBOIO T€UEHUS OT IIIyOuHEI. Mcnonb3ys
MOJEJbHYIO THUIPOJIOTUIO, ITOJIyYEHBI aHaJIuTU4de-
CKH€ BbIpaXKE€HMSsI, OMUCHIBAIOIINE NTUCIIEPCUOHHBIE
3aBUCHUMOCTH, KOTOPBIE BBIPAXKAIOTCSI 4Yepe3 MOMU-
dunupoBaHHylo (QyHKIUIO becceas MHMUMOTo MH-
nekca. Ilpy BBITIOJTHEHUM YCJIOBUSI YCTOMYMBOCTU
Maiinca u GonplIMX 4uciaax PuyapacoHa mis 1mo-
CTPOCHUST aHAJIMTUIECKUX PEIIeHWI OBLIM MCIOJIb-
30BaHbl JIe0aeBCKUE ACUMITOTUKU MOIUGUIIIPO-
BaHHOU (pyHK1uMU beccenst MHMMoro nHaekca. M3y-
YyeHbl CBOWCTBA OUCIEPCHUOHHOTO YypaBHEHUS U
WCCIEOOBAaHBl OCHOBHBIE aHAJIMTUYECKUE CBOMCTBA
JIUCIIEPCUOHHBIX KPUBBIX. YMCIEHHO pacCUMTaHbI
¢dazoBble KapTUHBI BO30yXkaaeMbix moJyieii BI'B mis
JAHHOM MOJIEJIM BOJTHOBOI Te€Hepaluu.

N3BECTHUA PAH. ®U3UKA ATMOC®EPHI 1 OKEAHA

PabGora BBITTOTHEHA MO TeMe rocyIapCTBEHHOTO
samaHus Noe AAAA-A17-117021310375-7.
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Internal Gravity Waves in Ocean with Multidirectional Shear Flows

V. V. Bulatov" * and Yu. V. Vladimirov' **
Ishlinsky Institute for Problems in Mechanics RAS, Pr., Vernadskogo, 101-1, Moscow, 119526 Russia
*e-mail: internalwave @mail.ru
**e-mail: viadimyura @yandex.ru

The problem of constructing solutions describing internal gravity waves in a stratified medium of finite depth
with oppositely directed shear flows is considered. A model constant distribution of the Brent-Viisala fre-
quency and a linear dependence of the shear flow in depth are considered and an analytical solution of the
problem is obtained, which is expressed in terms of the modified Bessel functions of the imaginary index.
Using the Debye asymptotics of the modified Bessel function, analytical expressions for the dispersion rela-
tions were obtained, and the phase characteristics of the wave fields were investigated. The dependences of
the wave characteristics of the excited fields on the main parameters of the used stratification models, flows,

and generation modes are investigated.

Keywords: stratified medium, internal gravity waves, shear flows, buoyancy frequency, modified Bessel function
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