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Kouepruu B. C., Kouyeprun C. B.

ANALYTICAL TEST PROBLEM OF WIND CURRENTS IN THE SEA OF AZOV

V.S. Kochergin, S. V. Kochergin

Marine Hydrophysical Institute, Sevastopol, 299011, Russia
e-mail: vskocher@gmail.com

Abstract. Numerical modeling of dynamic processes in reservoirs is of great importance for
solving urgent problems of environmental monitoring. Due to the increase in computing power of
the used computer systems, it became possible to make significant progress in this issue, mainly
by reducing the steps in space and time. However, problems related to the development of the
models themselves, difference schemes and methods for their numerical implementation are of great
scientific interest. Comparison and analysis of the results of calculations based on a particular
model describing dynamic processes in the ocean is most often carried out based on the ideas
about the flow of dynamic processes and the experience of the researcher. Therefore, having an
accurate (analytical) solution to the problem, we can make a reasonable choice of the schemes
and algorithms used. The ocean dynamics models themselves are quite complex, so an analytical
solution is not possible for them. But there are analytical solutions for simple statements, such
as the Stommel model. In this paper, based on the analytical solution of the three-dimensional
problem of wind circulation in a rectangular reservoir with a flat bottom, a solution is obtained
that is compared with the numerical solution of a dynamic model with similar input parameters.
Input parameters for both models were selected based on the size and average depth of the sea
of Azov. The results of calculations showed a good correlation between the obtained solutions.
Expressions for barotropic velocity components are given, which can be used for testing and
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analyzing difference schemes and algorithms in the construction of hydrodynamic models.

Keywords: wind currents, test problem, analytical solution, dynamic model, Azov sea.

YucisienHoe MO/IeIMPOBaHUE JTUHAMUYECKAX
IIPOIIECCOB B BOJOEMAaX, JJjis PEIICHUs aKTyaJslb-
HBIX PODJIEM SKOJIOTHYECKOTO MOHUTOPHWHIA
nMeetT OoJbIlioe 3HaYeHne. B cBsa3u ¢ yBeanye-
HUEM BBbIYUCIUTEIbHBIX MOIIHOCTEH UCIOJIb3Y-
€MBIX KOMIBIOTEPHBIX CUCTEM ITOABHJIACH BO3-
MOXKHOCTB CYIIECTBEHHO IIPOJBUHYTHCA B 9TOM
BOIIPOCE, B OCHOBHOM 3a CYeT YMEHDLIICHUS Ila-
OB IO TIPOCTPAHCTBY U BpeMenu. Ho 3amaun
CBA3aHHBIC C Pa3BUTHEM CaMHUX MOJEeJel, pas-
HOCTHBIX CXeM U MeTOJOB HUX YUCJICHHOH pea-
JIM3aIUA UMEIOT OOJIBINION HAayJHBIN MHTEpEC.
CpaBHeHne 1 aHaju3 pe3yIbTaTOB PACIETOB, 110~
JIyYEHHBIX 110 TOW MJIM MHON MOJe/IN, OIIMChbIBa-
onIeil InHAMUYEeCKUe IIPOIleCcChl B OKeaHe, Jallle
BCETO OCYUIECTBIACTCA UCXOAA U3 IIPEJICTABIIC-
HUIl O IIPOTEKaHUU JUHAMHYECKUX IIPOIECCOB

u ombITa uccaenosaress. 11osromy pacmosaras
TOYHBIM (QHAJUTUIECKUM) DElleHHeM 3aJ1aun
MBI MOXKEM OCYIIECTBJISATH OOOCHOBAHHBIN BbI-
0Op UCIOJIB3YEMBIX CXeM U aJropuTMoB. Camu
MOJIEJIN JIMHAMHUKE OKEaHa JIOCTATOYHO CJIOZK-
HbI, IO9TOMY AHAJIUTHYIECKOE PEIIeHUE JJIsi HUX
HeBo3MOKHO. Ho cymiecTBytor anamurndeckue
pellleHusT JJIsT TPOCTHIX TTOCTAHOBOK, HAIIPUMED,
mozenb Crommerna [1-4]. B pabore [5] sra 3a-
Jlada peleHa P ITOMOIIH MeTOo/[a OOPAIeHIs
JITHAMUIECKOrO orieparopa [4] maist uccienosa-
HUST IPUMEHSIEMbBIX BBIYUCIUTE/LHBIX CXEM CIIe-
nuasbHoOro Bua. B pabore [6] paccmarpusaercst
nepexojl K 6e3pasMepHoii 3a/1a1e, perenne KoTo-
POIi TIO3BOJISIET HOJIYIUTh AHAJUTUIECKOE pertie-
HEe Jisi GAPOTPONHOi KOMIIOHEHTBI CKOPOCTH,
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ee TpeXMepHOI J0OABOTHOM YACTH U BEPTUKAb-
HOIi cocrasJsifomeit [7].

PaccMoTpuM cTaMOHAPHYIO PA3MEPHYIO MO-
neJib. IIycTh MOBEPXHOCTb paccMaTpuBaeMoOro
MIPSIMOYTOILHOTO BOJIoEMA B ITocKocTu X0y nme-
eT BUJ

wo = [0, a] x [0,0],

a ero riayouna D > 0 — nocrostara. Ocu gexap-
TOBOI CHUCTEMBI KOOPAUHAT HAIIPABJIEHBI TAKAM
obpazom: 0z — Ha BocTOK, Oy — Ha ceBep, 0z —
BepPTUKAJIbHO BHU3. B TpexmepHoii obyacTu

w={(z,y,2)|(z,y) €wo, 0 < z< D},

PacCMOTPHUM MOJIeIb BETPOBBIX TEUEHUI IKMa-
HOBCKOI'O THIIA:

1 OP* 0%u
fu=— o
po Ox 022
1 OP* 0%v
_ 1 % 1
vs ey TPam W
ou v ow_
ox Oy 0Oz ’
t>0, (z,9,2) €’

CO CJIEAYIOIUMU KPaeBbIMU YCJIOBUAMU:

ou
{Z = 07 (CC,y) € woo} : POE& = —Tg,
ov
nga—— Ty, w=0; (2)
ou
=D 0 E—=-1°
{Z ) (Jl,y) € wo } £0 Oz Tz
ov b
poE% =-71, w=0; (3)
{0<2<D,(z,y) € Owo} :
Ung +Vn, =0. (4)

B (4) uaTerpasibHbIE CKOPOCTH OILIPE/IEJISIFOTCS
CIIELYIOIIKM 00Pa30M:

U(z,y)

u(z,y, z)dz,

Viz,y) = [ v(z,y,2)dz.

B (3) mpunnmaercs cieayomas mapaMeTpu3a-
oy IIPpUJIOHHOIO TPEHUA:

U Vv
b p— —_— b p— —_—
Ty = pORD’ Ty pORDa (5)
R = const > 0.

B coorBercrBum ¢ mozesbio Crommenta, ompeie-

JINM
f = fO + fly7 (6)
7o = —G cos (%) , Ty =0. (7)

B pab6ore [6] peasnszoBan nepexo K 3ajade B
6e3pasmepuoM Buje. [loBepxuocTs paccmaTpu-
BAEMOTO BOJ0eMa B IIOCKOCTH Ty, TIPU 9TOM,
nMeeT popMy IPAMOYTOJIHHIKA

FE = const;

Qo = [O,T] X [07(]]7

ryouna ero H > 0.
B rpexmepnoit obactu 2 = {(z,y, 2) | (z,y) €
€ O, 0 < z < H} noiyyaeMm CIIeIyIONLYIO
CUCTEMY YpaBHCHUIA:
0%u
+ k—az2 ,
0%u
022’

opPs

ox

opPs

_ i
ov

aiy +

_E'U:_

fu =

Gu |
\ Oz

ow
Fria

(2,y,2) € Q

C Kpa€eBbIMU YCJIOBUAMU

ou
— Q 0 : a_ X
{t>0,z 0, (x,y) € 0} k‘az T,
ov

k& = —Ty, w = 0, (9)

{t>0 z=H (xy)erO}: %:—Tb
9 9 ) 8,2 T

ov b
k& =-71,, w=0; (10)

{t>0,0<z< H, (z,y) €0} :

U-ng+Vn,=0. (11)

B (11) maTerpasbHble CKOPOCTH OIPEE/IEHBI
KaK

H

Ute.y) = [ ule.y,2)dz,

0
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H
Viey) = / oz, y, 2)dz,
0

B (10) peanusyercss COOTBETCTBYIONIAS [TApAMET-
pu3alus IPUJOHHOI'O TPEHUS:

0 = U, 7'5 =uV, wp=const>0. (12)
Craenys momenun CroMMea, MOJIOKIM
{=1Vly+ Py, k= const; (13)
Fq <7Ty>
Tpg=——cos|— |, 7,=0.
™ q

TopnsoHTaIBHBIE KOMIIOHEHTBI BEKTOPA CKOPO-
cru OyjeM UCKaTh B BHJE
w=UH'+4, v=VH 40, (14)
IJle epBbIe CJlaraeMble Ha3bIBAIOTCsE 6apOTPOIl-
HBIMH, & BTOPbIe — J00ABOYHBIME COCTABIAIONH-
mu ckopoctr. B pabore [7]| mostyueno anasnrndae-
CKO€ pellleHne MOCTABICHHON 3a/1aun. 3a1aBast
COOTBETCTBYIOIIHE TAPAMETPBI MOYKHO IIOJIy4aTh
pemieHusd i pa3/InIHbIX MOJC/IbHBIX O6']:>eKTOB
U CPABHUBATH C PEIIEHUEM [HIPOMHAMIIECKUX
MoJiesIell Myid BOJOEMOB C TaKON YIIPOIIEHHON
KoH(uUryparmueil.
Buavenust napamerpos 3a1aau (8)—(13), mo-
JIyYeHHbIE B pe3y/IbraTe [Hepexo/a, CJIeLyIomue:

a b D
= —_— = — H = —_—1
r L7 q L7 h7
E J1
k=—, f=1, = —=L;
fon’ ° b fo
_ G = R
h fouopo q a Dfy

B pa6ote [7] nosyuensl, HaIpuMep, aHAJTUTHIE-
CKHUE BBIPAsKEHUA /IS 6APOTPOIHON KOMIIOHEH-
THI TI0JIST CKOPOCTH

U($,y):
___r er BT 1) cos [ Y
=~ (G + 0P =1y on (),
V(l’,y):

F

= — (C1 4" + CyBePT) sin <7ry>,
wtra? By

1_€Br

Ch = oBr Ci+Cy=1.

eAT‘ _

B 3sTux BBIpaKeHUsIX UCIOJIb3YIOTCsT 0003HATE-
HUA
2 2
RENOE
2u 21 q
SRl
2p 21 q

Kpowme storo, B pabore [7| nosyuenbl BbIpazke-
HUS JIUIsA JOOABOYHBIX KOMIIOHEHT.

Haiinst pernenne 3amaun (8)—(13), pemienue
HCXOJIHOMN pasmepHoit 3a1aan (1)—(7) onpesersi-
eM 110 bopMysTam

u=u )
v=uv(LZ, Ly, hzZ) = upv (Z,
w=w )

PeByJIbTaTI)I YUNCJIEHHBbIX 3KCIIEPpMMEHTOB

CpaBHeHUe Oy YEHHOTO AHAJIUTUIECKOTO
pellleHnsl pacCCMOTPEHHOIT MOJIeJIn BETPOBOH ITUP-
KYJIAIUA JIJI UCHOJIb3yeMON IIPAMOYTOJIbHOK
00/1aCTH C IJIOCKUM JIHOM CPaBHUBAJIOCH C Pe-
3yJAbTaTaMi MOJIeINPOBaHUS 110 TPEXMEPHOI J1-
HAMUYIECKOil Mogiesn [8] ¢ cooTBeTcTBYIONIME
BXO/THBIMH IIapaMeTpaMu ¢ lapaMeTpaMu o0Jia-
CTU UHTErPUPOBAHUS MO/Ie/IU, KOTOPhIe 3a/laBa-
JIUCH 71151 A30BCKOTO MODSI.

Pacemorpum Mmacimrabbr, XapakTepHbIe, IS
AzoBckoro mops:

a=25-10" (em) = 250 (xm),
b=1,8-107 (cm) = 180 (km),
D =1-10% (em) = 10 (m),
R=0,01 (em/c), G =1 mm/en?,
E=1(n’/c), po=1 (/)

1 1
fo=10"1 () , fi=210"1 () .
CEeK CM - CEeK

Bribepem xapakTepHble MacCIITAOBI:

L=10°%(em), h=110%(cm), wup = 10 (cm/c).
Torna nmeeMm:
r=25, ¢q=18, H=1, k=10
=1, [=0,002

6 =0 — upu orcyrcrBun [S-3dpdexra;
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Puc. 2. TloBepxHOCTHOE 10JI€ T€UeHU (YUCIEHHOE DEIeHUE)

F = —ﬁ, w=0,1; wy=0,01. JieHHOM Mojenu. IlosryuyeHHOE aHAJIUTHUIECKOE

pellieHre MOXKeT OBITH MCIOJIB30BAHO JJIs Te-

) CTUPOBAHUSI PA3JIUIHBIX BBIUUCIUTETBHBIX CXEM

BetpoBoe Bo3z€iicTBIE 3871aBATOCH B COOTBET- 1pu uHTErpupoBannu Monenu [8]. B pabore [7]

cTBHE C 3aJaHHBIM F. B ceBepHoil qacTi 00- TOJTy9eHbl AaHAJTUTUIECKUE BBIPAXKEHUS JJIsT pas-

JIACTH HHTETPUPOBAHMS BETPOBOE BOSMCHCTBHE  jyiqypix KOMIIOHEHT 10U CKOPOCTH, a B [9] 1po-

OCYWIECTBJIACTCA B 3alla/IHOM HAlDaBICHUN, & B pspeneno cpaBHEHHE C IIOJIyYEHHBIM TOYHBLIM

FOZKHOM JaCTH B BOCTOTHOM. AHAJIUTUIECKUM PelleHneM Pa3HOOOpPa3HBIX CIIO-

Ha puc. 1 npejcrabieHo HOBEPXHOCTHOE II0-  co6GOB BEIYUCICHH BEPTUKAJIBHON KOMIIOHEHTDI

JIe TeUeHUH B 3aJIaHHON 00JIACTH MOJIyIeHHOE 110,15t ckopocTH [5,10], 4To 0co6eHHO BaxKHO Hpu

aHajuTHIeCKu. Puc. 2 XapakTepusyeT aHa/JO- MHTerpUPOBAHUM JUHAMIYECKHX Mojle/ieil BOIo-
TUYHOE TI0JI€, BBIYUCJEHHOE 110 JUHAMUIECKON eMOoB.

Mozienu (8] ¢ IIIOCKUM JTHOM B TIPSIMOYTOJIBHOIA

obJtacTu ¢ aHAJIOTUIHBIME BXOIHBIME ITapaMeT- JIuteparypa
pamu. OCHOBHBIE OTJIM'NS Y 3aUAJHONO U BO- 1 Stommel H. The gulf stream. A Physical and
CTOMHOTO OEperoB MOXKHO OOBSICHATH yHeTOM Dynamical Description. University of California

CI'OHHO-HArOHHBIX fABJICHUN B UCIIOJIb3yeMOI Yuc- Press. 1965.
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