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Annomayus. B paboTe Ha OCHOBE IPOEKIMOHHOIO BAPUAHTA WHTEI'PO-UHTEPIIOJISIINOHHOIO METO/[A [IPEICTaB-
JIeHa KOHCEPBATUBHAS MOHOTOHHAS PA3HOCTHAs CXEMa JjIsi MHTETPUPOBAHUs YPABHEHUs IIEPEHOCA TTACCUBHOMN
npumecu. [lyrem cymMMupoBaHusi 1I0 YaCTsIM PA3HOCTHOI'O aHAJIOra MHTEIPAJIBLHOIO TOXKIECTBA IOJIYYeHa
coIIacOBaHHAas C OCHOBHON 3ajaqeil nepenoca-auddy3nn pasHOCTHAS JUCKPETU3AIMS IS PEIICHUS COIPSI-
JKEHHBIX 3371a4. [loka3aHo, 9TO IpH peaju3aiii CONPs?KEHHBIX 3aJ[a9 MOTYT IPUMEHSIThCS MPEJIOXKEHHbIE
CXEMBI U aJINOPUTMBI, UCIIOJIb3yeMble B IIPOLE/ypax [IPU MHTEIPUPOBAHNN OCHOBHO 3a/1a4u.
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Abstract. Due to the constant development of technical capabilities for obtaining information about the
state of the ocean and seas, the development of methods of mathematical modeling of water circulation, it
is necessary to build and apply modern algorithms for assimilation of such information in dynamic models.
One of the approaches to solving this problem is a variational method based on solving adjoint problems
and iterative search for the minimum of the prediction quality functional. The input parameters of the
model found in this case make it possible to obtain a solution that is consistent with the measurement data
due to the minimization of the corresponding prediction quality functional. When solving such problems, it
naturally becomes necessary to numerically solve both the main and the conjugate problem. It is important
that the difference analogue of the integral identity maintains a balance similar to the differential formulation.
Thus, consistency of the discretizations of the main and conjugate problem is necessary. The approximation
of the conjugate problem is obtained from the difference analogue of the integral identity by summing in
parts taking into account boundary conditions and the difference analogue of the continuity equation. On
the other hand, even solving the main problem, taking into account the gradient structure of the pollution
fields, leads to the need to use modern advanced discretizations. One of these methods is the projection
version of the integro-interpolation method. Based on the projection variant of the integro-interpolation
method, a conservative monotone difference scheme for integrating the passive impurity transfer equation is
presented. A consistent difference discretization for solving adjoint problems is obtained from the difference
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analogue of the integral identity. It is shown that in the case of using the proposed scheme, the procedures
used in integrating the main task can be used to solve conjugate problems.
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BBenenue

Ilpu pemennn psjia 3a7ad 9KOJOIMUECKON HAIIPABJICHHOCTH BCTaeT IPobJIeMa UIeHTUDUKAIIAN
apaMeTpoB MOJEJU IIepeHoca MACCUBHON IPUMECH 33 CHeT ACCUMUJIAINUHE JAHHLIX H3MEPEeHMIt.
OCHOBBI BAPMATIMOHHOTO TIOIXO/Ia ACCUMUISIIAY JAHHBIX U3MEPEHWiT 3a/I02KeHbl B paborax [1, 2]
u B MoHorpadgudeckoit sureparype [3-7|. Ilpu peasuszanuyu TaKux ajropuTMOB €CTECTBEHHBIM 00pa-
30M IIOABJIAETCHA HeO6XOﬂI/IMOCTb YHUCJIEHHOI'O peIHeHI/IH KaK OCHOBHOI';I7 TaK 1 COHpSDKeHHOfI 3a/1a4vH.
TakuM 06pa3oM, HEOOXOAUMA COTTIACOBAHHOCTD JUCKPETH3AII OCHOBHOM U COIPAYKEHHON 32141,
C npyroil CTOPOHBI, JaxKe PelleHre OCHOBHON 33Ja4l, yUYUThIBAs TPAIUEHTHYIO CTPYKTYPy HoJeil
3arps3HeHHi, IPUBOAUT K HEOOXOIUMOCTH UCIOIb30BAHUS COBPEMEHHBIX IPOJBUHYTHIX JIUCKPETU3a-
nuit. OIHUM U3 TaKMX METOJIOB sIBJIsleTCsl POeKIIMOHHbBIH BapUaHT MWHTeI'PO-UHTEPIOISIIOHHOIO
meroga (IIBUVM). B [8,9] npesioxken MeTO, MO3BOJIAONIIN MOIYIATH APOKCUMAIINN HA €ro
OCHOBE.

PaccMoTpuM cleyiolee ypaBHEHHe IIepeHoca TaCCUBHON IPUMECH B 00JIaCTH MHTETPUPOBAHUS
My = M x [0,T]

oc ~oUC OVC  owC | 0*°C

9C —k AAC 1
o T or "oy T os 9.2+ (1)
C KpaeBbIMI/I yCJIOBI/IHI\/IH
ac
I': — =0
on

1 HaYaJIbHBIMHA JaHHBIMHN
t=0: C(m>y72) = CO (x,y,z).

VYpasuenuio (1) mocraBum B cooTBeTcTBUE (DOPMAILHO-COIPSZKEHHOE

ac* 9ct act 90t 920"
_ _ _ _ = AANC* 2
o Uar Vo, War Thage HARCY (2)

KOTOpPOE€ B CHJIY YPaBHCHUA HEPA3PBIBHOCTU MOXKHO II€pEINCaTh B CJICAYIOIEM BUIEC:

oc*  QUC*  QVCr  owCr  9RC* .
or o oy 0.l tAAC 3)

C KpaeBbIMHU yCJIOBUAMM

oc*
I — =
on 0

1 HaYaJIbHBIMHA JaHHBIMI
t=T: C*(z,y,2) = Q(x,y,2),

rne Mr = M x [0,T], M — obactb B KOTOPOIl MHTErpUPYeTCs MOJIEJIb Ha BPEMEHHOM OTPE3Ke
[0,T], T =T x [0,T], I' — rpanuna obiactu M, n — HOpMaJb K IDAHHUIE.
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CornpsizkeHHasl 33/1a9a pelraeTcss B 00paTHOM HallpaB/€HUHU 110 BpeMeHu. 1Ipu mHTErpupoBaHun
COIIPSIZKEHHBIX 3aja4 B KadecTBe @Q (T, Y, 2) MOIYyT 3a7aBaThCsl 00 (DYHKIUYU CHIEIUAIBHOTO BUAIA
pu mocTpoeHnu (bYHKIUI BIUSHUSA, JINOO HEBSI3KU IMPOTHO3a, XapAKTEPU3YONne OTKIOHEHUE Perrie-
HUS OT JIAHHBIX U3MEPEHUit IIPU UCIIOJIHL30BAHUN BapUAIMOHHBIX aJITOPUTMOB aCCUMUIIAINN JAHHBIX
usmepenwuii. [Tomuoxkum (1) ma C* u npouHTErpupyeM € y9eTOM KPAeBbIX yCJIOBUIl U HAYAJIbHBIX
naHHBIX. [ToJIyaeHHOE MHTErPAIBHOE TOXKIECTBO s 3azaqn (1) umeer cieayromuit BuT:

oc  oUC ove owC 9 0C 9 0C 9 0C ]
ot Ox Oy 0z Ox  Ox Oy Oy 0Oz 0z’ M,

oC
- <’C*> +(C=Co,C)y, =0, (4)
on r,

IJIe CKAJAPHOE MPOU3BEICHNE ONPEIEIACTCS CTAHJAPTHBIM CHOCO60M. JIMCKpETHBINH aHaJor WH-
TErpasIbHOTO TOXKJIECTBA TOJydaeTcs u3 (4) MpHU UCHOIB30BAHUN PA3HOCTHBIX TUCKPETU3AINN 1
3aMeHe MHTerPUPOBAHUS 10 IIPOCTPAHCTBY Ha CyMMHUPOBAaHHUE 110 JUCKPETHLIM MHJIEKCAM B PaccMaT-
pUBaeMoii 061aCTH. ATIITPOKCUMAITUST CONPAKEHHON 3a/1a91 MOJIyTaeTCs U3 PasHOCTHOTO AHAJIOTa,
MHTErpaJbHOrO TOXKJECTBA CyMMHUPOBAHUEM II0 TaCTAM C YIETOM KPAEBbIX YCJIOBUI M Pa3HOCTHOTO
aHaJIora ypaBHEHUS HEPA3PLIBHOCTH. 1IpM YMCIEHHON pealn3alui MOAETA IepeHoca-auddy3un
(1) muckpernsanust mudy3nOHHBIX YIEHOB CTaHAAPTHA. VI3 PASHOCTHOTO AHAJIOTa WHTETPAJTBEHOTO
TOXKJIECTBA JUCKPETU3AINST AaHAJOTUIHBIX WIEHOB CONPSKEHHON 3a/1aun aHAJIOTHYHA (CO BTOPBIM
MOpAIKOM armporcumanun). OCHOBHBIE 0COGEHHOCTH HEOOXOIMMO YUUTLIBATL IIPU PA3HOCTHON
AIIPOKCUMAIIAN aBEKTUBHBIX IJICHOB.
s pertennst ypasaenus (1) 3anuiieM MOHOTOHHYIO KOHCEPBATUBHYIO cxemy [9]

Cn+1 —-Cc"
A
1 « « Cit1 — Ci @ @ Ci — Cia
Az [k (1 + Ry jobit1y2 + Ri+1/2) — Az ¢ (1 +Ri1jatiz1y2 — Rifl/z) “Ar |7
1 Cir1-C; Ci—Cia
+ Iy |:k (1 + Rg+1/2:uj+1/2 + R]y.+1/2) ]Ty] —k (1 + Rjy-fl/Q:U’j—l/Z - R371/2> # +
1 2 z Om+1 — Cm
+ KZ |:]<3 (1 + Rm+1/2,u'm+1/2 + Rm+1/2) Ti
B . Cpm —Crma
—k (1 + Rm—1/2/’[‘m*1/2 — Rm—1/2) mAZWL:| = O, (5)
rie
ge o _Umpbs o, Ueipbs o, Viply
it1/2 = oA 0 hi-127 24 0 TUtY2 T 24 7
peo = _Yimphy o pe o Wepphr o Wnpdz
-y T T a0 M2 T 2k 0 T 2k

B (5) mu1st IpOCTOTHI 3aMMCH HEKOTOPBIE MHJEKCHI OIYINEHbI. sl IuCIeHHOl peatn3anyuu Moie-
JI UCIIOJIB3YeM $IBHYIO CXeMy IIPU YCJIOBHH BBIIOJIHEHUs ycjoBus KypaHra juist ycTORIMBOCTH
pacueros. IIpu coorsercrByomeM Beibope MuoXKkuTeNA (4 (R) 13 (5) MOXKHO IOJLyYaTh pa3jndHble
AINIPOKCUMAINH JJIsl ypABHEHHUs IlepeHoca. Tak npu

i (R) =0 — umeeM cxeMy € IEHTpaJIbHOl pasHocTbiO [10];

upu i (R) = sign (R) — cxeMy ¢ HampaBJIeHHOH pasHocTbIO [10];

R
npu u (R) = 1|+|R| -sign (R) — cxemy Camapckoro A.A. [11];
Rl
npu i (R) = ——— - R — cxemy Byneesa H.U., Tumyxuna [.1. [12];
) 1+ |R| +|R? 12
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(R) Lr2Rl e B HLIL. [13]
upu = - R — cxemy Byseesa H.I. ;
3+ 3|R| + 2|R)?
1
nupu i (R) = cth (R) — R cxemy Nnbuua AM. [14,15].

U3 pasHOCTHOrO aHAJIOra MHTEIPAIBHOIO TOXKIECTBA, OCHOBAHHOIO Ha cxeMe (5), MOXKHO II0JLy IUTh
COIVIACOBAHHYIO CXEMY Il COLPS?KEHHOHN 3a/1a9u

O+l _ o (A (1 + R jobitr/2 — Rf+1/2) Cii — (1 TR aivry2 Rf+1/2) Ci

At Az Az
4 (1 +RYyjpRic1abtioiyz — Rf—1/2) i = (1 + Ry jobti-1/2 + Rf—1/2> i1 > B
Az
_ L A (]- + Rg+1/2:“’i+1/2 - Rg+1/2) O;(+1 - (1 + R?+1/2,u'i+1/2 + Rg+1/2> Cj* B
Ay Ay
4 (1 + Rgf1/2ﬂj—1/2 - R]y‘fl/z) CF - (1 + R?71/2“j—1/2 + Riil/z) i1 ) B
Ay
1 f (1 + an+1/2:“m+1/2 - an+1/2> Crp1 — (1 + an+1/2“m+1/2 + an+1/2) Ch B
Az Az
1 P (1 + an—l/Qﬂm—lﬂ - an—1/2) G — (1 + an—1/2/~‘m—1/2 + an—l/Q) Cha B
" As Az =0 (6)

Pacemorpum (5) npu p = 0:

crtt—cn Cit1 —2Ci + Cim1 Uig12Cip1 = Uig12Ci + Uim12Ci — Ui—1 205 N

=A
At Ax? 2Ax
+ ACj+1 =20 +Cj1 Vig12Cit1 = Vig1/2Ci + V1205 = Vi1 2C5 1
Ay? 2Az
kcm-i—l —2C, 4+ Cp—1 . Wm+1/20m+1 - Wm+1/2cm + Wmfl/QCm - Wmfl/ZCmfl (7)
Az? 2Az '

U3 (7) BuaHO, UTO 4JBEKTUBHBIH WIEH ANIPOKCUMUPYETCST aHAJIOTOM I€HTPAIbHO-PA3HOCTHON
ANIIPOKCUMAIIUH CO BTOPBIM MOPSIJIKOM anlpokcuManuu. Axajgorudro u3 (5) umeem npu BbIGOpe

p=sgnRuU,V, W <0,

crtl —cn Ci+1 —2C; + Ci_1 Ci+1 -G Cj+1 — QOJ' + Cj_1
A A Az ~Uinp— 7 — +4 A2 -
Ciy1—Cj Cmt1 —2C, + Co Cms1— Cnm
—Vifiy2 JHAy Sy R N L Wm+1/2+lAiz~ (8)

Anpu U, V, W > 0, nosydaem

crtt—cn Ciy1 —2C; + Ciy Ci—Ciq Cjy1—2C;+Cj 4
a4 Az “Uip—px,— 4 Ay -
C;—Cjor Chtr — 20m + Co Con — o
Vi gy, T PR W O

N3 ypasuenus (6) npu p = 0 nmeem
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C*nJrl —O*n _ A i*+1 — 262* + C:—l Z+1/202+1 -+ UZ+1/QC ,_1/20 — U, _1/20
T A A2 + N
o 4G =26+ Gy Vi aChin + Vin1/2C5 = Vio1pC = Viea2 Gy
Ay? 2Ay
Cog1 =205, +Cn v Wig10C0 00+ Wig1 2G5, — 17205, = Win12C, -
k m—+1 m m—1 m+ m+ 3 m ) m 1
+ Az? + 20z (10)

To ecTh, aJBEKTUBHBIH WIeH B COIPSAXKEHHOH 3a1a4e (3) allmpoKCUMUPYETCs AHAJIOIOM HEHTPAJIBLHO-
pasHocTHOl anmnpokcumanuu. Auasoruano u3 (6) upu p=sgn Ru U, V, W < 0, umeem

_ C*n+1 —C*n _ 4 Z+1 20*+C + U,L‘J,_l/QC;( _U'_l/QC;(_l +k0;+1*20;+0j*,
At Ax? Az Ay?

C - V- C’ Cr i1 —2C) W Cr = Wi_1,2C5,
g+1/2 A 1/2 +k m+1 AZ2+ o Ly +1/2 mAz 1/2 . (11)

anpu U, V, W > 0 nonygaem

B o+l _ oxn 4 z?k—&-l — 20: + C;k_l i Ui+1/207jk+1 — Ui—1/2C; Lk ;+1 — 202* + Ci*—l
At Ax? Ax Ay?
Chy = Vi pCh Oy =205+ 0ty Wini1/2Chsy — Wi 205
Viti/2 Ay i=1/295 Cmnt . L 11/2 +1AZ 1/2C0m (12)

Kak Bugno uz (5)—(12), anupokcumanus aJIBEKTUBHOIO WIEHA B OCHOBHOI 3ajiade UICHTUYIHA
AIIIIPOKCUMAIMA IUBEPreHTHOTO WICHA B CONPAXKEeHHOHA 3amade. OIEeHnM OTIMYNs B alllPOKCAMAIIH
TaKUX 4JICHOB ypaBHEHHsI.

IycTs, nanpumep, U < 0, Torza ¢ y4eToM 3HaKa IIPH WIEHE B CONPSKEHHON 3a/1ate, OTBEYAIONero
3a IIEPEeHOC, BEIGEPEM COOTBETCTBYIOILYIO AIIIPOKCHMAIIAIO

Cia = CF  Uin12Cihs = Uin12C7F o (Ui+1/2 - U¢1/2) U ou

Uit1/2 (13
w1/ Ax Ax Az Oz’ )
I[Ipu permenun TpexMepHOI 331891 TIPH yCJIOBUH BBIOJHEHNS] yPABHEHNST HEPA3PBIBHOCTH TAKHE
YJIEHBI 110 BCEM TpeM HAIIPABJEHHS B CyMMe OODAINAIOTCst B HOJb. PacCMOTPHM IEHTpasbHO-
Pa3HOCTHYIO AIIPOKCUMAIHIO (7) M BBIYTEM AIIPOKCHMAIMIO 8/[BEKTHBHOIO UJIEHA B CONPSIZKEHHO
zazade (10)

Uiy12C511 = Uip12CF + Ui_12CF — U;_12C} 4

Az
Usi12C8y + Uit joC5 — U1 15C5 — Us_12CF Uiiryo — U,
+1/20541 +1/2 1/2 Y2¥icl o127 im1/2 —C*a—U. (14)

Az - ¢ Az ox

[Ipu pemenun TpexmMepHOi 3302491 IPU YCJIOBUN BBINOJHEHNUS yPABHEHUsT HEPA3PHIBHOCTU TAKHE

TJTEHBI TAK2KE 110 BCEM TPEM HAIPABJIEHUS B CyMMe OOPAIAIOTCS B HOJIb. 10 €CTh B TAHHBIX MIPEJIE/Tb-
HbBIX CJIyYdadX allllpPOKCUMAaIIU UJCHTHUYIHBI IIPU YCJIOBUU BBIIIOJIHEHNA YPaBHEHUA HEPA3PBIBHOCTU.
AHaJIOrIYHBIN PE3yJIbTaT MOXKHO ITOJIyYUTh U [IPU JAPYIUX 3HAYEeHUsAX (. [losToMy 1jist perneHust
CONIPAKEHHOM 3aJavd MOXKHO HCIIOJIB30BaTh IIPOLENYyDPhI, IPUMEHdAeMble IIPU WHTEeIDUPOBAHUN
OCHOBHOI1 3a/1a4u.

3akJiroueHue

Ha ocHoBe mpoeKIMoHHOr0 BapuaHTa WHTErPO-THTEPIIOJIATIMOHHOTO MEeTO/Ia TPEeJICTaB/IeHa KOH-
cepBaTUBHas MOHOTOHHAA PAa3HOCTHAs CXeMa JJId MHTEI'PUPOBAHUA ypPaBHEHUA IIepeHOca ITacCUBHON
upumecd. VI3 pa3HOCTHOrO aHAJIOTa HHTEIPAIHHOIO TOXK/IECTBA [I0JIyYeHa COIJIACOBAHHAS PA3HOCTHAS
JTUCKPETU3AINS JIJIsT PEIIEHUsT COTPsI?KEeHHBIX 3a/1a4d. [loka3zaHo, 9To B ciiydae BIOOpa MPeI0KEHHOM
CXeMbl UCHOJIb3yeMble TIPOIIEyPhl IIPU NHTEIPUPOBAHUI OCHOBHOM 331841 MOTYT IIPUMEHATHCS JIJIs
pelIeHnus CONPSAXKEHHBIX 3a/a4.
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