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TOYEYHOI'O NCTOYHUKA 3ATPASHEHNA B ASOBCKOM MOPE
HA OCHOBE METOJIA COIIPSI>dKEHHBIX YPABHEHU
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THE ALGORITHM OF IDENTIFICATION PARAMETERS OF INSTANT POINT SOURCE
OF POLLUTION IN THE AZOV SEA ON THE BASIS OF THE METHOD OF ADJOINT
EQUATIONS
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Abstract. The ecological state of the Azov Sea is required the creation of reliable environmental
monitoring systems that allow you effectively to assess the situation in the areas subject to
technological impact, especially in the areas of the intensive shipping and the construction of
communication systems of a different nature. For such evaluations of the examined object it is
effective to use highly productive computer technologies and approaches allowing implementing
parallelization of calculations. Solving the problems of the pollution spreading of a different
nature in the sea is possible on the basis of the methods of the mathematical modeling and the
methods for the solving inverse problems, when according to the measurement data due to their
assimilation occurs the identification of the certain parameters of the transport model. Recently,
variational methods of assimilation and the method of the adjoint equations have been actively
developed and used to solve the oceanographic problems. The algorithms of the measurement
data adoption are based generally on the minimization of a quadratic functional prediction quality
that characterizes the deviation of the model solutions from the measurement data. The transport
model of the passive admixture acts as a limit to the variations of the input parameters. In this
work, the method of the adjoint equations is applied that allows searching for the location of the
source of pollution. The Identification of the source power was produced by using the variational
filtering. The numerical experiments were conducted using a hydrodynamic model of the Azov
Sea. The resultant flow fields were used in the modeling the transport of the passive admixture.
The numerical experiments have shown that the result of the identification significantly depends
on the location of measurement points. The most accurate reproduction of the true value of the
power source of pollution is obtained in the case, where measurements are carried out in the
region of maximum concentration values of the field, which leads to a better conditionality of
the solving problem. In general, the carried out numerical experiments have shown the reliable
operation of the power of the algorithm identifying the source of pollution, related to the model
of passive admixture transport in the Azov Sea.

Keywords: method of the adjoint equations, identification of input parameters, passive admixture,
transport model, Azov Sea, spreading of pollution, assimilation of the data measurements.
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IJ1a 110 JaHHBIM U3MEPEHUil 33 CYeT X aCCHMU-
JISIIAY TIPOMCXOINAT MACHTU(DUKAINS BXOIHBIX
napaMeTpoB Mojiesin. B mociiesnee BpeMst Bapu-
AIMOHHBIE METOJBI ACCUMUIAIMA M METOJ CO-
NPAKEHHBIX yPABHEHUI aKTHBHO Pa3BUBAIOTCS
U HUCHOJIL3YIOTCS JIJIS PEIeHusT MOJ00HBIX 3a-
naq [5-7]. st onepaTuBHOCTH MOJIYYeHUs] UH-
dopMaIuu 0 COCTOSTHUH HCCJIEyeMOro 00heKTa
UCIeHHAs Pean3alys TaKuX MOJEIeH 1 aaro-
PHUTMOB JI0JIZKHA OCYIIECTBIIATHCS € UCIOIb30Ba-
HUEM COBPEMEHHBIX IOJIXOJIOB, B TOM YHUCJIE, PAC-
napaJule/IMBaHus BblUUCIeHni. Bapuanuonnoie
AJTOPUTMBI YCBOCHHMSI JAHHBIX M3MEPEHUI OCHO-
BaHbl HA UTEPAIMOHHON MUHUMU3AIMN KBaJIPa-
TUIHOrO (PyHKIMOHAJIA KATeCTBa IIPOTHO3a, KO-
TOpPBIl XapaKTepu3yeT OTKJIOHEHUS MOJEIBHOIO
pelIennst OT JAaHHbIX n3Mepenuii. IIpu 3ToM Mo-
JIeJTh NIEPEHOCa TACCUBHOM MPUMECH BLICTYIIAET
B KaueCTBe OFPaHUYCHUIT HA BApHAIUK BXOJHBIX
napaMeTpoB IIPU MUHUMU3AIuu QyHKIMOHAIIA.
B pa6ore [8] paccMOTpeH BapHAI[MOHHBIN AIro-
pUTM HIeHTU(DUKAIMH MOITHOCTH MCTOYHUKA. B
HaCTOsAIIEH paboTe NPUMEHEH METOJI CONPSKEH-
HBIX ypaBHeHuil [9], nospossiromumit a¢dbexT-
HOOCYIIECTBUTH ITOMCK MAPAMETPOB UCTOYHUKA
3arpsISHEHHs] ¢ TOYKH 3DEHUST OPTaHU3AINN BbI-
YUCUTETHHOTO TIPOIECCa.

1. MeTo conpsi>2keHHBIX YPaBHEHUN

PaCCMOTpI/IM MOJIEJIb IIepeHOoCca IIaCCUBHOI
IIpUMeCH B 0-KOOpAnHaTax

oDC  dDUC 8dDVC OWC
+ + + =

ot Ox dy do
0 oDC 0 oDC
oz 1 oz + oy = oy
0 KoC
9o Do 1
C yCJIOBUSIMH Ha OOKOBBLIX I'DAHMIAX
oC
—_—= 1.2
KpaeBbH\H/I yC.HOBI/IﬂMI/I Ha HOBerHOCTI/I " Ha ILHe
oC
g = O . 870' = Q,
Q=Qs6(t—0)d(x—z0)d(y—v0), (1.3)
oC
= —1 . —_—
7 do 0
U HaYaJIbHBIMH JTAHHBIMUI
C(z,y,0,0) =0, (1.4)

rje t — BpeMst; Tg, Yo — KOOPIMHATHI TOYE€IHOIO
ncrouHuka; D — nuaamudeckast riryouna; C —
KOHIIEHTpaIus pumecy; () — MIHOBEHHBIH TO-
YEeYHBI MCTOYHUK IMTOCTOAHHOU MortrHocTu; U,
V', W — xommoHeHTBI 10J1s1 ckopocTu; A u K —
K093 DUIMUEHTHI TOPUBOHTAJBHON U BEPTUKAIb-
HOll TypbyseHTHON MudPy3uu COOTBETCTBEHHO;
n — HOpMaJib K OOKOBOI T'paHwUILe.

Yumuoxast (1.1)—(1.4) na C* u unTerpupyst
10 YACTSM C yIeTOM KPaeBbIX YCJIOBUH U aHAJIO-
ra ypaBHEHHUSI HEPA3PBIBHOCTH B 0-KOODJIMHATAX

oD N oDU 0DV n ow
ot ox y do

u BeiOupast C* Kak pelreHne CONpPsizKeHHON 3a-
Jladan

0, (1.5)

_9DC*  9DUC*  9DVC*  9WC*

ot or oy do
0 oC* 0 aC*
0 K oC*
%:O, c=0: @:g,
= _1: @ — O .
g = : 90 =V,
t=T:C*=0, (1.8)
IIOJIYyIUM

(1.9)

/ QC*dS = / CydS,
S S

rjie S — MOBEPXHOCTH MOps,
925(t_T)5(x_$n)5(y_yn)v
n=1,...,N,

N — ofr1ree KOJIMYECTBO TOYEK MU3MEPEHUil Ha
KOHEYHBIT MOMEHT BPEMEHH. Y YUThIBasI IIPEJI-
crasjienusi Jisi Q u g u3 dbopmyist (1.9) umeem

QSCZ (0737073/070) - C(T:$myn70)a (1 10)
n=1,...,N. '
Dopmyia (1.9) anangornana Gopmyiie, MOy IeH-
HOii B [10] 115t ONEHKH 1107151 KOHIIEHTPAIIUY 110
Pa3JIMIHBIM HAYaIbHBIM JAHHBIM, U SBJISIETCS 110
CBOEiT CyTH JIBOJICTBEHHBIM IIpejcTaBenueM |9
KOHIIECHTPAaIIUN 9epe3 MOIMHOCTHL NCTOYHUKA U
pellieHne COOTBETCTBYIOIIEH CONPSI?KEHHOI 3a-
gadn. Ormerum, 910 N CONPSIZKEHHBIX 3a1a9
JLJIA N TOYEK ABJIAIOTCA HE3aBUCUMbIMU JIPYyT
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Puc. 1. Pemmenne conpsizKeHHBIX 33189 1

OT JIpyTa U MOTYT OBITh PEATN30BAHBI B TapaJ-
JIEJIBHOM PEXKUMe PA3JIMIHBIME UCIIOJTHUTEISIMU
(mporeccopamu).

Ecin koopauuaTsl ToukE BbiGpoca (g, Yo)
TIO/TIJTEYKAT OTIPEIEJIEHUIO, TO, perrast [N COompsi-
JKeHHbIX 3a71a4 (1.6)—(1.8), MOKHO onpe e/ IuTh
obnacte 2 =NL,,n=1,...,N, tne L, — 06-
jJactu cyiiecrBeHHbIX 3Hadennit C). Cienyer
OTMETUTD, UTO B CJIyvae, KOTJIa COIPsI>KEHHBIE
3aJIa9M PEIIaroTcs Ha WHTepBaje BPEMEHU, He
COOTBETCTBYIONIEM UCTHHHOMY BPEMEHHOMY TIPO-
MEXKYTKY, HE YIAeTCs MOJIyIUTh IepecedeHne
Beex obsacreit L, st uaeHTHMUKAIINT MECTO-
MTOJTOYKEHUST NCTOTHUKA 3arpsisuenus. Ha puc. 1
[peJICTaBIeH BapUAHT pacdeTa (pyHKIUI BIIUsI-
HUsT J7IsT TepudepUiHBIX TOYEK IsITHA 3arpsi3-
HEHUsI Ha BPEMEHHOM mHTepBasie 2,5 cyT. Takum
obpaz3oM, arpuopHast HHOOPMAIIAST O MECTOIIO-
JIOYKEHUU TISITHA 3arpPsA3HEHUsI U €ro TPaHUIAax
MOYKET OKa3aThCsI TTOJIE3HOM TTPU OMpeIeIeHIH
MecTorojioxkeHnnst obstactu 2. B kadecrBe Ta-
KOIi MHMOPMAIUU MOTYT ObITh UCIOJIb30BAHBI
JIAHHBIE TUCTAHIIHOHHOTO 30HIUPOBAHMUSI, TTOJTY-
YaEeMBIE€ CO CIIyTHHUKOB B OIEPATUBHOM PEXKH-
me. Pacriosiozkenune Touek (x;,%y;) Ha rpaHuie
MSITHA, 3arPsI3HEHUsT TO3BOJISET CYIIECTBEHHO
Cy3UTBb 00IaCTh {1, a PACTIOIOXKEHNE TOIEK U3~
MepeHuit B 00JIACTSIX MaKCUMAJIbLHON KOHIIEH-
TpaIuy MPUBOIUT K JIydIIeit 06yCTOBIEHHOCTH
pelraeMoii 3a1auu oupeaenenns (g. Boioupas
(zi,y;) € Qi =1,..., M, moxuo nocrpouts M
CHCTeM JIJTsI PA3JUIHBIX KOOPJAUHAT UCTOTHUKA
sarpsisuennst. st (x;,y;) = (20, Yo) BeTMIUHDI

¢~ Qg,n=1,...,N. Snauenusa () g HAXOIAT-
cst u3 cucremsl (1.10) Ha ocHOBe MeTo/IA DUIIH-

39 B.0.

MECTOIIOJIO?KEHNE UCTOTYHUKA 3al'PA3HEHUA

rparuu [11]|, KOTOpBIii yCIENHO IPUMEeHsIeTCsT
IPY PeIIeHn: Takoro poja 3aziad [12]. B ciayuae
nepeonpeenennoii cucrems! (1.10) n ommnbok
npu usMmepernu C), HeoOXoauMa (DUIBTPAIUST
¢ yueTroM Bceit nudopmariun, nmerorieiica B N
ypaBHeHusix. B pe3yiibrare paboThl TAKOII IIPOIie-
JLypbl YPaBHEHUsI HOBOIl CUCTEMBI COPTUPYIOTCH
110 panry. B mrore B 1mepBoil CTpOKe CHCTEMBI
OKAa3bIBAETCsl YPABHEHME C HAWJIYUIIEH 00yCJI0B-
JIEHHOCTBIO, 13 KOTOPOT'O HAXOJUTCS BEJIUINHA,
Qs, a HemHpOPMATHBHBIE YPABHEHUSI YIAJISTFOT-
csl.

2. PeByJ'IbTaTbI YYMnCJIEHHbIX
JKCIIEPpMEHTOB

YHucteHHbIE 9KCIIEPUMEHTHI ITPOBOIMIUCEH C
HCIIOJIb30BaHNEM OAPOTPOIHON THIPOINHAMUIIE-
CKoit Mojiesin, onrcanHoil B pabore [1], aist akBa-
Topun A30BCKOro Mopst. st TecTupoBaHus aJl-
ropuTMa I/I,ZLGHTI/ICbI/IKaH‘I/H/I MOITHOCTH UCTOYHUKA
OBLT IPOBEJEH pacyeT HA YCTAHOBJIEHUE MOJEIb-
HOTI'O MOJIA T€YeHUI II0J BO3AEICTBUEM IOCTOSIH-
HOT'O BETpa CEeBEPO-BOCTOTHOTO HAIIPABJIEHUS CO
ckopocteio 10 M/c. B pesyibrare Mojeanposa-
HHS TaKyKe ObLIO MOJIYyYeHO MPOCTPAHCTBEHHOE
pacupenenenne kosdduiuenros Ay n K. Ilo-
JIsT CKOpOCTeH 1 KO3(MPUITNEHTOB TypPOyIeHTHOM
audPy3un UCIOIb30BAINCH B KAYECTBE BXOJI-
HO# nHMOPMAIMY [IPU WHTETPUPOBAHUU MOJIEJIN
IepeHoca MacCUBHON MIPUMECH Ha CPOK D CYT.

MoestbHOE T10JT€ KOHIIEHTPAITUNA PACCIUTHI-
BasIoch 1pu Qs = 1, a pe3yabTarbl PacieToB
HOPMHUPOBAJNCH Ha MaKCUMaJbHOE 3HAYEHUE.
Ha puc. 2 uzobpakeHo UCTHHHOE MECTOIIOJIOXKE-
HHEe MIHOBEHHOT'O TOYEYHOI'O UCTOUYHUKA, KOTO-
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C.l.
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Puc. 2. Mecromnosio:keHrne MrHOBEHHOI'O TOYEIHOTO HNCTOYHUKa, HOpDMUPOBaAHHOE I10JI€ KOHIIEHTPaIluu 1
TOYKU

C.u.

471

46.5

A30Bckoe mope

46

37 375 38

B.A.

Puc. 3. Pemmenne conpszkeHHBIX 38718, 001aCTh () U MECTOIOJIOKEHUST NCTOYHUKOB 3arPSI3HEHUST

poe 0bo3HaTEeHO UepHOit TouKoit. Kpome Momennb-
HOTO T10JIsl KOHIIEHTPAIIUU Ha 9TOM PUCYHKE U300-
paxkensl 4 Touku usmepenuii (N = 4). Pesyiib-
TaT WHTETPUPOBAHUST UETHIPEX COMPSIKEHHBIX
zagad (1.6)—(1.8) upezcrasien Ha puc. 3. Co-
OTBETCTBYIOIAsT ITUM COINPSIKEHHBIM 3aIadaM
obJtacTsb §) BbIIE/I€HA Ha PUCYHKE CEPBIM IIBETOM.
W3 pucyHka BUIHO, 9TO HCTUHHOE MECTOIIOJIOKE-
HUe UCTOYHNKa, 0D03HAYEHHOE HA PUCYHKE (D~
poit «1», mpunaexut obsactu (2. st sroit
TOYKHU PEIIEeHNE YeThIPEX YPABHEHUN CHCTEMBI
(1.10) umeer crenyromue 3Hauenus QL = 1,024,
Q% = 0,9882, Q% = 0,9581, Q% = 1,2446. Tou-
Ka «1» ABJISIETCA HAUIYUIIeH, TaK KAaK 3HAYEHUsT
B 9TOI TOYKE Qfg ~ 1. 3navuenust Qg B OCTaJIb-
HBIX TOYKA B OOJIBIMEH Mepe OTINIAIOTCST JIPYT

OT JIpyra, HO3TOMY OHHM HEe PACCMATPUBAIOTCSL.
U3 nepeonpeieniennoii cucremsr (1.10) mist Tou-
Ki «1» Ha ocHOBe MeTo/1a (PUTIBTPAIUI HAXOIUM

Qg = 1,0122.

3akJ/rroueHmue

IIpoBeiennble YnCIeHHBIE SKCIIEPUMEHTHI T10-
Ka3aJI, 9TO HauboJjiee TOIYHOE BOCIIPOU3BEICHIE
UCTUHHOT'O 3HAYEHUS MOITHOCTU UCTOYHUKA 3a-
IpsI3HEHU [OJIydaeTcs B cilydae, KOrJla nu3Me-
pEeHUsT TPOU3BOJATCA B 00JIACTA MAKCUMAJIBHBIX
3HAYEHUN 110J1T KOHIIEHTPAIIUH, YTO ITPUBOJIUAT
K JIydineil 06yC/IOBJIEHHOCTH PEITaeMOil 3a/Ia4u.
N3amepenusi, mpoBejieHHble HA PAHUIE IISTHA
3arpsa3HeHNs, TO3BOJISIOT CyIIECTBEHHO CY3UTh
00JIacTh TIOUCKA MIEPBOHAYAJIBHOTO UCTOUYHUKA



A.HFOpI/ITIVI I/IﬂeHTI/Id)I/IKaL[I/II/I IIapaMeTpoB MI'HOBEHHOI'O TOYE€YHOI'O UCTOYHHUKA 3al'PA3HEHUAD. . . 73

npumecu. Mcnonb3oBanne meTojia bujibTpannm
[IPU PENIeHUN IIePEOIIPeIeJIEHHON CHCTEMbBI 103~
BOJISIET [TOJIYUATH PEIIeHNe C YIeTOM BCell TTOCTy-
raforeit naHdOpPMAINU, YTO CYIIECTBEHHO YIIyY-
[MaeT HMoJIydaeMble pe3yJibTaThl. B 1ejioM mpo-
BEJIEHHBIE UUCJICHHBIE SKCIEPUMEHTHI TOKA3aI1
HAIEKHYI0 paboTy ajJropuTMa HUIeHTH(DUKAIIN
MOIITHOCTHU HMCTOYHUKA 3arpA3HEHHA ITPpUMEHU-
TEJIbHO K MOJIEJIN TIEPEHOCA IACCUBHOM TPUMecH
B A30BCKOM MOpe. Pe3yabrarsl MOTYT OBITH HC-
[IOJIb30BAaHbI JIJIs PelleHus PAa3JInIHbIX 33184
3IKOJIOI'MYECKON HAIIPaBJICHHOCTHU IIPU U3Y4YCHUN
BOBJIECTBUS UCTOYHUKOB 3arpsi3HEHUST AHTPO-
MTOTEHHOTO XapaKkTepa B aKBATOPUAX A30BCKOTO
u YepHoro mopeti.
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