© Karaes M.IO., JIykbsinoB A.K., 2013

ACTPO®U3UKA, PU3UKA MOJIEKY.JI U U3JTYUEHUI

VIIK 338.1(470)
BBK 65.050(2Poc)

METO/JI SMIIUPUYECKHUX OPTOTOHAJIbHBIX ®YHKIUN
B 3AJJAYE BOCCTAHOBJIEHUS OBIIEIO COJAEPKAHUSA
CO, 110 JAHHBIM COIYTHUKOBOI'O ®YPBE-CIEKTPOMETPA
GOSAT '

Karaes Muxana IOpreBuu
JIoKTOp TEXHUYECKUX HayK, npodeccop Kadeapbl aBTOMAaTH3UPOBAHHBIX CHCTEM YIPaBICHHS
ToMCKOro rocyapCcTBEHHOTO YHUBEPCUTETa CUCTEM YIIPABJICHUS U PaIMOdIIEKTPOHHKH,
npoeccop FOpruHCKOro TeXHOIOTHYECKOro HHCTUTYTA ((unnana)
HanmonansHOro ncenenoBaTeabckoro TOMCKOro MOJIUTEXHUYECKOTO YHHBEPCUTETA
katav.m@sibmail.com
IIpocnekt Jlenuna, 40, 634050 r. Tomck, Poccuiickas deneparnus

JlykbsinoB Anapeii Kupuianosuu

AcnupaHT TOMCKOro rocyIapCTBEHHOTO YHHBEPCUTETA CUCTEM YIPABIICHUSA U PaIUO3ICKTPOHUKU
hyenal 16@mail.ru
IIpocnekr Jlenunna, 40, 634050 r. Tomck, Poccuiickas denepanus

AHHoTanus. B crathe mpuBOAMTCS onMcaHWe METOJa pelIeHHsi 00paTHOH 3amadn
BoccTaHoBIIeHUs o0mero copepxanus CO, u3 cnyTHUKOBBIX gaHHBIX GOSAT, ocHOBaHHO-
ro Ha METOJIe AMIIMPHUYECKHX OPTOTOHANBHBIX (PYHKIMHA. PaccMaTpuBaroTCs pe3yibTaThl
00pabOTKH peasibHBIX CIIYTHUKOBBIX TaHHBIX.

KiroueBble cioBa: oOpaTHast 3a7a4a, IapHUKOBBIC Ta3bl, O0IIee COAepKaHHUE, IMIU-
pHUUecKHe OpTOroHabHbIe (YHKINH, Dypbe-CrieKTpOMeTp, CITyTHUKOBBIE TaHHBIE.

BBenenue

Hccnenosanus knumara 3eM/IM BKJIIOYArOT MHOMKECTBO 3aJjau, KOTOpbIE CBS3aHbI C U3yYEHUEM
€ro M3MEHYHUBOCTH, MCCIICIOBAHMSI MPUYMH M B3aMMOCBS3U HAOII0/ITaeMbIX H3MEHEHUN B 3aBUCHMOCTH
OT Pa3NMYHBIX (PaKTOPOB (ECTECTBEHHBIX WMJIM AHTPONOTeHHBIX). BaxkHOW 3amaueil sBIsieTCs Moiyde-
HUE KOJIMYECTBEHHBIX OICHOK ()aKTOPOB, ONMPEACISIONINX H3MCHEHHS KIMMaTa U CBSI3aHHBIX C HUMHU
JPYTruX U3MEHEHUH, HalpuMep, ONpeeseHle HCTOYHUKOB M CTOKOB MapHUKOBBIX I'a30B, MOUCK Bpe-
MEHHBIX IMKJIOB Fa30BbIX KOMIIOHEHT aTMOC(ephl, onpesieseHne GOpMUPOBAHUS U IPOCTPaHCTBEHHO-
BPEMEHHOI'0 paclpefeneHus a’posoiieil u ap. PemeHue o003HauYeHHBIX BbIIIE 3aad IIO3BOJIUT
YMEHBIINTh HEOIPeIeIeHHOCTh B OI[€HKE MPOrHo3a NM3MEHEHUH KIMMaTa, YTOUHUTh MOJAEIbHOE OIMu-
CaHMe COCTOSIHUS aTMOC(hEphl U KIMMAaTHUECKOH CUCTEMBI B I1EJIOM.

3HaunMBIM (aKTOPOM, BIHSIOIIMM Ha M3MEHEHHS KJIMMaTa 3eMIIH, SIBJISETCS YIIIEKHCIBIN Ta3,
3HaHHE TPOCTPAHCTBEHHO-BpeMeHHoro pacmpenenenus (IIBP) xoroporo BakHO mjIsl pemieHust pas-
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JUYHBIX 3ana4. J{is nmoctpoenus u uzydenus [IBP CO, HeoOX0AMMO MMETh MHOXECTBO M3MEPEHUH,
npUYeM Ha paBHOMEPHON MPOCTPAaHCTBEHHON M BpeMeHHOH cerke. VMeromuecss ICTOUHUKA HHQOP-
Manuu o coaepkanuu CO, B atMocdepe [8—10] sSBIsiFOTCS HEpaBHOMEPHO paCIpeeEHHBIMU T10 I10-
BEPXHOCTH 3E€MJIH, HE BCE UMEIOT PErYJIIPHBIC IT0 BpEMEHU U3MEPEHHS, 00IaIaf0T Pa3IMIHON TOUHO-
CTbl0. ENMHCTBEHHBIM CIIOCOOOM, MO3BOJISIONIMM TMOXYYUTh HEOOXOJAMMBIH M Ka4eCTBEHHBIH 00BEM
naHHbIX 0 copepxkannu CO, B atmMocdepe, sSBISETCS CIyTHUKOBBIH MeToJl. Takue METObI OTHOCSTCS
K KOCBCHHBIM ¥ TPeOYIOT MPUMEHEHHUsSI TOr0 WJIM MHOTO METOJIa pelleHusI 00paTHOM 3ajaud, sl U3-
BJICUCHHUS UICKOMOM MH(OPMAIIUU 13 U3MEPEHHBIX TaHHBIX.

B nmanHO#t cTaThe paccMaTpUBaeTCsl METOJI pEIIeHHsT 00paTHOM 3aJjaui BOCCTAHOBIICHHSI OOIIETO
conepxanus CO, U3 CIIyTHHUKOBBIX JAHHBIX, OCHOBaHHBIN Ha MMOIX0AE SMIUPUUYECKUX OPTOrOHANBHBIX
¢ynkuuii. CriyTHUKOBBIE JaHHBIC MPENCTABISIOT OO0 M3MEpEHHs OTPaKEHHOTO OT MOBEPXHOCTH
3eMiIu CoIHEYHOTo u3ayueHus B OmkHer K obactu criekrpa.

IHocTanoBKka oOpaTHOI 3a1a4n

[Mpsimyro 1 00OpaTHYIO 3aa4l MOKHO 3aIMCaTh B BUJIE:
y=F(x,p)+te, (1)
x=B(y)+e, =B(F(f,p)e,)+e,, @)

I7Ie Y — BEKTOp U3MEPEHHH B m TOYKaX (CHEKTP OTPa’keHHOT'0 COMHEYHOrO M3IY4EHHs); X — BEKTOp 7
HCKOMBIX napaMeTpoB (obiee comepxkanue CO,); p — mapamMerpbl MOJEIH (CYMTAFOTCS U3BECTHBIMH );
€, — IIYM MU3MEPEHMH; I/ — MOJlenb NPSAMOM 3aauy (B HAILLEM CIy4ae ypaBHEHHUE MEPEHOCA U3ITyYEHUS
B atMocdepe); B — onepaTop pemieHusi 00OpaTHOH 3a1a4w; k- BEKTOp OLIEHOK MCKOMBIX MTapaMeTpoB
(ampuropHas nHpopMaIus); €, — MOTPEIIHOCTH PENIeHUsT O0OPaTHOH 3a/1a4u.

[IpakTrdeckas peanuzalys pelieHus: 00paTHOH 3a1aun TpeOyeT 3HaHUs, KaK 3T0 BUIHO u3 (1, 2),
MOJICNIA TIepEeHOCa M3IYYCHUS M HAIW4YUs OOIIMPHOW 0a3bl anpHOpPHON HMH(GOpPMAIUU O MapaMeTpax
3amayn. IIOHATHO, YTO co3gaHHMEe MOJENHW, YYWUTHIBAIOIIEH IOJHO W3MEHEHHs IapaMeTpoB 3ajaddu,
BO3MOXKHO JIMIIb JUIsi TaOOpPaTOPHBIX YCIOBWH, a /I pealbHBIX YCIOBUH TpeOyercsl THIaTenbHas,
KPOIIOTIMBask HACTpokika Moenu (1) (yMeHbIIeHHEe BENUYHHBI €,). K TOMy ke B peanbHBIX yCIIOBUAX
CYIIECTBEHHYIO POJIb UTPAIOT MOTPEITHOCTH U3MEpeHUil &,. Pa3paboraHHbIC B JHUTEpaType METOJBI
pelieHus oopaTHOW 3amaun (Harmpumep, [3; 5]) paccMaTpHBaIOT JAaHHYIO 3a/1ady Kak HEKOPPEKTHYIO,
YTO 3aCTaBJISeT IPUMEHATH pa3iNdHble METO/IBI PEryIIsSIpU3allii, KOTOPhIe TAK)KE NCIOIB3YIOT TOMOJI-
HUTEIBHYIO allPHOPHYIO0 MHPOPMAIHI0 00 UICKOMOM pellieHnd. M3MeHeHne Kakux-mu0o YCIIOBHHA 3a-
nauu TpebyeT mepecMoTpa BceX KOMIOHEHT (1, 2), 4To sBiseTcs 3aTpaTHBIM 110 BPEMEHU U pecypcam,
HO TIO3BOJISIET B UTOTE TIOIYYUTh TPEOYEMbIi pe3ysbTar.

st onpenenenus: odmero conepkanuss CO, HaMu ObUT BBIOPAH METOJI AIMIIMPHUYECKUX OpPTOrO-
HaiabHBIX QyHKIMH (DO®D). OH ocHOBaH Ha MeToje TiaBHbIX KoMnoHeHT (MI'K) [4; 6; 7], cyThiO KO-
TOPOTO SIBJISIETCS MpeCTaBIeHne U3MEPEHUN B OPTOHOPMHUPOBAHHOM MTPOCTPAHCTBE BEKTOPOB MaTpH-
bl KoBapuauuu usmepenuil. Kax mpasuno, meron 30® npumeHsieTcs [UIsl UCCIIeTOBaHMS MPOCTPaH-
CTBEHHO-BPEMEHHBIX 3aBUCUMOCTEH, a JUIsl pelleHUs 00paTHBIX 3aj]a4 — OUY€Hb PEJIKO.

[To cytHu, TpaauIMOHHBIE TIOAXO/BI PEelIeHUs 00pPaTHOM 3aJauu SBIAIOTCS NapaMeTpUYCCKUMHU,
OCHOBaHHBIMHA Ha MOJETH pereHus npsMoit 3agaun (1, 2). [Ipeanmaraemplii HaMU MOAXOM CBSA3aH C
HenapaMeTpUYecKUM HalpaBIeHHEeM, KOT/1a HaMHU UIIETCS] B3aUMOCBSI3b JIUIIb MEXY U3MEPEHUSIMH U
HCKOMBIMH TTapaMeTpamu.
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Onucanmne MeToaa peuicHusd OﬁpaTHOﬁ 3aJavuM

Nmeem HabOp n3MepeHuit Y, KOTOphIH comepkut B cede MHMOPMAIMIO 00 HCKOMOM MapamMerpe (00-
mem coneprkanuu CO, Ha ONTUYECKON Tpacce (OPMUPOBAHMsI CHTHAIA). MKy CUTHAIOM M MCKOMBIM
MapaMeTpOM CYILECTBYET HeKOTopas (DyHKIIMOHAIBHAS CBSI3b, OTOOPAYKCHHAS B BUJIC BHIPAXKCHHS

Y(Q, j) = F(p())),
rjae Y — u3MepsieMblil CUTHAJ; F — (yHKIIMOHAJI, ONMCHIBAIONINE TpaHchopmaruio u3tydeHus CosHia;
P — UCKOMBIH mapamMerp; i = 1 ... m — YMCJI0 CHEKTPaIbHBIX KaHAJIOB; j = 1 ... n — YUCIIO U3MEPEHUN B
TEUEHHE ONPEINICHHOTO BPEMEHH.

[TepBBIM 11aroM B MOCTPOSHUHU MOjeTH Ha ocHOBE DOD SBISICTCS MOCTPOCHUE KOPPESIIMOHHOM
MaTpULbI:

<Xan=ﬁknﬂﬁ—fu»(NLﬁ—Ya»,

rae Y — oCpemHEeHHbIN CUTHAIT JJIS BCeX U3MEPEHUi A.
Jaiiee KoppersILMOHHAs MaTPHUIA PacKJIaIbIBaeTCsl 0 COOCTBEHHBIM BEKTOPAM U 3HAUCHHUSM:

3 CGEGK) = AREGK),

riae E — coOCTBeHHBIE BEKTOpa; A — COOCTBEHHbBIC 3HAYCHUSI.
Ha ocHoBe coOCTBEHHBIX 3HaYEHUI MOKHO TOCTPOUTH DOD:

G(k.i) = > EGLDI (K - T ().

Jluneiinas perpeccusi ICKOMOH BeTHUUHBI ¢ yderoM DO Moxer ObITh Mpe/CTaBlIeHa CICAYIO-
UM 00pa3oM:

ml

p@=ZAum@ﬁ+@

rIe P — cpemHee 3HaYCHHE HCKOMOTO apaMerpa u m1 — HoBoe 3HaueHue BenuauHbl m (ml < m [4]).

Pemrenne 3Tol crcTeMbl IMHEHHBIX YpaBHEHUH MO3BOJSET HAUTH KO3QQHIIMEHTH 4 U TeM ca-
MBIM TIOCTPOUTH MOJIENB JUTS 00paOOTKH TaHHBIX U3MEPEHUH B BHJIC:

ml ml

Pr ZZA(j)ZE(j,j)(Y(Z)—Y)H_?- ©)

Pe3y.]'II)TaTI>I NPUMEHCHUS METOAA

Hnst peanuzanyn Meroga 0P HaMu cocTaBieH alTOPUTM W HAIllMCAaHA MPOrpamMma, MO3BOJISO-
Iasi CUMTHIBATh peasibHble (WM MojeibHbIe) crmyTHHKOBbIe cuTHaimbl GOSAT u BoccTaHaBIMBAThH
obriee conepxkanue CO, Hajg maHHOW TOUKOW moBepxHOcTH 3emiu [1; 2]. Pabora ¢ mporpammoii co-
CTOMT U3 JIBYX IIAroB: o0ydeHue u oopaboTka. Ha sTamne o0ydeHus mporpaMme HEOOXOIUMO MPEnoc-
TaBUTh MaTpuIly curHajioB ciryTHHKa GOSAT 3a onpeneneHHbIi MPOMEXYTOK BpeMeHH HaJl 3aJaHHOH
TOYKOH Ha MOBepXHOCTH 3emim U oOmiee coaepkanue CO,, MOMYyUYeHHOE KaKUM-JIMOO CIIOCOOOM.
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B Hamem ciyuae ucnonb3yrorcs ganubie crannuii TCCON [10]. B pesysbrate paboThl epBOro ramna
nojiyyaercs Habop koadduimenTop ypaBHeHus (3) A u E. Bropoii 3tam cBs3aH C pelIeHUEM HEIo-
CPE/ICTBEHHO OOpaTHOM 3aJa4ul JJIsl IPOM3BOJIBHO MOCTYMAIOMIMX CITyTHUKOBBIX CHUTHAJIOB JUISl TOM
TOYKH HA TIOBEPXHOCTU 3EMITH.

TouyHOCTE BOCCTAaHOBJIEHHMS 3aBHCHUT OT KOJIMYECTBA CO6CTBGHHBIX BEKTOPOB KOppeJIHHPIOHHOﬁ
MAaTpHIIbL, KOTOPbIC OBUTN B3STHI M3 HAXOXKACHHUS KO3(D(DUIMEHTOB MOJETH. DMIIUPUIESCKH HAMH HawiJie-
HO, YTO JUIsl OTHOCHUTEIFHOM TOYHOCTH BOCCTaHOBJICHHU 0011iero coaepxkanusi CO, B paiione 1 % mocra-
To4yHO BBIOpaTh 200 (M3 8 000) Hanbosee OTKIOHSIIONMXCS OT CPEAHEro 3HAUEHHsI YACTOT CUTHAJIA W3
kaHana 2 GOSAT (paiton 1,6 mxm). M U3 MOCTpOEHHOW Ha MX OCHOBE KOPPEISAIIMOHHON MaTPHUIIBI B3STh
niepBbie 20 coOCTBEHHBIX BEKTOPOB [mapamerp m1, cM. (3)] amst HaxoxaeHus: Ko3(Q(OUIMEHTOB.

Hanneie 00 oOmem coxepkanuu CO, Opamuce mis cranimu Lamont cetm TCCON. Cerb
TCCON sBinsiercst r00aibHOW CEThI0 MHCTPYMEHTOB HM3MEPEHHUs KOJIHMYESCTBA JIBYOKHCH YIIIEpoja,
MeTaHa, OKHCHU YTIIepoJia, OKUCH a30Ta M JPYrHX Ta30oB B aTMocdepe 3eMitn.

Ha pucynkax 1, 2 mpencraBiieHo cpaBHeHHe oOmiero copepxanue CO, Mo JaHHBIM CTaHIUU
TCCON Lamont 3a 2010 r. (cnrownas aunus) v BOCCTAHOBJICHHBIM 3HaYeHHAM 1m0 MaHHBIM GOSAT
(xkpyorcku). VI3 pucyHka 1 BHIHO, 4TO MpeuiaraeéMblii HAMH METOJ] TIO3BOJISIET BOCCTAHOBUTH 00IIee
conepxkarmne CO, i uccaenyeMor MpOCTPaHCTBEHHON TOUKH € XOpoIIel TOYHOCThI0. Ha pucynke 2
MOKa3aHO CpaBHEHHE BOCCTAHOBIICHHBIX 3Ha4YeHM obmiero conepkanus CO, 1 H3MEpPEHHBIX HA CTaH-
nuu Lamont. M3 pucyHka MO>KHO ONPEAEIUTh, YTO CPEIHEE 3HAUEHUE OTKIIOHEHUM BOCCTAaHOBJICHHBIX
M U3MEPEHHBIX 3Ha4YeHui obiero coaepkanus CO, cocrapiser He MeHee 1 ppm. JlaHHas TOYHOCTH
SABJIISACTCA I[OCTaTO‘IHOﬁ U1 pCIICHUA MHOTHX MPUKIIAAHBIX 3a/la4 O CHKU H3MeHEeHHNH KiInMaTta, 1nepe-
HOCa Ta30B U Jp.

384 | | | | | |

02—

00 —

=

386

g4

82—

80—

0 200 400 Go0 00 1000 1200 1400

Puc. 1. O6mee conepxanne CO, mo ganueiM ctannud TCCON Lamont 3a 2010 . (cnrownas aunust)
B CPaBHEHUH C BOCCTAHOBJICHHBIMH 3HaueHUAMU 110 NaHHBIM GOSAT (kpyorcku)
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Puc. 2. Cpasuenue o6miero conepxanus CO, no manabM cranimu TCCON Lamont
3a 2010 r. (cnaowras aunus) 1 BOCCTaHOBJIEHHBIX 3HaueHni o naHHbiM GOSAT (kpyorcku)

3akjaoyenune

B crarbe npuBoguTCS ONMUCAHHE METOA IMITUPUIECKUX OPTOrOHAIBHBIX (DYHKIMH JJIs1 pelIeHHS
oOpaTHOH 3amaun BocCTaHOBIeHUs obOmiero conepxanus CO, W3 JaHHBIX cHyTHHKOBOro Dyphbe-
ciektpomerpa GOSAT. [puBenensl nmpuMepbl 00pabOTKK peaNbHbIX JAHHBIX U ONpe/elieHa TOYHOCTh
BOCCTaHOBJICHUSL.
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Abstract. The article describes a method for solving of the inverse problem of the CO,
total content retrieving from GOSAT satellite data, based on the method of empirical ortho-
gonal functions. Given results of the processing of the real satellite data.

The accumulation of carbon dioxide in the atmosphere is one of the main causes of the
greenhouse effect. Carbon dioxide acts in the atmosphere, as the glass in the room: he
passes solar radiation and drops back into space infrared (thermal) radiation of the Earth.
The content of greenhouse gases — CO,, Methane and other gases associated with industrial
activity of the human steadily increases. Carbon dioxide in the atmosphere acts as a potent
scavenger of terrestrial radiation, which otherwise would disperse in space.

In modern times is becoming popular development of the different computer models of
climate change on the Earth on the basis of natural and anthropogenic factors. They are based on
variants of interaction of different climatic parameters, such as soil, air, water, glaciers and solar
energy. For each part of the planet, scientists have calculated the effect of such factors as tem-
perature, rotation of the Earth, part of the surface above sea level and other climatic conditions.
These models require extensive flows of baseline information, including information about the
total CO, content with detailed space-time grid over the globe.

For reliable determination of the CO, total content, for validation of numerical models
and developed on their basis of forecasts need a major review of the earth's surface for a
long time. Until recently, in the world there was neither the methodology nor the instrumen-
tation, which would combine the globality of measurements with high resolution. Such
measurements are needed for testing and monitoring the effectiveness of introduced now in-
ternational restrictions on the burning of fossil fuels and other.

Monitoring of CO, in the atmosphere using space assets has not yet been adequately
developed. Only two satellite instrument (SCIAMACHY and GOSAT) allow monitoring
mode to measure the CO, total content. For obtaining data on a global character requires ac-
curate and localized measurements from satellites. Different methods of data processing of
satellite measurements, when the device is large enough, however, to the small size of the
spacecraft many tasks, such as equipment and techniques remain open. The most promising
hardware solution, are spectroscopic measurements in the near infrared range with a high
spectral resolution. For solving the inverse problem of restore of the total content of CO,
and other gases us proposes a methodology for the empirical orthogonal functions, which al-
lows you to accurately and very quickly obtain acceptable for the accuracy of the solution
(not more than 0,3—0,5 % or near 1 ppm.). This precision is sufficient for the work of many
of numerical algorithms for solving problems of climate change, search sinks and sources of
gas on the surface of the Earth and other.

Key words: inverse problem, greenhouse gases, gases total content, empirical ortho-
gonal functions, Fourier-spectrometer, satellite data.
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