HU3BECTHUA PAH. DU3BUKA ATMOCDEPBI H OKEAHA, 2008, mom 44, Ne 6, c. 737-754

YK 551.51:574.4

NCCIEAOBAHUE TUHAMHUKMH INTOBAJTBHOTO
YIJIEPOAHOI'O IIUKJIA C IOMOIIbK 3AMKHYTOH
MAJOIMAPAMETPUYECKOU MOJE/IN

©2008r. A.C.Tun3oypr, H.H. 3apamummnn

Hncmumym ¢usuku ammocgepot um. A.M. Obyxosa PAH
119017 Mocksa, Ibiwcesckuiti nep., 3
E-mail: gin@ifaran.ru
E-mail: nickolos@ifaran.ru
IMocrynuna B pepaxuuro 28.12.2007 r.

HccnenyroTcst 3aMKHyTas JUHaMIYecKast GJI0KOBasi MOJIEINb ITI00AIbHOTO KPYTOBOPOTA YIIIepofa i ee Mogudu-
Kallfiy C MaJIbIM IHCIIOM BHEIITHUX ITapaMeTpOB, IOCTPOEHHBIE TI0 JAHHBIM O COBPEMEHHBIX U JOMHAYCTPHAIIb-
HBIX IOTOKaX U 3aracax yriepopa B pe3epByapax. [IepBbIM BO3MOXKHBIM YIIPaBIISIOMIUIM TApaMeTPOM SBJISIETCS
BeJIMYMHA aHTponoreHHoro Beiopoca CO, B aTMochepy. 3aMKHYTOCTB MO BEIIECTBY MO3BOJISIET CHU3HUTH Pa3-
MEPHOCTb ITHAMITYECKIX MOJIEJIEN 1 Ja€T BTOPOI N3MEHSIEMbIH TapaMeTp — OOIIYI0 Maccy CHCTEMBI, I3MEHEHHE
KOTOPOI1 OTpaskaeT ypOBEHb HEONPENIETIEHHOCTU B 3HAHNM KOJIMYECTBEHHBIX BeJIMUMH 3anacoB. KannbpoBka He-
HACBIIEHHBIX TTOTOKOB KaX/OH W3 MOJieNIell OCHOBAaHA Ha aJITOPUTME, Pa3pab0TaHHOM paHee ISl JIOKAIBHbBIX
3KOCHCTEM, a ITIs1 BbIYHCIEHHS KO3(p(pHUIIIEHTOB HOTOKOB C HACBILIIEHUEM UCIIOJIB3YIOTCS N3MEPEHHbBIE Pa3HOCTU
MIPOTHBOMOJIOXKHBIX TI0 3HAKY NMOTOKOB /IS HECKOJILKAX MOMEHTOB BpeMeHH. Mopuukanuy Mofien npeay-
CMaTpPHBAIOT OLIEHKY CTEIICH! BOBJICUECHUS AEATEILHOIO CII0sl OKeaHa B OBICTPhIit OOMEH ¢ aTMocepoil U BBe-
feHne (hakTopa 3eMIIETIONB30BAHMS KaK JOMOIHUTENLHOTO aHTPOIIOT€HHOTO BIMSHMS. Paccuntanbl BpeMeH-

HEI€ TPaeKTOPHH 3aIacoB yriepopa B pezeppyapax 1o 2100 r. mpu n3MeHEeHNsT aHTPOIIOT€HHBIX BEIOPOCOB B CO-

OTBeTCTBUU ¢ OCHOBHBIMU clieHapussMu MI'OUK no 2100 r. gyist 6a30B0oii Mofienu u ee MOg(pUKaLH.

BBEIEHUE: UCIIOJIbLBOBAHUE
MAJIOITAPAMETPUYECKUX MOJEJIEN
JJIA AHAJIM3A TTOBEJEHWA
I''TOBAJIBHOT'O HMKITA YTJIEPOJA

N3yyenne MexaHW3MOB B3aMMOJEVICTBUS KiIMMaTa
u 6uocepsbl, IPOTHO3 UX 3BONIIOIMHU NTPH aHTPOIIOTEH-
HOM BMeIIaTeIbCTBE NPUOOPETatOT Bee OOJBIIYIO aK-
TyaJIbHOCTb B CBSI3U C IIONBITKAMU YEJIOBEKa YIpaB-
JSITh HEKOTOPBIMU BaXKHBIMU XapaKTePUCTUKAaMH 3TOM
CJIO>KHOM cuCTeMbl B pamkax KroTckoro mpoTtokosa.
MeTton MaTeMaTH4ecKOro MOJEIUPOBAHUS IIMPOKO
UCTIONB3YETCS [ 3TOY 1IeJIU B CUITY OOJIBIIION CJI0SKHO-
CTH CHCTEMbI KIMMaT—Onocgepa 1 3HaUuTeILHON He-
OIIPEJIeJIEHHOCTH B 3HAHUSAX O KOJIMYECTBEHHBIX U Ka-
YECTBEHHBIX €€ XapaKTepUCTUKaX B IJI00aJIbHOM Mac-
mTabe. Hanbonee pacnpocTpaHeHsl Ba MOAXOfa K
MOJIEJTUPOBAHUIO 3TOH CHCTEMbI: HMPOCTPAHCTBEHHO-
pacripefieIeHHbIH, KOrfia ypaBHEHUsI B YaCTHBIX POU3-
BOJHBIX TEOPUH KJIMMAaTa COMPSIraloTcsi ¢ GMOChepHbIM
OJIOKOM B KaXKJIOM STYENKE 3€MHOI MOBEPXHOCTH, U JIO-
KaJbHO-TOYEYHbIEe, B KOTOPBIX AUHAMUKA Yriepopa
OIMCBHIBAETCSl C TMIOMOLIBIO CUCTEMBbI OOBIKHOBEHHBIX
muddepernmanbabix ypaBaerui (O[1Y) ¢ mapameTpa-
MH, 3aBHUCSIIMMH OT KIMMaTUIECKUX NIEPEMEHHbIX, 3a-
laBaeMbIX U3BHE. VIMEIOTCS 1 BApUAHThI, COUETAIOIIIE
0o0a mopxopa. BONBIIMHCTBO MPOCTPAHCTBEHHO-PAc-
MIpefieIeHHbIX MOfIeNel TT00aTbHOr0 KPyroBopoTa yr-
nepopa 6epyT Hayaslo OT MOJIEIIH, OMMCAHHON B MOHO-
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rpacussx SCOPE [1] u Mockosckoii 6uochepHOii Mo-
penu [2]. OHu npeficTaBaeHbI OONBIIMM KOJTUYECTBOM
(pyHKIMOHMPYIOIIMX CEerofHs INIOOAJIbHBIX MOJEINeH,
Cpefii KOTOPBIX €CTh POCCHICKHE: MOJIEIb TNTOOABHBIX
kpyrosopoTtoB B.®. Kpanusuna [3], mopens yrnepop-
HOT'O IMKJIA B CHCTEMAax aTMoc(epa—pacTUTEIbHOCTb—
nousa u atMocepa—okean A.M. Tapko [4], yrnepon-
HbII OJIOK B MOfieNin OOLIEH HUPKYJISIIUU aTMOochephl
VMBM PAH [5]. Onn xapakTepHn3yoTcsl pa3HOi cTene-
HBIO MIPOCTPAHCTBEHHOT'O pa3pelleHns U AeTalu3alun
OCHOBHBIX OMOT€OXMMUYECKHX ITPOLIECCOB, CIAraroIInX
KpyrosopoT. Kak mpaBuno, MHOTHE U3 HUX UCIOJIb3Y-
IOT B CBSI3KE C MOJIENIBIO IIMKJIA MOJIENb INI00AIbHOTO
pacnpenenenus pacrurenasHocT (GVM — Global Vege-
tation Model), 9TO6BI OTIeHNBATH N3MEHEHNE pa3Melte-
HUSI OCHOBHBIX OMOMOB 3€MHO¥ CyIIIY ITPY aHTPOIIOrEH-
HBIX BO3MYILIEHUSX U U3MEHEHUN KnuMara [6].

B rno6anbHO-0OCpeHEHHBIX IO 3eMHOMY IIapy MO-
ledsix OMOJIOTMYECKWe KOMIIOHEHThI KPYroBOpOTa
MOXKHO TIPEACTaBISITh pe3epByapaMil YIJIepojia, CBS-
3aHHBIMU MEXKJy co00ll noTokamu. Takue Mojieu Ha-
3BIBAIOTCS HYJIbMEpHbIMU. VcTopmyeckn mepBoul u3
HuX ObLTa Mofenb B.A. Koctunpiaa 1935 r. [7], 60mb-
110€ KOJIMYECTBO TaKUX MOJiesiell ObII0 pa3paboTaHo B
80-e ronpl. Pe3ynbTaThl YHCIEHHBIX 9KCIEPUMEHTOB C
HUMMU ONKCaHbI B padborax [8, 9]. PaccMoTpenbl Mofenu
C YHCIIOM OJIOKOB OT YeThIpEX 10 CEMU KaK C JIMHENHbI-
MU, TaK ¥ C HEJTMHEHBIMU B3aUMOJICCTBHSIMU TIPH 3a-
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738 I'MH3BYPT, 3ABAJIMIINH

[laHUM SIBHOW BPEMEHHOH 3aBICUMOCTH aHTPOIOTEHHO-
ro ucroynuka CO,. [TonHOCTBIO TMHEHAs 1O 3anmacaM
MOJIENTb IEMOHCTPHUPYET €AMHCTBEHHOE PaBHOBECHOE
COCTOSIHHE, CKOPOCTb JOCTIDKMMOCTU KOTOPOTO 3aBH-
CUT OT MHTEHCHBHOCTEWl OOMEHHBIX MOTOKOB MEXTY
pe3epByapamiu. I1pu NOCTOSIHHOM rOOBOM HCTOYHUKE
anTponoresHoro CO, Mopenu 3TOro Tuma JaroT Ju-
HENHBIN POCT cofepsKaHus yriepoya B atMocdepe [8].
HoBsoe npepienbHOE COCTOSIHAE YITIEPOAHOTO LIMKJIIA Xa-
pakTepHu3yeTcs IEPeKauKoi ero n30bITOYHON MACChI B
r1yOOKUI OKEaH U UCKIIFOUEHHEM €€ U3 aKTUBHOM (ha-
3bl Kpyropopota. Takoil pe3ynbTar AarOT U Apyrue
OJIOUHBbIE MOJIENH C HEJIMHENHbIMEI (DOPMaMil B3aUMO-
[EHCTBUI pe3epBYapoB, pa3nuyasch KOHKPETHBIMHU
NPOTHO3aMH COAEPKaHMUS YIIIEpOa B HUX B 3aBUCUMO-
CTH OT IPUHUMAEMOI CTPYKTYphI pe3epByapoB, TUHA-
MUKH{ TPOMBIIIJIEHHBIX BbIOPOCOB U WCIONIb30BaHUS
3emenb (land use). Mofenn ¢ MOAKIIOYEHNEM CpefHe-
rOJIOBOY IOBEPXHOCTHOU TemnepaTypsl cymu [10, 11]
mpepiaraloT Oosiee pa3HOOOpa3HbIe CliEeHapUH AWHA-
MUKHJ KPYrOBOpPOTA YIJIEpOfia C MHOKECTBEHHBIMU PaB-
HoBecusIMHU (“BUpTYyasbHble 6uocepbl”) U ObICTPbIMU
(xaTacTpodmiaeckuMm) nepexopamMu Mexxay anmu. Of-
HaKO NapaMeTPUYECKUIl aHAIU3 3TUX MOJEJEH MpaK-
TUYECKU He npoBoausics. KauecTBeHHOE WiIN aHAIUTH-
YEeCcKOe UCCIIE[IOBAHNE AK€ MUHUMAJBHBIX HyJbMeEp-
HBIX MOJIEJIEH — CKOpee UCKIIIOUeHue, YeM npasuiio. B
YHCIIe TAaKUX UCKITIOUEHUI MOXKHO YIOMSIHYTh NIpEfTe-
4y BCEeX MOfiesIell II00albHBIX IUKIIOB, IOCTPOSHHYIO
B.A. KoctnupiHeM [7], a TakKe cucTeMy TemrepaTyp-
HO-3aBHCHMBIX IIUKJIOB yriepopa u Boxbl 10.M. Ceupe-
xkeBa u B. ¢on bino [10, 12] u conpskeHHYIO € TeMIe-
paTypHbIMU yYpaBHEHUSIMH CJIOEB aTMOC(EpPHI JIMHEN-
HYIO HEaBTOHOMHYIO Mofeiab Bopucenkona [8, 9]. B
Mopensax CupexkeBa — poH biio ncciaegoBana cTpyk-
Typa pa3oBOro moprpera u objacTeil NPUTSKEHUsS
Pa3UYHbIX PaBHOBECHBIX COCTOSHHUN Ha IUIOCKOCTH
MapamMeTpoB, COOTBETCTBYIOIIUX IOJHBIM KOIWYe-
CTBaM BOJibl U yriiepopia Ha IuaHete. OfHako B 9TOM
MOJIENIN HE 3afIefiCTBOBAH OKE€aH, YTO OTrpaHUYuBacT
IPOTHOCTUYECKYIO LIEHHOCTh BBIBOJIOB O AMHAMUKE pe-
TYJIMpOBaHus KiuMmara O6uocepoil mpu aHTPOIOreH-
HOM BMEIIATENbCTBE, MOCKOJIBKY YYBCTBUTEIBHOCTH
yIIIEpOHOrO OOMEHa Ha IpaHmlIe OKeaH—aTMocgepa K
W3MEHEHHIO KJIMMaTa CTajla B MOCIEJHUE TOAbl Npef-
MeTOM aKTUBHOM iuckyccuu [3]. Pa6ora KBona u 1llHy-
pa [13] meMoHCTpUpyeT IMUTAMOHHBIC BEIYUCITATENb-
HbIE 9KCIEPUMEHTHI ¢ GIIOKOBOI MOJIEBIO, CO3IAHHOM
Ha OCHOBE 3apaHee 3aJjaBaeMbIX (DYHKIMOHATIBHBIX 3a-
BUCHUMOCTEH Y/ENBHBIX IOTOKOB yIiIepofia Ha EUHUILY
IUTOIIA[ WM 00'beMa pe3epByapa OT ero KOHIEHTpa-
1M C YYETOM CpPEeTHErI00aIbHON TeMIiepaTyphbl MpH-
3eMHOr0 cJosl Bo3nayxa. OrpaHnyeHueM MOAXoAa aB-
TOPOB SBJIsI€TCST HEOOXOAUMOCTb yueTa IJIoLajell u
00 bEMOB, 3aHATHIX PA3HBIMH OJIOKaMH, B TII0OATEHOM
MacuiTade, YTO B MOJIEJNH JIENAETCs IOCPEACTBOM KOH-
CTaHT, B TO BpeMsl KaK 3TH BEJIMYMHbI CIIOCOOHBI Me-
HSITBCS B 3aBUCHMOCTH OT KJIMMAaTHYECKUX IIApaMeTPOB.
Amnanormydsasi Mofiesib noctpoena Jlenronom [14] u oT-
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JIMYaeTcsd apaMeTpr3aneil MIOTOKOB (pOTOCHHTE3A CY-
M 1 oOMeHa oKeaH—-aTMocepa. Mopenb npenckasbl-
BaeT YPOBHHU COfiepyKaHNsI yIiiepofia B OCHOBHBIX pe3ep-
Byapax IIpu [ICHCTBUM CIEHAapHEB  YIIPABIECHUS
BBIOpOCAMH TIPEIVIOXKEHHBIX B TpeTheM MOKIIafe
MI'BHK [15]. Ha ocaHoBe Mmopeneii JlenTona u KBona—
IlTnypa mocTpoeH yriepopHbIil OI0K KIMMATUYECKOM
MOJEAU MNPOMEXKYyTOYHOU cioxHoctu MUPA PAH
[16, 17]. dpyrue MUHUMAaIbHBIE MOJIEITH TNOO aHAIN3H-
pyrorest ducieHHo [18, 19], mubo aeMOHCTpUpYIOT Ka-
KOI-1O0 OTAENbHBINA aCHEKT MPOOIEMbI O€3 JOCTaTOY-
HO TIOJTHOTO MaTeMaTH4ecKOoro wucciefoBanus. Eime
OJIVIH acIleKT MPOOJIEeMbI COCTOUT B HEOIPEAEIEHHOCTH
3HAHWI O MHOTHX B3aUMOJIENCTBHSIX IIPOLIECCOB, COCTAB-
JISIFOIIUX KPYTOBOPOT [3], 4TO IPUBOAUT K HEOOXOAMMO-
CTH aHalW3a HE OJHOW JKECTKO 3alaHHOM CUCTEMBI
YPpaBHEHMIA, a CEMENCTBA CUCTEM, OOJIAJArOIIMX OOLIK-
MU CBOIICTBaMU.

Lenwio paboTh! SIBASICTCS UCCIAEAOBAHUE YCTOWUM-
BOCTH U 9BOJIFOLMH JOUHAYCTPUATBHBIX, COBDEMEHHBIX
U MOTEHIMAILHO BO3MOKHBIX IMHAMUYECKHUX PESKUMOB
(pYHKIMOHUPOBAHUS IIT00ATLHOTO IIMKJIA YIAIepoa Npu
M3MEHEHUN KIIMMATUYECKUX MApaMeTPOB U aHTPOIO-
TEHHOW Harpy3kKd Ha OCHOBE HYJIbMEPHOM “MWHIMAaJIb-
HOII”” 6JIOKOBOH MOJIeNH U €€ MOfU(pUKALIUiL, TOCTPOCH-
HBIX 110 JrarpaMmam 3anacoB 1 IOTOKOB yIJIEpOfa.

ATPETAIINA MHOI'OMEPHBIX CXEM
INIOBAJIBHOI'O HUKIJIA YIJIEPOOA
N ®OPMbI ITMHAMNYECKOUN MOJEJIN

OCHOBO¥ /17151 MOJIETUPYEMOH CXEMbI IN100AIBHOTO
YIIIEPOIHOTO IIMKJIA CTala COBOKYIHOCTH OLICHOK W3
coopruka SCOPE [20] u YeTBepToro oTuera MI'OUK
[21], koTOpBIE cofiep>kaT AaHHbIE KaK JiIsl COBPEMEH-
HOTO, TaK U Il OMHAYCTPHAIILHOTO COCTOSIHUI KPYyTo-
BOpPOTa. B OTHENBHBIX CiIyyasix CIIOJIb30BaHbl OLEHKU
u3 Tpetvero orueta MI'OHUK [15]. [JononuuTenbHas
nH(popManws B3dTa u3 pador [13, 22], cxeMbl 13 KOTO-
PBIX HCIONIB30BATNCH paHee Il MOAEINpOBaHus Oa-
JIaHCOB B paboTe [23] 1 moKa3aHbI B KayecTBe pUMepa
MHOTOKOMIIOHEHTHBIX CXE€M Ha pHC. 1.

CoBpeMeHHbIE 3HaHUSI O KPYrOBOpPOTE YIJIEpOja
BKJIIOYAIOT WH(OPMAIMIO O B3aUMOJIEVICTBUSAX aTMO-
chepa—cymia U atMocpepa—oKeaH, 00 ydacTuu OHO-
cepbl B yIIIepoHOM 0OMEHE, KOTOpasi sIBIISIETCS KO-
YEBOI B TPEJICTABIIEHNSIX YYEHBIX O COCTABIISIOIIUX €TI0
mporeccax W MX CBS3M C KJIMMATHYECKOW MAaIIMHOMN
3emiu. [laHHbIE O 3an1acax pe3epByapoB U IOTOKaX yI-
nepopa u3 pa6ort [15, 20], arpernpoBaHbl B YEThIpEX-
OOKOBYIO CXEMY, BKIIFOUAIOIIYI0 aTMocdepy (x,;), 61o-
TY U IOYBY (X,), OKEAH C 03€PHO-PEYHOIN CUCTEMOH (X3)
u nurocepy (x,) B KauecTBe pe3epByapoB. JTa cxeMa
B lanbHelieM Ha3biBaeTcs 6a3oBoii. [lon arperanueit
NOHNMAETC OOBEAMHEHNE HECKONBKUX, BO3MOXKHO
Pa3HOPOJHbIX, GJIOKOB B O[IH BMECTE C COOTBETCTBYIO-
MY HoTokamu. Ha puc. 2a noka3aHbl YlCIeHHBIE pe-
anu3anuy 6a30BOI CXeMbl JIIsl JOMHAYCTPHAIBLHOTO 1
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AT™mocdepa ATMocdepa
x; =740 / x, =755
fz=110 fu =30 for=37 fo=110 | | =50 fa=22
buora cynm _ buora cymm
X, = 560 Jar=801 " =560
fy=10 fr3 =60 f31 =60 f23 =60 f31=60
fia=70
ITousa u geTpur ITouBa u geTpur
x3 = 1200 fie=13 x%=1200
f34=0.33 f36=0.17 f4=033 | f5,6=0.17 | fi¢=35
Temnble mOB. | fy6 =25 XoJoHbIE TOB. Temnubie moB. Fie=25 XoopHbIe TOB.
BOJIbI BOJIBI BOJIbI 46 BOJIBI
x4 =600 xg =300 x4 =600 Xxg =300
f76 =9 f76 =9
=20
fas=20 | fs4=18 Jer=10 Jis fsa=18 fe7=10
Buota Tennbix Buora buora tennbix buora
BOJ XOJIOJHBIX BOJ BOJ XOJIOIHBIX BOJ
X5=2 x;=1 Xs=2 x;=1
fsa =38 fss=2 frs=1 Jag =38 Jsa=38 fss=2 Jfis=1 Jag =38
I'nyGuHHBIE BOJIBI I'my6GuHHBIE BOABI
xg = 38000 xg =35000
yS = 05 89 = 05
I'nyOuHHBIE BOABI
X9 =10000

Puc. 1. [IBe cxeMbI II106aJIbHOTO KPYroBOopoTa yrirepopaa: a — o [13]; 6 — mo [22]. 3amacer B TC X 109, moToku B TC X 109/ro;1.

COBPEMEHHOT'O COCTOSTHUI KPYroBopoTa yriepopa. On-
HAM W3 TApaMeTPOB CUCTEMBbI SIBIISIETCS WHTEHCUB-
HOCTb aHTPOIIOTE€HHBIX BHIOPOCOB, a APYTUM — TOJTHOE
KOJIMYECTBO (B MAacCOBBIX €IMHUIIAX) yraepona M B pe-
3epByapax. XOTsl OHO (PU3UYECKU SIBIISIETCS MOCTOSH-
HBIM, HETOYHOCTbH 3HAHU O 3a1acax OTIEILHBIX pe3ep-
BYyapoOB TMO3BOIISIET CUATATh €r0 M3MEHSEeMbIM Mapa-
METpPOM, WCKIFOYas M3 YpaBHEHWII Ty NEPEMEHHYIO,
OIIEHKW W B3aUMOJIEHICTBHSI KOTOPOH NMEIOT HanOOIb-
LIYIO CTENEHb HEONPENEIEHHOCTH. B ponu Takoi nepe-
MEHHOI MOXHO BbIOpaTh 3amac yriepopa B JuTocge-
pe, KOTOPBIH, BO-TIEPBBIX, OIICHUBAETCS CO 3HAUUTEITh-
HBIM pa36pOCoM, a BO-BTOPBIX, COCTOUT B OCHOBHOM U3
yIJIEpOfa, BHIKITFOUYAEMOTO Ha OOJBIINE MPOMEXYTKH
BpeMeHH U3 KPyroBOpoTa B pe3ysbTaTe mpoljecca oca-
>KAeHusl B okeaHax. [10ToK f;; ckiafgbIBaeTcs U3 ABYX
YyacTeil: eCTECTBEHHOI 3MUCCHH, OOYCIIOBIEHHOM B OC-
HOBHOM BYJIKAHWYECKOH aKTHUBHOCTBIO, M aHTPOIOTEH-
HOT'O TIOTOKA KaK Pe3yIbTaTa MPOMBITIUICHHBIX BEIOPO-
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coB. [ToaTomy f,, mpepcTaBuM B BUjiE JTUHEMHON (PYHK-

A fi = G + OyiXy = quy + Oyy(M — 2?=1xi) c
€CTECTBEHHO! 3MUCCHUEH JOHOPHOTO THIA (0l X, 3aBU-
CHT TOJBKO OT 3araca MOChUIAIOIIETO pe3epByapa) u
HOCTOHHHOﬁ BCJII/I‘II/IHOfI IIOTOKa aHTpOHOFeHHbIX BbI-
OpocoB. [Jasiee cTaHeT SICHO, YTO MOXKHO NPEACTABIATh
€r0 TOJILKO B IOHOPHOM BHjie 6€3 TOCTOSITHHOM YaCTH.

ITockOnbKYy OCHOBHYIO POJIb B COBOKYIHBIX SMUC-
CHU ¥ MOIJIOIIEHUH YIIIepofia Ha BpeMeHax, MalbIX 10
CPaBHEHUIO C I€OJIOTMUECKIMU, UTPAIOT IOTOKU aTMO-
cpepa—cyiia u aTMocepa—OKeaH, KpUTHUESCKAM [IJIS
MOJIENH SIBJISIETCS] BBIOOP COOTBETCTBYIOIIMX UM TOTO-
KOBBIX 3aBUcHMOcTel. [TpocToiil anroput™ BbIGOpa 1o-
TOKOBBIX (PYHKIUI B OJIOKOBBIX MOJENSX 3KOCHUCTEM
[24] oka3pIBaeTCs HEMOCTATOUHBIM JJIsI 3TOH IIENW B
CBSI3U C HEOOXOAMMOCTBIO yueTa 3(ppeKTa HAChIIIICHUS
notoka CO, mo atMochepHOMY COIep>KaHMIO YIIIepO-
la, YYacTBYIOIIETO B (DOTOCHHTE3E PACTUTEIBLHOCTH.
Ne 6
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(a)

fa1=10.1; 6.4}
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JTutocdepa

740
ATtMmocdepa
x; = {590; 751}
fio=1{120; 121.8} fiz = {70.2; 92.1}

x, = {7160; 6149}

fi=171.6;91.6}

f12=1120; 121.8} fiz=170.2; 92.1}

for={118.5; 119.7}

buota + noussl + rymyc

for=1{118.5;119.7) f4=0.1
Buora + mouBkI + rymMyc OKkeaH + peKd 1 03epa
X, = {3800; 3773} fiz=15 x3={38728; 38838}
(6)
f41={0.1; 64} N
ATMocdepa JIutocdepa + riay6oKkuit oKkeaH
x1=1{590; 751} b, = {7160; 6149} + {37800; 37895}

£y =1{71.6;91.6

f43 = 420
fos = 142.1; 43.5)

Okean — BKC

X, = {3800; 3773}

f3=15

x3=1{928; 943}

Puc. 2. a — ArperupoBanHas cxema riao6anbHOro Kpyroopora yriepopa no gaaabiM SCOPE [20] » MI'OUK [15, 21]. B ¢u-
TYPHBIX CKOOKaxX — JOMHyCTpUalbHOE; coBpeMeHHOe cocTosiHuA. 3anackl (I'T C) m ux cocrapnsdroniye: x; — aTMocdepa,

X, — Ha3eMHasi OMOTa, T04Ba, TYMYC, X3 — OKEaH 1 O3€PHO-PEYHAasi CUCTEMA: BEPXHUI (POTUUECKHIA CII01 + OMOTa + ITyOOKHiT OKe-
aH + o3epa + pekH, x, — 06MeHHbI myn murocdepsl. [Toroku (I't C/rop): fi, — nornomenne CO, pacTUTENBHOCTBIO NMPH (POTO-
cunTese (Gross Primary Production), f;| — AbIXaHue pacTUTEILHOCTH] U NMOYBHI, cBefieHne JiecoB (deforestation) u pacnaika 3e-
Menb (land use), f13 — cyMMapHOE NOTJIONIEHNE OKEAHOM U O3€PHO-PEYHON CHCTEMOM, f31 — BBIJEIEHNE OKEAHOM U O3EPHO-
PEYHOI CUCTEMOT], f>3 — BBIHOC U3 OYBBI U C IOBEPXHOCTH C PEYHBIM CTOKOM B OKEaH, f34 — OCaX/ICHIE Ha JHE OKeaHa MUHYC
pacTBOpPEHNE JOHHBIX OCAJKOB, f4] — BYJIKAHNYECKHE BEIOPOCHI M CXKUTAHUE NCKOIIAEMOr'O TOIINBA. 6 — ArpernpoBaHHasi cxe-

Ma I106anbHOro KpyroBOpoTa yrilepofia ¢ BEpXHUM aKTHBHBIM cloeM okeaHa 1o gaHHbiM SCOPE [20] u MI'OUMK [15, 21]. B
¢urypHbIx ckoOKax — JOMHAYCTPUAIbHOE; COBDEMEHHOE COCTOsIHUS. B OKeaHe 3afieficTBOBaH TOJIBKO BEpXHUII KBa3HOJHOPO-
HBII1 CITOM, a OCTallbHAas! 4YacTh BEIHECEHA BMECTE C INTOCHEPON B MHEPIMOHHBIN pe3epByap 4. [IoToku f34 1 f43 — 0OOMEH MEXKTY

BEPXHUM CJIIOEM U FJIy6I/IHHLIM OKE€aHOM.

DKCIepTHOE 3HAHWE O MEXaHW3ME HACBIIICHUS B MPO-
necce noryoniennss CO, pacTUTENHHOCTHIO cymud [3]
MMOKA3bIBAECT, YTO 3TOT IOTOK MCHBITHLIBAET HACHIIIE-
HUE TPU TOBBIIICHNN aTMOC(EPHOTO COfepsKaHuUs yT-
nepoyia v PYHKIMOHAIILHO OTBedaeT hopme Muxasiu-
L, +x,
YHCICHUS JBYX MapaMeTpOB JISi CBOETO IIOJHOTO
onpefeicHNsT — BEJIMYNHBI TIOJTYHACKITIeHNs L, 1 KOH-
cTaHThl (pepTunusanun K,,. Takas popma npepicranne-
HUSI (DOTOCMHTETHIECKOTO MOTOKA PACTUTEIHLHOCTH C
HEKOTOPBIMU BapHAIUSIMKA XapaKTEPHA ISl GOJBITIMH-
CTBa II00ANBLHBIX YIIIEpOAHBIX Mofened [13, 16, 25].
dyukIES O(X,) OTpakaeT BIUSHUAE COACP>KAHUS yIiie-
pofa B pacTUTETHLHOCTH U TouBe Ha nortorerne CO, u
OOBLIYHO MPUHUMAETCS JIMHEHHOH (¢ = X,). OfHAKO KaK
(pusnostorust pacTeHuil, TaK U MPeCTaBIeHNsI O KOHKY-
PEHIIMU PaCTUTEILHOCTH 3a CBET M MUHEPaJbHbBIC pe-
CYpChI CBHJIETEILCTBYIOT O HEJIMHEHMHOM XapakTepe
9TON 3aBUCHMOCTH. [IpW TOBBIIEHHOM COMEepsKaHUM

ca—MeHTeH: f|, = , KoTopasi TpeOyeT BbI-

MN3BECTUSA PAH. PU3UKA ATMOCOEPEI 1 OKEAHA

yriaepopa B pacTUTEIBLHOCTU (POTOCHHTE3 MOXET HE
TOJIBKO MCIBITHIBATh HACKIIEHNE, HO M MOJAaBIATHCH,
YTO OTPakeHO B HEKOTOPBIX ITI00ANBHBIX MOJIENSX YI-
aepopHoro 1ukina [7]. B mopemnsx CeupexeBa— ¢oH bio
[10, 12] u Kunra (cm. [25]) aTOT 3ppekT BhIpaskaeTcst
B JIOTUCTUYECKOW 3aBUCHMOCTH INEPBUYHON IPOMYK-
THBHOCTH OT COIEp>KaHMsl YIIIEPONiAa B PACTUTEIILHOCTH.
Kaxk npasuio, ¢pyHkuus ¢ umeet aubo runepooande-

)
Np+x,
HACBIIIIEHNsI TTOTOKA IO YIJIIEPOAy HAa3eMHOH OWOTHI,
60 TPATUIUOHHYIO JIOTUCTUUECKYIO O = X,(M — X;).

CKYIO (hopMy ¢ = rae N;, — KOHCTaHTa MoJy-

OO0paTHbIil MOTOK C CYIIM B aTMOC(epy CKIIaibIBa-
€TCA U3 COBOKYITHOI'O IbIXaHUA paCTUTEJIbHOCTU U TOY-
Bbl, KOTOPOE MOXHO NPHUHSTH JMHEHHO MPONOPLHO-
HaJIBHBIM 3a1acy yriepoja B pe3epByape 2 (TOHOPHBII
THUI): f5 = Oly1X,. DMUCCHUIO OT 3EMIIETIONB30BAHNS MOX-
HO Y4€CTb C IIOMOUIBIO CIAaraeéMoro ¢,;, 3aBUCSILIETO OT
BpeMeHH 1 JOOaBISIEMOTO K JIMHEWHON (PyHKIUH, JINO0
MOCPEICTBOM NIEPEMEHHOT0 KO3(ppuieHTa oly;.
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YrneponHblit 0OMEH Ha rpaHule aTMocepa—okeaH
HUMEET CIIOKHYIO NMPHUPOAY, MOCKONBKY OINpeAesIeTcs
yCTPOICTBOM KapOOHATHOM cucTeMbl okeaHa [4]. Kak
MIPaBWJIO, B HYJIBMEPHBIX MOJEINSAX UCHOJB3YeTCs JIO-
HOpHas1 (popMa MOTOKa f|3, TOCKOIBKY OH IPOMOPIIHAO-
HaJIeH MaplyajbHOMY JIaBJICHHUIO YTJICKHCIIOTrO ra3a B
atMocgepe: fi3 = 0y3x; [3]. PopMa IpOTHBONONOKHO-
r'o TIOTOKA He YKIIaIbIBAETCS B IPOCTYIO CXeMY BBIOGOpa
MMOTOKOBBIX (DYHKIWIT B GJIOKOBBIX MOJIETISIX, OTHAKO B
rpyOOoM NpUOIMKEHUN MOKHO TPUAATh MY BOJBTEP-
POBCKWII BUA f3; = 73 X;X3, IIOCKOJIBKY pPaBHOBECHE B
KapOOHATHOW CUCTEME YCTAHABIMBAETCI ObICTpO [4].
DTO 03HAYAET, YTO P HEOOIBIINX MOBBIICHUIX KOH-
LEHTpaIrH yIiiepoa B aTMocepe BO3pacTaeT He TOIb-
KO €ro TOIJIOIIEHNe OKEaHOM, HO peakIys OKeaHa,
of0ecneunBaroias BocCTaHOBJIeHrE OanmaHca. Ocaxpe-
HHE yIIIepofia U3 TOINIIM OKeaHa Ha THO ONWCHIBAETCS
JOHOPHBIM TUIIOM B3aUMOJIEUCTBHSL: f34 = OlzX3 [13].

OrmmcaHHbI BBIOOP TOTOKOBBIX (DYHKIMIT TPUBO-
IUT K CHCTeMe YeThIpeX OOBIKHOBEHHBIX AudepeH-
LIUATbHBbIX YpaBHEHUI 0a30BOM MOJIENH, pa3sMEPHOCTh
KOTOPOM 3a CYET MOCTOSTHCTBA OOIIEH Macchl yriiepopa

4
21. _X; =M = const MOXXHO OHU3UTH Ha 1:

dx,
— = Gy + 0y (M = x; =X, = x3) —

dt

Kirx,90(x,)
ST + O Xy — O3 Xy + Y31 X X3,

12t X 1

dx, _ Klle(P(xz)_a o — O

pT —L12+x1 21X2 — Ola3 Xs,
dx;,
T O3 Xy — Y31 X1 X3 + O3 Xy — OlggX3.

Ilpu g, = 0 monmyvaeTcs cuctema, COOTBETCTBYIOIIAs
JOUHYCTPUAILHOMY COCTOSHHUIO.

V3 reoxuMu4ecKuX IaHHBIX U3BECTHO, UTO JIAJIEKO
HE BEChb yraepoy MupoBOro okeaHa y4acTBYET B IJIO-
6aNbHOM KPYrOBOPOTE C OMHAKOBOI CKOPOCTBIO 00-
patienus. [103ToMy paccMOTPEHHYIO YeThIPeXOJIOKO-
BYIO CXEMY JIETKO MpeoOpa3oBaTh B CXEMY C MaJlbIM
BEPXHUM CJIOEM OKEaHa, HE YBEJIMYMBASl YUCIIO Tepe-
MeHHBIX. B 310l Mogudukanum (puc. 26) pesepByap
HauOOJIbIlIeHl HEONpEIeNIeHHOCThIO 3HAUCHMI 3armaca
COIEP>KUT TIOMUMO JIUTOCEpbl YIiepoy MNIyOMHHOTO
CIIOs1 OKeaHa, a 0OMEH OKeaH—aTMocepa OCyIeCTBIIs-
€TCsl TOJILKO aKTUBHBIM BEPXHUM CIOEM. DTOT BepX-
HUI KBa3MOTHOPOJHBIA €O OKeaHa OOMEHUBAETCS
YIJIEPOAOM C INTyOUHHBIM CIIOEM MOCPEICTBOM OTOKOB
fuu U fi3, UMEIOLIMX [OHOPHBIA THUIl YIPABIICHUS:

MN3BECTUSA PAH. PU3UKA ATMOCPEPHI 1 OKEAHA
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fra = OauX3 1 fi3 = Oly3(M — x,— x, —x3). Torna cucrema gu-
HAMUYECKUX YpaBHEHHII KPYyrOBOPOTA UMEET BHJI:

dx,

— = Gy + Oy (M —x;— x5 —x3) -

dt

K5x,0(x,)

e Oy Xy — O3 Xy + Yoy X X,
Lo+x, 2142 13Xt Y31%1X3

dx, _ K12x1¢(x2)_a o — Ok (1-M)

p7 —L12+x1 21 %2 — Olo3 X7,

dx;,

Zr = Ot T Ta XX Oy — Oy Xy o+

+ 0ly3 (M — x| — x5 — X3).

EJUHBINA NOAXOJ K KAIMEPOBKE
[IOTOKOBBIX ®YHKILINH

Epuneiii nogxon kK kanuOpoBke KO3(h(UIUEHTOB
mopemu (1) cocTouT B TOM, 9TO KO3(P(UIIUEHTHI TIPO-
CTBIX OIHOIIAPAMETPUUYECKUX IOTOKOB BBIUUCIISFOTCS
HEINOCPEACTBEHHO MO 3HAYEHUSM 3allacoB M IIOTOKOB
O[HOI1 M30paHHOI CXeMbl (HampUMep, COBPEMEHHOI)
[24], a koapPunmeHTHI 60Jee CIIOKHBIX 3aBUCUMOCTEN
TUNA fi, MOXHO HAalTH MO U3MEPEHHBIM MIJIS HECKOIb-
KMX MOMEHTOB BPEMEHH Pa3HOCTSIM IOTOKOB. Y HUBEP-
CaAJIbHOCTH MOJXOf]a COCTOUT B TOM, UTO B 3aBUCHMOCTHU
OT 00'beMa UMEIOIINXCS JAHHBIX MOXKHO BbIOMpATh KO-
JMYECTBO KaNMMOpPyeMbIX MOTOKOBBIX KO3(h(pHUIUCH-
TOB. OOILIENPUHATHIM 711 TNIOGANBHO OCPEIHEHHBIX
MofieNiell SIBIsIeTCs MpeficTaBlIeHue O MOMHON cOaaH-
CHPOBAHHOCTH ITOTOKOB YIJIEPOAa B IPUPOJE A0 Hava-
J1a 3HAYMMOU [IeSITEeIbHOCTH YeJIOBEKAa — PaBHOBECHOE
NOMHAYCTPHUAIILHOE COCTOsHME x* [8], OTHECeHHoe K
1850 r. Tak Kak MOTOK, OOYCIOBJICHHBIN AHTPONOreH-
HbIMU BbIOpPOCaMH, HE CYIIIeCTBOBAJ B JOUHAYCTpUallb-
HOM COCTOSIHUM KPYrOBOpPOTa, TO HEOOXOAMMO pac-
CMaTpHBaTh Pa3HblE TUHAMUYECKHIE CHCTEMbI, O[HA U3
KOTOPBIX OTBEYAET JOMHYCTPUAILHOMY PaBHOBECHIO,
a [Ipyryue — COCTOSTHASIM B MOMEHTBI BpEMEHH, OJTM3KAM
K cOBpeMeHHOMY. ITOTOK, COOTBETCTBYIOIIMIA 3eMile-
NOJIb30BAHUIO ¥ BKIIFOYAOIIUI IOTEpH YIJIepofa W3
MOYB B pe3yJbTaTe pacHalllkd U BBIPYOKU JIECOB
(deforestation), cymectBoBain u 1o 1850 r., HO O OIEeH-
KaM paboThlI [14] ObLT HEBEIUK 1O CPAaBHEHMIO C €CTe-
CTBEHHBIMH, W MO3TOMY MOXHO CUATATh €r0 MaJlbIM
BO3MYILIEHHEM CTAIlMOHAPHOTO COCTOSTHUSI.

IMapameTpu3anyst MOTOKA f, TONBKO MO JAOWHJY-
cTpuasibHON (x*, F*) u coBpemeHnHoi (90-e roppt XX B.)
(x°, F9) 6510KOBBIM cxeMaM (pHC. 2) OKa3bIBAETCS HEJO-
CTaTOYHO ajiekBaTHOM. [IpuHMMasi BO BHUMaHWE BTO-
poe paBHOBecHOe ypaBHeHue u3 (1), rue KoaddunmeH-

ThI O3, U O3 BBIYUCIEHDBI B PABHOBECHH, 3HAYEHHST KO-
Ne 6
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Puc. 3. 3aBucuMocTh NOTOKA [, TMOTIIOMEHHST aTMOC(EPHOTO YIiiepoya Ha3eMHOI OMOTOI OT Macchl Yyrileposia B aTMocgepe.

CrnnoniHasi TMHASL — OCHOBHBIE KO (PUIUEHTHI 1O popMmyie (4), mTpuxoBas — 1o (3), MyHKTUPHAs U INTPUXITYHKTHPHAS — 110
MaKCHMaJIbHbIM 1 MUHIMAJIbHBIM 3HAUYEHUAM pa3sHoCcTH Af; (Tabm. 1).

appunmenToB K, u L, MOXHO ONpefenuTh IO
opmynam:

0, 0 0
_ X1 xy(f12X5 — (0 + 035) x5)

L,= - T o, 66.439,
(0] + 0053) X5x) — f1X5 X
0 0 0
K 12 1+ X1 (f12X5 — (03 + 033) x,) _
12 = 7o -
X3 (0 + 0‘§<3)35(2))C(1) - f(l)zx;kxik 2)

= 0.035138,

KOTOpBIE JIAalOT CIUIIKOM HU3KYIO BEJIMUMHY HachlIIIe-
HHS IOTOKA, Kak OyITO YPOBEHb IIOJTHOT'O HACHIIICHUS
y3Ke IOCTUTAJICI B HacTosee Bpems (puc. 3).

Bonee apmexkBaTHas kKanuOpoBKa KO3(h(UIMEHTOB
MOJIy9aeTCs C WCMOJIB30BAHNEM PA3HOCTH MOTOKOB
Af, = fia — f>1, OllEHEHHOM 71T HECKOJIBLKUX MOMEHTOB
BpeMeHI/I B IIOCJIEJHUE OCCATUIICTUA U YKaSaHHOI/I B OT-
yere MI'OUK [21]. 3Ty HeHyneBYyIO pa3HOCTHL OOpa3y-
IOT TIOTOK, OTBEYAIONIMI 3eMylenonb3oBanmio (land
use) v BXOJISIINIA B f5, ¥ IOTOITHATETLHOE TIOTJIOIICHAE
pacturenbHOCThIO (residual sink) B cumy deprunusa-
UM, BKIIFOYaeMoe B f},. sl kanmubpoBku K03 uim-
eHTOB K,, L, M O,; MOSKHO HUCIIOJTL30BaTh JJAaHHLIE O
HEeHyNeBbIX pa3HOCTAX Af, 3a 80-e, 90-e m 2000-e ropsl,
Moka3aHHble B Tabi. 1 BMecTe ¢ ypOBHEM Heolpefe-
neHHocTH u3Mepennil. CpeiHue 3a 3TH [ECATUICTHS
W3MEHEHWsT aTMOC(EPHOTO COfiepKaHWs yriepoa
yroureHbl B oruere MI'OUK [21], a 3HaueHws 3amacos

Taomuua 1. Pa3zHocTn noTokoB aTMocepa—cyia u 3armacoB B arMocdepe 1 HazeMHol 6uore [20, 21]

exkanpl Afs = fia— 1o x1, I'tC Ax;, I'tC/rop X,, I'TC Ax,, I'tC/rop
1980-e 0.3+0.9 696 £ 1 33x0.1 3786 £9 -0.3+£0.9
1990-¢ 1.0£0.6 729+ 1 32+0.1 37836 -1.0+0.6
2000-¢ 09+0.6 751 4.1%0.1 3773 -09+0.6
MN3BECTUS PAH. PU3UKA ATMOCOEPEI 1 OKEAHA TtoMm 44 N 6 2008
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Taomua 2. V3MeHUnBOCTbh KO3(D(PUIEHTOB IIOTOKOB £,
u f>; B Mopensx (1) u (1-M)

KoadpdunueHTbl TOTOKOB fi; U f5;
npu Af, =1[0.3-0.9; 0.3; 0.3 + 0.9]

Ly, Ky, 0(3? ocg?
168.06 0.040574 0.032562 0.032730
86.129 0.036189 0.032707 0.032916
125.06 0.038272 0.031940 0.032068

B HazeMHoI1 6uoTe B 80-¢ u 90-e rofibl OlleHEHBI Yepe3
X CpPEeTHErofjoBble M3MEHEHWS JIsi OOOWX JEeCATHIIE-
Tuil. Cuntas Heu3BecTHbIMH K|, L, 11 O, 32 2000-€ ro-
NIbI, IMEEM JIJIsl X OTpEieICHNsI CUCTEMY aireOpanye-
CKUX YPABHEHMIA:

80 80

so _ Kppxy x; 80 80,
Afs = -———L o~ CarXa s
12t X

90 90
AFY = Kipxy x, 90 90
fo = _—_L 50— %arXa s
12+ X 3)
00 00
AR Kppxix, 00 00,
f.Y - L 00 _a21'x2 ’
2t X
$ ok
% _ Kpxyx;
12 — [
L, + xj

KOTOpasi COCTOUT U3 TPEX OJHOTHUITHBIX COOTHOIIICHUM
I paBHOCTCfI U YpaBHCHU:I UI1 HOTOKaflz B YCJIOBUSIX
AOMHYCTPUAJIBHOI'O PaBHOBECHUS U OJTHO3HAYHO pa3pe-
1aeTcs:

% 801 % 80 80 80 % 80

L. = Xy xy [ (Afy +00X) =[x, ]

2= 80 80 30 80 80, °
% %k

fhoxixp —xixy (Afy +05x,)

K _fikz(le"'xik)
12 — %k ’
X1 X

Xy \ Ly + x,
90 90
90 1| Kppxp x; 90
21 7) 90 _Aff (4)
Xy \ L +x,

00
BoiGop 0,; B KauecTBe HEW3BECTHOTO OOBSICHSETCS

TeMm, 9To mirst 20002005 rT. moka HeT HajesKHOH OICH-
K HU YIJIEPOJHOTIO IMOTOKA, OTBEYAIOIIEro 3eMIle-
NOJIL30BaHUIO, HM BEJIMYMHBI JJOMOJHUTEIBHOTO MO-
rnowenus akocucremamu [20, 21]. Bapranust nonHoi
SMUCCHH YTJIEpOfia U3 Ha3eMHOI OMOTHI 3a CUET aHTPO-
MOTeHHOIO TIOTOKA 3eMJIETIONB30BAaHNS BKITIOUAETCH,
TakuM 06pa3oM, B KO3(PUIIEHT O;. B Tabm. 2 mpuse-
[IeHb] BbIUKCIEHHbIE IO popMynaM (4) 3HaueHHs1 KO-
3 PUIMEHTOB NpH Bapuanusix 3HadeHuil Af; B 80-e ro-
MBI, a puc. 3 MOKa3bIBaeT AUANAa30H (DYHKIMOHAIBHBIX
3aBUCHMOCTEN (POTOCMHTE3a HA3EMHOW PAaCTHTEIHHO-
CTH OT cofiep:KaHus yriepopa B atmocgepe. 13 tadm. 2
BUJIHO, YTO BEJIMUMHbBI KOHCTAHTbI OJYHACBILICHNS L,
Ha HIDKHEM U BepxHeM mpepernax Af, oTauyarorcs B
2 pa3a, a UHTEHCMBHOCTb COBOKYITHOTO JIbIXaHUS Ha-
3eMHOI1 OMOTBI BapbupyeT ciabo. Y3 puc. 3 BUiHO, 4TO
pacyeT 10 U3BECTHBIM Pa3HOCTSIM JlaeT OoJiee aeKBaT-
Hble TpaduKy, YeM TOoIydaeMble TPH BbIYACICHUN
TOJIBKO TI0 IByM CXeMaM PaBHOBECHOT'O M COBPEMEHHO-
IO COCTOSIHHII, HECMOTPSI Jake Ha TO, YTO HA3eMHasi
61oTa B 4-pe3epByapHOl CXeMe COCTOUT U3 pe3epBya-
POB PaCTHTEIBHOCTH M TOYBBI, (PYHKIMOHUPYIOIIUX
HEOIMHAKOBO. Pe3ynpTaThl BHIUNCICHNSI HHTCHCUBHO-
cTell ocTanbHbIX MOTOKOB cucteM (1) u (1-M) nis pas-
HOBECHOT'O M COBPEMEHHOT'O COCTOSIHMI NPHUBENCHBI B
Tab. 3.

BA30BAS MOJEIb: CBOMCTBA
N JMHAMHUKA

HeotpunarensHsiil Konyc cemeiicta (1) mpu g, =0
UHBAapHAHTEH OTHOCHUTEJBHO JelicTBUs (pa30BOro IOo-
TOKa, TOCKOJIbKY ITpaBasi YacTh Ka>KAOI0 U3 YpaBHEHUMH

Taomma 3. KoadduimeHTsI HeHACHIIIIEHHBIX TOTOKOB MajonapameTpuiecknx mopenei (1) u (1-M)

KoacdmpenTsr Cucrema (1) B paBHOBe- | Cucrema (1) B coBp. co- | Cucrema (1-M) B paBHO- |Cuctema (1-M) B coBp. co-

HOTOKOB cuu 1o IPCC (2001), | crostauu o IPCC (2001), | Becun o IPCC (2001), | crostaum o IPCC (2001),
SCOPE (2004) SCOPE (2004) SCOPE (2004) SCOPE (2004)
Oly 1.3966 x 107 1.0411 x 1073 2.2705 x 1076 1.458 x 107
Ol13, Ol3; 0.11898 0.12264 7.7155 x 1072 9.7137 x 1072
Ol 3.1184 x 1072 3.1725 x 1072 3.1184 x 1072 3.1725 x 1072
Olas 3.9474 x 107* 3.9756 x 107 3.9474 x 1074 3.9756 x 107
Olay 2.5821 x 1076 2.5748 x 1076 4.5366 x 1072 4.6129 x 1072
Y Vi3 3.1335x 10°° 3.1405 x 1076 1.2821 x 107 1.3005 x 10~
Oly3 - - 9.5359 x 107# 9.5683 x 107
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HEOTpHUIaTEIbHA HA TOM TUIIEPIUIOCKOCTH, KOTOPAast OT-
BeUJaeT COOTBETCTBYIOIIEH HyJIeBol KoopauHate. Ecim
q4; > 0, TO HY>KHO paccCMOTPETh YPaBHEHHUE JITIS X, UTO-
Obl YOETUTHLCS B TOM, YTO WHBAPMAHTHOCTH TEPSIETC:
dx,
dt
HO, (Da30Basi TPAEKTOPHS MOKHUAET MOJIOKUTEIHHBIH Op-
TaHT. B TO e BpemMs MOKHO TOKa3aTh, YTo cucTemMa (1)
SIBIISIETCSI INCCUTIATUBHOM, T.€. JTF06asi TPaeKTOPHS C Te-
YeHNeM BPEMEHN OKa3bIBAE€TCSl BHYTPH IIapa C KOHEU-
HBIM PainycoM B (pa30BOM MPOCTPAHCTBE, UTO CBHJIC-
TENLCTBYET 00 ajieKBaTHOCTH Mojieim. B camowm fiede,

— 41 — Oy Xy + O34x3 < 0 ipu x, = 0, ceoBaTenb-

n-1 .
nyCctb w = Zi -1 % TOrAa CripaBEAJINBO HEPABECHCTBO:

I'MH3BYPT, 3ABAJIMIINH

—0lyy

qa
) < — + M = const, 94TO 0OeCIIeYNBAET ACUMII-

Oly;
TOTHYECKYIO OTPAHUYEHHOCTh TPAeKTOPUI COKpaIlleH-
HOM cucteMbl. OTCIOAa TakKKe BUHO, YTO aHTPOIIOTEH-
HbIE€ BBIOPOCHI MOXKHO NPECTABISATh TOXE JIMHEMHOM
(pyHK1LIHET JOHOPHOrO TUIIA, KaK U €CTECTBEHHBIE, C IIe-
PEeMEHHBIM KO3(h(PULIMEHTOM Ol : B 9TOM Ciydae pe-
3epByap X, TepsAET YIIepoj SKCIOHEHIHMAIBHO, a He
JIMHENHO, KAaK NPU HaJW4yul KOHCTaHThI. [ToaTomy B
manbHeneM OyaeM paccMaTpuBaTh cuctemy (1) 6e3
CJIaraeMoro ¢, iMesl B BUAy, UTO apaMeTp Ol U3Me-
astetcst oT 1.3966 X 107 u BbIIIE ¢ COBPEMEHHBIM 3Ha-
yenneM 0.0010411, oTBevyarouM BETUUYMHE aHTPOIO-
reHHbIX BbIOpocoB 7.2 I'TC/rop ans 2005 r. To ke camoe

+Ce

dw MOYHO CKa3ath 1 0 Mogedn (1-M).
I + 0y W < Gyp + Oy M — OlayXz < gyy + 0y M. (1-M)
Cucrema (1) umeer mapy paBHoBecuit Buga x\V =
CoOOTBETCTBYIOIIEE €My HEOJHOPOJAHOE IJIMHEHHOEe 1 3
yrom y RHOPOR = [x(l ' 0 x(, )], Ha3bIBAEMBIX aTMochepHO-OKeaHnye-
ypaBHEHNE UMEET PELICHUE BUA W = (gﬂ + M) (1 + CKUMM, 1 HETPUBUAJIBHOEC PAaBHOBECUE C HEHYJICBBIMU
Olyy KOMITOHEHTaMU X\, BBIYHCIIIEMOE 110 (hOpMYyJIaM:
@ _ Lip(0y +053)
X = K—’
12~ Opp — Olos
@ _ Ol [ M 0Lp3(K 5 — Oy — Olyz) — (Olyz — 0Ly3) Ly (0lyz + 0Ly ) ]

O34 (Olgz + Oty ) (K15 — Olyy — Ogz) + Oy [0l (K — Oy — OLp3) + V31 Ly (0lgs + 0y ) ]

&)

=
N
|

) 1 [ @
= — | xy| Oy +
a[3(34'Y

Ly (0, + 0‘23))
23

31
Ky, — 0, — 0Oy

B nounpgycTpranbHOM COCTOSTHUM OHO SIBJISIETCS YCTOM-
YUBBIM Y3JI0M, T.K. COOCTBEHHbBIE YHCIIa €r0 MaTPHIbI
SIko6u paBHbI —0.0326, —1.4 x 1075, -0.00245. BpemeHna
penakcanui K 3TOMY COCTOSIHHIO NPH YCIOBUM Tpe-
KpallleHNs1 TOCTYIUIEHUS] aHTPOIOTeHHOrO yIyiepoaa
u3 nurocepbl B aTMoOchepy CHIBHO pa3iInyaroTcs
ISl pa3MYHBIX pe3epByapoB. B armMocdepe momnpuy-
CTpHAJIbHOE PAaBHOBECHOE COfIEP>KaHNUE yIJIepofa BOc-
CTaHaBJIMBAETCA B CIy4yae OfHOKPATHOIO BO3MYIIICHUS
npuMepHo 3a 1200 net (puc. S5a), mocne 4ero nepepac-
IpefieJieHue U3UIIKOB YITIEpofa POUCXOAUT TONBKO
Me3Kly Ha3eMHOI OMOTOI U OKEaHOM, KOTOPBIM HY>KHO
cootBeTcTBeHHO 250000 net (puc. 5) u 150000 net
(puc. 6), a muToChepHBIN 3amac, KOTOPBIA B TAaHHOM

Ly (0y, + 0‘23)}

— O3
Ky — 0, — Olys

cilyyae CUMBOJIM3UPYET JIOHHbIE OTIIOXKEHUSI M BYJIKa-
HUYECKUN YTIIEPOJ, BOCCTAHABIIMBAETCS €Ille MEMJICH-
Hee (puc. 6r) B CIIIy MaJIOCTU €CTECTBEHHBIX IOTOKOB
OCa’KJICHUs Ha THE OKEaHOB M BYJIKAHMYECKHUX IMaHa-
mit. OgHAKO MPOLECC BOCCTAHOBIIEHNS TIOUTH JIMHEN-
HBII ¥ MIMEeT KBa3WCTAIMOHAPHBIN XapaKTep Ha Bpe-
MEHax mopsiika aecsatwieTnit (puc. 4a—6a). OTmMeTHM,
YTO B OTCYTCTBHE aHTPONOT'€HHBIX BHIOPOCOB JOUHAY-
CTpUAbHOE PAaBHOBECHE YCTAHABIMBAETCS M B TOM CITy-
yae, KOrjia CUCTeMa CTapTyeT W3 HauyaJlbHBIX YCIIOBHUI,
COOTBETCTBYIOIIIX COBPEMEHHOI CUTYaIIH.

Martpuua Axo6u cucremst (1) 7151 HETPUBUATBHOTO
PaBHOBECHUS UMEET BHI:

(2) (2)
KLipx; 2 12X1 2)
— Oy —0(13——(2)2+Y31 3 — Oy — o T O YaiXr — Oy
abc (Lip+x17) 12t X
2) _ —
J doo|= KppLppxs) ; ©)
fegh (2)42 0 0
§ (Lip+x17)
(2) (2)
L i3 — Y31 X3 O3 — V31X — Ogy
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a ee XapaKTepPUCTHIECKOE ypaBHeHHUE A + kA% + kA +
+ ky = 0 c BeIpaxkeHueM KoapuIMEeHTOB Yepe3 mnapa-
METPbI CUCTEeMBI: k, = —(a + h), k; = —(bd + ¢f— ah), k, =
= d(bh — cg). JInnwns, oTBevarolast paBeHCTBY ky = d(bh —
—cg) =0, Ha IIOCKOCTH apaMeTPOB (O, M) OTBEeUaeT
noTepe YCTONYMBOCTH CTAIIMOHAPHOTO PEIICHUs Yyepe3
nepeceueHre WK CIMSIHAE C OHAM 13 HEYyCTOMUBBIX
aTMOC(hEepHO-OKEAaHNUECKIX PABHOBECHIA:

L5(04 + 03)

M = Z12{0m ¥ Ozs) N
Ky — 0 — Olys

+ 0ly3(0lzy + Olyy)
Oy (O34 (Kp = Olyy — Olyz) + V31 Lip (0l + 0L3))

— 04597 + 0.022701

Olyy
KpyroBopoTa. [JonHaycTpuagbHOE paBHOBECHE TEPSI-
€T YyCTONYMBOCTD HIKe rpaduKa 3Toi (PyHKIUH, T.€.
MIPU COBCEM MaJIbIX 3HA4YEHMSIX OOIIell Macchl yrie-
pona B cucteme (M < 10000 I'tC). JIunnsa poxaeHust
aBTOKOJeOaHUil BbIpaXKaeTcsd M3 paBeHCTBA R, =
=kyk, — kg =—(a + h)(ah — ¢f) + d(ab — cg) u He npu-
CYTCTBYET B MOJOXHUTEIBHOM OpTaHTE MapaMeTpH-
YECKOH IIOCKOCTH.

IIPY COBPEMEHHBIX TapaMeTpax

J[mHaMuKa 3amacoB yriepopa B arMocgepe, Ha3eM-
HOI OMOTE ¥ OKEAHE MPU NOCTOSIHHO JICUCTBYIOILIEM aH-
TPOIIOI'€HHOM TIOTOKE C MHTEHCHBHOCTBIO HAa YPOBHE
90-x rofoB MOKa3aHa Ha pHuc. 7, IJie 3a HyJIEBOI MOMEHT
BpeMeHU npuHAT 1999 r. Mopiennb NOKa3bIBAET, YTO aT-
MocepHOe cofiepsKaHue YIiaepoia Ha MPOTSKEHUH
100 net Bo3pacraet o ypoBHsa 830-850 I'tC (puc. 7a),
a 3aTeM IUIaBHO [IaJjaeT O HOBOT'O CTAl[MOHAPHOI'O 3Ha-
yeHusa 655-675 I'tC B Tteuenmne npumepno 2000 met
(puc. 76). B aToM ciiydyae MakCMMaJIbHO JJOCTUTaeMOe
yepes3 6575 jeT aTMocepHOe cofiepsKaHue yriaepoya
npesblitaeT copeMenHoe Ha 80—100 I'tC (11-13%), a
Ha3eMHas OMO0Ta ¥ OKeaH IOTJIOIAOT U3JIHMIIKHI aHTPO-
MIOIeHHOT'O YITIEPOAa JaxKe IPH TOM, YTO OTOK aHTpPO-
MOreHHBIX BBIOPOCOB HE OclabeBaeT co BpeMeHeM. 3a
nmoutu 5000 et nurocdepHble 3amachkl HCKOMAEMOTO
TOIIJINBA UCCSIKAIOT, a COfiep>KaHue yriepoya B IOYBEH-
HO-pPacTUTEIHLHON CHCTEME U OKEaHe CTa0MIIu3nupyeTcs
Ha ypoBHsix 8880 1 40670 I'tC cooTBETCTBEHHO, IPEBBI-
maronmx coBpeMennblii B 2.33 u 1.05 pasa (puc. 78, 7m).
CocrosiHue, Ha KOTOpO€E BBIXOAUT KPYTOBOPOT, ONpefe-
JSIETCSl B IEPBYIO OuYepefb MCTOIIEHUEM MCKOIAaeMOro
TOIUIABA, YEM HEJMHENHBbIM XapaKTepOM B3anUMOJEH-
CTBUI BHYTPH CHCTEMBI, YTO MOATBEP>KAAETCS BHIYUCTIE-
HHEM CTalIOHAPHOTO COCTOSIHUSI BO3MYILICHHOW CHCTE-
MbI TIo popmyaam (5) X = [653.21; 8842; 41665] I'tC.
HazemHuas OuoTa moryomaeT aTMocepHbIil 3amac
yraepopaa 6oJjiee MHTEHCUBHO, YEM OKEaH, 4TO SIBJIS-
eTcsl CIIEICTBUEM OTCYTCTBUS yUueTa HacChIILEHUs IO
Ha3eMHON OmoMacce B MOTOKOBOH (pyHKIHUHU fi,. Co-
OTBETCTBEHHO YBEJIMYMBAETCS W HOTOK U3 MOYBBI U
PacTUTEIBLHOCTU B aTMOC(epy, OTBevaroluil aBTo-
TpopHOMY ¥ TeTepOTPOPHOMY [BIXaHHIO PACTH-
TEJBHOCTH U TIOYBBI.

MN3BECTUSA PAH. PU3UKA ATMOCPEPHI 1 OKEAHA
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TpaekTopust 3anaca B atMmocgepe
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Puc. 4. 3anace! yruepopa (I'tC) B atmocdepe B TeueHne
500 (a) 1 10000 (6) neT mocne OJHOKPATHOTO BO3MYIIE-
HUS JOMHYCTPHAJILHOTO paBHOBecus B Mopienu (1).

YyBCTBUTENHHOCTH IMHAMUKH 3aM1aCOB B pe3epBya-
pax IpH IIOCTOSIHHOM YPOBHE aHTPOIIOT€HHBIX BBIOPO-
COB K BapHMaly pa3HOCTH OOMEHHBIX MOTOKOB aTMO-
cepa—HazeMHasi OMOTa MOXKHO MPOCIEANTH IO PHC. 8:
BEPXH:Isl KpHUBasl OTBeYaeT KoappuuueHTaM oToka fi»,
BBIYMCIICHHBIM 110 paBHOBeCHOfI 1 COBPEMCHHBIM CX€-
MaM KpyroBopoOTa, HU>KHsIA CIVIOIIHAs! JIMHUS ITOJTyJEHa
[JIs1 3HAYECHWI, HAliJICHHbIX YTOYHEHHBIM CIIOCOOOM IO
(4), a ocranbHBIE /IBa BApHAHTA TIOTYYEHBI /IJI51 HUDKHEN
1 BepXHell TpaHuIl M3MEPEeHHON pa3HOCTH f, — f>;. Buj-
HO, YTO TIpH GoJiee rpy6oit KammOpoBKe KO3 puImeH-
TOB (pOTOCHHTE3A (YUTEHbI OLEHKH IIOTOKOB U 3a11acoB
B [IBa MOMEHTAa BPEMEHM) aMIUIUTYa PEaKLd aTMO-
chepHOro 3amaca Ha IIOCTOSIHHBIN aHTPOIIOTCHHBIN BbI-
Opoc Oombllie, YeM B Cly4ae HMCIOJIb30BaHUS OLEHOK
pasHoOCTeNl NPOTHUBOIOIOKHBIX IIOTOKOB AJISl TPEX MO-
Ne 6
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TpaekTopus 3amaca B Ha3eMHO OMOTE
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Puc. 5. 3anace! yriuepopa (I'tC) B HazeMHoii 6uoTe B Teyenue 500 (a), 10000 (6), 100000 (8) u 500000 (r) neT nocae ogHO-
KpaTHOT'O BO3MYILIEHUS JOMHAYCTPHAILHOTO paBHOBecusl B Mopienu (1).

MEHTOB BpeMeHHU. MaKciMyM Auana3oHa peakiyuy at-
MOC(EpHOro 3amaca yriepopa Npu BapbHUPOBAHUH
caMoit ouenku paszHoctu st 80-x romoB XX Beka
(0.9 I'rC) cocrapnsier noutu 200 I'tC (myHKTUpHbIE
KPHBBIE), YTO CBUAETEILCTBYET O NOBOJIBHO BBICOKOM
YYBCTBUTEJILHOCTH OTKJIMKA YIJIEPOJHOrO UKIIA Ha aH-
TPOIIOr'€HHOE BO3MYyILEHUE K KO3(hpuuueHraM morio-
LLIEHNS yIIIepofia Ha3eMHO OUOTOI U3 aTMOCEPHI.

Y croiiuMBOCTh aTMOC(EPHO-OKEAHUYECKUX CTalH-
OHAPHBIX COCTOSIHUIA, IPU KOTOPBIX YIJIEPON B HA3eM-
HBIX 3KOCHCTEMax OTCYTCTBYET, ompefensercs ¢op-
MOI1 B3anMopIeficTBrsT okeaH—aTMocdepa. [1pu Berumc-
JIEHHbIX 3HAYEHUSIX MapaMmeTpoB cucTeMbl (1) aTH
TEOPETHIECKN BO3MOXKHbBIE PAaBHOBECHS] KOMIUIEKCHBI
U HE PEau3yroTCs.

MN3BECTUSA PAH. PU3UKA ATMOCOEPEI 1 OKEAHA

OYHKUNMOHNPOBAHWE MOJEJIN
C MAIJIBIM JEATEJIBHBIM CJIOEM OKEAHA

CormacHO CcOBpeMEeHHbIM TpepcTaBiaeHusM [20],
Macca yriepofia BEpXHEro KBa3MOTHOPOJHOIO CIIOS
OKeaHa oneHuBaeTcsd BeanurnHamu nopsaka 1000 I'tC,
a TIOTOKHW, XapaKTepHU3YIOIINe BePTUKAIBHBIN OOMEH
Me3K/ly IOBEPXHOCTHBIM U ITyOOKUM OKEAaHOM, IPHHU-
MAarOTCs KaK JIOHOPHbIC W OICHUBAIOTCS BEJIMUMHAMMU
40-42 I'rC/rog (puc. 26). ITOMY COOTBETCTBYIOT KO-
(punmeHTH1, MpUBeeHHbIe B Ta0. 3. Kak u B 6a3oBoit
cucreMe (1), MOMHAYCTpPHUAIILHOE COCTOSIHUE SIBISIETCS
YCTOWUYMBBIM PaBHOBECHEM, HO BpeMeHa peJlaKcalid K
HEMY CYILIECTBEHHO MEHBIIIE U1 OMOTHI CYIIIM U OKea-
Ha, YeM €CJIU BeCh OKEAaHCKHI pe3epByap BOBJICUCH B
aKTHBHOE B3amMojielicTBue ¢ aTMocdepoii (puc. 9). He-
Ne 6
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TpaEKTOpI/IH 3ariaca B OK€aHE
4
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Puc. 6. 3anace! yrnepopa (I't C) B okeane B Teuenue 500 (a), 10000 (6), 100000 (8) u 500000 (r) net nociie ORHOKPATHOIO

BO3MYILICHUS JOMHTYCTPHAILHOTO paBHOBecus B Mopienu (1).

BO3MYILIEHHAsl CHCTEMa BO3BpalllaeTcsl K JOUHAYCTpPH-
albHOMY COCTOSIHUIO B CPEIHEM 3a HECKOJIBKO JECsT-
kOB JeT. IHOe nmoBefieHne AEMOHCTPUPYET KPyTrOBOPOT
C MOCTOSTHHBIM BO3MyIleHreM Ha yposHe 7.2 I'tC/rop: B
OTJINYKE OT MOJIENH C TIOJTHBIM OKEaHOM, COofiep>KaHue
yriiepofa B BepxHeM cioe magaeT go 925 I'tC 3a
2000 meT, m XOTsd BeJIWYMHA NajeHUST HEe3HAUNTEIbHA,
MOXHO CKa3aTbh, YTO AKTUBHBIN CIOW OKeaHa CTaHO-
BUTCSI JOHOPOM YIJIEPOJia, IEPEHOCHMOT'O B Ha3€MHBbII
MOYBEHHO-PACTUTEIIBHBIN KOMIUIEKC Yepe3 aTMocde-
py. [JJuHamuka 3anacoB B aTMocgepe U Ha3eMHO O1O-
T€ B 3TOM ClIydae aHaJOTHYHA MOJIEIUPYEMOH JIJIs TTOJI-
Holl cuctemsl (1) (puc. 7a, 7). Takum oGpa3oM, cre-
NIEHb BOBJICYEHUS] OKEAHCKOT'O YIIIEPO/ia B INIOOAIBHBIN

MN3BECTUSA PAH. PU3UKA ATMOCPEPHI 1 OKEAHA

KPYroBOpOT BIIMSIET Ha COfiepXKaHME yIiiepofa B BOJ-
HOMH TOJILLE U HAIlPABJICHAE HETTO-OOMEHA Ha FPAHMLE
okeaH—aTMocepa. UuCIeHHBI KCIEPUMEHT MOKa-
3aJ1, YTO BBIOOP NMOTOKOBBIX 3aBHCHMOCTEN B Tape
{fi3>» f51] HEe oka3bIBaeT CYIIECTBEHHOTO BIMSIHUS Ha
AUHAMUKY COfiep3KaHHUs YITIEPOyia B OCHOBHBIX PE3epPBY-
apax, KOTopasi OCTaeTcsl TaKOM K€, €CII IOMEHSITh TH-
bl YIpaBJIEHNUsI 3TUMH NOTOKaMM MeXy coOoW, ce-
JaB TEpPBbII W3 HUX BOJBTEPOBCKAM, a BTOPOW
TOHOPHBIM (f}3 = V13X X3, f31 = Ol3;X3). [lJ11 aTOrO Ciny4as
PaBHOBECHbIE COOTHOILIEHUS JJAalOT CTal[MOHApHBIE CO-
CTOSTHHAS TOTO Ke Twma, 9To u B Mogenn (1). ITomHo-
CTBIO HETPUBHAIILHOE PaBHOBECUE UMEET BHI:

Ne 6
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TpaekTopus 3anaca B atMocgepe
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Ha3zeMHoOU 6uoTe (B, ') 1 okeane (J1, €) B Teuenue 500 u 2000 net mop

1 THTCHCUBHOCTH C BCIIMYUHO

MN3BECTUSA PAH. PU3UKA ATMOCOEPEI 1 OKEAHA

6p0COB MIMOCTOSAHHO

50 100 150 200 250 300 350 400 450 500
3HaveHus 3amaca Ha Hadajao 2000-x rogoB.

0

Puc. 7. 3anace! yrnepopa (I't C) B atmocdepe (a, 6),
HeiCTBIEM aHTPOIOTEHHBIX BbI
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@) Lp(0; + 01p3)
xl =,
Ky =0, — 0y
(2)
MO O3 (0L + Olyz) (M —x77)
3 - ’
L5(0lps + 0lyy) (7)
O34 (Ol + Olyy ) + (Ol + 0‘43)[0523 + 03 — 713——“_‘__}
Ky — 03— 0y
2 1 L5(0y; + 0ly3) Yi3L12(0h) + 053) (2)
X" = —-———-—-—-———[a“(E—-—-—-———-—-——-—-———M | O3y + Olgy + Olyz — % X3 }’
Olyz — Olys 12— Oy — Op3 12— Oy — Olp3
M €r0 YCTOMYMBOCTD ONPEJEISIETCSI KOPHSIMH XapaKTe-
PHCTHYECKOTO YpaBHEHUS MATPUIlbl SKOOH:
i (2) (2) ]
K,Lpx; (2) 12X1 ()
— Oy —0Oy3— — o2 Y% Oly; o T G —(Yi3x] — Oy + 03))
abec (Lip+x,7) 2t X
(2)
JM = d O O = K12L12x(22) s (8)
—_— 0 0
(2)\2
fah (Lo + 1)
(2) (2)
L —Olyz + V1343 Oz — Oly3 Yi3X1 — Oz — Olgg — Olygs)

A+ kA2 + kA + ky = 0, Koo puImeHTH KOTOPOro
BBIPAXKAIOTCSl Yepe3 3JIEeMEHThl MaTpHULbl Tak Ke,
kak B mofenu (1). Koaddunuentsr xapakrepuctu-
YEeCKOTO YypaBHEHUS! [alOT BbIPaXKEHUS T'PaHMUI]
ycToiiumBOCTH O Kputeputo Payca-I'ypsuna. JIn-
HUS KPATHOCTH k, = d(bh — cg) = 0 HeTpUBHATBLHOTO
PaBHOBECHS COCTOUT M3 ABYX YacTel, OJHa 13 KOTO-
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PBIX OTBEYaeT paBEHCTBY x(zz) = 0 ¥ neXXuT BHE TO-
JOXKUTEJIBHOTO OPTaHTa MapaMeTPUUECKON IJIoc-
KkoctH (04, M). IloaTomy, Kak u B cinyyae mopenu (1),
TOWHAYCTPUATBLHOE PABHOBECHE SIBIISIETCS] YCTONYIM-
BBIM y3JIOM M OCTA€TCSl UM IIPU aHTPOTIOTE€HHOM BO3-
MYIIIEeHUH.

TpaekTopust 3anaca B arMocdepe
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Puc. 8. Jlunamuka atMocgepHOro yrieposa Hoj| AeCTBIEM aHTPOIIOT€HHBIX BEIGPOCOB IIOCTOSIHHOI MHTEHCHBHOCTY C BEJIMIH-
Holt notoka 7.2 I'rC/rop B Mopenu (1) pu pa3HbIX 3HAUEHUSIX KO3 PUIHEHTOB (poTocuHTe3a K|, 1 L 5. CryoniHast TuHus — oc-

HOBHBIE K03(h(pUNKEHTHI IO hopmyIte (4), mTpuxoBast — 110 (3), MyHKTUPHAS U MITPUXIYHKTHPHAS — 10 MAKCAMAJIBHBIM U MU-

HUMAaJbHBIM 3HAYEHUAM pa3sHOCTH Af; (Tabm. 1).

MN3BECTUSA PAH. PU3UKA ATMOCPEPHI 1 OKEAHA
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Puc. 9. 3anace! yraepona (I'tC) B atmocepe (a), HazemHO# 6uoTe (6) 1 okeane B Tedenue 500 et nociae OMHOKPATHOTO BO3-
MYIIICHHS] JOMHAYCTPHATBHOTO paBHOBecHs B Mofienn (1-M) ¢ akTHBHBIM clIOoeM OKeaHa. [JuHaMuKa yriiepoaa B BEpXHEM aK-

THBHOM cJoe (T) IIpU MOCTOSIHHBIX BbIOpocax ypoBHs 2000 r.

INHAMUKA KPYT'OBOPOTA YITIEPOJA
TP 3AJAHHBIX CUEHAPUAX
AHTPOIIOI'EHHBIX BBIBPOCOB

IIpencrapnsieT MHTEpeC UMUTALMOHHOE HCCIIeoBa-
HHE TIOBEfIeHNs IIUKJIa YIiiepofia Npy JISUCTBUY CLieHa-
pueB BBIOPOCOB, npegycMoTpeHHbIx MIDUK [15].
¥Yno0OHo nofkIroyaTh cueHapuii K MogessM (1) u (1-M)
yepe3 U3MEeHsIeMbI B KaXbIil MOMEHT BPEMEHU UHTE-
TPUPOBaHUS apaMeTp ¢,; Ha MHTepBajie oT 1859 mo
2100 rr. Ha puc. 10 noka3aHbl TpaeKTOpUX U3MEHEHUAN
3aracoB YIJIepofia B MOJIENIBHBIX pe3epByapax Mof Aeii-
crBueM cueHapueB SRES A1B, A2, B1, B2. Bkntouenue
[IOTOKA, OTBEYAIOLIETO 3eMJIENIOJIb30BAHUIO, HE IIPUBO-
[UT K CKOJIBKO-HUOYAb CYIIECTBEHHBIM U3MEHEHHUSIM B
AMHAMHKE 3TUX 3amnacoB. [lofkirodeHWe BEIUYNH
9MHCCUH YITIEPOAa B 3TOM IIpOLiECcCe IO TEM K€ ClLieHa-
PHSIM peaniu3yeTcsl C TOMOIIIBIO TIOTOKA ¢, AOTIONHSIIO-
LIEro MOTOK JIbIXaHUS! PACTUTENBHOCTH U MOYBHI f5 B

MN3BECTUSA PAH. PU3UKA ATMOCOEPEI 1 OKEAHA

KaKiblii MOMEHT Bpemenu. OOpariiaeT Ha ceOsi BHUMa-
HHUE TOT (PaKT, YTO €CNU AMHAMHKA YIiepofa B aTMO-
cepe MeHsIeTcs OT ClieHapHs K clieHaputo (puc. 9a, 90),
TO Ha3eMHasi OMOTa BO BCEX CIyvasix s 00eux Mojie-
JIedl TIOTJIOMIAeT aTMOC(EPHBIN YIiIepod MOHOTOHHO
HE3aBUCHMO OT KOJIMYECTBA €TI0 U3JIMIIKOB, IIOCTYIIHB-
HIMX 13 JUTOC(EPBl, HO JHIIEL C PA3HO MHTEHCHBHO-
creio (puc. 106, 116). 310 Takke 0O0yCIOBIEHO OTCYT-
CTBHEM SIBHOII OOpaTHOM CBSI3M MEXHAY COfEp>KaHUEM
yIiiepofa B Ha3eMHBIX 3KOCUCTEMaX U MOTOKOM (POTO-
CHHTE3a TP ( = X,, KaK U IPY IIOCTOSTHHOM YPOBHE BbI-
6pocos. [loBefenne yriaeposa B OKeaHe U O3epHO-pey-
HOH cucreme pasnuyHo st mopenei (1) u (1-M), xors
U OHOTHIIHO 7151 BCEX CLICHApUEB: NIepBast IEMOHCTPHU-
pyeT yObIBaHUE COfep:KaHMsl YIJIepofia B OKeaHe [0
ypoast 38650-38680 I'rC B 2100 1. IO CpaBHEHWIO C
coBpeMeHHBIM 3HaueHneM 38728 I'tC, a BTopast — no-
BBIIICHHE COMlEP>KaHUSI B BEPXHEM aKTHBHOM CJIO€ C
Ne 6
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Puc. 10. Kpatkocpo4nasi AMHAMIKa 3a11acoB yIepoia B OCHOBHBIX pe3epByapax st mopenu (1) mop aeficTBueM pas3HbIX CIe-
HapHeB aHTPOIOTEHHBIX BEIOPOCOB, TpeycMOTpeHHBIX oTyeToM MI'OUK [15]: a — atmMocdepa, 6 — HazeMHasi OMOTa, B — OKe-
aH, I — Ha3eMHas OuoTa Ipu yueTe 3eMienonb3oBanus. Cuenapuu BeiopocoB SRES A1B, A2, B1, B2.

seiHenHux 928 I'tC no 10501320 I'rC. B nepBom ciy-
yae MOIJIOUICHNE YIiepoaa pacTylleil Ha3eMHOi pac-
TUTEJIBHOCTBIO TIEPEBELIMBAECT BO3[ECHCTBHE OKEaHA,
KOTOPBIi cTaHOBUTCS cnadbiM ucroynukoM CO,, a BO
BTOPOM BEPXHHMI KBa3WOJHOPOMHBIA CJIOH aKTUBHEE
MOTJIOIAET U3JMILKU aTMOC(HEPHOTO YIIIEPOAa, SIBIIS-
sICb WX CTOKOM. KaknpIii u3 BapmaHTOB OOBSICHUM B
paMKax COOTBETCTBYIOILIEN MOJENH: MHEPIMOHHOCTD
MIOJIHOTO OKeaHa He JlaeT eMy ObICTPO pearnpoBaTh Ha
MIOCTOSIHHO BO3pAacTaroIIe aTMOcepHbIE BBIOPOCHI, U
Ha3eMHasi OMOoTa yCIIEBAeT YCBOUTH OOJIbIIE YINIEPOAa,
B TO BpeMsI KAK BEpXHUI aKTUBHBIN CJIOM MOXKET pearu-
poBaTh Ha Harpy3Ky ObicTpee. CpaBHeHMNE KO3 UI-
€HTOB MHTEHCUBHOCTEN MOTOKOB f]3 U f3; HOATBEpXK/A-
€T 9TOT BbIBOA. [IMHaAMUKa cOflepKaHusl yriepoja B
BEpXHEM CJIO€ pa3jMyHa Il Pa3HbIX CIEHApUEB: MPH
cueHapusix A2 u B2 oHO pacTeT MOHOTOHHO JIO 3Haue-
Huit 1320 u 1130 I'tC, a B cuenapusix A1B u B1 yBe-

MN3BECTUSA PAH. PU3UKA ATMOCPEPHI 1 OKEAHA

JWYUBAETCS MO0 Makcumyma c BenuumHamu 1110 u
1170 I'rC B nepuop 2060-2080 rr. u 3aTeM HafaeT K
2100 . o 1060 m 1155 I'rC cooTBeTcTBeHHO (puc. 11B).
IToBenenne aTMocepHOro pe3epByapa Takxke 3aBU-
CHUT OT KOHKPETHOTO ClIeHapusi B 00euX MOJIETISIX U HO-
CHT Ka4YeCTBEHHO MMPOTHBOMOJIOXKHBIN XapaKTep: B MO-
menu (1) MOHOTOHHOE BO3pacTaHue aTMOC(EPHOTO COo-
IepKaHus XapakKTepHo sl cueHapueB A2 u B2, a B
mopienu (1-M) ¢ BepXHUM aKTHBHBIM ciioeM — Juist A1B
u B1l. Hanpotus, geiictBue cueHapueB A1B u B1 npu
HAJIMYWW MOJTHOT'O OKEaHa BeJeT K JOCTIKEHUIO MaK-
cUMyMa aTMOC(EpHOro 3amaca U MOCJeAYIoIEMY ero
CHIDKEHMIO, KaK | Ipu creHapusax A2 u B2 B cinyyae
BEPXHETO akKTUBHOrO ciost (puc. 10B, 11B). Takum 06-
pa3oM, COGCTBEHHAs TPAEKTOPHS TIOTOKA aHTPOIIOTEH-
HBIX BBIOPOCOB, MOHOTOHHAsI TOJBKO JJISI CLiEHApUEB
A2 u B2, He Bcerga oqHO3HAYHO BI€UYEeT MOHOTOHHBIN
POCT cofiepsKaHUs yrieposia B atMocdepe, B YeM Ipo-
Ne 6
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Puc. 11. To xe, yto Ha puc. 10, ans mogenu (1-M) ¢ BEpXHUM aKTHBHBIM CIIOEM OKeaHa.

SIBJISIETCS HEJIMHEWHBINA XapaKTep B3auMOJIEIICTBUS OC-
HOBHBIX PE3€PBYapOB CUCTEMbI 1 OTPAXKAETCI CBOCOO-
pa3HbIil 9(p(PeKT KOHKYPEHIMH Ha3eMHOWl OWOThI H
oKeaHa 3a atMocepHblit yraepon. Ha puc. 10r u 11r
MOKa3aHa peakuys Ha3eMHON OMOThI HA BKJIIOUCHHUE
3€MIIETIOB30BAHMS: B IEPBOM CJIy4ae UMEET MECTO I0-
YT MOHOTOHHBI POCT 3aIacoB YIIIepoyia, a BO BTOPOM
OH HAYMHAETCS TOJBKO OT COBPEMEHHOT'O MOMEHTA.
Mopenb N0Ka3bIBAET, YTO MPUPOCT YIVIEPONA B HA3EM-
HOIl 6MOTE MPEBBIIIAET MOTEPHU, CBSI3aHHBIE C BBICBO-
0OXJEHUEM YIIIepOfia P 3€MJIETIONb30BAHUY, OTHAKO
IS IOATBEPXKAEHUS WK OIPOBEPXKEHNS 3TOTO BbIBO-
1a Hy>KHO MEPENTHU K OIIOKOBOI CXeMe C pa3cIeHHbIMU
MOYBOI U PACTUTEIBLHOCTBIO.

BbIBOJbI

Onucanue r106aapHOro YrIIEPOAHOro IUKJIA ¢ Io-
MOIIBIO 3aMKHYTO MaJIoMapaMeTPUIECKOl OJII0KOBOM

MN3BECTUSA PAH. PU3UKA ATMOCOEPEI 1 OKEAHA

MOJIeN JlaeT afecKBaTHOE KauyeCTBEHHOE U KOJude-
CTBEHHOE (IIpH aKKypaTHOI KaTuOpOBKE), MPEiCTaBIIe-
HHE O (PYHKIMOHUPOBAHUY 3TOT'O IIUKJIA U €r0 PeAKIUU
Ha aHTPOIOT€HHbIE BO3MYIIEHHUSI.

BbazoBas GiokoBast cxema Mofienu ¢ 4 pe3epByapa-
MU MOKET CITYKUTh OCHOBOI IIEJI0 MOCTIEIOBATEIHHO-
CTH aHAJIOTUYHbIX MOJIEJIEN, B KOTOPOH KaKfasi mocie-
AyIOIIasl OTIMYAeTCs OT NMPEABIAYIIel Ha OfuH pe3ep-
Byap. Ilpm 3TOM COBOKYMHOCTH XapaKTEPHBIX IS
MOTOJTHUTEITLHOTO pe3epByapa MOTOKOB IOOABISET K
KapTUHE JUHAMUYECKOTO TIOBEJICHUSI YITIEPOIHOTO
[IMKJIa HOBLIE IETAJIU U CBOICTRBA.

MaJIOHapaMeTpI/I‘-IeCKI/IC MOJICJIA B CUITY 0COOEHHO-
cTell cBoen KOHCTPYKIHWH HE IMO3BOJIAOT OIMACATH ITO-
TEHIUAJIBHO BO3MO2KHbIE TUHAMNYCCKUE PEXKUMBI, OT-
JIMYHBIC OT PaBHOBECHLIX U NNEPEXOJHBIX MEKNTY HUMU.

HecMmoTpst Ha HETMHENHOCTH OCHOBHBIX B3aUMOJICH-
CTBHIA, 6a30Bast MOJIENb C POCTHIM HAChIILIEHUEM (pOTO-
Ne 6
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CUHTE3a JEMOHCTPUPYET OCTaTOYHO IPOCTOE MOBefe-
HHE ¥ TI03BOJISIET MO0 OIIEHNBATh BpEMEeHa PeJTaKCalin
YITIEpOHBIX Pe3epByapOB 3eMIIH B JOUHYCTPUATILHOM
paBHOBECHH, TNO0 HA0OOPOT, HaCTpanuBaTh KO3 pUu-
€HTBI TIOTOKOBBIX 3aBICUMOCTE TI0 M3BECTHBIM W3 Ta-
JIEOKJIMMATHUECKUX JAHHBIX BPEMEHaM pelaKCalliu.

PaBHOBecue B OTCyTCTBUE aHTPOIOIEHHbIX UCTOY-
HHUKOB YIJIEPOfja OCTAeTCd YCTOMUYMBBIM [JISI MaJIbIX
BO3MYILIEHUI KaK JIOMHAYCTPHAIBHOIO, TaK W COBpE-
MEHHOT'O COCTOSIHUS 711 0a30BOM MOJENN KPYTOBOPO-
Ta U 7SI CUCTEMBI ¢ MaJlbIM okeaHoM. IIpu duxcupo-
BaHHOM COBPEMEHHOM YPOBHE AHTPOIIOT€HHOH 3MUC-
CUM HA3€MHBIA IIOYBEHHO-PACTUTEJBHBIN pe3epByap
HOIVIOIIAET U3JIUIIKHA aTMOC(EPHOrO yIiIepofia Mocie
MOCTIDKEHUSI UM MaKCHMAJIbHBIX 3HAUYEHHWI IOPSAIKa
850-870 I'rC, crabunu3upys aTMocepHoe cofepxkKa-
Hue Ha ypoBHe 650 I'TC n yBenmuuBasics B 2-2.5 pa3sa.
Takoit a¢ppeKT pocTa Ha3eMHOU PaCTUTEITHLHOCTH CBSI-
3aH, BEPOSITHO, C TUIIOM IIOTOKOBO# (pyHKIMU (poTo-
CHHTE3a, B KOTOPOH OTCYTCTBYET CaMOOIPDaHUYEHHE
COfiEp>KaHus VYIVIEPOJa B PACTUTEIBHOM MOKPOBE.
Y4eT Takoro caMOOrpaHUuYeHUsl TpeOyeT nepexoia K
MOJIeJIY Ha eVHULYY OOJIbIIEN pa3sMEPHOCTH C pa3felie-
HHEM PaCTUTENBHOIO 1 IIOYBEHHOT'O Pe3epByapoB.

TToBenenne okeana B 6a30BOI MOJIEITA I B MOJICIIH C
aKTHBHBIM BEPXHHM CJIOEM OKe€aHa 3aMETHO pa3iinya-
ercs. bazoBast MOfIesTb IEMOHCTPHUPYET HOBBILLIEHHUE CO-
fep>KaHus yrilepofa BO BCEM pe3epByape, a MOAENb C
AKTUBHBIM BEPXHUM CJIOEM, HAIIPOTUB, MOKA3bIBACT
YMEHBIIIEHNE aKTHUBHOTO OKEaHCKOro pe3epByapa Io-
clle KpaTKOBPEMEHHOIO (Ha HECKOJIBKO JIECSTUIIECTHI)
BCIUTIECKA MOTJIOIIEHUS] UM aTMocepHoro yriepopa. B
MIEPBOM CITy4ae MOKHO CKa3aTh, YTO CyIlla ¥ OKEaH BbI-
€MIaf0OT aTMOC(EPHBIN YIIIepO, CIYXKAIAA UM pecyp-
COM, B OJJUHAKOBOM Mepe (XOTs U C pa3HOU MHTEHCUB-
HOCTBIO), @ BO BTOPOM CyIlIa TIE€pEBEIINBAECT CPABHU-
TENbHO TOHKHUII BEpXHHUII CIIOM OKeaHa H Jaxe
CIIOCOOCTBYET MepeKayke YIaepoa U3 Hero B pacTH-
TeJbHO-TIOYBEHHBIN pe3epByap. B cinydae 3ajanus no-
CTOSIHHBIX AHTPOIIOTE€HHBIX BBIOPOCOB MOTEHINATBHOE
PpaBHOBECHUE CHUCTEMbBI BBIXOAUT 3a IPEAEIIbI NJOIMYCTU-
MOl O0JacTH, a HOBBIX JUHAMUYECKHX PEKUMOB HE
BO3HHUKAET. TpacKTOpUM OCTarOTCSI MOHOTOHHBIMU KaK
B CJIy4ae OCTaHOBKH POCTa BbIOPOCOB, TaK U P UX Ha-
pacTaHuy 1o UcYepliaHus 3arnaca HCKOIaeMoro TOIUTU-
Ba. bonee pa3HOOOpa3HOE MOBEJECHUE CHCTEMBI Ha-
omropaercs npu npuMeHennu MI'OMK cuenapues an-
TPONOT€HHBIX  3MHCCUH, MNpPHYEM  TPAEKTOPHS
BEJIMYMHBI BLIOPOCOB BO BpDEMEHH HE 003aTEIBHO BJIE-
4eT 3a coO0OM YBEJIMUEHNE COfEPKaHNs YIIIepoya B aT-
Mocepe, KOTOPOE MOKET YMEHBIIATHCS IOCNE JOCTH-
SKEHISI MAKCUMyMa B Pa3HBIX CIECHAPUSIX, YTO 3aBUCAT
OT CTCIICHU BOBJICYCHHOCTH B KPYTrOBOPOT OKE€aHUYC-
CKOTO yTJepofa.

ABTOpBI GIarofiapHbl pelieH3eHTaM 3a PeKOMEHJIa-
[[WM, CMOCOOCTBOBABIIINE YIYUIICHAIO COMIEPSKAHNS 1
TeKcTa craTbu. PaboTa BBIMOTHEHA TPU MOAJCPKKE
PODPU (mpoekt Ne 05-05-65137a).
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Dynamics of a Closed Low-Parameter Compartment Model
of the Global Carbon Cycle

A. S. Ginzburg and N. N. Zavalishin
A.M. Obukhov Institute of Atmospheric Physics, Russian Academy of Sciences, Pyzhevskii per. 3, Moscow, 119017 Russia
e-mail: gin@ifaran.ru
e-mail: nickolos@ifaran.ru

Abstract—A closed dynamic compartment model of the global carbon cycle and its modifications with a small
number of external parameters, which are constructed on the basis of data on the current and preindustrial car-
bon fluxes and reserves in reservoirs, are studied. The first possible controlling parameter is the amount of an-
thropogenic CO, emission into the atmosphere. Closure in substance allows a decrease in the dimensionality
of dynamic models and yields another variable parameter — the system’s total mass, whose change reflects the
level of uncertainty in the knowledge of the amount of reserves. The calibration of unsaturated fluxes in each
of the models is based on an algorithm developed earlier for local ecosystems, and the measured differences
between the fluxes opposite in sign for several times are used to calculate the coefficients of saturated fluxes.
The model’s modifications make it possible to estimate the degree to which the oceanic active layer may be
involved in rapid exchange with the atmosphere and to introduce the factor of land use as an additional anthro-
pogenic effect. The time trajectories of carbon reserves in reservoirs are calculated until 2100 under variations
in anthropogenic emissions in accordance with the IPCC basic scenarios until 2100 for the basic model and its

modifications.
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