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[MpencraBiieHbl JaHHBIC O BIUSTHUY IJIOOAJBHOTO MOTEIUICHUST Ha aTMOC(epHOe BpeMsl )KM3HU HEYETHOTO
kuciopoaa, O,. [TorydeHHbIE pe3ybTaThl XapakTepu3yioT 3 dexT Ha mmpore 50° ¢.111. B AMana3oHe BEICOT
15—55 kM B saBape—umioHe 2000-ro—2100-ro romos. JaHHbIE 111 pacyeToB ObUIM ITOJYYEHBI C TIOMOIIBIO
MHTCPAKTUBHONM pagranoHHO-xuMudeckoit nBymepHoit Momenmu SOCRATES. C ee momomrbio Obuia
MpenBapuUTeIbHO paccyUTaHa CyMMapHasi CKopocTh rudenu O, B KatanuTudeckux uukiax O,, HO,, NO,,
ClO, u BrO,. AnaiornyHbeIM 00pa3oM ObLIa onpeneaeHa KoHueHTpauus O,, paBHas CyMMe KOHLIEHTpaLuii
O3, OCP) 1 O('D). B kauyecTBe HauaJIBHBIX YCIOBHIL st pacyeTos 1o Monenun SOCRATES ucronb3oBa-
JIMCH CliecHapru MeXIIpaBUTEJILCTBEHHOM I'PyIIEI 3KcIepToB o ndMeHeHMIo kinmMaTta (IPCC) RCP 4.5u

RCP 6.0 111 yKa3aHHBIX BbIILIE YCIOBUIA.

KioueBbie ¢10Ba: KaTaIUTUIECKUE IINKJIbI, XUMWYCCKHEC CCMCfICTBa, LETTHOM IIpouecC, JUMUTHUDPYIOIIasa
cTaausd LCITHOTO Mnpouecca, CKOPOCTh NPOAO/IKECHHMA LCTIM B KaTAIMTUYCCKOM LIMKJIC
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BBEAEHUE

Panee Bonpoc 0 BpeMeHU KU3HU HEYETHOTO KUC-
JIopoJia paccMaTpUBaJICS B HECKOJILKUX paboTax aB-
topa [Larin, 2017; Larin, 2018; Larin, 2019]. B [Larin,
2017] BnepBBIe aTMOCEepHOE BpeMs KM3HU HEUeT-
HOTO KHCJIOpO/ia ObLIO PACCUMTAHO C YYETOM €TO T~
0elIn B M3BECTHBIX KAaTAJIMTUYSCKUX ILIMKJIaX, TOLIA
KaK paHee B ITOJOOHBIX pacyeTax yUuTHIBAJIACh TUOCTb
O, TOJIBKO B KUCJIOPOAHOM LIMKJIE (CM., HArpuMmep,
[Brasseur and Solomon, 2005; Jacob, 1999]), uto nipu-
BOJIWIO K 3aBBIIICHUIO MCKOMOM BEIMYMHBL. YKaxKeM
TaKKe, 4To mpuBeAeHHbIE B [ Larin, 2017] naHHbIe ObLTU
MOJIyYeHBI TOJIBKO JIsI OMHOI IMPOTHI M OMHOTO CE30-
Ha. OcTaBaJioch HE SICHBIM, KaKUM OOpa3oM 3TOT
9KOJIOTUYECKU BaXKHbINI MapamMeTp OymeT MEeHSITbCS
MIpd M3MEHEHUM IIMPOTHL M ce30Ha. B cBsA3M ¢ aTM
OBIITM BBITIOJTHEHBI pacdeThbl aTMOC(hEepHOro BpeMEeHH
KU3HW HEYETHOTO KHUCIOpOoJa B Auaria3oHe IIUpPOT
10°—80° CeBepHoro monyiiapusi B AeKadbpe U UIOHE
1995 rona [Larin, 2019]. Pacuetsl atMOCcepHOro Bpe-
MeHu xu3Hu O,, 10,, npoBonuarck no dopmyiie (1):
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O('D), a 2 W, (-0, ) — cymMmapHasi CKOPOCTb pa3py-
wenus O, B Katanutuyeckux nukiax O,, HO,, NO,,
ClO, u BrO,. B cBoto ouepens CKOpoCTb TMOENN He-
YETHOTO KMCJIOPOAA B KaXIOM KOHKPETHOM ITUKIIE,
W,(—0,), paccuutbsiBasiach 1o dopmyse (2) [Larin,
2018]

W, (-0,)=2* Z(mj : @)

i=2 i

[J€ 7 — YUCJIO PeaKLIUii TPOIOJIKEHWS LIETH B LIMKJIE,
W;(X) — ckopoCTb i-i1 peakuMy NpOaOIXKEHUS LIETIU B
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LuKJe X, zlf" 1| _ CKOPOCTb IIPOJOJIKSHUS
=W, (X)

mernu B nukiie X. KoadduiueHt 2 o3HayaeT, 4To B

peaKumsIX IMPOJOJKEHUS LIeITN ITOrubaeT ABE YacTU-

LIbl HEYETHOTO KUCJIOPOA.

BeIIO TIOKa3aHO, YTO B MIOHE 3HAYEHUSI aTMO-
chepHOro BpeMeHU xku3Hu O, JiexaT B JOCTaTOYHO
Y3KOM BBICOTHO-IIMPOTHOM JMana3oHe, IpUu4YeM Be-
JINYUHBI BpEMEH XXU3HU JIJIsl 1eKaOpsI U MIOHS B HUK-
Hel cTpaTtocdepe HU3KUX IIUPOT OOUHAKOBEI, UTO
OOBSICHSIETCSI OMMHAKOBBIMU YCIIOBUSIMU B 3TOM 30HE
B 3TU Ce30HBI. [loKkazaHO TakKe, YTO Ha OOIBIINX
BBICOTAX M IIMPOTAX BpeMeHa XKM3HU HEeYETHOTO KMC-
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Jiopojia B ieKabpe 3aMeTHO 0O0JIbliie, YeM B MIOHE, UTO
OOBSICHSIETCSI TJIaBHBIM 00pa3oM pa3jindyreM B CKO-
pOCTH TUOEJIN HEYETHOTO KUCJIOPOAA B 3TU CE30HBI.

B 3akitoueHue 310it yacTu paccMoTpUM CB3b TO,
¢ BpemeHamu xku3Hu O;. OCP) u O('D). B [Brasseur and
Solomon, 2005], Kak yxe roBopuioch Beiiie, 10O, pac-
CUYUTHIBAJIOCH T10 (popMyJIe, aHAJIOTUYHOI (popmyite (1),
B 3HaMeHatesle KoTopoit BMecto 2. W, (—O,) crosiia
cyMMa CKOpocTeli peakiuii rubesn o30Ha ¢ yyacTu-
€M KOMIIOHEHT TOJbKO KMCJIOPOIHOTO CEMENCTBaA.
AHaJIOTUYHBIM 00pa30oM pPacCUMTHIBAIMCH BpeMeHa
xusHu O5. OCGP) u O('D). Ilpu 5TOM AONYyCKAIUCh U
IpyThe HETOYHOCTU. Tak, Hampumep, OLIMOOYHO
NPUHUMAJIOCH, 9TO (poTo-auccoumanus O; Ha O(CP)
i O('D) npuBoaut K rudesu Os, Xots eite YernMeH
MoKazaJjl, YTO €IMHCTBEHHBIM TIPOLIECCOM, KOTOPbIit
NnpuBOoAUT K TuOenu O;, SgBISIETCS €ro peakius ¢
O(CP) [Chapman, 1930]. AHaJIOTUYHBIE OILIMOKY ObI-
JIU JOTYLIEHbI U TPU ONpPEAEIEHUM BPEMEH XU3HU
O(CP) nu O('D). INockoabKy 3HaMeHaTeI B GOpMy-
nax 1 BpemeH xusHu O,, OCCP) u O('D) B [Brasseur
and Solomon, 2005] OpUIM pa3HBIMU, TO Pa3HBIMH
MOJIYYUJIUCh U BpEMEHA XXU3HU, UTO MPOTUBOPEUUT
pe3yabTaTaM, N3J10XKeHHBIM B [Shimazaki, 1985], co-
[JJACHO KOTOPbIM BpeMEHa XW3HU BCEX KUCJIOPO[-
HBIX KOMITOHEHT OJMHAKOBBI U paBHBI BpEMEHU XK1 3-
HU Bcero cemeiictea O,. DTOT BBIBOI CIEAYET HEMO-
CPEeICTBEHHO u3 Teopuu YermMeHa U MOXET ObITb
MOJIy4eH, ecIu B (hopMyJiax UIsl orpeAesieHus] BpeMeH
xusHu O3 OCP) 1 O('D) nonoXuTh 3HaMeHATeNb PaB-
HbIM cKopocTu pekombuHauuu O; u O(CP). Crenmyer
TakXe CKas3aTb, YTO BBIBOIbl OTHOCUTEJIbBHO BPEMEH
JKU3HU KUCTOPOIHBIX KOMIIOHEHT CITPaBEIMBbBI TOJIb-
KO MPU HAJIMYMU COJTHEYHOTO CBeTa, KOTOPhIit 0Oec-
MeYynBaeT UX OBICTpOE IpEeBpallleHue APYT B Ipyra B
XOJIe TaK Ha3bIBA€MbIX HYJIEBBIX LIUKJIOB THUIA

O(’P)+0, > 0,
0, +hv > O(’P)+0,,

MpoTeKawIInx 6e3 morepu o3oHa. Houbio HyJeBEIE
LIMKJIBI, TPEOYIOIIE CBETa, OCTAaHABIMBAIOTCS, CBSI3b
MEXIy KOMIOHEHTaMU U CEMEWMCTBOM McYe3aeT, U
KaxIasi KOMITOHEHTa MOormbaeT B COOTBETCTBUM CO
CBOUM MHAVBUIYATbHBIM CTOKOM, KOTOPBII onpee-
JIIeT ee WHAWBUAYaJlbHOE BpeMsl >KM3HU. Bompochl
JTHEBHBIX 1 HOYHBIX BpeMEH XXMU3HU KOMIIOHEHT KHC-
JIOPOIHOTO ceMeMcTBa OB PACCMOTPEHBI B padoTe
[Larin and Kuskov, 2014].

CornacHo [Larin, 2017], o1 pacyeTta BpeMeHU
XKN3HM HEYETHOTO KHMCJIOPOna, HyXHO 3HaTh KOH-
neHTpamio O, ¥ CyMMapHYIO CKOPOCTb TUGENH 030-
Ha B KaTaIUTUYeCKUX IuKnax, 2. W, (-0, ). Iepexo-
UM K pacyeTaM.
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JJAPH

PACUHET CKOPOCTHU I'MBEJIN O30HA
B KATAJIUTUYECKHUX LTUKIIAX B 2000-m
n 2100-m TOAY

Pacuer ckopoctu rmbenm o30HA B KaTaJauTUde-
CKHMX LIMKJIaX MTPOBOAMJICSI C TOMOIIBIO(OPMYITHI (2),
npuBeaeHHOH Boile. [Ipu pacuerax ckopocTu rude-
JIU 030Ha B KOHKPETHBIX 1IMKJIaX YYUTHIBAJIUCH CJie-
JyIOIIME peaKuy MPOIOJIKEHUS LIETTH.

Kucnopoansiii nuki O, [Chapman, 1930]
0(31)) + 03 = 02 + 02,

Bonoponusrit mukin HO, [Hampson, 1964]
Huxkon 1

OH + 0,—%» sHQO, +0,,

HO, + 0 —%420 ;OH +0,.
0,+0 — 0, +0,

Hwkn 2

OH + O —foo 3 H +0,,
H+0, +M—fuen s HO, 4+ M,
HO, + O0—%2° ;0H +0,.

Hwkim 3

O, + OH—fe= s HO, +0,,
HO, + O, — %y OH + 20,.
0,+0; — 0, +0, +0,.

Hwkn 4
OH + O0—*fu0 3 H +0,,
H+ 0, + M —foom  sHO, + M,
HO, + O, — X% 3 OH + 20,.
0+0;, -5 0,+0,

Huxki 5

OH + 0, —a s HO, + 0,,
HO, + 0 —%20 ;OH +0,.
0,+0 — 0, + 0,

AzotHO-okucHbIHM K NO, [[ymmH, 1968; Cru-
tzen, 1971; Johnston, 1971].
Hwxor 1

NO + 0, —fo sNO, +0,,
NO, + 0 —8@e s NO +0,.
0,+0 > 0,+0,
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Hwxm 2

NO + 0, —&:% 3 NO, + 0,,
NO, + 0, —2e s NO, +0,,
NO, + hy —=re sNQ +0,.
0,+0;, 5 0,+0, +0,.

Hwxi 3

NO + 0, —0 s NO, +0,,
NO, + 0, —2a s NO, + 0,,
NO; + hyv—he=xe  sNQ, + 0,
NO, + hy—e=xe sNO 4+ 0,
0+0+M—foew 50, + M.
0,+0; > 0,+0, +0,.

Xnopnbiii nuki ClO, [Wofsy et al., 1974]
Hukn 1

Cl + 0, —*= 5Cl10 + 0,,
ClO + O —fae 5 C1 + 0,
0;+0 =0, +0,.

Hwx 2

Cl + HO, —%a#e 5|0 + OH,
OH +0,—foa SHO, +0,,
ClO + O—Ffwe 5C1+0,,.
0,+0 — 0, +0,.

bpowmubiii iuki BrO,.

Iukn 1 [Wofsy et al., 1975]

Br + O, —=% 3 BrO + 0,,
BrO + O —*%e:0 5 Br 4+ O,.
0, + 0 — 20,.

Huxi 2

2(Br + O, —= 3 BrO +0,),
BrO + BrO —feo0 35 9Br + O,.
0,+0, 5 0,+0, +0,

Luxi 3 [Yong et al., 1980]

Br + O, —%=% 3 BrO + 0,,

Cl+ 0, —f 5C10 +0,,

BrO + ClI0 —*%ao:ze 3 Br + Cl + O,.
0, + 0, — 30,
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Hwkn 4

Br + O, — 2% 3 BrO +0,,

BrO + NO, + M —fmomoxn 5 BrONQ, + M,
BrONO, + hy —%2 5 Br 4 NO,,

NO, + hy —2e=v s NO +0,,

NO + 0, —fe s NQO, +O,.

0, +0; — 30,.

Huxkn 5

Br+ 0, —%=% 3BrO +0,,
BrO + HO, — ¥ s HOBr + O,,
HOBr + hy —Juox 3 Br + OH,
OH + 0, —f:% s HO, + 0,.
0, + 0, — 30,.
Luki 6

Br + O, —2% 5 Br0 + 0,,

BrO + O, —:% yBr 4 20,
0, +0; — 30,.

B pacuerax Mcronb30BaIMCh KOHCTAHThI CKOPO-
creit peakuuit u3 [https://jplpldataeval.jpl,nasa,gov].
PesynbpraThl pacyeToB CyMMapHO CKOPOCTU paspy-
menus ozona B O,, HO,, NO,, CIO, u BrO, nuknax
it yermoBuid utoHs 1 stHBaps 2000-ro u 2100-ro ro-
noB, paccunTanHbIX 1o cueHapusim [PCC RCP 4.5 u
RCP 6.0 [http://tntcat.iiasa.ac.at:8787/RcpDb/dsd?
Action=htmlpage&pag], mokazansl Ha puc. 1. s
2000-ro roga cueHapurt RCP 4.5u RCP 6.0 coBnaga-
10T, IOTOMY COBIIaIAlOT U JAHHbBIE PACUETOB.

PACUYET BJIMAHUKA ITTOBAJIBHOT'O
MNOTEMNJIEHNA HA ATMOC®EPHOE
BPEMA KM3HU HEYETHOI'O KNCIIOPOIA

Kaxk yxe roBopuioch Bblllle, 3TO BIMSIHUE pac-
CUMUTHIBAJIOCH MyTEM y4eTa HOBOTO (110 CPaBHEHUIO C
2000-M romoM) BBICOTHOTO pacHpeleIcHUSI TeMIIe-
paTypbl, KOTOpOE€ BO3HUKIIO Ojiarofapsi U3MEHEHMUIO
atMoc¢epHOro coiep>KaHusi TMapHUKOBBIX ra3oB B
2100-M ronoy B cooTBeTcTBUM co cueHapusimu [IPCC
RCP 4.5 u RCP 6.0. BoicoTHbIE TTpOGIWIN TEMIIEPATY-
pbl Wit yeaoBuid utoHs U stHBapst 2000-ro u 2100-ro 1T.
no cueHapusM RCP 4.5 1 RCP 6.0, koTopble YU4UThI-
BaJIUCh B pacyeTax, okKa3aHo Ha puc. 2.

W3 paHHBIX, TIpeACcTaBICHHBIX HA pUC. 2 MOXHO
BUIEThH, YTO IOMUMO €CTECTBEHHBIX CE30HHBIX U3ME-
HEHUIT, MPOUCXOASIT UBMEHEHMS, CBSI3aHHbIE CO ClIe-
HapusMmu: npu nepexone oT cueHapus RCP 4.5 k
cueHapuio RCP 6.0 rmoxosomaHue ctpatocdepsl yBe-
JINYUBAETCS, YTO OOBSIICHIETCS PAa3HUILIEH B ITPOTHO-
3aX OTHOCUTEIBHO aTMOC(EPHOI0 CoAepKaHUs Tap-
2023
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Puc. 3. OtHOCcuTeNbHBIE (B %) BIUSHUE IOGATBHOTO MO~
TerUleHUs1 Ha atMocdepHoe BpeMsi KM3HU HEYEeTHOTro
KHUCIIOPO/A.

HMKOBBIX Ta30B B 3TMX cleHapusx. [lomyepkHeM
371ECh, YTO B pacyeTax CKOPOCTU TMOeIM HEUETHOIO
kucinopoga mist 2100-ro roma M3MeHsUIaCh TOJIBKO
TeMIleparypa, a KOHLIEHTpAlMU aKTUBHBIX KOMIIO-
HEHT, Y4YacTBYIOIIUX B KATAJIUTUYSCKUX ILUKIAX,
OCTaBaJIMCh TeMHU Xe, 4To 1 B 2000-M romy. DTo 1103-
BOJIIET UCKJIIOYUTh BIMSIHUE MEHSIOIIETocs CO Bpe-
MEHEM XMMUYECKOIO COCTaBa U OCTABUTH BIIMSHUE
HUCKITIOYUTEITbHO MEHSIIOIIENCS CO BpEMEHEM TEeMIIE-
paTypshl, T.€. IJTI00AJIBHOIO ITOTEIUIEHUS.

PesynbraTel pacyeToB OTHOCHUTEIBHOTO (B %)
BJIMSIHUS T100aJbHOTO TIOTETJIEHUsI Ha aTtMocdep-
HO€ BpeMs >KU3HU HEYETHOTO KHCI0pOoaa MOKa3aHbl
Ha puc. 3.Pacuer acpdexra npousBoauscs 1mo ¢op-
myite (3):

0, (adbdexr) =
= 100((10,,2100 — 1O, 2000)/10,,2000),

rme 0, — oTHocuTtelabHOEe (B %) M3MEHEHHE aTMO-
chepHOTO BpeMeHHU KU3HU HEYETHOTO KUCIopoaa B
2100-M romy 1o cpaBHeHUIO ¢ 2000-M rogoM B MIOHE
U SIHBape Mecslie Ha mmpote 50° c.1I. B Auara3oHe
BbICOT 15—50 KM, paccuutanHoe 1o cueHapusiMm RCP
4.5 niu RCP 6.0.

Kak 3T0 BMIHO W3 JAHHBIX MPENCTaBICHHBIX Ha
puc. 3 1 B IHBape, U B MIOHE IN100aIbHOE MOTeIICHUE
MPUBOINT K YBEJIWUECHUIO aTMOC(HEpPHOTO BpeMEHU
JKM3HU HEUYETHOTO KMUCJIOpOa, TIPUIEeM MaKCUMAaITh-
HbI 3¢ dekT (B stHBape) npesbimaet 12%. I1peBbI-
IIeHNe OOBSICHACTCS, TJIaBHBIM 00pa30M, TeM, UTO B
SHBape M3MEHEHWEe TeMIlepaTyphl OOJbIlle, YeM B
uioHe. CaMo ke MOJ0XUTEbHOE BIUSHUE T100ab-
HOTO TIOTeIJICHUsI Ha aTMochepHOe BpeMs KU3HU
HEYETHOTO KHMCJIOPOJa HETTOCPENCTBEHHO CIIEIyeT U3
dopmynsl (1), B KOTOpOii CKOPOCTh TMOeJIrd O30Ha
CTOUT B 3HAMeHaTeJjie, a MOCJIeIHsIsI, KaK U3BECTHO,
YMEHBIIaeTcs B cTparochepe m3-3a ee OXIaKICHUS

3
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npu modajabHOM noTtervieHun. K ckazaHHOMY MOX-
HO T100aBUTh, YTO BEIYMCICHHBIN 2 (eKT paBeH 3¢ -
¢GeKTy U3MEHEHUSI CKOPOCTU T'MOen 030Ha B KaTa-
JIMTUYECKMX LIMKJIaX, B3ITOMY B MUHYC IIEPBOI1 CTe-
IEHU, IOCKOJbKY HUKaKue Apyrue IapameTrpbl B
pacyeTax He y4acTBOBAJIU.

BbIBO/1bI

1. Paccuntana cyMmMapHasi CKOpOCTh pa3pylIeHUsI
o30Ha (BbIcOoThl 50—90 KM) B KaTaIUTUYECKUX LIUK-
jgax O,, HO,, NO,, ClO, u BrO, B ssHBape u HIOHE
2000-ro u 2100-ro romoB Ha mmpoTe 50° c.11. B 1ua-
Ma3oHe BBICOT 15—55 kM.

2. Ilo 3TUM DaHHBIM OINpPEOEJICHO BIUSHUE IJIO-
OaJIbHOTO MOTEIICHMsI Ha aTMOC(EPHOE BpeMsI XK13-
HU HEYETHOTrO KHMCJIOpOaa, MaKCUMAaIbHBIN 3P deKT
KOTOporo npesbicun 12%.
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The Effect of Global Warming on the Atmospheric Lifetime of Odd Oxygen
I. K. Larin*

Talroze Institute of Energy Problems of Chemical Physics, Russian Academy of Sciences,
Leninskii pr., 38, bild. 2, Moscow, 119334 Russia

*e-mail: iklarin@narod.ru

Data on the effect of global warming on the atmospheric lifetime of odd oxygen, O,. The results obtained
characterize the effect at latitude 50°C. in the altitude range of 15—55 km in January—June 2000—2100s, the
data for calculations were obtained using the interactive radiation-chemical two-dimensional SOCRATES
model, with which the total rate of O, death in the O,, HO,, NO,, CIO, and BrO, catalytic cycles, as well as
the concentration of O, equal to the sum of the concentrations of O3, O(CP) and O('D) for the above condi-
tions, which are necessary for calculating the lifetime of O,, were preliminarily calculated. Scenarios of the
Intergovernmental Panel on Climate Change (IPCC) were used as initial conditions for calculations using the
SOCRATES model RCP 4.5 and RCP 6.0 for the above conditions.

Keywords: catalytic cycles, chemical families, chain process, the limiting stage of the chain process, the rate
of chain continuation in the catalytic cycle
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