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C MOMOIIIBIO YMCICHHOTO MOIEINPOBAHIS KAPMaHOBCKOM MOIEIN TSUCHMS BI3KOM KUIKOCTH IO Jeii-
CTBHEM BHEILIHEN BUXPEBOM 00BEMHOI CUIIBI, BbIACIEHBI M MOAPOOHO MCCIeIOBAHbI 1BA PA3IMYHbBIX CTa-
LIMOHAPHBIX pexknMa — ¢ Majoi (pexkxum baTtuenopa) u cylecTBeHHOI (pexxuM CTioapacoHa) BTOPUYHOI
mpKynsauneit. [ToctpoeHa mrarpaMma CyIeCTBOBaHUS CTAIIMOHAPHBIX PEXXKMMOB B 3aBUCHMOCTH OT OC-
HOBHBIX IMAPaMETPOB TeueHust — yuncia PoccOu u maoro uucia DkMaHa. st TeueHus1, 3aTyXalolero K
CTallMOHAPHOMY TE€YECHUIO B pexkuMe batdenopa, mpenioxkeHa TeopeTuyeckast MOJieib Ha OCHOBE KOTO-
PpOi1 MOJTyYeHO cTallMOHApHOE pellieHNe 3a/1aul, a TakKe IMapaMeTpu3aims KoadduimeHTa 9KMaHOBCKO-
IO TPEHUSI, CKOPOCTH 9KMaHOBCKOM HAKAuKH1, CTALIMOHAPHOTO JaBJIeHUs Yepe3 CPeIHKME XapaKTepUCTUKU
TeyeHus. [IpemioxeHa napaMeTpusalys CTallMOHAPHOTO TeueHUs B pexxrMe CTroapacoHa U IPOBEIeHO
YUCJICHHOE MCCIIeoBaHNe NeKPEMEHTa 3aTyXaHus TeYeHUs K cTallMoHapHoMy coctosiHuio. [TokazaHo
XOpollee COrJIacHe TEOPETUUECKUX PE3YJIbTATOB C YMCASHHBIMM PacueTaMU.

KioueBble cyioBa: 5KMaHOBCKHIA TIOTPAHCIION, TTapaMeTpr3alivsi 5KMaHOBCKOTO TpeHMs, 3anada Kapmana
DOI: 10.31857/50002351524020015 EDN: KRECOU

BBEJEHWE

[IpoGnema BAMSHUS BHEUIHETO W BHYTPEHHETO
TPEHUS HAa TeUCHUS B TOHKUX CJIOSIX BSI3KOI1 HECXKU-
MaeMOM XXUAKOCTU IIPSACTAaBIISIET 3HAYUTEJIbHBIN
MHTEPEC B CBSI3M C MHOTOUYMCIIEHHBIMU IIPUJIOXKE-
HUSIMH K 3ajJadyaM THUAPOOWHAMHUKUA U TeOo(hH3UKU
[[puncnen, 1975]. B kauyecTBe mpumepa MOXHO
MPUBECTU ITOIPAHUYHEIC CIIOU B aTMOcdepe, KOTO-
pble SBJISIIOTCS. MCTOUHUKOM PAa3BUTUSI JBUKCHMI
BO3ayXa, (POPMUPYIOIINX ITOTromy. AHAJOTUYHEIE TI0
CBO€i1 MOCTAaHOBKE 3a4a4i BOBHUKAIOT M B TAKMUX Ha-
YYHBIX HampaBJeHUsIX, KaK acTpo(u3MKa 1 MarHu-
toruapoavHamuka [Hesnun u np., 1990; I'ypbatoB
u ap., 1983].

Jyist onmucaHusT KPYIMHOMACIITAOHBIX IBVKEHUI
B HACTOSIIEe BpeMs OOLLENPUHSITON SBJISIETCS KOH-
LISV TMHEMHOTO TPeHUsI, Bocxoasiias K YaHmpa-
cekapy [Ilemnocku, 1984; Baiinireiin u np., 1989;
l'opbkaslit u ap., 1994]. Bro nmpubakeHue cIpa-
BEJIMBO ISl TEYEHUI HAa MEJIKOM BOJE MPU MabIX
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yucnax PeitHonbaca. IloapobHoe mabGopaTopHOeE
U TEOPETHYECKOE MCCIeI0BaHUE IOAO0OHOIo Tede-
HUS BA3KO knakocTh 0bu10 mipoBeneHo d.B. Jlomn-
JKAHCKMM ¥ KOJUIEKTMBOM COTPYTHHKOB MDA mm.
A.M. OoyxoBa PAH [Kostrykin et al., 2014; Hoi-
xxaHckuit, 2011, 1999; KoctpeikuH m ap., 2011;
ITonomapes u np., 2009]. I1pu 3TOM OBUIO U3YyYEHO
BJIMSIHHE BHEIIIHETO TPEHMS Ha ITapaMeTphl U yCTOM -
YUBOCTh T€YCHWIM B TOHKHMX CJIOSX Bpalllalolieiics
xkunkoctu. B paborax ®.B. J1omKaHCKOTO ¢ COAaBTO-
paMH Ha OCHOBE aHaJIN3a BEPTUKAJIbLHOI CTPYKTYPHI
TEUEHUS BSI3KOM XXUIKOCTU B IMHEIHOM ITPUOIIIIKE-
HUM OBUIO TMOJIyYeHO BBIpaxkeHue s Koadpduim-
€HTa JIMHEeMHOro TPEeHHUs W YKa3aHbI IIPEAebl IIPU-
MEHHMMOCTH 3TOTO IPUOIVKEHUS B 3aBUCUMOCTH OT
yucen PeitHonbaca u Poccou [HomxaHckuii, 1999;
Homxanckuii u ap., 1990].

IIpu Gonpmmx uyumciax PeitHonbaca m Poccou
MpUOIMKEeHNEe JIMHEWHOTO TPeHUS SIBISETCS He-
JocTtatouHbiM. Ha 3To ObL1O yKazaHo B paborax
[Kostrykin et al., 2014; KoctpbikuH u ap., 2011; ITo-
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HoMmapeB M 1p., 2009] B cBSI3U ¢ aHAJIM30M IaHHBIX
J1aGOpaTOPHBIX SKCIIEPUMEHTOB C BUXPEBbIMU TEYE-
HUSIMU BO BpalllaloIIeMCsI COCYIe, KOTOPbIM IToKa3aj
pa3IMYHOE BIMSHNE TIPUIOHHOTO TPEHUSI HAa BUXPU
C UMKJIOHWYECKUM Y aHTUIIMKJIOHWNYECKMM Bpallie-
HUEM.

TeueHne XKMOKOCTH B TOHKOM CJIO€ Hall Bpalla-
IOIIIMMCSI THOM MOXKET pacCMaTpUBaThCcsl KaK KBa-
suaBymepHoe [I'puHcrieH, 1975]. Takoe TteueHue
OIHOPOJHOM HECKUMaAEeMOIl KUIKOCTA MOXET ObITh
MPEeACTaBICHO B BUIE CYMMbI ABYMEPHO-BUXPEBOTO
M IBYMEPHO-NOTCHIMAIbHOro TeueHuit. [lpu atom
CKOPOCTb B TOPM30HTANIBHOI1 IUTOCKOCTH U MMeeT BUII

U=kxV¥ + VO, (1)
e V=1i0, + jO,,A =0, +0,,,i,j,k — efnHNY-
Hble OpThl JEKApTOBOH CHUCTeMbl KOOpPIMHAT,
o= AY,0 = A® — BepTUKajbHasl KOMIIOHEHTA OT-
HOCHUTEJIbHOI 3aBUXPEHHOCTH U TUBEPICHIINS TOPH-
30HTAJIbHOI CKOPOCTM COOTBETCTBEHHO. Beprtu-
KaJlbHasl CKOPOCTb OIpenesieTcsl M3 ypaBHEHMUS
HEpasphIBHOCTU: W, = —AD .

VYpaBHeHUE UISI TOPU3OHTAIBHOM CKOPOCTH OJI-
HOPOMHOI BSI3KOI XXMIKOCTU B CJIO€ TOJILMHOM /1,
PacIojoKeHHOM Ha BpalllalolieMcsl ¢ YacToTol Q
OCHOBAHWU, 3aMMChIBACTCS B BUE

dU 1 F,
— P2k XU+ WU, = ——Vp+ VU, + o (2)
Po Po

U(0,1) = 0,U, (ht) = 0,W (0,1)=W (h1)=0, (3)

rme 2 — yriioBast CKOPOCTb BpallleHUsI OCHOBaHUS,
p — HIaBJIeHMWE, Py — IOCTOSIHHAS TUIOTHOCTh, V —
Koa(ppumeHT KMHEMAaTU4eCcKOoi BSI3KOCTH,
F, =kx Vq( X, y,;) — BHEIIHSS CUjIa, co3Ialonast
BUXpPb C BEPTUKAILHOI OChIO, ¢ — (DYHKIIMS TOKa
BHelTHel cuibl. OTipenesinM clIeayIole mapame-
TPBI, KOTOpPEIE MBI OYIeM HMCITOJIb30BaTh B JaJbHE -
IeM: TOJIIUHY SKMAaHOBCKOTO TIIOTPAHCION —
8p = (v /Q)l/ 2 1 uncao DkmauHa (ob6paTHOE 4YMCITIO

Peiinonbaca) — E = Re ™' = (8, /h)’.

BHemHsia BuxpeBast cuia OyaeT co3maBaTh Iep-
BUYHOE TeYeHHE B BHJAE BHUXPS C BEPTUKAIbHOU
ochlo. B To ke BpeMst rpaHUYHbIE YCIOBUS (3) Tpe-
OyIOT yyeTa BTOPMYHOIO TeUEHMUS B BUIE BUXPS C TO-
PUM30HTAIBHOM OChI0. CBSI3b MEXIY OABYMST BUXPSIMU
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KOCTBIPKHWH, AKYIIKWH

OIpeNessieTcsl TeUeHHEeM B TMOTPAHUYHBIX BI3KUX
ciosix. Kak nokasbiBaioT JabopaTOpHble U YHUCICH-
HBbIE MCCIIEAOBAaHUS, IIPU 3TOM MOIYT Pean30BHI-
BaThCSI pa3IMUHbBIC PEXXUMBI TCUCHUI, XapaKTepu3y-
IOLIMeCs pa3HbIM HampaBjJeHUWEM BpallleHUs CJIOEB
xuakocty [Kostrykin et al., 2014; KocTpbIKUH U 1p.,
2011; Kocrpwikua, 2018].

OnucaHue 3TUX PeXUMOB B paMKaxX YMCTO IBY-
MEpHOI 3aIauyd MOXET OBITh ITOJYYEHO, €CJIM HaM
MU3BECTHA CBS3b JABJIICHUS C MapaMeTpaMu IOBEpPX-
HOCTHOI'O MJIM OCPEIHEHHOIO 110 INIyOMHE TeYSHMSI.
Takoe npencTaBieHNe JaBJICHUS JACT HAM IlapaMe-
TPU3ALUIO UCXOOHOM 3a0a4H, T.€. COKpallleHHue IIep-
BOHAYaJIbHO 3aJaHHBIX CTEIIEHEl CBOOOIBI, U IIO-
3BOJIUT OMNpenenTh KO3GPUIMEHT 3KMaHOBCKOTO
TpeHus. Eciy npennoyioxXuTth, 4To Yrcjia DKMaHa U
Poccbu Manml, a BepTUKAJIBHBIN IMTPOPUITb CKOPOCTH
COOTBETCTBYET I'PafCHTHOMY S5KMaHOBCKOMY TeUe-
HUIO, TO TIOCJIe OCPEOHEHMS IO BEPTUKAIM MOXKHO
MMOJTYYUTh 3HAYCHME TSI KO3(DGUIINEHTA TMHEHHOTO
Tpenud [domkanckuit u np., 1900]

A=v/(hdg)= E"*Q. (4)

Bripaxenue n1s Ko3pdUIIMEHTa 9KMaHOBCKOTO
TPEHUSI IIPU IIPOMU3BOJIBHBIX 3HAYCHMSIX YMCcIa DK-
MaHa 1oJiyyeHo B padote [KosznoB u ap., 1992]. Kpo-
M€ TOTO, OCTaBasiCh B paMKaX 3KMaHOBCKOTIO ITpO-
¢uns ckopoctu B padorax [IlepmskoB u np., 2018;
Kamamuauxk n gp., 2014], monaydeHBl HeITWMHEHHBIS
IONpPaBKM K YpPaBHEHUIO KBa3UTeOCTPOPUIECKO-
IO BUXpsI, CBSI3aHHBIC C TPEHUEM XMIKOCTH O THO.
Taxxe B padorax [Pedlosky, 2008; Benthuysen et al.,
2012] ¢ moMolIbIO pa3loXeHUsI MO MajoMy Iapa-
MeTpy PoccOu monydeHbl TTONpaBKU JJIsI TOJMIIUHBI
1 CKOPOCTH HaKayKW 3KMAHOBCKOTO CJIOS IJIsI T€0-
CTPO(PUIECKOTrO TEUCHMS.

ITpu OonpIMx 3HaUeHUSIX Ynucaa PoccOu u MajbIx
yucaax DKMaHa Moaxo[, OCHOBAaHHBIN Ha JTMHeapu-
3allM1 UCXOMTHOM 3a1a4ll, OKa3bIBAeTCI HEAOCTATOY -
HBIM. B 3TOM citydae ecTecTBEeHHO MCKaTh pellieHIe
B BUJE CYMMBI MHTEHCHUBHOTO HEBSI3KOTO BUXpS W
BSI3KOM KOMITOHEHTHI MaJioii aMIIJIUTYIbl, obecrie-
YUBalollleil BbIMOJHEHUE TPAaHUYHBIX YCIOBUN U
OrpaHMYUBaIOILLIEt MUHTEHCUBHOCTD INITABHOTO BUXPSI.

ILTISI OIIpEACICHNA AaBJICHUS YE€PE3 KOMIIOHCHTEI
CpE€AHEro TCUYCHUA HeobXoauMo IIEPBOHAYaJIbHOC
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CTALIMOHAPHBIE PEXUMbBI U TAPAMETPU3ALIUA...

YIPOIIEHUE UCXOAHOM 3amaun. TakuM yIpolieHueM
SIBJISIETCSI OOpallieHre K MOTU(UIIMPOBAHHOMY Te€Ue-
amio Kapmana [Koctpeiknn u ap., 2011], comepxka-
1IEMY 3aBUCUMOCTb T€YEHMUS TOJIBKO OT ABYX OCHOB-
HBIX ITapaMeTpoB — ynces DkmaHa 1 Poccoun. Kpome
TOTO, B JaHHOI MOMEJIU MpearnoaaraeTcs oceCuMmme-
TPUYHOE TeYeHME U JIMHEWHAasl 3aBUCUMOCTb T'OpH-
30HTaJIbHOI CKOPOCTHU OT pamTHaIbHOM KOOPAUMHATEHI,
YTO C IOCTATOYHO XOPOIIIeil TOUHOCTHIO BHITIOIHSICT-
cs B LIEHTPAJIbHOI 4aCTU KBa3UABYMEPHBIX BUXpeEM
COTJIaCHO HEKOTOPBbIMM TEOPETUYECKUM IpeaCTaB-
JICHUSIM, a TaKXKe TaHHBIM JIa0OPaTOPHBIX M YUCIICH-
HBIX 9kcniepuMeHTOoB [Parfenyev et al., 2012; OpioB
u ap., 2018].

AHaM3y pa3IMYHBIX CTAIIMOHAPHBIX PEXXUMOB Te-
YEeHMSI B paMKax 3TOI 3amauyu ObLIM MTOCBSIIIEHBI pa-
6otn [ Kostrykin et al., 2014; KocTpbikuH u np., 2011;
Koctpeikun, 2018]. Hacrostimas crathsl Tipeiaraet
001U MOIXOM K BEIYUCICHUIO HEIMHEIHOTO KO3(]-
(uLmeHTa TpeHUs XOTS OBl IUISI HEKOTOPBIX PEXXMMOB
BBIHYKIIEHHOTO CTallMOHApHOTO TeueHus. Takoit
MOAXOJ MO3BOJISIET OObSICHUTD CYILIECTBOBaHUE pa3-
HBIX CTAlIMOHAPHBIX PEKMMOB T€YEHUS M JOIYCKaeT
000011IeHMe Ha OoJiee IIMPOKUIi KIacc 3a1ay.

MOJEJIb KAPMAHOBCKOI'O TEYEHUS
C BUXPEBOV OBbEMHOW BBIHYKJAIOIIEN
CUJION

B xnaccuueckoit mocraHoBke Monaenb Kapmana
HCIIOIB3YEeTCST ISl OIMMCAHUSI TEYSHMS KUIKOCTHU
HaJl BpalIaoIIMCs OCHOBAaHMEM IS CJIOS OECKO-
HEYHOI rIyOMHBbI WM TeYEeHUST MEXIy NBYMs Bpa-
mwaromumucs auckamu [Holodniok et al., 1981;
Zandbergen, 1980; Yedpanos, 2016; Hewitt et al.,
2009]. B Hamiem ciaydyae MbI MCHOJIB3YeM MOIU(U-
LIMPOBAHHYIO IMOCTAHOBKY, B KOTOPOM, BO-IIEPBBIX,
paccMaTpuBaeTCA CJIOM XKMAKOCTH CO CBOOOTHOM
rpaHuleid W, BO-BTOPBIX, T€YEHUE BO30YKIAeTCS
TOCTOSIHHOI BUXpeBOUl cuioii. JlaHHass MOCTaHOB-
Ka OKa3bIBaeTCs MOJIE3HOI Mpu aHaIu3e pe3yibTa-
TOB J1aOOPAaTOPHBIX SKCIEPUMEHTOB MO I'€HEepaluu
TEYCHNU MATHUTOTHAPOAMHAMMIECKAM METOIOM,
a Takxe ux 3atyxaHuto [Kostrykin et al., 2014; Ko-
CTpbIKUH U 1p., 2011]. BaxHoe mnpenmyliliecTBO
KapMaHOBCKOIl MoIead II0 CpaBHEHMIO C O0O0Jb-
IIUHCTBOM APYTUX MOJEIbHBIX TEYEHUN COCTOUT B
TOM, UTO €€ PellIeHHE SIBJISIIOTCSI TOUHBIM pellieHueM
3-MepHBIX ypaBHeHU#T HaBbe—CTOKCa M IIpH 3TOM

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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He TpeOyeTcsl OOJBIIMX BBIYMCIMTEIBHBIX 3aTpaT
IIJIS €€ YMCIICHHOM peaTn3alui.

Obpatumcd K MmoauduLMpoBaHHOM 3agaye Kap-
MaHa Ul TPEXMEPHOTO TEYEHUSI, PA3BUBAIOILIETOCS
1011, IEICTBIEM BUXPEBOI CHIIBI B CJIOE TIIyOMHOMI /1,
paCIIOJIOKEHHOM HaJ BpallAIoOLICCsI € YIJIOBOM
CKOpPOCTBI0O () OECKOHEYHOM IIJIOCKOCThIO. B 11m-
JIMHAPUYECKOI cHCTeMEe KOOpAWHAT (r,(p,z) npen-
MOJIaraeTcs OTCYTCTBUE 3aBUCUMOCTH CKOPOCTU OT
a3MMyTaJbHOIO yIja, a TakXke JIMHEelHas (KBamgpa-
TUYHAasl) 3aBUCUMOCTb OT paJguajbHON KOOpAMHATHI
JIJIS1 TOPM30HTAIbHBIX KOMIIOHEHT CKOPOCTH (IaBJie-
HUS 1 (PYHKIWU TOKa BHEIIHEH BUXPEBOM CHIIHI).
YpaBHeHUs ABWXEHUS 3aMMCHIBAIOTCS IS KOM-
iekcHo3HauHoi Qynkumn: K (z) = G(z) + iF(2) ,
3aBUCSIIEN TOJBKO OT BEPTUKAIbHOW KOOPIWHATHI,
rae 2G u 2F — BepTHKajIbHasg KOMIIOHEHTA 3aBUX-
PEHHOCTU M IUBEPIreHILIMS TOPU3OHTAILHON CKOPO-
CTU, HOPMHMPOBAHHbIE Ha XapaKTEPHYIO YIJIOBYIO
ckopocTh BpamieHus €, . Takxke BpeMs W BepTH-
KaJibHasi KOOpAWHATa HOPMUPYIOTCS Ha XapakTep-
HBIIi BPEMEHHOU M MPOCTPAHCTBEHHBIN MacIITaObI
1/Q, u h cOOTBETCTBEHHO.

B HecranmonapHoMm pexume K ymoBieTBopsieT
ypaBHEHHUIO, cieaytomeMy u3 (2)

K, = EK,, — HK_ +i(K* - K ), )

K3 =—P+i0Q,
rne E =1/Re = v/(Q,hz) — mapaMmeTp BDKMaHa,

P=-1/ (pOQ%)Ap — KOHCTaHTa, XapaKTepU3ylo-

uias gapnenue, Q =1 /(pOQf)Aq — KOHCTaHTa, Xa-
pakTepu3ylollass BHELIHIOK  BUXPEBYIO  CUIY,
H=W/(Q.h) Ge3pa3MepHasl BEpPTHKAIbHAS
CKOPOCTb, YIOBJIETBOPAIONIAS YCIOBUIO

H,=—2F. (6)

rpaHI/I‘-IHbIe yCJ10BUA UMCIOT BU:

Taxke 119 HaxOXAeHUs 3BOJIIOLIMU 10 BPEMEHU
pemenus (5)—(7) 3amaroTcsl COOTBETCTBYIOIINE Ha-
yanbHble Tpodwm G(z,0) u F(z,0).
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Ananu3upys ypaBHeHus (5)—(7), MOXHO 3aMe-
TUTh, YTO UX PEIIeHNE 3aBUCUT TOJBKO OT ABYX U3
TPeX UCXOAHBIX TTapaMeTpOB 3a1a4u (E ,0,8 ) , B Ka-
YeCcTBE KOTOPBIX MOXHO, HalipuMep, BbIOpaTh mapy
(Q/E 2s /E ) . DTO CTaHOBUTCSA OYE€BUIHBIM, €CIIU
paccMOTpeTh 3aMeHY MepeMEHHbBIX

K=K/E,H=HJ/E,S=S/E,P=
= P/E%,Q0 = Q/E?.

3nece K 4BHO He 3aBMCUT OT 4McClIa DKMaHa,
a Toj1bKo uepe3 0,5 .

AHAJIN3 YUCITEHHOI'O PELIEHUA

M anciaeHHOro pemeHust cucteMsl (5)—(7) uc-
MOoJb3YeTCs METOJ, OCHOBAaHHBIN Ha cxeMe “Kabape”
JUIST OITMCAHMSI aJlBEKTUBHBIX CJIATa€MbBIX M TOJIyHE-
SIBHBII METOJ /11 onrcaHus nu(py3noHHbIX cliara-
eMmbix [['omoBusHuH u ap., 2013]. Pemaercs Hecra-
LIMOHapHAasl 3aJadya ¢ Ha4aJIbHBIM COCTOSIHEM BUIA

G(2,0)= S + Asin(nz / 2), F(z,0) = 0.

I mocTaToyHO OOJBIIMX MOMEHTOB BpEMEHU
(> 50) uncneHHOE pellleHUe BBIXOAUT Ha CTAIMO-
HapHBII PeXXUM U TIPEANOJIaraeTcs, YTo Takoe ycTa-
HOBUBILIEECS pEIICHUE SBISICTCS CTAalMOHAPHBLIM
pemreHreM cucteMsl (5)—(7).

Yucno y3710B CETKU TI0 BEPTUKAIM BHEIOMpaeTCs
npoctatoyHo 6oibmnM (N =100), Tak, 4TOOBI YKC-
JIECHHOE pellleHue ObLJIO YCTOMYMBBIM 1 HE 3aBUCENIO
OT paspelleHMSI CeTKM. Kak mokKa3ajaud pacyeThl
[Kostrykin et al., 2014], 3aBUCMMOCTb CTAlIIOHAPHO-
TO pelIeHMsI 3a1a4r OT TTapaMeTpa HaYaJIbHOTO pac-

()
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npeneiieHns A HaOMIOOACTCS TOJBKO IPU MaJlbIX
OTpMILATEIPHBIX 3HAYCHUSIX MapameTpa @, U mpu
5TOM 3Ta 3aBUCHMOCTh CYIIECTBEHHO HE BIMSIET Ha
MMOJTy4YeHHBIE TaJiee BhIBOIBI.

B 3amaue ¢ BUXpeBbIM BO3[ElCTBMEM Ha ITOBEPX-
HOCTH CYIIECTBYIOT JBa peXuMa CTallMOHApHBIX
teuennii [ Koctpeikmn, 2018]. XapakTepHBIMU 0OCO-
OCHHOCTSIMHU 3THUX IBYX PEXHMMOB SIBISIIOTCS: 3Ha-
YyeHWEe CTAIllMOHApPHOTO IAaBJICHUSI, OTHOCUTEJIbHAS
BeJIMYMHA BTOPUYHOM IUPKYJSILMU, KOJUYECTBO
sIYeeK BePTUKAJIbHOM LIMPKyJssuuu. B ogHOM city-
yae — JaBJicHUE OTPULIATEIbHOE M OOJIBIIOE MO Be-
JIMYUHE, BTOPUYHAS LIUPKYJISLINAS Majla, BEPTUKATb-
Hasl sYeiika IUPKYJISIINMYA BO3MOXHA TOJIBKO OHHA.
B npyrom pexume — napieHue cjiabo OTpULIATE b-
HOE, BTOPUYHAs TUPKYJISLUS CpaBHUMA C TOPU30H-
TaJbHOI U BO3MOXHO 00pa3oBaHUE IBYX STYECK LIUP-
KYJISILIMY B BEPTUKAIBHO TUIOCKOCTM.

Kak Mbl BuguM 13 puc. la, Ha KoTopoM 1U300pa-
KEHO CTallMOHApHOE IaBJIEHWE B 3aBHCHUMOCTU OT
nmapameTpa PoccOu, u B HallleM ciaydyae cTalldoHap-
HO€ TeUeHue MMeeT aBa pexkuma. I1pu moaoxuTennb-
HBIX U 6OJI]E>I_LII/IX  OTPULIATEIbHBIX YMCTIax Poccou —
Ro, = szgnQ|Q| NaBJIEHWE BEJIUKO M CHIBHO
SHBI/ICI/IT OT 3TOro 4ucia. Ilpm MajabIX oTpuLIaTeNIh-
HbIX Ro, naenenue 61M3Ko K Hymo. [lanee Oynem
HasbIBaTh TaKHMe pPeXUMBbI pexxuMmamu batuesnopa u
CTr0apTCOHA COOTBETCTBEHHO, IMTOCKOJIBKY MOXOXUE
CTallMOHApHbIE PeXUMBI ObUIM yKa3aHbl batuesno-
poM [Batchelor, 1951] u CtioapTcoHoMm [Stewartson,
1953] nis 3agau 0 KApMAHOBCKOM TEUEHUU MEXITY
IBYMSI TUCKaMH.

400 \
350 ]
300
250
= 200 \
150 k!
100 ki
50 ‘

0
-2 -1

0 1 2
Q/E? x103

Pnc 1. Pesynbrathl qncneﬂﬂoﬂ Mogenu. (a) 3aBUcHMOCTb AaBieHus oT mapameTpa O IpM pasHBIX 4MCIaX DKMaHa.

=1/100 — kBazxpaTsl,
BeaeHm U30JIMHUU P/E2 =—-10u P/E

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

=1/200 — KpCCTI/IKI/I §=1,4=0).(06) Auarpamma pC)KV[MOB craloHapHoro TeueHus. [1po-
= —2() Ha ITIOCKOCTU TTapaMeTPOB (Q/E ,S/EYA = 0).
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HuarpamMma peXuMOB CTallMOHAPHOTO TEYEHUS
Ha IJI0CKOCTH mapamerpoB (Q/F 2 S/E MpeacTaB-
JeHa Ha puc. 16. DakTndecknm TaM M300pakKeHBI
M30JIMHUY HOPMUPOBAHHOTO IAaBJICHUS P/E?. 06-
JIACTh MaJIOTO OTPUIIATEJIBHOTO JaBJIEHUSI, COOTBET-
cTByIOIas pexumy CTroapTCcoHA, CYIIECTBYET IpU
JIOCTaTOYHO OOJbIIMX 3HAUEHUsIX S/E 1 HaxomouT-
cs aeBee ocu O = 0. BHe 21001 06/1acTH HAabMI0MaCT-
cs pexxum batuenopa. Kak nmokazaHo B padore [Ko-
cTpelkuH W gp., 2011], mpu Q=0 pexum
CrioapTcoHa HaOJI0daeTCsl B YMCIEHHBIX pacyeTax
npu S/E > 46.

N3 puc. 2, 3 crienyer, 4T0 TTpOWIN CTAlIMOHAPHOMK
CKOPOCTH CHJILHO 3aBUCHT OT Urcia DKMaHa. B pexu-
Me CTioapTcoHa ITpY YMEHBIIeHUN £ BSI3KUIA CIIOI OT-

pBIBaeTCs OT IPAHULIbI, YTO IIPUBOIUT K 00pa30BaHUIO
JIOKAJTBHOTO BUXPSI ¢ TOPU3OHTAJILHOM OCBIO, MHTCH-
CHBHOCTh KOTOPOTO MOXET OBITh CpaBHMUMA ITO BEJIU-
YITHE C MTHTEHCUBHOCTBIO BUXPS C BEpTUKATEHOM OCBIO.
OueBuaHO, IyouHsbl, rae H = 0, MOTyT IBISIThCS 00-
JIACTSIMU C CWJIBHOI nmuccuranueii. Pacrionoxenue
3THUX 00JIaCTel OIpeeIIaeT CTPYKTYPY TeUEHHUSI, OT KO-
TOPOI 3aBUCUT KOI(MDPUIINECHT TPEHUS IJISI TIOBEpX-
HOCTHOT'O WJIY CPEIHETO I10 ITyOMHE TCUCHMSL.

PEXHWM BBSTYEJIOPA
Teopemuueckoe onucanue cmayuoOHapHO20 COCMOAHUS

B pexwume batuenopa UEHTpaJIbHOE TEYEHUE
UMeeT TIPOCTEHINYI0 CTPYKTYpY B BHIE WHTCHCUB-

@

(6)

1.0 — ~ 1.0———— 1.0
0.9t 1= 09 0.9} %
0.8} Lo 0.8) 0.8}
0.7} Lo- 07} 0.7}
0.6} Lo 0.6] 0.6}
v 0.5¢ boie v 0.5} 1 ~ 0.5¢
0.4} Lo 04} 0.4}
0.3} L. 0.3} 0.3}
0.2} Lo 02} N 02}
0.1} SR T A e coe e B B _
0 N QP e T
0 05 10 15 20 ~04-03-02-01 0 0.06

Puc.2. ITpoduan cTallMoHapHOTO YUCIEHHOIO PELICHUs IPU pa3HbIX 3HaYeHUsIX uucia OxkmaHa (£ = 1/100— cruioluHas
munaus, E = 1/200 — wtpuxoBast, £ = 1/400 — wtpux-nynktupHas). Q = 0.1,.5 = 1. BeptukanbHast ToHKast IyHKTUPHAsI

JIMHUA — HYJICBOC 3HAYCHMUE.

(B)

1.0 I 1.0
0.9 ,-jF 0.9
0.8} A 0.8}
0.7} f,/’ i 0.7}
0.6} / :.' |I 0.6}
MU 1 ~0.5} L
04f 04 77
0.3 03} i l~~ o
0.2 0.2} ™.~
0.1 0.1
0 0 : : :
-2 -1.0 -0.5 0 0.04 0.06
F
Puc. 3. To xe, uto Ha puc. 2, Tonsko ipu @ = —0.1,5 =1.
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HOTO BUXpPs C BEPTUKAJIBHONM OCBIO M CIa00ro BTO-
puaHoro TteueHus. Ilpm Manbix 4uciax DKMmaHa
MOTPAaHWYHBIN CJIOM 3aHMMaeT MalIyl0 4acTb CJIOSI
KMAKOCTU U pacnojIoXeH oKoJjio gHa. PemeHue (5)—
(7) npencTaBUMO B BUJIE

K(z) = Ko + k(2),k(z) = (S — Ko)e'*, (8)

rac
K3 =—-P+i0,
—ReA > 1. (€)
a k ynoBIeTBOpSIET YpaBHEHUIO
Ek,, — Hk, +i(2Ky + k)k = 0. (10)

Ero pemexue uieTcs mpy 3a1aHHOM JaBJICHUM, KO-
TOpPOE 3aTeM OIpeaesieTcs U3 ycuoBust H (1) =0.

M3 (8), (10) crenyet, yTO

2
My = H/2E +|H?/4E? —i(2K, + k) /EF/ .

(11)
[Mpeanonoxum, 4to A ,(z) =X ,(0). Boausn
HIDKHER IPaHULIBI MOXHO CUMTATh

H ~ 0,k ~ § — K, Torna 3aryxaolieMy ¢ BEICOTOi1
cTaloHapHoMy Tnpoduito coryacHo (11) cooTBeT-

CTBYET
Y x=__iS+K01/2
E

FeHepI/IpyeMasl IIOTpaHNUYHbIM CJIOEM BEPTUKAJIb-
Hasa CKOPOCTb UMCET BU

(12)

H= 2[F0z _m2 =Ko (1-¢=). a3
A
Yenosue H (1) =0 MOXHO 3amucarth B BUIE
1

KOCTBIPKHWH, AKYIIKWH

OTKYyJa ¢ TTOMOIIBIO (12) MOXHO HAalTH CBSI3b MEXIY
GO 5 FO n P
EX(S+G,) ' (S—Gy)' =

— 455 (R} +(S + Gy ) (15)

<[+ By (S + G} + E(S -Gy )F).

M3 (9) cnenylor npyrve ABa ypaBHEHMSs, 3aMblIKa-
IOIlIME CUCTEMY
2FG, =0,

P=-G}+ F}. (16)

Pemrenns ypaBHeHms (15) mpencTaBisiioT co0oit
KOPHU MHOTOYJIeHa 8-I1 CTeNeHU OT IepeMEHHBIX
Gy, Iy v iexxat Ha IBYX BeTBSIX (HVDKHEM U BepXHEit),
npoxoasAImx yepe3 Touky (Gy = S, Fy = 0) (puc. 4).
MoXXHO OIpeneanTb, Kakue BETBU PEIICHUs ypaB-
HeHus (15) peanmsyloTcss B YMCIEHHONH MOJIEIH,
€CJIM IIOCTPOUThH CTALIMOHAPHOE peIIeHUE 3amadu
(5)—(7) Ha mockocTH (GO,FO). IIpu moctpoeHun
pe3yJIbTaTOB YMCJIEHHOTO pelleHUs] Mpeanosaraer-
ca1, uyrto Gy=~G(l),F~F(l), mnocKkoibKy
|k(1)| < |Ky| cormacho (8), (9). U3 puc. 4 Mbl BuanM,
4YTO B YMCJIICHHOM pelliecHUM B pexxume batdenopa
peanuayeTcs BEpXHsisl BETBb aHAIUTUYECKOIO pellle-
HUSI.

MOXHO OIIEHMTh BeIMYMHY MaKCUMAaJIBHOI BEp-
TUKAJIbHOU CKOPOCTHU, TEHEPUPYEMOI TTIOTPAHCIOEM
(ckopocTh 3KMaHOBCKOI momkauku). IlomcraBmsist
(12), (14) B (13) 1 ipeHeOpeTast TIEPBBIM ClIaTraeMbIM
1 BKCIIOHEHIIMAJBHBIM MHOXUTEIEM BO BTOPOM,
MTOJTYYUM

Puc. 4. V3onmHuM, COOTBETCTBYIOIIME pelleHWIo ypaBHeHMs (15). 3HaukKM — TOUYKM TapaMeTpUYeCKOW KpUBOIA
(G(1,0), F(1,0Q) ), nony4eHHO MO JaHHBIM YMCIeHHOU Mozenu pu —2 < Q < 2 ¥ pa3HbIX HaYaJIbHBIX MPOQUIISIX 3aBUX-
peHHocTH (A = —2 —Kpyxku u A = (0 —nocel). £ =1/50,85 = 1.

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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Hyp ~ 2Im((S = Gy) /M) = (17)

— 2E)?|S + G| /*(Gy — S)sign(S + Gy).

[Mpu manbix ynciax Poccon Gy — S < §
Hpox ~= EV25712(Gy - 9).

mq

(18)

COBIIA/IaET CO CKOPOCTbIO SKMAHOBCKOI HaKauKu B
JIuHeiHoi Teopuu. Ilpu Gonbimux yuciaax Poccobu
| Gy > S BoIpaxkenue (17) nmpumer BU

H, . ~ (2E)1/2 |G0|1/2 sign(Gy). (19)

M3 (17) MOXHO caenaTh BBIBOI, YTO OTHOIIEHUE
AMIUIMTYIbl BTOPUYHOIN LMPKYIALIUN K aMILIATYAeC
BEPTUKATbHOMI 3aBUXPEHHOCTU —
|Hmax /(GO _S) |§ (ZE)1/2 |S+G0 |_1/2. ITo-
CKOJIBKY B pexume bBatuenopa S + Gy cornmacHo
YUCJIEHHBIM pacdyeTaM He MOXET OBITh MaJIOi BEJI-
YUHOIA, TO oTHOWIEHUE | H y,y /(Gy — ) < 1. Cneno-
BaTeJIbHO, BTOPUYHASI LIMPKYJISAIUS B 3TOM PEXKUME
BCerma CYLIECTBEHHO cjabee KBa3UABYXMEPHOTO

BUXPSI.
[lapamempusayus 3K MaH08CKO20 MpPeHUs

PaccMoTpuM HecTallMoHapHOE pelleHMe 3aaa-
gn (5)—(7). IIponHTEeTpUpOBaB ypaBHEHUS (4) 110
[JIyOMHE M YYUTHIBasl TpaHUYHBIC YCIOBUS, ITOJIY-
YUM

(K), =—EK,(0) - (2FK) +i((K*) - K3}, (20)

3nech () 03HaYaeT OrepaTop OCPEAHEHMS IO TIy-
OuHe.

IIpenmonoxum, 4yTo B pexxume baTtuenopa HecTa-
LIMOHAPHOE pellieHUe UMEeT TaKOM ke PO b, Kak
M CTallMOHapHOE pellieHue, HO ¢ Ko3(hbULIMEHTaMU,
3aBUCSIIIMMM OT BpEMEHU

K(z.t)= Ky (t)+ (S — Ky (1)), 1)

rae A omnpenensercs rmo dpopmyse (12).

_ KO
Kok

YuuTeiBad, 4To < 1,a3Hauur (K > ~ K,

u3 (20) cienyet

Ko, = ME(Ky — S) = 2FK,. (22)

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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IlepBoe cnaraeMoe B IpaBOil YacTU ypaBHe-
HUS (22) oTBeYaeT 3a MPUIOHHOE TPEHUE, BTOPOE —
3a MMepPEeHOC BTOPUYHBIM TE€YCHUEM.

Ecmmn paccMoTpeTh pelieHue ypaBHe-
HUg  (22) BOJM3M  CTAllMOHAPHOIO  COCTOSHMS
Ky Ky = Ky + ki|k| < |Ko|.k = g+ if , To, mpene-
Gperast KBaApaTUYHBIMU CJIaracMbIMU, ITOJTYIUM

k, = —uk —2K,f +C, (23)
= = S+3K,
=2F —AE———"20_,
rme u 0 2(S+K0)
C=-LE(S - K,) - 2R K,, (24)
. — \\1/2
T — —l(S+KO)
B E

ITockonbKy cTallMOHAPHOMY COCTOSIHUIO CHUCTE-
MBI OTBeyaeT pemieHue k£ =0, To u3 (*23) ClIelyeT,
yto C = 0. Ecnmum ymMmHOXuUTh (23) HA K U CIIOXUTH
€ro ¢ KOMIUIEKCHO-COIIPSDKEHHBIM YpaBHEHUEM, TO
MOJTYyYUM

2 2 (7 .*
[k} = —2Rep|k” —4/E~"(Kok”). (25)
At

Janee, npennonaras, 9to k = kpe £ tme Ap —

JIeiicTBuTeNbHOE uncio, a k(0) = ky — HadanbHOe

3HAUYCHNE OTKJIOHEHUS PElIeHUsI OT CTAllMOHAPHO-
ro, u3 (25) caenyer, 4ToO

(26)

3aMeTnM, 9YTO BTOPBIM CJIaraeMbIM B TIpaBOif Ya-
cti (26) MOXHO TpeHeOpeub, ITOCKOJBKY BCera
MOXHO BbIOpaTh Ha4aJbHOE YCJIOBHE K, TaKUM 00-
pa3oM, 4YTOOBI BTOpOE cjiaraeMoe ObLIO CYIIEeCTBEH-
HO MEeHbIIIe TIEPBOTO, HAIIpUMep, Tipu fy /gy < 1

Takum obpazom, Ar = Reu saBnsgeTcs neKpemMeH-
TOM 3aTyXaHUs 3aBUXPEHHOCTHU, U1, MHAUYe TOBOPS,
KO3 PULKEHTOM 3KMaHOBCKOI'O TPEHUSI.

CormacHo (12) MOXXHO CUMTATh, YTO

Rek ~ —(2E)"2[s + G| 2.

rp =~ (2E)|S + Gy

xsign(S —+ GO)[ZG - ES

(27)

4 4
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W3 dopmyibl (27) crenyer cyliecTBOBaHUE 3a-
MPETHOM 30HBI IJIs1 3HaYeHuil mmapamerpa G, B pe-
xume bBartuenopa; —S§ <G, <3/78, 4YrO0 mOI-
TBEPXKIAeTCsl pe3yJibTaTaMU YMCICHHBIX PacueToB C
3TOI MOfEe/bl0. B COOTBETCTBIM ¢ MOCTPOCHHOIM Te-
opueil, NeKpeMeHT 3aTyxaHus Uil JUBEPreHLIMU
TakKe OymeT BBIpaxkathbcs dopmynoit (27). Hamee
JIJIs1 ynoOcTBa 0003HAUYEHUSI OTOPOCUM YepTy HaJ Me-
peMeHHbIMU Gy, I .

PaccmorpuMm mpenenbHble ciaydan mist popMmy-
b1 (27) ipu S >0. Tpu [0 < 1,|Gy — S| < S, |R| < S

E'? 1/2 3Gy, —-S
NJIN B pa3BMEPHOM BUIEC
3
Ap = EWQ[I + 3 Rol, (28)

rae Ro = Gy —1 yuciao Poccbu Ay ctalMOHAPHOTO
TEUCHUSI.

Honsa |Q| > 1 comracHO aCMMIOTOTUYECKAM OILIeH-
Kam

7
Fy ~ (E /(G| hp = 5(E /2)"?

1/2
(0
NJIN B pa3SMCPHOM BUIC

Ap %#E1/29|Ro /2 (29)

Koadpduiment skmaHoBcKoro tpeHust (28) mpm
MatbIx urciax PoccOn otnmmyaercs or Ko duimeHTa,
MOJIy4EHHOTO C ITOMOILBIO JIMHEMHOU Teopun (4),
tosibko nipu Ro = 0. B mepBoM citydae 3a cueT J00aB-
KU B ITpaBoii YacTu hopmMyJbl (28) TeueHue OyaeT 3ary-

1.0 (@)
0.9
0.8}
0.7}
0.6[
0.5)

04f  ° e
0.3 /
0.2 :

0.1

0—2 -1 0 1 2
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XaTh K CTAllMOHAPHOMY LIUKJIOHUYECKOMY COCTOSTHUIO
HECKOJIbKO OBICTpee, YeM K aHTHIMKIOHUYECKOMY.
CremyeT OTMETUTh, YTO MAaKCHMAJIbHOE OTIMYNE B
CKOPOCTH TVICCUITALIAM JIJIST IIMKJIOHOB M aHTUIIUKIIO-
HOB, BEpOSITHE# Bcero, OyaeT HaOoaaThes IIPU YmnC-
nax Poccou nopsinka —1. OgHaKo B 3TOM ciIydae Teue-
HMe HaxoauTcs B pexume CToapTCoHa, Ik KOTOPOTo
MOCTPOEHHAsI TEOPUS HEIIPUMEHUMA.

CpaBHeHUeE eKpeMeHTa 3aTyxaHuUsl 3aBUXPEHHO-
CTHU, MOJIy4€HHOTO T10 (hopMyJie (27) ¢ aHaJTOTMYHBIM
KO3 PUIIMEeHTOM, TOJYYeHHBIM IO pe3yjbTraTaM
pacyeToB UYMCJIEHHOM MOJIeNN, TIPUBEIEHO Ha puc. 3.
MpbI BUIMM JTOBOJILHO XOPOIIIee COTIacue AJisi 3TOro
rapameTpa Tpu Bcex 3HaueHUsIX O, COOTBETCTBYIO-
mMX pexuMmy baTuenopa, Kak Mpu MajblX yuciaax
Poccbu, Tak 1 Tpu yMEPEHHBIX.

PEXUM CTIOAPTCOHA

B pexxume batuenopa aMIumMTyna BUXpSI C BEpTH-
KaJIbHO# OCBhIO OTpeAesieTcsl pABHOBECUEM MEXIY
CTOPOHHEN CUJION M TMCCUTIALIME B IIOTPAaHUYHOM
cioe. Bmecte ¢ TeM reHepupyeMasi B MOIPaHCIIOE
BepTUKAJIbHASI CKOPOCTh YPaBHOBEIIMBAETCS Clla-
OBIM BTOPUYHBIM T€YEHHUEM B LICHTPAJIbLHOI YaCTH.
B pexume CTioapTcoHa BTOpOE paBHOBECHE Hapy-
IIaeTcsd M BO3HUKAET CIMpaJbHBINA BUXphb, KOITa
BUXPU C BEPTUKAJIbHON 1 TOPU30OHTAJIBLHOM OCSIMU
YpaBHOBCHINBAIOT APYT Apyra mnpu MaJloM AaBje-
Huu. [Toxoxwuii pexxum OblI yKazaH CTIOapTCOHOM
Ha OCHOBE JIMHEWHOTro pelreHus 3amadn Kapmana
C OBYMs IMCKaMM, BpAIIaOIIUMUCI C OJMHAKO-
BOi1 YIJI0BOi1 CKOPOCTHIO B IIPOTHBOMOJIOXHBIX Ha-
npasiaeHusx [Stewartson, 1953]. Tonbko B mocien-

1.0 )
0.9
0.8]
0.7
0.6 -
0.5} e
0.4 e

03[ s

02|

0.1

-n

—0.02 0.02Q 0.06 0.10

Puc. 5. 3aBUCHMMOCTb IeKpeMEHTa 3aTyXaHMsI 110 JaHHBIM YMCJIEHHOH (CIUIONIHAS IUHUS) U TEOPETUUYECKOM (KPYKKM) MOJIE-
Jnieit ot mapamerpa Q: (a) —2 < 0 <2,(6) —0.03< 0 <0.1. £ =1/100,5 = 1.
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HEM cJIy4yae XKMIKOCTb BHE ITOTpaHUYHBIX CJIOEB
HaxOJIMUTCs B MOKOE, a B HAIleM CiIy4yae, COrJIaCHO
MpOBeACHHBIM YWCJIEHHBIM 3JKCIIepUMEHTaM, B
CTAlIMOHAPHOM peXUMeE IIPUCYTCTBYET 3HAYUTEh-
Hasl BTOpUYHAS IUPKYJISILMS B IEHTPAJIBbHOM CIIOe
KUJIKOCTUA U B 000UX cliydasix JaBjieHue mano. OT-
METUM, YTO JAHHBINA pEeXUM peanu3yeTcs Kak IJis
BBIHYXXIEHHOIO T€YEHUSI, TAK U B Cydyae CBOOOIHO
3aTyxalollero Te4eHWs TPU CUJIBHO aHTHUIIMKIIO-
HMYECKUX HavaJibHBIX ycioBugx [Kostrykin et al.,
2014].

PaccMoTpuM craniMoHapHOoe Te4YeHWE B LIeH-
TpajgbHOM cioe. TlonHoe peiienue ypaBHeHus (5)
IUISI HEBSI3KOIO TEYEHHUsI TIPEACTaBUMO B BHIE
K=U+V,tne U=G"+iF* — cBoOOLHOE Teue-
HUe U V =G’ + iF’ — TedyeHue, 3aBUCSIIEE OT Be-
JIMIVHBI BHEIITHEH CHJTBI.

3anuiineM CUCTeMy YpaBHEHUM 111 KOMIIOHEHTHI
TeUYeHMsI, He 3aBUCSIIEI OT popcHUHTa

~H"U, +i(U? + P)=0,HY = 2ImU.
Ee peuienue nmeet BU
H"=A+ Bcos(2m(z — zo)),
U=mH" - éﬂg = m[A + Bez"(z—z())], 30)
P=n’(B - A2)

(a)

0.1
0 _.__—o-—‘“:__‘:
0. e Em = ST
S_02TTT e
03
045557 —05 —03 -0l
B
25 ®)
2.0::"""5._\_\___5\_\_
e S
= 1.0 R
0.5- T
0—=9 =07 —05 —03 0l
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OHO 3aBHCUT OT YEThIpEX MPOU3BOJIbHBIX ITOCTO-
SHHBIX A, B,m,z,. [Ipn 3TOM JaBJcHKHE B 3TOM pe-
KMMe OJIM3KO K HYJIO, M, KPOME TOTO, UMEIOTCS ABa
YCJIOBUSI HA BEPTUKAJIBbHYIO CKOPOCTh HAa TPaHMIIAX

H"(z,)~0. (31)

Kak canenyer u3 (30), P~ 0 npu B ~ A4, u, cie-
JOBaTeIbHO,

H" = 2Ac0s2m(z —29),U =mA

1t e2i(zzo)} (32)

Ecinu cymTarh MOrpaHC/IioON JIOCTATOYHO TOHKH-
M, T0 3 ~ 0,2, =~ 1, u ycnosue (31) ¢ yuetom (32)
3aIMILETCH B BUIE

mzy=mn/2+nkm(l—z))=n/2+nl,

150)071 | .
m=nmz, = — + —,
=3, + P (33)
rne k,n=0 — TPOMU3BOJBHBIE ILIEJbIE YHUCIA,
I=n—-k-1.

Jlasiee MO MaHHBIM YUCJIEHHON MONEIM MOXHO
MOCTPOUTh OTHOLUEHME MUHUMAJIbHOTO 3HAYEHUS
3aBMXPEHHOCTH K MaKCMMAaJIbHOMY 3HAaUYEHUIO BEp-
TUKaJIbHOI CKOPOCTH BO BCEM CJIOE, A TAKXKE IM0JI0-
XeHHUE 3KCTpeMyMoB Gyukiwmii G(z),H (z) B 3aBu-
cuMocTH oT mapamerpa Q (puc. 6).

N3 puc. 6 cienyert, uto 3y ~1/2,m =~ —n. D1tum
3HAUYCHUSIM ITapaMeTpoB, corimacHo (33), cooTBer-

®

0.62 ,
£0.58 -
< 0.56 e |
Y0544 0 i T
0325 =507 =05 —03 0.1
(r) 0
_3.0a=g=.-g=g_._,__,___‘r_h__
5 R
£ -35 :
S \
Gé -4.0 |
43059 07 05 -03 o 0

Puc. 6. 3aBUCHMMOCTb XapaKTepUCTUK CTAIIMOHAPHOTO pellieHus B pexkxume CTI0apTCOHA OT ITapaMeTpoB DKMaHa 1 BEJTUIM-
Hbl popcunra Q: (a) KoopIuHaTa MAaKCMMyMa BEPTUKAIBHOM CKOPOCTH, (6) KOOpAMHATa MUHUMYMA 3aBUXPEHHOCTH, (B)
MakcuMaJibHOe 3HaueHue H (z , (I) OTHOIIEHWE MMHUMAJIBHOTO 3HAYCHUS G(z) K MaKCUMaJbHOMY 3HaueHHUIO H (z)

E =1/100 — TpeyroJbHMKH,
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=1/200 — kBanpatsl, E = 1/400 — KpyXKu.
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Puc. 7. JlekpeMeHT 3aTyxXxaHMsl 3aBUXPEHHOCTU Ha IO-
BEPXHOCTH T10 JaHHBIM YMCJICHHOI MOIEN TIPU Pa3HBIX
3HaueHuax mapamerpa Q. F =1 /100 (3Be3004KM),
E =1/200 (xBanpaTsr).

ctByloT kK =n=—1. [Ipn 3TOM, KaK ITOKa3bIBAIOT
pacyeThl, 3HAUCHUsI Zg,M CIa00 3aBUCIT OT YMCEN
OxMana n Poccobm, 6omee cymmecTBeHHBIM 00pa3oM OT
HUX  3aBuUcUT mapamerp  H,,,. Ilockonb-
Ky |Gmin /H maX| A2 T, TO BEPTUKAJIbHAS [IUPKYJISLINS
COCTaBJISIET CYILIECTBEHHYIO JOJIO0 OT TOPU30HTAJIb-
HOI B JaHHOM PEXMME, B OTJIMYKME OT CTAllMOHAPHOTO
TedyeHUs B pexume batuenopa. M3 pe3ynbTaToB unc-
JIEHHBIX 3KCIIEPUMEHTOB CJIEIyeT, YTO B PEXUME
CrroapTcoHa IIpY JOCTATOYHO MAaJIbIX YMCIaX DKMaHa
U TIPY YMEPEHHO OTpULATeJIbHBIX Yuciax Poccou B
OOJTBLIION YaCTH CJIOS XKUIKOCTU MEXIY TOUKaMU 2 U
Z, AoMuHUpYyeT TedeHue Buma (32). B rpaHMYHBIX
TOYKAxX Z; HEBSI3KOE pElleHME CIIMBAETCS C BSI3KUM
pellleHneM B TIOTPAaHMYHBIX CJIOSIX U TOSIBIISIETCS 3a-
BUCHMOCTB ITapaMeTPOB HEBSI3KOTO TEUCHHS OT ITapa-
MeTpa DKMaHa U BeJIMYMHBI popcuHra. Takum obpa-
30M, MOJIy4aeTcsl cranmoHapHoe perneHue (5)—(7),
Ha OCHOBE KOTOPOro B JIMHEMHOM HPUOIKEHUU
MOXHO TTOIYIUTh KO3(PPUITMEHT 5KMaHOBCKOTO Tpe-
HUS aHAJOTUYHO IIPOIEAype, MPHUBEACHHON BBIIIIE
17151 pexkuma batuenopa. OgHako pa3padoTka JaHHOM
napaMeTpu3ali TpedyeT HajbHENIIero TeopeTruye-
CKOTO MCCIEIOBaHNSI, Y TTIO3TOMY J1aJie€ MbI IIPUBEIEM
TOJIBKO pe3yJIbTaThl YUCIEHHOI'O MOJAEIMPOBAHMUSL.

Ha puc. 7 nmpuBeneH meKpeMeHT 3aTyXaHUS 3a-
BUXPEHHOCTH Ha IIOBEPXHOCTH B 3aBUCUMOCTH OT
BEJIMYMHBI (POPCUHTA IIJIT BCETO pacCMaTPUBAEMOTO
IuarasoHa MapaMeTpa |Q| <2 mpu E =1/100 u
E =1/200. CornacHo puc. la npu yMepeHHO OTpH-
LIaTebHBIX 3HAYCHUSIX TapaMerpa O HabiiomaeTcs
pexum CToapTCOHA IJI CTALIMOHAPHOIO TEUCHUS.
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M xak cnenyert u3 puc. 7, UMEHHO B JaHHOM Ju1aria-
30He Mmapamerpa @ IOEKpPEeMEHT 3aTyXaHHUs 3aBUX-
PEHHOCTH UMEET PE3KIIL MAKCUMYM.

HEKOTOPBIE BbIBOJIbl 1 OBOBILIEHNA

B manHoit paboTe Mmoka3aHO COOTBETCTBME CTa-
LUOHAPHBIX PEXMMOB TCYCHHUI 3a1a4e O BETPOBOM
mupkynsun [Koctpeikun, 2018] n 3amade o Tede-
HUSX, BO30YXIAaeMbIX BUXPEBOl OOBEMHOI CUIOMN.
IIpoBeneHO neTaibHOE YMCIEHHOE WCCIeAOBaHUE
CTallMOHAPHBIX PEXUMOB M IEKPEMEHTa 3aTyXaHMsI
T€YEeHHUs] KapMaHOBCKOH MOJIEIN B IIMPOKOM aua-
na3oHe 3HauyeHui yncen PoccOu u mpu MasnbIxX YUC-
nmax OxmaHa. Ha ocHOBe XapaKTepHOTrO ITOBEICHUS
CTAallMOHAPHOTO JaBJEHUSI TOCTpPOEHa AuarpaMmma
pPEXMMOB Ha TUIOCKOCTHU TMapaMeTpoB 3a1auu. B ot-
JIu4ue oT 6osee paHHUX paboT aBTopoB [Kostrykin
et al., 2014; Koctpweikun u np., 2011] yncnenHoe mc-
cJieOBaHME CTAlIMOHAPHBIX PEXMMOB IIPOBOIMIOCH
B 0OoJiee IIMPOKOM OUAIIa30He ITapaMeTPOB TEUCHUS.

ITocTpoeHa TeopeTuyeckass MoOIeIb CTallMOHap-
HOTO TeueHMsI B pexume baryenopa, ¢ momoIibo
KOTOPOIi 0OBSICHSIOTCSI OCHOBHBIE CBOIICTBA CTAllMO-
HapHoro TeueHus. Ha ocHOBe 3T0i1 Moaeau moyye-
Ha MmapaMeTpu3alus Ko3phUlMeHTa 3KMaHOBCKOIO
TPEeHUS U APYTUX XapaKTePUCTUK MOrpaHCcaos (CKo-
pPOCTH KMAaHOBCKOI HAKaYKM, CTALlMOHAPHOTO 1aB-
JICHUs) 4epe3 CpeaHMe XapaKTepUCTUKU TEeUeHUS.
Hna pexuma CTioapTCOHA CTAllMOHAPHBIN PEXUM
TEYEHUS UCCIIENOBAH YUCIEHHO U YaCTUYHO TeOope-
TM4Yecku. B yacTHOCTM, MOCTpoeHa IapamMeTpu3a-
1S CTALlMOHAPHOTO TEUYEHUS U YMCJIEHHO pacCUM-
TaHa CKOPOCTh 3aTyXaHUs T€YEHUS B 3aBUCUMOCTU
OT TMapaMeTpoB TeueHus. IIpu 3ToM mokaszaHo, 4To
TEOPETUYECKUE PE3YIAbTAThl XOPOILIO COIIACYIOTCS C
JMTAHHBIMYW YU CJIEHHOU MOJIEIIN.

IIpuBeneHHbIE BBIIIE PE3YJbTaThl OOIMYCKAIOT
o6o6meHue. I1pocTeitiinm 0600IIeHEM SBISIETCS
peuieHue 3agauyn KapMaHa ¢ ApyruMu rpaHUYHbBI-
MU YCJIOBHUSIMM, a TaKXKe 3aJadyM C 3aBUCHUMOCTBIO
TeyeHUs OT a3UMYyTajJbHOTIO yria. B obuiem ciiyyae
MOXHO IIPEAIOI0XNUTh, YTO BepTUKAJIbHAST CTPYK-
Typa YyCTaHaBJIUBAaeTCs OBbICTpEe TOPU3OHTAIb-
HOIi, ¥ TOrma ImapaMeTphbl TOPU3OHTAJIbLHOTO Teue-
HUSI MOXHO CUYMTATh 3adaHHBIMU U IOJIYYUTH IS
HUX COOTBETCTBYIOIEE OIMCAHME BEPTUKAJIbHOM
CTPYKTYpHI TedeHusa. OTKyaa CAeayIOT BEIPaKeHUS
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IS maBlieHUS M Kod(dduimneHTa >KMaHOBCKO-
ro TPEeHMsI, YKa3bIBaIOIIETO Ha CBSI3b LUMPKYJISLINU
XKMAIKOCTU B IBYX HEPIICHANKYISIPHBIX IIOCKOCTSIX
B 3aJJaHHOI TOYKE.

B pamkax 3apaun KapmaHa aHaI0rmyHbIM 00pa3oM
MOXET OBbITh pacCMOTpeHa 3aJada 00 YCTaHOBJIEHUU
CTallMOHApHOIO pexuma. s 3amaHHOro MOMEHTa
BpPEMEHU BeMunHaA dK /dtf paccMaTpruBaeTcs Kak BXO-
nsmiast B Ky (B P n Q). YpaBHeHUe CTallMOHAPHOTO
pexyMa MpU 3TOM CTAaHOBMUTCSI YpaBHEHUEM 3BOJIIO-
. B ciyyae HEOMHOPOAHOro paclipenesieHus Bep-
TUKAJIbHON  3aBUXPEHHOCTA B TOPU3OHTAILHOM
TUIOCKOCTHU, OIpEAeIsisl JOKATbHO MO MPOCTPAHCTBY U
BPEMEHU BEPTUKAIBHYIO CTPYKTYPY, Mbl IIOJIy4aeM CU-
CTEMYy YpaBHEHMI Uil OMMCAaHUS IOBEPXHOCTHOIO
(cpenHero) TedeHusl, IIPeICTaBISIOLIEro COO0M CyMMY
BUXPEBOI 1 TTOTEHLIMAIBHON KOMITOHEHT. JluBepreH-
111 TOTEHUMATbHOM KOMIIOHEHTBI CKOPOCTY 3aBUCUT
OT 3aBUXPEHHOCTHU B (PUKCUPOBAHHOI TOYKE U B CBOIO
oyepedb OmpeneiseT ee 3BoMoLKi0. O4eBUIHO, YTO
MOTEeHLMAabHAsl KOMIIOHEHTa IIPUBOAUT K CXATUIO
(YBEJIMYEHUIO TPATMEHTOB) 3aBUXPEHHOCTH TaM, LI
JIOKaJIbHO peanuayetcs pexxuM CtroapTcoHa (B 00Ja-
CTHU C1a0BIX AaHTULIMKIIOHOB). UMeHHO TaM 00pa3yioT-
Csl BHYTpeHHME (BepTUKAIbHbIC) TOTPAHUYHBIE CJIOU C
JIOTIOJTHUTEIbHOM Auccunauueit. TedeHue B 3TUX ClO-
SIX CO3/1a€T HOPMaJIbHYIO K TPaHULIEe KOMITOHEHTY CKO-
pOCTH, KOTopasi onpeaessieT Koa(hduireHT HeJTuHe-
HOTO TPEHMSI, YYUTHIBAIOLII BHEIIIHEE Y BHYTPEHHEE
TpeHre. C MOMOIIBIO YKa3aHHOI'O IOIX0da, BEPOSITHO,
MOXHO YJIYYILIMTh UCTOJKOBAHUE PE3YyJIbTaTOB J1abo-
PaTOPHBIX 3KCMIEPUMEHTOB C MHOTOBUXPEBBIMU TeUe-
HUSMU.

CITMCOK JIMTEPATYPBI

Baiinwmeiin C.U., Boikoe A.M., Tonmwvieun U.H. TypOy-
JIECHTHOCTb, TOKOBBIE CJIOM U yAapHble BOJHBI B KOC-
muueckoil miasme. M.: Hayka, 312 c.

lTonoeusnun B.M., 3aiiyes M.A., Kapabacoe C.A., Ko-
pomkuii U.A. HoBble aaropuTMbl BBIYUCIUTEILHON
TUAPOAMHAMUKY JIJISi MHOTOIIPOLIECCOPHBIX BIYUCII -
TeJIbHBIX KOMILJIeKCOB. M.: 31-Bo MOCKOBCKOTO YHU -
BepcuteTa, 2013. 472 c.

Topvkaswit H.H., @puoman A.A. ®usmKa TUIaHETHBIX
konenl. HeGecHass MexaHWKa CIUTOIIHON cpenmbl. M.:
Hayka, 1994. 349 c.

Ipuncnen X.11. Teopus Bpammaroneiics xunkoctu. JI.: [ua-
pometreounsnar, 1975. 304 c.

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

133

Dypbamos C.H., Cauues A.U., Axywxun U.I. HenuHelinbie
BOJIHBI U OJHOMEpHasl TypOyJIeHTHOCTh B cpefax 0e3
nucriepcuu // YOH. 1983. T. 141. Ne 2. C. 221-255.

Hoancanckuic @.B. TlonepedHasi CTpyKTypa KBa3WUIBYX-
MEpHBIX TeO(PU3NIECKIX M MAarHUTOTUAPOIMTHAMIIC-
ckux teyennit // U3B. PAH. ®usuka atMocdepsl u
okeana. 1999. T. 35. Ne 2. C. 163—173.

Hoaxncanckuii @.B. OcHOBBI Te0(DU3NUECKON TUIPOANHA-
Muku. M.: ®usmarrus, 2011. 264 c.

Loaxncanckuit D.B., Kpvimos B.A., Manun /1. FO. Ycroiiun-
BOCTb ¥ BUXPEBEIE CTPYKTYPHI KBa3UIBYMEPHBIX CIIBU-
roBeix TedeHuii // YOH. T. 160. Ne 7. C. 1-47.

Kanawnux M.B., Yxemuanu O.I. O HenTWHEIHOM 3aTyXa-
HUUY BUXPEBBIX TCUSHU I BO BpaIIAIOIICACS XKMIKOCTH //
JAH. 2014. T. 456. Ne 6. C. 717—722.

Ko3znoe B.D., [ypyres A.FO. O6 omHOM HETMHEHOM MeXa-
HU3Me (DOPMMPOBAHUSA LIMKIOH-aHTUIIMKIOHHOM
acuMmmMeTtpuu B okeaHe // M3B. PAH. ®u3uka atmocde-
pbl 1 okeaHa. 1992. T. 28. Ne 4. C. 406—415.

Kocmpuoikun C.B. PexxvMbl cTallMOHAPHBIX TCYCHUI B 3a-
nmade 00 MHTEHCUBHOI BETPOBOM IIUPKYISIINU B TOH-
KOM cJI0€ BSI3KO# Bpamatoiieiics skuakoctu // KITOD.
2018. T. 154. Ne 1. C. 193—-205.

Kocmpuoikun C.B., Xanaes A.A., Hxywxun U.I. BuxpeBble
CTPYKTYPHI B KBa3UABYMEPHBIX TEUCHMSIX BSI3KOM Bpa-
marotneiicst xunkoctu // KOTO. 2011. T. 35. C. 395—407.

Hezaun M., Chexckun E. Buxpm PoccOu m crimpaiabHbIe
cTpyktyphl. M.: Hayka, 1990. 240 c.

Opnosé A.B., bpaxcuuxos M. IO., Jlesuenko A.A. ®opMupo-
BaHME KPYITHOMACIITAOHOIO KOT€PEHTHOIO BUXPS B
JaByMepHoOi TypOyneHTHOocTH // Ilucbma B 2KDTO.
2018. T. 107. Ne 3. C. 166—171.

Ilednocku JI. Teopmsmueckas ruaponrmHaMuka. T. 1. M.:
Mup, 1984. 398 c.

Ilepmsarkoe M.C., Cembvikun B.HU., Maruxosa H.II. Yuer ro-
PU3OHTAJIbHOIT HEOTHOPOMAHOCTH IIJIaHETApHOIO IIO-
IPAHUYHOTO CJIOSI B MOIEJIU IBYMEPHOIO ABMKEHMUS
xunkoctu // V3B. PAH. ®u3uka atMochepsl 1 oKea-
Ha. 2018. T. 54. Ne 5. C. 497—504.

Ilonomapee B.M., Xanaes A.A., Axywkun U.I. Henuneii-
HO€ KMaHOBCKOE TPEHHE U aCUMMETPUS IIUKJIOHM-
YEeCKUX U aHTULIMKJIOHUYECKUX KOT€PEHTHBIX CTPYK-
Typ B reodusnyeckux treueHusix // JAH. 2009. T. 425.
Ne 6. C. 821—826.

Yegppanos C.I. MexaHU3M BO3ZHUKHOBCHUS IIMKIIOH-aH-
TULIMKJIOHHOW BHUXPEBOM aCUMMETPUM W JIMHEWHOE
sKkMaHoBcKoe TpeHue // XKOTD. 2016. T. 149. Ne 4.
C. 876—887.

Batchelor G.K. Note on a class of solutions of the navier-
stokes equations representing steady rotationally-sym-

ToM 60 Ne 2 2024



134

metric flow // Quart. Meeh. Appl. Math. 1951. V. 4.
P. 29-41.

Benthuysen J.A., Thomas L.N. Asymmetries in vertical vor-
ticity and vertical velocity arising during nonlinear ho-
mogeneous spindown // Phys. Fluids. 2012. Vol. 24.
P. 076601.

Hewitt R.E., Al-Azhari M. Non-axisymmetric self-similar
flow between two rotating disks // J. Eng. Math. 2009.
V. 63. P. 259-277.

Holodniok M., Kubicek M., Hlavacek V. Computation of
the flow between two rotating coaxial disks: multiplicity
of steady-state solution // J. Fluid. Meeh. 1981. V. 108.
P. 227-240.

Kostrykin S.V, Khapaev A.A., Yakushkin 1.G. The influence
of nonlinear bottom friction on the properties of decay-

KOCTBIPKHWH, AKYIIKWH

ing cyclonic and anticyclonic vortex structures in a
shallow rotated fluid // J. Fluid. Meeh. 2014. V. 753.
P. 217-241.

Parfenyev V.M., Vergeles S.S. Influence of Ekman friction
on the velocity profile of a coherent vortex in a three-di-
mensional rotating turbulent flow // Phys. Fluids. 2021.
V. 33. P. 115128.

PedloskyJ. Ontheweaklynonlinearekmanlayer:thickness
and flux // J. Phys. Ocean. 2008. V. 38. P. 1334—
1339.

Stewartson K. On the flow between two rotating coaxial
disks // Proc. Camb. Phil. 1953. V. 49. P. 333—341.
Zandbergen P.J. New solutions of the Karman problem for
rotating flows // Lecture Notesin Mathematics. Vol. 771.

Berlin: Springer-Verlag, 1980. P. 563—581.

Stationary Regimes and Parametrization of Ekman Friction in the Karman Model
of Flow Induced by External Vortical Body Force

S. V. Kostrykin® *, I. G. Yakushkin?
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20bukhov Institute of Atmospheric Physics of the Russian Academy of Sciences, Pyzhyovskiy per., 3, Moscow, 119017 Russia
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The detailed study of stationary regimes of Karman axisimmetric flow induced by external vortical body
force is done. It is extracted two stationary regimes — with small (Batchelor regime) and with substantial
(Stewartson regime) secondary circulation. The diagram of regimes existence is plotted in the space of
flow parameters — Rossby and small Ekman numbers. For the flow decaying to the stationary flow in the
Batchelor regime a theoretical model is proposed with which it was possible to derive a parametrization of
linear friction coefficient, Ekman pumping velocity, stationary pressure from mean flow characterictics
(vorticity and divergence). In the Stewartson regime a parameterization of the stationary flow is proposed
and also numerically studied a decay rate. It is shown a good agreement between theoretical and numerical

model results.

Keywords: Ekman boundary layer, Ekman friction parametrization, Karman problem
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BAMECOBBI OLIEHKU U3MEHEHMS CTOKA POCCUIICKHX PEK

B XXI BEKE HA OCHOBE PE3YJIBTATOB AHCAMBJIEBBIX MO/JEJIbHbIX

PACYETOB CMIP6
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ITo pacueram ¢ aHcambGiieM KinuMaTtnaeckux moaeneit CMIP6 (Coupled Models Intercomparison Project,
phase 6) ¢ ucoab30BaHUEM OaliecoBa OCpeqHEHUS IPOBeAeH aHau3 u3MeHeHuit B XXI B. cToka psiga
poccuiickux pek — Bonru, O6u, Enuces, Jlensr, AMypa u Cenenru. baitecoBbl Beca yYUTBIBAJIA KA4eCTBO
BOCIIPOM3BENECHUS] MOACJISIMU CTOKA (MHOTOJIETHETO CPEIHEro CTOKa, JIMHEMHOIo TpeHIa CToKa Ha Bpe-
MEHHOM WHTEpBaJic C JOCTYITHBIMUA HAOOICHUSIMHU 32 CTOKOM, MEXTOIOBOM M MEXKIECITUICTHEH M3-
MeHYMBOCTH). KauecTBO BOCIpoOM3BeneHUS XapaKTePUCTUK CTOKA OTHCIBHBIMA MOICISIMU aHCaMOJIsT
CMIP6 Hanbosee CHIIBHO pa3vdaeTcs IJIsT CPeIHEro MHOTOJIETHETO CTOKA, TPEHAA CTOKA U, B MEHBIIIECH
CTeTIeH!, JUIST MeXTonoBoi m3MeHUnBOCTH. B XXI B. cpegHmit 110 aHCaMOJTIO CTOK YBEIMIUBACTCS IS
OOJIBPIIMHCTBA aHAJIM3UPYEMBIX PeK, 3a MCKIoYeHreM Boarm. D10 yBenmmueHue 0ojiee BBRIpaXKeHO IIPH
CLIEHapHUsIX C OOJIBIIMMM aHTPOMOTeHHBIMU BO3AEUCTBUSIMU. OCOOEHHO OHO 3HAUMMO JUISI CLIEHApHUs
SSP5-8.5 (Shared Socioeconomic Pathways, 5-8.5), mpu KoTopoMm TpeHH yBeJaudyeHus ctoka B 2015—
2100 rT. OTHOCUTEBHO €T0 COBPEMEHHOTO CPEIHEr0 MHOTOJIETHETO 3HAYeHUS cocTaBisieT (10 + 4)% st
Oo6wu, (16 + 3)% nnsa Enuces, (39 + 7)% nnst Jlensl, (36 + 7)% nna Amypa u (18 + 6)% mira Cenenru. Oc-
HOBHOU MPUIMHOM M3MEHEHUS aHCaMOJIeBOTO cpeaHero croka B XXI B. B MOAENISIX TIPU BCeX CIIEHAPUSX
SSP gBisteTcss m3aMeHEeHNE 0CAIKOB. YUeT pa3InInii KauecTBa MOIEJIeH ITpH BOCIIPOU3BEICHNN CTOKA PeK
B cpeaHeM mig 2015—2100 rr. yMeHbIIaeT MeXMOIEIbHbIE OTKJIOHEHUSI OTHOCUTEIBHO COOTBETCTBYIO-
LIMX 3HAYEHM IPU OMHOPOJHOM B3BEILIMBAHUY PE3YILTATOB MOJEIbHBIX pacueToB Ha 6—26% B 3aBUCH-
MocCTH OT crieHapust SSP u peaHoro Bomocoopa.

Kimouesble c10Ba: peuHoii ctok, Boara, O6b, Exuceii, Jlena, AMyp, Cenenra, CMIP6, 6aitecoBo oLieHU -
BaHUe
DOI: 10.31857/50002351524020021 EDN: KRECMR

1. BBEAEHUE

HM3MeHeHMsT KJIMMaTa BKIIIOYAIOT BO3ICHCTBUS
1 Ha BOIHBIE pECYpCHhl U peyHbIe CUCTEMEI [ApIle U
Iop., 1999; Apmnie u np., 2000; MoxoB u ap., 2002a;
Menemko u ap., 2004; MoxoB u ap., 2003; ApxxaHoB
u 1p., 2008; Emcees m ap., 2009; KamroxHbIit 1 ap.,
2012; Mapuenko u np., 2012; Moxos, 2014, 2021;
MoxoB u ap., 2002b; PomanoBckuii u nap., 2009;
®ponosa u ap., 2017; Berezovskaya et al., 2004;
Gerten et al., 2004; Climate Change, 2021; Kattsov
et al., 2007; Yang et al., 2017; Zhang et al., 2014].
OO1iee yBeTmueHNE OCAIKOB TIPH TTOTETIIIEHUN K-
Mata [Held et al., 2006; Adler et al., 2018; Liu et al.,
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2012; Pendergrass, 2020; Climate Change, 2021; de
Vries et al., 2023] m0J2KHO B LIeJIOM TPUBOIUTD K 00-
eMy YBEJIMUEHUIO cToKa peK. OMHaKO yBeJIudeHue
MMOTeHLMAJILHON! McIapsieMOCTH (OIIpenessieMoii Kak
WHTEHCHUBHOCTh MCITAPEHUS IPU TTOJTHOM 3aIloJIHE-
HUM TIOP ITOYBBI BJIaroii), TakxkKe COIPOBOXKAAIOIIEE
noterurenne kamumara [Climate Change, 2021], crio-
COOCTBYEeT KOMIIEHCALIMA pPOCTa WHTECHCUBHOCTU
peyHoro croka. M3MeHeHnsT THTEHCMBHOCTH MCIIa-
peHUs, B CBOIO OYepelb, 3aBUCST TakKe OT U3MEHEe-
HUI BJarocoaepkaHusl IOYBbI IMIPU KIMMaTUIECKUX
Bapuanmsax [Climate Change, 2021], B ToM uncie n3-
3a Bomonob3oBaHud [Taylor et al., 2013; Cook et al.,
2015].
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bynyiine u3MeHeHMSI PEeYHOro CTOKa MOXKHO
OLICHUTh C MCIIOJIb30BAaHUEM INIOOAJbHBIX MOIEIIEH
3emHoit cuctemsl (M3C) [Apme u mp., 1999; Aprie
u nap., 2000; Menemko u ap., 2004; Enucees u ap.,
2009, XoH u ap., 2002; JIunasckuii u np., 2022; Mo-
x0B, 2014, 2021; MoxoB u ap., 2002b; Gerten et al.,
2004; Kattsov et al., 2007; Yang et al., 2017; Zhang
et al., 2014; Climate Change, 2021] nim ¢ UCITOJTb-
30BaHUEM MOJEIe PerMOHAJIbHOIO TUIPOJIOTHYE-
ckoro ukia [Kamtoxsslii u ap., 2012; Gerten et al.,
2004]. Cnenyer OTMETUTh (byHIAMEHTaJbHOE pa3-
JIMYME MEXIY MOIEISIMU 3TUX IBYX KJIacCOB, CBS-
3aHHOE C JCTAJIbHOCTBIO IIPEACTaBJICHUS IIPOLIEC-
coB. Tak, mHTerprpoBanre M3C mpoBOIUTCS IIpU
CPaBHUTEIIFHO TPYOOM IIJIs 3aa4 TUAPOJIOTUU TOPH-
30HTaIbHOM pa3peleHue mopsiaka 100 kv [Climate
Change, 2021], Ho ¢ yueToM 0OpaTHBIX CBSI3ei MeXK-
ny atMoc(epoii u ruapoJiorueli moussl. B cBoo oue-
penb, pacyeThl ¢ MOIEISIMU PErMOHAIBHOIO THAPO-
JIOTMYECKOTO [MKJIA IIPOBOMSITCSI C TOPU30HTAILHBIM
paspelicHMeM He 0oJjiee HECKOJIBKUX KUJIOMETPOB
[Bronstert et al., 2005], Ho 6e3 yyeTa B3auMoOJIeii-
CTBUSI TTIOUYBBI U TUAPOJIOTMYECKMX MIPOLIECCOB B ITOY-
Be U B aTMoc(depe.

Heyder Tex mim MHBIX HPOIECCOB B MOIEIISIX
paszHoro kjacca (Hampumep, MeJTKOMAacCIITaOHOM
MPOCTPAHCTBEHHON W3MEHUMBOCTH TMAPOJIOrMYe-
ckux xapaktepucTuk B M3C miu B3auMoneicTBUs
MPOIIECCOB B IIOYBE U aTMocdepe B pPEerrMoHajb-
HBIX TUIPOJIOTUYECKMX MOIENISIX) — OIHA U3 MpH-
YMH HEOIPEASICHHOCTHA OILEHOK TUAPOJIOTHYECKUX
MPOILIECCOB MpPW OymylIMx M3MEHEHUSIX KiImMara
[Hawkins et al., 2009; Lehner et al., 2020]. ITono6-
Hasl HeoIlpeAeJeHHOCTb XapaKTepHa He TOJIbKO IJIsS
MOJeJIeli, OTHOCSIIMXCS K pa3sHbIM KjlaccaM, HO U
IUISI MOZeJIeli OMHOTO KJIacca MoIesiel, HalpuMep —
s paznuuHbix M3C. Tlpu 3TOM gaxke mpu OTCYT-
CTBUU CTPYKTYPHBIX pPa3IAuMii Momejieii Heorpe-
JIEJIEHHOCTh OLIEHOK OyIyIlMX M3MEHEHUI MOXKET
OBITH CBsI3aHA C BBHIOOPOM 3HAUEHMII IMTapaMeTpoB,
BXOISIINX B OINMCaHUE (U3NIECKUX IIPOIIECCOB
(Takoii BMI MOIEIBHOI HEOIpeae]eHHOCT HOCUT
Ha3BaHMe IapaMeTpuyeckoil). Jpyroit mpuuymHOM
HEeOoMNpeaeJeHHOCTH OLIEHOK THIPOJIOTMYECKUX MPo-
1IECCOB TIPU BO3MOXHBIX U3MEHEHUSX KIMMaTa SIB-
JISIETCSI eCTeCTBeHHas1 M3MeHUYMBOCTh. M3-3a Hee, B
YaCTHOCTHU, IIPU HEAOCTYITHOCTHA COOTBETCTBYIOIIMX
JAHHBIX W3MEpPEHUM 3aTpymHsIeTCS 3aJaHue Ha-
YaJIbHBIX YCIOBUM MHTETPUPOBAHMS MOACIE — MX
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MIPUXOAUTCS CAyJaifHBIM 00pa30M BEIOMpATh U3 paB-
HOBECHBIX YHUCJIEHHBIX 9KCIIEPUMEHTOB C MOJIEIBIO.
HeobxoauMo Takke MMETh B BUIY, UTO OLIEHKU OY-
OYIIAX U3MEHEHWI THUAPOJIOTMYECKUX XapaKTepH-
CTUK CYIIECTBEHHO 3aBMCSIT OT BBIOOpa ClicHapUeB
BHEIIHMX BO3AeHCTBUI HAa 3eMHYIO KJIMMAaTHYECKYIO
CHUCTEMY.

YacTtb 0COOEHHOCTElN OTAEIbHBIX MOAeNei, 00y-
CJIaBJIMBAIOIINX HEOIPEAeIeHHOCTh OIIEHOK Oymy-
IIMX U3MEHEHUM TUIPOJIOTUYECKOTO IIMKJIA, B3aM-
HO KOMITCHCHUPYETCS IPU aHCAaMOJICBOM OCPEeTHECHUI
[Menemwiko u ap., 2004; Reichler et al., 2008]. OnHa-
KO YMEHbBIIIEHHUE 00I1Ieil HEOTPEAeIEHHOCTH OILIEHOK
Mpu yBeaudeHuu pasmepa K MOOEIbHOIO aHCAM-
0JIs1 TpY 3TOM OKa3bIBAETCS, KaK MPAaBUIIO, TOPA3I0
0oJiee MeIJIEHHBIM IT0 CPAaBHEHMIO C OOIIEPUHATON
ouenkoit K2 uz-3a CTPYKTYPHOTO MOA00MS OT-
JEJIbHBIX MOJesIeii, OTHOCSIIMNXCS K OTHOMY U TOMY
JKe KJIacCy, 4TO IPMBOAUT KO B3aMMHOM KOppes-
UK Pe3yabTaToB Ux pacuyeToB. dmg M3C paznud-
HBIX MOKOJIEHUI 3TO OBUIO MPOJEMOHCTPUPOBAHO,
Harnpumep B [Jun et al., 2008; Brunner et al., 2020].
B TakoM ciiydyae eCTeCTBEHHO MCIIOJIb30BaTh METO
MOCTPOEHUSI aHCAMOJIEBOM CTAaTUCTUKU, KOTOPBIK
TaK:Ke ITO3BOJISIET YMEHBIIIUTD BIMSHUE Ha 3Ty CTa-
TUCTUKY MOIENIEH C XyIIIMM Ka4yeCTBOM BOCIIPOM3-
BeICHUS KIMMATUYECKUX XapaKTEPUCTHK, TeM ca-
MBIM  CY3UB  UMHTEpBaJl  HEONpPEneJeHHOCTH
MOJTy4aeMbIX OLIEHOK OYyIyIIUX NU3MEHEHUM.

Paznmuubbie KIMMaTOOOpa3ylomne IIPOLECCHI,
MOTEHIIMAILHO BaXXHEIE IS BHIOpAaHHOM KJIMMa-
THYECKOM XapaKTepUCTUKU, MOTYT IIPOSIBISTHCS
Ha pa3JIMYHBIX BPEMEHHBIX MaciuTadax. B cBs3u
C 3aTPYAHUTEIbHOCTBIO BBIAEACHUS BIUSIHUS OT-
IEeJIbHBIX IIPOIIECCOB Ha PErMOHAJIbHOM MaciiTabe,
1IeJIECO000Pa3HO aHAIM3UPOBATh KAYeCTBO KJIMMa-
THYECKHMX MOJIeJeil IIsT CIIeKTpa BpeMEeHHBIX Mac-
mraboB. [TomoOHBIN MoAXod AJIsl CTOKA peK AMypa
u CenieHru ObLT UCMOAB30BaH B [JIunmasckuit u ap.,
2022], a mis xapakTepucTUK HaBurauuu Ha CeBep-
HOM MopckoM Tyt — B [Kmbanosa m np., 2018;
ITapdenoBa u np., 2022]. IIpu 3ToM B IEPBOM CIy-
yae ObLIO OTMEUEHO CYIIECTBEHHOE BIIMSTHUE MeX-
JecITUIeTHel W3MEHYMBOCTU KiaumaTa Ha ¢op-
MHpOBaHME CTOKa 00enx pek (cM. Takxke [MoxoB,
2021]). B cBs3u ¢ 3TUM SIBHO 1IeJiecooOpa3HoO aHa-
JIN3UPOBATh KauyeCTBO BOCIIPOM3BEICHUS MOIEIISI-
MU U3MEHEHUM Ha MEXIECITHIETHEM BPeMEHHOM
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MaciuTabe, B TOM YMCJIe U IpU BeIOOpEe Moaesei,
Jlenaronuii 3Ha4MMbIil BKJ1aJl B aHCcaMOJIEBYIO CTa-
TUCTUKY.

ITomoGHBIIT aHaANMM3 BO3MOXKEH TOJBKO IIpM Ha-
JIUYUM JOCTATOYHO JJIMHHOTO BPEMEHHOI'O MHTEP-
Bajla (comep:Kallero XOTsl Obl HECKOJIBKO IIMKJIOB
MEXIECATUICTHEM M3MEHUYMBOCTH), IJIS KOTOPOIO
JIOCTYITHBI JaHHBIC U3MEPEHUI BEICOKOTO KauecTBa.
Peunoii cTOK ymOBIETBOpPSIET 3TOMY TpeOOBaHUIO,
T.K. IJISI psiga KPYHHBIX PeK HOCTYITHBI JaHHBIE C
1930-x rr. (uHorma — gaxe ¢ koHua XIX B. https://
portal.grdc.bafg.de/applications/).

Ilenplo gaHHOU pabOTHI SIBJSIETCS aHAMU3 CTO-
Ka POCCUMCKHMX peK IT0 pacuyeTaM C MOIEJISIMM aH-
caMmb1st CMIP6 (Coupled Models Intercomparison
Project, phase 6) mnsa XXI B.

2. METOZIbI

[1pun ananu3e MCTONB30BATUCH PE3YIbTaThl pac-
YETOB CpeIHEMECSIYHBIX 3HAUYCHUI ITOJTHOTO CTOKa
R ¢ mopensmu ancam6nst CMIP6 (CMIP nepeMen-
Hasi mrro) npu cueHapusx “historical”, SSP1-2.6,
SSP2-4.5 u SSP5-8.5 [Gidden et al., 2019] (Tabu. 1).
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OHM OCpemHSIIUCh MO0 BOAOCOOpaM psga peK —
Awmyp, Jlena, O6s, Eauceii, Cenenra, Bonra, BeIge-
JNeHHbIx cornacHo [Graham et al., 1999] ¢ pa3penie-
Huem 0.5° x0.5° o wwmpore u monrore (puc. I,
Taba. 2). Bce 3T BOmOCOOPHI JOCTATOYHO BEIWMKH
JUIS JOCTAaTOYHOIO afeKBaTHOIO ydyeTa UX B COBpE-
MEHHBIX MOIEJISIX 3eMHOI CUCTEMBI, TUITMYHOE IO-
PU30HTAILHOE pa3pelllecHue KOTOPBIX — IOpsaKa
102km [Climate Change, 2021]. IIpu Haauyum pac-
YETOB C Pa3HBIMM HAYaJIbHBIMU YCJIOBUSIMU IIJISL OJI-
HOM U TOi1 %K€ MOIeIN aHATM3UPOBAJICS TOJIBKO OIUH
n3 Hux (B apxuBe CMIP6 obo3HaueHHBIN Kak il).
Hcrionb3oBaHre MepeMeHHOM IOJIHOTO CTOKa 00Yy-
CJIOBJICHO TEM, YTO TOJOBOE CTOKOOOpa3oBaHUE B
bacceiiHe MOKHO TOYHO COBIIANaTh IPU YCIIOBUU
OTCYTCTBUSI 3HAYUTEIHHOTO 3allOJTHEHUS TI0A3EM-
HBIX pe3epByapoB: GaKTOpP, KOTOPHI HE YYUTHIBACT-
cs B Moaensix. B kadecTBe 3TaJlOHHBIX JAHHBIX JJISI
CTOKa OBLIM MCIIOJIb30BaHbI JaHHEIE caiiTa https://
gmvo.skniivh.ru/index.php?id=1 o pacxomax BOmbI,
BBIOpAHHBIX JJIS aHAJIM3a PEK.

Bribop GaitecoBa ocpeaHEeHUsI B KaueCTBE METO-
Ja YCPeTHEHUST SIBJISETCS IPEANIOUYTUTEIbHBIM TIe-
pea TpaAMLUMOHHBIM apu(pMETUYECKUM CPEIHUM,
IMOCKOJIbKY OHO YYUTBIBAET BEPOSITHOCTHEIC Beca U

Taommua 1. Mcrionb3oBanHbie B pabote Mmoaenn ancamous CMIP6. Cumson “(C)” 0603HavaeT CrieKTpaibHOE TMHAMUYECKOE

SIAPO MOJIETN

Howmep MOLL%I]E\;[ 1? ]:;16px143e Mozesb atmocdepst Mopenb ueé{;]ig)ﬂoro cios | I opn30HTaﬂb:1;):ﬂpa3pemeﬂme,

0 ACCESS-CM2 MetUM-HadGEM3-GA7.1 CABLE2.5 1.25 x 1.875

1 BCC-CSM2-MR BCC_AGCM3_MR BCC_AVIM2 (C) 1.125 x 1.125

2 CAS-ESM2-0 IAP AGCM 5.0 ColLM 1.406 x 1.406

3 CESM2-WACCM WACCM6 CLMS5 1.25 % 0.938

4 CMCC-CM2-SR5 CAMS.3 CLM4.5-BGC 1.25 % 0.938

5 CanESM5 CanAMS5 CLASS3.6/CTEM1.2 (C) 2.813 x 2.813

6 EC-Earth3 IFS cy36r4 HTESSEL (C) 0.703 x 0.703

7 FGOALS-f3-L FAMIL2.2 CLM4.0 (C) 1.0x 1.0

8 FIO-ESM-2-0 CAMA4 CLM4.0 1.25x0.938

9 INM-CMS5-0 INM-AMS5-0 INM-LNDI 20x% 1.5

10 IPSL-CM6A-LR LMDZ-NPv6 ORCHIDEE-2.0 2.5 % 1.268

11 KACE-1-0-G MetUM-HadGEM3-GA7.1 JULES-HadGEM3-GL7.1 |1.25 x 1.875

12 MIROC6 CCSRAGCM MATSIRO6.0 (C) 1.406 x 1.406

13 MPI-ESM1-2-HR ECHAMS6.3 JSBACH3.20 (C) 0.938 x 0.938

14 MRI-ESM2-0 MRI-AGCM3.5 HAL-1.0 (C) 1.125 x 1.125

15 NorESM2-LM CAM-0SLO CLM 1.875 % 2.5

16 TaiESM1 TaiAM1 CLM4.0 1.25 % 0.938
MN3BECTHUA PAH. PU3UKA ATMOC®EPHI U OKEAHA ToM 60 Ne 2 2024
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Taoauna 2. XapakTeprCTUKU CTOKA PeK, paccCMaTpUBaeMbIX B JaHHOU paboTe. 3HaYeHMS B JaHHOM TaOJIMIIE OLIEHEHBI Ha CETKE

KJIIMMAaTA4YECKUAX MOAETENA

Boara (0193 Enuceit Jlena AMyp CeneHra
g“"'”aﬂ" Bozoc6opa, 1360 2440 2420 2420 1630 360
TBIC. KM

TO/bI ¢ AAHHBIMU HAGIONEHMUIA 1938—2014 | 1930—2015 | 1936—2015 | 1935-2011 | 1897—2014 | 1935-2014
Cpenpnit MHOrOTCTHHI 238 + 36 401 £ 62 586 + 55 536+£68 | 263+59 28+7
CTOK, KM” I'oJ1,
fh‘d’?g‘iﬂumm TheHNa cTOKa, 0.3+0.2 0.5+0.4 0.840.3 1.0+£0.5 | -02+02 |-0.08+0.04
CKO Me)Karoz[OEOﬁ N3MEHYNBOCTU 4 7 53 75 54 ]
CTOKa, KM’ I'OoJi,
CKO MexnecaTmieTHE T U3MEHUYNBO-

THIC] 27 44 45 50 48 5
CTU CTOKA, KM~ IOl

}

Puc. 1. I'panu1ibl BODocOOPOB peK, CTOK KOTOPBIX aHAJIM3UPYETCsl B JaHHOI padote: Boara (opaHxeBast tuHust), O0b (cu-
Hss), Enuceit (kpacHas), JleHna (¢puoneroBast), AMyp (toy6as), CeneHra (3eneHast).

HeoIpeAeIeHHOCTb pa3IMYHBIX Mojejieii, obecrie-
yyBasi TaKuM 00pa3oM 0OoJjiee TOYHbIE U HaJaeKHbIE
OLIEHKH, OCOOEHHO B YCJIOBMSIX CYIIIECTBEHHOI He-
OIIpeAeICHHOCTY B JTaHHBIX.

AHcaMOseBast CTaTUCTMKA — OOYCJIOBJIEGHHBIC
STAJIOHHBIMM JTAaHHBIMUA aHcaMOJieBoe cpeaHee
E(R| D) u MexXMOeNbHOE CTAHIAPTHOE OTKJIOHE-
Hue o(R|D) — ObUIM BBIYMCIEHBI AHAIOTUYHO
[Hoeting et al., 1999]

E(R| D)= "ROw®

k
1/2
{O‘(R | D)(k)2 _i_R(k)Q}Wl(k) _ (1)

o(R| D)

2.

k — E(R| D)
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Beca ONpeacaAr0TCA Ha OCHOBE TOYHOCTU MOIC-
JIX B BOCITPOU3BCACHUUN KIIMMATUUYCCKUX XapaKTCpU-
CTHUK I10 CpaBHECHMUIO C p€aJlbHbIMU JaHHbLIMU, IIPpU-
4yeM KaXXIbIA BEC W(k) BBIYUCIIACTCA KaK (I)YHKLII/IH
HpaB}IOHO}IOGI/IH IS MOJIEJIeH TTo CpaBHCHHIO C OTa-
JIOHHBIMU JAHHbBIMMU.

PeyHOi1 CTOK cumMTajiicss HOPMaJbHO pacrpene-
JICHHBIM Ha KaX10M BpEMCHHOM MaciuTabe i 3a uc-
KIIIOYCHUEM MEXKACCATUICTHETO BPEMEHHOI'0O Mac-
mraba (CM. HIXE), CTaTMYEeCKOe paclipeiciieHUe
OIIUCBIBACT O6H.Iy10 HEONMPpEACICHHOCTb, KAaK HEO-
npeacJICHHOCTL IMMapaMETpOB MOI[CJTeﬁ, TaK WU HEO-
MpeneJeHHOCTh JAHHBIX U3MEPEHUIA:

Wl = N (502, 6P), )

)
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rae pﬁk) — xapakTepucTHKa ctoka N (x;x),8) — Hop-

MaJbHOE paclipeneieHue MepeMeHHO X CO Cpel-
HUM X, W CTaHIAPTHBIM OTKJIOHeHWeM 0. 31mech u
nanee BepxHuit uHaekc (D) ykasbIBaeT Ha UCITONb-
30BaHME TAJOHHBIX JaHHBIX, (K) — Ha pe3ynbTaThl
pacyeToB ¢ MOJIEJIbIO C HOMEPOM K .

ITpu 5TOM OBLIM BBIIEAEHBI ClIeAYIOLINE BPEMEH -
HbI€ MACIITAOKI:

1. i = m. OgHOIt U3 XapaKTepUCTUK OB MHOTO-
JIETHUM CpeIHUI CTOK pfﬁ) = Rf{f 3a BECh IEPUOL 10~
CTYITHBIX HaOmoneHui (Tabi. 2). OH xapakTepusyer
BpeMeHHOM MaciTab Gosibliie IJuHbl / BpeMEHHO-
ro psga. 3mech U ganee BepxHuil mHaekc “(-) ” yka-
3bIBAET JIN0O HA HOMEP MOJEIN K , TMOO Ha 3TaJIOH-
Hble taHHbe (D).

2. i = tr. Jlpyroifi XapakTepUCTHUKOIN OBILI
pQ = o — nuneitnbrit TPEH[I CTOKA 3a BECh IEPUOL,
IOCTYITHBIX HaOmomeHuii. OH XapaKTepru3yeT BEKO-
BOI BpeMeHHOI MacIuTad (JJ1s JaHHON 3a1a4u 3TOT
MaciuTad nopsakKa IJUHbI [ BpeMEeHHOTO psiia).

3. i = IDV. JIng xapakKTepUCTUKU POJU MEX-
NECATUJICTHUX BapUalMii ObUI MCIIOJIB30BaH BEC,
XapaKTepU3yIOLIUi KaK CPeJHEKBaApaTUYHOIO
orknonenusa (CKO) 0(1'])3\, MEXIECATUIETHEN U3-
MEHYMBOCTH, TaK U KO>(POUUUEHT BPEMEHHOI
KOppEALn CI%V MEX1Y KOMIIOHEHTaMU MOJIEb-
HOTO M STaJIOHHOIO PSAJIOB HAa MEXIECATUIETHUX
BPEMEHHBIX MaclTabax, AaHHAasd Moau(UKanus
Beca ObuIa clieslaHa C LIEJbI0 YBEJIMYEHUs HEOIHO-
POIHOCTH BECOB U J00ABIEHUA yYyeTa BPEMEHHOM
KOppeJIALUU:

) - k) . (D) «(D :
Wiby = N(G(ID)V’GgD{/’é}D)V) X (1 + Cl%v)- (3)

Pagnr RI%V , XapaKTepusylolllie YKa3aHHEIE
KOMITOHEHTEHI, ObIJIM BBIIEICHEI U3 COOTBETCTBYIO-
IIMX MCXOMHBIX PSITOB IOCJE BBIYMTAHMSI TpeHIa
noJjiocoBbIM ¢uiibTpoM JlaHuomra [Duchon, 1999].
B cBoto ouepenn, JaHHBIE TTapaMeTPhl OB BHIOpa-
HBI ITOCJIC aHAJIu3a CHEKTPATbHOM IIJIOTHOCTU PSI-
OB CTOKa (BBIYMCJICHHOI METOIOM MePHUOIOTrPaMM
¥Ya14a) U COOTBETCTBYIOT TPAHUIHBIM BPEMEHHBIM
Macmtabam mnonocoBoro ¢uasTtpa 10 u 40 ner.
Bribop mapamerpoB ¢unbTpa JlaHIoIa Mpou3-
BOJIMJICS TaK, YTOOBI JOMUHUPYIOIIUI MaKCUMyM
CIIEKTPAJIbHOM IIJIOTHOCTH (JIS1 BCEX UCIOJIb30BaH-
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HBIX 3/IeCh BPEMEHHBIX PSAIOB OH pacIiojiaraeTcs
B mHTepBaje oT 10 mo 25 jeT) Haxomuiacs BHYTPHU
BBIIEJISIEMOI TOJIOCOBBIM (PUIBTPOM 00JIACTH Ha
JIOCTaTOYHOM yJajieHuHU oT ee TpaHuil. [Tocne npu-
MeHeHUsI GIIbTpPa CIIEKTPAIbHBIIE MaKCUMYM IJIST
MEXTOJOBBIX Bapualliii CABUHYJICS B MHTEpPBal OT
JIBYX IO TPEX JIET.

4. 1= 1AV. J1ns xapaKTepUCTUKHU MEKTOIOBBIX Ba-
pHanMii UCIIOJIb30BaJIOCh CpeIHEKBAaApaTUIHOE OT-
KJIOHEHUE O,y MEXI0J0BOI MU3MEHUYMBOCTHU CTOKA,
onpenensapieecs: kak CKO psina

() = () (0]

Ry =Rt — Ripy — o x(1—1), (4
rme fy — cepeArMHa BPeMEHHOTIO OTpe3Ka, COOTBET-
CTBYIOIIIETO 3TaJIOHHLIM maHHLIM D. BaiiecoBhl Beca
JIJIS1 9TOTO BPEMEHHOT0 MacllTaba BHIYUCIISUIUCH CO-
[JIaCHO

O = (k) . (D) &(D
Wiar = N(OIAV’GIA\)/’6IA\)/)'

)

MepH HCONMPEACICHHOCTHU OLICHOK (Tf-.) JJIA 9TUX
BPEMCHHbIX MacIlITaboB ObLIM OLIEHEHBI cJIeayro-

1M 00pa3oM:

l.i=m:

1/2

2 = (o8 + o)

2. i=tr: CKO oueHKM IMHEHHOTO TpeHIa, OTIpe-
JieJICHHbIC METOJOM HAaUMEHBIINX KBaIpaTOB.

(6)

3.i=1DV:

(D) — (D)
) = ojpy ' O,

IDV (7)
1/4
e © =[2/(1 —1)]"", I — nonnas wiuHa psiaa [von
Storch et al., 2003]. I'lpu 3TOM BO3MOKXHasI aBTOKOp-
pesuus psAnoB RI%V HE YIHTEIBAIACE. ITocnennee
3aHMXKAaeT OLIEHKY ISl 6§D)\, , YCUJIMBasl BblIEJIEeHNE
MojeJeii Ha JTaHHOM BpeMeHHOM MaciuTabe. Cieny-
€T OTMETUTD, YTO BBIYMCIEHHBIE BECA Wipy , XOTS U
HE COBCEM OJHOPOIHBI MEXAy MOAEISIMU (CM.
HUXe), HO OJHOro mopsiika Mexay coboii. Kak
CJIEICTBUE MOXHO OXUIaTh, YTO KOPPEKTHBII yueT
ABTOKOPPEJSILUU PSINOB Ry HE U3MEHUT Pe3yiib-

TaTbl IPUHIHUIIMAJIbHBIM 06p2130M.

4. i =1AV: [lono6HO NCOTHL30BAHHOMY TSI MEXK-
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NEeCATUJIETHUX BPEMEHHBIX MAacIITaboB, IJisg 3Toro 4eHuio 0.12, Tak 4TO Hey4YeT aBTOKOPPESIIIUU KOP-

MHTEpBaJla BpeMEHHBIX MacIITaboB

PEKTEH.

1/ K ,o60-
i Bec,

o

BAJIMCh TAKXKE OOHOPOIHBIM BEC W
n KOM6I/IHI/IpOBaHHbI

“AM”
b

o

Hapﬂ,uy C NICPCUYUCICHHBIMU BECaMM MCIIOJIb30-
3HavYa€MbIM KakK

®)

D
~oi2 -0

(D) _—
1AV

) o
¢ TeM ke © . JIj1s1 3TOro BpeMeHHOro MaciiTaba aB-

o

TOKOPPEJISILIUS PSIAOB C €AMHUYHBIM CMEIIEHHWEM XapaKTepU3YIOIIMi KauyeCcTBO MOIEIN Ha BCEX pac-

110 BpeMEHHU He IIPEeBHIIIAET 110 a0COIIOTHOMY 3Ha-

CMaTpUBaeMbIX BpEMEHHBIX MacIITa0ax.
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Puc. 2. BaiiecoBbl Beca w
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BAMECOBBI OUEHKW U3MEHEHUA CTOKA...

Wall = Wm * Wi - Wipy ~ WAy - )]
[Tocne BBIYMCIEHUS BCEX BECOBBIX MHOXMTENEH
OHM HOPMHPOBAJIUCh B COOTBETCTBUH C
(k) =
. Wi 1,
rie { — OJWH M3 CHUMBOJOB “m”,
CCIDV”’ C(all”'

(10)
“tr”’ GCIAV”’

[IpuHUIMIIMATBHBIM OTIMYMEM UCIIOJIB30BAHHOTO
B JaHHOI paboTe Moaxoaa Mo cpaBHEeHMUIO ¢ [JIunas-
CKUIi U Ap., 2022] sABAsIeTCS, BO-TIEPBLIX, BbIACICHNE
MEXTOIOBOTO M MEXAECATUIETHET0O WHTEPBAJIOB
BpeMeHHBIX MaciuTaboB (B [JIunaBckuii u ap., 2022]
OHM HE pa3lesisINCh), BO-BTOPHIX — y4eT BPeMEH-
HOI KOppPEJSIIUK PE3YJIbTATOB MOIEIBHBIX pacye-
TOB C JaHHBIMM HAOJIONCHUI B MEXACCATIICTHEM
WHTEpBaJle BPeMEHHBIX MAacCIITab0B (MHOXMUTEINb C
CI%V B (3)). C mpyroii cTOpoHEBI, JaHHbBIE JJIST OCal-
KOB HaJl BOOOCOOpaMHU, UCTOJIb30BaHHKIE B [JInmaB-
ckuii u ap., 2022], B jaHHOIT paboTe He UCIIOJIb3Y-
o1cs. [IpuunHOi 3TOro SBNISETCS HeAOoCTaTOYHAs
IJIMHA WHTEpBajia C JTOCTATOYHO BHICOKHMM Kaye-
CTBOM JAHHBIX [IJISI OCAAKOB Ha IIPOCTPAHCTBEHHOM
maciTabe KpymHbIX BomocoopoB — ¢ 1979 1r., Korna
CTajii aKTMBHO MCIOJIb30BaThCsl CITYyTHUKOBBIE JTaH-
Hble [Adler et al., 2018].

OT1nnune MeXMOIETBPHOTO paclIpeneIeHus oaii-
€COBBIX BECOB OT OIHOPOJHOTO (COOTBETCTBYIO-
IIET0 MPOCTOMY apu(PMeTHYeCKOMY OCPEIHEHUIO
pe3yabTaTOB OTIEIbHBIX MOJEJCii) MOXHO Xapak-
TepU30BaTh HOPMHUPOBAHHON WH(GOPMAIIMOHHOMN
suTponmeit [JIunmasckuit u np., 2022; [Mapdenona u
ap., 2022]

k k
Zw§ )10g2w§ )
k

Hj=—*

11
/ log,K (1

roe K — KoJan4ecTBO MOIEIEN aHCaMOJI.
3. PESVJIBTATHI

3. 1. Bocnpoussedenue kaumamuueckumu Mooeasmu
Xapakmepucmuxk cmoka Ha PasHbiX 8PeMeHHbIX
macumabdax

MexMonenbHOe pa3anyue BOCIIPOU3BEIEHUS Xa-
PaKTEpUCTUK CTOKA HA pa3HBIX BpEMEHHBIX MacIlTa-
0ax 3aMETHO Y€ JUISl CPEAHEro MHOTOJIETHETO CTO-
Ka. DTO KayecTBO XapaKTepu3yeTcs OaileCOBBIMU
BecaMu W, (puc. 2). MexmomenpHOe paclpeaeie-
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Hue O0alieCOBBIX BECOB HauboJIee 3aMETHO OTINYAET-
cs1 oT ogHOopoaHoro ajst Boaru n Exnucesi, a Han6o-
Jee OJM3KO K oaHopomHoMy misg O6u, JleHbl u
Cenenru (Tab. 3). dnsg CeaeHIM 3T0 OTIMYAETCS OT
pe3yabpTaTa, IModaydeHHoro B [JlumaBckuit u ap.,
2022], 4yTo CBSI3aHO C CYIIECTBEHHO 00Jiee KOPOTKUM
BPEMEHHBIM DPSIIOM TAHHBIX IJISI CTOKAa 3TOM PEKH,
HCITOJIb30BABIIMXCS UISI TECTUPOBAHUS MOJIEIEi B
[[TunaBckmii u ap., 2022], roe naHHbIE IJ1S1 PeYHOIO
cTtoka 10 1979 r. He UCNOJIb30BATUC.

Jng koadduiimeHTa JMHEHHOTO TpeHOa CTOKa
(BeCOB W, ) MeXMOIeJIbHAasI HEONPeneJeHHOCTh BbI-
paxeHa B ele 6oblreit crerrenn (puc. 3). [Tpu stom
HaMOOJIBIINE Pa3INIMS MEXKIY MOISISIMU aHCAaMOJIsT
xapakTepHbl 111 Bonaru, Amypa u Cenenru. 3Have-
HUE HOPMUPOBAHHOM MHGOPMAIIMOHHON SHTPOITUHU
BECOB Wy, ISl 9THX TpeX pek cocrtapisger ot 0.86 mo
0.89, Torma Kaxk IS OCTaJIbHBIX ABYX BOIOCOOpOB
oHo 6;13Ko K 0.99.

st BecoB wipy , XapaKTepU3YIOIIUX OCOOEHHO-
CTU MEXIECATUIICTHE N3MEHYUBOCTH, pacIipeeie-
HHME HanboJjiee OMHOPOIHO IJIsT aHATTU3UPYEMBIX ped-
HBIX BomocOopoB (puc. 4). Iaga BecoB Ha 3TOM
BpEMEHHOM MaclluTabe 3HayeHHe HMHOOpPMAaIMOH-
HOI sHTponuu 6;113ko K 0.99 a1 Bcex paccmarpu-
BaeMbIX BogocOopoB. Takasi omHOPOAHOCTh pacnpe-
JeJICHUS BECOB CBs3aHa C TEM, YTO MOJACIH C
MaKCUMAaJIbHOI 1O MOAYJIO MojoxkuTeabHoi Cipy
XapaKTePU3YIOTCSI OTHOCUTEIBHO MaJIbIMM 3HAYCHU -
SIMY TIEPBOTO MHOXUTEIIS B TIpaBoii yacTu (3).

Beca wjsy, XapakTepu3symoline BOCIIPOM3BEIE-
Hue moaeinsiMu CKO MexXromoBoil M3MEHUYMBOCTU
CTOKa, pacripelesieHbl 00Jiee HEOTHOPOIHO IJISI MO-
IeJield TI0 CpaBHEHMIO C BecaMu Wipy (puc. 5). B1o
0cobeHHO 3aMeTHO aJist Boaru — ajist ee Bomocbopa
nmHPOPMAIIMOHHAS SHTPOINS 0aliecOBBIX BECOB Ha
3TOM BpeMeHHOM Mmacuutade paBHa 0.92. [1is1 Bomoc-
0OpPOB Ipyrux peK MHGOpPMaIMOHHAs! SHTPOIINS CO-
crapnsget oT 0.97 mo 0.99. I1pu 3TOM MexXKMoaeabHAas
KOppeJISILIUS Beca Wiy C BecaMu W, U Wy Maja
(<0.38).) IlomoOHast KoppexsLus MeXIy BecaMu
Wiay B Wipy OKasbiBaeTcs 3HaunMoii (0.56). Takum
obpazoM, misi Bogocbopa Bosrum Monenu, oTHOCU-
TeJIbHO Xopolio BocnpousBoasaiue CKO mexrono-
BOIl M3MEHUMBOCTH, TAKXKE€ OTHOCUTEJIILHO XOPOILIO
BocIpou3BogsaT u ocobeHHOCTH (CKO 1 BpeMeHHOI
XOJT) MEXIECATUIICTHEN N3MEHUYNBOCTH.
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, HO [UTSI BECOB W,_, XapaKTePU3YIOIIUX BOCTIPOM3BEACHNE MOMEISIMU TMHEWHOTO TPeHIa CTOKA.
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Puc. 3. [Tono6Ho puc. 2

Taomma 3. MubopMallMoHHas SHTPOIHS IS 0aiieCOBBIX BECOB

MexMonenbHOe pacnpeneyieHue KOMOMHM-
pOBaHHOIO Beca W,; HamboJjiee HCOTHOPOIHO

Takxke 1j1s Bogocbopa Bouru (puc. 6), 11s Ko-

toporo H, =0.73 (tabn. 3). 3aMeTHO Heon-
HOPOIHBI OHU U IJIsI OCTaJbHBIX BOIOCOOPOB:

H,, =0.82 nna Amypa, H, =0.89 mns Enn-
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146 MEIBENEB u np.

H,, =0.95 nng Jlenbl. Hanbonbnii BKJIag B He-
OIHOPOMHOCTb BECOB W, CBSI3aH C Ka4eCTBOM
Bocmpou3BeneHus1 TtpeHna (mist Bomarm, OO0n,
Amypa u CelleHTM) U MHOTOJIETHErO CpPEeaHEero
(nng Enucesd, Jlensl 1 AMypa). 3HauMMa Takxke
COOTBETCTBYIOILIAsI POJb MEXIECATUIIETHE! W3-
meHuuBocTu (miusa Jlensr u Amypa) u CKO wme-
XKrogoBoit m3ameHuynBocTH (mist Bomru, O6um n
JleHnr).

Hnst Kaxmoro Boaocbopa MOXHO BBIAEIUTH
MozeJu aHCcaMOJIs, JIydllle OCTaJbHbIX BOCIIPOM3-
BOSIINE XapaKTePUCTUKHU CTOKA Ha Pa3MYHBIX
BpPEMEHHBIX MacITabax M Jalolie HanOOJbIINA
BKJIag B aHcaM0OJieByl0 CTaTUCTUKY. B KauecTBe
KpUTEPHUsI 3TOTO MOXHO MCIOJb30BaTh Beca Wy ,
3HAYeHUST KOTOPBIX AJIs TaKUX MOJAEe MOJIKHBI
ObITh cpaBHUMBI ¢ 1/K unum ObITh OoJibllie 3TOM
BenMMYuHEL. s Bomocbopa Bonru nmpu aTtom us
16 moneneit Boigensatorcsa 7, giust Oou — 12, mia
Enuces — 9, nna Jlenst — 13, gng Amypa — 10,
a1 Cenenru — 10. Ilpu aTomM Moaenu, aydlie
JPYTUX BOCITPOU3BOASIIINE XapaKTEPUCTUKU CTO-
Ka Ha OHOM M3 BOZOCOOPOB, MOT'YT XapaKTepu-
30BaTbCsl IMOHMXEHHBIM KauyeCTBOM BOCPOM3BE-
OeHUSI TaKWX XapaKTepUCTUK MJs OpPYyroro
BojocOopa.

3.2. Uzmenenus xapaxmepucmuk peuroeo cmoka 6 XX1 6.

3.2.1. Yuer xapakTepHCTHK CTOKA HA BCEX BPEeMEHHBIX
MaciuTadax mpH B3BeNIMBAHHN MoJieJIei

Pesynbrarhl BBHIUMCICHMSI aHCAMOJIEBOTO Cpel-
nero E(R| D) nna 6aiiecoBoro ocpeiHeHus ¢ KOM-
OMHMPOBAHHBIM BECOM W, B LIEJIOM IMOJOOHBI CO-
OTBETCTBYIOIIMM pPe3yIbTaTaM IIPU OCPEAHEHUM C
OIHOPOAHBIMU BecaMu (C YYETOM aHCaMOJIEBOIO
MexkmoaeabHoro CKO; cM. puc. 7—12). Ilpu atom
JIJTS1 OOBIIMHCTBA aHAMU3UPYEMBIX PeK (3a UCKITIO-
yeHueM BoJirn) BBISIBJEH OOIIMIT TpeHI yBeINde-
HUSI aHCaMOJIEBOTO CPeIHEro CTOKa MpH ITOTEIlIe-
Huu (Tabis. 4). OTo yBennudyeHue 6ojiee BBIPAKEHO
MpU CLEHApUSIX C OOJBIIMMM aHTPOIOTeHHBIMU
BozneicTBusaMu. Ilpu cuenapuu SSP5-8.5, TpeHn
yBenuueHuss croka B 2015—2100 rr. cocraBisieT
41+15 xM® rog~! na O6u, 94 +19 km® rog~' mus
Enwuces, 207 + 36 kM’ ron~! mst Jlensr, 94 +£19 km?
ron~! g Amypa u 54+ 2 xkm?® rog~!' ming CesleHTH.
Jns 3HauYeHUil CpelHEero MHOTOJIETHETO CTOKa B
Taba. 2 3TO COOTBETCTBYET U3MEHEHUIO CTOKA Ha
(10+4)% nmna O6bu, (16 +3)% nna Enxuces,
B9+7N% nna Jenw, (36 +7)% nna Amypa u
(18 = 6)% nna Cenenru. Ilpu cueHapum SSP2-4.5
TPEHIBl CTAHOBSITCS MEHbIIE MO abCOJIOTHOM Be-

Taomuna 4. KoadduyeHT TpeHIa N3MEHEHMs CTOKa pek (aHcaMOieBoe cpeaHee = BHyTpuaHcaMm6ieBoe CKO) B 2015—2100 rr.,
KM® rof 2. 3HaueHUsI, UMEIOIINE CTATUCTUYECKYIO 3HAYMMOCTh Ha ypoBHE (.95, BbIIEIEHBI XXUPHBIM MIPU(GTOM

m tr IDV 1AV all AM
SSP1-2.6 —3+10 —9=+11 1£7 1+7 —12+10 517
Boasra SSP2-4.5 1+8 -1£10 07 —5%7 —4+9 —1£7
SSP5-8.5 9+ 10 5£10 19+9 17+9 —7x11 26+ 11
SSP1-2.6 267 -30+8 -33+7 277 —28+8 =307
O6b SSP2-4.5 5£8 68 8+7 8£8 16 £8 4+7
SSP5-8.5 23+11 34+14 30+13 30£15 41+ 15 26+ 13
SSP1-2.6 —8+38 —2+38 —2+38 —1%£38 —-12£9 —1+£38
Enuceit SSP2-4.5 41+ 10 46 £ 11 40+ 10 43+10 38+10 43+10
SSP5-8.5 95+19 106 £ 20 101 £+ 18 102 £ 19 94+ 19 103 £ 19
SSP1-2.6 1311 17+ 11 14£10 2110 1911 14+ 10
JleHa SSP2-4.5 79 £15 97+ 19 84+ 16 95+ 18 8215 91+ 18
SSP5-8.5 208 + 36 232 + 40 213 + 37 222 + 38 207 + 36 223+ 39
SSP1-2.6 30£9 4311 308 319 43£12 309
Amyp SSP2-4.5 50+11 56 + 12 53+11 52+10 60 + 13 58+ 11
SSP5-8.5 97 £ 18 98+ 19 101 £ 17 98 + 17 94+19 111 £18
SSP1-2.6 1£1 2+1 1£1 2%1 3+1 1£1
Cenenra SSP2-4.5 2+1 —1£2 1+1 2+1 1+1 1+1
SSP5-8.5 5+2 2+2 42 5+1 52 42
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JINYMHE, HO B 1eJioM (3a uckiaodeHrueM CeJleHTn)
OCTAlOTCSl CTAaTUCTUYECKU 3HauMMBIMM. [Ipu cie-
Hapuu SSP1-2.6 TpeHOBl CTOKa AOMOJIHHUTEIHHO
YMEHBIIAIOTCS 110 a0COJIOTHOI BeIWYMHE W IS
OOJIBIIIMHCTBA BOAOCOOPOB CTAHOBATCS CTATUCTU-
YeCcKM He3HAuYuMBbl. B 11ej10M a1s1 aHaIuM3upyeMbixX
BogocOoopoB (uckmoyas CelaeHTy) MOXHO OTMe-
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TUTh 0OlIllee YBeJIMYEeHE POCTa CTOKA B HallpaBJie-
HUM C 3aI1aja HO BOCTOK.

OCHOBHOIl TNPWUYMHON WU3MEHEHUs aHcaMblie-
BOTO cpenHero croka B XXI B. B MoAensIX Mpu BCex
cueHapusax SSP aBnasgercs usMeHeHe ocagkos (T1e-
pemenHass CMIP pr). Biusgaue nameHeHuni 3Bamno-
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Puc. 7. Ancambnesble cpennue E(R | D) (a, B, 1) 1 MeXMoOJIeIbHOE CTAHOAPTHOE OTKIOHEHNE 0( R | D) 6, 1, e) mis
rogoBoro croka Bosru npu cueHapusx SSP1-2.6 (a, 6), SSP2-4.5 (B, 1) u SSP5-8.5 (1, €).
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tpaHcnupauuun (nepemernHas CMIP evspsbl), kak
npasuiio, Mano. CTaTUCTUYECKU 3HAYUM IOCHE/I-
HUI KO3DOUIMEHT KOppelsIliM TOJIbKO B CIydae
3HAYMMOM KOPPEISIIIUU MEXIY 3BaIlloTpaHCIIMpa-
LIMel U ocajakaMu, YTO TMPOSIBISIETCS, HAIPUMED,
mist moaeaun MPI-ESM1-2-HR nHan Bomoc6opom
CeneHru.
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MEIBENEB u np.

Yyer paznuuMs KauecTBa MoJesieil pu BOCIIPO-
U3BEICHUU  CTOKa  peK  (XapaKTepu3yeMoro
BecaMu W, ) B cpeaHeM st 2015—2100 rr. ymeHb-
maet mexxmonenbioe CKO o(R | D) otHocuTeNnbHO
COOTBETCTBYIOILIETO 3HAYEHUsT TPU OJHOPOTHOM
B3BELIMBaHUM Mojesieit Ha 22—26% B 3aBUCMMOCTH
ot cueHapug SSP mist Bonru, Ha 6—8% s Enucest
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Puc. 8. ITono6Ho puc. 7, Ho nj1s1 O6m.
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u Ha 14—18% nnst ocTajJbHBIX peK (MpaBbie YacTU
puc. 7—12).

3.2.2. BansiHue Kputepusi BBIOOpa Mojeeii
Ha Pe3yJIbTAThl AHAJIU3A

B uenom BausiHue BBIOOpa BpPEeMEHHOTO Mac-
mraba I BbIOEJICHUS KayecTBa MOJIEJIei Ha pe-
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3yJIbTaThl BBIYMCJIEHUS aAHCAMOJEBOIO CPEIHETO
croka E(R| D) He ABNSA€TCS NPUHIMIUATLHBIM.
Hcronb3oBaHue T1000T0 U3 BECOB Wy, Wiy, Wiay U
wipy (a Takxke ogHOpomHOro Beca Wy = 1/K) BMe-
CTO BECa W, HE CKa3bIBA€TCs NMPUHIMITAAIbHBIM
00pa3oM Ha pe3y/IbTaTe BHIYMCIEHUS CPEIHETO aH-
caMOJIEBOrO  CTOKA: BBIYMCJIEHHBIE IIPU  3TOM
E(R|D) nna maHHOTO BOmOCGOpA PasinvalOTCst
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Puc. 9. [Tono6Ho puc. 7, Ho nyist Exucest.
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Puc. 10. [Tono6HO puc. 7, HO mis JIeHBI.

MeHee yeM Ha BHyTpuaHcambieBoe CKO o(R | D)
(puc. 7—12).

Hnsa Bomocbopa OOM OTMEUYEHO, YTO IIpU CIICHA-
puu SSP2-4.5 TpeHa yBeTWYeHUsI CTOKA MIPOSIBIISIETCS
TOJIBKO TIPX OCPENHEHMU MOJeNie aHCcaMOJIsI ¢ KOM-
OMHUPOBAaHHBIMU BecaMu W, . Ilpy ocpemHeHUU ¢
BeCaMu Wy, , W, Wiay ¥ Wipy , a TAKXKe C OIHOPOI-
HBIMU BecaMU Wy KO3 GUIIMECHT TPEeHIa ISl CpeaHe-

N3BECTUA PAH. ®DU3KA ATMOCOEPHI 1 OKEAHA

ro no aHcamtommo croka £ (R | D) craHoBuTcs cratu-
CTUYECKY HE3HAUMMBIM, a €r0 a0COJIIOTHOE 3HAUCHME
YMEHBIIIaeTCS B HECKOJIBKO pa3 (CM. TaoII. 4).

MOXHO OTMETUTh, YTO ISl BCEX BOJOCOOPOB Hau-
OoNbIINI TpeHT yBeaudeHus: ctoka B XXI B. mposiB-
JISIeTCsl IPU OCPETHEHUY C BECaMU Wy, , KOTOPBIE Xa-
PaKTEPU3YIOT KAYECTBO BOCIIPOU3BEICHUS MOICIIMU
TpeHaa croka B XX u Havyasie XXI B. (Tabi. 4). B cBoto
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Puc. 11. [Togo6Ho puc. 7, HO mia Amypa.

ouepenb, HAMMEHBIIMII MO a0CONIOTHON BEIMYMHE
TpeHn yBennmdeHus croka B XXI B. 17151 Bcex Bomoc0o-
POB OTMe4aeTcsI IIpu 6aiieCOBOM OCPEIHEHUM ¢ Beca-
MU Wy, , XapaKTepHU3yIOIIMMH KadeCTBO BOCIIPOM3Be-
JIEHWSI MOJIEJISIMU MHOTOJIETHETO CPEIHETO CTOKaA.

OTMEYeHHOE yMEHBIIEHUE MEXMOJEJbHOTro
CKO mnipu 6aitecoBOM OCpeTHEHUH CBSI3aHO TTPEXIe
BCETO C BIMSHMEM KauyecTBa BOCIIPOU3BEACHUS

N3BECTUA PAH. ®DU3KA ATMOC®EPHI 1 OKEAHA

CPEIHEro MHOTOJIETHETO CTOKA Pa3IMYHbIMU MOJIe-
JssMuU. B 9acTHOCTH, yXe IpU OCpeTHEHUM C BecaMu
W,, YMEHBIICHHUE o(R | D) B cpengHeM miug 2015—
2100 IT. OTHOCUTEIBHO COOTBETCTBYIOIIETO 3HAYEC-
HUSI TIPU OCPEIHEHUM C BECAMU W; MOXET COCTaB-
a7k 1/5. Haubosnee 3Ha4MMO 3TO yMEHbIIIEHNUE IS
AMypa 1 HauMeHee 3HauuMo 1151 EHucest. D1o B 1ie-
JIOM COIJIaCYeTCsI ¢ pe3yJbTaTaMU BbIYUCICHMS 3H-
TPOIUH BECOB JJISI pa3IMYHBIX BOZOCOOPOB.
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4. SAKJIIOYEHUE

B nanHoii paboTte aHaNIM3 NPOBEICH aHAINU3 CTOKA
KPYITHEHIINX poccuiickux pek B XXI B. 1o pacueram
¢ aHcaMbJieM KiauMatuyeckux moaeneit CMIP6 ¢ mc-
nojib3oBaHueEM OaiiecoBa ocpenHeHMs. Ilpu aToMm ¢
nomMo1pio dunasTpa JlaHionra ObLIN SBHO BBIIEICHBI
IIBa MHTEPBaJ BPEMEHHBIX MacCIITA0OB KIMMAaTH4e-

N3BECTUA PAH. ®DU3KA ATMOCOEPHI 1 OKEAHA

CKOM M3MEHYMBOCTU — MEXTOIOBOU M MEXIECATU-
netHeit. {ns mepBoro Maciutaba xapaKTepUCTHUKa
Ka4eCTBO BOCIIPOM3BEACHUST MOICIISIMUA MEXTOIOBOM
M3MEHYMBOCTUA OIIPEIC/ISUIOCh BEIMYMHOM aHCaM-
o6aeBoro CKO. /Ing MexaecaTwieTHeld M3MEHYMBO-
ctu Hapsiny ¢ CKO yuuThiBajach Takke BpeMeHHast
KOpPpeISILNS BBIASIeHHOTO (hMIsTpoM JlaHIo1a Bpe-
MEHHOTO psiia ¢ JAaHHBIMU U3MEPEHMI CTOKaA.
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B xayecTBe 3TaTOHHBIX JAHHBIX IS CTOKA ObLIU
WCTIOJIb30BaHbl  JAaHHBIE THIPOIIOCTOB  BOIM3U
YCThSI COOTBETCTBYIOIIMX PEK C HAYaJIOM B CEpeIy-
He 1930-x rr. (111 Amypa — ¢ 1897 IT.) 1 BILUIOTh A0
2014 r. (mociemHWii KaJeHAAPHBIA TOM YKMCIEHHOTO
sKcrepuMeHTa “historical” nmpoekra CMIP6). Takoii
BBIOOP JAHHBIX OOYCJIOBJIEH, B YACTHOCTHU, BBIIENE-
HHEM MHTEPBAJIOB MEXTOIOBOM 1 MEXIECITUICTHEI
M3MEHYMBOCTU B MTaHHOM padote. [Ipu 3TOM B CBSI3U
C HEIOCTAaTOYHOM JJIMHOM JaHHBIX IS KOJUYEeCTBa
0CaJKOB HaJl KPYITHBIMU PEYHBIMU BOIOCOOpaMHU 3Ta
MepeMeHHas He MCII0Ib30BaJIach KaK XapaKTepUCTH-
Ka KauecTBa Mojiesieil aHcaMOJisl B JaHHOM paboTe.

KadectBo BOCTpoM3BeIeHUST XapaKTEepUCTUK
CTOKA OTHEJbHBIMUA MoneiaaMu aHcamoOiass CMIP6
HauboJiee CUJIBHO pa3andaeTcs Il CpeIHero MHO-
rOJIETHETO CTOKa, TPEHJA CTOKA U, B MEHBIIIEH CTe-
neHu, mit CKO MexromoBoil u3aMeHYMBOCTU. J1ist
MEXIEeCATUICTHIUX Bapualnii pacrpeneyieHne daiie-
COBBIX BECOB, HECMOTPSI HAa UCTTOJIb30BaHUE JJ1sI JaH-
HOTO MHTEpBaJIa BpeMeHHbIX MaciTaboB Kak CKO,
TaK YU BPEMEHHOI KOppesluU ¢ HaOIIAeHUSIMU
(T.e. yBeIMUYEHUSI YUCIA XapaKTEPUCTUK KadyecTBa
BOCIIPOU3BEACHUS CTOKA MOACISIMU 1O CPAaBHEHMIO
C TIOJOOHBIM JJISI MEXKIOA0BOI0 MaciuTada) oKasbl-
BaeTcsl HauOoJjiee OJHOPOAHBIM MEXIY MOICISIMU.
CrenyeT OTMETUTD, YTO 3TO He 00s13aTeIbHO YKa3bl-
BaeT Ha XOpolliee KauyeCTBO BCEX MOJIEIeil — cKopee,
3TO CBSI3aHO CO B3aMMHOI KOMITEHCAllMEe KayeCcTBa
BOCHPOU3BEACHUS B3TUX IBYX XapaKTepPUCTUK OT-
IEJIbHBIMU MOJIEJISIMU.

HecMoTpst Ha OMHOPOIHOCTh BECOB Wipy MEXIY
MOJIE/ISIMY, BEIIEJICHE 3TOTO BpeMEHHOTO MacIlTa-
0a aBmuseTcs ueyiecooopa3HbiM. [Ipyu 3TOM M3MeEHs -
I0TCSI BECa Wjay IO CPABHEHMIO CO CIIy4aeM BbIYMC-
JIeHUsT TakKhX BECOB II0 BpPEMEHHOMY psay,
XapaKTepU3yIOLIeMy OOBbEIMHEHHBI MeXIeKal-
HBIA + MeXIeCATIIEHU WHTepBaJl BpeMEHHBIX
MacmTadoB.

Crnenyer Takke OTMETUTb, YTO MPU BbIYUCIEHUU
BECOB Wjpy HCIIOJIB30BaIUCh Takke Tonpko CKO 0e3
ydeTa BpeMeHHO# Koppessiyy ¢ HabmoneHusimu. [1o-
JIy4eHHBIE TIPU 3TOM Pe3YJIbTaThl MPUHIIMITMAIBHO HE
OTJIMYAIOTCS OT MPEACTABJICHHbBIX B IaHHOI padoTe.

B XXI B. cpemnuii mo aHcamMOJIIO CTOK YBEIMIMBa-
eTcs i1 OONBIIMHCTBA aHAM3UPYEMbBIX PEK 3a KC-
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kmodyeHreM Bonru. Do yBenmdeHue 0oee BEIpaskeHO
IPY CLIEHAPUSX C OOJIBIIMMI aHTPOIIOTeHHBIMU BO3-
netictBrussMu. OHO OCOOEHHO 3HAYMMO UISI CLICHApHS
SSP5-8.5, mpu KOTOpOM TpeH] YBEJIMYEHMSI CTOKA B
2015—2100 rr. OTHOCUTEILHO €0 COBPEMEHHOTO Cpel-
HEro MHOToJIeTHero 3HadeHust coctapisieT (10 £4) %
st Oou, (16 £3)% nna Enucest, (39+7)% s
Jlensl, (36 + 7) % g Amypa u (18 + 6) % s Cenen-
. OCHOBHOI NMPUYIMHON M3MEHECHMUSI aHCaMOJIeBOTO
cpenHero ctoka B XXI B. B MOJEIISIX ITPU BCEX CLIEHAPU-
six SSP sBisieTCSl UBMEHEHUE 0CaaKOB.

VYyeT paznuuus KauyecTBa Mojeieil Py BOCITPO-
N3BeIeHNUM CTOKa peK B cpemHem mist 2015—2100 rr.
yMeHblIaeT MexmonaenabHoe CKO OTHOCUTENBHO
COOTBETCTBYIOIIINX 3HAYEHWI TIpU OTHOPOIHOM
B3BeILIMBaHUU Mozneiieil Ha 22—26% B 3aBUCUMOCTH
ot cueHapus SSP mist Bonru, Ha 6—8% mist Enucest
1 Ha 14—18% st oCTaJIbHBIX PeK.

PesynbTraThl AaHHOI pabOTHI AJ151 BOTOCOOPOB AMY-
pa u CeJleHTM COTJIaCyIOTCS C TIOIyYeHHBIMU paHee B
[JTumaBckmii u np., 2022]. OHM TakKe KayeCTBEHHO
COIJIaCyIOTCS C pe3yiabTaTaMU PacueTOB C MOJEJIbIO
3emHOI cucteMbl MHCTUTYTA U3NKNI aTMOCKHEphI
M. A.M. O6yxosa PAH [Enucees u ap., 2009] ripu
ClLIEHApHUsIX aHTPOIIOTEHHOTO BO3/IEHCTBUS CEMENCTBA
SRES (Special Report on Emission Scenarios). OnHa-
KO pe3yJIbTaThl HACTOSIIEH pabOoThl OTIIMYAIOTCS OT
nosryueHHBIX B [['enbdan u gp., 2018], roe mpeobna-
Iy OTpUIaTeJIbHbIE aHOMaJIMM CTOKa Amypa Ipu
BCEX HCIOJIB30BAaHHBIX CIIEHAPUSIX aHTPOIIOTEHHBIX
BozaelicTBusx B XXI B. IIpuuuHbl mocienHero oo-
cyxnarTcs B [JIunasckuii u ap., 2022].

PazpaboTka MeToma mocTpoeHUST aHCaMOJIeBOM
CTAaTUCTUKH BHITIOJIHEHA 3a cueT rpaHTa Poccuiicko-
ro HayuyHoro ¢donga Ne 23-62-10043 (https://rscf.
ru/project/23-62-10043/). AHaU3 poJIv €CTECTBEH-
HOM M3MEHYMBOCTU MPOBOAWICS B paMKax IMpPOeKTa
PH® 19-17-00240. OueHKM M3MEHEHUI CTOKA PeK
apKThyeckoro dacceiiHa npu uameHeHusx B XXI B.
BBITIOJTHEHHI 3a cueT rmpoekTa PH® 23-47-00104.
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Based on ensemble calculations with the CMIP6 (Coupled Model Intercomparison Project, phase 6)
climate models and using Bayesian averaging, an analysis was conducted on the changes in the 21st century
runoff of several Russian rivers — the Volga, Ob, Yenisei, Lena, Amur, and Selenga. Bayesian weights
considered the quality of models’ reproduction of runoff (long-term average runoff, linear runoff trend over
the time interval with available runoff observations, interannual and interdecadal variability). The quality of
runoff characteristics reproduction by individual models in the CMIP6 ensemble varies most significantly
for the long-term average runoff, runoff trend, and, to a lesser extent, for interannual variability. In the 21st
century, the ensemble average runoff increases for most of the analyzed rivers, except for the Volga. This
increase is more pronounced under scenarios with larger anthropogenic impacts. It is especially significant
for the SSP5-8.5 scenario (Shared Socioeconomic Pathways, 5-8.5), under which the runoff increase trend
from 2015 to 2100 relative to its current long-term average is (10 = 4)% for the Ob, (16 & 3)% for the
Yenisei, (39 +7)% for the Lena, (36 & 7)% for the Amur, and (18 & 6)% for the Selenga. The primary
reason for the change in ensemble average runoffin the 21st century in models under all SSP scenarios is the
change in precipitation. Accounting for differences in model quality in reproducing river runoff on average
for 2015—2100 reduces inter-model deviations relative to the corresponding values with uniform weighting
of model results by 6—26%, depending on the SSP scenario and river basin.

Keywords: River runoff, Volga River, Ob River, Yenisei River, Lena River, Amur River, Selenga River,
CMIP6, Bayesian estimation
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INposenen ananus ecrectBeHHbIX MOTOKOB CO, 1 CH, B arMocdepy ¢ treppuropun Poccuu B XXI B. ¢ uc-
MOJIb30BAaHUEM PE3YJIbTaTOB PACUETOB C aHCaMObeM MI0GATbHBIX KINMATHIECKHIX MoJeneit MexXayHapoI-
Horo npoekta CMIP6. OtieHku npupoaHbix MoTokoB CO, I pOCCUIICKUX PETMOHOB CHMIIBHO pa3jinya-
FOTCS 71 pa3HbBIX Moneneii. X 3HaueHUs 71T Hadaja XX 5. HaxomsTcs B Tipeneiiax oT —1 mo 1 I'tC/rom.
B XXI B. pa3nuuust MOIEIbHBIX OLICHOK ITOTOKOB PacTyT U B KOHIIe XXI B. Mpu clieHap1K ¢ HAMOOIbIIUMU
AHTPOIOTeHHBIMU Bo3neicTBusAMU SSP5-8.5 Haxoasarcs B auamna3oHe ot —2.5 1o 2.5 I'tC/roa. OueHku
€CTEeCTBEHHBIX AMUCCHIT MeTaHa B aTMocdepy ¢ TeppuTopnu Poccuu TakKe CHMIBHO PasIWdYaloTCs IS
PasHbIX MOJIETIEH — COBPEMEHHBIE SMUCCUU METaHa OLIEHWBAIOTCA B auarnasoHe ot 10 1o 35 MrCH, /ron,
pu 3ToM pocT B XXI B. MoxkeT nocturath 300%. B aHcaMO6J1eBEIX MOIETBHBIX pacyeTaxX MPOSBIISTIOTCS
00IIMe TEHACHIINN 11T N3MEHEHUI eCTeCTBEHHBIX ITIOTOKOB MapHUKOBBIX Ta30B. 1 OOIBITMHCTBA MO-
neneii ancam611 CMIP6 xapakTepHo nocTrxeHne Makcumyma roromeHus CO, Ha3eMHBIMU 3KOCUCTe-
MaMU M €TO JajbHelIIee cokpamieHne K KoHIry XXI B., a eCTeCTBeHHBIE SMUCCUM MeTaHa B aTMOcdepy
IIJIST BCEX MOZEINE M CIieHapHheB aHTPOIIOTeHHBIX BO3ICHUCTBUI pacTyT Ha mpoTsokeHnr XXI B. Kymy-
JIATUBHBIA TeMIEpaTypHbIN MOTEHLMAN eCTeCTBEHHbIX MoToKoB CO, Ha Tepputopun Poccun B XXI B.
OLIEHEH, B 3aBUCUMOCTHU OT ClLieHapusl aHTPOMOTeHHbIX Bo3aeicTBuii, oT —0.3 1o 0.1 K, a yckopsioluee
MOTEIUIEHUE BO3IEMCTBIE eCcTeCTBeHHBIX SMuccuiit CH , — B IManasoHe 0.03—-0.09 K.

KmoueBble ¢j10Ba: YIIIEpOIHBIN IIUKJI, MOAEIMPOBaHNE KIMMaTa, IIOTOKN ITApHUKOBEIX Ta30B, YIJIEKUC-
JIBIN Ta3, ME€TaH, TeMIIePaTyPHBIN ITOTCHITAAT

DOI: 10.31857/50002351524020039 EDN: KQVVIQ

BBEAEHHUE

KoHueHTpalusl ymieKucaoro ra3a B 3eMHOI at-
Mocdepe yBeIMYWIach B MOJITOpa pa3a ¢ Havyajla UH-
JTyCTPUAIBLHOM 3MOXU — OT ypoBHS oKoj0 280 ppm
[Joos, Spahni, 2008] mo ypoBHs okojo 420 ppm K
2023 r. [https://gml.noaa.gov/ccgg/trends/global.
html]. IlepBoHaYaJIbHO AaHTPOIOIEHHBIN POCT COmEpP-
xkanus CO, B arMochepe ObLT BbI3BaH IJIaBHBIM 00pa-
30M BBIOpOCaMU yrjiepoaa B aTMOC(epy B pe3ysbTaTe
BBIPYOKU JIECOB U IPYTUX BUIIOB A€ATEIbHOCTU, CBSI-
3aHHBIX C 3eMJIETIOJIb30BaHUEM. A C cepenrHbl XX B.
JTOMUHUPYIOIIUM (haKTOPOM CTajId aHTPOIIOT€HHEIE
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BBIOpOCHI B aTMoOcdepy, CBsI3aHHBIE C MCIOJIb30Ba-
HHEM MCKOITaeMOTO TOIUIMBA M IIPOM3BOICTBOM Iig-
MEHTa, M X OTHOCHUTEJIbHAS OISl IIPONOJIKAET PACTU
BIUIOTH JO HACTOSIILIETO BpeMEHU. AHTPOIIOTEHHbBIC
BBIOPOCHI TIPOUCXOAAT Ha (POHE MPUPOTHOTO YIJIe-
pPOIHOT0 0O0MeHa, B KOTOPOM YIJIEPOI LIMPKYIUPYET
MEXIy pe3epByapaMu aTMOC(depsl, oOKeaHa, omocde-
PHI 4 TIOYBBI B MacIITabaX OT BHYTPUCYTOYHBIX IO ThI-
cgayeneTHUX U 0osiee [Archer et al., 2009].

ComracHO TIPOrHOCTUYECKMM OIIEHKaM, KOH-
uenrtpauus CO, B armocdepe x 2100 r. MOXeT 10-
CTUTHYTB YPOBHS 0T 795 mo 1145 ppm Ipu clieHapuu



158

antpornoreHHbIX amuccuii CO, RCP 8.5. Tnanasox
HEOIIPeAeICHHOCT! CBSI3aH C M3MEHYMBOCTBHIO Ha-
3eMHOI'0 YITIEPOOTHOTO OOMEHa M HeoIlpenejeHHO-
CTbIO B 0OpaTHOI CBSI3U YIJIEPOAHbBII LIMKI—KIUMAT
[Friedlingstein et al., 2014]. Heobxonumo 6oJiee Tou-
HO€ MOHMMaHWE OTKJIMKA Ha3eMHOM 3KOCUCTEMbI
Ha M3MEHEeHHUe KJIMMaTa Ijisl YTOYHEHMST MOd0O0HBIX
KOJIMYECTBEHHBIX OILIEHOK. DTO OCOOCHHO aKTyajlb-
HO B cBs3M ¢ Ilapuxckum cornameHuem (2015 r.)
Pamounoii konBeHIMK OOH 00 n3MeHeHUH Kiuma-
Ta, Kacarollerocs rmpoojieM yMeHbIlIeHUsI BLIOPOCOB
MapHMKOBBIX Ta30B U COOTBETCTBYIOILIEH aganTaluu
[MeTtan 1 KnTuMaTn4ecKne u3MeHeHusl..., 2022; Mo-
xoB, 2022].

VYoneponHblii 6aaHC B POCCUHCKUX peruoHax
¢ OOJIBIIIOM MPOTSKEHHOCTBIO JIECOB, TOPMSAHBIX U
BOIHO-0O0JIOTHBIX YTOOUI Y 3HAYUTEIbHBIMU I1OU-
BEHHBIMU 3allacaMy YIJIepoda UrpaeT BaXKHYIO pOJib
B MIOOAJILHOM YIJIEPOIHOM 1IMKJe. bojblinas yacTb
TeppuTOopuM Poccum HaxomuTCsT B 30HE BEUYHOU
MepP3J0Thl. B 3THX pernoHax mpu HU3KOM TeMIlepa-
Type TOAaBIISIETCS MUKPOOHOE pas3ioXKeHHUE YIepo-
Ja, B TO BpeMs KaK ero CTOK U3 aTMocdepsl yepes
(boTOCUHTE3 MOXET OCTaBaTLCSA Ha BHICOKOM YPOBHE
B TeUCHHE BECEHHUX U JICTHHMX ce30HOB. [loaTomy
3a MMOCJIETHNE THICSUYEIETHS B 03€PHBIX OTIOKEHMSIX
1 B OOJIOTHBIX, JIECHBIX M TYHAPOBBIX MOYBAX 3TUX
PErMoOHOB HAKOIUJIMCh OOJIBILIME 3aIlachl YIepoaa,
KOTOpbIE MOTYT IeCTa0UIM3UPOBATHCS IIPU Jallb-
HeiileM MoTeIUIeHUM.

ITo coBpeMeHHBIM OLIEHKAM POCT CYMMAapHOTO
normomenus CO, Ha cylle CBA3aH IJIaBHbIM 00pa-
30M ¢ CeBepHbIM nonyinapueM [Ciais et al., 2019], u
HaMOOJNBbIINI BKJIAA BEPOSITHO BHOCIT OOopeasibHbIe
n ymepeHHble eca [Tagesson et al., 2020]. IToBbI-
LIeHWE TeMIIepaTyphl U YIVIMHEHKE BET€TallMOHHOTO
rnepuona B pe3yJIbTaTe KIMMaTUISCKUX M3MEHEHUI
JOJKHO CHOCOOCTBOBATh YCWJIEHUIO OuochepHOoit
aKTUBHOCTH B BbICOKMX 1MpoTax [Lucht et al., 2002;
Chen et al., 2006]. IIpu 3TOM ycuiaeHue “IbIXaHUS
MOYBBI” M POCT DMUCCHUIT MeTaHa B aTMOc(epy MO-
TyT KOMIICHCHUPOBATh POCT IIOTOKA YIJIepOma U3 aT-
Mocdephl, CBI3aHHBIN ¢ poTocuHTe30M [Piao et al.,
2008; Parmentier et al., 2011].

B [denucoB u np., 2019] ObuIM MOIYy4EHBI OLIEH-
KM M3MeHEeHU# npupoaHbix norokos CO, u CH, B
atMocdepy ¢ Tepputopuu Poccun B XXI B. 1 nx Bo3-
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MOXHOTO BKJIaJla B U3BMEHEHUS KJIMMaTa ¢ UCIOIb-
30BaHMEM MoOenu 3eMHOoi cucreMbl MHCTUTyTa
dusuku armocdeps uMm. A.M. OdyxoBa PAH (M3C
HN®DA PAH). beuio nokaszano, yro nornomenue CO,
Ha3eMHBIMU 3KocucteMaMu Poccum mpu Bcex pac-
CMOTPEHHBIX CLIEHAPUSIX aHTPOIIOTEHHOI'O BO3IEii-
CTBUSI JOCTUTAeT MakcuMyMa K cepeauHe XXI B.,
a jJajee cokpaiaercs. B To ke Bpemsl IIpHpPOIHBIC
SMUCCUHU MeTaHa B aTMocdepy pacTyT Ha IIPOTSKe-
Hun Bcero XXI B., M MX BKJIaI B IOBBIIICHUE IJI0-
OajbHOI TeMImepaTypbl aTMOC(Epbl MOXET IPEBbI-
cuth apdekr ot noromeHuss CO, eCTeCTBEHHBIMU
9KOCHUCTEMAaMM, TaK YTO CyMMapHBI 3 deKT ecTe-
CTBEHHBIX ITOTOKOB 3TUX I'a30B K KOHIy XXI B. MO-
KeT YCKOpATh IoTeruieHue. Ilpu 3ToM Kak mOTOKHU
MmeTaHa [Melton et al., 2013; Saunois et al., 2020],
TakK U yrinekucioro rasza [Friedlingstein et al., 2022]
001a1a10T BBICOKOM M3MEHUYUBOCTBIO, U UX OLIEHKU
IO pacyeTaM C pa3HbIMMU MOAEISIMU CUJIBHO Pa3iM-
YaIOTCS TaXKe ISl COBPEMEHHOTO Ieproa.

B nanHoiIi paboTe mpencTaBiieHbl KOJTUYECTBEHHbIC
OLIEHKM aHTPOMNOIeHHBIX U €CTECTBEHHBIX IMOTOKOB
VIJIEKMCJIOTO Ta3a M MeTaHa JJis Ha3eMHBIX DKOCH-
creM Poccuu B XXI B. 1pu pa3HbIX CLIEHAPUSIX aHTPO-
IOTeHHBIX BO3IEUCTBUII M UX BKJIaa B III00OAJIBbHOE
MOTEIICHUE C MCITOJIb30BAaHUEM Pe3yJIbTaTOB pacye-
TOB ¢ aHcaMOJieM MojieJieli 3eMHOM CUCTEMBI.

NCIIOJIb3YEMBIE JTAHHBIE U METO/1bI
AHAJIU3A

B mpencraBieHHOI paboTe aHAIW3 €CTECTBCH-
Heix morokoB CO, u CH, B armocdepy ¢ Tepputo-
pum Poccum B XXI B. MpoBOAWIICS C UCHIOJIH30BaHU-
€M PEe3yJIbTaTOB PacuyeToB ¢ aHcaMOJieM TII00aTbHBIX
KJIMMaTUIECKUX MOAEIe MeXIyHapOIHOTO IIPOeK-
ta CMIPG6 [Eyring et al., 2016]. Ha ocHoBe pacueToB
C MPEOIIeCTBYIOIINM ITOKOJICHUEM MOIENeil B pam-
Kax npoekta CMIPS5 [Taylor et al., 2012] 6butn g0-
CTYIHBI PE3yJIbTaThl pacyeToB MOTOKOB CO, TOJIBKO
IIJIST HECKOJIBKUX MOJeJieid, a pe3yabTraThl pacyeToB
MPUPOIHBIX 3MMCCUII MeTaHa oTcyTcTBoBaiu. Ilo
pacueraMm ¢ cemeirictBoM Moaesieit CMIP6 moctyrHbl
MOJIENbHbIE OLIEHKHU MOTOKOB CO, yKe 115 JECATKOB
Mofaesei, M IS HEeCKOJbKUX Mojesieil JOCTYIHBI
oueHku norokos CH,.

I[Ipn aHanmu3e paccMaTpUBAINCh PE3YJBTAThI
MOJENIBHBIX PacyeToB HpU 4-X CLEHAPUIX aHTPO-
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MOTeHHBIX Bo3xaelicTBuit cemeiictBa SSP [Riahi
etal., 2017] B XXI B.: SSP1-2.6, SSP2-4.5, SSP3-7.0
u SSP5-8.5. Ilpu 3TOM aHAIM3UPOBAIUCH TOJIHKO
pe3yAbTaThl MOACIbHBIX PacUeTOB, TOCTYIITHBIEC I
nepuoaa 1990—2100 rr. (aas 1990—2015 rr. paccma-
TPUBAIUCH MIOTOKY, paCCYUTAaHHBIE MPU CLIEHAPpUU
“historical”). Uadopmaius o MOIesix, pac4yeThl C
KOTOPBIMH HCIIOJIb30BAJINCh IIPU aHAJINU3E, IIPUBE-
neHa B Taba. 1, 2. Hy>kHO OTMETUTh, UTO HEKOTO-
pBle MOIENIN TIPEICcTaBIeHbl B HECKOIBLKHNX BEpPCH-
sax. OTaUYMs pa3HBIX MOAEIbHBIX BEPCUM CBSI3aHbI
C Pa3IMYHBIM IIPOCTPAHCTBEHHBIM pa3pelleHueM
(EC-Earth3-Veg, NorESM2) unn co BKIIOYEHU-
eM Oyoka atMocdepHoii xumuu. laimee mokasza-
HO, YTO 3TH Pa3jIN4MsI Majo BIMUSIIOT Ha ITOJyYCH-
Hble pesynabraThl. KpoMe Toro, B Mmoaensax CMCC,
NorESM u TaiESM1 g4 pacueTa MOTOKOB MapHU-
KOBBIX Fa30B MCIIOJb3YIOTCS 0ojiee paHHUE BEPCUU
6710Ka HazeMHBIX ITporeccoB CLM, pa3padboraHHO-
ro nyisg momenn CESM.

B Ta6x. 1, 2 npuBeneHa nHgopmMalus o Kojaude-
CTBE YMCJIEHHBIX MOMEIbHBIX PACUETOB IIPU Pa3HbIX
HavyaJIbHBIX YCJIOBUSIX IS Kaxmoro cueHapus SSP.
B nmaHHOIli paboTe mpu aHalu3€ KMCHOJb30BANIUCH
cpemHKe 3HAYeHMs ITIOTOKOB II0 BCEM MOIEIBHBIM
BapraHTaM PacyeTOB IS KaXKIOTO CLIEHApHSI.
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B nmaHHO#i paboTe aHaIU3UPOBAIUCH AAaHHBIE,
mocrymHble Ha caiite (https://esgf-node.llnl.gov/
projects/cmip6/), B TOM 4ucje IJsI OINpeneaeHUs
ecrecTBeHHbIX TT0TOKOB CO, 1 CH, — mepeMeHHbIe
“NEP” (net ecosystem production) u “wetlandCH4”.
IIpu stom manubie NEP nmng mopeneit CESM2,
CESM2-WACCM u IPSL-CM5A-INCA, cyag 1o
BCEMY, IIPEICTaBJICHBI C IPOTUBOIOJOXHBIM 3Ha-
KoM (3muccuu, a He nornowenue CO,), mosromy
IIpY aHaJIM3€e B JaHHOI paboTe 3TU JaHHbIEC UCITOIb-
30BaJICh C OOPATHBIM 3HAKOM.

Jnsi cpaBHeHMsI ObLIM IIPOBENEHBI PacyeThl
¢ M3C DA PAH [Moxos u ap., 2002, 2005; Mo-
xoB, Emucees, 2012]. M3C UDA PAH otHOcuTCS
K KjIaccy INOOaNbHBIX KIMMaTUYSCKUX MOIesei
npoMexyTouHoii cioxxHoctu [Claussen et al., 2002;
Petoukhov et al., 2005; Eby et al., 2013; Zickfeld
et al., 2013; MacDougall et al., 2020]. KpynmHomac-
mrabHasi TMHaAMKUKa atMocdepbl M OKeaHa B HEH
OIMMCEHIBACTCSI SIBHO, a CHHOIITMYECKUE IIPOIIECCHI
rmapaMeTpU30BaHbl, YTO IO3BOJISIET CYIIECTBEHHO
YBEJIWYUTh CKOPOCTh pacueToB. Momeiab COOepXKUT
0JIOK YIJIEPOMHOIO 1IMKJIA, BKJIIOYAs LIMKJI MeTaHa,
VUMTBHIBAIOIINI SMHUCCUM B aTMOChepy 1 IOIIONIe-
HHE YITIEKMCJIOrO Ta3a U MeTaHa Pa3sHBIMU IIPUPOI-
HBIMU 3KocucteMaMu [MoxoB u np., 2006; Enuce-

Taommna 1. MHbopmalis 0 MOIEIbHBIX pacyeTax, NCIIOJIb30BaBIINXCI MPU aHAJTN3e TTOTOKOB Co,

Paspenienne Cuenapum SSP
Monenb HMHctutyt HaszemHblit 610K (mupoTa X
JIONTOTa) 1-2.6 | 2-45 | 3—-7.0 | 5-8.5
ACCESS-ESM1-5 | CSIRO, ABcrpanus CABLE 2.4 145 x 192 40 40 40 40
BCC-CSM2-MR BCC, Kuraii BCC-AVIM2 160 x 320 1 1 1 1
CanESM5 CCCma, Kanana CLASS 3.6/CTEM 1.2 64 x 128 50 50 50 50
CESM2 192 x 288 3 3 3 3
NCAR, CIIIA LM
CESM2-WACCM CAR, C c 5 192 x 288 1 3 1 3
CMCC-ESM2 192 x 288 1 1 1 1
M 4! LM 4.
cMcc-cM2-srs | CMEC, Mramis CIM4.5 192 x 288 1 1 1 1
CNRM-ESM2-1 CNRM, ®panuus Surfex 8.0c 128 x 256 5 10 5 5
EC-Earth3-Veg 256 x 512 7 8 5 6
EC-Earth3-Veg-LR | Ec-Earth-Consortium | LPJ-GUESS 160 x 320 3 3 3 3
EC-Earth3-CC 256 X 512 — 1 - 1
GFDL-ESM4 NOAA-GFDL, CIHA |GFDL-LM4.1 180 x 288 1 — — —
IPSL-CM5A-INCA 96 x 96 1 - 1 -
IPSL-CM6A-LR | 1D oL Ppanum ORCHIDEE 143 x 144 6 1 11 6
MPI-ESM1-2-LR MPI-M, I'epmaHus JSBACH 3.20 96 x 192 10 10 10 10
MRI-ESM2-0 MRI, Anonus HAL 1.0 160 x 320 - — - 1
NorESM2-LM 96 x 144 1 3 1 1
NorESM2-MM NCC, Hopserus CIM 192 x 288 1 2 1 |
TaiESM1 AS-RCEC, TaitBanb CLM 4.0 192 x 288 1 1 1 1
MN3BECTUA PAH. DU3UKA ATMOC®EPHI U OKEAHA ToM 60 Ne 2 2024



160

JEHUCOB u ap.

Tabmmua 2. Mndpopmanus o MOIENbHBIX pacyeTax, CIOIb30BABIIMXCA NPU aHanu3se notokos CH,

Cuenapuu SSP
Monenb WHctutyr Hazemnbiit 610k | Pasperenue
1-2.6 | 2—4.5 | 3-7.0 | 5-8.5
CESM2 192 x 288 3 3 3 3
NCAR, CIIA CLM 5
CESM2-WACCM 192 x 288 1 1 3
NorESM2-LM 96 x 144 1 3 1 1
NCC, Hopserust CLM
NorESM2-MM 192 x 288 1 2 1 1
UKESMI1-0-LL MOHC, Benuko6purtanus JULES-ES-1.0 144 x 192 16 5 16 5
3
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Puc. 1. Cpennee no ancambimo moneneit CMIP6 nornomenue CO, (NEP) nazemubiMu sxocuctemamu CesepHoit EBpazun

[rC/m?/ron] (cBepXy) U CTaHIAPTHOE OTKJIOHEHHE THX OLIEHOK (CHU3Y).

N3BECTUA PAH. ®DU3KA ATMOCOEPHI 1 OKEAHA

TOM 60 Ne 2

2024



ECTECTBEHHBIE CTOKM 1 UICTOYHUKM...

eB u ap. 2008; Mokhov et al., 2008; JIenucoB u ap.,
2015].

YucneHHble pacyeThl IMPOBOAWINCH C Bepcuei
M3C MDA PAH c 40 u 60 MogenbHBIMU gYeiikaMu
MO IIUPOTE W JOJroTe U IaroM WHTETrpUpPOBaHMUS
5 cyt. C ucnonszoBanuem M3C M®PA PAH mnpo-
BEIEHBI YMCIICHHBIE pacyeThl Isl mmepuoma 1850—
2100 rr. mpM pa3HbIX CLIEHAPUSIX aHTPOMNOTI€HHBIX
BO3ICUCTBUI. YUUTHIBAIMCh M3MEHEHUS COmepKa-
HUSI IAPHUKOBBIX Ta30B, TPONOC(EPHBIX U CTPATOC-
¢epHBIX BYJKAHUYECKMX CYIb(PaTHBIX a’po30Jeit
B atMocdepe, M3MeHEeHNe CYMMapHOI COJTHEUHON
paguany Ha BepXHeil rpaHuiie aTMOChEphI U N3Me-
HEHMS IUIOIIANei CeIbCKOXO3SIMCTBEHHBIX 3€MEb.
s nepuona 1850—2014 rr. aTu Bo3aeicTBUS 3a1a-
BaJIICh B COOTBETCTBUM CO clieHapueMm “historical”
npoekta CMIP6. Ina nepuona 2015—2100 rr. aH-
TPOIIOT€HHBIE BO3NCHCTBUS 3adaBaINCh B COOTBET-
CTBUM CO clieHapusaMu ceMeiicTBa SSP.

Bxuan ecrectsenHbix notokoB CO, u CH, B ar-
Mocdepy B POCCUICKMX PErmoHax B IJ100OajibHbIE
W3MEHEHHUS KJMMaTa OLIEHUBAJICS C IOMOIIBIO KYy-
MYJISITUBHOTO TemIlepaTypHoro moreHumana CT
a”ajornyHo [[Jdenucos u ap., 2019, 2022]. Cymmap-
HBII KITUMaTU4YeCcKMit 3(p(PeKT NCTOUHNKA ITApHUKO-
BBIX Ta30B MOXET Ha BpeMeHHOM ropusonte [7; T, |
OBITh OLICHEH KakK

T, -1
CT(T,.T, )= > E(t)GTP“" (1,T;,),
=T,
rae E(f) — mOTOK MapHMKOBOIO rasa 3a Iof f, a
GTP“*(t,T,,) — aOCOMOTHLIN MOTEHLMA U3MEHE-
HUS TIOOAJBHOI TeMIlepaTyphl, CBSI3aHHBII C KOH-
KPETHBIM Ta30M, Ha ropusoHre [£;7},], MomuduLm-
pPOBAHHBIN C YIeTOM M3MeHEeHU s (POHOBBIX YCIOBUIA.
ITonpo6Hoe ommcanme mMomudukanuu GTP u ee
s dexToB mpuBeneHo B [JleHucos u np., 2022]

(1

PE3VJIBTATbI

Ha puc. 1 mokaszaHo cpenHee 1o aHcaMOJ1I0 MO-
neneit CMIP6 nornowmenne CO, Ha3eMHBIMU 3KO-
cuctemamu CeBepHoii EBpasznu ¢ MeXXMOIEIbHBIMU
CTaHIAPTHBIMU OTKJOHEHUSIMU 115 riepruona 1990—
2014 rr. B cpenHeM 3a Tof eCTECTBEHHOE MOTIONIE-
Hue CO, u3 atMocdepbl MPEBOCXOIUT SMUCCUU B
atMocdepy Ha Ooblieit yactu Teppuropun Poccrn
¢ xapakrtepHbiMu 3HaueHusmu 20—40 rC/m?*/ron,
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yTO comtacyetcd ¢ ouneHkamu [Friedlingstein et al.,
2022]. IIpu stom noromenue CO, vMMeeT BbIpa-
JKEHHBII 30HANBHBII XapakTep, a er0 MaKCUMYMBbI
JIIOCTUTAIOTCSI Ha eBpoIleiickoit Tepputopun Poccum
B mmosioce 50°—60° c.uu. [TpakTudecku 1ig Beeil Tep-
puropun Poccum cTaHmapTHOE OTKJIOHEHUE 3TUX
OLICHOK 3HAYUTEIbHO IIPEBBIIIACT CAMM 3HAYCHUS
nornomeHuss CO, ¢ xapaKTEPHBIMM 3HAYEHUSAMU
40-70 rC/m?/ron.

Ha puc. 2 moka3zaHbI cpeTHErog0BEIe CyMMapHEIe
ecrecTBeHHbIe TIOTOKM CO, U3 Ha3eMHBIX DKOCH-
creM B aTMoc(epy Ha Tepputopuu Poccnu (Tak Ha-
3pIBaeMas net ecosystem production, NEP). Orpn-
LIaTelbHble 3HAYeHUS Ha rpadukax COOTBETCTBYIOT
nomromenuto CO, u3 atMmocdepsl. B cBsI3u ¢ BbICO-
KOl M3MEHYMBOCTBHIO TIOTOKOB pE3yjbTaThl pacuye-
ToB ¢ M3C MDA PAH npencrasiaeHbl ¢ 9-leTHUM
CKOJIB3SIIIMM OCPEIHEHUEM.

O1LeHKY CYMMapHBIX CPEAHETOMOBBIX IIPUPOTHEIX
norokos CO, st TeppuTopuu cyinu Poccum cuiibHO
pa3IuyarTCcs IS pa3HbIX Mopaeneil. Mx coBpeMeH-
Hble 3HadyeHus (s Havana XXI B., no 2014 1., B co-
OTBETCTBUH cO clieHapueM “historical”) HaxonsTcs B
npenenax oT —1 mo 1 I'’C/ron. Ilpu aToM mist 601b-
IMHCTBa Momeneit (mckimouass mogenmu BCC, IPSL,
CNRM u MRI) n1uana3oH COBpeMEHHbIX 3HAUCHUIA
norokoB CO, ropasno yxe: or —0.5 no —0.2 I'’C/
rog. B XXI B. pacxoxneHue B MOIEIbHBIX OLIEHKaX
noTokoB pacteT. Hauboabiumii nuamna3oH OLEHOK
ot —2.5 no 2.5 I''C/ron nocturaercs B KoHiie XXI B.
P CLICHApUU C HaMOOJBIIMMU aHTPOIIOTeHHBIMU
posaeiicTBusiMu SSP5-8.5. YkazaHHbIe paHee Moje-
JIA Ia10T Avana3oH omeHok oT —1 mo —0.2 I'rC/ron
Ha mpoTskeHUM Bcero XXI B. (Mckimodast Monesb
CanESMS5 nipu 6oJiee arpecCMBHBIX aHTPOITOTEHHBIX
CIIeHapUSIX).

B [Dolman et al., 2012] npuBeneHbl OLIEHKH TTO-
[JIOIIeHUs yriepoaa M3 aTtMocdepbl Ha3eMHBIMU
sKocucTeMamMu Poccuu ¢ UCIob30BaHUEM pa3inyd-
HbBIX MeTonoB. OlLIEeHKM Ha OCHOBE AMHAMMYECKUX
MOJIeJIei IIPOIECCOB B Ha3eMHBIX 9KOCHCTeMaX (aHa-
JIOTMYHBIX Oj0KaM mopeneit CMIP6) mokasbiBaiu
cpenHue 3HaueHus okojio 0.2 I'rC/rog u BbICOKOE
MexxMmonenbHoe pacxoxneHue B 100% ot aToii Benu-
yuHbl. C UCMOJb30BAHUEM JPYTUX METOIOB OLIEHKU
nonnomieHuss CO, B pOCCUICKMX PETMOHAX CyLIe-
ctBeHHO Oosbiie: 0.6—0.8 I'rC/ron [Gurney et al.,
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2003; Dolman et al., 2012; Ciais et al., 2010]. Cornac-
Ho HalnmoHaabHOMY JOKJIamay O KagacTpe aHTPOIIO-
T€HHBIX BEIOPOCOB U3 UCTOYHUKOB U a0COpOLIMU MO~
IJIOTUTEISIMU TTAPHUKOBBIX Ta30B, HE PEryINPYEeMbIX
MoHpeanbcKuM npoToKojaoM 3a 1990—2020 rr., mo-
routeHne CO, B Poccun B cekrope 3U3JIX (3em-
JIETIOJIb30BaHNE, N3MEHEHUSI B 3eMJICTIOIb30BaHUM
M JIECHOE XO3STIICTBO) B TTOCJIETHME JECATUICTUS CO-
ctasysio 0.15—0.2 I'tC/ron.
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JEHUCOB u ap.

Hnsa cpaBHeHUs Ha pUC. 2 MPUBEIEHbI OLIEHKU
norokoB CO, no pacyeram ¢ M3C U®PA PAH u an-
tponoreHHblie amuccun CO, ¢ teppuropun Poccun
M0 COOTBETCTBYIOIIMM cleHapusiM. B [[leHucoB u
np., 2019, 2022] aHTponOreHHbIE SMUCCUU C TEPPU-
TopuM Poccum paccUMTHIBaIUCh B COOTBETCTBUU CO
cueHapusimu cemeiictBa RCP [Moss et al., 2010] mst
pernona REF (crpansr Boctounoit EBporibl 1 ObIB-
rero CCCP) ¢ HOpMUPOBKOIT Ha COBpeMEHHbIE 3Ha-
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Puc. 2. EctectBennble cToku CO, u3 aTMOC(hEphl B POCCUICKMX PErMOHaX IO pacyeTaM ¢ aHcaMOJIeM MoJeneii (CpenHue
3HAYEHU U CTAHIAPTHOE OTKJIOHEHKE) B conocTaieHny ¢ motokamu CO, o pacuetam ¢ M3C MDA PAH (3enenast imHus)
U aHTPOITOTEHHBIMU 3MUCCUSIMU B aTMOchepy (MyHKTUP) MPU Pa3InYHbIX CLEHAPUAX aHTPOMTOTEHHBIX BO3ACUCTBUI st

XXI B.
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yeHus a1 Poccun. J1ns cuenapueB cemeiictBa SSP
JOCTYITHBI 3HAYeHWSI aHTPOIIOTeHHBIX SMUCCUI TSI
OTIEIbHBIX CTPaH, B TOM umcie 111 Poccum.

OneHkm ecTecTBEHHBIX MOTOKOB CO, ¢ UCTIONb-
3oBaHneM M3C MPA PAH cooTBeTCTBYIOT Auamna-
30HY OIIEHOK C MCIIOJIb30BaHEeM MOJeJIei aHCaMOJIs
CMIP6 Ha BceM niporsikennu XXI B. mpu Bcex aHa-
JIN3MPOBABIINXCS CIIEHAPUSIX aHTPOIIOTEHHBIX BO3-
neiictBuit. Eciu uckmounuts Moaenb BCC, oueHku
M3C DA PAH HeMHOro BBHIXOISIT M3 AMara3oHa
OLIEHOK OOJIBIIMHCTBA paccCMaTpUBaeMbIX MOJEJei
aHcaMm6g CMIP6 Tonbko nipu cueHapuu SSP1-2.6 B
koH1e XXI B. TeHaeHLMs K COKpallleHUIO MOIJIolLe-
HUS YIJIEKUCJIOTO ra3a Ha3eMHBIMM 9KOCHUCTEeMaMU
K koHly XXI B., monydyeHHas1 o pacuyetaM ¢ M3C
MDA PAH, xapakTepHa 1 111 MHOTHX IPYTUX MOJIE-
seit CMIP6. Ilpu 3ToM 4eM BhIIlIe aHTPOITOreHHBIE
SMUCCHUH TTAPHUKOBBIX T'a30B B aTMOCEPY, TEM I103-
Xe gocruraercsa Makcumym noroutenus CO, u Ha-
YHAETCSI €T0 COKpAIllCHMUE.

AnrponoreHHbie smuccun CO, B armocdepy ¢ Tep-
putopun Poccru coroctaBUMBI ¢ €CTECTBEHHBIMU MO-
TOKaMM U3 aTMOC(EPHI M MOTYT B 3HAUUTEIbHOI Mepe
KOMIIeHCHUpoBaThcs UMU. Jlaxke nmpu Haubosee Heba-
TOIIPUSITHBIX CLICHAPHSIX 3HAYSHUST SMUCCUU OCTAIOTCS
B nipenenax ot 0.5 mo 1 I''C/ron. CTonTt OTMETUTH, UTO
cueHaputo RCP 8.5 cooTBeTCTBOBaM 3HAYMTETHLHO

1.2

_08 T : ~1 T T T T
1 2 3 4 5 6 7 8
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oonee Beicokue (mo 2—2.5 I'rC/rom) 3HaYeHUsI aHTPO-
noreHHoi smuccun CO, ¢ Tepputopun Poccun, yem
cueHapmio SSP5-8.5, Tpy OMMHAKOBBIX 3HAYCHMSIX
[JI00AbHOTO pamgMallMOHHOTO (OPCUHra K KOHILY
XXI B. (8.5 Br/m?) [[1lenuicos u ap., 2019].

Kak moxHo Buneth, momenb BCC ormmmuaercsa
OT OocTaJIbHBbIX Mozneneil poekra CMIP6 monoxu-
TEIbHBIMU 3HAYEHUAMM NpuponHoro moroka CO,
B atMocdepy. I1pu 3TOM 1O MOOYJIIO e OTININe OT
cpenHeaHCaMOJIEBBIX 3HAYECHUN NPUOIM3UTEIHLHO
COOTBETCTBYET MOJIENSIM C HAMOOIbIIUMU 3HAYEHU -
simu norotienus CO, (CNRM, GFDL, IPSL).

Hakomnnenue yriepoma B Ha3eMHBIX 3KOCHUCTE-
max, oTpaxkeHHoe B NEP, onpenenserca 6anaHcoM
nHTeHcuBHOCTel GPP, aBToTpOodHOr0 1 reTepoTpo-
(bHOTO IbIXaHUS U AMUCCUIL OT ITOXKAPOB;

Fj'?re'

NEP=GPP— R, — R — Q)

Kaxnprii KOMIIOHEHT B MOIEJSX OIPENesIeTCs
HEeJTMHEWHBIMA 3aBUCUMOCTIMM OT MHOXECTBA Tia-
paMeTpoB U MO MOAYJIIO0 MOXET IMPEBBIIIATh OalaH-
coBoe 3HaueHre NEP. C 3TuM cBsi3aHa BBICOKASI Me-
KromoBas U3MEHYMBOCTb 3Ha4YeHuil morokos CO,.
JLts TIOHMMaHWS pa3InInii MeXXITy MOIEIISIMU TIpeT-
CTaBJIIET MHTEPEC pACCMOTPEHNE TaHHBIX HA MEHb-
IIeM BpEMEHHOM MacIiTaoe.

— Ensemble mean
ACCESS-ESM1-5
BCC-CSM2-MR
CanESM5
CESM2
CESM2-WACCM
CESM2-ESM2
CNRM-ESM2-1
EC-Earth3-Veg
EC-Earth3-Veg-LR
EC-Earth3-CC
GFDL-ESM4
IPSL-CMS5A-INCA
IPSL-CM6A-LR
MPI-ESM1-2-LR
MRI-ESM2-0
NorESM2-LM
NorESM2-MM
TaiESM1

1 =

9 10 11 12

Puc. 3. T'onosoii xon mormomenus CO, HazeMHbIMK sKocucTemMaMu Pocenn [I'TC/Mec.| o MomenbHBIM pacyeTaM IS CO-

BpeMmeHHoro nepuona (2010—2014 rr.).
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Ha puc. 3 npencraBieH rogoBoil Xof TTOIJIOLIE-
Husg CO, HazeMHBIMM 3KOocucTeMamu Poccun B 1ie-
JIOM TTO pacyetaM ¢ MoaensaMu ancamonss CMIP6 wia
coBpemeHHoro nepuoaa (2010—2014 rr.). B cpenHem
no ancam6itio momronieHre CO, MPOUCXOIUT € Mast

o ceHTs10ph co 3HaueHusMu ao 0.5 I'tC/mec., a B
ocTajibHble MecALbl uayT amMuccuu CO, U3 Ha3EMHbIX
sKocucTeM ¢ MHTeHCUBHOCTHIO 10 0.3 I'TC/Mec. Hs
OTZEIbHBIX MOJIeNel nana3oH obiux norokos CO,
coctasistet ot —0.5 mo 1.1 I'rC/mec. Hst OOIBITAH-

e
e~

e —
0 0.1 0.2

BCC-CSM2-MR

.
0.4 0.5 0.6

EC-Earth3-Veg

[

S —e—
-0.8 -06 -04 -02 0
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e e—
-04 -03 -02 -0l1 0

Puc. 4. Cpennee copemenHoe norsomenue CO, [krC/m?/ron] Ha Tepputopun ey Poccun B eTHuMii nepros no pacuyeram
¢ monenamu CMIP6 (BBepxy), oTaenbHO 1o pacuetaM ¢ moaenssMu BCC u EC-Earth3 (cpemnuii psim) ¥ MX pa3HULIA ¢ aHCAM-

GJIEBBIM CpeTHUM (HVKHUU PSI).
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cTBa Mozesnei MakcumyMm nomtonteHust CO, nocrura-
eTcd B uiojie, a MakeuMyM amucenn CO, B armochepy
B OKTsI0pe—HOs10pe. Ilpm atom B momemsx BCC,
CMCC, EC-Earth3 makcuMyM NOIIOIIEHUST JOCTU-
raetcs pansblie, a B CanESMS — mo3xe.

HauGounblive oTanyusi OT CpegHMX II0 aHCaM-
01110 U3MEHEHMI NPUPOAHBIX oTOKOB CO, B TOI0-
BOM XOJI¢ JUIST POCCUIICKIX pETMOHOB OTMEUEHBI JJIsT
mogeneii BCC u EC-Earth3. Makcumym moroliie-
HUS B HUX TOCTUTAETCS B Mac—UIOHE, a TIepexol OT
MOIOIIEHUST K SMUCCUU B aTMOc(hepy TIPOUCXOOUT
yXe B Miojie—aBrycte. HyXXHo OTMETUTh, 4TO B OT-
nenbHble roabl ToToku CO, 10 pacyeTaM ¢ MOIETbIO
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BCC moryT Mano ominyatbCcs OT APYTUX MOAENe 1
MMOKAa3bIBaTh CYMMAapHOE €CTECTBEHHOE MONIOIICHHE
CO, B poccuiickux pernonax. Ilpu sTom, xota 1o
CpPEIHEroJOBbIM 3HAUYCHUSIM €CTECTBEHHBIX ITOTO-
koB CO, mozens EC-Earth3 He Boinensiercs Ha poHe
GosbiHCTBA Apyrux Moaeneit CMIP6, mo ocobeH-
HOCTSIM TOIOBOTO X0/l €CTECTBEHHBIX MOTOKOB CO,
oHa nono6Ha monenu BCC.

Ha puc. 4 mipencraBieHbl pe3ylbTaThl PacycTOB
COBpPEMEHHBIX JICTHUX 3HAYECHWU eCTeCTBEHHBIX
notokoB CO, B cpemHeM IO aHCaMOIIO Momerneii
CMIP6 u otnenbHO 10 pacyeTam ¢ MoaesssMu BCC
n EC-Earth3. B cpeqneM o pacyeram ¢ aHcamMoieM
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Puc. 5. KymyiATHBHBII TeMIIEpaTypHbIA MOTEHIUAN ecTeCTBEHHBIX T0TOKOB CO, [MK] Ha Teppuropun Poccun ¢ 1990 r. mo
pacueTam c aHcambieM Mozesieil (cperHue 3HaYeHUsT U CTaHAAPTHOE OTKJIOHEHHUE) M aHTPOIMOTEHHBIX TOTOKOB (ITyHKTHUD)

IIPU Pa3JIMYHBIX CUCHAPUAX aHTPOIIOT€HHBIX BO3MIEUCTBUI.
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Mozeneil MakcuManbHoe mnornomenue CO, mpu-
PONHBIMHM 3KOCHCTeMaMM OTMEUEHO ISl 3aIlagHOM
U LICHTPAJILHOM 4YacTel €BpPOIEHCKOW TEPPUTOPUN
Poccuu. IIpocTpaHcTBEeHHOE pacHpeneaeHue moTo-
koB CO, B Mmoziein EC-Earth3 nmoxosxe Ha cpenHeaH-
caMm0JIeBO€, HO XapaKTepHble 3HAY€HMSI TOTOKOB Ha
Bcelt Teppurtopun Poccum BaBoe MeHble. I1o pac-
yetaM ¢ monesibio BCC B meTHUIT Tepron ¢ 00JbIIei
4acTH TeppuTopur Poccuu mporCcXoauT BhIICICHNE
CO, B armocdepy. [lomonieHne 0oTMEYaeTCs TOJb-
KO B CEBEpHOU M 3amagHoil yacTsax EBpomelickoii
Tepputopuu, B I[Ipumopckom Kpae u Ha KamuaTtke.
MakcuManbHbIx 3Ha4eHMii Boaeaenue CO, B aTMO-
cepy ZocTUTaeT B I0XKHOI yacTy CHOMpH, IIPU 3TOM
HauOOJIbIINEe AaHOMAJIUM TI0 CPAaBHEHUIO CO CpPEeIHEe-
aHcaMOJIeBbIMM OLleHKaMu oTMedeHbl 1151 ETP.
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KymyngaTuBHBIA  TeMmnepaTypHbIA ITOTEHLMAI
ecTecTBeHHBIX MoTokoB CO, Ha Tepputopun Poc-
cum ¢ 1990 r. k konny XXI B. mo olleHKaM Ha OCHO-
Be pacyeToB ¢ MoaesrssMu CMIP6 B 3aBrcuMOCTH OT
CLIEHapHsI aHTPOIIOTEHHBIX BO3AECHCTBUI OlLICHEH B
nunamaszoHe oT —0.3 1o 0.1 K. Ero cpenHee rmo ancam-
010 Mopeneit 3HaueHue cocrapisieT okoyno —0.1 K
npu cueHapuu SSP1-2.6 u okono —0.06 K mipu apy-
rux cueHapusx (puc. 5). Kak u B ciyyae ¢ moTokamu
CO,, mnama3oH OLIEHOK KyMYJISTHBHOTO TeMIlEpa-
TYPHOTO MOTEeHIIMAJIa COKPAIlaeTCsl, €CJIN BBIICTUTh
OCHOBHYIO Ipymnity moneseii. OTMeueHHas paHee 11
M3C UDA PAH TeHaeHLMS K 3aMEUICHUIO pOCTa
M Jaxe K oclIabJeHUI0 CTabUIM3UPYIOILEero BKJaaa
B II0OaIbHBIC KIMMAaTHUIEeCKE M3MEHEHHUS Ha3eM-
HBIX 3KOCHCTEM poccuiickux pernoHoB B XXI B.
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Puc. 6. ITorokn CH, B arMmoctepy ¢ Tepputopun Poccuu (cpenHue 1o aHcam61i0 3Ha4€HUA U CTAHIAPTHOE OTKJIOHEHUE)
Y aHTPOIOTEHHbIE SMUCCH (TTYHKTHUD) MPU PA3TNYHbBIX CLIEHAPUSIX AaHTPONIOTEHHBIX BO3MEHCTBHUIA.
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[denucoB u np., 2019] orMeudaeTcs U 17151 OOJIBIIMH-
ctBa Mozeneit CMIP6 nipu cLieHapusiX ¢ CUIAbBHBIMU
AHTPOIIOTeHHBIMU BO3ACHCTBUSIMHU Oaxe Oe3 yduera
BKJIaJla €CTECTBEHHBIX SMUCCUIl MeTaHa.

OLIEHKM €CTEeCTBEHHBIX SMUCCUI MeTaHa C Tep-
putopumn Poccun, Kak 1 OLIEHKHU JJIs1 €CTECTBEHHBIX
notokoB CO,, CUJIbHO pasIUyalOTCA AJsg PasHBIX
mogaeneit CMIP6. CoBpeMeHHBIE SMUCCUM METaHA
(puc. 6) coctasnsior ot 10 1o 35 MTCH, /rox. Ouen-
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ku ¢ ucnonub3zoBanueM M3C MDA PAH Hanbozee
63Ky K oueHkam monean UKESM. EctecTtBeHHbBIC
SMHUCCUU MeTaHa B aTMocdepy ¢ Teppuropun Poc-
CHU COITIOCTaBUMEI ITO BEJIMUMHE C aHTPOIIOTEHHEI-
MU BMUCCUSIMU U JIJTSI BCEX PACCMOTPEHHBIX MOIEIICH
IIPU BCEX CLICHAPUSIX aHTPOIIOTEHHBIX BO3ICUCTBUMA
Bo3pacTaioT K KoHIIy XXI B. CornacHo IoJTy4eHHBIM
OLIEHKAaM, POCT IIPUPOTHBIX SMHUCCHI MeTaHa B aT-
mocdepy B XXI B. 3aBUCUT OT MOMAEIM U CLIEHApUS
u nocturaet 300%. [Tono6GHOE pacxoxXIeHUE pe3yib-
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Puc. 7. KymyATHBHBII TeMITEpaTypHbIA MOTeHIMAN ecTecTBeHHBIX ToToKoB CH, [MK] B aTMOC(hepy ¢ Teppuropun Poccun
¢ 1990 r. mo pacuetaMm c aHcaMOyieM MojeJieli (CpelHue 3HaYeHMS M CTaHAApTHOE OTKJIOHEHUE) YU aHTPOIIOTEHHBIX IIOTOKOB
(MYHKTUP) TIPU PA3IUYHBIX CLIEHAPUSIX AHTPOIIOT€HHBIX BO3IEUCTBUIA.
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TaTOB MOJIEIbHBIX PACUETOB ISl TIPUPOTHOI IMUC-
cumu B aTMocdepy MeTaHa OBLIO ITOJIYyYeHO paHee B
pamkax mpoekta WETCHIMP (The Wetland and
Wetland CH, Intercomparison of Models Project)
[Melton et al., 2013; Bohn et al., 2015]. ComacHo
pes3yabraTaM MpoeKTa, B MOAENISIX CUJIbHO pa3inya-
IOTCSI OLIEHKM ITUIOIIAAM OOJIOT M COOTBETCTBYIOIINX
smuccuii B atmocgepy CH,, naxe B cOrtacOBaHHbIX
YHCJICHHBIX 3KCIIEPUMEHTaX C 3aJaHNUEM COCTOSIHUS
aTMocdephl 10 JaHHBIM HAOJIONEHUI B KadyecTBe
BHEIIIHETO BO3ACHCTBYSI.

KymynsiTuBHBIIN ~ TeMIlepaTypHbId  ITOTEHLIMAI
€CTECTBEHHBIX aMuccuii B atmochepy CH, ¢ teppu-
topuu Poccunm ¢ 1990 r. X koHiy XXI B. 110 olleHKaM
Ha ocHOBe pacueToB ¢ MonensiMu CMIP6 coctaBut, B
3aBUCUMOCTU OT CLIEHApUsI aHTPOIOTeHHbIX BO3/eii-
ctBuii, ot 0.03 1o 0.09 K (puc. 7). D10 Bo3neiicTBue,
YCKOpsIolliee IMOTEIUICHME KJIMMAara, CONOCTaBUMO
MO BEJWYMHE CO CTAOMIM3UPYIOLIUM BO3IEICTBUEM
MPUPOIHBIX CTOKOB 13 atMochepsl CO,. Tlpu aTom
TEHICHLUIA K €ro 3aMeJIEHUI0 WM COKPAIEHUIO K
KoHI11y XXI B. 110 MOJEIbHBIM pacuyeTaM He OTMEUYEHO.

SAKJIITOYEHHUE

[IpencraBieHbl MOICIBHBEIE OLICHKM ITOTOKOB
CH, u CO,, cBA3aHHBIX C TIPUPOIHBIMU IKOCUCTE-
MaMM POCCUMCKHUX PETHMOHOB, B COIIOCTaBJICHUU C
AHTPOIIOTeHHBIMUA SMUCCHUSIMU TTApHUKOBBIX Ta30B
pu pa3HbIX cuieHapusx cemeiictBa SSP nna XXI B.
ComracHO IOJlyYeHHBIM pe3yjIbTaTaM, pasIddus
IIOTOKOB MAapHUKOBBIX T'a30B IO OIIEHKAM C MCITOJIb-
30BaHMEM Pa3IMIHBIX COBPEMEHHEIX MOJIEIeii ocTa-
I0TCS 1OCTaTOYHO OoJbiuMu. st Poccun B ueaoM
auarnasoH oleHok Kak morokoB CH,, tak u CO,
npesbiinaer 100% or cpemHuX 3HAYCHMIT gaxe IJIs
COBpeMeHHOro mepuona. Ilpu 3ToM IpOSBISIOTCS
o011I1e TeHACHIIUM JJISI U3MEHEHUI 3TUX ITOTOKOB.
Tak, ecTrecTBeHHbIE SMHCCUM MeTaHa B aTMocdepy
IUIST BCeX MoJeneil M clieHapheB aHTPOITOTe€HHBIX
BO3IeiicTBUI pacTyT Ha mpoTskeHUM Bcero XXI B.
Hocrikenune makcumyma normouteHus CO, B XXI B.
M €ro IajibHeliIlee COKpalleHue K KOHITY BeKa, BbI-
gBjieHHOe paHee 1o pacdyetam ¢ M3C MDA PAH
[denucos u ap., 2019], cBoiicTBEHHO 4151 OOJILIINH-
cTBa Mozeneit ancam6iss CMIP6.

CoBpemeHHbIe aHTponoreHHble smuccun CO,
¢ Tepputopur Poccuu cormoctaBUMEI 110 MOIYIIIO C
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JEHUCOB u ap.

€CTECTBEHHBIM IIOIJIOIIEHUEM HAa3eMHBIMU 3KOCH-
cTeMaMMd M MOTYT B 3HAUMTEIbHOM Mepe KOMIICH-
cupoBathcs. B cueHapusix cemeiictBa SSP oneHku
BO3MOXHBIX B OyOyIIeM aHTPOIIOTEHHBIX 3MUCCUIA
CO, mnsa Poccun 3HAYUTETIBHO COKPATHIIMChH IO
CPaBHEHUIO C TIPEABbIIYIIMM IIOKOJEHHEM ClieHa-
pueB cemeiictBa RCP. TlosToMy 1m0 cpaBHEHUIO C
[Aenucos u ap., 2019] nornomenue CO, Ha3eMHBbI-
MM 3KocHucTeMaMu Poccny B pOCCUICKUX peTHOHAX
MO OIlEeHKaM Ha OCHOBE PacueTOB CO MHOTUMM MO-
JENSIMU MOXET KOMIIEHCUPOBAThb AHTPOIIOTCHHbBIC
BeIOpOCHI ¢ Tepputopun Poccuu B XXI B. nipu clie-
Hapuu SSP2-4.5, a B OTIEbHBIX Cy4Yasix U MPH Clie-
Hapuu SSP3-7.0

HanHast paboTa BBIIIOJIHEHA B paMKax IIpOeKTa
PH® Ne 19-17-00240 ¢ ucronab30BaHUEM PeE3Yilb-
TaToOB, MOJYYEHHBIX B paMKax cornamieHus Ne 075-
15-2021-577 MuHuCcTEpCTBA HAYKM U BBICIIETO 00-
pazoBanusg PO ¢ MDA um. A.M. ObyxoBa PAH u B
pamkax rmpoekta PH® Ne 23-47-00104.
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Natural Sinks and Sources of CO, and CH, in the Atmosphere of Russian Regions and
Their Contribution to Climate Change in the 21st Century Evaluated with CMIP6
Model Ensemble
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The natural fluxes of CO, and CH, into the atmosphere from the territory of Russia in the 21st century
have been analyzed usmg the results of calculations with the ensemble of global climate models of the
international project CMIP6. Estimates of natural CO, fluxes in Russian regions differ greatly for different
models. Their values for the beginning of the 21st century range from —1 to 1 GtC/yr. In the 21st century
the differences in model estimates of fluxes grow and at the end of the 21st century in the scenario with the
largest anthropogenic impacts SSP5-8.5 range from —2.5 to 2.5 GtC/year. Estimates of natural methane
emissions to the atmosphere from the territory of Russia also differ greatly for different models. Modern
methane emissions are estimated in the range from 10 to 35 MtCH,/yr, with an increase in the 21st century
of up to 300%. Ensemble model calculations show general trends for changes in natural greenhouse gas
fluxes. Most CMIP6 ensemble models are characterized by a maximum of CO, uptake by terrestrial
ecosystems and its further reduction by the end of the 21st century, while natural “methane emissions to
the atmosphere for all models and scenarios of anthropogenic impacts grow throughout the 21st century.
The cumulative temperature potential of natural CO, fluxes on the territory of Russia in the 21st century
is estimated, depending on the scenario of anthropogenic impacts, from —0.3 to 0.1 K, and the warming-
accelerating impact of natural CH, emissions is estimated in the range of 0.03-0.09 K.

Keywords: carbon cycle, climate modeling, greenhouse gas fluxes, carbon dioxide, methane, temperature
potential
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BJIMAHUE YCJIOBUUN MOJIEJIMPOBAHUS HA OLIEHKY CKOPOCTH

CYXOI'O OCAXKIAEHUA ADPO30OJIbHBIX YACTHUILI HA CUJIBHO
HEOJIHOPO/JHBIE ITOJACTUJIAIOIIIUE ITOBEPXHOCTH
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IIpenyioxxeH ¥ YMCIEHHO UCCEeN0BaH MOAX0/ K OLIEHKE CKOPOCTU CYXOTO OCaXKIEHUS a3PO030JbHbIX Ua-
CTHII Ha TTOACTUJIAIONINE TTOBEPXHOCTU XapaKTepHBIe 11 apKTUUECKUX paifOHOB, TIe MpeodianaioT mo-
BEPXHOCTH, TTIOKPBITHIE CHETOM, OTKphITasi BOAHAsI TIOBEPXHOCTh, TYHIpa U XBOIHBIN Jec. [IpennoxeHbl
OINTUMAaJIbHbIE YCJIOBUS MOAEIUPOBAHNS, YYUTHIBAIOIIME XapaKTepHbIE pa3Mephl U TNIOTHOCTH a3p030Jib-
HBIX YaCTULI, BOBJIEKaeMBIX B TIEpEHOC B IOIPaHUYHOM cJI0€ aTMOC(EepHl, U B3aMMOAEHCTBHE BO3IYIITHBIX
MMOTOKOB C TIOACTUJIAIOILEH TTOBEPXHOCTHIO HA OCHOBE TUHAMUYECKOI CKOPOCTU u*, pacCUMTAHHOM I10
moaenu WRF-ARW. TlpoBeneHo cpaBHeHUE MPEMIOXKEHHOTO MOAX0Aa C APYTUMU U3BECTHBIMU MO -
MU ¥ OKCTIEpUMEHTAIbHBIMY JTAHHBIMU. BBITTOTHEHBI OLIEHKY 3aBUCUMOCTH CKOPOCTH CYXOTO OCaXKICHUS
MOJIyYeHHOI O MpeaIoKEeHHOMY MOAX0AY OT IMaMeTpa, IIJIOTHOCTU a3pO30JdbHbIX YACTHUIL M TMHAMUYE-
CKOM CKOPOCTH u™* 111 TTIOACTUIIAIOIIMX TTOBEpXHOCTel B paiioHax Kpaiinero Cesepa.

KiroueBble c10Ba: a3p030J1bHbIE YaCTUIIBI, CKOPOCTh CYXOTO OCaXIEHUSI, MOACTUIAIONINE TTIOBEPXHOCTU
B paitoHax Kpaiinero CeBepa, qucrepCcHBIf COCTaB a’po30Jieii, B3aMMOIEUCTBYE C MOJACTUIAIOIIEH MO-
BEPXHOCTHIO

DOI: 10.31857/50002351524020048 EDN: KQVION

BBEOEHME

PasButne B paitonax Kpaitnero Cesepa Poc-
cun MHGPACcTpyKTypel CeBEpHOI0 MOPCKOIO MYTHU
U TPaXTAHCKOTO aTOMHOTO JIENOKOJBHOTO (hJIoTa,
CTPOUTEIBCTBO OOBEKTOB MAJIOi SIIEPHOM 3HEpre-
TUKU 00yCIaBIMBalOT HEOOXOMAUMOCTD TMOBBIIIEHUS
KayecTBa MPOTHO3WPOBAHUS 3arpsI3HEHUST TEpPPU-
TOPUIA PaAMOAKTUBHBLIMM a’3pO30JSIMUA B Cjyyae
BO3HUKHOBEHHUSI pPaAuMallMOHHBIX aBapuil Ha BTUX
oobekTax [CapkucoB u Ap., 2022]. Paiionbsl KpaiiHe-
ro Cesepa Poccun MOXHO OTHECTU K MECTHOCTH C
CUWJIbHO HEOTHOPOIHOM ITOACTWJIAIOIIEHA TTOBEPXHO-
CThlO, BKJIIOYAIOIIEH OTKPBITbIE BOAHBIE MPOCTPaH-
CTBa, TYHAPY, TEPPUTOPHUHU, TIOKPBITHIC JIbAAM U CHE-
rOM, a TaKXKE XBOMHBIM JIECOM.

Cyxoe ocaxjeHue a3po30JbHbIX YaCTUIl Ha TO-
BEPXHOCTh SIBJISICTCSI OIPEICIISIONIMM MEXaHU3MOM
(opmupoBaHus 3arpsi3HEHUsT TEPPUTOPUIA PaTUO-
AKTMBHBIMU BellleCcTBaMU. B HacTosiiee Bpemst m3-
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BecTHBHI Monenu [Zhang et al., 2001; AmosH, 2008;
IInckynos, 2010; Giardina et al., 2018] onuceiBa-
IOIIMEe 3TO SABJICHUE IUIST Pa3IMYHBIX TUIIOB IOICTH -
JNawleid moBepxHocTu. IIpuHMMaeTcs, 4TO ILUIOT-
HOCTb 3arpasHeHust A, bk/m?, mponopuuoHanibHa
MMPOM3BENCHUIO TTPU3EMHOM 0O0hEMHOIT aKTUBHOCTHU
(xonuentpauun) A , bk/M?, ckopocTn cyxoro ocax-
AeHus vyactuil V, M/c, u Bpemenu 4, ¢. Ilpu atom V,
paccMaTpuBalOT Kak (pyHKIIMIO pa3Mepa U IJIOTHO-
CTH ad’pO30JILHOM YAaCTHMIIBI, a TaKXe IapaMeTpOB
cpedbl, KOoTopass OOYC/IOBJ€Ha TIPaBUTALIMOHHBIM
ocaxneHueM V, m/c, u TypOyaeHTHOI auddy3ueii.
B pa6otre Cnunna [Slinn, 1980] Obl10 mpenioxkeHo
BBIYUCTIATD V1o crenyoleii popmyie:

1

Vo=V, (d)+—"
d U+&+&@

g

(1)

rie d — IMamMeTp a3po30JIbHOM YaCTULIbI, MKM, R —
adpOIMHAMMYECKOE COMNPOTUBIIEHNWE Cpeabl Hal
NOACTUIAIONIEH TTOBEPXHOCTBIO, C/M, U R — corpo-
TUBJICHUE ITOACTUIAIONICH ITOBEPXHOCTU 3¢MJIN, C/M.
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IIpennoxennsiii B [Slinn, 1980] BapuaHT pacue-
Ta V, B nanbHedIIEM MIMPOKO CTaJl MCIOIb30BaTh-
cd ¢ ydeToM psima yrouHeHUit [Zhang et al., 2001;
Giardina et al., 2018; Petroff et al., 2010], uTo oz~
TBEPKIACTCS YIOBIETBOPUTEIBHON CXOIUMOCTHIO
pacyeTHOI OLIEHKU CKOPOCTU CYXOTO OCAXKICHMUSI C
SKCIEPMMEHTAIBHBIMU JaHHbIMKU [Sehmel, 1980;
Slinn, 1978; Kharchenko, 1997; Farmer et al., 2021].
Takoii moaxon onpasaan ceds Ipy HATUYKMKU JOCTa-
TOYHOTO 00beMa MCXOOHBIX JaHHBIX, HO IIPU OT-
CYTCTBUM allpUOPHOI MHGpOpMaALUU O HU3NKO-XH-
MMYECKMX IapaMeTpax adpo30JIbHBIX YaCTUL, TUIIE
MOACTUIAIONIEH IIOBEPXHOCTU U aTMOCHepHOM
cTpaTU(UKALIUK TOJYYUTh MPUEMIIEMBbIil IPOTHO3
3arpsISHEHUS TEPPUTOPUIL KpaiiHe CJIOXKHO, 0COOEH-
HO IIpY aBapUITHBIX BHIOpOCaX.

IIpu mporHo3upoBaHUM 3arpsi3HEHUS MECTHO-
CTA PaIMOaKTUBHBIMHU a3PO30JIIMU 9aCTO HCIIONIb-
3yl0T “cpelHue” IO MapamMeTpaM 4acTUll U YCJO-
BUSIM OCaXJEHUSI CKOPOCTU MX CYXOTrO OCaXKICHMS
[Miiller, 1993; T'yceB u np., 1991; Baklanov et al.,
2001; Report 2009, 2010; Metoauka, 2009]. OnHako
MpU MEHSIOIIMXCS TTOTOAHBIX YCJIOBHUSIX, HEOTHO-
POOHOCTH ITOACTUJIAIONICH ITOBEPXHOCTH 1 HECTALIH -
OHApPHBIX BEIOpOCax (B3pBIB, IINTEILHOE TOPECHUE U
Mp.) UCIOJIb30BaHNUE OCPEAHEHHOM CKOPOCTU CYXOTO
OCaXIEHMSI IPUBOANT K MOJIYIeHUIO OTPaHMICHHOM
TOYHOCTU IIPOTHO3a MO CPaBHEHUIO C TPEOYyeMbIMU
oKa3aTesIsIMU.

B Hacrosieii paboTte B KauecTBe YTOUYHSIONIUX
YCJIOBUIT MOIETMPOBAHUS CYXOTO OCaXkKaAeHUs OyaemM
paccMaTpuBaTh y4eT pasMepoB d U ILUIOTHOCTEH P,
r/cM?, a3po30JbHBIX YaCTHII, a TaKXe B3aMMOJIEH-
CTBHE HECYILEro UX BO3AYIIHOTO MOTOKA C MOJACTHU-
JIAIOIIE MOBEPXHOCTHIO, XapaKTepU3YIoLIeecs ITH-
HaMMYECKOI CKOPOCTBIO U *, M/C.

Ilenbio pabOTHI SIBJISIETCS OLIEHKA BIAUSIHUS YCIIO-
BUI MOJEIMPOBAHMS CYXOTO OCAXKICHUS a3pP030JIb-
HbBIX YaCTUI HA HEOTHOPOAHbIE MOACTUIIAIOIINE T10-
BEPXHOCTU, XapaKTepHble Misl pailoHOB KpailiHero
CeBepa.

JTVICITEPCHBI COCTAB ABPO30JIbHBIX
YACTUI]

Ha HauanibHOM 3Tarie pacCMOTPUM IMAIa30H pas-
MEpPOB YaCTHLI, BOBJIEKAEMBIX B IIEPEHOC HA PACcCTO-
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IMPUTTAYKHH u np.

aausg 1o 1000 kM oT UCTOYHUKA BeIOpoca. M3BecT-
Ho [Byneika u ap., 2022; Dorrian et al., 1995], uto
pa3Mephl a3pO30JIbHBIX YACTHUIL JIEXKAT B THAIla30HE
ot 0.001 o 1000 MxM, a pacnipeaesieHue Macchl MU
AKTUBHOCTM YaCTHUI] 10 pa3MepaM MOXHO OITMCATh
Jiorapu(pMUYeCKrd HOPMaJbHBIM paclpeaeieHueM
i ux cynepnosuuueid [Koamoropos, 1941]. Tak,
cornacHo [ITuckynos, 2010], mpn aBapWifHOM BBI-
Opoce BCIIeICTBUE B3PbIBA IIPOMCXOIUT CIIETYIOIINE
eCTeCTBeHHOe (PaKIIMOHMPOBAHUE WX OUCIEPC-
HOTO cOCTaBa: yacTulbl pa3mepoM 6ojiee 1000 Mxm
pasfneTaioTcs Ha HeOoJbire pacctosdHus 1o 100 m
OT MeCTa B3pbIBa U HE YYaCTBYIOT B JaJbHEHIIIEM
IepeHoce B COCTaBe 00pa30BaBIIETOCS IHIMOBOTO
WIN TTapOBO3AYIIHOTO 00JIaKa; YaCTUIIEI pa3MepoM
100—1000 MKM BBINTagaOT HAa 3eMJTI0 BOJIU3U UCTOU-
HHKa BbIOpoca (HECKOJIbKO COTEH METPOB) 3a CueT
BBICOKOW CKOPOCTH IPABUTALIMOHHOTO OCAXACHUS U
B JaJIbHEM IIEPEHOCE TAKXKE HEe YIaCTBYIOT; YaCTHUIIbI
MeHee 0.01 MKM KOaryImpyloT MeXIy COO0OI MK C
aTMoc(epHBIMH SIIpaMU KOHIACHCALIMU U YKPYITHSI -
1otcs [Boakos, 2022]. CooTBETCTBEHHO KOJUYECTBO
YacTUI] YMEHbIIIAETCS, a U3 YACTHUIl C pa3MepaMu OT
0.01 mo 100 MKM co cpeaHei MIOTHOCThIO ~2—3 1/cMm3
(TImoTHOCTB aTMOCcepHO TBIJIN) HaYMHaeTcs hop-
MMpPOBATbCSI a3pO30JIbHOE 00JIaKO, BOBIIEKAEMOE B
armocepHblit nepeHoc. Habmonenus [ITuckyHOB,
2010] moaTBepKIaOT MPaBUJIbLHOCTb MPEACTaBICH-
HOI1 OILIEHKY AMarna3oHa YacTHUII ¥ ITOKa3bIBaloT, YTO
I paJlOaKTUBHBIX a’po30Jieil, oOpa3ylolmxcs
IIpU B3PbIBE, AaKTUBHOCTHBIA MEOWAHHBIA a3pOau-
HaMMYECKUI AUaMeTp B UCXOMHOM IIEPBUYHOM 00-
Jlake JIeXXUT B nuana3oHe 30—50 MKM npu mojie pe-
cnupabdenbHolit ppakuuun (4acTuilbl MeHee 10 MKM)
Ha ypoBHe 30%. I1pu atoM 10 30% 110 Macce yacTuil
OT UCXOAHOTO KOJIMYECTBA BhINIaAaeT BOJIM3U UCTOY-
HHKa B3PHIBa.

IIpu ropeHnM BeliecTB (B TEXHOTCHHBIX ITOXKA-
pax) OMCOepCHBIA cocTaB 0OpPa3yIOLIUXCS a’po-
30Jieif MHON: pa3Mepbl YacTUIl B OCHOBHOM He€
npesbimaior 10 Mmxm [OroponHukos u ap., 1998].
OtmenbHOE a’po30JbHOE 00JIaKO He oOpasyercs,
a (hopMupyeTcst CTpysI, OPUECHTHUPYIOIIASICS II0 Ha-
MIpaBJICHUIO BETpa.

Takum obGpa3oM, B ciaydyae BOZHUKHOBEHMS pa-
IUALIMOHHBIX aBapMil MOXHO CUYMTaTh, YTO pa3Me-
pPHl a3pO30JIbHBIX YAaCTHUII, BOBJICKAEMBIX B aTMO-
cepHBIi MepeHoC, TPEUMYIIECTBEHHO 3aKTI0YeHbI
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Puc. 1. Paccrosinue X, npoitneHHOe a3p030JbHBIMU
YacTULIAMM OO ITOJIHOIO WX OCAXIEHHUS Ha IIOBEpPX-
HOCTb MPU CKOPOCTSIX BeTpa 1 M/C, TMIJIOTHOCTU YaCTHIL
2.51/em? (— 1) u 5 r/em? (---2) 1 5 M/c, TUIOTHOCTD Ya-
crui 2.5 r/em?® (— 3) u 5 r/em® (---4).

B muarma3oHe oT 0.01 go 100 mxm. JIng Tex M3 HUXx,
KOTOpBIe UMEIOT pa3Mephl 6ojiee 10 MKM, OCHOBHBIM
MEXaHU3MOM OCaXIEHUS SBJISIETCS TpaBUTALIOH-
Hoe ocaxaeHue. B nuana3zoHe MeHee 1 MKM IIpeo0-
JIamaeT ocaxaeHue 3a cueT auddy3uu, a B 001aCcTU
oT 1 1o 10 MKM — CynepIo3uius 3TUX MeXaHU3MOB.
PacueTnl, BeIOTHEHHBIE Ha OCHOBE 3aKoHa CTOK-
ca C y4e€TOM MAaKCMMaJbHOW Ha4YaJllbHON BBICOTHI
noabeMa 1o 1000 M, Takke MoKa3aan, YTO YACTULIbI
¢ pasmepoMm d > 10 MKM He TNepemelialoTcsl aajee
HECKOJIbKMX JECITKOB KWIOMETPOB OT MCTOYHHKA
BBIOpOCa, a B JajibHeM aTMoc(epHOM IiepeHoce Ha
COTHHM U 00Jiee KWJIOMETPOB yYaCTBYIOT YAaCTUILIBL C
d < 5—7 mxwM (puc. 1).

[To Mepe ynaneHust OT UICTOYHKMKA BHIOpOCA Cpe/l-
HUIT pa3Mep 4acTUll B a@3PO30JIbHOM 00JIaKe CHMKA-
eTCsI. DTO MPUBOIUT K YMEHBILICHUIO WHTCHCUBHO-
CTU PaIMOAaKTUBHOIO 3arpsi3HEHUS ITOBEPXHOCTEH,
yTo Habmomanock nocie aBapuu Ha YADC. Cpen-
HSIS1 CKOPOCTb CYXOTO OCRKACHUS HA PACCTOSTHUM JI0
100 kM OT ucTOUHMKA yMeHbIaeTcs oT 1 10 0.1 cM/c,
a Ha OosbiieM ygaiseHuun — oT 0.1 mo 0.01 cm/c
[Garger, 2018].

Kaxk rmpaBwiio, tramna3oH ITDIOTHOCTH a3PO30JIbHBIX
YaCTUILI CHU3Y OrpaHMYEH INIOTHOCTHIO aTMOC(hEPHOM
MBUIA >2 T/CM?, a CBEPXY IUIOTHOCTSIMU OKCHUJIOB JIET-
KOIUTaBKMX METAJIJIOB Ha YpOBHE 5 r/cM>.

Takum ob6pa3om, nmajmee OymemM paccMaTpUBaTh
BJIMSIHUC PasMepOB d 1 IUIOTHOCTEH P adPO30JIbHBIX

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

175

YaCTUI] HA CKOPOCTh CYXOTO OCAXKICHUS B CJICAYIOIINX
mmarrazoHax: 0.01—100 mxm ipu epeHoce 1o 100 kM;
0.01—10 MKM Ha OOJIBIIMX PACCTOSTHUSIX U B IUATIA30-
HE CPeTHUX IUIOTHOCTEM YacTHII OT 2 10 5 T/cM>.

YCJIOBUS BBAMMOJENCTBUSA
C NOJICTUJIAIOLLLEN TTOBEPXHOCTbIO

B3auMopeiicTBre Hecylero (BO3AYIIHOIO) HOTO-
Ka ¢ MOJCTUIAIONIEH TTOBEPXHOCTHIO OTIPEIEISIETCS B
TOM 4YMCJIe AMHAMUYECKON CKOPOCThIO u*, KOTopast
MpEeACTABISET KBaApaTHbIiI KOPeHb U3 OTHOILIECHUS
KAacaTeJIbHOTO HAMpPSDKECHMS TYPOYJIEHTHOTO Tpe-
HUS T, K TUIOTHOCTH HecyIuei cpenbl p, [MoHuH,
O6yxoB, 1954]. Ouenka mapaMeTrpa T BO3MOXHa
TOJIBKO YNCJIEHHBIMHA METOJAMM.

CoBpeMeHHBIE TUAPOAMHAMUYECKUE MOJICIUN
[Brioude et al., 2013; Moroz et al., 2010; Skamarock
et al., 2008], ormuceIBaOIINe MTOBEIECHNE BO3AYITHBIX
Macc B IOTPaHUYHOM M IIPU3EMHOM CJIO€ aTMoc(de-
PBl ¥ MCIIOJIb3yeMbIe JUISI TIOCTPOCHUSI METEOPOJIO-
TMYECKUX ITPOTHO30B IPOTHO3MPOBAHUS Pa3BUTUU
OIMAaCHBIX METEOPOJIOTNYECKUX SIBICHUM (TailpyHBI,
recyaHble OypH, yparaHsl, JISASHbIC JOXIU U 1Ip.), a
TaKXKe TIPUPOIHBIX SIBICHUI (IT0XAaphl, U3BEPKEHUS
BYJIKAHOB U JIp. ), TIO3BOJISIOT pAaCCUMTATh U JUHAMM -
YeCKYyI0 CKOPOCTh U *,

PaccMoTpuM nTuHaAMUYECKYIO0 CKOPOCTD U ¥, TIOJTy-
yeHHy0 1o moaean WRF-ARW [Skamarock et al.,
2008], Kak MCXOTHBIN MapaMeTp JJIsI OIIeHKNA CKOPO-
cTH cyxoro ocaxaeHus V. JluHamuyeckas CKOpoCTh
B moaensix [Brioude et al., 2013; Moroz et al., 2010;
Skamarock et al., 2008] 3aBUCUT OT METEOPOJIOTNYE-
CKMX TapaMeTpoB (IaBjeHMe, TeMIepaTypa, ILUIOT-
HOCTb Cpelbl, TeIUIOBbIE MOTOKM M Ap.) Hall OIpe-
IEJICHHBIM TUIIOM IIOACTMJIAIONIEH IIOBEPXHOCTH,
KOTOpasi B CBOIO OYepelb XapaKTepU3yeTCs ITapaMe-
TPOM ILEPOXOBATOCTH Z,, M. [IJis TYHIPBI Z,, UBMEHS -
ercs ot 0.1 mo 0.3 m; g neca — ot 0.5 mo 2 M, ais
TePPUTOPUIL, TTOKPBHITHIX CHETOM WM JbIOM — OT
1073 1o10~' M; UIST OTKPHITON BOIHOM ITOBEPXHO-
cteio — 10~ M [Bepnann, 1975]. Ha ocHoBe 06006-
IIEHMs PE3YJIbTATOB B YKa3aHHbIX AMANa30Hax 7, C
nomoliibio Mmoaeau WRF-ARW olieHeHa nuHamMuye-
CKasi CKOpOCTh u* B uHTEpBae z,0T 1074 1o 1 m.

YcraHoBieHO, 4TO (DYHKIIMOHAJIBHYIO 3aBUCH-
MOCTb (pHC. 2) MeXIy HUMHU MOXHO arnpOKCUMM-
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Puc. 2. 3aBUCHMMOCTb TUHAMHMYECKON CKOPOCTU u* OT
rapameTpa nepoxoBaTocTH z, B Moienn WRF-ARW (pe-
3yJbTaThl pacyeTa (X) v anmnpokcuManusi (-+) 1mo ¢popmy-
ne (2).

poBaTh SMIIUPUYECKON (POPMYJIIOIL:

u =1.06-z7,"%. Q)

CrnemyeT OTMETHTb, 4YTO a’3pOAMHAMUYECKOE
conporusienre R (cMm. dopmyny (1)), cormac-
HO Teopuu Tonoduss Monuna—QO0yxoBa [MoHUH,
O6yxoB, 1954], aBnasgercs dynkuueint u*. Crnemno-
BaTeJbHO, B3aUMOAEUCTBUE C TTOACTUIIAIOIIEH T10-
BEPXHOCTBIO U TYpOYJICHTHBIE IIPOLIECCHI B IIPU-
3eMHOM CJI0€, BKIIIOYas BEIMYMHBI R ¥ R, Takke
OyaoyT 3aBUCETh OT u*. DTO MO3BOJISIET B JaJibHEl-
IIUX pacyeTax IJjsl OLIEHKU BIUSHUS YCIOBUI B3a-
MMOJIEHCTBUS Hecyllero (BO3MYILIHOTO) IMOTOKA C
MOACTUJIAIOIIEH MOBEPXHOCTHIO HA CKOPOCTD CYXO-
IO OCaXIeHHUSI a3PO30JIbHBIX YACTHIL UCIIOIb30BaTh
TOJIYYEHHYIO 3aBUCUMOCTH (2).

OLEHKA CKOPOCTH CYXOI'O OCAXIEHHWA
ADPO30JIbHBIX YACTULL

CormacHo (1) V, aBngercsa cyMMO CKOpOCTH
TPaBUTALIMOHHOIO OCAXICHUS VgI/I o0paTHOIi BenU-
YMHBI CYMMBbI COTIPOTUBICHUI R 1 R . [list olleHKM
V, Bocmosib3yeMcsi ¢ yueToM 3akoHa CToKca 13BecT-
HBIM cooTHoeHueM (3) [bynpika u np., 2022]:

Py-d; -8 Cry

v, —pp ok

¢ 18- )

e p, — IJIOTHOCTb U d — ayuaMeTp JacTUIbI, g —
CKOPOCTb IPaBUTALIMOHHOTO yCKopeHwust; C, — To-
MpaBOYHBIM (akTop KaHHMHIeMa; U — IMHaAMuUYe-
CKasl BA3KOCTh BO3IyXa.
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IMPUTTAYKHH u np.

Mg yactun ¢ d = 0.1 MKM ¥ TIJIOTHOCTBIO o, =
=2.5r1/cm’ ckopoetb ¥V, =2.2- 10" m/c,amnsn d =10
1 100 MKM ¢ TOI1 ke TIJIOTHOCTBIO OHA PEe3KO BO3pac-
taeT 10 7.7 - 102 1 0.76 M/c cooTBeTcTBeHHO. MHBI-
MU CIIOBaMHM, BeTMYMHA V, JUIsl paccMaTpuBacMOro
JMara3oHa 4yacTull OyleT OKa3blBaTh CYIIECTBEHHOE
BJIMSIHUE Ha OCaXIeHNE U IOJKHA YUYUTHIBATHCS TTPU
oueHke V.

CornacHo [Mereoponorusi, 1971], aspoauHa-
MUYECKOE COMPOTHUBJICHUE HaJ ITOACTUIIAONICH 110~
BEPXHOCTBIO R 0OpaTHO MPOTOPIKOHATIBHO U*

R :_\Il—h*s
k-u

a
rae k — nocrosiHHasa Kapmana (0,4); v, — pyHKIUSA
TePMUUECKOM YCTOMUMBOCTU (be3pasm.).

4

B cBol0 ouepenb U CONPOTUBIICHKUE MOACTUIAIO-
1eli TIOBEPXHOCTU 3eMJIM R TakKe 3aBUCHUT OT u™* 1
OoT 3G (PEKTUBHOCTH OCAXKICHUS a’3pO30JIbHBIX Ya-
CTUIL;

1

_3‘u*(Eb+Eint+Ein>'Rl’

S

(5)
tne £, E, , E, — 3bGEKTUBHOCTI OCaXIEHUA a3pP0-
30JIbHBIX YACTHUI[ Ha MOACTUJIAIONICH IMOBEPXHOCTH
3a cyer aubgysnu, 3alerieHus 1 MHepuuu; R, —
K03GGUIIMEHT TPUIUIIAHUS YacTUIl K ITOBEPXHO-
ctu, paBHbIit """ [Slinn, 1980].

DPpdeKTMBHOCTDL OcaxkaeHU 3a cueT Tuddy3nn
E,, paBHas Sc™, i TJaakuX MOBEPXHOCTEH (Ha-
MpUMep, BOAHBIX) MPUMET 3HAUYEHWE Y HAa YPOBHE
1/2 v 2/3 nas MOKPHITBIX PACTUTENbHOCTHIO [Slinn,
1980]. CnenoBateybHO, 11Ut GY3UOHHBIN MEXaHU3M
ocaxaeHus1 ornpenensiercs uuciaom Illmunra —

n
Sc = A-D
apdumeHT 1udhy3un a3po30JbHbIX YACTHULL B BO3-
nyxe.

, TI€ 0, — INIOTHOCTb BO3AyXa U D — xo-

DD DEeKTUBHOCTD OCAXKIEHMS 32 CUET 3aleILICHUS

1 g/ .
E, , umeet BUn 5 ( /A) , A — XapakTepHBbIii pa3mep

MIPETSTCTBUS, Ha KOTOPOM Peain3yeTcs 3alleIIeHHe
a’3pP030JIbHBIX YacTull. D¢ GeKTUBHOCTh UHEPLIMOH-
HOro 3axBara E, Ui IIaaKuxX MOBEPXHOCTEN paBHa

St2

m , Tne St — uyncno Crokca [ bynwika u mp.,
+ St
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Puc. 3. PesynbraThl OLIEHKM CKOPOCTH CYXOTO OCaXIEHUs V, a3p030JIbHbIX YACTHILL HA BOIHYIO (&) U IIOKPHITYIO CHETOM I10-
BEpXHOCTH (0), oTydeHHbBIe TpU ycaoBUsIX: 2, 4 — pacueT 1o ¢popmyiie (7), 1, 3 — nannbie u3 [Giardina et al., 2018] npu u* =

=0.10 1 0.14 M/C COOTBETCTBEHHO.

2022], a mjis TTOBEpXHOCTEN MOKPBITHIX PACTUTENIb-

St

HOCTBIO | — —
[0.8 + St

2
] , Bripunomrkennu [letepca—Dii-

neHa [Peters, 1992]. Takum o6pa3om, BeipaxkeHue (1)
¢ yuetoM, (3), (4) u (5), NpuMeT clieaytolunii 0600-
ILIEHHBIA BUA;
p, d*-g-C,
- 18.n
N 3-k-u” ~(Eb +E,, +El-n)~R1 '
k=3-(Ey + Ey + Ejy) Ry - W

Beipaxenue (6) ¢ yaeToM peaibHbIX 3HaUeHUI 3(h-
(beKTUBHOCTU OCaxkIeHUs B pacCMaTpUBAEMOM JMa-
Na30HE Pa3MEPOB YaCTHILL M 3HAYEHUI TApaMeTPOB 1,
MOXHO YITPOCTUTh. DPGEKTUBHOCTHU TTPOLIECCOB CY-
XOro ocaxaeHus 3a cueT auddys3uu, 3aleluieHus 1
WHEPLIVHU B 1IEJIOM HEBBICOKM U BCETIa MHOTO MEHb-
ure 1, mpu 5ToM abCoMOTHOE 3HAaYeHUE (DYHKIUK 1,
JUTST BCEX YCJIOBUIA CTaOMIBHOCTH aTMOC(ephl Takke
nopsiaka 1 u MeHee. I'paBUTalIMOHHOE OCaXKIACHUE
HauYMHAET UTpaTh 3HAYMMYIO POJIb TOJIBKO JJIST YACTHUIT
¢ muametpom Oosee 50 mxMm [Giardina et al., 2018].
IMonydeHo, 4TO BBIpaxkeHue (6) 1T YaCTULL pa3Mepa-
mu oT 0.01 o 100 MKM MOXHO MPEACTaBUTh B BUJIE:

< 2
V :Apd gCC
d 18- Y

: 1 (d)
+3-u - Sc‘+—~[—] +E,| R

Va = (6)

(7
2 4

151 060CHOBaHUS IPUMEHEHUS TTPEITIOXKEHHOTO
nonxona ¢ yudetoM (7) BBITIOJIHEHO CpaBHEHHUE pac-
YETHBIX 3HaUYeHUH V, ¢ JaHHBIMU, TIPUBEAEHHBIMU B

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

pabore [Giardina et al., 2018], a TakxXxe ObUIM MOIY-
YEHBI OLIEHKU V1Tl TIONCTUIIAIOIIMX TIOBEPXHOCTE
XapakTepHBIX 11 paiioHoB KpaitHero Cesepa.

PE3VJILTATbl MOAEJIMPOBAHUA

Boanrbie ITIOBEPXHOCTU M IOBEPXHOCTU, IMOKPbI-
TbhIC CHETOM, 6YI[CM CYUTaThb r’aakKMmMu, TakK Kak aJjad
4.3

A *

Ay

HUX BBIITOJHACTCA U3BECTHOC YCIOBUC 7, <

[TTuckyHoB, 2010], a mOBEpXHOCTH, MOKPHITHIE pac-
TUTEJIbHOCTBIO (TYHApPA U XBOMHBIM Jiec), — IIepOXO0-
BaThiMU. Ha HayajibHOM 3Tarie BCe pacyeThl BbIITOJ -
HeHbl 1o ¢opmyne (7) a9 4YacTul pasMepoM
0.01—10 MM ¢ moTHOCTBIO 1 T/eM*u u* ot 0.10 mo
1.5 M/c, paccanTaHHBIMU I10 ¢opMmyiie (2) B como-
CTaBJICHUM C SKCIIEPUMEHTAIbHBIMU TaHHBIMU, B35I-
TeiMU U3 [Giardina et al., 2018] (puc. 3, 4).

OLIEHKM CKOPOCTH CYXOTO OCaXKIEHMS, TTOIyYeH-
HBIE B COOTBETCTBUH C (7), 1711 BOTHBIX ITOBEPXHOCTEH
U TIOKPHITBIX CHETOM OKAa3aJMCh OJIM3KM K JKCIIe-
pUMEHTAIbHBIM JaHHBIM (puc. 3a, 30) ¥ coOBMamamOT
C HUMM B Tipenenax +5% OTHOCHTENbHO CpPEeIHEro,
Ut TYHIApHI (puc. 4a) — +12%, nist XBOMHOTrO Jieca
(puc. 46) ipu meHee 0.7 mxMm — £10%, HO B obacTu
0.8—1 MxM — oka3aymmch B 1.1—1.5 pa3a MeHbIIIe.

Ha puc. 3 u 4 BUIHO, 4TO C YBEIUUEHUEM LLIEPO-
XOBaTOCTH Z, M AMHAMUYECKOI CKOPOCTH & * BO3pac-
TaeT CKOPOCTh CyXOro ocaxaeHus. JlefcTBUTEIbHO,
IIPU CTOJIKHOBEHMU BO3IYIIIHOIO MOTOKA, CoaepkKa-
IIIETO a3PO30JIbHbIE YACTUIIHI, C O0JIee IIIEPOXOBATOM
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Puc. 4. PesynbTarhl OLIEHKM CKOPOCTH CYXOTO OCAXIEHHUS V, a3p030IbHbIX YACTHLL HA TOBEPXHOCTU, MOKPDITHIE PACTUTENb-
HOCTBIO: TYHJIpa (a) 1 XBOIHBIi1 Jiec (0). 2, 4 — pacuer 1o popmyine (7); 1, 3 — nannsie u3 [Giardina et al., 2018] pu u* = 0.5

u 1.5 M/C COOTBETCTBEHHO.

TMIOBEPXHOCTBIO, TypOyJIeHTHbIE 3(PDEKTHI yCHUTUBA-
I0TCSI, U BpeMsl B3aMMOIEUCTBUSI C MOBEPXHOCTHIO
YBEJIMYMBAETCS, YTO B KOHEYHOM cUeTe OydeT Mpu-
BOJIUTH K POCTY CKOPOCTH CYXOT'O OCAXKICHMS 32 CUET
nddy3noHHOTO 3axBaTa (o 1 MKM), 3ameIieHus
1 uHepuuu (6osiee 1 MKM).

B T0 ke Bpemst HEOOXOAUMO OTMETUTh, YTO pac-
YeTHAasl CKOPOCTb CYXOI'O OCaxKACHMS JJISI XBOMHOIO
neca (puc. 40) ripu u*, paBHOI 1.5 M/c, XOpOIIIO CO-
BragaeT ¢ naHHbIMU [Giardina et al., 2018] Toabko
a7 yactui MeHee 0.05 MKM, T.€. Ipu mpeodaagaHuMu
nudGy3MOHHOTO ocaxnaeHus. B nuamazoHe Oonee
0.1 MKM B 00JlacT MHEPLIMOHHOTO 3axXBaTa 0 pa3-
mepoB 0.5—0.7 Mxm coBmagenne ¢ [Giardina et al.,
2018] ocraercst xopoiium (ormbka 1o £10%). Onna-
Ko s yactull 6osiee 0.7 MkM paznuuus ¢ [Giardina
etal., 2018] cymecTBeHHBI, XOTS B LIEJIOM OLIEHKH (7)

100 (a) )
/
101+ -
1
o2l // 2
2 -
= -
03¢ f,/’/
10—4 L ~ # ; ;;,-,.
103 - ! ! |
0.1 1 10 100
d, MKM

IOKa3bIBAIOT POCT CKOPOCTU CYXOTO OCAXKICHUS Ha
XBOMHBIN JIeC, TI0 CPABHEHUIO C IJIAIKUMU ITOBEPX-
HOCTSIMM Y TYHIPOI, 4TO COTJIacyeTcs ¢ O0IIei Teo-
pUeEl M 3KCepUMEHTAIbHBIMUA JAHHBIMU.

Hanee mpoBeaeM YMCIEHHOE MCCAeAOBaHUE 3a-
BUCUMOCTH CKOPOCTH CYXOTO OCaXKACHUS OT AUaMe-
Tpa d, IWIOTHOCTH O, a9PO30JIbHBIX YaCTHL U AMHA-
MUWYECKOI CKOPOCTH u* JJI1 BOMHBIX IMMOBEPXHOCTEH
(z, ~10~* M), mOKpbIThIE CHETOM (7, ~107° M), TYyHADPBI
(z, ot 0.1 mo 0.3 M) u xBoiiHoro Jseca (z, ot 0.5 10
2 M). Bce pacueTsl BEITIOMHEHBI 110 (hopmyne (7) mis
CJEIYIONIMX YCIOBUN MOACIMPOBAHUS: MUATIa30H
pa3mepoB yactull ot 0.1 7o 100 MKM, TIJIOTHOCTD Ya-
crull paBHa 1, 2.5 u 5 r/cM?, cpenHee 3HayeHUe u*
BBIYMCIICHO 110 (popMmysie (2), rpaHUYHBIC 3HAYCHUS
u* B3sTH U3 Monmenu WRE-ARW [Skamarock et al.,
2008] (puc. 5-8).

100 -

(©) 3
10 T ’-/-""’
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Puc. 5. CxopocTb cyxoro ocaxaeHust V, T nuaMeTpa 4acTULbI ¢ TIpU U3MEHEHUHN u* (a) 1 o, (6) st BomHOM MOBEPXHOCTHU
(1,2—u*=0.03u0.25 m/c nusa 0,= 2.5t/em3; 3,4, 5— 0,= 1, 2.5, 5t/em3 mst u* = 0.1 m/c).

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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Puc. 6. CxopocTb cyxoro ocaxkeHus V, 0T iuamMeTpa 4acTULbl d TIpU U3MEHEHUU U™ (a) 1 o, (6) 1S TOBEPXHOCTH,, TOKPBITOM
cHeroM (1, 2 — u*—OSHOSM/ch;{p =25r1/cm3; 3,4, 5— 0, =1,2.5,5r/cm® st u* —OSM/c)
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Puc. 7. CKopocTb Cyxoro ocaxieHus V, oT anaMeTpa YacTUlbl d IpU U3MEHEHUHU u™* (a) 1 o, (6) st tyHapwl (1, 2—u*=0.5
I/IIM/CIlJIHp =2.51/cm3; 3,4, 5— 0, —1 2.5, 5r/em® mst u* = 0.75 m/c).
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Puc. 8. CkopocTb cyXoro ocaxneHust V, oT auameTpa 4acTuubl d NMPU U3MEHEHUM u* (a) u o, (6) g XBOMHOTO Jieca
(,2-u —081/115M/C£I.J1ﬂp —25r/CM 3,4,5— o, =1,2.5,5r/c™M® nnsg u* =1 m/c).
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Ha puc. 5—8 moka3zaHa CKOpOCTb CYXOro ocax-
JIeHUs IJIsI MAaKCUMaJIbHOTO U MUHHUMAaJIbHOTO 3Ha-
yeHU u* (puc. 2) WIS paccMaTpUBaeMbIX THUIIOB
MOICTUIAIONIEH MMOBEPXHOCTH W TUIOTHOCTY YaCTHUII
2.51/cM? (a) ¥ 11t cpeaHero 3HaYeHUs U *, IIoJydeH-
Horo 1o ¢opMmyine (2), 1S pa3IAYHBIX TUIIOB TIO/-
CTUJIAIONIEN TTOBEPXHOCTU U MJIOTHOCTEN yacTuil 1,
2.5u5r/cM? (0).

J17151 BOMHBIX M TIOBEPXHOCTEM, MOKPBITHIX CHETOM
(puc. 5 1 6), CKOPOCTb CYXOrO OCaKIEHUS YaCTHII
MeHee 1 MKM ormpenensercss Tuddy3noHHBIM Me-
XaHM3MOM, BKJIaJi KOTOPOI'O YCWJIMBAETCSI C POCTOM
u*, a s 9actull 6ojee 1 MKM ¢ pOCTOM TIJIOTHOCTH
4acTuIl p, OT 1 1o 5 r/cm® BennumHa V, Bospacraer
B 5 pas.

Munumanbhble 3HadeHus V, g vactui 0.3—
0.5 MKM M BOIHBIX IIOBEPXHOCTEH COCTaBJISIOT
~1075 M/c, a TOKPHBITEIX cHeroM ~10~* M/c mpu ux
pasmepax 0.5—1 Mxm. DddekT 3anernieHnss 1 Hep-
IIMOHHOTO OCAXICHUS MUHUMAJICH JJIsSI BOTHBIX ITO-
BEPXHOCTEM, HO YCUJIMBAETCSI HaJl TIOBEPXHOCTSIMU,
TIOKPBITBIMM CHETOM, B pe3yJbTare 4yero V, craHo-
BUTCSI Ha IOPSIIOK BhIIIE. DTO CBUAETEJIBCTBYET 00
YCUJIEHUH CYXOI'O OCaXKIEHUS IIPY YBEIUICHUM IIIe-
POXOBAaTOCTU IOBEPXHOCTH.

Hns ycnoBuit TyHIPHI (pUc. 7) CKOPOCTb CyXOTO
OCaxXIEHMS UIST YacTUIl MeHee 1 MKM Takxke orpe-
nensiercss TU@Y3MOHHBIM MEXaHU3MOM, KOTOPBIM
YCUJIUBAETCSI C pOCTOM U *. bojiee KpyITHbIe YaCTUIIBI
(d > 10 MKM) ¢ pOCTOM UX IUTOTHOCTH OT 1 10 5 1/cM3
ocenaloT B 5 pa3 OwbicTpee. MUHUMAaIbHBIE 3HA4Ye-
HuA Vot TyHapel coctaBuan ~10~* M/c i yacTui
0.7—1 mMm. Munumym ¥V, caBuraercs BIpaBo, IO
CPaBHEHHWIO C BOIHBIMU MOBEPXHOCTIMU. DPdeKT
3areruieHns He3HaunTeIeH. DpheKT MHePIUOHHO-
To OcaxIeHUs 0oJiee IpKO BEIpaXKeH, OCOOCHHO IS
yactull 6oiee 10 MKM. DTO 00yCIIOBIEHO POCTOM U *
HaJ 6oJiee IIepOXOBaTOM MOBEPXHOCTHIO TYHIPHI TTO
CPaBHEHMIO C BOJHOU MOBEPXHOCTbIO WJIM TTOBEPX-
HOCTSIMU, IOKPBITHIMU CHETOM.

O1ieHKa CKOPOCTH CYXOTO OCaXKIEHUSI Ha XBOM-
HBI Jlec (puc. 8) mokaszana, 4To mpu u™ Ooiee
0.7 M/c cylecTBeHHO Bo3pacTaeT 3(P(HEeKTUBHOCTD
OCaxXxJEHU, 110 CPAaBHEHUIO C OCAXIEHUEM Ha py-
TME PacCMOTPEHHbIE MOBEPXHOCTU. DTO MPUBOIUT
K TOMY, YTO HaMMEHbIIME 3HauyeHus V, Bospacra-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

IMPUTTAYKHH u np.

10T 10 ~107% M/c, a ero MUHUMYM CMEIIaeTCsl BIEBO
1o yactud pasmepamu 0.1—0.3 mxm. CKOpOCThH Cy-
XOr0 OCaXIeHUS Ha XBOMHBIN JIeC OTHOBPEMEHHO
yBeJIMUMBaeTCs i yactuil meHee 0.1 MKM 3a cuer
nuddy3noHHoro 3axsata U 6ojee 0.1 MKM 3a cuer
WHEPILIMOHHOIO 3axBaTa Ha IOPSIOK MO0 CPAaBHEHUIO
C TYyHApPOii. YMeHblIeHHEe BenuuuHbl V, (puc. 86)
It yactud, 6osee 10 MKM, BEepOSITHO, CBSI3aHO C
BO3pacCTaOIIMM OTCKOKOM OT IMoBepxHocTeil. Ha-
4rHast ¢ pa3MepoB Yactuil 6osee 50 MKM, V, BHOBb
YBEJIMUMBAETCSI M ACUMITOTUYECKU TTPUOIMKAETCS,
B COOTBETCTBMU C UX IUIOTHOCTBIO, K CKOPOCTH rpa-
BUTALIMOHHOIO OCAXICHUS Vg

SAKITIOYEHUE

YucieHHbIe UCCIIeNOBaHUS IMOKa3ajau, 4To IS
apKTUYECKUX PAaliOHOB, TIe B MOACTUJIAIOIINAX MO-
BEPXHOCTSIX MpeobiiafaloT CHET, OTKpbITas BOMHAs
MOBEPXHOCTh, TYHApPAa M XBOWHBIA JI€C, IIPEIIO-
XEHHBINA ITOAXOM, CBSI3aHHEIN C OLIECHKOM CKOPOCTU
CYXOI'0o OCaxXJIEeHMWsI, ONTUMAJIEH, COIJIacyeTcs C pe-
3yJIbTaTaMU MMPOTHO3a IO IPYTMM U3BECTHBIM MOJE-
JISIM 1 C 9KCTIepUMEHTAIbHBIMU JAHHBIMU.

Ha rmagkmx moBepXHOCTSIX (BOOHAsI ITOBEpPX-
HOCTb, CHET) U B TyHApe ajis yacTull ¢ d < 1 MKM CKO-
POCTb CYXOT0 OCaXIeHMUs onpenesercs nudoy3uein
YacTUIl K MMOBEPXHOCTHU, YCUJIMBAIOLIIEICS C POCTOM
u* u z,. Jlnst yactuir 6osee 1 MKM [UIS 9THUX XK€ TH-
OB MTOBEPXHOCTEN HAUMHAETCS BBIXOM Ha aCUMIITO-
Ty TPaBUTAIIMOHHOTO OCAXIEHMS B COOTBETCTBUM C
IUIOTHOCTBIO YACTHLI ), @ MEXaHU3MbI 3aLCTUICHUSI
Y1 UHEPLIMOHHOTO OCAXIEHUsI HEBEJIMKHU U3-3a TOrO,
ut0 7, < 0.1 m.

Hna XBOMHOro Jjeca IIOJIOXKEHUE HECKOJIbKO
nHOe, T.K. obOmacTth mpeobnamaHus mudQy3noH-
HOTO MEXaHM3Ma OCAXKICHUS CIBUTACTCS BIEBO OO
0.01 mxm 1 MeHee. B Helil nuddy3us Tak xe, Kak 1
IJIs1 TIOBEPXHOCTEH € MAJIbIM Z,, BO3PACTAET 110 MEPE
yBeamdeHus u*. OMHOBPEMEHHO IIJIs YacTUIL OoJiee
1 MKM HauMHaeT HaOJII0JaThCs YBEIUUEHHUE CKOPO-
CTH CYXOI'O OCAaXIEHHS 3a CYET MHEPLMOHHOTO 3a-
XBaTa B Pe3yJIbTATe MOBBILICHNUSI 3HAYCHUI O, 1 U™,

Cnenyer OTMETUTh, YTO TI0 JAHHBIM OTIEJIBHBIX
aBTOPOB 3((HEKTUBHOCT MHEPLIMOHHOTO 3axBarta E,
OT yncna St CUJIbHO OTJINYAIOTCS IPYT OT Apyra, 9TO
CBUAETEIBCTBYET O HEOOXOOWMOCTU HAJTbHEHIIEero
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MPOIOJKEHUSI Pa3BUTHUSI TEOPUU OCAXKIECHUST adpo-
30JIbHBIX YACTHII HA MOBEPXHOCTH ¢ Z, 6osee 0.5 M.

ITpennmoxeHHass MOAENb OIEHKW CKOPOCTU CY-
XOTO OCaXXAEHUS a3PO30JIbHBIX YACTULL MOXKET ObITh
HCII0JIb30BaHa MpU IIPOrHO3MPOBAHUM 3aTrPSI3BHEHUS
pamroakKTUBHBIMU a3pO30JISIMU TEPPUTOPUIL C HEOI -
HOPOJTHOM HNOACTWIAIOIIEH ITOBEPXHOCTHIO B APKTU-
yeckux paitonax Kpaiinero Cesepa.

PaGora BEITIOTHEHA TIpM MOOAEPXKKE TIpaHTa
Poccuiickoro HaydyHoro ¢onna (mpoexkt Ne 20-19-
00615-11).
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Influence of Modeling Conditions on the Estimation of the Dry Deposition Velocity
of Aerosols on Highly Inhomogeneous Surfaces
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An approach to estimating the dry deposition velocity of aerosol particles on the surfaces of Arctic
regions, where snow-covered surfaces, open water surface, tundra and coniferous forest predominate, is
proposed and numerically investigated. Optimal modeling conditions are proposed, taking into account
the characteristic sizes and densities of aerosol particles involved in transport in the planetary boundary
layer, and the interaction of air flows with the surface through the parameter u*, calculated using the WRF-
ARW model. The proposed approach is compared with other known models and experimental data. The
dependence of the dry deposition velocity obtained by the proposed approach on the diameter, density of
aerosol particles and dynamic velocity u* for the surfaces in the Far North is estimated.

Keywords: aerosol particles, dry deposition velocity, surfaces in the Far North, particles size distribution,
interaction with the rough surface
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BeTtpoBoii nepeHoc cHera npeacTasisieT codoit IByx¢a3HbIii MOTOK, COCTOSIINI U3 BO3AyXa U B3BEIIICH-
HBIX YacTHII. [1p1 HaTWIMK CHEXKHBIX YACTHII B BO3IYXE B IIPU3EMHOM CJIO€ TTOSIBIISICTCS TOTTOJTHUTETbHAS
YCTOMYMBOCTB 32 CUET rpamgreHTa INIOTHOCTU. ['pamreHT INIOTHOCTHY MOIABIISICT TYPOYJICHTHOCTD 1 BIIASICT
Ha IIpoliecChl OOMeHa B IMpu3eMHOM ciioe. I1oaToMy njis onrcaHus CBOMCTB MOTOKA ¢ BKJIIOYEHHBIMU B
HETO YaCcTUIIaMK CHeTa HeOOXOIMMO IIPUBJIcUeHIE JOTIOTHUTEILHEBIX TTapaMeTpu3annii. B maHHoit pado-
Te IIPEICTaBICHHO OIMMCAaHNE IMapaMeTPU3AIINH IIPU3EMHOTO CJI0ST C HAIMYKMEM B3BEIIICHHBIX YACTHUII CHE-
ra. BiavsiHue B3BellIeHHBIX YaCTULL YIUTBIBAETCSI U3MEHEHUEM (hOPMYIMPOBKU TYpOYJIEHTHOIO MacliTada
mmHBl O60yxoBa. HoBast mapaMeTpu3amnust IMpU3eMHOTO CJIOS TIO3BOJISIET YIECTh BIUSTHIE YACTHI] CHEeTa
Ha TypOyJEHTHBII ITOTOK M MO3BOJISIET YTOUYHUTH OIEHKM CKOPOCTH TPEHUS M BBICOTHI TTOTPaHUYHOTO
ciosi. OnuceiBaeMasl B JaHHOU paboTe MmapaMeTpu3alius Oblja YCIEIIHO MpoBepeHa Ha JaHHBIX Ha0JIIo0-
neHuit. OnucaHue BIMSIHUS YaCTULL CHera ObLJIO BKJTIOUEHO B BUXpepaspelnaloinyto moaeib (Large-Eddy
Simulation, LES). YucneHHbIE 3KCIIEPUMEHTHI MMOKA3BIBAIOT YBEIMYCHUE YCTOMIMBOCTH TPU3EMHOTO
clioss. MexaHu3M BIUSHUS B3BEIIEHHBIX YACTUIL Ha TTPU3EMHBIH CJI0i aHAJIOTMYEH TePMUUYECKOI yCTOM-
YUBOCTH ITOTOKA, IIPY KOTOPOM OTpHUIIaTeIbHAs TIJIaByYeCTh ITOIABIISICT KPYITHOMACIITAOHYIO KOMITOHEH-
Ty TeUCHUSI ¥ CTIOCOOCTBYET YMEHBIICHUIO TYPOYJICHTHOM KUHETUIECKOI SHEPTUU.

KioueBble ciioBa: cajbTalivsi, TpU3EMHBIN CJION, BUXpepa3pelaoiinee MOAeTUPOBaHNS, TypOyJIeHTHBIN
MaciuTab ITMHBI, NByX(a3HbIe TEUSHUS

DOI: 10.31857/S0002351524020057 EGN: KQHIHY

1. BBEAEHHE

BeTpoBoe mepepacmpeneicHUEe CHETa MOXET
MPUBECTU K CXOMY JIABUH, CHIDKEHHUIO ypOXKaliHO-
CTH O3UMBIX KYJIBTYP, CHEXXHBIM 3aHOCAM Ha TPaHC-
MMOPTHBIX MAaTUCTPANISIX W APYTHUM HETaTUBHBIM I10-
cinenctBusaM. IlepeHoc cHera mpeacTaBisieT COOOM
CJI0XXHOE IpupongHoe siBjieHue. Kornga Betep B Ipu-
36MHOM CJIO€ TOCTUTaeT IIOPOTOBOil CKOPOCTH, CHET
Ha IMOBEPXHOCTU MPUXOIUT B ABUKEHME, TTOIXBAThHI-
BaeMBbIid BeTpoM. CHEXMHKH, yIapsIsiCh O CHEXXHYIO
MMOBEPXHOCTh, pa3pyIIAIOT €€ U IIPUBOASIT B JBUXKE-
HUE HOBbIe Macchl yacTull. banronn [Bagnold, 1937]
BBIICJIAJI TPU CITOCO0A IBYKCHUS YaCTULI: BJicUeHUE,
CaJIbTallIO U CYCIIEH3UIO.

183

a) BJICYCHME — CKOJIbBKEHME YacTUI[ B TOHKOM
cJioe (10 OMHOTO CAHTUMETPA) IO CHEXKHOM MOBEpPX-
HocTu. [1py TakoM IBVKEHUM YaCTULILI HUKOTIA He
TEpSIIOT KOHTaKTa C HEIMOABMKHBIMM ITOBEPXHOCT-
HBIMU YacTULIAMU. DTOT IPOIECC MOXKET paccMa-
TPUBAThCS KaK 4acTh Mpoliecca calbTalluu;

0) cambpTalis — CKAYKOOOpa3Hoe JBIDKECHME Ya-
cTull B HIkKHeM cioe. [lpu cambraniym IBUKUMBIC
YaCTULbI COYIAPSIIOTCS CO CTAaTUMHBIMU, BHIOMBAsI U
BOBJIEKAas UX B JAJIbHEHILIMIA POLIECC IBUXKEHUS;

B) B3Bech (muddysust) — 1mpolecc IoabeMa
CHEXHBIX YaCTHUIl BETPOM Ha 3HAYUTEJIBbHYIO BBHICO-
Ty, BUTAaHWE CHEXMHOK B Bo3myxe. Cuibl cOIpo-
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TUBJIEHUSI, CO37daBaeMble TYypOyJEHTHBIM BO3MYII-
HBIM IIOTOKOM, OIIPENEJISIOT TPAeKTOPUHU JBUKEHMUS
CHEXXMHOK 0JIM3KH1e K CIyJaiiHbIM. BeTpoBoii moToK
C HaJW4YMeM CHEXHBIX YacTHUIl BeleT cebs MHade,
yeM "YUCTBINA" IMOTOK, TaK KaK CHEXHBIE YaCTUIIbI
BJIMSIIOT Ha MPAKTUYECKU BECh CIEKTP (PUIUYECKUX
MPOIIECCOB B HMXKHMX CJIOSIX aTMOC(ephl, U3MEHSIS
IUHAMUYECKHE, TEPMUYECKNE W ONTUISCKUE CBOIi-
cTtBa moToka. Ilo KOHIIeHTpaluy BOBJIECYCHHBIX B
MIPOIIECCHI YaCTHII ITpeodIagaeT MPOoIecC CaTbTalluu
[ronun, 1963]. OnHako cHeXHas caabTallls MUMEeT
JIOCTaTOYHO MaJIblii BEPTUKAJIbHBINA MaciuTad u, 1o
cpaBHEeHUIO ¢ AU(PPY3MOHHBIM TIEPEHOCOM CHeTa,
3HAYMTEILHO MEHBIIIE BIMSIET HAa CBOMCTBA IIPU3EM-
HOTO CJIOSI aTMOC(EPHI.

C cepenuHbl IPOILIOro BeKa Teopusl AByXdasz-
HBIX TEUEHUI C TBepmoit ¢pa3oit Obla pa3padboraHa
B pabotax [Bagnold, 1937; ionuH, 1963] u [Brot-
Hep, 1978]. I''W. bapen6aarr u I'.C. 'onmuuplH 10-
Kazajgyd yMEHbBIICHUE IIyJbcalliii B IBYyX(a3HOM
MOTOKE C YBEIMYEHHEM KOHIIEHTpAllMM TBEPIOU
¢as3br [bapenonarr, ToaunbiH, 1973; Barenblatt,
Golitsyn, 1974]. OHu nmokazauu, 4TO YacTb SHEPIUU
TypOYJeHTHBIX IBMXEHMI pacxomyercss Ha Aaud-
(y3M10 MENKMX 4YacTull. YMEHbIlIEHUE TypOyJIeHT-
HOro obMeHa TIpPUBOAUT K 0o0Jiee OBLICTPOMY POCTY
CKOPOCTU IIOTOKAa C YBEJIMYEHHEM PACCTOSIHUS OT
noBepxHocTu. B paborax [Bapeno6nart, I'oauibiH,
1973; Barenblatt, Golitsyn, 1974] ObuU1a IoaydyeHa
nmapamMeTpu3anus TpoduiIst CKOPOCTH B HEHTPaIbHO
cTpaTU(UIINPOBAHHOM MOTOKE, HECYIIIEM YaCTHUIIBL.
Anrnpokcumalus Obuia MpeajoxkeHa M oleHeHa Mo
JaHHbIM HaOmogeHuit. K. Bamcep u B.H. JIsikocoB
pa3paboTalu TEOPUIO YBEIWYEHUs CKOPOCTU BeTpa
npu riepeHoce cHera [Wamser, Lykossov]. OnHoit n3
BaxKHBIX 33124 IIPY IMArHOCTUKE Y MOIEIMPOBAHNU
METEJIEBOTO IIepeHoca SIBIISIETCS ONpene/icHue Kpu-
THYECKOIl CKOPOCTH BETpa, HOCTVKEHUE KOTOPOit
MOBJIeYeT 32 COOOM IMOABEM CHEXMHOK C MOBEPX-
Hoctu. [TomepoeM u coaBropamu [Pomeroy, Male,
1992; Pomeroy et al., 1993; Pomeroy, Li, 2000] uc-
cJemnoBaHa 3aBUCUMOCTh MHTCHCHBHOCTH IIOIbEMAa
YacTHIL OT CKOpOCTH BeTpa. Ha ocHOBe mony4eHHBIX
HaOmoneHnii OBIIA TIPeJIOKEHBI SMITMPUYECKUE
(bopMyJIbI 111 MOPOrOBOI CKOPOCTHU BETPA, BHICOTHI
YPOBHS caJbTallui U KO3 UIeHTa TTIepeMeIIBa-
HUSI CHera Ha ypoBHe cajbranuu. C KOHIIA IIPOIILIO-
ro BeKa OBUIM IIPEIJIOKEHBI M pa3paboTaHBl MaTe-
MaTW4YeCcKre MOJIEIIM IepeHoca CHeTa: OMHOMEPHbIE
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BeptukanbHble Momenn PIEKTUK K [Déry, Yau,
1999], SNOWSTORM [Bintanja, 2000], BSM
[Pomeroy, Li, 2000]. Bo Bcex Monensix npenmnoJa-
raeTcsl, YTO IBUKEHUE YaCTHUIL OIpeaesIsseTCs TypOy-
JeHTHOU nnddys3neii u crnoit Tsokectr. CHEXUHKHT
MpeICTaBIeHBl cepaMi C IUIOTHOCTBIO JIbAa, TaK
KaK KpUCTAJUIMYECKHE CTPYKTYPHI CHera, o0pas3yro-
IIKeCs TIPY BhINIAAEHUM 0CaaKOB, OBICTPO pa3pyllia-
10TCsI, cornacHo [Smith, McLean, 1977].

YcrnenmHocTh MOIEIMPOBaHMSI BETPOBOIO IIepe-
HOCa CHera HaIpsIMyI0 3aBHCUT OT TOYHOCTH OITH-
CaHUSI U MOJIeIMPOBaHUS TypOyaeHTHOro motoka. C
POCTOM BBIYHMCINTEIBLHBIX PECYPCOB B ITOCICAHUE JIe-
CSTUJIETHSI aKTUBHO pa3pabaThIBalOTCS TPEXMEPHbBIE
HEeCTallMOHAPHbIE YMCJIEHHbIE MOIEIN BBICOKOIO
paspenieHus. Buxpepaspelaroliee MoaeIMpoOBaHNe
(LES, Large-Eddy Simulation) siBiasieTcss nmepcrek-
TUBHBIM METOJIOM MOICIMPOBAHUS TYPOYJICHTHOCTH
B IIOTPAaHUYHOM CJIoe aTMOCGhepbl, OCHOBAaHHBIM Ha
JNEKOMIIO3UIIMY MOTOKAa Ha KPYIHOMACIITaOHYIO U
MeJIKOMAacIITabHyIo (ITOICETOYHYIO) COCTaBIISIO-
IIyI0, IIPY 3TOM IIepBas M3 HUX SIBHO pa3pelracTcs
Ha pacueTHoIi ceTke [Groot et al., 2014]. CyiiecTBy-
IOIIIMe MOJIE/IN TIepeHoca CHeTa MO3BOJISIOT OIMCATh
OCHOBHbIE OCOOCHHOCTU ABMKEHUS YacTUIl CHera
B TypOYJIEHTHOM IIOTOKE (C HMCIIOJIb30BaHWEM Jia-
rpaHXXeBOT0 WM 3itaepoBa 1moaxoaa). OgHako B n3-
BECTHBIX aBTOpaM MOJEJISIX IOTPAHMYHOTO CJIOST aT-
Mocdepbl, B KOTOPBIX UCIIOJB3yeTCs IIPUOJIKEeHNE
MIPU3EMHOTO CJI0SI JUISI pacuyeTa MOBEPXHOCTHBIX T10-
TOKOB, HE YYUTHIBACTCSI 00OpaTHOE BIMSHUE YaCTHUIL
CHera Ha TypOyJIEHTHBII ITOTOK.

B nByxda3zHbIX mOTOKaX HanbOJIbIIAsI TUIOTHOCTh
B3BEIICHHBIX YAaCTUIl HAOIIOMaeTCsT BOJIM3Y ITOBEPX-
HOCTH Y MOCTENIEHHO YMEHBIIIACTCS C BEICOTOM. DTO
MMPUBOAUT K 00pa30BaHUIO YCTOMYMBOIO rpagreHTa
ruiotTHocTH. [1OTOK B MPHU3eMHOM CJIO€ CTAHOBUTCS
YCTOMUMBO-CTPATU(PUIIMPOBAHHBIM, a TYpOYJICHT-
HBII1 TIepeHoC HomaBisieTcsl. B pe3ynbrare CKOpocTh
IOTOKA YBEIMYMBAeTCSI. DTOT MEXaHM3M aHajo-
rMYeH TePMUYECKM YCTOMYMBOMY TYpOYJIECHTHOMY
IMOBEPXHOCTHOMY CJIOIO, B KOTOPOM OTpHUIIATe]IbHAS
IJ1aBy4eCTh CIOCOOCTBYET YMEHbIIEHUIO TypOy-
JICHTHOM KWHETHYeCcKoi 3Heprum mmortoka. Cormac-
HOo [Adams, Weatherly, 1981; Bintanja, 2001], sto
MMPUBOAUT K YMEHbBIIEHUIO KO3(P(PUIMEHTOB 00Me-
Ha, KOTOPOE MOXKET ObITh 3HAYUTEIbHBIM HE TOJBKO
BOJIM3M TTOBEPXHOCTH, HO U Ha 00Jiee BLICOKHX YPOB-
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HaX. B maHHoit pabore InpeacraBieHa HOBas Iapa-
MeTpU3alKs TYpOYJICHTHBIX IIOTOKOB B IPU3EMHOE
CJI0€, B KOTOPOM YUNTHIBAETCS HAJTMYKE B3BEIIIECHHBIX
yacTull cHera. J1Jis yueTta BIUSHUSI CHEXKHBIX YaCTUIL
MOIUMUILIMPYETCS BbIpaXXeHUE IJIs TypOYJIEHTHOIO
Maciurada anuHbel OO0yxoBa. IlpencraBieHHast ma-
paMeTpu3alysl IO3BOJISIET YYECTh BAUSHUE YaCTHUIL
CHera Ha TypOYJICHTHYIO JUHAMUKY IOTOKA, B TOM
YHCJIE CKOPOCTh TPEHMSI U BBHICOTY IOTPAHWYHOTO
cios. JIaHHBIM TIOIXOA MOXET OBbITh MCIOJIB30BaH
kak B RANS (Reynolds-Averaged Navier-Stokes),
tak 1 B LES-Monensix atMmocgepHOro morpaHu4HO-
ro cjiost. HoBBIif acneKT mapamMeTpu3aluyd COCTOUT
B COBMEIICHMM OMUCAHUS calbTaliuyd U duddys3nu
CHEXXHbBIX YACTHII.

2. IPU3EMHBIN CJIOU C BKJIIOYEHUEM
CHEXHBIX YACTHUL]

2.1. IIpuzemuotii caoii

PacyeT moBepXHOCTHBIX ITOTOKOB TEIJIa U UM-
MyJbca MOXKHO OIMCaTh CIEIYIOIIAM O0pa3oM.
ITpennonoxum, 4yTo TypOyJIEeHTHBIE MIOTOKU U Mac-
mtad ;imHbel O0yxoBa L He 3aBUCSIT OT BBICOTHI, CU-
cTeMa ypaBHEHMS IUISI AMHAMMYECKOI CKOPOCTHU Us ,
MaciTaba IMOTEeHIMANbHOM TeMIlepaTyphl O« , u L
onpeaesieTcsl CorjaacHo Teopuu Topodbuss MoHu-
Ha—OO0yxoBa [Monin, Yaglom, 1971]. TypOyneHT-
HbIE IOTOKM TEIUIA ¥ UMITyJibca (H, T,) onpenensior-
ca kak H = cpp@*u*, T, = pu . BolpaxeHue mwis

OCHOBHBLIX IIapaME€TpOB TCOPUH nogo0ust MOXHO
BBIPpA3UTh KakK:

U,(z/L)=¥,(zg /L)
<®(Z) — @s>"’M

Os

= 2
CUG/D /D P

rne V,, u ¥, SBAAIOTCS MHTETpaJbHBIMU YHUBEP-
calbHBIMK (YHKLUMSIMU, Kk — KOHcTaHTa KapmaHa,
0 — IUTOTHOCTB BO3/yXa, ¢, — TEeIUVIOEMKOCTB ITPH I10-
CTOSIHHOM naBieHuu. Ilapamerpamu s 3Toil cu-
CTeMbl YpaBHEHMIA SIBJISIIOTCS 3HAYEHUSI CKOPOCTHU
Betpa U(z) u temmieparypsl ©(z) Ha ypoBHE Z , 3Ha-
yeHus Ha moBepxHocTu U, O, , a TakKe XapaTKepH-
CTUKHU MOBEPXHOCTU Z, Zg; — YPOBEHb a3pOIMHA-
MUUYECKOl M TEepMUUYECKOI I1IepoXOBaTOCTU. MbI
OpearojaaraeM, 4To 3To NpUOIMKEHHUE CIIPABEIIMBO
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st (1), (2) u gnst 06001IeHNI TeOpUH TI0J00US, T
JIOITYCKAeTCs M3MEHYMBOCTb TYpOYJICHTHBIX ITOTO-
KOB C BBICOTOM. 31eCh MBI pacCMaTpUBAeM TOJIBKO
CyX0it MpU3eMHBII1 CJIOl, HO 3Ta TEOPUSI MOXET OBITh
paciMpeHa ¥ Ha cydail BJIakHOM aTMocdephl.

2.2. Modugurayus mypoynenmuoeo macuimaba onaumbl
Obyxosa

YacTuubl cHera HaXoASTCS BO B3BELIEHHOM CO-
CTOSTHMY Ha HEKOTOPOl BBICOTE HaJ MOBEPXHOCTHIO
B pe3yjabTaTe OajaHca MeXIy CHJION TSXKeCcTd, Ha-
MpaBJICHHON BHM3, U TYpOYJIEHTHBIM HaIlpSIKEHM-
€M, HaIlpaBJICHHBIM BBEpPX. DTO COIIPOBOXIACTCS
ocjiabjieHreM MPoLEecCOB TypOyJIeHTHOro ooMeHa B
MIPU3EMHOM CJIO€ U MOXKET OBITh BEIPAXKEHO KaK 13-
MEHEeHUe TypOyJIeHTHOTO MaciiTada IuHbI [Adams,
Weatherly, 1981]. ChopMynrpoBaTh IMHAMUYECKIE
3(dEeKTH I YCTOWYMBO CTPATU(PUIIMPOBAHHOTO
CJI0ST CO B3BEIIEHHBIMU YaCTUIIAMM MOXHO TaK Ke,
Kak o0000IeHre ciaydyas TepMUUYECKU-CTpaTUghU-
LIMpOBAaHHOTO ToToka. Macmrtad minHbl O0yxoBa
XapaKTepu3yeT BIWsSHUE CTpaTUdUKALIMU Ha TypOy-
JIeHTHOCTh [Monin, Yaglom, 1971]. Torma Beipaxe-
HUe 111 MacimTaba mmruHel O0yxoBa ¢ MCITOJIb30Ba-
HHMEM IUIOTHOCTH BO3IyXa IPEeICTaBUM KakK:

5~
L=-"=0 (3)
KEP'W
TIe p — CPEIHSs INIOTHOCTb, P'W' — BepTUKAIBbHBII
TypOYJEHTHBII ITOTOK MacChl 1 § — YCKOpPEHUeE CBO-
00mHOro NMageHusl.

Ecnu BO34YX M B3BCIICHHLIC YaCTHUIIbI CHEIa pac-
cMaTpuBaTh Kak I[BYX(I)BBHOC TECYCHUC, TO CPpCAHAA
IIJIOTHOCTD F_) MOXET ObITh BbIpaK€Ha Kak:

p=p,(1+0,5) (4)

rae o5 = (ps - Pa) / F_)a, Py ¥ pg — INTIOTHOCTH BO3AY-

Xa U CHEra COOTBETCTBEHHO, S — CpemHsas 00beM-
Hasl KOHLIEHTPAMs B3BEIICHHBIX CHEXXHBIX YACTHII.
IToToK MJIOTHOCTU MOXKET OBbITh IPEICTaBIEH KakK
CyMMa ITOTOKa TeTjia ¥ TTOTOKa CHEXXHBIX YaCTHII;

)
(6)
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rae 0'w' — TypOyJIeHTHBIM ITOTOK Teruia, 0, — xapak-
TepHas MOTEeHILIMaIbHAsl TeMIIepaTypa.

[Ipenmnonarast, 4To TypOYJAEHTHBIN MOTOK CHEX-
HBIX YaCTUII, HAIpaBJICHHBI BBEpPX, KOMIICHCUPY-
€TCsI OCeIaHMEeM YaCTUII, MOXHO HaIMcaThb COOTHO-
LLIeHUE:

Sw =—-K as

Sd_z = WSS,

(7)
[JIe Wy — CKOPOCTb OCEaHUsI CHEXHBIX YacTull, K —
Koa(ppuuneHT nuddysun 11 cHera. C y4eToM BhI-
LIEU3I0XKEHHOT0 BhIpaxKeHue 1151 MaciuTada TypOy-
JIeHTHOM mmnHB O0yX0oBa IPUMET B
(1 +0,8 )uf

L =

1 L —~.®)
Hg[eO@’w’(l - S) + oW, S

2.3. KOHL;@HmpaLgM}Z 636CUICHHbIX CHENICHbIX Yacmuly,

s onpeneneHust cpeaHeil 00beMHOI KOHIIEH-
TpallMy B3BEIIEHHBIX CHEXXHBIX YaCTULL MCITOJIb3yeM
ypaBHeHue [Wamser, Lykossov, 1995]:

—wg/ (Ru*>

S =g, [i : ©)

h

salt

rae A, — BbICOTa YPOBHSI CaIbTAlluU (M), ¢; — 00b-
€MHasl KOHLIEHTPALMS B3BELUEHHBIX CHEXHBIX Ya-
CTHLL Ha YPOBHE caibranuu (Kr-Kr '), 7 — pac
CTO-
s + p—s]-
p

a

SIHUE OT IOBEPXHOCTU (M) U & = ¢, /

st yacTul ¢ AMaMeTpoM d CKOPOCTh OCEdaHU
MOXeT OBbITh paccuMTaHa Kak [Wamser, Lykossov,
1995]:

2
gd o (10)

Vs 18v

Ige v — KMHeMaTudecKas BA3KOCTh Bo3ayxa. YacTu-
LBl CHera TpeICTaBIeHbl KaK c(epbl ¢ pamuycoM
8.86 x10°m [Wamser, Lykossov, 1995] u miotHo-
cthio 900 KT - M.

CHer ¢ MOBepXHOCTU HAUMHAET IIPUXOIUTH B IBY-
>KeHHe, KOrma CKOPOCTh BETpa CTAHOBUTCS OOJIbIIIE
MOpPOroBoii ckopocTu. YeM Goblile CKOPOCTh BETPa,
TeM MHTEHCUBHEE IIPOMCXOAUT OOMEH CHera ¢ IOJI-
CTUJIAIOIIEH MOBEPXHOCThIO. CyIlecTBYeT HECKOJIb-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

CAY30BA u gp.

KO ITOIXOA0B K OINpeneeHUIO IIOPOrOBOil CKOPOCTHU
BeTpa. Bce OHM OCHOBaHBI HA JAHHBIX HAOTIOACHUIA
3a CKOpPOCTBIO BETpa M HAYaJIOM IIOXbEeMa YaCTHII.
[IpeBbillieHWEe CKOPOCTU TMOTOKAa Hal TMOPOTOBBIM
3HAYEHMEM OMpeeseT KOHIEHTpAlUIo CHera Ha
ypoBHe canbTaluu. Ha ocHoBe HaOMomeHuii ObLia
npeaioxeHa (opmyia 111 00beMHON KOHIIEHTpa-
I CHEXHBIX YaCTUIl HAa YPOBHE CaJIbTAllUM, WC-
MOJIb3yIo1Iasl 3HaueHUe MOPOTrOBOi CKOPOCTHU BeTpa
Ha BbicoTe 10 M (cTaHAApTHO 711 METEOPOJIOTNYEe-
ckux HaOmoaeHuit) [Pomeroy et al., 1993]:

A
s Usx Ulo ’

an

rae Ujp u U, — ckopocTh BeTpa Ha ypoBHe 10-M 1
—1

ITOPOroBast CKOPOCTb BETpa M- C ~ COOTBETCTBEHHO,

a,=0385m-¢c ' ub,=259.

Jnsa MmogenupoBaHUs IIPU3EMHOTO CJI0SI HE BCET-
J1a yIoOHO MCITOJIb30BaTh 3HAYCHNE CKOPOCTH BeTpa
Ha (UKCUPOBAHHOM BbhICOTE. B 3TOM Ciyuae ynobHee
HCTI0JIb30BaTh 3aBUCUMOCTb OO BEMHOUN KOHILIEHTpA-
IMA OT cKopocTu TpeHus. CorimacHo [Pomeroy,
Male, 1992], o6beMHass KOHLIEHTpALMs CHEXHBIX
yacTul ¢ (KT - HI™ " Ha yPOBHE CalbTauuu gy, (M)
MOXET OBITh OIIpeaesIeHa KaK:

@ -2

= , 12
Clu*ghsalt ( )

4
rae C; = 3.25 smnupuyeckast KOHCTaHTa (C - M~').

OCHOBBIBasICh Ha JaHHBIX HAOMIOACHUII B
[Pomeroy, Male, 1992], npemioxkeHa 3aBUCUMOCTh
BBICOTBI YPOBHSI CAJIBTALIMU OT CKOPOCTHU TPEHMUSI:

hy = Coul>. (13)
rie C, =0.08436 u C; =1.27 smnupuyecKre KOH-
cranthl. [lapamerp C; sBIgeTCS 663p&3¥1€pH{5} ,a
peanunHa C, uMeeT pa3MepHOCTb (€2 -M  J),
[l1oTHOCTBH CHera Ha MOBEPXHOCTHU 3aBUCUT OT TEM-
nepatypbl Bosayxa. C Ipyroii CTOpOHBI, Hayayo
MoabeMa YacTUIl CHEeTa 3aBUCUT OT €ro IUIOTHOCTH.
[MosTOoMy 3Ha4YeHME IMOPOTOBOM CKOPOCTU TPEHMUS
MOXKET OBbITh OIPeNeICHO C UCIIOJIb30BAaHUEM 3HaUe-

HUSI TeMIepaTypbl BO3AyXa CIEAYIOLIMM o0pazom
[Marsh et al., 2020]:

2

T-T (T—T )
fr fr

G + o (14)

u*, = U*to =+
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(a)

+ MOST
o MOST SNOW

0 02 04 06 038
uy from surface scheme, m s~

1.0 1.2 14
1
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(6)

+ MOST
o MOST SNOW

0 02 04 06 08 10 12 1.4
u, from surface scheme, ms~!

Puc. 1. JluarpaMMbl paccessHUsI CKOPOCTM TpeHMsl paccyuTaHHoil mo nByMm cepusiM (“MOST” u “MOST SNOW”)

¥ u3MepeHHo# Ha ctanumy Tuken B 2015 (a) 1 2016 (0) rr.

rne 7 — temrmiepatypa Bo3ayxa (K), Tﬂ — TeMIiepary-
pa 3amepsaHusi Boubl, u,, = 0.35 — KpuTHYECKas
CKOpOCTh 0e3 y4eTa IIONPaBKM Ha TeMIIEpaTypy
m-ct), C, =150 - (c - m'- K')u C; = 8200
(c- M- K2). ®opmyansr (11), (12), (13), (14), 6putn
MOJy4YeHbl TpPM aHaJIM3¢ NaHHBIX HaOMIONCHUI,
OTrpaHMYECHHBIX UHTEPBAJIaMU: CKOPOCTb BETpa — 10
14 m-c”! , TemriepaTypa Bo3ayxa Ha 10 M — ot 0 1o
—40°C, muHamMndeckass cKopocTb — 10 0.8 M- ¢! ,
corjlacHo paboram [Pomeroy, Male, 1992; Pomeroy,
Li, 2000; Li, Pomeroy, 1997].

3. BEPUDOUKALIMA [TO HATYPHBIM JJAHHBIM

OpHa u3 3amad JaHHOU pabOTHI COCTOSIA B MC-
ClIeJOBaHNU, HACKOJIBKO TOYHO IIPEIJIOKCHHBIN
MOAXOd OOBSCHSIET TOBBIIEHUE YCTOMYMBOCTH
MPU3EMHOTIO CJIOS BO BpeMsl MeTejieii Ha OCHOBE
IaHHBIX HaOM0aAeHUM. 1151 9TOro Mbl UCITOJIb30Ba-
mm pganaHble ctaHmuu FLUXNET “Tuxkcn” [Uttal
et al., 2016], mocrynano B NOAA PSL data archives,
2023 3a 6 jeT: ¢ 2011 mo 2016. AKycTUdecKuii aHe-
MOMETp pacnoJjarajcs Ha BeicoTe 9 M. CraHIus
Tukcu (71.583° N, 128.783° W) pacrojioxeHa B
MOJISIPHOM KJIMMaTe ¢ 0OJIbIIOI MPOIOJIKUTEIbHO-
CTBHIO XOJIOMHOTI'O IIEPHOIAa M BEICOKOU IOBTOPSIEMO-
cThio MeTeseil. [IpoaHanu3upoBaHO BIMSIHUE 4Ya-
CTHII CHeTa Ha CKOpPOCTb TpeHUs. IlomydeHBI nBe
CcepuHu JAaHHBIX: B TIEPBOM CEPUU CKOPOCTh TPEHUS
ObL1a paccuyMTaHa B COOTBETCTBUU C T€OpHUEil TOA0-
oust Monuna-O0yxoBa. Pe3yabraThl 3TOro pacuera
o603HaunM Kak “MOST”. JInsg BTopoii cepun pac-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

yeTa CKOPOCTH TPEHHUSI MCIOJIb30BaJIOCh M3MEHEe-
HUe (HOPMYIUPOBKU TYypOYJIEHTHOTO MacluTabda
InmuHBl OOyXoBa B COOTBETCTBMU C ypaBHEHUEM
(12). Kputepunii Hayajga BETpOBOIO MepeHOca CHera
omnpenesieH ¢ UCIoJb3oBaHUEeM ypaBHeHUs1 (14).
IIpucBouM pesyabpTaTaM BTOPOTO pacyera 0003Ha-
yenue “MOST SNOW?”. Bce pacueThl BHITIOJTHEHBI
IJIsT BBICOTHEL YPOBHSI IIIEPOXOBATOCTH PaBHBIM
Zo = 0.022M . D10 3HAUYEeHUE ITOIYYEHO IJIST HEli-
TpalbHBIX ycioBuit |z / L < 0.01.

ITonyyeHHbBIE pe3yabTaThl Mbl CPAaBHUJIM C JTaH-
HBIMU HaOmoneHuii. Ha puc. 1 mokasaHwl rpadu-
KM paccesHUs ST CKOpocTu TpeHus s 2015 u
2016 rr. Bapuautr “MOST SNOW” oTMmeueH ce-
pbIMU KpyxXKamu, BapuaHT “MOST” — yepHBIMU
KpecTuKaMu. PaccuuTeiBajach MeIMaHHas KBaapa-
TUYHas olnoKa. Pe3yabTaThl IpuBeAeHEI B Ta0. 1.
Bo Bcex cayyasx (2011—2016 rr.) yyeT BIAUSIHMS
YacTUIl CHera Ha MaciuTad TypOyJIeHTHOI IJIMHBI
(“MOST SNOW”) npuBOAUT K YJIyYLIEHUIO OIpe-

Ta6muma 1. CpenHsist KBanpaTUyHast OIIMOKa (M/c) MEXIy IBY-
Ms MeTofaMu pacueta ckopoctu TpeHus (“MOST” u “MOST
SNOW?”) u HaGoAeHUSIMU

Year “MOST SNOW” “MOST”
2011 0.032 0.034
2012 0.009 0.014
2013 0.017 0.034
2014 0.013 0.021
2015 0.020 0.034
2016 0.016 0.020
TOoM 60 Ne 2 2024



188

NeJICHUS CKOPOCTU TpeHus. TakuM oOpa3oM, napa-
METpHU3alUsl MOBEPXHOCTHOIO CJIOSI C YIeTOM Ha-
JIMYMSI B3BEIIEHHBIX YAaCTULL CHEra OblIa YCIEIIHO
MpoBepeHa Ha JaHHBIX HAOIIOAEHUIA.

4. BUXPEPASPEIHAIOIIEE MOAEJIMPOBAHUE

Hanee paccMaTpuBaeTCsl BAMSHUE B3BEIICHHBIX
CHEXXHBIX YaCTHUII Ha XapaKTePUCTUKU TYypOyJICHT-
HOCTHU B MPU3EMHOM CJIO€ C MCIOJIb30BaHNEM BUX-
pepaspemaronieii mMomenu. Momenb paspaboTaHa
B HayuyHo-ucciaenoBaTeIbCKOM BBIYMCIUTEIHLHOM
nenTpe (HUBIL) MTI'Y um. M.B. JlomonocoBa u UH-
CTUTYTE BBIMUCIUTENbHON MaTeMaTukn (MBM) nwm.
I''I. Mapuyka PAH Ha ocHOBe YHU(DULIMPOBAHHOTO
TUIPOAMHAMUYECKOro Kopa, coderaiomiero LES-,
DNS- 1 RANS-nonxonbl mjisi MOASIMPOBAaHUS Te-
o(pu3nYeCcKNX TYpPOYJIEHTHBIX IIOTOKOB C BBICOKUM
MPOCTPAHCTBEHHBIM  pa3pemieHuem  |[Kadantsev
et al., 2012; Mortikov, 2016; Mortikov et al., 2019;
Tkachenko et al., 2022; Debolskiy et al., 2023].

PaccmaTpuBaeTcs nMHaMuKa TEPMUYECKH CTpa-
TUPUIIMPOBAHHOTO TEUEHUSsI, ONMMChIBaeMast (HUiIb-
TpoBaHHBIMU ypaBHeHMsIMM HaBbe—CToKca B
npubmkeHun byccuHecka, BKIIIOYast ypaBHEHUS
TepeHoca UMITyJIbca, TeTIa U ypaBHEHUE Hepa3phiB-
HOCTH:

dui. | Quiuj _
ot ox; (15)
oty dp %u; - =
__Wj_a_)(:i+v—axjaxj+€y3fuj +Fl’
Aui
L= 16
5 =0 (16)
09 | oui® _ Ok, )
ot ox; Ox; X Ox;0x;’ (17

rme u= (u1,u2,u3) = (u, v,w) 0003HaYaeT BEKTOP
CKOPOCTM M €ro KOMIIOHEHTHI, HaIlpaBJI€HHBIE IO
KOOpIMHATAaM X = (X,X,X3) = (X,,2) cooTBeT-
CTBEHHO, p — JaBJIE€HME, HOPMUPOBAHHOE Ha I10-
CTOSTHHYIO IUIOTHOCTh, © — IMOTEHLMAJIbHAS TEMIIE-
patypa, v 1 X — KO3(hOULMEHTH KHUHEMAaTUYECKOI
BA3KOCTH M 1udysuu, ! — Bpems. Unen e;3fu;
yYUTBHIBAET ycKopeHue Kopuoca, rie €, CUMBOJ
JleBu—YuButel  (3HAaKONMEpPEMEHHBINT  TEH30p),
f =2Qsind — mapamerp Kopuosnuca mjst mpoThl

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

CAY30BA u gp.

¢ u {2 — yrioBast ckopocTb BpalleHus 3emMan. Kom-
MMOHEHTHI BeKTopa Fi COOTBETCTBYIOT BHEIIHUM CH-
JlaM, AECTBYIOIIMM Ha MOTOK, W JJIS TEPMUYECKU
CTpaTU(ULUPOBAHHON KUIKOCTU BKJIIOYAIOT CUITY
miaBydectn Fp = agO-e;, rne o — KoadduimeHT
TEIJIOBOTO pacUIMpeHusi, £ — YCKOpeHHue CBOOOI-
HOTO MajieHUsl €3 — €AMHMYHBIN BEKTOp B BEPTHU-
KaJlbHOM HampaBieHUM 2. 3mech () 0003HayaeT
dunabTpaLMio B BHUXpepaspellalolleil  MOAeNH,
a(x,t) = Fga(x,t) , Te A gBiageTcs IMpUHON Puiib-
Tpa U a — a00ast cKaJisipHasl IIepeMeHHas WM BeK-
TopHas KoMrnoHeHTa. COOTBETCTBYOIIME TTOADIb-
TPOBbIE WM TIOACETOYHBIC (ITOCKOJBbKY IIMpUHA
(uabTpa cBA3aHA C IIArOM CETKM AMCKPETHOM CHU-
CTEMBbI) WIECHBI HAMPSDKEHW T; W MOTOKA TeIia A
BBIpaXKeHBI KaK:

i

(18)
19)

st pacueTa TeH30pa TypOYJICHTHBIX HAIIPSIKEHUIA
HCIIOJIb3YyeTCs MoIceTouHass Moneab CMaropuHCKOro,
B KOTOpoii KoHcTaHTa CMaropMHCKOro U IMOACETOY-
Hoe yucio [TpaHatis (3aBUcsIIE OT BpeMEHU U TIPO-
CTPaHCTBEHHBIX KOOPIMHAT) OTPEACIISTIOTCST TMHAMM--
yeckoit mpouenypoii [Germano et al., 1991]. 3amaya
MUHMMUA3ALMU OLIMOKY B JUHAMWYECKON Tpolieaype
pelaercss ¢ IOMOIIIbI0 JlarpaH:KeBOro ocpemHEHUs
[Meneveau et al., 1996; Bou-Zeid et al., 2005].

B uncneHHoiT MomeNn UCITOIb3YIOTCSI KOHCepBa-
TUBHBIC KOHEYHO-Pa3HOCTHbIE cXeMbl [Mortinishi
et al., 1998] BTOpOro MopsiAka TOYHOCTHU IJIsI MPO-
CTPAHCTBEHHOM amIpoKCUMAallMd Ha MPSIMOYTOJIb-
HBIX ceTKaxXx. Merton npoOHbIx maroB [Brown et al.,
2001] mpuMeHsieTcsT IS MHTETPUPOBAHUS TT0 Bpe-
MEHM ypaBHEHUI OBWKCHMWS M HEPa3pBIBHOCTU U
BBIMTOJTHEHUS YCJIOBUSI HECXKMMAEeMOCTH, a ISl am-
MPOKCUMAIlUM ypaBHEHUI MepeHoca HMITyJabca U
TeIUla MCHOJIb3yeTcs siBHas cxema Anamca—bari-
dopta TpeTrbero mopsiaka. IlpeacraBaeHHas mapa-
MEeTpH3allisl B3BEIIICHHBIX YaCTUI] CHeTa BKIIIOUYECHA
B cxeMy npusemMHoro cjosd LES monenu.

5. PE3VJIBTATbI BUXPEPASPELTAIOLIEIO
MOJEJTNPOBAHUA

Hns nzyyenus sdpdexra MoaupuUKaLUU Typ-
OyJIEeHTHOTO OOMeHa B MOTPAaHUYHOM CJIOE€ 3a CYEeT
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HaJIW4YMSI CHEXHBIX YacTUIl ObUIO IIPOBEAEHO HE-
CKOJIBKO CepHMii 3KCIEPMMEHTOB C MCIIOJIb30Ba-
HUEeM BHXpepaspemiaiomeili Momenu. s mocra-
HOBKM 3KCIIEPMMEHTOB IO MOIETMPOBAHMUIO KakK
HEUTpaJbHOTO, TaK W YCTOMYMBOTO ITOrpaHWY-
HOT'O CJI0SI 3a OCHOBY ObLIa B3siTa KOH(pUTypaus
GABLS-1 [Cuxart et al., 2006] c MomudpUKaALIUIMU,
NpUBEACHHBIMU HIKe. BricoTa, mmpuHa 1 mjinHa
pacyeTHoil obaactu coctapasiiv 4000 M mipu npo-
CTPAaHCTBEHHOM paspelieHuu 62.25 M. 3amgaHa 1mo-
CTOSIHHASI TI0 BpeMEHHU W He 3aBUCSIIast OT BEICOThI
BeJIMYKMHA reocTpodudeckoro setpa, U= 18 M- ¢!,
V =0 M - ¢c”'. 3HayeHuMe NapaMeTpa a3pOaMHAMM-
YeCKOIl IIepOXOBAaTOCTU IIOBEPXHOCTH (PUKUCHUPO-
BaHHO: 7, = 0.01m.

Brimu mpoBeneHBI IBe CEpUM 3KCIIEPUMEHTOB:
“MOST” u “MOST SNOW”. B akcnepuMmeHTe
“MOST” nmpu3zeMHBIit CJION ONMMCHIBAJICS B COOT-
BETCTBUHU ¢ Teopueit momoduss MoumHa-O0yxoBa ¢
JMHEHHBIMU Oe3pa3MepHBIMUA TPagueHTaMM CKO-
poctu u TemnepaTtypsl [Businger et al., 1971].
B skcnepumentax “MOST SNOW” ucnonb3oBa-
Jlach MpeAcTaBJI€HHasl B HACTOsIIE paboTe mapa-
METpHU3allusl, YYUTHIBAIOIIAS BIMSIHUE YacTUI] CHe-
ra. MWMameHeHus1 1o BpemMeHU  OOBEMHOI
KOHIIETPALIMA CHEXHBIX YACTHII HA BEICOTE YPOBHS

x1074

“24
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caJbTalluU JJISI YMCJIEHHBIX 9KCIIEPUMEHTOB C pa3-
JIMYHO# CKOPOCTHIO BRIXOJIAXWBAHUS IIOBEPXHOCTHU
C, =1[0,1,2]K -4~ mokasamsl Ha puc. 2. Bsicora
YPOBHS caJibTalluu orpeaeeHa mno ¢gopmyne (13).
XapakTepHble 3HAYCHUS Ay, IUIST 9KCTIEPUMEHTOB C
C, =10,1,2] cocraBuiu 0.032, 0.018 u 0.016 M co-
OTBEeTCTBEHHO. [IpMu MmoayyeHHbIX 3HAYEHUSIX 00b-
€MHOI1 KOHIICHTPALIMX CHEXXHBIX YaCTUIl HA BEICOTE
YPOBHSI CaIbTAllUM, XapaKTepHbIC 3HAUCHUS ITIOT-
HOCTA TBepaoili ¢a3pl METeIU COCTaBIISIOT
~(.2 kr - M3, Takoif MacITab KOHIIEHTPALIMU TBEP-
JTOM (ha3bl METEJIM XOPOIIIO COIIacyeTCs ¢ MPeabIay-
muMu ucciaenoBanusgsmu [KypbartoBa, bnrukosa,
2020; brrakoBa, Pyoenmreiin, 2018].

C yBenmueHneM CKOPOCTU BBIXOJIAXKWBAHUS T10-
BEPXHOCTH YCTOMYUBOCTh TaKXKE BO3pacTaeT, a KOH-
LIEHTpAaLMs YacTULl YMEHbBIIAeTCsl, TaK KaK KOHIIEH-
Tpalus IPONOPIMOHAIbHA CKOPOCTU TPEHUs.
YBennueHNe BBIXOJIAXKMBAaHUS ITOBEPXHOCTU IIPUBO-
IUT K TIOBBINICHUIO YCTOMYMBOCTH B NPU3EMHOM
cJoe, YTO TIPUBOIUT K YMEHBIIIEHWIO CKOPOCTH Tpe-
Hus (puc. 3). AHaJIOTUYHBIN 3(GHEKT YBEIUYEHMS
YCTOMYMBOCTM HAOMIOHAETCS M IIpU J00aBJICHUU
B3BEIIIEHHBIX YacTHWIl cHera (cepble KpuBHIe). be3
BKJIIOUCHHMS YACTHIL U 0e3 OXJIaXKICHMSI TUHAMIYC-
CcKasg CKOpPOCTh HMMEET MAaKCUMaJIbHOE 3HAYECHUE

22+

20

.8+ e C.,=2Kh! ;

1.6 * 1 : 1 1 ! ! L |
0 2 4 6 8 10 12 14 16 18

t,h

Puc. 2. VI3mMeHeHUs TPUNOBEPXHOCTHOM OOBEMHOM KOHLIEHTpALIMM YAaCTUI] CHera IJis 3KCIIEPUMEHTOB C pa3In4yHOI
CKOPOCTBIO OXJIAXAEHUA TOBEPXHOCTH (C)) Ha BBICOTE YPOBHS CaIbTAIMU.

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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Puc. 3. CKopocTbh TpeHUSsI B OKCIEPUMEHTAX MPU HaJUYUM BC3BELIEHHBIX cHeXXHBIX yacTull (“MOST SNOW?”) u nipu mnx
otcyrcteum (“MOST”) ¢ pasHbiM oxnaxaenuem (C).
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Puc. 4. Ckopocts BeTpa Ha 10 M B akcniepumenTe ¢ HammareM (“MOST SNOW”) u orcyrctBueM (“MOST”) B3BeIIEHHBIX
CHEXHBIX YACTHII.
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NCCIEJOBAHUE XAPAKTEPUCTUK ITPU3EMHOI'O CJIOA...

(4yepHas CIUIOIIHAS JIMHMS). BxiouyeHune dvacTuil
CHera CHIXXaeT IMHAMMYECKYIO CKOPOCTh IIPMMEPHO
Ha0.1 m-c ! , TAKOM MacITad M3MeHEHMS THAMU--
YeCKOI CKOPOCTH COOTBETCTBYET 3 HeKTy yBeInde-
HUSI CKOPOCTHU BBIXOJAXMBaHUS TMOBEPXHOCTU Ha
1 x - u~!. MuHMMaIbHBIE 3HAYEHUS TUHAMUYECKOM
CKOPOCTM HaOJII0JaI0TCsI MPHU ydeTe BIWSHUS KakK
TeMIIepaTypHOU CTpaTU(UKAIINM, TaK U CTPATU(DU-
Kaiuei, oOyCJIOBJICHHON HalIMYMeM CHEXHBIX Ya-
CTULI.

VBenuueHue YCTOMYMBOCTM TIPUBOIMT K YBe-
JIMYEHUIO CKOPOCTU Berpa. s OLieHKM BIMSHUS
YaCcTUIl CHETa Ha YCTOMYMBOCTD Jajiee pacCMOTPUM
TOJBKO CIy4aW C TePMUYECKM HeHTpaIbHO-CTpa-
TU(DULIMPOBAHHBIM TIOTOKOM, T.€. 0€3 OoXJIaxmie-
HUs ToBepxHoCcTU. Ha puc. 4 mokazaHO U3MEHEHUE
CKOpPOCTH BeTpa Ha BbicoTe 10 M B 3KCIIEPUMEHTE C
BKJTIOUCHMEM YaCTUIL CHera (cepas KpuBasi) n 0e3
cHera (uepHast kpuBas). I1o pe3yabraTam 3KCHepu-
meHTa “MOST SNOW?” ckopoCTh BeTpa BHIIIIE.

PaCCMOTpI/IM BJIMAHUC Hpe,Z[CTaBJIeHHOP'I Imapame-

TPU3aLIMUA Ha JAPYTUE XapPaKTEPUCTUKU MTPU3EMHOTO
c10s1. YMEHbIIeHNE TYypOYJISHTHOCTU BBIPAXKAETCS

(@)

MOST
—— MOST SNOW

z/h

0 0.5 1.0
[el/u
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B YMEHbIIIEHUHU TI0TOKa UMIIyjibca, cM. puc. 5a. Ha
pucyHke 50 moxasaH npoduib CKoOpocTH BeTpa. J1o-
OaBjieHMEe B3BEILIEHHBIX YAaCTUI[ CHera MpUBOAUT K
JJaMMHapU3alUu MOTOKA U YBEJIMYEHUIO CKOPOCTHU
BeTpa.

TypOyneHTHasE KWHEeTUYeCKasl SHePTUsl SIBJISICTCS
KOJIMYSCTBEHHOII Mepoil MHTEHCHUBHOCTH MEJIKO-
MacIUTaOHbBIX TyJbcalldii ckopocTu BeTpa. Hanmwu-
Yyye B IMTOTOKE YaCTHUI] CHera MPUBOAUT K MOsIBJe-
HUIO YCTOMYMBOIO IpalMeHTa IUIOTHOCTU. Takum
o0pa3zoM, no0aBjieHHE B3BELICHHBIX YAaCTHUI] CHera
MMPUBOAUT TakKKe K YMEHBIICHHIO TypOYJICHTHOM
kuHetndeckoil sHepruu (TKD) B HmkHeir yacTu
MOrPaHUYHOIO CJIod — cM. puc. 6a. M3MeHseTcs
He ToJibKo BeauuuHa TKD, Ho u pacmnpeneneHue
IUIOTHOCTU SHEPTUU MEXIY OTAEIbHBIMU KOMIIO-
HeHTaMU. PucyHoK 6a MokKa3bIBaeT AUAroHalbHBIC
KOMIIOHEHTHI TE€H30pa aHU3O0TPOIINHM HAIIPSKCHUI
Peiinonnbaca.

)

a - 351

T (20)

rae ckooku < - > 0003HavaloT OCpeaHEHUE 110 TOPU-
30HTAJIbHBIM HAIIPaBJICHUSIM U 110 BpeMeHHM. B HIXK-
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Puc. 5. IIpodunu ckopoctu BeTpa (0) M MOTOKa UMITyJibca (a), B aKcnepruMmeHTax ¢ HannyueM “MOST SNOW” u orcyTcTBrEM

“MOST?” B3BelIEHHBIX CHEXHBIX YaCTHLI.
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Puc. 6. KommonenTs! TeH30pa anmuzorpornuu PeitHombaca (a) m HopmupoBaHHBIX mpoduiieit TKD (6), ocpenHeHHbIX 3a 9-if
yac MofeMpoBaHMs B aKcniepuMeHTax npu Haauyuu (“MOST SNOW”) u ipu orcytetBuM (“MOST™) B3BELIIEHHBIX YACTHIL

CHeEra.

Hell yacTu HabonaeTcs ymeHblieHue TKD, uro co-
OTBETCTBYET TMOBBIIICHUIO YCTOMYMBOCTU. ITO
COIIPOBOXIACTCS YBEJIMUYCHUEM IIPONOJIbHOM U
YMEHBIIIEHUEM TOMNepeYyHo KOMMoHeHTh TKD, B
TO BpeMs KaK BOJIM3M IIOBEPXHOCTU MOJISI BEPTH-
KaJIbHOM KOMITOHEHTHBI OCTaeTcs HeM3MeHHoM. Ta-
KOE€ M3MEHEHHUE DACIIPENETICHUSI SHEPTUU MEXIY
KOMITOHEHTAaMU MOKET UMETh 3HaYCHUE ISl OTI1Ca-
HUSI MepeHoca CHEXHBIX YacTHUll JarpaHXeBbIMU
MOJIEJISIMHU.

JlammHapu3alus MOTOKa MPUBOAUT K YMEHbIIIe-
HUIO BBICOTHI IOTPAHUYHOTO CJI0ST — CM. TabJ. 2. Bo
Bcex akcriepuMeHTax ¢ HaanaueM ("MOST SNOW")
B3BEIIEHHBIX YaCTUIl CHEra BHICOTA MOTrPaHUYHO-
ro cjost MeHbIre, yeM B "MOST" skcnepuMeHTax.
PaszHniia Mexny sKcnieprMEHTaMU YBEJIMUMBACTCS C
yCUJIeHHEM reocTpo(rUeCcKOro BeTpa.

Ta6auma 2. BeicoTa TOrpaHUYHOTO cJIosT (M)

CkopocTb reoctpadu- “MOST SNOW” “MOST”
YecKOro BeTpa
18 2000 3500
16 1400 2600
14 800 1400
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6. SAKJIIOYEHUE

B mannoit pabore mpenioxkeHa (QOpMYIMPOBKA
TypOyeHTHOro MaciiTaba mmmHbE O0yxoBa, TO3BO-
JIstionast yuectb 3¢ eKT NPUCYTCTBUS B3BEILIEHHBIX
CHEXXHBIX yacTull. YacTulpl cHera, MOTHSITHIE C T10-
BEPXHOCTHU BO BpeMsI BETPOBOIO MepeHoca, oopasy-
IOT YCTOMYMBBIA I'PAdECHT IUIOTHOCTU U, KaK CIEI-
CTBHE, CHMXAIOT HHTEHCHUBHOCTb TYpOYJICHTHBIX
IBUXKEHUI. YueT gaHHoro 3¢ d@ekra 3a cueT MOAM-
dukauumn MacmTaba OOyxoBa II03BOJISIET PACCUM-
TaTh CKOPOCTh TPEHUSI, IIOTOK UMITYJIbCa, CKOPOCTh
T€YEHUs U IPYyrue XapaKTepUCTUKU IMOTPaHMYHOTO
ciosi. IlapameTpuszalnius HaIM4us B3BEIIEHHBIX Ya-
CTUIl CHera Obljla IIPOBEPEHA C MOMOIIBIO JAHHBIX
HaOmoneHuit. s 3TOro MCHoNIb30BAIMCh TaHHBIC
cranuuu FLUXNET “Tukcu” 3a 6 et ¢ 2011 no
2016 rr. YueT BAUSHMS NIEPEHOCA CHEXHBIX YaCTHII
MO3BOJIMJI YAYUYIIUTh OLEHKW AMHAMMUYECKOI CKO-
pOCTH.

BnusiHue B3BelIeHHBIX YacTHUII CHeTa Ha Xapak-
TEPUCTUKUA IIPU3EMHOIO CJIOS OBIJIO BKIIIOYEHO B
Buxpepaspemaminyio (LES) mMomens. [Ins usyde-
HUS 3P deKTa TOBBIIIEHNST YCTOMYMBOCTA 34 CUET
MPUCYTCTBUSI YACTUIL CHEra IPOBEACHBI ABE CEpUM
SKCIIEPUMEHTOB: C YI€TOM HAJIUYMS CHEXKHBIX B3BE-
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NCCIEJOBAHUE XAPAKTEPUCTUK ITPU3EMHOI'O CJIOA...

IIEHHBIX YacTUIl U 0e3 yueta. Ha ocHOBe cpaBHeHMS
JIIBYX 3KCHEPUMEHTOB ISl HEUTPAJIIbHO W YCTOMYMBO
CTpaTU(PULUMPOBAHHBIX YCJIOBUM caelaHa OLEHKa
YYBCTBUTEJILHOCTU MOJIEJIMPYEMBIX XapaKTePUCTUK
MOrPAaHUYHOTO CJIOS (OMHAMMYECKON CKOpPOCTH,
pachpeneneHus IoToKa MMITYJIbCa, CKOPOCTU Be-
Tpa U BBICOThI MOTPaHUYHOTO cjos). [lpu Hanmuumu
B BO3/1yX€ YaCTULL CHEra B MMPU3EMHOM CJIOE TTOSIBJISI -
€TCS NOIOJIHUTEJIbHAS MJIOTHOCTHAS YCTOUYMBOCTD,
YTO TIOAABISIET TYpOYJIEHTHOE IepeMeIIMBaHUE W
BJIMSIET Ha BEJWYMHBI ITTOBEPXHOCTHBIX ITOTOKOB
MMITyJIbCa M Terula. BiausiHMe IepeHoca CHEXXHBIX
YacTUIL MPOSIBJISIETCS. BO BCEX pacCMaTpUBAEMBbIX Xa-
paKTepUCTUKAX TPU3EMHOTIO CJIOS.

Taxkum o6pa3oM, mojaydyeHa HOBasl mapaMeTpu-
3alldsl MPU3EMHOIrO CJI0si, KOTOpas MOXET OBITh
HMCHOJb30BaHa s pacyeTa 3HAYeHM KOHIIEH-
TpallMii B3BEIIEHHBIX YaCTUIL CHEra Y UX BIWSHUSI
Ha TypOyJeHTHBIC XapaKTCPHCTUKH IIPU3EMHOIO
cyiosi. B naHHOI1 paboTe He YYUTHIBAETCS U3MEHE-
HUe TYpOYJIEHTHOTO MacluTada IJIMHBI C BHICOTOM
MpU pacyeTe IMOBEPXHOCTHBIX MOTOKOB. Clox-
HOCTb TaKOW IIOCTAHOBKM TaKXe€ CBs3aHa C He-
00X0IMMOCTbhIO 0000I1IEHUS] MapaMeTpu3alluu Ha
cliyyaii yHUBEpCaJbHbIX (DYHKLMI YCTOHRUYNUBOCTHU,
KOTOpBIE MOTYT OTJIMYaThcs OT PYHKIUIT bycuH-
mxepa — Haiiepa [Busingeretal., 1971; Dyer, 1974;
Grachev et al., 2007]. B nanbHeilmux uccienosa-
HUSIX MBI IIOCTapaeMcsl paCCMOTPETh BO3MOXHOCTh
yueTa M3MeHeHUs maciitada naumHel OO0yxoBa mo
BbIcOTe. MBI IjlaHMpyeM OajibHelilliee pa3BUTHE
rnapaMeTpu3aluy MPpU3eMHOIO CJIOSI CO B3BEILIEH-
HBIMM YacTHIIaMM, KOTopas OyaeT HallpaBjieHa Ha
yTOYHEHME XapaKTepUCTHK IlepeHoca cHera. Ha-
MIpUMep, MOXET OBbITh MI3MEHEHA CXeMa OIpeeie-
HHUS IIapaMeTpa IIepOXOBaTOCTU. YPOBEHD IIEPO-
XOBAaTOCTU HE SIBJISIETCS IOCTOSIHHOM BEIWYMHOM
IJIsl cCallbTUPYIONIEil CHeXXHOM MmoBepXHOCTH. Pas-
Mep YaCTUIl CHEra MOXET ObITh TapaMeTPU30BaH C
MMOMOIIIbIO pacHpeaeeHus 10 pa3MepaM, a TaKxKe
MOTYT OBITH YUTeHBI 3 @PeKTh cyommmanmu. Mc-
cJIeTOBaHHBIN MOAXO ITO3BOJUT YCOBEPIIEHCTBO-
BaTh METOAMKY pacdeTa TYypOYJIECHTHBHIX ITOTOKOB
B KpPYIHOMACIITAaOHBIX MOJEJSIX, B 0COOEHHOCTH
JUISI TOJIIPHBIX O0JIacTeit.

Pa3paboTka Momeau mMpu3eMHOTO CJIOSI C OMNU-
CaHMEM B3BEIIEHHBIX YAaCTUI[ CHera Oblia ITOIIep-
kaHa npoektomM @HTII “MccrmemoBanue mpolec-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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COB B IIOTPAaHUYHBIX CIIOSIX aTMOc(ephl, OKeaHa U
BOJIl CYIIX W WX MapaMeTpu3alii B MOAEISAX 3eM-
HOIt cucteMbl” B paMKax IporpaMmsbl “CoBeplieH-
CTBOBaHME INIOOATBLHON MoOAeNu 3eMHOM CHUCTEMBbI
MHPOBOTO YPOBHS [IIJIsI MCCIIENOBATEIbCKUX LIeNei
M CIIEHAPHOTO IPOTHO3MPOBAHUS KIMMATUIECKUX
u3MeHeHuit”. Pa3paboTka Buxpepaspelialolleii
(LES) Mmonmenu v IpoBeAeHUE YUCITEHHBIX 9KCIEPU-
MEHTOB BBIIIOJIHEHBI ITpU TToaaepxkke Poccuiickoro
HaygHoro ¢oHaa (rpant 21-71-30003), cratuctu-
yecKuil aHanIu3 JaHHBLIX HAOIIOASHUN U pe3yabTa-
TOB YMCJICHHBIX 3KCIIEPMMEHTOB BBIIIOJIHEHBI IIPH
noanepxke MUHUCTEpCTBA HAYKW U BBICIIETO 00-
pazoBanus Poccuiickoit @enepanuu (cornanieHue
075-15-2019-1621).
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Study of Surface Layer Characteristics in the Presence of Suspended Snow Particles
Using Observational Data and Large- Eddy Simulation

V. L. Suiazova®: >3 *, A. V. Debolskiy" >3, E. V. Mortikov"?

ILomonosov Moscow State University, Research Computing Center, Leninskiye Gory, 1, p. 4, Moscow, 119991 Russia
20bukhov Institute of Atmospheric Physics of Russian Academy of Sciences, Pyzhevskiy per., 3, Moscow, 119017 Russia
JMoscow Center for Fundamental and Applied Mathematics, Leninskie Gory, 1, Moscow, 119991 Russia

*e-mail: er-riad@mail.com

The snowdrift is a two-phase flow consisting of air and suspended particles. In the presence of snow particles
in the air, additional stability appears in the surface layer due to the density gradient. The density gradient
reduces turbulence and affects the properties of the surface layer. Therefore, to describe the properties of the
flow with included snow particles, additional clarifications are required. A description of the surface layer
parameterization with the presence of suspended snow particles is presented in this paper. The formulation
of the effect of snow particles consists in reformulation of the Obukhov turbulent length scale. The novel
surface layer parameterization allows to take into account the effect of snow particles on turbulent flow
and may improve the estimates of friction velocity and boundary-layer height. The parameterization was
successfully tested on the observational data. Description of snow particles influence was included in the
Large-Eddy Simulation (LES) model. The numerical experiments confirmed an increase in the stability of
the surface layer. Mechanism of suspended particles influence on the surface layer is analogous to a thermal
stabilization of the turbulent flow, in which negative buoyancy acts to reduce the turbulent kinetic energy.

Keywords: Snow suspension, surface-layer, Large-Eddy Simulation, turbulent length scale, two-phase flows
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[IpuBeneHBI TaHHBIC U3MEPEHUIT TTpoduMICii TeMIIepaTyphl BO3Iyxa B aTMOC(hEpHOM IMMOTPAHNIHOM CJI0E
atMocdepn! (AITC) Bo BpeMst ITOJTHOTO COJHEYHOTro 3aTtMeHust 29 Maprta 2006 roma Ha LIEHTPaIbHOM JIu-
Huu TeHu B I. KucnoBoacke u Ha BeicokoropHoii HayuHoii ctaniuu (BHC) MHcTuTyTa hrzuku armoc-
deprr um. A.M. O6yxoBa PAH. ConHeyHoe 3aTMeHME MIMI0CH ¢ 14 1 08 MuH 1Mo 16 4 27 MUH MECTHOTO
BpeMeHU, TIojiHas (paza 3aTMeHUs Havanach B 15 u 15 MuH u nipogomkanack 2 MmuH 32 ¢. B pasButue
pe3yIbTaTOB, MOJIydeHHBIX HAMH B TIpeIBIAYIICi paboTe, IPOBEIEHO CpaBHEHKE JTaHHBIX ITpoduieit TeM-
mepatyphl Bo3myxa B IByX IyHKTax — KucmoBoncke 1 BHC. McciaenoBatno BIUSTHIE MECTHBIX YCIIOBUIA.
Bbru10 mokaszaHo, YTO MECTHBIEC YCIOBUS CYIIIECTBEHHO BIMSIIOT KaK Ha aMIUTUTYIY ITyJIbcalliii atMochep-
HOTO JaBJICHNSI, BEI3BAHHEBIX COJTHEUHBIM 3aTMEHHMEM, TaK 1 Ha UX ¢a3y, a TakKKe Ha XapaKTep U3MEHEHUS
CIIEKTPaIbHOM INIOTHOCTH TEMIIEpaTyphl BO3MyXa ¢ BRICOTOM B AMAMa30HE IEPUOIOB, COOTBETCTBYIOIINX
IUTUTETLHOCTH COJTHEYHOTO 3aTMEHMUS

ITo n3MepeHnsIM TeMIepaTypPHBIX ITpoduiIeii BOCCTAHOBIEHBI KOJIeOaHMST pa3HOCTH aTMOC(EPHOTO daB-
JICHUsI Ha YPOBHE 3¢MHOM ITOBEpXHOCTH U Ha HEKOTOPOi1 BEICOTE, I0 KOTOPOit U3MEPSUIICH PO TEM-
repaTyphbl, paBHoit 600 M. [Toka3zaHo, 4TO aMIUIUTYyAa KOJieOaHWI TeMIlepaTyphbl BO31yXa, COOTBETCTBYIO-
IIMX TTIEPUOAY 3aTMEHMSI, OBICTPO YOBIBAET C BBICOTOI, a MTOJIOKEHNE MUHIMYMa TeMITepaTyphl BO3Iyxa,
BBI3BAHHOTO COJTHCYHBIM 3aTMEHIEM, B KOOPAMHATAX: BEICOTA — BpeMsI UMEET Pa3HbIe TPACKTOPUHU B CITY-
yae r. KnucnoBoacka u BHC. PazHuua xxe TpaekTopuii MUHUMYMOB TeMIlepaTyphl Bo3ayxa B KucioBoa-
cke 1 Ha BHC omnpenenseT u pa3Hble 3a1epXKK MUHUMYMOB TaBJICHUSI OTHOCUTEIFHO Havajia 3aTMEHUS
¥ BpeMEHHBIC 3aIePKKI MEXKIY KOJICOAaHUSIMHU TIPU3EMHOTO JABJICHUS B ITYHKTaX HAOTIONCHUS B IICJIOM.
Taxcke mpemioxeHa HOBasi METOIMKA OIMPEIeICHUSI CKOPOCTh BOCXOMSIINUX ITOTOKOB BO3yXa C UCITOJIb-
30BaHMEM JAHHBIX O BBICOTHOI 3aBUCMOCTH MOMEHTA BpEMEHHU TOCTIKEHUS MUHIMYMa BO BpEeMEHHBIX
BapUalMsIX TeMIIepaTyphl, BEI3BBAHHOTO COJTHEUHBIM 3aTMeHNEeM. CpaBHMBAIOTCS M3MCHEHUSI CTICKTPAJIb-
HOM TUIOTHOCTM BO3MyXa, C BBICOTOM, aMILIUTYAa BOCCTAHOBJEHHBIX MyJIbCallMii aTMOC(EpHOTo naBiie-
Hus B KucnoBoacke u Ha BHC, ckopocTu Bocxoasux MOTOKOB BO3ayXa.

KimoueBble cj10Ba: COJIHEUHOE 3aTMEHME. MYJIbCAllMM aTMOC(HEPHOro MaBICHUS. PEKOHCTPYMPOBAHHbBIC
MpoWIK TeMITepaTyphl

DOI: 10.31857/50002351524020068 EDN: KQFRFQ

1. BBEJIEHUE Jieit TeMIiepaTypbl Bo3dayxa B ABYX IyHKTax — Kuc-
noBoacke 1 BHC.
B HacTtoseit pabote B pa3BUTHE DPE3YJbTAaTOB,
MOJIyYeHHBIX HaMU B Ipeabiaylieii padore [bymn u ConHeuyHOe 3aTMEHME BBI3BIBACT KaK OXJIaXIe-
Ip., 2022], mpoBeneHO cpaBHEHME JAHHBLIX ITpodu- HUEe aTMocdephl M3-3a ABWKEHUS JIYHHON TEHH,
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MEePEKPHIBAIOIIECH CBETOBOIM MOTOK K 4YaCTHU aTMOC-
(eppl, KOTOpas MOTJIOIIAET COTHEUHOE U3TyUYCHHUE,
TaK M KoJieOaHMe TeMIIepaTyphl II0YBHI, BBI3BAHHOE
MOCTEIEHHBIM YMEHbIIEHHWEM IMOTOKAa COJHEYHO-
IO CBETa K MOBEPXHOCTU 3eMJIM, C MOCIEAYIOIIEM
MOCTENEHHBIM YBEJIMYEHMEM I0ToKa CBeTa IT0CJIe
MoJHOM (ha3bl 3aTMeHuUs. MI3MeHeHus TeMIieparTy-
pPBl TIOYBHI, BBI3BAaHHBIC COJIHEUYHBIM 3aTMEHHUEM,
BBI3BIBAIOT COOTBETCTBYIOIIVE WM3MEHECHHSI TEeM-
nepaTtypsl MPU3EMHOIO CJI0S BO3AyXa C MOCIEAY-
IOIIMM MX pacHpoOCTpaHEHUWEM B BhILIEeXalllue
ciou. KonebaHus Temreparypbl Bo3ayxa, B CBOIO
oyepeab, BHI3BIBAIOT M3MEHEHHUS IUIOTHOCTU BO3-
Jyxa u atMocgepHoro naBiaeHus. Takum odbpazom,
MpPOXOXIEHNE JYHHOU TeHU MO BCEMY IMyTU CBOE-
ro ABMXXEHHUS yepe3 aTMocdepy U MO IMOBEPXHO-
CTH 3eMJIM CO CBEPX3BYKOBOU CKOPOCTBIO MOXKET
BbI3BaTh TeHEpallMI0 aKyCTUKO-TPaBUTALIMOHHBIX
BOJIH IJIaHETapHOIro MacuiTaoa.

HMccnenoBaHuio Tio0aJbHBIX BOJH IOCBSILIEHA
pabora Maptu u ap. [Marty et al., 2013]. B [Marty
et al., 2013] oueHuBarOTCS KOJeOaAHUSI IIPUIEM-
HOTro aTMoc(epHOro HaBJeHMs, BbI3BaHHBIE IIOJI-
HBIM COJTHEYHBIM 3atTMeHMeM 1 aBrycra 2008 ropa,
C HCHOJb30BAHMEM YMCJICHHON JMHEWMHOM CIIEK-
TpaJbHOI MomenH, omucaHHoi Maptu u Jlajgonbe
[Marty, Dalaudier, 2010]. DTa oueHka cpaBHUBaeT-
Csl C JAaHHBIMU, TTOJYYEHHBIMU Ha BPEMEHHOI CeTu
MUKpobaporpacdoB B MoHTOMMY 1 MH(PPa3BYKOBBIX
cTaHIMI MeXmyHapogHOM CHUCTeMbl MOHHUTOPHHIA
(MCM) B cTOpPOHE OT TPAEKTOPHU MOJIHOTO COTHEY-
Horo 3atMeHus. B [Marty et al., 2013] ObL10 0OHa-
PYX€HO, YTO TpoIlochepHOe OXJaxkIACHHE, CKOpee
BCETO, SIBJISIETCS TIPeodIanarliiM NCTOYHMKOM KO-
JiebaHuii aTMOC(epHOro JaBJIeHYs B IUAIIa30HE T1e-
puoaoB rnopsinka 12—16 4.

CrnenyeT OTMETUTb, UTO B OXJIAXIECHUE TPOIO-
cdepbl TakKKe BHOCUT CBOM BKJIad W TOHIXKEHUE
TeMIIepaTyphl IOUBBI, BBI3BAHHOE 3aTMEHHEM, KOTO-
poe IepenaeTcss TYpOYJIEHTHBIM IIepeMellnBaHUEM
B Beienexamue ciaou AIIC. OxnmaxaeHue Tporoc-
¢epbl 1 TOBEPXHOCTU 3EMJIU CUJIBHO 3aBUCST OT 00-
JIAYHOCTH U TOTOAHBIX yCIoBUii. KpoMe rinodanbHBIX
KosiebaHuit aTMOC(EpHOro AaBjeHUsI, BbI3BAHHBIX
MPOXOXIEHNEM JIYHHOII TE€HU BIOJb BCEro IMyTH,
TIPOUCXOIST 1 JIOKAJIbHEIE KOJIeOaHMUsI aTMOC(hepHO-
ro JABJICHUS C MEPUOAAMHU TOPSIOKA IINTEIHbHOCTA
COJIHEYHOTO 3aTMEHMS B TOUKAX HAOJIIOACHUSI.

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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DT KojiebaHusl AaBJeHUsI BbI3bIBAIOTCS Koyieba-
HUSIMU TEMIIEPaTyphl IOYBHI IIPU 3aTMEHUU. AHAEP-
coH 1 Kudep [Anderson, Keefer, 1975] coobmanm,
YTO B CIIEKTpe KoJjiebaHUii TTpu3eMHOro arMocdep-
HOTO JaBJICHUsSI BO BpPeMsI COJTHEYHOTO 3aTMEHMSI
7 mapta 1970 roga Ha LIeHTpaJIbHOU JIMHUY TEHU, BO
®dropuae, HanboJIbIIYIO aMIUIUTYRy — 25 [1a — nume-
€T 1epBasi rapMOHKKA C eEpUoaoM 89 M.

Hpyrue rapMoHUKM C mepuogamMud oT 12 #o
57 MUH UMeJU aMIUIMTYy MEHbIIIe OJHOUN YeTBep-
TH OT aMIUTUTYAbI IIepBoil rapMoHuKku. Cienyer oT-
METUTb, YTO Ha pe3yJIbTaThl HAOJIOAECHUI B paboTe
[Anderson, Keefer, 1975] noBiusiia o6ragHasi moro-
Jla BO BpeMsl BCeil MpOAOIKUTEIbHOCTU COJTHEYHOTO
3aTMEHMUSI.

I'ynBuH 1 X00COH COOOILIAIOT O MyJbCAlUsX aT-
MocdepHoro maBiaeHus ¢ amruatymoit 0.1—0.2 Ila,
repuonoM 23 MuUH U ckopocThio 310 M/c, 3ammcaH-
HBIX B HECKOJIbKMX COTHSIX KWJIOMETPOB OT IICH-
TpaJbHOIl JIMHUU TEHU, BO BPeMs COJTHEYHOTO 3aT-
MeHus 23 okTa0ps 1976 ronga B FOxHoit ABcTpanuun
[Goodwin, Hobson, 1978].

B pabore byma n I'pauéBa [bym, I'paués, 1984]
MIPUBOISITCSL 3apeTUCTPUPOBAHHBIC KOJIEOAHUS aT-
Moc(EepHOro OaBjJeHMsI Ha LEHTPAJbHON JIMHUU
T€HU, BO BpeMsI COJIHEYHOro 3aTMeHMs1 31 wuiojs
1981 roxa B TeiHIE, B CIEKTPE KOTOPBIX BBHIACISIOT-
Cd TApMOHMKH ¢ TiepromaMu: 2 9 54 muH, 1 9 27 MuH,
53 muH, 30 MUH U C COOTBETCTBYIOLIMMMU_AMILIUTY-
mamu 7, 6,4 1 2.3 Ia, a rakke 60siee KOPOTKUE MEPH-
OJIbl C MEHBLIENA aMIUIUTYAON — MIPU IJIUTEJIbHOCTU
3aTMeHus 2 4 40 MuH. Takum o6pa3oM, B CIIEKTpe
¢ayKTyalmii aTMOC(epHOTro IaBJIeHMs, 3anucaH-
HBIX Ha BpeMeHHOM oTpe3ke oT 12 1o 16 u B ThiHze,
MIPUCYTCTBYIOT Pa3IMYHBIC IICPUOABLI U COOTBETCTBY-
IOIIie MM IIPOCTPAHCTBEHHbIE MACIITAObI: HA4M-
Hasl OT TypOYJEeHTHBIX, ME30MacIlITab0B, MacIlTa-
00B, COOTBETCTBYIOIIUX JJIMTEIbHOCTUA 3aTMEHMSI, U
BILIOTH 10 CMHONITUYeCKKUX. HeobxoaMmMo OTMETUTD,
YTO BO BpeMs COJIHEYHOTro 3aTMeHus B ThIHOe Imo-
roja ObljIa COJTHEUHasl ¢ IIepeMEHHOM 00JIaYHOCTBIO
[bym1 u ap., 2022; by, I'paués, 1984].

Bo BpeMst costHeuHoro 3atMeHud 29 maprta 2006
roga B KuciaoBoacke 3anucaHbl KoaebaHUsI aTMO-
chepHoro mapaeHUs npu 6€300Ja4YHON Morojae, B
CIIEKTPEe KOTOPHIX CUJIBHO BBIAEISECTCS TAPMOHM-

ToM 60 Ne 2 2024



198

Ka, COOTBETCTBYIOIIAS IIUTEIbHOCTU COTHEYHOTO
3aTMEHUS. DTN KojaebaHUs JaBJIeHUST ObLIN CpaB-
HEHBI C BOCCTAaHOBIICHHBIMH I10 IIPOMPMISIM TEeM-
TepaTyphl BO3MyXa KoJeOaHUSIMU JaBJICHUS B IIpe-
nenax BeicoT oT 0 1o 600 M. Ha ocHoBaHUU 3TOTO
CpaBHEHMs cIejlaH BBIBOA O TOM, YTO KOJIeOaHMUS
MPU3EMHOro aTMOC(HEPHOI0 TaBIeHUS B AUAIA30-
He IEePUOI0B, COOTBETCTBYIOIINX IJIUTEIBHOCTU
3aTMEHHS, ONpPEHEeISIIOTCSI B OCHOBHOM M3MEHE-
HUAMU TemnepaTypbl Bo3nyxa B AIIC BwicoTOi
MOpsIIKa OMHOTO KUJIOMETpPa, BEI3BAHHBIMU KOJIe-
0aHUSIMU TEMIIEpaTyphl IIOUBBI, 00YCIOBIEHHBIMU
darmMenueM [bymr u gp., 2022]. B ornuuue ot pa-
6otsl [ bym 1 op., 2022], B KOTOpO¥ CpaBHUBAIMCH
JaHHBIE IBYX pa3sHBIX IPpHOOPOB — IIpoduiieMepa
u MHKpobaporpada B OTHOM ITYHKTE, B HaCTOS-
el paboTe cpaBHUBAIOTCS pe3yabTaThl 00padoT-
KU JIAaHHBIX 3aMMCaHHbIX 1BYyMS poduiemMepamMu B
nByx myHKTax — Kucmosoncke m BHC, yto mo3Bo-
JIsIeT OOHAPYXUTh BIMSTHNE MECTHBIX YCIOBUI Ha
pEe3yJIbTaThl U3MEPEHUM.

B [Barrie et al., 1992] coob1iaetcst o KojiebaHUsIX
MPU3EMHOT0 aTMOC(EpHOro AaBJIeHUS C aMIUIUTY-
Joit okojio 15 Ila 1 nepuogoM, NpUMEpPHO PaBHBIM
2 9, BO BpeMsI IIOJTHOTO COJIHEYHOIO 3aTMEHUs Ha
1oro-Boctoke Benukobputanuu 22 utons 1990 rona.
Hab6monaemsiii B [Barrie et al., 1992] nepuon Koie-
0aHMii IPU3EMHOIO IaBJICHMSI IIPUMEPHO COOTBET-
CTBYET JUIMTEIbHOCTU 3aTMEHMSI.

Takum o6pa3zom, wucciaegoBaTead COOOILIAIOT
0 pa3HBIX ITepHOIAX KOJIeOaHWil MPU3EMHOIO aB-
JIEHUSI BO BpeMsI COJIHEYHBIX 3aTMEHUI, YTO MOXKET
OBITh BBI3BAHO pa3HOM cTpaTudUKaAIIME TemIie-
paTypbel 1 CKOPOCTH BeTpa aTMOC(EpHOro morpa-
HUYHOTO CJIOS; Pa3HBIMHM IIOTOTHBIMU YCJIOBHSIMU,
peabeOoM MECTHOCTU B TOUKAX HAOIIOACHMSI, a TaK-
K€ pa3imuvMeM JUaIla30HOB IEPUOAOB, B KOTOPHIX
MPOU3BOAWINCH U3MEPEHUS, U Pa3HBIM PacCTOSIHU -
€M ITIYHKTOB HaOJIOAEHMS OT LIEHTPaJbHON JMHUU
TeHu. B wacTHOCTHM, BO BpeMsl COJHEYHOIO 3aTMe-
Hus 10 masg 1994 roga ¢ moMombio pamgapa (FM-CW
radar) HaGMOJATOCh MOHMXKEHWE WHTEHCHBHOCTU
TypOyJEHTHOCTH B IIOIpaHUYHOM cJioe aTMocde-
pbl HaJl MYCTbIHE! 1 pa3BUTUE BOJHOBBIX CTPYKTYP
KenpBuna-I'enemroosiia [Eaton et al., 1997].

B pa6ote [Kadygrov et al., 2013] 611 ipeacTas-
JIEHBI pe3yJbTaTbl U3MEPEHUIA BO BpPEMS IMOJHOTO

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

BYI u ap.

cojiHeYHoro 3aTMeHus B r. HoBocubupcke (1 aBry-
cta 2008 r.), e TakKe UCTIOJb30BAIICS I U3MEpPE-
HUii npoduneit Temnepatypbl B AITC MUKpOBOJIHO-
Bblii TIpoduseMep, HO OJHOBPEMEHHO C MOMOIIBIO
CBUY pamnomMeTpa M3MepsINCh U3MEHEHUST OOIIETO
conlepXaHusl BONSIHOTO Tiapa B cTosibe atMochepbl
IO, B TEYEHNE U MOCJIE COTHEUHOTO 3aTMEHUS.

Lenblo HacTosieit padOTHI SIBSIETCS M3yde-
HUE AMHAMUKU KOJeOaHW TeMmIlepaTypbl BO3dyXa
1 ee cTpaTU(PUKAIINM B aTMOC(HEPHOM TMOTpaHNY-
HOM CJIO€, BBI3BAHHBIX ITOJIHBIM COJTHEYHBIM 3aT-
MeHueM 29 mapta 2006 roma, ¢ UCIOJb30BaHUEM
JaHHBIX M3MEpPEeHUIl TeMIlepaTypHBIX mpoduieii B
Kucnosoncke u na BHC MDA PAH npu nomonu
MMKPOBOJHOBBIX TeMIIEpaTYpPHBIX IIPO(UIEMEpPOB,
PACIIOJIOKEHHBIX Ha LIEHTPaJbHON JWHUU JIBIXE-
HUsI IYHHOI TeHU. XapaKTePUCTUKU ITPOPUIeMEpPOB
onucaHbl B [Kageirpos, 2009].

Hamepenust mpodwuieil TemiiepaTypbl BO3ayxa
ObUIM Mpou3BeAeHBl Ha BbicoTax oT 0 go 600 M oT
YPOBHSI TOBEPXHOCTU 3eMJIH ¢ maroM 50 M B Topoje
Kwucnosoncke (43.9° N, 42.7° E), pacojoXeHHOM
Ha BeIicoTe 870 M m Ha BHC (43.7° N, 42.7° E), Haxo-
nsieiicss Ha ypoBHe 2070 M OT YpOBHSI MOPSI I0XKHEE
KucnoBoncka. IToroga Bo Bpemst 3aTMeHUs Obl1a Oe-
300J1a4HOMi, 4TO ObLIO OJaronpUATHBIM (PaKTOPOM
IIJIST IIPOBENEHUS SKCIIEPUMEHTA.

2. PE3VJILTATHI UBMEPEHUH

Konebanust Temneparypsl BO3Iyxa, 3alliCaHHBIE
IpU MTOMOILIM MpoduaeMepa BO BpeMsl COTHEUHOTO
3aTMeHus 29 mapta 2006 roga a1 Beicot: 0—600 M B
ropone KucinoBoacke — neBast maHeab — u Ha BHC —
npaBasi MaHeb, — IMOKa3aHbl HA pKC. 1 ¢ 1IAaroM Io
BeicoTe 100 M.

Ha puc. 2 nokasaHa BpeMeHHasl 3aBUCUMOCTh
CIIEKTPAJIbHOM IIJIOTHOCTU KOJIEOAHWI TeMIlepaTy-
pBI Bo3nyxa, 3alucaHHbIX B KucioBomcke Ha oTpes-
ke BpeMeHu 28—30.03.2006 r. Ha BrIcoTax oT 0 A0
600 M ¢ naTepBaoM 100 M B Inamna3oHe MEPUOIOB:
14926 MuH — 4 9 16 MUH ¥ 3aBUCUMOCTb BO BpeMe-
HU CIIeKTpaJbHOM MJIOTHOCTU KOJieOaHUI TeMmIiepa-
TypHBl Bo3ayxa, 3anucaHHbix Ha BHC M®PA PAH B
JIuanas3oHe nepuonos: 1 4 42 MuH — 3 4 25 MUH 1
4-9acOBBIX OTPE3KOB, HA KOTOpHIE pa30UBaIMCh 3a-
MMMCaHHbIC PeaIu3allii.
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Puc. 1. KoneGaHust TemmepaTypbl Bo3ayxa Bo BpeMsi cojiHeuHoro 3atMeHus 29.03.2006 r. B 3aBUCMMOCTH OT BbICOTHI. Kuic-
JIOBOJCK — JieBast maHenb, BHC — npaBas maHesnb.
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Puc. 2. CriekTpajibHasi TUIOTHOCTb KOJIeOaHMI TeMITepaTyphl BO3IyXa B quara3oHe mepuonaoB 1 4 42 MuH — 4 4 16 MuH, Ha
4-4acoBBIX OTPE3KAaX, B 3aBUCHMOCTH OT BpeMeHH It BeIcOT OT 0 mo 600 M ¢ 1rarom 100 M B KuctoBoacke (JieBast maHesIb) 1
CreKTpalbHas IJIOTHOCTD B IMana3oHe nepruonos 1 442 muH — 3 4 12 mus n1g BHC (npaBas naHenb). MapkepaMu oTMeue-

HbI LIEHTPHI 4-4aCOBBIX OTPE3KOB, Ha KOTOPbIE pa30MBaICh pealu3allii KOJIebaHUil TeMIepaTyphl BO3IyXa.

W3 puc. 2 BUIHO, YTO CIIeKTpajbHasl IIOTHOCTh
KoJIebaHMii TeMrepaTypbl BO3dyxa Ha BPEeMEHHOM
uHTepBane ot 14 go 18 u 29.03.2006 r., B KOTOpOM
TIPOU3O0IILIO COJTHEYHOE 3aTMEHUE, PE3KO YBEIUYU-
BaeTcs ISl epuoaoB KojiebaHuit, OJIM3KUX K JJIU-
TEJbHOCTHU 3aTMEHMSI, TI0 CPAaBHEHUIO C (POHOBLIMU
3HAYEHUSIMM 3TUX KOJIeOaHUI B IPU3EMHOM CJIO€E, a
3aTeM OBICTPO yObIBaeT ¢ BhicOTOM. [Tpu oOpaboTke
4-4acoBbIX OTPE3KOB KOJIeOaHU TeMmnepaTypbl BO3-
JlyXa U3 HUX YAAISUIMCh KBaApaTUYHbIe TPEHIbI, KaK
u B pabore [byur u ap., 2022].

Ha puc. 3 nns BpemeHHOTo oTpe3ka ot 14 1o 18 u
29.03.2006 ., B KOTOPOM MPOU3OILILIO COTHEUHOE 3aT-
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MEHME, MOKA3aHbl 3aBUCMMOCTH OTHOIICHUI CIIeK-
TpPaJIbHBIX IIIOTHOCTEl KOJeOaHMil TeMIepaTyphbl
BO3MIyXa K CHEKTPAJIbHBIM IUIOTHOCTSIM Ha HYJICBOU
BBICOTE (JIeBasl MaHEeb) U 3aBUCMMOCTU CIIEKTPAJIb-
HBIX IUIOTHOCTE! OT BBICOTHI (IIpaBasi TaHesIb), B 11a-
na3zoHax reprojoB 1 4 42 MuH — 3 4 12 MUH, 1JIsI BBI-
cot ot 0 1o 600 M ¢ mrarom 50 M Hazx YpPOBHEM 3€eMHOM
noBepxHocTH B KucioBoacke — 1 m BHC — 2.

N3 puc. 3 BugHo, yTo Bbilie 100 M crieKTpayib-
Hasl IUIOTHOCTb TeMIIepaTypbl Bo3dyXa IJIs Mepuo-
JIOB, COOTBETCTBYIOIIUX IJUTEIbHOCTHA 3aTMEHMUSI,
paBHoii 2 9 20 M, Ha BHC y0BIBacT cuibHee, 4eM B
r. KucnoBoncke. PazHasi CKOpOCTh yObIBaAaHMSI CIIEK-
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Puc. 3. OtHoienust A(4)/ A(0) crieKTpaJIbHBIX TIJIOTHOCTEM TeMIlepaTypbl Bo3ayxa A(/) K CIIeKTpaabHbIM IJI0THOCTIM A(0)
Ha BbicoTe 4 = () 11 nrarna3oHa nepuoaoB 1 4 42 MuH — 3 4 12 MUH — JieBasi TTaHeIb, ¥ 3aBUCMMOCTH CITEKTPaJbHBIX TJI0T-
HOCTE B JTAaHHOM JAMaIia30oHe TIePUOI0B OT BLICOTHI — IpaBas MmaHeb, s I. KucinoBoack — 1 1 BHC — 2, Ha BpemMeHHOM

oTpe3ke oT 14 1o 18 4 29.03.2006 r.
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Puc. 4. CniekTpasibHasi IJIOTHOCTh KoJiebaHu i TeMIiepaTypbl Bosayxa 29.03.2006 r. Ha BpeMeHHOM oTpe3ke oT 14 1o 18 u, mist
BbIcoT OT 0 10 600 M ¢ mrarom 50 m. JleBasa manens — KucnoBonck, cpennsas naneas — BHC, npasas maHens — KucnoBoack

28.03.2006 .

TpaJIbHOI INIOTHOCTH KOJIeOaHMIi TeMITepaTyphl BO3-
JlyXa C BBICOTOM OIpenessieTcsl pa3HbIM BIUSHUEM
TypOyJE€HTHOIO IepeMeIIBaHus BO3MYIIHBIX MacC
B IIOIpaHUYHBIX CJ10sX T. KuciioBoacka M BBICOKO-
ropHoii cranumu BHC. Tak, crekrpajibHast ILIOT-
HOCTb KOJIEOaHMIT TeMIlepaTyphl BO3AyXa Ha BBICOTE
600 M Ha BHC ymenbimiach B 33.8 pas, a B ropoje
KucnoBonacke — B 8.5 pa3 1Mo cpaBHEHHUIO CO 3Haye-
HUSIMM Ha YPOBHSIX 3¢MHOI1 ITOBEPXHOCTH.

CriekTpajbHbIe INIOTHOCTY KOJIeOaHUI TeMITepa-
TyphI BO3yXa Ha 3TOM oTpe3Ke 1151 KucnoBoacka u
BHC noka3zanbl Ha puc. 4.

M3 puc. 4 BUAHO, YTO BO BpEMS COJIHEYHO-
ro 3atmMenus B Kucinosoncke 1 Ha BHC UOPA

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

M. A.M. O6yxoBa PAH B cniekTpe KojiebaHuit TeM-
repaTypbl BO3ayxa 3aMETHO IpeobiamaeT rapMoHuU-
Ka C IIEPUOAOM, COOTBETCTBYIOIIMM UIMTEIBHOCTH
3aTMEHHUS, 4TO OOYCIOBJIIEHO OTCYTCTBHEM OOjau-
HOCTH BO BpeMsl IIPOBEACHUS M3MEPEHUII B IEHB
MMPOM3OIIEAIIET0 MOJIHOTO COJHEYHOTO 3aTMEHMSI.
CnekTpajbHas IUIOTHOCTb TEMIIEpaTyphbl BO3AyXa B
Kucnosoncke mist 28.03.2006, mpeniiecTBYIOLIETO
JIHIO 3aTMCHHMS, Ha TaKOM K¢ BPEMECHHOM OTPE3Ke
oT 14 mo 18 4, kak u B neHb 3aTMeHus 29.03.2006,
3HAYUTEJIbHO MEHBIIIE, YeM BO BpeMsI 3aTMEHMST JIsT
MEPUOIOB, COOTBETCTBYIOIIMX IJIUTEIBHOCTUA COJI-
He4yHoro 3aTMeHus1. [1py aToM B AeHb 3aTMEHMUS Be-
JIMYUHBI CIIEKTPalbHBIX IUIOTHOCTEl BO3myXa yObI-
BalOT C BBICOTOM, He Hapyllas Iopsiaka (6oJblieit
BBICOTE COOTBETCTBYET MEHBIIIAS INIOTHOCTD). A IS
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Bpemst mectHoe, yac. IllupuHa ocpenHerus 20 muH. 29.03.2006

Puc. 5. OcpenHeHHble KojiebaHuss aTMOC(EpPHOTO JaBJeHMsI, 32 BHIYETOM MOJMHOMOB 2-ii CTeIIeH!, BOCCTAHOBJIEHHbIE 10
npodwisiM TeMmnepaTypbl Bo3ayxa B Kucinosoncke — 1 u Ha BHC — 2. Illupuna ocpenHeHust 20 MUH.

28.03.2006 Takoil MOPSIIOK HApyIIeH, U OOJIbIINM
BBICOTAM MOTYT COOTBETCTBOBAThH OOJIbIIINE BETUYM-
HBbI CTIEKTPAJTbHOI TUIOTHOCTH.

Ha puc. 5 mokasaHbl BOCCTaHOBJICHHBIE 110 IIPO-
umsaM TeMmIiepaTypbl BO3AyXa B IIpelenaX BBICOT
0—600 M, xonebaHuss aTMOC(HEPHOro IaBJIeHUs, 3a
BBIYETOM IIOJIMHOMOB 2-i1 cteneHu, B KuciaoBom-
cke-1nna BHC-2, c mmpunoit ocpeqHeHus 20 MUAH.

BoccraHoBnenne mynbcanuii  aTMochepHOro
JIaBJIEHWSI Ha YPOBHE 3eMJIM 110 M3MEPEHHBIM ITPO-
(unsam Temriepatypbl Bo3ayxa 7(z,1) Tporu3BOAUIOCH
10 aJITOPUTMY, U3JIOXKEHHOMY HIXKE.

Pasznocth aTMochepHOTro maBiICHUS Ha YPOBHE
3e1\}/lum U BBICOTE A paBHA BeCcy CTOJI0A BO3Myxa
f gp(z,t)dz BBICOTOI 4, KOoTOpbli mpu h << H,

0

MOZKHO le/l6ﬂl/l)KCHHO npe€acraBuTb B BUJC:

h
p(0.) = p(ht) = p(0.1) [dz (1)
0

_&
RT (z,t)’
roe H(z,t) = RT/g — BBICOTA OTHOPOIHOI aTMO-
coepnl, T(z,f) — abcontoTHas TemIiepaTypa, p(z,t) —
IUIOTHOCTh BO3AyxXa, R — Tra3oBas IOCTOSIHHAas,
OTHECEHHasi K MOJIEKYJISIpHOM Macce Bo3dyxa, g —
YCKOpEeHME CBOOOTHOIO MAaAeHMs,  — BpeMsl, Z — BBI-
corTa.

ITpu aTom B (1) mpuzeMHOe naBjieHUE MPEACTaB-
asnoch B Buze p(0,7) = p, + Ap(?), toe p, — cpenHee
JaBJIeHWe Ha MOBEPXHOCTHU 3€MJIM 3a IIePUOJ U3Me-
pennii, a Ap(?) ero Manible (QIYKTyaluu

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

Ap(1)/p, << 1, uto hno:sBonHeT MPUOJIMKEHHO pac-
g

CYMTaTb BKJIa ]_)() f OT BPCMCHHBIX NU3MC-

ORT(z,t)
HeHMid Tipoduiieil TeMrepaTypbl BO3ayXa B aTMO-
chepHOM  TMOTPaHUYHOM clioe aTMocdepsbl

Y pa3HOCThb AaBaeHui (1).

BcnenctBue ymMeHbIlIEHMST TIJIOTHOCTHA BO3ayXa C
BBICOTOM aMILIMTyda BOCCTAHOBJIEHHBIX 110 IMPOpU-
JISIM TeMIIEpaTyphl IIyJIbcallnii aTMOC(EpPHOro AaB-
nenus Ha BHC Obu1a meHblie, yeM B KucioBoacke.
Tak, npu nepernane TeMrepaTyphbl BO3AyXa, paBHOM
2.9°C Ha ypoBHE 3eMJIM, BBI3BAHHOM COJIHEYHBIM
3aTMEHHEM, aMILIMTYAA IyJIbCalluii IPU3EMHOIO aT-
MocdepHoro nasienus Ha BHC, BocctaHOBIEHHBIX
Mo Ipo¢WIsIM TeMIepaTypbl BO3OyxXa, COCTABJISIECT
6 I1a, Torna kak, B KucjaoBoacke npu repernazie TeM-
repaTypsl BO3ayxa Ha ypoBHe 3eMJI paBHOM 3.8°C,
aMIUITyJa BOCCTAHOBJIEHHBIX ITyJbCalldii aTMOC-
¢epnoro gasneHus cocrapnsieT 12.5 I1a (puc. 5).

I[Ipy »>TOM MUHUMYM TeMIlepaTypbl BO3dyXa
B KucnoBomcke, BBI3BaHHBIM COJHEUYHBIM 3aTME-
HUEM, TTOTHUMAETCsI BBEpX co cKopocThio 0.17 M/c
B KOOpAWHATax BbIcOTa—BpeMsI 10 BeICOThI 100 M, a
Jajee, yCKOpsIsiCh, MOAHUMAETCs 10 BhICOTHI 600 M.
B cpenHeM cKopocCTh ITogbeMa MUHUMYMa TeMITepa-
TYphl BO3IAyXa OT 3¢MHOl ITOBEPXHOCTU OO BHICOTHI
600 M cocrapser 0.5 m/c.

Ha puc. 6 nokasaHbl KojeOaHKWsI TeMITEpaTyphl
BO3/yXa Ha BpeMeHHOM oTpe3ke 14—18429.03.2006,
MOCJIe BbIYETA TPEHIOB C IIOMOILBIO IIOJUHOMOB 2-i1
CTeINeHU U (PUIbTpallMy B MpeAesiax Trana3oHa Ie-
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Bpemst MmecTHOe, yac. KucnoBoack. 29.03.2006

Puc. 6. KonebaHus TeMrepatyphl Bo3iyxa, OThWIBTPOBAHHBIE B I1arna3oHe nepuoaos | 4 25 MuH — 4 4 16 MUH B 3aBUCH-
MOCTH OT BBICOTBI, a TAKXKE MUHUMYMBI TEMIIEpaTypbl BO3yXa, BbI3BAHHbIE COTHEUHBIM 3aTMEHHEM (OTMEYEHbI poMbaMu),
3anucaHHble Ha BHC (1eBast maHenp) u B KucinoBojacke (mpasasi naHesb). BepTuKalbHBIMU JTUHUSMU OTMEYEHBI Havyaso,

IIOJIHasA (1)a3a 1 KOHECIL COJTHEYHOI'O 3aTMEHUA.

pyuonoB 1 4 26 MuH — 4 4 16 MmuH. MapkepaMu OT-
MEUYeHBl TOJIOKEHUS MHHHMYMOB TeMIIEPaTyphI
BO3IyXa, BBI3BAHHEIX COJIHEYHBIM 3aTMEHHEM, B
3aBUCUMOCTHU OT BBICOTHI M BpeMEHM IJisi npodu-
JIeil TemnepaTyphbl, moaydyeHHbix Ha BHC (1eBas na-
Henb) U B KucnoBoacke (mmpaBasi TaHelb), 171 BICOT
0—600, mar 50 m.

Ha BHC muHuMyMm TeMIiepaTypbl BO3AyXa, BhI-
3BaHHBII 3aTMEHUEM, IOIHUMAETCS CO CKOPOCTHIO
0.4 M/c B KOOpAMHATaX BBICOTa—BpeMsl CHayaja /10
BBICOTHI 250 M, 3aTeM TpaeKTOpHUS MOAbeMa MUHMU-
MyMa I10 OCH BPEMEHM pa3BopauyMBaeTcs B oOparT-
HYIO CTOpPOHY. pyrumMm cjioBaMu, MUHUMYM TeM-
mepaTypbl BO3AyXa OKAa3bIBaeTCSI OTHOBPEMEHHO,
HanpuMep, Ha BoicoTe 50 M 1 BeicoTe 550 M — puc. 6.
Taxkast cutyauusi MOXeT ObITh OOYCJIOBJIEHA IBUKE-
HUEM BO3IYIIHBIX MacC B FOPHBIX YCIOBUSX. 3M€Ch
HEO0XOIMMO YYUTHIBATb TO OOCTOSTENBCTBO, UTO U3-
MepeHHSI MPOGIIS TEMIIEpaTyphl BO3IyXa IIPOU3BO-
JSTCSI ¢ OIpeleseHHbIM nepuoaoM: B ciyyae BHC
nepuo ObLT paBeH 2 MUH, B ciiydae ropona Kucio-
BOJACKA — 5 MMH, MPU 3TOM MpoduieMepsl Mpoun3-
BOIST U3MEPEHUS B TeX 00beMaxX BO3oyxa, KOTOPhIE
ObUIM TIepeMeIeHbI IBYDKCHNEM BO3AYIITHBIX MAcC C
HEKOTOPBIX pPACCTOSIHUI, OIPeaeIsSIeMbIX CKOPOCTHIO
BETpa, 3a BpeMsI ITay3bl MEXAY U3MEPECHUSIMH.

3. BAKJIIOYEHHME

B pasBuTue pe3yabTaToB, IMOJYYEHHBIX HaMU B
npenwinyiieit padore by u np., 2022], mpoBeneHO

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

CpaBHEHUeE JaHHBIX Tpoduieii TeMrepaTypbl BO3IY-
xa B 1ByX ImyHKTax — KucnoBoncke n Ha BHC. bruio
MMOKa3aHO, YTO MECTHBIE YCJIOBUS CYLIECTBEHHO BITH-
SI0T KaK Ha aMIUIMTYydy MyJbcaluii aTMocgepHO-
ro JaBJIEHMSs], BEI3BAHHBIX COJTHEUYHBIM 3aTMEHUEM,
TaK 4 Ha uX a3y, a TakKe Ha XapakTep U3MEHEHUS
CIIEKTPAIbHON IJIOTHOCTH TeMIIEpaTyphbl BO3IyXa C
BBICOTOM B IMAITa30HE IIEPUOIOB COOTBETCTBYIOIINX
IJTUTEIbHOCTHA COJTHEYHOTO 3aTMEHMSI.

l'[pe;moera HOBasdA METOAMKA OIIPEACICHNA CKO-
POCTU BOCXOOAIIMX ITOTOKOB BO3yXa C UCII0JIb30Ba-
HMEM JAHHBIX O BBICOTHOM 3aBUCHMMOCTHM MOMEHTA
BpEMCHHN OJOCTMKCHMA MHWHHMMYMa BO BPCMCHHbIX
Bapnanuvdax TEMIICPATypbl, BBI3BBAHHOTO COJITHCYHBIM
3aTMCHUCEM.

ITokazaHo, YTO M3MEHEHUE TeMIepaTyphbl 3eM-
HOI1 TTIOBEPXHOCTH BO BpeMSI COTHEYHOTO 3aTMEHMSI
BBI3EIBAECT COOTBETCTBYIOIIEe M3MEHECHUE TeMIIEpa-
TYpbl BO3/yXa, KOTOPOE PaclpOCTPaHsETCS BBEPX C
3aMETHBIM YMEHbIIIEHUEeM aMIUIUTydbl (puc. 1—4).
ITpu 3TOM BO3MYIIEHUE CIIEKTPaJbHOI MIOTHOCTU
TeMIIepaTyphl BO3IyXa, BbI3BAHHOE COJIHEYHBIM 3aT-
MEHMEM, XOPOIIO BBHIAEIISICTCSI_Ha BPEMEHHOM OT-
pe3ke 14—18 4, 29.03.2006, o cpaBHEHUIO ¢ (HOHO-
BbIMM BpEMEHHBIMU y4yacTKaMu (puc. 2).

3HayeHUs CEKTPaIbHOM IIOTHOCTU B JUAaIa3o-
He niepronoB ot 1.7 mo 3.2 4 ninsg KucnoBoacka u aist
Bricokoroproit HayyHoit ctanuuu (BHC) ymenb-
IIAFOTCSI C BBICOTOM CXOTHBIM 00pa3oM. 3aBUCHMO-
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CTU YOBIBaHUS CIIEKTPAJbHON IJIOTHOCTU TeMIIepa-
TYPBI BO3IyXa OT BBICOTHI HA BPEMEHHOM OTPE3Ke OT
14 mo 18 4, Bo BpeMs 3aTMeHuUsI, Wit KucnoBoncka u
BHC noxka3zansbl Ha puc. 3.

VYcranoBneHo, uto Bbimie 100 M crekTpaibHast
IUIOTHOCTb TeMIlepaTyphl BO3dyXa IS II€pUOJIOB,
COOTBETCTBYIOIINX UIMTEILHOCTH 3aTMEHUS, paB-
Hoii 2 4 20 M, Ha BHC y0bIBaeT cuiabHee, 4YeM B Io-
pone KucnoBomcke.

PaszHast ckopocTb YyOBIBaHMSI CIEKTPaJbHOM
IUIOTHOCTU KoOJIEOAHUI TeMIIepaTypbl BO3AyXa C
BBICOTOI1 OIpeneNsieTcsl pa3HbIM BIUSIHUEM TypOy-
JICHTHOTO TIepeMeIINBaHUS BO3AYIIHBIX MaccC B I10-
IPaHUYHBIX CJIOSX I'. K1ci0BoACKa ¥ BBICOKOTOPHOIM
craniuu BHC. Tak, cnekTpajbHasl INIOTHOCTh KO-
JiebaHuii TeMIlepaTyphbl Bo3ayxa Ha BbicoTe 600 M Ha
BHC ymenpmmtace B 33.8 pa3, a B ropone Kucio-
BOICKe — B 8.5 pa3, [0 CpaBHEHUIO CO 3HAYCHUSIMU
Ha YPOBHSIX 36MHOM MOBEPXHOCTH.

BcienctBue yMmeHbIIeHUS IUIOTHOCTM BO3OyXa
C BBICOTOI aMIUIMTYa BOCCTAaHOBJIEHHBIX I10 ITPOpU-
JISIM TeMIepaTypbl MyJbcalivii aTMOchepHOro aaB-
Jnenus Ha BHC 6bu1a MeHbllie, yueM B KucioBoacke.
Tak, 1pu Tepernage TeMIIepaTyphl BO3Iyxa, paBHOM
2.9°C Ha ypoBHE 3eMJI1, BLI3BAHHOM COJTHEYHBIM 3aT-
MEHUEeM, aMILTUTyIa IyJbcaluii IpU3eMHOro aTMO-
cdepHoro paBnenust Ha BHC, BoccTaHOBIIEHHBIX TT0
MpoGUIISIM TEMIIEpATyphl Bo3ayxa, cocTaBiser 6 Ila,
Toraa Kak B KmcimoBoacke npu nepemnaae TeMIiepary-
PHI BO31IyXa Ha ypOBHE 3eMiiu, paBHoM 3.8°C, amMImiu-
Tyda BOCCTaHOBJIEHHBIX MyJbcalldii aTMOC(HEPHOTo
nJaBneHus1 coctapiset 12.5 Ia (puc. 5).

M3mepenHast Mukpobaporpadom B KucioBoacke
aMIUIUTYa Myiabcaluii aTMochepHOTro NaBieHUs,
BBbI3BAHHBIX COJTHEYHBIM 3aTMEHUEM, COCTaBJsiia
9.5 I1a, 4TO corjacyercsl ¢ aMIUIMTYA0 BOCCTAaHOB-
JICHHBIX O MPOMWISIM TeMIlepaTyphbl IyJbcallnii
IaBIIeHUS, IIPpUHAMAas BO BHHMaHHE, YTO B H3Me-
PEHHBIX MUKpoOaporpacdoM ITyJIbCalMsIX TaBICHUSI
MPUCYTCTBYIOT MyJIbCcalliM, O0YCIOBICHHbIE CIOSIMU
aTMocdepbl, KOTOPhIE pacIoIoXeHbI BbIlie 600 M —
BEepXHEro Ipeaena U3MEPEHUI 10 BBICOTE IpPU IO-
MOIIIN npoduiiemepa.

I[Ipy >TOM MMHMMYM TeMIIEpaTyphl BO3myXa
B KucnoBoncke, BEI3BaHHBIN COTHEYHBIM 3aTMEHU -
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eM, MoAHMMAaeTCs BBepX A0 BhICOThI 100 M co cKo-
pocteio 0.17 M/c B KoOopAuMHaTaxX BEICOTa—BpeMsI, a
Jajee, YCKOpsIsICh, MOOHUMAETCsI 10 BhICOTHI 600 M.
B cpenHem ckopocTh noabeMa MUHUMYyMa TeMIlepa-
TypBl BO3OyXa OT 3¢MHOI MOBEPXHOCTHU O BHICOTHI
600 M cocrapiser 0.5 m/c.

Takum obpaszom, HaOMOAAsT TIPU MOMOIIU TPO-
(unemepa mnepeMellleHUE TEMIEPATypHOTO BO3-
MYIIEHUsI B KOOpAMHATaX BbICOTA—BPEMs, MOXKHO
OIIpEeNEIATh CKOPOCTh BOCXOISIIMX BO3AYIIHbBIX ITO-
TOKOB B 3aBUCUMOCTH OT BBICOTHI (pHC. 6).

B omiuuue oT myHKTa HaOmoneHuii B r. Kucio-
Boacke, Ha BHC muHuMyM TemriepaTypbl BO3myXa,
BbI3BaHHBII 3aTMEHMEM, MOTHUMAETCS JO BBICOTHI
250 M co ckopocThio 0.4 M/c B KOOpAMHATAaX BEICOTaA—
BpeMsl, 3aTeM TPaecKTOpUsSI MUHAMYMa IT0 OCH BpeMe-
HU pa3BOpayMBaeTCsl B 00paTHYIO CTOpOHY. dpyrumu
CJI0BaMU, MUHMMYM TeMIIepaTyphbl BO3/1yxa OKa3bIBa-
€TCsl OMHOBPEMEHHO, HarmpuMep, Ha BbicoTe 50 M U
BbIcoTe 550 M — puc. 6. Takast cUTyalMs MOXKET OBITh
00yCIIOBJIeHa IBYDKEHEM BO3AYIITHBIX MACC B TOPHBIX
YCIIOBHSIX. 30eCh HEOOXOOUMO YIUTHIBATH TO 0OCTO-
SITEJIbCTBO, YTO MU3MEPEHMS MPODMIST TEMITEpaTypPhI
BO3IyXa IIPOM3BOIATCS C pPa3HBIMU MHTEpBaIaMu
BpemeHu: B ciiyuae BHC atoT mHTEpBan ObLI paBeH
2 MMH, B citydae ropona KucioBoacka — 5 MuH.

TakxuM obGpa3oMm, M3MepeHUe TeMIIepaTyphl BO3-
IyXa B OIpeleeHHBIIA MOMEHT BpeMeHU ITPON3BO-
IATCI B TeX o0beMax BO3MyXa, KOTOpBIE Mepeme-
CTWJIMCh B TOUKY HAOMIOAEHUS M3 MECT, B KOTOPBIX
yKa3aHHBIE O0BEMbI HAXOAWIMCh IO OCH BpEMEHU
paHbIIIe Ha BpeMs Hay3bl MEXIy M3MEPEHUSIMU 3a
CYET TOPU3OHTAIIBHOTO BETpa M BOCXOASIIMNX ITOTO-
KOB BO3IYIITHBIX Macc.

CKOpOCTb € BeTpa 3aBUCUT OT BBICOTBI, a CKO-
POCTb BOCXOASIINX IIOTOKOB BO3IyXa 3aBUCUT OT pe-
Jbeda OKpyKalolieil MeCTHOCTH M HEPaBHOMEPHOTO
MporpeBa MOACTUJIAIONIEH MOBEPXHOCTU. DTO 00-
CTOSITEILCTBO U OIPENessieT TpaeKTOPUIO TiepeHoca
TEMIIEPATypHOTO BO3MYIIECHMS B KOOPAUHATAX: BbI-
cota BpeMs. B paccMaTprBaeMoM ciiydae — TpacKTo-
pUIO IBMKEHMSI MUHMMYMa TeMIlepaTyphl BO3IyXa,
BBI3BAHHOTI'O COJTHEYHBIM 3aTMEeHUEM (puc. 6).

B cBoro ouepenb, TpaeKTOpUs NBUKEHUS MUHU-
MyMa TeMIIepaTypbl BO3IAyXa B KOOPIMHATaxX Bbl-
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COTa—BpeMsl OIpeAesIieT 3aIepPXKy perucTpaiuu
MakKCUMyMa IIyJbcaliuii aTMOC(HEpHOro maBIeHUS
OTHOCUTEIHLHO TOJHOI (Da3bl COJHEYHOTO 3aTMe-
HUSI, a TaKXe 3aJepKKy perucTpalid MUHUMyMa
JABJICHUSI OTHOCHUTENILHO Havyajia 3aTMeHUsI. Pa3HbIie
TPACKTOPUU JIBVKEHUSI MUHUMYMOB TEMIIePaTypHl,
3aBUCSIINE OT MECTHBIX YCJIOBUIA, JAIOT pa3HbIC 3a-
JIEPXKM, TaK KaK MyJbcalliy JaBJICHUsS Ha YPOBHE
3eMJIM  OIpPEAENSIOTCS CYMMUPOBAHMEM BKJIAIOB
TOHKMX CJIO€B BO3[IyXa B pe3yJIbTUPYIOIINE ITyIhCa-
LI TaBJIEHUS.

Orcloma cieayer, 4YTO pa3BUTHE IIPOIIECCOB,
MIPOMCXOASIINX BO BpeMsI COJIHEYHOTO 3aTMEHUS B
AIIC, onpenensieTcss CKOPOCTbIO TYpOYJIESHTHOTO Me-
peMellBaHusI BO3AYIIHBIX Macc, a TakxkKe peJibepoM
MECTHOCTHM, HEPaBHOMEPHBIM IIPOIPEBOM ITOACTH-
JIalolIell MOBEPXHOCTU U MECTHBIMM BO3AYIIHBIMU
MOTOKaMH1, KaK TOPU3OHTAIbHBIMHM, TaK W BEPTHU-
KaJIbHBIMH, — B MeCTaX HaOIIONCHMS.

PaboTa Obl1a BBITIOJIHEHA B COOTBETCTBUU ¢ T'oc-
zaganneM MDA nm. A.M. O6yxoBa PAH: pa3nennr
1-2 — FMWR-2022-0017; pa3znen 3 — Tema 17.1.
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Dynamics of Air Temperature Changes in the Atmospheric Boundary Layer during
the Solar Eclipse of March 29, 2006

G. A. Bush® *, N. F. Elansky', E. N. Kadyrov?, S. N. Kulichkov" 3 **,
I. P. Chunchuzov!, and N. S. Prokosheva*

! Obukhov Institute of Atmospheric Physics of the Russian Academy of Sciences,
Pyzhevsky lane, 3, Moscow, 119017 Russia
2 “Central Aerological Observatory” of Roshydromet, Pervomayskaya str., 3, Dolgoprudny, Moscow region, 141700 Russia
3 Lomonosov Moscow State University, Leninskie Gory, building 1, building 2, GSP-1, Moscow, 119081 Russia
* Viadimir State University named after Alexander Grigoryevich and Nikolai Grigoryevich Stoletov,
Gorky str., 87, Vladimir, 600000 Russia

*e-mail: bushgregory@yandex.ru
**e-mail: snk@ifaran.ru

The data of measurements of air temperature profiles in the atmospheric boundary layer (ABL) during
the total solar eclipse on March 29, 2006 in Kislovodsk and at the Kislovodsk High-Mountain Scientific
Station (KVNS) on the central shadow line are presented. The solar eclipse lasted from 14:08 to 16:27 local
time, the total phase of the eclipse began at 15:15 and lasted 2:32. In development of the results obtained
by us in our previous work, we compared the data on air temperature profiles at two points, Kislovodsk and
KVNS. The influence of local conditions has been studied. It was shown that local conditions significantly
affect both the amplitude of atmospheric pressure pulsations caused by a solar eclipse and their phase, as
well as the nature of the change in the spectral density of air temperature with height in the range of periods
corresponding to the duration of the solar eclipse. Based on the measurements of temperature profiles, the
fluctuations of the atmospheric pressure difference at the level of the earth’s surface and at a certain height,
up to which the temperature profiles were measured equal to 600 m, were reconstructed, caused by a solar
eclipse, in coordinates: height — time has different trajectories in the case of Kislovodsk and KVNS. The
difference in the trajectories of air temperature minima in Kislovodsk and at the KVNS determines both
different delays in pressure minima relative to the beginning of the eclipse and time delays between surface
pressure fluctuations at observation points as a whole. Also, a new method is proposed for determining the
speed of ascending air currents using data on the altitude dependence of the time of reaching a minimum
in temporal temperature variations caused by a solar eclipse. The changes in the spectral density of air are
compared with height, the amplitude of the reconstructed atmospheric pressure pulsations in Kislovodsk
and at the KVNS, and the speed of ascending air currents.

Keywords: solar eclipse atmospheric, pressure pulsations, reconstructed temperatures profiles
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B pabote mpencraBieHbl pe3yabTaThl MCCISIOBAHUS N3MEHUYMBOCTH KOHIICHTPALIMU MIPU3EMHOTO 030HA
B KpbiMy Ha cTaHIMu (POHOBOIO KOJOTMUYECKOro MOHUTOpUHTA ['ocy1apcTBEHHOIO MPUPOIHOTO 3aIl0-
BenHuka “Kapamarckuii” (CODOM) 3a 2012—2021 rr. ¢ 6Gosiee TONPOOHBIM aHAJTM30M TIOCJIEAHUX TIECTH
jeT ¢ 2016 mo 2021 rr. BeisiBiieH 3HAYMMO BbICOKHUI YPOBEHD 3arpsi3HEHUSI BO3AyXa MPU3EMHBIM 030HOM
B palioHe HaOJIONEeHUI, HECMOTPS Ha OTCYTCTBME 3HAYUMBIX aHTPOIIOTEHHBIX UCTOUHMKOB 3arpsSI3HEHU
B OKPECTHOCTSIX CTaHIIHM.

HccnemoBana B3aMMOCBSI3b KOHIICHTPAIIMK IIPH3EMHOTO 030HA C METeo-TlapaMeTpaMU, YCTaHOBJICHBI
XapaKTepHble HaIlpaBJIeHUs BeTpa, MPUBOASIINE K MOBBILIEHHBIM YPOBHSIM 3arpsI3HEHUS IMPU3EMHbBIM
030HOM. [IpoaHamm3npoBaHbl BHYTPUTOIOBBIC BapUalliM, YCTAHOBJICHBI (DAKTOPHI, BHI3BIBAIOIINE JIO-
KaJIbHBIN JICTHUH MUHUMYM KOHIICHTPAIIUH IIPU3EMHOTO 030HA B OTIEIbHBIC TOMIBI.

C ucnonb3oBanneM moaenun NOAA HYSPLIT u mereononeit peananuza ERAS nmpoBeneH mpocTpaH-
CTBEHHBIN aHAIN3 KapTUHEBI aTMOC(epHOI MUPKYIISLINI B peTHOHE; OILIcHEHA ITOBTOPSIEMOCTh SITU30I0B
TIPEBBIIICHUS TOITyCTUMOTO 110 peKoMeHmau BO3 cpenHero 3a 8 4 ypoBHS KOHIICHTpallMK 030HA, paB-
Horo 100 MKr/M3, 1 ompeesieHbl BO3MOXHbBIE TTPUUMHBI BOSHUKHOBEHUST 3TUX SMU3000B. Y CTaHOBIEHBI
MeXaHM3MBI JaJbHETO TIepeHOCca M UX BKJIAI B peKUM O30HA B paifioHe CTaHIMU. ['0MOBEIe TPEHIBI TIPH-
3eMHOM KOHILIEHTpaIu o30Ha B Tiepro 2012—2021 TT. olleHeHbI KaK CTATUCTUYECKU HE3HAYUMBIE.

KmoueBble cjioBa: MOHUTOPUHT cOCTaBa aTMOC(EpHI, TPOITocepHBIA 030H, MPEAIICCTBEHHUKN 030Ha,
TIpeAe/IbHBIC TOITyCTUMBIC KOHIIEHTPAIIUN O30HA, NAIBHUI TIEPEHOC IIpUMecei, TpaeKTOPHBIN aHAIN3,
IUCTaHLIMOHHOE 30HAMPOBaHKME aTMOCGhephI

DOI: 10.31857/S0002351524020075 EDN: KQENEM

BBEAEHME

O30H IpeacTaBiIsieT CO00il XMMUYECKM aKTHB-
HBIIl TOKCUYHBII ra3, HEpaBHOMEPHO pacIipeae/icH-
HBII B cTpaTocdepe u Tporocdepe 3emau. B crpa-
Tocepe Haxomutcst okoso 90% o30Ha (030HOBBINA
CJIO¥, TOTJIONIIAIOINI KOPOTKOBOJIHOBOEe Y@ coJI-
HEYHOe M3JIy4YeHHe), TIe OH 00pa3yeTcsl eCTeCTBEH-
HbIM 00pasoM. ITouTu Bech ocTanbHOM O, HaXOaUTCsI
B Tponocdepe, 3HAUUTEIbHASI TOJIsI KOTOPOIro oopa-
3yeTcsl B pe3yibTaTe IesTeIbHOCTH 4dejioBeka [Jla-
puH, 2022].

Ha pacnpezneneHue o30Ha B Tporiocdhepe BIUSIOT
Takue (haKToOphl, KaK agBEKTUBHBIN MEpPeHOC, CTpa-

TocepHbIe BTOPKEHUS B 30HE XOJIOAHBIX (PPOHTOB,
doToxMmyecKoe paspylleHre U odpa3oBaHUeE, Cy-
xoe M BiaxkHoe ocaxaeHue [benan, 2010; Jlapuw,
2022].

Kak u3BecTHO, TponochepHbIii 030H OKa3bIBaeT
CHJIbHOE BO3IeHCTBYE Ha OMocdepy 1 KiIuMaTr 3eM-
qu. OH OTHOCUTCA K IIepBOMY KJIacCy OITACHOCTH,
SIBIISIETCSI arPECCUBHBIM OKUCIUTENIEM 1 MOXET BBI-
3bIBaTb Cepbe3HbIe MPOOJEeMbl cO 310poBbeM [Ko-
TeIbHUKOB, 2015], HaHOCUTDH ylIepO OKpyxXKarollei
cpele U YyCKOpPSTh Jerpanamuio MarepuanoB [Pazy-
MOBCKUI U Ap., 1974], 4T0 NpUBOAUT K 3HAUUTEIb-
HBIM 3KOHOMMYECKHMM U 3KOJOTMYECKUM ITOCIIeI-
CTBUSIM.
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B 1ies10M BpeMmsi xK13HU 030HA B IIPU3EMHOM CJI0€
aTMocdepbl OTHOCUTEIbHO KOPOTKOE, OT HECKOJIb-
KHX YacOB IO HECKOJBKUX THEI, HO TOUHAsI KOJIM-
YeCTBEHHAasI OLICHKA MOXET 3HAUNTEIbHO MEHSIThCS.
OOpa3zoBaHue TIPU3EMHOM MOJIEKYJIbI 030HA B HYX-
Hell Tporocdepe TpencTaBisieT CoO0M CIOXKHBIN
JUHAMUYHBIN IPOLECC ¢ y4acTUEM T.H. Fa30B-IIpe-
IIECTBEHHUKOB — oKcuaoB azota NO_(NO + NO,),
yrieBoaoponos (Hanpumep, Merana CH,), neryunx
oprannueckux coenquHeHuit (JIOC), okucu yriaepo-
ga (CO) u np. KoHueHTpausl 3TUX BELIECTB U UX
peakiiuM ¢ paauKalloM TMIpPOKCHMJIa HauOoJiee Cy-
IIECTBEHHO BIMSIOT HAa XMMMIO IPU3EMHOIO O30HA
[beman, 2010].

O30H SIBJISIETCS OOHUM 13 KOMITOHEHTOB (POTO-
XuMH4eckoro cMora. CBoOif BKJIan B 3arpsi3HEHUE
030HOM BHOCST JIECHBIC IIOXKaphl, BEIOPOCHI yIJIe-
BOJIOPOMIOB, CXKMTaHUE UCKOIIAeMOT0O TOILIMBA U T.1.
WHTeHCUBHAsT SMUCCHUSI Ta30B-TPeAIIeCTBEHHN -
KOB 030Ha B TOPOIax, IMPOMBIIUICHHBIX U YpOaHM-
3UPOBAHHBLIX 30HAX C Pa3BUTOM MHGPACTPYKTYpOi
HE TOJBKO CIIOCOOCTBYET (POPMMPOBAHUIO ITOBbI-
HIEHHBIX KOHLEHTPALMi 030Ha, HO U YBEIMYCHUIO
BpeMeHM ero xu3Hu [Stevenson et al., 2006]. Tak, B
3arpsI3HEHHBIX TOPOACKMX pailoHax, TIe KOHLIEHTpa-
L1 €TO IIPEAIICCTBEHHUKOB BHICOKA, BPEeMsI XKU3HU
030Ha MOXET COCTaBJISITh OT HECKOJIBKUX HeIelb
0 HECKOJIbKUX MecslieB. biaromapsi sTomy 030H
CIIOCOOCH UTpaTh aKTUBHYIO POJIb B aTMOC(EPHBIX
(boToxumuyeckux Impoleccax, 00YCIaBIMBAIOIINX
W3MEHEHNE pagualliOHHOro OajlaHca M KJIMMAara
[benan, 2010; KoteapHukos, 2015; IPCC, 2007].

IlepeHoc razoB-TipeallIeCTBEHHUKOB Ha JaJbHUE
pPaCCTOSTHUSI MOXKET OKa3bIBATh BIMSTHUE HA KOHIICH-
TpaInio 030Ha B yIAJICHHBIX (DOHOBKIX paitoHax. Ha-
npumep, okuch yriaepoaa (CO), umess BpeMs XKU3HU
B atMocdepe oT 2 Henmeab Jo 3 MecsueB [Novelli
et al., 1998, Gurjar et al., 2008], cmtocodHa cMelaTh
¢doToXMMHYECKOe paBHOBECHE MMPU3EMHOI0 030HA B
CTOPOHY ero reHepaIm.

O30H cuMTaeTcsl BaKHbIM ITAPHUKOBBIM Ta3oM
[TPCC, 2007], u Mo HEKOTOPHLIM OLIEHKAM €ro BKJIad
B HarpeBaHUe Bo3ayxa cocTaBisieT 0osee 8% | benan,
1996].

HccnenoBanue pexkuMoB 00pa3oBaHUS U pa3py-
IIEHWsI 030Ha KpaliHe BaXHO UISI MOHMTOPWHTA U
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IIPOTHO3MPOBAaHMS KadecTBa Bo3ayxa. HecMoTps Ha
9T0, U3MEpPEHNE KOHILIEHTPALMY IIPU3EMHOTO 030HAa
Ha Tepputopum Poccuiickoii @enepauny BeaeTCs
Ha HeOOJIBIIOM KOJMYECTBE CTaHIUi (TrOpOJCKOIo
THUIIA, TIPUTOPOIHBIX 1 (DOHOBEIX), C MCITOJIb30BaHM -
€M pa3IMYHbIX METOINYECKHX ITOIX0A0B U CIIOCOOO0B
KaJIMOpOBKU TTpubOpoB [AHapeeB u Ap., 2020], uyro
MPETNATCTBYET CUCTeMaTU3allM U OLICHKE KayecTBa
JTAHHBIX.

Llenbio maHHOM CTaTbU SIBISIETCS MCCIAEIOBAaHUE
MHOTOJIETHE!l CE30HHOM W3MEHYMBOCTH KOHIICH-
Tpalluy IIPU3eMHOr0 030Ha, PeXXUMOB (hOPMHUPOBA-
HUSI BEICOKUX YPOBHEI 3arpsi3HEHU U MEXaHU3MOB
MOCTYILJIEHUsI, 00pa30BaHMUSI U Pa3pylIeHUST 030HA
B npubpeskHoii 3oHe Kprbima. B pabore mpoBoauT-
Cs aHAIM3 JAaHHBIX HEMPEePBIBHBIX HAOIIONCHUIA
IIPU3eMHOI KOHIIEHTpallM 030Ha Ha CTaHIUU (Po-
HOBOTO 3Kojiormueckoro MoHuropuara (CO@OM) B
KapagarckoM npupomHOM 3allOBeIHUKE B IIEPUOI
2016—2021 rr. BO B3aMMOCBSI3M C OCHOBHBIMU Me-
TEOPOJIOTUYECKUMM MapaMeTpaMu M aTMoc(epHOit
HUPKYJsIueit. s oLeHKW TpeHIOB KOHIIEHTpa-
LIMKA O30HA 3aIeiiCTBOBaH OoJjiee MIMHHBINA psii 13-
Mepenuit COOM (c 2012 o 2021 rr.).

BaxxHOCTh MOHMTOPUHTA U U3YYCHUSI TTOBEACHUS
MPU3EMHOTO 030Ha B [ocymapcTBEeHHOM IIPUPO.I-
HOM 3amoBenHuKe “Kapamarckwii” COCTOUT B TOM,
YTO M3MEPEHUs IIPOBOISITCS 3eCh B TEUCHUE MHO-
IUX JIET TIPU PETYISIpHOI KaauOpoBKe ITPpHOOPOB.
CDODOM HaxoguTcsl B KyPOPTHOM 30HE M SIBIISETCS
eIMHCTBEHHBIM ITYHKTOM PETYJISIPHBIX M3MEPEeHUI
KOHILICHTpall1 MPU3EMHOro 030Ha Ha YepHOMOp-

CKOM HO6€p€}Kb€ CTpaHbI.

B uenom B LleHTpanbHoii 1 3anagHoil EBporie
U3MEPEHMSI KOHLIEHTpalluy IPU3EMHOIO O30Ha U
HCCIIeNOBaHMsI BENyTCsI TOBOJBbHO aKTUBHO. B [3Bs-
ruaueB, 2004; 3Barunnes u ap., 2008; 3BaruHIEB U
np., 2010] mpoBogUTCS aHAIN3 TIEPUOIUIECKON M3-
MEHUYMBOCTH KOHILIEHTpaLlMM TMPU3EMHOr0 O30HA B
IlenTtpanbHoii, 3anagHoii EBpone u Ykpanne. Hau-
0OJBIINIT MHTEpec MpeiacTaBiasioT uMeHHO I[lpu-
YEPHOMOPCKME PAMOHBI, SBJISIOIIMECS KYpOPTHOM
30HOM. Bnusinue YepHomopckoro 6acceiitHa BHOCUT
psim 0coOeHHOCTEl B HAOIOmaeMy0 KapTUHY Bapu-
alMii 030Ha Ha MOpPCKOM mobepexbe. [TomoOHbIE
U3MEPEeHUs1, OCOOEHHO B OTIAJIEHUN OT NUICTOUHUKOB
aHTPOIIOI€HHOIO 3arpsI3HEHMSI, K COXKaJEeHUIO, IIPO-

ToM 60 Ne 2 2024



208

BOISTCS KpaliHe pelKo. DTO YTBEpKAEHUE OTHOCUT-
Csl He TOJIbKO K U3MepeHusiM Ha PoccuiickoM nobe-
peXbe; pe3yabTaThl UCCIEIOBAHMS BapUalluii 030Ha
B UepHOMOPCKOM permoHe (B TOM YMKCJIE B APYTMX
CTpaHax peruoHa) B HaydyHOM JMUTepaType BecbMa
CKYIHbI BBUIY OTCYTCTBMSI CETU HaOIIOAaTEIbHBIX
CTaHIIUMA.

Tak, B pabote [[Ilanbiruna u ap., 2017] npoBo-
JIWJIOCH CPaBHEHUE JAaHHBIX U3BMEPEHUN MPU3eMHOM
KOHIIGHTpAallMX O30Ha Ha cTaHLMsIX Poccum (maH-
Hele COOM, 2010—-2011 rr.), Boarapuu, I'peuun
u YepHoropuu, BbIIEICHA 3aBUCHMMOCTh KOHIICH-
TpallUM O30HA OT YpPOBHEil aHTPONOTeHHOIO 3a-
TPSIBHEHUS, YIAJIICHUSI OT MOPS M TOITOrpaMIeCKIX
ocobeHHocTeil. Takke yCTaHOBJIEHO, UTO AHEBHOM
MaKCUMYM KOHIIeHTpaluu o3oHa Ha CPOM 6nu-
30K K MAKCMMyMaM, HabomaeMbIM B Bapre, bonra-
pus (43°23' c.un., 27°89' B.1.) u byprace, boirapus
(42°52' c.am., 27°37' B.m.). B aToit pabore paccmo-
TpeHa TakXe W TpeThs craHius — bap, boarapus
(42°10' c.m., 19°10' B.1.), MepUOANYECKU OKAa3bIBa-
Jo1asics B nuieiipe aHTPOIMOreHHOTO 3arpsi3HEHUSI.

Yo ke KacaeTcs aHaIM3a U3MEPEHUI B MeCTax,
yIajJleHHBIX OT MHTEHCHUBHOM aHTPOIIOTCHHOM mesi-
TEJTBLHOCTH, TO pabOT Ha 3Ty TEMY B JIUTEpaType elie
MeHble. B [Barantiev et al., 2013] npoBeneHo cpaBs-
HEeHUe pe3yJIbTaTOB METEOPOJIOTMYECKOol obcepBa-
topun Axtorion (bonrapckoe mobdepexbe UYepHoro
Mopsi) 1 usMmepeHuii ¢ nuka PoxeH (ropa Pogona,
BbicoTa 1750 M Hax ypoBHEM MOp#T), i€ YPOBEHbD 3a-
IPSI3HEHUS MPU3EMHBIM 030HOM Ha 20% HuUXe, 4eM
Ha YepHOMOpCKOM Tobepexbe.

Cronp HEOOJBIIOEC KOJIMYECTBO MCCIIECIOBAHUIA
JINIITHUI pa3 IMOAYepKUBAaeT BaXXHOCTh M3MEPEHUIA,
npoonuMbix Ha COOM KHC — I13 PAH ¢unman
DOUILL UeBIOM. YHuKanbHOE pacIioaoXeHne CTaH-
1IMM, a TaKXe PEryIsIpHOCTb U3MEpPEHUI BMECTe C
JNOIOJTHUTEbHBIMU METOJAMM aHAIN3a MMO3BOJISAIOT
VIIYYIIUTh IIOHMMaHME MEXaHU3MOB aTMOC(EpHOI
LUPKYJISIUUMU B PETMOHE M BIMSHUS aTMOC(hEpHO-
ro nepeHoca Ha YpOBEHb 3arpsi3HEHUS TTPU3EMHBIM
O30HOM.

METO/IbI Y CPEJCTBA HABJIIOIEHU

Cranuusg (pOHOBOrO 3KOJOTMYECKOTO MOHM-
topuHra (CO®OM) mnHaxomutcs B locymapcTBeH-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

OENOPOBA u nip.

x99

HOM TIpUpogHOM 3aroBegHuke “Kapamarckumit” Ha
IOr0-BOCTOYHOM MoOepexbe KphIMCKOro 1oJyo-
ctpoBa (44°55° c.m., 35°14° B.1.; 180 M Haxm ypoBHEM
MOp$I) B KWJIOMETpe OT OeperoBoii 30HbI Ha CEBe-
pPO-BOCTOYHOM CKJIOHE rophl Csitasg (cM. puc. 1).
M3-3a cBoero pacrojoXeHWs] CTaHLMSI CUUTAETCS
YCIOBHO “UMCTOM”, TaK KaK 3HAYMTEJBbHO yHaje-
Ha OT NPOMBIIUICHHBIX paiioHOB [JlamyeHKo u mp.,
2015].

B nanHoit pabote 3aneiicTBoBaHbI JaHHbBIE ¢ 2012
nmo 2021 rr. MOHUTOPUHT TMPU3EMHOIO O30HA Ha
craHumu Benercd ¢ 2006 r. pa3nuyHbIMKU Npubopa-
M. MaccoBasg KOHIIeHTparus o30Ha ¢ 2013 1. u3-
MepsieTCsl ONTHMYECKMM METOIOM II0 IOTIJIOIICHUIO
B Y®-00/1acTu CIIeKTpa 3JeKTPOMArHUTHOTO W3-
JIydeHUsl ¢ ToMollblo razoaHanuzatopa APOA-370
(HORIBA, Slmonus1) ¢ TIOrpelIHOCTBIO He Ooee
15 mxr/m®. JlaHHbIe HEMPEPBLIBHOM perucrpanuu
030HA YCPEIHSIOTCS 3a MHHYTHBIC, ITOJy4aCOBBIC
1 4aCOBBIE IIEPUOABI C COXpaHeHHEeM MHOOpMaLu
B perucrpatope — I/O — EXPANDER (HORIBA).
C nomomubio nmporpammsel IOVIS 2,2 u3 perucrparo-
pa M3BJIEKAIOTCS CpelHeYacoBble 3HAUYEHUS, HAa OC-
HOBaHUU KOTOPBIX IIPOBOIMUTCSI aHAIM3.

ITpo6k1 0TOMPAIOTCS C UCITOJb30BaHUEM TedJ10-
HOBBIX TPyOOK Ha BbicOTe 2 M. KOppeKTHOCTh daH-
HBIX M3MEPEHUI TMOATBEPXKAACTCS eXeMeCSIUHbIMU
KaJIMOpoBKaMHU ¢ MOMOIIbIo reHepatopa APMC-370
(HORIBA) u perynsipHbIMA KOHTPOJBbHBIMU TTOBEP-
KaMu mpubopa Bo BcepoccuiickoM HaydHO-HCCIIe-
JloBaTesIbcKoM WHCTUTYTe MeTposoruu (BHUMM)
uM. I.1. Menneneena (r. Cankr-IletepOypr).

B 2012 r. Ha CDODOM wusmepeHust NMPU3EMHOTO
030Ha TPOBOIMIOCH TazoaHamm3atopoMm 3.02 I1-A
(OIITBK, Poccus).

Merteopoorndyeckue IapamMeTphbl (IaBlIeHHUE,
TeMIlepaTypa, OTHOCUTE/IbHAS BJAXHOCTb BO3/yXa,
CKOPOCTb Y HampaBJIeHUWE BeTpa) ONPEHC/SIOTCsS B
HETIPEPBIBHOM peXXUMeE ¢ TIOMOIIbIO METEOCTAHIIUM
WS-600 (G. Lufft Mess und Regeltechnik GmbH,
I'epmanusi). YCTpoMCTBO OCHAIIEHO JAaTYUKOM
TEMIIEPATyphl, SBJISIONIMMCSI TEPMUCTOPOM M pa-
6oTtarommM B nuamna3oHe oT —50 mo 60°C. ITorpeni-
HOCTb M3MepeHmii coctaBuT +0.2°C B muamasoHe
or —20 mo 50°C. EMKOCTHBIIf M3MEpUTENTh BIIaX-
HOCTU MMeEeT TOYHOCTh +2% u paboTaeT B Auaria-
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Puc. 1. Pacrionoxxenne COOM Ha kapre (44°55' c.1m1., 35°14' B.1.; 180 M Ham ypoBHEM MOpST).

3oHe oT 0 go 100%. AGcomoOTHOE NaBICHUE BO3MY-
Xa M3MEPSIeTCS C IOMOIIbI0 €MKOCTHOIO IaTdyhKa
(MEMS). OtHOCcuTenbHOe aTMOchepHOe daBJIeHUE
OTHOCUTEJILHO YPOBHSI MOpSI PacCUMTBHIBAETCS IO
OapoMeTpruueckoil (opMyne C ydeTOM KOHKPET-
Hoit BbIcOTBI. WS600 ocHalleH YIbTpa3BYKOBBIM
JaTYMKOM BETpa, U3MEPSIIONINM KaK CKOPOCTh, TaK
M ero HampaBjieHHe. MeTeoCTaHLMS IIPeaCcTaB-
JIsleT CcoOOil emWHBbIA MOAY/db, PACHOJOXEHHBIN
Ha MauyTe Ha BBICOTE 6 M (BBIIIE KPOH JEepPEBHEB)
[https://lufft.com.ru/ws600-umb-kompaktnaya-
meteostanciya/?ysclid=Inabl2admi61339 9247].

Hnsa uHTEpIIpeTalluyd ITOJIYyYSeHHBIX pe3yJIbTaToB,
OIIpeleACHUST TIPUPOABI 3arPSI3HEHUSI O30HOM, €ro
CBSI3U C OKMCHIO yIJIEpPO/1a, BIMSIHUAS HA COlepKaHUe
030Ha TPAHCTPAHUYHOIO U HUCXOMASIIEro MmepeHoca
MPUBJIEYEHBI HAOTIOACHUSI OPOUTAILHOTO CIIEKTPO-
MeTpa AIRS (Atmospheric InfraRed Sounder), ycra-
HOBJIECHHOI'O Ha OopTy ammaparta “Aqua” [Aumann
et al., 2003; McMillan et al., 2011]. bbuix UCHOJIb-
30BaHbI JaHHbIe 3 ypoBHH (Level 3, Bepcus v.6, 00-
wee conepxanue CO u O,, paspewenue 1° X 1°,
“ascending only”, T.e. TOJbKO OHEBHbIE JaHHBIE,
[AIRS/AMSU/HSB Version 6 Data Release User
Guide. Ed. by E.T. Olsen]), mpeacraBieHHbBIE B CBO-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

oomHoM noctyne [https://cmr.earthdata.nasa.gov/
search/concepts/C1238517230-GES _DISC.html],
a Takke pe3ylabTaThl YMCICHHOTO MOIEIUPOBAHMS
00paTHBIX TPACKTOPUI ABIKEHUS BO3AYITHBIX MAcC
mo moaenu NOAA HYSPLIT [https://www.ready.
noaa.gov/ HYSPLIT.php; Stein et al., 2015]. Me-
TON CTATUCTMKU OOPATHBIX TPAcKTOPU SBIISICTCS
9¢hGEeKTUBHBIM MHCTPYMEHTOM IS BU3yaIu3allliu
IepeHoca 3arps3HsIoOmMnX aTMocdepy IpuMeceil u
OIpefeaeHUsT X BO3MOXHBIX UCTOYHUKOB. Lleanio
MPUMEHEHUS METO/Ia SIBJISIETCSl YCTAHOBJICHUE CBSI3U
MexXay (paKTOM MOBBIIIEHHOTO CONEPXKaHUS TTpUMe-
CHU B palioHe ee PeTUCTPALlU 1 TPACKTOPUSIMU IIPU-
XOASIINX BO3MYIIHBIX Macc.

Jns aHanu3a HaIpaBieHUSI U CKOPOCTU BETpa,
KpOMe€ CTaHLIMOHHBIX HAOJIONEeHUI, ObUTU UCITOb-
30BaHbI MeTeoroNisl peaHann3za ERAS ¢ paspeme-
HueM 0.25° Mo mmMpoTe M JOJNTOTe, W ImaroMm 1 4 1o
BpPEMCHM C JaBJICHHWEM B KayeCTBE BEpPTUKAIBHOM
koopmuHatel [Hersbach, 2020; https://climate.
copernicus.eu/climate-reanalysis].

AHanu3 NaHHBIX TMCTAHIIMOHHOTO OpPOUTAILHO-
IO 30HAMPOBAHUS BBHIIIOJIHEH C IIOMOIIBIO pa3pabo-
tanHoro B MDA PAH crenuanbHOro Iporpamm-
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Puc. 2. Ce30HHBI X0I KOHLIEHTPAILIMU 030HA U MaKCUMAaJIbHBIX 3HaYeHMI (MKT/M?, ycpenHeHue 3a cyTku), 2016—2021 rr.
CuHUM 1IBETOM 0003HAYEHBI CPETHECYTOUHBIE 3HAUCHMST; KPACHBIM LIBETOM — MaKCUMaJbHbIe 3HaueHMs. [IpsiMoyronbHOit
ITpUXoBKOit BeiaeaeHbl 2017 u 2021 rr., BBIOpaHHbIE IS NajdbHEMNIero aHaau3a. BepTukaibHble TUHUUA COOTBETCTBYIOT
MecsIIaM; Ha BEpXHel CTOPOHEe MuarpaMMBbl IOMTOJTHUTEIbHO OTMEUEHO HauaJIo KaXIOTo Ce30Ha (BEpTUKAIBHBIE PUCKH).

Horo makeTta Tropomi tools [Rakitin et al., 2023].
IIporpamma mnpegHa3HauyeHa: Ajis1 oOpabOTKU OaH-
HBIX OpOUTaNbHBIX criekTpoMeTpoB MODIS, AIRS,
OMI, TROPOMI ¢ ¢unbTpanimeit JaHHbBIX O Ka-
YecTBY; IJIs1 TIPOBEACHUS BaluIAlMOHHBLIX padoT,
COIIOCTaBJIEHUST OPOUTATBHBIX, HA3EMHBIX TaHHbBIX U
MOJIEJIbHBIX PAaCYeTOB; ISl IIOCTPOSHUS MPOCTpaH-
CTBEHHBIX pacIpelne/ieHU COmep:KaHWS U TPEHIOB
aTMoc(epHBIX IIpUMeceil, a TaKKe HAJIOKEHUS Tpa-
exktopuit NOAA HYSPLIT MODEL Ha pacnipene-
JIEHUST UCCTIEAyeMBIX TapaMeTPOB.

IIporpamMma HeOMHOKpPATHO MCIIOJIb30BAJIACH IIPU
aHaJIM3e IIPOCTPAaHCTBEHHO-BPEMEHHBIX BapHallUid
coctaBa aTMocdepbl M Balumaluuyd OpPOUTATIbHBIX
JaHHBIX, HafpuMmep, B [PakutuH u ap., 2023].

PE3YJIBTATbBI U ObCYXIEHWA

B naHHoii paboTe NpOBOAUTCS aHAINU3 HEPEPhIB-
HBIX PSIIOB M3MEPCHMI ITPU3EMHOM KOHIICHTpAIKN
o3oHa 3a 2016—2021 IT., MOJIyYeHHBIX HAa CTAHLIUU
(oHoBOTO 3KO0NMOTMYECKOTO MOHUTOpYHTA (CDDOM) 1
SIBJISTIOLLIMXCS TTPOIOJIKEHEM IOJITOCPOYHBIX U3MEpe-
HUI, pe3yIbTaThl KOTOPHIX OTPaXKeHBI B IPYTUX pado-
tax, Hanpumep [ansiruna u gp., 2019, Xosormnues u
ap., 2015]. C uenbto 6ojiee TOUHOI OLIEHKU TPEHAOB K
pacdeTaM CTaTUCTUIECKUX BEIVMYMH IIPUBJICYEH ITOJI-
HbI psi JaHHBIX COOM ¢ 2012 o 2021 r.

Tak, B xome aHanu3a OIpeaeaeHbl BHYTPUTOI0-
BbIC BapyalyM KOHLIEHTpAlMU IPHU3eMHOI0 O30HA

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

(puc. 2). O, umeer ApKO BBIPAXEHHbIH CE30HHBII
X0, MAKCUMYM KOHIICHTpallMU IIPUXOIUTCS Ha Be-
CEeHHe-JICTHUI neproy (CpeaHeCe30HHbIe 3HAUCHMS
KoJyie6moTcst B paitone 71—90 mkr/m?), 4to coot-
BEeTCTBYeT ApyruM onieHkaM Ha COOM [Llanbiru-
Ha u 1ap., 2019; Augpees u ap., 2020; JlamyeHKo u
np., 2015]. BeceHHee moBBIIIEHME KOHIIEHTpALUN
030HAa, XapaKTepHOE IJIs BCEX MCCIEIyeMbIX TOHIO0B,
SIBJIIETCSI eCTeCTBeHHBIM. KOHIIEHTpamus 030Ha
HapacTaeT BECHOI B pe3yibTaTe OKMCJICHUS JOJITO-
KUBYIIMX COEIMHEHUMN-TIPEAIIECTBEHHMKOB O30Ha
Ha (poHe Ce30HHOro pocTa ypoBHs YD-U3nydyeHUsI
U TeMIlepaTyphl BO3Iyxa, IIpU CPaBHUTEILHO OoJiee
HU3KOI CKOPOCTH OCaXXIEHHMsI O30HA Ha IIOACTH-
JIAIOIIYI0 MOBEPXHOCTh, II0 CPaBHEHUIO C JIETHUM
nepuonoM. BeceHHUIT MakCHMyM O30HA SIBJISIETCS
OIHUM U3 XapaKTEePHBIX IIPU3HAKOB rOJOBOrO XOmIa
030Ha B YHMCTOM U CJ1a00 3arpsi3HEHHOM BO3IyXe BO
BHETpoOIMYecKux ImupoTax CeBepHOro IOJIyIIapus
[Monks, 2000].

Paznuuus B xapakTtepe BeCeHHe-JETHUX Bapua-
LI MOTYT 3aKJII0YaThCs KaK B METEOPOJTOTMIECKUX
YCIIOBUSIX, TaK ¥ B pa3INUMSIX TJ100aIbHBIX CUHOITH -
YeCKMX IPOIECCOB, OKA3bIBAIOIINX BIUSIHUE HA Ha-
omonaemyto Ha CDOOM kaptuny. Tak, B OTOeIbHBIC
TOJbl BECEHHUI M JIETHUM MaKCUMYMBI CIMBAIOTCS
B €IMHBIA ITOBBIIIEHHBIII YPOBEHb 030HA B IEPUOI
C CeperHbI BECHBI 110 HaYaJlIo OCEHU, XapaKTepHbIA
IJI psida O30HOMETPMYECKUX CTaHIIMM B pervoHe
(toro-BoctouHasg EBpomna) [Monks, 2000]. B HekoTO-
PBIX paboTax MoaoOHbIi 3¢ ¢eKT (pacilupeHre MaK-
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CHMyMa Ha COCEIHUI Ce30H) TakkKe (pUKCUpyeTcs 1
OOBSICHSIETCS YBEJIMICHUEM HUCXOISIIETO IIepeHoca
(HampuMep, IJIsl 3MMHe-BeceHHero nepuoja [EnaH-
ckuii u ap., 2015]). B Hamem ciaydae BBIIOJIHUTH
MOAOOHBIN aHAIU3 HE TIPEICTaBIsSIeTCS] BO3MOXHBIM
BCJIEACTBUE OTCYTCTBUSI HEOOXOAUMOTO 3KCIIepH-
MeHTaJlbHOro Marepuana. OmHaKO MBI IIpearioja-
raeM, 9ro 1 B cirydae CDOODM yBeandeHne cTpaToc-
¢epHO-TporochepHOro ooMeHa B OTAEIbHbIE TOIbI
TOXE€ MOXET BHOCUTb BKJIAJ B CIMSTHUE BECEHHETO U
JIETHEro MakKCUMyMOB, CM. HMXe pUC. 40 1 MosICHe-
HUS K HEMY.

MuyHMMYM KOHLEHTpalMM O30HA Habiwoga-
eTCs B 3UMHME Mecslbl U KojieOJeTcsl B paiioHe
49—54 Mxr/m3. DTO OOYCIOBIIEHO CHUXXEHUEM aK-
TUBHOCTU (DOTOXMMUUYECKOI0 00pa30oBaHUsI 030HA B
XOJIOJHBIA TEPUO B CBI3U C OTPAHUYEHHBIM IIPU-
TOKOM VJIBTPa(HOJIETOBOM COJHEUHOU pamgualiuu,
HEJOCTAaTOUYHBIM JJIs1 00pa3oBaHUsI BO30OYXIAEHHOIO
aTOMapHOro KUCJIOPOoJa U WHULIMMPOBAHUS peak-
I 00pa3oBaHUs TUIPOKCUIIA.

Kak BugHO 13 puc. 2, Ha cTaHUIUM HaOJIIOHAET-
CsI Ce30HHBIN X0 ABYX Pa3IMYHbIX TUIIOB: C OJHUM
MaKCMMyMOM (KOrda, Hapacrasi ¢ HadyaJloM BECHHI,
BBICOKAsI KOHIICHTpalMs IIPU3EMHOTO O30Ha IIep-
JKUTCSl 0 KOHLIA JIeTa — Hayaja OCeHM) U C ABYyMs
MaKCMMyMaMu (Korma B KOHIIE BECHbI — Hayale
JIeTa BO3HUKAET JIOKAJbHBIA MUHUMYM Pa3JIMYHON
CTEeTIeHU BBIPAXXEHHOCTH). 3a MCCIIeAyeMbIi TIEpUOT
CE30HHBII X0 C OMHUM MaKCUMyMOM OTMEUYAeTCs B
2016, 2019, 2020 rr.; ¢ AByMs MakcuMmymamu B 2017,
2018, 2021 rr. IIpu 3TOoM B mocAeaIHEM Ciaydae JIo-
KaJbHbIi MMHMMYM BO3HMKAaeT MPUMEPHO B OIUH
" TOT Xe Tiepuon, ¢ 15 anpens o 30 uions. Cro-
WUT OIIOJIHUTEIILHO OTMETUTD, YTO BTOPOM JIETHUU
MaKCHMYM B JIBYX CIIyJasiXx M3 TpeX He3HAUUTEIHbHO
MPEBLIIIACT IIEPBBIA.

[MonyyeHHBIC B XOIe aHAIM3a psia U3MEPEHU C
2012 mo 2021 rT. OLIEHKM JTUHEHNHBIX TPEHIOB KOH-
LIEHTpalX MPU3EMHOI0 030HA YKAa3bIBalOT Ha TO,
YTO 3UMOI HabmiomaeTcs cj1abo BbIpAaXKEHHbIN IO-
noxurtenbHbIi TpeHn 0.77 + 0.68%/ron (3mech u
Jajiee MpYBEACHBI BEIMYMHA TPEHIA U T0BEPUTEIb-
HBI uHTEepBal 95%), JeTOM — claboBBIpaKeHHBII
otpunatenbHbiit (—0.59 + 0.39%/ron). B BeceHHuMit
M OCEHHMII CE€30HHI TPEHIBl UMEIOT OKOJIOHYJICBEIE
3HavYeHMs. BennmunHa romoBoro TpeHaa 3a Bech MC-
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cITeTyeMBIi IEpUOJT TaKKe OJTM3Ka K HYIIO 1 STBIISIET-
cd cratucTiyecku He 3Haunmoi. [Tpu atom 2016 T.
OBLT UCKJTIOUEH M3 PACYETOB IO IPUUYMHE OTCYTCTBUS
MepPBbIX 4 MeCALIEB U3MEPEHUIA.

Hecmotpst Ha OTCYTCTBHME 3HAYMMBIX aHTPOIIO-
TeHHBIX MUCTOYHUKOB 3arpsI3HECHHII B OKPECTHOCTHU
CTaHLMM, OOIIWI YypOBeHb KOHIICHTPAIlUM O30HA
Ha CDOOM noBonbHO BeicoK. [lpu 3nHaueHuu 11K
cpenHecytouHoit 30 Mxr/M® B 97% nHeil ¢ usMepe-
HUSIMH 3TOT HOPMATUB TIpEBHIIeH [[ MrneHnmyeckue
HopMmaTuBbl 2.1.6.1338-03]. Ciyyau TpeBBILLIEHMS
MakcuMaibHOM paszoBoii ITJIK, paBHoit 160 MKT/M?,
B 2016—2021 rr. npakTU4ecKu He ObUIU 3apUKCUPO-
BaHbl (0.03% oOT Bcex 4acOBBIX 3HAYeHMd, 14 smu-
30[10B), a MakCMMaJjibHas cpeaHevYacoBasi KOHIIEH-
Tpauus 030Ha, paBHasg 195 MKr/m3, HabG0ganIach
25.08.2018. BmecTe ¢ 3TUM 3MU301bI MPEBBIIEHUS
MK cpegnero 3a 8 4, pekoMeHgzoBaHHOTO BO3 1
paBHoro 100 Mxr/M?* (nanee “HopMaTuUB”), HabIIONA-
I0TCSI TOCTATOYHO 4acTo (0KOJI0 5% cilydaeB OT BCeX
JIHel ¢ uaMepeHusmu B repuona ¢ 2016—2021 rr.),
a CpeJHECYTOUYHBIC 3HAUYCHUS KOHIICHTpAllUU B Be-
CEHHEe-JIETHUI TTepUO PEeTYISIPHO MPUOIMKAIOTC K
BbIOpaHHOMY HOpMaTuBy. [1oydeHHbIE OLIEHKHU CO-
[JIACYIOTCS C pe3yJbTaTaMU MCCJICHOBAaHUN B OJI13-
KOM II0 XapaKTepy permoHe, TakKoM Kak bojrapckoe
YepHoMopckoe mmodepexnbe [Barantiev et al., 2013],
IJIe aBTOPBI YKa3bIBAIOT YPOBEHb CpeaHEMECSIIHOM
KOHIIEHTpallUU MPU3EMHOIO 030HA B AMara30He OT
52 go 69 ppb (105—139 mkr/m%), a MaKCMMallbHbIE
3HaYeHus 10 144.6 ppb (290 Mxr/Mm?).

Ecnu paccmarpuBaTh GajlaHC 030HA B IIEJIOM,
BKJIaJ, B OOIIYI0O KapTUHY MOTYT HOOaBJISATh TakKxKe
M MECTHBIE IPOLECCHI, TaKue KaK HaJu4yhe CTOKa
Ha TOICTUJIAIOIIYIO ITOBepXHOCTh. C yUeTOM peruo-
HaJIBHBIX KJIMMATUYECKHX U IIPUPOTHBIX OCOOCHHO-
CTeil B BECEHHUE MECSIBl M B UIOHE €CTECTBEHHBIC
MpOLIECChl CTOKA 030HA Ha MOJCTUIAIONTYIO TOBEPX-
HOCTh MOIYT cocTaBiisAiTh okosio 0.6 cM/c [benan,
2010], HO K uI0JII0, KOIIa paCTUTEILHOCTh B 3HAUU-
TeJbHOI CTEIICHM BHITOPACT, a IIOYBBI IIEPECHIXAIOT,
BKJIAJI 3TUX IIPOLIECCOB YMEHbBIIIACTCSL.

g moHMMaHUS pa3iuyudii B CE30HHOM XOIe
KOHIIEHTPAIlMX MPU3EMHOI0 030HA B BECEHHE-JIET-
HUit mepuo aBTopbl BEIOpanu asa roja (2017 r. ce-
30HHBIN X071 ¢ AByMs MakcumyMmamu; 2020 r. — ¢ ox-
HUM MaKCHUMYMOM), XapaKTepHU3YyIOIInecs ¢ OTHOMI
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Puc. 3. KoppesiiioHHast CBSI3b CpeIHECYTOYHBIX 3HAY€HMI KOHLIEHTPALUK IIPU3EMHOro 030Ha (MKr/M*) 3a mepuon 2016—
2021 rr.: a — ¢ TeMreparypoii (°C); 6 — ¢ OTHOCUTEJIEHOM BIIaXHOCTHIO (%).

CTOPOHBI HEMPEPHIBHOCTHIO, a ¢ APYroil — Haubonee
SIPKO OTpaXKalollMe pa3IMdus BHYTPUTOIOBBIX Ba-
puanuii. CpaBHEHUSI IapaMeTpPOB, OKa3bIBAIOIINX
BJIMSIHUE Ha KOHIIGHTPAlMIO IPU3EMHOTO O30HA,
MPOBOIMIINCH 3a Tiepuon ¢ 15 mas o 30 uioHsI, B KO-
TOPBI HAOIIOOACTCS MPOSBICHUE JTOKAIBHOTO MU-
HUMYyMa.

B pesyibTaTe NpoBEeNEcHHOTO IOMOJHUTEILHO-
r0 aHaJu3a BBISICHWIOCH, YTO HAJIMYKME WIM OTCYT-
CTBUE BECEHHE-JIETHET0O MUHUMYMa HE COOTHOCUTCS
C OCOOEHHOCTSIMU METEOpPOJIOTUYECKUX XapaKTe-
PUCTHUK, TAKMX KaK TeMIIepaTypa U OTHOCUTEIbHAs
BJIAXXHOCTb, WM KOJIMYECTBOM COJIHEYHBIX ITHEM.
PaccmarpuBaembie 2017 1 2020 rr. okazaauch Ipak-
TUYECKU WACHTUYHBIMM. [IpyM KOJWYECTBEHHOI
OLICHKE 3a 3TOT IIEPUOI OTHOCUTENIbHASI BIAXKHOCTh
pas3nuuaeTcs MeHee yeM Ha 2%, TeMIiepaTypa MeHee
1°C (4%). I1poBeaeHHbIN aHAINU3 TAKXKE HE BHISIBUII
Pa3IMuMii B peXrMax 00JIaYHOCTH B YKa3aHHBIN Tie-
pUOI, cpelHee pacnpeneIeHrue ACHBIX U 00JaYHbIX
JIHEH 111 000MX TOIOB UIEHTUYHO C MpeobdiiagaHu-
€M SICHOM, cotHeYHO# noroas! (0kos0 70%).

K Tomy xe, B iesioM 3a mepuon 2016—2021 rr. Ha-
oomaeTcst TIpsiMasi CBSI3b MPU3EMHOI KOHIIEHTpa-
unu O, ¢ TemMriepatypoii (puc. 3a) u obparHast CBsI3b
C OTHOCHUTEJIbHOM BiaxKHOCTbIO (puc. 30). Temre-
paTypa BBICTYIaeT Kak (pakKTop TeHepalluyd O30Ha,
BJIAXXHOCTb CIIOCOOCTBYET pa3pyllIeHMIO, TaK KakK

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

SIBISIETCS TIPUPOIHBIM MEXaHW3MOM COpOIMM Ka-
mwissmu Bonwl [Feister et al., 1991; Rasmussen et al.,
2012].

31ech ciaeayer OTMETUTb, YTO Ha puc. 30 yka-
3aHa OTHOCHUTENIbHASl BJIAXKHOCTb, KOTOpasi MMEeT
CBOIO COOCTBEHHYIO 3aBUCUMOCTh OT TEMIIEpPATypHI,
IMO3TOMY pHc. 30 clleayeT paccMaTpuBaTh KakK J0-
MMOJIHUTEJIbHOE TTOSICHEHUE K PUC. 3a, KOCBEHHO OT-
paxaroliiee TOT Xe caMblif 3(p(eKT, a UMEHHO B -
HUe aTMOoC(epHOIi cTpaTudUKALIMA Ha TTPU3EMHBIH
030H, CTEIeHb HEYCTOMYMBOCTH KOTOPOII BO3pac-
TaeT ¢ POCTOM TEeMIIEpaTyphl, B OCOOCHHOCTH B yC-
JIOBUSIX JIETHUX aHTULIMKJIOHOB [JIOKOIIIEHKO M JIp.,
2014].

Bemmuuna xoagduimenTa koppeasuun R Ko-
sebiaercsa okoio 0.6, gocTurass B HEKOTOPBIE TOIbI
0.7 nnsg oboux mapaMeTpoB (MpU aHAIU3€ TOJAOBBIX
HabopoB maHHBIX). OgHAaKO B mepuon ¢ 15 Mas 1o
30 uioHA IJisI CpaBHUBAeMbIX T'OJOB Kakas-I1u0o
3HAYMMasl KOPPEISIINS OTCYTCTBYET, M3 YETO CIIEeIy-
€T, YTO HaJIW4YMe JIOKAIbHOTO BECEHHE-JIETHETO MHU-
HUMyMa B HEKOTOpBIE TOJIBI HE CBSI3aHO C METEOPO-
JIOTUICCKUMU TTapaMeTpaMyu M MOXKET OOBICHSITHCS
XapaKTepoM aTMOc(hepHOI LIUPKY/ISILIA B pETUOHE.

Ha puc. 4 npencraBiieHbl 00paTHBIE TPACKTOPUN
IBIDKEHUS BO3IYITHBIX Macc, TTOTYyYeHHBIE C TIOMO-
mpio Monemm NOAA HYSPLIT na Bweicote 200 M
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Puc. 4. O6patHbie TpaeKTOpUM ABUKEHUS Bo3nyIIHBIX Macc o moaeau NOAA HYSPLIT Ha Beicote 200 M (MecTHOE BpeMsi
12:00, TpaekTopuu 96 4), a TakKe PO3bI BETPOB U PacIIpelie/IeHre CKOPOCTH BETPa Ha OCHOBE MeTeonoJieil peananmsa ERAS

(paspemienue 0.25° % 0.25°, mar 1 1), 900 mGap ¢ 15.05 o 30.06: a — 2017 r.; 6 — 2020 r.

(MectHOe Bpems 12:00, mpoaoKUTeIbHOCTDb TpaeK-
Topuii 96 1), a TakKXKe Po3bl BETPOB M pacrpeaese-
HHUE CKOPOCTHU BeTpa Ha OCHOBE METEOIIOJIcii peaHa-
mm3a ERAS Ha ypoBHe 900 M6ap mrst 2017 (puc. 4a)
u 2020 rr., (puc. 46) B nepuon 15 masg — 30 utoHs.
B manHOM cnyyae 1e1ecoo0pa3HOCTh MCITONIb30-
BaHUS MeTeornoJjieil peaHanu3a ERAS5 Ha ypoBHe
900 mbGap (uro cooTBercTBYeT IprmMepHo 1000 M
Hall YpOBHEM MOps) IJi IIOCTPOCHHUS PO3 BETPOB
00yCJI0BJIEHAa TeM, YTO palioH HAOMIOACHUWI Xapak-

N3BECTUA PAH. ®DU3KA ATMOC®EPHI 1 OKEAHA

TepU3yeTcsl KpaifHe CIIOKHBIM PEXMMOM BETPOBOM
Harpy3ku, M CTAaHIMOHHbBIE JAHHBIE O MPU3EMHOM
BETpE HE MOJIHOCTHIO OTOOPAXKalOT PErMOHAIBHYIO
KapTUHY. DTO B MIEPBYIO OYepeb CBI3aHO C PacIo-
JIOKEHWEM CTAaHIIMM Ha CKJIOHE Yy MOpSI B TOPHOM
paiioHe CO 3HAYUTEILHBIM IIePeIagoM BEICOT. 3aMme-
THM, 4TO MaKCHMaJbHasl BeIcOTa ropbl CBsTast, Ha
CeBEPO-BOCTOYHOM CKJIOHE KOTOPOM pacIiojioxkKeHa
CDOM, cocrasinster 577 M, ¥ 3TO HE €IUHCTBEHHAS
BEpPIITTHA B OKpYTE.

TOM 60 Ne 2 2024



214

IIpocTpaHcTBeHHOE pacripenejieHrue oOpaTHBIX
Tpaekropuii B Mac—utoHe 2017 r. m 2020 r. 3Ha4M-
TEIbHO PAa3HUTCS KaK B HallpaBJIeHUU IIepeHOca,
TaK ¥ B YaCTH BBICOTHI OBIDKEHMS BO3MYIIHBIX Macc.
B cnydae ce3oHHOro xoma ¢ ABYMSI MakKCUMyMaMU
MPOCIEXKUBACTCS SIPKO BhIPAXKEHHbBIM MEpUIMOHAb-
HBI CEBEPHbIN MEepeHOC C OONBIIMM BKJIaI0OM IIpU-
3eMHOI KOMIIOHEHTHI BeTpa (puc. 4a). B To ke Bpems
IUTIST CE30HHOTO X0/Ia C OMHNM MaKCHMYyMOM XapaKTe-
PEH CMeIIaHHBIN TUIT aTMOC(EPHOI LIMPKYIISIIAN CO
3HAYWUTEIbHBIM YKCIIOM HUCXOISIIMX TPAeKTOPHIA,
YTO yKa3bIBaeT Ha BOBMOXKHOCTb 00Jie€ UHTEHCHUBHO-
ro cTpatocdepHo-TpornochepHoro ooMeHa (puc. 40).

OtcTpoeHHBbIe 110 MoyisiM peaHanu3a ERAS po3bl
BeTpoB sl ypoBHA 900 MOap MCKITIOYAIOT BIUSIHUE
CJIOXHOro JaHamadTa palioHa U3MEPEHUId 1 TIOAd-
TBEPKIAIOT Pe3yIbTaThl TPAEKTOPHOIO aHAIM3A.

Curyanuu, npuBoidgmue K (GOpMUPOBAHUIO
BBICOKOTO YPOBHSI KOHIEHTpAllMKM IIPU3EMHOTIO

OENOPOBA u nip.

o3o0Ha B paitoHe CDOOM, TpeOyIOT TOIMOITHUTEIb-
HOTO M3YYEHHUS C LIeJbI0 OIMpenesieHuss MeXaHu3-
MOB 3arpsi3HeHUSI U BBISBIIEHUS UX MCTOYHMKOB.
Tak, aHaju3 MPU3EMHOrO BeTpa IOKasalsl, 4TO B
MeCTe M3MEpPEeHMIl HeyacTO OTMEYaloTCs IITUje-
Bole nHU (8.4%), KaK U BeTep CBhIIIE 3 M/C, KO-
TOPBIN HabJIomaeTcs JUIIb B 8.6% cirydaes. Yare
BCEro B MeCTe M3MEpeHUIl PUKCUpYEeTCS yMepeH-
HbI BeTep cKopocThio 1—-3 m/c (83%). bpusosas,
a TaKXe TOpHO-IOJMHHAg BHYTPUCYTOYHAs LIMp-
KYJISILHUS OTCYTCTBYIOT U3-3a 0COOEHHOCTEM JIaH/I-
madra.

JJ1st Bcex rogoB U ce30HOB (pHUcC. 5a) pacmpene-
JieHne mpu3eMHoro Berpa Ha CDPOM MOXKHO oxa-
pakTepu30BaTh KaK CMeIIaHHOEe, HO IS SIIM3010B
MPEBBILIEHUS HOPMATUBa CTATUCTUYECKOE pacIipe-
JeJIeHe yKa3bIBaeT Ha TO, 4To 10 50% ciiydaeB cBS-
3aHBI C 3ITM30JaMH1 I0KHOTO U I0TO-BOCTOYHOTO Be-
Tpa (B CBSI3U CO CIOXHOI oporpadueil oba ciaydas
OTHOCSTCS K BeTpy ¢ Mops) (puc. 50, Tab. 1).

Taomuna 1. CtaTrcTHYeCKOE pacrpeae/ieHre BeTpa 1o HarpaBiaeHusM (qHu, %; C — ceBepHBbIi BeTep, CB — ceBepo-BOCTOUYHBIIA,
B — BocTounslii, FOB — 1oro-BocTounslit, O — roxHbIN, KO3 — 1oro-3ananuslii, 3 — 3anagabiii, C3 — ceBepo-3amamgHbIii)

Yucno cinyyaeB Yucno ciayyaeB Yucno ciaydaeB (npesbile- | Ywucio ciyyaes (IpeBbl-
Hanpasnenne serpa 2016—2021 2016—2021, % HUEe HOpMaTKBa) LIeHEe HOpMAaTuBa), %
C 4804 9.7 400 12.1
CB 1308 2.7 112 3.4
B 1658 3.4 210 6.3
IOB 6906 14.2 860 25.9
J{0) 9043 18.6 756 22.8
103 7116 14.6 358 10.8
3 6945 14.3 292 8.8
C3 10942 22.5 330 9.9
Hroro 48722 3318
(a) C (©) C
CB C3 ' CB
3% r 7B 3 B
OB 103 OB
10 10

Puc. 5. Posbl Betpos, 2016—2021 rr.: a — Bce 3HaueHus; 6 — Ui clyyaes ¢ KoHueHTpauueit O, Bbiute 100 Mr/m?.

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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Puc. 6. CpenHee pacripeesieHre 00ILIEro comepxaHus o30Ha (B equHuiax JobcoHa, 1o gaHHeM AIRS v6) 1 oGpaTHbIE Tpa-
exropuu (120 yacos) st BbICOTBI 200 M H.y.M. 1ist cydaeB KoHueHTpauuu O, > 100 Mxr/M3 B Teuenue 8 1 moapsn u 6onee,

2016 r.: a — BecHa (ampenb, 12 ciydaeB), 6 — jieto (6 ciaydaes).

TpaekTOopHBIM aHaIM3 HAa OCHOBAaHUM MOJEIU
NOAA HYSPLIT a5 ciay4aeB IpEBBIIIEHUSI HOP-
MaTuBa TOKa3aJl, 4TO KapTUHAa LIMPKYJISLMU BO3-
JYITHBIX MacC B PETMOHE TaKXe MMEET CBOU CE30H-
HbIE U MEXTOIOBbIE 0COOEHHOCTH (puc. 6).

Ecm mna dpukcupyemsix Ha COOM HUBKHIX KOH-
LIEHTpalii 030Ha B MEPMOJ JIOKAJIBHOTO MUHUMYyMa
XapakKTepeH MEPUINOHAIBHBIA CEBEPHBINA IIEPEHOC
(IOTTOJTHUTEITLHO CM. PUC. 4a), TO CITydar BBICOKMX KOH-
LICHTpALMii B BECEHHUI MEPHOM CBI3aHBI, KaK ITOKa-
3aHO Ha puC. 6a, ¢ I0ro-3amagHbIM, 3aragHbIM U CeBe-
pO-3aIaTHBIM TIEPEHOCOM; ITPY 3TOM MPAKTHIECKH BCE
TPaeKTOPUM TaK WY MHA4Ye MPOXOAIT Hal aKBaTOpHUei
Yeproro mopsi. Ha nmpKynsiiyio BO3AYIIHBIX Macc B
3TOM CJIy4ae OKa3bIBAIOT BIMSHUE YEPHOMOPCKUE 1T1-
KJIOHMYECKIe Me30MaCIITaOHbIe BUXPH, KOTOPBIC BO3-
HMKAIOT ITpY 00TeKaHn1 KaBKa3CcKuX rop CUIIEHEBIM Ce-
BEPHBIM BETPOM U MPEICTABIISTIOT COOO0M ITOTOK BO3IyXa
I0T0-BOCTOYHOI'O HaIlpaBJIEHUs], UMEIOIIETO IIUKIIOHU-
YeCKylo 3aBUXpeHHOCTh [ EprimoB m 1p., 2009; 3auienH
n 1p., 2010]. B aTOM ciIydae MCTOYHMKAMM 3arpsi3He-
HUS IPEIIIeCTBEHHNKAMU 030HA MOT'YT CITy>KUTh TaKKe
CTpaHbl, KaK YKpauHa, Typuus, PymbiHus v bonarapusi.

JmvtenbHast TUPKYISLUS (10 HECKOJBKUX JTHEM)
aTMocdepHbIX Macc Han akBaropueil YepHoro Mopst
TaKKe UTpaeT BAXXHYIO poJib B IIPOLIeccax epeHoca 3a-
TpsI3HEHMIA, TaK KaK CTOK 030Ha Ha ITOBEPXHOCTH COJIC-

N3BECTUA PAH. ®DU3KA ATMOC®EPHI 1 OKEAHA

HOIi Boawl KpaiiHe He3HauuteneH (0.04 cm/c) [benan,
2010]. Cnenyet ZOMOJHUTEIHHO OTMETUTD, YTO HAJIU-
Yye WIM OTCYTCTBHUE OOJBIIOTO YMCIIA MPUXOIAIINX C
3arnazia TpacKTOPUiA, BO-TIEPBBIX, MOXET SIBIISITHCS IIPU-
YHOM OIHOTO WM ABYX MAaKCMYMOB KOHIICHTPAIIAH
MPU3EMHOI0 030Ha B CE30HHOM XOJIe, & BO-BTOPBIX,
CBSI3aHO C YPOBHEM 3arpsi3HEHMSI PU3EMHBIM 030HOM
paiiona CPOM, 4TO KOCBEHHO TMOATBEPXKIAETCS KaK
puc. 4, Tak ¥ IPeICTABJICHHBIM HIKE pUC. 6.

K 7nery, korma HMpKyIsus Hajg YepPHOMOPCKUM
bacceifHOM ocjlabeBaeT, MePEeHOC BO3MYIIHBIX MAcC
OCYIIECTBJISIETCS B OCHOBHOM Hajl CYIIEeil cO CTOpO-
Hbl YKpauHbl 1 ora Poccun (puc. 60).

KonmmyecTBEeHHO MeTonm OOpaTHBIX TPaeKTOPHUiA
MO3BOJISIET YCTAHOBUTH paclipelieJieHre, MpeacTaB-
JIEHHOE B Ta0J1. 2.

ITpoBenennblil aHanu3 131 31m301a MPeBLIIIEHUS
HOpMaTKBa 3a 6 JieT (0OpaTHBIE TPACKTOPUH OTCTPOE-
HBI Ha 96 4) IMOKa3bIBaeT, YTO BeCHOM 25% 0OpaTHBIX
TpaeKTOPUI TIPUXOISITCS Ha TMEPEeHOC BO3MYLIHBIX
Macc Haj akBatopueit YepHoro Mopsi v rpeacTaBJisi-
0T cO00OI MUTpALUIO C TEPPUTOPUIT OIM3IEKAITIX
pervoHoB u ctpaH (Ykpawusel, Typunu, Pymberaun,
bonrapun) mpy HaIMUMKM Ta30B-TIPENIICCTBEHHM-
KOB C MPOTEKAHWEM TPOIIECCOB T€HEpAllM U pa3-
pylLIeHUs Lienodek GoroxumMmdeckux peakuuii. 20%
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Ta6muma 2. [TpolileHTHOEe COOTHOIIIEHNE CTyJaeB HUCXOASIIETO W MIPU3EeMHOTO TiepeHoca (HaJl MOpPeM WIN CYIIeit) 1o ce30HaM

151 IMU3040B IIPEBLILLICHUA HOPpMAaTHBa

. . IpusemHblii iepeHoc Hapn | [Ipu3eMHBIi TepeHOoC Ha
Ce30H, KOJIIMYECTBO AHEN, TPAEKTOPUU Hucxonsuii mepenoc, % viopes, % cymeit, %
Becha (60 cimydaeB) 55 25 20
Jlero (64 ciyuas) 53 5 42

MPU3EMHOTIO MIEPEeHOCa OCYILLIECTBISIETCS Hall CYILEH,
ocTasibHbIe 55% CBSI3aHBI C HUCXOISIIM IIEPEHOCOM.

Hucxongmuii nepeHoc B JaHHOM ciiydyae omnpeie-
JIIETCS TI0 CXOXKIEHUIO TPEX TPACKTOPHIA, OTCTPOEH-
HbIx 11t BeicoT 200, 500, 1000 M. 3a kputepuii mpu-
HSTO TIpeoJoeHre TpacKTopusIMu 6ojree uem 8§00 M
OT HAYaJIbHOM TOYKM.

B neTHuit nepuon KapTuHa HeCKOIbKO nHas: 42%
TPaeKTOPUIi, CBI3aHHBIX C IPU3EMHbBIM IIEPEHOCOM,
TIPOXOSIT Hall TEPPUTOPUEH CYIIIN.

EnuHuYHBIE Cllydau TPEBBIIIEHUsS KOHLIEHTpa-
LIMU TIPU3EMHOTO 030HA HOpMaTHBa HaOJIOIAIOTCS
TaKXXe B OCEHHMI1 ITIeprO/I, HO TAKOBBIX 3a UCCIIeIye-
MO€ BpeMsT HaCUUTHIBACTCS 7, UTO He IMO3BOJISIET CTa-
TUCTUYECKU OXapaKTepPU30BaTh paciipeacsieHre Kak
3HAYMMOE.

PaccMoTpuM 4YacTHBIM ciaydail TIpeBBIIICHUS
HopMmaTuBa Ha CDPDM, HabmogaeMbIil HA CTAaHLIMA
8 mag 2016 r. (puc. 71), ¥ BOCCTAHOBUM KapTHUHY
aTMocGepHON TUPKYISIIINY 3a 4 THSI 10 (PUKCALINU
TaKOTI'0 IIPEBHIIICHNS B MECTE HAOTIOACHUIA.

Tak, B KauecTBe BM3YyaJIbHOIO MHINKATOPA Iepe-
MeIIeHUs 3arPSI3HEHHBIX BO3AYIITHBIX MACC BHIOPAHbI
MOCYTOUHBIE paclpeneeHus] O0IIero CoaepKaHUs
CO (opouranbHberit mpudop AIRS) kak B oCHOBHOM
AHTPOIIOTEHHOTO ra3a ¢ BBICOKMM CPOKOM XHM3HU B
aTMocdepe, KOTOPBIN TaKKe 3aJeICTBOBAH B LIETIOY-
Kax (DOTOXMMMYECKUX peaKlnii 1 MOXKET UMETh 00-
IIMe UCTOYHUKU aHTPOIIOTEHHBIX BHIOPOCOB C APY-
TMMMU ra3aMH-IpeanecTBeHHNKaMH 030Ha, TAKMU,
Hanpumep, Kak NO .

Takke HYXHO YYUTBIBaTh, YTO CpeAu IPOYMUX
(bOTOXMMUYECKUX MEXaHU3MOB reHepatuu O, Mex-
Ny TIOBEIEHWEM O30Ha M OKMCHU yIjepoaa MPUCYT-
CTBYeT BeIcoKas koppensuus [KorenbHukos, 2015].
I1pu orcyrcTBun CO mim yriieBogopoaoB B HIKHE
Tponocepe yCTaHABIMBAETCI (POTOXMMUYECKOE

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

paBHOBECHE MEXIY OKCHMIAMW a30Ta U O30HOM, HO
B nipucytctBur CO WK IPYrux yriIeBOLOPOAOB 3TO
paBHOBECHE HapyIIIaeTCs.

CO+OH=CO,+tH,

H+O0,=HO,+ M,
rme M — mobast TpeThsl MOJIeKyJIa, abcopOupyroias
9HEPTUIO PEaKLINU.
HO,+ NO=OH + NO,,
NO,+ hv=NO + O, A <420 um,
0+0,+M=0,tM,
CO +20,=CO,+ 0,.
B xone aToit yepenbl peakinii odOpa3yeTcsl CBO-

o6omubrit Tuapokcrst OH, KoTopeIil B mambHeHIIEM
MOXKET OKHUCJISATh ClIeayIonnyto Mojiekyay CO.

Kak yxe roBopmyioch paHee, IPUMECH, SIBIISIIO-
myecs TMpeallecTBeHHUKaMU 00pa3oBaHUs 030HA,
MOIYT TEPEHOCUTbCS Ha 3HAYUTESIbHbIE PACCTOSI-
HUSI, & B 3arPSIBHEHHONM MU Cpejie TPOUCXOAUT Te-
Hepallus 030Ha, YTO MOXET MPUBOAUTH K (DUKCALTUUN
TOBBIIIEHHBIX KOHIIEHTPAM B MECTax, YCIOBHO
He 3arpsg3HeHHbIX. MU3mepenuss AIRS o CO (ume-
IOllIMe B KAYECTBE HEOCTATKA HEBBICOKYIO UYBCTBU-
TEJTbHOCTh K MPU3EMHOMY CJ1010 aTMOc(hephl U B OT-
JIeTbHbIE THU — HETOJHOE TTOKPhITUE TTOBEPXHOCTHU
CUTHAJIOM), TEM HE MEHeE MO3BOJISIOT MOCTPOUTH
pacrnpenesieHrs, OTpaXarolre MeXaHU3MBbI IiepeMe-
LIeHUs mpumeceit (cM. puc. 7).

Ha puc. 71 npencraBieHa KapTMHA HpPOCTpaH-
CTBEHHOTO pacIpenejiceHIusT OOIIero ComepXKaHMS
okucu yriepona (CO) mo manHbiM AIRS ¢ Hano-
>KEHHBIMU Ha Hee 00paTHBIMU TpaeKTopusiMu (96 4,
12:00) mnst ciyyast MpeBBbIIEHUsS HOpMaTuBa, 3a-
duxcupoBaHHoro B Mecte usmepenuii 08.05.2016 r.

U no, u mocne 08.05.2016 r. B MecTe n3MepeHUIt
IMOCTOSIHHO (DPMKCHUPOBAJICSI TIOBBIIIEHHbBII YPOBEHD
3arpsI3HEHNST 030HOM (CM. Tabi. 3), YTO MO3BOJIUIIO
OIpENeIUTh HayaJlo TaHHOTO 3IM301a THEM, KOorma
HOpPMAaTHUB He IIPEBHIIIIeH, a TAKXKE IMIPUBECTH KapTH-
HY YCTOMYMBOIO aTMOC(EPHOTo IIepeHoca 11T JaH-
HOTO cyyas.
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Puc. 7. IlocyrouHble MpOCTPaHCTBEHHbIE paclpeaeeHus oblIero comepxaHus okucu yriepoga (CO) (Mosekyma/cm?,
AIRS v6) ¢ HaJTOXXeHHBIMM Ha HUX IIPSIMBIMU TPASKTOPHUSIMU IBVKSHUST BO3MYITHBIX Macc — (a) 04.05.2016T.; (6) 05.05.2016T.;
(8) 06.05.2016 r.; (r) 07.05.2016 r.; 1 HAJIOXEHHBIMKU OOpaTHBIMU TpaekTopussmMu (96 1) — (i) 08.05.2016 r. s caydas mpe-
BBILIEHUST KOHLIEHTPALUMY IIPU3EMHOTO 030Ha HOpMAaTHBa, 3apeructpupoBaHHoro Ha COOBM 08.05.2016 .

Taomuma. 3. [IpuMep cpelHECYTOYHBIX 3HAUYCHWIA KOHIIECH-
TpauuM Tipu3eMHOro o3oHa Ha CODM misg BbIOpaHHO-
ro niepuona ¢ 04.05.2016 mo 12.05.2016, a Takke HaJIUYMS
WM OTCYTCTBUSI TIPEBBIIIEHUsSI HOpMAaTHBa (KOHIIEHTPALIMsI
O, > 100 Mkr/M* B TeueHue 8 4 oapsn u 6oJee)

Tata CpenHecyTouHast KOHI;ICH— TpeBbiIeHNe
tpauust O,, MKI/M HOpMaTHBa
04.05.2016 81 HeT
05.05.2016 97 na
06.05.2016 104 na
07.05.2016 103 na
08.05.2016 110 na
09.05.2016 120 na
10.05.2016 116 na
11.05.2016 111 na
12.05.2016 132 na

N3BECTUA PAH. ®DU3KA ATMOC®EPHI 1 OKEAHA

Kaxk BugHo u3 puc. 70, COOM HaxoauTcs B ITOJIe
MOBBILIEHHOIO COIEp:KaHUS OKUCHU yriaepoga. Pu-
CYHKHU 7a, 0, B, I C HAJIOXKEHHbIMU HA HUX TIPSIMBIMU
TPaeKTOPUSIMU (HEM3MEHHO BEAYIIUMU K MECTY U3-
MepeHUi1) HaTJISIIHO WITIOCTPUPYIOT PErMOHAIBHBINA
HU3KOYPOBHEBBII NepeHoc 3arpsi3HeHHbIX CO BO3-
IYLIHBIX Macc.

DTO B COYETAaHUU C BHIIIIECKA3aHHBIM O3HAYAECT,
YTO 3HAYMTEIbHOE BIIMSHME Ha HaOMomaeMyrlo Ha
CDODOM KapTUHY OKa3bIBAIOT CJIOXHBIE IPOLECCHI
aTMocepHOii LIMPKYJISILIMA B PETMOHE, UTO TakKXKe
MMOATBEPKAAETCA MaJbIM KOJMYECTBOM IINTUJIEBBIX
JTHE.
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BbIBO/1bl

KoHlleHTpayss MNpU3eMHOIO O30HAa B paiioHe
Kapamara nmeeT sIpKO BBIpaKeHHBIN CE30HHBINM XOI.
MUHMMYM KOHIIEHTpallUM HaOIIomaeTcs B 3MMHUE
MecSI1Ibl, MAKCUMYM (OIWH WJIM ABAa) MPUXOJUTCS Ha
BECEHHE-JICTHUI Ce30H. Y CTaHOBJICHO, YTO B OT/C/Ib-
HbIE TOIBI CE30HHBIIA X0 MOXET UMETh BhIpAaXKEHHBII
JIOKQJIbHBIIA MUHIMYM B KOHIIE BECHBI — HaJaJIe JIeTa.

OnpeneneHo, YTO pa3IMuus MEeXIy AByMs TUTIaMU
BapvalMii KOHLEHTPALIMM O30HA B BECEHHE-JICTHUI
nepuoa He oOyCJIOBJICHBI Pa3IMYMsIMU TEMIIEpaTyp-
HO-BJIAXKHOCTHOTO pPEXMMa M YMCJIOM COJIHEYHBIX
nHeit. [TpuynHO HATUYKS UM OTCYTCTBUS JIOKAJIb-
HOIo0 MUHMMYMa SIBJISIIOTCSI OCOOEHHOCTH PeXX1Ma at-
MocC(epHOIi TUPKYISLIMA B pa3HbIE TOIbI.

HecMoTpss Ha oTcyTCcTBME BOJM3U CTAaHLUU JIO-
KaJIbHBIX MCTOYHMKOB 3arps3HEHU, OOIIuii ypo-
BeHb KOHIIEHTpanuu o30Ha Ha CO®OM n0BOJILHO
BBICOK, OCOOEHHO B 3MM301aX, COMPOBOXKIAIOIINX-
Csl IOXKHBIM U I0T0-BOCTOYHBIM MPU3EMHBIM BETPOM
(Betep ¢ mops#). Yacrora npeswimenus 11K (cpen-
HEro 3HaYeHus 3a 8 4) cocTaBisieT OKojo 5% 3a ne-
puojg 2016—2021 rr.

TpaexTopHBII aHaIU3 TTOKa3aj, YTOo IS CIy4aeB
MPEBBIIIEHUST HOPMATUBa BECHOW IBMXXEHHE BO3-
OYIIHBIX MacC MPOMCXOOWUT Haja akBaTtopueit Yep-
HOTO MOps, IpeobiamaeT aTMOC(EepHBIM IEPEeHOC
C CEeBEpPHOr0—CEeBEPO-3araJHOr0 HAMpPaBICHUN CO
CTOPOHBI LIEHTpaJIbHOI YKpauHbl, Typuuu, Pymbi-
HUM U bonrapuu; B JeTHUE Mecslbl NpeodagaeT
MEepPeHOoC Haja Cyllell ¢ BOCTOYHOIO HaIlpaBICHMUS
(Yxpauna, 1or Poccun).

TpeHabl KOHLIEHTpallMM O30HA KakK B LIEJIOM 3a
nepuon 2012—2021 rr., Tak U B paMKaX CE30HHBIX
OLIEHOK, UMEIOT OJIM3KME K HYJIIO 3HAYEHUS U CTaTH -
CTUYECKU HE3HAYMMBI.
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Near-Surface Ozone Concentration Variability Analysis in the Karadag Nature Reserve

E. 1. Fedorova!, V. A. Lapchenko?, N. F. Elansky', V. S. Rakitin!, A. I. Skorohod', A. V. Vasilyeva'

'0Obukhov Institute of Atmospheric Physics, Russian Academy of Sciences, Pyzhevsky per., 3, Moscow, 119017 Russia
2Vyazemsky Karadag Scientific Station — Nature Reserve of RAS — Branch of A.O. Kovalevsky Institute of Biology of the
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*e-mail: fedorova @ifaran.ru

The article presents the results of a study of a near-surface ozone concentration variability in the Crimea
at the background environmental monitoring station in the Karadag Nature Reserve for 2012—2021 years
with a more detailed analysis of the last six years from 2016 to 2021. A significantly high level air pollution
of a near-surface ozone was revealed in the observation region, despite the absence of nearby sources of
industrial emissions.

The relationship of near-surface ozone concentration and meteorological parameters was investigated.
Wind directions leading to increased levels of near-surface ozone pollution are established. Intra-annual
variations of near-surface ozone concentration are analyzed, the factors causing the local summer minimum
of surface ozone concentration in some years are established.

By using the NOAA HYSPLIT model and ERAS reanalysis, a spatial analysis of the atmospheric circulation
pattern in the region was carried out. The recurrence of episodes of exceeding the ozone concentration
100 micrograms/m? during 8 or more hours (WHO recommendation) was estimated. Possible causes of
these episodes were determined. The mechanisms of long-range transport and its contribution to the near-
surface ozone regime in the area of the station have been established. Annual trends of near-surface ozone
concentration in the period 2012—2021 years are estimated as statistically insignificant.

Keywords: monitoring of atmospheric composition, tropospheric ozone, ozone precursors, maximum

permissible concentrations of ozone, long-range transport of impurities, trajectory analysis, remote sensing
of the atmosphere
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B cratbe aHaMM3UPYIOTCS IO CepeOPUCTBIX 00JaKoB Haa Tepputopueii PO, 3adukcupoBaHHbIE Ha-
3eMHOI1 CeThI0 (POTOKAMED C UCIIOJIb30BAHMEM TAKKE CAMOJIETHOM (POTOCHEMKU, B TEeUEHHUE ABYX HOUYEH
B uioHe 2021 r. IIpogeMOHCTpUPOBAHO, YTO CAMOJIETHASI CheMKa MOXET CYILIECTBEHHO YIydIlaTh IIOKPhI-
THE TEPPUTOPUU BEPOSTHOTO IOSIBIIEHHMSI CepeOpUCThIX 00jakoB. OOHApYXEHHBIE IO CepeOpPUCThIX
00J1aKOB COITOCTABISIOTCSI C MOJEIbHBIMU 00JIACTIMU KOHAEHCALUKM BOASHOIO Iapa, MOJIyYEHHBIMU C
IIOMOILIbIO CITYTHMKOBBIX M3MEPEHMI1 TeMITepaTyphl U OTHOLLIEHMSI CMECU BOAsIHOro mapa. Ilpeniaraiorcst
MPaKTUYECKUE IIIaru o Pa3BUTUIO CAMOJIETHBIX HAOMIONCHU CepeOPUCTHIX 00IaKOB.

KmoueBbie coBa: cepeOpUCThIE 001aKa, MOHUTOPUHT, caMoJieTHasl (OTOCheMKa, CETh Ha3eMHBIX (POTO-
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BBEJAEHHWE

MOHUTOPUHT M3MEHYUBBIX Me30cdepHBIX (ce-
pebpucteix) obnakoB (C.0.) BepxHeit me3ochepsl
MMPOBOIUTCSI C MOMOIIBIO CETH Ha3eMHBIX (hOTOKa-
Mep, PacITOJIOKEHHBIX Ha mmpoTax 55°—57° CeBep-
Horo noayuapus [Dalin u gp., 2008; Dubietis u ap.,
2011], a Takke MCKYCCTBEHHBIX CITyTHHUKOB C OKO-
JionoasipHbIMU opouTamu. M HazeMHBIe, U CITyTHU-
KOBBIE CIIOCOOBI MOHUTOPHMHTA, OCYILECTBIISIEMOTO B
JIETHEE BpeMsl, KOIIa OHU ITOSIBJISTIOTCSI B BEICOKUX 1
CpeOHMX IMUPOTAX, UMEIOT JOCTOMHCTBA M HEAOCTAT-
ku [Dalin u ap., 2020], Ho naxe UX OObeAUHEHUE HE
JaeT JOCTATOYHO MOJIHOM KapTUHBI M3MEHYMBOCTU
nosieit C.O. B MpocTpaHCTBe U BpeMeHU. BMmecTe ¢
TE€M, B HACTOsIIee BpeMsI UMEETCSI MaJIO MCIOJIb30-
BaHHBII NOTEeHIMAIBHBINA NCTOYHUK MH(POPMALIIU O
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C.0., ba3upylomuiicss Ha HOYHBIX TI0JIETax caMoJie-
TOB Ha JaJbHUE PaCCTOSTHMUSI.

Jlerom 2019 r. BriepBbI€ OBLIO IPOBEIEHO KOM-
IUIeKcHOe HaOmoneHnue n usydenue C.O. ¢ 6opToB
PETYISIpPHBIX aBUAPEUCOB SAITOHCKOI aBUaKOMITAaHUM
All Nippon Airways [Suzuki u np., 2022]. Ha 6op-
Ty CaMOJIETOB ObLUIM YCTaHOBJIEHBI MajiorabapuTHbIE
nerkue kKamepbl GoPro HERO 7 nmng BusyanbHOI
peructpamun C.0O. depe3 mmoOMHHATOpHI. Bcero
ObLT0 BBINTOJHEHO 13 aBuapeiicoB Mexay AnoHueii u
CeBepHolt AMepuKoii, 1 Mexay fJmoHueit n 3anan-
Hoit EBpomnoii. B pe3ynbrare aHanr3a JaHHBIX ObLIO
YCTAHOBJICHO, UYTO U3 3TUX 13 MoneToB cepedpucThie
ob6aka ObUTM 3a(pUKCUPOBAHEI B 8-MM CiIydasx Ha
cpeaHMX U cyOonosipHBIX mupoTax. [1o pesyiapraTam
JTAHHBIX TECTOBBIX HAOJIIOAeHI OBLIO ITOKA3aHO, UTO
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aBuajaliHep SIBISIETCS MOIITHBIM UHCTPYMEHTOM IS
HEeMpepLIBHOTO KOHTPOJISI 9acTOTHI TTosiBiieHus C.O.
Ha CPeIHUX IIMPOTaX, YTO OOBITHO 3aTPYyIHUTEILHO
JeJaTh CO CITYTHUKOB, HaXOISIINXCS Ha ITOJISIPHBIX
opOuTax, M3-3a UX PEAKO BHLIOOPKU HAOJIONEHUIA
C.0O. Ha cpegHMX IIUpPOTaXx.

Poccniickas @egepanus ¢ ee MOAXOASIICH 30HOM
M POT ¥ YHUKAIBHOM 30HAJILHON IMIPOTSKEHHOCTHIO
o0ylamaeT BechMa OJIATONIPUSITHBIM ITTOTEHIIAAIOM
JUISI TAKUX caMOJIETHBIX HaOmoneHnuii. B HacTosei
paboTe paccMaTpUBaIOTCS PEe3YIbTATHI IPOOHBIX Ha-
OmogeHIt BO BpeMs IBYX HOUYEH C MCITOJIb30BaHU-
€M He TOJIbKO CETEeBBIX Ha3eMHBIX HAOMIOACHMI, HO
" (POTOCHEMKH, IIPOBEACHHOI C caMoJjIeTa BO BpeMs
JIBYX MacCaxXMpPCKUX aBuapeiicoB MockBa—MpKyTck
n Mpkyrck—Mocksa B uioHe 2021 r. O0cyxnaercs
MEePCIEKTUBHOCTH 00JIee IUPOKOIO MCIOJIb30BaHUS
camMoJieTHOI poTtocheMKkH 11 udydeHust C.O.

NCITOJIb3YEMbBIE JAHHBIE

B HacTtosieil paboTe MCIONb30BaINUCh JaHHbBIE
Ha3eMHOI CeTH aBTOMAaTUYeCKOl (POTOCHEMKHU ce-
pebpucteix obaakoB [Dalin n op., 2008; Dubietis u
ap., 2011], koropas B nepnon 13—22 utons 2021 r.
BKJIIOYana B ceOd clenylollyve MyHKTH (30ech Iie-
peurclIeHbl TOJIBKO ITyHKTHI B Poccuiickoit ®Dene-
paunu u CeBepHoii yactu Kazaxcrana, c 3amana
Ha BOCTOK): O0HMHCK (55° c.ur., 37° B.1.), Kpac-
Horopck (56° c.m1., 37° B.1.), 3aBoskck (57° c.uI.,
42° B.n.), Kazanp (56° c.ur., 49° B.1.), Ilerponas-
JoBCK (55° c.ur., 69° B.1.), HoBocubupck (55° c.u.,
83° B.1.). Ha Bo3MoxHOCTh 0OHapyxkeHuss C.0. 1o
JAHHBIM Ha3eMHBIX (DOTOKaMep BIIUSIIN JIOKAJbHEIE
IOTOIHBIC YCJIOBUS, Pa3IMYHbIC B pa3HBIX MMYHKTAaX.
Hcnonb3oBanuch Takxke (POTOCHUMKU U 3aIIUCH OT-
JeIbHBIX HAa3eMHBIX Habiomatesicii, B TOM YKCIIe U
cobpaHHBEIe Ha caiite meteoweb (http://meteoweb.
ru/astro/nlc/map.php?date=2021-6-13, http://
meteoweb.ru/astro/nlc/map.php?date=2021-6-21),
caMOJICTHbIC HAOMIONECHUS M CheMKa C IacCaXKup-
ckoro camozeta (IIC) Bo BpeMst HOYHBIX aBUApEiicOB
MockBa—Hpkyrck 13/14 umiona m Mpkyrck—Mo-
ckBa 21/22 wions. [IpuMepsl Ha3eMHBIX U CAaMOJICT-
HbIX (oTtonzoopaxenuit C.O. nanbsl Ha puc. 1. Ilo-
CKOJIbKY OOJbIIIAsl 4acTh OOOUX IOJIETOB IMPOXOAUIA
BBIIIE TPOITOC(EPHBIX 00JIAKOB, Pe3yabTaThl CAMO-
JICTHBIX HAOIIONCHUM MeHee 3aBUCEIN OT ITOTOIHBIX
yciioBuii, omHako aBrxkeHue [1C OTHOCUTETBLHO CO-
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HEYHOIO TepMUHATOpa Hajarajio Ipyrue orpaHuye-
Hug. ITpu nonere Ha BocToK I1C mOBOIBHO OBICTPO
MpoJIeTe] BeCh HOUYHOM CEKTOp MyTU (HOYHON y4ya-
CTOK BBbIIlIe TpOIOC(EepHBIX 00J1aKOB MPOAOJIKAIICS
1 4 23 MuH), TIepeKphIBask TIpU 3TOM CPaBHUTEJILHO
HeOobIIol yyacTok (19°) monror, rae ObUIO BO3-
MoxHO HaOmomeHne C.O. 10 CBETOBHIM YCIOBUSIM.
BricTpOMy OKOHUYaHHUIO CyMEpeK CIIOCOOCTBOBAJIO
nocrerneHHoe cmeneHue I1C x ceBepy 10 59.6° c.1.
ITpu nmonere Ha 3aman I1C nepemelnancs mpuodan-
3UTEJIBHO CO CKOPOCThIO COJTHEUYHOTO TepMUHATOPA,
TaK 4TO IIPOM3BOMWICS pa3pe3 OOJBIIOro MHTEPBa-
Ja ponrot (63°) dakTrdecku mpu PUKCUPOBAHHOM
MecTHOM coiHedHoM BpeMeHu (LST) 21 4 50 MuH +
22 94 15 muH. CooTBeTCTBYIONIAS IJIUTEIBHOCTD T10
UT (BbllIe Tpornoc@epHbIX 00J1aKoB) cocTaBuiia 4 4
42 muH. IIpu aTOM 3BOJIOIMS O0JAUYHBIX TTOJIEH OT-
HOCUTEJIbHO MECTHOI'O BPEMEHM OCTaBajach He Ha-
omomaemoii ¢ I1C, HO OBLJIO BO3MOXKHO MPOCAEAUTD
3Ty BBOJIIOIMIO OTHOCUTEILHO BCEMUPHOTO BpeMe-
Hu. OTciaexuBaHUe MPOCTPAHCTBEHHO-BPEMEHHBIX
koopauHar I1C ocyliecTBIsIOCH ITPU ITOMOILIY MEX-
ITyHapoaHOro aBuamuoHHoro apxmBa Flight Aware
https://ru.flightaware.com/live/flight/AFL1442/
history/20210613/1825Z/UUEE/UIIl/tracklog,

https://ru.flightaware.com/live/flight/AFL1565/
history/20210621/1435Z/Ul11/UUEE/tracklog.

HMNHorga, B HEKOTOpPOit 001acT AOATOT U MECT-
HOTO COJTHEYHOI'O BpeMEHH, Ha MHTEPECYIOIINX HacC
mupoTax 55—64° c.ui., C.O. perucTpupoBaiuch Go-
Tokamepamu npubopa CIPS yunbTpaduosieToBoro
Iara3oHa, YCTaHOBJAEHHBIMU Ha aMEpPUKaHCKOM
cnytHuke AIM (https://lasp.colorado.edu/aim/).
K coxanenuro, B paccMaTpuBaeMbie ABE HOYM pa-
0oTa aTOrO ammapara OblIa CKOHILIEHTPHpOBaHA Ha
apyrux ponrorax. OmHako B HOYb 21/22 UIOHS BCe
3Ke OBIJIO OTHO ITepeceueHe CITyTHUKOBBIX M HAa3eM-
HBIX HabOoneHu 1o BpeMeHu u gojrore (UT 19:55,
50°=70° B.A.), HO cooTBeTcTBYyIoIIasg Kamepa CIPS
CHMMAaJjla B 3TOT MOMEHT JIMIIb CeBepHee 67° C.II.
(n 3adukcupoBana C.0O. Ha 67°—68° c.u1.), Torma
KaK Ha3eMHBIC U CaMOJIETHBIC HaOJIIOAeHUS TT03BO-
ssui Buzeth C.O. 10 ~64° c.u.

s conocraBieHusl HaGmonaeMmbix moneir C.O.
¢ MOJSIMU HACHIIIEHHOTO BOISHOIO mapa B pabo-
T€ WCIIOJB3YIOTCS KapTHl IIOJIC TeMIlepaTypbl W
KOHIIEHTpallUM BOASIHOTO I1apa IMPUMEPHO Ha BHI-
cote obpazoBaHus C.0O. (~85 KM) B HOUHOE BpeMsl
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(®) (e)

Puc. 1. Hazemusie u camonernsie ¢porocHumku C.0. 13/14 (a—B) u 21/22 wions (r—e) 2021 r.: HoBocubupck, 55° c.ir.
83° B.n., UT 19:56 (a); [Merponasnosck, 55° c.ur. 69° B.a., UT 20:07 (6); I1C, 59.5° c.ur. 54° B.n., UT 21:05 (B); I1C, 55°
c.ur. 94.5° B.o., UT 15:42 (1); Ipeobpakenka 52° c.m. 113° B.a., UT 17:59 (n); 3aBomxkck, 57° c.ur. 42° B.o., UT 21:29 (e).
Hasemubie cHumKu (a, 6, 1, €) OpUEHTHPOBAHBI IIPUOIM3UTEILHO Ha CEBEP, CAMOJIETHBIE (B, T) — HA CEBEPO-CEBEPO-BOCTOK.
CHuMOK (B) mokasbiBaeT ogHoBpeMeHHO C.O. 1 Kpait Bocxozsiero CojiHIla, YTO eBa JIM OCYIIECTBUMO IPU HAa3eMHbBIX

HaOJIIoIeHUSX.
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Taomma 1. Ceenenus o C.O. u ycnoBusix ux Habmonenuit 13/14 uronsa 2021 r.

Mecto TToamoc- CamoJier ITerpomnas- HoBocu-
3aBOJIKCK Kazanp Hpbut

HabIoneHUs KOBbE BbicoTa 10.67 kM JIOBCK Oupck
@, c.uL 55-56 57 56 59.1-59.6 58 55 55
A, B.o. 37 42 49 48.5—-57.5 63 69 83
UTp 20:40—23:30 | 20:00—23:00 - 19:55-21:19 18:45—21:20 | 18:00—21:10 | 17:00—20:47!
UT navana . . . X .
Ha61 C.O. 20:55 — 20:42 18:45 18:03 17:00
UT xoHua . . . . .
a6 C.O. 22:20 - 21:19 21:20 21:08 20:47
LST navana . . . . .
1261 C.O. 23:23 — 23:56 22:57 22:39 24:32
LST koH1a . . . . .
a1 C.O. 24:48 — 25:09 24:32 25:44 26:19
dopmer C.0. 1,2a - 1, 2a, 20 ? 1, 2a, 20, 3a 1,2a,20
Hanpasi-e Ha 103 - ? ? Ha3 Ha 3
IIBYIK-ST TTOJICH
Jnana3oH
3EHUTHBIX 7883 — 84.5+86 >78 7486 6678
pacct-i1 (°)
Auanason —30+10 - —10+102 ~0 —90+30 —45+45
a3uMyTOB (°)
@°, c.1. 59+61 - 63+64 > 61 55+61 57+58
A%, B.I. 35-37 — 56.3 63 65+72 81+85

IIpumevanus. ' B HoBocubupcke C.O. BUAHBI B IPOCBETAX TPOITOCHEPHOI 00Ia4HOCTH.
2 Asumyt nosist C.O. mocTeneHHo cMmelancs otHocuTebHO I1C ¢ ceBepo-BoCcTOKa Ha ceBepo-3anaj. Jnamna3oH a3suMyToB YKa3aH

ansa UT 21:14, 4 = 56.3° E.

(02:30—03:00 LST), momygennsie mpudbopom MLS
cnytHnka Aura (https://acdisc.gesdisc.eosdis.nasa.
gov/data/Aura_ MLS Level2/).

CBOJKA PE3VJIbTATOB HABEMHbIX
1 CAMOJIETHBIX U3BMEPEHUU

Pe3ynabraThl Ha3eMHBIX M CAMOJICTHBIX HAOII0Ie-
Huii B HouM 13/14 u 21/22 utonsg 2021 r. cBeneHbI
B Ta0a. 1 1 2 COOTBETCTBEHHO. YKa3aHHbBIE B HUX
BcemupHoe (UT) u mectHoe conmHeuHoe (LST) Bpe-
MSI OTHOCSITCSI K BeUepHEl Jare, a BpeMsl, IIPeBhI-
mrarpomiee 24 4, o3HavYaeT Mepexo] Ha CIeAYIONIYIO
naty. B crpoke UTp ykazaH quana3zoH UT, BHyTpu
kotoporo C.0O. Morjii ObITh BUIUMBI 110 TTOTOTHBIM
M CBETOBBIM YCIOBUSM, JTUOO MPOYEPK MPU ITOJIHOM
OTCYTCTBMHU YCJIOBUI. B mocnemHem ciydgae mpo-
YepK CTaBUJICS 1 BO BCEX HIKE CIICIYIOIINX sTIeiiKax
aToro croyioua. HezanonHeHHbIe T4eiiKU TaOJIUIIbI
03HayalT oTcyTcTBUe BUauMoctu C.O. npu HaIu-
YUK OJJaroNnpusITHBHIX YCIOBUI IJII MX HAOIIONEHMS.
IIupoTa m monrora mMecT HabOMOASHUST 0003HAYE-
Hbl yepe3 @ u A , a paCCYMTAHHBIX HAOIIONAEMBIX
noneit C.0., — gepe3 @ n A cooTBeTCTBEHHO. Jl1s
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CaMOJIETHBIX HaboneHuii qruanasoH @ u A yka-
3BIBAJINCH JINIIB IJISI TOTO YYaCTKa TPACKTOPUH, TIIe
TpornocdepHble 00J1aKa U THEBHOM CBET He Melllalu
puaumoct C.0O. @opmel C.O. npuBeaeHHI corjiac-
HO Mopdoorndeckoil Kitaccudukauuu ['pummH,
1954; bpounmrsH, I'pumuH, 1970]. 3eHUTHBIE pac-
crosiHusg C.O. U UX a3UuMYThl (OTCUUTHIBAEMbIE OT
HaIIpaBJIeHUSI Ha CeBep IO Y.C.) OLEHUBAJINCH II0
(GOoTOCHUMKAM ¢ WCIIOJb30BAHUEM ITOJIOKEHUS
3Be31bl Kanesbl u ee cMeIeHUs MeX Iy AByMsI Ka-
IpaMu.

COITOCTABJIEHUE HABJIIOAAEMbBIX
1 PACCUMTAHHBIX TTOJEN C.O.

IToce o1leHKM 36 HUTHBIX PaCCTOSTHUI U a3MMYTOB
C.0O. oHM TIePEeCUNTHIBAIUCH C TIOMOIILIO CTAHAAPT-
HBIX (pOpMYJT B ITUPOTHI U J1oATOoTH TToJieit C.O. (1mo-
clieAHME ABe CTPOKM Tabul. 1 1 2), B IpeAnoaoXeHUH!,
YTO X BBICOTA Hall YPOBHEM MOPSI COCTaBISET 82 KM
(uto 6;M3Ko K cpenHeit BeicoTe C.O. Mo MHOrojeT-
HUM JaHHBIM) TIpY MCMOJb30BAaHUM T€OIE3NYECKOTO
paauyca KpMBU3HBI 3eMHOM MOBEPXHOCTU 6382 KM
B HY>XHOM Arana3oHe mupot [bportraH, 1984].
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Taomuma 2. Cenenus o C.O. u ycinoBusix ux HabmoneHuit 21/22 urons 2021 r.
Camorner Camoner
Mecto Ilon- 3a- HuxH. Ilerpo- | Hoo- |Bgic.9.7+11.0 Baic. 10.2=11.0 Tpeo6-
Habmone- MocC- Hosro- | Kaszaub naB- cu- KM
BOJDKCK KM paxkeHKa
HUs KOBbE pon JIOBCK oupck (4acTb 6e3 co
CO0) (gactb c C.0.)
@°, ca 55-56 57 56 56 55 55 55.9+58.7 53.7+56.0 52
A, B 37 42 44 49 69 83 92.5+40.0 103.1+92.5 113
UT 19:00— | 19:46— 20:30— 18:10— 18:05— _ 15:53— 14:58— 17:59
P 23:59 23:45 21:03 23:30 21:20 19:40)! 15:53! (omVH CHUMOK)

UT Hauana . . . . .
Ha6s1-51 C.O. 20:00 20:30 20:48 - 14:58 17:59
UT koHLa . . . . .
HaG1-s1 C.O. 22:38 21:03 21:15 - 15:53 17:59
LST navana . . . . .
HaG1-51 C.O. 22:48 23:26 25:24 - 21:50 25:30
LST xoHma . . . . .
Ha61-51 C.O. 25:26 23:59 25:51 - 22:03 25:30
Dopmbr 1,2 a0,

CO. 1, 2a, 3a ? 1,2a — 348,46 1,2a
Hanp-e

TIBVIK-ST Ha3 ? Ha OB — ? ?
noJsiei

Jwnar-H

3EHUT-X 57.5+88 80+? 6083 - 70+83 80+85
pacct-ii (°)

Jwuamn-H

a31MMYTOB —20-+45 0 —-50-+75 - 0602 —10+20
)

@°, c.m. 5864 602 56+59.5 - 57+59 55.5+57.5
A°, B.I. 40-+-46 44 67+72 — 97+101 112115

TTpumeuanusg. ' [Tpu atoMm LST camosiera moutr moctosiHHO (B mpenenax 21:50+22:15).
2 Asumyt ot C.O. nmocrenieHHO cMmelnaics oTHocuTetbHO T1C ¢ ceBepo-3amnana Ha ceBepo-BOCTOK. [[Mara3oH a3uMyTOB yKa3aH

s UT 15:30, 4,= 97° E.

IMTockonmpky monst C.O. MOTYT CIy:XKWTb WHIW-
KaTopaMHy TeMIIepaTypHO-BIAXXHOCTHOTO peXuMa
BepxHeil Me3ocdepsl, IS pa3BUTUS 3TOM METOOM-
KM TI0JIE3HO CPaBHMBAThH IOJIOKEHUE HAOII0IaeMbIX
MoJiell ¢ pacCCUMTAaHHBIMU Ha OCHOBE CIIYTHUKOBBIX
M3MEPEHUII TeMIlepaTypbl U KOHILIEHTpALMU BOMS-
Horo mapa B Me3ocdepe [Dalin 1 ap., 2011]. Takoe
MOIEIUPOBaHUE IIPOBEICHO II0 JAHHBIM H3Mepe-
Huit npubopa MLS cnytHuka Aura. Ha puc. 1a (n1sa
13/14 wionst) u 6 (st 20/21 uioHS) MMOKa3aHbI Ha-
OsromaBILIMECs TI0JIs1 C KOOpAWHATaMU, TTOTyYeHHbI-
MU 13 Tabn. 1 u 2, Ha (OHE pacCUMTAHHBIX TOJEH
pa3HOCTe#l TeMIlepaTypbl M TOYKM 3aMep3aHMsI BO-
JISTHOTO Mapa Ha BbIcoTe 85 KM. boiiee TouHOo Gpascs
Gapuueckuii ypoeHs 0.0046 rlla, mpuMepHO COOT-
BETCTBYIOIIUIA BBICOTE 85 KM, — HanuboJiee MOaX0IsI-
LM 1711 COITOCTaBICHMSI C HabJII01aeMbIMM ITOJISIMU
C.0O. 13 BO3MOXHBIX INCKPETHBIX 0apMIeCKIX YPOB-
Heli BEIAAYM TeMIIepaTyphl ¥ BIAXKHOCTH IT0 JaHHBIM
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MLS, mockonpKy Hambomee sgpkue C.O. HOKHBI
HabJII01aThCsl HECKOIBKO HUXE YPOBHS UX 00paso-
BaHMSI (YaCTULBI OITYCKAIOTCSI BO BpeMs UX pOCTa).
B Tex MmecTax, rae pasHOCTb TeMIlepaTypbl U TOUKU
3aMep3aHus BOASHOIO Ilapa OTpUlaTeibHa (TOJTy-
00If 1 CMHMIA 1IBETa), MOKHO OXMIATh 0Opa30oBaHUE
n cymectBoBaHue C.O.

Touxka 3aMep3aHusl BOASHOTO Tapa BEIYMCIISIACH
¢ moMolIblo ypaBHeHus1 9.6 u3 pabdotel (Gadsden,
Schroder, 1989). ComocraBiaeHue HaOIIOIABIINXCS
noneit C.O. (KpacHbIe TIPSIMOYTONBHUKM) C TTOJISI-
MM HACBIIIEHHOTO BOISHOTO mapa (Troxy0oil u cu-
HUI1 LIBET KapThl) HA puUC. 2 U 3 MOKa3bIBaeT B lie-
JIOM YIOBJIETBOPUTENIbHOE cornacue. OmHaKo ecTh U
pazauuus. Ilonasa pasHocTeil TemmepaTyp IS HOUM
13/14 wioHs He mIpencKasbIBalOT HAOJIOIaBIINECS
C.0O. B HoBocubupcke 1 orcyrctBre C.O. B 3aBOIIK-
cke. Kak HM cTpaHHO, Ha TeX Xe MOJroTax MpOTH-
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-15

Puc. 2. 3adukcupoBaHHbIe Ha3eMHO 1 camojieTHOI (doTtochemkoii 13 uions 2021 r. (UT 17:00+23:30) mons C.O. (kpac-
HbIE MTPSIMOYTOJILHUKH) Ha (hOHEe KapThl pa3HOCTEN TeMITEpaTypbl M TOUKM 3aMep3aHust Ha 6apudyeckoM yposHe 0.0046 rlla
(~85 KM), MOCTPOEHHOI M0 TaHHBIM TTpubopa MLS cnyTHuka Aura. HazemHble myHKTHI, Tae Habmonanuch C.0. 11ubo oT-
MEYEeHO UX OTCYTCTBHE MPU OJArONpHMSITHBIX MTOTOMHBIX YCIOBUSIX, MIOKa3aHbl YepHBIMU 3Be3mouykaMu. YacTh TpaeKTOpUM

I1C, npoxonuBIiast B CyMEPEUHBIX WJIM HOYHBIX YCJIIOBUSIX BHIIIIE TPOITOC(EepHOIT 00JIaYHOCTH, TTOKa3aHa XKUPHOI YepHOIA
JIMHUEH.

AT, K

—170 180 170 15

-160 160

10

-100 100
-90 90
0
-80 80
=70 70

-10

-15
Puc. 3. To xe, yto Ha puc. 2, Ho ms 21 uions 2021 r. (UT 14:58+23:45).
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BOITOJIOXKHOE HECOOTBETCTBHUE IPOM3OIILIO U B HOYb
21/22 mions. Ha atot pa3 B 3aBomkcke C.O. HabOI0-
JIAJICh TP MOJEIBLHOM TeMIIepaType, OOJIbIIei ToU-
KU 3aMep3aHus (CTajy BUIUMBIMU TTPMMEPHO Yepe3
rmoJjyaca IocJje IpoJieta camoJjieTa), M He HabIrona-
JINCh C caMoJieTa B okpecTHOCTU HoBocubupcka rpu
TeMIIepaTypax, MEHbIINX TOYKHU 3aMep3aHUsl.

OpnHolf U3 TIPUYMH 3TUX Pa3JIMUUil SBIISICTCS He-
COBITaJIcHNE CITYTHUKOBBIX M HA3eMHO-CaMOJIETHBIX
JaHHbIX mo npojirore. M3mepenuss MLS/ Aura tem-
nepaTyphl U BJIaXKHOCTU B 00€ HOUM ITPOXOIUIN BOC-
touHee HoBocubupcka nmpuMepHO Ha 6° IOJTOThI U
BO BTOpYIO HOUb BocTouHee 3aBoJpkcka Ha 11°. O6-
CyXIIaeMoe HeCOOTBETCTBHME MOIJIO OBITh BEI3BAHO U
pa3HULEil BO BpeMeHU MexXay uaMepeHusmu MLS/
CITyTHHKa Aura (IMPOM3BOAUBIIMXCS B WHTEpBase
LST 02:30—02:45) u Ha3zeMHBIMM U CaMOJIETHBIMU
HaOJIIONEHUSIMU, a TAaKXKe OOJIBIIION HEONpPeaeIeHHO-
cthi0 (10—12 KM) B BBICOTE M3MEpPEHUIA TeMITepaTyphl
U BIAXKHOCTU Ha BbIcoTax Me3omay3bl 80—90 kM.

INCKYCCHUA U 3AKITIOYEHUE

PesynabTaThl IpOBEIEHHOIO MCCICIOBAHUSI I10-
Ka3bIBalOT, YTO HOYHASI CaMOJIETHASI CheMKa MOXKET
JaBaTh LIEHHYIO J00aBOYHYIO0 MH(MOPMALIUIO O II0-
Js1x C.O. K TaHHBIM Ha3¢MHOM CETH M CITyTHUKOBOI1
cbeMKU. [1py 3TOM T0JIe3HO MCHOIb30BaHUE CaMO-
JIETHBIX TPacC KakK ¢ 3araja Ha BOCTOK, TaK U C BOC-
TOKa Ha 3araf. JloJjig BpeMeHH pealbHOI BUIMMOCTHU
C.0O. ¢ camoneTa 10 OTHOILICHUIO K ITOTEHIINAIHHO
BO3MOXKHOI1 10 CBETOBBIM YCIIOBHSM MOXET OBITh
100% (xak 13/14 uroHs), Tak 1 MeHblIe 50% (kak
21/22 uroHs).

EcTecTBeHHO MpeaIosoXUTh, YTO IpU Ooiee
IIMPOKOM MCIIOJIb30BAHUM HOYHBIX ITacCaxKup-
CKMX aBHapeiicoB Had Tepputopucii PO Bo3aMOXHO
CUCTEeMaTUYeCKOe BO BpeMsl JIETHETO Ce30Ha OT-
caexuBanue noseit C.O. moutn Ha BCEM IOJTOT-
HoM npotsikeHun P®D. B kauecTBe mepBoro 1iara,
MO-BUAMMOMY, CJIeAyeT oOOpydoBaTh OOWUH U3
PEMCOBEIX CAMOJIETOB, UCIIOIL3YEMBIX Ha JaIbHUX
Tpaccax, IBYMsSI aBTOMaTUYECKUMU Mayoradapurt-
HBIMH (pOTOKaMepaMu, 3aKperIeCHHbIMIA Ha WILTIO-
MUHaTopax (oaHa — MO JIeBOMY OOpTYy ISl MoJie-
TOB Ha BOCTOK, JApyrast — 1o rnpasomy). st aToro
1IeJiecoo0pa3Ho UCIOIb30BaTh (POTOKaMEphl TUIIA
GoPro, xoTophie HE TOJIBKO aBTOMAaTUIECKHU YIIPaB-
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JISIIOT ChEMKO#, HO U 3aIlMCHIBAIOT M300paKeHUS
Ha BCTPOCHHBIC HOCHUTEIM MaMATH. Takas TeXHO-
JIoTUS yXe oIlpoboBaHa 3apyOeXHBIMU KOJJIeraMu
[Suzuki et al., 2022].

Ananus IIOJIYYCHHBIX MAaT€puaioB I103BOJIACT
caejaTh CJICAYIOIINE BbIBOObI:

Hounasg camoireTHast CheMKa MOXKET JaBaTh IICH-
Hy10 nH(popmaiuio o nmojsax C.O. u 3anoaHATh 00JIb-
e mpo0Oesbl B JaHHBIX PEIKOI Ha3eMHOI ceTH (po-
TOKaMep.

CamornetHast cbeMka C.O. o6namaeTr HEKOTOPHI-
MU TIpEUMYIIeCTBAMMU TIepe Ha3eMHOM (OTCYTCTBUE
MOTOJHBIX OTpaHUYEHUM, YBeJWYeHHAs NaJTbHOCTh
HaOIOACHUS, JIydllas IMPO3pavyHOCTb aTMOChEpHI,
BO3MOXHOCTh HaOmonaeHus C.O. TIpu MEHBIIUX yT-
Jax norpyxkeHus CojiHIIa).

ITona C.O., nocTpoeHHbIE Ha KapTe MO Ha3eM-
HBIM U CaMOJIETHBIM JaHHBIM, B OCHOBHOM COOT-
BETCTBYIOT 00JIACTSIM, TIe TeMIlepaTypa Ha BBICOTE
o6pazoBanusg C.O. (~85 kM) MO JaHHBIM CITyTHH-
Ka Aura IIpeBbIIIACT TOYKY 3aMep3aHUS BOISHOIO
rmapa, OJHAKO ITOJJTHOTO COOTBETCTBUS MEXAY 3TUMU
00JIACTSIMU HET, YTO MOXKET OOBSICHSIThCSI CIIMITKOM
pEOKOM MOJTOTHO-BPEMEHHOM CETKOM M3MEPECHUM
CIYTHUKOBBIX U3MepeHuii (~24°) 1 001110 O1ING-
koii (10—12 xM) B BEICOTE M3MEpPEeHUII Ha BBICOTAX
Me30T1ay3bl.
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The article analyzes the fields of noctilucent clouds over the territory of the Russian Federation, recorded
by a ground-based network of cameras using also aircraft photography, over the two nights in June 2021.
It is demonstrated that aircraft photography can significantly improve the coverage of the territory of
noctilucent clouds’ probable appearance. The detected noctilucent cloud fields are compared with model
regions of water vapor condensation derived from satellite measurements of temperature and water vapor
mixing ratio. Practical steps are proposed for the development of aircraft observations of noctilucent clouds.
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B pabote Ha 0OCHOBE pe3yJIbTaTOB IPOTHOCTUYECKUX PACUETOB aHAIM3UPYETCS TOYHOCTH BOCIIPOU3BEIC-
HUS HUPKYJISIIU YepHOro Mopsl Y MCITOIb30BaHUM HOBBIX alllIPOKCUMAIIMI HEJTMHEHHBIX CIaraeMbIX
B YypaBHEHUSIX MepeHOca, 00eCTIeUnBaIOIINX COXPAaHEHUE TEMIIEPATypPhl M COJICHOCTH B CTEIIEHU OOJIbIIe
nByX. [IpoBeaeHO TpH YMCICHHBIX 9KCIIEPUMEHTA, KOTOPhIE OTIMYAIMCH CXeMaMM pacueTa TeMIIepaTyphl
U COJICHOCTH. B IiepBOM MCIIOJIB30BaINCh TPAIUIIMOHHBIE CXeMbI, 00SCIICUYNBAIOIINE COXPAaHEHUE TeMIIe-
paTypbl ¥ COJICHOCTH B IIEPBOIi M BTOPOIi CTEIIEHSIX, BO BTOPOM — COXpPaHSUIMCh TeMIIepaTypa B IIEpBOil 1
IISITOI CTETIEHM, COJICHOCTh B IIEPBOI M TPEThEH, B TPETheM — TeMIIepaTypa B MEPBOIT M TPeTheit, colre-
HOCTH B IIEPBOIi U TTATO# cTerneHn. PacyeTsl BeIMoJHEHB! Ha ocHOBe Moaen MI'U ¢ pasperiennem 1.6 km
1 YYETOM pealMCTUYHOro atMocdepHoro dopcunra 3a 2016 r. Banuaaius pe3ybTaToB IIpoBeeHa Ha OC-
HOBE CpaBHEHUS MOIETBHBIX MOJIEH ¢ JAHHBIMUA KOHTAKTHBIX M CITYTHUKOBBIX N3MEPEHUIT TeMITepaTyPhl
1 cosieHocTH B 2016 1. AHaU3 CpeIHUX U CPEAHEKBAAPATUUECKHX OIMOOK TTOKAa3al, YTO 0 CPaBHEHUIO
C TPAaAULIMOHHON anmpoKCcUMaIleil HOBble pa3HOCTHBIE CXEMBI YpaBHEHMI anBeKIUKM-I1udby3un Teruia
1 COJIA, 00€CTICYNBAIOIINE COXpAHEHIE IIPOTHOCTUIECKIX ITApaMETPOB B CTEIIEHU OOJIBIIE ABYX, VIIydIla-
IOT TOYHOCTb BOCIIPOM3BeIeHUS cojieHOCTH YepHoro Mopst B BepxHeM 100-M cioe B TeueHMEe BCETo roja.
CpenHeKBaApaTHUECKKE OITMOKHU B TT0JI€ COJICHOCTH yMeHbIIaTcs Ha 15—20%, npuMepHo Ha 10% Tou-
Hee MOAEIMPYIOTCST TOJIIINHA BEpPXHETO IePeMEIIaHHOTO CJIOS B 3UMHMI MePUOI W TIIyOMHA 3aeTaHus
BEepXHEI IPaHUIIbI CJIOSI CKauKa TeMIlepaTyphl JIETOM B IIEHTpaIbHOM YyacTu Mops. [lo pe3yiabTaTam Tpex
3KCITEPMMEHTOB HAaMMEHbIIIME OTKJIOHEHUST OT JaHHBIX HAOTIOIEHU IO TyYeHBI IIPU UCITOJIb30BAaHUM all-
MMPOKCHUMAIINii, 00eCTICUNBAOIINX COXpaHEHNE TeMIIEPaTyphl B TPEThel CTEIIEHN M COJICHOCTH B IIATOM
CTETICHU.

KmoueBble cii0Ba: MOIeIMpOBaHNe, HEIMHEITHBIC MHBAPHAHTEI, CXeMBI alllipoKcuManmnu, YepHoe Mope,
JMaHHBIC HAOIIONCHUM, TEPMOXAIMHHBIC XapaKTEPUCTUKH

DOI: 10.31857/50002351524020096 EDN: KPTCKU

BBEAEHHUE

s BOCIPOU3BENECHUSI W WCCIECOOBAHUS TPEX-
MEPHBIX TUAPOGU3NIECKUX MOJIe MOpel M oKea-
HOB, HEINpPEPBIBHBIX MO BPEMEHU U MPOCTPAHCTBY,
MPEUMYILIECTBEHHO UCIOJB3YIOTCS YHACIEHHBIE MO-
JeIu AWHAMUKKA MOPCKOW cpenbl. JlocTtoBepHOCTH
pe3yJbTaTOB PACUETOB 3aBUCUT, B TOM YUCJE, U OT
CBOICTB pa3HOCTHBIX CXEM, Ha OCHOBE KOTOPBIX
CTPOSITCS MONENM JWarHo3a M IMPOTHO3a MOPCKUX
TeueHuil. OMHUM U3 METOJIOB YMEHBILIEHUSI OIITUOKU
MOJIeJIUPOBaHUsl, OCOOEHHO MPU IJTUTEIbHbBIX UHTE-
TPUPOBAHUSIX, SIBJISIETCS TOCTPOCHUE U UCTIOIbh30Ba-
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HHE Pa3HOCTHBIX CXEM, YIOBJIETBOPSIOIINX 3aKOHAM
COXpaHEHMsS, YTO II0 aHAJOTMU C HEIMPEePHIBHBEIM
cly4yaeM JOJDKHO OBITh CBSI3aHO C WHBapUAHTHO-
CTBIO CUCTEMbI TUCKPETHBIX YPaBHEHWI (HaIpuMep,
[Camapckuii u ap., 1997; Cheviakov et al., 2020]).
JIMCKpeTHbIMU WHBAapUMaHTaAMM TUIIEPOOIUUYECKON
CHCTEMBI YpaBHEHMII TMHAMUKM OKeaHa B amuada-
THYECKOM NPUOIIKEHUW W TIPU OTCYTCTBUM Tpe-
Husl, 1udGY3U U BHEITHUX UCTOYHUKOB SIBJISIOT-
Csl UHTErpajbl MO0 00beMY OT IUIOTHOCTH, MOJHOM
(kuHeTUYecKasl TUIIOC TIOTeHIUAIbHAasA) SHEPTUH,
TeMIIepaTypbl, COJICHOCTH B cTeTieHu 2 u 6osee. [1pn
HEJIMHEITHO# 3aBUCUMOCTH INIOTHOCTHU OT TEMIIepa-
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Typbl T 1 coleHOCTU S IJI COXpaHEHUs AUCKPET-
HOTO MHTErpaja OT IJIOTHOCTU IIeJIeCO00pa3HO MC-
MOJIB30BaTh TaKHWE AaIIIpOKCUMALMU HEJIMHEIHBIX
ciaraeMblx, 4ToObl Hapsiny ¢ T u S coxpaHsuch TX
n St rne K u L — 1ienble MONOXUATEIbHbIE YHCTIA.
Hanuuue muckpeTHbIX MHBapuaHTOB T m S' mpu
HEJIMHEHOM BUI€ YPaBHEHMSI COCTOSIHUS TTO3BOJIS -
€T IPHU YKa3aHHBIX YCIOBUSIX COXPAHSIThH IIJIOTHOCTD
M TIOJHYIO DHEPIUI0, YTO MOBHIIIAET YCTOMIMBOCTh
Pa3HOCTHOTO PEeIIEHUS U ero 0JM30CTh K TOYHOMY.

YoenutenbHbIM MPaKTUYECKUM MPUMEPOM Bax-
HOCTU WHBApUAHTHOCTU NUCKPETHBIX YPAaBHEHUUA
11T aTMOC(EPHBIX M OKEaHWYECKUX MO CITy-
KUT M3BECTHasl ammpokcumaiusi ApakaBbl—JIam0a
[Arakawa et al., 1981], koTopylo yaanoch 0000ILINTh
Ha cXeMy JUCKPETHYIO IO IPOCTPAHCTBY M 110 Bpe-
MeHU [Sorgentone et al., 2015]. OHa ob1agaeT 1ByMsI
KBaIpaTUYHBIMY MHBapHUAaHTaAMHM, UTO O0ECIIeUnBaeT
COXpaHEHME CPEeIHETr0 BOJTHOBOTO YKCIIA, B3BEIICH-
HOTO II0 SHEPTrUH. DTUM CaMBIM IPEIOTBPAIIACTCS
rnepemadya SHEPTUM 110 CIIEKTPY B CTOPOHY OIHUX
MaciuTaboB, HarpuMep, B Majble MaciuTaowl. Ilo-
CKOJIbKY B YMCJIEHHBIX MOJIE/IsIX HauboJjiee KOPOTKIE
BOJIHBI — IBYXIIIATOBBIE, IPYIIIIOBAasi CKOPOCTh KOTO-
PBIX HyJIeBasi, TO UCIIOJIb3yeMbIE CXEMBI C ABYMSI KBa-
JIpaTUYHBIMUA 3aKOHAMU COXPaHEHUS IPEIISITCTBYIOT
HaKOITJICHUIO SHEPTMH Ha 3TUX MacIlTabax.

[IpomomxeHreM 3TUX MCCIAEHOBAHUI SIBISIIOT-
cg pabotsel [Scott et al., 1994; Palha et al., 2017;
l'onoBusnuH u np., 1998; Goloviznin et al., 2022;
Hembiien, 2023]. st IMHEWHBIX U HEJIUHEHHBIX
OIHOMEPHBIX BOJIHOBBIX YpaBHEHMI Ha MSATH- U Ae-
BATUTOYEYHBIX I1abnoHax B [Cheviakov et al., 2020]
MOJIydeHbl KOHEYHO-Pa3HOCTHBIE ypaBHEHUS, CO-
XPaHSIOIINE CUMMETPHIO M 3aKOHBI COXpaHeHUsI. B
cIyJae IMHEeTHOTO BOJTHOBOTO YpaBHEHM S BBIIIMICAHA
sIBHAs MSATUTOYEYHASI CXeMa, COXpaHSIoIas OCHOB-
Hble TEOMETPUYECKME CUMMETPUHU U IIECTh COOTBET-
CTBYIOIIMX 3aKOHOB COXpaHeHMUs. 11 HeTMHEeMHBIX
BOJIHOBBIX YpaBHEHUI MOCTPOCHA IEBITUTOUYCUHAS
HEsIBHASI CXeMa, COXPAHSIONAs YEThIPEXTOUCUHbBIC
CUMMETPHMU U TPU JIOKAIbHBIX 3aKOHA COXpPaHEHMUSI.
B pa6ote [Kammos, 2019] mig omHOMeEpHBIX ypaB-
HEHUII MEJIKOI BOIBI B JarpaHKeBbIX KOOpIMHATaX
pa3paboTaHa MHBapUMaHTHAs KOHEYHO-pa3HOCTHasI
cxeMma, KoTopasi o0jlagaeT JOKaJIbHBIMU 3aKOHAMU
COXpaHEHMSI PHEPIMU, MACChl, IIECHTpa MacC U HUM-
IyJIbCa.
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JAEMBIIIEB, IIMOBA

P11 paboT nmocBsiieH BbIOOPY AUCKPETHBIX MOJE-
el gag ypaBHeHuit HaBbe—CToOKca, 00agaronmx
3aKOHAMU COXpaHEHUs] WIM WHBApUAHTHOCTU OT-
HOCUTEJILHO TTpeoOpa3oBaHus KoopauHat. B [Scott
et al., 1994] paccmaTpuBaloTcs AByMEpPHBIC YpaBHE-
Hust HaBpe—CToOKca WIS HECXKMMaeMoi XUIKOCTH,
BBIBOIISITCS HEOOXOOUMMBIE U TOCTATOYHBIC YCIOBUS,
IIPpY KOTOPBIX AWUCKPETHAs aIlllpOKCHUMAIIMS YIOB-
JIETBOPSIET 3aKOHY COXpaHEHUs B MPOCTPAHCTBE Ce-
TOYHBIX MHTErpupyeMbIX (yHKIMi. I1peacTaBaeHbl
YUCJIEHHBIE PE3YNbTaThl, JEMOHCTPUPYIOIIME CIIO-
COOHOCTB CXeMBI TOYHO pa3peraTh (POPMUPYIOIITHII-
cs TIorpaHUYHBIN cioil. B padote [Palha et al., 2017]
MpejioXKeHa crielnalbHask TMCKPETU3aLMs IByMEP-
HbIX ypaBHeHUT HaBre—CTOKCa 119 HECXKMMaeMOoi
KMAKOCTHM, KOTOpasli B IIpeiesie ucuesalolieil auc-
CHUITAIIMM TOYHO COXpaHSIET MAacCy, KMHETUYECKYIO
SHEPIUIO, PHCTPODUIO U ITOJTHYIO 3aBUXPEHHOCTD.
[IpuBemeHbl HoKa3aTelbCTBA COXPAaHCHUS TOYHBIX
JUCKPETHBIX CBOMCTB M JIEMOHCTPAIlMOHHBIE YMC-
JICHHbIE€ TECTOBbIE IMPUMEPHI HA HEPETYJISIPHBIX Tpe-
YTOJILHBIX CETKaX.

YpaBHeHUs aaBeKUUMU—Iuddy3un Teria U COu
SIBJISIIOTCSI HEOThEMJIEMOI 4YacThio Mojejieil nuHa-
MUKU MOPEii U OKEaHOB, UTO TPpeOyeT X aKKypaTHOM
anmnpoxkcumanuu. B opurnHanbHbIX padoTax [Io-
JIOBU3HUH U Ap., 1998; Goloviznin et al., 2022] nusg
OITHOMEPHOTIO YpaBHEHMs IIepeHOca pa3paboTaHa U
anpob6upoBaHa cxema KABAPE, koTopas mpeacrtas-
JIsIeT co0OM TPeXCOMHYIO SIBHYIO Pa3HOCTHYIO CXe-
MY BTOPOIO MOPSIIKA ANMPOKCUMALIMU U SIBJISIETCS
TouHo# mipu uncinax Kypanra 0.5 u 1. IIpencrasie-
HBI Pe3yJIbTAaThl 110 MPUMEHEHNIO HOBOI MaJIOIMC-
CUMIAaTUBHOM MHOTOCJIOMHOU TMIPOCTATUYECKON
MOJIeJIU, KOTOpasl OMUCHIBAET AMHAMMKY KUIKOCTHU
C MEPEMEHHOU IUIOTHOCTBHIO U CBOOOTHOM IMOBEPX-
HOCTbBIO. [J1 peleHrs: CUCTEMbI TUIIEPOOIMIYECKUX
ypaBHEHUII B KaxXIOM CJIO€ MCIIOJIb3yeTCsl sIBHAs
cxema KABAPE. Pe3ynbTaThl YMCIIEHHBIX PACUETOB
YIOBJIETBOPUTEIFHO COINIACYIOTCSI C 3KCIEPUMEH-
TalbHBIMU OHaHHBIMU. B pabote [[demnbiies, 2023]
IIJIsl YpaBHEHMSI aIBEKIMM HEIPEepbIBHOTO IO Bpe-
MEHHU 1 pa3HOCTHOTIO I10 MPOCTPAHCTBEHHBIM Iepe-
MEHHBIM MOJIy4eHBI CXeMbI, KOTOpPbIE 00€CIIeYBaIOT
COXpaHEHNE OMTHOBPEMEHHO TeMIIEpaTyphl B IIEPBOIA
u B K-ii (K > [), comeHocTH B epBoii u L-ii (L > [)
creneHu. HalimeHHbIe anmmpoKCUMaUMWW TemIlepa-
TYpBl U COJICHOCTH MPU MOJUHOMMATIBLHOUN 3aBUCH-
MOCTHU IIJIOTHOCTM OT TeMIIepaTypbl U COJICHOCTHU
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TaK>Ke MIPUBOIMIT K AUBEPTeHTHOMY BUIY YPaBHEHMUS
aIBeKIIUU MJIOTHOCTHU. Takoil ero Bua 00ecrieYnBacT
BBITIOJTHEHNE 3aKOHA COXpaHEHUS MOJTHON 3HEPTUN
B IMCKPETHOM ITOCTaHOBKE.

Lenap HacTosmEl pabOThl — OLEHUTb TOUHOCTh
pe3yIbTaTOB MOAEIMPOBAaHUS IIPU MCIIOJIb30BaHUU
CXeM, KOTOpbIe 00ECIIeYMBAIOT COXpPAaHEHUE TEMIIE-
paTypbl M COJICHOCTU B TEPBOM U B TPETbEU, MATOU
CTeNeHsIX B CpaBHEHUU C TPAAWULIMOHHONM ammpoK-
CUMalMel HeJMHEHHBIX cllaraéMbIX B YpaBHEHUSIX
anBeKUMU—Iudaoy3un Termaa u coiu. Ha ocHoBe
COITOCTABJICHUST TAHHBIX KOHTAKTHBIX M CIIyTHUKO-
BBIX HAOJNIONEHWII C pe3ysbTaTaMy IIPOTHOCTHYE-
CKUX pacueToB HMPKyasiuu YepHoro mops B 2016 .
paccuyuTaHbl ¥ TpOaHAJIU3UPOBAHbI CPeIHUE U CPe/l-
HEKBaJpaTUYECKHe OLIMOKM Tojieil TeMIepaTyphl U
COJICHOCTH.

IMOCTAHOBKA 3AIAYUN

YucneHHbIe SKCIIEPUMEHTHI IIPOBEIEHBI C HC-
MOJb30BAaHMEM HEJVUHEWHOU BUXpeEpa3pellallei
Moaean MopcKoro ruapo@u3n4eckoro MHCTUTY-
ta [dembimeB u ap., 1992; Demyshev et al., 2022].
Mogenp IOCTpoeHAa Ha OCHOBE ITOJIHOM CHCTEMBI
YpaBHEHUI TepMOTHAPOANHAMUKM OKeaHa B IPH-
omrkeHUM byccumHecka M TMIPOCTaTUKU B JeKap-
TOBOI CUCTeME KOOpAWHAT. YpaBHEHUE COCTOSTHUS
MpeICcTaBIeHO B BUOE ITOJMHOMUAJbHON 3aBUCH-
MOCTH IUIOTHOCTH OT TeMIIepaTypbl U COJEHOCTHU
BO BTOpOM cTeleHU. M3MeHeHHeM HaBIICHUSI MBI
nmpeHeOperaeM, 4ro momycTuMo B YepHoM Mope
BCJIEICTBHE MAaJIOCTH €T0 IIyOMHEBI IO CPpaBHEHUIO
Cc okeaHoM. BeprTukanbHOe TypOyJeHTHOE Iepe-
MeIlIMBaHUE OIMCAaHO MOJAENbIO 3aMbIKaHMSI Mel-
nopa—Smaner 2.5 [Mellor et al., 1982]. B xauecTBe
IPaHUIHBIX YCJIOBUII Ha CBOOOTHOI ITOBEPXHOCTHU
3aal0TCs HAIIpsDKEHNE BeTpa, ITOTOKHU TeIlia, OCal-
KA M uchapeHue. Ha TBepAbIX yyacTKax IpaHULIbI
3a1aHO OTCYTCTBME HOPMAaJbHBIX TOTOKOB UMITYJIb-
ca, TeIula M COJId, Ha THE — YCJIOBUE MPUJIMITaHMUS.
B Momenum y4yuTHIBAIOTCSI KIMMATUYECKMI CTOK
peKk U BogooOMeH uepe3 IpoauBbl [[mapomereo-
posiorust, 1991]. B HavajbHBIII MOMEHT BpEMEHU
3a7al0TCsI BHICOTA YPOBHSI MOpsI, TeMIlepaTypa, co-
JICHOCTb M TOPU30HTaNbHAsI CKOpOoCcTh. OOUH pa3 B
CYTKM B MOJIEJIU IPOU3BOIUTCS YCBOCHUE CITyTHM-
KOBOI TeMIlepaTyphl IIOBEpXHOCTU Mops [https://
data.marine.copernicus.eu/product/SST_BS_SST
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L3S _NRT_OBSERVATIONS 010 013]. batume-
Tpus OacceiiHa MOCTpoeHa Ha OCHOBE LM(MPOBO-
ro maccuBa rimyomH EMODnet [https://emodnet.
ec.europa.eu/geonetwork/srv/eng/catalog.search#/
metadata/19f800a9-10fd-4055-bdcd-90ed156dc7fc].
KoHeuHo-pa3HOCTHAs anmpoKCUMalus ypaBHeE-
HUIA MOAENIM, TPAHNYHBIX U HaYaJIbHbIX YCJIOBUIA 1O
IIPOCTPAHCTBEHHBIM IEPEMEHHBIM peain30BaHa Ha
ceTke C u moapoOHO onyrcaHa B paboTte [[leMbllies,
2012]. Inst anmpoKcuMaluy MPOU3BOIHbBIX ITO Bpe-
MEHU UCITIOJIb3YyEeTCs cXeMa “yexapaa‘ ¢ mepuogude-
CKUM MOJIKIIOYEHUEM CXeMbl MaTCyHO.

B pabote mpoBeaeHO TpU YMCIEHHBIX 3KCIIepU-
MEHTa IIPY OJMHAKOBBIX HAaYaJIbHBIX M TPAHWYHBIX
yciioBusx. J1Jist 3agaHusI TOTOKOB MMITYJIbCa, TeTuia U
BJIar Ha MOBEPXHOCTHU MOPSI MCIOJB30BaH aTMOC-
depubiii peanamu3 ERAS [https://www.ecmwf.int/
en/forecasts/dataset/ecmwf-reanalysis-v5]. Hauaib-
HbIe TOJISI B3IThl U3 (puzmueckoro peaHanusza Yep-
Horo wmopa CMEMS [https://data.marine.
copernicus.eu/product/BLKSEA MULTIYEAR _
PHY 007_004/description]. PacueThl BBIIIOJHEHHI C
TOPU30HTAIbHBIM pa3pelreHueM 1.64 KM, 4To cOOT-
BeTcTByeT mpumepHo (1/48)° monrotel u (1/66)°
LIMPOTHI, JIEBBIM HUKHUI y3€Jl COOTBETCTBYET TOUKE
¢ koopauHatamu 27.34° B.1., 40.81° c.1m. I1o BepTH-
KaJim 3amaHo 27 TOpU30HTOB ¢ TinyouHamu 2.5; 5; 10;
15; 20; 25; 30; 40; 50; 62.5; 75; 87.5; 100; 112.5; 125;
150; 200; 300; 400; 500; 700; 900; 1100; 1300; 1500;
1700; 2100 m. Ilar mo BpeMeHU coctaBisieT 96 c.
KoadduumeHTsl pu OMrapMOHUYECKHUX OMepaTo-
pax Jlamnaca, OomMchIBaIOIIMX TOPU30OHTAIBHYIO TYp-
OyJIEHTHYIO BS3KOCTb W aud@y3uio, paBHBI
10'® cm*/c. KoadduLiMeHThl BepTUKAIbHOM BSI3KO-
cTy U g y3un, U3MEHSIOIIKUECS T10 BPEMEHHU U T10
[JIyOMHE, paCCUYMTHIBAIOTCS HA KaXKIOM IIIare 1o Bpe-
MeHu 1o [Mellor et al., 1982]. OMmnupuueckre KOH-
CTaHTHI B MapaMeTPU3aLUSIX BePTUKAILHOTO O0OMe-
Ha, KOPOTKOBOJIHOBOU COJIHEUHOUW paauaiuyd Ha
MMOBEPXHOCTHU MOPSI M IPYTHe TTOCTOSTHHEIE KO3 hU-
LIMEeHTHI MpuBeaeHbI B Appendix padotsl [ Demyshev
et al., 2022]. YncneHHbIe 3KCIIEPUMEHTHI pa3inda-
JINCh aIlIPOKCHUMAIIMSIMU aIBEKTUBHBIX CIaraeMBbIX
B YpaBHEHUSX IIepeHOoca TeIula W COJU B COOTBET-
CTBUU C peayjibTaTaMu padothl [[demnbiiieB, 2023]
(cM. TIpunoxenue). B nepBom pacuere T2S2 wuc-
MOJIb30BaJIach TPAIUIIMOHHAS aIlllIPOKCUMAIIUs He-
muHelHbBIX cimaraembrx (I1.1), mpm Kotopoit coxpa-
Hsumchk T, S n 72,5%. Bo BTOPOM 3KCIIEpUMEHTE
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T5S3 ucnonw3oBanack cxema, coxpanstonias 7, S u
7°,8° (I1.2), 9TO COOTBETCTBYET HAUOOJBIITUM CTE-
TICHSIM TeMIIepaTyphbl M COJICHOCTH B peKOMEHIOBaH-
HoMm FOHECKO ypaBHeHuu cocrosinus [10C, 2010].
B otamune ot okeaHa, rie IJIOTHOCTh B OCHOBHOM
OIpeesieTCsl TeMIIepaTypoil U ypaBHEHUE COCTOSI-
Hus [IOC, 2010] npeacTaBieHO B BUAE ITOJIMHOMA C
Pa3IMYHBIMU CTEIIEHSIMM IO TemIieparype, B Yep-
HOM MOpe IUIOTHOCTh B MpeoOjafaloieil CTereHn
3aBUCUT OT cosieHocTU [BynrakoB u ap., 1984]. ITos-
TOMYy TpeTuit skcrnepuMeHT T3S5 mpoBoauics Ha
OCHOBE allpOKCHUMAalIUX aIBEKTUBHBIX CllaraeMbIX
no ¢opmyne (I1.3), koTopasg obecreunBaeT coxpa-
Heane T, Su T 3.8, Bee pacyeThl BBIMTOTHEHBI Ha
onuH rox ¢ 1 suBaps no 31 geka6ps 2016 r. Beixon-
HBIMU JAHHBIMM MOJEIU SIBJISTIOTCSI CPEIHECYTOU-
HBIE TTOJIST YPOBHS MOPSI, TEMIIEPATYPhl, COJIEHOCTU
U CKOPOCTU TEYCHUM.

COINIOCTABJIEHUE C JAHHBIMU
HABJIIOJEHUN

Jns BanuoauuMu pe3yiabTaTOB YUCIAEHHBIX 2KC-
TMEPUMEHTOB MCIIOJIb30BaHbl MTaHHbIE KOHTAaKTHBIX
M3MEPEHMI TeMIlepaTypbl U COJEHOCTHU, MOJy4eH-
Hble 14-10 Oysmu-tipodpunemepamu ARGO [https://
www.coriolis.eu.org/Data-Products/Data-selection]|
u B 87, 89, 91-Mm peitcax HUC “IIpocdeccop Boas-
HUIKUI“ [ApTramoHOB 1 1p., 2018] B 2016 . Hatyp-
HbIe TaHHBIE UMeEIOTCcA 3a Bech 2016 T. U oXBaThIBa-
0T IPaKTUIECKU BCIO INIyOOKOBOIHYIO 30HY M YaCTh
30HBI mIenbda 3amagHee Kpowima. JaHHBIE OBLIH
pasmelieHbl 110 BEPTUKAJIBLHBIM CJIOSIM, pailoHaM U
ce3oHaM. Ha puc. 1 npencraBieHbl KapThl, MTOKa3bI-
BAlOLIME PACTIOJOXKEHUE CTAHLIMIA M3MEPEHUM IS
TETIoro (MIOHb—ABTYCT) M XOJIOMHOTO (OKTSIOph—
JIeKabpb) CE30HOB.

v « R/VOI
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Hns kaxmoro Oysi/peiica B COOTBETCTBYIOIINIA ce-
30H pacCcuMTaHbl cpenHue (mean) U CpenHEKBaaApa-
tnaeckue (RMSE) oTKJIOHEHUST MOIETbHBIX TEMITe-
paTyphbl U COJIEHOCTH OT U3MEPEHHBIX UIST KaXI0ro
W3 TPEX IKCIIEPUMEHTOB:

1 N insit del
mean = ﬁznZI(q;nwu - qrrzno e )’
N insitu model \2

anl(q’l - Qn )

RMSE =

N

Ie ¢ — WUCCIEeIyeMblii mapaMeTp Mo HaTYpHBIM (in
Situ) A MonenbHBIM (model) nanHBIM, N — KOJu-
yecTBO U3MepeHuii. IloydeHHBIE OLIEHKU ITOKA3bI-
BalOT, YTO HIKe BepxHero 300-MeTpoBOro CJios IIpu
n3MmeHeHuu creneHu K u L B ypaBHeHusx (I1.1)—
(IT.3) oTKJIIOHEHUS MOMAEJBHBIX MOJIEN TeMITepaTyphl
U COJICHOCTU OT U3MEPEHHBIX MEHSIOTCSI He3HAUM-
TeJabHO. [loaToMy HuXe MbI IIPUBOIMM pe3yJibTa-
THl BaJWOAllMA OO YKa3aHHOTO ropu3oHTa. Ecim B
BBIOpAaHHBIM CE30H B OIPEACICHHOM paiioHe MOpS
(3amagHas, HeHTpalbHasI, BOCTOYHAS YacTU U T.II.)
JIeicTBOBAJIO HECKOJILKO OyeB, TO B Ta0a. 1—4 nipen-
craBieHbl cpegHue RMSE mo OysM, yKazaHHBIM
B 3aroJioBKax CToJIOLIOB.

N3 ananmuza RMSE w npoduieil TeMnepatrypbl
3uMoit (Tabn. 1) ciemyer, 4To B INTyOOKOBOJHOM Ya-
ctu Mops (puc. la, 6yu ARGO 3901852, 3901854,
3901855, 6900807, 6901831) MomenbHas TOJIIMHA
BEpXHEro IepeMeIIaHHOIO CJIos OOJbllie, YeM pe-
ajnbHas1. B paiioHe cBaja IIyOMH B 30HE NEMCTBHS
OcHoBHoro yepHomopckoro TedeHust OUT (puc. 1a,
peiic 91, 6yu 6901832, 6901833) cTpykTypa MoO-
JeJbHBIX Mpoduieil KaueCTBEHHO IMOX0Xa Ha W3-
MEpEeHHbIE, OMHAKO IS BCEX pacUeTOB CJIOI cKauka
TeMIlepaTyphl 3ajieraeT B cpegHeM Ha 20 M HIKe,

(6)

r g
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Puc. 1. KapThl pacronoxeHust CTaHIMI U3MEPEHUI TeMIIepaTypbl U COJIEHOCTH 3uMoii (a) u sieToM (6) 2016 r. o JaHHBIM
HUC “IIpodeccop Boasinuikuii” u 6yes-npoduiemepos ARGO.
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Ta6muna 1. RMSE temnepatypbl 1 Ipod I TeMIiepaTypbl B Hosiope 1 nekaope 2016 r.
A 3901852, 3901854
’ > A 6900807, 6901831 A 6901832, 6901833
[yGuHa, R/V 91 (16 Hos1—3 neK) 3901855 (1 okT—30 s1eK) (1 oKT—29 1eK)
M (22 okT-29 1eK)
T2S2 T3S5 T5S3 T2S2 T3S5 T5S3 T2S2 T3S5 T5S3 T2S2 T3S5 T5S3
0-5 0.767 0.871 0.718 0.546 0.469 0.351 0.695 0.714 0.631
5-30 0.792 0.911 0.737 0.715 0.578 0.456 1.022 0.965 1.027 1.053 1.302 1.252
30—100 1.601 0.966 1.018 1.384 0.425 0.603 0.936 0.422 0.581 1.209 0.736 0.880
100—300 0.305 0.342 0.349 0.263 0.277 0.295 0.125 0.259 0.261 0.341 0.338 0.349
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Taomuua 2. RMSE coneHocTH 1 TpodWIIA COJIEHOCTH B HOsIOpe 1 nekaope 2016 1.
R/VII A 39013895021’8359501854’ A 6900807, 6901831 A 6901832, 6901833
[ny6una, (16 HOSI—3 11eK) (1 okT—30 1eK) (1 oKT—29 1eK)
M (22 oxT-29 neK)
T2S2 T3S5 T5S3 T2S2 T3S5 T5S3 T2S2 T3S5 T5S3 T2S2 T3S5 T5S3
0-5 0.179 0.142 0.137 0.332 0.181 0.174 0.286 0.165 0.155
5-30 0.176 0.144 0.138 0.298 0.153 0.183 0.349 0.235 0.203 0.180 0.112 0.130
30—100 0.590 0.531 0.545 0.748 0.481 0.541 0.961 0.911 0.915 0.678 0.583 0.620
100—300 0.653 0.746 0.777 0.558 0.471 0.503 0.403 0.531 0.528 0.619 0.692 0.748
200081020, lomms SR, i 43 THS S | | b 29 S, ha &9 4 Jofhe- 1 1ML b VEOOER, Lai: 42 SRIE ] T T T P TR
; || — 11 N
| ' t | s L
-.l‘----""‘-- = : L\'\ E I\‘.-\--""'-\-\. = ]
e R‘\__ S N W ™~
.""'.‘-\_\\\ s | ‘:\__- "h\\\_‘.

yeM I10 JaHHBIM HabmoaeHuii. I1pu 3ToM pazHuLa

MeXIy pe3ybTaTaMu TPeX pacyeToB HaWMEHbIas.
B skcniepumenTax T3S5 n T5S3 nist Bcex paitoHOB
nIyOMHA 3aJIeTaHUs CJI0SI CKauyKa BOCIIPOU3BOIMUTCS
TOYHEE 10 CpaBHEHUIO C JaHHbIMU 12S2, uto ne-
MoHCTpupyeT BennunHa RMSE B cioe 30—100 m.
g BceX BKCIEPUMEHTOB B OKPECTHOCTSX CIIOS
100—150 M oOHapyKUBaeTCs PO BOA MOHUKEHHOM
temnepatypbl (MeHee 8.5°C), KOoTopoe B HATYpHBIX
NPpoPUIISIX MPAKTUIECKU HEe TPOSIBIISIETCS.

N3BECTUA PAH. ®DU3KA ATMOC®EPHI 1 OKEAHA

ToM 60

Ne 2 2024

B mone coneHoct 3uMoil (Taba. 2) HaubOJIb-
mue RMSE nist Bcex 3KCIIepUMEHTOB HaOII0gaeTcs
B cioe 30—100 m B paitoHe cBama rmyomH (puc. la,
peiicet 91, 6yn 6901832, 6901833) u cioe 100—300 m
B IJTy6oKOoBOAHOI yacTu Mops (puc. la, oyu ARGO
3901852, 3901854, 3901855, 6900807, 6901831), uro
CBSI3aHO C OTVIMYMSAMM B INIyOMHE 3aJleTaHUSl BepX-
Heil TpaHMIIbI OCHOBHOIO TaJIOKJIMHA: KaK BUIHO
13 MOBEICHUS Mpoduiieit, MpUBEACHHBIX B Ta0JI. 2,
JUIS BCEX CTAHIMI M3MEPEeHUM XapaKTepHa MEHb-
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Ta6auna 3. RMSE temnepatypbl 1 Ipod i TeMrepaTypsl B uioHe—aprycre 2016 T.

R/V87 A 6901900, 7900594 A 6900805, 6901866 A 690 16%%11’8639301832’
Fny6una, (30 mioH— 18 wion) (1 MoH—25 asr) (2 MioH—25 wion)
M (2 utoH—29 asr)
T2S2 | T3S5 | T5S3 | T2S2 | T3S5 | T5S3 | T2S2 | T3S5 | T5S3 | T2S2 | T3S5 | T5S3
0-5 0.662 | 1.158 | 1379 | 1.023 | 1.187 | 1.419 | 0.708 | 0.967 | 0.912
5-30 3.026 | 3.005 | 3.089 | 2.970 | 2.082 | 2.605 | 1.143 | 1.005 | 1.304 | 2.862 | 2.117 | 2.485
30-100 | 1.112 | 1.105 | 1.079 | 0902 | 0972 | 1.028 | 1.323 | 1206 | 1.177 | 0.999 | 0.824 | 0.883
100-300 | 0.253 | 0.254 | 0255 | 0227 | 0249 | 0253 | 0269 | 0295 | 0292 | 0.280 | 0.279 | 0.283
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Taomnua 4. RMSE coneHocty 1 MpodWIn COJIEHOCTH B MIoHe—aBrycrte 2016 r.

R/V87 A 6901900, 7900594 A 6900805, 6901866 A 630 16893011’8639301832’
[ny6una, (30 mroH—18 mrom) (1 nioH—25 aBr) (2 nioH—25 w101)
M (2 utoH—29 asr)
T2S2 T3S5 T5S3 T2S2 T3S5 T5S3 T2S2 T3S5 T5S3 T2S2 T3S5 T5S3
0-5 0.232 0.188 0.217 0.369 0.247 0.294 0.137 0.146 0.146
5-30 0.184 0.129 0.143 0.216 0.126 0.151 0.110 0.087 0.102 0.231 0.216 0.212
30—-100 0.556 0.419 0.422 0.859 0.712 0.777 0.376 0.307 0.302 0.791 0.832 0.830
100—300 0.483 0.557 0.574 0.366 0.403 0.486 0.470 0.462 0.452 0.453 0.716 0.684
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IIast TOJIIIMHA BEPXHETO MepeMellIaHHOTO CJI0sT, YeM
10 TaHHBIM MoJeaupoBaHus. Ilpu 3ToM pesysbTa-
ThI 9KkcniepuMeHToB T3S5 um T5S3 mokaswiBatoT 60-
Jiee OJIM3KME K PeaIbHOCTU BEJIMYMHBI COJICHOCTH,
YTO OoTpaxkaercs B BeauunHe RMSE coleHOCTH IJist
BepxHero 100-metpoBoro cios. HaumeHbllve oT-
KJIOHEHUSI MOJEJBHOI COJICHOCTH IJISI BCEX DKCIIe-
PUMMEHTOB HaOJogaTCcsl Ul I0ro-3amajiHoi ya-
ctu Mopst (puc. la, 6ym ARGO 3901852, 3901854,
3901855) — paiioHa ¢ MHTEHCUBHOW CTPYMHON o1~

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

HaMUKON U cjaboii BUXpEeBOH M3MEHUMBOCTBHIO B
3UMHUM Tiepuond. st ocTaabHBIX pailOHOB B CJIOE
30—100 M RMSE coneHOCTH, MOJYYEHHOM B DKCITE-
pumenTax T3S5 u T5S3, Menbliie npuMmepHo Ha 20%,
yeM no gaHHbIM T2S2, a B citoe 100—300 M — Haobo-
port, Ha 15% Gosnbiie (Tadr. 2).

B netnuit mepuon B YUepHom mope Takme dak-
TOpBI, KaK mporpeB Box mMops, ociadmenne OUYT n
MHTEHCU(UKALINS BUXPEBOII M3MEHUMBOCTH, IIPU-

TOM 60 Ne 2 2024
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Puc. 2. CHUMOK KOHLIEHTpaLMHU XJI0poGrUIa M MOIAEIbHbIE OIS ypoBHsT Mopst 28.04.2016.

BOJIST K 3HAYNUTEIbHBIM BePTUKAIBHBIM I'paIeHTaM
TeMIIepaTyphl U 1o3ToMy RMSE TeMmmepaTyphl yBe-
nuuuBaetcs (Tabn. 3). Hanbonwsmme RMSE no 3°C
B cioe 5—30 M Habmogal0TCs B IEHTPAJbHOM YacTU
Mopst (puc. 10, peiic 87, oyn Ne 6901900, 7900594)
M CBSI3aHBbI C HETOUHOCTBHIO BOCIIPOU3BEACHMS TJIy-
OMHBI 3ajleTaHUsI BEpPXHEH I'paHMIIBI CIOSI CKayKa
TeMIiepaTyphl. Kak BUITHO M3 CTPYKTYpPHI ITpoduiieit
TEeMIIepaTyphl JIETOM, TOJIIINHA BEPXHETO KBa3MOI-
HOPOIHOTO CJIOSI Y BEPXHsSI TpaHUIlA CJIoS CKayka
TeMIlepaTypbl MO JaHHBIM HM3MEpPEeHUM pacroJio-
JKEeHBI TIIyOXe MPUMEPHO Ha 5 M, 4eM IO JaHHBIM
YHCJIEHHBIX 3KCIIepuMeHToB. Ilpm 3TOM Bemmum-
HBI RMSE B cnoe 5—30 M Majio oTIN4aloTcst MeXIy
coboil. Takxxe OTHOCHUTEJIbHO OOJIbIINE 3HAYEHUS
RMSE temriepaTyphl ISl BCEX 9KCIEPUMEHTOB IO-
nydeHsl B ciaoe 30—100 M, rme 3ajeraroT BOIbI XO-
JnogHoro TpomexyTouroro cios (XITC). Jlns Bcex
MoIeabHBIX mpoduieii B ciaoe 50—100 M Habmona-
erca gapo XIIC, roe 3HaueHUs TeMIlepaTypbl Me-
Hee 8.5°C, m KOTOpOe IIPaKTUYECKH OTCYTCTBYET
B JaHHBIX HaOmoaeHuit. AHanmu3 RMSE u Monenb-
HBIX Mpodwieil TeMmepaTyphbl MOKa3bIBaeT, 4YTO B
JICTHUI CE30H U3MEHEHHE CXEMBI aIllIPOKCUMAIIHN
ypaBHEHMII aIBEeKIIMU TEIIa X COJIM MaJIo BIMSET Ha
TOYHOCTh BOCITPOM3BEICHUS T0JIell TeMIIepaTyphl B
BepxHeM 100-MeTpoBOM ciioe.

Ha Bcex mpodunsax coneHocTH jeToM (Tadi. 4)
MOJE/bHbIE 3HAYEeHUs] HIXE HaOMI0JaeMbIX, T.K.
MoOIelbHasI TJIyOMHA 3ajJieTaHusl BEpXHEll TpaHU-

N3BECTUA PAH. ®DU3KA ATMOC®EPHI 1 OKEAHA

IIbI OCHOBHOTO TaJIOKJIMHA HIKE, YeM IO JaHHBIM
U3MepeHnit, B cpeagHeM Ha 50 M, 9TO yKa3bIBaeT Ha
BO3MOXHYIO CHUCTEMATUYECKYyIO OIIMOKY B JAaHHBIX
HaOmoneHuii. Han6onbiuve 3HayeHuss RMSE BbIsIB-
neHsl B cioe 30—100 M, roe B BepTUKAJIbHOM CTPYK-
Type IIOJISI COJICHOCTH IPUCYTCTBYIOT HAMOOJIBIINE
rpagueHTHl. I1py 5TOM B IIpUOpEKHOI W LIEHTpaIb-
HOIT yacTsax Mops i akcnepumeHToB T3S5 u T5S3
RMSE coneHoctu B BepxHeM 100-meTpoBOM ciioe
HIXKE 1O cpaBHEHMIO ¢ maHHbIMU T2S2. HauMeHb-
Iask pa3sHUIA MEXIY HATYPHOM M MOIEIbHOM TOJI-
IIMHOM OCHOBHOTO TaJIOKJIMHA OOHApyKeHa B IICH-
TpaJIbHOU rTyOOKOBOIHOM YyacTu Mops (puc. 16, Oyu
6901900, 790059, 46900805, 6901866). [nst 30HBI
cBaja riayouH 1oxHee KpbimMa u B paifoHe mobepe-
xbs1 CeBepHoro KaBkaza HaOomaroTcss HaumbOIb-
1€ OTKJIOHEHMS MEXIY MOACIbHBIMU U HATypHbI-
MU JaHHbIMU. JIJIsT BepXHEro KBa3MOTHOPOMTHOIO
cios (0—30 M) pesyabraThl 3KcrepuMmeHToB T3S5
u T5S3 neMOHCTpUpPYIOT Jiydlllee KayeCTBEHHOE U
KOJIMYE€CTBEHHOE COOTBETCTBUE C JaHHBIMU U3MEPe-
Huit: RMSE coneHocT HUXe IS BCceX paiioHOB, a
IJ1 CTAaHLMM MO JaHHBIM pefica 87 u 6yes 6901900,
7900594 MomenpHOEe M3MEHEHWE COJIEHOCTH C TITy-
OMHOIT KaYeCTBEHHO COOTBETCTBYET BEPTUKAIBHOM
CTPYKTYpE peaJIbHbIX Mpoduei.

Takum oOpazoM, Balugalusi pe3yabTaTOB UHUC-
JICHHBIX 5KCHEPUMEHTOB IOKa3ajia, 4To IJIs BCeEX
pacyeToB HAOTIOIAeTCI KAYECTBEHHOE COOTBETCTBHE
TEeMITepaTypbl U COJIEHOCTU AAaHHBIM HaOJIONECHUIA.

TOM 60 Ne 2 2024
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Puc. 3. CHUMOK TeMIlepaTyphbl [IOBEPXHOCTH MOPSI M MOZEIbHbIE 10151 ypoBHs Mopst 02.08.2016.

KonuuecTBeHHas pa3HHUIIA CBSI3aHA C HETOUYHOCTHIO
BOCITPOM3BEICHNSI TOIIIMHEI BEPXHETO IepeMeIaH-
HOTO CJIOSI 3UMOM M BEPXHEro KBa3WOJHOPOMAHOTO
cios1 netoM. HaubGospline 3HayeHUs OTKJIIOHEHMIA
OT JaHHBIX HAOJIOACHMI OOHApyXEeHbl B CIOSIX
5—30 M mig remmniepatypsl 1 30—100 M 11 coeHo-
ctu. I3aMeHeHHne CXeMBl alIpOKCHMAIllMKd ypaBHE-
HUI anBeKUUU-IUdPy3Umn Teria U COaU yaydyluaeT
TOYHOCTh BOCHPOU3BEACHUSI TOJIIUHBI BEPXHEro
TepeMeIIaHHOTO CJIOSI B 3MMHMI TTEpUO U TITyOMHBI
3ajieraHus BEpXHeil TpaHUIIbI C1051 CKauKa TeMIiepa-
TYPBI JIETOM B LICHTPAJbHOI 9YaCTU MOPSI.

AHAJIW3 PE3VYJIBTATOB MOAEJIMPOBAHUA

PaccMmoTpuM pazmiuus MexXIy pe3yJbTaTaMM Tpex
9KCIepuMeHTOB. IIpuBeneHHBIN YpOBEHb MOpPSI SIB-
JISIETCSI BAXXHOIM MHTETPAJIbHOM XapaKTEPUCTUKOM IS
aHaJIM3a SBOJIIOLMU IIOJISI TeYCHUIA B BEpXHEM CJIOe,
CITyTHMKOBEIE JAHHBIE O KOTOPOM ITO3BOJISTIOT OLICHUTh
COOTBETCTBHE MOIEIbHBIX W peaJbHBIX ITPOCTPaH-
CTBEHHBIX OCOOEHHOCTEH IT0JIsI TeueHWiA. bblio mpoBe-
JIEHO TOC/IeI0BaTEIbHOE TI0 BpEMEHHU COIOCTaBIeHUE
MOJEJIbHBIX TT0JIel YPOBHSI MOPSI 1 KapT aIbTUMETPH-
YECKOIO YPOBHSI, IIOCTPOSHHBIX HA OCHOBE aJITOPUTMa
[Kubryakov et al., 2012], KOTOpBIe OJYyIeHBI B OTAETIC
JUCTAaHUIMOHHBIX MeTomoB uccieqoBanuit MI'M PAH.
CpaBHEeHHE TOKa3ajl0 KavyeCTBEHHOE COOTBETCTBHE
MeXIy DJaHHBIMU albTUMETPUU U OCHOBHBIMU AMHA-
MHUYECKMMH 0COOeHHOCTIMHU YepHOro Mops (TakuMu
kak OYT, CeBacromonbckuii u baryMckuii aHTUIIN-

N3BECTUA PAH. ®DU3KA ATMOCOEPHI 1 OKEAHA

KJIOHBI) B LICHTPAJILHOI 1 3aIlagHoil TITyOOKOBOMHBIX
gacTsaXx Mopd. OgHaKo B MPUOPEKHON 30HE, BCIEN-
CTBHE HEAOCTATOYHOIO IIPOCTPAHCTBEHHOTO paspe-
IIEHMS JaHHBIX abTUMeTpuu (1/8°), 3aTpyAHUTEIBEHO
OLICHUTh ME30MacIITabHyl0 TUHAMMKY Bom. Ilosto-
My IJISI aHAJIU3a TakKKe MPUBJICKAIUCH CITyTHUKOBEIC
CHMMKH TeMIIEPaTyphl IIOBEPXHOCTH MOPS Y KOHIICH-
Tpauu xjaopodwmia “a” [http://dvs.net.ru/mp/data/
main_ru.shtml].

AHanu3 KapT yYpOBHS IIOKa3aj, YTO OTIMYUS B
pe3yabTaTax MPOSIBIISIIOTCS ¢ KOHIIA aIIpesisl, MOoCe
MpeKpalleHNs TIeCTBUS 3MMHUX BETPOB, U CBSI3aHbI
OHM C JMHAMMKOII Me30MacIITaOHBIX aHTUIIUKIIO-
HoB. HanmpuMmep, Ha CHUMKe KOHLIEHTpAaLMU XJIOPO-
dusuta 3a 28.04.2016 (puc. 2) HaGMOIaeTC aHTULY-
KJIOHMYECKHUIA KPYTOBOPOT B OKPECTHOCTSX 31° B.1.,
KOTOPBIN BOBJIEKAET IIeJb(OBBIE BOILI C BBHICOKOM
KOHIIEHTpaleil xjopoduiuia M IEepPeHOCUT UX B
IyOOKOBOAHYIO 30HY. Cyasl MO KOHTPACTHOCTU U
dopme “sa3bIKa” BoI, opOUTaAIbHASI CKOPOCTb BUXPS
JIOCTaTOYHO BbicOoKasi. Kak BUIHO M3 puc. 2, B 3KC-
nepumeHTax T3S5 n T5S3 pacnonoXeHHBIN B 3TOM
paiione CeBacTOIIOJbCKUIT aHTUIIMKIIOH Oojiee MH-
TEHCHUBEH: IUIOIIAAb BUXPS U BEICOTA YPOBHS 0OJIb-
1lIe TI0 CPAaBHEHUIO ¢ 3KCIIepuMeHTOM T2S2.

XapakTepHble IJISI JIETHETO Ce30Ha ocjabjeHue
OUYT u ycuneHue Me30MacIITaOHOM M3MEHUYNBOCTH
MIPOSIBIITIOTCST BO BCeX oKcIepuMeHTax. OmHaKo, B
aKcrepuMmeHTe T2S2 mupuHa cTpyd 0OJbllIe U K-
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KJIOHMYECKHUI KPYrOBOPOT OXBaThIBAET MEHDIIIYIO
iomanb, 4yeM B skcnepuMenTax T3S5 n T5S3. U3
puc. 3 BugHO 0OoJjiee IJIOTHOE PACIIOIOXEHHUE M30-
JIMHUI YPOBHS HaJ CBAaJIOM IJIyOWH MO pe3ysibTaTaM
T3S5 u T5S3, yTo CBUIETENBCTBYET O OOJIEe UHTEH-
CUBHOM TeyeHur. KayecTBEHHOE COIIOCTaBJIEHUE
KapT YPOBHSI CO CIIyTHUKOBBIMM HAHHBIMHM ITOKa-
3BIBAeT, YTO (popMa M PaCIIOIOXKEHHE BOCTOYHOIO
LUKJIOHNIECKOTO KPyTOBOPOTa B CEBEPO-BOCTOYHOM
yacTu Mops o gaHHbIM T3S5 1 T5S3 cooTBeTCTBYET
30HE MPOTPEThIX ITOBEPXHOCTHBIX BOA MexXny 43° u
45° c.1. (kpacHast o0yiacTh). Takke BasKHBIM OTJIM-
YreM MEXIy pacdyeTaMy B JIETHUM CE30H SIBIISICTCS
IMHAMHUKA BOI OKOJIO AHATOJIMICKOTO ITOOEPEKbS.
TUMUIHBEIM TTPUMEPOM LIEITOYKN IMPUOPEKHBIX Me-
30MacIITA0HBIX BUXpe B IOTO-BOCTOYHOIM 4YacTH
MOpsI, CYIIECTBOBaHME KOTOPBIX ITOATBEpKAAETCS
MHOTOYHNCIEHHBIMU HabOMoaeHussMu [Akpinar et al.,
2022], I9BISIOTCS BUXPEBBIE CTPYKTYPHI Ha CHUMKE
TeMIIepaTyphl TIOBEPXHOCTH Ha puc. 3 Mexny 34° n
39° B.m. CpaBHEHME MPOCTPAHCTBEHHOTO ITOJIOXKE-
HUS M30JIMHUNA YpOBHS M CHMMKA Ha puC. 3 MOI-
TBEPXKAAET, YTo 3KcrepuMeHT T5S3 maeT pesynbTa-
TBHI HanboIee OJU3KKME K peaJbHON KapTuHe. Takxke
Ha pHCc. 3 B I10JIe TeMIIepaTyphl BUAHBI IBa IIpUOpEK-
HBIX BUXpsI 0KoJio HoBopoccuiicka, 4epThl KOTOPBIX
MOXHO OOHApPYXUTh B a3kcniepuMeHTax T5S3 u T3S5.
B okpectHOCTSIX 40° B.I. B I0JIe TeMIIepaTyphl IIPO-
ciaexuBaeTcss baTyMcKuii aHTUIIMKJIOH, BOCIPO-
M3BOIMMBIM B pe3yJibTaTaX YUCASHHBIX 3KCIEpH-
MEHTOB, II0 Ilepudeprr KOTOPOIro HaOIIOJAIOTCS
LUKJIOHNYECKIE BUXPU.

Hanee co BpeMeHeM HauOOoIbIlIMe OTJINYMS B TI0JIE
YPOBHS TIpoSBIIsSIIOTCS B cTpykKType OUT 1 nuHamu-
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ke CeBacTOITOJIbCKOro M baTymMcKOro aHTHUIIMKIIO-
HOB. B okts0pe—Ho0sa6pe mmpuHa OYUT B 3anmagHoi
U I0XKHOI yacTax Mopsl B akcnepuMeHTe T2S2 60J1b-
1IIe, CJIeI0BaTeIbHO, 31€Ch KPYTOBOPOT ME€HEE WH-
TeHcuBeH. CeBacTOMOJbCKMM aHTULIMKJIOH CTally-
oHUpyeTcs HAa KpoMKe CeBepo-3altaHoro meibda,
OIHAKO, ecn B dKcTepuMeHTe T2S2 oH ocinabeBaer,
To no aAaHHbIM T3S5 m T5S3 HaoOOPOT MHTEHCU-
dunupyercs. Bo Bcex akcnepuMeHTax baTyMckuii
QHTULIMKJIOH COMPOBOXIAETCS ILUKIOHUYECKUM
KPYTrOBOPOTOM, KOTOPBIi HauboJjiee MHTEHCUBEH B
T2S2. Ilpu 5TOM Ha CITYyTHUKOBBIX CHUMKAX MHTEH-
CHBHBII IIMKJIOH B 3TOM pailoHe He HaOIIoaacs.

IToMrMo KapT IOJII YPOBHSI 00 YCUJICHUU WH-
TEHCUBHOCTHU LUPKYISILIUU B 3KcrepuMeHTax T3S5
n T5S3 Takke CBUIETENLCTBYET M U3BMEHEHME KMHE -
THYeCKoit aHeprun TeueHmit. Ha puc. 4 mpencras-
JICH BpEMEHHOI XOJI CpemHel B BEpXHEM MOICIIb-
HOM CJIO€ TIJIOTHOCTA KMHETUYecKou aHeprun. Kak
BUIHO M3 puc. 4, HauMHas C Masl, KMHETUYecKasl
9HEPrus, a cJledoBaTeIbHO, U CKOPOCTh TEUCHUI B
BEpXHEM cJIoe IJI SKcrnepuMeHTa 12S2 MeHbllle,
YeM B OBYX IPYIMX pacderax. Tak Kak IOCTaHOBKa
YUCJIEHHBIX SKCIIEPUMEHTOB U I'PaHUYHBIC YCIIOBUS
IIJIST BCEX pacyeTOB OAMHAKOBEIE, TO, IO-BUIMMO-
My, HCIIOJIb30BaHUE alllpoKCUMalMi, oOecredu-
BaIOIIMX COXpaHEHUE TeMIepaTyphbl U COJEHOCTHU B
CTeIeHsIX 0oJibllle ABYX, MPUBOIUT K O0jiee MHTEH-
CHBHOI1 IUPKYJISILINI, YTO COOTBETCTBYET peaIbHBIM
U3MEPEHMSIM CKOPOCTH TedeHMIt [ApTaMOHOB U JIp.,
2018].

Kak 0bL10 MoKa3aHo BbIIIE, 3HAYMMBIEC OTIMYUST
B pe3yJIbTaTaX MOJIEIMPOBAaHUS TeMITepaTypHl 1 CO-
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Puc. 5. IIpoctpaHcTBeHHOE pacmnpezeaeHue 1ot coneHoct 10.07.2016 Ha ropusonte 100 M (a). OTKIIOHEHME MOIAEIBHOM
COJICHOCTH OT U3MepeHHoi Ha ropu3oHTe 100 M sletoM 2016 1. utst 6yst 6901831 (6) u 6yst 6901900 (B). [Tpoduim coeHOCTH
C yKa3aHueM JaThl 1 KOOPAMHATEHI 110 JaHHBIM MozeaupoBaHus u 0yeB 6901831 (1) u 6901900 (m).

JIeHoCcTH HabrogawTcs B BepxHeM 300-MeTpoBOM
cioe. AHaIM3 TPOCTPAHCTBEHHBIX paclipeacieHnit
MOJISI COJIGHOCTU Ha pa3IMYHbIX TOPU3OHTAX MOKa-
3aj1, YTO pa3HUIlAa B MHTE€HCHUBHOCTU HUPKYJISILIUU
OpOSIBJSIETCS] HauYWHasi ¢ TIyOMH TIpUMEpPHO 75 M
¢ KoHIIa BecHBl. B akcmepumentax T3S5 m T5S3
B LICHTpaJbHOM 4YacTW Mopsl HaOawogaroTcs obia-
CTU TIOBBIIIEHHON COJICHOCTU II0 CPaBHEHUIO C
T2S2 (puc. 5a), 4TO CBUAETEILCTBYET 00 YCUIIEHUU
nombeMa Bod. Takast KapTHMHA IPOCIEKUBAETCS 0
KoH1a oceHU. M3 puc. 16 BUAHO, YTO JIETOM B TJIy-
OOKOBOJHOI yacTu Mops Haxoauauch 6yu ARGO
Ne 6901831 u 6901900. 7151 BOCTOUHOI YaCTHU MOPS
COMoCTaBJIeHUE ¢ TaHHbIMU Oys1 6901831, nBUTaBIIIE-
rocsl Ha CEBePO-BOCTOK, IEMOHCTPUPYET YMEHbIIIE-
HUE OIMOKM B pe3yibTraTax daKcrepuMeHToB T3S5 u
T5S3 (puc. 56), Kkorma Oyii mepeMecTHIICS CeBepHee

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

43° c.u1. B 00J1aCTh ¢ HAMOOJIBIIIEN pa3HULICH MEXITY
aKcnepuMeHTamMu (puc. 5a). Tak, aHaIu3 pa3sHULbI
MEXOYy MOICIbHBIMM U HATYPHBIMU JAHHBIMM ISt
seta 2016 r. Tokasai, 4YTO BEJIMYUHEBI mean S cocTa-
B 1.36, 1.22, 1.25%0 nnsa skcriepuMmeHToB T2S2,
T3S5, T5S3 coorBeTcTBeHHO. OTKJIIOHEHUE COJIEHO-
CTH BIOJIb TpaeKTopuu 6yst 6901900 cBUIETEIHCTBY -
€T, YTO B 3aIaJHoi yacTu Mops (puc. 1a) akcrnepu-
MeHT T3S5 maeT HaMMEHBIIYIO OIIMOKY (puC. 5B):
BEJIMYMHBI mean S coctaBuim 1.62, 1.28, 1.57%o0 nns
skcriepuMenToB 12S2, T3S5, T5S3 cooTBeTcTBEeH-
Ho. IIpoduau coseHOCTU BAOJb TpaeKTopuii OyeB
JEMOHCTPUPYIOT, UTO YMEHBIIIEHUE OIIMOKNA MOJe-
JIMPOBAHUS COJICHOCTH B LICHTPAJIbHOM YacTHU CBS-
3aHO ¢ 6oJiee TOYHBIM BOCIIPOU3BEICHUEM BepXHEM
IpaHULIBI OCHOBHOTO TajJIOKJIMHA B 3KCIEPUMEHTaX
T3S5 u T5S3 (puc. 5r, o).

TOM 60 Ne 2 2024
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Puc. 6. [IpocTpaHcTBeHHOE pacrpeaeieHue moeil TeMeparypsl Ha ropu3onTe 15 M Ha 04.07.2016 (a). OTKI0HEHUE MO-
JeJIbHOM TeMIepaTyphl OT U3MEPEHHO# Ha ropu3oHTe 15 M stetom 2016 1. st 6yst 6901866 (6) u peiica Ne 87 (B). ITosie TeM-
TepaTypbl Ha TOPU3OHTE 2 M 110 TaHHBIM peiica Ne 87 1 uncieHHbIX aKcrepruMeHToB Ha 04.07.2016 ().

AHaJIN3 moJIei TeMIepaTyphl Ha pa3IndHEIX TO-
PU30HTAX TOKa3aj, YTo HauboJyiee 3HAYMMbIE OT-
JIUYMST HAOJIIOMAIOTCA B JIETHUM CE30H B BEPXHEM
30-metpoBoM ciioe. Ha puc. 6 peacraBiaeHbl po-
CTPAaHCTBEHHBIC paclpene/icHUusl TeMIIepaTyphl MO
pesyJbTaTaM TpeX 3KCIIEpMMeHTOB jetoM 2016 r.
¥ OTKJIOHEHMS OT JTaHHBIX U3MEpEeHUId BOOJb Tpa-
extopun 0yeB ARGO Ha ropuzonte 15 M. Kak
BUAHO M3 puc. 6a, B 3amagHoOil IIyOOKOBOIHOI
YacTU MOps TeMIlepaTypa B 3KcriepumeHTte 12S2
Ha 1-2°C Bbiue, uem B T3S5 u T5S3. Hanee, co
BpeMeHeM, 3allamHas 4acTb IPOTpeBaeTcs, M BO
BCEX O9KCIEPUMEHTaxX MOJYYeHbl KAa4eCTBEHHO U
KOJIMYECTBEHHO Oamu3Kue pe3yabrarel. [lo maH-
HbIM O0yst ARGO 6901866, meiicTBOBaBILIEro JIETOM
2016 r. K ceBepO-BOCTOKY OT AHATOJUICKOTO MO-
O0epexps (puc. 10), OTKIOHEHHSI TeMIIepaTyphl OT

N3BECTUA PAH. ®DU3KA ATMOC®EPHI 1 OKEAHA

JaHHBIX M3MEpPEeHMId HUXe mo peldyabTatam T3S5
n T5S3 (puc. 60): BenuuuHsl mean T paBHbI 1.36,
0.96, 0.85°C mns skcnepumeHtoB T2S2, T3S5,
T5S3 coorBeTcTBeHHO. 119 CeBEpHOM YacTy MOPS
(peiic Ne 87 HUC “IIpodeccop BomsgHmukumii”,
puc. 10) HabaOgaOTCsl HAaUOOIbIINE OTKJIOHEHUS
MOJIETLHOM TeMIlepaTypbl OT U3MEPEHHOI U 3/1eCh
CYIIECTBEHHOM pasHULBl MeEXAy pe3yabTaTaMUu
SKCIIEPMMEHTOB He BhIABIIEHO (puc. 6B). boibiiue
OTKJIOHCHMSI 3HAYCHUII TeMIIepaTyphl CBSI3aHBLI C
HETOYHOCTBHIO BOCCTAHOBJICHHMS TJIyOMHBI BEPXHETO
nepeMeliaHHoro cjios (Tada. 3), 4To 00yCIOBIEHO
BBICOKOYACTOTHON W3MEHYMBOCTBIO (PU3MUYECKMX
MPOLIECCOB, HE BOCIIPOMU3BOoAUMOit Moaenbio MI'U,
HO 3a(MKCHUPOBAHHOI 3a CYET BEICOKOI YaCTOTHI U
IUTOTHOCTU BBHIMIOJHEHMST uU3MepeHuii. M3 puc. 6r
BUIHO, YTO B HATYPHBIX JAHHBIX UMEETCS HECKOJIb-

TOM 60 Ne 2 2024
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KO BHUXpPEBBIX 00pa30BaHUIl ¢ pa3MepoOM OKOJIO
10 xM (B IpaBoOf M JIEBOW YaCTSIX IMOJUTOHA), TOTHA
KaK B MOJEJIBHBIX ITOJISIX BOCIIPOU3BOAUTHCS TOIb-
KO BUXpb B LIEHTPE ITOJINTOHA K ceBepy oT KphiMa.

HauGosee BaxkHbIe Ha Halll B3IJIsII pa3anuusi, 00-
HapyXeHHble B pe3yJbTaTax MOMAEIUPOBAaHUS IIOJIS
TEeMIIEPaTyphl, — 3TO TOJIIMHA CE30HHOTO TePMOKII -
Ha u tommnuHa XIIC. B neHTpanpHOIf 9YacT MOps B
akcnepuMeHTax T3S5 u T5S3 ¢ cepeavHbl UIOHS MO
KOHEII CEeHTSIOPsT CJI0i cKayka TeMIIepaTyphl U CJIOM
XTIIC Tonbiie, yuem B T2S2. B kauecTBe mpumMepa Ha
puc. 7a moka3aHbl BepTUKAJbHbIC pa3pe3bl TeMIIepa-
TypHl BIojib 43° c.ai. B mione. Kak BUIHO B OKpecT-
HOCTSIX TOpM30HTa 25 M HaOIIomaeTcsl CrylleHHe
u3otepM B pacuetax T3S5 u T5S3, a rommuna XI1C
B cpenHeM MeHee 50 M. AHaJIM3 HATYpHBIX JAHHBIX 32
2016—2019 rr. [Mopo3zoB u mp., 2020] moka3sbIBacT,
uyto B YepHOM MOpe HabnoaaeTcsl MOAHSITAE HIKHe
rpaaunsl XI1C. 1o cBegeHnsIM, IpeacTaBICeHHBIM B
MoHorpaduu [MBaHoB u ap., 2011], MakcumaabHas
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BeJIMYMHA CPEIHETO IS JIETHETO Ce30HA BEPTUKAJIb-
HOTO TpaJWeHTa TEeMIIEPaTyphl, XapaKTepPU3YIOILIETO
cioit ckauka, paBHa —1.4°C/m. CpenHue 3a UIONb
OLIEHKM BEJIMYMHBI BEPTUKAJIBHOIO TI'paavdeHTa MO-
JIebHOI Temriepatypbl B ciioe 20—25 M s riry0oo-
KOBOJHOM yacTy Mopst (Mopuctee n3o6atel 1500 M)
cocrapistior —1.03, —1.23, —1.34°C/m ns1 miepBoro,
BTOPOTO U TPETHETO IKCICPMMEHTOB COOTBETCTBEH-
HO. AHanu3 Tipodwieil TemriepaTypbl MO NaHHBIM
ARGO (puc. 70, B) u r;TyOOKOBOIHBIX CTaHILIMI peii-
ca Ne 87 HUC “ITpodeccop Bonsuuiikuii” (puc. 7r)
BOJIM3M 43° C.111. YKa3bIBAET HA TO, YTO IKCIIEPMMEHThI
T3S5 u T5S3 kauecTBEHHO U KOJIMYECTBEHHO TOUHEE
BocTipon3BoIAT (popmy 1 TommumHy XITC. Kak BugHO
u3 puc. 70—r pe3yabTaThl pacyetoB T3S5 u T5S3 Ha-
XOISITCS B JIy4YllIEM COOTBETCTBUU C HAOIONEHUSIMU B
cioe 25—50 m.

CpaBHeHHE pPE3yJBTAaTOB MOICIUPOBAHUS II0-
JIel TeMIlepaTypbl M COJEHOCTHM YKa3bIBaeT Ha TO,
YTO MpU ucnojb3oBaHuu ypaBHeHuii (I1.2) u (I1.3)
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Puc. 7. BeprukanbHblii pa3pe3s mosst Temiepatypbl Baosb 43° c.ir. 30.07.2016 (a). ITpodmin TemnepaTyphl O JaHHBIM MO-
nenmpoBaHust, 6yeB Apro Ne 6901831 (6), Ne 6901832 (B) u peiica Ne 87 ().
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Puc. 8. Cpennee 3a j1eTo 1oje BepTUKaabHOI cKopocTu Ha ropu3oHTe 300 M (a). CpemxHuii 1)1 rTyOOKOBOIHOI YacTU MOPS
MpoduIb BEPTUKATBHOM CKOPOCTH IO Pe3yabTaTaM TpeX SKCITEPUMEHTOB (0).

HaOmomaeTcss MHTCHCU(UKALIMSA MombeMa BON B
LEHTPAJIbHOI YacT! MOpsl. AHAJIN3 IIPOCTPAHCTBEH-
HO-BpPEMEHHOM M3MEHUYMBOCTH I10JISI BEPTUKATbHOMN
CKOPOCTH I10Ka3aj, YTO B JIETHUI CE30H IpU O0Iu3-
KHMX II0 BEIMYMHE 3HAYEHUSIX CKOPOCTHU YBEIUYH-
BaeTCs IUIOIIAAb 30HBI OTPHMIIATEIbHBIX 3HAYCHMIA,
COOTBETCTBYIOIIMX B Mogeau MI'U (och z HampaB-
JieHa BHU3) ToabeMy Bod. Ha puc. 8a mpeacraBieHbl
CpeAdHME 3a JIETO T0JISI BEPTUKAJIBLHOM CKOPOCTH Ha
ropu3zoHTe 300 M. BunHo, 4To B LIeHTpaJIbHO U BOC-
TOYHOI1 4acTSIX MOps 001aCcTH, 0003HAYEHHBIE TOJIY-
661M 1BeTOM (w < (), 3aHMMAIOT OOJIBIIYIO TIOIIATb
B akcnepumeHTax T3S5 u T5S3. Takke obpaiaet
BHMMaHUe 0oJiee peryspHbIii XapakTep 30H uepe-
JIOBaHUS TIOJIOXMTENbHBIX W OTPUILIATEIbHBIX 3Ha-
yeHMit ckopocTu. OLIEHKU CPEIHEro 3a BECh IePUO
WHTEIPUPOBaHUS NPOPWIsT BEPTUKAIBHONM CKOPO-
CTA UISI TITyOOKOBOTHOM 4YacTh Mops (Mopucree
n3o0atsl 1000 M) AEMOHCTPUPYIOT YBEJIMUYEHNE CKO-
pocTH noabeMa Boj B BepxHeM 600-MeTpOBOM clioe
s akcnepuMeHToB T3S5 u T5S3 (puc. 86). Mak-
CHUMYM BEPTMKAJIbHOM CKOPOCTU B 3KCHEPUMEHTax
T3S5 n T5S3 pacnionoxeH B cioe 27.5 —35 M, Torma
Kak B 9KkcriepuMeHTe T2S2 B cioe 35—45 M. Pe3yib-
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TaThl, MOJIydYeHHBIE C IPUMEHEHMEM HOBBIX CXEM
(I1.2) u (I1.3), cornacyioTcs ¢ OLeHKAMM TIyOMHBI
MaKCMMyMa CKOPOCTH TOI’beMa BOJ IO JaHHBIM pe-
aHanu3a YepHoro Mops [[dopodees u ap., 2016].

SAKIIIOYEHUE

B paborte npeacraBiieHbl pe3yJbTaTbl CDABHUTEIb-
HOro aHajm3a ruapodu3mdyeckux Ioneir YepHoro
MOpsI, PEKOHCTPYMPOBAHHBIX MPU MCIIOJb30BaHUU
B YMCJIEHHOI Moaenu uupkyasiuuu MI'UM nuckpert-
HBIX YypaBHEHUI agBeKINN-TU(PY3NH TETIIa U CONH,
00JIagaloIINX CBOMCTBOM COXpPaHEHUS TeMIIepaTypPhl
U COJIEHOCTH B Pa3IMUYHBIX CTeleHsIX. PaccMoTpeHsl
TPU CXEMBI aIlMPOKCUMALUM aJBEKTUBHBIX YJICHOB,
o0ecreyrBaoIle CoXpaHeH1Ee TeEMIIepaTyphl U COoJie-
HOCTHU B CTEIICHSIX OT IBYX JIO IISTH.

Pesynbratel pacuyeToB IEMOHCTPHPYIOT, YTO
B BepxHeM 100-MeTpoBOM cjioe BeJIMYMHA OTKJIO-
HEHMSI MOAEIbHBIX 3HAUYEHUI COJEHOCTH OT M3Me-
peHHBIX MeHblIIe B aKcriepuMeHTax 1553 u T3S5 no
CpaBHEHUIO C 9KcrepuMeHTOM T2S2, B KOTOPOM HC-
IIOJIB3YeTCS TPaIUIIMOHHAS aIllIPOKCHUMAIINS HEIM-
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HEMHBIX cilaraemMbix. HauMeHb11ME OTKIIOHEHUS MO-
JIeIbHOM COJIEHOCTU OT U3MEPEHHOM HaOII0aal0TCs
IJI 10ro-3amagHoi 4YacTu MOpPSl — 30HBI C MHTEH-
CUBHOI CTPYMHOI ITMHAMUKOMN U cl1aboil BUXPEBOIi
M3MEHYMBOCTbIO B 3UMHUI1 Tiepuo. st ocTaqbHBIX
paiionoB B cioe 30—100 m RMSE coneHocTH Ijist
akcriepuMeHToB T3S5 m T5S3 MeHbIe TMpuUMepHO
Ha 20%, yem no JaHHbIM T2S2.

st BepxHero ciost 0—30 M ucrnojib30BaHuE all-
MpoKCcUMalMii, 00ecreunBaoIUX HAIMYe UHBApU -
aQHTOB CTeIleHU 0O0JIbllle ABYX, IPUBOIUT K JIYUIIUM
KayeCTBEHHBIM 1 KOJIMYECTBEHHBIM Pe3yJIbTaTaM I10
temriepatype. OlleHKM TToKa3anu, 9yto RMSE tem-
nepatypbl B 3KkcnepuMeHTax T3S5 u T5S3 ymeHb-
maercs npuonusuTesbHo Ha 10%. B To Xe Bpems B
JIETHUI C€30H M3MEHEHME CXEMBbI allllpOKCUMaIIU
MaJio BJIMSIET Ha TOYHOCTb BOCIIPOM3BEICHNS T10JIei
temriepaTypsl B citoe 30—100 M.

AHanu3 Tnipouiaeii COJEHOCTH BAOJb TpaeK-
Topuii OyeB HEMOHCTPHUPYET, YTO YMEHBIIEHHE
OIIMOKHA MOJIEJIMPOBAHMSI COJIEHOCTU OOYCJIOBJIEHO
0oJyiee TOUYHBIM BOCIIPOM3BEIECHUEM BEpXHEil rpa-
HUIIBI OCHOBHOTO TajiokinHa. CpaBHeHHE TIpodu-
Jieil MonenbHOI TemriepaTypbl ¢ faHHbIMU ARGO un
rinyookoBonHbix ctaHit HUC “ITpodeccop Boas-
HUUKMIA® MOKa3bIBaeT, UTO dKcrnepuMeHThl T3S5 u
T5S3 o cpaBHeHMIO ¢ pacyeToM T2S2 KauyecTBEHHO
M KOJUYECTBEHHO TOUYHEE BOCIIPOM3BOISIT (hOpMY U
tommuHy XI1C. ITo pe3ymbraTaM Tpex 9KCIepuMeH-
TOB HAMMEHBIINE OTKIIOHEHMS OT JaHHBIX HAaOJII0/1e-
HUI TIOJIyYeHbI TIPY UCIIOJb30BaHUM aNIIPOKCHUMA-
1IMii, obecreynBalolIMX COXpaHEHUE TeMIIepaTyphl
B TPETHEM CTETEHU U COJIEHOCTH B TIATOM CTETIEHU.

Pesynbratel paboOTHI MTO3BOJISIIOT MPEINOJIOXKUTD,
YTO yBeJMYEeHUe CTeTIeHW WHBApWAHTOB TP HEJIN-
HEWHOI anmpoKCUMaui aJIBEKTUBHBIX CJIaraeMBIX
B YpaBHEHUSIX 3BOJIOLWM TEMIIEpaTyphl U COJIEHO-
CTH TMO3BOJISIET JIYUIIle B CMBIC/IE OJIM30CTH K HAOJTI0-
JEHUSIM BOCIIPOM3BECTU 00JIACTU PE3KUX I'pagueH-
TOB B ITIPOTHO3NPYEMBIX TTOJTSX.

BJIATOJAPHOCTHU

ABTOpBI BbIpaXalOT OJarogapHOCTb COTPYIHUKAM
®I'BYH ®UIl MTU C.B. Crannunomy u A.A. Ky6psi-
KOBY 3a INpPeNOCTaBJE€HHbIE NaHHBbIX albTUMeTpuu, E.A.
CkpumnajeBoii 3a TIpedoCTaBlIeHUe JaHHBIX CheMOK peii-
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2

coB HUC “Ilpodeccop Bonssnuuxuii”. Pabora BbINoi-
HeHa TIpu (prHAHCOBOM nomaepxke rpanta PH® Ne 23-
27-00141.

I[TPUIOXKEHUE

BBenem pasHOCTHyIO ceTKy sl OacceiiHa ¢ He-
POBHEIM THOM, KOTOpasl OIMCHIBaeTCsl OOKCaMu C
LIEJIOYMCIICHHBIMY 3HAYCHUSIMU B €0 LIEHTpaXx i, j, k
(= s by J =l ey k=1, 100, Ku) Y Ha rpaHsx —
i+1/2,j+1/2, k+1/2. T'opusoHTaIbHbBIE pa3Mepbl
OOKCOB (£, hy) MMOCTOSTHHBIE, T10 BEPTUKAIN UCTIOb-
3yeTcsl HEpaBHOMEpHas alllpOKCUMAalIUs

(hzk = Zk+1/2 — Rk—1/2> hfﬂ/z =41 — Zk)-

Pa3zHocTHBIE onepaTopbl UMEOT BUA (114 j, k —
aHaAJIOTUYHO):

—x _ Qiviy2k T Gic1y2,, k.

?; gk T 2
_ Qit1y2,j,k — Pi-1/2,j.k
6)C(Pl Sk T h ’
X
2 2 2
Vi y®i ke = 0x@i jk + 05P; j k-

Torna ypaBHeHUs aABEeKLIMU TEMIIEPATYPhI U CO-
JICHOCTH B TOUKe (i, j, k) 3aIICHIBAIOTCSI B BUJIE

dT;

clij L1s ( :j,sz,j,k) + 9y (Vi,f,kTWk) "
+39, (Wj,j,kY;',j,k) =0,

ds;

clijk + 8, ( Ui j,Si /k)+8 ( i’f’kSi’j’k)—i_

+8, (Wi xS jk) =0,

J1st TemnepaTypbl U COIeHOCTU B padote [eMbi-
meB, 2023] npu yciaoBuu coxpanenus 7, Su 7K, st
Ha rpaHsx 0okca (ToJylesble 3HaueHUsI MHIEKCOB)
MTOJIy9EeHBI CJIEIYIOIINE COOTHOMIECHMS O OCHU X (IJIsT
J, k — aHaJIOTMYIHO):

K-1

T K1 " Ti+1jk
i+1/2,j,k — k
i+1/2,j K | (T ko T ja) |
L-1
S L1 S " Si+1jk
i+1/2,j,k — — 1 |Pij.k
i+1/2,] L b WS, i+1,j,k> ljk)
rue K— P2y
n— n
(D<Tz+1]k’ ) Z i+1,j.k Jk’
nL 2g
L—m— m
‘P(Si+1,j,kv zjk> Z i1k Sijke
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IIpu K= L =2 caenyeTt u3BecTHas alIpoKCcCHUMa-
us (st j, k — aHaJIOTMYHO):
— X
Tiviyjn = Tiviyn g >
- X
Siv12.jk = Siv1/2,jk -

(TL.1)

IIpu K=5u L =3 umeem (11151, kK — aHAJTOTUYHO)

3
T—H/k +T:+1//<Tijk +

T _ 44T Gl + T Tiu K (T1.2)
PHZIETS 7;+11 T+1/kT/k + ’
3
T Tk + Tk
2
5 S+1]k+Sz+lijzjk+S
i+1/2,j,k = >
3 Siv ik +Sijk

M, COOTBeTCTBeHHO, pu K=3u L = 5:

Sl+lj S+lij/k+
_4+S+1ijljk +Sl+lijIjk +S1jk
Sivi/2k =3 , (I1.3)
S+1/k +Sl+l/kS1,j,k +
S xStk + St
T _2];1]k+7;+ljk7;,jk+7;j,k
i+1/2,j,k *5 .

Tiviju + 1k

ITpu HTErpUpPOBAHMUH IO BCEM 00JaCTU alllpOK-
cumauuu (I1.1), (I1.2), (I1.3) obecneynBarOT coxpa-
wenwe 7, Su TX, st (K>2,L>2), T0 ecThb BbI-
TIOJIHSIFOTCSI COOTHOIIIEHMS

drk
fkhhhz+z g’/le/zh hy =0,

i,j,k

sk,
AR
i,j.k

gth

1

J1/2Mchy =0,

raoe { — INpuBeIEeHHBIN YPOBEHb MOpPSI 1 3TU BBIpa-
KeHUS TIpU OTCYTCTBUM A Py3Ur ¥ BHEUTHUX CHJI
COOTBETCTBYIOT CJEAYIOIIMM UHTETpaIaMm:

V o f f f (T¥)dxdydz = 0,

- Q,

19 L

VEfff(S Ydxdydz = 0.
- Q,

ITonydyeHHbIe aNmpoKCMMAalMU TPEeOYIOT AOMOJ-
HurenbHoro aHanmsa rpu |T| « 1°C u/umu S<1 %o.
st yenoBuii YHepHoro Mopsi Takasl CUTyalMsl Ipak-
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TUYECKHU He MMeeT MECTO, a B JaHHBIX pacueTax oHa
OTCYTCTBYET.

Takke KOHEYHO-Pa3HOCTHBIE aIIpOKCUMALIUU,
npenacraBiaeHHsie ¢hopmynamu (I1.1), (I1.2), (I1.3),
MO3BOJISIOT TOJYYUTh IUBEPTeHTHBIA BHUI YypaB-
HEHUS anBeKIMM TUIOTHOCTH, 4YTO OOecreynBaeT
TOYHOE BBITIOJITHEHWE 3aKOHA COXpaHEHMs TTOJTHOMN
SHEPryuu NpU HEJIMHEMHOI 3aBUCUMOCTH TJIOTHOCTU
OT TeMImepaTyphsl U conieHoCcTH [dembies, 2023].
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Modeling of the Black Sea Circulation Using Equations of Heat and Salt
Advection—Diffusion Having Discrete Nonlinear invariants
S. G. Demyshev" *, O. A. Dymova® **

! Marine Hydrophysical Institute Russian Academy of Sciences,
st. Kapitanskaya, 2, Sevastopol, 299011 Russia

*e-mail: demyshev@gmail.com
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In this work the accuracy of reconstructing the Black Sea circulation by using new approximations of
nonlinear terms in the transport equations, ensuring the conservation of temperature and salinity to a power
greater than two, is analyzed based on the results of forecast calculations. Three numerical experiments with
differences in the schemes for calculating temperature and salinity are carried out. In the first experiment —
traditional schemes are used to conserve of temperature and salinity in the first and second degrees; in the
second one — the temperature is conserved in the first and fifth degrees, salinity in the first and third; in
the third one — the temperature in the first and third, salinity in the first and fifth degrees. Calculations
are performed on the basis of the MHI model with a resolution of 1.6 km and taking into account realistic
atmospheric forcing for 2016. Validation of the results is carried out based on comparison of model fields
with in-situ and satellite measurements of temperature and salinity in 2016. Analysis of mean and root mean
square errors showed that new schemes for the advection-diffusion equations of heat and salt, ensuring the
conservation of predictive parameters to a power greater than two, improve the accuracy of reconstructing
the salinity in the Black Sea upper 100m layer throughout the year compared with traditional approximation.
The root mean square errors in the salinity field are reduced by 15—20%, the thickness of the upper mixed
layer in winter and the depth of the upper boundary of the thermocline layer in summer in the central part
of the sea are modeled approximately 10% more accurately. Based on the results of three experiments,
the smallest deviations from observational data are obtained when using approximations that ensure the
conservation of temperature to the third power and salinity to the fifth power.

Keywords: modeling, nonlinear invariants, approximation schemes, the Black Sea, observational data,
thermohaline characteristics
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ABpO30JIbHBIE 30HbI 0OPATHOIO pacCessHUs B MPAKTUKE a3POJIOrMIYeCKOTo 30HAMPOBAHMSI HAPSLY C JIM-
TApHBIM 30HOVUPOBAHUEM MPUMEHSIOTCS B HOYHOE BpeMsI IS M3YYeHUS W MOHUTOPWHTA ITOJISIPHBIX
cTpaTtocepHBIX 00IaKOB, TPOIIOCHEPHOTrO U CTPaTOCHEPHOTO a3p030isl, IEPUCTHIX 001aKOB, TMPOKOH -
BEKIIMM, BYJKAHUYECKOTO a’p030JIsl, a TakKe Ui BepuUKallMi IUCTaHIIMOHHBIX METOIOB 1 CPEACTB
adpO30JIEHBIX HAOIIONCHUI Ha3¢eMHOTO M CITyTHUKOBOTO 0a3upoBaHUs. I a3p030IbHEIX 30HAOB HC-
OJIb3YETCS MPOCTAasl ABYXBOJTHOBASI METOAMKA M3MEPEHMIA, MIO3BOJISIIOIIASL JUATHOCTUPOBATD I10 LIBETO-
BOMY MHIECKCY U3MEHEHHUS B COCTaBe a3po30Jisi. BO3MOXHOCTHU ABYXBOJIHOBOM METOIMKU UMEIOT Orpa-
HUYICHMST, KOTOPEIE paCCMaTPUBAIOTCS B JTAHHOM CTaThe. ADPOJIOTHYECKOE 30HANPOBAHNE, COBMEIIICHHOE
C JTUAApHBIMM HAOMIOAEHUSIMU, PACIIMPSIET IUANa30H UIMH BOJIH UISi MHOTOBOJHOBBIX MCCJIEIOBAHUIA,
a IpsIMble U3MEPEHUsI TeMIIEPaTyphl aTMOC(MEpHI MOBBIIIAIOT TOYHOCTh a3PO30JIbHOTO 30HAMPOBAHUS.
B pabote paccMaTpuBaeTCsT BOIIPOCH IIpUMEHEeHNE 3-X B OoJiee BOJTHOBEIX METOOWK. [IpuBOmSITCS maH-
Hble 30HIOBBIX U3MEPEHMI ¢ UCITONb30BaHMil JyIMH BoH 470, 528, 850 1 940 HM 1 TUAAPHOTO 30HAUPO-
BaHMS Ha IJIMHAX BOJIH 355 1 532 HM.

KmoueBbie c1oBa: aTMocepa, a3p030JIbHBIN COCTAB, 30HI OOPAaTHOTO PACCESTHUSI, a3PO30JIbHBIN TUIap
DOI: 10.31857/50002351524020104 EDN: KPJSVM

BBEJEHHWE

B npakTuke ucciaenoBaHus a3p030JbHOIO HAIOJI-
HEeHUs cTpaTocdepsl U Tporochepbl MPUMEHSIOTCS
JmnapHbele cuctembl [3yes, 2004; MapuueB u ap.,
2020] m omTryeckue 30HIBI OOPATHOTO PaCCESTHMUS
[Rozen, Kjome, 1991; Brabec et al., 2012; banyrux
Ip., 2022a]. B ocHOBe 3THUX KOCBEHHBIX METONOB UC-
cJIeoBaHMs CBOIMCTB TPOMOCc(hepHOro u crparocdep-
HOTO a’po30Jisd JieXaT METOMbl pelleHUs] 0OpaTHbBIX
3a/a4y: B JaHHOM CJIydyae OIpeneseHusT a3p0o30JbHO-
ro cocraBa aTMoc(ephl CpaBHEHHEM H3MEPEHHBIX
K03(PULIMEHTOB 0OpaTHOIO paccesHUs C 3apaHee

! CtaThsl MOATOTOBJIEHA HA OCHOBE YCTHOTO MOKJIA/IA, IPENCTaB-
neHHoro Ha IV Bcecepoccuiickoit KoHbepeHLIMU ¢ MeXIyHapOoI-
HbIM ydactheMm “TypOyleHTHOCTbh, AMHAMHKa aTMocdepbl U
KJIMMara”, TIOCBSIIIIEHHON MaMsTh akameMnka A.M. OOyxoBa
(MockBa, 22—24 Hos6ps1 2022 1.).

paccuMTaHHBIMU 0OpaTHBIMU KO3(PPULIKMEHTAMU OIT-
TAYECKUX MOJIEIEe BOZMOXHBIX a3pP030JIei.

B ocHOBe 3THX KOCBEHHBIX METOIOB MCCJIENOBA-
HUSI CBOMCTB TPOITOC(EPHOTO U CTpaTOoCHEPHOTO a3-
pO30JIsI JIeXKaT HEKOTOPhIe aHAIMTHYECKME MOIEIIH,
MpencTaBisomye coooil PyHKIMOHATbHBIE COOTHO-
LIEHUST MEXIY U3MEPSIEeMbIMU B 3KCIEPUMEHTE Be-
JIMYMHAMM U UCKOMBIMU XapaKTepUCTUKAMU CPEIbI.
B naHHoi1 paboTe onpeneneHre a3po30JbHOIO COCTa-
Ba aTMOC(epbl OCHOBAaHO HA CPaBHEHUM M3MEpPEH-
HBIX KO3(h(PULIMEHTOB 00PaTHOTO paccessHus ¢ 3apa-
Hee pacCUMTaHHBIMU KO3(pduUIHUeHTaMu 0O0paTHOTO
paccestHUS IJ1s ONTUYECKUX a3PO30JbHBIX MOIEEH.

Paspa6orannniit 8 @®I'BY “llenTpanbHast aspo-
Jorndeckass obOceparopusi” Pocrmapomera orI-
TUYECKMM a’pO30JIbHBIII 30HI OOpaTHOrO pacces-
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O BOBMOXHOCTU MHOI'OKAHAJIbBHBIX OIITUYECKHWX 30HAOB...

Hus (A30P) c BeicoToit mombema 10 30 KM ObLI
ncnonb3oBaH B stHBape 2022 1. B ToMcke B pamMKax
COBMECTHOTO JIMIAPHO-0AJUIOHHOTO SKCIIEPUMEHTA
[MapuyeB u ap., 2022], pe3yasratbl KOTOPOro J0-
MOJIHUTEILHO paccMaTpUBAIOTCSI U OOCYXKIaloTCs
B IpencTaBieHHO# padote. [TogpobHO MaTepuan o
npenHazHadyeHU A3OP 1 ero KOHCTPYKLIMM TIpe-
ctaBiaeH B pabore [bamyrmua u nmp., 2022a]. 3mechb
JINIITHL OTMETHM, 9TO B 3THX 30HIax [banyrux u ap.,
20226; Mapuues u ap., 2022] ucrojib30Bajach IByX-
BOJIHOBas METOAMKA M3MEPEHMII C MpUMEHEHUEM
JIBYyX KBa3MMOHOXPOMAaTUYECKMX HMCTOYHUKOB CBe-
Ta C perucTpauueii oOpaTHOro MOJIEKYJISIPHOTO U
adPO30JIbHOTO paccessHus 13 O0JIy4eHHOTO 00beMa
AHAJIM3UPYEMOTO BO3IyXa, KOTOPBIII PaCHOJIOKEH
BOJIM3M 30HJAa Ha pacCTOSIHUSIX 2—3 M OT mpudopa.
ITonydyeHHble pe3yabTaThl ITOATBEPAMIM TEpPCIIeK-
TUBHOCTB MpuMeHeHust A3OP, HO TakKe BBISIBUIINCH
¥ HEKOTOpbIe OrpaHUYEHMS IBYXBOJIHOBOI METOIM -
ku. Llenpio HacTosIIIEel pabOTHI SIBIISLIOCH OOCYXIe-
HHUE 3THUX OrpaHMYEeHUII U pacCMOTPEHUE BOIpoca
NpUMEHEHWs MHOTOKaHAJIbHBIX 30HIOB, 00JIajga-
IOIIMX TOTEHIUATbHONM BO3MOXHOCTBIO TTOBBICUTD
MH(GOPMATUBHOCTh 30HAUPOBAHUSI.

B mrtaTHOM MCTIOTHEHUY U3JTyYaTe I UMEIIH T~
HY BOJIHBI A, paBHYI0 470 1 940 HM, a B COBMECTHOM
SKCIEPUMEHTE UCITOJIL30BAIMNCH TAKXKe M3JIydaTesu
¢ mmMHaMu BoJIH 528 u 850 HM. BaxkHO OTMETUTD,
yto A3OP omHOBpeMeHHO U3MepsieT TeMIlepaTypy
BO3IyXa M KOOPOWHATHI HAXOXICHHUS 30HAA. DTO
TO3BOJISIET 110 M3BECTHHIM (DOopMyIaM OIpeneisaTh
IUIOTHOCTb BO3[yXa B TOYKE M3MEpPEHMS, a 3aTeM
pacCUMTHIBATh BKJIAH MOJIEKYJISIPHOIO pacCesHUS
B peructpupyemble curHaiabl. OcraBiiasics “aspo-
30/1bHAasg” 4acTh CHTHAJa OOpPAaTHOTO pacCesTHUST 1
CONEPXKUT MCKOMYIO MHGOPMAIIMIO O pPacCeUBar0-
X YaCTUIIAX.

B nByXBOJIHOBOII MeTOOMKE B KaXKI0U TOUKE M3-
MEPEHMUN ONPENEsIeTCs TaK Ha3bIBAEMBbII LIBETOBOM
nHpekce (Ci). LIBeToBoit MHIEKC paBeH OTHOLICHUIO
“a3p030JbHBIX” BKJIAJ0B U3MEPEHHOIO CUTHAJA IJIsI
pabouuMx IJIMH BOJIH 30HIa. Takoke M1 XapaKTePHBIX
Mopeneit aspososneit 3HadyeHus1 Ci BBIYMCIISIETCS 3a-
paHee (cM. padoty [banyrun u np., 20226]). Cpas-
HeHue TeopeTudyeckux 3HayeHuii Ci ¢ M3BMepeHHBbI-
MU YKa3bIBaeT Ha THUII a3po30Jis1. 3aTeM, I0JIb3YICh
BBIOpaHHOII MOIEbI0 a3p030JisI, MOXHO OLIEHUTh
KOJINYECTBO a3PO30JIbHBIX/00JJAYHBIX YAaCTUI] U MX

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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pa3Mephbl B IaHHOM ToUKe TpaeKTopuHu rojiera A3OP.
OTy MHOOPMALIMIO MOXHO 3aTeM UCHOJIb30BaTh IS
OLIEHOK BO3JIECHCTBUS a’p030Jis Ha 3HeprodajgaHC
atMocdepnl [Rozen, Kjome,1991], a Takke B Ipyrux
LeJIsIX.

Cnenyer OTMETUTh, YTO B WHTEPIIPETAIIAM W3-
MEpPEHMIT CYIIECTBYET 3aBUCHUMOCTb OT allpHMOPHOM
nHpopmauuun (Mopenu). bonee Toro, Teoperuye-
ckue 3HauyeHusT Ci MOTYT OBITh OMMHAKOBBIMU JIaXKe
IJIS. pa3HBIX paclpeneleHUi YacTUll 110 pa3MepaM.
Hampumep, miist Momenn caskeBoro a3po30Jis B pabo-
te [WCP-112, 1986] pekoMeHIyeTCsl UCITOJIb30BaTh
JIOTHOpMAaJIBHOE pacIipenejieHue ¢ IByMs IMapame-
TpaMu: CPeIHUil pa3mep 4acTull 7, U pa3bpoc BO-
KpYT cpemnHero 0. TaM ke peKOMeHAYIOTCS 3HAaUeHUST
“ximmarnieckux” mapamerpoB r, = 0.0118 MkmM u
o0 =2.0. 1151 mpubopa ¢ AIMHAMU BOJIH U3JTydaTesieid
470 1 940 HM pacueT HaeT TeOPETUIECKUI 3HAUCHUE
Ci, mpumepHoO paBHOe 4. 3aMeTuM, uto 3HadeHue Ci
IIJIST CaXXeBOTO a3pO30Jisl 3HAUYMTEIIBHO ITPEBHIIIACT
3HaueHus Ci 1151 Apyrux a’po3oieit, 1 HaJTu4ue ca-
>KEBBIX YaCTUI] OTHOCUTEIIHLHO JIETKO OOHAPYKMBAET-
cs [banyrun u ap., 2022a]. Ho mis ciydast, onucaH-
Horo B paboTe [banyrun u ap., 20226], HabmromaoTcs
ciou atmocepsl, rae 3HadeHus Ci 1o pe3yJpTaTaM
30HIUPOBAHUS OOCTUTAIO 3HaUueHUs ~7. Ha mpak-
THKE TTapaMeTPhl MOTYT OTJIMYATHCS OT “KIIMMaTHUe-
CKMX”, M B KOHKPETHBIX DKCIIEPUMEHTaX TpebyeTcs
UX olleHKa. PacyeThl MoKa3bplBalOT, UTO 3HAYECHMS
Ci, paBHble ~7, MoryT ObiTh Kak mpu r, = 0.0059
MKM 1 0 = 2.0, Tak u ipu r,= 0.0118 Mmkm u 0 = 1.8.
[ paccMaTpmBaeMBIX OIICHOK BO BCEX CIIydasix
r, << 0.47 Mx™m u, Tem Goree, r, << 0.94 Mrm (T.e.
a3pO30JIbHBIE YaCTUIILI B OCHOBHOM MHOTO MEHBIIIe
JUTMH BOJTH u3ydateneii). ®akTuuecky MporcXOIuT
paccesiHHe Ha TaK Ha3bIBAEMBIX “MaJIbIX”’ 4acTUIIAX,
Yy KOTOPBIX CEYEHHUE pacCEesTHUS IIPOIOPILNOHAIBHO
LIECTOM CTerneHu paauyca dyactuibl ~# [I. BaH me
Xionct, 1961]. Takum o6pa3oM, BKJIaJ B CUTHAJ OT
TaKWX YacTHI] OMpeAesseTcs He CTOJIbKO paclipe-
JIleJIeHUEM 4YacTull Mo pasMepam a(r), a pyHKuuei
r°n(r). I1o3TOMY BBIOOD COOTBETCTBYIOIIEN MOIEIN
as’po30JIs IO 3KCIIepUMEHTalIbHOMY 3HadeHuio Ci
MIPEICTABIISICT ONpeIeIeHHBIE METOTUIECKIE TPYI-
HOCTH.

Bonpimii vHTEpec NMpeACTaBIsiIo Obl MOJyYeHHE
SKCIIEpUMEHTAIbHOM MHMOpMAIUK O pacipelee-
HUK m(r) = rn(r), TaK Kak NOIIOIIEHUE paaualiun
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“ManbpIMMU” YacTUIIAaMU Y paguallMOHHBIN Harpen
VMU IIPOIIOPILMOHATIBHEI TPETheil CTeIIeH! paguyca
yactuibl ~7°. Yuciio mapamMeTpoB m(¥), KOTOPhIE B
MIPUHIIATIE MOXHO OIPENSINTb U3 U3MEePEHMI, paB-
HO KOJIMYECTBY M3MEpPEHUI1/KaHaJIOB (JIJIMH BOJIH).
OueBuaHO, HanboJIee MHMOPMATUBHBIMU IPEICTaB-
JISIIOTCSI TaKKMe MU3JTydaTeNld, Y KOTOPBIX JJIMHBI BOJH
COOTBETCTBYIOT pa3MepaM YacTHIl, U TOIIa MOXKHO
OXMIATh MOIydeHUS MHPOpMaIUK 00 NX pa3Mepax.
Jlrana3oH pacrnpeneneHus a3po30JbHbIX YaCTHIL 11O
pasmepaM goBosibHO mupok [WCP-112, 1986]. Ho
3aMEeTHO OTJIMYAIOIIMECS OT HY/S 3HAYeHUST (PyHK-
WU m(*) IJ1s1 CEPHOKMUCIOTHOTO U BYJIKAHMYECKOTO
adpo30JIei OIpenessaioTcs 3HaYeHUSIMM F B JIUaria-
30He 0.1—1 MKM, 4TO COOTBETCTBYET KakK pa3 aua-
Ma30HY U3y4eHUsT MpUMeHsIeMbIX cBeTonuon (470—
940 uMm). IIpuMeHeHe MHOTOKAHAJIbHBIX 30HIO0B C
BBIIIEYKa3aHHBIMM M3JIydaTeIsIMU IIPEaCTaBIISIETCS
MEPCIIEKTUBHBIM IIJIs MOBBIIIEHUs MH(GOPMAINU O
BIMSTHUM CTpaTocepHOro a3po30Jisi Ha 3Heproba-
JIaHC.

TpynHoCcTH B BHIOOpE MOIEIM a3p030Jisd 3HAUM-
TEJIbHO BO3PACTalOT B CIydYae CMECH a’pO30JIbHBIX
YaCTUIl Pa3IMYHOrO MporcxoxneHus. Tak, B Tpo-
Iormay3e CMEIIMBAIOTCS YaCTULIBI YEPHOTO yIiepona
OT CropaHusl aBUALIMOHHOTO TOIUIMBA U CEPHOKKC-
JIOTHOTO a’pO030Jis1 BYJKAHWYECKOTO IPOUCXOXKIE-
Hus [Blake, Kato, 1995]. Bo BpeMs CUJIbHBIX JIECHBIX
MOXAapOB IMMPOKOHBEKIIMS BHIHOCUT B aTMochepy
KaK YacTHUILIBI YepHOTO yIJIepoaa, TaK M1 KOPUIHEBO-
ro [Zhang et al., 2017]. ®akTUYECKH B 3THX CIyJasix
TO0ABIIIOTCS HEONpeNneeHHbIE TapaMeTphl, U3Me-
HSIOIIMECS] C BbICOTOI: COOTHOIIIEHUE YaCTHUL] Yep-
HOTO ymiiepoaa U CEpHOKMCIIOro a’po30J1sl, YePHOTO
¥ KOPMYHEBOIO yIiepoda u T.I. B Takoii curyanuu
KpaifHe XelaTeJIbHO IOBBIIICHHEe MH(MOPMATUBHO-
CTU 30HAMPOBAHUS, YTO BO3MOXHO Ha OCHOBE IO-
BBILICHUS YMCJIa KaHAJIOB 30H/1a.

TEXHUKA U OITBIT MHOI'OKAHAJIBHOI'O
3OHANPOBAHUA

M3roroBieHre MHOTOKAHAJIbHBIX 30HIOB OC-
HOBAaHO HAa NMPUMEHEHUU WCTOYHMKOB M3TYYCHUS
(cBeToanonoB) TpedyeMoil IAMHHBI BOJHBL Ilpu
cozgan A30P KCIoab3yIoTCS CBETOMMONBI C M-
Hamu BostH 470, 528, 850 u 940 um. /InnuHaA BOJHBI
528 HM 0COOEHHO BaxKHa B MPAKTUKE COBMECTHBIX
JUOAPHO-0AJUIOHHBIX 3KCIIEpPUMEHTOB, TaK Kak

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

BAJIYTYH u np.

MHOTIMe Juaapbl paboTarT Ha OJM3KON IJIMHE BOJ-
HBI (532 HM). PesympraTel Takoro 3KCIepUMEHTA
MpEICTaBICHBI HA PUC. 1, KOTOPBI JIEeMOHCTPHUPYET
XOpolllee Corache MPSMBIX (30HI) U TUCTAaHIIMOH-
HBIX (Tuaap) usMepeHuit. Ha aTom pucyHke mnpen-
CTaBJICHBI TaHHbBIE, ITOJYYEeHHbIE 30HAOM B IIOJIETE B
Houb ¢ 27 Ha 28 guBaps 2022 r. B paitoHe T. ToMcka.

B xauecTBe mapameTrpa, ONMMCHIBAIOIIETO BEPTU-
KaJbHYI0 CTpaTU(PUKALIMIO a3P030J1s, peAcTaBIeHa
onTuyeckasa xapakrepuctuka R(A,H) — oTHoIleHUE
a3p030JIbHOTO PacCesTHUSL:

=
_ BM(x,H)+BA(x,H):1+ BN H)
Bu (A H) By (MH)
RO-H) = Bif?i,Hf;) -
By (MH)+ By (M H) . Ba(rH)
Bar (M H) By (MH)

e B(A,H), B,,(A,H), B,(A,H) — xoadbdurmeHTsI 1os-
HOTO, MOJIEKYJISIDHOTO M a3pP030JbHOI0 0OpaTHOIo
paccesstHMSI CBeTa Ha [UIMHE BOJIHBI A Ha BeicoTe H.
s mpumMepa, BeimosiHeHue yeiaosuii R(A, H) = 1 03-
HayaeT OTCYTCTBME Ha JAaHHBIX BEICOTAX a3po30JIsi, U
Hao0opoT, TaM, Tae R(A, H) > 1, OSIBIISIETCSI a3P030J1b.
ITo 3Hnauenuo R(A,H) ompenensercss BKJIaI a3p030-
JIBHOTO PacCesiHUsI 110 OTHOILIEHUIO K MOJIEKY/ISIPHO-
My. Ha puc. 1 nmpuBeneHbl BepTUKaIbHBIE IIPOQUIN
R(MH) nns nyiviH BoJiH 355 M 532 HM (dpap) v ojis
JnmiH BosiH 470, 528, 850 u 940 um (A30P), nemMoH-
CTPUPYIOILIME HAIISIHYI0 KApTUHY ad3pO30JbHOIO
HaroJHeHUs1 Tporocdepsl u crpaTocdepnl. IIpo-
(GuIb BepTUKAILHOIO paCIpeneieHMsI IUIOTHOCTU
PacCUNTHIBAJICA 10 M3MEPEHHBIM JTaHHBIM TeMIIepa-
TYpBl aTMOC(EpHl C HCIIONIb30BaHUEM OapoOMeTpH-
yeckoit ¢opmyibl Jlamnaca—PronbmaHa. PucyHok 1
JEMOHCTPUPYET, YTO 3a4acTyio OJS a3pO30JIbHOTO
paccessHUST TOBOJIbHO TPYAHO BhIAESIETCS Ha (hOHE
MOJICKYJIIPHOTO pacCessHUSI MU MHOTOKAaHAJIbHOCTD
OYCBUIHBIM 00Pa30M ITOBBIIIACT HANEKHOCTh MHTEP-
MpeTaluy TaHHBIX.

3naveHusi Ci g TpOBEAEHHBIX U3MEPEHUit
MpencTaBlIeHbl HA pUC. 2. 3aMeTUM, YTO IJIsT CTaH-
JapTHOTO caxeBoro a’posoiisg 3HadeHus Ci mpu-
HuMalo 3HadeHus 1.3, 3.5, 4.0 mj1a maphl IUIMH BOJIH
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Puc. 1. PesynbraTs! TuaapHo-6aIOHHOTO 9KcrepuMeHTa B ToMcke B Houb ¢ 27 Ha 28 stHBapst 2022 r. B BUIle BEPTUKATHHBIX
npoduieit R — oTHOIIEHUS 3HAYEHUI CyMMapHOTo KO3 (GUIIMEHTOB 00PaTHOTO pacCesTHUS K 3HAYEHUMIO MOJICKYJIIPHOTO

paccedaHud nJjid pa3HblX JJIMH BOJH (CM. TCKCT).

(470/528, 470/850, 470 /940) COOTBETCTBEHHO.
Takue 3HaueHHUs] LIBETOBOTO WMHIEKCA YKa3bIBAIOT
Ha HaJIMYMe CaxXeBOTo Tuma aspo3oisa. Ha puc. 2
noKa3aHbl TOHKUMHU IIBETOBBEIMM JMHUSIMH COOT-
BeTcTByronue 3HaueHuWs1 Ci, NpuBeAeHHEIC BhIIIE
JIJISl KaXKIoM U3 Tap Habopa njiuH BoJiH. Bce Habo-
pol Ci nmeroT nepecedeHus B paitoHe 17 km. Takum
00pa3oM, eCiId MOXKHO IIPUHSITh, YTO a3p030Jb THIIA
SOOT (caxeBbli1), TO €r0 CIIOM pacIiojlaracTcs Ha
BbicoTax 17—17.5 kM. DTOT pUCYHOK TaK:Ke MOKa3bl-
BaeT, YTO UCIOJIb30BAHNE YEThIPEX KAHAJIIOB BMECTO
JIByX OYEBMIHBIM 00Opa3oM IIOBHIIIAET JOCTOBEp-
HOCTb MHTEpPIIPETAllui SKCIEPUMEHTAIbHBIX NaH-
HBIX 32 CYeT OOJIbIIeH CTATUCTUKH.

B koHI1Ie pa3nena KpaTko pacCMOTPUM TEOPETH-
YeCKM BOMNPOC MPUMEHEHUS MHOTOKaHaJIbHBIX 30H-
JIOB 00paTHOI'O paccessHUSI Ha OCHOBE U3JIydaTtesieii C
A < 1 mxM. CurHaJ 00paTHOTO paccesTHUsI OT a3po-
30/ ompenesseTcsa BenuunHoi S(A) = o(AM)*F,(A)
[T. Ban ge Xmwouct, 1961], KoTopylo OyaeM Ha3bIBATh
ceyeHueM oOpaTHOTO paccessHUs. 3nech o(A) — ceve-
HUe paccesHus, a F (M) -UHIMKATPUCA pacCesTHUS
Ha 180° (Hazan). I'padpuk S(A) (Hopmuposka Ha 1.0
B MaKCMMYyMe), TIpeICTaBIeH Ha puC. 3 IS KJIaCCH-
yeckux “SOOT” (caxesoro), “H,SO,” (cepHOKUC-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

qnoro) u “DUST” (meuteBoro) aspososieil 1Mo JaH-
HbiM 13 [WCP-112, 1986], a Benuuunbl o(A) u F (M)
BBIUMCIISIIACH pagaMu Mu mo Metoauke [Fomin,
Mazin, 1998]. PucyHok 3 yka3bIBaeT, UTO B oOJia-
cti A ~ 1 MKM BKJIaI TBbIJIEBOM (hpaKIuu, BO3MOX-
HO, IOMUHUPYET HaI BKJIAJdaMU IPYTUX a3PO30JIEH.
W xaHanbl B 3TOl 00J1aCTU MOTYT OBITh MOJIE3HBIMU

8 —— Ci_528
—— Ci_850
7 — Ci_940
6 -
5k
4
'\-\\“‘H
3+ [ —
2k
L—.
1 = —
0 1 1 1 1 1 1 1
12 13 14 15 16 17 18
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Puc. 2. Uunexc Ci mrg nap muH BoiH (470, 940) HM,
(470, 850) um m (470, 528) HM.
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Puc. 3. Koacpduumentsr odbpatHoro paccessHusi (B OT-
HOCUTENbHBIX €IWHULIAX) LI KIMMATUYeCKUX a’po30-
neit “SOOT” (caxesoro), “H,SO,” (cepHoKucnoro) u
“DUST?” (Ip1eBOro) a3po30JIeii 1o pe3yJibTaTaM pacde-
TOB I10 TeOPMU MU C UCITOJIb30BaHMEM JAHHBIX U3 pabo-
o1 [WCP-112, 1986].

JUTSL TIOJTyYeHMsT MH(GOPpMALIMK O TIBUIU B aTMocdepe.
A kananbl B oonactu A ~ 0.2—0.3 MKM MOTYT OBITb
UHGOPMATUBHBL 711 MCCIENOBaHUSI CaXeBOIo U
CEpHOKMCIIOro aspo3onieit. M comocraBieHne 3Kc-
MepuMeHTaIbHO# opMbl KpuBoit S(A) ¢ TeopeTu-
yeckUMM S(A) B HECKOJBKHUX TOYKax (OCOOEHHO B
00J1aCTSX JIOKATbHBIX MUHUMYMOB Y MaKCUMyMa Ha
TEOPETUYECKUX KPUBBIX) ITO3BOJIUT TOYHEE BHIOPATh
rmapaMeTphl a3p030JIbHBIX MOEIEH B ClIydae uX cMe-
cu. TakuM o6pa3zom, puc. 3 WILTIOCTPUPYET IPUHIIH -
MUAJBHYI0 BO3MOXHOCTh OILIEHMBATh COCTaB CMECHU
a’p030J1 ¢ TIOMOIIIbI0O MHOTOKAHATbHBIX 30HIOB.

SAKJIFOYEHHE

— CormmacoBaHHOCTh Pe3YJIFTaTOB JIMAAPHBIX Ha-
OmomeHWit M OAJUIOHHBIX M3MEPEHUI ITO3BOJISIET
OCYILECTBISATh HEMpPEepPbIBHbIA MOHUTOPMHI CTpa-
TOC(hEpPHOTO a’3p030Jis JaXe B YCIOBUSX 00JIaYHO-
CTHU, a TaKKe€ MIPOBOAUTH CPAaBHEHUSI pa3IMUYHbIX JIM-
JapHBIX CUCTEM Ha3eMHOI0 0a3upOBaHMS B pa3HBIX
reorpauyeckmux 30HaxX C MOMOILIbIO MOOUJIBLHOIO
KOMILJIeKCa ¢ MCMOJb30BaHME a3pO30JbHOTO 30HIa
00paTHOrOo paccestHUS.

— HMcnonbp3oBaHue MHOTOKAHATBHBIX 30HIOB Ha
OCHOBC IIPOMBIINUICHHBIX CBETOAMOA0B, U3TyYalolInX
B obnactu <1 MKM, ITO3BOJIACT ITO IBETOBOMY MHICK-
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Cy OMpPEeNUTh TUII A3PO30JIs1 U IOBLICUTD TOCTOBEP-
HOCTB pe3y/Ibrara aHajan3a JaHHBIX U3MEPEHMIA.
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On the Possibility of Multichannel Optical Backscattering Sondes for Joint Balloon
and Lidar Studies of the Aerosol Composition of the Middle Atmosphere
N. V. Balugin', B. A. Fomin!, V. A. Yushkov" *, V. N. Marichev?, D. A. Bochkovskyi?

!Central Aerological observatory,
Pervomayskaya str., 3, Dolgoprudny, Moscow Region, 14170 Russia
2Zuev Institute of Atmospheric Optics RAS SB,
Ak. Zueva place, 1, Tomsk, 634055 Russia

*e-mail: v_yushkov@mail.ru

Aerosol backscattering sondes in the practice of aerological sounding, along with lidar observations, are
used at night to study and monitor polar stratospheric clouds, tropospheric and stratospheric aerosol, cirrus
clouds, pyroconvection, volcanic aerosol, as well as to verify remote methods and means of ground-based
and satellite-based aerosol observations. For aerosol sondes, a simple two-wave measurement technique is
used, which makes it possible to diagnose changes in aerosol composition by color index. The possibilities
of the two-wave technique have limitations, which are discussed in this article. Aerological sounding
combined with lidar observations expands the wavelength range for multi-wavelength studies, and direct
measurements of atmospheric temperature increase the accuracy of aerosol sensing. The paper considers
the application of 3 or more wavelenght techniques. Data from probe measurements using wavelengths of
470, 528, 850 and 940 nm and lidar sensing at wavelengths of 355 and 532 nm are presented.

Keywords: atmosphere, aerosol composition, backscattering sonde, aerosol lidar
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1. BBEAEHUE

KpynHple ropoga M IPOMBIILICHHBIE LIEHTPHI
MIPEICTABISIIOT CO00iI MOIITHBIE MCTOYHUKHA aHTPO-
TIOTEHHOTO 3aTPSI3HEHMS , IIPOSIBIISIONIETOCS, B YaCT-
HOCTH, B TTOBBIIIIEHHBIX KOHLIEHTPALIMSX Pa3IMIHBIX
npuMeceit, oOHapykMBaeMbIX B IIPU3EMHOM CJIO€
atMocdepbl. OcobyI0 pojib UTPAIOT TaKWe ra30BbIe
CoCTaBJIsIoIIMe, Kak oKuciabl asora (NO = NO +
+ NO,), gBrsiommecs He TOJbKO PaIUaloOHHO U
XUMWUYECK aKTUBHBIMU coenwHeHusIMU |Seinfeld,
Pandis, 2006], HO TakXe HeCylIUe MPSIMYIO YIrpo3y
3[I0POBbIO YEJIOBEKA M COCTOSIHUIO OKpYXKarollei
cpensl [Molina, Molina, 2004; I'onmoBckast, 2005].
Hanuuwue 1mooc MONeKyIsIpHOTO ITOTJIOIICHUST BH-
IAMOTO COJTHEUYHOIO M3JTyYeHHs IBYOKHCHIO a30Ta
(NO,) obGecnieurBaeT BO3MOXHOCTD OIPENETICHUS
aTMOC(hEepHOTo COIepKaHUsI 3TOM KOMITOHEHTHI I10
pe3yjabTaTaM JUCTAaHUMOHHBIX CHEKTPOCKOMUYe-
CKMX M3MepeHUii, B yacTHocTM Metomamu DOAS
(Differential Optical Absorption Spectroscopy [Platt,

Stuz, 2008]). 3Has1 coOTHOIIEHUE MEXIYy KOHICH-
tpaunamu NO, u NO B 3arpsisieHHoM NO_Bo3ayxe
Y Tpearojaras ero OTHOCUTEIbHO CTAaOMIbHBIM B
Mpolecce U3MEPEHUI, MOXHO OIpPEeAeIUTh CyMMap-
HYI0O KOHLIEHTpALKIO OKUCIOB a3oTa. TakuM obpa-
30M, pe3yabTaThl DOAS-u3MepeHunit atMmocdepHoro
conepxanust NO,, BBITIOJHAEMBIX B Pa3IMYHbIX TOY-
KaX CO CTAllMOHAPHBIX WM MOOWMIIBHBIX IIATHOPM,
MO3BOJISIIOT OLICHUTh MHTETPAIbHYI0 MOIIHOCTh I'O-
poxnckoii smucenn NO .

ITomoGHBIIT TTOAXON, pealn3yeMblii, KaK IpaBU-
JIO, B CX€M€ MOOMJIbHBIX M3MEPEHUI Ha 3aMKHYThIX
KOJIBLIEBBIX MapIIpyTaX, IIOJHOCTBbIO OTrMOAIOIIUX
WUcclenyeMble MCTOYHMKM BbIOpoca, OBLT 3a MO-
CJIeAHNE TONbI Peaan30BaH B 1LIEJIOM PsIIe MCCIIEeI0-
BaHMii. B yacTHOCTH, TaKUM 00pa3oM OLIEHUBAINCH
aHTporioreHHble dSMuccur NO B IyCTOHaCENEHHBIX
U MHAYCTpMaJbHbIX pernoHax I'epmanuu [Ibrahim
et al., 2010], Kurasa [Johansson et al., 2008; Wang
etal.,, 2012; Wu et al., 2013; Liet al., 2015; Wu et al.,
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2017; Wu et al., 2018; Cheng et al., 2020; Huang
et al., 2020], Ypyrsag [Frins et al., 2014], Kanansr
[Davis et al., 2019], Mekcuku [Johansson et al.,
2009; Rivera et al., 2009; Rivera et al., 2013], Muauu
[Shaiganfar et al., 2011], ®panuuu [Shaiganfar et al.,
2015; Shaiganfar et al., 2017] u Pymbiauu [Merlaud
et al., 2020]. HanbGonee yacTo st onpeneneHus uc-
KOMBIX WMHTEHCUBHOCTEH WCCIECIYEMbIX 3MUCCUUA
B 3THX paboTax pPacCUMTHIBACTCS MHTETrpajl IMOTOKa
MoJiekys1 NO, yepe3 3aMKHYTbIi KOHTYp MapIlupyTa,
colepxXallnuii BHyTpU ceOsT aHaIU3UpyeMbIe MCTOY-
HUKM — TaK Ha3bIBaeMblii Meton MHTerpupoBaHus
no Konrtypy, MUK (Closed Integral Method, CIM,
cM., HarpuMep, paboty Ibrahim et al., 2010). Ilo-
IPELUIHOCTD OLIEHKM MHTEHCUBHOCTH amuccun NO ,
paccuutbiBaemoii u3 DOAS-u3mMepeHuii comepxka-
Hust NO, METONIOM MHTErPUPOBaHMS 1O KOHTYDY,
orpenensieTcs psiaoM ¢akTopoB. B mepByio oue-
penb 3TO U3MEHYMBOCTD I10JISI BETpa, HaIlpaBJICHUE
M CKOPOCTh KOTOPOI'O MPUHUMAIOTCS ITOCTOSIHHBI-
MM [IPU MHTETPUPOBAHNU PE3yJbTaTOB U3MEPECHUIA,
BBITIOJIHEHHBIX Ha Mapiiupyre. Takxke CBOI BKIand
BHOCHUT M3MeHYMBOCTh oTHOImEHUs: NO /NO,, uH-
(opMmalusg o BeIMYMHE KOTOPOro HeoOxoamma s
repecuera OMpeneasseMoro M3 M3MEpPEeHHUM II0TO-
ka NO, B cymmapHblii motok NO_ (y4uTbiBasg, 4To
Oosbllast YacTh aHTPONIOTeHHOM amMuccuu NO_ nep-
BOHAYaJIbHO MOCTyMaeT B atMocdepy B opme NO).
KpoMe Toro, TOUHOCTH MeTOIa CYIIECTBEHHO 3aBU-
CHUT OT HEONpENeJIeHHOCTU BpeMeHu Xu3Hu NO_B
MPU3EMHOI aTMocdepe, COCTABIISIIOIIEM B CPeTHEM
HECKOJIBKO 9aCOB U OIPEIEISIONIEM CKOPOCTh CHU-
xeHust KoHueHtpauun NO_(NO,) mo mepe pac-
MMPOCTPAHEHUSI 3arpsI3HEHHOII BO3MYIIHOM MacChl
OT WMCTOYHMKA K TpaHUIIaM KOHTYpa MOOWMJIbHBIX
u3MepeHuit. B 11e10M, NOrpelIHOCTU OIpeaeaeHUs
UHTeHCUBHOCTH smuccuii NO ¢ ucnonb3oBaHueM
MMHK-noaxona OTHOCUTEILHO BbICOKM U COCTaBIISI-
0T, IO pa3HbIM olieHKaM, oT 30% [Wu et al., 2017]
wi 40% |Shaiganfar et al., 2011] go 45% [Wu et al.,
2013], 50% |[Shaiganfar et al., 2017; Huang et al.,
2020] u 55% [Wang et al., 2012].

7151 coKpallleHus ITOrpelIHOCTe METoIa HEKOTO-
phIE aBTOPBI IPUBJICKAIINA PAa3IMIHbIC YMCICHHBIE MO-
Jenu atMocephl IS pacueTOB TPEXMEPHBIX MOJieit
BeTpa. Hanpumep, Mmoaens TAPM (The Air Pollution
Model) wucrnons3oBajack B pabote [Johansson
et al., 2008], momenr WRF (Weather Research and
Forecasting) B paborax [Johansson et al., 2009; Rivera
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et al., 2013; Davis et al., 2019; Cheng et al., 2020],
momenb ECMWF (European Centre for Medium-
Range Weather Forecasts) B padote [Shaiganfar et al.,
2011], momenr MM5 (Mesoscale Model) B paboTax
[Shaiganfar et al., 2017; Wu et al., 2017]. B psine pa-
00T MCITOJIb30BAJIMCh TaKXKe TPAHCIIOPTHO-XMMUYE-
CKI€ MO, TI03BOJISIONINE TOIIOJIHUTEIBHO YIeCTh
u3MeHYMBOCTL OoTHOIEeHUs: NO /NO, u BpemeHH
xusHu NO_ B atmocepe. Tak, B padore [Shaiganfar
et al., 2017] c 3TOi LieablO IpUBJIEKAJIach MOJE]b
CHIMERE, B pa6ote [Cheng et al., 2020] — monenb
CMAQ (Community Multiscale Air Quality), B padote
[Huang et al., 2020] — ECMWF CAMS (Copernicus
Atmosphere Monitoring Service). Ciemyer OTMETUTD,
YTO, HECMOTPSI Ha pa3HOOOpasHWe WCIIOIb3YeMbIX
CIIeIMAIN3UPOBAHHEIX MOJIEJIEi, TTPOIIECCHl PacIIpo-
CTpaHEHMsI U XUMHUYeCKOW TpaHcdopmaimu NO B
atMocdepe B OOJIBIITMHCTBE YKAa3aHHBIX BhIILIE PadOT
paccMaTpUBAIMCh JTOBOJLHO YIIPOIIEHHO, IPEIIo-
JIarasi paBHOMEpPHOE IBIMKCHME 30HAMPYEMOII BO3-
IYIIHOIM MacChl B OMHOPOTHOM IIOJIe BeTpa CpemHeit
CKOPOCTH K TpaHMIIaM HUIeaTbHOTO KOHTYpa B (popme
OKPYKHOCTH C LICHTPOM B YCJIOBHOI TOUKE OCHOBHO-
IO UCTOYHMKA 3MUCCHUU.

IlepBoie MoOwmbHBIE DOAS-m3Mmepenmnst  at-
MocdepHoro comepxanuss NO, B OKPECTHOCTSIX
Cankr-IlerepOypra OblIM HayaThl Oojiee AECSITU JIeT
Hazan. B pabote [Ilonov, Poberovskii, 2015] 6buta
noJlyyeHa oleHKa cymMmapHoi amuccun NO_ ¢ tep-
putopumn Meramnojimca Ha ocHoBe MUK-noaxona k
JAHHBIM KOJIBLICBBIX M3MEPEHUI, BEIITOJIHEHHBIX B
TeueHue omHoro nHs B aBrycte 2012 r. B kauectBe
nHpOpMallUM O IIOJIe BeTpa MCIIOJIb30BAIUCh pe-
3y/IbTaThl HAOJIONCHMIT TOPOACKMX METEOCTAHIIWIA.
B nanbHeliieM 3To rcciaenoBaHue ObLIO TOIIOTHEHO
JAHHBIMKU HOBBIX MOOWIBHBIX 3KCIIEPUMEHTOB, BbI-
TIOJTHSIBIINXCS B pa3nuyHble ce30HbI 2014—2015 rT.
[Monos, ITobepoBckuii, 2017]. 11st yMeHbILIEHUS IO~
IPELIHOCTH OLEHOK smuccuu NO_ cpenHue Benym-
HbBI HaITpaBJIEHUS I CKOPOCTH BETpa OIpeIeIsIIACH I10
pe3yJibTaTaM pacuyeToB OMCIEPCUOHHOrO OJIoKa MO-
memu HYSPLIT (HYbrid Single-Particle Lagrangian
Integrated Trajectories, [Draxler et al., 1998]), corna-
CYIOIIMXCSI ¢ HaOIIogaeMoll IIpOCTPaHCTBEHHO-Bpe-
MEHHOI1 3BoJIIolMell 1Ieiida BO3MYLIHOIO 3arpsis-
HeHUsl. VICTOYHUKM aHTPOITOTeHHOM SMHMCCUN ObLITN
3alaHbl B MOJEIU CXeMAaTUYHO, IOBTOPSISI TPaHUIIbI
00J1acTH TIOTHOM Topoackoit 3actpoitku Cankr-Ile-
TepOypra. Ilo3mHee, Ipy aHaIM3e PaACIIMPEHHOTO
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Habopa 3KCIepUMEHTAIbHBIX JAaHHBIX, BKJIIOYABIIIE-
TOo B cebsI pe3yJbTaThl MOOMIIBHBIX M3MepeHuii 2012
u 2014—2016 rr., OBUT IIpeaIoXeH HOBBIA MOIXOM K
oueHke smuccur NO , cocToSIIMiA B CONPSDKEHUH
DOAS-u3mepennit ¢ HYSPLIT-pacuetamu 3-mep-
Horo mnons atMocdepHoro comepxanus NO, 1o
Mapuipyty aBrmxkeHust [lonov, Poberovskii, 2019].
B a10i1 pabote anpropHast THGOpMAaIys O TPOCTpaH-
CTBEHHOM pacHpeleieHU HCTOYHUKOB 3MUCCUU
NO_ 6buta chopmMrpoBaHa Ha OCHOBE O(UIIMATBHBIX
JAHHBIX TOPOICKOM WHBEHTApU3alllM BO3IYIIHOTO
3arpsisHeHusl. MTHTEHCUBHOCTU 3MUCCUI, MOJy4YeH-
HEIE ¢ Ucnoib3oBaHneM pacueToB Mogenu HYSPLIT,
MPOAEMOHCTPUPOBAIM CYIIIECTBEHHO MEHBIIYIO He-
OIIPENEICHHOCTh, YeM aHAJIOTMYHBIC OLIEHKW Ha OC-
HoBe obbiyHOro MUK-noaxona. B 2019 r. B pamkax
CIIEeLIMAIM3MPOBAHHON M3MEpPUTEILHOM KaMITaHUU
EMME (Emission Monitoring Mobile Experiment,
[Makarova et al., 2021]) Obuta mpoBemeHa cepus
HOBBIX MOOMIBHBEIX DOAS-mM3MepeHnit  BOKpYT
CankT-ITerepOypra, BHINOJIHEHHBIX B TeUeHUE 9 qHE
Maprta M anpenst. MHTepnpeTalus moIydeHHbBIX JaH-
HBIX onuvpajach Ha pacuyeTbl Mogean HYSPLIT, no-
MOJHEHHO! rcToyHuKaMu sMuccun NO , pocTpaH-
CTBEHHOE pacrpenesieHe KOTOPhIX COOTBETCTBOBAJIO
JAHHBIM I7100aJIbHOM MHBEHTAPU3AIlY AaHTPOIIOTEH-
aeIX amuccuit ODIAC (Open-source Data Inventory
for Anthropogenic CO, [Oda, Maksyutov, 2011]).
Kpome toro, B pacuetax HYSPLIT yuuThiBasics Kak
xumudeckuii pacriag NO_(Ha OCHOBE 3aIlaHHOTO Bpe-
MEHM XKM3HU OKHUCJIOB a30Ta B Tporocdepe), Tak U
MMEIOIINECS TaHHBIE O XapaKTePHBIX CYTOUYHOM, He-
JIeTbHOM ¥ CE30HHOM M3MEHYMBOCTAX amuccuit NO
B Cankr-IletepOypre [lonov et al., 2022].

Llenbio HacTosIIEl PabOTHI SIBJISIETCS YTOUHEHUE
oueHku smuccuu NO ¢ reppuropun Cankr-Ilerep-
Oypra Ha OCHOBE MHTEPIIpETAllUM BCEX PE3Y/IbTaTOB
MoOMITBbHBEIX DOAS-m3mepennit B 2012 u 2014—
2016 rr. [Ionov, Poberovskii, 2019] ¢ ncnonb3oBa-
HUEM YCOBEPIIEHCTBOBAHHON METOAOJIOTHH, TIpe.-
JIOXKEHHOM JUIs1 aHaJIu3a TaHHbIX u3MepeHuit 2019 r.
[Tonov et al., 2022].

2. UIBSMEPUTEJIbHAS AIIITAPATYPA,
JAHHBIE HABJIIOAEHNY N YU CIIEHHOI'O
MOJEJTNPOBAHUA

DKclepuMeHTalbHble JaHHbIe, paccMaTpuBa-
e€MbIe B HACTOSIIEH padoTe, MOJYyYeHBI C HCIIOIb-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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30BaHMEM KOMILIEKCa CHEKTPaJbHOM ammaparypbl
1 aJITOPUTMa MHTEpPIpeTali pe3yIbTaTOB HaOII0-
JIeHW, pa3pabOTaHHBIX M paHee alpoOMpPOBAHHEIX
npu peanusauuu DOAS-u3mMepeHuit ponocpepHo-
ro conepxanuss NO, B paitone Cankr-IlerepOypra
[Monos, ITobeposckuii, 2012; Ionov, Poberovskii,
2015]. MobOunbHBIE M3MEpPEeHUsT OCHOBAHBI HAa aBTO-
MAaTU3UPOBAHHON PETrMCTPallMK CIIEKTPOB pacCesiH-
HOTO M3 3¢HUTAa BUAMMOTO COJTHEUYHOTO U3IIy4eHUS,
HETIPEPHIBHO BHITIOJHSAEMOIT ¢ 60pTa JBVKYIIETOCs
Mo Mapuipyty aBTomMoOuss. CrneKTpalbHbIii KOM-
IIeKc coopaH Ha 6a3e KommakTtHoro USB-crekTpo-
meTpa (OceanOptics HR4000) ¢ paboueit 001acThIO
cnexktpa ~400-610 HM M CHEKTPaJILHBIM paspelle-
HueM ~0.6 aM. DPdekTuBHOE (MU T.H. “HAKIIOH-
Hoe”) comepxaHue MoJieky1 NO, Ha Tpacce pacrpo-
CTpaHEHMSI COJTHEUHOTO M3JTyYEHUSsI, OIpeAeIsieMoe
U3 PETUCTPUPYEMBIX CIEKTpoB B ajaroputme DOAS
[Platt, Stuz, 2008], mpuBoIUTCS K OOIIEMYy BEepTH-
KaJJbHOMY COIEPKaHUIO MCXOMS M3 BEJIMIMHBI T.H.
dakTOpOoB BO3OYIIHOKM Macchl (air mass factor),
pPacCUMTBHIBAEMBIX C IIOMOIIBIO MOIEIM IIepeHOoca
usnydyeHuss B atMmocepe SCIATRAN [Rozanov et
al., 2002]. CocrostHue atMocdepbl 3aJaHO CTaH-
JapTHOU cpemHeromoBoii moxenbio U.S. Standard
Atmosphere 1976 [National Geophysical Data
Center, 1992], 3a MCKIIOYEHUEM BEPTUKAILHOIO
pacnpenenenus NO,, KOHIEHTpalst KOTOPOH y o-
BEPXHOCTH TIpUHSTA paBHO# 3 X 10'° momekyn/cm>.
XapaktepucTuku aspo3ois B pacyetax SCIATRAN
ObUIM ITapaMeTPU30BaHbl OJHUM M3 CTaHIAPTHBIX
cueHapueB mopean LOWTRAN [Kneizys et al.,
1988] ¢ ropoackum TUMIOM a’3po30Jisl B MOrpaHUY-
HOM cjioe atMocdepsl (a3po30JibHasi ONTUYecKast
toama 0.16). Hapsiny ¢ NO,, uHTepnipeTanus crex-
TPOB BKJIIOUYAET TaKXKe YYET MOJIEKYISIPHOIO ITOIJIO-
IIEHYS 030HAa, BOISHOTO Tlapa U JUMepa K1cjaopoaa
0,-0, (0,). CrparocdepHasi cocTaBisiolas Bep-
TUKAJIBHOTO CONEPKaHUS NCKITIOYASTCS 10 JaHHBIM
CNYTHUKOBBIX M3MepeHuit nmpudopa OMI (Ozone
Monitoring Experiment, cryrtHnk AURA [http://
avdc.gsfc.nasa.gov]|), BBIMOJHEHHBIX B 3TOT JEHb B
ommkaiimein Kk ueHTpy Cankr-IleTepOypra Touke.
IIpu pacuete nckoMoro TponocepHOro comepxka-
Hus NO, yuuTbIBa€TCS TaKXKE YYBCTBUTENLHOCTD
MeTona K BapuauusaM pacnpenenaenus NO, ¢ BbICO-
TOU M ee 3aBUCUMOCTh OT 36HUTHOTO yIJIa COJIHIIA B
MOMEHT u3MepeHuii. bojee moapodHO 0CcoOEeHHO-
CTU MOOWJIBHOI ammaparypbl U IPUMEPHl BBIIIOJ-
HEHHBIX C €€ IIOMOIIbI0 U3MEPEeHUI1, a TaKXKe deTa-
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JIA METOAMKN 00pabOTKU JaHHBIX MPEACTABICHBI B
[Ionov, Poberovskii, 2015]. [TorpenrHOCTb 3¢ HUTHBIX
DOAS-u3mMepennii  TporocdepHOro coaepKaHus
NO,, o0ycioBIeHHast HE TOJIbKO MOTPELITHOCTHIO ca-
MUX CIIEKTPOCKOITMYECKMX U3MEPEHMI, HO U ecTe-
CTBEHHOII M3MEHYMBOCTBIO COCTOSIHMSI aTMOChephl
(BKIIIOYAs CE30HHBIC Bapyallii BEPTUKAIBHOTO pac-
npenenenus NO, u aspo3oJist), B 6€300/1a4HbIX YC-
JIOBUSIX COCTABJISICT 110 HAIIUM onieHKaM ~20%, wian
~1.2 x 10" monekyn/cm? [ITobepoBckuii u ap., 2007;
HMonos, ITobepoBckuii, 2012].

Ananu3upyembie MoOMIBEHEIE DOAS-n3MepeHns
BBITIOJTHSUTMCH B TedeHue 1 mHg B aBrycte 2012 1.,
3 mHeli B uroe, aBrycTe u ceHTssope 2014 r., 3 mHei
B MapTe, UoHe U okTa0pe 2015 r. u 2 gHeil B Mae
2016 r. Bce nsMepeHusT MPOBOAWINCEH B CEpEIVHE
o, mexay ~12:00 u ~15:00 MecTHOro BpeMEHM.
Oo61as nHbopMaIys O TTOJIEBBIX U3MEPEHUSIX TIPe]I-
CTaBlIeHa B TaOJI. 1, TaM XXe IpHBEICHBI OCHOBHBIC
napaMeTphl, XapaKTepU3yIOINE METEOpOJIoThYe-
CKU€ yCJTOBUSI HAOMIOMEHWI — HaIpaBJIeHUE U CKO-
POCTb IIPU3EMHOTO0 BETPa, a TAKKe 107151 00JIaYHOCTH.
[TpomomkuTeIbHOCTH Mpoe3aa MaplIpyTa COCTaBIsI-
JIa OT ITOJIyTOpa 0 ABYX C IOJOBUHOM YyacoB. Komu-
YeCTBO OCPEIHEHHBIX CepHii CIICKTPaIbHBIX U3MEpe-

14/08/2012
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HUI Ha MaplIpyTe B pa3HbIe THUA BapbUPOBAIOCH OT
113 mo 271. Bce n3MepeHMsI BEITIOTHSIINCH B OyIHIE
JTHU HeAeNIu, ¢ TIOHeAeIbHUKA 110 yeTBepr. CorjracHo
JMTaHHBIM HaOJIONEHUI Ha OJHOU M3 METEOPOJIOTH-
YEeCKMI CTaHLIMI, pacIioJIOKEHHOM B LIEHTPaJIbHOMN
yacTd ropoga (CMHONTUYECKMI MHAEKC CTaHLIMU
— 26063), B IHU 1 CPOKM MOOMJIBHBIX M3MEPEHUA
mpeoObJagana sicHasI IIOroa: B TCUSHUE YEThIPEX M3
IEeBATH IHeil 00JJAaYHOCTh OTCYTCTBOBAja ITOJIHO-
cThio, 5 Mag 2016 r. 061a4HOCTh COCTABJISAIA MEHEE
10%; 14 aBrycra 2012 ., 24 uronst 2014 1. w 10 utoHs
2015 . — ot 20 mo 30%; 6 aBrycra 2014 r. — mo 40%.
Ilo maHHBIM HAOMIOACHMII HA TOM XK€ CTAaHIIUM Ha
BeicoTe 10—12 M Hag MOBEpPXHOCThIO IMpeodsaman
B OCHOBHOM Jierkuii Betep (1—3 M/c) mepeMeHHbIX
HamnpapJieHu#, 3a uckiaodeHuem 10 uions 2015 r.,
KOrjga HaOJronalics 3aIlaaHblil BETep CO CKOPOCThIO
4 m/c.

Ha puc. 1 npuBeneHbl pe3yabTaThl U3MEpEeHUI
comepxanuss NO, B TOYKax MapIIpyToB MOOMIIb-
HBIX 9KCIIEPUMEHTOB (LIBETOBAsI ITAJIMTPa) C yKasa-
HUEM HampaBJIEeHUs W CUJIBI IIPU3EMHOTO BETpa I10
HaOMIOAEHUSIM 3-X METEOpPOJOTMYECKUX CTaHLMIA
(3 mocneguux gHI — 21 okrsabps 2015 r., a Tak-
xKe 5 Mag u 24 mag 2016 r. gaHHBIe HAOMIOACHMI

24/07/2014 06/08/2014

16/03/2015

05/05/2016

Puc. 1. Kaptel mapuipytoB MmoouinbHbeix DOAS-usmepennii Bokpyr Cankr-ITetep6ypra B 2012 u B 2014—2016 rr. LlBeTOBas
HauTpa oTobpaxaeT u3MepeHHoe conepxkanue NO, B Toukax MapupyTa (o1 0 1o 20 X 10" mosiekyn cM~2). KpacHbiMu cum-
BOJIaMH 0003HAUEHO PACIIOIOXEHHE TPEX MeTeopoJornuecKux cranuii — “Cankr-Iletepoypr”, “JlomoHocoB” u “KpoH-
IITAAT”; TIpsIMble JTUMHUM B 3TUX TOYKAX YKa3bIBalOT HampapjieHue Mpu3eMHoro Betpa B 12:00 MeCTHOro BpeMeHHU, IJIMHA

TIPSIMOIA XapaKTepr3yeT CKOPOCTh BeTpa.
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€CTh TOJIBbKO Ha omHoi u3 ctaHuuii, “Cankr-Ile-
TepOypr”’). Pe3ymbTarhl GOJBITMHCTBA KOJIBIIEBBIX
MoOunbHEIX DOAS-u3MepeHuii, BBHIITOJHESHHBIX
B pasnuuHbie ce30HbI 2012—2016 IT., 1eMOHCTpU-
pyioT moBbIIeHHOE conepxaHue NO, B cekTope
KOJIBIIEBOTO MaplipyTa C MOABETPEHHON CTOPOHBI
OT LIEHTpaJbHOM YyacTu roponaa. Ilpu aTom npuse-
JEeHHbIE Ha KapTax JaHHBIE METCOPOJOTHMYECKMX
HaOIIONCHUI BBISIBJIISIIOT B OTAEIbHBIC THU CYIIE-
CTBEHHYIO HEOIHOPOAHOCTD TOJISI TPU3EMHOTO Be-
Tpa. Tak, HanpuMep, 24 utonst 2014 1., 11 ceHTs10ps
2014 r.u 16 mapta 2015 r. HarpaBJIeHHUE ITPU3EMHO-
ro BeTpa, HaOmogaeMoe Ha ctannuu “Cankr-Ile-
TepOypr” (LleHTpaJibHAs YacTh TOpOIa), 3aMETHO
OTJIMYAJIOCh OT HaIpaBJIeHUMN, PETUCTPUPYEMBIX B
TOT ke cpokK (12:00) Ha craHuugx “JIOMOHOCOB” U
“KpoHmTaaTr” (3amagHble OKpauHbl). DTUM TOI-
TBEpPKAAeTC  HEOOXOAMMOCTb  MCIIOJb30BaHUS
YUCJIEHHOTO MOIEJIMPOBAHMS, I1O3BOJISIOIIETO
BBIIIOJTHUTH KOPPEKTHYIO MHTEPIPETALIAIO PE3YIb-

]

.

MUOHOB u ap.

TaTOB AMCTAaHIMOHHBIX MOOWJIBHBIX H3MEPEHUI
Ha OCHOBE pacyeToB IIPOCTPAHCTBEHHO-BPEMEH-
HOW 3BOJIIOIIWHU TJIeda ropoaCcKOro BO3AYIIHOTO
3arpsizHeHus. ClenyeT OTMETUTb, YTO Hauboliee
HU3KKME 3HAYECHUS U3MEPEHHOro conepxanus NO,
(meHee 10 X 10 moiyekysn cM~2) HaOIIOOAIUCH B
9KCIIEPUMEHTAaX, BBIIIOJHEHHBIX B YCIOBUSIX OTHO-
CUTEIbHO CTaOMIBHOTO TOJS IIPM3EMHOIO BETpa
cpenHeill cuibl (ckopocTh 2—4 M/c) — 14 aBrycra
2014 r. (xorma Ha BceX 3-X METEOCTAaHLMSIX PEru-
CTPUPOBAJICSl BETEP BOCTOYHOTO HAIpaBlIeHUS) U
10 urons 2015 r. (Korga Ha BceX 3-X METEOCTaHLIMSIX
pPeTUCTPUPOBAJICS BeTep 3allafHOTO HAIIPaBJICHMUSI).
HampoTuB, 3KCIIEpMMEHTHI, BBIIIOJHEHHBIC IIPU
OTHOCHUTEJILHO C€J1aboM BeTpe (CO CKOPOCThIO HE
BBINIE 1 M/C) MepeMeHHBIX HallpaBJieHUit — 16 Map-
ta 2015 1. 1 5 mas 2016 1., IEMOHCTPUPYIOT MaKCH-
MaJIbHbI€ YPOBHM PETMCTPUPYEMOTO COAEpKaHMUS
NO, (60 x 10" mosexyn cM~* u Bbilie). OueBUIHO,
CHIDKEHHE CKOPOCTU IIPU3EMHOTO BeTpa 3aTpyld-
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Puc. 2. AnpropHoe NpoCTPaHCTBEHHOE pacipeeaeHue antpornorenHoi amuccuu NO ¢ reppuropun Cankr-Iletepbypra,
chopMUPOBAHHOE HAa OCHOBE TAHHbIX ITTO0ATBHON UHBEHTapU3alK 06 aHTponoreHHbIX amuccusax CO, (ODIAC).
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HSIET €CTECTBEHHOE paccessHUE aHTPOIIOreHHOTO
BO3AYILIHOTO 3arpsI3HEHUS U €TI0 BEIHOC 32 Ipeaeibl
ropoma, IpuUBOAS K HAKOIUICHUIO 3arpsI3HCHUN B
MOTPAaHUYHOM CJIO€ C ITOBBIIIEHHBIM COIepXKaHueM
NO,.

It MoOenupoBaHUS IIPOLECCOB PaCIpPOCTpa-
HEHUSI BO3AYLIHOIO aHTPOIIOTEHHOTO 3arps3HEHUS
ucronb3oBajgacek mompenb HYSPLIT B oddmaitn
Bepcun. PacueTsl 3-MepHOTO IOJISI KOHIEHTPALUK
NO, B mpuzemHom cnoe armoctepsr (0—1500 m)
BBITIOJTHSUTUCH ¢ TIOMOIIBIO TUCTIEPCUOHHOTO 0JI0Ka
MOJEIH, CKOH(MUTYPUPOBAHHON NJi1 TEPPUTOPUU
Cankr-IletepOypra 1 ero OKpecTHOCTEH MO aHaJIO-
MM ¢ pacdeTaMu B padote [lonov et al., 2022]. Co-
IIaCHO MHOTOJIETHUM JaHHBbIM peaHannza ECMWF
(European Centre for Medium-Range Weather
Forecasts, http://www.ecmwf.int), cpenHuii ITHEB-
HOI MaKCUMYM BBICOTBI IIOTPAHUYHOTO CJIOSI aTMO-
cdepnl cocraBisier Bonmm3u CaHkt-IleTepOypra ot
~600 M 3umoit 1 ~800 M ocenbio 10 ~1300 M Bec-
Hoii 1 ~1500 neToMm. 3-MepHasl ceTKa MOIENIU 3a-
naHa 10 ypoBHSIMM Ha BBICOTax OT ITOBEPXHOCTHU JI0
1500 M ¢ TOPUBOHTAIBLHBIM pPa3MepoOM STYEHKU MPO-
crpaHcTBeHHOro aomeHa 0.05° x 0.05° mwwmpoTsl 1
IONTOTHL. ATipropHast MH(pOpPMAIMI O PacHoIOXKe-
HUM UCTOYHUKOB ropozickoit amuccuur NO_mocTpo-
€Ha Ha OCHOBE JaHHBIX IJ100aIbHOM MHBEHTapU3a-
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uuu antponoreHHoi smuccuit CO, ODIAC [Oda,
Maksyutov, 2011]. IIpocTpaHcTBeHHBIE pacIipene-
Jenus BeiopocoB NO_u CO, npeanonaraiich cXo-
KUMHM, TIOCKOJIBKY aHTPOIIOT€HHAs SMUCCHUs o0e-
HUX 3THUX Ta30BBIX MPUMeECEH B CYIIECTBEHHOI Mepe
00yCJIOBJIeHa CXWraHWeM TOIUIMBA — TPaHCIOPT
" TerodHepreTuka (cM. puc. 2). MHTEeHCMBHOCTH
SMUCCUMA NCTOYHUKOB, XapaKTePU3YIOIINE B NCXOI -
HbIX faHHbIX ODIAC smuccuio CO,, Obln MaciuTa-
OMpoBaHbl TAKMM OOpa3oM, YTOOBI MX CyMMapHas
BeJIMYMHA COCTaBjsiia ~63 ThIC. T, YTO COOTBET-
CTBYeT O(UUMAIbHBIM TaHHBIM WHBEHTapU3alluu
smuccun NO_ ¢ teppuropun Cankr-IletepOypra
B 2019 1. [bensteB, Cepebpunkuii, 2020]). Ilepuon
afganTaiyy MOIEIW K YCIOBUSIM KaxKOIOTO IIOJIEBO-
ro 3KcnepuMeHTa (T.H. Spin-up) COCTaBJsI OKOJIO
24 4, T.e. HayaJbHOE BpeMs Bcex pacuyeToB — 12:00
MPEeIIeCTBYIOIINX MOOUIBHBIM U3MEPEHUSM CYTOK.
IMockonbpky B HYSPLIT orcyTcTByeT crieniManbHBIN
XMMMYECKUM OJIOK, COOTBETCTBYIOIIAs TpaHCHOp-
Mauusg NO_ annpokcMMUpoBaiach MPUOIMKEHHO,
KUCMoJb3ysl onuuio “in-line chemical conversion
module”, mo3BossIoNIyI0 UMUTHPOBATh pacran NO_
C 3aJaHHBIM BpeMEHEM KU3HM.

[IpocTtpaHCcTBEHHYIO CTPYKTYpY liielicha aHTpo-
MOTEHHOIO 3arpsi3HEHUS] MPU3EMHOTO CJIOST aTMO-
cepsr Han CankT-IleTepbyproM B Ieproabl MO-

Puc. 3. Conepxanue NO, (10" monexysn cm?) B ipuseMHoM ciioe atMocdepsl (0—1500 M) Bo Bpems MoOUIbHBIX DOAS-13-
Mepenuit BoKpyr Cankr-TTetepGypra B 2012 u B 2014—2016 rr. 110 pesynbratam MoneaupoBanust HYSPLIT Ha cpok 13:00
MECTHOTO BpeMeHH.
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OunbHbIX M3MepeHuii 2012 u 2014—2016 rr. MOXKXHO
BUAETb Ha puC. 3, TOe U300paxkeHbl JaHHBIE MOJIe-
aupoBaHus comepxanusa NO, Ha cpok 13:00 mecr-
Horo BpeMeHM. Kak 1 B TaHHBIX M3MEpEeHU, Hau-
0oJiee HU3KWIT YpPOBEHb 3arpsi3HEHUI HaOII0IaeTCs
14 aBrycra 2012 r. u 10 urons 2015 r. (cMm. BbIlIe).
Crnenyer OTMETUTh, YTO XapaKTep MpeacTaBIeHHBIX
MIPOCTPAHCTBEHHBIX paclIpeneieHni HECKOJIbKO
OTJIMYACTCS OT aHAJIOTMIHBIX KapT, paHee OITyOJIH-
koBaHHbBIX B [Ionov, Poberovskii, 2019]. Haubonee
3aMETHO OTJIMYAIOTCSI Pe3yIbTaThl MOJSINPOBAHUS,
BBINOJIHEHHbIE 17151 5 Mast 2016 1. (cM. puc. 2 Ha cTp. 8
[Ilonov, Poberovskii, 2019]). I[IpuunHoii pa3auyuii
SIBJISICTCSI, TI0-BUAMMOMY, MCIIOJIb30BaHUE B IIOCIIEI -
HUX pacyeTax HOBOM aIlproOpHONM MH@OpMALUU 00
ucroyHukax amuccu NO_(Ha OCHOBE TJIOOABHOIA
nHBeHTapuzauuu ODIAC), a Takxxe 6oJiee oapoo-
HOM BXOJHOM METeopoJornyeckoit mHpopMauuu
¢ mpocTpaHCTBeHHOM ceTtkoit 0.5° X (0.5° BMecTO
1° x 1° mmpotsl u goarotel (NCEP GDAS |[http://
www.emc.ncep.noaa.gov/gmb/gdas]). Ha pwuc. 4
npencrasieHo coaepxxanue NO, B1OIb MapLIPyTOB
KAJI o 1aHHBIM MOOUJIbHBIX UBMEPEHUIA U pPe3yJib-
TaTaM MOJEIUPOBAHMS B CPOKM UBMEPEHUI 1 B TOU-
Kax Mapuipyta. MogeabHble pacueThbl IPUBEICHBI

MUOHOB u ap.

3MeCh K pe3yJIbTaTaM U3MEPEeHUI1 C UCII0Ib30BaHUEM
Ko duIMeHTa TMHENHON perpeccruu, ONMMCaHHOM
HIKe. bolbIiast 4acTh MapIIpyToB MOOMIBHBIX 9KC-
MEPUMEHTOB IE€MOHCTPUPYET KAUECTBEHHO OJIM3KOe
cornacue Mexnay pesyiabrataMu DOAS-u3mepeHui
U pacyeTaMyd MOIEId B BOCIPOM3BOACTBE OOIIETO
XapakTepa MPOCTPAaHCTBEHHO-BPEMEHHOII H3MEH-
4nBOCTU cofepxanusg NO, — IIaBHbIA POCT U cHiaj
IIpY IIePECEUYCHNU TOPOACKOTO Iuteiida.

3. OUEHKA UHTETPAJIbHOM BMUCCUU NO,
C TEPPUTOPUU CAHKT-IIETEPBYPTA

T KOPPEKTHOTO COIPSDKEHUST HaHHBIX M3Me-
peHUii ¢ pe3ylabTaTaAMM PAcyeTOB pPacCMAaTPUBAIIMCH
cpenHue 3HaYeHMs conepxanust NO, 1o Bceit Tpacce
HaOIONEHMIA, TTOydeHHbIE IS KaXKIOTO M3 JKCITe-
PUMEHTOB — KaK B JAaHHBLIX MOOWIbHBIX DOAS-n3-
MepeHuii, TaK M B pesyabratax pacuetoB HYSPLIT
(cM. puc. 4). UToOBI NCKITIOUNTHh M3 OCPETHEHUS pe-
3yJIBTaThl HAOMIONEHMIT BHe IUIeiipa TopomcKoro 3a-
IPSI3HEHUSI, YIUTHIBAJIMCH TOJIBKO YIACTKM TPAcChl, Ha
KOTOPBIX M3MepeHHOe conepxkanue NO, MpeBbIliaio
ypoBeHb 10 X 10" MoseKyn cM~2. Y4acTKU Tpacchl ¢ Co-
nepxannem NO, Huke 10 X 10" Mosiekyn cM—2 cumTa-

=) =) =)
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Puc. 4. Conepxanue NO, (x10" monekyn cm—?) Ha mapuipytax KAJ] B 2012 1 2014—2016 rr. o JaHHBIM MOGMIILHBIX U3Me-
penuit (DOAS) u pesyabratam monenupoBaHust (HYSPLIT) B cpoku usmepeHuii B Toukax Mapiipyta. MoaenabHble pacue-
THI TIPUBEICHBI K pe3yJIbTaTaM U3MEPEHMI ¢ UCTIONb30BaHEM KoadduImeHTa TMHEWHOM perpeccur, IpeacTaBIeHHON Ha

puc. 5.

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA
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-8=DOAS
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NO,[DOAS] x 10, monexyn cm 2
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2 3 4 5 6 7 8 9
(14/08/12) (24/07/14) (06/08/14) (11/09/14) (16/03/15) (10/06/15) (21/10/15) (05/05/16) (25/05/16)

Howmep (naTta) axcnepuMeHTa

Puc. 5. Conocrasnenue cpenHux 3HayeHuil conepxanusa NO, B 1uieiiche TopoacKoro 3arpA3HeHMs, TIOJTYyYEHHBIX 1 KaxX-
JIOTO M3 MOOWJIBHBIX 9KCITEPUMEHTOB 10 maHHbIM DOAS-u3Mepenuit u pesyabratam pacuetoB HYSPLIT B 2012 u 2014—
2016 rr. (cnesa). CripaBa IpeicTaBleHa Bapualis CPEJHEro 3HaueHus U3MepeHHoro coaepxkanust NO, OT aKcrnepuMeHTa K
SKCIIEPUMEHTY, B CPABHEHUU C TaHHBIMUA MOJEINPOBAHUS, TPUBEIEHHBIMU K Pe3yJbTaTaM U3MEPEHUId (UCTIONb3YsT KO-

(uumMenT MMHERHOM perpeccuu k, Ha rpaduke Ciesa).

JIACh (DOHOBBIMU, I COOTBETCTBYIOILIME UM PE3y/IbTaThl
MOJIEIMPOBAHUS UCIIOIb30BAIUCEH 1T SMITUPHUYECKOI
Koppekuun ¢poHosoro conepxkanust NO, B HYSPLIT.
CpaBHeHUE TAaHHBIX U3MEPEHUIT ¢ pe3ybTaTaMi MO-
JeJIMPOBaHMSI TI0KA3aJI0, YTO B CPEAHEM MOJIE/b 3aMET-
HO 3aHIKAeT HabJIIoAaeMblil ypOBEHbB 3arpsI3HEHMSI aT-
Mocdepbl okuciiamu a3oTa. [1pu aTom, KoadpuimeHT
KOPPEISLU MEXIY U3MEPEHHBIMU U pACCYUTAHHBIMU
cpennumu conepxanusamu NO, nocruraer 0.76. bonee
HU3KOE, 110 CPAaBHEHMIO C M3MEPECHHBIM, COICPKAHME
NO, B pesy/bTaTax MOIENbHBIX PACYETOB YKA3bIBAET
Ha HEIOOLIEHKY 3aJJaHHOI B MOIEIN MHTEHCUBHOCTU
anTpornoreHHoii amuccun NO . CpenHee U3MEpEHHOe
comepxanune NO, B 1muielie MEHAIOCH OT SKCIEPU-
MEHTa K 3KcrepuMeHTy oT ~11 X 10 momekyn cm—2
14 aBrycra 2012 r. u 10 mionst 2015 1. mo ~30 X 10" mo-
Jekya cM 2 16 mapra 2015 1.

Kosdduumenrty nuHeiiHoi perpeccun 1.209
* 0.794, npuBegeHHOMY Ha pHC. 5, COOTBETCTBYET
smuccusg NO , paHas 104 + 68 Toic. T B roa. Or-
HOCHUTEJIbHO BBICOKAasi HEOIPENeICHHOCTb 3TOM
oleHKH (~65%), moay4eHHOI M3 JaHHBIX MOOUJIb-
Hbix DOAS-u3zmepenuit B 2012 u 2014—-2016 rr.,
MOXET OBITh CBsI3aHa ¢ 000OIIEeHUEM pe3yabTaTOB
HaOMIONCHUI, KOTOpHIE BHIIIOJHEHBI B pa3iIny-
HBIC TONBI, CE30HbI, THU HEAEIN W BpeMs CYTOK,
M XapaKTepU3YIOTCSI M3MEHYMBOCTBIO KaK YPOBHS
smuccuu NO , TaKk ¥ BpEMEHU KU3HU STUX COEIH-
HeHuli B aTMocdepe. IlocnenHee, cocraBisioliee
110 9KCIIEPUMEHTAIBHBIM OILIEHKAM B 3arpsI3HEHHOM

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

TOPOICKOM Cpele CPpeaHUX IIUPOT OT 4 4 JIETOM IO
8 g 3umoii [Beirle et al., 2011], B HacTosmiei pa-
60Te OBLIO MPUHATO paBHBIM 6 4. Bce MOOMIIbHBIE
U3MepeHMs ObIIM TTPOBEICHEI B OyIHME THU, OKOJIO
noayaHs (cM. Ta6ia. 1). OueBuAHO, HAJTMYME CE30H-
HOTO, HEeJIEJIbHOI'O U CYTOYHOTI'O IIUKJIOB TOPOACKOM
smuccur NO_ CHMXAET PENPE3EHTaTUBHOCTD I10O-
JIyIeHHBIX 9KCIIEPUMEHTAJIBHBIX TaHHBIX IS BCETO
BpeMEHHU Tofa M IPOM3BOJBHOIO BPEMEHM CYTOK.
VYyecTb 3TU (pakTOpbl CUCTEMATUYECKON OLIMOKU
B CPEIHEroJoBOI OIIEHKE 3MUCCUM MOXHO JHIIb
MPUOIMKEHHO, TTOCKOJIbKY ITOJIHASI M TOCTOBEpHAs
WHGOPMALINS 0 HUKIMIHOCTH TOPOICKUX aHTPOIIO-
Te€HHBIX BEIOPOCOB OTCYTCTBYeT. OCHOBHASI IIPUYM -
Ha CYTOYHOM Bapualliy MWHTEHCUBHOCTH 3MMCCUU
NO_ — HMKIMYHOCTH BBIOPOCOB OT aBTOTPAHCIIOPTA
(Oonee BbICOKAs MHTEHCUBHOCTh B paboyee BpeMs
U Yachl MUK, U €€ CHUKEeHHE B HOuHbIe Yachl). Co-
mracHO HammM oueHKaM 1y Cankr-IlerepOypra,
STOT LIMKJ MOXHO YIPOIIEHHO 0XapaKTepu30BaTh
COOTHOIIIEHNEM 3MUCCUH OT aBTOTPAHCIIOPTA B TIe-
puon BpemeHH 9:00—21:00 K sMuUCCUU B OCTaIbHOE
Bpems cyTok (21:00—9:00) kak 4 : 1 [MonHoB, [1o6e-
posckmii, 2012]; ipu 3TOM BKJIaJ aBTOTpaHCIIOpTa
B cymmapHyio amuccuio NO_B Cankr-IletepGypre
cocraBnsger ~60% [BensieB, Cepebpuukuii, 2020].
CylecTByeT TakKKe M3BECTHasI HelellbHAasT IIMKIINI-
HOCTb SMUCCHUH, 3aKJTIOYAOIIAsCS B CHUKCHUY BhI-
OpOoCOB OT aBTOTpaHcIiopTa B Hepadbouue gHu. [1pu-
OJMXKEeHHO, 3a HEMMEHHEeM TOYHBIX JaHHBIX 00 3TOM
CHIXKEHMH, MOXHO IPUHATH YPOBEHb 3TOTO Kjacca
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MUOHOB u ap.

Taommma 1. O61mas nHdopMaLMs 0 TPOBeNeHHBIX MOOMIBHBIX DOAS-u3MepeHusIx: nara (ieHb HeAesn), BpeMsl SKCIIepUMeHTa
(cpenHee), NPOIOJIKUTENBHOCTD (001IIEe BpEMs M3MEPEHMUIA), KOJIMYECTBO TIOJyYEHHBIX TaHHBIX 0 conepxkanuu NO, Ha MapIupy-
Te (u3mepeHnss DOAS). JlonoHUTETPHO TTPUBENEHBI TTapaMETPhl, XapaKTepU3YIOIre OCHOBHBIE METEOPOJIOTUIECKUE YCIIOBUS
Ha0II0AeHUIA — HaMpaBIeHUe U CKOPOCTh IIPU3EMHOIO BETPA, a TAKXKE H0JIsT 00JIAYHOCTH ; MCIIOJIb30BAHbI JaHHbIE METEOPOJIOTH -
yeckoit ctaniuu “Cankr-Iletepoypr” (mHaekec BMO 26063) Ha cpok 12:00 mecTHoro Bpemenu (http://rp5.ru/Weather archive

in_Saint_Petersburg)

Harta CpenHee BpeMs, Oo1ee Yucno CKOpoCTb HanpasneHnue O0J1aYHOCTb,

(IeHb Heneun) YY:MM BpeMms, U usMepeHnit DOAS BeTpa, M/C BeTpa, pyMObI %
14.08.12 (BT) 13:21 1.50 162 2 B 20-30
24.07.14 (uTt) 12:16 1.39 122 1 CCB 20-30
06.08.14 (cp) 12:26 1.97 189 2 BIOB 40
11.09.14 (ut) 12:00 1.35 143 2 103 0
16.03.15 (miH) 12:55 1.36 147 1 CC3 0
10.06.15 (cp) 13:35 1.94 204 4 3 20-30
21.10.15 (cp) 13:44 2.46 271 2 BIOB 0
05.05.16 (uT) 12:51 1.42 148 1 CB 10
24.05.16 (BT) 13:22 1.35 113 1 BCB 0

SMUCCUU B BOCKpEeCHBbIE THU paBHBIM 1/4 ot cpen-
HEel SMUCCHUM B OCTajibHbIe THU Hepenu (IO aHa-
JIOTUM CO CHMXKEHUEM BBEIOPOCOB B HOYHBIE YACHI).
Hns Cankr-IlerepOypra MOXKHO TakKe OXUIATh Ce-
30HHYIO LIMKJIMYHOCTb 3MUCCHU, CBI3aHHYIO C pa3-
JIMYHOM MHTEHCUBHOCTBIO paboThl ropoackux TOLL
B 3aBUCHMOCTM OT BpeMeHHU roaa (0oJiee BbICOKas
smuccusg NO_ B OTONUTEIbHBIN CE30H).

[IpyHMMasT BO BHMMaHWE BCE IePEUMCICHHBIC
BBIIIE (haKTOPHI, OBUIM pAacCUMTAHBI ITOIIPABOYHbBIC
KO3 DUIIMEHTBI, KOPPEKTUPYIOLLINE OLEHKY Cpea-
HETroJ0BOM SMHUCCUM C YYETOM OCHOBHBIX 3aKOHO-
MEpPHOCTEN ee U3MEHINBOCTH (IIOIPOOHO pacueT KO-
a¢pduLeHToB npeacrtasicH B [Ionov et al., 2022]).
B wacTHOCTH, KOPPEKTUPYIOIINE MHOXUTEIHN, VI~
THIBAIOIIKME CE30HHYI0O M3MEHYMBOCTb aHTPOIIOTEeH-
HoIt smuccuu, coctasistioT 0.96, 1.07 u 1.02 mist us-
MEpeHUit B XOJIOMHBIH nepro (C HOSIOPS 10 arpeb),
TEIUIBIA Tepuo (C UIOHS 10 CEHTSIOph) U Iepexo-
HbIA Tilepuoa (Maifi M OKTIOpPb) COOTBETCTBEHHO.
C y4eToM 3THX ITOIPaBOK, a TaKKe KO3(pPUIIeHTOB
KoppeKuu Ha cyTouHbli (0.74) u HenenbHbIi (0.93)
LIMKJIbI BHIOPOCOB aBTOTPAHCIOPTa, OKOHYATEIbHAs
9KCIEPUMEHTaNIbHas olleHKa smuccun NO 1o naH-
HbIM DOAS-usmepennii B 2012 u 2014—2016 rr. co-
ctaBut 81 + 17 TBIC. T B rof,.

4. PE3VJIBTATBI 1 BbIBOJbI

Ha puc. 6 npencrasieHbl oueHKU amuccuu NO
o JaHHBIM MOOMIBHBIX DOAS-u3mepenuit B 2012

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

n 2014—2016 rr., TIoJy4eHHbIE paHee IBYMs pa3iny-
HBIMU METOIaMU (MHTEeTpUPOBaHUE 10 3aMKHYTOMY
KOHTYPY U COIIPSDKEHHE PE3yJIFTaTOB M3MEPEHMUS
¢ MoaenbHbIMU pacyeTtamu, [lonov, Poberovskii,
2019]), a Takke HOBbIE OLIEHKM, TTOJIyYeHHbIE B Ha-
crogieit pabore. Tabauua 2 comepXUT WTOTOBLIE
OLEHKM BaioBoii smuccur NO_(ThIC. T B rox), Mo-
JIydeHHbIC OCPEIHECHNEM ITaHHBIX, IIPEICTaBICHHBIX
Ha puc. 6. I[TocnenoBaTenbHbIe U3MEHEHUSI B METO-
JOJIOTUY OTpeAeIeHUsT MHTeTPaJIbHOM aHTPOIIOTeH-
Ho# smMuccun NO 13 1aHHbIX U3MEPEHUI CKa3biBa-
I0TCSI Ha BEJIMYMHE SMUCCUU — OHA YBEJIMUMBAETCS C
55 no 81 Teic. T. OMHOBPEMEHHO 3aMETHO YMEHbIIIa-
€TCsI IIOTPEITHOCTh OLIEHKU (CpeIHEKBaIpaTUIECKOe
OTKJIOHEHUE CPEAHEr0) — OT MEePBOHAYAIbHBIX 73 U
37% (B 3aBUCUMOCTM OT MeToja pacuera, [lonov,
Poberovskii, 2019]) no 21% B Hactosimieit padore.
YMeHbllleHe HeoNpeaeJeHHOCTU OLEHKU CpeaHei
SMUCCUU JTOCTUTHYTO Ojaromapsl CIASAyIOLIMM YCO-
BEPIICHCTBOBAHUSIM:

Taommna 2. OLEeHKY CyMMapHO#l aHTPOIOTEHHON 3MUCCUM
NO, ¢ teppuropun Canxr-Iletepbypra (B ThIC. T B TO), MO
naHHbIM MOOMIBbHBIX DOAS-u3mepennii B 2012 u 2014—
2016 tr., TIOMyYEeHHBIE PA3TUYHBIMU METONAMU: WHTETPU-
poBaHue 1o 3aMkKHyToMy KoHTypy, MUK (CIM) [lonov,
Poberovskii, 2015], conpsixeHue ¢ pacueTaMu MOJCIMPOBa-
Husi, HYSPLIT 1 [Ionov, Poberovskii, 2019], u comnpsixe-
HME C pacueTaMy MOICIMPOBAHUS C IPUBICYEHUEM AETAIb-
HOi1 anpuopHoii MHMOpMaLUU 00 MCTOYHUKAX SMMCCUMU,
HYSPLIT_2 [Hacrosiiias pabota]. Yka3aHbl Takxke a0co-
JIIOTHBIE U OTHOCUTENIbHBIC (%) MOrpelIHOCTH OIICHOK.

MUK (CIM)
55+ 40 (£73%)

HYSPLIT_|
62 + 23 (£37%)

HYSPLIT_2
81+ 17 (£21%)
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1 2 3 4 5 6 7 8 9
(14/08/12) (24/07/14) (06/08/14) (11/09/14) (16/03/15) (10/06/15) (21/10/15) (05/05/16) (25/05/16)
Howmep (maTa) skcepuMeHTa

Puc. 6. Ouenku cymmapHOii aHTpororeHHoi smuceun NO_

¢ trepputopumn Cankr-ITerepOypra 1mo gaHHBIM MOOMWJIbHBIX

DOAS-u3mepennii B 2012 1 2014—2016 rr., mojy4eHHbIe pa3TnIHBIMU METOJaMU: MHTETPUPOBAHUE 110 3AMKHYTOMY KOH-
Typy, CIM [lonov, Poberovskii, 2015], conpstxkenue ¢ pacuetamu monenupoBanus, HYSPLIT_1 [lonov, Poberovskii, 2019],
U COTPSIXKEHNUE C pacyeTaMy MOIEIMPOBAaHMS C IPUBJICUCHUEM AETATBHON apUOPHOI MHGbOpMaLUK 00 UICTOYHUKAX IMUC-

cun, HYSPLIT 2 [Hacrosiimast pabora).

— HCITIOJIb30BaHUE JETAIM3UPOBAHHON alTpUOPHOU
MH(pOpPMaLMKU O TIPOCTPAHCTBEHHOM paclpeaeieHuu
TOPOACKHX MCTOYHUKOB AHTPOIIOTEHHOW SMUCCHUM,
BKJTIOYAst SMITMpPHUYECKUe JaHHbBIe 0 BKiage TOLI;

— y4deT B pacyeTax MOACIMPOBAHUS KOHEYHOrO
BpeMeHH XU3HU NO B IPU3EMHOM CJI0€ aTMOCGhEPBI;

— KOPPEKILHUSI PE3YJbTATOB OLEHOK 3MUCCUU
NO_, noiy4eHHBIX MO U3MEPEHMSAM, BBIIIOJIHEH-
HBIM B pasjMYHOE BpEeMs, Ha XapaKTEepHbIC 3aKO-
HOMEPHOCTHA CYTOYHOM, HENEJIBbHOW W CE30HHOU
Bapualui.

HToroBast olileHKa MHTErpajbHOM SMMCCUU, SB-
JIgIoIIasacsd, 04eBUIHO, HamboJiee TOCTOBEPHOI U3
PacCMOTPEHHBIX BHINIE, cocTaBisieT 81 & 17 ThIC. T B
TOJ, YTO HECKOJIBKO MPEeBHIIIAET O(UIIUATIbHbIE JaH-
HBIE TOPOJICKO¥ MHBeHTapu3aluu BbiopocoB NO B
atMocdepy: oT 61 10 63 ThIC. T, B 3aBUCMMOCTU OT
roga [bensieB, Cepeopuiikuii, 2020]. OgHoBpeMeH-
HO, 3Ta BEJIMYMHA B IIpeesiax IMOrpelIHOCT OJIM3-
Ka K OILICHKE, paHee ITOJIY4CHHOM IO pe3yjbTaTaM
MoOuIbHBIX DOAS-u3Mmepenmit Becuoit 2019 1.:
75 £ 26 toiCc. T B rof [lonov et al., 2022]. Cnenyer
OTMETUTb, YTO COIJIACHO OMUILIMATbHBIM JaHHBIM
WHBEHTapu3aluu, omnyodiukoBaHHbIM B 2020 1.,
cymmapHada smuccus NO_— Cankr-IlerepOypra 3a
2019 r. coctaBnsiia 63 teic. T [bensen, Cepebpuli-

N3BECTUA PAH. DU3MKA ATMOC®EPLI 1 OKEAHA

kuii, 2020]. OgHako B aHAJIOTUYHBIX JOKJIaaax mpa-
BUTEILCTBA TOPOJIA, ONYOIMKOBAHHBIX B MIOCIIEIYIO-
1IIMe TOoMIbl, OHA ObLTa 3aMETHO CHMXKEHA, U 3a TOT Xe
2019 r. HoBas onieHKa cocTaBuiia 43 Teic. T [['epMmaH,
Cepeopunkuii, 2023]. Takoe cokpaimeHue B OLIeH-
K€ SMUCCHU CBSI3aHO ¢ MOACPHM3AIIMEI allropuT™Ma
ydyeTa BBIOPOCOB aBTOTPAHCIIOPTA, MCHOJb3YyEMOTO
B HOBBIX BEpPCUSIX MHBEHTApM3alluM WCTOYHWKOB
BO3AYIIHOTO 3arpsi3HeHust. OT4acTd TEHIOEHIUS K
CHMXKEHMIO TOpoACKOi amuccun NO_oxugaemMa Ha
¢oHe OOHOBJICHIS aBTOMOOMIIBHOTO TTapKa M TTOBBI-
IICHWS KauyeCTBa UCITOIb3YeMOro TOIUIMBa. BmecTe ¢
TEM, pe3yJbTaThl He3aBMCHMBIX OIIEHOK, OCHOBaH-
HBIX Ha 3KCIIEPUMEHTAJIbHBIX TaHHBIX W IPEICTaB-
JICHHBIX B HacToOsIIell paboTe, MOTYT yKa3blBaTh Ha
CYLIECTBEHHYIO HENOOLIEHKY BbhiOpocoB NO_ aBro-
TPaHCIIOPTOM B CYIIECTBYIOIINX MHBEHTAPU3ALIMSIX
TOPOACKUX SMUCCHUIA.

HccrenoBanus MpoBeneHbl C UCIOIb30BaHUEM 000-
pynoBaHus pecypcHoro ueHtpa Hayunoro mapka CII0-
'Y “T'eomomens” 3a cuer rpaHTta Poccuiickoro Hayd-
Horo ¢oHma (mpoekt Ne 23-27-00019, https://rscf.ru/
project/23-27-00019/).

CIIMCOK JIMUTEPATYPLI

benses /.C., Cepebpuyruii 1.A. Jloknam 006 3Kojgoruyec-
koit cutyanuu B Cankr-ITerepoypre B 2019 romy. CII6:
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Experimental Assessments of Anthropogenic Emissions of Nitrogen Oxides from the
Territory of St. Petersburg Based on Data from Long-Term Mobile Measurements

D. V. Ionov' *, M. V. Makarova', V. S. Kostsov'
LSt. Petersburg State University, Universitetskaya Embankment, 7—9, St. Petersburg, 199034 Russia
*e-mail: d.ionov@spbu.ru

The results of a series of spectroscopic measurements of NO, content in the troposphere, carried out on a
closed route of the ring road (KAD) of St. Petersburg in different seasons of 2012, 2014, 2015 and 2016,
are considered. A unified approach to the interpretation of all experimental data using numerical modeling
of the dispersion of air pollution and a priori information on the spatial distribution of its anthropogenic
sources made it possible to significantly reduce the error in determining the integral NO_emission. The
total amount, converted into gross annual anthropogenic emission from the territory of 'St. Petersburg,
constitutes to 81 = 17 thousand tons of NO . This value exceeds the official data of the city inventory of
air pollution which is 61...63 thousand tons, but is consistent (within the error limits) with the estimate
previously obtained on the basis of similar mobile measurements in the spring of 2019 (75 % 26 thousand
tons).

Keywords: nitrogen oxides, nitrogen dioxide, differential spectroscopy, mobile measurements, anthropogenic
emission, NO , NO,, DOAS, HYSPLIT
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MeTtonom pe3oHaHCcHOI (yopectieHIMu (PAP) aToMOB XJ10pa 1 aTOMOB i10/1a M3MepeHa KOHCTaHTa CKO-
POCTH peaklMM aToMa Xjopa ¢ HOIUCTBIM BOIOpOIOM Mpu TeMmmepatype 298°K. 3HayeHUsT KOHCTaHT
peaxkiuu, U3MepeHHbIe 00OMMM METOIAMM, OKA3aJIUCh TOCTATOYHO OMM3KUMU. OOCyXIeHa poJib ITOH
peakiMyi B XUMUM TPOIToc(epbl Hall TOBEPXHOCThIO OKEaHOB.

KimoueBbie ciioBa: (hUTOIJIAHKTOH, aTOMBI XJIOpa, aTOMBI ona, Tporocdepa, 030H, pe3oHaHCHas (yo-

peCLUCHIMA, KOHCTaHTa CKOPOCTU p€aKIIMH

DOI: 10.31857/50002351524020123 EDN: KPIKGD

1. BBEAEHUE

McTOYHUKOM BEIIECTB, IMOCTABJISIONINX ATOMBI
iioma B atMocdepy, SIBISIOTCS (PUTOIIAHKTOH U pa3-
JIMYHbIE MOPCKYE BOJOPOCIIN, B Pe3y/IbTaTe THUEHUS
KOTOPBIX BBIIEISACTCSI MOAUCTBIIT METUJI, XJIOPMAOMI-
MeTaH, a TakXe ApYrve YriaeBoAOpObl, B COCTaB KO-
TOPBIX BXOISAT aToMbI itoga [Mcfiggans et al., 2004;
McFiggans, 2005; Martino, 2009].

B mmocnenHue necsaTUISTHS OSIBIJIOCH OTPOMHOE
KOJINYECTBO PaboT, MOCBSIIEHHBIX POJIK 10/1a U €To
coeAMHeHuid B XxumMuu atMocdepsl. B ctpatochepy
coequHeHUs #opa, npexnae Bcero ero okcua (I10),
MOIMAaJAIOT 32 CYeT KOHBEKTUBHBIX IIOTOKOB Hall IO-
BEPXHOCTBIO MOpEii M OKEaHOB, T¢ KaK pa3 UMEIOT-
CsI MOIITHBIE MCTOYHUKY COSAMHEHUIM, COOepXKaIlux
arombl fioga [Chatfield, Crutzen, 1990, bpacee, Co-
JIoMoH, 1987]. OTu BeliecTBa, TOCTUTILIME CTPATOC-
(bepsl, 3amycKaOT IJIMHHYIO LIETIb XUMUYECKUX IIpe-
BpallleHUI, MPUBOISIINX K TMOeI MOJIEKYJI O30HA.

He meHble BHUMaHUS MCceaoBaTeleii ynaeus-
€TCsl POJIM COeAUHEHU Hioa B XMMUU TPOHOChepHhlI.

B nocnenHee BpeMsi OosbllIOE BHUMAHUE TIPUBJIE-
YEHO K POJIM MOJIEKYJISIPHOIO 0/1a, aTOMOB H0J1a 1 OK-
cuaa iiona B OKMCIMTEIbHBIX MPOLIeCcaX B (PAHUYHOM
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mopckoM citoe (MBL), a Takke B 00pa3oBaHUM MOP-
cKkux asposodeit. B padore [Huang et al., 2010] 6bu10
0Ka3aHO, YTO B MOPCKOM aTMocdepe MoryT odopa3o-
BBIBAThLCS 3HAYNTEIIbHBIC KOHILIEHTpAllMKY OKCHIA ona
(IO). B pesynbraTe 1x peakiuii Ipyr ¢ ApyroM B rpa-
HUYHOM MOPCKOI1 30He 00pa3yloTCsT BBICILIME OKCUIbI
iiona, KOTOphIE MOIBEPraloTCs IPOIIECCy HyKilealluu,
B pe3y/IbTaTe Yero BO3HMKAIOT HAHOYACTHIIbI, COAep-
JKallle aToMbI ona. M3 Hux ¢popMHUpYyIOTCS MOPCKIE
a’pOo30JId, KOTOPhIe OKAa3bIBAIOT BIMSIHUMC Ha KJIMMAaT
1 Ha KOTOPBIX MPOTEKAIOT pa3IMJHbIe TeTePOreHHEIE
peakuuu, BaxHbIe 11 XuMuu Tpornocdepsl [O’Dowd
et al., 2002; Saiz-Lopez et al., 2006].

PaHee HeCKOJIbKO HallIMX padOT ObLIO MOCBSILIEHO
00pa3oBaHUIO aTOMOB M0J]a B XUMUUYECKIX PEaKIIASIX
C COeMMHEHUSIMU, TIPUCYTCTBYIOIIMMU B Tporiocdepe,
B TOM 4ucJie U B aTMocdepe Mopeit 1 okeaHoB [JlapuH
u ap., 2000a; Jlapuu u op., 2000b; Jlapun u op., 2006;
Jlapwu u np., 2010; Jlapuu un ap., 2012].

Hacrostmast paGora mocBsillieHa e€Iie OTHOMY
HUCTOYHUKY aTOMapHOTO fio1a — peaKluu HOAMCTOrO
BOZIOPOJIa C aTOMOM XJIOpa.

B pa6ote [Cicerone, 1981] oTMeuanoch, 4TO CO-
nmepxkanme Nal B MOPCKHMX a’po30jiaX MHOTAA B
1000 n gaxe 10000 pa3 yBeJauMuyeHO MO CpaBHEHUIO
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C ero comepxaHHeM B Boje okeaHa. B Mopckoii at-
Mocdepe TakKe IIPUCYTCTBYET CepHasl KMCIIOTa —
MIPOAYKT OKMCJICHHSI CEPOBOAOPOIA Y AUMETUIICYIIb-
duna, obpas3ylolIuxXcs IMPU Pa3IoKEHUM MOPCKUX
Bomopocineit. [Tpu ee peakiuu ¢ Nal MmoxeT 06pa3o-
BaTbcsl Hoauctelii Bogopond (HI). BzamMoneiictBue
pamukana HO, ¢ aToMapHbIM HO1IOM Takxe MpUBO-
mnT K oopazoBanmio HI [Atkinson et al., 2007].

ATOMBI XJI0pa 00pa3yloTcsl B MOPCKOIi aTMocdepe
3a CUET reTepPOreHHBIX OKUCIIMTEIBHBIX TTPOLIECCOB,
MPOUCXOISIIMX Ha a3P030JIsIX MOPCKHUX coJeit. B oc-
HOBHOM 3T0 a3po30ib NaCl, KoTopblii o6pa3yercs
IIpY OTPBIBE KalleJib BOOBI OT BOJH. B pesynbrare
3THX IIPOLIECCOB JOCTATOYHO CTAOMJIBHBIC COSIMHE-
Hus, takue kak NaCl, HCI u CIONO,, npeparia-
torcs B cnabocssizantbie coequterus Cl,, HOCI u
CINO,, KoTopbi€ JIETKO pacnanaroTcs Mo AeCTBU -
eM Y® pagnaunu, obpasys atombl xstopa | Finlayson-
Pitts, 2003; Behnke, Zetsch, 1989; Vogt et al., 1996].

B naHHOI1 paGoTe MBI MCCAEAOBaIM peaKlnio
aToMa xjtopa ¢ HI, ncrosas3yst BO3MOXHOCTH Hallei
KUHETUYECKOM ycTaHOBKY. OHa MO3BOJISIET U3YYUTh
KMHETHUKY TaHHOI peaKlMu KakK 110 pacXxoay aTOMOB
XJIOpa, TaK ¥ 110 HAKOIICHUIO IIPOAYKTa peakInu —
aTOMOB Hoa.

2. METOAWKA SKCITEPUMEHTA

CrpyeBasl KUMHETMYECKAs YCTAHOBKA BKJIIOYA-
Ja B cebs peakTop, CUCTEMY II0JAa4Md PEarcHTOB,
HMCTOYHUKU aTOMOB XJIOpA U iio1a, a TAKXKE CUCTEMY
pETHCTpALIM aTOMOB XJIopa U Homa. OHa M03BOJIs-
Jla TIOMJEPXKUBATh MTOCTOSIHHBIE TTOTOKM PEareHTOB
C TOYHOCTBIO ~2+3% B TeueHue 1015 u.

2.1. Peakmop

PeakTop (puc. 1) npeacrapisiyi co60ii KBapLIeBbIi
LUJIWHAD, BHYTPEHHSISI TOBEPXHOCTH KOTOPOTO ObLIa
MOKpHITa BeliecTBOM Mapku ®-32J1 11j1s1 TOTO, YTOOBI
YMEHBIIIUTh CKOPOCTh I'€TePOreHHOM Tdei aTOMOB
U panukanoB. PeakTop umen BOASHYIO pyOallKy,
YTO ITO3BOJISIIO M3MEHSTh B HEeM TeMIiepaTypy. Jdas-
JIEHVE B pEaKTOpe U3MEPSUIM C TOMOIIbI0 MaHOME-
Tpa BJI'-1 B nnamazone 1--10 Topp ¢ TOYHOCTBIO
~0.1Topp. T'asbi-pazbaButenu (reamii Wau asor),
a takxxke HI momaBanuce B peakTop yepe3 OOKOBbIE
oTBepctus. 11 momaum ra3oB-pa3OaBUTEICH B pe-
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Clz, He 0 CBY

K MaHomeTpy
—il

30Ha perucTpaln

Puc. 1. Peakrop.

aKTOP MCITOJIb30BaJIM PETYISATOPHI pACXOIOB, IT03BO-
JISIOIINE TIOANEPKUBATh ITOCTOSTHHBIN pacxo, ra3a ¢
TOYHOCTBIO 2+3% B Teuenme 10+15 q.

MaccoBble TIOTOKHM peareéHTOB 1 Ta30B-HOCHUTE-
JIe U3MepsIId METOAOM MCTEUEHMSI U3 KaJTuOpoBaH-
HOTo 00beMa B €NUHUILY BpeMeHU. 3a U3MEHEHUEM
JaBJICHUSI CIECOWIM II0 00pa3lloOBOMY MaHOMETPY.
Bo Bcex ombITax MCITOIB30BaIM TeIU M a30T Map-
ku “BY”. ATOMBI XJl0pa MOIJIM MIOAABAThCS B JIIOOYIO
TOYKY Ha OCH peakTopa yepe3 MOJABUXXHOE KBaplie-
BOE COILJIO BHELTHUM TMAMETPOM 6 MM U TOJIIIMHOMN
creHok 1 MmMm. CoenHeHune TUMa “Te(JIOHOBBIN Uy-
JIOK” TIO3BOJISIIIO TIEpeMeIaTh COTLIO, He HapyIlas
TepPMETUYHOCTh PEaKTOpa.

2.2. Hemounuk amomoe xaopa

ATOMBI XJIOpa TeHEPUPOBAJIM Pa3psIiIoM YacTOTOM
254 Mru, MolHocThIO 2.5 BT B pa3dbaBieHHOM I10-
toke Cl, B resinu. IToBEpXHOCTb 30HbI pa3psiia ObLia
obpaborana opTodochOopHOI KNCITOTOIM.

2.3. Cucmema peeucmpayiu amomos x10pa

Cucrema perucTpaly aTOMOB XJIOpa I10 UX pe-
30HAHCHOI (bIyopeclLieHLIMM COCTOSIIa U3 XJIOPHOM
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IIPOTOYHOM JIaMIIbI, U3JIy4YarOlIe pe30HAHCHYIO JIN-
Humw 118.9 HM aToMOB xJ10pa, (OTO MOHU3ALMOHHO-
ro cyeTdrKa auara3ona 117--134 aM n yacToToMepa
Y3-63/1, cayxallero ajst perucTpaldy U HaKoIIe-
HUS CUTHAIa.

2.3.1. Pesonancnas xaopuas aamna c paboueii
Aunuei 118.9 um

B xauecTBe MCTOYHMKA PE30HAHCHOTO 3JTy4eHUS
HCITO/Ib30BajIach IPOTOYHAS JlaMIIa, paboTarolias Ha
cmecu Cl ¢ remem (1 X 107 1 % 107 Mosekys cm ™
COOTBETCTBEHHO), BO30yXmaeMasi pa3psiioM 4acTo-
Toit 254 MT'11. JIng Bo30Oy:KIeHUS pa3psiia UCIOIb-
30BajIv pe3oHaTop bpoiina, KOTOpHIil MUTAIN OT MU-
KpoBoJiHOBOro reHeparopa st CMB Tepanum “Jlyu
3IM”.

2.3.2. Domo uoHU3aUUOHHBLI CHemHUUK
ouanazona 117+134 um

Jlns perucTpaliyd CUTHajla aTOMOB XJopa HC-
MTOJIB30BaJICI (POTO MOHM3AIIMOHHBIN CYETUYMK, 3a-
MMOJIHEHHBI cMechio aproHa 1 okucu azota (10 Topp
NO u 230 Topp Ar) u paboTamIInil Ha JUHUU XJI0-
pa 118.9 M. JITMHHOBOJHOBAS I'paHMUIIA CUETYMKA
omnpeneasaach noteHuuaatoM nouuszauuu NO 8.7 3B
[Kukown, 1976] u coctaBnsia ~133.8 um. Jlamma u
CYETYMK ObLTHM CHaOXeHbI cTeKTamu u3 MgF,.

2.3.3. Kanubposra abconromuoii uyscmeumenbHOCMu
YCMAHOBKU K AMOMAM XA0pa

s kanmubpoBku Mbl ucnionb3oBamu C,H, mo-
CKOJIbKY OH OBICTPO pearupyeT ¢ aToMaMU XJIopa:
3HaueHne razodasHoii KoHCTaHTH Tpu 298°K:
k, = 5.7 X 107" monekyna~' cm3c! [Atkinson et al.,

A

1992].

TutpoBaHue NPOBOAUIOCH MyTeM [O00OaBIEHUS
HeOoMbIIMX M3MepeHHbIX ToToKoB C H, yepes Ka-
MAJLISIP B TIOTOK Kucaopona. Bemnanny moroka C,H,
U3MEpSIIU TI0 TaJeHUIO AAaBJIEHWSI B KaJluOpoBaH-
HOM pe3epByape, conepxanieM C,H, mpu BbICOKOM
nasiaeHuu (700 Topp) U pa3MmellleHHOM Ha BXOJ¢ B
Kamuuisip. OcTajibHble IMOTOKM ObLIM pacCUMTaHBI
B IIPEIIIOJOXEHNY, YTO BeJIMIMHA IIOTOKA IIPOIIOpP-
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IMOHa/JIbHAa KBadpaTty naacHud OJaBJICHUA Ha BXOIC
B KaIlJLIAp.

YUyBCTBUTENBHOCTh CUCTEMBI K aToMaM Xjopa
okaszajach paBHoii 1.1 X 10'° cM~3, mpu OTHOILIEHUU
CUTHAJI/IIyM = | ¥ BpeMeHU HAKOIUJICHUSI UMITYJIb-
coB ~100 c.

IMTogpo6HO rpagynpoBKa aTOMOB XJIOpa OMycaHa
B [JIapun u np., 2003].

2.3.4. Ucmounux amomoes tioda

HMcTouyHMK aTOMOB ioma IPUMEHSIICS TOJIbKO
IIJIsI TPagTyrupOBKU YYBCTBUTEJIBHOCTH CHUCTEMBI K
atomam Moga. OH mpeacTaBisti cO00O KBaplie-
BYIO TpyOKy nuameTpoM 15 MM u giauHoit 302 MM
¢ MpUIAsSIHHOM K Hell TpyOKoi AuaMeTpoM 4 MM U
nnuHoi 400 mMm. ToHKas TpyOKa 4epes YIJIOTHEHUE
THMa “TedI0HOBLIN 9yJIOK” 03 HapyIIeHUs TepMe-
TUYHOCTU IlepeMelllanach BIoJIb Ocu peakTopa. Ha
TpyOKe OoJIblllero AuameTpa Kpenuiaach O0akTepu-
HuaHas Jamia. Yepes MCTOYHMK aTOMOB itoaa mpo-
IMyCKaJIu CMECh Iejidsl ¢ ra3000pa3HbIM HOAUCTHIM
METHUJIOM, KOTOPHIM Mo AeiicTBUEeM cBeTa OaKTepU-
LUIHOM JTaMTBI ¢ A = 253.7 HM 00pa30BBLIBa AaTOMBI
iona.

2.3.5. Cucmema pecucmpauuu amomos iooa

Cucrema perucTpalliu aToMOB Ifofa Mo uX pe-
30HAHCHOU (IIyOpECHEHIIMUA COCTOSIIa U3 HOTHOM
PE30HAHCHOI JIaMITBI, M3JIydaBIIeil pe30HAHCHYIO
JIMHUIO aTOMOB ¥iona 178.3 HM, (OTO MOHU3ALIMOH-
HOTO cueTynKa auanazoHa 160+185 um, a rTakxke 4a-
crotomepa Y3-63/1, cny>KuBIIKX JIJIsT perucTpaluy
1 HAKOTUIEHUs CUTHAJIA U TToCJIeyIoleit 00paboTK
9KCIIEPUMEHTAIBHBIX TaHHBIX.

2.3.6. Pe3onanchas iioonas ramna ¢ paboyei
aunueti 178.3 um

[IpoTouHast pe3oHaHCHAas JaMIla, U3rOTOBJAEHHAs
13 KBaplia, paboTaja Ha IjimHe BOTHBI A = 178.3 HM.
OKomKN TakxKe ObUTM KBapleBbIMU, Mapku Y@, ¢
KOPOTKOBOJIHOBOI1 TpaHu1Ieil TTporrycKaHus 160 HM.
BakyyMHOe yIJIOTHEHUE HOCTUTAIOCH C TTOMOIIIBIO
MPOKJIaAKu 13 uHAus. Yepes Jamity mpokauynBajiach
cMmech He ¢ MoJieKyIsipHbIM MOI0M B COOTHOIIIEHUHU
~10000/1. JaBneHue B JaMIle PeTUCTPUPOBAINA Me-
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TaJUTUIECKUM CUJIb(GOHHBIM MAaHOMETPOM C TOYHO-
cthio 10 0.1 Topp. 15 Bo30y:KIeHUS pa3psiaa B IaM-
ne ucroab3oBanu CBY pezonarop bpoiina.

2.3.7. DomouoHu3ayUOHHbII CHEMYUK
Juanasona 160185 nm

Perucrpanuio nepeusaydeHHBIX KBAaHTOB OCY-
IIECTBISIIN  (POTOMOHU3ALMOHHBIM CUYCTYUKOM.
CurHal co cueTYnKa 4epe3 pas3aeMTeIbHbII KOH-
nerncatop C = 470 n® mopasajicss Ha 4acTOTO-
Mep Y3-63/1 u omHOBpeMeHHO Ha ocLuiiorpad
C1-107.

[lepen HaTOTHEHWEM CYSTIMK OTKAYMBAIM TU(D-
(by3roHHBIM HacocoM 10 JaBieHus 5 X 10~° Topp u
3areM 3anonHsaau cMmecbio 10 Topp NO u 230 Topp
Ar. Kamng nusTtundgeppolieHa romelianach B CTe-
KIgHHBIA Tanen. Ilapel nusTtuiadeppolieHa Haxo-
IWINCh B paBHOBeCHU C Karuieid. JITMHHOBOJHOBAsI
rpaHMIIA CUCTUYMKA OIIPEIesIsIach MOTEHIINAIOM 1O~
Huzauuu austwideppouena 6.3 3B [Kukounn, 1976]
U cocTapisiaa ~185 HM.

Takum obpazom, GOTOMOHU3AITMOHHBIN CYETINK
BBITIOJIHSUT OMHOBPEMEHHO (DYHKIIMIO MOHOXpOMa-
TOpa, BHIIEJST CIIEKTPAJIbHBIN ydacToK oT ~160 mo
~185 HM.

2.3.8. Kaaubposka abcontomuoii 4yecmeumenbHoCmi
YCManosKu Kk amomam iiooa

AToMapHBIi ion ToJiydanau, J100aBJsisl MOJEKY-
JIIpHBIA 10a B U30BITOK aTOMOB KMCJIOPOAa, KOTO-
peie nonyyanu B CBY-paspsne B cvecu 4% O, B He.

KoHIIeHTpal1I0 aTOMOB KUCJIOpOAa OLCHUBAIN
XEMMWJTIOMUHECLIEHTHBIM TUTPOBAHUEM C ITOMOILBIO
NO, [3acmonko, 1976]. KoHueHTpauus aToMmoB
kuciopoga ~10'* mMonekyna cM— Ha TpW MopsaKa
MpeBbIlIajia KOHIEHTPALUIO aTOMOB Ifofa.

B »THX yCIOBMSIX MOYTHM BeChb HOA CYIIECTBY-
€T B aTOMapHOM BHUIE, YTO IIO3BOJIIET ONPEIACIUTh
a0COIOTHYIO YYBCTBUTEJIBHOCTb CUCTEMBI K aTO-
MaM iofia Mo 3aBUCHMMOCTU CUTHaja Pe30HaHCHOM
(ryopectieHIMM OT KOJWYECTBA MOJIEKYJISIPHOTO
iiona, BBeneHHOro B peakTop. OHa oKa3ajach paB-
Hoit 3 X 107 cM~3, IpK OTHOIIEHUHU CUTHAI/IyM = 1
¥ BpeMeHHW HaKOIICHUST MMITYJTbcoB ~100 c.
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3. PE3VJILTATbHI USMEPEHUH

3. 1. Onpedenenue koncmanmol ckopocmu peaxyuu HI
¢ amomamu Cl nymem peeucmpayuu amomog Cl

Buauase Mbl uaMepsiiu curian P atromoB ximopa
(J,) B orcyrcTBUe Broporo peareHta (HI) Ha pasmny-
HBIX PACCTOSHMSIX OT 30HBI PEruCTpalivy, IIepeMe-
1Iask IMOABVKHOE COIUIO BIOJb BEPTUKAJILHON OCHU
peakTopa. 3aTeM U3 rpalyipoOBaHHOTO 00beMa Uyepe3
OOKOBOIt BXO/, CHAOXXEHHbI1 BEHTUJIEM TOHKOM pe-
TYJIUPOBKHU, B peakTop noctymnan HI, koTopsiit BcTy-
naj B peakliMio C aTOMaMu XJIopa:

Cl + HI - I + HCL. )

3a pacxogoBaHHWEM aTOMOB XJIopa B peakiuu
(I) MBI cnequiu, usmepss curdain P® atomoB xj1o-
pa (J). Ilpenrmonaras, 4To aTOMBI XJIOpa MOTYT He
ToabKo pearupoBaTh ¢ HI, HO u B3aummopeiicTBo-
BaTh CO CTEHKOIl peakTopa, IIOJIHOE BBHIpaxkKeHHE
JUJIS1 CKOPOCTH PacXxoJ0BaHUsl aTOMOB XJIOpa B XOJIe
M3y4yaeMoil peakIluu MOXHO 3alucaTh CIEeIYIOIINM
o0Opa3om:
d[Cl] /dt = _k[ [HI][CI] - kreT. [Cl}’ (1)
rie k, — KOHCTaHTa CKOPOCTH OMMOJIEKYJISIPHOM pe-
akuuu atomoB xjopa ¢ HI (monekyna—'em’c™!). k. —

rer

KOHCTaHTa TMbesI aToMa XJIopa Ha CTCHKE p€aKTopa

(c).

B ycnoBusix, korga B peaktop He noctynaet HI,
BbeIpaxxeHue (1) mpuobpeTaeT BUL:

d[CIO] /dt = _kreT. [CIO] (2)

ITocne nenenus Ha [Cl | 1 uHTErpUpPOBaHMS 10~
JTYIUM:

In[Cly] = ~kyerf, 3)

rae [Cl] — KOHIIeHTpalus aTOMOB XJIOpa TPU HyJIe-
BOI KOHILIEHTpALMXA aTMOC(EPHOTO peareHTa.

B pesyabrare BoipaxkeHue (1) mocie HeCI0XHbIX
npeodpa3oBaHUii MpUOOpPETaeT BU/IL;

In([Cly] / [Cl]) = k; [HI ]t 4)
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Tak kak curHan P® atromoBs xjtopa J IpoIopLmo-
HaJIeH UX KoHLeHTpaunu, T.e. J ~ [Cl], To BeIpaxe-
HUe (4) TTepexoauT B:

Koncranra ckopoctu peakunu (I) 6611a n3mepe-
Ha Hamu 1pu Temireparype 298°K mpu pasimmyHbIX

BpeMeHAX B3aMMOIECHCTBUS PEareHTOB U HEUM3MEH-
HOM KOHLIEHTPaLX MOAUCTOTO BOAOPOIA.

3aBrcumocts In (J; /J) oT BpeMeHM B3aMMOJEii-
CTBUS TIpeJICTaBJIeHa Ha puc. 2.

OnpeneeHHOE U3 TAHTEHCA YIVIa HAKJIOHA IIpsi-
MOii Ha puC. 2 3HaueHUEe K, COCTABUJIO BEJIUUYMHY:
(8.6 £0.9) X 107" monexkyna~'cm3c".

brun ipoBeneHBI M3MepeHUSs MPU (PUKCUPOBAH-
HOM BpPE€MEHM B3aMMOMACHCTBUS peareHTOB, HO Me-
HSIOIICHCS KOHIICHTPALUK MOIKNCTOTO BOIOPOA.

Juneitnas 3aBucumocts In (J; /J) or [HI] npen-
CTaBJIeHa Ha puc. 3.

3HaueHue K, , TIOJYYEHHOE U3 TAHIEHCA YIjla Ha-
KJIOHA IIPSIMOIA Ha pHC. 3, 0Ka3aja0Ch paBHbLIM (9.7 &

1.1) X 10~'" monexynma—'cm3c!.

CpenHee 3HaueHUE KOHCTAHTBI CKOPOCTU pe-
akuuu (1) mpm temmeparype 298°K, ompenmencH-

4

0 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016
fc

Puc. 2. I'paduk 3aBucumoctu In(JO/J) oT KoHIeHTpa-
wuu [HI]. (T = 298°K, P = 1.1 Topp, BpeMsI peakLuu
0.0083 c. PazbaButeneM cayxui reauii. U3amepsiiacs cur-
Hast P® aroma xiopa.)
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Hoe myTeM peructpaiuun P® atomoB Cl, cocra-

— —11
BUJIO BEIUYMHYK, (0 PO sroseos € (9.1 £ 1.0) x 10
MoJiekyaa~'ecmicl.

3.2. Onpedenenue koncmanmol ckopocmu peaxkuuu HI
¢ amomamu Cl nymem pecucmpayuu P® amomos 1

Kax 65110 TI0Ka3aHO paHee, U3MEHEHNE KOHIIEH-
Tpaluu aTOMOB XJIOopa B Xoxe peakunu (1) orpenensi-
€TCSI CEeIYIOIIUM BbIPaKEHUEM:

In([Cly] / [Cl])= K [HI]z. 4)

WUsmepennsiit curdan P® aTtoMoB ioma TpsiMo
MIPONOPIMOHAJICH KOHIIEHTpAallu aTOMOB Ioja,
[I] = a J. Ho xonuyecTBO 00pa3ylolIuxcs aToMOB
ioJa IIpU OTCYTCTBHMM JIPYIMX MCTOYHMKOB KpOMeE
peakiuu (I) paBHa KOJIMYECTBY M3pacXod0BaHHBIX
aromoB xsiopa, To ectb [Cl], — [Cl] = [1], rze [Cl], —
Hava/bHasl KOHILIEHTPALMsI aTOMOB XJIOpa.

Takum obpasom, [Cl] = [Cl],— aJ, a MakcuMaITb-
HBII BBIXOI f0Ja M, COOTBETCTBEHHO, MaKCUMaJTb-
Hblii curHan P® aromoB iioga NpomnopiroHajeH
[Cl],, Te.ad_ =][Cl],.

B pesynbrare HECIOXHBIX IpeoOpa30BaHMil MO-
JIydaeM:

In([Cly] / [Cl]))= k [HI]z,

(6)

| | | | |
0 1 2 3 4 5
[HI] x 10'2, monexyna/cm3

Puc. 3. Ipaduk 3zaBucumoctu In(JO/J) ot Bpeme-
HM KOHTakTa peareHToB. (I = 298°K; P = 1.0 Topp,
[HI]=2.9 x 1011 monekyna cM—>. PazbaBuTeIeM CITyKIIT
renuii. U3mepsics curnan PD aroma xitopa.)
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(@) N ~J
[e) W (e}
T T 1

N N
(<) D
T T

35 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9

[HI] x 1012, monexyna/cm?

Puc. 4. 3aBucumocTts curHana P® atoMoB itona oT KoH-
uentparuu HI. (7= 298°K, P = 1.0 Topp; Bpems peak-
uuu 0.0093 c. Pa3baButeneM CITy>Ku reyuid.)

Ine ¢ — BpeMsl KOHTaKTa peareHToB, paBHoe L/v.

Ha puc. 4 npeactaBiieHbI pe3yIbTaThl OMBITOB, ITO-
3BoJisioLIMe onpeneauts J  npu 298°K, naBneHuu
B peakrope 1.2 Topp, [Cl ] =7 % 10" mosexyna cM,
BpeMeHU peakiuu 0.0073 c.

J___coctaBuio BennuuHy 68 umi/10 c.
max

J
3aBucumocTp In—"=%

Joax — 7

max

oT KoHueHTpauuu HI

| |
0 0.5 1.0 1.5 2.0 2.5
[HI] x 10'2, monexyna/cm?

J
max
Puc. 5. 3aBucumoctp In——=—

OT KOHICHTpALUU

Jmax =/
HI npu ¢pukcrupoBaHHOM BpeMeHU B3aMMOJIEHCTBUS pe-
areHTtoB (0.0073 ¢). (T=298°K; P=1.1 Topp. Paz6aBu-
TeeM ciyxkw renuit. Msmepsuics PO curnam atomoB

ona.)
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npu (QUKCUPOBAHHOM BpPEMEHU B3aUMOACHCTBUS
peareHTOB MpeACcTaBIeHa Ha puC. 5.

3HayeHUe KOHCTaHThl ckopocTHu peakuuu (1),
paccuMTaHHOE M3 TaHTe€HCa Yrja HakJioHa Mps-
MOIi Ha 3ToM rpaduke npu Temmeparype 298°K
nyreM peructpauuu P® atomos I, mpuseneHo
HIUXeE:

kI(no PD amomos 1) —

3.—1

=(9.2£1.0)x 10~ ' monekyna'em

c .
Ha puc. 6 TIIpeacTaBJICHa 3aBUCHUMOCTb
In Jmax  OT BpeMEeHU B3aMMOMEHCTBUSI pearcH-
J, max J

TOB Npu naBjaeHuu B peaktope 1.1 Topp 1 KOHLEH-
Tpaluy HOIMCTOro Bogopoaa, paBHoit 1.3 X 102 Mo-
JIeKys1a cM >,

Koncranra ckopoctu peakuum (1), paccumran-
Has M3 TaHTeHca yIjla HaKJIOoHa IIpsSMOil Ha puc. 6,
oKazayiach paBHOI1

kl(no PP amomos 1) —
=(8.7+0.9) x IO_UMOJ'[CKYIIB._ICM3C_1.

CpenHee 3HaYeHME KOHCTAHTBI CKOPOCTH peak-
muu (I) mpm temmeparype 298°K, ompeneneHHOe

myTeM peructpaunu P® atoMoB I, coctaBuio Benmm-
YUHY

1.6

1.4
312
1.0
08
sEO.G

0.4

0.2

JMaK

In(

0 0.002 0.004 0.006 0.008 0.010 0.012 0.014
f,c

Jmax

Puc. 6. 3aBucumocTts In OT BPEMEHU B3aUMO-

max ~
neiictBust peareHtoB. (77 = 298°K; P = 1.1 Topp,
[HI] = 1.3 x 1012 moJsekyna cM—>. PazbaBuTeIeM CITYKIT

renuii. U3amepsuicst PO curaan atomoB itona.)
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kl(no P® amomog1) —

= (8.9 £ 0.9) x IO_IIMOJICKYJIa_ICM3C_1.

4. ObCYKJAEHMUE PE3VJIBTATOB

HM3mepeHHble HaMU KOHCTaHTBI CKOPOCTH pe-
aknum (I), TorydeHHBIE KaK TMYTEM pPErucTpalny
BCTYIAIOIINX B peaKIIAIO aTOMOB XJIOpa, TAK U IIyTeM
perucTpanuu oOpas3yolIuxcs aTOMOB ioga, XOpo-
mo comtacytorcs. [IpakTuyeckyt OHU He OTJINYaroT-
cs U OT pe3yabTaToB pabotrsl [Wodarczyk, Moore,
1974], B XOoTOpO#i MpUMeEHSIACh Ipyras MeTOAMKA.
ABTOpHI M3MEPWIM KOHCTAHTY CKOPOCTH pPeaKIIUu
(I), nabmonast 3a MH@pPaKpacHON XEeMUJIIOMHHUC-
LIeHIIMeH KoJiebaTeIbHO BO30YXKICHHBIX MOJICKYII
HCI npu temneparype 295°K. Ee 3HaueHnue, pas-
Hoe (9.6 + 2.4) X 107" monekyna~—' cM? ¢!, Xxopoio
COINIACyeTCsl C BENMYMHOM k|, M3MEPEHHON HaMMU.
Takoe xe 6JM3KOe 3HAYEHUE KOHCTAHTbl CKOPOCTU
peakuuu (I) K 3HaUEeHUIO, UBMEPEHHOMY HaMU, MO-
JIydyeHo U B pabote [Yuan et al., 2004].

OnHako B 11eJIoM psine padoT [Bergmann, Moore,
1975; Mei, Moore, 1977; Dolson, Leone, 1982; Iyer
et al., 1983] usmMepeHHOe 3HaUCHNE KOHCTAaHTHI CKO-
poctu mpu Temmeparypax 295—300°K oxkazamoch
BBIIIIE.

OTMETUM, YTO 3aBBIIICHHBIE JaHHBIC MTOTYICHBI
MpY JaBJICHUSIX B pPeaKToOpe, 3aMETHO IIPEBHIIIAIO-
IIMX BeJIMYMHY JaBJICHUS B Hallleil paboTe, a Takke
B pabotax [Wodarczyk, Moore, 1974; Yuan et al.,
2004].

K coxaneHuro, Hu B 0HOM U3 paboT He 00CyKaa-
Jlach NpUYMHA 00Jiee BBICOKOII KOHCTAHThI CKOPO-
CTU peaklMy aToMa XJopa ¢ MOAUCTHIM BOJOPOIOM
MIpY IIPOBEICHNN KCIIEPUMEHTOB IIPU 0oJiee BHICO-
KOM JaBJICHUH.

ABTOpHI paboT [Mei, Moore, 1977; Yuan et al.,
2004] Habmoman yMeHbIIeHNE U3MEPEHHON KOH-
CTaHTbl ckKopocTu peakuuu (I) ¢ poctom Temiie-
paTyphl B peakTope. B psae paboT ¢ Apyrumu pe-
areHTaMM TakKoe MOBEeAeHUE KOHCTAHT CKOPOCTe
peakiuii, MpoTeKallInuX B Ta30Boil (da3e, aBTOPHI
OOBSICHSIIM T€M, UYTO 3TU PeaKIIUU IIPOTEKAET yepes
o0pa3oBaHMe MPOMEKXYTOTHOTO KOMIIIEKca [Sayin,
McKee, 2004; Nakano et al., 2003; Arsene et al.,
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2005].

OaHako HaOI0JaeMYI0 3aBUCUMOCTb KOHCTAHThI
ckopoctu peakumu (I) or Temmeparypsl B paborax
[Wodarczyk, Moore, 1974; Yuan et al., 2004] HeBO3-
MOXHO OOBSICHUTH 00pa30BaHMEM MPOMEXYTOYHO-
ro KOMIUIEKCa, TaK KaK M3MEpEeHHUS IPOBOIVIINCH
IIPYU JOCTATOYHO HU3KMX JABICHUSIX.

PaHee B 11e710M psifie HalIuXx paboT ObLIO MOKa3a-
HO, 4TO yBeJIMYEHNE KOHCTAHTBI CKOPOCTH peaKLIMy
C MTOHMKEHUEM TeMIIEpPATYpPhl MOXET ObITh CBA3aHO
C IPOTEKAaHUEM MCCIIEAYeMOM peaKIIMi Ha MOBepX-
HocTHU peakTopa [byoen u ap., 2002; JTapuH u ap.,
2020; JTapuH u ap., 2023].

Hama panbHeiias paboTta 1o U3y4eHMUIO peak-
LIMA aToMa XJIopa ¢ HOOUCTBIM BOIOPOIOM OymeT
MOCBSIIEHA BBISICHEHUIO BOIIPOCAa O BO3MOXKHOCTHU
MPOTEKaHUS 3TOUN peaKLIMU TeTepOreHHbIM ITyTEM.

5. BAKJIIOYEHUE

Xopollee cCoBNajieHWe 3HAYeHW KOHCTAHT CKO-
poctu peakunu (I), n3mMepeHHBIX ABYMS CIIOCO0a-
MM: U3MEPEHMEM KOHLICHTPAllUM PacXOAyeMBIX B
peaKkiy aTOMOB XJI0pa U U3MePEeHNEM KOHIICHTpa-
LIMKA 00pa3yIoIIMXCs aTOMOB Ifofa, — M0-BUANMOMY,
TOBOPHUT O TOM, 4YTO 00€ NMpUMEHsSeMBble METOTUKHU
JIAI0T TIPaBUJIBHBIEC PE3yJIbTaThI.

MoXHO CpaBHUTh 3HAYCHMSI U3MEPEHHONM HAMU
KOHCTaHTbl cKopocTtu peakuuu (I) co 3HaueHUEM
KOHCTAHT CKOPOCTEel peaklnii HoaucTOro Bogopoaa
C IBYMSI OIPYTUMU BaXXHBIMU OKUCIUTEISIMU B aT-
Mocepe:

HI + 10 — [ + HOI, (11)

HI + OH — I + H,0 (I1I)

KoHcraHTa ckopoctu peakiuu (II) mo maHHBIM
pa6ortsl [Jlapun u ap., 2007] cocTaBisieT BETUUNHY
1.2 X 10~ monekyna~'cm3c~!, yTo B 75 pa3 MeHbIIIE,
yeM KOHCTaHTa ckopocTu peakuuu (I), usmepeHHast
Hamu. Ho B pabdorte [Huang et al., 2010] 6su10 T10Ka-
3aHO, YTO B MOPCKOIT aTMocdepe MOTYT 0Opa30BhI-
BaThCsI 3HAUMTEIbHbIE KOHIIEHTPpAllMKM OKCHIA iofa,
JOOCTUTAIOIINE 3HAYCHUI, mpeBbimaionmx 108 mMo-
JIEKYJ cM~°, B TO BpeMsI KaK MaKCUMaJIbHOe 3Haye-
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HUEe KOHILIEHTpallMM aTOMapHOIO XJIopa B MOPCKOM
atMocdepe He mpeBbiiiaeT 3 X 103 Mmonekyn cm™
[Chang et al., 2004]. B atux ycnosusx peaknus (I1)
OyzneT npeBaaupoBath Haa peakuueit (I).

Konuenrpauusa pagukana OH B Mopckoii aTMo-
cdepe 1o faHHBIM pabdoThl [Vaughan et al., 2012] co-
cTaBisteT Beauuuny 9 X 10° monexyn cm. Iocnen-
HUE JaHHble 0 KOHCTaHTe cKopocTtu peakuuu (III)
npu Temiieparype 298° K BapbupyloTCS OT 3HAUCHMUS
1.6 X 10~"" monekyna~' cm3 ¢! [Badia et al., 2019] o
2.97 x 107" monekymna~' cm? ¢! [Khamaganov et al.,
2020].

Ecnu B34Th 3HaUeHME KOHCTAHTHI CKOPOCTH pe-
akuuu (I), uamepeHHoe B JaHHOI paboTe, U 3Ha-
YyeHre KOHCTaHThI ckKopoctu peakuuu (III) , mpu-
BeaeHHoe B pabore [Khamaganov et al., 2020], To
Bkiana peakunu (I) B okucieHme #ogucToro Boao-
pona B MOPCKO#1 aTMoc(epe COCTaBUT, MO HAIIUM
olieHKaM, Bcero 6.7%.

Ecimu  wucrnonp3oBaTh MaKCMMaJlbHOE 3Hade-
Hue k,, npuseneHHoe B [Bergmann, Moore, 1975]
1.64 x 107" monekyma—'cm3 ¢!, T = 298°K), u mu-
HUMaJbHOE 3Ha4YeHue K, papHoe 1.6 X 10~ mose-
kynaa~'cM®c™! [Badia et al., 2019], To BKIaa peakuuu
(I) B okucnenue HI cocraBur 15.6%.
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Investigation of the Reaction of Hydrogen Iodide with a Chlorine Atom in the
Atmosphere above the Sea

I. K. Larin!, G. B. Pronchev!, E. M. Trofimova® *

! Talrose Institute for Energy Problems of Chemical Physics, Semenov Federal Research Center for Chemical Physics,
Russian Academy of Sciences, Leninsky pr., 38/2, Moscow, 119334 Russia

*e-mail: eltrofimova@yandex.ru

By the method of resonant fluorescence (RF) of chlorine atoms and iodine atoms, the rate constant of the
reaction of a chlorine atom with hydrogen iodide at a temperature of 298 K. The values of the reaction
constants measured by both methods turned out to be quite close. The role of this reaction in the chemistry
of the troposphere above the surface of the oceans is discussed.

Keywords: phytoplankton, chlorine atoms, iodine atoms, troposphere, ozone, resonant fluorescence,
reaction rate constant
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