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PO3JALJ |. TIPUPOJA, TEOPIA TA MOAEJIIOBAHHSA
ME3OMETEOPOJIOI'TYHHUX ITPOLECIB

(SECTION I. NATURE, THEORY AND MODELLING OF MESOSCALE
METEOROLOGICAL PROCESSES)

VK 550.3

B.I'. baranos, x.¢h.—m.n., A.H. CyxanoBckuid, x.¢p.—m.u., ILT. ®puk, 0.¢p.—.u., npogh.
Hucmumym mexanuxu cnaownvix cpeo YpO PAH, [lepmv, Poccus

JABOPATOPHOE MOJEJUPOBAHUE ATMOC®EPHOW MEPUIUOHAJBLHON
HUPKYJISALIUA U DOPEKT CYIIEPPOTALIUN

AHHOTALMSA. OKCNEpUMEHMANbHO  UCCIe008aAHA  IE0NIOYUA  KPYRHOMACUIMAOHO20  A3UMYMANILHO20 NOJSA
cKopocmu 80 8pawaiowemcs yununopuieckom cioe sxcuokocmu (paouyc 150 ymm, enybuna 30 mm) npu nanuvuu
MepuouoHanvHol yupkyaayuu. [lea cayuas Ovliu paccMOmpeHvl. NPpAMAs YUPKYIAYUA ¢ MepUOUOHATbHBIM
meyeHueM K Ocu 8paujeHus 6 GepxHell yacmu ciosi, 6030ydcoaemas HAzpesoM Ha nepugepuu u obpamuas
YUPKYIAYUA C MEPUOUOHANILHBIM THeueHUueM Om OCU 6paujeHus 6 6epXHell yacmu Ccilos, obdecneuusaemds
Hacpeeom 6 yenmpe. bnazodapa cune Kopuonuca mepuduonanvnoe meuenue @opmupyem a3umMymanvHoe
osudicenue. JlemanvHas mpexmepHas CmpyKmypa noas cKopocmu Oblid 80CCMAHOBNEHA C UCHOIb306AHUEM
memooa PIV ons bonvuioeo unmepesana snauenuii uucen I paceoga. bvino nokasauno, umo 3a6ucumocms SHepeuu
MepuouonanbHotl yupkyiayuu om uucia Ipaceogpa onsa oboux munos yupkyrayuu (sueex) nodooOna.
Mepuouonanvuas yupkyiayus u 8AasKue 83auMo0elicmseus Ha meepoou epaHuye npueooam K CyuecimseHHOMY
UBMEHEHUIO UHMESPATLHOZO Y2l08020 MOMEHmA ClosA dcuokocmu. IIpamas mepuouoHanbHas yupryiayus
NPUBOOUM K pOCHY UHMESPATbHO2O0 Y2ll08020 MOMEHMA, A 0OPAMHAA K €20 YMEHbULEHUTO.

KiroueBble ciaoBa: cyneppomayus, MepuUOUOHANbHASA — YUPKYAAYUs, ouggepenyuansvrnoe  epaujeHue,
MOMEHmM UMNYIbCa.

1 Baeaenmue

Wutepec k uccnenopanuto nuddepenimansHoro Bpamienus (JIB) Bo Bpamarommxcs
CJIOSIX O0YCJIOBJIEH M3yYE€HHEM KPYNMHOMAcCIITaOHBIX aTMOC(epHbIX MOTOKOB. JIB siBisieTcs
4acThl0 TII0OANBHOM aTMoc(epHON NHUPKYISAIUH, KOTOpas B 3HAYMTEIBHOW CTENEHU
omnpeaenser  popmupoBanue  knumarta.  OCHOBHOM  TPUYMHONW  BO3HUKHOBEHHS
KPYITHOMACIITAa0HBIX JIBMKEHUH B aTtMocdepe SBISIFOTCS TOPU3OHTAIBHBIC — TPAJAMCHTHI
TEMIEPATypbl, TO €CTh KpyMHOMAacIUTaOHblEe ABM)KCHHUS HMEIOT KOHBEKTHBHYIO MPHUPOY.
AHanu3 MHTETpaIbHBIX XapakTepucTuk /B nms atMocdep pa3nuyHBIX TIIaHET MOKa3ai, YTo
atMocdepa B IEJIOM MOXKET ONEPEKaTh ABMKEHUE IUIAHETHI, 3TO SBJIICHHE OBLJIO HA3BAHO
rnobanpHOM cymeppoTtarueit. [Ipobnema Hanpsamyro cBsizana ¢ quddys3ueil 1 TpaHCTIOPTOM
yrioBoro MomeHta B armocepe. B [1] ObL10 chenmaHo NpPEANoOkKEHHE, YTO TMEPEHOC
YIJIOBOTO MOMEHTa B OCHOBHOM MPOUCXOJMT 3a CUET MEPHUAMOHAIBHOM LMPKYJSLUUU U
ropuszoHTanpHOM Auddy3un. PacrnpeneneHue yrioBoro MOMEHTa M CYNEppoTalus BO
BpAIIAIONIEMCS] [WIMHAPUIECKOM KaHale OBbUIM YHCIEHHO wuccieaoBanbl B [2]. Bwito
MOKa3aHo, YTO CyNeppoTalus ONpeIeseTCs IPAHMYHBIMU YCIIOBUSIMU Ha CTEHKAX KaHaja.

B nanHoli paGoTe MBI BO3BpamaeMcsi K OSKCIEPUMEHTATBHOMY HCCIEIOBAHHUIO
KOHBEKTHBHOI'O TEUEHHUS BO BPAIIAIONIEMCS TUIOCKOM IMWJIMHIPUYECKOM CJIOE€ C IPUMEHEHUEM
COBPEMEHHBIX U3MEPHUTEIBHBIX METOJIOB.

2 JlaGopaTopHasi yCTAHOBKA H MeTOAMKA U3MepeHu i
Ha puc.1l wuzoOpaxkeHa sSKcrepuMeHTalbHas ycTaHOBKA. J[nsg wu3mepeHus mnosei

CKOpOoCTH Hcnoib3oBanachk cucrema PIV «Ilonmc», pa3paboTraHHas W H3rOTOBJIEHHAs B
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bamanoe B.I'., Cyxanoecxkuu A.H., @pux I1.I".

Hnctutyre Temnoduzuku CO PAH. Cucrema BkiIo4aeT B ceOsl IBOMHON MMITyJIbCHBIN
Nd -YaG nazep, 610k ynpasieHus, Hu(GpOBYyIO BHICOKaMepy U KoMIbloTep. CHHXpOHU3AIIHS
paboThI N1a3epa U BUACOKAMEPHI, U3MEPEHUSI 1 00paboTKa pe3yIbTaToOB MPOU3BOIMWINCH TPU
oMoty nporpammuoro makera Actual Flow, paspa6orannoro B UT CO PAH. Metogom
PIV, wusMmepsunch moasi CKOpOCTH B JKuAKocTH (1) BO BpamiaromeMcss Mpo3pavyHOM
aHape (2) auamerpom 300 MM, M3rOTOBJIEHHOM M3 OPreTekiia. TOMIIHMHA CIOST KHIKOCTH
BO BCEX JKCIepuMeHTax coctaBisiiia 30 MM, TTOBEPXHOCTh ObLTa OTKPHITOM. B KkaudecTBe
paboueil KUAKOCTH MCHOIB30BAIOCH TpaHCHOpPMATOpHOE  Macio. YTJoBas CKOPOCTh
BpallleHus NuIuHApa Obia moctosHHa W paBHsutack 0.069 ¢t ¢ Tounoctero 0.002 ¢l
Bpamenue ocymiecTBIsUIOCh IPU MOMOIIU PEAYKTOpPa C KOJUIEKTOPHBIM DJIEKTPOJABHTATEIeM
(3). Jlokamu3oBaHHBIM TMOTOK TeIJa OCYIIECTBIISUICSA MPU IMOMOIIM  3JIEKTPHUCCKHUX
HarpeBateneid. OauH U3 HarpeBaTenei (4) pacrmosaraics 3armoIuIo C JHOM B IEHTPAILHON
30HE TaKUM 00pa3oM, YTO OCh BpAIEHUs CHCTEMbI NMPOXOAWIa depe3 ero meHtp. Juamerp
narpesarenst coctasisut 105 mm. Bropoii (5) B Bume kosbiia mmpuHoi 20 MM pacrojiaraics
1o nepudepun MoIeiH.

>4 >4

=3
VA S G A S e G A G A L L S A A e

Puc. 1 — DxcniepuMeHTaIbHasl yCTaHOBKA.

B ciyuae mogorpeBa uakocTH Ha mnepudepuy, B MOAEIU YCTaHABIMBAIACh IMpsiMasi
MEpHUIHOHAbHAS SYelKa, CXeMaTHYSCKH HM300pakeHHass Ha puc. 2 (cieBa), ¢ MOIbEMHBIM
TEYEHUEM HaJl HarpeBaTejleM M ONMYCKHBIM B ICHTpaJbHOHW oOjactu Mmonenu. B cimywae
MOJI0TPEeBa KUAKOCTU B LEHTPE MOJEIHU, YCTAHABIUBAJICA PEKUM TEUCHHUS, CXEMATHUYECKHU

L!*Q —— 2
S TRV ! .'r-fl'r."’__q_ -f_—‘_-44444451”&;;;-_}—_\‘-
W _ DAV Y
i _

Puc. 2 — CxemaTruHoe u300paxkeHHe mpsMoi (cieBa) u oOpaTHOH (CrpaBa) KOHBEKTHBHBIX
MCPUANOHAIIBHBIX AYCCK.
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Jlabopamoprnoe moodenuposanue ammocpepHol MepuoUOHATLHOU YUPKYIAYUU

n300paKeHHBIN Ha puc. 2 (cmpaBa), ¢ MOABEMHBIM TEYEHHEM B ILEHTPE M OIYCKHBIM Ha
nepudepun — oOpaTHass MepuUAUOHANbHas sdeiika. KoHTpomupyembIMU mapamerpamu
IKCIIEPUMEHTA, ONPEICISIBIIMMUA TECYCHHE B CJIOC, OBUIM CKOPOCTh BpAIICHHS KIOBETHI U
MOIIHOCTh HArpeBaTellss, HO Ui OIWCAaHUS HaONI0JaeMbIX pEXUMOB U 0000IIeHUS
pe3ybTaToOB y100HEe TOIB30BaTHCS Oe3pa3MEePHBIMH ITapaMeTpaMHu.

Jnst XapaKTEepUCTUKHU BpAILEHUS HCIOJIB30BAJIOCh YHMCIO OKMaHa: E=v/20h°. B
KaueCTBE XapaKTePUCTUKH BEIMYMHBI HAarpeBa UCIHOIB30BalIOCh uyucio [ 'pacroda,

ompenenseMoe  Yepe3  MOTOK  TeIula OT  HarpeBatens  CleayrmuM — oOpa3oM:

Gri =9 ﬂh4q/ Cp;(vz, rae ( - yCKOpeHue CcBOOOJHOro majeHusi, [ — KodphuIueHt

00BEMHOT0 pacmmpeHus TpanchopmMaropHoro macia, h — TommmHa cnosi,  — MOTOK TeIuia
(q=P/S, tme P - mommocTh HarpeBartenms, S — ero miomags), C — TEIIOEMKOCTS,
X - KO3(D(UIMEHT TeMIepaTyponpoBOIHOCTH, V — KOI(GGHUUUEHT KUHEMaTHYECKOi
BSI3KOCTH. 3aBUCUMOCTD uncia ['pacroda oT MOITHOCTH HarpeBa rmokasaHa Ha puc. 3.

10" —r———e— -
o
, "
10} o ]
Sy
® ]
(0]
10°} 1
m
o
10°—O = :
10’ 10°
P, Wt

Puc. 3 — 3aBucumocts umcna I'pacrodpa Gry ot momHocTH HarpeBa P, KBaaparsl

COOTBETCTBYIOT IIPSIMOU IUPKYJISAIUU, KPYTH — 0OpaTHOM.
3 Pe3yabTaThl

B ciyuae cnaboro HarpeBa Ha neprudepur psiMasi MEepHIHOHANIbHAS sTYeiKa 3aHIMaeT
BECh CIIOW, o0ecreunBasi paauaibHOe TCUCHUE, HAIIPABICHHOE K NepU(EepHH B HIDKHEM CIIOE
U HampaBlieHHOE K LEeHTpy B BepxHeM. C pocToM HarpeBa MepHIMOHAIbHAs sdeika
nprxumaercs K nepudepun (puc. 4a).

®dyHKIMS TOKa ISl MEPUAMOHAIBHOTO TOJISI CKOPOCTH, IIOKa3aHHas Ha puc. 4,

ompenensiiack  cootHowennem: O, =—IV,, 0w =rV,, e V, - pammansHas

KOMIIOHEHTa BEKTOpa CKOpOCTH, a V, — BepTHKaJbHAs KOMIIOHEHTa BEKTOPa CKOPOCTH.

®opmupoBanue nuddepeHualIbHOTO BpalleHHsl B TaKOM CUCTEME MPOUCXOIUT CIIEAYIOLUIUM
obpa3om. [leiictBue cunbl Kopuonuca Ha paguanbHOE ABM)KCHUE MPHUBOIUT K TMOSBICHHIO
UKJIOHUYECKOTO TEYEHHS B BEPXHEM CJIO€ U aHTUIIMKIOHUYECKOTO TEYEHHSI OKOJIO JIHA.
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Puc. 4 — ®ynkius Toka (a) U cpeanee asumyrtanbHoe moje ckopoctu (D) mis mpsMoit
MEpUIUOHANIBHON sueiiku, Grg :1,4-107. benas m30nuHUSA CKOPOCTH Ha MPaBOM

PUCYHKEC IIOKA3bIBACT TI'paHHUIy MCKAY MNUKIOHWYECCKUM W AHTUIUKIOHWUYCCKUM
JABHMXKXCHHUECM. 3HaueHUs A3UMYTaJIbHBIX CKOpOCTGI;'I MMPUBCACHBI OTHOCHUTCIILHO
Bpamalomeﬁ(»l CHUCTCMBI OTCUCTA, CBSI3aHHOM C JHOM MOACIIN.

3aTeM TpaHCHOPT YIJIOBOTO MOMEHTa 3a CYET MEPHUAMOHAJIBHON UUPKYJSLIUU U
muddy3ust 3a cueT BSI3KOCTH TMPHUBOAMT K CTAllMOHApHOMY pexxkumy (puc. 4b). Makcumym
LIUKJIIOHUYECKONM CKOPOCTH PAacHOJIOKEH B BEPXHEW YACTH CIJIOS, HA CPEIHEM paJnyce,
MaKCUMyM aHTUIMKIOHUYECKON CKOPOCTH PACIIOIOKEH OKOJO JHA M CMENIEH K BHEIIHEH
CTEHKE.

JIokaibHBIM HArpeB B LEHTPAJbHOM 4YacTH JHA CO3JaeT BEPTUKAIbHBIA U
TOPU3OHTAIIBHBI TPAJUEHTHl TEMIIEpaTypbl. [ OpU30HTANBHBIN TPAaJUEHT TEMIIEPATypPbI
NPUBOJIUT K 00pa30BaHHIO OOpaTHON MEpPHIMOHAIBHON suciiku (puc. 2, cnipaBa). TeueHue B
HIDKHEM YacTWM HallpaBJI€HO K UEHTPY, a HaJ UEHTPaJbHOW YacThlo QopMUpyeTcs
MHTEHCUBHOE TOJBEMHOE TeueHHe. B BepxHel uacTu closg paJgualibHOE JIBUKEHHUE
HampaBieHo K mnepudepun. Ha puc. 5 mokazansl ¢GyHKIHUS TOKa M pachpeeacHue
AQ3UMYTAJIbHON CKOPOCTH B BEPTUKAILHOM CEUEHUM [JIs1 HAuOOJBIIEro 3HAYCHHUs 4YHCIa

I'pacrodpa (Gry¢ :3,1-107). C poctom Gry IUKIOHHYECKOE [BIKCHHE 3aHHMAeET

HOEHTPAJIBHYIO YaCTh CJI0s, BEITCCHAA aHTUIUKIOHNYCCKOC ABUKCHHUEC Ha nepI/I(bepmo.

Puc. 5 — ®ynkius toka (a) u cpemHee asumyTanbHoe mone ckopoctu (D) mis oOpatHoi
MEpHUIMOHAIBHON stueiiku, Gry :3,1-107. benas u3onuHUsA Ha MpPaBOM PHUCYHKE

IMOKAa3bIBACT I'PAHULY MCKAY HUKIOHUYCCKUM U aHTUIUKIOHUYCCKUM IBUKCHUEM.

B cnyuwae muddepennmanbHOr0 BpalieHUs CYIIECTBYET OOMEH MOMEHTOM MEXIY
KUJKOCTBIO U MOAenblo. Ha cTamuu yCTaHOBIEHHUS CTAllMOHAPHOTO PEKHMMa B KUAKOCTH
MOTOK 3TOr0 MOMEHTA B OOLIEM ciy4yae He paBeH Hylro. Korma pexxum TedeHus B KHJIKOCTH
JIOCTUTAET CTAIMOHAPHOTO COCTOSIHUS, OOMEH MOMEHTOM HWMITyJbCa CYIIECTBYET IIO-
MpeKHEMY, HO CYMMapHbIi MIOTOK MOMEHTa 4Yepe3 TPaHUIly CJIOSi CTAHOBUTCSI PaBHBIM HYJIIO.
[Ipu 5TOM HMHTErpaIbHBIE MOMEHT UMITYJIbCA CIIOS JKUIKOCTH MOXKET OKa3aThCs OOJBIINM,
YeM TBEPAOTEIbHBIA MOMEHT 3TOr0 CJOSl MPU TOW K€ YIJIOBOM CKOPOCTH MOJAEIH WU
MEHBIIIHM.
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JIIsl KONMYECTBEHHONW XapaKTEPHCTHKH 3TOTO OTJIMYHMS HMCIOJB3YETCS BEJIMYMHA O
BBE/ICHHAA B [2], Beruucisiemas o gpopmyie:

S=(L-Ls)/Ls,

h-6, R-G4 27
rne L=p I dz I rdrj rV¢(Z,r,¢)dq) — UHTETpajJbHbII MOMEHT HMIIYyJbCa CIIOS,
5 55 0
L - uHTErpanbHbBIi MOMEHT HMIIyJlbca CJIOS B CIydae TBEPIOTEIbHOro BpamieHusa. Eciau
S >0, To TOBOPAT, YTO UMEET MECTO TiolanbHas cymneppoTamus, ecnu S <0, TO TOBOpAT,
YTO UMEET MECTO TJI00anbHast CyOpoTaIus >KHIKOCTH.
Ha puc. 6 nokazana 3aBucumMocth S oT umcna ['pacroda. BumHo, 4TO0 BEnMMUMHBI
rI00anbHON CyHeppoTald U CyOpOTaliM MOHOTOHHO YBeNWuHuBarTca ¢ poctoM Gry .

Opnako BenMYMHA TJI00ANBbHOW CYNEppOTalMM pacTeT OBICTpee M JOCTUTaeT OOJBIINX
3HaYeHUH MpHU OAMHAKOBBIX uuciax ['pacroga. Bo3moxHO, paznuuHas >PQPEeKTUBHOCTD
CyNeppoTalii ¥ CyOpOTaly BbI3BaHA pa3IMYHONH TMPOCTPAHCTBEHHON CTPYKTYpOu
MEPHUINOHAIBHON LIUPKYJIALHH.

05 e N
0.4- m -

0.3

T
1

T
L

0.2

[75]
0.1 -

-0.2 e =

10 10

Puc. 6 — 3aBHCHMOCTh BETMYHMHBI TII00AIBHON cymnepporanuy ot uncia ['pacroda; kBaapaTs
COOTBETCTBYIOT MPSAMOM IUPKYJISIIIUU, KPYTH — OOpaTHOM.

Kak ormedasioce pasee, CTpyKTypa MEpPUAMOHAIBHOIO TEYEHUS PA3IMYHA Ul MPAMOU U
oOpatHOW styeek. s TOro, 4TOOBI OLIEHUTH HACKOJIBKO CTPYKTypa MEpPUIMOHAIBHOIO
TEUEHUs] BJIMSAET HAa €r0 DHEPrul0, Mbl PAaCCUUTAIM KUHETHUYECKYI0 SHEPIHI0 paauaibHOTO
JBIKEHHs (OHA HECKOJIKO MEHbIIE TOJHON KHHETHYECKOW HSHEPrHd MEpUIAHOHATIBHOTO
TEUSHHMsI) JUIS IPSMOU M 00pPaTHOM siueeK. 3aBUCUMOCTh KHHETUUECKON SHEPTHU PaHATBHOTO
nswxkeHns W, ot uucna I'pacroga Gr¢ nokazana Ha puc. /. Xopouo BUAHO, YTO IHEPIUs

JUIE 000MX THUIOB LUPKYJSAIMM, HECMOTPS Ha Pa3IMYHYIO MPOCTPAHCTBEHHYIO CTPYKTYDY,
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3aBUCHT OT umcna I'pacroda mnogoOHbIM oOpazoM. 3aBucumocts W, (Grf) JaHa B

Jorapu(PMUUECKUX KOOPAMHATAX M HAKJIOH HPSAMON IMOKa3bIBaeT CTENECHHYIO 3aBHCHUMOCTH
ommkyro k "1/2". OOpamias BHHMaHHe Ha 3aBUCHMOCTh uucia ['pacroda oT MomIHOCTH
HarpeBa (puc. 3) MOXKHO 3aKITIOYUTh, YTO YHEPTHS PAAUAIBLHOTO IBIKCHUS JIMHEHHO 3aBUCHT
OT MOIIHOCTH HarpeBa, He3aBUCHUMO OT PacIOI0KEHUs 00JIACTH HArpeBa.
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Puc. 7 — 3aBUCHMOCTh KHHETHYECKOM OHEPIrun pagvuaJIbHOI'O JIBUKCHUS Wr OT 4ucClia

I'pacroda Gry ; kBagpaTsl COOTBETCTBYIOT PSIMON HUPKYJISALNU, KPYTH — 0OpaTHOI.

10
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Puc. 8 — 3aBucuMOCTh KMHETHYECKON SHEPrHMM LUKIOHUMYEcKoro aBmwxkeHus W, oT uucna

I'pacroda Gry ; kBagpaTsl COOTBETCTBYIOT NPSIMOM IIUPKYJISIUU, KPYTH — OOpaTHOH.
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JlabopamopHroe moodenuposanue ammocpepHol MepuOUOHATLHOU YUPKYIAYUU

Pacyer moytHOM KMHETHUYECKOM SHEPTHUU MUKIOHUICCKOTO JIBMKCHHS JUISI 00OUX THIIOB
MEPUIMOHAILHOU IUPKYJSIIIMKA B 3aBHCUMOCTH OT umcia ['pacroda (puc. 8) mokasan, 4yto
npsMas [HUPKYJSIIHS MPUBOJAUT K 3aMETHO OoJiee WHTCHCHBHOMY ITHKJIOHUYECKOMY
JMBUKCHHUIO, HO, HECMOTPSI Ha 3TO, 3aBUCUMOCTH SHEPTUU ITUKIOHUYECKOTO JIBHKEHUS IS
000UX THIIOB ITOOOHBEI.

Baarogapuoctu. Pabora BrmonHeHa npu noaaepkke Poccuiickoro ¢orma ¢pyHIaMEHTATBHBIX UCCIEIOBAHUMA
(mpoext PODU 07-05-00060).
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Laboratory modeling of meridional atmosphere circulation and super-rotation

Abstract. The evolution of a large-scale azimuthal velocity field in a rotating cylindrical layer of fluid (radius
150 mm, depth 30 mm, free upper surface) with meridional convective circulation was studied experimentally.
Two cases were considered: inward upper level circulation provided by a rim heater at the periphery and
outward upper level circulation provided by a central heater. The heating rate is characterized by the Grashoff
number defined through the heat flux. The detailed 3D structure of the mean large-scale velocity field is
reconstructed using the PIV technique for large interval of Grashoff number values. It was shown that the
energy of meridional circulation grows with the Grashoff number in the same way for both directions of
circulation. Due to the action of the Coriolis force the meridional flow results in differential rotation. Meridional
circulation leads to substantial variation of the integral angular momentum. Inward circulation results in the
growth of the integral angular momentum and outward circulation causes it to decrease. At the same heating
power, the increase of angular momentum at inward circulation is much stronger than its decrease at outward
circulation.

Keywords: super-rotation, meridional circulation, differential rotation, angular momentum.
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YK 551.509.313

C.B. UBaHoB, «.c.n., F0.0. [lanamapuyk, acn.
Ooecckutl 2ocyoapcmeenHulil IKOI02ULeCKULl YHUgepcumen

BJIUSHUE CHUHOITUYECKON CUTYAIIUA HA CHCTEMATHYECKYIO
OIIMBKY MOJEJIN

AHHOTaIIHH. Pacczwampueaemc;z 6536 cucmemamuyeckou owubku mooemu MM5 6 nonsx ceonomedyuaia,
memnepamypsl U OMHOCUMENbHOU  8IANCHOCMU C  CUHONMUYECKUMU npoyeccamu, pas3euearOUUMUCs Hao
Amaanmuueckum oKeanom 6 3uMHULL nepuod. Ilokazana I60J1I0Y U owuoKu 8 npoyecce YucCjieHHnvlx pacuemos u
0}’lp€()€./l€Hbl obnacmu 6apuuecxux O6pa306‘(lHuZ:Z, C KOMOPbIMU CBA3AHbL MAKCUMAIbHbIE SHAYEHUS oumuoOKuU.

KarwueBsble ciioBa: cucmemamuuecxkue u CﬂyltaﬁHble OWU6KM, CUHONMUYECKAS CUmyayust; nojsi 2e0NOMeHyuald,
memnepamypbsl U 671AHCHOCMU

1 Bsenenue

Ha ceronnsumHuii JeHb B YHCIEHHOM MOJEIUPOBAHUU AaTMOC(HEPHBIX MPOLECCOB
cuMTaeTcs OOUICTIPHHATHIM, YTO 00Ias ourrOKa Mporuo3a o0yciaoBiIeHa ABYMs (haKTOpaMH.
Bo-miepBBIX, cHCTEMaTHYECKOW OIMMOKOW MOJIETH, KOTOpas CKJIAIbIBACTCS W3 OIIMOKH
THIPOAMHAMUYECKON CcXeMbl M OmHOOK (u3MYeckux mnapaMmeTpusauuii. Bo-BTOpsIX,
CIIy4aiiHOM OIIMOKOW B HAYAJIbHBIX yCJIOBHSIX. PazmenuTs BKIaa KaKI0W U3 ITUX KOMIIOHEHT
HA TPAKTHKE HEBO3MOXXHO M3-32 OTCYTCTBHUSI 3HAHUS HCTUHHOTO COCTOSIHUS aTMOCQEpBHI.
bonee Toro, cucremaruyeckasi omuOKa MOAETU MPU Pa3HBIX CHHONTHYECKHUX CUTYalUsAX HE
OCTaeTCsl MOCTOSIHHOM, YTO MPUBOJIUT B MPOLECCE MHTETPUPOBAHUS MOJEIU MO BPEMEHH K
CIIy4aiHbIM OLIMOKaM perIeHuUs.

OnHUM U3 TIEPBBIX UCCIIEAOBAHUI 3aBUCUMOCTHA CUCTEMATUYECKUX OIIMOOK MOJENH OT
aHOMaJIMii COCTOstHMS atMocdepsl MOKHO cuuTath pabory [11]. B Heili mompaBka
OTIpE/ICNACTCS HAa OCHOBE CTAaTHCTHUYECKUX XapaKTEPUCTUK CHCTEMATHYECKHX OIIUOOK
MOJIEJIH, YCTAaHOBJIEHHBIX JUISl PACCMATPHUBAEMBIX CHHONTUYECKUX CUTyaluil. Takas nmomnpaska
NpeAcCTaBlIeHa B BHUAE omepaTtopa Koppekuuu. OJHAKO, UCIOJb30BAHUE JUHEHHOMN
3aBHCHUMOCTH OIIMOKH MOJENIM OT COCTOSIHUSL aTMOc(epbl, OCHOBAHHOW Ha CTaTUCTHYECKUX
CBSI35X, CYIIECTBEHHO OTpaHUYMBAET MPUMEHEHUE 3TOr0 METOJa JUJISl CIOKHBIX MOTOAHBIX
YCJIOBUIA, B KOTOPBIX 3HAYUTEIBHO BO3PACTAET POJIb HEIMHEHHOCTEH.

B pabote [4] ObL1 peIoskeH METO] OTIPEICIICHUS OIIUOKH MOJICITH B 3aBUCHMOCTH OT
COCTOSIHUSI aTMocdepbl Ha OCHOBE CpPaBHEHHS ABYX MPOTOHOK MOJETH, CTaHAAPTHOU U
MoIUHUIMPOBaHHOW. Peanm3zanms mocienHeidl ocymiecTBisach ¢ T00ABICHHEM MIyMa C
3a/laHHBIM pactipenencHueM. [loayueHHbIH TakKuM CIOCOOOM OMEepaTop KOPPEKIIUU MO3BOIIHIT
pacUIupUTh MPOJOKUTEIHLHOCTH ONPABILIBAEMOCTH IIPOTHO3a JI0 MEPUOA, COTIOCTABUMOTIO C
TEM, KOTOPBIH OMpEAeNseTcsl CIy4YalHBIMU OHMIMOKaMH B HAauyaldbHBIX JIAHHBIX. JTOT METOJ
TpeOyeT pelleHus JIMHEWHOW CHUCTEMBbI ypaBHEHHH, pa3MEpHOCTh KOTOPOW OIpeaesseTcs
YHUCIIOM CTemneHed cBoOoAsl B Mojaenu. [locienHee NPOMOPIMOHATBFHO YHUCIY Y3JIOB
MOJCIIBHOW CETKH, 4YTO JeJlaeéT HEBO3MOXHBIM NPUMEHUMOCTh JAaHHOTO METOJa B
ONEPATUBHOM MPAKTHKE.

Koppexknus nmporao3a Ha OCHOBE CTOXACTHYECKOW MapaMeTpU3allyd B MOJEIH HU3KOTO
nopsijika Obuia npeaioxkena B padore [16]. UucneHHbIC SKCIIEPUMEHTBI TIOKA3aJId, YTO TaKOU
MOJXOJ YJIy4YIIaeT OIEHKH CPEIHEro MO aHcaMOJII0 COCTOSHUSL W COKpallaer pazopoc
KPaTKOCPOYHBIX MPOTHO30B B aHcamOje, HO MPU ITOM JIETEPMHHHUPOBAHHBINA IPOTHO3 C
KOPPEKIIMeld Ha OCHOBE CTOXAaCTHYECKOW IMapaMeTpU3alluh YXyAIaeTcsa. Tam ke ObLIo
YCTaHOBJICHO, YTO PE3yJIbTaT B 3HAUUTEIHHON CTEMEHU 3aBUCUT OT BPEMEHHOTO MaciiTaba
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aTMoc(epHOro mpoliecca U 3HaU€HUS CPETHEKBAAPATUYHOTO OTKJIOHEHUS, 3a/1aBaéMOro B
CTOXACTHYECKOM 4JICHE, HO cJ1a00 3aBHCHUT OT MPOCTPAHCTBEHHOTO MacIuTada.

JuarHocTuueckue  HWCClelOBaHUsA, BbloNHEHHble B EBpomeiickom  Llentpe
Cpennecpounbix [Tpornosor IToromsr (ELICIIII) [7] Ha He3aBUCHMBIX BBIOOpPKAX, MOKa3alH,
YTO CBsI3aHHAs C COCTOSIHUEM aTMocdeps! omrbdka Moenu coctaniseT okoio 10% ot obmei
omuOKu porHo3a. [Ipu 3ToM oTMedaeTcs, YTO MHOTHE acTIEKThl JaHHOU MpOoOJIeMbl TPEOYIOT
JOTIOTHUTEIHHBIX UCCIEAOBAHUN U JIyYIIETO TOHUMAaHUSI.

B [10] asnst olieHKH yCTIEIIHOCTH MPOTHO30B HAPSIY ¢ aHOMAIUSIMH B KOPPEIISIIIMOHHBIX
3aBUCHMOCTSIX TIOJIS TEOMOTEHIINaIa paccMarpuBaics Jlamacuan reonoTeHIana Ha ypoBHE
500 rlla. Cnexyer oTMeTuTh, uTo JlammacuaH, Kak Ba)KHasi XapaKTEPUCTHKA 3aBUXPEHHOCTH
OapuYecKoro moJisl, MIMPOKO MPUMEHSETCS B HCCIeAOoBaHUAX aTtMocdepbl. B uacTHOCTH,
JlanacuaH B COYETAaHUM C YpaBHEHHEM JMBEPreHIIMM HCIIOJIb3YETCS Ul BOCCTAHOBIICHUS
BEPTHKAIBHONH TEPMOJUHAMHYECKONH CTPYKTYpbl aTMOCQEpPHI BHINIC TOTPAHUYHOTO CIIOS
MEKy CHHONTHYCCKUMH CPOKAMH M0 JIaHHBIM JMUCTAHIIMOHHBIX 30HUpOBaHuid B padore [3].
Kak xapakrepuctuueckas BenW4uHa, JlarmacuaH, BBIpaXEHHBIH OCTATOYHBIM YICHOM B
YpaBHEHHWU  JIUBEPTEHIINU [6], OTOOpakaeT  OCOOEHHOCTH  ME30MAacIITa0HOTO
TOPU30HTAILHOTO MEPEMENINBAHNS HA JIMHUU IKBATOB. CBOEBPEMEHHOE YIIPEKIECHUE POCTa
MOJIEJIbHBIX OMIMOOK Ha paHHUX dTamax YHCIEHHOTO IMPOTHO3a 3a CYET KOHTPOJIS HaJ
BBICOKOYACTOTHBIMU OCHWJUIALUSAMU TP WHHUIIMATU3AIMN MOJENIA TaKKe OCHOBBIBACTCS Ha
npeobpazoBanun Jlammaca mosis reomoteHiana [12]. B mganHo#t paboTe mpemiaraetcs
UCTIONB30BaTh Jlaruiacuan B KauecTBE KOJIMYECTBEHHOTO KPUTEPUs TSl BBIACIEHUS 00acTeit
BOTHYTOCTH W BBIMYKJIOCTH B II0Ji¢ TIeONOTeHIHaNa (IUKIOHOB M AHTHIUKIOHOB), C
KOTOPBIMH CBSI3aHBI CUCTEMATHYECKUE MOJICITbHBIE OITHOKHM PAa3TUYHBIX 3HAKOB.

2 JlaHHBIE M1 METOI0JIOTHSI

B nanHoi#t pabore paccMaTpuBaeTCs 3BONIOLMS OMMOKK Monenu MMS mpu pa3BuTHH
LUKJIOHMYECKUX aTMOC(QEPHBIX BUXpPEH M CBA3aHHBIX ¢ HUMM (PPOHTAIBHBIX PA3/€JIOB Hal
HeHTpanbHOH 4YacThio CeBepHOW ATiaHTHKH. M3ydeHue STol mpoOieMbl HaJl OKEAHCKOU
IIOBEPXHOCTBIO MO3BOJISIET UCKIIOYUTh U3 PACCMOTPEHUs oporpaduieckue HEOJHOPOAHOCTH
NOJCTUJIAIOIIEH MOBEPXHOCTH, KOTOPHIE 3HAYMTENBHO OCTIOXKHSIOT Pa3BHTHE IMPOIECCOB U
YBEJIMYHBAIOT YUCIIO (PAaKTOPOB, BIUAIONIMX Ha OLIMOKY pacyera.

PazButne aTMOC(EpPHBIX MIPOIIECCOB MOJIEITUPOBAIOCH Ha CEeTKe
pazmepoM 139x75 y3710B 1o mUpOTE U AOATOTE, COOTBETCTBEHHO, ¢ pasperieHueM 81 km u
40 BepTUKAIBHBIMH YPOBHSMH. M CTONB30BaINCh CIEAYIONIME CXEMBl IapaMeTpu3allny,
OIPE/ICIICHHBIC TI0 Pe3yJbTaTaM HPeIbIAYIINX UcciegoBanuid [2, 9] kak onTHMalbHBIC IS
CPeIHMX IIMPOT Ha CETKax C BBIIICYKa3aHHBIM paspemieHueM. [lepByto rpymimy obpazoBanu
cxeMmbl mapamerpusanmii Peiicuepa (Reisner) mms mukpodusnueckux mnporieccoB, Kanna-
@purya (Kain-Fritch) mis kydeBoit konBekimu, morpanudHoro ciosi MRF Xonra-Ilena
(Hong-Pan) u CCM2 paauaiiioHHbIX TpeoOpa3oBaHuii B atMochepe. Bo BTOpyro rpymmy
BKJIFOUEHBI CXEMbI MapamMeTpu3zauuii MUKpo@usuku PelicHepa, KOHBEKTUBHON 00JaYHOCTH
I'penst  (Grell), Bbnexkagapa (Blackadar) Beicokoro paspemieHust [Uis IUTAaHETAPHOTO
norpanugHoro cyiost arMmocdepsl 1 RRTM miist paguianinoHHbIX mpoiieccos [5].

B kauecTBe HayanbHBIX M TPAHUYHBIX TO OOJACTH HMHTETPUPOBAHMS YCIOBHM
ucnonb3oBajcs pe-aHanuz ERA40 ¢ T"ayccooit cetkoit N80 [15]. MHTerpupoBanue Moaenu
HaunHanoch 1 suBapst 2002 roxa u npogosmkanocs 10 28 despans 2002 roga 6e3 KoppeKIuu
HayalbHbIX YCIOBHH. DTO MO3BOJUIO, IOCIE HACBILEHUS M BbIXOJA CHCTEMaTHYECKOH
OUIMOKY MOJENM Ha CTaTUCTUYECKU CTAlMOHAPHBIN ypoBeHb [1], OTHENUTH €e OT BIHSIHUS
CIIy4alHBIX ONIMOOK 3a CYeT OOHOBJICHHMS HAYaJbHBIX YCIOBHUWA. Takol MOAXOJ JaeT
BO3MOXKHOCTh pacCMaTpUBaTh MOJICIBHBIM CIIEHapHil pa3BUTUS aTMOC(EPHBIX MPOIECCOB B
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npenenax o0JIacTH MHTETPUPOBAHUSA, 3a MCKIIOUEHHWEM 30H peJaKcalluu, OMNpelessieMblil
IBYMS OCHOBHBIMH (DaKTOpamH: XapakTepUCTUKAMU CaMOW MOAETHW U HadaIbHBIMU
YCIIOBUSIMH, OTpEAeNsseMbIMH €IUHOXbI. Torma B NaldbHEWIIEM pe-aHalu3 MOXKET ObITh
UCIIONb30BaH B KAueCTBE “‘MCTUHHOTO” COCTOSHHUS aTMOC(epbl, OTHOCHUTEIBHO KOTOPOTO
olieHHUBaeTcs ommnbka monenu. CiaenyeT OTMETUTh, YTO pe-aHallu3 He JIMIIEH HeAOCTaTKOB,
KOTOpbIC MOAPOOHO m3yIokeHbl B [8]. OmHako, cpeau HUX HET TaKUX, KOTOPbIC ObI MOIJIH
CYILIECTBEHHbIM 00pa3oM MOBIHUATH HA OLIEHKY CHUCTEMAaTHYECKON OIIMOKU aTMOC(hepHBIX
BEJIMYMH B MOJEIU HaJ PacCMaTPUBAEMbIM PETHOHOM, 32 MUCKIIOUYCHHUEM IOJIS BIAKHOCTH B
MOTPAHUYHOM CJIOE.

Orenka omuOKM MOJIENH BBIMONHSIIACKH [T iepuoaa ¢ 15 suBaps mo 28 ¢espans 2002
roja ¢ maroM 1o BpeMeHH 6 dacoB. B TedeHwWe TMepBBIX JIBYX HEICIb WHTETPUPOBAHUS
HAOMOIaICsl POCT CHUCTEMAaTUYECKOM OMIMOKM MOJENIH A0 BBIXOAA €€ Ha CTaTUCTUYECKU
CTalMOHAPHBIN pexuM [1]. MOKXHO CUWTaTh, YTO MPHU OTCYTCTBHHM OOHOBJICHHUS HAYajIbHBIX
YCIIOBUH, K KOHI[y OTOTO TMepHoJa MOJAENbHAs TPACKTOPHUS OMpeNessieTcss TOJIbKO
TPaHUYHBIMU MO0 OO0JIACTH YCIOBUSIMH U CBOWCTBAMH CaMON MOJIENH, HO HE 3aBUCUT OT
HavyaJbHbBIX yCIOBUU. [[09TOMY HauabHBIN ABYXHEAEIBHBIN MEPHUO], HA KOTOPOM ClTy4alHbIE
OIIMOKY B HAYaJIbHBIX JAHHBIX MOTJIHM CKa3aThCsl HA OOIIEH OLIEHKE OMMOOK, OBbLI UCKIIOUEH
U3 PACCMOTPEHUS.

B nanHOM wWccrnemoBaHMM IO OMIMOKOM (Errjj) MOHMMAaeTCs pPa3HOCTb MEXIY
MO/JICJIbHBIMU TIOJISIMH U TIOJIIMU pe-aHajIui3a B I-OM y3JIe pacYeTHOU CETKH:

err, =x" — X, (1)

r m
rac Xi ) Xi — [OJIA BEJIMYHH pC-aHalin3a U MOJCJIN, COOTBETCTBCHHO.

Jlnig onpeeneHus TUIA 3aBUXPEHHOCTH M MOCEAYIONIEro aHajanu3a CUCTEMaTHYECKIX
OLIMOOK MOJIENIN, CBS3aHHBIX C KKIBIM U3 THUIIOB aTMOC(HEPHBIX BUXPEH BBIOIHSIICS pacyeT
Jlaryacrana no ypaBHEHHUIO:

_V’H _1(d’H d°H

| = —+—, 2
4 4 dx*  dy? @)
WM B KOHEYHO-PA3HOCTHOM TPE/ICTABIICHUH:
Iij :E(Hm,j + Hi—l,j + Hi,j+l + Hi,j—l)_ Hi,j , (3)
4

rac I'J — 3gaueHue JlamnacmaHa B 3aJaHHOM Y3JI€ IMOJIA, H” — 3HA4YCHUA I'€OINOTCHIIMAaJIa I10

nTaHHBIM pe-aHanm3a ERA40.
[TonoxurenpHple 3HaueHust Jlammacuana ( |ij >0 ) MO3BOMSIM KOJIUYECTBEHHO

OMNPCACIINTL TI'paHULbl NUKIOHUYCCKUX BHXprI n CBJA3aHHBIC C HHMHU JIO)K6I/IHI)I, a
OTPpULATCIIbHBIC 3HAYUCHUA (IU <O) YKa3bIBaJIk, COOTBCTCTBCHHO, HA AHTUIUKJIOHAJIBHYIO

3aBUXPEHHOCTH U IPpeOHU. MOXKHO OTMETHUTh, YTO HECKOJIBKO WHOM MOAXO/ 7Sl OTpeeIICHuUs
HOJIsSI 3aBUXPEHHOCTH MpuMeHeH B [14]. B HeM olleHKa 1ot 3aBUXPEHHOCTH MTPOM3BOIUTCS
no U —KOMIIOHEHTE BeTpa, pacyeT KOTOpoil ocHoBbIBaeTcss Ha Teopeme Crokca.
[TonoxxurenbHbIE 3HAUYEHUST U COOTBETCTBYIOT IIMKJIOHUYECKOMY THUITY UUPKYJSALUH, a
OTpUIaTeNbHbIE 3HaUeHUs U, COOTBETCTBEHHO, AaHTUIIUKIIOHAILHOMY BUXPIO.
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Puc. 1 — DBomtonusi CHCTEMAaTHYECKHX OIIMOOK TMpOrHo3a reomorteHipana Ha moepxHoctd 500 rlla (ieBast KoJNOHKa), TemIepaTtypbl Ha
nosepxHoctu 850 rlla (1eHTpanbHas KOJOHKA), OTHOCUTEIILHOM BIQYKHOCTH Y MOBEPXHOCTH 3eMJiiH (mpaBasi koyionka) Ha 26.01.2002 r.
06 uwacoB (a), 26.01.2002 r. 18 uwacos (6), 27.01.2002 r. 06 uacoB (B). M301uHMH COOTBETCTBYIOT 3HAYCHHUIO T'€OMOTEHIMATa Ha
COOTBETCTBYIOLIMX MOBEPXHOCTSX MO TAHHBIM peaHann3a. OOHOM MOKa3aHa BEIUYHNHA OMIMOKH MOICITH.
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Heanos C.B., [laramapuyx FO.O.

3 Pe3yabTaThl

B 3umnmit cezon 2002 roma Haa ATIAHTHKOW TOCIOJCTBOBAJN 3aIlaJIHBIN MEPEHOC, Ha
(oHE KOTOPOTO 3apOXKAATHCH, TPAHCPOPMHPOBAIHCH U 3ATIOTHINCH OOIIMPHBIE 110 TUIOMIAAN
[IUKJIOHMYECKUE 00pa3oBaHMsl, YepeayIonmecs ¢ rpedHaMu u noxxOuHamu. Hayx tepputopueit
EBpomnbl B 3T0 BpeMsi B OOINbILEH CTENEHH MPOSBISIOCH BIUSHUE MOJS BBICOKOTO JABJICHHUS
CubHMpCKOro aHTHIMKIIOHA, YTO XapaKTEPHO ISl 0apHUECKOTO MO 3UMHUAX MECSIIEB.

WHTerpupoBanne MOJENIM 3a PacCMaTPUBACMbBIH TEPHUOJ TIO3BOJIMJIO YCTAHOBUTH
CIICTyIOIIME 3aKOHOMEPHOCTH DBOJIIOIIMM CUCTEMAaTHYeCKOM ommOku monenu. Ha puc. 1
HpeI[CTaBJ'ICH OINH N3 TUIINYHBIX HpI/IMGPOB SBOJIFOIINHU OHII/I6OK MOACJIN TECOIIOTCHIIHAaIa,
TeMHepaTprI nu OTHOCHTGHBHOfI BJIAXKHOCTHU HpI/I HepeMeH.[eHI/II/I IIUKJIOHOB C 3ariajga Ha
BOCTOK, CEBEPO-BOCTOK B TeueHue 26—27 saaps 2002 rona.

Pacuer Jlamnacwana kak auddepeHInanbHON XapaKTEPUCTUKU IO TEOMOTCHIIMAIA
BBIMOJIHSUICS HA KaKIBIH CHHONTUYECKUN CPOK. VICTOIh30BaHME 3TOW BEJIMYMHBI B KAYECTBE
KOJIMYECTBEHHOTO KPHUTEPHs TO3BOJWIO PA3TPaHUYUTh O00JaCTH ¢ UUKIOHHYECKOH |
aHTI/IIII/IKJIOHaHLHOﬁ HI/IpKyJ'ISIIII/ICI\/JI. O6J'IaCT5[M HHU3KOIo OaBJICHUA COOTBECTCTBOBAJIN
ITIOJIOKUTCJIBbHBIC 3HAUYCHU .HaHJIaCI/IaHa, a 06HaCT$IM ITIOBBIIIICHHOI'O JAaBJICHUS,
COOTBETCTBEHHO, OTPHIIATCIIbHBIC 3HAYCHHS. AHAIU3 OIIMOOK IMOJYYECHHBIX OTIEIBHO IT0
K2KIOMY W3 THIIOB O00JIacTel, B 3aBUCHUMOCTH OT 3Haka JlaruracuaHa, mo3BOJIMI BEISIBUTE PSiIT
3aKOHOMEPHOCTEH Pa3BUTHsI CUCTEMATUYECKUX OIMIMOOK MOJAEIH B 3aBUCUMOCTH OT TEKYIIETO
COCTOSIHUSI aTMOC(EPBI U 1aTh UM KOJIMYECTBEHHYIO OIICHKY .

Ha paccmarpuBaemoii o6iacTa B aTMOcepe UMETH MECTO TOCTOSIHHBIE MHTCHCUBHBIC
MEPECTPOUKH TepMOOapuyecKoro mois. L[MKIIOHBI, 3apOoXkKAAIOIIUEcs y CEeBEePO-BOCTOUHBIX
O6eperoB Kanazpl, mepeMemaiich ¢ 3amaja Ha BOCTOK ¢ HEOOJBIIOW OTKJIOHSIONMICH FOKHOMN
cocrapisitonieli. C HUMH, TIaBHBIM 00pa3oM, OBLTH CBS3aHHBIC OOJIACTH MaKCHMAaJbHBIX
MoOJIeTbHBIX OmuOok. C MOMEHTa 00pa30BaHHs BOJIHOBOTO BO3MYIIEHHUS (OPMUPYETCS
o0nacTh OMMOKHM YUCIEHHOTO pacyeTa B MOJSIX T'eolOTeHIMaaa M TeMiepatrypsl. Ha 3toit
CTaJAUM BHOCHUTCS 3HAUMTEIbHAs TOTPEHIHOCTh B OMNHMCAHME aTMOC(EPHOTO TOTOKA,
o0yCNIOBJICHHAs: HEaJeKBAaTHBIM pacueToM HEOOJbIIMX IO pa3MepaM U  ObICTPO
CMEIIAIUXCs BUXpeil. BakHOCTH HMX y4yeTa W poOJb B MEpPEHOCE MOTOKOB Temia |
3aBUXPEHHOCTH B KPYITHOMACIIITAOHOM IMOTOKE OTMedajiach B [13].

Crnemyer OTMETUTh YCTOHYMBBIE TEHACHIMH JJIsI MOJENBHBIX OMIMOOK MpHU
paccMaTpUBaeMbIX CHHONTHYECKUX CHUTyauusx. Hampumep, TemmepaTypa y TeIJIbIX H
XOJIOAHBIX BO3AYIIHBIX MacC B HUJKHUX U CPEAHUX CIOAX aTMOC(Ephl 3aHUKAETCS B CPETHEM
Ha 1°, mpm wmakcumanbHbIX ommOkax ot —-2.3° Ha mnosepxHoctu 700 rlla B mose
HOBBIIIEHHOTO JIaBleHMs, A0 +2.7° B I0Jie HU3KOrO JABJIEHHsS HAa TOM JXK€ YpOBHE. JTO, B
CBOIO Ouepellb, MNPUBOJUT K CMEIIEHUI0 M300apUYeCKUX IOBEPXHOCTEH B MOJENH
OTHOCHUTEIIFHO HX “HCTHHHOTO” moJjoxeHus. OOmupHbIe 00JaCTH MOJENBHBIX OIIHOOK
OJTHOTO 3HaKa IEpPEeMEIIAloTCs BMECTe € BeaylMM MoTokoMm. [lo Mepe mnporpeBaHus
(oxymask/IeHHs1) BO3AYIIHBIX Macc 00JIaCTH OIIMOOK ITUCCUIUPYIOT. Ha HIDKHUX YPOBHSX 3TOT
IPOIIECC MPOUCXOJUT WHTCHCUBHEE. AMIUIUTY/IBI CPEIHHUX OMIMOOK B IpeeNax IMOTPaHcios
JOCTUTAIOT MEHBIINX 3HaYCHUH, YeM Ha BEPXHUX YPOBHAX aTMocdepbl. C BHICOTON 00JIacTH
CHUCTEMaTHUYECKUX OHIMOOK MOJENNU MOTYT COXPAHATbCA JOCTaTOYHO MPOJODKUTENIBHOE
BpeMs U Jaxe pereHepupoBaTh. OOIACTH MaKCHUMAIBHBIX OMIMOOK TEMIEpaTyphl B CpeaHEn
Tporocdepe pacroyiararoTcsl B THUIOBBIX YaCTSIX BBICOTHBIX JIOKOMH u Tpebueir. [lpu
Pa3BUTHU LUKJIOHA OTMeYaeTcsl OBICTPBIM pOCT OIMOKM pacyeTa reonoTEeHIMaIbHOM BBICOTHI,
KaK [0 IUIOIIAH, TaK U MO aOCOJIFOTHOW BENMYHMHE, Ha BCEX M300apUUECKUX MOBEPXHOCTSX.
3TO NPUBOAUT K TOMY, YTO IIyOMHA OOIIMPHBIX OapUYECKHX JIOKOMH B CpeiHEH U BEepXHEU
Tpornocdepe HemooleHnBaeTcsi B Mmojenu B cpeaHeM ot 30 M Ha yposHe 500 rlla go 60 M Ha
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ypoBHsax 300 u 200 rlla. B ob6nactu rpebHel u 10)XOMH Ha BCEX MOBEPXHOCTAX MOJIEIbHbBIE
OIIMOKY UMEIOT OJU3KHE 10 a0COMOTHOM BEIMYMHE 3HAUCHHUS IPOTUBOIMOIOXKHBIX 3HAKOB.

Hpyrast ocoOEHHOCTh MOJETHHOW CHUCTEMATHYECKON OIIMOKH MOl TeoNMOTeHIIHana
nposiBisieTcss B cienyomeM. [Ipy pa3sBUTUM MOIIHBIX CHHONTHYECKUX 00pa3oBaHUil
HAOJIFO/TaeTCSl  3aBBINICHUE pPACYCTHBIX 3HAUYCHUH TEONMOTCHIHMAda B OOJACTH HH3KOTO
JABJICHUS M 3aHIKCHHUE WX B 00JaCTH BBICOKOTO JABIIEHUS. JTO MPUBOAUT K 3aHUKCHHUIO B
MOJIETM TpaJMeHTa B MOJSIX TEONOTeHIMaNa MPH Pa3BUTHH SKCTPEMAIbHBIX MOTOJHBIX
YCIIOBUH W TIOCJICAYIONICH HEIOOICHKE KHHEMATHYSCKUX XapaKTEPUCTHK aTMOC(EpHBIX
BUXPEH.

CucremaTnueckasi ommOKa MOAENBHBIX PACYETOB TEMIIEPATypbl, TJIaBHBIM 00pa3oM,
CBsI3aHA C 3aBBIIICHHEM 3HAUCHUH TEMIIEpaTyphl B OOJACTH aJIBEKIIMHM XOJIOJa B THUIOBBIX
4acTsX IUKIOHOB W 3aHMKCHHEM WX B OO0JAcCTH AABEKIMU TeIa B TEPEIHUX YaCTIX
IUKIOHOB. Takoe TmepepacmpelielieHHe CKa3blBaeTCsl B pacdyeTax Ha  OIEHKax
MPOAOHKUTEILHOCTH CYIIECTBOBAHMSI LIMKIIOHMYECKUX BUXPEH.

Puc.2-4 wu T1abn. 1 mTOATBEpKIAIOT BBICOKYIO CTENEHb 3aBHCUMOCTH 3HaKa
CUCTEeMAaTHYECKUX OIIMOOK MOJAENU OT Tula Mpeobiamaroniux arMmochepHbIXx Buxpei. B
YaCTHOCTH, 3HAa4YeHHsI T€ONOTEHILMada B MOJENW B CBOOOAHOW aTMocdepe 3aBbIIIalOTCS B
00JaCTH HU3KOTO JaBJICHHUS W 3aHMKAIOTCS B TPEOHSIX M AHTUIIMKIOHAX, YTO BEIET K
HEJOOIICHKE TPAJUCHTOB [aBIICHUS M 3aHIKCHUIO WHTEHCUBHOCTH TMOTOKAa. MoJenbHbIe
3HA4YEHHUs] TEMIIEpaTypbl B cpenHell aTMocdepe 3aBbIIIAIOTCS B IMKIOHAX U JIOKOMHAX U

Puc. 2 — DBomonus ommoOku
TEMIIEPATypbl Ha YPOBHE
500 rlla, ocpenHeHHOU TO
001aCTH HM3KOI'O JIaBJICHHS
(JTarmmacuaH MOJIOKHUTENIEH).
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3aHI)KAIOTCS B AHTHLMKIOHHYECKMX CTPYKTypaX. MOXKHO Tak »€ OTMETUTb, 4YTO B
NPU3EMHOM cJIoe aOCONMIOTHBIE 3HAYEHUS CHCTEMAaTHMYECKMX OIIMOOK MOJENIN HpU pacyere
OapuuecKkux M TEPMHUYECKUX Moy MouyTH BABOe Bbimie. [lo-BUamMoMy, 3TO CBSI3aHO ¢
JIONOJTHUTEIbHBIMU  [TOTPELIHOCTSIMM, KOTOpPblE€ HPUBHOCATCA 3@ CYET HEaJEeKBATHOTO
OTIMCaHMsI 0COOCHHOCTEH B3aMMOACHUCTBHUS aTMOC(EPHI C MOICTHIIAIONIEH TTOBEPXHOCTHIO.

Tabmuma 1 — OmmOkyu TeMmmeparypsl, TEONMOTCHIIMAJIa W OTHOCHTEIBbHOW BIJIAKHOCTH,
OCpEIIHEHHBIC BO BPEMEHH U 110 33J]aHHOMY 3HAKOM JIallIaCHaHa MIPOCTPAHCTBY
Ha CTaHI[apTHLIX H306ap1/1qec1<1/1x HOBerHOCTﬂX, nu
MaKCUMaabHble/MUHUMAIBHBIE UX OTKIOHEHHUS.

Tun 6Gapudeckoro moss LIUKJIOHUYECKOE
Yposens, rlla 1000 850 700 500 300 200
max 33.3 84.6 93.4 | 1194 | 1729 | 157.3
Ommbka
rEeOIOTEHIINAIA, min -72.0 -36.5 | -32.1 | -18.2 | -10.3 -95
M

mean -27.1 108 | 16.2 | 31.2 | 58.3 56.7

max 0.7 1.5 2.7 3.9 2.3 1.3

Ommbka
TeMIIepaTyphbl, min -1.8 -1.2 -1.0 | -0.0 -0.3 -3.8
K
mean -0.6 -0.1 0.9 1.8 1.0 -0.7
max -0.5 7.3 6.4 6.5 10.1 14.1
OmnobKa OTH.
BJIQYKHOCTH, min -9.1 -7.3 -106 | -9.4 -8.3 1.7
%
mean -4.8 0.6 -2.3 -1.2 2.2 6.9
Tun Gaprueckoro moJs AHTULMKIIOHAIBEHOE
YpoBens, rlla 1000 850 700 500 300 200
max -17.3 455 45.7 | 40.9 37.2 55.7
Ommbka
reonoTEHIINANA, min -110.0 | -71.3 | -73.5| -86.5 | -110.2 | -115.3
M
mean -73.0 -23.9 | -26.8 | -32.3 | -38.9 -33.2
max 2.4 1.0 1.0 1.0 1.7 45
Omnoka
TEMIIepaTyphbI, min -0.5 -14 23 | 24 -0.2 -2.1
K

mean 1.1 -0.3 -06 | -04 0.8 2.4

max 0.8 174 | 126 | 1.0 -11.4 9.3

OmrrOKa OTH.

BJIQYKHOCTH, min -8.5 -2.7 -40 | -13.6 | -28.1 -19.9
%

mean -2.9 75 3.2 -6.1 -19.5 -8.9
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Puc.4 — PacnpeneneHue MOACIBHOM CHCTEMAaTHUECKOM OMIMOKH reomnoTeniuaia Ha mosepxHoctu 500 rlla (donom) Ha 12:00 27.01.2002. benbie
M30JIMHUM COOTBETCTBYIOT 3HAUYEHHUIO T'€ONOTEHIMAaNa, 4YepHble M30JMHUM - 3HadeHuto JlamimacuaHa, pacCUMTaHHOMY IO JIAaHHBIM

pe-aHamm3a.
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Heanos C.B., [laramapuyx FO.O.

B cuHONTHYECKHX CUTyallusX, XapaKTCPHUIYIOIIUXCA MaJlOrpaldCHTHBIM I10JIEM
JaBJICHHA, CUCTCMATHYCCKas1 OIINOKA pacucTa reconoTCHIraIa HE3HAYUTCIIbHA.

B oTnuume ot mosieid TeMnepaTtypbl U T€ONMOTEHIMANA 1M0JI€ OTHOCUTEIBHON BIAXKHOCTH
XapaKTEepPU3yeTCsl CYIIECTBEHHON ME30-MacIITa0HON M3MEHYMBOCTHIO. ECTECTBEHHO OKU/IATH,
YTO U CTPYKTYpa MOJeH OMMOKH OTHOCUTEIBHON BIKHOCTH OYJIET MIMETh WHOM XapakKTep.

B uyactHOCTH, fueucTas CTpPyKTypa TIOJI€d OIIMOKM OTHOCUTEIBHOM BIAXXHOCTH
OTMEYaeTCs BO BCEX YacTAX OapruecKkux oOpa3oBaHUI HA BCEX BJIATOHECYIIUX MTOBEPXHOCTSIX.
Taxast s;uencTas CTpyKTypa XOpOILOo corjiacyercst ¢ oosnacTsiMu JlannaciuaHoB onpeieleHHOro
3HaKa. MojielbHOE TIepecylMBaHue CPEHEH M BEpXHEW Tporocdepsl, paHee OMMCAHHOE B
TEpPMUHAX MPOCTPAHCTBEHHO BEPTUKAJIBHOIO U TOPU3OHTAIBHOTO PACIPECIICHUS OIIUOKH
BIQXHOCTH Mojenau B [2], B 3HaYMTENbHOW Mepe OOYyCIOBICHO HEIOOLICHKOW BIard B
Oapuueckux rpedusx (puc.3). Ilpu 3TOM, mepeoleHKa Coaep)KaHHs Bjard B MOTPaHHYHOM
cioe, B cpeaHemM Ha 17%, Takke MPOMCXOAUT B aHTHIIMKIOHAIBHBIX MOJsAX. Ha rpanumax
TEPMUYECKH HEOJHOPOAHBIX BO3AYIIHBIX MacC OTMEYaeTcs HaJM4he COCEACTBYIOIIUX
obyacreld OOJBIIUX 3HAYCHUW OMMOOK MPOTHBOIOJIOKHOIO 3HAaKa. IJTO OCOOEHHO
XapaKTePHO LIS TEIUTBIX aTMOC(HEPHBIX (PPOHTOB, MEpel KOTOPBIMH B IIPHU3EMHOM Clioe OoJjiee
XOJIOAHBIN BO3AYX MepeyBIaKHACTCS MOJIENbIO, a TeIyasi BO3AYIIHAs Macca, CIeaylomas 3a
HHUM, OCYILIAEeTCH.

4 BrbiBoabI

Pe3ynbpTaThl JaHHOTO CHHONTHKO-CTATUCTHYECKOTO HMCCIEAOBAHMS IOKA3bIBAIOT, YTO
CUCTeMaTHyeCKas  OmuOKa  MOJENH, KOTopas  OmpelesieTcs  KOHCEpBAaTUBHBIMHU
XapaKTepUCTUKAMH, TaKUMH KaK THAPOJAMHAMHYECKAs CXeMa U CXeMbl (pu3ndecKkux
MapaMeTpHu3alnii, MOXKET H3MEHATHCA B 3aBUCUMOCTH OT KOHKPETHOW CHHOITHYECKOMN
cuTyanuu. B cuimy 3TOro, cucreMarhyeckas OmMOKa MOJENH, B ONPEICICHHOM CMBICTE,
UMEET HEKOTOPYIO CIydallHyI0 J00aBKy, HEPaBHOMEPHO pAaCIpENCICHHYI0 BO BPEMEHU U
MPOCTPAHCTBE. DTO OOCTOSTENHCTBO HEOOXOJWMO YUYUTHIBATH TPU aHAJIU3E PE3yIbTaTOB
WHTETPUPOBAHUU MOJEIIH.

OObnacTi MaKCUMAaIIbHBIX OIMIMOOK MOZENH TEMIIEPaTyphl U T€ONOTEHIINANA CBA3AaHbI C
BBICOTHBIMH JIO)KOMHAMH M TPEeOHSIMH, TPAJAUCHTHBIMH 30HaMH WX B3aHMOJCHCTBUS U
TBIJIOBBIMH YaCTSIMH HU3KHUX MUKIOHOB. OMMOKH T€ONOTeHIINANA M TEMIIEPATypbl B MOZICIH,
3aBUCSIINE OT KOHKPETHOW CHHONTHYECKOH CHTYyallMH, BO3HHKAIOT B MOMEHT OOpa30BaHHMs
HEYCTOWYMBOCTH Ha aTMOc()epHOM IIOTOKE M pacTyT MO Mepe pa3BHTUS OapHUECKUX
oOpazoBanuii. Temmneparypa u TEIUIBIX U XOJOAHBIX BO3AYIIHBIX MacC B HIDKHHX M CPEIHUX
CIIOSIX aTMocgepbl HEeIOOIECHUBACTCS B CpeaHeM Ha 1°, Torga Kak Ha BEPXHUX YPOBHSX
OoJIbIlIMe 3HAYEHHs OIIMOOK MPOTHBOIMOJIOKHBIX 3HAKOB (Oosiee 6°) KOMIEHCHPYIOT APYyT
JpyTa, TeM HE MEHEee, IEMOHCTPUPYS UX 3aBUCUMOCTH OT TUTA 0apuIecKuX 0Opa30BaHUN.

OmmOKM OTHOCUTEIIEHON BIIAXKHOCTH B HIDKHEH Tporocdepe SpKO BBIPAKAIOTCS Ha
TEIUIbIX (DPOHTAX MHTEHCUBHBIX IUKIOHUYECKUX BHXpei. Hambonpmmx 3HaYeHHN OIMIMOKU
MOJICJIA IOCTUTAIOT Ha TPAHUIIAX B3aUMOJCHCTBHUS 00JIacTeil BHICOKOTO U HU3KOTO JaBJICHUH,
MOIIHOCTh KOTOPBIX OMpENeseT CTENeHb WHTEHCHUBHOCTU MPOTEKAIIINUX aTMOChHEepHBIX
nporieccoB. HemoolieHnBanue BIaru cpeiaHEed W BEpXHEW Tpomochepsl, Tak K€ KaKk U
NepeoleHKka ee B IMOTPAaHMYHOM CIIO€, B 3HAYUTENbHON Mepe CBS3aHbl C OapUYECKUMU
rpeOHSIMH.

AHanu3 ommOOK, OCPETHEHHBIX IO OTACIBHBIM OOJIACTSAM, BBIJICIICHHBIM Ha OCHOBE
3HayeHuil Jlannacuana reomoTeHUMana, JAeT BO3MOXXHOCTb YCTAHOBUTH 3aKOHOMEPHOCTH
GbOopMHpPOBaHMUST ¥ DBOJIONHMH CHCTEMAaTHYECKUX OIMMOOK MOJEIW B 3aBUCHMOCTH OT
COCTOSIHUSI aTMOC(EPHI.
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Impact of a synoptical pattern on the state-dependent model error

Abstract. The state-dependent error of the MM5 model for the geopotential, temperature and relative humidity
fields in different synoptical patterns during a winter season over the Atlantic Ocean is considered. The
evolution of the model error throughout the integration period is shown. Parts of synoptical patterns responsible
for the largest model error are outlined.

Keywords: systematic and random errors, synoptic pattern, geopotential, temperature and relative humidity
field.
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M.B. Kanamnuk! b.51. IMepaun?

Y ocyoapcmeennubiii mexnuyeckutll yHugepcumem amomnou snepeemuxu, Obnumnck, Poccus.
2I'V HIIO “Tatigpyn™, Hncmumym skcnepumenmanvhou memeoponoauu, Oonunck, Poccust.

CIIOHTAHHBIA POCT BO3MVYIIEHUM THIIA YPATAHA B TEOPUM
BJAXKHOKOHBEKTUBHOM HEYCTOMYUBOCTHU CJOSA ATMOC®EPHI

Annotanusi. [Ipogedeno obobwjenue knaccuueckoul 3adauu Pones o KOHBeKMUSHOU Heycmouyusocmu Cios
ammocghepbl Ha CAYHAUl HAMUYUSL KOHOeHCayuu 600siH020 napa. I[IpodemMoHcmpupoeano npuHyunudaibHoe
omauyue “‘81axcHou’ KoHBeKyuu om KoHeekyuu Panes: obiacme Heycmouuugocmu 8 ooujem ciyiae cocmoum
u3 08yx nooobnacmeli, 8 0OHOU U3 KOMOPbIX HAUOObULE CKOPOCHBIO pOCmd 001a0aiom JOKATU308AHHble
803MYUeHUs - KOHBEKIMUBHbIE BUXPU CO CIMPYKMYPOU, XapakmepHou 0Jis ypazanos Ha panuel cmaouu. Haiideno
HeobxX00uMoe U 00CMAmoyHoe YClosue Cyuecmsos8anus maxkou nooodIacmu.

KarwueBble cioBa: meopust BIANCHOKOHBEKMUBHOLL Heycmoﬁqueocmu, “enaccnas’” KOHBEKYUSl, KOHBEKYUA
P3]Ze}1, KOHBEKMUBHblLE 6UXPpU, YPACAH.

1 Bsenenue

Bypublii  pocT  konuuecTBa  IyOJIMKanuMM, — MOCBSIIEHHBIX  HCCIIEIOBaHUIO
BII&KHOKOHBEKTHBHOW HEYCTOWYMBOCTH, CBSI3aH CO CTpPEMJICHHEM TiIy0ke TIIOHATh
MEXaHHU3MbI 3apPOXKICHHUS TPOITUUECKHUX IIMKJIOHOB (YparaHoB), 00JauHbIX CUCTEM, OTJCIbHBIX
00JIaKOB, B Pa3BUTHU KOTOPBIX CYIIECTBEHHYIO POJIb MIPACT BBIICICHHE CKPBITON TETIIOTHI
KOHJICHCAIINX BOJSHOTO Tapa. MccinenoBanue MporucXoAsIiX MPOIEeCCOB OCIOKHIETCS TEM,
9T0 00BEMHOE TEIUIOBBIICIEHUE, O0YCIOBICHHOE (ha30BBIMHU INEPEXOJaMH, HEJb3sl CYMTATh
3amaHabpM. OHO ompeaenseTcs IUHAMUKON TMpolecca, a HMMEHHO, CKpBITas TerioTa
KOHJICHCAIIMU BBIJICNISCTCS JIMIIb Ha BOCXOJSIIEH BETBH LUPKYJIALUH, HA HUCXOSIIEH BETBU
TIOTJIOIIEHHE TeIla Ha HMCIApEeHUE Kareldb OTCYTCTBYET B CHIJIY BBINQJICHUS Kareidb B BUJEC
noxasi. MHorue BaKHbIE OCOOCHHOCTM TaKMX NPOLIECCOB MOXKHO TOHSTH Ha OCHOBE
YIPOLICHHBIX MOJENe, B KOTOPHIX B YpPaBHEHHS TEPMOTHIPOJWHAMHUKH BBOJIUTCS
JONOJIHUTENbHBIH ~ WCTOYHHK  TeIuia,  OOYCJIOBICHHBIM  (ha30BBIMH  II€PEXOAaMHU,
NPOTIOPIMOHATBHBIN ~ BEPTUKATBHOH  CKOPOCTH TpPH  BOCXOAAIIMX  JBI)KCHUSX |
oOpararomuiics B HyJb pH HUCXOAMX. OHAKO U B TaKOW YNPOIIEHHOW MOCTaHOBKE 10
MOCJIETHETO BPEMEHH BOIPOC OCTaBaJCS HW3yYEHHBIM KpaiiHE HEIOCTaTOYHO, IMOCKOJIBKY
uccienyemas 3ajada CTaHOBHUTCS CYIIECTBEHHO HEIMHEHHON: OoAWH M3 KO3()(UIMEHTOB
CHCTEMBI ypaBHEHHI TEPIUT Pa3pblB HA TPAHHIIE BOCXOSAIINX W HHUCXOJSIIUX JBMKECHUH,
HOJIO’KEHHE KOTOPOHM 3apaHee HEU3BECTHO M JOJDKHO OBITh HAWIEHO B IMPOIECCE PEIICHUS
3aJaud. AHQJIMTUYECKHE  pPe3yNbTaThl  ObUTM  TOJNyYeHBI JIMIIb  JUIS  HEBSI3KOH
HETEIUTONPOBOAHOM atmochepsl [6-8,11]. Beutn MOCTpOEHBI CEMEWCTBA SKCIMOHCHIIHATBHO
HApaCTAIOIIUX CO BPEMEHEM JIOKATM30BaHHBIX U MEPUOTUIECKUX 110 TIPOCTPAHCTBY PEIICHUH,
JUIS. KOTOPBIX BEPTHKAJIbHAS CKOPOCTh MMella pa3phlB Ha TpaHHIE 00JacTell BOCXOAALIMX H
HUCXOJSIINX OBMKEeHUH. OKa3anock, 4YTO YeM MEHbIIE MacITad BO3MYIICHHS, TeM ObicTpee
OHO pa3BUBAETCS 3a CYET BIAKHOKOHBEKTHBHOM HEYCTOWYMBOCTH. BBUI c/1enaH BBIBOX O TOM,
YTO BIIAXKHOKOHBEKTHBHAs HEYCTOWYMBOCTh IMPHBOAMT K POCTY BO3MYIICHHH MacmiTadba
Ky4eBOro oOJlaka M HE MOXXET NPHUBOAMWTH K 3apOXKICHHUIO W PAa3BUTUIO BO3MYILECHHI
macmTaba yparaHa. O4eBHIHO, OJIHAKO, YTO NPEANIOYTUTENFHBIA MacmTad HEYCTOWYHBBIX
BO3MYILCHHH JTOJDKEH OINpPENeNsAThbCS MMEHHO IUCCUIATUBHBIME (akTopamu, 3(PQeKTHBHO
NOJABJIAIONIMMHA ~ MeJIKOMacITaOHble  JIBWKEHUS.  [IOMBITKM  yd4ecTb  BS3KOCTh W
TETIONPOBOAHOCTh OBLIM MPEANPHUHATH B LEIOM DPSJE MOMYaHAJTHUTUYECKUX M YHCICHHBIX
uccnenoBanuii [1-5,9,10], ogHako BOMPOCH O CTPYKType Hanbosee HEYCTOWYMBBIX MOJ, O
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rpaHuiax oOJacTH HEYCTOWYMBOCTH, O BO3MOXKHOCTH HapacTaHUS JIOKAIM30BAaHHBIX
BO3MYIICHUN OCTAMCh HE BBISICHEHHBIMU J0 KOHIIA B CHUJTy HeW30exHOW (parMeHTapHOCTH
YHCJIEHHBIX UCCIIEA0BaHUH.

C y4éTOoM BSI3KOCTHU U TETUIONPOBOJIHOCTH B TIOCTAHOBKE, MAaKCUMATHHO MPHUOIMKEHHOM
K TIOCTAaHOBKE KJIaCCUYECKON 3adauu Pajmesd O KOHBEKTHMBHOM HEYCTOMYMBOCTH CIOS
aTMocdepsl, HAMU  TIOCTPOCHA  aHATUTHYECKas  TEOpHUsS  BIAKHOKOHBEKTHUBHOM
HeycronunBoctr  [12,13,16,17], mo3BonuMBINAsS JaTh HMCYEPIBIBAIOIIME OTBETHI Ha
c(hopMyJIHUPOBAHHBIE BHIIIE BOMPOCH. Kak U cleaoBano oXuaaTh, perieHne “Bs3KoW” 3aaadu
KaueCTBECHHO OTJIMYAETCS OT PEIICHUs ‘HEeBSA3KOHW 3amadyu. B "yacTHOCTH, yHmOMHHaBIITHECS
BBIIIIE CEMEHCTBA pa3phIBHBIX PEHICHUH OKa3aJluCh JHIIEHBl (DU3MUECKOro CMbICTa 3a
WCKIIFOYEHHEM OJIHOTO, JUIsi KOTOPOTO, OJHAKO, PaanyCc OOJACTH BOCXOIAIIUX JABUKCHUHN
oOpaiaercss B HyJb. OHO OJHO MOXET OBITh MOJNYyYEHO M3 “BSI3KOW” 3aJaud B pE3yJbTaTe
COOTBETCTBYIOIIETO MIPEACIBHOTO MEePEX0/Ia.

[IpennoxxeHHass Teopwsi TMO3BOJSIET C EAMHONM TOYKH 3PEHHUS HWHTEPIPETHPOBATH
pPE3YNBTAThl YXKE BBIMOJTHCHHBIX YHUCIICHHBIX HCCIICIOBAaHUMN MPOOJIEMBI, a TaKXKe JaHHBIC
HaTypHBIX HaOmoaeHud. OHA MOXKET SBUTHCA XOPOIICH OCHOBOM [UIsl JalbHEWUIIEro
[[EJICHAIIPABJICHHOTO ~ TIPOBEACHHUS  YHUCIICHHBIX  WCCICAOBAHMA W HWHTEPIPETAIUU
SMIIUPUUYECKUX TaHHBIX. BMmecTte ¢ Tem, ciemyeT OTMETUTh, YTO MO MPOIIECTBUU IMOYTU
MBAJIATH JIET C MOMEHTa OITyOJMKOBaHUS, YKa3aHHBIE pa0OThI aBTOPOB OCTAIOTCS
HEU3BECTHHI MIMPOKOMY KPYTY HCCieloBaTeNiel, MpOAOIKAIOIINX HHTEHCUBHO 3aHUMAThCS
po0sieMOll BIa)KHOKOHBEKTHBHON HEYCTOWYMBOCTU. B CBSA3M ¢ 3TUM, HaM NpeAcTaBiseTCs
1enecoo0pa3HbIM ené pa3 MpUBIeYb BHUMAHHUE K YXKE€ TOTYyYEHHBIM pe3ysibTaTaM, KOTOpbIe
3a TIpoIIeanIee BpeMsl He YTPaTHIId CBOSH akTyalnbHOCTH. [laHHas myOauKanus HE COJNCPIKHUT
HOBBIX pe3yabTaToB Mo cpaBHeHuto ¢ [12,13,16,17]. Ona sBusercs o00600IIEHHEM
TEOPETUIECKOT0 aHAIHM3a, TPOBEIEHHOTO HAMH B YKa3aHHBIX paboTax.

2 IlocraHoBka 3aa4YM U CX€Ma TEOPETUIECCKOIo aHa/In3a

PaccmarpuBaeTcs BpamarMIMACA HACBIIIEHHBIA BOJSHBIM MapoOM CJOM  BSI3KOH
TEIUIONPOBOAHON TEPMHUECKH CTPATH(PHUIIMPOBAHHONW aTMOc(hepbl, 3aKIIIOUEHHBIH MEXIY
JIByMsI O€CKOHEUHBIMU TOPHU3OHTAJBHBIMU TPAaHUIIAMH, Ha KOTOPBIX OTCYTCTBYET TPEHHUE U
MOJICP)KUBAIOTCA TIOCTOSIHHBIE Temmeparypbl. CucreMa ypaBHEHUH B NpUOTMKEHUU
byccuHecka u THApOCTAaTUKH U KpaeBble yCI0BUs Panes uMeroT BUa:

2 2 A2
@:—q+lv+vﬂ+mu, A58—+8—, (1a)
ot ox 072 x° oy’

2
@:—ﬂ—lu+v6—¥+yAV, (1b)
ot oy oz
X g, MM W (1c)
0z ox oy oz
00 00
— = GW+V—+ uAO+Q, (1d)
ot 072
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Ly ds
Q=1 “0Cp @ (v =7m)w w>0 | (le)
0, w<0
Z_“=;ﬂ=w=e=o, 7=0,H, (1f)
7 01

rae u,vV,W-— COCTaBJISIOIIME CKOPOCTHU BIOJIb TOPU30HTAJIBHBIX ocent X,y u HaHpaBHeHHOﬁ

[
BEPTUKAJIbHO BBEPX OCH Z COOTBETCTBEHHO, f = % , 0=090", p',0 — oTkIOHEHUS
0

JABICHUS M IOTEHIMAIbHONH TeMHepaTypbl OT UX (DOHOBBIX 3HAUCHUH, pg — CPEIHS
INIOTHOCTh cpelbl; g =1/Ty — KOod(pPUIHMEHT TerIoBoro paciupeHus, Tg — CpemHss

TEMIIEpATypa Cpensl; G=ag (ya —7) - napameTp cTpaTHdUKanuy,
Va — CyXoaauabaTHUeCKHH TIpajMeHT, y:—a%z — (oHOBBI TpasuMeHT TemIeparypsl,

| — mapamerp Kopuosnuca, Cp — TEIUIOEMKOCTh;  — YCKOpPEHHE CBOOOJHOTO TaJCHUS,

L,V — KOdPPUIHUEHTH TYpOYJEHTHON BS3KOCTH B TOPHU30HTAIHPHOM M BEPTUKAIBHOM
HANpaBJICHUH, TPHHATHIC PaBHBIMH COOTBETCTBYIOIIMM KOA(G(UIMEHTaM TypOyJICHTHOM

TEMIIEPATyPOIPOBOJHOCTH; ¥y = Va +(L% )a% 7 T BIIYKHOQIMA0ATUUECKUN TPaTUCHT
p

TEMIICPATYyPHI, LV — YZACJIbHas TEIJIOTAa KOHJACHCALWH, S — MAacCOBas J0JI1 HACBIIICHHOTO

napa; H — tonmuiuHa cinost atMmocQepsl.

[IpuBeneHHass BblllIE€ CUCTEMA YPABHEHUW BIAXXHOW KOHBEKIIMU OTJIWYAETCS OT
KJIaCCUYECKON CHUCTeMbI ypaBHeHHU Pajest (“cyxoit” KOHBEKIMH) TOJBKO JOMOIHHTEIBHBIM
UCTOYHHMKOM Teruia (a3oBbix nepexonoB (1e). Kak ykas3pIBaioch BBIIIE, TAHHBIH HCTOYHUK
COOTBETCTBYET BBIICJICHUIO CKPBITOM TEIUIOTHl KOHJACHCAIIMM Ha BOCXOMALICH BETBU
LUPKYJIALWH, I71€ U30BITOK BOASHOTO Mapa KOHAEHCHPYETCS M MCHOBEHHO BBINATAET B BUJEC
noxad. [Ipu 3Tom mpeanonaraercs OTCYTCTBHE MOTJIOUICHUS TEIUIa Ha MCTIapeHue Kareib Ha
HUCXOJSIIEH BETBU IMPKYJSALMU BBHAY OTCYTCTBUS Kamenb. /s HEro HCIoib30BaHa
oOmienpuHsATas MapaMeTpusalusi, U3BeCTHass Kak ‘‘yciloBHoe HarpeBaHue”. OHa XOpoOILIO
cornmacyercsi ¢ CISK-mapamerpusanueii terumossiaenenust (Conditional Instability of the
Second Kind), mupoko HCMONB3yeMOW B YHCICHHBIX MOJENSX DSBOJIOIUH TPOIMHYCCKUX
MKJIOHOB  C  MapaMeTpu3anuedl  KoHBeKTHBHOW  oOmaynoctu  [15].  CormacHo
CISK - mapamerpusarnmy, KOH/ICHCAlUOHHOE  TEIUIOBBIJCIICHHE  MPONOPIIHOHAIBEHO
BEPTUKAJIBHON CKOPOCTH HA BEPXHEH TPaHMIIE MOTPAHCION MPU BOCXOMAAILINX IBM)KCHUSX H
oOpamraercss B HyJlb IpU HHUCXOIAIUX. Takum oOpa3oM, yKa3aHHasi CUCTeMa ypaBHEHHN
MOYKET OBITh MCIIOJIb30BaHA IS OMMCAHUs MPOLIECCOB PA3JIMYHBIX MacITaboB OT MaciiTadba
OTJENIFHOIO KOHBEKTUBHOrO O0Jlaka [0 Macuitaba Tpomuyeckoro nukioHa. Ilpu stom
HEOOXOJIMMO UMETh B BHJLY, YTO JUISi KPYITHOMACIITAOHBIX MPOIIECCOB YPABHEHUS 3aIMCaHBI
OTHOCHTEIIEHO OCPEJHEHHBIX KPYITHOMACIITA0OHBIX IEPEMEHHBIX.

Kak yka3plBaJIOCh BBIIlIE, CUCTEMA yYpPaBHEHHWH SBIAETCS CYIIECTBEHHO HEJIMHEHHOM,
MIOCKOJIBKY TpaHHIa 00JIACTH BOCXOMSIIUX JIBMKCHUH 3apaHee HEM3BECTHA W JIOJDKHA OBITh
HaiiJIeHa B MIPOLECCE PELICHUS 3a/1a4H.

Hccnenyercs motepsi YCTOWYMBOCTH COCTOSTHHS T1OKosl. [IpuBeném cxemy pemieHwHs
3amaun. CucremMa ypaBHEHHMH W KpaeBbIE YCJIOBHUS JIOMYCKAIOT DPa3/eleHHuE TEePEMEHHBIX.
Pa3bIcKMBaIOTCS SKCIIOHEHIMATIBHO PACTyIIME PELICHUsI CUCTEMbl ypaBHEHUN BU/IA!
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(v, £) = U Y), v,y f (X Y)) cos(7,) exp(kt)

(w,0) = (w(x, y),0(x,y)) sin(%) exp(kt).

[Tocne pasneneHus: mepeMeHHBIX U 00€3pa3MEepPHUBAHUS UCXOJHAS CUCTEMa YPaBHECHUI
CBOJIUTCS K CTAIHOHAPHOM CUCTEME YPAaBHCHUI OTHOCUTEIILHO MPOCTPAHCTBEHHBIX aMILIUTY/I
u(x, y),v(x,y),...0(x, y). llpenioxeHHbIii HAMH MTOJXO/, MO3BOJISIOIINN UCCICI0BATh 3a1auy

JI0 KOHIIa aHAIUTUYECKUMHU METOJIaMU, 3aKJII0UaeTcsl B cienayromeM. Ha mepBom srtame s
CTallMOHAPHOW CHUCTEMBbl ypaBHEHUW HaxoguTcs (yHKIUs ['puHAa TOYEYHOTO IO
TOPU30HTAJIBHBIM KOOPJAWHATAM HCTOYHHMKA TEIUla. 3aTeM B BBIPAXKEHUE JUIS aMILTUTYIbI
BEPTUKAIILHONW CKOPOCTH, MIPEACTABIISIONIEE COOOM CBEPTKY aMIUIUTY/IbI UCTOUYHUKA TEIja C
COOTBETCTBYMOIICH (QyHKIMeH ['puHa, mojacTaBiseTcss aMILIMTyaa MCTOYHMKA Teruia (1e) u
MOJIy4aeTcsi, TaKUM 00pa3oM, HEJTWHEHHOE WHTETPAIbHOE YPAaBHEHHE OTHOCHUTEILHO
aMIUTUTY bl BEPTUKAIBHOM ckopocTu Buaa [12,13,16,17]:

W(X,Y) =Ry [[ Gy (x=& y-n)w(&n)dédy, @)

w>0

rre Ry =0ag (7a_ ym)H4/ 7r4yv — BBEJEHHOE aBTOPAMHM 4YHCJIO, XapaKTepu3yrouiee
UHTEHCUBHOCTb KOHJCHCALlMOHHOrO TemoBbinenenusd, G, — ¢ynkuus [I'puna s

AMIIINUTY IbI BepTHKaﬂbHOﬁ CKOpOCTH, 3aBUCiAIIass OT 663p33MepHHX napamMeTpoB

3agaud - yucna Panmes R = gao(ya —7/)H 4/7z4,uv , uucia OxmaHa E = 7z2v/H 2l u

0e3pa3MepHOro HWHKpeMeHTa Hapactanus kH 2 / z%v . B KaKJIoW wu3 objacTed Kak

BOCXOJIAIINX, TaK U HUCXOASAIIMX JBMKCHUN HMCXOJHAs CHCTEMa ypaBHEHUN MOXET OBbITh
CBEJICHAa K OJIHOMY JIMHEHHOMY YPaBHEHHUIO C TOCTOSHHBIMU KO3((UIIMEHTAMH 4ETBEPTOTO
Mopsiika IO TMPOCTPAHCTBEHHBIM KOOPJAWHATAM OTHOCHUTENIBHO aMIUIMTYIbl BEPTHUKAIBLHOMN
ckopoct W(X,Y) . OTcroma ciaeayer, 4To B AByMEPHOM Cilydae, KOTJa HET 3aBUCHMOCTH OT

OJTHOW M3 TOPU3OHTAIBHBIX KOOPIMHAT U BO3MYILIEHUS MPEICTABISIOT COOOH KOHBEKTHBHBIC
BaJibl, B 00J1aCTU BOCXOJAIINX ABWKEHUH pelieHue aias W HeoOXOAMMO pa3bICKUBAaTh B BUE
CYyMMBI 4eThIpEX 3kcnoHeHT [12,16,17]. [ToxcTaBmsisi COOTBETCTBYIONIECE BhIpAKCHUE AT W B
JICBYI0 M TPaBYH YacCTH HMHTETPaJbHOTO ypaBHEHUS (2) WM y4WThIBas, YTO Ha TpaHHIAX
obnacTeil BOCXOASIIMX JBMKEHUH W oOpamiaercss B HyJb, IOJIy4aeM CHCTEMY JECSTH
anreOpanyecKkux YypaBHEHUH OTHOCHUTEIBHO JECATH HEM3BECTHBIX: ‘“‘pamuyca” obmactu
BOCXOJAIINX JBIKCHUH Xq , MPOCTPAHCTBEHHOTO NepHoAa BoO3MyIIeHHs L , ueTbIpéx

1oKa3aresael 3KCIIOHEHT U YeTHIPEX COOTBETCTBYIOMIMX KO3(PPUIMEHTOB MPH 3KCIOHEHTAX.
AHanu3 CHCTEMBbl YpaBHEHHH IO3BOJSET YCTAHOBUTH IPOCTPAHCTBEHHYIO CTPYKTYpy H
CKOPOCTb pPOCTa HEYCTOWYMBBIX MOJ B 3aBUCUMOCTH OT IapaMETPOB 3aJadyM, a TaKkKe
HOCTPOUTH 00JIaCTh HEYCTOWYMBOCTH. B ocecummerpuynom ciyvae [13] pemienue mis W
HEOOXOJUMO pa3bICKUBaTh B BHUJAE CYHEPIO3UIUN COOTBETCTBYIOIIUX LMIMHIPUUYECKUX
¢ynkuuit. Takum 06pazoM, HCHOIB30BAHUE MPEATIOKEHHOTO HAMU TOAX0/1A TIO3BOJIAET MOYTH
B JIBa pa3a CHHM3HUTH IMOPSAAOK CHUCTEMbI anreOpanvyeckux YpaBHEHUH 10 CpPaBHEHHIO C
BO3MOXXHBIM ~aJIbTEPHATUBHBIM IOAXOAOM, 3aKJIIOYAIOIIMMCS B CIIMBKE pELIEHUH Ha
IpaHUIax 00JacTel BOCXOJAIUX U HUCXOSAIIUX JBUXKEHUI.
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3 Pe3yabTaTshl HCCIeT0BAHUS

[IpuBeneM pe3ynbTaThl aHajaM3a s Cilydas, KOIJda HEYCTOMYMBBIE BO3MYIIEHUS
IPEJCTABISAIOT  COOOW  JIOKAJM30BaHHbIE JHMOO MEPHOAMYECKHE IO  MPOCTPAHCTBY
KOHBEKTHBHBIC Bajbl [12,16,17].

Ha puc.1 Ha mmockocTu mapamMeTpoB 3a1a9u E_l/ Rm # R/Ry, mpuBenena obmacts Q.

CrnjioliHple TMHUM — JUHUM PaBHBIX 3HAUEHUN NapaMerpa o = (2/ Rm )(l+ kH 2 / 72y ) IIpn
(UKCUpOBaHHOM 3HaueHUHM R, 001acThI0 HEYCTOWYMBOCTH fBIsETCA 4acTb oOmactu Q
OrpaHHYeHHas CBepXy KpuBoil o =2/Ry . IIyHKTHp —IMHMM paBHBIX 3HAYCHMI

BcrioMoratensHoro mapamerpa A <1 . O06nacTp HEYyCTOHYMBOCTH COCTOMT H3 JABYX
nojobuacTei, pa3aeneHHbIX KpuBoit A = 0. B BepxHeii monobiaactu HanOobIIel CKOPOCTHIO
pocta 00JaAarOT  JIOKAJIM30BaHHbIE IO  MPOCTPAHCTBY  BO3MYILEHUS — YEAUHEHHBIE
KOHBEKTHBHEIE BaJIbl. B HUKHEH MMOJIOBUHE CIIOS UMEET MECTO IIUKIOHUYECKAsT IUPKYIISLUS U
NPUTOK BO3AYIIHBIX MacC K OCH Bajla, B BEpXHEil MOJOBUHE CJIOS — AaHTUIUKIOHUYECKas
[UPKYJSAIUS U OTTOK BO3MYIIHBIX MacC OT OCH Baia. BOmu3u ocu Bala HMMEIOT MECTO
BOCXOJSIIIIME ABM)KEHHUS, CMEHSIOUINECs] HUCXOMAUIMMHU Ha nepudepun Bana. [loctpoenHoe
pelieHne SBISETCS BYMEPHBIM aHAJIOTOM OCECHMMETPUYHOTO JIOKAJTU30BAaHHOTO BUXPS CO
CTPYKTYPO#, XapaKTEpHOH ISl TPOMMYECKUX LIMKJIOHOB HA PAHHEW CTaJ Uy Pa3BUTHS.

B HmxHe#ll momobiacté 00yiacTH HEYCTOMYMBOCTH HAWOOJbBIIEH CKOPOCTHIO pPOCTa
00J1a/1a10T MEPUOJNYECKHE IO MPOCTPAHCTBY BO3MYIIEHUS — CUCTEMbl KOHBEKTUBHBIX BaJIOB
win "obnadnbie yauIpl'. FiMeeT MecTo CylIeCTBEHHAs JIOKAIH3aIUs 00JacTell BOCXOSIINX
NBIDKECHUH.

Pl

-3

Puc.1-0O06nacte () Ha MJIOCKOCTH ONPEACISAIOIIUX IapaMeTpOB E_l/ Rm 41 R/Rp

3amTpuxoBaHa MoA00JgacTb, B KOTOPOW HamOONIbLIEH CKOPOCTBIO pPOCTa 00Jagaer
JIOKaJIM30BaHHAs MOAA.
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B obOnactu HeycTOMYMBOCTH KpHBBIE O =CONSt —3TO KpUBbIE PABHBIX 3HAYECHUH

H2 oRy

0e3pa3MepHON CKOPOCTH pPOCTa BO3MYIICHHUI —1. KpuBeie A =const —»sto

2
v 2
KPUBBIE OJMHAKOBBIX 3HAYCHMI Oe3pazMepHoro “paauyca”’ o0nacteid BOCXOASIINUX ABHKEHUN

1
JRp(1=2)
00J1aCTH HEYCTOMYMBOCTU KpUBBIE A =CONSt SABJISIOTCS TaKKe KPUBBIMH OJIMHAKOBOTO

3HAYCHHUA OTHOLICHUSA ITIJIOIAA BOCXOOAIINUX I[BI/DKGHI/If/'I K I1oiaav HUCXOOAIIUX IIBI/I)KCHI/Iﬁ
Xo 1

|_—2X0 ’1+|ﬂ|_l

NEPUOANYECKUX PEUICHUM K JIOKAIW30BAHHBIM IPOUCXOJUT HEMPEPHIBHBIM 00pa3oM.
OTHoIIeHNE acTeKTa sT9eiKu (MPOCTPAHCTBEHHBIH MEPHOJ K BBICOTE) IPU ITOM CTPEMHTCS K
OeckoHEeYHOCTH. TakuM 00pa3oM, KaxJaoW TOYKE 00JIACTU HEYCTOMYMBOCTH COOTBETCTBYET
BO3MYIIICHHE BIIOJIHE OMPEAETICHHOMN MPOCTPAHCTBEHHOM CTPYKTYPBhI, UMEIOIee HAuOOIbIIYIO
BIIOJTHE OTIPE/ICIICHHYIO CKOPOCTh pocTa. J[JIst JOKaIM30BaHHBIX BO3MYIIECHH Oe3pa3MepHBIi
paanyc o0JacTU BOCXOISIIMX IBUKCHHH TOCTMTaeT MAaKCHMATbHOTO 3HAUEHUS B BEpXHEH
Touke oOmactu  HeyctoMumBocTH. Ilpm Ry, >>1 »3T0l  TOuKe  COOTBETCTBYET

o . X 1% .
HanOosiee HEYCTOMYMBBIX BO3MYIICHUN FO /— = B HmwxkHe#ll monoOnactu
y7i

. Ha rpanure mexny nomo0nactsiMu |/1| -0, X / L — 0, u mepexon ot

2
Amax =1—(7/Rn, )A : u B pasMepHOM BHIE nMeeM

2H? ,u4 / gag (7a —7’m )VZ ]% . Ilpu 3HayeHHAX MapaMeTpoB, XAPaKTEPHBIX IS

Xomax =
Tpornocdepsl, MOIYyYaeM OLEHKY Xgmax =300 KM, 4YTO COOTBETCTBYET HAOIIOAAEMbIM
pa3MepaM 0OJacTH BBINAJACHHUS OCAJKOB B TPOMMYECKHX MHKIOHAX. [lpu 3HaueHUsIX
IapaMeTpoB, XapaKTEPHBIX Ul ABWXKEHUI MacmTaba obiaka, UMeeM Xgmax = 700 M, uTto
yIIOBJICTBOPUTEIBHO COTIACYETCs C MapaMeTpaMu OTJeIbHOro o0naka [16].

U3 puc. 1 cnemyet, 4To BepXHss Moa007acTh 00JacTH HEYCTOWYMBOCTU TMOSBISETCS
TOJIBKO TIPH O < o =0,323, T.e. npu Ry, > 2/0,323 =6,19. IIpu Ry, <6,19 HeycToHUMBBIMU
MOTyT OBITh TOJBKO MEPHOANYECKUE IO MPOCTPAHCTBY BO3MylleHUs. YcioBue Ry, >619,
HEOOXOIMMOE M JIOCTAaTOYHOE JJIsi CYIIECTBOBAHUS BEpXHEH MomobiacTu 00JacTH
HEYCTOMYMBOCTH, B KOTOPOM HAMOOJBIIEH CKOPOCTHIO pOCTa 00JaaeT JIOKAJIW30BaHHAs

MOJ1a, MOXXHO I/IHTepHpeTI/IpOBaTb KaK yCJ'IOBI/Ie JAOCTATOYHO CHJIBHOI'O KOHIACHCAIIMOHHOI'O
TEIUIOBBIACICHU B MOJHUMamomemcs ooveme Bosayxa. [Ipu Ry, >0 wumeer wmecro

npeenbHBIN Tepexo/1 K KIacCuIeckon “cyxoi” KoHBekiuu Paes [12].

B [13] Hamu IOCTpOEHBI OCECHMMETPUYHBIC JIOKATU30BAHHBIC PEIICHHS YpaBHEHHUs (2)
CO CTPYKTYpOM, XapaKTEpHOH sl TPONMYECKUX IHUKIOHOB HA PaHHEW CTaauu pPa3BUTHA,
HKCMIOHEHIIMAJIBHO PACTYIIME TPU IOTEPE YCTOHUMBOCTU COCTOSHUS IOKOS aTMOC(EpHI.
[TokazaHo, 4YTO Takue BO3MYIIEHHUS pacTyT ObICTpee JABYMEPHBIX JIOKAJIW30BaHHBIX
KOHBEKTHBHBIX BaJIOB, O KOTOPBIX PEYb IILIA BHIIIIE.

4 BpIBOABI H 3aAKJII0YECHHUE

[TpoBeneHo 06001IeHNEe KITacCHuecKoi 3aqaun Pajiest 0 KOHBEKTUBHON HEYCTOMYHUBOCTH
ciost aTMocdepbl Ha Clydaid Halu4dus B aTMocdepe KOHJIEHCAIMH BOJISHOTO Tapa. CucreMa
ypaBHEHUN “BIa)KHOW~ KOHBEKIIMHM OTJIMYAETCS OT CHCTEMbl ypaBHeHUW Pames “cyxoi”
KOHBEKIIMA TOJBKO JOTOJIHUTEIHHBIM HMCTOYHHKOM Teruia (a3oBBIX IEPEXOJ0B. ITOT
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HMCTOYHHK MPOTOPIIMOHANICH BEPTHUKAIHLHON CKOPOCTH HAa BOCXOAIIEH BETBH IUPKYJSIIIUU U
oOpaiaercs B HyJIb Ha HHUCXOJSIIEH BETBH MHUPKYJSIHHA. YKa3zaHHAs MapaMeTpu3arus
M3BECTHA Kak “yciioBHOe HarpeBanue . OHa xopoimio cornacyercs ¢ CISK-napamerpuzarueit
TEIJIOBBIICNICHUS, MCHOJIb3YeMOM B MOJENSIX HSBOJIOINUM TPOMHYECKUX IUKIOHOB C
napameTpu3anueid KOHBEKTHUBHON 00sauyHOCTH. [10CKONIBKY TpaHMIa 00JacCTH BOCXOMSIINAX
JBWKCHUM 3apaHee HEU3BECTHA, CHCTEMa yPaBHEHUN CTAaHOBUTCA HENMHENMHOW. llomydeHo
MCYEPIIBIBAIOIICE AHATUTHYECKOE PEIICHHE 3a7adyd. YCTaHOBJIICHA CTPYKTypa U CKOPOCTh
pocta HanboJee HEYCTOMYUBBIX MOJI B 3aBUCUMOCTHU OT Oe3pa3MepHBIX TapaMeTpoOB 3a/1auH, a
TaK)ke IOCTPOCHAa 00JIaCTh HEYCTOMYMBOCTH B IPOCTpPaHCTBE MapameTpoB. OOHapyKEHO
NPUHLUINKATBHOE OTJIMYME “BIaXKHOW KOHBEKIUHU OT “‘cyXxoi” KOHBekuuu Panes: B obOmiem
ciydae 0o0JIacTh HEYCTOWYMBOCTH COCTOMT M3 JBYX IOA00JIACTEH, B OJHOH M3 KOTOPBIX
HauOOMIbIIEH CKOPOCTHIO POCTa OO0JIAJAIOT JIOKAJIM30BaHHBIE BO3MYIIEHHUS CO CTPYKTYypO
THIa yparana (TporM4YecKoro MMKIOHA) Ha paHHeW cTajauu pa3BuTus. HaiieHo HeoOxoaumoe
U JIOCTaTOYHOE YCJIOBHE CYIIECTBOBAaHUS TakoW mojpobnacTtu. Jlumis Bo BTOpoii mogobmactu
HauOOJIBIIEH CKOPOCTHIO POCTAa OOJIAAIOT MEPHOJUYECKHE 10 MPOCTPAHCTBY HEITMHCHHBIC
CTPYKTYphl (aHCAaMOJIM KOHBEKTHBHBIX OOJIAKOB W OOJIaYHBIC YJHUIIBI), MPOCTPAHCTBCHHBIN
MIEPHUO KOTOPBIX CTPEMUTCSI K OCCKOHEUYHOCTH Ha TPaHUIE MEXIy mojgoonactsamu. JJis HUX B
npenenax KakIoi KOHBEKTUBHOM SYeMKU XapaKTepHa CYyIIeCTBEHHAas JoKalu3anus odnacrei
BOCXOJ/SIIINAX JIBIDKCHUH, TaK dYTO KOI(PPUIMEHT MOKPBITHS aTMOC(epbl 00Ja9HOCTHIO
OKa3bIBAETCs BCETJa CTPOTrO MEHBIIUM eANHUIIBL. [IpoieMOHCTpUpPOBaH MpeeabHbINA EPEeXoT
K KOHBEKIIMHU Panes.

[IpennoxeHHasi TeOpusi OMUCHIBAET PsAJ OCOOCHHOCTEH IMHAMHKHU O0JAKOB, OOJa4HBIX
YIJIHII, TPOITUYECKUX ITUKJIOHOB, OCHOBHBIM MCTOUYHUKOM SHEPTUM KOTOPHIX SBIIAETCS TEIIOTA
KOHJCHCAllUM BOASHOrO mapa. OHa BHOCHUT SICHOCTH B Bompoc o ToMm, MoryT ju CISK-
napameTpu3alus 1 MoAo0HbIe apaMeTPHU3allii TeTUIOBBIACICHHS TPUBOAUTH K 3aPOXKICHUIO
U3 COCTOSIHUS TTOKOSI JIOKAJTM30BAaHHBIX BUXPEil MaciiTaba Tponmuyeckoro Iukiaona [14,15].
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Spontaneous growth of hurricane-like disturbances in the theory of convective
instability for a moist saturated atmospheric layer

Abstract. An analytical theory of the moist convective instability of the rotating thermally stratified viscous and
heat-conducting atmospheric layer is created [12,13,16,17]. A conventional parameterization scheme of the heat
source caused by the condensation latent heat release, similar CISC parameterization, is used. The theory may
be taken as a generalization of the classical theory of the Rayleigh convective instability for a case of the water
vapor phase transfers. The theory demonstrates the fundamental difference between the moist convective
instability and the Rayleigh instability: it is shown, that the instability region on the plane of the problem
parameters consists of two subregions, in the first one localized over the space “hurricane-like” structures have
the largest growth rate, and only in the second one — periodic over the space structures. The theory developed
describes a number of peculiarities in the dynamics of clouds, cloud streets and tropical cyclones. It destroys a
conventional opinion, that CISC and similar parameterizations can not lead to the development of the localized
structures of the tropical cyclones size.

Keywords: convective instability theory, moist convective instability, Rayleigh instability, conventional vortices,
hurricane, tropical cyclone.
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AJL Ka3zakos, x.¢p.—m.n., doy., E.B. UBaHoOBa, x.c.H.
Ooecckuil 20cy0apCcmeenHblll IKOL0SUYECKULL YHUBEPCUMen

UCIOJBb30BAHUE OJHOMEPHBIX MOJEJENA HNOIPAHUYHOI'O CJIOS
ATMOC®EPHI JUII OIEHKHA CE30HHOH W CHHOITUYECKOH
U3MEHYMBOCTH METEOPOJIOTUYECKHUX BEJUYUH B PAMOHE
OKEAHCKOM CTAHIIUH "'C"

AnHoTauus. [lpogedeno ucnvimanue pabomocnocooOHOCmMuU O0OHOMEPHOU HeCMAYUOHAPHOU OaApOKIUHHOU
Heaouabamuueckoti mooenu ¢ «b—I» zamvikanuem, ucnoavsys cneyuanusuposannsiti apxuse Haoiodenuil III'IIT
(0exabps 1978 —  nosabpes 1979 2).  [locmogepnocms  RONYYEHHBIX —Pe3yAbmamos paciema Nnpo8epsiach
KA4eCcmeeHHo U KOAUYECMEEHHO. NpU 6U3YANbHOM CPASHEHUU NPOCMPAHCMEEHHO-BPEMENHBIX PA3PE308 U
CEe30HHOU USMEHYUBOCU PAKMUYECKUX U PACCUUMANHBIX MEMeOPON0SULeCcKUX GeIUdUH U ¢ HOMOWbIO
cmamucmuyeckux mMemooog oopabomxu (kosgguyuenm xoppersyuu u paznuuus) coomeemcmeento. Ananus
MAako20 CpaeHeHus NOoKA3al OOCMAMOYHO Xopoulee Cco2lacue pacCYUmaHHulX U HabI00aemvlx nojetl
memnepamypbul, CKOpoCmu U HanpaeieHus 6empa.

KaroueBble cioBa: nozpanuunviii cioi ammocgepol, «b—I»— samvixanue, oonomepuas mooenv, sepupurxayusi,
2000601 X00, CMaAMUCMuYecKie XapaKmepucmuxu.

1 Baeaenue

CymiecTBytonme TpPEXMEPHbIE MaTeMaTHYECKUE MOJICTH OOIed M pPerMoHaIbHOM
IMUPKYJISAUU  aTMoc(epbl HE CIIOCOOHBI OINMUCATh MPOIECCHl, KOTOPhIE HMEIOT MAacIiTad
MEHBIINHN, YEM MPOCTPAHCTBEHHBIN IIAr MOJEJIBHOM CETKH MM yceueHue crekrpa. [loaromy
BO3HHMKACT MpoOJeMa ONMUCaHHWsS MPOIECCOB IMOJCETOYHOro Maciiraba [4], omHumu u3
KOTOPBIX SIBJIIIOTCS MpoIecchl B morpanudHoMm cioe atmocdepsl (IICA), u B 4acTHOCTH,
B3aUMOJICUCTBUSL C TOJCTUJIAIONEH TOBEepXHOCThIO. Pusmueckue mnpoueccsl B [ICA
UCCIIEIYIOTCSI METOJaMU MaTeMaTUYeCKOTO MOJAEIUPOBAHUSA C YYE€TOM pa3HOOOpas3us
dusnueckux (axktopos, koTopsie dopmupyot ctpykrypy IICA. Ham mpencrasmsiercs, 4to
MMEHHO OJJTHOMEpHbIE MOJIEJI MOTYT OBITh UCIIOJIb30BAHBI KAK MCIBITATEIbHBIN MOJUTOH IS
ornieHku padorocnocooHocTr Mozaenu [ICA u ee oTnenbHBIX OJIOKOB, BKIIIOYAIOIIMX B CEOs
pa3IUYHbIE CXEMbl MapaMeTpPU3alMy MPOLECCOB MOJCETOYHOro Maciutada MOCKOJIbKY HUX
MPUMCHCHUE OKa3bIBACTCSI JOCTATOYHO S(PPEKTUBHBIM W IKOHOMUYHBIM, YTO CBSI3aHO C
MPOCTOTON WX pealn3allii U MPOBEACHUS aHAJIU3a MOTYUYEHHBIX PE3yJIbTaTOB MO0 CPABHEHHUIO
C MHOTOMEPHBIMU MOJICTISIMHU.

OOBIYHO BepuQUKaAIUS MOJENCH TaKOTO pOJa BBHIMOIHSIACH C TOMOIIBI0 JaHHBIX
HAOMIO/IEHUI 3a BEPTHKAIBbHON CTPYKTYpOH B TEUYEHHE OT MOJYCYyTOK A0 CyTOK. Panee
[IMPOKO HCIIOJIb30BAUCh HAOOPHI SKCIEPUMEHTANBHBIX JaHHBIX B MEPUOJ IKCIEPUMEHTOB
"Typoynentaocts Benukux pasaun™ (O'Neil) moun Wangara (Australia) [1,3]. Y3 mocaeanux
nyOnuKanuii Ha 3Ty TeMy OTMeTHM [2], B KoTopoi omwmcanbl mcmbiTaHus Oosee 10 cxem
napaMeTpHu3aluu MOrpaHUYHOrO CJIOs, BKIOYas Mojaenu 1.5 ypoBHS 3aMbIKaHUs!, U3BECTHbHIE
kak wmomenmu "b-I" wm  "b-¢", nmnpenHasHaueHHBIC WM YK€ UCIOJIb30BAaHHBIC B
KPYITHOMACIITA0OHBIX MOJICIISIX aTMOC(HEPHI.

MpsI npeaniaraeM MpoBeCTH BepU(UKAIMIO M3BECTHOM MOENTU MOTPAHHYHOTO CIIOS C
"b-I" 3ambikaHueM [7] mpu ee MHTErPUPOBAHWU HA JJIUTEIbHBIN mepuos (LENbIi Tof), YTO
MO3BOJIUT PACCMOTPETh MHOXECTBO CHHONTHYECKUX CHUTyalldd W TPOBECTH aHaJIH3
MOJyYEHHBIX PE3YyJIbTAaTOB pPACUETOB B HMX CpPAaBHEHUU C M3MEPEHHUSIMH C TOMOIIBIO
CTAaTHCTUYECKUX METOJIOB.
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Hcnonvzoeanue 00HOMeEPHBIX MOOeell NOZPAHUYHO20 CNIOSL aMMOcepbl

BaxHo Tarke mMomuepKHyTh, 4TO Hamm Oyner peanmmsoBaH mnomxon JILH. I'yrmana um ero
yueHHKOB [8], mpu koTopoM (akTHuecku pemiaeTcs 3ajavya 0e3 HadaldbHBIX YCIOBHHA U
pelleHNe LETUKOM OIPEeIIeTCs] OBEJCHUEM OCHOBHBIX METEOPOJIOTMYECKUX BEIMYUH Ha
IpaHMIIAX pacueTHON 06IacTu.

Llenpto naHHOM pabOTHI SBISIACh KOMIUIEKCHAs TpoBepKa pabOTOCIIOCOOHOCTH
YUCICHHOH  MOJeNM  TOrPpaHUMYHOro  cjos  aTMocepbl € HCIOJIb30BaHUEM
CHELMATU3UPOBAHHOTO apXUBa JAHHBIX HaOJIOAEHUH B pailoHe okeaHckod craniuu "C" B
nepuos [lepBoro rimobanbHOro sKcrepuMenTa ¢ aekadbps 1978 mo nosops 1979 roxa [5].

2 IlocraHoBka 3axauu

Vcnonb30BaHHas HAMU MOJENb IPEJICTaBIisiia co00i OJHOMEPHYIO HECTAllMOHAPHYIO
HeaanabaTHIECKyI0 OapOKIMHHYIO MOJIENb, KOTOpasi BKIIIOYasia B ceOsl:

- JIBa YpaBHCHUS IBUXKCHU.

ou 0
- = w
ot 0z Yo, ot 0z yo,

- YpaBHECHHE IPUTOKA TEILIA!

O i e 0
E+uex+v6?y:—56?w+g,+gf,

- ypaBHEHME IIEpeHOCa Biaru:

a_q—_iq’w’_g
ot oz ar

3aMBIKAIOIIMMH YpaBHEHUSIMU ObUIM ypaBHEHMs OanaHca KUHETUYECKOW HHEpruu
TypOyJIEHTHOCTH M YypaBHeHue biekanapa [Uisi MyTH CMELIEHMs, a TakKXe COOTHOLICHMS
Koamoroposa:

d__ u'w’a—u+v’w’a—u +/1W'9\',—8—QM, | =
ot 0z 0z 0z

®z
1+ %2
|

rae z,t — BbIcOTa, BpeMs; U,V — COCTaBJISIONINE CKOPOCTH BETPA; O — ILIOTHOCTH BO3LYXa;
0 — moteHNMaNbHas TeMIeparypa; ( — MaccoBas J0Js BOASHOIO mapa; 6, — BUpPTyalbHas

NOTEHIMAJIbHAs TeMmieparypa;, P, Py — Tropu3OHTambHBIC COCTABISIONINE TIPAAUCHTA
nasieHus; Oy, Hy — TOPHU30HTAJbHBIE COCTAaBJAIOIIME TIpPaJUEHTa TEMIEpaTyphl,
b - kuHeTmyeckas dHeprusi TYpOYJICHTHOCTH; & — CKOPOCTh  JIHCCHUIIAIIUH;
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Sw =-Kg [E_ySJ — BEpTHKAJIbHBIC TYypOYJICHTHBIC MOTOKU WMIIYJIbCa, TEIUIa W BIIATH,
rmue S= {u, v,0, q} ; K - koaddumment TypOyJIE€HTHOCTH o BEPTHUKAIH;
7s :3,2-10_3 K/m - nmpotuorpaguenr, |, |, —mmna mnymm mnepememenus u - ero

ACUMNTOTUYECKOE 3HAYCHHE HA JOCTATOYHO OOJIBIIOM YJAJeHWH OT MOBEPXHOCTH 3eMIIH;
f ,A - napamerps Kopuonuca u miasyuectu; &, &f W &q — ¢a3oBBIC W paTUAIMOHHBIC
MOTOKU TeIUIa, MOTOK BJIard MpU TpaHcHOpMAIMK BJIard MpU KOHAEHCALUK BOASHOIO Iapa,
C, & — SMIIUPUYECKUE MMOCTOSTHHBIE.

B kadecTBe HaYAJBHBIX YCJIOBHIA 3a1aBaUCh (DakTHUECKHE TPO(HITN CKOPOCTH BETPA,

NOTCHLIUAIBHON TEMIIEPAaTyphbl, MacCOBOW JOJM BOJSHOIO Mapa B IOTPAHMYHOM CJIO€ Ha
00 CI'B 1.12.1978:

u:uo(z), v:vo(z), 0=00(z), q:qo(z), bzbo(z).

[TockonbKy B M3MEPEHUSX OTCYTCTBYIOT JAHHBIE IS bO(z), TO JUIsl TIOJIyYE€HUS €ro

BCPTUKAJIBHOI'O paCHpCACIICHUA HaMU OBLI UCIIOJIb30BaH CTaHHOHapHBIﬁ BapHUaHT MOIACIIU C
T'paHUYHBIMHA YCJIOBHUAMHU HA MOMCHT BPECMCHU t=0.

I'paHnYHbIe YCI0BHS 33JaBAIMCH HA TPEX YPOBHSX:
1.
Ha YPOBHE MOPS™ .

b
u=v=0, K—=0, 0 = Ogeq (1), qzqmax(é’sea, Psea)'

Ha yposne 7 =N

Khz—s _ th—s S S
z z=h-0 z z=h+0

by = (at kn /)"

z=h-0 a z=h+0’

Kunernyeckass sHeprusi TypOYJEHTHOCTH Ha JaHHOM YPOBHE pacCUHMTHIBAlIAch B
3aBUCHUMOCTH OT Kod((uimeHTa TypOyJEHTHOCTH, MOJYYCHHOTO W3 TCOPHH TMOJOOHS s
IIPU3EMHOIO CJIOS.

Ha eepxneli epanuye Z =H:
u=uy(t), v=vy(t), O0=64(t), gq=ay(t), b=0,

T.€. 33J1aBAUCh (haKTUUECKUE BPEMECHHBIC U3MCHEHHUSI BCEX METCOPOJOTHUSCKUX BEIMUYKH, a
TypOYJIEHTHOCTS I10JIarajach paBHOU HYIJIIO.

[Tapamerpu3anysi CJ0si MOCTOSIHHBIX IOTOKOB OCYIIECTBIISUIACH C HCIIOJIb30BAHHEM
U3BECTHBIX MOJIOKEHUI Teopuu noaooust Monnna—O0yxoBa [9].

! IpuHEMAaNOCh YCIOBME NPHIMIAHHS JUIS COCTABJISIOIMX CKOPOCTH BETpA; TEMIIEPaTypa Ha IOBEPXHOCTH
OKeaHa 33/1aBajlach 10 (PaKTHYECKUM JaHHBIM; MaccoBas JOJI BOASHOIO Iapa pacCUUTHIBAIACH IO (GopMmyJe
Marnyca; TOTOK KHHETHYECKOH YHEPTHH TypOyJICHTHOCTH IPHHNUMAJICS HYJIEBBIM.
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B nmanHOl Monmenu mapaMeTpU30BaliMCh TaKKe Mpolecchl (a3oBBIX MpeBpalieHuin
BJIarM, IOTOKH  COJIHEYHOM  KOPOTKOBOJHOBOM W  JUJIMHHOBOJIHOBOW  paJHWaluu,
JIOTTOJTHUTEJIBHBIC IOTOKHU TEIIa 3a CUYeT OPBI3roOBhIX 001aKkoB [7].

B uncieHHbIX 3KCIepUMeHTax ObLIO MPUHATO, YTO BEPXHSAS TPAHMIIA CIIOSI TOCTOSTHHBIX
notokoB h =50 M, Beicota pacuetHol obxacti h=2000 M, mar no Beprukamu AZ=50M u

o Bpemenu At =3600cC.

O,Z[HOMCpHBIe MOZACIM TpeAnojararoT ropu3oHTaJIbHYI0O OJHOPOAHOCTb B I'pPAaHHUYHBIX
YCIOBUSIX M TMOdy4yaemblx pemeHusx. OpHako, 3TO 3aMeTHO OOeqHSeT MoJdy4yaemble
pe3yspTaThl, OCOOGHHO B YypaBHEHHMH MpHTOKa Teruia. [losTomMy MBI, ciemyst Moaxomy
JI.H. T'yrmana [8], yuiau mapamMeTpHuecKH TOPU30HAIBHYIO aIBEKIIHI0 TEMIIEPATyphl B BHUJIE
cllaraeMbIx:

060 06
Uu—+v—.
OX oy

["opu3oHTaIbHBIE TPAIUEHTHI TEMIIEPATYPhl OLEHUBAIKCH 110 (hOpMyJIaM TEPMHUECKOTO
BETpa B IPEATOJIOKEHUN OIM30CTH PEabHOTO BETpa TeocTpopuIeckoMy B BEpXHEW dacTh
norpaHudHoro  cios. COOTBETCTBEHHO  BKJIIOYAJICS W TMEPEMEHHBIH IO  BBICOTE
TOPU3OHTAIBHBI ~ TPAaJUeHT  MAABJICHUS, IEPECUUTHIBEMBII 1O  Te0CTPOPHUECKHM
cooTHoIeHusiM. B paborax [8,9] momuepkuBasoch, YTO KCIOJIb30BAaHHE MOCTOSIHHOTO IO
BBICOTE BEPTUKAIBHOTO TPATUEHTA FeOCTPOPHUECKIX COCTABIISIONINX BETPA HA BCIO TOJIIUHY
MOTPAaHUYHOTO CJI0Sl HEXKENATENbHO, MOCKOIBKY MPOIECCHl IMHAMHUKH CBOOOAHOM aTMocdepsl
OTJIMYAIOTCSL OT TEX, YTO MPOHMCXOAAT y TMOBepXHOCTH 3emuu. Kak M3BecTHO, BKIIOUCHHE
a/IBEKTUBHBIX J100ABOK B SKMAaHOBCKOM IOTPAHUYHOM CJIO€ 1I€JIECO00pa3HO JeNaTh TOJIBKO B
CpemHEl W BepxXHEW 4YacTAX MOTPAaHWYHOTO CJIOs, HE Hapylas TakuM o0pa3om
(byHIaMEeHTaJIbHBIX OCHOB T€OpUH JKMaHa—AKepOIoMa.

Hamu ObLTM BBITIOJTHEHBI OTAEIBHBIC SKCIIEPHUMEHTHI HAa JBYXMECSYHOM IIEPHOIE C
LEeJbI0 BbIOOpa ONTUMAIBHOIO crnoco0a 3alaHusl BEPTUKAIbHBIX I'PAJMEHTOB a/BEKIUU U
TOPH30HTAILHOTO TpajueHTa JaBieHus. Ha WX OCHOBaHMM HaMW OBUT TPEIIOKEH JUIS
MOCTIeIYIOIEro MOACTUPOBAHUS CIEAYIOUIMH BepTUKAIbHBIN NpOo(UiIb. TOPU3OHTAIBHBIE
TPaJMEeHTHl TEMIEPaTyphl CUYUTAINCh HEM3MEHHBIMU 10 BbicoTe B cioe 1000-2000 m, a ot
1000 m 10 O M — nuHeiHO yObIBanu 10 HyJs. ['eocTpoduueckuil BeTep Ha KaXJa0M YpPOBHE
PaCcCUUTHIBAJICS B COOTBETCTBHHU C 33JJaHHBIM BEPTHKAIBHBIM MPOQHIEM IMepernansa CKOPOCTH
¥ U3MEHEHUSIM TOPU30HTAIBHOTO TPAJHEHTa TEMIIEPaTYPHI.

B pa6ote [7] Oblia mosydeHa OIEHKAa B CPEIHEM BKJIaJa TOPU30HTAJIBHON aBEKIHH
temriepatypbl. Kak u mpeamosnaranock, CyMMapHBIH BKJaJ OKa3ajlcsi 3a IBYXHEACTbHBIN
NEepUoJT HE3HAYUTEIbHBIM. MBI, YUUTBIBAsA, YTO AJBEKIHS B OTKPHITOM OKEaHE MOXET UMETh
KOMITEHCAIIMOHHBIM XapakTep, MPOW3BOIWIN OLEHKY BIHSHUS aJBEKTHBHOTO (akTopa Ha
OCHOBAHUU CPABHEHHUS TMOBTOPSEMOCTH PACCUMTAHHBIX U M3MEPEHHBIX METEOPOJOTHYECKUX
BEJINYMH B PA3ITMYHBIX YACTSIX MOTPAHUYHOTO CIOSI.

3 AHAaJM3 YHCJIEHHBIX IKCIIEPHUMEHTOB

O6miee Bpemst mozaenupoBanus coctaBmio 8760 wacos (365 mueit). Ilo pesynbraTam
MOACIINPOBAHUA, B YaCTHOCTH, 6LIJII/I NOJIYUCHbI BPCMCHHBLIC HU3MCHCHUSA TCMIICPATYPhI
BO3/IyXa M CKOPOCTH BETpa B pa3HbIe Ce30HBI roja. [IpuBeneM GparMeHT MpoCTpaHCTBEHHO-
BPEMEHHBIX pPa3pe30B (PAKTUYECKHMX M PACCUMTAHHBIX TEMIIEPATyp M CKOPOCTH BETpa 3a
nepuo suBapb-heBpans 1979 r. (puc.l). BusyasabHbIi aHaau3 pacCUNTAaHHBIX BEPTHKAIBHBIX
pacnpeneieHnid METEOPOJIOTHIECKUX BEIUYHMH IOKAa3ajl, YTO MPOCTPAHCTBEHHO—BPEMEHHBIC
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paspesbl, MOCTPOEHHbIE MO JAHHBIM HAOMIOJEHUN U pe3yJbTaTaM pPacyeTOB IOKa3bIBAIOT
3aMETHO€ CIJIAKMBAHHWE TIOCJIEIHHUX, HO C COXpaHEHHWEM IO BBICOTE TIEPHOJOB
HOBBIIICHUS/TIOHKSHHUS TEMIIEPAaTyphl M yCUIIeHHs1/0cIabIeHUs] CKOPOCTH BETpa.

(a) (6)
ELICOTA, M EbLICOTa, M

2000 2000

1800 1800

1800 1500

1400 1400

1200 1200

1000 1000

s00 E00

00 &00

400 400

zo0 200

O %0 séo 600 ©40 1050 1520 120 30 €00 540 1050 1320

2000 e
kL 1800
Uil 1800
1400 1400
LSl 1200
1000 1000

800 500

00 e O

400 400

200 0D

120 =360 €00 S40 1080 1320 120 aég L e e e e
EpemMA, Hackl EpemMA, Hackl

(8) (r)

Puc. 1 — TIpocTpaHCTBEHHO-BPEMEHHBIE ~ CEYCHHUsT  (PAKTHUCCKUX  (BepXHHE IMOJsL) U
paccuMTaHHBIX (HIDKHHE T0JIs) TOJIeld TeMIepaTypsl (JeBas MOJOBHHA PHCYHKA) U
cKopocTH BeTpa (paBasi IOJIOBHHA PUCYHKA) B TeueHUe siHBapsi-(espas 1979 r.

CreneHb COTIACOBAHHOCTH PE3YJIbTaTOB pacueTa ¢ (DaKTHUECKHMMHU TAHHBIMH MOJKET
OBITH OILIEHEHa IyTeM pacdera Kod(p(HUIMEHTOB KOPPEISIUN U Pa3IHuUs MEXTYy KPUBBIMU
HOBTOPSIEMOCTH TEMIIEPAaTyphl M CKOPOCTH BETpa 3a OT/CIbHBIC CE30HBI MM BeCh ron. B
tabnuie 1 mpuBeIeHbl pe3yibTaThl TAKOW CTATHCTUYECKOW OOpabOTKH TOOBOW BBIOOPKHU
METeOpOJIOrniyecKknx BenuuuH. KodhuumeHTsr Koppensiuu A TeMmIepaTypbl MOYTH Ha
Bcex ypoBHsax Oombme 0,80, m Tompko Ha ypoBHe 500 M oH cHumxkaercs no 0,78.
Koahdumnments pa3nuuus uis paccMaTpUBaeMOM BEJIMYMHBI HA BCEX YPOBHAX MEHbBIIE WIIH
paBubl  0,20. CpaBHeHHE KpHBBIX MOBTOPSIEMOCTH TeMIeparypsl Bo3ayxa (pwuc. 2a)
nokasbiBaeT, uTo Ha ypoBHe 200 M paccunTaHHBIE TEMIIEpATyphl HECKOJIBKO 3aBBIIICHBI, a HA
ypoBHsix 500 u 1000 M momydyeHa HEIOOLEHKA HU3KUX M BBICOKMX TeMIepaTyp H
MEePEOIICHNBAHNE B CEPEIMHE HAMa30Ha. ITO CBOMCTBO MposBisieTcs W Ha ypoBHe 1500 M,
HO ciabee.
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Tabnuna 1 —Koshdunumentsr koppemsiuu  (BepxHee 3HaueHHE) | pasauuns (HUXKHEE
3HAYCHHE) MEXIY (PAKTUUECKUMHM M PAaCCUUTAaHHBIMH TEMIEpaTypbl BO3AyXa H
CKOPOCTSIMH BETpa IS TOJ0BBIX BEIOOPOK HA Pa3IMYHBIX BBICOTAX.

r v
200 m 500m | 1000m | 1500 m | 200 m 500m | 1000 m | 1500 m
0.83 0.78 0.81 0.90 0.67 0.72 0.81 0.87
0.15 0.20 0.16 0.11 0.17 0.16 0.10 0.11

Koadduuuments! xoppensiuuu A CKOPOCTH BeTpa Ha Bcex ypoBHsAX Oonbmie 0,70,
kpome ypoBHs 200 M. Koaddunmentsr pazmmuus wsmensitores B [ICA or 0,10 mo 0,17,
T.€ COTJIACHE B KPUBBIX HECKOJIHKO YMEHBIIIACTCS HA HUKHHUX YPOBHSX. B TOJOBBIX KPUBBIX
TIOBTOPSIEMOCTH JUISI CKOPOCTH BETpa JIydlllee COTIache IMOMYyYeHO U CpeIHEeW M BepXHEU
gacteld [ICA. B HmKHEH 9acTH MOTPAHUYHOTO CIOSI aTMOC(hephbl MPOUCXOIUT 3aHIKECHUE
ckopocreii Betpa (puc. 20).

KpuBble TOBTOPSAEMOCTH HaIpaBiicHHsT BeTpa (puc. 2B) 3a BeCh TOJ MOKa3aJid OYCHb
XOPOIIYIO COMNIACOBAaHHOCTh B BepxHel yacTu [ICA u HECKOIBKO XYK€ B HUYKHEH €ro 4acTH,
rae pacxoxaeHust coctaBmwin 22 (6 %) u 20 (5 %) ciyuaeB mpu BOCHPOHM3BEACHUU FOTO-
3aMajHOTO M CEeBEepO-3alaHOTo BETpOB, cooTBeTcTBeHHO. Ha ypoBHe 500 M HemooreHka
YacTOTBl CEBEPO-3aMaJHbIX BETPOB yBeIWYHMBaeTCs 10 [/ %, HO BBIIIE OHA IMOCTETIEHHO
YMEHBIIIAETCSI.

HHTEepecHO TaKke pacCMOTPETh TOI0BOE MOBEICHUE METEOPOJIOTHUCCKUX BEIMYUH HAJI
OKEaHOM Ha pPa3HBIX YPOBHSIX B CPABHCHUU C HaOJIIOIeHUsIMU. Ha puc. 2r npuBeIeHbI KPUBBIE
TOJIOBBIE X0J/1a TeMIIepaTyphl MO HAOIIOACHUSIM U pacueraM B pa3Hbix yacTsax ['IIHA. Mozaens
BOCCO3J1a€T KJIACCHYECKUM TOJAOBOM XOJ TEMIIEpaTypbl C YBEIMYEHHEM AaMIUIMTYIbl C
BBICOTOM M JAEMOHCTPHUPYIOT MPEKPaCHOE COIVIaCOBaHUE C JaHHBIMU HaOmoneHuil. ['ogoBoit
xo1 ckopoctu Betpa (puc. 21) mokaspiBaer, uro Ha ypoBHsAXx 200 u 500 M mpowmcxogut
3aHIDKEHUE pPACCUMTAHHBIX 3HAUEHUH 10 CpaBHEHUIO ¢ u3MepeHusiMH. Haubonbias
a0COJIFOTHAS TOTPENIHOCTh COCTABJIsIeT BeMUUMHY He Oonbiie 4 m/c (mexaOpb), koTopas ¢
yBEIMUEHUEM BBICOTHI yMeHbIaerca, u Ha ypoBHe 1500 M oka3eiBaeTcsi He Ooree,
yeM 1,5 m/c.

[lpencraBnsioT  WHTEpEC  TakKXKEe  OICHKH  BOCIPOW3BENEHHS  BEPTHKAIBHBIX
TypOYJIEHTHBIX TOTOKOB B TMPHBOJHOM CIIO€, MOCKOJIbKY IMapamMeTpu3alus MMOTPAHUIHOTO
ciost armMocepsl B MOZENSAX OOIICH IUPKYJISIHAW ONpPEIENseTCsl TJIaBHBIM 00pa3oM
YCIIEUTHOCTBIO BOCHPOM3BEACHUSI AITHX NOTOKOB. Ha puc. 3 mpuBeneH Ce30HHBIA X0
OCPEJIHEHHBIX 3a MECSIl 3HAYCHUI IMHAMHYECKOH CKOpPOCTH (), TypOYJIEHTHBIX MOTOKOB
sBHOTO (0) ¥ ckpbiTOro (B) Temia, paCCYMTAHHBIX C MOMOIIIBIO OJHOTO U TO ke bulk-meTona
[6], HO HabOmiogeHHBIE 3HAauYeHHs BenuumH Oepyrcs ¢ 10 M, a paccumranubie — ¢ 50 M.
lonoBo#i XxoA MTUHAMUYECKOW CKOPOCTH IO JIaHHBIM PacueTOB BOOOIIE MOBTOPSET T'OJ0BOE
pacnpeneseHie TUHAMHYECKOW CKOPOCTH 1O JIaHHBIM HaOIIOJCHHWW, HO C 3aHIKCHHEM,
0COOEHHO 3HAUMTENBHBIM B TMPEA3UMbe W Havaje 3UMbL. [lodydeHHOe pacxXoKIeHHe
MpEONPENELICHO 3aHIKECHUEM B MOJIETIM CKOpOcTel BeTpa B HIbkHel yactu [ICA B TeueHue
roga. Ce30HHBIA XOJ PACCYMTAHHOTO IMOBEPXHOCTHOTO TYypOyJE€HTHOTO TIOTOKa Tera
XapaKkTepu3yeTcs OOJBIIYI0 YacTh roja JyYIIMM COTJIACOBAHHUEM C IOTOKaMH 10 JaHHBIM
HaOmoeHnii. OCHOBHBIC PACXOKACHUs KacaroTcsi 3uMHero (exkadpb) u oceHHEero (OKTsO0pb)

MaKCHMyMOB U He mipeBbimaet 20 BT/ M2 . OHHU cBsA3aHBI C TEM, YTO MOJIEIL BOCCO3HAET B

Hwkael yactu [IIIA atmocdhepsl B jaHHBIE MecsIbl 00Jiee HU3KYIO TeMIIepaTypy, 4YeM OHa
Obuta Ha camoM jene. Ce30HHbIE pachpesieleHus] MOBEPXHOCTHOTO TypOyJIEHTHOTO MOTOKa
CKPBITOTO Temia MO (aKTUYECKUM UM PACCUYUTAHHBIM JAaHHBIM XapaKTePU3YIOTCS TOUYTH
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TaKUMH K€ OCOOEHHOCTSIMHM, KaK M KpHBBIE IOTOKa SIBHOTO Teruia. OTHOCUTEIbHAs
HOTPEIIHOCTh B IMOTOKax He mpesblmana 25 %. Jletom Habmiogaercs M3MEHEHHE 3HAKa
MOTOKA TEIUIa, KOTOPbII 00ecrieunBaeT NepeHoc TeIia OT aTMOC(eEpPhl K OKeaHy, HO B IIEJIOM
HaJl aKBATOPUEH INPEBAIMPYET IIOJOKUTEIbHBIA IIOTOK, HANPABICHHBIM M3 OKEaHa B
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BeyinunH (2) — (B) — MOBTOPSAEMOCTH Pa3IMYHBIX JUANa30HOB BenwuuH, (r)— (1) —

TOI0OBOM XOJI BEJINYHH.
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Puc.3 - T'omoBoif XOA MPUIOBEPXHOCTHBIX BEPTHKAJIBHBIX TYpPOYJCHTHBIX IOTOKOB.
Cxopocts TpeHus, V, (a), sBHBIE Py (0) m ckpeiTeiii moToku Temma LEg (B).

Croniseie KPHUBBIC — C MHCIIOJIBb30BAHUCM JaHHBIX Ha6JIIO[[€HI/II71, IIYHKTUPHBIC
KPHBBIC 110 paACCUYUTAHHBIM 3HAYCHUAM B MOJCJIH.

Xopoiiee  coracue  MEXAy ~ MOTOKAaMH  TeIula  BO3MOXHO  OOBSCHSETCS
UCIIONB30BaHMEM B pacueTax HCIOIb30BAaHHEM OIMHAKOBOW TEMIEPAaTypbl MOBEPXHOCTHU
OKeaHa MO JaHHbIM u3MepeHuil. CKOpOCTH BETpa Ha HW)KHHMX YpPOBHSX MOJENIU ObLIU
3HAYUTENBHO 3aHWKEHBI, MOITOMY BEPTHUKAIbHbIE TYpOyJIEHTHBIE MOTOKH KOJMYECTBa
JABHXKCHUS TaKXKE OKa3aJIMCh 3aHNKCHHBIMU.

4 BbIBOABI
B pe3ynbrare BBIMOTHEHHOTO UCCIEA0BAHUS ObLIN ClIETIaHbl CIICTYIOIINE BHIBOIBI:

1. omuomepnas momenb IICA ¢ ““b-I” 3ambikanmeM mOKa3aja YCTOWYHBBIA CUET MPHU
MOJEIMPOBAHUN MHOXKECTBA TEPMOJUHAMUYECKAX CTPYKTYD,
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Use of one-dimensional models of the atmospheric boundary layer for the estimation of
seasonal and synoptic variability of the meteorological values in the region of
the “‘C’ ocean station

Abstract. A test of efficiency of the one-dimensional non-stationary baroclinic non-adiabatic model with
“b-I""-closure works, using the special observational archive of FGEW (December 1978 — November 1979), was
carried out. Reliability of the received results was verified qualitatively and quantitatively: comparing visually
the space-time sections and the seasonal behaviour of the fact and calculated meteorological magnitudes and
with the statistical methods (the correlation and difference coefficients) accordingly. Such comparing analysis
has showed the good agreement between calculated and observed air temperature, wind speed and direction
fields sufficiently.

Keywords: atmospheric boundary layer, ““b-I"—closure, tone-dimensional model, verification, annual
behaviour, statistical characteristics.
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PE3YJbTATbI UUCJEHHBIX SKCIHEPUMEHTOB C MOJEJBIO OIIA IO
MN3YUYEHUIO BJIUSTHUS OCOBEHHOCTEM MNOJCTUJIAIOIIEN
MNOBEPXHOCTH B KPYIHBIX I'OPOJAX HA CPEJHIOIO TEMIIEPATYPY
MPU3EMHOI'O BO3/IYXA

AHHOTAIMS. B cmamve nposooumcs ananu3s 4y8CmeumensHOCmuy Mooenu obuell Yupkyiayuu ammocgepst K
UBMEHEeHUIO C80licME NOOCMUNAIOWell NOBEPXHOCU 8 PeCUOHAX KPYRHellwux eopooax mupa. Iloxkasano, umo Ha
onpedenienHol Yacmu cyuwu yuem o0coOeHHOCmell 20pOO0CKUX Meppumopuii npugooum K HPUOIUIHCEHUIO
memnepamypuvl npu3emMHo20 8030yxa K Kwumamy. B mou uacmu, 20e nooobunozo pesyrvmama He yOaiocCh
RONYYUMb, NPeONnonazaemcs 8 OaNbHeltueM UsMEeHUMb UCNOIb308AHHYIO0 MOOETb 20P00d.

KuaroueBsie ciioBa: moodenv OL[A, uucnennvie 3Kcnepumenmsl, Yy8CmMeUmMenbHOCHb Mooeiu, Modelb 20pood,
MmeMnepamypa npu3emMHo20 6030yxd, OCmMpos8 menia

1 Bseanenmue

[TpuHATO CUMTATh, YTO OCHOBHBIMH aHTPOIIOTEHHBIMU (DAKTOPAMHU BIUSHUS HA KIAMAT
SIBIIIOTCS U3MEHEHNE ra3oBOro cocTaBa aTMocdepsl " MHTEHCUBHOE
3emuenionb3oBanue [2,3,10]. Haubonee sipkuM mposiBICHUEM H3MEHEHHS 3€MIICTIONb30BAHMUS
ABIISIFOTCSI OouiblIMe ropoja. B HUX aHTponoreHHoe BIMSIHUE JOJKHO MPOSBIATHCS Haubosee
spko. C Opyroil CTOpOHbl M3MEHEHHUS KJIMMara MOTYT 3aMETHO BIMATH Ha pa3BUTUE U
9KOHOMMKY F'OPOJCKHX arjoMeparui.

XoTs B JuUTEpaType MMeeTCsl psi MyOJUKaluid, MOCBSIIEHHBIX BIMSHUIO XapakTepa
3eMJICTIONB30BaHMsl Ha BapHallMU KIIMMAaTa W YACIICHHBIH MPOTHO3 TOro/ibl [Hampumep, 7,8,9],
IPEJCTABISIETCSl MHTEPECHBIM C IOMOLIBI0 YHCIEHHOTO MOJEIMPOBAHUS BOCIIPOU3BECTH
pEaMCTUYHOE BIIMSHHUE TEPPUTOPHUM, 3aHATBHIX KPYNHEWIIMMHU TOPOJAMH MHpA, OLICHWUTH
CTENEHb BO3MOYKHOTO BO3JEHCTBUS KpPYMHEHMIIUX TOpPOJOB HAa XapaKTEPUCTUKU 0OIIei
UPKYJIAIMU atMocdepsl. JTa 3a1a4da U OblIa MMOCTaBJICHAa HaMU B JaHHOHU pabote. Ilepen
ONHCAaHUEM YCJIOBUH NPOBEIEHUS UHUCIECHHBIX SKCIEPUMEHTOB, B IyOJUKAIMM KpaTKO
00Cy’K/1aeTcst BOIPOC O TOM, HACKOJIBKO HHCTPYMEHT MCCIIE0BaHMs (BepcHsi MOJENN 00mei
mpkyauuua - atmocepsl  ['mppomernentpa Poccum ¢ OTHOCHTENBHO — HEBBICOKUM
IPOCTPAHCTBEHHBIM pa3pELICHHEM) SBISCTCS MPUTOJHBIM HHCTPYMEHTOM JUIS HM3YYCHHUS
JAaHHOTO BOIIpOCa.

2 JlaHHBIE H METObI

Jliist iiccneioBaHUs BO3MOYKHOTO BITHSIHHSI OCOOCHHOCTEH MOCTHIIAIONICH TTOBEPXHOCTH
B TOpoJlax Ha XapaKTEPUCTUKU LUPKYJANUUA aTMOc(epbl ObUIa MpOoBEIeHA CEpHsl M3 CEMU
9KCIIEpUMEHTOB ¢ Bepcueir momenu 142L15 (42 rapmonuku, 15 ypoBHEH 1O BEpTHKAIIH)
I'uapomernientpa Poccuu [1], Tpu ©3 KOTOPBIX PACCUMTHIBAIMCH Ha JICCATHIICTHE
(1979 -1988 rr.), ocTansHbie — Ha 2 rona (1979-1980 rr.).

B  kadectBe wmmocTpanM  MacmTaba  BIMSHUS TOpoJa HAa  HEKOTOpbIE
METEOpOJIOTUYECKUE NTapaMeTpbl Ha puc. 1 Mbl puBOIUM sipkue (oTorpadguu co cryTHHKA
Modis, 3aumctBoBaHHBbIe W3 [11] must TlekuHa, HA KOTOPBIX MOKHO BHJETh, YTO MATHA
ocoOeHHOCTEl B anb0eqo U W3NydaTenbHOM crocoOHocTH IleknHa uMEIOT Auamerp
nopsinka 50-100 km.
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[To aHanorMyHBIM CHUMKaM OCTPOBa TeILIa U AJIS IPYTUX KPYMHEHIINX rOpoJ0B MHPA,
BBIOpaHHBIX I HAIIMX OKCIEPUMEHTOB, MMEIOT HE MEHbBIIHWE, a YacTo W OOJbIINe

2001 MODIS__Ski 2001

T TR E R Y

Puc. 1 — Bepxuwii psg — tremneparypa nmosepxaoctu (K) wag [TekuHOM 10 JaHHBIM CITyTHHKA
MODIS [11] B nueBHOe Bpemst (cineBa) u B HOYHOE BpeMs (cmpasa) B urosie 2001 r.
Hwxkuuit psag — ansbeno mosepxuoctu (ciaesa) B mtoiae 2001 r. u usmyyareapbHOR
cniocobHoctH (cripaBa) B [lexune B Hosi0pe 2001 .

MacmTaObl. CremoBaTebHO, MOXHO MPEANOJIOKUTh, YTO C TIOMOIIBIO MOJETH C
MPOCTPAHCTBEHHBIM pa3pemieHueM npuonuzuteabHo B 280 KM BO3MOXKHO CMOJEITHPOBATH
nogo0HbIe 0coOeHHOCTH. KpoMe Toro, cumTasi, 9TO MpOCTPAaHCTBEHHOE Pa3pEIICHHE MOJETH
BCE K€ MOXET ObITh HECKOJIBKO TPYOBIM TSI 33/1a4 aJICKBATHOTO OMUCAHMSI BIUSHUS TOPOJIOB,
MBI BBOJWJIM TapaMeTPhbl, CBOWCTBEHHBIC TMOJCTHIAIOIICH MOBEPXHOCTH TOPOJCKHUX
TEPPUTOPUH, HE PABHBIMH WX peaJbHBIM 3HAUEHUSM, a MCEHBIIUMU C KOIPPUIHUCHTOM
MIPOTIOPITUOHAIBHBIM COOTHOIIIEHUIO MEXAY peadbHOM IUIOMAAbI0 Topoja W ILIOMIAbI0
COOTBETCTBYIOIICH €My sYCHKHM B MOJENH. B nanbHeWIeM IUTaHUPYeTCs MPOBECTH CEPUU
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JKCIIEPUMEHTOB ~ C  PETUOHAIBHBIMM  INPOTHOCTHYECKUMH  MOJEISAMH  BBICOKOTO
IPOCTPAHCTBEHHOT'O Pa3pelIeHus Ul ONpeeNieHHsT MaclITabOB paclpOCTPAHEHUS BIMSIHUS
ropofoB Ha atMocdepy.

Onucanue MOAEIN U OCHOBHBIE PE3YJIBTAThl PA3IIMUYHBIX YNCICHHBIX YKCIIEPUMEHTOB C
Hell MyOJIMKOBAIKCH B psijie cTareil [4—6]. Pe3ynbTaThl BceX IKCIIEPUMEHTOB CPABHUBAIUCH C
TaK Ha3bIBAEMbBIM «0a30BbIM» IKCIIEPUMEHTOM («5»), B KOTOPOM OTCYTCTBOBAIN BO3MYILCHHUS
CBOMCTB IMOJCTUIAIOIIEH MOBEPXHOCTH. XapaKTEPUCTUKU NPOBEIACHHBIX B JAHHON paboTe
SKCTICPUMEHTOB MPUBEICHBI B Ta0wuIe 1.

Tabmuna 1 —®dusnyeckre XapaKTePUCTUKU TOACTHIIAIONICH TOBEPXHOCTH B  KPYIHBIX
ropoJiax Juist pa3aIu4HbIX SKCIIEPUMEHTOB.

Anp0eno
Temmepatypa o
Okcnepu- | IllepoxoBaTocTh Temmeparypa Ha rIyOuHe HoACTRIATOmIEN
' | TIOBEPXHOCTH, MOBEPXHOCTHU O€3
MEHTHI (20) 10m,
(Ts) CHEra u anp0eio CHera,
(Td) (s o)
S, CH
b Z0 Ts Td s Oez=0.8
TO1 Z0x2 Ts Td s, Oex=0.8
T02 Z0 x2 Ts+3 Td+1,5 s, Ocy=0.8
TO3 Z0+10 Ts Td s, Ocy=0.8
T04 Z0+10 Ts+1 Td +0,5 os, Oci=0.8
TO5 Z0+10 Ts Td os=0,18, a.=0,4
T06 Z0+10 Ts +1 Td +0,5 os =0,18, a.,=04

Bce akcnepuMeHTBI MPOBOIWINCH corylacHo mpoTtokoiny AMIP  (Atmospheric
Intercomparison Model Project) — mpoekra no cpaBHeHHI0 Mojesel. Bo Bcex skcrepuMeHTax
TEMIIepaTypa MOBEPXHOCTH OKEaHa 3a/aBajach B COOTBETCTBUHU C JaHHBIMU HaOJIOICHUH,
MHTEPIIOIMPOBAHHBIMUA Ha CETKY MOJENH, KOHLEHTPALUs YTIIEKUCIOrO ra3a HE MEHSIAach U
oporpadusi COOTBETCTBOBaJIa TPEOOBABIIMMCS MTapaMETPaM.

Jns mpoBeneHHus SKCIEPUMEHTOB MO BIMSHHUIO KPYHMHBIX TOPOAOB HA IHMPKYJISALUIO
aTMocdepbl B TOYKAaX CETKHM MOJAETH, COOTBETCTBYOmMX 20 KpyMHEHIINX TOpoIoB MHUpa
(cm. Tabm. 2) B cooTBeTcTBUH ¢ Tabda. 1 MeHSUIMCh  (PU3HYECKHE XapaKTEPUCTHKH
MOACTWIAOIIEH TOBEPXHOCTH.

3 Pe3yabTaThl
[Ipu aHanM3e SKCIEPUMEHTOB OCHOBHBIMH 33/1a4aMH SIBIISUIOCH:

1. ompeneneHue YyBCTBUTEIBHOCTH MOJEIU K HW3MEHEHHIO CBOMCTB MOACTUJIAIOLIEH
MMOBEPXHOCTU B KPYITHBIX FOpOAaX;

2. OlLIEHKa BO3MOXXKHOTO NMPHOIMKEHHUS PE3yIbTaTOB MOJCINPOBAHUS K STAJIOHHBIM JaHHBIM
IIPU UCIIOJIb30BAHUU TAKUX MPOCTHIX CXEM ydeTa 0COOEHHOCTEH rOpoI0B.

Jlist aHanuM3a 4YyBCTBUTENBHOCTH MOJIETM K W3MEHEHUIO CBOWCTB TMOJCTHIIAOIICH
MOBEPXHOCTH B  Meramojucax ObUIM  paccuuTaHbl — ocpeaHeHHble 3a 10  jer
(oxcniepumentsl b, TO2 u TO7) u 3a 2 roga (ocTanbHBIC SKCIEPUMEHTBI) Pa3HOCTH MEXITY
TEMIIEpaTypold TPHU3EMHOTO BO3AyXa H oOcajgkamu. Pa3sHocTHm ObUIM HaWIEHBI IS
ICHTPAJILHBIX MecsieB ce30Ha (peBpaib, anpesb, Hi0Jb, OKTSIOPh). OTMETHM, YTO B CPEIHUX
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HOJAX JJIS BCETO TO/a XapaKTEPHbI BECbMa OOIIMPHBIE OOJACTH C TIOJIOKUTEIBHBIMH U
OTPHLIATEIbHBIMU PA3HOCTSAMU Temreparypbl Oonee 1-2 rpamycoB. CoriacHO pacyeram
OCHOBHAsl 4acTh Pa3HOCTEH CTaTHUCTHUYECKH He 3HaumMa yke Ha 90% ypoBHe. DTOT GakT HE
MO3BOJISIET CeNIaTh KaKUX-TH00 00OOCHOBAHHBIX BBIBOJOB KAaCAaTEIbHO MX MPUPOIBI, OJHAKO
OCTaBJISIET BO3MOXKHOCTH CPaBHHUTh MEXAy CO0OW «0a30BBI» H «BO3MYIICHHBIN»
HKCIIEPUMEHTHI. MBI HE TIPUBOJIUM TAKXKE B CTAThe MOJIEH pa3HOCTEH B OTIENbHBIC TO/bI, HO
CTOMT 3aMETHUTh, YTO MX CTPYKTYpa 3aMETHO MEHSIACH.

[Tons cpenHUX pa3sHOCTEH OCAAKOB B IICHTPAIBHBIC MECSIIBI CE30HOB UMEIOT SUYEUCTYIO
CTPYKTYpPY, W BBIJICJICHHE KOHKPETHBIX OOJAacCTe €O 3HAYUMBIMH HM3MEHEHHUSMH CPEIHUX
ocajiKkoB 3aTpygHUTeNbHO. Ocanku B EBpazun B OCHOBHOM yMEHBIIMIIUCH, HO €CTh PETUOHBI U
C YBEJIIMYCHHUEM OCAIKOB 70 5 MM.

OcHoBHOM 3ajnauel paboThl Takke ObUI aHAJIU3 CTEMEHU MPUOJIMKEHUS MOJIEIBHOTO
KIuMaTa K HaOiomaeMoMmy. B kadecTBe OIGHKM HaOJIOJaeMOro KimMara ObUT BhIOpaH
peananmu3 NCAR/NCEP. [lns ananmw3a ObUTH PacCMOTPEHBI 00JACTH BOKPYT KPYITHBIX
ropogoB. O0xacTe KaXIOro TOpoja MPEACTaBIsLIaCh KaK LEHTP KBajJpaTa CO CTOPOHAMH,
paBubiMu TTpubIM3UTENbHO 300 kM. Pe3ynbpTaThl cpaBHEeHUS MpUBeACHHI B Tabnuie 2. [{BeTom
B TaOJIMIIe BBIIEIICHB HAMMEHBIINE PA3HOCTH TEMIIEPATYP MEXIY JaHHBIMH, IOJTYYCHHBIMA B
9KCTIIEPUMEHTAX U PEaHAIN30M.

Tabnuua 2 —VI3MeHeHus: TemrepaTtypbl BO3[yXa B PpErHOHaX KpPYIHBIX MEramojiuCoB B
9KCIIEPUMEHTAX IO CPABHEHUIO C 3TAJIOHOM

JIByXJIeTHHE SKCTICPUMEHTHI JlecsTuneTHNE YKCIIEPUMEHTHI
I'opon b b
(2 rona) TO1 | TO3 | TO4 | TO5 (10 5er) T02 TO06

Cankr-IlerepOypr | 0,27 0,30 | 0,34 | 0,50 | 0,32 1,87 2,22 2,15
ExatepunOypr 0,29 0,29 | 0,34 | 0,60 | 0,31 1,45 1,58 1,46
MockBa 0,21 0,26 | 0,26 | 0,67 | 0,30 1,41 1,62 1,74
Hosocubupck 0,32 0,21 | 0,32 | 0,49 | 0,21 1,22 1,41 1,33
JlonnmoH 0,23 0,24 | 0,21 | 0,30 | 0,22 0,89 0,99 1,00
Yuxkaro 0,64 0,56 | 0,58 | 0,82 | 0,68 3,25 3,12 3,16
TamxkenT -0,19 |-0,17|-0,13 | 0,14 | -0,10 -0,45 -0,08 -0,10
CramOyn 0,09 0,12 | 0,15 | 0,43 | 0,11 0,29 0,85 0,62
HLIO-ﬁOpK 0,25 0,23 | 0,24 | 0,43 | 0,35 1,34 1,30 1,31
Ceyn 0,14 0,19 | 0,43 | 0,45 | 0,19 0,64 1,21 1,13
Tokuo 0,05 0,16 | 0,10 | 0,12 | 0,12 0,54 0,77 0,80
Jloc-Anmxenec 0,27 0,24 | 0,31 | 0,51 | 0,25 1,97 2,32 2,22
Tpumnonu -0,48 |-0,47|-0,50 | -0,36 | -0,43 -3,35 -3,04 -3,05
[Ianxai -0,59 |-0,57|-0,55|-0,23 | -0,50 -3,94 -3,36 -3,26
KanpkyTTa -0,80 |-0,801|-0,811|-0,68 | -0,78 -4,48 -4,24 -4,32
Mexuko 0,81 0,80 | 0,79 | 0,90 | 0,76 4,77 5,09 5,04
Can-Ilaymy -0,29 |-0,25|-0,28 | -0,14 | -0,25 -1,64 -1,39 -1,55
[IpeTopus 0,12 0,04 | 0,13 | 0,29 | 0,01 0,39 0,79 0,71
Cunnei -0,51 |-0,54|-0,56 | -0,55 | -0,49 -2,71 -2,80 -2,70
BysHoc-Afipec -0,21 |-0,18 | -0,20 | -0,13 | -0,22 -1,09 -0,80 -0,98

OcCHOBBIBasICh Ha IOJYYEHHBIX Pe3yJIbTaTaX MOXKHO CKa3aTh, YTO Y4eT OCOOCHHOCTEH
NOJCTUJIAIOIIEH TMOBEPXHOCTH HE MPUBEN K NMPUOIIKEHUIO BOCIPOU3BOJMMOrO KiIUMara K
STaJOHHOMY B PETHOHaX 5 TOPOJOB  COIJIACHO  JABYXJETHHUM  OKCHEPHUMEHTaM
(Cankr-IlerepOypr, ExatepunOypr, Mocksa, CramOyn, Tokuo) u B perrmonax 11 ropomaos
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COTJIACHO JICCATWJICTHUM SKCIepUMeHTaM (B J00aBJICHHE K MEPEYHCICHHBIM TOpogaM —
Hoocubupck, Jlonnon, Cram0yin, Ceyin, Toku, Jloc-Anmkenec, Mexuko u [Ipetopus). [Ipu
9TOM M3 JBYX JECATUIETHUX BO3MYIICHHBIX 3KCIEPUMEHTOB JydiminM okazancs T02; mns
TamkeHTa OTJIMYME TeMIEpPaTypbl B JaHHOM SKCIEPUMEHTE OT peaHaj3a COCTaBHJIO BCETO
0,08 rpagyca. Pa3numa mexmy oreHKamMu 0a30BOTO M BO3MYIIECHHBIX SKCIEPHUMEHTOB HE
npesbimaer 1 rTpanmyca, pgocturas wmakcumyma B 0,68 rpamyca s KanbkyTThl
(oxcniepument TO06).

4 BbIBOIBI M MEPCHEKTUBBI JaTbHENIINX HCCIeI0BaAHUI

B pabore wucciaenoBaHBl HEKOTOpHIE pe3yibTaThl IO  y4eTy OCOOCHHOCTEH
HOJCTUJIAIOIIEH TOBEPXHOCTU Ha TEPPUTOPUU KPYHHBIX ropooB B moaenu OLIA. Ilpusenen
aQHAIN3 BJIMSHUS M3MEHEHUS XapaKTEPUCTUK IOJCTHIIAIONIEH MOBEPXHOCTH B ropoaax Ha
npuzeMHylo Temmneparypy. IlokasaHo, 4ro TemmepaTypa B MOJAEIbHOH aTmocdepe
YYBCTBHUTEJbHA K N3MEHEHHUSIM CBOMCTB IOBEPXHOCTH B ropoax. Ilo oneHkaMm AecsTUIeTHUX
SKCHEPUMEHTOB Takke IMoka3zaHo, 4Tto a1 9 u3 20 BbIOpaHHBIX A HCCIEI0BaHMS
TEPPUTOPUN  HAOIMIOJAeTCs TMPHOIIKEHHUE TEMIIEpaTypbl TMPU3EMHOTO BO3JayXa K
Ha0JIr01aeMOMy KJIMMATy MPH y4eTe «ropoJICKUX» napameTpoB. B Toil yacTtu, rae nmogo0HOro
pe3ynbTara He yJaJloCch MOIY4YHTh, IPEAIOoIaraeTcs U3MEHUTh MO/IENb TIOBEPXHOCTH rOpo/a.

Baarogapuoctu. Pabora mpoBeneHa mpu wactuaHOU monaepkke ['pantoB PODU Ne 06-05-64104-a,07-05-
13610-11, 07-08-00491-a, 08-05-13545-0¢u_11.
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An analysis of the average surface temperature changes in the experiments with the
general atmospheric circulation model of the Hydrometcenter of Russia taking into
account city surface features

Abstract. In the paper the general atmospheric circulation model sensitivity to the surface characteristics
changes in the urban areas is analyzed. It was shown that surface temperature in the certain areas got closer to
the climatic values in the experiments taking into account city surface features. Later on we will change the city
parameters in other ways for the areas where no improvement was obtained.

Keywords: general atmospheric circulation model, numerical experiments, model sensitivity, urban model,
surface atmospheric temperature, heat island.
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NUMERICAL SIMULATION OF THE DANGEROUS EVENTS IN THE STEPPE
PART OF UKRAINE

Abstract. The three-dimension diagnostic and prognostic models of frontal cloud systems have been used for
investigation of atmospheric phenomena connected with atmospheric fronts and their cloud systems that caused
the damage events. Case of high convective cell caused aircrafts accident (August of 2006) will be presented in
detail. It is found that is plausible to assume that crash was caused by conditions as follow: violent development
of chimney clouds on the way of aircraft; cells of the strong vertical motions that can make the flight out of
control; zones of instability that caused strong turbulence; chimney convective clouds with crystal tops and
mixed layers that caused riming of aircraft.

Keywords: numerical simulation, frontal cloud system, aircraft crush, chimney clouds.
1 Introduction

The paper continues theoretical investigations of different phenomena connected with
atmospheric fronts and their cloud systems. In recent years numerical simulations of the
various dangerous weather events caused the damages in frame aircrafts, agriculture,
transport etc have been fulfilled in UHRI. Cases of strong shower, heavy convective and long
lasting precipitation, spouts (as example in July of 1969, March of 2004) have been
investigated [3-6]. Series of numerical experiments have been carried out with aim to research
the key parameters caused formation of deep rotor cells and the phenomena accompanied it.
Case with deep convective cell caused the aircraft accident will be below presented in detail.

2 Research methodology

The three-dimension diagnostic and prognostic models with non-elastic dynamics and
detailed microphysics have been adapted for theoretical interpretation of the investigated
phenomena. There is proposed research methodology based on numerical integration of
dynamic and thermodynamic full equations jointly with kinetic equations for cloud particles
distribution functions. Investigation of rotor structure of mesoscale phenomena have carried
out by calculation and analysis of vertical component of vorticity and several components of
the vorticity equation. Detail description of an evolution of cloud particles (cloud drops, rain
drops, crystals, cloud and ice nuclei, etc.) are used to study the microphysical processes into
widespread and convective frontal clouds [2, 4, 5, 6].

The purpose of this paper is to develop a methodology suitable for modelling of deep
convective cells embedded in frontal cloud systems. Conditions of formation and
development of cloudiness, precipitation, convective cells, and rotor cells were estimated for
flat and complex terrain. Features of vortical movement in cumulus clouds and nearest
environment were basically investigated in frame of vortex theory based on application the
vorticity equation.

The developed models for complex relief use a terrain-following “Z-sigma” coordinate
system that followed terrain relief and kept top coordinate surface on a target constant height.
Coordinate system transformation has been used and Cartesian coordinates were replaced by a
terrain-following sigma coordinates. Axes of x, y and z directed in east, north, and vertical
respectively. X, y, z are the Cartesian coordinates, &, , {are Z-sigma coordinates.
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Clouds, vertical motions, rotor structure, relief were selected as key parameters for
investigation. A relationship for calculation of vertical vorticity was used as follows:
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ST o @
Q is vertical vorticity, u, v are the horizontal components of wind velocity respectively

calculated by integration of the full dynamic equation system [2,6]. Vertical motions have
been calculated by integration of the system that included equations:
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t is calculation time, p, pandw are pressure, air density and analogue of vertical component

of wind velocity respectively. AW and G, presented turbulence and 65 /0z [5]. There are the

z-integrated continuity equation (3) and full equation for vertical motion (4) that was used in
different combination against different physical assumptions, type of cloudiness, calculation
stage and features of modelling process. Total calculated scheme have been realized by
splitting method. Description of schemes is in [2, 5, 6].

3 Initial data

Synoptic analysis and numerical modelling were used for description of current state of
atmosphere at target time and space. Initialization of models was performed by rawinsond
data from the regular network of Ukraine and neighbour stations of Europe and Asia obtained
from INTERNET. 3-D diagnostic models were constructed and the received meteorological
fields have been used for initialization of time development models. For the size distribution
functions of cloud and participation particles the initial data were calculated by well-known
empirical relationships, as an example, the Khrigian—Masin size distribution for cloud
particles and Marshal — Palmer distribution for precipitation particles.

Initial stage (t = 0) of meteorological fields respectively is equal to 10:30 GMT. Origin
of coordinates (x, y) = (0,0) is Kryvyi Rig. Aircraft crash happened in 45 km from Donetsk in
northwest direction. Area in frame 300 < x < 320 km, 25 <y < 45 km was selected for detail
investigation. Nested grid were used in region 20 <x < 360 km, -10 <y <50 km. Steps of
nested grid are sy = sy, =1 km, s, = 120 m in x, y, z direction accordingly. In order to reduce
description coordinates &, #, ¢ are renamed as X, Y, z respectively. In cases of complex relief
z =0 is located on earth surface, in case of Cartesian coordinates z = 0 is on sea level.
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4 Synoptic situation

Analysis of all available meteorological information shows that Eastern part of Ukraine
was under the influence of a cold front with possible lightings, thunderstorms and gusts

(see Fig. 1,2).
A

GED -' ]j?.&.

BE.E'P -!l
E. .....
,f 167 1L : ﬂ. IUH E qh::uﬁ? -
RO oAb & drRcIn .
Bearpoul s ‘ R E]nll-.n 4""
gt el b
e Jj25 67 : + 4 Donetsk npeasig
3,? <2118 227 %, : At * .'II 321 08 5
20=134 - . = T =02 ; Y s Bunr@
TRk dma =] LA e A DN oty o] \
22k Gam-13Y :
=B il i e 0 348 075
O et e I L] = P, I R

Symbol * represent Donetsk, (x ,y) = (338; 4 km).
Fig. 1 — Part of synoptic chart. Distribution of atmospheric fronts.

Available radar information shows that height of clouds reached up to 15 km, which is
very rare over this region in summer time [1]. Observations of cloud evolution pointed to
presence of deep Cb cells into accident region.

5 Diagnostic modelling

Diagnostic numerical modelling was used for construction of initial meteorological
fields and analysis of weather conditions in investigation region. Weather situation was
reconstructed by diagnostic model (calculation carried out in terrain-following “Z-sigma” and
Cartesian coordinate systems). In Fig. 2 it is shown distribution of surface pressure and
temperature; updraft z-maxima, and surface rotor were calculated for complex (first case) and
flat (second case) reliefat t = 0.

Chaotic structure with several bands and spouts takes place for these fields for
complicate relief. Closed area of low pressure and cold air zone are observed near to the crash
point. Strong vertical motion; clouds and strong rotation have been found in calculation area
nearby the place of investigated accident. Both anticyclone and cyclone formation occur in it.
Bands of cyclonic cells can be reason why formation deep convective cells development very
fast. The vertical vortices of cyclonic and anticyclone formation can coexist as paired
formations or as chaotic formations. The organized structure (like bands) aligned along the
inhomogeneous structures of relief are found.

Excluding of relief caused homogeneous cyclonic rotation. There are uniform
decreasing of pressure from the west to the east and uniform increasing of temperature from
the west to the east respectively. Chains of rotor cells and vertical motions were found on a
south—east border of the investigated region at y < 10 km. There are isotherms and isobars are
not parallel and baroclinicity reveal itself very clearly. Special consideration of the same
structures will be given below.
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Fig. 2 — Initial distribution of meteorological fields. Surface pressure, hPa is first column;
temperature, °C is second column; updraft z—maxima, cm/s is third column;
rotor, 10°/s is fourth column. First and second rows present runs with and without
relief account accordingly.

Ice supersaturation cells were not found in this region for both cases. Probably lack of
observation data was not let them to reveal itself. Probably very strong activity of cloud and
precipitation formation caused the total realization of the free water vapour. High
temperature, zero isotherms ranged at the 3-4 km height caused the deep layers of
subsaturation under bases of clouds and intensive evaporation of precipitation below clouds.
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Fig. 3 — Vertical distributions of initial air features. Temperature, °C is first column; pseudo-
equivalent temperature, K is second column and vertical motions, cm/s is third
column at y =31 km with (first row) and without (second row) relief account.
Coordinates &, i, (' are renamed as X, y, z respectively.

Figure 3 shows vertical structure of temperature and vertical motions into nested grid at
y = 31 km. Vertical motions have the cell structure. Many deep columns of updrafts and the
cell structure of pseudo-equivalent temperature depicted presence of deep chimney clouds in
this region. Second row of this figure show a deep column of vertical motion nearby the
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accident place and two deep columns on the right board at x = 318 km and at x > 340 km.
With including relief many dipoles of vertical motion have place. Pseudo-equivalent
temperature (second column) confirm strong air instability both with and without of relief
account. In first case more small instability cells have been observed and their number
increased with including relief.

6 Evolution of cloud features accompanied aircraft crash

Runs for plate and complex relief shown the crucial role of relief in formation and
development of chimney clouds (see Fig. 4). Relief caused the deep layers of mixing clouds
that placed upon 0O-isotherm and reached 9 km and ice cloud top exceeded 12 km and caused
riming processes for aircrafts.

® km * km

Fig. 4 — Space distribution of ice concentration and water content at 11:30 GMT. Ice
concentration 1000/g is presented by numbers near 1% scale; water content, g/kg, is
presented by numbers near 2" scale. (a) numerical runs for flat relief; (b) numerical
runs for complex relief.

Clouds ranged at heights that exceeded 5 km. z-maximums of water content were found
at 8 <z <9 km. Presence of cloud drops at the very low temperature was very suitable for
riming process and very dangerous for airplane flight. Ice concentration in tops of clouds
exceeded 10°/g and there were rich sources for seeding of mixing clouds and formation of
precipitation. But deep layers of ice subsaturation take place below clouds and they let fall to
the ground to the very large parts of precipitation only. With excluded relief from accounts
clouds ranged higher and mixing clouds were thin and rare.

As we can see in Fig. 4 -6 the powerful convective systems had formed less than
30 minutes from single clouds to the widespread convective systems with very great values of
total water content. Chaotic rotor structures transform in ordered structures as band or as
closed regions.
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(a) temperature, °C, numbers near isoline; vertical motion, cm/s, numbers near 1%
scale; (b) pseudo-equivalent temperature, °K, numbers near 2" scale.
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Fig. 6 — Cloud and rotor temporal and spatial evolution. Ice and water content z-integral
presented as precipitation sum, mm (first row) and vortex temporal and spatial
distribution Q, 10°/s (second row). Numbers at top are GMT (aircraft-crash time
is 11:38).

Two interesting events have need to attention. At t = 11,5 h a cyclonic rotor band near
y =40 km accompanied chain of convective clouds. After t = 12:30 GMT the cyclone rotor
band disappeared and the cloud chain take up by a new development cloud system. At that

58



Numerical simulation of the dangerous events in the steppe part of Ukraine

time near y = 30 km an anticyclone rotor band accompanied spot of clouds that development
in single cloud. After t =12 h cloud began to decrease and disappeared after 12:30 in new
cloud system. The organized anticyclone rotor domain destroyed. Similar process with a
cyclonic rotor band begin at t =12,5 h at y = 20 km. Corresponding convective cloud in this
case have been formed at t = 11 h. Probably deep clouds caused the organized rotor structure.

7 Conclusions

Numerical simulation frontal cloud systems accompanied aircraft crush in steppe part of
Ukraine were fulfilled. Convective cells and widespread cloudiness developed in central
Ukraine on August of 2006 have been considered in detail. Numerical experiments with using
two coordinate systems were carried out and influence of relief on the cloud and precipitation
development was investigated.

Conditions of formation and development of high convective cells and rotor cells have
been analyzed for plate and complex terrain. It is found that in many cases the relief was the
crucial reason why chimney convective clouds were developed.

It is found that is plausible to assume that crash was caused by conditions as follow:
violent development chimney clouds on the way of aircrafts; cells of the strong vertical
motions that can make the flight out of control; zones of instability that caused strong
turbulence; chimney convective clouds with crystal tops and very high deep mixed layers that
caused riming of aircraft.
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YucjieHHOe MOJeJTMPOBAHNE ONTACHBIX SIBJICHHI B CTENHOI 4acTH YKPauHbI

AnHoTauus. TpexmepHvie OuazHocmuyeckue u npocHOCMuYecKue Mooeiu GpoHMAanbHbIX 0ONAUHBIX CUCTEM
ObLIU  UCNONBL306AHBL OISl UCCIE008AHUA ONACHBIX AMMOCEHEPHBIX AGNEHUU, CEA3AHHBIX C AMMOCEHepPHbIMU
@pormamu u ux o6naUHLIMU cucmemamu. B cmamve nposeden ananuz 38010yuU C8EPXMOUHOU KOHBEKINUBHOU
Auetiku obycnoguswien asapuio camonrema 6 aszycme 2006 2co0a Hao Joweyxom. Boiiu coenanvl
NPeONnoN0NCEH U, YMO BO3MONCHLIMU NPUYUHAMU ABAPUU CAMONIema Mo Oblmb maxue Gakmopsl. 63pbleHOe
passumue MOWHBIX Ky4esblX O0IAKO8 BePMUKANLHO0 DA3GUMUA HA NYMu Nolemd Camoiema, 30Hbl
Heycmouuueocmu, 00ycio8usuile CUTLHYI0 MYPOYIeHIMHOCMb; MOUWHbIE CIOU CMEUAHHBIX 001AK08 NPU HUZKOU
memnepamype, Komopbule Mo2u obecneyums ovicmpoe obredeHenue camonemd.

KnroueBble ci0Ba: uucnennoe Mmolenupoganue, @GpoHmanvhvle 001AUHBIE CUCHEMbL, ABUAYUOHHDBIE
Kamacmpogul, Obimogble 061aKa
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YUCJEHHBIE  HMCCJIAEJOBAHMA  3BOJIOIMM  ME3OMACHITABHBIX
OBPA3OBAHUU, COITPOBOXIABIHINX OIIACHBIE ABJIEHUA B KPBIMY

AnHoTtanusi. TpexmepHvle uucienHvie MoOenu @OPOHMANLHLIX OONAYHBIX CUCHEM ¢ O0emanu3upOBaAHHOU
Mukpogpuszukoil, paspabomanuvie 6 YVkpHUIMHU, 6vinu adanmuposansl K SKCMPEMATbHLIM YCI0GUAM
NOBbIUEHHOU AKMUBHOCMU cMepyuel. Hucniennvle IKcnepumenmol NPOBOOUNUCH C UCNONb30BAHUEM [ekapmoeoti
cucmembvl KOOPOUHAM NAPALIENLHO ¢ CUCTNEMOU KOOPOUHAm, yuumuleéaroujell penved. JJlemanvHo paccmompenvl
MezomacuimabHble A6NeHUs, CONPOBOICOAsUIUe Yenb cmepyell, NPoXoouswux Hao cegeproll yacmvio Kpvima
22 urona 2002 200a. Cepus uucnemHvlx 3KCHEPUMEHMO8 Oblid BbINOJHEHAd C UYeAbl) MNOUCKA KIO4YesblX
napamempos, KOmopbwie Mo2nu Ovims NPUHUHOU BOZHUKHOBEHUS UCCIe0YeMbIX ONACHBIX AGeHUT Ul Onpedensinu
cmenemb ux aKmueHOCMU.

KaioueBble cjI0Ba: yucienuvle MoOeiu, (ponmanvHvle 0OLAUHbIE CUCTIEMbL, GUXPU, MOUIHbIE KOHBEKMUGHBLE
obnaka.

1 Bsenenue

Hacrosmast pabota mpomonKaeT MHOTOJETHHE TEOPETUYECKUE M IKCIPHUMEHTAIbHBIE
uccienoBaHusl (PPOHTAJIbHBIX OOJAYHBIX CHUCTEM U CBSA3aHHBIX C HHUMH Pa3IMYHBIX
(eHOMEHANBHBIX SBICHUH. MHOTrHE MOKOJIGHUS OTEYECTBEHHBIX W 3apyOeKHBIX YUEHBIX
MOCBSIIATIN UM CBOU MCCIIEIOBaHMsI, a KayKJJ0€ HOBOE UCCJIEI0BAaHUE CTABHIIO HOBBIE BOIIPOCHI
U 3a7aud. B mocneaHue ropl aBTOpamMH CTaThU MOJECIHMPOBANIUCH (PPOHTANIbHBIE 0OJIauHbIe
CUCTEMbI, OOYCJIOBMBILIKE OIAacHble sBIeHUS Hal KpbIMOM U ApyrUMH TEppPUTOPHUSIMHU
VYkpaunel. YwucneHHsle Mojenu (POHTATBHBIX OOJAYHBIX CHUCTEM, MPOXOIUBIIMX HAJl
KpeiMoM, mniepBoHauanbHO OBUIM MOCTPOEHBI C II€JIbI0 TEOPETUYECKOM HHTEpHpeTalun
IIOJIEBBIX SKCIICPUMCHTOB C KYyUCBbIMU O6HaKaMI/I, KOTOPBIC BBITIOJITHAJINUCH Ha
POTHBOIPAJOBOM  JKCIIEPUMEHTAILHOM  MeTeoposiorndckom momurone ([IOMII) B
BocrouHoM Kpeimy [1]. TlpeameroM H3y4eHHS CIYKWIA OCOOCHHOCTH  3BOJIOIHU
00JJaYHOCTH U BUXpPEH pa3iMyHbIX MacIITaboB M (HU3NUECKON MPUPOIBl B MOIIHBIX Ky4EeBBIX
06J1a1<ax H UX OKPCCTHOCTHAX. TpeXMepHBIC ANATHOCTUYCCKHUEC W MPOTHOCTUYCCKUC MOACIIN
(GpOHTANBHBIX O0JAYHBIX CcHCTEM, paspabotanHeie B YKpHUI'MU nmmsa Teopermueckoid
MHTEPIPETAllMU TOJEBBIX JKCIEPUMEHTOB M S HU3YyYEHHUs] KOHKPETHBIX (PPOHTAIBHBIX
CHUHOIITHYCCKUX CHTyaIII/IfI, ObLIH aaarnTUupoBaHbl 14 MOICIUPOBAHUA q)pOHTaJ'II)HI)IX
00JIAYHBIX CHCTEM, COMPOBOYKAABIINX OMACHbIC SBACHUS (INKBAJbI, CMEPYH, KOHBCKTHBHBIC
CyTepsYeHKY, CHIIbHBIC OCAIKH U JIP.).

2 Meroaoorus uccjaeI0BaHMi

OO6pa3zoBaHue U pa3BUTHE 00JAUHON CUCTEMbI aTMOC(EpHOTro (PPOHTA MOJETUPOBAIOCH
C TIOMOIIBIO CHCTEMbl YPaBHCHMH, BKIIOYAIONICH YpaBHEHHS [BIDKCHUS, YPAaBHEHHS IS
TEMIEepaTypbl U BIIAXHOCTH, YPABHEHHUS COCTOSHHS W HEPa3pbIBHOCTH, a TaKXKe CUCTEMY
KUHETUYECKUX YypaBHEHUH JUIs (QyHKIMH pacmpeaereHus] OONauHBIX YacTUI[ M YaCTHI
OCaZKOB IO pa3MmepaM. JIMarHOCTHYECKHWE MOJAETH HWCHOJIB30BATUCH Ui TOCTPOCHHUS
HayaJbHBIX TIOJICH JAWHAMHYECKMX M TEPMOJMHAMHUYCCKHX IApaMETPOB C  LEINBIO
JANbHEHIIEr0  MOJICNIMPOBAHUS  HBOJIOIMUHM  M3yYaeMbIX ME30MACIITA0HBIX  SIBJICHUM.
[IporHocTudeckne Mojnenu o0JadyHoON aTtMochepbl ¢ AEeTaTU3UPOBAHHOW MHUKPOPUIHKOMN
CTPOMJINCh C LEJbI0 MPOBENEHHUS YHCICHHBIX OSKCIEPUMEHTOB IO MOUCKY KIFOUEBBIX
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apaMeTpPOB, OTBETCTBEHHBIX 332 (POPMUPOBAHUE U PA3BUTHE M3YYAEMBIX ONACHBIX SIBJICHH.
Hcnonp3oBanuck JlexkaproBa M Z-CUT'Ma CHUCTEMBI KOOPIMHAT. METOAUYECKHE OCHOBBI
MOCTPOCHHMS ATHX MOJIeNCH onrcansl B [3—4,6].

WHCTpYMEHTOM [UIS HMCCIEOBAHUS BHXPEH pa3nuyHON (DU3MYECKOH MPHPOIBI OBLIO
BbIOpaHO ypaBHeHMe BuUXxps. Ilpomeccel ¢dopmHupoBaHHsS BUXpeH HM3y4yaluch U
AQHAJIM3UPOBAIKUCH C IIOMOIIBIO BBIYMCICHHBIX 110 3HAYEHUSAM COCTABJISAIOIINUX CKOPOCTH BETpa
3HAUEHUSAM BEPTUKAJIBHOM COCTABIAIOLIEH BHUXPS CKOPOCTH M 3HAYEHUSM OTACIBHBIX
KOMIIOHEHT ypaBHEHHUs Ui 3TOM cocraBisitomed. B JlekapToBoli cucreMe KOOpAMHAT 3TO
YPaBHEHHUE U €r0 COCTABJISIOIINE 3alHCHIBAIOTCS B BUE [2]:

o0Q o0Q o0Q oQ
Z-a-pv-(u ze +V ayz +W 622)—b+d +(rot,7),, (1)
ov du
_v_ou 2
vy (@)
a:(Tny _Txpy)/(pT)’ (3)
d=—(Q, +)(u, +v,), (4)
b=wyu, —w,yv,. (5)

BeprukanbHast cocraBisioiias BUXpsA  CKOpoctH (2) W TpH  COCTaBJISFOIINX
ypaBHenus (1) mociayXuinM NpPeaMeToM OCOOCHHOTO BHHMAHHS B 3TOM HCCICIOBAHUH.
OueBuaHas poiib quBepreHnuu (4) B GOPMHUPOBAHUN BUXPEH TOMOJIHACTCS MUCCICIOBAHUSIMU
BIIMSHUS TEPMUYECKOro BeTpa (3) Ha oOpa3oBaHHE BUXPEH CHHONTHYECKOTO maciiraba [2] u
UCCIICIOBAaHUSIMU COCTaBJstoneit (5), xapakrepusyrolieii KOMOMHUPOBAHHOE BO3JEHCTBHE
BEPTUKAJIBHOIO CABUIA BETPAa U TOPU3OHTAIBHBIX IPAJUEHTOB BEPTUKAIBHON COCTABIISIFOLIEH
CKOPOCTH BETpa, M TI0 YTBEPXKICHHIO aBTopa [5], sBIisOLICiiCS OTBETCTBEHHOW 3a
o0pa3zoBaHHE CMEpUEH.

3 KioueBble mapamMeTpbl U MPOIECCH], MOPOKAAIOIIHE CMePYH

KnroueBble mapaMeTpbl W TPOLECCH, KOTOPBIE ONPEACTSUIM XapaKTep pa3BUTHS
MOIIIHBIX KOHBEKTHBHBIX OOJIAKOB M CHJIBHBIX BHUXPEBBIX JBWXECHUI B 00JIACTH aKTHBHOCTH
cmepuei 22 urona 2002 rospa, ObUIM HpeAMETOM HM3YUYEHMs NPU MPOBEACHUU YHCICHHBIX

okcniepumentos. Hawano koopmmuar (X;y)=(0;0) BHIGpaHHON KOOPIAMHATHOH CHCTEMBI

COOTBETCTBYET IYHKTY 30HAUpoBaHus T. Cumdeponona. KooauHatel (X; y) HEKOTOpBIX

IMYHKTOB B 30He cMmepueil ciemytomue: JDxankou (19; 113 kM), Jlob6anoso (9; 120 km),
Beimacuoe (3; 132 kM), Tomammska (-1; 139 km). OmnepaTtuBHBIE CITY>KOBI OTMETHIIH IICTIh
cMmepueil (4eTeipe) B 30HE JepeBeHb ToMalinmBKa—BbImacHoe W OJMH cMepY y JEpPEeBHU
Jlo6anoBo. MakcumanbHasi akTUBHOCTh cMepueld oTMedeHa BpemeHeM 12:48 GMT. Cmepun
(hopMUPOBATUCH TIOJI MOIIHBIMU KOHBEKTHBHBIMU 00JIaKaMH, BEPIIUHBI O0JaKOB JOCTUTAIU
Tporomnay3bl. boyiee qetanbHoe OMUCaHUe ITOTO SABICHUS MOXKHO HaiTh B [1].

Havanenoe coctosnue t=0, BeiOpaHHOE i WHTETPUPOBAHUS  CUCTEMBI,
3auMCTBOBaHHOH B [4], cooTBercTBOBamo BpeMenu 3oHgupoBanus 11:00 GMT. s
MOCTPOCHUS HAYaJbHBIX IMOJIEH OBUTM WCIOJIB30BAaHBI AMATHOCTUYECKUE MOJENH, KOTOpPHIE
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CTPOWJIMCh TIO JaHHBIM ITyHKTOB 30HIMpOBaHUS YKpawHbl W cocequux crpad (Poccun,
Typuun, Pymeiaum u np.). dns aHanm3a BBIOPAHHOTO COCTOSIHUSL aTMOc(ephbl B 33aHHOM
palioOHE U €ro OKPYKEHHMM HCIOJb3yEM pacyeThl HA PABHOMEPHOM CETKE € IaraMy PaBHBIMH
10 xm B ropuszoHTansHoM Hamnpasiauu u 200 M B BepTuKaibHOM (puc. 1).

[leno4ky BBICOKMX KOHBEKTUBHBIX 00pa30BaHUI OTMEUEHBI Ha I0re€ MCCIIELyEeMOM 30HBI
U Ha CEeBEpo-3amaje. 30HAa AaKTUBHOCTH CMEpYEM HAaXOIUTCS B OTKPHITOM TpPEYIrOJbHHKE,
0o0pa30BaHHOM LIENIOYKAMHU BUXpEHl pPa3IM4HOM TNPUPOABI W LENOYKAaMH  BBICOKHX
KOHBEKTHBHBIX 00pa3oBaHuii. HachlllieHHUs 10 OTHOIICHUIO KO JIbIY HE OOHApy>KEHO HUTIE,
YTO CBUJAETENBCTBYET 00 OTCYTCTBUM KPYIMHOMAcCIITaOHOM 00JIa4HOCTH, U, BECbMa BEPOSITHO,
00 MHTEHCHUBHOM KOHJICHCALIMOHHOM M CYOJMMAIMOHHOM pPOCTE OOJauHBIX M JJOXKAEBBIX
4yacTHIl B KOHBEKTUBHBIX oOiakax. CienyeT oOpaTUTh TakK€ BHUMAaHHE Ha PacCIOIOKEHUE

U30TepM U H300ap B 00NACTH C LEHTPOM (X; y):(10;130 KM) OHU pacnono)keHbl MOoJ

0OJBIIMM YIJIOM JAPYT K JAPYry Kak Ha 3eMJle, TaK M Ha BBICOTE, YTO CBUJAETEILCTBYET O
601b1I0H OapOKIMHHOCTH aTMOc(epsl B 3TOM paiioHe. Pa3nuuHble BO3MyLIEHUsT aTMOC(epsbl
HaOJr0at0TCsl TOOJIM30CTH 30HBI AKTUBHOCTH cMepuedl. B camoil ke 30HE TpaaueHTHI
METEOPOJIOTUYECKUX XapaKTEPUCTHK CPAaBHUTEIbHO HEOOJIBILIHE.

Bpems oT BpeMeHH MEXAy pa3HbIMH LIEMOYKaMU BO3MYIIEHUNH 00pa3yIOTCs BBITSIHYThIE
CTPYKTYpBbI B BUJIE IIATEH WIM IOJIOC, KOTOPBIE IPHU pPACHane MOPOXKIAOT MHOIO MEIKUX
BUXpEH C pa3IMy4HON yIJIOBOW CKOPOCTBIO, B TOM YHUCIIE U KPUTUYECKOW g 0Opa3zoBaHUs
CMepUen.

(a) (b) (c) (d)
1000 955 910 35 29 23 11 00-0-1 90 50 10
o O g

250
150]
50
50]
150]

L o I i}
T T —T —

730 700 670 8 7 5 4 2 1 0 -0 -1

i

150 50 50 150 250-150 -50 50 150 250-150-50 50 150 250-150 -30 50 150 250
X EM

Puc. 1 — CocrosiHue Meteoposorudeckux xapakrepuctuk npu t=0 (11:00 GMT).
Ilepsoiii psn, (a); (b); () — nasnenue, rlla; Ttemmeparypa, °C; BepTUKaIbHas
cocTaBisitonast yriaosoii ckopoctu Buxpst, 1000/c, mpu z=0; (d) — MakcuManbHbIC
10 Z 3HAUCHHS BEPTUKAIBHON cKopocTH, cMm/c. BTopoit psin, kak mepBblid, Z =3 KM,

(d) - BeICOTa CTOI0A C BOCXOASAIIMMH JIBHIKEHUSIMHU, KM.

62



Yucnennvie uccieoo8amnus 60.]1l0yuu Me30MacuimaOHblX 06p613060Huﬁ

DBOJIIONMS BUXPEH M 00JIAYHOCTH B 30HE AKTUBHOCTH CMEPYEH MOJEIMpOBaliach C
MOMOIIIBI0 HMHTETPUPOBaHUsT HUHTErpo—auddepeHnnanbHoil cuctemMbl ypaBHeHuid [4] C
WCIIOJIb30BAaHUEM BIIOKEHHBIX ceTok. Ha puc. 2 -3 mnoka3aHbl pe3yibTaThl pPacyeTos,
MOJTyYeHHbIE C MOMOIIBIO Z-CUI'Ma CHUCTEMBI KOOPIMHAT C IAaraMy 10 TOPU30HTAIU 2,5 KM
JUTST METTKOM CEeTKH U ¢ maraMu 25 kM B okpyxeHnuu. [llar mo Beicote paBusiics 200 m mis 75
YPOBHEM.

Ha puc.2 mnpencraBieHbl MPOCTPAHCTBEHHBIE —paclpeleleHUs] BEPTUKAIbHBIX
JIBYDKEHUH, BOAHOCTH OOJlaka M KOHIEHTpamuu KpuctauioB mocie 90 MUH paccCuMTaHHOM
sBomonu. O01aKa ObLIIM PACTIONOKEHBI BHIIIE HYJIEBOW H30T€PMbI, B OCHOBHOM BBIIIE 5 KM.
Pacniperuienrie  00a4HOCTH  XapakTEpHO HAJIMYUEM BBICOKOPACIIONOKEHHBIX MOIIHBIX
CMEIIAaHHBIX OOJIAKOB M BBICOKOW KOHIIEHTpAIlMed KPUCTAIOB HaJ HHUMH, YTO CO3JaBaJIO
OJaronpusSTHBIE YCIOBHS 11 00pa30BaHUS OCAIKOB.

HecMoTpst Ha BBICOKYIO 0OCaIKOOOPa3yIONIyI0 CIOCOOHOCTh OOJIAKOB, OCAJKH W3 HUX
JOXOJIUJIN JI0 3€MJIM PEAKO H3-3a HCIApPeHHs] B MOIIHBIX CIOSIX C HEAOCHIIEHUEM IO
OTHOIICHHUIO KO JIbJIy, PACIIOJIOKEHHBIX IO/ OOJaKaMH, W BBINMAJald MPEUMYIIECTBEHHO B
BUJe Tpaga. MakcuManbHble BepTHUKaJIbHBbIC JBIKEHUS OBLTH PACHOJIOKEHBI BHE 00JIACTH
AKTUBHOCTH CMEpUel, MPaKTHYECKH OKPYXkasi 3Ty 00JacTh CO BCEX CTOPOH. MaKcHMallbHbIE
3Ha4eHUs1 BOJHOCTU OOHapyskeHbl Ha puc.2 npu x >10 kM u y >130 km. Ilpu y = 125 km B
00JTaYHOCTH HAOIIOJaeTCs Pa3phIB, IMOKA3BIBAIOIINX MPHUHAMICKHOCTh MPEICTaBICHHBIX
00JaKOB K pa3NMUYHBIM OO0JIayHBIM O0pa30BaHUAM. B OKpecTHOCTH CTOn0a C IEHTPOM
(x;¥)=(10; 130 kM) HaOI0JATOCH KOHBEKTHBHOE 00JIAKO ¢ KPUCTAUTMYSCKON HAKOBAJIbHEH U
MOIIHUM CJIOEM C TIOBBIIIEHHON BOJHOCTBIO TOJ HEH. 3aceB KpUCTAIJIaMU HIDKeIexKalei
CMEIIaHHON TPOCTONKK Mpu Haubosiee OJArONMPUATHBIX YCIOBUAX C TEMIIEPATYpPOUd OKOJIO
-12°C MOrno mNpUBECTH K HMHTEHCHBHOM MEPErOHKH BOJBI C Kaleidb Ha KPUCTAIBI U
OBICTPOMY pPOCTY KPHCTAUIOB JO pPa3MEpOB Tpaja. DTH TPAJAWHBI HE BCET/a YCIEBAIU
UCHApUTCA JIaXKe B HEAOCHIIIEHHOM MOIIHOM mojoOmayHoM cioe. K ToMy e MHTEeHCHBHOE
WCTIapEHHEe ITUX KPUCTAJUIOB MOTJIO 3aMETHO MOHHM3HUTH TEMIIEPAaTypy BO3AyXa MOJ 00JIaKOM
U Ha 3emiie, 00yCIaBIuBas ee sIUEUCTYI0 CTPYKTYpPY,uTO, B CBOIO O4epeib, CIOCOOCTBOBAIIO
00pa30BaHMUIO HOBBIX BUXPEH W HOBBIX KOHBEKTHUBHBIX SYCCK.

1 1
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1- BCPTUKAJIBHBIC IBUIKCHU, CM/C; 2- BOJHOCTB, F/KF; 3- KOHICHTpalus KpUcCTaljioB, 1/r.
Puc. 2 — PactipeienieHre 00JIa4HOCTH ¥ BEPTHKAIBHBIX BHKEeHUH pu t =90 MuH.
OBomonyss  OOJIAYHOCTH M HEKOTOPBIX XapaKTEPUCTHUK aTMOC(epbl, OKa3aBIIUX

pelaronee BIUsSHUE Ha pa3BUTHE BUXPEBBIX ABM)KEHUN MPUBEACHBI Ha puc. 3. XapaKTepHbIM
€CTh TO, UTO HEMOCPEACTBEHHO B 30HE€ AKTHUBHOCTH CMEpYEl BEPTHUKAIbHBIC ABUKEHUS HE
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HAaCTOJIBKO CHJIBHBIC, KaK B OKPYXAIOIIHUX HX oonactsax. CHIIbHEIE BUXPpU W BOCXOAANIUC
ABWIKCHUS MOCCIIAIOT UX JIMIIb Ha KOPOTKOC BPCMHI.
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Puc. 3 — OBomoniust  Me3omMacmTabHBIX ~ 00pa3oBaHUH, COTNPOBOXIABIIIUX  CMEPYH.
1-it psg — MakcumalibHble TIO Z BOCXOJSIIUE JBHXKCHHS, CM/C, YHCIIAa y IIKAJIbI
copaBa. 2-ii — VYrmoBas ckopocth Buxped, 1/1000c ma BbICOTE 3 KM.
3-ii — CocTaBsroniasi ypaBHEHHUsI BUXPA, d,1/106c2 , Z=3 kM. 4-1 — OOmumii 3amac

BOJHOCTH M JICAHOCTH 0O0JakoB, MM. 5-ii — JlaBmenwme, rlla, Z=3km.
6-ii — Temmneparypa, °C, Z=3 kM.

AHanmu3 pe3yiabTaTOB  MOJEIMPOBAHMSA II0Ka3aj, YTO XOPOIIUM HHIMKATOPOM
NOSBJICHUS ONACHBIX SIBJICHUH SIBJISIOTCS BEpTUKANbHbIE JBWKEHUS. OHU TEepBBIMU
CUTHAJIM3UPYIOT O TOSBICHUHM II0JIOC TOBBIIICHHBIX T'PAJANEHTOB METEOPOIOTHUECKUX
BelMYMH. [IpyueM MATHA M TOJOCHl CHUJIBHBIX BOCXOJSALIMX JBM)KCHUH MOSBISIOTCS B
HECKOJIBKUX MecTaX. 3aTeM, YBEJIMYMBAsCh MEPECEeKaroTCsl JIPyT € ApyroM, odpasys Oomee
KpYIHbIe 00pa3oBaHMsA M CHJIbHBIE BHUXPEBBIC IBIKEHUS, KaK IMKIOHMYECKHE, TaK U
aHTUIMKIOHUYECKHe. DOPMHUPYIOTCS BUXPEBBIE JIOPOXKKH, KOTOPHIE IIPH IEPEeCeUeHUU
pa3buBaroTcss Ha Oojiee MeEJIKME BHXPHU C TIOBBIIIEHHON YTriioBo# ckopocThio. Hambonee
BEPOATHO, YTO B 3TO BpeMs WU CO3JMAl0TCsi Hambosee ONaronmpusiTHBIE YCIOBUS IS
obpazoBanus cmepueil. KydeBble o6aka HOSBIISIOTCS HECKOJIBKO I03XKE IOCIe 00pa30BaHUs
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BUXPEBBIX JOPOKEK M WX AKTHBHBIH POCT CONMPOBOKAAET PAcIaj] BUXPEBBIX JOPOXKEK Ha
OTJeNbHbIE BUXpU. 3aTeM oOjaka COOMpAIOTCS B aHCAMOJH, KOTOphIE MOTYT CYLIECTBOBATH
elle JTOBOJIFHO JIUTENbHOE BpeMs. Bo Bpems pacmaga KpymHBIX BUXpeH OT 00JIa4HOTO
aHcaMOuis, KOTOPbIf C HEKOTOPbIM  3ama3/bIBAHMEM TMOBTOpPSET  KOH(UTypaluio
BEPTHKAJIBHBIX JBIDKCHUH, OTACIAIOTCS OoJiee MEJIKHE BUXPU U OTAEIbHBIE 001aKa, KOTOpbIE
NOJYYHB 3aps] SHEPrUM OT MOIIHBIX BHUXpPEH MOTYT MpH ONarompuUATHBIX YCIOBHUSX
HEKOTOpOE BpeMsI pa3BHBATH OOJIBIIYIO YIJIOBYIO CKOpOCTh. Llenb cMepueii, koTopas uMerna
MECTO B UCCIIEyEMOM PaiioHe, C OOJIBIION BEPOSATHOCTHIO UMENa TaKyI0 MPHPOTY.

Llenp BUXpeill ¢ MOBBIIIEHHOW YIJIOBOM CKOpPOCTBIO B OOJACTH aKTUBHOCTU CMepYei
Obuta 3ameuena yxe npu t=1q (12:00 GMT), HO 3aTeM OHa HECKOJIBKO MEPEABUHYJIACH HA
ceBep, OUEBWAHO, TOJ BJIMAHHEM 0OojJee MOIIHOTO BUXPEBOrO  0OOpa3oBaHMA,
NPECTaBIIAIOIIEr0 UMb IUKIOH—aHTULUKIIOH, KOTOPBIN HAJABUraJCs C 10ora. OTOT AUIOJb
IepeceK LENOYKy BHUXPEW, PaclOIOKEHHBIX IMOYTH [0 JAWArOHAlM BJIOXEHHOW CETKH, U
00BEIMHUWIICS C BUXPSIMM, KOTOpbIE JBHUTraluch ¢ ceBepa. OOpazoBasiach MOLIHAsS CHUCTEMA
BUXpEHl C pa3mM4YHBIMU CBOWcTBamH, Kotopas yxe npu t=105mun (12:45 GMT) nauana

OBICTPO pacmazaTbCs, OPraHU3ys CHUCTEMY MEJIKUX BUXpEH B 30HE aKTUBOCTH CMeEpuen.
Haubonee akTUBHOW B 3TOT MOMEHT ObLIa W CABHIOBAas COCTaBISIONIAs YPaBHEHUS BUXPS
(tpetmii  psim). JlBe UenM UUKIOHMYECKAX W AHTUIMKIOHHYECKUX SYEEK  SBHO
IIPOCMATPUBAIOTCSL B 3TOM psiay B 3TOT MoMeHT. CoBnajeHue NO 3HaKy g 3TOH
COCTaBJIAIOIIEH M  yIVIOBOM  CKOPOCTM  BHUXpS  YETKO  NPOCMAaTpuBaeTrcs Ui
AHTULMKIOHUYECKUX ssUeeK. BO3MOKHO, OHU U BXOJIMJIM B COCTaB LIEMOYKU CMEpPUEN.

JlaBrieHre MMeENO SYEUCTYIO CTPYKTYpy. B oOmacTi akTMBHOCTH cMepdeil OHO OBLIO
HNOHWKEHHBIM. OTAENbHBIE 3aMKHYTBIE SYEHKU C TMOHWKCHHBIM JIAaBJIEHUEM COIPOBOXKIAIU
pa3BuTHE O0JIAYHOCTH U MeENKMX BHUXpeid. C TedeHHeM BPEMEHH I0CJIe MPOXOXKIACHUS
cMepuel CyXaluch 00JacTH C TOHWKEHHBIM JIaBICHUEM M PACHIMPSUIUCH OO0JIAaCTH C
MOBBILICHHBIM JIaBJICHUEM. SI4eKU BBITATUBAINCH B BUJE AJIJIUIICOB, PACIOJIO0KEHHBIX [TOYTH
HEePHEHINKYJIIPHO K MOAOOHBIM 3aMKHYTHIM CTPYKTYpPaM MOHM)KEHHON TeMIIEpaTyphl.

B sueiikaXx MOHMXEHHOH TeMIepaTyphl, PACHOJOXKEHHbIX B 00JACTH MPOXOXKICHHS
cMepuell, TO Mepe MpHOMMKEHHS BpPEMEHH BO3HUKHOBEHHS CMepYeil TemIepaTypa

noHmKanack. B oxpectroct Toukn (X, Y,z)=(10,130,3km) ona monmsmmace ot 1 g0 -1 °C

meHee dem 3a 30 muH. MunumansHas temneparypa (-1°C) wa puc. 3 oTMmeueHa mpu
t =105 mun. IIpu t=120 mun mMunuMyM Gbu1 paBen 0°C. BeposTHO, HaaM4ue 3aMKHYTHIX

AYEEK IMOHMKEHHOM TEMIIEpATyphl U PE3KOE €€ NMOHMKEHHEM B TaKUX sS4YelKaX, a TaKkKe
B3aMMHOE pPAaCIOJIOKEHUS 3aMKHYTBIX SYEEK TEMIIEpaTypbl U JAaBJICHHUS MOXKET CIYKUTh
OJIHMM W3 IIPEIUKTOPOB MOSIBICHUS BUXPEN C KPUTHUECKON YIIIOBOW CKOPOCTBIO.

CpaBHHUTENBHBIA aHAIU3 PE3YJIbTATOB YHCIEHHBIX HKCIIEPUMEHTOB ISl TUIOCKHX U
CIIOKHBIX penbedOoB, BBHIMOTHEHHBIX C HCIONb30BaHHEM JleKapTOBOM U Z-cUTMa CHUCTEM
KOOp/JMHAT TI0Ka3aj, YTO HCKJIIOYEHHE penbeda M3 pacuyeToB SBOJIONUU OOIAYHOCTH
MIPUBOJIAJIO K HCUE3HOBEHUIO MEJKUX BUXPEU C MOBBILIEHHON YIJIOBOW CKOPOCTBIO U MOIIHBIX
KOHBEKTUBHBIX siueek. Pacuersl, mpoBeaeHHbIC B JleKapTOBOM cucTeMe KOOpJauHAT Oe3 ydyeTa
penbeda, He ObUTM OTMEUEHBI MOSIBJICHHEM 0CO00 OMACHBIX BO3MYIICHHI B JaHHOW 00JIaCTH.

4 BriBoabl

TpexMmepHble AMAarHOCTMYECKHE M IPOTHOCTHYECKHUE MHUKPO(PU3NYECKHE MOJEIH C
ydeToMm U 6e3 yueta oporpaduu, pazpaborannsie B YkpHUI' MU, Oblu ananTupoBaHbl s
YCIIOBHH 3BOJIOLMN (PPOHTANBHBIX O0JIAYHBIX CHUCTEM B HKCTPEMAJIbHBIX YCIOBUAX Pa3BUTHSA
cMepueil. IIpoBenEHO HECKOJIBKO CEepUi YHMCIICHHBIX DJKCIEPUMEHTOB C LEIBIO IIOHCKa
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KJIIOYEBBIX IApaMETPOB, ONPEICNAIONINX XapaKTep pa3BUTUS BUXPEBBIX 00pa3oBaHUN U
COIIPOBOXKAAIOIINX UX SBJICHUMN.

Hanuume s4encroil CTpyKTypel B paclpeiesieHHH JaBlICHUS W TeMIEepaTypsl
00yCIIaBITUBAIO Pa3BUTHE 30H KOHBEPTECHIIMU U CBEPXMOIIHBIX KOHBEKTHUBHBIX 00pa30BaHUM.
[ToBbIIEHHBIE TPAAUEHTHl AABICHUS, TEMIIEPATypbl, BEPTUKAIBHOW COCTABIISIFOLIEH BHXpS,
yCHUJICHHBbIE oporpadueii, o0yciIaBIuBaJId Pa3BUTHE OYAroB XOJIOJHOTO BO3YyXa, MOJIOC WIH
O0YaroB CHJIBHBIX BOCXOJSALIMX W HUCXOJSIIMX JIBM)KCHHMM, LENOYKM LHUKIOHUYECKHX H
AHTULIMKIIOHWUYECKUX BHUXPEH, CYNEPMOIIHBIX KOHBEKTHUBHBIX SYEEK C BEPTUKAIbHBIMU
JIBIDKCHUSIMH, CKOPOCTh KOTOPBIX JOCTUTAJA AECATKOB M/C.

Pe3ynpTarel CpaBHUTEIBHOIO AaHAJIM3a OTHOCUTEIIBHOTO BIMSHUS — Pa3JIMYHBIX
COCTaBIISIIOIIUX YpaBHEHUS BUXPS HAa HBOJIOIHMIO ME30MACIITAOHBIX IMKIOHUYECKUX U
AHTUIMKJIOHUYECKUX OOpa30BaHMUM TMOKa3aJ, 4YTO HamOoJiee CWJIBHBIM SIBIISCTCS BIIUSHHE
nuBepreHun. CpaBHUMBIM C HUM MIPH OYEHb CUIBHBIX BOCXOSIIUX JBUKCHHUIX MOXKET OBITh
Y BIIUSIHUE CJIBUTOBOM COCTABJISIOIICH.

Haubonee BeposiTHO, 4TO 0c000 OMAacHBIMH OBIBAIOT CiIydad, Korja o0e 3Tu
COCTABJISIIOIIME JIEUCTBYIOT B OJHOM HANpaBICHHWM C YIJIOBOM CKOPOCTBIO BHXDH,
oOycnaBnuBasi ee ObICTpEI pocT. CocTaBistoNIas, IPEICTABISIONIAs BIUSHIEC TEPMUUECKOTO
BETpa B HCCIEAYEMbIX CUTyallUsX, MO BeJWYMHE Obula Oojiee 4YeM Ha MOPSIOK HUKE
BBILLICHA3BAHHBIX COCTABJISIOIINX.

Pacuetsl mpoBeneHHbI B JlekapToBO crcTeMe KoopAuHAT 0e3 yuera penbeda He ObLin
OTMEUEHBI HATMYUEM 0CO00 OTMACHBIX SBJICHHUI B JaHHOW 00JIaCTH.
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Numerical simulation of the evolution of mesoscale formations accompanied the
dangerous events over Crimea

Abstract. 3-D forecasting microphysical models of frontal cloud systems were adapted to extreme conditions
during the tornado activity. Models with and without including of a complex relief developed in UHRI have been
used for theoretical interpretation of the investigated phenomena. Conditions of formation and evolution of the
deep convective cells, strong updrafts and downdrafts, strong rotation during passing of tornados over the north
part of the Crimea on July 22, 2002 were investigated in this paper. Series of numerical experiments have been
carried out with aim to research the key parameters caused features of development of dangerous events and
their activity.

Keywords: numerical model, cloud frontal systems, vortices, heavy convective clouds

66



YK 551.515.2

b.A. llImepaun, x.¢h.—m.H., O.B. Kopbiues, x.m.x., B.A. JleHbKHH,
AWM. Kopenes, x.¢p.-m.n., M.b. llImepiun
'Y HIIO “*Tatigpyn”, Hncmumym sxcnepumenmanvrou memeoponoeuu, Obnunck, Poccus

KBA3BHMITIPOTHOCTHYECKUE PACYETHI NMEPEMEIIEHUSI TPOIMMYECKHX
[IMKJIOHOB

AHHOTAIMSI. B  pamkax 2uOpoMexaHuueckoi Mooenu npo8eoeHsbl  K8AZUNPOSHOCMUYECKUe pacuémol
nepemewenus  mponuueckux yuxionos (TL]) cezona 2003 200a. Moodenv codepoicum napamempoi,
xapaxmepusyiowue pasmep TL u pacnpedenenue maneenyuanvhozo éempa ¢ TI]. Iloxasano, umo éb160pom Ha
NPEOnpoOSHOCMUYECKOM nepuode 3HauveHuti >mux napamempos (koncmawm 0ns kanxcooeo TL]) yoaémcs
000umbCsi  QOCMAMOYHO XOPOUle20 COGNAOCHUsSL KBAZUNPOSHOCMUYECKUX U PealbHblX MPAekmopull Ha
npomsiicenuu ece2o epemenu dsicusnu TI] (0o 11 cymox).

KJ'llO‘leBl:-Ie CJIOBA: mponu4decKkue Yukjionbvl, maﬁeeHuuaﬂbnbzﬁ eemep, KeasunpocHocmu4decKkue mpaekmopuu.
1 Bseaenue

B HIIO «Taiipyn» paspabarbiBaeTcss METOJA MPOrHO3a MNEPEMEIEHUs] TPOIUYECKUX
1uks1oHoB (TLI), ocHOBaHHBIN Ha UCIIOIB30BaHUH THApOMexaHudeckoit moaenu (CTMM) [9].

Ha ocHoBe aHanu3a J1OCTaTOYHO MPOCTHIX OAPOTPONHBIX U OAPOKIMHHBIX MOJEIEH,
urnopupyiommux tpeaue TI[ o moacrumaromtyto mosepxHocth (I1I1), c10KUIOCH MHEHHE, YTO
TL nuIIb HE3HAYUTENHBHO OTKJIOHSIOTCS OT OKPY’KAIOIIEr0 KPYMHOMACHITAOHOTO TeueHHs,
Ha3biBaeMoro BeaymuM notokom (BIT) [1,7]. Ilockonbky 3a4acTyi0 3TO HPOTHBOPEYHT
JMaHHbIM HaOmronenuit [3], ycwmust wccienoBaTesell HampaBlieHbI HA TOMCK BO3MOXKHBIX
npuuuH cyimecTBeHHOro otkinoHeHus: T1] ot BII B paMkax ykazanHbeIx Mojienieil. Mexay Tem,
tpeuue TII o IIIl sBasercs, mo HameMy MHEHUIO, (DakTOpoM, O0eCIeUHBaAIOLIIM
s¢dextrBHOE TopMokeHre TLI kak 1e10ro U NPUBOJSIIMM K 3HAYUTEIHHOMY OTKJIOHEHHUIO
TL[ or BII. Jua Bpemenu 7 topmoxenus TL[ Bcneactsue tpenus o IIII um Bpemenu 7,

YBJICUYCHUA TI_I BCAYIIUM IIOTOKOM BCJICACTBUC 11000BOTO COIIPOTUBJICHHUA MOXKHO ITOJIYUUTH
ouenku [10]: 7 ~(H/cgVp): (R /L)=05 cyrox, 7 = ﬂL/ (2kNp -V} = 7L/2kvg ~ 2.5 cy-

ToK. 3nech H =6 kM — BBICOTa OAHOPOAHON aTMOcdepsl, Cgy ~1.1x1073 — KOdQPHUIHEHT
conporuBienus, Vo =10 wm/C — ckopocts BII, V =10 m/c — ckopocts nepememenust TLI,
Vi, =50 m/c — makcumanbHast ckopocth Betpa B TL, R, =50 kM — pagmyc MakcuManbHOM

ckopoctu Berpa, L =300 km — pamnyc TII, k =0.1+1— Ge3pa3MepHbIil TapaMeTp MOJICIIH.
[Tockonbky BpeMsi TopMoxkeHus: TLI[ CylecTBEHHO MEHbIIE BPEMEHH YBIICYCHHS €r0
BEJYIIMM IIOTOKOM, TO, Ha nepBbli B3, TL[ nmomkeHn mouytu mokoutses. [Ipm stoMm, B
OTJIMYME OT TPAJULIMOHHOIO MOAXO0AA, CIEAYET UCKATh MPUYMHBI, 10 KOTOpbIM TL{ B TeX wiun
UHBIX CITy4asX JIBUKETCS CO CKOPOCTHIO, Oim3Koi k ckopoctu BII. B Takoil cutyanun nmeet
CMBICJI HCIOJIb30BaTh Ul omnucaHus nepememieHuss TL[ oOmme BbIpakeHHs Ui CHI,
JNCHCTBYIOIIMX HA KPYroBOW IIMJIMHIApP, MABIDKYIIUICS TPOM3BOJBHBIM 00pa3oM B
NPOHM3BOJLHOM JIByMEPHOM BUXpeBOM moToke [6,11]. Drot moaxox peanusosan 8 T MM.

2 MeToabl McCaeT0BAHMS U HCXOAHbIE JaHHbIE

2.1 VYpasuenue, onuceiBaromiee nepemeiienue T1 B pamkax 'MM

Beeném obosnadenns: V. — ckopocts mnepememenus TL[, Vi (x,y,t) — mome

ckopoctr BIT; 2 | — mapamerp Kopuomuca, @ — yrioBas ckopocth BpamieHus TLI
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(BekTOpa 2 () | M @ HAamIpaBICHBI BEPTHKAIBHO BBepX); b — koadduument tpenus TL o
11, b~1/7; a=17y — xoadurment tpenns BIT o II1, 7 = H/c4Vg ~10 cyrok — Bpemst

topmoxkeHus BII BcnenctBue tpenus o III; ¢ = % — koo duuument tpenus TL o BII;
r
F p ~ — HampaBlIeHHas Ha ceep cuima PoccOu; ¢z — OespasMepHBIii mapaMeTp MOJIEIH;

() — yrjoBasi CKOpOCTb BpaieHus 3emiu; R — paauyc 3emnu; L — paauyc TL; ¢ — mmpora
nentpa TLI; Vt (r) — paIHalIbHOE pacHpeesICHue TaHTeHIMalbHOM cKopocTu BeTpa B TLI.
YpaBHenue, onucsbiBaroiee nepemenienue TL B pamkax MM, umeer Bua:

&V _ dVy (o )= Ry A=
W_T+[(V—VO)xQOJ—oc-(V—Vo)—Cll'VOJFF,B, (1a)
éOZZQJ_—C(_}, (1b)
a:(b+c%, alz(b—a%1 (1c)
Fﬂzcﬂ%kv.r(r).rz.dr, a):VT(L%. (1d)
‘R 0

Jns KpaTKOCTH MBI HE NPHUBOJUM COOTBETCTBYIOIIEE YpaBHEHHWE, 3alHMCAHHOE B
ceprueckoit cucteMe KOOpJauHaT, KOTOPOE U UCTIOIB30BalIoCh B padoTe.

OTMeTuM, 4YTO TOJOOHBIN MOJX0 UCHONB30BANICSA U paHee B paboTax [4,5], B KOTOphIX
TL[ Takke MOIEIUPOBAICA TBEPABIM IIWIMHAPOM. DBIIM IOIXY4YEHBl ypaBHEHUS,
onucheiBaromue nepeMenienue TL[ B omHopomHoMm crammoHapHoM BII € mocrosiHHBIM
TOPU3OHTAIBHBIM CIBUTOM CKOPOCTH. Tam e ObuIo BIepBbIE OOpalIeHO BHUMaHHE Ha
BakxHOCTh yuéTta Tpenus TL o I1I1, o uém peus nuta BeIie. B oTnuyne oT ykazaHHBIX padoT, B
KOTOPBIX HCIOJb30BaJIOCh TOYHOE BBIPAXKEHUE JUISI CHUJI, JACUCTBYIOUIMX Ha LWIMHID B
OTHOPOJHOM CTAllMOHAPHOM IIOTOKE MJEAIBHOMN JKUIKOCTH C MOCTOSIHHBIM T'OPHU30HTaJIbHBIM
CIIBUTOM CKOPOCTH, MBI BOCIIOJIb30BAJIMCh MPUOIMKEHHBIMU pe3ysibTatamu [6,11], koTopsie
CIIPaBEIUBBI C TOYHOCTHIO JI0 WICHOB TPETHETO MOPSIKA MaJOCTH BKIFOYnATE bHO mo L/ L',
roe L' - macmrab neognopomunoctu BIL. B cBsisu ¢ stum B ypaBHenuu (1) mosiBuioch
JIONTOJTHUTEILHOE BEChbMA BaKHOE ciaraemoe — ImepeHocHoe yckopenwe BII. Takxke B
ypaBHEHHE JIOTIOJIHUTENFHO BKJIIOYeHa cuiaa PoccOu, yuuThIBarolas BIMSHUE Ha
nepemenienue TL[ S —sddekra (3aBucumoctn mapamerpa Kopmomnuca ot mmpotsr) [2].

CymecTBeHHBIM ~ 00pa3oM  W3MEHEHBbl  MapameTpusanud  Kod(D(PUIIMEeHTOB  TpeHwus,
UCronb3yemMble B Mozend. Hakowern, Bakueimum oriaumuuem MM ot [4,5] sBisercs
npucyTcTBue napamerpa Kopuonuca B BepaxkeHuu ais €. [leno B TOM, 4TO HallpaBlICHUE

otknonenust TI[ ot BII ompenensercs 3nakom Qg [9]. B ypaBHeHHSAX, HCHOIB30BAaHHBIX B
pabotax [4,5], Qp =—w <0, u TL[ MoxeT OTKIOHATBCA ToNbKO Brpaso ot BII [4,5,9]. Orto

NPOTHBOPEYMT JAaHHBIM MHOTOUMCIICHHBIX HaOtoaeHmi 3a epemertienuem T1I [3]. B pamkax
I'MM mnapametp 2y MeHSET 3HaK 110 Mepe cMmemeHns T1 mo mupoTe BCIeaCTBUE N3MEHEHUS

napameTpa Kopﬂonuca H 110 MCPC U3MCHCHUA erIOBOﬁ CKOpPOCTH BpalliCHUA TH @ , IpAU 3TOM
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TL[ MOXeT OTKIOHATHCA Kak BIpaBo, Tak U BieBO oT BII B 3aBucumMocTu oT 3Haka ()j.

VYka3zaHHbIe OTIIHYHS TOAPOOHO 00Cyxmarorcs B [8].

Cyns no nurepatype, B JalbHEHIIIEM HCCICAOBaHMS C HCIIOJIb30BaHHEM Mojeneit [4,5]
ObUIM TpEeKpalleHbl, ¥ B HACTOALIee BpeMsl HaM HEWU3BECTHBI IPYyrHe HCCIEIOBaHUS C
UCIIOJIb30BaHUEM MOJNO0HBIX Mojenei. Takum obpazom, MM croutr OcoOHSKOM B DALy
MOJIETIEN PA3IMYHOrO TUIIA, UCTIOIB3YEMBIX JIJIs MPOrHo3a nepemenienus T1I.

3axonomepHocTH oTkiIoHeHHUs Tl ot BII B pamkax 'MM oka3bIBatOTCsI COBEPIIEHHO
UHBIMH, YeM B Mojesx, urnopupyronmx tpeaune TI o T [9 u npuBenéHHBIC TaM CCHUIKH
Ha paboTsl aBTopal]. Bmecte ¢ Tem, mpaBmibHOe omucanue otkioHeHus TLI ot BII mmeer
peraroniee 3HaueHue s nporuosa nepemenienus TLI.

Kak cnenyer u3 (1), mepememienne konkpetHoro TI[ B pamkax I'MM ompenensercs
noneM ckopoct BII, a Takke HWHTEHCHMBHOCTBIO W paauaibHON cTpykrypoir TLI. B
nanpHeimeM, roBops o0 uHTeHcHMBHOCTH TLI, OynemM OJHOBpeMEHHO MOApa3yMeBaTh M
paauaiIbHyl0 CTPYKTypy. B coOTBeTCTBUM ¢ 3THM, pa3pabaTbiBaeMblii METOJ MPOTrHO3a
nepemenienuss TLl comepxkut Tpu Onoka: Omok umHTeHcuBHOCTH TLI, obecmeunBaromumit
00BEKTUBHBIN aHAIM3 U TPOTrHO3 WHTEeHCUBHOCTH; 010K BII, o6ecneunBaromnii 00beKTUBHBIN
aHanmu3 W mporHo3 mnois ckopoctd BII;, coOctBenHo Oi0k mporHosa mnepemerienust TLI,
ucnonp3ytomuii 'MM.

2.2 (Cxema 61oka naTeHcuBHOCTH T1]

B 0j0ke HMHTEHCHBHOCTH HCIHONB3yeTCs HWHGOpManus TeJaerpaMm — I[ITOPMOBBIX
npeaynpexaeHuii. Onu nepepatorcs 4 paza B cytku Hammonansueim Llentpom Yparanos B
Maitamu (NHC) nms ATiaHTukd W ceBepo-BocToka Tuxoro okeana u OObeTHHEHHBIM
Hentpom Ilpenynpexnenust TaiipynoB wa o. I'yam (GTWC) mns ceBepo-3amama Tuxoro
okeaHa. Tenerpammbl coiepkar OObEKTUBHBIN aHAINU3 M MPOTHO3 C 3a071aroBPEeMEHHOCTHIO
JI0 5 CyTOK BKIIOUMTENbHO KoopAauHatr TLI, makcumanpHON ckopocTH BeTpa Vi, M paauyca

R1, Ha KOTOPOM CKOpPOCTh BETpa JIOCTUraeT 3HaueHus Vq =34 ysna.

B mozenu ucnonb3yercs mpocTeiilnee paauaibHOE paclpeleieHue TaHTeHIMATIbHON
ckopoctu metpa TILL: Vi (r)Vp, = 2X/ (1+ Xz), X=r/Rpy (MOmuduIMpOBaHHBI BUXPH
Penkuna). OTCIofa M0 JaHHBIM TEJIErPaMM OMPEIEsieTCss paanyc MakcuMaabHoro Berpa T1]

Rm = R1(Vm N+ [(Vm /V1)2 _1]Ol5j_l'

BaxneiimuM mapamerpoMm Moaenu siBisiercsa paaumyc TL[ L, xoTopslii ompenensieT
yriI0ByI0 ckopocth Bpamenusi TLl, cumy PoccOu, a takxke koadduuumentsr tpenus TLI o
MOJICTUIAIOILYIO TOBEPXHOCTh U O BEIyIUMH MOTOK. MexXy TeM, B U3BECTHBIX paAUaJIbHBIX
pactpenenenusx napamerpoB TLI xapakrtepnslii BHemHMM paauyc TL[ orcyrcTByer, 4TO
XOpOLIO BUAHO Ha MpHMepe ¢ MOAU(UIMPOBaHHBIM BUXpeM Penknna. Hamu ucnonb3oBaHa
napameTpu3alysl, no3Bossomas cea3are paanyc TL[ L C paguycoM MakcHMMaabHOIO BETpa:
L/Ry = PF(Ro,q) . 3mecs Ro=Vy,/(Ry -Q-sing) — umcno Poccou; q=Vp/cq

p :4><10_5 c/M — TOCTOSHHas B COOTHOLICHHH Cg (V):Cd + [ -V , OmIpeaensonemM

3aBUCUMOCTb KO3 (UIMEHTa CONPOTUBIEHUS OT ckopocTd V; F — QyHkuus, ans pacuéra
KOTOPOH TpHMEHSETCST JOCTAaTOYHO MPOCTOH 4YHUCIeHHBIH anroput™. Koaddumument
IPONOPLHOHATBHOCTH P SIBISCTCS TPeTbUM (Hapsiay C yMOMSHYTBIMH Bbilie K u C,b’)

Oe3pa3MepHbIM MmapaMmeTpoM Mozend. [locime 3Toro Jerko BBIYHMCIAIOTCS BEJIMYUHBI @, F B

¢ . Koadpdumment tpenuss TI[ o IIIT b Beumcnsercs uepes WHTErpajbHOE MO 00JaCTH,
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3ansitod TLl, TpeHMEe O MOACTWIAIOUIYIO MOBEPXHOCTh, COOTBETCTBYIOIIAS OIICHKA z':l/b
HpI/IBCZ[eHa B HA4YaJIC CTaThbHU.

2.3 Cxema OJyoKa BeIyIIETO ITOTOKA

B 650ke BII ucrnonb3yercst 00beKTHBHBIN aHAN3 U MPOTHO3 (C 320JIar0OBPEeMEHHOCTHIO
70 6 CYyTOK BKIIFOYMTENIFHO) TMOJICH BEeTpa Ha CTaHIAAPTHBIX ypoBHsAX B koje GRIB Ha cetke
2.5x2.5 rpagyca. YkazaHHas uHpopmauus Bbiaaércs ['mobGanbHoit OnepatuBHOil Mojenbio
I'MII P® nBa pa3a B CyTKH. 3a Ka)/Ablil CPOK IIPOTHO3a I0JIEH BETPAa HAXOAUTCS CPEAHEE IO
BbICOTE Tpomochepsl B cioe ot moBepxHoct q0 100 MO moste Betpa. OHO, BOOOIIE TOBOPH,
cogepxkutT uupkyssinuto TLI. B okpectHoctu TL[ BeIpe3aercss OKHO, OXBaThIBAIOLIEE
mupkyauuio TL[, 1 BHYTpbh OKHA OCYIIECTBIISETCS MHTEPHOALUS MOJIs BETpa U3 BHELIHEH
obmactu. IlomyuyenHoe mone Berpa, He coaepxaiiee HUpkyssimuioo TLI, cuuTaercs mosnem

ckopoctu BII \70 (X, y,t) 3a COOTBETCTBYIOUIMH cpok. B kaudecTBe mpumepa cieBa Ha puc. 1

npuBeaeHo noje Berpa ¢ nupkysanueit TL, cnpaBa — mone ckopoctu BII, TL[ Haxonurcs B
TOYKE C KoopAauHaTamu 125 rpamycoB B.1., 25 rpaaycos c.Iu.
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Puc.1 — KpynHomacmtabHoe 1oJie BeTpa 10 M nociie uckioueHus uupkyssimun TL. Cnesa
MPUBEACHO OKHO, OXBaThIBaromiee NupKyJsamuto TLI.

Mexay cpokamMu MpOrHO30B TenerpamMMm W mosedl ckopoctu BII ucnonb3yercs
JMHEWHAsI UHTEPIOJISILIUS COOTBETCTBYIOLIMX BETMYHH IO BPEMEHHU.

2.4 JlmarHoctuyeckue pacyeTel nepemenicHus T1]

Panee [10] B pamkax paspabaThiBaeMOro MeToJa MPOrHO3a Oblia MPOBEICHA CEepHs
nuarHoctTuueckux pacuetoB mnepemerienuss 1L cesonoB 2001 um 2003 romos. Ilox
JUArHOCTUYECKUMH UMEIOTCS B BUY Pacy€Tbl, B KOTOPBIX B TEUEHUE BCETO BPEMEHU JKU3HU
TL B kauectBe mozneil ckopoctu BII u mnTencuBHoctu TL| mcnonb3yercsi 0ObEKTUBHBIN
aHaJIN3 COOTBETCTBYIOLIMX BeNnuuH. [Ipu 3TOM mapameTpst monenu K, € R (KOHCTaHTBI

wis kaxmgoro TII) moaOuparoTcs W3 YCJIOBHS HAWIYYIIETO0 COBMAJCHUS pPACUYETHOU U
bakTHUeCKOi TpaeKTopuH B TedeHue Bcero Bpemenu xwu3au TLI (B [10] mis Bcex TII Gbuio
npunsito K=0 ). B cesonmax TI[ 2001 u 2003 romoB okasaigocs mopsaka 60 TIT
JUTATEIILHOCTBIO YETBEPO CYTOK M Oojiee, IS KOTOPBIX MPOBOIMINCH IHATHOCTHUCCKHUEC
pacu€tbl. Jlns Bcex atux TII cpemHee BIOMb TPACKTOPHU OTKJIOHEHHE PAaCYETHOTO
MOJIOKEHUsT OT ¢akTudeckoro He mpesbimaer 130 kM, mus GompmuHcTBa TL[ OHO MEHbIE
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100 kM, 9TO CpaBHUMO C TOYHOCTHIO omnpenenieHus ¢akrudeckoro moyuoxeHus TL. TIpu atom
wis 36 TI[ Bpems xu3Hu (BpeMs cu€ra) HAXOAWJIOCh B mpexaeiax or 5 mo 14,5 cyrtok.
Juarnoctuueckue pacd€Tsl BOCIIPOU3BOAAT HE TOJBKO 00muid Xapaktep Tpaekrtopuit TLI, HO
TaK)Ke XapaKTepHbIe OCOOCHHOCTH OOJBIIMHCTBA TPACKTOPHUI, HAMpUMeEp, XapaKTEPHYIO
dbopMy TOW WM MHON TPACKTOPHUH B OKPECTHOCTH TOYEK MOBOPOTA, METJIH, TONTaHUE Ha
MECTE | T. . DTO OOCTOSTEIBCTBO SBIIACTCS BeCbMa BaKHBIM. VI3 HETO CIeyeT, YTO B OCHOBY
pazpaboTku Merona mporHoza mnepememieHuss TL[ monoxkeHa Mojenb, ageKBAaTHO
onuchiBaromas nepemewmenne TL[. B nenom, mpoBeaeHHE IUArHOCTUYECKUX PaCUYETOB
MO3BOJIWJIO  BbIOpaTh  MapaMeTpu3alllM, HUCIOJb3yeMble B  Mojaenu. Pe3ynbpraTsl
JTUArHOCTHYECKUX pacu€ToB MPEACTABISAIOT MHTEpec camMu Mo cebe, Oe30THOCUTENTHHO K
nporuno3y nepemerieHus TL{: HaMm HeU3BEeCTHBI Kakue-I100 APyrue MOMBITKH MOJICTUPOBAHUS
nepemenienus TL[ Ha cpok Gomnee 6 CyTOK, MOCKOIBKY POCT OMIKUOOK Jieall MPOBEAeHIE TaAKUX
pacy€ToB OECCMBICICHHBIM.

3 Pe3yabTaThl HCCI€T0BAHUSA

B HacTosmeit pabore npuBOASTCS HEKOTOPbIE pPE3YJbTaThl KBAa3HIPOTHOCTUYECKUX
pacué€roB nepememienus T1[ cezona 2003 roma. Iloa KBa3UNMPOTHOCTUYECKUMH HMEIOTCS B
BUJly pacu€Tbl, B KOTOPHIX MO-TIPEXKHEMY B TE€UEHHE BCEero BpeMeHu xku3Hu Tl B xauecTBe
noneit ckopoctu BII u wunHTeHcuBHocTH TILI wucnonb3yercss OOBEKTHBHBIN —aHAIU3
COOTBETCTBYIOIIUX BenuuyuH. [Ipum 3TOM, oAHaKko, mapaMeTpbl MOJENH IMOAOUpPAIOTCS U3
YCIIOBUSI HAWJIYYIIETO COBMAJICHUS PAacu€THOM M (PaKTUYECKOM TPaeKTOpPHH Ha MPOTSKEHUU
IPEIIPOrHOCTUYECKOTO0 NEPUOAA, AIUTEIBHOCTh KOTOPOrO B Cllydae peajbHOro IPOTrHO3a
OTIpeneNsieTcsl MMEIOIIEHCST Ha MOMEHT NporHo3a uH(QopMamueid o NpeAmecTBYIOMEeM
nepemenieHuun TL[. Takum oOpa3oM, KBa3HIPOTHOCTUYECKHE PACUETHI OTIUYAIOTCA OT
MIPOTHOCTUYECKUX TEM, YTO B CIIy4a€ PEaJIbHOrO MPOTHO3a Ha MPOTHOCTHYECKOM MEPHOJIE
BMECTO OOBEKTHBHOro aHanu3a mnojeil ckopoctn BII u wunTencuBHoctu TII Oyner
HCITOJIB30BATHCS MPOTHO3 COOTBETCTBYIOIINX BEIUYMH.

B kadectBe mpumepa Ha puC. 2-5 MpHUBEACHBI PE3yJbTaThl KBA3HIPOTHOCTHYECKUX
pacuéroB g psaa TL. MeTku Ha TpaeKTOpUsAX MPOCTaBICHHI uepe3 12 yacoB, TpaeKTopuu ¢
Kpy’kKkamu — pacuérHble. [lepBble aBe nudpel — NOpsIKOBbI pernoHanbHbi HOMep TLI B
cesone 2003 roma, cuMBOa “W” COOTBETCTBYET CeBepo-3amaay THXOro okeaHa, CHMBOJI
“a” - ceBepo-3amaay ATIAHTHYECKOTO OKeaHa. B ckoOkax mpuBeleHa OIMIMOKA MOJIOXKCHHS
Tl Ha MOMEHT Hauaia KBa3UIPOTHO3a U Jajiee OMHMOKH KBA3UIIPOTHO3a Ha MEPBEIE, BTOPEIE,
TPEThbH U T.JA. CyTKH. [0 TOPH30HTAIM OTJIOXEHA J0JTOTa B rpamaycax (BOCTOUHOHM JOJITOTE
COOTBETCTBYIOT TIOJIOKHTEIbHBIC 3HAYEHUs), IO BEPTHKAIM —  [IMPOTA. 3SHAYCHHUS
NapaMeTpoB MOJEJIM BbIOMpAINCh M3 YCIOBUS MHUHUMYyMa CpeAHEM B TeueHue
MPEIIPOrHOCTUYECKOTO MepHoa ONIMOKH pacuéra.

Panee mnpu mpoBeneHUM TEOPETUYECKUX HcciaenaoBaHuid B pamkax ['MM  Obiia
oOHapy’keHa HEYyCTOMYMBOCTh TpaeKTOpuil Buxpel, moaenupytommx TL[: B onmpenenéHHbIX
ClIydasiX MaJjible U3MEHEHUS NapaMeTPOB BUXPS WM MOJEJIBHON CHHONTUYECKON 00CTaHOBKHU
NPUBOJIST K CMEHE THIA TpaeKkTopuu BUXps [9]. DTO ke AEMOHCTPHPYIOT AHATHOCTHYCCKHE
[10] u xBazumporuoctuueckue pacuérbl. Kak mpaBuio, ommOKH Ha MPEeInpOrHOCTHYECKOM
nepuoje Majibl M ONM3KU APYT K APYyTy B uenoi obiactu W 3HaueHUil napamMeTpoB MOJEIH.
[Ipu 5TOM BO3MOKHBI ABE CUTYALIUH.

B OonpmuHCTBE CcllydaeB KBAa3UIMPOTHOCTHYECKHE TPACKTOPHH, MOCYUTAHHBIE MPHU
pPa3IUYHBIX 3HAYEHUSX MapaMeTpoB Mozaenu u3 obmactu W, ogHOro Tuma M JOCTATOYHO
Oym3ku apyr K apyry. OO0 3TOM MOXKHO TOBOPHUTH Kak 00 YCTOWYMBOCTH Tpaektopuil. [Ipu
9TOM YJOBJIETBOPUTEIBHBIM KPUTEPHUEM BHIOOpA MapaMeTpoB SIBISIETCS YCIOBHE MUHHUMYMa
CpeIHel B TeueHHe IMPeIIPOrHOCTUYECKOr0 IMepHoJa OIMOKM pacuéra. DTO XOpOILIO
JEMOHCTPUPYIOT NPUBEAEHHBIE BbIILIE PE3YJIbTaThl KBA3UIPOTHO30B A psina TLL.
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Puc.2 - TII 212003w. KgeasumporsHo3 Ha 8
CYTOK, MPEAIPOTHOCTUUECKHUI
nepuo aBoe cytok. Ommuoku (33),
95, 241, 150, 89, 157, 43, 137,
24 xwm.

Puc.3 - TII 102003a. Ksazumporno3 Ha 9
CYTOK, HPEIIPOrHOCTHYCCKUI
nepuoa aBoe cyTok. Omudku (26),
164, 203, 289, 386, 523, 346, 105,
101, 216 xm.

Puc.4 — TI 132003a. KBazunporuno3 Ha 9.5
CYTOK, HPEANPOTHOCTHYECKUN
nepuoxa 3 cyrok. Ommbku (79) 159,
223, 244, 210, 130, 185, 237, 321,
574 xwm.

Puc.5 — TI 262003w. KBa3unporuos Ha 8.5
CYTOK, HPEeIIPOrHOCTHYCCKUI
nepuoa 1 cyrku. Omudku (5) 203,
30, 222, 150, 226, 208, 306, 299 kM.
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Keas'unpOZHocmuquKue pacuémbl nepemeuieHusl mponu4ecCKux yukiloHoe

Hapsiny ¢ 3TuM BCTpedaroTcs CHTyallMM, KOTJa KBAa3HUIPOTHOCTHYECKHE TPACKTOPHH,
NOCYUTAHHBIE TPH PA3TUYHBIX 3HAYCHHUAX MapaMeTpoB Monaenu u3 obmactu W, Bechbma
CHJIBHO OTJIMYAIOTCA IPYT OT Apyra U MOTYT ObITh pa3HbIX TUIIOB. OO0 3TOM MOKHO TOBOPHUTH
KaK O HEYCTOMYMBOCTH TPAEKTOPUH IO OTHOLIEHUIO K MajblM HW3MEHEHUSAM IapaMeTPOB
Monenu. Tem He meHee, U B 3ToM ciydyae ['MM mnpu COOTBETCTBYIOIIMX 3HAYEHUSIX
[IapaMeTPOB B TUArHOCTUYECKOM PEXKHMME JOCTATOYHO KOPPEKTHO OINKCHIBAET MEPEMEILECHUE
TII [10]. Otcrona crieayeT BBIBOM. HEYCTOMYMBOCTh B YKA3aHHOM BBIIIIE CMBICIIE BHYTPEHHE
npucyma nepememieHuo TLl. DTo MOXeT SBIATbCS OOBEKTHBHOM NPUYMHON IIOXOTO
Ka4yecTBa MPOTHO30B B ONpPEACIEHHBIX CUTyauusX. CaMbIM IPOCTBIM PEIIEHUEM IPU 3TOM
Oyner BooOmie He JaBaTh HporHo3 nepemerneHus TLl. Bo3MmoxHBI U Apyrue Hoaxojsbl,
CBS3aHHbIE, HANpUMEp, C OLEHKOM Ha MNPEeANpPOTHOCTUYECKOM NEPUOAE BEPOSTHOCTU
peanu3alyy TeX WM UHBIX 3HaUYeHHH MmapaMeTpoB MoJenu. BaxxHO oTMeTUTh, YTO BOIpoc 00
YCTOMUMBOCTH JIMOO HEYCTOHYMBOCTH TPACKTOPHUHM MOXET OBITh peméH B KaXKIOM
KOHKPETHOM Cllydae MpOTHO3a 3apaHee MyTEM mepebopa TPaeKTOPHi, COOTBETCTBYIOIIUX
pa3IMYHBIM 3HAYCHUsM MapaMeTpoB mojenu u3 odmactu W. IloguepkHeM, 4TO BEIINIE pedb
1IJIA O HEYCTOWYMBOCTH TPAEKTOPHI HA MOMEHT NMPOTHO3a U Ha CPOK ITporHosa. Tak, eciu TL]
MUHOBaJI “TOYKY’ HEYCTOWYMBOCTH, TO oOnacTb W, COOTBETCTBYIOIIAsi MajbIM OLIMOKaM
IPEIIPOrHOCTUYECKOTO TEPUOJA, PE3KO COKpaIlaeTcs, a cama TPAeKTOpUs Jajlee MOXKET
OBITH BIIOJIHE YCTONYHBOM.

4 BbIBOABI

[TpoBenénHble pacuéThl AT MpejAcTaBiIeHHe 00 YpOBHE OIIMOOK MpPOrHO3a
nepemenieHus: TL{, KOTOpbIil MOKET ObITh JOCTUTHYT B paMKax pa3padaTbiBaéMOro METO/a B
HEepCHEeKTHBE, [0 MEPEe YMEHbIIEHHs OIMOOK MPOrHo3a KPYMHOMACIITAOHOTO MO BETpa U
omuOok nporuo3a uureHcuBHOoCcTH TLI. Co BpeMeHeM MpOrHO3bl KPYIMHOMACIITAOHOTO OIS
BeTpa M HMHTEeHCHMBHOCTH TL| OyayT npuOmkaTbCsi K OOBEKTHBHOMY aHalu3y, OTKyZa
cleayeT, 4ro OmuOKM mporHo3a mnepememeHus TL[ OyayT crpeMuThcs K ommMOKaMm
KBa3UIIPOrHo3a. B cBoOI0 ouepesb, BIOJIHE BEPOSTHO, YTO OIIMOKHM KBa3WIIPOrHO3a OyIyT
YMEHBIIATHCSA [0 MEpPE YJIyYIIEHUS KayecTBa OOBEKTMBHOIO aHAJIM3a KPYMHOMACIITAOHbBIX
nosied Berpa U uHTeHcuBHOCTH TLI.

B nenoM, npoBenéHHbIE pacyETHl JAEMOHCTPUPYIOT BO3MOXHOCTH KOPPEKTHOTO
ONpeleNeHuss MapaMeTpoB MoOJeiau 1o 4vactu Tpaekropun TL[, coorBeTcTByIOIIEH
HPEANPOTHOCTUYECKOMY TEepUOJY. DTO MO3BOJSAET MON0KUTh MM B OCHOBY pa3paboTku
HOBOI'0 MeToAa nporuo3a nepemerenus TLI.
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“Queasyprognostic” calculations of tropical cyclones motion

Abstract. Within a framework of the hydromechanical model (HMM) of a tropical cyclone (TC) motion, the
““queasyprognostic™ calculations of TC’s movement are carried out during the 2001 and 2003 year seasons. A
TC motion is defined by a large scale wind field and TC intensity. “Queasyprognostic’” means, that an objective
analyses of a large scale wind field and an objective analyses of a TC intensity are used during an all life cycle
of a TC. The model contains parameters describing a size of a TC and a distribution of a tangential wind of a
TC. It is shown, that an appropriate choice for everyone TC of meanings of these parameters (constants) during
a “‘beforeprognostic™ period, provides enough good agreement between an actual and calculated tracks of
various types for a “queasyprognostic” period up to 9 days. A duration of a ““beforeprognostic period in the
case of a real prognostic calculations corresponds to a period, for which information about a privies TC motion
is available. Thus, model parameters may be enough correctly defined during a ““beforeprognostic’ period. The
HMM may be taken as a base for a development of the new track prediction model.

Keywords: tropical cyclones, tangential wind, “queasyprognostic” calculations of TC’s movement.
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C.C. 3uwnntunkeBny>>*, npog., T. 3.111,11ep1/m5, H. K.JII/[OpI/IHS, W. PoraueBckumii’
LOmoenenue ammochepnvix nayk u 2eousuru, Xenvcunckuii Yuusepcumem, Ounisnous
2@unckuii memeoponoeuueckuti uncmumym, Xenvcunku, Qunisnous

3IJenmp sKono2uueckux uccnedosanuii u Oucmanyuono2o sonouposanus um. ®. Hancenal
Llenmp uccneoosanuii knumama um. B. Bvepkneca, bepeen, Hopsecus

4HHcmumym @uszuxu ammocghepol um. A.M. Obyxoea PAH, Mocxea, Poccus
5YHu6epcumem um. ben-I'ypuona ¢ Heeese, beep-1llesa, H3pauno

3AMBIKAHUE YPABHEHUM PEMHOJIb/CA IS YCTOMYUBO
CTPATU®ULIMPOBAHHBIX TYPBYJEHTHBIX TEUEHUN B ATMOC®EPE U
OKEAHE

AnHoTauus. [Ipeonazaemcs moodensv 3amvikanus ypasHenuil Petinonv0ca, 0CHOBAHHAA HA YPABHEHUAX bananca
ons pynoamenmanvuvix emopvlx momenmos. TKD (mypbyrenmnoi  kunemuueckou owuepeuu) u TID
(mypbynenmnoii nomenyuaneHou dnepeuu), emecme COCMAGIAIOWUX NOTHYIO UIU CYMMAPHYIO SHEPIUio
mypoyrenmuocmu. CIOT=TKO+TIID, a makdce 6epmMuKaibHbIX MypOYIeHMHbIX NOMOKO8 UMNYIbCA U
naagyyecmu (nponopyuonanvhoi nomenyuanohot memnepamype). Kpome nowsmus COT, naw nooxoo
cooepycum ewé 068a HOBbIX KIHOUEGbIX NEMEHMA. HeSPAOUEHMHYI0 NONPAGKY K NOMOKY NiaAgyyecmu u
3A8UCUMOCIb  AHUBOMPONUY NOJA CKOpocmell om cmpamugukayuy meveHus. B npeonoscennoi modenu
2APAHMUPOBAHA  6O3MONCHOCb  CYWECMBOBAHUA  MYPOYICHMHOCIMU Npu  JT0OOM  2PAOUEHMHOM — Yucie
Puuapocona, Ri. Bumecmo kpumuueckoeo 3nauenust uucia Puuapocona, xomopoe paszoensiem — Kax 06bIUHO
npeononazaemcs — mypoyIeHmuvlil U JAMUHAPHBIL PEHCUMBL, 8 NPedNaeaemotll MOOeaU NOABNACNCS NePexoOHblil
unmepsan, 0.1<Ri<1, pasdersiowuii 06a pedxcuma CYWECMEEHHO PA3IUYHOU RPUPOObL:  CULLHA
myp6ynenmnocms 0bviuno2o muna npu Ri < 1; u cnabas mypbynenmnocms, cnocobnas nepeHocums UMnyisc,
HO HaMHO20 MeHee d¢hpexmusnas 6 nepernoce menaa, npu Ri >1. Pacuemur no naweii mooenu coenacyiomes c
OQHHBIMU  AMMOCHEPHLIX U 1AOOPAMOPHBIX IKCHEPUMEHMOB, NOIHO2O BUXPEPA3PEUUAIOUI20 YUCTEHHO2O
mooenuposanus mypoyrenmnocmu (direct numerical simulation = DNS) u uacmuuno suxpepaspewaiowezo
mooenuposanus mypoyrenmuocmu (large-eddy simulation = LES).

KnioueBble cii0Ba: anuzomponus, 3aMulkanue yYpasHeHull mypoyieHmHo2o 08UNCEHUs, KUHeMUYeCKas SHepeus
mypOyIeHmHOCIU, NOMEHYUATbHAA — Hepeus  MypOYIeHMHOCMY, NOAHAS  dHepaus  mypOyIeHmHoCmu,
Kpumuieckoe uucio Puuapocona, nymv cmeuieHus, ycmouyueas cmpamupuxayus, mypoyieHmHas 613K0Cmb,
mypoyienmuuviii nepeHoc.

1 Baeaenue

BONBIIMHCTBO UCMONIB3yeMBIX Ha MPAaKTHKE MOJEJICH 3aMbIKaHUS B TCOPUH
TypOYJICHTHOrO HEpPEeHOCa OCHOBAHO HA 2padueHmHom npubnudicenuu. B COOTBETCTBHU ¢
3TUM MOJIXOJ0M TypOyJICHTHBIC MOTOKU UMITYJIbCA U CKAISIPHBIX BEJIHMUYMH MPEICTABISIOTCS B
BUJIC MIPOM3BEICHUN CPEIHEro IpajJMeHTa MEPEHOCHMOW CYOCTaHIIMH M COOTBETCTBYIOIIETO
ko3h¢uimenta  TypOyJeHTHOro  mepeHoca  (TypOyJEHTHOH  BSI3KOCTH, Kwm

temneparynpoBogaoctr, Ky, wm mudpdysun, Kp). Cuemys Kommoroposy [27], atm
K03((ULMEHTH MPUHUMAIOT I[PONOPLUUOHAIBHBIMU TYypOYJIEHTHOM CKOpocTH, Uy, U

TypOyJeHTHOMY MacIuTady IIuHbL, |t :
Km ~ Ky ~Kp ~ur k. (1)

OO6bI14HO u-|2 OTOXJIECTBISIETCST ¢ TypOyJIeHTHOH KuHetmueckoil sHeprueit (7KD),
OTHECEHHOH K eauHuue Maccel, Ey . Ilocnennss paccumteiBaeTca M3 ypaBHEHHs OanaHca
TKD c ucnonbszoBanueM KoJMOropoBCKOIro 3aMbIKaHUs AJ11 CKOPOCTH UCCUTIAINH!
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8K~EK/tT, (2)

rae ty ~ by /ur — BpemeHHo# MaciTab gUCCHIALUK TYpOYJICHTHOCTH.

OTOT MOAXOJ ONpaBjAaH, MPU ONMMCAHUU HEHTPaAIbHO CTPAaTU(UIUPOBAHHBIX TEUCHUH,
rae |, MOXHO CUMTaTh MPOMOPIMOHANBHBIM PACCTOSIHUIO OT Onvpkaiimei creHku. OgHAKO,

OH CTQJIKMBAETCS C TPYTHOCTSIMH B CTPATU(UIIMPOBAHHBIX TOTOKAX — KaK YCTOMYUBBIX, TaK U
HeycrodumBbix. TypOynentHoe umcio Ilpanamist, Pr =Ky /Ky, o0HapyxuBaer

CYIIECTBEHHYIO 3aBHCHUMOCTh OT CTpaTU(UKAlMM ¥ HE MOXET pPacCMaTpUBAaThCS Kak
KoHCTaHTa. Kpome Toro, kak cieayer M3 ypaBHeHHH OajaHca Al BEPTUKAJIbHBIX
TypOyJIEHTHBIX NOTOKOB UMITYJIbCA U IUIaBY4ECTH, TypOyJEHTHBIM MacIITa0OM CKOPOCTH Ut ,

cayxur /E, (rme E, - KuHeTHUecKast SHEPTUsl BEPTUKAIBHBIX ITyJIbcaluii ckopoctu). [Ipn
HeWTpanbHOU cTpatuukannu E, ~Ex, 4To u ompapiapiBaeT TpagMLUOHHYIO OLEHKY
Ur ~+/Ek . OnHako, mpu CHIBHO yCTOWYMBOM CTpaTU(UKAILMU 3Ta OLEHKA MEpecTaeT ObITh

CIpaBeUIMBOI, T.K. Kod(pduument anmsorponmn, A, =E,/Eyx, yObBaer ¢ ycuieHHeM

YCTOMYUBOCTH.
Jns yuera crpaTuduKamy IPUXOAUTCS UCIOJIB30BaTh pa3Hble MAcHITaObl JJIUHBI JJIS
KOPPEIATOPOB «CKOPOCTB—CKOPOCTB», |1\ , B «CKOpOCTh-TeMIeparypa», k. B pesymsraTe

crangaptHas cxema (chopmynupoBanHas KoaMoropoBsiM Jjisi HEHTPaabHON CTpaTH(PHKAIIMH
¥ XOpOIIO 00OCHOBaHHAsI TOJBKO JJISl 3TOTO CiIydasi) YTPauuBacT CBOKO KOHCTPYKTHBHOCTH!
HepeIleHHass 9acTh npodseMsl npocto nepeHocurcs ot { Ky, Ky} x {lhy, hy - Hpun

9TOM, YypaBHeHue Oamanca 7TKD CTaHOBHUTCS HENOCTATOYHBIM I ONPEICICHUS
JIOTIOJTHUTEIbHBIX HEU3BECTHBIX ITAPAMETPOB.

B nurepatype MOXHO HAaWTH MHOTOYHMCIICHHBIE CXEMBbl 3aMBIKaHUs, HCIOJIb3YIOLIUE
ypaBHeHUs OanaHca IS pa3IMYHBIX MapaMeTpoB TypOyiaeHtHocTH (momumo TKD) B
COUCTAaHUHM C OIBPUCTUYCCKUMHU THIIOTE3aMHU U SMIUPUYESCKUMH (QOpMyJaMH, OTHAKO
KOHCEHCYC He JJOCTUTHYT (cM., Harpumep, 0030psI [49,51].

B naHHOI cTaThe MCCIieAyeTCsl BIUSHHE yCTOMYMBOW CTpaTH(HUKAIWK TUIOTHOCTH Ha
TypOyJCHTHBIC YHEPrUM M BEPTHKAIbHBIC TYpOYJCHTHbIC MOTOKH B arMochepHbIX (Miu
OKEaHCKHX) TeUCHHUAX. J[JIsI MPOCTOTHI CYMTACTCS, YTO TOPU3OHTAIBHBIC TPAIMEHTBI CPEIHEH
CKOPOCTH M TEMIIEPATyphbl 3HAUUTETHHO clabee BepTUKAIbHBIX.

[IpennoxenHas Tteopus MAET PEATUCTUYHBIE 3aBUCHUMOCTH OT YCTOWYMBOCTH IS
TypOyneHTHOro umncia IlpaHaTis, BEPTUKATBLHOW aHU3OTPONMHH M BEPTHKAIHHOTO
TypOyJieHTHOrO MaciuTada JInHbL. M31noxeHue BeeTcsi B METEOPOJIOTMYECKUX TEPMUHAX, HO
pe3yNbTaThl JIETKO MOTYT OBITh MepedopMyIMPOBAHbI B TEPMUHAX OKEAHCKUX TeueHuil. [lns
3TOr0 AOCTATOYHO BBIPA3UTh IJIABYUYECTh UEPE3 TEMIEPATYPY U COJICHOCTb.

Mpsl paccmaTtpuBaeM ypaBHEHHUs OallaHCa TOJBKO JJISl TTIABHBIX BTOPHIX MOMEHTOB, a
uMeHHO aBYX sHeprui (TKD u T11D ) u BEpTUKAIBHBIX TYPOYJICHTHBIX MOTOKOB IIABYyYCCTH
U KOJMYECTBA JBIKEGHHSA. B 9STUX ypaBHEHHSIX YYUTHIBAIOTCS HEKOTOpbIE OOBIYHO
oTOpachiBaeMble 4IEHBI, HO B TO JK€ BpeMsl OTIOXXKEHAa Ha Oyayliee mnapaMeTpHu3aIus
TypOYJIEHTHBIX IOTOKOB TPETHEro MOpSAAKAa M JETAIbHOE H3YUYEHHE KOPPEISALHUM Mexay
CKOPOCTBbIO W JaBlieHHeM. [[1s omucaHusi BEpTUKAJIbHOW aHU30TPONUH, A,, UCHOJIB3YETCs
o0OoOmieHHass runore3a wu3orponusaiuu  Porra [44].  CylluecTBEHHO  YUYHUTHIBACcTCS
HEeTpaJueHTHAs TONpaBKa K TPAIUIMOHHOW (Qopmyie ais TypOyJIEHTHOTO IOTOKa Teruia.
Takol moaXoA MO3BOJIAET MOTYYUTh CPABHUTEIBHO MPOCTYIO U B TO K€ BPEMSI PEaTUCTUUHY IO
CXEMY 3aMbIKaHHUS.
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Mbl  paccMaTpuBaeM CyMMapHyio  (KMHETHYECKYHO+IOTCHIIMAIbHYI0)  JHEPTHUIO
typoynentHocT (COT ), moiayyaeM ypaBHeHue e OanmaHca, ¥ geMoHcTpupyeM, uto COT B
YCTOWYMBO CTPATU(DUIIMPOBAHHBIX TEUCHHSIX CO CIBUTOM CKOPOCTH MOJTHOCTBIO HE MCUE3aeT
JIaXKe TIPU cCaMOW CHJIBHOM cTpaTU(UKAIIMU. DTOT BBIBOI, MOJTYUYEHHBIN U3 OOIINUX ypaBHEHUHN
HE3aBHCHMO OT KOHKPETHOTO BBIPAKEHHUS IJs TypOYJIEHTHOrO MacmiTaba JIUHBI, CITYKUT
apryMEHTOM IIPOTHUB IMIMPOKO UCIIOIb3YEMOM KOHLETIMA KPUTUUECKOTO IPAIUEHTHOIO YHCTIa
Puuapacona B 3HEpreTHYECKOM CMBICIIE.

HamomuuM, 4to rpaaumeHTHOe umcio Puuapiacona, Ri, ompemessiercss Kak KBaapaT
OTHOIICHUS 4acTOThI Bstiicsuis—bpenta, N , k ciBury ckopocty, S :

2
Ri :(ﬂ] , (3a)

().
oz 0z
NZ =5, (30)

I1e Z — BepTUKalbHas kKoopauHata, U u V — cocraBisiolue cpeqHeil CKOpOCTH BIOJIb
TOPU3OHTAIBHBIX OCel X u Yy, 6@ — cpegHss MNOTEHUUANbHAs TEMIIEPATypa,

p=9/T, — napamerp IuaBydecTs, ¢ =9.81mc? - yCKOpeHHe CBOOOAHOTO MaACHUS, U

T, — crangapTHOE 3HaUeHHE a0COIIOTHON TEMIIEPaTypBL.

[TorenmansHas Temneparypa onpenenena kak 6 =T (R / P)l_ll 7 rne T - abcomoTHas

TeMIieparypa, P — naBnenue, P, — crannaptHoe 3HAUYCHHE JaBJICHUS, u
C p o

y =—=1.41 - OTHOLICHUE YJIEIBHBIX TECIUIOEMKOCTEH MPH MOCTOSHHOM JaBiieHHU (c p) u
cy

HOCTOSTHHOM 00Beme (¢ ).

Yucno Ri xapakTepu3yeT BIUSHHE CTATUYECKOW YCTOWYMBOCTH Ha TYpOYJICHTHOCTb.
[IpuHIMTIMATBHBI ~ BOMPOC  TEOPUHU  yYCTOMYMBO  CTPATHU(HUIMPOBAHHBIX  TEUYCHUH,
nocraByieHHbId Puuapaconom [43] erie B Hauasie npoIioro Beka U OCTaBaBIIMICS OTKPBITHIM
JI0 TIOCJIETHET0 BPEMEHM: TOJAJIEPKUBAETCA JM CTallMOHAapHas TypOYJIEHTHOCTh 3a CUET
CIABHTa CKOPOCTH MpPH OYeHb OONBIIMX TPAJUCHTHBIX uMcIax PuuapicoHa u, ecliu HeT,
KaKOBO KpUTHYEeCKOe 3HaueHue Ri, oTnenstoniee TypOyIeHTHbIC TEUCHHUS OT JTAMUHAPHBIX ?

[IIupoko pacnpocTpaHEHO MHEHHE, dYTO mpu Oombiux Ri  TypOyJIeHTHOCTD
BBIPOXKIACTCS, INpPUYEM JUIl KPUTHYECKOro 3HaueHMss 4yuciaa Pugapacona, Ri., uacto

ucnons3yercs onenka Ri. =0.25. Ognaxo, cymecrBoBanue Ri; B 9HepreTHueckoM cCMbICiIe
HE BBIBE/ICHO U3 OCHOBHBIX (PU3MUYECKUX MPUHIIUIIOB M HE TIOATBEPXKICHO KCIIEPUMEHTAIIBHO.
Bornee Toro, 1aHHbBIE MHOTOYHCIICHHBIX SKCIIEPUMEHTOB MPOTHBOPEYAT CyIIECTBOBaHUIO Rig
(cMm. meTampHOE 00CYXkIeHHE 3TOro Borpoca B [53,54]).

Cxema 3aMbIKaHUs, OCHOBAaHHAs Ha MPSMOM HCITOJIb30BAaHUU ypaBHEHUs Oananca TKO B
couetanuu ¢ popmynamu (1) u (2) conepxut Ri;. [y IpakTHIECKOr0 MOJEIUPOBAHUS 3TO

HenpuemsieMo. JlamuHapusanusi aTtMoc(EpHbIX TEYEHHMH MPAaKTHUYECKH HHUKOI/Ia He
MIPOUCXONT, a €€ MOSABJICHUE B MOJENIU MPUBEIO Obl K HEPEATMCTUUYECKOMY MPEKpPALICHUIO
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B3aUMOJICHCTBHS aTMOC(EPHOro MOTOKA ¢ MOACTH/IAIOIIEH TOBEPXHOCTBIO B KaXKJIOM ClIydae,
korga Ri B mpusemHOM cioe npebimaeT Ri,. UToObl n30exars mosBneHus Ri., cxemsl

3aMBIKaHUs, HauyWHas C IIMPOKO HM3BECTHOH paborel Mbanopa u SImanel [34], BrirouaroT

-1
nonpaBouHble K03()ULUEHTHI, onpeessomue 0e3pazmepaple komOouHanuu Ky, (UT I ) u

KH (UT lr )_1 Kak JIBe pa3jM4Hble yHUBepcaibHble GyHKIUU oT Ri. Bo MHOrMX cxemax oHu

HE BBIBOJATCS, a JIMOO0 OMpenessstoTCsl IMIUPUIECKH, TUO0 OepyTcs U3 HE3aBUCHUMbBIX TEOPU.
2 YpaBHenus PeiiHosabaca u ypaBHeHus 6ajiaHca BTOPbIX MOMEHTOB

MBb1 paccMaTpuBaeM aTMOC(EpHbIE TEUEHHs], B KOTOPBIX H3MEHEHUS CPEIHEH CKOPOCTH
Berpa U =(Uy,U,,U3)=(U,V,W) 1 noresunanbHoit Temneparypsl 6 (i1d BUPTyalbHOI
NOTCHIUABHON TEMIIepaTyphl, BKIIIOYAIONICH YICIbHYIO BIIQKHOCTb) B BEPTUKAILHOM
HaIpaBJIeHUH [BIOJIb OCH X3 (Mim Z )] HamMHOTrO GoJIbIe, YeM 110 TOPU3OHTANH [BIONIb Ocel
X1, Xo (wmm X, Y )], Tak 4TO WiIeHaMH, IPONOPIHUOHAIBHEIMI TOPH30HTATEHBIM TPAAUCHTaM, B
ypaBHEHUAX OaslaHca JyIsl TYPOYJIEHTHBIX MOMEHTOB MOYKHO MTPEHEOPEUb.

Mpl Taxke mpenrosiaraéM, 4TO BEPTUKaJIbHBIA MaciiTad IABM)KEHUM, OrpaHUYEHHbIN
MacirabaMu TOJIIMHBL aTMOC(epbl WK TiayOuHbl OkeaHa (B O0OOMX Cilydasx ~ 10* m),
HAaMHOT'O MEHBIIIE UX TOPU3OHTAIBHOIO MaciiTada, Tak 4TO CPEHSS BEPTUKAIbHASI CKOPOCTh
HAaMHOI'O MEHbIIE TOPU30HTAIBHOM CKOPOCTH. B 3TOM ciyuae, A 3aMbIKaHUsl ypaBHEHUI
PeiiHonpAca HY>KHBI TOJNBKO BEpTHKalbHAs COCTaBJAOIIast, F,, MOTOKAa NOTEHIMANbHOW

Temneparypsl, F,, 1 Tonbko ABe cocTaBistomMe HanpshkeHuid PeltHonbaca, 7jj » @ MMEHHO Te,
KOTOPBIE ONMCHIBAIOT BEPTUKAIBHBIN IIOTOK KOJIMYECTBA IBHIKEHUS. T13 U Tyy.

Taxum 06pa3oM, cpeiHee TeUeHHUE OMUCHIBACTCS YPAaBHEHUSIMU JABHKCHHS .

DUlszZ_ia_P_%, (4)
Dt Py OX 01

DU, :_ful_ia_P_%, (5)
Dt P, Oy Oz

U TCPMOJMHAMHUYCCKMM YPAaBHCHHUCM DHCPTUH.

DO oF
Do__H .y, (6)
Dt oz

rane D/Dt=0/ot+U,0/0%, , 7= <uiuj>, F =(u; 0), t — Bpems, f=2Qsing — napamerp

Kopuonuca, O, — BEeKTOp yrioBOH CKOPOCTH BpaLIEHHs 3eMIIM, NapajuleIbHbIA MOJSIPHON

1
ocu (|Qi|EQ=0.76'10_4 C_l), @ — IWMpoTa, P, — CpPemHss IUIOTHOCTh, J — CKOPOCTbH
HarpeBanus ~ win  oxnaxaenus  (J =0 npu  aauabaTHyecKux  Mpoleccax),
u =(u1, us, u3):(u,v,w) U O - mynbcallud CKOPOCTH U TOTEHIUATBHOW TEeMIEepaTyphl.

VYr0BbIe CKOOKH 03HAYAIOT OCPEIHEHHE 10 aHcaMOuTio [22, 26].
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1 . .
Ypasnenns 6amanca us TKO, Ey = E<Uiui> , “sHeprum” QIryKTyauuii MoTeHIMaTbHOM

1
Temneparypel, E, = E<92>; IOTOKA IOTEHUUAIBHOW TemmepaTypsl, F = <ui 9> (c

BEpTUKaJIbHON cocTaBisitomied F, = F, =<W6’>) M HanpsokeHni PelHonblca  7jj :<uiu j>

(c KOMIIOHEHTaMH 7j3 =<uiW> (i=1,2), onuchIBAIOIINX BEPTHKAJIBbHBIA MMOTOK HMITYJIbCA),
npUBECHHBIE, HapuMep, B padorax [1] u [8], umeroT Bu:
DEk oU; (7a)
Dt + V(I)K Z—Tijgjl-i-ﬂlzz — &K »

WM TIPUOITKEHHO

DEx Dk oU; (7b)
Dt o B PR
DE, 00 (8a)
——{—V . q) =— F —— )
Dt A
WIN TPUOIMKEHHO
DEy 0Dy 00
_— = F — =& ] 8b
Dt a  ‘a ! o
Dt éx, Po oz 2y (%)

BKJIFOYas Hy)KHOE HaM ypaBHeHue i F3 =F; :

DF, , 0 4, :ﬁ<92>+i<93p>_<wz>5_®_g§mz

Dt oz pPo\ Oz oz (9b)
~C,A(0%) —<w2>8—® — &P
’ o

DTij 0 (T) ouU j 8Ui T)
BKJTFOUAs! Hy)KHEIC HaM ypaBHeHust s 7jg (i =1,2):

Drs 0 2\ oU; 5\ 0U;

TfJf Eq)i(r) = —<W >a—z'—[—ﬂ F-Qiz+ gi(?f)} = ‘<W >a—z'—5i3 | (10b)
rae  fBi=[¢, e —peprukambHpii  emuumumeii  Bekrop,  F =(u; 0)(i=12) -
TOPH3OHTANBHEIC ~ [OTOKH  IOTCHIMANBHOH  Temmepatypsl, —7; OU;/dX; — ckopocTs

renepauun 7K, & - epunnunbii Tensop (6jj =1 npu i= j u 6j; =0 mpu i = j).
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B ypaBuenusx (7)-(10) wucnoms3oBansl cienytompe obo3HaueHus: Py, Oy u
@ - CTATHCTUYECKHE MOMEHTBI TPETHErO MOPSIIKA, OMUCHIBAOIINE TYPOYICHTHBIH MepeHoC

TKD u “sHeprun’ QuIyKTyaluid MOTEHIIUMATLHON TEMIIEPaTyPhI:

1 1/ 9 1 1/ 2
Oy =—(pu +—<u u>,TaKqTo Oy =—(pw +—<u W>, 11a
ey pw)s (1)
q>9=%<02 U>,TaKLITO q>9=%<92 w>, (L1b)

U TypOyJIEHTHBIE TIOTOKH IMOTEHIIMAILHON TEMIIEPATY Pl U KOJIMYECTBA JBUKCHHUS:

¥ =5 (004 + 0,0, of) =0p =7 {po) + (o 0) (12
q>§j’k)=<uiujuk>+i(<pui>§jk + <puj >5ik)’ (13a)

0
@5;;:q>§f>=<uiw2>+i<pui>, (i=1,2); (13b)

Po

Qij — KOPPEISIIUYA MEKTY IMyIbCAIUAMHM JIaBJICHUS, |, U CIBUTAMHU CKOPOCTH:

RN
Q; _po <p[axj + ox J>, (24)

T F .
8K y 6"(] ), 89 nu €|( ) — OII€paTophl, OIMMUCBHIBAIOIINE MOJICKYJIAPHBIC MEXaHNU3MBI.

AU . OU;
ek =V i i : gigr) P Rt : (153)
8Xk an 8Xk an
g9=-x{0A0), &7 =—x(uAd)+Pr{oAy)), (15b)
rac V — KHHEMAaTHu4YecCKas BA3KOCTD, K — TEMIICPATyPOIIPOBOJHOCTD, n

Pr=v/x - monexynspuoe uucno [Ipanaris.

I(IT) () () .( (F)

7)
Benuunusl, &g, &’ (T.e. OUaroHajbHBIE 3JIEMEHTHI &11"1 €39 1 €33 ), &g M &

TIOJIOKMTEIBHEl U NPEJCTaBIIAIOT COO0H CKOPOCTHM AMCCHIAUUM BenuuuH Ey , 7, Ep mn

F
I:I( ). Cornacho [27], oHum npUHHMAIOTCS  MPOMOPIHOHAILHBIMH  OTHOIICHHIO

paccMaTpHBaeMOro CTaTUCTHYECKOTO MOMEHTA K TUCCUIIATUBHOMY MaclITaOy BpeMeHH, ty :

- ’g 18_ H 1
Cetr - " Tkt Y cetr N Cegy

Ek (7) _ __Tii Eg .m__F

EK (16)
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rae Cx , Cp u Cg - Oe3pa3sMepHbIe KOHCTAHTBI.
duznueckre MEXaHW3Mbl 3aTyXaHUS HEIUArOHAJIBHBIX KOMIIOHEHT HampsDKCHUI
Pelinonnca, T (i # j), HE CBOMATCA K MOJIEKYJSIpHOW Juccunauuu. YieHsl

U: OU;
gi(jr) =2v i Hj B ypaBHeHuu (10D) cpaBHHTENPHO Manbl M HE 00S3aTENBHO
6Xk 6Xk

MIOJIOXKUTENbHBI, @ IJIABHYI0 AUCCUIIATUBHYIO POJIb BBIMOJIHSAIOT YICHBI, OIKMCHIBAOLINE
KOPPENSUH MeXAY (DIyKTyalusMu JaBJICHUs] U CABUTa CKOPOCTH, a TAK)Ke€ TOPHU3OHTAIbHBIC
TypOyJIEHTHBIE MOTOKM MOTEHLIUANbHOW Temmeparypbl. OCTaBuss JUIsl OTAENBbHOW PabOTHI
Oonee neTanpHbIM aHamu3 OanaHca T7j3, Mbl OOBEIUHSAEM BCE OTH 4WIEHBl U BBOJAMM [UI

HanpspkeHui PeiiHonbaca “aQeKTHBHYI0 CKOPOCTh TUCCUITALIUH
Ei3(eff) = gi(ST) — B F — Qi3 +(neyumennvie paxmopor) (i =1,2) 17)

¥ IPUMCHSCM K HEH IHIoTe3y 3aMbIKaHUsA KoIMoroposa: &ig(eff) ~ 7j3 /t,, Toe t, - MacmTab

o T T -
BpeMeHH 3(GEKTHUBHONW TUCCUIIAINK [diieH gi(s) OLIEHUBAETCSI KaK gi(s) ~0O(Re 1/2), A Ha
3TOM OCHOBaHMM MOXeT ObITh oTOpomieH]. C yderom pasmmuus Mexmy t, M OOBIYHBIM

BpeMEHHbIM MacmrTaboMm muccumammu, ty [dhopmynst (16)], sddexruBHBIE cKOpOCTH

JTUCCHUTIAIIH OTIPEENISIOTCS 10 hopMyIie:

7i3

W as

Ei3(eff) =
e W, =t,/tr —ommnupuueckuii Ge3pasmepHbiil Kod(Gduupent. U3 obumx cooOpaxeHni

caexyet, 4yto W, MOeT ObITh JIMIIb MOHOTOHHOH (pyHKIMEN cTaTH4eCKON YCTOHYMBOCTH,

He 00paIaronieiicsi HA B HyJIb, HU B 0ECKOHEYHOCTb.
B nanpHeiiem anannse Mbl HCIOJIB3yeM IPUOIMKEHHYO BepcHio ypaBaenus (9b). Kak
nokazano B [lpwioxeHun A, BTOpOW 4aeH B MpaBoii uyactd B "Tounoi” Bepcum (9b), a

HUMEHHO pq 1<6’8p/ 8Z>, CYIIECTBEHHO OTPHUIATEJICH W MPOMOPLUUOHATEH [ <92>. Ha stom

OCHOBaHWHW, cymma [} <92 > +p0;° <€ op/ 8Z> 3amensiercs Ha  Cpf <92 > , Tme

Cy <1 —omnupuueckas 6e3pasMepHas KOHCTAHTA.

3 KuHernyeckasi u NOTCHUMNAJbHAA TypﬁyJ’[eHTHbIe JHEPrum

Hcnonb3ysi ypaBHEHUSI COCTOSIHMSI M TUIPOCTATHUKH, IUIOTHOCTh M IUIABYYECTh B
atMoc(epe MOXKHO BBIPA3UTh uepe3 MOTCHIHAIBHYI0 TeMIeparypy, €, U yAEIbHYIO
BIQXHOCTh, ( (B oOkeaHe, 4yepe3 € U COJCHOCTh, S). DTH TMEPEMCHHBIC SBISIFOTCS

annabaTUYeCKUMH WHBAapUAHTAMH W IO3TOMY OCTAIOTCSl IMOCTOSHHBIMH B BEPTHKAIBHO
nepeMelaonmxcs 00beMax >KUAKOCTH WM ra3za. TakuM o0pa3oM, U IUIOTHOCTh TaKkKe
OKa3bIBaeTCsl aquabaTUYecKuM HHBAPUAHTOM. DTO IMO3BOJIIET PACCUUTATH €€ (PIIyKTyalHio:

p'=(0pl02)517), a cneoBarensHo, i GIYKTYaIMIO OTCHIMATEHON YHEPIHH, OTHECEHHOM K

CANHHUILIC MACCHI.
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+01 1 b'?
SEp=-L| pldz=2-. (19)
P2 2N

JInst  ompenesieHHOCTH, MbI PacCMaTPHBacM TEPMHUYECKH CTPATU(HIUPOBAHHYIO
aTMocdepy, B KOTOpO#l miaBydecTh, D, OIHO3HAYHO BBIpAXKACTCsl Yepe3 MOTCHIHMAIBHYIO
temnepatypy: b= /0. Torma, B cuiy ¢opmynsl (19), TypOyieHTHas NOTCHIUATbHAS

sreprus (7713) nponopiuoHaIbHa «IHEPTUI» QIIYKTYaIUil MOTCHIIUAILHOU TEMIIEPaTyPhI:

2 2
5= 2] e0=3( 5] () (20)

Vmuoxas ypaBHenue (8b) ma (S/N)? =(60/0z)™" u npenmonaras, uto N MeHseTcs
MEJUICHO IO CPaBHEHHIO C M3MEHEHHSIMU Ep, MbI cpasy MOJy4aeM CIeAyIoliee ypaBHEHUE
6ananca T710:

DEp o Ep
——FP 4+~ ®p =-pF,—ep =—pF, ——,
Dt oz P PF, P PF, Cpty

(21)
rie Op =(F/ N)ZCDQ u ecp=(p/ N)zge. Unen QFF, mpucytctByer B ypaBHeHusx (7b) u
(21) ¢ mPOTHBOMOIOXKHBIMHU 3HAKAMH U OMTHUCHIBACT 0OMeH 3Heprun Mexay TKO u TIID.

Cymma TKO u TIID npencrapisieTr coOOH HM YTO MHOE, KaK NOAHYIO UNU CYMMAPHYIO
anepeuio mypoyrenmuocmu (CIT):

E::EK+Ep==%{<u2>+[f§j2<92>]. (22)

VYpaBuenue Oamanca COT mondydaeTcss MPOCTO IyTEM IMOWICHHOTO CIIOKEHUS
ypaBuenuit (7b) u (21). Koncrautel, Cx u Cp B ypaBrenmsx (16), xapakrepusyronime
CKOPOCTH JMCCUMALMU KUHETUYECKOW M MOTEHLUAIbHOW SHEpruii, BOOOIIE rOBOPs, MOTYT
ormmyatbes [53, 54]. B cmywae, ecmu Cy =Cp, ypaBHeHuwe Oamanca COT mpuHUMAeT
0COOEHHO IIPOCTOM BUJI:

DE 0 oU; E
-t _(DT =—Ti3—(— — )
Dt 0z 0z CK tT

(23)

rae O =Dy + Op — nuBepreHuus TypOyaeHTHOro noroka COT.

B paBHoBecHOM pekume ypaBHeHHe (23) o3HawaeT OanaHC MEXIy MPOMYKIIUCH
COT =7S (rme 2'2 = 2'123 +z‘§3) u auccunanueit COT ~ Ety 1, U3 KOTOPOTO CIIEyeT MpocTas
dopmyna E ~7zSt.. B pasmene 5 mMbl mokaxkem, 4To MmpH O4eHb OosbInux Ri OTHOMmICHUS
7/E, EK/E n E,/Eg crpemsaTcs K HeHyJIeBbIM KoHcTaHTaM. OTCIOJa CIEAyIOT OIECHKa

U2y g2

IWCCUNATUBHOrO MacmTaba Bpemenu tr ~I,E; U OLIEHKA MPEAEIbHOIO

sHayeHus TTE mtipu oueHb Oosbiux 3HaueHusx Ri: E ~ (1 ZS)2 > 0. DTOT BBIBOJ O3HAYACT,
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yro COT MOXET MOACPKUBATHCS MPH JIIOOBIX Ri, M HE OTCTaBIsET MeCTa Il KPUTUUECKOTO
yucna Puuapicona B SHEPreTH4eCKOM CMBICIIE.

TpaAULIMOHHBIM aHANMU3 HEPreTHKH TYpOYJIEHTHOCTH ObUI B OCHOBHOM OIpaHMYCH
6anmancom TKD, T.e. ypaBHenueM (7b). Xopomio u3BectHoe ypaBHenue (8b) mis kBaapara
¢GuykTyanuil NOTEHIMAIbHOM TeMmIepaTypbl B OINEPATUBHBIX CXEMaxX 3aMbIKaHUs HE

MCIIONB30BANIOCk, XOTsL CBAsk Mexay Ey u E, paccmarpuBamack Bo MHOrHX

paborax [6,7,8,11,18,19,21,23,25,29,41,45,47,48]. B koHTeKcTe TypOYJCHTHOTO 3aMBIKAHUS,
3unmntnakeBnd C.C. [56] ucmons3oBan ypaBHeHUs OanaHca ais OajnaHca 00CHX JHEPruit —
TKD w TIID, 4roObl NOMYYUTh OHHEPIETUUECKH COIJIAaCOBAaHHOE 3aMblkaHue 0e3
VICIIOJIb30BaHus TpaaunuonHoit runoressl Ky ~ Ky, ~ Exty (HeoOocHOBaHHOI npH CHIIBHO

ycToi4nBOi crpatudukanun). Bee Tpu ypaBHenust Oamanca — mis TKO, TI1D u COT
paccMarpuBaiuch B [6,13,32,52].

4 JlokajabHasi MO/AeJb 3aMbIKAHUSA /ISl CTALIMOHAPHOI OTHOPOAHON TYpOYJI€eHTHOCTH
4.1 KuneTtnueckas SHEPTUsi BEPTUKAIBHBIX MYyJIbCAIIUIl CKOPOCTU

B sTOM pazngene Mbl paccMaTpuBaeM CTAIlMOHAPHBIN, TOPU3OHTAIBHO OJHOPOAHBIN U
PaBHOBECHBIN PEXXHUM TYpPOYJIEHTHOCTH, P KOTOPOM MpeHeOperaT AUBEpreHINeld TPEThUX
MOMCHTOB, U JICBBIC YaCTU BO BCCX YPABHCHHAX 6aJ1cha 06pama}oTcs1 B Hy.]Ib; KpOMC TOTO,
OrpaHnu4rMBacMcCs THIIMYHBIMU FCO(l)I/I?;I/ILIeCKI/IMI/I TCYCHHUAMHU, B KOTOPBLIX TOPHU30HTAJIbHLIC
IpagueHTHl CPEeIHEN CKOPOCTH U CpeiHEN TeMIepaTypbl MPEeHEOPEKMMO Majbl IO CPABHEHHUIO
C BEpTUKAIbHBIMH TpagueHTaMu. [lpm 3TuUX ycioBUAX CKOpOoCTh mpoaykuuu 7TKO
MPONOPLIMOHATbHA BEPTHUKAIILHOMY CIIBUTY CPEIHEW CKOPOCTH

N=-1-—=15, (24)

rae ‘r=(rxz,ryz,0),1/1 = |1]|.

Paszymeercs, B qpyrux Buzmax TypOyJeHTHbIX TeueHui 1 onpenensercst 6oyie CI0KHBIM
obOpazom. Tak, B BOJHOBOM MOTPaHUYHOM CJIOE€ IO/ MOBEPXHOCTHIO OKEaHa WM B CJIOE
WHBEPCUU HaJ aTMOC(HEPHBIM TOTPAHUYHBIM CIIOEM, JIOTOJHUTEILHBIM HCTOYHHUKOM TKO
CIIy>KUT pa3pylICHUE TIOBEPXHOCTHBIX BOJIH B BOJIC MJIM BHYTPEHHHUX TPABUTAIMOHHBIX BOJIH B
atMocdepe. DT MeXaHU3Mbl OOJbIIE TMOXOXKH Ha TEHepaluuio TypOyJIEHTHOCTH
OCUMJUTUPYIOLIEH PEMIETKOM, YeM Ha CABUTOBYIO T'€HEPALIUIO.

IIpu Cp =Cg (cM. obcysknenue ypaBHenus (23) B pasnene 3), ypaBHenus (19) — (23)

MPUBOJAT K CJIETYIOIINUM BBIPAXXEHHUSIM 7151 TYpOYJIEHTHBIX YHEPIHiA:

E :CKtTH, (253.)
Ep = —CKtTﬂ FZ =E R|f , (25b)
Ex =Cktr (IT+8F,)=CxtrII(1-Ri¢ )= E(1-Riy ), (25¢)

rae Ris —"typOynentHoe uncio Pruuapncona™ (flux Richardson number), onpenensemoe xak

OTHOIlIEHHE 3arpaT TKD Ha TpeoJIoJICHHEe CWJI IUIaBYydYeCTH K mpoaykiuu TKD 3a cuer
C/IBUTa CKOPOCTH:
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. BF, Ri Ep
Ri, =_2z_ " _ZP
f n Pqr E (26)

B pamkax mpuBeneHHOrO BBIILIE aHAIM3a, 3TO YUCIO MPEACTaBIsAeT co00il OTHOIIEHHE
TTI3  C3T 1, Omno PaBHO HYJIIO PH HEUTPAITBHOH CTpaTU(UKAIIIH, MOHOTOHHO BO3pacTaeT
C YBCIMYCHHUCM yCTOfI‘{HBOCTPI, HO HC MOXCT HNPCBbIIIATL CAWHULY. CJ'IGI[OBaTeJ'IBHO, npu
npenensHoil ycroumBoctd (mpm Ri—> o) Rif MOMKHO CTpPEeMUTBCS K HEHYJIEBOMY
=00
HOJIOKUTENbHOMY IIpeneny, Riy .

IT1OT BbIBOJI HUKOUM 06pa30M HC MOAACPKUBACT UACKO KPUTHUYCCKOro IrpaiuCHTHOIO
yucna Puuapncona. B camom gmene, Ri¢ — BHyTpeHHUMH mapameTp TypOYJICHTHOCTH, B

MPOTHBONONOXHOCTS  TPAIHCHTHOMY 4Hcly Puuapacoma Ri=(£00/0z) / (ou/ 82)2 ,

KOTOPOE XapaKTepU3yeT CPEeIHUN TOTOK M IO OTHOMICHUIO K TYpPOYJIECHTHOCTH CIYXKUT
BHCIIHWM IIapaMCTPOM.
KiroueBoil  XapakTepUCTUKONW BEPTUKAIBHOTO TYypOYJICHTHOTO TEpPEeHOCa CIIYXKUT

. 1 .
KHHETUYeCKasl SHEeprus BepTUKaJbHBIX (aykTyauuil ckopoctu: E, =§<W2>. N eé
onpeneieHnss HeOoOXOAMMO paccMOTpPeTh ypaBHeHusi Oamanca (10a) mist Bcex Tpex

JMaroHalIbHBIX HanpsbkeHuil Pelinonbaca: 71 = 2B = 2E, = <u2 > Ty =2E; =2Ey = <V2>

u 733 =2E3=2E, = <W2> . B paBHOBECHOM pe’kuMe OHU IPUHUMAIOT BU/I!

E. ou; 1.
=—T; +=Q;, 1=12,
Cutr 37, 2Qu (27a)
E, Es 1
=——=fFF, +—Q33.
Cultr  Cglr PP+ Qs (27b)

CyMMa dYJICHOB, BBIP@KAIOIIUX KOPPEISIMHA MEKAY MaBJICHHEM W TpaJUCHTaMH
ckopocty, Y Qii =2 po 1< p ouj / 0% >, paBHa HYJIIO BCJIEJACTBHE YPAaBHEHHS HEPa3pHIBHOCTH:

D 0uj/0x; =0. CnenoBaTeslbHO, 3TH WIEHbl HE SBISIOTCS HU IPOAYKIMOHHBIMHU, HHU

JMCCUTIATUBHBIMHU, & OMUCKHIBAIOT TIEPEXObI IHEPTUHU OT “O0raThix’ KOMIIOHEHT K “O¢IHBIM .
JInst vX onpeesieHus: Mbl IpejyiaraeM 0000IIeHHbIN BapuaHT runote3sl Pora [44]:

2C
Q= T3C ; (BE,—Ec 1), (28a)
K*T
2C
Qp=- T t (BE, - E( ¥,), (28b)
K*T

'Ecim Cp # Ck , 1o Ri§ He pasno, a nponopmonansHo Ep/E (cm. Zilitinkevich et al., 2008).
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2C,

% ="3c 1

(3E,—E, ¥,). (28c)

rae Cp u ¥ (i=1,2,3) GespasmepHbIe IMIHPHUCCKHE KOIDDHIHCHTBI.

Koa¢ppuuuenr C, BBemeH s ydeTa pa3iauuusi MEXKAY BPEMEHHBIMHM MacliTabamMu

BSI3KOM JUCCUNANMU M OcnabieHus TypOyJleHTHOCTHM CUIaMM IUlaBydecTH. B kauecTse
HEepBOro NPHOIMAKEHHs, Mbl IPUHUMAEM 3TH [[Ba MacIiTaba BPEMEHH NPONOPLHOHAIBLHBIMH:
t, ~tr, Tak uro C, =t, /tr =const. Koapduuuentsr ¥; onpenensror nepepacipeieicHue

TKD wmexny xommoHeHTamu ckopocTd. IIpm W =1 dopmynsr (28) cBomarcs k 0ObMHOMN

runotese  Pora, W3BECTHOM  Kak  Xopomiee  NpUOMMKEHHE I HEHTpaIbHO
CTpaTU(QUUUPOBAaHHBIX TeyeHHH. OCTaBisis BO3MOXHOCTh M 0Oojee TOHKOro yueTa
a¢dekToB cTparudukanmu, Mbl 00001IIaeM ATy THIIOTE3Y, MoJiaras

lPi=:|.—f-Ci Rif , 1=123 (29)

rie  Rif —rtypOynentHoe wumcno Puuapacona [popmyna (26)], Cj —smmnmpuueckue

KOHCTAHTHI.
Nx cymma nomxna oOpamarscs B Hylb (C;+Cy+C3=0), 4T00B yHOBIETBOPHUTH

yenoButo Y Q;j =0 (t.e. ycnoBuio Eyg =E; +E, + E3). Jluneiinas 3aBucumocts or Ri; B
npaBoii yactu Gopmyi (29) obecreunBaeT HEOOXOAUMBIE TI0 (PU3UIECKOMY CMBICITY MTPEIEIbI:
¥;=1npu Ri=0,u ¥; ->1+C;Rif npu Ri > .

[TockonbKy PHEPreTHYeCKnii OOMEH MKy TOPHU30HTAIBHBIMU COCTaBISTFOIUME 7KO,
E, u E,, HemocpeaCTBEHHO HE 3aBHCUT OT CTpaTU(UKAINHU, Mbl IIPHHAMAEM II€PBBIC JBE
KOHCTaHTBl 3Hepreruueckoro oomena paBHbIMH: C; =C,. C y4eToM yHOMSHYTOTO BBIIIE

ycnosus Cy +Cy +C3 =0, orcrona cienyer, 4To TOJIBKO OJHA U3 TPEX KOHCTAaHT HE3aBUCUMA!

C, =C,= —%C3. Ddopmyiel (27) — (28) marot

C, Ck o,

E=— "t Eow K ¢ i g9

' T3aec) KT 1ec, TRy (302)
S B v, K ¢ B,
27 30ec,) K8 1+CrTﬂ 7 (30D)

B miocko-mapaiiebHOM — HEHTpalbHO — CTPATH(UIMPOBAHHOM  TCUCHUH,  TJIE
U=(U,0, O) dopmysnt (30a) u (30b) mpuHUMAKOT BH:

E, 3+C, 31
E. 31+C)’ (31a)
Ey Ez Cr
=t (31b)

E. E, 301+C)
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YuuThIBasg pa3Huds MEXAy KHHETHYCCKUMHU DHEPIHSIMH Pa3IUYHBIX KOMITOHEHT
CKOPOCTH, BBIpa’kaeM BpeMeHHO! MacmTad quccnnarmy, ty = by ERU 2, 4yepe3 BepTUKAIbHBIN

TypOyJIeHTHBIH MacITad JUMHSI |, :

|
tr =—/>. 32
EL/2 (32)

[Moncransis a1y Qopmyny mia tr B dopmynsr (25¢) u (30b) u wucmonb3ys
bopmyiy (29), okoHUATETHHO TOTyYaeM

2/3
P N o R 7 T (33a)
31+C,) C,Y,
W3=1+C3Riy . (33b)

ITpu C3 =0 3T0 BBIpaXKEHUE CBOAUTCS K penieHuto PoTa.
UtoObl 3aMKHYTh CHCTEMY ypaBHEHU PeiiHonbaca B ""Teopu3nIecKoM MpUOIMKEHUH ',
FOPU3OHTANIbHBIC KOMIIOHCHTBI KHHeTH4ecKoil sHepruu, E, u E,, He Tpelytorcs. Msr

OCTaBIIsIeM UX 00CYXKJIEHUE ISl OTJEIBHON CTAThH.
4.2 BeprukanpHbie TypOyJE€HTHBIC TOTOKH UMITYJIbCA U MOTCHIIMATBLHOU TEMIIEPATYPhI

Kak y»xe roBopuiaoch, U3 HEJUaroHaJbHBIX COCTAaBJISIOIIMX HampsbkeHU PeliHonbica
HAC MHTEPECYIOT JIMIIb 713 = Ty; =<uw> H 723 =Ty, =<VW>, oTpezieNieHHbIE ypaBHEHHUEM
(10b) u HeoOxomumble aisi 3aMbikanus ypaBHeHuil apwkeHus (4) u (5). B paBHOBecHOM

pexkume, B cuiry ¢opmyn (17) —(18) s >pdekTHBHON CKOPOCTH AWCCHUIIALMM, OHHU
IMPUHUMAIOT BUI.

ou; .
ri3:—2\PTE%/2IZa—Z', i=12. (34)

N3 Tpex coCTaBIAIOIUX IOTOKA MOTCHUUAIbHOW TEMIIEpaTypbl, Mbl pacCMaTpUBaeM
JNUIIb BEPTHKAIBHBIN moTok F3=F,, onpenensemsrii ypapaenuem (9b), HeoOXoaUMBbIHA 11s

3aMbIKaHHS ypaBHEHHS nepeHoca Teria (6). [MoacraBinss
BEp=(N 2 I B)Ep =—CkN 2IZ F,/ E%IZ [cormacHo  dopmymam  (25b) wu  (32)], B
paBHOBECHBIN BapraHT ypaBHeHus (90), momyuaem

2CEY?) 00
F _ F-z Z ( j (35)

 1+2C,CeCy (N1,)2E; 1 &z

[Tockonbky N 2 _ L0610z, F, 3aBucur ot 00/0z cnabee, 4eM 110 JTMHEHHOMY 3aKOHY
v npu 00 /0Z —> o0 CTPEMUTCS K KOHEUHOMY TIPEIENy, He 3aBucsmemMy ot 06/0z

86



3amvikanue ypasuenuii Petinonvoca

3/2
E &
Fzmax =~ - L k2 (36)
CoCkBl;  Cop
r1e &y, — CKOPOCTh MCCHIIALMM KHHETHYECKOH OSHEPruM BEPTHKAIBHBIX (IIYKTyaruit
CKOPOCTH.

Orcroma sicHO cienyeT, uTo F, HHMKak He MOXET paccMaTpHBAThCA KaK 3aJaHHBIN
BHEIIHUH MapameTrp TypOyJeHTHOro mnoToka. IlosTomy, Kak yke IOJYEepKHBAIOCH B
paszmene 4.1, typOynenTHoe uucio Puuapacona Riy =—fF, (7 S)_1 ABJIACTCS BHYTPEHHUM

napameTpoM TypOyJICHTHOCTH M HE MOXKET 3aJ1aBaThCsl MPOU3BOIbHO. DOpMyIia, aHAIOTHYHAS
(36), ObL1a BeIBEICHA B [8].

Vpauenust (34) u (35) NO3BONSIOT OMNpEeNeNuTh KOAIPPHUIUCHTHI TYpOYJICHTHOI
BSI3KOCTH M TEMIIEPATyPOIPOBOIHOCTH:

—T
Ky =—3_—pp gl/?)

M™ Uiz “ T o
_ -F, 2CEE;'2l,

0010z 14+2C,CpCk (N1,)?E; L

KH (37b)

Takum oOpasom, Hamm ¢Gopmynsl (17) —(18) ansg >pdexkTuBHON aUCCHUTALIUAH
HanpspkeHud PeiiHonbica mpuBoaaT K (Gopmyne s TypOyJeHTHO# BsizkoctH (37a),
AHAJIOTHYHOW TpaauimoHHoit gopmyine (1), Torna kak ypasaenue (370b) miast TypOysieHTHON
TEMIIEPATYPOIPOBOJAHOCTH COAEPKUT NMPOTUBOIPAJUCHTHYIO IMOMPABKY W MPHUHLMIIHAAIBHO
OTJIMYAETCS OT TPAJAULIUOHHOTO.

B nanHoii cratbe (opmyna (37a) BbIBeAeHA C MOMOIIBIO THIIOTETHYECKOTO MOHSATHS
3 PEeKTUBHON CKOPOCTH AMiccunanuu. bojee cTporo oHa BRIBOAMTCS M3 ypaBHEHHH OanaHca
TUIst HanpsKeHUH Peitnonbaca B K-mmpocTpaHcTBe c HCTIOJIb30BAaHUEM
“7 —npubmmxenus” [13,14].

Hanomuum, uto W, —0e3pa3MmepHbli, OrpaHUYeHHBIH KOI(QGHULIUEHT, MOHOTOHHO

3aBUCSIIUIA OT CTaTUYECKOW ycroiuuBocTH [cM. opmynbsl (17) — (18) u ux obcyxaeHue B
pazzene 2]. Mbl anmpoKCUMHUPYEM 3Ty 3aBUCHMOCTb JIMHEHHOH (YHKIIHCH:

¥, =C1+CoRig, (38)

rne C, n C,yp —06e3pa3MepHble KOHCTAHTHI, MOUIEKALIME IMIUPHUECKOMY OIPEIEICHUIO.

®opmyna (38) obecneunBaer HenyneBble mnpexensl: VY. =C,4 mpu Ri=0, =n

lPT —)Cz.l-i-c,[zRiOF IIpu Ri —» .

4.3 TypOynentnoe uucino [Ipanarns u nqpyrue 6e3pasmepHbie TapaMeTphl

Cucrema  anrebpamueckux  ypaBHenwit  (33) —(35) oOmamaer  “gacTH4HOI
MHBApPUAHTHOCTBIO” OTHOCHTEIBHO |, W MO3BOJSET ONpeneiuTh TypOYyJIEHTHOE YHCIO

Ipanarns, Prp, TypOymentHoe umcio Puwapncoma, Rif, um xgpyrume 0Oe3pasmepHble

XapaKTePUCTHKH TYpOYJEHTHOCTH KaK YHHBepcalibHble (YHKIMHM TPaJUEHTHOrO YHCIa
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Puuapacona, Ri. Pasymeercs, Takas yHHBEPCAIbHOCTh HMEET MECTO TOJBKO B OJHOPOHOM,
CTAaIlMIOHAPHOM PEXHME, KOTJa MOCTyIIeHue TYpOyJIeHTHOCTH MOJIHOCTBIO Ompeensercs e
JOKAJIbHOHM mpoaykiueil. B HEomHOpOAHBIX peXuMax BCTYHalOT B JAeWCTBHE Apyrue
MEXaHU3MBbI, B TMIEPBYIO ouepe/n, nepeHockl TKO u TIID B mpocTpaHcTBe, Tak 4To Ri yxe
HE SIBJIACTCS €IMHCTBEHHBIM OIPEACIISIONINM MTapaMeTPOM.

Tak xak 1=Ky S%u Ri ¢ =—pF, /11, u3 dopmyn (33) u (37) cnenyer

E, _ C N 2CkC,¥Y3¥Y, B 3 .
(S|Z)2 _\P(le)_—B(l-}-Cr) l:l (Cr\PB +1]lei|, (39)

rie W3 u ¥, —nuneiinsle Gynknuu or Rig 3amannbie popmynamu (33b) n (38). [anee,

nonenuB Ky, [dbopmyna (37b)] na Ky [dopmyna (38)], n moncrasus E, mo dopmyie (39),

HOquaeM:
K Ri W, 3(1+C,)C -
KH le CF Cr\‘Pg Crlps
nu
1 Cp¥;! 3CE@+C,)Cy¥;t

Ri Rif C,¥3(1-Rif)-3Ri; "

@®opmyniet (40) u (41) [a TakKe BBIBEJCHHBIC HAa WX OCHOBE IOCIICAYIOIIHE
cooTHomeHust (46) — (48)] me comepxar BepTukanbHOro Mmacmraba mmuHel |,. Ot0

COBEPILECHHO HETPUBUAJIBHOE CBOMCTBO HAIIEW TEOPUM MO3BOJISIET Pa3lEIUTh TPYIHOCTH U
BBIJICJINTh Hau0oJiee TUCKYCCUOHHBIM acleKT NpoOeMbl 3aMbIKaHUs, @ MIMEHHO OIpefie/ICHHe
|, , B oTHENIBHOE paccMOTpEHME.

®opmyna (41) Bmecte ¢ (33b) u (38) 3amaer Ri kak yHHBEpCalbHYI0 MOHOTOHHO
BO3pacrarouyo GpyHkiuo oT Rig , onpenenennyio B unrepane 0<Rif < Riofo, (rme RiofO

OTpeIeIICHO MPpHUBEICHHOMN HIKe Gopmytoii (45)). Takum 00pa3om, oOpaTHas 3aBUCMOCTb
Ri¢ = O(Ri) (42)

IPEICTABIAET COO0M OHO3HAYHYFO MOHOTOHHO BO3PACTAIONLYI0 (DYHKIIUIO, MEHSIOIIYIOCS OT
Ompu Ri=0 o Rif - o npu Ri—o0 n 00Iagaronyio caeayonyuMyu aCUMITOTHIECKUMA

CBOMCTBaMU.
(0) (0)
PrT z\PT +(3C9 (1+Cr)+Cz'2}Ri_>Pr_|§O) :\P_z" (433.)
Ce C, Ce Ce
Ri¢ z%Ri mpu Ri<«1, (43b)
\PT
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Pry zéRi, (44a)
Ris - Rif npu Ri>1, (44b)
rac
RI% = Cr¥y . (45)
C,¥3 +3[1+Cy(1+C,)]

Bepxuue wnaekcer “(0)” um “oo” o3HayaroT cooTBeTcTBeHHO “mpu Ri=0" wu
“mpu Ri — 0.

®opmynsr (33) — (35) mo3BONAIOT onpenenuTs, kKpome Prp, paa npyrux 6e3pasMepHbIX
IIapaMeTpPOB, B YaCTHOCTH, BEPTHKAIBHYIO aHU30TPOIIHIO:

E C,¥ 3 . o
A =—2__~r’3 |q_ +1|Ri¢ |(ARi¢)L
P =, 3(1+Cr)|: (er,g J f:l( £) (46)

OTHOIIIEHWE AaOCOJIOTHOTO 3HAYCHHs] TYypOYJEHTHOTrO TMOTOKa wuMmmyiabca K TKD,
XapaKTEpU3YIOILlee  KOPPEILHI0O  MEXKAY  BEPTUKAIBHBIMU U TOPHU30HTAILHBIMU
(bayKTyanusMu CKOpOCTH:

T 2_ 2Y A, (a7)
Ex ) Ck(@-Rig)’

U OTHOLICHME KBajpaTa BEpPTHKAJIBHOIO IIOTOKAa MOTEHIHAJbHOW TeMIepaTypbl K
npousBeaeHuto TKO u “sHeprun” TemMrepaTrypHbIX (pIyKTyariwid:

F2 2%, A

= . (48)
EK EH CK Pr-|-

dopmysbl (46) — (48) B komOuHanuu ¢ (41) onpenensioT 3aBUCUMOCTH A, rZERZ u

F22 (Ek E@)_2 ot Ri co creayonmmMu aCHMITOTHYECKUMHU TIPEICIaMH:

C
A >AD -
27 T3 0r e (492)
2 (0) A (0)
EK CK
F?  2C.A® .
I Rixkl1 4
EEE,  C. ¢ (490)
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© -1
A, — AP = C¥s 1|3 Ri% (1—Ri°$) , (50a)
3(1+Cy) Cr‘P%O
2 o0 p OO

[L} S L S (50b)

Ex Ck 1-Ri%)

2 0 A0
P —)21}17 A npu Ri>1. (50¢)

EkEs  CkPH’

Hamomuum, 9T0 TypOyJIeHTHBIM MaciTaboM ckopoctu B popmyiax (34) — (37) ciyxut
\E; . B OonpmunCcTBe MOzeneil 3amMblkanus 3aBucuMocts A, = E, / Ex 0T ycToliunBocTu He

yUIHTBIBaeTCs, a BMecTo (/E, wmcnomssyercst \/Eyx . I[Ipu cuutbHON yCTOHYMBOCTH 3TO MOXKET

MPUBOJIUTH K CYIIECTBEHHBIM OINMOKaM, 0COOCHHO B pacyeTax TypOyJeHTHOW auddy3uu
3arps3Hsonpx npuMecei. @opmya (46), MOAKpEIUICHHAS SKCIICPUMEHTAIBHBIMU JTaHHBIMU
(cM. [32]u ananu3 gaHHBIX B paszeie 6) mo3BoJseT n30ekKaTh 3TUX OMIHOOK.

4.4 BeprukalbHbIN TypOyJICHTHBIN MacITad JTMHBI

B ycroitunBo crpatuduiiupoBaHHBIX TeOPHU3NUECKUX TCUCHHUSIX BEPTHKAIBHBIA pa3zMep
TypOyJIEHTHBIX BHXpPEH, T€HEpUPYEMBIX CIIBUTOM CKOPOCTH Ha JAaHHOW BBICOTE, OIpaHUYEH
JBYMs TJaBHBIMM (DaKTOpaMH. pAcCTOSHHEM [0 TOJACTUJIAIONIEH MOBEPXHOCTH H
YCTOMUMBOCTBIO cTpaTUuKanmuu. Jns e€ XapaKTepUCTUKU HCHOJIb3YIOTCSA CIEIYIONe
MacIITaObl JJIMHBI:

A

L= =,
—ﬂFZ SRIf

(51)

lo—al?N 22, (52)
Ly = E% N1 (53)

Ls = £}2 s, (54)

rae: L — macmrad Monuna-O6yxoBa (1954), Lo — macmrad Osmmposa [39], Lg -
MacmrTad, o0yciosieHHsIH casurom ckopoctu [20,21] m Ly — macmTad, 00ycIoBICHHBIH

crparudukanuei ioTHoct (cM. Harpumep, Tadauiy 3 B [10]).
Bo Bpaimaronmxcs KHIKOCTH WM Ta3e HEMOCPEICBEHHOE BIHMSHUE YITIOBOH CKOPOCTH

BpameHus: () Ha pa3Mepsl TypOyJICHTHBIX BUXPEH OrpaHMUYEHO MaciTabom EZ% Q. B

YCTOﬁqHBO CTpaTI/I(bI/IIII/IpOBaHHI)IX aTMOC(bCpHI)IX N OKCAHCKUX TCUCHHUAX 3TOT OrpaHUYIUTCIIb
UrpacT BTOPOCTEIICHHYIO poiib. B Hacrosmieir paboTe MBI €ro HE paccMaTpuUBaeM H
OTpaHUYHMBAEMCS 00CYKIICHHEM BIHMSHUS CTpaTHU()UKALINY.
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B pamkax Hameii jgokanpHON Momenu maciuraOsl (52) — (54) mponopumonansHel L ¢
TOYHOCTBIO 10 KO PUIIMEHTOB, 3aBUCSIINX TOJIBKO OT Ri.

[Tostomy oOmee BblpaxeHnue a1 |, yuureBaromee orpanmueHust |, <z wu
l, <{L, Lo, Ls, Ly }, MO>KHO HUCKATh B BUJIE Iz_l -z 14 L_1®|(Ri), rae @) — dyHkua or
Ri, momiexarnas SMIOMPHYSCKOMY ONpEACICHUIO. B  JOKaNbKOH MOJEIH, MOCKOIbKY

Oe3pa3MepHasl BbICOTa % SIBJISICTCS YHUBEpcalbHOH (yHKImel oT Ri, oliiee BbipaxkeHue

it |, moxer Obth 3ammcamo B Bume |,=z¥)(Ri). ®ysxmms ¥ (Ri) npomkna

YIIOBJIETBOPSATH CIEAYIOMNM (U3NUYECKUM TPEeOOBAHUIM: MPH HEUTPAIbHOM CcTpaTU(UKAIIIH
JOCTUraTh MAaKCHMaJIbHOro 3HayeHusa ‘P (O):l, a mpu Bo3pacTaHuu Ri¢ yObBaTh M

cTpemuthes K Hymo ipu Rif — Rif [unaue, popmyna (33) nact E, >0 npu Ri; - RiY,

4T0 (HU3NYECKU OECCMBICICHHO].
OHO#T U3 BO3MOXKHBIX aIlPOKCUMAIIMI MOXKET CITyKUTh Gopmya [54]:

IZ =17 l_ ’ (55)

e IIOKasaTelb CTEeHU 4/ 3 ompenenéH SMOUPUYECKH TII0 JaHHBIM YHCICHHOTO

monenupoBanusi LES DATABASEA46 [4,16,] u nonesoro skcnepumenta SHEBA [50].
HamoMHuM, 49TO pe3ysbTaThl aHaIKM3a, M3J0XKEHHOrO B TMPEIIICCTBYIOIIUX pa3jernax
9TOM CTAaThH, HE 3aBUCST OT KOHKPETHOTO BhIpaxkeHus Ui |, . Pasnen 4.4 momenieH 3aech s

MOJTHOTHI U3JT0KECHHUSL.
5 KaauOpaumus JokajbHOIi Moaean

YT008b! onpeaenuTs smnupuueckue oespasmepusie koHcTanThl C,, Cyx , Cg, Cy, C 4,
C,2, C3 m mokazarens creneHu B Gpopmyiie (55), MbI CpaBHHBAEM PE3yIIbTAThl, MOIyIECHHBIC
B pazzmene 4, ¢ OKCIEPUMEHTAIbHBIMH JaHHBIMH M pesyiabTatamu moiaHoro (DNS) u
yacTHIHOTO BUxpepaspetraromiero (LES) moaenupoBanus TypOyI€eHTHOCTH.

HanmomamM, 49TO IOKanbHasi MOJIENbh BBIBEJCHA B TPUOIKEHUH OJHOPOJIHOMN
TypOyJIEHTHOCTH ¥ HE TMpeAyCMaTphBaeT TMepeHoca TypOyJIEeHTHBIX OSHEPruid Win
TypOYJICHTHBIX TIOTOKOB TYpOYJIEHTHOCTBIO. [IpakTHueckW Bce JOCTYIHBIC JaHHBIC
NPE/CTaBIISIIOT BEPTUKAILHO (2 B psijie ClIydacB, U TOPU3OHTAIBHO) HEOAHOPOIHBIC TCUCHMS,
B KOTOPBIX MEPEHOCHI BTOPHIX MOMEHTOB B TOW WJIM WHOW CTENEHH MPHUCYTCTBYIOT. DTO

O3Ha4aeT, 4To Oe3pa3MepHBbIe MapaMeTphl TypOyIeHTHOCTH, Takue Kak Prr, Rig, (r/ Ek )2 :

F22 / (EK Eg) u A,, He 00s3aHBI ObITH YHHBEpCATbHBIMU (pyHKIMsIME OT Ri. Tak wiu nHaue,

HO B HenaBHHX paborax [33,52] mosydyeHbl SIMIUPUYECKUE 3aBUCHMOCTH MEPEUMCICHHBIX
BbIIIE mHapaMeTpoB oT Ri, B memoM mnoATBepxiaromme Teopuoo. Hibke mnpuBomstes
pE3yNbTaThl AaJbHEHIIETO aHAIM3a JaHHBIX.

Ha puc. 1a n 1b npencrasnens! 3aBucumoctu TypOynentHoro uncna [Ipauaras P u

TypOyseHTHOro umcna Puuapacona Rig =Ri/Prr or rpaguentroro umcna Puuapacona Ri

no  JaHHBIMM  atMoc(epHbIX M JabopaTOpHbIX  JKcmepumeHtoB, LES m
DNS [5,28,38,42,46,47,53].
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1 1 1 1 1 Rj.
10 0.01 0.1 1 10 100

Puc. 1 — TypOynenrasie uncna (a) [Ipanarns Pry = K%H u (b) Puaapacona Rif = Ri/Prp

. 2
Kak QyHKIUM TpaaueHTHOro uncia Puyapacona Ri= ( %) . lanHble mpencTaBiIeHb

CIIEIYIOUIMMHA CHMBOJIAMHU. aTMOC(epHble H3MEpPEHHS — HAKJIOHHBIE YEepHBIC
tpeyroibaukd [28] u “cHexunku" [5]; mabopaTopHbie SKCIEPUMEHTHI — YECpPHBIC
Kpyxku [46], HakioHHble Kkpectuku [42] u pomObl [38]; LES - mpsiMbie

tpeyronbuuku [53]; DNS - 3Be3nouku [47]. Teopernueckne KpUBBIE MPEACTABISIOT
pacdeTsl MO JOKAJILHOW MOJENH JUIsl JBYX TPEISNbHBIX 3HAYEHUH TypOYJIECHTHOTO

uncna Puuapacona: RiT =0.2 — crutomnas muaus u Rif = 0.4 — nynkTupHas nuHus.

JlaHHble, OTHOCAIIMECS K MalibiM 3HaueHWsM RIi, corjacyrorcs ¢ OOLICTIPHHATON

OMITUPHYECKON  OLIEHKOM PrT(O) EPrT|Ri_)O:O.8 (cm.  o063opubie crateu  [9,17] w

TeopeTHdeckyto padory [12]). Pucynok 1b scHo nokaseiBaer, yro Rif mpu Gompmmx Ri

=00
BBIXOJIUT Ha MOCTOsIHHOE 3HaueHue Rif =0,2.
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Puc. 2 — KBagparbl 0e3pa3MepHbIX TYypOYJCHTHBIX MOTOKOB (@) KOJIMYECTBAa JBVIKCHHS
7%= (7/Ex )2 u (b) Temneparyper F2 = F2 / (EEp) xax QyHKIMM rpagieHTHOrO

yrciaa Puuancona Ri. ATmocdephbie qaHHbIE — TepeBepHYThIe TpeyroasHukH [3,40],
kBazapatsl [31] u kpyxku [50]; maboparopusie qanHbe — poMObI [38]; nannsie LES —

tpeyronbhuku [53]. TeopeTnueckue KpuBble: CruiomHas jgunus — s RiT =0.2 u

nynktupHas — s Rif =0.4.

Ha puc. 2 npencrasiensl 3aBucuMocTH OT Ri Ge3pa3sMepHbIX TypOYyJICHTHBIX TOTOKOB:
(a) 72 =(7/Ex )2 u (b) FZZ/(EK Ey) — no mammbim pabor [3,31,38,40,50,53]. [lasHo

u3BecTHO (cM. Hampumep, pazaeisl 5.3 u 8.5 B [37]), uro atmMochepHbie HAOMIOACHUS TIPH
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HEHTPaIbHOI cTpaTMUKAIMK 10T GOJIee N3MEHUMBBIE M, KAK PABUJIO, MEHBIIHE 3HAUEHHUS
ornomennit  (7/Ex) m F2 / (EkEp), uem maGopaTopHble OSKCIEPHMEHTBL DTO HE

YIAUBUTECIIBHO: M3MCPCHHBIC 3HAYCHUSA EK , B aTMOC(l)epe BKIIFOYAKOT KakK Typ6y.]'IeHTHOCTb,

TaK U HU3KOYACTOTHBIE (DIYKTyallud CKOPOCTH, BbI3BaHHbBIE B3aUMOJCHCTBHEM BO3AYIIHOTO
IOTOKAa C HEOJHOPOAHOCTSMHU MoOAcTUIaronle mnoBepxHocTu. [loaToMy uist kanmuOpanuu

Halllel JOoKaJabHOH Mojiesn 0oJiee eCTECTBEHHO UCIIOIb30BATh JJAHHBIE O 2'2, [IOJIyYEHHBIE U3
71a00paTOPHBIX SKCIEPUMEHTOB U YMCIICHHBIX BHXpepasperiaommx moaenei. [lo maHHbIM,

TPE/ICTABICHHEIM Ha puc. 2, noxydeno: (7/Eg )(O) =0.326, (¢/Ex)” =0.18 npu Ri>1,
~~\(0 ~51\(0 A 5\00
(12)( )/(FZZ)( )=PrT(0)=O.8,H (F?) =o.

BeprukanbHas anuszorpomusi A, = E, /Ey , nokasana Ha puc.3 mo maHHeIM pabot
[3,31,38,40,47,50,53]. DTH maHHBIE OTYACTH MPOTUBOPEUYMBHI W TPEOYIOT TIIATEIHHOTO

. . (0)
aHanu3a. Jlis HelTpanpHOH cTpatuduKanuu, Mbl IpuHHMaeM ouneHky Ay’ =0.25,
OCHOBaHHYIO Ha TOYHBIX J1a00paTopHbIX skcrepumenTax [2] u DNS [35] u cornacyrorinyrocs ¢
HE3aBHCUMBIM aHAJIM30M IpucTeHouHoi TypOynentHoctn [30]. ATmocdepHble naHHBIC

(0).
(manpumep, puc. 75 B [37]), mator MeHbIMe 3HaYeHHS A, /; HO, KaK y>X€ FOBOPHIOCH, OHH

[EPEOLICHUBAIOT  SHEPrUI0  TOPU3OHTAIBHBIX  (IyKTyaluuii CKOpPOCTH M MO3TOMY
HEJIOOLIEHNBAIOT A,, B 4YacTHOCTH, IpHM HEHTpanbHOW cTparnukanuu. bonbmme

3Ha4YeHUs Ri B UMCIIEHHBIX MOJICIIAX HAOIIOMAI0TCS BOJIM3K BEpXHEH IPaHMIIBI IOTPAHUYHOTO

— T T

0.25
0.2
0.15

0.1

0.05

e ey
0.01 0.1 1 10 100

Puc. 3 - BeprukansHas anusorpormss A, =E,/Ex  kak (yHKuus IpajgieHTHOro ducia

Puuapncona Ri. ATmocdepHble naHHBIE — nepeBepHyTble TpeyronbHuku [3,40],
kBagpatel [31] u kpyxkku [50]; maboparopubie nanHbIe — pomObI [38]; maHHBIC
LES - tpeyronpauku [53] u DNS — 3Besmouku [47]. Teoperuueckue KpuBbBIC:

CIUTOIIHAS JINHUS — IS Riof =0.2 u myHKTUpHAS — JUIS RiO]? =0.4.
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cios, tae TKD JOKaJIbHOTO TPOUCXOXKICHHUSI MOXKET OKa3aThCsid HE3HAYUTEIBHOW 10
cpaBHeHUo ¢ TKO , NpuHECEHHOM U3 HIKHUX clloeB. He yTMBUTENBHO, YTO 3aBUCUMOCTD A,

or Ri crpamaer o4eHb OOJBIIBIM Pa3dpocOM IaHHBIX. B 1eaoM, arMocdepHbie AaHHBIC
XapakTepusyroT A, KaKk MOHOTOHHO YyObIBatomryro ¢yHkiuioo oT Ri u mossomsior nathb

IpHOIMKEHHYH0 OLIEHKY HIkHero mpeaena; A =0.075.

[TonydeHHbIE BBILIE OLICHKU Ago), (T2E|Z2) , Pr-l(-o), Riofo, A;o, u (TZERZ)R
|=00

Ri=0
I1I0O3BOJIAOT OHpeILeJII/ITB Hallnmn 3MHHpI/I‘IeCKI/I€ KOHCTAHTHI.
Haunnaem c JaHHBIX, OTHOCAIIMXCS K HeWTpanpHOM cTpaTtudukanuu. OreHka

A®) =0.25 naer
c, =3Al% (1— 3al0) )_1 -3. (56)

KomOunupyst ¢dopmyner  (25¢) mmst Ex u (32) mna tp, npuMeHsas ux K
norapu(pMUIECKOMy MOTPAHUIHOMY CIIOKO, B KOTOpoM |, =2, 7=17|,_o= uf usS= u*(kz)_l
(uy — ckopocth Tpenus, k =0.4 — mocrosiuHas Kapmana), U UCHONB3YS OLEHKH A§O) =0.25

u (7/Eg )(0) =0.33, monyuaem

3/2
Cy = k(AﬁO) )1/2(E—KJ ~1.08. (57)
T JRi=0

[Moxcraemsist Ckx =1.08 u PrT(O) =0.8 B popmyusr (43a) u (47), momydaem:

-2
Cv (E
cﬂ:%(—Kj =0.228, (58)
2A; T JRi=0
Cr =Cy1/P® —0.285. (59)

Honcrasnsas C, =3, A° =0.075 u RiT =0.2 B hopmyiy (46), monyuaem

% 3RiT
3= Azo + f =0.55, C3 :i(\lfgo —1):—2.25. (60)
A9 C (a-Ri7) Rif

Koncrantet C; m Cp xapakTepusyloT OOMEH JHeprueil Mex1y TOpHU30HTaIbHBIMU

KOMIIOHEHTaMHU CKOPOCTH U HE BIMAIOT HA KaKHe-Iu0O Apyrue acheKThl Hameil moaenu. Tem
He MmeHee, npuHuMmas C; =C, (U3 cooOpakeHHII CHUMMETPHUHM) U YYHUTHIBas (OPMYIy

C; +Cy +C3 =0 (BbITekaromyo u3 TpedoBanus ) E; = Ey ), monydaem:
i
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C =C,= —%(33 =1.125. (61)

Honcrasnsas Cx =1.08, RiT =0.2, A" =0.075 u (r/Ek )™ =0.18 B popmyas (50b),

MOJIy4aeM:

O G (62)
1% 180" a-RD) 0.187; C,p= (w7 ~Cey)=-0.208
= = U. X 2= — 1]=—V. .
i 2AF CoRipY T
Honcraenss C, =3, Rif =0.2 nu W3 =0.55 B popmyiy (45), monyuaem:
Cp=—1 G¥s ) 1 glia]-0a. (63)

:1+Cr 3 Ri¥

3aBucumocts Ri = ®(Ri), paccumrannas mno dopmynam (41)—-(42) c HamwmMu

OMIUPUICCKUMH KOHCTAHTaMH, TloKa3zaHa Ha puc. 1b xupHoit muaueit. C TouyHOCTHIO 10 5 %
OHa aNnMpOKCUMHUPYETCS NPUOIMKEHHOU (HopMyIIon

(1 + 36Ri)-’
(1 + 19Ri)>7

Rit = ®(Ri) =1.25Ri (64)

B MOJIYYCHHBIX BBIIIC OLCHKAX Mbl HC HCIIOJIB30BAJIN JAHHBIC O 6C3pa3MepHOM IIOTOKEC

TerJIa FZ2 = F22 /(EK Eg). mokasannsie Ha puc. 2b. B pacuerax no dopmynam (60) — (63)
npursto Rif =0.2. OmHako TOYHOCTH JTOH OlEHKM HeBenuka. PucyHok 1b mossomser ¢
YBEPEHHOCTBIO OMpeNenuTh umb auana3on 0.2<Rif <0.4. UYro6sl MpogeMOHCTPHPOBATH

CTCIICHb HCONIPCACICHHOCTU BCCX HAIIUX SMITUPUUYCCKHUX OLICHOK, TCOPETUYCCKUEC KPHUBBIC HaA

pucynkax 1-3 mocTpoeHsl B aByX Bapumantax — mis Rif =0.2 (cruiommble nuHMM) |
RiY =0.4 (myukrtupHele JsMHMM). B ToCHEnHeM — Cilydae  HaIeKalUM — 00pa3oM
nepeomnpezeneHsl u apyrue koncrantsl. C3 =-0.083, C,=-022 u Cy =0.113.

TeopeTnueckue KpuBble A1 O€3pa3MEpHOro MOTOKAa TeIuia F22 = FZ2 /(EK Eg) KaK

Q)YHKHI/II/I oT Rl, npeaACTaBJICHHBIC Ha pUC. 2b, HCTIJIOXO COTJIACYROTCA € SKCIICPUMCHTAJIbHBIMU
JaHHBbIMH. HOCKOHLKy 9T AAHHBIC HC HCIIOJBb30BAJIMCh A KaJ'II/I6pOBKI/I MOJCIIH, pHUC. 2b
CIIYXKUT eé SKCIICPUMCHTAJIbHBIM MMOATBCPKIACHUEM.

6 BrbIBOIBI

B OonpIMHCTBE MPAKTUYECKU HCIIONB3YEMBIX MOJENEH 3aMbIKaHUS HJIS YCTOWMYHUBO
CTpaTU(UUUPOBAHHBIX TeOPU3NYECKUX TEUYEHHM Mpearnojaraercs, 4ro BepTHKAIbHbIE
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TypOyJeHTHBIE TIOTOKM HAmpaBlIeHbl 10 TpaJUeHTaM IIEPEHOCHUMBIX CyOCTaHIH,
ko3 dunuenTsl TypOyneHTHOW BszkoctH, Ky, TemmneparypompoBogumoctd, Ky, u

mpoysun, Kp, cuuTaroTcsi IpONOpLIHOHANBHBIMU TypOyIeHTHOMY MacmTaly JUMHbI, bt n

TypOyJeHTHOMY MaciuTaly CKOpocTH Uy, KOTOpPBIE B CBOIO ouepedb, Oepercs
MPOTIOPITMOHAIBHBIM KBaJIpaTHOMY KOpHIO u3 TKO, E%</2, TaK 4TO K{M H,D} ~ ElK/ 2IT ;a

Ek ompenensercs uz ypaBHenus 6ananca 7K3 . DTOT NoAX0A ObLI B CBOE BpeMsl NIPEATIOKEH

KonmMoropoBsIM 11t Te4eHUH ¢ HEUTpaTbHOW CTpaTHU(HUKAIMEN TUIOTHOCTH, II€ OH CITY>KUT
OoueHb  XxopowmeMm npubmmwkeHueMm. OpgHako, OpU  NPUMEHEHHMM K  YCTOMYUBO
CTpaTH(PHUKAIMPOBAHHBIM TEUYEHHUSM U3 HETrO CJEIyeT, 4TO TypOyJIEHTHOCTh Te€HEpUpYyeTCs
CABUTOM CKOPOCTH JIMLIb IIPU 4YuCiIax PruyapiacoHa, MpeBbIIAIOIMX KPUTHYECKOE 3HAUECHUE
(Ri; 6mmskux k 0.25). DT0 MPOTHBOPEUNT FKCIICPHMECHTATBHBIM JaHHBIM. UTOOBI yCTPaHHUTD

IPOTUBOpPEYHE, B COBPEMEHHBIX MOJIETIAX 3aMbIKaHHUs IPUHUMAETCS
apel/2 :
KM H,D} = f{M H.D) (Ri)EK“l;,  rrme f{M H.D} (Ri) - monpaBounsie  QyHKIH,

OnpeaAC/IKICMBIC SMITMPUYCCKUM IMYTEM HJIM C IIOMOIIBIO JOIMOJTHUTCIIBHOTIO TCOPETUYCCKOI'O
anammsa. [lpu xopomo nopoGpannsix fiy 1 (RI) s pemenns npoGnembr 3amblkanHus

ocTaeTcs ToJbKO onpeaenuts |,. [TogoOHbIi MoxXoa UMEeT, 0JHAKO, CEPhe3HBIC HETOCTATKH.

Konnenmuu rpaaneHTHOro nepenoca u Ko3(pPUIHeHToB TypOyJIeHTHOTO 0OMeHa, KaK U

COOTHOIIEHUS K{M,H,D} = f{M’H,D}(Ri)ElK/‘?lT, COIVIaCYIOTCS C YypaBHEHHsIMHU OayaHca

TypOyJICHTHBIX TIOTOKOB TOJBKO B CPAaBHHUTENBHO MPOCTHIX ciydasx. Koadduuuments
TypOyJIEeHTHOrO OOMEHa MOTYT OBITH CTPOTO ONPEAEICHBI JIMIIb B PEXHUME OJHOPOIAHOM
TypOyJICHTHOCTH, B IPOTUBOIIOJIOKHOCTh TYPOYJICHTHBIM ITOTOKAM, KOTOPBIC MPEICTABISIOT
coOOi sICHO ompejessieMble W HEMOCPEICTBEHHO H3MepsieMble mapaMeTpsl. [losTomy,
MPENOYTUTEIIEHO ONMUPAThCS HA ypaBHEHHs OajaHca TypOYJEHTHBIX TMOTOKOB, a HE Ha
TUNOTE3bl 0 KodpduuueHTax oOMeHa, XOTs Obl MOTOMY, YTO MOCJIEIHHE HE BCErja MOTYT
OBITH CTPOro OIpeneNeHbl. YpaBHeHHe OanaHca 7KOD He TMOJHOCTBIO XapaKTepu3yeT
SHEpPreTuKy TypOYJIEHTHOCTH, HE TOBOPS YK€ O TOM, YTO BEPTHKAJIbHBIA TypOyJIEHTHBIHI
nepeHoc onpenenserca He Ey , a sHepruell QuryKTyanuii BepTUKanbHOW ckopocTH, E,. Ilo

9THM TpPUYUHAM TPATUIHMOHHBIM IOAXOJ WMMEET 3aBEIOMO OTPAHWYCHHYIO O0JIacTh
MPUIIOKEHUS.

MsI ipeimaraemM GoJiee CTPOTYIO U B TO K€ BPeMs CPaBHUTEILHO TPOCTYIO Teopuio. B
JIOTIOJTHEHWE K ypaBHeHWIo Oamanca 7KOD, Mbl HCIOJIb3yeM ypaBHEHUs OanaHca
TypOyJIEeHTHON NOTeHIMAaIbHON 3Hepruu (771D ) i cyMMapHOW SHEPTHU TYpOYJIEHTHOCTH
(COT =TKD+TIID), 4To TapaHTUPYET TEHEpalri0 TypOYJIECHTHOCTH CABUI'AMH CKOPOCTH
pH JIF000H cTpaTUhUKAITIH.

Kpome TOro, ™Mbl HE HaBA3bIBa€M KOHICMIWU TPATUCHTHOTO TMEpeHoca H
ko3 purmeHToB TypOyJIEeHTHOTO 0OMEHA, a UCIOJIb3YeM BMECTO HUX YpaBHECHHMsI OaaHca JIs
TypOyJIEHTHBIX MIOTOKOB, U BBIBOJMM M3 3TUX YPaBEHHH, a HE MOCTYJIUPYEM, BBIPAKECHUS JUIS
KOA(p(UIIMEHTOB TMepeHoca, Korjaa 3To (u3nYecKu OOOCHOBAHO, T.€. JUIsl CTAllMOHAPHOTO
OJTHOPOJIHOTO peXuMa TypOyJIEHTHOCTH.

B ypaBHeHMHM 17 BEpPTHKAJIBHOTO TOTOKA TMOTEHIMAIBLHOM TeMIepaTypbl MbI
YYUTBIBAEM MEXaHW3M IIOJIaBJICHUS, OOYCJIOBJICHHBIM (IyKTyalusMH IUIABYy4YeCTH, W
MOKa3bIBa€M, YTO UMEHHO OH OMpeAeNisieT MPUHIUIHAIBHOE pa3indue MEXIy MepeHocaMu
TEIUIa ¥ KOJIMYECTBA JABMKEHHUS.

Jlns onpeneneHus 3Hepruu GIIyKTyaluil BEpTUKaIbHON CKOPOCTH, MBI MOAM(ULIIPYEM
TPAIUIMOHHYIO THIIOTE3y W30TPONM3AIMA C YYETOM BIUSHHS CTpaTH(QHUKAIMA Ha
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nepepacnpeneneue KO Mexay TOPU3OHTAIbHBIMU M BEPTUKAJIBHOM KOMIIOHEHTaMU
CKOPOCTH.

B Hacrosmeit pabote MBI MOIPOOHO paccMaTpuBacM JIMIIb  MPOCTEHIIUH,
anreOpanyeckuii BapUaHT HOBOM MOJEIM 3aMbIKaHUSA M KanuOpyem €€, Nojb3ysch
JOCTYITHBIMU DKCIEPUMEHTAIbHBIMU JAHHBIMHU.

Pucynkn 1-3, npexcrasmsomme TypOyseHtHOe umcio Ilpammmus Prp =Ky /Ky,

TypOyneHTHoe uucio Pudapncona Rif, 6e3pasmepHbie TypOyJIEHTHBIE ITOTOKU (z'/ Ek )2 u

1 .
FZ(EKEg) ", a taoxe anmsorponmio A, = E, /Ey , Kak QyHKIJH rpajueHTHOro uncia Ri,

OOHapy’KMBAIOT J[Ba CYLIECTBEHHO pa3HbIX peXHUMa TYpOYJIEHTHOCTH, pa3JeleHHbIX
CPaBHUTEIFHO Y3KMM HMHTEpBaJIOM uucel PuyapicoHa mo o0e CTOPOHBI OT TOPOTOBOTO
3HaueHust Ri~0.25 (moka3zaHHOro Ha PUCYHKAaX BEPTHKAJIbHBIMU MYHKTHPHBIMU JIMHUSIMU).

Ilpu Ri<0.1 u Ri>1 ornomenus (7/Eg )2 u FZZ(EK EQ)_l NPAaKTUYECKH BBIXOJAT Ha

MOCTOSIHHBIE 3HAYeHHus, coorBeTcTBytomme npu Ri<0.1l — cuibHOW TypOyJIEHTHOCTH,
crocoOHOM 3(h(HheKTUBHO NEPEHOCUTh KaK KOJUYECTBO JBWKECHUS, TaK U TEMIIEpaTypy; a Mpu
Ri>1 - cmaboii TypOyJEHTHOCTH, CIIOCOOHON IEPEHOCHTh KOJUYECTBO JBIIKCHHS, HO
Masiod(pPEKTUBHON B EPEHOCE TEIIa.

[ToporoBoe 3HaueHwe Ri Ha HamMX PUCYHKAX MPAKTUYECKH COBIAJACT ¢ Hamboliee
YacTO  LUTHPYEMOH  OIIGHKOW  KPUTHYECKOro  4Yuciaa  PuuapacoHa B TEOpHH
rufpoauHaMudeckoil HeycroitumBocTh: Ri; =0.25. CoriacHo Teopunm HEYCTOWYMBOCTH,
0ECKOHEYHO MaJble BO3MYIICHHUS B TEYCHUHU CO CIBUTOM CKOPOCTH 3KCIIOHEHIIMAIBHO PacTyT
npu Ri<Ri; u He pactyr mpu Ri>Ri;, 4To HHTepHpeTHPOBATOCh KaK HEM30EKHOCTH
JaMUHAPH3aLUK  TEYEHHS  IpH Ri>Ri.. Ham  anHamu3,  NOAKpEIUICHHBIH
OKCIIEPUMEHTAILHBIMU JaHHBIMH, TOKa3bIBaCT, YTO HAa CaMOM Jelie JaMUHApH3alus He
00s13aHa MPOMCXOAUTH. TYpOYJICHTHOCTh MOMKET T'€HEPHUPOBATHCS CIBUTOM CKOPOCTH IIPU
mo6bix Ri, Ho npu Ri>Ri, ana "BriroueHns” reHepanuu TypOyJI€HTHOCTH HEOOXOMUMBI
KOHEYHBIC, a HE OECKOHEYHO MaJIbIe BO3MYILICHHSI.

B Hacrosmieil craTthe paccMOTpeHa JIOKalbHAs MOJENb, HMPUTOMHAS ISl ONHCAHUS
OJHOPOIHOTO  pexuMma TypOylneHTHOCTH. bornee momHas Mojenb,  BKITIOYAIOIIas

(v)

TypOyneHTHBIe TepeHockl TpeTbero nopsiaka (P, Op, O u O {; 2}), OyJeT U3J10XKEeHa B

MOCJICAYIOIUX CTAThIAX.

IIpniaoxenne A. OueHka 4ieHa, cofepskamero (JIyKTyauuu JaBJIeHHs, B YPABHEHHH
O0ajaHca 1Jis1 TYpOyJIeHTHOT0 NOTOKA MOTEHINATbHOI TeMIlepaTyphbl

[Tpubmxenne, NCIONB3yeMOE B paszeiie 2, a UMEHHO

ﬂ<.92>+pio<9£ p>:C9ﬂ<t92>, (A1)

rae Cy =const <1, BeiBoAuTCs caenyromuM obpasom. IIpumenss onepaTop AMBEPreHIUH K

YPaBHCHUIO JBHUXKCHHUSA, IOJTYy4acM.

1 0
— Ap=-8-—26.
P p ﬂaz (A2)
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[MpumeHnsis kK ypaBHeHHIO (A2) 00paTHBIN JariacHaH, MoJydaeM:

el 1/.0 , 0%
;p PA ( j u p—0<0§p> ,6’<6A P > (A3)

[TpuMenss aHaau3 MacITaboB K MPaBoil yacTu BTOPOi Gopmysisl (A3), momydaem

i
072 cra D ( L arctan Ja J (Ad)

Ja

rne azlf / IZ2 -1, I, mw | - wmacmrabsl AIMHBI KOPPENSAUUOHHOM —(yHKIMH

<(9(t, x1) O(t, %, )> B BEPTHKATLHOM U TOPU30HTAILHOM HANPABICHHUSIX.

dopmyiet (A3) u (Ad) narot:

0
<‘9 p> 1(1+gozj , a<<1
po\ oz ~_J 3 5 (A5)

<92> - a>>1.

NI

Orcrona CIIENyeT, 4TO MHTEPECY IO Hac KO3 puImeHT

Cop= {1+[npa6a;1 yacms hopmynvl (A5)]} CTpeMHUTCS K 2/3 mpu TEmaoBoi u30Tponuu (4To

COOTBETCTBYET HEUTPAILHON CTPaTU(HUKALMU) U CTPEMUTCS K HYJIO TP MOJHON TEIUIOBOM
aHusorponuu. Hama smnupuueckas onenka Cy=0.3 — pa3symHbIi KOMIPOMHCC MEXTY

STUMU KPAHUMU CITy4asiMH.

Baarogapuoctu. Atopsl Omaromapst npodeccopa C.H. CrenmaneHko 3a 00CYXICHHS M I[CHHBIC 3aMCUaHUS.
Hactosimmass  pa®ota BeIMONHEHa TpW cojaeiicTBuu  MexayHapomHoro Meteoponorudeckoro HMHcTUTyTa
um. K.I'. Poccou (Crokromnem, IIBenust), Axamemun Hayk W3pawnst, BrojkeTHOH KOMHCCHU H3PAUITBCKHX
YHUBEPCUTETOB U M3panibCKoil KOMHCCHU IO aTOMHOM HEPIHUH.
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Closure of the Reynolds equations for stably stratified turbulent flows in the atmosphere
and the ocean

Abstract. This paper presents a new turbulence closure model based on the budget equations for the key second
moments: turbulent kinetic and potential energies: TKE and TPE (comprising the turbulent total energy:
TTE = TKE + TPE) and vertical turbulent fluxes of momentum and buoyancy (proportional to potential
temperature). Besides the concept of TTE, we essentially use the non-gradient correction to the traditional
buoyancy flux formulation (disregarded in the traditional formulations for the eddy conductivity). In the
proposed model, turbulent motions exist at any values of the gradient Richardson number, Ri. Instead of its
critical value separating — as usually assumed — the turbulent and the laminar regimes, the model, as well as
experimental data, reveals a transition interval, 0.1<Ri<1, which separates two regimes of principally
different nature but both turbulent: strong turbulence at Ri < 1; and weak turbulence, capable of transporting
momentum but much less efficient in transporting heat, at Ri > 1. Predictions from the model are consistent with
available data from atmospheric and laboratory experiments, direct numerical simulation (DNS) and large-eddy
simulation (LES).

Keywords: anisotropy, closure of turbulent motion equations, kinetic turbulent energy, potential turbulent
energy, total turbulent energy, critical Richardson number, mixing length, stable stratification, turbulent
viscosity, turbulent transport.
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PO3/ILI |I. BAKOPUCTAHHS ME3OMACIITABHUX MOJEJIEA ITPA
BUBYEHHI PO3ITOBCIO/J’KEHHA JOMIIIOK TA AEPO30JIIB B ATMOC®EPI

(SECTION II. USE OF MESOSCALE MODELS IN STUDIES OF AIR POLLUTANT
AND AEROSOL DISTRIBUTION IN THE ATMOSPHERE)

V/IK 681.3.06

P.B. Apytionsin’, npog., B.H. Cemenos’, npo¢p., O.C. CopoxoBuxosa’, npog.,

AJL (I)omml, P.10. I/IFHaTOBz, K. ¢p.—m. 1., E.B. Ha60KOBa2, K.I. PyﬁnHmTeﬁHZ,().qb.—M.H.
YWBPAD PAH, Poccus

IV« uopomemyenmp Poccuu», Poccus

BEPUOUKAIIUA MOIAEJIU ATMOC®EPHOI'O IEPEHOCA C METEO-
POJIOTUYECKHUM ITPOI'HO30M BBbBICOKOI'O ITPOCTPAHCTBEHHOI'O
PASPEIIEHUA

AHHoOTAaUMs. [Ipugedenvl pe3yivmamol 8epuGUKAyUU poCCUlicKoeo NPOSPAMMHO20 KOMNJeKcd Oni paciemd
pacnpocmpanenus paouonykiuooe HOCTPAIJAMYC coemecmuo ¢ memeoponocuueckoii mooenvto WRF na
cepuu HaMypHBIX IKCHEPUMEHTNOS.

KuaroueBble cioBa: sepudurayuss modenu, modeno WRF, pacnpocmpanenue paduonyrxiudos, npozpammmbiii
xomniexc HOCTPAAMYC

1 Bsenenune

B Hacrosiiiee Bpemsi pacTeT YMCIO, KaK aTOMHBIX JJIEKTPOCTAHIUHM, TaK W APYTUX
00BEKTOB, CBSI3aHHBIX C TUIOTETHYECKOW paaualiOHHOW omacHOCThIO. ObecrnedeHne ux
0e30macHOro (PyHKIIMOHUPOBAHUS BKIIIOYAET B CeOsl CO3AaHME MATEMAaTUYECKUX MOJEIeH U
IPOrPaMMHBIX CPEICTB JUIsl ONEPAaTUBHOIO IMPOTHO3a B CiIy4yae IITATHBIX M aBapUITHBIX
BBIOPOCOB. DTH MNpOrpaMMHBIE CpEACTBA JOJDKHBI OOECIEeYMBATHCS MPOTHOCTUYECKUMU
METEOPOJIOTUYECKUMHU TOJIIMA C XOPOIIMM TMPOCTPAHCTBEHHBIM pa3pelieHueM. 3aaaueit
NOJOOHBIX TPOTPAMMHBIX CPEICTB SBISAETCS WHGPOPMAIMOHHOE OOECIeYeHHE NPUHITUS
00OCHOBaHHBIX pEIICHUH TI0 BBIPA0OTKE Mep B Ciydasx aBapuii (CBOCBpEMEHHOE
OTIOBEILICHHE, Pean3allns 3alIUTHBIX MEp) B pealbHOM Maciitabe Bpemenu [1,4-6].

Monenb pacnpocTpaHeHHUsl paJilalliOHHOIO 3arpsi3HEHUs] B aTMoc(epe, BKIIOUEHHAs B
WUHTCTPUPOBAaHHYI0 cucteMy mnoanepkku npussatus peureHnii HOCTPAITAMYC [5-6],
ocHOBaHa Ha d>(PQPEeKTHBHON THOPUIHOW YHCICHHOH METOJUKE pEIICHHUS YpaBHEHUS
TypOyaeHTHOH nuddy3un (aHAIOr CTOXaCTHUECKON MOETH KPYITHBIX YacThil). B pe3ynbrare
UCIIOJIb30BAaHUSl TaKOM YHCIEHHOM METOJIMKM ynaercss 0e3 MOTepu TOYHOCTU Ha MOPSAIOK
ObICTpee MOAETUPOBATh PACHPOCTPAHCHUE TMOJUANCIIEPCHON pUMecH (Ui paaHOHYKIHIO0B
¢ yuerom Oosee 100 mermouek pacmaza). [IpeumyIiecTBOM 3TOH MOJCIH SBJISIETCS TO, UYTO B
KayeCTBE MCXOJHBIX JAHHBIX B HEH MOTyT OBbITh B ONEPATHUBHOM PEKHUME HCIOJIb30BAHbI
TpEeXMEpHBIE HECTAIIMOHAPHBIE METEOPOJIOTUIYECKHE TTOJIsl, B YaCTHOCTH, JaHHBIC JETATbHBIX
METEOPOJIOTHYECKUX MPOTHO30B, 3TO MO3BOJMT YJIYYIIUTh Ka4eCTBO MCXOIHBIX JaHHBIX H,
CJIEIOBATENIbHO, KAUeCTBO MPOTHO3UPOBAHUS PAIUALIMOHHON OOCTaHOBKH.

2 JlaHHBIE M METOIbI

Mopenu mnogoOHOTO THMa HYXIalOTcsl B Bepudukanuu. [IpuBenem HEKOTOpbIS
pe3ybTaThl TAKOW BEPUPHUKAIIUH.
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B 1983-1985r1r. Ob10 mpoBeAEHO UYETHIPE HATYPHBIX ~ ME30MacCIITaOHBIX
skcriepuMmenTa B paiione Kapncpys (KfK) [3]. DxcneprmenTsl ipeacTaBiisim coboii BEIOPOC
Tpaccepa SFg C METEOPOJOTUYECKOW BBIMIKM W TPOBEICHHUE HW3MEPEHUNU B OOJIBIIOM
KOJINYECTBE IyHKTOB 0TOOpa Mpo0d Ha paccCTOSHUAX 10 60 KM OT HCTOYHHUKA.

Ha puc. 1 npuBeneHO pacronioXeHUE BBIIIKKH W W3MEPHUTENBHBIX CTAHIUN BO BpeMs
OJHOTO M3 OKCIIEPUMEHTOB. PacrmonokeHHe W3MEPUTEIbHBIX IIYHKTOB MEHSJIOCh B
3aBHCHMOCTH OT HAIIPaBIICHHSI BETPA.

Puc. 1 — Pacnionnoskenre BBIIIKH (KPECTHK C KOOPIMHATAMHU 49.054° c.mr., 8.388° B.JI.) U
W3MEPUTEIBHON CETH

M3MepeHne MeTeopoJOrMYecCKHMX MapamMeTpoB MpoBoawiIoch 10 BeicOoT 200 M. OTH
u3MepeHusl obecreynBaid MOJyYeHUE BEPTUKAIbHBIX Mpoduielt temmeparypbsl U BeTpa B
NOTPaHUYHOM CJIO€ aTMOC(Epbl C JECATUMUHYTHBIM OCpeqHeHueM. Takod moapoOHOH
METEOpPOJOTHYECKOH WHGOPMAIIMK TPYJAHO OXUIATh B pPEATbHOW CHUTyanuu. Pe3ynbTarbl
MOJEIUpoBaHusl  pacnpocTtpaHeHuss Tpaccepa cucremodn  HOCTPAJAMYC, npu
UCIIOJIb30BAaHUU TOJBKO JSTHUX METEOPOJIOTMYECKUX JaHHBIX B KAauyecTBE BXOJHBIX,
CPaBHUBAINUCh C JAHHBIMH u3MepeHuil. Jlaxke i oporpaduyecku HEOIHOPOIHOU
TEPPUTOPUHU TPOBEACHHS HATYPHBIX KCIIEPUMEHTOB (pHC. 2), MOIYYEHO JOBOJBHO XOPOIIee
COOTBETCTBHUE PE3YJIbTATOB MOJICIIMPOBAHUS U JIaHHBIX C CETH U3MEPHUTEIBLHBIX TYHKTOB [4].

Lenpto  Hameld  paboThl  ObUTAa  OLIGHKA  BO3MOXKHOCTEM  Me30MacIITaOHOU
meteoposiorudeckorr mogenn WRF [2] u cuctemer HOCTPAIAMYC s mporsosa
METEOPOJIOTUYECKUX MOJIEH M TUHAMHUKU PacCHpOCTPAHEHUS 3arpsi3HEHUS B IPEIIOI0KEHUH,
YTO JaHHBIE C METEOPOJIOTMUECKON MauThl OTCYTCTBYIOT.

B co3pmanno#t mist permona IOxnoit I'epmanmm Bepcum WRF  ucnoms3yercs 25
BEePTHKANBHBIX ypoBHeWH. M3 Hux 15 pacronokeHbl B MOTPAaHUYHOM CIIO€ aTMOC(Ephl.
[IpocTpaHCcTBEHHOE pa3pelIeHrue OKOJIO 2 KM.

Bo3Hukiia 3HauuTenpHas mpoOiieMa ¢ Ha4aJbHBIMM U KPAeBbIMH JTaHHBIMH JUISL 3TOM
Mozenu. Jleno B TOM, 4YTO 3a rojbl, B KOTOpPbIE NPOBOJWINCH SKCIIEPUMEHTHI, B HAIIEM
pacnopsikeHUH He ObUIO TaHHBIX C BBICOKHM IPOCTPAHCTBEHHBIM paspelieHreM. B Hariem
pacmopsHKeHHMM WMENOCh TpH Habopa JaHHBIX pEaHalIM30B, CO3JAaHHBIX pa3IMYHBIMU
mupoBeiMu  1ieHTpamMu. Peananuz NCAR\NCEP (paspemienne mopsiaka 250 kM) —
Hanumonansnoro mentpa Atmocdepubix HWcecnemoBanuit CIIIA. Peanamus ECWF -
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EBpomneiickoro meHTpa CpeaHECPOYHOr0 MPOrHO3a MOoroabl M peaHanu3 JPA — SmMOHCKOTro
METEOpPOJIOTHYECKOTO areHTcTBa. JlaHHbIe MOCIEeNHero peaHaiu3a MMEIOT Ooyiee BBICOKOE
paspemienne (mopsimka 100 kwm). TlpoBemeHbl cepud IKCIEPUMEHTOB C PAa3THUYHBIMH
napaMeTpu3alusIMy [JIAHETAPHOTO TOTPAHUYHOTO CJIOS, IMPOLIECCOB HA IMOBEPXHOCTH U
BHYTpH NOYBHL. [lapamerpusarmu Apyrux GU3NIECKUX MPOIECCOB JJISI BCEX IKCIIEPUMEHTOB

HEC MCHAJINCD.

""""""""""""""""""""" 1200
1100
1000
900
800
700
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400
S k 300
,,,,,, — ‘.:” 200
:5 100

Puc. 2 — TeppuTtopust MPOrHO30B U pebe]) MECTHOCTH.

Tabnuua 1 —Cpenusis 32 BpeMsi IKCIIEPUMEHTOB PAa3HOCTh (M3MEpEHHass — MOJIEJbHAs)
CKOPOCTH BeTpa B TOYKE HCTOYHHKA Tpaccepa [m/c] s pasHbIX
napameTpu3anuii GU3NIECKUX MPOIIECCOB.

40m 60m 100m 160m 200m
1 JkcnepuMeHT
JRA 111 0,7 13
ECMWF_111 -0,6 0,0 0,7 1,0
ECMWF_121 -2,2 -1,9 -1,4 -1,2
ECMWF_131 -0,9 -0,5 -0,1 0,0
ECMWEF_137 -2,5 -1,9 -1,4 -1,2
ECMWF_222 2,0 2,7 3,3 3,5
ECMWEF_777 -2,5 -1,9 -1,5 -1,3
NCEP_777 -1,5 -0,9 -0,4 -0,2
NCEP_222 -0,5 -0,1 0,2 0,4
NCEP_121 -1,6 -1,5 -1,3 -1,3
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[Tponomxenne TadauIs! 1.

40m 60m 100m 160m 200m
2 JKCIIepUMEHT
NCEP_222 1.4 2,3 3,8 4,9 54
NCEP_121 -1,5 -0,9 0,4 1,5 2,0
ECMWF_121 0,4 1,2 2,7 4,3 50
3 DKcnepuMeHT
NCEP_121 -0.7 0,2 1,3 1,8 2,0
NCEP_222 -0,5 0,4 13 1,8 2,0
ECMWF_121 -0,8 0,1 1,3 2,0 2,3
4 JkcnepuMeHT
NCEP_121 -4,5 -4,6 -4,8 -4,9 -4,9
NCEP_222 -6.0 -6,4 -6,6 -6,5 -6,3
ECMWF_121 -5,5 -5,7 -5,9 -5,9 -5,9

YucneHHbIE OKCIICPUMCHTBI IMOKa3ajik, 4YTO BCIMYMUHBI OH_II/I60K B HaHHBIX O BCTPC
3aMETHO 3aBHCAT OT HAYaIBHBIX JAaHHBIX M OT HCIOJh30BAHHBIX METOJOB IapamMeTpH3aIHU
MOrpaHUvIHOTO CJIO4. Tem ue MCHEE, B LICJIOM, HaI/I60JIee YAauHbIM OKa3aJIOCh UCIIOJIb30BAHHUC
peananuza NCEP B kadecTBe HadalmbHBIX W TPaHWYHBIX yclIoBUU. B Tabm. 1 mpuBeneHbI
HCKOTOPBIC PC3YJIbTATbI CPABHCHUA MOJACIBbHBIX U U3MCPCHHBIX 3HA4YCHUU CKOpPOCTH BCTPA HA
pasHBIX BBICOTaX ISl Pa3sHBIX BapHaHTOB HAYAIBHBIX, TPAHUYHBIX YCIOBHA W BapHAHTOB
napaMeTpHu3aluil mporeccoB MojceToyHoro Maciiraba. OTMmeueHHbIe sYeiku B Tadm. 1 -—
BapUAHTBI C JIYYIIAMH TOKa3aTe/SIMA [0 3TOMY KPHUTEpUIO (CpaBHEHHE H3MEPCHHBIX M
PaCCYUTAHHBIX CKOPOCTEH BETpa).

08
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Puc.3 — IIIOTHOCTE BEPOSITHOCTH ISt IOg(Cpacq/ CwMep) B Pa3IUYHBIX TOYKaX U B

pa3jInIHbIC MOMCHTBI BpCMCHU.
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Ha pwuc.3,4 mnpencraBieHbl SMIUPUYECKHE IUIOTHOCTH BEPOSATHOCTEM OTHOLICHMS
pacCUMTaHHBIX KOHLEHTPAUMHd M W3MEPEHHBIX 3HAUYEHHUH Ul JIByX JIy4lIMX BapHaHTOB
pacueTa, ocHOBaHHBIX Ha Bepcusix mozenu WRF, 6e3 ydera JaHHBIX METEOPOJIOTHYECKOMN
MauTel. [IyHKTHpPOM OTMEYeHBI pe3yJsbTaThl, MOJy4YE€HHBIE C HCIOJIb30BAHUEM JE€TaIbHOU
UH(POPMALIMU O BEPTUKAIBHOM CTPYKTYpe MOTPaHUYHOTO CJI0Sl C METEOPOIOTUYECKON MAUTHI.
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Puc.4 — IlnotHocTh BeposiTHocTH misi log [max (C pacy ) / max (Cuwep )} IUIE OTHOUICHUS

TOYEK C MAaKCUMaJbHBIMU BBIYHUCJICHHBIMU KOHIOCHTpAllUAMHW K TOYKaM C
MaKCUMAJIbHBIMU U3MCPCHHBIMH KOHICHTPAIUAMHA Ha ONIPCACIICHHBIX PACCTOAHUAX

3 OcHOBHBIE pe3yJIbTAaThl H BbIBO/IbI

Hecmotpss Ha TO, YTO pe3yabTaTbl MOJEIMPOBAHUS PACIPOCTPAHEHMs Tpaccepa Ha
OCHOBE MHCIMOJIb30BAaHUS JAHHBIX MOHUTOPHMHIA C METEOMAauThl 3aMETHO Jyd4lle, 4YeM Ha
OCHOBE  HCIIONIb30BaHUSI  METCOpPOJOTHYECKOi  Moaenu  (Momenb — oOecrieuuBaeT
BOCCTAQHOBJICHHE U TPOTHO3 CTPYKTYpPhl METEOPOJIOTMYECKUX IapaMeTpoB ¢ TpyOoro
IPOCTPAHCTBEHHOT0 Pa3pelIeHHs] Ha MPUHLUUIUAIBHO 0oJiee JeTalbHOE IPOCTPAaHCTBEHHOE
paspelieHre) B 1IeJIOM, Ha Halll B3IJIS, CUTyanusi oOHanexuBaromas. [lysi MHOTHX peabHBIX
CUTyallMi, KOrJa MJAaHHBIX JeTaJbHOIO MOHUTOPHMHIA IIOTPAHCIOS HET, MCIOJb30BaHHUE
ME30MAaCIITa0HBIX METEOPOJIOTHIECKUX MOJIEIeH Upe3BbIUaiiHO MPOTyKTHBHO.

Baaronapuoctu. Paboma evinoanena npu uacmuyHou nodoepcke epanmos PODPH 07-08-491-a u 08-05-
13545-0¢pu_y.
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Verification of atmospheric dispersion model together with mesoscale meteorological
model with height resolution

Abstract. The results of several numerical mesoscale verification experiments of computer system
NOSTRADAMUS for radionuclide atmospheric dispersion and WRF model are presented on the base of
comparison .with dataset.

Keywords: model verification, WRF model, radionuclide atmospheric dispersion, computer system
NOSTRADAMUS.
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CHEMICAL WEATHER FORECASTING: A NEW CONCEPT AND
METHODOLOGY OF TWO-WAY INTEGRATED MESO-SCALE MODELLING

Abstract. During the last decade a new field of atmospheric modelling — the chemical weather
forecasting (CWF) — is quickly developing and growing. However, in the most of the current studies and
publications this field is considered in a simplified concept of the off-line running chemical transport models
with operational NWP data as a driver. A new concept and methodology considering the chemical weather as
two-way interacted meteorological weather and chemical composition of the atmosphere is suggested and
discussed. The on-line integration of mesometeorological models and atmospheric aerosol and chemical
transport models gives a possibility to utilize all meteorological 3D fields in the chemical transport model at
each time step and to consider feedbacks of air pollution (e.g. urban aerosols) on meteorological
processes/climate forcing and further on the chemical composition. This very promising way for future
atmospheric simulation systems (as a part of and a step to Earth System Modelling) will lead to a new
generation of models for meteorological, environmental and chemical weather forecasting. The methodology
how to realise the suggested integrated CWF concept is demonstrated on example of the European
Enviro-HIRLAM integrated system. Importance of different feedback mechanisms for CWF is also discussed
in the paper.

Keywords: chemical weather forecasting, off-line and on-line chemical transport modeling, feedbacks
mechanisms, two-way interacted meso-scale modelling

1 Introduction

During the last decade a new field of atmospheric modelling — the chemical weather
forecasting (CWF) — is quickly developing and growing [22]. This was possible mostly due to
quick growing supercomputer capability and operationally available high-resolution
numerical weather prediction (NWP) data for atmospheric chemical transport models
(ACTMs). However, in the most of current systems, studies and publications this new
direction is considered in a simplified concept. It includes only operational air quality forecast
for the main pollutants significant for health effects and uses numerical ACTMs with
operational NWP data as a driver (see e.g. the COST Action ES0602: Towards a European
Network on Chemical Weather Forecasting and Information Systems, web-site:
http://www.chemicalweather.eu/).

However, such a way is very limited due to the off-line coupling the ACTMs with NWP
or mesometeorological models (MMMs) (which are running completely independently and
NWP does not get any benefits from the ACTM) without a possibility to consider any
feedback mechanisms. Many experimental studies and numerical research simulations show
that atmospheric processes (meteorological weather, including the precipitation,
thunderstorms, radiation budget, cloud processes and planetary boundary layer (PBL)
structure) depend on concentrations of chemical components (especially aerosols) in the
atmosphere. Therefore ACTMs have to be run together at the same time steps using on-line
coupling and considering two-way interaction between the meteorological processes, from
one side, and chemical transformation and aerosol dynamics, from other side.

Proceeding from the above mentioned limitations, a new concept and methodology
considering the chemical weather as two-way interacted meteorological weather and chemical
composition of the atmosphere is suggested and discussed. The CWF should include not only
health-effecting pollutants (air quality components), but also green-house gases and aerosols
effecting climate, meteorological processes, etc. Such the concept of CWF requests a strategy
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of new generation integrated meteorology and ACT modelling systems for predicting
atmospheric composition, meteorology and climate change. The on-line integration of
meteorological or NWP models and atmospheric aerosol and chemical transport models gives
a possibility to utilise all meteorological 3D fields in ACTM at each time step and to consider
feedbacks of air pollution (e.g. urban aerosols) on meteorological processes and climate
forcing, and further on the chemical composition (as a chain of dependent processes). This
very promising way for future atmospheric simulation systems (as a part of and a step to Earth
Modelling Systems) will lead to a new generation of models for meteorological,
environmental and chemical weather forecasting.

The current COST728 Action “Enhancing meso-scale meteorological modelling
capabilities for air pollution and dispersion applications” (http://www.cost728.org) addresses
key issues concerning the development of meso-scale modelling capabilities for air pollution
and dispersion applications and, in particular, it encourages the advancement of science in
terms of integration methodologies and strategies in Europe. The final integration strategy
will not be focused around any particular model, instead it will be possible to consider an
open integrated system with a fixed architecture (module interface structure) and with a
possibility of incorporating different MMMs/NWP and ACT models (ACTM). Such a
strategy may only be realised through jointly agreed specifications of module structure for
easy-to-use interfacing and integration.

The overall aim of the working group 2 (WG2), ‘Integrated systems of MMM and
ACTM: strategy, interfaces and module unification’, is to identify the requirements for the
unification of MMM and ACTM modules and to propose recommendations for a European
strategy for integrated meso-scale modelling capabilities. The first report of WG2 (COST-
WMO, 2007) compiles the existing state-of-the-art methodologies, approaches, models and
practices for building integrated (off-line and on-line) meso-scale systems in different, mostly
European, countries. The report also includes an overview and a summary of the existing
integrated models and their characteristics as they are presently used. The model contributions
were compiled using COST member contributions, each focusing on national model systems.

The methodology how to realise the suggested integrated CWF concept is demonstrated
on examples of the European Enviro-HIRLAM [3,14] and American WRF-Chem [10]
integrated systems. Importance of different feedback mechanisms for CWF is also discussed
in the paper.

2 Methodology for model integration

The modern strategy for integrating MMMs and ACTMs is suggested to consider air
quality modelling as a combination of (at least) the following factors: air pollution,
regional/urban climate/meteorological conditions and population exposure. This combination
is reasonable due to the following facts: meteorology is the main source of uncertainty in air
pollution and emergency preparedness models, meteorological and pollution components
have complex and combined effects on human health (e.g., hot spots in Paris, July 2003),
pollutants, especially aerosols, influence climate forcing and meteorological events
(precipitation, thunderstorms, etc.).

The integration/coupling of the NWP/MMM and ACT models could be realized by
different ways using the on-line and off-line modelling approaches. In more details the
definition and specifics of the approaches, as well as the advantages and disadvantages of the
on-line and off-line modelling are described in [5] and [8]. It could be realized using the
following possible variants (see Fig. 1):
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One-way integration (off-line coupling):

1. MMM (or any other regional climate or NWP model) meteorological fields as a driver for
ACTM (this way is traditionally used already by many air pollution modellers) (<—);

2. ACTM chemical composition fields as a driver for regional climate modelling or for NWP
(e.g. for aerosol forcing on meteo-processes) (--->).

Two-way integration:

1. Driver and partly feedbacks, for ACTM or for NWP (data exchange via an interface with
a limited time period: off-line or on-line access coupling, with or without second iteration
with corrected fields) (<= =>);

2. ACTM is inside MMM or NWP model with full feedbacks included on each time step
(on-line coupling) (<=>).

Atmospheric Climate /
Contamination Models Meteorological Models
Q .
Aerosol Dynamics Eha Atmospheric
Model 8 Dynamics /
= Climate Model
)
) [ g i
Transport & g Ocean and
Chemistry Models - Ecosystem Models

Fig. 1 — Integrated Atmospheric System Model Structure.
In this context, several levels of MMM and ACTM coupling/integration can be considered:

off-line:

o0 separate ACTMs driven by meteorological input data from meteo-preprocessors,
measurements or diagnostic models,

o separate ACTMs driven by analysed or forecasted meteorological data from NWP archives
or datasets,

o separate ACTMs reading output-files from operational NWP models or specific MMMs at
limited time intervals (e.g. 1, 3, 6 hours).

on-line:

o on-line access models, when meteorological data are available at each time step (possibly
via a model interface as well),

0 on-line integration of ACTM into MMM, where two-way feedbacks may be considered.
We will use this definition for on-line coupled/integrated modelling.

The main advantages of the on-line coupled modelling approach comprise:
* Only one grid, no interpolation in space,
* No time interpolation,
* Physical parameterizations and numerical schemes (e.g. for advection) are the same, no
inconsistencies,
« All 3D meteorological variables are available at the right time (each time step),
* No restriction in variability of meteorological fields,
* Possibility to consider feedback mechanisms, e.g. aerosol forcing,
* Does not need meteorological pre- or post-processors.
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However, not always the on-line approach is the best way of the model integration. For
some specific tasks (e.g., for emergency preparedness, when low resolution NWP data are
available) the off-line coupling is more efficient way. The main advantages of off-line models
comprise:

* Possibility of independent parameterizations,

 More suitable for ensembles activities,

* Easier to use for the inverse modelling and adjoint problem,

* Independence of atmospheric pollution model runs on meteorological model computation,
* More flexible grid construction and generation for ACT models,

» Suitable for emission scenarios analysis and air quality management.

The on-line integration of meso-scale meteorological models and atmospheric aerosol
and chemical transport models enables the utilisation of all meteorological 3D fields in
ACTMs at each time step and the consideration of feedbacks between air pollution (e.g. urban
aerosols), meteorological processes and climate forcing. These integration methodologies
have been realised by several of the COST action partners such as the Danish Meteorological
Institute, with the Enviro-HIRLAM model [3,14,16] and the COSMO consortium with the
Lokal Modell [28,30].

These model developments will lead to a new generation of integrated models for:
climate change modelling, weather forecasting (e.g., in urban areas, severe weather events,
etc.), air quality, long-term assessments of chemical composition and chemical weather
forecasting (an activity of increasing importance which is due to be supported by the new
recently started COST action ES0602).

3 Overview of European on-line integrated models

Existing experience of the integrated modelling (mostly for research) in Europe as well
as in other countries around the world should be analyzed first. On-line coupling was first
employed at the Novosibirsk scientific school of Acad. G.l. Marchuk [1,23,24], for
environmental modelling, in particular, of active artificial/anthropogenic impacts on
atmospheric processes. Currently American, Canadian and Japanese institutions develop and
use on-line coupled models operationally for air quality forecasting [10,13,20,21,25]. A nice
overview of US integrated models was done in [31].

Such activities in Europe are widely dispersed and the COST Action 728 (see WG2:
‘Integrated systems of MMM and ACTM: strategy, interfaces and module unification’ on the
web-site: http://cost728.org) seems to be the best approach to integrate, streamline and
harmonize these national efforts towards a leap forward for new breakthroughs beneficial for
a wide community of scientists and users [7,8].

Such a model integration should be realized following a joint elaborated specification of
module structure for potential easy interfacing and integration. It might develop into a system,
e.g. similar to the USA ESMF (Earth System Modelling Framework, see e.g. [9]) or European
PRISM (Program for Integrating Earth System Modelling) specification for integrated Earth
System Models: http://prism.enes.org/ [27].

Community Earth System Models (COSMOS) is a major international project
(http://cosmos.enes.orq) involving different institutes in Europe, in the US and in Japan, for
the development of complex Earth System Models (ESM). Such models are needed to
understand large climate variations of the past and to predict future climate changes. The main
differences between the COST728 integrating strategy for meso-scale models and the
COSMOS integration strategy regard the spatial and temporal scales. COSMOS is focusing
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on climate time-scale processes, general (global and regional) atmospheric circulation models
and atmosphere, ocean, cryosphere and biosphere integration, while the meso-scale
integration strategy is focusing on forecast time-scales of one to four days and omit the
cryoshpere and the larger temporal and spatial scales in atmosphere, ocean and biosphere.

The WMO-COST728 overview [8] shows a surprisingly large (at least 10) number of
on-line coupled MMM and ACTM model systems already being used in Europe (Table 1):

Table 1
Model name On-line coupled chemistry Time step for Feedback
coupling

BOLCHEM Ozone as prognostic chemically None
active tracer

Enviro-HIRLAM Gas phase, aerosol and Each HIRLAM time  Yes
heterogeneous chemistry step

WRF-Chem RADM-+Carbon Bond, Each model time step  Yes
Madronich+Fast-J photolysis,
modal+sectional aerosol

COSMO LM-ART Gas phase chem (58 variables), Each LM time step Yes
aerosol physics (102 variables),
pollen grains

COSMO LM-MUSCAT ™ Several gas phase mechanisms,  Each time step or time None
aerosol physics step multiple

MCCM RADM and RACM, photolysis ~ Each model time step  (Yes) ™
(Madronich), modal aerosol

MESSy: ECHAMb5 Gases and aerosols Yes

MC2-AQ Gas phase: 47 species, 98 Each model time step  None
chemical and 16 photolysis
reactions

GEM/LAM-AQ Gas phase, aerosol and Set up by user —in None
heterogeneous chemistry most cases every time

step

ECMWF GEMS modelling GEMS chemistry Each model time step  Yes ¢

GME Progn. stratos passive Os tracer ~ Each model time step

OPANA=MEMO+CBMIV Each model time step

“) Direct effects only; ™ On-line access model; “™ Only via photolysis

However, it is necessary to mention, that many of the above on-line models were not
built for the mesometeorological scale, and several of them (GME, ECMWF GEMS, MESSy)
are global-scale modelling systems, originating from the climate modelling community.
Besides, as it was shown in COST-WMO integrated models overview, at the current stage
most of the on-line coupled models do not consider feedback mechanisms or include only
simple direct effects of aerosols on meteorological processes (like COSMO LM-ART and
MCCM). Only two meso-scale on-line integrated modelling systems (WRF-Chem and
Enviro-HIRLAM) consider feedbacks with indirect effects of aerosols.

4 Feedback mechanisms and aerosol Forcing in meso-scale models

In a general sense air quality and ACT modelling is a natural part of the climate change
and MMM/NWP modelling. The role of greenhouse gases (such as water vapour, CO,, O3
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and CH,) and aerosols in climate change has been highlighted as a key area of future research
[12]. In relation to aerosols, their diverse sources, complex physicochemical characteristics
and large spatial gradients make their role in climate forcing particularly challenging to
quantify. In addition to primary emissions, secondary particles, such as, nitrates, sulphates
and organic compounds, also result from chemical reactions involving precursor gases such as
SOy, DMS, NOy, volatile organic compounds and oxidising agents including ozone. One
consequence of the diverse nature of aerosols is that they exhibit negative (e.g. sulphates) as
well as positive (e.g. black carbon) radiative forcing characteristics [20]. Although much
effort has been directed towards gaseous species, considerable uncertainties remain in size
dependent aerosol compositional data, physical properties as well as processes controlling
their transport and transformation, all of which affect the composition of the atmosphere [12].
Probably one of the most important sources of uncertainties relates to the indirect effect of
aerosols as they also contribute to multiphase and microphysical cloud processes, which are
of considerable importance to the global radiative balance [26].

In addition to better parameterisations of above mentioned key processes in climate
models, on the meteorological time-scale and meso-spatial scale more improvements are
required in resolving of two-way feedbacks with a suitable resolution. Averaging/integration
and poor resolution of regional climate information from atmosphere-ocean general
circulation models remains a limiting factor. Vertical profiles of turbulence, temperature and
wind characteristics within PBL, for example, in CWF models need to be well resolved and
better described for considering both directions chains of aerosol feedbacks on the
meteorological and chemical composition. So, even for climate modelling, to understand the
main mechanisms of aerosol feedback chains we have to start building on-line integrated
models on the meteorological time-scale and resolving main meso-scale features and PBL
structure.

E Emmsion databases, models o Irverse methods ;
: [ and scenarios and adjoint models | £
|| Atrospheric Shemistyy and :{ Aemsol dymanses |3
E [* transpont models modals §
3 Radiative & optic - Cloud condensation | 3
H properties models melei(CCH) model |3
d}ﬂ;ﬁ, # Meteorological and Climate models He Ecosystem
model [ 5 models
] -

Integrated Assessment Model

Fig. 2— Two-way on-line integrated system structure for studies of the meso-scale
meteorology and air pollution, and their interaction.

In this concern one of the important tasks is to develop a modelling instrument of two-
way coupled 'Atmospheric chemistry/Aerosol' and 'Atmospheric Dynamics/Climate’ models
for integrated studies, which is able to consider the feedback mechanisms, e.g. aerosol forcing
(direct and indirect) on the meteorological processes and climate change (see Fig. 2).
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Chemical species influencing weather and atmospheric processes include greenhouse
gases which warm near-surface air and aerosols such as sea salt, dust, primary and secondary
particles of anthropogenic and natural origin. Some aerosol particle components (black carbon
(BC), iron, aluminium, polycyclic and nitrated aromatic compounds) warm the air by
absorbing solar and thermal-infrared (IR) radiation, while others (water, sulphate, nitrate,
most of organic compounds (OC)) cool the air by backscattering incident short-wave radiation
to space.

It is necessary to highlight, that effects of aerosols and other chemical species on
meteorological parameters have many different pathways (direct, indirect, semi-direct effects,
etc.) and they have to be prioritised and considered in on-line coupled modelling systems.
Proceedings from [19] the following effects of aerosol particles on meteorology and climate
can be distinguished:

* Self-Feedback Effect,

* Photochemistry Effect,

» Smudge-Pot Effect,

* Daytime Stability Effect,

« Particle Effect through Surface Albedo,

« Particle Effect through Large-Scale Meteorology,
* Indirect Effect,

 Semi-direct Effect,

* BC-Low-Cloud-Positive Feedback Loop.

It is important to stress, that many of the above-mentioned mechanisms to be described
need the on-line integration and resolving the mesometeorological phenomena and detailed
PBL structure.

The aerosol feedback mechanisms to be considered in the models are the following (see
also in [7]):

1. Direct effect — Decrease solar/thermal-infrared radiation and visibility:

a. Processes involved: radiation (scattering, absorption, refraction, etc.);

b. Key variables: refractive indices, extinction coefficient, single-scattering albedo,
asymmetry factor, aerosol optical depth, visual range;

c. Key species: - cooling: water, sulphate, nitrate, most OC;

- warming: BC, OC, Fe, Al, polycyclic/nitrated aromatic compounds;
2. Semi-direct effect — Affect PBL meteorology and photochemistry:

a. Processes involved: PBL, surface layer, photolysis, meteorology-dependent
processes;

b. Key variables: temperature, pressure, relative and water vapour specific humidity,
wind speed and direction, clouds fraction, stability, PBL height, photolysis rates,
emission rates of meteorology-dependent primary species;

3. First indirect effect (so called the Twomey effect) — Affect clouds drop size, number,
reflectivity, and optical depth via CCN or ice nuclei:

a. Processes involved: aerodynamic activation/resuspension, clouds microphysics,
hydrometeor dynamics;

b. Key variables: int./act. fractions, CCN size/compound, clouds drop
size/number/liquid water content, cloud optical depth, updraft velocity;

4. Second indirect effect (also called as the lifetime or suppression effect) — Affect cloud
liquid water content, lifetime and precipitation:

a. Processes involved: clouds microphysics, washout, rainout, droplet sedimentation;

b. Key variables: scavenging efficiency, precipitation rate, sedimentation rate.
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Sensitivity studies are needed to understand the relative importance of different
feedback mechanisms. Implementation of the feedbacks into integrated models could be
realized in different ways with varying complexity. The following variants serve as examples:
One-way integration (off-line):

e The chemical composition fields from ACTMs may be used as a driver for
Regional/Global Climate Models, including aerosol forcing on meteorological processes. This
strategy could also be realized for NWP or MMMs.

Two-way integration:

e Driver and partly aerosol feedbacks, for ACTMs or for NWP (data exchange with a
limited time period); off-line or on-line access coupling, with or without the following
iterations with corrected fields).

e Two-way/chain full feedbacks included on each time step (on-line coupling/integration).

For the realisation of all aerosol forcing mechanisms in integrated systems it is
necessary to improve not only ACTMs, but also NWP/MMMs. The boundary layer structure
and processes, including radiation transfer, cloud microphysics and precipitation formation
must be improved. Convection and condensation schemes need to be adjusted to take the
aerosol-microphysical interactions into account, and the radiation scheme needs to be
modified to include accurately the aerosol effects.

5 Example of integrated CWF realization: Enviro-HIRLAM system

The realisation of the on-line integration for such CWF system could be demonstrated
using the Enviro—-HIRLAM integrated system, recently developed by DMI and other
collaborators® [2,3,6,14,16]. Enviro—-HIRLAM is an on-line coupled model for research and
forecasting of both meteorological and chemical weather. It includes two-way feedbacks
between air pollutants and meteorological processes. Atmospheric chemical transport
equations are implemented inside the meteorological corner on each time step [6]. To make
the model suitable for CWF in urban areas, where most of population is concentrated, the
meteorological part is improved by implementation of urban sublayer modules and
parameterisations [4]. The aerosol module in Enviro-HIRLAM comprises two parts: (i) a
thermodynamic equilibrium model (NWP-Chem-Liquid) and (ii) the aerosol dynamics model
CAC [11] based on the modal approach. Parameterisations of the aerosol feedback
mechanisms in the Enviro-HIRLAM model are described in [14] and [16]. Several chemical
mechanisms could be chosen depending on the specific tasks: well-known RADM2 and
RACM or new-developed economical NWP-Chem [14].

Validation and sensitivity tests of the on-line versus off-line integrated versions of
Enviro-HIRLAM [17] showed that the on-line coupling improved the results. Different parts
of Enviro-HIRLAM were evaluated versus the ETEX-1 experiment, Chernobyl accident and
Paris study datasets and showed that the model performs satisfactorily [16].

In [14,15] it was shown that aerosol feedbacks through the first indirect effect could
lead to modifications up to 7% in dry and wet deposition patterns over major polluted areas in
Europe. The effects of urban aerosols on the urban boundary layer height, could be of the
same order of magnitude as the effects of the urban heat island (Ah is up to 100-200 m for
stable boundary layer). A consistent explanation is suggested: the first indirect effect affects

1 At the current stage the Enviro-HIRLAM model is used as the baseline system for the HIRLAM chemical
brunch, and additionally to the HIRLAM community the following groups join the development team:
University of Copenhagen, Tartu University (Estonia), Russian State Hydro-Meteorological University and
Tomsk State University, Odessa State Environmental University (Ukraine), etc.

116



Chemical weather forecasting: a new concept and methodology

the dispersion of pollutants through regulation of atmospheric stability, thereby leading to a
redistribution of the pollutant.

Other specific case study for the Paris metropolitan region by Korsholm et al. (2009b)
shows that feedbacks through the second indirect effect lead to even stronger effects than the
first indirect effect:

¢ Indirect aerosol effects induce considerable changes in meteorological fields and large
changes in chemical composition, in particular NO,, in a case of convective cloud
caver and little precipitation.

e The changes mediated mostly through changes in dynamics, however the indirect
aerosol effects are considerable for changes in chemistry as well.

e The residual circulation induced by temperature changes acts to redistribute the
species both vertically and horizontally.

e The second indirect effect dominates in most of cases; its effect on 2m temperature
was stronger than the direct effect.

e Non-linearity component of the aerosol-meteorology interactions is very important
and acts to decrease the effects of the feedbacks on NO,.

6 Conclusion and discussion

The new concept and methodology considering the chemical weather as two-way
interacted meteorological weather and chemical composition of the atmosphere is suggested
for future chemical weather forecasting systems.

The on-line integration of meso-scale meteorological models and atmospheric aerosol
and chemical transport models enables the utilisation of all meteorological 3D fields in
ACTMs at each time step and the consideration of the feedbacks of air pollution (e.g. urban
aerosols) on meteorological processes and climate forcing.

These on-line coupled model developments will lead to a new generation of integrated
models not only for the chemical weather forecasting, but also for climate change modelling,
weather forecasting (e.g., in urban areas, severe weather events, etc.), air quality analysis and
mitigations, long-term assessment chemical composition, etc.

Main advantages of the on-line modelling approach include: (i) Only one grid for
MMM and ACTM, no interpolation in space and time, (ii) Physical parameterizations are the
same, no inconsistencies; (iii) All 3D meteorological variables are available at the right time
at each time step; (iv) No restriction in variability of meteorological fields; (v) Possibility to
consider two-way feedback mechanisms; (vi) Does not need meteo- pre/post-processors.

While for specific tasks the off-line approach could also be useful and includes the
following advantages in specific cases, e.g. for risk assessments: (i) Possibility of independent
parameterizations; (ii) More suitable for ensemble activities; (iii) Easier to use for the inverse
modelling and adjoint problem; (iv) Independence of atmospheric pollution model runs on
meteorological model computations; (v) More flexible grid construction and generation for
ACTMs, (vi) Suitable for emission scenarios analysis and air quality management.

The WMO-COST728 overview shows a quite surprising number of on-line coupled
MMM and ACTM model systems already being used in Europe. However, many of the on-
line coupled models were not built for the mesometeorological scale, and they (e.g. GME,
ECMWF GEMS, MESSy) are global-scale modelling systems and first of all designed for
climate change modelling. Besides, at the current stage most of the on-line coupled models do
not consider feedback mechanisms or include only direct effects of aerosols on
meteorological processes (like COSMO LM-ART and MCCM). Only two meso-scale on-line
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integrated modelling systems (WRF-Chem and Enviro-HIRLAM) consider feedbacks with
indirect effects of aerosols.

To conclude this paper we can answer that the scientific hypothesis (formulated on
COST-NetFAM workshop in Copenhagen, May 2007, see [7]), that feedback mechanisms are
important in accurate CWF modelling and quantifying direct and indirect effects of aerosols,
is really correct and supported by simulation results.

However the following key scientific questions are (at least particularly) still waiting for
further research and justified answers:

e What are the effects of climate/meteorology on the abundance and properties
(chemical, microphysical, and radiative) of aerosols on urban/regional scales?

e What are the effects of aerosols on urban/regional climate/meteorology and their
relative importance (e.g., anthropogenic vs. natural)?

e How important are the two-way/chain feedbacks among meteorology, climate, and air
quality in the estimated effects?

e What is the relative importance of aerosol direct and indirect effects in the estimates
on different space and time scales?

e What are the key uncertainties associated with model predictions of those effects?

e How can simulated feedbacks be verified with available datasets?
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IIporno3 xumuYeckoil TOroabl: HOBasi KOHIENIUS H MeTOAOJIOTHSl BYCTOPOHHe-
HHTerpHPOBAHHOI0 Me30MACIITAGHOT0 MOAeIMPOBAHUS

AHHOTAUMA. B meyenue nociednezo oecamuiemusi ObICMPO PA38UBAEMC HOBASL 0OIACMb AMMOCPHEPHO2O
MOOeNUPOBAHUSL — NPOSHO3 XUMUYECKOU N0200bl. OOHAKO 8 HACMOAWUL MOMEHM 8 OONILUUHCIEE UCCIe008aAHUL
u nybauxayuil 3ma 061acCmy PAcCMAmMpUBaAemcs YNPOuWeHHo  3anycK Mooeau NepeHoca XUMU4eckux eeujecms
ocywecmensiemest 6 pesicume “opnaiin”, ucnonv3yiowel Oannvle U3 ONEPAMUBHO20 HUCIEHHO20 NPOSHO3A
1n0200bl MOABLKO, KAK 6X00Hble noA. Ilpednazaemces u ananu3upyemcs HO8as KOHYEenyus, paccmampueaouydsl
XUMUYECKYIO 10200y KaK 08YCMOPOHHEe-63aUMOOelicmeyiowue npoyeccol Memeoponocuy U XUMUYecKo20
cocmasa ammocgepvl. Humezpuposanue me30memeoponouveckux mooeneii u Mooenei neperoca
ammocgepHvix asposonell u XuMU4eckux gewecms 8 pexcume "oHnaiin” 0aem 03MONCHOCMb UCHOIL306AMb 8Ce
mpexmepHvle MemeoponouiecKue noas 6 MOOeIAX NepeHoca XUMUUECKUX eujecms Ha KaicOOM BPeMeHHOM
waze u yyumvlgams obpamuwle C6A3U, MO eChnib YYUMbleamv GlusHue 3azpasHsiowux eewecms (nanpumep,
20pOOCKUX aspo3onell) HA Memeoponosuieckue npoyeccull KiuMamuyeckue uUMeHeHus U 6 OaibHeuueM Ha
XUMUYECKUU cOCmas. Dmom nepcnekmushslil nyms 0as 6yOyux ammocepuvix mooenupyiowux cucmem (kax
yacme u waz K Mmooenuposanuto cucmemvt “‘3emnn’) eedem K HO6OMY NOKOAeHUio Mmoodeneu Ol
MEMeoponocUecko20 U  XUMUYECKO20 NPOSHO308 U OYEHKU BO30elCmEUll HA  OKPYICAwylo cpeoy.
Memoodonoeus peanusayuu npeoroHCEHHOU UHMESPUPOBAHHOU KOHYenyuu 01 NPO2HO3d XUMUYECKOU No200bl
paccmampugaemcs Ha npumepe egponetickoti cucmemst ENViro-HIRLAM. 3nauumocms pasnuunvix mexanuzmos
0bpamHuIx cesa3ell 01 NPOSHO3a XUMUYECKOU N0200bl MAK#Ce 00CyHcOaemces 8 OAHHOU cmambe.

KiawueBble ci10Ba: npoOcHO3 XUMUYECKOLL nOZO()bl, Mode/mpoeaﬁue nepeHoca XumMu4eCKux 6eecme 6 pesicumax

"opnatin” u “onnaun”, mexanusmvl ob6pammuvlx ceéAzeli, O08YCMOPOHHee COBMeCHHOe Me30MacuimabHoe
Mooenupoganue.
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STUDY OF THE ANTHROPOGENIC CONTRIBUTION OF TOMSK CITY TO
AEROSOL COMPOSITION BY MEANS OF MEASUREMENTS AT TWO SITES

Abstarct. The influence of the Tomsk city on the chemical and disperse composition of surface atmospheric
aerosols has been estimated by means of carrying out several continuous measurement campaigns at two
different sites (urban and rural). It is shown that the determining factors in formation of aerosol field over a
moderate city are the prehistory of air masses and the activity of erosion processes in summer.

Keywords: atmospheric aerosol: background, natural, anthropogenic, urban and rural; chemical and disperse
composition of surface aerosol.

1 Introduction

The problem of identification of aerosol anthropogenic fraction is an unconventional
and is regarded as a fundamental problem of physics and chemistry of the atmosphere. One of
average evaluations of anthropogenic contribution into atmospheric aerosol is 11.5% [2].
Note that artificial aerosol is emitted from 3% of urbanized areas of the Earth, where more
than a half of the population lives. Therefore, investigation of composition and structure of
aerosol fields over such regions is of particular interest.

We try to estimate anthropogenic influence on atmospheric aerosol composition for the
particular big enough city, in terms of physiographic peculiarities of the region and air mass
transport regularities on example of Tomsk.

Population of Tomsk is about 500,000 people. Significant part of the population is
engaged in education and science. There are no very big enterprises. Annual mean emission
of pollutants to the atmosphere is about 20-30 kT/year. Mainly they consist of solid matter
(31%), nitrogen oxides (23%), carbon oxides (23%), sulfurous anhydride (12%), and 10% of
hydrocarbons and other volatile organic compounds. The main pollution sources are power
plants and transportation [Regional Ecology Committete data].

2 Data and Methodology

To estimate mesoscale variability of surface aerosol composition near Tomsk, several
runs of synchronous measurements were carried out at two sites. The first site was located
near the Kireevsk village, located 60 km to the west from Tomsk, the second — at the eastern
suburb of Tomsk, in Akademgorodok. In conditions of predominant westerlies, air masses
first pass the Kireevsk (background) site, then Tomsk and Akademgorodok measurement site.

The field investigations has been performed in July -August 1997 -1998, 2000, 2002,
October—November 1999 and March—April 2001: during six years four campaigns were
carried out in summer, one in fall, and one in spring. The each run was from 20 to 50 days in
duration. The sampling was carried out daily or once per 2-3 days (depending on the
campaign), beginning in the morning. A mean volume of the filtered air was about 200 m®.
The aerosol number density was measured hourly with a 10-min averaging within particle
size range d = 0.4-10 pum, using a modernized aerosol counter AZ-5 with 12 channels.

The table 1 reflects the statistics of transfer cases during experiments. Daily average
rhumbs of atmospheric transfer, predominant along the Kireevsk—-Tomsk line, were

Ykpaincbkiii rigpoMmereoposoriuamnii xypsaj, 2009, Ne 4 121



Belan B.D., Rasskazchikova T.M., Simonenkov D.V., Tolmachev G.N.

determined according to the topography maps AT-850 with accounting for the mesoscale
character of measurements (70 km between the sites). As it is seen, recurrence of westerlies
varied from 43 % in summer of 1998 to 100% in fall of 1999. The westerlies were observed
in 90 % of cases in the spring campaign of 2001 as well. Therefore, absolute dominance of
the westerly component was observed in mid-seasons.

Table 1 — Prevailing regional atmospheric transport during the measurements (%) according
to the AT-850 synoptic maps

Transfer rhumb 0 45 90 135 180 225 270 315
1997 Summer 17 7 3 - 3 28 31 10
1998 Summer 25 14 11 - 7 7 25 11
1999 Fall - - - - - 29 57 14
2000 Summer 27 - - - 7 13 27 27
2001 Spring 10 - - - - 28 53 10
2002 Summer - - - - 17 33 33 17

The results of first two summer runs (most representative in the number of samples and
transfer cases) have been disscused in [1]. In this paper, measurement results for midseasons
are considered in detail. In this connection we also characterize the synoptic situation and the
history of air masses, prevailing during experiments in fall (1999) and spring (2001) runs of
synchronous measurements.

Before the beginning of the experiment in 1999, a system of atmospheric fronts have
passed on October 20-21, resulted in wide intrusion of a cold arctic mass with snow
precipitation. As a consequence, the atmosphere has cleared and the snow cover became
stable. A brief intrusion of subtropical air mass occurred at the end of October. The snow
cover has partly melted, but recovered again after passing a series of cold arctic fronts at the
very end of October. The wind regime in the period of this experiment was characterized by
weak or moderate speeds and west, south- or north-west, then north (along the Ural from the
Arctic Ocean) or north-west (from the Atlantic through the European North or the Baltic)
directions of back trajectories.

In 2001, the synoptic conditions during spring experiments were more complicated and
uncertain as compared to fall ones. Frequent intrusions of warm air were observed in March,
accompanied by precipitations (even rain) on March 10 and 16 and the last five days of the
month. Nevertheless, stable snow cover in the background region held till the middle of April,
when frequent intrusions of cold air with snow were observed. Most back trajectories during
the spring experiment coincided with fall ones at micro- and mesoscale distances. However,
they drastically differed at the macroscale level, being of south-west origin: from
Mediterranean, Middle East, or southern part of Western Europe through Central Asia and
Kazakhstan.

3 Results and Discussion

First, consider the general variation (from one to another run) of the mean total
concentration of the components under study and the ratio of individual components at two
sites in each experiment (Fig. 1). It is seen that interannual and interseasonal variability of the
sum of inorganic aerosol matrix attains an order of magnitude, while the difference between
concentrations at two sites (background and eastern) reaches several times.
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This difference in summer has both positive and negative signs and usually is
insignificant. The only exception is 2002 because of peat fires between Tom’ and Ob’ rivers
in the immediate proximity to Tomsk. In this case, the combustion products were transported
over the city by westerlies, prevailing in all summer runs (83%), which were recorded at the
Akademgorodok measurement site. More significant positive difference between aerosol
concentrations in Kireevsk and Tomsk in mid-seasonal measurements points to the city
influence.

C, pg/mg
80
60 —— Tomsk
- -m - Kireevsk
40 '%lﬁ
20 - LI . t
0 ‘ - | I
1997* 1998* 1999 2000 2001 2002

Fig. 1 — Variations of the mean total concentration of the components under study and rms
deviations in Akademgorodok and Kireevsk in different measurement runs
(* - without silicon and aluminium).

Considering the ratio of concentrations of certain aerosol components in Tomsk and
Kireevsk (Table 2), a stable excess of nitrate-anion, lead, and titanium is observed in Tomsk.
The first two elements are generally accepted as anthropogenic markers; titanium also can be
classed with them. Hence, these elements served markers when analyzing individual runs of
measurements.

Table 2 — Tomsk/Kireevsk mean concentrations ratios for different measurements runs

Year| Al |Ba|Br|Ca|CIl|Cr|Cu| F | Fe| K [Mg|Mn|Na|NH, Ni |[NOs Pb | Si |[SO4 Ti | V Sum

1997/15/1,1]0,5/1,3|10,5/0,1|0,7]2,1{2,7]0,9/0,9|1,0/12,0/95|1,0/12,211,2|1,3|15]|2,1|2,2|1,2

1998 - |3,3] - |0,3|35/3,1/0,1/0,8|0,1{0,5/2,3|1,2]18] - |1,7|1,2/48]| - |0,9/59]|1,4|0,8

1999/1,2/4,5/0,7/1,2|119/0,5/06] - |1,4]1,3|1,1]06|1,5] - |0,1]11,5/2,5|1,2]|2,0/1,2|10,4]1,5

2000/1,0/1,212,2|1,3|3,2|2,0/6,3|11,0/0,8|2,1/0,9|1,8/0,1|1,9|1,5|1,2|45|2,6]|1,0{2,2|1,7]|1,1

2001)1,1/16)1,3]1,7|1,6/0,3|3,1129]1,7|25|3,7|2,4{15|1,0/9,1|1,2]1,6|5,4]0,9] — |0,3]3,3

2002100, - |76]/29|6,4/3,5/0,5/17,5/9,7|11,1|3,840,52,1(0,6]/0,9(4,3]|2,7|3,1|1,0{3,0] — |42

Figure 2 shows mean concentrations of inorganic aerosol components with rms
deviations for the fall run of synchronous measurements in 1999. The mean 1.5-fold increase
in macroelements and ions, which form the basis of inorganic aerosol matrix, is evident at the
Akademgorodok measurement site. The largest increase is observed for two microelements:
lead (2.5-fold) and barium (4.5-fold). However, some decrease in concentration of other
elements, most of which are also of anthropogenic origin, is observed in the urban aerosol.
This fact in the spring run of measurements can be explained by the snow cover of soil or its
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neutralization due to overmoisturing, as well as by prevailing western transport with southern
carrying over.

Fig. 2— Mean concentrations of inorganic GC, ug/ m*
aerosol components and rms T oKireevsk  m Tomsk
deviations in the fall run of s
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2
1 T
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The general time variability of total concentration of ions and elements throughout the
measurement period from March 7 to April 27 is shown in upper part of Fig. 3. First points of
time abscissa till 25 belong to March and the rest of points — to April (with rejection of some
days). It is evident that this run of measurements is clearly divided into two periods with
about week transition period: March with comparable concentrations and April with the sharp
manifold (even by orders of magnitude) increase of total mass in Akademgorodok as
compared to the background site. It is hardly probable that the reason of this difference is in
increase of the urban pollution emission: the both curves run quite synchronously, the
correlation factor between series is 0.314, which corresponds to 0.95-level significance for
this number of measurements (n =41). Sooner the reason is in general dynamics of aerosol in
this region, which at the mesoscale level was determined by global sources in the period
under study. However, the city essentially changes the composition of the passing aerosol. In
winter period, this proceeds due to direct effect of heat-and-power enterprises, vehicles, etc.
In spring, first of all, the objective irregularity in development of atmospheric processes,
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connected with the increasing inhomogeneity of the underlying surface (difference in albedo)
plays its part. Second, the part of factors, contributing to both destruction of arriving aerosol
and generation of new aerosol particles, becomes ambiguous.

Fig. 3— Time variations of daily aerosol 144 [c, ug m? A
sums at Tomsk (1) and Kireevsk (2) 5, VAR
sites in spring of 2001, and the 100 N /\/ \/
means of components for two sub- \ 1|

[

periods in the run.

C, pg/ m®

s Kireevsk = Tomsk March 2001 (n = 25)
T  — Aoril 2001 (n = 16) N

0_
SO NH; Al K* CI- Brr NO; Ca Na' Mg Fe

C, ng/ m?

0.01 r 1
L L

Ba Mn Mo Ni Cu B Ti Sn Pb I F~

To estimate the influence of these factors on aerosol composition at two sites, we have
artificially divided the sample to March and April; mean values for these two periods are also
given in Fig.3. For the background site, the beginning of spring is characterized by some
decrease in concentration of the mineral aerosol component. This is seemingly due to
deposition of large particles in soil, over-wet because of the melting snow and unable to
produce erosion aerosol. In contrast, the water-soluble fraction (majority of halogenide-ions,
nitrates) with enhancement of solar activity is involved into evaporation and aerosol-forming
processes in situ. Among ions, only ammonium cation concentration decreases both under
natural (by 2-fold) and urban (by 3-fold) conditions. Such seasonal behavior of ammonium
has been noted by many researchers [3,4,6]. They explain this phenomenon by similar
seasonal decrease of the contractor — sulphate-anion. However, in our case, the concentration
of the latter in the background region decreased insignificantly and even increased in the city.
The mechanism of the phenomenon is probably more complicated. Possibly, ammonium salts
have a tendency to hydrolytic destruction to ammonia under the considered conditions,
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especially in the city. Nevertheless, all these processes result in generally neutral trend of the
total inorganic component (curve 2 on Fig.3). Urban aerosol is characterized by an opposite
tendency: negative or neutral trend of the ion component and sharp increase of the mineral
fraction of aerosol at the cost of silicon and other elements. The increase in their
concentrations in aerosol is seemingly connected with destroy of stable stratification of air
mass, passing over the city, due to the turbulence intensification in spring. A combination of
different aerosol sources in the urban medium in spring along with development of other
processes and the presence of spring haze give the base for supposition that the aerosol field is
the most complicated in composition over urbanized area in this period.

Fig. 4 — Mean differential curves of disperse . W/ dr

aerosol composition at different . i
sites and different periods of the  ;p :
fall-spring run of synchronous 1o \:@Q::
measurements in  2001: Tomsk, 1072 r“:x\(f
April (1) and March (2); Kireevsk, 107* - :i-th/?
April (3) and March (4). 107 T
1073 e
1078 : "\D“‘\"%
1077
0.1 1 10

This difference also manifests itself in the dispersion aerosol composition (Fig. 4). The
aerosol number density can increase 2-3-fold in April at the city as compared to March and
can exceed by an order of magnitude as compared to the background site. At the same time,
key factors, determining the medium dispersity in the background region, are both natural and
regional processes. The fall measurements are similar to early spring (March) ones in the
character of occurring processes. Another history of air masses in this case gives an inverse
ratio city/background, especially with respect to microelements, the concentration of which in
the background arctic air mass can be quite significant [5]. This can be due to accumulation of
some of them in the gas—vapor phase. Probably, in urban medium, they actively precipitate,
condensing on large particles. This is reflected in differential curves of disperse composition
(Fig. 5): a small peak in a 0.4-0.5 um range (typical for “immature” aerosol) is characteristic
for Kireevsk. Such a peak is absent in the aerosol mass having passed above the city.

Fig. 5 — Composite differential curves of 10 dii dr
disperse aerosol composition at . '\.\
different sites in the fall run of 7 s
synchronous measurements in 1999: 107 \
Tomsk (1) and Kireevsk (2). 1072 -

- NG
o N

R
107®

0.1 1 10 F, wm

The distribution of elements and ions over particles of different sizes is of interest.
Correlation curves (Fig. 6), qualitatively characterizing the component distribution over
particles of different sizes, have been built from comparison of integral concentration of
chemical components and aerosol number concentrations for d = 0.4+10 um during the most
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representative spring run and averaged over the sampling period. the multimodal distribution
is characteristic for lead in the urban aerosol; the tendency to its concentration in the vapor—
gas phase is evident. Along with the lead, similar distributions are characteristic for some
other heavy metals, i.e., vanadium, nickel, and copper. Curves for components of primarily
natural origin behave similarly for both sites, though some peak shift in the distribution is
observed in this case.
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0.4 \ / \ 0.6 / \
0.3 V \/ 0.5 - 2 _4 \
0.2 . / \
A < I —
oL \ \ 0.3 — /g
0 \ o \ 0.2 N
-0.1 . X
Con A — & \ o1 /
-0.3 \ ) 0 /
—0.4 S S \"_‘/' -0.1 ‘\/- L L
040506070809 1 15 2 4 7>10d,um 040506070809 1 15 2 4 7 >10d, um
Pb Na+

Fig. 6 — Correlation curves of two component distribution onto aerosol particles in Tomsk (1)
and Kireevsk (2), built by the results of the spring run of measurements, 2001

4 Summary

Key factors in formation of aerosol filed over a moderate city are the air mass prehistory
and the soil erosion activity in summer. The influence of urban anthropogenic emission on
mesoscale variability of atmospheric aerosol is insignificant. The composition of the basis of
inorganic aerosol matrix changes slightly. However, destabilizing effect of the urban heat
island and developed turbulence in the boundary layer of urban atmosphere results in aerosol
precipitation on the surface layer, which is especially pronounced in spring, when the total
mass of inorganic component manifold increases at the city measurement site.

In addition to the increase in the aerosol number concentration in the city, the disperse
composition in general varies insignificantly. However, probably, essential transformation of
structure distribution of elements and ions over particles of different dispersities occurs:
additional peaks are noticeable in the ranges of fine (d < 0.5 um) and coarse (d > 10 um)
particles of heavy metals, as well as the shift of peaks in the distribution of ions and elements
of natural origin toward the region of coarse particles.
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HccaenoBanue BauAHUA ropoga Tomcka Ha cocTaB aj3po30/id METOAOM CHHXPOHHBIX
U3MepeHn i

AnHoTamus. Oyenka enuanus 2o0pooa TOMCKA HA XUMUYECKUL U OUCHEPCHBIL COCMA8 amMOCHEPHO20 a3po30Is
6 NPU3EMHOM ClI0€ NPOU3BOOUNACL NYMEM OP2AHU3AYUU HECKONbKUX IKCNEPUMEHMO8 N0 NPOGEOCHUN)
CUHXPOHHbBIX uzmepeHutl 6 08yx nynkmax. QoHosvlil pacnonazancs 6 patione nocénka Kupeesck (5 km cesephee)
Ha 60 xm 3anaonee Tomcka; npueopooHslll — HA BOCMOYHOU OKpauHe 20pooa 8 Akademeopooxe.

Toxaszano, umo onpedensiowumu axmopamu GoOpMuposanis a3po30abHO20 NOJSL CPEOHe20 20p00d AGNAIOMCA
nPeobICMopuUst BO30YUHBIX MACC, d JEMOM ewé U AKMUBHOCMb IPOUOHHBIX Npoyeccos. Bausnue npsamoix
AHMPONOSEHHBIX  BLIOPOCOE  20p00A HA  ME30MACWMAOHYI0  USMEHYUBOCTL — AMMOCPHEPHO20  AIPO30IL
HesHauumenvho. TlomMumo yeenuuenus cuemuou KOHYEeHMmpayuu a3po3ois 8 20pode, OUCNEPCHbIL COCMAs 8
yenom usmensiemess mano. OOHAKO NPOUCXOOUMN CYUeCTNEEHHAS. MPAHCHOPMAYUS CIPYKIMYPbI PACHDEOeNeHUs.
INEMEHMOS U UOHO8 NO HACHMUYAM PA3HOU OUCNEPCHOCMU . OMMeUaemcst nosiéleHue OONOIHUMENbHbIX NUKOS 6
oonacmu menxux (d < 0,5 mxm) u epyovix uacmuy (d > 10 mrm) y msdicenvix memannos; cmeujenue nUKos
pacnpedenenus 6 6oaee 2pybOOUCNEPCHYI0 001ACMb Yy UOHOS U IIeMEHMO8 NPEeUMyUeCmEeHHO NPUPOOHO20
NPOUCXOHCOEHUSL.

KiroueBble cinoBa: ammocgepuvie azposonu. poHosvle, ecmecmeeHHble, AHMPONOLEHHbIE, XUMUYECKULl U
OUCNEPCHbIT COCMAB NPUIEMHBIX AIPO30JIell.
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POLLUTION OF THE AIRBASIN OF AN INDUSTRIAL CENTER

Abstract. A study of air qualities has been done in 11 Siberian cities from Irkutsk (easternmost) to Novosibirsk
(westernmost) in winter and summer with a mobile measurement station. It is shown that in winter a modern
industrial city is not only a “heat island™, but also a ““pollution island’”. Admixtures concentration in centers of
most cities is much higher than in their periphery. The exception is ozone, which is apparently destroyed by
industrial emissions in the center and replenished in the periphery. In summer the local circulation is
considerably weakened, and the difference between the parameter values for the center and periphery not
always remains.

Keywords: industrial center, urban, suburban, heat island, air pollution, mobile measurement station.
1 Introduction

Research of patterns of air pollution field formation and transformation in large
industrial centers has been thriving for the last 10-15 years. It has been considered for a long
time that a city is well ventilated on a regular day with moderate wind, and increased
concentration of air pollution is observed only near the industrial areas or along the trail of
contaminants’ distribution.

Present day theories prove it’s a dangerous mistake [8-10]. A lot of studies show that
the polluting admixtures produced in the city territory are not transferred outside but are
furthermore transformed by various processes.

As a result of combining such factors as industrial objects accumulation in limited
space, orography, artificial and natural reservoirs etc., a local circulation arises in city
areas [9,10].

The peculiarity of urban local circulation is the arisal of returned airflows leeward of the
city opposite to the main airflow. This returned air circulation “locks” industrial emissions in
the city area.

A haze consisting of gases and aerosols appears above the city. It is called “pollution
cap”. A peculiar characteristic of such a circulation is that it persists not only with a light
wind but with a moderate one too. It is disrupted by atmospheric fronts but is renewed within
24 hours.

Thus, an “urban column” forms above the city. Since the air temperature inside the
column is higher than that of the city surroundings, the air begins to rise. At the beginning the
urban column has a vertical shape and then under the influence of the main airflow it begins
to bend [5]. At a considerable distance from the city it becomes horizontal and spreads near
the upper edge of the atmosphere’s border layer. This layer is separated from the free
atmosphere by an inhibiting layer and its height depends on the season.

The purpose of this paper is experimental determination of the local air circulation
effect on air composition of the industrial cities of Siberian region. This paper considers
summer period and compares the obtained results with the data for other seasons. The winter
period was extensively studied in [6].

2 Data and methodology

For this research we have used the AKV-2 mobile station developed by the Institute of
Atmospheric Optics SB RAS. The station’s equipment provides measurements of the
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following: air temperature and humidity; wind speed and direction; total solar radiation; NO,
NO,, O3, SO, CO, CO; concentration; aerosol disperse composition in two ranges: 0,4-10 um
by use of the modernized AZ-6 counter in 12 channels and 3-200 nm with the diffusion
aerosol spectrometer in 8 channels. The accuracy of all given measurements by the AKV-2
station has been described in detail in [1].

For the aerosol chemical composition determination we have used the method of
deposition of samples on AFA type filters with subsequent analytical analysis. In general, the
AKV-2 station doesn’t differ much from similar ones created in many regions. The main
distinction is a rechargeable battery and a 12V DC to 220V AC voltage converter which
allows for measurements not only at stops but also en route.

The possibility of conducting en route measurements with the AKV-2 mobile station
has allowed us to proceed from route based observations to the areal ones. This, in turn,
allows the use of modern software packages for air admixtures mapping on the territory of a
specific city. We had validated this method in Tomsk in July 2005 [4].

For comparing the air composition in other cities measurements had been made in
February—March, 2004 and in August, 2005 along the route depicted in Fig. 1. En-route
measurements had been made in every large industrial city.
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Fig. 1 — Mobile station route in February—March, 2004.

In addition to the continuous observations during the station movement, in the cities of
Angarsk, Usol’e-Sibirskoe, Tulun, Nizhneudinsk, Taishet, Kansk, Krasnoyarsk and Achinsk
we had conducted measurements during stops at entry, near the city center and at the exit.
This is classical approach.

Fig. 2 - Scheme of measurements sites in Achinsk on February 29, 2004 (07:00-11:00 LT).
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These observations had been made to estimate the contribution of urban circulation to
admixture accumulation in the city territory and to the change of thermodynamic regime. The
main feature of this method is the necessity to make the measurements in all three points as
close to simultaneity as possible, which was successfully accomplished. Figure 2 shows the
positions of stops in Achinsk. In other cities the measurements had been made using the same
scheme.

3 Results and discussion

The measurement data obtained in all of the above-mentioned cities has revealed
presence of admixture accumulation processes and changes in the thermodynamical regime in
their territory. Naturally, the correspondence with the theory is not ideal. Nonetheless, certain
general regularities do exist.

Figure 3 shows values of the gas and aerosol concentrations, temperature and relative
humidity in Achinsk. One can see that in the city center where the admixtures are usually
accumulated the SO,, NO,, CO and NS concentrations are several times higher than in the
city periphery. On the contrary, the ozone concentration is much lower there. It is a regular
occurrence, granting that the ozone is not released into the atmosphere by industries and car
engines but is rather formed there from different admixtures [2]. Given a high aerosol
concentration, the ozone molecules start to react with aerosol particles and are destroyed.
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Fig. 3— Concentrations of sulfur and nitrogen dioxide, carbon monoxide, ozone, aerosol
number concentrations (NS), air temperature and relative humidity in the center and
periphery of Achinsk on February 29, 2004.
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The air temperature data shows that in the city center it is 2.5°C higher than in the
eastern/western periphery.

The relative humidity deserves a special note. There is no agreement among the
scientists about whether it is normally higher in the city or outside it. Oke [7] argues that the
city had additional vapor sources such as industries, untight communications and motor
vehicles. On the other hand, he also points out that in winter snow is removed from the city
streets and much of the surface is covered with asphalt thus lowering surface evaporation,
which is a natural source of moisture. Therefore, knowing the relation between the absolute
and relative humidity at a fixed air temperature [6], the following conclusion can be made. If
with an increase of air temperature at the city center the relative humidity proportionally
decreases, it shows that there are no additional vapor sources. In case of a proportional
covariation, additional vapor sources are present. Returning to Fig. 3, one can see that a
proportional relative humidity decrease took place. Therefore, the city has no additional
sources of moisture.

Plots similar to those on Fig. 3 have been made for all the cities where we have made
measurements both for the summer and winter periods. It would take too much space to
analyze them all, so we have compiled the data into tables containing the differences between
the parameters at city center and periphery:

AX = X¢ =X p.

Therefore, if a value is positive (negative), it is higher in the center (on the periphery) of
the city. Data for winter and summer is given in Tables 1 and 2 respectively. It should be
noted that in contrast to winter, summertime measurements had been made twice in most of
the cities: the second time on the way back.

Table 1 — Differences in admixture concentrations and meteorological quantities between the
centers and peripheries of Siberian cities in February—March, 2004

: CO, 03, SO,, | NO,, NS,
o [0)
City t, °C RH, % mg/m3 u/m3 ”/mg u/m3 Sm-g Note
Irkutsk 1.74 -9.5 0.23| -294 35.4 29.1 6.9
Angarsk 0.13 0.8 030 | -22.9 23.0 12.2 10.3
Surbub in
Usol’e-Sibirskoe 0.78 89| -0.36 227 -49.9| -20.0 -2.5 | industrial
zone
Tulun 0.90 2.9 0.21 -15 34.2 15.9 8.5
Nizhneudinsk -0.48 0.7 0.04 | -10.8 6.8 0.3 3.6
Taishet -1.27 8.3 232 | -16.2 11.6 3.3 50.8 | smog
Surbub in
Kansk 1.57 -8.8| -0.03 13.1| -245 -9.3 | -11.3 | industrial
zone
Krasnoyarsk 6.80 22| -0.18 -1.5 63.0 7.8 45| smog
Achinsk 2.19 -15.1 136 | -22.1 71.9 26.7 73.2
Novosibirsk 1.65 0.3 0.35| -39.9 775 29.8 10.7
Akademgorodok |4 g 79| -007| -11| 343| 174| 03
Novosibirsk
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Table 2 — Differences in admixture concentrations and meteorological quantities between the
centers and peripheries of Siberian cities in August, 2005

i o CO, O3, SOy, NO, NS,
Ciy © € I RH, % mg/m® | wm® | wm® | wm® | sm?® Note
Angarsk -0.6 6.4 2.5 -29 -6.1 33 260 | 11.08
Usol’e-Sibirskoe 0.2 -4.6 -1.2 34 -5.0 -12 -11 | 08.08
Usol’e-Sibirskoe 40| -16.6 -3.8 1 3.8 12 -18 | 11.08
Tulun -0.3 2.2 0.1 9 4.0 0.3 26 | 07.08
Tulun 0.0 3.2 0.1 -10 3.9 2.4 28 | 11.08
Nizhneudinsk -0.6 -3.0 0.1 9 -3.0 0.4 2| 07.08
Nizhneudinsk -0.5 2.4 1.1 -7 4.0 2.2 0| 11.08
Taishet 0.1 5.2 0.1 -17 7.2 2.6 57 | 07.08
Taishet -0.4 -4.0 -0.2 -2 -3.0 3.2 9| 11.08
Kansk 0.3 4.3 0.2 -14 | -14.0 10.8 -16 | 06.08
Kansk -0.1| -105 0.1 12 -2.9 1.4 -40 | 12.08
Krasnoyarsk 1.0 -6.0 0.2 -1 3.2 4.0 28 | 05.08
Krasnoyarsk 1.5 -9.9 0.1 7 -9.8 2.4 10 | 12.08
Achinsk -1.2 0.7 0.2 2 - -14 -150 | 06.08
Achinsk 1.8 -7.6 0.1 -1 - 5.3 27| 12.08
Mariinsk 19| -121 0.3 20 - -3.9 3| 05.08
Mariinsk -0.2 -1.4 0.1 11 1.1 -4.0 1| 13.08
Novosibirsk -0.1 3.5 0.2 -14 0.9 9.0 111 | 01.07

The data in Table 1 shows that in most cases air temperature in the city center is higher
than at its periphery (9 out of 11 cities). It also shows that the bigger the city, the larger the
temperature difference. Apparently, it is influenced by the number of industries and vehicles
as well as by heat leakage from buildings. Relative humidity varies from city to city in a wide
range. Nonetheless, from the data in Table 1 we can draw a conclusion that there are
additional sources of vapor in the territory of 8 out of 11 cities.

Carbon monoxide in the cities is produced mainly by car engines. Its density is naturally
higher in the central part of a city. This is reflected in Table 1. Exceptions are Usol’e
Sibirskoe where the peripheral measurement point turned out to be near an industrial area and
Krasnoyarsk where the measurements at the city center had been conducted at nighttime. It
also appears that the peripheral measurements had been made at the time of heavier road
traffic. The difference in Kansk and Novosibirsk Akademgorodok is close to the measurement
error value for this parameter.

As noted above, ozone suffers destruction in the central part of a city and is quickly
replenished from the periphery. Table 1 shows that this pattern is observed in 9 out of 11
cities. It is reversed in the two cities where the background points had been influenced by
industrial areas.

The source of sulfur and nitrogen dioxides are emissions of different origin, therefore,
their concentration is typically higher in the city center and lower at the periphery. Once
again, exceptions occur when the background is measured close to industrial areas.

The data for concentration of particles with d > 0,4 um is shown in the last column of
Table 1. This data also shows increased values in the city center and lower ones at the
periphery with the same two exceptions.

Thus, in most of Siberian industrial cities in winter emissions from industries and cars
cause increased admixture concentrations in their atmosphere, which are apparently not
dispersed but accumulated.
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From the data in Table 2 we draw a conclusion that in contrast to winter period the
values for concentrations and meteorological quantities vary much more in summer. The main
difference is that there is no stable pattern in the distribution of differences between the city
center and periphery which was the case in winter [3]. It is apparently due to better dispersing
quality of the region’s atmosphere in summer.

Table 3 - The relative excess of content of ions and elements in composition of aerosol
particles, sampled in the central and peripheral parts of Siberian cities

Si Ca Al Mg Ti Fe Mn B
Irkutsk 88.8 -0.3 3.9 8.8 13.3 23.8 335 25.4
Angarsk - 0.7 9.5 0.5 1.2 9.6 -0.8 -1.0
Usol’e-Sibirskoe 0.4 20.1 1.3 2.5 3.4 2.9 6.5 -0.7
Tulun 9.1 0.3 0.7 9.5 1.2 1.2 10.2 -
Nizhneudinsk 5.4 2.6 4.6 2.7 3.3 3.4 2.8 -
Kansk 22.6 0.1 - 1.0 - - - -
Achinsk 1.2 23.4 37.4 9.4 2.0 1.6 46.6 -1.0
Novosibirsk 3.3 3.0 5.3 6.0 2.5 2.2 6.3 0.4

Cu Ni Vv Cr Cl SO% | NO; | NHY
Irkutsk 0.8 22.5 0.7 0.4 2.8 - 19.0 10.5
Angarsk -0.2 -0.6 -0.4 2.5 - - - -
Usol’e-Sibirskoe 35 9.6 3.9 -1.0 0.9 -0.8 -1.3 1.0
Tulun 35 -1.0 1.6 1.7 -0.5 3.7 2.0 7.4
Nizhneudinsk -0.6 -0.5 1.2 - 18.3 - - -1.0
Kansk 1.1 1.2 - 1.2 0.9 4.4 2.1 1.0
Achinsk 0.6 -1.0 9.3 6.3 1.0 6.3 0.1 7.7
Novosibirsk 0.6 -1.0 0.1 9.8 0.1 0.2 10.9 1.4

Data on chemical composition of aerosol particles is given in Table 3. It presents the
excess of certain elements and ions concentration ( X.) compared to the background level

(Xp) inrelative units:

X =(Xc—Xp)/Xp

Data in Table 3 shows that in most cases the urban samples contain 2-3 times more
chemicals than the background ones. At times, the excess of a certain element or compounds
can reach orders of magnitude. Examples are Si in Irkutsk, Al in Achinsk and Ca in Usol’e
Sibirskoe.

It must be noted that the given data has been obtained during a single wintertime study,
therefore it does not reflect the whole spectrum of possible situations.

4 Conclusion

Our experimental studies have revealed that the existing specific local circulation favors
creation of specific fields of admixture distribution in industrial cities of Siberia in winter.
The admixture concentration is highest in the city center and decreases toward the periphery.
The same applies to the air termodynamical qualities. In summer due to better dispersing
quality of the atmosphere the local circulation effects are considerably weakened. As a result,
admixture accumulation in central parts of cities is not always distinct.
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3arpsi3HeHHe BO3AYLIHOr0 6acceifHa MPOMBILIJIEHHOTO LIEHTPa

AnHotauus. C nomowsbo MoOUILHOU CMAaHyuu nposedeHo obcredosanue Kavecmea 6030yxa 6 11 zopooax
Cubupu om Hprkymcka 0o Hoeocubupcka 6 summuutli u jgemuuti nepuoowi. Ilokasano, umo coepemeHHbil
NPOMBIWAEHHBI 20P00 6 3UMHULL NEPUOO ABNAEMCA He MONbKO «OCMPOBOM TMENaa», HO U OCMPOBOM
3azpasnenutl. Konyenmpayuu npumeceii 8 yenmpe O601bWUNCMEA 20PO008 3HAYUMENBHO 6blle, YeM Ha
nepughepuu. Hckniovenue cocmasisiem 030H, KOMOPblll, 04e8UOHO, cUOHEM 6 8bIOPOCAX NPeOnPUATULL 6 YeHmpe
u soccmanasiugaemcs Ha nepugepuu. B nemuuil nepuod Oeticmeue JNOKANLHOU YUPKYIAYUU 3HAYUMETLHO
ocnabasemcs u He 6ce20d COXPAHAEMCs pAZHUYA MedCOY NApAMempamu, UsmepsieMulMu 8 yeHmpe 20pooa U Ha

nepucgepuu.

KitoueBble ¢JI0Ba: UHOYCMPUATLHBIL YeHmp, OCMpPO8 Mmenid, 3acps3HeHue ammocpepvl, nepeosudicHvle
cmanyuu.
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MODELLING LONG-RANGE TRANSPORT AND CHEMICAL
TRANSFORMATION OF POLLUTANTS IN SOUTHERN AFRICA REGION

Abstract. The paper presents the results of long-range atmospheric model developed specifically for the
Southern hemisphere conditions. The model utilizes a combined Eulerian-Lagrangian description of the
transport and diffusion of pollutants, calculation of their chemical transformations, dry and wet deposition as
well as the pH value of precipitation.

Keywords: long-range pollutants transport, atmospheric boundary layer, emission, surface roughness,
meteorology, atmospheric chemistry, turbulent diffusion.

1 Introduction

Dispersion modelling of transport, diffusion and chemical transformation of pollutants
and trace gases over the region of southern Africa which spans between 52° South to
1° North, 28° West to 68° East, presents a special challenge due to three major factors. The
first factor is associated with the frequent occurrence of a stable anticyclonic environment that
inhibits the vertical exchange of air masses and stratifies the troposphere into persistent
layers, in which residence times of pollutants are prolonged from several days to weeks over
the region. The second factor stems from the different distribution of emission sources
between the Northern and Southern hemispheres. Natural emissions from forest fires,
vegetation, soils and domestic fires are equal or substantially bigger than fossil fuel emissions
over larger parts of the studied region. Thirdly, long-range transport is vital for the
existence/destruction of many fragile ecosystems that receive nutrients/pollutants mainly from
the atmosphere.

In addition to these major factors one should keep in mind that experimental studies on
the tropical meteorology factors affecting the long-range transport and chemical
transformation of pollutants are very few, and theoretical understanding of the atmospheric
processes in the regions with negligible Coriolis force, is not yet in place. Special attention
should be placed on the identification of key linkages among the physical, chemical and
anthropogenic processes underpinning the functioning of the bio-geophysical and bio-
geochemical systems of Southern Africa that lead to significantly elevated ozone
concentrations over considerable sections of the tropics.

2 Data and Methodology

2.1 Modelling Domain

The modelling domain implemented for this study extends from 10°E to 40°E and

10°S to 35°S as illustrated in Fig. 1. This region covers the southern part of Africa,
including Angola (Ang), Namibia (Nam), Botswana (Bot), Zambia (Zam), Zimbabwe (Zim),
Mozambique (Moz), Malawi (Mal) and South Africa (SA). A Cartesian grid was
superimposed on the modelling domain. The 60x50 grid (3000 cells) was positioned to
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conform to a 0.5° resolution on the modelling domain. An illustration of the superimposed
Cartesian grid is shown in Fig. 1. This grid was utilized as a reference framework for all
simulations in the Lagrangian-Eulerian Diffusion (LED) model.
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Fig. 1 — Modelling domain with the Cartesian grid implemented for LED.
2.2 The Lagrangian—Eulerian diffusion model

The Lagrangian—Eulerian Diffusion model utilizes in a complimentary way the positive
features of the Lagrangian and Eulerian descriptions of hydrodynamic flows. Following the
Lagrangian approach any volume of polluted air (puff) is identified by the trajectory of its
center of mass. The diffusion and transformation processes of pollutants are investigated on
the basis of analytical and numerical solutions of the appropriate differential equations in
Eulerian coordinates with origin at the center of mass of puffs. Experiments and theoretical
studies revealed the fundamental fact that the transport and diffusion of pollutants in the
atmosphere can be investigated by separating the horizontal and vertical processes on the
basis of the following formula:

N .
M i
K K

C™(x, y,Z)Z_Zl _ZlQij (tij )Qh(X1Xﬁ1y, Yi(jvtij)QZ(Z’Zi(jvtij)QW(tij)' 1)

1= J:
where CK(x, y, Z) -concentration of K pollutant in a point (x,y,z), Qiﬁ-( (0) is the quantity of
the Ky pollutant in the jy, puff emitted by the iy, source at the momentt; =0, M is the
number of sources, N is the number of puffs, g, and g, are the horizontal and vertical

distribution functions, q,, is the wash-out function, x,‘j y,CJ zi‘j are the centres of coordinates

and tj; life time of the puff. The time variation of Qin (0) is due to chemical transformations,

dry and wet deposition processes. The analytical expressions for the functionsaqy, 4, ,q,, and

more details for the LED model are presented in [2]. It should be pointed out that the vertical
and horizontal diffusion functions are explicitly dependent on the atmospheric boundary layer
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(ABL) turbulence through the eddy transfer coefficients in vertical and horizontal direction
and wind velocity profile. Therefore, LED needs input from an appropriate simple enough
and reliable ABL model which allows for incorporation of new research developments in the
ABL dynamics.

2.3 Atmospheric boundary layer

A unique feature to LED, among the long-range models is the use of an appropriate
ABL model calculating its dynamics and turbulent characteristics. Usually, the long range
models are driven by the output of the best available mesoscale forecast models or in the
diagnostic case by observed meteorological fields. In both cases, however, the ABL dynamics
is not properly represented due to the restrictions in the model vertical resolution or
insufficient number and distribution of observations. This is a serious simplification since the
changes in wind velocity and atmospheric stability occurring in the ABL influence
dramatically the transport and diffusion processes. Thus, for example, the value of the vertical
exchange coefficient changes by order of magnitude depending on the stability conditions in
the ABL. The magnitude and direction of the wind velocity vary considerably with height,
and the angle between the geostrophic and surface wind can surpass 50-60 degrees. The wind
variations are even more complicated when the ABL is affected by baroclinicity. Turbulent
friction convergence creates vertical motions that in spite of their small value, lead to a
substantial displacement of the polluted air volumes because of their perseverance. Another
important consideration is that most of the emissions of pollutants and trace gases are released
from sources located near the earth surface up to few hundred meters. The existence of
frequent inversion layers at the top of ABL forces the diffusion and transport of pollutants to
take place in the lower parts of the atmosphere for prolonged periods of time. These facts
underline the importance of inclusion of an appropriate ABL model in any pollutant turbulent
transport and dispersion package aimed at modelling long-range transport and diffusion
phenomena.

The ABL model utilised in LED is driven by the following meteorological variables:
1) the geostrophic wind vectors Vg 2) the potential temperature & at the top of the ABL;

3) surface temperature 95 which can be calculated from the energy balance equation or taken

from observation or numerical weather forecast model. From these external to ABL
meteorological variables and the local parameters: the Coriolis parameter — f , the roughness

parameter — z,, the buoyancy parameter — g = g/ 9 , the following non-dimensional external

parameters — Rossby number (Ro) and external stratification parameter (S) can be
composed:

RO:M and S:M.

o hl ©)

They uniquely define the turbulent regime in a horizontally homogeneous ABL. The
details of the ABL model are presented in [10].
2.4 Atmospheric chemistry model

The major anthropogenic pollutants in the atmosphere are sulphur, nitrogen and

hydrocarbon compounds. In this model only sulphur and nitrogen oxide chemical
transformations are modelled, because their abundance and relatively long residence times in
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the atmosphere. They are also the major reason for the formation of dry and wet acidic
deposition.

The most important mechanism for the formation of acid deposition is the direct
transformation of sulphur dioxide to sulphate:

S0, 5502, 3)

where kq(t,r) is the constant of transformation which is a function of time and space.
The chemical transformations which NO and NO, undergo are rather complicated.

Smog chamber measurements of the typical reactions of NO compounds show that 90% of
them result in formation of NO, NO,, PAN (Peroxyacetyl nitrate) and NOg3. This allows

the chemical transformations of these five components to be included in the model. The
equations describing the rate of transformation of the nitrogen compounds due to chemical
and physical processes are (see [1]):

%[Noz] = —ky[NO, ] +ky[PAN],
%[PAN] = 0.5ky[NO,]—(0.5k3 + k4 )[PAN],
%[Nog] =0.1(ky[NO,] +k3[PAN]), 1)

%[HNOg] = O4(k2[N02] + kg[PAN] y
0=[NO,]-ks[NO].

where k,, k3, k4 and kg are the rates of chemical transformation as summarized in Table 1.
The equilibrium of NO and NO, reflects the photolysis of NO, to NO and the photo and
thermal pathways of NO to NO, conversion. The rate equations shown in equations (4) are

linear. The transformation constants can be a function of time and space. The chemical
reactions in the model are calculated for every puff at every time step after the completion of
the transport and diffusion processes.

Table 1 — The rates of chemical transformation

ke (s7h) ko (s k(s™Y) ke(s™H) ks (s71)
Day 10°° 2.8x107° 2.8x10° 0 2
Night 10°° 5.6x10°° 0 5.6x107° 50

2.5 Surface roughness

The surface roughness parameters utilized in the LED model conforms to a 0.5 degree
spatial resolution Cartesian grid, inferred from the ecosystem database (see Fig.2). The
roughness parameters (zq) utilized for the specific modelling domain in LED were generated
and obtained from the Max-Planck Institute, Mainz, Germany. A detailed methodology on the
generation of the roughness parameters can be found in [6].
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Fig. 2 — Surface roughness lengths z (meters) for January (left) and July 2000 (right) for the
study domain.

2.6 Emission Database
The emission database adapted for utilization in the LED model is a customized version

of the emissions inventory developed in [4], in the framework of the SAFARI 2000 science
initiative (see Fig. 3).

L

[:l Countries

Sulphur dioxide
emissions 2000

D 0
D 045
- 45136
- 13681
- 91584
D emor

Fig. 3— Sulphur dioxide (SOz) emissions summed over all sectors for 2000. Units
in Gg/annum.

2.7 Meteorology

The meteorological data utilized for input in the LED model is taken from the short-
range forecasting ETA model routinely run by the South African Weather Service (SAWS).
The ETA model outputs provided by the SAWS are ASCII map images (0.5 degree) for each
of 51 meteorological parameters at 12 hour intervals. These ASCII map images are based on a
79 by 133 grid, 53°S to 9°S, 13°W to 53°E, 0.5 degree resolution.

Parameters available include geopotential height, temperature, potential temperature,
dew point temperature, specific humidity, relative humidity, u and v wind components,
cloud cover and pressure vertical velocity.
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Fig. 4 — Geostrophic wind vectors on 700 hPa for 15 August 2000 at 00:00 (left) and
12:00 (right).

Figure 4 shows a major peculiarity of the winter circulation over the Southern Africa.

The anti-cyclonic circulation persists for several days to week(s) leading to significant
increase of the pollutant’s concentration.

3 Results

The LED model was run for each month during 2000 using the relevant meteorological
data, and the converted emission database included in [4]. It gives output for the time-space

distribution of concentration and deposition fields of sulphur and nitrate compounds (Fig. 5 to
Fig. 8) as well as the pH value of precipitation.

5

i1

4

1+

1

n

Fig. 5—- Mean ambient SO, concentrations (ug.m'3) for the winter season during 2000 (left

panel) and accumulated dry deposition, SO, as S (kg.ha'1(3.months)'1) right panel.
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Monthly runs for 2000 for all individual countries in the modelling region were
executed with the LED model. The monthly deposition results can be used to obtain quantities
on a country-to-country basis.

Table 2 — Annual country-to-country dry deposition matrix of SO, as S for 2000

RECEIVER
EMITIER. | Ans Bot Mal Moz Nam Om R5A Zam Zim Total
Ang 06.61 0.01 0.00 0.00 T8 03s 0.00 018 0.00 100
4550 | 4852107 | 0.00 0,00 134=10° | 166 0.00 848=10" | 0.00 3
Bot 350 3158 015 477 .76 491 38.08 347 977 100
1.56=10° | 238=10" | 113=10° | 34000 | 202=10° | 3sex100 | 2.78x100 | 253x10° | TAS=10° | -
Mal 053 017 10.67 TRTZ 013 030 014 836 0.78 100
8.05:10" | 261x10" | 163x10° | 120x10° | 1.93x10° | 463x10° | 211x10° | 130000 | 019 =
Moz 007 120 154 50.81 B.04 795 781 035 153 100
1.68 440100 | 72700 | 190=10° | 30110 | LOS=10Y | 292x100 | 132=100 | 6.86x10° | -
Nam 16.68 351 0.00 0.70 TE.E8 713 1.0 0.0z 0.04 100
2900 | 611x10° | L12x07 | 122=10° | 132x00° | 3.70=10° | 1.82=10° | 2.70x10° | 6.64x10° | -
Om .00 .00 .00 0.00 .00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 e
K54 1.68 588 0.10 £33 200 1241 BR.AZ 115 By 100
147=10" | 600=10" | Bo2=10" | 486=10° | L7410 | 108x10° | 600x10° | 100=10° | 1SS0 | -
Zam 037 451 1.53 408 156 E] 137 5747 1897 100
300100 | 18T | 34700 | 16807 | 107D | 346=10° | 572100 | 230=100 | TRO=ID | -
Tim 157 349 153 1753 171 120 174 17.88 1440 100
122=10" | 121=10° | 413=10° | 6.00=10° | 46200 | 323=10° | 469x10° | 483=10° | 120000
Top value: Percentage of total deposition received. Bottom value: tons.annum—" received.
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Tables 2 and 3 summarize LED results for the country-to-country dry deposition
matrices, based on the country-specific emissions. The top values in both Tables indicate the
percentage deposition received from the specified emitter indicated on the left hand side in the
matrix. Therefore, every top horizontal line represents the partition of the deposition to its
own and the other countries. It is obvious that the sum of the partition percentage quantities
should add up to 100%. The bottom values in the horizontal lines are the deposition quantities
(percentages) expressed in tonnes per annum. The vertical column drawn on the right hand
side for each specific receiver country in Table 3 contains the percentage contribution to the
deposition from the receiver countries. Again the sum of these percentages adds up to 100%.

Table 3 — Annual country-to-country dry deposition matrix of SO, as S for 2000

RECEIVER

EMITTER | Ang Bot Mal Mog Nam Ocn RSA Zam Zim Total
n 0661 - 5.0l - 0.00 - 0.00 - 185 - 035 - 0.00 - 018 - .00 - 1.00
Ang - 197 |- 0.00 |- 0.00 |- 0.00 | - 0.06 |- 0.00 |- 0.00 |- 0.00 | - 0.00 |-
o 350 3258 - s - T - 176 - 0 - 3108 - 3T = 577 - 100
: 1109 | - 2710 | - 611 |- 501 |- 893 |- 316 |- 143 |- 6.14 |- 16.93 | -
05 - T - 067 - B - B - 50 - oI - 856 - 8 - 100
Mal : 0.00 | - 0.00 | - 0.88 |- 020 | - 0.00 |- 0.00 |- 0.00 | - 0.02 | - 0.00 | -
P 5.07 17 - |18 - 5081 - 501 - 7705 - 781 B & - 100
i 0.01 |- 0.05 |- 3907 |- 323 |- 133 |- 0.02 |- 0.05 |- 0.02 |- 0.16 |-
P 1608 - A5 - 000 - 00 - 7588 - 713 .05 002 - 004 - 100
N - 126 | - 0.07 |- 0.00 |- 0.02 |- 585 |- 0.03 |- 0.00 |- 0.00 | - 0.00 |-
- 5.00 000 - 500 - 500 - 500 - 5.00 5.00 500 - 500 - 100
e 0.00 |- 0.00 |- 0.00 |- 0.00 | - 0.00 |- 0.00 |- 0.00 |- 0.00 | - 0.00 |-
m— 68 - 588 - o0 - 533 - 700 - o4 - 88 - 5 - 72 - 100
: - 63.49 | - 68.04 | - 813 | - 77.40 | - 77.06 | - 56.20 | - 16.36 | - 40| - 35.50 | -
7 537 - a5 - 08 - 108 - 15 - 08 - 137 - 54T - 807 - 100
- - 16.88 | - 236 | - 1871 | - 288 |- 472 |- 0.30 |- 0.00 |- 57.88 | - 18.74 | -
= i - 0 - 2 - 75 - ) 1% 174 7.8 - 30 - 100
- 520 |- 140 |- 226 | - 1034 | - 205 | - 0.8 |- 0.07 |- 1.70 | - 2881 | -
Toral = 1.00 |- 100 |- 100 |- T00 |- 100 |- 1.00 |- 100 |- 100 |- T00 |-

Top value: Percentage of total deposition received.
Bottom value: Origin of deposition load in percentage.

4 Discussions

The results obtained with LED, which are the first for the African continent south of the
equator, clearly demonstrate that the phenomena of long-range transport of air pollutants is a
serious, complex and significant problem for the countries in the southern African region.

LED model results for ambient concentrations, as well as deposition fields were
produced for all months during the year 2000, and compared with the available experiment
data at the DEBITS sites. Data obtained for the evaluation were in the framework of SAFARI
2000 research campaign. However, the ground measurements needed for the evaluation of
LED were not sufficient due to the small number of observational points (5), and
geographical locations which do not fully comply with the WMO criteria for baseline regional
air quality stations.

Despite these inherent difficulties of not having a complete set of experimental data for
the evaluation process, the comparison with model results give enough evidence that LED
produce reliable results. The annual quantities compare quite accurately. The bigger variation
in differences of the monthly quantities is also within the acceptable range.

The results for the deposition fields of pollutants indicate that impacts from highly
industrial countries in the region may pose significant risks to developing countries, which
relies for example on agriculture as a major contributor to the specific country’s gross
domestic product. The LED model supplies objective data, which lays the foundation for the
development of all-inclusive regional air quality management plans. The implementation of
such a management plan will be obviously beneficial to all countries in the region. The results
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obtained from this modelling scenario highlight the complexity of trans-boundary air
pollutant transport, and its serious developmental consequences, as well as the availability of
reliable data for modelling as well as validation purposes.

5 Summary

The model results obtained with the Southern Hemisphere version of the LED model,
which incorporates ABL model and chemical scheme, give assurance that it can be used as a
diagnostic and prognostic tool for air pollution studies at different time and space scales. The
comparison with the available experimental data demonstrates that the results are reliable. For
example, the values of the monthly average concentrations fields are of reasonable order of
magnitude and compare favourably with the measured values in the three DEBITS stations.
The flexibility of the model is demonstrated by the calculation of the country to country
deposition matrix that can be used as an effective planning tool. The results are expected to
improve by upgrading the ABL model on the basis of the contemporary understanding and
parameterization of the convective process in the tropics which is dominated by non-local
turbulent transport. This also applies to taking into account the baroclinicity effects on the
ABL dynamics.

There are several projects undertaken to be studied with the model, namely, runs with
the natural emissions (vegetation, forest, soils) in order to partition the contribution of
anthropogenic and natural sources to the pollution in the region; study the formation of ozone
over the tropics; quantify the pollution episodes during a persistent gyre (anticyclonic)
circulation and the fluxes of pollutants to the adjacent oceans and continents.

Acknowledgments. The study presented in the paper was completed in the framework of the SAFARI 2000
science initiative and authors have benefited from the scientific programme goals and discussions with the entire
international research team.
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MopenupoBanue JajbHero nepeHoca  XuMu4eckux npespauennii npumecu B FO:xxuoii
Adpuke

AHHOTAUMA. B cmamve npedcmasienst pe3yibmamsi pacuemos no ammocgepHoi Mooenu 0anvHe2o nepeHocd
npumecu. [annaa modenv Oviia paspabomana chneyudanvHo 0aa yciaosutl FOowcnozo nomywapusa. B moodenu
ucnoawsyemes cmewannoe (cogmecmuoe UIEPOBO U IASPAHICEB0) ONUCAHUE NEPEeHOCd U PACTIPOCIPAHCHUS]
npumecetl, 8bIYUCTEHUE UX XUMUYECKUX MPAHCHOPMAYULL, CYXO20 U MOKPO2O OCANCOCHUL, A MAKICE NOKA3AMEeNb

kucromnocmu ( PH') doxcoeii.

KitioueBble ¢JI0Ba: OanbHUli NEpeHOC 3ACPASHAIOWUX GeWeCms, NOSPAHUYHLLIL COU ammocgepsbi, 8blOpoc,
wepoxoeamocms NOOCMUNAIOWel NOBEPXHOCMU, MEMeopoNoUsl, amMoc@epHas Xumus, mypoOyIeHmHAs

oughpysus.
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E.K. Faprepl, 0.¢p.-m.n., T.JL. JIeBl,K.Z.H., H.H. Ta.neplcol, K.p.-m.n., U.B. KOBaJIeHZ, K.Qh.-M.H
1HHcmumym npooaem 6esonacnocmu ADC (UIIE A9C) HAH Ykpaunst,
2Hhtcmumym npobiem mamemamuyeckux mawun u cucmem (MIIMMC) HAH Yrpaunol

HCHOJb30BAHUE MOJEJIN YUCJEHHOI'O NPOIHO3A ITOIOAbI «MMb5»
JJIA METEOOBECIIEYEHUA CUCTEM ABAPUUHOI'O PEAT'MPOBAHUSA A9C

AnHOTamus. [Ipogedena adanmayusi OMKPLIMOU YUCTEHHOU MOOeu NpocHo3a no2oobt MMS5 k eeocpaguueckum
yenosuam  Yxpaunvl u npoaHanu3Uposana npeosapumenbHas OYeHKa YCHEeWHOCMU NPOSHO308 Oapuieckozo u
memnepamypHozo nonel 01 meppumopuu Ykpaunsl u pationos pacnonodicenus AIC. Bzaumooeiicmeue mooenu
MM5 u  ougpgysuonnoii mooderu LEDI obecneyusaem Heobxooumyro —onepamusHocmb 6  OyeHKe
pacnpocmparnenus paouoaxmusHuix 6610pocog uz AIC.

KiroueBble c¢JI0Ba: wucieHHvlii NpocHo3, adanmayusi, OnpasobléaeMocmb, MOOCIUPOSaHUe, dA8aApPUUHAs
cumyayus.

1 Beenenue

Jl1st oueHKH paualilOHHOTO BO3/IEHCTBUS aBapuilHbIX BEIOpocoB ADC Ha HaceleHue u
Ha OOBEKTHl OKpYXKAlOIIeW cpeabl C TMOMOIIBI0 Mojenel armochepHOro mnepeHoca
HeoOxoaumo BbinoHeHne TpeboBanuss MAI'ATE Ne NS-G-3.2 [6]: meTeoposorndeckue
JMaHHBbIE JOJDKHBI OBITh COBMECTHUMBI IO YCIOBUSIM UX MPHUPOABI, cdepe AelcTBUA U
MOTPEIIHOCTH C METOJJAMH M MOJICITISIMH, B KOTOPBIX OHU OyAyT uctonb3oBaThes». UITb ADC
HAH Vkpaunbsl pacnosaraer me3omaciutabHoil aud@y3noHHOM Monenbio mnepeHoca H
OCax/IeHUs paanoakTUBHBIX BHIOpocoB M3 ADC «LEDI», xotopas 6puta paspaborana mocie
aBapur Ha YADC u BepuduIIMpOBaHA HA TAHHBIX YEPHOOBLIbCKOTO 3arpsisHenus [7]. s
peanm3anii M UCTOJNB30BAaHUS Pa3padOTAaHHOH MOJENH TNPH KOMMYHAIBHBIX aBapHsAX
HEOOXOUMO O00ecreuyuTh MOJIelb COOTBETCTBYIOIIMMHU JaHHBIMU: HH(MOpManuend o
reorpaduueckux  ocoOeHHOCTAX Teppuropuii  ADC, BXOJHOW  METEOPOJOTHUCCKOU
uHbopMalMell B BUJE NaHHBIX YHCIEHHOTO MPOTHO3a MOTOJbI, MOMyYaeMbIX HE3aBHCUMOI
Me3oMacITabHoi MoJielbio poruo3a morosl (MM5, WRF, HIRLAM). B Hacrosiiee Bpemst
YKpauHCKHl THUAPOMETEOPOJOTHYECKUI IEHTP HE pacroyiaraeT HalMOHAIBHOW MOJIENBIO
YHCJIEHHOTO MPOrHO3a MOro/Ibl ¢ HEOOXOMMbIM POCTPAHCTBEHHO-BPEMEHHBIM pa3perieHrueM. B
CBS3M C J3THM, TEpell HaMH CTOsla 3a7auya HMCMOJIb30BaTh JOCTYIHBIE B MEXIyHApOIHOMI
IMPOrHOCTUYECKON MPAKTUKE BBICOKOKAYECTBEHHBIE JIaHHBIE MPOrHO3a IOTrOJbl C BBICOKUM
BEPTUKAIBHBIM W TOPU30HTANBHBIM pasperieHueM. bbina BeIOpaHa OTKpBITast, JOCTYITHAs
yepe3 IHTepHeT, XOpouo [IOKYMEHTUpOBaHHAsh M IPOTECTHPOBAaHHAs MOJEIb IPOTHO3a
noronsl CIIIA MMS. YcraHoBKa, HHCTAISAIUS MOJEIH, €€ peanu3alus Ha ONeparuoOHHON
cucteme LINUX 6spi1a mpoBenena UITb ADC cosmectHo ¢ UTIMMC HAHY. Peanm3anus
monenu MMS mnst mereoobecmeueHus: monenu armochepHoro mepenoca «LEDI» Owina
IIPOBEJIEHA 110 CJIEAYIOIEMY aJITOPUTMY:

> VHULWAIW3alUs W ajanTtaius BXOJHOW CTallMoHapHOW wuH(popmarmu (KaTeropuii
3eMJIETIONB30BaHus, pelibeda, pacTUTEIbHOCTH, IMOYBBI, TEMIEPATypbl MOJCTHIIAIOIIEH
TIOBEPXHOCTH) K YCIOBUSIM YKpPauHBbI,

» OIICHKA YCIEIHOCTH (OMPaBIbIBAEMOCTH) MPOrHO30B METEOPOJOTHYSCKUX ITapaMeTPOB
1o Mmoaenu MMb nist Tepputopun Ykpaussl 1 paiionoB ADC,

» COBMECTHOE HCIOJIb3oBaHue Mojeneir «MM5-LEDI» nmns pacderoB ¢opmMupoBaHus
PaavoaKTUBHBIX BbinageHU n3 ADC B cilydyae aBapUiHON CUTYyalUu.
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2 Ananrtamusi THAPOAHHAMHUYECKO MoJeaud mporHo3a moroabli MM5 Kk yciaoBusim
Ykpannsbl

Anantanusi TaHHBIX O PaCTHTEIBHOCTH/3EMIICTIONB30BAHUN TIOYBBI M TEMIICPaTyphl
NOJICTUIIAIOIIEH NOBEPXHOCTH B Mojenu MMDS k ycnoBusiM YKpauHbl POBOJWIACH B TPHU
JTana:

1. HaxoXJEeHHE COOTBETCTBHS MEXIY KiIacCH(UKATOPaMH, UCTIONb3YEeMBbIMU B Moaenn MM5
U TIPUMEHSEMBIMH B YKpauHe,

2. mpoBeaeHHE Kiaccu(UKauuu HUPPOBBIX KapT PACTUTEIHHOCTH M MOYBBI B KAaTErOPUU
moaenmn MM5 cpenctBamu reonrdpopmannonusix cucrem (IMC),

3. TIOCTPOEHHE «CETOYHBIX» HAaHHBIX B KATETOPHUSIX PACTUTEIBHOCTH W IOYBBI ITyTEM
MPOBEICHUS OBEPJICHHBIX OIEpaIiii MPSIMOYTOJBHBIX ceToK ¢ maramu (81, 27, 9, 3 km) B
npoekiu JlamOepra ans ramaBHBIX WMPOT YKpauHbl 43° U 53° ¢ MONUTOHAJIBHBIMU
KapTorpapuuecKuMH MOKPBITHIMHU.

B kauecTBe MCXOIHBIX KapTOrpauyecKuX NaHHBIX [0 TEPPUTOPUH YKpauHbl OBLIH
WCIIONIB30BaHbl  U(poBbIe  MaTepuasibl u3  [eorpaduueckoro  Atimaca  YKpauHbI
(paspaborunku Uucturyr reorpapuun HAH VYikpamnsr 1 OOO «MC T'EO») macmraba
1:3000000: kapThl pacTUTETBHOCTH W TOYBBI C COOTBETCTBYIOIIMMH JIETCHIAMHU
(knaccuduraropamu). KoppekTupoBka Temmeparypsl  IMOJICTHJIAIOUICH  ITOBEPXHOCTH
MPOBOAMIIACH C HCMOJIb30BAaHUEM KIMMAaTHYECKUX JaHHBIX YKpruapomera. Vcrounukamu
reorpaduueckoit nHpopmanuu B Mmogenu MMS sSBISIOTCS:

» st 25 KaTeropuil pacTUTENILHOCTH/3EMIICTIONIB30BaHHMS - JAHHBIC T€0JIOTUYECKOI CITyKOBI
CIIA (USGS) B y3nax cerku ¢ 30-cek. marom (0, 925 kM) B npoekuuu Jlamoepra,;

» nnst 17 kareropuil mouBbl - JaHHBIE [IpOJTOBOIBCTBEHHOW M CEIBCKOXO3SHCTBEHHOM
opraanm3aiuu (FAO) u T'ocymapctBeHHO# reorpaduueckoil 0a3bl MOYBEHHBIX JAHHBIX
(State Soil Geographic «<STATSGO» Database) B y3nax cetku ¢ 30-cek. marom (0, 925
KM) B nipoekuuu JlambepTa.

B cootBercTBUM ¢ 25 KaTEropusMH PacTUTEIbHOCTH/3EMIICTIONB30BAHUS B MOJICIH
MMS5 ObUTH YKpYIHEHBI KIACChl PACTUTENBHOTO MOKpPOBa W3 reorpaduueckoro ATtiaca
Vkpaunbsl. CpeacrBamu ['MIC Mapinfo ©Obuto mpoBeneHO pemakTHpPOBaHHE IHPPOBBIX
MOKPBITHI ¢ 100aBIIEHWEM OTENbHBIX MPU3HAKOB, TAKUX KaK, OpPOIIaeMble U OCYIICHHBIE
3emiu. PucyHok 1 neMOHCTpHpyeT NpOCTPAHCTBEHHOE pacIpelielieHHe pPacTUTEIBHOTO
nokpoBa B wmojenu MMS5  (uctounmk — USGS) u ¢ HCHOJIb30BaHHMEM JTaHHBIX
reorpauueckoro ariaca YKpauHbl.

CpaBHUTENBbHBIN aHAN3 PACMpENeNeHHs] KaTeropuil 3eMJIeTIONb30BaHuUsl 110 TEPPUTOPUHI
YKpauHbI TIOKa3aJ, 4TO: TI0 IaHHBIM reorpadudeckoro atiaca Ykpaussl okoiio 80% teppuropun
CTpaHbl 3aHMMAeT KATEeropusl 3eMIICTIONB30BAHMS «IAIIHS/Tyr, MO3aWKa», a IO JaHHBIM
ucrounnka USGS — 21%. 1o manasiM Moxenn MMS5 56% teppuropun YKpawHBI 3aHUMAIOT
ocymieHHbie 3emin 1 15% — kareropust «marus/iec». TakuM 006pa3oMm, OTpeAaKTHPOBAHHBIC
U(PPOBBIC KapThl THUIIOB PACTUTEIHLHOCTH/3EMIICTIONB30BAHUS TIOCIYKUIA OCHOBOHM Jist
UCIIOJIb30BAHUsI KOPPEKTHOM MapaMeTprueckoil uHdopmanuu (MIepoXoBaTOCTH, CKOPOCTEH
CYXOT0 OCaXICHHSH T.JI.) B THAPOAMHAMHUCCKUX YpaBHEHHUIX Moaean MMD.

[TomoOHBIM 00Opa3oM ObLTa MEepeKIacCU(PHUIMPOBaHA IIOYBEHHAS KapTa YKpawHbI B
kateropuu Moaenu MMS. OgHO3HaYHOTO Tepexoja OT OAHON KiacCU(UKAIUU K APYyTrod He
cymectByer. OfHako, Mo JaHHBIM ATTepOepra 0 MPOLUEHTHOM COJIEP)KaHUU TeCKa, TIIUHBI U
WIa B MOYBE C MCTOJb30BAaHUEM TpeyroibHuka Deppe u Kiaccupukaropa MEXaHHIECKOTO
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Hcnonvzosanue moodenu MMS onsa cucmemst agaputinozo peazuposanus Ha A2C

cocraBa mous H.A.Kaunuckoro 0b110 HaimeHo cooTBeTcTBHE M1 mouB [1,8]. Pacnpenencuue
3aHMMAEMBbIX IUIOUIa/Ied MO KaTeropusM IOYB MOKA3bIBAET, YTO B OTIMYME OT MOJAEIBHBIX
JAHHBIX, B YKpauHe (aKTUUECKU INPEACTaBICHO YEThIpe KiIacca MEXaHMYECKOI'O COCTaBa
NOYBHI B Kateropussx MMbD: necuaHslii CyIJIMHOK, WIMCTBIN CYTJIMHOK, INIMHUCTBIN CYTJIMHOK
Y TJIMHA.

ZOcylWeHHble 3eMnn S
(nawwHa v nacTéuwa); OcyweHHbIe 3eMnK
. . B * (nawHA u nacTbuwa)
“ R,

Knaccudmkauus noussl B Mogenu MMS

BeanecHasn unu peaKas pacTUTeNbHOCTh
BeyHosenekble XBOWHbIe
BoaHbli 06beKT
2 KycTrapHukn
3 NucTBeHHble WHPOKONUCTHBLIE
##f Opowaemble c/x 3emnu
OCYwWeHHbIe 3eMNU (NawHA U nacTéuwa)
5 MacTbuue, CeHoKoChI
Mawkxa/nec, Mo3anka
Mawnainyr, Mo3auKa
= CMelaHHbIA nec
# ropoackan

i

#

S

Knaccbl 3emMnenonb3oBaHna kapTel M:3000000
ANANTHPOBEAHHEIE K KATETOpHAN Wogenn MMS
# BesnecHas UNK peaKan PacTUTENLHOCTb
BonoTa, 3acakeHHbie AepeBbAMH
: BeyHo3eneHble XBOMHbIE
B Boaubii 06LexT
5 KycTapHWKW
& NUcTBeHHbIe YIKONWUCTHBIE, MENKONUCTBEHHbI
# NucTBeHHbIE WHPOKONMUCTHLIE
i Opowaembie c/x 3emnu
OcyuweHHbIe 3eMnM (NalHA 1 nacTouwa)
“ MacTouMile, CEHOKOCHI
Nawusinec, Mozauka
MawHaA/nyr, Mo3anka
il CMelaHHbIA nec
# Tpasbi (Myra) 3a6onoyentsie
# ropoackan

6)

Puc. 1 — IIpocTpaHCTBEHHOE pACIpeeIeHHe PACTUTEILHOCTH I10 TEPPUTOPUH Y KPAHMHBI:
(a) ucrounuk — USGS; (6) ucrounuk — reorpaduueckuii Ataac YKpauHsl.

OTKOppeKTHPOBaHHbIC HU(PPOBBIC (MOTUTOHANBHBIC) KAPThl PACTUTEILHOCTH M MTOYBBI
ObUTH TiepecedyeHbl ¢ mocTpoeHHbIME peryisipabiMu cetkamu (DOMAINS) B mpoekuuu
JlamGepra ¢ maramu — 81, 27, 9 kM g TeppuTOpHUM YKpauHbl M IIaroM 3 KM JUIs
tepputopuiit ADC.

3 YuciaeHnnie pe3yabTaThl " OIIEHKH ONpaBAbIBAEMOCTH NMPOrHo3a
MeTeopoJIorHYeckux noJei moaeau MM5S

[ToaroToBieHHas M aJanTUPOBAaHHASA K TeOrpa@UUECKUM YCIOBHSIM YKpauHbl BXOJHAS

uHpopmarus Obuta KoHBepTHpoBaHa B 0ok TERRAIN u ucnonp3oBana 1j1si IpoBeaCHUS
YUCJICHHBIX 3KCIICPUMCHTOB U OLICHKU OIPABAbIBACMOCTHU MPOTHO3a IMOT0Abl JJIs TeppI/ITOpI/Iﬁ
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YKpauHbl U OTIENBbHO AaTOMHBIX CTaHUMH. OIEHKa ONpaBAbIBAEMOCTH IPOBOJMIACH B
COOTBETCTBUM C METOJIUYECKUMH YKa3aHUsMH [3] UIi METEOpOJIOTMYECKHX 3JICMEHTOB!
TeMIepaTypa, T€ONOTeHLMal, CKOpPOCTh U HalpaBlIEHHE BeTpa JUIsl HM300apUuecKuX
nosepxHocreit 1000, 925, 850 u 700 rlla Ha cpok mporrosa 24 4. Pacuersl ObLIM cleaHbI
JUIS Pa3IMYHBIX THUIIOB CHHONTHYECKUX CHUTyalluidi ¢ OoJbImIoi u Majoil (akTtuyeckon
U3MeHuYMBOCThI0 Toneil. TectupoBanue cxempl MMDS mpoBoAMIIOCH NpPU 3aKPEMIIEHHBIX
CXE€Max BBIYHCIIEHUS HCAl, 00J1aYHOCTH, KOHBEKIIMH, PaAHaIlid U T.1I.

Bouti 0TOGpPAHEI: B¢ BHIOOPKH NAaHHEIX (mamHble peanammsa ot NCEP?: ampeis-maii
1986 u okts6ps 2006 rr.). Bcero mpoanammsupoBano 69 ciyuaeB. BerumciaeHus ObLTH
C/eNaHbl Uil TePpUTOpUM YKpauHbl ¢ ImaramMu cetkd — 81, 27 u 9 kM u 11 TeppuTOpHid
ATOMHBIX CTaHIIMH C IIIarOM CETKH — 3 KM.

[TpenBaputensHo OblIa HpoBeAeHA KiIacCU(UKALUS CHHONTHUECKUX CHUTyaluH IO
«atasioHHOMy Tumy» [4,5]. Bbuto BbimeneHo 8 3TaJOHHBIX THIIOB I JaHHON BBIOOPKU U 2
OCHOBHBIX THIIa CUTYallMH, XapaKTEPHbBIX JIs1 BBIOPaHHBIX IEPUOI0B MpeICTaBIeHbl B Ta0m. 1.

Ta6JII/ILIa 1 —HOBTOpHeMOCTB OCHOBHBIX THIIOBBIX KJIaCCOB CMHOIITHUYCCKHUX CI/ITyaHI/Iﬁ

Tun cuHonTHYeckoif cutyanuu | Xapakrepuctuka cutyauuud | IloBropsiemoctsh, %0

CraOmibpHasg IIOroja, He3Ha4H-
1. Ock rpeOHs, aHTUIIUKIIOH TeJIbHbIE TOPU3OHTAJIBHBIE Tpa- 27,5
TEHTHI JaBICHMUS.

Masible TOpPU30HTAJIbHBIC Oapu-
YeCKUE TPAJUCHTHI, cIabble BETPH] 39,1
MY [ITHJIEBAs 1TOr0/1a

6. CeyioBrHA, MAJTOTPAJIUEHTHOE
nose

YucneHnHsle pe3yiabTaThl ObUlM 00paOOTaHBl M CHUCTEMATU3UPOBAHBI IO KilaccaMm
CHHONTHYECKUX CHUTYallMd W 10 KPUTEPUIO «(PaKTHUECKOW H3MEHUYUBOCTU». Pe3yibrars
OCpEIHEHHBIX OLIEHOK JUIsl OCHOBHBIX METEONapaMeTpOB MpeICTaBIeHbI B Ta0MI. 2.

Ta6muma 2 —CpenHsis OLICHKa ONPaBABIBAEMOCTH MTPOTHO3a T€OMOTEHIINANA, TEMIIEPATYPhI U
BeTpa Ha 24 4. B y3iax cetku 1o mozaenu MMS5 (1986, 2006 rr.).

Cpe/Hsisi OllEHKA ONPABIbIBAEMOCTH 53 o’ g’ 58
(69 cryuaes)

Bapuueckoro nosst (1000-700 rlla) 143 ™m 176 | 0.51 3.7wMm
[Mons Temmeparypsr (925-700 rlla) 1.5°C 1.9 0.66 -0.1°C
CkopocTH BeTpa, M/CeK 1,4 1,8 0,5
Hamnpasnenus Betpa, rpa. 37

YuciaeHHEBIC IMPOrHO3bI Ha 24 4. TOKa3bIBAIOT XOpomue OLCHKHU OITPpaBAbLIBACMOCTH
IIPOrHO30B METCOPOJIOTMYCCKUX MapaMEeTPOB. OTHOCHUTECIIbHAs oIInoOKa reonoTcCHIalia

! TICA - norpauuussiit c1oii aTMocheps!

2NCEP - National Centers for Environmental Prediction (HammoHanbHEIA LEHTp MPOTHO3a OKPYKAIOIMICH
cpeibl)

3 Cpennsis aGcomoTHAs OMUOKA IPOrHO3a

* Cpennsis KBajpaTHIHas OMKOKA MPOrHO3a

> Cpe/iHsis OTHOCHTENbHAs OIKOKA MPOrHO3a

® Cpemmsis crcTeMaTHdecKas OIMOKa IPOTHO3a
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n3mensiercs ot 0,4 no 0,67 na yposHsax 1000-700 rlla. OTHOCHTEIBHBIE OMMOKHA MPOTHO3A
reonoTeHIMaja Ui KJIacCOB CUTYAIM «C MaJOTPaJlM€HTHBIMU MOJSAMI» H U1 KBOCTOYHOM
nepudepun  aHTUIUMKIOHOB» HebOonbmme: 0,42-0,43; alconmroTHas ommOKa TMPOrHO3a
TEMIIepaTypbl JUIsl yKa3aHHBIX KJaccoB He mpeBbimiaeT 2°C, YTO COOTBETCTBYET YPOBHIO
100% ompaBapiBaeMOCTH MPOTHO30B. OTHOCHTENBbHAS OIMMOKA MPOTHO3a TEMIEpaTyphl Ha
ypoBusix Beime 1000 rlla usmensercs B cpenneM ot 0,4 o 0,7. OtHOcuTenbHas omuOKa
IPOTHO3a JIJIsl TPU3EMHOM TeMIIepaTyphl BO3yXa 3HAUNTENbHO BhIe U MeHsercs ot 0,8 mo 1
U BbIIIE. BT MpOBeIeH CpaBHUTENBHBIN aHATN3 CTATUCTHUECKUX OIEHOK OMPaBIbIBAEMOCTH
YHCJICHHBIX TPOTHO30B T'EOMOTEHIMANA C Pa3IMYHBIMU IIaraMd CeTKH W IS PasHbIX
rpaganuii  ¢dakTudecko wu3MeH4YMBOCTH. Jlns oOmactei ¢ maroMm ceTku 3 KM Bce
CTaTUCTHYECKUE XaPAKTEPUCTUKH OIEHOK OIPaBIBIBAEMOCTH IPOTHO3a TEMIEpaTypsl U
reonoTeHlINaja YMEHbBIIAIOTCA C YMEHBUICHHEM Ilara CEeTKH JUIsi BCeX H300apHuuecKux
noBepxHocTedl. HambGonpimime  OTHOCHTENbHBIE OWIMOKM  MPOrHO3a  TE€ONOTEHIIHANA
HaOromatorest st cnydaeB ¢ Mainod (0—10 M) u GombInoi (GakTHYECKONH HW3MEHUYHBOCTBHIO
(>40 M), 9TO MOATBEPIKIACTCS U IPYTUMH aBTOpamH [2].

[ToaroroBnennsnii Bapuant moaenmun MMS ObUT HCTTONTBE30BaH ISl IPOBEICHHS PACUETOB
dbopMupoBaHUA TOJEH pPaaUOAKTHBHBIX BBIMAJCHUNH 1O pEerHoHANbHOU AuQQy3uOHHOI
Mozenu mnepeHoca nmpumecu B atmocdepe LEDI [7]. Mogens «LEDI» paspaborana mist
pacueToB nepeHoca npumecu Ha pacctostaust 70 1000 kM OT ra30a’po30JbHOTO “TOYEYHOT0”
uctouHuka ¢ 3¢ dexTuBHOIM BrIcOTOM BBIOpOca oT 0 10 1500 M 11t pa3nuyHBIX €ro THITOB IO
JUTUTEIIBHOCTH BBIOpOCa (3a/IMOBBINA, KOHEYHOTO BPEMEHM ICWCTBHS, HENPEphIBHBIN). B
MO/IEJI UCTIONB3YETCS COYETaHHUE JIArPAHIKEBOTO U DIIIEPOBOTO MOIX00B K MOACITHPOBAHUIO
pacrmpocTpaneHus npumecu (JlarpamkeBa TpaeKTOpHasi MOJIENIb MepeHoca Kiyba mpumecH +
ypaBHEHHE TypOyJeHTHOU Muddy3un JUIsl ONMUCAHUS TUCIIEPCHU NMPUMECH BHYTPH Ka)JIOTO
K1y0a). Mojenb MO3BOJIET PACCUUTHIBATH PACIPOCTPAHEHHE MPUMECH B HECTAI[MOHAPHBIX
(BciemcTBUE CYTOYHOTO XOJ@a XapaKTEPUCTHK TOTPAHUYHOTO CJIOS aTMOC(epbl  HIIH
U3MEHEHHIA TIOT0/1bI) ¥ TOPU30HTAILHO HEOTHOPOJAHBIX METEOPOIOTMIECKUX MOJISIX.

Mopnens amanTUpoBaHa K UCIHOJb30BAHUIO KaK JIAaHHBIX MPSAMBIX H3MEpEHUit
METEOPOJIOTHYECKON MHpOpMAIHK (B YaCTHOCTH, JaHHBIX PaJMO30HIUPOBAaHUS aTMOCchepsbl),
TaK U JaHHBIX PACUETOB YMCJICHHON MOJENH MporHo3a noroas MMS. B nocnennem ciyyae B
KauecTBe BXOAHBIX JaHHbIX it LEDI  wucnomb3yroTcsi  pe3ysbTaThl  pacyeToB
METEOPOIOTHYECKUX TapaMeTpoB (3-XMEpHOTO MOJIsi CKOPOCTH BETPa, TEMIIEPATYPhI BO3yXa,
JIaBJICHUS], aTMOC(EPHBIX OCAJKOB, BBICOTHI MOTPAHUYHOTO CJIOSI aTMOC(Ephl, AUHAMHUYECKOM
ckopoctd, Macmraba MonuHa-O0yxoBa), a TakKKe XapaKTEPUCTUKH IOICTHIIAIOIICH
noBepxHOCTH (penbed), 3HaYeHHs TapaMeTpa MEePOXOBaTOCTH MOJCTUIAIONICH TOBEPXHOCTH)
u3 ucxoaHou At MM5 undopmanuu (manasie TERRAIN).

Pacyetsl OblTM MPOBEACHBI VISl HECTAIIMOHAPHBIX YCIOBUN — BBIXOJ M MPOXOKICHHUE
LUKJIOHA 1o TeppuTopun Ykpaunel ¢ C3 Ha OB g ciydas runoreTudeckoi aBapuiHON
curyaiuu  Ha  PoBeHckoit ~ ADC ¢ uUCHONb30BaHHMEM  pPa3HbIX  HabOpOB
MeteonHpopmarmu (puc. 2):

" JTaHHBIX YHUCJICHHOTO TIPOTHO3a MOTOABI 1O Mojaenu MMbD- mepnoanyHOCTh BBIBOJA
nporHoctTudyeckux gaHHbX st «LEDI» 1 4.,

"  JaHHBIX CIyKObl Ykprumpomera (7 OaM3NEKAIIUX CTAHIMHA) — [EPUOIMYHOCTD
MOCTYIUICHHS TEKYIIHUX JaHHbBIX it «<LEDI» — 3 4.

" JaHHBIX cTaHOWil BerpoBoro 3oHaupoBaHus (IllemeroBka, Bpect) — mepuoauyHOCTH
MOCTYIUICHUS TEKYIIUX AaHHBIX A1 «LEDI» — 12 4.

Pesynbrartel mokazanu, YTO TPU HECTAIMOHAPHBIX CHHONTHYECKHX IIpolieccax
(mpoxoxeHre (GpoHTa, KOHBEKTUBHBIC SIBIICHHS W T.II.) UCIOJH30BAHUE TOJBKO TEKYIIEH
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uadopmarnmu T'uapomeriientpa (puc. 26, 2B) sl NPOTHO3MPOBAHHS —PATHMOAKTUBHOTO
3arpsi3HCHUS J1aeT CYyIIeCTBeHHbIC omuOku aaxe B 30He ADC (Ha paccrostauu 10 30 kM.) B
9TOM ciy4ae OmuOKa B ONPEICICHHHM HANpPABIICHUS PACIPOCTPAHCHHS PaAJIHMOAKTHBHOTO
sarpsisHeHUsT MOxkeT aocturath 40-90 rpan. Vcronbs3oBaHWE MaHHBIX YUCJICHHOTO MPOTHO3a
noroabl (¢ paspemieHueM ceTkd 9—3 KM W IIaroM BBIBOJA JAHHBIX 1O BpeMeHH 1 4.)
3HAYUTEIBHO  YJIy4llIaeT TIPOTHO3 PAa3BUTHS PAJAMAIMOHHONW OOCTAaHOBKM B  30HE
otBeTcTBeHHOCTH ADC. IlonmoxkutenbHpIi 3PPEKT OT TAKOTO MPOTHO3UPOBAHUS JJISI JTAHHOTO
pacuera COCTOUT B MPEAYNPESKICHHHM W MHHUMH3AIUHA TOCIEACTBHA PaIUAIMOHHOTO
oOydeHus HaceneHus: 60 MyHKTOB, MONABIINX B 30HY 3arps3HEHUS.

(0) (8)

Puc. 2 — CpaBHuTenpHas XapaKTEPUCTUKA pPACUETOB HAINpaBJIEHWW BBIOpOCA TPH Pa3HBIX
MeTeomanneix 3a mnepuoxa ¢ 29.10.06. 13h mo 29.10.06. 21h. (a) — mo
NPOTHOCTUYECKMM JaHHbIM Moaenn MMD5; (0) — 1mo TeKymuMm JaHHBIM
METEOCTaHIIUI YKpauHbl; (B) — MO TEKYIIIMM JaHHBIM BETPOBOTO 30HIHPOBAHHSI.

4 BriBoabI

1. IlpoBeneHHBbIE YHCIEHHBIE OSKCIEPUMEHTHI ¢ Mojenplo MM5 U monyuyeHHbIe
npeBapuTeNbHbIE OICHKH YCHEIIHOCTH MPOTHO30B TEMIIEpAaTyphl M TI'EONOTEHIHAIa
CBHUJICTEJILCTBYIOT O XOPOIIIEM YPOBHE MPOrHO3a OAPUUECKOTO TIOJIS | TIOJIST TEMIIepaTyphl
B cinoe 1000-700 rIla. OmmOku mporHo3a TemIepaTtypbl M BeTpa Yy 3eMiId OJM3KH
CpEIHEMY YPOBHIO.

2. Haubosnee omTUManbHOW MeTeOpoloruueckoil wuHpopMamnumer s obecredeHus
PETHOHATBHBIX MOJIENIEH aTMOC(EPHOTO MEPEHOCa 3arps3HSAIONNX BEHIECTB SBISTFOTCS
JJaHHble OOBEKTUBHOIO AaHAJIM3a MM pPE3yJbTaTOB YHCIEHHOIO IPOrHO3a IOTOJB,
HOJy4YEeHHBbIE C  TIOMOIIbIO COOTBETCTBYIOIIMX  MOJEIEeH  HAIMOHAJIbHBIX
meteopostornueckux ciayx06 (WRF, MM5, HIRLAM).

3. HeobxoaumMo TMPOMOIKATH YHCICHHBIE OKCIHEPUMEHTBI ¢ Mojenpilo MM5 ¢
MOJKITFOYEHUEM «MOJIeNIM TIOBEPXHOCTHOTO CIIOS 3eMJIM» W BBIOOpOM Hamboiee
ONTUMAJIBHBIX CXEM HapaMeTpU3alMd IOTPAHUYHOIO CJIOS aTMOc(ephl U pa3HbIX
TUIOBBIX M 9KCTPEMAJIbHBIX CHHONITUYECKUX CUTYaIUH.
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Use of numerical weather model «mm5» for meteorological maintenance of emergency
responsibility system on the npp

Abstract. Adaptation of an open numerical weather model MM5 to geographical conditions of Ukraine is executed
and the preliminary estimation of success forecasting of spatial pressure and temperature fields is analyzed for
Ukraine territory and areas of nuclear power plants. Interaction of model AM5 and diffusion model ““‘LEDI’” provides
necessary operational efficiency in an estimation of distribution of radioactive emissions from the nuclear power
plant.

Keywords: numerical forecast, adaptation, success of forecasting, modeling, emergency.

Yxpaincobkiii rizpometeoposoriunnii sxxypuas, 2009, Ne 4 153



UDC 551.510.522

B. Grisogono, Prof., Sc.D.
Department of Geophysics, Faculty of Science & Mathematics, University of Zagreb, Croatia

A  GENERALIZED “Z-LESS” MIXING LENGTH-SCALE FOR STABLE
ATMOSPHERIC BOUNDARY LAYERS

Abstract. Recent research suggests that the evolution of the stable ABL is still poorly understood. Certain
advances in theory and modeling of the stable ABL (SABL) are assessed. Inclined strongly SABL is addressed.
We show that a relatively thin and strongly SABL, as recently modeled using an improved “z-less” mixing
length, can be successfully treated; the result is quietly extended to other types of SABL. Finally, a generalized
““z-less’” mixing length is proposed.

Keywords: katabatic flow, Monin-Obukhov length, numerical modelling, parameterization, Prandtl number,
Richardson numbers, stratified turbulence, very stable boundary layer

1 Introduction

The atmospheric boundary layer (ABL) is an intra- and inter-layer between various
underlying surfaces, on one side (e.g., inclined terrain, urban areas, sea), and the rest of the
atmosphere above. Mainly depending on forcing of the ABL, one often distinguishes various
types of convective ABLs on one side, and stably stratified ABLS, i.e. the SABLS, on the
other side. The focus of this study is on the very (or strongly) SABL, i.e. the
VSABL [1,2,5,7,8,10] where progressively smaller eddies still play important roles in the
overall behavior of the layer. On the contrary, in the typical CABL only the largest eddies
determine most of characteristics of the CABL’s turbulent flow and its internal evolution;
most of the dynamics pertaining to the CABL can be successfully treated via various
Richardson numbers.

Going back to the SABL, small eddies governing the VSABL are difficult to measure,
in order to provide statistically reliable higher-order moments (fluxes, etc.); these small eddies
may be generated by a multitude of physically different processes. The corresponding
turbulent structures and overall behavior of the VSABL are under complex influences
emerging from strong near-surface temperature inversions, possible low-level jets (LLJ), wind
meandering, unsteadiness, surface fluxes, internal boundary layers and roughness changes,
buoyancy waves, etc. These features strongly affect the VSABL and thus determine its
turbulence properties; hence, there are also a few types of the VSABL. Almost needless to
say, the VSABL is still not well understood today [4,7,8,9,10]. Its nature, i.e. basic dynamics,
physics and overall evolution are often unknown. Loosely speaking, one deals in the VSABL
with the vertical scales between a few tens to a few hundreds of meters, and quasi-horizontal
and temporal scales of a few kilometres and a few minutes to a several hours, respectively.

Current resolutions in numerical weather prediction (NWP), air-chemistry and climate
models are still insufficient to simulate, or even emulate, bulk properties of the VSABL
(which is usually thin, say, less than 100 m in its depth). Thus, we cannot learn much about
the VSABL from the existing state-of-the-art numerical models either. Our current
knowledge about the VSABL, and its necessary inclusion into appropriate turbulence
parameterizations in NWP and the related models, is still sparse and hardly adequate. For
instance, the SABL as simulated in current NWP and climate models are usually much too
deep [4,9]. All these points mentioned hint the aim of this paper, which is to shed some light
on a type of VSABL, and then to try to extend it, at least partially, to a broader array of
VSABL flow types.
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A few particular questions are to be discussed here related to the VSABL and its
stratified turbulence. The focus is on the so-called “z-less” mixing length-scale, which is the
relevant turbulent local mixing length above the surface layer for parameterizing the related
turbulent processes. The (strongly) stable layer may be extremely thin or even non-existent in
a particular VSABL [2,4,5,6,7]. One of the role models for the VSABL is the one that is
driven katabatically against a calm and stably stratified background atmosphere [1,2,5,6]; this
will be one of our starting points in this study. Another kind of the VSABL, still poorly
understood today, is e.g. that under weak-wind strongly-stable conditions [8]. The former
VSABL type, i.e., shallow katabatic flow, may often be addressed via calibrated (modified)
Prandtl model [4,5,6]. In a world of ever refining resolution of NWP, climate and air-
chemistry models, there are progressively lesser areas with purely horizontal land surfaces;
this lends additional credibility and perspective for the modified Prandtl model as it will be
done here. Pragmatic improvements to be recommended here should eventually help in
preventing NWP and air-chemistry models’ difficulties related to frictional decoupling and/or
runaway cooling [2,4,5,9]. The latter problems are typically fixed, i.e. loosely alleviated in
many current numerical models, by simply allowing for an excessive vertical diffusion in the
models. In this way, being over-diffusive, the models still serve many of their main purposes
(e.g. apparently simulating baroclinic instability in a proper way, filling cyclones faithfully,
etc.) while erroneous SABL fields might be largely fixed retrospectively, via some sort of
post-processing. Of course, this is a physically incorrect way, lacking the basic knowledge
about the VSABL, and it will be shortly demonstrated and surpassed here.

This study continues on a few other recent works of the author, colleagues and the
collaborators [4,8,9,10]. Its raw material (not as a whole) was presented at conference in
Odessa, 2008, http://www.conf.osenu.org.ua/, dedicated to the memory of L.N. Gutman, the
father of theoretical mesoscale meteorology. Some of the overall material presented there has
been partially published [4], some of the results, such as e.g. a generalized “z-less” mixing
length-scale, that was conceived at the conference, is a new result that has not been previously
published.

2 Recently improved mixing length for the SABL

In a very recent study two very different models were successfully deployed in concert
in order to improve and tune a “z-less” mixing length—-scale in one of the models [4]. One is
MIUU mesoscale model, i.e. a 3D fully nonlinear numerical model with a reliable higher-
order turbulence parameterization scheme; a detailed explanation of the model is given
in e.g. [3]. Another model is a basically analytical 1D model, arguably weakly nonlinear, with
a prescribed gradually varying vertical eddy diffusivity/conductivity profile, i.e. the modified
Prandtl model [5,6]. The “z-less” length mentioned, defined as a local quantity, has
become [4]:

(TKE Y2 . (TKE )¥2 ] | "

| =min| a :
STAB [ N $

where the symbols have their usual meaning: TKE is turbulent kinetic energy, N and $ are
buoyancy and shearing frequency (from the absolute shear: $ = |S|), respectively, a ~ 0.5 and

b=a/2 - all for the gradient Richardson number 0<Ri<1, Ri =(N/S)2; otherwise, for
Ri>1, only the 1% term in (1) is kept. If (1) is applied for all Ri >0, then the 1¥ term in (1)
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will be valid only for Ri >4, provided again b =a/2 (the validity goes in (1) as the square of

a/b due to Ri=(N/$)2).

Let us plausibly define the weakly stratified SABL exhibiting everywhere 0 < Ri < oo
but usually Ri<1, and the VSABL determined by its (sub)regions with Ri>1. Figure 1
displays an over-diffusive SABL in a typical mesoscale numerical model (solid curves); the
profiles are taken from [4], based on their Fig. 1, simulated by MIUU model. The solid
curves in Fig. 1 are obtained by using only the 1% term in (1), which was one of defaults in
MIUU model [3]. The dashed curves, shown on both panels in Fig. 1 for the downslope
velocity U and potential temperature &, respectively, represent the corresponding simulation
with the problem alleviated; there (1) is fully deployed. The latter simulation (dashed) is a
more trustful one because it also corresponds to another model, i.e. the calibrated analytic
Prandtl model result [4,6]. Both models, MIUU and Prandtl, had been previously validated
independently against various observations and theories. Hence, these models qualify as very
useful tools independently for studying various types of SABL flows (their complexity, basic
assumptions, etc.). The main input parameters and model setups are the following. A
constantly sloped terrain of —2.2° is imposed under a windless stratified background
atmosphere of A@/Az=5K/km with the surface potential temperature deficit of 6.5 K,

1.5m<z<30m in the lowest 500 m of the atmosphere. The others, less crucial input
parameters, such as the relatively small roughness length, etc. are not listed here for brevity.
These were used throughout the study unless stated otherwise explicitly; the other details are
in [3] or [4].

Old (solid) vs. New (dashed) Old (solid) vs. New (dashed)
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Fig. 1 - Two simulations of the same pure katabatic flow using two different
parameterizations for the “z-less” mixing length in MIUU model [3,4]. The profiles
of the downslope wind component U (left) and potential temperature 6 (right), are
shown averaged over 24 h. Over-diffusive SABL (solid) consists of an elevated LLJ
and a capping inversion spread over the lowest 150 — 200 m. Using a recently
proposed “z-less” mixing length (1), with TKE and wind shear, the SABL becomes
much thinner (dashed) as expected from the theory of Prandtl.
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While the over-diffusive SABL modeled, Figure 1 (solid) is much too deep, its properly
modeled behavior, i.e. the VSABL (dashed), is in agreement with the calibrated Prandtl [4,6].
From a technical point of view, it is also numerically and physically stable (e.g. it does not
show a sign of frictional decoupling it can reproduce diurnal cycle, etc.). It is expected that
(1) ought to improve simulations for other types of SABL flows too, simply because the
overall turbulence scheme deployed, a higher-order one, so called level 2.5 [2,3,4,9,10], is
slope insensitive. In other words, this scheme a priori does not care whether a particular flow
is katabatic (corresponding to various inclining underlying surfaces) or not. To add a point of
conclusion, since the wind and its shear are, in overall, more variable than buoyancy
frequency in the atmosphere, it makes much sense to deploy (1) fully, instead of only its 1%
term relating the mixing length to Ozmidov length only. Once again, the basic advantage of
using (1), see Fig. 1, is the prevention (dashed) of the over-diffusion of the SABL in time and
height.

Next, we expand the formulation given in (1) by deriving a new generalized local
mixing length-scale, then we compare it to the existing suitable mixing length-scales. In this
way, we extend our most recent work about modeling of the SABL [4].

3 Generalized “z-less” mixing length

Before we proceed with further analyzing the mesoscale model simulations, we first
introduce a new generalized “z-less” mixing length-scale for the SABL (and VSABL in
particular) flows. This new mixing length will be derived from a simplified TKE equation,
i.e. it will be not heuristically obtained from e.g. scaling or dimensional arguments. This
proposal is a generalization of (1). Begin with the prognostic equation for TKE under the
usual simplifying conditions: horizontal homogeneity, Boussinesq and the absence of mean
vertical motions, i.e.:

OTKE) _ w900 - O w(® 1TkE) |- ¢, 2
ot oz 6 0z Lo

where the terms have their very typical meaning. Namely, the local rate of change of TKE on
the LHS of (2) is balanced by the shear production, buoyant destruction, transport
(redistribution-like) due to pressure- and turbulence-correlations and viscous dissipation,
respectively. Assuming flow steadiness, and neglecting transport terms in the squared
brackets, we parameterize the momentum and heat fluxes in (2) as K,,$ and Ky$, where

Ky and Ky, are eddy diffusivity and conductivity, respectively. Finally, the last term in (2) is

parameterized as ¢ = b(TKE)S/Z/A, where b is an empirical constant and A is a new mixing
length-scale replacing Isras from (1). Under these simplifications (2) yields:

O:Km$2—KhN2—%(I'KE)3/2, 3)

where the buoyant destruction and viscous dissipation, i.e. last two terms in (3), compete in
spending TKE after its mechanical/shear production.

A simple 1% order closure assumes, from the absolute shear $, that K, = a1A2$ and

Ky = a1A2$/Pr; & is a model constant and Pr is turbulent Prandtl number; typically Pr>1
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in the SABL [5,6,10]. An advanced and probably better parameterization, i.e. a higher-order
closure, may take a form as K, = aZA(TKE)]/2 and Ky, = a2A(TKE)]/2/Pr . When plugged
in (3), the corresponding A; , becomes:

(4)

with ¢, being appropriate coefficients obtained from b, a or ap, respectively

(g :(b/al)]/s,cz :(b/az)]/z), the root exponent in the denominator in (4) is either 1/3 or

1/2, for the 1% or the higher—order closure, respectively. Note that TKE is typically forecasted
in higher-order closures; meanwhile, in 1% order schemes it may be only diagnosed. Now
including a very important recent finding about the SABL

Pr~0.8+5Ri, (5)

from [10] into (4), its denominator is justifiably expanded into binomial series because for the
SABL (5) yields max(Ri/Pr)<0.2. Thus, the newly proposed “z-less” mixing length-scale

is approximately

_ (TkE)? Ri
Ao =Cpo 3 1+(3,2)Pr : (6)

which is a modification of (1); again, the indices correspond straightforwardly to those in (4),
ie. Aj, to ¢, relating to the 2" term in the brackets to Ri/(3Pr) or Ri/(2Pr),

respectively. Note that there is a whole class of the alike parameterizations, i.e. between 1°
and 2" order closures, allowing for the same basic formulation (6), namely, A ~ (TKE)l/2 /$ .

For K, and Ky parameterized in (3) as eg. Kp=ag(TKE/N) and
Km =a3 TKE/(PrN), which also makes much sense for the VSABL, instead of (4), we end
up with

e (-I—KE)1/2 Ril/2

A3 $  (-Ri/PR)’

(7)

where cg is obtained in the same manner as ¢, , (c3 =b/ag). Since (5) allows a binomial

series of the denominator, like in (6) and again based on the smallness of the ratio Ri/Pr as
in (5), one may also expand (7). We conclude that most of meaningful parameterizations
between 1% and 2™ order turbulence closure schemes for the VSABL are well treated with a
“z—less” mixing length scale of the type:

(TKE)L/2

A =const f (Ri,Pr), (8)
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with 0<const<1 and f(Ri,Pr) as a simple function, or even a simpler series expansion,
already given for two classes as ~1+Ri/(3Pr), or ~1+Ri/(2Pr); in the third case discussed

this fz(Ri)l/2 (1+Ri/Pr). For both 1% order— and higher—order closure schemes, the

respective single coefficient on the RHS of (8) is a priori known number from the respective
definitions of eddy diffusivities in each particular NWP or climate model deployed.
Mesoscale models with advanced higher-order turbulence closure schemes, as e.g.
MIUU model [3,9], typically have a multiple choices for obtaining eddy diffusivity and
conductivity under stable conditions; meanwhile, a suitable set of options and entering
coefficients is already accommodated implicitly with the proposed A. Nonetheless, any

combination of the parameterizations discussed end up with (8), i.e. A ~ (TKE)1/2/$. This is

provided by the systematic reduction of TKE, (2) to (3), which yields the balance of three
terms deployed for A. A test with MIUU model shows that A, from (6) behaves in

accordance with the expectation, i.e. there is no distinguishable difference between the
katabatic flow simulation already displayed using (1), and the one with (6), Fig. 2. It cannot
be overstressed that the katabatic flow fields from MIUU model displayed in Fig. 2

Th (over—diffusive run), °C U (over—diffusive run), ms™t

(@) 4

200
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height, m
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time, h o time, h a1
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(b) 4
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Fig. 2 — Left (a), (b), (c): potential temperature and right (d), (e), (f): downslope wind
component, U, vs. time and height simulated using MIUU model. Details from
Fig. |, solid, are in the upper two panels (old, over-diffusive results); dashed, are in
the middle two panels (recent, correct). In Fig. 1 these results were averaged in time.
Lowest two panels (c), (f) are obtained using A, from (6); these results are almost

undistinguishable from those in the middle, (b), (d), giving approval to the derivation
of the generalized “z—-less” mixing length A .
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correspond very well to the calibrated Prandtl model [5]. Of course, all the fields modeled are
coupled among themselves in the dynamically consistent way through the governing
equations. The input parameter set assigned to MIUU model is: the Coriolis parameter, slope
angle, surface potential temperature deficit and background temperature gradient

(f.0.C.00/82)=(10s, 22", ~6.5°C,5.10 K (km) .

Top four panels in Fig. 2 show time—dependent details of the modeled flow; the time
averaged fields were previously displayed in Fig. 1 for the motivation purpose. The lowest
two panels, using the new generalized “z-less” mixing length from (6), correspond nicely to
the recent result [4], two middle panels, thus giving the credentials to this study. The main
lines of the corresponding discussion have been already presented. Next, we display a few
additional flow fields from the same model run and organize them in the same fashion as
in Fig. 2. Figure 3 shows across-slope wind component, V , left column (Fig. 3ato 3c),
absolute air temperature, T, middle column, and the mixing length, A, right column. The
upper panels correspond again to the old, over-diffusive run, the middle-row panels relate to
our recent results [4] and the lowest panel pertains to the new, generalized result of this study.

V (over—diffusive run), ms ™t T (over—diffusive run), °C mixing length (over—diffusive run), m
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200 200 200
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Fig. 3— Same as Fig.2 but now for the across-slope wind component V , left column,
absolute air temperature, T, middle column, and the mixing length, A, right column.
The middle row (b), (e), (h) is obtained with (1), as in [4]; the lowest three
panels (c), (), (i) are obtained using (6).

Simple katabatic flows, e.g. as those displayed here (Boussinesq, hydrostatic, quasi-1D,
without large-scale pressure gradient, all for constant: surface potential temperature deficit,
slope, and roughness), if sufficiently persistent, e.g. over long glaciers during the polar night,
might generate permanent effects on the troposphere [6]. During persistent katabatic forcing,
the across-slope wind component V is induced due to the Coriolis effect; V diffuses upwards
without a well-defined spatio-temporal scale, Fig. 3b, 3c. This could affect, in principle, the
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whole troposphere, all the way upward to the polar vortex (after ~ 180 days of polar night).
Note that this gradual upward diffusion of the V-component is absent in the otherwise over-
diffusive SABL, Fig. 3a, 3d and 3g. Although the temperature gradually decreases through
the lowest few hundreds of meters of the adequately modeled VSABL, Fig. 3e and 3f, it never
over-diffuses upward, as in Fig. 3d, but it remains strongly stratified through the lowest few
tens of meters where the katabatic LLJ exists, Fig. 2e and 2f. This is accentuated by the
significantly smaller corresponding mixing length scale using (1) and (6), Fig. 3h and 3i,
respectively. At the nose of LLJ, i.e. at only 15 to 20 m above the surface, Fig. 2e and 2f, the
mixing length is <1 m, typically A ~0.2m, Fig. 3h and 3i. The lower four panels in Fig. 2

and the lower six panels in Fig. 3 show that much stronger gradients occur within this
VSABL modeled with (1) or (6), than with the old mixing length formulation using only the
1% term in (1), the uppermost panels in Fig. 2 and 3. Note that stronger gradients, sharper LLJ
and shallower near-surface inversions are the usual characteristics of the katabatic type of
VSABL flows [1,2,4,5,6]. There it is the LLJ and its shear that govern the turbulence
properties, not e.g. a distance from the surface. Describing the VSABL with e.g. Blackadar
type of the mixing length-scale will never be successful because of allowing for too much
vertical mixing. Even a more sophisticated local length-scale, e.g. “z—less” length based or
related to Ozmidov scale, like the 1% term of (1), will also often be wrong because of
excluding the most relevant scale, i.e. the wind shear explicit effect.

A few remarks and side notes follow before the final conclusion. An enhanced A
sensitivity to shear effects, which generate but also limit the turbulent eddies, (6) through (8),
can be beneficial in sensing other, even non-local features of turbulence, such as transport and
redistribution. While (6) through (8) might have difficulties in treating turbulent mixing for

wind shear diminishing faster than (TKE)]/Z, occurring in some strongly-stratified weak-

wind conditions, it remains to be checked if the newly proposed generalized “z-less”
length-scale will lead some practical betterments in modeling VSABL. It seems that the latter
type of VSABL is governed by mostly unknown physics [7,8]. Without suitable
measurements there, yielding reliable statistics, we do not even know if the relatively weak
turbulence in the weak-wind VSABL is transported or redistributed from elsewhere and then
only partially destroyed in this VSABL. Other scenarios seem plausible too, vaguely relating
to e.g. flow meandering, internal boundary layers, buoyancy waves (re)generation and
modification or even alteration, etc. Almost needless to say, we must first understand these
processes in order to model them properly, or at least to parameterize them adequately in our
current mesoscale and climate models. These (mostly unknown) transports could be related
to buoyancy-(infra-)sound waves, purely stochastic processes, anomalous (fractional)
diffusion, etc.

3 Conclusion

A few aspects of the SABL are discussed in this work, the focus being on the numerical
modeling and parameterization of turbulence in the SABL. The “classical” SABL is weakly
stratified, i.e. Ri< oo, usually, 0<Ri<1, and it is typically modeled well nowadays [10].
However, strongly stable cases of the SABL, i.e. the VSABL, where typically Ri>1, is
generally not understood well [4,5,7,8,9,10]. Over-diffusive and too deep SABL flows in
models are addressed; a newly proposed local, so called, generalized “z—less” mixing length
scale apparently remedies a large part of the over-diffusion problems. A thin and relatively
sharp VSABL flow regime is obtained using the new length—scale (8), giving almost the same
result as a recently recommended (1), see [4]. The particular VSABL type modeled here is
katabatic flow consisting of the LLJ imbedded into the near-surface inversion. Since the
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turbulence parameterization scheme deployed [3,4] is slope insensitive, the betterment offered
here is of a general nature (i.e. not only pertaining to katabatic flows); other tests are
necessary, however. However, the improvement offered here may be extended to other types
of SABL flows.

The newly proposed mixing length-scale, (6) through (8), explicitly includes the vertical

shear of horizontal wind. It is basically given as A ~ (TKE)]/Z/$, derived from a few most

recent works [4,9,10] indicating a few obvious shortcomings of the current turbulence
parameterizations for the SABL and its turbulence effects as modeled in NWP, air-chemistry
and climate models. This generalized “z-less” mixing length-scale, compatible with the
recently offered length-scale (1), remains to be checked against measurements through
suitable numerical simulations and various tests. Tentative simulations for pure katabatic
flows using the newly proposed A, from (6) alternating with A3 from (7) display promising

results concurring with (1) in agreement with [4]. Hopefully, (6) or (8) would be soon tested
and implemented in the current NWP and air-chemistry models, such as WRF, EMEP, etc.
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O000meHHBIH NMYTh CMEILICHHs, He 3aBUCAIIMI OT KOOPAMHATHI Z, VI YCTOHYMBOIO
NOTPAaHUYHOIO 1051 aTMOoChepsbl

AHHOTALMS. B nociednux ucciedosanusx ymeepucoaemes, ymo 60010Yus YCmouuueo20 noepaHudHo20 cios
ammocgepwr (IICA) 6ce ewe nedocmamouno uszyuena. B oOannoii cmamve 0aemcsi OYEHKA HEKOMOPbIM
docmudiceHuamM 8 meopuu u mooenupogaruu ycmounusoeo 11CA. Paccmampusaemcesa maxaice ycmouiuugwiii [1CA
HAO HAKIOHHOU nOOCmMuaaowjell nogepxHocmvio. B uacmoawem uccredoganuu noxKa3ano, 4mo npu
UCNOTL308AHUY  YIMOYHEHHO20 NYMU CMeWwleHus, He 3aA6UcAuje20 Oom KoopouHamuvl I, MOOeNb XOpOulo
80CTPOU3EOOUN OMHOCUMENLHO MOHKULL U cuibHo yemouuusviil [ICA, a nonyyennvle pe3ynomamsl Mozym Ovims
ycnewiHo  pacmpocmpanenvl Ha Opyeue munvl ycmouuueozo IICA. B pabome makoice npeonazaemcs
0000WenHbL NYMb CMeuleHUs, He 3a8UcAull om KoOOpouHamul 1.

KiarwueBble ciaoBa: xamabamuyeckoe meuenue, oauna Monuna—0O6yxoea, uucieHHoe MoOeauposatue,

napamempuzayusi, yucio Ilpanomas, uwucia Puuapocona, cmpamugpuyuposannas mypOyieHmHOCHb, CUTbHO
yemotiyuswiti ITCA.

Ykpaincbkiii rigpoMmereoposoriuamnii xypsaj, 2009, Ne 4 163



UDC 551.5

S.—E. Gryning', Sc.D., E. Batchvarova?, Sc.D., H. Soegaard?, Prof., Sc.D.
'Risg National Laboratory DTU, Roskilde Denmark

“National Institute of Meteorology and Hydrology, Sofia, Bulgaria
3Institute of Geography and Geology, University of Copenhagen, Denmark

UPSCALING OF MESOSCALE CO; FLUXES IN THE CONVECTIVE BOUNDARY
LAYER

Abstract. A method based on the evolution of the height of the convective boundary layer that has been
successfully used for aggregation of sensible heat and momentum fluxes is here applied for aggregation of CO,
fluxes over Zealand in Denmark. Inputs for the method are vertical profile measurements of CO, concentrations,
standard measurements of the CO, concentration near the ground and successive radio-soundings. The
aggregated fluxes of CO, represent a combination of agricultural and forest surface conditions.

Keywords: Aggregation of fluxes, CO,, convective boundary layer, vertical profiles.

1 Introduction

Neither the land nor the sea surface can be considered homogeneous with respect to
fluxes of CO,. The aggregation of CO, fluxes over sea and land surfaces is a critical factor
when setting up the budget of the sources and sinks of carbon as done in i. e. the context of
climate research and integrated assessment models for the environmental status of the sea and
land (e. g. [1]). In meteorological models, the individual horizontal grid cells often enclose
regions of pronounced inhomogeneities: over land in the vegetation and over the sea in the
differential pressure of CO, between the air and the sea caused by i. e. biological activity. The
estimation of the spatially integrated fluxes is therefore a central issue in a large number of
scientific, practical and even political assessments of the role of CO, emissions for our
present and future climate and environment. A method based on the evolution of the
convective boundary layer were suggested by [5] and [3] for aggregation of sensible heat and
momentum fluxes over inhomogeneous terrain. Here the method is extended for the
aggregation of CO; fluxes.

2 Mass balance for CO»,

The aggregated flux of CO, can be derived from a mass budget for CO,. The budget is
derived from the surface to the top of the atmospheric boundary layer. The method takes into
account the entrainment of air above the boundary layer caused by the growth of the boundary
layer, as well as the effect of subsidence and the uptake of CO, by the vegetation at the
ground. Following [6] and [4] the mass balance reads:

dp dh
hT:Fﬁ(?{u‘Zb)(E—Wsj )

I I i

where y is the scalar concentration, F is the scalar flux to the surface (positive upward), h
is the height of the boundary layer, and wy is the large scale vertical velocity at the top of the
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boundary layer caused by convergence or divergence in the large scale flow field. During
synoptic high pressure conditions, wg is negative corresponding to downward motion or

subsidence. Subscript b denotes a quantity within the boundary layer, u a quantity in the free
air above the boundary layer. The first term in Equation (1) , I, represents the change of mass
inside the boundary layer. Term Il accounts for the uptake of CO, by the vegetation. Term Il
models the entrainment of CO, from air from above the boundary layer caused by the growth
of the boundary layer and term IV the effect on the mass budget due to subsidence.
Equation (1) can be written as:

d(h dh
%=Fs+lua_(lu_7(b)ws 2)

and reads in discrete form with t; and t, marking the beginning and end of a time interval:

ho b2 — M 261 h, —h
bt t bl - Fs + 24 tz tl—(zu—zb)ws- (3)
27 24
Further it can be written as
haamr =hoxpa—(ho —hy) 2 +(w — 20 )(t —t)Ws — Fs (o - ). (4)

Solving for the flux F it reads:

£ _ ha(zu = 261) =2 (2w = 202) + (20 = 20 )Ws (t2—t)
-
th-4

: (5)

The equation, however, does not consider the decrease of air pressure as function of
height. The effect can be accounted for by introducing the molar density of air p (mol m™)

and the CO, mixing ratioC (umol-mol'l):

e _ (G ~Cot) ~Mo A2 (Cu=Cop) + s (Cy ~Cp) (2 —1) )

-4

3 Measurements

Micrometeorological measurements including fluxes and concentration of CO, were
carried out over an agricultural site near Risg (RIMI) and over a beech forest in the centre of
Zealand (Lille Bggeskov). These monitoring stations are part of the CarboEurope network.
Figure 1 shows the location of the sites. During an intensive measuring campaign
12-13 June 2006 the measurements were extended with profiles of CO, carried out by a
research airplane and temperature and wind speed by frequent radio-soundings.
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Fig. 1 — The position of the two measuring sites on the island of Sealand, Denmark; RIMI
(agricultural) and Lille Bggeskov (deciduous forest).

The meteorological conditions during the experiment were typical for a well developed
large scale high pressure system, low wind speed from varying directions, a cloud free sky
and strong insolation resulting in flux around noon of ~200 Wm™ for the sensible heat and
exceeding 300 Wm™ for the latent heat, Fig. 2. In the afternoon the temperature went beyond
25°C. Such conditions give rise to a considerable growth of the boundary layer and are
characterized by negligible advection. They are very favorable for the use of budget methods
based on the evolution of the convective boundary layer.
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Fig. 2 — Illustration of the sensible and latent heat fluxes on 12 and 13 June 2006 at RIMI.

In order to derive the aggregated flux of CO, to the surface from Eq. (1) the
development of the boundary layer, the vertical velocity w, of the air as well as the
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concentration of CO, above the boundary layer, and the concentration of CO, near the ground
should be known as function of time.

The height of the boundary layer at the RIMI site was determined by simultaneously
considering several parameters in the radiosonde profile such as jumps in the temperature,
wind-direction, wind-speed and humidity. Interpolation of the height of the boundary layer
was performed by use of a formula for the height of the boundary layer (for details see [2]
and [5]).

The measured and interpolated heights of the boundary layer are illustrated in Fig. 3.

2000 — 2000 —
€ 1600 E 1600 -
=2 . k=2
£ 1200 o £ 1200
o o
g g ¢
> 800 — > 800 (3
© [
2 2
> >
3 400+ 3 400
0 ‘ T ] 0 T I |
12.2 12.4 12.6 12.8 13.2 13.4 13.6 13.8
Decimal day (GMT) June 2006 ¢ Decimal day (GMT) June 2006

Fig. 3 - Interpolated height of the boundary layer on 12 and 13 June 2006. Radiosonde
measurements are shows as bullets, airplane measurements by squares.
Left panel 12 June and right panel 13 June 2006.

The height of the atmospheric boundary layer can also be detected in the vertical
profiles of the CO, concentrations that were measured by the airplane, Fig. 4. On both days it
can be seen that the CO, concentration inside the boundary layer is about 365 ppm and
approximately constant with height. On 12 June a jump of 5 ppm in the CO, concentration

2500 — 2500
2000 — 2000 —
) . Top of residual layer
E 1500 E 1500 —
E § =
R=y =)
2 1000 2 1000
500 — 500 —
1 12 June 2006 ] 13 June 2006
0 \ \ ‘ \ 0 \ [ B
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CO, concentration (ppm) CO, concentration (ppm)

Fig. 4 — Profiles measured by the aircraft near the RIMI site of CO, concentration on 12 June
at 09:50 and 13 June at 08:40 GMT. The height of the boundary layer is shown by a
bullet, it is estimated to be 1000 and 500 meters respectively.
Left panel 12 June and right panel 13 June 2006.
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at 500 meters height marks the top of the growing boundary layer. On 13 June a jump in the
CO;, concentration at 1000 meters indicates the top of the boundary layer. It can be seen that
the next jump takes place at about 1700 m which marks the top of the residual layer (top of
boundary layer from the foregoing day). Above the residual layer the CO, concentration is
about 380 ppm. The smaller concentration inside the boundary layer is caused by uptake of
CO; by the vegetation. The boundary layer heights on both days are in agreement with the
estimate from the radiosonde measurements, Figure 3.

4 Aggregated CO, fluxes

Using the above parameters the aggregated fluxes were determined by Equation (2).
The results are shown below, Figure 5.

20 20
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Fig. 5— Measured CO, fluxes near the surface at RIMI/wheat (thin solid line),
Lille Baggeskov/deciduous forest (thin dashed line), and the regional CO, fluxes from
the boundary layer method (thick solid line). Left panel 12 June and right
panel 13 June 2006.

It can be seen that the aggregated flux of CO, in broad terms follows the behavior of the
flux of CO, measured at RIMI (wheat) and Lille Bageskov (deciduous forest). It is promising
to see that the aggregated flux is comparable not only in size but also in the general diurnal
(daytime) cycle of CO; fluxes at RIMI and Lille Bggeskov. It can be noticed from Figure 5
that the integrated downward CO, flux over the beech forest during daytime is larger than
over grassland indicating the important role of forest as a carbon sink.

5 Discussion

The required information for use of the boundary layer method is 1) measurements on
the concentration of CO, at the surface, 2) vertical profiles of CO, concentration in order to
estimate the jump in concentration at the top of the boundary layer, 3) information on the
growth of the boundary layer.

Measurements of the CO, concentration are standard at many places. The jump of the
CO, concentration at the top of the atmospheric boundary layer can be measured by airplanes,
but the development of a CO, sensor that could be attached to a radiosonde and sensitive
enough to measure the structure of the CO, profile would constitute a major scientific
breakthrough for research in CO, aggregation. The growth of the boundary layer can be
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obtained from wind speed and temperature profiles obtained by radio-soundings when they
are performed frequently enough to provide a reasonable detailed structure of the
development of the boundary layer. Alternatively data from remote sensing techniques can be
used.

The method is applicable at meteorological conditions such that a convective boundary
layer is well developed and advection is negligible. These conditions are typical for a large
scale high pressure systems, where the heat fluxes are usually high resulting in a rapid growth
of the boundary layer and a well defined top, the wind speeds are low from varying directions
and consequently advection is generally negligible.
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YTouHeHHe pacuyeToB Me30MACIITAOHBIX MOTOKOB CO; B KOHBEKTHBHOM MOTPAHUYHOM
cjioe atmocgepbl

AHHOTanusi. Memod, OCHOSaHHbI HA Yueme 3GONIOYUU GbLCOMbL KOHBEKMUBHO20 NOSPAHUYHO20 CJLOS
ammocghepbl U YCneuHo UCNOAb306AHKbIU O UHMe2PAyul NOMOKO8 UMNYIbCA U Menid, 6 0anHou pabome
npumensiemcst 0 unmezpayuu nomoxog CO, nao ocmposom 3enanous 6 Januu. Hcxoonvimu OannbiMu O
0aHHO20 Memoda SAGNSIOMCS GepMUKAIbHble npoduiu  usmepennvlx kouyenmpayuii CO,, cmandapmuas
ungopmayust 06 usmepennvix konyenmpayusix CO, 661u3u nosepxnocmu 3emiu 1 OanHvie paouo30HOUPOBAHUSL
3a nocnedosamenvhvie cpoku. Cymmapuvie nomoxku COy 6ocnpouze00sm KOMOUHUPOBAHHBIE YCIOBUS,
BKTIOYAIOWUE YCIOBUS HAO CENbCKOXOZSUCMBEHHBIMU Y200bsMU U NOOCMUNAIOWEN NOBEPXHOCTBIO NIECHO2O0
maccusa.

KiroueBble caoBa: uumezpayuss nomoxos, CO,, — KOHEEKMUBHBIL NOSPAHUYHBIL CLOU ammocgepbl,
8epmuKanbHbvle npoghuu.
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FINITE-DIFFERENCE PRESENTATION OF THE CORIOLIS FORCE FOR
FLOWS OF ROTATING SHALLOW WATER

Abstract. In the given work the finite-difference presentation is proposed, that describes the Coriolis force in
numerical Godunov-type methods for rotating shallow water flows. The finite-difference schemes are offered for
simulating the flows, both on a smooth underlying surface, and for underlying surface of arbitrary profile. The
Coriolis force effect is simulated by introducing the fictitious non-stationary boundary. For numerical
approximation of source terms, caused by inhomogeneity of underlying surface and Coriolis force effect, the
quasi-two-layer model of fluid flow over a stepwise boundary is applied, that takes into account hydrodynamic
features. The calculations showing the efficiency of the proposed method are carried out.

Keywords: shallow water, rotation, Coriolis force, quasi-two-layer method, arbitrary underlying surface.
1 Introduction

The Euler equations, which most completely describe the hydrodynamics of natural and
laboratory flows of ideal fluid, are so complicated, that in the presence of a complex
boundary, even under assumption of non-compressibility, barotropicity and the absence of
rotation, they can not be numerically integrated in the problems with rather strong change of
underlying surface geometry. The necessity of reducing the initial equations in a class of
problems with free surface has compelled Stoker to construct the lower-order mathematical
model that was later called the «shallow water» model. This action was stipulated by the fact,
that the reduction was performed in the model by asymptotic expansion over a small
parameter determined by the ratio of fluid depth to the characteristic linear value, under
assumption of hydrostatic character of pressure distribution and weakness of horizontal
velocities variation along the lines collinear to the vector of gravity. The obtained equations,
in virtue of their nonlinearity and underlying surface complexity, also occurred to be rather
complicated for constructing general analytical solutions. However, they can be successfully
integrated numerically [1,10].

The main difficulty of numerical simulation of an inhomogeneous system of shallow
water equations (SWE) consists in its non-divergence character determined by inhomogeneity
of the right-hand side of the momentum conservation equations. The presence of a non-
divergent term induces, from the physical point of view, highly nonlinear effects caused by
stepwise change of hydrodynamic quantities in the areas of its sharp change. In studying
small-scale natural flows under the shallow water approximation, where the Coriolis force
effect is insignificant, the numerical methods have been developed and are being effectively
used now. These methods were initially developed for solving the gas dynamics equations,
since the shallow water equations for a horizontal bed are similar to the barotropic gas flows
with the adiabatic index equal to two. The problem of numerical integration of SWE in the
presence of underlying surface inhomogeneity (Saint-Venant’s equations) is reduced, with
some reservations, to a similar problem of gas flow in a converging nozzle [2].

The presence of well-developed and approved numerical techniques, along with
repeatedly tested software implementation, made especially attractive the reduction of the
solution of the problem on rotating "shallow water” over a smooth underlying surface to the
solution of the problem on shallow water flows over a complex non-stationary boundary.
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The possibility of simulating the shallow water by introducing the fictitious non-
stationary boundary has been used for a long time for constructing numerical models in the
geophysical hydrodynamics [1,8,9]. The fruitfulness of borrowing the methods, developed for
complex underlying surfaces, in solving the problems with the Coriolis force, perhaps, cause
no doubts in anybody. However, the influence of orography, obviously, directly results in the
existence of underlying surface’s work over the fluid flow, whereas the Coriolis force, by
itself, can not commit any work. In this work we discuss the physical interpretation of
aforementioned formal borrowing and analyze the boundaries of applicability of the given
approach, in general, for splitting difference schemes. The main problem in constructing a
splitting difference scheme consists in the necessity of statement and solution of a one-
dimensional problem, which does not have any physical equivalent for finite time intervals.
Unfortunately, the most obvious way of neglecting one of spatial coordinates does not solve
the problem completely. Really, refusal from one of spatial variables in solution of an
essentially two-dimensional problem, results in violating the momentum conservation law,
which, in its turn, causes the necessity of introducing some fictitious work for compensating
mentioned violations, in spite of all non-physical character of such a compensation.

In this work, for calculating the shallow water flows over an arbitrary surface in the
Coriolis force presence, the modernized Godunov method is proposed, which is adapted to
flow parameters. The proposed method belongs to the family of methods based on solution of
the problem of breaking an arbitrary discontinuity. This method is based on successive
solution of classical shallow water equations on a smooth plane by using the Godunov method
with allowance for the vertical inhomogeneity of flow in calculating the flows through the
boundaries of cells adjacent to stepwise boundaries. The accounting for the vertical
inhomogeneity is provided by using the Riemann problem solution on a step based on the
quasi-two-layer shallow water model developed in [4,5]. The distinctive feature of this model
is separation of a studied flow into two layers in calculating flow quantities near each step,
with improving the approximation of initial three-dimensional Euler’s equations. The
unambiguity of such a separation into two layers is provided by the uniqueness of solution of
the Dirichlet problem for finding this boundary. Adapting to the flow parameters, this method
allows one to take into account the features of fluid flow at each point of space and at any
time instant.

The method proposed in the given work makes it possible to visually represent the
features of a splitting approach to numerical simulation as a whole and, thus, provides
physical considerations for wupdating the stability criteria in the finite-difference
implementation. Within the framework of the proposed method, the structure of the solution
inside the considered spatial-temporal region for the depth and one of components of the
velocity vector becomes known, that allows one, under assumption of stability, to re-calculate
the transversal velocity and, thus, to minimize the parasitic phenomena, which are caused
mathematically by refusal from integration of the equation for the transversal component of a
velocity vector, that induces, from the physical point of view, the non-compensated work of
the Coriolis force inside a flow.

2 The Godunov method for the equations of rotating shallow water over an underlying
surface of arbitrary profile within the framework of the quasi-two-layer
approximation

Replacement of the terms, which are responsible for the Coriolis force effect:

dk dk
g—=—1v, =

—=fu, 1
i gdy 1)
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where g is the free falling acceleration, u(x, y,t)is the averaged-over-depth horizontal
component of velocity in the x direction, V(X, Yy,t) is the averaged-over-depth horizontal
component of velocity in the y direction, f =2Qsing is the Coriolis parameter, where
0=7.292x10" s™ is the frequency of rotation of the Earth, ¢ is the fixed latitude.

The system of equations of rotating shallow water over an underlying surface of
arbitrary profile z = b(x, y), with regard replacement (1) are written as:

a_tha(hu)Jra(hv)=
a x| oy
2, o2
8(hu) 5(““ %2 g
+ - =—gh——-gh—, 2
at ox oy dx © dx
2, 12
a(hv) a(hV +on /2) ohwu do  dk
+ + =—gh——-gh—
ot oy oX dy dy

where h(x,y,t) is the depth of fluid or gas. The influence of terms —ghdk/dx and
—ghdk/dy, as compared to the terms responsible for underlying surface, —ghdb/dx and
—ghdb/dy, at each time step is an order lower; therefore, for obtaining the adequate flow
picture it is necessary to keep the calculation accuracy as corresponding to the minimum
effects determined by the Coriolis force.

For constructing a grid, the effective boundary is approximated by the piece-constant
function. Applying the integral conservation laws to each cell and supposing that on cell’s
boundary the values of all hydrodynamic parameters remain unchanged during the time step
of integration, we obtain the difference scheme:

t t t t

Hx J/ZyUx 1/2,y Hx+]/2yUx+J/2y+

Ht+l Ht , TTX t : X t t , (3)
+ Hx y- 1/2V>< y-1/2 Hx y+]/2Vx y+1/2

Y
t . . 2
4l Q(HX_]/zlsturX(Bx,y_Bx—ly)Hcor ><(Kx,y_Kx—],y)) ¢ Ut 2
Uyly =7x > +H, -1/2, y( x—]/2,y) h

2
t .
g(HH]/z yt Isur X (Bx+1,y - Bx,y)"‘ lcor ><(Kx+1,y - Kx,y))

t t t+1
2 Hx+1/2 y(Ux+1/2,y) XHyy +
HL UL
t t t t t t+l xy xy
+TX(HX y— 1/2Ux y— 1/2Vx y-1/2 |_|x y+1/2Ux y+]/2 X y+1/2)/YH '
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2
t - '
Vi g(Hx,y—J/z“SUfX<BX7V_B"*y‘l)H“’rX(KX'V_KX’H)) Ht ut ’
Xy =% 2 * X,y—3/2( ny—l/z) -

2
t - -
g(HX,erl/g *lsur ><(Bx,y+l_|3x,y)""cor X(Kx,y+1_Kx,y))

t t t+1
2 _Hx,y+]/2 (Ux,y+1/2) YHX,V +
Ht Vt
t t t t t t t+1 X,y'Xy
Jrz-X(Hx—l/z,yu x—]/2,yvx—1/2,y - Hx+1/2,yU x+1/2,ny+1/2,y)/XHva + H i+l
X,y

where 7 is a step in time, X and Y are steps in space H, y — the depth of fluid, (Vx,y,UX,y) -
the velocity vector of fluid, By , — the height of underlying surface, and K, , — the height of
a fictitious boundary. Subscripts x, y designate the values of a function related to the center of
masses of a cell with number (x, y). Semi-subscripts x+1/2,y+1/2 designate the values of
quantities at the boundary between cells with numbers x, x+1, and y, y +1, respectively.
Superscript t designates the number of a step in time, f is the Coriolis parameter, ig, and g,
assume the values: either 0 — in the case of a negative drop of heights of an underlying surface
and fictitious boundary, respectively, or 1 — in the case of positive drop. If the drop of heights

- t t " t t -
is absent, the depths Hxﬂ/zly,Hleﬂ/2 and velocities Uxﬂ/z,y'vx,yﬂ/z of fluids are

calculated by the solution of the usual Riemann problem on a smooth plane, and difference
scheme (3), identically transfer into the standard Godunov’s difference scheme for the
classical equations of shallow water over a smooth bed. In other case, the depths

t t " t t
Hxﬂ/z’y, Hx’yﬂ/2 and velocities Uxil/Z,y ,Vxlyﬂ/2
quasi-two-layer model [4,5].

of fluids are calculated with the help of

3 Numerical simulation results

The quasi-two-layer method of the second order accuracy is applied for numerical
modelling on space and time. Increase of accuracy order on space is reached by applying the
piecewise-linear reconstruction to the distribution of functions value in a cell with the use of
the minmod limiter (4) suggested for the first time by Kolgan [6] for the solutions of accuracy
problems of Godunov type: methods in gas-dynamics:

t
t gt opt gt H
W)E — min mod Py —Fx ’ Fx —Fxa . ;(
AX AX \where Fy, =| Uy |, =0.72. 4)
min mod(a,b) = a%(signa+ signb)min(|al,|b]) V;

The second order of accuracy on time is reached by application of two-step-by-step
algorithm predictor — corrector. At a stage predictor there were found auxiliary values of
required sizes for the whole step on time with the help of quasi-two-layer algorithm of the
first order of the accuracy. These auxiliary values used for finding of values on an
intermediate step on time by using arithmetic averaging with values of the previous time step.

Ykpainchbkiii rizpomereopoJioriuamii :xypHnaj, 2009, Ne 4 173



Karelsky K.V., Petrosyan A.S., Slavin A.G.

T

. . . o 1
On a step the corrector the given sizes is reconstructed on space: Fy 2+EAxW},

t+ - 1

Fo.f —EAxW)EJrl, accordingly at the left and at the right of the grid x+1/2. Next the values

fluid variables on border of cells corresponding to an intermediate time layer are found. The
rectangular grid of the size 200x10 cells is used.
The classical Rossby problem was simulated as the test one. The initial disturbance was

h(x,0) =hy
considered: <u(x,0)=0 , Where h, is the initial depth of rest, V is the characteristic
V(X,0) =WV et (X)
scale of velocity, v, (x) is the normalized profile, that is specified as follows:
X) = (1+tanh(4x/L+2))(1—tanh(4x/L—2)) _
(1+tanh(2))?

The form of a profile is presented in Fig. 1, whereL is the characteristic scale of
disturbance. Characteristic parameters g,h,, f were fixed. The characteristic scale of

velocity V and the characteristic scale of disturbance L were calculated from two
dimensionless parameters: the Rossby-Kibel (Ro) and Burgers (Bu) numbers:

Viet (

2 Joh
RO::‘/_L’ Bu :RLZ, where Ry is the deformation radius: Ry = i O . The characteristic
L

time scale is specified by the following formula: T; =ZT7Z. The results of evolution of
depth hy, in the case of Ro=1, Bu=0.25, are presented below.

h
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Fig. 1 — Evolution of acoustic—gravitational waves propagation, as a result of effect of the
initial disturbance W jet (X) with using the quasi-two-layer method.
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Figure 1 shows the evolution obtained bymeans of the quasi-two-layer model.

One can see good coincidence of characteristic peaks of running-away acoustic-
gravitational waves and the central balanced part with results presented in paper [1]. This
testifies to the efficiency of using the quasi-two-layer model in the description of large-scale
geophysical phenomena.

Figure 2 shows the comparison of potential vorticity values at the initial (t =0T, ) and

final (t =16T, ) time instants for the classical Rossby problemand Ro=1, Bu=0.5.

A . : ___ xR

Fig. 2 — Potential vorticity at the initial (solid line, t =0T ) and final (dashed line, t =16T5 )
time instants.

One can see that the invariant Q — the potential vortex — conserves with time. Note that

real time of the process equals 12 days, approximately. It is seen from presented plot that the
maximum of a function is shifted to the anticyclonic region, and the minimum of the potential
vorticity increases with time. The given results are determined by purely nonlinear effects and
well agree with those obtained in paper [7].

Also for demonstrating the workability of the numerical method, the simulation of the
shallow water flow, in the presence of Coriolis force, over the mountain-like underlying

surface was carried out. Typical parameters of the problem were: the linear dimensions 10°

by 10° m, the mountain height was 1,2-10° m, the fluid depth was 2.10% m. The initial wind
parameters were: u=0m/s, v=20m/s. Numerical method used for calculations is

Godunov-type method. The idea of Godunov-type methods consists in splitting the solution of
a multi-dimensional problem into a set of sub-problems, which arise after dividing into cells
the calculated domain, and writing down the relevant integral relations for all elements (cells),
by means of which cubing was performed. Numerical grid used in test: 100 by 100 cells. As a
result, the characteristic time of one revolution of a system as a whole was found to be
25 hours, which corresponds, to a sufficient accuracy, to the natural phenomenon (the
characteristic time of one revolution of a system as a whole for the geophysical dynamics
problems equals one day [3]). Figure 3 shows the flow evolution during 25 hours.
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Fig.3  Evolution of fluid/gas flow under the Coriolis force effect over a mountain; the upper
plots — fields of velocities, the lower ones — the free surface.

4 Conclusion

The given work proposes the finite-difference model that allows one to describe the
Coriolis force in the numerical Godunov-type methods for rotating shallow water flows. On
the basis of the proposed presentation, the finite-volume algorithm is developed, both for a
smooth boundary, and for a boundary of arbitrary type. The method is based on the
presentation of arbitrary underlying surface and Coriolis force by a complex non-stationary
stepwise boundary. The boundaries of applicability of the given presentation are discussed
from the viewpoint of finite-volume numerical methods. The finite-difference approximation
of the effective complex non-stationary surface is performed on the basis of a quasi-two-layer
shallow water model, which is more correct, in relation to the initial system of Euler’s
equations, as compared to the classical single-layer models. The proposed presentation
adequately describes the features of nonlinear processes caused by the Coriolis force in
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numerical Godunov-type methods, because it correctly reflects the nonlinear structure of
flows near the features arising after digitization of an effective boundary. The basic advantage
of the proposed method is revealed, that allows one to more correctly describe the transversal
component of the velocity vector and, thus, to minimize the calculation error induced by an
essentially two-dimensional character of statements of problems for rotating fluid. The
implementation of the mentioned advantage will be considered in a separate paper.

The workability of the method was confirmed by the numerical experiment on simulating
the classical geostrophic adaptation problem, known as the Rossby problem, and by
calculation of rotating shallow water over an underlying surface of parabolic profile.
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KoneuHo-pa3HoctHoe mpeacrasienue cuiabl Kopuosmca ajsi TedeHuii Bpamawueics
MEJIKOH BOALI

AHHOTAIMS. B Oanuou pabome npedoNceHO KOHEUHO-PAZHOCHHOe npedcmasieHue, ONUCbi8aroujee CULy
Kopuonuca 6 uucnennvix memoodax I00yHo8CKO20 muna O1a medeHUull 8pawaruelica MeaKou 800ul.
Ilpeonosicenvl KomeuHo-pasHocmHble cxemvl Ol MOOEIUPOBAHUSA MedeHUll, KAK HA POBHOU noocmuaaioujeti
nogepxHocmu, max u O NOOCMUIAowjell NO8EPXHOCIU NPOU38OILHO20 npoduii. Bauanue cunvt Kopuoauca
Mooenupyemcsa  66edeHueM QUKMUBHOU HeCMAYUOHAPHOU  epanuybl. A YUCIeHHOU annpoKcumMayuu
UCMOYHUKOBLIX ClA2aeMblX, 8Cle0CHmeue HeOOHOPOOHOCU NOOCMUAAOuell NO8EPXHOCIU U GIUAHUA CUbL
Kopuonuca, npumenena Kkeazu08yxciolHas MoOelb MeYeHus HCUOKOCMU HAO CMYNeHYyamou 2epanuyel,
yuumueigaowas 2uopoouHamuyeckue ocobennocmu. Buinonanenvt pacuemul, nokasviéaiowue 3QhexmueHocms
NpPeoNoNHCEHHO20 Memood.

KawueBble ciaoBa: ypasuenuss Mmenkoil 600bl, epawjenue, cuia Kopuonuca, reazu-08yciouinwlii memoo,
NPOU3BONILHASL NOOCMULAIOWAS NOBEPXHOCTb
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IMPROVED MULTI-SCALE COMPUTATIONAL MODELLING OF FUGITIVE
DUST DISPERSION FROM SURFACE MINING OPERATIONS

Abstract. The extraction and processing of minerals from surface mines and quarries can produce significant
fugitive emissions as a result of site activities such as blasting, unpaved road haulage, loading, primary crushing
and stockpiling. Uncontrolled fugitive dust emissions can present serious environmental, health, safety and
operational issues impacting both site personnel and the wider community. Simulation technology is finding
increasing use for the purposes of advanced warning of potential problem emissions in addition to providing a
basis for future planning applications where demonstrable compliance with regulatory requirements are
necessary. The initial re-entrainment and subsequent dispersion of fugitive dust presents a process complicated
by the combination of the in pit topography, the surrounding natural topography and the dynamic nature of
emissions from these sites. These factors impact upon the accuracy and reliability of the conventional Gaussian
plume based computational prediction methods employed for regulatory compliance and IPPC applications.
This paper proposes that optimal modelling of open pit emissions may be more accurately achieved by the use of
a multi-scale predictive modelling approach utilising computational fluid dynamic (CFD) methods for high
resolution near source dispersion and conventional Gaussian based methods for far field dispersion modelling.
This paper presents a numerical based flow and dispersion analysis of a typical UK based open pit utilising
CFD in conjunction with a conventional Gaussian plume based methods. Typical operating emissions and
meteorological conditions are obtained from long term data records collected at a large operating quarry
extraction operation in the UK. Emissions are modelled using a Lagrangian framework within conventional
atmospheric boundary layer (ABL) profiles expressed as functions of turbulence and velocity parameters under
assumed neutral conditions. Results are presented in terms of the impact of site topography on in pit retention as
compared to the Gaussian based method.

Keywords: dust dispersion, CFD, surface mines.
1 Introduction

As open pit mines and quarries become deeper and more productive the potential to
produce greater pollutant emissions including fugitive dust emissions will increase. To
maintain and enhance the health and safety of the extractive and transport operations and to
minimise off site dust emissions it is necessary to design effective mitigation measures to
minimise fugitive dust emissions, and to maximise the ventilation of the pit opening to dilute,
disperse and remove fugitive dust from the workings. The principal tool available to
environmental engineer is to use the shape of the excavation and the surrounding topography
to harness the penetration of the natural wind systems to maintain the air exchange rates
within the mine opening. The determination of the internal ventilation regime within the open
pit is a complex process as the driving natural wind system will change subject to diurnal and
seasonal changes in its strength and direction, which are dictated by the local wind systems
and the differential heating of the earths surface by the sun.

The background local wind system may be modelled by the construction of a three
dimensional velocity profile called the atmospheric boundary layer (ABL). The ABL model
requires the definition of the surface roughness of the surrounding topology, a measured
reference height velocity above the terrain and the determination of the thermal stability of the
atmosphere. The strength and the direction of the resulting downwind ABL will be influenced
by the topography of the terrain surrounding the open pit and the shape and depth of the
excavation. The internal microclimate is created by a combination of: the degree the external
ABL penetrates the mine opening; the in pit topography; and the diurnal heat exchanges
between the sun, the internal surface of the pit and the atmosphere. These internal ventilation
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flows will be responsible for the initial dilution, dispersion of any fugitive dust emissions
within the open pit. In turn, the amount of air exchange affected between the internal
ventilation regime and the mainstream ABL flowing over the mine opening will determine the
degree of off-site fugitive dust emission experienced.

Dust dispersion rates may be attenuated by low airflow exchange rates caused by the
recirculation of local ventilation flows or containment by thermal inversions. The retention of
ambient dust levels will potentially decrease visibility and increase the exposure of workers.

2 Atmospheric flow over complex terrains

The prediction of local wind field over complex terrain with hills, valleys and open pit
mines provides information that is critical to assess the prediction of pollutant dispersion in
the atmosphere [13]. The global circulation or mesoscale models of atmospheric flow are nor
suitable for such purposes for two reasons: (a) They are based on the hydrostatic
approximation in which a balance is assumed between the pressure and gravity fields in the
vertical direction, and (b) The hydrostatic assumption (appropriate and convenient for length
scales of the order of 100 kilometres) is not required to address local wind effects within
valleys and surface openings such as mines and quarries. Pressure changes due to inertial
effects in the vertical direction cannot be neglected at the local scales. And secondly, the
mesoscale models are not able to resolve variations in topography in the vertical direction that
are important to the prediction of local wind patterns within open pit mines that typically
involve flow separations and recirculation eddies [5] on surfaces of varying roughness. For
the purposes of predicting local wind patterns, it is necessary to use microscale models. These
are usually based on the numerical solution of the Reynolds-averaged Navier -Stokes (RANS)
equations and a turbulence model in a boundary-fitted coordinate system that follows the
local terrain.

3 Dust dispersion models for surface mining operations

A recent research project [17], collated a comprehensive review of the fugitive dust
emissions that may be generated from surface mining operations and summarises the range of
conventional mitigation technologies and strategies that may be applied to control these
emissions. This report presents a summary of the potential dust sources and mitigation
strategies, and also presents a detailed overview of the current UK and International
environmental and health and safety legislation governing mineral dust emissions. In addition
[19] has recently produced a comprehensive review of the dust dispersion models that have
been developed or applied to the prediction of dust from surface mining operations including
quarries. The dust dispersion models used to predict emissions from surface mining
operations are generally adapted from existing regulatory industrial air pollution models.

A major challenge to the modelling the dispersion of fugitive dust emissions from deep
surface mines or hard rock aggregate quarries is the influence of the in pit meteorology. As
most Gaussian plume dispersion models have been developed to model downwind dispersion
of dust from sources across a flat or undulating terrain, these models cannot account for the
influence that the complex flow regimes that exist within quarry openings. As fugitive dust
emissions within a quarry are transported and dispersed by the local airflow field within the
quarry, there is a need to develop transport and deposition models that reproduce the local
effects produced by these flows.

The airflow regime within a deep quarry opening is produced by the combined action of
the mechanical shear of the atmospheric boundary layer across the surface opening and the
thermal buoyancy forces created by the differential heating of the quarry surface by the
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passage of the sun during the day. In addition, the occurrence of thermal temperature
inversions at night may also assist trapping the dispersion of the dust emissions from within
the quarry. The combination of these forces creates: (1) an external flow field across the
surrounding terrain and across the interfacial quarry opening that is governed by the
atmospheric boundary layer (ABL), and (2) an internal flow field driven by the combination
of the mechanical shear of the atmospheric boundary layer across the surrounding terrain and
the airflow within the quarry opening, and the thermal effect created by the differential
heating of the internal quarry surfaces by the sun (see Fig. 1). To improve the understanding
and modelling of these processes requires the adoption of a multi-scale modelling approach;
this is discussed in a following Section 6.

MICRO CLIMATE CFD MODE( it

—

Complex in pit terrain features
influence initial emission behaviour

Actual Flow &
Dispersion
Characteristics

Emission follows simplified
trajectory over pit boundary

Conventiona
Plume
Dispersion
Modelling

Fig. 1 — The influence of in-pit micro climate on dust dispersion.

Thus, a fugitive dust emission within a quarry will be transported and dispersed by this
locally generated flow field. The creation of this chaotic, and often recirculatory in-pit flow
regime within the quarry will increase the residence time of the entrained dust particles within
the confine of the quarry. As the deposition of particles is governed by Stokes Law, any
increase in the dust residence time within the quarry may allow either; (1) allow the
settlement of many of the dispersed dust particles or (2) increase the probability of their
removal by impaction on the internal surfaces of the quarry. Consequently, only a fraction of
the fugitive dust emitted and dispersed within the confines of the quarry will cross the
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interfacial layer defined between the quarry opening and the atmospheric boundary layer to be
dispersed and potentially deposited downwind across the surrounding terrain. The fraction of
the dust emission which crosses the interfacial layer between the quarry opening and the ABL
will form an equivalent areal emission source whose downstream dispersion may be modelled
by conventional Gaussian plume models.

This paper presents a summary of a selection of the results from a series of recent
fugitive computational fluid dynamics studies conducted by the team of researchers at the
University of Nottingham. These studies were validated using field meteorological and dust
deposition data collected at an extensive UK limestone quarry in the UK. The full details of
these field validated computational fluid dynamic studies are contained within a series of
recent research papers that have been submitted to a number of peer reviewed technical
journals.

The field study quarry, Old Moor is located within the Tunstead Quarry Works operated
by Tarmac Ltd, north of Buxton in Derbyshire, UK. The investigation has considered mineral
extraction and comminution operations at the Tarmac Ltd operated Tunstead and Old Moor
Quarries in Derbyshire, UK (‘the site’). The majority of the site is located on the boundary of
the Peak National Park; the boundary of the Park bisects Old Moor in a general North-South
direction. There are 6 designated Sites of Special Scientific Interest (SSSIs) located within
approximately 2 km of the site. The quarries are physically separated by a 50 m deep valley
that is known as Great Rocks Dale. All comminution circuits and mineral stockpiles are
contained within the boundaries of the Tunstead site. The mineral deposits are exposed for
extraction by overburden removal and then by blasting. Overburden at the site is minimal, and
is removed and stored for future use in restoration and rehabilitation. Bench blasting is carried
out in both quarries, typically up to 5 times per week. Further details of the quarrying and
mineral transport and processing operations at the works may be found in the research
papers [4,13,17,18,21].

4 The modelling of the near pit and in—pit topography

The terrain immediately surrounding the boundary of the Old Moor quarry is undulating
farm grazing land. The in pit quarry topography of the quarry is characterised by a complex
series of interconnected ramps, vertical faces and working benches. Detailed site elevation
survey data at 4 m grid spacing was able to delineate the detailed topography of the working
pit and surrounding terrain. This data was used to construct the surface topography of the
model domain within the Gambit pre-processor model used by the commercial Fluent™
software used to construct the flow and dust dispersion simulations. The size of the total
model domain constructed was approximately 4 km x 4 km. The model was capable of being
rotated to allow for the ease of simulation of the direction of the simulated atmospheric
boundary layer to represent the mean average wind sped and direction. The rectangular
domain mesh was divided into four primary flow boundaries, a background flow inlet and
outlet and two boundary walls to define the flow across the quarry opening.

5 The modelling of the ABL

The inlet ABL velocity profile was defined using a logarithmic profile. All ground
surfaces were defined using a roughness height of 0.1 m in accordance with the
recommendations of the ADMS user guide [3]. Following the studies of Riddle et al [18] the
Reynolds Stress (RSM) turbulence flow model was used as it is demonstrated to maintain the
turbulent Kkinetic energy (TKE) and dissipation. The modelled ABL was allowed to develop
from inlet boundary across the surrounding terrain before it crosses the open surface of the
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quarry. The simulated velocity profiles and directions corresponded to the principal flow
conditions determined from the meteorological record recorded on site. For all of the initial
flow models constructed neutral thermal stability class conditions were assumed, which
correspond to stability class D on the Pasquill-Gifford scale.

6 Fugitive dust emission and dispersion models

In accordance with the dust sampling and modelling methodology developed in [4], four
particle sizes 0.05, 0.45, 0.3 and 75 um, at mass fractions of 0.05, 0.45, 0.3 and 0.2
respectively were used to simulate fugitive dust emission sources within the quarry. The
quantity of dust released from each individual or collection of fugitive dust emission events
modelled (e.g. bench blasting, loading, truck haulage etc.) were calculated using the emission
factors defined by the US EPA AP-42 fugitive dust emission models [1,2].

7 The simulation of the natural ventilation of the quarry excavation: the generation of
recirculation airflows

To simulate the natural ventilation regime promoted within the surface quarry
excavation, a series of models simulation were performed to replicate the micro climate that is
produced within the quarry opening subject to the predominant seasonal prevailing wind
directions and speeds identified from the meteorological record. The results of such a
simulation are illustrated on Fig. 2. This dark shaded volumes on the leeward and windward

Regions of
Wind direction air flow
reversal

Dust emission e -
source -

‘h._

Fig. 2 — The creation of recirculation flow zones within the pit opening.

182



Improved multi-scale computational modelling of fugitive dust dispersion

slopes of the quarry represent the areas of recirculatory flows, counter to the normal
background ABL flow regime, that are produced by the interaction of a north westerly
prevailing wind and the in pit topology. The results of these simulations are consistent with
the findings of the previous two dimensional modelling studies of Baklanov [6,7,8] and other
Russian scientists.

The generation of these recirculatory airflows is observed to create micro climates that
are observed to influence the emission, dispersion and deposition of dust emitted within the
quarry opening. As outlined earlier in the paper, conventional Gaussian plume models used to
estimate fugitive dust emission and deposition for regulatory purposes, employ modified
emission models for shallow open pit mines to replicate the resultant retention of fugitive dust
emission from the open pit opening. However, it is suggested that the use of a more
sophisticated in pit ventilation models would more accurately represent the true in pit dust
dispersion and deposition regime, and determine the true fraction of the original emission that
is transported out of pit to be dispersed by the background ABL.

8 The influence of the in pit topology to deposition

Figure 3 illustrates the influence that the downwind surface topology can have on the
dispersion and deposition of fugitive dust emissions. The modelled stationary areal dust
source is located at the lowest elevation of the quarry. The modelled prevailing wind direction
crosses the quarry opening from a westerly direction. The influence that an increase in the
detail of the in pit topology has on the dispersion and deposition of the fugitive dust source is
illustrated by comparing the results of successive simulations that increase the density of the
in pit domain mesh. From an examination of the dust deposition simulation results shown on
the figures, starting at the top left hand side and moving in a clockwise direction, it is
observed that as the detail of the topology including the elevation changes increases, the
greater is the degree of near source deposition.

Fig. 3 — The influence of increased topography detail on dust deposition
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Consequently, it is concluded that under neutral stability conditions that the
combination of the prevailing wind direction and speed together with the in pit topography
create an in pit ventilation regime and micro climate that will greatly influence both the
dispersion and deposition of fugitive dust sources within the confines of the surface opening.

The influence of the microclimate may both contain or enhance or attenuate the
dispersion and hence dilution of the fugitive dust that may decrease the visibility within the
open pit, or may attenuate the fugitive dust emissions within the opening due to the increased
impaction and removal afforded by the recirculatory ventilation flows induced within the
quarry.

9 The development a multi-scale modelling approach

An analysis of the results of this and the series of previous recent research studies
conducted at the University of Nottingham conclude that it would be sensible to consider the
adoption of a multi-scale modelling approach to assessment of the emission, dispersion and
deposition of fugitive dust from in pit fugitive dust sources.

A number of recent research studies have concluded that the use of the US EPA AP-42
dust emission models for large open pit and quarry operations, together with the in pit dust
retention models together with conventional Gaussian plume dispersion models can produce
over predictions of off site emission and deposition. These studies have also concluded that
these methods are unable to replicate the true nature of the in pit fugitive dust emissions,
dispersion and deposition. The use of a more complex three dimensional field validated
computational model, may allow the improved simulation of these events, which could allow
the mine operator to predict the occurrence of in pit reduced visibility.

It is therefore proposed the development of a three scale modelling approach.

The development of improved dust emission models to more accurately represent the
emission characteristics of the various stationary and mobile in pit fugitive dust sources,
including unpaved road truck haulage models.

The development of a simplified, less complex three dimensional computational fluid
dynamic model, that allows the engineer to more accurately predict the influence of the
generated in pit microclimate has on the dispersion and deposition of fugitive dust within the
open pit workings.

The development of an interface between the model described in (2) above, with which
to determine an areal emission factor dust through a defined area across the mine opening and
the transference of the determined areal dust emission to the background ABL, the resultant
far field downwind dust dispersion to solved by a conventional Gaussian plume dispersion
model.
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YCOBepHIeHCTBOBaHHaH MHOTOMACIITAOHAS BbBIYHUC/INTEC/IbHAA MOaeJab
pacnnpoCcTrpaHeHUust nequeiz’l IBLJIX IIPH 3KCILIYaTallud KapbE€poB

AHHOTanus. /[oObiua NONE3HLIX UCKONAEeMbIX U3 KAPbepos U OMKDPLINMLIX 6bIpAOOMOK U UX NepeUudHas
nepepabomKa  ModHcem ConposoNCOAmMvbCsi BblOeIeHUEM 3HAYUMENbHO20 KOAUYECmBd JAemydyux 6eujecme 6
pesyibmame maxkux Oeucmeutl, Kaxk 20pHvie 83pbléHble padbomvl, MPAHCNOPIMUPOBKA HO ZPYHMOBbIM 00PO2aAM,
noepyska, nepsuuHoe opodieHue u akKymynayusa sanacos. Hexonmponupyemvle 8b16pocel 1emyueri NuLiu MO2ym
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npeocmagnames — Cepbe3Hyr — ONACHOCMb Ol OKpyJjcamwel  cpedbl, 300p08bs,  Oe30nacHocmu U
pabomocnocobHocmu 1100etl, KaKk Haxo0auuxcs 8 HenoCPeOCMEeHHOU DIU30CIU Om Mecma pa3pabomox, max u
goanu om Hux. C yenvio npedsapumenbHo20 npedynpexcoenus NOMeHYUaIbHO ONACHbIX 8b1OPOCO8, MAKMCe KAK
u 01 paspabomku npozpamm no 6yoyujemy HIAHUPOBAHUIO, KOMOpbvle OO0NHCHbI Omeeyams mpedOo8aHUAM
peznamenmupyiomux 0OKyMeHmos, ece 0ojee WUpPOKO NPUMEHAIOM MeXHOI02UU MOoOenuposanus. Bmopuunoe
806IeUeHIe NbLIU HA HAYATLHOM dmane U nociedyiowjee ee pacnpocmpanetue npedcmagiaom coboii npoyecc,
VCIONCHEHHBI onozpaguell Hympu OMKPbIMbIX 6bIpadOMOK, monozpagueli oKpyscarouels MeCmHocmu u
OuHamMuKol 6vlbpocog u3 mecm paspabomox. Omu Gaxmopvl GIUAIOM HA MOYHOCMb U HAOEHCHOCHb
CMAHOAPMHBIX bIYUCTUMENLHBIX NPOSHOCTNUYECKUX MEMO008, 8 OCHO8E KOMOPLIX NEHCUM 2aYycCco8a MOOeb
gaxena, u Komopvle UCHOIL3VIOMCS 0N PeNAMEeHMUPYIOWUX uHcmpykyui u npozpavm 6 npoexme |IPPC
("Komnaexcnolit xonmpons u npedynpedicoenue 3azpsasuenusn’). B oannoiti cmamve npeononazaemcs, 4mo
ONMUMATLHOE MOOETUPOSAHUE BbIOPOCO8 U3 OMKPLIMOU 6bIPAOOMKU HAULYHUIUM 00paA30OM Modcen Oblmb
O0OCMUSHYMO NpU  NPUMEHEHUU MHOLOMACWMAOHOU NPOSHOCMUYECKOU MOOenu, UCNOb3YIowell Memoovl
sviuucaumenviou  eudpoounamuxy (BI[]) 0ns 30Hbl ¢ 6blcOKUM paspeuienuem GOAU3U UCMOYHUKA U
CMAHOAPMHYIO 2AYCcCo8y MOOeib 014 OdlbHell 30Hbl. B O0anmoli cmamve npedcmasien ananu3 4ucieHHO20
MOOEUPOBAHUS AMMOCPEPHBIX TNOMOKO8 U PACCEeAHUs Npumecu Ona MUNOBbIX OMKPbINLIX BbIPAOOMOK
Benuxobpumanuu. Xapaxmephvie napamempul 8b16p0CO8 U MEMEOPONOSULECKUX YCI08Ull ObLIU NOTYUEeHbl U3
OAHHBIX 00J20CPOUHBIX 3anucell, cOOPaHHbIX HA OeliCmEYIouUx OMKpPbIMuIX ebipabomxax Benuxobpumanuu.
Buibpocel Oviiu  cmodenupoganvl 1azpanicesol cxemoul Onsd MUNUYHLIX Npoguieti 6 NOSPAHUUHOM Clloe
ammocghepul, BUIPAHCEHHBIX KAK QYHKYUU XAPAKMEPUCTHUK CKOPOCTU NaApamempos mypOyieHmHocmu npu
Heumpanvrou cmpamuguxayuu. Ilpeocmaenentvle pe3ynomamsl NOJYUEHbl C Y4eMOM GIUAHUA MOnozpaguu
MECMHOCIU HA YOePACUBAIOUYI0 CHOCODHOCMb WAXMbL, 8 OMAUYUE 0N Memo0d, 6a3UPYIOue2ocs Ha 2aycco8oll
Mmodenu pakena.

KiroueBble ciioBa: pacnpocmpanernue novljiu, 6bl4UCIiumelbHas 2u0poduHaMuKa, Kapbvepbul
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CHANGES IN METEOROLOGICAL AND ATMOSPHERIC TRANSPORT AND
DEPOSITION PATTERNS DUE TO INFLUENCE OF METROPOLITAN AREAS

Abstract. The spatial and temporal variability of the meteorological (for temperature and wind), concentration
and deposition fields resulted from hypothetical accidental releases occurred in the metropolitan area is
evaluated on an example of the urban area of Copenhagen, Denmark. Dependence of these fields on the
temporal variability of meteorological variables in the lower surface layer was estimated as a function of
modified parameters.

Keywords: urbanization of numerical weather prediction model, anthropogenic heat flux, roughness, urban
fabric, hypothetical accidental release of radioactivity.

1 Introduction

In urban areas, in contrast with rural areas, the urban boundary layer is more complex,
and hence, it requires a special treatment. The surface energy balance is the major equation
used in many models to evaluate thermodynamical and dynamical patterns above the ground
surface. In respect with the urban areas it includes the storage, sensible, and latent heat fluxes
(plus, anthropogenic heat flux). The urban areas are characterized by the local-scale
inhomogeneties, sharp changes of roughness and heat fluxes. In these areas the wind velocity
and redistribution of eddies are changed due to effects of buildings. Moreover, the trapping of
radiation in street canyons is observed as well as there is influence of urban soil structure,
diffusivities heat and water vapor content. In addition, such areas are affected by
anthropogenic heat fluxes and are seen as so-called the urban heat islands with specific
structures of internal urban boundary layers and dependent urban mixing heights. The effects
of pollutants emissions due to traffic, their transformations, and substantial changes in land
cover are of importance for the urban meteorology and climate as well. All these urban
features influence formation of airflow, its turbulence regime, microclimate, and accordingly
modify transport, dispersion, and deposition of atmospheric pollutants in urban areas.

In this study, we focus on evaluation of effects of urbanization in numerical weather
prediction (NWP) modelling on simulated meteorological and pollution patterns over the
urbanized areas and surroundings of the Copenhagen metropolitan area (Denmark). The main
objectives of the study include, at first, the modification of the existing NWP land surface
scheme using different approaches: 1) anthropogenic heat flux and roughness (AHF+R), 2)
building effect parameterization (BEP) and 3) soil model for submeso scales urban version
(SM2-U) modules. At second, we perform simulations of meteorological fields using DMI-
HIRLAM model in two modes/runs: control and modified/urban, and for two types: selected
case studies and long-term simulations over selected period of time. At third, then for the case
studies: we simulate on a diurnal cycle pollution patterns (concentration and deposition fields)
for selected specific dates reflecting different atmospheric conditions such as low, typical, and
high winds conditions. For case studies we evaluate effects of urbanization on structure of
concentration and deposition fields resulted from hypothetical accidental releases in urban
areas. For all types of runs we evaluate effects of urbanization on temporal-spatial structure
and variability of meteorological fields by estimation on a diurnal cycle the differences
between control and urban runs for meteorological variables (temperature, wind velocity,
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relative humidity). In our study, the diurnal variations of meteorological fields in the low
surface layer produced by the NWP model are evaluated taking into account modifications
done in the Interaction Soil-Biosphere-Atmosphere (ISBA) land surface scheme. The
variability in spatial distribution of concentration and deposition patterns produced by the
Local Scale Chain Model of the ARGOS system is also analyzed. Combined impacts were
estimated for the Copenhagen metropolitan area and surroundings.

2 Methodology
2.1 Meteorological modelling

The present DMI weather forecasting system [9] performs daily forecasts of
meteorological fields employing the High Resolution Limited Area Model (HIRLAM) model
[10] consisted of two nested models called DMI-HIRLAM-S05 and -T15 with horizontal
resolutions of 5 vs. 15 km, respectively. The boundary conditions for T15 are supplied every
6 hours from the ECMWF model. The recent operational DMI model is semi-implicit, with
semi-Lagrangian advection and leapfrog time stepping (with the semi-Lagrangian advection
as optional). Physics such as short and long wave radiation, turbulence (except gravity wave
drag), deep and shallow convection, cloud, and precipitation generation and air-sea/air-land
interactions are parameterized. There are also experimental research DMI-HILRLAM models
with a higher resolution such as DMI-HIRLAM-UO01/101 models. These models run mostly
with a focus on the Copenhagen metropolitan area. The main assumptions in these models are
identical to the operational versions, and boundary conditions are taken from S05. Moreover,
the land use classification for the current version of DMI-HIRLAM is based on several
datasets including high resolution CORINE dataset. In HIRLAM some fields, such as
roughness, albedo, vegetation type, orography, etc. are assumed to be constant in modelling
domains during operational runs. These fields are once produced and stored in the climate
generation files and are available for analyses and forecasts. Modifications for the urban
effects, considered in the following section, were included into high resolution runs.

2.2 Urbanization

There are several ways of improving the NWP forecasting due to inclusion of urban
effects. The urbanisation includes the following aspects and processes (Baklanov et al., 2008):
1) down-scaling, including increasing vertical and horizontal resolution and nesting
techniques; 2) modified high-resolution urban land-use classifications, parameterizations and
algorithms for roughness parameters in urban areas based on morphologic methods;
3) specific parameterization of urban fluxes; 4) modelling/ parameterization of meteorological
fields in the urban sublayer; 5) estimation of the urban mixing height based on prognostic
approaches. In particular, for our study, several ways of urbanization were tested for specific
dates and long-term runs and these include several modules [1,4]. The first module (which
considers modifications of the roughness and anthropogenic heat flux — AHF+R — is the
cheapest way of “urbanizing” the model and it can be easily implemented into operational
NWP models. The second — Building Effect Parameterization (BEP) [6] — module gives a
possibility to consider the energy budget components and fluxes inside the urban canopy
although it is a relatively more expensive (= 5 % computational time increase) [4]. However,
this approach is sensitive to the vertical resolution of NWP models and is not very effective if
the first model level is higher than 30 meters. Therefore, the increasing of the vertical
resolution of current NWP models is required. The third — Soil Model for SubMeso
Urbanized (SM2-U) version [2,3] — module is considerably more expensive computationally

188



Changes in meteorological and atmospheric transport and deposition patterns

than the first two modules [4]. However, the third one provides the possibility to study
accurately the urban soil and canopy energy exchange including the water budget. Therefore,
the second and third modules can be used in advanced urban-scale NWP and meso-
meteorological research models.

2.3 Pollution modelling

To simulate atmospheric transport, dispersion, and deposition resulted from hypothetical
accidental releases of radioactive matter from a selected location the ARGOS system with the
Local Scale Model Chain (LSMC) [8] was employed. It consists of the atmospheric
dispersion model called RIso Mesoscale PUFF (RIMPUFF) model [7]. In consisted of plume
rise, inversion, ground level reflection, and gamma dose formulations and algorithms. The
model output includes the surface level air concentration, deposition, and gamma dose rates.
As input, the 3D meteorological fields produced by the DMI-HIRLAM model were used. For
all selected dates the release point is located in the Copenhagen metropolitan area, the
duration of release is equal to 12 hours (i.e. starting at 03 UTC and ending at 15 UTC), the
radionuclide considered is **'Cs, and the emission rate is equal to 10™ Bq/s.

3 Results and discussion
3.1 Models runs and analysis

The HIRLAM research model (with a resolution of 1.4 km) was run with modified land
use and climate generation files. The meteorological fields’ simulations were driven using the
HIRLAM-S05 model boundary conditions. Several specific dates — low wind conditions, high
precipitation, high winds, and typical conditions — were studied in details. The land surface
scheme was modified for urban cells represented domain. For each specific date several
independent runs were performed for: no modifications in scheme. The meteorological fields
serve as input in many applications, and especially in those related to atmospheric pollution
tasks, and these were used to simulate atmospheric transport, dispersion, and deposition of
short- and/or long-term releases of harmful matter. l.e. afterwards the Local Scale Model
Chain of the ARGOS system was employed to simulate the atmospheric transport and
deposition of hypothetical accidental releases. Finally, the diurnal cycle of meteorological
variables was analyzed comparing (difference fields at each UTC term) outputs from control
run with those where changes were made.

3.2 Comparison of AHF+R and BEP urban modules

For the first two — AHF+R and BEP — urban modules the short- and long-terms runs
during summers of 2004-2005 were performed employing DMI-HIRLAM high resolution
model. Several specific dates were selected using the wind velocity and direction from the
surface and radiosounding observations as criteria. These dates have represented typical, low,
high winds and high precipitation conditions for atmospheric transport over the Island of
Zeland (Denmark) where Copenhagen is situated. In these runs in the ISBA scheme, the
roughness for cells (where the urban class was represented in the modelling domain) was
increased up to 2 m; the contribution of the anthropogenic heat flux ranging from 10 to 200
W/m? was incorporated into the scheme; as well as typical characteristics of different urban
classes was included. The diurnal cycle of meteorological variables such as wind velocity (at
10 m) and temperature (at 2 m) was analyzed comparing outputs of the control run vs. runs
with modified parameters in urban cells. At each UTC term, the 2D (values in latitude vs.
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longitude gridded domain) difference fields for mentioned variables were produced/analyzed
by subtracting outputs from the control run without any changes made vs. run with changes
made using different urban modules (as shown in Figs. 1 and 2 for the AHF+R and BEP
urban modules).

— - - e : e = . e Ben # 2004 001 +04h = Bun OO 2004 0N +odR =
= PR ESI SR 0 - v % e a0 ne R (U013 HIRLAM CTRL SR~ - § ] one RLAM CTRL v URE (L01)

Fig. 1 — Difference fields between the control vs. urbanized (AHF+R module) runs of the
DMI-HIRLAM model for the (a) air temperature at 2 m and (b) wind velocity at
10 m on 08 Aug 2004, 06 UTC.
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Fig. 2 — Difference fields between the control vs. urbanized (BEP module) runs of the DMI-
HIRLAM model for the (a) air temperature at 2 m and (b) wind velocity at 10 m on
08 Aug 2004, 06 UTC.

It was found, that for the low wind conditions (LWC) dates, the modified run showed an
increase in temperature at 2 m over the urban areas. This increase was more than 1°C during
18-06 UTC (with a maximum of more than 1.5°C at 04-05 UTC), and it was less than 1°C
during 07-17 (with a minimum of 0.5°C at 16-17 UTC). On average, decrease in wind
velocity at 10 m was around 2 m/s during nighttime, and it was up to 1.5 m/s during daytime,
with a maximum of more than 3 m/s. For the typical wind conditions (TWC) date, the
urbanized run showed also increase in temperature at 2 m, but this increase was substantially
lower than for LWC. For the high wind conditions (HWC) date, during all terms the
temperature increase over the urbanized areas was always less than 0.3°C (with higher values
at early morning hours). On average, the decrease in wind velocity at 10 m was less than 0.5
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m/s during evening and nighttime hours, and it became slightly larger after late morning hours
reaching a maximum of 1.5 m/s at 15 UTC. For the high precipitation conditions (HPC) date,
the temperature differences over the urban areas showed a variability of up to 1°C, but a clear
pattern on a diurnal cycle was not identified. Similar situation was also observed for the wind
velocity.

3.3 Modeled temperatures of surfaces using SM2-U module

The SM2-U module was used to estimate the month-to-moth variability of the main
meteorological variables as well as the net radiation, sensible, latent, and storage heat fluxes
for different parts of the city as well as different types of the underlying surfaces. Here, let’s
focus on the surface temperatures. For the Copenhagen metropolitan area throughout the year
the mean temperature of the surface is always positive for the artificial and water surfaces
compared with other types. The highest temperatures are characteristic for the artificial and
building types in July reaching up to 22 and 20.3°C, respectively (with maxima of 31.3 and
35.4°C in some cells of domain containing these types). But in August, the soil and water has
own highest (on an annual scale) mean temperatures of 15.6 and 18.7°C, respectively. During
December-February, for the vegetation on artificial and natural surfaces, bare soils and
building types (November — also for the both vegetation on natural and artificial surfaces), the
temperature is negative, although in other months it is always positive with maxima in July.
During September-March, it is the lowest for both the vegetation on artificial and natural
surfaces among other land types of surfaces. In January, in some cells it reached even -7.6°C,
although on average it was —4.7°C during this month. Note, in some cells of domain, for these
two types the negative temperatures can be observed starting already in August and extended
farther into April. For urban type, such situation is observed during November-April. The
averaged modeled surface temperature in January is shown in Fig. 3.
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Fig. 3 — January surface temperature (deg K) simulated using SM2-U urban module for the
Copenhagen metropolitan area/ averaged over 7 types of surfaces/ at (a) 09:00,
(b) 13:00, and (c) 17:00 UTCs.

On a diurnal cycle, the temperature variability of the water surface is significantly
smaller compared with the “land” types of surfaces. The largest difference is seen between
vegetation on artificial and natural vs. completely artificial surfaces reaching of more than
5°C during 16-04 hours (maximum of 8°C at 18 h). Moreover, the daily maximum of the
artificial surface temperature is comparable with other urban types of surfaces, although
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occurred 2 hours later. The minima are characteristic for the both vegetation on natural and
artificial surfaces during the late evening and night hours.

The monthly and diurnal cycle variability of the mean surface temperature (calculated
taking into account influence from all types of surfaces presented in each grid cell) varies for
different types of urban districts such as the high buildings, industrial commercial and
residential districts. For the HBD cells, on a diurnal cycle, the temperature is always positive
(i.e. above 0°C) during May-October. Beginning of January it became positive (but only less
than 1°C) between 11-12 hours. Further, the duration of positive temperatures is increased
gradually until April, as well as it gradually decreased during November-December. The daily
maximum of up to 30°C can be observed in July in the middle of the day, and a minimum of
-6°C in January in the late evening hours. For the ICD cells, on a diurnal cycle, the positive
temperatures are dominant during all months, except January-February. Moreover, they also
positive, at least, during 08-16 h for these two months. Similarly to the HBD cells, the daily
maximum (33°C) can be observed in July in the middle of the day, and a minimum (-0.4°C) in
January in the late evening hours. Moreover, for CC/HBD, the monthly variability showed
that throughout the year, except December-February, the daily mean temperature is always
positive. Note, for ICD - it is always positive.

3.4 Changes in pollution patterns

The differences in concentration and deposition fields resulted from modifications of
the land surface scheme were estimated. The impacts of these on the Copenhagen
metropolitan area of Denmark and surroundings were evaluated for different meteorological
situations. It was found that only for the low wind conditions, the differences in concentration
and deposition patterns were significant. It has been characterized by a wider spreading of the
contaminated cloud over the urbanized areas and surroundings (example is shown in Fig. 4
for 19 June 2005), and hence, affecting a larger group of population. For the typical and high
wind conditions, there are no significant differences between the control vs. urban runs, due
to smaller changes in meteorological variables’ values on a scale of diurnal cycle as well as
smaller sizes of urbanized areas affected by these changes. For the high precipitation
conditions, the situation is more complex due to substantial removal of pollution from the
contaminated cloud at the initial stages of emissions into the atmosphere.

= o, :
NON-URBAN y - |._URBAN

Fig. 4 — Total deposition patterns of **'Cs resulted from hypothetical accidental release in the
Copenhagen metropolitan area /logarithmic scale ranging from 1 to 1e+9 Bg/m2/.
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4 Conclusion

In our study, the spatial and temporal variability of meteorological and contamination
patterns (resulted from hypothetical accidental releases of harmful matter) is analyzed for
urban areas. For that, the short- and long-term runs, employing the operational model of high
resolution, were performed with different urban modules such as AHF+R, BEP, and SM2-U
integrated into the land surface scheme of the meteorological model.

It was found that such modify the structure of the surface layer wind and temperature
fields over urban areas. On average, the decrease in wind velocity is the highest for low wind
situations, and it is the lowest for the high winds. Similarly, the average increase in
temperature is the highest for the low winds, and it is the lowest for others. The urbanization
of meteorological model with modified roughness, anthropogenic heat fluxes, and building
effects allowed the modelling of effects over urbanized areas. On average, the differences
between NWP control vs. urbanized runs over the Copenhagen metropolitan area and
surroundings were the following. For the typical wind conditions, the differences for the air
temperature are less than 0.3°C (with a maximum up to 0.5 °C, at nighttime) and the wind
velocity are less than 0.5 m/s (with a maximum up to 1.5, at midday). For the low wind
conditions, the differences for the air temperature at 2 m are more than 0.5°C (with a
maximum up to 1.5°C, at nighttime) and for the wind velocity are more than 1 m/s (with a
maximum up to 3 m/s, at nighttime).

The significant differences in concentration and deposition patterns were observed only
for the low wind conditions. For the typical and high wind conditions, there are no large
differences in spatial and temporal structure of pollution related patterns. For the high
precipitation situations, this impact was not observed due to substantial removal of pollution
at the initial stages.

It can be summarized that in specific meteorological situations, especially during the
low wind conditions, the urban effects may be of considerable importance over the large
metropolitan areas. The high-resolution simulations with urbanization showed a slight
improvement in overall NWP model performance (where this improvement is more
significant over the urban areas), and it provides a possibility to incorporate the urban effects
into NWP modelling.

Acknowledgments. Thanks to the DMI Computer Support and HIRLAM group for the collaboration. The DMI
facilities of NEC SX6 had been used for simulations. This research has been done within the frameworks of the
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HN3meHeHnst MeTeOPOJIOrHYeCKHUX NOJIeH, AaTMOC(EPHOro NMepeHoca U BbINAJEHUs 3a c4eT
BJIMSIHASI YPOAHU3UPOBAHHBIX TEPPUTOPHIA

AuHoOTanms. [Ipocmpancmeennas u pemMeHHAs USMEeHYUBOCMb Memeoponozudeckux noaeti (memnepamypol u
eempa), KOHYeHMpayuu U 6bINAOCHUSI NPU SUNOMEMUHECKUX ABAPULIHBIX 6bIOPOCAX NPOUCXOOSWUX HA
ypbanusuposannoti meppumopuu oyenueaemcs Ha npumepe Koneneazena (Janus). 3asucumocms smux nonei
OM BPEMEHHOU UBMEHUUBOCTNU MEMEeOPONOSUHECKUX BETUYUH 6 HUNCHEM NPU3EMHOM ClI0e OYEeHUBAemCs KaK
yHKYUA MOOUDUYUPOBAHHBIX NAPAMEMPOS.

KiioueBble clioBa: ypOaHusayus YUCIEHHOU MOOenu NPOSHO3d No200bl, AHMPONOZEHHbI NOMOK Mmenad,
napamemp wepoxos8amocmu, 20pO0CKdsl 3ACMpPolKad, SUNOMEeMU4ecKUull asapuiiHblil 6b10pOC PAOUOAKMUBHOCTIU.
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APPLICATION OF MICROSCALE MODEL FOR DEVELOPMENT OF URBAN
CANOPY PARAMETRIZATION SCHEME FOR MESOSCALE MODELS

Abstract. A numerical simulation of flows in urban canopy is important from the view point of emergency
preparedness and development of new schemes for parameterization of atmospheric boundary layer in NWP.
This study performs the analysis of spatial averaged properties of flow around different urban like obstacles.

Keywords: obstacle resolved microscale model, urban canopy parameterization.
1 Introduction

Prediction and understanding of basic physical phenomena of complex flows in and
above the urban canopy provide not only prevention of potential ecological risks but promote
the development of new schemes for parameterization of urban areas for numerical weather
prediction models. Recently, many scientists attend to investigation of aerodynamics and
pollution transport in arrays of cubes/obstacles [4, 6]. These obstacles model buildings that
are elements of the urban roughness. The arrangement and size of buildings are very
changeable in reality. Therefore, estimation of impact of the geometry variation is important.

The goal of the study is investigation of aerodynamics in array of obstacles and the
analysis of averaged flow variables.

2 Methodology and Data

We assume that the flow is incompressible and influence of body force is insignificant.
The modeling of aerodynamics is based on Reynolds averaged Navier-Stokes equations [8]:

ot
—J_o,
8Xj

ouuj 1 op Lo fan ) o o
8Xj ani an

oxj | ox; (“{“J)’ 1=123, (1)

where T;j is the averaged projection of the velocity vector on axis Ox;; P is the pressure; p is

the density; v is the kinematic viscosity; uju’j is the Reynolds stresses.

The turbulence closure of the averaged momentum equations is based on the two-
equation k-¢ model of turbulence with non-linear dependence of the eddy viscosity on
component of strain rate and vorticity tensors (non-linear eddy-viscosity model, NLEVM) [2]:
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where a;; is the tensor of turbulence anisotropy; &jj is the Kronecker delta; vy is the eddy
viscosity; k is the kinetic energy of turbulence; ¢ is the dissipation rate of kinetic energy of

a_.
turbulence; P = -uju’ ai is the production of turbulent kinetic energy, oy =1, o, =13,
Xj

Ce =144, C.p =192, C; =-01, C, =01, C3=0,26, C4 =-10C?2, C5 =0, Cg =-5C2,
C; =5C}.

Quadratic combinations of S and Q tensors take into account of the normal stresses
anisotropy. Cubical terms are need for correct modelling of influence of streamlines curvature
and flow swirling.

The inlet boundary conditions (B.C.) are based on wind-tunnel data; outlet and lateral
B.C. are simple gradient conditions. The wall-function method [1] is used to describe
interaction of flow with obstacles and solid surfaces.

The problem is solved numerically, and differential equations are discretized by the
finite-volume method [5]. The convective terms of the transport equations are approximated
with the use of MLU second-order scheme [7]. To calculate the integrals, piecewise-linear
profiles, describing the function variation between nodes, are used. This discretization yields
the grid equations, which are solved by the Buleev’s explicit method of incomplete
factorization [3]. To match the pressure and the velocity fields, Patankar-Spalding SIMPLE
algorithm [5] is used. Calculation of parameters in the domain of complex geometry is
executed within the method of fictitious areas.

The numerical simulation is based on the MUST experiment dataset (Figure 1). The
main point of the experiment is to simulate the real urban obstacles and to measure the flow
field and turbulence parameters in case of different meteorological conditions [6]. The study
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area is a large domain 200 m x 200 m with array of containers 10 x 12, each of which has size
2,2 m x 242 m x 2,54 m. The only container has dimensions 6,1 m x 2,44 m x 3,51 m at the
central area of the computational domain. The boundary conditions are: inflow -

U =Uper (2/8,78)""°, Upes =5,5m's™h; k=1,45m%2; £=0,2m%3, Hyg =2,54m;
outflow and lateral boundaries are 6®/on =0, where ® is uq,U,,us,k,& and A is normal to

boundary vector. We will consider the approaching flow perpendicular to the container
arrangement.
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Fig. 1 — The scheme of computational/experimental domain for MUST.

3 Results

The developed model is evaluated on the basis of a metrics set which measure of model
performance and usually applied for air quality models [6]. The following equations define
these metrics, which include fractional bias (FB), Hit Rate (q), Correlation coefficient (R),
Normal Mean Square Error (NMSE), and fraction of predictions with a factor of two of
observations (FAC2):

FB=(0-P)/(05:(0+P).0=%5",0,, P=1'30 R

1, for [(R; —O; )/Oj| < D or |R — O <W,
=N/ N ON;, N; = I I I i i
| A %z'zl v {O, otherwise

NMSE = 31 R)?/xr, (OR),
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i1 (0; -0 )R -P)]

P R

FAC?2 = fraction of data that satisfy 0,5 < P, /O; < 2,0.

R =

Here, B is the model predictions; O; is the observations/experimental data; P is the

average over the data set; N is the number of measurement points, D is the ratio error (=0,25)
and W is the absolute error. A perfect model would have q, FAC2 =1, and FB, NMSE = 0.
The metrics FB and NMSE are used only for positive values (the kinetic energy of
turbulence), because the negative variables could lead to inadequate results.

Table 1 — The metrics for vertical profiles of velocity and kinetic energy of turbulence

Number of
noints w D R q FAC2 FB NMSE
ug 566 0,008 | 0,25 0,83 0,70 0,90 - -
U3 566 0,007 0,25 0,59 0,17 0,17 - -
k 566 0,005 | 0,25 0,39 0,43 0,79 0,38 0,35

A satisfactory model should have the following values of the mentioned above
metrics [6]: 1) FAC2>0,5; 2) FB<0,3; 3) NMSE<4; 4) q>0,66; 5) R>0,5.

The results of computations show that the hit rate for axial velocity ul/U ref 1S usually
higher than 0,66 (Table 1). There is substantial disagreement of vertical velocity u3/Uref

with experiment (q=0,17). In spite of this the correlation coefficient R display that the

developed model could satisfactory predict of averaged velocity profile. Figure 2
demonstrates that the underestimation of ug exists inside the array of containers and at the

roof level.

14 . 14A . 14 |
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. 3
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. .
= 8— =} 8_ . = 8_ 3
N o <
6— 6 — 6 — .,
Container 4 — 4 — '0' 4 - .'-‘
Height gl S ‘}
o - N 2- "
o
.U
v o | ] =9 — T T 1
-0.4 -0.2  -0.1 0.1 0 0.05 0.1 0.15 0.2
LI_‘%’JrUrul' IU'Urcl'1

— - numerical prediction, e - experiment

Fig. 2 — Vertical profiles of u;, uz and kinetic energy of turbulence at x=-76, y=3.
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In accordance with the Table 1 there is also underprediction of the kinetic energy of

2
turbulence k/U ref

predicted data is less than 35%.
The averaged values are derived from computations in the following way [4]:

(positive values of FB), but parameter FAC2 indicate that the part of such

[0y “UNZZd ko W), ZVN§§(W)i,j,k 1
(09, =UN %%((I)i,j,k ~ () ik (v ),

where the sum is performed over the N points that are within the air volume of the averaging
volume at level k; N is equal to 16954 below H and 20020 above.
The dispersive Kinetic energy is defined as:

=38 ).

To compute the drag coefficient Cp for a single canyon unit (air volume with the one
container) the following relation is used [4]:

_1 Ay
D~ Uy U AZN g

Py -

Here, u; is the averaged velocity per canyon unit; Az is the height of a container; Ay is
the length of the container; Ny is the number of grid cells per container and AR is the
difference of pressure on the windward and the leeward sides of the container.

6 6 — 6 —
(a) (b) (c)
5 5 5
4 4 4 -
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= 3 = 3 T 3
N N [N
2 2 - 2 -
] . 1_\
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0 04 08 1.2 16 0 0.004 0008 0012 0 2 4 6 8 101214
‘(u|>’(Ur\-f <u.=>}{Urcl' CI)

Fig. 3— Vertical profiles of averaged variables: (a) mean axial velocity; (b) mean vertical
velocity; (c) vertical profile of the drag coefficient (non-dimensional).
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Fig. 4 — Vertical profiles of averaged variables: (a) kinetic energy of turbulence;
(b) dispersive kinetic energy; (c) dissipation rate.

Vertical velocity profile of the mean u; component (Fig. 3) is approximately linear with
height between containers. The results of averaging show that there is no logarithmic law at
the roof level and above of containers. Such behavior of the wind profile is in contrast with
the commonly used assumption of the log-law for urban canopy. The log-law will be present
above the canopy in the case of regular arrangement of obstacles and for obstacles with the
cubic shape [4]. There is weak advection in vertical direction (Fig. 3) in comparison with the
horizontal transport. The drag coefficient is not a constant and it is substantially varied with
height. It does not mean that there is not any similarity of such variation for different
obstacles but values of Cp, are depended on obstacles geometry and flow conditions.

In accordance with the results of simulation the turbulent kinetic energy <k> has
maximum at the roof level and decreases inside and above the canopy while the maximum of
the dispersive kinetic energy (e) is between the containers (Fig. 4). The maximum of

dispersive kinetic energy is account for structures smaller that the size of the averaged volume
(coherent canyon vortexes).

4 Conclusion

The analysis of the model performance on the basis of metrics was conducted. The
results of the analysis indicate satisfactory quality of the model. The averaged velocity shows
that the vertical profiles of velocity depend on geometry and arrangement of obstacles.
Therefore, the profile of velocity is not always logarithmic for urban canopy. The dispersive
Kinetic energy is substantially higher than the turbulent kinetic energy in canopy. It means the
importance of correct parameterization of dispersive stresses in NWP models because they
have significant effect on total gradient of the sub-grid fluxes.
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IIpumeHenne MUKpoOMACIITAOHON MoJeJu s pa3padoTKM cXeMbl NapamMeTpPH3alHNHU
rOPOJCKOI 3aCTPONKHU B Me30-MaCIITAOHBIX MOIEIAX

AnHoTanus. Yuciennoe mooenupoganue medeHutl 8 yCa08UsxX 20po0CKOU 3aCMPOUKU AGIACMCA GANCHLIM NPU
obecneuenuu 20MOGHOCMU K ABAPUUHLIM CUMYayuam, a maxk odice OXA  paspaboOmKu HOBbIX cXeM
napamempuzayuyu ammoc@epHo2o NOSPaHudHO20 Cl0S 8 YUCIEHHOM NpocHo3e noz2oodvl. [lannoe ucciredosanue
npeocmagiiem cobol aHanu3 CEOUCME MNOMOKA, OCPEOHEHHLIX N0 NPOCMPAHCINGY, 60KPY2 DA3IUUHBIX
Npensamcmeull XapaKxmephuix 0 20pood.

KuioueBble c10Ba: mukpomacumadnas mooeib ¢ AGHbIM 8blOeICHUeM NPensmcmsuil, napamempusayus
20pOOCKOU 3ACMPOTIKU.
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SIMULATIONS OF PM10, PM2.5 AND OTHER POLLUTANTS DURING WINTER
2003 IN GERMANY: A MODEL EXPERIMENT WITH MM5-CMAQ AND
WRF/CHEM MODELS

Abstract. We have applied the MM5-CMAQ model to simulate the high concentrations in PM10 and PM2.5
during a winter episode (2003) in Central Europe. The selected period is January, 15 -April, 6, 2003. Values of
daily mean concentrations up to 75 xgm™ are found on average of several monitoring stations in Northern
Germany. This model evaluation shows that there is an increasing underestimation of primary and secondary
species with increasing observed PM10. The high PM levels were observed under stagnant weather conditions,
that are difficult to simulate. The MM5 is the PSU/NCAR non-hydrostatic meteorological model and CMAQ is
the chemical dispersion model developed by EPA (US) used in this simulation with CBM-V. The TNO emission
inventory was used to simulate the PM10 and PM2.5 concentrations with the MM5-CMAQ model. The results
show a substantial underestimation of the elevated values in February and March, 2003. An increase on the
PM2.5 emissions (five times) produces the expected results and the correlation coefficient increases slightly. The
WRF/CHEM model results show an excellent performance with correct emission database. The main difference
between MM5-CMAQ simulations and WRF/CHEM is the MOSAIC particle models and the “classical”
MADE/SORGAM particle model used in WRF/CHEM and CMAQ respectively. MOSAIC seems to make a better
job than MADE particle model for this particular episode.

Keywords: emissions, PM10 and PM2.5, air quality models, air particles.
1 Introduction

Simulations of elevated PM10 and PM2.5 concentrations have been always
underestimated by modern three dimensional air quality modelling tools. This fact has
focused much more attention between researchers during last years. Three dimensional air
quality models have been developed during the last 15-20 years and substantial progress has
occurred in this research area. These models are composed by a meteorological driver and a
chemical and transport module. Examples of meteorological drivers are: MM5 (PSU.NCAR,
USA), [9], RSM (NOAA, USA), ECMWF (Redding, U.K.), HIRLAM (Finnish
Meteorological Institute, Finland), WRF [12] and examples of dispersion and chemical
transport modules are EURAD (University of Cologne, Germany), [22], EUROS (RIVM, The
Netherlands), [13], EMEP Eulerian (DNMI, Oslo, Norway), MATCH (SMHI, Norrkoping,
Sweden), [6], REM3 (Free University of Berlin, Germany), [24], CHIMERE (ISPL, Paris,
France), [19], NILU-CTM (NILU, Kjeller, Norway), [7], LOTOS (TNO, Apeldoorm, The
Netherlands), [15], DEM (NERI, Roskilde, Denmark), [8], OPANA model [16,17,18] based
on MEMO and MM5 mesoscale meteorological models and with the chemistry on-line solved
by [11], STOCHEM (UK Met. Office, Bracknell, U.K.), [5] and CMAQ (Community
Multiscale Air Quality modelling system) [3], developed by EPA (USA). In USA, CAMX
Environ Inc., STEM-III (University of lowa) and CMAQ model are the most up-to-date air
quality dispersion chemical models. In this application we have used the CMAQ model
(EPA, U.S.) which is one of the most complete models and includes aerosol, cloud and
aerosol chemistry.
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2 PM10 and PM2.5 episode

During the period January, 15, 2003 to April, 5, 2003, in central Europe (mainly
northern part of Germany), we observe three high peaks on PM10 and PM2.5 values in
several monitoring stations located in the area of North-East of Germany. The daily averages
of PM10 concentrations were close to 80 ugm™ and higher than 70 pgm™ for PM2.5
concentrations. These values are about 4-5 times higher than those registered as “normal”
values. The first peak on PM10 and PM2.5 concentrations was developed after Feb. 1 until
Feb. 15. During this period of time, Central Europe was under the influence of a high-pressure
system coming from Russia through Poland and Souther Scandinavia. In Northern part of
Germany, we found southeasterly winds and stable conditions with low winds. These
meteorological conditions brought daily PM10 concentrations at about 40 ugm. The second
peak was characterized by a sharp gradient on PM10 concentrations after Feb. 15 and until
March, 7. These episode reached daily PM10 concentrations up to 70 pgm™. The
meteorological conditions on March, 2 (peak values) was characterized by a wind rotation
composed by Southwesterly winds from Poland over the North of Germany and
Northwesterly and Western winds in the Central part of Germany. Finally a third peak with
values of about 65 ugm™ on March, 27 starts on March, 20 ending on April, 5. 2003. was
having a similar structure and causes than the second one.

3 Emission data

In both models, we have applied the TNO emissions [23] as area and point sources with
a geographical resolution of 0.125° latitude by 0.25° longitude and covering all Europe. The
emission totals by SNAP activity sectors and countries agree with the baseline scenario for
the Clean Air For Europe (CAFE) program [1]. This database gives the PM10 and PM2.5
emission for the primary particle emissions. We also took from CAFE the PM splitting sub-
groups, height distribution and the breakdown of the annual emissions into hourly emissions.
The PM2.5 fraction of the particle emissions was split into an unspecified fraction, elemental
carbon (EC) and primary organic carbon (OC). The EC fraction of the PM2.5 emissions for
the different SNAP sectors were taken from [20]. For the OC fraction, the method proposed
by [2] is applied as follows: an average OC/EC emission ratio of two was used for all sectors,
i.e. the OC fraction were set as twice the EC fractions, except if the sum of the two fractions
exceed the unity. In this case (fEC>0.33), fOC was set as: fOC = 1 — fEC. With this prepared
input, the WRF/CHEM and CMAQ took the information as it is. The hourly emissions are
derived using sector-dependent, monthly, daily and hourly emission factors as used in the
EURODELTA (http://agm.jrc.it/eurodelta/) exercise.

4 Observational data

Eighteen PM10 stations were selected for the comparison with the model results.
Seventeen stations represent the rural background and one station represent the urban
background in Berlin. All stations are located in flat or moderate hill terrain. Most of the
stations are operated by the respective Federal State agencies. At four stations (Neuglobsow,
Zingst, Westerland and Deuselbach, which are EMEP background stations run by the German
Environmental Protection Agency, Umweltbundesamt), the observed concentrations of
particulate sulphate, total nitrate (HNOs;+NOs) and total ammonia (NHs+NH;") were
available. Deuselbach, in the southwest of Germany, is located outside of the high PM10
concentration region. In addition, at the research station Melpitz [21] the concentrations of the
components of secondary inorganic aerosols SO4~, NO3, NH,", as well as the concentrations
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of EC, OC and NH; were available. The SO, and NO, concentrations at these five stations
were also taken into account in the model comparison. PM2.5 observations were available at
four stations: Melpitz, Waldhof, Deuselbach and Hannover. All PM10 and PM2.5
observations are based on gravimetric measurements, and the concentrations of the inorganic
species in aerosol particles on ion chromotography. The chemical composition data at Melpitz
result from the PM2.5 fraction, whereas the composition data from the other stations were
analyzed from the PM10 particle concentrations. OC data were corrected by a factor of 1.4 to
account for the non-C atoms in the particulate organic matter (OM) concentrations, which are
currently not measured [14].

5 MM5-CMAQ and WRF-CHEM architectures and configurations

MMS5 was set up with two domains: a mother domain with 60x60 grid cells with 90 km
spatial resolution and 23 vertical layers and 61x61 grid cells with 30 km spatial resolution
with 23 vertical layers. The central point is set at 50.0 N and 10.0 E. The model is run with
Lambert Conformal Conical projection. The CMAQ domain is slightly smaller following the
CMAQ architecture rules. We use reanalysis T62 (209 km) datasets as 6-hour boundary
conditions for MM5 with 28 vertical sigma levels and nudging with meteorological
observations for the mother domain. We run MM5 with two-way nesting capability. We use
the Kain-Fritsch 2 cumulus parameterization scheme, the MRF PBL scheme, Schultz
microphysics scheme and Noah land-surface model. In CMAQ we use clean boundary
profiles for initial conditions, Yamartino advection scheme, ACM2 for vertical diffusion, EBI
solver and the aqueous/cloud chemistry with CB05 chemical scheme. Since our mother
domain includes significant areas outside of Europe (North of Africa), we have used EDGAR
emission inventory with EMIMO 2.0 emission model approach to fill those grid cells with
hourly emission data. The VOC emissions are treated by SPECIATE Version 4.0 (EPA, USA)
and for the lumping of the chemical species, we have used the [4] procedure, for 16 different
groups. We use our BIOEMI scheme for biogenic emission modeling. The classical, Atkin,
Accumulation and Coarse modes are used (MADE/SORGAM modal approach).

In WRF/CHEM simulation we have used only one domain with 30 km spatial resolution
similar to the MM5. We have used the Lin et al. (1983) scheme for the microphysics,
Yamartino scheme for the boundary layer parameterization and [10] for the biogenic
emissions. The MOSAIC sectional approach is used with 4 modes for particle modeling.

6 Model results

The comparison between daily average values (averaged over all monitoring stations) of
PM10 concentrations and modeled values has been performed with several statistical tools
such as: Calculated mean/Observed mean; Calculated STD/Observed STD; bias; squared
correlation coefficient (R2); RMSE/Obsrved mean (Root Mean Squared Error); percentage
within +/-50% and number of data sets. Figure 1 shows the comparison between PM10
observed averaged daily values and the modeled values by MM5-CMAQ. The results show
that MM5-CMAQ underestimates about 4 times the observed peak values and particularly the
highest one on March, 2, 2003. The R2 coefficient is 0.69. Figure 2 shows similar information
but for the WRF/CHEM results. In this case WRF/CHEM captures quite well the magnitude
of the peaks, particularly the first one. For the second and third peak, the model undertimates
about 20 % the peak values. The R2 coefficient is 0.61. In case of PM2.5 the Figures 3 and 4
shows similar results than Fig. 1 and 2. The R2 coefficients are 0.41 and 0.58. The squared
correlation coefficient goes from 0.69 to 0.61 in the case of PM10 but increases substantially
in case of PM2.5, from 0.41 to 0.58. In WRF/CHEM both R2 coefficients (for PM10
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and PM2.5) are quite close (0.58 and 0.61) but in case of MM5-CMAQ, PM2.5 R2
coefficient is substantially lower than in case of PM10.

Fig. 1 — Comparison  between  daily
average observed PM10
concentrations and  model
results produced by MM5-
CMAQ. The model does not
capture the magnitude of the
PM10 peaks.

Fig. 2 — Comparison  between  daily
average observed PM10
concentrations  and  model
results produced by
WRF/CHEM.  The  model
captures  quite  well the
magnitude of the PM10 peaks,
particularly the first one.

Fig. 3— Comparison  between  daily
average observed PM2.5
concentrations  and  model
results produced by MM5-
CMAQ. The model does not
capture the magnitude of the
PM2.5 peaks.
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We performed another full experiment with MM5-CMAQ. We multiply by 5 the
PM2.5 emissions provided by TNO in the whole domain. The results are shown in
Figures 5 and 6. The results are surprisingly good for both species. The R2 coefficient is 0.70
and 0.48 for PM10 and PM2.5 respectively. In both cases the correlation is improved and
particularly for PM2.5 although just slightly. It is difficult to explain these results but it is a
fact.
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1 1 H YEAR : 20034VC ETATION & 30Km. MM5—CMAQ—EMIMC FORECAST DALY AVG
Fig. 4 — Comparison ; betwgen - ﬁ/lazl I%/ 15 RN 200 CoaR 2003 |
average observe bS5 gl i e
concentrations and model results ] oL
produced by WRF/CHEM. The 7 i
model captures quite well the o] :
magnitude of the PM10 peaks, ol i
H P25
particularly the last one. w1 i
TRTE TR R R
STATION AVG 24.072 ug/m3 MODEL A¥G 25.022 ug/m3
Flg 5— Comparlson between dally VEAR : 200345 STATION & 30K, MMS—ChA0—EMIMG  FOREGAST DALY 443
average Observed PMlO ."...1.?.'./?{&.\].‘/‘2‘9?2..:._..P?m\ﬁ'ﬁ/ﬁ?g?ﬂ?wxumH...w.....
MODEL ——
concentrations and model results .| e
produced by MM5-CMAQ with , i
PM2.5 emissions multiplied by N |
5. The model captures quite well | I
the magnitude of the PM10 epuio
peaks, particularly the second ™7 I
one. il i
o UPH
S e e A R S
JAN FEE MAR APR
STATION AVG 32.475 ug/m3 MODEL AVG 33.063 ug/m3
i —_— 1 1 YEAR ; 20034¥5 STATION & Z0Km. Mh5—ChAQ—EMIMD  FORECAST DALY AWG
o oo /s - oo o L
' MODEL ——
concentrations and model results .| B
produced by MM5-CMAQ with ] |
PM2.5 emissions multiplied o i
by 5. The model captures quite i |
well the magnitude of the PM10 P25 | |
peaks, particularly the third one.
e
JAN FEB MAR APR

STATION AVG 24.072 ug/m3 MODEL AVG 24.444 ug/m3

206



A model experiment with MM5-CMAQ and WRF/CHEM models

7 Conclusions

We have implemented and run two different models (MM5-CMAQ and WRF-CHEM) for the
same episode over Northern part of Germany during the winter period of 2003
(Jan. 15 -Apr. 5, 2003). WRF-CHEM made a better job than MM5-CMAQ, not only the
patterns reproduce the peak values quite well but also the statistical parameters are good. The
calculated mean values divided by thye observed mean value os exactly 1.0 for PM10 and
WRF/CHEM on-line model. For the MM5-CMAQ this ratio is 0.28 and when we multiply the
PM2.5 emissions by 5, the ratio is 1.02 which is also excellent. The bias values for
WRF/CHEM, MM5-CMAQ and MM5-CMAQ (x5) are 0.09, -23.33 and 0.51 which are
excellent values for WRF/CHEM and MM5-CMAQ (x5). No realistic explanation is found
for the exercise related to multiply by 5 the PM2.5 emissions from TNO emission inventory.
The main apparent reason why WRF/CHEM is doing much better job than normal MM5-
CMAQ is the use of MOSAIC particle model based on sectional modal approach instead the
“classical” approach based on MADE/SORGAM modal approach.
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A model experiment with MM5-CMAQ and WRF/CHEM models

MopaeaupoBanne koHueHtpaumii ¢pakumii PM10, PM2.5 u apyrux 3arpsi3HsOmmx
BelllecTB B TeueHHue 3uMHero nepuona 2003 B 'epMaHum: YuCIeHHbIE IKCTIEPUMEHTHI C
moaeasasvu MM5-CMAQ u WRF/CHEM

AnHoTauus. Aémopsr cmamou npumenunu modeio MM5-CMAQ 0ra modenuposarnus gbicokux KonyeHmpayui
saepsznsouux sewgecms ¢ ouamempamu menee 10.0 u 2.5 mxm (ppaxyuu PM10 u PM2.5, coomeemcmeento) 6
Lenmpanvnoii Eepone na npomsicenuu 3umnezo nepuoda 2003 2. Bwibpan nepuoo c¢ 15 aueaps no
6 anpensn 2003 2. 3uauenus cpednecymounvix Komyenmpayuii, Oocmucarowue 15 ugMm>, Gouiu evissieHb 6
OCHOBHOM HA HEKOMOPBIX CIAHYUAX MOHUMOpuHea 6 cesepHoil I epmanuu. Oyerku MoO0enu noKasaiu, Yymo npu
yeeauvenuu usmepennvix Konyenmpayui PM10 wumeem mecmo ysenuuenue uedooyemku nepsuunozo u
BMOPUYHO20 MUNOE 3AzpASHAIOWUX 6ewjecms. Bvicokue xomyemmpayuu @paxyuti PM  nabriodanucey npu
3aCMOUHBIX NO2OOHBIX YCIOBUAX, KOMOpble MpyoHo cmoodenuposamsv. MMS sasnaemcs nesudpocmamuyeckoi
mooenvio PSUINCAR, a CMAQ — smo xumuueckas oucnepcuonnas mooennv, paspabomannas ¢ EPA (US) u
ucnonvzyemas 6 3mom snuzode cogmecmuo ¢ mooeivto CBM-V. s moeo umobwvr ¢ moderu MM5-CMAQ
cmodenuposams  kouwyenmpayuu @paxyutt PM10 u PM2.5 ucnonvzosancs kadacmp epeonvix 6vlopocos,
cocmasnennvir - Netherlands Organization for Applied Scientific Research. Pesyismamer  noxaszanu
CYWecmeeH Y0 HeOOYeHKY 3HaueHull Konyenmpayuui Ha evicomax & gespane u mapme 2003 2. Veeruuenue
svibpocos PM2.5 (6 namo pas) oaem ooscudaemvlii pesynomam, u Kod3gduyuenm Kopperiyuu yeeauiuaenmcs
nesnauumenvro. Pesynomamor modenu WRF/CHEM noxasanu xopowyio coenacoeannocms ¢ cmanoapmuou
6az0il Oannvlx 6b16pocos. Iasnoe omauyue mexicoy mooenuposganuem ¢ nomowwio MM5-CMAQ u WRF/CHEM
aeasiomest modeau MOSAIC u MADE/SORGAM ucnoavsyemsie 8 WRF/ICHEM v CMAQ, coomseemcmeenno.
Ilpeocmasnsiemes, umo modenv MOSAIC odaem nywwue pesynrbmamor 0151 paccMOMPEHHBIX INU30008, UeM
moodens MADE.

KuaroueBblie cioBa: gvi6pocsi, pparxyuu PM10 u PM2.5, modenu kauecmea 6o3dyxa, ammocghephvie yacmuypbi.

Yxpaincobkiii rizpomereoposoriunnii sxxypuas, 2009, Ne 4 209



VJIK 681.3.06

B.H. Cemenos, npog., O.C. CopokoBUKOBA, npog.
UEPAS PAH, Poccus

MOJEJIMPOBAHUE MNOCJIEJICTBUI I'MIIOTETUYECKUX PAJTUA-
IINMOHHBIX ABAPUM ITPU YTUJ/IMZAIIUU ATOMHBIX ITOJABO/JHBIX JIOJOK
B KAMYATCKOM PETTMOHE

AHHOTALMS. Bblnoinenvl MOOEbHble OYEHKU BO3MONCHBIX NOCACOCTBUN IKCIMPEMATbHBIX SUNOMEMUYecKUx
asapuii npu YMuau3ayuu amomHuIX NOO0BOOHBIX 000K, CONPOBONCOAIOUUXCA 8bIOPOCOM DAOUOHYKIUOO8 8
ammocgepy U Ha  MOPCKYIO  noeepxwocms. Ilokazano, umo, J06as  IKCMPEMANbHAA  A8ApUs,
CONPOBOACOAIOWAACS BLIOPOCOM 8 AMMOCPhepy, MOHCem NPUBECTNU MONLKO K JIOKANbHbIM NOCIeOCMEUAM 05
npunezaiowux — meppumopui. Ilonadanue dice  PAOUOHYKIUOO8 HA  MOPCKVIO  NOBEPXHOCMb  NpU
HeONa2ONPUATNHOM CMedeHUuy 00CMOAMeNbCNE MOXHCEm NPUSECU K ONTUMENbHOMY Opel@y namHa Ha 6oavuiue
PAaccmosnus npu COXpaHeHuu blCOKUX KOHYEHMPayuil.

KiroueBble ciioBa: paduayuornas agapust, ymuau3ayus, amomnas noOOA00Kd, paAOUOHYKIUObI.
1 Bseanenune

B Hacrosmee Bpems Ha KamuaTckoM MOMyOCTpOBE MPOBOJIUTCA —YTHIIM3ALUS
OTpa0OTaBIIMX CBOM CPOK aTOMHBIX MOABOMHBIX JoJoK (AILT). Peaktopsr AILI
MPEACTABISIIOT NOTEHIMAIBHYIO PaJdallMOHHYK OMACHOCTh, MOKAa W3 HUX HE BBIIPYKEHO
orpabotanHoe simepHoe Tortueo (OST). He uckimovyeHa BO3MOXHOCTh BBIOPOCOB HITH YTEUKH
PaZMOAaKTUBHOCTH U3 PEAKTOPOB B OKPY’KAIOLIYIO Cpely B pe3yJbTaTe CTUXUHHBIX O€CTBUH,
TUBepcUM WM xanaTHocTu nepcoHana. Ilocne Boirpy3ku OST mpoBoauTes neakTuBanus
noaku, cHuMmaetcs obopynoBanue. U3 AILJl BeipeszaroTcst OnOKH, KaXKIbIH U3 KOTOPBIX
COCTOUT M3 PEAKTOPHOTO U CMEKHBIX OTCEKOB. OTH OJOKH TepMETH3UPYIOTCA U
NEPETPABIISIIOTCS B IYHKTHl OTCTOSA, TJ€ XpaHATCs y NpuyaioB. MHorue u3 omnepanuit
BBITIOJIHSIOTCS ITPU BCKPBITHIX 3aIIUTHBIX Oapbepax, uTo B CIydyae aBapHH MOXET IPUBECTU K
CEpBbE3HBIM IOCIEICTBUAM ISl HACEJIIEHUSI M OKpYyXKarollel cpeabl. B mporecce yrunusanuu
o0pasyeTcst 00JIbIIIOE KOJIMYECTBO )KUIKUX M TBEPABIX PaJUAIIIOHHBIX OTXOJ0B, B TOM YHCIIE
BBIPE3aHHBIA PEAKTOPHBIA OTCEK. ABapUIHBIE CUTYyallud BO3MOXHBI Kak mipu otctoe Al u
BeIrpy3ke OST, Tak U mpu MPOBEACHUH JEMOHTaXHBIX padoT. OHU MOTYT OBITH BBI3BAHBI
OTKa30M  TEXHOJOTMYECKMX CpeACTB W  O0OpyAOBaHHs, OIMOKaMM  MeEepCOHala,
OKCTPEMAJIbHBIMU ~ TOTOJHBIMM  YCIOBUSIMH, JUBEPCUSIMH U JPYTUMH [PUYMHAMHU.
BeposiTHOCTh Takmx curyanuid kpaiiHe mana. OmHako, HECMOTpS Ha 3TO, HEOOXOIUMO
OLICHUTh HAMXYJIIHE BO3MOXKHbIE MOCIEICTBUS MIPHU BHIOPOCE PATUOHYKINIOB BO BHEIIHIOKO
cpeny (1aTh MOJICNIbHYIO KOHCEPBATUBHYIO OLICHKY).

2 Hcnoab3oBaHHbIE METOAbI U MMOAXO0/1bI

B MBPAD PAH pa3paboTaHO HECKOJIBKO CIICHAPUEB SKCTPEMATbHBIX THIIOTETUYECKHUX
aBapuil mpu ytunuzanuu ALl B Kamuarckom permoHe ¢ BbIOPOCOM pajMOAKTHBHOCTU B
aTMoc(epy ¥ Ha MOPCKYIO IOBEPXHOCTh. Mcxoas U3 aHanm3a pa3pabOTaHHBIX clieHapHeB (10
MOIIIHOCTH BBIOpOCA), B JAILHEHIIIEM PAaCCMOTPEHBI CIICAYIOIIUE JIBE CaMbIe 3HAYMTEIbHBIC
110 MOLTHOCTH FMIIOTETUYECKOI0 BBIOPOCA B OKPY’KAIOIIYIO CpEy aBapuH:

- camonpomsBonbHas 1enHas peakius (CLIP) npu BeIrpy3ke oTpaOOTaHHOTO SACPHOTO
TOILIMBA B aTMOCc(epy;

- TEPPOPUCTHYECKHM AaKT ¢ MOAPBIBOM, BO3HUKHOBEHHEM WHTCHCUBHOIO IIOXKapa U
3aToIUIeHHEM IIaByueil TpancmopTHoit 6a3el (IITHB) Ha mMapiipyTte cienoBanus u3 Kamuatku
B [IprMopckuii kpaii (pu TPaHCIIOPTUPOBKE OTXOJIOB).
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Mooenuposeanue nociedcmeuti 2unOmMemu4ecKux paouayuoHHuIX aeapuil

IIpencraBiseTcst BaXXHBIM IONBITATECS OLIEHUTH, BOSMOXKHBI JIM 3AMETHBIC 3arps3HEHUS
NOJCTUJIAIOIIEH MMOBEPXHOCTH M BOJHBIX AaKBaTOpPUN Ha OOJIBIIMX PACCTOSIHUAX OT MeECTa
aBapuu. JlpyrMMH CJIOBaMH BO3MOJKHBI JIM TaKME€ TMIIOTETHYECKME CHUTyallMH, KOrja
3arps3HeHueM OyIyT MMOJIBEP>KEHBI PalOHBI Ha 3HAYUTEIBHBIX PACCTOSHUAX OT MECTa aBapuH,
B TOM YHUCJI€ MECTa PHIOHBIX MPOMBICIIOB HHOCTPAHHBIX FOCY1apCTB.

K coxanenuto, Xopomo M3BECTHO, UYTO MPU KPYMHEHIIUX DPaTUAIMOHHBIX aBapUsix
(UepHoObuTbCKast KaTacTpoda) 3HAYNUTCIBHBIM 3arps3HCHHEM MOTYT OBITh TOJBEPIKCHBI
TEPPUTOPUU HA PACCTOSHUSIX THICAY KUJIOMETPOB OT MecTa aBapuu. Jlyig Takoil kpymHeitmen
aBapuH, pacHpoCTpaHEHUE 3arpsA3HEHUS MO BO3AyXy, H3-3a BBICOKOW TMEpPBOHAYATIBHOMN
3¢ PEeKTUBHON BBICOTHI BBIOPOCA, MPUBENIO K 3arpsI3HEHUIO MOBEPXHOCTH (KaK CYIIH, TaK W
BOJIHBIX MTOBEPXHOCTEH) OOJBIION IJIONIAIU Ha OOJBIIUX PACCTOSHHIX OT UCTOYHHKA. JIjis
TEeppUTOpHUH, Tie HAOIIOAANNCh OCAJAKH, B MOMEHT MPOXOXKIEHUS PaJMOaKTUBHOTO 00IaKa,
3TO 3arps3HEHHE 0COOCHHO 3HAYHUTEIBHO.

[TpoBeseHbI MO/ICTBHBIC OLEHKU TOCIEACTBHS KCTPEMAIbHON paJHalliOHHON aBapHH
IPH PACIIPOCTPAHCHHUH 3arps3HCHHSI MO0 BO3AyXy KOTOpBIC TOKA3aJM, YTO TPH CaMBIX
HEeOJIaronpUsTHBIX METEOPOJOTHYECKUX YCIOBUSAX W clieHapuu aBapum - CIIP, 30Ha, rume
CUTyalus 1O J030BBIM Harpy3kam 3a mepBbie 10 mHEH W MepBbI ToJ TOMANAeT IO
KJIaccu(UKaIUI0 aBapUHON pa3HOW CTemeHu TsokecTd, He mpeBblmaeT 50 kM. OueHkn
BBITIOJTHCHBI JIJIT PA3HBIX THIIOB METCOPOJIOTHYCCKUX YCIOBHM, TaKWX, HaIpUMep, Kak
TIOTIAIaHuUs TIAPOBO3/YIITHOTO BHIOpOCA B CIIOW TEMIIEPATypHOW MHBEPCHH, HAJMYUE OCAJKOB
IIPH MO WHTEHCHUBHOCTH TOPU30HTAIBHOTO W BEPTUKAIBLHOTO TYpPOYJICHTHOTO paCCEsTHUS
uTI. MoJIeNbHBIC OLICHKU BBITIOJIHECHBI IPU TIOMOIIH CHEIIHATIBHON CUCTEMBI IS TIOANEPIKKU
NPHUHATHAS PEIICHUN NMPU BOSHUKHOBCHHWH aBAPUIHOW CHUTyaIllMd HA PAIUAIMOHHO OIMACHBIX
00BEKTax HOCTPAJAMYC [2, COOpHHK JIOKJIAIOB STOH KOH(epeHIINH
P.B. ApyTroHsiH 1 ap.].

Taxum 06pa3zoM, IpyU caMOM HeOJIaronpusITHOM CTEYEHUH BCeX (GaKTOPOB, TEPPUTOPHH
Ha pACCTOSHUSX OT HCTOYHWKA, OOJBIINX, YeM OTMEUYEHHBIC, TPH PACIPOCTPAHCHHUU
3arpsA3HEHUs 10 BO31yXy He OyIyT MOJABEP)KEHBI 3arpsI3HEHUSM, KOTOpbIe TpeOyIoT 0co00ro
BHHMAaHHSI 110 TIPOTHO3UPYEMBIM J103aM o0ryueHus (Ha cpok 10 1 roga mociie aBapum).

Ha nam B3risg mpencTaBisieTCss BaKHBIM TOMBITAThCA ONPENETUTh YCIOBUS U THUI
aBapuii, Ipy KOTOPHIX BO3MOXKEH AAJIBHUI MEPEHOC MO BOJE PaAMALlMOHHOTO 3arps3HEHMs, a
TaK)Ke ONpPEeIUTh Hanboiee HeOIaronpusATHbIE CUTYAIMH, PU KOTOPHIX MOTYT BOSHUKHYTh
B TOM WJIM MHOM CTENEHM ONAaCHble KOHIIEHTPALMU PaJMOHYKINIOB B BOJE HAa 3HAUUTEIbHBIX
pacCTOSHUAX OT UCTOYHHUKA. BeCIoKONCTBO MO 3TOMY MTOBOJAY BBICKA3bIBAIOT COIPEICIIbHBIC
rocynapcrsa. [Ipu aBapusix He CBA3aHHBIX C 3aTOIJICHWEM, HAYaJbHOMY 3arpsi3HEHHUIO OyJeT
MIOJIBEPIKEH MPUITOBEPXHOCTHBIN CJIOM BOJBI B PE3yJIbTaTE€ HEMOCPEACTBEHHOIO 3arpsi3HEHUS
WIN BBITIAZICHUS U3 aTMOCQEPHIL.

Hawnbonee wHeOmaronpusTHBIM JIS PACHpOCTpPaHEHUS MO BOJAE, C TOYKH 3PEHUS
JAIBHETO TIepeHoca, SIBIIETCs cleayronme (GakTopsl. YeM MeHee HHTEHCUBHO TypOYJIECHTHOE
nepeMenimBalie, 4eM CHJIbHEE TEUYEHUs, TeM OOJbIIe BEPOSTHOCTH JAIBHETO IepeHoca
PaAMOAKTUBHOTO 3arps3HEHUS OTIACHBIX KOHIIEHTpaluii. B akBaTOpuu, cBOOOJHON OTO JbAA,
JaJTbHUI TIEPEHOC MOKET MPOUCXOIUTh B MPHUIOBEPXHOCTHOM CJIO€, TIE€ TEUCHHS, Kak
MPAaBWJIO, MAKCUMAJIbHBI, U IIATHO 3arps3HCHUS TMIOTETUYECKH MOXKET NEPEMECTUTHCA Ha
Oonpie  paccTosiHUSA.  VIHTEHCHMBHOCTH ~ BEPTHUKAJIBHOTO  TIEPEMEIIMBaHUS B
MPUITIOBEPXHOCTHOM CJIO€, MacmiTad Cliosi TepeMeIINBaHus, HAaXOIUThCS B CYIIECTBEHHOUN
3aBUCUMOCTH OT ce3oHa. Hambonee omacHBIM MpENCTaBISIETCS MTOBEPXHOCTHOE 3arpsi3HCHHE
BOJBI JIETOM, KOTJa W3-32 YCTOWMYMBON CTpaTH(UKAIMKM B MPUIOBEPXHOCTHOM CIIOE,
BePTUKAJIbHBIA MacmTad Cilosg TepeMEeNIMBaHus W3-32 BO3HUKHOBEHHS CE30HHOTO
TEPMOKJIMHA MTOPSAKA IECATKA METPOB U MEHEE.
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3amada MOAEIUPOBAHUS PACIPOCTPAHEHUS PAAMOAKTUBHOIO 3arpsi3HEHUS 10 BOJE MPH
OKCTPEMAJIBHBIX TUIOTETUYECKUX aBapusax B mponecce yrtunusauuu AllLJl, cBs3zana co
CJIEAYIOUIMMUA OCHOBHBIMH TPYAHOCTSMH.

Bo — nepBbIx, HEO0X0IMMO UMETh HH(POPMALIMIO O MOJIAX TCUCHHH M XapaKTePUCTUKAX
TypOyJeHTHOCTH. BO — BTOpBIX, B OTJINYMH OT JOCTATOYHO IJIaIKUX TEMIEPATYPHbIX MOJIEH 1
10JIeH COJICHOCTH, MATHO 3arpsAi3HEHHs] MOXKET ApeiioBaTh Ha 3HAUUTEIbHBIC PACCTOSIHUS OT
MecTa aBapuM IIpU OTOM COXpPaHsAs 3HA4YUTEIbHbIE KOHLEHTPAlMM U IPaAUEHTHI
KOHLeHTpauui. [loatoMy »siepoB mnoaxon HexenareneH. llpu npuMeHeHuu sisieposa
MOJX0/Ia MATHO 3arpsi3HEHUsI Cpa3y MMEET pa3Mep, COOTBETCTBYIOLIMUA pa3Mepy SUIICpOBOM
SAYeMKH, KpoMe TOro, i SiiepoBa MOAXOJa NPU HAIMYUM 3HAYUTENIBHBIX T'PaJHEHTOB
XapakTepHbl HEPU3UUECKHE OCHWUISIHNNA KOHICHTPALWN WM TPUXOIUTHCS HCIOIB30BAThH
SBHYI0O HCKYCCTBEHHYI0 WJIH aIllIPOKCUMALIMOHHYIO BS3KOCTb. OJTO CHJIBHO 3aHWKAET
MOJI€JIbHbIE KOHIIEHTPALUH.

Jlis MozieIMpoBaHus paclpoCTpaHEHHsI PaJMOaKTUBHBIX 3arpsi3HeH B THUXOM okeaHe
IPU BO3MOXKHBIX aBapusAX CYJOB, B INPOILECCE TPAHCIOPTUPOBKH OTPAaOOTAHHOIO SAEPHOTO
TorBa Ha myTd u3 IlerpomaBnoBcka-Kamuarckoro Bo BiaguBocTOK, HCIONIb30BaHa
TpexXMepHas JjarpaHxeBa mojneiab Monrte-Kapno mepenoca u muddys3nn moauaucriepcHoOn
IPUMECH B TPEXMEPHOM HEOAHOPOJHOM I10JI€ CKOPOCTEH TEUEHHH MPU HEM30TPOIIHOM I0JIe
TypOyJEHTHOCTH. JTa MOJENb CIyXUT ocHoBoW ‘Mopckoii’Bepcun HOCTPAJIAMYCA
BXoaHBIMU JaHHBIMM MOJETH CIIy’KaT JAaHHbIE MOJAEIMPOBAHUS 1O TPEXMEPHOM MOJAEIH
rugporepmoauHamMuk  okeana MBM PAH [1]. Mogaenbs crenmanbHO — HAcTpOCHa Ha
akBaTopHio THUXoro okeaHa oT 3kBaropa /10 bepuHroBa mposimBa C JTOCTaTOYHO BBICOKUM
NPOCTPaHCTBEHHBIM pa3peineHueM (1/8 rpamyca) mo mupoTe u JOJIroTe, KOTOpas CrocoOHa
BOCIIPOM3BOANTH BUXPEBYIO IMHAMMKY OKE€aHa U KpyHMHOMAcIITaOHYIO CTPYKTYpy T€UEeHUH C
YYETOM aTMOC(EpPHOTO BO3ICHCTBHSL.

Kpome TOro, mis moisyuyeHHs KOHCEPBATHBHBIX OLIEHOK BO3MOXKHBIX KOHILIEHTpAIUii
PaAMOHYKJIMJIOB B MOPCKOM BOJE M TpaekTopuu Japeida msATHA, B 3aBUCHUMOCTH OT
MECTOMNOJIOKEHUST aBapuu pa3paboTaHa KOHCEpBAaTHBHAs KBa3WABYMEpHas JlarpaH)keBa
MOJI€JIb PAcHpOCTPAHEHUsS] MPUMECH. BXOIHBIMU NaHHBIMM JJIi HEE CIIYy>)KUT CllelHaIbHas
0a3a MaHHBIX O CpEIHEMECAYHBIX MOJAX TE4YEeHUH, MH(pOpMalMs O MOBEPXHOCTHOM CIIOE
HIepeMeIINBaHKS, PACCYMTAHHON KPYITHOMACIITAOHOW CKOPOCTH NayHBeJutnHTa (prc.l).

BapuanxT 1:
Oaza JaHinLIx o
CpEAHEMECTUHBIX
XapaKTEepPHBIX
TEUCHHIX
BxogHpie JaHHBIC Mopckas Bepcrs
o HOCTPAIHAMYCA
MOPCKHX TSUSHHAX Baprarr 2:

pacueT 110 MOJSIH
COBMECTHOH LITPKYIIALH
armMocdepsl H OKeaHa ¢
BBICOKHM TIPOCTPAHCTBEHHBIM
paspernenrem (1/81/87)
HucTHTYTa BEIYACITUTENBHON
MmareMaTtikHd PATT

Puc. 1 — Bxoansie gannsie ais mopckoit Bepcun HOCTPAJIAMYCA
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KonteHtpargisa (bk/m?) . Cs134
10° —_— — — Cs137
00— O0—00C Kr
10°
4
10 :“‘:-..‘:___\
Hh":‘""\
B =~ - ﬁ‘“‘-';:: T —
3 " R - ——”,::"-
10 ; _\'\ - - - _ -_":-'_:"‘::-...‘_____
B . T~ < — :
102 — ‘\'~,_“ o= ~—
g e
10" Tt
100 i L L L 1 1 L L L 1 L L L L 1 ! L L ]
500 1000 1500 2000

Bpems (uac)

Puc. 2 - MakcumanbHbIe MTHOBEHHBIC KOHICHTPALUHX PA3HBIX PAAUOHYKIINIOB

FpoBHII

1. 000e+02
1. 000e+03
1. 000e+04
1. 000e+05
1. 000e+08
1
1
1
1
1

LO00e+07F
L000e+08
.000e+09
L000e+10
_O00e+11

Puc.3 — TlpouHTerpHpoBaHHBIE IO

BpPEMEHH
paguonykauaoB (T1C) s oqHOrO U3 pa3pabOTaHHBIX CIICHAPUCB aBAPHH.

MI'HOBCHHBIC KOHICHTpAauu

Yxpaincobkiii rizpomereoposoriunnii sxxypuas, 2009, Ne 4

BCEX

213



Cemenos B.H., Copoxosukosa O.C.

1.000e+03
1. 000e-+04
1.000e+05
1. 000e+06
1. 000e+07
1.000e+08
1.000e+03
1.000+10
1.000e+11
1.000e+12

Puc. 4 — IlpouHTerpupoBaHHble [0 BpPEMEHM CyMMapHas aKTUBHOCTh BBIOpoca B
MIPUITOBEPXHOCTHOM CJIoe Mopsi. MecTomoioxkenrne ucroununka — 155.5°s1 54.5°cm.
Bpewms Boi6poca — urons 2000r. JInaun ypoBHs yepe3 83 cyTOK Mociie aBapuu

3 Pe3yabTaTsl

e (CpenaH 0030p CYyIIECTBYIOIIUX CIIEHAPHEB IKCTPEMATbHBIX TUITOTETUYECKUX aBapuil TIPH
yrimzanuu  AITJI Ha Kamuatke. BwimeneHbl 1Be HambOosee TsDKENBIE aBapud TI0
BO3MOJKHBIM TOCJIEICTBUSIM.

e IIpu BBIOpOCE B aTrMocdepy M HEOIATONPUATHBIX METEOPOJOTHUYECKUX YCIOBHIX
HE3HAYUTENIbHBIC 110 IUIOMAAN IOBEPXHOCTH 3arps3HCHHS MOTYT BO3HHKAaTh Ha
PACCTOSIHHUAX JI0 HECKOJIBKO JIECSITKOB KHJIOMETPOB OT MECTa aBapHH.

e OnpeneneHsl HanOoJee HEOIATONPHUITHRIC CUTYAIMH, MOTYIIAE TIPUBOIUTH K JalbHEMY
neperocy (mopsiaka 1000 kM) 1Mo BOJC pajMOAKTHBHOIO 3arpsi3HEHHs (3arps3HEHUE
MOBEPXHOCTHU B JICTHUI MIEPUO/T)

e Pazpabotana MOJeNb pacpoOCTPaHEHHUS PAOAKTUBHOTO 3arPsS3HEHUS B TIOBEPXHOCTHOM
CJI0€ OKE€aHa C yYeTOM pPEaJbHOr0 MOJIA TEUEHUS M UMEIOUIMXCSA JaHHBIX O TIyOuHe
BEPXHETO CJIOS MePeMEIINBaHUs. MOJIC)Ib YUUTHIBACT JAYHBEIUHT B TIIYOOKHE CIIOH.

e Ha ocHoBe pa3pabOTaHHOI MOJEH CIeTaHbl OICHKU IMOBEACHHS PATHOAKTHBHOTO TISTHA
3arpsi3HEHUS] U Pa3HBIX MECTOIIOJIOKEHUH MCTOYHHKA JJISi HECKOJIBKUX KOHKPETHBIX
CUTYyaLH.

Buaaronapuocru. Pabota BhinonHeHa pu YacTHYHOM noaaepxkke rpanta POON 05-08-01376-a.
Jlureparypa
1. Caprucan A.C. MonenupoBanue nuHamukH okeana. CII0.: I'mapomereonsnat,1991, 295 c.

2. Cemenos B.H., Copoxosuxkosa O.C. u Op. MoaenupoBaHue pacIpoCTpaHEHUs
PaaMoOHYKIHIOB B OKpYyskarotei cpene. Hayka 2008. 265c¢.
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The modeling of consequence the hypothetical variants of radiation accidents in utilizing
atomic submarines at Kamchatka region

Abstract. The model estimation and analysis of existent hypothetical variants of extreme accidents in utilizing
atomic submarines with radioactivity leakage to the atmosphere or see surface have been performed. The
consequence of air pollutions for such accidents, by estimate, can found at the distance not far from the source.
Unlike situation with pollution transport by atmospheric way, significant radionuclide concentrations after
falling into the water surface may become a problem for areas of water at long distances from the place of
accident.

Keywords: radiation accident, recovery, nuclear-powered submarine, radionuclide.
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COMPUTATIONAL ALGORITHM OF SOLUTION OF THE THREE-
DIMENSIONAL NON-STATIONARY TURBULENT DIFFUSION EQUATION ON
THE BASE OF THE ALTERNATING DIRECTION METHOD

Abstract. Solution of the 3D turbulent diffusion equation, based on the alternating direction method, is
proposed. The advantage of this scheme is its physical validity and high stability. The numerical algorithm,
developed, allows including the computing unit of air pollution dispersion in the 3D unsteady boundary layer of
the atmosphere.

Keywords: turbulent diffusion equation, pollutant concentration, alternating direction method, modified Lax—
Wendroff scheme.

1 Problem statement

At some height a continuous point source creates “looping” pollutant plume. The plume
moves in the downwind direction and in the calculation domain it creates the 2D air pollutants
concentration fields (x, y and y, z), which are used as lateral boundary conditions for the
turbulent diffusion equation during all calculation time. Under the action of wind and
atmospheric turbulence the contaminants on lateral surfaces are transferred into the
calculation domain and dispersed within it.

The problem is to calculate the spatial-temporal distribution of pollutant concentrations
for a period of time T (till 6 hours), for which the meteorological conditions are possible to
consider as constant.

2 Solution method

At some distance from a continuous point source the plume is conditionally broken on
two subregions. In the near subregion the air pollutant distribution may be estimated by the
Gaussian model, in distant subregion — the pollutant distribution is described by the turbulent
diffusion equation (TDE).

The sizes of the near zone do not exceed a distance, at which the IAEA model is
applicable. For the distant zone the TDE is solved.

According to the Gaussian plume model for a continuous point source, located at the

height H above an underlying surface, the volumetric pollutant concentration q(n,g,z) is
obtained from a formula:

— )2 _H)2 2
q(n,é', Z) = L exp _% .[exp[w]_f_exp[ﬂ}}, (1)

2rnoyo,U 207y 207 20‘22
where: 7 is the along-wind coordinate measured in wind direction, ¢ is the cross—wind
coordinate direction, z is the vertical coordinate measured from the ground, 7, ¢y are the

horizontal coordinates of a pollutant source, H is the source height, M is the mass
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emission rate, U is the velocity of pollutant transport in the direction of x-axe (m/s), oy, o,

are the lateral and vertical dispersion parameters, respectively.
These diffusion parameters are power functions of the distance » from a source.

O'j=Pj77qj, j=§,2. (2)

The factors P and g j are defined as functions of the stability category and effective

stack height.

In the near zone and, hence, in the distant three-dimensional area the pollutant
concentrations is determined using the standard meteorological information and source
parameters.

To calculate the pollutant concentrations in the distant zone the turbulent diffusion
equation for pollutant is used:

a—q+ua—q+va—q+wa—q+£K 8_q+ 0 K aq+i

q
Ky —+—K,—-Bq=0, 3
ot ox oy o0z ox ‘ox oy Yoy o1 ‘oz A4 ®)

where: X, y — arbitrary horizontal coordinates in the distant zone;
u,v, w — transport velocity in the direction of x—, y—, z —axes, respectively;
Kyr Kys Ky = eddy diffusivities in the direction of x—, y—, z —axes, respectively;
p — coefficient of pollutant transformation in chemical reactions.

To choose Ky, Ky, K, itis necessary to take into account scales of pollutant clouds,

as their values is significantly depend on sizes of vortexes, participating in the pollutant
dispersion. However we shall examine only such cases, under which the sizes of a pollutant
cloud observed at a sufficiently long distance from the source, is great, and the eddy
diffusivities for pollutant coincide with the eddy diffusivities for meteorological magnitudes:

Ky =Ky =k, (42)
K, =k, (4b)

where k, , k are lateral and vertical eddy diffusivities for momentum, respectively.
Taking into account (4) the equation (3) can be written as:

@+u8—q+v6—q+wa—q+ik|_6—q+i La—q+ika—q—ﬂq:0_ (5)
ot ox oy 0z OXx ~ox oy oy o071 o0z

To solve the equation (5) it is necessary to specify initial and boundary conditions. The
initial conditions at t =ty is defined, assumed that at the upwind side of the calculation

domain (the far zone) the pollutant concentrations, produced with the IAEA model for the
near zone, are saved during all calculation time. In other points of the distant zone at the
initial time the air is considered to be completely "pure” from pollutant. Thus, the pollutant
concentrations instead of source parameters are used in the calculation domain, and it is rather
significant for constructing of numerical solution algorithm.
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The boundary conditions are determined from the following physical reasons. In
increasing distance from the underlying surface, i.e. in approaching to the upper bound of the
atmosphere boundary layer (ABL), the atmospheric turbulence gradually reduces, therefore it
is naturally assumed that the vertical eddy pollutant flux becomes equal to zero at the upper
bound of the ABL.:

oq

k— —0. 6
az_) ®)

We shall specify the lower boundary condition as the following:
K24

o1
where: Wy —gravitational settling velocity for particles (under influence of the gravity force

Weq=Vgq-rd at z=1p, (7)

particles deposit on the underlying surface) in ms™;
V4 —dry deposition velocity of particles (ms™);
¥ —coefficient of particle rising, affected with the wind (m™);
o —initial areal pollutant concentration (gm).

As the first approximation the effect of particle rising, affected with the wind, will be
excluded. Then, rewrite the condition (7) in the following form:

oq
k—+W,q=V40, at z=z 8
oz gq dd 0 ( )

By performing the sum of the turbulent kZ—q and gravitational Wyq parts as the eddy
z

fluxes of pollutant near the surface (S ), (8) can be written as:
S=Vq4aq(x,y,z,t), at z=gz 9)

At leeward lateral boundaries "radiation conditions”, that is the open boundary
conditions, are specified:

oq aq
—+C,,— =0, 10
ot P on (10)

where Cpy, — phase velocity of the sum wave in a solution at the boundary at the given time.

Thus, we described the problem of spatial-temporal distribution of pollutant
concentrations in three-dimensional domain, assumed that leeward side concentrations, wind
speed components, lateral and vertical eddy diffusivities, dry deposition velocity of particles
and coefficient of pollutant transformation in chemical reactions, are specified,.

The computational algorithm is constructed on the base of the alternating directions
method. This method is to calculate the function g at time t=t;+ ot with three successive

fractional steps, provided that the field of qp is known at the instant t =t; . At each fractional

step, by-turn, calculation is carried out for half-time step and the whole time step by the
modified Lax-Wendroff (LW) scheme. The primary equation is approximated at each
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half-time step: implicitly x—direction, and explicitly y -, z —directions for the first fractional
step; implicitly y —direction, and explicitly x-, z -directions for the second fractional step;
implicitly z —direction, and explicitly x-, y-directions for the third fractional step. The
primary equation is approximated at each whole time step implicitly, and therefore it turns in
a three—point one-dimensional equation, which is easily realized by the one-dimensional

factorization method. The result is presented as ql/ 3 in the x-axe direction at the first

factorization stage, as q2/ 3 in the y —axe direction at the second one and as q1 in the z —axe

direction at the third one.

To realize numerical solution of the three-dimensional equation, it is necessary to
construct a 3D mesh. It is necessary to note, that at the half-time step the additional nodes are
located in the middle of grid element. It is a possibility to reduce calculation to
one-dimensional factorization. So, the calculation mesh may be chosen as:

P={(xy,2);x=i-6x,y=j-8y;z=k-6z, i=11;j=13;k=1K}

where: 6x, oy, 6z —mesh spacing in the directions of x—, y—, z-axis, respectively;
i, J, k —grid node numbers in the direction of x—, y—, z—axes, respectively.
The mesh spacing in the x, y directions are constant; outward from the underlying
surface in the z direction the spacing 6z depends on the value H/k, where H — height of

the boundary layer, k —number of nodes in the direction of z —axe.

Below numerical scheme of the turbulent diffusion equation solution, including
quantitative evaluation of initial data, is presented. It consists of preparatory stage and
realization stage. At the preparatory stage the input of source parameters, calculation of wind
speed components and turbulent characteristics in the ABL model, determination of pollutant
concentrations is fulfilled for the calculation domain. At the realization stage a solution of
TDE is carried out with the following scheme:

Realization of the first fractional step:

. . . . t
- Calculation of intermediate values at the instant t =t +% ;

1/3

- Determination of g™ at time t =ty + ot ;

Realization of the second fractional step:

. . . . t
- Calculation of intermediate values at the instant t =t +i ;

2/3

- Determination of g at time t =ty + ot ;

Realization of the third fractional step:

. . . . t
- Calculation of intermediate values at the instant t =t +% ;

- Determination of g at time t =ty + 5t .

At a preparatory stage the input data (wind speed components, u, v, w; lateral and
vertical eddy diffusivities, k; and k) are specified with the ABL model.

To approximate the equations at each fractional step two finite difference operators are
used:
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Centered difference operator:

1
Oxad = Tox, [a(%y +0%y )= a(Xy —0%,) ] (17)
Smoothing operator:
- 1
qX:E[q(xa+5xa)+q(xa—5xa)]. (18)

We will write the whole time step equation for the first fractional step:
ql - +nd,q +1,6,q% +r3 zqup pa° =

whereﬁ:ﬁ-ét; ri:§t-u,% 1=123.

To transform (19) in the equation for q1/3, three fields of q;, qf, qyp should be
defined:

—Xyyzz 1 —Xyzz —Xyyz

g= q -5 0o’ +nsy o +s, ¢° |, (20)
—XXyzz L —xyzz —XXyz

ar = ¢° ) 0oy o° +r25yq0+r35z | (21)
—XXyyz ! —-Xyyz —XXyz

Qup = 0 - 5 1 Ox q° +hoy qQ° + r35zq0 : (22)

In relation (20) O differs from ¢ in that implicit approximation is used for the
term u?. Similarly, in (21) O differs from 0, — implicit approximation for the term v?,
X y
in (22) q[,p from Qyp — implicit approximation for the term WZ—q.
z

Thus

G -0 = (603 - 5,a°). 23)
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' _ 2/3 0
qt -ar = 26,073~ 6,0°). (24)

Qup —Oup = — ( qu/3 é‘zqo)- (25)
Taking into account (20)—(25) the equation (19) becomes:

i _
0% -0 + 18 (0 2 (B0 ~ 650D+ 128y 0r + 135,00 ~ 0 =

(26)
= (0 (K82 550" + 6y (K§ % 5,0°) + 67 (K26, 4°)
We shall note the whole time step equation for the second fractional step:
q2 - q + 1Ok + 120y 0r +13 unp ,Bq
(27)

= ] 8, (KE28,0%) 4.8, (KY25,071%) + 6 (<V/267") |

Subtracting (27) from (19) and taking into account (21) and (24) we get the equation

for q2/3

q2/ _55 (I’2 yq2/3) St- 5 (Kl/2 2/3)
i (28)
0% =~25,(r8,0%) - -5, (K2 6,0°)

For the third fractional step the whole time step equation may be written in the
following form:

>3- q® +1.8,qf +125,0; + 138,00 - A =

(29)
_ &[5X(K%/25Xq1/3)+5y(K%/25yq2/3)+5Z(K1/25Zq3/3)J

Subtract (29) from (27) taking into account (22) and (25), the equation for q1
derived:

r r
"5 07 (1307") b5 (KM2070%) = 4%/ - 2 57 (136700 - -7 (K2 570°). 30)

Substitution of the finite difference operators (17), (18) in the equations (26), (28) and
(30) yields:

3 3 3 1/3
aiq%-/l-l,j,k +biqi],/j’k +C|qil/1j K= (Fq )i j % (31a)

Ykpaincbkiii rigpoMmereoposoriuamnii xypsaj, 2009, Ne 4 221



Shnaydman V.A., Stepanenko S.N.

2/3 2/3 2/3 2/3
81070k IO IO ek = (Fq )i " (31b)
1 1 1 1
a Girj k+1 F Bk +Ck i j k-1 = (Fq )i " (31c)

where all factors a;j,a;j,a, and the right terms (Fq )i ik in these equations are expressed in

terms of the variables u,v,w,k| ,k and ( obtained at the previous instant. These equations
are solved with the one—dimensional factorization method in the direction of x—, y—, z -axes.
The field of Q at time t =ty + ot is derived at the last factorization stage. Then the obtained
field g is used as the initial condition for calculation of the concentration field at the
following instant t =ty +20t. Repeating such solution procedure, the pollutant concentration

field may be derived at any time t.

At the preparatory stage the three-dimensional non-stationary ABL model, which is
based the closed set of equations of the hydrothermodynamics, is used.

This model includes the evolutionary (momentum, heat, moisture transport) and
diagnostic (statics, state and continuity) equations. The closure is realized with the turbulence
kinetic energy (b) budget equation, dissipation (&) equation and Kolmogorov relation,
connecting the vertical eddy diffusivity k with b and &. The description of horizontal
turbulent mixing is based on undergrid lateral eddy diffusivity K , which is estimated with

the Smagorinsky formula. We shall write the equations of the hydrothermodynamics in the
Cartesian Coordinates.

The equations:

The momentum equations

ou 1 D.(p) o,0u D D
M AW =-= -2k (k < (k. Dy, ), 32
o AW > Dx e az+Dx(LDT)+Dy(L ) (32)
ov 1 D(p) o, v D D
Noaw)y=—= =y T X 2 (kD) + =< (k, Dy ), 33
a AW > Dy o a 8Z+Dx(" n)+Dy( LDr) (33)

The thermodynamic energy equation

00 o 20 D, D(0)) D[, D6)
—4+ A(0) = —k— <1k <1k Lc, 34
P ) % — az+Dx(" ]+ (L +eRp + (34)

The moisture budget equation

om o, 0om D D.(m)) D D, (m)
—+A(M) = oy —k— = k = k , 35
e (m) m az+Dx[L J+ [L (35)
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The turbulent kinetic energy budget equation

2 2
ob o (v s o g 00 0. b
—+Ab)=k|| =| +| =| |+k (DE+Df)—ar Zk—+ap,—k— +
a AP [(62) (62]] L(Bs +D7)—ar ko ranz kg,

o (kL O (b)) o [kL Dr(b)] LB

Dx Dx Dy Dy k

The dissipation equation

2 2
aat—g+A(g)=a1£{k[(a—uj +(;—9‘Z’j }kL(D@D%)}aﬁg 9 oy Ok

b 0z bo oz 07 o0z

Dr [kL Dr (8)} . br (kLM] —ag

+ _ _ —_
Dx Dy Dy

Dx 3p
The continuity equation:

ou ov ow
+

> EJFE =0,
The hydrostatic equation
The state equation
P = pRT.
The relations:
of Kolmogorov
k= ong2 le,

of Smagorinsky
- 2 (D2 + 02"
L= S -
of Poisson

R/c
0 T(lOOOj P .
P
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Boundary conditions in vertical direction

3 2 215
atz=z; u=0,v=0, w=0, kg—b:O, g X ,V*Z:k{(ﬁ—u) +(8Vj] ;

z KZq 0z F

Z=1zp, p=pr, T =T, m=mg, (subscript I" indicates values at a level 2m above underlying
surface).

ob o€
atz=H Uu=uy,v=vy, T=Ty, m=my, k—=0,k—=0. 44
H H H H K> ™ (44)

Here t is time; u,v,w are the velocities along x—, y— axis, east— and northward
directed along a parallel, meridian, respectively, and z—axe, vertical coordinate measured
from the underlying surface z=Z-T"(x,y), where Z is the vertical coordinate measured
from the sea level; p isthe density; p is the pressure; T is the temperature; & is the
potential temperature; ¢g is the radiative flux; m is the specific humidity; ¢ —the specific
heat, f is the Coriolis parameter; g is the gravitational acceleration; z, is the roughness
parameter; H is the atmosphere boundary layer height; As is the lateral mesh spacing;
=T (xy) is the relief altitude above the sea ground; G = -9/ , G, = —5%y ~ the

given functions of position, defining slope of the relief; « (with subscripts) is a universal
constants.

— Operator of a scalar advection

A(f):a(alf)+ag;f)+a(§), (45)

where W =W + W, W = Giu+ Gy (46)

— Operators of spatial derivatives taking into account orographic effects,

D(f) _of o D(f)_of . o,

=—+G —, + Gy, —; 47
Dx & ‘&' Dy oy ‘& (47)
— Dy, Dg - longitudinal and transversal stress taking into account orographic effects

Du Dy

= - , 48

Dr Dx Dy (48)

Dg = 2 DU (49)
Dx Dy

In a horizontal plane a condition of the open boundaries as a condition of a radiation is
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put. It is realized with the help of approximations of the equation (10):

oy’ oy’
—— +Ccpp—=0, 50
ot P on (50)

where ' =y —yq, wq — solution of an one-dimensional problem for required function v,
n — exterior normal to the bound. The magnitude cy, is estimated on known values " In

preceding instants t — At and t—2At in two interior downwards knots of a regular grid.
At the initial instant t =0 profiles of unknown quantities of magnitudes are given in all
knots of calculated area on one—dimensional variant of the ABL model.

3 Discussion and conclusions

Thus, the computational method for calculation of 3D pollutant concentration fields is
developed by means of physically grounded, high stable numerical scheme of alternating
direction. Integration of both schemes — the IAEA and the alternating direction scheme —
allows calculating concentration field in all 3D space surrounded a pollution source.

To calculate 3D distribution of transport velocity and turbulent parameters the model of
the geophysical boundary layer (GBL) is used. Results of application of the GBL model to
solution of the diffusion problem are presented in [3].

Figure 1 shows a calculated field of dust concentrations from a source with the
following parameters: ventilating grill height is 70 m, grill diameter is 3.2 m, dust exit
velocity is 5.5 m/s, dust temperature is 104°C, emission rate is 363.4 g/s, at Kharkiv for
1400 UTC 17 October 1989.

0 so o 1= oo o Ao o do D oOw o ek
X, m

Fig. 1 - Pollutant concentration (g/m°) distribution at the 2-m height at Kharkiv for
1400 UTC 17 October 1989
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c. 118-125.

BblunciiuTebHBIA  AJMTOPUTM  AJISl  pelleHUus] TPeXMEpPHOro HeCTAUMOHAPHOIO
ypPaBHeHuUs1 TypOyJIeHTHOM Tu(Py31H HA OCHOBE METOAA NIePeMEHHbIX HANIPABJICHHI

AHHoOTamMs. [Ipedrazaemcs mMemoo peuwieHuss NOaYIMIUPULECKO2O PEXMEPHO20 YPAGHEHU MYpOYIeHMHOU
oupysuu nHa ocnose memooda nepemennvix Hanpaeienuil. IIpeumywecmeo 0aHHOU cXembl 3aKmouaemcs 6 eé
@usuueckoti 060CHOBAHHOCMU U BbICOKOU Yycmotyugocmu. Pa3pabomanHulil YUCIeHHblll an20pumm no3eoJsem
BKIIOUUMb ON0K pacuema pacceusanus npumecell 6 MOOelb MPexmMepHOc0 HeCMAaYUOHAPHO20 NOZPAHUYHO2O
cnos ammocgepui.

KnloueBble cioBa: ypagrenue mypOyienmuol Oup@ysuu, Konyenmpayuu npumeceii, Memoo HepeMeHHbIX
Hanpagienutl, mooupuyuposannas cxema Jlaxca-Benooppa
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C.H. Crenanenko, 0.¢p.-m.x., B.I'. BoommH, x.2.x., C.B. Tunuos, #.c.
Ooecckuil 20cy0apCcmeenHblll IKOJI0SUYECKULL YHUBEPCUMen

HOBASI ®OPMYJIA OIEHKMH YPOBHA 3AI'PAZHEHUA ATMOC®EPDBI
IMPOMBIIIIVIEHHBIMHA BBIBPOCAMUA

AuHoTauus. [lonyueHo HO6oe peuleHue YpasHeHus mypOyieHmHOU Ouggysuu, Komopoe yuumvieaem
83aumooeticmsue Kodppuyuenma mypoyreHmHou oug@ysuu u  cKopocmu eempa 8 HANpagieHuu oceu
0exapmosoll cucmemuvl Koopounam. Pacuemmuvie $popmyast nozeonsdiom noiyyamv nois KOHYeHmpayuii npu
JI0ObIX MEPMOOUHAMUYECKUX COCMOAHUAX AMMOCPepbl U CKOPOCMAX empa, 6 MOM Yucie U npu wmuie oe3
annpoxcumayuii macuma6o6 ouggysuu om paccmosnusi.

Knrouegvle cnoea:. ypasuenue mypoynenmnou ough@ysuu, pacceanue npumecu 6 ammocghepe, moyeuHbvlil
UCMOYHUK, KOIPDuyuenm mypoyieHmHocmu, yposeHb NPUIEMHOU KOHYEHMpayuu, 3a2pAsHenue ammocgepui.

1 Bseaenue

JInst OLIEHKM YPOBHS 3arps3HEHHs aTtMoc(epbl IPOMBIIUIEHHBIMH BBIOPOCAMH,
UCIIOJIB3YIOTCS, B OCHOBHOM, Mojenu siiepoa (Eulerian) wiu rayccosa (Gaussian) tuma.
DiIepoBbl MOJIEH MOCTPOCHBI HA PEIICHUH MOy MITHPHUECKOTO YPaBHEHUS TYPOYICHTHON
nudoysuu (YTH) [1,2,3,4], koTOpoe mpeacTaBasieTcsi B BUE:

a—qz—V-Vquﬁ(kxa—q}rﬁ kya—q +3(k2@j, (1)
ot OX ox) oy oy) oz 0oz
rac \_/ Vq — aABCKTHUBHAs1 KOMIIOHCHTA ypaBHeHI/Iﬂ;

Ky,Ky,k; — xommonenTsr koo duumenta TypOyneHTHOH nuddysun;

q — CpeIHsIs KOHUEHTpALMs IPUMECH.

Jis pelieHus KOHKPETHBIX 3a7ad ypaBHEHHE MOXET ObITh ympouieHo. Tak amis
YCTaHOBUBILEroCsS Tpollecca paccestHUsl Ui  HENPEepbIBHOIO TOYEYHOTO HCTOYHMKA
ypaBaeHue (1) mpeoOpasyercsi U IPUHUMAET BUI:

2
ox oz x>

2 2
Ak @

rne U— CpeiHsisi CKOPOCTh BETpa B HAIIPABJICHUH MIEPEHOCa KITy0a IPUMECH.
Pemenne ypaBHeHust (2), ¢ y4eToM HEKOTOPBIX I'DAaHMYHBIX U HAaYalbHBIX YCJIOBUH,
HpeCTaBIsACTCS Cieaytomel popmyoi [2]:

(Y-¥0)* | (2=hs)?
X,y,z)=Qexp| — + 4ar kK, X, 3
G(xy.2)=Qexp 4k, t 4k, t Ny ®)
rie  Q  — NpOM3BOAMTENLHOCTH HCTOYHHUKA,

hy - BBICOTa HCTOYHHMKA BBIOPOCA IPHMECH;

t - Bpems muddysum, pasroe t = x/u.
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Moenn Takoro Tvmna, MHOraa, HaspiBaoT, K-momenn”.

B MOOCIAX BTOpOFO THUIIA npeﬂnonaraeTCﬂ, 9gTO B Typ6y.]'IeHTHOM IIOTOKEC KOOpI[I/IHaTBI
3arpsB3HAIMUX atMochepy “d4acTuil’, MOTYMHSIOTCS HOPMAIBLHOMY 3aKOHY PacIpeeliCHUs,
T.€. KOHIICHTPAIMs IPUMECH BHYTPH KiTy0a, pacrpeiesieHa CAMMETPUYHO OTHOCUTEIIEHO €ro
MT'HOBEHHOTO IICHTpA, a paccestHUe MPUMECH BJIOJIb OCEH Y M Z Tpeanojiaraercs, B3auMHO
HC3aBUCHM.

Torga xoHueHTpanust B (akene, KOTOPBIH COCTOMUT U3 CYNEPNO3ULUU KIyOOB, U

NEpPEeMEIIaeTCsl BMECTe C TIOTOKOM, OyIeT OIpeaensThCsl NpousBeneHueM GyHKIU
IJIOTHOCTH BEPOSITHOCTEH, @ UMEHHO!

2 2
6(x¥:2) =Q exp| - (y—yg) +(Z_h§) @rucyo;) ™ 4)
ZGy 202

e Oy,0,— AUCIEPCHH rayCCOBBIX PACIpPEICICHH KOHIICHTPALHI, KOTOPbIC, KaK MPaBHIIO,

SBIISIIOTCSI  DKCTIICPUMEHTAIbHBIC  (YHKIUSAMH  BpeMEHH TuGPy3uHn ©  Xapakrepa
TEPMOJIMHAMHYECKON YCTOMYMBOCTH aTMOC(hEpHI.

Takue MojeaM Ha3BaHbl ‘‘CTATHCTUYCCKUMHU MOeIsMH rayccoBa tuma” (models
Gaussian type).

CpasuuBas ¢popmyay (1) u (4) MOKHO yOSTUTHCS, YTO OHHM COBITAAIOT €CIIH

ot (t)= } Ki (t) dt (5)
ty

rae 1=12,3 KOMIOHEHTBI COOTBETCTBYIOIIMX METCOPOJOTMUECKUX IapaMeTpOB Ha OCH
KOOP/IMHAT.

[Tpu Oonmpmmx 3Ha4eHHAX { AMCHIEPCHS TayCCOBBIX pacHpeAeieHHH KOHIEHTPAIMHA |
KodpuiueHT TypOyneHTHOH nuddy3un B3aMMOCBS3aHBI MEXAYy COOOH CIEAyIOUUM
obpazom

Ui O'i2

2Xi

o2 =2K;-t or K;= (6)

Mopnenu rayccoBa THIa, JOMUHHUPYIOT B OOJBIIMHCTBE HOPMATHUBHBIX JIOKYMEHTOB
MHOTHX CTpaH MHpa, pErjJaMeHTUpPYs TOpsSJAOK U TMpaBujia pacdera MPU3EMHBIX
KOHIICHTpaIuii 10 paccrosauii ~ 50 kM [5].

[Ipu pemenun ypaBHeHUs TypOyneHTHON muddy3unm dYacTo JOMYCKAOT HE
000CHOBaHHBIE (PU3UUECKUE YIPOLICHHUS, KOTOPhIE MCKAXal0T OCOOCHHOCTH aTMOC(EPHBIX
nuddy3noHHbIX TporieccoB. Hampumep, pacdeTrHbie (GOpMyJbl, ¢ TOMOIIBI KOTOPBIX
NPOM3BOJMTCS  OIEHKA  ypOBHA  NpU3eMHbIX  KoHueHTpammu  (ground  level
concentrations, GLC), ne mo3Bosstiror onpeaeautb GLS mpu cnaObix BeTpax | INTHIIE, YTO
PE3KO CHMXKAeT LEHHOCTh JTUX Mozene. Takol XKe HeAOCTaTOK NPUCYLl U MOJENISAM
rayccoBa THIA.

O0BeKT uccje0BaHUs — ypaBHEHHE TYpOyJIeHTHON AU Py3un 1 HOBBIE pacUeTHBIC
dbopmyIIbl I onpeencHus KoHeHTpauii 3arpssueaus (the pollutions) Bosayxa B paitonax
I[eflCTBHSI MPOMBIINIJICHHBIX HCTOYHUKOB.
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Iesnb paGoThl — aHAINU3 pacUYETHBIX (HOPMYJI, MONYyYEHHBIX aBTOPaMu B padboTax [3,4]
Ha UX COOTBETCTBUE COBPEMEHHBIM METO/IaM pacueTa KOHIEHTpAlUi 3arps3HEHUs BO31yXa.

2 Meroa ucciae10BaHus

Kpatko octaHOBHMCSI HA OCOOCHHOCTSX PEIICHNE YPaBHEHUS TypOyIeHTHOH muddy3un
C TOCTOSHHBIMHM BEJIMYMHAMU COCTABJIIOLIMX CKOPOCTH BeTpa U, V, W U ko3dduuuenra

TypOynentHoi muddysun Ky, ky u K, , cnemys pa6ore [4].

Pemienune ypaBaenue (1) BKIrO4aeT TpH rPaHUYHBIX YCIOBUS

9]
k28—j+wg-q=vs-q, at 7=z, )
lim q(t, x,Yy,2)=0, (8)
X,y —>Fo0
lim q(t,x,y,z)=0. 9)
Z—>0

[TonoxxeHne HMKHEW TPAHUIBI Z COBIAJAET C BLICOTOM CJIOS MIEpOXoBarocTu Zg. Ilo

JOCTH>KEHHUIO HYDKHEH TpaHUIbl TsKeIas WM HeBecoMas MPUMECh B3aUMOJICHCTBYET C HEH,
OTpa)xaeTcsl, JINOO MOTJIOMAETCS TOBEPXHOCTHIO (Vg — CKOPOCTH HOTIJIOLICHHS).

ITonoxenue BerHeﬁ I'paHulbl COOTBCTCTBYCT BBICOTC CJIOA MCPCMCIIMBAHUA Zi'

Opnnako, B3aMMOJAEWCTBHE INPUMECH C BEPXHEH TIpaHULEN Majo BIMSIET HAa YpPOBEHb
IPU3EMHBIX KOHLIEHTPALMM, TaK Kak, JUIIb Majas 4YacTh TSKEIOW NPUMECH JIOCTHTaeT
BEpXHEW TIpaHULbI, a Jierkas MNpHUMECh YCIEBAaeT pPacCEeUBaThCA B IOIPAHUYHOM CJOE
atMocdepbl. Bknan oOTpaxeHHOM OT BepxHEW TpaHUIBl TPUMECH, MOXKET OBbITh
KOMIIEHCUPOBAaH BBEJIECHUEM BHPTYaJIbHOTO HWCTOYHMKA pACIOJOKEHHOTO Yy BEpXHEH
IPaHULBL.

Jlnisi TOYEYHOr0 MCTOYHMKA, MPOU3BOIUTEIBHOCTh KOTOpOro 3amaHa (ynkimeir Q(t)

IpU yCJIOBUM, YTO cCymiecTByeT mpeaen dtoi ¢ynkumm Q(t), pemenue ypaBnenue (1)
COOTBETCTBYET CTAMOHAPHOMY pexuMy. Torzaa cranpoHapHas ¢yHkumio (X,Y,z) Oyzer

HUMCTb BUJ.
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1 x2+y2+(2+h3—220) _ ﬁ £+W72
2\, K, K kg kg
e
+ > *
2 2 (z+h.-2z
L+L+( S 0)
K Ky ky
Wg+2Vs§_1 xZLyZL(ZJrhs—zzo—f)2 £+£+Wi
2k, 7 2\ke Ky k, kx ky ks
Wg+2Vs 0 q
BULH : dé |, (10)
z 0 2 2 (z+h.-2zn-
L+L+( S 0 5)
ke Ky k;

riae GyHkuus gg (t, X, Y, Z) Mpe/icTaBjIeHa YpaBHEHHEM

(=)’ (i)
M) aky(tr) | -l Zkz(t(;;))

te
q(txy.z)=] e
0

SHJﬂkawQ(t—ff

_l_

w(h-zg) (z+h—220—w(t—r))2
k, 4k, (t-7)

Wy + 2V
Q(r)dr+9 ",
kZ

w(h-zq) (Z+h—220 —W(t—r)+e§)2 Vged

Tle ® o t=r) K ldeQ(r)de, (1)
0

[Tomyuennoe pemienue siBiseTcs (PyHIaMEHTATbHBIM, TaK KaK HaiJaeH OOpaTHBIN
OTIepaTop HMCXOIHOTO ypaBHEHHS W, CIIEJOBATEIbHO, MHBIE (OPMBI YpaBHEHUS SBIISIOTCS
YaCTHBIMU CITy4asiMH.

Tpertuii uien ¢popmyuist (10) yunThiBaeT M3MEHEHHUE YPOBHS_PHU3EMHON KOHLICHTPALUH
JUISL TSDKEJIOM MPHUMECH U TIOTJIOLIEHHE JII000H IpuMecH MOBEepXHOCThIO. [ citydasi, koraa
KOO(DUUHMEHT TOIIIOWEHH CTPeMUTCst K Hymo V., — 0, acumnrornyeckas OLEHKA

MHTCIPaJIbHOT'O YJICHA IIO3BOJIACT NIEPCIIMCaTh YPABHCHUEC B BUJIC.
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w(z-h
vy w(zhg)
2kX 2ky 2kZ

X, Y,Z)=
% (% ¥.2) 4z [k ky kg

2 2
2 2 (z=h 2 2 2 2 2 (z+h.-2z 2 2 2
12 32 (hs)” w2 v w1 [xP P (mehem2z0)” (U2 2 WP
2 kx ky kZ kX ky kZ 2 kX ky kZ kX ky kZ
€ e
* 2 " 2 B
2 2
L+y +(z—hs) £+L2+(Z+hs—220)
Ky ky Ky Ky ky k,

. (12

Takass ¢hopma ypaBHEHHs DHIEPOBOM MOJIENH, MOTydeHa BiiepBbie. YpaBHeHue (12)
Ha3BaHo “ypaBuenueMm CBT (equation SVT)” no nepBbiM OykBaM (hpaMuUITUK aBTOPOB.

VYpasuenue “SVT” MoxeT ObITh NIPUBEIEHO K (JOpME YpaBHEHHUS TrayccoBa THUIA IPH
ycioBud, yTo V=W =0 u mepBble [aBa ciaracMbix ypaBHeHus (12) MMEIOT OJMHAKOBBIM
MOPSIIOK, @ JUist Clydas OTpaxarouleil mosepxuoctu Vg =0 u HeBecoMmoii npumecH Wy =0

TpeThe claraeMol WckKirouaercs. llpmHMMas, namee pPaBEHCTBO TOPU3OHTAIBHBIX
cocraBisitomux koddunuenra muddysun K, = ky =Ky ¥ BEINONHUB Pa3lIOKCHUE B DAl

Tetinopa OnHOMUANTBHOW (PYHKIIMM OCHOBHOIO WieHa (HopMyIibl (IepBOE ciiaraeMoe IMpaBoi
YacTH) JUIS pPacCTOSIHUH X >>| Y |+ |z — hg | momyuaem

ux y2 (Z_h)ZKy
2Ky 2x2 2x2kZ
Q e
a(x,y,z)= =
2
L e e
X X“ky
2 2
y> (z-h)°K, -
~ S S (4rx [k K
Qexp 2K, | 2x 2xk, (4 hzKy )
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OnpenenuB MacmtabHble KO3(PdUIUEHTH AU y3un 07,0y MO COOTHOLICHUIO

Ky,z =O,5UO')2/’ZX_1 1, nmoactaBus ero B (13), momyunm ypaBHeHHE aHanorundHoe (4)

2 2
y> (z-h)
2 " 2

-(2nu0y62)_1-
26y 267

q(x,y,z)=Qexp

Takum ke 00pa3oM MOXHO IMpeoOpa3oBaTh W BTOpOe ciiaraeMoe ypaBHeHus (12) wu
MOJIyYNUTh YPAaBHEHHE, KOTOpoe€ OyJeT HIAEHTHMYHO OCHOBHOMY YPaBHEHHIO COBPEMEHHOMN
rayccoBoit Mogenu AERMOD.

2
Cd(x,y,z)zLexp y2 x
2nucy 26§
) (14)
m Z—hy —2mz; Z+hy +2mz;
x Y —|exp —( d 5 ') +exp —( d 5 ')
mZOGZ 2(52 2(52

3nech ¢yukmms Cq (X,Y,Z) npeacrasiser pacueTHyio (opmyny moxenn AERMOD

JUTsA, TaK Ha3biBaeMoro, npsiMoro (direct) TouedHOro HCTOYHHKA.
3 Pe3yabTaThl HCCJIETOBAHUSI U UX AHAJIN3

C uensto mpoBepku ¢Gopmynsl (12) Ha ee COOTBETCTBHE COBPEMEHHBIM METO/aM
pacdeTra, HaMHU IPOBEIEHBI COINOCTABICHUS BEJIWYMH KOHLEHTPALMN 3arps3HEHUN BO3yXa

paccuntanubix o mozaensm ISC(SCREEN), AERMOD [5, 6] u ypaBuenuio SVT.
[IpoBesieHO J1Ba YUCICHHBIX IKCIICPHMEHTA, B MEPBOM KOI(PPHUIIMEHTHI TYypOYIEHTHON

muddy3un kyI/I K, , OIleHMBAINCh IO COOTHOIICHUIO ky,z =05uoy , x1 a JUCTICPCUOHHBIE
mapaMeTpel Gy W Gz mo amnpoxcumanusm Ilackyniia-I'udgopaa (Pasquill-Gifford),

KOTOpPBIC UMECIOT BU .

oy =a - X-tg(b(c—d-Inx))

IJie X — PacCTOSHHE B KHIOMETpax, d,a,by,b,c,d — uncnoBsle k03(HUIUEHTEI CcOTIacHO

pabotsl [ 6].

D¢ddexTrBHAS BBHICOTA MCTOUHHKA ompenaessuiack mo Gopmynam u3 SCREEN-ISC [6].
Jlns  pacderoB  BbIOpaH  MPOMBINUICHHBIA  WCTOYHWK,  OONQMAlOMUNA  TaKUMU
XapaKTePUCTHUKAMHU. TeOMETpUYecKasl BbicoTa 35M, auamMeTp ycThs TpyObl 1,4M, CKOpOCTh
BBIXOJIa Ta30B 7M/c, Temiieparypa rasos 125 °C, temneparypa okpyxatomero Bo3ayxa 25°C.

Ha pucynke la mokazaHbl pe3ylnbTaThl pacdyeToB [UIsl  PAa3IUYHBIX  KIACCOB
YCTONYMBOCTH: HEYCTONUYMBOM, Oe3pa3niyHoil 1 ycToiunBoil crpatudukanun (kiaacc A, D u
F coorBeTcTBeHHO). [ToydyeHO MpakTUYECKH MOJHOE COBIAJCHUE PACYCTHBIX 3HAYCHUH, YTO
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CBHUJIETEIILCTBYET O TOM, 4TO Mojenu rayccoBo Tuma (GDM) sBisIOTCS Y4acTHBIM Clyd4aeM
monaenu SVT.

Takum oOpazom, ¢opmyna SVT MOXKET ¢ YCIEXOM HCIOJIb30BaTbCsI U B
CTAaTHCTUYECKUX MOJIEISIX atMochepHoi muddy3un rayccoBa TUIA, HE U3MEHSISI IPH 3TOM
JOCTUTHYTOW TOYHOCTH pacdera. @opmyma SVT MOXKET NMOMOYBL MPEOJOJICTh W3BEUHBIN
HegocTatok mojeneit tuna GDM, T.e. ompenenuTh KOHIIGHTPAIUIO 3arpsi3HEHHS BO3AyXa
KaK JJis cIa0bIX CKOPOCTSX BETPa, TaK U IMPHU TOJTHOM €ro OTCYTCTBUU — IITHUIIE.

(@) (b)
150 + MET/a PR o 1:1,:'u:lm".'u3
12 & GDM_4A ?’1
®SVT D 80D ¢k
100 g0 © GDM_D f#
#SYVT F EIIZIIZ'I g Ei
. {F & GDM_F 3§
4DI¥
[

0 1 2 3 4 5 B T B 0%5.03 0101 0305 07 00

Puc. 1 — Pacuerst mo ¢opmyne SVT s TodeyHoro wuctounwka: (a) pacmpeaeicHue
q(x,z=2m)no moaensm SVT u GDM pans pasnuuHbIX KJIACCOB yCTOMYUBOCTH,
(b) q(x,z =2m) npu mrrune (myHKTHpHAS JUHUS) U (X, Z = 2M) TPH OYEHb CIabOM
BETpE U MHTCHCUBHOM TYpOYyJIEHTHOCTH (CIIJIOIIHAS JIMHUA).

Tak, HarpuMep, Ha pucyHKe 1D mokaszansl Bo3MokHOCTH Gopmyiasl SVT s pacuera
3arpssHenus Bo3mayxa ((X,Z =2m) npu monHoMm orcytcTBud Berpa (mrmib, U =0 m/c) u

c1a0BIX HUCXOJIAIIMX BEPTUKANBHBIX ABIKEHUAX W < 0. Ecin kosddunmentsr Ky = ky =k,

paBHBI, paclpe/ieiCHUe KOHICHTPAIMH 3arpsS3HCHUsT BO3/IyXa CUMMETPHYHO OTHOCHUTEIIBHO
MIOJIOXKEHUST UCTOYHUKA U COOTBETCTBYET (PYHKIIUH IUIOTHOCTH BEPOSTHOCTEH HOPMAIBLHOTO
3aKOoHa. OJKciecec (YHKIMU 3aBUCUT OT OTHOUIeHUs Kodddumumenta auddysnn K
BEPTUKAIBHOH ckopoctu K, /W, a acummerpus ot K, /U.

Ha tom e pucynke 1b mokasano pacrmpezerneHue KOHICHTpPALUK TP CIabOM BEeTpe
(U=<0,5 m/C), HO tipu OONBIINX 3HAYEHHSIX KOod(pPureHTa TypOyJICHTHOCTH, HAIIpUMEp, TIPH
cunbHOH  kouBekumn  (ky =ky =k, =10m%c). OGnacTb MakCHMyMa [EPEeMEILaeTcsl 1o
HANpaBJICHUIO MIOTOKA, HO M3-32 HHTEHCHBHO TYpOYJICHTHOCTH c1aboe 3arps3HeHre BO3Iyxa
OCTAeTCsI ¥ C HABETPEHHO! CTOPOHBI HCTOYHHKA.

[Ipn mpoBeneHNH BTOPOTO YMCICHHOTO JKCIIEPHMEHTa Ha COOTBETCTBHE (DOPMYIIBI
SVT coBpeMEHHBIM METOJaM pacueTa TMPU3EMHBIX KOHIIEHTpAIMi MCIOJIb30BAIHCH
CreLuanbHO pa3paboTaHHbM Ayt Mofenu STV pynkuun Ky =k, = ¢(X) .

[TpenBaputensuo, mo dopmynam STV u GDM, Obum momydeHBI IS Pa3IAIHBIX
COCTOSIHUU TEPMOJIMHAMUYECKOI YCTOWYHUBOCTH BEJIMYNHBI MaKCHUMaJIbHBIX
KOHIEHTPAIUH (pay ¥ PACCTOSHHS Xyax - PE3YJIBTATHI MOKA3aHbI HA PUCYHKaX 2a U 2.
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Oo6napyxeno, uyto moaenu GDM 3aHmKaloT BETUYUHBI MAaKCUMATIbHBIX KOHIIEHTPAIHi
Omax [PY HEYCTOMUYMBBIX YCIOBUSIX U 3aBBIMIAIOT Xpay HPH YCTOHYUBBIX (CBETIIBIE MapKEPhI

Ha puc. 2a, b).
() ()
siuf
3 !
Yy s MET/M SigY
200 2 2097 o
175 A ® omax- )
STV - o8
1460 A i
. T gmax- 1.5 Ar
125 A DM
o D
100 A .
75 - o ¥E
4 L & oF
a0 -
2 & 5
0 L e os e O8 Kkm
1 1a 0 2 4 B
(b) (d)
E - Xmax, km mg
o I
] * - mambl
) g?*?fx gun B B i
31 4] .t
O o E- S A %D
21 & GOM
1 A YT Y VY
et G T
1 10 4 B H.hm

Puc. 2 —Pacuerst mo ¢dopmymam SVT u GDM gi1s  TO4edyHOro  MCTOYHHKA!
3HAYEHHE (ax (@) ¥ Xpax (D), M1d pasaMuHBIX KIAaccOB YCTOMYMBOCTH,

OTHOIICHHE BEPTHKAIBHOIO W TOPU3OHTAIBHOrO Macimrtaba auddysun oy /Gy (©)
(GDM) 1 BepTHKAIBHOTO M TOPU3OHTAIBHOTO Kod(duumenta udpdysun K, /ky (d)

(SVT) ot paccTosiHuS AJ1sl pa3JIMYHBIX KIIACCOB YCTOWYHBOCTH.

[IpyuunHBl HECOBNAAEHUS PE3YIbTAaTOB PAcueTa OCHOBHBIX NMAapaMETPOB (max: Xmax

BO3MOJHO, CBs3aHBI C paBHHqHOﬁ 3aBUCHUMOCTBIO  OTHOIICHHI BCPTUKAJIBHBIX U

TOPU30HTANILHBIX MacITaboB paccessHus (pucyHok 2C u 2d) ot paccrosiauii B Mozensix GDM
u SVT.

Pacuer otHOmeHus o, /Gy st GDM mposenen mno ¢opmynam  [lackymiura-
I'uddopna, a (k; /ky) =P no annpoxcumaumsm, ucnonssyemsim B SVT.

BunmHbl cyliecTBeHHbIE pa3NUuMs H3MEHEHHsS OTHOWICHUH G,/ Cy H K, /ky c

pacCTOSIHUEM TIPH Pa3JIMYHbIX KIaccax YCTOHYMBOCTH atMocdepbl. OCOOEHHO OHH 3aMETHBI
JUIsl CWJIBHOW HeycToiunBoii (kinacc A) u ycroituuBoit (kinacc E, F) crpatudukanum.
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[Ipu pemenun ypaBHeHHs TypOyneHTHOW aupdy3ur W TpU  TOCICTYIONIEM
UCTIOJb30BAaHUU TPUKIIATHBIX (OPMYJI BO3HHUKAET BOMPOC O COOTBETCTBHH KOA(D(PHUIIMEHTOB
TypOyneHnTHo auddy3nn U KOIPHUIHMEHTOB TypOYJICHTHOH BS3KOCTH ISl Pa3IMYHBIX
BPEMEHHBIX MaciiTaboB sBieHus. l[logoOue HTuX KOIPPUIMEHTOB HE MOABEPracTCs
COMHEHHMIO Ha JIOCTaTOYHO OOJIBIIMX pACCTOSHHUSIX OT HMCTOYHHWKA, 1O KpalHEeH Mepe,
Oonpmux X >10hg, T.e. ¢ paccTOsHUI OMM3KUX K TOYKAM Xpax U Omax [2]. TIoaTOMy mpu

BBIOOpE aNMpPOKCUMALIUI ky e k, yuurtsiBancs M Macumtab SBICHHS, TOCKOJbKY BEIUYHHBI

K03 UIMEHTOB TypOYJICHTHON BSI3KOCTH 3aBHCSAT OT Pa3MEPOB BUXPEH, YYacCTBYIOIIUX B
HPOILECCE PACCESHHUS.
Hnst ouenku xoddduunentos typbynentoctn Ky € K, Hamu BBeseHa QyHKums,

3aBUCSIIAs OT CKOPOCTH BETpa, MapameTrpa yCTOMYMBOCTH, OE3pa3MEpPHOTO CIBHra BETpA,
MEePOXOBATOCTU IMOBCPXHOCTU U PaACCTOSAHHA, HpOfI,[[eHHOFO I-Ia.CTI/IL[CI\/'I OT HCTOYHHKaA A0

touky perenropa. Oynkuus k, = o(X,U,C, ¢, zy) nmeer BUI

X b 2 .h X b
k, =U,-A.| 2| zu, —> "8t 2. ko—k, .p L (15)
z z Z] / y z
X n(ze /12p) -9y \ X
rae U, — CpeIHsisi CKOPOCTh BETPa,
K — ITIOCTOJHHAasAa KapMaHa;
hsg — BBICOTA TPHU3EMHOrO0 CJIOs arMocdepbl Kak (QyHKOHMS TapaMmerpa

ycroiunBoctu (Z/L);
X — paccTosHKME OT HCTOYHUKA B HAIPABJICHUH MIEPEHOCA;

X1 — CTaHIAPTHOE PACCTOSIHUE paBHOE 1KM;

Zr, 29 — BBICOTa M3MEPEHUS CKOPOCTH BETPa M MIEPOXOBATOCTH MOBEPXHOCTH;
A — pa3MepHBIi YUCIOBOM KO (PHIIMEHT;

b — TIOKa3aTens cTeneHu GyHKun K, ~ ¢(X).

P=(k, /ky) — mokasarenb ~ aHM30TPONMHM, T.e. OTHOLICHHE  BEPTHKAIBHOTO M

ropusoHTalbHOTrO MaciTaba nuddysun (puc.2D)
B Tabn. 1 npuBeacHBI HEKOTOPBIC MapaMeTpa ypaBHeHus (15), KOTOpble TPUMEHSITUCH
JUTSL pacdeTa MPU3eMHBIX KOHIICHTPAIIHIA.

Ta6muna 1 — [TapameTpsl k popmyne (15)

[TAPAMETPBHI Kiacesl ycTounBocTu
1 2 3 4 5 6
Koaddunment 4 7,8 41 2 0,63 0,25 0,11
Koaddunment b 0,75 0,73 0,72 0,66 0,55 0,4

Hcnone3ys ypaBuenue (12) ¢ yuerom (15) ObulM BHOBH HMPOBEAEHBI COMOCTABICHUS
q(X,z =2m) xonuentpanuii mo SVT u SCREEN-ISC ( puc. 3).

U3 puc. 3 cneayer, uto uzmenenue ((X), kak QyHKIMU PacCTOSHHUS OT UCTOYHHKA, IO
SVT (cinomHble TEMHBIE JIMHWM) CYIIECTBEHHO OTJIMYAIOTCS OT  AHAJOTMYHBIX
pacripenenennii mo GDM (myHkTHpHBIE JWMHHHM). MaKCHMyMbl KOHIEHTPAIMH (pax H

PACCTOSHUN Xmay » PA3JIUYHBI U1 BCEX KIACCOB yCTOMYMBOCTH.
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Mopens GDM cymiecTBEHHO 3aHMKAET YPOBEHD NIPU3EMHBIX KOHLEHTPALUMHA (pay AT

HeycToWumBbIX  ycioBui  (kmacc A) 133 Mxr/m.ky6 gt GDM w188 mMkr/m.xy0
COOTBETCTBEHHO i1 SVT U 3aBBILAET PACCTOAHHUA Xmax =2, kM 111 GDM u 4,5 km

st STV nipu cuimbHO# yeroitunBoctH (kiace F).

q (x),
2530, 7 MKT/M 2 i ZT_A
=l GOM_A,
—— ST
200 o amndasn GOM_C

150

100

50

Puc. 3 — Pacnipenenenus ((X) A7t pa3iuuHbIX KJIACCOB YCTOWYUBOCTH, PACCUUTAHHBIC 1O
moxnensm GDM u SVT.

Opnnako, oOHapy>KEHHBIC PA3IUUYUsi HE CBUJACTEIHCTBYIO HHM B IOJIb3Y OJHON, HH B
noJb3y Jpyroi moaenu. COOTBETCTBHE MEXKIy HUMH, €CTECTBEHHO, JIOJDKHO OBITh TIPOBEPEHO
KaK OJKCIEpUMEHTAJIbHO, TaK W TEOPETHYECKH, OCOOEHHO H3TO Kacaercs BbIOOpa
anmpoKcUManui st K03 GUIIMEHTOB TypOyJIeHTHOTO 0OOMEHa.

4 BpIBOAbI

1. ®opmyna SVT nomyckaer 3sameny macmrabos muddysun oy (X), o,(X) Ha
KOO duureHTsl TypOyneHTHOH BA3KocTH Ky, K, Tak Kak X BEIIMYMHBI XOPOLIO M3BECTHBI

JUIS IPU3EMHOTO U TIOTPAaHUYHOTO CJIOSI aTMOC(hEpHI.

2. ®opmyna SVT mo3BosisieT MONYyYHTh pelIeHrne 0e3 OrpaHMueHH Ha CKOPOCTh BETpa U
paccTosHHEe, a TaKKe YYecTb B3aUMOACWCTBHE KOMIOHEHT auddy3un BO Bcex
HaIpaBJICHUSAX CUCTEMbI KOOP/IUHAT.
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New formula of estimation of level of the ground concentrations of pollutions from
industrial sources

Abstract. The new decision of equation of turbulent diffusion, which takes into account co-operation of
coefficients of turbulent diffusion and speed of wind in the direction of axes of the system of co-ordinates, is
got. The formulas of calculations allow to get the fields of concentrations at any states of thermodynamic of
atmosphere and speeds of wind, including at a calm without approximations of scales of diffusion from
distance.

Keywords: equalization of turbulent diffusion, pollutions dispersions in an atmosphere, point source, coefficient
of turbulence, level of the ground concentration, contaminations of atmosphere.
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C.H. Crenanenko, 0.¢p.-m.x., B.I'. BoommH, x.2.x., C.B. Tunuos, #.c.
Ooecckuil 20cy0apCcmeenHblll IKOJI0SUYECKULL YHUBEPCUMen

HOBASI ®OPMYJIA OIEHKMH YPOBHA 3AI'PAZHEHUA ATMOC®EPDBI
IMPOMBIIIIVIEHHBIMHA BBIBPOCAMUA

AuHoTauus. [lonyueHo HO6oe peuleHue YpasHeHus mypOyieHmHOU Ouggysuu, Komopoe yuumvieaem
83aumooeticmsue Kodppuyuenma mypoyreHmHou oug@ysuu u  cKopocmu eempa 8 HANpagieHuu oceu
0exapmosoll cucmemuvl Koopounam. Pacuemmuvie $popmyast nozeonsdiom noiyyamv nois KOHYeHmpayuii npu
JI0ObIX MEPMOOUHAMUYECKUX COCMOAHUAX AMMOCPepbl U CKOPOCMAX empa, 6 MOM Yucie U npu wmuie oe3
annpoxcumayuii macuma6o6 ouggysuu om paccmosnusi.

Knrouegvle cnoea:. ypasuenue mypoynenmnou ough@ysuu, pacceanue npumecu 6 ammocghepe, moyeuHbvlil
UCMOYHUK, KOIPDuyuenm mypoyieHmHocmu, yposeHb NPUIEMHOU KOHYEHMpayuu, 3a2pAsHenue ammocgepui.

1 Bseaenue

JInst OLIEHKM YPOBHS 3arps3HEHHs aTtMoc(epbl IPOMBIIUIEHHBIMH BBIOPOCAMH,
UCIIOJIB3YIOTCS, B OCHOBHOM, Mojenu siiepoa (Eulerian) wiu rayccosa (Gaussian) tuma.
DiIepoBbl MOJIEH MOCTPOCHBI HA PEIICHUH MOy MITHPHUECKOTO YPaBHEHUS TYPOYICHTHON
nudoysuu (YTH) [1,2,3,4], koTOpoe mpeacTaBasieTcsi B BUE:

a—qz—V-Vquﬁ(kxa—q}rﬁ kya—q +3(k2@j, (1)
ot OX ox) oy oy) oz 0oz
rac \_/ Vq — aABCKTHUBHAs1 KOMIIOHCHTA ypaBHeHI/Iﬂ;

Ky,Ky,k; — xommonenTsr koo duumenta TypOyneHTHOH nuddysun;

q — CpeIHsIs KOHUEHTpALMs IPUMECH.

Jis pelieHus KOHKPETHBIX 3a7ad ypaBHEHHE MOXET ObITh ympouieHo. Tak amis
YCTaHOBUBILEroCsS Tpollecca paccestHUsl Ui  HENPEepbIBHOIO TOYEYHOTO HCTOYHMKA
ypaBaeHue (1) mpeoOpasyercsi U IPUHUMAET BUI:

2
ox oz x>

2 2
Ak @

rne U— CpeiHsisi CKOPOCTh BETpa B HAIIPABJICHUH MIEPEHOCa KITy0a IPUMECH.
Pemenne ypaBHeHust (2), ¢ y4eToM HEKOTOPBIX I'DAaHMYHBIX U HAaYalbHBIX YCJIOBUH,
HpeCTaBIsACTCS Cieaytomel popmyoi [2]:

(Y-¥0)* | (2=hs)?
X,y,z)=Qexp| — + 4ar kK, X, 3
G(xy.2)=Qexp 4k, t 4k, t Ny ®)
rie  Q  — NpOM3BOAMTENLHOCTH HCTOYHHUKA,

hy - BBICOTa HCTOYHHMKA BBIOPOCA IPHMECH;

t - Bpems muddysum, pasroe t = x/u.
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Moenn Takoro Tvmna, MHOraa, HaspiBaoT, K-momenn”.

B MOOCIAX BTOpOFO THUIIA npeﬂnonaraeTCﬂ, 9gTO B Typ6y.]'IeHTHOM IIOTOKEC KOOpI[I/IHaTBI
3arpsB3HAIMUX atMochepy “d4acTuil’, MOTYMHSIOTCS HOPMAIBLHOMY 3aKOHY PacIpeeliCHUs,
T.€. KOHIICHTPAIMs IPUMECH BHYTPH KiTy0a, pacrpeiesieHa CAMMETPUYHO OTHOCUTEIIEHO €ro
MT'HOBEHHOTO IICHTpA, a paccestHUe MPUMECH BJIOJIb OCEH Y M Z Tpeanojiaraercs, B3auMHO
HC3aBUCHM.

Torga xoHueHTpanust B (akene, KOTOPBIH COCTOMUT U3 CYNEPNO3ULUU KIyOOB, U

NEpPEeMEIIaeTCsl BMECTe C TIOTOKOM, OyIeT OIpeaensThCsl NpousBeneHueM GyHKIU
IJIOTHOCTH BEPOSITHOCTEH, @ UMEHHO!

2 2
6(x¥:2) =Q exp| - (y—yg) +(Z_h§) @rucyo;) ™ 4)
ZGy 202

e Oy,0,— AUCIEPCHH rayCCOBBIX PACIpPEICICHH KOHIICHTPALHI, KOTOPbIC, KaK MPaBHIIO,

SBIISIIOTCSI  DKCTIICPUMEHTAIbHBIC  (YHKIUSAMH  BpeMEHH TuGPy3uHn ©  Xapakrepa
TEPMOJIMHAMHYECKON YCTOMYMBOCTH aTMOC(hEpHI.

Takue MojeaM Ha3BaHbl ‘‘CTATHCTUYCCKUMHU MOeIsMH rayccoBa tuma” (models
Gaussian type).

CpasuuBas ¢popmyay (1) u (4) MOKHO yOSTUTHCS, YTO OHHM COBITAAIOT €CIIH

ot (t)= } Ki (t) dt (5)
ty

rae 1=12,3 KOMIOHEHTBI COOTBETCTBYIOIIMX METCOPOJOTMUECKUX IapaMeTpOB Ha OCH
KOOP/IMHAT.

[Tpu Oonmpmmx 3Ha4eHHAX { AMCHIEPCHS TayCCOBBIX pacHpeAeieHHH KOHIEHTPAIMHA |
KodpuiueHT TypOyneHTHOH nuddy3un B3aMMOCBS3aHBI MEXAYy COOOH CIEAyIOUUM
obpazom

Ui O'i2

2Xi

o2 =2K;-t or K;= (6)

Mopnenu rayccoBa THIa, JOMUHHUPYIOT B OOJBIIMHCTBE HOPMATHUBHBIX JIOKYMEHTOB
MHOTHX CTpaH MHpa, pErjJaMeHTUpPYs TOpsSJAOK U TMpaBujia pacdera MPU3EMHBIX
KOHIICHTpaIuii 10 paccrosauii ~ 50 kM [5].

[Ipu pemenun ypaBHeHUs TypOyneHTHON muddy3unm dYacTo JOMYCKAOT HE
000CHOBaHHBIE (PU3UUECKUE YIPOLICHHUS, KOTOPhIE MCKAXal0T OCOOCHHOCTH aTMOC(EPHBIX
nuddy3noHHbIX TporieccoB. Hampumep, pacdeTrHbie (GOpMyJbl, ¢ TOMOIIBI KOTOPBIX
NPOM3BOJMTCS  OIEHKA  ypOBHA  NpU3eMHbIX  KoHueHTpammu  (ground  level
concentrations, GLC), ne mo3Bosstiror onpeaeautb GLS mpu cnaObix BeTpax | INTHIIE, YTO
PE3KO CHMXKAeT LEHHOCTh JTUX Mozene. Takol XKe HeAOCTaTOK NPUCYLl U MOJENISAM
rayccoBa THIA.

O0BeKT uccje0BaHUs — ypaBHEHHE TYpOyJIeHTHON AU Py3un 1 HOBBIE pacUeTHBIC
dbopmyIIbl I onpeencHus KoHeHTpauii 3arpssueaus (the pollutions) Bosayxa B paitonax
I[eflCTBHSI MPOMBIINIJICHHBIX HCTOYHUKOB.
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Iesnb paGoThl — aHAINU3 pacUYETHBIX (HOPMYJI, MONYyYEHHBIX aBTOPaMu B padboTax [3,4]
Ha UX COOTBETCTBUE COBPEMEHHBIM METO/IaM pacueTa KOHIEHTpAlUi 3arps3HEHUs BO31yXa.

2 Meroa ucciae10BaHus

Kpatko octaHOBHMCSI HA OCOOCHHOCTSX PEIICHNE YPaBHEHUS TypOyIeHTHOH muddy3un
C TOCTOSHHBIMHM BEJIMYMHAMU COCTABJIIOLIMX CKOPOCTH BeTpa U, V, W U ko3dduuuenra

TypOynentHoi muddysun Ky, ky u K, , cnemys pa6ore [4].

Pemienune ypaBaenue (1) BKIrO4aeT TpH rPaHUYHBIX YCIOBUS

9]
k28—j+wg-q=vs-q, at 7=z, )
lim q(t, x,Yy,2)=0, (8)
X,y —>Fo0
lim q(t,x,y,z)=0. 9)
Z—>0

[TonoxxeHne HMKHEW TPAHUIBI Z COBIAJAET C BLICOTOM CJIOS MIEpOXoBarocTu Zg. Ilo

JOCTH>KEHHUIO HYDKHEH TpaHUIbl TsKeIas WM HeBecoMas MPUMECh B3aUMOJICHCTBYET C HEH,
OTpa)xaeTcsl, JINOO MOTJIOMAETCS TOBEPXHOCTHIO (Vg — CKOPOCTH HOTIJIOLICHHS).

ITonoxenue BerHeﬁ I'paHulbl COOTBCTCTBYCT BBICOTC CJIOA MCPCMCIIMBAHUA Zi'

Opnnako, B3aMMOJAEWCTBHE INPUMECH C BEPXHEH TIpaHULEN Majo BIMSIET HAa YpPOBEHb
IPU3EMHBIX KOHLIEHTPALMM, TaK Kak, JUIIb Majas 4YacTh TSKEIOW NPUMECH JIOCTHTaeT
BEpXHEW TIpaHULbI, a Jierkas MNpHUMECh YCIEBAaeT pPacCEeUBaThCA B IOIPAHUYHOM CJOE
atMocdepbl. Bknan oOTpaxeHHOM OT BepxHEW TpaHUIBl TPUMECH, MOXKET OBbITh
KOMIIEHCUPOBAaH BBEJIECHUEM BHPTYaJIbHOTO HWCTOYHMKA pACIOJOKEHHOTO Yy BEpXHEH
IPaHULBL.

Jlnisi TOYEYHOr0 MCTOYHMKA, MPOU3BOIUTEIBHOCTh KOTOpOro 3amaHa (ynkimeir Q(t)

IpU yCJIOBUM, YTO cCymiecTByeT mpeaen dtoi ¢ynkumm Q(t), pemenue ypaBnenue (1)
COOTBETCTBYET CTAMOHAPHOMY pexuMy. Torzaa cranpoHapHas ¢yHkumio (X,Y,z) Oyzer

HUMCTb BUJ.
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1 x2+y2+(2+h3—220) _ ﬁ £+W72
2\, K, K kg kg
e
+ > *
2 2 (z+h.-2z
L+L+( S 0)
K Ky ky
Wg+2Vs§_1 xZLyZL(ZJrhs—zzo—f)2 £+£+Wi
2k, 7 2\ke Ky k, kx ky ks
Wg+2Vs 0 q
BULH : dé |, (10)
z 0 2 2 (z+h.-2zn-
L+L+( S 0 5)
ke Ky k;

riae GyHkuus gg (t, X, Y, Z) Mpe/icTaBjIeHa YpaBHEHHEM

(=)’ (i)
M) aky(tr) | -l Zkz(t(;;))

te
q(txy.z)=] e
0

SHJﬂkawQ(t—ff

_l_

w(h-zg) (z+h—220—w(t—r))2
k, 4k, (t-7)

Wy + 2V
Q(r)dr+9 ",
kZ

w(h-zq) (Z+h—220 —W(t—r)+e§)2 Vged

Tle ® o t=r) K ldeQ(r)de, (1)
0

[Tomyuennoe pemienue siBiseTcs (PyHIaMEHTATbHBIM, TaK KaK HaiJaeH OOpaTHBIN
OTIepaTop HMCXOIHOTO ypaBHEHHS W, CIIEJOBATEIbHO, MHBIE (OPMBI YpaBHEHUS SBIISIOTCS
YaCTHBIMU CITy4asiMH.

Tpertuii uien ¢popmyuist (10) yunThiBaeT M3MEHEHHUE YPOBHS_PHU3EMHON KOHLICHTPALUH
JUISL TSDKEJIOM MPHUMECH U TIOTJIOLIEHHE JII000H IpuMecH MOBEepXHOCThIO. [ citydasi, koraa
KOO(DUUHMEHT TOIIIOWEHH CTPeMUTCst K Hymo V., — 0, acumnrornyeckas OLEHKA

MHTCIPaJIbHOT'O YJICHA IIO3BOJIACT NIEPCIIMCaTh YPABHCHUEC B BUJIC.
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w(z-h
vy w(zhg)
2kX 2ky 2kZ

X, Y,Z)=
% (% ¥.2) 4z [k ky kg

2 2
2 2 (z=h 2 2 2 2 2 (z+h.-2z 2 2 2
12 32 (hs)” w2 v w1 [xP P (mehem2z0)” (U2 2 WP
2 kx ky kZ kX ky kZ 2 kX ky kZ kX ky kZ
€ e
* 2 " 2 B
2 2
L+y +(z—hs) £+L2+(Z+hs—220)
Ky ky Ky Ky ky k,

. (12

Takass ¢hopma ypaBHEHHs DHIEPOBOM MOJIENH, MOTydeHa BiiepBbie. YpaBHeHue (12)
Ha3BaHo “ypaBuenueMm CBT (equation SVT)” no nepBbiM OykBaM (hpaMuUITUK aBTOPOB.

VYpasuenue “SVT” MoxeT ObITh NIPUBEIEHO K (JOpME YpaBHEHHUS TrayccoBa THUIA IPH
ycioBud, yTo V=W =0 u mepBble [aBa ciaracMbix ypaBHeHus (12) MMEIOT OJMHAKOBBIM
MOPSIIOK, @ JUist Clydas OTpaxarouleil mosepxuoctu Vg =0 u HeBecoMmoii npumecH Wy =0

TpeThe claraeMol WckKirouaercs. llpmHMMas, namee pPaBEHCTBO TOPU3OHTAIBHBIX
cocraBisitomux koddunuenra muddysun K, = ky =Ky ¥ BEINONHUB Pa3lIOKCHUE B DAl

Tetinopa OnHOMUANTBHOW (PYHKIIMM OCHOBHOIO WieHa (HopMyIibl (IepBOE ciiaraeMoe IMpaBoi
YacTH) JUIS pPacCTOSIHUH X >>| Y |+ |z — hg | momyuaem

ux y2 (Z_h)ZKy
2Ky 2x2 2x2kZ
Q e
a(x,y,z)= =
2
L e e
X X“ky
2 2
y> (z-h)°K, -
~ S S (4rx [k K
Qexp 2K, | 2x 2xk, (4 hzKy )
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OnpenenuB MacmtabHble KO3(PdUIUEHTH AU y3un 07,0y MO COOTHOLICHUIO

Ky,z =O,5UO')2/’ZX_1 1, nmoactaBus ero B (13), momyunm ypaBHeHHE aHanorundHoe (4)

2 2
y> (z-h)
2 " 2

-(2nu0y62)_1-
26y 267

q(x,y,z)=Qexp

Takum ke 00pa3oM MOXHO IMpeoOpa3oBaTh W BTOpOe ciiaraeMoe ypaBHeHus (12) wu
MOJIyYNUTh YPAaBHEHHE, KOTOpoe€ OyJeT HIAEHTHMYHO OCHOBHOMY YPaBHEHHIO COBPEMEHHOMN
rayccoBoit Mogenu AERMOD.

2
Cd(x,y,z)zLexp y2 x
2nucy 26§
) (14)
m Z—hy —2mz; Z+hy +2mz;
x Y —|exp —( d 5 ') +exp —( d 5 ')
mZOGZ 2(52 2(52

3nech ¢yukmms Cq (X,Y,Z) npeacrasiser pacueTHyio (opmyny moxenn AERMOD

JUTsA, TaK Ha3biBaeMoro, npsiMoro (direct) TouedHOro HCTOYHHKA.
3 Pe3yabTaThl HCCJIETOBAHUSI U UX AHAJIN3

C uensto mpoBepku ¢Gopmynsl (12) Ha ee COOTBETCTBHE COBPEMEHHBIM METO/aM
pacdeTra, HaMHU IPOBEIEHBI COINOCTABICHUS BEJIWYMH KOHLEHTPALMN 3arps3HEHUN BO3yXa

paccuntanubix o mozaensm ISC(SCREEN), AERMOD [5, 6] u ypaBuenuio SVT.
[IpoBesieHO J1Ba YUCICHHBIX IKCIICPHMEHTA, B MEPBOM KOI(PPHUIIMEHTHI TYypOYIEHTHON

muddy3un kyI/I K, , OIleHMBAINCh IO COOTHOIICHUIO ky,z =05uoy , x1 a JUCTICPCUOHHBIE
mapaMeTpel Gy W Gz mo amnpoxcumanusm Ilackyniia-I'udgopaa (Pasquill-Gifford),

KOTOpPBIC UMECIOT BU .

oy =a - X-tg(b(c—d-Inx))

IJie X — PacCTOSHHE B KHIOMETpax, d,a,by,b,c,d — uncnoBsle k03(HUIUEHTEI CcOTIacHO

pabotsl [ 6].

D¢ddexTrBHAS BBHICOTA MCTOUHHKA ompenaessuiack mo Gopmynam u3 SCREEN-ISC [6].
Jlns  pacderoB  BbIOpaH  MPOMBINUICHHBIA  WCTOYHWK,  OONQMAlOMUNA  TaKUMU
XapaKTePUCTHUKAMHU. TeOMETpUYecKasl BbicoTa 35M, auamMeTp ycThs TpyObl 1,4M, CKOpOCTh
BBIXOJIa Ta30B 7M/c, Temiieparypa rasos 125 °C, temneparypa okpyxatomero Bo3ayxa 25°C.

Ha pucynke la mokazaHbl pe3ylnbTaThl pacdyeToB [UIsl  PAa3IUYHBIX  KIACCOB
YCTONYMBOCTH: HEYCTONUYMBOM, Oe3pa3niyHoil 1 ycToiunBoil crpatudukanun (kiaacc A, D u
F coorBeTcTBeHHO). [ToydyeHO MpakTUYECKH MOJHOE COBIAJCHUE PACYCTHBIX 3HAYCHUH, YTO
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CBHUJIETEIILCTBYET O TOM, 4TO Mojenu rayccoBo Tuma (GDM) sBisIOTCS Y4acTHBIM Clyd4aeM
monaenu SVT.

Takum oOpazom, ¢opmyna SVT MOXKET ¢ YCIEXOM HCIOJIb30BaTbCsI U B
CTAaTHCTUYECKUX MOJIEISIX atMochepHoi muddy3un rayccoBa TUIA, HE U3MEHSISI IPH 3TOM
JOCTUTHYTOW TOYHOCTH pacdera. @opmyma SVT MOXKET NMOMOYBL MPEOJOJICTh W3BEUHBIN
HegocTatok mojeneit tuna GDM, T.e. ompenenuTh KOHIIGHTPAIUIO 3arpsi3HEHHS BO3AyXa
KaK JJis cIa0bIX CKOPOCTSX BETPa, TaK U IMPHU TOJTHOM €ro OTCYTCTBUU — IITHUIIE.

(@) (b)
150 + MET/a PR o 1:1,:'u:lm".'u3
12 & GDM_4A ?’1
®SVT D 80D ¢k
100 g0 © GDM_D f#
#SYVT F EIIZIIZ'I g Ei
. {F & GDM_F 3§
4DI¥
[

0 1 2 3 4 5 B T B 0%5.03 0101 0305 07 00

Puc. 1 — Pacuerst mo ¢opmyne SVT s TodeyHoro wuctounwka: (a) pacmpeaeicHue
q(x,z=2m)no moaensm SVT u GDM pans pasnuuHbIX KJIACCOB yCTOMYUBOCTH,
(b) q(x,z =2m) npu mrrune (myHKTHpHAS JUHUS) U (X, Z = 2M) TPH OYEHb CIabOM
BETpE U MHTCHCUBHOM TYpOYyJIEHTHOCTH (CIIJIOIIHAS JIMHUA).

Tak, HarpuMep, Ha pucyHKe 1D mokaszansl Bo3MokHOCTH Gopmyiasl SVT s pacuera
3arpssHenus Bo3mayxa ((X,Z =2m) npu monHoMm orcytcTBud Berpa (mrmib, U =0 m/c) u

c1a0BIX HUCXOJIAIIMX BEPTUKANBHBIX ABIKEHUAX W < 0. Ecin kosddunmentsr Ky = ky =k,

paBHBI, paclpe/ieiCHUe KOHICHTPAIMH 3arpsS3HCHUsT BO3/IyXa CUMMETPHYHO OTHOCHUTEIIBHO
MIOJIOXKEHUST UCTOYHUKA U COOTBETCTBYET (PYHKIIUH IUIOTHOCTH BEPOSTHOCTEH HOPMAIBLHOTO
3aKOoHa. OJKciecec (YHKIMU 3aBUCUT OT OTHOUIeHUs Kodddumumenta auddysnn K
BEPTUKAIBHOH ckopoctu K, /W, a acummerpus ot K, /U.

Ha tom e pucynke 1b mokasano pacrmpezerneHue KOHICHTpPALUK TP CIabOM BEeTpe
(U=<0,5 m/C), HO tipu OONBIINX 3HAYEHHSIX KOod(pPureHTa TypOyJICHTHOCTH, HAIIpUMEp, TIPH
cunbHOH  kouBekumn  (ky =ky =k, =10m%c). OGnacTb MakCHMyMa [EPEeMEILaeTcsl 1o
HANpaBJICHUIO MIOTOKA, HO M3-32 HHTEHCHBHO TYpOYJICHTHOCTH c1aboe 3arps3HeHre BO3Iyxa
OCTAeTCsI ¥ C HABETPEHHO! CTOPOHBI HCTOYHHKA.

[Ipn mpoBeneHNH BTOPOTO YMCICHHOTO JKCIIEPHMEHTa Ha COOTBETCTBHE (DOPMYIIBI
SVT coBpeMEHHBIM METOJaM pacueTa TMPU3EMHBIX KOHIIEHTpAIMi MCIOJIb30BAIHCH
CreLuanbHO pa3paboTaHHbM Ayt Mofenu STV pynkuun Ky =k, = ¢(X) .

[TpenBaputensuo, mo dopmynam STV u GDM, Obum momydeHBI IS Pa3IAIHBIX
COCTOSIHUU TEPMOJIMHAMUYECKOI YCTOWYHUBOCTH BEJIMYNHBI MaKCHUMaJIbHBIX
KOHIEHTPAIUH (pay ¥ PACCTOSHHS Xyax - PE3YJIBTATHI MOKA3aHbI HA PUCYHKaX 2a U 2.
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Oo6napyxeno, uyto moaenu GDM 3aHmKaloT BETUYUHBI MAaKCUMATIbHBIX KOHIIEHTPAIHi
Omax [PY HEYCTOMUYMBBIX YCIOBUSIX U 3aBBIMIAIOT Xpay HPH YCTOHYUBBIX (CBETIIBIE MapKEPhI

Ha puc. 2a, b).
() ()
siuf
3 !
Yy s MET/M SigY
200 2 2097 o
175 A ® omax- )
STV - o8
1460 A i
. T gmax- 1.5 Ar
125 A DM
o D
100 A .
75 - o ¥E
4 L & oF
a0 -
2 & 5
0 L e os e O8 Kkm
1 1a 0 2 4 B
(b) (d)
E - Xmax, km mg
o I
] * - mambl
) g?*?fx gun B B i
31 4] .t
O o E- S A %D
21 & GOM
1 A YT Y VY
et G T
1 10 4 B H.hm

Puc. 2 —Pacuerst mo ¢dopmymam SVT u GDM gi1s  TO4edyHOro  MCTOYHHKA!
3HAYEHHE (ax (@) ¥ Xpax (D), M1d pasaMuHBIX KIAaccOB YCTOMYMBOCTH,

OTHOIICHHE BEPTHKAIBHOIO W TOPU3OHTAIBHOrO Macimrtaba auddysun oy /Gy (©)
(GDM) 1 BepTHKAIBHOTO M TOPU3OHTAIBHOTO Kod(duumenta udpdysun K, /ky (d)

(SVT) ot paccTosiHuS AJ1sl pa3JIMYHBIX KIIACCOB YCTOWYHBOCTH.

[IpyuunHBl HECOBNAAEHUS PE3YIbTAaTOB PAcueTa OCHOBHBIX NMAapaMETPOB (max: Xmax

BO3MOJHO, CBs3aHBI C paBHHqHOﬁ 3aBUCHUMOCTBIO  OTHOIICHHI BCPTUKAJIBHBIX U

TOPU30HTANILHBIX MacITaboB paccessHus (pucyHok 2C u 2d) ot paccrosiauii B Mozensix GDM
u SVT.

Pacuer otHOmeHus o, /Gy st GDM mposenen mno ¢opmynam  [lackymiura-
I'uddopna, a (k; /ky) =P no annpoxcumaumsm, ucnonssyemsim B SVT.

BunmHbl cyliecTBeHHbIE pa3NUuMs H3MEHEHHsS OTHOWICHUH G,/ Cy H K, /ky c

pacCTOSIHUEM TIPH Pa3JIMYHbIX KIaccax YCTOHYMBOCTH atMocdepbl. OCOOEHHO OHH 3aMETHBI
JUIsl CWJIBHOW HeycToiunBoii (kinacc A) u ycroituuBoit (kinacc E, F) crpatudukanum.
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[Ipu pemenun ypaBHeHHs TypOyneHTHOW aupdy3ur W TpU  TOCICTYIONIEM
UCTIOJb30BAaHUU TPUKIIATHBIX (OPMYJI BO3HHUKAET BOMPOC O COOTBETCTBHH KOA(D(PHUIIMEHTOB
TypOyneHnTHo auddy3nn U KOIPHUIHMEHTOB TypOYJICHTHOH BS3KOCTH ISl Pa3IMYHBIX
BPEMEHHBIX MaciiTaboB sBieHus. l[logoOue HTuX KOIPPUIMEHTOB HE MOABEPracTCs
COMHEHHMIO Ha JIOCTaTOYHO OOJIBIIMX pACCTOSHHUSIX OT HMCTOYHHWKA, 1O KpalHEeH Mepe,
Oonpmux X >10hg, T.e. ¢ paccTOsHUI OMM3KUX K TOYKAM Xpax U Omax [2]. TIoaTOMy mpu

BBIOOpE aNMpPOKCUMALIUI ky e k, yuurtsiBancs M Macumtab SBICHHS, TOCKOJbKY BEIUYHHBI

K03 UIMEHTOB TypOYJICHTHON BSI3KOCTH 3aBHCSAT OT Pa3MEPOB BUXPEH, YYacCTBYIOIIUX B
HPOILECCE PACCESHHUS.
Hnst ouenku xoddduunentos typbynentoctn Ky € K, Hamu BBeseHa QyHKums,

3aBUCSIIAs OT CKOPOCTH BETpa, MapameTrpa yCTOMYMBOCTH, OE3pa3MEpPHOTO CIBHra BETpA,
MEePOXOBATOCTU IMOBCPXHOCTU U PaACCTOSAHHA, HpOfI,[[eHHOFO I-Ia.CTI/IL[CI\/'I OT HCTOYHHKaA A0

touky perenropa. Oynkuus k, = o(X,U,C, ¢, zy) nmeer BUI

X b 2 .h X b
k, =U,-A.| 2| zu, —> "8t 2. ko—k, .p L (15)
z z Z] / y z
X n(ze /12p) -9y \ X
rae U, — CpeIHsisi CKOPOCTh BETPa,
K — ITIOCTOJHHAasAa KapMaHa;
hsg — BBICOTA TPHU3EMHOrO0 CJIOs arMocdepbl Kak (QyHKOHMS TapaMmerpa

ycroiunBoctu (Z/L);
X — paccTosHKME OT HCTOYHUKA B HAIPABJICHUH MIEPEHOCA;

X1 — CTaHIAPTHOE PACCTOSIHUE paBHOE 1KM;

Zr, 29 — BBICOTa M3MEPEHUS CKOPOCTH BETPa M MIEPOXOBATOCTH MOBEPXHOCTH;
A — pa3MepHBIi YUCIOBOM KO (PHIIMEHT;

b — TIOKa3aTens cTeneHu GyHKun K, ~ ¢(X).

P=(k, /ky) — mokasarenb ~ aHM30TPONMHM, T.e. OTHOLICHHE  BEPTHKAIBHOTO M

ropusoHTalbHOTrO MaciTaba nuddysun (puc.2D)
B Tabn. 1 npuBeacHBI HEKOTOPBIC MapaMeTpa ypaBHeHus (15), KOTOpble TPUMEHSITUCH
JUTSL pacdeTa MPU3eMHBIX KOHIICHTPAIIHIA.

Ta6muna 1 — [TapameTpsl k popmyne (15)

[TAPAMETPBHI Kiacesl ycTounBocTu
1 2 3 4 5 6
Koaddunment 4 7,8 41 2 0,63 0,25 0,11
Koaddunment b 0,75 0,73 0,72 0,66 0,55 0,4

Hcnone3ys ypaBuenue (12) ¢ yuerom (15) ObulM BHOBH HMPOBEAEHBI COMOCTABICHUS
q(X,z =2m) xonuentpanuii mo SVT u SCREEN-ISC ( puc. 3).

U3 puc. 3 cneayer, uto uzmenenue ((X), kak QyHKIMU PacCTOSHHUS OT UCTOYHHKA, IO
SVT (cinomHble TEMHBIE JIMHWM) CYIIECTBEHHO OTJIMYAIOTCS OT  AHAJOTMYHBIX
pacripenenennii mo GDM (myHkTHpHBIE JWMHHHM). MaKCHMyMbl KOHIEHTPAIMH (pax H

PACCTOSHUN Xmay » PA3JIUYHBI U1 BCEX KIACCOB yCTOMYMBOCTH.
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Mopens GDM cymiecTBEHHO 3aHMKAET YPOBEHD NIPU3EMHBIX KOHLEHTPALUMHA (pay AT

HeycToWumBbIX  ycioBui  (kmacc A) 133 Mxr/m.ky6 gt GDM w188 mMkr/m.xy0
COOTBETCTBEHHO i1 SVT U 3aBBILAET PACCTOAHHUA Xmax =2, kM 111 GDM u 4,5 km

st STV nipu cuimbHO# yeroitunBoctH (kiace F).

q (x),
2530, 7 MKT/M 2 i ZT_A
=l GOM_A,
—— ST
200 o amndasn GOM_C

150

100

50

Puc. 3 — Pacnipenenenus ((X) A7t pa3iuuHbIX KJIACCOB YCTOWYUBOCTH, PACCUUTAHHBIC 1O
moxnensm GDM u SVT.

Opnnako, oOHapy>KEHHBIC PA3IUUYUsi HE CBUJACTEIHCTBYIO HHM B IOJIb3Y OJHON, HH B
noJb3y Jpyroi moaenu. COOTBETCTBHE MEXKIy HUMH, €CTECTBEHHO, JIOJDKHO OBITh TIPOBEPEHO
KaK OJKCIEpUMEHTAJIbHO, TaK W TEOPETHYECKH, OCOOEHHO H3TO Kacaercs BbIOOpa
anmpoKcUManui st K03 GUIIMEHTOB TypOyJIeHTHOTO 0OOMEHa.

4 BpIBOAbI

1. ®opmyna SVT nomyckaer 3sameny macmrabos muddysun oy (X), o,(X) Ha
KOO duureHTsl TypOyneHTHOH BA3KocTH Ky, K, Tak Kak X BEIIMYMHBI XOPOLIO M3BECTHBI

JUIS IPU3EMHOTO U TIOTPAaHUYHOTO CJIOSI aTMOC(hEpHI.

2. ®opmyna SVT mo3BosisieT MONYyYHTh pelIeHrne 0e3 OrpaHMueHH Ha CKOPOCTh BETpa U
paccTosHHEe, a TaKKe YYecTb B3aUMOACWCTBHE KOMIOHEHT auddy3un BO Bcex
HaIpaBJICHUSAX CUCTEMbI KOOP/IUHAT.
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New formula of estimation of level of the ground concentrations of pollutions from
industrial sources

Abstract. The new decision of equation of turbulent diffusion, which takes into account co-operation of
coefficients of turbulent diffusion and speed of wind in the direction of axes of the system of co-ordinates, is
got. The formulas of calculations allow to get the fields of concentrations at any states of thermodynamic of
atmosphere and speeds of wind, including at a calm without approximations of scales of diffusion from
distance.

Keywords: equalization of turbulent diffusion, pollutions dispersions in an atmosphere, point source, coefficient
of turbulence, level of the ground concentration, contaminations of atmosphere.
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