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Beenenue

A»spozons npexacraBnseT coboit menkue gactuibl (ot 0.01 mo 20 MkM), B3BEIICHHBIC B
BO3/yX€ U paziuyaroniuecs no ¢gopMe U XuMU4eckoMy cocTaBy. MccrnenoBanue u uzyueHnue
a’po30J1ei UMeeT J0NTYI0 ucTopuio. OTPOMHBIN BKJIA/ B TOJTY4YEHUE CBEICHUI 00 a’po30JIsX
caenaH Onarofaps HCIOJIB30BAaHUIO METOJOB JIA3€PHOTO 30HIMPOBAHUSA U JIMAAPHBIX
CTaHIWi. Ba)XKHOCTh M3Y4eHHS a’p030Jis CBsi3aHA KaK C HEOOXOIMMOCTHIO OIICHKH BIHUSHUS
Ha KJIMMAaT, 3KOJIOTMIO, Ka4eCTBO KU3HM JIIOJAEH, TAK U B CBA3M C BIMSHHUEM a’po30Jis Ha
TOYHOCTH BOCCTAHOBIICHUS APYTUX MAPAMETPOB aTMOC(HEpHI.

C TOoukM 3peHHMs B3aUMOJEWUCTBUS ONTHUYECKUX BOJIH C a3pO30JbHBIMM YACTHUIIAMH,
HanbOoJee BaXXHBIMH TMapaMeTpaMH SBISIOTCS KOMIUICKCHBIM TOKAa3aTeNlb MPEIOMIICHUS,
dopma u pazMepsl. KommiekcHbI MoKa3aTrenb MPEIOMIICHHS BELIECTBA YACTHIIBI SBISETCS
CIOXHOW (yHKIMEH IMHBI BOJHBI MAJAIONIET0 W3IYYCHHs] W OOBIYHO 3alHCHIBACTCS
m(Ad)=n(A)—iy(A), rae pAelcTBUTENbHAs 4YacTh  ompenenaseT  (azoBblil  CABUT
AJIEKTPOMArHUTHOM BOJIHBI M HA3bIBAETCS MOKA3aTesieM MPEIOMIICHUS, @ MHUMAasl ONpeIesieT
YMEHBUICHUE AaMIUIMTYJbl W Ha3bIBaeTCAd IIOKa3aTelleM NOTJOIIEeHHs. Tak Kak npupona
A’PO30JIbHBIX YACTHI] OBIBACT PA3TUYHON, TO KOMIUIEKCHBIN IMOKa3aTeh MPEIOMIICHUS MOKET
U3MEHATHCA B IIMPOKUX Mpeaenax M AJis KaKJI0ro BellecTBa OH CBOM. DopmMa a’3po30JIbHBIX
YaCTHUI[ U3MEHSIETCA OT IIApOBOM W HUTEBUIHOM N0 KpucTaumyecko. Ho MoBOIBHO YacTo
MIPU UHTEPIIPETANUN IKCIIEPUMEHTANBHBIX JAHHBIX, UCTIOIB3YIOT TO WM WHOE MPUOIIKEHUE
dbopMbl yacTHlbl K chepuueckoit. [y pacueTa ONTUYECKUX XapaKTEPUCTHK YacTUIl JaHHON
dbopMbl pa3paborana Teopust Mu, U Aaxke JUIsl TAKUX YACTHI] CYIIECTBYIOIIAsl 3aBHCHUMOCTh
XapaKTEepUCTUK OT pa3Mepa M IOKa3aTessl NPEJIOMJIEHUS YacTHUIlbl, IPUBOJUT K TOMY, YTO
30HIMPOBAHUE adPO30JIeH MpeacTaBiseT coOOM MOCTATOYHO CIOXKHYIO 3amady. B maHHOU
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pa60Te IJi1 BOCCTAHOBJICHHUS OIITHYCCKUX adpPO30JIBHBIX XAapaKTCPUCTUK 110 JIMAAPHBIM
CUTHaJIaM MpeaiaracTcda UCrojib30BaTh HGprOHHLIe CCTH.

YpaBHeHuUe JUIAPHOTO 30HTUPOBAHNUS M OTHOIIIEHHE PACCESTHUS
[To ypaBHEHHIO JTa3€PHOTO 30HANPOBAHUS

)= EORI2 e ()esf o['S" e, () () 0 | 1)

uHopMaIrio 00 a’po30je MOXKHO H3BJIeUb W3 KodhduIHMeHTa OOpaTHOTO pPacCesHUs
B.(A,2)= (A, z)+ B (A,z) u nponyckanus ©°(4,z).

PaSIICJII/ITI: PAa3JIMYHBIC COCTABJIAIOIINEC YPABHCHUA JIA3CPHOT'O0 30HAUPOBAHUA TOCTATOYHO
cioxxHo. [Ipy BOCCTaHOBJIIGHWUHM a’po30Jisi 3TO OCOOCHHO aKTyaJbHO Ui CTpaToc(hepHBIX
BBICOT, T/Ie BKJAQJ ad’pO30JIbHONW COCTABISAIONICH B TMOTJIOIIEHWE M paccesHue Mall [0
CpPaBHEHHMIO C MOJEKymspHOW. [l pasmeneHuss mpuOeralor K  MHOTOYaCTOTHOMY
30HAUPOBAHUIO W [JPYruM MCTOJdaM, HO [JaX€C B O3TOM CJIy4dac H606XOIII/IMO HUMCETH
uHpOpManro 00 MHIUKATPUCE PACCESHUS a3PO30JICH 110 BCEM BBICOTAM.

[Ipu 07HOYACTOTHOM 30HIUPOBAHMU OOBIYHO MEPEXOJAT K PACCMOTPEHHUIO OTHOIICHUS
paccesHusI:

Rery - LU _ B+ B | B o
BH) B B, (H)

rae H - BpICOTA;
B,0,,5, - TOIHBIHA, a’3pO30JIbHBIH M MOJIEKYJSPHBIM KO3(QPUIHUEHTH 00paTHOrO

paccesHusI.
OTHOIIIGHUE paccesHUs Yepe3 YpaBHEHHE Ja3epHOTO 30HAMPOBAHUS CBSI3aHO C

JIUJApHBIMU 3X0-curHanaMu N (H) ciepyroumum o0pa3oMm:

N,(HH®
R(H) = NADH 3)
CO(H)p,(H)
rie  O(H) - mpo3padHOCTh CJI0st aTMOC(hEpBI OT JHapa 10 BBICOTH H ;
C - ammapaTypHas KOHCTaHTa, BKJIIOYAIONIAs IUIOMIAJb TPUEMHOTO TeJIecKona,

MPOITyCKaHUe MPUEMO-TIEPEIAOIIETO TPAKTa U T.1I.
Oxo-curHanel N, (H) HaxoIsTcs U3 Pa3sHOCTH MOJIHOTO curHana ¢oronerekropa N(H)

i QoHoBeiXx mwymoB N,. O(H) u f,(H) HaxomiTcs U3 MOJIEIbHBIX MPEICTABICHUI.
HewusBectHast koncrtanta C ompenensieTcss ¢ MOMOLIb0 HOpMHUpPOBKH R(H). [ns storo
HaxXOJSAT TOYKY KaJIMOpOBKH, TOYKy, Tne QyHkuuss R(H) mNOpuHUMAaeT MUHHUMAaIbHOE
3HaueHue u BemuuuHsl N, (H), R(H) u f,(H) wMoryr OBITb JOCTAaTOYHO TOYHO
onpeneneHsl. 3areM 3HaueHue (QyHkuuu R(H) nenutcs Ha 3HadeHue QyHkuuu R(H,) B

TOYKE KaJIMOPOBKHU.

AHanu3 a’po30JIbHOM  COCTABIIAIONIEH  BKJIIOYAET IOMCK  a3pO30JbHBIX  CIIOEB,
CPaBHHUTEILHO MOCTOSHHBIX 00pa3oBaHUN B aTMocdepe, OLleHKa UX MapaMeTpoB, U3yueHUeE
B3aMMO/JICHCTBHS a3P0O30J1sl ¢ APYTUMH COCTABIISIIOIIUMH aTMOC(hephI.

Camo mo cebe a’po30bHOE OTHOIICHHWE HE TMO3BOJSET CYAUTh O MHUKPO(PHU3UUECKHX
XapaKTEepUCTHKAaX a’dpo30Jiel, KpoMe TOro, HEOOXOIUMO 3HAaHHWE OTHOIICHUS pPaccesHUs B
Touke KanuOpoBku. Kiaccuueckuil moaxoq B pacueTe OTHOILIEHUS PACCESIHHUSI MPUMEHSETCS
Ha Manoii Craniun BeicotHoro 3onnupoBanust Atmocdepsl (MCB3A) B uHCTUTYTE ONITHKH
atmochepsr uMm. B.E. 3yea CO PAH. Jlumapueim kommiekcomM MCB3A wu3MmepsitoTcs
BEPTUKAJIbHBIE MPOQWIN CTpaTU(UKALUU ad3pO30Jisi, TEMIEepaTypbl U IUIOTHOCTU BO3IyXa B
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crparocepe m mesocdepe. B m3MepeHUSIX HCIONB3YIOTCS JHUAAPHBIE METOABI YIPYTOro
a’p0O30JIbHOTO M MOJIEKYJISIPHOTO paccessHus cBera (paccesnue Mu u Panes) 1 cioHTaHHOTO
KOMOHMHAIIMOHHOTO paccestHuss cBeta. OcoOBIif  aKIEHT HAMpaBiICH Ha HCCIICTOBAHUS
QHOMAJIBHBIX OTKJIOHEHHH, CBS3aHHBIX C BO3MYLICHUSMHU a’3pO30JbHOH KOMIIOHEHTHI
(mosIBTIEHNE W TEPeHOC BYJIKAHWYECKHMX OOJAKOB M CJOEB, IOJIIPHBIX CTpaToc(epHBIX
00J1aK0OB, cepeOpHCTHIX 00JIAKOB), MPOSBICHUEM BHE3AMHbBIX CTPATOCHEPHBIX MOTEIJICHUH, a
TaK)Xe C PETHOHAILHON 0COOCHHOCTHIO HAMOHEHHS CTpaTochephbl POHOBBIM adPO30JIEM.

Pacuer oTHOmIEHHs paccesHus: Oojiee TOYCH, €CIM W3BECTHBI JaBJICHHE M TEMIepaTypa,
HO YaIle BCEro Kak yke ObUIO CKa3aHO MPHOETaloT K WCIOIb30BaHUIO MOJICIBHBIX 3HAYCHUH,
XOTS 3TO JJaeT MOPON 3HAUYUTEIILHOE PACXOXKICHUE B PO(UIIC OTHOLICHUS PACCESTHHSL.

Oo0padoTka 1aHHBIX JuAapHOro 30uaupoBanuss MCB3A ¢ neinbi0 BOCCTAaHOBJIEHUS
OTHOLLIEHHS paccesiHusl

B nanHOli wactu paboOTBHl JenaeTcs TMOMBITKA WCIOIh30BAaHUS HEUPOHHOW CETH B
BOCCTAHOBJICHMM OTHOILIEHUS paccesHus IO MOJyYeHHBIM CHUTHAJIaM Ha JUIMHAX BOJH 355 u
532 um. HccnepoBanwe NPOBOAUTCA C LEIbIO JaJIbHEMINIEr0 aHaliW3a HCIOJIb30BaHUS
HEHUPOHHOW CeTH IJi1 BOCCTAHOBJIEHUS MNPOoGuiIsi oOpaTHOrO a’pO30JbHOTO PACCESHUS U
ocnalieHus, B HacTOsIIee BpeMs TIOKa JgaHHble Xxapakrepuctuku Ha MCB3A He
BOCCTAHABIIMBAIOTCA, KpPOME TOTO, MOXHO OYIeT CpaBHUTh CTAHIAPTHHIC AaJITOPUTMBbI
BOCCTAaHOBJICHUS] U HEHPOHHbBIE CETU Ha IKCIIEPUMEHTAIBHO MOJYUYEHHBIX CUTHAJAX.

B HacTosiee BpeMs BbIpaOOTaHO YK€ MHOXKECTBO PEKOMEHAAIMM MO HCHOJIb30BAHUIO
HC (nelipoHHBIX ceTeil), a TakKe TOTOBBIX OMOIMOTEK 10 rTyOOKOMY 00YUYEHHUIO, @ TAKKE JUIS
pabotrer ¢ HC (deeplearning4j, keras, pylearn2 m MHOrMe Apyrue), MHOTHE W3 METOJOB
peaNM30BaHbI B CTAHAAPTHBIX HAOOpax OMOIMOTEK MATEMATUYECKUX TTAKETOB, HCIIOJIb3yEeMbIX
JUISL HAYYHBIX BblYMCIeHHUH. TakuM 00pa3oMm, CyIIECTBEHHBIX MPOOJIEM C MCIIONb30BAHUEM U
MPUBJICYCHUEM JAHHOW TEXHOJIOTHM JIJIsl IIMPOKOTO Kilacca 3ajay yxe HeT. Tem He MeHee,
aHaJU3 BO3MOXKHOCTEH CEeTeH M1 KOHKPETHOM MPEAMETHOW O0JacTH SBISIETCS Ba)KHOU
3a/1a4yeil, B TOM YUCJIC U MPU MPHUBJICUYCHUH JaHHON TEXHOJIOTUU K PEUICHUIO 00OpaTHBIX 3a7a4
JUAApPHOTO 30HAUpOBaHMSA. HelipoHHas ceTb OOBIYHO MPENCTaBIseT COOOM IMOTHOCBSI3HBIN
HAO0Op HEWPOHOB, peanu3ys TUIMHYHYIO 3a7ady MAIIUHHOTO OOYYeHHs, IOHCKa
arnMpPOKCUMHUPYIOMIEH (DYHKIIMU 711 UMEIONIUXCS 00yJaroluX NaHHbIX. B manHOW pabote
UCToNb3yeTcsl OmOnmmoTeka keras, MCTHOJB3YIOMIasi B Ka4eCTBE BBIYUCIUTEILHOTO OdKEeHIa
o6ubmoTteky tensorflow u rpadguveckyro Kapry.

JI71st ©ICTOJIb30BaHUSI HEUPOHHBIX CETEH BaXKHBIM 3TAIIOM SIBJISIETCS CO3JJaHUE 00YyYaIouX
BBIOOPOK. 3/1eCh Ha BXOJ HEHPOHHOW CeTH OYyJeT MO0JaBaThCsl HOPMHPOBAHHBIN JIMIApHBIN
CUTHAJI 110 YaCTH CHUTHaJa MPUXOAIIEH CO CpeAHUX BBICOT, a Ha BBIXO/IE BOCCTAaHABIMBATHCS
OoTHomIeHUs paccessHus. O0ydeHHe Mpu 3TOM MPOBOAUTCS HA MOJCIUPOBAHHBIX JUIAPHBIX
CUTHaJax.

JlaHHBIE 10 TEXHHYECKUM XapaKTEePHCTUKAM JIHIAPHON CTAHIIMU MOXXHO MOCMOTPETH B
paborax [1-2]:

JlnameTp mpueMHoro 3epkaia quaapa 1 M, Gokyc 2 M, SHEprus u3iaydeHus Ha 532 HM
400 mJIx, u Ha 355 M 210 m/Ix, mupuna npuemHoro ¢unbTpa 1 1 10 HM COOTBETCTBEHHO.
Yacrora uznyuyenus 10 ', mone 3penus 1 mpan.

Kpome yka3aHHBIX XapaKTEpUCTHK IIPU MOAEIUPOBAHNN PACCMAaTPUBACTCS MPUOIMKEHHIE
OJIHOKPATHOTO PACCEsHUsI, a TaK K€ aTMOC(EpHBIE MOJEIH IO JABICHUIO M TeMIepaType
(2012-2016 rr.) [3]. B kadecTBe a3p0301bHON aTMOC(hEPHON MOIEIN TPUBJICKACTCS MOJEIb
KpexoBa-PaxumoBa, a Takxke pacueT ONTHYECKUX a’PO30JbHBIX XapPaKTEPUCTHUK C y4ETOM
Teopud MU W pa3IMYHBIX pacHpeieeHUd W TUIIOB a’po30J€d MO BBICOTE U COCTaBY
(Tpomocdepa, crparocdepa). Takke MOIETUPYIOTCS BOASHBIE O0O0Jaka, HO 37eCh HE
YUUTBIBAIOTCS JICASTHbIE KPUCTAILIIBL.
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OOyuaromass BbIOOpKa WMEET 3HAUMTENbHBIH pasmep 10 500000 mpumepos.
HpGIICTaB.HeHI:I PE3YyJIbTaThl BOCCTAHOBJICHHWA OTHOLICHHA PACCCAHUA IO TPEM JdaTaM IJIsd
JBYX JJIMH BOJIH.

ITpumeps! BoccranoBienuss HC u craHgapTHBIME METOJaMU OTHOLICHUS PacCEsiHUs Ha
JUTMHAX BOJIH 355 HM NMPUBEJICHBI HA PUCYHKE 1.
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Puc. 1. BoccTaHOB/IeHHe OTHOLIEHHUSI paccesiHUsI HA JJIMHE BOJHBI 355 HM 3a a) - 18.12.2017
0) - 19.12.2017 B) - 21.12.2017 u Ha njauHe BoJHBI 532 M 3a 1) 18.12.2017 1) 19.12.2017 €)
21.12.2017

Takum oOpa3oM, HEMpOHHAs CETh MOJIYYaeT OTHOIIEHWE paccesHUs Oe3 3aBBIINICHHS
3HAUEHUH B MEPEIHUX 00JIACTAX CUTHAJA Ha TPOMOC(EpHBIX U CTPATOCHEPHBIX BHICOTAX, PU
9TOM TIOBTOPSIA XOJ TPHUCYTCTBHSI a’3po30Jis, 3TO OOHAACKHBAIOIIME PE3yJbTaThl, HO
TpeOyeTcss YTOYHEHHE a’pO30JbHBIX MOJCNEH 3aKIaJbIBAEMBIX B HMHTAIMOHHYIO MOJEIH
CHUTHaJa, TaK KaK B YaCTH PEIICHUM CETh JaeT HecoBmamaromui xojn npoduist. Cremyer
yIeIUTh BHUMAHUE PEIICHUIO NpsAMoW 3amaud. Taxke mpu aHamu3e pabOThl HEWPOHHBIX
ceTell OBUIO BBISBIICHO, YTO Ba)XXHOE 3HAYCHUE WMEET MPUMEHSIEMBIM CIIOCO0 HOPMHPOBKH
JTAHHBIX.

O0padoTka 1aHHBIX JuAapHOro 30HaAupoBaHuss MCB3A ¢ neinbi0 BOCCTAHOBJICHUS
a3P030JIbHOI0 PAacCesTHUs HA3a/

JlanHast 9acTb pabOTHI TMOCBAIICHA OIICHKE BO3MOXHOCTEH HEUPOHHBIX CETeH is
OJTHOBPEMEHHOI'0 BOCCTAHOBJICHHSI OTHOILIEHUS PACCESIHUS U a3pO30JIbHOTO PacCesiHUsl Ha3al.
B nanHoMm ciyuyae uCHONb3yeTCsi HEUPOHHAs! CETh CO CBEPTOUYHBIMM HEMPOHHBIMHU CIIOSIMH,
ciosMu HopMmanm3amus U myiauHra. CeTh OyAeT MMETh JiBa BBIXOJa pa3MepHOCTHhIO 250
(KOMTMYECTBO JAHHBIX IO BBICOTAM JJI OTHOIICHHUS PACCESIHHUSI W JUIS a3pO30JIbHOTO
paccesiHus Hazan). CeTb BOCCTaHABIMBAET a3pP0O30JbHOE pacCesHUE OTIENBHO MO KaXI0H u3
JUIMH BOJIH. Pe3ynbrarhl mpeacTaBieHbl Ha pucyHke 2. He mpuBoAMM BOCCTaHOBIJICHHBIE
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JJAHHBIE 10 OTHOLICHUIO PACCESHUS, BO MHOTOM OHHM TOBTOPSIOT INPEICTABICHHBIE BBILIE
pe3ynbTathl (PUCYHOK 1), XOTS M HECKOJBKO OTJIHYAIOTCSA, YTO TaKXKe MJaeT IMOBOA K
MIPOJIOJKEHHUIO HCCIECOBAaHUM B JIaHHOM HANpPAaBICHUH W COBEPLICHCTBOBAHHWM IPSAMOMN
MOJICJI ¥ U3YUYEHUIO KOH(PUTypaluu CeTel.

30 30
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Puc. 2. BocctaHoB/1eHHe 23P030JIbHOT0 paccesitHUs HA3aA HA JJIMHe BOJIHBLI a) — 355 HM u 0)
532 Hm 3a TpHU ceaHca 30HANPOBAHUS

MoxHO chenatb BBIBOJA, YTO HEHPOHHBIE CETH MO3BOJAIOT pelaTh 3ajady
BOCCTaHOBJIEHHS a9PO30JIbHOIO PACCESTHUSI Ha3a/l, HO, OYEBUIHO, HY)KEH JOCTATOYHO CTPOrUi
NOJXO0/ K MOJEIMPOBAHHUIO CHTHAJIOB M aTMOC(EpHBIX CHTyauuid. XOTsS Aake Ha JaHHOM
JTarne pe3ynbTaTbl 00HAIE)KHUBAIOT.

Jlanee mpuBeneHbl TpaUKU a3pO30JIBHOTO pAacCEesHUs Ha3ad Ui JUIMH BOJH 355 u 532
HM JJIs1 HEHPOHHOM CeTH BOCCTaHABJIMBAIOLIECH OJHOBPEMEHHO IO CUTHAJIAaM Ha JBYX JJIMHAX
BOJIH (PUCYHOK 3).
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Puc. 3. BocctaHoB/1eHMe 23P030JIbHOTO paccesiHUs HA3a/4 HA JJIMHE BOJIHbI a) — 355 HM u 0)
532 M 3a TpH ceaHca 30HANPOBAHNS OJHOBPEMEHHO 0 ABYM CHTHAJIaM

Kax BugHO mo rpadukam Ha pucyHke 3, mpopuiIn adpo30JbHOTO paccesHUs Hazal JUis
355 u 532 HM BO MHOIOM CXOXH, YTO OTJIMYAET AAHHYKO CHUTyallMl0 OT CUTYyallud C
UCIIOJIb30BaHUEM OTAENbHBIX CUTHANO0B. ClieyeT OTMETUTh, YTO MpU 00y4YEeHUU HEHPOHHOMN
CeTH, BO3HHMKAJIM DPA3JIUYHBIC PELICHHUs NMPH HU3KUX 3HAUYCHHUSAX OIIMOKM Ha oOyuaromien
BBIOOpKE, MPU ATOM 0O0ydUaromas BeIOOpKa ObLTa TOBOJIBHO OOBEMHOM (UTO MOKA3bIBAET, UYTO
3aJa4a YUCICHHO HEKOPPEKTHAs).
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BriBoab1

Cnenyer odeHb TIIATEIBLHO MOJONUTH K BONPOCY MOJCIUPOBAHMS CAMUX JIMJAPHBIX
CHUTHAJIOB TIPHU CO3JaHUM OOy4Yaromieil BEIOOPKH, a TaKXKE K CO3JAHUIO a3pO30JIbHOM MOJIETH
atMocdepsl U Ccrnoco0y HOPMHPOBAHMS CUTHAIOB. B naHHOW paboTe HOPMHpPOBKA
OCYILIECTBIISIJIACh HA CYMMY YacTH CHTHAJIa HAaUMEHEE MOJABEPKEHHOW IIyMaM, HO CIIEIyeT
Y4ECTh, KAaK MCKaXXaeTCs HayalbHas 4YacTb CHUTHAJIA, IPU MOJCIMPOBAHUU TAKXKE HE
YUYUTBIBAJIOCh MHOTOKPATHOE pPAacCEsHHWE, Ha BXOJ CETH TaKXE HE NOJABAIOCH 3HAUYECHUE
JIaBJICHUS, TEMIIEPATYPBI, U 3TO JTOJKHO CTaTh MPEIAMETOM JAJTbHENIIUX UCCIEN0BAHUM.

Paboma sevinonnena ¢ pamkax evinonnenus 2ocyoapemeennozo saoanus MOA CO PAH.
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