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AnvoTtanusa. PapoH — UHepTHBIE pPaAWOaKTWBHEIM Tra3s, HNCCAEAOBAHUS BapHalwii KOTOPOTO B
COIIOCTABAEHUN C CEMCMUYHOCTBIO CINTAIOTCS IEPCIEKTUBHBIMU AAS LieA€H Pa3spaboTKH METOAMK IIPOrHO3A
seMreTpsacenwit. Ha moayocTpoBe KamwaTra pasBepHyTa CeTh IYHKTOB HabAIOAEHUS, B KOTOPHEIX C
[IOMOIIBI0 HAKOIUTEABHBIX KaMep € r[asopaspsipAHBIMU CUYeTYMKaMKM BEAETCS MOHNTOPHMHI ObbeMHON
axTuBHOCT papoHa (RVA). Amanuws apammeix RVA B pamMrax papOHOBOTO MOHUTOPUHIA SBASETCS OAMMM
U3 METOAOB IIOMCKA IPEABECTHUKOB CEMCMUYECKHX COOBITHH. DTO CBS3aHO C TeM, GUTO M3MEHEHWS
HaIIps>XeHHO-AePOPMUIPOBAHHOTO COCTOSHUSA TeOCPEABl, Yepe3 KOTOPYIo IPOTeKaeT ras, BAUSIIOT Ha RVA.
VsMeHeHMe MHTEHCHBHOCTH IIepeHOCAa PajOHa BCAEGACTBME WM3MEHEHMS HalpPsIKeHHO-Ae(POPMUPOBAHHOIO
COCTOSIHUST I'eOCPeAbl OIMCLIBAETCS C IIOMOIIBIO ONlepaTopa APOBHOTO AU dDEepPeHITMPOBAHUSI IOCTOSIHHOIO
BeLIeCTBEHHOrO IIOPsiAKa X, KOTOPHIM CBS3aH € IIPOHUIIAEMOCTBIO reocpeabl. MsBecrHo, uro Ha RVA B
HaKOIMUTEALHON eMKOCTH C AATUMKAMM BAWSET TaK)Ke KPaTHOCTBL Bo3ayxoobumeHa Ay, 3cdhdeRT KoToporo
HeOoOXOAMMO YUMTHIBATh B M3yUeHMe IIpoliecca IIepeHoca PascHa. Lleabio MCCAeAOBAHNUS SIBASIETCS U3y IeHIE
HaKOIAEHUS PapoHA B KaMepe, KOTOPOe 3aKAIOYWAETCS B MASHTU(MUKAIINY 3HAUeHUH IIapaMeTpoB Ag ¥ & C
[IOMOIIBIO PELIEeHNsI COOTBETCTBYIOIIE obpaTHOU 3apauu. B pesyabrare mccaepoBaHmil 6BING IIOKa3aHo,
YTO AAS dPEAUTAPHOM -MOAEAM IepeHOca papoHa MeTopoM JeBeHbepra-MarBapaTa ¢ IpUBAedYeHHEM
SKCIIEPMMEHTAABHEIX AQHHBIX RVA MO’XHO ONPEAEAUTh ONTHMaAbHBIE 3HAUEHUS €€ [IapaMeTPOB Ay U .
IToaygIeHHBIe MOAEABHEIE KPUBLIE XOPOIIO COTAACYIOTCS ¢ AQHHBIMU RVA, IOAYYeHHEIME B PaMKaX XOPOIIIO
M3BECTHOM KAACCUYECKOM MOAEAM IIePeHOCa PaAOHA B HAKOIMTEALHOM KaMepe.
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Identification of Parameters of the Mathematical «-Model of
Radon Transport in the Accumulation Chamber Based on Data
from the Karymshina Site in Kamchatka
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Abstract. Radon is an inert radioactive gas, and studies of its variations in relation to seismicity are
considered promising for the development of earthquake prognosis methods. A network of observation points
has been deployed on the Kamchatka peninsula, where radon volumetric activity (RVA) is monitored using
accumulation chambers with gas-discharge counters. Analysis of RVA data within the framework of radon
monitoring is one of the methods of searching for precursors of seismic events. This is due to the fact that
changes in the stress-strain state of the geo-environment, through which the gas flows, affect the RVA. The
change in radon transport intensity due to changes in the stress-strain state of the geosphere is described
by a fractional differentiation operator of constant real order «, which is related to the permeability of the
geosphere. It is known that the RVA in the storage tank with sensors is also affected by the air exchange rate
Ao, the effect of which should be taken into account in the study of the radon transport process. The aim
of the research is to study the accumulation of radon in the chamber, which consists in the identification
of the values of the parameters Ap and « by solving the corresponding inverse problem. As a result of the
research it was shown that for the hereditary o-model of radon transport by the Levenberg-Mackwardt
method with the involvement of experimental data of RVA it is possible to determine the optimal values
of its parameters A\p and «. The obtained model curves agree well with the RVA data obtained within the
framework of the well-known classical model of radon transport in an accumulation chamber.

Key words: mathematical modeling, dynamic processes, radon volume activity, Kamchatka, earthquake
precursors, fractional derwatives Gerasimouv-Caputo, memory effect, nonlocality, nonlinear equations,
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BBenenue

/I3BECTHO, YTO B 3€MHOM KOPE IIOCTOSIHHO COAEP’KUTCS PAAMOAKTHUBHEIA 3AEMEHT
226Ra, B XOAE Pacmaaa KoToporo o6pasyercst 22?Rn (paAOH) — MHEPTHLIA PAAYOAKTUBHBIR
ras C IEepUOAOM TIoAypacmapa 3.85 CyTok. 2??Rn  SIBASIETCS MHEPTHBIM TI'a30M,
CIIOCOOHBIM 3a CYET OCHOBHBIX MEXaHM3MOB MaccomepeHoca AMMDY3UM ¥ KOHBEKIIAU
PaCIpOCTPAHSATLCS II0 TPAAMEHTY KOHIIEHTPAIIMU. 3a CYET €ro pPaAMOAKTUBHOCTH
BO3MOYKHA PEruCTPalysi ParOHA METPOAOTMYECKH IPOCTHIMY METOAAMM, B TOM UHCAE
HEIIPEPBIBHO ¥ aBTOMATU3UPOBAHO B PEXKKUMe MOHUTOPHHTA [1,2].

Ha oaToif ocHOBe Ha moAyocTpoBe KaMuyaTka pasBEpPHyTa CEThb IYHKTOB
HabOAIOAEHUS, TA€ C IIOMOIIBIO HAKOIUTEABHBIX KaMepP C ra30pa3psiAHBIMU CYETINKAMU
BEAETCS PAAOHOBBIM MOHUTOPHWHr [3|. PacmoaokeHWe IyHKTOB CeTH MOHUTOPUHTA
IIOAITOYBEHHBIX Ia30B Ha KaMuyaTKe NIPUYPOYEHO K PEYHBIM AOAWHAM, KOTOPLIE
CAEAYIOT BAOAB PA3AOMHBIX 30H. 30HBI AMHAMUYECKOT'O BAMSIHUS PA3AOMOB ODAAAAIOT
[IOBBIIIEHHOY IIPOHUIAEMOCTBIO, YTO CIIOCOOCTBYET BBIXOAY IIOATIOYBEHHBLIX I[A30B B
armocdepy [4]. asopaspsiaHbIE CUETYWKHU, KaK IIPABUAO, CaMble DPACIPOCTPAHEHHBIE
AETEKTOPHL Y/P-um3ayuenmsi. C MX DTOMOIIBIO BO3MOXKHA PEAAM3ANUS IIPOCTOrO
M HAAEXKHOrO crmocoba perucTpanmu 2??Rn IO WMBAYUEHHUIO €r0 KOPOTKOXKUBYIIUX
IIPOAYKTOB pacmaaa. KOAMYECTBO 3aperuCTPUPOBAHHBIX UMIIYABCOB [3-M3AYUEHHUS B
MUHYTY IPONOPIMOHAABHO 06beMHOM akTuBHOCTE papoHa (RVA), BRumcasiemoit 1mo
smmupurdeckoit dopmyae: A(t) = 9- M (Br/m®), rae M — 4mCAO 3apErUCTPUPOBAHHBIX
HIMIIYABCOB 3a MUHYTY [5].

Bameuanue 1. AHAAU3 AAHHBIX, IOAYYEHHBIX B XOAE HEIPEPHIBHOTO MOHUTOPKHTA
RVA, saBAsieTCsa OpAHMM K3 METOAOB IIOMCKA IIPEABECTHWKOB CEMCMUYECKUX COOBITHWIA.
OTO CBsSI3aHO C TeM, 4YTO Ha Bapmauuy RVA BAUSIOT HM3MEHEHWS HAIIPSKEHHO-
AePOPMUPOBAHHOI'O0 COCTOSIHUSI T'€OCPEABI, UYEPE3 KOTOPYIO IIPOTEKAET ra3. TakuM
obpa3oM, PapOH MOJKHO CUMTATh MHAWKATOPOM DEAKIWM TEeOCPEeABbl Ha BO3AeHCTBUE
TEKTOHMYECKUX HANPSKEHUH, BOBHUKAOMIUX IPY IOATOTOBKE 04Yara 3eMAETPsICEHU [6,
7]. PapoHOBBIH (9MaHAIMOHHEIN) METOA IIOMCKA IPEABECTHIKOB CECMUIECKUX COOBITUI
BO BCEM MUPe XOPOII0 Cebsi 3aPeKOMEHAOBAA 3@ IIOCAEAHUE FOAHI [8,9], 0COBEHHO C LIEABIO
BBITBAEHUST KPATKOCPOYHBIX IPEABECTHHKOB (A0 15 cyTok) [10,11].

Sameuanune 2. CTOMT OTMETHTH TO, YTO Bapwaummy RVA CBsS3aHBI C TaKUM
[I0Ka3aTeAEM, KaK IIAOTHOCTb HOTOKA papoHa (RFD) c moBepxHOCTH, T. K. HA OCHOBE
KPUBBEIX HAaKOIIAEHUS pajAOHA B HaKOIUTEABHOM KaMepe MOXHO omeHuTh RFD [12] ¢
IOBepPXHOCTH IIOA, He#t. [losToMy MmopeampoBaHme m3MeHeHUsT RVA B kKamepe mMeeT
IIPUKAAHOE 3HAUEeHNVE IIPY OPTraHU3aIluy IYHKTOB MOHNTOPHMHTA ITIOAIIOYBEHHOT'O PaAOHA
C IIeABIO PACIIMPEHUSI CeTM MOHUTOPHWHIA, T. K. Heobxopumo 3HATh BeamumHy RFD B
BBIODAHHOM TO4YKE, A€ OYAET yCTaHABAMBATHCS HAKOIIUTEABHASI KaMepa CO CIETIUKAMI.

ueAbIO HNCCACAOBAHUSA SABASACTCA M3YYCHUE HAKOINACHUSA DPapOHa B IIOA3CEMHEBIX
KaMepax C n30BITOYHBIM 06BbEMOM C IIOMOIIBI0O METOAOB MATEMATHUYIECKOI'O
MOAENANPOBAHUSA.
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Sameuanue 3. PaccMaTprBaeTCs KAACCHYIECKAs MaTeMATHIECKAS MOAEAD U3MEHEHN ST
RVA Bo Bpemenu A (t) B HAKOIUTEABHOM KaMepe Ha OCHOBE YPABHEHUSI C OOBIKHOBEHHOMR
mpomsBopHO# 1-ro mopsiaka (ODE-mopenr RVA), a Tak)Ke HOHSTHS M BEAWYUHEL,
CBSI3aHHBIE C 3TUM IIporeccoMm [12-14].

OmnepaTop 06BLIKHOBEHHOM TPOU3BOAHOM 1-T'0 IOPsIAKA O3HAYAET, YTO B KAACCUUECKOM
MOAEAM M3MEHEHUS HaNpPSKEeHHO-AePOPMUPOBAHHOTO COCTOSTHUS TE€OCPEABl HeE
VUUTBIBAIOTCS, a IPOIECC IIEPEHOCA PaAOHA PACCMATPUBAETCS B OAHOPOAHOM CPEAE.

Bameuanne 4. ODE-mopear RVA B mpocrefimem caydae IIpeAllOAaraeT
CTAIIMOHAPHEBIM PEXXUM HAKOIIAEHUWS B KaMepe, a 3HAYUT, MOAEAB AOAKHA VUUTHIBATH
KaK MUHUMYM Ay — IOCTOSIHHBIA KO3(MUIMEHT KPATHOCTH Bo3pyxoobmenHa (AER) B
HeH.

Yrobel  y4YecTb BAMSIHME HA IIOTOK  2*?Rn  W3MEHEHUN  HaIpSIKEHHO-
AePOPMUPOBAHHOTO COCTOSTHUSI T'€OCpPeAnl, BBoAUTCS 0606menme ODE-mopeam RVA
C IOMOIIBIO ammapaTta ApobHbIX mpomsBOAHBIX (FD) [15-17]. OcHoBaHWEM K TaKOMY
06061IIeHNIO TBASIETCS TO, UTO IIOA AEHCTBUEM TEKTOHWYECKUX HAIPSIKEHUHN IIPOUCXOAUT
M3MEHEeHNEe BEPTUKAABHOM CKOPOCTM Ta30BOTO IIOTOKa paAoHa [18], Bapmamuwm
HaIPSKEHHO-Ae(DOPMUPOBAHHOTO COCTOSIHUSI TEOCPEABI IIPMBOAST K U3MEHEHUSM
TAKUX €€ XapaKTEPUCTUK, KaK IOPUCTOCTD, IPOHUIIAEMOCTb U TPEIIMHOBATOCTD [19], a
IIPOIleCC IIepeHOca PasOHa IIPOMCXOAWT B TaKOM IpoHumIaeMoit reocpeae [20]. ITosTomy
B MCCAEAOBAHWM MCIOAB3YETCS 3PEAUTApPHAS X-MOAEAb RVA, I0O3BOASIOMIAS yYeCThb
W3MeHeHVe WHTEHCUBHOCTY IIePEHOCA PaAOHa B IIPOIECCE HAKOIAEHUS, pa3paboTaHHAsS
B XOA€ IMKAA MCCAeAOBamwmit [19,21,22].

Sameuanue 5. Obobiuenue A0 pepUTapHON x-MopeAr RVA 3aKAI0UaeTCs B 3aMeHe
OBBIKHOBEHHOM IIPOM3BOAHOM 1-r0 mopsiaka Ha FD KanyTo (I'epacumosa-KamyTo) [23,24]
noctosiHHOrO 0 < & < 1 mopsipAKa.

Anst arpobrpoBaHUST MOAEAM ONTMMAABHO Ha IIEPBOM 3Talle UCIOAB30BAThH AAHHBIE
o HakomneHmm RVA B Kamepe B YCAOBUSX, KOTAQ OTCYTCTBYIOT BO3AEUCTBYIOIIUE
9K30reHHBIE (PAaKTOPBl (M3MEHEHWsSI aTMOCHEpPHOrO AABAEHWS, CHUABHBIL BeTep,
yBAQJKHEHUE IIOYBBI BCAEACTBUE AOKAEH HMAUM TasHUS CHEXXHOTO IIOKPOBa). Kak
73BeCTHO u3 paboTsl [12], MakCuMaAbHBIE AHOMAABHBIE OTKAVKYA B AQHHBIX PaAOHOBBIX
HabAIOAEHWIE Ha METEeOBO3AEWCTBUME CBS3aHBI C PE3KUM IAAEHWEM aTMOCKhepHOTO
AABAEHUSI B MOMEHT IIPUXOAA IIMKAOHA.

3ameuanne 6. VICIOAB30BaHME AAHHBIX, KOIAQ KpHUBAasi HAKOIAEHHUS 222Rn
YeTKO BHU3YaAbHO IIPOCMATPUBAETCSI ¥ HE 3allyMAEHA, IO3BOAUT CTPOUTD
MOAEABHEIE KPUBHIE, MAaKCHMaAbHO OAm3Kme 1m0 OpMe K DPEAaAbHBIM AAHHBIM I C
MaKCUMAaABHOM Koppeasiiuelr. [To3ToMy AAsT pabOThI OTOMPAAMCH AQHHBIE B TIEPUOAHI,
KOTAA OTCYTCTBYIOT DE3KHME HU3MEHEHHsT aTMOCKhEPHOTO AABAEGHHUS, CBSI3aHHBIE C
IIUKAOHIYECKO! aKTUBHOCTBIO.

Sameuanne 7. Hayumas HOBU3HA AQHHOI'O WCCAEAOBAHUS 3aKAKOYUAETCSI B
IIPUMEHEHNY METOAOB pelleHuss OOpaTHBIX 3apad [25, 26] IO HOBBIM H3BECTHBIM
3KCIIEPMMEHTAABHBIM AQHHBIM RVA HaKONIMTEABHOI'O XapakTepa C IIeABI0 BOCCTAHOBUTH
3HAYEHMSI IIOCTOSHHBIX IAPAMETPOB Ag X X B IpPeAUTaApPHON x-Mopeam RVA.
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ObpaTHble 3apa9¥ — AOBOABHO MOAOAOM pa3AeA MaTeMATUKM, HAYaBUINY aKTUBHOE
pazButue TOABKO B XIX-XX Bexax B CBA3M C OYPHBIM Pa3BUTHEM MATEMATUIECKOTO
MOAEAVPOBAHMS ¥ BO3MOKHOCTEH BBIUMCAUTEABHON TeXHWKHU. [loCAeAHWME OTKPBIBAIOT
Iepen MUCCAEAOBATEASIMU HOBBIE, paHee He AOCTYIIHBIE, BO3MOXHOCTE AA Oonee
rAyOOKOr0 IIOHMMAHMS SIBAGHUN NIPHPOABI. Hampumep, ecam B3TASHYyTH Ha HeOO,
TIPEACTABASIETCSI MHOXXECTBO OOBLEKTOB AAST MCCAEAOBAHUN B 00AACTH aCTPOHOMUU
n acTpodU3MKH, TAe IpMMeHMMEI obpaTHble 3apaur. OT METOAOB BOCCTAHOBAEHUS
n300pakeHut yAANEHHBIX OOBEKTOB HA OCHOBE AAHHBIX DPAaAUOACTPOHOMUU AO
COAHEYHOH ceficMoAOTMM [27], TO3BOASIONmEN HMOAYYUTH MHMOPMALMIO O BHYTPEHHEM
ycrpoiictBe COAHIIAa Ha OCHOBE HAOAIOAAEMBIX CBOMCTB COAHEUHBIX KOAebamumit. Vpes
IIOCAEAHETO He HOBA, TaK KaK TaKON IIOAXOA HaCTO BO3HUKAET 3AeCh, Ha 3eMAe, IPHU
pabore ¢ reonrormueckuMu AAHHBIME [28]. OCOBEHHO OCTPO 3TOT BOIPOC CTOUT AAS
reodusuKy U ceficMoaoruu [29],Tak KaK 3AeCh TOKe HEBO3MOJKHO IIPOBECTH IIPSIMBIE
M3MEPEHNUST U3y9aeMoro obbeKTa.

CraTbsi UMEET CAEAYIOIIYIO CTPYKTYPY: pa3aen 1 mpeacTaBasieT coboi BBEAEHHUE,
ONIMCBLIBASL: 0OAACTD, OOBEKT, IIEAD U METOALL UCCAEAOBAHUS; B Pa3AEAE 2 IPEACTABAECHBI
IKCIEPUMEHTAABHBIE AAHHBIE IT0 HAKOUAEeHUI0O RVA, HEKOTOpHIE CBEAEHUS O IYHKTAX
HAOAIOAEHUS TAE AQHHBIE OBIAYM ITOAYYEHBI M IPEAIOCHIAKK K KMCIIOAB30BAHUIO MMEHHO
AAHHBIX I[I0 HAKOIIAEHWIO; B pa3jAene 3 MPUBOASITCS KAACCHYECKAS MaTeMaTudecKas
Mopeab RVA, a TakiKe IOHATHS ¥ BEAUYWHEI CBI3aHHBIE C 3TUM IIPOIIECCOM; B Pa3AEAE
4 onmMCBIBAETCS dpepUTapHast x-Mopaeab RVA kak 0600meHue KAACCUYECKON MOAEAH,
dopMyAUPYeTCsT HIpsAMas 3ajada M METOA €€ PEeIIeHWS, IIPOBOAUTCS BepHUUKAIIUS
MOAEAY Ha PA3AMYHBIX YKCIEPUMEHTAABHBIX AQHHBIX RVA; B pasaene b dopMyaupyeTcs
obpaTHas 33jrada II0 BOCCTAHOBAEHWIO 3HAYEHWM HECKOABKWX IIapaMeTpPOB Ay ¥ «,
OIMCBIBAETCSI METOA €€ peIIeHWs; B paspene 6 IPUBOASATCS PE3YABTATHL PEIIEHUS
06paTHBIX 33739 AASI A9 X X Ha OCHOBE Pa3AWYHBIX 9KCIIEPUMEHTAABHBIX AAHHBIX RVA;
B paspene 7 IOABOASTCS MUTOTH MCCAEAOBAHUS U YKa3bIBAETCS AAAbHENIIEe BO3MOKHOE
HaIpaBAEHVE UX PA3BUTUS.

dKcnepuMeHTaJIbHbIe JaHHbie RVA

B pabore 6BIAM HCIOAB30BaHBI IKCIEPUMEHTAAbBHBIE AAHHBIE, IIOAYYEHHBIE Ha
nyakTe KRMR B pa3mble nepuoab! BpeMenu B Teuenuu 2020 ropa.

I[Iyakr KRMR opramm3oBan Ha 6a3e IIyHKTA KOMIIAEKCHBIX TI'eO(DU3UIECKUX
HabaropeHUE «KapeiMmmuay Kamuarckoro duamanra «EawmuOl reodpmsmaeckoin
cayx6er PAH» u opHOMMEHHOM ceificMocTanumu (moiMa peku KaphIMIMWHA, IPUTOKA
peku Ilaparynka).

Peructparuss RVA ¢ wacToToit 6 IUKA./4aC BBIIOAHSIETCS B BO3AYXE CYXOH
CKB)KUHBI TAYOMHOM 3 M C IOMOIIBIO CKBaXMHHOrO paamomerpa BMC2 (ALGADE
Barisol, ®paunus). Ha Bcio raybuHy CKBa’kmHa obcarkeHa TpybOil M3 HeprKaBeloIlei
CTaAl C epdopanueir o BCel AAMHE.

Hap ckBa>kmHO¥ OPraHW30BaHHO YKPBITHE ¥ YCTAHOBAEHBI COAHEYHBIE IIAQHEAU AAS
obecrevenust nuTaHUs papuoMeTpa (puc. 1).
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Puc. 1. Cxema pasmemenus patunka CBEM-19 u papmomerpa BMC2 anst HabatoaeHUA
3a Bapuarnuamu OAP ma nyrkte KRMR

[Figure 1. Scheme of placement of the SBM-19 sensor and BMC2 radiometer for

observations of OAR variations at the KRMR station)]

Kpowme 3TOro B CKBa’XuHY IOMEIEH ra3opa3psapubii cueruynk CBM-19, ¢ xoToporo
BEAETCSI PETUCTPALNS KOHIIEHTPAIMY ITOATIOYBEHHOIO PAAOHA C HaCTOTOR 2 ITMKA./dac
c momompbio papmomerpa PEBAP [12]. OronoBOK CKBa)KWHBI 3aKPBLIT ILAOTHOMN
HAOMBKOM ANST YMEHBIIEHNUS KOHBEKTUBHOM COCTaBASIIOMEY ABUKEHUST BO3AYXa B CTBOAE
ckBaXuHEL. C ToMompio IpeobpasoBareass mHTepdeiicoB MOXA (RS232-Ethernet)
paamomerp BMC2, nmeromnuii BHIXOAHOM pa3beM AAS CBSI3U CTaHAApPTa RS232 coepmHeH
¢ ceTpro Ethernet Kamuarckoro puarmanra «EamHOM reodusmdeckoit cayx6s1 PAH».

C HEKOTOPBIMU AQIYINEHUSIMU BHYTPeHHUE 0b6beM 006CapHOH TPYyOBI IPEACTaBASIET
coboil HAKOIUTEABHYIO KaMepy, a OTBepCTus nepdopanuu o06eCeuuBalOT IOTOK M
HaKOILAEHNE PaAOHA B Heil. V36BITouHbI 06BbeM Kamephl cocraBaseT ~0.02 [m].

Ha pwuc.2-7 mpuBepensr panuble RVA 3a pazawmynsle mepuoabl 2020 T
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A(t) | KRMR-2-Aug-1 (24.08.2020 13:40 - 27.08.2020 03:30) | N = 372, h = 0.167

Puc. 2. OrcnepumenTaAbHBIE pAaHEBIE RVA ¢ nyakTa Habaroperuss KRMR noaydennbie
B mepumoa: 24 asrycra 2020 r. (13:40) — 27 aBrycra 2020 r. (03:30)

[Figure 2. Experimental RVA data from observation point KRMR obtained in the

period: August 24, 2020 (13:40) — August 27, 2020 (03:30) |
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Puc. 3. OrcnepumernTaAbHEIE paHEBIE RVA ¢ myakTa Habaroperuss KRMR noaydennbie

B mepmoa: 27 asrycra 2020 r. (15:40) — 29 aBrycra 2020 r. (17:30)

[Figure 3. Experimental RVA data from observation point KRMR obtained in the
period: August 27, 2020 (15:40) — August 29, 2020 (17:30) ]
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Puc. 4. OrcnepuMmeHTaAbHEIE pAaHHEBIE RVA ¢ nyrkTa Habaroperuss KRMR noaydennbie

B mepuoa: 4 certssopst 2020 r. (00:00) — 6 cerTsibpst 2020 r. (23:50)

[Figure 4. Experimental RVA data from observation point KRMR obtained in the
period: September 4, 2020 (00:00) — September 6, 2020 (23:50) |
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Puc. 5. OrcnepumenTanbHBIE paHEBIE RVA ¢ myakTa Habaroperuss KRMR noaydennbie

B mepuoa: 25 cenTsibpst 2020 r. (23:50) — 28 centsibps 2020 r. (23:40)

[Figure 5. Experimental RVA data from observation point KRMR obtained in the
period: September 4, 2020 (23:50) — September 6, 2020 (23:40)]
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Puc. 6. OrcnepumenTaAbHBIE pAaHEBIE RVA ¢ myakTa Habaroperuss KRMR noaydensbie
B mepmoa: 7 okTsi6pst 2020 r. (9:40) — 10 oxTsibpst 2020 r. (3:30)

[Figure 6. Experimental RVA data from observation point KRMR obtained in the

period: Oktober 7, 2020 (9:40) — Oktober 10, 2020 (3:30) |
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Puc. 7. OrcnepumeHTaAbHEIE pAaHEBIE RVA ¢ nyakTa Habaroperuss KRMR noaydennbie
B mepuoa: 6 Host6pst 2020 r. (21:30) — 8 HOs16pst 2020 r. (15:20)

[Figure 7. Experimental RVA data from observation point KRMR obtained in the

period: November 6, 2020 (21:30) — November 8, 2020 (15:20) |

Kiaccnyeckas mareMarmdeckas MO/J€eJIb HaKOIIJIEHUA pPpaJdOHa

Ansi onmmcaHMsT MeXaHM3Ma IIEpeHOoCa pajOHA B I'EONOTHMUYECKUX CPepaX B PaMKax
9MaHAIMOHHOr0 MeToAa [31] paspaboranbl MHOrME MATEMATHYECKUE MOAEAU IIPOIECCA:
usuko—xuMuYeckas [32], ruppoTepManbHOE cucTeMbl [33|, MOAEAB «reoraszas B
IDYHTE C IOAHBIM BAAroHacwimeHueM [34,35]. Ho B pAaHHOM umCCAEAOBAHUU MHTEPEC
NIPEACTABASIIOT MEXAHWYECKUE IIPEACTABACHUS M MOAEAM, HAa HUX OCHOBAHHEIE.
Mexanuuyeckme IIPEACTAaBAEHHUSI — 3TO BBIAGAEHME P3aAOHA U3 KPUCTANAAMIECKUX
PEIeTOK II0A AEHCTBUEM YABTPa3BYKOBBIX Koaebamwmit [36], aecopbuum papoHa IIOA
BO3AEUCTBMEM YIPYyrux Koaebammit [37]|, yBeawdueHWe KO3(bGDUIVEHTA 3MAHVNPOBAHUS
pPapOHA BCAEACTBHE AedopManuii TOpHBIX mopoa [13]|, mopMmemmmBamwe papOHA B
IOA3EMHEIE BOABI B AKTHUBHBIX 30HAX [38] a Tak>Ke U3MEHEHNE CKOPOCTH T'a30BOTO
IIOTOKAa papOHA BCAEACTBUE M3MEHEHUS IIOPUCTOCTY ¥ TPEITXHOBATOCTH IIOA AEHMCTBUEM
TEeKTOHWYECKUX HanpsikeHuit [18]. [TocaepHee mpeacTaBAsieT HauOOABIINI UHTEPEC, TAaK
KaK MOJKET IIOMOYb C BBEAEHWEM B MOAEADb IIapaMeTPOB, OTBEYAIOIIVX 3a M3MEHEHUE
WHTEHCUBHOCTH IIPOIIECCa IIePeHOCa PaAOHA.
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B wumccaepoBamvu 6yaeM OTTAAKUBATBCS OT XOPOIIO M3YyYEHHOM MAaTeMaTHIECKOMN
MOAEAM HakomAeHusi RVA B HakonwTeAbHON Kamepe [12-14]|, T.K. OHa AOCTATOYHO
HEIIAOXO OIIMCLIBAET HAKONUTEAbHBIE peXuMbl RVA. Moapeab B 0OCHOBE CBOEH
IIPEACTABASIET AMHeHHOe 06BIKHOBeHHOE AnddepernmarbHoe ypaBHeHre (ODE) Bupa:

dA(t)
dt

= S(t) — (A(t) = AR™) A(t) — (A(t) — ARL™) Arny (1)
TAE,

e A(t) € C'[0, T] — Bpemennas 3asucumocTs RVA B xamepe, [Bx/m];

e C'[0, T] - xracc HempepHIBHO-ANDDEPEHINPYEMbIX (PYHKIMH;

e AS™ — RVA B Hapy>xHOM Bo3ayxe, [Bxr/M3).

e t € [0, T] — Tekymee Bpems cumyasimuu RVA, [c].

e T> 0 — obmiee BpeMsi CUMYASIINY, [c].

e S(t) — HeROTOpasi MYHKIMS, KOTOPASI ONMMUCHIBAET CKOPOCTh IIOCTYIIAEHUS] PAAOHA,
T.e. CyMMapHO€ yAEABHOE IIOCTYIIACHUE Ha eAMHUIY 06béMa KaMmepsl, [Bx /m3c].

e A, (t) — dyHKIIUS, ONUCHIBAOIIAS 3aBUCUMOCTD KPATHOCTH Bo3ayxoobmena (AER)
B KaMepe OT BpeMeH:, [¢].

® Apn = 2.1-107° — mocTostrHas pacmapa papoHa, [c'].

CoraacHo paboram [12, 14], Mopendb (1) MOKHO CYIIECTBEHHO YIPOCTUTb B DSIAE
caygaeB. Hampumep, uneHoM npum Ag, ypaBHeHus (1) MOXXHO mpeHebpedb, T. K. AAXKe
IIOAHOCTBIO 3aKPBITOE IIOMEINEHNe C AAaTIuKaMu uMeeT A, (t) > 0.05 [g] (T.e. ~ 1.3889 -
107 [c]), 9TO KaK MUHEMYM HOPSIAOK GOABIIE I€M Ag,, & 3HAINT, BAUSHAE Ha PACYETHI
II0 AAQHHOM MopeAm 3-r0 4neHa (1) HeBEAUKO.

V3BecTHO, YTO 3a I[EPEHOC paAOHA B BEPTUKAABHOM HANpPABAEHUM MOTYT
OTBEYATH TEMAOKUAKOCTHASI KOHBEKIINS, TYPOyAEHTHBIE 3(PMEKTHI IPA U3IMEHEHUU
METEeOPOAOTIUECKUX (PAKTOPOB, 3¢pdy3us 3a CUeT rpaAueHTa AABACHUS B 36 MHOM KOPE,
A dY3UsT 38 CUET rPAAMEHTa KOHIIEHTPAIMY PaAOHa X Ap. [39).

Onpenenenne 1. MOAEAUPYEMEBI IIPOIIECC HAKOMAEHUS PAAOHA HA3BIBAETCS
CcTarroHapHBIM, Korpa RFD ¢ moBepxXHOCTH IOA HaKONMMTEABHON KaMepPOH IIOCTOSHHA, a
TaK>Ke KOrAa HeT pe3kux m3MeHeHmit AER, a 3maumr, A, (t) = Ay u S(t) = S sIBASIIOTCS
IIOCTOSHHBIMK BeAmumHaMmu. Torpa RVA 6yaeT mMeTh HAKONUTEABHBI XapaKTep C
BBIXOAOM Ha HachIMeEHuE: Ana = S/Ag, [Br/M?] [12]. OTKyaa moAyyuaeMm, 9TO BEAMUMHA
S = Anao-

Y4uUTHIBASI BEIIEN3A0KEHHOE, MOAEAD (1) MoxHO ypocTuTs A0 ODE, 3aaaua Komnu
AAST KOTOPOT'O IIPUMET BUA,;

dA(t)
dt

rae, Ao — U3BeCTHAsI KOHCTaHTa, 3HaUYeHne RVA B momeHT BpeMenu t = 0.

= —AoA(t) + AnaxMo, A(0) = Ay,
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Sameuanue 8. Aanee, npu paboTe C IKCIEPUMEHTAABHBIMEI AAHHBIMU, HEOOXOAUMO
byaeT caenaThb AAS BPEMEHHBIX PIAOB RVA HOPMEPOBKY Ha MaKCHUMYM, IIEPEXOAS TAKUM
obpasom anst obo3HaueHUst A(t) K «OTHOCUTEABHBIM EAVHUIAMS [OTH.€A.].

Torpaa, oueBUAHO Ao = 1, a 3HauUT ODE-MOAEAD TPUMET BUA:

dA(t)
dt

= —NA(t) +ho,  A(0) = Ay, (2)

Bameuanue 9. Aanee, CTAWOHAPHYI0 MOAE€Ab RVA (2) anst kpaTkocTz 6yaem
HaswiBaTh ODE-Mopenbio RVA.

Anst 3apaum Komu (2) MOYKHO IIOAYYUTD aHAAUTHYECKOE DEILIEHUE:
A(t) =1— eix()t (1 - AO) ) A(O) = AO) (3)

IPUYEM W3 PEIIeHNS MOAEAWM mpum t — oo BuAHO, uto RVA A(t) — 1, T e
A (t) = 1 — ropu3oHTaAbHAS ACUMIITOTHKA, KOTOPAsi ONPEAEASIET YPOBEHDb HACHIIEHUS
RVA.

dpeauTapHad X-MOJEJb HAKOILJIEHUS PaI0HA

B mopeabHBIX ypaBHeHZsX (1) u (2) OOBIKHOBEHHAsSI IIPOM3BOAHASL 1-I'O IOPSIAKA
He II03BOASIET YUeCTb WU3MEHEHWe WHTEHCUBHOCTHM IIEpEeHOCA pPaAOHA B IIPOIEcce
HAKOIIAEHUS, T. €. HE IIO3BOASET y4UeCThb BAUSHVE Ha RVA m3MeHEHWN HaANIpPSKEHHO-
AePOPMUPOBAHHOTO COCTOSTHUSI T€OCPEABI. YTO CMABHO orpaHmumBaeT rubrocts ODE-
mopean RVA.

ITosTromy aBTOpamum B paborax [19, 21| mpeanaraercst MoOAMMUKALZS MOAEAR
(2), cocrosmias B 3aMeHe OOBIKHOBEHHOW IIPOM3BOAHOM 1-ro IOpsiAKa Ha APOGHYIO
mpomsBopuyo (FD) [15-17] DOCTOSIHHOrO WAM [EPEMEHHOTO  BEINECTBEHHOI'O
nopsinka. OCHOBaHMEM K TaKOMYy OOOOIIEHWIO SBASIETCS TO, UTO IIPOIECC IIepeHoca
PaAOHA IIPOMCXOAWT B IIPOHUIIAeMOM reocpepe [20], a Tak)Xe YIOMSHYTHIM paHee
IIPEACTABAEHUSIM 00 W3MEHEHMH CKOPOCTM T[a30BOro mmoToka [18] u wusmeHeHwWZ
MHTEHCUBHOCTH dMaHarmu [13].

Bameuanue 10. IlonaraeTcs, 9YTO HOPHCTOCTH CPEABI ODOYCAOBAEHA HAAUIUEM
W30AVPOBAHHBIX IIOP, & IPOHUIAEMOCTH CPEABI IIOHUMAETCSI KaK HaAW4YMe KaHaAOB,
IIPOBOASIINX I'a3 MeXXAY ITopaMu. [IopuCTOCTb Cpepnbl MOKET IIPUBOAUTD K 3aMEAAEHUIO
IIpoIlecca IlepeHoca rasa, T. €. cybauddys3um, a IPOHUIIAEMOCTL CPeABI, HaobopoT,
IPUBOAUT K YCKOPEHWIO, T. €. cymepauddysum [31]. Takme IpoIecchl OTHOCATCS K
SIBAEHUSIM aHOMaAbHOU Auddy3uu [40].

Sameuanne 11. AHOManbHYIO AUPOY3UIO MOXHO CBS3aTh CO CBOWCTBOM
CUCTEMBI MAM CPEABbl IIOMHUTb HEKOTOPOE BpeMsI OKa3aHHOe Ha Hee BO3AEHCTBUE —
3peAUTAPHOCTBIO (3pderToM mamsaru) [41].

CobcTBenmno, AT onmcaHus 3PdeKTa IaMsaTH B MaTeMaTwdecKoi mopeauw RVA um
BBOAATCE FD Kanyro (I'epacumoBa-KamyTo) [23,24] IOCTOSTHHOTO IOPSIAKA!
1 YdA(o) 1

WA =1 L at (t— o)

do, O<a<l, (4)
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rae, I'(-) — u3BecTHAST raMMa-PYHKIUS Diaepa:

o0
I'(x) = J e 'y 'dy, x € C:Re(x) >0,
0

Bameuanune 12. CaepyeT OTMETHTH, YTO CYIIECTBYIOT M ADPYTHE OIIPEAEAEHUS
IIPOM3BOAHOM APOOHOrO mopsiaka. VX MOXXHO HaWTW, HaIpUMeEpP, B HAYYHBIX TPYAAX
[42,43].

Llura paboT aBTopoB [19, 21, 22] mOCBSAIIEH MCCAEAOBAHUIO BOIPOCOB, CBSI3aHHBIX
C MaTeMaTWYeCKUM MoAeampoBaHueM RVA, rae mpeamoaaraeTcsi, 4TO IapaMeTp &
OIIMCHIBAET (DPAKTAABHOCTH [44] reoCpPeABl U CBSI3aH C TAKUMU €€ XapaKTePUCTUKAMIU,
KaK IIOPUCTOCTb, IIPOHUIIAEMOCTb M TPEIIWHOBATOCTH. DPEAUTAPHAS X-MOAeAb RVA
IIPEACTABASIETCST CAEAYIONIeH 3apaueir Komru:

0t AL0) = —AoA(t) + Ao,  A(0) = Ao, ()
TAe, oTAr4He OT (1) Ba’KHO OTMETHTD!
o A(t) € C%[0, T] — GyHKIMS pelIeHus], 3aBUCUMOCTb RVA OT BpeMeHU B KaMepe;
e X — KOHCTAHTA, IOPSIAOK APOOHOIM IIpOU3BOAHOM (4);
e C?[0,T] = A — KAACC ABaXXABI HEPEPLIBHO-AMPPEPEHIUPYEMEIX (DYHKITHL.

Onpenenenne 2. [Tapamerp «, coraacHo [19], AaeT BO3MOXKHOCTH HaM
CMOAEAVPOBATh M3MEHEHWS IIPOHUIIAEMOCTH TI'€OCPEABI, IPUBOASAINEN K M3MEHEHUIO
VHTEHCUBHOCTY IIpOIlecca IiepeHoca papoHa. [Ipeamoanaraercss, 4uTo nocrosHHas 0 <
x < 1 B OTHOCUTEABHBIX EAWHWIIAX OIMCHLIBAET CPEAHEE II0 HEKOTOPOMY OOBEMY
(v BO BpeMeHH) 3HAYEHWE IPOHUIIAEMOCTH [EOCPEABI IIOA HAKONUTEABHON KaMEpPOi
peructpupyiomeir RVA. Ilpuguém, ecam o« — 0, 3TO XapaKTepu3yeT AOBOABHO CUABHO
IPOHUIAEMYIO AASI PaAOHA CPEAY, & €CAM & — 1, ITO XapaKTEPU3YET HEKYIO
«CPEAHECTATUCTUIECKYIOY IIO IIPOHUIIAEMOCTU CPEAY.

Bameuanne 13. OpeauTapHast x-MopeAb RVA (5) Tak>Ke sIBASIETCS CTAIMOHAPHOIH,
COT'AQCHO OIpPEeAEAEHUIO 1.

Anst 3apaum (5) BOCIIOAB3yeMCsT paHee Da3pabOTaHHON HEAOKAABHON HESBHOU
KOHeYHO-pa3HocTHOU cxemoit (IFDS) [45], 3aaaHHOM B paBHOMEPHOM CETOYHOM 06AaCTH:

h=T/N, Q={t=1ih):0<i<N}, AcQ,

(6)
A(t):Ai, 0<Ai <.
Omnpenenenue 3. Toraa pa3sHOCTHAsS IpsSMas 3apada:
05 A .
Ai:1——>;7, Ay — const, 1<i<N,
i (7)

)=

— h—«
0 A= — i+ 1) ) (AL — A ).
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IIpeACTaBAsIET CcoO0M 33pady Komm, COCTOSAIIYX0 B IIOUCKE AMCKPETHOM (DyHKIIMM Aj,
IPUHAAAEIKAINER U3BECTHOMY KAACCY Ae (Al, IIpU M3BECTHOM IIOCTOSTHHOM oK.

IFDS cxema (7) u eé 0606mieHHbIE aHAAOTY OBIAY aPOOUPOBAHLL B PSIAE TECTOBBIX
7 TIPUKAAAHBIX 3apa4d [45, 46]. Aanee (7) pemaeTcs MOAUDUIMPOBAHHBIM METOAOM
Heioroma (MNM), mpwuém TOraa pasHOCTHAS NpsiMasi 3apada Ha ocHoBe IFDS
6e3yCAOBHO yCTONYIUBA.

Bameuanne 14. DpepmTapHas o-Mopeab RVA (5) pemaemas mo cxeme (7) mpum
smavenuu « = 1 mepesiaer B ODE-mopenr RVA (3), 3TO IPOAEMOHCTPEPOBAHO B
paborax [22,46], 9TO TOBOPUT O TOM, 4TO 06061IeHNE (5) KOPPEKTHO.

OOpaTHag 3agava Ha MapaMeTpPhl A U & JJId SPEeaUTaAPHOI
a-monean RVA

Panee aBropamu [19,21,22] mapamMeTpsl MOAEAEH Ay X  OBIAY HEM3BECTHBI U IIOTOMY
HOABUPAAUCH BPYYHYIO 10 MakCuMyMy R? — xoaddunmenTta aerepMmunanum [47] u o
— K03 dunmenTa xoppeasuuu [48] ¢ srcmepmMeHTaABHBIME AaHHBIME RVA. Takoit
TIOAXOA, SIBASIETCS TPYAOEMKUM, YTO HeM3DEeXXHO IPUBOAUT HaC K HMAEIM PABAUIHBIX
crtocob0B aBTOMATH3AUUK [I0ADOPA OIITMMAABHBIX IIaPaMETPOB.

IIycts A; € A (r coorBercTBeHHO A(t) € A) — dyHKIus 3aBucuT oT Habopa
IIapaMeTpPOB = [Xoy...,Xx_1], Tae K = 2, a Xo = «, X1 = Ao. IlycTs B obaracTu
Q= [0, N] 3HaueHNS AMCKPETHON (DYHKIINK PEIleHnsT A; € A HEM3BECTHBI, HO I/IBBeCTHa
AOIIOAHUTEABHAST WH(OPMAIASA — 3KCIepUMeHTaAbHBIE paHHBIE RVA A; = 0; = 9 0
peleHny Pa3HOCTHON npsiMoit 3apaum Komwu (7) anst speauTapHOil o-Mopean RVA.

Onpenenenue 4. Toraa pasHoCTHAsE obpaTHas 33aa4a AAs (7) — 9TO BOCCTAHOBAEHUE

3HAYEHUN = [Xo, X1] 10 M3BECTHHIM SKCIEPUMEHTAABHLIM AAHHBIM RVA mMeeT BHA:
% A
Ai:1——o;<’h—, Aizei, 1§1<N,
1
“Xo R o 1-Xo _ s1-X ®)
0,% A; = i+ 1 0 o) (A A
0,ih r(z_XO)Z((J+ ) ) )( j j 1)

Anst pemenus (8) obpaTuMcs K Teopuu 6e3yCcAoBHOM onTuMusanuu [49]. Aast sToro
HEOOXOAMMO MUHMMHU3UPOBATE (PYHKIIMOHAA HEBSI3KM:

EEEEEEE (TCI) R WS WUETUNINC

TAe, T — BEKTOD HEeBSI3KE pasmepHocT N > K, a BeKTOp w(?) = [wo, ..., WN] — BEKTOD
MOAEABHBIX AQHHBIX, T. €. PEIIEHWE PAa3HOCTHOM IpsiMoil 33pau# (7) OTHOCHTEABHO
HEKOTOPOTO IPUbAMKeHNST X, IOAYYIAEeMOI'O B XOAE PeIIeHusT 0OpaTHON 3aAa4H.

PasHocTHast obpaTHas 3apada pEIIaeTcs METOAOM Oe3yCAOBHOM ONTHMU3AIIMHI
HBIOTOHOBCKOTO THHa [50], 2 MMeHHO UTePAIMOHHLIM METOAOM J\eBeHbepra-MapkBapaTa
[51,52], IpeACTAaBEMOIO B BUAE:

AX=(-H") x (J"x7), H=7" xJ+vE, (10)
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TAE,
e AX — ONITHMAABHOE IIPUPAIIEHUE ? AAST CAEAYIOIIEN MTepaluy;
e b - epvHMYHAA MaTpuna pasMepHoOcTE K X K;
e =] <?) — maTpuria Jdxobu pasmeprocTz N X K ¢ 3neMeHTaMU BBIYUCASIEMBIMHI

no dopumyae: Jiy = S’QL,i =0.N—1,k=0.K—1;

ﬂf*m
OXy

e IIPOM3BOAHAS g%: AIIIIPOKCUMUPYETCST Pa3HOCTHBIM OIIEPAaTOPOM Jix =

O0X — 3apaHHOE MaAOe IIPUpPAIIeHHE ?;

, TAe

e Y — mapaMeTp peryaspmi3anuu Meropa. Hcam vy € R, a Takyxe Mmarpuia [ecce
H moaoXuTeAbHO OIIpeaeneHa, TO Torpaa AX SIBASIETCS HaIIPaBAEHUEM CIIYCKa AAS
OIITMMAABHOTO IIIara METOAR;

, T
e Craprosoe sxauenue: y” = v-max <d1ag (] (X %] (X“”))), TA€ V — 3aAaHHAS
1
CTapTOBast KOHCTAHTA.

Bameuanue 15. Pemnenue obparHoit 3apaun (8) meropom JNesBenbepra-MaprsapaTa
(10), aanee (IP-LB), cBoAMTCS K TOMY, YTOOBI B XOA€ IIMKAQ, HAUWHAS C 33AAHHBIX
mocrosaEbix X, 86X, vV a Take C — KOHCTAHTHI AAS I€PECUéTa Yy, MHOTOKPATHO
BBIYUCASIST peIIeHWe PA3HOCTHOM mnpsMo#t 3apauu (7) Hpu NPUOAWIKEHUSX ,
TIOAYYaeMbIX B XOA€ PEIneHVst o6paTHOM 3aAayuM, BEIYUCAUTHL ONTUMAABHBLIE 3HAUEHUS

Sameuanue 16. KpurepreM IOAyYEHUS ONTUMAABHOT'O 3HAYEHUS ABASIETCSI € < X,
1 v N-171.4712
rae L — 3apaHHast TOYHOCTD pemenus IP-LB, ¢ = § Yo [ni } — CpepHEKBappaTUIHAS

omwubka (MSE) Me>XXAY 9KCIepUMEHTAAbHBIME U MOAEABHBIME AAHHBIME RVA.

Pe3y.HI)TaTbI MOaeJIMpoBaHuA

Aanee O6yAyT NpeACTaBAEHBI pPe3yAbTATHI pemeHus [P-LB 1o BoCCTaHOBAEHUIO
OIITMMAABHBIX 3HAYEHUH Xg = «, X7 = Ao CTAIIlMOHAPHON PEAMTAPHON -MopeAm RVA
(5) 10 W3BECTHBIM IKCIIEPUMEHTANBHEIM AAHHBIM RVA.

AATODUTMBI, peaAU3YIOIIWE DPEIIEeHUS IPSAMBIX 33pad o MopaeasiM (2) u (5),
AEKAINMX B OCHOBe aaropurMma IP-LB, mpom3BOAAT BBIYMCAEHHS B BEAWYHMHAX
«MeTp/49acy. 9To 060CHOBAHHO TeM, ITO (DAKTUIECKUN 00BbEM HAKOIUTEABHOM KaMepPEH
(~0.02 [m’]) a wacTrora perucrpamumum RVA (6 mura./dac). IlosTomy Ha pmc. 813
3HageHms mapameTpo I,t,h B [4], X; = Ay B [¢']. OpHako, KAIOUEBEIE TAapaMeTPHI
XapaKTepU3YIOINKe MOAYUYEeHHbIE Pe3YABTATEI, IPUBEAEHEI K «METD/CeKYHAA» COTAACHO
MeXXAyHapoaHO# cucTeme eavuuil CY u cBepeHBI B Tabauniy 1.

Sameuanue 17. Ha BOCCTaHOBAEHME Ay CUABHO BAUSET BBIOOD €r0 yIPaBASIOIMIVIX
0
mmapamMeTpoB B aaroputme IP-LB, T e. x§ ) _ Hawanbmoe 33AaHHOE IPUOAVIKEHHE U O —
0
Ha4YaAbHOE 33 AAHHOE IIPUPAINEHUEe X(() ),
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time calc: (Red) - 3.321 sec.,
algorithm DP: (Red) - sequentlal | (Blue) sequent ial |
(Red) -fcount=29/n=21/step=5/2=0.001/c=2/v=1 = 0.77, 0 = 0.95) [Xo = 0.76, X1 = 0.072]
(Blue) - /count*U/n*Ulstep*OIZ*OJC*OIV*OI(R?*OSQ 0=0.93)[ X1=0.06]

0.76

0.51 ¢

A(t) [oTH. eq.]

0.27

0.02
A0 8 20 20 0 40 30
@2 a2 o @t 20" 820" 2
2 15,0 - 150 3 26° 160 7_60 1%

A%
Txg&?—o QAD%?.O
Reverse Problem | x(t) | Riccati | G-C | VO | alpha

| IFDS (MNM) | N = 372, h = 0.167 ——

Direct Problem | A(t) | Classic RVA | Ordinary Derivative | -Exact Solution-| N =372, h = 0.167 ——
A(t) | Normalize | KRMR-2 (24.08.2020 13:40 - 27.08.2020 03:30) | N = 372, h = 0.167 ——

Puc. 8. Pesyabrar IP-LB mo pammsiv KRMR. Boccranosaensr: & = 0.76, Ay = 0.072
[Figure 8.Result IP-LB for the KRMR data. Restored: o« = 0.76, Ay = 0.072]

time calc: (Red) - 2.395 sec.,
algorithm DP: (Red) - sequential | (Blue) sequential |
(Red) - /count=39/n=26/step=5/¥=0.001/c=2/v=10/(R?=0.89, 0 =0.97) [Xo = 0.857, X1 = 0.095]
(Blue) -/count=0/n=0/step=0/2=0/c=0/v=0/(R?=093,0=10.97)[ X1=0.06]

1
—~ 083}
=
()
£ 0.65 |
z
[=]
= 048 |
< 03t
0.13 20 A0 IAD A n 20 AI 4‘1-0 30
540 0 A o A & A% 7! 1 2! 1
0" o 0 0 ot o o't 0 0 ot ot
. 2 rﬂog,i 5087 B®F @D%'L 'LBQB'L 1%09'1 0 oo 2‘3_05.1 T’B_QE\.’?—
| IFDS (MNM) | N = 300, h = 0.167 ——

Reverse Problem | x(t) | Riccati | G-C | VO | alpha
Direct Problem | A(t) | Classic RVA | Ordinary Derivative | -Exact Solution-| N = 300, h = 0.167 ——
A(t) | Normalize | KRMR-2 (27.08.20 15:40 - 29.08.20 17:30) | N = 300, h = 0.167 ——

Puc. 9. Pesyasrar IP-LB no aamaeiMm KRMR. BoccranoBaensr: o = 0.857, Ay = 0.095
[Figure 9.Result IP-LB for the KRMR data. Restored: o« = 0.857, Ay = 0.095]

time calc: (Red) - 7.909 sec.,

algorithm DP: (Red) - sequential | (Blue) - sequential |
= 0.77, 0 = 0.92) [Xo = 0.834, X1 = 0.064]

(Red) -/ count=49/n=31/step=5/2=0.001/c=2/v=10/(R2=
(Blue) -/count=0/n=0/step=0/2=0/c=0/v=0/(R?2=10.49,0=0.89)[ X1 = 0.06]
1
— 0.84
o
v 0.68
o
B 0.52
= 0.36
<
0.20
0'040 o ® ® ® ® ® ® ® ® © ® 50
Qo 0® A2 AR QO o ©- AL AD- O~ o ©- A A% 23
42T 40T 0 (10 910 5@ 60.310 910 6027 910 600

Reverse Problem | x(t) | Rlccatl | GC|VO| alpha | IFDS (MNM) \ N = 432, h=0.167

Direct Problem | A(t) | Classic RVA | Ordinary Derivative | -Exact Solution- | N =432, h = 0.167 ——
A(t) | Normalize | KRMR-2 (4.09.2020 00:00 - 6.09.2020 23:50) | N = 432, h = 0.167 ——

Puc. 10. PesyavraT IP-LB o panasiM KRMR. Boccranosaensr: o = 0.834, Ay = 0.064
[Figure 10.Result IP-LB for the KRMR data. Restored: o = 0.834, Ay = 0.064]
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time calc: (Red) - 6.443 sec.,
algorithm DP: (Red) - sequential | (Blue) sequential |
(R2=10.72, 0 = 0.88) [Xo = 0.846, X1 = 0.099]

(Red)-/count=39/n=25/step=5/2=0.001/c=2/v=10/
(Blue) -/count =0/n=0/step=0/2=0/c=0/v=0/(R2=060,0=0.88)[ X1 = 0.06]

50 60 50 50 50 0 50 50 50 A
Al 0 2% 070 5. 0 AN 20 AT 20 73" oo 209 0 AN AT o2
6997 410 A @7 0T @ g ®»PT o 57

2 7
Reverse Problem | x(t) | Riccati | G-C | VO | alpha | IFDS (MNM) | N = 432, h = 0.167 ——

LB 0 AN 50

0 0
09 A 251 oS A

20
’l 2% o

Direct Problem | A(t) | Classic RVA | Ordinary Derivative | -Exact Solution- | N = 432, h = 0.167 ——

A(t) | Normalize | KRMR-2 (25.09.2020 23:50 - 28.09.2020 23:40) | N =432, h = 0.167 ——

Puc. 11. Peayavrat IP-LB o panasiMm KRMR. Boccranosaensr: o = 0.846, Ay = 0.099
[Figure 11.Result IP-LB for the KRMR data. Restored: o = 0.846, Ay = 0.099]

time calc: (Red) - 4.535 sec.,
algorithm DP: (Red) - sequential | (Blue) sequentlal |
0/(R2=0.85 0=0.92) [Xo = 0.834, X1 = 0.091]

(Red)-/count=34/n=25/step=5/2=0001/c=2/v=1
(Blue) - ,'count—(].fn—U.fstep—O,'Z—Ofc—U.fv—O,'(R2—074 o=0.92)[ X1 = 0.06]

40 440 o0

9 A0 0 9 A0 °

A
A

gAY o207

Reverse Problem | x(t) | Riccati | G-C | VO | alpha | IFDS (MNM) | N = 396, h = 0.167 ——

Direct Problem | A(t) | Classic RVA | Ordinary Derivative | -Exact Solution- | N = 396, h = 0.167 ——
A(t) | Normalize | KRMR-2 (7.10.20 9:40 - 10.10.20 3:30) [N = 396, h = 0.167 ——

Puc. 12. Peayavrat IP-LB o panasiMm KRMR. Boccranosaensr: o = 0.834, Ag = 0.091
[Figure 12.Result IP-LB for the KRMR data. Restored: o« = 0.834, A = 0.091]

time calc: (Red) - 1.379 sec.,
algorithm DP: (Red) - sequential | (Blue) sequentlal |
.78, 0 = 0.93) [Xo = 0.964, X1 = 0.108]

(Red)-/count=29/n=20/step=5/% =0.001/c=2/v=10/(R
(Blue) - .’count—()fn—Ofstep—O.’I—O.’c—Ofv—O.’(R1=011 o=0.88)[ X1 = 0.06]

T

1
0.85
0.7
0.56
0.42
0.27
0.12
oM B 2

A(t) [oTH. en.]

05‘.2,0 0% o0 AN '50 AD" 0 AB- ?' 0 0\_50 0 06'00 o QB"?’“ o AL (30 o 4D 0
am? B P P P

1\\—7'0 ,‘J\‘\?—“ ..:»\‘\7'0 ,{\‘\""B
Reverse Problem | x(t) | Riccati | G-C | VO | alpha

-0‘0 QO
o w
g% g ®

| IFDS (MNM) | N = 252, h = 0.167 ——

Direct Problem | A(t) | Classic RVA | Ordinary Derivative | -Exact Solution- | N =252, h = 0.167 ——
A(t) | Normalize | KRMR-2 (6.11.2020 21:30 - 8.11.2020 15:20) | N = 252, h = 0.167 ——

Puc. 13. PesyawrraT IP-LB no pamasiMm KRMR. BoccranoBaensr: o = 0.964, Ay = 0.108
[Figure 13.Result IP-LB for the KRMR data. Restored: o = 0.964, Ao = 0.108 ]
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Brino 3aMedeHO0, YTO eCAM HaYaAbHOE IPUOAVIKEHVE M €rO IpUpaIleHre 33aAaBaTh
+1% oOT OIEHKM MAKCHMMAaAbHOIO 3HAYEHWS BOCCTAHABAMBAEMOIO IIApaMeTpa, TO
5(beRTUBHOCTb U TOIYHOCTL PaboThl IP-LB 6yaeT HamBbICIeH (MCXOAS U3 OIEHOK R’ m
0) AASI IPEACTaBAEHHBIX AAHHBIX KRMR.

8-13
. (0) _
VIPaBASIOIINX IIAPaMETPOB: [XO , 60} =

PeBy'AbTaTbI Ha puc. IIOAYY€HHBIE IIpu CAEAYIOIMUX SHAYEHUAX

[0.05,0.01] Anst mOKa3aTeAsT «; a TaKIKe

[xﬁo), 61} = [0.0025,0.0005] ansg rosdppuImeHTA Ay. 3HAYEHUS YIPABASIONUIAX
IIapaMeTpoB C, v, L aas aaropuTMma [P-LB, yka3zaubl Ha puUCyHKax.

Sameuanue 18. U3 puc. 8-13 3ameueno, 4To 4eM OOABIIMY IIEPHMOA II0 BPEMEHH
OXBAaThHIBAIOT AdHHBIE RVA (T.e. uem Ooabme T), TeM TOYHEe ONMCAHHEIE METOAEI
pemeHnss IpsIMOil 1 oOpaTHOM 3apay BOCCTAaHABAMBAIOT CBSA3KY M3 ABYX IIapaMeTPOB
« 1 Ap. OCOBEHHO 3TO IPOSIBASIETCSI IIPM BOCCTAHOBAEGHHH Ay, TOTAA 3HAUEHUS ITOTO
mapameTpa OAMIKE K IPUOAM3UTEABHBIM OIEHKaM Ay KOTOPBIE MOXKET AATH IKCIEPT,
M3y49UB AAHHBIE U YUNUTHIBAS MHBIE PAKTOPHI Ha MyHKTE HAOAIOAEHUS.

Tabauua 1

ITapamerps MaTemaTudeckux mogeseii: kiaaccudeckoit ODE (2),
spenurapHoii a-momesn RVA (5) perraemoii metomamu o6paTHBIX 3a1ad, a
Tak>kKe Ko3(dunuenTsl noaodus MOAe/bHbIX KPUBLIX 1 JAHHbIX. JHAYCHUS

IpUBEAEHBI K MeXXAyHaponuoii cucreme exuuui; CU. [Parameters of
mathematical models: classical ODE (2), hereditary x-model RVA (5) solved
by methods of inverse problems, as well as similarity coefficients of model

curves and data. Values are given in the SI international system of units.]

AaTer

3aAaHHOE BOCCTB. BOCCT. ) 5

BBEIOOPOK R- pns R pns
Ao ANS Ao ANS o AAST
AAHHBIX Accu speamT speamr KAacCHy. SPEANT.
KRMR KA . 3 3

24.08.20 -

1.66-107° 2.0-107° 0.76 59 77
- 27.08.20 % %
2'7.08.20 -

1.66-107 | 2.638-107° 0.857 93 89
- 29.08.20 % %
4.09.20 -

1.66-107 1.77-107° 0.834 49 77
- 6.09.20 % %
25.09.20 -

1.66-107 | 2.75-107 0.846 60 72
- 28.09.20 % %
7.10.20 -

1.66-107° | 2.527-107° 0.834 74 85
- 10.10.20 % %
6.11.20 -

1.66-107° 3.0-107 0.964 11 78
- 8.11.20 % %
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DOuHAHCMPOBAHNE M BKJIAJ B MCCJIEI0BAHUA

Aannvle ¢ nyakTa KRMR npepoctaBaersl MakapoBeiM E. O. crapmuM HaydHBIM
COTPYAHUKOM Aab0paTOPUM aKyCTHUYIECKOT'0 ¥ PAAOHOBOIO MOHHTOPHHTA KaMYaTCKOro
dburmanra ¢epeparbHOTO HCCAEAOBATEABCKOTO IeHTpa «BEamHas reodpusuueckas
cayx6a PAH» r. IlerponaBaoBck-Kamuarckuit, Poccus.

Pabora BbmOAHEHA ©Hpu [OOAAEPKKe Munobpruayku Poccum (B pamkax
TOCYAQPCTBEHHOTO 3aaaHUsI Ne 075-00682-24) 1 ¢ UCIOAB30BAHUEM AAHHEIX, IOAYIEHHBIX
Ha YHUKaAbHOM HAy4YHOM yCTaHOBKe «CelcMOMH(pPa3ByKOBONH KOMIIAEKC MOHHTOPHUHIA
APKTUYECKON KPUOAUTO30HBI ¥ KOMIIAEKC HEIIPEPLIBHOI'O CEMCMUYIECKOT0 MOHUTOPUHTA
Poccuiickoit Pepepariuy, COIPEAEABHBIX TEPPUTOPUN U MUPAY.

Bce pacuéThbl, CBsI3aHHBIE C PeEIIEHWEM IPSAMBIX X ODPATHBIX 33aAad IO MOAEASM
RVA, a Takxe pacué€rel mo 06paboTKe AAQHHBIX, OBIAY BBIIOAHEHBI B IIPOIPAaMMHOM
rommnrekce PRPHMM 1.0 ma siseike MATLAB [53] Bepcuz R2023b aast GNU/Linux
Ubuntu Desktop 22.04. IIporpammuoit xomnaekc PRPHMM 1.0 paspabaTbiBaeTcsa B
paMkax npoekTa '"MoaeAmpoBaHME AMHAMWYECKHX IIPOIIECCOB B IeOC(EPax C yIETOM
HACAEACTBEHHOCTH '3a cueT rpanTa Poccumiickoro HaygHOro donaa Ne 22-11-00064 (pyk.
ITaposuk P.U.) ncnoansiemoro Ha 6ase VIHCTUTYTa KOCMOMDU3NIECKUX UCCAEAOBAHUHA 1
pacnpocTpanenus papuoBoAaH ABO PAH, c. ITaparyska, Poccus.

Busyaausanus B AaHHOE CTaThbe ObLAa BBITOAHEHA TBEPABLIM A.A. C IIOMOIILIO
mporpaMmuoro kommaekca FEVO 1.0, pazpabaTkiBaeMOro B TOM YKCAE Ha CKPHUITOBOM
s3bike Gnuplot 6.0 [54] aast GNU/Linux Ubuntu Desktop 22.04. IIporpamgHuOi
rommaekc FEVO 1.0 pazpabaTeiBaeTcs B paMKax mpoekTa ''Pa3spaboTka mporpaMMHOTO
KOMIIAEKCA AASI MOAEAMPOBAHUS M aHaAu3a OOBEMHON aKTWBHOCTH PAAOHA KakK
IPeABECTHUKA CUABHBIX 3eMAeTpscenuiyt Kamuarku" 3a cuer rpanTa Poccmitckoro
HayusHoro ¢oupa Ne 23-71-01050 (pyk. TBEpapni A.A.) ucmoaHsiemoro Ha 6asze
VucTuTyTa KOCMO(U3NUECKMX MCCAEAOBAHWM M pPacIpOCTpaHeHus papuoBoAH ABO
PAH, c. Ilaparysuka, Poccus.

3akJrodeHne

B pabore npoAEMOHCTPHPOBAHO, YTO C IIOMOIILIO METOAOB MaTeMAaTUYIECKON
6e3yCAOBHOY ONTMMM3AIIUM, B UYACTHOCTY UTEPAIMOHHOTO MeTopa J\eBenbepra-
Mapxsapara, MOXHO  pellaTb obpaTHbIe 3aA34u C VICIIOAB30BAHUEM
9KCIEPUMEHTAABHBIX AAHHBEIX HAKOIAEHUS 2*’Rn B KaMepe.

Ha mpumepax moxa3aHO, YTO MO>XHO BOCCTAaHABAMBATL OAM3KME K ONTHMAaAbHBIM
3HQUEHUSI: X — CTENeHb APOOHOW IPOM3BOAHON, XapaKTEPU3YIOMEN WHTEHCUBHOCTH
Imporecca IIepeHoca pPajOHAa, Ay — IIOCTOSHHAsI KPAaTHOCTH BO3AyXOoOMeHa AAS
CTAIMOHAPHOM 3peAuTapHON o-Mopear RVA. V3 pe3yAbTaTOB MOAEAMPOBAHUS BHAHO,
4TO IpepuTapHas x-Mopaeab RVA ¢ mapaMeTpaMu, BOCCTaHABAWBAEMBIMU peEIIEHUEM
obpaTHoit 3apaun, B cpaBrernu ¢ ODE-mopeanto RVA mpu Ay = 1.66 - 107> paeT 6onee
TOYHBIN PE3YABTAT 3a CUeT 00600meHrs A0 APOOHOY IPOU3BOAHOY, & MOAEABHBIE KPUBLIE
AydIlle COIAACYIOTCS C AQHHBIMY HAKOIIAEHUS, O YEM I'OBOPST 3HaUYeHUs KO3 duIrenTa
AeTepMuHamuu R? ¢ pamEbBIME To RVA BrIme B cpepreM Ha 22%.
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[Ipoponrxkerue paboTHI MOXKET OBITH CBSI3aHO C IpuMeHeHUeM Ooaee 0600IIEHHON

9PEANTAPHOR o¢(t)—MOAEAM M METOAOB MHOI'OMEPHOM ONTUMU3ALMUHA AAST MOAEANPOBAHMS
ITPOITECCOB HAKOIAEHWS PAAOHA II0 OCAOKHEHHBIM SKCIEPUMEHTAABHBIM AAHHBIM.
VCAOKHEHHOCTh AQHHBIX HAKOIIMTEABLHOT'O IIPOIlecCa COCTOUT B TOM, YTO AAHHLIE

WCKa’KeHBI 3ddeKTaMu AVHAMUYECKOTO BAUSHUSA aTMOCHEPHOTrO AABAEHHUS U
IIePEMEHHOM IIPOHUITAEMOCTHIO T€OCPEARL.

A66peBuaTypbl

10.

11.

RVA  Radon Volumetric Activity

RFD Radon Flux Density

FD Fractional derivative

AER  Air Exchange Rate

ODE  Ordinary differential equation

MNM Modified Newton’s Nethod

IP-LB Inverse problem by method Levenberg-Marquardt
MSE  Mean Squared Error
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