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IIpusedenvl pe3ynomamol unmeppepomempuieckol 00padomxu u aHaIu3a CHUMKOS e8pPOREUCKUX
CHYMHUKOBBIX paoapos ¢ cunme3uposannou anepmypoti Sentinel-1 no meppumopuu Hopunvckoii
T31-3. Cdhopmuposannvie unmeppepocpammol 0Xeamuléaon Xoui00Hble UHMEPEALbL 6PEMEHU OCEHU-
sumvl 2019-2020 2. u secenne-remuue unmepganst 2020 2., 6 mom uucie u coovimue
paseepmemusayuu pe3epeyapa ¢ Ou3eabHuiM monaueom. bnacooaps evicoxoii epemennoil
CcMabuIbHOCMU OMPANCEHUL PAOAPHBIX CUCHA08 NOBEPXHOCMbIO NPOMbluLIeHHOU niowaoku TOL] 3
3a 8pems MexNcOy NOBMOPAIOUWUMUCI CLEMKAMU OKA3ATI0CH 803MOICHBIM BbINOIHUMbG MOHUINMOPUHS
COCMOAHUS MONUGHBIX PE3ePEYaApPO8 U NPULe2arowell K HUM meppumopuu Memooom KiaccuiecKoll
unmepghepomempuu. OOHapysHceno, 4mo Ha Cex UHMeP8anax HabII00eHUl 63auUMHOe NONOINCEHUE
6cex uemulpex pezepsyapos TOL] u npunecaroweii K HUM meppUMopuY cmaduibHo 8 Ouanasoxe 2-3
mm. Moswcno npeononosicums, umo paseepmemuzayusi pesepeyapa ne Ovlia 8bl36aHa CMeWeHUeM
ompasicaioujeli N0O8EPXHOCMU UCCAe0YeMOll MepPUMopuU 6Cle0cmsue MasHus 6e4HOL Mep310mbl.
Kniouesvie cnosa: Hopunwck, pesepgyap, paouonoxkayuonnas unmepgepomempus, Sentinel 1,
OUHAMUKA NOBEPXHOCTU

Monitoring of Norilsk TPP-3 fuel tanks dynamics using Sentinel-1 SAR data
A.l. Zakharov, L.N. Zakharova

V. A. Kotelnikov Institute of Radioengineering and Electronics RAS, Fryazino Branch

The results of interferometric processing and analysis of European spaceborne synthetic aperture
radars Sentinel-1 acquired over the territory of Norilsk TPP-3 are presented. Radar interferograms
created cover both cold season of 2019-2020 and warm season of 2020 including catastrophic event -
the rupture of the tank with diesel fuel. Owing to high temporal stability of radar signals backscatter
from the surface of TPP-3 territory on the time interval between repeated observations the monitoring
of the stability of fuel tanks and adjacent territory using classical radar interferometry technique was
conducted. It was discovered that the relative location of all four TPP-3 reservoirs and adjacent
territory is stable within the 2-3 mm band on all the observation intervals. We may suppose that fuel
tank rupture was not caused by the dynamics of the study area as a consequence of permafrost thaw.
Keywords: Norilsk, tank, radar interferometry, Sentinel 1, surface dynamics

[To macimiTabam BO3/IEHCTBUS Ha OKPYXAIOUIYI0 CpeAy pa3iuB HePTEenpoAyKToB 29 mas
2020 r. Ha TtommmuBoxpanuinume TOI[-3 ropoma Hopuibcka crTan 3SKOIOIMUYECKOR
karactpodoil ¢denepanpHoro Macmraba. B pesynabTare pasrepmeTH3anuud OAHOrO u3 4
pe3epByapoB TOIJIMBOXPAaHWINIIA IPOU30IIJIa yTeuka 21 ThICAYM TOHH JAM3EJIBHOTO TOILIMBA.
OnHOM U3 TIIaBHBIX BEPCHUM NMPUYUHBI aBapUHM — TAssHUE MEP3JIOro IPyHTa U3-3a AHOMAJIBHO
TEIUION MOTO0JIbI, YTO MOTJIO BBI3BATh MOBPEKIACHUS OINOP, HA KOTOPHIX CTOsIa Iuatdopma ¢
pesepByapoM. CIjIolIHAas MHOTOJIETHSISI MEp3JoTa XapakTepHa s JAHHOTO PpEeruoHa.
Haubosiee THUNUYHBI TYHAPOBBIE TIJIEEBBIE TIIOYBBI, BCTPEUAIOTCS TaKKe OOJOTHBIE H
ajumroBuanbubele mouBbl [1]. TOII-3 HaxoauTcs Ha Kparo Iuato Hagexmaa v mMpUMBIKAeT K
MeTaimypruueckomy 3aBoay nMeHu b. M. KonecHukoBa ¢ roro-3amana, cocTaBiisii ¢ HUM
€/IMHYIO IPOMBILUIEHHYIO 30HY.
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Lenpto maHHOW pabOTHl SBIAETCS JEMOHCTPAIMSl BO3MOMKHOCTEH KOCMHYECKOU
pajMoNIOKAIMOHHONW — MHTep(dEepOMeTpUH  JUIsl  BBISIBJICHHS  MPOCATOK  OTpaskaroleit
MOBEPXHOCTH YYAaCTKOB IPOMBIIIJICHHOHN 30HBI B palloHE pe3epByapa W/ TOPU30HTAIBHBIX
CMEIIeHUN ero CTeHoK. PanuoniokannoHHass MHTEPPEPOMETpPUS B CXEME ChEMKH 3EMHBIX
MIOKPOBOB C MOBTOPSIOLIMXCS OPOUT HOCUTENS KaK CPEJCTBO BBISBICHUS MEIKOMACIITAOHBIX
CMEIIEHUH TOBEPXHOCTH 3a BpeMs MEXIy ChEeMKaMu TMposiBUiIa ceds BO MHOTUX
NPUIOKEHUAX METOAOB JWUCTAHIMOHHOTO 30HAMpOBaHMs 3emin. Kparkumu npumepamu,
OJIM3KUMHU 110 TeMaTHKEe NAaHHOMY MCCIEJAOBAHUIO, MOTYT OBITh PaOOTHI MO HAOIIOJECHUIO
UKIMYECKHX CMEIICHUH TOp(SHBIX MOYB B JesbTe peku CeNeHrd BCIEeICTBHE MOPO3HOTO
My4eHHs] 3MMOM U IPOCAJIOK M3-3a BhIChIXaHUs jeTtoM [2]. [Ipyrue npumepbl — HaOII0ICHAE
CaHTHUMETPOBBIX ITOJIBKEK MOBEPXHOCTH OIIOJI3BHEBOIO CKJIOHAa Ha Oepery peku Bypes [3],
TeMIlepaTypHble IehOopMaIi TPOJETOB IKEIE3HOMOPOXKHBIX MocToB [4]. TexHomorus
PaznoIOKAIIMOHHON HHTEP()EPOMETPHUH, ITPEANIOIaraeT MPOBEACHNE ChEMOK C OJIM3KUX OpOUT
HOCUTENIl CBHEMOYHOM pajMoJIOKAllMOHHOM anmaparypbl. CHIyTHUKOBBIE pajapbl ¢
cunTe3upoBanHoil ameptypoir (PCA) Sentinel-1 EBpomneiickoro KOCMHYECKOTO areHTCTBA,
BBINOJIHAIOLINE CHEMKY C MOBTOPSIOIUXCS OPOUT C MHTEPBAIOM 12 AHEH, SIBISIOTCS OJHUM
U3 HaumOosee MOAXOIAIINX HMCTOYHUKOB MAHHBIX JUI IeJeid JaHHOW palOoThl. AHamm3
cojepxumMoro  apxuBoB  cHuMmkoB  Sentinel-1 B apxuBe  Copernicus  (cM.
https://scihub.copernicus.eu/dhus/#/home) nokasan, uto 10 Havana utons 2020 r. TeppuTopus
TOII-3 cHuManack TOJIBKO coO ciiyTHUKa Sentinel-1B Ha HucXo/sIIEl YacTH BUTKA CpaBa Mo
XOJly IBUKEHUs C yriioMm o03opa 41[] Kk MecTHO# BepTUKaiIu. B HIOHE TOMONMHUTENHEHO OBLIO
BBIITOJIHEHO HECKOJIBKO ChEMOK CO cilyTHMKa Sentinel 1A B TOH ke reoMeTpuM ChEMKH.
OpOura 3TOr0 CIyTHHKA TaKOBa, YTO MOXHO €ro JaHHbIE KOMOWHUPOBATH C JAHHBIMHU
Sentinel-1B u cocrapnsith uHTEpdepoMeTprUIeCKie Maphl ¢ HHTepBajioM 6 aHeil. Ha cHuMke
Google Earth Ha puc. 1 >xenToif cTpenKol ToKa3aHo HAMPABICHHS MOJIETa CIIyTHUKA, TOTy00H
CTpEJIKOM MOKa3aHO HampaBJieHUE pajapHOW cheMKHU. BerencTBue HabmofeHUs pe3epByapa
NPUMEPHO C BOCTOYHOTO HAIpaBICHHS 3alafHble CTEHKHM pe3epByapoB W HeOOIbIIas
npuseraromas K HUIM 4YacTh MPOMIUIOMIAAKH OKa3bIBalOTCS B paguoTeHH. COOTBETCTBEHHO,
CTOpOHA aBapUHUHOTO pe3epByapa, rie Oblaa yreuka TorimBa (Oemast cTpenka Ha puc. 1), He
BUJIHA.
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Puc. 1. Caumoxk teppuropum TIII-3 u reomerpus cbemku PCA Sentinel-1 na Hucxoasimem
BUTKeE
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ToruiBHBIE pe3epByapsl Ha pHCYHKE 1 — coopyXeHHS UWIMHAPUYECKOH (HOopMBI
quameTpoM 40 M ¢ KOHYCOOOpa3HBIMU KpBIIIaMH, PACIIOIOKEHHbIE Ha paccTossHuM 70 M Ipyr
OT Apyra. YKIOH KpBIII pe3epByapoB He npesbiiaet 20°. PagunonokanmoHHbie H300paxeHus
TaKHux OG’LCKTOB C TJIaAKUMHU B MacmTa6e AJIMHBI BOJIHBI IMOBCPXHOCTAMHU OTIUYAKOTCA OT
INPUBBIYHBIX ONTUYECKUX M300pakeHUd. JIOMUHUPYIOIIUN MeXaHU3M B3aHMMOJCHCTBUS
PaAMOBOJIHBI CO CTEHKOM pe3epByapa — 3€pKallbHOE OTpakeHue. BcenenctBue »TOro
oTpaxkeHHbI Kpbimel curHan PCA He Bo3Bpamaercs k pazaapy. I[loarBep:xknennem
3epKaIbHOTO OTPAKEHHUSI CUTHANA KPBIIIEH B CTOPOHY OT pajapa sBisercs TOT (akT, 4To
nocne nedopManuu Kpbluu 29 Mas pajgapHas CHrHaTypa aBapHilHOrO pes3epByapa HeE
u3MeHmIach. bokoBas cTeHka pesepByapa o0pa3yeT C IOBEPXHOCTHIO MPOMILIOUIAIKA
JIBYTPaHHBIA YroJOK, Onaromapsi 4yeMy B pe3ysbTare ABOWHOTO IMEPEOTPaKEHUS CUTHAT
BO3BpAIllaeTcs K pajgapy (cM. puc.2).

Puc. 2. BzaumoneiicTBie paauoBoJIHbI ¢ KOHCTPYKIIUEH pe3epByapa

OCOOCHHOCTBIO OTpPaKEHHUSI CHUTHAJa »JJIEMEHTAMHU KOHCTPYKIMU YTOJIKa SBIISIETCS
PaBEHCTBO JUIMHBI ITyTH JJS BCEX JIydyel, MaJalolX Ha IPaHu, BCIEICTBUE YETO pe3epByap
BBICOTOHM 1ouTH 20 M BBITJISIIUT Ha H300paXEHUH C pazpemeHrneM 2.3 M 10 TAITbHOCTH SIPKOU
TOUYEYHOM 11eJIbI0, PAcIIONIOKEHHON B BepIIMHE yrojika, B Touke C (cM. pparmMeHT pucyHka B
IIPaBOM BEpXHEM YIiy). MenkomacitaOHble CMEILEHUsI TpaHel yrojka (BEpTUKaJIbHOM — 10
TOPU30HTANIM, a TOPU3OHTAJIBHOM IO BEPTHKAIU) NPUBOAAT K CMEUICHHIO MOJOXKEHUS
BepmHbI C H, COOTBETCTBEHHO, M3MEHEHHUIO PACCTOSHHS 10 pajapa.

[IpencraBnenue o HATMYUHU WIK OTCYTCTBUH IWHAMMKH MOACTUIIAIONICH TOBEPXHOCTH Ha
tepputopun TOL-3 B nmepuox 10 mas — 03 utonst 2020 r. (uaTEepBan 24 AHS), BKIIOYAIONAN
MOMEHT aBapHM, MOXKET OBbITh MOJYYEHO C MOMOIIBI0 MHTEpdeporpaMmbl Ha pHc. 3 cieBa
BBepxy. [lomyroHamu 3/1€ch MepeiaHbl BapHaliuu HHTEpPEepoMeTprudecKoi pazHocTu ¢as ot 0
70 2[], KOTOPBIM COOTBETCTBYIOT PajHajbHbIE CMEIICHHs MOBEPXHOCTH B IHANa30HE 3 CM.
Hwuxe mpuBeneHo cooTBeTcTBYIOlee HHTepdeporpaMme aMmIUIUTYAHOE H300pa’keHue, Ha
KOTOPOM 3€JIEHBIM KpPY>KKOM OOBE/IeHBI 9X0-cUrHaiibl 4 peszepByapoB. Ilonoxenue mpoduis
pazHocTH (a3, MpOoXOJslIero uepe3 Bce 4 pesepByapa € ceBepo-3amaja Ha IOro-BOCTOK,
OTMEUYEHO Ha HHTep(deporpamMme KpacHbIM I[BETOM. B mpaBoil YacTH pUCYHKa BBEpXY
HaxoauTcsa uHTEepdeporpamMmma st 6-THEBHOTO MHTEpBasia MexAy cheMkamu (03-09 uronHs
2020 T.) ¥ COOTBETCTBYIOIEE €W aMITUTYAHOE Hu300paxeHne. OTMEUYEHHBIE 3EJCHBIMHU
KpY’)KKaMHM y4YacCTKM BKJIIOYAIOT MECTa paCIOJIOKEHHUsI pe3epByapoB; KpacHOW JIMHUEH
OTMEYEHO TOJIOKEHUE TPOQUICH I OLUEHKHM BO3MOXKHBIX ITOJBHMXKEK, MPUBEACHHBIX Ha
puc. 4.
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Puc. 3. ®parmenTtsl uHTEpdeporpamMm (BBepxy) u nzodpaxenuii Sentinel-1 (BHu3y) ais
uHTepdepoMeTpudeckux nap 5 mas — 3 urona 2020 r. (caea) u 3-9 nrons 2020 r. (cnpasa)

Jnist uccnenoBaHusl BIUSAHUS UHBIX 3()(PeKToB, HaIprMep, MOPO3HOTO ITydeHHs 3MMON Ha
MOJIOKEHHUE Pe3epBYyapoB, B JIONOJIHEHUE K TassHUIO BEUHOW Mep3JI0Thl B TEIJIOE BpeMs roja,
ObUIM TakXXe MPOAHATM3UPOBAHBI HHTEP(EpOrpaMMbl, MPUXOASIINECS Ha OCEHHE-3UMHHMA
nepuoy 2019-2020 rr. M3mepennsle mnpodunn pa3zHocTH (a3 ObUIM IEepecuuTaHbl B
pasuanbHbIe CMEIIEHHS] OTPaXKAIOMIEH MOBEPXHOCTH, M IONyYEHHBIE MPO(UIH TMOJIBUKEK
MOBEPXHOCTU TPEJCTaBICHb B Buae S5 rpaduxoB Ha puc. 4. OTpe3Kd B HUIKHEH 4YacTH
rpajguka yka3plBalOT IOJIOKEHHE pe3epByapoB. KpacHbIM I[BETOM  MapKHpOBaH
NOBpEXIEHHBIN pe3epByap. Ha rpadukax puc. 4 BUAHO, YTO OTHOCUTEIBHO HaYasa mpoQus,
I1€ B KayecTBE pEMEepHOM TOUKH B3STO TIOJOKEHUE IEPBOr0, MPEINOII0KUTEIBHO,
CTaOMIIBHOTO pe3epByapa, Bce (DIYKTyallld MOJO0KEHHUS OCTAJIbHBIX PE3epPBYapOB, BKIIOUAs
MOBPSXACHHBIA, HAXOIATCA B mpenaerax 2-3 MM Ha BCeX HWHTEpBajgax HaOIIOJCHUSI.
CrnenoBatenbHO, MOpo3HOe myyeHue 3umont 2019-2020 rr. u TasHue nousB B Mae 2020 r. He
NpHUBEJIM K CKOJIb-HUOYZb 3aMETHBIM CMEUIEHUSIM BOCTOYHBIX CTEHOK pe3epBYyapoB U
npuseraromiei K HUIM MOBEPXHOCTH MPOMITIOIA IKH.
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CmelleHne B HanpRaBReHmn Ha CnyTHUK,
C
|

@3] OKT - 12 HOA 2019 30 gek 2019 - 23 aHB 2020
23 AHB - 28 pes 2020 10 masn - 3 nronH 2020
e—3-9 ntoHA 2020 — Pe3epBYapbl
0 BpemAéPaccmﬂHmeB%gm npoduna, m

Puc. 4. IIpoduiu u3MepeHHBIX NOABUKEK, POXoasiiue Yyepe3 pesepByapsl TILL-3

[IpokOMMeHTUpYEM HEKOTOpble Ipyrue JeTald, BHJIMMBIE HAa HHTEpQeporpammax.
JIOMUHHPYIOLINI MEXaHNU3M PACCESIHUSI CUTHAIA OBEPXHOCTBIO IPOM30HBI U OKPECTHOCTEN —
OJlHOKpaTHOe  paccessHue. Okxpykaromias INPOMIUIOIIAAKY  KYCTapHHUKOBas — TyHIpa
JIEMOHCTPUPYET HE OUEHb BBICOKYIO BPEMEHHYIO CTAaOMJIBHOCTh OTPa)KEHUH Ha 24-THEBHOM
MHTEpBAJIC MEXKIY CbEMKaMH, a TOTOMY Ha JIEeBOW MHTEepeporpaMmMe puc. 3 B HIDKHEM JIEBOM
U YacTUYHO B BEPXHEM IIPaBOM BEpPXHEM YINIy pa3HOCTh (a3 cuibHO 3amymieHa. Ha
uHTepdeporpaMme crpaBa ¢ 6-AHEBHOM HMHTEPBAJIOM KOI'€PEHTHOCTb OTPAKEHUN 3aMETHO
BBIIIE, U B COOTBETCTBYIOUIMX YIilaX MHTepHEeporpaMMbl MOKHO HaOJIIOAATh CBETJIbIE MSATHA
— CJIEICTBHE IPOCAJOK BBICHIXAIOIIUX TYHAPOBBIX TJIEEBO-TOP(SIHBIX MOYB Ha 5 MM 3a 6
nHel. Ctpenkoil 1 Ha 3TON MHTEpdeporpaMMe OTMEUEHO MOJIOKEHHE MPOCaT0K MOBEPXHOCTH
Ha MECT€ CKJIaJ0B JJIEMEHTapHON cephl, IUIAKOOTBajla M 3achbllaHHOTO o3epa TymaHHOe.
Crpenka 2 yka3blBaeT Ha MOJOXEHHE OpbI3rajbHbIX 0acceiHOB, B KOTOPBHIX OTPaKEHHBIN
CUTHAJI BOJIHOM MOBEPXHOCTH BO3BpALIAETCS K pajgapy Oigarogaps JBOMHOMY NEepEOTPaKEHUIO
OT BOJIbl U BEPTHKAJIBHBIX TPYOOK, pa3OpbI3rMBaIOIIUX BOY. 3/1€Ch NMOJIBEM YPOBHS BOBI Ha
7 MM 3a 6 THEW MpUBENT K YMEHBIIICHUIO PA3HOCTH (a3 / MOTEeMHEHHUIO Ha UHTep(deporpaMmme.
OcHOBHasi 4acThb TEPPUTOPHM MPOMIUIOUIAIKA JIEMOHCTPUPYET BBICOKYIO CTaOMJIBHOCTH
MOYTH Ha BcexX c(OpMUPOBAHHBIX B paboTe MHTepdeporpaMmax, B OTINYHE OT OKPECTHOM

TYHJIPBI.

BriBOabI

[TonyyenHble pe3yabTaTbl TOBOPAT O TOM, YTO B3aUMHOE IOJIOKEHHE BCEX YETBIPEX
pesepByapoB TOII (MX BOCTOYHBIX CTEHOK) U MPHUJIETAIONIEH K HUM TEPPUTOPUU CTAOUIIBHO B
JyarnasoHe 2-3 MM, B TOM 4YHCJIE€ HAa HMHTEpBAJIE BPEMEHH, OXBATBHIBAIOIIEM aBAPUUHOE
coObiTHe. MOXHO MpPEanoIoXKHUTh, YTO pasrepMeTH3alus pe3epByapa He Obula BbI3BaHA
CMELICHUEM OTPAXKAIOIIKUX IOBEPXHOCTEM M KOHCTPYKUMH Ha Tteppuropun TOILI-3, mo
KpaiiHeil mepe, ¢ ocenn 2019 r.
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