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VCITIOJb30BAHUE KOCMUYECKON
NHO®OPMAIINN O 3EMJIE

MN3YYEHUE PACITPEAEJEHNA 110 PASMEPAM TEPMOKAPCTOBDBIX
O3EP BOCTOYHOM YACTU POCCUINCKOM APKTUKHN HA OCHOBE
COBMEHIEHUNA JAHHBIX CO CHUMKOB SENTINEL-2 1 KAHOIIYC-B
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Cratbs TTOCBSIIEHAa BOIMPOCaM JUCTAHIIMOHHBIX MCCIIeIOBAHUI paclpeieieHUs TEPMOKapCTOBBIX 03€p MO
pa3mMepam Ha TeppUTOPUU BOCTOUHOM YacTu Poccuiickoit Apktuku. MccienoBaHust MpoBeaeHbl Ha apKTH -
yeckux Teppuropusix CeBepo-BocTouHoM (AKyTrs) u YyKoTCKOM TYHAP, MPENCTABISIONINX CPABHUTETBHO
OIHOPOIHbIC TI0 TIPUPOIHBIM CBOMCTBaM 00JIaCTH, Ha3bIBaeMbIC 3[1€Ch AKOpeTMoHaMU. JIMCTaHIIMOHHBIE
KCCIIeA0BaHMS pacTipene/ieHus TEPMOKapCTOBBIX 03€P I10 TUIOLIAASIM ITPOBEIEHBI C UCITOJIb30BAHUEM KOC-
MUYECKMX CHUMKOB c arrnaparoB Kanoryc-B u Sentinel-2 (¢ mpocTpaHCTBeHHBIM paspelieHueM 2.1 1 20 M co-
OTBETCTBEHHO), MOJIYYeHHEIX B JJeTHHE Mecsanbl 2017—2021 rr. JemmdpprupoBaHue o3ep IIPOBEASCHO C MC-
MOJIb30BaHWEM MO3auKU CIIYTHUKOBBIX CHUMKOB Sentinel-2, o6ecrieunBaloliieii oJJHOE MOKPHITHE UCCIIe-
IyeMbIX Tepputopuii, cHUMKOB Kanomyc-B Ha 12 tecToBhix ydactkax u cpeactB QGIS 3.22. Kparko
MU3JIOKEHA METOIMKA MHTeTpaluu (KOMOMHUPOBAaHUS) TaHHBIX co cHUMKOB KaHoryc-B u Sentinel-2 mist
MOCTPOEHMS TPaMKOB CUHTE3UPOBAHHBIX TUCTOTPAMM pacrpeeeHus o3ep o ux pazMepaM. MeTonnka
MO3BOJIMJIA TOJIYYUTh THCTOTPAMMBI pacripeaeeHUs 03ep B OYeHb IIMPOKOM JUaria3oHe UX pa3mMepos ot 50
1o 108 M? B McciIe1OBaHHBIX apKTHYECKIX SKOPETHOHaX. I padbiKH THCTOrpaMM IeMOHCTPUPYIOT CXOTHBIIH
XapakTep MOBeICHUSI B 000MX 9KOPETrMOHAaX, MPOSBIISIONINICI B POCTE YKCIIa 03ep MO MepPe YMEHBILICHUS
nx pazMmepoB. [TokazaHO, YTO OCHOBHOW BKJIaJl B UMCIEHHOCTD 03ep CeBepO-BOCTOUHOM TYHAPHI JAIOT 3HA-
YUTENILHO O0Jiee KPYIHbIE 03epa, yeM B YyKOTCKOM TYHIpE, YTO MOXET CBUIETEIbCTBOBATh O 3HAYUTEb-
HOM pPa3JIMYUM TeOKPUOJIOTUYECKUX YCJIOBUI Ha pa3HbIX apKTUYECKUX TEPPUTOPUSIX BOCTOYHON 4YacTH
Poccuiickoit Apktuku. [IpoBeneHa olieHKa cTeneHu 3a03epeHHOCTU Tepputopuii. [lokazaHo, 4yTo 3a03e-
peHHocTh CeBepo-BOCTOYHOM TYHAPHI B 7 pa3 BhIIIE, YEM Ha MCCIIEIOBAHHBIX TeppUTOpHUSIX YyKOTKU.
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TU4YecKast TYHIIpa, TEPMOKApCTOBLIE 03epa, THCTOTpaMMBI paclpeleIeHIs 03ep IT0 pa3MepaM, 3KOPETUOHBI
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BBEIAEHME

B yciaoBusix coBpeMeHHBIX KIIMMAaTUYEeCKUX U3Me-
HEHMIA 3HAYUTEIbHBIII MHTEpPEC IIPEICTABISIOT BO-
MPOCHI OLIEHKN 0O0BEMOB OMUCCUN MAPHUKOBBIX Tra-
30B C TePPUTOPHIT APKTUIECKON 30HBI KaK MECT
COCpPEeNOTOUYEHUSI TEPMOKAPCTOBBIX 03€P, KOTOPhIE
BCJIEICTBYE NHTEHCUBHOM OMOTE€OXUMUUECKOM aK-
TUBHOCTU SIBJISIFOTCSI MHTEHCUBHBIMHM MCTOYHUKAMU
SMUCCUM MAapHUKOBEIX ra3oB B atMocdepy (Walter,
Smith and Chapin, 2007; Pokrovsky et al., 2011; Hol-
gerson, Raymond, 2016; Serikova et al., 2019). ABns-
SICh HaKOIUTeJIeM 3aKOHCEepBUMPOBAHHOIO yrjiepoaa B
03ePHO-0O0JIOTHBIX KOMITIEKCAaX APKTUKU, BCIEICTBUE
BBICBOOOXICHYSI TAPHUKOBBIX Ta30B MPU MTOTETIJICHUN
KJIMMaTa MEpP3JI0Ta MOXET CTaTh MCTOYHUKOM elle
GOJIBIIIErO MOBHIIIEHNS TeMIepaTyphbl 3¢ MHOM IT0-
BepxHocTH (Zimov et al., 1997).
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MN3BectHo (IToauiuyk u ap., 2015), yTo 0ObEeMBI
SMMCCUU B aTMOC(]epy 03epHOTO MeTaHa U YITIEKIC-
JIOTO Ta3a Ha MCCIeAyeMOIi TepPUTOPUM OIIpEeHesi-
FOTCSI CyMMapHOM TUIOIIAIbIO O3€p Ha 3TOUW TeppUTO-
pun. [ToaTOMY BaXkKHOI C TOYKU 3pEeHUS OLICHKU 00be-
MOB HaKOIUIEHH!sI 03€pHOIO0 MeTaHa paccMaTpUBaeTCs
3a/laya uccjieqoBaHUsI 3aKOHOMEPHOCTEI pacrpee-
JIEHUSI TEpMOKApPCTOBBIX O3€p MO MX pa3MepaM Ha
Pa3IMYHBIX TEPPUTOPUSIX. BBUIY TPyITHOIOCTYITHO-
CTU U BBICOKOI CTEeTIeHU 3a00JIOYEHHOCTU TEPPUTO-
pUM B 30HaX MEP3JIOTHI IS TIOJIyYeHMsI TaKUX JaH-
HBIX B HACTOSIIIEE BPEMSI MCIOJIb3YIOTCS CIIyTHUKO-
BbI€ CHUMKU.

B nocaenHue roapl MpoBeaeHbl AUCTAHIIMOHHBIE
WCCIIEIOBAaHMsI pacipene/icHsT TDIOoIAneii TepMoKap-
CTOBBIX 03ep B COMpPH 1 B HEKOTOPBIX APYTMX CeBEP-
HbIx pernoHax (Kirpotin, Polishchuk and Bryksina,
2009; Karlsson, Lyon and Destouni, 2014; BukTtopoB
u ap., 2017). B GONBIIMHCTBE 3TUX UCCASIOBAHUI UC-
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TTOJTB30BAIMCh KOCMITIECKHE CHIMKH CPEITHETO pa3pe-
mreHus (30 m) Landsat, obecrieurBarolme MHOroOKpaT-
HOE TTOJIHOE TTIOKPBITUE 3eMHOTO 11apa. Ho 3T cHuMKu
He MTO3BOJISTIOT 0OHAPYXXWBATh 03¢pa MaJIbIX pa3Me-
pOB, KOHIIEHTpallusi MeTaHa B KOTOPBIX, COTJIACHO
(Pokrovsky et al., 2011; Holgerson, Raymond, 2016),
6oJiee YeM Ha TOPSIIOK TIPEBBIIITAET ero KOHIIEHTpa-
LU0 B o3epax ¢ pa3zmepamu 6osee 0.1—0.5 ra.

B psime pa6ot, Hanpumep, (Grosse et al., 2008),
ISl WCCIeNOBaHUs pachnpeneieHuii TepMOoKapCcTo-
BBIX 03€p B 30HE MEP3JI0ThI UCIOJIb30BATMCH CHUMKU
BBICOKOTO pa3penieHuss. OmHaKo 3TU CHUMKU W3-
3a MaJjioil MoJIOCHl OXBaTa TEPPUTOPUU OOECIeUm-
BalOT CPaBHUTEJILHO HEOOJIbIIIOE MOKPBITUE HCCIIE-
IyeMOM TeppUTOPUM, YTO MO3BOJSIET UCCIEI0BaTh
pacripefiesieHue o3ep JIMIlb Ha OrpaHUYEHHBIX MO
pasMepaM TePPUTOPUSIX B Mpeneaax TECTOBbIX (KO-
YeBbIX) y4acTKOB. [103TOMYy BO3HMKJIa HEOOXOIUMOCTh
00beAMHEHUS (MHTErpaliun) JaHHbBIX O YUCJIEHHOCTU U
TUTOLIAMISX 03€p, MOJydyaeMbIX Ha UCCIIEAyeMOI TeEppU-
TOPUM T10 CITyTHUKOBBIM CHUMKaM Pa3IMYHOro (Cpe-
HEro, BLICOKOTO U CBEPXBbICOKOTO) IMTPOCTPAHCTBEHHO-
rO pa3pelieHusl.

B (ITonuiyk u ap., 2018) pazpaboraHa MeToAuKa
WHTErpaluy TaHHBIX CO CIIYTHUKOB pa3HOTO paspe-
IIEHUS UISI IIOCTPOCHUSI THUCTOTpaMM pacIipeaesie-
HUS 03€p B OYE€Hb IIIMPOKOM JIMAara3oHe pa3MepoOB,
BKJIFOYasi U Mmajible o3epa. C UCIOJIb30BAaHUEM 3TOM
METOIMKH MOJyIeHEI OLIEHKHY 3alacoB MeTaHa U yI-
JIEKMCJIOTO ra3a B TepMOKapCTOBBIX O3epax Ha Teppu-
TOPUSIX KpUOAUTO30HK! 3anaaHoii Cubupu (Polish-
chuk et al., 2018) u ceBepo-BocToka EBpomneiickoii ya-
ctu Poccuiickoit Apktuku (Zabelina et al., 2020).
OpnHako mosiydeHre OOOCHOBAaHHBIX OIIEHOK 3aracoB
MMapHUKOBEIX Ta30B B TEPMOKAPCTOBBIX 03€pax Ha 00-
IIMPHOM TEPPUTOPUU BOCTOYHOMN yacT Poccuiickoit
ApKTUKHU, TUIOIIAAb TEPPUTOPUU KOTOPOM B He-
CKOJIBKO Pa3 MPEeBbIIIAET IUIOIIAIb AapDKTUIECKOMI 30~
HBI 3amagHoit CuOupu, HEBO3MOXKHO M3-3a OTCYT-
CTBUSI B HACTOSIIIIEe BpeMsl 3HAaHUI O paclpeaeIeHUN
03ep Ha yKa3aHHOI TeppUTOPUN.

IIpoBeneHHBIE B HacToOsilliee BpeMsl McCliefoBa-
HUS paclpeneseHus: o3ep B BOCTOUHOM yactu Poc-
cuiickoit Apktuku, Hanpumep, (BukrtopoB u np.,
2017), BBIIOJIHEHBI Ha OTAEIBbHBIX OrpaHUYEHHBIX IO
pasMepaM KIIIOUEBBIX (TECTOBBIX) YYaCTKax ¢ HMCIIOJIb-
30BaHUMEeM B OOJIBIIMHCTBE CJy4yaeB CITYTHUKOBBIX
CHMMKOB cpenHero paspetreHus. B (Grosse et al., 2008)
MpeAcTaBieHbl TpaduKu pacrpeneyeHus: ynucia o3ep
MO TUIOLIAASIM, TTOJYYeHHbIC MO CHHUMKAaM BBICOKOTO
pa3pelieHusl Jullb IS HECKOJIbKUX TeCTOBBIX y4acT-
KOB, PACITOJIOKEeHHBIX B BocTouHoit Crbupu BOIM3H
OeperoBoii rpaHulibl JlegoBuToro okeaHa. B ¢Bsi3u ¢
9TUM pPe3yJbTaTbl 3TUX UCCJIEIOBaHUN HE MOTYT B
MOJIHOU Mepe OTpaxkaTh 3aKOHOMEPHOCTH pacrpese-
JICHUSI 03€p Ha OOIIMPHOU KOHTUHEHTAJILHOM TEppU-
TOPUU MHOTOJIETHE! Mep3JIoThbl B BOCTOYHOI YacTu
Poccuiickoit ApKTHUKHM, 9TO TpeOyeT IIPOBEICHMS MC-
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cJIeOBaHUI pacIipelesieHusI 03ep Ha BCeil TeppUTO-
pVU UCCJIETOBaHUI C UCITOIb30BaHMEM KOMOMHAIIMU
CHUMKOB CPEIHEro U BLICOKOTO pa3pelleHus.

B cBsi3u ¢ TUM 11e1bI0 JAaHHOI pabOThI SBJSIETCS
9KCMHEPUMEHTAILHOE N3yUYEeHE PACIIPEaeICHUS YnC-
JICHHOCTU 03€p MO pa3MepaM Ha BOCTOUHBIX apKTU-
yeckux tepputopusix Poccun — B CeBepo-BoCTOU-
Hol (AxyTtusi) u YUykKOoTCKOI TYHApax — MO CIyTHU-
KOBBIM CHMMKaM pa3HOro paspelieHus Sentinel-2 u
Kanormyc-B.

JAHHBIE 1 METO/1bl UCCIIEJOBAHWA

Hccnenyemast Tepputopusi uiomanbio 557872 kM
nmpocTtupaeTrcs: npuMepHo Ha 2500 KM ¢ 3arnaaa Ha BO-
ctok 1 500 kM ¢ ceBepa Ha or. CornacHo (KoTnsikoB
u ap., 2020), TeppuTopus pacriojaraercs B 30He apK-
TUYECKOIO KJIIMMaTU4eCcKoro nosica. CpemHsIst TeMIIe-
patypa B stHBape usMeHsietcst oT —16°C (YykoTka) o
—30°C (CeBepnas fAxytus). CpenHsas teMnepaTypa
utofist usMeHsiercst ot 2 1o 10°C. Ha Tepputopuun uc-
cJIeOBaHUS IMMPOKO PACIIPOCTPAaHEHBI MHOTOJET-
HeMep3Jible TTOPOoMAbl, TOCTUTAIOIINE HAa CEBEPO-BO-
croke Axkyruu Haubombiei (1o 500 M) MOIIHOCTHU
pu IoCTOgHHOU Temmeparype —10°C u cpaBHU-
TessbHO TOHKOM (0T 30 1o 100 cM) ctoe ce30HHOTO TIpo-
TauBaHUs. TeppUTOPUS TTOACTUIACTCS HEIIPEPHIB-
HOM BEYHOU MEep3JI0TOI, CpeaHeroaoBas TeMIepa-
Typa ITPyHTOB KOTOpOii, o gaHHbIM (KoTisikos u np.,
2020), n3amensiercs B npenenax or —3 mo —7°C. T'ogo-
Basi cyMMa ocagkoB KoJieoiercsa ot 150 mo 500 mm
(CamoiinioBa u ap., 2019). B (KpaBuosa, bricTpoBa,
2009) Ha ocHOBe TreoMop(dOIOrMYecKOro aHajusa
KPHOJINTO30HA BOCTOUHOM yactn Poccmitckoilt Apk-
TUKM OTHECEHA K YMCJIy palfiOHOB C ITOBCEMECTHBIM
pacrpocTpaHEeHHEM TEePMOKapCTOBBLIX o3ep. Takue
03epa XapaKTepU3yIOTCs YPe3BbIYATHO IITMPOKUM I1a-
[Ma30HOM M3MEHEHMII X Pa3MEpPOB — OT €IUHULL M’
IO MECITKOB KM2.

2

Hccnenyemast TeppuTopusi, pacIioioXXeHe KOTO-
poil moka3aHo Ha puc. 1, ObLIa pasaesaeHa Ha IBa
CPaBHUTEIHLHO OMHOPOMHBLIX IO JIAHMIIA(PTHBEIM U
T€OKPHOJIOTUYECKUM CBOMCTBAM 00JIacTH, Ha3bIBae-
MbIe Jajiee B cootBeTcTBUM ¢ (Olson et al., 2001) apkTu-
YEeCKMMM 3KOPETMOHAMU: CEBEpPO-BOCTOYHASI TYHApa
(CBT) u uykorckas tynapa (UT). Ha puc. 1 B cooT-
BeTcTBUU C (Olson et al., 2001) moka3aHbl TPaHUILIbI
HCCJIETOBAaHHBIX 9KOPETUOHOB.

DKCIIepUMEHTaJbHOE M3YYeHUE pacHpeaesIeHUs
IUIOIIAE TEepPMOKAPCTOBBIX 03€p IPOBEICHO C MC-
IOJIb30BaHEM KOCMHUYECKMX CHUMKOB BBICOKOI'O pa3-
pemennst Kanoryc-B (pa3pemenue 2.1 M) 1 CHUMKOB
Sentinel-2 cpenHero paspeumeHus (20 M), HoJIy4eH-
HBIX B JieTHUue Mecaubl 2017—2021 rr. Bce cHUMKU
OBLT OTOOPAHBI B HOBOJBHO KOPOTKUIA TIEPUOL, JIET-
HEero ce3oHa (KOHELl UIOHS—AaBryCT), YTOObl MUHU-
MU3UPOBATh BIUSHUE CE30HHBIX KOJIeOaHUiT yPOBHS
BOJIBI B 03epax. B aToT nmepuon o3epa mpakTUIeCcKu CBO-
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Puc. 1. Tepputopus uccieqoBaHuil B BOCTOYHOM yacTu Poccuiickoit ApKTUKY ¢ 0003HaY€HHBIMU FPAaHULIAMU ABYX apKTHYE-

CKHX 3KOPETUOHOB.

OOIHBI OT JIEAOBOIO MOKPOBA, 3aTPYIHSIOLIETO BhIIe-
JIEHUE 03ep B Ipoliecce AeMpUpoBaHus CHUMKOB.
O06paboTKa KOCMUYECKMUX CHUMKOB, IIPOBENEHHAST C
KCIOJIb30BaHMEM CTaHAAPTHBIX CPENCTB reOnHMOp-
MauuoHHo# cuctembl QGIS 3.22, 6b11a HanpaBjeHa
Ha ITOJydeHUe TaHHBIX O YMCJIE U IJIOLIAAsIX 03ep C
CYILIECTBEHHO pa3IMYaONINMUCI pa3MepaMH C lie-
JIbI0 (POPMUPOBAHUSI TUCTOTPAMM pacIlipencacHUs
03ep B IIMPOKOM AUAaIla30He Pa3MEpOB.

g mocTpoeHUs THUCTOrpaMM paclipelesIeHUs
03ep o pazMepaM B UCCEAYEeMbIX apKTUYECKUX KO-
pernoHax CeBepo-BoCTOUHON M UyKOTCKO#l TyHIp
HaMU MCIIOJIb30Bajlach METOAUKA MHTETpallMy JaH-
HBIX O YMCJIEHHOCTH U TUIOLIAASX 03€P, ITOJIyYEHHBIX
[0 CHUMKaM Pa3IMYHOTO pa3pelleHUs, KOTopask OIH-
cana B (ITomumryk u gp., 2018) 1 BBIIOIHSIETCS B BUIIE
MocJenoBaTeIbHOCTY TpeX 3TanoB. Janee nanum Kpat-
KO€ U3JIOKEHUE 3TOM METOTUKH.

Ha 1-oM 3Tane BbINTOJTHEHUS] METOAUKMU JJ151 TOJTY-
YeHUSI TIEPBOM UCXOMHOM Ir'MCTOrpaMMBbl paciipeelie-
HUSI 03€p CPaBHUTEIBHO OOJBIINX pPa3MEpOB IS
HauOoJiee TOJIHOrO y4yeTa O03€p B BOCTOUHOI 4acTu
Poccuiickoii ApKTHMKM ObLIa COCTaBJI€HAa MO3anKa
cHuMKoB Sentinel-2 3a mepuon 2017—2021 rr., ¢ uc-
MMOJIb30BaHUEM KOTOPOIi ObLIM OIIpeAeIeHbI YMCICH-
HOCTh M CyMMapHasi TUIOlIaAb BCEX 03ep, KOTOphIe
nemm¢pupoBaHbl Ha CHMMKax Sentinel-2. MuHwu-
MaJjibHBIIA pa3Mep BBIACISIEMBbIX Ha CHUMKax 03ep
ObL1 BbIOpaH paBHbIM 2 X 103 M2, COOTBETCTBYIOLIMIA
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pazMepy miomagd 5 IMUMKCeei, YTO MO3BOISET J0-
CTaTOYHO JOCTOBEPHO BBIICISITh BOAOEMBI HA CHUMKE.
Hcnionp3oBanuch CHUMKHU Sentinel-2 ¢ BBITIOJIHEHHOM
arMocdepHoit Koppekiiueil (ypoBeHb 00padboTku L2A)
U TIPOCTPAHCTBEHHBIM pazpenreHuem 20 M. Onpene-
JIEHUE 03ep Ha CHUMKAaX IIPOU3BOIUIIOCH C IPUMEHE-
HueM uHIekca Automated Water Extraction Index
(AWEI), ucronn3yiomero KOMOMHALIMIO CIIEKTPallb-
HbIX KaHasioB Buaumoro (B02, B03) u uadgpakpacHoro
(BSA, Bl11, B12) nuanazonoB. B pe3ynbrare 00paboTKu
MO3anK1 KOCMHUYECKMX CHUMKOB Sentinel-2 cpeacTa-
mu QGIS 3.22 6N Noy4YeHBI BEKTOPHBIE CJIOU Tep-
MOKapCTOBBIX 03€p Ha TEPPUTOPUMU BOCTOUYHOI YacTu
Poccuiickoit ApKTHUKHU, MO3BOJUBIINE ONMPEACIUTh
YUCIIO Y TUTOLLAIM Beex o3ep KpymnHee 2 X 103 M2, 1o-
JIydeHHbIE TaHHBIE O YKCJIe O3eP Ha UCCIEAYEeMOM Tep-
puTOpUH, pacrpeneieHHble B cooTBeTcTBUM ¢ (ITomu-
LIyK U ap., 2018) Mo yacTUYHBIM MHTEpBaaM ILUIOIIA-
JIeil B 1orapruMUIeCKOM MaclluTade, IpeacTaBlIeHbl B
BUZIE TIEPBOiI1 UICXOMHOM TUCTOTPAMMBI PACIIPEACICHUS
rwrouaneii osep ¢ pasmepamu ot 2 < 10° go 108 m2.

Ha 2-om sTame mpeaycMOTpeHO MOJIydyeHHue MO
CHMMKaM BBICOKOTO paspelieHusi KaHomyc-B BTO-
PO MCXOHOM TMCTOrpaMMBbl, BKIIIOUAIOLIEN U 03epa
MaJIbIX pa3MepoB, He OOHapyXK1MBaeMBbIX 110 CHUMKaM
Sentinel-2. Ha aToM 3Tarie mis HOoIydeHUS TaHHBIX T~
CTaHIIMOHHOTO MCCJIENOBaHUST UCTIOIb30BAJICS METOI
TECTOBBIX (K/IIOYEBBIX) ydacTKoB. OOpaboTKa 3THX
CHUMKOB TIpoBommiiack cpeactBamMu QGIS 3.22 Ha
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Taomuna 1. OGOwIas xapakTepucTUKa MPOBENEHHBIX HC-
cJenoBaHUii 03ep B pa3HbIX IKOPErnoHax

IMokazaresnb CBT yT
T101a b 9KOPErMoHa, KM2 249144 | 308728
Yuciao TY na canmkax Kanormyc-B 8 4
KomuuectBo o3ep 1o naHHbIM Sentinel-2| 569733 | 1105470
CyMMapHast IO 03ep, KM> 29307 | 4685
CreneHb 32036 peHHOCTHI 0.122 0.018
KoadduimeHT sKkcTpanosimn 400 298

cueHax B rpaHuiax 12 tectoBbix ydyactkoB (TY), uncio
KOTOPBIX B UCCIICAOBAHHBIX 9KOPETUOHAX TIPUBEICHO B
Tab. 1. BeiOpaHHBIE TECTOBBIC YYaCTKM MMEJIM IIPH-
OM3UTETEHO ONMHAKOBEIE pa3Mepbl okoio 3000 ra.

TecToBble y4acTKU BBIOMpAIMCh HAMU, KaK TTPU-
HSITO B IIOJIOOHBIX MICCIICTOBAHMUSIX, B MECTaX CKOILIE-
HUSI TEPMOKAPCTOBBIX 03€p, TO €CTh B 30HAX, TIe Cy-
ILIECTBYIOT YCJIOBUS ISl (pOPMUPOBAHUS OYArOB TEP-
MOKAapPCTOBBIX IIpolieccoB. Ha puc. 2 mpencraBiieHbI
IJIsI WLTIOCTpaluuu (PparMeHThl CHUMKOB TEPPUTO-
pun YyKOTCKOM TYHAPHI C MOKa3aHHBIMU HA HUX I'pa-
HHUIIAMU TECTOBBIX YYacCTKOB. 3aMeTHUM, 4YTO TECTO-
BbIE€ YYACTKM JOCTATOYHO PAaBHOMEPHO ITOKPBIBAIOT
TeppuTopuio ucciegopanuii B CBT, uto He ynanock
MOJHOCTBIO obecrieuynTh Ha Tepputopun YT BBUILY
OTrpaHNYECHHOCTH OObeMa 0e300J1aUHBIX CHHMKOB
Kanomnyc-B uccnenyemoii repputopun. OgHako 3TOT
HEOOCTATOK B HaIlleM cllydae KOMIICHCHUPYETCS ITy-
TeM IOJIHOTO TTOKPBITUS TeppuTopuu YT cHUMKaMu
Sentinel-2, comepxXamux Takxke U MHQOpMAIIUIO 00
o3epax CpeaHUX pa3MepoB.

I1pu mocTpoeHun Ha 2-0M 3Talle OPYroil MCXOom-
HOM TMCTOrpaMMbl pacipeaeaeHus TUIolaneii o3ep,
BO3HMKAET BaXKHbIM METOTUYECKUI BOIIPOC pacIpo-

CTpaHEeHUs] TaHHBIX, TTOJIYIEeHHBIX IT0 cHUMKaM Ka-
Homyc-B Ha OTIeNbHBIX TECTOBBIX yUyacTKax, Ha BCIO
HUCCIeyeMy1o TEPPUTOPUIO OTAEILHOTO 9KOPETMOHA.
Hitxe KpaTKo M37103KMM OCHOBHYIO UJIEI0 OObEIHE -
HUs (MHTEerpalun) JaHHBIX O pacIpeaeieHUuM 03ep,
MOJIyYEHHBIX TT0 CHUMKaM pa3HOro paspelieHus, mo-
JIO>KEHHYIO B OCHOBY UCITOIb30BaHHOM MeTomuku (ITo-
JIMIIYK U 1p., 2018). Tak kak cymMMapHbIe YKciia 03ep
B MHTEpBaJlax MepBOil UCXOMHON TMCTOrpaMMBbl OITpe-
JIEJISTIOTCSI TI0 MO3anKe CHUMKOB Sentinel-2, OymeM pac-
CMaTpuBaTh 3TY 3HAYCHUsI KaK UCTUHHBIC. ByneM Tak-
JKe MpearnojaraTb, YTO COOTHOIICHUST MEXIY YMCIIOM
MaJTBIX 03€P 1 YMCJIOM 03€p C pa3MepaMu, OTIpeaes-
IOIIMMUCS B AVarnia3oHe MepeKpPhIBAIOIINXCS MHTEP-
BaJIOB ABYX MCXOAHBIX TUCTOTPAMM, OJMHAKOBBI KaK
B IIpeiesiaX TECTOBBIX YYaCTKOB, TaK U Ha BCel TeppHr-
TOPUH UCCIIETOBAHUSI.

C ydeToM BbIllIe MU3JIOXKEHHOIO TIPeaCcTaBJIsIeTCs
JIOTUIHBIM MTOTpPeOOBaTh, YTOOLI B MHTEPBAJIax B 00-
JIACTU TIEPEKPBITUSI ABYX MCXOOHBIX THMCTOTpaMM K
9TUM 3HaAYEHUSIM ObUIU Obl OJIM3KY (B CpEmHEM) BKC-
TparnojupyeMble Ha BCIO TEPPUTOPHUIO IKOPETMOHA
3HaYeHUsI CyMMapHOTo (MO0 BCEM TECTOBBIM YYacT-
KaM) 4yuciia o3ep B COBIaAAIONIMX MHTEpBaJIaX TMCTO-
TpaMMBI, onpeaeiisieMoro nmo cHnMkaM Kanoryc-B.
IMToaToMy 3KCTpanoiMpoBaHHbIE 3HAYSHMST UM CIIA 03eP
B YaCTUYHBIX MHTEpBajgaX r'MCTOrpaMMbl MOTYT OBITh
MOJly4YEHbl YMHOXEHUEM W3MEPEHHBIX MO CHUMKaM
Kanomyc-B 3HaueHuit cyMMapHOTo YKcia 03ep Ha BCEX
TECTOBBIX yYacCTKaX OTIEJIbHOTO 3KOpernoHa Ha Koa(d-
(GUIIMEeHT BKCTpanoisiiiu, ONpeaesieMblii B BUIE:

k=13 (%)

P\
e N; U n; — 9UCIIO BKCIIEPUMEHTATBLHO OTIpeIesieH-
HBIX 03ep 1Mo cHMMKaMm Sentinel-2 nu Kanomyc-B co-
OTBETCTBEHHO B KaXIIOM i-OM MHTEpBaJie B 001acTU

Puc. 2. ®parmeHTH KOcMUUecknx cHUMKOB Kanomyc-B teppuropun Yykorckoit TyHaps 09.08.2014 (a) u 22.08.2014 (6) ¢
0603HaYeHHBIMY TPAHNUILIAMYU TECTOBBIX YIaCTKOB.
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MIEPEKPHITUSI TUCTOrpaMM, [ — HOMEp MHTepBajia B
00J1aCTH MEPEKPBITUS, p — YUCIIO TIEPEKPHIBAIOIINX-
CSI UHTEPBAJIOB.

B HamreMm ciaydae MCXogHbIE TUCTOTPAMMEBI IMeE-
0T 00J1aCTh MEPEKPHITUSA (HAJOXEHUSI) MHTEpBa-
JIOB IIIUPUHOM B 8 MHTEepBaJOB B AUAMa30HE IJI0-
wazgeii 2 X 103—10° M2, T0 ecTb p = 8 W1 O6OUX UC-
CJIEJOBAaHHBIX 3KOPETMOHOB, a COOTBETCTBYIOIIUE
BEJIMUYMHBLI KO3 PHUIMeHTa >KCTpanmoassiuum K mis
pa3HbIX 3KOPETrMOHOB MpuBeAcHbI B Tabiu. 1. IMomy-
YeHHBIE TAKMM 00pa30M pacyeTHbIE (SKCTPAIOINPO-
BaHHbIEC) BEJIMYMHBI CYMMAapHOTO YMCJIAa 03ep B KaxK-
JIOM MHTepBaJjie TUCTOrpaMMBbI OYIYyT OTHOCUTBHCS KO
BCEM TEPPUTOPUU OTIAEIBHOIO UCCIIEAYEMOTO SKOpe-
TMOHA Y TI03BOJISTIOT C(pOpMUPOBATH IJIsI 3TOTO KO-
perMoHa 3KCTPamnoJMpOBaHHYIO TUCTOIpaMMy pac-
npeaeaeHus o3ep mo cHuMkam Kanonyc-B kak pe-
3YJILTAT BBITOJTHEHUS BTOPOTO 3Tara. AHAIOTUYHBIM
o0pa3zoM (hopMUPYIOTCS SKCTPATIOJIUPOBAHHEIE TaH-
HbIe JJIsl TUCTOTpaMMBbI o cHuMKaM Kanomyc-B u
JJIsI APYTOro 3KOperuoHa.

Ha 3-em 3axkimiouuTelbHOM 3Tame cO3maeTcsl Ha
OCHOBE 00BEeAWHEHUS (CMHTE3a) ABYX T'MCTOIpaMM,
MMOJIYyYeHHBIX Ha MPEOBIOYyIINX 3Tarnax, UHTeTPUPO-
BaHHAas (CMHTEe3MPpOBaHHasl ) TUCTOrpaMMa pacipeae-
JIEHU s TUIOIIaAeii 03ep B OYEHbB IIIMPOKOM Araria3oHe
MX pa3MepoB, BKIIIOYas 1 Majble o3epa. CHHTE3UpPO-
BaHHAas TUCTOrpaMMa pacIipeeeHus IUIOLIAaeii o3ep
MOJTyYaeTcsl Ha OCHOBE “CIIMBAHMSI” IBYX YKa3aHHBIX
TMCTOTpaMM B TOYKE, COOTBETCTBYIOIICH 3HAYCHUIO
wiowmwany 2 X 103. [TorydeHHBIE B pe3y/IbTaTe TAKOTO
“cmmBaHug” Ha 3-M 3Tare CMHTE3MpPOBaHHBIE TH-
CTOrpaMMBbI JIJIST KaXKAOTO M3 UCCIIETOBAaHHBIX 9KOpe-
TMOHOB OyIyT MPEACTABIISTh paclpeaeiieHue 03ep B
IIMPOKOM OHarna3oHe M3MEHEHUS VIO 03ep OT
50 mo 10® m2. [pu 3TOM B MHTEpBaJIax IUIOIIALEH TH-
crtorpamMm MeHee 2 X 103 KCIoNb3yI0TCS SKCTPaIionmn-
poBaHHBIC JaHHBIe cO cHUMKOB Kanoryc-B, a B nH-
TepBasax 6oisee 2 X 10° — u3MepeHHBIE JTaHHBIE CO
cHUMKOB Sentinel-2. bosiee moapoOHO Impoleaypa
“clIImMBaHus” TUCTOIpaMM OIlMCaHa W HPOUJLIIO-
crpupoBaHa rpadudecku B (Iloauimyk u op., 2018).

PE3VIIBTATHI 1 OBCYXKIEHUNE

OO011ast xapakTepuCTUKa MOTYyYeHHBIX pe3ybTa-
TOB U IIPOBEASHHBIX UCCASA0BAHUI Ha TEPPUTOPUIX
IIBYX apKTUYECKMX 3KOPETMOHOB maHa B Tabm. 1. B
TabJs. 1 mpuHATH ciienytoiine obo3zHaueHus: CBT —
Cesepo-BocrouHas tyHapa; YT — Yykorckast TyH[I-
pa. CterieHb 3a03€epEHHOCTHU ONpeIe/siach Kak OT-
HOIIIEHHWE CYMMAapHOI IIOIIaA1 03€p Ha OoIpeaeieH-
HOW TEpPUTOPUH K TIJTOLIAaN 3TOM Tepputopun. Kak
ciienyeT U3 Taba. 1, cTeneHb 3a03€pEHHOCTH U CYyM-
MapHas Turomanb o3ep Ha Teppurtopun CBT B He-
CKOJIBKO pa3 Bbllle, yem B UT.

Hna uccnemoBaHUs 3aBMCUMOCTHA YUCIEHHOCTHU
03€ep OT X pPa3MEPOB Ha PUC. 3 IMPEACTABIEHO CEME-
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CTBO rpadMKOB TMCTOTPaMM pacIpeeicHUs YKcia
TEPMOKAPCTOBBIX 03ep 110 MHTEpBajaM MX pa3MepOB
Ha TEPPUTOPUSIX UCCICAOBAHHBIX BOCTOYHEIX YKOPEe-
rnoHoB. Kak BunHO n3 puc. 3, rpadmKnu IeMOHCTPH -
PYIOT CXOIHBIM B 00ILIeM XapaKTep MOBeIeHUS, KOTO-
pbBIii IPOSIBIISICTCS B YBEJIMYSHUN YMCICHHOCTHU 03€p
C YMEHBIIIEHEM HMX pa3MEpOB Ha TEPPUTOPUU BCeX
HUCCIEIYEeMBIX 3KOpernoHoB. OgHako TrpaduKu TH-
CTOTpaMM JJIsI pa3HbIX 3KOPETHUOHOB IIPOSIBIISIIOT MH-
IUBUAYyaJIbHBIE OCOOEHHOCTH. [IJIsT paccMOTpeHUs
3TUX OCOOEHHOCTEH BBIASIMM Ha OCHU aOCIIMCC TPU
JIrara3oHa pa3MepoB 03ep:

1 — menee 103 M2 (0.1 ra) — Masble 03epa;
2 —or 10° go 10° M? — cpegHuE IO pa3MepaM 03epa;
3 — 60nee 10° M2 (10 ra) — GonblIME 03€PAa.

B nnanazone 60JbIINX 03€p, KaK BUIHO U3 pUC. 3,
rpacMKd TUCTOTpaMM ITIOKa3bIBAIOT CYIIIECTBEHHbIE
pazyinyus B YKUCJIE 03€p B OAHUX U TeX K& MHTepBajiax
momaneii ozep. OTMeTUM, 4TO B AMAIIa30HE OOJIb-
mux o3ep B CBT 1o cpaBHeHMIO ¢ 3koperuoHom YT
MpEeBBIIIEHNE YMcia 03ep B COBIAIAIONIMX MHTEPBA-
Jlax UX TUIOIIAAEN COCTaBIsIET OT HECKOJIBKUX 10 Jie-
csITKa pa3 1 0ojiee. ITO MOXKHO MHTEPIPETUPOBATh KaK
MposiBJieHWe OoJjiee CYIIEeCTBEHHOTO BKJIaaa OOJIbIINX
03€p B TUCTOrpaMMy paclpeaesIeHus 03ep Mo pa3me-
pam B CBT 1o cpaBHeHwuto ¢ UT. CinenoBatenbHO, HA
tepputopuun CBT cyiiectBeHHO npeo0/1anamT 00J1b-
e o3epa 1o cpaBHeHMIo ¢ UYT.

B nmnama3zoHe ManibIx o3ep rpaduKu IJIsT 000UX
9KOPETMOHOB, KaK U B cy4yae ¢ IMarna3oHoOM 0O0Jib-
LIUX 03€P, TAKXKE 3HAYUTEJIbHO Pa3InyaroTCs 10 YuC-
Jiy o3ep. OJIHAKO B TOM JMaIa30HEe MO CPABHEHMUIO C
JIMarna3oHoM OOJIBbIIMX 03ep HAOII0IaeTCsl TPOTUBO-
MOJIOXKHASI TEHACHIIMS: YnuciieHHOCTh o3ep YT B He-
CKOJBKO pa3 npesrimaeT yucio o3ep CBT B coBma-
JalolIMX MHTepBajax uX IUIolaaeii. DTOT pe3yabTar
MOXHO WHTEpNpPEeTUpPOBaTh KakK MpOsiBieHUEe Oosee
CYIIECTBEHHOTO BKJIaJia MaJIbIX 03€p B OOIIYIO YuC-
sgeHHocTh 03ep YT mo cpaBHeHuto ¢ CBT. CnenoBa-
tebHO, Ha Tepputopuu YT mo cpaBHeHuio ¢ CBT
npeoodJaaaT Majible 03epa.

B nuamazoHe mpoMeXyTOUYHBIX 3HAYEHUIT pa3Me-
POB 03ep, 0003HaYeHHOM LI poii 2 Ha puc. 3, u3Me-
HEHMSs 9Kcia 03ep cinabee 3aBUCAT OT U3MEHEHUS X
pa3MepoB, yeM B guana3zoHax 1 mmu 3. M pa3zopoc Be-
JIMUMH YKrciia o3ep Ha TpadrKax rucTorpaMm Jjisl pas-
HBIX 3KOPETMOHOB CTAHOBUTCSI MEHEe CYIIIECTBEHHBIM,
Mo KpaifHeil Mepe, TT0 CpaBHEHMIO C pa30pOCOM B Tra-
MmazoHe OOJbILIMX O3ep. 3aMeTUM, YTO B Juara3oHe
IIPOMEXYTOYHBIX 3HAYCHUIA pa3MepoOB 03ep Ha Tep-
putopnu CBT, kak n B amamasoHe 3, mpeo0iagaioT
o3epa 0obIuX 1Mo cpaBHeHUIO ¢ YT pa3Mepos.

3AKJIFTOYEHHME

B nopsinke o6cyXneHUsT MOMydYeHHbIX pe3yibTa-
TOB 3aMETUM, YTO 3a03epeHHOCTh TeppuTopuu CBT,
O JaHHBIM Tab. 1, B 7 pa3 6oJiblle, 9eM B 9KOpETH-
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Puc. 3. [ucTorpamMMbl pacripeneeHusI 9Y1cia TEPMOKaPCTOBBIX 03€p 110 MHTEepBajaM UX pa3MepOB Ha TEPPUTOPHUSIX IBYX UC-
CJIeIOBAHHBIX 9KOPETMOHOB BOCTOUHOI yacTu Poccuiickoii ApKTUKM Ha ocHOBe cHUMKOB KaHomyc-B u Sentinel-2. ITony-
XUpHBIMU udpamu I, 2u 3 0003HAYCHBI XapaKTepHbIe TMAa30HbEI pa3MepOB 03ep.

oe UT. Hecmotpst Ha 31O, TpadmUK THCTOrpaMMBI
pacnpeneiaeHusa yucna o3ep B CBT no Buny npakTu-
YEeCKM He OoTJIMyaercsl OT rpaduka rucTtorpaMMmbl Ha
tepputopun YT, 4To MO3BOJISIET cAeAaTh BIBOI 00 OT-
HOCUTEJIbHON OTHOPOIHOCTU CTAaTUCTUUECKON CTPYK-
TYpbl MOJIE TEPMOKApPCTOBBIX 03€p B apKTUYECKOI
TYHIApPE BOCTOUYHBIX TeppuTopuili Poccuiickoii Apk-
tuku. OOpailaeT Ha cebs BHUMaHUE, MO JaHHBIM
puc. 3, 4TO MakKCUMaJbHbI€ BEJIUYUHBI CYMMapHBIX
rionianeit ozep B CBT B nuamazoHe OOMbIINX O3€p
MPUOJIM3UTEIFHO Ha MOPSIIOK MPEBILIAIOT aHAJIOTMY-
Hele 3HadeHus B YT. CnemoBaTenbHO, 3HAYUTEIBLHO
OoJiee KpyIHBbIE 03epa IaloT OCHOBHOM BKJIaa B CyM-
MapHyIo Tuioiaab o3ep CeBepo-BOCTOYHOM TYHAPHI MO
cpaBHeHMIO ¢ YyKOTCKOIT TYHOpOIL. DTO MOXET OBITh
pe3yJIbTaTOM Pa3UUUil TE€OKPUOJIOTUYECKUX CBOWCTB
paccMaTpMBaEMbIX apKTUUECKUX TEPPUTOPUIT BO-
cTOouHOIT yactu Poccuiickoit ApKTUKM.

Kak 6bu10 0OTMEUeHO paHee, 00beM HAKOILICHUS
MapHUKOBBIX Ta30B B TEPMOKApPCTOBBIX O3epax MC-
cleayemMoit Tepputopuu, cornacHo (IToaumyxk u np.,
2015), mporopuroHaJIeH CYMMapHOM TIJIOILIAAU 03ep
Ha 3TOI TEPPUTOPUU. DTO MO3BOJISIET HA OCHOBE U3-
JIOXKCHHBIX BBIIIIE Pe3yJIbTaTOB aHaIM3a rpauKOB Ha
puc. 3 cnenaTh BaXKHBIM BBIBOI O 3HAYUTEIBHO Tpe-
BBINIAIOIINX OObeMax HAKOIUIEHUS MeTaHa U YTIJie-
KHCJIOTO Ta3a B o3epax CeBepo-BOCTOUHOM TYHIPHI
MO CpaBHEHMIO ¢ 03epaMu YyKOTCKO# TYHIPHI.
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Study of Thermokarst Lake Size Distribution in the Eastern Part
of the Russian Arctic Based on Combining Sentinel-2 and Kanopus-V Images

I. N. Muratov!, O. A. Baysalyamova', and Y. M. Polishchuk!

!Ugra Research Institute of Information Technologies, Khanty-Mansiysk, Russia

The article is devoted to the issues of remote studies of the size distribution of thermokarst lakes in the terri-
tory of the eastern part of the Russian Arctic. The studies were carried out in the Arctic territories of the
Northeastern (Yakutia) and Chukotka tundras, which represent relatively homogeneous areas in terms of
their natural properties, referred to here as ecoregions. Remote studies of the distribution of thermokarst lakes
by area were conducted using satellite images from the Kanopus-B and Sentinel-2 (with spatial resolution of
2.1 and 20 m, respectively), obtained in the summer months of 2017—2021. The lakes were interpreted using
Sentinel-2 satellite image mosaic, which provides full coverage of the study territories, Kanopus-B images at
12 test sites, and QGIS 3.22 tools. We briefly described the method of integration (combination) of data from
Kanopus-B and Sentinel-2 images for plotting synthesized histograms of lakes distribution by their sizes. The
technique allowed us to get histograms of lake distribution in a very wide range of their sizes from 50 to 108 m?
in the studied Arctic ecoregions. The histogram plots show a similar behavior in both ecoregions, manifesting
itself in an increase in the number of lakes as their size decreases. It is shown that the main contribution to
the number of lakes in the Northeastern tundra is made by much larger lakes than in the Chukchi tundra,
which may indicate a significant difference in the geocryological conditions in different Arctic territories of
the eastern part of the Russian Arctic. The degree of the lakeing of the territories was assessed. It was shown
that the lakeing of the Northeastern tundra is 7 times higher than in the studied territories of Chukotka.

Keywords: permafrost, geographic information systems, satellite images, arctic tundra, thermokarst lakes,
histograms of lake size distribution, Arctic ecoregions
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