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KopxuerKro C. I'. 30Ha/ibHble 0COOEHHOCT U3MEHEHUA PacTUTENIbHOro MOKPOBA W BAAKHOCTW MOYBbLI TUMNYHOM
TYHApPbI B YCNOBUAX NOTENNEHWs KnuMaTta (Ha npuMepe painoHa Mappecans, nonyoctpoB Aman) // ApKTUKa: 3Ko-
JIOTUA U SKOHOMMKaA. — 2026. — T. 16, N¢ 3. — C. 347—360. — DOI: 10.25283/2223-4594-2026-3-347-360.

Lens uccnedosaruli — oxapakmepu3zoe8ams 00yC/108/1€HHbIE NOMENEHUEM KAUMAMA pa3nuyusi 8 usMeHeHuU
c8olicme pacmumenbHOCMU U 8IAXHOCMU NOY8bI PA3HbIX MUNOE IAHOWAPMA HA Pa3HbIX 2e0MOPGOI02UYEeCKUX
YPOBHSIX, @ MAKXE BO3MOXHYI C853b 3MUX U3MeHeHULl C 2e0Kpuono2u4eckumMu ycaosusmu. MccnedosaHue npo-
800UJI0Cb HA y4acmKe MyHOPbLI HA NOJyocmpose SIMan ¢ ucnosb308aHuUeM OaHHbIX CO CNymHukos Landsat 3a
nepuod ¢ 1985 no 2024 22. Ha ocHose sezemavioHHo20 uHdekca NDVI, uHdekca enaxHocmu pacmumenbHocmu
NDWI u memnepamypHo-eezemayuoHHo20 uHoekca snaxHocmu noqsel Wl (Wet Index). BoisigneHHbie mpeHobl
U3MeHeHUs UHOeKcog caudemenbcmayom 0 OOMUHUPYOWEM 8USHUU peibed)a Ha meMnsl pocma 8AMKHOCMU
noyesl U pacmumensHocmu. [1oKa3aHo, 4Mo memnel UIMEHEHUs UHOeKco8 Mo2ym paccMampusamscs 8 Kade-
cmee UHOUKamopoeg UMeHeHUs 2/1y6UHbI Ce30HHO-Manoo Cos.

KntoueBble cnoBa: 8/1a#HOCMb N0Y8bl, U3MEHEHUE KAuMama, 2eoKpuosioeudeckue yciaosus, 260M0p¢0ﬂ02u‘4€CKU€ YposHu,

pacmumesnbHbIli NOKPos, munel 1aHOWagdma, mpeHoo8sIl aHanus, myHopa, Landsat.

BBegeHue

B nocnepHve pecATvneTuAa BOMPOCHI BAWAHWA [J10-
6a/IbHOro0 MOTer/IeHNA Ha COCTOAHWE KPUOJIUTO30HbI
NPOAOJIHKAIOT LUMPOKO 06CYHAATHCA MUPOBOW HAY4HOW
06LecTBEHHOCTbIO. VIHTepec K nMogobHbIM MccienoBa-
HUAM B OCHOBHOM Bbi3BaH MPOG6SEMOV OLLEHKWM 3MUC-
CMM MApHUKOBLIX FA30B MPU pacTernieHuM Mep3noThl,
a TaKKe MUHMMM3aLMEeNn PUCKOB, CBA3AHHbIX C pas-
BUTMEM OMaCHbIX MEOKPUOSIONMYECKMX MPOLECCOB MpU
0CBOEHUM pecypcoB ApKTMKM U CybapKTuku. Obume
BbIBOAbI O Aerpafaunun Mep3fioTel He MOryT B MOJIHOM
Mepe XapaKTepu3oBaTb ee U3MeHeHWA Ha pervoHasib-
HOM M JIOKaNbHOM YPOBHAX, MOCKOJIbKY Harnpas/ieH-
HOCTb W TeMrbl 3TUX U3MEHEeHWUId 3aBUCAT OT MHOMMX
$aKTopoB, B TOM Yuc/ie OT HEOAHOPOAHOCTeN pefbeda,
TMNOB naHfwadTa, TUNOB PacTUTENbHOCTM, COCTaBa
1 BNarKHOCTK noyBhbl [1]. B 3ToM cBA3M BaxKHOW 3aaaqen
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ABNAETCA U3YYEHWE PONM U CTEMNeHW BNAHMA TeX Uu
MHbIX GaKTOPOB Ha MpoLiecc TpaHchopMaLMn KpUOreH-
HbIX NaHawadToB.

B cBA3M C BO3MOMHOCTbIO MCMOJ/Ib30BaHUA CBOWCTB
MOBEPXHOCTU KaK VMHOMKATOpPOB Aerpajauuv Meps3no-
Tbl MPOBOAATCA UCCNELOBaHMA MO BbIABAEHUID CBA3EN
MeMIy reOKpUOSIOrMYECKMMUN YCITOBUAMU U COCTOAHU-
€M pacTUTeNbHOCTM TYHAPOBbLIX 30H [2—5]. CunTaeTcs,
YTO MPpU Aerpagaumnn Mep3noThl U YBeIMYEHUN MTyOuHbI
ce30HHo-Tanoro cnosa (CTC) noBbllaeTcA BAAKHOCTb
noYBbl 1 yBeSM4YMBaeTCA broMacca camoil pacTuTesb-
HOoCTK [6—8]. TaKre cuMTaeTca, YTO KarAabld Tvn
naHpgwadTa xapakTepusyeTcsa onpefeneHHbIM coyeTa-
HMeM ocobeHHocTeln penbeda, NoYB U pacTUTEsIbHOro
nokpoBsa. B To ke BpeMA B parioHax TyHAPbl OOHU U Te
e Tunbl naHawadTa M pacTUTeNbHOro NMoKpoBa Mo-
ryT BCTpeYaTbCA Ha pas3finyHbIX reoMopdoNornyecKmnx
ypoBHsAX [9]. B 3Toli cBA3M Npu paccMOTpeHUN CBOMCTB
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B ApKTHMKE

Hayunbie mccneposanuna B ApKTUKe

pacTuUTeNIbHOrO MOKPOBA WM BAAMKHOCTU MOYBLI B Kaye-
CTBE BO3MOMHbIX MHAMKaTopoB cocToAaHna CTC ogHMM
M3 CNocoboB MCCefoBaHNU MOMeET bblTb CpaBHUTENb-
HbI aHaNM3 TeHAEHUMIA UX U3MEHEHWA B FPaHnL,ax pas-
HbIX TMMOB NaHAawadTa Ha pasHbix reomopdonornye-
CKUX YPOBHAX.

CyliecTBeHHaA HEOQHOPOAHOCTb TYHAPOBbLIX NAHA-
wadToB, 3HAUMTENbHbIE  MacClUTabbl  TEPPUTOPWIA,
a Takxe HeobxoaMMoCTb 06HoBMeHUs WHdOopMaLMK
0 COCTOAHWM MOBEPXHOCTU AeNaloT aKkTyasibHbIMK ANA
paoHOB ApKTUKM pa3paboTy M afanTaumio MeToLoB
OMCTAHUMOHHOr O 30HAMpoBanuA 3emnm (133) anAa aHa-
Nn3a M3MeHeHU PacTUTEIbHOCTU U BIAXHOCTU MOYBbI.
OueHKa M3MeHeHW CBOMCTB HaNoOYBEHHOr0 pacTUTeslb-
Horo nokposa (HPI) B apKTuyecKux paiioHax no AaH-
HbIM [133 [1; 4; 6—8; 10—12] B 60/bLUMHCTBE CyYaeB
OCHOBaHa Ha MpVYMEHeHUN BereTauMOHHbIX WHOEKCOB,
B YacTHocTn NDVI (Normalized Difference Vegetation
Index) [13], xapaKkTepusyioLLero cogepHaHue 3eneHon
duTomMaccol 1 xnopodunna B pacTUTeNIbHOM MOKPOBe.
[na xapakTepucTtukn BnarkHocTn nosepxHocTn HPII
MOMeT bbiTb ncnonb3osaH uHgekc NDWI (Normalized
Difference Water Index) [9; 14; 15].

MN3BecTHbl MeTOAbl, OCHOBAHHbIE HA M3MepeHUn TeM-
nepaTtypbl MOBEPXHOCTM B COMETaHUM C MHOEKCaMu pac-
TUTenbHOCTH [16; 17], KOTOpble MO3BONAIT XapaKTepu-
30BaTb BnarHocTb HPI 1 nousbl B ero KopHeBOM 30He
[18] mo rnybuHbI NPOHVKHOBEHWA CYTOYHBIX KoNlebaHwii
TeMnepatypbl. 3Ta rnybuHa cocTaBiAeT nepBble AecAT-
KW CaHTMMETPOB, BK/IIOYAA TOMLWMHY PaCTUTEIbHOMO
nokposa [19; 20]. PaHee Ha npvMepe KpynHOro panoHa
nonyoctpoBa flMan 6bina MokasaHa [OCTATOYHO Bbl-
COKaA MHPOPMATMBHOCTb TeMmrepaTypHO-BereTaLMoH-
Horo uHaekca WI (Wet Index) Kak uHaMKaTopa Bnax-
HoCcT pa3nuyHbix TMnoB HPI (puToueHo3oB) [9], yTo
CBUAETeNbCTBYET O MPUHLMNMUASIBHON BO3MOMHOCTU
€ro 1Crosib30BaHWA ANA XapaKTePUCTUKN MHOTOIETHUX
M3MEHEeHWIN BNarKHOCTU NOYBbI B TYHAPOBbIX 30HAX.

HacTosAwlee nccnegosaHne NpoBOAUIOCH HA yvacTKe
TUNWYHOW TYHAPbLI B palioHe MofApHoOM cTaHumu Map-
pecans Ha 3anagHoM nobepexbe nosyocTposa fman
C MCMonb30BaHWEM [aHHbIX CO CryTHWMKOB Landsat.
Llenn HacTosALero nccneaoBaHuaA: XxapakTepucTmra 06-
YCNOB/EHHbIX MOTEMAIEHNeM KaMmaTa pasfvyvin B W3-
MeHeHun csBoncTB HPIT 1 BAaHOCTV MOYBbI pa3HbIX
TMNOB NaHawadTa Ha pasHbiX reoMopdonornyeckmnx
YPOBHAX; XapaKTEPUCTMKA CBA3U WU3MEHEHW reoKpu-
OJIOMMYECKMX YCIOBUN C MHOFONETHUMU U3MEHEHUAMU
cBovicte HPIT 1 BnasHOCTM noyBbl.

MeToanyeckana HOBM3HA 3TOr0 WCCNedOBaHWA CO-
CTOUT B MPUMEHEHWN TemnepaTypHO-BereTauyoHHOro
nHpexkca WI gna xapakTepucTykM MHOTONIETHUX U3Me-
HEeHW BAAMHOCTN MOYBbI TYHOAPOBOW 30HbI B KOMM/EK-
ce ¢ uHaekcamm NDVI n NDWI, xapaKkTepusyowmmm
COBOKYMHbIA 3anac 3eneHoit ¢putomaccol HPIT n Bnak-
HOCTb Ha MNOBEPXHOCTW pacTuTenbHoro nokposa. CBA3b
nHpekcoB NDWI n WI ¢ Bna*KHOCTblO OCHOBbIBAETCA
Ha pasnnyHbIX GU3NYECKUX MPUHUMNAX, YTO MpW Co-
BMECTHOM WX UCMONb30BaHWN MNO3BOJIAET NOATBEPAUTD
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[0CTOBEPHOCTb TPEeHAOB M3MeHeHusa BnarkHoctn HPI
1 NOYBEHHOIO C/0A.

XapaKTepucTUKa palioHa uccnefoBaHUN

AHanu3supyemana TepputopuA pasmepamu 3x3 KM
(puc. 1A, 1B) pacnonorkeHa Ha 3anafHoM nobepexbe
nonyoctposa Aman (puc. 1C) B parioHe NOAAPHON Me-
TeoposiorMyeckon ctaHumn MappecanAa. Tepputopua
OTHOCUTCA K TWUMUYHBIM CYOAPKTUYECKUM TyHApaM Co
CM/OWHBIM  PaCNpPOCTPAHEHNEM MHOr0/leTHEMEpP3/blX
nopog 1 C NoA3eMHbIMW NbAaMU Pa3/IMYHOro Npouc-
xorgenna. C noBepxXHOCTU 3aneralT KOHTUHEHTASIb-
Hble anoBMa/IbHble, 30/10Bble, 03epHO-O0N0THbIE
M NpUOPErKHO-MOPCKME MecyaHo-cyrnecyaHble OT/10-
KeHua [21]. KpuoreHHas Tonwa ¢ noAowBoi Mep3so-
ro cnos Ha rayomHax 40—90 M cocTouT M3 Mep3fo-
ro U OXNarKAeHHOro ApycoB. Ha TeppwuTopuu LWMpOKO
pacnpocTpaHeHbl 3anerawlme 6113Ko K NoBepXHOCTU
noa3emHble nbabl. MakcuManbHan MOLWHOCTb NeAAHbIX
Ten HabnogaeTcs B npefenax BOAOPa3AesNibHbIX XOs-
MOB, C/TOMKEHHbIX C MOBEPXHOCTU NecKaMu.

3a MCK/oYeHeM necyaHblX pa3fyBoOB BO BCEX NaH[-
wadTax c NOBEpXHOCTN NMPUCYTCTBYeT TOPHAHON CION.
B 3aBucumocTv oT Tvna naHAwadTta riybuHa cesoH-
Horo oTTamBaHuA BapbupyeT oT 0,4 go 2,2 m. bonee
HU3KKe 3HayeHns rybuHbl CTC xapaKTepHbl AnA naHa-
wadToB € 6oNee BbICOKOW BAKHOCTbIO nopoa [21].

B reomopdonornyeckom nnaHe TeppuTopuA BRIOYa-
eT noliMy pekn Mappe-fxa (Ha puc. 1A 06beUHEHHYO
C Nangoi 1 necyaHon oTMeNbio) C NnepenagoM BbICOT-
HblX 0TMeToK oT 0,5 fo 5 M, a Take |-l n lll mopckue
Teppacbl C nepenajamu BbICOTbl penbeda 15—20
n 22—30 M cooTBeTCTBEHHO [22]. Mnowanb BHYTpeH-
HWX BOOOEMOB COCTaB/iAeT 0Kos1o 11% obLweii nnowanm
TeppuTopun. KapTa TMnoB naHgwadra B paHre ypoumLy,
npeacrasneHa Ha puc. 1B [21]. PactutenbHbii NOKpoB
npefcTasieH  IMWIANHUKOBO-MOXOBbIMWY, — KyCTapHWY-
KOBO-MOXOBbIMUY, TPaBAHO-MOXOBbIMU PUTOLLEHO3aMM
MOLLUHOCTbIO OT 2 A0 15 CM C NpuCyTCTBMEM KyCTap-
HUKOB MBbI BbicoTol A0 0,4 M [23]. CocTaB 1 gonu no-
KpbITUA BMAAMW PaCcTUTENbHOMO MOKPOBA A/1A Pa3HbIX
TUNoB naHawadTa nogpobHo npuseaeHsl B [21].

B HacToAweM nccnepoBaHuM M3 BCeX TUMOB NaHA-
wadTa paccMaTpuMBanucb TonbKo NATb (Tunbl 9, 3, 8,
2, 6, cM. puc. 1B), ana KoTopblx B [23] NnpuBeeHbl 3Ha-
YEHUA MHOTOJIETHVX TPEHAOB M3MeHeHWsA rybuHbl CTC.

3a nocnegHune 50 neT TeMmrbl MOBbIWEHUA CpefHe-
rofoBOV W CpefHel NleTHel TemnepaTtypbl BO3Ayxa
(no gaHHbIM cTaHuuyM Mappecans) coCTaBnAT OKOJIO0
0,078°C n 0,063°C B roa cooTBeTcTBEHHO [23]. Cam
paiioH Mappecansa OTHOCUTCA K OUOKIMMATUYECKON
noa3oHe 3anafHoi Cubupu ¢ Hambosee BbICOKUM TeM-
NMoM MOTenfIeHNA BEYHOW Mep3/10Thbl, KOTOPbIN COCTaB-
nseT 0,056°C B rog [7]. KpoMe cTpoeHwin u obopyno-
BaHWA, OTHOCALLUMXCA K MeTeopOsoOrM4yecKkon CTaHumu,
B pailioHe He OTMeYeHbl MPU3HAKM aHTPOMOreHHOro Uan
CTUXVNHOIO BO3LENCTBMA Ha NaHAWwadT, no3Tomy Jio-
Oble M3MeHEeHUA COCTOSAHUA ero MOBEPXHOCTW U Mep3-
NOTbl 34eCb CBA3aHbl TOJIbKO C M3MEHEeHUeM KanMara.

ApKTUKa: 3KONOrMA U JKOHOMMUKaA, T. 16, N2 3, 2026



30HanbHbIE 0COOEHHOCMU U3MEHEHUS pacmUMmenbHO20 NOKPOBA U BAAMHOCMU NOY8bl
munuyHoli myHOpsI 8 yca08UsX nomenneHus kaumama (Ha npumepe patioHa Mappecans, nonyocmpos Sman)
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Puc. 1. KapTbl reomopdonoruueckmx yposHeii (A) u Tunos nanawadrta (B) [21] paitona Mappecans u ero pacnosiioxeHue Ha nonyocTpose
SIman (C). leomopcdonoruyeckue ypoBHu: a — noiima, b — I-1l reppacsl, ¢ — Il Teppaca, d — osepa. Tunbl nanawadTa: 1 — yBnakHeHHas
TYHApPA, 2 — APEHUPOBaHHas TYHAPA, 3 — NOAUroOHaNbHAA TYHAPA, 4 — HacbllWEHHas BNaroi TYHApa, 5 — 03epHble KOTNOBUHbI, 6 —
necyaHble pasayBbl, 7 — BOAOTOKM U oBparu, 8 — TopdsaHukH, 9 — TopdsaHblie 6on10Ta, 10 — necyaHbie oTMenu

Fig. 1. Maps of geomorphological levels (A) and landscape types (B) [21] of the Marresal area and its location on the Yamal Peninsula
(C). Geomorphological levels: a — floodplain, b —terraces I-1l, c — terrace Ill,d — lakes. Landscape types: 1 — moist tundra, 2 — drained
tundra, 3 — polygonal tundra, 4 — moisture-saturated tundra, 5 — lake beds, 6 — sand swells, 7 — streams and coombs, 8 — peatlands,

9 — peat bogs, 10 — sandbanks

UcxopHble paHHbIE U METOAUKA
uccnenoBaHUM

B paboTe ucnonb3oBanncb 43 CHUMKA CO CryTHU-
koB Landsat 5, 7, 8, 9 ypoBHa obpaboTku L1 (https://
glovis.usgs.gov/app) 3a nepuoa ¢ 1985 no 2024 rr.,
YTO COrNacyeTca C M3BECTHbIMU MOAX0LAMU K BbIGOpY
CHUMKOB AN1A aHanM3a TPeHO0B M3MeHEeHUA pacTUTeb-
HOCTU B apKTUYeckux 3oHax [10]. CHUMKKM oT6Mpanmchb
C AaTamMu CbEMKM B UIOSie U aBrycte npu oTCyTCTBUM
JIMBHEBbIX 0CAJIKOB KaK MUHMMYM 3a ABa AHA [0 ChbeM-
ku. CneflyeT OTMETUTb, YTO AN1A aPKTUYECKMX palioHOB
M B YacTHOCTM ANA nosyocTpoBa AMan xapaKkTepHo

o4yeHb HebosbLioe YMcio 6e306/1auHbIX [Hel B uione
W aBrycTte, a A HEKOTOPbIX fieT Boo6LLe NOSHOe UX
oTcyTcTBMe. [MpOCTpaHCTBEHHOE paspelleHne CHUM-
KoB cnyTHUKOB Landsat coctasnseT 30 M B BUAVMOM
N 6rrkHeM nHdparpacHoM (MK) omanasoHax u 120, 60
1 100 M B TennoBoM VK ananasoHe B 3aBUCUMOCTN OT
HOMepa CryTHUKA.

brok-cxema 06paboTKM M aHanm3a AaHHbIX npvBe-
JeHa Ha pwvc. 2. MpeaBapuTenbHana 06paboTka CHUM-
KOB BK/tOYana ux nepesof B npoekumio UTM (R42),
paZMOMETPUYECKYIO KaIMOPOBKY CMEKTPasibHbIX Ka-
Hanos paguomeTtpoB TM (Thematic Mapper), ETM+
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Arctic
DEM

Landsat 5 (TM), Landsat 7 (ETM+), Landsat 8, 9 (OLI, TIRS)

[aHHble Landsat

eomopdonoruyeckme
YPOBHM

MpepBaputensHas ob6paboTka CHUMKOB
(kannbposka, dhopMupoBaHue parmeHToB, SLC-off)

Kapta T1nos TM, ETM+, OLI TM, ETM+, TIRS
nangwadTa (NDVI, NDWI, MNDWI) (Tr)
\ 4 v \ 4
Bbi60p 30HbI dopmurpoBaHue > Pacuer I
aHanuaa obLLlen macku Boabl LSE, LST

\ 4

Koppekuus
NDVI, NDWI

Pacuet ypaBHeHui
LSTdry, LSTwet

\4

AHanua TpeHgoB
NDVI, NDWI, WI

Pacuet —
mnHpgekca WI

<
«

Puc. 2. Bnok-cxema 06paboTKu AaHHbIX A1 30HANbHOFO aHaM3a MHOFONETHUX TPEHAOB M3MEHEHUS! MHAEKCOB
Fig. 2. Flowchart of data processing for zonal analysis of long-term trends in index changes

(Enhanced Thematic Mapper Plus), OLI (Operational
Land Imager), TIRS (Thermal Infrared Sensor), a Take
dopmrpoBaHve GparMeHToB Ha TEPPUTOPUN UCCNeno-
BaHW. Ha 3TOM 3Tane € MCNONb30BaHMEM anroputMa
SLC-off npoBoaunoch ycTpaHeHue npob6enoB B M30-
OparkeHnsx, CBA3AHHbIX co cbosmMM B paboTe paamo-
MeTpa ETM+ (Landsat 7) nocne 2003 r. KapTa reomop-
donornyecknx yposHen (puc. 1A) ¢opmmposanacb Ha
ocHoBe undpoBon Mogenn penbeda Arctic DEM (30 m)
(https://www.pgc.umn.edu/data/arcticdem) c nepena-
[aMun BbICOTHBIX OTMETOK, OnMcaHHbiMK B [22]. KapTta
TMNOB NaHawadTa Ha 3TOT pavioH nNpueegeHa B [21].
[na karkporo roga cbeMkn GopmMmpoBannce dainbl
M3006parKeHNin paavaLMOHHON TemnepaTypbl MoBepX-
Hoctv T, cnexTpasbHbix MHgekcos NDVI, NDWI, a Tak-
e MoaubuumpoBaHHoro BoaHoro uHaekca MNDWI
(Modified Normalized Difference Water Index) [24]
[N1A MaCKMpOBaHWA BOAHbIX 06beKTOB. Ha ocHoBe WH-
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Aexcos NDVI v pagnaumoHHon Temnepatypbl T pac-
cuntbiBancb Ko3dduumeHTol mn3nydyenna LSE (Land
Surface Emissivity) [25] u TeMnepaTypa noBepxHOCTH
LST (Land Surface Temperature) [26]. Mo 3Ha4eHUAM
nHoekca MNDWI > O onpepenAanvcb y4acTKkyM BOOHOW
MOBEPXHOCTU AN1A KarKA0ro roga Cbemku, u ¢Gopmmpo-
Basacb obwan ana scex neT HabnoaeHnin Macka BoAbl,
YTO HeobXx0aAMMO O/1A UCKIIOUYEHNA U3 aHaIM3a BCEX BO-
IHbIX 06bEeKTOB. YUacTKM (NMUKcenbl) 6e3 pacTuTenbHO-
ro MoKpoBa €O 3HavyeHnaMn nHgexkca NDVI < 0,18 Tak-
e UCKMIoYaIncb 13 aHanm3a.

N3BeCTHO, YTO XapaKTEPUCTUKN CMEKTPASIbHBIX KaHa-
noB pagunomeTtpoB TM, ETM+ n OLI oTnnuatoTca, 4to
NpuBOANT, B YACTHOCTM, K 3aBbILEHWMIO 3HAYEHUA WH-
nexkcoB NDVI 1 NDWI, paccumTaHHbIX MO AaHHbIM pa-
avomeTtpoB ETM+ 1 OLI B cpaBHeHWM CO 3HaYeHMAMM,
BblYMCNIEHHBIMU MO AaHHbIM paguomeTpa TM [27; 28].
B HacToswen paboTe ANA MUHUMM3ALMM ITUX pasfu-

ApKTUKa: 3KONOrMA U JKOHOMMUKaA, T. 16, N2 3, 2026



30HanbHbIE 0CO6EHHOCMU U3MEHEHUS pacmumenbHo20 NOKPOB8A U 8/IAMHOCMU N0Y8b!
munu4Holi myHOps! 8 YCa08USX homensieHus KauMama (Ha npumepe patioHa Mappecans, nonyocmpog Sman)

Ta6nuua 1. YpaBHeHUA perpeccum v norpewHocTy KoppeKuum

uHaexkcoB NDVI u NDWI papuomeTtpos +ETM u OLI

Table 1. Regression equations and errors in the correction of NDVI

and NDWI indices of +ETM and OLI radiometers

TM(ETM+) ETM+(OLI)
NHpekc
YpaBHeHue A, —_— YpaBHeHue A, A,
NDVI y=0,918x - 0,003 0,0373 -0,0009 y =1,020x - 0,071 0,0637 -0,0001
NDWI y=0,919x + 0,003 0,0383 -0,0013 y=0,973x - 0,067 0,0683 0,0127

unii 3HayveHnAa uHgexkcos NDVI n NDWI pagmomeTtpos
ETM+ n OLI npvBoamnmcb B COOTBETCTBME pagvoMe-
Tpy TM Ha 0CHOBe KpOCC-KanMbpoBKM (KOppeKLMK).

Mcxoaa u3 npeAnonioreHns, YTo 3a OAWH AeHb CreK-
TpasibHble XapaKTepUCTUKWM MOBEPXHOCTU HE W3MEHU-
NCb, ANA 3TON LM aHanorMyHo MetofdaM, OnucaH-
HbIM B [27; 28], MCN0/b30BanNCh SIMHEVHbIE YpaBHEHUA
(Tabn. 1), paccyMTaHHble Ha OCHOBE [AHHbIX [BYX TaH-
OeMHbIX Nap CbeMOK BCel UcCnenyeMon Tepputopun
co cnyTHuKoB Landsat 5 (08.08.2011) u Landsat 7
(07.08.2011), a Take Landsat 7 (22.07.2017)
n Landsat 8 (23.07.2017) ¢ nHTepBanamu B O4UH AeHb.
B Tabn. 1 npuBeaeHbl MorpeLHocTy (B, Ampp), Xapak-
Tepusylolwme pasHOCTU CPedHUX 3HayYeHU VMHOEeKCOB
no AaHHbIM paavomeTpoB ETM+ 1 TM, a Take OLI
n ETM+ nnAa Bcen Tepputopmmn aHaansa 4o npoLeaypbl
Koppekuumn (A ) v nocne Hee (Ampp). [o Koppekumuu (no
A oTmeuvatoTca 6onee BbICOKME CpefHMe 3Hau4eHus
WHOEKCOB N0 AaHHbIM paanomeTpa ETM+ B cpaBHeHWUn
¢ TM, a no pgaHHbIM pagmomeTpa OLI Bbiwe B cpaBHe-
Hun ¢ ETM+. MNocne KoppeKkuun 371 pasnnyuma (no Ampp)
CYLWEeCTBEHHO CHUMKAIOTCA (MUHUMU3MPYIOTCA), YTO CBU-
LeTeIbCTBYET O LeNnecoobpasHoCcTU U 3bdeKTUBHOCTU
NpoBefeHNsl KPOCC-KaMOPOBKN NMPEASIOHEHHbIM Cro-
coboM. KoppeKuusa MHLEKCOB NpoBoAMIach B ABa 3Ta-
na. Ha nepBom 3Tane 3HayeHWA MHOEKCOB, pacCyMTaH-
Hble No AaHHbIM pagnomeTpa OLI, KoppeKkTupoBanuch
no 3HayeHnAm pagumomeTpa ETM+, a Ha BTopoMm 3aTane
3HaveHuA uHAeKcoB paaunomMeTpa ETM+ un croppek-
TMpoBaHHble (nof ETM+) 3HayeHWs WMHOEKCOB pajmo-
mMeTpa OLI npvBoannncb B COOTBETCTBME 3HAYEHUAM
WHAEKCOB paguomMeTpa TM.

Ha 6nok-cxeme (cM. puc. 2) HanpasnieHWs UCMoJb-
30BaHMA CKOPpeKTUpoBaHHbIX nHAaexkcoB NDVI n NDWI
0603HaYeHbI LUIMPOKUMU CepbIMK CTpenKamMu. VIHaeKcbl
NDVI, NDWI 1 MNDWI umetoT 6e3pa3mepHble 3Haue-
HMA B gnana3oHe oT -1 go 1.

PacueT TemnepaTypHo-BeretaumoHHoro nHagexca Wi
ONA xapakTepucTukm BnarHoctu HPI n nousbl B KOp-
HeBOW 30He NPOBOAMIICA B COOTBETCTBUM C aSIrOPUTMOM
TOTRAM (Thermal-Optical TRApezoid Models), onu-
CcaHHbIM B [9; 16; 17]. o 3Tol MeToaMKe AnA Karkaoro
rofa CbeMKM Ha OCHOBe TparnewuueBUAHbIX AMarpamMm
3aBucumocTen LST ot NDVI paccunTtbiBanvcb uHewn-
Hble ypaBHEeHWA, XapaKkTepusyloLme CBA3b 3TUX Mapa-
METPOB ANIA «CYXOro» (LSTdry) N «BnarmHoro» (LST
Kpaes AnarpaMMmbl paccesaHua [16; 17].

Wet)

PacueTt 3HauveHun nngexkca WI onsa Karsagoro i-ro nuk-
cena nposoAucsa no dopmyne

LST,, —LST,

y i
' LST,, -LST,,

(a, NDVI, +b,, )~ LST,
~ (a,,NDVL, +5, )~(a,,NDVI, +b,,)’

e a,, b, va b,  — KO3pPULMEHTBI ypaBHEHWIA
perpeccMm COOTBETCTBEHHO «CyXOrO» U «BNAXKHOIO»
Kpaes anarpammbl; LST, — TeMnepaTypa noBepxHoCTu
B HabMlogaeMoM nuKcene.

3HayveHns niaexkca WI mensaoTca ot O oo 1, 4to co-
OTBETCTBYET MWHVMMAsIbHON M MaKCMMasbHOM BNAMKHO-
CTAM NMOBEPXHOCTM.

[nAa onpegeneHna ponv 1 cTenenn BINAHUA pefbeda
M TMNOB naHAwadTa Ha MHOroneTHWe TpeHabl MHAEK-
coB NDVI, NDWI u WI Bbi6op y4acTKOB (30H aHaiu-
3a) NMPOBOAMCA B FpaHvLax KarmAoro u3 nATU TUMOB
nangwadTa (tvnel 9, 3, 8, 2, 6) Ha KarkAOM reoMop-
donornyeckoM yposHe (nonma, I-Il Teppacel, Il Tep-
paca) (cM. puc. 1A, 1B). MockonbKy TopdsHble 6ono-
Ta (TMn 9) NpUypoYeHbl TOMBKO K MoViMe, a OCTaslbHble
TUNbl navgwadTa (Tunel 3, 8, 2, 6) BcTpeyatotca Ha I-1
n Il Teppacax, Bcero 6bin0 chopMmpoBaHo 9 30H aHa-
nm3a. MuHnManbHaA nnowanb 30Hbl aHanM3a cocTaB-
nana 0,063 km? (tun 8, Ill Teppaca), MakcuManbHaa —
1,130 kM? (Tun 2, I-1l Teppacbl).

paHnubl  [AOBepuTeNbHbIX  WHTEpBasoB  ypaBHe-
HWIA perpeccMm M CTaTUCTUYECKana 3HAYMMOCTb TpeH-
0B M3MEHeHUA WHAEKCOB OMpeAenAanmcb Ha OCHOBe
t-ctatnuctnkm CTblofeHTa C YpOBHAMM MOpora 3Hauu-
MocTn a = 0,05 una =0,01. Boibop ABYyX ypoBHeli nopora
3HaYMMOCTV NO3BONAET BbIABUTb CTEMNeHb JOCTOBEPHO-
CTV TpeHAa ANnA TOW WM MHOM 30HbI aHanu3a.

Pe3ynbTaTbl MccnefoBaHUNA

OTHOCUTENBbHO Cnabble MHOroNeTHUE TeHAeHLMK
n3MeHeHua coctoaHmAa HPI n BnasHOCTU NOYBbI, Bbl-
ABAAieMble MO AaHHbIM [133, MoryT MackupoBatbcs 60-
Nlee CyLWecTBEHHbIM BAMAHMEM ApYriux dakTopos. K mx
YMCy OTHOCATCA pa3nmuna GeHoNorn4YecKoro n ce3ox-
HOro COCTOAHMA MOBEPXHOCTW, KOJIMYECTBA BbIMABLUMNX
0Ca[KOB, BPEMEHM CX0Aa MaBOAKOBLIX BO[M, METEOPO-
NIOTMYECKMX YCI0BUIA, a TaKHKe COCTOAHMA aTMocdepbl.
YunTbiBas ciyyaiHbii No gaTtam BblOOp CHWMKOB (B
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Puc. 3. MHoroneTH1e nsmeHeHus cpeaHux 3HaueHuit nnaekcos NDVI, NDWI, WI tTunos nanawadrta B noitme (tun 9) u Ha I-1l Teppacax
(Tvnbi 3, 8, 2, 6)
Fig. 3. Long-term changes in mean NDVI, NDWI, and WI values for landscape types in the floodplain (type 9) and on terraces I-lI
(types 3, 8,2, 6)

6e30611a4Hble OHK), BO BpemeHHdM pAgy aHanusupye-
MbIX MapaMeTpoB BUAHWE 3TUX PAKTOPOB TaKMKe HO-
CUT CNlyYalHblli XapaKkTep, a 6o/ee BbICOKUIA pa3bpoc
3HaYeHWUI NPUBOANT K CHUMKEHUIO 3HAUYMMOCTU TPEHLOB.

Ha puc. 3 gna nAatv TMnos naHawadTa, pacnosorKeH-
HbIX B rpaHuuax nonmbl (tun 9) u I-Il Teppac (tunel 3,
8, 2, 6) npvBeaeHbl MHOTOIETHUE TPEHABI U3MEHEHWA
cpefHux (B rpaHMLLaX 30Hbl aHAIN3a) 3HAYEHUIA UHLEK-
coB NDVI, NDWI n WI. Takme npuBegeHbl ypaBHeEHUA
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UX annpoKcMmaummn, koadduumeHTbl geTepMuHaLmm R?,
rpaHuLibl M MOPOroBble 3Ha4YeHWA JOBEPUTeSIbHOV BEpo-
ATHOCTYU p, XapaKTepu3ytoLme 3Ha4MMOoCTb TpeHAoB. 1o
WKane abcumucc npuBefeHbl roAbl KOCMUYECKON CheM-
KM OT Havyana HabnogeHun B 1985 r. B ckobKax OaHbl
cpefiHMe 3HayeHUA BbICOTHbIX OTMETOK 30Hbl aHanM3a.
Ha rpadwmkax pasHbiMu LBeTaMy 0603HaYeHbl rpaHu-
Libl JOBEPUTESIbHON BEPOATHOCTU TPEHAOB C Pa3HbiMM
YPOBHAMM 3HA4YMMOCTU. KpacHbIl LiBeT COOTBETCTBYET
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Puc. 4. MHoroneTHne usmMeHeHus cpegHux sHauyeHuii uapekcos NDVI, NDWI, WI yeTbipex Tunos nanawadra (tunel 3, 8, 2, 6) Ha

11l Teppace

Fig. 4. Long-term changes in mean NDVI, NDWI, and WI values for four landscape types (types 3, 8, 2, 6) on terrace Il

He3HaumMbIiM (p > 0,05) TpeHZaMm, HenTblh — 3Ha4u-
MoOMy ypoBHi0 (p < 0,05), 2 MaKcMMasibHOMYy YPOBHIO
3HauumocTu (p < 0,01) cooTBeTCTBYET 3efeHblil LiBET.

HanpaBneHue 1 TeMnbl M3MEHEHNA MHOEKCOB XapakK-
TepusyoTca KoadduuneHToM B Npy aprymMeHTe B ypas-
HeHUAX annpokcumaumn. CnefyeT oTMETUTb 0COGeH-
HOCTb MecyaHblX pa3gyBoB (TWN 6), KOTOpble TOJIbKO
YaCTUYHO MOKPbLITbI PACTUTENBHOCTbIO, YTO, Ge3ycoB-
HO, OTParKaeTcA Ha 3HAYEeHMAX UHOEKCOB U TPEHAAX UX
N3MEHeHMA.

[Ona TopdaHbix 6007 (TMN 9) B noliMe (cM. puc. 3)
O0TMEYaeTCA CHUMEHUe CpedHUX 3HAYeHUN WHOEKCOB,
npuyem gna NDVI n WI He3Hauumoe (p > 0,05). B rpa-
Huuax |-l Teppac no mHaexkcam NDVI n NDWI oTtme-
YaeTcA 3Ha4YMMbI poCT MO BCEM TunaMm faHgwadTa,
KpoMe necyaHblx pa3gysoB (Tun 6) no nHaexkcy NDWI.

Mo nHoexrcy WI TpeHabl pa3HoHanpaBs/ieHHble U He3Ha-
YyuMble ANIA BCeX TUMNoB NanwadTra.

AHanornyHble NOCTPOEHWA A1A YeTbipex TUMOoB NaHa-
wadTa (3, 8, 2, 6), npuypoyeHHbIx K Il Teppace (puc. 4),
roKasanu o6LLyl0 TEHAEHLMIO MOBbILLEHWA TEMMOB po-
CTa MHAeKcoB (o KoaddurumeHTy B), ogHarko ans NDVI
n NDWI Ha necyaHbIx pa3gysax (Tun 6) TpeHabl pocTta
He3HauuTeslbHble N HE3HAYMMbIe.

CnegyeT OTMETUTb BAMKHOCTb 3Tana Koppekuuu
(Kpocc-KannobpoBkM) uHAekcoB NDVI u NDWI, pac-
CYMTAHHBIX MO AaHHBIM Pa3fIMyHbIX paaMoMeTpoB. Kak
6b110 NPOBEPEHO B HACTOALLEel paboTe, 6e3 KoppeKLumn
HawrnoHbl B no nHaekcy NDVI okasbiBatoTcs B 2 pasa
6onblue, a no nHgekcy NDWI B 1,5 pasa 6onblie, yeM
3HayeHun, NpuBedeHHble Ha puc. 3 1 4.

[nA KOppeKTHOro COMoCTaBfeHWA TEMMOB U3MeHe-
Hua nigexkcos NDVI, NDWI n WI paccuntbiBanmcb Hop-
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Puc. 5. lmarpamMmbl cpeaHmx 3a Bce roapl HabnoaeHuin sHauennii unpekcos NDVI, NDWI, WI (A, C, E) u koadduumnentos §, (NDVI), B,
(NDWI), g, (WI) (B, D, F) anga Tvnoe nanawadra 9, 3, 8, 2, 6; a — noiima, b — I-ll reppacsi, ¢ — Ill Teppaca

Fig. 5. Diagrams of mean values of NDVI, NDWI, and WI averaged over all observation years (A, C, E) and regression coefficients f, for
NDVI, NDWI, and WI (B, D, F) for landscape types 9, 3, 8, 2, 6; a — floodplain; b — I-1l terraces; c — Il terrace

MUPOBaHHbIE HA AMHAMUYeCcKuii Amanas3oH Koadduum-
eHTbl B,

B =1 @
roe N — auanasoH U3MeHeHUs MHAeKcoB. [nsa nHaeK-
coB NDVI u NDWI N = 2, a ana nHgekca WI N = 1.

OyeBMAHO, YTO M3Ha4dasbHO cBokcTBa HPIT 1 Bnar-
HOCTb MO4YBbl Ha Pas3MYHbIX reoMOPdONOrnYecKmx
VYPOBHAX MOMYT OT/IMYATbCA, MOCKOJSIbKY B panoHax
pacnpoCcTpaHeHNa Mep3/10Tbl penbed CHMTAETCA K-
YeBblM GAKTOPOM, OMpefensiolMM COCTaB U COCTORA-
HMe GUTOLLEHO30B, @ TaKMHe BNAarKHOCTb MOBEPXHOCTU.
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B 3Toli cBA3M ONA BCeX 30H aHanM3a Obiv MOCTPOEHBI
AnarpamMMbl oCcpefiHeHHbIX 3a Bce rofbl HabnomeHui
3HaueHuit ntiaexrcos NDVI, NDWI n WI (puc. 5A, 5C, 5E)
1 COOTBETCTBYIOLIME UM 3HA4eHWA Ko3dduLmeHToB B
(puc. 5B, 5D, 5F), xapakTepu3ytowye TpeHabl UX n3me-
HeHuA. Ha gmarpammax no ocu abcumcc 0603HayeHbl
HoMepa aHa/M3npyeMblx TUMOB naHawadTa.

3a MCKIYeHMEeM necyaHbix pa3gysos (Tun 6) no yc-
pefHeHHbIM 3HaveHuAM nHgekca NDVI Bce Tunbl naHa-
wadTa Ha Teppacax cornocTaBUMbl Mexay coboli ¢ He-
KOTOpbIM MPEBbILEHNEM 3HAYEHWI MO naHAwadpTam,
HaxogAwmMcs Ha Il Teppace (cm. puc. 5A). AHoManbHo
Hu3KMe 3HayveHnA NDVI Ha necyaHbix pasgysax (Tun 6)
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06BACHATCA peaKON pacTUTENIbHOCTBIO U MPUCYTCTBU-
eM (B NuUKcene) OTKPbITbIX NECKOB C HU3KMMK (< 0,18)
3Ha4veHuAMN NDVI.

Mo nHaekcam NDWI n WI Hanbonee cyliecTBeHHbIi
KOHTpACT HabnoaaeTca Meray TopdAHbIMU 6o0TaMu
B nonme (Tun 9) 1 ocTanbHbIMKU TUNAMK NaHawadTa Ha
Teppacax (cm. puc. 5C, 5E). Ha nangwadtax Il Teppa-
col NDWI HecKonbKo Bblwe, YeM Ha -1l Teppacax (cm.
puc. 5C), 4To COOTBETCTBYET aHASIOMMYHBIM PA3INYNAM
no mHgexkcy NDVI (cm. puc. 5A). Ha necyaHbix pasgy-
Bax (TMn 6) OTHOCMTENbHO Apyrux TWMNoB faHawadTa
Ha Teppacax oTMeyaloTcA 6oJiee BbICOKME 3HAYeHUA
nHoexca WI, 4yTo cBsA3aHo c 6osiee BbICOKOW TernsoBo
MHepuMen OTKPbITOro rpyHTa (cM. puc. 5E). Mo 3Toi
MpUYMHe Npy BAM3KKX YCIOBUSAX UCMAPEHUA C MOBEpX-
HocT HPT1 1 rpyHTa y4acTku 6e3 pacTuTenbHOCTU Mo-
ryT XapaKkTepu3oBaTbCA 6osiee HU3KUMU 3HAYEHUAMU
TeMnepaTypbl NMOBEPXHOCTU W, cornacHo popmyne (1),
60/1ee BbICOKMMU 3Ha4veHuaMn nHaekca WI. [doctatou-
HO 65mM3KMe cpeaHue 3HaveHna WI K HabntogaemMbiM Ha
necyaHbIx pa3gyBax (Tvn 6) 3Ha4YeHWAM 3TOro MHAEKca
paHee 0TMeYanuCb AS1A Y4ACTKOB OTKPbITbIX MECKOB Ha
Teppacax [9].

Ona naHpwadTos Il Teppacbl 3Ha4YeHUA HOPMMPO-
BaHHOro KoadduumeHTa B, 1 COOTBETCTBEHHO TeMnbl
pocTa MHAeKca BRarKHOCTW noyBbl WI paKTudeckn cy-
LecTBeHHO Bbiwe, YyeM y nHaexkcoB NDVI n NDWI (cm.
puc. 5B, 5D, 5F). Hanbonee cywectBeHHble pasnuMuna
MHOMONEeTHUX TPEHAOB OTMeyalnTcA Merway TopdAHbI-
MK 6onoTamMu (Tun 9) B noiiMe M oCTasIbHbIMU TUMAMM
nangwadTa Ha Teppacax. [na TopdbaHbix 6010T B Nnoin-
Me TpeHAbl BCEX MHOEKCOB oTpuuaTesbHble, Ha Teppa-
cax TpeHabl NDVI 1 NDWI nonokutenbHble (cM. puc. 5B,
5D). Mo nHpekcy BnakHoctn noysbl WI Ha I-Il Teppacax
TpeHAabl 61M3KKM K Hymo, a Ha lll Teppace nMmetoT aHo-
MasibHO BbICOKME MOMOMMTENbHbIE 3HAYEHUA KO3IPPu-
umnenTa B, (cm. puc. 5F).

O6cyaeHue pe3yibTaTOB

3a ucKkoyeHneM TopdAHbIX 6OMOT B MoiMe U nec-
YaHbIx pasgysoB Ha lll Teppace no ocTanbHbIM TUNaMm
nangwadTa B panioHe Mappecansa Ha Bcex Teppacax
3a nocnegHue 40 neT 0TMEYAKTCA 3HAYUMbIE TPEHAbI
nosbiweHna nHaexkca NDVI ¢ Temnamm pocta 0,0012—
0,0018 eauHuL, B roa, 4to cocTtasnAeT oKkosio 0,3%
B roZ (cM. puc. 3 u 4). [laHHbI paKT cooTBETCTBYET Cae-
NaHHbIM paHee BbIBOAAM O «MO3e/IeHeHU» PacTUTeb-
HOCTW B TyHApe B pe3y/nbTaTe n3MeHeHuA KavMara [6;
10; 29]. Onarpammel Ha puc. 5B, 5D 1 5F nokasbiBatoT,
4To Ha bonee HU3KUX I-1l Teppacax Mexay N3MeHeHneM
HPI1 n BnaXKHOCTM MOYBbI HET OYEBUAHON CBA3W. 34eCb
Temnbl pocta HPIM (no NDVI n NDWI) He cBA3aHbI € 13-
MeHeHWeM BnakHOCTH nousbl (mo WI) 1, ckopee Bcero,
06ycoBMEeHbl TO/IbKO MOBLILLEHWEM TeMMepaTypbl BO3-
Ayxa. B To ke BpemA Mpu Tex e KIMMaTUYeCKUX 13-
MeHeHunsAx Ha Il Teppace Ha Bcex TMNax naHgwadTa 3a
WCK/MIOYEHNEM MecyaHbix pa3gyBoB (TN 6) oTMeyatoT-
cs 6onee BbICOKME, YeM Ha |-1l Teppacax, Temnbl pocTa
HPIM (no NDVI) (cMm. puc. 5B), 4To, ckopee Bcero, cBs-

3aHO C MNOoBbIWEHMEM BIAXHOCTK NoyBbl Ha |l Teppace
(cM. puc. 5F). TakuM 06pa3oM, MOKHO MPEearnoNoHuTb,
YTO yBe/IMYeHne BNarKHOCTM noysbl Ha Il Teppace BbI-
CTyNaeT KaKk [OMOJHWUTeNbHbIN (GaKTop MNOBbILEHNA
TemnoB pocta HPI1.

3a WCKlYeHWeM MecyaHblx pasgyBoB (Tvn 6) pas-
amuna KosddpuumeHTos B, Merkay Tunamn naHawadTa
B OCHOBHOM MeHblUe, YeM pasnuuna Mexay Koapdu-
umeHTamn B, AnA Kawgoro Tuna naHawadTa, pacro-
JIOMEHHOr0 Ha pasHbix Teppacax. OcobeHHO ABHO 3TO
nposenaeTcA no TpeHaam uHaexkca WI (cm. puc. 5F).
OTctofa MOXHO NPeAnosoKnTb, YTO TUMbl NaHAwadpTa
He CTOfb CYLeCTBEHHO B/MAIOT Ha TeMrbl U Hanpas-
NIeHHOCTb M3MeHeHut HPI u BRasHOCTM Mo4BbI MO
CPaBHEHWIO C BAIMAHWMEM 0CobeHHOCTeN penbeda.

Ocobblli MHTepec NpeacTaBnsAloT TPeHAbl UHAEKCOB
Ha necyaHbix pasgysax (tvn 6) Il Teppacsbl (cm. puc. 5B,
5D, 5F). Nosbiwenne NDVI u NDWI 3pecb He3HauuTeNb-
HO M He3Ha4MMo (CM. puc. 4), 4To obbACHAETCA BAMA-
HVYEeM Jonu (B MMKCesie) OTKPbITbIX FPyHTOB. B To ke
BpeMA 34ecb 0TMeYaloTCA NpefesibHO BbICOKME U 3Ha-
YnMMble TeMnbl pocTa nHaekca WI, cousmepumblie ¢ ero
TemMnamu pocta Ha apyrux nangwadTax Il Teppacel (cm.
puc. 4, puc. 5F). 3ToT $HaKT HEBO3MOXKHO 0OBACHUTD
6onee BbICOKOM aKTMBHOCTbIO pocTa HPII, nockonbRry
Temnbl pocTta mHAekcoB NDVI u NDWI Ha necuaHbix
pa3gysax lll Teppacbl HE3HaUYVMbI 1 B pa3bl HUMKE, YeM
Ha Apyrux navpwadrax 3Tol Teppachbl (cM. puc. 5B,
5D). [M03TOMYy MOXHO NPeAnoNoHUTb, YTO OTTanBaHue
rPYHTOB BEPXHEro ropuv3oHTa Mpu NOTENAeHnN KaMma-
Ta NPMBOAWT K MOBBILIEHWIO BIAXHOCTN MOYBbI HE3aBU-
CMMO OT pPacTUTEeNbHOMO MOKPOBA, T. €. B TOM YnC/e Ha
y4acTax 6e3 pacTuTesibHOCTL.

B naHHOM npumepe MHOroneTHee MOBbILLEHNE BaMHK-
HocTu nousbl (Mo WI) Ha nangwadTtax Il Teppachl (cm.
puc. 5F) Takme He MOXET 06 bACHATLCA YBEIMUYEHNEM
KomyecTBa atMocdepHbIX 0CaAKOB, MOCKOMbKY Ha CO-
cepHux ydacTtkax |-l Teppac u B noiMe He Habnaa-
etcA pocT uHgekca WI. CTonb cyulecTBeHHaA pasHu-
La B Hanpas/feHHOCTW W TeMnax U3MeHeHVA MHAOeKca
BnaxHoctn nousbl WI B norime, Ha I-Il u lll Teppacax,
B TOM 4uC/ie ONA OOHUX U Tex e TunoB naHawadTra,
MOMET OblTb CBA3AHA C Pas3/IMYUAMU UX FEOKPUOSIOTU-
YeCKUX YCIOBUIA.

OyeBUAHO, YTO [OCTOBEPHOCTb BbIABMEHUA CBA3EN
Me Ay reoKpUoNorMiyeckuMn yCnoBMAMU U CBOMCTBA-
MW TMOBEPXHOCTW B CYLLECTBEHHOM CTerneHn 3aBUCUT
OT [OCTOBEPHOCTU UCXOAHbIX AAHHbIX, B TOM 4ucne ot
TOYHOCTM KAaccudmkaumm, KapTorpadupoBaHusa, reo-
KPVOJTIOMMYECKON 1 TMAPOSIOTNYECKON XapaKTepUCTUK
TMnoB naHawadTa. CornacHo onucannam [21; 23] natu
TUnoB naHawadTa B pavioHe Mappecans, kK Hanbonee
BIA*KHbIM U3 HUX OTHOCATCA TopdAHble bonoTa (Tvn 9),
nosmMroHanbHaA TyHapa (Tvn 3) n TopdpaHuKKM (TN 8).
[pennpoBaHHasa TyHApa (Tvn 2) M necyaHble pasgy-
Bbl (TWN 6) OTHECEHbI K Hanbonee CyxuM naHgwapTam.
Mo AaHHbIM criyTHWMKOB Landsat Hambonee KOHTpacT-
HO M OQHO3HAYHO Pas3nMuYUA B CTeNeHW OpeHUpPOBaHNA
un ceoncts HPI npoasnsioTca Mexay TopbaHbiMU 6010-
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B ApKTHMKE

Hayunbie mccneposanuna B ApKTUKe

Tamu (Tun 9) 1 NecyaHbiMn pasgysamu (Tun 6). MepBble
XapaKTepu3ylTCcA aHOMA/IbHO BbICOKMMWU CPedHVMMU
3Ha4veHuAMn NDVI, NDWI n WI, a BTopble — aHOMasibHO
HU3KMMKU cpefHUMKM 3HadveHnamyn NDVI, NDWI v Hu3Ku-
MU 3HaveHuamu nigexca WI (c yueTom TennoBon nHep-
LMK OTKpbITOro rpyHTa) (cM. puc. 5A, 5C, 5E). B aToi
CBA3M ANA CONOCTaB/IeHNA XapaKTePUCTUK U AUHAMUKN
reOKPUOJIOMMYECKMX YCI0BUIA C MHOTOMIeTHUMU TpeHAa-
mu nHgexkcos NDVI, NDWI u WI 6onee geTtanbHo aHa-
NnM3MpoBanuch 3Tv ABa Tvna (Tunbl 9, 6) nanawadTa.
M3BecTHO, YTO B TyHAPEe NbANCTOCTb FPYHTOB CE30H-
HO-Mep3/10ro C/loA U raybuHa MX OTTamBaHUA 3aBUCAT
0T Me30- U MuKpopenbeda, KOTOpbIi onpegendeT yc-
NOBMA HAKOMMEHUA BNarv M TemnepaTypHbI PexHnM.
B paiioHe Mappecansa 6onoTHble naHAawadTbl B HU3-
KOW MolriMe XapaKTepu3ylTCA OTHOCUTENIbHO BbICOKOW
BNAMHOCTbIO MPYHTOB U HE3HAYUTENIbHBIM U3MEHEHMEM
rny6uHbl CTC, YTO 06bACHAETCA NPOCeAaHNEM MOBEPX-
HOCTV MpW OTTaMBaHWUM, & TAKKe YBeSIMYEHNEM BbICOTbI
MOXO0BOro MokpoBa [23]. [lpeHnpoBaHHble naHAawadTbl
B pavioHe Mappecand, Kak npaswio, MpuypoYeHHble
K 6osee BbICOKMM 37eMeHTaM penbeda, XapaxTepu-
3ylOTCA OTHOCWUTENIbHO HW3KOM BMIAKHOCTbIO TPYHTOB
1 CyWeCTBEHHbIM yBennyeHneM rinyouHsl CTC [23].
ConocTaBneHne MHOMOIETHUX TEeHAEHLMA N3MEHeHUA
reoKpUOJIOrMYECKMX YCIOBMIA B parioHe Mappecana
C TeHOeHUMAMK u3MeHeHna uHoexkca WI cBupeTenb-
CTBYeT O MPVHLMANANBbHOW BO3MOMHOCTU €ro UCMosb-
30BaHWA B KA4YeCTBE MHAMKATOPA U3MEHEHUs FyOuHbI
CTC ans nopobHbIX TWUMOB KpUOreHHOro naHgwadTa.
Tak, Ha TopdAHbIX 6o/10Tax B noviMe (Tun 9) TpeHapl UH-
fexca WI oTpuuatenbHble, He3HauMTeIbHble U He3Ha-
ynMmble (cM. puc. 3, puc. 5F). B To e Bpems Ha Il Tep-
pace Ha ApPeHVMPOBaHHbIX MecyaHbix pasgyBax (Tun 6)
OTMeYaeTCA npefesibHO BbICOKUMA M 3HAYUMbIN TpeHn
pocTa nHgekca WI (cm. puc. 4, puc. 5F). MNpepnonaraet-
A, uTo naHgwaodTsl I-1l Teppac no rnybuHe CTC 3aHu-
MalT MPOMEMKYTOYHOE MOJIOMKEHME Meway NaHAwad-
Tamu nonmbl u 1l Teppachl, 4To B onpefenieHHon Mepe
COOTBETCTBYET HabMIOLAEMBIM MPOMEMHYTOUHBIM 3HA-
ueHnAM KoadpduumenTos B, nHaexkca WI (cm. puc. 5F),
0[lHAKO bMIMKE K COCTOAHMIO TOPPAHBIX 60/10T B MOMME.
TakvM 06pa3oM, BbICOKME TeMIbl POCTa MHAEKCA BarK-
HocTv nousbl WI XapakTepHbl AnAa OpeHWPOBAHHbIX
naHAaWwadToB C CYLIECTBEHHBIM YBEIMYEHUEM FyOUHbI
CTC, a HM3KMe TeMnbl pocTa, HE3HAYMMbIE UAN OTpULA-
TenbHble TpeHabl WI — OnA nepeyBnarkHEHHbIX NaHa-
WadTOB C HE3HAUUTESNIBHBIM M3MeHeHWeM rybuHbl CTC.
PocT BnarHOCTV MouBbl Mpy Aerpagaumn Mep3nbix
rPYHTOB U yBenuyeHun rnybuHbl CTC paHee yKe oT-
Meyvanca B [5; 30]. B gaHHOM uccnenoBaHuy BriepBble
paccMaTpuBaeTCs BO3MOMHOCTb U3Yy4eHWs MOA06HbIX
npoLLeccoB Ha ocHoBe mHaekca WI, paccumtaHHoro no
[aHHbIM CMyTHWKOB Landsat, 4To CyLlecTBeHHO paclum-
pAET CMEeKTP pellaemblx 3aJavy MOHWTOPWMHIA U KapTo-
rpaduyeckoro MoAenvpoBaHUA COCTOAHWUA KpUOreH-
HbIX NaHAwWadToB TYHAPOBOMN 30HbI.
[nutenbHoe BAMAHWE nOTENAeHNA Kaumara, co-
NpoBOMAatoLeecA MOBbILeHWEM BAXHOCTM MOYBbI,
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MOXKeT OblTb CPaBHMMO C MPOLECCAMM JIOKaSbHOMo
U3MEHEHVA TeOoKPMOIOrMYECKUX YC/IOBUA MpU OLHO-
MOMEHTHOM HapyLueHun HPI1, Hanpumep, Npu Npoxor-
[eHVN Be34ex04HOro TpaHCnopTa Wan Nocse NoXapos
[31]. Mpw HapyweHun HPT1 TaK e, Kak 1 nNpu noTtenne-
HAW KIMMaTa, YBENMYMBAETCA KOMYEeCTBO TernsioBoW
3Hepruu, NocTynatLLein B aKTUBHbIA C/0W, 4TO B 060-
WX C/ly4aAx MOMET NpMBECTU K Aerpajaumnm Mep3oThl,
yBenuyeHuio rybuHbl CTC M MOBbLIWEHWIO BAXKHOCTU
NMOBEPXHOCTU.

CywecTBoBaH/e CBA3WM Mewdy penbedoM, CBOK-
CTBAMW paCTUTENbHOCTW, BAMKHOCTbIO MOBEPXHOCTU
n rnybuHon CTC [OCTaTOYHO XOPOLLO M3BECTHO [5; 6;
30]. PaHee TaKkse Oenanca BbIBOA O MOJIOKUTENBHOMN
CBA3W Meray TeHAeHUMAMN NoBbIleHna nigexca NDVI
n yBenuyeHneM rnybuHbl CTC Kak cneacTsua M3MeHe-
HUA KnnMmaTa [6—8; 11; 32]. O606LLEHME NOYHEHHBIX
pe3ynbTatoB M oOnbliTa npeablaylimx MCCiefoBaHui
No3BOJSIAET YTOYHWUTb MPUYMHHO-CNEACTBEHHblE CBA-
31 Meay W3MEHEHWEM TFeOKPUONIOrMYECKNX YCI0BUNA,
covictB HPI n BnaskHocTn noysbl. OTTavBaHue mMeps-
NoTbl Ha NaHpwadTax C OTHOCUTENIbHO HWU3KOW fbAau-
CTOCTbO FPYHTOB BEPXHEro ropyM3oHTa MPUBOAWT K Cy-
LecTBEHHOMY yBennyeHuio rnybuHbl CTC, NoBbiEHMO
B/IA*KHOCTM NMOYBbI W, KaK ClieAcTeue, 6oee akTUBHOMY
pOCTy pacTWUTENbHOCTM 3a CYET MOCTYyrMJeHWA A0Mos-
HUTesIbHOro obbema Bnarn. KocBeHHO 06 3TOM TaKHe
CBUOETENbCTBYIOT 60fiee BbICOKME TeMmbl pocTa (Mo
KoadpduumenTy B,) niaekca WI Ha lll Teppace B cpas-
HeHun ¢ NDVI u NDWI (cMm. puc. 5B, 5D, 5F). Ha Takux
yyacTKax TpeHabl pocta nHgexcos NDVI u NDWI moryt
paccMaTpuBaTbCA KaK [OMOJIHUTENIbHble WHAUKATOPbI
yBenuyenua rnybuHbl CTC, HO TO/IbKO B Crlyvae 3Ha-
YMMOr0 MOBbILEHNA BAAXHOCTW MOYBbI, B TOM 4ucC/e
onpenenaemMoro no nHaexcy WI.

MNpennaraemMbin NOAX0A4 UMeET onpefesfieHHble orpa-
HUYeHNA O1A NPUMEHeHNA B panoHax TyHApbl. Kak no-
Ka3blBaeT OnbIT, MOJ06HbIE UCCNefoBaHWA MOTYT Mpo-
BOAWTBLCA HA OTHOCUTENIbHO HebONbLIMX TEepPPUTOPUSX,
YTO 06YC/IOBNEHO OBYMA NMpuymMHamu. MNepBanA cBsA3aHa
C Ype3Bbl4alHO MasibiM KoinyecTBoM 6e306/1a4HbIX
[OHel B NeTHUI nepuof. YMeHblueHe pa3MepoB Teppu-
TOpUM NO3BONAET YBENNYNTD YACO KOCMUYECKNX CHUM-
KOB C ¢pparMeHTamMm 63 06/1a4HOCTU U NONYUUTb bonee
npeAcTaBUTENbHYIO BbIGOPKY AaHHbIX. BTOpasa npuunHa
CBA3aHa C BMAHWEM HEOAHOPOAHbLIX MO MPOCTPAHCTBY
C/lydalHbIX KonebaHwi Temnepatypbl BO3AdyXa, 4TO,
B YaCTHOCTW, BAMAET Ha [OCTOBEPHOCTb pacnpefe-
nenvAa nHgexkca WI. OueBnaHO, YTO yMeHblUeHVe pas-
MEpOB TEpPPUTOPUN UCCNE0BAHUA CHUMKAET BIMAHME
3Toro daktopa. Takwe cnefyeT OTMeTUTb, YTO Mpu-
MeHeHVe MeToAa BO3MOXHO [/1A TEPPUTOPUIA, HN3KMX
K aHanusmpyemomy pavioHy Mappecana no CTpoeHuio,
TMNam nangwadra, TMNaM pacTUTeNbHOCTW, reoMop-
$H0oNorMYeCcKnM 1 reoKpUoNorMYeCKUM YCIOBUAM.

3axkmoueHue

Ha npvmMepe y4yacTka TyHApbl B panioHe MOMAPHOW
CTaHumn Mappecans Ha nonyoctpose AMan no 4aHHbIM
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30HanbHbIE 0CO6EHHOCMU U3MEHEHUS pacmumenbHo20 NOKPOB8A U 8/IAMHOCMU N0Y8b!
munu4Holi myHOps! 8 YCa08USX homensieHus KauMama (Ha npumepe patioHa Mappecans, nonyocmpog Sman)

Co cnyTHUKOB Landsat oxapaKTepn30BaHbl CBA3aHHble
C MOTEenfeHNeM KaMMaTta TeHAEeHUMW M3MEHEHUA pac-
TUTENBbHOCTU U BAKHOCTM MOYBbI Pa3HbIX TUMOB NaHA-
wadTa, HAXOAALMXCA HA pa3HbIX FeoMOpPdONorMyecKnxX
YPOBHSX, & TaKHe CBA3b 3TUX U3MEHEHWI C U3MEHEHNEM
rny6uHbl CTC. AHanM3 NpoBOAMACA C UCMOJIb30BAHMEM
BeretaumoHHoro mHaekca NDVI, nHoekca BnasKHoCTU
noepxHocT NDWI, a Take TemnepartypHo-BereTa-
umoHHoro uHaexca WI, xapaktepusytoLiero BlasHoOCTb
NoYBbl B KOPHEBOWM 30HE pacTUTeNbHOro Mokposa. o-
NyYeHHble pe3y/bTaTbhl MO3BONAT CAenatb ciegyto-
LiMe OCHOBHbIE BbIBObI.

1. ObycnoBsneHHble NoTeneHneM KaMMata Hanbonee
BbICOKMEe TeMnbl pocta HPI n BnarHocTV nouysbl (no
nHgexkcam NDVI, NDWI n WI) gna Bcex Tunos naHawad-
Ta oTMevaloTcA Ha 6ofiee BbICOKOM reomopgosormye-
cKkoM yposHe — |l Teppace.

2. B cpaBHeHuu ¢ BbicoToM penbeda Tvn nangwadra
He OKa3blBaeT COMOCTAaBMMOro C HUM BAMUAHWUA Ha W3-
MeHeHune coctosaHusa HPI 1 BnarHOCTK NoyBbl (M0 UH-
nexkcam NDVI, NDWI 1 WI).

3. BblCOKM 1 3HauMMbI Temn pocTa uHaekca WI Ha
necyaHblx pasgysax lll Teppacbl MoXeT cBuaeTeNb-
CTBOBaTb O MEPBUYHOCTW MpoLEecca MOBbILLEHUA BNAMK-
HOCTV NOYBbI B pe3ynibTaTe 0TTauBaHUA MPYHTOB U CBA-
3aHHOIMO C HUM YCUMIEHWA poCTa pacTUTENIbHOCTU.

4. CywecTBeHHble pa3nymA B TeMMnax pocTta MHaeKca
WI ogHUX 1 Tex e TUNoB NangwadTa, pacnonoKeHHbIX
Ha pa3HbIx reoMopdONOrMYecKkmX YpoBHAX, MOTYT BbITb
06yCnoBNEHbl Pa3fMUMAMKU TEOKPUOSIOMMYECKUX YCIIO0-
BWI. BbiCOKME 1 3Ha4YMMble TpeHAb! NOBbILWEHNA UHOEK-
ca WI xapakTepHbl ANnA OpeHUPOBaHHbIX NangwadToB
C OTHOCUTE/IbHO HWU3KOM BAXHOCTBIO FPYHTOB U Honee
BbICOKMMU Temnamu yBenndeHna rnybuHsl CTC. He-
3HauuTeNbHblE U HEe3HAYMMble TpeHAabl n3meHeHuna WI
XapaKTepHbl 41A naHawadToB NoliMbl C OTHOCUTESIBHO
BbICOKOW BNIArKHOCTbIO MPYHTOB M HE3HAUUTESIbHBIM U3-
MeHeHueM rny6uHbl CTC.

5. [InA TeppuTOpwUiA, aHaNnornyHbIX panoHy Mappeca-
NA U UMEIOLLMX CXOMKMI AMana3oH BMAXMHOCTU FPYHTOB
BEPXHEro ropu3oHTa, MHOTOJIETHME TPEHbl U3MEHEHMA
MHAEeKca BramHocTv noysbl WI MoryT paccMaTpuBath-
CA B Ka4ecTBe MHAMKaTopa M3MeHeHusa rybuHbl CTC.

6. MHoroneTtHue TpeHabl niaexkco NDVI u NDWI mo-
ryT paccMaTpuBaTbCA B Ka4eCcTBe JOMOMHUTESIbHBIX UH-
[MKaTOpOB U3MeHeHWA rybuHbl CTC, HO TOMbKO B CJly-
YanAx cooTBeTCTBUA TpeHaaM uHgexca WI.

B paioHax ctpouTenbctBa M GYHKLMOHMPOBAHMWA
06HEeKTOB HedTerasoBoro KoMmmjaekca npensaraemMbli
MeTO[ aHanM3a MOMET 6blTb MCMOMb30BaH A8 BblAB-
NEHUA y4aCTKOB Hambosiee MHTEHCMBHOMO MOBbILIEHUSA
BMarKHOCTW MOBEPXHOCTU U yBenuveHus rayoutsl CTC,
CBA3AHHOr0 C noTensieHMeM Kaumata. OnpegeneHHbI
MHTepec MOoryT MpeAcTaBnATb pe3ynbTaTbl aHaNoruny-
HbIX MCCefoBaHWii B panioHax B3pblBOB byrpoB raso-
OVHaMU4ecKoro nyyeHuA Ha nosnyoctpoBe Aman [33;
34]. AHanu3 n 0606LLeHME CYLLECTBYIOLLMX MoAesen
noAo6HOM B3pbIBHOM Aerasauuy nokasaam, 4To Hanbo-
Nee BEPOATHbI TE€ U3 HUX, B KOTOPbIX NpeanofaraTca

reHepauma 1 HaKomnjaeHve NpUpPOLHOro rasa rnoj Beu-
HOM Mep3110TON, a MoTen/IeHne KauMara Bbi3blBAeT /10-
Ka/lbHOe UCTOHYeHWe W ocnlabnieHne nepeKpbiBaoLLMX
NbANCTBIX nopog [35].

B To ke BpemA o4eBMAHA HEOOXOAMMOCTb MpoBe-
[eHUA [OMOSIHUTENbHBIX MCCIef0BaHNI, KacaroLwmxca
yTouHeHuA cBa3n nHaexcos NDVI, NDWI n WI ¢ Bnam-
HOCTbIO M TUMOM MouBbl, ray6uHoii CTC, cocTaBoMm
W NbOUCTOCTbIO MPYHTOB, 0COOEHHOCTAMU ME30- U MU-
Kpopenbeda, obbemMamMn GUTOMACChl U BUAAMM pac-
TUTeNbHOro NoKposa. PaccmaTprBaeMmblli B HacToALLERN
paboTe aHanM3 AaHHbIX 033 ¢ 30HaNbHLIM geneHneM
TeppuTOpMM Mo TuNam naHawadTa u reomopdonormye-
CKMM YPOBHAM M03BOJ/IAET 6osiee TOYHO XapaKTepuso-
BaTb Pa3fnunA B peakLm MOBEPXHOCTU KPUOIMTO30HbI
Ha M3MEHEeHVe KMMaTta, YTO paHee MpPaKkTUYeCKU He
NpOBOAMIOCH MPY JIOKANIbHBIX U PerMoHasIbHBIX Mccne-
foBaHuAx. B uenom nonyyeHHble pesynbTaTbl CBUAe-
TENbCTBYIOT O MEpPCNeKTUBHOCTU MPUMEHEHWUA WHOEK-
coB NDVI, NDWI n WI gna MOHWTOpPUHIra apKTu4ecKom
pacTUTeNbHOCTU U BEYHOM Mep3/10Thbl M MOryT Mocsy-
YKWUTb OCHOBOW [/1A NMPOBEAEHUA aHANOMMYHBIX Habsio-
JeHuli 32 COCTOAHMEM U TpaHCPOpMaLMAMK KpUOreH-
HbIX NaHAWapTOB B APYrvX panoHax TYHAPOBOW 30HbI.

®duHaHcMpoBaHUue

PaboTa BbiNosiHeHa B paMKax rocyfapCcTBEHHOro 3a-
JaHusa no teme «MoBblweHne 3pderTUBHOCTA 1 3KOSO-
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Abstract

Under climate warming, the intensity of permafrost transformation process depends on many factors, includ-
ing topography, landscape types, vegetation cover, and soil composition and moisture. Therefore, the author
considers it relevant to identify the factors that most significantly influence permafrost stability, as well as to
determine surface properties (indicators) that characterize its degradation. The aim of the study is to assess
how climate warming alters vegetation properties and soil moisture across different landscape types and geo-
morphological levels, and to evaluate the relationship between these changes and geocryological conditions. The
analysis is based on Landsat satellite data acquired between 1985 and 2024 for an area of typical tundra on
the western coast of the Yamal Peninsula. Vegetation and moisture dynamics were quantified using the Normal-
ized Difference Vegetation Index (NDVI), the Normalized Difference Water Index (NDWI), and the temperature-
vegetation soil moisture index (WI, Wet Index). The identified trends in the indices show a dominant influence of
topography on the rate of soil moisture and vegetation cover growth. Thus, the change rates of indices can be
considered as indicators of changes in the depth of the seasonal thaw layer.

Keywords: soil moisture, climate change, geocryological conditions, geomorphological levels, vegetation cover,landscape types, trend analysis,
tundra, Landsat.
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