MO TMAPOMETEOPOJIOI M1 ON HYDROMETEOROLOGY

OEJIEPAJTIbHA S CITYIKBA ‘ THE RUSSIAN FEDERAL SERVICE
1 MOHUTOPUHTY OKPYKAIOIIEN CPEJIbI s AND ENVIRONMENTAL PROTECTION

TOCYIAPCTBEHHBII HAYUHBII LIEHTP THE STATE SCIENTIFIC CENTER
POCCUIICKO ®EJIEPAIIII @ OF THE RUSSIAN FEDERATION
APKTUYECKHIT 1 AHTAPKTUYECKHIA W THE ARCTIC AND ANTARCTIC
HAYUYHO-UCCJIEJIOBATEJIbCKUI UHCTUTYT RESEARCH INSTITUTE

MNMPOBJIEMbI APKTUKU U AHTAPKTHUKH
Problemy Arktiki i Antarktiki

Tom 72, Ne 1, 2026

ARCTIC AND ANTARCTIC RESEARCH
Volume 72, No. 1, 2026



IIpo6sieMbl APKTHKH H AHTADKTHKH
HayuHblii perieH3upyeMblii Ky pHall
XKypran nporomkaer ocHoBaHHOE B 1937 T. nepuonudeckoe uznanue IpodiaeMbl ApKTHKH.
W3naercs nox Hay4HO-METOIMYECKUM pyKoBOojaCTBOM Otnenenus Hayk o 3emie PAH

HayunsIit peneH3upyeMslii xypHa OTKpbIToro focTyna IlpodaeMbl ADKTHKH H AHTAPKTHKH ITyOIIHKYeT HOBBIC
Ppe3yJbTaThl KCCIIeIOBaHUH MOISAPHBIX oOnacTei 3eMiu B 001aCTH OKEaHOJI0TUH, METEOPOJIOTUH, KIMMATOJIOT UH,
THAPOJIOTUH, IVIALHOIOTHH, JI€[OBSICHHsI, THAPOXUMHY, Majeoreorpauu, OUOIOTUH U YKOJIOTHH IIOISIPHBIX

PErHOHOB, POOIEM IKOHOMUUYECKON M COIMANIBHOM 0€30MacCHOCTH APKTHKH.

I'naBHbIi perakTop

HBanos B.B., 1-p dus.-mar. Hayk, MI'Y, Mocksa, Poccus

3aMecTHTe/IN [NIABHOTO peJaKTopa

Jeituenxos [JL, 1-p reon.-munepan, Hayk, BHUMO, Canxr-TetepOypr, Poccus
JIunenxos B.S1., kaun. reorp. nayk, AAHNUW, Canxr-IlerepGypr, Poceus

Penmna UL.A., 1-p duz.-mar. Hayk, UPA PAH, Mocksa, Poccns
PenaknuoHHbIi coBeT

IIpedcedamens pedarkyuonno2o cosema

Maxkapos A.C., 1-p reorp. nayx, AAHVH, Canxr-IlerepGypr, Poccnst
Ynenvl pedakyuoHHo20 cosema

Kammncknii B.JI,, akazemik PAH, BHUNO, Canxr-lerep6ypr, Pocens
Korusikos B.M., akanemux PAH, UI' PAH, Mocksa, Poccns

Marumos LT, axagemuk PAH, IOHLL, Pocto-Ha-/[ony, Poccus
Iyraues O.H., axanemux PAH, 3UH PAH, Cankt-Iletep6ypr, Poccus
Pymsirnes B.A., akazemux PAH, THO3 PAH, Cankr-Tlerepbypr, Poccns
Tumkos A.A., wr.-xopp. PAH, UI" PAH, Mocksa, Poccrs
Omeemcmeennblil cekpemaps

Anexuna WLA., xangn. 6non. Hayk, AAHUH, Canxr-Tlerep6ypr, Pocens
Penaxkuus

Jlumepamypnuiii pedakmop

Musenxko E.B., Canxr-Ilerepypr, Poccus

Texnuueckuii pedakmop

Mepkyaos A.A., AAHWH, Canxr-TlerepGypr, Poceus
Opueunan-ywaxem

®uammmosa A.C., AAHUH, Cankr-TletepGypr, Poccus

Pe)]ammom—laﬂ KOJIJIeTrusl

Aunekcees I.B., 1-p reorp. Hayk, AAHUH, Canxr-Tletepoypr, Poccust
Boobires JLIL, xara. Gus.-mar. nayk, Hancen-nentp, Cankr-TlerepOypr, Poccus
Baxtun H.B., 4n.-xopp. PAH, EVCII6, Canxr-TlerepGypr, Poccus
TI'puropses M.H., 1-p reorp. nayk, IM3 CO PAH, flkyrck, Poccis
Jlenncenko C.I., 1-p 6uon. nayk, 3IH PAH, Cankr-Tlerepbypr, Poccis
Jlunn JI.B., 1-p, NP1, Tpomcé, Hopserns

Jlodpoarodos C.A., akazemix PAH, MI'Y, Mocksa, Poccust

Jlyounnna E.O., wr.-xopp. PAH, UTEM PAH, Mocksa, Poccus

Karuos B.M., 1-p dus.-mar. Hayk, [TO, Canxr-Iletep6ypr, Poccis
Kosenos B.B., 1-p ¢us.-var. nayx, ITT'1, Mypmanck, Pocens

Jeiioman M.O., 1-p reon.-munepan. nayk, MK3 CO PAH, Tiomens, Poceus
Jemmnapanta M., npo., UH, Xenscnuxn, Gunnanmms

Jlorunos B.®., akazemux HAH UIT, HAHB, Munck, benapycs

Makmrac AIL, 1-p dus.-mar. nayx, AAHWH, Cankr-Tlerep6ypr, Poccis
Mapuenko A.B., mpod., UNIS, Jlouriiup, Hopserns

Muponos E.Y., 1-p reorp. nayx, AAHWH, Canxr-Tlerepbypr, Poccus
Oxounopkos FO.B., 1-p Ouor. Hayk, UV, Bepakpyc, Mekcuka

Paiino JI., mpod., IGE, I'penoGb, Gpanmus

Casonos K.E., 1-p tex. Hayk, KTHLI, Canxr-TlerepOypr, Poccust
Cemeno B.A., axanemux PAH, DA PAH, Mocksa, Poccust

Craspo K., 1-p Tex. Hay, HHOL[ AO «"HUHT Wy, Canxr-Tlerep6ypr, Poccus
Tananaii ILT., mpocpeccop, PRC JU, Yansuyns, Kurait

Tumoxos JLA., 1-p (us.-mar. Hayk, AAHIM, Cankr-Tlerep6ypr, Poccis
Tpommyes O.A., 1-p ¢us.-mar. nayk, AAHVUH, Canxr-lerepOypr, Pocens
@unaros H.H., un.-xopp. PAH, UBIIC PAH, ITerpo3asozck, Poccus
®munt M.B., axanemnx PAH, MO PAH, Mocksa, Poccus

Uncersikos K.B., 1-p reorp. Hayk, CIIOI'Y, Cankr-Tlerepbypr, Poceis

ISSN 0555-2648 (Print), ISSN 2618-6713 (Online)

IIpeduke DOI: 10.30758
JKypHai BKIIOUEH B epeueHb PeLeH3HPYeMbIX HaydHbIX H31aHnid BAK, B KOTOPBIX TOIKHBI OBITH OIyOIHKOBAHBI
OCHOBHbIC Hay4HBIC PE3Y/IBTAThI AUCCEPTALHII HA COMCKAHUE YYCHBIX CTENCHEH JOKTOPA 1 KaHIMaTa HayK.
Kyphan my6nukyeT crarby 1o HayuHbsIM crenuansHocTsiM BAK 1.6.1, 1.6.8, 1.6.14, 1.6.16, 1.6.17, 1.6.18.

JXKypnan 3apeructpuposan DenepanbHOH CIIy>k00i 0 HAA30pY B chepe CBA3H U MACCOBBIX KOMMYHHKAIIUH:
CBHIETENBCTBO O perucTpanuu nevyarHoro usganus [1U Ne ®C 77-73644 ot 7 centsops 2018 .,
CBHIETENBCTBO 0 perucTpanuu cereBoro m3aanust JJ1 Ne ®C 77-73287 ot 20 mronst 2018 T

Anpec yapeauTeisi U H3/1aTeIs:
199397 Canxr-IletepOypr, ya. bepunra, 38, Jlutepa A.
Ten. +7(812) 416-4251, e-mail: aaresearch@aari.ru
I'HL P® Apkruyeckuii ¥ aHTapKTHYECKUIT HAyYHO-MCCIIEI0BATEILCKUI MHCTUTYT.
Caiir xypnana: https://www.aaresearch.science

BeIxoaut exekBapTaibHO. PacpocTpansiercs: OecuiaTHoO.
© T'HII PO AAHNMU, 2026 (yuperurens 1 H3AaTeIIb)
© Pocrunpomert, 2026 (ydapeauress)

3HaKoM HH(OPMATHOHHON IPOAYKIUH HE MAPKUPYETCS



Arctic and Antarctic Research
Scientific peer-reviewed journal

The journal continues the series of Arctic Research, founded in 1937.
The journal is published under the scientific and methodological guidance of the Earth Sciences Division
of the Russian Academy of Sciences

Scientific peer-reviewed open access journal Arctic and Antarctic Research publishes new findings of studies of the
Earth polar regions in oceanology, meteorology, climatology, hydrology, glaciology, hydrochemistry, paleogeography,
biology and ecology of the polar regions, and on the problems of economic and social security in the Arctic.

Editor-in-Chief

Vladimir V. Ivanov, Dr Sci. (Phys. and math.), MSU, Moscow, Russia
Deputy Editors-in-Chief

German L. Leitchenkov, Dr. Sci. (Geol. and mineral.), VNIIO, St. Petersburg, Russia
Vladimir Ya. Lipenkov, Cand. Sci. (Geography), AARL, St. Petersburg, Russia
Irina A. Repina, Dr. Sci. (Phys. and math.), [FA RAS, Moscow, Russia
Editorial Council

Chair

Alexander S. Makarov, Dr. Sci., AARI, St. Petersburg, Russia
Members

Valery D. Kaminsky, Academician, VNIIOA, St. Petersburg, Russia
Vladimir M. Kotlyakov, Academician, IG RAS, Moscow, Russia
Genady G. Matishov, Academician, SSC RAS, Rostov-on-Don, Russia
Oleg N. Pugachev, Academician, ZIN RAS, St. Petersburg, Russia
Vladislav A. Rumiantsev, Academician, ILS RAS, St. Petersburg, Russia
Arkady A. Tishkov, RAS Corr. member, IG RAS, Moscow, Russia
Executive Secretary and Coordinator

Irina A. Alekhina, Cand. Sci., AARI, St. Petersburg, Russia

Editorial

Literary Editor

Elena V. Minenko, St. Petersburg, Russia

Technical Editor

Alexander A. Merkulov, AARI, St. Petersburg, Russia

Original layout

Anna S. Filippova, AARI, St. Petersburg, Russia

Members of the editorial board

Genrikh V. Alekseev, Dr. Sci., AARI, St. Petersburg, Russia

Leonid P. Bobylev, Cand. Sci., NIERSC, St. Petersburg, Russia
Kirill V. Chistyakov, Dr. Sci., SPbU, St. Petersburg, Russia
Stanislav G. Denisenko, Dr. Sci., ZIN RAS, St. Petersburg, Russia
Dmitry V. Divine, Cand. Sci., NP1, Tromse, Norway

Sergey A. Dobrolyubov, Academician, MSU, Moscow, Russia
Elena O. Dubinina, RAS Corr. member, IGEM RAS, Moscow, Russia
Nikolay N. Filatov, RAS Corr. member, NWPI, Petrozavodsk, Russia
Mikhail V. Flint, Academician, I0 RAS, Moscow, Russia

Mikhail N. Grigoriev, Dr. Sci., MPI SB RAS, Yakutsk, Russia
Vladimir M. Kattsov, Dr. Sci., MGO, St. Petersburg, Russia

Boris V. Kozelov, Dr. Sci., PGI, Murmansk, Russia

Marina O. Leibman, Dr. Sci., ECI SB RAS, Tyumen, Russia

Matti Leppédranta, PhD, Prof. emer., UH, Helsinki, Finland
Vladimir F. Loginov, Academician, INM NASB, Minsk, Belarus
Alexander P. Makshtas, Dr. Sci., AARI, St. Petersburg, Russia
Alexey V. Marchenko, Dr. Sci., UNIS, Longyearbyen, Norway
Evgeny U. Mironov, Dr. Sci., AARI, St. Petersburg, Russia

Yury B. Okolodkov, Dr. Sci., UV, Veracruz, Mexico

Dominique Raynaud, Prof. emer., IGE, Grenoble, France

Kirill E. Sazonov, Dr. Sci, KSRC, St., Petersburg, Russia

Vladimir A. Semenov, Academician, [FA RAS, Moscow, Russia
Konstantin G. Stavrov, Dr. Sci., GNINGI, St. Petersburg, Russia
Pavel G. Talalay, Prof,, Dr. Sci., PRC YU, Changchun, PRC

Leonid A. Timokhov, Dr. Sci., AARI, St. Petersburg, Russia

Oleg A. Troshichev, Dr. Sci., AARI, St. Petersburg, Russia

Nikolay B. Vakhtin, RAS Corr. member, EUSP, St. Petersburg, Russia

ISSN 0555-2648 (Print), ISSN 2618-6713 (Online)
DOlI-prefix: 10.30758

The Journal is licenced and indexed by the Supreme Certification Comission in Moscow (VAK).
The Journal publishes papers on the next scientific specialties of the Supreme Certification Comission:
1.6.1,1.6.8, 1.6.14, 1.6.16, 1.6.17, 1.6.18.

Issued by the Federal Service for Supervision of Communications, Information Technology, and Mass Media:
Registration Certificate for the print publishing [T Ne ®C 77-73644 of September 7, 2018.
Registration Certificate for the web publishing 9JI Ne ®C 77-73287 of July 20, 2018.

Contacts:

199397 Saint Petersburg, Bering str, 38, litera A; phone: +7 (812) 416-4251; e-mail: aaresearch@aari.ru
State Scientific Center of the Russian Federation Arctic and Antarctic Research Institute
https://www.aaresearch.science

Four issues per year. Distributed free of charge.

© SSC RF AARI, 2026 (founder and publisher)
© Roshydromet, 2026 (founder)

The Journal is not marked with the Information Product label



Conep:xkanue

OKEAHOJIOI'A

ABTOMaTHYECKOE OIIPEICIICHIE BUXPEH IO CITyTHUKOBBIM JaHHBIM

BHAUMOTO JIHMAaIla30Ha C HCIIOJIb30BAHHEM METOLOB

TTyOOKOTO MAIIMHHOTO 00y4YeHsI Ha TpuMepe HOPBEIKCKOTO MOPS ......eevveeeeneenieneeeene 6
B.B. Kynax, /[ M. [{emues, ®.A. I'nesawes, T.A. Anexceesa, U.JI. bawmaunukos

Benyiye Mobl KpyMHOMACIITAOHOH H3MEHUYNBOCTH TEMITCPATY PhI
MOBEPXHOCTH OKEaHAa B MPUATIAHTHIECKOM CEKTOPE APKTHKH. .....eerveemeirreeeenieerenirennens 19
E.A. Yepussckas, H.A. Jluc, A.A. Coxonos, JI.A. Tumoxos

METEOPOJIOI'S U KIIMMATOJIOI' S

BHyTpHCE30HHbBIC H3MEHEHHS 1 TPOCTPAHCTBEHHbIC NATTEPHBI BIUSHUS

APKTHYECKOTO MOTEIICHUS HA [IUPKYJISILIUOHHbIC

U TEMIEPATYPHBIE AHOMATIMH B EBPABHH ...covviiiiiiiiiiiiiiiciiicicccc e 35
O.C. 3opranvyesa, O.FO. Anmoxuna, E.H. IOpeuna

Incoming shortwave radiation in the Barentsburg area, Spitzbergen, 2015-2025 ......... 52
U.V. Prokhorova, A.V. Terekhov, A.1. Narizhnaya

I'MAPOJIOrnsA CYIIU U T'MAPOXUMM A

CoBpeMeHHbBIN THAPOTOTHUeCKUi peskuM HiokHel STHbI
T €TO OTTACHBIC TTPOSBIICHI ....vvenvneenieenteteententeentesteenteeteenseeneenseeseesseeneesseensesseensesneannens 65
JI.B. Maepuyxuii, C.A. Kaunosa, A.C. 3asadckuii

[T MOJI0I YA U KPUOJIOI' M

Permafrost on Severnaya Zemlya Archipelago and Wiese Island,

Russian High ATCHC ......eoiiiiieiieieeee et s 85
N.E. Demidov, A.N. Rachkova, A.V. Guzeva, A.Yu. Gunar, A.V. Kozachek,

S.S. Krasilnikov, N.L. Sekisov, K.B. Tchikhatchev, Yu.V. Ugryumov,

T. Opel, H. Meyer, S. Wetterich

V3MeHeHHs BOJHOTO U TEIIOBOTO pexumMa 00oT 3ananHoi Cubupu
3a nocnennue 50 JIeT: CHHTE3 AaHHBIX HAOIIOACHUN i MOICITUPOBAHMUA. ......oevveeeveeneene. 113
0.A. Anucumos, A.I11. Mopo3zos, FO.I1. Mockeun

DJIEKTPOHHBIN apXHB JAHHBIX O Pa3phIBaX

B JICISTHOM MOKPOBE APKTUUCCKUX MOPEH .eevvviiuiieiiiiiiieniieeiiesiteeieesieeeieesieesiee e 127
JLH. loimenm, E.I" Boiikas, A.A. Epwoea, K.I" Kopmuxkosa,

B.C. Iopybaes, A.A. Yuprosa

OKOJIOT' A, BUOLEHOJIOI' VA M BUOI'EOI'PADUA

HI/IHaMI/IKa YUCJICHHOCTHU U MPOCTPAHCTBECHHOI'O PAa3MECIICHU I'HE3AANUXCA ITHUL]

Ha (OHE PEKOHCTPYKIIMU POCCUHCKOTO Mmocesika bapeHnOypr

(apxuriesar HIIMHAIIOCPTEH) ...c.veeviereerieteeiesieeeesteeeeesteesaesteesaesteessesseessesseessesseessesseensenns 140
H.B. Jlebeoesa

4 IIpobnemovr Apxkmuxu u Anmapxmuxu. 2026;72(1):4-5



Contents

OCEANOLOGY

Ocean eddy automatic detection in satellite optical images
of the Norwegian Sea using deep machine [earning............ceceveeeereeiienieienieeseee 6
V.V. Kulak, D.M. Demchev, F.A. Gnevashev, T.A. Alekseeva, I.L. Bashmachnikov

Leading modes of the sea surface temperature large-scale variability
in the Atlantic SECtor 0F the ATCHC .....ivverviiieieeiece et 19
E.A. Cherniavskaia, N.A. Lis, A.A. Sokolov, L.A. Timokhov

METEOROLOGY AND CLIMATOLOGY

Intraseasonal changes and spatial patterns of Arctic warming influence
on circulation and temperature anomalies in Eurasia ...........ccccooceiiiieniiiiniincneees 35
0.S. Zorkaltseva, O.Yu. Antokhina, E.N. Yurgina

Incoming shortwave radiation in the Barentsburg area, Spitzbergen, 2015-2025 ......... 52
U.V. Prokhorova, A.V. Terekhov, A.1. Narizhnaya

HYDROLOGY OF LAND AND HYDROCHEMISTRY

Current hydrological regime of the Lower Yana
and hazardous hydrological phenomena.............cooeiiiiiiiiieieece e 65
D.V. Magritsky, S.A. Kainova, A.S. Zavadskiy

GLACIOLOGY AND CRYOLOGY OF THE EARTH

Permafrost on Severnaya Zemlya Archipelago and Wiese Island,

Russian High ATCHC .......oiuiiiiiieieciiee et 85
N.E. Demidov, A.N. Rachkova, A.V. Guzeva, A.Yu. Gunar, A.V. Kozachek,

S.S. Krasilnikov, N.L. Sekisov, K.B. Tchikhatchev, Yu.V. Ugryumov,

T Opel, H. Meyer, S. Wetterich

Changes in the hydrological and thermal regime of permafrost bogs
in the past 50 years: synthesis of observational data and modelling .............c.ccccceenee. 113
O.A. Anisimov, A.P. Morozov, Yu.P. Moskvin

Electronic archive of data on leads in the ArctiC S€aS........c.coevvvieevvveeeeieeeeeeeeeeeee e 127
L.N. Dyment, E.G. Boikaya, A.A. Ershova, K.G. Kortikova,
V.S. Porubaev, A.A. Chirkova

ECOLOGY, BIOCENOLOGY AND BIOGEOGRAPHY

Dynamics of the number and spatial distribution of nesting birds during

the reconstruction of the Russian settlement of Barentsburg

(Spitsbergen archipelago) ........ccveevieierieiieeiieie ettt 140
N.V. Lebedeva

Arctic and Antarctic Research. 2026;72(1):4-5 5



B.B. Kynax, /I M. /lemues, @.A. I'nesawes, T.A. Anexceesa, 1.JI. Baumaynuxos
ABTOMaTHYeCKO€e ONpeejeHHe BUXPeii M0 CIIYTHHKOBBIM JaHHBIM BHINMOIO THANA30HA...

OKEAHOJOI'us
OCEANOLOGY

OpurnnanbHas cratbs / Original paper

hitps://doi.org/10.30758/0555-2648-2026-72-1-6-18 () S
VIK 528.854, 551.465

ABTOMaTH4YeCKOe onpe/eeHue BUXpei
M0 CIYTHUKOBBIM JAHHBIM BHIHMOI0 1HANA30HA
€ MCN0JIb30BAHHEM METO0B INIy0OKOr0 MAIIIMHHOTO 00y4YeHuUst
Ha npumepe Hopseikckoro mopst

B.B. Kynax', JI.M. Jlemues' > ®.A. T'uepames*!,
T.A. Anekceesa®’, .JI. Bamumaynukos®!

' Medicoynapoonuiii yenmp oxpamnwl okpyscaroweti cpedbl u OUCMAHYUOHHO20 30HOUPOBAHUSL
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JMJL, 0000-0001-6907-1729; ®AT, 0000-0001-8742-8031; TAA, 0000-0002-1575-8784;
WJIb, 0000-0002-1257-4197

Annotamusi. OkeaHCKHE BUXPH SABIISIOTCS BaXKHBIM (paKTOPOM KPYITHOMACIITaOHOH JUHAMUKN B MupoBoro
OKeaHa, BKJII0Yast TOJISPHBIE U CyOIoMspHble paioHbl. CTaTHCTHYECKH JIOCTOBEPHAS HH(OPMAIHS O KOJIH4e-
CTBE U XapaKTEPUCTHKAX ME30MACIITAOHBIX M CyOMe30MacIITa0HbIX BUXpEil ITO3BOIHUT OLCHUTH UX BIHSHHE
Ha KpyIHOMAcIITaOHbIE TEUCHNS, TMHAMHUKY JICASHOH KPOMKH U JAPYTHe JUHAMHUYECKHE U OMOXMMHYECKHEe
TPOIECCH B OKeaHe. B paboTe mpejaraercst anropuT™ myO0KOro MalIMHHOTO o0ydeHns Ha Oase HefpoceTH
SegFormer mst 5¢)()eKTHBHOTO aBTOMATHYECKOTO BEIICICHNS] BUXPEH 110 JaHHBIM BUIMMOTO JMAIIa30Ha CIIyT-
Huka Sentinel-3. OOyueHne ocymecTsusuocs Ha 52 m3o0paxkenusx Hopsexckoro Mopst 3a 2017-2025 rr., Ha
KOTOpBIX ObUTO BhITENeHO 938 Buxpeil. JlocTHrHyTEIe BRICOKHME MeTpukH Kadectsa loU = 0,87 u Dice = 0,93
TOKa3bIBAIOT BBICOKOE KA4eCTBO PaboTH! anropuT™a. [lomydeHHsIe pe3yabTaThl 0COOSHHO aKTyalbHBI JUIS
TOJIIPHBIX PafOHOB OKeaHa, TIe MpeoldIagaonye pa3sMeps! BUXpeil CYIIeCTBEHHO MEHBIIE, YeM, HalpuMep,
B CYOTpONHYECKHX M TPOIMMIECKUX MHUPOTax. Brienenne BUxpeil Ha CHIMKAX BHANMOTO JINANIa30Ha SBISCTCS
© Asropsl, 2026 © Authors, 2026
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V.V. Kulak, D.M. Demchev, F.A. Gnevashev, T.A. Alekseeva, I.L. Bashmachnikov
Ocean eddy automatic detection in satellite optical images of the Norwegian Sea...

MEPCIIEKTUBHBIME J0TIOJTHEHHEM K HCCIIC0BAHMIO [IPOSIBICHII BUXPEH B PaIHOIUANIA30HE U TO3BOJHT B [Iallb-
HeHMIeM Moy uTh 6osee 00bEKTUBHBIE JAHHBIC TSl KOMILICKCHOTO H3YUYeHHUs THHAMUKH ME30MACIITAOHBIX 1
cyOMe30MacIITabHbIX BUXPEil B OKeaHe.

KaroueBble c10Ba: okeaHCKHe BUXPH, ITy00Koe MalmHHOE oOydenue, Sentinel-3, Hopexckoe Mope

Tl uutuposanus: Kynak B.B., Jlemues /.M., I'nepameB @.A., Anekceesa T.A., baiumaunnkos U.JI. Apro-
MaTH4eCcKoe OTpe/IeNIeHNe BUXPEH MO CITy THHKOBBIM JAHHBIM BUIMMOTO JIHAia30Ha C HCTIOMB30BaHAEM METOI0B
ry6oKoro MammHHOro oOydeHns Ha mpumepe Hopsexckoro mops. [Ipoonemsr Apkmuxu u Anmapkmuxu.
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Ocean eddy automatic detection in satellite optical images
of the Norwegian Sea using deep machine learning

Veronika V. Kulak!, Denis M. Demchev'>*< Fedor A. Gnevashev*,
Tatiana A. Alekseeva®s, Igor L. Bashmachnikov*!
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St. Petersburg, Russia

4 Saint Petersburg State University, St. Petersburg, Russia
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Abstract. Ocean eddies are an important factor in the large-scale dynamics of the global ocean, including
polar and subpolar regions. A robust statistical information on the number and characteristics of mesoscale
and submesoscale eddies will yield new insights on their effect on dynamics of large-scale currents, ice-edge
variability, and other dynamic and biochemical processes in the ocean. Optical images complement the results
of the eddy identification study in radar and satellite altimetry images, each of which has its inherent limitations.
In optical images, eddies are often observed as spiral or mushroom-shaped structures in chlorophyll distribution,
which are formed through the effect of eddy rotation and convergence/divergence patterns. Massive studies
of characteristics of ocean eddies require algorithms for their automatic identification. Although several such
algorithms have been suggested for satellite altimetry and radar data, no such algorithm exists for satellite optical
images. It this study we propose a machine deep learning algorithm for efficient automatic eddy detection in
Sentinel-3 optical images. The Lofoten Basin of the Norwegian Sea, an area with a small Rossby deformation
radius of less than 10 km, but densely populated with eddies, was selected as a region for algorithm training
and validation. Even though the study area is known as one of the cloudiest areas of the northern polar latitudes,
52 mostly cloud-free images were collected over the 9 years of Sentinel-3 data, where 938 eddies were detected.
For automatic eddy identification we used SegFormer neural network architecture with an AdamW optimizer,
applied for 512x512 pixel tiles. In the course of validation high quality metrics were obtained: Precision = (.94,
Recall =0.91, Intersection of Union = 0.87 and Dice = 0.93. This demonstrates high efficiency of the algorithm
developed. The algorithm additionally identified several eddies missed during visual image inspection. The results
of the study are particularly relevant to polar ocean regions, where the predominant eddy sizes are significantly
smaller than in the tropics. The robust identification of eddies in optical images is a promising step forward in
understanding mesoscale and sub-mesoscale eddy dynamics.

Keywords: ocean eddy, deep learning, Sentinel-3, Norwegian Sea
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BBeaenue

Buxpu B okeaHe MPeaCTaBIIsAIOT cO0O0i BpalllaroIrecs CHIbHO HEIUHEHHBIC CTPYK-
TYpBI, CYLIECTBYIOLIHE KaK 000COOJIEHHbIE JMHAMHYECKHE 00pa30BaHMUsI, COJEpKAIIHNE
JKHJIKHE YaCTHUIIBI, COBEPIIMBIINE HE MEHEe OTHOTO 000pOTa YaCTUIIBI BOKPYT OCH H Iepe-
HOCSIIME He TOJIBKO 3HEPTHIO, HO U Maccy. KuHeTndeckas sHeprus BUXpel B CpeiHEM Ha
2 mopsiaKa 0oJble KHHETHYECKOH SHEPTUHU KPYITHOMACIITAOHBIX TEUEHHUIH, B CBA3MU C YeM
Me30MacIITaOHbIe BUXPU BHOCAT CYIIECTBEHHBIN BKJIAJ B SHEPreTHUECKHUH OajlaHC BOJ
okeaHa [1]. Buxpu urparor BaxHEHIIyto posib B TpaHC(HPOHTAILHOM OOMEHE, B TOM YHCiIe
noJsipHbIX paiioHoB HOkHOTO M CeBepHoro JlenoBuroro okeanos [2—5], BO3AEHCTBYIOT
Ha OMOJIOTHYECKYIO MPOIYKTUBHOCTh MOPCKUX Bof [6, 7].

MaccoBble HCCIe0BaHNs XapaKTEPUCTHK BUXpEil B OKeaHe 3a JUINTEeNIbHBIN epros
TIPOBOSITCS TOJILKO TIO TaHHBIM CITyTHUKOBOH ansTuMeTpuu [8, 9]. CyliecTByeT HeCKOIbKO
IPUMEPOB MACCOBOTO PETHOHAIBHOTO U3YUYCHUS XapaKTePUCTHK BUXPEH U 3a OTAEIbHBIC
MECSIIBI HIIH TOABI 110 JaHHBIM BH3yaJbHOTO aHAJIM3a CIIyTHUKOBBIX CHUMKOB B PajHoO-,
uH(paKpacHOM U BUIMMOM auanazoHax [10—12]. B kaxiom 13 1uana3oHoB 3JIEeKTpoMar-
HHUTHOTO CTIEKTpa MacTad HCClIeI0BaHNS BUXpel UMeeT cBoU orpanuyeHus. CIyTHUKOBas
ansTUMeTpHs (AVISO) mo3BoISeT BBIACTATH TOJIBKO Hanbosee KPyIHbIEe BUXPH, UTO CBSI3aHO
C OrpaHUYEHHBIM pa3pelnieHneM AaHHbIX (1/4°%1/4° st MHTEPIONUPOBAHHBIX JAHHBIX
cnytHukoBo# ansrumerpun AVISO). OcoOeHHO Oolblire CI0KHOCTH UCIIONB30BAHUS
CITyTHUKOBOH JIETUMETPHH JUIS aHAIN3a BUXPEBOM aKTUBHOCTH BO3HUKAIOT B CeBepHoM Jle-
JIOBUTOM OKeaHe, Iyie paauyc nedopmarmn PoccOu ma, a nerpaganust allbTHMETPHYECKUX
HaOMroeHui BOJIM3M KPOMKH JIbJIa CYIIIECTBEHHO CHIDKAET TOYHOCTh aIbTUMETPHUYSCKUX
JIAHHBIX. BUXpU MOTYT OBITH BBIJICJICHBI HAa PaJANOIOKAIMOHHBIX H300paxeHusx (PJIN),
MOTYYEHHBIX C PAaAapoB C CHHTE3UPOBAHHOI! aniepTypoi, KOTOpbIe UMEIOT IIPOCTPAHCTBEH-
Hoe paspemieHne MeHee 100 m [13—16]. Ha PJIM takske CyIiecTBYIOT €CTECTBEHHBIE OTrpa-
HUYCHUS MIPU BBIBICHUH BUXPEBBIX CTPYKTYP, CBA3aHHBIC C OTPAaHUUYEHHBIM JHANIa30HOM
ckopocteit Betpa (3—12 m/c). KpyrHble BUXpH 4acTo He MOTYT ObITh BhIeeHbl Ha PJIN
U3-3a CYIIECTBEHHON N3MEHUMBOCTH XapaKTEPUCTHK CUTHANA HAa PACCTOSIHUH UX pajuyca,
YTO CBSI3aHO C MPOCTPAHCTBEHHOM M3MEHUYMBOCTHIO XAPAKTEPUCTUK MOBEPXHOCTU MOPS
u noiist Betpa. L{ukionsl Ha PJIW mposIisitoTest ropa3no 6oliee 4eTKo, YeM aHTHUIIUKIIOHBI,
YTO CO3/1aeT AUCIPOTOPIMIO TPU UX BBIJEICHHUH, BO MHOTOM MCKyccTBeHHYMO [11, 17].
Hecmorpst Ha orpaHuYeHus, CBSI3aHHBIE C HAIMYUEM OOJIAYHOCTH, M300paxkeHHs: HH(ppa-
KPacHOTO ¥ BUJMMOI'0 TMAIa30HOB YaCTO MO3BOJISIOT JTyullle (PMKCHPOBATh BUXPU KPYITHBIX
MacmTaboB, 4yeM paauonzodpaskenus [12, 18, 19]. B cBsi3u ¢ 3TuM npeacTaBisieTcss He00Xo-
JIMMO¥ CHHEPIHs UCCIIEIOBaHMS BUXPEi BUIMMOT0, HHPPAKPACHOTO U PAANOIOKAIIMOHHOTO
JTMANa30HOB, KOTOPAask TAKKE MOXKET MTO3BOJIATH OTCIECANTH IBOTIOLHUIO BUXPS NP HATMUUH
MOCIIeIOBATEIHLHBIX CHUMKOB B pa3HbIX nuama3oHax [18].

CripanieBUIHbIE U TPHOOBUJIHBIE CTPYKTYPhI OKEAHNYECKMX BUXpeil Ha n300pake-
HUSIX BUIMMOTO AMAaia30Ha MPUBIEKIN BHUMAaHUE HUCCIejoBaTelel ¢ MOMEHTA MOsBICHUS
HEPBBIX JAHHBIX C UCKYyCCTBEHHBIX CITyTHHUKOB 3emuti [15, 20, 21]. OCHOBHBIMH IPHYHHAMHU
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(hopMHUpOBaHNUS CIIMPAIEBUIHBIX CTPYKTYP B I0JIE XJIOPO(MIIIA CINTAIOTCS aIBEKTHBHOE
BOBJICUCHNE OKPYXKAIOIIMX BOJ C PA3HON KOHLICHTpAIMEH IIIAHKTOHA 1 OMOTEHOB BO Bpa-
IIaTeNbHOE JIBIKCHNE [8], yCHIICHNEe BEPTHKAIBHBIX JBIKCHUH B IEHTPAIBHBIX YacTIX
U Ha nepuepun BUXpEH, a Takke N3MEHEHHE TIIyOWHBI BEPXHETO MEPEMEIIaHHOTO CIIOS
B BHUXPSX MO CPABHEHMIO C OKPYXKAIOMINM OKeaHoM [22]. YcuieHune areocTpo(uiecKkux
BEPTUKAJIBHBIX CKOPOCTEH B BUXPSAX MOXKET OBITh BBI3BAHO PSZOM ITPUYUH: TPEHUEM, HHEP-
IIMOHHBIM CWJIAMH, SKMaHOBCKOHM HaKadKoi M3-3a (popMHUpOBaHMS TPAIUEHTOB MOJIS BETPa
HaJl BUXpEM (pe3ysbTaT aHOMAJILHOTO TETIIOOOMEHA MEKIy OKEaHOM M arMochepoit Hall
BUXpeM), (hopMmupoBaHTeM CcyOMe30MacIITaOHBIX BUXpEel U (priTaMeHTOB Ha mepudepun
Oornee KPYNHBIX BUXpei [7, 23, 24]. JoMuHUpYyIOm#E (GaKTOphl MOTYT MEHSTHCS BO BPEMEHU
U OT pernoHa K pernony. IIpumepno 1 % BuXpei, Kak IUKIOHHMYECKHUX, TaK U aHTHIH-
KIIOHWYECKUX, UMEIOT BHEIIHEE KOJIbIIO MOBBIIICHHBIX 3HAYEHUH XJIOPO(MIIA, CBI3aHHBIX
C MEXaHM3MOM BOBJICUCHUS OKPYXKAIOMINX BOJ, aHOMAJIbHON YKMAaHOBCKON HAKAUKOW MIN
areocTpo(UUECKUMI BEPTHKATBHBIMU JBIDKCHUSAME Ha TpaHUIaxX BUXpei [22, 25].

MaccoBbIe HCCIIeIOBaHMUS XapaKTEePHCTHK BUXPEH B OKeaHe TPEOyIOT aJlrOPUTMOB
UX aBTOMAaTHYECKOTO BBIACICHUs. Takue aJropuTMBbl MPEIIOKEHBI ISl CITy THUKOBOH
anerumerpun [8]. CymecTByeT psa paboT, CBA3aHHBIX C IPUMEHEHHEM KOMITBIOTEPHOTO
3peHMUs TS 331249 BBIICICHUS BUXPEH 10 paIlOIOKaMOHHBIM TaHHEIM [26-30]. B mpuBo-
JVMBIX paboTax MCIOJNIB3YIOTCS PAa3IMYHbIE alTOPUTMBI Ha 0a3€ CBEPTOUHBIX HEHPOHHBIX
cereit U-Net u ee momudukamuu, DeeplabV3+, YOLO u ee momudukanuu, SegFormer.
AHaJIOTHYHBIE aJITOPUTMBI MOTYT OBITH MCIIOIB30BAHBI M Ul M300paKCHUH BHIMMOTO
nuanasoHa. OHAKO 10 CETOJHAIIHETO THS TAKUX MyONMKAIui He ObLIO.

OCHOBHOM 1IeJIBIO JAHHOTO MCCIICIOBAHNUS SIBIIAETCSl pa3paboTKa HEHpOceTeBOro
AITOPHUTMa JUI aBTOMAaTHYECKOM MIACHTU(QHUKAINN OKCaHWYECKHUX BUXPEH Ha CHUMKax
BUJIIMOTO INAIIa30Ha, KOTOPBIN MTO3BOMISET IIPOBOJUTH MACCOBYIO HACHTU(HUKALIUIO BUXPEH
Ha OOIIMPHBIX aKBaTOPHAX. B kauecTBe 00beKkTa n3ydeHus B3ara JlodoTeHckas KOTIOBH-
Ha HopBexcKoro Mopsi, XapaKTepHu3yomascsi BEICOKMM YPOBHEM BUXPEBOW aKTHBHOCTH
Y TIOCTOSTHHBIM TIPHCYTCTBHEM BUXPEH Pa3HBIX TOPU30HTAIBHBIX MaciTabos [5, 31].

HMcxoanple JaHHbIE

JInst BBISIBIIGHUS! M aHAIM3a BUXped B paiione HopBexKcKoro Mopsi HCIONb30BAIMCH
JIaHHBIE BUJMMOTO JMaria3oHa, nonydenHsle paauomerpamu OLCI (Ocean and Land Color
Instrument), ycTaHOBIIEHHBIMH Ha KOCMUYECKHE artnaparhl cucreMs! Sentinel-3. Coop naHHBIX
BBINOJHSETCS B 21 CHIEKTpaJIbHOM KaHasle B BUAMMOM M OJIVKHEM MH(PaKPaCHOM JiHaria3oHax,
KOTOPBIE BKITFOYAIOT KaHAJIBL, OXO/ISIIME JUTs OLICHKH KOHIIEHTpalH Xyiopoduuia a. Chemka
Ka)KJI0TO y4acTKa IJIAHETHI BBIMOIHAETCS C MPOCTpaHCTBEHHBIM pazpetierrneM 300x300 m exe-
JIHEBHO (32 MCKIIFOYEHUEM 3MMHETO TIepHO/ia B BEICOKHMX LIIMPOTAX, B CBSI3U C HACTYIUICHHEM
MOJISIPHOM HOYM WJIM NP HU3KOM ckjioHeHnn CoHia B nepuos ckeMkH). [IpoctpancTBenHoe
pazpelieHue MoCIy>KHI0 OCHOBOIIONAratoM (pakTopoM BIOOPa MCXOHBIX AaHHBIX, TAK KaK
00BIYHO HCIIONIb3yeMBbIE TOJISI [IBETa Y OKeaHa IPeJICTaBICHBI C pa3penieHneM 4x4 KM 1 4acTo
MPECTABILIIOT COOOW KOMITO3UTHBIE N300payKEHHST 3 HECKOJIBKUX CHHUMKOB 32 Pa3HbIC JTHU.
Taxue M300paXkeHNsI HEIPUTOHBI JUTsl BBISIBIICHHST HEOOJBIINX CyOMe30MacIITaOHbIX U Me-
30MacIITaOHbIX BUXPEH BBICOKHMX IIMPOT HE TOJIBKO B CBSI3M C MX pa3MepaMH, HO U B CBSI3H
C MaJIBIM BpEeMEHEeM H13HHU (4acto He Oonee 1-3 cyToK).

Jnst BBISIBIICHUSI BUXPEBBIX CTPYKTYP OBbLI BHIOpaH KaHaJl C LEHTPAJIbHOW JTMHOW
BOJIHBI 510 HM, YTO CBSI3aHO C XOPOIICH OTpakaTeIbHOU CIIOCOOHOCTHIO XJIOPOQHII-
Ja a B JaHHOM 4actu criektpa [33]. Marepuaibl IUCTAHIIMOHHOTO 30HIUPOBAHUS OBLITH
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Puc. 1. IlpocTpancTBeHHOE pacHpeieieHHE BbIICIICHHBIX BUXPEH B paiioHe nccae10BaHus (KX bl
BUXDb MPE/ICTABICH B BUE KPYTa, PaJlyc KOTOPOTO COOTBETCTBYET MacIITady B HU3Yy PHCYHKA).
uBeTOM B Ka)KI[Oﬁ TOYKE KapThl IOKa3aHO KOJIMYCCTBO UCIIOJIB30BAHHBIX CHUMKOB BUIMMOI'0 JHarna3soHa CIryTHUKa
Sentinel-3, cBOGOAHBIX OT 00JIAYHOCTH

Fig. 1. Spatial distribution of detected eddies in the study area (every eddy depicted in the form of
a circle whose radius corresponds to the map scale).

The color at each point on the map shows the number of cloud-free Sentinel-3 images

nonyuensl yepe3 uaTepHer-noprain NASA-Earthdata (https://search.earthdata.nasa.gov/)
B ¢opmare NetCDF, BxirodatorieM B ce0st JaHHBIE TIEPBOTO YPOBHS 00paboTKH (comep-
xut 3HadeHns TOA — Top of Atmospheric Reflectance, nmpencrapnsromue oTHOIIEHHE
OTPaXEHHOTO M3ITyYCHUs K MaJlaloleMy), JaHHbIe Teorpa()nueckoil MpUBs3KHU, a TaKkxkKe
Meraganubie. O0paboTKa, reonpussizka u kousepranus B popmar GeoTIFF BeionHsumcsy
¢ nomoInkto nporpammsl SNAP EBponeiickoro KoCMMUECKOTO areHTCTBa, pa3paboTaHHON
orneparopom Sentinel-3. Taxke npuMeHsIach JOKaIbHAs KOPPEKIHsS KOHTPACTOB U30-
OpakeHHH ISl YIIydIlIeHUs] UX BU3yaJIbHOW M aBTOMAaTHYECKONH HMHTEPIPETHPYEMOCTH.
ObpaboTaHHBIC pACTPOBBIC CHUMKH HMITOPTHPOBAIHCH B TCONH(POPMAITHOHHYIO CUCTEMY
QGIS nnst BU3yalbHOTO aHaliM3a U PyYHOTO BBIJEIEHUSI BUXpEH, ISl MOCIETYIOUIEro
HCIIOJIB30BAHUS Pa3METKH UIsi 00yueHHsl HelipoceTeBoil Monenu. Ha momydeHHBIX BH-
3yaJM3alysiX B OTTEHKaX MHTEHCHBHOCTH OTPAYKCHHOTO CUTHAJIa BUXPH MPOSBISINCH
B BUAC CIIMPAJICBUAHBIX CTPYKTYP, CBA3aHHBIX C 3aXBAaTOM BO/l C Pa3HBIM COACPKAHUEM
XJOpo(hUIUIa a ¥ BEPTUKAITBHBIMH JABMKCHUSIMHU B BUXPsIX [22].

10 IIpoonemovr Apxkmuru u Anmapxmuxu. 2026;72(1):6—18



V.V. Kulak, D.M. Demchev, F.A. Gnevashev, T.A. Alekseeva, I.L. Bashmachnikov
Ocean eddy automatic detection in satellite optical images of the Norwegian Sea...

10°
B.JI.

0°

70° c.m. 0°

Puc. 2. [Ipumep BeIIeIeHAs BUXPEit Ha H300pakeHNH BUAMMOTO quanasona Sentinel-3 ot 03.07.2019.
B orrenkax Ceporo mpeacTaBIi€Ha HOPMHUPOBAHHAS SAPKOCTb OTPAKECHHOTO CHUTI'HaAJIa HAa JIIMHE BOJIHBI 510 aM.
OpaH)KeBLIMI/I JIMHUSIMA I/I306pa)KCHI)I KOHTYPBI BBIACTICHHBIX anpeﬁ

Fig. 2. An example of detected eddies on Sentinel-3 image for 03.07.2019.

The normalized intensity at a wavelength of 510 nm is shown in grayscale. The vortices are outlined in orange

B cBs13u ¢ Gomb110# cpeHeii 00JIadYHOCTBIO B paifioHe HCCIIeIOBaHUsI HA0OP CHUMKOB
C JIOCTAaTOYHOM IUIOIIA/IBI0 OTKPHITOr0 Heba HaJl HopBexkcKkuM MopeM ObUI BechbMa orpa-
HHUYCH, HO OH BKJIIOYaeT CHUMKH 3a Bce THM HaOmonennil. [Ipexne Bcero oroupanmch
n3o0paxenust JIohoTeHCKOH KOTIOBHHEI, Tl OTMeYaeTcsi Hanboee MHTEHCHBHAsI BUXpeBast
akTUBHOCTH B HopBexckoMm mope [5, 34, 35]. B pesysbrare mpocMoTpa 00JIbIIOro oobemMa
uH(pOpManuu ObIIM 0TOOPaHBl CHUMKH Ha BPEMEHHOM HHTEpPBAJIE C alpeis MO aBrycT
BKITIOUUTEIbHO. HEeKoTopble CHUMKH OBUIM OTOpaKOBaHBI 10 NMPHYUHE HEIOCTATOUHON
MPO3PaYHOCTH aTMOC(EPhI, HECMOTPS Ha HAJIMYHE YYaCTKOB, CBOOO/HBIX OT CIUIOLIHOM
obmauynocTh. [l nanbHeinel paboThl HCTIONb30BAINCH CHUMKH C IUIONIAIbI0 OTKPBITOTO
Heba He MeHee 40 ThIC. KM?, 4TO cocTaBisieT He MeHee 3 % Hopaexckoro Mops. B urtore
Juist o0yueHust HeiipoceTr ObUM oTOoOpansl 52 cuumMka ¢ 2017 mo 2025 r. (puc. 1), koTo-
pbie ObLIM COATAHCHPOBAHBI IO KOJTUYECTBY XOPOIIO PASIMUYMMBIX M C1a00 pa3InIuMbIX
BUXpEH, 4TO 00eCreuniIo paBHOMEPHYIO BEIOOPKY UIsi 00y4eHHs HEHPOCETH U BO3MOXK-
HOCTh OPUEHTHPOBATh €€ Ha TIOMCK CaMBIX Pa3HOOOpa3HBIX BUXPEBBIX CTPYKTYp. Cpennss
TUTOIIA/Ih CBOOOTHOM OT 00JIaKOB MIOBEPXHOCTH MOPS Ha OTOOPAHHBIX CHUMKAX COCTaBUIIA
247 thIC. KM? (= 16,5 %), MuHuManbHas — 44 Teic. kM? (= 2,9 %), MaKcUManbHas —
691 TeIC. KM? (= 46,1 %) npu 00IIel IO M CHUMKA OKOJIO 1,5 MITH KM,

[Tpumep 0TOOPaHHOTO CHUMKA C BBIZCICHHBIMH BUXPSIMU TIPEJCTABIEH HA PHUC 2.
Jst ;aHHOTO IIpHIMepa IUIOIIa b CBOOOAHOI OT 00JIAKOB MOPCKOH ITOBEPXHOCTH COCTABHIIA
146 ThIC. KM%, a 00IIas TUIOIIAIb siAep BUXpel — 35 Thic. KM%, 9TO cocTaBiset 24 % ot
TUTOIIAN CBOOOIHOW OT 00IakoB MOpCKoW moBepxHOCTH. CpenmHuil pa3mep BUXpeil Ha
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Puc. 3. Ilpumepsl BeAeneHns BUXpeil. (a) U (¢) — UUKIOHHYeCKuit Ty, (6) U (1) — aHTHLHKIOHH-
4yecKui v, (8) U (€) — JAMIIONH.

B orrenkax CEeporo MnoxkazaHa HOpMHUPOBAHHAS APKOCTb OTPAKCHHOI'O CUI'HAJIA HA JUIMHE BOJIHBL 510 uMm. OpaH—
JKEBbIC JIMHUH M306pa>1<a}o"r KOHTYPBbI BBIACJICHHBIX anpeﬁ

Fig. 3. Examples of detected eddies. (@) and (¢) — cyclonic type, (6) and (0) — anticyclonic type,
(8) and (e) — dipoles.

The normalized intensity at a wavelength of 510 nm is shown in grayscale. The boundary of the isolated eddies
is indicated by an orange outline

TAHHOM CHUMKE cOoCTaBHI 14 kM (6obimas moiayock) Ha 11 kM (Manas moiayoch), MaKCH-
MaJIbHbIN CpeHuil paanyc BUXps — 48 kM, MUHUMAaNbHBIN — 2,6 kM. CpesiHee paccTosiHUue
MeXJly TPaHUL[AMH COCEAHUX BUXPEH OIleHHBaeTCsl NpuMepHO B 30 kM.

J1ist 1ieseli aBTOMaTHYeCKON HICHTU(DUKAIIUK BUXPSI Pa3METKa MPOBOAMIACH C BKIIFO-
YEHHEM B CTPYKTYpPY BUXPS 2 OCHOBHBIX KOMITOHEHTOB: SIIPO BUXPS C BBIPAKEHHOU 3a-
KPYTKOHM U «HOXKKa» — YCJIIOBHO JIMHEMHBIN Y4acTOK, BU3yaJIbHO HHTEPIPETUPYEMBIN KaK
30HA 3aXBaTa OKPYKAIOMIUX BOIHBIX MACC BPAIIAFOIIAMCS SAPOM BUXPS, C PA3THIHON
KOHLIEHTpAallel B3BELICHHOIO IIaHKTOHA. [ paHuIa siapa BUXpPsI IPOBOIMWIACH IO PA3IIU-
YUMOI Ha N300paKEHNHU BHELTHEH M30JIMHUM €T0 CIMPAIIEBUIHOM CTPYKTYpbL. Pesynbrars
Pa3METKH 3KCIIOPTHPOBAIUCH B BEeKTOPHBINA (hopmar GeoJSON ¢ coxpaHEHHEM reorpa-
(buueckoii npuBs3KH. HeckoIbKO MPUMEPOB BBIZEICHUSI BUXPEBBIX CTPYKTYP Pa3IHYHOTO
Trmna (UKJIOH, aHTHIUKIIOH U TUIIONb) IPEACTABICHBI Ha pHC. 3.

Jis oOydenns HerpoceTeBoi Moaemnw 3a mepuox ¢ 2017 mo 2025 . ObUTO BBIICICHO
876 yuacTkoB akBaTOpHH (TalJIOB), a uIsl Bamuaanmu — 293 ydactka akBaropun. Ha o6pado-
TaHHBIX CHMKaX BCEr0O BU3YaJbHO OBUIO BBIIENICHO 938 BUXpell (HE KaXKIIbIil TAHIT CoiepKa
BUXPH, 2 HEKOTOPBIC TANIIBI COAEPIKAIN HECKOJIBKO Pa3HbIX BUXpei): 684 nukiioHa, 158 anTu-
IUKIOHOB 1 96 mumoneit (puc. 1). OOydaromuii MaccuB cofeprkan 777 aHTUIMKIOHNUECKUX
Y IAKJIOHWMYECKUX BUXpEH (BKIFOYAs AWTIONH), a BATUIAIIMOHHBIA MaccuB — 242 BHXpS.
Kak oOywarommii, Tak ¥ BaTUAAIIMOHHBI MACCUBBI COACPIKAIIU BCE TUTIHI BUXPEH.
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Aaroput™m cermeHTanuu SegFormer

Jnist perieHust 3aa4u CEMaHTHYECKONH CETMEHTAIMK MCIIONb30BaH aJTOPUTM Ma-
MMHHOTO 00y4eHus SegFormer — coBpeMeHHast apXUTEKTypa Ha OCHOBE TpaHC(hopMepa,
3¢ deKTHBHO MpUMEHsieMast B 3a/jauaxX KOMIBIOTEPHOTO 3peHns. B kauecTse 0a30Boii Mozenu
Obuta BEIOpaHa Momenb SegFormer-b4-finetuned-ade-512-512 (https://huggingface.co/nvidia/
segformer-b4-finetuned-ade-512-512). SegFormer coueraer B cebe mpenMyIiecTBa MOICITH
1t 06pabotku nzobpaxenuit Vision Transformer (ViT) u cBepToYHON HEHPOHHOM CeTH,
obecrieunBast BEICOKYIO TOUHOCTB IIPH OTHOCHTEIIbHO HU3KHMX BBIYMCINUTEIBHBIX 3aTPaTax.
ApXHUTEKTypa COCTOHUT U3 MOCIEA0BATEILHOCTH TPAHC(HOPMEPHBIX OIOKOB M HEpapXHUUCCKON
CTPYKTYPBI TIPH3HAKOB, YTO MO3BOJIACT 3P PEKTHBHO 00padaTeiBaTh M300pakeHNsT Pa3HBIX
MaciTaboB. B omiume oT TpaguIMOHHBIX CBEPTOYHBIX TOAX0I0B, SegFormer UCIonb3yeT
nepapxuyecKuil sHKoZep Ha ocHoBe Transformer, KOTOpbId HE TPeOyeT MO3UIIMOHHOTO
koxupoBaHus (positional encoding), ympormaer 00paboTKy U300pakeHHA TPOU3BOIBHOTO
MacmTaba i ymydiaeT 0000IIaronyio criocoOHOCTh MOJICIH Ha Pa3HBIX JaHHBIX. DHKOIEP
reHepupyeT MHOroypoBHeBbIe (multi-scale) mpu3HaKOBBIE KapThl, KOTOPBIE 3aTEM MEPEIAI0T-
Cs B KOMITAKTHBIH JIEKOZIEP, COCTOSIIMN NCKITFOYNTENHHO U3 MHOTOCIIOMHBIX TEPIENTPOHOB.
Takoil moxxox UCKII0YaeT HEOOXOAMMOCTh NCTIONb30BAHUS TSXKEIIBIX CBEPTOYHBIX CIIOCB
WA MEXaHU3MOB caMOBHHMaHUs (self-attention) Ha cTaauy TEKOOMPOBAHMUS, TIO3BOIISS
pH 3ToM 3(PHEKTUBHO 0OBEITUHATH HH(YOPMAIIHIO O TTI00ATEHOM KOHTEKCTE 1 JIOKAIBHBIX
neransix [36]. ApxutekTypa Mozpenu He TpeOyeT CHEeIHaIbHBIX PyYHBIX HACTPOEK M 00-
JaJjaeT BBICOKOH YCTOHYMBOCTBIO K N3MEHEHHUIO Pa3pelIeHus BXOAHBIX H300paKeHHH, 4TO
JIeTIaeT ee 0COOCHHO MPUBIIEKATEIBHON AT MPAKTHYECKOTO TPUMEHEHHSI.

B pamkax Texymei mpoOiaeMsl Oblia MOCTaBiIeHa 3aa4a OMHAPHONH CEMaHTHYECKON
CerMEeHTalnK M300paKeHUH BUAXMOTO JIHana3oHa OTKPHITOro Mopsi: 0 — o (oTcyTCcTBHE
BuXpeil), | — BUXph (3TOT €IUHBII KJIacC BUXPEBBIX 00pa30BaHUil BKIIOYAET B ceds
IIUKJIOHBI ¥ aHTHLUKIJIOHBI). DTO yNPOIIEHHE OBIJIO CIEIAHO OCO3HAHHO, YTOOBI BHISIBUTD
BO3MOXHOCTB ITpuMeHeHHs SegFormer aist BeIsiBIeHUs BUXpel. st oOydeHns: NCTIONb-
30BaJIMCh CITyTHUKOBBIE M300pakeHns1 BuANMOro auanasona B popmare GeoTIFF, kaxnoe
13 KOTOPBIX CONMPOBOXKAAIOCH MAacKOl CErMEHTAINH, BHIITOJIHEHHON Bpy4HYyto. [Iporece
00yueHHst Moziesn OBl peaii30BaH B BUJIE IMKJIA MO 3TI0XaM C ITOCIIE0BATEIILHBIM IIPO-
XOJIOM TI0 00yJarormmM Oardam (TogHabopam o0IIero Habopa JaHHBIX, YIACTBYIOMINX B 00-
yueHnu cetr). Ha Kax10if uTepanyuy BEIYUCISUTICE JIOTUTHI (BEPOSITHOCTHBIE MapaMeTphI
MOJIEIN), PACCUUTHIBAIACH (DYHKIIHS TOTEPh U OOHOBIISUIUCH BECA MOJIEIH C IOMOIIBIO OII-
tumuzaropa AdamW co ckopocThio 00yuenust 5-1075 — 3HaueHue, PEKOMEH/I0BAHHOE JIJIsI
Jn000yueHust TpaHc(hopMepHBIX apxuTeKkTyp. OOyueHne mpoBoauioch B redenune 100 smox
¢ pa3mepomM Oarua 4. KauecTBo 00yueHMsI KOHTPOIMPOBAIIOCH Yepe3 METPHUKH precision,
recall n mloU, Berumcisemble B OMHApHOM pexxume. 171t mpeioTBpalieHus nepeodydeHns
M BBIOOpA ONTHMANILHOM MOJIENIN COXPAHSIIACh BEpCHs ¢ HamIydmmM 3HadeHueM mloU.
Jnst 3aaum knaccnuKanny MMKCENe HCob30Batach (GyHKIMS TOTEPh KPOCC-3HTPOTINS,
a¢dexTHBHASL TIPH paboTe ¢ HecOaTaHCHPOBAHHBIMA Kilaccamu ((DOH M BUXPB).

OneHka KayecTBa aBTOMATHY€CKOT0 Bbl/IeJIeHUs BUXpeil
anroputmom SegFormer
[porenypa oneHku kauecTBa pabotsl SegFormer Obi1a poBecHa 1ist 293 Banua-
IMOHHBIX YYaCTKOB aKBaTOPHUU (TaﬁHOB), HC BCC U3 KOTOPBIX COACPKAIIA BUXPH. I COMETpUsL
Y METOJIOJIOTYSI HAPE3KH TAaIJIOB TOJIHOCTHIO MMOBTOPSUIH MTapaMeTphl 00y4aroriero Hadbopa.
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Puc. 4. TIpumMepbl aBTOMAaTHYECKOI CErMEHTALMK TIpU ropore ouHapusaiwmu 0,5.

(a), (0), (6) — ucxomusIe oI, (2), (0), (€) — COOTBETCTBYIOIINE BEPXHUM PUCYHKAM MacKH BUXpEH 10
pe3ynbTraTaM pabotsl anroput™a SegFormer: 3enensiv (TP — true positive, HCTHHHO MOJIOKUTETBHBIC
00JacTH) 1MokaszaHo rnepecedeHrne 001acTeil, BbIICICHHBIX IKCIICPTOM H ITPE/ICKa3aHHBIX MOJEIBIO,
skenteiM (FN — false negative, J10)kHO oTpuIaTenbHbIe 00IaCTH) — BBIICICHHBIX YKCIIEPTOM, HO HE
MpeACKa3aHHbIX MOJEINbI0, KpacHBIM (FP — false positive, T0KHO TOIOKHUTENBHBIE 00TaCTH) — HE
BBIJICJICHHBIX 3KCIIEPTOM, HO TIPE/ICKAa3aHHBIX MOJIENBI0. KpaCHBIMHU CTpeIKaMH BBIACICHBI BUXPH, HE
OTMEUYCHHBIE HKCIIEPTOM, HO BBIAEIEHHBIE SegFormer, CHHIMH CTpelKkaMi — HEsIBHBIE CTPYKTYPHI,
HE OTMEUCHHBIE HU DKCIIEPTOM, HU anroputMoM SegFormer

Fig. 4. Examples of automatic segmentation with a threshold of 0.5.

(a), (0), (6) — original fields; (2), (0), (e) — vortex masks corresponding to the upper figures based on
the SegFormer algorithm results: green (TP — true positive) shows the intersection of regions identified
by the expert and predicted by the model; yellow (FN — false negative) — identified by the expert
but not predicted by the model; red (FP — false positive) — not identified by the expert but predicted
by the model. Red arrows highlight vortices not identified by the expert but identified by SegFormer;
blue arrows — implicit structures not identified either by the expert or by the SegFormer algorithm

Wmmoctpanus paboTel anropuT™a i 3 CIy4aiilHO BRIOpAHHBIX TAHIIOB MpHBEICHA Ha
puc. 4. BugHo xoporee coOTBeTCTBHE 00NacTel, BRIACICHHBIX IKCIIEPTOM U HelpoceTe-
BbIM aJTOpUTMOM. [IpH 3TOM Hannyue momex B BUE OJIM3KOH 00JIAYHOCTH HE TTOBIUSLIIO
Ha Ka4yecTBO cermeHranuu (puc. 4a—e). B nocnennem cronoue (puc. 40—e) aaropuTMom
SegFormer 6buTO BBIIENEHO 2 BUXPS (OTMEUEHBI KPACHBIMHU CTpEIIKaMM), KOTOPbIe ObLIN
MIPOITYIIEHBI 3KCIEPTOM. B TO ke BpeMsl HesIBHBIC CTPYKTYPbI, BUXpEBasl IPUPOJIa KOTO-
PBIX HEOYEBHIHA, aJITOPUTMOM OBLTH KIacCH(HUIMPOBAHBI KaK (OH (OTMEUEHBI CHHUMH
CTpeNKaMHU puc. 40—e).

Jist OLIEHKH Ka4ecTBa CErMEHTAIMH HCIIOJIb30BAICsl KOMILJIEKC METPHK, OXBAThIBa-
IOIINX CTENEeHb ITePEKPBITHS MPEICKa3aHHBIX MAaCOK C ATaJIOHHOM pa3MeTKOil.
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Mertpuka Accuracy IO3BOISET OLIEHUTH 00IIee KOITUIESCTBO BEPHO MPEICKa3aHHBIX
mUKcenel, 0e3 ydera ux o0mero oobemMa 1 BKJIaa OMHOOYHBIX MPEICKA3aHIIH:

Accuracy(A,B) = 12770 (4, =B),
[ i

rie A — aHHOTHPOBaHHAas 00JIACTh BUXPS, B — 001acTh BUXPS, BBIICICHHAS C TIOMOIIBIO
SegFormer nnst BUXpsi i, 7 — KOJIMYECTBO BUXPEH.

MeTtpuka Precision m03BOJIIE€T pacCUUTaTh, CKOJIbKO U3 MHUKCEJIEH, OTHECEHHBIX
HEHPOCEThIO K HHTEPECYOIEeMY KiIaccy, ObLTH Mpeacka3aHbl BepHO (true positive — TP),
C y4eToM oIIMOOYHO Mpe/icKa3aHHbIX nukcenei (false positive — FP):

TP

Precision = ———.
TP+FP

s ygeta HempeacKka3aHHBIX nuKcenei (false negative — FN), sBustommxcs muk-
CeIsIMH MHTEPEeCYIOIIero Kiacca, HO OMIMO0YHO HE OTHECEHHBIX HEHPOCEThIO K ITOMY
KJ1accy, MCIOIb3yeTCst MeTpuka Recall:

TP

Recall =——.
TP+FN

Ha ocHoBe onbITa OIIGHKHM KayecTBa IPU PEIICHUH 337ad CEeMaHTHYECKOH cer-
MmeHTanuu [37] HanGonee nonuyo uHdpopmanuio Hecetr koapduuuent Dice (DSC, nnn
F1 Score) [38] u metpuxka Intersection of Union (loU, unn naaekc YKakkapa), KOTOpbIe
CBSI3aHBI MEXKJTy COOOM:

2 * Precision * R
DSC = recision * Recall

Precision + Recall

|[ANB| 2+|4ANB|  F1
|AUB|  |4+|B] 2-FI

IoU =

CpeziHue 3Ha4YSHUS] METPHUK Ha BAIMAAIIMOHHOM Ha0Ope AaHHBIX MPU CTaHAAPTHOM
nopore ounapusaimu 0,5 (aIropuT™M OTHOCHT MHUKCENb K KIIACCY «BUXPbY, €CIIU MOYYeHHAst
npu pacuerax SegFormer BeposiTHOCTh OTHECEHHSI 00BEKTA K KIIACCY «BHXPhY MPEBBIIIACT
50 %) yka3pIBalOT Ha BBICOKOE KaueCTBO Pa3pabOTaHHOTO aNropuTMa (CM. TaOIHUILy).

HesnauntensHsiii nucbananc mexay merpukamu Precision (0,94) u Recall (0,91)
CBUJICTEIILCTBYET, YTO MOJIEIb JIEMOHCTPUPYET CKIOHHOCTh K HEKOTOPOW HE0OICHKE
mromanu Buxpeil. [lomydennsie Beicokue (mopsaxa 0,9) saagenust Dice u loU yka3pIBaroT
Ha 3HAUUTEIBHOE MEPEKPHITUE MEXY MPEICKa3aHHBIMH AJITOPUTMOM U BbIJICIICHHBIMU
JKCTIEPTOM O0JIaCTSIMHM BUXPEH, YTO TOBOPUT O BBICOKOM TOYHOCTH pa3pabOTaHHOTO aj-
ropuT™Ma B 0OHAPY)KEHUH OCHOBHBIX CTPYKTYP.

Tabruya
MeTpuku KayecTBa aBTOMATHY€ECKOr0 BbliejeHusi BUXpeil aaropurmoMm SegFormer
Table
Quality metrics for automatic eddy detection with SegFormer
Mertpuka Accuracy Precision Recall Dice Score (F1)|loU (Jaccard Index)

3Hauenue 0,98 0,94 0,91 0,93 0,87
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BriBoanl

Takum oOpazom, peann3oBaH d(P(EKTHUBHBIN AITOPUTM aBTOMATHYECKOTO BBIJE-
JICHUSI OKEaHWYECKUX BUXPEH Ha OCHOBE CITyTHUKOBBIX JIaHHBIX LIBETa OKeaHa, MOy-
YEeHHBIX ¢ MyabTHcnekTpanbHoro ckanepa OLCI ciytHuka Sentinel-3 Ha ocHOBe MeToza
mTy0OKOTO MammHHOTO o0ydeHust SegFormer. SegFormer mpoaeMoHCTpUpPOBaT BBICOKOE
KaueCTBO CEIMEHTAINH, YTO TOATBEPKAACTCS BBICOKUMH 3HAUCHUSMH METPHUK Ka4eCTBa:
DSC = 0,93, IoU = 0,87, Accuracy = 0,98. Ha BammmanmoHHOM Habope JaHHBIX, COMIEp-
xameM 242 BH3yanbHO WICHTU(GHUIMPOBAHHBIX BUXPS, aITOPUTM YCIEUIHO OOHAPY>KHII
200 006BEKTOB. DTO TOBOPUT O BO3MOXKHOCTH d(P(PEKTHBHOIO MPUMEHEHHSI aPXUTEKTYPbI
TpaHC(bOpMepOB JUISL 3a1a4U BBIACIICHUS anpeﬁ B JaHHBIX AUCTAHIITUOHHOI'O 30HAUPOBAHUA
OKeaHa B BHJIMMOM Juana3one. JlanpHeiimas Monudukamnus anroputmMa OyaeT OCHOBaHa
Ha pa3padoTKe MHOTOKJIACCOBOI MOIETHN CETMEHTALNH, CIIOCOOHON Tu(PepeHITNPOBATH
Ppa3JINYHbIE THITBI BUXPEBBIX CTPYKTYP (LIMKJIOHBI, AHTUIIMKIIOHBI, AUTIONH), YTO TTO3BOJIUT
TIPOBOIUTE OoJee AETabHBIM aHaIN3 JUHAMHKH BUXPEBBIX MPOILECCOB.

OCHOBHBIM €CTECTBEHHBIM OIPAaHMUYEHHEM HCCIIEIOBAHHI BUXPEH 110 CHUIMKaM BUMMOTO
JiMarna3oHa siBisieTcst ooauHocTh. Hamu nokasaHo, 4to gaske uist paiiona Hopeeskckoro Mopsi,
XapaKTEePU3YIOIICTOCS OHAM M3 HauOOJIee BHICOKUX 3HAYCHHN CPETHETOOBOM ONTHYECKOM
TUTOTHOCTH OOJIAKOB B MOJIIPHBIX M CYOIOISIPHBIX paifoHax [32], B MecsII yaeTcs MOIyInTh
HECKOJIbKO M300payKeHMH, OXBATHIBAIOIINX OOJBIIYIO YacTh MOpSI, UTO JENaeT 3aJady aBTo-
MaTHYECKOTO BBIJICTICHNSI BUXpEH BaKHBIM BKJIAI0M B (popMHpoBaHne Oosee J0CTOBEPHOM
CTaTHCTUKH XapaKTEePUCTHK BUXPEH, YeM MoIvIa Obl OBITH MOJyueHa TOJIBKO 110 1aHHbIM PJIN.

Peanuzaiys pa3zpaboTaHHOTO alNropyuT™Ma NO3BOJIUT B OY/yIIEM MOJYYHUTh PEIpe3eH-
TaTUBHBIE CTATUCTUKHU BUXPEH B MOJIe XJIOpOoHIIa JUisl pa3IuyHbIX paiioHoB CeBepHOTo
Jlenosutoro okeana. Hainuuue Takux ajbTepHATUBHBIX JaHHBIX CO cpaBHUMBIM ¢ PJIN npo-
CTPAHCTBEHHBIM pPa3peIICHNEM MTO3BOJIUT MOJHEE OLIEHUTh PETIPE3CHTATUBHOCTD JaHHBIX
PJIN, mtst KOTOPBIX paHee ObUIH pa3padoTaHbl aHAJIOTUYHBIC aITOPUTMBI, a TAKXKE MOITYYHTh
cuneprerrnyeckuil apdext. PazpaboTaHHbIi aNropuT™M MOXKET OBITH HE TOJILKO HCIOJIB30-
BaH JIs1 UCCIICAOBAHWA JUHAMHWKU anpeﬁ, HO U BHCAPCH B OHepaTI/IBHI:Jﬁ MOHHUTOPUHT.
Kondaukr nnrepecoB. ABTOPHI IEKIAPHPYIOT OTCYTCTBUE KOH(INKTa HHTEPECOB.
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Annoranus. [Ipuatiantndaecknii CeKTop APKTUKH SABIAETCS KPUTHYECKH BAKHBIM PETHOHOM TpaHc(opMaIiu
ATNAHTHYECKHX BOJ M apKTHYECKOT0 KIIMMara. B paboTe BEITOTHEH aHAN3 KPYTHOMACIITA0HO! H3MEHIMBOCTI
Temmneparypsl noBepxHocti okeana (TIIO) B Hopaexckom, [pernanackoM 1 bapeHiieBoM Mopsix 3a Iepron
1950-2024 rr. Ha ocHOBe naHHBIX peaHanu3a ERAS ¢ npumeHeHreM MeToaa SIMIMPUUECKUX OPTOrOHAIBHBIX
¢ynxnuit (O0®D). BeieneHs! Tpu Bexymue Mojibl, CyMMapHo o0bscHsomue 55,8 % obmeii aucnepenu mosns
TIIO. [epsas moxa (25 % jucnepcyy) IeMOHCTPUPYET AUIIOIBHYIO IPOCTPAHCTBEHHYIO CTPYKTYPY, pasueis-
IOLLYI0 HCCIIElyeMbli paiioH Ha 3alaiHy 0 U BOCTOUHYO YaCTHU U SABIISIOLLYIOCS HHAMKATOPOM UHTCHCUBHOCTH
aJIBEKTHBHOTO TIEPEHOCA aTNaHTHYCCKUX BO1. Bropas mona (16,4 % nucniepcun) xapakTepu3yeTcst MUPOTHO-
OPHEHTHPOBAHHON NUIONBHON CTPYKTYpoil, Moxynupys noie aHomanuit TIIO nox BiusHUEM H3MEHEHUH UH-
TEHCHBHOCTH ATJIaHTHYECKON MEpHIMOHAIBHOI onpokuabBatomtelics mupkyminun (AMOL) n Apkrideckoit
ocrmmisiun. [IpoctpancTBenHoe pacnpenenenue Tperseil Moysl (14,4 % mucnepcu) oTuIaeTcs 00mMupHOI
TIOJIOKUTENEHON aHOMAIINeH B 3alaHON JacTH aKBAaTOPHH, CBS3AHHOM C IPOIECCAMHU IITyOOKOH KOHBEKIIHH.
BblsiBIICHHBIC MOJIBI KOIMYECTBEHHO OMUCBIBAKOT BEAYIIUE PEXKUMBI IIepepacipeic/ieHus Tellla B IPUATIaH-
THYECKOM CEKTOpe APKTUKH M UX CBS3b C KpynHOMacmTabHOI arMoc(epHoil mupkymsuei. [lomydennsie
Pe3y/IbTaThl UMEIOT KIII0UEBOE 3HAUYCHUE /1Sl IOHUMAHUS MEXaHU3MOB PETHOHAIbHOTO KIMMATHYECKOTO OTKINKA
Ha T100aTbHBIE H3MEHEHHS.
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Abstract. The study presents an analysis of the large-scale spatiotemporal variability of sea surface
temperature (SST) in the Atlantic sector of the Arctic, a key region for the transformation of Atlantic waters
and heat exchange between the North Atlantic and the Arctic Ocean. To achieve this, the Empirical Orthogonal
Function (EOF) decomposition method was applied to the original monthly mean SST anomalies from the ERAS
reanalysis over the period 1950-2024. Three leading modes have been identified, collectively accounting for
55,8 % of the total SST variance. The first mode (25 % of the variance) exhibits a spatial dipole structure,
separating the study area into western and eastern parts. It reflects the mechanism of intensified advection of
Atlantic waters northward and eastward, correlating with the heat flux through Fram Strait (R = 0.42) and the Arctic
Dipole index (R =0.27). The second mode (16,4 % of the variance) is characterized by a latitude-oriented dipole
structure. Its temporal evolution and significant correlation (R = 0.58) with the Atlantic Meridional Overturning
Circulation (AMOC) index reflect the influence of low-frequency oceanic variability. The third mode (14,4 % of
the variance) exhibits a complex structure with a positive anomaly in the western and central parts of the basin. It
is interpreted by the authors as an indicator of deep convection intensity in the Greenland Sea, a finding supported
by its correlation with temperature in the 500-1750 m layer (R = —0.48). It is established that the spatial structures
identified are formed under the combined influence of advective heat transport by Atlantic waters, multi-decadal
variability in the intensity of the AMOC, and atmospheric circulation patterns associated with the Arctic Dipole
and the Arctic Oscillation. The results obtained quantitatively determine the contribution of the leading modes
to the total SST variability in the Atlantic sector of the Arctic, which is essential for understanding the regional
climate response to global changes and for refining the mechanisms of Arctic amplification.

Keywords: sea surface temperature, Norwegian Sea, Greenland Sea, Barents Sea, North European Basin,
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BBenenune

Temneparypa noepxHoct okeana (TTIO) — ogHa U3 KJIIOUEBBIX MEPEMEHHBIX,
OIPE/IENSAIOINX U3MEHYMBOCTh KIIMMAaTHYECKOH CUCTEMBI 3eMJIM Yepe3 PerysIfio S3HEpro-
o0MeHa MeX/ly OKeaHOM U arMOoc(epoil U JMHAMKKY TOI0BOTO IMKJIAa MOPCKOTo Jibja [1, 2].

Ilo nanHbIM MeXIIPaBUTEIIBLCTBEHHON IPYIIIBI 3KCIEPTOB [10 U3MEHEHUIO KIIMMa-
ta (MI'OUK) [3], mobankHas Temmeparypa okeaHa ¢ KoHila XX B. pacTeT CO CpeaHen
ckopoctbto 0,15 °C/10 sier. B cBoeM uccienoBaHun Mbl POKYCHPYEMCSI Ha KITFOYEBBIX
paitonax Cesepo-Eporeiickoro 0acceitna (CEB), Bkimouast Hopsexxckoe, [ penanackoe
u bapeniieBo mops. B pamkax Hacrosieii pabotsl mon CEB moHMMaeTcsi COBOKYITHOCTh
UMEHHO 3TUX Tpex 0acceHOB Kak HanOoJjee Penpe3eHTaTUBHBIX ¢ TOUKH 3PEHHs] MHTEH-
CUBHOH TpaHCd)OpMaHI/II/I aTJIaHTUYECKUX BOA U Ha6n}ouaeMoro 3HAUYUTECJIBHOI'O IIOBBIIICHUA
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TTIO [4]. ITIpomeccrl, mpoTtekaromue B akBaropun Mopeit CEB, cimyxat KITtoueBsIM 3BEHOM
B TeruiooOMeHe Mexny CeBepHOU ATIAHTHKOW W APKTHUKOHM, HAPSMYFO BIVSISI HA CTa-
OMIBHOCTH ATIAHTHYECKOH MEPUIHOHATBHON OMPOKHUbIBaroIeHCs upKysmy (AMOLL)
¥ N3MEHYHMBOCTH IIONIAIN aPKTHUECKOTO JiestHOTo 1okposa [5]. Konebanus TIIO B nan-
HOM paifoHe BBICTYIAIOT MHIUKATOPOM HE TOJIBKO KPaTKOCPOYHBIX aTMOC(HEpPHO-OKEaHH-
YECKMX B3aMMOJICHCTBHUIL, HO M JIOATOCPOYHBIX N3MEHEHUH, CBSI3aHHBIX C II00aJIbHBIM
MOTEIUIEHHEM M COKPAIIeHUEM IUIOMIAAN JISASHOTO MoKpoBa [6, 7]. IlosTomy m3ydeHue
ocobennocreil n3meHunBocty TIIO Kak OfHOTO M3 KIIFOUEBBIX IEMEHTOB B MEXaHU3ME
KJIMMaTHYECKUX KoJeOaHui mpeacTaBisieT OOIbII0N Hay HbIH U TPAKTHUECKUHA HHTEPEC.

AnBekuus aTnaHTHYecKuX BoJ (AB), ce30HHAs AMHAMUKa JIEISTHOTO TIOKPOBA U pe-
THOHAJIBHBIE aTMOC(EpPHBIE TPOLECCHl BHOCSIT KOMIUIEKCHBIN BKJaJ B ()OPMHUPOBAHHE
pasHOMacmTabHBIX TpocTpaHcTBeHHO-BpeMeHHbIX anomamuid TI1O B CEB [8].

B mocnennne necsarunerus uccnenosannio TIIO B CEB 6but0 yrmeneHo 3HAYUTENb-
HOE BHUMaHHUE. bl MpoBeeH aHaIN3 IMHEHHBIX TPEHAOB NTPOTPEBA U BBISIBICHHUE CBSA3U
TTIO ¢ uHAEKCaMHU KpyTMHOMACIITaOHOH atMocdepHoil mupkysinuu TI1O ¢ mHnexkcamu
KpyITHOMacIiTabHON arMoceproit mupkyssiuy [9]. [logdepknBanach poib aaBeKIUH TE-
neix AB B moBeriennn TI1O Bapenmesa mopst, ocobenHo B mepuon 2000-2010-x rr. [ 10,
11]. TlponemoHcTpupoBaHa cBs3b Mexay aHomammsivu TIIO Hopexckoro mMopst u m3-
MeHeHueM nHTeHcuBHOCTH AMOII [12], 1 BBISBICHO BIUSHUE KOJICOAHNIN IIIOMIAIH JIe-
JITHOTO TIOKPOBa Ha ce30HHYI0 m3MeHInBOCTh TI1O B I'penmanackom mope [13]. Onraxo
OONBIIMHCTBO pabOT OrpaHNYMBAIIICE AHAIN30M OTJEIBHBIX MOPEH WM HCIIOIB30BAIN
JIaHHBIE, TPOCTPAHCTBEHHOE Pa3pEIICHNE KOTOPHIX HE MO3BOJIUIO JAECTAIBHO BOCIIPOM3-
BECTH ME30MacCIITa0HyI0 M3MEHYMBOCTb, XapaKTEPHYIO Ul BeIOpaHHBIX paiioHoB CEB.
Hecmorps Ha ycraHOBIeHNE (DyH/ITaMEHTAIBHBIX CTATUCTHUECKUX CBSI3EH MEKITY OKEaHOM
1 arMoc(epoit, K OTpaHUIEHHSM CYIIECTBYIOIINX MTOAX0A0B MOKHO OTHECTH UTHOPHPOBA-
HHE TIPOCTPAHCTBEHHONW HEOAHOPOJHOCTH MIPOLECCOB. YCPEIHEHHUE JIOKATBHBIX aHOMAIHH
B TAKHUX UCCIIEIOBAHUSIX MOIJIO CKPBIBAaTh 3HAYNMBbIE PETHOHAIBHBIE 0COOEHHOCTH TPaHC-
(hopMarmy TETIOBBIX MTOTOKOB.

B nocnexnue rozs! Bee Golee MHPOKOE TPUMEHEHNE HAXOAAT METO/IbI MHOTOMEPHON
CTaTUCTHKH, TAKHE KaK pa3IOKeHNE Ha IMITMPUIECKHe opToroHanbHbie QyHKIHH (D0D).
Hampuwmep, E. Efstathiou ¢ coaBropamu [14] ¢ mOMOIIBIO 3TOT0 METO/IA UCCIIECIOBAH JOMHU-
HUPYIOLINE ITPOCTPAHCTBEHHbIE 3aKOHOMEPHOCTH M3MEHYMBOCTH CIIOYEHHOCTH MOPCKOTO
Jb1a B bapeHiieBom Mope, CBSi3aHHBIE € TIOCTYTUICHHEM aTJIAHTHYECKHUX BOJ U JIOKAJIbHBIM
BETPOBBIM BoO3zeiicTBHEM. Jpyras rpyImma aBTopos ucnonb3oaiga DOd-ananu3 s uc-
CIIeIOBaHMS M3MEHUMBOCTH YpOBHS Mopsi B CeBepHO# ArTnantuke [15]. Taxke pa3moxeHus
Ha DO npuMeHsITNCH T aHaIu3a JoironepuoaHoit mamenauBocti TT1I0O Hopsexckoro
u ['pennanackoro mopeit 3a mepuox 1979-2020 rr. [16]. Tem He MeHEe OTPaHUICHHOCTH
aHaJM3a OTAENBbHBIME MOpPSIMH OacceliHa He MO3BOJIsUIA ChOPMHUPOBATH EAUHYIO KapTH-
Hy KorepeHTHOH m3menunBoctd TIIO 11 Bcero mpuamiaHTHYECKOTO CEKTOpa APKTHKU
B JIONITOCPOYHOH nepcnekTrse. CleayomuM JOTHIeCKAM [1aroM, PEAIPHHATHIM B 1aH-
HOH palorte, sABJIsSETCS KOMIUIEKCHBIM aHaJN3 NMPOCTPAaHCTBEHHO-BPEMEHHON CTPYKTYpBI
TTIO mns axkBaropru CEB, Brimrowatomieit Hopesxckoe, I'pernanackoe u bapermeBo mops,
Kak enuHOU cuctembl. [lobGaBnenne B DO pasnokenne pernona bapeHiieBa Mopsi, siB-
JISIFOIIIETOCS] OJJHUM M3 OCHOBHBIX ITyTE€H NPOHMKHOBEHHSI aIAHTUYECKUX BOJ B APKTH-
yeckuii Oacceitn [17], nemaer pe3yabraTel YyBCTBUTEIBHBIME K ITPOIECCAM, CBS3aHHBIM
¢ TpaHc(opMaLren aTIaHTHYECKUX BOJ Ha APKTHUYECKOM IIeTb(]e, YTO ABIACTCS BAXKHBIM
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QIIEMEHTOM COBPEMEHHOTO M3MECHEHUS KIMMaTa B ApKTHKe. B oTimume oT mpeamecTBy-
FOIUX paboT, MBI MpeuTaraeM (PU3NIECKYI0 HHTSPIPETAIHIO TPEX JOMUHHUPYIOIIHX MO
HM3MEHYHBOCTH, OITUPAsICh HAa CONIOCTABIEHHUE MX MPOCTPAHCTBEHHO-BPEMEHHOM CTPYKTYPBI
C IMHAMHUKOW aTMOC(EPHBIX U THAPOIOTHIECKUX IPOIECCOB. DTO MO3BOJISET BHIABHHYTH
00OCHOBaHHBIC TIPEAIIONOKEHUS 0 MeXaHU3MaxX (HOPMHUPOBAHUS HKCTPEMATBHBIX TEPMH-
YECKUX PEKUMOB B PETHOHE.

Lems pabOTHI COCTOUT B MCCIIEAOBAHUN MEKTOI0BOM m3MeHuInBocTH TTIO B MOpsix
Hopgexckom, I'permannckom n bapeHiieBom ¢ momMornpio pasnoxeHust Ha D0, Ananms
BEINTOJTHEH Ha OCHOBE CPeTHEMECIYHBIX MaHHBIX peanann3a ERAS (1950-2024 rr.) ¢ nenpio
KOJTMYECTBEHHOM OLIEHKH BKJIaa BEAYIINX MOJ B 00mIyto mucrepcuto moist TT1O B mpuar-
JAHTHYECKOM CEKTOpEe APKTHKH U BEPUPHUKAIINH MX CBI3H C KITFOUSBBIMH KIIMMATHICCKAMHI
npeaukTopamu 3a mocnenaue 75 net. [Ipumenerne 20D mo3BOIAET BEIICTUTH JOMUHHPY-
rorre Mozpl m3MeHunBocTd TTIO, cBsI3aHHBIE ¢ KPYITHOMACIITAOHBIMH KIMMATHUECKAMH
SIBIICHUSIMH, ¥ KOJIMYECTBCHHO OICHUTh X BKJIAA B 0o0mIyro aucnepcuro nomst TITO [18].
JlaHHBI TTOAXO0M 0COOEHHO pEeeBAaHTEH JAJIS PETHOHOB ¢ KOMIUIEKCHOH CTPYKTYypoOii, Ta-
kux kak CEDB, xapakTepu3yronuiics akTHBHBIM CMEIICHHEM Pa3sHOPOIHBIX BOTHBIX Macc,
BBIPAKEHHOH M3MEHYUBOCTEIO JISITHOTO TIOKPOBA M BBICOKOW aTMOC(EPHOH JHMHAMIKOM.

JI1s1 mepBBIX TpeX MOA pasiIoKEHUS OICHUBAIOTCS UX MPOCTPAHCTBEHHBIE TIOJIS
1 BpeMeHHBIE KO3 PHUIIEHTHI (TIaBHBIE KOMITOHEHTH — ['K) MO 1 UX CBS3b C KpyIHOMAC-
mTaOHBIMA aTMOC(EpHBIMU SIBICHUAMHE (Harpumep, naaekcamu CeBepo-ATIaHTHIECKOTO
xonebanms (CAK), Apkriaeckoro komebanus (AK) u Apkradaeckoro aumons (AJ])). Beibop
TIEPBBIX TPEX MOJ OOYCIOBJICH WX HAMOONBIIAM BKJIAIOM B JUCICPCHIO H3MEHYHBOCTH
TIIO 1 BO3MOKHOCTBIO HHTEPIPETAIIN UX (PU3UIECKOTO CMBICHTA. Pe3yIbTaThl MO3BOIAT
YTOUHUTHh MeXaHU3MBbI (opmupoBanus anomanuii TI1O B mepron OBICTPRIX H3MEHEHUI
KIuMaTa ApPKTUKA U TIPOTHO3UPOBATh €T0 BIMSHUE HAa PETHOHAIBHBIC YKOCHCTEMEI H Jie-
JIOBBIM PEXHUM HCCIIENYEMOTO paiioHa.

I[aHHbIe U METObI

JInd nccrnenoBaHys UCIONB30BANINCH CpeAHeMecsTuHble JaHHble o TIIO 3a nepuon
1950-2024 rr., B3steic u3 peananmuza ERAS (ECMWF Reanalysis v5), rne onu npea-
craBiieHsl B kesnbBuHaX (K) m ¢ mpocrpancTBennsM paspemenneM 0,25°%0,25° [19].
s ynoOcTBa MHTEPIIPETAIIMH U BU3yaIH3alliU PE3yJIbTATOB 3HAYCHUS OBUTH IEePCCUu-
TaHbl B rpagycel Lenscus (°C) myTem BelUMTaHUS KOHCTaHTHI 273,15. Peananus ERAS
OBUI BHIOPAaH B Ka4eCTBE MCTOYHHMKA MCXOJHBIX JaHHBIX, TOCKOJIbKY OH 00eCIeYrBacT
¢usnueckyro cortacoBaHHOCTh nojiei TIIO ¢ moTokamMu MMITYJbCa, TEIJIa U MACChI, UC-
MOJIb3YEMBIMU B €JUHOW CHUCTEME aCCUMMJIISIIUU AaHHBIX [20]. DTO KPUTHUECKH BajKHO
JUTsl KOPPEKTHOTO MOJETUPOBaHUS 1 aHanu3a mpuuuH uzmenunsoctu TI1O. Kpome Toro,
peaHa u3 MPeaoCTaBISICT OOJBIINYIO UTMHY Psijia U ObLI BepU(UIIMPOBAH s paiioHa
Cesepnoit Atnantuku u CEB [20, 21].

[IpoctpancTBenHo-Bpemennas naMenunBocth TT1O CEB uccnenoBanack MeToaom
paznoxenus noist Ha DOD, KOTOPBIN MO3BONUI BBISIBUTH JOMUHUPYIOIINE PEKUMBI U3-
MEHUYMBOCTH B MHOTOMEpHBIX JaHHbIX [18]. TIponenypa moAroTroBKH JaHHBIX K pacue-
Ty DO BKIIOYATIAa HECKOJIBKO ATAIOB JIJIsi 00CCIICUCHHST CTATUCTHYCCKON OHOPOTHOCTH
noyist. Mcxomubie cpemHeMecsianbie 3HaueHuss TI1O ObLIM OCPETHEHBI 10 CPEIHETOI0BBIX
3HaueHuit 3a nepuog 1950-2024 rr. J{7st UCKIIIOUeHHS BIUSHUS TOJATONEPUOIHBIX KITUMa-
TUYCCKUX TPCHIOB U3 BPEMCHHBIX PSIOB B KAKIOM y3JIe CETKH ObLIa ynajieHa JIMHeWHast
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Ocean Data View

40°

Puc. 1. Paiion uccienoBanuil.

KpacHbIMu cTpekaMy OKa3aHa CXeMa JBHKEHHs TEIIbIX TeUEHUH, CHHUMU CTpesKaMu — xosoaHblx: BI'T —Boc-
TouHO-I pennanznckoe Tedenue; BIIT — Bocrouno-IImundeprenckoe teuenue; 31T — 3amanxo-1mimbeprenckoe
teuenne; CAT — Cesepo-Arnantuueckoe Tedenue; OT — dDapepckoe Teuenue; HBT — Hopaekckoe Teuenue;
HxT — Hopaxarickoe teuenne; MT — Mypmanckoe Teuenue; TII — teuenne [lepces; TJI — teuenue JIutke.
UepHBIMH THHHUSAMY ¢ TU(PaMU TOKa3aHbI CTBOPEI, Yepe3 KOTOPhIEe PACCUHTHIBAINCE TOTOKH TEIIa: / — MPOJIUB
®pama, 2 — rpanuna mexay bapenuessim u Hopeesxxckum Mopsimu, 3 — ®apepo-Mcenanackuit xpeder, 4 —
®dapepo-1llernanackuii mponus, 5 — BocTounslii kana.

JKenTpIMu TMHUSAME 1 PUMCKUMH LH(paMu 0003HAYCHBI Pa3pe3bl, Ha KOTOPBIX PACCYUTHIBAIICH CPCIHNE 3HAYCHNUS
TeMIIepaTypsl Bofbl. DHOIETOBAS ITyHKTHPHAS JIMHUS TIOKa3bIBACT [OJI0XKCHIE BEPTUKAIBHOTO OKeaHorpadide-
cKoro paspesa. Cxema TeueHui a1anTUPOBaHa 110 JaHHBIM ATiaca OKeaHoB [24]

Fig. 1. Study area.

The red arrows show the pathways of warm currents, the blue arrows show cold currents: BI'T — East Greenland
Current; BIIT — East Spitsbergen Current; 31T — West Spitsbergen Current; CAT — North Atlantic Current;
OT — Faroe Current; HBT — Norwegian Current; HKT — North Cape Current; MT — Murmansk Current;
TIT— Persey Current, TJI — Litke Current.

The black lines with numbers indicate sections for heat flux calculations: / — Fram Strait, 2 — the Barents
Sea — Norwegian Sea boundary, 3 — Faroe-Iceland ridge, 4 — Faroe-Shetland channel, 5 — Eastern channel.
The yellow lines with Roman numerals denote hydrographic sections for calculating mean water temperature
values. The purple dotted lines denote the positions of vertical oceanographic sections. The current chart is adapted
from data in the Ocean Atlas [24]

COCTaBJISIIOLIAs, pACCUMTAHHAsE METOIOM HAaMMEHbINHMX KBajapartoB. Jlajee JaHHbIE ObUIN
LEHTPUPOBAHBI 1 HOPMHUPOBAHHI Ha JIOKAJIBHOE CPEIHEKBAPAaTHIECKOe OTKIOHEHHUE, YTO-
ObI N30eKaTh TOMUHUPOBAHUS 00JIACTEH C BHICOKOI €CTECTBEHHON m3MeHunBocThi0 TTIO
B cTpykType DO®D TONBKO 32 CUeT OOJBINON aMILTUTY/IbI KojteOaHuii. [yt KOppEeKTHOIO yueTa
COKpAII[EHHUS IUIOIAN sTYeeK CETKU IPH JBIDKCHUH K IONIOCY BBIMOIHEHO B3BELIMBAHHE
JTAHHBIX ITyTE€M MX YMHOXXCHUS Ha KBaJIPaTHBIA KOPEeHb U3 KOCHHYca MHUpoThl. K momyden-
HOMY MacCHBY HOPMHPOBAHHBIX aHOMAJIMI ObUI IIPUMEHEH MeToi pazioxeHus: Ha 0.
Monpl, ux maBable koMnoHeHTH! (I'K) u nons onuceiBaeMoi AUCTIEPCHH PACCUNTHIBATIICH
¢ nomoiupio ¢pynkuun PCA B nporpammuom niakere MATLAB. TlepBbie Tpu MOJibI ONKCHI-
BaroT Oosiee 55 % aucnepceun ucxonubix nanHbix TIIO CEB. Beibop nanHoro xonudecrsa
Moz obocHOBaH kputeprieM Hopra [22], coriacHO KOTOPOMY TOJIBKO IEPBBIC TPH MOJIBI
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SIBISTFOTCSI CTAaTHCTHUYECKH PA3ACIIeMbIMH M 3HAUMMBIMU Ha (ore mryma. Kaxkmoit mone
30® coOTBETCTBYET ONPEAEIECHHAsI IPOCTPAHCTBEHHAS CTPYKTYpa, TIPH 3TOM BCE MOJIBI HE
KOPPENMNPOBaHEI MEXIY COOOM, YTO aeT BO3MOXKHOCTD Pa3[eiNTh CHTHAJIBI Pa3HON MpH-
POZIBI ¥ OIPEZIEINTD, KaKHE TPOLECChl BHOCAT HAaMOOMBIINI BKJIa B M3MeHUnBOCTH T110.

[TockonbKy MpOCTPaHCTBEHHBIE CTPYKTYPBI M BpEMEHHBIE KOMIOHEHTHI DOD sBIIs-
IOTCSI pe3yJIbTaTOM MAaTeMaTHIeCKOH JICKOMITO3UINH, UX (PU3HUYECKask COAEPKATEIHLHOCTh
TpeOyeT JOTOIHUTEILHOTO MOATBEPsKACHUS. s OLIEHKH COOTBETCTBHUS BBIJEICHHBIX MO/
peasbHBIM OKEaHOJIOTNYECKUM IpolieccaM ObUT MPOBENICH KOPPeaoHHbIH aHanmu3 ['K
C pa3iMYHBIMH (PAaKTOpaMH, TAKUMH KaK CPEJHEMECSUHBIC ITOTOKH TEIlIa Yepe3 BEepTH-
KaspHbIe cTBOpHI B iponuBax CED, cpenHemMecsyHble 3HAYCHNS TEMIIEPATYPhI TOJIIH BOJIbI
Ha pa3pes3ax BIONb IMyTH pacupocTtpaHenus AB [23] (puc. 1) u uHOEKCH aTMOC(hEpHOH
LUPKYIALIUA. DTO MO3BOIMIO BEPU(DUIIMPOBATH CTATHCTHYECKHE MOJBI KaK OTPakKEHHE
KOHKPETHBIX MexaHu3MoB TpaHchopmarmu o CEB.

JI1st OLIeHKM aIBEKTHBHOTO TPUTOKA Teruia yepe3 rpanunsl CEB Ob11 ucnonb3oBan
aHcamOnp okeanckux peananu3oB (GLORYS2V4, ORASS u C-GLORSv7) [25]. Beibop
JIAHHBIX ITPOAYKTOB OOYCIIOBIICH MX YCIENTHON BaINAAINEH JUT YCIOBUH BHICOKHX IIHPOT,
a TaKkXKe pe3ylbTaTaMy CPaBHUTEIBHOTO aHann3a B posnmse dpama, T1e pacdeTs! TEerio-
MaccorepeHoca o 3TUM PeaHaIN3aM MOKa3aJId XOpOoIllee COrIacue ¢ JaHHBIMU HHCTPY-
MEHTJIBHBIX U3MepeHuit [260]. Mcnonb3oBaHne aHcaMOIIsl U3 TPEX peaHan30B ITO3BOJIMIIO
MUHHMH3HPOBATh CUCTEMAaTHYECKHE OIMIMOKN U TOMyYUTh Oosee yCTOHYMBBIE OLIEHKU
MHTETPAJILHBIX MOTOKOB HAa rpaHunax OacceiiHa. [10TOK Teria BEIYHUCIISUICS Yepe3 pou3Be-
JICHUE aHOMAaJIMX TeMIepaTypbl OTHOCUTENIBHO TOUKHU 3aMep3aHusl Mopckoi Boasl (—1,8 °C),
CKOPOCTH TEUCHHSI, INIOTHOCTH MOPCKOM BOZIBI M €€ Y/IeNbHON TeroeMKkocTH. CyMMapHbIe
MIEPEHOCHI Yepe3 BECh pa3pe3 ObIIM MOIyYEeHBI ITyTEM TOPU30HTAIBHOTO HHTETPUPOBAHHS
BEPTHKAJIBHO OCPEAHEHHBIX TIOTOKOB 110 JJIMHE pa3pe3a C MCIOIb30BAHUEM METOa Tpa-
TIEIHiA, C YIETOM PAaCcCTOSHHS MEKIY COCETHIMH y3JaMH pacdeTHOH ceTku [27].

B xagectBe (hakTOpOB, OTpaKAIOUIMX BIMSHUE aTMOC(EPHBIX TPOIIECCOB HA M3MEH-
yuBocTh TTIO ucenenyemoro paifoHa, ObUTH MCHOIB30BaHBI MHIECKCH: CeBepo-ATIaHTH-
yeckoro koiebanus (CAK), moka3siBaromero pa3HUIy aTMOC(EpPHOTO TABICHUS MEXKITY
AzopckuM MakcuMyMoM U Mcnarackum MuauMyMoM [28]; Apkruueckoro qunons (AJ]),
TIPE/ICTABISIIONIETO CO00i BTOpyto Moxy pasznoxenus Ha DO®P armochepHOro AaBiIeHHs
Ha ypoBHe Mops B CeBepHoM momymapuu (cesepHee 60° c. mr.) [29] u oTpakaromiero
YyepenoBaHue 00lacTeil BEICOKOTO/HU3KOTO AaBieHus Han EBpasuiickoii 1 CeBepo-Amepu-
KaHCKOW "acTsaMu ApKTHKH; ApkTrdeckor ocrmuiaimy (AO) Kak pa3HHUIBI aTMOC(HEPHOTO
JIaBJICHUST MEXy APKTUKONH M CPeIHHUMH IIMPOTaMH, BIHUSIOMIEH Ha CHITy IOJISIPHOTO
BUXpPsl M norogHble aHomanuu B CesepHoMm momymapun [30], a Takke ATIaHTHYECKOH
MEpUINOHATBHON ompoKuasIBatomeiics mupkyssimua (AMOLL) — arcambieBoro cpemHe-
TO 3HaUCHHs MaKCHMyMa MEpUIHOHATFHON (PyHKIHMK Toka Ha mmpore 26,5° c. m. [31].

JloTIOTHUTENBHO OBUIM MOCTPOEHBI BEPTHKAIBHBIE OKEaHOTpapHIECKUE pa3pessl
TeMIIepaTypbl O JaHHBIM U3 0a3bl «Kinmaronorudeckoro arnaca ceBepHbIX Mopeit u Ce-
BepHOH ATnmantukm» [32] 3a mepuox 1958-2012 rr. JlaHHBIE BEPTUKAIBHBIX TPOQIIICH
WCIIONIB30BAJINCH TIPH MHTEPIPETAMN (PU3MUECKOTO CMBICTIA MO,

O1eHKa BIUSIHUS IEPEUNCIICHHBIX (PaKTOPOB OCYIIECTBIIUIACH IyTEM pacyeTa Kodd-
(PUIMEHTOB KOPPEISIIUY ¢ BPEMEHHBIMH PAJaMHU IJIABHBIX KOMIIOHEHT MEPBBIX TPEX MO,
ITpn 5TOM M3 BCeX MCIOIB3YEMBIX JAHHBIX MEPE]] PACUETOM KOPPESIUil ObIIN yAaIeHbI
CE30HHOCTH ¥ TpeH.. s aHamn3a KpynHOMaciTaOHOH BPeMEHHONW M3MEHYMBOCTH TJIaB-
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HBIX KOMITOHEHT UX CPEJHEMECSIHbIC BPEMEHHBIC PSIbI OCPEIHSIIHCH 10 CPETHETONOBBIX
3HAYCHUH, 9TO 0becneurnBaio 6oee HAIIIHOE PEICTABICHIE JOJITOCPOYHBIX TeHICHIIUHA
3a 75-1€THUI NepUo UCCIIENOBAHUS.

Pe3yabTarsl

B pesynsrare pasnoxenus TIIO CEB metomom D0® ObutH BBIICICHBI MOJIBI, TIPE]I-
CTaBJICHHBIC B BUJI€ TIPOCTPAHCTBEHHBIX KapT-CXeM (pHC. 2), KOTOpBIE JIEMOHCTPUPYIOT
pacroyioKeHUe IIEHTPOB JACHCTBHS TPOLIECCOB, ONMPEIEIISIONINX OCHOBHYIO YacTh H3MEHYH-
Boctu TTIO. [Iyst mocnenyromiero aHamu3a ObUTH BEIOpaHBbI MIEPBBIE TPU MO, CYMMapHO
oowsicHsronue 55,8 % obweit aucnepenn TT10, U3 KOTOPBIX HA MEPBYIO MOJLY TIPUXOAUTCS
25 %, na Bropyto — 16,4 %, a Ha TpeTbio — 14,4 %.
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Puc. 2. Cpennee none TIIO 3a 1950-2024 rr. (@) u nepsble Tpu Mojbl pazsiokenust TIIO na 200:
6 — TiepBasi MOJIa, 6 — BTOPAsi MOJIA, 2 — TPEThsl MOJia

Fig. 2. Mean sea surface temperature (SST) field for 1950-2024 (@) and the first three modes of
the EOF decomposition of SST: (6) first mode, (6) second mode, () third mode

ITpocTpaHCcTBEHHAsI CTPYKTypa MOJ| OTIMYAETCs HEOAHOpoAHOCThIO. IlepBast moza
(30D ), cocrapnsromas HanbombIIyIo K00 odmei aucnepcun TIIO paccmarpuBaeMoro
paifoHa, IpencTaBIseT CO00H TUTIONBHYIO CTPYKTYpY, pasnemnsonryio CEb Ha BocTouHytO
W 3amaIHyIo 9acTH (cM. pHc. 26). O6IacTb MaKCUMAJIBHBIX MOJIOKHUTEIHHBIX 3HAYCHUH
BECOBBIX KO3 PHUIIMEHTOB JIOKAIN30BaHa B BOCTOYHOM 9acTh OacceifHa, ¢ MaKCHMaIbHBIMH
3HAUEHUSAMHU B IOTO-BOCTOYHOM cekrope bapeniieBa Mops. IloigoxkuTenbHbIe aHOMATUH
PacIpoCTPaHsAIOTCS IIMPOKUM (PPOHTOM BIOJIb APKTUUECKOTO IIeb(a, 3aXBaThIBas aK-
BaTOPHIO BIUIOTH 10 TpaHuI] Kapckoro mops. 3amanHas gacTe O6acceifHa 3aHATa 30HOHM
OTPHULATENIbHBIX 3HAUEHUM, MAaKCUMYM OTPULIATEIbHON aHOMAJIMKU KOTOPOU pacIionaraercs
B IIeHTpabHON yacTn Hopseskckoro Mopsi. [TomoOHas aumonbHast CTPYKTYpa OMICHIBATACh
paHee B KOHTEKCTe ammaHTHuKanuu bapeniesa mops [33].
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Bropas moma (D0®,) Takke HMeET TUIONBHYIO CTPYKTYPY, YKa3bIBaIOIIyIO Ha IIpo-
TrBodazHbie m3MeHeHus TI10, HO OpHEHTHPOBAaHHYIO B IIMPOTHOM HAalpaBlieHUH. Bcio
CeBepHYIO YacTh bapeHiieBa Mopst 1 3aaHyIo MOJIOBUHY | PEHIaHACKOTO MOPSI 3aHUMAOT
00J1acTH C TIONOKMUTENbHBIMH 3Ha9eHHIMU DO®D,. Ha ocTanbHOM 9acTH paccMaTpuBaEMOTO
permoHa BTopas MoJa MMEEeT OTPHUIATEIbHbIC 3HAUYCHNSI ¢ MUHUMYMaMH B IIEHTPAJIbHOM
yacTu bapenneBa mopsi, Baois mobdepekbs CKaHAMHABCKOTO M-0Ba (cM. puc. 2g). Ilo
MOp(OIOrHYEeCKHM MPHU3HAKAM JIJaHHAs IPOCTPAHCTBEHHAs KOH(PUTypamnus BO MHOTOM
MTOBTOPSIET CTPYKTYPY M3MEHIUBOCTH, XapakTepHyto mis anomanuit TI10, dopmupyemprx
IO BIHSIHUEM cyOmosipHoro KpyroBopota CeBepHoit Atimantuku [16, 34]. Hamngme
ananornyHoro gunoist B CEB ykaspiBaeT Ha TpaH3UT KPYITHOMACIITAOHBIX TEPMUUECKUX
aHoOManuii U3 CyOTONApHON ATIaHTHKH Jajiee Ha CeBep.
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Puc. 3. Ilons coctostans MakcUMaibHbIX ammuutyn D0 mox pasnoxenus TI1O: a, 6, 0 — makcu-
MaJIbHBIC MONOXKUTENbHbIE Ga3bl 1-if, 2-if u 3-i1t DOD cOOTBETCTBEHHO; 0, 2, € — MaKCUMaJbHbIe
oTpuuareibuele Gassl 1-if, 2-i u 3-it 20D cOOTBETCTBEHHO

Fig. 3. Spatial patterns of the leading SST EOF modes at their maximum amplitudes: (@, 6, 0) maximum
positive phases of the 1st, 2nd, and 3rd EOF, respectively; (6, ¢, ¢) maximum negative phases of
the 1st, 2nd, and 3rd EOF, respectively
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OcoGeHHOCTBIO TIPOCTPAHCTBEHHOH KOH(HUTYpanu TpeThei Mombl (J0D,) saBsercs
BBIPKEHHAS! aHOMAJTHS TTOJIOKHUTEIbHBIX 3HAY€HUIH BECOBBIX KOA()(HIIEHTOB, OXBATHIBAIO-
II1ast 3HAUUTENbHYIO YacTh 3allaJHON M LIEHTPAILHOW aKBaTOPHUH (CM. pHC. 22). DTOT LEHTP
MIPOCTHPACTCS OT I0T0-3aMaqHON YacTu [ peHnaHIcKoro Mopst Ha CeBEpO-BOCTOK JI0 apXHIIe-
nara lInudepren ¢ OTBETBIEHNEM B IEHTPAIbHYIO YacTh bapeHnesa mopst. B mpornBoBec
TIOJIOXKUTEBHOM 30HE BBIIEISIOTCS IBE 00IACTH € OTPULATENBbHBIMU 3Ha4eHuAMH. OtHa 13
HUX PacIoJIOKeHa B CEBEPHON yacTu bapeHneBa Mops, mpocTupasch K rpanniam Kapcko-
ro Mopsi. Bropast HaxoauTcs B 10T0-BOCTOUHOM yacTi HopBexCKoro Mopsi, mpHieraromei
K mobepexpro CKaHIIHABCKOTO I-0Ba. B OTIMYHE OT MEPBBIX JBYX MOL, 90d33 HE UMEET
MIPSIMBIX TPOCTPAHCTBEHHBIX AHAJIOTOB B OIyOJIMKOBAaHHBIX HCTOYHUKAX 10 U3MEHIHBOCTH
TTIO B CEB, 9To MOXeT yKa3bIBaTh Ha €€ CBS3b C JIOKAJTBbHBIMHU (PH3UKO-TeOTpadhuIeCKUMH
0coOeHHOCTIMU OacceifHa Win creru(UIecKUMH yCIOBUSIMA TIEPEMEIINBAHUS.

JI1s nHTEepIpeTauy MEXaHN3MOB BIIMSTHUS TPOLIECCOB, CBS3aHHBIX C BBIICICH-
HBIMH MOJ[aMH, OBUIN TOCTPOCHBI KOMITO3UTHBIE TIOJISI, COOTBETCTBYIOIINE COCTOSTHHUAM
MaKCUMaJIbHBIX aMIUIATY]] KaXk10i Moabl. [lone MakcMManbHOM MOJIOKUTEIbHON (ha3bl
pacCUuTHIBAIOCH IyTeM ciaokeHus cpenHero moinst TIIO ¢ mpon3BeaeHNEM COOTBETCTBY-
OlIeH SMIMPUYIECKON OPTOrOHANBHON (PyHKIIMHM Ha MAaKCHMaJIbHOE 3HAUCHUE €€ TIIaBHOU
KOMITIOHEHTHI. AHAJIOTHYHO T10JIe MAaKCUMaJIbHON OTPULATENILHOM (a3bl pacCUUTHIBAIACH
C HCTIONB30BaHIEM MUHUMAIBHOTO 3HaueHus cootBercTBytommeil I'K. Taknm obOpazom, s
KaXJI0H MOJIBI OBUIO TTOJYYEHO IO J[BA OIS, WILTIOCTPUPYIOIUX POTHBOIIOIOKHBIE CO-
CTOSIHUS TIPOCTPAHCTBEHHOTO pactpeneneHus TI10, onuceiBaeMble TaHHOH MO0 (prc. 3)
TIPY TIOJIOKUTENBHBIX W OTPHULIATENILHBIX 3HAUYCHUSX ITIABHBIX KOMIIOHEHT.

[lepBast r1aBHast KOMIIOHEHTA (FKI), ommchIBaromas 25 % oOmiel UCTIepCHu IO
TTIO, oTpakaeT KIIOYEBOM MEXaHU3M IepepactpeneneHns Tema B cucteMe CEb — Apk-
tuka. I'paduk Bpemennoit usmenansoctn I'K, (puc. 4a) N€EMOHCTPHUPYET BBICOKYIO MEXK-
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Puc. 4. MexromoBast ©K3aMEHUYMBOCTH IIEPBBIX TPEX TIIABHBIX KOMIOHEHT: ¢ — 'K mepBoii Mofsl; 6 —
I'K Bropoit monsl; 6 — I'K TpeTbeit Mmoabl

Fig. 4. Interannual variability of the first three principal components: (a) PC of the first mode; (6) PC
of the second mode; () PC of the third mode
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TOJIOBYIO BapraOeIbHOCTh C YaCTHIMM IIEPEXOIaMH Uepe3 HyJIeBOE 3HaUCHNUE, YKa3bIBas Ha
YepeaoBaHNe NEPHOJIOB MOJIOKHUTENBHBIX U oTpunarenbHbix aHomanuit TI1O, cBsa3aHHBIX
C 3TOH KOMITOHEHTOH. OIHAKO aMITINTY/a KOIeOaHUH 3HAYUTEIBHO BapbUPYETCs Ha MPO-
TSDKEHUH BCETO eprofa. Tak, cpeiHeKBaipaTHIECcKoe OTKIOHeHHe 3Hadenni 'K, 3a mepron
1981-2024 rr. BeIpocio Oonee yem Ha 60 % 1o cpaBHenuro ¢ 1950-1980 rr., uro roBoput
0 CYyIIECTBEHHOH MHTEHCH(UKAMN IMHAMHUYECKHX IPOIIECCOB B UCCIIEAYEMOM PETHOHE.

BEISBIIEHHBIE CTATHCTUYIECKUE B3AaHMOCBSI3H MO3BOJIIOT HHTEpHpeTHpoBath 'K, kak
MHJIMKATOP MHTEHCUBHOCTH a/IBEKTHBHOTO NEPEHOCA ATIAAHTHYECKUX BOJ| B APKTHUECKOM
HarpasieHun. [IpocTpaHCTBEHHOE paciipeieeHne MaKCUMaIbHBIX (ha3 ImepBoil MOJIBI Jie-
MOHCTPHPYET B2 IPOTHBOIIOIIOXKHBIX MTPpOCcTpaHcTBeHHBIX cocTostHus moist TI1O B CEB,
OIIpEeAEIAEMbIX 3HaKaMU M aMIUIUTYIaMH COOTBETCTBYIONIEH IIIABHOI KOMIOHEHTHI. [Ipn
MaKCHMAaJIbHOH MOJIOKUTEIBHON (ha3e TEIIO MOCTYHAIOMMX B OACCEHH amIaHTHYECKUX
BOJ] IPOHHUKAET JAJIEKO HA BOCTOK M Ha ceBep (cM. puc. 3a). IIpu 3TOM nonoxnuTeabHbIe
agomarmy TI1O 3amoiHSIOT BCIO FOXKHYIO ITOJIOBHHY bapenrieBa Mmops BIutoTs 10 77° . 1.,
a Tak)Ke MOBHIIAIT TeMieparypy 3anamHo-llInumnbdeprenckoro teuenus (31LUT). [lpu
MaKCHMaJIbHOW OTPUIATENIFHON (pa3e TeIIO amIaHTHYECKHX BOJ 33JEP’KUBACTCS M Ha-
KarunBaeTcs B HopBe)XCKoM Mope, TPUBOAS K BOSHUKHOBEHUIO CYIIIECTBEHHBIX ITOJOXKH-
tenbHBIX aHoManuii TITIO B aToM paiione (cM. puc. 30).

Takoii TepeKIFoYArONUICS MEXaHH3M MOTBEPKIACTCSI OOHAPYKEHHBIMHU KOPPEIIsIH-
OHHBIMH CBsa3aMu. [lonoxurenshas koppensimus 'K, ¢ TEMIoBbIM MOTOKOM Yepe3 TPOJHB
®pama (R = 0,42) yka3pIBacT Ha TO, YTO YCUIICHHE TIEPBOI MOIBI CHHXPOHHU3UPOBAHO C YBe-
JIMYCHUEM TIPUTOKA OKEAHHIECKOTO TETlIa B INTyOOKOBOIHYIO YaCTh APKTHYECKOTO OacceiHa.

OtpunarensHas koppemsus ¢ TTIO Ha paspesax [-11I mexay Mcnarmueit u @apep-
ckumu octpoBamH (0T —0,33 10 —0,35) MOKET TOBOPHUTH O TOM, YTO NIPH UHTEHCH(DUKAITHN
TPaH3UTHOTO MEPEeHOCa TEeIla Ha CEBEP M BOCTOK MPOMCXOIUT «CMEIICHNE)» TEIIOBOTO
sipa Jajblie 0 TPAeKTOPUU TEUSHUsI, YTO MIPUBOAUT K JIOKAIIEHOMY CHIIKEHHIO TeMIIepa-
TypBI Ha BXozie B OacceiiH (B paiione Mcianackoro nmopora) npu oJHOBPEMEHHOM TIPOTPEBE
paiiona nponmsa ®pama u bapennesa mops. Cesase I'K, ¢ Al (R = 0,27) moareepxaaeT
arMocdepHyIo 00ycI0BIEHHOCTh 3TOro Mexannsma. [lonoxurensuas daza AJl hopmupyer
TpaineHTHI JABJICHUs, CIOCOOCTBYIOIINE YCHUIICHHIO MTPUTOKA aTJIAHTHUECKUX BOZ BJOJb
MaTeprUKOBOTO CKJIOHA. TakuM 00pa3oM, MOXKHO CKa3aTh, YTO MEpPBasi MOJA ONHCHIBACT
pexnM nHTeHcnpuKannu CeBepo-ATIaHTHYECKOTO TEUSHHS, ITPU KOTOPOM TETIOBOH MOTOK
He 3anepxuBaeTcs B HopBexckoM Mope (oTpHIaTenbHas 001acTh JUITONS) ¥ SPPEKTUBHO
nepepactpenensiercs B bapenueso mope n nponus @pama, odecrieurnBast JeTpajaIuio Jie-
JSHOTO TIOKPOBA M MPOTPEB PETHOHA. A M3MeHIMBOCTH ['K| oTpakaeT ckopocTh Tpan3uTa
amranTuaeckoro reria B CEB.

B MakcHManbHOM MOJIOKHUTEIFHOM COCTOSIHUM BTOPOH MOJBI OTMEYAETCsl OTHOCH-
TenpHOE ymeHbIeHne anomanmnii TIIO B Hopeeskckom Mope, 10xHOI dactu bapeHrieBa
MOps M B BOCTOYHOW yacTu ['pernanackoro Mops (cM. puc. 36). OMTHOBPEMEHHO € 5THM
CeBepHas YacTh akBaTOpuM bapeHiieBa Mops W 3amajHas 4acTb [ PEHIaHICKOTO MOps
CTAHOBSITCSI OTHOCUTEJIFHO TETUIee, 10 CPABHEHHIO C TAKOBBIMHU TP MAaKCHMAJILHOM OT-
pHUIATEIIEHOM COCTOSIHHU (CM. pHC. 32).

[Tpn MakcHMaIbHOM OTPHIATEIBHOM COCTOSHMM BTOPAsi MOJa BOCHPOU3BOIHUT CO-
CTOsIHHE OOJiee KOHTPACTHOTO pa3AeieHust OacceiiHa Ha I0KHYIO U CEBEPHYIO YacTH, YeM
TIPY TIOJIOKUTEIEHOM COCTOSIHUH (CM. pHc. 38, 2). [lonoxunTensHbie anomannu B Hopsex-
ckoM 1 bapeHIeBoM MOpsIX BBIPaKEHBI CHIIbHEE M PAacIIPOCTPAHSAIOTCS JJaJIbIIIe Ha CEBEP
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Tabnuya

Ko puumentsr koppensiuun mexxay I'K nepBbix Tpex Moa M pa3iinyHbIMHU pakTOpamMu
Table

Correlation coefficients between the PCs of the first three modes and various factors

I'K, I'K, I'K, ITepuon naHHbIX
AOy, D - —0,328 - 1950-2024
CAK, 1D - - 0,506 1950-2024
Al 0,267 - - 1950-2024
AMOLL - 0,578 - 1993-2023
Crop 1 0,422 - 0,401 1993-2020
Crop 4 - 0,467 - 1993-2020
Paspes | -0,329 - 0,327 1958-2024
Paspes 11 0,353 - - 1958-2024
Paspes 111 -0,326 - - 1958-2024
T I'M,,, 5D - - —0,482 1958-2012

IIpumeuanue. 'K , — rnasubie komnonentsl paznoxenus TIO B CEB na smnupryeckue opToronanbHeie
(yHKIIMH, OKa3IBAKONINE BPEMEHHYHO H3MEHIHBOCTh; AO, | | (—1) — HHJIEKC APKTHUECKOH OCIILISIHH,
OCpPEIHEHHBIN 3a JileKaOpb—anpeb ¢ 3a0aroBpeMeHHOCTBIO B OJIMH TOJ; CAKXIHV(’I) — unpekc Cese-
PO-ATIaHTHYECKOTO KoJieOaHs, OCPEAHCHHBIH 3a JAeKaOpb—ampelb ¢ 3a01aroBpeMEHHOCTBIO B OJIMH TOJI;
AJ] — MHIEKC APKTHYECKOTO JHUIIONS, PACCUNTAHHBINA ITyTEM Pa3JIoKEHHUS MOJIeH TaBiIeHHs HA YPOBHE
Mopst ot 60° 10 90° c. 1. Ha SMIKEpHYecKue oproroHanbHble GyHKunN; AMOL] — nHIeKke ATaHTHYeCKOH
MEpUIMOHAIBHON ONpoKubIBaromelics uupkysinny; Cteop 1, 4 — moToku Terua yepes paspess: 1 —
Brosb 80° ¢. mr. ot I'pernananu no Inundeprena, 4 — mexay Papepckumu u LleTnanackuMu ocTpo-
Bamu; Pazpes I-111 — cpeanue 3nauenus TI1O, paccunTtanHbie Boib pa3pe3os (I — mexny Vicnanaueit u
®Papepckumu octpoBamu, 11 — mexny Papepckumu u Hletnanackumu octpoBamu, 111 — paspes Broab
65° c. 1., B paiione nepexona Ceepo-Atnantuueckoro teuenus B Hopsexcroe); T TM . (=1) —cpen-
Hsisl TemIepatypa Bojbl ['pernanackoro Mopsi B cioe 500—1750 M Ha okeaHorpaduveckom paspese BIoib
72° c. 1. ¢ 3a01aroBpeMeHHOCTRIO B | TOI.

Bce npuBenenHble KO3(DGUIMEHTHI KOPPEISIMU 3HAYUMBI 10 Kputeputo Ctbonenta mpu p < 0,05.

Note. TK, , — principal components of the Empirical Orthogonal Function decomposition of Sea Surface
Temperature in the North Atlantic, showing temporal variability; AO, | (~1) — Arctic Oscillation index,
averaged over December—April with a one-year lead time; CAK, (~1) — North Atlantic Oscillation
index, averaged over December—April with a one-year lead time; AJl — Arctic Dipole index, calculated by
decomposing sea level pressure fields from 60° to 90° N using Empirical Orthogonal Functions; AMOL] —
Atlantic Meridional Overturning Circulation index; Section 1, 4 — heat fluxes across sections: 1 — along
80° N from Greenland to Spitsbergen, 4 — between the Faroe and Shetland Islands; Section I-1I1 — mean
Sea Surface Temperature values calculated along sections (I — between Iceland and the Faroe Islands, Il —
between the Faroe and Shetland Islands, III — a section along 65° N in the area of the transition of the North
Atlantic Current to the Norwegian Current); T TM,, .. (~1) — mean water temperature in the Greenland
Sea in the 500—1750 m layer along the oceanographic section at 72° N with a one-year lead time.

All correlation coefficients provided are significant according to Student’s t-test at p < 0.05.

¥ BOCTOK B0 CKaHIMHABCKOTO M-0Ba, 110 CPABHEHUIO C MAKCUMAIILHOH MOTOKUTEIbHON
(azoii. OTpurarenbHble aHOMAJINH TaK)Ke 00JIee BHIPAKEHBI M OXBATHIBAIOT BCIO CEBEPHYIO
yacTh bapennieBa Mopst 1 3anagHyto 9acthb [ peHnanackoro Mopsi. Takum oOpa3om, BTopast
MOJia B CBOCH OTpHIIATEIbHON (ha3e BOCIIPOM3BOIUT COCTOSIHUE OOJIee MHTEHCHBHOTO T10-
TeIuIeHus B I0’kHOU (B cpenneM Ha 0,9 °C) u Boctounoi (B cpeaneM Ha 1,8 °C) gactax
GacceiiHa u OoJee BBIpAKEHHOTO oxJaxaeHud (B cpeaaeM Ha 1,5 °C) B ceBepHOil U 3a-
nanHoit yactsax CEDB o cpaBHeHMIO ¢ MONIOKHUTENBHOH (a3oii.
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Bpemennoii ps BTopoit iaBHoi koMnoHeHTHI (I'K) meMOHCTpHpYeET BBIpakeHHYO
MEXTOJIOBYIO M JIEKaIHYI0 M3MEHYMBOCTh, B KOTOPOH MOXHO BBIIEIUTH TPH MEPHOAA:
(hazy mpenMyIIecTBEHHO OTPUIATEIFHBIX 3Ha4eHu B 1950—1970-¢ rr., pe3kuii nepe-
XOJl K YyCTOWYMBBIM BBICOKMM MOJOKUTEIBHBIM 3HaUCHUAM ¢ KoHIA 1970-x 10 KoHIa
1990-x rr. u mocneayIoIUi MOCTENEeHHbII BO3BPAT K 3HAYEHUAM OKOJIO HYNS U HUXKE
¢ xorHna 1990-x rr. (cMm. puc. 40).

KoppensunonHuslii aHain3 mokazal Halluuue 3HAYUMOW TOJIOKUTEIBHON CBS3U
(R=10,58) l"K2 ¢ magexkcom AMOLI. Obmast kapTuHa H3MEHUHUBOCTH [ K2 XOPOIIO BIUCHI-
BAaeTCA B MPEJICTABICHHUS O IOITONEPHOAHBIX IUKIAX KIMMaTHIeCKol crucTeMbl CeBepHOI
Arnantuku. Tlepron MomHoi nonoxutenbHoi anomanuu 'K, (konen 1970-x — nagano
1990-x) coBmamaer ¢ a3oit ycmrenust AMOL] i cOOTBETCTBYIOMIETO MOTETUICHUS B APKTH-
ke, ormedasierocs ¢ 1971 r. [35]. Tlocnenyromee ocnabnenne I'K, u ee nepexon k oTpu-
LareabHbIM 3HaueHnsIM nociie 2010-x IT. comtacyeTcs ¢ JaHHBIMU O HaOJTFOIaeMOM € KOHIIA
1990-x rT. ocnabnenun uaTeHCHBHOCTH AMOC M MEpHIHOHAIBHOTO TepeHoca Teria [36].
OnHaKoO CTOUT OTMETHTH, 4TO, HecMoTps Ha ocimabneane AMOLL mocne 2008 1. [36], Tem-
neparypa nocrynaronmx B CEb AB nponomkaet pactu [37]. To ecTh BIUsHUE yBETUICHUSA
TEIJIOCO/IEPKAaHMS TTIOCTYTIAIONIUX BOA TepeBemrBaeT 3(hGeKT ocnabieHns: MUPKYISINY,
Be3bIBas poct TI1O B CEB [37]. OT0 moaTBepskaaeTcs 3HaYNMOi koppernsueit (R = 0,47)
I'K, ¢ norokom Temna uepes Papepo-Illemianckuii mponus (cM. TabuILy).

TTonoxurensHas koppensiuust I'K2 ¢ uarencusaocteio AMOLL 1 npuTokoM Teruia
IIpU OIHOBpeMEHHOM (hopmupoBanun otpunarenbHbix anomanuii TIIO B Hopsesxckom
Mope (puc. 36) MOXKET OBITh OOBSICHCHA Yepe3 MEXaHU3M aTMOC(EPHOTO BO3ICHCTBUSL.
I'K, nMeeT 3Ha9MMyI0 OTPULATEIBHYIO KOPPEISAIHUIO C HHACKCOM APKTUIECKOH OCIMILIS-
un (AO) ¢ 3a01aroBpeMEHHOCTBIO B OIMH rof (cM. Tabmuity). Otpuriarenbrast daza AO xa-
pakTepu3yercs ociabiIeHHeM 3aIaJHOro IIEPeH0Cca U YCWICHHEM BBIHOCA XOJIOIHOTO apKTH-
yeckoro Bozznyxa B pernoH CED, 4to Benet k MHTEHCHU(UKAIMU TOTOKOB SIBHOTO M CKPBITOTO
Tera u3 okeana B arMocgepy [38, 2] B aTom ciydae ycusieHHBII TPUTOK aTIaHTUYECKUX
Bof (mpu mHTeHCHpuKarmy AMOLL) KoMIIeHCHPYETCsl aHOMAITBHO BBICOKOH TETIOOTAaueH
¢ moBepxHocTH. OKeaH BBICTYIAeT B POJIH JIOHOPA, aKTHBHO OT/IaBasi TEILIO arMocgepe, 4To
TPUBOIMT K oxnakaeHnto TT1O B ouarax MHTEHCHBHOTO B3anmMopeiicTus (Hopeeskckoe 1 ror
Bapeniiea mopeii). B To jxe BpeMst ociabieHre BBIHOCA JIb/Ia M PECHBIX BOI M3 APKTHKH,
XapakTepHOe JUIsl OTpUnaresbHol (a3pl AO, CtocoOCTBYET COXPAHEHHUIO MTOTOKHUTEIBHBIX
aHOMaJIMil TeMIieparyphbl B 3anagHoi yactu ['pennanackoro Mopst U Ha ceBepe bapeniiena
Mops [39], uto u popmupyeT npocTpaHcTBEHHYIO CTPYKTYpY DOD,. B 3KCTpeMalbHyo
OTpHLATENBHYIO (ha3y BTOPOW MOIBI HAOIIOMAIOTCS OOpaTHBIE TPOIECCHI.

MakcumanbHbie cocTosHUs TpeThel Moabl (DO, ) XapaKTepu3yIoTCs BHIPaKEHHOH
IIPOCTPAHCTBEHHON HEOAHOPOAHOCTHIO. [Ipn monokurensHON (ase (cM. puc. 30) MOIOKH-
tenbHble aHoManuu TTIO B HopeexckoM, 10xHOI yacTu bapeHnieBa 1 B BOCTOYHOM dacTu
I'penmanickoro Mopst OTHOCUTENBHO HIDKE (B cperneM Ha 0,4 °C), 4eM B 3THX e paiioHax
MIpU OTPHUIIATETHHOM cOCTOsIHUH (cM. puc. 3e). B ceBepnoii wactu CEB u B 3anamnHoit
yactu [ penanackoro Mmops orpurarenbabie anoManuu TT1O Takke HiKe (B cpefHeM Ha
0,7 °C), uem mipu oTpHIIATETbHON (ha3e. TakuM 00pazoM, SKCTpeMaTbHOE TTOJIOKHUTEIEHOE
cocrosnue D0®D, XapakTepu3yeT OTHOCUTENBHOE OXJIAKIEHHUE BCEro 0accelina B 11ENIOM,
B TO BpeMs KaK OTPHIATEIEHOE — €T0 MPOTPEB.

Anamms Bpemennoro xona 'K, (puc. 46) n ee KOPpENAMMOHHBIX CBA3CH MO3BOJISET
HMHTEPIIPETHPOBATh TPETHIO MOAY KaK MHJMKATOP MHTEHCHBHOCTH ITyOOKOW KOHBEKIMH
B [ pernannckom Mope. Kimodesoii ocobennoctsio I'K, sBrseTcs Hamume S5KCTPEMaIbHOTO
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MUHUMYMaA B 1968—1969 rT., 4TO XpOHOJOrMYECKH coBHataeT ¢ «Benukoil coneHoCTHON
aHomaimei» [40]. B 3ToT mepron MaccHpoBaHHBIN BEIHOC MIPECHBIX BOA U JIbJIa Yepe3 Mpo-
1B @pama pHBEN K TOAABICHUIO BEPTHKAIBHOTO TIEpeMEIIBaHusL, (OpMUPYs aHOMAJILHO
XOJIOAHBIA TIOBEPXHOCTHBIN CIION MPH OTCYTCTBHU OXJIKACHNS HIDKENIEKAIINX TOPU30HTOB.

®usnyeckas 000cHOBaHHOCTE cBsazk 'K, ¢ mponeccamu riry6okoi KOHBEKIIMH TTO]I-
TBEP)KJaeTCsl BBISBICHHOM 3HAYMMOM OTpHUIaTelbHol Koppesiiueit (R = —0,48) ¢ Temrie-
parypoii ciost 500—-1750 m B I'pernanackom mope (c narom B 1 ron). JlaHHas 3aBUCUMOCTD
yKa3bIBaeT Ha TO, 4TO MonoxkurenbHas pasa 'K, coorsercTByeT nepuonaM HHTEHCUBHOM
3MMHEH KOHBEKIIMH: OXJIaXIEHHE MOBEPXHOCTH OKEaHa COIMPOBOXKIAECTCS OITyCKaHHUEM
OXJIQK/ICHHBIX BOJ Ha NIyOWHY, YTO MPUBOAUT K HOHMKEHHUIO TEMIIEPATYPHI B TPOMEKY-
TOYHOM U TITyOMHHOM CIIOSIX.

AtmochepHBIM JipaiiBepoM 3TOro mporecca BoicTynaer CeBepoariaHTHIecKoe Kolie-
6anune (CAK). ITonoxurensnas koppensuus I'K, ¢ sumnum unjgexcom CAK (R = 0,51, ar
1 rom) 0OBsCHSETCS TEM, YTO YCHIICHHE IUKIOHNYecKor akTuBHOCTH Haja CED criocoOcTBy-
eT «IIOABEMY» KyIOJIa IUKJIOHHYECKOTO KPYTOBOPOTA, YTO BHIBOJIUT IUIOTHBIE IITyOUHHBIE
BOJIBI OJMKE K TIOBEPXHOCTH, O0JIerdast ux mociieyromee 3uMHee BoIxonakusanue. OHo-
BPEMEHHO C 3TUM YCHJIEHHE MEPUIMOHAIBLHOTO MIEpeHOCca MPUBOANT K HHTCHCU(DHUKALINN
MPUTOKA amIaHTH4YecKuX Boj B cuctemy 3LIT. DTo moaTBepkaaeTcss MOMOKUTEIBHBIMU
xoppessuusamu I'K, ¢ motokom teria B nponise ®pama (R = 0,40) 1 0ObsAcHAET HaIMUKE
Oonee BbICOKMX NONOKUTENbHBIX anoManmuid TTIO k 3anmamy ot Illnundeprena B daze
aKTHBHOM KOHBEKIMH IO CPABHEHHMIO C OTpULATENBbHOM (hasoit DOD,. B orpunarens-
HyI0 a3y TpeTbell MOIbl HaOMIONAIOTCS OOpaTHBIE MPOLECCHI: MOAABIEHNE KOHBEKIINH,
ocnablieHre MEpUANOHAIFHOTO TPAHCIIOPTa TEIUIA HA CeBEp M MPeo0diaJaroniuii mepeHoc
aTIaHTU4ecKux Boj B bapenneBo mope ¢ HopakanckuM TedeHueM.

3aKkjIioueHue

B pabote nccnenoBana KpyrnmHomMacmrabHast '3MEHYMBOCTb TEMIIEPATyPhI TOBEPXHO-
ctu okeana B CeBepo-EBpomneiickom b6accerine (Hopeexckoe, [pernanckoe u bapenieso
Mops) 3a iepuoa 1950-2024 rr. Ha OcHOBE CpeJHEMECAYHBIX TaHHbIX peaHann3a ERAS.
J1n1s1 BBISIBIICHUS] TOMUHHUPYIOIINX MPOCTPAHCTBEHHO-BPEMEHHBIX CTPYKTYP HCIIOIb30BAJICS
METOJI Pa3JIOKEHUsI Ha SMIINPUIECKUE OPTOrOHANBHBIE (DYHKIINH.

AHanu3 1Mo3BOJIHII BEIICIUTE TPH BEAYIINE MOIBI, CyMMapHO oObsicHsAtomue 55,8 %
o01el aucnepeny Mmojst TeMIlepaTyphl TOBEpXHOCTH okeaHa. [lepBas mona (25 % anc-
MEePCUM) XapaKTEePU3yeTCs TUMOJIBHBIM IIPOCTPAHCTBEHHBIM PACIPEAEICHUEM C IPOTUBO-
(ha3HBIMM aHOMAJIHMSMH MEXKJly BOCTOYHOM (TIOJIOXKUTEIIbHBIC 3HAYCHUS) U 3aIaHON (OT-
punarenbHble 3HaYEHUs) YacTsaMu Oacceitna. Bropas moma (16,4 % aucnepcun) Takxe
HMEET AUNOJIBHYIO CTPYKTYPY, HO OPUEHTHPOBAHHYIO B IIMPOTHOM HAIlPABIEHUH W pa3-
JETSIONLYI0 PETHOH Ha CEBEPHYIO U IOXKHYIO 9acTH. [IpocTpaHCTBEHHAsS CTPYKTYpa TPEeThei
Monpl (14,4 % paucniepcun) OTIIMYACTCs aHOMAITACH TIOJOKUTEIBHBIX 3HAYCHU, OXBAThI-
BAIOIIEH 3aMaHy0 M HEHTPAIbHYIO0 aKBaTOPHIO, U JIBYMSI 00JacTsIMH OTPHIATEIbHBIX
3HaueHU Ha cesepe bapennesa u oro-soctoke Hopsexckoro mopei.

dwusndeckass HHTEPIIPEeTanns MoKa3ana, 9To BBIACICHHBIC MOJABI CBSI3aHBI C KITIO-
YEeBBIMH KIMMAaTHYECKHUMH Tpoueccami. llepBas mMoaa sBISETCS] HHANKATOPOM MHTEH-
CHUBHOCTH a/IBEKTHBHOTO IMEPEHOCa ATIIAHTHYECKUX BOJ Ha CEBEP M BOCTOK, OTpakas
MEXaHU3M arTiaHTudukanun bapeniesa Mops. Ee N3MEHYMBOCTH KOPPEIUPYET C TEILIO-
BBIMU IIOTOKaMH uepes nponuB dpama u nHaekcoM Apkrudeckoro aunosis. Bropas mona
JIEMOHCTPHUPYET CBsI3b C HU3KOYACTOTHON M3MEHYMBOCTHIO MHTEHCUBHOCTH ATIaHTHYeE-
CKOM MEpHIHOHAIBHOM ompokuasBatomeiics nupkymsaun (AMOLL) u Moxynupyrommm
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BIIMSTHAEM APKTHUYECKOH OCIIDIINN Ha TEII0O0OMEH okeaH—arMocdepa. TpeTbs Mona
WHTEPIPETUPYETCS KaK WHANKATOP HHTCHCHBHOCTH IITyOOKOW KOHBEKIMH B [ peHiaHm-
CKOM MOpE, YTO MOATBEPKIACTCS ¢¢ KOPPEIAIUCH ¢ TeMIepaTypoil NTyOMHHBIX CIIOCB
u CeBepoaTIaHTUICCKUM KOJICOaHUEM.

[IpoBenenHoe ucciaenoBaHre MOATBEPKAACT YCTOMYMBOCTD BBISABICHHBIX KPYITHO-
MacCIITa0HBIX CTPYKTYpP M3MEHUYHBOCTH TEMIIEPATyphl MMOBEPXHOCTH okeaHa it Cee-
po-EBpomeiickoro 6accetina. IIpocTpaHCTBEHHBIE paclpeiesieHus], COOTBETCTBYIOIIHE
[IEpPBOI U BTOPOM MOJIE, COMIACYIOTCS C paHEE ONKUCAHHBIMU B JINTEPATYpE MEXaHU3MaMU
ATITAHTU(UKAINN ¥ BISIHUS CYOIIOJIIPHOTO KPyroBopoTa. KOMIUIEKCHBIN aHaIH3 BCETo
OacceliHa C MCIIOJIB30BAHHEM COBPEMEHHBIX JAHHBIX BBHICOKOTO Pa3peIICHHUS MO3BOIUII
KOJTMYECTBEHHO OIICHUTH BKJIAJ 3TUX PEKUMOB B 001y10 n3MeHInBOCTh TIIO U yTOUHUTH
UX CBSI3b C PETHOHANBHBIMU U TTI00ATFHBIMU KIMMATHIECKUMH TPOIIECCaMU.
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AnHorauus. ®enomer «remnas Apkrika — xononHas Espasus» (TAXE) sBnsgercs nposBieHHeM BIUSHUSA
APKTHYECKOTO YCHICHHS Ha KIMMaT CPEJHUX MHUPOT. HecMOTps Ha aKTMBHOE M3yYeHHE, MHOTHE aCIEeKThI,
B YaCTHOCTU BHYTPUCE30HHAs AMHAMUKA U TOYHAs POJIb aTMOC(EpHOro O10KMPOBaHKS B (POPMUPOBAHUH ITO-
TO MaTTepHa, OCTAIOTCS AUCKYCCHOHHBIMU. B TaHHOM HccleJoBaHMM Ha OCHOBE JaHHBIX peaHammsa ERAS 3a
1979-2023 rr. mpoBeieH KOMIIEKCHBIN aHAJIN3 IPOCTPAHCTBEHHO-BpeMeHHOH m3MeHunBocTH peskuma TAXE u
€r0 CBS3M ¢ OMOKUPYIOLIMMH aHTHIMKIOHAMH. YCTAHOBIIEHO, YTO ¢ Havaa 2000-X IT. IpoH301LIa yCTONYMBAs
THepecTpoiika pexnMa UPKYIALIH, BRIpaKaromascs B 3HaunTensHoM pocte nHaekca TAXE B oceHHe-3uMHII
nepuof (Tpern 1,4 °C/10 mer ast 3UMBI) U CMEHE ero Ce30HHOH IMHAMUKH. B Hayase XonomaHoro ce3oHa (K-
TA0pb-HOs0ph) marTepH TAXE TecHO cBA3aH MPEHMYIIECTBEHHO C CEBEPHBIM PEKUMOM ONOKUPOBAHUS, TIPU-
4eM MaKCUMyM Koppemsnuu Mexay unaekcoM TAXE 1 HHTEHCHBHOCTBIO CEBEPHOTO ONOKHPOBAHHS CMEIIEH
B cextop 3anagnoit Cubupu (70-90° B. 1.), a He k Ypaiy (60-70° B. 1.). OTo yKa3bIBaeT Ha TPaHCHOPMALIIIO
Bexymero Mexanusma opmuposanus TAXE nocie 2000 ., KOTOpBIH CTaj B 3HAYUTENBHON CTETCHU ONpese-
JATHCS IPOLIECCAMH BHICOKOLMPOTHOTO OnokipoBanus. OOHapyKeHHas 0COOEHHOCTh HAXOAUTCS B COOTBETCTBHH
C TEHJCHIMAMY apKTHUECKOTO YCHIEHHS M yMEHBIIEHHS MIOMAH MOPCKOTO JIbja. [lonydennble pesynsraThl
BaKHBI TS TOHIMAHHS H3MEHEHUH B CE30HHOH IMPKYIIAIHH M COBEPIIEHCTBOBAHMS POTHO30B SKCTPEMATbHBIX
TIOTO/IHBIX sBIeHUH B EBpazun.

KaroueBble ciioBa: apkTideckoe ycuieHue, Temnas Apkrika — xosoanas Espasus (TAXE), armocdeproe
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Abstract. The “Warm Arctic — Cold Eurasia” (WACE) pattern is a manifestation of Arctic amplification's
influence on mid-latitude climate. Despite extensive research, crucial aspects such as its intraseasonal dynamics
and the precise role of atmospheric blocking remain highly debated. This study presents a comprehensive
analysis of the spatiotemporal variability of the WACE pattern and its connection to blocking anticyclones using
ERAS reanalysis data (1979-2023) on a 2.5° x 2.5° grid. We employed two independent methods to calculate
the WACE index — based on temperature anomaly differences between the Barents-Kara Seas (BKS) and Central
Eurasia (CE) and via Empirical Orthogonal Function (EOF) analysis, which objectively identified the WACE
pattern as the second leading mode of temperature variability, explaining ~17 % of the variance. Atmospheric
blocking was diagnosed using the GHGS index at the 500 hPa level, distinguishing between northern (50-70° N)
and southern (40-60° N) regimes to account for the seasonal shifts in the blocking latitude. Our analysis
reveals a sustained restructuring of atmospheric circulation since the early 2000s, marked by a statistically
significant intensification of the WACE pattern in the autumn-winter period (a trend of 1.4 °C per decade for
December-February) and a fundamental shift in its seasonal progression. It has been found that in the early
cold season (October-November), the WACE pattern is most strongly correlated with the northern blocking
events. The longitudinal focus of this correlation has shifted eastward, with its peak located over the Western
Siberian sector (70-90° E), rather than the traditional Ural Mountains. The correlation coefficients in this sector
for the northern regime reach 0.7 in October, underscoring a robust linkage. This points to a transformation of
the primary mechanism behind WACE formation after the year 2000, which is now governed by high-latitude
blocking over the increasingly ice-free Kara Sea. The observed systemic shift towards high-latitude, “Rex”-
type dipole blocks effectively shortens the transitional autumn period, leading to an earlier and more abrupt
establishment of winter-like circulation. These findings are important for understanding fundamental changes in
seasonal circulation over Eurasia and for improving the predictability of extreme cold weather events.

Keywords: Arctic amplification, Warm Arctic — Cold Eurasia (WACE), atmospheric blocking, circulation,
climate anomalies
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BBenenue

CoBpemeHHOE MT00AIEHOE MOTETICHUE XapaKTePHU3yeTCsl BBIPaKEHHOM MPOCTpaH-
CTBEHHOH HEOAHOPOIHOCTHIO [1], Hambosee SIPKUM TPOSIBICHUEM KOTOPOIl SIBIIAETCS
(henoMeH apkrudeckoro ycuiaeHus (AY) — Oonee ObICTpOE MOBBIIICHUE TEMITEPATYPHI
B APKTHKE 110 CPABHEHHIO CO CPEJHEMHPOBBIMHU TOKa3aTessiMu [2—4].

Teopermueckas ocHOBa (peHOMEHA ObLTa 3anmoxkeHa B 1896 . CBanTe AppeHHyCOM,
KOTOPBI TpezicKa3an Hanbonee MHTCHCHBHOE MOTEIJICHHE B MOJISIPHBIX PErHOHAX OT pocTa
CO, [5]. KauecTBeHHBIN CKa90K B TOHMMaHHUH TPOM3OMIEN C Pa3BUTHEM KIMMaTHYECKOTO
MozenupoBaHus. B 1969 . Muxani Bynsiko ¢ moMOIIbI0 MOJIENH SHEPTeTHYECKOTO OaraH-
ca MOKa3all, 9TO COKpAIIEHHE JIESTHOTO MOKPOBA BEAET K AOTOIHUTEIFHOMY MOIJIOMIEHHIO
paananuy ¥ yCKOPEHHOMY TIOTEIIIEHHIO [6], B 3TO )K€ BPeMsl aHAJIOTHYHBIC BBIBOJIBI CAENIAI
Yunbsim Cennepe [7]. OkoHUaTeNbHOE MTOATBEPXKICHAE THITOTE3BI MPHIIIO C TOSBICHUEM
TPEXMEPHBIX MOJeIel 00Imell MUPKYISAINH, 4TO OBLIO OJHO3HAYHO MPOJEMOHCTPHPOBAHO
B pabote Crokypo Manabe u Puuapna Besepanpma B 1975 1 [8].

MexaHu3Mbl, OTBETCTBEHHBIE 32 AY, HOCAT KOMIUICKCHBIH XapakTep W BKIIOYAIOT
B ce0sl s/t TIONIOKUTENNBHBIX 00paTHBIX cBsi3elt. CoKpalieHue IIOMaAN CHera U JIbJa IpH-
BOJANT K YBEJINYEHHUIO TTOTJIOIIEHHUS COTHEYHOH paJualiii TEMHON TIOBEPXHOCTBHIO OKEeaHa,
YTO YCWJIMBACT MOTEIJICHUE U AajibHeinee Tassaue [9]. OTKphITEIE BOABI aKKYMYIHPYIOT
TEIUIO B JICTHUH MEPHUOA M aKTHBHO OTNAIOT €T0 B arMoc(epy B OCEHHE-3UMHHH CE30H,
YTO NPUBOJHUT K aHOMAJIEHOMY ITOBBIIICHHIO TEMIIEPATYPhI MPU3EMHOTO BO3yXa H YBEIH-
YEeHUIO Biarocofepkanus armocdepst [10]. Yeunenne ncnapeHus ¢ MoBEpPXHOCTH OKeaHa
BEJIET K POCTy OOIa4HOCTH, KOTOPasi, B 3aBUCUMOCTH OT BBICOTHI M ()a30BOTO COCTaBa,
MOXKET KaK yCHJIMBATh MOTeTIeHNE (YBETMUNBAsl TAPHUKOBBIN 3(EKT), TaKk U 0CcIa0IsATh
ero (oTpaxkas comHeuHyro paauamio) [11].

[MoTennenne ApKTHKN CHIKACT Pa3HUILy TEMIIEPATyp MEXIY MOJIOCOM M 3KBaTOPOM.
D70 BeseT K OCIa0ICHHIO 3alMaHOTO MIEPEHOCA B CPEAHUX MIMPOTAX, YTO CHOCOOCTBYET
YCHIICHHIO MEPUIMOHAIBHBIX MPOIIECCOB U ONOKMpyrommx mporeccos [12, 13]. lannoe
SIBIICHUE BBICTYIACT KakK (pakTop KpyHMHOMAacITAaOHBIX MEPECTPOEK B arMoc(hepHOIl 1up-
kysinuu CeBepHoro nomymapus [14]. OcnabneHHbIN 30HaTBHBIN IEPEHOC CITOCOOCTBYET
(hopmupoBaHHIO aTMOC(EPHBIX OMOKMPOBAHMUI, TAKUX Kak Ypanbckuii omokuar (Yb) — kBa-
3UCTAIIMOHAPHEIA aHTUINKIIOH B paifoHe Ypana [15—17]. TernoBsle moToku oT OS31eaHOM
BOJIBI B APKTHKE BO3MYIIAIOT IUIAHETAPHBIA BOTHOBOH MOTOK, CIIOCOOCTBYS BOSHUKHOBEHHIO
U TIOJ/Iep KaHIIO TakuX OnmokuHToB [18, 19]. Hanbonee spkum nociencteueM Yb sBrsercs
(hopMHIpOBaHHE TUITOIEHON aHOMAITHH TerrTas Apkraka — xononHaas Espasus (TAXE): 61o-
KUHT OTKJIOHSICT apKTHYECKHE BO3IYIIIHBIE MACChI HA 0T, BHI3bIBAsI IIOTEIUICHUE B APKTHKE
(ocobenno nan bapennessiM 1 KapckuM MOpsiMK) W aHOMaJIbHBIE XOJIOZIA B IEHTPAJIBHBIX
pernonax Espazuu [15, 20]. dna peamuzanu TAXE-narTepHa Ba)KeH BOTHOBOW OTKITHIK,
BBI3BAHHBII KaK MPSMBIM BO3/ICHCTBHEM COKPAILICHUSI MOPCKOTO JibJa B bapeHuesom mope,
TaK ¥ yJaJCHHBIMU TETIOBBIMH aHOMaIHAMH B CeBepHON ATIIAHTHKE, B YAaCTHOCTH B paii-
one l'ompdcrpuma [21]. MHOTHE SKCTpeMaIbHO XONOTHBIC 3UMEI B EBpasun coBmamamm
C PEKOPIHBIM TasHHUEM JIbaa U monoxutenbHon (azoir TAXE [22, 23].

[pu monoxxurensHoi aze TAXE mpoucxomut panHee GOpMHUPOBAHHE CHEKHOTO
nokpoBa B Cubupu [24]. AHOMaIUK THUPKYJISIIAY, BBI3BIBAIOILINE 3TO, SIBISIFOTCS] YaCThIO
BOJTHOBOM IIETIOYKH, pactpocTpanstomeiics n3 CeBepHoil ATnanTuku [25]. OTpHIaTebHbIe
TEMIIepaTypHbIE aHOMAJINH, CBA3aHHBIE CO CHEKHBIM ITOKPOBOM, MOTYT ITOJJICPKHUBAThH
W yCHIIMBATh BOJHOBYIO aKTHBHOCTH HaJ| EBpasueii [26], uTo criocoOCTBYeT BEpTHKAILHOMY
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pactipocTpaneHuro BoiH PoccOu B ctpatocdepy [16]. Takum oOpa3om, BIUSHAE YCHICHUSI
APKTHKH BBIXOZIUT 32 TIPEAEIHI TPorocdepbl, a HOHMMaHNE CBSI3ei MEX/y TassHHEM JIbJIa,
VYpanbckum OJIOKMHTOM, CHEKHBIM ITOKPOBOM M CTPATOC(HEPHBIMH MIPOLECCAaMH KPUTH-
YECKH Ba)XKHO JUIS CE30HHBIX NMPOTHO30B M OLEHKM KIMMAaTH4eCKUX PUCKOB B EBpazum.

Hecwmotps Ha 3HaUMTENBHBIN TIpOrpecce, HeKoTopkle actiekThl heHomena TAXE ocra-
I0TCSI IMCKYCCHOHHBIMU. BOo-TIepBBIX, COXpaHseTCs HayqHasl TOJIEMHKA O CHJIE ¥ IPUPOJIE
CBSI3M MEXly apKTHIECKHM YCHJIEHHEM M SKCTpeMasibHbIMK 3uMamu B EBpazun. Cymie-
CTBYIOT IIPOTUBOPEUHBHIC CBUIETEILCTBA O BIUSHUN Y b 1 cTenenn 3Toit cBs3u [27, 28].
Tak, aHanu3 Oojee UIMHHBIX PSZOB JAHHBIX MOKA3bIBACT, YTO CTATUCTHUYECKAS CBS3b
ocabeBaeT MpH y4eTe BHyTPEHHEH N3MEHINBOCTH aTMOC(EphI, YTO CTaBUT I10/I COMHEHHE
ee MPUYMHHO-CIICICTBEHHBIN XapakTep [29]. B coBpeMEeHHBIX HCCIIEI0BaHUSIX MTpeodia-
JlaeT THIIOTEe3a O TOM, YTO BHYTPEHHSSI M3MEHUMBOCTH aTMOC(EpHI, BEPOATHO, SBISETCS
JOMHUHHPYIOMNM (akTopoM B (POPMHPOBAHUM TEMIIEPATYPHBIX aHOManui B EBpazum,
a BIMSHUE APKTHKH MOXET OBITh ci1adee, YeM IpeIoiarasoch paHee, U MepeKpbIBaThCs
€CTECTBEHHBIMH KolleOaHMUsAMH KinMmarndeckoi cuctemsl [30]. Bo-BTopeix, HE0OX0mMMa
Ooree eTagbHast OLCHKA TOTO, KAK MMEHHO HHTEHCUBHOCTH M TIOJIOKEHHUE IeHTpa ¥Yb Mo-
JyIUPYIOT aMIUIUTYLy ¥ TeorpaduecKyo JIOKAIN3aLHI0 aHOMAINH Xonoaa Hax EBpasueii.

B Hacrosiiem ucciaenoBaHuM U KOTMYECTBEHHONW OIIEHKH CHIIBI M YCTOHYMBOCTH
CBSI3M MEX/y apKTUUECKHM MOTEIICHHEM 1 OJIOKHPYIOMIMMH aHTHIUKIOHAMHU OyIeT 1po-
BEJIEH KOPPEISIUMOHHBIN aHanu3 Mexay uHaekcoM TAXE u MHIEKCOM MHTEHCHBHOCTH
OJIOKUPOBAHUS, PACCUUTAHHBIM Kak I ceBepHOro (50-70° c. mr.), Tak U I FOXKHO-
ro (40-60° c. m.) pexxumMoB OJI0KHpoBaHMiA B quamazoHe ot 0—120° B. a. Takoit mogxox
MTO3BOJISIET HE NMPOCTO KOHCTATHPOBATh HAIWYHE CBSA3M, HO M TOYHO OLIEHUTH €€ CHILY
1 CTaTUCTHYECKYIO 3HAUMMOCTb JJIsI KOHKPETHOTO reorpaduuecKkoro paiiona, Haubdomiee
peneBaHTHOTO 1Sl (JOPMHUPOBAHMS MTOTOIHBIX aHOMaIMi B EBpazum.

I[aHHbIe U METObI

Jnst ananmmza pesxrima TAXE Obln MCTIONB30BaHbI JaHHBIE O IPU3EMHOM TeMIeparype
Bo3nyxa ([ITB) peananuza ERAS Ha cetke 2,5%2,5 rpamyca [31]. Aranoruuno pabote [32]
OBUTH pacCUMTaHbl Pa3HOCTH aHOMAJIMH TPU3EMHON TEMIIEpaTyphl BO3IyXa MEXy peru-
onom bapennesa u Kapckoro mopeii (BKM) u Llenrpanshoii Espasueit (LE) (puc. 1).

JInst kaXkaoro Mecsilia pacCUMTBIBATINChH CPEIHUE B3BELICHHBIE 10 IUIOIIAIN TEM-
nieparypsl aist Apkrrdeckoro u EBpasuiickoro pernonos. Ha ocHoBe 6a3oBoro mneprozaa
19792023 rr. ObuUTH OMpECICHBI KIMMATHUSCKAC HOPMBI TSl KXKIOTO KaJCHIapPHOTO
MecsIa OTAENIbHO 10 pernoHam. [ KakKa0ro MecsIia BEIYUCISIINCh AaHOMAJIUU TeMIepa-
TYpPBI OTHOCUTEIBHO COOTBETCTBYIOIIEH HOPMBI, IPOLETypa IeTPEHIUPOBAHUS HE TIPOBO-
nunack. Munexc TAXE paccunThIBancs Kak pasHOCTb MEXy apKTHUECKOM U eBpa3uiiCKoi
aHOMaJTUsIMH cortacHo opmysie (1):

TAXE, =T},

60-85°N, 30-90°E ]—?4’0—60°N, 60-120°E * (1)

Just onenkyn nnaexca TAXE takoke OblM paccUMTaHbl SMIIMPUYECKHE OPTOTOHAIb-
Hele GpyHknun (30®D) s remneparypsl B oonactu 0—180° B. 1., 20-90° c. 1. 3a nepuon
1979-2023 rT. ¢ okTs10ps 10 MapT, Korna curHan TAXE HanOonee BeipaxeH [20]. s kax-
JIOT0 Mecsia ObUTH PacCYUTAHBI TOJIST MECSIYHBIX aHOMAJIMI PU3EMHOM TEMIEpaTyphl, 110
3HAYEHUSIM KOTOPBIX OBbUIM Hall/ICHbI Tpeobiafaromye MpocTpaHcTBeHHbIE MOBI (D0 D).
W3zBectHO, uto 3umHMe Konebanus [ITB Han EBpasueii TecHO CBA3aHBI C APKTHYCCKIM
kosebanneM (AO), KOTopoe TOMHUHUPYET B arMochepHoi mupKyisinun Haj CeBepHBIM
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>~-90° B.4. 85° c.lu.
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Puc. 1. Kapra-cxema pernoHOB JUIsi pacdeToB aHOManuui temneparypsl. Apkruka (30-90° B. 1.,
65-85° ¢. m.) (BKM), EBpazus (60-120° B. 1., 40-60° c. m1.) (LE)

Fig. 1. Map of the regions where temperature anomalies were calculated. Arctic (30-90° E, 65-85° N)
(BKM — BKS), Eurasia (60-120° E, 40-60° N) (LIE — CE)

monmymapueM [33]. Kak ormedeno B padore [20], 3Ta cBs3b oTpaxkeHa B mepBoid 0.
Bropas rmaBHas mozna (DO®) nmoka3plBaeT YeTKHE IHUITOIBHBIE TeMIIepaTypHbIe aHOMa-
JIMM, OXBAaThIBAIOIINE PAalOHBI CeBepHBIX Mopel n EBpasuto (puc. 2), COOTBETCTBYIONINE
TAXE-narrepny. Kak no pesynsraram npyrux ucciaenoBanuil [20], Tak U 1o Hammm
pacyeram raBHasi komronenrta (I'K) 2 BHecna Bkiiag B 00IIyI0 M3MEHYHBOCTH aHOMa-
i temrepatypsl nopsiaka 17 %, a K1 ~30 %. B naneneiimem Bapnannu ['K2 Oymyt
UcTonb30Banbl B kauecTse uHaekca TAXE, . IIpocTpancTsennas cTpykTypa Juist Basbl
noJIoXkuTeNnbHON Bropoit Mol D0 (I'K2), Bu3yanbpHO Onu3Ka K CTPYKTYpe, BBISBICHHON
C TOMOII[BI0 KOMIIO3MTHOTO aHa/nu3a JUis JIET ¢ nosoxkutenbhol dasoit TAXE . Cymmaphas
JI0JIsl IUCTIEPCHH, OoNHUChIBaeMast nepBbIMU 1ByMs1 DOD, cocrasisieT okono 47 %. BaxHo
MOT4EPKHYTh, 4T0 MeTog DO®D paHKUpPyeT MOJBI 110 CTENEHU MPOCTPAHCTBEHHON KOre-
PEHTHOCTH, a HE TOJIBKO 110 BKIIay B 00IIyt0 auctepcuro. Takum oOpa3oM, epBbie MOJIbI
3G PEKTUBHO PHUIBTPYIOT KPYITHOMACIITAOHBIH yCTOHYMBBIN CUTHAJI OT MEHEE OPTaHHU30-
BaHHOW M3MEHYMBOCTH W IIyMa. Bwicokast koppessius (cM. puc. 4) MEXIy MHAEKCAaMU
TAXanzp " TAXET CBUJIETEJILCTBYET O TOM, YTO BBIJCIECHHAs] KOMIIOHEHTA SBIISIETCS
(u3MuecKy 3HAYMMO 1 HanboJlee TECHO CBA3AHHOW C MCCIIeyeMbIM ITaTTEpPHOM, HECMO-
TpsI HA HEBBICOKYIO JOII0 00BsicHeHHO! auctiepcui. Metonn D0®d 00beKTHBHO BBISBIISIET
JIOMUHUPYIOIINE TTaTTepHBI U3MEHUYNBOCTH (MOZBI) 03 3aJaHMsl apHOPHBIX THUIIOTE3
1 KOJINYECTBEHHO OIICHNWBAET BKJIAJ KaXJIOH MOJIBI B OOIIYIO JJUCIEPCHIO TIONIS TeMIlepa-
Typbl. C ipyroit ctoponsl, pacdeT TAXE  No3BONSET OUEHHTh (YH3MIECKYIO aMILTHTYTY
aHomanuii B °C, 1MoKa3bIBasi, HACKOJIIBKO CHJIBHBIMHU OBIBAIOT OTKJIIOHEHHS TEMITEPaTyphl
B T€ UM WHBIE TOABIL.

Tpamuuonno 3HaueHus: TAXE ycpenusitor 3a 3umuauii nepuog roga [20, 27], Mbl
pacIIupUIN JUANa30H UCCIETIOBAHUS Ha OCEHHUE U BECEHHHME MECSIIBI, MOCKOIbKY, KaK
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Puc. 2. IIpoctpancteennas ctpykrypa moist I'K1 (a) u I'K2 (6) ans anHomanuii mpu3eMHOM TemrIie-
patypsl B ssHBape 3a nepuon ¢ 1979 mo 2023 r. [aBHBIE KOMIIOHEHTHI SBISIOTCS O€3pasMepHBIMU
BEJIMYMHAMH, 3QJIMBKOM ITOKa3aHbI CTaHJAPTU30BAHHBIC OTKJIOHEHHUS OT CPEIHEH NPOCTPAHCTBEHHON
CTPYKTYPBI

Fig. 2. Spatial structure of PC1 (a) and PC2 (6) for surface temperature anomalies in January for the
period from 1979 to 2023. The principal components are dimensionless quantities; the color shading
represents standardized deviations from the mean spatial pattern

66110 OTMEueHO BhIe, pexkuM TAXE uyBcTBHUTENICH K Havary (GOPMHUPOBAHUS CHEKHOTO
TTOKPOBA, KOTOPBIN HepeaKo Habmonaercst Ha Tepputopuu Cubupu B okTsiOpe. MapT Obu1
BKJIIOYCH B QHAJIM3, TOCKOJIBKY CTPAaTOC(EpHbIE MPOLECCHI ellie aKTHBHBI B MapTe, a, Kak
YIIOMHHAJIOCH BO BBE/ICHHH, CTPAaTOCHEPHO-TPONoc(hepHbIe B3aNMO/ICHCTBHS TaKKE UIpa-
10T CYIIECTBEHHYIO poib B (hopmupoBanmnn pexxnma TAXE (puc. 3, 4).

B pabote st ananmmza OIOKMPYIOLIMX MPOIECCOB OBUI MCIOJIB30BAH HHJEKC
GHGS (geopotential height gradient south) (¢popmyna 2). BiepBbie uHaeKke ObIT mpea-
JoXeH B [34], 3aTeM MOACpHU3UPOBAaH Ha OcHOBE paboTel [35] mist cetku 2,5°. GHGS
MIPOTIOPIIMOHAJIEH 30HAIBHON Te0CTPOHUIECKON COCTABISIONMICH BETPa U XapaKTepU3yeT
WHTCHCUBHOCTB 30HAJIBHOTO MTOTOKA Ha BEIOpaHHOMU gonrote (A) [35]. Jonrora cunraercs
3abnokupoBaHHoi, ecnn 3Hauenne GHGS > 0 m/°g.

HccnenoBanne B3aMMOCBSA3H aTMOC(EPHOTro OJIOKMPOBAHMS M TEMIEpaTyphl BO3-
JyXa TPOBOAMIOCH HA OCHOBAaHWM METOJIMKH, PEUIOKEHHOH B paborax [36, 37]. Mertox
OCHOBaH Ha TPENOJIOKECHUN O CMEIICHUN OJOKUPYIOMINX aHTHIMKIOHOB B 3UMHHH Tie-
puox x cesepy [37]. C y4eToM BO3MOXHBIX CIBUTOB B ITOJIOKEHUH OJIOKUPOBAHUS OBLTH
paccuntansl aBa Bapuanta unjaekca GHGS c pasnoctsio mexay 40 u 60° c. 1. u Mexay
50 u 70° c. m1., 0603HaYEHHbIE COOTBETCTBEHHO I0KHBIM (S) 1 ceBepHbIM (N) pexuMamu
6rokupoBanus. Pacuer mpoBoamiIcs 1Mo JaHHBIM TeonoTeHuaia Ha yposae 500 rlla u3
peanamuza ECMWF ERAS [31] nns gonrot ot 0 go 120° B. 1. CeBepHOro nomymapus
3a nepuon ¢ 1979 mo 2023 .

GHGS = ZOV:(PO)_ZO%(PS)’ (2)
Py —Ps
rne GHGS — 10kHBIA TpaiHCHT TeOMOTeHIINANA; Z — BBICOTa M300apUUIECKOH TO-
sepxHoctu 500 rlla Ha mmpoTe ¢ u goarore A; ¢, = 60° (S), 70° (N) c. m. £ A; ¢, =
40° (S), 50° (N), c. m. £ A; A=-5,0,-2,5,0, 2,5, 5,0. B pamkax 3agaHHO# JOITOTEI
pacuer GHGS npownsBoauTcs uisi BceX BO3MOXKHBIX KOMOMHAIMN MIMPOTHBIX Hap
(¢, ¢y ¥ BX cMemennit (A), ykazanHbIX Bbime. Kpurepuil OIIOKHPOBaHHS CUMTAET-
Cs BBIIOJTHEHHBIM, eciu ycioBue GHGS > 0 cobmromaercst XoTs OBl 11 OTHOHM U3
9TUX KOMOMHamnui. B pabore OyaeT nCroab30BaH MHAEKC MI'HOBEHHOTO OJIOKHPOBA-
Hust (UMB) (ot anrn. Instantaneous Blocking Frequency) — 3To Merpuka, KoTopas
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OTIpe/iessieT BEPOSTHOCTh OOHAPYIKEHUSI aTMOC(HEPHOTO OJIIOKUPOBAHUS B KOHKPETHBIM
MOMEHT BpeMeHH (110 JIaHHBIM 3a OTNpe/IeIeHHbIN ACHb) B 3aJlaHHON reorpadudeckon
TOYKE WX 00JIacTH.

Pe3yabTarsl

IIpocTpancTBeHHO-BpeMeHHbIe 3aKOHOMePHOCTH M3MeHenus1 nuaekca TAXE
H ero KoppeJsinuii ¢ 0JIOKHpOBaHHEM

Cpasnenue nnaexkcos TAXE, monyueHHbBIX pa3HbIMU METOAAMU, BBISIBUIIO UX BBICO-
KYIO COIIACOBaHHOCTB (KO3 uiuenT koppensmuy BpemerHbIX panos TAXE,  u TAXE,
cocrasmuser 0,95, puc. 3). AHanu3 AOJITOCPOUYHON TUHAMHMKM yKa3bIBAaeT HE HA MPOCTOU
JUHEHHBIN TPEH[, a Ha KaUeCTBEHHOE M3MEHEHUE PeKUMa IUPKYIALUN — MEePEXO]] UH-
nekca TAXE mpenMyniecTBEHHO B ITOJIOKUTENBHYIO (pa3y, YCTOWMYNBO HAOIMIOIACMYO
¢ Hauana 2004 r. JlanHBI pe3yabTat, CBUAETEIbCTBYIOIUI 0 IEpeCTPOiiKe KINMAaTHYeCKON
CHCTEMBI, COIIACyeTCs ¢ BBIBOJAMHU JIpyTux Hcciaegosareneit [38].

8
6 1,5
4 1
~ 2 05 &
= @™
SR T 0 g
g 2 05 F
-4 B e, -1
-6 — -1,5
g P-Value <0,05 b

1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2018 2022

Puc. 3. Bapuauun unnexcos TAXE (3anuska) u TAXE,, , (1epHas Kpuas), yCpeIHEHHBIX 38 IEPHOL
¢ iekabpst 110 pespatb. Yepnas npsmas — muneiinbiid pena TAXE, | . P-Value — ypoBeHb 3Ha4MMOCTH
Fig. 3. Variations of the WACE _ (fill) and WACE,, . (black line) indices averaged over the period from
December to February. The black line is the linear trend of the WACE,, .. P-Value is the significance level

B To Bpems kak cpennuil 3a 3uMHuil nepuoa unnekc TAXE neMoHCTpUpyeT ycTondu-
BBIIf POCT, OTYETIIMBO BhIpaxkeHHbIH ¢ 2004 1. (puc. 3), Oonee AeTanbHbI aHAIN3 33 KaXKIbIA
MecsIl BBISIBIISIET CYIIECTBEHHO OoJiee paHHee Havailo u3MeHeHui (puc. 4). Eciau B mapre
HaOMIOMaeTCs BEIPAKEHHBIHN CIaJl TOBTOPSIEMOCTH IAaTTEPHA, TO y)Ke B OKTAOpe-nmexadpe
nonoxutenbHble Ga3zel TAXE cramu ydamarbes HauuHas ¢ pyoexa 1990-2000-x rr., TO
€CTb Ha HECKOJILKO JIET paHbLIC, YEM 3TO (bl/lKCI/IpyeTC}I YCPEAHCHHBIM 3UMHUM IOKa3aTCIIEM.
Takum 00pa3oM, IPOTHBOIIOCTABIICHNE OOIIEeH 3UMHEN TEHJCHIMU U MTOMECSYHON JT1HA-
MHKH TT03BOJISIET C/IeNIaTh BBIBOZ O TOM, UTO MepecTpoiika PeKUMa IUPKYIISIIUH, CBSI3aHHAs
¢ (eHomeHoM Teruiasi ApKTHKa — XosiofHasi EBpasusi, Hadama 3apoXaaTbCsi B OCEHHHE
MECSIIIBI eIl JI0 TOT0, KaK €€ BIUSHHUE CTaN0 JOMUHHUPYIOIIUM Ha MPOTSKEHUH BCEH 3UMBI.

Tabnua | nokaspIBaeT, 4TO BapHalnH JBYX COCEIHUX MECSIEB B OCEHHE-3MMHHI
MEpHOA KOPPEINPOBaHbI, B TO BpeMsi Kak m3MeHunBocTh TAXE B Mapre oka3biBaeTCs HE
CBSI3aHHOM C IPYTHMH MeCsILIaMH. DTO YKa3bIBaeT Ha TO, YTO K MapPTy IIETMO0YKa aTMOC(HEPHBIX
IpoLEeccoB, onpeaensaBiux pexkuM TAXE Ha MpOTSKeHUH 0CEHHE-3UMHETO0 Ce30Ha, TIPephI-
BaeTcs ¥ popMHUpOBaHHE AHOMAIMI HAYMHAET MOUYUHSATHCS, BEPOSTHO, MHBIM MEXaHU3MaM.
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Tabruya 1

Buyrpucesonnble 3Hauenust Ko3ppuunenros koppeinsiuuu ungexca TAXE
co caABUramu ot 1 10 5 MecsieB BHYTPH OTHOTO Ce30HA

Table 1
Intraseasonal values of the correlation coefficients of the WACE . index
with shifts from 1 to 5 months during one season

OKT0pb Hos6ps Jexabpb SlHBapn Depaib Mapt
OKTs16pB 1 0,6 0,2 0,2 0,1 0
Hos6pb 1 0,4 0,4 0,1 0
Jexabpb 1 0,5 0.4 -0,3
SlaBapn 1 0,6 -0,1
Depaib 1 0
Maprt 1

Tabnuua 2 nokasbiBaeT kKodQdumeHTs Koppemsinun Mexay uaaekcom TAXE u un-
nexcamu OnokupoBanusi (MMB) nByx THIIOB — S (Y0)KHBIH KpUTEpUil OJIOKMPOBaHUS)
u N (ceBepHbIi KpuTepuil OJIOKMpOBaHUS ). AHAIN3 IPOBOAUTCS 110 MECSIIAM XOJIOJHOTO
ce30Ha (OKTSIOph—MapT) U MO pa3HbIM AOJITOTHBIM cekropam (0—110° B. 1., ¢ marom 10°,
a TaKkke ycpenHeHHbIH cekTop 60—90° B. 11.), IBETOM OTMEUCHBI SUCHKH ¢ MAKCUMAJIbHBIMU

SHaYCHUAMMN KOPPEIIALIUU CPEAU BCEX MOJITOTHBIX CCKTOPOB.

Tabnuya 2

Kos¢pdpuumentnt koppessinuu Bpemennbix psiios UMb u TAXE ¢ 1979 no 2023 r.

Table 2

Correlation coefficients of IBF and WACE, and WACE_ . time series from 1979 to 2023

JIONTrOTHBIN CEKTOp, rPayChl

= = S |Cpennee

Meow |l o | &) 815|588 AHEEL

12|89 8 2| =

Oxrsiops| S | 0,2 [NOBN 0.2 0.2 0.1 0.1 0 [-0.1] o1
N |05]06]05 0,6 0,6 05]105(05(| 0,6

Host6ps | S |-0,1| 0 | 0,1 0,3 0,5 04102 |0, 0,4
N |02]0,1]0,1 0,3 0,6 0,706 |06 | 07
Hexabps| S [-0,1| 0 0 0,3 0,6 031]03(03]| 05
N |[02]02]02 0,1 0,4 04104104 04

SluBaps | S | 0 | 0,1 0,2 0,5 0,6 0,6 0504 06
N |[03]03 |04 0,4 0,6 0,706 |06]| 07
®eppams| S [ 0,3 1 0,3 | 0,3 0,5 0310303 006
N |[03|04]03 0,3 0410403 05

Mapr S 102104105 0,5 02 |-0,2|-04| 04
N| 0 [02]02 0,2 0,2 [-0,1|-0,1| 0,3

Ilpumeuanue. KpacHbIM I[BETOM OTMEYCHBI SUCHKM C MAKCHMAJIbHBIMM 3HAYEHUSAMHU KOPPEISALUU Cpean
BCEX JIOJTOTHBIX CEKTOPOB, CHHIM — MHHUMAJIbHBIE.

Note. Red cells highlight the maximum correlation values across all longitudinal sectors; blue cells highlight
the minimum values.

Arctic and Antarctic Research. 2026;72(1):35-51 43



O.C. 3opranvyesa, O.10. Aumoxuna, E.H. IOpeuna
BHyTpHCe30HHbIE H3MEeHEH s H MPOCTPAHCTBEHHbIE MATTEPHBI BIHSTHHSI. .

Bomnpekn pacripocTpaHeHHOMY B JIMTEpaType MPEICTaBICHUIO 00 YpaibckoM Oio-
kuaTe (60—70° B. 1.), HAII aHAIH3 KOPPEJSAIHHA TSI PAa3IUIHBIX JOJITOTHBIX CEKTOPOB
B OKTsIOpe—sHBape BBIABISET Ooiee TecHyIo cBsA3b marTtepHa TAXE ¢ OIOKUpPYIOMIIM
AHTHIUKIOHOM, 09ar KOTOPOTO cMemleH B paiioH 3ananHoir Cubupu (70-90° B. 1.). D10
pas3yinuue IPUHIUIHAAIBGHO, TaK KaK OHO MPSIMO YKa3blBaeT HA MEXaHW3M BIMSHHA: 0e3-
neqHoe cocrosaue Kapckoro Mopst (~70—-100° B. 11.) MOKET BBICTYIIATH (PaKTOPOM CTaIIHO-
HUPOBAHMS aHTUIIMKIOHA UMEHHO Hax 3TuM peruoHoM [38]. B ¢eBpane-mapre o0macTs
BBICOKMX KOppEJSIUil cMellaeTcs B pailoH Ypana.

B ocennnit nepuon (OKTI0ps—HOSIOPE) MBI BUANM, 9TO pexkiM TAXE mMeeT BRICOKYIO
CTETEeHb CBSA3U ¢ OJIOKMpoBaHNEM pexkrMa N, KOPPEISIIUK C PEXKUMOM S OTCYTCTBYIOT. DTO
TI03BOJISIET MPEATOIOKHUTE B HaYajIe OCEHHE-3MMHETO NEPHO/Ia pa3Hble 10 KOHPHUTYpaun
OJIOKUPYIOIINE CUTyaluu (IUMTONbHEIN — Pekc n MoHOMONBHBI — OMera) Tubo ke
cMmemeHne OoKuHTa K ceBepy. B nexabpe-saBape cBsa3b TAXE u UMb ocraetcst oueHb
cunbHOU Tt Kputepus N (cpenuue 3Hauerns 0,6). Kpurepnit S Taxke 1eMOHCTpUpYeET
pactymryro koppemsinuto ¢ naaekcom TAXE, nocturas makcumyma B staBape (0,6). OT0
yKa3bIBaeT Ha TO, 4TO B pasrap 3uMsl GpopmupoBanne TAXE cBs3ano ¢ o6onMu THiamMu
Grokupytomux npoueccos. Habmonaemslil marTepH MO3BOJSIET MPEIIOI0KNTD, YTO B Ce-
pearHE XOJIOAHOTO CE30Ha MMPOCTPAHCTBEHHBIE XapaKTEPHCTHKU U BO3/IEHCTBHE CEBEPHOTO
1 I0’KHOTO PEKMMOB OJIOKMPOBAHUS Ha MEPUINOHAIBHBIN MEPEHOC CTAHOBSTCS MEHEE
KOHTPACTHBIMH 110 CPAaBHEHHIO C OCCHHUM IIEPHOIIOM.

HaGmomaemoe B Hadane oCeHHE-3UMHETO ce30Ha ycuieHue koppesnun TAXE
C CEBEPHBIM PEXKNMOM OJIOKHPOBAHMS MMECT NPUHININAILHOE 3HaueHNe. JlaHHas cBA3b
00BSICHSICTCA POJIBIO OMPOKUABIBaHUSA BOJTH PoccOu (OBP) kak 0CHOBHOTO MeXaHU3-
Ma popmupoBanus 610kuHTOB [39]. Ecnm netom obpymenne BoaH PoccOu B BRICOKHX
IIMPOTaxX MOXKET HE MMETh CTOJb 3HAYNTEIBHBIX ITOCIEACTBUH, TO B YCIOBUSAX yMEHb-
IIAIOLIEHCS] MHCOMSALUK 3TOT 7K€ TPOIECC CHOCOOEH 3aIlyCKaTh aHOMaJIbHBIE CLIEHAPUH
pa3BUTHA LUPKYIANUKA. KpUTHYHOCTH Hadajla OCEHHE-3MMHET0 Ce30Ha 3aKII0YacTCs
B TIEPEXOJHOM COCTOSTHMM aTMOC(EPHON CHCTEMBI, B 3TOT MEPHOA BO3MOXKHOCTH OIPO-
KHMJIBIBaHUS TIIAHETapHBIX BOJIH, XapaKTepHAast AJIsl JIETHETO PEKMMa, €Ille COXpPaHsIeTCs,
OJIHAKO y’K€ HaunHaeT (POPMHMPOBATHCS M HApAcTaTh WHTCHCHUBHAs OCEHHSSI MOJISIpHAS
LOUPKYJSIHSL. DTO CO3/1aeT «OKHO YSI3BUMOCTH», KOTJIa B3aUMOJEHCTBHE Tpomocheps
u crparocdepbl CIOCOOCTBYET MPOHUKHOBEHUIO CTPATOC(EPHOTO BO3LyXa B Tporochepy,
KOTOPOE MOXKET U3MEHSTh CE30HHOCTh 3UMHEH IUpKynsnun. Habmonaemoe n3mMenenne
CE30HHOCTH 1 MHTEHCUBHOCTH (DOPMUPOBAHUS CHEX)KHOTO MOKPOBa [40] MOXKET SIBISATHCS
CJIC/ICTBHEM HapYIICHUs TPAJIUIIMOHHOTO CE30HHOTO IUKJIA aTMOC(HEPHON IIUPKYIISIHH.
[NomyueHHbIe HaMH PE3yIBTATHI TTO3BOJISAIOT MIPEAIIONOKHUTE, YTO OCHOBHBIM MEXaHH3MOM
9TOTO HAPYLIEHUS SBISETCS COKPAIIEHUE EPEXOHOTO OCEHHETO EpHo/a, KOTa JETHHH
PEXUM OUPKYISIINHU IPAKTUIECKH Cpa3y CMEHSETCsl 3SMMHUM. Takoil «(a30BbIi CKadoK»
CTaHOBUTCS BO3MOXKHBIM BCJIEICTBHE MHTEHCH()MKALINY TUIaHEeTapHbIX BoJH PoccOun B Ha-
Yajie 0CEHHE-3MMHETO CE30HA, KOTOPBIE, OIPOKHU/BIBASICh B BHICOKUX HIMPOTAaX, MOTYT
BO3MYIIATh CTPAaTOC(EepHBIH BUXPh U CIIOCOOCTBOBATH (DOPMUPOBAHUIO MEPHIHOHAIBEHOTO
THIA OUPKYISIIUKA B Tporocdepe. Takum oOpa3oM, aHOMaJIbHO paHHEE U WHTCHCHB-
HOE YCTaHOBJICHHE 3UMHET0 PEXHMa IUPKYJSINH, PETUCTPUPYEMOE Uepe3 yCHICHHE
TAXE-matTepHa ¢ OKTAOpS, CO3MACT YCIOBHS U MPEKACBPEMEHHOTO H YCTOMIUBOTO
(hopMHpOBaHUS CHEKHOTO TTOKPOBA, 3aMbIKasl MTOJIOKUTEIBHYIO O0PAaTHYIO CBSI3b B KIIH-
MaTH4eCKOl CHCTEME.
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H3meHeHne NpocTPaHCTBEHHOTO OTKJINKA NMPHU3EMHOI TeMIepaTypbl BO3IyXa
HA Bapuanunu 0JOKHPOBAHUS B OKTSI0pe

B pabote [37] namu Obuto mMokazano, yto HaunHas ¢ 2000-x rT. B HOsI0pe, nekalpe,
(eBpae HaOMIOMACTCS YCTOMYMBEII MTEPEKOC B CTOPOHY CEBEPHOTO pekrMa OJIOKHPOBA-
Hus (puc. 2 [37]), B TOM 4HCIIe 3TO JTydIlle BCEro BUIHO ISl Hadasa 3MMbl — HOSIOPS 1 JieKa-
Opst. Jiis TaHHOTO pekrMa XapaKTEPHO CMEIICHHE OJIOKUPYIOIINX aHTUIIMKIIOHOB B BHICOKO-
IIMPOTHBIE 00IACTH, YTO COMPOBOXKIAETCsl (POPMUPOBAHMEM YCTOHUMBOTO OTPHLIATETHHOTO
CHTHAJIa B T10JI€ IPH3EMHON TeMIleparypsl Haj OOIIMPHBIME TeppUTOpUsiMEI EBpasuiickoro
KOHTHHEHTa. B 1aHHOM pasziene Mbl CTaBUM 3aJiady UCCIIe/IOBaTh, HAOMOAAETCS JIM aHaJIo-
THYHAS TIEPECTPOIKA PEKIMOB B O0Jiee paHHHUH, OKTAOPBbCKIN ITEPHOJ] — CaMbIid Ha9aIbHBII
9TaIl OCEHHE-3UMHETO0 ce30Ha. T. €. 3a/1a4a coCcTosIa B OLIEHKE N3MEHEHHH MHTEHCUBHOCTH
1 BKJIaJ]a CEBEPHOTO M FOXKHOTO PEKMUMOB OJIOKUPOBaHHUS B (DOPMUPOBAHKE [IUPKYSISIIMOHHBIX
1 TEMIIepaTypHBIX aHOMAJIMI B OKTSIOpE Ha MPOTSHKEHUN TOCIECAHUX JIECATHICTHH.

AHanu3upyst MpOCTPAHCTBEHHOE pacHpe/ieseHue K03(Q(GHIMEHTOB KOPPEISILIH JUIs
okTs10pst Mmexxny UMb wan Ypamom (60-70° B. 1.) u Bamagnoit Cubupsio (70-90° B. 1.)
C BapHalMsAMM NPU3EMHON TEMIIepaTypsl (puc. 5) 3a MEpHOIBI 10 M MOCIe apKTHYECKO-
TO YCHJIEHHsI, MOYKHO 3aMETHTbh, YTO B NEPBBIN MEPUOJ TPOCIIEKNBACTCS ci1adasi CTpyK-
typa TAXE (puc. 5a, 6, 0, e), npuueM oHa UMeeT OoJiee BBHIPAKECHHYIO CTPYKTYPY IS
S-xputepus (puc. 50). [Tocne 2000 1. HaOmMromaeTCA 3HAUUTEIBHOE YCHIICHNE KOPPEIIIHIA
¢ OOIIMPHBIM CHIKEHHUEM TeMIleparypbl Haj OoJbliell 4acTbio EBpasun u moBblmeHHEM
HaJl CEBEPHBIMU MOPSAMH, HO TOJBKO 11t N-Kputepus (puc. Se, 3). Ilomy4ueHHslit pe3ynsrat
MOXKET SIBJISATHCS CIEICTBUEM TOTO, YTO JI0 APKTHUYECKOTO YCHUIICHHS OJOKHPYIOIINE aHTH-
IIUKJIOHBI (DOPMHUPOBAITICH IO’KHEE, B CPEIHMX IIMPOTax. MX BIMsHME Ha TeMieparypy ObuIo

90° .4, 90° B.4. 90° B.4. 90° .4,

S pe—
-1-0,8-0,6-0,3-0,1 0,103 0,6 0,8 1

Puc. 5. Pactipenenenue xoaddurpienToB koppensipn Mexay UMb (S — roxHbIi pexnm (a, 6, 0,
arc), N — ceBepHBIi pexxuM (0, e, e, 3)) Hax 3anagHoi Cubupsio (a—e) / YpaaoM (0—3) U IpU3eMHON
TeMIleparypoii Bo3myxa B okTsiope ¢ 1979 mo 1999 1. (a, 6, 0, ) n ¢ 2000 no 2023 1. (8, 2, J1c, 3)
Fig. 5. Distribution of correlation coefficients between the IBF (S — southern mode (a, 8, 0, Jc),
N — northern mode (6, ¢, e, 3)) over the dynamics of West Siberia (a—2) / Urals (0—3) and surface air
temperature in October from 1979 to 1999 (a, 6, 0, ¢) and from 2000 to 2023 (s, 2, oc, 3)
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MeHee ycroiunBbeiM, artepH TAXE mposeistics cmabo. [Toce Hagama 2000-x mpownzomnuia
«mpuBszka» MexanmMa TAXE k ceBepHOMY OIOKHHTY. DTO 03HAYAET, YTO OUYar OIOKUpY-
IOLIEro aHTUIMKIIOHA Tereph Yalle GOPMHUPYETCs MM CMEIIASTCs] HEOCPEICTBEHHO HaJl
akBaropueil Kapckoro Mops u mpuiieraroinyMyu apkTUueckuMu paifonamu. Takoil casur
co3naet ycioBus s peanuzaryn ciieHapus TAXE, N-OIOKHHT CIIOCOOCTBYET aBEKITHN
TETUIBIX BO3LYLIHBIX MACC C OKeaHa B APKTHKY M HPEMATCTBYET BBIHOCY XOJOJa OTTyJa.
Bonee Toro, oH ycmiiMBaeT NpsiMOii HarpeB OT MOBEPXHOCTH, KOTOpast TeTieph 3HAYUTEIBHO
JIOJIbIIIE CBOOOHA OTO JIbA. DTOT )K€ aHTUIMKIIOH «3allMpaeT» 3alaHbli MEpeHocC, BbI-
HYX[1asl XOJIOZHbIE apKTUYECKUE MM KOHTHHEHTAJIbHbIE BO3YIIIHBIC MAcChl CKarlInBaThCs
U CTALMOHUPOBATH HAJ TeppuTopuei EBpasuu k rory ot Hero. CMeHa JOMHHHPYIOIIETO Me-
xaHm3Ma OokupoBanus rociie 2000 . ¢ S-pexnma Ha N — 3T0, BEpOSATHO, HE CIIy4allHOCTb,
a KIIMMaTHYeCKUH TPeH[. DTO CBUAETEIBCTBO TOTO, YTO aPKTHYECKOE YCHIICHUE MIEpPelIo
OT TIPOCTOTO TTOBBIILICHNS TEMIIEPATypPhl K AKTUBHOMY M3MEHEHHIO KPYITHOMACIITaOHBIX
armoc(epHbIX mpoiieccos, jeias pexxum TAXE Gosiee ycTOHYMBBIM M JOMUHHPYOIM
(axropom B popmupoBaHuK norozbl EBpazuu B 0OCEHHE-3UMHUIL TIEPUOI.

IIpocTpancTBeHHass KOHGUTypanus 0JIOKMPOBAHMSA
JJIl IepuooB aHoMaJibHOro passutust TAXE
B kayectBe MTOra nokazaHa MpOCTPAHCTBEHHAss KOH(MHUIYpaLUs 4acTo YIOMHHae-
Moro B yiuteparype [15—17] Vpanbckoro 6mokunra. KpoMe TOro, 1eMOHCTPUPYETCS, KaKk
BBIIVISIJIEN 3TOT OJIOKMHT B CBOM CaMble MOIIHBIE MOMEHTHI — B T€ OKTSIOpH M HOSOpH,

270,00 281,43 292,86 304,29 31571 327,14 33857 350,00
MoTeHuManbHas Temnepatypa, rpagycbl KenbsuHa

Puc. 6. Cxembl GIIOKMPOBaHMS, COOTBETCTBYIOIINE MOHONOIbHOMY OMera-Onokunry (a, 6) u qu-
noisHOMY Pekc-010kuHTy (8, 2). M3onuunn — BeicoTa reonotennuaia Ha 500 rlla, 3amuBka — mo-
TeHIMaIbHasl TEMIIepaTypa Ha TMHAMUUECKOH TPOToray3e (CHHHN — XOJIOIHbIE BO3/IyIIHBIE MACCHI,
KpacHbIii — Temble). H — anTunumkinon, L — nukiion, B — OnokuHr

Fig. 6. Blocking schemes for monopole omega blocking (a, 6) and dipole Rex blocking (s, 2). The isolines
are the height of the geopotential at 500 hPa, the fill is the potential temperature at the dynamic tropopause
(blue — cold air masses, red — warm). H — anticyclone, L — cyclone, B — blocking
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xorma pexnM TAXE mposBrsics Hanbonee sipko. ITa IEMOHCTpANHs HATIATIHO MTOKa-
3BIBACT MEXAHM3M, CBS3BIBAIOIINI YCTOMUYMBBIN AHTHUIMKIIOH HaJl CEBEPHBIMH MOPSIMH
C AKCTPEMaJIbHBIMU MOXOJIOJaHUSIMI Ha KOHTHHEHTE.

Ha puc. 6 npencraieHsl JBe TPUHIUIIAAIBHO Pa3JIMUHbIC CXEMbI OJIOKMPOBAHMS:
MoHormonsHoe OMera-0JIOKHpOBaHNE ¢ aHTUIUKIOHOM (pHc. 6a, 6) n aunoisHoe Pekc-
OnokHupoBaHNE ¢ OIOKUPYIOMNM (OTCEYEHHBIM) MUKIOHOM (pHC. 68, 2). OCHOBHOE pa3-
JUYME MEXy HUMH 3aKJIIOYaeTCsl B TOM, YTO KOHPHUIYPALMU ¢ OIOKHPYIOIIMM IIMKIOHOM
HE WACHTUPHUIUPYIOTCS IO S-KpuTtepuio (40—60° c. 11.), HO yBepeHHO 00HAPYKUBAIOTCS 10
N-kpurepuro (50-70° c. m1., cMm. popmymy 2). UeM OorbIie TaKUX CTPYKTYp HAOIIOMaeTCs
B KOHKPETHBIH MEPHOJ, TEM BBIIIE KOPPEISNNS TEMIIEPATyPHOTO OIS ¢ N-pPEKHIMOM.
[TomydeHnble pe3ynbTaThl CBUAETENLCTBYIOT O CHCTEMHOM HM3MEHEHHH CTPYKTYpHI OI10-
KHPYIOLIMX TporieccoB B Hayaie XXI B., @ UMEHHO: yBEIMYCHHUE JIOIH TUMOJIBHBIX KOH-
¢urypanuii ¢ GIOKMPYIOIINMH IUKIOHAMH OTPaXkaeT MePeXoa K HOBOM KIMMAaTHYECKON
pearbHOCTH, TI€ JOMUHHUPYIOIIEH CTAHOBHUTCS BRICOKOIIMPOTHAs (popMa OIOKHHIOB.

BoiBoabI

[TpoBeneHHOE NCCIEI0BAHNE IPOCTPAHCTBEHHO-BPEMEHHBIX 0COOCHHOCTEH BIMSHUS
APKTHYECKOTO MOTETJICHUSI Ha IIUPKYISIIMOHHBIC U TEMIIepaTypHble aHoMannu B EBpasun
TIO3BOJTHIIO C(hOPMYIMPOBATH PSAZ] BHIBOIOB:

1. Aramms sBommronnu nHAekca TAXE (termas Apkrruka — xononHas EBpasust), pac-
CUUTAHHOTO JIByMsI HE3aBHCUMbBIMH METOAAMH — KaK Pa3HOCTh aHOMAJIUH TEMITepaTyphl
Mesx Iy pernoHamu bapernesa u Kapckoro mopeii n Lentpansnoit Espasun (TAXE,) u Ha
OCHOBE aHAJIM3a BTOPOH BeAymIeH KOMITOHEHTHI SMIMPHUECKUX OPTOTOHAIBHBIX (PyHK-
uwii (TAXE,, ), — BBISBHJI X BBICOKYIO COTTIACOBAHHOCTB (KOO()(QUIMEHT KOppEIAIUH
0,95) n moaTBEpANIT HAAEKHOCTD UCITIOIB3YEMBIX TTOIXO/IOB.

2. 3amepuon ¢ 1979 mo 2023 1. 111 3MMHETO ce30Ha (Aekadbpb—(heBpab) oOHapyKeH
crarucTrueckn 3HaunMbId pocT mHAekca TAXE co ckopoctsio 1,4 °C/10 met, mpudem
¢ 2004 1. HaOmoaeTCst YCTOHYMBRIN TTEPEX0] €T0 3HAUYCHUH B TTOJIOKUTEIHHYIO 00JIacTh,
YTO coracyercst ¢ (pa3oil apKTUIECKOTO YCHIICHHUS.

3. Ce30HHBIN aHAIN3 BBISIBIII CYIIECTBEHHYIO HEOJHOPOIHOCTH ATOW TEHACHIIHH.
B TO Bpems kak B OCEHHHE MeCSIIHI (OKTAOPB-HOSIOPB), TaK Ke KaK U B 3MMHUE MECSIIHI,
HaOIrOmaeTCs yJalieHne ciydaeB peann3aniu nonoxkurensHoi ¢passl TAXE, xots u ¢ me-
Hee BBIPAKCHHBIM TPEHJIOM Ha (pOHE CHIIBHOM MEKI0J0BON M3MEHUYMBOCTH, JJISI MapTa
XapaKTepHa MIPOTHBOIIOIOKHASI TCHACHIUS K YMEHBIICHHUIO YaCTOTHI TTOJIOKNTENBHON (ha3bl
TAXE. D10 yKka3plBaeT Ha MaCIITAOHYIO MTEPECTPOIKY CE30HHBIX PEKIMOB aTMOCHEpHOH
LUPKyIsIIuu B Apkruke u EBpasum.

4. O6HapykeHa TIOJIOKHUTETbHAS CBA3b MEKIy 3HadeHmsMH uHIekca TAXE B co-
Ce/THHE MECSIIBI OCEHHE-3MMHETO ce30Ha (OKTIOph—(heBpaib), B TO BpeMs Kak MapT OKa-
3BIBAETCS] CTATUCTUYECKN M30JIMPOBAHHBIM OT APYTHX MECSIEB, UYTO ITOJUYEPKUBACT €TO
YHHUKAJIBHOCTh B CE30HHOM IIMKJIE ¥, BEPOSITHO, CBA3b C MHBIMH, BO3MOXKHO cTpaTtocdep-
HBIMH, TTPOIIECCAMH, aKTHBHBIMH B 3TO BPEMSI.

5. LleHTpanbHBIM Pe3yJIbTaTOM Pa0OTHI SBISIETCS KOJTMYECTBEHHAS! OLIEHKA POJIH
arMocepHOro OIOKMPOBAHMS KaK KIFOYEBOTO MEXaHU3MA, CBSI3BIBAIOIIETO apKTHIECKOE
MOTEIUIEHUE C €Bpa3uiicKuMu xonoaamu. KoppersuMOoHHbBIN aHaIU3 MEXIY MHIAEKCOM
TAXE u UMB, paccuntanHBIME TSI F0XKHOTO (S) 1 ceBepHOTO (N) THIIOB OITOKHPOBAHUS
B Pa3JINYHBIX JIOJITOTHBIX CEKTOpPaX, MO3BOJMI BEIABUTH YETKYIO ITPOCTPAHCTBEHHO-BpE-
MEHHYIO CTPYKTYpPY 3TO# CBs3U. Bompekn ycTosBIIEMycsl TIPEICTaBICHHI0 00 Ypairb-
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ckoM Omokuare (60—70° B. 1.) Kak o maBHOM areHTe TAXE, ycTaHOBIICHO, YTO B Hadaie
XOJIOAHOTO Ce30Ha (OKTAOPb—SIHBAph) MAKCUMYM KOPPEJISLIUKM HAOIIONAeTCsl B CEKTOpE
70-90° B. 1., T. €. cMeIIeH B paiioH 3amagHoi Cubupu. Jlumms B ¢peBpane-mapTe 00IacTh
HaunOoJsee TECHOM CBsI3U cMemaercs K Ypairy. Kpome Toro, BbIsSIBIIEHa 3aBUCHMOCTH OT
TUTa OIOKUPOBAHUS: B pAHHEOCCHHUH TIepuox (OKTI0pb—HOs0ps) peskuM TAXE nemoH-
CTPUPYET CHIBHYIO CBSI3b C N-pEXKHMOM OJOKHPOBaHMSA, B TO BpeMs KaK KOPPEISIUN
¢ S OTCYTCTBYIOT WM cia0bl. DTO yKa3bIBaeT HA TO, YTO B Hauayle ce30Ha GOpMHUpYeTCs
MIPUHIMIHAIBHO HHAS, CMEIICHHAs K BBICOKUM MINPOTAM KOH(HUTYPALHsl OJIOKUPYIOIIETro
AHTUIMKIIOHA, KOTOPas 3(pPEKTUBHO 00ECIIEUNBACT AABEKIIHIO TEIUIA B APKTHKY W BBIHOC
XOIloJ]a Ha KOHTHHEHT. B cepennue 3uMbl (nexkabpp—sHBapb) cBsizb TAXE ¢ 610kupoBa-
HHEM OCTaeTCs CHIBHOM M 1ist Kputepus N, U U KpUTEpHst S, YTO CBHICTEIHCTBYET
0 BOBJICYEHHOCTH 00OMX THUIOB OJIOKMPYIOIIUX TPOIECCOB B TOAEPKAHNE JUITOIBHON
anomannu. K mapry cBsizb ocnabeBaeT, 0COOEHHO ISl CEBEPHOTO PEXHUMA.

6. BrisBiieHa cMeHa TOMHUHHPYIOIIETO THITa OmokupoBaHus, cBsizanHoro ¢ TAXE,
mocie pyoexa 2000-x rr. CpaBHUTEIBHBIN aHAIN3 POCTPAHCTBEHHBIX KOPPEIAIIINA MKy
HMBb u mpuszeMHOH TeMmneparypoid B okTs0pe 3a mepronst 19791999 rr. m 2000-2023 rT.
TIOKa3all KapAWHAJIbHbIE pa3nnuus. B mepBblil nepron cBi3b MeXy MHIEKCAMH OJOKH-
pOBaHMS M NMPHU3EMHOI TemrepaTypoii OblIa c1aboil M B paBHOW CTENEHU MPOSBIISIIACH
s obomx kpurepueB OmokupoBanus. [locie 2000 1. kapTHHA Pe3K0 W3MEHIIIACH: IS
N-kpurepus chopmupoBaiics yeTkuit u ycroiunssiit martepH TAXE ¢ cuimpHBIM TOTeTIIe-
HHUEM B ApKTHKe U noxosiofianueM Haj EBpasueif, B To BpeMs Kak Julsl S Takas CBsI3b MpaK-
THYECKU MCUe31a. JTO CBUIECTENIBCTBYET O (DyH/IaMEHTaIbHOH IepecTpoiike aTMoc(hepHOH
LUPKYJSILUY, 3aKitodatonieiicss B «npussaske» mexanuzMa TAXE K BbICOKOLIMPOTHOMY
6110kMpoBaHMI0. TaKoil CIBUT CO3AET YCIOBUS ISl PETU3ALUH JAHHOTO CIIEHAPHUS: aHTH-
LIUKJIOH, paclionarasichk Haj akBaropueil Kapckoro Mopsi, ClocoOCTBYET 1OTOIHUTETBHOMY
HarpeBy OT Oe3JIeJHOI MOBEPXHOCTH OKEaHa M OJHOBPEMEHHO «3alnpaeTy 3amaJHbli
TIEPEeHOC, CIOCOOCTBYS CTAIIMOHNPOBAHHUIO XOJIOAHBIX BO3AYIIHBIX Macc Haj EBpasnei.
Takum 06pazoM, MomydeHHbIE PE3yIbTaThl TO3BOJSIIOT 3aKIFOYNTh, YTO (PEHOMEH apKTHYe-
CKOTO YCHJICHHUSI HE OTPAHUYUBAETCSI IPOCTHIM POCTOM TEMITEPATyp B BEICOKHX MIMPOTAX,
a BeJIeT K KaUueCTBEHHOMH MepecTpoike KpyITHOMACIITA0HBIX aTMOC(EPHBIX TPOIECCOB Hal
EBpasueii. Habmromaemoe ycuienue u 6onee paHHee (C OKTAOpS) MPOSBICHHUE PeKUMa
TAXE, ero TecHas CBS3b CO CMEIICHHBIM K ceBepy THIIOM OnokupoBanus mocie 2000 T,
a TaKkKe MPOTHBOIIOJIOKHBIE TPEH/IBI B MapTe yKa3bIBAlOT Ha COKPAIICHUE MEPEXOJHOTO
OCEHHETO0 NEePHoa M «CKa40K» B CE30HHOW IBONIOLUH IUPKYIISALIIH.
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Abstract. We present an analysis of ten-year (2015-2025) in situ measurements of shortwave downward
radiation (SWD) near Barentsburg, Spitzbergen. The measurements were performed using an automatic
weather station near the Aldegondabreen Glacier at 180 m a. s. 1., equipped with a Hobo silicon pyranometer
(300-1100 nm, £5 % accuracy). The actual maximum radiation occurs between 15 May and 25 June, preceding
the theoretical peak of the astronomical cycle, with a mean daily flux of 204 W m™, then gradually decreasing
after late June. The data collected show good agreement with Ny-Alesund measurements (R = 0.83) and ERAS
reanalysis data (R* = 0.89). According to the latter, during the melt season a negative trend in shortwave flux
has been observed since at least 1960, with —3.3 W m™ per decade over 1976-2024, and a sudden decrease
occurred in the late 1970s, likely linked to increased cloudiness from reduced sea ice. A comparison of the two
climatic normals shows that the decrease in incoming shortwave radiation is seasonally uneven. It is limited
to late summer, when radiation levels are already low, whereas in May and early June — during the seasonal
maximum — no reduction is evident. Consequently, the timing of snow cover disappearance is a key control
on glacier melt as maintaining a high surface albedo in early summer is critical for limiting melt. Quantitative
assessment shows that a two-week shift in snowmelt timing changes the solar radiation absorbed by glaciers by
~111 MJ m™, which is an equivalent of 0.36 m w. e. of glacier melt.
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Amnnoranust. B pabote npuBeieHb! XapaKTePHCTHKH OTOKA IPUXOSIIEH KopoTkoBoHOBOH paxuauuy (KBP) B
paitone nocenka bapenn0ypr (apxumnenar lInuubdepren) Ha 0CHOBE JECATUICTHETO Psijia HATYPHBIX H3MEpPEHHH
(20152025 rr.), a Taxxke naHHBIX peananuza ERAS. KBP sBisercst 0CHOBHBIM HCTOYHUKOM SHEPTUHU a0ISIIN
JIeTHUKOB PErHOHA, YTO OIpeeNIseT aKTyalbHOCTb HCCIEI0BAHNUA B YCIOBUAX apKTHUECKOro yeuieHus. [loka-
3aHO, 4T0 MakcuMyM notoka KBP npuxonurcs Ha Mait — HIOHB, onepeskast TeOpEeTHIECKHH (aCTPOHOMUYECKUH)
ik uHcomsimu. Cpenuuid (2015-2025 rr.) motok 3a ce3on abmsiun cocrasiuser 144 Br/m?. M3mepenHbie
3HAYEHUS XOPOILLIO KoppenupytoT ¢ psaamu B Hio-OnecyHHe u ¢ peananusom ERAS, Ho MeHblie B a0COTIOTHOM
Bepakernd (BIAS oxoro 7 B1/M?) u3-3a Oosiee y3Koro inaria3oHa JIHH BOJIH, B KOTOPOM MPOBOISITCS H3MEPEHHS.
Tem He menee peananu3 ERAS xoporo Bocripoussout m3menunBocts KBP (R? = 0,89) u ucronb3oan it
aHayM3a 10rocpoyHslx u3MeHeHui. C 1960 r. BbIABIECH CTATHCTUUYECKH 3HAUMMBII oTpuLaTenbHbli Tpen KBP
(3,3 B1/™? 3a necsatunerue), npu 9toM cHikenne KBP xapaxrepHo 11 nioHs — ceHTAO0ps, B Ce30H aOIIsIuH,
YTO MOYEPKHUBACT KIIOYEBYIO POJIb CPOKOB CXOJ1a CHEXKHOTO IIOKPOBA B OallaHCe MACCHI JIETHUKOB.
KaroueBble cl10Ba: akTHHOMETpHs, apKTHUECKOE YCHICHHE, KIUMATHUECKUE U3MEHEHHS, KOPOTKOBOIHOBASL
paamarys, TemIoBoit 6ananc, rexHukH, llmmbepren

Jast mutupoBanus: Prokhorova U.V., Terekhov A.V., Narizhnaya A.l. Incoming shortwave radiation in
the Barentsburg area, Spitzbergen, 2015-2025. Iipoonemwvr Apxmuxu u Aumapxmuxu. 2026;72(1):52—64. https://
doi.org/10.30758/0555-2648-2026-72-1-52-64
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Introduction

Shortwave Downward Radiation (SWD) or Incoming solar radiation is one of the
key climate-forming factors on Earth [1]. As the dominant component of the surface
energy balance, it plays a crucial role in numerous thermal processes, shaping the
temperature regime not only of the Earth’s surface and the near-surface atmosphere,
but also of deeper layers of water, snow, ice, and soil [2]. Consequently, radiation flux
measurements are essential not only for general climatological research but also for
hydrological, glaciological, geocryological, and related studies, as well as for validating
climate model outputs.

In the Arctic — which has been warming at a rate faster than the global average over
recent decades [3] — shortwave radiation is a major driver of Arctic amplification [4].
As sea ice extent declines, the surface albedo in high latitudes decreases, leading to
enhanced absorption of solar radiation [5]. This positive feedback intensifies surface
warming, accelerates snow and ice melt, and further reduces albedo, amplifying regional
climate change. Since the strength of this feedback largely depends on the magnitude and
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variability of incoming shortwave radiation, understanding its distribution and trends is
critical for assessing both the present and future Arctic climate system.

Against this broader background, the Spitzbergen archipelago represents a key
region for investigating the role of shortwave radiation in glacier and surface energy
balance processes. On Spitzbergen, where glaciers cover about 60 % of the land area,
shortwave radiation represents the dominant component of the glacier energy balance
during the ablation season [6—8], as is the case for most glaciated regions worldwide [9].
At the same time, two opposing processes are reshaping the energy balance. On the one
hand, as glacier area retreats across the archipelago — particularly in the Barentsburg
region [10, 11] — the surface albedo decreases [12], resulting in increased absorption of
shortwave radiation. On the other hand, record-high air temperatures in recent years have
enhanced turbulent heat exchange, thereby reducing the relative contribution of radiation
to the total energy balance [13—15].

Despite the importance of direct actinometric measurements, long-term observations
of the radiation balance on Spitzbergen are limited to Ny-Alesund, where records have been
maintained since 1992 [16]. Shorter measurement series are available from a few other
sites, such as the automatic weather station on the Austfonna ice cap, Nordaustlandet [17].
This scarcity of data complicates the validation of reanalysis products. For instance,
the regional gridded dataset “Sval Imp” was validated against meteorological records from
13 stations across the archipelago, but shortwave radiation could only be assessed using two
available observational series [18]. This situation is typical of the Arctic as a whole, where
actinometric observations are restricted to a limited number of meteorological stations.

Given these limitations, the present study aims to address the gap in available radiation
data for Spitzbergen. Specifically, we present a ten-year series of continuous shortwave
radiation measurements from the vicinity of Barentsburg and analyze the characteristics
of the local radiation regime.

Materials and methods

Field Measurements. Regular measurements of incoming shortwave radiation in
the Barentsburg area began in autumn 2015. An automatic weather station (AWS) was
installed near Aldegondabreen Glacier on an elevated site at 180 m a. s. 1., in an open
arca with valley sidewalls located approximately 450 m to the north and 1100 m to
the south (Fig.1). The AWS is equipped with a Solar Radiation (Silicon Pyranometer) Smart
Sensor manufactured by Hobo (spectral range: 300 to 1100 nm, resolution: 1.25 W/m?,
measurement range: 0—1280 W/m?, accuracy: £10 W/m? or £5 %, whichever is greater
under sunlight conditions).

The extent to which the in situ measurements of incoming solar radiation in
the Barentsburg area are complete is shown in Fig. 2 as a percentage of the total number
of hourly records. Only the months outside the polar night are included. In the ten-year
observation period, data are missing for May—July of a single season (2018), coverage
for all the other years is more complete. Overall, the resulting dataset provides sufficient
temporal coverage to allow a reliable assessment of seasonal and interannual variability
in the shortwave radiation regime.

Ny-Alesund data. This study also uses actinometric measurements from the settlement
of Ny-Alesund. The observational record has been maintained since 1992 with a temporal
resolution of 1 minute [19]. Measurement of incoming solar radiation flux is carried out

54 IIpoonemvr Apxkmuxu u Anmapxmuxu. 2026;72(1):52—64



U.V. Prokhorova, A.V. Terekhov, A.1. Narizhnaya
Incoming shortwave radiation in the Barentsburg area, Spitzbergen, 2015-2025

78.1°N

78.0°N

Fig. 1. Automatic weather station (AWS) for measuring shortwave downward radiation in the vicinity
of Barentsburg: (a) overview, (b) map location.

1 — AWS, 2 — Barentsburg
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Fig. 2. Data availability: percentage of logged hourly observations of incoming shortwave solar
radiation

Puc. 2. BpemeHHOE MOKPBITHE TaHHBIX U3MEPEHUN KOPOTKOBOJIHOBOM COTHEYHOH pajinaliu, B po-
[IEHTax OT YaCOBBIX CPOKOB

using a Kipp & Zonen CM22 pyranometer (spectral range: 200 to 3600 nm, resolution:
<1 W/m? (depending on the data logger), measurement range: 0—4000 W/m?, accuracy:
+5 W/m? or £1 %, whichever is greater under sunlight conditions).

Reanalysis data. SWD data were obtained from the ERAS reanalysis [20], which
provides global fields with a spatial resolution of 0.25° x 0.25° and an hourly temporal
resolution. The data corresponding to the AWS location were extracted for the period
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1960-2025. Reanalysis fields were spatially interpolated to the exact station coordinates
using the surrounding grid points, rather than selecting the nearest grid node. Hourly fields
were subsequently aggregated to obtain the required temporal resolution.

Results and discussion

Intra-annual SWD variability in the Barentsburg area

The intra-annual cycle of incoming shortwave radiation flux for 20162025 is shown in
Fig. 3. Comparison with the theoretical clear-sky cycle, calculated solely from astronomical
factors and excluding atmospheric effects using the “Potential incoming solar radiation”
algorithm from “SAGA GIS”, shows that the observed maximum occurs in late May—June,
slightly before the theoretical peak on 21 June (the summer solstice). The mean daily SWD
flux reaches its annual maximum and remains nearly constant from approximately 15 May
to 25 June (about 204 W m?), after which it decreases in an almost linear manner (Fig. 3a).
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Fig. 3. Intra-annual variation of shortwave downward radiation in the vicinity of Barentsburg (a) and
Ny-Alesund (b), 2016-2025.

1 — mean value; 2 — =+ standard deviation; 3 — minimum and maximum; 4 — clear-sky radiation flux.
Note that the wavelength range of the measurements differs between Barentsburg and Ny-Alesund

Puc. 3. BHyTpUroqoBoit xoJ noroka NpUXoJsIIed KOPOTKOBOJIHOBOM pagualii B OKPECTHOCTAX
Bapennoypra (a) u Hro-Onecynna (b), 2016-2025 .

1 — CpE€AHEE 3HAUCHNE, 22—+ CTaHAAPTHOC OTKJIOHEHHUE, 3— MHUHUMYM U MaKCUMYM; 4 — IOTOK TIpUXoasi-
m1eif KOPOTKOBOJIHOBOM paJlaIiiyl IPH SICHOM Hebe.

ITpumMevanue: Auana3oHbI ATHH BOIH M3MepeHuil B bapernoypre u Hio-Onecynne pasnuyaiorcst
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The highest mean daily values recorded during the measurement period reached 328.5 W m=.
The average flux for the averaged glacier ablation season, from 15 May to 15 September,
was 144.3 W m™2 These values are comparatively low for the Arctic as its western sector,
where Spitzbergen is located, is the cloudiest region of the Arctic, with an annual mean total
cloud cover of about 75 % and a mean low-level cloud cover of 52.1 % [22].

Direct comparison of absolute values of shortwave downward radiation in
Barentsburg and Ny-Alesund is not appropriate due to differences in the wavelength
ranges of the measurements. The instrumentation used in Barentsburg does not cover
the entire solar radiation spectrum, resulting in lower absolute flux values. Nevertheless,
comparison of the averaged intra-seasonal SWD variation is possible. In Barentsburg,
the maximum shortwave radiation flux occurs during the first week of June, whereas
in Ny-Alesund it occurs later, during the first week of July. Overall, the intra-seasonal
patterns are generally similar, which is consistent with cloud cover in Ny-Alesund and
Barentsburg showing similar seasonal trends; however, Ny-Alesund is slightly cloudier in
summer, while Barentsburg tends to be clearer in spring [23], partially explaining the small
temporal shift in SWD maxima between the sites.

Both settlements are within the influence of the North Atlantic advection, which,
combined with the warming effect of the West Spitsbergen Current (WSC), forms
a relatively warm and humid maritime climate. Nevertheless, during the summer period,
Barentsburg experiences higher mean cloudiness, likely associated with a greater frequency
of cyclones. The main zone of cyclone generation affecting the archipelago is located
over the northeastern Atlantic. The pressure systems formed there, following the main
storm track, generally move in a northeastward direction, reaching the Norwegian and
Barents Seas [24].

The trajectories of these cyclones rarely shift northward over the archipelago, so
the northwestern areas of Spitsbergen, including Ny-Alesund, are outside the main zone
of the storm track, unlike the southwestern areas. As a result, the Barentsburg region is
exposed to more frequent cyclonic activity, leading to increased cloudiness and reduced
incoming shortwave radiation [25]. In addition, quantitative metrics of cyclonic activity,
including indicators of cyclone intensity and passage frequency, are also lower for
the northwestern part of the archipelago [26].

Another factor likely influencing the differences in the radiation balance is the spatial
heterogeneity of ice conditions. During the spring—summer period, the waters adjacent to
Barentsburg have a higher proportion of open water, which enhances turbulent heat and
moisture transfer and, consequently, also increases cloudiness [27].

Long-term SWD trends

Of particular interest is the SWD variability over the melt season (15 May to
15 September), which approximately corresponds to the mean glacier ablation period
in the Barentsburg area. The available series of in situ measurements in the vicinity of
Barentsburg is too short (2016-2025) to allow a reliable analysis of long-term trends
in shortwave downward radiation. However, such an analysis can be carried out using
reanalysis data. Although measurements in Barentsburg exhibit lower absolute SWD
fluxes due to the truncated wavelength range (with a bias of about 7 W m™ relative to
both ERAS and Ny-Alesund), the temporal variability of SWD is well reproduced by
the ERAS reanalysis. In particular, ERAS shows good agreement with the observed SWD
variability over the 2016-2025 period (Fig. 4, R? = 0.89), despite a systematic offset in
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1 — y =x; 2 — nuHeliHas perpeccust

absolute values. Therefore, the reanalysis can be employed to assess long-term SWD
trends in the Barentsburg area.

The trend in the SWD flux is statistically significant at the o = 0.01 level and amounts
to —3.3 W m per decade (Fig. 5a). However, the time series also exhibits a breakpoint,
with an abrupt decline in shortwave radiation in the mid-1970s. A likely explanation for
this sharp change is that the period 1960-1980 was characterized by relatively low total
cloud cover, associated with large sea ice concentration and, consequently, a limited extent
of open water in the Arctic [22]; after ~1980, the sea ice cover in the Spitzbergen region
shows a persistent trend towards a longer ice-free season and a reduction in ice extent [27].

The long-term decrease in the SWD flux (Fig. 5a) is concentrated in the ablation
season. A comparison of the two climatic normal periods (1961-1990 vs. 1991-2020,
Fig. 5b) reveals that the main reduction in SWD occurs between June and September,
aligning with the months of positive mean air temperatures in Barentsburg. This decline
in incident SWD represents a potentially favorable factor for glacier persistence.

However, this potential benefit is largely counteracted by a simultaneous decline
in the albedo of Spitzbergen glaciers. With albedo decreasing by up to 0.015 per
decade in the southern region [11], this corresponds to an increase in absorbed SWD of
1.5-3.0 W m? during the June—August period (based on the 100-280 W m= SWD flux). This
albedo-driven increase effectively nullifies the observed negative trend (approx. —3.3 W m?)
in incoming SWD. Furthermore, the decreasing trend in incoming SWD is attributed to
increasing cloud cover. While this reduces SWD input, it simultaneously suggests a rise
in downward longwave radiation (a greenhouse effect); therefore, the net surface radiation
balance of the glaciers is likely increasing—although a detailed analysis of this process
is beyond the scope of the present study.

Notably, the reanalysis data for Ny-Alesund do not exhibit similar step-like changes
in the 1970s, and the trend is also somewhat smaller in absolute terms, amounting to
—1.5 W m per decade (Fig. 5b).
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Effects on glacier energy and mass balance

The overall negative trend in SWD (Fig. 5a) is complicated by the fact that
the incoming shortwave radiation at the very beginning of the ablation season (May
and early June) shows no significant decrease over time. This makes the preservation of
snow cover in early summer critically important for maintaining a high surface albedo
and limiting early melt. To demonstrate this fact we estimated the energy absorbed by
the glacier as a function of the date of snow cover disappearance, employing mean SWD
data (Fig. 3) for the recent period of 2016-2025.

We analyzed five scenarios for the date of snowmelt, spaced at two-week intervals.
Albedo values for the surfaces were set at 0.78 for snow and 0.32 for bare ice, consistent
with typical measurements for glaciers in the Barentsburg area [28]. Over the assumed melt
season (15 May to 15 September), the total SWD amounted to 1546.1 MJ m (represented
by the dashed line in Fig. 6). Shifting the snowmelt timing by two weeks leads, on
average, to a change in absorbed shortwave radiation of 111 MJ m™2, which corresponds
to approximately 0.36 m water equivalent (w. e.) of additional glacier melt. Crucially,
delaying the melt date from June 1st to August 1st reduces the total absorbed energy by
~ 50 % (from 930 MJ m? to 460 MJ m?), thus highlighting the critical importance of
maintaining the snow cover in June and July.
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While the snow cover at the Barentsburg weather station (80 m a. s. 1.) typically
disappears around 15 June, the glaciers in the vicinity of Barentsburg, situated at higher
elevations, experience later melt falling between the 15 June and 1 July scenarios.
The inter-annual variability is significant: for instance, in the relatively cold season of
2021, the glacier surface only began to clear of snow around 1 July, with residual snow
patches persisting in the upper reaches until early August [8]. In stark contrast, during
the particularly warm summer of 2022 — which recorded the second most negative
annual mass balance — the glacier surface was entirely bare ice as early as 25 June [14].

Long-term trends in the timing of snow cover disappearance are also of interest.
It should be noted that the comparison between shortwave radiation and snow cover
characteristics (and, therefore, surface albedo), as well as the assessment of their trends,
is constrained by data availability. Robust and spatially consistent information on snow
cover duration and related parameters exists primarily for the period corresponding to
the second climatic normal considered in this study, i.e., approximately since the early
1990s. These observations show that the timing of the seasonal snowmelt and snow cover
duration (SCD), demonstrates high spatial heterogeneity across the archipelago.

In the Barentsburg area, no statistically significant trend has been detected from in
situ measurements, and the mean snowmelt date has remained essentially unchanged at
15 June (with variations between 31 May and 27 June) [29]. This local stability contrasts
sharply with areas like Ny-Alesund, which show a significant trend of SCD shortening by
—14 + 8 days per decade (1998-2023), accompanied by decreasing winter snow depth [30].
These two examples (Barentsburg and Ny-Alesund) represent the extreme cases of trends
across the archipelago. On average, however, a 34-year satellite record of snow cover for
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Spitsbergen indicates that snow now begins to melt more than a week earlier [31]. The total
number of snow-free days during summer is increasing most rapidly in areas dominated
by lowland valleys and coastal plains, with the most pronounced trends observed near
the large valleys of Nordenskiold Land [31]. This widespread regional shift towards earlier
melt underscores the necessity of assessing the sensitivity of glacier energy balance to
changes in both SWD flux and snow cover duration.

Conclusions

In this study, we present an analysis of a decade-long series of in situ Shortwave
Downward radiation measurements near Barentsburg, data which is sparse in the archipelago
and traditionally limited to the long-term Ny-Alesund series and episodic AWS records.
This new local record provides essential data for resolving the energy balance in the central
Spitzbergen region.

The Aldegondabreen Glacier measurements reveal that the actual maximum SWD
flux (204 W m) occurs between 15 May and 25 June, preceding the theoretical astronomical
maximum. This early peak is critical, as the flux gradually decreases thereafter. The robustness
of our local measurements (in the Barentsburg area) is confirmed by good agreement with
both the Ny-Alesund series (R? = 0.83) and the ERAS reanalysis data (R? = 0.89).

Analysis of long-term data shows the SWD flux during the melt season has
exhibited a persistent negative trend (—3.3 W m™ per decade over 1960-2020), marked
by a sudden decrease in the late 1970s. This reduction is primarily linked to an increase in
cloudiness, a physical response driven by the reduction in sea ice extent and the subsequent
prolongation of the ice-free period.

Comparison of climate normals (1960—-1990 vs. 1990-2020) confirms that the SWD
decrease is concentrated in the latter half of the glacier ablation season (June—July), while
the flux at the beginning of the season remains almost unchanged. This underscores
the critical importance of snow cover persistence during the peak solar period. Our
quantitative assessment shows that shifting the snowmelt date by two weeks changes
the solar radiation absorbed by glaciers in the Barentsburg area by ~111 MJ m2. This
difference highlights how earlier snowmelt significantly intensifies glacier ablation in
central Spitzbergen, even if the incoming radiation trend is negative.

Thus, despite the observed regional negative trend in downward shortwave radiation,
the primary factor governing the energy balance of Central Spitzbergen glaciers is
the duration of the snow cover, whose early disappearance greatly intensifies melt and
ultimately nullifies the potentially favorable effect of reduced insolation. To accurately
capture the ongoing changes in the high-Arctic energy budget and constrain future
projections, sustained collection of high-quality, long-term in situ radiation data in under-
monitored regions like Barentsburg remains critically important.
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AHHOTaIus1. YBeTueHre 005eMOB IPy30IepeBO30K 110 p. SIHE B CBS3M C pacIIMpeHHEM FOpHOI00bIUH B OacceiiHe,
Pa3BUTHEM HACEICHHBIX ITHKTOB, TPAHCIIOPTHOH 1 SHEPIeTHYCCKOH HHPPACTPYKTYpHI TpeOyeT aKTyalH3aliy
CBEJICHUI O COBPEMEHHOM THIPOIOrHYECKOM PeKUME SIHBI — OCHOBHOI TPAHCIOPTHOM apTepUy PErUOHa, HC-
TOYHHUKE BOJIBI M THPONOTHUECKHX OnacHoCTel. [1o nomonHeHHbIM MaTepyaiaM ruapoIoriIeCKIX HaOMONeHIH
YTOUHEHB! XapaKTEPUCTUKH TOJOBOIO CTOKA U JIEJOBOIO PEKUMA, MAKCUMAJIBHBIX U MUHUMAJIbHBIX PACXOL0B
1 YpOBHEH BOJIbI, IPOBE/ICH aHAJIN3 HX MHOTOJIETHHX KOJIEOAHHH C ONMPE/IeICHIeM BeTHINHBI 1 3HAKA H3MEHe-
HUH, HUKIOB BOJHOCTH, EPEIOMHBIX JICT, y4acTUs B 9THX TCHACHIMAX [VIABHBIX IPUTOKOB SIHBI, pacCYUTAHbL
TTapaMeTphl KPUBBIX 00€CIIEYeHHOCTEH. YCTaHOBICHO, YTO CPEIHETO0BbIC, MAKCUMAIIBHEIC I MIHIMAJIbHEIE
pacxozibl B HIDKHEM TeueHHH SIHbI BhIpociy Ha 24, 12 1 36 %. YBemmueHue TofoBoro croka SIHel o0ectedmy
TIOJIOXKUTENBHBIC TeHICHIIUH BO BCE CE30HBI TO/la M Ha BCeX peKax OacceiiHa. OCHOBHBIMH IIEPETIOMHBIMHU IO~
namu 6butr 1989, 1996 1 2004 1. Cpenn MakCUMAITBHBIX PAcX00B HAMOOIbIIIEE YBEIMICHHE OOHAPYKEHO Y
pacxoz1oB 1onoBobst (122 %). Mi3MeHeHus B CTOKE MOBIHSUIN Ha ypOBEHHbIH pexxum Hinkneit STHbl, a Takoke Ha
XapaKTepUCTHKU HABOAHECHUH U yCIIOBUs HABUTALUU. YCTAHOBICHO, YTO [IOBTOPSEMOCTD U [IapaMeTpbl 3aTOILIE-
HUH TIOWMBI IIOBCEMECTHO BBIpOCHH (¢ cepeuubl 1990-X IT.) Ipeskiie BCero M3-3a MOBBIMIECHIS MAKCUMATBHBIX
yposHeii B cpennem Ha 0,2-0,5 M. B pesynsrare ¢ 1990-x rT. 3aduKxcpoBaHHI Ba KaTacTPOPUISCKHUX, YETHIPe
OOJBIIMX ¥ MATH HEOOBIINX HABOJHEHHIH, TITh U3 KOTOPBIX CTYYMINCh B HI30BbsX SIHBL. C 2008 1. 1 moBCe-
MmecTHO ¢ 2018 1. HabnrogaeTcst yXyameHye yCIOBUH HaBUTaIiH, 0COOCHHO Ha ycTheBoM Oape SIHbL. Bmecte
C HaBOHEHUAMY 3TO CYIECTBEHHO YBEIMUUBACT 3aTPAThl HA IPEAYNIPEKACHUE TUAPOIOTNYECKUX OIIACHOCTE]
1 JIMKBUIALHIO IOCIIEACTBUI UX IPOSIBICHUS, IIPEIATCTBYCT COLUAILHO-IKOHOMUYECKOMY Pa3BUTHIO PETHOHA.

KuroueBsle ci0Ba: pexa SIHa, THAPOIOTMUECKHI TOCT, PACXO/BI M yPOBHH BOJIBI, JIEJOBBII PEIKIM, KITHMaTHYe-
CKHE N3MEHEeHNS, 3aTOTUICHHS MONMBI I HABOAHEHNS, THAPOIOTHIECKHE OTPAaHHICHHS HABUTALINI
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Abstract. The increase in freight traffic along the Yana River due to the expansion of mining in the basin,
the development of settlements, transport and energy infrastructure requires the updating of information about
the current hydrological regime of the Yana River as the region's main transport route, the source of water and
hydrological hazards. Based on new hydrological data, the characteristics of annual water runoff and ice regime,
maximum and minimum flow rates and water levels have been clarified, analysis has been carried out of their
long-term fluctuations including the determination of the magnitude and sign of changes, cycles of water content,
turning years, and the contribution made to these trends by the main tributaries of the Yana, the parameters of
the curves of probability distribution functions have been calculated. It is found that the average annual, maximum
and minimum water discharges in the lower reaches of the Yana River increased by 24, 12 and 36 %. The increase
in the annual water flow of the Yana River ensured positive trends in all the hydrological seasons and by all
the rivers of the basin. The main turning points were 1989, 1996 and 2004. Of all the maximum discharges,
the largest increase was observed for the maximum spring flood discharges (+22 %). Changes in water runoff
have affected the level regime of the lower Yana, flood characteristics, and navigation conditions. Disturbances
to the ice regime were considered minor. It is found that the frequency and parameters of floodplain flooding
have increased everywhere (since the mid-1990s), primarily due to an increase in the maximum levels by an
average of 0.2-0.5 m. As a result, since the 1990s, two catastrophic, four large and five small inundations have
been recorded, five of which occurred in the lower reaches of the Yana River. Since 2008 and throughout 2018,
navigation conditions have deteriorated, particularly at the Yana River mouth bar. Combined with the flooding,
this significantly increases the costs of preventing and mitigating hydrological hazards and hinders the region's
socioeconomic development.

Keywords: Yana River, hydrological gauge, discharges and water levels, ice regime, climate changes, floodplain
flooding and inundations, hydrological navigation restrictions
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BBenenune

3a HmwxHee Teuenne Subl (HmkHioo SIHy) nprHUMaeTcs OTPEe30K PEKH OT BIAICHUS
B Hee p. berranTaii 1o SInckoro 3aimBa Mopst JlanreBoix (puc. 1). Ero MoxxHO pazaennTs Ha
yeThIpe yuactka. Ha nepBom yuactke — mpumepHo 10 400-ro KM OT MOPCKOTO Kpast A€NbThI
(MKJI) — ¢dopmupyroTcst pa3Hble TI0 CTPOSHHUIO PYCIIOBBIC pa3BETBICHHS, MTPaBblil Oeper
BBICOKHH, OOPBIBUCTHIN M CHIIBHO TIOAMBIBACTCS, TIOMa MPEHNMYIIIECTBEHHO OJJHOCTOPOHHSS
[1]. Ha Bropom yuactke (o ~200-ro kM), ipu mepecedeHnn pexorr Kymapckoro xpe6ra,
TIPONCXOANT PE3KOE CYKEHHE PEUHON MOJIMHBI M Pycia, IepPexo/l K BPE3aHHBIM PYyCIOBBIM
¢dopmam, yBenmmueHne ykinoHoB. Ha Tpersbem ydacTke, ¢ BerxogoM SIHbI Ha [Ipumopckyio
HU3MEHHOCTb, JJOJIMHA ¥ pedHas IOiMa paclInpsIoTcs, peKa «CBOOOJHO» MeaHIpUpyeT,
pycio pa30HBaeTCsl Ha IPOTOKH, BO MHOXECTBE BCTpEYaroTCs Mecyanble ormenu. Ha mo-
cnenueM, yerBeproM ydactke (B 140 km or MKJ]) HaumHaercst o0mmpHasi, MHOTOpyKaBHasi,
HETPIINBHAS JAETbTa BRIBIKEHHS SIHBI ¢ CymOXOAHBIM pykaBoM [maBHOE pycio [2, 3].
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Puc. 1. Kaprocxema Gacceiina Subl (@) 1 HIDKHEro ydactka SIHbI (6) ¢ THAPOIOrMYECKUMH TOCTaMH
¥ rpa)uK BHYTPHIOJJOBBIX KOJIEOAHMI YPOBHS Ha Pa3HBIX Y4aCTKaX PEKH B CPEAHHIA 110 BOAHOCTH
1984 1. (8).

1 — rpanmup! 6acceiina, 2 — BOIOTOKH (PEKH U IEIBTOBBIEC pyKaBa), 3 — BOJOEMBI, 4 — FHAPOIOTHIECKHI ITOCT,
5 — HaceJIeHHbIN MyHKT, 6 — nepekaTsl Ha yyacTke oT Yerb-Kyiiru 1o Yers-SHcka

Fig. 1. Schematic map of the Yana River basin (@) and the lower reaches of the Yana River (6) with

hydrological gauges and features of the water level regime at different reaches of the river based on
data for 1984 (s).

1 — boundaries of the Yana River basin, 2 — watercourses (rivers and delta branches), 3 — reservoirs, 4 —
hydrological gauge, 5 — settlement, 6 — river crossing from Ust-Kuiga to Ust-Yansk

Bce Hmxnee Teuenue SIHbI OTHOCUTCSI K BHYTPEHHUM BOJHBIM Ny TsiM PO — niepBoit
kareropuu (ot MKJI mo n. Yerp-Kyiira) u TpeTheit kateropuu, 1mo KOTOPBIM OCYIIECT-
BIISIETCS] apKTHUECKUH (10 MOpio M 0 mopta HipKHEsTHCK) M ceBepHBIH (YXKe 1o peke
Slue) 3aB03 mpomoBoNBCTBHA, cTpoiiMaTepuaioB, [CM (u mp.) U BBIBO3 TOOBIBAEMBIX
B Oacceiine SIHBI MUHEpaIBHBIX pecypcos. [IpudeM B mocieqHue rojsl HHTCHCUBHOCTD
TPY30IIepEeBO30K BO3pOCIIa M3-3a Hadasia padoT 10 BO3BEACHHUIO HA3eMHON aTOMHOW CTaH-
MY MAJIOW MOIITHOCTH B TI. YCTh-Kyiira u 00ycTpOHCTBY CTpaTernaeckoro 30I0TOPYIHOTO
mectopoxaenus Kiouyc — Broporo no Bennuune B Pecrryonuke Caxa (SIkyTus), a Takxke
BCIJICICTBHE HAPAIIMBAHMS JTOOBIYM HA «CTAPBIX)» MECTOPOKACHUSX W B IIEJIOM IPOIOI-
JKEHUSI COITMATbHO-?)KOHOMHYECKOTO pa3BUTHS perroHa. Kpome Toro, Harpy3ka Ha (ot
SMM30/IMUECKH YBEITMUNBACTCS N3-32 CPOYHON HEOOXOIMMOCTH 3aBE3TH B PETHOH CTPOH-
TEJIbHBIE MaTepUAIIbI IS BOCCTAHOBICHUSI 00BEKTOB, MOCTPAAABIINX BO BPEMsI OONIBIINX
HaBonHeHuH, Harpumep B 2022 1. B utore ¢ 2020 no 2023 1. KOJIUYECTBO IPy30B, MPO-
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Xomamux 4depe3 SHCKkui ycTheBoi Oap (Ha BbIXxome [TTaBHOTO pycia B MOpE), COTIACHO
OBY «Anmunuctpanus Jlerckoro 6acceirinay, Bepocio Ha 50 TrIC. T/Tox, wim 36 %.
ObecrniedeHne 371eCh CYIOXOIHBIX YCIOBUI MpEIonaracT He TOJIBKO YCTaHOBKY HAaBH-
TallMOHHBIX 3HAKOB, TPAJICHHE (OYHCTKY pycia U OeperoB OT KPYITHOrabapuTHOTO Mycopa)
1 TIEpHOINYECKOe JHOYTITYOJIeHNEe Ha MEIIKOBOJHBIX y4acTKaX PEKH U YCTHEBOTO Oapa, HO
Y CTaIlMOHAPHBI MOHUTOPHHT BOJHOTO H JIEIOBOTO PEKUMOB PEKH, CBOEBPEMEHHOE TIpe/I-
YIIPEKICHIE O THAPOIOTHISCKUX OTPAHUICHUIX HABUTAINHY. Pean3amus ruaporornaecKoi
3aJa9M B HACTOSIIEE BPEMS OCIIOKHSIETCS HEIIPOCTON CHTYaIlleil B CETEBOM THAPOIOTHYE-
CKOM MOHUTOPWHTE M HECTAIMOHAPHBIMU H3MEHEHUSMH B THIPOJIOTHYECKOM PEKHIME PEK
Oacceiina Subr u SHCKOTO 3a1MBa Mops JlanTeBrix [2, 4-8]. B pesymsrare ¢ 2012 o 2023
o panubiM OBY «Anmunucrparus Jlenckoro bacceitHa»!, TONbKO OMH-/1Ba Toja Ha STHe
He OBUIO Cephe3HBIX MpobieM ¢ HaBuranuei. Eire oqHa rugpororndeckas OnacHOCTh —
9TO YaCThle PEUHbIC HABOAHCHUS>® [9], XapaKTepPUCTUKU KOTOPBIX HEMOCTOSIHHBI B CBSI3U
C THIPOMETEOPOIIOTHUECKUMHE U COIMATBHO-IKOHOMHYCCKIMHU H3MEHEHUSAMH. YIIepo oT
Hux 3a 2002-2015 rr. onenen s BepxosiHckoro, Yers-SHckoro n OBeHO-bRITaHTalicKOTO
paiioHoB npumepHo B 325 muH py6.* Llenb mpoBeAEHHOTO UCCICAOBAHKS — ONPEACIUTD
0COOEHHOCTH COBPEMEHHOTO BOJHOTO peknMa Hrpxuel SIHBI, TEHACHIIMH MHOTOJIETHUX
M3MEHEHUH 3KCTPEMaIIbHBIX PACXOMIOB M YPOBHEW BOIBI, MX HETaTHBHBIC MTOCICICTBHS.

)j[amn,le U METOAUKH

WHpopMalmoHHy 0 OCHOBY HCCIIEIOBAHUI COCTABUIIH PSIJIBI CPEAHECYTOUHBIX M XapaK-
TepHbIX ypoBHeH Bojbl Ha moctax [ MC [Ixanrks! (B 381 kM 0T ycTheBOro cTBopa I maBHOrO
pycina), . Yere-Kyiira (335 kM), nossiprast cranmus (1. cr.) KOouneiinast (157 km), ¢. YcTb-
Suck (124 km), padounii mocenok (p. n.) HmwknesiHek (22 kM), 11. cr. F0azei (8 kM) u BegoM-
CTBEHHOM aBTOMaTH4ecKoM BojomepHoM nocty (ABIT) FOaneii (Ha yctheBoM Oape — B 12
KM B CTOPOHY MOpsI OT YCTBEBOTO CTBOPA) 32 BECh MEPHOJL X padoThl 1 10 2022 ., cBeeHHs
0 JIEJIOBBIX SBJIEHUSIX, a TAKKEe pacxodbl BoJbl Ha moctax Jlxkanrks! u FOOuneinas. Ilocts
VYere-Kyiira, FOouneiinas, Hwknesuck n ABIT HOoazieit npoiomkatoT padorars 1 B HaCTOSI-
iee Bpemst. JIonoHuTenbHO ObUTH MPUBJICUEHBI JaHHBIE 110 pacXojiaM ¥ YPOBHSIM BOJIBI Ha
noctax I. Bepxostacka (Bepxusist SIna — o Basienus B vee p. Anpran), FOpmrox-Kymax (p.
AJpua — camblil O0JbIION MPUTOK p. SHbI) U moc. Acap (p. berranTaii) 3a nepuon ¢ 1935
o 2023 1., cymmapHast Iiomna b Bonocoopa KOTophix coctanisieT 81 % miomam Bogocoopa
p. SHbl, 3amMbIKaeMoro noctoM JIkaHTKBI, a Takke Ha nocrax bama (p. Capranr), Tomrop
(p. Aynranaax), Yere-Uapks! (p. Aaprua) u Tomrop (p. bopynaax), pacnonoKeHHBIX BBIIIC
1o TeyeHuro. CBeleHHs TI0 JISIOBBIM SIBJICHHSIM Ha YCTheBOM Oape M B SIHCKOM 3ainBe
nipenoctasieHbl OBY «Anmunucrpanus Jlenckoro 6acceliHay.

CroxoBblii moct J[xanrks! 3akpsuicst B 1989 ., a Ha nocty KOOmneitnas MOHUTOpUHT
pacxozoB Bozbl mpousBoamics ¢ 1972 mo 2007 1. [Ipu atom nanHbIe 0 pacxonax Ha FOOu-
JICHHOM MMEIOT MOHMXKEHHYI0 TOUHOCTb [10]. OCHOBHBIE IPUYMHBI — HEIOYYeT CTOKA 110
ToiiMe BO BpeMsl IIOJIOBO/IbsI, HEJIOCTATOUHAs! 00ecieueHHOCTh KpHBoi O = f{H) HaTypHBIMU

' ®BY «Aamunuctpanus JleHckoro 6acceiiHa BHYTPEHHHX BOIHBIX MyTeil». Pexxum pocryma:

https://www.albvvp.ru/ (mara oopamenus: 01.02.2025).

> Kuunruna H.B. Haso0nerus u maxcumanvbhwiii cmox wea Bocmournoti Cubupu: eeoepaguueckui

u cmamucmu4ecKull ananuz: IUc. ... Kava. reorp. Hayk. Upkyrtck, 2001. 185 c.

3 Tlapdpenosa O.T. Dxonomuueckas oyenka u ozmeujenue yujepoa om HA60OHEHU HA CeBEPHBIX

pexax Pecnyonuxu Caxa (Sxymus): nuc. ... KaHJ. 5KOH. HayK. SIkyTck, 2017. 168 c.
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JTAaHHBIMH B 00JIaCTH BBICOKMX 3HAUCHHWH, BIMSHUE HAa PAcdeThl CTOKA IOAIIOPHOTO MOIb-
€Ma ypOBHsI BOZIBI OT 3aTOPOB Jb/a. [109TOMY mpex/ie BCero ObUIN BBITIOIHEHBI JIETalbHbINA
aHaJIM3 MEPBUYHBIX JTAHHBIX 110 PACXOJaM BOIbBI M NPUBEACHHE CTOKOBBIX PSJIOB K Ooree
MIPOIOJDKUTEIBHOMY IIeproy HaOmoneHuit. [Ipyu mpouieHnn psioB TOI0BOTO CTOKA JUTs
nocrta /IKaHIKbl M3 BCEX BO3MOMKHBIX NPEAMKTOPOB ObUIA BHIOpaHA CyMMa CPEIHErof0-
BBIX pacxo0B BOAKI Ha moctax BepxosHck, FOpmiok-Kymax 1 Acap (koadduitueHT xop-
pemsiun (1) paser 0,98) u pacxomsr Bogsl B cTBope mocta KOouneitnas (+ = 0,97). dus
1. c1. FOOuneiinas ObLTH B3STHI JaHHBIE JIKaHTKBI (TI0 HUIM BOCCTAHOBIICHBI pacXofbl ¢ 1938
o 1971 ) u oAtk ke gaHHbIe TocToB BepxosHck, FOpmrok-Kymax u Acap (7 = 0,94). Ilpu
TPOJUIEHAH PATIOB MAKCHMAIBHBIX PACXOI0B BOABI (O ), KOTOPBIE B HU30BbAX SIHBI po-
XOZIAT KaK B IOJIOBOIbE, TaK M B TABOJKM, BHAUAJIE 3a TIEPUO]] HAOIFOICHNH OBUIH MOy YeHBI
paszenbHbIE paabl O TONOBOAbA M () JIETHE-OCEHHMX TaBoakos. Jlanee 3 15-17 pac-
CMOTPEHHBIX MPEJUKTOPOB ISt TTocTa J[)KaHTKbI OBIIIN BEIOPAHBI: IS TIOJIOBOBS — CYMMBI
CPeIHEMECSIIHBIX PACXOIOB BOIBI 32 Mali—utoHb (1 = 0,77) U cyMMBI QMaKC MHOJIOBOJIbSI Ha
nocrax Bepxosuck, I0pmok-Kymax n Acap (+ = 0,89), ms maBonkos — () NMaBOIKOB
Ha nocty FO0wmneinas (r = 0,91) u cymmpr O Ha mocrax Bepxosnck, IOpmok-Kymax
n Acap (v = 0,89). Ilpn mponyieHuy psI0B MEHMMAIIBHBIX PAcXoMoB BOobI (O ) JETHe-
ocenHel Mexenn (Q ), CPETHAX MEKEHHBIX PACXOIOB 3a CEHTAOPb—OKTAOPS (O, )
ObuTH paccMoTpeHsl ouTh 20 peUKTOpoB. B mrore miist uenn Boccranosienus Q-
0Ka3aJI0Ch BO3MOYKHBIM HCIIOJIb30BaTh TOJIBKO NaHHbIe [IkaHrkel n FOomnerinas (1o 2007 r.,
r=10,92), a mg QO  — CyMMBI TakuX )K€ MECSAYHBIX PACXO[0B Ha MOCTax BepxosHck,
IOpmrox-Kymax u Acap (r = 0,97).

I[Tpu pabore ¢ MaKCUMaIbHBIMH 1 MUHIMAJIbHBIMH YPOBHSIMH BOZBI 7151 OTOOPaHHBIX
MIOCTOB, HAXOASAIINXCS, KaK MIPABUJIO, B HACCIICHHBIX ITyHKTaX WM BOJIHM3H OT HUX, ObUIH,
BO-TIEPBBIX, HICHTH(HUIPOBAHBI KDUTHUECKHE BEICOTHBIE OTMETKH — 3aTOILUICHUS TTOHMBI
1 OmacHoro rujxponorndeckoro spaenust (O5), B T. 4. uis BogHOTO TpaHcnopra. Vcrounu-
KOM CBEZICHMH MOCITY)KHITH THIPOJIOTHUECKUE SKETOAHUKH, «Pecypchl HOBEPXHOCTHBIX BOJL
CCCP» [11], Tabmuma ¢ «[lepedHeM U KpUTEPUSMHU OMACHBIX THIPOMETEOPOTIOTHIECKUX
siBIIeHUi» Ha caiite SIkyrckoro YI'MC*, oneparuBubie cBoaku MUC U MyHHIIUTATBHBIX
00pa3oBaHMil BO BpeMs CaMUX HABOJHEHHH, JIFOOE3HO MPEI0CTABICHHbIE €)KETOAHBIE OT-
yeTel OBY «Anmunncrpanus JleHckoro GacceiiHay. Bo-BTophix, ObITH c(hOpMUPOBAHEI
MHOTOJIETHHE PsIJIbl MAKCUMAJIbHBIX 1 MHHIMAJIBHBIX CPOYHBIX YPOBHEH U JaT UX HaOIIr0-
JICHUSI — OT/IEJIBHO JUISl Masl, MIOHS, MIOJIS, aBIyCTa U CEHTSAOPs M B LIEJIOM 32 TOJ; MPo-
JOJDKATEIBHOCTH MPEBBIICHNS] MAKCHMaJIbHBIMU YPOBHSIMU OTMETOK 3aTOTIIICHHSI TIOIMBI
n OSl; MUHUMaJIbHBIMH YPOBHSIMH — HEOJIATONPUATHBIX ([UIS CY/IOXO/ICTBA) OTMETOK.

[Tpu pabote ¢ HaHHBIMH IPUMEHSUIICH CTAHAAPTHBIC THAPOJIIOINYECKHE PacyueThr’,
METO/IbI CTATUCTUYECKOTO U IPah)MueCcKOTO aHaIM3a TMAPOIIOrNYECcKoi nH(OopMaLuu ¢ Ipo-
BEPKOH PSZOB HA COOTBETCTBHE OCHOBHBIM CTaTHCTHUECKUM Tumote3aM (1mpu 5 %-HOoM
YpOBHE 3HAYNMOCTH) Ha 06a3e kpurepueB Oummepa (F-fest) u CtoroneHTa (f-test), HATHYIHS
TpeHna — Ha ocHoBe kputepus Crmpmena (Spearmen RCC) u mp. Jns onpenencHAs
JIaThl HApyIICHUS! CTAIMOHAPHOCTH PAIOB OBUIM MCIONB30BAaHBI HEIApaMETPUIECKHUH
Pettitts test © cymMMapHbIE UHTETPaJIbHBIE KPUBBIE.

4 ®I'BY «Ikyrckoe YITMCy». Pexxum nocryna: https://ykuthydromet.ru/ (nara o6Gpamienus:

28.11.2025).

5 CIT 529.1325800.2023. C600 npasun. Onpedeierue 0CHOBHbIX PACYEMHBIX SUOPOIOSUYECKUX

xapaxmepucmux. M., 2023. 108 c.
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CTOK BOAbI M €r0 H3MeHEeHHs

Bomoc6op p. SHBI 0XBAaTBIBACT TEPPUTOPHIO TIOIIABI0 238 THIC. KM?, TO3TOMY HIKE
I'MC Jlxxanrks! (nmpu F = 216 Tbic. KM?) — OBIBLIIETO OMOPHOIO MOCTA U 3aMBbIKAOLIC-
IO CTBOpa — CTOK PEKM M3MEHSETCS He3HauuTenbHO. Paccumrtannast 1t J[KaHTKel 3a
1937-2022 rr. HOpMa To0BOrO cToKa coctaBmia 31,9 kv® (wmm 1010 M3/c), a st mocra
HO6uneiinas — 34,4 xkm® (1090 M*/c). 3a THAPOMETPUUECKHUI TIEPHOI CPEAHETOMOBBIC
pacxosbl Bojibl B cTBOpe JkaHrKel m3MeHsuch ot 1440 (1985 1) mo 543 m¥/c (1956 r).
ITocne 3akphITHsI MOCTA, COMIACHO YK€ BOCCTAHOBJIEHHBIM JaHHBIM, B 1996 u 2022 rr.
CPEIHErof0BbIe PACXOAbl MOIVIM MPEBBICUTH MakcuMyM 1985 1. u noctuub ~1490...~1650
u ~1500 m*/c. BuyTpupsiaHas ckoppennpoBanHOCTh (#(1)) romoBOro cToka CpaBHHUTEIBHO
HesbIicokas (7(1)~0,13), uro comacyercs ¢ qanHbIME 110 p. berranTaii (7(1)~0,16) u Bepxnei
Sne (r(1)~0,18), upbn OacceitHbI IPUMBIKAIOT K BOCTOYHBIM CKJIOHAM BepxosHckoro xpeora,
Toraa Kak mus p. Anerau #(1) noBompHO BhICOKHiT — 0,36. TemM He MeHee MHOTOJICTHHE
KOJIeOaHMsI TOIOBOTO CTOKA B HU30BBSIX SIHBI IEMOHCTPUPYIOT (COTIACHO Pa3HOCTHO-MHTE-
IPaJbHBIM KPUBBIM) XOPOIIIO BBIPAKEHHYIO IUKIAIHOCTD (puc. 2). [IpomIomKuTeIbHOCTD
UKIIOB Onu3ka K 4, 6-8 u 10 romam. Emie koHTpacTHee 3Ta 0COOCHHOCTh MPEICTaBICHA
B KOJICOAHHSIX CTOKA Ha 1moctax BepxosHck u Acap (3mech 1uKiisl ~7—10 jer).

BonoxossiicTBeHHas AeSITEIbHOCTh HAa BOHbIE pecypchl HukHell SIHbl npakTuue-
cku He BiuseT [12]. Mano Toro, TomoBOi CTOK PeKH B HACTOSIIEE BPEMs YBEIHYNBACT-
cst (cM. puc. 2), MoATBEp XK /1ast BRIBOJBI B padorax [2, 4, 7, 8]. [Ipudem poct B mocneHue

0. v/c BepxosHck (p. SlHa) Y(K-1) O.wfc  JOpmox-Kymax (p. Amsraa) X(K~1)
< B e

1000
750
500
250
0 1 1 1 1 _5 0 1 1 1 1 77
1930 1950 1970 1990 2010 1930 1950 1970 1990 2010
0.v/c Acap (p. Berranraif) Y(K~1) Qe Jlxanrksr (p. STaa) Y(K~1)
1 4 13
1600
300
2 1200 11
200
0 800 1 -1
100 . - I
0 *4 0 1 1 1 1 75
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Puc. 2. MHoroneTHue KojieOaHHs CPETHETOIOBBIX PACXO/IOB BOJIBI HA pekax OacceiiHa SIHBI.

1 — rpaduk U3MEHEHUH pacXoJ0B BOABI, 2 — JIMHEWHBIH TpeH I, 3 — CpeJHUe 3a XapaKTepHble IIepHObl, 4 —
PasHOCTHO-UHTETPAJIBHBIE KPUBBIC

Fig. 2. Graphs of long-term fluctuations in average annual water discharges in the rivers of the Yana
River basin.

1 — graph of water discharge fluctuations, 2— linear trend, 3 — lines of average values, 4 — differential integral curves
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JIBa-TPH JICCATHIIETHS JTOBOJIBHO 3HAUYMMBIN 1 MPOIIEANINI HECKOIBKO TanoB. OH Havascs
B Oacceitne Anpran — ¢ 1988 1, mo CyTH, ¢ Ha4aJOM IMOTEIUICHUS KJIMMara B PEruo-
He®, a ¢ 1996 1. u ¢ 2004 r. ycToiturBo mposiBui ceds B Gacceline BpitanTtast 1 B Bepx-
Hell yacTu OacceiiHa SIHbI ¢ HOBBIM YCHIICHHEM KIIMMAaTHYECKUX U3MEHEHHH C CepPEMHBI
1990-x u cepenunsl 2000-x 1. CpaBHeHue ABYX nepuonos 1937-1987 u 1988-2022 rr.
MOKA3aJI0 YBEINUCHHUE CPEIHETOMOBBIX PacxomoB Bombl Ha 218 M/c (+24 %) st JIKaHTKbI
u Ha 229 m¥/c (+23 %) st FOOueiiHoi. 3HauUTeIbHOE YBEINUESHHE BOAHOCTU 00YCIOBUIIO
CTaTHCTHYECKH 3HAYMMOE HAPYIICHUE OJHOPOAHOCTH PsiIoB (TI0 ¢-fest), 4To TpedyeT pas-
OueHus psiaa Ha J1Ba OHOPOAHBIX MOAMHOKECTBA IIPH TIPOBEACHUU THIPOIIOTHIECKUX Pac-
YETOB M MCIOJIb30BaHHUsI COCTABHOM KpUBO# 0beceueHHOCTHS . B TO jxe BpeMsi KBaHTHIIH,
CHSTBIC C COCTaBHON KPHUBOW 0OECIIEYCHHOCTH, U KBAaHTHIIH, OTPEICIICHHBIC 110 KPUBOU
00€eCIIeueHHOCTH, TOCTPOSHHON 0€3 pa3feneHus psijia Ha ABa MOAIEPHOa, TPAKTHIECKU
HE OTIMYAIOTCA ApYT OT Apyra (tadi. 1). MHOroneTHuil TpeHx B KoJIeOaHUsIX TO0BOTO
croka HikHelt SIHBI cTarucTHYecKkn 3HAYUMO NOJOKHATENbHBIN (110 Spearmen RCC),
rprdeM OoJIbIIe BCETO CTOK MOBBICHICS B nociennue 20 net. BepositHee Bcero, 910 yBe-
JIMYCHHE MTPOMIOJDKUATCS U B OyIyIieM — B cpenHeM oT 5 10 15 % k cepeaune XXI B. (1o
CpaBHEHHIO ¢ HOpMOH cToka 3a 1938-2022 1) u ot 25 10 30 % x xonmy XXI B. [13—15].

B Teuenue rona croxk HuxHell SIHbI pacnipeneneH KpailHe HEpaBHOMEPHO — IIpakK-
THYECKH Bech OH (99, 5%) nmpoxoanT ¢ Mast To OKTSIOpPb, TOT/Ia KaK Ha OCTAJIbHBIC IIECTh
3UMHUX MecsneB ocraercs ~0,5 %. Maino Toro, B 3MMHIOI0 M€KEHb BOJHBIN CTOK B HU-
30BbsIX SIHBI MOXKET MpeKpallaThCsl BBUY IepeMep3aHus peKHU Ha nepekaTtax. Belie
JIKaHTKBI TOBTOPSIEMOCTh TaKUX coObITH cocTaBisieT 40 % (13 52 ner HaOmoneHUN
1o 1989 r.), a Ha n. ct. FO6uneiinas 5 pas 3a 1972—-1988 rr. u exeronHo GpukcUpyercs
mocie 1988 r. CpenHss MpONOKUTEIHFHOCTH MMPOMEP3aHus BhIIIe 1. cT. FOOumneinas
paBHa 97 cyT., a HambombImass — 136 cyT. Ha BeceHHee U eTHEE TOJIOBOIRE B CTBOPE
Joxanrke! npuxonsares 38,7 u 47,8 % romoBoro croka, Ha CEHTIOPb—OKTIOPs — 13 %.
Hus m. ct. KOOwunelinas 3t mokaszarenu paBHbI 38,8, 44,7 u 15,9 %. 3a MHOTONETHUI
Nepuoj BHYTPUIOI0BOE paclpe/iesieHHe CTOKa HE3HAYMMO U3MEHUIO0Ch. 3MeHeHus mo-
JIOKUTENbHBIC, MIPEXKAE BCEro JUIS Mas, HIOHS, OCCHHMX M 3UMHHX MECAIEB, TOTa Kak
CYIIECTBEHHBIH POCT CTOKA B MIOJIE—ABIyCTE OTMEUEH JIMIIb Ha peKkax OacceifHa AnbIdu.
B urore nomns BeCeHHEro MOIOBO/bSI M OCEHHEH MEXEHHU B HU30BbSIX SIHBI yBEIHUHIACh
Ha 1-2 %, a #10Ms1 IETHUX MECSLEB C MaBOJKAMU COKpaTuiach. 3JUMHUM cTOK HinkHen
STHBI TOXE pacTeT, U ATa TEeHCHIMsI OXBAaThIBAET ITOUYTH BCE PEKH OacceiHa.

Becennee nonoBoabe HauMHaeTCs B CTBOpE JPKAaHTKBI B IOCIIETHIOK AeKaTy Mas
U C 3ara3iblBaHieM IPUMEPHO Ha IIITh CYTOK B cTBope . cT. FOOuneinas. [Iprnuem Ha
HIDKHEM IIOCTY OHO Pa3BUBAETCS CTpeMUTenIbHee. Ero cMeHseT cepust JOKIEBbIX MaBO-

¢ Bmopoii oyenounvlii 0okaad Poceudpomema o6 uzmenenusx kaumama u ux nOCi1e0Cmeusx na

meppumopuu Poccutickoii @edepayuu. M.: Pocrunpomer; 2014. 1017 c.

arpunxuii /I.B. Knumarnyeckne nsmMeHeHHs Ha ceBEpO-BOCTOKE azuaTckoi yactu Poccun. B:
T M B. K P B

Mamepuaner V Bcepoccutickoii nayuno-npaxmuueckoui kongepenyuu « Cogpemennvle menoenyuu u
nepcnekmugbl pasgumusl 2uopomemeoponozuu 6 Poccuuy. IpkyTckuii rocyapCTBEeHHBIN YHUBEPCUTET.
Hpkyrck; 2023. C. 345-353.

8 CIT 529.1325800.2023. Ce00 npasun. Onpedenenue 0CHOBHbIX PACUEMHBIX SUOPOIOSUYECKUX

xapaxmepucmux. M.; 2023. 108 c.
°  CTO ITHU 52.08.41-2017. Cmanoapm opeanuzayuu. OcHogHble 2UOPOIOSUYECKUE XAPAKIME-
PUCIMUKU NPU HECIMAYUOHAPHOCTU 8PEMEHHBIX PAO08, 00VCIOBIEHHOU BIUAHUEM KIUMAMUYECKUX

¢axkmopos. Pexomenoayuu no pacuemy. CI106.; 2017. 42 c.
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Tabnuya 1

IMapameTpbl 1 OPAMHATHI KPUBBIX 00€CIeYeHHOCTH PACX00B BOIbI B HU30BbIX SIHbI
Table 1

Parameters and ordinates of the probability distribution function curves of water discharges
in the lower reaches of the Yana River

Pacxozpl Bozibl (M/C) Tpu 00€CIIeUeHHOCTH:
IToct IxanrKsI
1 1010 (3,8)(0,23 (8,7)| coct. | 1630 | 1430 | 1325 | 1160 | 988 | 840 | 721 656
1 1010 (3,8)(0,23 (8,7)| 2,00 | 1640 | 1430 | 1320 | 1160 | 989 | 840 | 721 656
2 |7630 (4,6)|0,30 (10)| coct. | 13700 | 11600 |10700| 9080 | 7490 - - -
3 16190 (5,3)[0,42 (7,1)] 2,3 |13900| 11000 | 9640 | 7630 | 5800 - - -
4 595 (6,0) {0,38(10,5)| cocr. — - - - 567 | 434 | 329 | 278
[TocT FOOuneitnas
1 1090 (4,2) (0,27 (11,1)| coct. | 1850 | 1610 | 1485 | 1285 | 1070 | 873 | 714 | 627
2 19870 (8,1)[0,41 (9,8)] 2,2 |22000]| 17400 | 1530012200 | 9280 - - -
3 15750 (6,7)]0,26 (3,8)| 2,0 9720 | 8380 | 7710 | 6670 | 5620 - - -
4 771 (6,7) [0,36 (16,7)| 2,9 - - - - 723 | 565 | 458 | 407

Ilpumeuanue. 1 — cpeaHEro10BbIC PAaCXobl, 2 — MaKCHUMaJbHbIE PAacXO/bl BECEHHETO MOJI0BOIbS, 3 —
MaKCHUMAJIBHBIE PacXo/bl JIETHE-OCEHHUX MMaBOJAKOB, 4 — MHHUMAaJIbHBIC pacxoabl J€Ta—0CCHH, *B CKOO-
KaX — OTHOCHTEJIbHAsS TTOrPeIHoCTb (%), **1i1st cocTaBHBIX KpuBBIX Cs/CV HE IPUBOIUTCSL.
Note. 1 — average annual water discharges, 2 — maximum spring flood discharges, 3 — maximum
summer-autumn flood discharges, 4 — minimum summer-autumn discharges; * in brackets — relative
error (%) in parentheses, **for composite Cs/Cv curves is not given.
KOB — B CpPEIHEM MX TPH 3HAYUTENHHBIX M0 MPOJODKUTEIFHOCTH U BBICOTE. Becennee
monoBonke mtes 54 cyt. (Jxanrker) u >60 cyt. (FO6uneitnas). Ho nanbompimme 3a rox
pacxonbl ¥ YPOBHHU BOIBI B HU30BBAX SIHBI TOCTHUTAIOTCSA KaK BO BPEMs IOJOBOABS, TaK
n masoakoB. Ha mocty Jixanrker 8 10 % ciyuae O Obumn B Mae, 39 % — B HioHe,
33 % — B mione, 18 % — B aBrycre. Ha nocty KOOuneiinast mopasisiomee OONbIINH-
cTBO (72 %) TOMOBBIX MaKCUMYMOB OTMEUCHEI B MIOHE. Hambompimmii pacxox BOIbI Ha
nocty Jxanrkel u3mepen 25 urons 1950 1. (13000 m*/c), u, BeposiTHee Bcero, Takou xe
MaKCHMYyM, MIPUBEIIINI K CHIIFHOMY HaBOgHEHHIO0, ObuT B 2022 1. Ha mocty FOOueitnas
HAMOONBIINH MaKCUMabHBIN pacxon uzmeper 4 urons 1998 r. (19400 m¥/c).
MaxkcumanbHble pacxonbl Boasl HuxHel SIHbI, Kak 1 0cTajabHbIE THAPOIOTHUYECKUE
XapaKTePUCTUKH, TIPETEPIICTN B HACTOSIIEE BpeMsl cepbe3Hble m3MeHenus [4, 7, 8, 16].
Hosrie u Oonee meTambHBIC JaHHBIC MOATBEP)KIAIOT BBIBOJ O POCTE MAaKCHMAIbHBIX 3a
roj pacxonoB Bojbl Humxaeit Slupl — Ha ~940 m*/c Ha nocty Jkanrksl (wiu 12 %), HO
MMEHHO 32 CYET CTAaTUCTUIECKH 3HAYUMOTO (TI0 {-fest) yBenmndenus O TIOJTOBOIbS — Ha
~1540 M*/c (unm 22 %) (puc. 36). [Ipudem craTucTUYeCKU 3HAYMMBIM — 110 Pettitt s test
U CyMMapHOW MHTErpajbHON KPUBOU — IMEPETIOMHBIM T'OJIOM B MHOT'OJIETHEM XOJE IH-
KOBBIX PAacXOOB ITOJIOBONBS cireayeT cuanutarh 1996 1. Ero ompenemnsioT, mpexae Bcero,
MHOTONETHHE Koebanns O pekn AJBIYH, KOTOPBIE ABHO BeIpociu ¢ 1991 T u ysenu-
YUITUCH emie Oombire ¢ 1996 1., Torma Kak B BEpXOBBIX SIHBI U B HU30BBAX . beITaHTai
nepenoMHubM TofoM 6611 2004 1. Hao60poT, MHOTONETHHE KONEOaHus MaBOMOYHBIX O
HE JIEMOHCTPHUPYIOT TaKOTO BBIPAKCHHOTO W TPOJODKUTEIHHOTO COBPEMEHHOTO YBEIH-
geHust (CM. puc. 38). DTO ciencTBHe cabo BHIPAKCHHBIX M3MEHEHHH MaKCHMAalbHOTO
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MABOJIOYHOTO CTOKA BO BceM OacceliHe SIHbI, Hanm4us yObIBatoIIel TeHIeHINN Ha p. BrI-
Tantai (¢ 1993 1), 3amosnganoro ysenuuenns B Oaccelinax Bepxueit SIHber u Ajipl-
g — ¢ 2004 1., KoTopoe, IO TaHHBIM 3a TOCIEIHIE TOIBI, He OBLIO eIe U YCTOMYMBBIM.
EnuHbIM 11epesioMHBIM TOIOM IS QMC [1aBOJIKOB pekomenuayercsi cuutarb 2004 r., Ha-
YHHAs C KOTOPOTO OHH yBeIMYMmIUCh Ha 635 M*/c (wiu 10,5 %), npasna, Oe3 HapyIIeHui
OTHOPOITHOCTH PSJIOB II0 F-test u t-test.

B pesynbrare HapyieHus! OMHOPOIHOCTH €UHOTO PsiJia MAaKCUMAJIbHBIX 3a TOJl pac-
XOIIOB BOJIBI HE 00HapyxkeHo. OTHAKO B UX KOJIEOAHUSX BHUIHEI [BA BaXKHBIX Toga — 1996
u 2004 r., mpuaeMm ¢ 2004 1. B Oacceline SIHBI MOYTH JUIS BCEX PEK M XapaKTEPUCTUK MaK-
CHUMAJIbHOTO CTOKA Hayayics MEpHOJ MOBBIIIEHHBIX 3HaueHu. A ¢ cepeaunbl 1990-x rr.
MaKCHMAaJbHBIC 32 TO/I PACXOABI BOIBI B TIONABIIIONIEM CITydae CTalll MPHXOIUTHCS Ha Be-
ceHHee noJoBojbe. [Ipon3BeieH pacueT OCHOBHBIX YHUCIIOBBIX XapaKTEPUCTHK MaKCUMAIIb-
HBIX PacXoIOB BOIBI (CM. Tabm. 1), BEIOpaHbI aHAMTHYECKHAE KPUBBIE 00CCIIEYeHHOCTH.
CpaBHeHUe WX IS JIByX TIOCTOB MOKA3bIBAET, YTO MAKCUMAJIbHBIE 32 TOJl U B MOJIOBOJIHE
pacxoznsl BojbI Ha ocTy FOOmeitHas nmpumepHo B 1,5 pasa Oosbiie paBHOOOSCIICYCHHBIX
Qmm Ha mocTty J[)KaHTKBI, TOTa KaK JUis QMaKC MIABOJIKOB CUTyanus ooparHasi.

Emie oqHa ycTaHOBJICHHAsT OCOOCHHOCTh COBPEMCHHBIX MHOTOJICTHUX KOJICOaHUI
MaKCHMAJTBHBIX PAaCXOI0B BOJBI — 3TO H3MEHEHHUS B IaTaX WX MPOXOKAeHUs. [l Makcu-
MAaJIbHBIX 32 TOJ] PACXO/IOB 3TH U3MEHEHUS HE3HAYUTEIbHbBIE, CTATUCTUYECKH HE3HAUNMBIE,
0e3 SIBHOTO TPEeHIA. DTO CICACTBHE KOMIIO3HIIMHU JIBYX IPOTHUBOIIOJIOKHBIX TCHICHIIUN:
Torna kak Q) TOJIOBOJBLS CMEINAIOTCs Ha Oonee panuue cpoku (1o 5 cyt.), O ma-
BOJIKOB — Ha Oosnee mo3nnue (10 1-2 Hen.). [Ipuuem 310 MMeeT U BHOJIHE HETaTUBHBINA
MIPAKTUICCKIHA AP PEKT, TOCKOIBKY B CIIydae 3aTOIUICHU OCBOCHHON TEPPUTOPUH TTaBOI-
KOBBIMHU BOJIAMH YMEHBIIAETCS] BPEMS Ha JIMKBUJIALIMIO TIOCIEACTBUIM OT HABOJAHEHUH J10
HACTYIUICHHSI OCEHHUX XOJIOJIOB ¥ 3UMBL.

Jlerne-ocennsisi MmexxeHb Ha Hiknell SIHe ocobo He BeipaxkeHa B 90 % ciyuaes, 1o-
CKOJIBKY JIETHUE JIOKAW MOCTOSTHHO (hopMHPYIOT NaBojKH. MckirtoueHneM Obuty b 1943,
1947, 1956, 1967, 1970, 1991 u 2018 rr. MuaumManbHbIe pacxomsl (O, ) JETHE-OCEHHETO
ce30Ha 00BIYHO HAOIIONAOTCSI B TIOCIICTHIOKO JIeKa/ly CeHTSOpS U B Hauajie OKTA0ps (Ha criaje
TIOCIIETHET0 TTAaBO/IKA U TIepen JepoctaBoM) — 88 % cimydaes (xanrksr). Ot IMC JxaHTKbI
10 11. cT. }O0ueiinas O JeTHe-0CEHHEro Ce30Ha YBEIMYUBAIOTCSA 3a cHeT OOKOBOM MpUTOY-
HOCTH U cpabOTKH Biaro3anacos noiMel — ¢ 590 10 680 m3/c (3a 1972-1988 rr). C 1993 .
BUJIHO CTaTUCTHYECKH 3HAYMMOE U yCTOMYMBOE YBEIMYCHHE JIETHE-OCEHHUX O (CM.
puc. 32), 00yClIOBIEHHOE TAKMMH e TCHICHIIUSIMH BO BCeM Oacceline STHBI U, 0COOCHHO,
B Oaccetine Anpran. Ha TMC J[)kaHTKeI MEHUMAJTBHBIE PACXO/IBI JIETa—OCCHH YBEITMUMITICE
Ha 196 M/c B 1993-2007 rr., wim 36 %, a oObeMa CTOKa 3a CEHTAOPb—OKTAOPs — Ha 62 Y%.
Ha n. cr IO0unetinas ypennmaenne O coctaBuio 28 %, XOTA B aOCONFOTHBIX BENTHIMHAX
OHO MpaKTHUYeCcK Takoe ke, kak 1 Ha [ MC JIxanrksl. [To BoccTaHOBICHHBIM psijiaM ObLITH
ITOCTPOCHBI KPUBBIE 00CCIIEUCHHOCTH (CM. TalII. 1), KOTOpBIC MOATBEPANIN HEOOXOAUMOCTh
pacdeTa MUHAMAJIBHBIX PACXOI0B BOJBI 33/ITaHHOI 00ECTIECYEHHOCTH C YIETOM CYIIECTBEHHOTO
YBEJIMUYEHUS] MEKEHHOT0 CTOKa HauuHas ¢ 1990-x rr.

YpoBeHHBII U JIeI0BBIIi pe:kuM B HU30BbsIX SIHbI. ETo onacHble nposiBjieHus

Pacxozbl Bozbl B peke, UX KOJICOaHUsI PEryJupyloT X0 YPOBHS BOJIBI B TEUCHHE
roja U JOCTIKEHHE UM KPUTHUYECKHX OTMeTOK. Ho ecTh emie rpynma ¢akTopos, mopoi
HE MEHee BIMATENbHBIX, — 3TO JICIOBBIE SBICHUS, MOPCKHUE CTOHBI M HATOHBI, CTPOCHHE
pyciia, oMbl ¥ pycJIoBbIe NepeopMUpoBaHms. VX poib U coCcTaB MEHSIIOTCS 110 JUIMHE
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Hwxneit SIHBI, popMupys 3aMeTHBIC Pa3Iudus B PEKIME YPOBHEH BOABI, €T0 IKCTPEMAalTb-
HBIX XapaKTepucTHkax (puc. 16).

Becennee BckpbiTHE SIHBI, TEKYyIIIel Ha ceBep, COIMPOBOXKIACTCSI 00Opa30BaHHUEM 3a-
TOPOB JbJa. [IpOTSHKEHHOCTh 3aTOPHBIX CKOIJICHWH B HIDKHEM TCUCHHHU SIHBI JOCTHUTAET
20-25 M, a B agensTe — 10 60 kM. MoIHble 3aTOphl M caMble Oonbimue () omnpe-
JENSAI0T Hambosnee OBICTPBI M BBICOKHH IMOBEM YPOBHS B Havalle TIOJIOBOIbS HMEHHO
B CaMOM HHU30BbE PEKH, I7le Ha Mail U HIOHb npuxoaarca 90 % makcuMaiabHBIX 3a TOJ
ypoBHeit Bogsl (1. cT. FOOumeitHast), mpudyeM momasisroniee OONBITUHCTBO U3 HUX CO-
MIPOBOK/IANNCH JICTOBBIMH SBICHUSAMH. [Ipy 3TOM M3BECTHO, UTO HE BCe oOpasyromuecs
HIDKE 110 TEUCHHUIO 3aTOPBI JibJa MO (PUKCHPOBaThCsl HabmronarensiMu Ha nocrax'? [17].
Ha mocty HmxHesHCK Bce BBICIIHE TOOBBIE YPOBHU BOJB HAOMIOMAUCH B Mae U MIOHE,
npudaeM 90 % — 1o ouwmiieHus pycia oro Jbaa. s cpaBHeHwus, B Oacceiine SIHbI Ha
Mali—MI0OHb MPUXOIUTCA B cpenHeM 44—60 % MaKCHMalbHBIX 3a TOJ YPOBHEH BOJBI C Hau-
MEHBIINMH TOKa3aTeIsIMU Ha peKax, CTeKaloIINX cO CKIOHOB BepxosHckoro xpeodra,
a Ha nocty JlxaHrkel — 3710 48 %. Ha m. ct. FO0uneiinas 3a 1948-2023 rr. npeBbliie-
HHE TIMKa MOJOBOABS HAJ 3UMHHM ypOBHEM paBHO 9,1 M mpu cpenHeil moanopHoi co-
CTaBJIAIONIEH OT 3aTOPOB JbJa B 3,3 M, a MaKCUMAaJIbHBIN MoabeM 3adukcupoBa B 1968
r. — 12,1 m. BBepx mo TeueHuro OT 1. c¢T. KOOueitHas BEICOTA MOJIOBOIBST YMEHBIIACTCS
M3-3a CHIKEHHA caMuX O W POJM JIEJOBBIX ABIEHUN. B JKaHTKBI BBICIINE YPOBHH
COIIPOBOYK/IAJIN JIEJIOBBIE SIBICHUS TOJBKO B 15 % cirydaeB, a CpeiHssl BEIMUUHA TTOIIO0-
pa OT 3aTOpOB JIbJa B /IBa pa3a MeHbIe. B gensre SIHBI CHIDKEHHE TOABEMA TOTOBOABS
MIPOMCXOANT M3-32 €T0 PACIUIACTBIBAHUS B CHIIy TMIPOJIOTHYECKUX, THApOrpaduiecknx
u Mop¢omnormueckux npudud [1, 3]. B pesynsrate Ha nmoctax Jxanrksr (19381989 rr.)
n Yerb-Kyiira (2002-2023 rr) cpenHie U MakCHMaJlbHbIC BEJUUMHBI ITObeMa YPOBHS
B ITOJIOBOZIEE COOTBETCTBEHHO paBHEI 6,8 1 9,5 M (1968 1), 6,9 10,3 M (2023 r.); Ha mo-
ctax Hroke 1. ¢T. KOomneiinas — Yerb-Suck (1979-1986 rr), HiwknesHek (1970-2023 rr)
u FOaneti (1968—1994 rr.) — cootBerctBeHHO ~8 1 10,5 M (1985 1); 3,1 14,35 M (1996 1),
<2 m 2,3 m (1985 1.). HaubGonpmias HHTEHCHBHOCTh TIOABEMA YPOBHEH BOABI B IMEPHOJ
BCKpBITHS cocTaBmia (¢ 1977 mo 2022 1.) as 1. ct. FOomneitnas — 8§14 cm/cyt. (2012 1),
g 1. HikaestHek — 158 em/cyT. (2004 1), g . ct. FOsameit — 80 cm/cyT. (1988 1.);
CPeAHss — 3aMETHO HIKE.

[TonmoBomBe CMEHSIOT HOKICBBIC TTABOIKH (C TOOABICHUEM CHETOBBIX, JICTHUKOBBIX
¥ HaJIEAHBIX TaJbIX BOJ), CIACIYIOIINE OIWH 3a APYTUM, TIOPOH HAKJIaIbIBAIONINECS HA
CIaJl BECEHHET0 MOJI0BO/Ibs U IPEBBIIAIOLINE €r0 10 BbicoTe. CpeaHsis BbICOTA aBOJIKOB
HaJ YPOBHEM J0 Haydajia ImoxbeMa Ha MocTy JIKaHTKel paBHA 2,6 M, a MaKCUMaJIbHAs —
5,8 M (1946 ). Jlosm nronst 1 aBrycra BO BHYyTPHIOJJOBOM PacIIpeAeIeHN MaKCUMaIbHBIX
3a rox ypoBHel — 38,1 u 14,3 %, 4T0o COOTBETCTBYET CpeAHEOACCEHHOBBIM MTOKA3aTEIIsIM,
KOTOpBIE BapbUPYIOT B AuanazoHax 27-42 % u 11-18 %. K 1. ct. FOOuneitnas u BepmnHe
JICTIBTHI BEICOTA MTABOJIKOB HE PACTET, B OTIIMYNE OT BOJIHBI MOJIOBO/IbsS, @ YMEHBIIAETCS (J10
2,1 m y FO6uneiinoit u 1,7 My Yerb-SIHcKa!l); Ha MOPSIOK MEHBIIE 31€Ch U BEPOSTHOCTh
HaOmrofienust [ B Wioge—aBrycre. B JeNbTOBBIX pyKaBaX CPEHsAsS BBICOTA MAaBOJKOB
ymenbimaercs 1o 0,5 M. Ho gaxke 370, a Takke CTOHBI M HATOHBI, CTAHOBAIINECS 3aMETHBIMHU
npu ypoBHIX HUke 210 cM, HE MOTYT 3aTylIeBaTh MaBOAKH B JiesbTe. MOpCKHe HATOHBI
1 Kamanoe samopnvix u 3axcopnwix yuacmros pex CCCP. T. 2. J1.: Tunpomereousaar; 1976. 125 c.

1 Marpuukuii JI.B. Ecmecmeennvie u anmponozenivie usMeHeHust 2uOpOoLo2UHecKo20 Pelcuma

HU306be6 U ycmbves pek Bocmounoti Cubupu: ABroped. auc. ... reorp. Hayk. M.: MI'Y; 2001. 25 c.
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BeIcOoTOM | M, mitn 1 %-HO#l 006ecnedeHHOCTH, «ITPOHUKAIOT» BHYTPb ACIBTHI IPHOIN3H-
tenbHO Ha 60—70 kM, a BeIcoTO# 0,2 M (50 %-Hoit obecnieuennocti) — Ha 3035 kM [18].
[pmnuBel Mensine nmo Benmunne (<0,2 M) u pacupoctpansiorcs He gamee 30 kM [3].
MakcumManbHasi ”HTEHCHUBHOCTb TIOIbEMa YPOBHEH BOJIBI TIPH ITPOXOXKICHUH MTABOIKOB —
230 cm Ha 1. ct. KOGuneitnas, 126 cm y n. Hwkresuck n 102 cm Ha 1. ct. FOaneit.

Bo BpeMst BBICOKOTO TTOJIOBOIbSI M IOKIEBBIX TTABOJIKOB CITy4aeTCs! 3aTOIICHHE MOIMBI
U pacIoNOXEHHBIX Ha MoWMe M Oeperax CTPOSHHH, JOpOT, KOMMYHAIBHBIX ceteit u JIOI,
pesepyapos ¢ 'CM u nip. [prraem 0coGeHHOCTH pa3MeneHIsT 00BbEKTOB 1 UCTIONB3YEeMBIX 3¢-
MeIb BOM3H PEK TOPOH TAKOBA, YTO UX 3aTOIUICHUE HAYMHACTCS PAHBbIIIE, YeM BBIXOJ] BOJbI HA
moiiMy. Pa3miB pedHbIX BO MOXKET TIPOM30MTH B JTI000H M3 MECAIIEB C Mast TI0 CEHTIOPH C TO-
BTOpsieMocCThIO | pa3 B 2-5 net u 2,5-10 et ¢ moctmkennem otMetok OS (Tabm. 2). Cpenssisa
1 MaKCUMaJIbHas MPOJOIDKUTENFHOCTD 3aTOINICHUS TOHMBI — 1-6,5 cyT. (1. cT. KOOmeii-
Hast — 4,5 cyt.) u 267 cyT. (. ct. FO6mneitnas — 12 cyt. B 1970 ).

[lepBrie ymOMHHAHHSA O MECTHBIX HaBOAHEHUAX oTHOCATCA K 1882 1 1918 rT. 1 TO-
pony Bepxosucky [19]. B mocnenyiomem Goipine HAaBOAHEHHUS, O KOTOPBIX COOpPaHBI
JIOCTOBEPHBIC CBEICHIS, OBLTH B Io0BoARE 1961 (B mrone u aBrycre), 1967 (Maii—1roHb),
1968 (maii) tT. 1 B 1978 1. (utomp). OnHAKO, COTITACHO YPOBCHHBIM HAOIIONCHHSIM Ha T10-
cTax, OOJIBIIIIIE HABOJAHEHNUS, BEPOATHEE BCETO, ObLTH Takke B 1943 u 1964 rT., MeHbIIIHE 110
MacmTabam — B 1945, 1949, 1951, 1959, 1970 u 1989 rr. Bo Bpems HIX B HU30BBAX SIHBI
MOIJIM 3aTOILIATHCS HaceleHHble NyHKThl YcTh-Kyiira, Kasause, Yerb-SHck 1 HuxHesHCK.

B coBpeMeHHBIN MEPHO CUTYaINs ¢ HABOMHCHUSAMH JIUIIG yCyryonnack. Tak, je-
ToM 2004 u 2022 1. B Oacceifne SIHBI MPOM3ONUIH /IBa KaTacTPOPHIECKAX HABOTHEHUS
¢ mpsMbIM yiiepoom 1o 300400 miH py0. (B menax 2025 1), yetsipe 6ompmmx — B 1996,
2008, 2012 u 2018 rr., I9Th yMEpPEHHO-OMACHBIX U Hebompmmx — B 1991, 2005, 2006,
2013 m 2023 rr. I3 HUX 5 — B HU30BBSX SIHBI ¥ BO BpEMsI BECECHHETO MTOJIOBOJIBSA C JIE/I0-
xomoM (puc. 4a, cMm. Tabm. 2). YBenuueHne MOBTOPSIEMOCTH W MHTCHCUBHOCTH OTIACHBIX
3aTOIUICHUH CBS3aHO MPEXKJE BCETO C IMOJIOKHUTEIbHBIMUA TECHACHIMSAMHI B KOJIEOAHHSIX
MaKCHMaJIbHOTO CTOKa (CM. BbImIe), XoTst B 1940-¢, 1960-¢ rT. 1 B Havane 1970-x rr. cu-
Tyamus ¢ 3aTOIUICHUSIMH ObLTa HE MEHee CIOKHOHU (cM. puc. 4a). B 1menom ¢ cepeauHbt
1990-x TT. pUKCHpyeTCs 3aMETHOE yBEIHMUEHHEe MaKCHMaJbHBIX YPOBHEH (cM. Tadm. 2),
TpEeXIE BCEero s [ B aBrycre u pek B 6accerine Anpram, n yxe ¢ 2004/05 r. — no
mmHe caMmoi SHbI, Ha pekax Capranr, [ynramaax u beitanTtai, T. €. Ha pekax jeBode-
peXHOM yacTh OacceifHa, CTEKAroINX cO CKIOHOB BepxosHckoro xpedTa. K HH30BBSIM
U YCTBIO SIHBI 3TN pa3Iu4msi CyMMHPYIOTCS, 3aTyILIEBbIBAsI HACTYIIJICHHE BTOPOTO MIEPHO/A.
C 1990-x rT. cTanu HaOIIOAATHCS CITy4ad MaKCHUMaJIbHBIX 3a TO YPOBHEH M 3aTOTUICHHHA
MTOWMBI B CEHTS0pE, Tora Kak B aBrycre B mocneanue 10—15 ner ux cramo mensmre. Ha-
YaJI0M yBEIWYEHHsI O0IIEH MPOAOHKUTEIBHOCTH 1 IIIyOWHBI 3aTOIUICHUS TOWMBI CIIEIyeT
CUNTATh CEPEANHY — BTOPYIO MMoJoBHHY 1990-X rT. Portk m3MEeHEHNIH JIETOBBIX YCIOBUH,
IIPEXk/I€ BCETO BECHOM, B 3THUX IPOIECCaX HEOUEBUIHA, TTOCKOIbKY HET JJOCTOBEPHBIX
CBe/ICHUH 00 M3MEHEHUH XapaKTePHCTHK 3aTOPOB JbAa. B To xe Bpemsa go 1989 r, co-
IJIaCHO MaTepHajaM THAPOIOTHIECKUX EKETOTHUKOB, JIEASTHOW ITOKPOB BECHOH €KETOIHO
MOJIBEPTaJICsl HCKyCCTBEHHOMY Pa3pyLICHHUIO, YMEHBINABIIEMY PHUCKH BO3HUKHOBEHHUS
3aTOPHBIX HABOJHEHUI; MOceHee ymoMuHaane 06 3tom otHocutes k 2000 1.

C OKOHYAHMEM IIOJIOBOIbS M MTABOAKOB, MEXIY MaBOJKAMH, T. €. BO BPEMsl HU3KUX
CTOKOBBIX YPOBHEH (HIKE TaK HA3bIBAEMOTO NMPOEKTHOTO YPOBHSA (an)), a TakXKe BCIIeI-
CTBHE NPOJOJKUTEIBHBIX BETPOBBIX CTOHOB HA YCTHEBOM Oape, paHHETO Hayasa JEeA0BBIX
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Puc. 4a. MHoronetHue konebaHusI MaKCUMAJIBHBIX 32 TOA ypoBHEH Boasl (/), 00LIel IpoaomKu-
TEIBHOCTH MPEBbILICHNS] MAKCUMAJIbHBIMH YPOBHSAMHU OTMETKH 3aTOILICHHS TIOWMBI (2) ¢ yKa3aHHEeM
OTMETOK BBIXO/Ia BOZIBI Ha oMy (3) U omacHOro sBiIeHus (4)
Fig. 4a. Diagrams of long-term fluctuations of maximum annual water levels (1), the total duration of
the maximum levels exceeding the floodplain flood mark (2), indicating the marks of the beginning
of floodplain flooding (3) and the dangerous phenomenon (4)

SIBIICHUI Pa3BUBAIOTCS YCIIOBHS, OIPAHUBAOIIHE paOOTy BOAHOTO TPAHCIIOPTA U CEBEPHBIN
3aB03. Ce30H HaBUTallMU COBIMAJIAET C MEPUOAOM OTKPBITOTO pyciia, HO CPOKH HaBUTaLUU
HA3HAYAKOTCS TUPEKTHBHO — €IKETOIHBIMU pacriopsbkeHussMu PocMmoppeudiiora (tabdo. 3),
KOTOpBIC JUIs . STHBI B IEJIOM HE MEHSUTUCH yxe MHOTO JieT. CyIIecTBeHHO Ooliee Mmo3aHee
HAyYaJI0 HABUTAIUHU B YCThe SIHBI OOBSCHSCTCS OOJiee MO3THUM OCBOOOXKIeHHEM SIHCKO-
r0 3aJIMBa OTO JIbJIa: YCThEBOW Oap OCBOOOKIAcTCs mpuMepHO Ha 1—1,5 Hemenu mo3xe,
4yeM peka, 3aJMB — ellle Ha 1 Mecsn nozxe. B ciaydae paHHEro O4UMILEHUS] PEKU OTO
nbJa, Kak, Hanpumep, B 2005-2012, 2017, 2020 rr., HaBUrauuoo MOTYT HauaTh paHbIIIe,
a ¢ MPOJJICHHE MOXET OOBSICHATHCS HE TOJBKO 0OJiee MMO3JTHUM TOSBICHUEM Jba, HO
U CpPBIBAaMU CPOKOB 3aB03a I'Py30B, Kak 310 Obuto B 2011-2014 rr. Kilmmarnyeckue uz-

78 Ipo6nemovr Apkmuxu u Anmapkmuru. 2026;72(1):65-84



D.V. Magritsky, S.A. Kainova, A.S. Zavadskiy
Current hydrological regime of the Lower Yana and hazardous hydrological phenomena

188\”1‘ BepxosiHck (p. fnHa) Hppins ™ T, g(c):yr. Bararaii (p. SHa) Hppinsy €M
F 400 r\ i }~ 400

S T WV A A 60 4.6 /

40 NIVVV\]V\/N (A A% 300

20 1 ‘ 200 59 5 200
O =1 h I| | il I|| n 4 I| - |I I| || 0k .II III - L 100 0 4 il L L I|. ||||I| ||| 100
1940 1955 1970 1985 2000 2015 1940 1955 1970 1985 2000 2015
i O6uneiinast (p. Ana) i HixuesiHek (p. SHa)

1 L 550 . .
] MV/\A.A o Ay o |

404" ] ‘
20 - 5
0 Al |||| ||I | II|| || dl ||| || Illlll I" I ~amfll

1940

5

T
%)
V3
(=)

[

(=}
L
|

wn
(=

4 p - <L 250 0 - ~150
1955 1970 1985 2000 2015 1940 1955 1970 1985 2000 2015

Puc. 46. MHoroseTHre KojieOaHNsT MUHUMAIBHBIX JIETHE-OCEHHUX (6) ypoBHE BoabI (/), poaos-
JKUTEIBHOCTH CHIDKCHHUSI YPOBHEH BOJBI HIKE KPUTHUCCKOH OTMETKH (J) ¢ yKa3aHHEM OTMETKH
MPOEKTHOTO YPOBHS (6)

Fig. 46. Diagrams of long-term fluctuations of minimum summer-autumn water levels (/), the duration
of lowering water levels below the critical mark (3), indicating the navigation level mark (6)

Tabruya 3
XapakTepHCTHKH JIeI0BOT0 PeskuMa p. SIHbI 10 y4acTKaM BOIHOIO IyTH
Table 3
Characteristics of the ice regime of the Yana River in certain sections of inland waterways
Bepxuss — HuxHAA rpaHuna Jlara Jara
yJacTka OTKPBITHS Asmios | Bouoss 3aKpPBITHSA Auoors | Ao
(OTIOPHBIH THIPONIOTMYECKHIA TTOCT) | HABHTAIHI™ | "wx50% 0450%” | HapuTarEm* |\ s0% nS50%
. bararaii — yctbe p. Angpua 04.06 28.05 | 31.05 16.09 29.09 | 07.10
(noct bararaif) (25.05) [ (27.05) (04.10) | (11.10)
ycrbe p. Anbraa — 1. Yerb-Kyiira 04.06 29.05 | 02.06 16.09 30.09 | 11.10
(r Caiizpr) (23.05) | (28.05) (04.10) | (19.10)
. Yerp-Kylira — n. HukzestHCK 10.06 02.06 | 08.06 30.09 29.09 | 06.10
(1. ct. KOGueitnsIit) (27.05) | (03.06) (04.10) | (09.10)
1. HiwxkuestHck — ycTbe, MbIc Yoei 20.07 11.06 | 11.06 30.09 01.10 | 07.10
(moct HmxuestHCK) (06.06) | (07.06) (05.10) | (11.10)
MEBIC Yazeit — SIHCKMit 3a/11B, 20.07 — 10.06 30.09 02.10 —
BXOJHOI1 Oyii (moct K0aeit) (07.06) (05.10)

Tlpumeuanue. * — COMIACHO MOCICAHEMY pacnopsbkennio Pocmoppeuduora or 27.12.2024 vy I 0.,
A, so0er Boutones Housor, — AaTa BCKPBITHS (Havana jieoxoaa) u ouuierus 10 % u 50 % 00eCeueHHOCTH 32
nepuon 2004-2023 rr., Z[mgﬂ% 5 I[mso% s Ilmgo% 5 Z[wo% — J1aTa MOSIBJICHUS JIbJ1a U YCTAHOBJICHUS JIEAOCTaBa
90 % u 50 % obecnieuennocty 3a 20042023 rr.

Note. * — according to the latest order of Rosmorrechflot dated December 27, 2024; I om0 Hcsonss Hoaronss
M, s, — date of break-up (ice run) and ice clearing 10 % u 50 % for the period 20042023 rr., 1o J1 .,
— date of appearance of the ice and freeze-up 90 % n 50 % for the period2004—2023 rr.

1190% I[HJ.\SO%
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MEHEHHsI CTAaTHCTHYECKH 3HAYUMO (T10 f-fest) COKPATWIIN MPOIOIDKUTEIBHOCTD JIEAOBBIX
sereHnid — Ha 8—10 cyT. (¢ mepernomuapM 2004 T.) 32 CYET CMEIICHHUS CPOKOB OKOHYAHUS
Je0CTaBa U JEe0X0/a Ha Oojee paHHEee Hayallo, a OCCHHETO MOSBICHNUS JIbJja — Ha Ooree
TIO3/JHHE /IAaThI, YBEIWUINB Oe3IeJ0CTaBHbIN nepro. Ho MMpeKTHBHBIC CPOKM HABUTAIMN
HE MEHSIOTCH.

[TpoekTHBIE YPOBHH OIIPEACIIAIOTCS MO JJAHHBIM YPOBEHHBIX HAOMIONEHUH HA ONH-
JKAUIIeM THIPOJIOTHYECKOM MocTy (cM. Tabi. 3). I BHYyTPEHHNX BOJHBIX MyTEeH MEpBOM
U TPEThE KaTeropui an JOIKHBI obecrieunBarbest B Teduenne 90-95 u 80-90 % mpo-
JOJDKUTEITBHOCTH HABUTAI[MOHHOTO CEe30HA (B TMPEKTUBHBIX TpaHunax). Ho Heobxoanmo
TIOHUMATh, YTO TAPAHTUPOBAHHBIC (HOPMAJIbHBIC JJISI Cy/IOXOJICTBA) TITyOUHBI PETYIHPYIOTCS
HE TOJIBKO TOJIOKEHHEM YPOBHS BOABI B PEKe, HO W THOYIITyOJICHUEM.

Pesynbrarel 00pabOTKH MEKEHHBIX YPOBHEH ITOKA3BIBAIOT, YTO YPOBHH HHXKE
an (B cpemuem Ha 0,4-0,5 M u Gonbie) MoryT HaOronaTecs Ha HipkHed SIHe B WroHe
n ntone — ~10 %, HO Hale BCETo 3HAYUTEILHOE U NPOAODKUTEIBHOE TaJeHUE YPOBHS
HUKE an oTMedanoch B aBrycre (~17 %) u centsaope (~70-75 %). B HmwxuestHCKe m0TH aB-
rycTa u ceHTs0ps Juist Takux coObIThii coctaBmim 31 1 47 %. B Takux ycinoBusx rpy3oBble
CyJa UIyT C HETIOIHOMN 3arpy3Koi, YTOOBI YMEHBIIUTE OCa/IKy, THOO HABUTAIHMS TIPEphIBa-
eTcst BOBcE. DTO MPUBOANT K YOBITKaM U JIaXKe CPhIBY apKTHIECKOTO 3aB03a. MHOTOIETHSIS
TIOBTOPSIEMOCTh HEOJIArONpHATHBIX JIET OleHUBaeTcs aBropamu B ~70-75 % (¢ 1950 ). Bo
BpeMsi HUX CyMMAapHO€ KOJIMYECTBO JIHEH ¢ H<Hnp paBHO 10—15 cyT. ¢ MakCUMaJIbHBIMU
mokazarensMu B 40 cyT. Ha mocrax Jxanrkel u FOOwmeiinas B 1956 . u 76 cyT. Ha 1o-
cty Hmxuestuck B 2020 . B pesynerare daktudeckas MpoaoDKUTEIFHOCTh HaBUTAIIHN
MeHbIIe (pr3maeckoit: 10 1. Yerh-Kyiira, ot Yerp-Kyiira no HiwkHesHCKa U HIDKE OHA
oputa MeHbIIe B 2010-2023 rT. cootBeTcTBeHHO Ha 21, 11 1 45 cyT. Boime mo TedeHnto
XapaKTEPUCTUKN HECKOJIBKO JPYTHE.

CoBpeMEHHOE YBEIMYECHHE MEKEHHOTO CTOKA (CM. pHC. 32) COMPOBOX/IAIOCH TIOBbI-
IIEHNEM MUHAMANBHBIX ypoBHeH H | B cpemaem Ha 10-20 cm (¢ 1994 1) u ymenbInenuem
BPEMEHHU CTOSIHUS UX HIKE an Ha 1,5 cyT. (cM. puc. 46). Ho mpomsonnio 310 Onmaromapst
MO3UTUBHBIM U3MEHEHUSAM BO BTopoil nonoBuHe 1990-x rr. u B 2000-x . C 2008 1. u 1o-
BceMecTHO ¢ 2018 I. THApOIOrnYecKre yCIoB s HABUTAIMN YXYALIMIINCE M3-3a OTCIBHBIX
HETaTUBHBIX TEHACHINH B MEKCHHBIX W ITaBOJOYHBIX PACXOaX BOJBI B Pa3HBIX YACTIX
Gacceitna. [Ipexze Bcero yXyammiach CUTyalus B MIOJIE U aBTyCTE, MUHHIMaJIbHBIC YPOBHU
cammmch Ha 10-30 cm. Ha mocty HmxaestHCK agenue ypoBaeit (Ha 20—40 cM) oTMedeHO
BO BCE MECSIIIBI JIETHE-OCCHHETO CE30Ha, YTO MPUBETIO K YBEIMUYCHHUIO KOJIMIECTBA HeOmaro-
TIPUATHBIX IHEH Ha 16 cyT. B pesynbrare ecnm Ha mocty FOOumeitHas mpoeKkTHEIA ypOBEHb
TIOYTH COXpaHMIT obecriedeHHOCTh 95 %, To Ha mocTy HIKHESHCK OH CHU3WIICS TTOYTH JI0
80 %. B To ke Bpems K TaHHBIM HaOmoneHni Ha moctax HrnkHestHCK 1 FOmeid, paBrih-
HOCTH MX BBICOTHOM OCHOBBI, COXPAaHEHHUIO TECHOM CBS3M MEXIy YPOBHIMH JBYX TIOCTOB
U T. Il. €CTh BOMPOCHL. B mTore 3arpymHeHws s mpoxoaa cyaoB obum — B 2011-2014, 2017,
2020, 2021 tr. m ocoberHo cepre3npie B 2018, 2019 u 2023 1. (3a 2011-2023 1). Eme
OZIHOM TIPUYMHOM OBUTH HEIOCTAaTOYHBIE 00BEMBI THOYIITYOJICHNS, IPOBOANBILETOCS Ha 17
nepekarax Hmke Ycrb-Kyiiru (¢ rogoBbiMu oobemamu ot 20 10 60 Thic. M* 1 Gosbliie) 1 Ha
6ape ycrbs [auoro pycina (ot 280 1o 550 teic. M® u 6osbie). K cBenenuto, B 1980-¢ .
Ha yuactke Ycrb-Kyiira — Hmknesirck onu cocrasmsiiu 0,8—1,1 u 1-3,2 mitn M/ron. Beiie
Yerp-Kyiirn aaoyrtyOuTensHble padoThl, TIO-BUANMOMY, BOOOIIE HE MpoBoasTcs. Panee
HEONaronpusATHBIMA TS CYIOXOCTBa niepronamu osum 1950-¢, 1970-1980-¢ T
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Ha yctbeBom Oape orpaHHYeHUs CO3/1aI0T BETPOBBIE CTOHBI, OXBATHIBAIOIINE /10 55
u paxe 10 60 % BpeMeHU HaBUTAIMK. BMecTe ¢ HU3KMMH CTOKOBBIMH YPOBHSIMH CTOHBI
TIPUBENH K CEPhE3HBIM IpodiieMaM B mpoxokaeHnn cyaos B 2011, 2012, 2013 (19-30 aB-
rycra), 2015 (7-19 aBrycra), 2020 (24 aBrycta — 5 centsi0ps) u 2023 rr. Mopckue
cyla, cyla «peka—Mope» JH00 T0KUAATNCEH OJIAarONPHUSTHBIX THAPOIOTHIECKUX YCIIOBUH,
00 Tmeperpyaii CBOil Ipy3 Ha peuHbIe Cya, CIIOCOOHBIE MPOUTH ycTheBou Oap. Jlo-
MOJTHUTEIbHBIE TPYIHOCTH BOJHOMY TPAHCIIOPTY CO31Al0T: |) MHTEHCHBHBIN BECEHHHI
JIeJIOXO]] C 3aTOpPaMH, MPUBOISIINK K IMOBPEXICHUIO 3HAKOB CYJOXOAHOM 0OCTaHOBKH
U JTaXKe CYJIOB, C TIOCIEAYIONINM dKOIOTHIECKUM yiiepoom (BecHa 2012 1.); 2) 3aHeceHHe
CYZIOXOJHOM TIPOPE3n HAHOCAMH U MyCOPOM BO BPEMs CHIIBHBIX ITABOJIKOB M BETPOBBIX Ha-
roHOB (2015 1 2022 rT.); 3) IpensATCTBOBaHNE THOYTIIYOUTEIEHBIM PadOTaM Ha YCTHECBOM
Gape apeiidyromero MOpcKoro Jb/ja (oA BIUSHUEM CTOHHO-HaroHHBIX SIBJICHUI), Kak
ato O0bu10 B 2016, 2017, 2023 rT.; 4) mo3aHee 0CBOOOKIEHUE OTO JibJa STHCKOTO 3aJIMBa
u ycTheBoro Oapa (B 2013, 2015, 2017 u 2018 t1.); 5) cuuibHBIE IITOPMA B 3aJUBE U HA
Oape, xak, Harpumep, 13 ceHTs0ps 1976 1., Koraa 3aTOHYIHM TaHKEP M TEIUIOXO H TIOITY-
YU TIOBPESKACHUE eIlle 2 TaHKepa. DTO CaMbIid CIIOKHBIN CYIOXOIHBIN y4acToK Ha SHe,
U J00bIe OrpaHNYEHMs, CBI3aHHBIC C HU3KUMH YPOBHSIMHU M ITyOMHAMH, YBEJINYNBAIOT
PHCKH CpPbIBa aPKTHUECKOTO 3aB03a M aBapHil.

BriBoabI

VBenudyenue o0beMOB Ipy30MEepPEBO30K 110 p. SIHE B CBS3M C pacIIMPEHUEM MacIITa-
00B JOOBIYM TTOJIE3HBIX UCKOTIAEMBIX B OacceliHe, 0e301acHoe U SKOHOMUUYECKH OIpaB/IaH-
HOE pa3BUTHE HACEJICHHBIX MyHKTOB, TPAHCIIOPTHON M SHEPTeTUYECKOH HH(PPACTPYKTYPBI,
HeCTal[OHAPHbIE THAPOKIMMATHYECKUE N3MEHEHHSI B PETHOHE TPEOYIOT aKTyaln3aluu
CBEJICHUI1 O COBPEMEHHOM T'HJIPOJIOINYECKOM pexuMe SIHbI Kak OCHOBHOIO TPAHCIIOPTHOTO
KOpPHUI0pa, UCTOYHMKA BOJBI U THJIPOJIOTHYECKUX OMACHOCTEeH. B cooTrBeTcTBUU C 3TOM
eIIbI0, TI0 HauboJiee TOMHBIM JaHHBIM HAOJNIONEHNI Ha THPOJIOrNYEeCKUX MOCTax, KaK
B HIDKHEM TeUEeHHUH SIHBI, TaK M B OCTAJIBHBIX YacTsIX OacceliHa, ObUTM OOHOBJICHBI OLICH-
KM XapaKTePUCTHK T'OJIOBOTO CTOKA BOABI, MAKCUMAJIBHBIX U MUHUMAaJIBHBIX PacXofOB
M YPOBHEH BOJIbI, JIEZIOBOTO PEKHMMA, BBIITOJIHEH CTATUCTUUECKUH U rpadMuecKuii aHamm3
MX MHOTOJIETHHUX KOJIEOAHUI C ONpeJielIieHNEM XapaKkTepa M3MEHEHUH, IIMKIIOB BOJHOCTH,
MEPEJIOMHBIX JIET, YYaCTHs B DTUX TCHJCHUMUSIX INIaBHBIX MPUTOKOB, aHAJIN3 OCOOEHHO-
CTell BHYTPUToA0BOro pexuma. IIpu 3ToOM BaKHBIMU JONOTHUTENBHBIMU pe3ybTaTaMu
9TOH PabOThI CTAIN YUTMHEHHBIE PS/IbI CPETHETOJJOBBIX M MAKCUMAJIBHBIX PACX0/I0B BOJIBI
B HU30BbAX SIHBI, IOCTPOEHHBIE 10 HUM JAUArpaMMBbl, PaCCUUTaHHbIE TapaMeTPhbl KPUBBIX
00eCIIeueHHOCTEH U CaMH KPHUBBIE.

VYcTaHOBIEHO, UTO CPEAHETOI0BbIE, MAKCUMAIIbHbIE 1 MUHUMAJIbHBIC PACXO/bI B HUXK-
HeM TeueHuu SHbl Beipociu Ha 23-24, 12 u 36 %. [Ipuyem yBenuueHue rogoBoro cToka
STHBI 00ecTeYrn TTOJIOKUTENIbHBIC TCHICHIIMA BO BCE CE30HBI TOJla M Ha BCEX PEKax
Oacceiina, npasza, ¢ pa3HbIM HadajaoM. OCHOBHBIMHU MEPEIIOMHBIMH rofamu Obutn 1989,
1996 u 2004 rr. Cpeny MaKCHUMAJIBHBIX PACXOJ0B HAMOOJIbBIICE YBEIMICHUE OOHAPYIKCHO
y ITUKOBBIX PAcX0J10B MOJIOBObS (+22 % Hauunas ¢ 1996 ., mpotus 10,4 % y naBoakoB).
Mano Toro, MakCUMalbHBIE 3a IO/l PACXOBI BOABI B MOJABISIONIEM Cllyyae CTald MpH-
XOJUTHCS HA BECEHHEE MOJIOBO/IbE, MAKCUMAIIBHBIX PACXOABI MOJIOBObsSI CTAIU MIPOXOAUTH
HEMHOT'O paHbIlie (B CPeTHEM Ha 5 CYT.), a MaBONIKOB mo3xke (Ha 1-2 Hej.).

Hecramnyonapssle n3MeHEHMs B CTOKE MOBIHSUIN Ha YpOBEHHbIN pexkuM Hipknel
SIHBI, a Takke HAa XapaKTEPUCTUKU 3aTOIUICHUS MONMBI ¥, COOTBETCTBEHHO, HABOHECHUH,
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KOTOPBIE MOTYT MPOHCXOANTH B JIIOOOH MecsI] ¢ Masi 110 CEHTSIOPb, COMIPOBOK/AAS BBICO-
KO€ TIOJIOBOJIE W TIABOJKH, a TAaKXKE Ha yCJIOBHUS HaBUTallMH, C TIOBTOPSIEMOCTHIO | pa3
B 2-5 ner u 2,5-10 sieT ¢ JOCTHKEHHEM OTMETOK OIIACHOTO siBJIeHUS. BiusHue HapyeHnit
JIEAOBOTO PEXUMA PU3HAHO HE3HAUUTEIBHBIM, TIOCKOJIBKY MPOIOIDKUTEIBHOCTD IEPHOIa
C JIEJOBBIMHU SIBJICHUSMHU COKpATUIIach Bcero Ha 5—8 cyT. HauuHas ¢ 2004 r. YcraHoBJIEHO,
YTO MMOBTOPSEMOCTH U ITapaMeTPhl 3aTOIJIICHUH MTOWMBI TIOBCEMECTHO B OacceifHe BBIPOC-
mu (¢ cepenuabl 1990-X IT.) Mpekae BCEro M3-3a MOBBIIICHUS MaKCUMAIbHBIX YPOBHEH
B cpenHem Ha 0,2-0,5 M. B pesymsrate ¢ 1990-X IT. 3aUKCHPOBaHBI Ba KaTacTpoduye-
CKHX, YEThIpE OOINBIINX U MATHh HEOONBIINX HAaBOIHEHUH. [IprueM B HU30BbsIX SIHBI IBHO
JOMHMHHUPYIOT BECEHHHE CTOKOBO-3aTOPHBIE HABOTHEHHUS.

C 2008 1. 1 moBceMecTHO ¢ 2018 1. HabmOMaeTcs yXyIIIeHne YCIOBUI HABUTAIINH,
0COOCHHO B MIONIE—aBryCTe M Ha YCTbeBOM Oape SIHbI, HeCMOTpsl Ha o0Iee yBelIndyeHHe
MeKeHHOTO cToKa ¢ 1990-x rT. u moBsIeHne ypoBHeit 1o 2007 1. (Ha psae MOCTOB — 10
2017 1.). Ero mpuymHBI KPOIOTCSI HE TONBKO B HEOIMHAKOBHIX KIMMATHYECKUX H3MEHE-
HUSIX BOJHOTO PEKMMa PEK B PAa3HBIX YacTsIX OacceliHa, HO M B HEAOCTATOYHBIX 00beMax
JHOYTITYOJIeHHs Ha IepeKarax U yCTheBOM Oape SIHBIL.

HaBoxHeHMsI, CTOKOBBIE M CTOHHbIE OOMENEHHS, YBEIUUCHNE NX MHTEHCHBHOCTH
CYILECTBEHHO YBEJIMUMBAIOT 3aTPAThl HA NPEIYNPEKACHUE THAPOIOTHUECKUX ONTAaCHOCTEH
1 JIMKBUIAINIO TTOCIIEACTBUI X TIPOSIBIICHUS, IPETIATCTBYET COLNATBHO-KOHOMHUYECKOMY
Pa3BUTHIO PETHOHA, TIOATOMY TPEOYIOT JaJbHEHIIEr0 MOHUTOPHHIA U M3yYeHHS. XOTs
YK€ TIOJTydeHHBIC aBTOpaMU PE3YIbTaThl AAIOT BIOJIHE JJOCTOBEPHOE M KOJIMYECTBEHHOE
peicTaBIeHNe (MCCIe0BATENAM, BOJOTIOIb30BATEIISIM, MTPEICTABUTEISIM MYHHIIUITAIBHBIX
OpTaHOB, HACEJICHNIO U Jp.) O cocTase, reorpaduu, Gakropax, MPOIUIBIX U COBPEMEH-
HBIX XapaKTEPUCTHKAX THIPOJIOTHUECKNX OMACHOCTEH B OacceiiHe SIHBI, MHOTOJIECTHUX
TEHJCHIMSIX UX N3MECHEHMS.

Konguaukr nnrepeco. ABTOPBI 3asBIISIOT 00 OTCYTCTBUM KOH(IMKTA HHTEPECOB.
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Abstract. Climate conditions largely control the properties and distribution of permafrost. Its sensitivity to
warming makes it a valuable indicator of ongoing climate change. This is especially true for High Latitudes,
where climate warming accelerates at the highest rates worldwide. However, little is known about permafrost
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For the first time, the present study summarizes Soviet literature data, recent drilling and other observation data
of periglacial landforms, ground temperatures, cryostratigraphy and ground ice properties (including stable water
isotope data, partly obtained during the Arctic Century Expedition in 2021) on the Severnaya Zemlya Archipelago
and adjacent Wiese Island in the Russian High Arctic. The study provides baseline information on High Arctic
permafrost to encourage and promote further investigations of the state and dynamics of warming permafrost.

Keywords: Russian High Arctic, Severnaya Zemlya, Wiese Island, Arctic permafrost, active layer, ice wedge,
frost blister

Present Addresses:
* S.S.K.: The Hong Kong Polytechnic University, Hong Kong, China

" S.W.: Technische Universitdt Dresden, Institute of Geography, Dresden, Germany
© Asropsl, 2026 © Authors, 2026

Arctic and Antarctic Research. 2026;72(1):85-112 85



H.D. [lemuoos, A.H. Pauxoea, A.B. I'yseea, A.IO. ['ynap, A.B. Kozauex, C.C. Kpacunbrhuxog u op.
MHoroJieTHsis Mep3Ji0oTa Ha apxunejare CeepHasi 3emJist u ocTpoBe Buse

For citation: Demidov N.E., Rachkova A.N., Guzeva A.V., Gunar A.Yu., Kozachek A.V., Krasilnikov S.S.,
Sekisov N.L., Tchikhatchev K.B., Ugryumov Yu.V., Opel T., Meyer H., Wetterich S. Permafrost on Severnaya
Zemlya Archipelago and Wiese Island, Russian High Arctic. Arctic and Antarctic Research. 2026;72(1):85-112.
https://doi.org/10.30758/0555-2648-2026-72-1-85-112

Received 21.12.2025 Revised 01.03.2026 Accepted 05.03.2026

MHorosneTHsAs Mep3J10Ta
Ha apxumnesnare CeBepHasi 3emiis1 M ocTpoBe Buse

H.D. Hemunos!, A.H. Paukosa!, A.B. T'y3era?, A.1O. I'ynap®, A.B. Kozauex!,
C.C. Kpacunsuuxos'*, H.JI. Cexucos'™, K.B. Uuxaues', }0.B. Yrpromos',
T. Onenw*, X. Meiiep?, C. Berrepux*™

' THI] P® ApxmuuecKkutl u aHmMapKmu4yeckutl Hay4Ho-Uccied08amenbCKutl UHCmumym,
Canxm-Ilemepbype, Poccus

2 Hnemumym oseposedenus PAH — CI16 ®UI] PAH, Canxkm-Ilemep6ype, Poccus
SMIY umenu M. B. Jlomonocosa, Mockea, Poccus

4 Uuemumym umenu Anvgppeda Becenepa, Llenmp noispHulx u MOPCKUX UCCIE008AHULL
um. 'envmeonvya, Illomcoam, I'epmanus

Mplsekisov@aari.ru

H3JL, 0000-0002-3462-7747; ABI, 0000-0002-9501-1698; AIOT, 0000-0002-9501-1698;
ABK, 0000-0002-9704-8064; CCK, 0000-0002-5023-3908; KB4, 0000-0002-0408-2256;
TO, 0000-0003-1315-8256; XM, 0000-0003-4129-4706; CB, 0000-0001-9234-1192

AnHoranus. Kimmarndeckue yclnoBus B 3HAYUTEIbHOM CTENCHU ONPEIENAT PacpoCTpaHEHUE U XapaKTe-
PUCTHKH MHOTOJICTHEH Mep3I0ThL. UyBCTBHTENBHOCTE MEP3IOTHI K MOTEILICHHUIO TO3BOMISET PACCMATPHBATh €¢
KaK BaXKHBII MHIMKATOP TIPOUCXOASIIMX U3MEHEHHH KIMMara. ITo 0COOEHHO aKTyanbHO IS BBICOKHX IIHPOT
CeBepHOro HoMyIapys, Iie CKOPOCTh KIMMATHIECKOTO TOTEIIeHHs. HanOobIasi Ha TuiaHeTe. Mep3lIoTHbIe
YCIIOBHS OCTPOBOB B BBICOKOIITMPOTHON APKTUKE — CaMBIX CEBEPHBIX YYACTKOB CYIIIH, TIe BCTPEYAETCst MHOTO-
JIETHSS MEP3JI0Ta, — OCTAIOTCA c1abo u3ydyeHHbIMH. B HacTosmel padote s apxumnenara CeBepHast 3emis
1 Ommsnexaniero octposa Buse BrepBble 0000MIEHB! TaHHEIE HCCIENOBAHMI COBETCKOTO BPEMEHH BMECTE
C pe3ynbTaTaMu HeaBHHUX paboT, BKIIOYABIINX OypeHne, HaOmofeH s 3a KpHOTeHHBIMU (hopMaMH penbeda,
TEeMIepaTypoil opojl, H3yueHHe KPUOCTpaTurpaduy U COAEpKaHUs CTAOMIBHBIX H30TOIOB BOJbI, JAHHBIE
TI0 KOTOPBIM YacTHYHO TOTyYeHbl Bo BpeMs dkcrennimn “Arctic Century” B 2021 . [Ipencrasnennas padora
3aKJIaJbIBACT OCHOBY JUIA TAIbHEHINETo MCCIeTOBAHNSA COBPEMEHHOTO COCTOSHHS M JMHAMHUKH MEP3IOTHI
B BBICOKOIIMPOTHOH APKTHKE.

Karouessle cioBa: Poccuiickas Apxruxa, CeBepHast 3emis, 0. Buse, MHOTroneTHss Mep3/10Ta, Ce30HHO-TablIi
CIIOH, TOMMTOHANBHO-KIJTBHBIH JIeJT, HANEIHBINA Oyrop
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Introduction

Since the archipelago (Fig. 1) was discovered in 1913, large-scale geological,
physiographic, hydrometeorological and glaciological studies have been carried out on

Texyuue aapeca:
* S.S.K.: TOHKOHICKHii TOJUTEXHUYECKHH yHUBepcuTeT, [ onkoHT, Kuraii
S.W.: Texunueckuii yausepcuret [pesnena, Uucturyt reorpadun, Jpesnen, ['epmanus
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Meteorological stations:
1 — Taymyr Peninsula, Cape Chelyuskin, 2— Maly Taymyr island, 3 — Bolshevik island,
Bay Solnechnaya, 4 — Bolshevik island, Cape Baranova ice Base, 5 — Bolshevik island,
Cape Peschany, 6 — Golomynny island, 7 — Wiese island
Fig. 1. Location of the Severnaya Zemlya Archipelago and surrounding islands showing the position
of the study sites on Bolshevik and Wiese islands (dotted frames; see Fig. 2), and the meteorological
stations referred to in the study
Puc. 1. Pacnonoxenue apxunenara CeBepHas 3eMiIsi U OKPYXKAIOLIUX OCTPOBOB C YKa3aHHEM Me-
CTOIOJIOKEHUSI yYacTKOB MCCIJIeIOBaHUI Ha ocTpoBax bombmieBuk u Buse (IyHKTHpHBIE paMKy;
CM. PUC. 2), a TAKKe METEOPOJIOTMYECKUX CTAaHLUH, YIIOMSHYTHIX B MCCIEI0BaHUU

Severnaya Zemlya, while Wiese Island has largely remained unstudied since its discovery
in 1930. On Severnaya Zemlya, distinct permafrost research, if any, has so far been only
sporadic. Studies of seasonal thawing and cryogenic processes on October Revolution
Island are among the few works published in Russian [1-3]. However, the results of these
studies are too insufficient to give even a preliminary idea of the large-scale permafrost
conditions of the archipelago, primarily due to the lack of data on the temperature of
the frozen strata and their thickness. The geocryological map of the USSR at a scale
of 1:2 500 000 shows the regional ground temperature characteristics of the permafrost
based only on theoretical calculations'. Meanwhile, from a natural-scientific point of view,
the study of the Severnaya Zemlya Archipelago is of interest if one is to understand the
specifics of permafrost formation under extremely severe High Arctic climatic conditions.

To study the permafrost conditions of Severnaya Zemlya and to establish permafrost
monitoring, fieldwork, including drilling of boreholes, was carried out in 2021 in the north
of Bolshevik Island close to the research station Cape Baranova Ice Base (Fig. 2a). In
a physio-geographical context, the other islands of the Kara Sea, including Wiese Island,
although not part of the Severnaya Zemlya Archipelago, are referred to as the Northern
Land Province of the Arctic desert zone [4]. In 2023, a permafrost observation point
was established on Wiese Island as part of the Russian National System of Background
Permafrost Monitoring [5].

The present study aims (1) to summarize and make available previously conducted
permafrost studies to identify permafrost characteristics in comparison to other high-latitude
regions of the Earth and (2) characterize for the first time the current permafrost conditions
of Severnaya Zemlya and Wiese Island for the first time based on newly obtained data.

' Kondtrateva K.A. Severnaya Zemlya (to the Geocryological Map of the USSR, scale 1:2.500.000).
Merzlotnye issledovaniya = Permafirost Research. 1982;20:84-96. (In Russ.).
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Fig. 2. Sampling and observation points (a) on Bolshevik Island near the Cape Baranova Ice Base
on Bolshevik Island (Sentinel-2 Quarterly mosaics, 1 July 2021), and (») on Wiese Island (Landsat
image, 8 June 2024)

Puc. 2. Toukn orbopa npo6 u Habmoaenus () Ha ocrpoBe BonbuieBuk B paiione «JlenoBoii 6a3b
Mpic bapanoBay (Mo3anka cHuMkoB Sentinel-2, 1 uronst 2021 1) u (b) Ha ocTpoBe Buse (cHUMOK
Landsat, 8 urons 2024 1.)

Study region

Severnaya Zemlya Archipelago

The Severnaya Zemlya Archipelago consists of four large islands — October
Revolution, Bolshevik, Komsomolets and Pioneer — and many small islands between
77°55" and 81°16" N (see Fig. 1). The relief of the archipelago is plateau-like and
low-hilly. The maximum relief marks are confined to glacial domes. The bedrock base
of the glaciers reaches heights of up to 800 m (Tumannye Mountains, October Revolution
Island). In the river valleys, Quaternary sediment sections up to 70 m thick are known [6].
However, the Quaternary sediments only play a minor role, as the surface morphology
consists mainly of rock covered by thin cryo-eluvium. Only the accumulative marine
Quaternary terraces at the northern part of Bolshevik Island near Cape Baranova and Cape
Peschany and in the northern part of Komsomolets Island near Cape Arctic, as well as on
the western end of October Revolution in the area of the Uzkiy Gulf cover considerable
areas®. The bedrock on Bolshevik Island and in the eastern part of October Revolution
Island is mainly represented by Proterozoic-Lower Paleozoic metamorphic rocks crushed
into steeply dipping folds and ruptured by granitoid intrusions, while the western parts of
October Revolution, Komsomolets islands and Pioneer Island is mainly formed by folded
Ordovician, Silurian and Devonian sedimentary rocks. Cenozoic deposits represent the
northern part of Komsomolets Island.

2 Geological map of Severnaya Zemlya, scale: 1:1 500 000. Moscow: Ministry of Geology of
the USSR; 1967. (In Russ.).

88 IIpobnemvt Apkmuku u Anmapkmuxu. 2026;72(1):85-112



N.E. Demidov, A.N. Rachkova, A.V. Guzeva, A.Yu. Gunar, A.V. Kozachek, S.S. Krasilnikov, N.L. Sekisov et al.
Permafrost on Severnaya Zemlya Archipelago and Wiese Island, Russian High Arctic

Due to its offshore location, the climate of Severnaya Zemlya is less continental than
that of the Taymyr Peninsula to the south, but more continental than that of the western
sector of the Russian High Arctic. Marine climate features are most pronounced in
the north-western part of the archipelago due to westerly air transport. The interaction
between cold air masses from the inner Arctic, continental air masses from Siberia and
relatively warm and humid masses from the North Atlantic intensifies cyclonic activity
here. Another climate-forming feature of the archipelago (especially for its western part)
is the inflow of advective heat from sea waters from the Atlantic and continental rivers.
Heat transfer from the sea causes relatively warm winter air temperatures on Severnaya
Zemlya, while relatively cool summer air temperatures result from the buffering effect of
sea water and sea ice. According to meteorological observations since 2013 at the research
station Cape Baranova Ice Base, the average monthly temperature is consistently above
0 °C only in July, while in August and June there are years when it can be below 0 °C [7].
The average monthly temperature of winter months is in the range of —30 to —15 °C.

About half of the archipelago's territory is covered by ice caps. According
to the drilling data of the largest glacier on the archipelago on Komsomolets Island,
the Akademii Nauk (AN) ice cap, the ice thickness reaches 761 m [8]. Direct glacier
mass-balance measurements and further mapping revealed that the glaciation significantly
decreased in the 20" century [9; 10]. The glaciers largely determine the distribution and
regime of the rivers on Severnaya Zemlya. The rivers are mainly fed by melting glaciers
and snow [6]. In winter, all the rivers are frozen to the bottom. The river valleys are
canyon-shaped; only the largest rivers of the archipelago have flat-bottomed valleys with
terraced slopes. There are about 30 lakes on the archipelago with a mirror area of more
than 1 km?. Small thermokarst lakes are common on marine terraces.

The vegetation cover is exceptionally scarce, as the archipelago belongs to the Arctic
desert zone [4], although in favorable areas in the southern part of the archipelago, Arctic
tundra vegetation occurs, forming a cohesive network hosting small reindeer populations.
The altitudinal belt is manifested in the fact that the vegetation is poorer on the elevated
inner plateaus, with only small areas covered with mosses and lichens.

Wiese Island

Wiese Island (79°29' N, 76°59' E) is located 265 km west of Severnaya Zemlya in
the Kara Sea. It is 36 km long and up to 11 km wide (see Fig. 1). The climatic conditions
here are generally similar to those of Severnaya Zemlya. Distinctive characteristics
of Wiese Island are the absence of glaciation, the low-lying, gently hilly relief with
absolute elevations up to 22 m above sea level®, and the prevalence of sandy deposits.
The fine-grained Lower Cretaceous sands that form the island have horizontal bedding
and many nodules in the form of interlayers and large spherical contractions of dense
rocky soils [11]. In the island’s eastern part, the lower terrace is composed of Quaternary
deposits. As a permafrost monitoring station was being established in 2023, more than
ten reindeer antlers were found on the surface and in the gullies. The position of these
finds and their distance to the meteorological station rule out the possibility of the antlers
being moved by the dogs belonging to the station. Further surface features on Wiese Island
are rare boulders of igneous rock. The hills are intersected by narrow troughs, which in
summertime carry water. Closed troughs fill with meltwater and form small lakes, which

> Topographic map of USSR 1:200 000. T-43 IV, V; VI, Polar station Wiese; 1957. (In Russ.).
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dry-up during the summer period. The coastal zone exhibits some lagoons filled with salty
water and dissected by sand and stone spits from the sea.

The island's vegetation is sparse, reaching about 50 % coverage, and mainly
composed of mosses and lichens, while grass is rare.

Material and methods

Fieldwork

Permafrost drilling was carried out by the UKB-12/25 (Vorovskiy Machine
Factory, Ekaterinburg, Russia) dry drilling machine using core barrels ranging from
108 to 73 mm in diameter [12]. As the cores were retrieved, photo documentation of
the cores, sampling, description of lithology and cryostructures took place. Drilling of
frost blisters was carried out using Kovacs core and auger samplers (Kovacs Enterprise,
LLC, USA). Cryopeg brines originated from the boreholes and were collected in plastic
bottles and transported at approximately 0 °C to laboratory for analysis. For temperature
measurements in the borehole #1 on Bolshevik Island, thermistor chains were installed
using equipment from MSU-Geophysics LLC (Russia) and from Marlin-Yug LLC (Russia)
in borehole #1 on Wiese Island (see Fig. 2), which measure temperature with a resolution
of 0.01 °C and accuracy of £0.1 °C. Both loggers collect temperature measurements at
6-h intervals. Observational data from Wiese Island borehole are transferred automatically
using a satellite-based data transmission system and data from borehole on Bolshevik
Island are collected manually during occasional visits.

Air temperature and soil temperature data at the meteorological stations were
obtained from the Federal Service for Hydrometeorology and Environmental Monitoring®.
Measurements of the seasonal active-layer thickness (ALT) were carried out at the end
of the thawing period using a metal gauge on a 50 by 50 m site with a 5 m spacing.
Furthermore, ALT measurements were complemented by AM-21 type permafrost
meters (Ecolog-Yug LLM, Russia; see Fig. 2), which record the freezing depth of
distilled water in a rubber tube immersed in the ground. On Bolshevik Island, wedge-ice
samples were obtained by excavation in a pit and on Wiese Island sampled in a coastal
exposure (see Fig. 2). At both locations the upper 5 cm of ice was moved away by hammer
and chisel to ensure uncontaminated ice samples. Oriented ice blocks with approximate
dimensions 10x10%20 cm crossing the wedge growth direction were cut and transported
at subzero temperature to the laboratories. In August 2021, a snow patch was sampled in
a 5 cm resolution for stable isotope analysis in a 100 cm deep snowpit at Wiese Island in
the framework of the Arctic Century expedition. In September 2023, samples of freshly
fallen snow were collected in sealed plastic tubes in the vicinity of weather stations on
Bolshevik and Wiese islands (see Fig. 2). After collecting and until laboratory analyses,
the samples were stored at sub-zero temperatures.

Analytical work
The ice (or moisture) content of the sediments was determined by the weight method
in 53 samples expressed as weight percentage (wt%). An Agilent 720-OES (Agilent
Technologies, Inc., USA) inductively coupled plasma optical emission spectrometer was
used to analyze the cation content (Na'', K*', Mg™, Ca™) in eight samples of cryopeg
brines, and anions (CI', SO,>, HCO,") were determined titrimetrically.

4 Roshydromet. All-Russian Research Institute of Hydrometeorological Information — World Data

Centre. 2024. Available at: http://aisori-m.meteo.ru/waisori/ (accessed: 28.05.2024). (In Russ.).
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In total, 32 samples originated from one excavated horizontal ice-wedge profile
1 (combined BA-IW1-01 and BA-IW1-02 sample sets; Table S2). Profile 1 was taken
frozen in two blocks, which remained frozen upon laboratory analysis. After manual
cleaning, both blocks (each ca. 15 cm wide) were sub-sampled at 1.5 cm resolution in
the cold lab (4 °C). In this study we measured and considered additional 14 samples from
a second horizontal ice-wedge profile 2 (combined BA-IW1-03 to BA-IW1-08 sample
sets; Table A.2). A second ice wedge (Wiese-IW2, n = 6) on Wiese Island and four snow
samples from Wiese (n = 1) and Bolshevik (n = 2) islands, and Cape Chelyuskin (n = 1),
Taymyr Peninsula were analyzed using a Picarro L2120-1 analyzer of the Climate and
Environmental Research Laboratory (CERL, AARI, St. Petersburg, Russia) with an
analytical precision of £0.08 %o for 6'*0 and +0.4 %o for dD.

The stable oxygen (6'*0) and hydrogen (6D) isotope ratios of BA-IW1 wedge-ice and
snow samples from the 2021 Arctic Century expedition (n = 20, from a 100 cm snow pit
on Wiese Island) were determined at the ISOLAB facility of the Alfred Wegener Institute
Helmholtz Centre for Polar and Marine Research in Potsdam (Germany), using a Picarro
L.2130i cavity ringdown spectrometer (CRDS) with an analytical precision of £0.08 %o for
880 and £0.5 %o for 6D. Stable water isotope ratios are reported in per mil (%o) versus
Vienna Standard Mean Ocean Water (VSMOW?2). The deuterium excess d was calculated
as d = 38D — 8-3"%0 [13].

Results

Recent regional climate warming

Data from seven meteorological stations on Severnaya Zemlya and its islands
and continental surroundings allow us to analyze trends and variabilities of the almost
century-long mean annual air temperature (MAAT) and annual precipitation records.
The fluctuations of MAAT at the meteorological stations were synchronous (Fig. 3).
The difference in absolute values of MAAT between the stations during most of
the observation period was within 2 °C. The cooling trend in the first half of the observation
period was replaced in the mid-1970s by a more pronounced trend of mean annual air
temperature increase. The MAAT on the westernmost Wiese Island is slightly higher
than that on Golomyanny Island and on northern Taymyr (Chelyuskin station). MAAT
calculated according to the WMO standard’ for the thirty-year periods from 1961 to
1990 and from 1991 to 2020 increased by 2.6 °C on Golomyanny Island, by 3.0 °C on
Wiese Island and by 2.0 °C on northern Taymyr (Chelyuskin station) corresponding to an
increase rate of the MAAT rise of between 0.07 and 0.1 °C per year. In 2021, the MAAT
at the meteorological stations were —12.1 °C on Golomyanny Island, —12.4 °C on the Cape
Baranova Ice Base, —11.4 °C on Wiese Island and —12.1 °C on northern Taymyr (Chelyuskin
station). Mean annual precipitation calculated for 1991-2020 at the meteorological
stations are as follows: Wiese Island 205 mm, Golomyanny Island 180 mm, northern
Taymyr (Chelyuskin station) 212 mm. The meteorological stations do not show any clear
trends in MAP. Concerning the influence of precipitation on the ground-temperature regime
on Severnaya Zemlya, the following features are noteworthy: the overwhelming majority
of precipitation falls as snow, snow thickness is generally low while snow density is
high. The duration of the snow cover, as well as unevenness in distribution depends on
the relief [1].

5 WMO guidelines on the calculation of climate normal. Ne 1203. Geneva: WMO; 2017.
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Fig. 3. Change of the Mean Annual Air Temperature (MAAT) over the last nine decades in
the Severnaya Zemlya Archipelago and adjacent areas (see Fig. 1)

Puc. 3. VI3MeHeHHe cpeHerooBoi TeMIepaTyphl BO3LyXa 3a MOCJIEAHUE IEBIHOCTO JIET Ha apXH-
nenare CeBepHas 3eMiIs U MPUIIETAIOMINX TEPPUTOPHSX (cM. puc. 1)

In the seas surrounding Severnaya Zemlya, there is a well-pronounced trend of
changes in ice conditions. The ice-cover extent of the northeastern part of the Kara Sea and
the western part of the Laptev Sea decreased by 14 and 8 %, respectively, in the 30-year
period between 19862015 compared to 19561985 [14].

Permafrost temperature, thickness and seasonal thawing

The mean annual ground temperature (MAGT) at the meteorological stations on
Golomyanny and Wiese islands and at Cape Chelyuskin since 1989 are shown in Figure 4.

In 1989, the MAGT at all the three observation sites were in the range of —14
to —13 °C and increased progressively to —10 to -9 °C in 2018, corresponding to a temperature
increase rate of 0.14 °C per year. According to the measurement data in borehole #1 on
Bolshevik Island (Fig. 5), the mean annual ground temperature within the layer of seasonal
temperature variation at a depth of 9.5 m was about —9.8 °C in 2022-2023.

According to measurements in 2023-2024 in borehole #1 on Wiese Island at a depth
of 19 m corresponding to the depth of zero annual temperature amplitude, the temperature
is —10.4 °C. Thus, the characteristic range of modern MAGT in the layer of seasonal
temperature ranges from about —10 to -9 °C. The mean annual air temperatures are only
slightly lower than the MAGT. The difference between MAAT and MAGT does not exceed
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Fig. 4. Change of the Mean Annual Ground Temperature (MAGT) since 1989 on Golomyanny and
Wiese islands, and at Cape Chelyuskin

Puc. 4. U3menenue cpenHerofnoBoil remmeparypsl rpyHTa ¢ 1989 r. Ha ocrpoBax l'onomsHHBIA 1
Buse, a Taxoke Ha MbIce YeltockuH

3°C. In borehole #1 on Wiese Island, starting from the depth of zero-annual temperature
amplitudes at 19 m and down to the bottom of the borehole at 25 m, the ground temperature
decreases from —10.4 to —10.9 °C (see Fig. 5).

Due to the lack of deep drilling data, an approximation of the thickness of the negative-
temperature strata can only be obtained by calculations using the MAGT within the layer of
seasonal temperature variation and the assumed average values of the geothermal gradient.
If we assume the range of MAGT is —12 to -9 °C and the temperature is linearly rising
with a gradient of 1-2 °C per 100 m, the permafrost thickness will amount to 450—-1200 m.
The actual permafrost thickness is primarily determined by the paleogeographic scenario and
changes in the past not only in the MAAT, but also in the glaciation boundaries and sea level.

The permafrost distribution on Severnaya Zemlya continues beneath the glaciers
as those are cold-based. According to temperature measurements in boreholes drilled
to the base of the Vavilov and Akademii Nauk ice caps, a temperature increase with
depth was observed, but the temperature at the glacier bed does not reach values higher
than —6 °C [6; 15]. Even in the case of the largest ice caps on Severnaya Zemlya,
the combination of mean annual surface temperatures, ice thickness and geothermal
gradient do not allow the temperature at the bed to reach positive values. Thus, the glaciers
are currently cold-based and do not have subglacial taliks. According to radio-sounding
data, the Akademii Nauk ice cap buries several islands and straits, and a significant part of
its bed is at absolute elevations below 0 m a. s. 1. [6]. If the ice cap's formation occurred
during a period when the sea level was not lower than the present day one, we cannot
exclude the presence of cryopeg brine lenses near the lower boundary of the glacier.

Closed seasonal taliks are formed underneath the river channels. In summer,
permafrost meters installed in the channel of the Mushketova River on Bolshevik Island
recorded positive ground temperatures at depths of more than 1.5 meters. In winter,
the groundwater in these taliks freezes, squeezes and forms frost blisters at the surface.
The 10 m deep borehole #2 (see Fig. 5), drilled in April 2021 on Bolshevik Island in
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Puc. 6. Ce30HHast TMHAMHKA TTyOMHBI IPOTAWBAHMS 110 TaHHBIM MEP3JIOTOMEPOB B OKPECTHOCTAX
«Jlenosoii 6a3e1 Mric bapanosa» B (a) 2021 u (b) 2017 .

the bed of the Novaya River at the base of a frost blister, showed the absence of thawed
ground, indicating the seasonal nature of the river talik. Most of the lakes on islands of
the Severnaya Zemlya Archipelago are either shallow and freeze to the bottom in winter
or are too small to allow the formation of through-taliks. The presence of through-taliks
can only be expected below several of the largest lakes and only if they have existed for
thousands of years.

According to detailed observations of the seasonal active-layer dynamics using
permafrost meters in the area of the Cape Baranova Ice Base station in 2017-2023
(see Fig. 2), thawing starts in late May to early June (Fig. 6).

The ALT reaches its maximum in August, less often in late July or
September (Table A.1), at the end of a stable increase of mean daily air temperatures
or with a delay of about two weeks relative to this moment. The maximum ALT values
varied from 47 to 115 cm depending on the location of the permafrost meter and the
year of measurement. No later than late October the ALT completely refreezes. Except
for the increase in the maximum ALT in the anomalously warm year of 2020, no clear
correlation of the ALT with the MAAT, surface temperature and the sum of positive
temperatures for the warm period were observed. The average ALT values measured with
a metal probe at a 50 by 50 m site near the Cape Baranova Ice Base station yielded 50
cm on 9 September 2021, 50 cm on 15 August 2022 and 51 cm on 24 August 2023. At
Wiese Island, similar measurements at the site on 22 September 2023 showed an average
ALT of 45 cm.
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Periglacial landforms and permafrost features

Since Quaternary deposits on Severnaya Zemlya are generally poorly developed,
the dominant geological process is the cryogenic weathering of pre-Quaternary rocks,
transport of weathering products — cryo-eluvium — down the slopes and their sorting.
Among slope processes, in addition to solifluction (Fig. 7a), the formation of basins during
anomalously warm summers plays a significant role, reaching, for example, on October
Revolution Island dimensions up to 100 by 200 m [2]. The large number of snowfields
leads to an active role of nivation in surface weathering. Patterned ground is common on
the archipelago such as stone polygons on the inner plain of October Revolution Island [10].
On watersheds, patterned ground is represented by stone rings, less often polygons, and on
the slopes, it turns into various types of sorted stripes [2]. Similar forms of patterned ground
are described at the northern end of Bolshevik Island [16], where small-scale polygon frost
cracking is widespread in areas with sandy and loamy soils (Fig. 7b). On Wiese Island, due
to the large aggregations and layers of coarse rock material in the Cretaceous sands, their
bulging occurs, as do many stone hillocks and stone placers.

On Severnaya Zemlya ice-wedge polygons can be found in areas with relatively thick
Quaternary deposits. On October Revolution Island, they are mainly confined to marine
terraces, rarely to river terraces and floodplains [17]. Frost cracks are filled with vertical
vein ice, forming ice wedges. On an early-Holocene marine terrace on October Revolution
Island, such wedge ice is described from a pit to be about 0.7 m wide [3]. Polygons on this
island are tetragonal, with sides 7-20 m long [2]. Similar patterns in the development of
ice-wedge polygons are characteristic of Bolshevik Island. On the vast accumulative-erosion
plains around the Cape Baranova Ice Base, individual areas with weakly-expressed ice-wedge
polygons can be found almost everywhere at absolute elevations between 10 and 60 m a. s.
1. Well-expressed polygons are much less common here (see Fig. 7a). One of these areas on
Bolshevik Island is located close to borehole #1, where a 45 cm thick section of ice wedge
has been described in the pit (see section 4.4). The northern part of Komsomolets Island
represents one of the most well-developed polygon reliefs on the archipelago.

The entire surface of Wiese Island — except for the gully network — is shaped
by tetragonal and pentagonal ice-wedge polygons (Fig. 7¢). The polygons have typically
5—-15 m long sides. Exposed ice wedges are up to 75 cm wide (Fig. 8). As on the islands
of Severnaya Zemlya, the polygons on Wiese Island do not have rims characteristic of
low-center polygons but represent high-center polygons marked in the relief by shallow
depressions reaching up to several decimeters. On the terrace in the island's eastern part,
larger polygons of a different generation occur with 15-65 m long sides.

The generally low ALT on Severnaya Zemlya causes unfavorable conditions for
frost-heave landforms, which are consequently rare [4]. On the river terraces of October
Revolution Island, frost-heave mounds are described as being up to 1.2 m high and up
to 10 m in diameter, covered with a network of radially diverging ice-filled cracks [2].
In the riverbeds, small icings formed partly from the meltwater of the seasonally thawed
active layer. Figure 7d shows such icings reaching a length of about 100 m in the north
of Bolshevik Island in the lower reaches of the Basic River. The ice is bluish in colour,
in some places it is lifted upwards and cracked.

During the spring field work in 2021, frost blisters were discovered close to the Cape
Baranova Ice Base station. They form cones up to 3 m high, having a rounded or elongated

¢ Topographic map of USSR 1:200 000. T-43 IV, V, VI, Polar station Wiese. 1957. (In Russ.).
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Fig. 7. Periglacial landforms and permafrost features on Bolshevik and Wiese islands: (@) solifluction
stripes and ice-wedge polygons on Bolshevik Island, (») small-scale polygons on Bolshevik Island,
(c) ice-wedge polygons on Wiese Island (note the meteorological station in the background), (d) icing
on Bolshevik Island, (e) frost blisters on Bolshevik Island, (f) gushed gas-saturated cryopeg brine
on Bolshevik Island, (g) stone cones on Bolshevik Island, (%) thermo-abrasion cliff on Wiese Island

Puc. 7. KpnoreHHbIe SIBICHUS U IPOLIECCH Ha 0CcTpoBax bonbmieBrk 1 Buse: (a) commdmoKImoHHbIe
TIOJIOCH! ¥ TIOJIUTOHBI TTOBTOPHO-XXMJIBHBIX JIBA0B Ha 0. bonbimeBnk; (b) MeIKONOMMTOHATIBHBIE 00-
pa3oBaHus Ha 0. bonbIeBHK; () TTOMUTOHEI MOBTOPHO-KIIIBHBIX JIBA0B Ha 0. Buse (Ha 3amHeM ma-
He — MeTeopoJiorndeckast crannust); (d) Haiens Ha o. borbieBuk; (e) HaneaHsIi Oyrop (6mmcTep) Ha
0. borbmeBuk; (f) n3nmusHNE Ta30HACKHIIIEHHOTO KPHOIIATA M3 CKBAYKMHEI Ha HaJeJHOM OyTpe (OrmrcTepe)
Ha 0. bonbmeBnk; (g) kaMeHHbIe KOHYCHI Ha 0. bornbieBrk; (/) TepmMoabpa3noHHbIH kiand Ha 0. Buze
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crescent shape in plan (Fig. 7e). The round cones are dissected by a network of radially
diverging cracks, and the elongated ones are dissected by longitudinal cracks. Frost
blisters are confined exclusively to riverbeds. Moreover, they gravitate to their estuarine
zones but can also be formed more than 10 km away from the estuary, as is the case in
the Doubt Valley on the Basic River (Fig. 2a). As a rule, frost blisters occur in groups,
but free-standing single cones were also found. When drilling in the central part of several
large frost blisters, water cavities were recorded, from which gas-saturated cryopeg brine
gushed (Fig. 7f). The height of the fountain above the top of the cone in the first seconds
after opening reached several meters. At the base of the cone in the mouth of the Novaya
River, borehole #2 was drilled to a depth of 10 m, a section of which is completely
composed of frozen soils without signs of any salinization. The formation of frost blisters
on Severnaya Zemlya is due to seasonal comprehensive freezing of river taliks, during
which cryogenic metamorphosis and gas concentration occur. Cryopeg brines from frost
blisters in the lower reaches of the Novaya River had a chloride-calcium composition and
mineralization of up to 70 g L™'. On the Basic River, cryopeg brines from frost blisters
have a sulfate magnesium-calcium composition and mineralization of up to 20 g L.
The growth of frost blisters during freezing of the talik is ensured by two processes:
the outflow of pressure water to the surface due to hydraulic fracturing and its freezing in
the form of ice, as well as the progressive swelling of ice and its growth from below on
the ice-water contact according to the growth model of injection ice and surface heave.

Specific phenomena in cone-shaped piles of coarse clastic material are formed on
the periphery of glaciers. The height of the cones can reach tens of meters. Their formation
is due to the concentration of clastic material in glacial springs. The cones, which are
distant from current glacier boundaries, mark the position of glaciers in the past. Such
stone cones are present in the north of Bolshevik Island (Fig. 7g). Previously, similar
forms were described on Pioneer and October Revolution islands [18].

Severe temperature conditions and weak development of loose deposits limit
thermokarst development. On October Revolution Island, shallow thermokarst lakes are
located on accumulative marine terraces reaching water depths of up to 1 m [2]. On
Bolshevik Island, similar thermokarst lakes are present on the marine terrace on Oleniy
Peninsula. On Wiese Island, interpolygonal ponds occur above melting ice wedges, most
pronounced in the northern part of the island. The sea shores in the study area are mainly
composed of rock, causing only a weak effect of thermo-abrasion. Known areas of intense
thermo-abrasion include the southern shore of Malyi Taymyr Island [19], composed of
sand-clay deposits, and Wiese Island, composed of sands (Fig. 74). In the latter, thermo-
abrasion slows down to some extent due to a large amount of rock aggregations in
the sands, which form pebble-boulder beaches. On both islands, frozen blocks with wedge
ice erode due to the formation of undercut niches. The modern coastline of Wiese Island,
compared to those on the 1957 topographic map®, shows coastal retreat up to 300 m in
places. A coastal retreat of about 150 m is notable at the meteorological stations. Instead,
in the eastern part of the island, in the reaches of the lower terrace, sediment aggradation
toward the sea takes place, highlighting the modern age of the terrace.

Cryostructures and other permafrost properties
To date, the main sources of information on the cryogenic structure of sediments
result from cryolithological descriptions of Quaternary deposits in pits and sweeps on

¢ Topographic map of USSR 1:200 000. T-43 IV, V, VI, Polar station Wiese. 1957. (In Russ.).
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October Revolution Island [6; 7], complemented by drill cores recently obtained on
Bolshevik Island in 2021 and on Wiese Island in 2023.

The marine terraces studied on October Revolution Island are composed of silt,
sand and gravel. The sands have massive cryostructure, while the silts show wavy and
fine-reticulated cryostructures with ice lenses up to 3 mm thick [2; 3]. Frozen deposits of
marine terraces in the north of Bolshevik Island were recovered from borehole #1 drilled at
an absolute elevation of 31 m above sea level (a. s. 1.) in the lower reaches of the Novaya
River, 2 km inland from the shore of Mikoyan Bay (see Fig. 2a). The 10 m deep borehole
penetrated grey dusty loams with different contents of gravel and pebbles, underlain below
8 m depth by collapsed large fragments of Proterozoic metamorphic rocks (see Fig. 5).
A distinctive feature of borehole #1 is the presence of a nearly dry surface soil layer
up to 0.5 m thick. At the time of drilling in April 2021, there was no snow cover at
the work point. Below the dry soil layer, the loams have a massive cryostructure, with
thin subhorizontal ice veins occurring only in certain depth ranges. The ice content of
the loams along the borehole section varies from 5 to 25 %, with an average value of 14 %.
The terrace surface is shaped by ice-wedge polygons. A 45-cm wide ice wedge (BA-IW1)
was uncovered in a pit close to borehole #1 at a depth 75 cm below a layer of gravel with
a loamy matrix. The vein ice is opaque, with inclusions of clayey material, with subvertical
layering; individual ice veins are several millimeters thick (Fig. 8a).

The freezing of the terrace on which borehole #1 is located and the epigenetic
formation of the wedge ice occurred after the enclosing sediment had been deposited,
i.e. after the yet undated sea-level regression. An earlier palacogeographic study of this
terrace concluded that the marine sediments accumulated during the Last Interglacial in
a rapid rise in relative sea level by tens of meters [20].

Epigenetic freezing was also concluded for ice wedge polygons on the marine terrace
on October Revolution Island [3]. The terrace is up to 8 m high and composed of Early
Holocene loams with inclusions of coarse clastic material. The deep-water depositional
environment together with a decrease in the number of ice lenses and ice content down
the section, favor of epigenetic freezing.

It cannot be ruled out that part of the marine sediments froze syngenetically
below sea level, meaning that deep freezing took place synchronously with ongoing
sedimentation. The presence of ice schlieren — thin lenticular layers of segregated
ice of various orientations — in the silts of the terrace on October Revolution Island
was interpreted as evidence of syngenetic freezing of at least some facies of marine
sediments [2]. Further evidence was obtained by drilling borehole #4 from the landfast
ice and excavating a pit in the coastal zone in the north of Bolshevik Island in
Plashkouta Bay (see Fig. 2a). The sea-ice thickness at the drilling point was 1.5 m, the
water depth under the ice was 1.5 m. The depth of the borehole #4 from the sea
bottom is 6 m (see Fig. 5). The core exposed loams and coarse clastic rocks. From
1.5 m below the sea bottom, ice shards up to several centimeters thick were found in
the samples of the disturbed structure, which in natural composition would represent
ice schlieren. Due to the presence of large rock fragments in the ground and its
temperature close to the freezing point, the natural composition was disturbed during
drilling and it was not possible to identify the original cryostructure. Nevertheless,
the presence of ice inclusions indicates that there are plastic or solid frozen soils in
Plashkouta Bay below the seawater.
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Fig. 8. Ground ice observations and sampling: (@) ice wedge BA-IW1 sampled in a pit at 75 cm
depth on a marine terrace about 15 km from the Cape Baranova Ice Base on Bolshevik Island; () pit
uncovering the interface between sea ice (1.5 m thick) and frozen pebbles and gravel (at least 1 m
thick) at Cape Peschany. Note a shovel for scale, and (c) ice wedge Wiese-IW2 in a thermo-abrasional
exposure at the southern coast of Wiese Island. Note a person and a geological hammer for scale
Puc. 8. HabGmronenus u oT6op mpod Moi3eMHBIX JIbAOB: (@) oOpa3sel MOBTOPHO-KHIBHOTO JIbAA
BA-IW1, oroOpanHblii B iirypde Ha ryOuHe 75 cM B IpejiesaX MOPCKOii Teppachl MPUMEPHO B 15 kM
ot «JlenoBoit 6a3sr Meic bapanoBa» (0. Bonbiuesuk); (b) mypd, BCKpPbIBAIOIINN KOHTAKT MEXLY
MOPCKHUM JbJIOM (MOITHOCTBIO 1,5 M) U MEp3JIbIMH TaJeqHO-TPaBUHHBIMU OTIOKEHUAMH (MOIIIHO-
cTbl0 He MeHee | M) Ha Mbice [lecyansii, U1t MaciTaba yka3aHa jomnara; (¢) HOBTOPHO-KHIIbHBIH
neq ¢ Touku oTbopa obpasua Wiese-IW2 B TepmMoabpa3rnoHHOM 0OHAKEHUH Ha FXKHOM TT00epekbe
o. Buze. [lyst maciitaba B Kajpe 4elI0BEK U Te0IOrMIECKUI MOJIOTOK

Solid-frozen ground was also revealed in pits in the coastal zone at Cape
Peschany (see Fig. 2a; Fig. 8b). A one-meter-thick layer of hard frozen gravel with pebble
inclusions was uncovered below the 1.5 m thick layer of sea ice. The pit did not go beyond
the frozen sediments, but from its bottom, cryopeg brine began to seep into the pit through
the frozen gravel and pebble soil.

The alluvial deposits studied on October Revolution Island are composed of gravel
and pebble material with sandy and sandy loam aggregates, characterized by lens-like
reticulated to layered cryostructures. The thickness of the ice lenses reaches 2 cm, and at
a depth of 1.5-2.0 m ice layers up to 6 cm thick are distinguished. Due to the persistence of
cryostructures along the section and high ice content, syngenetic freezing is concluded [2].
On Bolshevik Island, alluvial deposits were studied from the section of borehole #2, which
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was drilled in April 2021 700 m from the shore of Mikoyan Bay directly in the bed of
the Novaya River. The 10 m deep borehole revealed a section of frozen clayish sand
with varying amounts of gravel and pebbles (see Fig. 5). The cryostructure is massive.
The ice content of the sediments ranges from 10 to 20 %, with an average value of
14 %. The difference in the lithological and cryogenic structure of alluvial sediments
uncovered by borehole #2 and alluvial sediments studied earlier on October Revolution
Island is a consequence of the existence of a relatively wide range of local conditions of
sedimentation and freezing in different parts of river valleys. A common feature of alluvial
sedimentation on Severnaya Zemlya is significant amounts of coarse-grained particles.
In addition, with a complete freezing of all the rivers of the archipelago during most of
the year, the alluvial sediments freeze syngenetically.

Boreholes #3 and #5 were drilled near the Cape Baranova Ice Base at an altitude of
10 m above sea level. The bedrock was overlain by a thin cover of marine sediments and
reworked into cryo-eluvium (see Fig. 5). Unweathered bedrock is exposed at depths of
2.8 and 3 m. Above the section lie dusty loams with inclusions of crushed stones, pebbles
and clasts. The cryostructure of the loams is massive and thin-layered. A distinctive
feature in both boreholes is the presence of ice and ice-soil interlayers in the depth range
of 1.0-1.2 m. Apparently, the presence of such layered ice belts at the lower boundary
of the seasonally unfrozen active layer or slightly below is a characteristic feature of
areas with a thin cover of loose sediments, which formed as cryo-eluvium. On October
Revolution Island, an ice interlayer with rare inclusions of coarse clastic material with
a thickness of 25 cm and an apparent length of 15 m was described from above Devonian
sandstones under 70 cm of cryoeluvial loams [2].

A similar picture emerges on Golomyanny Island (the maximum altitude of the island
is 26 m a. s. l.), where a widespread presence of ice between the surface layer of dusty loam
with inclusions of driftwood and rubble with a thickness of 0.35-0.7 m and the bedrock was
noted. The ice contains inclusions of loam and rubble nests. Buried snowfields formed in
river valleys are also known on Severnaya Zemlya. In the basin of Changeable Lake [21],
located 4 km from the Vavilov Glacier, there are remnants of a lake-alluvial terrace, where
ice with a thickness of up to 3 m was described under a 1-2.5 m layer of sand [2].

On Wiese Island, borehole #1 penetrated epigenetically frozen sands (Fig. 20)
with massive cryostructure and interlayers of coarser rocky material. The ice content of
the sediments ranges from 16 to 31 %, with an average of 21 %. The upper 10 m of the section
penetrated by the boreholes is well exposed in thermo-abrasional cliffs. Inspection of
the outcrop confirms that the sands are characterized by massive cryostructure. Ice wedges
up to 75 cm wide are observed in the outcrop (Fig. 8c) and sampled (Wiese-IW2-01).
The sample Wiese-IW1-01 obtained from a pit at 45 cm depth (ALT 40 cm) is bubble-rich
with elongated bubbles (1 mm in diameter, up to 10 mm long) and contains loamy ground
veins in its center.

Wedge-ice and snow stable isotopes
The stable water isotope data from ice wedges on Bolshevik and Wiese islands are
the first published in the study region. The sampling location on Bolshevik Island near
Cape Baranova on a polygon-patterned marine terrace speaks clearly of the epigenetic
formation of wedge ice. The wedge ice was obtained at a depth of 75 cm below the surface
exceeding the seasonal thaw depth and no indications of recent cracking could be observed.
Mean values and standard deviations for all BA-IW1 samples were —17.7 = 0.8 %o for
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Fig. 9. (a) Co-isotope relationship (3'*0, 6D) of the ice wedge BA-IW1, ice wedge Wiese-IW2,
snow from Cape Baranova, Wiese Island, and Cape Chelyuskin compared to Global Meteoric Water
Line (GMWL) [23] and ice-core data from the Akademii Nauk ice cap considered as LMWL [22],
(b) Profile 1 of the ice wedge BA-IW1 with detailed 3'*O and d data
Puc. 9. (a) CoorHomeHue §'*0 u 8D Jy1s OBTOPHO-XHIBHOTO JibJia BA-IW 1, MOBTOPHO-KUIIBHOTO
nmeia Wiese-IW2, cHera ¢ mpica bapanoBa, 0. Buse u mMpica UenmtockuH B cpaBHeHHH ¢ [TT00ampHOM
nHuel MeteopHbIX Box (GMWL) [23] i nanHBIMY TI0 JIeITHOMY KepHY ¢ JeqHnKa Akagemun Hayk,
paccMarpuBaeMbIMH B KaueCTBE JOKAILHON JIMHIK MeTeopHbIX Box (LMWL) [22]. (b) [Ipoduns 1
MMOBTOPHO-XMWIHHOTO Jibia BA-IW1 ¢ neransupivu qanabivu 1o 8'%0 U neiitepueBoMy dKCIieccy

8"0, —135.1 + 6.2 %o for 8D and 6.6 + 0.6 %o for d (Table A.2). The co-isotope relationship
of the wedge ice (slope of 7.45 and intercept of —3.08, R = 0.99, n = 32; Fig. 9) is very
close to those of ice-core data for Akademii Nauk (AN) ice cap on Komsomolets Island
covering the time period 1883—-1998 (slope of 7.46 and intercept of —0.11, R? = 0.98,
n = 2248), which is considered to represent the Local Meteoric Water Line (LMWL)[22].

102 IIpobnemovr Apxkmuxu u Anmapxmuxu. 2026;72(1):85-112



N.E. Demidov, A.N. Rachkova, A.V. Guzeva, A.Yu. Gunar, A.V. Kozachek, S.S. Krasilnikov, N.L. Sekisov et al.
Permafrost on Severnaya Zemlya Archipelago and Wiese Island, Russian High Arctic

The isotopic composition of the ice wedge Wiese-IW2 shows a more depleted isotopic
composition with —20.4 £ 0.5 %o for 5'%0, —150.3 + 3.0 %o for 6D and 12.9 + 0.9 %o for
d (Table A.2). The co-isotope relationship of the wedge ice shows a distinctly lower slope
of 6.21 with an intercept of —23.56 (R*> = 0.99, n = 6, see Fig. 9).

Single samples of surface snow from the vicinity of the Cape Baranova Ice Camp
station as well as from Cape Chelyuskin and Wiese Island were analyzed. The isotopic
composition of these samples shows —16.1 and —15.1 %o for 3*0O, —117.4 and —111.3 %o
for 8D and 11.2 and 9.6 %o for d at Cape Baranova, —18.9 %o for 6'%0, —135.5 %o for 6D
and 16.0 %o for d at Cape Chelyuskin, and —11.8 %o for "0, —83.0 %o for 6D and 10.9 %o
for d on Wiese Island (Table A.3). Additional snow samples from a snow pit at Wiese
Island represent winter precipitation affected by post-depositional processes and due to late
summer sampling, likely also by summer precipitation. Mean values and standard deviations
are —15.4 + 1.7 %o for 6'*0, —109.8 + 13.8 %o for 6D and 13.3 + 1.1 %o for d (Table A.3).
The co-isotope relationship for all the Wiese Island snow samples (slope of 7.92 and intercept
of 12.01, R* = 0.99, n = 21; see Fig. 9) is closer to the GMWL than to the LMWL.

Discussion

Permafrost conditions, properties and processes

According to direct measurements the MAGT on Severnaya Zemlya and Wiese Island
in the layer of annual heat circulation is in the range of —10 to -9 °C. It can be assumed
that on Komsomolets Island, due to its high-latitude position, colder permafrost exists with
temperatures reaching —12°C. Comparison of MAAT and MAGT trends (see Fig. 3 and
Fig. 4) shows that the MAAT are only slightly below the MAGT. One of the main factors
explaining the proximity of the values of MAGT and MAAT is the low influence of snow
cover and vegetation on the temperature regime of permafrost. The low thickness and
high density of snow leads to its low warming capacity. The vegetation is scarce and also
does not shift the mean annual ground temperature from the mean annual air temperature.

On Severnaya Zemlya and Wiese Island, the recent increase in MAAT from 0.07
to 0.1 °C per year began in the mid-1970s. In borehole #1 on Wiese Island, a negative
temperature gradient is observed below the bottom of the annual heat turnover layer,
which indicates an ongoing temperature increase in the upper part of the frozen ground
section under the influence of the warming climate.

The ALT remains in a typical range of 45-90 cm. The low thickness of the snow
cover and its blowing-out, combined with low winter temperatures and humidity, create
vast snowless areas with dry permafrost. The presence of dry permafrost over ice-saturated
permafrost is due to free sublimation of ice under low temperature conditions. Similar dry
permafrost overlying ice-cemented ground is known from the Dry Valleys of Antarctica [24].

The permafrost conditions of Severnaya Zemlya and Wiese Island are significantly
harsher compared to those on Spitsbergen, where the MAGT are in the range
of =5.2 to —1.1 °C and the characteristic ALT are 100-200 cm’. The Franz Josef Land

7 Christiansen H., Gilbert G., Demidov N., Guglielmin M., Isaksen K., Osuch M., Boike J.
Permafrost thermal snapshot and active-layer thickness in Svalbard 20162017 In: Orr E., Hansen
G., Lappalainen H. (Eds). SESS report 2018, The State of Environmental Science in Svalbard —
An Annual Report. Longyearbyen, Svalbard: Svalbard Integrated Arctic Earth Observing System;
2018. P. 26-47. Available at: https://www.sios-svalbard.org/sites/sios-svalbard.org/files/common/
SESS 2018 FullReport.pdf (accessed: 01.01.2025).
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Archipelago, where, according to RNS BPM data, the MAGT is about -9 °C and the ALT
is about 80 cm [5], is closer in its permafrost conditions to Wiese Island and Severnaya
Zemlya. At similar latitudes on the islands of the Canadian High Arctic, where no warming
influence of the Atlantic Ocean occurs, ground temperatures are significantly lower,
reaching about —16.5 °C, while the ALT is about 60 cm, similar to Severnaya Zemlya
and Wiese Island [25]. Such a comparable ALT is attributed to the continental climate
of the Canadian High Arctic. Despite lower MAAT, summer months are warmer here
than on Severnaya Zemlya. In the North-East of Greenland, MAAT are slightly lower
than on Severnaya Zemlya, but permafrost temperatures in the region are relatively high,
i. e. =8 to —7 °C. Similar ground temperatures and ALT to those on Severnaya Zemlya
and Wiese Island are observed in the coastal oases of Antarctica [26]. At the same time, in
continental Antarctica, the permafrost conditions are much more severe than on Severnaya
Zemlya, while on the Antarctic Peninsula, permafrost temperatures are higher.

On Severnaya Zemlya, the dominant types of cryogenic-geological processes
are the cryogenic disintegration of rock deposits, the movement of the weathering
products (cryoeluvium) downslope and their sorting to form structural soils. Cryoeluvium
is often characterized by ice layers near the active-layer boundary. Ice-wedge polygons
with 7-20 m side lengths are present in areas with relatively thick Quaternary sediment
strata. They are mainly confined to marine terraces and less frequently to river terraces.
The widths of the ice wedges studied are 45—75 cm. The host sediments are characterized by
a significant amount of coarse-grained particles, and massive and schlieren cryostructures.
The detection of ice-bearing sediments in the nearshore marine area indicates the possibility
of freezing marine terraces by both epigenetic and syngenetic processes.

In contrast to Spitsbergen, where warm-based glaciers feed subglacial water whose
unloading promotes pingo formation and icings [27; 28], related landforms are missing on
Severnaya Zemlya, where the glaciers are cold-based. The dominant cryogenic geological
processes and phenomena on Wiese Island, which is composed of epigenetically frozen
Lower Cretaceous sands with a massive cryotexture are frost heave, shallow polygon
cracking in the seasonally thawed active layer and epigenetic ice-wedge formation.
The observed small ice-wedge widths suggest late Holocene formation ages although
direct dating is lacking. Except for the northern part of the island, where sedimentation
occurs, the island's coastline has retreated several hundred meters in the last 70 years due
to thermo-abrasion. The rate of coastal retreat on the island will increase in proportion to
the increase in the duration of the ice-free period due to climate warming.

Ice wedge isotopic composition

The mean ice wedge 6'%0 values of both Wiese Island (—20.4 %o) and Cape
Baranova (—17.7 %o) indicate a Holocene origin of the ice wedges studied. They fit very
well into the regional pattern of Holocene ice wedges with decreasing %0 values from
West to East [29; 30]. While Spitsbergen ice wedges with a less depleted 3'*0 mean value
of —13.9%o reflect a more maritime winter climate, ice wedge 6'*O values from the Kara
Sea coast and the Taymyr Peninsula scatter between —23.1 %o and —16.7 %o, reflecting
the colder and less maritime winter climate of the Kara Sea and adjacent land areas.

The differences between Wiese Island (more depleted 6 values, higher mean d value
of 12.9 %o, lower slope of 6.21) and Cape Baranova, Bolshevik Island (less depleted
0 values, lower mean d value of 6.6 %o, higher slope of 7.45) ice wedges may have
several causes. As it is unclear when exactly the ice wedges were formed, different climate
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conditions throughout the Holocene might have played a role. Differences in moisture
sources and pathways, potentially related to regional sea-ice cover, might have contributed
as well as the incorporation of non-precipitation water sources or Snow-cover processes
before infiltration of frost cracks and ice-vein formation.

Interestingly, the Baranova ice-wedge isotopic values from Bolshevik Island —
representing cold-season precipitation — are more enriched (by about 2 %o in 6'*0) than
those of the AN ice core, which is a year-round archive (mean 6'*0 of —20.1+2.0%o for
1883-1998) [22]. Besides the abovementioned aspects, isotopic enrichment in the snowpack
before ice-wedge formation due to e. g. sublimation and/or depth hoar formation [31] may
have occurred. However, one has to consider that the ice core was drilled at an altitude
of about 750 m and the isotopic composition of the precipitation forming the ice cap
underwent (additional) depletion due to the altitude effect compared to the ice-wedge
feeding snow at about sea level®, reported 6'*O-altitude gradients between —0.16 %o per
100 m on the windward slope and —1.5 %o per 100 m on the lee slope of the Vavilov ice
cap. This would imply an additional depletion of at least —1.2 %o (maximum —11.25 %o)
for the Akademii Nauk ice core site. Using a value of about —0.6%o per 100 m as reported
for Greenland by Dansgaard et al. [32] would yield —4.5 %o additional depletion for
the Akademii Nauk ice core site, which seems to be a more realistic value for Severnaya
Zemlya, considering also the different locations of the Baranova and Akademii Nauk ice
cap with respect to the prevailing wind and moisture transport patterns.

Conclusions

Severnaya Zemlya and Wiese Island are characterized by a continuous distribution of
frozen strata, which is not interrupted below glaciers. The permafrost in the study region
is cold, with typical ground temperatures at the depth of the zero annual amplitude of
about —10 to -9 °C and a typical range of active layer thickness of 50-80 cm (in 2021-2024).
Colder permafrost with temperatures up to —12 °C can be assumed on Komsomolets Island,
due to its high-latitude position. Ground temperatures have been warming at a rate of
0.14 °C per year over, approximately, the last about 30 years, corresponding to mean annual
air temperatures increasing at a rate of up to 0.1 °C per year (since the mid-1970s). Further
observation of the changes in meteorological and permafrost conditions is conducted by
newly-installed permafrost monitoring sites in the RNS BPM framework.

The ground ice content in permafrost deposits on the Severnaya Zemlya Archipelago
and Wiese Island is generally low and most often characterized by massive cryostructures.
Snowless areas with very dry uppermost (0.5 m deep) frozen deposits exist on Severnaya
Zemlya. Noticeable amounts of ground ice are represented by ice layers near the active-layer
boundary in cryoeluvium on Severnaya Zemlya, as well as by ice wedges forming polygons
on both the Severnaya Zemlya Archipelago and Wiese Island. The isotopic composition of
the wedge ice points to Holocene ice-wedge formation and fits into the regional pattern from
Spitsbergen to the Taymyr Peninsula. Frost blisters are present in the river valleys and estuaries
of Severnaya Zemlya, where seasonal taliks above cryopeg brines refreeze in the wintertime.

8 Klementyev O.L., Potapenko V.Y., Savatyugin L.M., Nikolaev V.I. Studies of the internal
structure and thermal-hydrodynamic state of the Vavilov Glacier, Archipelago Severnaya Zemlya.
In: Kotlyakov V.M., Ushakov A., Glazovsky A. (Eds.). Glaciers-Ocean-Atmosphere Interactions:
Proceedings of the International Symposium held at St. Petersburg, September 1990. I[AHS-AISH
Publication; Ne 208. Wallingford: IAHS Press, Institute of Hydrology; 1991. P. 49-59.
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Pacumpennsbiii pedgepar

Juia apxunenara CesepHast 3emiis U ocTpoBa Buze XapakTepHO CIIJIOIIHOE pac-
MPOCTPAaHEHHUE MEP3JI0ThI, KOTOPOE HE MpepbiBaeTcs noj jegnukamu. B 2021-2024 rr.
TeMIIepaTypa Mopoj] Ha TIyOHMHE HyJEBBIX TOJOBBIX aMIUIMTY]] HaXO[MJach B JUara3o-
He —10...-9 °C, a xapakTepHBIi TUaa30H MOITHOCTH CE30HHO-TANIOT0 citosg — 5080 cm.
CpenneronoBasi TeMIieparypa rpyHTa okasbiBaeTcst He Ooiiee yeM Ha 3 °C BbIlIe cpejiHe-
TOZIOBOH TeMITEpaTyphl BO3AyXa. BaXHBIM GakTopoM, OOBICHSIIOMNM OIH30CTh ITHX T10-
Kazareliei, sIBIsIeTCs OTHOCUTEIbHO HU3KOE BIMSIHUE CHEKHOTO OKPOBA M PACTUTEIBHOCTH
Ha TeMIeparypHbIi pexxuM rpyHToB. Ha octpoBe Komcomorern, B cuily ero BBICOKOIIH-
POTHOTO TOJOKEHMS, MOJKHO TIpeonaraTth 0onee HU3KHE TeMIIepaTypbl MEp3ibIX TO-
pox, BmoThk 10 —12 °C. PacyeTHas MOITHOCTh KPHOJIUTO30HBI B PETHOHE COCTABIACT OT
450 mo 1200 m. B mocexnane 30 jet Temneparypa TpyHTOB IOBBIIIAETCS CO CKOPOCTBHIO
oxono 0,14 °C B roj, 4TO CBS3aHO C POCTOM CPEIHErOI0BOM TeMIeparypbl Bo3ayxa co
ckopocTthio 110 0,1 °C B rox (¢ cepeaunbl 1970-x rr.). JlanbHEHIIUH MOHUTOPUHT U3Me-
HEHMH METEOPOJIOTHYECKUX U MEP3JIOTHBIX YCIOBUH OCYIIECTBIISICTCS Ha IyHKTaX Ha-
OmonieHuit cucteMsl [ocyapcTBEHHOTO (POHOBOTO MOHUTOPHHTA COCTOSIHUSI MHOTOJICTHEH
MEp3JIOTHI, YTO CO3/ACT OCHOBY JJISI CPAaBHUTEJIHLHOTO aHAIHM3a C APYTHMH PETHOHAMHA
Apkruku. JIbIUCTOCTh Mep3ibIX OTIOXKEeHUH apxumenara CeBepHas 3eMis U OCTPOBA
Buse B nienom HU3Kas, Ul HUX HanOoJee TUIIMYHBI MAaCCUBHBIE KPUOTEHHbBIC TEKCTYPBI
1 B MeHbIIeH crenenn nutpossie. Ha CeBepHoit 3emite BCTpedaroTces: 0ecCHEKHBIC ydacT-
KM, IJIe BEPXHUE [IOJIMETPA I'PYHTA MIPEACTABICHBI MOPO3HOU IIOPOJOM, JIMIIEHHOH JIbJa.
[TposiBIIeHNS TTOA3EMHBIX JIBJI0B MTPEICTABICHBI JIMH3AMH JIbAA Y TPAHUIIBI CE30HHO-TAJIOT0
ciost B KproamoBuu Ha CeBepHOi 3emiie, a TakKe TOBTOPHO-KHIIBHBIMU JIbJIaMu, (op-
MHPYIOMIMMH MOJIUTOHAIBHBIE CTPYKTYPBI Kak Ha apxurnenare CeBepHas 3eMils, Tak U Ha
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octpoBe Buze. M30TONHBII cocTaB )KUIBHOTO JIbJIa TOBOPUT B HOJIB3Y €TI0 FOJOLEHOBOIO
Bo3pacra. B peunsix noimnHax u sctyapusix CeBepHOW 3eMiM NPUCYTCTBYIOT HaJeHbIC
OyTpsl (OHCcTEepHI), 0Opa3yIONINEcs B Pe3yIbTaTe 3UMHETO MPOMEP3aHUs CE30HHBIX MOA-
PYCIJIOBBIX TAJIMKOB C KPUOIIATAMH.

Appendix A. Supplementary data

Table A.1

Maximum active-layer thickness according to measurements by permafrost meters
in the vicinity of the Cape Baranova Ice Base and meteorological parameters
measured on this station during 2017-2023

MaxkcumaJibHasl TOJIIHHA CE30HHO-TAJIOT0 CJI0s
10 JAHHBIM U3MEPEHHIi ¢ HOMOIIBI0O MEeP3JI0TOMETPOB
B OKpecTHOCTAX «JlenoBoii 6a3p1 Mbic BapanoBa» n MeTeopoJiornyeckue napaMerTpsl,
H3MepeHHbIe Ha 3Tol cTanuuu B nepuox 2017-2023 rr.

Tabnuya A.1

Z 4 2017 2018 2019 2020 2021 2022 2023

LES g Location ALT, cm |ALT, cm | ALT, cm | ALT, cm | ALT, cm | ALT, cm | ALT, cm

E g date date date date date date date

Mean air T [°C] —11.8 | —11.6 | —12.1 -8.9 -12.4 | -11.9 | —12.8

Mean soil surface T [°C] -114 | -11.1 | -11,8 -8.6 -12.0 | -11.4 | —12.3

Sum of positive temperatures 52.2 159.6 | 133.7 | 310.1 | 140.2 | 121.6 89.7

uring the warm period* [°C]

6 Accumulative-abrasion 67 66 65 94 95 76 68
marine terrace 02.08 | 28.08 | 26.08 | 17.09 | 19.08 | 20.08 | 11.08

7 Accumulative-abrasion 61 74 65 91 75 76 73
marine terrace 06.08 | 17.08 | 26.08 | 15.08 | 09.08 | 20.08 | 11.08

1 Second floodplain terrace| 51 59 59 75 73 61 61
of the right bank of 27.07 | 26.08 | 26.08 | 24.09 | 13.08 | 23.08 | 10.08
the Mushketova River

2 First floodplain terrace 57 69 70 78 92 71 71
of the right bank of 15.08 | 26.08 | 20.08 | 19.09 | 20.08 | 12.08 | 10.08
the Mushketova River

4 First floodplain terrace 47 63 65 91 88 78 74
of the left bank of 11.08 | 31.08 | 26.08 | 21.09 | 20.08 | 23.08 | 23.08
the Mushketova River

5 Second floodplain terrace| 71 90 89 115 105 98 96
of the left bank of 15.08 | 14.08 | 26.08 | 28.09 | 16.09 | 23.08 | 23.08
the Mushketova River

Note. *  Warm period — a period characterized by a stable transition of the average daily air temperature

above 0 °C

Ipumeuanue. * Terutblii Iepruoa — NEPHOJ, XapaKTePHU3YFOLIUICS CTaA0MIBHBIM IIEPEX0I0M CPEIHEe-
CyTOUYHOH TeMIepaTypbl Bo3ayxa Beiiie 0 °C.
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Table A.2

Stable water isotopes (6'*0, D) and deuterium excess values (d)
of two profiles of the ice wedge BA-IW1 (Bolshevik Island)
and one profile of the ice wedge Wiese-IW2 (Wiese Island)

Tabruya A.2

KoHueHnTpauuu craduibHbIX H30TONOB BoAbI (6'30, D) u neiitepueBoro xkcuecca (d)

110

B 00pa3uax u3 AByx npodueii seasiHoii ksl BA-IW1 (0. BoibmeBuk)
U O/IHOTO MpoduIs JeasHoii skuibl Wiese-IW2 (0. Buze)

Sample No.

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32

Sample 1D 6180, %0 BD, %o d, %o
Ice wedge BA-IW1 profile 1, Bolshevik Island 79°12.211' N, 102°20.305' E
BA-IW1-1-01 —-18.11 —138.30 6.60
BA-IW1-1-02 —-18.15 —-138.14 7.03
BA-IW1-1-03 —-18.35 -139.77 7.01
BA-IW1-1-04 -18.32 —139.49 7.07
BA-IW1-1-05 -18.15 —-138.69 6.53
BA-IW1-1-06 -17.96 —-137.31 6.35
BA-IW1-1-07 -17.83 —135.88 6.76
BA-IW1-1-08 -17.72 —-135.07 6.72
BA-IW1-1-09 —-17.64 —134.32 6.81
BA-IW1-2-01 -17.75 —-135.08 6.89
BA-IW1-2-02 -17.76 —-135.49 6.57
BA-IW1-2-03 —-17.83 -136.70 5.92
BA-IW1-2-04 -17.99 -137.71 6.20
BA-IW1-2-05 —-18.21 —-139.44 6.26
BA-IW1-2-06 -18.31 —-139.74 6.71
BA-IW1-2-07 -17.78 -135.70 6.57
BA-IW1-2-08 —-18.13 —138.57 6.48
BA-IW1-2-09 —-18.07 —137.68 6.89
Ice wedge BA-IW1 profile 2, Bolshevik Island 79°12.211' N, 102°20.305' E
BA-IW1-3-01 -18.23 —138.08 7.72
BA-IW1-3-02 -18.67 —-140.70 8.70
BA-IW1-5-01 -17.98 —-137.47 6.39
BA-IW1-5-02 -17.99 —137.53 6.37
BA-IW1-5-03 -18.21 —138.76 6.95
BA-IW1-6-01 -17.81 —-135.75 6.73
BA-IW1-6-02 -17.94 -136.84 6.70
BA-IW1-6-03 -17.84 —135.64 7.08
BA-IW1-7-01 -17.76 —136.06 5.99
BA-IW1-7-02 -17.84 —-136.02 6.68
BA-IW1-8-01 —-15.36 —-117.81 5.03
BA-IW1-8-02 —-15.37 -117.23 5.71
BA-IW1-4-01 -15.86 -121.23 5.63
BA-IW1-4-02 -15.97 -121.82 5.97
n 32 32 32
Mean -17.72 —-135.13 6.59
Min -18.67 —-140.70 5.03
Max -15.36 -117.23 8.70
Std 0.83 6.24 0.64
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End of the table A.2

Oxonyanue maonuyvt A.2

Sample No. Sample ID | 6%0,% | D% |  d %
Ice wedge Wiese-IW2, Wiese Island 79°29.332' N, 77°0.83' E
01 Wiese-IW2-01 -20.37 -150.27 12.65
02 Wiese-IW2-02 -20.12 —148.28 12.71
03 Wiese-IW2-03 -20.17 —-148.79 12.58
04 Wiese-IW2-04 -20.78 —-153.01 13.19
05 Wiese-IW2-05 -21.12 —154.62 14.36
06 Wiese-IW2-06 -19.80 —-146.79 11.63
n 6 6 6
Mean -20.39 —-150.29 12.85
Min -21.12 —154.62 11.63
Max -19.80 —-146.79 14.36
Std 0.48 2.99 0.89
Table A.3
Stable water isotopes (60, D) and deuterium excess values (d)
of present-day snow samples from multiple locations
Tabnuya A.3

KoHueHTpanuu cradujibHbIX H30TONOB Boabl (6'°0, dD) u neiirepueBoro sxcuecca (d)
B 0TOOpaHHBIX 00pa3Lax cHera

Sample No. Sample ID | 380, %o | 3D, %o | d, %o
Snow pit, Wiese Island 79°36.028' N, 76°40.681' E (August 14, 2021)
01 WI-SP-1-01 —-18.24 —134.67 11.22
02 WI-SP-1-02 -17.95 -131.13 12.46
03 WI-SP-1-03 -17.74 —-129.06 12.87
04 WI-SP-1-04 -17.56 —-127.48 13.04
05 WI-SP-1-05 -17.29 -125.30 13.04
06 WI-SP-1-06 -17.91 —-127.68 15.62
07 WI-SP-1-07 -15.84 -112.67 14.03
08 WI-SP-1-08 -15.34 -108.53 14.22
09 WI-SP-1-09 -15.11 -106.47 14.41
10 WI-SP-1-10 -15.26 -106.89 15.17
11 WI-SP-1-11 —14.99 —105.65 14.27
12 WI-SP-1-12 —-14.59 -103.25 13.45
13 WI-SP-1-13 -14.31 -101.48 13.03
14 WI-SP-1-14 -14.19 —-100.64 12.86
15 WI-SP-1-15 —14.30 -101.77 12.67
16 WI-SP-1-16 -14.33 —-101.72 12.94
17 WI-SP-1-17 -14.34 -101.38 13.38
18 WI-SP-1-18 -13.96 -98.66 13.01
19 WI-SP-1-19 -13.93 -97.92 13.49
20 WI-SP-1-20 -14.22 -100.19 13.58
n 20 20 20
Mean —-15.58 —111.13 13.44
Min -18.24 —134.67 11.22
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End of the table A.3

Oxonuanue mabnuyvt A.3

Sample No. Sample ID 830, %o 8D, %o d, %o
Max —13.93 -97.92 15.62

Std 1.57 12.74 0.98
Snow sample, Wiese Island 79°29.326' N, 77°03.197" E (September 26, 2023)

01 [WI-s-1 |  -n7s | 8304 | 1093

Snow samples, Bolshevik Island 79°17.155' N, 101°37.939" E (October 8, 2023)
79°16.729' N, 101°39.770' E (October 8, 2023)
01 B-S-1 ‘ ~15.11 ~111.33 ‘ 9.58

02 B-S-2 -16.07 -117.37 11.20
Snow sample, Cape Chelyuskin, Taymyr Peninsula 77°42.777' N, 104°17.960' E
(October 12, 2023)
01 [MC-s-1 | 1894 | 13553 | 1597

IIpobnemovr Apxmuxu u Anmapxmuxu. 2026;72(1):85-112



0.A. Anisimov, A.P. Morozov, Yu.P. Moskvin
Changes in the hydrological and thermal regime of permafrost bogs in the past 50 years...

OpurnnansHas crarbs / Original paper

https://doi.org/10.30758/0555-2648-2026-72-1-113-126
BY NC

VIIK 551.345.2

H3MeHeHHs1 BOOHOTO M TEIJIOBOIO pe:kuMa 0os10T 3anagnoi Cudoupu
3a mocsaennue S0 j1eT: CHHTe3 JaHHBIX HA0JII0eHHIT 1 MOJEJIMPOBAHHUSA

O.A. Anucumos'™, A.TT. Mopo3sos'?, 10.I1. MocksuH!'
' @I'BY «locyoapemeennviii 2uoponozuyeckuii uncmumymy, Cankm-Ilemepbype, Poccus
2 THI] P® Apxmuueckuil u anmapKmuyeckull HAy4HO-Uccied08amenbCKull UHCIMumyn,
Canxm-Ilemep6ype, Poccus
ana@hydrology‘ru
OAA, 0000-0002-9515-4576; ATIM, 0009-0004-6532-1128

AnHoTtanusi. [IpoBeaeHbl pacueTsl TeMIepaTypsl TOP(GSHON 3aIeKH, MOIHOCTH CE30HHO-TAJIOTO CIOS U
YPOBHS HaIMEP3IOTHBIX BOJ OYTPHUCTBIX U IIOIUTOHATBHBIX O0JIOT KpHOMMTO30Hb! 3anaaHoit CuOupH B mepHoq
1971-2024 rr. Ucnionb3oBanach HecTalMOHAPHAS MOZIENb MHOTONEeTHEH Mep3noThl CryoGrid ¢ HOBBIM OIIOKOM,
ONHCHIBAIONINM BOJHBIH M TEIUIOBOI PEKMMBI MHOTONETHEMEP3NbIX 00MOT. JIIs pacyeToB HCIONB30BATHCH
naHHble peanammza ERAS cytounoit quckpeTHOCTH 110 8 MeTeopoorniecknM mapamerpam. Mozers Obina Bepr-
(umrpoBaHa Ha JAHHBIX KOMIUIEKCHBIX OKCIIEAUIIMOHHBIX HCCIIeI0BaHMI [ 0Cy1apCTBEHHOTO I'HPOIOrIIECKOr0
MHCTHUTYTA, PoBOAUBLINXCA B 1971-1992 rr. Ha 10 60/10THBIX CTaLlMOHAPAX FOMKHOMN U CEBEPHON KPHOIUTO30HBI
3amnasHoit Cubupu. PacueTsl yka3pIBatoT Ha 3HAYMTEIbHBIC H3MEHEHHUS COCTOSHHS MHOTONIETHEMEP3IBIX O0I0T
3a 50 nret. MIx ckopocTh yBenMUmMIach B MOCIEAHNE 25 JIeT ¥ COCTABHIA B CPEHEM 10 30HaM PACIpOCTPaHEHUs
TMOJIMTOHAJIBHBIX U OyrpHCTHIX 00MOT, cooTBeTCTBEHHO, 1,35 1 1,10 °C/10 net ang temmeparypsl TOpQsHOI
3anesxu Ha Tryouse 20 oM; 9,6 m 5,2 em/10 set st MomHOCTH ce30HHO-Tanoro cnos i —1,1 1 2,9 em/10 et
IS yPOBHS HAZMEP3IOTHBIX BOJI.

KuroueBble c10Ba: MHOTONETHEMep3nble Oomnota, 3anagHas Cubups, Monens CryoGrid, BomHO-TEIIIOBON
pexHM, TOPQSIHBIE 3aeKH
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Abstract. Two types of frozen bogs, palsa mires and polygonal marshes, occupy up to 30 % of the permafrost
terrain in West Siberia. Palsa mires span the territory from the Arctic Circle down to approximately 62° N
in continuous, discontinuous and sporadic permafrost zones; polygonal marshes are located northward from
the Arctic Circle. The hydro-thermal regime of permafrost bogs is characterized by three key parameters, namely,
soil temperature, active-layer thickness (ALT), and soil water table depth. We used the CryoGrid community model
with daily ERA-5 reanalysis meteorological data to study changes in these parameters in the period 1971-2024.
The model was calibrated using an extensive historical data set of the State Hydrological Institute for 10 permafrost
bog plots, which was built up in the course of the field expeditions in West Siberia in the 1971-1992 period. The
calibrated CryoGrid model demonstrated reasonably good performance in reproducing observed parameters of the
hydro-thermal regime of permafrost bogs in a variety of climatic, bio-physiographic and permafrost conditions.
The mean square errors of the calculated parameters for polygonal marshes/palsa mires were the following:
ALT error (3.8 = 5.6 cm)/(5.2 + 5.9 cm); soil temperature error (1.2 + 1.5 °C)/(0.8 + 1.3 °C) and soil water level
error (6.8 + 10.5 cm)/(7.9 = 9.7 cm). The modelling results suggest that changes in the hydro-thermal regime of
permafrost bogs have increased in the past 25 years. Calculated over the 2000-2024 period trends, averaged over
the areas occupied by polygonal marshes and palsas, were, correspondingly, as follows: 1.35 and 1.10 °C/10y
for soil temperature at 20 cm depth; 9.6 and 5.2 cm/10y for ALT; —1,1 and -2,9 cm/10y for soil water levels.
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BBenenue

B kpuonuro3one 3anannoit CuOMpu MUpPOKO pacpoCTpaHEHbl MHOTOJIETHEMEP3JIbIe
Oonora. VX pa3niensiioT Ha JiBa OCHOBHBIX THIIA: CEBEPHBIC MTOJIMIOHAIBHBIC, OIPaHUYCH-
Hble ¢ tora CeBepHBIM IMOJSIPHBIM KPYTOM, U OyrpHUCTbIC, PACIIOJIIOKEHHbIE I0)KHEE Ha
TEPPUTOPHUU BILIOTH 710 62—63° c. m [1]. bonoTta BHOCST 3aMEeTHBIN BKJIAJ B YIJIEPOIHBIN
IUKJI, YTO OMpEJeIIsieT X POJIb B PErMOHAIBLHOM M 1o0anbHOM skocucteme [2, 3]. B 3a-
nagHoi Cubupu, B 0COOCHHOCTH Ha SImajie, OHHM CYIICCTBCHHO BJIHMSIOT Ha XapakTep
SKOHOMHYECKOTO OCBOCHHSI PETHOHA, 3aTPYIHSS CTPOUTEIBCTBO HHPPACTPYKTYPHI, B IIEp-
BYIO O4epellb MPOTSHKEHHBIX JIMHEHHBIX coopykeHuid. Topdsinas 3ayexp 60i0T nmeer
crneduyeckne Teroduznieckne cBOWCTBa (Masasi TeIUIONPOBOAHOCT M OOJIbILIAs 110-
JIeBasi BJIaroeMKOCTh), KOTOpbIe 00yCIIaBIMBAIOT HEXapaKTEPHbIH JUIsi OOBIYHBIX TPYHTOB
BOJIHO-TEIUIOBOI pexuM [4, S5]. DT GakTopbl ONMpPEAENIIOT HEOOXOAUMOCTh OTAEILHOTO
UCCIe0BaHus OOJIOT.

HccnenoBanusi BOMHO-TEINIOBOTO peXXMMa O0JIOT MPOBOAMINCH ¢ Hadana XX B.
MuorouncnenHsie HaOMONeHUsT Ha 00J0Tax B OCHOBHOM EBporeiickoii 30Hb1 Poccuu
MO3BOJIMIIM MPEIOKUTD PAJ] PEIICHUH 0 ONpPEeICIEHUIO PACUETHBIX XapaKTepUCTUK 00-
10T [6]. OiHaKO 3TH paHHUE MCCIIEIOBAHUSI KAacAINCh JIMIIL HAanOOoJIee pacpoCTPaHEHHBIX
TaJbIX 0OJIOT, B TO BpPEeMs KaK 3HAUMTEIbHASl YacTh OOJOT TaKKe PACIONIOKEHA B 30HE
MHOTOJICTHEH Mep3i0Thl. Tak, B 3amagnoit Cubupu cerepHee Cubupckux YBajioB 3a00-
JIOYEHHOCTH cocTaBiseT okoio 30 %.

B crarbe paccMarpuBaroTCsi OJMrOTPOdHBIE, T. €. PACTIOIOKEHHBIE IPEUMYIIIECTBEH-
HO Ha BO3BBIIICHHBLIX BOAOPA3ACIbHBIX MPOCTPAHCTBAX, 6prI/ICTbIe U MNOJIUT'OHAJIBHBIC
MHOTOJIETHEMep3Jble 0010Ta. OCHOBHOE OTJIIMYME UX TMIPOJOTUHU OT OOJIOT TajI0i 30HBI
3aKJII0YAeTCsl B CMEHE (PPOHTAIBHOTO (PHUIBTPALMOHHOTO CTOKA, FOCHOACTBYIONIETO Ha
TanbpIx 00J0Tax, Ha CTOK OOJIOTHBIX BOJ MO cCXeMe, HarloMUHaromiei pyciosyto [7]. Hax-
MCP3JIOTHBIC BOJbI C BO3BBIINICHHBIX 3JICMCHTOB Me3opeﬂbeq)a CTCKarOT B MUKPOIIOHUKCHUA
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000THOTO MUKpOTaHAmAPTa (3aMa NHBL, JTOKOUHBL, TOIH), B PE3YJIETaTe CTOK C MHOTO-
JIETHEMEP3IIBIX 00JIOT MPOMCXOANT MO MOA00MI0 THAporpaduieckoit ceTu.

[epBble nccnenOBaHNsT MHOTOJIETHEMEP3IIBIX OOJIOT KPUOIUTO30HBI OBIIIM HAIpaB-
JICHBI Ha WX OIMcaHue u Kiaccupukanuio [8]. JIOKaaM30BaHHOCTh 3THX HCCIIEIOBAHUN
(yctpe p. O0wm, paiion 1. Canexap/a) mpuBesia K OIMHOOYHBIM OI[CHKaM ITPOLIEHTHBIX COOT-
HOIICHUH OONOTHBIX MUKpoaHAmadToB. B nanpHeiimeM kiaccudukaiis Mep3ibx 0010t
M ITPOCTPAHCTBEHHOE PACIPOCTPAHEHNE MUKPOJIAHIIIAPTOB OBUTH AETAIFHO M3yUYEHBI IO
Bcell TeppuTopun cesepa 3amaaHoir Cudupw.

o cepenunbl 1970-X I'T. BOIHO-TEIUIOBOW PEXHM MHOTOJIETHEMEP3JIBIX 0OJOT
KPHOJIMTO30HBI OCTaBaJICs HeM3yuyeHHBIM. OTKPBITHE M OCBOCHHE OOJIBIIOTO KOJIMYECTBA
He(TSIHBIX ¥ Ta30BBIX MECTOPOXKACHUN Ha ceBepe 3amanHoit Cubupu, B 0COOEHHOCTH
MPOEKTUPOBAHKUE M CTPOUTEILCTBO JIMHEHHBIX COOPY)KEHHH, MOTPEeOOBaIN KOHKPETHBIX
JAHHBIX O Pa3JIMYHBIX BOJHO-TEIUIOBBIX U CTOKOBBIX XapaKTEpPHCTHKaX 3TuX 0oiot. ITo-
atomy B 1970-x rT. [ocynapcrBenHbIM Tuposiornyeckum HHCTUTYyTOM (I'TW) ObLiin HavaTs!
MTOJTHOMACIITA0HbBIE KOMITIEKCHBIE SKCIICIUIIMOHHBIC HCCIICIOBAHNS BCEX XapaKTEPUCTHK
00JI0T B pa3IMYHBIX pernoHax ceBepa 3anaanoit Cubupu. OCHOBHAS 1IeNb 3aKII0YaIach
B IIPOBEJICHUU I'MPOJIOTNYECKUX M TEIUIO0AIaHCOBBIX MCCIICOBAHUN, B PE3YyJIbTaTe KO-
TOPBIX [UIAHUPOBAJIOCH MOITYYUTh aJITOPUTMBI pacdeTa BEIUYUH CTOKA, UCIIAPEHUS, TEM-
neparypbl, BI&KHOCTH 1 ITyOUHBI OTTauBaHUs TOP(SHO 3aJIeKH, YPOBHS HaJAMEP3IIOT-
HBIX (00m0THEIX) Box (YHB) st pasnuuHBIX 31eMEHTOB MUKpopenbeda 60T ¢ yueToM
npeobiagaromell pacTUTENILHOCTH B JII000M Touke ceBepa 3amaanoi Cudupu.

J171s1 BBITTOJTHEHUSI TOCTABICHHON 33/1a4M Ha PA3JIMYHBIX OOJOTHBIX MacCHUBaX OBLIN
OPraHU30BaHbI CTAI[IOHAPHBIC HAONIOAEHUS 32 COCTABIIAIOUIMMHU BOIHO-TEIJIOBOTO pe-
JKMMa, TAKMMH KaK paJMallioOHHbIN OajaHC; UcIapeHne U CTOK ¢ 00JI0T, onperelnseMble
pasnuuaBIME MeTomaMu; Y HB; MomtHOCTE ce3ouHO-Tanoro ciost (CTC) u temmepaTypHBIit
pexuM TophsHOI 3aiexku; abCcooTHAsI BIaXXHOCTh Topda. Bee BuIbl HaOMONCHUI TTpO-
BOJAMJIMCH Ha PA3IMYHBIX 3JIEMEHTaX Me3openbeda 00NoT U Ha HECKOIBKHX IUIOMIAAKAX,
3aHATBIX PAa3HOM PACTUTENBHOCTBIO. /sl penpe3eHTaTUBHOIO OXBaTa BCEM TEPPUTOPUU
ceBepa 3anaaHoi Cubupy ObUTH BEIOpaHBI HECKOJIBKO PalOHOB MPOBEJCHUS HAOIIO/E-
HUH, B KOTOPBIX ObUIH co3maHbl 10 GomoTHBIX crannoHapos. B mepmox 1971-1991 rr.
ObUIM OpraHM30BaHbl UCCIIEIOBaHUS OOJOTHBIX MAacCHBOB B CIeIyIOIMX paioHax: Ta-
3oBckoe — 1971 r, [lanroga — 1974-1975 rr, Ilyp-Ile — 1976-1977 rr., TeigsorTa —
1978-1980 rr., Xeiiru-fAxa — 1981-1989 rr., Iliaceneit-Axa — 1981-90 rr., Ilyxyue-
SIxa — 1985-1990 rr. Pe3ynbrarsl 5THX MccienoBaHui 00600mmeHs! B MoHorpaduu [9].

Ony n03BONHIIN Pa3paboTaTh IMIMPHUECKAE MOZIEIIN BOAHO-TEIIOBOTO PEXUMA JUIs
BCEX TUIOB 00J0T 3T0ii 30HEI [9, 10]. Ha npoTsbKeHnH MocaeyoImuX Tpex IeCITUIICTHH
JTAaHHBIE PACUETOB 10 3THM MOJAEISIM HCIIONB30BAINCh 3aNHTEPECOBAHHBIMHI OpTraHU3a-
LUSIMU JUUIS1 TIPOGKTHPOBAHUSI OOBEKTOB OCBOCHUS B KPHOJAMTO30HE 3anaHoi Cudupwu.

B nocnennue necsaTrieTrs B CBA3M C Peas3aliei IporpaMMBbl COIHAIEHO-IKOHOMH-
YECKOro Pa3BUTHsI APKTHUKH PacTeT 3alpoC Ha CBE/ICHHUSI O COCTOSIHUM MHOTOJIETHEMEP3IIbIX
60110T. OTHAKO CHUTYAIMs TOITHOCTHIO M3MEHMIIACh. MaciTaOHbIe SKCIIeTUIIMOHHBIE HCClle-
JTOBaHU, KOTOPBIE MOTJIIM OBI aKTYaJIM3UPOBATh SMITUPUIECKIE JaHHBIE, Tocie 1990-x rT.
HE MMPOBOAWINCH. B pesynbrare sMIUpHUUECKUEe MOJIEIH, IIOCTPOCHHBIC HA JaHHBIX Ha-
OmrofeHNi B PO, IPEANIECTBY IO COBPEMEHHOMY N3MEHEHHIO KJIMMaTa, ¥ paHee
BBITIOJTHSIBIIINE CBOM (DYHKIIMH, HE MOTYT aJIeKBaTHO ONKCATh IIPOLIECCHI, IIPOUCXOJISIIIE
B U3MCHUBIIUXCS YCIOBHAX. JTO 00yCIaBIMBacT HEOOXOJMMOCTh Mepexosia K MareMa-
TUYECKUM MOZEIISIM MHOTOJIETHEMEP3JIbIX O0JIOT, OCHOBAHHBIM Ha (pyH/IaMEHTAJIbHBIX
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3aKOHaX (pM3MKM M YypaBHEHWSIX, MHBAPUAHTHBIX K M3MECHUYHMBBIM BHEIIHUM YCIIOBHUSIM.
Kak Bce Mozeny, OHM He JIMIICHBI HEOOXOAMMOCTH HCIIOIb30BaHUS PEasIbHBIX JaHHBIX
JUIsl BepU(UKALNH U yCOBEPILICHCTBOBAHNSI.

[lenpio paboTh! OblIa MOAENBHAS aKTyaJIM3alusl JAHHBIX O TPEX OCHOBHBIX XapakTe-
pHUCTHKaX MHOTOJIETHEMep3JbIX OomoT 3amamHoit Cubupu: Temreparype TopQsiHON 3aie-
sku, MotrHoctr CTC u YHB. [l 5Toro ObUT BBIIOJHEH aHAIN3 MAaTEMaTHUECKUX MOJICIICH
MHOTOJIETHEMEP3JIBIX TPYHTOB Pa3IMIHON CI0KHOCTH, OCYIIECTBIICH ONTUMAILHBIN BBIOOD
MOJIEJH C YYETOM HAJIMUHMs HEOOXOMMBIX JUTSl €€ BAIUIALMH U IPOBEICHHS PACUETOB JAHHBIX.
Be16pannast Mozienb Oblila aJanTHPOBaHa VI PACUETOB XAPAKTEPUCTHUK MHOTOJIETHEMEP3IIBIX
00I10T KpHOINTO30HBI. bbIIa TIpoBeieHa ee KAIMOPOBKA M BaJIMIALKS 110 MCTOPUYECKUM
JTAHHBIM, TTOJYYCHHBIM B XOJI€ KOMITIEKCHBIX SKCHEIUIIMOHHBIX HCCIIEI0BAaHNI B TIEPHOJ
1971-1991 . Mopnerns OpLTa IpUMEHEHA TS pacdeTa COBPEMEHHBIX 3HAUCHUH MMapaMeTpoB
MHOTOJIETHEMEP3ITBIX 00710T 3armaaHoit CHOupH, IO pe3yIbTaTaM KOTOPBIX OBLTH TIOCTPOSHEI
aKTyaJIM3UPOBAHHbIE HA TEKYIINH MOMEHT IIM()POBBIC KAPThI PACUECTHBIX NapaMeTPOB.

MeToauKa U JaHHbIE

[TepBOHAYaNBHO MJIAHUPOBAJIOCH MCIIOIB30BATh HECTAIIMOHAPHYIO MOJEIb BOIHO-
TEIJIOBOTO PEXMMa MHOTOJIETHEMEP3JIbIX TPYHTOB, pa3paboTaHHyi0 B ['0cynapcTBEHHOM
THIpOJIOTHYecKoM UHCTUTYTE [11]. BbiOOp OBbLT 00YCIIOBICH TEM, YTO COOCTBCHHAS MPO-
rpaMMHasi pa3padoTKa IM03BOJISIET JIETKO MOIM(DUIIMPOBATh YUCICHHBIN aJrOpPUTM, a/IalTH-
py# ero 1oz crielUYecKre yCIoBUs MHOTOJIETHEMEP3IIBIX 000T. BMecTe ¢ Tem aBTropckue
MOJIENN MCKJTIOYalOT JajibHekIee pa3BuTHe padoT IPYrHMH HCCIIEI0BATEIsIMU Ha TOH XKe
METO/IMUECKOH U IporpaMMHON ocHoBe. [103TOMy ObliTa HCIIOIb30BaHa MOAIEIb OOILETO J0-
cryna ¢ oTkpbIThIM KoZioM CryoGrid Community model [12] B ee HanOosee moIHOM BepcuH.

Monens CryoGrid panee He IPUMEHSITUCH JJIs1 MHOTOJICTHEMEP3JIBbIX OOJIOT, IIABHBI-
MH 0COOCHHOCTSIMU KOTOPBIX SIBJISIIOTCS HU3Kasi TETUIONPOBOHOCTD U OOJIbINAsK TTOJIeBast
Bi1aroeMkocth Topda, gocruratomas 76 %. [Toaromy B 6a30BbIii aarOpUTM OBLIN BHECEHBI
H3MEHEHHS, MO3BOJIMBIINE YUECTh pealibHbIe TeIIO()U3NUECKHE U THAPABINYECKUE CBOM-
CTBa TOP(SHOM 3aJICXKH, 3aJaBACMBbIC 10 TAHHBIM 3KCIICIUIIMOHHBIX uccnenoBanmii [ TH.
Bbu10 Takke yu4TeHO TEIUIOBOE BIMSHHE PACTHTEILHOCTH, KOTOpasi Ha 0OJI0TaxX KPHOJH-
TO30HBI MpeJCcTaBlieHa c(harHOBBIMH MXaMH U JIMIIAHHUKAMH.

B pacuerax mo mozaenu CryoGrid ObUTH HCIIOIB30BaHBI CYyTOUYHBIE METEOJaHHBIC
peananu3a ERAS 3a nepuon 1941-2024 rr. no 8 MeTeoponoruyeckumM napaMeTpam: TeM-
neparypa Bo3Jyxa Ha BbicoTe 2 M, °C; MHTEHCHUBHOCTb BBINAJICHUS XKHUIKUX M TBEPBIX
0CaJIKOB, MM/CYTKH; CPEIIHSISI CKOPOCTh BeTpa Ha BbicoTe 10 M, M/C; y/enbHas BIaKHOCTb,
KI/KT; TPUXO/IAIIAs KOPOTKOBOHOBAS U JUTMHHOBOJIHOBAS paauanus, BT/M? u armocepHoe
JlaBjieHne Ha ypoBHe noBepxHocTH, Ila. ITepbie 30 et pacuera UCMOIB30BAINCH JUIS
«pasroHa» MOJICJIU OT 33aBaeMbIX Ha4aJbHBIX YCJIOBHH, B IPOLIECCE KOTOPOTO JOCTUTAIICS
0ayaHCc MEXJly BEPTHKaJIbHBIMU NMPOMUISIMHA BCEX PACCUMTHIBAEMBIX THAPOTEPMHUUECKUX
rapaMeTpOB U aKTyaJIbHBIMHU BEJIMYNHAMH METEOPOJIOIHYECKHUX NapaMeTpoB. [locnenyto-
LU TUarHOCTUYECKUH pacueT npoBoauics 3a nepuos 1971-2024 rr. mo ceTke npocTpan-
CTBEHHOTO pa3peuieHus 1°x1° o mupoTe u J0AroTe, oxBarbiBatomel 3amnaanyo CHOUpB.

Jnst kanuOpOBKH M BaJIMIAIIMK MOJIEIN HCTIONB30BAJICS NCTOPUYECKUI apXUB JIaHHBIX
sKcreqUIIMOHHbBIX HaOmoneHuit [TU Ha 10 60J0THBIX cTallMoOHapaX B KPHOJIHUTO30HE 3a-
nagHoi Cubupu, npoBoauBIIMXCS B riepuos 1971-1992 rr. Mecroronoxenne 00JI0THBIX
CTaI[IOHaPOB B 30HAX PAaCHPOCTPaHEHHs OYIPUCTHIX M OJUTOHAIBHBIX MHOTOJIETHEMEP3-
JIBIX 0OJIOT 1MOKa3aHo Ha puc. 1.
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Puc. 1. Obnactu pacnpocTpaHeHHs MOJIUTOHAIBHBIX (/) 1 OyrpucThiX (2) 6ONOT B KPUOJIUTO30HE
3anagnoit Cubupu u MecTonosoxkeHue 60motTHbIX ctannonapos ['TU (3)

Fig. 1. Areal of polygonal (/) and palsa (2) bogs in the West Siberian permafrost region and location
of the bog monitoring sites of the State Hydrological Institute (3)

KaﬂﬂﬁI)OBKa U BaJIuaanus MoJaeJau

Hawubomnee nonuast Bepcust CryoGrid 0OTHOCHTCSI K KJIacCy BBICOKO KOMITJTHIIUPOBAH-
HBIX HECTALIMOHAPHBIX MOJIeJIe, OCHOBaHHbIX Ha (DyHIaMEHTAIbHbIX YPAaBHCHUAX (DU3UKH
U THAPOJMHAMUKH, COAEPIKAIIUX OOJIBIIOS YHUCIIO NAapaMeTPOB U KOHCTAHT. B pacuerax
M0 BPEMEHU UCIIOJIb3YyeTCs MpsMast cxema Difiepa mepBoro mnopsijika.

JIist yCTOMYMBOCTH ATOM CXEMBI M BCETO aJITOPUTMa HEOOXOMMO, YTOOBI 3HAYCHHS
BIIMSIIOIIMX M PAcUETHBIX MapaMeTPOB U MX BPEMEHHbIC NMPUpAILEHHs BCEraa ObUIN CO-
I71aCOBaHbl. DTO JIOCTUTAETCS UCIOJIB30BAHUEM MAJIOTO IlIara 1o BpeMeHH, OT | cyTok
10 10 cexyHa, 1 MaKCUMalIbHO TOYHBIM 33J]aHUEM [IapaMETPOB, OKa3bIBAIOLINX CUIBHOEC
BIIUSIHUE Ha PE3yNIbTaThl pacyeTa, ¢ TeM YTOOBI OHU HE BBIXOIMIIM 3a Mpeeibl GH3H4ecKH
000CHOBAaHHBIX BeJUYMH. [l ONpeesieHns] TaKUX [apaMeTpoB ObUI MPOBEICH aHAIH3
YyBCTBUTEIBHOCTH MOJIEIIH, PE3YyJIbTaThl KOTOPOTO MpeCcTaBIeHbI B TA0IHIIE.

AHanu3 4yBCTBUTEILHOCTH MOJIENH IPOBOAMIICA Ha IIPUMepe OOIOTHOTO CTallHOHapa
HoBormoproBckuit, AJ1st KOTOPOTO UMEETCsl HANOOJIbIIIee KOJINYECTBO AaHHBIX HAOIIOACHHH.
ITo nanubIM peananu3za ERAS OputH cocTaBIeHBI BpEMEHHBIE PSAABI 8 METEOpOJIOTHYe-
CKHMX IIEPEMEHHBIX JJIsl COOTBETCTBYIOIIEH SIMEMKU CETKH. Psnbl 3aaBanuch Ha BXOJE
MOJICTTH IS TIPOBE/ICHUs pacdeToB 3a nepuor 1941-1985 rr., nmepsrie 30 nmeT MUCTONB30-
BaJINCh Ul «pa3roHa» Mozxenu. MOIIHOCTh TOP(MSHON 3aJIeKU U ee TeIIo(pHU3NIECcKHe
napaMeTpsl 33JaBajluCh 110 UMEIOUIMMCS JaHHBIM HaOmoneHuil. Ilo HuUM nposouiics
pacyer JyIi UCXOOHBIX BEIMYMH BIUSIONIMX ITapaMeTpPOB, B TA0IUIE COOTBETCTBYIOIIUE
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Tabruya
OneHKa YyBCTBHTEJIbHOCTH PACYETHBIX XaPAKTEPHCTHK K BAPHALNUAM BIHAIOIUX NAPaMeTPOB
Table
Model sensitivity to input parameters
Bapuaiuu napamerpon T, °C CTC, cm VYHB, cm
TBepable ocanaku 50 % 7,64 56,5 -10,8
75 % -5,86 56,2 -10,6
100 % -3,88 56,3 -10,6
125 % -2,18 59,2 -9,6
150 % —-0,98 73,8 -9,1
Kunkue ocanku 50 % -3,81 53,8 -15,5
75 % -3,86 55,9 —13,5
100 % -3,88 56,3 -10,6
125 % -3,86 56,3 -7,1
150 % -3,76 56,3 -5,3
MoinHoCTh 40 cm -5,40 87,5 -9,2
TOP(STHOM 3aneKn 55 cm -4,30 75,3 -10,5
65 cm -3,88 56,3 -10,6
85 cm -3,75 53,5 -10,7
100 cm -3,65 53,0 -10,8
Haunmenbiras 55% 4,42 58,8 -89
ToJIeBasi BIArOEMKOCTh Topda 65 % 4,13 57,6 -9,7
75 % -3,88 56,3 -10,6
85 % -3,71 54,5 -11,4
95% -3,39 49,8 -16,3
JIbauCTOCTD 10 % —4.03 57,1 -10,7
MHHEPaJIbHOIO TPYHTA 20 % -3,88 56,3 -10,6
30 % -3,78 54,1 -10,6
40 % -3,56 48,5 -10,5
50 % -3.,48 47,6 -10,4

IIpumeuanue. TIOIY>KUPHBIM BBIIEICHBI HCXOAHbIC 3HAYCHHS TAPAMETPOB M PACCIUTAHHBIC [0 HUM Xa-
PAKTEPUCTHKH.
Note. The initial values of the input parameters are indicated in bold.

BEJIMYMHBI BBIJICIICHBI XHUPHBIM HpudToM. Paccunranusie Bennunnsl MoiHoctu CTC,
TeMIepaTypbl TOpQsiHOM 3anexku Ha mryouHe 20 cM 1 YHB ocpenHsiich 3a 0a30BBbIi
nepuoq 1971-1985 rr., KOTOpBIN XapaKTepU3yeTCsl yCIOBHO-CTAMOHAPHBIM KIMMATOM.
3areM NpOBOIWINCH CEPUH MTOBTOPHBIX PACUETOB C BO3MYIICHHBIMU 3HAUCHUSAMU OHOTO
13 BIUSIONIMX [TapaMETPOB, YKa3aHHBIX BO BTOPOM CTOJIOIE TaOIHIIbI, 1 HCXOAHBIMH 3Ha-
YEHUSIMU OCTAJIBHBIX TIApaMeTPOB. B 3THX pacdeTax cyMMbI JKUJIKHX U TBEPABIX O0CA/IKOB
BapbUPOBANUCH B npenenax ot 0,5 10 1,5 0T HCXOAHBIX BENUYMH, ONPEAEIsSeMbIX 0 AaH-
HeIM ERAS. OcranbHble BIUSIONINE TapaMeTpbl BAPEUPOBAIUCH B IaNa30HE, yKa3aHHOM
BO BTOPOM CTOJIOIIE TAOIHUIIBI.

Jlanee Obla MpoBeeHa BaJIMIAlUs MOJICIIH, B X0/I€ KOTOPOI pacCUUTaHHbIE JaHHbIE
CpaBHMBAINCH ¢ HaOmoneHnsMu. Ha puc. 2 Ha npumepe teruioro nepuoaa 1987 r. mo-
Ka3zaH BEPTHKAIBHBIN pa3pe3 BEPXHEr0 METPOBOIO CJIOsl TOP(SHON 3aIeikKH, HA KOTOPOM
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Puc. 2. Paccunrannblie 1 HaOMOeHHBIE Ha cTannoHape HoBomopToBckwmii 3a nroHb—1ekabps 1987 .
napaMeTpbl: @ — temmeparypa topdsinoii 3anexu (T, °C) u mougaocts CTC (M); 6 — BIaXKHOCTH
noussl (W, %) u YHB (M). / u 2 — nabmonennsie u pacuetHsle Momuoctu CTC, M; 3 u 4 — Ha-
OmroneHHbIe U pacueTHble YHB

Fig. 2. Bog parameters calculated and observed at Novoportovskii site for June-December 1987:
a — soil temperature (T, °C) and ALT; 6 — soil moisture (W, %) and soil water level (m). / and 2 —
observed and calculated ALT, m; 3 and 4 — observed and calculated soil water level, m

MPOCIICKUBAOTCS M3MEHEHUS BO BpEeMEHH BepTHKaabHOTO mpod s Temmeparypsl (T, °C),
Biaxkaoctu noussl (W, %), momHocT CTC (M) u YHB (M), paccunTanHble 10 MOAEIH
U IO JIaHHBIM HAOIOICHUH Ha cTanuoHape HoBomopToBCKuid.

Ha puc. 3 nokazaHo 00JaKo pacCYMTaHHBIX U U3MEPEHHBIX BEJIIMYUH MOIIHOCTH
CTC u ypoBHell HaJIMEP3JIOTHBIX BOJ 33 pa3jIMuHbIE TOABI Ha 5 OOJIOTHBIX CTallMOHApax
U JINHEHHbIe 3aBUCHMOCTH, alllIPOKCUMUPYIOIINE CBA3b MEXIy HUMHU. Ilo HakmnoHy am-
MPOKCUMHPYIOIIUX JIMHAH BHUHO, YTO MOJIEJIb 3aBbIIIACT HAOIIOACHHS, B OCOOCHHOCTH
no momHoct CTC. TouHOCTh pacdyeToB oneHuBanach BennunHoil RMSE (kBaapatHslii
KOPEHb U3 CPEAHEKBAIPaTUYHON Pa3HOCTH PacuyeTOB M HAONIONEHHH ), 3HAYeHUE KOTOPOid
cocrasysiet 9,4 cm mist puc. 3a u 7,5 cm s puc. 36. [Ipu ToM, 4TO B 1IEJIOM TOYHOCTh
pacuera JOCTaTOYHO BBICOKA, BUAHO, YTO MOJIENb 3HAUYUTENBHO, 10 20—25 cM, 3aBbIIIaeT
motHocTh CTC Ha nByx cranmonapax, Komcomonbckuii 1 MenBexbe, pacroioKeHHBIX
Ha OyrpucThix 0osioTax. [To-BuarMoMy, 3T0 00YCIIOBICHO 0COOCHHOCTSIMH JaHHBIX CTa-
IIHOHAPOB, KOTOPbIE HE YUUTHIBAIOTCS B MOJIEIH.

[To maHHBIM 3KCIICAUIUOHHBIX H3MEPECHUMN, MOIIIHOCTh TOP(SHOMN 3aJICXKH K IOy OT
30HBI MMOJUTOHAIBHBIX OOJIOT B OyTrpax COCTaBIISET OT 2 10 7 M, T. €. 3aBEIOMO IPEBBIIIACT
MotHocTh CTC Kak 1Sl IPOLUIBIX, TaK U JJISi COBPEMEHHBIX KIMMATHUECKUX YCIOBHMA.
Jlyist Tome cuTyanus MHAs, TaM BO3MOXKHO 00pa3oBaHME TAJIMKOB, HO Oe3 HaOJIIOIeHUIt
JIOCTOBEPHO YCTaHOBUTH 3TO PACUETHBIM ITyTeM Helnb3sl. C ydeToM 3TOro Ha BCeX Ipa-
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Puc. 3. CpaBHeHune paccunTaHHBIX U U3MepeHHbIX BesnnunH MomHocTH CTC (@) u YHB (6) 3a pas-
nuyHble Tobl. LIBeToM BbIneseHa NpUHAIIEKHOCTD K cTauoHapaM ['TU: / — BoBaneHKOBCKH,
2 — HoBomnoprosckuii, 3 — Menexbe, 4 — ['yOkunckuii, 5 — Komcomonbsckuii

Fig. 3. Comparison of calculated and observed values of ALT (a) and soil water levels (6). The SHI
sites are highlighted with different colors: / — Bovanenkovskii, 2— Novoportovskii, 3 — Medvezhe,
4 — Gubkinskii, 5 — Komsomolskii

¢ukax ast OyrpucThIX OOJIOT MPUBEACHBI PE3YJBTAThl PACUETOB IS TTOJIOKHUTEIBHBIX
¢dopm penbeda (Topdsiabie Oyrpsl). B Mopenu He yuTeHo, 4To TOp(siHbIE OYyIpbl HUMEIOT
Pa3IMYHYIO BBICOTY. DTO 3aTPyAHSET HEMOCPEICTBEHHOE CPAaBHEHNE PAcUeTOB C HaOro/Ie-
HUSIMH U MOJKET OBITh MPUYMHON MOJYYSHHBIX PACXOXKJICHUH PacUeTHBIX U N3MEPECHHBIX
mormHoctd CTC u YHB B oTenbHBIX TOUKaxX Ha puC. 3.

Oo0cy:x1eHue pe3yjbTaToB

[maBHO¥ 1ETBI0 PaOOTHI SBISACTCS aKTyalU3allus CBEICHUI O COCTOSTHUM MHOTO-
nmeTHeMep3nbIx Oonot 3amagHoit Cubupw, KOTOpble OCHOBAHBI HA AKCIICAWIIMOHHBIX HC-
CIIEZIOBAaHMAX TIOYTH IOTyBEKOBOH JaBHOCTH. OOCYXIEHNE Pe3yIbTaTOB MOJCITUPOBAHNIS
11eecoo0pa3Ho HayaTh C aHaJIH3a M3MEHEHWH BIHSIONINX KIMMAaTHYSCKUX MapaMeTpOB
3a UCTEKLIMH TEPUOLL.

Kak moka3zan mpoBeIeHHBIH aHATH3 YyBCTBUTEIBHOCTH MOJIENH, HAHOOJbIIIEe BIIH-
SHUE Ha BOIHO-TEIUIOBON PEXMM MHOTOJICTHEMEP3JBIX OOJIOT OKa3BIBAIOT TEMIIEpaTypa
BO3/yXa TEIUIOTO MEpPHoIa M CyMMa OCAIKOB XOJOIHOTO TEPHO/Aa, KOTOpas ONpeeseT
BBICOTY CHEXXHOTO IMOKpoBa. KapTsl Ha puc. 4 MOKa3pIBalOT Pa3HOCTH ATHX MapaMETPOB,
ocpenHeHHBIX 3a epuof 1941-1977 rr. m 1978-2024 . DTH KapTHI TOTOTHAIOT TPApHKH,
TTOKA3BIBAIOIINE N3MEHEHNS BO BPEMECHH M JIMHEHHBIC TPSHIBI OCPEIHEHHBIX MO 30HAM
pacnpocTpaHeHuss OyTPUCTHIX W MOJUTOHAIBHBIX OOJIOT CPEIHEr0I0BON TEMIEepaTyphl
BO3/yXa U TOIOBBIX CYMM OCAaJIKOB.

Pematormum axTopoM BO3ASHCTBUS HA MHOTOJIETHEMEP3JIbIe 00I0Ta, HECOMHEHHO,
SBJSIETCSI POCT TEMIIEPATyPhI BO3AyXa, HAOIIOMAaeMBIil BO BCE CE30HBI To/la HA MIPOTSKCHUH
YeTBIpeX MOCIEAHUX AecATIICTHH. ['0moBo (TIoka3aH Ha puc. 4) M OCCHHUN TPEHIIBI
cocraisrot okono 0,4 °C/10 ner; Becennuit — Gonee 0,7 °C/10 net, B mapTe U ampene
noxozs no 0,9 °C/10 met; 3uMHUH TpeHa HauMeHee BeIpaxeH, okoino 0,1 °C/10 ner (uc-
kmodas peBpans) u netHui okoxo 0,2 °C/10 ner.
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Puc. 4. Pernonanbuble U3MEHEHUsI TEMIIEpATypbl BO3AyXa U O0CaJKOB. BepxHuil psi — OTKIIOHE-
HUS OCpPeAHEHHBIX 3a nepuoa 1978-2024 rr. cpenHeil TemnepaTypsl BO3ayXa TEIUIOrO MEpHoaa
(T, “O) (@) 1 cymm 3umHEX Ocankos (P . MM) (6) OT COOTBETCTBYIOIIMX 3HAYCHUH 32 MEPUOL
1941-1977 rr. Huwxuuii psii — U3MEHEHUs U JIMHEHHbIE TPEHAbl OCPEAHEHHOM 110 30HaM pacIpo-
CTpaHEeHUs TOJIUTOHAIBHBIX (/, 2) 1 OyrpHCTHIX (3, 4) 60JI0T CpeHEeroJ0BOI TeMIIepaTyphl BO3IyXa,
°C (8); ¥ TOIOBBIX CyMM OCaJIKOB, MM (2) 3a nepuoxn 1970-2024 rr.

Fig. 4. Regional air temperature and precipitation changes. Upper panels — differences between the
mean air temperature of the warm period (T, °C) (a) averaged over the periods 1978-2024 and
1941-1977 and winter precipitation sums (P, . mwm) (6). Lower panels — the bogs’ mean annual air
temperature, °C () averaged over the zones of polygonal (/, 2) and palsa (3, 4) and annual precipitation
sum, mm (e), with their linear trends for the 1970-2024 period

aHoM’

TpeHnbl 0caKoB B COBPEMEHHBII Mepro]| ci1abo BhIpaXKeHbl U HE3HAYMMBI. MOXKHO
OTMETHTh MX Pa3HOHAIIPABICHHOCTH B MpeJiesiax u3y4aeMoro pernona. ['ogoBoit Tpen Ha
TeppuTopuu BOKpyr OOCKO# ryObl M Ha KpailHEM CEBEpPO-BOCTOKE PErHoHa ciabooTpu-
LaTeJIbHBIN, MPEXK/Ee BCEro 3a CYET JIeTa U OCEHHM, TOIJa KaK Ha OCTAJBLHON TeppUTOpHU
HaOJIoaeTcst pocT 0Ca KoB. B cpemHeM 1o BceMy perroHy rofoBOil TPEH]| 0CaIKOB CO-
crasisier okosio 10 Mm/10 siet. Tpena 3uMHUX 0cajIKoB, (POPMUPYIOIINX CHEXHBIN ITOKPOB,
B JIECSATH pa3 MeHblle, He npeBbiiaet 1 Mm/10 J1eT U cTaTucTHYecKu He3HaYnM. M3 TaHHBIX
TaOJIUIIBI CIIEyeT, YTO M3MEHEHHE 3UMHHUX OCaJIKOB B Ipesenax +25 % MeHseT CpeHero-
JIoBy10 Temmeparypy Ha 1,5-2 °C, Ho 1oBoibHO Mao BiuseT Ha MoutHocts CTC u YHB.

Ha puc. 5 nokaszaHbl pe3yJbTaTbl MOJICJIBHBIX PAacyeTOB M3MEHEHUS IT0Ka3aresien
BOJIHOTO U TEIIOBOTO PEKHMMOB IOJIMTOHAJIBHBIX U OyrpucThix Oonor 3a 1971-2024 rr.,
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Puc. 5. Cpeznnue 1o 30HaM IMOJIMTOHABHBIX M OyTPUCTBIX OOJIOT CPeJHNE TOOBbIC 3HAYCHHS TEMIIe-
parypsl TopdsiHo# 3anexu Ha rayoune 20 cMm, °C (a, 6); mouoctu CTC, cMm (s, 2); YHB, cMm (0, €)
1 UX JTUHEHHbIe TpeHabl 3a nepuox 2001-2024 rr.

Fig. 5. Mean annual soil temperature at 20 cm depth, °C (a, 6) averaged over the areal of polygonal
and palsa bogs in West Siberia; active-layer thickness, cm (s, 2); soil water levels, cm (0, ¢) and their
linear trends in the period 2001-2024

OCpEJJHEHHbIE TI0 apeajaM MX pacrnpocrpaHenus B 3anananoit Cubupu. Ha puc. 6 noka-
3aHbl KapThl 3THX JKe T0Ka3arelield, paccauTanHble st 6azoBoro nepuoaa 1971-1985 rr.
U coBpeMeHHoro nepuoaa 2015-2024 rr.

B crarbe npuBe/ICHBI JaHHBIE O CPEIHEr0I0BOI TeMIleparype IrpyHTa Ha riryOuHe
0,2 M, KOTOpBIE PENPE3CHTATHBHO OTPAXKAIOT TEPMHUYCCKUN PEKUM BEPXHETO CIIOSI TOP-
(I)S{HOI‘/’I 3aJICKH. I_IO TEX MOp, IMOKa 3Ta BEJINYWHA HAXOAUTCA B OTPULIATCIIBHOM JHAaI1a30-
HE, Mep3JI0Ta OyJIeT COXpaHAThCA, MOCKoabKy Ha mogomBe CTC u3-3a TemmneparypHoOit
CABHMI)XKHU OHA BCEraa HUXKE. 3aMeTI/IM, YTO B IT'€COKPUOJIOTNHN 06HIerI/IH$[TO HCIIOJIB30BAaTh
JIpPYTYI0 METPHKY, Temreparypy Ha nopomBe CTC uin ske Ha ypOBHE HYJIEBBIX TOOBBIX
amIUIMTY/. B Hamiem ciyuae 3To Heleliecoo0pa3Ho, MOCKOJIbKY Ha PACCMOTPEHHOM WH-
TepBasie BpeMeHHu MOIMHOCTh CTC 3HaunTENhbHO MEHSETCS U HESICHO, KaKOM KOHKPETHON
m1yOuHe OyayT COOTBETCTBOBATH NMPHUBS3aHHBIC K HEH TeMIepaTypHbIe JaHHbIE.

PesynpTarel pacueToB, MOKa3aHHBIC HA pHUC. 5 U 6, YKa3bIBAIOT HA TO, YTO IPOMC-
XOJIUT YBEJIMUSHNE TEMIIEPaTypbl TOPQSIHON 3aJI€XKH, 0COOEHHO BBIPAKEHHOE B 30HE pac-
NPOCTPAaHEHHUS! TTOJIUTOHAIILHBIX 00JI0T. 37IeCh CPEe/HsIs BEIMYMHA TPEH/1a CPEIHEr0I0BOM
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Puc. 6. PacueTHbIC XapaKTepHCTHKN MHOTOJIETHEMEP3IBIX OooT 3amaxHoit Cubnpn aas 6a30Boro
nepuona 1971-1985 rr. u coBpemennoro nepuoaa 2015-2024 rr.: cpeHeroqoBas TeMiieparypa Top-
(sHO 3anexu Ha nryoune 20 cm, °C (a, 0); momHocTs CTC, cM (8, 2) 1 ypOBEHb HAIMEP3IIOTHEIX
BO1I, cM (0, e)

Fig. 6. Calculated mean annual soil temperature at 20 cm depth, °C (a, 6); ALT, cm (s, 2); and soil
water level, cm (0, e) in the baseline period 1971-1985 and modern period 2015-2024 for the
permafrost bogs in West Siberia
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Temneparypsl Ha TiyouHe 20 cM 3a mociemnane 25 net coctaBmsieT 1,35 °C/10 met. D10
6onee yem B 1,5 pasa mpeBbIIIaeT CKOPOCTh YBEINUCHNUS TEMIIEPATYPhI BO3/LyXa H 00yCIIOB-
JICHO COBMECTHBIM BO3JICHCTBUEM JIPYTHX MEHSIOIIMXCS JTaHAa(THEIX (hakTopoB. B 30He
OyrpHCcTBIX OO0JIOT MOAEIBHBIC PACUEThl YKAa3bIBAIOT HA POCT TEMIEPATypbl TOPHSIHON
3aneku co cpeqHert ckopocThio 1,10 °C/10 meT. 3aKOHOMEPHO MPOUCXOAUT YBEITUYCHUE
momrHocTi CTC, Taxke Oonee BEIpaKEHHOE B 30HE ITOJIMTOHATIBHBIX OOJIOT (B CpeaHEM
Ha 9,6 cM/10 5eT), o cpaBHEHUIO C 30HOM OyrpUCTHIX O60oT (B cpeaneM 5,2 cM/10 er).

MopenbpHbIE pacueThl YKa3bIBAIOT TAK)KE HAa 3HAYMTEIbHBIE M3MEHEHHSI BOJHOTO
pexxuMa. ITO TPOSABISIETCS B TIOBCEMECTHOM CHIDKEHHH YPOBHS HAJMEP3JIOTHBIX BOI.
HaunOonpure n3aMeHeHus pacyeThl JaroT AJIsl 30HBI PACHPOCTPAHEHHsI OyTPHCTHIX O0IOT
Ha I0T¢ KPHOMHUTO30HHI 3anmagHoil CuOupw, cpenHuil TpeH[ 3a MOCIeqHue 25 JIeT co-
craBisgeT —2,9 ¢cM/10 met. Ha monmuroHambHBIX 00J0TaX OLEHKH TPEHAa 3aMETHO HIXKE,
B cpenneM —1,1 cm/10 mer.

OcHOBHBIE BbIBOAbI

[Tomyuennsie B paboTe pe3yabTaThl TO3BOISIOT CHOPMYTHPOBATH CIEAYIOMINE OC-
HOBHBIC BBIBOJIBI.

1. U3menenune kimmara 3a nocienane 50 neT MpuBeNIo K 3HAYUTEIBLHOMY POCTY
TEMIIepaTypbl BO3AyXa B 30HE PaclpOCTPaHEHUs] OYyTPUCTHIX M MOJUTOHAIBHBIX 00JIOT
KPHOJIMTO30HKI 3araHoii CHOMpH BO BCE CE30HBI T0OJ[a U K OTHOCHUTEIHHO HEOOIBIINM
Pa3HOHAPABICHHBIM MO TEPPUTOPUH U3MEHEHUSIM aTMOC(EPHBIX OCAIKOB.

2. YHUKaJIbHBIC TIO MTPOJOIDKUTEILHOCTH, OJIHOTE M OXBAaTy N3MEPSIEMBIX ITapame-
TPOB JJaHHBIE HKCIICTUIINOHHBIX MCCIEIOBAaHNI MHOTOJIETHEMEP3IIBIX OOJIOT, TOTyYeHHbIE
B niepuon 1971-1992 rr., B Hacrosiiiee BpeMsl IEPECTaI COOTBETCTBOBATh COBPEMEHHBIM
KJIMMaTHIeCKUM ycIoBUsIM. OHM MOTYT OBITh aKTyaIM3UpPOBAHBI JINOO MMOBTOPHBIMH JKC-
MEeUINOHHBIMU HCCIIEI0BAaHUSAMH, KOTOpBIE B mocieanue 30 JeT Ha TeX ke cTaloHapax
HE TPOBOAMIINCEH, TMOO € NCIOIB30BAHUEM MOJICIFHOTO peaHan3a.

3. HecranmonapHasi MOZielIb BOJHO-TEIUIOBOTO PEXXHUMa ITOJICTHIIAIONICH MOBEpX-
HoctH CryoGrid, ncronbs3oBaHHas B JaHHOH padoTe, MoKa3aia XOpOIIHe pe3yabTaThl Mo
BOCITPOM3BEICHHUIO AAHHBIX SKCIIEANIIMOHHBIX HaOmoneHnii Ha 10 OOMOTHBIX cTannoHa-
pax KpuoIMTO30HHI 3amagHoit CHOMPH 1O TPEM OCHOBHBIM MapaMeTpam: TeMIeparype
TopdsHO# 3anexu Ha Tryouae 20 cm, momrHOCcTH CTC M ypOBHIO HAIMEP3IOTHBIX BOJ,
BKJIIOYAsl UX BHYTPHUTOJIOBYIO U MEKTOJOBYIO JHHAMUKY.

4. Ilposenennsie pu oMoty Monenu CryoGrid pacuersr 3a mepuoxn 1971-2024 rr.
MO3BOJIMIIN aKTyaJIM3UPOBATh CBEICHUS 00 OCHOBHBIX ITapaMeTpax BOIHO-TEIIOBOTO
pexxnMa O0I0T KpHONHTO30HbI 3anaanoit Cubupu. [ToBcemecTHO M U1 BCEX THIIOB
MHOTOJIETHEMEP3JIBIX O0JIOT MPOHU30IIIO YBETHUCHHE TEMIIEPATYPhI TOP(PSHON 3aIEKH,
momHocTH CTC 1 MoHMKEeHNnEe YPOBHS HaAMEP3IOTHBIX BoJ ¢ AuddepeHnanneii 5Tux
M3MEHEHHH 110 30HaM PacTpOCTPAaHEHUs! OYyTPUCTHIX M MOJIUTOHAIBHBIX 00510T. CKOpOCTh
M3MECHEHHH YBEIMUMWIACH B TIOCIEAHUE 25 JIEeT, 0cOOCHHO CHIIBHO 3TO MPOSIBHIIOCH B YBE-
mmuennu momHoctu CTC.

5. Mogens CryoGrid 6p1a oTkamrOpoBaHa 10 JaHHBIM KOHKPETHBIX 10 O0IOTHBIX
CTaIMOHAPOB, PACIOIOXKEHUE KOTOPBIX (pHC. 1) HE OXBAaTHIBAECT BECh CIIEKTP COBPEMEH-
HOM M3MEHYMBOCTH KJIMMaTta (puc. 4a, 0). [loatoMy npencTaBieHHbIE pe3yabTaTbl HOCSAT
OLICHOYHBII XapaKTep M /ISl MPAKTHIECKOTO NCTIONB30BaHMs TPeOyeTcsl X yTOUHEHHE Ha
OCHOBE OoJree IeTalbHOM THIH3aUH MOP(OIOTHH OOJIOT.
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3JIeKTp0HHbIﬁ APXUB JaHHBIX 0 pa3pbiBax
B JICASTHOM IIOKPOBE€ APKTHYCCKUX MOpeﬁ

JLH. Oeivent™, E.I. Boiikas, A.A. Epmosa, K.I'. KopTukosa,
B.C. ITopybaeB, A.A. UnpkoBa

I'HI] P® Apxmuueckuil u aumMapKmuyeckui Hay4no-uccied08amensCKutl UHCmumym,
Canxm-Ilemepbype, Poccus

Mldyment@aari.ru
JIH/, 0000-0002-3412-922X; AAE, 0009-0006-6545-3635; BCII, 0000-0003-2941-9772

AHHOTaIus1. Pa3pbIBEI B JI€/ITHOM OKPOBE ApKTHUYECKUX MOpEHi SBISIOTCS MOTEHIIMAIEHBIMU MapIIpyTaMu Oosiee
JIETKOTO TIABaHMS B 3UMHE-BECEHHHI Ieprojl. B CBA3M ¢ 3THM KITMMaTHYECKHe U POTHOCTHYECKHE 3HAYCHHS
UX XapaKTePHCTHK BeCbMa BOCTPEeOOBAHBI U HyX/] HaBUraluy. Jlo HACTOSAIIETO BPEMEHH He CYIIECTBOBAIIO
apXHBa, COZIEPIKAIIETO JaHHBIE O Pa3phIBaX 3a JOCTATOYHO NMPOIOKUTENBHBIIN EPHO BPEMEHH U B BUJIE, T10-
3BOJISTIOIIEM PACCUMTHIBATH TAKNE BaXKHBIE XapAKTEPUCTHKH, KaK PeodIIaiatolas OpHEHTAIHs 1 IPOTSHKEHHOCTD
Pa3pbIBOB. B cTaThe M3N0KeH mpolece CO3NaHNs apXuBa JaHHBIX O Pa3pbIBaX B MOPCKOM JISASHOM TOKPOBE
C WCIIONIE30BAaHMEM METOJa MX aBTOMATHYECKOH MICHTH()HKAIMK HA CHHUMKAX BUIMMOTO M MH(pPAKpacHOTo
nunanazona FIC3 SuomiNPP u Terra ¢ mpoctpancTBeHHbIM paspernenueM 250-1000 m. opmar npencTaBieHus
MH(pOPMALMK B apXHUBE T03BOJISIET ONMPEIENATh JUIMHY M OPHEHTALMIO Ka)kxoro paspbiBa. [IpoBeneHa BepH-
(pMKaIKs TAHHBIX CO3MAHHOTO apXMBA ITyTEM COIMOCTABJICHHS 3HAYCHNH MOJAIHON OpPHEHTAINI 1 YACIbHOH
JUTHHBI pa3pbIBOB, PACCYMTAHHBIX 110 JAHHBIM aBTOMATHUECKOTO M IKCIIEPTHOTO enmppupoBanus. [Tokazauo,
4T0 C()OPMUPOBAHHBIH APXUB MOKET OBITH CIIONB30BAH TIPH POTHO3UPOBAHNH MPeoOiIaIatomei OpueHTaliH
Pa3phIBOB IS HYXK/ CYJIOXO/ICTBA, A TAKIKE NP ONPEIEICHNH XapaKTePUCTHK Pa3pbIBOB, HEOOXOIUMBIX IS HC-
CIIeI0BAHMS MX POCTPAHCTBEHHOI 1 BpEMEHHON H3MEHUMBOCTH B KOHTEKCTE H3MEHEHNS KIMMaTa B APKTHKE.
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Abstract. Sea ice leads are narrow linear-shaped openings enclosed in ice. They may be covered with nilas or
young ice. Climatological values of modal lead orientation and specific lead length are important characteristics
for the study of spatial and temporal variability of leads both for needs of navigation in the Arctic and in
the context of the Arctic climate change. To calculate climatological lead characteristics, a long-period data
archive is required. The main source of observations on leads is satellite imagery. Manual interpretation of
leads in satellite images is an extremely labor-intensive process. In 2025, we developed a method for automatic
identification of leads retrieved from SuomiNPP infrared satellite images using a convolutional neural network.
As aresult of image processing with this method, each lead is represented as a polyline and defined by a set of
geographic coordinates for the ends of the line segments. This kind of data representation provides calculation of
all the main lead characteristics. Using the method, we compiled a data archive on leads in the Laptev and East
Siberian Seas for 2012-2025. Data on leads for spring months were derived from visible-range SuomiNPP (for
April-May 2012-2025) and Terra (for March-May 2000-2011) images. For this type of images, the model
was retrained. The results obtained were verified by comparing the modal orientation and specific length of
leads calculated from automatically identified data with those from expert interpretation data. It was found that
the difference in modal orientation of leads was minor in a vast majority of cases: the average difference was
7-8°. Differences in the specific lead length were also small, averaging 1-10 m/km? Data on leads in the winter
months of 20002011 were retrieved from the free available results of processing the MODIS ice surface
temperature data by applying the “multiway” algorithm, which is part of our method for automatic identification
of leads. Verification of the results obtained in this way showed that the average difference in modal orientation
values was 11°. Therefore, using lead data from all the datasets produced will not introduce significant error in
the subsequent determination of generalized lead characteristics, provided that differences in the spatial resolution
are taken into account. This enables us to aggregate all the datasets produced into a single data archive on leads
in the Laptev and East Siberian seas in 2000-2025.

Keywords: automatic interpretation, Arctic sea ice leads, ice convolutional neural network, ice openings, modal
orientation, satellite images, spatial density of leads
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BBenenune

Mopckoii 1easiHOM TOKpOB HEOAHOPOAEH. OHUM U3 €r0 XapaKTEPHBIX CTPYKTYPHBIX
DJIEMEHTOB SIBJISIOTCS Pa3pbIBbl — MPOTSKEHHBIE IPOCTPAHCTBA OTKPBITON BOJBI B BUJIE
TPELUH, Pa3sBOAUN U KaHAJIOB Cpelu CILIOLIHOIO JbAa. B xone mpoucxopsiero B pas-
pBIBaxX aKTHBHOTO JIEA000pa30BaHMsl OHM MMOKPBIBAIOTCSI HUJIACOM HMJIM MOJIOZBIM JIBJIOM.
Pa3pbIBBI MOTYT ITPOCTUPATHCS HA COTHH M THICSIYM KWJIOMETPOB, IIPH 3TOM HX IIUPUHA
BapbUPYET OT HECKOJIIBKUX METPOB /10 HECKOJIBKUX KUIOMETPOB.

O0pazoBaHue pa3pbIBOB 00YyCIABIMBACTCS MpoLeccaMu Ae(OpMaIi PacTsHKEHHS
U CIBHra JIEJSHOTO MOKPOBA, BOSHUKAIOUIVMMHU BCIEICTBHE IIPOCTPAHCTBEHHON HEPABHO-
MEPHOCTH TI0JIsi CKOPOCTH JApeiida npaa. [Tocnenusas oOycioBieHa riaBHBIM 00pa3oM
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CTPYKTYPOM moJIst aTMOC(hEpHOTo JaBJIeHUS U 0COOCHHOCTSIMU pactpeeneHus cymu [1].
[Tpu OTCYTCTBHHM CYyIIECTBEHHBIX M3MEHEHUI aHEMOOApUYECKUX YCIOBHH OpHEHTAIIMs
B IIPOCTPAHCTBE M Pa3Mephl pa3pbIBOB MOTYT COXPAHSTHCS Ha MPOTSDKCHUH CHHOIITHYC-
ckoro niepuoza (10 10 cytok). [Ipy BOSHUKHOBEHUH MOBIIKEK U 1ehopMaIiuii B JISASTHOM
MOKPOBE, BBI3BAHHBIX M3MEHEHHSMH IOJIsI CKOPOCTH Jpeiida, cymecTByIOmue pa3pbIBbl
MOTYT 3aKpBIThCS B PE3YNBTATE CXKATHS, & B 00Pa30BABIINXCS 30HAX PACTSKEHUSI U CABUTA
OynyT (opMHPOBATHCSI HOBBIE Pa3pbIBbI C MHBIMH XapaKTEPUCTHKAMHU.

JlanHble 0 pa3pbiBax B Aped(yromeM JeITHOM MOKPOBE MPEACTABISIOT OOIBIION
MHTEpEeC MPH HABHUTAlMK B apKTHYECKHX MOPSIX, TaK KaK OHH 00pa3yloT €CTECTBEHHBIC
KaHaJbl ¢ OoJiee JISTKUMH JISIOBBIMHU YCIOBHAMH. OIIBIT MPOBEAEHHS BHICOKOIIMPOTHBIX
peiicoB J0Ka3asl 3HaYUTENFHOE TOBBIMIEHHE Y(P(PEKTUBHOCTH IUIABAHUS TP HUCTIONB30-
BaHWU TOIMYTHBIX Pa3pbiBOB [2, 3]. B CBsA3M ¢ 3TUM HEOJHOKPATHO yKa3bIBAJIOCh Ha He-
00XOIMMOCTh BKIIIOUEHHS HH(pOpMALK 0 (pakTHIECKOH U MPOTHOCTHUYECKOH MOAIBHON
OpPHUCHTAIIUH Pa3pPbIBOB B rHapoMeTeoposiorndeckoe obdecrnedenue ('MO) peiicoB B Ap-
KTUYECKOM OacceiHe M apKTHUeCKHUX MOpsx [4, 5]. OcoberHo 3(p(peKTHBHO HCIOTB30-
BaHME Pa3pbIBOB IIPU HABUTAIMM B 3MMHE-BECEHHUH MEPHOJ, KOTJA apKTHUECKHE MOPS
MOJTHOCTBIO MOKPBIBAIOTCA JIbJOM BO3PacTOM OT TOHKOTO OJHOJIETHEro U crapuie. ITpu
9TOM HAaMOONBIINI WHTEPEC MPEICTABIAIOT KPYITHBIE pa3pbiBbl mupuHOH oT 200 M, 4TO
MO3BOJISIET OCYIIECTBIATH B HUX CBOOOIHOE MaHEBPHPOBAHHUE Cy/IHA WITM KapaBaHa. B set-
HHUE MECSIB! CIIOYEHHOCTH JIb/Ia B apKTHUECKUX MOPSX ITOHMXKAETCS, U Pa3PBIBBI KaK
TaKOBBIC YK€ HE BBIACTISIOTCS.

Bornbiioit 00beM MCXOIHBIX JTAaHHBIX O Pa3pbIBax HEOOXOAMM Kak JUIs HPOBEICHHMS
WCCTIEIOBAHUH MTPOCTPAHCTBEHHON U BPEMEHHON M3MEHUYHBOCTU MX OOOOIIEHHBIX Xapak-
TEPUCTHK B KOHTEKCTE M3MEHEHUsI KJMMara B APKTHKE, TaK U JUIsl pa3pabOTKH METO/IOB
MIPOTHO30B TPe00IaaatoIIeil OPUEHTAIINN PAa3PBIBOB Ul HYX/I HABUTallMH. VICTOYHUKOM
MH(pOPMAIINHK O Pa3pbIBaX B aPKTUUECKOM JIEISTHOM TTOKPOBE CITY>KaT CHUMKH MCKYCCTBEHHBIX
crrytHnkoB 3emuti (MIC3). B cBsi3n co 3HaYNTENBHBIMU pa3sMepaMy CaMHX Pa3phbIBOB IPEATIO-
YTEHHE OTACTCS CHUMKAM ONTHYECKOrO AUAIa30Ha HU3KOTO M CPETHET0 MPOCTPAHCTBEHHOTO
paspemtenust (I1P), mo3BoSIONIMM OXBaTUTh €JMHOBPEMEHHO 3HAYUTEIBHYIO MO TUIOIIAIN
akBaropuio. Ha takux canmkax cpemnue (mmpuaa 200-500 M) i 6ompime (mmupunaa 6omee
500 M) pa3pbIBbI 0TOOPaXKAIOTCSI B BUZE TEMHBIX JIMHUIA Ha POHE CBETIIONO Jibaa. Jlemudpu-
poBaHHue pa3pbiBoB Ha cHUMKaxX VIC3 onTHdecKoro anamasoHa Bpy4YHYIO SBISICTCS KpaiHe
TPYAOEMKHM IpolieccoM. TeM He MeHee Ha MPOTSHKEeHUH HECKONBKUX JIeT B APKTHYECKOM
M aHTapKTHYECKOM Hay4dHO-HccIeioBareabckoM nHetutyte (AAHWI) npoBoaminock akc-
nepTHOe aemudprupoBaHie pa3phIBOB Ha CHIMKaX nH(ppakpacHoro (1K) nranazona paamo-
metpa VIIRS MC3 SuomiNPP (TTP 375 M), 4To MO3BOJNMIIO CO3JaTh CKTPOHHBIN apXUB
pa3peiBoB B Mopsix JlanteBbix 1 Boctouno-CubnpckoM. @opMar JaHHBIX apXHBa TO3BOJISET
PacCUUTHIBATh OPUEHTAIUIO U MPOTHKEHHOCTh Ka)KJJ0r0 3aHECEHHOTO B HETO Pa3phIBa.

o 2025 1. 3apyOe:KHBIMH HCCIIEIOBATEIISIMH OBLTH Pa3padOTaHbl METOIbI ABTOMATH-
yeckoro aemudpupoBanus pa3peiBoB Ha cHuMKax MC3 Terra ¢ TTP 1000 m [6-8], omHako
aHaJIU3 MOJyYEHHBIX PE3YIBTaTOB, IPEICTABICHHBIX aBTOPAMH, BBISIBIJI UX HETIPUTOIHOCTh
JUTS TIOJTyYeHUsI TaHHBIX 00 OPHEHTAINH U TPOTSHKEHHOCTH Pa3phIBOB [9].

B 2025 1. aBropamu JaHHOHM cTarbu ObUT pa3padoTaH METO/ aBTOMAaTHUECKOH HIeH-
THUKanUN pa3pbiBoB Ha cHUMKaxX MK-aranazona MIC3 SuomiNPP, mo3Bomnstommuit mpen-
CTaBJISITh KaXK/bIH BBIJICJICHHBIH Ha CHUMKE Pa3pbiB KaK OT/IENIbHbBII 00BEKT — JIOMaHYIO
JIMHUIO, 33/IaHHYIO TTOCJIEI0BATEIbHOCTBIO TeorpaMIecKuX KOOPJMHAT KOHIIOB 00pasy-
formx ee orpes3koB [10]. Takum 06pa3om, BUI MOTyIaeMBIX JTaHHBIX aHAJOTHYCH Pe3yib-

Arctic and Antarctic Research. 2026;72(1):127-139 129



JLH. Jlotmenm, E.I bouikas, A.A. Epwosa, K.I" Kopmukosa, B.C. [lopybaes, A.A. Yupkosa
DJIeKTPOHHBII APXUB JAHHBIX 0 Pa3pPbIBAX B JIeASTHOM MOKPOBe APKTHYECKHX MOpeii

TaraM pPyYHOTO KCIIEPTHOTO JCMU(PUPOBAHNS U MO3BOJISICT PACCUNTHIBATH 110 HUM BCE
OCHOBHBIE XapaKTEePUCTHKN pa3pbIBOB. [losiBIICHIE TaHHOTO METO/1a MTO3BOJISAET B KpaTydaii-
mre cpokr cOpMHUPOBATh apXMB AAHHBIX O pa3pbiBax 1Mo cHuMkaMm MK-auanazona NC3
SuomiNPP. Kpome Toro, Ha ocHOBe pa3pabOTaHHOTO AJITOPUTMA MOTYT OBITH CO3/IaHbI
METO/IbI 00padOTKN CHUMKOB ONTHYECKOT0 auanazona Apyrux MC3 u ¢ apyrum I1P. Takum
00pa3oM, MOSBUIIACH pealibHAsl BO3MOXXHOCTh 3HAYUTEIBHO YBEIMINTh 00bEM HMeroIeiics
MHPOPMALIUK O PAa3phIBax B JIEASHOM MOKPOBE apPKTUUECKNX MOpEH, KoTopast OyaeT Boc-
TpeboBana ast MO KpynIoroguuHbIX pelcoB 1o Tpacce CeBEepHOTO MOPCKOTO IyTH.

®dopMHpOBaHHE apXHBA JaHHBIX 0 pa3pbiBax 3a 2012-2025 rr.

Jnst hopMupoBaHus SIIEKTPOHHOTO apXHBa UCIIONb30Banch cHUMKH MK-nnanazona
NC3 SuomiNPP 3a suBaps—mapt 2012-2025 1. 11 HOs10pb—nexadpp 2012-2024 1. 1o ak-
Baropuu Mopeii JlanteBeix 1 Boctouno-Cubupckoro, nonmyyenusie AAHWU ¢ momonisio
CITyTHUKOBOW Ha3eMHOH cTaHuuu Poccuiickoii HayyHOM sKeneannny Ha apxurnenare [nmm-
6epren. [Tpn HaxM4MK 3a OJHY J1aTy HECKOJIBKUX CHUMKOB OJTHOM M TOMH e aKBaTOPUH U3
HUX OTOMpajcs ofauH Hauboaee MH(MOPMATHUBHEIN, T. €. ¢ HAMOOJBIICH TUIONIABI0 MOPS,
CBOOO/THOM OT IUIOTHOM 0OJIAYHOCTH U, KaK CIIEICTBHE, JOCTYITHOM /IS [etnprupoBaHus
pa3pbiBoB. Beero 3a ykazaHHbBIC mepuoibl Ob10 0T0OpaHo okoio 4000 CHMMKOB, Ha KO-
TOPBIX ObIJIa IMPOBEEHA aBTOMAaTHUEeCKasl WACHTU(HKAIINS Pa3pbIBOB MPH ITIOMOIIN paHee
paspaboranHoro meroza [10]. [Tockombky monoca 0030pa MC3 SuomiNPP npesbimiaet
pa3Mep aKBaTOPUH OIHOTO MOpsI, Ha CHUMKax Mopsi JIanTeBbIX MPUCYTCTBYET YacTh aK-
Baropun Boctouno-Cubupckoro Mmopst 1 Hao0opoT. J{i1st mpeioTBpatieHus 1yonupoBaHus
nH]opMaMy 0 pa3peiBax B 30HE, PACIIOJIOKEHHOI Ha rpanuie Mopei JlanreBbix n Boc-
TO4HO-CHOMPCKOTO, TIepel 3aHECEHHEM B apXUB JIAHHBIE POBEPSUIMCH HA YHUKAJIBHOCTD.
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Puc.1. Pe3ynbraTsl aBTOMAaTHYECKOTO (@) U SKCHEPTHOTO (6) AemupUpOBaHUS Pa3pbIBOB B MOpE
JlanTeBpIX Ha cHUMKE, TToydeHHOM ¢ IC3 SuomiNPP 3 suBaps 2024 .

Fig. 1. Results of automatic () and expert (6) interpretation of leads in the Laptev Sea in SuomiNPP
image on January 3, 2024
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Br16opouHas Bu3yanusarysi HOJMy4eHHBIX PE3YyJIbTaTOB 1 JAHHBIX 33 COOTBETCTBYIOIINE
IaTel U3 nekTponHoro apxuBa AAHUN, copmMipoBaHHOTO B XOI€ PYYHOTO AemIi(prpo-
BaHMs, IOKa3aJla COBIAICHNE B PACTIOIOKEHUN U OPUEHTALIMH TTOJABIISIOIIETO OOJBIINHCTBA
pa3pbIiBoB. [Ipumep 1aHHBIX O pa3pbIBax, MOMYYCHHBIX TP aBTOMATHYECKOM U SKCIIEPTHOM
nemudpuposanny canMka MK-nranasona MC3 SuomiNPP, npencrasien Ha puc. 1.

ITockonbKy OCHOBHOE TpEIHA3HAYCHHUE CO3aBACMOT0 apXHBa 3aKIIF0YACTCS B OIpEsierie-
HHH XapaKTEPUCTHK Pa3pbIBOB, JUIS IPOBEPKH JAHHBIX, TOJIYIEHHBIX ITyTeM aBTOMATHICCKON
NJICHTH(HKAINK Pa3pbIBOB, MO0 HUM OBUTH PacCUMTAHBI 3HAYCHUS MOAAIBHONW OpHEHTAaLlN
0., ¥ YIEJIbHON UIMHBI Pa3pblBOB [ (CyMMapHas TPOTSKEHHOCTh paspblBoB Ha 1 kM) 1o
kBazaparam cetku 100x100 kv Ha axBatopum Mopeii JlanteBrix 1 Boctouno-Cubupckoro.
3Ha9EeHNs XapaKTEPUCTHK 0, U [ OBLIN COTIOCTABNIEHBI C COOTBETCTBYIOIMMH 3HAYEHUAMH, Pac-
CYMTAHHBIMH 110 JIAHHBIM PyIHOTO emmpuposanmst (o, 1 / ). Ipn pacdere nemomb30Bamich
BCE JaHHBIC 32 STHBAPb—MapT U HOAOpb—Iekadpb 2018-2025 rr., nmerormmecs B AIEKTPOHHOM
apxuBe pa3psiBoB AAHII, 9T0 COOTBETCTBOBATIO MH(POPMALIUK O pa3pbiBax 3a 449 mHei
U SIBISUIOCH PE3YIBTaTOM SKCIIEPTHOTO AemmdprupoBanus modtd 700 cHIMKOB. J{Ist Kax1oro
i-TO KBajIpara, 00eCIIeYeHHOTO IJAHHBIMH, PACCUMTHIBAIIMCE PA3ITMUMS B 3HAYCHUAX MOJIAJIEHON
opuenTaimu Ao, = | o, — 0, | ¥ yenbHON JUTHHBT paspbiBoB Al = lpi — [ . Obmee KomIECTBO
KBaJIparToB, 110 KOTOPHIM MPOBOIMIOCH COIIOCTAaBIIEHUE, paBHsIOCH 23125.

B pesynbrare mpoBeeHHOTO pacyeTa ObUIO YCTaHOBICHO, YTO CPEAHEE 3HAUYCHHE
pas3nyuil MOJAJIbHOM OpUEHTALMU Pa3pbIBOB Ao cocrapiser 8°, a YIAEIbHOU JITMHBI
Al — 1,0 w/kv2, Ecin cpennee kBaaparnieckoe orkionenue (CKO) pazimmunii MopansHOM
opueHTaluuu HeBeduko u cocrapiseT 9,2°, o CKO paznuuuil yaeabHOM JUIMHBI 3HAUU-
TEIBHO BBIIE: 22,3 M/KM2.

Ha puc. 2 npuBezneH rpaduk GyHKIUH pacTIpeAeICHHs Pa3Indui B yCIbHON JUTNHE
paspeiBoB A/. Kak BHaHO M3 rpaduka, IIpH aBTOMaTHYECKOH MIECHTU(HMKAIMN Pa3PhIBOB
3HAYUTEIEHOE 3aHWKCHUE YICIBHOM UTMHBI Pa3pbiBoB (Oojee yeM Ha 30 M/KM?) mpowc-
xonut MeHee yeM B 10 % ciyuaes.
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Puc. 2. ®dynkuus pacnpeneneHus pa3Inyiii B 3HAUCHUAX YACIbHOH JUIMHBI Pa3pbIBOB, PACCUUTAH-
HBIX [0 JAHHBIM YKCIIEPTHOTO M aBTOMatuueckoro jaemudpuposanus caumkos UK-nnanasona NC3
SuomiNPP

Fig. 2. Distribution function of differences in value of specific lead length calculated from expert
interpretation and automatic interpretation of the SuomiNPP images in the infrared range
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OTpunarenbHble 3HAYEHUS HA ocu abciuce (CM. pHC. 2) COOTBETCTBYIOT TIPEBbIIIE-
HUIO KOJIMYECTBA Pa3pbIBOB, NICHTU(HUIMPOBAHHBIX aBTOMAaTHYECKH, HaJl KOJIMIECTBOM,
MOJTYYEHHBIM I10 IAHHBIM PY4HOTO AemmpprupoBanus. Kak ObII0 ycTaHOBIICHO, TaHHBIE
CIIy4au CBHICTEIBCTBYIOT He 00 ommbouHOU pabore anroputma [10], a o curyanusx,
KOTJ]a 9KCIEPT BBIJICJINII HE BCE MMEIONINECS Pa3phIBbl B pacCMaTpHBaEMOM KBajpare.
[Tpormyckn pa3pbsIBOB SKCIIEPTOM B OCHOBHOM OOYCIIOBJIEHBI TEM, YTO ITpU (hOPMHUPOBAHUH
apxuBa AAHUU crosiia 3amaua onpeAeneHus Mpeodiagaromieil OprueHTaIll Pa3phIBOB
B KBa/IpaTax CETKH, II03TOMY IPH HAJIMYUH OOJIBIIOTO KOJIWYECTBA NapauIeIbHO HIYIINX
Pa3phIBOB 3KCHEPT AemM(pHUpOBal HE BCE Pa3phIBbI, A JIUIIb UX YacThb.

3Ha4yeHus y/eNbHON JUIMHBI pa3pbIBOB B Mopsix JlanTeBsix 1 BocTouno-Cubup-
CKOM, paccuMTaHHble N0 BceM AaHHbIM apxuBa AAHUU npu ocpeanenuu no kwajapa-
tam 100x100 kM, Bapsupytor ot 10 mo 188 m/km?. CpenHee 3HauCHUE YIEIbHOMN JITHHBI
cocrasisier 40 M/km?, a ee CKO — 24,4 m/km>. B CBSI3M C 9THM B Ka4eCTBE KPUTEPUs
«yCIICTITHOM aBTOMAaTHIECKOH MACHTU(HUKALIMN Pa3pbIBOBY» HAMHU OBUIO TIPHHATO Pa3iIyne
MEXIy 3HAaYEHUSMH yAEIbHOW JIMHBI PAa3pbIBOB, PACCUNTAHHBIMH 10 JIAHHBIM aBTOMa-
THYECKOTO M Py4YHOTro jemudpupoBanusi, papuoe 10 m/xm?, 1. e. menee 0,5 CKO. [Jlons
Clly4yaeB, KOT/a IPH HNCIIOJIb30BAaHUH JJAaHHBIX aBTOMATHYECKOTO JIeIIH(pPUPOBaHNUS pas3iu-
4Hs B ONPE/IETEHUH YIETbHON JUIMHBI pa3pbiBOB A/, He mpeBbImaoT 10 M/KM?, cocTaBiseT
6omee 70 % (cMm. puc. 2).

[Tpu Temneparype Bozmyxa Bbime —6 °C KauecTBO JSMU(PPUPOBAHHUS JIEASTHOTO T10-
KpoBa 1o cHuMKaM MK-anana3zona npu Hanuauu Jaxe JIETKOH 00JIaYHOCTH CYIIIECTBEHHO
yxyamaercst [11]. B cBa3u ¢ 3TuM Hamu ObUIO NPUHATO PEIICHHE JUI UICHTH(DHUKALN
pa3pbIBOB B Mopsix JlanTeBsix 1 BocTouno-Cnbupckom B BeCeHHNE MeCAIbI (arpesib—Mait)
ncronb3oBark cHUMKH Kak MK, Tak n BuauMoro nuanasoHa. YToObl IMETh BO3MOXXHOCTB
OCYIIECTBIISTH aBTOMAaTHYECKOe NeMHU(PUPOBAHIE Pa3PbIBOB HA CHUMKaX BUANMOIO Ana-
na3oHa ciyTHrka SuomiNPP, morpeboBanoch nepeoOydnTsh HEHPOCETEBYIO0 MOIEb, BXOJIS-
LIyIO B COCTAaB METO/Ia aBTOMaTHueCcKoi naeHTH(Gukannu pa3psiBoB [10]. s aToro Hamu
ObUT co31aH HOBBIM 0OydJarounii HAOOp JaHHBIX, MPEACTABISIOMNI COOON pe3yIbTaThl
pyusoro nemmgpupoBanus 30 cHUMKOB BuauMoro auamnasoHa MC3 SuomiNPP. Paspa-
00TKa MOZIENN ITPOM3BOIMIIACH C UCIIOIB30BAaHUEM CBEPTOUYHON HerpoHHOi cetn (U-net)
aHAJIOTHYHO pa3padboTke Monenu it cHUMKOB MK-mana3ona [10]. J{ng oneHky kauecTBa
CeTMEHTAIlNH UCTIONB30BauCh Koddduuuent XKakkapa (IoU) n koadpunment Copence-
na—/[latica (Dice Coefficient), KoTopsie Ha TecToBOIl BEIOOpKe cocTaBmimm: loU = 0,75,
Dice Coefficient = 0,89.

Bepuduxanus merona aBToMaTn4eckol MACHTU(GUKAIMN Pa3phIBOB HA CHUMKAX
Bugumoro muarnazona MC3 SuomiNPP Takxke mpoBoamiiachk MyTeM pacueTa MOIATBHOM
OpUEHTALMU U YAEIbHON NJIMHBI Pa3pblBOB, OCpeIHEHHBIX N0 kBagparam 100x100 kM,
10 JaHHBIM AaBTOMaTHYECKOTO M SKCTIEPTHOTO ACMIN(PUPOBAHUS U COTIOCTABICHHS MOITY-
YEHHBIX PE3yJIbTaToOB. B pacuere NCIonb30BAINCH JaHHBIE, ITOJTYYEHHBIE B XO/I€ PyYHOTO
Jen(prupoBaHus pa3phIBOB B JIEASHOM MOKpoBe Mopeit JlanteBbix 1 Boctouno-Cubup-
ckoro Ha 20 canMkax SuomiNPP Buammoro nuamazona. Obmiee 4ncio KBaapaToB, IO
KOTOPBIM IIPOBOJMIIOCH COINIOCTaBIEHUE, paBHsIoch 450. B cpenneM 3HaueHue paznuunii

B MOJAJILHOW OpHeHTaIu pa3pbiBoB Aol coctaBmio 8° mpu CKO, paBHoM 8,5°, a B 3Ha-

YEHUSIX YIeNbHON JuHBL pa3pbiBoB Al — 9.7 m/km? npu CKO, pasaom 11,9 m/km?. Tlo
CPaBHEHHIO C COOTBETCTBYIOIMMH BEIMYHHAMH, TIOTYUYCHHBIMHI P BEpUPHUKANH TaHHBIX
aBTOMATHUYECKOTO AenmppupoBanust cHUMKOB MK-nuana3ona, pa3iudus B ONpeieIeHIN
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MOZAJIbHOM OPHEHTANU NPUHUMAIOT MPAKTUYECKN T€ K€ 3HAUCHUS, a B ONPEICICHUN
YAENBHOW JUTMHBI U3MEHIINCh. YBEINUYEHHE CPEIHEH BEMUUNHbI PA3Ininil B 3HAUCHUAX
YAENBHOH JUTMHBI Pa3phIBOB, PACCYMTAHHBIX 1O JJAHHBIM aBTOMaTHYECKOTO M 3KCIIEPTHOTO
nenmpuposanus, npu ymensiennn ee CKO cBsi3aHo ¢ TeM, 4To pydHOE AemmnpprupoBa-
HHE CHUMKOB BHIMMOTO JMAIa30HA, UCIIOIb3yEMBIX JUIS IPOBEPKH, IPOBOAMIOCH Oojee
TIIATEIBHO, T. K. €I0 IEJIb COCTOsIa IMEHHO B BEPH(HKAIINU PE3YJIbTaTOB aBTOMATHIECKON
ueHTUUKAINH pa3pbiBoB. Ciyyan MpoIycKa pa3pblBOB SKCIEPTOM BCTPEUAINCH KpaitHe
penko. Takum 00pa3om, IPH aBTOMATHYECKOM JICIIH(PPHUPOBAHUN PA3PHIBOB PONUCXOIUT
HEKOTOPOE 3aHWKEHHE UX YICIbHOW JUIMHBI, YTO MBI oTMedain panee [10].

dopMHupoBaHUE apXHBa JaHHBIX 0 pa3pbiBax 3a mapT—Maii 2000-2011 rr.

Crnytauk SuomiNPP nauan cBoro padory B 2012 . J{yist mostydeHust JaHHBIX O pa3pbl-
Bax 3a OoJiee paHHUI EPHOJ MOXKHO HUCTIONB30BATh ApXUBHBIE CHUIMKH CHIEKTPOPAIOMETPA
MODIS cnytruka Terra, umeroniecs B cBo0omHOM noctyre [12]. B Bugumom auamna3one
ITP cuumrxoB MODIS coctasiser 250 M, 0qHAKO BO3MOXKHOCTD HCIIOIb30BaTh YTH CHUMKH
JUIS apKTHUECKUX MOpPEei HaCTyMaeT TOJIbKO ¢ MapTa, KOT/ia 3aKaHUMBAETCs IEPUO/] MOJIp-
HOHM Houu. V3 apXxuBa CIlyTHHKOBBIX CHUMKOB Terra HamMu Obu1o moiydeHo 1443 cHumka
akBaropun Mopeii JlanreBbix 1 Bocrouno-Cubupckoro 3a mapr—maii 2000-2011 rr.

Jnst aBTOMaTHYeCcKOro e (ppUpOBaHusl pa3pblBOB HA CHUMKaX BUANMOIO JiUaria-
30Ha ciyTHHKa Terra Takyke morpedoBaoch CO3/IaHNE COOTBETCTBYIONIETO 00y4YaroIero
Habopa JaHHbIX U nepeoldyuenne mozenu. O0yvaromuii Habop JaHHBIX ObUT chOPMUPOBAH
B XOJie py4HOro JaemudpupoBaHus pa3pblBOB Ha CHUMKax Mopei JlanreBsix u BocTou-
Ho-Cubupcrkoro 3a mapr—anpens 2000-2024 rr. Monens, paspaborannas it 00paboTKu
CHMMKOB BHauMoro auanasona MC3 Terra, moka3ana Ha TECTOBOH BBIOOPKE 3HAYCHUS
metpuk loU = 0,66, Dice Coefficient = 0,71.

Bepuduxanus 1aHHBIX 0 pa3pbIBax, MOJYYEHHBIX MPH aBTOMAaTHYECKOM JICIIU(PPH-
pOBaHUU CHUMKOB BuaumMoro nuanasona MC3 Terra, npoBoauiach aHaJIOTHYHO JAaHHBIM
co caumkoB MC3 SuomiNPP. Pacuer MonanbpHO# OpUCHTAIUU U YACIBHOMN JUIMHBI pa3-
PBIBOB IpoBoaMIIcs B 649 KkBajiparax, 00ecredyeHHbIX JaHHBIMU ITPU BBITIOJHEHUH PYYHOTO
JemuprupoBaHus pa3pbiBoB Ha 17 cHuMKax Buaumoro nuanazona MC3 Terra mopeid
JlanteBeix 1 Bocrouno-Cubupckoro 3a mapr—anpenb 2000-2024 rr. CpenHee 3HaUYCHUE

pasu4uii B MOJIaJIbHON OpreHTaluu pa3psiBoB Al cocrasmio 7° npu CKO, pasaom 7,1°,
a B yenbHOU jyuHe pa3pbiBoB Al — 1,5 m/km? pu CKO, pasHoM 8,5 M/km>,

®opmupoBaHue apXUBa AAHHBIX 0 Pa3pbIBax
3a ssHBapb—(deBpasb U HOAOpb—aexkadpb 2000-2011 rr.

Caumku ciekrpopagromerpa MODIS ¢ IC3 Terra B UK-nnamazone, mo3Bossionye
MOJTy4JaTh JaHHBIC IT0 APKTUYECKUM MOPSM B TEMHOE BpeMs roga (HosOpb—deBpan),
umerot ITP 1000 m. ComocTaBisaTs a0CONIOTHBIEC 3HAYCHUS CYMMAapHOH MPOTSKEHHOCTH
Pa3pbIBOB, MOTYYEHHOH O JaHHBIM CHUMKOB ¢ 1P 375 M u 1 kM, HekoppekTHO. OHAaKO,
COITIACHO paHee MPOBEACHHBIM HccienoBanusaM [13], mpeobmagaromas OpHeHTAIUS pa3-
pBIBOB He 3aBUCHT OT [P cHuMKa. CiemoBaTenbHO, U pacdeTa MOIaIbHON OpUEHTAIINT
MOTYT OBITh HCIIOIB30BAHBI JAHHBIE O Pa3phIBax, MOMyYeHHBIE cO CHUMKOB ¢ [TP 1000 M.

C y4eToMm TOro, 4TO CIYTHHUK Terra B 3TOM IOy MpeKpamiaeT CBOO pabdoTy, ObLIO
MPUHATO PEHICHUE HE CO3aBaTh Monueib A cHUMKOB MK-nnana3zona storo MC3. s
MIOTIOJTHEHUS apxuBa 3a HosOpb—@enpans 2000-2011 rr. Op1a ucmonp30BaHa HHPOpPMa-
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Puc. 3. Pa3psiBsl B steasiHOM 1IokpoBe Boctouno-Cubupckoro mopst 20.02.2019.

a — BU3yalM3aLys JaHHbIX [6]; 6 — naHHbIe [6] mocie ckeneTu3auu u 00paboTKU aITOPUTMOM «BETBIICHHSD);
6 — Pe3yIBTaThl dKcrepTHOro AemudpupoBanus caumka MK-auanazona UC3 SuomiNPP.

1 — obnaka; 2 — cymia; 3 — MOPCKOH Jieq; 4 — pa3pbIBbl; 5 — Boja; 6 — apTedaKThl

Fig. 3. Leads in the East-Siberian Sea ice cover on February 20, 2019.

a — data [6] visualization; 6 — data [6] after skeleting and processing by the “multiway” algorithm; ¢ — results
of expert manual interpretation of SuomiNPP image in the infrared range.
1 — clouds; 2 — land; 3 — sea ice; 4 — leads; 5 — water; 6 — artefacts

U1 O Pa3pbIBax, MOJYUYCHHAS! U3 HAXOIIIINXCSA B CBOOOIHOM JOCTYIIE JaHHBIX O THIIE
noacTHiaromeil moBepxHocty B CeBepHoM JlenoBuTOM okeaHe [6] 3a COOTBETCTBYIONIHE
nepuoasl. Jlaaaeie [6] OpUTH chOPMHUPOBAHEI C TIOMOIIBIO AJTOPUTMA ABTOMATHYECKOH
HUACHTU(HUKAIINN Pa3pPBIBOB, Pa3pab0TaHHOTO KOJUIEKTHBOM aBTOPOB [ 14]. Anroputwm [14]
HCIOJIBb3YyEeT MAaCCUBBI JJAHHBIX TEMIEPATypbl OBEPXHOCTH JIbAA, KOTOPAask BEIYHCISACTCA
o nanaeiM MK-nmanazona crnekrpopaanomerpa MODIS (mpogykr MOD29/MYD29)
NC3 Terra/Aqua. B pe3ynsraTe pabOoThI aIropruT™Ma B y3JIaX CETKH C maroMm 1 KM, oxBa-
ThIBatoniel Bech CeBepHbIil JIeMOBUTHINA OKeaH, yCTaHABIMBAIOTCA 3HAUCHUS KITIOYA.
Kirou mpuHIMaeT 0JHO U3 HIECTH BO3MOKHBIX 3HaYeHUH, 0003Hauaromee odaka, CyIry,
MOPCKOH J1e]], pa3phIBbI, OTKPBITYIO Boxy win apredakrtel. Takoe mpeacraBieHne JaH-
HBIX TTO3BOJISIET BU3YaIM3UPOBATh H300pakEHHUE JIITHOTO TIOKPOBA C 0OHAPYKEHHBIMHU
pa3pbIBaMH, HO HE MO3BOJIET ONPENIEINUTh XapaKTEPUCTUKN KaXKA0TO Pa3pbiBa Kak OT-
JenbHOTro 00BeKTa (puc. 3a). Busyanuzamus NaHHBIX, TOIy9aeMBIX IO 3TOMY aJTOPUTMY,
1 COTOCTaBIEHUE MX C PE3ylbTaTaMH 3KCIIEPTHOTO ACMN(PUPOBAHUS PA3PHIBOB U3
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Puc. 4. Monanenas opueHTanus pa3psisos 20.02.2019, paccuntannas o kBaaparam cetku 100x100 km:
a — 110 TaHHBIM [ 6] mocie ckeneTn3anuy 1 00pabOTKU aITOPUTMOM «BETBICHUS; 6 — IO JaHHBIM
9KcrepTHoro nemudpuposanus cauMka MK-aranaszona C3 SuomiNPP

Fig. 4. Modal orientation of leads averaged in grid squares 100x100 km on February 20, 2019:
a — calculated from data [6] after skeleting and processing by the “multiway” algorithm; 6 —
calculated from expert interpretation of SuomiNPP image in the infrared range

apxuBa AAHWU mnoxasanu xopoinee pacrio3HaBaHHWE Pa3pbIBOB MPH HATWYUHU JETKON
0071aYHOCTH U COBMAJCHUE B OPHECHTAIIMH HamboJee KPYMHBIX CHCTEM Pa3pbIBOB HA
akBaropuu Mopei JlanteBbix 1 BocTouHo-CHOMPCKOM 3@ HCKIIFOUYEHHUEM 30H, PACIIONo-
JKEHHBIX BOJIM3HW TpaHHIlbl pumas [9].

ITo maHHBIM THTA TMOACTHIIAIONIEH MOBEPXHOCTH [6] OBLIM MOCTPOEHBI OWHAPHBIE
MacKH{ pa3pbIBOB, CO3MAHHBIEC ITyTEM BU3yaJH3aIllH y3JI0B CETKH CO 3HAUYCHHEM KITFoua
«pa3peiBy. Jlanee 11 KOPPEKTHOM pabOTHI aITOPUTMA CKENETH3AINH K H300paKECHUIO
MpUMEHsUIach KoMOuHanus Tpex (GuiprpoB: Box Blur, ['ayccoBCKOro u MeanaHHOIO —
U TpUBEICHNE BHOBb K OMHAPHOMY BHJY IO IMOPOTOBOMY 3HAYCHHIO SIPKOCTH. JlaHHOE
npeoOpa3oBaHue MO3BOIISIET OOBEIUHNUTD OJIM3KO PACIIONOKEHHBIE TOYKH, OTHOCSIIHECS
K pa3pbIBaM, B TIOJIUTOHBI 1 HCKITFOUUTH IIIYM THIIA «COJb M MEPEID, BO3HUKAIOIINI H3-3a
OJMHOYHBIX MMUKCEJIEH CO 3HAUYCHUEM KITIo4a «pa3psiBy». [lomydennsie OnHapHbIe n300pa-
JKEHUS C TIOIMTOHAMH 00padaThIBATUCH MO AITOPUTMY «BETBIICHH», BXOAIIIEMY B COCTaB
METO/Ia aBTOMAaTH4eCKOi naeHTrdukamu pa3peiBos [10]. B kauecTBe npumepa Ha puc. 36
NPE/ICTABIICHBI PAa3PbIBBI, [TOJIYUYCHHBIC IOCIe 00padOTKH (pparMeHTa CHUMKA (CM. puc. 3a)
BBIIICH3IIOKEHHBIM CIIOCO00M, a Ha PHC. 38 IS CPAaBHEHUS — PE3YIBTaThl SKCIIEPTHOTO
nemudpupoBanus pa3pbiBoB Ha cHUMKe MK-nmnanazona MC3 SuomiNPP 3a Ty xe mary
0 JIAHHBIM AJIEKTpOoHHOTO apxuBa AAHUU.

Nudopmanms ¢ pazabix UC3 MokeT paznuyarbes He Toibko [IP, HO u BpemeHeM
COBEPIICHHS ChEMKH B T€UEHHE CYTOK. TeM He MeHee, HECMOTPS Ha HEKOTOPBIE Pa3IniHs
B TIPOTSDKEHHOCTH U TJIOTHOCTH PACIIOJIOKEHUS Pa3phIBOB B MPOCTPAHCTBE (CM. pHC. 3),
MOJATbHASI OPUEHTAIMS PA3PhIBOB IPH OCPEAHECHUHU MO KBaJApaTaM CETKH MPUHUMAET
6mmskue 3HadeHus. Ha puc. 4 MomanpHast OpHEeHTANNs IPeCTaBIeHa OPUCHTHPOBAHHBIMH
OTpE3KaMH, JUTHHA KOTOPBIX MPOTOPIOHAIEHA 00€CTIEYeHHOCTH MOJAIFHOTO HHTEPBAIa,
XapaKTePHU3YIOIIeH CTENeHb YCTONYNBOCTH MPEe00Iagaioniero HapaBIeHUsT pa3phIBOB.
[Ipu AByMOmaIbHOM pacIipeneeHHH OPUEHTAIINH Pa3phIBOB B KBaIpaTe Ha PUCYHKE yKa-
3BIBAIOTCS 002 MOJAJIBHBIX HANpaBieHus (CM. puc. 4).

Jlst BepuuKayy Takoro crmoco0a moaydeHus JaHHbIX UCTIONb30Balach HHPOpMa-
IIUS O pa3pbIBax B JIEATHOM MOKpoBe Mopeit JlanTeBbix 1 BocTouno-Cubupckoro 3a 35 aar
B niepuoj staBapb—¢peBpaib 2018-2022 rr., uMeBmIascs B 3JeKTpoHHOM apxuBe AAHUU.
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ITo xBagparam 100x100 kM, pacmonoKeHHBIM BHE 30H TPAHUIIBI MIPHIIAs, OBLIH PACCUH-
TaHbI 3HAYCHHUST MOJIAIIEHON OPUEHTAIMH Pa3phIBOB MO COPMUPOBAHHBIM HAMH JTaHHBIM
1 TI0 JaHHBIM 3KCIIEPTHOTO JemndprupoBanus pa3peiBoB Ha cHuMkax MK-quamazona IC3
SuomiNPP. Bcero B pacuete ygactBoBano 926 xBaaparoB. CpenHee 3HAUYCHHE Pa3IAIHN

B MopanbpHOH opueHTanmu Ao cocraBmwio 11° mpu CKO 12,0°. ConocraBnenue 3Haue-
HUW yAENbHOU JUIMHBI Pa3pbIBOB HE MPOBOAMIIOCH M3-3a 3HAUMTENbHOW pa3Hulbl B [1P
rcnonb3yeMbix cHuMKoB MK-mmanmazona: 1000 m y UC3 Terra u 375 m y UC3 SuomiNPP.

O0cyxneHue pe3yJbTaToB

[IpoBeneHHast BepuuKaIys BCEX BUIOB JaHHBIX O pa3pbiBaX, KOTOPBIC UCIIOIB30-
BaJIMCh NpH (POPMUPOBAHHUM apXHUBa, MMOKA3aJia, YTO 3HAUCHUS MOJAJIbHON OpPHCHTAIHH
Pa3pbIBOB, pacCUMTAHHBIC TI0 JAHHBIM PYYHOTO U aBTOMATHUYCCKOTO JCIIH(DPUPOBAHUS,
B TIO/IABJISIFOIEM OOJIBIIUHCTBE CIYy4YacB Pa3lIMYalOTCsl He3HAUNUTENbHO. OIBIT THAPOME-
TEOPOJIOTHYECKOTO 00CCIICUCHHSI BBICOKOITMPOTHBIX IJIABAHUHA MO3BOJIUIT YCTAHOBHUT, YTO
Pa3phIBBI, HAMIPABJIEHUE KOTOPBIX OTIUYAETCS OT T€HEPATLHOTO Kypca Cy/lHa MEHEE 4eM
Ha 30°, MOTYT CUMTAThCS MOMYTHBIMU U UCIIONB30BaThCsl cynoBoauTensmu [3]. B cBsizu

C 9TUM CpPEeAHEee pa3indue B ONpeieeHUH MOAAIbHOM opueHTauu pa3peiBoB Ao (7-11°
B 3aBHCHMOCTH OT BH/Ia CITyTHUKOBBIX JJAHHBIX) MO’KHO CUMTATh BIIOJIHE JIOMYCTUMBIM. [1o
pe3yabTaTtaM pacyeToB OBbLJIO YCTaHOBIICHO, UTO pa3jinuue, He npesbimatoriee 30°, Mexay
3HAYEHHUSIMUA MOJAJILHOM OPUEHTAIMN Pa3pPhIBOB, MOJTYyYEHHBIX MO JAHHBIM aBTOMAaTHYECKO-
T'0O ¥ 9KCIIEPTHOTO Jemu(ppupoBanus, HabmonaeTcst B 98 % ciryyaeB MpH UCIOIb30BAHUH
canmkoB MK-muamnazona MC3 SuomiNPP u B 99 % npu ucnosip30BaHUM CHUMKOB BHJIH-
Moro auanazona MC3 SuomiNPP u Terra. Heckonbko HUKe 3Ta BeIMYHMHA NPU pacueTe
3HA4YEHUH OpPUEHTALMHU Pa3phIBOB MO CIYTHUKOBBIM AaHHBIM ¢ [IP 1000 M (MK-nuanazon
WC3 Terra) u cocrasisiet 92 %.

Kak yxe ynomuHanoch panee, paznuuusi B [P cniyrHuKoBO# mHpOpMannu He
OKa3bIBAIOT CYIECTBEHHOTO BIUSHHS Ha IOJydyaeMoe 3HauYeHHe Mpeodiagaroeii opu-
EHTAI[MU Pa3pbIBOB, IIOITOMY IPU HCCIEIOBAaHUH IIPOCTPAHCTBEHHONW U BPEMEHHON
W3MEHYMBOCTH ITOH XapaKTEPUCTUKU MOXHO OOBEIUHSITH BCE TMOIYYCHHbIE JaHHBIC
0 paspbIBax B OJMH apXUB.

[Tomy4ennas B Xo/ie Bepr(UKALMK CPEAHSSI BETMYMHA PA3INYUsl 3HAYCHUH yeTbHON

JUIMHBI pa3pbiBOB Al TI03BOJISIET CYMTATh BIIOJIHE JOCTOBEPHBIM 3HAaU€HHE TOH Xapak-
TEPUCTUKH TIPH pacyueTe IO JAaHHBIM, ITOJ[y4YEHHBIM C MOMOIIBIO Pa3padOTaHHOIO HAMH
METO/Ia aBTOMaTH4eCKON MIeHTU(HUKALMK pa3pbiBoB. [Ipu pacuere 0600IEHHBIX 3HAUYE-
HUH TUIOTHOCTH Pa3pbIBOB, TPEOYIOMIMX OObEJANHEHUs JaHHBIX OT Pa3HbIX HCTOUYHHKOB,
otnuune [IP caumkoB Bugumoro nuamnazona MC3 Terra (250 m) ot ITP caumkos MC3
SuomiNPP (375 M) MOeT OBbITh YYTEHO IIyTeM MPUMEHEHHUs OIPAaBOYHOr0 Kodddurm-
€HTa, MPUBEICHHOTO B padote [13].

K 3HaueHHsIM MJIOTHOCTH Pa3pbIBOB, PACCYMTAHHBIM 110 WHPOPMAIMU M3 apXUBa,
ocHoBanHO# Ha naHHBIX MODIS ¢ TTP 1000 M, ciieyeT OTHOCUTBCSI ¢ OCTOPOKHOCTBIO.
Heo0x0auMo ObITH yBEPEHHBIM, YTO B aHAJIM3HPYEMYIO aKBaTOPHUIO HE BKIJIIOYEHA 30HA
3anpUIaiiHbIX MOJBIHEH ¥ pa3ApoOIeHHOCTH JIbja.

Takum 00pazoM, IpU yueTe YKa3aHHBIX BbILIE OIPaHUYEHHH, UCIIOIBb30BAHUE CO3-
JTAHHOTO DJIEKTPOHHOIO apXHBa JaHHBIX HE BHECET CYIIECTBEHHOI IMOTPEUIHOCTH MPU
HOCJIEIYIOUIEM OIPEEICHUH 000OICHHBIX XapaKTePUCTUK OPUEHTALMU U TUIOTHOCTH
Ppa3phIBOB.
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3aKkjIIoueHue

C 1OMOIIIBI0 METOJ]a aBTOMaTHYECKOro Aeun(pupoBaHus pa3pbiBOB HA CHUMKaX
onrtuyeckoro auarnazona MC3 co3nan apXMB JaHHBIX O pas3pbiBax B Mopsix JlanreBbix
n Bocrouno-Cubupckom 3a sitHBapb—Maii n HOsIOpb—aekadbps 20002025 rr. Pesysbrars
ABTOMATHYECKOTO JACUIH(PPUPOBAHUS MPEIACTABISIFOTCS B TAKOM K€ BUJIC, KaK H B apXHBE
JIaHHBIX O pa3phiBax, cozgaHHoM panee B AAHMM no marepuanam pyqyHOro 3KCIIEPTHOIO
nemdpupoBanuss cHUMKOB MC3, T. €. MO3BOJSIIOT pacCYUTHIBATL OPUEHTAIINIO U TPO-
TSDKEHHOCTh KQXKJI0T0 OT/ICJIbHOTO Pa3phiBa.

ITo cpaBHenuto ¢ apxuBoM AAHWU koimuecTBO CHUMKOB JIJITHOTO ITOKPOBa 000MX
MOpEH, TI0 KOTOPBIM IPOBOAMIACH HICHTU(MUKAIMS Pa3phIBOB, YBEIUYHIOCH OoJice YeM
B 7 pa3 u mocturio 6000. B manpHeimem OyaeT Mpou3BOIUTHCS MOCTOSHHOE TTOTIOTHEHHE
apX¥Ba HOBBIMH JaHHBIMHU O pa3pbiBax B Mopsx JlanteBrix 1 BocTouno-Cubupckom mo
cinytaukoBoi nHpopMaruu VIIRS MC3 SuomiNPP, xotopas B HacTosiiee Bpems mpH-
HUMaeTcsi U obpabarbsiBaetcst B AAHUMN.

Pa3paboranHbic HEWPOCETEBBIC MOJICIH IS ICITU(PPUPOBAHUS PA3PHIBOB HA pa3-
HBIX BUJAaX CITyTHUKOBBIX CHUMKOB OYIyT IPUMEHCHBI JJIS CO3IaHHs aHAJIOTHIHBIX
ApPXUBOB JaHHBIX O Pa3pbIBaX B JICASHOM IIOKPOBE APYTUX apKTHIECKUX Mopeit. Kpome
TOTO, OTPaOOTaHHAS METOJUKA aBTOMAaTHYECKOTO NEIIH(PPUPOBAHUS Pa3pPBIBOB IPH He-
00XOIUMOCTH AacT BO3MOXXHOCTh PACIPOCTPAHUTh ee Ha cHUMKH Apyrux MC3, B Tom
YHCJIE U OTEYECTBEHHBIX.

[omydeHHBIH JUIMHHBIA P NaHHBIX O pa3pbiBax B JICASTHOM MOKpoBe Mopeil Poc-
CUHCKOW APKTHUKHU MO3BOJIUT PACCYUTATH XaPaKTCPUCTHKU Pa3pHIBOB, IPOAHAIU3HPO-
BaTh 3aKOHOMEPHOCTH WX MPOCTPAHCTBEHHON M BPEMECHHON M3MEHUYHBOCTH, BBISIBHUTH
CE30HHYI0 IHUKINYHOCTh, MEKTOAOBEIC TPEHABI 1 BOSMOKHBIC N3MEHEHHS, CBSI3aHHBIC
C KIIMMaTHYECKUMH KoneOaHusAMHU. [lomydeHHbIe JaHHBIE MOTYT OBITh MCIOIH30BaHBI
B ONEPaTUBHOW M MPOTHOCTHYECKOH paboTe Mo 00eclnedeHuio CyJ0B HHpopMaluei
0 npeoOiaaronel OpHEeHTAaluK Pa3pbIBOB B JICASTHOM MOKpoBe Mopeit JlanTeBbix u Boc-
TOYHO-CHOUPCKOM.

JocTynHocTh AaHHBIX. DparMeHT apXiBa JaHHBIX O Pa3pbIBaX, MOTYUEHHOTO [0 PE3Y/IbTaTaM aBTOMATHYECKOTO
nemndpupoBaHns pa3pbiBoB Ha cyTHHKOBBIX cHUMKaX VIIRS MC3 SuomiNPP 3a nenoBblit ce30H ¢ HOSOps
2024 r. no maii 2025 r. u MODIS HC3 Terra 3a Becernnue Mecsiipl ¢ Mapra 1o Maii 2010 1., HaxoquTcs B OTKpbI-
TOM JIOCTYIE Ha caiite MUpOBOTo IEeHTpa JaHHEIX 110 MopckoMy b1y OI'BY AAHUN (MIJT MJI AAHUN)
o azpecy: http://wdc.aari.ru/projects/grant_25-27-00008/.

Kongaukr nnrepecoB. ABTOpbI He HMEIOT KOH(IIMKTA HHTEPECOB.

dunancuposanue. Vccnenosanne BEIOTHEHO 32 cyeT rpanTa Poccuiickoro Hayanoro gporma Ne 25-27-00008,
https://rscf.ru/project/25-27-00008/.

Data availability statement. A fragment of the data archive on leads, resulting from automatic interpretation
of leads in VIIRS (SuomiNPP) satellite images for the ice season from November 2024 to May, 2025, and
MODIS (Terra) satellite images for the spring months from March to May, 2010, is openly available in the AARI
World Data Centre on Sea Ice (AARI WDC Sea-Ice) website at http://wdc.aari.ru/projects/grant_25-27-00008/.
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AHHOTaIMsA. B CBS3M ¢ aKTHBHOM J€ATEILHOCTBIO YEIOBEKA M PA3BUTHEM MOCEIICHHIT B APKTUKE IPOHCXOIHUT
BMEILIATENBCTBO B ()YHKLIMOHMPOBAHHE IPHPOIHBIX IKOCHCTEM, YTO OKa3bIBACT BIMSHIE Ha ITHLL FccrenoBarue
MOCBSIICHO M3YYCHHIO 'HE3/I0BaHMS 6 BUIOB NTHI[ B poccuiickoM moceike bapenuOypr (apx. [nuudepret)
B XXI B. PekoHCTpyKIMs mocelka, npoBozgumasi ¢ 2010 1., nmoBiusiia Ha pacupesieseHie OyproMucTpa, MOeBKH
¥ [IyHOUKH B THE310BOMH nepuoy. YuCIeHHOCTh OyproMicTpa 0cTaeTcst CTabuiIbHON. DTOT BHJ YCICIIHO THE3-
JUTCS Ha KPBIIIAX 30aHUH pa3Hoi aTaxkHOCTH. B 2025 1. 00Hapy:KeHO epeMeleHie CyOKoNOHHH OyproMucTpa,
pa3MellaBIIeiics paHee Ha KOMMYHHKALHOHHOM Kopo0e, B MHIyCTpHalbHOE MecTooOuTaHue. Bee cyOkomonnn
MOEBKH Ha 3/[aHUSIX B LIEHTPE MOCEIKa HCYE3IIH MTOCIIE PEKOHCTPYKIMH 1 cHoca yacTu crpoenuit. Cdhopmupoa-
J1ach O1Ha KpyIHast KooHus Ha 3nannu TOL Ha okpaute bapennOypra. B mocieHeM fecsSTHIeTHH HPOU30IILI0
OBICTPOE BCENICHUE YHCTHKA HEIIOCPECTBEHHO B MOceNOK. OTMEUYEHO ero rHe30BaHKie Ha IIOPTOBOM KpaHe i
TPeX 3/[aHUSAX, HA OJHOM M3 HUX 9TOT BHJ c)OPMHUPOBAI KOJIOHHIO, BBITECHHUB ITYHOUKY, KOTOpasi THE3MIACH
B BEHTHIISILIMOHHBIX HAUIIAX. KOJOHNMS MONAPHOM Kpadky B paiioHe BEPTOICTHOH ILIOMAKH CMEHIIIA JIOKaIN3a-
1IMI0, TIEPEMECTUBIIKCH Ha KPBILIH 3TaHUH, YBEIHUUB CBOO yncieHHOCTh ¢ 2001 1m0 2025 . B Tpu paza. Yucnen-
HOCTb ITyHOYKH B [I0CEJIKE YMEHBIIMIACH HA TPETh, YTO CBA3AHO C OOIIMBKONH KHPIUYHBIX 3/[aHHUIT TAHETAMH 1
CailINHIOM, CHOCOM KOMMYHHKALlMOHHBIX KOPOOOB, JIMKBHIALMEH OICOOHOr0 X035iiCTBA, KOHKYPEHIUEH 32
MeCTa THe3/10BaHus ¢ YuCTHKOM. Takum o6pasom, B XXI B. IPOU30ILIH H3MEHEHHUS B YHCIICHHOCTH H 0COOCH-
HOCTSIX THE3110BaHus y OOJIBIIMHCTBA H3yYCHHBIX BH/IOB.

KitioueBble ci10Ba: THe3/[0BaHHE apKTHYECKHMX NTHII, AMHAMHKA YHCICHHOCTH, PEKOHCTPYKIHS MOCEIKa,
bapennoypr, Lnunoepren
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Abstract. Human activity and settlement development in the high Arctic impact the functioning of natural
ecosystems, including bird ecology. The study examines the nesting dynamics of six bird species in the Russian
settlement of Barentsburg (Spitsbergen archipelago) in the 21st century. The settlement reconstruction, carried
out since 2010, has affected the distribution of glaucous gulls, black-legged kittiwakes and snow buntings. In
Barentsburg, the glaucous gull breeds successfully on the roofs of buildings with varying numbers of storeys.
A subcolony of this species relocated to an industrial habitat (the retaining wall of a coal yard) in 2025. This
was due to the dismantling of a utility box where 2—4 pairs of glaucous gulls had been recorded nesting annually
for many years. Several black-legged kittiwake subcolonies on some buildings in the center of the settlement
disappeared after reconstruction. One large colony (280 pairs) formed on a thermal power plant building on
the outskirts of the settlement. This is due to the demolition and reconstruction of some buildings, as well as
measures that prevented nesting on windowsills. The snow bunting population has decreased by a third in
the settlement: from 40-50 pairs in 2004 to 25-35 pairs in 2025. This is due to the cladding of brick buildings
with panels and siding, the closing of ventilation niches, the liquidation of subsidiary farms, the demolition
of utility boxes, and competition with common guillemots for nesting niches on buildings. The Arctic tern
colony near the helipad area has changed its location, moving entirely to the rooftops of buildings, increasing
its population from 20 pairs in 2001 to 60 pairs in 2025. Nesting on tall buildings and structures allows them
to avoid predation by Arctic foxes. A rapid expansion of common guillemots into industrial and residential
habitats has occurred in the last decade: from 3—4 pairs in 2016 to 13-14 pairs in 2025. The common guillemot
has completely displaced the snow bunting on one of the buildings and formed a nesting colony of 8 pairs. This
likely occurred due to an influx of individuals from the cliff colony closest to the settlement, where the numbers
of this species had declined. This event is not related to the settlement's reconstruction. Nesting of the ringed
plover has been recorded directly on the helipad. Thus, in the 21st century, changes have occurred in the numbers
and nesting patterns of most of the species studied due to both the peculiarities of the reconstruction of buildings
and structures and other factors.

Keywords: Arctic nesting birds, population dynamics, settlement reconstruction, Barentsburg, Spitsbergen
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BBenenue

B cBsA3u ¢ aKTUBHOI A€ATEIBHOCTHIO YEJIOBEKA U Pa3BUTUEM IOCEJIEHUI B BhICOKO-
HIUPOTHOW APKTHKE MTPOUCXOAUT BMEIIATEIBCTBO B (DYHKIIHOHHUPOBAHKIE PUPOTHBIX KO-
cucteM. BaxxHe#mum GpakTopoM Jis ITHILL, OCBAUBAIOIINX aHTPOIOTCHHbIC JIAaHAIIA(THI,
SIBJISIETCS. BOBMOKHOCTh YCTPauBaTh THE3/1a B MEPUOJ PA3MHOKEHHUS C UCIOJIb30BAaHUEM
MOAXOSINX CTPYKTYPHBIX 3JIEMEHTOB U IOCTYIIHBIX KOPMOBBIX pecypcoB. Pa3Hbie BUIbI
crelu(UIeCKU pearupyroT Ha U3MEHECHUSI B MX CPEie OOUTAHUS, UCIIOJb3Ysl HOBBIC THE3/I0-
Bble cTaruu. Ha apxunenarax ApKTUKH BUJIOBOM CIIEKTP THE3SIINUXCS BUIOB HEOOIBILIOM.
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Taxk, na [lInundeprene THe310BaHUE JOCTOBEPHO MOATBEPKACHO st 45 BUAOB MTHUII, U3
Hux Jumb 30 rHe3asITes peryisipHo [1]. B moc. bapeHnOypr i ero okpecTHOCTSX OTMEYEHBI
Ha THe3noBaHUH 14 BumoB nrul [2—8]. Heckompko BHAOB THE3IATCS HEMOCPEICTBEHHO
Ha TEPPUTOPHH IOCEIKA, HCIIOIb3Ysl NCKYCCTBEHHBIEC JIEMEHTHI Janamadra. B Tede-
HHUE MOCIEIHNX JIET UX COCTAB PACIIUPSIETCS, MEHSIOTCS OCOOCHHOCTH MCITOIb30BAHMS
CTPYKTYPHBIX JIEMEHTOB aHTPOIIOT€HHBIX MecTooONTaHui. HekoTopble TeHAeHINY cTanm
AKTHBHO TIPOSIBISITECS B TIOCIIETHEE JICCSTHIICTHE ITOCTIE Hauyasla PEKOHCTPYKIMHN TTOCETKA.
Llenb JaHHOTO MCCIIEI0BAHMS — BBISIBUTH TPEHIBI JMHAMUKHN YHCICHHOCTH THE3/I-
IIMXCS TITHIL, TIOSIBIICHHE HOBBIX BUAOB M (JOPM TrHE30BaHMS Ha CEINTEOHBIX 3JIEMEHTAX
nagamadTa Ha GoHE peKoHCTpyKuuu moc. baperuOypr (apx. lnundepren).

Mecto Hccjaea0BaHusi, MaTepuaa 1 ME€TOAbI

Poccuiickuii noc. bapenuOypr Haxoaurcst Ha o. 3ananubiii [nunbdepren, camom
KpymHOM ocTpoBe apx. lInunoepren, Ha 6epery [péu-¢propna (78°04' ¢. mr. 14°13' B. 1.).
CyOapKTHYECKUH KIMMaT OCTPOBA OINPEAEISETCS TEIUIBIM TedeHHeM [oiabhcTpum,
MTPOXO/ISIIIIMM BJIOJIb 3amaHoro Oepera apxwurenara. CpeqHeronoBas Temreparypa, 1o
MHOTOJIETHUM JaHHBIM, B asponopty noc. Jlonriinp, pacnonoxeHHom B 55 km ot ba-
pennOypra, cocrasisuia B 1961-1990 rr. —6,7 °C u B 1981-2010 r. — —4,6 °C [9]. Ilo
JTAaHHBIM MYypMaHCKOTO YIPaBJICHUS IO THPOMETEOPOJIOTHA U MOHUTOPHHTY OKpPY’Karo-
meit cpenst (Mypmanckoe YI'MC), cpennsist temrieparypa utonst B 1961-1990 rr. Obita
5,5 °C, B 2001-2025 rr. — 6,8 °C. Cpennsist naTa yCTOHYMBOTO MEpexosia TeMIeparyphbl
yepes 0 °C B CTOpOHY NMOIOKUTENBHBIX 3HaYeHUH B XX B. nmpuxoauiach Ha 5 utoHs [10],
a B 2001-2024 rr. — Ha 29 mas, no nanasiM Mypmanckoro YI'MC. B nenom temneparypa
BO3/yXa Ha apxumenare 3a nociegnue 4-5 necsatunetuil nossicunachk Ha 3—5 °C, mpo-
THO3UPYETCs MPOAOJKCHUE TOTCIUICHHs B Omikaiiinue aecstuierus [9, 11].

Bapennoypr, nosiBuBmmiics Ha 6epery ['péH-dropna okono 100 et Hazam, uMeeT
Pa3BUTYIO0 HHPPACTPYKTYPY B CBS3U ¢ (DYHKIIMOHMPOBAHUEM Ha €0 TEPPUTOPUH IIAXTHI
10 J1I00BIYE YIS, TPY30BOTO TOPTa, BEPTOJIETHOM IUIOMIAAKH, BCIIOMOTATEIBHBIX YUPExkK-
JICHUH, Hay4YHBIX OpPraHu3alui, pa3BUTHEM TypHU3Ma, HAJIMYHEM IMOCTOSHHO IPOXKHUBAIO-
mero HaceseHus. B nHayane 2000-X TT. ero cnenuuKoi sIBIsUIOCh Hannune 2—4-3TaxHbIX
KUPIHUYHBIX 3/1aHHUH, TOCTPOCHHBIX B €MHOM CTHJIC, & TAK)KE OJHO- M JIBYXITaXKHBIX
JICPEBSHHBIX CTPOCHHUI Pa3IMUYHOTO Ha3HAYEHHs, B TOM YUCIIE 3aHHUI TTOJCOOHOTO X035H-
cTBa (KypsTHUK, KOPOBHUK, CBUHAPHUK, TEIIMIA), KOMMYHHKAIIHOHHBIX KOPOOOB C Jiepe-
BSIHHOM OOIIMBKOM, CT0JI00B HEe (DYHKIIMOHUPYIOLIEH B HACTOSIIEE BPEMs DJIEKTPOCETH,
3aKpeTICHHBIX KPYIHBIMH KaMHSIMU U AepeBsHHbIMU orpaxaeHusmu. K 2010 r. MHorum
3[AHUSIM 1 KOMMYHUKAIHSIM TTOTPeOOBANICS PEMOHT, U3MEHMIIUCh HEKOTOPBIE BUBI XO-
3STCTBEHHOM JICITEILHOCTH, B CBSI3M C UM Havajach IOCJe[0BaTelIbHass PEKOHCTPYKIIHS
mocenka. Tak, k 2015 . mepecrano GpyHKIIHOHHPOBATH MOJICOOHOE XO3IHUCTBO B CBSI3H €TI0
HEepeHTa0eIbHOCTHIO U CHIYKEHHEM YHCIICHHOCTH TIOCTOSIHHO MTPOKHUBAIOIIET0 HACEIICHHUSI.
HeckonbKo KUPIUYHBIX 3[[aHUH, B YACTHOCTH 3/[aHHE IIKOJIbI, OBUTH COXPaHEHBI B IIEPBOHA-
YaJbHOM CTHJIE; YaCTh KUPIIMYHBIX 3AaHUI OOIINTA IIaJKUMH CTEHOBBIMH HAHEISIMH HITH
CalINHIOM, HEKOTOPBIC ICPEBSHHBIC U KMUPITUYHbIE CTPOCHHS, KOMMYHHUKAI[MN pa300paHsbl.
BrinonHens! padoTel o cOopy u nepepaboTke Mycopa: 3aKphIT JOCTYI K MyCOPHBIM
KOHTeHHepaM st )KMBOTHBIX. [TocTpoena xacku-pepma Juisi coJepKaHusl €310BbIX cOOaK.
OTH paboThl IPOAOIIKAIOTCS B HacTosee Bpemst. OOIHMK Mocenka M3MEHWICS ¢ Hadaa
peKkoHCTpyKuuH (puc. 1).
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Puc. 1. Bux Ha bapennOypr ¢ r. buxomnen: @ — 11.07.2011; 6 — 09.07.2025.

3neck u nanee: Gporo H.B. Jlebeneroit

Fig. 1. View of Barentsburg from mt. Bykollen: ¢ — 11.07.2011; 6 — 09.07.2025.
From here on: photo by N.V. Lebedeva

HaGronenvst rHE3IAIUXCS MITUI HA TepPUTOpUH 1oc. bapeHnOypr nposowu B 2004—
2025 rr. B pa3Hble Mecsubl: MapT—anpens (2014, 2016, 2018 rr.), ntons—asrycr (2004,
2011-2013, 2018, 2019, 2025 rr.) u cents6ps (2017 r.). st perucTpanuu OTaeIbHBIX
BCTpEY M BHJOB NTHIl B paszHble roabl ucnonb3oBasn kamepsl Nikon COOLPIX S50c,
SONY DSC-HX400, Cannon SX70nl. /1y BeISBICHUS U HAONIOACHUI THE3I0BAHUS He-
KOTOPBIX BHJIOB yCTAHABJIMBAJIM (DOTOJOBYIIKH, KOTOPBIE PETUCTPHPOBAIN aKTHBHOCTh
ITHUL U TIPOMCXOASIINE BOKPYT THE3/1 coObITHsL. [Ipy cpabarbiBaHnM JI€TEKTOPA ABMKEHHUS
dhotonoBymku BG-530SM u ®@unua Mini 303 Bemonnsuin 3—4 doto u Bugeo (30 c)
u 1 doro ¢ xauectBoM 5 M Pixel u Buzeo (15 c) ¢ paspemrenuem full HD coorBercTBEeHHO.
O0ObeM NpoaHaIM3UPOBAHHBIX JAHHBIX JUIS TYHOUKH U OOBIKHOBEHHOI'O YHCTHKA COCTABHUII
23 u 9 QotonoByiiek / cyTok HaOmoneHuit, B ToM yrcie 329 u 202 Bugeoponuka, 1122
1 202 (hoTO COOTBETCTBEHHO.

Pesyabrartsl u 00cyxxaenne

B cenureOHBIX MecTOOOUTaHMSX TTOCeKa bapeHOypr B HacToAIIee BPpeMs THE3IATCS
6 BumoB TITHIL (TA0I.).

JleranbHble CBEJICHHS O JMHAMHUKE YHCIEHHOCTH, 0COOCHHOCTSIX I'HE3/I0BAHUS U [IPH-
YHHAX WX M3MEHEHHH MPUBE/ICHBI HIXKE.

Tancmyunux — OOBIYHBINA THE3AAIIMICSA BUJ Ha obepexse [ pén-dropaa [7]. Kak
M3BECTHO, 3TOT BUJI THE3/IUTCS HA Y4aCTKaX, MOJIHOCTBIO MJIM YACTHYHO JIMIICHHBIX PACTH-
TEIBHOTO TIOKPOBA, BO3HUKIINX B PE3yJIbTaTe €CTECTBEHHBIX IPOIIECCOB M AHTPOIIOICHHOTO
Bo3neiicTBus [12—14]. B paiione bapennOypra ncnonb3yeT BepTONICTHYIO IIOMIAIKY B Ka-
yecTBe rHe3q0Boi craimu. Knaaka u3 4 s Obiia HaliieHa MeK1y OCTOHHBIMU TUTUTAMH
04.07.2004. Ie mapsl raiactydHuKoB otMedeHbl 06.07.2025 Ha OETOHHOM MOKPHITHA
U «razoHax» Tam jxe. OfHa U3 CaMOK UMHUTHPOBAJIA [MOBEJACHHE PAHEHOMW MTHIIbI, YBOJIS
oT nreHoB. Ha roKHOM okpauHe Mmocesika mapa rajCTy4HHKOB OTMEYeHa 10 000uYrnHaM
rpyHTOoBO# foporu 11.07.2025. 3a mpenenamu mocenka 3TOT BHJA TakKe ObLT OOBIYCH:
08.07.2025 mBe maphl TaJICTyYHUKOB TaKKe KOPMIUTUCH Ha Mbice DHHHECET.

bypeomucmp B €CTeCTBEHHOM MECTOOOUTAHNM OTMEUEH B CMEIIAHHON KOJIOHUH Ha
I. buxonnen psgom ¢ nocenkoM. TaM B pasHble roabl rHe3awmch 5—17 map [3, 4, 6, 8].
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Tabruya
YucieHHOCTh U 0CO0EHHOCTH T'He310BaHus nTull B noc. bapenudypr B XXI B.
Table
Number and nesting characteristics of birds in Barentsburg in the 21* century
UKCIeHHOCTD, Maphbl Wsmenenus DakTopbl
Bun 2001- | 2010- {2016— 2025 Tpenn| ocobernoctell | pekon- pyrie
2004° | 2014 | 2019 THE3/I0BAHMSA | CTPYKIHS
lNancryuynuk 2+3 4 4 = = - -
Charadrius hiaticula ocobn
Bypromuctp 25 25-30 25 = + + -
Larus hyperboreus
Moeska Rissa tridactyla | 80-141 | 200 282 i + + -
[NonspHas kpauka 20-50 60 i + - +
Sterna paradisaea
Unctux Cepphus grille 0 0 3-7 |13-14| 1 + - +
[Tynouxa 40-50 2530 | = + +
Plectrophenax nivalis
Ipumeuanue. * — ¢ y4eToM J@HHBIX JPYrHX aBTOPOB [3—7], myCTble ST9CHKH — JAHHBIX HET, ~ — 0e3

HU3MEHEHHH, T — POCT YMCICHHOCTH, | — CHM)KCHUE YMCIEHHOCTH, + — ()aKTOp OKa3bIBaeT BIUSHUE,
— — BIMAHKUE (PAaKTOpa HE YCTAHOBIICHO.

Note. * — with data from other authors [3-7], empty cells — no data, = — no change, 1 — increase
in population, | — decrease in population, + — factor has an effect, - — effect of factor has not been
established.

CunaHTpoIHas rpynnupoBka B bapeHuOypre Ha 31aHUSAX C IUIOCKMMU KpPBIIIAMH, CyIle-
CTBYIOII[asl B HACTOsIIIIEE BpeMsi, onucaHa panee [3, 4, 6, 8]. B 2001 r. 6pu10 c000IIIEHO
0 50 mapax [3]; 8 2002 r. — o 25 napax [4]. B 20162025 rr. yncieHHOCTb OypromucTpa,
THE3JISIILEr0Cs HEMOCPEICTBEHHO B IOCEIIKE, ObLIa OTHOCUTENILHO CTA0MIIbHA M COCTaBIIsLIA
25-30 map. ByproMucTpsl B nocenke 3aHUMAaJIA MPEUMYIIECTBEHHO 3[JaHUs C TUIOCKUMU
KpBIILIAMH, CPEH KOTOPBIX OBUIM OTPECTaBPUPOBAHHBIEC JOMa PAa3HOM ITaKHOCTH U 3a-
OpoieHHble cTpoeHusi. B bapeHnOypre Mbl OTMETHIIN Tak)Ke HEOOJIBIIYIO THE3I0BYIO
TPYHIHUPOBKY (2—3 maphl €KEeroJHo) Ha JEePEBIHHOM MOKPHITUH KOMMYHHKAI[HOHHOTO
KopoOa cpe 3a0pOIIEeHHBIX JKHIIBIX JOMOB. Pa300p 3THX KOHCTPYKIMU MPUBEI K Hepe-
MEIICHHUIO ATO¥ CYOKOJIOHUM Ha YroJibHBIN cKian (puc. 2).

BriepBbie THe310BaHiE OyproMUCTPOB B 9TOM MecTe oTMeueHo Hamu B 2025 1. [{ns
HInuudeprena crocod pa3MerieHus THe3/1 Ha Kpbliax 3a0pOIIeHHBIX HEBBICOKUX CTpOe-
HUM u3BecTeH AaBHO [15]. [He3M0BaHNe MHOTUX BUJIOB YaHKOBBIX MTHUIl PETUCTPUPOBATIU
Ha IJIOCKMX KPBILIAX 3/aHUH B JAPYTMX PErHOHAX, UMEIOTCSI CBEJCHHUS O THE3/J0BAaHUU
OypromMucTpa Ha Kpbliiax 3a0pOoILIeHHbIX CTPOCHHH B APYTUX MOJSIPHBIX paioHax [13, 16].
Opnnako B bapeHn0ypre 3TOT BUJ YCIEIIHO Pa3MHOXAETCS HE TOJIBKO HA OJHOITAKHBIX,
HO Tak)ke Ha 0oJiee BBICOKHX, TPEX- M YETHIPEXITAKHBIX KHJIBIX 3aHHSX, B TOM YHCIIE
MOoCJIe UX PEKOHCTPYKLIUH.

BecHoii nepBoe nosiBieHre OyproMUCTpOB B KOJIOHMHM Ha CKaJie OJIM3 MOCENKa pe-
ructpuposaiu 08.04.2016 (8 ocobeit) u 15.04.2014 (4 ocobu). B mocenke OyproMucTpsr
HOSIBJISUTMCH Ha KPBIIIAX B KOHLIE MapTa — HayaJle arpeis 10 CTauBaHMs CHEra: UX peru-
crpupoBaiu 29.03.2018, 06.04.2016. dakTuuecky 3T YalKu yKe ObLIM pacrpezesieHbl
TI0 THE3/IOBBIM y4acTKaM B MepBOii Jiekasie anpeins. OTMETHIIN criapuBaHue OyproMucTpoB
16.04.2016 Ha Kpbliie IepeBIHHON TOCTPONKH, I7Ie MO3KE Mapa YCIEITHO BbIBEIa MTEHIIOB.

144 IIpoonemv Apxkmuku u Anmapxmuxu. 2026;72(1):140-152



N.V. Lebedeva
Dynamics of the number and spatial distribution of nesting birds during the reconstruction...

Puc. 2. CyOxononus OyproMucTpa Ha MOIIOPHON CTEHE YrONBHOIO CKJIaJa (BBIACNICHA OBAJIOM),
10.07.2025

Fig. 2. A subcolony of glaucous gulls on a retaining wall of a coal storage facility (highlighted in an
oval), 10.07.2025

KopmsTcst OyproMucTpsl B 3anuBe U Ha autopaiu [ péa-¢ropaa. [Ipuaem Oypro-
MHCTPBI, THE3ISIIMECS Ha CKallaX, B THE3/I0BOM MEPHOJ KOPMSTCS Ha JIUTOPAIH U B TIPH-
OpeXHBIX BOZIaX HETMIOCPEJCTBEHHO HAIIPOTHB KosoHUU. KopMOBbIe cTanuu 6yproMucTpos,
THE3JSIINXCS B MTOCEIIKE, TaKXkKe MPUOIMKEHBI K MECTaM T'HE3[JOBAHMA: 3TO aKBATOPHUs
U JINTOPAJIb, MPHJIETAIONINE K MOPTy. PasMHOXKeHNE OyproMucTpa B MOCEIKE CIIOCO0-
CTBOBAJIO TIOMCKY U HCIIOJIB30BAHUIO JOTIOJHUTEIBHO K €CTECTBEHHBIM aHTPOMOTEHHBIX
KOPMOB, KOTOpBIE NTHUIIBI JOOBIBAIOT HA MYCOPHHUKaxX (paHee peryisipHO, B HACTOsIIEE
BpEMSI IEPHOJMUECKH, KOTIa B HEMOTOAY KPBIIIKH OTKPBIBAIOTCSI BETPOM) U MOAOKOHHH-
KaxX >KMWJIBIX TOMOB. Jl0 peKy/IbTHBAlMH CBAJIKH, PACIIONOKEHHON K CEBEpPY OT MOCETKa,
B 9TOM MECT€ OTMEYaJi CKOIuIeHus1 OypromuctpoB [3]. OnmHako mocie CTPOUTEIHCTBA
1[eXa [0 COPTUPOBKE U OPUKETUPOBAHUIO MyCOPa, PEKYIBTHBAIIMN CBAJIKH 3TOT UCTOYHUK
«pactdyma» 611 17151 OyproMucTpoB yTpadeH. OTMEUCHBI CITydau pa3phIBaHIS MYCOPHBIX
MaKeTOB, TTAKETOB C MPOIYKTaMHU, BOPOBCTBO MPUTOTOBICHHOH enbl. B 2025 1. Bce warme
cTanu HaOmoaaTh OyproMUCTPOB, KOTOPBIE IPUCAKHUBAIOTCS HA OKHA B OXKMAHUH MTHIIH.
Hexortopele ocobu cTyuar KIFOBOM B OKHA, BBIIPAIINBAs €Iy. DTO CBUIETENBCTBYET O TOM,
YTO MECTHOE HaCeJIeHHEe MpUKapMiInBaeT ntun. OTMeuanu, Kak OyproMucTpsl IPUHOCST
NTEHIIAM ¥ OTPHITUBAIOT PBIOY, KOTOPYIO TOOBIBAIOT, OXOTSCH B 3aJMBE, TOTAA KaK POINb
AQHTPOIOT€HHOTO KOPMa B MUTAHUU MTCHIIOB HE BBISICHEHA.

Moeeska. DTOT BUI OCBOWII 3aHUS B KaUeCTBE T'HE3IOBBIX crarmii Oonee 70 mer Ha-
3an [2]. Komornn popmupoBanich Ha MOJOKOHHUKAX M BBICTYMAIOIINX KOHCTPYKIIMOHHBIX
SNIeMEeHTaxX 3/aHUH C OPHEHTAIMEeH Ha 3aJIHB WIIH IEPICHIUKYISIpHO eMy. Tak, B bapeHmOyp-
Te MOEBKHM aKTUBHO 3aCEJIsIN MOJOKOHHUKH JIEPEBSIHHBIX U KUPIUYHBIX 3/IaHUH, a TAKKe
KOHCTPYKIIMOHHBIE OaJIKH, MPHUJIETAIOINe K CTEHAM, YCTIEIITHO BBIBOAS MOTOMCTBO. OTMeueH
MOCTETICHHBIN POCT 00MIeH YnucIeHHoCTH MoeBkH B bapennOypre: 2001 . — 80-100 [3];
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Puc. 3. MoeBku Ha 31auusix bapeHnOypra: ¢ — B3pociiasi NTHIA y THe3/1a Ha MOJ0KOHHUKE 3AaHHs
anmunucTpanny, 14.07.2011 (3aumTHbIH SKpaH OTCYTCTBYET); 6 — (parMeHT KOJIOHHU Ha 3IaHUH
anMuHuCcTpanun Apkrukyris, 14.07.2011

Fig. 3. Black-legged kittiwakes on buildings in Barentsburg: ¢ — an adult bird near a nest on
the windowsill of the administration building, 14.07.2011 (the protective screen is missing); 6 —
a fragment of a colony on the Arktikugol administration building, 14.07.2011

2002 . — 121 [4]; 2003 . — 141 rHe3no [7]. ['He3n0BaHNE MOEBOK OBIIO 3apErUCTPHPOBAHO
Ha 5 31anusx [7]. [locie 3aMeHbI OKOH M KPEIUICHHS 3aIllUTHBIX 9KPaHOB K IOJIOKOHHUKAM
Ha XWIbIX U aJMAHUCTPATHBHBIX 3/IaHUSIX, IPUMEHEHHUS IPYTHX MEp K YCTPaHEHUIO KOJIO-
HUI B IECHTPE MOCEIKAa MOEBKHU BCE €IIIe JeJalIH MOIBITKU K X (popmupoBanmto. B 2011 .
COXPaHWIIUChH TIOCENICHNUsI MOEBKHM HETIOCPE/ICTBEHHO HA 3JIaHWU aJMUHHCTpalMy (OKHA,
cTeHoBas Oanka) (28 ruesn) (puc. 3) U AEPEBIHHOM CTPOCHUH, TPEOYIOIIEM PEMOHTA.

PexoHCTpyKIMS TOCENKa, BO BpeMsl KOTOPOH YacTh JEPEBSHHBIX 3IaHUM, 3aceseH-
HBIX MOEBKOH, ObliIa CHECEHa, 4acTh MOKPHITA MaHENISIMU U 000py/I0BaHa CHIeNHAIbHBIMU
9KpaHaMU Ha BHEITHHWX MOJOKOHHUKAX, a TAKKe IeJICHANPaBIeHHOE pa3pylIeHUe THE3/
B Ka4eCTBE CAaHMTAPHBIX MEP MPUBEIHN K MOCTCIIEHHOMY MCYE3HOBEHHUIO KOJIOHUH ATOTO
BHJIa Ha )KWIBIX U aIMUHHCTPATHBHBIX 3aHUAX B leHTpe bapenuOypra. Kojonus Ha
3mannn TOLI, pacnonoxkeHHOI Ha OKpawHEe TOCeNKa, CTajla YKPYIHSITCS M B HACTOSI-
1iee BpeMsi OcTaeTcsl eUHCTBeHHOH B mocenke. B 2010 r. B Hell HacuuTanu 96 ruesn,
B 2025 . — 282 rHe3na (B ToM ymcie 25 mycThix). 3a 15 et oHa yBenuumiack B 3 pasza
3a cyer OoJiee TUIOTHOTO PACIIONIOKEHHS THE3JI, YTO OOBSICHIETCS NEPEMEICHUEM CIOa
TNITHL, YTPATUBIINX BO3MOKHOCTh THE3IUTHCS HA JIPYTHX 3AaHHSIX B MOCEIKE.

MoeBKH TOSBIISIIOTCSI B 9TOM KOJIOHUM yKe B ampee. BHawane nTHIBI KOpMSITCS
B I'péH-dropre, 3aTeM nepBble HECKOIBKO 0CO0EH TOSIBISIOTCS HETTOCPEACTBEHHO B KOJIO-
HuM. Yepes CyTKH MX YHCIEHHOCTh Ha 3/1aHMU HaYWHAET HapacTaTh. B 3aiqmuBe oTMevann
craitku MoeBok 0mu3 bapennOypra 15.04.2016 (8 ocooeit) u 17.04.2014 (40 ocobeit).
[TosiBnienne nepBbIX MOEBOK B KojoHHU otMmeTiin 06.04.2019, a 10.04.2019 3nech Obun
yxke 50 ocobeit. MaccoBoe nosiBnenune ntui Ha TOL] ormewanu 30.04.2014. B a10i1 KoI1O-
HUM C(OPMHUPOBAINCH MHOTOJIETHHE THe3/1a. M ieT oOMeH ocodel ¢ ApyruMH KOJIOHUSIMA
apxwurenara — B 2019 u 2025 rr. Mbl BbIsiBIIIM Ha 31aHun TOLl MeueHbIX ocoOeil u3
JpYrux KoJoHMH. bimkaiimas ecrecTBeHHas: KOJOHHMS MOEBKH PacIlOiOKeHa Ha CKajlb-
HBIX BBICTyNax B 3anuBe | péH-ppopa y Bbxona p. I'pénaaneH, B koropoit B urone 2019
u 2025 1. 6u10 oKos0 300 THE3/. DTa KOJOHUS paHee He Obuia onucana [7]. Bo3amoxkHo,
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Puc. 4. I'ne310 nonsipHOM Kpauky Ha KpbILLe 31aHUs BEPTOJICTHOrO oTpsaaa, 06.07.2025

Fig. 4. Arctic tern nest on the roof of the helicopter detachment building, 06.07.2025

oHa c(opMHIpoBanach moyke. MbI ee oTMeTHIIH BiepBhie B 2019 1. MoeBKkH, THE3 ST -
csa Ha TOLI, xopmsaTcs BOMM3K KomoHUU B [pEH-(BOpIE U 3aBUCAT OT pacHpeesIeHUs
JIOKAJIBHBIX KOPMOBBIX pecypcos. B 2025 1. ormetnim oxono 10 % mycTeIx raesq, 9To
MOJKET OBITh CBSI3aHO C HEJTOCTaTKOM KOPMOBBIX pecypcoB. B kauecTBe mpucaabl Juis
OT/IBIXa MOEBKH HCIOJIB3YIOT TEXHOJIOTHYecKne TpyOsl BOMu3u TOL n kpoinry 3qaHus.
Tonapnas kpauxa. 'ae310BaHAE 3TOTO BU/IA BOM3HM YronbHBIX maxT Ha LlImmmbeprene
ommcano pasee [17]. OToT Bux B okpecTHOCTAX bapeHNOypra B eCTECTBEHHBIX MECTO-
obuTaHmsAX uMeeT mudQy3HbIe MoceneHns (2—5 map), KOTOpbIE MBI OTMEUaNI Y JOpPOTH,
BEAYLIEH OT MOCENKa K BEPTOIETHON TUIOMaIKe U Ha M. DuHHeceT. B paiione BepToneTHON
mromaaky B 2004 1. 6bU1a OTMEYeHA KOJIOHHUS 3TOTO BHAA Ha 3emiie (okomo 25 map). Panee
ee peructpupoBaimn B 2001 u 2002 rr.: He 6onee 20 u 40-50 map cooTBeTCTBEHHO [3, 4].
OnHako Mo3aHee KPadky MPAKTHIECKH IEPECTAIN THE3ANTHCS B €CTECTBEHHOM TYH/IPOBOM
MECTOOOWTaHUM B PaliOHE BEPTOJICTHOMH IUIOMIA/IKH, BEPOSTHO, B CBSI3U C TEM, UTO UX KIIa]-
KM YHUUTOXKAJIUCh MECHOM. MBI pEryssipHO OTMEUYaId B PaliOHE BEPTOJETHOM IUIOMIAKU
YCIIETITHO Pa3MHOXKAIOIINXCS TIectioB. B ntone 2025 . oTMedeHa mapa ¢ 9eThIpbMs IEHKaMH,
KOTOPBIE AEPXKAINCH B YKPBITHH IO TIOTypPa3pyIICHHBIM KOMMYHHKAIIMOHHBIM KOPOOOM.
Komnonust nonsipHON Kpauky NepeMecTHIIach Ha KPBILIY 3JaHUH BEPTOJIETHOIO OTpsiAa YxKe
B 2010-x rT. EcTh CBeZCHMS 0 THE3IOBAHHMH STOTO BHIA Ha KPBIIIaX 3MaHUA B IPYTHUX pe-
ruoHax [18]. Kppimm 3manmii BEPTOIETHOTO OTpsi/ia MOKPHITEl PyOepOnIoM, TOCTAaTOYHO
TBEPIBIM MOKPBITHEM, KOTOPOE TEPHOIMUYECKN MTPUBOIUTCS IEPCOHAIIOM B MOPSIOK. Tem
HE MEHEe KPauK{ MPHHOCSAT CTPOUTEIBHBIN MaTeprai Ha KpbIITy, 0003Ha4Yast CBOM THE3a
MEITKIMH KaMeIIKaMH, HHOTIA CyXHMH TTaI0YKaMH1, aHTPOTIOTEHHBIM MaTepHaioM (puc. 4).
YacTp KJIa/IOK JISKUT Ha MOKPBITHN 0€3 THEe3/10BOro Marepuaina. Kiaaky 9acTHdaHO
MOruOAaroT BO BPEMsI CHIIBHBIX BETPOB, MTOCKOJIBKY KPBIIIN XOPOIMIO MpoxyBarorcs. [1pu-
MeJaTesbHO, YTO MHOTHE THE3/1a KPauK! PacIioyiararoT Ha KpbIie BOIU3M KOHCTPYKIUH,
KOTOpBIE 00ECTIEUNBAIOT 3aIIUTY OT BeTpa. Ha kpermax Tpex 3manmii u3 matu 06.07.2025
3aperucTprpoBaHo THe3noBaHue 60 map monmsapHbIX kpadek (9, 21 u 30 raes3m). OmgHO THE3MIO
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Op1T0 TIycToe. KonmdecTBo suIl B KafKaX BapbHpOBajio: oT 1 10 3, coCTaBisas B CpeaHEM
1,59 + 0,11 (cT. omr.) sturr. Jlumb B 5 % xnamok 6s10 110 3, B 48 % — 10 2, B 45 % — 110
OIHOMY STHITY. B IByX rHe31ax OTMEUEHBI 110 OMHOMY ITEHITY, OJFH U3 HUX — MEPTBEII.
Kpauxwu, rHe3gsmmecs B cenureOHoM nanamadre Ha [lmunbdeprene, kak m3BecTHO, Oomee
YCTOWYMBHI K (paKTOpy OCCIIOKOICTBA, YeM THE3IAIINeCs B IPHPOAHBIX OroTomax [19-21].

Yucmux Ha IlInumdepreHe — OOBIYHBIA, (JOHOBBIH BUJ, KaK MPABHIO pa3sMHOXKa-
FOIIUICS B MHOTOBHIOBBIX KOJIOHISIX MOPCKHUX MTHIL. birpkaiiiiee MecTo eCTeCTBEHHOTO
THE3IOBAaHMUS 3TOTO BUIa — HEOONBIION MTHYHHA 6a3ap Ha CKaIbHBIX BBICTYNAx I. buko-
JIeH BOnmm3M nocenka. OocnenoBanne 3Tol kKoloHUH B 1990-€ IT. 1moka3aiio, 4To YNCTHKHU
B HEW JeprKainch, HO HEe pasMHOkanuch [22]. B 2001 1. 3mech oTMeTHiIN 25 THE3TOBBIX
map [3], B 2002 1. YUCTUKA B 3TOU KOJOHUH OTCyTcTBOBaNH [4]. B 2019 1. MBI BHOBB Ha-
cunTany 31ech 25, a B 2025 . — b 5 map 3Toro Bua. OTMEYau MPHIETH B3POCITBIX
IITUI] C MEITKOH PBIOOI.

Kax #3BecTHO, YHCTHKY CBOMCTBEHHA OOINBIIAs IUIACTUYHOCTH B BRIOOPE MECT
THE3IOBaHUA: OH MOKET BBIOMpATh HEOOBIYHBIC MECTA I PA3MHOXKCHHUS, B TOM YHCIIC
3a0poIIeHHbIE W 3aHATHIC YeloBeKoM 31aHus [23]. B mocnennee mecAaTUeTHE 3TOT BUA
HayaJ 3aCeNsATh CTPOCHUS U KOHCTPYKIIUU HETIOCPEACTBEHHO B TIoc. bapeHnOypr, ocBonB
JIBa TUITa THE3IOBBIX CTAIM{A: TIOPTOBBIA KpaH HETTOCPENCTBEHHO Ha Oepery [ péu-dropra,
BEHTIJISAIIMOHHBIC OTBEPCTHS U IPYTHE TTOIIOCTH IO KPBIIIIAMU KUPITUIHBIX 3IaHUH, pac-
monokeHHBIX B 150-200 M oT Mops [8].

OKoITo BYX JECATKOB Iap 3TOTO BH/A C KOHIIA MapTa IMOCTOSHHO JIPIKaTCs B aKBaTO-
pyUH TIOpTa, IeMOHCTpUpPYS OpadHoe moBeneHne. OTMeqa n B aKBaTOPHHU ITOPTa HEOOIbIINE
TpyMITEL IO 5—7 ocobeli u mapsl B KOHIIE MapTa — TepBoit Aekase ampens 2016, 2018 rr.
BriepBrie THE3M0BaHNE YHCTHKOB Ha TPY30BOM KpaHE OBLIO 3aperucTprpoBaHo B 2016 1.
Heckonbko nap 3aHMMarOT IJIOLIAKU C HUILIAMU B BEpXHEW yacTu KpaHa. [lo3nnee, B 2018,
2019 u 2025 rr. MBI OTMEUAJIM Ha THE3J0BaHUH 311eCh 110 3—4 napbl. KopMuiauch 4yncTuku
HEIIOCPEJCTBEHHO B aKBaTOPWHU MOPTA, HOCWIIM NITEHIIaM MEINIKYIo prIOy. B THe3moBoe
BpeMsI Ha MHUPCe MOKHO HAOIIONATh arpeCCHUBHBIC CTHIYKH CaMIIOB, IEMOHCTPUPYIOMINX
COLMANBHBIN cTaryc. [Io OmpoCHBIM CBEICHHAM, 2—3 Taphl B MOCICTHIE TOIBI 3UMYIOT
B akBaropuu nopra. OmHAKO 3TO cooOIIeHHEe TPeOyeT MOATBEPKACHUS.

B 2017 r. BiepBBIe OBLTO OTMEUEHO MOCEIICHIE YHCTHKAMU BeHTHIIAIMOHHBIX HUIIL,
PACTIOIOKEHHBIX IO KPBIIIEH KUPIIIMYHOTO 3aHMs. JTH HUIIN paHee PEryIsIpHO 3aHU-
MaJId TYHOYKH JUIS THE3IOBaHUA. B 3TOM ke Tomy B OJHOW M3 HHII 3arHE3IMIACH TTapa
YHCTUKOB. B3pocibie 0coOn perysipHo 3aleTalnd ¢ KOPMOM B BEHTHJIAIHOHHYIO HHIITY
1 YCIICIITHO BBIBEJIM OIHOTO TITEHII, BBUIET KOTOPOTOo ynanock Habmonars. B 2018 1. unctik
OTMEUEH B THE3ZI0BOE BpeMs Takke Ha NIBYX NPYTHX KUPIUYHBIX 3AaHUAX, B 150 M or
riepBoii mapsl. OHa Mapa 3arHe3IuIach B HAIIE, 00pa30BaBIICHCS IO KPBIIIEH APYTOTO
3MaHMS B pe3yIbTaTe BETPOBOTO MOBPESKICHUSA. DTa HHIIA HMEET OOIINPHYTO TUIOIAIKY,
KOTOpast UCTIONB3YETCS YUCTUKAMHU ISl YIOOHOTO IPU3EMIICHUS, TPYMIHIA, OT/IbIXa U BBI-
KapMIIMBaHUS NTEHIIOB. YNCTHKU HOCHUJIM MENKYIO pbIOy NTEHIaM, OBLTH TOJICPAHTHEI
K aKTUBHOCTH 4eJOBeKa psaoM co 3xanueM. B 2019 r. ormeTwin 3 mapel YUCTUKOB Ha
[IOPTOBOM KpaHE U 10 OJHON Ha TpeX KUPIUYHBIX 30aHusIX. B 2025 . Koln4ecTBO YMCTHU-
KOB, THE3JSILIUXCSl HA KUPIMYHBIX 3[aHUSIX, CYLIECTBEHHO BbIpocio. Tak, B utose 2025 1.
B BEeHTWISIIIMOHHBIX HUIIAX 3MaHUS IIKOJBI Pa3MHOXKAIUCH 8 mMap. DTOT BUA MOIHOCTHIO
BBITECHIUI ITyHOUKY, KOTOPask pETyIAPHO THE3IUIACh Ha ATOM 3/IaHIH. BXOMHBIE OTBEpCTHA
B BEHTHWISAIIMOHHBIC HUIIN JOCTATOYHO y3KWe. VIHOT[a MPHUIISTEBIINA ¢ KOPMOM YHUCTHK
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Puc. 5. Uncruk, 3anetaomuii B BEHTHSIIMOHHYIO HUITY Ha 371aHUH Kokl 08.07.2025

Fig. 5. Black guillemot flying into the ventilation niche of a school building, 08.07.2025

C TPYZIOM TPOTUCKUBAETCA B HEE, I7JIe €ro OXKUAaeT Apyroi maptHep. PoToaoByHIKH 3a-
PETUCTPUPOBAIA AKTUBHOCTH YHCTHKOB, CBA3AHHYIO HETIOCPEICTBEHHO C T'HE3I0BBIMHU
HUIAMHU (pHUC. 5), U UX COIMATIbHBIC KOHTAKTHI HA KPBIIIE 37JaHUS U CTPOUTENIFHBIX JIeCax,
YCTAHOBJICHHBIX B PECTAaBPALIMOHHBIX IEIIAX.

[Tape! KOHTAKTUPOBAIH APYT C APYTOM C KPBIIIN U U3 THE3I0BOM HUIIIH, a TAKKE MPO-
SIBIISUTA arPECCHIO0 K COCEISIM, TPYTIUAPOBATUCH TI0 3—4 0co0M Ha KPBIIIE U CTPOUTEIHHBIX
necax. AKTUBHOCTB 9TOW THE3/I0BOH IPYIIIMPOBKHU BO3pacTaja B HOYHbIEC M YTPEHHUE Yachl.
PacrionoyxeHne KoJIOHUM Ha 3[JaHUHU SIBJISIETCS BBITOAHBIM, TIOCKOJIBKY OHA HEIOCTYITHA XHIII-
HHUKaM. [leciipl mogbupany JUIIb TPYIIHI BRITABIINX NTEHIIOB. ByproMucTpsl Takxke He MOTIH
MIPOHUKHYTbH B HUILH C Y3KUM IPOX0I0M. PaccTosiHue, KOTOpOe YHCTHUKH ITPEOA0JIeBaIN Hall
CyILeH, OTIPABISIACH B 3AJIMB JUISI KOPMEXKKU M cOopa KopMa JUIsl ITEHII0B, ObLIO cOomocTa-
BUMO C PACCTOSHHUEM OT THE3JOBBIX yYACTKOB YHCTHKOB B €CTECTBEHHOM MECTOOOHTAaHHU
B OmpKaiiieM CMeIIaHHOM MOCeIEHUH MOPCKHX NITHIL Ha T. BuKosieH u 1ake MEHbIIIE ero.
[TpumMeuaresbHO, YTO OONIBITMHCTBO THE3OBBIX HUIII YHCTUKOB OPHEHTUPOBAHBI HA 3AJIUB,
JUIIb 4 U3 HUX — Ha CTEeHAaX, PacTOJIOKEHHBIX K 3aJIMBY MepreHIuKysapHo. Crexyer oT-
METHUTb, YTO AKTUBHOCTH YEJIOBEKA B IMTOPTY U HAa LIEHTPAJIBHON YIIUIIEe TIOCENIKA, Ha KOTOPOH
PacCIOIOKEHO 37JaHME IIIKOJIBI, HE BBI3BIBACT y YHMCTHKOB OecrokoiicTBa. Tem He MeHee
COLIMAJIbHAS aKTUBHOCTH NTHII BO3pacTana B HOUHBIC Yachl. TakuM 00pa3oM, YHCIEHHOCTh
YHCTUKOB, THE3AAIIMXCA Ha 3MaHUAX U COOPYXKECHHUAX MOCENKa, yBeIHumiIacs ¢ 3—4 map
B 2016 . no 13—14 nmap B 2025 ., u chopMUpoBasIACH CHHAHTPOITHASL KOJIOHHSI 3TOTO BUJIA.

Ilynouxa — eqMHCTBEHHBIN BUJI BOPOOBMHBIX MITHUII, KOTOPBIH pasMHoXkaeTcst Ha -
Oeprene. B ecTeCTBEHHBIX MECTOOOUTAHHSX OHA THE3AUTCS HA KAMEHUCTBIX OCHIIAX C J10-
BOJIBHO HU3KOH IUIOTHOCTHIO [24]. B mocenkax ApKTHYECKOW 30HBI STOT BUJ — OOBIYHBIN
CHHAHTPOII, KOTOPBIN B CEMTEOHOM JIaHAIadTe 3aHMMAET MOIXOSIINE HUILY Ha 3IaHUSIX
U COOPYKEHHSAX, UCIOJIB3YS UX JaKe MOJ] KPhIIIaMd MHOTOATAXHBIX 31aHui [25, 26]. B ba-
peHLOypre MyHOUKa 3aHUMAET PA3IMYHOIO THUIA MOJIOCTH JUIsl THE3I0BAHMUS: BEHTHJISLIH-
OHHBIC HUIIY MO KPBIIIAMU KUPIUYHBIX 3AaHHUHA, B TOM YHCIE MHOTOITAXHBIX, B CTEHAX
JICPEBSIHHBIX 3JaHUI, Pa3pyIIEHHBIX CTPOCHHAX, CPEAN METATUTMUECKON apMaTypbl, B KOM-
MYHHUKAI[MOHHBIX JIEPEBIHHBIX KOPOOaX, MOJIbIX TPyOax, HACKIIIX KAMHEH, HCTIOJIb30BaHHBIX
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JUISl YCTAaHOBKH CTOJIOOB JIMHHUH »JIEKTponepesnad, He (yHKIMOHUPYIOUMINX B HACTOSIIEE
BpeMs1. PeKOHCTPyYKIMS MOCENKa MOBJIUSIIA Ha MHOUKY B OOJBIIEH CTETIeHH, YeM Ha JApyTHe
BH/JIBL, UTO CBSI3aHO C yTPATOH psaa MOAXOMSIIMX MecT AJsl THe3noBaHus. Tak, B 2004 r.
MBI OTMeYaJIH 1—2 mapbl Ha THE3/I0BAaHNH B HUILIAX KUPITMYHBIX 3AaHUH Ha KQKI0€ 31aHHE.
OnHako mocie uX OTJEIKH HaHEeISIMU HUIIM OBbUTH 3aKPBITHI. B MOBPEXIEHHBIX KOMMYHH-
KaIlMOHHBIX KOp0OaxX IyHOYKa TAK)Ke HAXOAWIIA PUTOHBIC ISl THE3I0OBAHUS HAIIN. MBI
OOHApYXMBAJIX B Pa3HbIC TO/BI 10 3—4 THE3/a B 9THX KOHCTPYKIMSX Ha TEPPUTOPUH TI0-
cenka. Camast BBICOKas! ITIOTHOCTh THE3I0BaHUS IyHOUKH ObUTa XapakTepHa ISl TEPPUTOPHN
M0ICOOHOTO XO3SIMCTBA, IAe 4 3/aHMS UMEH TOIXOISIINE sl yCTPOWCTBA THE3 | HHUIIH
(10-12 map B 2010-2012 rt). Ha Tepputopun nocenka IyHOYKH YaCTHIHO TIEPEXOANIN Ha
AHTPOIIOTCHHBIM KOPM, KOTOPBIM BBIKapMJIMBAJIM NITEHIIOB. Hanbosbas mioTHOCTh IyHOU-
KM Ha THE3[J0BAaHUM B HACTOSIIEE BPEMsI COXpaHMIACh Ha TEPPUTOPHN HAYIHOTO TOPOAKA,
BEPTOJIETHON IUIOMIA/IKH, TE €IIe €CTh HePEeCTABPUPOBAHHbBIC KHUPIUYHBIC U JACPEBSIHHbIC
CTPOCHUsI, B TOM YHCJIE TTycTytomme. Bo Bpems (h)yHKIMOHMPOBAaHMS CBMHApHUKA KOHTEH-
Hepbl ¢ KOMOMKOPMOM OBUIH JIOCTYIIHBI ITyHOUYKAM, THE3IUBIIMMCS B 9TOH YacTH ITOCEIKA.
Mp! oT™Meuany, KaKk ITyHOUYKH BBIKAPMIIMBAJIM IITEHIIOB M CJIETKOB KoMOHKopMoM. [Tocie
CHOCA CTPOECHHH MOICOOHOTO X035MCTBA THE3/I0BAs TNIOTHOCTH TOTO BHJIA PE3KO COKPATH-
nack (2 mapsl). [TyHOUKH MEpeKITIOYMINCh B 3TON YacTH MOCEIKa Ha €CTECTBEHHBIE KOPMa,
YAaCTUYHO HCIONIB3YsI KOPMOBBIE PECYPChI XaCKH-(EPMBI.

Takum oOpa3zom, k 2025 1. mocie pecTaBpallii U CHOCA CTPOCHUH, JINKBUAALINN
M0AICOOHOTO XO35IMCTBA, Pa3d0pa YacTH KOMMYHHKAIIMOHHBIX KOPOOOB M I'HE3/J0BON KOH-
KypEHIINH ¢ OOBIKHOBEHHBIM YHCTHKOM €€ YHCIEHHOCTh B bapeHudypre cokparuiach
¢ 40-50 B 2004 r. no 25-35 map B 2025 r.

3akaouenue

C 2001 mo 2025 1. mpon30ILTH U3MEHEHHUS B COCTABE THE3/SIINXCS MTHUI], UX YHCIICH-
HOCTH M 0COOEHHOCTSIX THE3/10BaHus B 1oc. bapeHidypr. 1o 00ycIoBIeHO pa3HbIMH (haKTo-
pamu, B TOM 4HCiIe CBsI3aHHBIMU ¢ Hadator B 2010 T. pekoHCTpyKImeH mocenka (cM. Tadit.).
PexoHCTpyKIHS ocenka B OOJIbIIeH CTETIEHH MOBIHAIA Ha pacTIpeiefieHHe TTyHOUKH, MO-
€BKH 1 YaCTUYHO OyproMHcTpa B THE3IOBOM MEPUO. DTH BUJIBI IEMOHCTPUPYIOT Pa3HYIO
HanpaBJIeHHOCTh TPEHI0B YUCICHHOCTH (cM. Tabm.). Kak mokazany Hamm ucciaeI0OBaHus,
PEKOHCTPYKITUS TIOCENTKa — JIUIIb OJTHA U3 MPUYMH U3MEHEHHUH B CTPYKTYpE COOOIIecTBa
THE3IAIIMXCS NTUL centuTeOHoro JTanamadTa. B nocnennem necstuiernu B bapenioypre
Ha THE3/I0BAaHUH TOSBUIICS YUCTHUK, KOTOPBIM MOJHOCTHIO BBHITECHUI MYHOYKY Ha OTHOM
U3 3IaHUH, CHOPMUPOBAB THE3IOBYIO KOJIOHHIO. KOJOHUS TOSIPHONW KpauyKu B pailoHE
BEPTOJIICTHOM TUTOIIAIKH CMEHIIIA JIOKATH3AIHIO, TIOTHOCTHIO MIEPEMECTHBIINCH Ha KPBIIIT
3/IaHWH, YBEJINIUB CBOIO YUCIECHHOCTh. JTH SBICHHUS MOTYT OBITh CBSI3aHBI C €CTECTBEHHON
MIPUYUHON — n30eraHue mpecca Ha3eMHBIX XHITHUKOB, MPEXKAe Bcero necra. M3Mene-
HUS B CTPYKTYpe THE3JSAIINXCS BUIOB CBUJIETENHCTBYIOT O CTETIEHH MX IJIACTUYHOCTU
K MEHSIONIEHCs cpeie 0OMTaHusI He TOJMBKO B €CTECTBEHHBIX MECTOOOUTAHMSX, HO TAKKE
AQHTPOTIOTEHHO M3MEHEHHBIX JaHIma(Tax BHICOKOMUPOTHOW ApKTuKHU. JlanbHelee u3-
yUeHHE HAMPaBICHHOCTH U3MEHEHUH B CTPYKTYpE CEMUTEOHBIX OPHUTOKOMITJIEKCOB Ha apX.
[numdeprex MO3BOIUT TOHATH UX IKOJIOTUYECKUE MEXaHU3MBI.
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