MO TMAPOMETEOPOJIOI M ON HYDROMETEOROLOGY

OEJIEPAJIbHA 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 AHTAPKTUYECKUIA W THE ARCTIC AND ANTARCTIC
HAYUYHO-UCCJIEJIOBATEIBCKUI UHCTUTYT RESEARCH INSTITUTE

MPOBJIEMbI APKTUKU U AHTAPKTUKHU
Problemy Arktiki i Antarktiki

Tom 70, Ne 3, 2024

ARCTIC AND ANTARCTIC RESEARCH
Volume 70, No. 3, 2024

1834

IQOAem

TMAPOMETCAY>XBE POCCHU

2024



«IIpo61eMbl ADKTHKH H AHTAPKTHKI
HayuHblii perieH3upyeMblii Ky pHal
JKypHnan nporomkaer ocHoBaHHOE B 1937 T. nepuogudeckoe uznanue «IIpobaeMs! ApKTHKIY.
W3naercs nox Hay4HO-METOIMYECKUM pyKoBojaCcTBOM Otnenenus Hayk o 3emie PAH

HayJuslii perieH3upyeMblil )KypHaI OTKPEITOro focTymna «IIpo6ieMs! ApKTHKH 1 AHTapKTHKID) ITyOIHKYeT HOBBIC
Ppe3yJIbTaThl HCCIIEI0BAaHUH MONSPHBIX 001acTeil 3eMiTi B 00JIACTH OKEaHOIOT U, METCOPOIIOTHH, KIIMMATOJIOTHH,
THAPOJIOTUH, IVIALHOIOTHY, JIEIOBSICHHs, THAPOXUMHH, Majeoreorpaduu, OUOIOTUH U YKOJIOTHH IOISIPHBIX

PErHOHOB, MPOOIEM IKOHOMHYECKON M COLMAIBHON 0€30MacHOCTH APKTHKH.

I'naBHbIii perakTop

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

3amecTUTE/IHM [IABHOTO peaakTopa

Jleituenxos I.J1., 1-p reon.-vun. Hayk, BHUMO, Canxr-TletepOypr, Poccns
Jlunenkos B.A., kaup. reorp. nayk, AAHUW, Cankr-TlerepOypr, Poccus

Pemuna U.A., 1-p puz.-mar. nayk, UOA PAH, Mocksa, Poccust

PenakinuoHHbIN coBeT

IIpeocedamens pedakyuonnozo cogema
Maxkapos A.C., 1-p reorp. nayk, AAHVH, Canxr-IlerepOypr, Poccns

Ynenvt pedaxyuonnozo cosema

Kavuncxnit B.L., axanemnx PAH, BHUHO, Canxr-Tlerepoypr, Poccus
Kotasikos B.M., akanemnx PAH, UI" PAH, Mocksa, Poccus

Marumos T, axazemux PAH, FOHLL, Poctos-Ha-[[owy, Poccus
Myraues O.H., axanemux PAH, 3UH PAH, Cankr-Ilerepbypr, Poccus
Pymsirnes B.A., akazemux PAH, THO3 PAH, Cankr-TlerepOypr, Poccis
Tumkos A.A., wr.-kopp. PAH, UI" PAH, Mocksa, Poccrst

Penaxuus
Omeemcmeennbili cekpemaps
Anexnna MLA., kanjt. 6won. Hayk, AAHVH, Cankr-Tlerepbypr, Poccns

Jlumepamyphuiii pedakmop
Munenxko E.B., Canxr-IlerepOypr, Poccns

Opuzunan-marem u no020moeKa K nevamit
Mepxyao A.A., AAHVH, Canxr-Tlerep6ypr, Poccns

Pe)]ammom—laﬂ KOJIJIeTrusl

Aunekcees I.B., 1-p reorp. Hayk, AAHUH, Canxr-TlerepOypr, Poccust
Boobires JLIL, xaa. Gus.-mar. nayk, Hancen-nentp, Cankr-lerepOypr, Poccus
Baxtun H.B., 4n.-kopp. PAH, EVCII6, Canxr-TlerepGypr, Poccus
I'puropses M.H., 1-p reorp. nayk, IM3 CO PAH, flkyrck, Poccs
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 du3.-mar. ayk, [TO, Canxr-Iletep6ypr, Poccist
Kosenos B.B., 1-p ¢us.-var. nayx, ITT'1, Mypmanck, Pocens

Jeiioman M.O., 1-p reon.-munepai. nayk, K3 CO PAH, Tromens, Poceus
Jenmapanta M., npo., UH, Xenscnuxn, Qunnanmms

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

Makmrac AL, 1-p dus.-mar. nayk, AAHWH, Cankr-Tlerep6ypr, Poccis
Mapuenko A.B., mpod., UNIS, Jlouriiup, Hopserus

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

Pajnonos B.®., kanz. reorp. Hayk, AAHWM, Cankr-Ilerep6ypr, Poccis
Paiino J1., mpod., IGE, Iperotub, Dpanms

Casonos K.E., 1-p rexn. nayx, KI'HII, Cankr-Tlerep6ypr, Poccus

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
Tpommues O.A., 1-p ¢us.-mar. nayk, AAHUH, Canxr-TlerepOypr, Pocenst
@unaros H.H., un.-xopp. PAH, UBIIC PAH, ITerpo3asozck, Poccus
®munt M.B., akanemnx PAH, MO PAH, Mocksa, Poccus

UncersikoB 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 IepeueHb PeLeH3HPYeMbIX HaydHbIX H31aHni BAK, B KOTOPBIX TOIKHBI OBITH OIyOIHKOBAHBI
OCHOBHbIC Hay4HBIC PE3Y/IBTAThI AUCCEPTALIMII HA COMCKAHUE YYCHBIX CTENCHEH JOKTOPA 1 KaHIMAaTa HayK.
KypHan my6nukyeT cratby 1o HayuHbsIM crenuansHocTsiM BAK 1.6.1, 1.6.8, 1.6.14, 1.6.16, 1.6.17, 1.6.18.

Kypnan 3apeructpuposan denepanbHoOi CiIyk00i 0 HAA30Py B chepe CBSI3U U MACCOBBIX KOMMYHUKAIHIL:
CBHETENBCTBO O perucTpanuu nevyarHoro usganus [1U Ne ®C 77-73644 ot 7 centsiops 2018 .,
CBHIETENBCTBO 0 perucTpanuu cereBoro m3aanust JJ1 Ne ®C 77-73287 ot 20 mronst 2018 T

Anpec yupeauTeisi U H31aTe s :
199397 Canxr-IletepOypr, ya. bepunra, 38.
Ten. +7(812) 416-4251, e-mail: aaresearch@aari.ru
I'HL P® ApkTuyeckuii 1 aHTapKTHYECKUI HAyYHO-MCCIIEI0BATEIIbCKUI HHCTUTYT.
Caiir xypnana: https://www.aaresearch.science

Bexoaut exekBapTaibHO. [loanucHoi nHaeke usnanus B karanore OO0 «Ypai-Ilpece» 48657 (Ha monroa)
© I'HI] P® AAHWN, 2024
© Pocrunpomer, 2024

3HaKxoM HH(OPMAHOHHON 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), AARI, 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

Editorial

Executive Secretary and Coordinator

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

Elena V. Minenko, St. Petersburg, Russia

Original layout and preparation for printing
Alexander A. Merkulov, 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., NP, 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, [0 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 Leppéranta, 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

Vladimir F. Radionov, Cand. Sci., AARI, St. Petersburg, Russia
Dominique Raynaud, Prof. emer., IGE, Grenoble, France

Kirill E. Sazonov, Dr. Sci, KSRC, St., Petersburg, 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)
DOl-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 ITH Ne ®C 77-73644 of September 7, 2018.
Registration Certificate for the web publishing 9J1 Ne ®C 77-73287 of July 20, 2018.

Contacts:

199397 Saint Petersburg, Bering str, 38; 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. Subscription index of the journal catalog “Ural-Press” 48657 (for half a year)

© SSC RF AARI, 2024
© Roshydromet, 2024

The Journal is not marked with the Information Product label



Conep:xkanue

OKEAHOJIOT'UA

TpeHab! TeMepaTypbl IOBEPXHOCTH OKEaHa OTAEIbHBIX paliloHOB bapeHueBa Mops

B 3UMHHUH CE30H 1 MEXAHU3MBI HX (DOPMUPOBAHFI .......eoveevrnevierierenueneeerenneseenennennens

H.A. Jluc, E.A. Yepnasckas, JI.A. Tumoxog

Anpo6aunﬂ CeﬁCMoaKyCTquCKOFO METOJla MOHUTOPUHI'A ITapaMETPOB

NeJITHOTO TIOKpoBa Ha apxumnenare 3emist DpaHna-Mocuda . .......cooevveieeirieienenenn.

I A. Ilpecnos, A.b. Tumogeesa

OTHOCHUTEIIbHBIC BKJIaJbI TeIIooOMeHa Ha T'paHUILIC MOPA U aTMOC(l)CpLI
1 aIBEKTUBHOI'O IIEPCHOCA TCIIJIda B IOBBIMICHUEC TEMIIECPATYPBI BOJ

BapenneBa MOpst B HAYATE XXI B. c..eoiiiiiiiiiieiieiiieieeeec e

A.A. Cymkuna, A.B. Cmupnos, K.K. Kuesa, B.B. Heanog

BrusHue nHTEHCUBHOTO Cya0X0/ICTBa HA UBMEHCHUEC CTPOCHUA U ATUHAMUKH

JIESTHOTO TIOKPOBA B FOT0-3aMaTHON 9aCTH KapCKOTO MOPS ...cvvenveiniiiiiieiieiciieieae

T A. Anexceesa, C.C. Cepogemnuxos, E.U. Maxapos, B.A. bopooxun,
JI.M. Epmaxos, B.B. Tuxonos, A.B. Kyzvmun, E.B. Agpanacvesa,
B.JI. Komenvnukos, /[.IO. FOckaes, E.B. Ko3znosckuil

OU3UKA ATMOCDEPBI U TUJPOCDEPHI

..310

Ce30HHast I3BMEHUMBOCTh (DU3MKO-XHMMHUUYECKUX XapaKTEPUCTUK aTMOC(HEPHOTO adpo30ist

Ha HAyYHO-HMCCIEI0BATEIhCKOM cTannoHape «Jlemosas 6a3a Meic bapanosa»

(APX. CEBEPHAST BEMIIS) ..cvveenvieenieeeiieeieeseeeeteenteeeseenseesseenseessseesseessseenssessseesseessesnseess

C.M. Cakepun, JLII. T'onoboxosa, /{.A. Karawnukosa, M.A. Jlockymosa,
H.A. Onuwyx, B.B. Honvkun, C.A. Ilonosa, /I.J]. Puse, I'B. Cumonosa,
10.C. Typuunosuy, T.B. Xoooicep, M.IO. Illuxosyes

Bnusiaue kBasunsyxietnux ocumuiiui (K0)

Ha CTPATOC(EPHBIN MOJISAPHBINA BUXPDh B AHTAPKTHKE........eeveeeeerirrinrenienrentenseneensenseneens

UII I'abuc

Different origins of magnetic disturbances during substorm growth

and expansion phases and insufficiency of the AL index as their sole measure .........

O.A. Troshichev, S.A. Dolgacheva, D.A. Sormakov, N.A. Stepanov

ITELMOJIOI A U KPUOJIOT A

PaCHpOCTpaHGHI/IC 1 IMHaMKKa TCPMOIIUPKOB Ha KIIFOYCBOM YHAaCTKC

HCHTpaJ’ILHOFO Smamna mo MarepuajgiaM JUCTAHIITMOHHOIO 30HAUPOBAHUA .................

U U Tapacesuu, M.O. Jletioman, A.Y. Kuzaxos, H.b. Hecmeposa, A.B. Xomymog

274



Contents

OCEANOLOGY

SST trends in certain areas of the Barents Sea in the winter season
and mechanisms of their fOormationS ..........ccouvviiiiiiiieiiiecceec e 276
N.A. Lis, E.A. Cherniavskaia, L.A. Timokhov

Field trial of a seismoacoustic method for ice cover parameters monitoring
on the Franz Josef Land archipelago ............cccoovvviiiiieiiniieiecieeceeeeee e 295
D.A. Presnov, A.B. Timofeeva

Relative contribution of the ocean-air heat exchange

and advective heat transport to the increase

of the Barents Sea water temperature in the early 21st century..........ccceceveevvreeennne. 310
A.A. Sumkina, A.V. Smirnov, K.K. Kivva, V.V. Ivanov

The influence of heavy shipping traffic on the structure and dynamics

of sea ice in the southwestern Kara S€a...........cc.ooveevviiiiieiiiecieeeeeeeeee e 323
T A. Alekseeva, S.S. Serovetnikov, E.I. Makarov, V.A. Borodkin,

D.M. Ermakov, V.V. Tikhonov, A.V. Kuzmin, E.V. Afanasyeva,

V.D. Kotelnikov, D.Y. Yuskaev, E.V. Kozlovsky

ATMOSPHERE AND HYDROSPHERE PHYSICS

Seasonal changes in the physicochemical characteristics of atmospheric aerosol

at the research station “Ice Base Baranova Cape” (Severnaya Zemlya archipelago)...... 338
S.M. Sakerin, L.P. Golobokova, D.A. Kalashnikova, M.A. Loskutova,

N.A. Onischuk, V.V. Polkin, S.A. Popova, D.D. Rize, G.V. Simonova,

Yu.S. Turchinovich, T.V. Khodzher, M.Yu. Shikhovtsev

Influence of quasi-biennial oscillations (QBO)
on the stratospheric polar vortex in the Antarctic ........ccooveeveveerieniecierieieeeeie e 353
LP. Gabis

Different origins of magnetic disturbances during substorm growth
and expansion phases and insufficiency of the AL index as their sole measure ........... 373
O.A. Troshichev, S.A. Dolgacheva, D.A. Sormakov, N.A. Stepanov

GLACIOLOGY AND CRYOLOGY OF THE EARTH

Spatial distribution and dynamics of thermocirques
in a key area of Central Yamal based on remote sensing data............ccceceveereneennne. 391
LI Tarasevich, M.O. Leibman, A.1. Kizyakov, N.B. Nesterova, A.V. Khomutov

275



H.A. Jluc, E.A. Yepuasckasa, JI.A. Tumoxos
Tpenasl TIO otaenbHbIX paiionoB bapenueBa Mopsi B 3MMHMIA Ce30H...

OKEAHOJOI'UA
OCEANOLOGY

OpurunanabHas craths / Original paper

https://doi.org/10.30758/0555-2648-2024-70-3-276-294
VJIK 551.467.3:551.326.1

Tpenabl TeMnepaTypbl I0BEPXHOCTH OKeAHA OT/AeIbHBIX PAiOHOB
bapenueBa Mopsi B 3MMHMI Ce30H M1 MeXaHU3MbI UX (GOPMUPOBAHUSA

H.A. Jluc*™, E.A. Yepnsnckas, JI.A. TumMoxos

THI] P® Apxmuueckutli u aHmMapKmu4ecKuti HayyHo-uUccie008amenbCKull UHCIumym,
Canxm-Ilemepoype, Poccus

Mnalis@aari.ru
HAJI, 0000-0003-0762-5188; EAY, 0000-0002-8517-1057; JIAT, 0009-0001-9492-2174

AnHoTtauus. B cratbe Ha ocHOBe TaHHBIX peanamn3a ERA-S 3a nepuon 1949-2023 rr. ObLT mpoBezieH aHamm3
M3MEHEHHIT Temmneparypsl moBepxHocTy okeana (TI10) B 3uMHMIA ce30H 1A 3aMagHOTO, CEBEPO-BOCTOIHOTO
¥ 10TO-BOCTOYHOTO paiioHoB bapenmea Mopst M pacCMOTpeHa CBSI3b BOHMKAIONINX TEHICHIMH C BIMSHHEM
Pa3TUYHEIX BHENIHUX ()AKTOPOB B COBPEMEHHBIX YCIOBUAX MEHSIOMIETOCs KIMMara. It OleHKH OTKIIMKA Ha
M3MEHEHHS KPYITHOMACIITaOHOI IUPKYIIAIIH aTMOC(eph! M IPUTOKA ATTTAHTHIECKIX BOJ OBLT IPOBE/ICH aHAITH3
XapakTepa H3MEHIIBOCTH PUIIOBEPXHOCTHOH TEMIIEpaTyphl BOABL, TEMIIEPaTyphl BOIBI Ha paspese «Kombekuit
mepuman» 1 TT1O B ykazaHHBIX palioHax bapeHteBa MOpsi ¢ HCTIONB30BaHEEM METO/IA BEHBIIET-KOTEPEHTHOCTH.
bpia moka3ana HEOTHOPOIHOCTH ITHX H3MEHEHHIT Ha MPOTSIKESHHUH TPEX BPeMEHHBIX eprozioB (1949-1969 rr.,
1970-1990 r., 1991-2023 T.), CBSI3aHHASL, [TO-BHANMOMY, C H3MEHEHHEM XapakTepa aTMOC(HEpHON UPKYIISIIA.

Kitrouesnle ciioBa: armocdeprast mupkymsnus, bapeniieBo Mope, KorepeHTHOCTb, TeMIIePaTypa IOBEPXHOCTH
OKE€aHa, TPEH/IbI

Jast uuruposanus: Jluc H.A., Uepnsasckas E.A., Tumoxos JI.A. Tpenast TI1O otnensHbIx paifoHos bapeniesa
MO B 3MMHHUH CE30H 1 MEXaHU3MBI UX (popMupoBanus. [Ipoonemwvt Apxmuxu u Anmapxmuxu. 2024;70(3):276—
294. https://doi.org/10.30758/0555-2648-2024-70-3-276-294
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SST trends in certain areas of the Barents Sea
in the winter season and mechanisms of their formation
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SST trends in certain areas of the Barents Sea in the winter season...

NAL, 0000-0003-0762-5188; EAC, 0000-0002-8517-1057; LAT, 0009-0001-9492-2174

Abstract. The climate changes observed over the past few decades are most clearly manifested in the Arctic
Ocean. Sea surface temperature (SST) is one of the most reliable indicators of climate change. In this paper
we analyze the changes of winter SST for the western, northeastern and southeastern regions of the Barents
Sea and examine the relationship of the emerging STS trends with the influence of various external factors.
The working data set is represented by average monthly SST values taken from the ERA-5 reanalysis for
the period 1949-2023 with a spatial resolution of 0.25%0.25° and average water temperature values on the Kola
Meridian section in the 0-50 m layer. Additionally, the Arctic Oscillation (AO), Arctic Dipole (AD) and Atlantic
Multidecadal Oscillation (AMO) indices were used as external factors that may affect SST variability. The time
series analyzed was divided into three periods: 1949-1969, 1970-1990, 1991-2023, where the variability of
the analyzed parameters was different. Thus, in the first period the trend in SST changes was negative, for the
second period it was slightly negative or neutral, and for the third period it was positive. It is shown that SST in
all the regions of the Barents Sea has undergone significant changes, which were most noticeable in the “warm”
period of 1991-2023, when the rate of SST increasing was up to 10-10? °C/year in areas under the warm Atlantic
water influence. The analysis of SST variability in the Barents Sea shows that the positive anomalies observed in
the recent years are most likely associated with the changes in the atmospheric circulation. The Wavelet coherence
analysis showed the closest agreement between the changes in the sea surface temperature and the AD index in
the winter season, and with the AMO index.

Keywords: atmospheric circulation, Barents Sea, coherence, ocean surface temperature, trend
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BBenenue

B Cesepnom Jlenosutom okeane (CJIO) Hanbomnee spko MpOsBISIIOTCS U3MEHEHHs KITMMa-
Ta, HaOImoIaeMble HECKOJIBKO MOCNeNHUX aecsitunetud [ 1, 2]. B wactHocTu, B iepuon ¢ 1979
no 2018 r. goss MHOTOJIETHUX JIHJIOB BO3PACTOM HE MEHEE IISITH JIET B COCTAaBE MOPCKOTO
nensiHOrO MokpoBa CJIO cokparunack mpumepHo Ha 90 %. U3-3a ce30HHOTO COKpalieHus
TUIOIIA I JIASTHOTO TIOKPOBA, Olaroiapsi yCHJICHHOMY TOIIOLICHNIO COTHEYHOM PaJInalivy,
0oJiee MHTEHCHMBHOMY B3aHMOJICHCTBHIO OKeaHa ¢ arMocdepoii u yBenuuenuto ¢ 2000-x rr.
3aToKa Teria U3 0osiee HU3KUX IIUPOT, TeMIleparypa BepxHero nepemeniannoro ciost CJIO
B JIETHHE MECSIIIBI MOBBIIIATACH CO CKOpocThio okono 0,5 °C B aekany 3a nepuoxa 1982-2017 rr.
[2]. A Temmeparypa Bo3Iyxa B ApKTHKE yBEIMYHMBaJIach B 2 pasza ObICTpee, 4eM B JAPYTHX
permonax raHeTs [3], — ¢eHoMeH, Ha3BaHHbIN 3(PPEKTOM «apPKTUUECKOTO YCHUIICHUsD [4].

HaOionaemble KITMMaTH4eCKUe W3MEHEHHMS CKa3bIBAIOTCSl HE TOJIBKO HA TMPOJIOTH-
YEeCKHX YCIIOBUSIX paiiOHa, OHM OKa3bIBAIOT KOMIUIEKCHOE BIIMsSHHE Ha OMOopa3sHooOpasue
U MIPOIYKTUBHOCTH Kak HermocpeacTBeHHo CJIO, Tak u mpuieraronux aksatopuii. bene-
¢durmapom o6roreorpad@uIecKiX U3MEHEHUH sABJsIeTCss bapeHIIeBO MOpEe Kak CBSI3YIOIIHIA
palioH Mex/1y ATIaHTHYECKUM OKEaHOM M APKTHUECKHM OacceitHoM. 3nech ¢ 1994 rona
OTMEYaeTCs yBEIMYCHNE BHIOBOTO Pa3HOOOpasusi apKTHYECKOW U CyOapKTHYECKOW MOp-
CKO (payHbI mpakTH4Yecku B 2 paza [5].

Temneparypa nmoBepxnoctH okeana (TTIO), Hapsay ¢ JeTOBUTOCTHIO, SBISETCS OJl-
HHUM U3 HauboJjee HaJeKHBIX HHUKATOPOB M3MEeHeHUH knnmara. Jlenosurocts bapeniena
MOps paccMaTpvBajach paHee B HECKONbKUX paboTax [6, 7]. [ToaTomy B maHHOU padote
OblTa HMCCIIeIOBaHAa MEKI0/I0Basi K3MEHUMBOCTh TEMIIEPaTyphl MOBEPXHOCTH OKEaHa OT-
JlebHBIX PalioHOB bapeHiieBa MOpsl B 3UMHUN CE30H.
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OreHka U3MEHYMBOCTH M TeHAeHIMH TIIO B apKTHYECKOM pErnoHe B MOCIeTHEeS
BpeMs HaXo[sATcs B IIeHTpe BHUMaHuA. Tak, JIuna ¢ coaBropamu [8] Ha BpeMEHHOM Ie-
puone 1970-2016 rr. uccnenoBanu cBs3b POCTa TEMIEPATYPhI BOABI B CEBEPHOM YacTH
BapenneBa Mopsi ¢ yMEHBIIIEHHEM HUMIIOPTa MOPCKOTO Jbaa. OTMedaercs, 4T0 UMEH-
HO ceBepHble paiioHbl bapennesa n Kapckoro Mopei HCHBITBIBAIOT HanOoJee CHIIbHbIC
M3MEHEHHS TEeMIIepaTyphl, KOTOPbIE OXBATHIBAIOT BCIO TOJIIIY BOZABI. Tak MpPOMCXOINT,
110 MHEHHUIO aBTOPOB, U3-3a Ae(UINTA MOCTYIJICHUS IPECHON BOABI 33 CUET CHMIKEHHS
MMIIOpTa JIBJOB B 3TH PAHOHBI U, KaK CIEACTBHUE, OCIaOICHUs CTpaTn(UKAINN MEXIy
ITOBEPXHOCTHBIM CIIOEM M CIIOE€M TEIUIBIX ATIAaHTUYECKUX BOJ. DTO, B CBOIO OUEPEb,
TIPUBOANT K aKTHBALMX TETIIOOOMEHa Mex1y ciosiMu u pocty TITO.

Bo mHorux paborax ormeuaercs, uto mocie 2004 . Ha Bcelt akBatopun baperrie-
Ba MOpsl HAOIIOJAJICS 3HAUMTENBHBIN KIMMAaTHIECKUN CIIBUT C YCKOPEHHUEM TEHJCHIINH
pocta TIIO B ceBepHOIi 1 rokHOU HacTsax bapenmesa mops [8, 9]. Aramu3 TIIO, neno-
BUTOCTH ¥ METEOPOJIOTMYECKHX ITapaMETPOB (TeMIIepaTypa BO3/1yXa, 30HAIbHBIC U Me-
PpUAMOHATHHBIC KOMIIOHEHTHI BeTpa) B bapermneBom mope ¢ 1982 mo 2020 1. mokasam, 94To
ckopocTtb noBeimenus TTIO B 3ot mepuox coctaBmina okoio 0,35 + 0,04 °C/necarunerne
u 0,40 £ 0,04 °C/necsatunerre B MOKPBITHIX JIBIOM U CBOOOTHBIX OTO JIba pailoHaX co-
orBercTBeHHO [10]. BpIIO Takke MOKa3aHO, YTO HA MPOTSDKEHUHU 39-TIETHEro Meproaa
nccuenoBanus n3MeHunBocTh TT1O 1 1e10BUTOCTH MOJKHO OBLIO OTHECTH Ha CUET aTiIaH-
THYecKoi MynbTUAeKanHOH ocummaiin (AMO), a atmochepHbIe H3MeHeHHs OBLTH 00-
YCIIOBIICHBI KJINMAaTHYECKUMH PEKUMaMHU BOCTOYHO-ATJIAHTHYECKON (POPMBI IUPKYIISIIHN.

B nHacTosmieit crarbe 1S OLEHKH TeHACHIMI JONTONEPUOAHON H3MEHYMBOCTH ITPO-
BomuTcs aHanu3 m3MeHeHu TTIO B 3uMHMI ce30H s TpeX paiioHoB bapeHmeBa mMops
Ha OCHOBE JIaHHBIX peaHanmn3a 3a mepuon 1949-2023 rr. [11] u uccnemyercs: cBS3b BO3-
HUKAIOUIUX TEH/ACHINH C BIUSHNEM Pa3JIMYHBIX BHEIIHUX (DaKTOPOB.

MarepuaJjibl 1 METOIbI

JlaHHBIC 110 TEMIIepaType MOBEPXHOCTU OKEaHa, IaBJICHUIO Ha YPOBHE MOPSI U TIPH-
MTOBEPXHOCTHOI Temmepatype Bozayxa (IITB) B3ate! u3 peananmmnsza ERA-5 [12] 3a mepnox
19492023 TT. ¢ TUCKPETHOCTHIO B MecsIl B y3nax ceTku 0,25%0,25°. [Ipu ananuse us-
merenui TTIO B kauecTBe BCIIOMOTATENbHBIX XaPAKTEPUCTUK HCIIONB30BAINCH 3HAUCHHS
IITB, cpenneil Temneparypsl BOAbl OCHOBHON BETBM MypMaHCKOIO TE€UEHHUs Ha pa3pese
«Kompckuit Mmepuanan» B cnoe 0—50 M (mpemocrasiena aBropamu pador [13, 14]).

JlononHuTeHHO, B KauecTBEe HanmbOoyee BEPOATHBIX (PaKTOPOB, POPMHUPYIOMIHX
mmerunBocTh TI10, 6puH HCTIONB30BaHBl WHACKCH apKTHdeckoro komebanus (AK),
apkraueckoro aumons (AJl) u atmanTrdeckoi MynsTuAeKkanHoi ocumwurammud (AMO). AK
OIIpezieNsyIcs KaK BeAylas SMIHPHUYECKas OPTOroHaNbHas (GyHKINS aHOMAJIMH 1aBICHHS
Ha Beicote 1000 rIla B CeBepHOM monyrmapuu K momtocy ot 20° c. mr. [15] n xapakTepu-
3yeT oOMeH arMochepHOi Maccoil Mex Ty APKTHKON M CPEIHUMH IHpoTaMu. JlaHHbIe
10 MHJIEKCY OBIIH B3STHI ¢ caiita HanmoHansHOTO EHTpPa 3KOJI0THYECKON nHpOpMaIu
(NOAA) [16]. A/l 6511 paccunTaH Kak BTOpast MOZIa Pa3IOKEHUS 10 €CTECTBCHHBIM
OpPTOTOHATBHBIM (PYHKIMSAM TOJICH JaBICHUS Ha ypoBHE MOps oT 70° c. mI. K MOIIOCY.
DTOT MHJEKC XapaKTepU3yeTcs CMEHOH o0iacTeil BBICOKOTO M HU3KOTO JaBJICHUS Hal
Kapckum mopem n Kanaackium ApKTHYECKHAM apXHIIEIaroM, CIoCOOCTBYS JTHO0 MPErsT-
CTBYSI TOCTYIUICHHIO TEIUIBIX BO3IYIIHBIX Macc U3 CpeIHUX MupoT B Mops Cesepo-EB-
pormeiickoro 6accefina [17-19]. Ungexc AMO oTpakaeT nepnogndecKyro H3MEHINBOCTD
TIIO B CeBepuoit Atnantuke [20] u OBLT B3AT U3 371eKTpoHHOTO pecypca NOAA [21].
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I'parnns! paitono bapenmesa Mops It y1o0CTBa COOTBETCTBYIOT TpPaHUIIAM PAaiiOHOB
OHOPOIHOTO JieoBOTO pexkuma [11].
JIuHeWHBIN TPeH ] paccUnuTHIBAICA 10 opmynam [22]:
c

y=at+a,, a = csy R, ay,=y-at, (1)

t
A€ 6 — CTAaHAAPTHOC OTKJIOHCHUC, a R— KOB(l)(l)I/IHI/ICHT Koppesanuun:
2 [+ -7)]

R= . )
N-o,-c,

s ouenku cBsi3u mexny TI1O, Temrieparypoii Boms! Ha paspese «Kombekuit Mmepum-
aH» M THAPOMETEOPOIOrHYECKIMMH HHIEKCAMHU PACCYUTHIBAJIACH BEHBIIET-KOTCPEHTHOCTD 772,
Jannast QyHKIMSI HHTEPIIPETHPYETCS KaK JIOKAIN30BaHHBIH KO3 (PUIMEHT KOPPEISINY B KBa-
Jparte B YaCTOTHO-BPEMEHHOM IPOCTPAHCTBE [23] M PacCUUTHIBACTCS CIEAYIOINM 00pazoM:

‘S(tl’lW(tl,tz))‘2

, 3)
s(a'rwf)-s(e )

2
r(t,t,) =

TJ€ ¢, ¥ t, — BPEMEHHBIE PABI, MEXTY KOTOPBIM PACCUMTHIBAETCS KOTEPEHTHOCTD; S —
CIIXKMBAIONIMH OIIEPATOp 10 BPEMEHH M 4acToTe; W(t,,t,) — TepeKkpecTHOe BEMBIET-PE0D-
pasosanme; W({,) u W(t,) — NOKaJIbHBINH BEHBIIET TIEPBOTO M BTOPOTO Psijia COOTBETCTBEHHO.

PacdeTs! 110 pa3ioKeHHIO 10 €CTeCTBEHHBIM OPTOTOHATIHHBIM (DYHKIIUSM M BEUB-
JIET-KOTEPEHTHOCTH BBIITONHSINCH C MTOMOIINBIO S3bIKa MIporpaMMupoBanus R, mpemHa-
3HAUEHHOTO /ISl CTAaTUCTHYECKON 00paboTKu naHHBIX B cpene RStudio [24]. B xagectBe
OCHOBHOW OMOJHMOTEKH I pacueTa BEHBIIET-KOTEPEHTHOCTH MCIIONIB30BANIACH (DYHKIIHS
wtc() u3 makera biwavelet, B kKaueCcTBe MaTepUHCKOTO BEHBIIETa HCIIOIH30BAJICS BEHBIET
Moprie, pa3inoKeHHUs TI0 €CTECTBCHHBIM OPTOTOHAIBHBIM (DYHKITHSM BBITIOTHSIINCE C TI0-
Moo GyHKIHU preomp().

Taroke U KaXKI0TO y371a CeTKH OBUT pACCUUTaH JIMHCWHBIH TPEH U MPOBEPEH Ha
3HAUUMOCTb 110 Kpureputo CTbrofeHTa Ha ypoBHe 3Haunmoctu 0,05.

Pesyabrartsl

Ipocrpancreennsie n3menenns TIIO Bapennesa Mmops

BaxxHbIM 3TaroM mpu pacdere TPEHJOBBIX COCTABISIOIINX SIBISCTCS BBIOOP Bpe-
MEHHOT'0 MHTepBaja. B pasHbIX paboTax mpeaiaraioTcs pa3inuyHble BApHAHThI BBIACICHHS
MIEpHOJIOB B 3aBUCHMOCTH OT paccMaTpUBaEMbIX MporeccoB. Tak, B 0JHOH 13 padot [25]
Juis bapeHmeBa Mopsi HA OCHOBE TOJIyYCHHBIX aBTOPAMH HWHJ/IEKCOB, B KOTOPHIC BXOJHT
U TeMIlepaTypa BOJIbl, ObUTH YCTAHOBJICHBI J[BAa TIEPHOJA C Pa3HBIMU TEPMHUUECKHUMHU YC-
JIOBUSAMU: XONOAHBIN — 1965-1989 rr. u Termnsiii — 1990-2017 rr.

B pabore B.B. BanoBa u ap. [26] BbI€NEHBI IEPHOBI (2) OTHOCUTEILHOTO TOTETIIe-
Hus 1921-1960 rr. ¢ nomuHupoBanneM ¢opm armocdeproit upkymsiunu E + C (BoctouHast
W IIEHTpajbHas aTMoc(epHasi HUPKYJISHs 1Mo Kiaccudukanun Banrenreiima—I upca);
(6) orHOoCcHTENBEHOTO TIOXONONaHus 1961-1987 1. ¢ npeobnaanueM Gpopmbl arMochepHON
mupkyssinyu E (BoctouHas arMocepHast TUPKYIISLus); (B) OTHOCHUTEIEHOTO MOTEIUICHHS
1988-2018 rr. ¢ nomuHMpoBanKeM (HopMbI arMochepHOi MpKysiunu W (3amaHas at-
MochepHast TUPKYJIISLIS).
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Uro kacaercst Mmopckoii cpensl, B.W. BrimmeB ¢ coaBropamu [27] mokaszanm, 91O
¢ 1970-x go 1990-x rr. Tennoconep;kaHue BEPXHEIO CJI0sl B PsALIE OKEAHUYECKUX pai-
OHOB YMEHBIIAJIOCh, @ CPEAHSS MOBEPXHOCTHAS TEMIIeparypa MmoBbiciiiach B CeBepHOM
nonymapun 1o qanaeM [PCC [28].

C y4eToMm pe3ysbTaToOB aHAJIUTHIECKOTO 0030pa aHAIN3UPYEMbIIl BpEMEHHOH Pt
ObLT pa3nmeneH Ha TpH mepuonaa: 1949-1969 rr. («ycmoBHO XonomHEI»), 1970-1990 rT.
(«ycmoBHO cTaOMITBHBIINY), 1991-2023 IT. («yCITOBHO TEIUIBII). B KaxmoM y3i1e ceTku uis
TITIO BapenneBa MOps paccunTaH JMHEHHBIN TPEH]T 32 BBIICICHHBIC IEPUOBI M OIICHEHA
€ro 3HaYMMOCTb. BennuuHa TpeHaa npencrapieHa Ha puc. 1.

HauGonee BrICOKHE 3HAUCHNUS BEMYMHBI TPEH/Ia B MEXKTOZIOBBIX n3MeHeHus1x 1110
(xax orpumarensHbie B 1949-1969 rT., Tak u momoxwurtenbHbie B 1991-2023 rr.) HabmIO-
nmaroTcs B paifoHe LleHTpanbHOTO TTaTO M MEnBEKHUHCKOTO XKemnoba, TIae MPOUCXOIUT
OCHOBHOE ITOCTYIUICHHE TEIUIa ATIAaHTHIECKNX BOJ| C IEHTPAILHOM U CEBEPHOI BETBSIMU
Hopaxarickoro Teuenns (cM. puc. la). PaccmoTpuM kaxabnii mepron 0ojee moxpooHo.

Ocean Data View/ DIVA

10,0 =75 =50 -2.5 R 5.0 75 100
Bemrmsa tpenga. * 10 *C/rog

Puc. 1. Cxema OCHOBHBIX TE€UEHHH W TOJBOHBIC Teorpaduueckie 00bekThl bapeHiieBa Mops ¢ Ha-
HECCHHBIMU TPaHHIIAMH PAOHOB (@) U MPOCTPAHCTBEHHOE pacIpe/IeiCHUE BEIMINHBI JTHHEITHOTO
tperna TIIO B 3uMHMI ce30H (exaOpb—arpeis) 3a mepuoasl: 0) 1949-1969 rr.; 6) 1970-1990 rr;
2) 19912023 .

1 — 3anajHbIi, 2 — CeBepO-BOCTOYHBIN, 3 — HOr0-BOCTOUHBIH paitonbl bapenuesa mops; HT — Hopakarckoe
teuenue; 3T — 3anagno-llInunodeprenckoe TeueHne; OM — octpoB Measesxwuit; BIIT — Bocrouno-1Inui-
oeprenckoe Teuenne; TM — teuenune Maxkaposa; TI1 — teuenue [lepces; AB — Anmupanreiickuii Ba; LIT—
HenrtpansHoe mnaro; KOBMIT — FOsxHo-BapenueBomopckast BnaanHa; [{B — LleHTpanbHas BO3BBIIIEHHOCTS;
MK — Mensexunckuii xenod; KM — paspes «Konbckuii Mepuanan»

Fig. 1. Scheme of the Barents Sea main currents and underwater geographical objects with marked
boundaries of the regions (@) and the spatial distribution of the linear SST trend in the winter season
(December-April) for the periods: 6) 1949—-1969; ) 1970-1990; 2) 1991-2023.

1 — western, 2— northeastern, 3 — southeastern regions of the Barents Sea; HT — North Cape Current; 3LLIT —
West Spitsbergen Current; OM — Bear Island; BILIT — East Spitsbergen Current; TM — Makarov current;
TII— Perseus Current; AB — Admiralty Wall; LIP — Central Plateau; FOBMII — South Barents Sea Depression;
LIB — Central Uplands; MK — Medvezhinsky Trench; KM — “Kola Meridian” section
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[epserit mepuon (1949—1969 rr.) xapakTepu3yeTcs HaTMYUEM OTPUIATEIEHOTO JIH-
HEIHOTO TpeH/a B HamOoJee XOIOTHBIC MECSIBI (MapT—arpeis). 30Ha OTPUIATEIHHBIX
TpeH10B pactpocTpansiercs yepe3 LlenTpansaoe maro, KOxH0-bapennieBoMopckyto Bia-
JMHY BIUIOTH 10 LleHTpanbHON BO3BBIIMIEHHOCTH W OTPAaHUYMBACTCS Ha 3amane AIMu-
panTeiickoi BO3BBIIICHHOCTHIO (CM. puc. 16). B ocCHOBHOM naHHBIE 007TacTH OTHOCSTCS
K I0KHOM M IEHTPaJbHON YacTsM 3alaJHOro paioHa, a TaK)Ke HEMHOTO 3aTParuBaioT
IOKHYIO 9acTh CEBEPO-BOCTOYHOTO paiioHa. HanbOorbast BeIMUMHA TPEHA COCTABISIET
6onee —15-102 °C/ron B paiione LleHTpanbHOro 1miaro.

st Broporo mepuona (1970-1990 rT.) XapakTepHO OTCYTCTBHE B 3UMHHI CE30H
JUHEWHOTO TPEeHIa Ha BCEH akBaTtopuu Mops (puc. 18).

Tperuil, «ycnoBHO Terbliy, nepuoa 1991-2023 rr. xapakrepusyercsi CTaTUCTUYECKU
3HAUMMBIM JIMHEIHBIM TPEH/IOM ITPAKTHUYECKH Ha BCEH aKBAaTOPUH, C HAHMOOJNBIICH BEIH-
yrHOU Tpenaa 6osee 10-1072 °C/rop, nuib ceBepHee 77° C. LI TPEH/ HE BbIJICISETCS.

B «ycnoBHO Terubliy mepuop yBenmmauBaeTcs He Tonbko TTIO, HO U qucmepcusi.
3a nepssrit (1949-1969 rr.) u Bropoit (1970—1990 rr.) mepuonb! B 3amagHoOM U CEBEPO-
BOCTOYHOM paifoHax cpeaHekBaaparndeckoe otkioHeHue (CKO) 3HaunTeNEHO MEHBIIIE,
yem 3a Tpetuit (1991-2023 rr.) mepuon. B 1949-1969 rr. makcumansHoe CKO B cee-
PO-BOCTOYHOM paifoHe Habmonaercs B aBrycte — 0,69 °C, 3a 1970-1990 rr. CKO He-
ckoipko Oombire — 0,73 °C B aBrycte (u 0,77 °C B Hrone), a MaKCUMaJIbHbIC 3HAYCHUS
ormedarorcs B 1991-2023 rr. u cocrasmsaroTr 1,06 °C. B apyrux paiioHax CHUTyalus
ananormyHa: CKO TIIO 3a 1949-1969 rT. B 3amafHOM U FOTO-BOCTOYHOM paifoHax co-
crasiisier coorBercTBenHo 0,52 °C u 1,17 °C; B 1970-1990 rr. — 0,70 °C u 2,0 °C;
B 1991-2023 rr. — 1,02 °C u 2,04 °C.

Me:xronosblie usmenenusi TIIO oraenbHbIX paiionoB bapenuesa mopst
MesxromoBasi HI3MEHYHBOCTh CpEeAHErooBhIX 3HadeHnit TIIO B 3amagHOM, ceBepo-
BOCTOYHOM H I0TO-BOCTOYHOM paifoHax bapeHinesa Mops npuBeneHa Ha puc. 2.
BusyansHO oTMeUaroTCs MepruoAsl pa3IudHON HampasleHHOCTH niMeHeHnit TII1O.
Tak, B0 Bcex Tpex paiioHax bapeHmeBa Mopst Hanbosee YeTKO BBIIEISIETCS TIEPHOJ TIOBEI-
IIeHUsT TeMIiepaTypbl Bomel ¢ 1990-1992 no 2023 1., oTMedeHHBIE KPACHBIMHU JIMHISIMA
(cm. puc. 2a, 8).

0.8 0,6 -0.2
la 10 | 8
0.6 0.4 -0,3
] 02 ~0.4
0.4 |
& ¥ oo .05
g 02 S A S
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3 |
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-0.2 -0.6 -0.8 M\?ﬁwﬂd
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1950 1970 1990 2010 2030 1950 1970 1990 2010 2030 1950 1970 1990 2010 2030
Puc. 2. Mexronoas nuzamenunBoctb TI1O B oTnenbHBIX paifoHax bapeHmeBa MOpst ¢ HAHECEHHBIM
JINHEHHBIM TPEH/IOM.

a) 3anaHblii, 6) CEBEpO-BOCTOUHBIM, 8) IOr0-BOCTOYHBIN paiioHbl bapeHiieBa MOpsi; KpaCHBIMU JTMHUSMHU 000-
3HA4YCH JIMHCHHBIN TPEH]T

Fig. 2. Interannual SST variability in certain areas of the Barents Sea with a plotted linear trend.
a) western, 6) northeastern, 6) southeastern regions of the Barents Sea; red lines indicate a linear trend
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B unTepane ¢ 1949 no 1989 r. mampaBnenHocts m3meneHnit TI1O Oonee HEOmHO-
ponHasi. B ceBepo-BOCTOUHOM paiioHe (M. puc. 26) 0TYCTIIMBO HAOJIIONATIOCH TIOHKCHUE
Temreparypsl B iepron 1949—-1990 rr., a B For0-BOCTOYHOM paifoHe (CM. pUC. 28) B ITOT XKe
HepHO]] TeMIIepaTypa BOJbl BHaYalle ¢i1a0o0 rmoHmwkaiack B nepuosa 1949-1970 rr. u 3arem,
B 1971-1991 rr., HE3HAYNUTEIFHO MOBHIIIANACh. B 3amagHoM paiioHe (cM. puc. 2a) OYeHb
YeTKO HAOJIONAI0Ch 3HAYUTEIbHOE TMMOHIDKEHHE TeMITepaTypsl B nepuon 1949—1970 rr.,
CMEHUBIIEeCs OoJiee MeUIEHHBIM TIOHIKEHHEM TeMIeparypbl Bof B iepuon 1971-1991 rr.
HawuGornee sipko BbIpaKeHBI NIEPUOABI B 3allaJHOM pailoHe, HAaMMEHee — B CEBEPO-BOC-
TOYHOM, KOT/Ia TIEPBbIC J[BA IIEPHOAA HE UMEIOT 3HAYNMBIX TPEH/IOB.

3a BbIJIeNICHHbIE IEPHOIBI OBLIO BHIIOJIHEHO OCPEIHEHHUE 10 PaiioHaM U PACCYUTAHBI
XapaKTepUCTUKN TMHEWHOTO TPEeHa IS mapaMeTpoB, cs3anHbIX ¢ TI1O: I1TB, Temme-
patypsl Boabl Ha paspese «Konbckuit Mepuauany u TIIO otnensHbIX paitoHoB bapennesa
Mops (CM. TaOIHILy).

ITepuoa 1949—-1969 rr. B 3anagHom paiione bapeHiieBa Mops XapakTepusyeTcsl Ha-
JMYMEM 3HaYMMOTo OTpHuarensHoro guHeitHoro tpenna TIIO (BennunHa TpeHaa cocTa-
suna —0,03 °C/rox; R? = 0,62) co cpenuum 3nagenuem TIIO —0,02 °C.

Tabnuya
XapakrepucTuku TpeH10B BapeHueBa Mopsi U ero oTae1bHbIX PaiilOHOB
B 3UMHMIi ce30H (1exabpb—amnpeJib) 3a nepuon 1949-2023 rr.
Table
Trend characteristics in the Barents Sea and in its separate areas
in the winter season (December—April) for the period 1949-2023
[Toka3arens Ilepuog Cpennee | Bennunna tpenaa, “/ron| R?
TIIO 3anamgHoro paiiona, °C 1949-1969 -0,02 -0,03 0,62
1970-1990 | -0,03 —-0,01 0,01
1991-2023 0,55 0,03 0,46
TIIO ceBepo-BocTouHOTO paiiona, °C| 1949-1969 -1,60 -0,001 0,05
1970-1990 | -1,55 0,001 0,01
1991-2023 | -1,22 0,02 0,40
TIIO roro-BoctouHoroO paitona, °C 1949-1969 —0,64 -0,01 0,08
1970-1990 | -0,76 -0,01 0,04
1991-2023 | -0,15 0,04 0,44
«Konbckuii Mmepuanany, °C 1951-1969 3,47 -0,04 0,25
1970-1990 3,33 -0,01 0,03
1991-2023 4,13 0,03 0,36
ITB, °C 1949-1969 | -12,67 -0,14 0,21
1970-1990 | —11,36 0,02 0,01
1991-2023 | -7,97 0,17 0,42

Ipumeuanue. «Konbckuii MEpUIUaH» — CpPeIHsS TEMIIEparypa BOIbl OCHOBHOH BEeTBU MypMaHCKOTO
TeueHus Ha paspese «Konbckuit mepuanan» B ciioe 0—50 M. [TonmyxupHbIM IpH(TOM BbIACIECHBI HEPHO/IBI
IIPU 3HAYMMOM JIMHEHHOM TpeHe (1pu ypoHe 3Hauumoctu 0,05).

Note. “Kola Meridian” — average water temperature of the main branch of the Murmansk Current on
the “Kola Meridian” section in the layer 0—50 m. Periods with a significant linear trend (at a significance
level of 0.05) are highlighted in bold.
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st Bcex paccmarpuBaeMbIx Xapaktepuctuk nepuon 1970-1990 rr. xapakrepusy-
€TCsl OTCYTCTBHEM 3HAUYUMBIX JINHEHHBIX TPEHJOB, TOra Kak Juist nepuoja 1991-2023 rr.
3HAUUMBIH JTMHEHHBIH TPEH/ BBIJCISETCS BO BCEX aHAIM3UPYEMBIX BPEMEHHBIX PSAaX.
Taxke cTouT OTMETHTH, uTo yBenmderne TIIO B 1991-2023 rr. mpoucxoaut HE paBHO-
MepHo. Peskoe yBemmaenue TIIO mpoucxomut B 1991-2005 rr., a mocne 2010 1. mpowuc-
XOIMT 3aMeyieHue yBenndeHus. [IpuBeieHHbIe XapaKkTepUCTUKH MOATBEPKIAIOT KaueCTBO
OTIpEAEIICHNs] BPEMEHHBIX BEIOOPOK ISl PACUETOB TPEHIOB.

Anaju3 cBsasu usmenenuii TIIO
U cMeHbI ()23 HH/IEKCOB aTMOC(epHOl UMPKYJIALUA

HecomHeHnHO, aTMOC(epHasi TIUPKYISIHS OKa3bIBAeT CYIIECTBEHHOE BIMSHHUE HA
m3merenns TIIO [29]. OouH U3 BaKHEHIIMX MOKa3areiel A KiuMara ApPKTHIECKOTO
pETHOHa — 3TO MHAEKC apKTHIeCKOro KojebaHus. Ero Takxe Ha3bpIBarOT KOJNBIEBOH MO-
nmoit. AK comelicTByeT KpymHOMacIITabHOM UPKYIAnuy Box u 16108 CJIO. B mocnennue
JECATUIIETHS HaJl APKTHKON CJIOXKHIIACH AUMOJNBHAS CTPYKTYypa MOl IaBICHNUS, KOTopas
CTajla OKa3blBaTh CYIIECTBEHHOE BIMSIHME HA KPYHMHOMACIITAOHBIE TOTOJHBIE YCIOBHS
B JIAaHHOM PETHOHE MTOCPEACTBOM PETYIHPOBAHMS MOTOKOB N3 CeBepHON ATIAHTHKH Yepes3
nponus @pama u bapeHuneBo Mope, TeM caMbIM, B 3aBUCHMOCTH OT (pa3bl, criocoOCTBYs
00 TPEeTATCTBYA mporeccaM «artnantudukanum» [18]. Takum obpazom, A/l urpaer
BaXHYIO posib B popmupoBannn m3MeHunBocTH TIIO bapenmesa mopsi.

B uHTepnperamym GU3NIECKUX MPOLECCOB OCHOBHYIO POJIb UTPAOT (pa3bl MHIEK-
COB!: TTOJIOKUTENBHAS ¥ OTpULaTeNbHas. B 3aBucuMoctn ot dassl aTMocdepHOro nHIeKca
MOKHO CyIUTh O OapHuecKoil 0OCTaHOBKE B PETHOHE M €€ MOCIEACTBUSAX AJIS paccMa-
TpuBaeMbIX mporeccoB. [TonmoxutensHoi daze mHAeKca AK COOTBETCTBYET BBICOKOE
arMoc(epHOe AaBIeHHE HaJ CPEIHUMH HIMPOTAMH, YTO BBIHYXKJACT IUKIOHBI ITepeMe-
maThest 1o 0oJiee CeBEPHBIM MapIIpyTaM, 0OyCIIaBINUBas TEM CaMbIM IOCTYIUIEHHE Tell-
neix Box CeBepHoil AtnmanTuku B bapentieBo mope. B orpunarensayio dhasy AK nag
CJIO ycunmBaeTcsl aHTHIHMKIOHUYECKasl AEATEIBHOCTD, YTO MPUBOJUT K OCJIA0ICHUIO
MOCTYTJICHHs! TEIUIBIX BO3AYIIHBIX Macc M3 CeBepHOW ATIIAHTHKHM M, KaK CIEICTBHE,
k ymensmerno TTIO. AJ] B monoxuTenbHyo a3y CrocoOCTBYET YBEIUICHUIO SKCIIOPTA
npaa gepes mponuB @pama [19]. B orpunarensayto ¢asy Mmexanusm oOparHbiil. Taxke,
IO TIOCIIETHUM OLIeHKaM, A/l UTpaeT peIaronyto pojib B MEXaHU3ME MEPEKITIOUCHUS Iy TH
MOCTYTUICHHSI TeIUTa B APKTHKY, THOO0 mpoxozsmero uepes npoius Ppama ¢ 3anamHo-
mumndepreHcknM TeueHHeM (OTpUIaTebHas (aza), TH00 MOCTYHAIOIIETO ¢ CEBEPHON
W [EeHTpaNbHON BeTBIMU Hoprkamnckoro TeueHus (momoxurensHas ¢asa) [18]. [Ipoment
CITy4aeB MOJIOKUATEIBHON M oTpunaTenbHoi (a3 manekcoB AJl n AK 3a BvlgeneHHBIC
MEPHO/IBI IIPEACTABIECH Ha puc. 3.

ITpu mozcueTe 4acTOThI CIydaeB BEIMYNHA HHEKCA, ONU3Kas K HyJIEBOMY 3HaICHHIO
(menee 0,00), paccMaTpuBaiach Kak HEWTpasibHas M CIy4aid HE OTHOCHIICS HU K TIOJIO-
JKUTETBHOM, HU K OTpUIaTeNbHON (a3e. B pesymbrare oTMewaeTcs: BRIpaKeHHAs CE30H-
HOCTh cMeHHI (a3 nuaekca AJl (cm. puc. 3a, 6). Haunnas ¢ deBpaiis, Korma 3a mepuos
1949-2023 rr. Habmromanock B cpeaHeM 15 % cirydaeB, IPOUCXOIUT YBETHUEHUE YaCTOTHI
TIOBTOPSIEMOCTH MMONOknUTeNbHOH (aszel AJl. B anpene B cpexnem 3a 1949-2023 . wactora
cirydaeB pocturaet 62 %, B Mae — 79 % u 1OXOAWUT 10 MakCUMyMa B utoHe — 82 %.
3aTeM, K KOHILy T0fla, TPOMCXOANT YMEHBIICHHUE CIy4acB MOIOKHUTENBHON (ha3bl HHACKCA.
YacroTa cimy4yaeB oTpuiatenbHoi (azel AJ]l MUHIMaIbHA C amperts o WIOHb M MEHSACTCS
B npenienax 11-23 % cooTBeTCTBEHHO 3a aHAIM3UPYEMbIi nepron. Poct moBropsiemoctn
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Puc. 3. YactoTa cirydaeB MOTOKUTEIbHON U OTpUIATeIbHOM (a3pl nHaekcoB A/l u AK 3a mepuonst:
nyHKTUpHas TuHuA — 1949-1969 rr; Toyeunas muuust — 1970-1990 rr.; cromHas TUHUS —
19912023 rr.

JleBast yacTh — YacTOTa CITy4YacB MOJOKUTEIbHOM (@) U oTpHLaTenbHOi (6) (a3 unaexca A/l ¥ rucTorpamMmbl
3a anpesb—UIoHb U HOSIOpb—(eBpab COOTBETCTBEHHO; MpaBasi 4acTh — YacTOTa CIIy4acB OTPHUIATENIBHON (6) U
MOJNIOKHUTENBHOI () (a3 unmexca AK u rucTorpaMMel 3a anpeib—UIoHb U HOIOpb—(heBpatb COOTBETCTBEHHO.
Yucnamu 1 npetoM 0003HadyeHs! neprojs: Ocuune koinoHkn — 1949-1969 rr., @3enensie — 1970-1990 rr.,
®opamxkesbie — 1991-2023 rr.

Fig. 3. Positive and negative phase cases of the AD and AO indices for the periods: dotted line —
1949-1969; short dotted line — 1970-1990; solid line — 1991-2023.

The left part shows cases of events in the positive (a) and negative (g) phases of the AD index and histograms for
April-June and November—February, respectively; the right side is the frequency of negative (6) and positive (2)
phase cases of the AO index and histograms for April-June and November—February, respectively. The periods
are indicated by numbers and color: @blue columns are for 1949-1969, @green are for 1970-1990, @orange
are for 1991-2023

otMmeuaetcs ¢ Hosops (34 %) mo derpans (78 %). B cBsi3u ¢ MOIOOHBIM CE30HHBIM pac-
MIpeIeTICHNEM TIOJIOKUTENBHBIX U OTpUIATeNbHBIX (a3 AJl /it majgbHEHIIEro aHaim3a
HCIOJIB30BaHBI CIIEAYIOIINE TIEPHOIbI OCPEAHEHUS MHJCKCA: MOJOKHUTENbHAs (a3a —
C arpeJst 110 MIOHb, OTPHUIIATEIbHAS — C HOSIOps 1o (eBpassb.

Ce30HHBII X0/ B 4aCTOTE CITy4aeB MOJIOKUTEIBHON M OTpUIIATeNIbHON (a3 MHeKca
AK kak TakoBOW HE BBIJICJISETCS, KpOME HAWOOJIBIIEH YaCTOTHI MPOSBICHUS C SHBaps
1o Mapt (cM. puc. 36, 2). OTHaKO MPOCISKUBAIOTCS U3MEHEHHS MEX/Ty BBIICICHHBIMA
neprogamu. B 1949-1969 rr. ¢ Hos0ps o deBpanb mpociexuBaeTcs npeobnaganne
4acTOTHI CllydaeB OoTpUIarenbHo ¢a3el naaekca AK (66 %), npu koropoii obnacts
BBICOKOTO JIaBJIEHMsI HaJl APKTHUKOM MPEnsTCTBYET MOCTYIUIEHUIO TEIIBIX BO3yII-
HbIX Macc n3 CeBepHOI ATIIaHTHKM M 3aMeJIAeT NocTymieHue temsix Bog B CJIO.
B cBoto ouepenp, 3TO CIOCOOCTBYET YMEHBIICHHUIO TEMIIEpaTyphl BOJb bapeniieBa Mopst.
B 1991-2023 rr. wacToTa ciy4aeB OTpHIATEIBHON (a3bl 3HAYMTEIHHO COKPAIIACTCS —
10 47 %. Takoil MexaHU3M BO3JE€HCTBUS OATBEPKAAETCS Pe3yabTaTaMH PACUETOB TPEH-
noB kak 115 TTIO bapenuesa mops, Tak u quis IITB, u Temneparypsl Boabl Ha paspese
«Kombckuit mepumuan» (cM. puc. 16, 2 n Tadn.). Bmecre ¢ TeM B paccmarpuBaeMbIid
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nepuon (1949-1965 rr.) nmpeodbnamanu MepuanoHanbHas + BoctogHas (C + E) dopmsr
arMocdepHoil mupKysanun mo Barrenreiimy—I upcy, a mociae — BoctouHas hopma (E)
(1966—1989 rr.) [30, 31]. ®opma C cnocoOCTByeT HAPYIICHUIO 30HAIBHOTO MEPeHOCca
U YCUIICHUIO MEepUANOHAIBEHOTO. Bo Bpems ¢popmel E nmporcxoqut BropkeHHe B APKTHKY
AQHTHUIMKIOHOB C BOCTOKA U CEBEPO-BOCTOKA, KOTOPBIE NPHHOCAT ¢ COOOI XOJIOIHbIC
BO3IYIIHBIE Macchl. TakuMm oOpa3om, bapudeckas oocranoBka Hag CJIO cmocobeTByeT
YMEHBILICHHUIO TeMIeparyp (cM. Tabi.). YacToTa cirydaeB MOJOKHUTEIBHON (a3bl ¢ anpes
M0 MIOHB TAK)KE COKpaIIaeTcs, HO B MeHbIIel crenern: 56 % (1949-1969 rr.), 58 %
(1970-1990 1), 46 % (1991-2023 rr.).

Ananu3 cBsa3u anomayuid TIIO u rugpomereoposiornyeckux HHIEKCOB
[Mockompky Ha dopmupoBanne anomanuit TIIO B CJIO oka3pIBalOT BIUSHUE HE
TOJIBKO aTMOC(EPHBIE MPOIECCH], HO W BOJOOOMEH C COCEJHUMH OKEaHAMH, IIPH HUCCIIe-
nmoBanun m3MeHunBoCcTH TT1O BapenmeBa Mopst HaMu OBIT HCIIOIB30BAH TAKKE HHICKC
AMO, xocBeHHO cBs3aHHBIN ¢ ocTymuieHneM Teruia B CJIO u3 CesepHoit ATmantuku [20].
UroOBl OLEHNTh U3MEHEHUSI MH/IEKCOB 3a pacCMaTpUBAEMbIe MEPUOABI, OBLTH I10-
CTPOEHBI THCTOrPAMMBbl AaHOMAJIM OTHOCHTEJIBHO CPEHEr0 3HA4YCHUs, HOPMHUPOBAHHBIC
Mo cTaHmapTHOMY OTKJIoHeHUIo (puc. 4). B xonebanusax AJl, AK u AMO Beimensorcs
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Puc. 4. AHOMaNUU MHJICKCOB OTHOCHTEIILHO CPEIHEr0, HOPMUPOBAHHBIC TI0 CTAHAAPTHOMY OTKJIO-
HEHHUIO, OCPETHEHHBIC 32 4 Tofa: a) AJl+ 3a anpenb—utoHb, AJl— 3a HOsIOpb—heBpaib; 6) AK u AMO
3a JieKabpb—arpes.

Tlosmy>KUpHBIMH Iy HKTHPHBIMH JINHHSIMI 0003Ha4eHbI IpaHuLb! iepuonoB: [ — 1952-1970 rr, II— 1972-1991 rr,
1T — 1992-2023 rr. Yucaamu 0o603Ha4deHbl riepuoast jetr: 1 — 1952—-1955, 2 — 1956-1959, 3 — 1960-1963,
4 —1964-1967, 5 — 1968-1971, 6 — 1972-1975, 7 — 1976-1979, 8 — 1980-1983, 9 — 1984-1987, 10 —
1988-1991, 11 — 1992-1995, 12 — 1996-1999, 13 — 2000-2003, 14 — 2004-2007, 15 — 2008-2011, 16 —
2012-2015, 17 —2016-2019, 18 — 2020-2023

Fig. 4. Anomalies of indices relative to the average, normalized by standard deviation, averaged over
4 years: a) AD+ for April-June, AD- for November—February; 6) AO and AMO for December—April.

Bold dotted lines indicate the boundaries of the periods: I — 1952—-1970, II — 1972—1991, III — 1992-2023.
The numbers indicate periods of years: 1 — 1952—-1955, 2 — 1956-1959, 3 — 1960-1963, 4 — 1964-1967,
5 —1968-1971, 6 — 1972-1975, 7 — 1976-1979, 8 — 1980-1983, 9 — 1984-1987, 10 — 19881991, 11
— 1992-1995, 12 — 1996-1999, 13 — 2000-2003, 14 — 2004-2007, 15 — 2008-2011, 16 — 20122015,
17 —2016-2019, 18 — 2020-2023
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YeThIpeX- U BOCBMMIIETHHE IUKJIBI [32, 33], B CBA3M C YeM aHOMAaJIMU MHIECKCOB ObUIN
OCpEJHEHBI 32 4-1IeTHHE TIEPHOJIBI.

B MexronoBbIx M3MEHEHHIX aHOMaIUK A/l 3a BBIJIETICHHBIE TIEPHO/IBI TIPOCIIEKHBA-
FOTCSL HEKOTOpBIE 0COOCHHOCTH (cM. puc. 4a). B 1949-1969 rr., korma tpera TIIO O6win
OTPHUIATENBHBIN, YaCTOTa CIy4acB MOJOKUTEIBHON (ha3bl 3a anpeib—HIOHb COCTaBIIsUIa
73 %, a orpunarenbHON (asbl 3a HOSOpb—PeBpanb — 69 % (cm. puc. 3a, 6). IIpu sTom
BEJIMYMHBI MHJIEKCA B MOJOKUTEIBHON (a3e ObUIM HMXKE, YeM B OCTAJIbHBIC TIEPHOJIBI,
¥ HaOIOManch oTpunareitbaeie anomamnu A/l (mo —0,35) 3a anpens—utoHb (M. puc. 4a).

B 1969-1970 rr. mpoucxoauiio YMEHbILIEHUE YACTOThI TOBTOPSIEMOCTH KaK ITOJIOKHU-
TenpHOH (10 68 % 3a ampesnb—HIoHb), TaK M OTpUIAaTeNbHON (10 61 % 3a HOIOpH—(eB-
panb) das. Ilpu stom mast BenmunH nHAekca AMO HaOIIOqaMnuch YETKO BBIPaKCHHBIC
OTpHIaTeNIbHBIE aHOMaNH! (cM. puc. 460). B ator mepuon nuretinsiii Tpenx TI1O, TITB
1 TeMIlepaTypsl Boabl Ha paspese «Konbckuit Mmepuanan» ObuT He3HaYNUM (CM. TaoIL.).

Hauunnas ¢ 1990-X IT. B apKTUUECKOHN JUIIOIBbHON aHOMAJIMKU BCE Yalle MPOSBISETCS
noJokuTenbHast (haza (3a anpenb—HioHb 10 82 %) 1 MPOUCXOIUT CMEHA 3HAKa aHOMAaJIH
AMO c oTpUIaTeTHHOTO HA MOJOXKHUTEIBHBIN (CM. puc. 40). B 3TOT ke mepuon Beie-
nsietcst monoxutenbHbIi Tperx TIIO, ITTB bapenmeBa mops u Ha pa3pe3e «Kombckwid
Mepuauany» (cM. Tadi.). YactoTa cinydaeB orpurarensHoi (haszer AJl 3a HOIOpb—(eBpaib
TaKke yBenuuusaeTcs — 10 74 %. Ho mpy 3ToOM BeTMUMHBI 3HAYCHUH HHIEKCA BO BpEMs
MOJIOXKUTENIFHON (ha3bl YBEIWUHBAIOTCS, TOTJA KaK B OTPHLATEIbHYIO (pasy — yMeHb-
marotes (cM. puc. 3 u 4). Takum oOpazom, Hax APKTHKOH B «YCIIOBHO TEILTBII» MEPHOL
C arpeJst 110 MIOHB IIpeodiagaeT nonoxuTeNpHas (asa, a ¢ Ho10ps 1o (eBpanb oTpHLa-
tenpHas ¢aza AJl. B monoxwurenpHyI0 a3y (¢ HauOONIbIIeH YacTOTOW MOBTOPSEMOCTH
C ampens 1o MIOHb) JaBieHue HaJ KpyrosoporoMm bodopra m Kanagckum apxumenarom
ycuiBaetcs, a Hag KapckuM MopeM ocnabeBaeT, yCHINBaeTCs MEPHIMOHAIBHBIN TEPEeHOC
13-32 BO3HMKAIOIIEH UITOIBHON CTPYKTYpHI, pacnoararomeiics nonepek mnoiroca. 1o
MIPUBOANT K YCWJICHHIO aHTHIUKJIOHUYECKOTO Kpyrosopora bodopra n TpaHcmoasipHOTO
npetida, ¢ OTHON CTOPOHBI, M K YCHJICHHIO aIBEeKIHH Teruia n3 CeBepHOW ATIaHTHKHU
B APKTHKY — C JIpyTOM, B CBOIO O4€pe/ib, CHOCOOCTBYSI HOBBIIIEHHIO IPUITOBEPXHOCTHON
TeMIepaTypsl BO3/LyXa U, COOTBETCTBEHHO, yBeanueHuto TI1O. [Tpu aTom ocHOBHOE TeIIO
rmoctynaer B CJIO ¢ ceBepHOU M LEHTpanbHOH BeTBIMH Hopakarckoro tedeHus. B ot-
punarensHyto ¢a3y AJl (c HanbobIIel YaCTOTOH MOBTOPSIEMOCTH ¢ HOSIOPS 10 (peBpasib)
npeiid npna B ['pennaniackoe Mope yepes npoinB @pama cokpamaercs. [loctynienne
teruia ¢ 3anmagHo-lImimbeprenckum teuenneM (31UT) yBenmnauBaeTcs, a uepes bapenrtre-
BOMOPCKOE HalpaBlIeHUE ITOCTYIUICHHE aTIIaHTHYECKNX BOJ] COKpaIaercs. TakuM oopazom,
00pa30BaBIIasACs JUIOIbHASI CTPYKTypa B I10JIe aTMOC(HEPHOTO JIaBJICHUS Ha yPOBHE MOPS
CIOCOOCTBYET YBEJIMUEHHIO TEMIIEPaTyphl BOJbI bapeHiieBa Mops Kak B BECEHHE-JICTHHE,
TaK U B OCEHHE-3UMHHE MECSIBI, HO C PA3IMYHBIMUA MEXaHU3MaMH.

Hapsiny ¢ nomuaupyomunm BiustHEeM AJl, «yCIIOBHO TETUIBII» MEPHOJ] XapaKTepH3Yy-
eTcs mpeodIafaHreM 3anagHol (OopMBI MUPKYILIIUH [34], KoTOpas AyOIupyeT yCHICHHE
rmocTyruieHus Terta w3 CeBepHOU ATIaHTHKH, M TONOXHUTENBHOH (azoit AK (cm. puc. 30).
B monoxxurensHyto azy AK 06macTs BRICOKOTO TaBICHUS HAJ APKTHIECKHM OacceifHOM
yMeHbIIaeTcst u 0ojee He NPEMATCTBYET MOCTYIUICHHIO TETIa U3 CPEHNX MUPOT. Takum
obpazoM, B 1991-2023 rT. MEXaHU3MBI, CTIOCOOCTBYIOIINE HHTCHCU(PUKAIIUH TOCTYTUICHHS
teria n3 CeBepHOM ATIAHTHKH, HAKIIAIBIBAIOTCS IPYT HA JIPyTa, YTO MPOSBISETCS I10-
JIOKUTENEHBIMA TPEHIAMH TEMIIepaTyphl BOABI (CM. TabI.).
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OneHka TECHOTHI CBA3HM THAPOMETE0POJIOrHYeCKHX HHICKCOB
¢ TIIO meTo0M BeiiB/1eT-KOrepeHTHOCTH

C 1enbo aHanM3a CONPSHKEHHOCTH BPEMEHHBIX PSAAOB AJISL ONPENENICHHs CTEIEeHU
MPOCTPAHCTBEHHO-BPEMEHHO! CHHXPOHU3AIMU U OLEHKH CTAaTUCTUYECKOH B3aUMOCBA3U
MEXJly TeMIepaTypoil OTAeNbHBIX palloHOB bapenneBa Mops u Ha paspese «Konbckuii
MepHAnan» ObII IPOU3BEIEH aHAIN3 BEHBIET-KOTePEHTHOCTH (KOrepeHTHOCTh). KorepeHT-
HOCTb SIBJISIETCS TOKA3aTeIeM TECHOTBI CBSI3H MEXy FapMOHUYECKUMU COCTaBIISIOUIMMHU
Ha Pa3IMYHBIX YacTOTaxX B paccMarpuBaeMble mepuois Bpemenu [23]. KoadduumenTts
KOTE€PEHTHOCTH MHTEPIIPETUPYIOTCS KaK KBaIpaThl KOI(PPUIIMEHTOB KOPPEISIIIU B 00JIaCTH
BPEMEHU U YaCTOTHI, U UX 3HAYECHUS BapbUPYIOTCs B Auana3zoHe 0—1, 1i1si MUHUMaJIbHON
U MAKCUMAaJIbHOW TECHOTBI CBSI3U COOTBETCTBEHHO. Pe3ynbTrarTsl peACTaBIeHbl Ha puC. 5.

1960 1980 2000 2020 1960 1980 2000 2020 1960 1980 2000 2020 1960 1980 2000 2020
Kosghdnnjuenm xozepenmuocmit

0.0 0.2 0.4 0.6 0.8

Puc. 5. BeiiBner-korepeHTHOCTD Mexkay TIIO ceBepo-BOCTOUHOrO, 3aMaHOTO U FOTO-BOCTOYHOTO
paifoHoB bapeHieBa Mopsi U TeMIeparypoil Bonsl Ha paspese «Koibckuil Mepuanan» 3a mepuoxn
1950-2023 rr. 32 nexaOpb—AHBaph ¢ HHACKCAMH: @) apKTU4ecKoro Aumois, AJl; 6) apkTHUecKoro
konebanus, AK; ) atmantuueckoit MynbTHAeKaaHOH ocummsiunn, AMO.

Kuphoit nmuHuell 0603HaUeHB! 00IACTH 3HAYUMOCTH BEHBIET-KOT€PEHTHOCTH HAa ypoBHE p = 95 %; cTpenxa-
MU — pasHuia da3 (—/«— — BpeMEHHBIE PsiJibl HAXOAATCS B (ha3e/IPOTHBO(A3E HIIH HMEIOT MOJIOKUTEIbHY0/
OTPULATEIIbHYIO CBA3b, i/T — TeMIeparypa onepe){(aeT/3ana3z[LIBaeT OTHOCHUTEIBHO T’NAPOMETEOPOIOTHIECKUX
PIHZ[CKCOB); 3aTEMHCEHHBIC Kpasi — KOHYC BIIUSHUS, 3a IIPEACIIaMU KOTOPOTO PE3YJIbTAThl MOTYT OBITH NCKaXXEHBI

Fig. 5. Wavelet coherence between the SST of the northeastern, western and southeastern regions
of the Barents Sea and water temperature on the Kola Meridian section for the period 1950-2023
for December—January with indices: a) Arctic dipole, AD; 6) Arctic Oscillation, AO; 6) Atlantic
multidecadal oscillation, AMO.

The thick line indicates areas of wavelet coherence significance at the p = 95 % level; the arrows show difference
between phases (—/«— — time series are in phase/antiphase or have a positive/negative relationship, |/7 —
temperature leads/lags relative to hydrometeorological indices); the blurred edges are the cone of influence,
beyond which the results may be distorted
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Hambonee TecHast cormacoBaHHOCTh TeMIIEPaTypsl BOAbI ¢ A/l B 3MMHHIA CE30H IIPO-
CIIe)KMBAETCS B 3amaHOM paiioHe bapeHmeBa Mops (cM. puc. Sa). MakcumanbHas coraco-
BaHHOCTH HaOMIoaeTcs B Auamazonax 1-4 roma (mepuox 1975-1995 rr) u 5-7 ner (nepuoxn
1995-2023 rr.). MakcuMyM KOTE€pEHTHOCTH B inara3oHe 1—4 roma caBUraeTcs B Iepuoe
1990-1995 rr. xk auanazony 5—7 net, a B nepuon 1995-2000 rr. — k nquana3oHy 6—7 JieT.
Crpenku, yKa3bsIBaIOIINE BBEPX U BIEBO, TOBOPST O TOM, 9To m3MeHeHus B TI1O cremyror
C 3ama3pIBaHUEeM OTHOCHTENBHO A/Jl, a camMu psasl HaxoasaTcs B mpotuBodase. [pu yey-
ryoneHnu oTpunarenbHoi dhaszer AJl npeiid npaa yepes mponuB @pama u3 APKTHIECKOTO
OaccefiHa cokparmraercs, a mocrymwieHune temna B CJIO ¢ 3T — yBenmuuBaetcs. IT1o
cniocoOcTByeT yBenmueHuio TI1O B ceBepHOI YacTH 3ama HOTo palioHa bapeHtieBa Mopsi.

B meprion 20002023 . (meprox MakcuManbHOH cormacoBanHocTH Mexay Al u TTIO
3aMaHoOTO paiioHa) COITIaCOBAaHHOCTh MEXAy AJl B 3MMHHUI CEe30H, Koraa mpeolimagaet
oTpurarenbHas (paza WHAEKCa, U TeMIIepaTypoii BOIbI Ha paspese «Kombckuii Mmepuamany
HECKOJIBKO HIDKE, UTO COTNIACYETCS C BIHSIHUEM CMeHBI Pa3 A/l yepe3 aqBeKIrio aTiaHTH-
Yyeckux BofA. HamOompIas cormacoBaHHOCTh OTMEYAeTCs B AHMAIa30He 6—7 JIET 3a Mepuo
2000-2023 rr. B quama3sone 6—8 jeT BbICOKas coracoBaHHOCTE B 19501970 rr. umeeT caBur
okoiio 1960 r. k quanazony 4—6 net, ¢ 1975 no 1985 . — capur nuanasona 1o 24 jer,
manee 10 1995 . — nmo auamazona 1-2 jert, u K03 UINEHTH KOTSPEHTHOCTH 3HAYUTEITHHO
yBenm4unBatOTCA. CTOUT OTMETUTb, YTO B YKa3aHHBIC TOJBI HAMOOIBIIICH COTIaCOBAHHOCTH
MEXy TeMueparypoil Bojsl 1 AJl BbLAEISETCS 3HAUUMbIN JIMHEHHBIN TPEH] B 3al1aJHOM
patione bapennesa mops (s TIIO u I1TB) u Ha pa3pese «Konbckuii Mepuauam» (cM. Taot.).

B ceBepo-BocTounoMm paitore TI1IO u A/l AeMOHCTPHPYIOT 3HAYUTEIBHYIO COTIIACO-
BaHHOCTH B THara3oHe 1—2 roma rmo Bcel AIHHE BRIOOPKH, KpoMe meprona 1955-1960 rr.
MaxcuManbHas COTIACOBAaHHOCTh HaOMIOMaeTcs B quanazonax 5—7 u 10—12 ner B mepuon
2000-2023 rr. B gnama3zone 3—6 ner B 1949-1970 rr. u B quamnaszone 6—8 et B 1965—
1990 rr. xoppesnsiuus oueHb Huskas. Ilepuony 1949—-1970 rr. COOTBETCTBYET «YCIIOBHO
XOIIOJHBIID TIEPUO, U BRIACIIOTCS 3HaunMble TpeHas! (o TI1O u I[1TB) B ceBepo-Boc-
ToYHOM paifone bapenneBa mops, xorma mpoucxonut ymensienue TIIO u I1TB. Crout
OTMETHUTH, YTO pacIlpeeIcHne KOdIPPUINCHTOB KOPPEISIIUN TSI CEBEPO-BOCTOYHOTO
7 I0TO-BOCTOYHOTO PaliOHOB OUYEHB CXOke. B 00omx palioHax MakcCHMajbHasl COTIaco-
BAaHHOCTb OTMeuaeTcs B AuanazoHax 5—7 aet u 10-12 ner B nepuog 2000-2023 rr. Hau-
MeEHbIIIas COTIIACOBAaHHOCTH HabmonaeTcs B iepuox 1970-1990 rr. B auanaszone 416 net.

B mmnamnasone 2 roma pacnpeneneHus K03(QOUIIEHTOB MeX Ty H300paKeHUSIMH KOTe-
PEHTHOCTH CEBEPO-BOCTOYHOTO, FOTO-BOCTOYHOTO H 3aIlIaHOTO PAHOHOB CXOXKH: BEICOKAs
COITIaCOBAaHHOCTH B MEPUOJE 10 2 JIET C MEePHOANICCKUM OclabeBaHHEM B TEUCHHUE HE
Oomee 5 net. Bo Bcex paiioHax caMasi BRICOKasi COTJIACOBAHHOCTh HAOIONACTCS B TIEPHOL
1990-2023 rr. B mtuama3oHe 5—6 1eT. DToOMy MEePHUOy COOTBETCTBYET 3HAUMMBIH ITOJIOMKH-
tenpHBIA MuHEWHBIA TpeHn [1TB, TIIO Bo Bcex paiioHax bapeHieBa Mopst u Ha pa3pese
«Kompckuit Mmepuanan» (cM. TadIL.).

CTOUT OTMETUTH HAJIMYUE COMIACOBAHHOCTH B nuanaszone 12—15 mer 8 2000-2023 rr.
Ho nocne 2005 r. pe3ynbprar BEeMBIET-KOT€PEHTHOCTH BBIXOAUT 3a I'PAHULBI KOHYCA BIIH-
SIHHSL, TI03TOMY OTHOCHTBCSI K BBICOKOW KOPPEJISIIIMK B yKa3aHHBIC JHANA30H U MEPUON
HAJI0 C OCTOPOKHOCTHI0. OTHAKO BBICOKAs COTJIACOBAHHOCTD TPOSIBIISIETCS HA JOCTATOYHO
IIMPOKOM JHana3oHe, ¥ BeCbMa MaJIOBEPOSTHO, YTO 3TO MPOCTO CIydaifHOCTh. B koseba-
Husx A/l B paborax [7, 18] Beigenstor 14—15-1eTHHE UKITBI, KOTOPBIE W TPOSBISIOTCS
B aHAJIM3€ BEHBIET-KOTCPEHTHOCTH.
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MakcumalpHast COITIacOBAHHOCTh MEK/Ty TeMIIeparypoit Bozp! i mHaekcamu AK 1 AMO
HaOITFoMaeTcs B 3aMafHOM paiioHe U Ha paspese «Kombckuii Mepuaman» B Mana3oHax 2 roga
u 1216 met Ha BceM paccMaTprBacMOM BPEMEHHOM HHTEpBaje (CM. puc. 50, 8). Taroke oTMe-
YaeTcst BRICOKAsI COIIaCOBAaHHOCTH B auarna3oHe 0—4 roma B 1950-1970 . kak ¢ AK (cwm. prc.
56), Tak u ¢ uaIekcoM AMO (cMm. puc. 56). B 1975-1990 rr. oTMeuaeTcs CIBUT ¢ Anana3oHa
6-9 et no 8-12 mer B 1990-2023 rT. B cormacoBarHocTH Mexay TIIO 3amamgHorO paiiona
U TeMIIepaTypsl BoAbI Ha paspese «Kombckuit mepuamnan» ¢ uaaekcoM AK (cm. puc. 50).
WHTepecHO, 9TO B 3TOT e MEepHo MPOUCXOMUT 3HaunTenbHOe yBenmmaeHune TI10 u I1TB
B bapeHuieBom Mope. B ceBepo-BOCTOUHOM U F0I0-BOCTOYHOM paliOHax coriacoBaHHOCTb ¢ AK
3HAYHUTEITHHO HIDKE. BBICOKas KOrepeHTHOCTh B quamna3oHe 6—10 jer ormedaeTcs B 000nX
paitonax: B nepuon 1965-1990 rr. s ceBepo-BocTouHOro paiiona u B 1970-1995 rr. s
10r0-BOCTOYHOTO. CTPEJKU BIIPABO TOBOPSIT O TOM, YTO MPOLECCH HAXOAATCS B OTHOU (hase.
Mexy Temneparypoii Bozpsl 1 uaIekcoM AMO B 3amagHOM paiioHe 1 Ha paspese «Kombekuit
MEepHUINaH» OTMEYAETCs BHICOKAsk CONIACOBAHHOCTD B AMAIa30He 6—16 JeT Co 3HAUMTEIbHBIM
cmBUTOM (CM. puc. 56). Ecim mrama3oH BBICOKOM KorepeHTHOCTH B 1950—1985 T mpuxomurces
Ha 8-16 siet, To kK 2000 1. oH caBuraercs 10 68 nert, a k 2010 . — B paiion 5-6 net, npu-
ommxasich B 2015 . k auana3ony B 4 rofa. CTpenK BHA3 U BICBO TOBOPAT O TOM, UTO H3MEH-
qrBocTh AMO mpeamecTByeT H3MEHEHNsIM TeMIleparypsl B bapenrieBom Mope, a poneccsl
SBILTIOTCS] CMM(Da3HBIMH, T. €. TIPH YBEIIMYSHUN TEMITEPATYphl OBEPXHOCTH Bozibl B CeBepHON
ArtnanTrke npoucxomut yeemmdenue TIIO B bapertieBom mMope.

3akjoueHue

TIIO Bo Bcex pailoHax bapeHiieBa Mops mpeTeprena 3HAYUTEIbHBIC N3MEHEHUS
B paccMarpuBaeMsbIi nepros. Habmonaemble H3MEeHEHNS He paBHOMEPHBI KaK BO BPEMEHH,
TaK M B MPOCTPAHCTBE. 3HAYNMBIA OTpULATeNbHBIH JMHeHHbI Tpena TI1O nabmonancs
B 1949-1969 rr. Tonpko B 3amagHoM paiione (Benmuuna TpeHna —0,03 °C/ron, ko3dhdu-
ueHT aerepmunaiyn 0,62), HO He Ha Beeil ero muomaau. O0nacTe ¢ OTPULATEIEHBIMA
TPEHJAMHU B OCHOBHOM 3aHUMaja IO’KHYIO U IIEHTPaJIbHYIO 4acTH paiioHa: LleHTpanbHOE
maro u FOxHo-bapeHiieBoMopcKyto BllaiuHy, BIUIOTh 70 LleHTpanbHONH BO3BBIIICHHOCTH.
Haunbonbinas BenmunHa TpeHaa Habroanack B pailone L{eHTpanbpHOro miaro u cocrapisiia
6omee —15-1072 °C/roa. OTpulaTenbHbli TPEH TAKKe BhIACIUICS Ha paspese «Kombekuit
Mepuauan». C HostOpst o Mapt 1949—1969 rr. npeobnanana otpunarensHas Gpaza u OTpHIa-
TenpHbIe aHoManun uHaekca AK (qacrora ciygaes 72 %) B coBokymnHoctH ¢ C + E opmoit
upKysmu o Banrenreiimy—I upcey. I[Ipyu 3ToM oTMeuarormuecs NonokUTeNbHbIE aHOMAIUH
AMO k cepenune 1960-X I'T. TOMEHSIIM 3HAK HAa OTPHLATEIBHBIN. CIIOKUBIIAsACS OapHyecKast
00CTaHOBKa CIIOCOOCTBOBAJIA YCHUIICHUIO MEPH/IMOHAIBHOTO MepeHOca, HHTEHCH(UKAIIN
MOCTYIJICHHS aHTHIIMKJIOHOB C BOCTOKA M CEBEPa-BOCTOKA, ¢ OcllabeBaHHEM 30HAILHOTO
MepeHoca TeIIbIX BO3LyHIHbIX Macc U3 CeBepHolt ATnanTtuku B bapeniieso mope. B cBoto
odepeb, 510 npuseno kK cHmwkenuto temneparyp (TI1O, IITB u Ha paspese «Konbckuii
MEpH/IMaH»), YTO XOPOILO BHHO Ha rpadukax BEHBIET-KOT€PEHTHOCTH, I/I€ BBICOKAs CO-
macoBaHHOCTH criekTpoB TIIO ¢ AK u AMO ormeuaercst B Auanazonax 2—4 roga u 12—-16
JIeT B 3alaiHOM paifoHe u Ha paspese «Kombckuit Mepunuany.

ITepuon 1970-1991 rr. xapakTepu30Bajics OTCYTCTBHEM 3HAYMMOTO JTMHEHHOTO TPEH-
Jla JUIsL BCeX paccMaTpUBAEMBIX XapaKTEpUCTHUK BO Bcex paiioHax mopsd. IIpeobnananue
OTpHIIaTeNbHBIX aHOManui uHjaekca AMO, Hapsay ¢ paBHO3HAYHBIM paclpeieIeHUeM
MOJIOKUTEIBHBIX U OTpHUIIaTeIIbHBIX aHoMamuii AK u AJl, criocoOCTBOBaJIO CTaOMITH3AIUH
TIIO B bapenieBoM Mope.
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HanGonpimme n3MeHeHHns: OTMEYAINCh B «YCIIOBHO TeIUIbIi» mepuox 1991-2023 rr,
xorma TTIO yBenmmumBanack Bo Beex paifona Mops. MakcumanpHoe yBenmmdernue T110, mpo-
HcxomuBIIee co cKkopocThio 10 10-107% °C/ron, HabmOIAI0Ch B 00IACTIX 3aTOKA TEILIBIX BOJL
aTIAaHTHYECKOro poucxoxaeHus. Hanbomnee Beicokmii Bias B m3MeHInBOCTh TI1O BHO-
CHT TpPEH]] B 3allaJHOM paiione — 46 %, 4yTh MEeHbIINH BKIAA 44 % — B FOTO-BOCTOYHOM
1 40 % — B ceBepo-BOCTOYHOM paiioHe. Pacmpeienenie BKIaI0B TPEHIOBBIX COCTABIISIONIIX
TIPEK/IE BCETO CBSI3aHO C BIMSIHMEM HOCTYIUIEHHS TETUIBIX BO3AYIIHBIX Macc u Box u3 Ce-
BEpHON ATIaHTHKH, TIPU 3TOM M3-32 KPYIVIOTOANYHOTO HAIMUMS JISITHOTO TTIOKPOBA CEBEPHEE
77° c. m. TpeHn He BbInensercs. B 1991-2023 rr. HabmomaeTcst yBeIMYeHIE YaCTOTHI CIIydacB
ToNOKUTENbHON (haspl mHAeKkca AJ] ¢ ampernst o moHb 110 82 %. Tarke B mepuozpl Hocie
1980 r. B 3amasHOM paiioHe U Ha paspese «Konmbckuil Mepuauan», nocie 1995 r. B ceBepo-
BOCTOUHOM paiioHe u nociue 2010 . — B I0ro-BOCTOYHOM PaliOHE MPOU30LLIO CMELIEHHUE
repruooB Hanboee Bbicokor korepeHTHOCTH TIIO ¢ AJl B muamasone 5—7 net. Xoporo
TIPOCIIEKUBACTCS TTOCTENIEHHOE pacnpocTpaHeHne BiustHus A/l o pailioHam: ot HamOosee
TIO/IBEPKEHHOTO BO3/ICHCTBHIO CEBEPOATIIAHTHYECKIX BOJL 3aI1aJHOTO paiioHa K CEBEPO-BOC-
TOYHOMY 1 HanOoJIee yaJeHHOMY I0r0-BOCTOYHOMY paiioHaMm. B To ke Bpemsi, HeCMOTpst Ha
YBEJIMYEHNE YacTOThI CIydaeB TOJIOKNTEIbHON (asel, BiusiHue AK, BeposiTHO, ocabeBacr,
aHoManu uHekca B riepuon 2000-2011 1T On3KM K HYJTIO M TIEPEXOIAT B CIIa00TIONOKH-
tenmpHBIe TIocite 2012 r., xorga ckopocth yBemmaeHus TTIO 3amemnmmnack. MakcumanbHast
cormacoBanHOCTh TTIO ¢ AMO nHabmonaeTcs B 3aafHOM paiioHe u Ha pa3pese «Kombekuit
Mepuanan» B quanasone 7-9 net B 1991-2005 rr., korma HabmonaeTcss HanboIee MHTEHCHBHOE
yBemmaerre TIO mpu monokuTenbHbIX aHoMammsax AMO.

OOparmaer Ha cebs BHUMaHNE CABUT ANANa30HOB BHICOKON COIIACOBAHHOCTH MEXKIY
TIIO 3amagnOTO paifoHa u Ha pa3pese «Konmbckuit Mepuanan» ¢ uHIeKcoM AMO 1o Bcemy
BPEMEHHOMY PSI/ly C ITOCTETIEHHBIM CYXXEHHEM JHana30Ha BHICOKOH KOTEPEHTHOCTH B CTO-
pOHy OoJiee BEICOKOUACTOTHBIX Konebanmit: 19501985 rr. — 8—16 xet, 19862000 rT. —
6—8 sier, 2001-2010 rr. — 5-6 ser. Boicokas comtacoBanHocTh ¢ AK xapakrepHa st
3armagHOTO paifoHa M Ha paspe3e «Kombckmii Mepunuany. Kak u B cutyanmu ¢ AMO,
HaOJTIOIaeTCs CABUT BHICOKOW KOTEPEHTHOCTH, HO B CTOPOHY 00JIee HU3KOYACTOTHBIX KOJIe-
6anuii: 1950-1970 rr. — 0-4 roga, 1975-1990 rr. — 6-9 net, 1990-2023 rr. — 812 neT.
CaBur BBICOKOW KOTEpEHTHOCTH Habmromaercs u B cormacoBanHoctu TTIO ¢ A/l Bo Bcex
paiioHax, HO HanOoJee BBIPaKEH B 3aIalHOM U ceBepo-BocTouHOM: 1975-2000 rT. —
0-3 roga, 2000-2023 rr. — 5-7 nieT. BrisiBiieHHE NPUYMH CABUTOB IPEACTABIISAET OTAEIIb-
HBII MHTEPEC AJIS TIOCJIETYOIEr0 UCCIEA0BAHNUS B JAHHOM HAIPaBICHUH.
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[IpocTpancTBeHHOE pacmpeneneHne nuaekca AJl mpencrasieHo Ha puc. 6a.
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Fig. 6. Arctic dipole index: a) space distribution; interannual variability 6) for April-June of 1960—
2022; g) for October—March in the period of 1960-2000

OO0nacTh OTpUIATENBHBIX 3HaUeHUH AJ] pacmonaraercs Hax MopsMu Poccuiickoro

menbda, 06IaCTh MOJOKUTEIBHBIX 3HaUCHUH — Hap [ pernannueit n Apkruyeckum Ka-
HA/ICKUM apxurienarom. JJaHHOe pacrpe/iefieHne COOTBETCTBYET PE3ylbTaTaM, OIryOJIuKo-
BaHHBIMH B padote [18]. [lnst cpaBHEHMS TTOMy4YEHHBIX 3HAaYEHUH MH/EKCA CO 3HAYCHUSIMH,
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MIPUBEACHHBIMHA B APYTHX IyOIUKAIMAX, HA PUC. 6 IIPEICTABICHBI MEKIOI0BbIC N3MEHEHHS
A/l 3a arpens—uroHb B iepuon 19602022 rr. u 3a okTs10pb—MapT B iepuox 1960-2000 rr.

B pabote [18] pa3noxkeHne Mo eCTeCTBEHHBIM OPTOTOHATBHBIM (DYHKIIUSM BEITIOJN-
Hs10¢h OT 60° c. mr. 3a mepuon 1979-2021 TT. ¢ ampens 1O HIOIb, 9YTO MOXKET SIBIISTHCS
MIPUYMHON HEKOTOPBIX OTKJIOHEHHH B pesyibrarax. B 1965, 1990-1993, 1998, 2000, 2014,
2016, 2021 rT. oTMeYaeTCs HEe3HAYUTEIbHOE 3aHIDKeHHe, a B 1968, 1985-1986, 1989,
2006, 2008, 2011 rr. — 3aBBIOICHHE PE3YJIBTaTOB OTHOCHTEIHHO MPUBEACHHBIX B [18].
B pabote [35] pa3noxeHue IO €CTeCTBEHHBIM OPTOTOHAIBHBIM (DYHKIMSAM BBITIOJIHSIIOCH
ot 70° c. m. 3a mepuon 1960-2002 rr. ¢ okTA0ps Mo MapT. B 1962, 1999 rT. oT™Meuaercs
HE3HAYUTEJbHOE 3aHWXKeHue, a B 1977-1978, 1985, 1997 rr. — 3aBblllieHUE PE3YJIBTATOB
OTHOCHTEIEHO paboTHI [35].

B nesom mexronoBeie m3MeHeHus A/l, orydeHHbIe B pe3yJIbTare HallliX pacueToB,
OYeHb ONM3KM K pe3ysbraram, PeJCTaBICHHBIM B padoTax APYTUX aBTOPOB.
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Abstract. Among the physical parameters of the freezing seas ice cover, ice thickness is of key importance,
and its measurement is one of the most important tasks. The increased interest in the state of the sea ice cover
as an indicator of global climatic changes, as well as the growth of comprehensive development of the Arctic
shelf has caused intensive development of technical and methodological bases for ice observations. Despite
the great variety of approaches to ice thickness estimation, all of them are not without weaknesses. Thus,
most contact methods imply direct human presence, which significantly complicates the procedure, taking into
account, among other factors, the rough weather conditions of the Arctic. Remote methods depend on weather
conditions and cannot always provide high spatial resolution. In this connection, it is promising to use satellite
observations coupled with the results of autonomous “ground” measurements, which can be seismoacoustic
data containing information on the characteristics of elastic waves propagating in the ice-covered sea, is
promising. The purpose of this work is to experimentally test a new passive method for monitoring ice cover
parameters along long profiles based on the analysis of natural seismoacoustic fields. The article analyzes the
data of a full-scale seismoacoustic experiment with a multichannel group of geophones placed on the floating
ice of Alexandra Island in the Franz Josef Land archipelago within the framework of a complex expedition
of the Russian Geographical Society. The demonstrates that it is in principle possible to use flexural-gravity
waves propagating in the floating ice to estimate its characteristics, both in the active mode and by analyzing
the ambient noise, is demonstrated. The results of ice parameter reconstruction obtained in a nondestructive
manner using seismoacoustic waves and averaged over long profiles are compared with the data of direct
contact measurements. This can be further used for monitoring seasonal and multiyear variability of sea ice
thickness of freezing seas, including shelf zones.
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BBenenune

Cpenu ¢pu3HYECcKUX MapaMeTpoB JIEASHOTO MOKPOBA 3aMEP3aI0INX BOZOEMOB KITIO-
YeBoe 3HaYeHHE MMEeT TOJNIIMHA JIbA, a e U3MEPEHNUE SIBIsieTCs OHOM 13 Hauboiee
BaXXHBIX 3a7a4. [IOBBIIICHHBIN HHTEPEC K COCTOSIHMIO MOPCKOTO JEISHOrO MOKPOBa Kak
HWHAMKaTOpa MTO00ATBHBIX KIMMAaTHYeCKHMX U3MEHEHHH, a TaKkKe POCT BCECTOPOHHETO
OCBOCHUS apPKTUYECKOT0 HIenb(a cTain MpUInHON MHTEHCHBHOTO Pa3BUTHS TEXHUUECKUX
1 METOJMUYECKUX OCHOB JUUISl JIEAOBBIX HAaOIIoeHNH. B Hamm tHM pa3paboTaHbl M ITUPOKO
HCIIONB3YIOTCS B MPAKTHKE JIEOBBIX MCCIIEIOBAHUN HECKOIBKO MeToaoB [1]: 1) Oypenue
JIBJ1; 2) METOJIBI HXOJIOKAINH C HCIIOIb30BaHIEM COHAPOB Ha MOJIETHBIX OysIX M JIOIKAX;
3) PIEKTPOMAarHUTHBIE METOJBI C MUCIIOIB30BAaHHEM PaJMOJIOKaTOPOB Ha JIETATEIbHBIX
armaparax; 4) BU3yaJbHbIC U TEJICBU3NOHHBIC HAOIIOAECHUS ¢ OOpTa CY/I0B M JIEOKOJIOB,
OCYIIECTBIISIONINX JIe[0BOe TTaBanue. HecMoTpst Ha Oombioe pasHooOpas3ne Mmoaxo 0B
K OLICHKE TOJIIIMHBI JIbJIa, BCE OHH HE JINIICHBI HEJOCTAaTKOB. Tak, OOIBIIMHCTBO KOHTAKT-
HBIX METOZIOB MOZAPA3yMEBAIOT HEMOCPEICTBEHHOE IIPUCYTCTBUE YENIOBEKA, UTO CYIIECTBEH-
HO YCIOXKHSIET MIPOLIEAYPY, YUUTBIBask B TOM UHCIIE CypOBBIE TOTOHBIE YCIOBHS APKTUKU.
JlMCTaHIIMOHHBIE METO/IBI 3aBUCAT OT MOTOJHBIX YCIIOBUI U HE BCETJ]a MOTYT 00eCIIeunTh
BBICOKOE MPOCTPAHCTBEHHOE pa3pellleHue. B CBs3M ¢ 3TUM NMEPCIEKTUBHBIM SIBIISIETCA
COBMECTHOE HCIOJIb30BAHNE CITyTHHKOBBIX HAOJIONEHUH M PEe3yJIbTaTOB aBTOHOMHBIX
«Ha3eMHBIX» U3MEPEHUH, B KaueCTBE KOTOPBIX MOTYT BBICTYHAaTh CE€HCMOAKyCTUUYECKHE
JIaHHBIE, COJIeprKalie HHPOPMANNIO O XapaKTEPUCTHKAX yNPYTUX BOJIH, PaCIpOCTPaHs-
IOLUXCSI B MOPE, TTOKPBITOM JIBJIOM.
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W3BeCTHO, YTO CKOPOCTh CEHCMOAKYCTHYECKNX BOJIH B IIABYYEM JICIITHOM ITOKPOBE
3aBUCHUT KaK OT YIPYTHX MapaMeTpoB JIbJa, TaK U OT TOJNIIMHBI JIEASHOTO MOKpoBa [2],
YTO TO3BOJISIET PAa3padATHIBATh CXEMBI OILIEHKH XapaKTEPUCTHK JIb/A BIOJIb MPOTSHKEHHBIX
npoduiell Hepa3pyIIauM METOIOM. B gacTHOCTH, MPUMEHSsI B KauecTBE M3JTydare-
JIs1 yCTAHOBKY cOpachIBaeMOro Ipy3a, a B Ka4eCTBE IPHEMHHUKOB 110 MEHbIICH Mepe J1Ba
TPEXKOMITOHEHTHBIX T€0()OHa, BOZMOKHO H3MEPUTH CKOPOCTh CEHCMOAaKyCTHUECKUX BOJH
1, COOTBETCTBEHHO, OILIEHUTH TIapaMEeTPhI JIbJia BIOIb TPACCHI MKy AaTYUKaMH [3], -
Ha KOTOPOW MOXXET NMPEBOCXOANTH COTHH METPOB. B mocnenHne roapl mmupoKkoe pa3BuTHE
MOJTYYHIIN TTACCUBHBIE CEHCMHMYECKNE M aKyCTHYECKNE TEXHOJIOTHH [4], KoTza B KauecTBe
MCTOYHMKA MH(POPMALUU O CPEAE MCIONB3YIOTCSI €CTECTBEHHBIE IIyMbl. DTO MO3BOJISET
3HAYUTENBHO YIPOCTHTH TEXHUIECKYIO CTOPOHY MCCIIEA0BAHNH TOIIMHBI JIbA: OTKAa3aThCs
OT MOIIHBIX M3JIydaTesel ¥ BOOOIIEe OT MPUCYTCTBHS YEJIOBEKA Ha JIbLy. B aTOM cityuae
celiCMOaKyCTHUECKHE IAaHHBIE MOTYT COOMPAThCsl aBTOHOMHBIMH APEH(YIOINMHI CTAHIIU-
AMH [5, 6] ¥ TIpH yCIOBUM ONEPATHBHON 0OPaOOTKHU MO3BOJIAT OTCIEKHMBATh U3MEHEHHS
XapaKTepPHUCTHK JIb/1a. DTO B TAJIbHEHIIEM MOXKET OBITh UCIIONIB30BAHO IS OLIEHKH CE30HHOH
M MHOTOJIETHEH M3MEHYMBOCTH TOJIIIMHBI MOPCKOTO JIbJIa 3aMEP3aolINX MOPEH, B TOM
yrcie B menbQOBBIX 30HaX. Llenpro HacTosmeil padoThl SIBISIETCS SKCIIEPUMEHTAIbHAS
MPOBEpPKa HOBOTO ITACCMBHOTO METO/[a MOHUTOPHHTA ITAPaMETPOB JIEJSTHOTO TIOKPOBA B/IOJIb
HPOTSHKEHHBIX TPACC, OCHOBAHHOTO HA aHAIN3E €CTECTBEHHBIX CEHCMOAKYCTHYECKHX TIOJIEH.

TeopeTnyeckue OCHOBBI

3aMeTuM, 9TO OIECTAIINE MEPCIIEKTUBHI NCTIONB30BAHMS YIPYTUX BOJH, PETHCTPH-
PYEMBIX celicMOMeTpaMy U HAKIIOHOMEPaMH B YCIOBHUSAX JICITHOTO IIOKPOBA, XOPOIIIO U3-
BECTHBI [7]. DTO MoATBEpKAAETCS MHOTOUMCIEHHBIMU dKciepuMeHTaMu B Apkruke [8—10],
B KOTOPBIX ObIIa IMOKa3aHa BOSMOKHOCTb OTIPEICIICHIS TapaMeTPOB BOJTHOBOTO IpoIecca
0 JaHHBIM YCTAHOBIICHHBIX Ha JIbITy JaTYWKOB, OJHAKO 3a/1a4a OMPEACTICHUS TOJIINHBI
JB/Ia paHee He pemanach. B OTIHYME OT W3BECTHBIX MOAXOMOB, TAC IS JIOKATHHBIX H3-
MEPEHUH UCTIONIB3YIOTCS PE30HAHCHBIE CBOMCTBA CTPYKTYP [11] Mt BOJIHBL, IPOHUKAIOIINE
B BECh 00BEM CpEIIbl, B YaCTHOCTH YJIBTPA3BYKOBEIC BOJHEI [ 12], B HACTOSIIIEM HCCIIEIOBA-
HHUH pacCMaTpUBAIOTCS HOPMaJIbHBIC BOTHBI — PaCIPOCTPAHSIONINECS BIONb TPaHUIIBI Pa3-
Zena cpell. B yCmoBHsIX MTOKPBITOTO JTBIOM OKeaHa TAaKUE BOIHBI MOTYT PACIIPOCTPAHATHCS
Ha JICCATKH KIJIOMETPOB U, CIIEIOBATEIHFHO, (DOPMHUPYIOT MOJEC €CTECTBEHHBIX IITYMOB Ha
JB/TY, @ 3HAYHT, MOTYT MPUMEHSATHCS IS JUCTAHIIMOHHBIX HCCIICIOBAHIH.

J11 TEOPETHYESCKOTO OMUCAHHS CEHCMOAKyCTUIESCKIX BOJIH, PACIIPOCTPAHSIIOMINXCS
B TUIaBY4YEeM JICITHOM MTOKPOBE, MOYKHO BOCIIONIB30BAaThCS TIPOCTON MaTeMaTHIeCKOH MOJIe-
JBIO B BHJIC YIPYTOW TUTACTHHEI TONIIMHEI /1, JIeXKAIeH Ha KUIKOM OCHOBaHHH, TITyOWHA
KOTOpOro H TIPEeBOCXOINT JIIMHY BONMHBI A (H/A >> 1). B nampHe#IeM IIIOTHOCTD JKU-
KOCTH U CKOPOCTh aKyCTHYECKHUX BOJH B HEH MPEAITONAraloTCsl M3BECTHBIMU U PABHBIMH
P= 1000 kr/m?, c,= 1500 M/c cooTBETCTBEHHO. [TTaBHOI 0COOEHHOCTHIO MOJIENH C TAaKOH
TEOMETpHUEH SBISIETCS HAIMYHE OUCIICPCHH, TO €CTh 3aBUCHMOCTh CKOPOCTH BOJHEI OT
YaCTOTHI, KOTOPAst OTIPEIeIIAeTCs YpaBHEHUEM (CM., HalpuMmep, ypaBHeHue (22.6) B [13]):

2

_P® g, (1)
NI

rie k = w/c, k, = w /c, — BonHOBOE uMCIO; ¢ — (azoBas CKOpocTh; g = 9,8 M/c* — ycKo-
peHre CBOOOIHOTO MaeHuUs; ® = 27f — MUKIMIECKast 4acToTa; p — IUIOTHOCTD JICSIHOM

Dk* +p,g —pho’ —
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mwiactusel, D = ERY/12(1 — p?) — UMIHHAPUYECKAs )KECTKOCTD JISSTHOW TUIACTHHBI, T7e
E, n— momyne FOnra u koa¢pdrmment [Tyaccona. BomHsl, omichIBaeMbIe JUCIICPCHOHHBIM
ypaBHeHHEM (1), TPUHATO HA3BIBATh M3THOHO-TPABUTAIMOHHBIMH, TaK KaK UX CBOWCTBA
OTIPENICTISIOTCS COBMECTHBIM JACHCTBUEM CIUIBI TSKECTH W CHJI YIIPYTOCTH CO CTOPOHBI
ITABAIOMIETO JICJTHOTO MOKpoBa. OTMETHM, UTO B OTCUCCTBEHHOH JHTEpaType 1Mo MeXa-
HUKE JIbJIa TIPUHATO UCIIOIH30BaTh JIPYTOe BBIPAKEHUE NI M3THOHO-TPaBUTAIIMOHHBIX
BOJIH, HE yYUTHIBAIOIIEE COKUMAEMOCTD JKUIKOCTH (¢, — ), KOTOPOE CIPaBEIIHBO JUIS
HU3KHX 9acToT (0 — 0). Kpome Toro, B [2] momyueHO BBIpaKeHHE IS CIydas MEIKOTO
MOpsI, KOTIa HE0OXOIUMO MPHHAMATh BO BHAMAaHHUE ITapaMeTphl JOHHBIX ocaakoB. Kak
cienyeT u3 ypaBHeHHUs (1), B CHIIy yIpyTruX CBOMCTB JIbJa BONHOBBIC XapaKTEPUCTUKU
M3rHOHO-TPABUTAIIIOHHBIX BOJH OTIPEIEIIIIOTCS TOMIINHOMN JISITHOTO TTOKPOBA, a TaKKe
K03 (HUITHEHTOM MIITHHAPUICCKON JKECTKOCTH. Ba)KHOCTh TaKUX BOJH OOYCIIOBIICHA WX
POJBIO B MEXaHUKE JIbJa M, 0COOCHHO, CIIOCOOHOCTEIO pa3pyIlars JieasHbie mois [7]. Ana-
JUTHYECKAs CBA3b MEKIY (Pa30BBIMU CKOPOCTSIMH BOJH M XapaKTEPUCTHKAMH JIb/Ia B BHTIC
JUCTICPCHOHHOTO YpaBHEHHUS (1) MO3BOISAET pElUTh MPSMYIO 3a/1ady pacdeTa MOICITbHBIX
YaCTOTHBIX 3aBHCUMOCTEH (Pa3oBBIX CKOPOCTEH ¢(f) B 3aBUCHMOCTH OT TIapaMeTPOB JIbJa
h, p, E u . Perienue psMoii 3a1a9u, B CBOIO 09€PEb, HCIIOIB3YETCS ISt BOCCTAHOBIICHUS
XapaKTEePUCTHK JIbA 32 CYET BEIOOpa TeX WX 3HAYCHUH, KOTOPHIE 00CCIICUNBAIOT HAMITYY-
mee COBMAJICHHUE YHCIICHHO PACCYUTAHHBIX M AKCIICPUMEHTAIBHO M3MEPEHHBIX (Pa30BBIX
CKOPOCTEH B paccMaTpHBaeMOM YacTOTHOM JHara3oHe. TakuM o0pa3oM, BCTAaeT 3amada
IKCTIEPUMEHTAIEHOTO U3MEPEHHUS TUCTIEPCHH CKOPOCTH M3THOHO-TPABUTAIIMOHHOHN BOITHEI,
KOTOpAasi UCTIONB3YETCs IS OTpeIeTICHIUs TapaMeTpoB Jibaa. B padote [14] Opu10 MOKa3aHo,
YTO 3Ta 33/1a9a MOXKET OBITh PEIICHA C HCTIOIH30BAHIEM Maphl OTICIBHBIX ITHPOKOIIONIOCHBIX
CEIICMOMETPOB, YCTaHOBJICHHBIX Ha JIbAY. B 3TOM ciydae ympyrue XapaKTepUCTHKH JIbaa
SIBIISTIOTCS. OCPETHEHHBIMH 110 JUTHHE 0a3bl, TO €CTh IO PACCTOSHHIO MEKIY CEHCMOIpHU-
eMHHKaMH. B oTim4me oT npeaslaymux padoT B HACTOSIIIEM UCCIICIOBAHNH UCTIONB3YETCS
MHOTOKaHAJIbHAS TPYIIa TeO(OHOB, PACIONOKEHHBIX Ha JIBAY, YTO B IIEPCIIEKTHBE MTO3BOIHUT
BOCCTaHABIMBATH IUIOMIATHOC PACIIPEACICHNE XapaKTePUCTHK JIhIa B MECTE YCTaHOBKH.

CxeMa 3KcriepuMeHTa

Marepuanom Juisi JaHHOH pabOoThI MOCITYKHIM YKCIIEPUMEHTAIbHBIE JTAaHHBIE, 110-
JIy4eHHbIE BO BpeMs HENpPOAOJIKUTENIBHOIO MOJIEeBOro Bhle3na B Mae 2023 . Ha o. 3eM-
ns1 Anexcannpsl apxurenara 3emist @panna-Hocuda (3OU) B paMkax KOMIUIEKCHOM
skcnienuimu Pycckoro reorpaduueckoro obmecrsa (PI'O). B skcriennimum ygactBoBanu
cnenuanuctel PI'O, HaroHansHOTO napka «Pycckas ApkTHka», cCOTpyIHUKN MHCTUTYyTa
¢uszukn 3emiu uM. O.10. HImunra PAH (Md3 PAH), MHcTHTyTa 3eMHOTO MarHeTusma,
noHocgepsl U pacrnpoctpanenus paguoBond uM. H.B. [Tymkosa (M3MUWPAH), a Takxke
APKTHYECKOTO U aHTApKTHUYECKOIO Hay4dHO-HCCIIeA0BaTeNbckoro nHeTuTyTa (AAHUN).
Y4eHble BOGHHBIM TPAHCIOPTHBIM caMolIeToM AH-26 OBUIH JOCTaBJIEHBI HA a’poJpoM
Harypckoe Ha 0. 3emist Anekcanpbl U pa3MelieHsl Ha 0aze «Omera» HaloHalIbHOTO
napka «Pycckas Apkruka». OJHa U3 TPyl OCYINECTRIIATIA U3bICKAaHUS Ha MpHIae, B TOM
YHCIIe ATOW TPYNIIOW OBUTH MPOBENCHBI U3MEPEHUSI OCHOBHBIX MOP()OMETPUUECKUX Xa-
PAaKTEepUCTUK POBHOTO MPUMANHOTO JbJa M CHEKHOTO MOKPOBA IS HAKOIUICHHS CTaTh-
CTHKH TI0 JaHHOMY KOHKPETHOMY JIOKaJIbHOMY PalilOHY, a TaK)Ke BBIIIOJIHEH OTOOp Mpod
Ha UCCcIIe0BaHue cosiepkanus Xiopoduiuia «A». BorpocaM kimmaTnyecknx n3MeHEeHH
JIEIOBUTOCTHU U JPYTHX XapaKTepUCTUK MOPCKOTO Jibfa B paiione 3PU B nocienHue roast
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yAemnsieTcss MOBbIIeHHOe BHUMaHue [15, 16]. DkcriepuMeHTanbHOE H3ydeHHUE YIIPYTUX
KoJeOaHM JISASTHOTO MOKPOBA MPH TTOMOIIA MHOTOKAHAIEHOW M3MEPUTEIEHOW CHCTEMBI
PETUCTPALMH B CTOJIb BHICOKMX CEBEPHBIX IIMPOTaX OBUIO MPEINPHHATO BIEPBBIC.

OCHOBY U3MEPHUTENBHOM CHCTEMBI COCTaBIsIA ceiicMuueckas cranius DAQlink4,
KoTOpast Obl1a HACTPOEHa Ha ()YHKIIMOHUPOBAHKE B PEKUME HETIPEPHIBHOTO MOHUTOPHHTA
¢ gactotoif 3amucu 250 [, mpudyeM CHHXPOHHM3ALHUSA C MUPOBBIM BpeMeHeM 00ecTedn-
Banack GPS-mpuemankom Garmin 16x HVS. K cTanunu ObUT MOAKITIOUEH CUTHATBHBIN
Kabenb, cofeprkamuii 24 MpueMHIKA, PACTIONIOKEHHBIX Ha PACCTOSIHUH IIATh METPOB JIPYT
ot apyra (puc. 1). B kauecTBe MpHEMHHUKOB HCITOIB30BAINCH BEPTUKAIHHBIC T€O(POHBI
GS-ONE LF c cobctBenHO# gacToToi 4,5 I'l, 9yBCTBUTEIBFHOCTh KOTOPBIX COCTABISIET
~100 B/(m/c). IoNONMHUTETHHO [T KOHTPOIIS OKPYXKAIOMIeH 00CTaHOBKH TIPUMEHSIICS BHU-
neopeructparop. [IpuemHast cucrema ObuIa pasMeIieHa Ha IIPUITAHOM JIbJly B aKBaTOPHH
Oyxter CeBepHast 0. 3emiist AJleKcaHIpsl Ha paccTossHUN okojo 500 M oT OGepera B TOUKe
¢ xoopauHatamu 80°46'2" c. m., 47°39'55,2" B. x. JlaTyuky yCTaHABIUBAJIUCh TaKUM
00pazom, 9To0bI c(hOPMHUPOBATH JIBE JIMHEHHBIE T'PYIIIBI, PACIIONOKEHHBIE T10]] MPSIMBIM
yIJIOM, TIpHYeM OfHA W3 TPYII BKJIroyana 13 reodoHos, a apyrast 11 (puc. 1 — xenteie
To4ykH). COOTBETCTBEHHO JUTHHA KaXI0H M3 THHUH coctaBmia 60 u 50 MeTpoB.

e & @ & & ° & & & @

-100

-120
-40 <20 0 20M40 60 80

Puc. 1. Mecto pazmernieHust '3MEpUTEIBHON CHCTEMBI (0003HAYEHO KENTHIM IIBETOM) H JIEJIOHCCIIe-
JIOBATEIbCKOTO MPoduirs (0003HaYE€HO (PHOIECTOBEIM IIBETOM) HA CITyTHUKOBOM CHUMKE

Fig. 1. Location of the measurement system (yellow) and ice research profile (purple) on the satellite
image
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MHorokaHaJIbHas IMHEHHAsI PACCTAaHOBKA TO3BOJISIET C BBICOKOH TOYHOCTH M3MEPSITh
(ha30BBIE CKOPOCTH BOJIH, 00IAAAIOMINX SPKO BBIPAXKEHHOM AUCIIEpCHEii, 4ero He ynaeTcs
JOCTHYb TIPH UCIIOIBb30BaHWU OTIEIBHBIX JaTdukoB. Kpome Toro, Takas cxema HaOIro-
JIeHUI1 00ecrednBaeT paBHOMEPHOE a3UMYTaJIbHOE TOKPBITHE JUTA 3aa41 0OHapY KEeHHs
MCTOYHMKA curHasma. OTMETHM, YTO 1O MPUYMHE HAINYUS HA JIb/Ly CJIOS CHEra TOJIIMHON
70 20 cM, a TaKke BOJBI HA KOHTAKTE JIb/Ia M CHEra Te0()OHbl YCTAHABIMBAINCH HE IIPSIMO
B JIe]l, KaK 3TO OBIIO 3aINITAHUPOBAHO W3HAYAIBHO, & B INIOTHBIH CHET MAaKCUMAJIBHO OJIM3KO
K MOBEPXHOCTH JIbJIa, IIOCJIE YETO MPHUCHITAINCH CHEroM. B pesynbrare Oblia momydeHa
HETIpepbIBHAS 3AIUCh CEHCMOAKyCTHUECKHMX IIYMOB Pa3JIMYHOTO MTPOMCXOXKICHUS, (op-
MHUPYIOILMXCA B MOPCKOM JIbZy. [IpooKUTENbHOCTh U3MEPEHU cocTaBuia 29,5 yacoB
¢ 01:40 18 masa no 07:10 19 mast MECTHOIO BPEMEHHU.

JanHbIe M1 METOABI

MeTo/10M KOHTaKTHOTO OypEeHUsI BBITIOIIHEH JIEAOMEPHBII POk, 1 0CYIIEeCTBICH
0TOOp JIEITHBIX KEPHOB. MecTO paboT BEIOMPAIOCH C yUETOM XO35H{CTBEHHBIX HHTEPECOB
B JTAaHHOM JIOKAJIBHOM paioHe, TaM, I7Ie Yallle BCEr0 OPraHu3yeTCsl JISIOBBIH MpuyJat Juis
pas3rpy3KH CyIIOB, a TAK)KE C YUETOM HAWIy4IleH Ieniel JOCTYIHOCTH TIPH OTCYTCTBUH
BO3MOKHOCTH HCIIONIb30BaTh CHErOXO Ul TPAHCHOPTHUPOBKH JIIOfIEH M 000pynoBaHus,
npubnusnrensHo B 500 M or OGepera B HAINPaBICHWUH, IIEPICHIUKYIIPHOM OeperoBoi
muaud. Jnrna npoduist cocramia 100 M. 3amepsl MOPHOMETPHUECKUX XapaKTEPUCTHK
MIPOU3BOIMINCH ¢ IraroM 10 M, Bcero Obuto mpousseneHo 10 3amepos (puc. 1 — duo-
neroBble ToukH). [Ipu mpoBeneHnn paboT U3MEPSUINCh OCHOBHBIE MOP(OMETpHIecKHe
XapaKTEPUCTHKM: BBICOTA CHEXHOTO TOKpoBa (), TommuHa jibaa (H ) 1 IpeBbINIEHHE
TIOBEPXHOCTH JIbJIa HaJl TTIOBEPXHOCTHIO BObI (AH ). Bo Bpems poBeieHus JieIoMepHOM
CHEMKH IIPH MOMOIIHN KOJIbIleBOoro Oypa YepemanoBa ObLIM BBITWICHBI JIESHBIC KEPHBI
muameTpoM 80 MMm. [ImnHa KepHa, 0TOOpaHHOTO Ha mpoduie, coctaBmia 78 cMm. KepH ObiT
HCIIONIb30BAH VISl HCCIIEJOBaHMUS (PU3MUECKHUX CBOMCTB JIbJia, a B JaJIbHEHIIEM JuIst oTOopa
1po6 Ha xyopodui «A». HemocpencTBeHHO Ha JIbly TIPOU3BOIMIICS 3aMep TEMIIEPATyphl
JbJa IIYTIOM ISl TIOCTPOSHHSI BEPTUKAIBHOTO MPOQMISL MO TOPU30HTAM Yepe3 KaxKIble
10 cM, cpennss Temmneparypa Ipaa coctasuia ~ —2,5 °C. KepH, pacnuieHHbI Ha ropy-
30HTHI 110 10 cM, ObUT pachacoBaH B IIIACTUKOBEIE MAKETHI. [Ipy MOMOIIM 3JIEKTPOHHBIX
BECOB M3MEpsUIaCh Macca OT/EIbHBIX TOPH30HTOB, a JUIsl OIPEACICHHUsI 00beMa BBINOJ-
HSUINCH 0OMeEpBI pyaeTkoil. B pesynbrare Obula olleHEeHa 3aBHCUMOCTD IIJIOTHOCTH KepHA
Jba OT TIyOHMHBI, CPEIHAS IIOTHOCTH cocTaBuaa P = 860 + 20 kr/m’. B nanbHelimem
Bce 00pas3Ibl 3a0MpanCh €O JIb/A U PAaCTAILIMBAINCH B TEIUIOM MOMEIICHUH TTOJTHOCTHIO
70 kUKo (assl. [Tocie Toro kak B TEIJIOM MOMELICHUH JI pacTasul, Obula 3aMepeHa
COJICHOCTbH TaJIOH BOIBI Kaskaoro 10-caHTHMETpPOBOTrO rOPU30HTa KEPHA IS [IOCTPOCHHMS
BEPTHKAIBHOTO MPO(MIST COICHOCTH, CPEIHSAS COIEHOCTh COCTaBMIA ~5 %o.

B paiione 6a3s1 «Omera» B npuOpexHoii yacti OyxTel CeBepHas HaOmogancs 1o0-
CTaTOYHO POBHBII NMPUIANHKIN J1e/1, 0e3 BUANMBIX CJIEIOB aKTUBHBIX JTUHAMHYECKHX MPO-
LIECCOB B BHJIE KPYITHBIX HACIOCHUH W TOpoleHHH. Tem He MeHee IOJ TOJICTHIM CIOEM
CHEra OIIyTHMO HaXOAWINCh Kak 0oJiee pOBHBIC, TAK M TOPOCUCTHIE YYAaCTKH, KOTOPHIC,
0YEBHHO, c(POPMHUPOBAIIKCH €Ille Ha PaHHUX ATallax CTaHOBICHMS mpumas. B mecrax
MHTEHCHBHOTO CHETOHAKOIUIEHHs HaOJI0aIoch HApACTaHUe JIbJla CBEPXY 3a CYET CMadH-
BaHMS HI)KHHX CIIOEB CHEra BOJIOHM U €ro 3aMep3aHusi. B 3aBUCMMOCTH OT MOIITHOCTH CJIOS
CHEKHO-BOJIHOTO JIbJ1a MPOUCXO/IMIIN U3MEHEHHMS B (PM3NUECKUX CBOWCTBAX BCETO JIEASHOTO
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MTOKPOBa B JIaHHOM MecTe. V3MepeHHbIe XapaKTepUCTUKH (PU3MUECKUX CBOWCTB KEpHA
JIb/1a IOATBEPKIAAIOT BBHICKa3aHHBIC BBIIIE MPEITIONIOKEHIS O HEOMHOPOIHOCTH JICISTHOTO
MoKpoBa. Pacmipenenenue Temmneparypsl 1Mo TOIIIUHE JbIa TIPUMEPHO COOTBETCTBYET JIH-
HEHHOMY, a pacipeie]IeHue COJICHOCTH HMEeT 0COOCHHOCT C HECTaHJAPTHBIM BCTUIECKOM
COJICHOCTH B BEpXHUX TOPU30HTAX. B 30HE BHIUMOCTH HAXOIMIOCH HECKOJIBKO OOJIOMKOB
1 KyCKOB aiicOeproB, a y Oepera mpH BBIXOJIE Ha MpHUTail 0OHApY>KUBAIACh TPUITHBHAS
TpemuHa. V3MepeHne MpeBbIIIeHns TOBEPXHOCTH JIb/Ia HaJl TOBEPXHOCTHIO BOJIBI OKa-
3aJI0Ch 3aTPYAHUTEIBHBIM, TIOCKOJIBKY COOCTBEHHO IPEBEIIMICHHE OBLIO 3a(UKCHPOBAHO
BCEro B HECKOJIBKUX TOYKaX, B Mpexenax 1-2 cMm. B ocTampHBEIX ciydasx HaOmromancs
3¢ GeKT, TP KOTOPOM M3 TOJNBKO YTO MPOOYPEHHOW JTYHKH Ha TIOBEPXHOCTH JIbJIa OYPHO
BEIPBIBAJIACh BOZA, MIPOCAYNBAsACh B OKpYKAIOMMiA cHeT. CXeMa TOTYYeHHBIX JIeJJOBBIX
pa3pe3oB MO BHIMTOJHECHHBIM U3MEPEHUSIM MPUBEICHA HA PHUC. 2, TIE 32 HYJICBYI0 OTMETKY
TOPU30HTA BEIOpaHa BEPXHSA OBEPXHOCTH JIba. B nampHeleM MbI Oy/ieM UCTIONB30BaTh
YCPEIHEHHbIE OLUEHKH 3HAYEHUI TOJLLIMHBI JIbJa ﬁn =0,9 £ 0,12 M 1 TOIIIUHEI CHEra
H o = 0,32 £ 0,05 M, monyueHHble 1Js Hayana CyToK 18 mas.

CelicMOaKyCTHYECKOE TI0JIe B TUIABY4eH JIeISTHOH miacTuHe Ha yacToTax g0 100 I'ig
(hopMupyeTCs TTPEUMYIIECTBEHHO TPEMs THITAMU BOJH: TIPOJOTBHON BOIHOM, MOSAPU30-
BaHHOH BIIOJIb HAIIPaBJICHUS pacrpocTpaneHus (P), momepedHoil BOIHOM ¢ TOPU30HTATb-
HOW TOJIIpU3aIieil BIOJb MOBEPXHOCTH TuTacTUHB (SH) M M3ruOHO-rpaBUTalMOHHON
BOJTHOM, CYIIIECTBYIONICH Ha BCEX YacToTax. [Ipu 3TOM IpoonbHas U ONIepeYHbIE BOIHBI
MIPaKTUIECKH HE 00Taaf0T TUCTIEPCHEN U PacTIPOCTPAHSIOTCS CO CKOPOCTSAMH MPOIOITh-
HBIX U TIOTIEPEYHBIX BOJH B OE3rpaHMYHOM YIPYTOM IpocTpaHcTBe. [Ipu ncnonp30BaHmm
MPUEMHUKA TOJHKO BEPTHUKAIBHON KOMITOHEHTHI YIPYTHX KOJeOaHWi OCHOBHOHM BKJal
B HM3MepsieMoe moJie OylAeT BHOCUTHh M3THOHO-TPAaBUTAIlMOHHASA BONHA. TUITHYHEBIN BU
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Puc. 2. HonyquHaﬂ MPpAMBIMH U3MEPECHUSAMU CXEMa JICAOUCCIEN0BATCIILCKOI'O HpO(bI/IJ'IH

Fig. 2. The scheme of the ice-research profile obtained by direct measurements
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Puc. 3. 3apernctpupoBaHHas BMOPOXKEHHBIM Ire0()OHOM U3THOHO-TPaBUTAIIMOHHAS BOJIHA, PACIIpO-
CTPaHSIONIASCS B IUIABYYEM JIbIY (@) U CIIEKTporpamMmMa 3TOro CHruasnia (6)

Fig. 3. A flexural-gravity wave propagating in floating ice recorded by a frozen geophone («) and a
spectrogram of the signal (6)

HEU3BECTHOTO CUTHAJA, 3aPErUCTPUPOBAHHOTO HA MpHUNaiiHOM by 3DU oTaenbHbIM Te0-
(OHOM, JUTUTENILHOCTBIO OZIHA MUHYTA MPEJICTABICH HA PHC. 3a, TJIe YUTCHBI IIepeiaTouHast
XapaKTePUCTHKA U YyBCTBUTEIBHOCTh JaTuynka. Ha HikHeM rpaduke puc. 3 mokasaHa
CHIEKTpOrpaMMa TOTO K€ CHTHalla, pacCUMTaHHas MPHU MOMOIIM OKOHHOTO Npeodpas3o-
Banus @ypre. OHa MO3BOJISIET NPOCIEUTh PA3IMYME BO BPEMEHHU MPOOEra OTAeIbHBIX
YaCTOTHBIX COCTABJISIIOLIMX BOJHOBOIO MAKeTa, TEMHBIC [[BETA COOTBETCTBYIOT OOJIbIICH
MHTCHCUBHOCTHU cuTHaNa. Kak MOKHO BHJICTh, TIO CBOCH (popMe BOJIHA HA JIby HATIOMHUHACT
JIMHEHHO-9aCcTOTHO-MOtynupoBaHHbli (JIUM) curHam, mpu 5ToM XapakTepHOMU SIBISETCS
JIMCIIEPCUOHHAsT 3aBUCHMOCTb CKOPOCTH, COOTBETCTBYIOIAsI M3rMOHO-TPaBUTAIIMOHHOM
BOJIHE, ONMChIBaeMoi ypaBHeHueM (1). B aTom ciryyae HaOmonaercst aHoMaibHasi Iuc-
nepcusi — KOIJia BICOKOUACTOTHBIC KOMITOHCHTHI PAaCIpPOCTPAHSIOTCS OBICTpEe U MpH-
HUMAIOTCS JJATYMKOM paHbllle, YeM HU3KOYACTOTHBIC. B OTIMYME OT HOPMalbHBIX BOJIH
T'HJJPOaKyCTHYECKOTO BOJHOBO/IA M BOJIH TIOBEPXHOCTHOTO THIIA, KOTOPBIE HMEIOT 00paT-
HYIO 3aBUCHUMOCTH qucnepcuu. [lo npuunHe yBearueHus JUIMTeIbHOCTH UMITYJIbCa U3-3a
JIICTIEPCHH CKOPOCTHU B MPOLECCE PACHPOCTPAHEHHS MO CIIEKTPOrpaMMe MOXKHO rpy0o
OILICHUTh PACCTOSIHUE O UCTOYHUKA BO3MYIIEHUS, KOTOPOE B JAHHOM CIy4ae COCTaBHJIO
517 M (4TO COMOCTaBHMO C PACCTOSTHHEM 10 Oepera).

Komrnekcnblit xapakrep sxkcneauiinu PI'O nmonpa3ymeBaeT napaienbHble HCCIIEN0-
BaHUsl HECKOJIBKUMH HAYYHBIMU TPYIIIAMHU, YTO MO3BOJIMIO TOTYUYHUTh JaHHbBIE O TEMIIepa-
Type Bo3nyxa (—3,5 °C) ¢ 3JeKTPOHHOTO TEPMOMETPa, YCTAHOBICHHOTO BHYTPH KOpITyca
re0-THAPOAKYCTHYECKOTO Oy [5], pyHKIMOHMPOBABILETO HAa OEpery B HECKOJIBKHUX KUJIO-
MeTpax OT JIeIoBOTo mpoduist. OTMETHM, YTO T'€0-THAPOAKYCTHYECKUI Oy M3HA4YaIbHO
MIPOEKTUPOBAJICA sl IPUMEHEHHUS IIHPOKOMOIOCHOTO CEHCMOMETpA B JIEJIOBBIX YCIOBHSIX.
[To aTO¥ MpUYMHE NPENCTaBISIET UHTEPEC COMOCTABICHUE CUTHAJIOB, 3alTMCAHHBIX OyeM
n 00bIuHBIM reodoHoM. Ha puc. 4 mpezacraBieHa crieKTpaibHasi INIOTHOCTh MOILTHOCTH
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Puc. 4. CpaBHeHME CHEKTpaNbHBIX [1apaMETPOB CEHCMOAKyCTHYECKOro uryma B paiione 3DU,

PETHCTPUPYEMOTO Ha MOBEPXHOCTH JIbJja Te0(OHOM (@) M IIUPOKOIOJIOCHEIM celicMomeTpoM (0),

YEepHBIM I[BETOM ITOKa3aHbI Mojenu Ilerepcona yposaeit Huzkoro (NLNM) u Bricokoro (NHNM)

ceifcMu4eckoro uryma

Fig. 4. Comparison of the spectral parameters of seismoacoustic noise in the FJL area recorded on the
ice surface by a geophone (a) and a broadband seismometer (6), the Peterson models of low (NLNM)
and high (NHNM) seismic noise levels are shown in black

CeiicMOaKyCTHYECKOTO IIyMa, (GOPMHUPYIOILETrocs B JISSTHOM ITOKPOBE, KOTOPbIil ObLI 3a-
peructpupoBan B 2023 r. ipy IOMOIIM BepTUKAILHOTO reodoHa (puc. 4a) ¢ y4eToM npu-
OOpHOIT XapaKTePUCTUKH U IIHUPOKOIIOJIOCHBIM ceiicMoMeTpoM (puc. 46) B 2021 1. Ha by
B 3anuBe JlexxHéBa B pamkax skcnenurmu PI'O wa 30U [17]. [nsa pacuera CrieKTpajb-
HOM MJIOTHOCTH MOITHOCTH HCIIONB30Bajach BCS MMEIOIIASICS 3allCh, ATUTEILHOCTHIO
~24 yaca, a Kaxaast U3 KPpUBBIX Ha pUC. 4 COOTBETCTBYET OJHOMY 4acy. MOXHO clesarhb
BBIBOJI, YTO B IEJIOM CIIEKTPHI IIIyMOB JIEMOHCTPHUPYIOT COITOCTaBUMBIC 3HAUCHHS U, TAKIM
00pa3oM, HU3KOYACTOTHBIN Tre0)OH HE yCTyIaeT CeiiCMOMETpYy B 3ajlaue perucTpaiuu
MHTEHCUBHBIX CEHCMOAKyCTHUECKUX IITYMOB JIbAA. 3/1€Ch CIEeNyeT MOJUYEPKHYTh, YTO IPH-
MEeHSIBIINICS Te0()OH 001aaeT YyBCTBUTEIBHOCTHIO, TIPEBBILIAIONICH YYBCTBUTEILHOCTh
cTaHmapTHOro reo)oHa B 5 pas, HO TaKKe HE TPeOyeT MUTAHUSA. DTO TOMOJHUTCIIbHBIM
(akTop, KOTOPBIH ITO3BOJISIET BOCCTAHOBUTh HM3KOUACTOTHBIM CHUTHAJ B 00JacTH cria-
Jla aMIUIMTYIHO-9aCTOTHON XapaKTEepUCTHKH npubopa. [Ipu 3ToM J0CTaTOUHO BBICOKHUI
ypoBeHb (DOHOBOTO IIIyMa MO3BOJISIET IEPEHTH K 3a/iade ero MCHOJIb30BaHHs B Ka4€CTBE
TOJIE3HOTO UCTOYHMKA MH(OPMAIIMK O CTPOSHUHU CPEJIBI.

Pesyabrartsl

Ha nepBom 3Tarne uccinenoBaHus pacCMOTPUM aKTHBHBIM PEKUM (pyHKIIMOHUPOBAHHS
HaJIeTHOH MHOTOKaHAJIBHOM TPyNIbl. B kadyecTBe NCTOYHMKA BO3MYIIECHUS, TEHEPUPYIO-
IIET0 M3THOHO-TPABUTAIIMOHHYIO BOJIHY, MOXET HCITOIb30BATHCS JII0OOE BEPTUKAIBHOE
BO3JICHCTBHE: yaap KyBaJJIOH, [IarW YeJIOBEKa U Tak jaiee. B obmem ciyuae MCTOUHH-
KOM TaKOTO CHUTHAJIA MOTYT CIIy>KHTb, HAallpuMep, MOPO300OHbIE yapbl €CTECTBEHHOTO
MIPOUCXOXKICHHSI, CBS3aHHBIE C BOSHUKAIOIINMH B JICASHOM ITOKPOBE HAINPSDKEHUSIMH.
Jlnist onpenenenus mapaMeTpoB JIEASHON TIIACTHHBI CEHCMOaKyCTHIECKUM METOJIOM C HC-
TMIOJIb30BaHMEM MHOTOKAHAJIBHOTO ITPUEMa HAaMH TIPUMEHSIICS CIICNNAIbHO CIeHEPHPOBAH-
HBII CHTHAJI — MPBDKOK YeToBeKa. [ OIeHKH THUCTIEPCHOHHOM 3aBUCUMOCTH (ha30BOH
CKOPOCTH HCTIONB30BAJICS METOH f-k aHaim3a [4], pe3ysnbraTsl KOTOPOTO MPENCTABICHBI
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Ha pHuc. 50. MOXHO BHIETh, YTO OTHOILICHUE CUTHAJI/IIYM SIBISCTCS AOCTATOUHBIM JUIS
aBTOMAaTHYECKOTO MMKUPOBAHMUS 3HAUCHUN (pa30BOM CKOPOCTH. bermbiMu Toukamu oTme-
YeHBI BEIOPAHHbBIC 3HAYEHUSI CKOPOCTH C(f) M3rMOHO-TPaBUTAIIMOHHON BOJHBI, KOTOpPHIE
3aTeM OyayT MCIOJIB30BATHCS Ul OLEHKH I1apaMeTpoB Jibla Ha OCHOBE ypaBHeHUs (1).
Mo’KHO caienaTh BBIBOJI, YTO OIIMOKA MOTYYCHHBIX B aKTHBHOM PEXHMME OIICHOK (ha30BOH
CKOPOCTH HE MPEBBIIIACT 3 % B CPEAHEM I10 PACCMATPUBAEMOMY YACTOTHOMY JIMAINa3oHy.

Crnenyromuii atanm paboThl — HCCIIEIOBAHNE TIPUMEHIMOCTH MAaCCUBHOW CXEMBI
OLIEHKH CKOPOCTH M3TMOHO-TPABUTAIIMOHHOW BOJHBI C MCIIOJIB30BAHHEM MHOTOKAHAIIb-
HOTO TIpueMa. B 3ToM cityyae B KauecTBE MOJIE3HOTO MCTOUYHHMKA CUTHANA HCTIONB3YeTCs
(hOHOBBIN CEHCMOAKYCTHYCCKUN TTYM, CHOPMHUPOBAHHBIN CITyYalHBIMH HCTOYHUKAMHU
€CTECTBEHHOTO MJIM aHTPOIIOTEHHOTO MTPOUCXOXKCHNUS (HarmpuMep, Kak Ha puc. 3). beuio
MOKa3aHo [4], 9TO B3aMMHO-KOPPEISIHOHHAs (PYyHKIMS CEHCMOAKyCTHIECKOTO IIyMa,
PETUCTPUPYEMOTO MAPOH AATYMKOB, IIPH YCPETHEHUH 32 JUIMTEIBHBIA TIEPHO]] BPEMEHH
MOXET MpEeACTaBIATh (yHKIMIO [prHa. Toraa BKiIag B UTOTOBYIO B3aMMHO-KOPPEIISIIH-
OHHYIO (pyHKIHIO OyZyT BHOCHTBH TOJBKO MCTOUHHMKH, PACIIOIOKEHHBIC BOIM3H IPSIMOM,
COE/IMHSIIONICH J[Ba TPUEMHHKA, ¥ OHA OyZeT UMETh CHMMETPHUYHBIN OTHOCHTEIBHO HYIIe-
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Puc. 5. CeiicmorpamMMa MHOTOKaHaJIBHOI MPYTIITBI, TOTyYEeHHAs! B TACCHBHOM PEKHUME () U pe3yibTar
NIPUMEHEHUsS K OTHM JIaHHBIM f-k aHanm3a (g), Oernast KpuBasi pacCUMTaHa Ha OCHOBE MOJICIIH JIBJA;
JHCIIEPCHOHHOE M300pa’keHue, MOITyYeHHOe B aKTHBHOM peXnMe (0), OeIbIMH TOYKaMH OTMEUECH
Ppe3yabTaT MUKUPOBAHHS H3THOHO-TPABUTAI[HOHHO BOJHBI

Fig. 5. Seismogram of the multichannel group obtained in the passive mode (a) and the result of
applying f-k analysis to the data (), the white curve is calculated on the basis of the ice model;
dispersion image obtained in the active mode (0), the white dots indicate the result of flexural-gravity
wave picking
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BOW BPEMEHHOMW 3a/IepKKH BHJI, YTO TIO3BOJIUT B KOHEYHOM CUETE OIICHUTH BpeMs Ipodera
MEXIy MCHOJIB3yeMOH Mapoi JaTdumkoB. Takas METOAMKa MOJy4niIa Ha3BaHUE CEHCMU-
YecKol MHTepPEpOMETPHH, a 3a]ada e NPUMEHEHUS K JTaHHBIM, 3apErHCTPUPOBAHHBIM
Ha JIBATY, SIBISIETCS TOCTATOYHO aKTyaiabHOW. [Ipn aHanM3e MHOTOKaHAJIBHBIX JaHHBIX Ha
MpeIBApUTENBHOM dTare POPMHUPYETCS MACCHB BCEX BOSMOXKHBIX Map MPHUEMHHKOB, UL
KOTOPBIX OyZIET pacCUnTHIBATHCS B3aMMHO-KOppesMoHHas GyHKIua. Ha ocHoBe pas-
pabOTaHHOTO MOAXOMA BCS 3alUCh HAa Ka)KAOM M3 JATYMKOB Pa3OMBaIach Ha MHTEPBAJIBI
JUTUTENBHOCTBIO 60 CeKyH[I, OCIe Yero K JJaHHBIM MPUMEHSUINCH CIICIIUAIbHBIC METO/IBI
I poBOif 00pabOTKN CHTHAIOB — aMIUTATYIHAS HOpMaTU3amus u o0eNeHne crekrpa [4],
MPU3BaHHBIC COKPATUTh BIMSHNE HHTEHCUBHBIX JIOKAJIM30BaHHBIX HCTOUHUKOB, U yXKE 3a-
TeM BBIYUCISIINCH B3aNMHO-KOPPEIALHOHHbIC (DYHKINH OT/IEIbHBIX HHTEPBAJIOB, KOTOPbIE
Ha (prHATBHOM 3Tare yCpeIHsIIICh 32 BECh NIEPUOJ HAKOIIJICHHUS IIIyMOBOTO curHana. Ha
puc. 5a npuBeneH rpaguK MPOU3BOAHON (YHKIMH B3aMMHOW KOPPEISIIMH 110 TaHHBIM
CeMCMOaKyCTHYECKOTO IIIyMa, 3aperuCTPUPOBaHHOTO B TeueHre 30 4acoB Ha MpHITaifHOM
apay 3PN, MakcnmyMbl (PyHKIHN B3aUMHON KOPPEISIUH COOTBETCTBYIOT BPEMEHaAM
mpodera Mexy pa3iIMYHBIMHU ITapaMH MHOTOKAaHAJIBHOM T'PYMIIbI, PACCTOSHUS MEXKIY
KOTOPBIMH CUHMTAIOTCS M3BECTHBIMU. OTMETHM, YTO B JAHHOM CIIy4dae BUJ B3aHMHO-KOP-
PETALMOHHBIX (DYHKLIUH HE SIBISIETCS CHMMETPHUYHBIM OTHOCUTENIBEHO HYIJIEBOIT BPEMEHHOM
3aJIep>KKH, KaK 3TO JIOJDKHO OBITH MPU M30TPOITHOM PAcIpEAEIeHHH HCTOYHHKOB IIyMa.
st ycrpaHeHus 3Toi 0COOCHHOCTH MbI JOOABMIN (UIIBTPALHIO OTACIBHBIX B3aUMHO-
KOPPEJISIUOHHBIX (DYHKIHUH 10 YCPEAHEHHs C MCIIOIb30BAHHEM METOAA CHHTYIISPHOTO
paznoxenns [ 18], oqHako CymecTBEHHBIX M3MEHEHHUH TOCTUYb HE YIaJI0Ch. DTOT Pe3yibTar
YKa3bIBa€T Ha TO, YTO MCTOUYHHUKH JIEOBOTO CEHCMOAKYCTHIECKOTO LIyMa pacrojaraiich
B CEBEpO-3alaHOM HAIlpaBJICHUH, TO €CTh CO CTOPOHBI Oepera. 1o momydeHHBIM 1aH-
HBIM MOXKHO OLIEHHTH CKOPOCTH BOJIHBI, KOTOpas ()OPMHUPYET HIyMOBOE BOJIHOBOE IIOJIE.
Ha puc. 56 nokazano aucrnepcnoHHOE N300paskeHNE, PACCINTAHHOE METOIOM f-k aHamM3a
10 BCEM MOIyYCHHBIM JIaHHBIM U XapaKTepU3yIollee, TAKUM 00pa3oM, HEKOTOPOE yCpe-
HEHHOE 10 00JIaCTH pacCTaHOBKH reo(oHOB (pHC. 1 — KENTHIH TPEYTroJIbHUK) BOITHOBOE
TI0JIE, a CIIeJJOBAaTEeNIbHO, U CPEIHEE CTPOCHHUE JIbJa. YepHBIM IIBETOM Ha pHC. 56 IIOKa3aHa
TEOpPETHUYECKasl 3aBUCUMOCTb, PACCUNTAHHAS C MapaMeTpaMU MOJEIH, MOIyYCHHBIMH
B pe3ysbTaTe MHBEPCHUU AKTUBHBIX HKCIIEPUMEHTAJIBHBIX JAaHHBIX. Kak MOXXHO BHIETH,
MIPUEMJIEMBIE ISl OTIPEICJIEHUSI CKOPOCTH M3THOHO-IPAaBUTAIIMOHHON BOJHBI 00JIacTh
HaAOTFOMAFOTCS JIUIIH B 9aCTOTHOM Auamna3one 10 20 I'm. [IpuanHoN Takoro orpaHHYeHUS
YaCTOTHOTO /IMANa30Ha MOXKET ObITh KaK OTHOCHTENIBHO CIa0blil ypOBEHb €CTECTBEHHOTO
IIyMa Ha BBICOKHX YaCTOTAX, YTO HE ITO3BOJISICT BOCIIPUHUMATD €70 Te0(h)OHOM, TaK U T10-
HIDKEHHUE JUTMHBI BOJTHBI, YTO ITPUBOAUT K TOMY, UTO HA €€ CKOPOCTh OKa3bIBAIOT BIIMSHHE
JIOKaJIbHBIE HEOIHOPOIHOCTH, BAPHAIMH KOTOPBIX B Ipejenax OOIMPHON pacCTaHOBKU
(puc. 1 — KeNThIi TPEYTroIbHIK) MHOTOKAHAJIBHON TPYIIIBI MOTYT OBITh 3HAUUTEIIBHBIMH.

[TonydeHHBIE B aKTUBHOM M TTACCHBHOM pEXXKMMax 3Ha4eHUst (ha30Boii ckopoctH c(f)
HCTIONb30BAJIUCH JUISI PEIIEHHsT 00paTHOM 3a1auu, B OCHOBE KOTOPOH JIEKHUT MUHUMH3a-
st (QYHKIIMOHAIA HEBA3KH MEKY SKCIIEPUMEHTAIBHON W PACUETHON AUCTIEPCHOHHBIMU
KPHUBBIMH CKOPOCTH, KOTOPBIN BBIYUCIISIICS CTAHAAPTHBIM 00pa30M Kak €BKJINI0BA HOpMa
lle, ..(f) — c(f; h, p, E, W], te ¢, (f) — hazoBas cKOpOCTh, MOMTYYEHHAS TIO IKCTIEPH-
MEHTAIIBHBIM JIaHHBIM; C(f; /1, p, E, |1) — pe3yJbTaThl YUCIEHHOTO MOJENTUPOBAHNUS Ha
OCHOBE ypaBHeHHs (1), KOTOpBIE 3aBUCAT OT MCKOMBIX IAPaMETPOB JIbJA &, p, E, W; fi —
JMCKPETU3NPOBAHHBIEC 3HAUCHNMS 4acTOT. B kauecTBe MeTona pereHus oOpaTHoOH 3a1a4uu
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HCTIONTB30BAJICS ATOPUTM, pa3pabOTaHHBIN HAMH TSI MHBEPCUH TPYIIIIOBOM cKopocTH [14],
MTOJTy4aeMOi B pe3yiIbTaTe aHaIn3a JaHHBIX OTJCIBHBIX Map JaTYUKOB. B ciydae mcmomb-
30BaHUA (Pa30BBIX CKOPOCTEH, KaKk B HACTOSIIEH paboTe, 3aa4a HECKOIBKO YITPOIIaeTCs,
TaK KaK CHHMAeTCs HEOIHO3HAYHOCTh PACYCTHOW MOJEIBHOM TPyNIOBO CKOPOCTH W3
TUCTIEPCUOHHOTO ypaBHEHUs. [Ipr 3TOM, Tak Kak ¢ HETb3s BBIPA3UTh U3 TUCTICPCHOHHOTO
ypaBHeHHS (1) aHATUTHYECKH, UCKATh PEIICHNE MTPUXOANUTCS B HESIBHOM (OpMe, HCIIONB3Y,
HaIpUMep, CTaHAapPTHBIC HTEPAIIHOHHBIC METO/IBI, 9TO TPEOYeT JOMOTHUTEIHHBIX BPEMEH-
HBIX 3aTpaT. AJBTEPHATHBHBIM BAPHAHTOM SIBISICTCS ANTPOKCHMAITUS ITUCTICPCHOHHOTO
ypaBHeHHA (1) 11 M3rHOHO-TPaBUTAIMOHHBIX BOIH MPOCTOH CTENCHHOHN 3aBUCHMOCTBIO
Buza ¢ ~ (fh)"2, omHaKo ATOT BOMPOC TPeOyeT MaTbHEHIIIETO HCCITETOBAHNSI.

J1J1s1 OIIeHKH TTapaMeTpOB JISTHOTO ITOKPOBa MPUMEHSIACh CTOXaCTHYEeCKask HHBEPCUS
W, B YaCTHOCTH, alIroput™M MeTtporomuca—I acTHHrca, KOTOPBI MO3BOJISIET MOKPHITH JI0-
CTaTOYHO OOIBIIIOE MTPOCTPAHCTBO HEU3BECTHBIX MTAPAMETPOB ¢ MIHUMAJIBHONW alipHOPHON
nHpOopManuei o Monenu. [IepBbIM ATanoM perIeHwss 0OpaTHOM 3a7aqu SBISACTCS TapamMe-
TPU3AIIS MOACIH CPEIbI — TO €CTh BHIOOP MapaMeTPOB, IMOUICSKAIINX OLICHKE, 1 3aIaHue
MHO)KECTBa BOSMOYKHBIX 3HAUCHHH C IENTBI0 OTpaHUYCHHS OOJAaCTH MOWCKa perneHus. Ha
OCHOBE JaHHBIX JINTEPATYPHBIX UCTOYHUKOB |12, 19] ObUIH ONpeaeeHs! AUama3oHbl n3Me-
HEHHH MapaMeTpoB Jbaa /1, p, E, |1, KOTOpbIe HAOIIOOAIHCH IIPH HATYPHBIX UCCICAOBAHUIX.
AJTOPHUTM 3aIyCKaJcs MapaIUIeTbHO JUIS MECTH PA3THIHBIX HAYAIbHBIX TOYEK, BRIOPaHHBIX
CITy4aifHBIM 00pa30M IS KOHTPOIIS CXOMUMOCTH METOJa pelieHns oOpaTHo 3amxadn. Jlis
W3y4YeHHs MPOCTPAHCTBA BO3MOKHBIX MOZEJICH TeHEPHPOBAIACh BBIOOPKA, COAeprKaIast
5000-6 peanuzarmii TOIXOAAIINX Mozeel. TakuM 0Opa3oM, ObLT ITOyYeH OOIIHPHEIN Ha-
00p mapaMeTpoB Mozenu /1, p, E, |1, yIOBIETBOPUTEIEHO OMMUCHIBAIOIINI BXOTHBIC TAHHBIE,
B KaueCTBE KOTOPBIX HCIIOIh30BAINCH SKCIICPUMEHTAIFHO U3MEPCHHBIC JAUCTICPCHOHHEIC
KpHBBIe (ha30BOM CKOPOCTH M3TMOHO-TPABUTAIIMOHHON BONHBI ¢(f) B AKTUBHOM U TTACCHB-
HOM peknmax. [lomydeHHas BEIOOpKa 3HAYEHUH /1, p, E, |l TO3BOISET OICHUTH HE TOJBKO
OINITHIMAJIbHBIE TIAPAMETPHI, HO U OIIMOKH HX OMpeNeieHus (CM. TaOIuIy).

PesynbTaThl OIEHKN XapaKTEPHUCTHK JIbJIa CEHCMOAKYCTHIECKUM METOIOM ITOKa3bI-
BAaIOT YIOBJIETBOPUTEIFHYIO TOYHOCTh BOCCTAHOBIICHHS U BCEX MapaMETpPOB, KOTOPAs
cocTaBmiIa OKoio 25 % B obonx pexnmax. CpaBHEHHE C TAHHBIMHE JICIOHUCCIIEIOBATEIHCKO-
ro podus (prc. 3) MOKa3EIBAET, 9YTO BOCCTAHOBICHHOE CEHCMOAKyCTHIECKIM METOIOM
3HAYEHHUE TONIIUHBI JIba COMTACYeTCs ¢ UCTUHHON cpenHell TommuHoi. [To-BuamMomy,
JICTSTHOW TIOKPOB B paifOHE TIPOBEICHHUS MTOJEBBIX PA0OT SBISIICS CYIIECTBEHHO HEOAHOPOI-
HBIM, B pe3yJIbTaTe 4ero Ha paccTosHuH mopsiaka 20 M (puc. 1) oT nemonccieoBaTeIbCKoro

Tabruya

Pe3ybTaThl onpese/ieHHs: apaMeTpPoB npumnaiiHoro apaa 3OU
celicMOaKyCTHYECKHM MeTOI0M

Table
Results of estimating FJL landfast ice parameters using the seismoacoustic method

. ITaccuBHBII
ITapameTpsl b2 WctnHHbIe 3HAYCHUS AKTHUBHBIH PEXKUM
PEKUM
TommuHa, i, M 0,9+0,12 0,76 £0,2 0,78 £0,18
[ToTHOCTS, p, KT/M? 860 + 20 893 + 100 795+ 106
Monyns FOwra, £, I'Tla - 35+£29 4,1+24
Koa¢pdunuenr Ilyaccona, p - 0,34+ 0,02 0,34 + 0,02
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npodus co cpenneit TonmmHoM 0,9 M OplTa onpenenena cpeass TommmHa 0,8 M. [Tpu
3TOM HEOOXOIMMO YUHTHIBATh, YTO MapaMeTphl JIbJIa, ONPE/ICIICHHBIE B aKTHBHOM PEKH-
M€, OTHOCSITCS TOJIBKO K IIEPBOI ITOJIOBUHE MHOTOKAaHAIIBHOM I'PYIIIBI, TOTAA KaK JaHHbIE
MACCUBHOTO PEKUMa SIBJISIIOTCS] yCPEAHEHHBIMH 10 Beel o0acTu ycTaHOBKH (puc. 1 —
JKENTBIH TPeyroabHUK). OTMETHM, YTO B KQUECTBE BXOIHBIX IBIHHBIX MPH MACCHBHOM
PEXHMMe HCIOJIb30BaIach JUCHEPCHOHHAsT KpUBash TONBKO 10 yacToTel 20 'y, obmanaro-
Iast yIOBJICTBOPUTEIBHBIM JJISI aBTOMAaTHIECKOTO BBIACICHHS OTHOILICHUEM CHTHAJI/IITYM.
[Ipencrasnser nHTEpEC M3y4EeHHE BO3MOKHOCTH OICHKH IUIOIIATHOTO paclpeeieHNs
IapaMeTpoB JIbJa M0 JaHHBIM MHOTOKAHAJIBHOW TPYMIIBI TOMOTPaUIeCKUM METOIOM,
KOTZIa B Ka4eCTBE BXOJHBIX JAHHBIX HCIIOJIB3YIOTCSl BpEMEHa MpoOera BOJIH MEXKAY OT-
JIETTbHBIMU TTapaMH, OHAKO 3TO MCCIIEOBAaHHUE BBIXOJAWT 332 PAMKH HACTOSIIEH padoTHI.

3aKkjIoueHue

[TprMeneHe MHOTOKaHAIBHOM TPYMITHl Te0OHOB Ha Jbay OyxThl CeBepHast 0CcTpoBa
3emist Anexcaazpsl apxurenara 3emist Opanma-Hocua B paMkax KOMITICKCHOH SKCTICTHIIIN
Pycckoro reorpaguaeckoro oomecTsa Mo3BOIMIO TPOJEMOHCTPHPOBATH PabOTOCTIOCOOHOCTh
CeiCMOAKyCTHYECKOTO METO/Ia MOHUTOPHHTA ITapaMeTPOB JISISHOTO MTOKPOBA B yCIOBUSIX
ADKTHKH, KaK B aKTHBHOM, TaK U B TIACCHBHOM peknMax. [loydeHHble Hepa3pymalommumM
CTI0COOOM OIICHKH TOJIIIMHBI JIbJIA B TIPE/IETIax OMIMOOK COITIACYIOTCS C PE3yIbTaTaMy MPSIMBIX
KOHTAaKTHBIX M3MEPEHUH 1 YOBIICTBOPSIOT JIUTEPaTypHBIM JaHHBIM. [Ioka3aHo, 4TO TaHHbIE,
TOJTy"ICHHBIE Ha JIbIY C HE TPEOYIOIINX MEKTPONUTaH!s Te0(h)OHOB, B HU3KOUACTOTHOM 00MIacTH
HE yCTYTIAIOT IIMPOKOIIOIIOCHBIM ceficMomerpaM. K neperekTnBaM JanbHEHIINX HCCIe10BaHIH
ABTOPBI OTHOCAT COKpAIICHHE HEOOXOIMMOTO BPEMEHN HAKOIUICHHS [ITyMOBOTO CUTHAJIA 32 CUET
OINTUMU3AIMN METO/IOB 00pabOTKH M PACIIMPEHUE AaHATN3HPYEMOTO B TTACCHBHOM PEXXHME
YaCTOTHOTO JWAla3oHa 3a CUeT YCWJICHWs CHTHaJla ¢ Teo(oHOB. Pa3BuBaemasi TEXHOIOTHS
MOHHUTOpPHHTA (PU3MIECKHX NTapaMETPOB JIASHOTO IIOKPOBa B aBTOHOMHOM — HE TpeOyIoIeM
YUacTHsI 4eIIoBeKa — PEKMME TIPEICTaBIACTCS I0CTATOYHO MEPCIIEKTUBHOM, B 0COOCHHOCTH
JUTSI IPIMEHEHNS B KpaliHE CypOBBIX yCIOBUAX APKTHKH.
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Annoranust. C Hayana 2000-X IT. CyIIeCTBEHHO YBEIUUYMIACH CPEIHEr0/10Bast TeMIepaTypa Bo/bl B bapeHueBom
mope (BM). OcHoBHOI BKITa/1 B (pOPMUPOBAHKE TEPMIUECKOTO peskiMa BM BHOCAT a/IBEKTHBHEIH [epeHOC Tera
3 COCE/IHHX aKBATOPHH 1 TEII00OMEH Yepes3 OBEepXHOCTh. B paboTe 110 JaHHBIM aTMOC(EPHOTO U OKEAHCKOTO
PeaHaIM30B OLIEHEHb! OTHOCHTENbHBIE BKJIA/IBI 9THX MPOLIECCOB B H3MEHEHUE CpeJIHEl TeMrepaTypsl Boasl bM
Ha BpemeHHoM uHTepBane 1993-2018 rr. Paccuntan cpexuuit ronosoii 6ananc teria bM (¢ yuerom 3arpar
TeIUIa Ha TassHHE JIb/IA), TOKa3aBIINH NpeobiaiaHue CPEIHEroJ0BOro MOCTYILIEHH)S TEIIa 3a CUeT a{BEKIIMH HaJl
TeIUIO0T/auell ¢ IOBEPXHOCTH Mops. B pamkax ymporenHoi 6okcoBoii Monenu BM mosydeHo, 4To, coracHo
JQHHBIM PEaHaJN30B, H30BITOYHOE TIOCTYILIEHHE aIBEKTUBHOTO TeILIa 00ECIeUNIIO0 TIOBBIIEHHE TEMIIEPATy Pl
Bozibl BM ¢ 1993 1o 2018 1. co cpenneii ckopocthio 0,28 °C/rom.

KaroueBsle ci10Ba: ajekuus B okeane, bapeHueBo Mope, B3aMMOJCHCTBIE OKeaHa M aTMOC(epbl, I3MEHEHNE
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Abstract. The annual water temperature in the major water masses of the Barents Sea (BS) has significantly
increased since the early 2000s. Advective heat transport from the neighboring water areas and heat exchange
through the sea surface are the major factors, which shape the hydrological conditions in the BS. The paper estimates
the contributions of heat exchange at the sea-atmosphere boundary and advective heat transport to changes in the
average water temperature of the BS for the entire sea area. The average annual heat balance of the BS is calculated
using atmospheric and oceanic reanalysis data. The change in the average temperature of the BS water is estimated
taking into account the heat consumption for ice melting. The average surface heat balance from 1993 to 2018
was negative throughout the entire sea area: —70...—100 W/m? in the south and —10...—20 W/m? in the north. The
advective heat supply was calculated for 9 straits with neighboring water areas. The determining source of advective
heat is the influx of Atlantic waters from the Norwegian Sea between Cape Nordkapp and Bear Island. An average
0f40.8 TW of advective heat is supplied through this margin. The calculations showed the predominance of annual
heat influx due to advection over heat loss from the sea surface. This excess heat influx resulted in an estimated
increase in the water temperature of the BS from 1993 to 2018 at a rate of 0.28 °C per year (taking into account
the heat consumption for ice melting). In conclusion, it can be argued that the analysis has validated the hypothesis
proposed in the article about compensation of heat losses from the surface of the BS by advective heat flow. The
hypothesis is quantitatively confirmed by calculations on a simple box model (with an accuracy of up to an order of
magnitude) based on atmospheric and oceanic reanalysis data. The ERAS and GLORYS12V 1 reanalysis data reliably
describe the basic patterns of observed variability of ocean, sea ice and atmospheric parameters in the Barents Sea.

Keywords: Arctic Ocean, Barents Sea, climate change, heat balance, oceanic advection, ocean-air interaction,
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BBenenue

C nauana XXI B. B bapeniiesom mope (bM) HaOr0ar0TCsI 3HAYUTENBHBIC N3MEHEHHST
THIPOJIOTHYECKOTO U JIe0BOr0 pexknMoB [ 1—4]. K Hanbosnee sBHBIM MOKa3aTeNsIM NPOUC-
XOZISIIIUX MEPEMEH, PETUCTPUPYEMBIM B JIAHHBIX TPSIMBIX M AMCTAHIIMOHHBIX HAOIIOICHNUH,
MOXXHO OTHECTH: COKpAIl[eHHE IUIOIMIAIH JISASHOTO MOKPOBA, MOIOKHUTEIBHBIC AaHOMAIUN
Temneparypsl nosepxHocta Mops (TIIM) u mpuszemHoi Temneparypsl Bo3ayxa (IITB),
a TaKke MOBBINICHUE TeMIIepaTyphl MPOMEXKYTOUYHBIX U DIyOHMHHBIX BOA [5, 6]. Cpenne-
rojioBas TeMmrepaTrypa MoBepxXHOCTH Mops ¢ Hadana 1980-x rr. Ha paspese «Konbckuit
Mepuauan» ysenuunusaercs Ha 0,04 °C B rog, a mionaab, 3aHUMaeMasi aTIaHTHIeCKUMU
Bogamu (AB), Bo3pacrtaer Ha 4,0 ThIC. KM B TO/. B TO e BpeMst CpeHsis JICIOBUTOCTD
Mopst cokpamaercs Ha 0,6 % B rof, a TJIOMAb, 3aHUMaeMasl BOJaMU apKTUYECKOTO
MPOMCXOKICHUS, — Ha 6,5 Thic. KM? B Tox [7]. B uccienosanuu [8] mokasano, 4ro 3a
60 et (¢ 1958 mo 2017 r.) Temnepatypa Boabl B bapeHiieBoM Mope pociia co cpenHeit
ckopocTthio 0,2—0,4 °C 3a 10 net.
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CoracHO Kiaccrmdeckoit Teopud [9], B CyOMOISPHBIX MOPSIX, K KOTOPBIM OTHOCHTCS
BM, Termiootiada ¢ moBEpXHOCTH MOPS B XOJOIHBIN TIEPHON ToZa IpeoliaiaeT Hal HarpeBOM
B TEIUTBIH ITepro1. Bo3HMKarOIHif Ipy 3TOM Je(HIHT TerIa KOMIIECHCHPYETCS TOPU30HTATBHOM
anmBekiweit Teruia TeaeHusMH [ 10, 11]. TakiM 06pa3om, THAPOIOTHYECKIE U JICIOBBIC YCIOBHS
BM onpenemnstorcst AByMsI (DaKTOpaMIL: TETUIOOOMEHOM Ha MOBEPXHOCTH MOPS M a/IBEKIIHCH.

B BM 0CHOBHBIM aJIBeKTHBHBIM HCTOYHUKOM TEIUIA SBISIETCS conpenensHoe HopBexk-
CKOE MOpe, Yepe3 KOTOPOE UAET MOIIHEIA MOTOK TEIUIBIX M COJICHBIX BOJ aTIAHTHIECKOTO
npoucxoxkaenus [12, 13]. HecMoTpst Ha MHOTOYHCIIEHHBIE TTyOIMKALINH, 3aTPAarHBAOIIIC
pa3IMYHBIC aCTIEKTHl COBPEMEHHBIX H3MEHEHUH THIPOIOTHIECKOTO H JIGAOBOTO PEKHMa
BM [14], Bomipoc 006 OTHOCHTENBHOM BKJIaJe B HAOMIOMAaeMble U3MEHEHUS YKa3aHHBIX
BEIIIIE KITFOUEBBIX IPOILIECCOB OCTACTCS MUCKYCCHOHHBIM. Harmpmmep, B MOIEIIEHOM HC-
cienoBaHud [15] caemaH BBIBOI, YTO MEXKTOMOBBIE KOJIEOAHUS TUTOIIAAA MOPCKOTO JIb/a
B niepuoz ¢ 1948 no 2007 1. B 3HAYUTEIBHONU CTENEHU KOHTPOIMPOBAIUCH aHOMAJIbHBIM
aJIBEKTUBHBIM [IEPEHOCOM TeIlIa uepes3 3anainyto rpanuny bM, npu kotopom Ha 10 TBT
M30BITOYHOTO TeIUIa IPUXOANIIOCH YMEHBIICHHUE IUIoaau Jbaa Ha 70x10° km?. VHas Touka
3peHHsI U3JTOKEHa B cTaThe [16], Tae cokpamieHne JIeassHoTo MMOKPOoBa U, Kak CIIJCTBUE,
noBeimenne TIIM oOBsCHACTCS YCUICHHEM TYpOYJICHTHOTO TIOTOKA TETlIa Yepe3 MOPCKYIO
MTOBEPXHOCTH. [ [pOTHBOIIOIOKHBIEC BRIBOABI COAEPIKaTcs B cTaThe [17], B KOTOpOH OmIcaHo
noselieHue [1TB B BM B 3uMHMII c€30H 3a c4eT BO3pacTaHUsi HHTEHCUBHOCTH MEPUINO-
HAJIFHOTO TIEPEHOCA TEIUIA U BIIard u3 0oJee HU3KUX MIUPOT, MPUBOAAIIECTO K YMEHBIICHHIO
TypOyJIEHTHBIX TIOTOKOB TEIJIa U3 MOPS B aTMOcdepy 3umoii B BM.

B manHOI1 paboTe mpepuHATa TOIBITKA OIIEHATH OTHOCHTENBHBIE BKJIAIBI TETIOOOMEHA
Ha TPaHHIIe MOPs U aTMOC(EpHI U aIBEKTHBHOTO TIEPEHOCA TeIlIa B U3MEHEHHE TEMIIePaTyphl
BOJI B paMKax IPOCTOIf OOKCOBOW MOJIEIH, B KOTOPOH IO JJAHHBIM aTMOC(HEPHOTO 1 OKEAHCKOTO
peaHal30B PAaCCUNTHIBACTCS CPEAHIN rooBOi Oamanc Teruia BM 1 Ha ero OCHOBE OIeHH-
BaeTCsl I3MEHEHHUE CpeHelt Temrieparypsl Bog BM ¢ yueTom 3aTpar Teruia Ha TasHue JbIa.

HN3meHeHue cyMMapHOTo roloBOro fajaHca Tenja Ha MOBEPXHOCTH

Jlna pacyera cyMMapHOTO TO/10BOTO TeruoBoro 6ananca (Th) Ha mosepxnoctn BM
OBUTM HCIOJIB30BAaHbI €XKEUaCHbIC 3HAYEHUs ITOTOKOB TEIlIa Ha TMMOBEPXHOCTU MOpA U3 aT-
MocdepHoro peananuza EBponeickoro neHTpa mo cpegHecpOIHOMY MPOrHO3UPOBAHHIO
morosisl ERAS (EBpomneiickuii peananus, Bepcus 5) [18] ¢ TOpH30HTAIBHBIM pa3pelieHueM
0,25°%0,25° na Bpemenanom uHTepBajie ¢ 1993 mo 2019 r. Th moBepxHOCTH MOpS pac-
CUUTBIBAJICA KaK CyMMa IMOTOKOB HOFHOL[IGHHOﬁ KOpOTKOBOJ'lHOBOﬁ paananuu, HCXO}IﬂHleﬁ
U HUCXOJSIIIEH JTTMHHOBOJIIHOBOM pajIMallii, SIBHOTO M CKPBITOTO TYpOYJIEHTHOTO MOTO-
xoB Tera. Ilepex mpoBeeHNEM pacueToOB MCXOJHBIC JaHHBIE OCPEIHSIINCH MTOCYTOYHO,
a pesynpTupyrommii Th crimakuBaics 3 1-CyTOUHBIM CKOIB3SIIUM CPETHUM JIJIS YIaIeHUS
BPEMEHHOW M3MEHYMBOCTH C MACHITA00OM MEHEE OIHOTO MecsIa.

CornacHO BBIIOTHEHHBIM pacdeTaM, cpeauuil rogosoit Th Ha moBepxHoctH bM
¢ 1993 mo 2018 r. oTpurareneH Ha Bceil akBatopuu Mops (puc. la): B TeNbIi mepHoa
rofia K MOBEPXHOCTH MOPS MOCTymaeT B 1,5—2 pa3a MeHbIIE TEIUIa, YeM OTHACTCS C T0-
BEPXHOCTU MOPSI B XOJIOAHBIN NEPHUOL.

AOCOTIOTHBIN MaKCHUMyM CpEIHEH TEIUIOOTHaun 3a 26 JIeT OTMe4aeTcs B I0ro-3a-
nagHoi gactu Mopst (ot —90 1o —110 B1/M?), Kyzma MOCTymaeT OCHOBHOM MOTOK TETIIBIX
aTnaHTUYecKuX Box u3 Hopexxckoro mopsi. IlonoxurensHas Temneparypa NOBEpXHOCTH
MOps B TeYEHHE BCETO rofia 3a cuet Terioro Hopakamnckoro teuenus (1...8 °C) u Hu3Kas
TeMIeparypa IpHu3eMHOT0 BO3/IyXa, XapaKTepHas Ui apKTUYECKUX MOpEH, a TakKe BbI-
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)
50° ..

Puc. 1. Cpennmii ronoBoit Th Ha moBepxaoct BM ¢ 1993 mo 2018 1. (a); ko3 uiueHT TuHeitHOTO
tperaa Th ¢ 1993 o 2018 1. (6). Toukamu TOKa3aHbI y3JIbI CO CTATHCTHYECKU 3HAYUMBIM KO3 HH-
LUEHTOM JHuHEeitHoTo Tperaa (p < 0,05)

Fig. 1. The average annual heat balance in the BS from 1993 to 2018 (a); linear trend of heat balance
from 1993 to 2018 (6). Statistically significant values of the linear trend (p < 0,05) are marked with dots

COKasl OBTOPSIEMOCTh CKOPOCTH BeTpa Oombire 11-15 m/c [19] npuBOAAT K yCHICHUIO
TEIJIO0T/Ia4H B 3TOM paiione. FOxHas wacTs BM BblensieTcss Kak peruoH ¢ OOJIbIION 110-
BTOPSEMOCTBIO XOJIOAHBIX BTop:keHUH [20, 21]. AABEKIUS XOIOAHOIO BO3/yXa Ha TEILIYIO
MOBEPXHOCTb BEJET K BO3PACTAHUIO U YCUJIEHUIO TEIIOOTIauH.

B ceBepHOIi 1 ceBepo-BOCTOYHON YACTSAX MOPSI, T/Ie HAOMIOIAeTCsl CE30HHBIN MOPCKOH
nen, cpenuauit Th 3a 26 jieT MUHUMAIEH IO a0COIFOTHON BEJIMYMHE U cOCTaBisieT ot —10
10 —30 B1/M2. DT0 00BSICHSIETCS TEM, YTO B TIOBEPXHOCTHOM CJIO€ BOJI B 3TOM YaCTH MOPSI
npeolIaaoT apKTHIECKUE BOJIBI, XapaKTepH3yoLHecs: oTHocuTenbHO HU3Kol TIIM, ma-
JIBIM INANa30HoOM ee Ce30HHBIX M3MeHeHuH (—1,8...2 °C), a Taxke HAIMYUEM CITIOUYCHHOTO
MOPCKOT0 JIbjIa B TEUCHNE OOJbILCH YacTH Toja.

Bricokue abcomoTHble 3HaueHus cpeanero Th 3a ncenenyemsiii nepuon (ot —70
10 —90 B1/M?) oTMeuarorcst B paiione LleHTpanbHOro jkenoba, 94To 00bSICHISTCS TeIIIbIM
HoBo3zemenbckum TeueHHeM B 3TOM paiioHe. B paiione LlenTpansHoit 6anku (75° c. .,
38° B. 1.) abcomoTHbIe BenmmynHbl cpepHero Th 3nauntenbro Hinke (0T —40 10 —60 Bt/m?),
YeM B ONHMCaHHBIX BbIIIE paiioHax Mopsi. OTHOCHTEIBHO HU3KKE aOCONIOTHBIC 3HAYCHHS
TB oObsicHsIOTCS X0I0MHBIM LIeHTpanbHbBIM TedeHneM 1 (POPMUPOBAHHEM B 9TOM paiioHe
XOJIOAHBIX YIIJIOTHEHHBIX BOJ B 3UMHMIA ce30H [7].

Koaddumment muneiinoro tpenna (KJIT) s cpeaneromoBoro TemioBoro Oaianca
B CEBEPHOH U CceBEpPO-BOCTOUHON yacTsax BM oTpunarenes, 4ro ykas3bIBaeT Ha TO, YTO
TEIUIO0TAaYa ¢ TSYCHHEM BpeMeHH Bo3pactaeT Ha 0,5...1,2 Bt/m? B roa. Panee Obw10 M0-
Ka3aHo, 4TO B 9TOH "acTu Mops pasHuua mexay IITB u TIIM B 3uMHUil ce30H yBenu4u-
Baercs [22], 4TO MPUBOIUT K YCHIICHUIO HHTCHCUBHOCTH TEIJIOOOMEHA Ha MTOBEPXHOCTH
Mops. B 37011 ke yacTi Mops HaOIIOAAETCS CMEIICHHE CPOKOB OCBOOOXKICHNS aKBATOPHU
OTO JIbJIa Ha CYIIECCTBCHHO OoJice paHHUE cpoku [23, 24| U, KaK CICICTBHE, YMCHBIIICHHE
JUTITEIILHOCTH JIEIOBOTO Tiepro/a. PaHee e mpersTcTBOBA TEII000OMEHY MKy MOpeM
n armocdepoii. [ToaTomMy B yCIIOBHSIX COKpAIIEHUS JICTOBUTOCTH B CEBEPO-BOCTOUHON
YacTH TEMJI00T/Ia4a U3 MOpsl B aTMOC(epy MOXKET Bo3pacTarh. B pabore [25] ormeuaeTcs
OTCYTCTBUE MHOT'OJIETHETO BBIPAXKEHHOTO TPEHA AKCTPEMAIbHBIX cKopocTel BeTpa ¢ 1981
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no 2010 r. Han bapenuessiM MopeM. [1oaTOMy CKOpOCTh BETpa MPakTUUECKH HE BIIMSET
Ha BBIABICHHOE BO3pacTaHue Terioornadd. OxHako B pabore [26] oTMedaeTcs yBemu-
YeHHe CKOPOCTH TEUCHUH. B mMccienoBaHny MOKa3aHO, YTO aTMOC(EPHBINH APKTHYECKHUHA
muronb (AJl), cBA3aHHBINA C aHTUIMKIOHHYECKUMH BeTpamu Hajx CeBepHOH AMEpHKoi
1 IUKJIOHMYECKUMH BeTpaMu HaJl EBpasueii, perymupyer notoku u3 CeBepHON ATIAHTHKH
yepes ceBepHbIe Mops. Uepemytomuecs (as3pl AJl cO3AaI0T «IEepEeKTIoUaomni MEXaHU3MY.
C 2007 o 2021 1. 3TOT «IEePEKITIOUAIOIINI MEXaHU3M TIPHBENT K POCTY CKOPOCTH TEUCHHUN
yepes 3amaHyo TpaHuily bapeniesa Mopsi.

B 10kHOH 1 10TO-3amaTHON YaCTH MOpSI CPEIHEToA0Basi TEINIOOTAada, Hao0opoT,
ymenblinaercs Ha 0,5...1,2 Br/m? B roa. B atoit yactu mops pasuuia mexay [ITB u TIIM
yMeHbIaercst [22], cienoBaTenbHO, U TEINI00TAaYa OyJeT OT rofa K rofgy CTaHOBUTHCS
MeHblIe. B pabore [22] mokazaHO HaIM4YHE CTATHCTHYECKH 3HAYMMOTO TOJIOKHUTEITBHOTO
TpeHaa pasHoctd mexay [ITB u TIIM mis GompmmHCTBa MecsieB roga. OH Hambomee
BBIPAKEH B CEBEPHON M CEBEPO-BOCTOYHOM HACTAX MOPSI, B IOXKHOM YaCTH TPEH] OTPH-
LaTeJIbHBIN MK O1M30K Hyiro. CTaTHCTUYECKH 3HAYNMbIE BEJTMYMHBI JIMHEHHOTO TPEHIA
pasuoctu mexay [ITB u TIIM HabmromaroTcs B 3UMHHE MECAIBI B CEBEPHOI U CEBEpO-
BOCTOYHOHN YacCTSIX MOPs, a TAKXKE B HEKOTOPBHIC MECSIIbl B 3amagHoil yactu. JlensHon
TIOKPOB 3/IECH OTCYTCTBYET, IIO3TOMY (DaKTOPBI, CBSI3aHHBIE CO JIHJIOM, BIHATH HE MOTYT.

HN3MeHeHHEe aABEKTHUBHOIO 0asaHca Temjia

Jlst pacueta anBeKTUBHOTO Oananca Teria bM ObLIH MCIONB30BaHbI TaHHBIC OKE-
anckoro peananuza GLORYS12V1 [27]. 3naueHust Temneparypbl BoJbl, COJIEHOCTH, CKO-
pOCTHU U HaNpaBlIeHUs TEUCHUI BEIONPATNCh Ha BEPTUKAIBHBIX Pa3pe3ax, MepeceKaronx
posiuBbl Mexay BM U conpenensHbIME BOJHBIMH akBatopusiMu (puc. 2). Bpemennas
JUCKPETHOCTh JAHHBIX cOocTaBmia 1 cyTku, BpeMeHHON uHTepBan — ¢ 1993 mo 2018 .

Pacuet afiBeKTMBHOTO MepeHOCca TeIIa Yepe3 OTAEIbHbIE Pa3pe3bl BBITIOIHSIICS B CO-
OTBETCTBUHU C AJITOPUTMOM, NPUBEACHHBIM B cTaThe [23]. AIBEKTUBHBINA MOTOK Terlia
paccuuTaH Kak MPOM3BEIEHHE aHOMAJINU TEMIIEPaTypbl, CKOPOCTU TE€UEHUS, MIOTHOCTH
BOJIbI M TEIUIOEMKOCTH MNP MOCTOSHHOM JaBlIeHHUHU. JJI KaXJI0T0 y371a OT/EIBHOTO pas-
pe3a 3To NMPOU3BECHUE UHTETPUPOBATIOCH MO BEPTHUKAIIH, YTOOBI MOTYYUTh CyMMapHbIH
MIOTOK TEIUIa ¥ COJM uepes3 paspes. B kadecTBe pedepeHCHOro 3Ha4YeHHs UCIIOIb30BalIach
CpeAHEro/10Basl TeMIepaTypa BoAHOH Tonmu BM, paccunTaHHas 1Mo JaHHBIM peaHaln3a
(ot 1,7 no 1,9 °C B 3aBUCHUMOCTH OT Toj1a).

Paccuntano moctymieHue agBeKTUBHOTO Teruia Ais 9 paspes3os (puc. 2). Omnpene-
JISTFOIUM MCTOYHHKOM aJBEKTHBHOTO TEIIA SIBISICTCS NMOCTYIUIEHHE ATIAHTHYECKUX BOJ
m3 Hopsexckoro mopst mexxay M. Hopakarm u 0. Measexwuii (pa3pe3 BSO1). Cormacuo
BBINTOJTHEHHBIM pacyeTaM, OKeaHW4ecKasi aIBEKIIHsI Yepe3 3TOT pa3pe3 Ha MOPSIOK Ipe-
BBIIIAET MIOTOKU Yepe3 JpyTrue rpaHuLbl MOpsL.

B cpeanem uepes paspe3 BSO1 exxeronno nocrynaet 40,8 TBT agBeKTUBHOIO TeI-
na (puc. 3). B uccienyemblii 0Tpe30K BpeMEHH JIMHEHHBIH TPEH]| aJIBEKTHBHOTO MOTOKA
teruia yepes paspe3 BSOI cocrasun 0,14 TBT B rox.

A IBEeKTHBHBIN NOTOK, MpoxoAsaiuil uepes paspe3 BSO2, B cpeanem 3a 26 net co-
crasui 1,3 TBt (tabnuua). Bxiax nmoroka tema uyepes paszpes BSO2 yenuuuaics Ha
0,006 TBT B rox. YBenuueHne OKEaHUYECKOTO MPUTOKA TEIJIa Yepe3 JaHHBIE pa3pesbl
OOBSICHSETCSI MEXaHM3MOM MOJIOKUTEIBHON 00paTHOH CBsI3M B CUCTEME OKeaH—aTrMocdepa
B bapenneBom mope [28]. Ha yBenuuenue npurtoka teria B BM uepe3 paspesst BSO1—
BSO2 Bnuser ycuneHnue oro-3anaHbix BETPOB B 3amagHoi yacty Mopst [29]. Yeunenue
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Puc. 2. IlpocTpancTBeHHOE TONIOXKEHUE pa3pesoB (/, 2, 3, 4, 5, BSO1, BSO2, 3dU, Kapckue Bo-
pota) Ha rpanunax bapeHieBa Mopsi, Yepe3 KOTOpbIe pacCUUTHIBAIICH aBEKTHBHBIC TIOTOKU TEIlIa

Fig. 2. Spatial position of the sections (/, 2, 3, 4, 5, BSO1, BSO2, 3®U, Kapckue Bopora) on
the borders of the Barents Sea through which advective heat transport was calculated
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Puc. 3. CpenHeronoBasi aiBeKLMs TeIUIa Yepe3 MPOJIUBLL, coequHstomre bapeHieso Mope ¢ cocen-
HUMH MOPCKHMMH akBaTopusamiy, ¢ 1993 mo 2018 r. mo nanueM peananuza GLORIS12V1. YepHbim
[[BETOM II0Ka3aH CyMMapHbIii aJBEKTHBHBII TeIIOBOM Oananc bapeHuesa Mopst

Fig. 3. Average annual advection of heat through the Barents Sea boundaries according to
the GLORIS12V1 reanalysis. The total advective heat balance of the Barents Sea is shown in black

Arctic and Antarctic Research. 2024;70(3):310-322. 315



A.A. Cymxuna, A.B. Cmupnos, K.K. Kussa, B.B. Hsanos

OTHocUTEIbHBIE BKJIAIbI TENJI000MeHa Ha TPaHULe MOPS H aTMOcdepBbl...

Tabruya

CraTHCcTHYECKHE XapPaKTePUCTHKH OCHOBHBIX 2/IBEKTHBHBIX IIOTOKOB TeIia
H CYMMApPHOT0 aIBEKTHBHOIO Temn1oBoro 6ananca bapenuesa mops (3 Fh)

Table
Statistical characteristics of the main advective heat fluxes
and the total advective heat balance of the Barents Sea (3 Fh)

XapaKTepUCTUKU BSO1 BSO2 paszpes 3 paspes 30U YF,
Kos¢ppuument 0,14 TBt 0,006 TBT | —0,06 TBr | —0,32 TBTt | —0,26 TBT
JIMHEUHOI'O TpeH}la B Iroxg B Iroxa B Iog B Iroxg B Iroxa
YpoBeHb 3HAYUMOCTH 0,21 0,45 0,033 0,00005 0,053
Cpennee 40,8 TBt 1,3 TBt —4.4 TBt —14,3 TBt 20,7 TBt
CpenHekBaipaTuieckoe 0,11 0,009 0,03 0,05 0,09
OTKJIOHCHHE

I0r0-3aMaJHbIX BETPOB MPOUCXOIUT BCIEACTBHE YMEHBIICHUS IUIOMAAH JIEASHOTO I0-
KpOBa M, KaK CJIEACTBHE, YBEINYCHHS IUIONIAIN paifloHa ¢ HHTEHCHBHBIM TEIIO0OMEHOM
Ha MOBEPXHOCTH MOps. 3a CUET 3TOT0 B HWXKHEH Tpornocdepe ycuiImBaeTcs UKJIOHHYe-
CKast 3aBUXPEHHOCTb, KOTOpas YBEJIMUMBACT IPA/IMCHT JaBieHus Mexay Lnunoeprenom
1 ceBepHOM 4acThio HopBesKCKOro modepexbs, 4TO M yCHIIMBAET I0ro-3araHble BeTpa
B 3anaaHoi yactu BM. CpenneronoBsie CKOpOCTH TeueHUs yepes pazpe3sl BSO1-BSO2
B 2007-2021 rr. yBennuunuch Ha 5 % u yMmeHbmunuch Ha 15 % B nponuse ®pama ot-
HocurtenbHo 1992-2006 rT. [26].

Yepes paspe3 3O nabOnromaeTcs MOTOK TEIUTA, KOTOPBIA BHOCUT OCHOBHOW OTPH-
LATeIbHBIN BKJIAJ B aJBCKTHBHEINA OamaHc Teruia BM. [Totok teruia depes paspe3 30U
cocraBisierT B cpeaeM —14,3 TBT. OTrok Temna yepes JaHHBIA pa3pe3 yBelInYUBajcCs Ha
0,32 TBT B roa. Ycunenue ckopocTy TeueHui uepes paspessl BSO1-BSO2 B 2007-2021 rr.
MPUBEJIO K YBEIMUYEHUIO epeHoca yepes paspe3 3OU na 23 % [26]. Becomblii oTpuia-
TENBHBIA MOTOK Teruia HabIroaeTes uepes paspes 3, B cpenHeM oH coctasisier —4,4 TBr
€KETOJTHO, TPeH I He HaOmronaercsi. HecMOTpst Ha yBennueHHE OTPUIATEIbHOTO OKECaHnYe-
CKOTO MOTOKa Terria uepes paspes 3OU, cyMmmapHbIil aIBeKTUBHBIN TEIIOBOH OaiaHc Mopst
COXpaHsETCsl MOJMKNTENbHBIM. CpeTHUH CyMMapHBIN a/JIBEKTHBHBIM TETJIOBOH OataHc
Bapenuesa mops cocrasuster 20,7 TBt u ymensmaercsa Ha 0,26 TBt B rog.

Kak yke yka3pIBajioch BBIIIE, TEMIEPATYPHBII PEKUM MOPSI ONpeAensercs aj-
BEKIIMEH BOJ M3 COCEAHUX MOpEH M TEINIOOOMEHOM MEXAy MopeM H armocdepoit. 13
puc. 4 BUIHO, YTO CyMMAapHBII aJBEKTUBHBIN TEIUIOBOH OaaHC 3HAYUTEILHO MTPEBBIIIACT
TOJI0BOM TEIIOBOM OanaHc rmoBepxHocTr. CpeHuid 1o Beei ruromaay Mopsi ronosoit Th
MOBEPXHOCTH U3MEHsICA B HHTepBase oT —5 1o —10 TBT (cpenHee MHOroneTHEE 3HAYEHUE
—7,2 TBt). To ecth, mo HammM naHHBEIM, BM B cpemHem Tepsier 7,2 TBT B rox 3a cuer
TeruiooOMeHa Ha rpaHuiie Mope—armocdepa. CpeaHeroioBast TeIuIooTAa4a ¢ MOBEPXHOCTH
Mopsl yBennuuBaeTcst ¢ uHTeHcuBHocThI0 0,02 TBT B rog.

Pa3nuna Mexxay cyMMapHBIM aJJBEKTUBHBIM IIOTOKOM TEIJIa U CYMMAapHBIM TEIJIOBBIM
0aJaHCcOM MMOBEPXHOCTH (110 MOJYJII0) CTAHOBHUTCSI MeHbIEe co ckopocThio 0,2 TBT B rox
1 B OOJIBILICH CTETIEHM 33 CUET YMEHBILICHHUS a/IBEKTHBHOTO MTOTOKA TeIlIa. BrIpakeHHBIN
OTpUIIATENAbHBIN TPEH]] aJIBEKTUBHOIO MoToka Temia B BM ormeuaercsa ¢ 2010 r. Ipu
9TOM NIpeoOiaaHre KOJMYECTBA TEIUIa, IEPEHOCUMOT0 TEUSHUSIMU, HaJ TEeII00TAaueH
C TOBEPXHOCTU MOps1 coxpansiercs [29, 30]. AnsextuBHOE Teruio 3peKTUBHO TepsieTcs
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3a CUET MHTEHCHBHOTI'O TEIJIO00MEHa MEKy aTMoc(epoil 1 okeaHOM B TpaHunax bapen-
1eBa Mopsi. OTHaKo €ro MPUXOAUT HACTOIBKO MHOTO, YTO OHO TIPHBOIHT U K YBEJIIMUCHHIO
TETUIOOT/AAYH, U K HAOII0aeMOMY TIOBBIIICHHUIO TEMIIEPATyphl BOJ.
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Puc. 4. CpennHeronoBoii CcyMMapHBIH aJBEKTHBHBII TETIIOBOH OamaHC (CHHSS JIMHHUS); CPETHETON0-
BOIf CyMMapHBIii TeII0Bo# OalaHC MOBEPXHOCTH (OpaHXeBast IMHUS ); Pa3HUIA MEXK/Y CyMMapHBIM
a/IBEKTHBHBIM TEIUIOBBIM OAJIAaHCOM M CYMMAapHBIM TEILIOBBIM 0aaHCOM HOBEPXHOCTH, B3STHIM 10
MO0 (3eJIeHAast JTMHUS)

Fig. 4. The average annual total advective heat balance (blue line); the average annual total heat
balance of the surface (orange line); the difference between the total advective heat balance and
the total heat balance of the surface taken modulo (green line)

OuneHka n3MeHeHUs cpeiHeii TeMneparypbl Bojg bapenuesa Mmops

J1n1st oLleHKM M3MEHEeHUH cpe/iHel Temneparypbl Boabl BM Oblita mpuMeHeHa npocrast
OOKcoBast MOJIETIb, OTIMChIBacMas ypaBHeHueM (1):

Qa +QS :le’ (l)
rne (), — CPEJHEronoBoi aJBEKTUBHEIN TerioBoii 6ananc bapennesa mops, Br; O, —
CpeIHEerofloBoi TemI0Boil Oananc nosepxuoctu bapenuesa mops, Bt; Q,, — cpennero-

JIOBOW CyMMapHBII TeryioBoi Oananc bapennesa mopsi, BT.

INoxcrasnsis Q, u Q,, nojdyyaeM 3HaYE€HUE CPEJHETO0BOIO CyMMApHOI0 TEIIO-
Boro Gamanca bapenrieBa Mopst Ha BpeMeHHOM HHTepBaie 1993-2018 rr.: 13,5-10? Bt =
13,5 TBT. HopMupoBaH¥e 3TOro 3HaYEHHMSI Ha TUIOMIAIb TTOBEpXHOCTH BM (S = 1,424-10° km?

[31]), maeT cpenHeroqoBoe MOCTYIUICHHE TEIUTa K 00BEMY BOABI SAMHUYHOHN TUTOMIAN OT
MOBEPXHOCTH JIO JIHA:

0, = QT =9,5 Br/™. )

DTO0 U30BITOYHOE TEILIO TPaTUTCA Ha HAarp€B BOJAbI U TaAHUC JibAa:

0, =0,+0;, 3)
— AT
0 =pe,H—, 4)
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Qi =p,L— (%)

e Q’; — KOMIIOHEHTa CyMMapHOTO0 TEIUIOBOTO OajiaHca, 00ecreynBaromiasi i3MEHEHHE TeM-
neparypsl Bosibl, Bt/m%; Q:’ — KOMIIOHEHTa CyMMAapHOTO TETUIOBOTO OaaHca, 00ecreunBaro-
1tast (ha3oBbIe mepexospl, Br/m?%; c,= 3,99-10% Ix/kr/K — ypenbHast TEMI0EMKOCTh MOPCKO#
BOJIBI TIPH aTMOC(epHOM JIaBIICHNH, HYJICBOH TemIiieparype u coiaeHoctr 35 emc [32]; p =
1027,5 kr/M* — cpe/iHss MIOTHOCTh MOPCKOH Bozibl; p, = 920 Kr/M® — cpe/Hss MI0THOCTh
Mopckoro sbaa [33]; L = 2,97-10° J[x/kr — yhesnpHas TeIIoTa MIaBIeHHsS MOPCKOTO Jiba
nipu coneHoctu 10 enc [34]; H =230 m — cpenuss ryouna bM [31]; AT/At — cxopocTtb
M3MEHEHHS TeMIepaTypbl BoJbl; Af/At — CKOpOCTh HapacTaHus!/TastHUs Jbaa. 13 dopmyn
(4) u (5) moyyaroTCst COOTHOLIEHHS JJIs pacyeTa roJOBbIX U3MEHEHHUH CPEAHEH TOJIIMHBI
apaa (6) 1 cpenueit Temneparypsl Boasl (7):

Azyear - YQtot 61 (6)
p.L
— 1-
AT o =12V (1-1)Q, 8t 7
pc,H
e AZW, — CpellHEEe U3MEHEHHE TOJIIMHBI JIbJ1A 32 TOL; AT}W — CpellHee U3MEHEHNE

TEMIIEPaTyPBI BOIBI 32 TOM; Y — YacTh CyMMapHOTO TEIIOBOTO GajlaHca, KOTopas pac-
XOIyeTCs Ha TasiHue Jibaa; of = 3,536:107 — 1 rox (B cekyHmax).

0,44~

0,12- +

0,08 T
1892 1986 2000 2(04 ZOOrB 2012 2016 2020 2024
onbi

Puc. 5. PacueTHOE M3MEHEHNE CpeIHEN TOJIIMHEI JIbJA, CTASBIIETO B TEUCHUE Tojla HA aKBATOPHH
Bapennesa mops no nanubM peananusza GLORYS12V1

Fig. 5. Calculated change in the average thickness of ice that melted during the year in the Barents
Sea according to the GLORYS12V1 reanalysis
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Bemnunna Y ObLI1a OLICHCHA I10 CPpEAHEMY U3MCHCHHUIO TOJIMIWHBI JIbJa Ha BCell aKBa-

Topun BM 32 1o ( A/1 yeqr ) Ha BpeMeHHOM uHTEpBase 1993-2018 no naHHbIM peananusa
GLORYS12V1 [27]. Ans 3TOro B KaX/10M y3JI€ paCUETHOM CETKH peaHann3a oNpeaessiach
Pa3HOCTh MAaKCHMAJILHONH W MHHUMAJILHOM CPETHEMECSIIHOMN TOJIIMHBI JIbJa 3a KaXKIbIi
TOJl pacCMaTpUBACMOT0 BPEMEHHOTO MHTepBaja. Ilocie 3TOro BEMHUCIAIOCH 3HAUYCHHE

AN yeqr € YIETOM 3aBUCHMOCTH IUIOIIANY SUCHKH PacUETHOI CeTKH OT reorpaduuecKoii
mMPOTHI. Pe3ynbraTsl pacueTa mpea-cTaBIeHbl Ha PHCYHKE 5.

ToncranoBka cpeanero 3uauenns Allyear = 0,23 M B popmyiy (6) JaeT BeIMUHHY
v = 0,18, 4T0 MO3BOJSAET OLIEHUTH BO3pacTaHWe cpenHer Temmneparypsl bBM mo dhopmy-
ne (7) 8 0,28 °C/rox.

OO0cy:xneHue U BIBOAbI

CormacHo Npe/ICTaBICHHBIM B IAHHOW CTaThe W APYTUX IMyONnuKarusx [35] pesyib-
taram, B nocieanue 20-25 ner HaOMrOAaeTCs BO3pacTaHWe 3UMHEH TETIOOTIaYH C T10-
BepXHOCTH BM B X0JIOIHBIN CE30H, YTO BEIET K BO3PACTAHHIO 1O aOCOIIOTHON BEJIMUUHE
CPEIHEro To/10BOTO0 (OTPHUIATEIHHOI0) TEIUIOBOTO OajlaHca IIOBEPXHOCTH MOpsi. BeposTHbI-
MU ITPUYNHAMH 3TOTO SIBIISIIOTCSI COKPAIIEHHE IO/ JICSTHOTO ITOKPOBA U MTOBBIIICHUE
TeMIepaTypbl HOCTyIamux 13 HopBeKCKoro Mopst BOJ aTJIAHTHIECKOTO MPOUCXOKICHHS.
O06e yka3aHHbBIE TEHACHIIMU CHOCOOCTBYIOT YCHJICHHIO TypOyJICHTHOTO TIOTOKA TEIUIa U3
Mopsi B aTMoc]epy B XOJIOAHBIN CE30H, KOIJla TeMIleparypa IOBEpXHOCTH MOpsi OoJblIe
TEMIIepaTypbl IPU3EMHOTO CJIOSl BO3AyXa. B TO ke Bpems, COIIacHO JaHHBIM INPSIMbIX
HU3MEpeHNnil, CpeHsist To0Bast TeMIIepaTypa BOJbl BO BCEX OCHOBHBIX BOAHBIX Maccax bM
cyuectBeHHOo nosbicuiiachk Mexxay 2000 u 2016 rr. [1]. IlpuunHON Takoro pacxoxaeHus
TIPEATIONIOKHUTEIIBHO SBISCTCS BO3PACTAHUE aBEKTUBHOTO MOCTYIUICHHS TEIlIa, KOTOPOe
HE TOJBKO MOJHOCTHIO KOMIICHCHPYET YMEHBIICHHE TEMIIEPaTypbl BOJbI BCICACTBUE BO3-
pacTaHus TEIUIOOTIAYM Yepe3 MOBEPXHOCTh MOPS, HO W o0ecrednBaeT HaliomaeMoe
TIOBBIIIICHUE TEMIIEPATyPhI BOJIBI.

JUJI KOJTMYECTBEHHOM MPOBEPKH 3TOH THMIOTE3bI OblIa MPUMEHEHa YIPOLICHHAS
6okcoBas Mozenb bM, B KOTOpOii IO JaHHBIM aTMOC(HEPHOTO U OKEAHCKOTO PEaHaIN30B
ObUT paccunTaH CpeHU rooBoi OanaHc Temiia BM 1 Ha ero ocHOBE OIICHEHO M3MEHe-
HUE CpeiHeH TeMIepaTrypbl BOABI C YUE€TOM 3aTpar TeIlla Ha TasHHE JIba. BelmoaHeHHbIe
pacdeTsl TIOKa3aJlu MPEBbINICHNE YACTbHOTO (OTHECEHHOTO K 00beMY BOABI €AMHUYHOMN
TUTOIIAIN OT TIOBEPXHOCTH JI0 JHA) CPEAHETO0BOIO IIOCTYIUICHHUS TETUIA 33 CUET a/IBEKIUH
HaJ] TEIUIOOTAAYeH ¢ moBepxHOCTH Mopst Ha 9,5 Br/M?. C ydeTom 3aTpar Teruia Ha cpeHe-
rofoBoe TassHue 1612 (18 %), 370 N30BITOYHOE OCTYIIICHHE TeTlIa 00ECIICYHIIO PACIETHOE
noBbImeHne TeMneparypsl Boasl BM ¢ 1993 no 2018 1. co ckopoctsio 0,28°C/rox, nim
7 °C 3a 26 ner. IlonydeHHOE 3HaYEHHE JOCTATOYHO BEJIMKO, M BO3HMUKAET BOIIPOC, Ha-
CKOJIBKO OHO aJICKBaTHO PEalbHOCTH, TeM 0oJIee C y4EeTOM TOTO, YTO OHO TOJIyYEHO He IO
JAaHHBIM U3MEPEHUH, a MO JaHHBIM aTMOC(EPHOTO M OKEaHCKOTO PeaHaIn30B.

B crarpe [1] OblIa BBITOTHEHA OICHKA U3MCHEHUI CpeIHEN TeMIIepaTyphl B CeBe-
po-3anagHoii yactu bBM (77-79° c. 1., 25-45° B. 1.) AN TpeX BBIICICHHBIX IT0 BEPTHKA-
JIM BOTHBIX Macc: noBepxHocTHOU (0-30 M), mpomexyTouHo# apkrrdeckoit (30—-120 m)
n atnaatideckoit (120-250 m). CormacHo npeacrasieHHsM B [ 1: fig. 2a, b, ¢] rpadukam,
¢ 2000 no 2016 r. Bo3pacTaHue TeMIeparypbl BoJl B OBEPXHOCTHOM CJIO€ COCTaBHIIO
2 °C, B npomexxyrodHoM — 4 °C u B ammaatuueckoM — 1,5 °C. Takum obpa3om, cpen-
HEB3BEIICHHOE (C YYETOM TOJIIIMHBI CJIOEB) MOBBIIICHUE TeMIeparypbl Bog bM B nan-
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HOM paiioHe coctaBmio 2,46 °C 3a 16 JIeT, 9TO COOTBETCTBYET CKOPOCTH MOTEIUICHUS
0,15 °C/ron. Ilony4eHHas B JAHHOW CTaThe BETMYMHA MTOTEIUICHISI TPEBHIIIACT 3HAUCHIEC
n3 crarbu [1] moutn B 2 pa3a. HecMoTps Ha 3TO, Ha HAIIl B3NS, IIOJOOHOE PACXOXKACHHE
HE SIBISIETCS] KPUTUYHBIM, ITOCKOJIBKY, BO-TIEPBBIX, TEHICHIINH MTOTETIIICHUS 110 HATYPHBIM
JAHHBIM | I10 JAHHBIM PEaHaJIM30B COBNAJAIOT. BO-BTOPHIX, pe3yabTaThl, MOTyUYEHHbIE
B [1], oTHOCSATCSA K CpaBHUTEIHHO HEOONBIIOMY PaliOHy B CeBepo-3amagHoii yactu bM,
TOTa KaK HauOosee 3HaYMMbIe M3MEHEHUS! COCTOSHMS JISISTHOIO MOKPOBA M CBSI3aHHBIE
C TUM M3MEHEHHS TEMIEPaTyphl BOJ MPOU3OILIN B CEBEPO-BOCTOUHOI acTu Mops [6].

B 3akimoueHre MOJKHO CIENnaTh BBIBOJ, YTO NPEUIOKEHHAS! B JAHHOM CTaThe TMIOTE-
32 — O KOMIICHCAIIMN TEIUIONOTEPh ¢ MOBEPXHOCTH bM aJBEeKTHBHBIM MOTOKOM TEIIa —
CITIPaBEUINBA M KOIMUYECTBEHHO MOJATBEPXKIACTCS pacueTaMK Ha IPOCTOH OOKCOBOM Moz
(c TOUYHOCTBIO /10 TIOPSZKA BETMYMHBI) MO JAHHBIM aTMOC(EPHOTO U OKEAHCKOTO peaHaiu-
30B. HeoOxoammo Taroke OTMETHTB, 9TO, XOTs JaHHbIe peaHann3oB ERAS m GLORYSI12V1
aJICKBaTHO OIIMCBIBAIOT 0A30BbIE 3aKOHOMEPHOCTH HAOFOaeMO N3MEHINBOCTH ITapaMETPOB
OKeaHa, MOPCKOTO JibJia ¥ arMocdeps! B bapeHrieBoM Mope, MpUMEHeHHE 3THX JaHHBIX 0e3
TIPUBS3KH K JAHHBIM MPSIMBIX HAOMIONCHUH HE TapaHTHPYET MOITYYEHNs! PealbHbIX 3HAYCHUN
TH/IPOMETEOPOJIOTMIECKNX MTapaMETPOB U MPOM3BOJHBIX OT 3THX I1apaMETPOB XapaKTEPUCTHK.
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AnHorauus. Pasurue cynoxonctsa Ha CeBepHOM MOPCKOM ITYTH U TIEPEX0] K KPYIIIOTOUYHON TPaH3UTHOM
HaBUTaIllU} TPEOYIOT HE TONBKO CTPOUTEIHCTBA HOBBIX MOIIHBIX JIEJOKONOB U TPAHCIIOPTHBIX CY/I0B YCHIIEHHOTO
JIEZ0BOTO KJIacca, HO M Pa3BUTHS CHELMATN3UPOBAHHOTO THAPOMETEOPOIOTHIECKOr0 00eCIeYeHNs JIe0BOTO
TUTaBanus. [l aHasi3a CIy THUKOBOH MH(OPMALIMHK, pa3paboTKH 1 BaJHIALHH JIEOBBIX IPOTHO30B HEOOXOMMMBI
(akTHUECKHE CIIEIMATN3HPOBAHHbIE JAHHBIE O JIETHOM TOKPOBE Kak CPejie CyI0X0ACTBa. Takue JaHHbIE MOKHO
TOTyYHTh TOJBKO € 60PTa Cy/IHA, OJHAKO CHEIHANbHbIE HAyUHbIE SKCIIEUIMN B 3MMHUI IEPUOJ] OPraHU3yIOTCs
KpaitHe pezko. [l momyueHust HOBBIX JJaHHBIX O JIEASHOM TOKPOBE B PaliOHe HHTEHCHBHOTO CYJ0XOJCTBA —
B I0r0-3anaiHoi yactu Kapckoro Mops — aBaxisl B 2023 1 2024 rr. ObLIH OpraHW30BaHbI CTICIHATBHBIC CYI0BbIE
JIe7I0BbIE HAOMIOAEHHS Ha OOPTY aTOMHBIX JieokonoB (3kcremuimn «JIEJ[-CMII»). B pesynsrare pabot B pamkax
CIEIMAN3UPOBAHHOTO THIPOMETEOPOIOrHUECKOro 00eCeueH s HABUTaIlNH B I0T0-3amajiHoi yacTu Kapckoro
MOpsL 1 OJHOBPEMEHHO OCYILECTBIIAEMBIX B 3TOM ke paiione HayuHbIX sxcreautmii «JIEJI-CMID» 6110 BEIBICHO
CYIIECTBEHHOE BIMAHUE TEXHOTEHHOr0 (haKTOpa HA M3MEHEHHS B CTPOEHHH H JAMHAMHKE JEITHOTO MOKPOBA.
B 3umHe-BecenHuii mepuos B 10ro-3anagHoi yactu Kapckoro Mopst HCHONB3YIOTCA [1Ba OCHOBHBIX MapIIpyTa
naBaHus: yepes nponus Kapckue Bopora min k ceBepy ot mbica JKenanust. B 2024 1. croxunach yHUKaIbHas
HAaBHTAIlMOHHAs 00CTaHOBKA — BECh IIOTOK CYJ0B C HAualIa anpes Obl HanpaBieH yepe3 MbIc XKemanus u3-3a
CIIOXHBIX YCIOBHIl JIE0BOTO I1aBaHUs K BOCTOKY oT mponuBa Kapckue Bopora. Ilpu cocraBnennn crenu-
QTM3MPOBAHHBIX JONTOCPOUYHBIX JIEOBBIX MPOTHO30B OBIIO 00HAPYKEHO, UTO MOCIIE MEPEHAMPABIEHHS BCETO
TOTOKA CYJOB IO OJHOMY MapIIpyTy M3MEHMJICS €CTECTBEHHBIH XOJ MPOLECCOB B JEAIHOM mokpose. Eciu
B HayaJie 3UMHe-BeceHHero nepuona 2024 . cutyaius pa3BuBagach aHaIOTMYHO TOH, KOTOpas Habmonanach
B T10I00paHHBIX TOJaX-roMOJIOrax, To B KOHIE CE30HA OHA H3MEHHUIACh H CTaja OTIMYATHCS OT ECTECTBEHHBIX
TPOILIECCOB, XapaKTEPHBIX I JAHHOH akBaTOpi. Bo Bpems CrielabHbIX CY/I0BBIX JIEIOBBIX HAOMIOAEHH I ObLTH
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OTMEYEHBI CyIIECTBEHHBIE H3MEHEHIS B CTPOCHHH MOPCKOTO JIb/[a Ha BceM MpOTshkeHnH 0T OOCKO# ryObl K MBICY
JKenanusi, 4T0 TODKHO CKA3BIBATHCS M HA CKOPOCTH JBIKCHHS CY/IOB B TAKKX JbJaX. B naHHO# paboTe mpuse-
JICHBI IEPBUYHBIC PE3YIBTATHI aHATN32 IOy 4eHHBIX B dkcnenuimu «JIEJI-CMII-1/2024» naHHBIX 1 OTICaHIEe
TOJICITy THUKOBOTO YKCIIEPHMEHTA, PE3yIETAThl KOTOPOTO B AANbHEHIIIEM TT03BOIISAT OLPEIEIUTD CTENCHD BITHSHHS
TEXHOTCHHOTO (haKTOpa Ha XapaKTEPHCTUKH MUKPOBOJHOBOTO H3/yUEHHUs [IOBEPXHOCTH JIEISHOTO IIOKPOBA.

KitroueBble ci10Ba: 1€10BO€E MIIaBaHKE, JIEA0BBIE POTHO3BI, MUKPOBOIHOBAS PaAHOMETPHSI, OACITYTHHKOBBIN
SKCTIEPHMEHT, CTIEIMATbHbIE CYOBbIE TeI0BbIE HAOMIONEHHS, CTPOSHIE MOPCKOTO JIbJa, TEXHOTEHHBIH (hakTop
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Abstract. The development of the Northern Sea Route and the beginning of year-round transit shipping require
not only the production of new icebreakers and ice-class vessels, but also the development of a specialized
hydrometeorological support system for ice shipping. For the analysis of satellite data and the development and
validation of ice forecasts, actual field data on the ice cover is required. This data can only be obtained from
shipboard observations; however, scientific expeditions are rarely organized during the winter. In order to obtain
new data over the area of intensive shipping, two expeditions were organized on board of nuclear icebreakers
in the southwestern Kara Sea (“LED-SMP” expeditions) in 2023 and 2024. Specialized hydrometeorological
maintenance of ice shipping in the southwestern Kara Sea together with the research expeditions “LED-SMP”
carried out in the same place and time on board the nuclear icebreakers revealed the influence of the technogenic
factor on the sea ice structure and dynamics was revealed. In winter and spring, two main routes are used for
navigation in the southwestern Kara Sea: through the Kara Gate Strait and north of Cape Zhelaniya. In April
2024, a unique situation occurred when, due to the difficult ice conditions east of the Kara Gate Strait, the entire
ship traffic was directed north of Cape Zhelaniya. In preparing a long-term ice forecast, it was noted that after
the redirection the natural development of ice processes changed. At the beginning of the winter period 2024,

324 IIpoonemvr Apxmuxu u Aumapxmuxu. 2024;70(3):323-337.



T A. Alekseeva, S.S. Serovetnikov, E.I. Makarov, V.A. Borodkin, D.M. Ermakov, V.V. Tikhonov et al.
The influence of heavy shipping traffic on the structure and dynamics of sea ice...

the sea ice conditions developed in a way similar to those observed in the selected homologous years (years
with similar scenarios of sea ice conditions development), however, at the end of the winter period they became
different from what was typical of this water area. In performing shipboard observations, significant changes
were noted in the sea ice structure along the entire route from Ob Bay to Cape Zhelaniya, which could also affect
the speed of ships in such ice. The paper reports preliminary findings from analysis of the data obtained during
the “LED-SMP-1/2024” expedition. Also, a description is given of a sub-satellite experiment the results of which
should later enable us to determine the technogenic impact on the microwave radiation of the sea ice surface.
Keywords: ice forecast, man-made factor, microwave radiometry, sea ice navigation, sea ice structure, shipboard
ice observations, sub-satellite experiment
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BBenenue

OpnHOM M3 HEOOXOANMBIX COCTABIISIOMINX VISt JOCTHKEHUS d(PPEKTUBHOCTH U 0e3-
OIIaCHOCTH JieoBoro 1iaBanus 1o CesepHomy Mopckomy myTt (CMIT) siBnsercst xa-
YECTBEHHOE CIIEMAIIM3UPOBAHHOE T'HIpoMeTeopoiiorudeckoe obecrieuenue (CI'MO).
B rpyzonepesoskax no CMII, kak anbrepHaTUBHI MyTH M1aBaHus yepe3 Cys1kuil kaHai,
3aMHTEpECOBaHbl MHOTHE cTpaHsbl [1-3]. Baxknelmum Hanpasnenuem passutus CI'MO
B HACTOSIIIEE BPEMS SIBIISICTCS YCOBEPIICHCTBOBAHHE CYIIECTBYIOIMINX M pa3paboTKa HOBBIX
JIOJITOCPOYHBIX JIEAOBBIX TPOTHO30B, KOTOPBIE MO3BOJISIOT 3201ar0BPEMEHHO IIIAHHPOBATh
Mopckue ornepauny. HecMoTps Ha TO, 9TO B CTPOI BBEJCHBI HOBBIE MOIIIHBIC ATOMHBIE JIe-
JIOKOJIBI M TPAHCHOPTHBIE Cy/a YCHIICHHOTO JISIOBOTO KJIacca, KPYIIIOTOANYHAast TPaH3UTHAsS
Hasuranus no CMII o cux mop He ocymectsusiercs [4, 5]. Ha Bcem nporskenun CMII
CYIIECTBYET HECKOJIBKO yJacTKOB C HEOIAroNPHATHBIMH yCIOBUSIMH JIEZOBOTO ILTABAHUS
B 3UMHE-BECEHHUI MepHOJL JUTS JTIOOBIX THIIOB CylOB. J{0JIroCcpoYHbIE JIeI0BbIE TPOTHO3BI
ONTUMAJIbHBIX BAPHAHTOB IUIaBaHUS TTO3BOJISIIOT 3apaHee MpeacKa3aTh MepHObl, KOria
B TPYAHOIIPOXOJMMBIX paliOHaX OXKHJIACTCS TIOSIBJICHUE Pa3phIBOB M OTCYTCTBHE CHKATHH.
Hawubosnee BocTpeOoBaHbI TakKe MPOTHO3BI B TEX palOHax M JUIA TeX HEPHOJOB, ISl KOTO-
PBIX TPAKTHYECKH HET CHENNAIN3NPOBAHHBIX HATypPHBIX AAHHBIX 00 YCIIOBHSX JIEIOBOTO
TUIABAHUS, TTOJYYaeMbIX ¢ OOpTa CyZ0B M HEOOXOIUMBIX ISl BaJUIAIMU IPOTHO30B.

B 2023 . ApKTHUYECKUM 1 aHTAPKTUYECKUM Hay4YHO-UCCIIE0BATEIbCKUM HHCTUTYTOM
(AAHUMN) Gp1ma HavaTa ceprst SKCICAUIIIA Ha OOPTY aTOMHBIX JIGIOKOJIOB B FOT0-3aITaTHON
yactu Kapckoro mopst [6]. Llenbro 3Tux sKcreanuii iBIisiach MOAroTOBKA MOJIOABIX CIIELH-
QIIMCTOB JUIS1 BOCIIOJHEHUS SKCIEANIIMOHHOTO Ka/IpOBOTO COCTaBa M IIepeiady OMbITa CIICIH-
QJIBHBIX CYJIOBBIX JIEIOBBIX HaOmoaeHuid. Crucrema Taknx HaOMoeHni Oblta pazpaborana
B AAHUMU eme B cepenuae XX B. C 2004 1. nenoseie HaOmonenns AAHWU cocrosr u3
JIByX BHOB paOOT: HETIPEphIBHBIC BU3YyaJIbHbIC JICIOBbIC HAOMIONCHNUS 32 XapaKTEePUCTH-
KaMH MOPCKOTO JIbJa TI0 ITyTH U MO palioHy JABMKEHUS CyaHA [7] U U3MEPEHUS TONIIHMHBI
JBJIa U BBICOTHI CHETa C MTOMOIIBIO CyoBoro TeneBu3noHHoro komiuiekca (CTK) [8, 9].

OHOBPEMEHHO C MTPOLIECCOM MOATOTOBKH CIIEUATUCTOB B XO€ MEPBOM IKCIETULINT
B 2023 1. OBUTO BBISBIICHO, YTO Ha3peia HEOOXOIUMOCTh KOMIDIEKCHOTO TIEPECMOTpa BCCH
CHCTEMBI CIICIUAIBHBIX CYJOBBIX JICOBBIX HaOmoneHuid. Takne HAOIIOACHUS TOIKHBI
OCYLIECTBIISITbCS B TECHOM B3aUMOCBA3HM ¢ 3aauamu pa3zutusi CI'MO. B ocHoBe HOBOro
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TOJIX0/a TOJDKEH OBITh ITAHUPYEMBIH SKCIIEPUMEHT, TO ecTh (hopMa H coCTaB HHPOpMa-
[IUH, TTOJTydaeMoi Ha OOpTy CyIHa, TOJDKHBI COOTBETCTBOBATH 3anpocam CI'MO (Hampu-
Mep, ISl OTIEPaTHBHOTO YTOYHEHHUS JICOBIX IIPOTHO30B). DTO B CBOIO OYEPEIb BEIIBHIIIO
HeoOxomuMocTh nanbHeimeit monepuusanmu CTK: ero ucnoiap30BaHUs IS IOy YeHHS
nH(pOpPMaIMK O CTPOSHUU JIbJa MPHU JBIKCHUU CYIHA, YTO OTKPHIBAET BO3MOXKHOCTH
IUTSA Pa3BUTHSA HOBOTO HAYYHOTO HATPABICHUS — OMPEACTICHHUS OCHOBHOTO U JIOKATBHBIX
cueHapueB (popmupoBanus mpaa. [lonpoOHBIE pe3ynbTaThl Pa3padoTOK, MPOBEACHHBIX
B iepBoit sxcnenummn «JIEJ-CMII-1/2023», npeacraBieHs! B padote [6].

B xone ananmuza momydeHHBIX B dkcneannun «JIEJ[-CMII-1/2023» naHHBIX BO3-
HUK PsJ BOIIPOCOB, KOTOPHIE MPUBEIN K HEOOXOIUMOCTHA TOCTAHOBKH HOBBIX HCCIIE-
IOBaTeNbCKUX 3amad. B mocnenytomeit skcnienqunnn «JIEJ-CMII-1/2024», xoTopas
cocTosnack B anpene—Mae 2024 r., Opla pacmimpeHa HaydHas IporpamMma padoT: uc-
monp30Banack Moaepan3upoanHas Bepcus CTK mist oTpaboTku HOBOI TEXHOIOTHH
MTOIYYeHUS TaHHBIX O CTPOCHUM JbJa MPHU IBIKEHUU CYIHA, a Takke OB MPOBEICH
HOBBIN TIOJCITyTHIUKOBBIN dKCIIepuMeHT. CBOIO KOPPEKTHPOBKY B IMPOTPAMMY HCCIIe-
JIOBAHWH BHECIH U 0COOEHHOCTH BeceHHel HaBuranmu 2024 1. B 1oro-3amagHoi 9acTi
Kapckoro mopsi. M3-3a cioxHBIX yCiI0BU IlaBaHUsl B pailloHe nponuba Kapckue
Bopora Bech motox cynoB u3 bapernmeBa mops B mopTel Kapckoro mopst u 0dpaTHO
npoxoaw yepe3 Mbic JKenanus. B palioHe 0CHOBHBIX HAaBHTAIIHOHHBIX TPacC BO3HHUK-
JU YHHUKaJTbHBIC YCIOBHS (POPMUPOBAHUS MOPCKOTO JIbJIa BCIEACTBHE TEXHOTCHHOTO
BIUSHAS OOJNBIIOTO ITOTOKA TPY30BBIX CYIOB M JIETOKOJIOB. DTO BBI3BAJIIO M3MCHCHHUS
B CTPOCHHH MOPCKOTO JbJa B IOTO-3amagHoil yacTu Kapckoro Mops, ATHHAMHUKE JeIs-
HOTO TIOKPOBA W, KaK CJEICTBHE, IOBIUSIO HA TOYHOCTD JICAOBBIX IIPOTHO30B. Llenpio
MAHHOHM pabOoTHI ABIAETCS MPEACTABICHUE MMEPBUYHBIX PE3yIbTaTOB aHAIH3a JTaHHBIX
CIIEUANIBHBIX CYIOBBIX JIENOBEIX HabmomeHuil B skcrenunun «JIEJ-CMII-1/2024»
¥ OMHCAHWE MOJICITYTHUKOBOTO SKCIIEPUMEHTa KaK OCHOBBI IS JaNbHEHIINX HCCIe-
OBaHU W3MECHEHUH B JIEAOBOM U THAPOJIOTHYCCKOM pPEKUME FOTO-3aMaJHON JacTH
Kapckoro mMopsi, CBSI3aHHBIX ¢ HHTCHCUBHBIM CYJOXOACTBOM.

Oxceneanuus «JIEJ-CMII-1/2024»

CrienmanbHBIE CyIOBEIE JienoBbIe HaOmroneHus B 2024 T. BRINOIHSUTUCH Ha OOPTY
ATOMHOTO JiefoKoMa «SIMaimy. MapiipyT SKCHEAUIMY PEACTABIeH Ha puc. 1. Dkcneauus
«JIEJ-CMII-1/2024» mpoBoxniack BO BpeMs ceMu pelicoB Jemokona oT OOCKoi Try0s
K MbIcy JKenanust © 0OpaTHO BO BpeMsl IITATHOW pabOThI JISTOKOA 110 [TPOBOJIKE CY/I0B
Ha Tpaccax CMII.

Puc. 1. Mapupyrt sxcnemuuun «JIEJ-CMII-1/2024» Ha
00pTy aTOMHOTO JIeZI0KoIa «SIMa» B 1oro-3anajiHoil yacT
Kapckoro mops B nepuon ¢ 19 anpens o 20 mast 2024 1.
Peiicer: Ne / — 19-21 anpens, Ne 2 — 22-26 anpeus,
Ne 3 — 26-29 anpensi, Ne 4 — 29-30 ampenst, Ne 5 —
01-06 mast, Ne 6 — 07-13 mast, Ne 7 — 16-20 mas 2024 1.
Fig. 1. The routes of expedition on board the nuclear
icebreaker Yamal in the southwestern Kara Sea during
the period of April 19 to May 20, 2024. Routes of Yamal.
No. I — April 19-21, No. 2 — April 22-26, No. 3 — April
26-29, No. 4 — April 29-30, No. 5 — May 01-06, No.
6 — May 07-13, No. 7 — May 16-20, 2024
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Ocob6ennocTn Hapurannu 2024 r. B 1oro-3anaanoii yactu Kapckoro mopst

C anpens 2024 r. B roro-3anmagHoi gacti Kapckoro Mops ClIOXniIack YHUKaIbHAS
HaBUTAI[OHHAsT OOCTaHOBKA, KOTOpasi He HAaOIIOANach ¢ Hadajga KPyIJIOTOAWIHOTO 0e3-
JIETOKOJIFHOTO TIJIABAHUSA B OTO-3amajHON 9acTH Kapckoro Mops B TEUEHHE MOCIECTHUX
20 ner. Mudopmammst 0 MECTOMOJIOKEHUN CYIOB perymsapHo moctynaer B AAHUU u3
TUCTIETYEPCKUX COOOIIEHNUH C CY[OB JIEIOBOTO Kiacca, pyHKnuoHupyomux Ha CMII,
a TaKXe U3 Pa3IuIHbIX UCTOYHUKOB AVIC — aBTOMaTH4eCcKoW MACHTU(DHUKAIMOHHON
cuctemsl (https://www.marinetraffic.com/ u https://maritime.scanex.ru/). 1 anpens 2024 1.
yepes nponuB Kapckue Bopora u3 Kapckoro mopsi B bapeniieBo Boiiien TaHkep « Muxaui
Jlazapesy, neurasce n3 O0cKoii ryosl B mopT MypMaHCK, 1 TIOCKIE 3TOTO peiica MapuIpyThl
BCEX CyIOB IIposierany yepes Mbic JKennaHnus, Tak Kak B paiioHe nponusa Kapckue Bopora
B ampesie CIOXKIIUCH HeONaronpHsTHRIC YCIOBHS JJIS JEJOBOTO IJIABAHUS.

C TOYKH 3peHUS THAPOIOTHIECKOTO U JIEAOBOTO pexknma B Kapckom Mope BbIIesns-
FOTCS IBA PE3KO Pa3IHYAIOMINXCS pailoHa — FOT0-3aMaHasi U CeBEpO-BOCTOYHAS YACTH.
B roro-3anmasHo# yacT B 3MMHUI MEepHOA HAOMIOAAIOTCS MPEUMYIIECTBEHHO OHOJICT-
HHUE CpemHue JbbI (auana3on TomuHabl 70—-120 cM), a B TeTHHHA neproa GopMupyercs
HoBozemenbckuii nensiHoi MmaccuB. B ceBepo-BOCTOUHON YacTH MOPSI B 3UMHHE 11€pHOJT
HaOTIONAIOTCS IPEHMYIIIECTBEHHO OHOIETHHE CPETHIE M TOJICTHIE JIBIBI (TOIINHA OoJiee
120 cm), a B netHu#t mepuox dpopmupyrorcs CeBeposemensckuit u Kapekunit CeBepHbIi
nenstabie MaccuBbl [10]. [eorpaduueckas rpanniia paifoHOB TPOXOANT IO JIMHUH, COSIH-
Hsttoted Mbic JKenanus u ocTpoB JIMKCOH. 31eCh e MPOXOANUT U €CTECTBEHHAs IpaHuIa
paifioHOB, PAaCHOIATAIOIIANCT MEKAY CEBEPHON OKOHEUHOCTHIO apxunenara Hosas 3emis
1 MENKOBOAHOH dacThio OOb-EHMCelickoro paiioHa, TJe 4acTo (GOPMHUPYIOTCS B MEPH-
JIMOHAJILHOM HampaBJICHUH Pa3phIBBI U pa3Boibs [11]. ITa 0COOEHHOCTH JI€T0BO-THAPO-
JIOTHYECKOTro pesknMa Kapckoro Mopst Bcerna MCIONb3yeTcs P peain3alii JeI0BOTO
TaBaHus Ha Tpaccax n3 OOckoif ry0sr m Enunceiickoro 3anmBa yepe3 mbic JKemanwus.
Opnaxo B anpernie 1 B Mmae 2024 1. mepexo JIeI0BOTO TUIaBaHUs ObIT pealn30BaH UCKITIO-
YUTEIHLHO TI0 3TOH Tpacce. TakuM o0pa3om, JeITHON TTOKPOB IO ATOW TPacce MOIBEPTaCs
3HAYUTEIIFHO OOINBIIEH TEXHOTCHHOHN Harpyske, 4eM B MPEIbIAYIIIE TOABI, YTO BHI3BAJIO
HEOOXOTMMOCTh MCCIICIOBAHUS BIMSHUS TaHHOTO SIBICHHS HA JIEJOBO-THIPOIOTHIECKHINA
pexuM Bcero Kapckoro mopsi.

B AAHUM pa3paboran u yTBepkaeH LIeHTpanbHOH METOANIECKON KOMUCCHEH 10 TIPo-
rao3aM Pocruapomera B 2020 1. «MeTof criennaIn3npoBaHHOTO TIPOTHO3A JIEI0BO-IKCILTyaTa-
[IMOHHBIX XaPAKTEPHCTHK 0E37II0KOIBHOTO IUTABAHKS COBPEMEHHBIX THIIOB CYIOB II0 TPaccaM
CMII 3abmaroBpemenHOCTEIO 10 1 Mecsimay (https://method.meteorf.ru/cmkp/2020/dec20.pdf).
C momomIpi0 JAHHOTO METO/a Pa3padaThIBAIOTCS JOITOCPOYHbIE TPOTHO3B! YCIOBHIT I€IOBOTO
IUTaBaHKS Ha OCHOBE OMpEIeNeHUs TOH0B-ToMoIoroB [ 12]. IyTeMm npuMeHeHns: JaHHOTO MeTozia
OBLTO BBIJEICHO H MPOAHATM3UPOBAHO HECKOIBKO TOJOB-TOMOJIOTOB U AHTHIIOJOB TI0 YCIOBUAM
Jen0Boro TiaBanus i BecHbl 2024 . Ha puc. 2 mpencTaBiaeHbl KapThl aBTOMATHUECKOTO
OTIpeIIeNeHNUS CIUIOYEHHOCTH Jbaa o axroput™y ASI (pagnomerpst AMSR-E u AMSR2, Bep-
cus 5.4, pasperienne 6,25 kM, https://data.seaice.uni-bremen.de/databrowser/) ms 22 anpens
2024 1., aByx romos-romosnoroB 2006 u 2015, a taxke 2023 1. — aHTHIONA.

Ha pwuc. 2 BuaHO, uTo B Togax-romoinorax (2006 u 2015) BeIsIBIsETCS ITaBHOE OTIHIHE
JIeIOBO-THAPOIOTHIECKOTO peskuma 2024 T. — OTCYTCTBHE BBHIPAKCHHBIX TMHAMHYECKHX CTPYK-
Typ B foro-3amajaHoi yacti Kapckoro Mops. B 2023 1. Takue CTpyKTYpHI B F0T0-3aI1aTHON YaCTH
Kapckoro mopst xopormo BeIpakeHsl. Ha puc. 3 mpeacTaBieHsl Takue ke JaHHbIE IS HIOHS.
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Puc. 2. Kaprsl pacmpenenenust cruioueHHOCTH Mopcekoro sibaa (https://data.seaice.uni-bremen.de/
databrowser/) B Kapckom mope 22 anpeist 2024 t. (a); 2006 (6) u 2015 (8) (romosnoru); 2023 1. (2)
(aHTHIION)

Fig. 2. Sea ice concentration maps (https://data.seaice.uni-bremen.de/databrowser/) on April 22 of
2024 (a), 2006 (6), 2015 (8) (homologous years), and 2023 (¢) (antipodal year)
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Puc. 3. Kapter pacnpeneneHus criodeHHOCTH Mopckoro sbaa (https://data.seaice.uni-bremen.de/
databrowser/) B Kapckom Mope 22 utonst 2024 1. (a); 2006 (6) u 2015 (8) (romomnorn); 2023 1. (2)
(anTHIION)

Fig. 3. Sea ice concentration maps (https://data.seaice.uni-bremen.de/databrowser/) on June 22 of
2024 (a), 2006 (), 2015 (8) (homologous years), and 2023 (e) (antipodal year)
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Puc. 4. MapipyThl ITaBaHHs JIEAOKOIOB U CYIOB JISOBOTO Kiacca Arc7 B FOro-3anaHoil 4acTu
Kapckoro mopsi ¢ 19 anpesst o 20 mas 2015 (a), 2023 (6) u 2024 (8) T

Fig. 4. The routes of icebreakers and Arc7 ice class vessels in the southwestern Kara Sea from April
19 to May 20 of 2015 (a), 2023 (6) and 2024 (s)

Ha puc. 3 OTYETIIMBO BUAHO, YTO B UIOHE HU B OAHOM M3 I'OAOB-I'OMOJIOI'OB YK€ HE
NPOCIIeKUBACTCS IMHAMUKA JieAsiHOTO 1okpoBa 2024 . [Ipu aTom HabmonaeTcst xopoiiee
NPOCTPAHCTBEHHOE COOTBETCTBHE B PACIIPE/IC/ICHUH CIUIOYEHHOCTH Jibjia. To ecTh JUHAMU-
Ka MOPCKOTO JIbJIa B Foro-3amnaHoi yactu Kapckoro mops o anpens 2024 r. pazBuBaiach
O CIIEHApHIO TO/I0B-TOMOJIOTOB, @ 3aTeM, B UIOHE, II0CJIE HHTEHCUBHOTO CYJIOXO/ICTBA O
OJTHOMY MapIIpyTy IUIaBaHUs CIICHApuil u3MeHuics. HabmonaemMpie M3MEHEHHS TPUBEITH
K BOSHUKHOBEHHIO TMIIOTE3bl O HAJIMYMU TEXHOI'€HHOTO (paKkTopa, BIMSIOIIETo Ha JIeJ0BO-
ruposornyeckuii pexxum Kapckoro mopst.

IlepBoe npearnonaokeHue 0 BO3MOXKHOM BIMSIHUY TEXHOI'€HHOW HArpy3KU Ha JIeIHOU
nokpoB Kapckoro Mopsi B CBsI3M €O 3HAYMTEIbHBIM YBEJIMUEHHEM Cy1oxoicTBa B 1. Caberra
B 3MMHE-BECCHHUI mepuos Obu1o caenano B 2018 . mpu JIeJ0BOM FHIPOMETECOPOTIOrHYC-
CKOM 00ecCIeYeHUH 3UMHE-BECEHHHX MOPCKUX omnepanuii 1 00CyKIAeHUH 0COOCHHOCTEH
Iu1aBaHus € Cy1OBOAUTCIIAMU. Toma 6])1]'10 OTMEYCHO, YTO JMHAMHUKA JICAAHOI'O IIOKPOBa Ha
Tpaccax yepe3 Mbic JKeslaHusi HE COOTBETCTBYET €r0 €CTECTBEHHBIM IIPUPOIHBIM 0COOEH-
HOCTSIM, a HAIlIOMHUHAET IpeoOpa3oBaHHyI0 TeXHOreHHYto cpeny. Pakruuecku 2018 rox He
ABJISIETCA NPUPOIHBIM TofoM-romonoroM 2024 rojga, HO IpU aHAJIN3E YCIOBUH JI€IOBOTO
IJIaBaHUsI B HEM 6])1.]'11/1 BBIABJICHBI TOMOJIOTHUHN B PCAKIIUU JICAOBO-THAPOJIOTMUCCKOTO PEKU-
Ma Ha TeXHOI'€HHYIO Harpy3Ky. [10/100HbIe NPOsBICHHS TPEANOIAraIuch U B MOCIIEIYIOIIIEe
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ronbl, HO Hanbonee spko nposBwianch B 2023 u 2024 TT. ¢ momydeHHeM JI0Ka3aTeIbHON
6a3bl B BUJIE CIIENINAIN3NPOBAHHBIX HATYPHBIX JJAHHBIX ¢ OOpTa aTOMHOTO Jieiokona. [
WIITIOCTPALMK HHTEHCU(HUKALIMK CYJJOXO/ICTBA B IOT0-3anaaHoi yactu Kapckoro Mopst Ha
puc. 4 pencTaBIeHBl MapIIPYTHI ITaBaHUsA cyaoB B 2015, 2023 u 2024 rT. 32 MECSYHBIH
MIEPHOI, B TeUYeHUE KoToporo mmmnachk skcreaunus «JIEJ-CMII-1/2024» (19 anpemns —
20 mas). 2015 rox BeIOpaH Kak 0oJiee paHHUI TOA-TOMOJIOT C MEHEe HHTEHCHBHEIM CY/IO0-
xoncTBoM. B 2023 1. ”HHTEHCUBHOCTB CYIOXOACTBA 3HAYUTEIEHO BO3POCIIa, HO MapIIPyTHI
TUTaBaHUSI PABHOMEPHO PACHPEACISUINCH 110 JIByM HaBUTallMOHHBIM TpaccaM — depes
npomuB Kapckue Bopora u gepe3 mbic XKemanus. B 2024 . Bce MapmipyThl IPOXOAHIH
yepe3 Mbic JKenanust, kpome onHOro peiica rankepa «Muxaun JlazapeB», yIOMSHYTOrO
B HavaJie JJaHHOTO pa3Jena.

CoXXuBIIMECs YCIOBHS PUBEIN K (POPMUPOBAHUIO YCTOHYMBON TPYIHOIPOXOAUMON
TIOJIOCHI JIbJIa MeXy 73—76° c. 1. u 71-73° B. . JIBIKeHHe CYA0B Yepe3 MHOTOKPATHO KO-
JIOTBIH, pa3apoOIEeHHBIA i CMEP3IIHUIACS JIe] B ATOU ITOJI0CE TIPOMCXOAMIIO C CYIIECTBCHHBIM
CHIDKEHHEM CKOPOCTH 10 3HAUCHNH MeHee 4 y3JI0B, 3aKIMHUBAHUEM U PabOTON ynapamu.

OT1paboTKa TEXHOJIOTHH MOJTY4YEeHHSsI JAHHBIX 0 CTPOEHHH Jb/a
NnpH ABHKeHUH cyaHa ¢ nomoubio CTK

B 3ajaum sKcrieMIny BXOAMIO UCCIIEIOBAHNE HEKOTOPBIX 0COOCHHOCTEH CTPOCHHMS
npaa no nanHeiM CTK B paiioHax ¢ MOBBIIEHHONW YacTOTOM pa3pylIeHUs JEeISTHOTO IMO-
KpoBa B pe3ysbTaTe TEXHOICHHOTO BO3eicTBUs. [Ipu IBMKEHUH JI€JOKOJIa C MTOMOIIBIO
CTK BbINONHSIIACH ChEMKA BBIBOPOTOB JIBJIUH, IMO3BOJISOIIAS 3a(DUKCUPOBAThH TOJIIIIH-
HY JIbJIa, TEKCTYPHBIM PUCYHOK BEPTUKAIBHBIX CPE30B JIEASHOTO MOKPOBA, B TOM YHCIIE
U CJIOUCTOCTH (pHC. 5).

Puc. 5. ®otorpadust BEIBOPOTOB JIbAa y OOpTa BO BpeMs IBIDKEHHS a/1 «SIMaa» B [Oro-3ammamaHoi
yactu Kapckoro mops

Fig. 5. The photo of ice floes that turned up along the hull of the icebreaker “Yamal” as it moves in
the southwestern Kara Sea
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Ha ¢otorpadusix TeKCTypHBIX PHCYHKOB BEPTHKAJIbHBIX CPE30B (PMKCHPOBAIACH
MOBBIIIEHHAS CIIONCTOCTH OTHOCUTENIFHO €CTECTBEHHOTO HapacTaHMs JIb/la B IPUPOTHBIX
YCIIOBUSIX, YTO OJJHO3HAYHO OOYCIIOBJICHO TEXHOTCHHON HAarpy3koil B palioHe mccie-
JIoBaHUH. PerymnspHoe pa3pylieHue JIEASTHOTO OKPOBa MPH JIBIKEHUH CYJOB IO ITyTH
CIIEIOBAHMS U MOCIIEAYIOIee 3aMep3aHue 00pa30BaBIINXCS OOJIOMKOB CTUMYIHPYET
00pa3oBaHME HOBBIX CIOEB Ha HIDKHEH I'paHMIE JIbJa, BOSHUKIINX B PE3YJIBTAaTe 3THX
nporneccoB. CyIecTBEHHYIO pPoiib B (POPMUPOBAHUH CIOUCTOCTH JIbJIa UTPAET HAJINUNE
CTOKa MPECHBIX BOJI CYIIH, KOTOPBIE BBEITECHSIOT COJICHYIO MOPCKYIO BOJY, 00pa3yst oo
JBJIOM CJIOH pacipecHeHHOH BO/bI. [Ipy ABMKEHNM CyZI0B BpAIllCHHEM BUHTOB OCYILECT-
BIISICTCS TIEPEMEIIBAHIE CJIOEB BOJIbI, IMEIONINX PA3IMIHYIO COJICHOCTh U TEMIIEPATYDY.
B 5TuX yCcnoBUSIX MOXKET BO3HHUKATh IIEPEOXITAKICHUE BOAIBI, TPUBOAAIIEE K 00Pa30BAHHIO
BHYTPHBOJHOTO JIbAa ¥ OOJIMIIAHNIO KOPITyca CYJOB IIYyTOBEIM JIbJJoM. CMOpaknuBaHHe
IIyTH TPOUCXOANT HE TOJBKO Ha KOPITyCe Cy/IHA, HO M HAa HWKHEH IMOBEPXHOCTH JIbJA,
co3/aBast JOIIOJIHHUTENBHBINA CIIoH. BO3MOXKHO, mepeoxiIakaeHne BOJIbl HA MEJIKOBO/IbE
CrocoOCTByeT 00pa30BaHUIO JTOHHOTO JIbJA, KOTOPBIH, 3aXBAThIBAasi MEJIKHE YaCTHUIIbI
TPyHTa, MOJHUMACT UX K HWKHEH TPaHUIIE JEJTHOTO MOKPOBA, GOPMUPYS HMPOCIOHKH
C MUHEPAJIBbHBIMU BKIIIOUEHHSIMH.

B axcnenmmrm «JIE[-CMII-1/2024» ocymiecTBIsAI0Ch H3MEPEHHE CONCHOCTH 3a00pTHON
BOJIbI. TeXHHUECKHe 0COOCHHOCTH CHCTEMBI 3200pa MOPCKOH BOZBI Ha JIEAOKOJE TTO3BOJISUIN
TIOJTy4aTh TOIBKO OCPEHEHHbIC 3HAYCHHUS COJICHOCTH B o€ 11 METpoB, 4TO HAKIIAABIBAJIO COOT-
BETCTBYIOIINE OTPAaHUUYCHNUS HA BO3MOXKHOCTD BBISBICHHUS CJIOUCTOCTH BOJBI B pailoHE PadOTHIL.

[lepBuuHBIA aHANMH3 pacTpefe]CHUsI OCPETHEHHON CONEHOCTH BOXBI (pHC. 6) To-
3BOJISIET BBIICIUTH OCHOBHBIC 30HBI BIHMSHUS COJICHOCTH Ha Pa3Iuuusi B (POPMUPOBAHUH
JBIa B UCCIIEAyeMOM paifoHe. Tak, BBIIIE MIUPOTH 74° C. mI. OCpeIHEHHAsI COJIEHOCTh
BOJIBI TIOBCEMECTHO cocTaBisita 6omee 20 %o, a B OOCKoit TyOe MeHsach oT 2 %o 10
19 %o, yBenMUMBasCH C ora Ha ceBep. B 30HaX HEYCTOWYMBBIX 3HAYCHUH COJICHOCTH Be-
POSITHOCTH 00Pa30BaHUSI EPEOXIIAXKICHUS BOJBI U, 3HAUUT, BEPOSITHOCTH BOZHIKHOBEHUS
IIyTOBOTO JIbJA TIPH ABHKEHUH CYJOB 3HAYUTEIHHO BO3PACTACT, YTO HAXOIUT OTPAKECHHE
B TIOBBIIIICHHOH CIIOMCTOCTH JIbJA TIPH €r0 HaMep3aHWu CHu3y. B paiione OOckoii TyOBI
4acTOTa CJIOEB B BEPTHKAIBHBIX CPE3ax JIbJA BBIIIE, YEM B IICHTPAILHON M CEBEPHOH 4a-
ctax Kapckoro mopst (puc. 7). Harne BcTpedaroTcest CJI0M ¢ MUHEPAJIbHBIMH BKIFOUEHHAMH.

[TepBUUHBI aHATIU3 TOMYYEHHBIX JAHHBIX MO3BOJISIET TOBOPUTH O HEOOXOIUMOCTH
PACCMOTPEHUSI TAKKX SIBIICHUH, KaK CTOK MPECHBIX BOJ[ CYIIH, YAaCTOTA MPOXOXK/CHHS Cy/I0B
¢ M— n_ 8

[ 5-10'79

—10-15 &

15-20
[D20-26

~ 80ea.
Puc. 6. YyacTku MOpCKOI akBaTOPUH C PA3IMYHBIMH 3HAYEHUIMHU COJIEHOCTH MOPCKON BOJBI (%o0)

Fig. 6. Areas of different values of sea water salinity (%o)
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Puc. 7. CiioncTocTh JibJ1a Ha Pa3IMYHbBIX IIHPOTAX [0 OCHOBHOMY MapILPYTy CJIEI0BaHMU a/1 «SImam»
B TOYKax ¢ KoopauHaramu 73,163° ¢. u1. 73,128° B. 1. (a), 74,000° ¢. 1. 71,419° B. 1. (6), 76,016° . 111.
70,552° B. 1. (6)

Fig. 7. The layered structure of sea ice observed at different latitudes along the route of the “Yamal”
icebreaker. The photos were taken at the points of 73.163° N; 73.128 E° (a), 74.000° N; 71.419° E (0),
and 76.016° N; 70.552° E (s)

B JIAaHHOM aKBAaTOPWH M YaCTOTA TEXHOT'CHHOT'O Pa3pylICHUS CIUIOIIHOCTH JIESHOTO I10-
KpOBa, IIepeMeNIMBaHNE TIOJUICTHBIX BOJ B pe3ysbTare padoThl BHHTOB Cy/I0B, 00pa3oBaHUE
BHYTPHBOIHOTO JIbIa ¥ €r0 (pUKCcanus Ha HIDKHEH ITOBEPXHOCTH JIbJla, Ha KOPITyce CyIHa
n Ha aHe (3¢ derT obnauanus), 00pa3oBaHUE CIOUCTOCTH JIb/IA, KAK €IMHOTO MEXaHU3Ma
(hopMUpPOBaHUS JIbJ]a B YCIOBHAX ITOCTOSHHOTO TEXHOI'€HHOTO BO3JCHCTBHS B pPe3yJIbTaTe
TPAHCIIOPTHBIX OIEpaInii.

Takum 00pa3zom, BO3HHKAET HEOOXOMMOCTb B pa3pabOTKe METOJUKU N3YUEHHUS JIb/a,
C(OPMHUPOBAHHOTO B TAKUX YCIOBHSX, TOJTYUYEHUN AAHHBIX O TEMIIEPAType M COJICHOCTH
BOJIbI, CTPOCHHMH JIBAA U €ro (PU3NIECKUX CBOWCTBAX.

Hposezlemle MOACIIYTHUKOBOI'0 JKCIIEPUMEHTA

PerynspHblii MOHUTOPHHI COCTOSIHUSI JIJSTHOTO TIOKPOBa APKTHUKH B II00aJbHOM
Maciitabe 0CyIIeCTBISIETCS Ha OCHOBE M3MEPEHUH CITy THUKOBBIX MUKPOBOJTHOBBIX PaiHio-
meTpoB (SSMIS, AMSR-2 u ap.). B HacTositiee Bpemst pa3paboTaHbl 1 IPUMEHSIIOTCS Ha
IIpakTHKe OoJiee ecsiTKa ajrOpUTMOB BOCCTAHOBJICHUSI CIUIOYEHHOCTH M IIOIIAAN MOP-
CKOTro0 JIASHOTO MOKPOBA MO JAHHBIM CITyTHHKOBON MUKPOBOJHOBOM paguomerpui [13,
14]. ITpoGieMHBIM aCTIEKTOM MOJIy4aeMbIX CITyTHUKOBBIX JJAHHBIX U, COOTBETCTBEHHO, ITHX
QJITOPUTMOB SIBIISICTCS HU3KOE ITPOCTPAHCTBEHHOE pa3pellieHue U3MepeHn. FI3MeHYnBOCTh
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JEASTHOTO MOKPOBA, 0COOCHHO IPY MHTEHCHBHBIX TpoIieccax ero (POpMHUPOBAHMS WM pa3-
pYIIEHHMS, B TIPEJeTax MATHA Pa3pelieHus] CIyTHUKOBOTO MUKPOBOJIHOBOTO PaJnOMETpa
MOKET OBITh OYeHb Besmka [15].

Jnst yTouHEeHUs cBsA3eil MEXIy XapaKTepHCTHKAMHU €CTECTBEHHOTO MOPCKOTO JIe -
HOTO ITOKPOBA M CIIEKTPOM (POPMHPYEMOTO UM BOCXOJSIIETO MUKPOBOJIHOBOTO H3ITyde-
HUSI TpeOyeTCsl IPOBE/ICHNE KOMIUIEKCHBIX HATYPHBIX MOZCITYTHUKOBBIX 3KCIEPHMEHTOB.
OCHOBHO IIETTbIO TAKUX AKCIIEPUMEHTOB SIBISIETCS ITOTYUYEHHE JaHHBIX MUKPOBOJIHOBBIX
M3MEPEHNH, aHAJIOTUYHBIX CITyTHUKOBBIM, HO C BBICOKOM IIPOCTPAHCTBEHHOM JETaIH3aIlH-
e, coBMeCTHO ¢ HHpOpMannei 00 akTyaJlbHOM COCTOSHHHM JIEJSTHOTO MTOKPOBa B TOUKaX
HaOJIOZICHUH IO TAaHHBIM CHHXPOHHBIX ONTHYECKUX U3MEPEHUH U Ha OCHOBE 3KCIEPTHBIX
oneHoK. Takum o0pa3om, ITaBHOM 3a7avyeil MOJICIyTHHKOBOTO HKCIIEPUMEHTA B 3KCIIE-
murn «JIEJ-CMII-1/2024» 6puto obecriedeHne MUKPOBOIHOBBIX PaJHOMETPHUCCKHUX
M3MEpEHHH TOJICTIIIAIONIEH TOBEPXHOCTH (JIEISTHOTO TIOKPOBA M/MIIK 001acTeil OTKPHITON
BOJIbI) Ha HAOOPE YacTOT, OJIM3KOM K PEaM30BaHHOMY B CIIyTHHKOBBIX PaIHOMETpax
U TIPIMEHSIEMOM B aJITOPUTMAX BOCCTAHOBJICHHS CIIOYEHHOCTH JISASHOTO MOKposa. [l
yueTa BKJIaaa arMOCc(EepHOTO U3ITyUeHHS, @ TAKXKE JUIS PeasIM3aliy MIPOLIEayphl BHEIIHEH
KaJIMOPOBKN paJIMOMETPOB BAXXHOW 3aaueil ObUIO MepHOIuuecKoe HaONIOICHNEe aTMOC-
(bepsI 1o pa3HBIMU 36HUTHBIMH YIJIAMH.

VYernenrHoe BBIMOTHEHHE HKCIIEPUMEHTA U TIOMydeHHE KaInOpPOBAaHHOM, MPOCTpPaH-
CTBEHHO-IIPUBSI3aHHON, XPOHOMETPUPOBAHHOHN paiOMETPHUIECKON HH(OPMAIIH, COBME-
IIEHHOW C JAHHBIMU ONTHYECKUX HAOMIONCHNI 1 SKCIIEPTHBIMHU OIIEHKaMH, 00eCIIeYNBaET
BO3MOXXHOCTB PELICHUs CIECIYIOMNX 3a1a4:

1) yrouHeHnE TUAIEKTPUIECKUX CBOMCTB PA3IMYHBIX THIIOB JIEASHOTO M CHEKHOTO
MOKPOBa B MHUKPOBOJTHOBOM AHana3oHe (3PPEeKTUBHBIX KOI(DDUIIMEHTOB H3ITyUCHHS U OT-
pakeHwHs);

2) mpoBepKa W yTOYHEHHE HCIIOJIB3YEMbIX B MPAKTUKE AUCTAHIIMOHHOTO 30H/H-
POBaHUS aJTOPUTMOB BOCCTAHOBIICHHS XapaKTEPUCTHK TTOICTHIIAIONIEH TOBEPXHOCTH
10 MUKPOBOJIHOBBIM JAaHHBIM: CIUIOYCHHOCTH JISASHOTO TOKPOBA, TOJIIINHBI CHEXKHOTO
MOKPOBa, 3(PEKTUBHON TOJIIIMHEI U TEMIEPATypbl CI0sl, (POPMUPYIOLIETO BOCXOASIICE
MHKPOBOJIHOBOE H3ITyYCHHE.

B noacnytHHKOBOM 3KcmiepuMeHTe 2024 T. OBIT MCIIONB30BaH MHKPOBOIHOBEII
panuoOMETpHUIECKUI KOMIUIEKC (puc. 8a), MO3BONISBIINI BBIIONHATH U3MEPEHHs Ha 4a-
crorax 5,5 [T (momepeMeHHO Ha BEPTHKAIBHON M TOPU3OHTAIBHON MONSIPU3ALNAX ),
19 I'Tm, 22,2 I'Tu (TonpKo BepTHKanbHas momsipusanwust), 36 [T (ogHOBpeMeHHO Ha
BEPTUKAILHON ¥ TOPU3OHTANBHOM mosstpu3armn), 60 I'T, 92 I'T (Tonpko BepTUKaIbHAS
nossipuzanus). Pagnomerprieckue n3MepeHHs: CONPOBOXKAAINCH BUICO3aAMNCHIO JISIOBOH
00CTaHOBKHM B paiioHE MSATHA HAOIIONEHUH C YaCTOTOH | Kamp B 2 CEKyHIBI U 3aITHCHIO
HABUTAMOHHON MH(OPMAIUH Il TOYHOW KOOPAMHATHOW MPHUBS3KU. V3MepUTEeNbHBIHA
KOMIUTEKC TIO3BOJISUT MEXaHNYECKH MEHSTh 3¢HUTHBIC yITIbl HaOmoaeHni. B skciepumente
ObUTH pean30BaHbl 1Ba OCHOBHBIX PEXHMMa HAOMIONEHHH: 101 yriioM 37° K MOBEPXHO-
ctr (53° K HOpMaiH), YTO COOTBETCTBYET T€OMETPUH HAOIIONEHUH CITyTHUKOBBIX PAHO-
MeTpoB SSMIS u AMSR-2 [8], u mox yriom 25° k moBepxHOCTH (65° K HOpMaIH), 9TO
cooTBeTcTBYeT reoMeTpun Habmonernit MTB3A-TS [16, 17]. B Xxoxe mepromudeckix
KaJIMOPOBOYHBIX MPOIIEAYP BHICTABISUIUCE 3epKaIbHbIE K HUM (OTHOCHTEIBHO TOPU30HTA)
YIIIBL, cOCTaBIIOMME 53° 1 65° K HAlIPaBICHHUIO B 3€HUT COOTBETCTBeHHO. Kpome Toro,
OCYIIECTBISUIOCH MEJICHHOE CKaHMPOBaHME aTMOC(Ephl M0 yIIIy MecTa OT TOPH30HTa
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Puc. 8. MHKpOBOITHOBBIN paJHoOMETPUIECKUAN KOMITIEKC B cOope (a), BO BpeMsl KaTMOPOBKH C TO-
MOIIBIO STAJOHHBIX M3JIydarelsiel («XOTOJHOW» M «ropstaeiy Harpys3ok) (6) u Ha OOpTy Jemokona
«SImar» BO BpeMs H3MEpEeHHH (6)

Fig. 8. A complete set of the microwave radiometric complex (@), the complex during calibration
using standard emitters (“cold” and “hot” loads) (6), and the complex fixed on board the “Yamal”
icebreaker during measurements (6)

JI0 HarpaBJeHUsl B 3¢HUT. B BepxHel TOuke BBINOJIHSIIACH KaTMOPOBKA C MOMOIIBIO JTa-
JIOHHBIX M3Tyd4aTelel («XOJOIHOW» M «ropsdei» Harpys3ok) Mpu TemIeparypax OKOJIO
14 °C u 50 °C coorBeTcTBeHHO (pHC. 80). YIiibl HAOIIOACHNIT HETTPEPHIBHO KOHTPOJIUPOBA-
JICh C TIOMOIIBIO TPEXOCEBOTO MHKIMHOMETPA, 3aITUCh ero MOoKa3aHUi BEJIach CHHXPOHHO
C 3alUCHIO APYTUX U3MEPEHUM.

Anmnaparypa Oblla pa3MmerieHa Ha 00pTy Jenokona «SIMam» Ha BBICOTE OKOJIO
17,5 M Hag MOBEPXHOCTHIO (pUC. 86), YTO, MPHU HCIIOJIB30BAaHHBIX 3€HUTHBIX yIIaxX Ha-
omronennit (53° u 65° x HagUpy), JaBaO YIAJICHUE [ICHTPA IMSATHA U3MEPEHHIA OT OopTa
Ha paccTostHus oKoiio 23,2 M u 35,5 M. [1aBHBIe ocH BCeX paJlMOMETpUYeCcKuX NpudopoB
ObUTM coBMelICHBI. Pazmep o0nacTy MsTeH, MMEIOIINX JUIMNTHYECKYI0 (GOpMy (BBITS-
HYTYIO NEPIEHIUKYISIPHO KypCY), YBEIUUUBAJICS C POCTOM JUIMHBI BOJIHBI U3JTy4CHHUS.
B Han0oJsee HU3KOYACTOTHBIX KaHAIAX OHU UMEJH CIIS/IYIOIHE TTONepeyHble pa3Mephl JIJIs
yIiia HakioHa 53° k Haaupy (MpH yIIIOBOM pa3Mepe JrarpaMMbl HAITPABJICHHOCTH aHTEHHBI
no ypoBHto 3 nb): mist 5,5 I'Tu — 10,4 m; qoist 19 ITTu m 22,2 TTu — 9,0 m. [pu yroe
HakJIOHa 65° K HaAUPy ATH pazMepbl COCTaBWIIN, COOTBETCTBEHHO, 171 5,5 [T — 14,8 m;
g 19 T m 22,2 Ty — 12,8 m.
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IToxcmyTHUKOBBIH SKCHEPUMEHT MPOBOIUIICS KaK HAa y4aCTKaX OTHOCHUTEIILHO HETPO-
HYTOTO JIbJIa, TAK U HA Y4acTKaxX CHIbHO Je(pOpMHUPOBAHHOTO Jibja. JlanpHeimmii ananms
MOJTyYEHHBIX JaHHBIX ITO3BOJMT BBIIBUTH CTENECHb BIMSHHSA TEXHOTEHHOTO (hakTopa Ha
XapaKTEPUCTUKU MUKPOBOJIHOBOI'O U3JIyYEHUs IIOBEPXHOCTH JIEISHOIO IIOKPOBA.

3aKJIIoueHne

Pesynbrarel aHaln3a JaHHBIX CIEHHMAIBHBIX CYIOBBIX JICJOBBIX HAOJIOACHHM,
MOJTY9CHHBIX BO BpeMs IBYX BeceHHUX skcneannuii «JIEJ-CMII-1/2023» u «JIEJ-
CMII-1/2024», mO3BOIWIN BBISBUTH CYIICCTBCHHBIC U3MCHCHHS B CTPYKTYpE JICASHOTO
MTOKPOBA B paifoHaX MHTEHCHUBHOTO CYAO0XOACTBa. Kpome 3Toro, OBIIIO OTMEUEHO CyIIe-
CTBCHHOE BJIMSIHUE TEXHOT'€HHOTO (pakTopa Ha MPOTHO3WPOBAHUE JTUHAMUKH JICASHOTO
TIOKPOBA ¥ N3MEHEHHUS B CTPOCHUH MOPCKOTO Jib1a. OOHapY:KeHHOE BIMSHUE TEXHOTCHHOTO
(baxTopa Ha GpopMHPOBaHHUE JIETHOTO TIOKPOBA BHI3BAJIO MHOKECTBO HAYUHBIX U IPAKTH-
YECKUX BOIMPOCOB, KOTOPBIE HEOOXOIUMO CPOYHO M TIIATEIHHO MCCIIETOBATE:

1. Kakum 00pa3oM MHTEHCHBHOE CYJIOXOJICTBO MEHSET CTPOCHHE MOPCKOTO JIbJia
1, Ha000POT, KaK M3MEHEHHBIN JISTHONH TIOKPOB BIUSACT HAa (DAKTHIECCKYIO JIEIOTIPOXO-
JIUMOCTH Cyl10B?

2. Kak m3meHseTcss TMHAMUKa JISASHOTO TIOKPOBA B paifoHaX MHTEHCHBHOTO CYIO-
XOJICTBA M KaK 3TO HEOOXOAMMO YUUTHIBATh B JICJOBBIX MPOTHO3aX?

3. KakoBBI 0COOEHHOCTH OTOOpa)KeHHS JIHJJOB C N3MEHEHHOH B pe3ysbTare TEXHO-
TEHHOT'O BO3/ICHCTBUS CTPYKTYPOH Ha CITyTHUKOBBIX CHUMKAX B Pa3IMYHBIX JMAIla30HaX
AIEKTPOMAarHUTHOTO CIIEKTpa?

JUis MOJIHOTO OTBETA Ha TH BOMPOCHI TPEOYIOTCS AOMOJHUTEIbHBIE YKCIEPH-
MEHTHI I HOBBIE DKCTIEIUIINH, 3aXBaTHIBAIOIINE BECh IEPHOA (POPMUPOBAHUS U TATHUS
JIeJITHOTO MOKPOBa B I0T0-3amaiHoi yactu Kapckoro Mopsi, a Takke moJApoOHbIi aHaIn3
CITyTHUKOBOW WH(OpPMAINK U OTCISKUBaHNE M3MEHEHUU U Apeiida nepopmMupoBan-
HOTO JIbJA.

KonduukT unTepecoB. ABTOpHI HE NIMEIOT KOH(MINKTA HHTEPECOB.

®unaHcupoBaHue. BusyaibHble Je10Bble HAOMIONCHHS, ONYYEHHE TaHHBIX O TOJLIMHE JIba C TIOMOLIBIO
CTK AAHNU B sxenenuimn «JIEJI-CMII-1/2024», a Taoke aHau3 BIMSHUS TEXHOTEHHOTO (pakTOpa Ha J0JIro-
CPOYHBIE JIEIOBBIE IPOTrHO3bI, MopepHu3atms CTK, aHann3 cTpyKTypbl JIEITHOTO MOKPOBA ObIIH TIO/ICPIKAHbI
Poccuiickum HayuubsM honmom, rpant Ne 23-17-00161 (T.A. Anexceesa, C.C. Ceposernukos, E.J. Makapos,
B.B. Tuxonos, E.B. Apanacsesa, B.Jl. Kotrensruxos, /1.1O. Ockaes, E.B. Kosnosckuit).

Pa3paboTka MUKPOBOIHOBOTO paauomerpuyeckoro kommiexca B UKW PAH u nmposezeHne ¢ ero momorsio
TIOJICTTY THUKOBOTO KCIIEPUMEHTA Ha OOpTY aTOMHOTO Jieokona B akcreauiiu «JIEJ-CMII-1/2024» BimosnHs-
JUCh B paMKax TeMbl «MoHuTopuHr» roc. perucrpanust Ne 122042500031-8 ([1.M. Epmakos, A.B. Ky3bmuH).
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AnHorauus. [IpencrasneHo o0o0meHne TanAbIX MHOTONETHUX (2017-2023 rT.) M3MepeHnit PU3NKO-XuMHYe-
CKHX XapaKTEepUCTHK a’p030Jisi Ha HAyIHO-HCCIIE0BATENECKOM cTanroHape «Jlemosas 6a3a Meic bapanoBay:
KOHIICHTPAIH HOHOB, MEKPOAIIEMEHTOB, Opranndeckoro i anemenTHoro yrepoaa (OC, EC), a Taxxke u3oromn-
Horo cocrasa yriepoza 6"°C. OcHoBHo# Bkiaz (73 %) B HOHHBIIT COCTAB a3p030JIs BHOCST MOPCKHE HOHBI Na*
u CI, a B anemeHTHBII coctaB — teppurernsbie Fe n Al (71 %). V anementos Se, Sn, Sb, Mo, As, Zn, Cu, Cr,
Pb 1 Cd BbIsiBIIEHBI BBICOKHE KOI((HIIEHTE! 000TaIeH s, YKa3bIBAIOIIHE Ha TEXHOTEHHOE TIPOMCXOK/ICHHE.
[To xapakTepy rofoBOTO X0Ola MOHBI H AJEMEHTHI PA3NENTIINCh HAa TPH TPYHIBL: 1) ¢ 3MMHEM MaKCHMyMOM;
2) ¢ TCTHUM WM OCEHHIM MaKCUMyMOM; 3) CO c1a00 BRIpaXKeHHOH H3MEHUMBOCTHIO. [ 0/10BOIT X0 KOHIIEHTpa-
it OC n EC xapakrepu3yeTcs 00ImM MaKCHMYMOM B 3UMHe-BeCEHHHIT epuoy1. CpeHeMecsSIHbIe 3HAYCHHS
M30TOITHOTO COCTaBa yIIEPO/ia B a3p030JIe H3MEHSIOTCS B Auana3oHe ot —28,3 %o (deBpann) 10 —27,3 %o (Mait).

KiroueBble ci10Ba: ApKTHKa, a3p030J1b, H30TOIHEII COCTAB, HOHBL, MUKPOIJIEMEHTBI, CE30HHAS I3MEHIHBOCTb,
yIIepon
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Abstract. Since 2017 we have carried out aerosol sampling at the research station “Ice Base Baranova
Cape” (Novaya Zemlya Archipelago) with the purpose of studying the variations in aerosol physicochemical
characteristics: the concentrations of ions, microelements, organic and elemental carbon (OC and EC), as
well as the isotopic composition of carbon 3"°C in the aerosol. The average summed concentrations of ions
throughout the period of measurements were 1,99 pg/m?, the concentrations of elements were 51,1 ng/m?
and those of OC and EC were 398 and 25 ng/m’, respectively; the isotopic composition of carbon §*C was
—27.6 %o. The main contribution (73 %) to the ion composition of atmospheric aerosol is due to “marine” ions
Na* and CI, and the contribution to the elemental composition is due to terrogenic Fe and Al (71 %). The large
enrichment coefficients (with respect to Na* in sea water) were manifested for ions SO,*, K*, and Ca*". Aerosol
enrichment by these ions is the largest in the warm period. In the aerosol elemental composition, we identified
large enrichment coefficients (with respect to Al in the Earth’s crust) in elements Se, Sn, Sb, Mo, As, Zn, Cu,
Cr, Pb, and Cd, indicating their technogenic origin. The nearest sources of aerosol enrichment by technogenic
elements are plants for mining and processing mineral resources in the Taymyr Autonomous Okrug. The statistical
generalization of the multiyear data allowed us to calculate for the first time the annual average behavior of
the chemical composition of aerosol in the study region. With respect to the seasonal variations, the ions and
elements can be divided into three groups: 1) with winter maximum (Na®, Cl, Mg, Br; Se, Cd, V, Co, As);
2) with summer (PO,*, NH,", CH,8O*, F) or autumn (Al, Ti, Li, Sr, Fe, Zn, Ba, Ni) maximum; 3) with poorly
defined or indefinite variations in other ions (NO,, K*, SO,*, Ca*") and elements (Cu, Pb, Mo, W, Sn, Cr, Sb,
Mn). As most of the other characteristics, the annual behaviors of the OC and EC concentrations are characterized
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by the general maximum in the winter-spring period. In addition, a second maximum is manifested in the OC
content in the summer-autumn period. The average monthly carbon isotopic composition in the aerosol varies
in the range from —28.3 %o (February) to —27.3 %o (May).
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BBenenue

Abdpo3oib sBiIsieTcsl Hanbosiee N3MEHYMBOM M CIIOXKHOM MO COCTaBy KOMITOHEHTOW
armocepbl BO BCeX perroHax IuiaHetsl [1, 2]. AKTyaJbHOCTh MCCIIEIOBAaHUN adpo30Iis
00yCJIOBJICHA HECKOJIbKUMHU MTPUYMHAME. B 3aBUCIMOCTH OT XUMHUYECKOTO COCTaBa U Pa3-
MEPOB adPO30JIbHBIX YaCTHUI[ B PA3HOM CTENEHH MPOSBISETCS UX BIUSHUE HA pacCesHue
Y TIOTVIOIICHHUE COJTHCUHOU paJHaIlin: 00 pa3orpeB aTMOC(ephl JOMOTHUTEIBHO K Map-
HUKOBBIM ra3am, JTH00 BhIXOJakuBarommuii apdekr [3, 4]. Kpome npsiMoro 1 KOCBEHHOTO
PaMAIMOHHOTO BO3/ICHCTBHS, a3p030JIh YYaCTBYET B MPOIECCaX MacCOOOMEHA BEIICCTB
(B T. 4. 3arps3HAIONINX) MEXYy KOHTHHEHTOM M OkeaHoM [5]. CyOMHUKpPOHHBIH adpo30I1b
MOXKET PacHpOCTPAHSATLCA Ha COTHH M THICSYM KUJIOMETPOB, a BPEMsI €ro JKU3HH B aT-
Mocdepe OLIEHUBACTCS OT CYTOK 710 1-2 Hexenb. [loaToMy nanbHUE TEPEHOCHI a3P030JIs,
COJIEPIKAIIET0 aHTPOIMOTEHHBIE 3arpsS3HEHHsI, MOTYT OKa3bIBaTh HETATHBHOE BIMSHHUE HA
9KOJIOTHYECKOE COCTOSIHUE IPUPOIHON Cpeibl U 3710POBbE YETIOBEKA HE TOJIBKO B paloHax
SMUCCHI, HO ¥ B COCETHUX peruoHax [6, 7].

B nocnennue aBa AecATHIETHS aKTUBHO Pa3BUBAIOTCSI MCCIEOBAHUS adpO30JIs
B ApPKTHKE, KOTOpasi OTJMYACTCS CaMOi OOJIBIION JMHAMHUKOW TIPUPOIHOM CPEIbl U Ys3BU-
MOCTBIO K U3MEHEHUSIM KiiuMaTa. J{j1si BRISICHEHUsI MPUYMH U TEHECHIIUN TPOUCXOSIINX
U3MEHEHUM BEAYTCS PETyNIspHbIE U3MEPEHUS XapaKTEPUCTUK ad’po30Js Ha MOJSIPHBIX
cranuusx [2, 8—11] u snu30AMUYECKHEe — B MOPCKUX U CAMOJIETHBIX dKCHeAUIUsIX [12,
13]. OTaruuTeNbHON 0COOCHHOCTHIO APKTUYCCKOW 30HBI SBJISICTCSI MaJOYHCICHHOCTD
AHTPOIOTCHHBIX UCTOYHUKOB 3arpsi3HeHUs aTMochepbl. KpoMe TOro, CHEXXHBIN U JICASTHON
ITOKPOB OOJIBIIYIO YacTh TOJla MPEISATCTBYIOT MOCTYIUICHHIO B aTMOC(Epy MOYBEHHOTO
a’po3071s1. BeencTeue 3Toro CymecTBeHHYIO poJib UTPAIOT AMU30/bI JaTbHUX EPEHOCOB
MPUPOIHOTO U AaHTPOIIOTCHHOTO a3p030Jis U3 KOHTHHCHTAJIBHBIX PalilOHOB: BBIOPOCHI
MPENNPUSITHI TOOBIYM U MEePEPadOTKH MIUHEPATBHBIX PECYPCOB, COKUTAHUE PA3ITUIHBIX
BHUJIOB TOILINBA, JIECHBIE TIOXKAphl U Ap. AKTUBHO pa3BUBAeMble MOJIENbHBIE PACUEThI
MO3BOJISIIOT OLEHUTH BKJIAJ PA3IUYHBIX UCTOYHUKOB adPO30JbHBIX 3arpsS3HEHUN B OT-
JeNbHBIX paitoHax Apktuku [14-17].

CrnencTBreM MIepeHOCa BO3MYITHBIX MAcC SBIISIOTCS HEPETYIISIPHBIC KOJICOAHMUS KOH-
LIEHTPAIUH a’p0o301el C aMIUIUTYION, TOCTUTAIOIIEH JIBYX MOPSIKOB B MAacCIITa0e OT CYyTOK
JI0 HECKOJIbKUX HefeNb. CUibHasi CHHONITHYECKAasi MU3MEHUYMBOCTh XapaKTEPUCTUK adpO30Jis
3aTPYJIHSET BBIJCJICHHE MEHEE BBIPAKEHHON KOMIIOHEHTBI CPEIHEr0 CE30HHOTO XOJa.
Pe3ynbrarbl MHOTOJICTHUX HAOMEOJICHUN HA MOJIIPHBIX CTAHIIUSAX ITO3BOJIIIIN OMPEICITUTh
0COOCHHOCTH CE30HHOTO M3MCHCHUS KOHIICHTPAIIUI BEIIECTB, BXOASIINX B COCTAB a’po-
3oiis [2, 811, 18]. HaubGonee oO1ieii 3aKOHOMEPHOCTBIO SIBIISICTCS YBEIHMYCHUE KOHIICH-
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Tpaluii B XOJOAHBII EPHOJ] OTHOCHTEIBHO TEIUIOr0. 3SUMHHI MaKCHMyM KOHLICHTpaLUi
00yCIJIOBJICH YCHICHHEM MEPHIMOHAIBHBIX IIEPEHOCOB BO3AYIIHBIX MacC ¢ KOHTHHEHTOB
Y YMEHBILICHHEM CKOPOCTH OCAXICHUS a’dpo30iisi B apKTHYECKoH atMocdepe. 3anepikka
OCKJICHUS a9P030JIs1 B 3MMHHH IIepro1 00yCIIOBICHA YacTO HAOIIONaeMbIMI HHBEPCHUSIMH
Y HaKOIUICHHUEM 3arps3HEHHN B OTACNIBHBIX CIIOSX TPOHOCHEPhl, H3BECTHBIM KaK «apKTH-
yeckas apIMKa» [18-20]. CpemHsisi CKOPOCTb OCaXICHUS adpO30Jisi B TAKUX YCJIOBHSAX
YMEHBIIIaeTcs Ooiee yeM Ha Mmopsaok [16].

Kpome 3uMHe-BECEHHEr0o MaKCUMyMa Y psilia XapaKTepHCTUK adpo30Jist HaOII0aaeTCst
elie JICTHUI MaKCUMyM, OOYCIIOBIICHHBIH BEIHOCAME B APKTHKY JBIMOB JIECHBIX ITOKapOB.
3aMeTuM, YTO OLICHKH CE30HHOW M3MEHYHBOCTH B OCHOBHOM BBINIOJHEHBI 110 JTaHHBIM
HaOJIFOICHUIT Ha 3apyOe)KHBIX MOJSIPHBIX CTAHLUUAX. B A3MaTckoM ceKTope APKTHKHU pe-
IyJSIpHBIC M3MEPEHHUSI XapaKTePHCTHK a3po30Jisi Hadyalliuch npuMepHO Ha 10 jet mosxe
C COOTBETCTBYIOLINM BPEMEHHBIM CIBUIOM B aHAJIM3€ MOJIYYEHHBIX JaHHBIX.

[To nanHBIM HaOMIONEHUIT Ha HayYHO-MCCIIEA0BATEIbCKOM cTanoHape «JlemoBas
6a3a Meic bapanoBa» (mamee — «Mrpic bapanoBay) B mpenmiecTByromeii padore ObuH
PaccMOTPEHBI 0COOCHHOCTH MEKIOJOBOH H3MEHUMBOCTH HOHHOTO M JJIEMEHTHOTO COCTaBa
a’p030JIs U IIPUBEICHBI OLIGHKH CPEIHNUX KOHIICHTPALMI U1l YeThlpex ce30HoB [21]. B Ha-
crosinieil paboTe ce30HHass H3MEHUYHBOCTD XMMHYECKOTO COCTaBa a’po30Jisl aHATHM3UPYETCs
OoJiee IEeTAIPHO — MO CPEJHEMECSYHBIM 3HAYCHUSIM KOHLECHTPALMUI U C y4eTOM ele
OJIHOTO rofa u3MepeHuid. brarogaps ToMy B roqoBOM X0Jie KOHIIEHTPALM IPOSBHINCH
0COOCHHOCTH, KOTOPbIC HUBEIMPOBAIMCH TIPH TPEXMECSYHOM YCPEIHEHNH JaHHbIX. Kpome
MOHHOTO M DJIEMEHTHOTO COCTaBa, NPEJCTaBICHO 00OOIICHNE PE3yIbTaToB N3MEPECHHM
TpeX IPYrHX XapaKTepHCTHK — COICPIKaHUE B adpo30Jie OPraHUYECKOro, 3IEMEHTHOIO
yIIepo/a, a TakXke H30TOITHOIO COCTaBa yriieposa.

JlanHble u3MepeHUid M1 MeTObI AHAJIU3A

[Tonspuas crannus «Mpic bapanoBay pacrnosiokeHa Ha ceBepe ocTpoBa bobiieBuk
apxurnenara CeBepHas 3emist (79°17' ¢. mr., 101°38' B. 1.). [logcTunarormiasi moBEpXHOCTh
OCTpoBa OOJBIIYIO0 YacTh I'Ofia MOKPHITA JIBJJOM U CHETOM. B mrome—aBrycre 4acTUYHO
BCKPBIBACTCSI KAMEHHCTAsi IOBEPXHOCTh C MXOM M JiMiaiiHukamu. Ha xumudeckuii cocran
a’pO030JIsl B 9TOM CEKTOpe APKTUKH MOT'YT BIHSTH BHIHOCHI 3arPsS3HEHUH M3 OTHOCHUTEIb-
HO ONMU3KHUX pailoHOB MOOBIYM M MEepepabOTKH MHHEPAIBHBIX pecypcoB B TaitMbIpckoM
(. Hopunieck) u SImano-Henernxkom AO.

C oktsi6pst 2017 1. mo ¢eBpans 2023 . Ha «Mbice bapanosay npoBoauics oTdoop
po0 a’po30IIs Ha CTEKIOBOIOKOHHBIC (prstbTpel Whatman u Munktell mmst mocieayrorero
OIpEe/ICIICHUs] XUMHUYECKOT0 U U30TOITHOTO COCTaBoB. [Ipokadka Bo3myxa depe3 GpuiIbTpbl
OCYIIECTBIISIACH C TOMOIITHI0 MHOTOKaHAIBHON BO3AYXOAYBKH (acTiuparopa) Ha ylaleHUH
6onee 200 M OT KHUIIBIX ¥ IPOU3BOICTBEHHBIX COOPYKeHHUiT cTanIuu. [IpogomKuTensHOCT
HAKOIUICHHS a3PO30JIbHOTO BEIIECTBA Ha (QHIBTPaX COCTABIsIIA OT OHUX 10 TPEX CYTOK.
Hcrnosbp3yemble HAMH METO/IbI XUMHUUECKOTO aHali3a a3p030JIbHBIX MPOO ObLIM Ipe/CTaB-
JICHBI B HECKOJNBKHX CTaThsaX [11, 21-23], mo3ToMy OrpaHHYUMCS KPAaTKUM HOSICHECHHUEM.

Konnentpanun Bomopactsopumeix nonos (Na“, Cl', Mg*, K%, SO, Ca*, NO,",
NH,", PO, Br, F, CH,SO*) onpenesiii METOZIOM HOHHON XpomaTorpaduu, a MUKpO-
anementoB (Al, Ti, Cu, Mn, Sr, Ba, Sb, Li, Sn, Se, Cd, Fe, Zn, Cr, Ni, V, Co, As, Pb,
W, Mo) — MeToioM Macc-CIeKTPOMETPHH C MHAYKTHBHO CBS3aHHOM Iu1a3mMoit. [l onpe-
JIETICHUS KOHIIGHTPAIMi OpraHuueckoro u seMenTHoro yraepona (OC, EC) ucnonb3oBamu
METOJI pEaKIIMOHHON Ta30Bo# xpomarorpaduu [24]. U3oromuelii cocras yriaepona (61°C)
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OTIPEJIEIISUIN METOAOM MacC-CIIEKTPOMETPHH M30TOIHBIX OTHOLIEHHUH [25] ¢ moMoIbio
m3oTonHOTrO Macc-criekrpomerpa DELTA V Advantage, COBMEIIEHHOTO € 3JIEMEHTHBIM
ananmu3aropoM Flash 2000 (mpu6opsr mpenoctasnens TomIKIT CO PAH). Obmiee komm-
YeCTBO P00, KOTOPBIE NCTIOIB30BAIN B PACUETAX, COCTABIISAET: NOHHBIN M JIEMEHTHBIN
coctaB — 261 u 257 npob6 cootBercTBeHHO; KOHIEHTpannu OC u EC — 404 mpo6sr;
M30TOIHBIA COCTaB yriepoaa B adspo3oie — 432 mpoOsl.

Kpome koHIEHTpauii HOHOB, IPOAHAIN3NPOBAHO OTHOCHUTEIHHOE COACPIKAHNE
HMOHOB C HCIIONB30BaHUEM JIOJIEBBIX (pakTopoB [26] u ko3 durmenToB oboramenus [27].
Honesolt daxrop F'M  TIO3BOJNAET OLEHUTH BKJIAA B HOHHBIA COCTaB adspo30Jisl PEUMY -
mIecTBeHHO Mopckux uctogHukoB (Na“, Cl):

FM,, =1 —[X(C = k™ C )1 [ (C)], ey
rae C*, — MaccoBast KOHIEHTpalus i-10oro nona; C’ — MaccoBas KOHIEHTpanus Na';
k= (C>/ C ) — oTHOLIEHNE KOHIIEHTPAlHUii i-TOro MOHa K KOHLeHTpaiuu Na™ B Mop-
ckoit Bozte; ), (Y. — cymMMapHas KOHLEHTpallis BCEX HOHOB B a3pO30Jie.
C nomombio koa(pduurentos oboramenus KO, oleHUBaICS HOHHBINA COCTaB a3po-
301151 OTHOCHTEIILHO cocTaBa Mopckoil Boapsl. Koadduiuentst KO, paccuuThbiBaM 110 CO-
OTHOIIICHUIO KOHIIEHTPAIM pa3HbIX MOHOB, HOPMHUPOBAHHBIX HA KOHIIEHTpaIuio Na™,
B COCTaBe a’po30Jisi ¥ MOPCKOU Bofbl [27]:
KO.=(C/C ) (C 1 Cv ), 2)
rae (C¢ / C* ) — KOHIEHTpalKs i-TOr0 MOHA OTHOCHTENbHO Na' B cocTaBe a’spo3oiis;
(C./ C™,) — KOHIEHTpALHKs i-TOr0 HOHA OTHOCHTENBHO Na* B cocTaBe MOPCKO# BOJIBI.
3Ha4uTeNbHOE MpeBbIieHue kodpdunuenta oboramenus (KO, >> 1) cBUIETENLCTBYET
0 KOHTHHEHTAJBHOM (BKJIIOYAsl aHTPOIIOTEHHOE) TIPOUCXOXK/ICHHN HOHOB.
AHaJoruuHbIM 00pa3zoM orpeiessui Kod(GGUIUESHTHI 000TalleHIsI MUKPO3JIEMEHTOB
B coctase a’po3oiis (KO,) oTHOcHTeNbHO cosiepxanus Al B 3emHolt kope [21, 28]:
KO, = (X/AD),, [(X/A]),, 3)
rae XI/AI — KOHIICHTpAIHS i-TO AIEMEHTa OTHOCUTEIHHO Al B adspo3ore (a’p) u 3eMHOU
Kope (3k). PacueTsl Benmmann KO, TIO3BOJIAIOT OLEHHUTD BIMSAHHE TEPPUTEHHBIX H HETEPPH-
TeHHBIX (B OCHOBHOM TE€XHOT€HHBIX) HICTOYHUKOB Ha TIOCTYILICHUE BEIIECTBA B aTMOC(EpY.
s pa3nencHuss HCTOYHUKOB HCIIOIB30BANUCH CICAYIONINE 3HAYCHUS KOA(PPUIICHTOB
oboramieHus: TeppureHHbie (urorennbie) — mpu KO, < 10; He TeppUreHHbIE (B OCHOBHOM
TexHoreHnple) — npu KO, > 50; cmemannbie — npu 10 < KO, < 50.

O6cy:keHne pe3yJbTaToB

Honublii coctaB

Jlnist onpeaeneHus CpeaHero rofloBOTo X0/1a CHavYajIa PaCCUUTHIBAIN CPEIHIE KOHIICH-
Tpanuu uonos (ementoB, OC, EC) ais kaxIoro Mecsia u rojia, 3aTeM — UX CPCIHUEC
MHOT'OJIETHHE 3HAYCHUSI. AHAJIN3 TTOJYYEHHBIX JAaHHBIX TI0Ka3ajl OOJIBIITYI0 M3MEHUHBOCTD
CpEeTHEMECSIYHBIX U CPEHETOI0BBIX KOHIIEHTPALU: KO (UIIEHTHI Bapuannuii HaXousT-
cs B auanasoHe 3HaueHui 50-200 %. Bricokas H3MEHUMBOCTh KOHIIEHTpALUH sABIsETCS
CJIEZICTBUEM OCOOCHHOCTEH aTMOC(EPHBIX IIEPEHOCOB U AIMHUCCHUI a’po30Jsl B pa3HbIe
Mecsibl 1 roziel. HezaBucuMo ot 3THX 0COOEHHOCTEH OCHOBHOM BKJIa/l B HOHHBIH COCTaB
a’po3ond Ha «Mbice bapaHoBa» BHOCST MOHBI IPEUMYIECTBEHHO MOPCKOTO MPOUCXOXK-
nenusi: nonst Na™ u Cl™ B cpenHeM coctasisier 73 % CyMMapHOW KOHIIEHTPaluK HOHOB
(cM. BTOpO# cronber Tabdi. 1).
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Tabruya 1

Cpennue 3HaYeHHsI M CTAHIAPTHOE OTKJIOHEHHE KOHUEHTPAU HOHOB (MKI/M%)
B pa3Hble Nepuojabl roaa

Table 1
Average values and standard deviation of ion concentrations (um/m?)
in different periods of the year
Cpennee 3umMHuil makcumyM | JletHuit Munumym | JleTHuit MakcUMyM
Housl
MHOTOJIETHEE (HOSIOpb—MapT) (MIOHB) (aBrycr)

Cl 0,98 £ 1,49 1,42 + 1,96 0,35+0,37 0,71 £0,48
Na* 0,47 £ 0,86 0,74+ 1,15 0,12+0,23 0,35+0,31

K 0,06 + 0,09 0,07 + 0,09 0,02 + 0,02 0,07 +0,08
Mg* 0,05+ 0,10 0,08+0,13 0,01 £0,01 0,02 + 0,03
SO*» 0,18+0,20 0,21 +0,24 0,08 = 0,09 0,20+0,15
Ca* 0,06 +0,07 0,08 + 0,09 0,02 +0,02 0,05+ 0,05
NH,* 0,07 £ 0,10 0,05 £ 0,09 0,07 £0,05 0,15+0,17
NO, 0,04 + 0,06 0,06 + 0,07 0,02+ 0,01 0,04 + 0,05

F- 0,01 £ 0,01 0,01 0,01 0,01 0,02 0,01 +0,02
Br- 0,008 + 0,012 0,01 +0,01 0,002 + 0,002 0,002 + 0,001
PO~ 0,03+0,11 0,03 + 0,09 0,03 +0,08 0,12+0,27
CH,SO, 0,01 +0,02 0,01 +0,02 0,01 +0,01 0,01 +0,02

z 1,99 +£2,73 2,81+ 3,60 0,74 + 0,65 1,74 £ 0,98

N 261 125 21 14

IIpumeuanue. T, — cymMMapHas KOHIEHTpauus, N — KOJIMYECTBO HPOO aspo30is.
Note. ¥, is the summed concentration, and N is the number of aerosol samples.

T'onoBo#i xo1 cyMMapHoi KOHIEHTpPAlMK HOHOB X, (pHC. 1a) XapaKkTepusyeTcs oc-
HOBHBIM 3HIMHUM MaKCUMYMOM H BTOPHYHBIM — B aBrycTe. [10 0COOCHHOCTAM CE30HHOM
M3MEHYMBOCTH KOHLUEHTPALUK HOHOB Pa3JesIWINCh Ha TPpU Ipymnibl. B rogoBoM xone KoH-
HeHTpanuid nepsoid rpynmnsl noHoB — Na®, Cl, Mg?" u Br (B OCHOBHOM «MOPCKUX») —
HaOITIOIAaeTCs TIPOIODKUTEITFHBIA 3UMHIA MAaKCIMYM M HU3KHC 3HAYCHUS B TCIUTBIN MTEPUOLT
(puc. 160). C deBpas 1Mo UIOHb KOHIICHTPALIUH YKa3aHHBIX HOHOB YMEHBIIAIOTCS B 4—8 pa3.

3UMHHI MaKCHMYM MOPCKHX HOHOB COTJIACYeTCS C JAHHBIMH HAOMIOACHUI Ha IPYTUX
nossipHbIX cranuusx [11, 12]. HecmoTps Ha 3akpbITHE TOACTUIAIOMIEH TOBEPXHOCTH JbJIOM
U CHErOM, MOPCKHE HOHBI HE FcUe3aroT U3 arMocdepsl. VX copeprkaHme MomIepKUBacTCs
3a CYeT JJaIbHEro MepeHoca ¢ OTKPHITHIX YYAaCTKOB OKeaHa M SMUCCUI U3 MOPCKOTO JbJa.
Ho camoe rmaBHoOe, 4TO M3-3a 3UMHUX MHBEPCHUN CYLIECTBEHHO YMEHBILIAETCSI CKOPOCTh
OCaXIICHHUS adp030yst [ 16], 9TO CrTOCOOCTBYET €ro [UTUTENFHOMY HaXOXKICHHIO B aTMocdepe
(YBETHMUYMBACTCST «BPEMSI KI3HI» ).

Ob6pammaer Ha ceOs BHUMaHUE OOJBIION MaKCHMYM KOHIICHTPAIMH HOHOB Br-, caBu-
HYTHII Ha anpenb. BeIcokoe BeCCHHEe conepkanre OpoMa B MOJSPHBIX pailoHaX OTMeda-
JIOCh pa3HBIMU aBTOpaMu. Hambomnee BEpOSTHBIM HCTOYHUKOM SIBISICTCS SMHUCCHS Opoma
13 MOJIOZIOTO MOPCKOTO Jibja U cHera [29].

Bo Bropoii rpynmne uonos (PO, NH,*, CH,SO*, F) oCHOBHBIM sIBIAETCS NIETHAN
(MFOHP—ABI'YCT) MAKCUMYM KOHIICHTPAITHI, & SUMHHII — MPOSIBISICTCS. MEHEE 3HAYUTEIBHO
(puc. 16). [IprurHO¥ TETHETO MaKCHUMyMa SIBIISTFOTCSI IPAKTUIECKH €KETOHBIC BEIHOCHI
JILIMOB JIECHBIX ToxkapoB B Cubupu. Tpetws rpynma nonos (NO,-, K*, SO,>, Ca*) or-
JUYaeTCs HEOONMBIION aMIUIUTYIOW CE30HHOW W3MEHUYMBOCTU C COIIOCTABHUMEBIMH 3Haue-
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Puc. 1. Cpeuuii ro0BO# X0: CyMMapHBIX KOHIIEHTPAMi HOHOB X, U FM , (a); HOpMHPOBaHHBIX
(Ha cpeIHEero/I0BbIe 3HAYCHHUsI) KOHIEHTpanuii HoHoB Na®, Mg>, Cl u Br (6); NH,", F~, PO *,
CH,S0* (6); K7, Ca*", NO,, SO,* (2)

Fig. 1. Annual average behaviors of: (a) the summed concentrations of ions ¥, and FM__ ; normalized
(by annual average values) concentrations of ions (6) Na’, Mg, Cl" u Br (8) NH , F, PO,
CH,S0*; and () K*, Ca’*, NO,, SO,>

HUSIMH 3UMHETO M JIETHETO MakCUMyMOB (puc. 12). KonnuecTBeHHBIE TaHHBIE O CPEAHUX
KOHIICHTPAIMAX HOHOB B XapaKTepPHbIE IIEPHO/IbI MAKCHMYMOB 1 MUHUMYMOB ITPHBEICHBI
B Tabi. 1. HezaBrcnMO OT THIA TOOBOTO X0/a, OOIIMM JJIsl BCEX HOHOB SIBIISIETCS MMHU-
MYM KOHIIEHTpaluii B Havase Jieta (y OONBIIMHCTBA — B MIOHE), KOTOPBIN coracyercs
C MUHHMAaJBHBIM COZIEpKaHHEeM CyOMHIKPOHHOTO a3po3oiist Ha «Meice bapanosay [30].

CrencTBueM 3UIMHETO MaKCHMyMa CozlepKaHust «Mopcknux» noHoB (Na', CI7), BHO-
CSIIMX OCHOBHOHM BKJIAJ B CyMMapHYIO KOHILIEHTPAIHIO, SIBJISIOTCS] BHICOKHE 3HAYCHUS
nonesoro (akropa FM B sumane Mecanst (0,85-0,96) B cpaBHEHMH € TEMUIBIM MEPHO-
nom (0,58-0,67) (cm. puc. la). Ananns xoddpdunuentos oboramenus nonos (KO) mo-
Kazaj, 4TO UX CE30HHAs M3MEHYMBOCThH B SIBHOM BHUJE HE TposiBisieTcs. Hanbonee BbI-
COKHE 3HAYCHHS KOA(PPUIMEHTOB 00OTameHns Ha0monaTces y HoHoB SO 42*, K" u Ca**
C MaKCHMyMaMH B Mae, UIOJIe U CEHTSIOpe COOTBETCTBEHHO (TalIl. 2).

Tabnuya 2
Ko3¢dgpuuuents! odoranenns HOHOB OTHOCUTEIHLHO COCTABA MOPCKOI BOJBI
Table 2
Ion enrichment factors relative to seawater composition
XapakTepUCTHKH KO, (SO0.») KO, (Ca*) KO, (K"
CpenHerooBoe 3HaueHue 22+1,0 4,1+1,7 47+2)5
B nepuonsr makcumyma 4,1 (maif) 6,8 (ceHTsI0pb) 10 (utomp)
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DJIEMEHTHBII COCTaB

B Tabmn. 3 npencraBineHbl CTaTHCTHYECKHE JITAaHHBIE O COJIEPIKAHUN B a3P030JIe MHKPO-
9JIEMEHTOB: CPEHEr0JIOBbIC 3HAUYEHHSI KOHIEHTpanuii (B mopsiake yobIBaHUs), K0 u-
IIUEHTHI 00OTANIEH s OTHOCUTENBHO COCTaBa 3eMHOM KophI (KO,), a TakKe AMana3oH u3-
MEHEHUS! CpeTHEMECSIHBIX 3HaYeHNI KOHIIeHTparuii anemMenToB. OcHoBHOH BKIaz (71 %)
B CyMMapHy0 KOHLIEHTpaIHio (X)) JIEMEHTOB B COCTaBe aspo3oiis BHocAT Fe u Al. Cre-
JYIOIIUM MO0 3HaYMMOCTH siBJsieTcst Bkiaz Zn, Cr, Cu, Mn. B BogopacTBopumoii (hpakiim
asposoist peodanatot conmu V, As, Cd, Sb u Ba, a B TBeppoii ppakunm — coequHeHns
anementoB Al, Ti, Mn, Fe, Be, Co, Sn, Ag u Pb.

Tabnuya 3
Cpeanue KOHUEHTPAUMH MHKPO2JIeMenToB (HI/M’) n kodhduuuentsr odoramenus KO,
Table 3

Average concentrations of microelements (ng/m*) and coefficients of enrichment CE,

) CpenHerooBple 3Ha9EHHSA Jluama3oH U3MEHEHUSI CPETHEMECTIHBIX
IEMEHTBI 5

cpenHue CKO KO, 3HAYCHUI
Fe 24,4 8,5 4,1 13 (maii) ... 42 (oxTs0pB)
Al 11,9 3.8 1,0 8,2 (mapr) ... 22 (ceHtsOpsb)
Zn 42 1,3 389 2,5 (ampenb) ... 5,8 (mapr)
Cr 2,4 1,0 165 1,1 (maid) ... 5,3 (sHBaph)
Cu 1,8 0,5 254 1,1 (okTs16pB) ... 2,9 (aBrycr)
Mn 1,4 1,0 9,8 0,4 (ampesp) ... 2,8 (HOsIOPB)
Sn 1,06 0,67 3321 0,21 (ceHr., OKT.) ... 2,26 (STHBapb)
Ti 1,0 0,8 1,3 0,28 (dpespaip) ... 2,95 (ceHTs10pb)
Sr 0,55 0,26 38 0,31 (mait, uronp) ... 0,76 (1exkadpsb)
Ba 0,55 0,24 11 0,32 (ampens) ... 1,14 (ceHTAOpB)
Ni 0,45 0,12 39 0,27 (uroms) ... 0,66 (ceHTIOpPH)
Pb 0,43 0,12 215 0,20 (oxTs16pB) ... 0,61 (MapT)
W 0,16 0,15 7,0 0,02 (aBrycr) ... 0,48 (1roHB)
Se 0,14 0,04 19366 0,10 (cents16ps) ... 0,21 (MapT)
v 0,12 0,07 5,1 0,03 (aBrycr) ... 0,26 (mapr)
Mo 0,10 0,02 600 0,07 (¢pespais) ... 0,14 (oxTs0pB)
Cd 0,09 0,08 84 0,02 (oxr., nex.) ... 0,25 (mapt)
Co 0,09 0,06 33 0,02 (aBrycr) ... 0,17 (utoHb)
As 0,08 0,06 386 0,02 (aBrycr, okT.) ... 0,18 (1HBaps)
Sb 0,05 0,02 1886 0,04 (oxt. — ¢eBp.) ... 0,08 (uroHB, CEHT.)
Li 0,03 0,01 12 0,02 (mex. — desp.) ... 0,07 (ceHr.)
z 51,1 12,3 - -
N 257

IIpumeuanue. ¥ — cymMMapHas KOHIEHTpanusi, N — KOIMYECTBO IPOO aspo30Jis.

Note. X _is the summed concentration, and N is the number of aerosol samples.

Anannz koadduineHToB odoraieHus nokasai, uyTo cojepxanue B asposone Al, Ti,
Mn, Fe, V u W Mano ommgaercst ot coctapa 3eMHol Kopsl (KO, < 10), TO €CTh OHU MMEFOT
TEeppUreHHOE MPOUCXOXKeHHE. Bricokue 3HaueHus kodddunmenToB odoraienus Se, Sn,
Sb, Mo, As, Zn, Cu, Cr, Pb u Cd (BblieIeHbI )KUPHBIM MIPH(TOM) yKa3bIBAIOT HA UX TEXHO-
reHHOe rpoucxoxeHre. OCHOBHBIM HCTOUHUKOM OOOTaIlIeHUs] aTMOC(EPbI 3THMH dJIEMEH-

Arctic and Antarctic Research. 2024;70(3):338-352 345



C.M. Caxepun, JLII. I'onobokosa, /[.A. Karawnukosa, M.A. Jlockymosea, H.A. Onuwyx u op.
Ce30HHAsA H3MEHYNBOCTH (PH3MKO-XUMHYECKHX XaPAKTEPUCTUK aTMOC(hEpPHOTo a3po30si...

TaMU SIBJISIOTCS] BBIHOCHI @aHTPOIIOT€HHBIX 3arpsi3HEHHUH CO CTOPOHBI MPEANPHUATHI JOOBIIH
1 1epepaboTKH MUHEPAJIbHBIX PECYPCOB, pacnoyokeHHBIX B TaiiMbipckom AO (1. Hopuibek
U 1p.). YMepeHHble 3HaueHus ko3 unmentoB oboramenus Str, Ba, Li, Ni u Co nmarot oc-
HOBaHUE OTHECTH MX K JIEMEHTaM CMEIIaHHOTO IPOMCXOKACHHMS. 3aMETHM, YTO TIEPEUCHb
TEXHOTCHHBIX JJIEMEHTOB, BBIBICHHBIX B arMocepe «Mpica bapaHoBa», mpakTnieckn
COBITAJIACT C JaHHBIMU MOpPCKUX dkcrenuimii B CeBepHoM JlemoButom okeane (CJIO) [31]
¥ MOZCTBHBIX PacyeToB MEPEHOCOB B APKTHKY TSDKENBIX MeTainioB [16, 17, 32].

OO6parmraer Ha cebs BHUMaHHE OONBIION TUATa30H U3MEHEHUS CPEIHEMEeCSIHBIX
3HAYEHUH KOHLEHTPAIMI — y HEKOTOPHIX AJIEMEHTOB OH JIOCTUTAET OAHOTO IMOpSAKa
(cM. mpaBeiii crombert Tadm. 3). Kpome Toro, MaKCHMYMBI 1 MEHUMYMBI KOHIICHTpAIHA
Pa3HBIX ATEMEHTOB HAOIOIAIOTCS B pa3HbIe MECAIbl. YKa3aHHbIE pa3indus 00yCIOBICHbI
CE30HHOM M3MEHYMBOCTHIO BHIOPOCOB B aTMOC(epy pPa3IMiHBIX BUIOB 3aTrps3HEHHH C T10-
CJICLyOLIMM NEPEHOCOM B APKTHKY. B XOIOMHBIN Mepros HaYMHAIOT paboTaTh CHCTEMBI
OTOIUICHHSI ¥ OJHOBPEMEHHO, M3-32 CHE)XKHOTO ITOKPOBA, OTPAHMUMBACTCS MOCTYIUICHHE
B arMoc(epy TeppHUreHHBIX 3JIeMEHTOB. JIeTOM Ha cocTaB a’po30JIs BIUSIOT MacCOBbIC
JIECHBIE TIOKAPbl, BECHOI — Tkl PACTUTENBHOCTH M SMHUCCHH U3 CHETa/Jb/la 3arps3He-
HUM, HAKONMBILKXCS B XOJIOAHBIN MEPUOJ.

ITo xapakTepy C€30HHON M3MEHYMBOCTH MUKPOAJIEMEHTHI, KAK M MOHBI, Pa3Iein-
muck Ha 3 Tpynmsl (puc. 2). ImaBHON 0cOOEHHOCTHIO TOZOBOTO Xona l-if TpyIImsI Aute-
MeHTOB (Se, Cd, V, Co, As) SBIIIETCS XOPOIIO BRIPAKCHHBIA 3UMHE-BECEHHIIH MaKCHMYyM
(SIHBapb—MIOHB) W HU3KME 3HAUCHMS KOHIIEHTPAIMH BO BTOPOM MOJIOBUHE TOAA. 3UMHHNA

—&-sr
30 3.0 6) —8— Fe s
. . == Z1)
T 25} 525 §—Ni
= E —— Al
= I —O—Ti
ot 201 ;12‘" A1
==
K 25| ==
E ' E
= 1,0 | ’./'-.;' 5 1,0 |-
g 05 |- ] ) 50‘5 -
= e --Aq <
n||||;1.|-‘?| 0 J N Y T

I I O IV V VIVIVIIIX X XI XII

Konuenrpaiimn, oTH. €1,

3.0
25
2,0
15
1.0
0.5

I I IV VvV VIVIVIIIX X XI XII

0,0

I v vVIvinvinix X Xi Xi
Puc. 2. Cpexnuii rooBo#t X0/ HOPMHPOBAHHBIX (Ha CPEAHETOIOBBIC 3HAYSHNS ) KOHIIEHT ALK Tpex
rpymn MukpoaieMeHToB: (a) Se, Cd, V, Co, As; (6) Al, Ti, Li, Sr, Fe, Zn, Ba, Ni; (¢) Cu, Pb, Mo, W,
Sn, Cr, Sb, Mn

Fig. 2. Average behaviors of normalized (by the annual average values) concentrations from the three
groups of microelements: (a) Se, Cd, V, Co, As; (6) Al, Ti, Li, Sr, Fe, Zn, Ba, Ni; (¢) Cu, Pb, Mo,
W, Sn, Cr, Sb, Mn
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MaKCHMyM KOHIICHTpPAIUH 3THX 1eMeHToB (a Takxke Cr, Sb u wactuaro Mn) cormacyercs
C JTAaHHBIMHM U3MEPEHUH Co/epKaHMsI CyOMHKPOHHOTO a3po30J1 M YEPHOTO yIieposa Ha
MOJIIPHBIX CTaHIUAX [2, 8, 9, 30] u pe3ynpraTaMu MOAEIBHBIX PAaCUeTOB KOHIICHTpAITHIA
TSDKENBIX MeTaiioB [16, 17].

VY snemenToB 2-it rpymmsl (Al, Ti, Li, Sr, Fe, Zn, Ba, Ni) muk kKoHIeHTpanuii Ha-
OirozaeTcst OCeHbIO (B OCHOBHOM B CEHTSIOpe). BHyTpHronosas M3MEHUMBOCTh 2JIEMEHTOB
3-if rpymITEI pa3HOOOpa3Ha M MEHee BhIpaXkeHa: y omHuX d1eMeHToB (Cu, Pb, Mo) ce30HHBIH
XOJ TPaKTHYECKH He TposBisieTcs; y apyrux (W, Sn, Cr, Sb, Mn) HaGmoqar0TCs OJHO- WITH
JIByXMECSYHbIEC BCIIECKM KOHLEHTPALUH, HE COBIAAONINE C TIEPHOJAMH MAaKCHMYMOB
JIBYX TIEPBBIX TPYII JIEMEHTOB. Helb3st HCKITIOYNTD, YTO HEKOTOPBIE BCIUIECKH B CPEAHEM
TOJJOBOM XOJI€ KOHIICHTpALMii 00yCIIOBICHBI MECTHBIM TEXHOTCHHBIM BO3/ICHCTBHEM B CO-
YETaHUH ¢ MAJIBIM KOJIMYECTBOM OTOOPAHHBIX P00 a3po30ist. J{jist BEIICHEHNS] MMEIOIIUXCST
HEoIpeieTIeHHOCTe HeoOXOIMMBI IPOIOIDKEHNE HabmoneHui (0T0op mpo0) u Goree meTarb-
HBIM aHAIM3 C TIPHUBJICUYCHHEM HH(OPMALUK O TPACKTOPUAX ABM)KCHHUS BO3LYIIHBIX MACC.

OTMeTHM TaKXke, YTO COBMECTHBIH aHAJIN3 TUTIOB CE30HHON N3MEHYMBOCTH KOHIICH-
Tpamuii He BBISIBHII OAHO3HAYHON B3aMMOCBSI3H C THIIAMU MHKPOJIEMEHTOB (TEPPUTEHHBIE,
CMeEIIaHHbIE, TEXHOTeHHBIE). TO €CTh B Ka)KJOH TpyIIIe TOAOBOTO X0/1a KOHLIEHTpAaIui
(cM. puc. 2) ecTh MEKPO3JIEMEHTHI PA3INYHOTO HPOUCXOMKACHHS.

Konuentpanuu OC, EC u u3oronnslii cocraB yriepoaa 6"*C

CpenHue 3HaUYSHHS KOHIIEHTPAINH OPraHMYeCcKOro M JIEMEHTHOTO yIVIeposa 3a BeCh
nepros HabmroneHnit Ha «Meice bapanoBay coctaBumu 398 1 25 HI/M? COOTBETCTBEHHO.
Kak u gpyrue xapakrepuctuku, konreaTpamn OC u EC otnmugarotes 00ibII01 H3MeH-
4HUBOCTEI0. TeM He MeHee B TOIOBOM XOJ€ CPEIHHX M KBAPTHIIBHBIX 3HAYE€HUI KOHIICHTPa-
it (puc. 3) mposBUIICS 3UMHE-BeceHHHNI MakcuMyM: B MapTe y OC u B peBpane—amnperne
y EC. Kpome Toro, HabmonaeTcs MOBHIIIEHHE KOHIIEHTPAIHH (BTOPO MaKCHMyM) B JIET-
He-OCeHUH mepuon. B cpaBHeHNM ¢ MOHAMH M ANeMeHTaMu (cM. puc. 1, 2) ammuryna
cezoHHOHN m3MeHunBocTH KoHIeHTpanuit OC m EC nHeBenuka. OTHOMIEHHE MaKCHMyMa
K MEHUMYMY cpenHeMecsaHbix 3HaueHnit OC u EC cocraBnser 1,6-1,8, a y KoHIeHTpanuii
MOHOB M 9JIEMEHTOB 3TO COOTHOLIEHHE JOCTHUIAeT OHOIO HOpsIKa.

HW3otomnHblii coctaB yrieposa 8°C B arMocdepHOM asp0o30iie U3MEHSUICS B Hara3oHe
ot —33,6 10 —23,6 %o. Cpemusist Benmumnna 8°C (—27,60 + 1,02 %o) 3a Bech meprom Ha-

OiIrO7IeHNH 3aHIMAET TPOMEXXYTOUHOE MOTOKEHUE MEX Y TKeNIbIM (—23 %o ... —27 %o —
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Puc. 3. Cpennuii ronoBoii xoz cTaTUCTHYECKUX XapakTepucTuk koHueHtpanuit OC (a) u EC (6)

Fig. 3. Average annual behaviors of the statistical characteristics of concentrations OC (a) and EC (6)
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Fig. 4. Average annual behaviors of the statistical characteristics of isotopic composition of carbon §*C
in atmospheric aerosol

CKUTAHME YISl U IPeBECHHBI) U JIeTKuM (—28%o ... —29%0 — cxuranue Hedrenpomyk-
TOB) M30TOMHBIM cocTaBoM yriepona [33]. Ha puc. 4 mokaszan cpeaHuid TOJOBOM X0
CTaTHCTHYECKHUX XapaKTePHCTHK M30TOIHOIO cOCTaBa yriepozaa. bonee Hu3kue cpenHue
sHaueHus 8'°C HAOMIONAIOTCS B 3UMHMI Tepro (¢ MUHUMYMOM B (eBpane —28,3 %o),
YTO CBUCTENHCTBYET O MPEOOIaaHui B a’spo30Jie Jierkoro n3ortona yriepona 2C. Ilo-
ciie eBpalisi MPOUCXOJUT YTSDKEJICHNE H30TOITHOTO COCTaB yIVIepo/ia 10 MaKCHMallbHOTO
3HayeHus (—27,3 %o) B Mae U MOCHEAYIONIast TEHACHINS CHIDKEHHUS 10 3UMHEr0 ypOB-
Hs. MOXKHO TaKke 3aMETUTh HEOOJIbIIOE OTKJIOHEHHE OT ATOW TeHJIeHIMH (oOorarieHne
TSDKENbIM n30TormoM *C) B HMIONIe—aBrycTe, KOTOPOE YKa3bIBACT HA BIUSHHE BHIHOCOB OT
JIECHBIX M0XKapOB. Y TsHKENICHUE H30TOITHOIO COCTaBa yIiiepoyia J0 CpeTHEMEC UHbIX 3Hade-
HUM —26,5 %o Hanbomnee s;BHO TposiBUIOCH B 2019 T. BO BpeMst JIECHBIX TIOXKapOB Ha TeppH-
topuu Kpacnosipckoro kpast u Pecriyonuku Caxa. AHaJIOTH4HOE BIMSIHUE JIECHBIX TOYKapOB
OTMEYaJIOCh B pe3yibraTax HaOmoneHuit Ha craniuu Caribou Poker Creek (Assicka) [34]:
BermunHa 6'°C B a3p03071e B OOBIYHBIX YCIOBHSAX paBHSIACh —27,4 %o, a TIPH 3aIbIMIICHAN
OT JIECHBIX TIOXKapOB HAOIIOIATIOCH YTSHKEIEHHE N30TOMTHOTO cocTana yriepozaa 10 —26,8 %o.

3akJoueHue

[TpoBeneno crarncTnueckoe 0000IIeHHE pe3ynbTaToB MHOroseTHUX (2017-2023 rr.)
M3MEpeHni Ha HayqIHO-HMCCIIeI0BaTeIbCKOM cTanmoHape «Jlemoas 6asza Meic bapanosa»
(PU3UKO-XUMHUYECKUX XapaKTEPUCTHK aTMOC(HEPHOTrO adpo30iisl: KOHIIEHTPAIMH HOHOB,
MUKPO3JIEMEHTOB, OPTaHUYECKOTO M JIEMEHTHOIO yIIepofa, a TaKkKe M30TOMHOTO COo-
CTaBa ymieposa B a3po3osie. OCHOBHOM BKJIaJ B MOHHBIN COCTAB a3p030Jisi BHOCAT HOHBI
MIPENMYIIECTBEHHO Mopckoro npoucxoxaeHus Na“ u ClI™ (73 %), a B aneMeHTHBIH co-
craB — Teppurennsie Fe n Al (71 %). Cpennsisi cyMMapHasi KOHIIGHTPAIUsl HOHOB 32
nepuoj| u3MepeHuii cocrasmna 1,99 mMxr/m?, anementoB — 51,1 Hr/m3; KoHIIEHTpaIMK
OPraHUYeCKOro M BJIEMEHTHOTO yriepona — 398 u 25 HI/M® COOTBETCTBEHHO.

ITo 0coGEHHOCTSIM TOZOBOTO X0/1a HOHBI PA3CIUINCh HA TPH TPYHIIBL: 1) ¢ mpomon-
KUTETBHBIM 3UMHAM MakCUMyMOM KoHteHTparmit — Na*, Cl-, Mg*" u Br; 2) ¢ netHum
(monb-apryct) makcumymom — PO, NH,*, CH,SO*, F~; 3) co cnabo BeIpaxeHHOMH
usmenunBocThio — NO-, K', SO 42*, Ca’". BcerneicTBre 3MMHET0 MakCUMyMa COfiepIKa-
Hust noHoB Na™ u Cl™ moseBoitl pakTop MOPCKHX HCTOYHHUKOB B XOJIOTHBIN TIEPHOI HMECT
6omee BeIcokue 3HaueHus (0,85-0,96), wem B Terutsnii nepuon (0,58—0,67). Ce3oHHAS H3-
MEHYHMBOCTh KO((HUIMEHTOB 00OTaIlleHHs HOHOB B SIBHOM BHJIE HE IPOSIBUIIACH: OoJiee
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BBICOKHE 3HAYEHHs KO3(p(DUIMEHTOB oboraimenus otMedensl y nonos SO, K u Ca**
C MaKCIMyMaMH B Mae, UIOJIe U CEHTSIOpe COOTBETCTBEHHO.

Anannz k03(pPHUIMEHTOB 000TallIeHUs] MUKPOAJIEMEHTOB OKa3all, YTO COAEPIKaHHE
B asposone Al, Ti, Mn, Fe, V u W marno ommimyaercss oT cocTaBa 3¢MHOU KOPBI, T. €. OHH
MMEIOT TePPUTeHHOE POUCXOXKIeHUE. DneMeHTs! St, Ba, Li, Ni u Co, ¢ ymepeHHBIMHU KO3()-
(unmeHTaMu 00OTaIeHHUSI, OTHECEHBI K 3JIEMEHTaM CMEIIAHHOTO POUCXOKACHHS. Bricokue
KO3 PHUIIMECHTHI 00OTAIICHNUS, BBIBICHHBIC Y JIeMeHTOB Se, Sn, Sb, Mo, As, Zn, Cu, Cr,
Pb u Cd, yka3pIBaroT Ha UX TEXHOTEHHOE MporcxokacHne. Hanbonee Omm3kumu k «MbIcy
BapaHoBa» MCTOYHHKAMHU TEXHOTEHHBIX JIEMEHTOB SIBIIIOTCS TIPEIIPHATHS TOOBIYH U TIepe-
pabOTKN MUHEPAILHBIX PECYPCOB, pacnonokeHHble B Talimbipckom AO (T. Hopribek 1 zip.).

Ilo xapakrepy C€30HHON W3MEHYMBOCTU MUKPOJIEMEHTBI TOKE Pa3IeIWINCh HA TPU
TPyNIEL 1) ¢ XOpOIIO BRIPAKCHHBIM 3MMHE-BECCHHUM (SIHBAPh—HIOHB) MAKCHMYMOM — Sg,
Cd, V, Co, As; 2) c oceHHIM (B OCHOBHOM CEHTSIOpb) BCILTECKOM KoHIeHTparmii — Al, Ti, Li,
Sr, Fe, Zn, Ba, Ni; 3) ¢ MeHee BeIpaXeHHBIM ce30HHBIM XomoM — Cu, Pb, Mo, W, Sn, Cr, Sb,
Mn. OT™MeueHo, 9TO B3aUMOCBSI3b TUIIOB CE30HHOW M3MEHYMBOCTH KOHIIEHTPAIIMI C TUTIAMU
MHKPORJIEMEHTOB (TeppPUTCHHBIC, CMCIIIAHHBIC, TCXHOTCHHBIC) B IBHOM BHJIC HE TIPOSIBIISICTCS.

Kak u y GonpIImHCTBA APYTHX XapaKTEPUCTHK adPO30JIs, B CPEIHEM TOIOBOM XOJIE
KOHIICHTPAaUi OPTaHMYECKOTO U 3JIEMEHTHOTO yIIIepo/ia HabII0aaroTCs 3MMHE-BECeHHIH
U JIETHE-OCeHHHUH MakcMMyMbl. OZIHAKO ce30HHas n3MeHYnBOCTh KoHueHTpauuiit OC/EC,
B CPaBHCHHU C JAPYTUMH XapaKTePUCTHKAMH, BEIpakeHa c1a00. COOTHOIICHUE MaKCUMAJIb-
HBbIX 1 MUHUMAJIBHBIX CPEJIHEMECSUHBIX KOHIIEHTpauui coctasiser 1,55-1,75.

Cpenusisi BeTMYMHA H30TOMHOTO COCTaBa yIiepoa B adpo30Jie 3a BECh MEPHO Ha-
6monenuii coctabmia —27,60 + 1,02 %o. Camblii TSDKEIBIA U30TOMHBIN COCTaB yriiepoa
HaOmonaercst B Mae (—27,3 %o). 3aTeM IPOMCXOANT MOCTENIEHHOE CHHKEHHE CpeHeMe-
csiyHbIX BenmuuH 6°C 1o MuHMyMa B despaie (—28,3 %o).

OTMedeHa HEOOXOANMOCTD MPOJOHKEHNS MCCISIOBAaHNN XMMHYECKOTO COCTaBa
asposzoiis Ha «Mbice bapaHoBay i yTOUHEHHUS OLIEHOK CE30HHOM M3MEHYMBOCTH U BBI-
SICHEHUSI IPUYMH OTIIMYUS TOAOBOTO XOJ1a OTJIEIbHBIX XapaKTEPUCTHUK.

Kondaukr nunrepecoB. KoHIIKT HHTEPECOB OTCYTCTBYET.

d)nnaﬂcnponanne. AHajn3 ce30HHOU N3MEHYMBOCTH XUMHYECKOTO COCTaBa adp030JIs BBITIOJHEH IPU (1)I/IHaH-
coBoi momepxkke mpoekra PHD Ne 21-77-20025, a ot60p m1pob a3po3oist mpoBomiicst B pamkax denepanbHoit
HayYHO-TEXHUUYECKOH IporpaMmMbl B 001acTu 3Komoruueckoro passutus Poceuiickoit denepanuu u kmMaty-
yeckux m3MeHenuit Ha 2021-2030 rogpr.
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Bausinue kBazuaByxsieTnux ocunsuisiuuii (K10)
Ha cTpaTocdepHblil MOJAPHbIH BUXPb B AHTAPKTHKE

N.I1. Tabuck

THI] P® Apxkmuueckutli u aHmMapkmudeckuti HAyyHO-UCCc1e008amenbCKull UHCIumym,
Canxm-Ilemepoype, Poccus
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Annorauus. Ksasuasyxieraue ocuuuinn (KJ10) sxkBatopuanbHO# cTpatoceps! SBIAIOTCS CYIIeCTBEHHOM
4acThI0 [I00ANBHOH IIUPKYISUHHE aTMOC(EpPbl M OKa3bIBAIOT 3HAYMTEIIBHOE BIHSHUE Ha TIPOLIECCHI B BEICOKUX
MMpOTax. 3aBHCUMOCTE CTPATOCHEPHOTO MOMIPHOTO BUXPS, KOTOPBIN ABIISETCS HEOOXOAMMBIM YCIOBHEM 00-
pa30BaHUS 030HOBOH JIbIpEI B AHTapKTHKE, OT (assl KJ1O obmenssectra kak apdext Xontona—Tauna. CornacHo
MHOTOYHCIICHHBIM HccneioBaHusM, B FOxHOM nonymapuu sddext Xonrona—Tana oTMedaeTcst TOIBKO BECHOM,
9TO 00BIYHO 00BACHAETCS OOMBIIEH HHTEHCHBHOCTBIO 3UMHETO FOXKHOTO BUXPSI 110 CpaBHEHHIO ¢ BuxpeM Cesep-
HOTO MoJymrapus. B naHHo# paboTe npeiokeH HOBBIH METON aHAIN3a HAOMIONEHHUH, YUUTHIBAIOIINN CE30HHBIE
3akoHomepHoctH KJIO. [TpoBeeHHOe HccenoBaHue MO3BOJIIO BHIIBUTH PaHee HEM3BECTHBIE 0COOCHHOCTH
MEKTOJIOBBIX BapHaIlHil HHTEHCHBHOCTH BUXPS X 030HOBOH IBIPBI B AHTapKTHKE, 00ycnosinennsie KJIO momyms-
mueii. [Tokazano, uro Bmmsamre KJ1O Ha BUXpb HaOMI01aeTCs HE TONBKO BECHOM Ha CTA/IMH OCTA0NCHNs 3HUMHETO
BUXSI, HO | B IEPHOJ] €T0 MAaKCHMyMa B HIOHe—aBrycte. [Ipn 3TOM H3MEHEHHs CKOPOCTH BETpa B BUXPE BO BPEMsl
€ro MaKCHMyMa 3UMOI IPOTHBOIIOIOKHE! H3MEHEHISIM BECHOH BO BPEMsI 030HOBOM JBIPEL. PesymbraTst MoryT
OBITH HCIIOB30BAHBI IPU CpaBHEHHH MoiepyeMbIx 3¢ dexto KJ1O ¢ HabmoneHnsIME 1, ClIeI0BaTeIbHO, TIPH
MpOBEpKe MPENoNaraeMbIx MexaHm3MoB BIusHusS KJIO Ha BEICOKOMMPOTHYIO atMocdepy.

KaroueBble cioBa: kBasusyxietnue ocumwsiiuu (KJO), obmee conepixanue 030Ha, 030HOBAS JbIpa, 110-
JSPHBIN BUXpB, cTpatochepa, apdexr Xontona—Tana
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Abstract. For many years, the dominant opinion in the literature has been that the stratospheric polar vortex is
weaker in the easterly phase of the QBO than in the westerly phase, which is known as the Holton—Tan effect.
While for the Northern Hemisphere vortex this is true during winter, for the Southern Hemisphere vortex
the dependence on the QBO is observed only in spring. This feature is usually explained by the greater intensity
of the Southern Hemisphere vortex compared to the Northern Hemisphere vortex, and the QBO can modulate
its strength only during the vortex breaking season in October-November. Usually, the vortex response to
the QBO is determined based on the equatorial wind direction at a certain vertical level, and the conclusions
depend strongly on the level at which the QBO phase is determined. However, it has long been shown that using
the equatorial wind sign at one or even a combination of several levels is not quite correct because it does not
take into account the time of descent of the QBO wind relative to the seasons of the year, and it is not known at
what altitudes the QBO wind has the strongest influence on the extratropical stratosphere. Due to the variable
period of the QBO cycles, the phase relationship between the seasonal cycle and the QBO cycle is constantly
changing, resulting in many variants of the vertical structure of the wind QBO during the Antarctic winter vortex
and ozone hole. However, the seasonal regularities of QBO used in this work lead to a strictly limited number
of possible variants of coincidence of the phases of the QBO cycles with the seasons of the year, which allows
us to reveal typical features of interannual variations of the polar vortex and ozone hole in the Antarctic that are
due to the QBO. The analysis of observational data indicates unexpected peculiarities of the QBO modulation
of the stratospheric polar vortex in the Antarctic. The QBO effect in the vortex intensity is observed not only in
spring during the weakening phase of the winter vortex, but also during the vortex maximum in June—August.
At the same time, changes in the wind speed of the vortex during its maximum in winter are opposite to those
in the spring during the ozone hole period. If the winter vortex is more intense (weak), then during the ozone
hole period the vortex is weaker (more intense) than the average level.

Keywords: Holton—Tan effect, ozone hole, polar vortex, quasi-biennial oscillation (QBO), stratosphere, total ozone
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BBenenune

ITo mawaBIM HaOmrOMEHMA, 00Iee conepxkanue o30Ha (OCO) B HacTosIIee BpeMs
ocTaercs Hiwke cpeqHero 3HaueHus 1964—1980 rr. Ha ~2 % s obmactu ot 60° 0. mI. 10
60° c. 1., Mpy 3TOM B CpeHMX HUpoTax Ha 4—5 % u B Tponmkax (20° ro. m. — 20° c. m1.)
Ha 1% [1]. Hanbomee sipkuM MPOSBICHUEM UCTOIICHUS 030HOBOTO CIIOS B aTMocdepe
3eMiTH SBICTCS 030HOBAS JIbIpa B AHTapKTHKE [2], KoTopas 00pa3yercs KaKayl BECHY
B BBICOKHX IUPOTax HOHOTO MONyIIapus B pe3ysbTare KOMIUIEKCa (POTOXHUMUIECCKUX
1 IMHAMUYECKUX TporieccoB. [IporHo3 CpOKOB BOCCTAHOBIICHHS CTPaTOC(hEpHOTO 030Ha,
B TOM YHCJI€ aHTAPKTUYECKOrO 030Ha [3], B HacTosllee BpeMs SBJISIETCS TPEIMETOM HH-
TEHCUBHBIX UCCIIEJOBAHUMN, TaK KaK O30HOBBIN CIION 3alllMIIaeT *KU3Hb Ha MOBEPXHOCTH
3eMi OT BO3JCHCTBHS ONACHOTO COJIHEYHOTO YIBTPa(uoIeTOBOro M3nydeHus. OqHako
orpeziesieHre 00paIieHus JOJITOCPOYHOTO TPEH/Ia KOJIMYecTBa 030HA CO CHajia Ha poCT
(BcieicTBHE YMEHBIICHHUS B aTMOC(epe 030HOPa3pyIIAIONINX BEIIECTB) 3aTPyIHEHO H3-32
WHTCHCUBHBIX MEKTOJIOBBIX KOJICOaHUH, 00yCIOBICHHBIX €CTCCTBEHHBIMU MIPUIHHAMHU.

B kauecTBe OHOI M3 OCHOBHBIX NMPHYUH MEXTOA0BEIX (uykryannit OCO B AH-
TapKTUKe, KaK MPABHUJIO, PACCMATPUBAIOT BIMSHUC KBa3uABYXJIeTHUX ocumurimid (KO)
30HATBHOTO BETPa IKBATOPHAIBHOW CTparocephl, KOTOPHIE SBISIOTCS CYIIECTBEHHOM
Y4acThI0 IO0ANBHON IUPKYISIHAN atMocdeps! [4]. be3ycnoBHO, CYNIECTBYIOT U IpyTHe
¢daxroper (ENSO, BymkaHn4decKkass aKTHBHOCTD, BOJTHOBBIC BO3MYIIICHUS M3 TPOIIOC(EPHI),
HO 3TH (DaKTOPHI, B CBOIO OYepedb, MOTYT OBITh moaBepskeHbl Biusau0 K/1O. BriepBeie

354 IIpoonemvi Apxmuxu u Anmapxmuxu. 2024;70(3):353-372.



LP. Gabis
Influence of quasi-biennial oscillations (QBO) on the stratospheric polar vortex in the Antarctic

cBs13p Mexy OCO B 030HOBOH neipe U (azoif mukima KO Obta oTMeueHa B cepenuHe
1980-x tT. [5]. BeIIO cAemaHO MpedIoNokKeHne, YTo 0ojiee MHTEHCHBHOE YMEHBIIICHNE
AQHTapKTHYECKOTro 030Ha HaOmomaercs npu 3anagHoi ¢gaze KJ10. Oxnaxo, kak mokasanu
MHOTOYHCIICHHBIE TToCieyromue uccienoBanus, Biusaue KJ1O ve cronbs ogHO3HAYHO [6-9].

BaxxHbIM ycrioBreM 00pa30BaHHs 030HOBOH JBIPHI SBJISIOTCS CE30HHBIE H3MEHEHNUS
UPKYJSIIAN B aHTApPKTHYECKOH cTparocdepe, a UMEHHO (OPMUPOBAHNE 3UMHETO I10-
JsipHOTO (IMpKyMIoIsipHOTro) Buxpst [1]. B pe3ynbrare oxmaxIeHns: BBICOKOMIMPOTHON
cTpatocdepsl B TeUCHUE NOISIPHON HOuM Ha ~60° 10. m. GopMupyeTcss MHTEHCUBHBIN
3ara/{HbIA 30HAIbHBIN TOTOK, KOTOPBIM OrpaHWYNBAET 001aCTh AHTAPKTHUECKOTO CTPATO-
c(epHOro BUXPs U MPEMATCTBYEeT OOMEHY MEXIY IOJIIPHBIM M CPEIHEIINPOTHBIM BO3-
nyxoM. C OKOHYaHMEM HOJSPHON HOYM B CEHTAOpE B 00JIaCTH BHXPS HA YaCTHIAX I10-
JSIPHBIX CTPATOC(EPHBIX 0OIAKOB MPOUCXOANUT pa3pyILICHHE MOJICKYIl 030HA B PE3yNbTaTe
(hOTOXMMIYECKOTO BO3AECHCTBHUSI COHEYHOTO M3ITY4YEHHS M 00pa30BaHNE 030HOBOM JIBIPHI.
[Tpn sTom mormxenne OCO 3aBUCHUT HE TONBKO OT KOJMYECTBA 030HOPA3PYIIAOIINX Be-
IIECTB, HO ¥ OT MHTEHCUBHOCTH Buxps. Ha xoneunslit yposenr OCO, o4eBUIHO, BIUSET
MIPOJIOJDKUTENIFHOCTD PAa3pyILICHUsT 030HA M M3OJISILUH MOJSIPHONW 00JIACTH OT MPUTOKA
000TaInIeHHOro 030HOM BO3/lyXa CpeqHnX MHpOT. CleoBaTenbHO, XapaKTepPUCTHKN CTPaTo-
c(epHOTO BUXPSI ABISIOTCS KPUTHUECKH BAXHBIMH JJIsI OLICHKH MEXTOJJOBBIX (DIyKTyarui
OCO B AHTapKTHKE.

[TosToMy 3HaUMTENBHBIE YCHIINS OBIIM HMPEANPUHSTH U1l HCCIIEAOBAHUS TPUINH
MEXTOJIOBBIX (NIyKTyalnii HHTEHCUBHOCTH BUXpsl. [1o-BUIMMOMY, BIIepBbIE I0Ka3aTeIbCTBA
BimstHAs KJ1O Ha nupkynsimio ctparocdepsl ObUIN MPEACTABIEHBI €Il IO «OTKPBITHS
030HOBOM IBIpEI B padoTe [10]. AHanu3 HaOMIONEHMIA TTOKa3al, YTO MU 3armagHoi daze
KJIO crparocdepHBIii 3UMHAN BUXPh HHTCHCUBHEE W TEMIIEpaTypa B MOJSPHOW IIANKe
HIDKE, 9TO CIIOCOOCTByeT Ooree crmpbHOMY MoHmkeHII0 OCO, 4eM BO BpeMst BOCTOYHON
(ha3e1. DTa 3aKOHOMEPHOCTH OOIIEH3BECTHA KaK 3¢hghexm W CBsI3b XonToHa—TaHa. B Toi
ke paboTe ObuIa IpeuIoKeHa runoresa o npuunae BimsHnsA KO Ha BBICOKOIIMPOTHYIO
cTpatochepy — mexanuzm XonToHa—TaHa, cormacHo kotopomy oT ¢aszsr KO 3aBucur
IIMPOTHOE MOJIOKEHUE JIMHUN HYJIEBOTO BETPA, ONPEACIISIOIIEE PACIPOCTPAHEHHE TIIIaHe-
TapHBIX BOJIH BHETpONH4eckoi crparocdeprsl. OQHAKO MHOTOUNCIICHHBIE MTOCIEAYOIIHIE
MO/ICIIEHbIE HCCIIEIOBAHMS HE TN YAOBIECTBOPUTEIIBHBIX MTOATBEP)KACHNH CIIPaBEUTMBOCTH
MexaHn3Ma XonroHa—Tana [11], n 6pU10 TPeUIOKEHO HECKOIBKO AJIBTEPHATUBHBIX (BEPOSIT-
HO, B3aNMOJIOTIONHSFOIINX ) MeXaHu3MOB [ 12—16]. B yacTtHOCTH, OBITO TIOKa3aHo, uto KJIO
MOXET MOIYIHPOBaTh BUXpb FOkHOTO momymiapus myTeM BIUstHUS co3naBaemoir KO
MEpUINOHAIBHON LIUPKYISIINK HA TEHEPALNIO M PACIPOCTPAHEHNE TIIaHETapHBIX BOJH [15].

Taxum obpa3zom, Bompoc o Mexanusme BiusiHusS KJIO Ha mporieccsl B BBICOKHX
mupoTax u, B yacTHocTH, Ha OCO B MOIAPHBIX 00JIACTAX A0 HACTOAIIETO BPEMEHH OCTa-
eTCsl OTKPHITHIM. HepemeHHo#t mpoOieMoii siBisieTcs To, 4To cBsi3b ¢ K/1O 3aBucur or
BBICOTHOTO YPOBHSI, TI0 HAalPaBJICHUIO BETPa HA KOTOPOM OIPEAEISIOT THI (a3bl LUKIA
KJIO (Boctounas E wim 3anagHas W). [lockonbky uepenoBanue Betpa KO mpoucxomut
B PE3yNbTaTe MMOOYEPETHOTO CITyCKa 3aIIaJHOTO U BOCTOYHOTO PEXHUMOB BeTpa [4], To 30-
HallbHAsl UPKYJSIINS B TIOJABIISIIONIEM OOJIBIIMHCTBE CITy4aeB UMEET IPOTHBOIIOIOKHOE
HarpaBJIeHHE Ha pa3HbIX BbIcoTax. Ha kakmx Beicotax Betep KJO okaspiBaeT Hambomee
CHJIFHOE BIIMSIHUE HA BHETPOMMUECKYIO cTpaTochepy, octaercs HescHbM [ 11, 12]. Takxke
anpuopy HEN3BECTHO, B Kakoii MoMeHT BpeMeHH BiusiHne KJIO Hanbonee 3HaunmMo. VHTep-
BaJI OT (DOPMHUPOBAHUS MOTSIPHOTO BUXPA (MIOHB—HIONH) JI0 €ro pacriajia (HoIOpb—IeKkadph)
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paBeH npumepHo yetBeptu nepuosa nukia KJ10. EctrecTBeHHO, 4TO BBICOTHAS CTPYKTypa
9KBATOPUATILHON 30HAJIBHON HUPKYISIIIMH 32 3TO BPeMsl CYIIECTBEHHO u3mensiercst. Kpome
Toro, u3meHenue nepuozga KJIO or oxHOro nukia K ApPyromy M, 3HAYUT, MHOTOYHUCIICH-
HOCTh BapHaHTOB (Pa30BOT0 COOTHOIICHHUSI MEKIY CE30HHBIM IMKIIOM, JOMUHUPYOIIM
B BBICOKHUX IIIUPOTAX, U KBA3UABYXJICTHUM IMKIJIOM SKBATOPUAIILHO# cTparochepsl, npei-
CTaBJISIET CEPhE3HYIO MPOOIEMY MIPU CPABHEHUH MOJICIBHBIX PACUETOB C HAOIIOICHUSIMU
U, CJIeJIOBATENIbHO, MPH MIPOBEPKE TEOPETUUECKUX MpeAnoiokeHuit o mexanusme KO
BrustHus [12, 17, 18].

Llesnbio paboTsl siBisieTcst uccienoBanue BiussHus KJIO Ha Bapualun HHTEHCHBHOCTH
cTparocepHOro MoSIPHOrO BUXPsSI B AHTAPKTHKE C TIOMOI[BIO METO/1a, OCHOBAHHOI'O Ha
yuete ce30HHbIX 3akoHoMepHocTed KJIO. TIpr 3TOM 3HAYUTEIBHO YMEHBIIAETCS YUCIIO0
BO3MOYKHBIX BapuaHTOB coBraienns (a3 mukios KJO ¢ ce30HaMu, 4T0 MO3BOJISIET OIpe-
JICTISITh TUITUYHBIE OCOOCHHOCTH MEKTOIOBBIX Bapualuii Buxps, oodycnosienubie KJ1O.

Hcnoab30BaHHbIE JaHHbIE

Tpaguuuonno B uccnenoBanusx KJIO ucnonb3yroTcsi 1aHHBIE O CPEAHEMECSIYHOM
CKOPOCTH 30HAJBHOTO BETPA, MOJTYYCHHBIC Ha OCHOBE PATHO30HIOBBIX H3MEPEHHI Ha
9KBAaTOPUAIIBHBIX CTAaHIMAX (HocTymHbl st 1953-2021 rr. Ha caiite https://www.geo.
fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html, oGHOBNIsSIFOTCS O TeKyIee BpeMs
Ha caiite https://www.atmohub.kit.edu/english/807.php). [lanee B TekcTe oHM 0003HaUE-
HbI KaK «aanHele FUB». AHanu3 ce3oHHBIX 3akoHOMepHOcTel BeTpa KJIO ocHoBaH Ha
€XKEJHEBHBIX JIaHHBIX PaJU030HMIO0B 3a npumepHo 40-netHuit nepuoxn 1977-2016 rr. u3
o0berHEHHOTO TobanpHoro apxuBa Integrated Global Radiosonde Archive (manee —
«mannbie [GRAY) (https://www.ncei.noaa.gov/products/weather-balloon/integrated-global-
radiosonde-archive). J{ist XxapakTepHCTUKNA MHTCHCUBHOCTH TMOJISIPHOTO BUXPsI B AHTap-
KTUKE UCTIONb30BaHbI ciiyTHHKOBBIE maHHbIe Goddard Space Flight Center (GSFC) NASA
(http://ozonewatch.gsfc.nasa.gov/meteorology/wind 2024 MERRA2 SH.html, noctyn
15.06.2024) ¢ 1979 o 2024 1. 0 ckopoCTH 30HANBHOTO BeTpa Ha 60° fo. 1. J{jis ananusa us-
Menenuit OCO wucnonb3oBanbl cnyTHUKOBBIC Total Ozone Mapping Spectrometer (TOMS)
n Ozone Monitoring Instrument (OMI) nannsie 3a nepron ¢ 1979 no 2023 . u Merged
Ozone Data (MOD) 3a nepuon 1978-2021 rr. (https://ozonewatch.gsfc.nasa.gov/ozone
maps/ftptoms/omi/data/zonal _means/ozone/; https://acd-ext.gsfc.nasa.gov/Data_services/
merged/index.html, moctym 15.06.2024).

Ksa3zuasyxiernue ocumiisinuu (K/10) BeTpa, 030Ha U HUPKYJISIIUA

Bausinue ¢pa3pl KO Ha moasipublii Buxpb QskHOro mosymapus

KOO Berpa HaOmromaeTcss B AKBaTOPHUAIBHOW cTpartocdepe Ha YPOBHIX OT
~100 rIla (~16 kM) go ~3 rlla (~40 km). CKOpOCTh BETpa MaKCHMaJIbHa HaJl SKBaTOPOM
1 YMEHBIIAECTCS C POCTOM IIUPOTHI ¢ MOMYIIUPUHON pacHpeneiIeHus: MpuMepHo +12°.
Mexanmsm rereparnu KJIO moapo6ro ommcan B 0630pax [4, 11, 19]. Uepenoanue Ha-
MIPABJICHUS 30HAJIIBHOTO BETPA SIBJISETCS CIECACTBHEM MOOYEPETHOTO CITyCKa 3aragHoro
(W-da3a KJ1O) u Bocrounoro Betpa (E-daza KJAO). @a3er KO Ha pa3sHBIX YpOBHIX
HAYMHAIOTCSA B Pa3HOE BPEMs, M HA4YaJo M MPOJOIDKUTEIFHOCTh KaX/I0H (ha3bl 3aBUCHUT
ot BeIOopa yposHs. [Ipu sTom mepron KO (kak nHTEpBaI MEKIY AaTaMH HACHTUIHOTO
N3MEHEHUsI HallpaBJICHHs BETPa Ha OIIPE/ICNICHHOM YPOBHE), ITPU CPETHEM 3HAUYEHUH OKOJIO
28 MecsleB, N3MEHSIETCS] OT IUKJIA K IUKIY ¥ UMEET Pa3HyI0 MPOJOKUTEIBHOCTD Ha
Pa3HBIX YPOBHSIX.
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ITpu ncenenosanun Baussaus KO Ha pa3iaudHbIe TPOLECCHI IS ONPEACIICHNS THITA
¢a3sr nukiaa KJIO B KaXXJ0M 9acTHOM CITydae BHIOMPAIOT TOT YPOBEHB B Auana3oHe ot 70
1o 10 rlla, oms koTOporo pe3ynsraT aHanm3a sBieHni B cpaBHeHNH ¢ KJIO onrtumaren [4].
Hampumep, mokazano, yro K/10 Momynsnust BeTpa B CpeHUX M BBICOKHX ITHPOTax (3exT
Xontona—Tana) B CeBepHOM MOIyIIAPUH MPOSBIIETCS JIydIlle BCErO IPH ONPEAEICHUN
tazer KJ1O mo sxBaropuansaOMy BeTpy BOIm3H 40 rlla, B To Bpems kak B KOxxHOM moiTy-
mrapuu 3¢ dext Ooee YeTKO BUCH IPU UCTIONBF30BAHUN BeTpa Ha ypoBHe ~25 rlla [20].

Ha puc.1a nokasaHbl, B Ka4ecTBe IpUMepa, U3MEHEHHUsI CKOPOCTH 30HAIBHOTO BETPa
Ha skBarope U, o B 2020-2023 rr. no ganHeiM FUB — BbIuKcIeHHAas CpeaHsis BapraLus JUIs
25 rlla ¢ ynaneHHBIM TO10BBIM X010M. CuMBosamu W 1 E 0TMEUEHBI MECSIbl, B KOTOPbIE
(haza KJIO Obu1a, COOTBETCTBEHHO, 3aIlaHOI U BOCTOYHOH Ha ypoBHe 25 rlla. Ha puc. 16
B BEpXHEH YacTH MOKa3aHbl H3MEHEHNUS B TEUEHHE T0/1a CKOPOCTH 30HaIbHOTO BeTpa U Ha
60° ro. m1. Ha ypoHe 10 rlla mis Becex met ¢ 1979 mo 2023 1. (ceprie KpUBBIE) U CpPETHE-
roz10Basi Bapuamys 3a 3TOT NepuoA (KpacHasi KpuBasi), a BHU3Y ITOKAa3aHbl OTKJIOHEHHS
AU ot rofoBo#t Bapuanuu (CHHAE KpUBBIE). MaKcuMallbHbIE MEKIOAOBBIE (DITyKTyaIuu
AU nabmonarorcs B mroHe—Hos10pe. st onpenenenus pnustanst KO cpenHemecsdHbIe
3Ha4ueHUsI AU yCpemHsUINCh OTJASNBHO I 3ama HoH 1 BocTouHOM (a3 KO ms xaxmoro
KajieH1apHoro mMecsua B reuenue 1979-2023 rr. 13 npeacraBieHHbIX HA pUc. 16 cpeaHux
BapHaIfii BUAHO, UTO B JeKaOpe u ssHBape—utone kpusbie 1t odenx (a3 KO mpakTu-
YeCKH He OTIMYAIOTCs, B aBrycre—ceHTsiope npu W-daze AU He3HAUUTEIBHO HUXKE (TO
ecTh BUXpPh cnabee), yem mpu E-dase, a B OKTIOpe—HOs0pe, HAOIIOmaeTcs OTYSTIHNBOC
pasmuune AU. [pu stom AU Beime ipu W-dase (To ecTh BUXPh HHTEHCHBHEE), YeM TPH
E-daze. Paznocts AU mexny dazamu KJIO B okTsa0pe 1 HOsIOpe cCOCTaBIAET MPUMEPHO
4 u 8 m/c (craructrueckas 3HaUUMOCTh ~70 % 1 ~98 % COOTBETCTBEHHO).

[onyuennrsie m3menenns AU cornmacytorcs ¢ aHanmmsoMm [20, Figs. 3—4], cormacHo
KOTOpPOMY MakcHMaslbHOE paznuune mMexnay (azamu K/IO B BBICOKOIIMPOTHOM CTparo-
cthepe HOxHOTO MONTyIIIapusi HabIIONAIOCh B HOSOPE, TO €CTh BO BpeMs (PHHAITHHOTO
MOTEIUICHUS ¥ Pa3pyIIeHNs] 3UMHETO BUXps. B meprnoa MakcMManbHONW CKOPOCTH BHXPS
(mo ~100 m/c B mrone—asrycre) 3ddexra KO He Habmomanock. 3aMeTHM, 4TO B HOSIOpE
CKOPOCTbH BHXPSI CYIIECTBEHHO YMEHBIIAETCS M BETEP U3MEHSET HAPABJICHHE C 3aIaHOTO
(U>0) na Boctounoe (U<0) (puc. 16, BBepxy). Ha puc. 12 mokazans! mameneHus AU TONBKO
U HOSIOpSL B T€UEHHUE MOTHOTO MHTepBana ¢ 1979 mo 2023 r. BuaHo, 9T0 B HEKOTOPHIE
TONIBI MHTEHCUBHEIN BUXPh HaOmromancs mpu E-¢asze (manpumep, B 2021 u 2023 rT.) U, Ha-
o0oport, cmadsIit BuXxph Habmromancs npu W-gasze (B 2013 u 2016 rT).

Ha puc. 10 u le mpencraBieHbl, COOTBETCTBEHHO, s £- n W-da3, onpeaeneHHbIX
10 HampaBlIeHHUIO BeTpa Ha ypoBHe 25 rlla, BepTuKangbHbIC MPOQMIN CKOPOCTH BETpa
U o (c ymaneHHBIM TOIOBBIM XOJIOM) JIJIs BceX HosOpeit B 19792023 rr., KoTOpHIe OBLTH
YYTEHBI TIPH OTIPEICIICHUH BapuaIwii Ha puc. 16, — 20 ciaydaeB ans E-dassl u 21 cmydait
s W-dassl. TIpexxae Bcero BUAHO, YTO B IMOJABIISIONIEM OOJIBIIMHCTBE CIIy4aeB Ha-
[IpaBJICHUE BETpa B BepXHEW U HIKHEH yacTax ciost oT 70 go 10 rlla npoTuBononoxHo,
TO €CTh €CJIM BHU3Y BOCTOUHEIN (U, o < 0) Betep, TO BBepXy 3amaaHBIN (UEQ > () Betep
u HaoOopoT. OHaKo T Kax1oi (a3el mMpouIN AEMOHCTPUPYIOT TOIBKO /1BA WIIM TPU
BapHaHTa BEPTUKAIBHON CTPYKTYPHI.

Hus E-dassr (puc. 10) ciHAM IBETOM BBIACNICHA rpynna npoduieil ¢ 3amagapimM
BETPOM B HI)KHHUX CJIOSIX M BOCTOUHBIM B BEPXHHX (TPAaHHUIIA MEXKAY MPOTHBOIOIOKHO
HaIpaBICHHBIMH BeTpaMH B pa3Hble Toasl B auana3one 30-50 rlla). KpacHpiM mBeToM
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Puc. 1. I3MeHeHHs CKOPOCTH MOJSIPHOTO BUXPS B AHTAapKTUKE B 3aBUCHMOCTH OT (hazer KJ1O.

a — V3MEHEHMs 9KBaTOPUAIbHOTO BETpa UEQ Ha ypoBHe 25 rlla B 2020-2023 rr. no nanusiM FUB, cumBosbl
W 1 E 0TMe4YaroT MecsIbl ¢ 3anagHoi 1 BocTouyHol (azoit K10 cooTBETCTBEHHO; 6 — BBEPXY — W3MCHCHHUS
B TEYEHHUE rojla CKOPOCTU 30HaNILHOrO BeTpa U Ha 60° 1o. 1. Ha ypoBHe 10 rlla juis Bcex ser B 1979-2023 rr.
(cepble KpHBbIE) U CpEIHEro/0Bas Bapuanus (KpacHas KpuBas), BHU3Y — OTKJIOHEHHs AU OT cpeHeronoBoit
BapHanuy (CHHHE KpHBbIe); 6 — u3Menenus AU Ha 60° 1o. 1. Ha 10 rlla B Teuenue roga mist W- u E-da3 KJO;
2— mMenenus AU st HosiOpst B Teuenue uuTepsaia ¢ 1979 mo 2023 r.; 0 — BepTHKaIbHBIC IPOGHIN CKOPOCTH
UEQ ULt Beex HosOpeit B 1979-2023 1T, KOTOpbIe ObLIM yUTEHBI IPH ONpEICICHUH BapHaluil Ha puc. 16, 1us
E-KJ10; e — 10 e uto Ha puc. 10, nHo mist W-KJIO

Fig. 1. Changes in the speed of the polar vortex in Antarctica depending on the QBO phase.

a — changes of the equatorial wind U,,at25 hPa (de-seasonalized) in 2020-2023 from FUB data, the symbols
W and E mark months with the westerly and easterly phase of the QBO, respectively; 6 — at the top — changes
during the year of the zonal wind speed U at 60°S at 10 hPa for all years in 1979-2023 (gray curves) and a mean
annual variation (red curve), below — deviations AU from the annual variation (blue curves); 6 — changes of
AU at 60°S at 10 hPa during the year for the # and E phases of the QBO, the difference in AU between the
QBO phases in November is ~8 m/s; 2 — AU changes for November during the interval from 1979 to 2023, in
some years, an intense vortex was observed during E-QBO, and a weak vortex was observed during W-QBO;
o — vertical profiles of the equatorial wind speed U, w0 for all Novembers in 1979-2023, which were taken into
account in determining the variations in Fig. 1s, for E-QBO; e — the same as in Fig. 10, but for W-QBO, it can
be seen that for each phase of the QBO, the profiles show only two or three variants of the vertical structure,
which are shown in different colors. Note that each group demonstrates not successive stages of the wind change
during the evolution of a particular QBO cycle, but only one month — November — from different QBO cycles
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BBIJIEJTICHA IpyIIa Npoduiieil ¢ BOCTOYHBIM BETPOM B HIIKHHUX CIIOSIX M 3aIIaJJHBIM B BEPX-
HUX (rpanuia B nuamazone 18-23 rlla). [Ipu sToM Bo Beex ciydasx Ha puc. 11 Ha 25 rlla
BeTep BocTouHbl. Ha puc. le amst W-daspl KpacHBIM IIBETOM IOKa3aHbI MPOoQuiIn ¢ 3a-
MaTHBIM BETPOM B BEPXHEM CJIO€ ¥ BOCTOUHBIM B HIDKHEM (Kak M Ha puc. 10), HO HIXKHSA
rpaHuIia 3aMaHOTO BETPa pacoiokeHa Hibke ypoBHs 25 rlla (B pa3Hble ol B JUana3oHe
3045 rlla). CiHAM 1IBETOM BBHIIEICHBI TIPO(HIN C 3aMaJHBIM BETPOM BHHU3Y, a BOCTOU-
HBIM BBEPXY; IIPH 3TOM HIDKHSS I'PAaHUIA BOCTOYHOTO BETPA PACIIOJIOKEHA BBIIIE YPOBHS
~22 rl1a. 3eneHbIM IIBETOM BbIJEIICHA TPYTIHA IPOQUIIEH, B KOTOPHIX MPAKTUYECKH BO BCEM
Jmana3oHe BeTep 3amnaaHblil. Bo Bcex ciyuasx Ha puc. le Ha 25 rlla Berep 3amaaHblid.

[ToguepkHEM, YTO Kax/asi IpyIa AEMOHCTPHPYET HE MOCIEA0BATENbHbBIC CTAJUN
Ipolecca N3MEHEHHsS BETpa B X0J1€ 3BOONNN KoHKpeTHoro nukia K/1O, a onuH Toibko
Mecsl — HosIops — 13 pa3HbIX UKI0B KJ1O. IIpu 3TOM HET KaKo#-TO ONpeaeneHHoM 3a-
KOHOMEPHOCTH YePEI0BAHNS OAHOTHIHBIX IPO(MIICH B TeUeHNE BPEMEHH (B pa3HbIE TOJIBI).

[IpencTaBneHHBII BBIIIE aHAIN3 SBISETCS IEMOHCTPAIMEH TPAIUIIMOHHO HCTIONb-
3yemoro Metoza omnpeneneHus ¢Gassl KO mo HampaBiieHHIO BeTpa Ha OZHOM ypPOBHE
(nm KOMOMHAIMN HECKOJIBKUX YPOBHEH B OINPENEIICHHOM JHAla30HE) NP U3yUCHUN
Bimstausg KJIO Ha pasnmunslie nporeccel. OHAKo, Kak 0TMeJanoch Bo BeexeHun, xots
omnpezaenennsie ypoBHU K/1O 9acTo nCnonb3yoTest Ui MakcuMu3annu otkianka Ha KO
B JIaHHBIX HAOMIONEHMH, 10 HACTOSIIEr0 BPEMEHN HET €ANHOTO MHEHHS O TOM, IIPH Ka-
KOM BEPTHKAJIBHON CTPYKType BeTpa HabmronaeTcss Hanbosee cuiabHoe BiausHue KJ1O na
BHeTponn4eckyto crparocgepy [12]. 13 npencraBieHHbIX Ha puc. | pe3ynbTraToB Takxke
BUHO, YTO CITy4au ¢ OMHOHU U Toi xke (azoit KJ[O, onpeneneHnoi mist pUKCHpoBaHHOTO
YPOBHSI, BKITIOUAfOT COOBITHSI C Pa3HOH BBICOTHOW CTPYKTYpOH BETpa, UTO, ITO-BUIUMOMY,
O3HAUaeT, YTO MPU BBIUUCIEHUH cpeanero oTkianka Ha KJIO cMmemmBaroTcst He HACHTHY-
Hble BapuaHThl. OTHAKO BCETO JBa-TPH BapHaHTa OAHOTHITHBIX MPO(QHUICH B OOUH U TOT
JKe KaJleHIapHbIi MecsIl rofa (puc. 10 u 1e) cBUAETeNbCTBYIOT O HAJTMYUN CE30HHBIX 3a-
KoHOMepHocTeil B aBommorn KJ[O, koTopsie OyayT paccCMOTPEHBI B CIIEAYIONIEM pa3zieie
M KOTOPBIE TIO3BOJISAIOT ONPEAEIUTh THIIMYHBIE 0COOCHHOCTH BapHaIUi MOJISIPHOTO BUXPS
W 030HOBOH IBIPHI B AHTapkTHKE, 00ycmosneHabie KJ[O.

Ce3zonnas 3aBucumocts KJ10

HecMmotps Ha TO, 9TO ce30HHas Momyssinust win cuaxporn3anus K/1O u3BecTHa yxe
~40 J1eT 1 MHOTOKPATHO TTOATBEPIKAATach (CM. CCBUIKM B 0030pe [4]), 10 HacTOsIIeTo Bpe-
MEHH B JIMTEpaType TOMUHHUpPYeT MHEHue, 4To nepuof mukia K/1O He cBs3aH ¢ Tof0BEIM
IIUKJIOM ¥ UIMEET MECTO JIMIIIb YaCTUYHAsi CHHXPOHHU3ALM MOMEHTOB m3MeHeHus (a3 K10
WITH CKOPOCTH cITycKa BeTpoBhIX pexkumoB KO ¢ cesonamu roma [19]. Otcrona cremyer BbI-
BOZI 0 TOM, uTO (hazel mkna KO cucreMaTHiecky CMEIAoTCs Ha HECKOIBKO MECATIEB JUIs
MOCTIE/IOBATENBHBIX [IUKJIOB OTHOCHTEIBFHO CE30HOB rofia (M MHTEPBaJl CMEIIECHUS H3MEHSETCS
OT IMKJIA K IUKJTY), 9TO 3HAUUTEIBHO yCIOXKHACT BisiBIeHUE cBsi3u KO ¢ m3MeHeHnsMn
BUXPSI 1 030HOBOH IpbIpHL. [lockombky maxe cpenaunii nepuon KJIO He paBeH TOYHO ABYM
rofaM u (ha30BOE COOTHOIIEHNE MEX/TY TOIOBBIM IIUKJIOM B 12 MecseB, JOMHHUPYIOIIUM
B BBICOKHX IIMPOTAaX, U KBA3UABYXJICTHUM ILIUKIIOM 9KBaTOPUAIIBHOHN CTpaToc(ephl IOCTOSH-
HO M3MEHseTCs, TO TpeOyeTcs Heckonbko IukiIoB KJIO B TeueHne HECKOIBKHX JIET, YTOOBI
3aBEPIUINTH UK HU3KOYACTOTHON MOIYIISAIMHU TogoBoro mukia mukiaom KJ1O [12, 17, 18].

AHanu3 BepTHUKaIBHBIX TPoduIeii CKOPOCTH KBATOPHUAIBHOTO BETPA 10 JTAHHBIM
FUB [21, 22] moxkaszai, uTo Bo Bpems cirycka BoctogHoro Berpa KJIO Bcerna nabmogarorcst
YMEHBIIEHUS CKOPOCTH ciycka B cioe 20—40 rlla, Ha3BanHbIe cTaguel ctarHammm [21],
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KOTOpBIE YETKO CBsI3aHbI ¢ ce30Hamu roza. Eciu onpenensts nepuon mukiaa KJ{O (s gero
B HACTOSIIIIEE BPEMsI HE CYILIECTBYET OOILICTIPUHITOIO METO/a) KaK MHTEPBAJ MEKIY Ha-
YaJlaMH MOCJIEA0BATEIbHBIX CTANH CTarHALMH, TO OKA3bIBACTCS, YTO TIEPUOJ H3MEHSETCS
JMICKPETHO W MOKET OBITh paBeH TONbKO 24 miu 30 MecsinaM MeXIy COOTBETCTBYIOIIUMHU
COJTHIIECTOSTHUAMU [23, 24].

DakT HaTMYMSI CTAANI CTarHalMHU COTNIACYETCsl C JaBHO M3BECTHBIMU «3aMeIICHH-
ssmm» (stallings), KOTOpbIe OTMEYAIICh B XO/IE CITyCKa BOCTOYHOTO BETPa, XOTs 0€3 CBI3U
C OIIPEAEICHHBIMH CE30HaMH, W MCHOJIB30BAINCH ISl OOBSCHEHUSI Pa3Ininil B TIEpUOAe
MEXIy pa3HbIMHU IUKJIaMHA. OIHAKO CUUTAIOCH, YTO 3TH IPHOCTAHOBKH CITyCKa HaOJo1a-
IOTCSI TOJIBKO B HEKOTOPBIX IUKJIAX M MPH UX OTCYTCTBUH IEPHOJ IUKIA OIN30K K 2 TO-
naM (24 mecsam), B TO BpeMsl Kak IPU UTUTEIBHBIX TOPMOXKEHUSIX MEPHOJ] COCTABIISET
~3 roma [19]. CornacHo pesynsraram [21-24] TOpMOXKEHHS CITyCKa BOCTOYHOTO BETpa
HaOJIOAAIOTCS B KAXKJIOM IIUKJIIE, HO B 24-MECSYHBIX IIMKJIAX MX JJIUTEIBHOCTh PABHA BCETO
1 ce3ony (3 Mecsimam), 1 MO3TOMY OHH IPAKTHYECKH HE 3aMETHBI Ha BHICOTHO-BPEMEHHBIX
paspesax CKOpPOCTH, XOTS OTYETIIMBO OINPEACISIOTCS 0 BEPTHKAIBHBIM IPO(QMIIsM.

Ha puc. 2a npencraBneHbl BepTHKAIBHBIEC TIPOQHITH CKOPOCTH 1Mo JaHHEIM FUB st
Bcex 11 ciydaeB (3a mepuon 1953-2024 1) 3-MecsSYHOH CTaquy CTarHAIIMK B TEUCHUE
CITyCKa BOCTOYHOTO BETpa; MPOQMIN Ul sTHBApPS, (EeBpajsl 1 MapTa BBIACICHBI CHHHUM,
3€JIeHBIM M KPAaCHBIM I[BETOM COOTBETCTBEHHO. | paHuIly pasjena MpOTHBOIOJIOKHO Ha-
TIPaBJICHHBIX BO3IYIIHBIX TEUCHUH HA3bIBAIOT 30HOM casura (ot aHm. shear) ckopoctu. ITo
OOIIETPUHATON TEPMUHOJIOTHN HIKHSS TPaHUIIA CITyCKAIOIIETOCs 3allaHoro BeTpa (Ha-
MIPABJICHHOTO C 3aI1a/1a Ha BOCTOK) HAa3bIBA€TCsl 30HOM 3amatHOTO c/BUra (Wiau W-casura),
a HIKHSS TPaHUIIA BOCTOYHOTO BeTpa (C BOCTOKA Ha 3aaj[) — 30HOW BOCTOYHOTO CI[BH-
ra (wmu E-capura). Bo Bcex ciydasix BOCTOUHBIN C/IBUT Ha pUC. 2a HAOIIONAETCs Ha ypOBHE
B nuanazone 2040 rlla, u B KaX10M cilydae 3TOT YPOBEHb IPAKTUUECKU HE U3MEHSETCS
B TEUCHHE I10 KpaifHel Mepe Tpex MecsueB. Takue nepuoibl TOPMOXKEHHS (CTaUN CTar-
HaIMM) Pa3AeisiioT NeprUoAbl MHTEHCHBHOTO CITyCKa BOCTOYHOTO CIBHTa B CJIOE€ BBIIIC
u B cioe Hmxke 20—40 rlla (moxpo6uo mokaszano B [24], Fig. 1 u B [21], puc. 1). Ograxo
B pa3HbIX 1mkiIax KO ypoBeHb, HA KOTOPOM HaOJIOAETCs CTAANs CTATHAIMH, PA3HBII.
ITostomy npu onpenenennu nepuona nukna KO kak nHTEpBana MeX1y HICHTHIHBIMA
N3MEHEHUAMH (a3l Ha (PUKCHPOBAHHOM YPOBHE CE30HHBIC 3aKOHOMEPHOCTH TPOSIBIIAIOTCS
JMIIb KaK «MOIYJISLHS» WM «TEHACHIND), U epro u3MeHnsercst ot 17 1o 38 mecsues
CO CpPEIHUM 3HaueHHeM B auarnazoHe oT 27 1o 30 MecsieB B 3aBUCUMOCTH OT aHAJIN3H-
pyeMoro BpeMeHHOTO WHTepBaia [4].

Ha puc. 26 moka3aHbI BepTHKAIBHBIC TIPOQIITH CKOPOCTH st Bcex 11 mukimoB (ce-
pblie JIMHAN) 24-MeCSIHOTO Neprosa (IIpy ONPEAETICHIH ITepPHo/a KaK HHTEPBaJIa MEXKITy
HavaJaMH MOCIEA0BATENbHBIX CTaqui crarHanuu). [Ipodmnm 11 pa3HbIX IUKIOB CIPyTI-
MTUPOBAHBI 110 KAJEHAAPHBIM MecsAllaM rofa Tak, YTO MEpHOABl CTaJui CTarHaluK (BbI-
JIeTICHBI JKEITHIM [IBETOM) Pa3HBIX IIMKJIOB COBMeIIEeHBI. [Toka3zaHbl Takke 6 MecsIeB 10
Hayajla CTAJNN CTarHaluu (BEepXHHUH psl puc. 26, UIONb—IeKadpb), COOTBETCTBYIOIIHE
CITyCKYy BOCTOYHOTO BETpa JI0 YPOBHS cTarHauuu. JJs Kaskaoro Mecsia TakKe MOoKa3aH
cpenHuil mpoduiIb (CHHUE JIMHUM C YKa3aHWEM CPEIHEKBAJAPATHYHON OIMOKM Ha BCEX
ypoBH:X). 13 puc. 26 ciemyert, 9To, HECMOTpPS Ha Pa3IN4Ms B aMIUIUTYJIE CKOPOCTH (MHO-
I71a CyIIECTBEHHbIE), K)KIash OuepeHas CTalusl CTarHaIlMK Had9MHAETCS B SIHBApe, TO €CTh
BOITM3M COJHIIECTOSIHUSA (T€ Ke MpOo(UIIH, YTO M Ha puc. 2a), Tak uto 3Bomtonus KO
YTIOPSII0YMBACTCST OTHOCUTEIBHO CE30HOB TO/IA.
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Puc. 2. BeprukaibHsie npoduiu ckopocti Betpa 1o AauubvM FUB st 24-mecsunbix makiioB KJIO (1953-2024).

a— npo(UIH B IIEPHOJL CTaIMH CTArHAIIMH CITyCKa BOCTOYHOTO BETPA C sHBApsl 0 MapT B pa3HbIx nukiax KJ10;
6 — npoduu Juis Beex Mecsies B Tedenue mukia KJ1O st 11 nnkiio 24-MecsiqHOTO neproya (cepble JIHHNH).
Tpodunm a1 pasHBIX UKIIOB CIPYIITHPOBAHBI 110 KAJICHIAPHBIM MECAIaM rojla TaK, YTO CTAJUU CTarHaI[uk
(BBIJICITICHBI JKEJITHIM LIBETOM) Pa3HbIX IIUKIIOB COBMEIIeHbI. CHHME JIMHUHM JUIS KaX/J0T0 Mecsia (¢ ykasaHHeM
CPE/IHEKBA/IPATUYHOI OIMMOKH Ha BCEX YPOBHSX) NMPEICTABIIAIOT CPEIHMIA 110 BCEM IIUKIAM ITPOpHIb

Fig. 2. Vertical wind velocity profiles from FUB data for 11 QBO cycles in 1953-2024 of the 24-month
period.

a—profiles during the stagnation stage January to March of the easterly descent in different QBO cycles. The easterly
shear in all the cases is observed at a level of about 2040 hPa, and in each case this level is essentially unchanged
for at least three months. However, the level at which the stagnation stage is observed varies from one QBO cycle
to another. Thus, in defining the period by wind at a fixed level, the seasonal patterns appear only as a “modulation”;
0 — velocity profiles for all months in the QBO cycle for 11 cycles of the 24-month period (gray lines).

Profiles for different cycles are grouped by calendar months of the year so that the periods of stagnation stages
(highlighted in yellow) of different cycles are combined. The top row shows the 6 months July—December
corresponding to the descent of the easterly wind to the stagnation level. For each month, the average profile is
also shown (blue lines indicating the mean squared error at all levels). Despite the differences in the shear level
and velocity amplitude, each successive stagnation stage begins near the solstice in January (the same profiles as
in Fig. 2a), so that the evolution of the QBO is ordered with respect to the seasons of the year
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U3 puc. 26 Takke BUIHO, UTO BECh CITyCK BOCTOYHOTO BeTpa oT ypoHs 10 rlla (utoms
B BepXHeM psay) a0 yposus 70 rlla (nexaOpb, TpeTHit cBepXy psij) MPoaoibKaeTes 6 ce30-
HOB. [Ipy 3TOM CE30HBI ONPEETAIOTCS KaK 3-MECSIHbIC HHTEPBAIIBI SIHBApb—MapT, alpelTb—
WIOHB, HIOTb—CEHTAOPH U OKTAOph—IeKkaOpb. Eme uepes 2 ce3oHa (B wroJe, HIKHUH i)
HauMHAETCSl OYEPEIHON CIyCK BOCTOYHOTO BeTpa oT ypoBHs 10 rlla. CnenoBarenbHo,
TIOJTHBIH IUKJI 0OpaIeHHUsT BETpa MPOAOIKAETCS 8 Ce30HOB IPH JF000M criocode onpeerne-
HUS IepHo/ia — KaK MHTepBajia MEXKIy HadajlaMy MOCIIEeJ0BaTeIbHBIX CTalui CTarHANN
WIIN KaK WHTEpBaja MEX/y HadallaMH CITycka BocTodHOro Berpa Ha yposue 10 rlla. Ho
aHanm3 npoduieit o cpenHeMecssuHbIM TaHHBIM FUB (00BIMHO HCTIONB3yeMbIM B HCCIIE-
mosauusx KJIO Berpa) He MO3BOMISET BEIICIHTE ce30HHBIE ocodeHHOcTH KJ1O Ha Gomee
BbICOKUX (BBIe ~20 r1la) n 6onee Hu3kux (HIKe ~50 rlla) ypoBHsax. CemgoBarensHO, HA
MPAKTHKE ISl ONPEIEIICHNS TPAHMI] IIUKIIOB U, COOTBETCTBEHHO, TIEPHO/IOB IIUKJIOB CIICYET
HCTIONB30BaTh CTAANU CTAarHaIlMH, HAYaJ0 KOTOPBIX (DPUKCHPYETCS MO CPeHEMECSIHBIM
naaHeiM FUB 110 0T4eTNIMBOMY YMEHBIIEHHIO CKOPOCTH CITyCKa Ha HEKOTOPOM YPOBHE
B muamazone 20—40 rlla (cMm. puc. 2a). Ananormunsrit aHanu3 KJIO nukinoB 30-MecsaHOTO
neprosia (He ToKa3aH Ha PUCYHKE) IEMOHCTPHPYET T€ JK€ CE30HHbBIE 3aKOHOMEPHOCTH, HO
¢ Gosee IPOIOIKUTENBHBIM, B TEUCHHE 8§ CE30HOB, CITyCKOM BOCTOYHOT'O BETPA.

AHanm3 npo¢ e, MOCTPOCHHBIX C UCTIOIB30BaHIEM €KeTHEBHBIX TaHHBIX IGRA,
MOKa3aJI, YTO OBICTPHIM U MEUICHHBIH CITycK E-CABUTA YepetyeTcs Ha IPOTSHKEHUH BCETO
crmycka BoctogHoro Betpa oT ~10 rlla go ~70 rlla — cmyck pesko 3amemsercs (YCKopsi-
eTcsl) BONM3H CONHIIECTOSHUH (paBHOACHCTBHIN) [25]. KpoMe Toro, KaskIaplif BOCTOYHBINA
caBur Beerna nosipisiercst Ha ~10 rlla BOMM3M comHuecTossHUH (B MIOHE WIH JieKaope),
CITyCKaeTcsl B TeUeHue 6 WK § CE30HOB, U CITyCK 3aBepliaercs Ha ypoBHe ~70 rlla takxke
BONM3M coiHIecTOsHUI. HOBBIN (0uepenHoii) BocTouHbli caur Ha ~10 rlla Bcerna mo-
SBJISIETCSI Yepe3 JIBa CE30HA MOCIIE TOTO, KaK MPEIbIAYIINH BOCTOYHBIA CABUT JTOCTUTACT
~70 rlla (cm. [26], Fig. 6). CnemoBarenbHO, MHTEPBAI MEXKIy MOCIECIOBATEIFHBIMU Ha-
yaamMu BocTogHoro casura Ha ~10 rlla paBen 8 wmu 10 cezonam (24 wmu 30 mecsiam).

BapuaHT 6-Ce30HHOTO CIyCKa M, CIEOBaTeNIbHO, 8-CE30HHOTO MHTEpBala MEXIY
Hayajgamu BocToyHoro casura Ha ypoBHe ~10 rlla coorBerctByeT nukiam KO 24-me-
CSIYHOTO TIEPHOJa, MTOKA3aHHBIM Ha pHC. 26. (3aMeTHM, UTO MHTEPBAJ § CE30HOB MEXIY
HavajgaMu BOCTouHOTO caBura Ha ~10 rlla oT nions B BepXHEM PSIy A0 MIONS B HIDKHEM
PSITY IPOCIIEKHUBACTCS IO CPEHUM (CHHUM) IpohmiIsiM.) bonee mpoomkuTeabHbIN CITyck
BocTo4yHOrO casura ot ypoBHs ~10 rlla no ypoBus ~70 rlla, B Teuenue 8 ce30HOB, cO-
OTBETCTBYET MHTepBady 10 ce30HOB MEXIy HayajJaMH BOCTOYHOTO CIBHIa HAa ypOBHE
~10 rlla, To ectp ymmHenuto nepuona mukiaa KO na nonrona no 30 mecsues. Iloa-
YepKHEM TaKKe, 4TO B JIAHHOW paboTe He paccMaTpuBaroTcsi aHoManbHble ukibsl KJO,
TakHe Kak aBa 36-MeCsuHbBIX KA B 1964—1969 IT. 1 IUKIIBI, CBSA3aHHBIC C aHOMAIUSIMHU
KJ0O B 20152016 . m B 2019-2020 rr. [11, 19].

KAO uupkyasuuu u KO o30na

KJIO Betpa cBsi3aHbI ¢ COOTBETCTBYIONIMMHU BapHalUsAMH TEMIIEPATYPHI U O30HA.
Bcenenctue ycnoBust TEpMHUECKOTO OalaHca TeMIIEpaTypHbIE BO3MYIIEHHS, 00YCIIOBIIEH-
HBIC U3MEHEHUSIMH BETPA, CO3/1AI0T BTOPHUYHYIO MEPHIMOHAIBHYIO IUPKYIuio [4, 11].
B skBaropmanbHOI BETBH 3TOH MUPKYIIALIMN ITPOUCXOANT TTOJBEM BO3LYIIHBIX Macc BOIU3H
BOCTOYHOTO C/IBUTA CKOPOCTHU BETPA M CITyCK BO3AYIIHBIX MAacC BOIM3M 3aIaHOTO C/IBUTA
CKOpOCTH BeTpa. B ciuly ycioBUS HENPEPHIBHOCTH MACChl 3TO MPHUBOIUT K TOPU30H-
TAJIBHOMY OTTOKY OT SKBaTOpa BOJIM3M YPOBHS MAaKCHMyMa CKOPOCTH BOCTOYHOTO BETpa
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Y K TOPH30HTAIBHOMY IPUTOKY K 3KBAaTOPY BOJIM3H yPOBHSI MAKCUMYyMa 3aIlaHOTO BETpa,
a B cyorponnueckux BeTBIX K/IO-IMpKyIsimnu BO3HUKAIOT, COOTBETCTBEHHO, HUCXOIS-
Y€ ¥ BOCXOAAIINE ABWKEHHS. BeeacTBre BEICOTHON 3aBUCHMOCTH (DOTOXMMHUYECKOTO
BPEMEHH >KN3HU 030HA W YBEJIMUEHHs KOHIIEHTPAIMU O30Ha C BBICOTOI B cTparocdepe
BEpPTHKAJIbHBIC JIBHKEHNS BO3/yXa BIUSIOT Ha oO1iee conepkanne 030Ha. OTHOCHTEINIbHbIE
BOCXOZSIIINE (HUCXOAAIINE) ABHKEHHS BO3/yXa YMEHBIIAIOT (YBEININBAIOT) KOJUIECTBO
030Ha, Gopmupys MeHbIee (Oompiree) OCO B TpomuKax BO BpeMs CITyCKa BOCTOYHOM
(3amagHoit) 30HEI caBura Betpa KJO. IIpu atom B cyoTponukax KJO-nmupKymsius cos-
naet Baprauu OCO mpOTHBOIOJIOKHOTO 3HAKA, MPUYEM B 3UMHEM IOJTyIIapun Ooiee
WHTEHCUBHBIE, YEM B JICTHEM, M3-3a 3aBUCUMOCTH LUPKYJIALUH OT ce30Ha [4].

Taxmm o6pazom, KJIO Berpa mpuoaut k KJIO-mmupkyisamnmm, KOTopasi OTBETCTBEHHA
3a KJIO B OCO. Uzyuenne n3ameHUNBOCTH 3kBaTopradbHOro OCO BBIABHIO YETKO BBI-
pakerabie MakcuMyMbl OCO, KoTopble HaOMOMat0TCs BOJIM3HM CONMHIIECTOSHINA U TIOBTO-
psiroTCst Kakaple 2 win 2,5 roga. Ananus Bapuanuit OCO B CBS3M ¢ U3MEHEHUSMH BETpa
B xoze sBomronny ukia KJ1O nokasan, uto Bpemst MakcuMyMoB OCO OTYETIIMBO CBSI3aHO
C OKOHYaHHEM CITyCKa 3amajgHoro casura Ha ~70 rlla u ¢ oqHOBpEMEHHO MPOUCXOASIINM
MosIBJICHHEM BocTogHOTO casura Ha ~10 rlla [27]. To ecTts B mepuox cirycka 3amaiHo-
TO BETpa HUCXOAAIINE JIBIDKCHHS BO3AyXa B dKBaropHanbHOW BeTBH KJIO-mumpkymsiun
YBEIMYHMBAIOT KOJIMYECTBO 030HA, 1 Habmonaercst poct OCO B Tponmkax. Kak Tonpko Ha
ypoBHe ~10 rlla nosiBisercs BOCTOYHBINA BETEP, U3-32 BOCXOALIMX ABMXKEHUM BO3/AyXa
HaunHaetcs ymenbienne OCO. «paruta» mexay poctom u criagoM OCO coOTBETCTBYET
Makcumymy OCO.

Kak ormeuanocs Bo BBeneHnn, B TEOPETHUECKUX MCCIIEIOBAHHSX IMOKa3aHa BO3-
MoxkHOCTh KJ1O Momymsim crpatocepHOro 3MMHET0 MOJISPHOTO BUXPS MTOCPEICTBOM
BIUSHUS MEPUANOHATIBFHOW MUpKyIsanud, reHepupyemoit K10, Ha pacmnpocTpaHeHHe
IUTAHETAPHBIX BOJH. B cBs3M ¢ 3TuM nipn u3ydennn mexannsma BiusHus K/1O Ha BbI-
COKOILIMPOTHBIE SIBICHUSI 0c000€ 3HAYCHNE MPHUOOPETAIOT CE30HHBIC 3aKOHOMEPHOCTH
KIO-mmmpkynsium, KOTopele CIeayroT u3 4eTkoil ces3u Bapuarmii OCO ¢ KJIO Berpa
n yetkoi 3aBucumoctn KJ1O BeTpa OoT C€30HOB roja.

[ockompky Makcumymbl OCO (coBmamarorie ¢ HagajaoM BocTodHoro capura ~10 rlla)
BCer1a HaOIIOIaloTCs BOM3H JIEKaOPHhCKOTO MIIN HIOHBCKOTO COJTHIIECTOSHUS ¥ BPEMEHHON
MHTEPBAT MEXIY 0CIIeI0BaTeIbHBIMA MAaKCHMyMaMH1 BCETa COCTaBIsieT 2 WK 2,5 roxa
(8 mmm 10 ce30HOB COOTBETCTBEHHO), TO BO3MOXKHBI TOJIBKO YEThIpE KOMOWHAILIMH CE30HA
u KJ10. OnHaxo, cormacHo pesynsratam ananmsa KO 3a mpumepHo 70-IeTHUI TIepHO
HaOmronenuit (1953-2024 rr.), BCe CITyCKH BOCTOYHOTO CIIBUTA, HAUaBIIHECS HAa YPOBHE
~10 rlla B mexabpe, mpomomkammich 0 ypoBHs ~70 rlla B TedeHue § Ce30HOB IO COOTBET-
CTByIOIIEro aekadps. [loaToMy (110 HEM3BECTHOM TTOKa TIPHYUHE) HE OBIBaET 6-CE30HHOTO
CITycKa ¢ AeKaOpsi 10 UIOHS M, COOTBETCTBEHHO, 8-C€30HHOTO MHTEpBaJla MEK/ly HadalaMu
BocTouHoro casura Ha ~10 rlla ot nexadpst 1o nexadps. CienoBareIbHO, CyIIECTBYET TOMb-
KO TP BO3MOXKHBIX BapuaHTa cBsi3u Berpa KJIO ¢ ce3oHaMu roja u, COOTBETCTBEHHO, TPU
TPYHITBl BPEMEHHBIX HHTEPBAJIOB MIEHTUYHOTO COOTHOLIEHHS ce30HOB U (a3 mukia KJO.
IMomuepkHeM Taroke, 9TO MOCKONBKY ce30HHBIe 3akoHOMepHOCTH K/1O 1 OCO cBsi3aHbI
C COJHIECTOSIHUSIMH WJIM PAaBHOZICHCTBUSIMH TI0 €KETHEBHBIM JaHHBIM [25, 27], TO ce30HbI
To/la OTPEAEISIOTCS KaK 3-MEeCsSYHbIe HHTEPBAJbI JeKaOpb—(eBpalib, MapT—Mai, HIOHb—
aBTYCT U CEHTAOPh—HOSIOpPH (B OTIMYME OT OIPE/EJICHNSI CE30HOB B paszzene «Ce3oHHas
3aBucuMocTs KJIO» 1py HCTIONB30BaHUU CPEAHEMECSUHBIX TaHHBIX).

Arctic and Antarctic Research. 2024;70(3):353-372 363
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I zpynna. Crryck BocTouHoro BeTpa (ciBura) ot ypoBHs ~10 rlla no yposus ~70 rlla
B TeUCHHWE 6 CE30HOB C MIOHS MO JEKaOph; majee eme 2 ce30Ha A0 Havyaia Ha ~10 rlla
0YepEIHOTO BOCTOYHOTO CIBHTA B COJHIIECTOSHUE B MioHE (cM. prc. 2). To ecTs Beero § ce-
30HOB, WK 2 TO/1a, MEXTy HadaimaMu BocTodHoro casura Ha ~10 rlla om urona oo urows.

1I epynna. Bonee TpomOMMKUTENBHBIN CITycK BocTogHOTrO ciasura ot ~10 rlla mgo
~70 rlla, B TedeHme § CE30HOB C MIOHS MO HIOHB, COOTBETCTBYET HHTEepBaTy 10 ce30HOB, MITH
2,5 rona (c uronsa 0o dexabps), MKy HadalaMH BOCTOYHOTO caBura Ha ypoBHe ~10 rlla.

Tabruya
BpemenHble HHTEPBaJIbl HWICHTUYHOIO COOTHOLIECHHS ce30HOB U (a3 nukiaa KO0

Table

Time intervals of identical relationships between seasons and phases of the QBO cycle

[ rpynna II rpynma II1 rpynmna
Ne i/ 8 ce3oHoB (2 Toza): 10 ce30HOB (2,5 roma): 10 ce3onoB (2,5 rona):
HIOHb—HIOHb HIOHb—/ICKa0pb JIeKaOpb—HIOHb

1 Jexabpp 1952 — utonp 1955
2 Wronb 1955 — urons 1957
3 Wronb 1957 — urons 1959
4 Hronp 1959 — urons 1961
5 Hronb 1961 — urons 1963
6,7 JlBa anomanbubIx nukita KJ10 36-mecsanoro cuenapust (MioHb 1963 — mioHb 1969)
8 Wronb 1969 — urons 1971
9 Wronb 1971 — urons 1973
10 Wions 1973 — mrons 1975

11 Wions 1975 — nexabps 1977
12 Hexabppb 1977 — uronnb 1980
13 Uronb 1980 — nexabpp 1982
14 Jlexabpb 1982 — uronb 1985
15 Wronb 1985 — nexabpn 1987
16 Jexabpp 1987 — utonn 1990
17 Wronb 1990 — nexabpp 1992
18 Jexabpp 1992 — utonn 1995

19 Urons 1995 — urons 1997
20 Hrons 1997 — urons 1999
21 Hionb 1999 — nexabps 2001
22 JHexabps 2001 — urons 2004
23 Urons 2004 — urons 2006
24 Hronb 2006 — urons 2008

25 Wronb 2008 — nexadps 2010
26 Jexadps 2010 — nrons 2013
27 Wronb 2013 — nexabpsb 2015
*Anomanms KO B 2015 (Hos16ps) — 2016 (mtoHb) IT.
28 | | Mexa6ps 2016 — Mioms 2019
*Anomanust K10 B 2019 (centa6ps) — 2020 (aBrycr) rr.
29 Wions 2020 — nexabps 2022
30 Jexadpp 2022 — nronb 2025

Ipumeuanue. *— anomanuu KJIO Berpa B 2015-2016 rr. u 2019-2020 rr. npuBenu Kk capury (assl, u
KJ1O BeTpa BEepHYIIHCH K CBOCH CTaHAAPTHON BOJIOLMH IIPUMEPHO Yepe3 IO IOCe KaX 0 aHOMAaJINH.
Note.* — Anomalies of wind QBO in 2015-2016 and 2019-2020 led to a phase shift, and the wind QBO
returned to their standard evolution approximately a year after each anomaly.
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111 2pynna. Tocne npeapinymero (I rpymma) cirydas HaOIrOTaeTCs CITyCK BOCTOYHOTO
casura ot ~10 rlla mo ~70 rlla B Teuenue § ce30HOB ¢ mekadps mo mexadps. o ouepen-
HOTO BOCTOYHOT'O CIBHTa Yepe3 2 ce30Ha B COMHILECTOSHUE HHTEpBai paBeH 10 ce3oHaM
(2,5 roma ¢ oexabps 0o uroHs).

B Tabnuie nepeuncieHsl BpeMEHHBIC HHTEPBAJIBI IS OMTMCAHHBIX TPEX TPYTII, OMpe-
nenernabie o gaHHeM Ut KO 3a mepuox ¢ 1953 mo 2024 1. M3 Tabiuiel BUAHO, YTO
3a coowrteM u3 Il rpymmel Beerma cienyer coOsrtie n3 11 Tpynmel, B TO BpeMs Kak 3a
cooprTreM u3 I wmn 111 rpymm MmoskeT ciaenoBars coobrTre Kak u3 I, Tak u u3 Il rpymmer. Ha
puc. 3 moka3aH mpuUMep BepTHKAIBHBIX Mpoduiieii ckopocTtr Betpa KO n m3meHeHnit 3k-
BaropranbHOro AOCO (OTKIIOHEHHUS OT CPEAHETOI0BOM BapHaIy i 5° fo. 1. — 5° ¢. 1)
JUISL TPEX BO3MOXKHBIX BAPHAHTOB MJICHTHYHOTO COOTHOIICHNUS ce30HOB M (a3 mmkira KJ1O.
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Puc. 3. Bepruxansusie npopunu ckopoctu Berpa KO n usmenenus skearopuansHoro AOCO
(OTKJIOHEHHMS OT CPETHEr0I0BOH BapHuauuy 1uist 5° 10. 1. — 5° ¢. [1.) JUIs TpeX PYIIT U3 TaOJIHIbI:

a — npouiin ckopocTr BeTpa Auist nocienoBareabHocT — I, 3arem 11 u manee 111 rpynma uist Bcex uioHel U
utoneii 3a nepuox 1953-2024 rr. (cepbie KpUBbIC) U COOTBETCTBYIONIHME CPEAHUE MPO(GUIN Ul UIOHS (CHHUE)
u s urons (kpacHele); 6 — Bapuarun AOCO st Toi X&e II0CIe0BaTeIbHOCTH IPYII — UL BCEX CIydaeB
(TOHKHE YepHbIe KPUBbIE) U CpeIHUE BapHaluH (KpacHasl, CHHsIs u 3eneHas kpusble juis I, 1T u III rpynm coor-
BETCTBEHHO) MO JaHHbIM 3a 1iepuo 1978-2015 rr. Cepble moa0Chl yKa3bIBAIOT CTAHIAPTHYIO OLINOKY CPETHETO.
MowmenTsl MmakeuMmyMoB AOCO COOTBETCTBYIOT OKOHUAHHIO cItycka J/-casura Ha ~70 rlla u ogHOBpeMEeHHOMY
Hayally cltycka nocneayouero E-cisura Ha ~10 rlla

Fig. 3. Vertical profiles of the wind speed of the QBO and changes in the equatorial ATOZ (deviations
from the annual variation of total ozone for 5°S — 5°N) for three groups from the Table:

a — wind speed profiles for the sequence of groups — I, then II, and then III for all Junes and Julys for
the period 1953-2024 (gray curves) and the respective average profiles for June (blue) and July (red); 6 — ATOZ
(deseasonalized total ozone) variations for the same sequence of groups — for all cases (thin black curves) and
average variations (red, blue and green curves for groups I, Il and I1I, respectively) according to data for the period
1978-2015. The gray bars indicate standard error of the mean. The moments of ATOZ maxima correspond to
the end of the descent of the W-shear at ~70 hPa and the simultaneous beginning of the descent of the subsequent
E-shear at ~10 hPa
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[Ipumep Ha puc. 3 coorBeTcTBYET nocienosarenbHocTd — I, 3arem Il u nanee
III rpynma. Takas mocienoBaTeTsHOCTh HAOMIOAANACK, HAIpUMep, ¢ HioHS 1997 T. o
ntoHb 2004 1. wmn ¢ utons 2006 1. mo uroHb 2013 1. (M. Tabnmiy). Ha puc. 3a moka3aHsl
poMIIA CKOPOCTH BEeTpa LTSI BeeX MIOHEH m mionei 3a mepuox 1953-2024 rr. (cepoie
KpHUBBIC) U COOTBETCTBYIOIIHNE CPeIHIE TPO(UIH A UIOHS (CHHHE) U IUIS HIOJS (Kpac-
HbIe). FIHTEepBaI HIOHb—UIONb COOTBETCTBYET COIHLIECTOSHHUIO, COBIA/IAIOIIEMY C 3UMHIM
ce30HOM B HOXHOM IMOJyIIapuu, TO €CTh 3TO MEPHOJ MAKCUMAIBHONH MHTEHCHBHOCTHU
mupkymsim KJ1O mvenso B FOxxHOM nonmymapun. Ha pric. 36 mpencTaBieHbl BapHaIiH
AOCO s TO¥ e MOCIeIOBaTeIbHOCTH TPYII — JJIS BCEX ClydaeB (TOHKHE YepHBIC
KpHUBBIC) U CpeTHIE Bapuauu (KpacHas, cuHss u 3eneHas kpusble i 1, I u 111 rpymm
COOTBETCTBEHHO) 10 AaHHBIM 3a mepron 1978-2015 rr. [27]. CpaBrenue mmenernit AOCO
C N3MEHEHMSIMH PO IIIeH TIOATBEPXKIaeT TECHYIO CBsI3b Mexkay Bapuarmsamu KJ1O Berpa
1 030HA, a CIIeJOBATENIbHO, U IUPKyJsueii, reaepupyemoii KJ[O. [Ipu cirycke BOCTOUHOTO
(3amazmHOTO) BeTpa Habmonaercs ymeHbmeHue (poct) AOCO, u Bpems makcumymoB AOCO
COBIAJAET C HAYaJIOM CITyCKa BOCTOYHOro BeTpa Ha ~10rl]a.

Takum 00pa3om, aHaIN3 U3MEHEHUH XapaKTEPUCTHK aHTAPKTUUECKOTO BUXPS
1 030HOBOHW JBIPBI C MCHOJIB30BAaHUEM BPEMEHHBIX WHTEPBAJIOB M3 TAOJIUIIBI TTO3BOIHUT
OIIPEAEINTh TUIIMYHBIE 0COOCHHOCTH MX MEXTOJOBBIX Bapuanuii, o0ycinosieHusie K/1O.
B cnenyromem paszznene npencrasiex aHanu3 BausHus K/1O Ha MHTEHCHBHOCTH aHTap-
KTHYECKOTO CTpaTroc(hepHOro MoNIsIpHOTO BUXPA.

MeerHOBBIe Bapuauuu aHTAPKTUYECKOI'0 MOJAPHOro0 BUXPHA

Ha puc. 4 mpencraBieHs! 11 TOH e TTOCISI0BATEeIFHOCTH TPYIIIL, YTO M Ha pHC. 3, H3-
mereHns Berpa KJ1O, 030Ha Ha 3KBaTope W B CPEHUX LIMPOTaX U CKOPOCTH 30HAIBEHOTO
BeTpa B 00MacTu MakcuMyMa BHXps Ha 60° fo. 1. Puc. 4a mokaspIBaeT cpemHue mpoQun
ckopoctu Berpa KJ1O st uroHst 1 uioinst (YepHbIe KPHUBBIE, TE )K€, YTO U MOKa3aHHbIE HA
puc. 3a CHHUM U KPacHBIM IIBETOM), TO €CTb I EPHOAA MAKCUMAIbHONH HHTEHCUBHOCTH
3uMHero BuXps B FOxHOM momymmapun. Kpome Toro, moka3aHbl PpOQHIH IS CEHTAOPS,
OKTSIOpS M HOSIOPS (KPACHBIH, 3€NICHBIN U CHHUI IIBET COOTBETCTBEHHO), TO €CTh IS MIEPHOa
030HOBOH IBIPEI B AHTapkTHKe. Ha puc. 46 yepHast TOHKast KpUBast AEMOHCTPHPYET OTKIIO-
HeHHs oT cpenaerofoBoit Bapuaru AOCO skxBaTopruaibHOTO 030Ha (5° 0. 1. — 5° C. 11,
TE )K€, YTO W MTOKA3aHHbIE HA PHUC. 30), N KpacHasi, CHHSISA U 3€JI€Hasi KPUBbIC MOKa3bIBAIOT
rocaenoBarenibHo it Tpex rpynn AOCO mis mmpoTHOTO mosca 45-55° ro. mr. [28]. Ba-
pHaIy 3KBAaTOPHAIBHOTO M CPEIHEIINPOTHOTO 030HA MPHUBEJCHBI HA OJHOM TIpayKe IS
oOmerueHus cpaBHEHUs. BUmHO, 9TO, BO-TIepBBIX, MakcHMyMbl (MHHUMYMBI) AOCO Ha
mmpote 45-55° 10. m. cooTBeTCTBYIOT MEHUMYMaM (MakcumymaM) AOCO Ha 3KBatope,
YTO MOATBEPKIACT UX 3aBUCHMMOCTh 0T K/IO-nmpkynsauny (HanpasieHHe IBHKEHUS B OK-
BaTOPHAIBHON U cpeHempoTHOH BeTBsAX K/IO-IupKysimy TpOTHBOIIONOXKHO, CM. pa3aer
«KIO mupkymsmmn 1 KO o30Ha»). Bo-Bropeix, nHTeHCHBHOCTE Bapuarmii AOCO Ha
9KBaTope W Ha mmpote 45-55° ro. m. cpaBauMa. CienoBarensHo, BimsaIe KJIO Ha OCO
pacnpocTpaHseTcst 10 KpaitHel Mepe MOUTH 0 TPaHHUIIbI MOISIPHOTO BUXPAL.

Puc. 46 mpescraBnseT OTKIOHEHHS OT ToHOBOH Bapuanuu AU cKOPOCTH 30HAIEHOTO
BeTpa Ha 60° ro. mr. Ha ypoBHAX 10 u 30 rlla (u3smernenns AU Ha 50 rlla He puBeeHBI, TaK
KaK He3HAUUTENFHO oTnn4atoTcs oT n3MeHennit Ha 30 rlla). Ha pucynkax 46 u 46 uncnamu
oT | 10 8 oTMe4eHBI MeCSIIBI HIOHB—HIOINB (B JKEJITHIX OBAJIAX) U CEHTAOPh—HOSIOPH (B TO-
TyOBIX KBaJ[paTax), KOTOPbIE COOTBETCTBYIOT HHTEPBAJIaM MAaKCUMaJIbHONW HHTEHCUBHOCTH
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Puc. 4. Usmenenus Betpa KJ1O, 030Ha Ha 9KBATOpE U B CPEAHUX LIUPOTAX M CKOPOCTH 30HAILHOTO
BeTpa Ha 60° 1o0. 1. 11 TOM )K€ MOCIIeI0BAaTEeIbHOCTHU IPYIII, YTO U Ha puUc. 3:

a — cpenuue npodum ckopoctu Berpa KJ[O st nroHs u mionst (4epHbIEe KPUBBIE, T€ JKe, 9TO U Ha pHC. 3a) U
UISL CeHTAOPSI, OKTSIOPs 1 HOSIOPS! (KpacHbIH, 3eJICHBII ¥ CHHHII COOTBETCTBEHHO); O — OTKJIIOHSHUS OT CpeIHe-
ronoBoit Bapuarmu AOCO 3KBaTOpHaIbHOTO 030HA (YepHasi TOHKasi KpHBasi, Ta e, 4To U Ha puc. 36) u AOCO
JUIsl IIMPOTHOTO mosica 45—55° 10. II.: KpacHasl, CUHASA U 3€JIeHast KPUBbIE M10CIIEN0BATEIBHO Ul TPEX IPYIIL.
Maxkcnmywmsl (MuanMyMBbI) AOCO Ha 45-55° 0. . cooTBETCTBYIOT MHHIMYMaM (MakcumyMaM) AOCO Ha 9k-
BaTOpE, UTO MOATBEPKIACT UX 3aBUCUMOCTH 0T KJIO-1MpKyIsiinmg; 6 — OTKJIIOHEHUS OT rojloBoit Bapuatuu AU
CKOpOCTH 30HaJIbHOTO BeTpa Ha 60° 1o0. 1. Ha ypoBHsx 10 u 30 rlla.

Ha pucynkax 46 n 46 unciaamu oT 1 10 8 0TMEUESHBI MECSIbI HIOHb—HIONb (B JKEJITHIX OBalIax) U CeHTIOPb—HO-
sI0pb (B roayOBIX KBaJparax), KOTOPIE COOTBETCTBYIOT HHTEPBaIaM MAKCHMAJILHOW MHTEHCUBHOCTH BUXDS U
0O30HOBOU JbIPBI

Fig. 4. Changes in the wind QBO, ozone at the equator and in mid-latitudes, and zonal wind speed
at 60°S for the same sequence of groups as in Fig. 3:

a — average QBO wind speed profiles for June and July (black curves, the same as in Fig. 3a) and for September,
October and November (red, green and blue, respectively); 6 — deviations from the average annual variation of
total ozone ATOZ at the equator (black thin curve, the same as in Fig. 36), and ATOZ for the latitude belt 45-55° S:
red, blue and green curves sequentially for three groups. Maxima (minima) ATOZ at 45-55° S correspond to the
minima (maxima) of ATOZ at the equator, which confirms their dependence on the QBO circulation; 6 — deviations
from the annual variation AU of the zonal wind speed at 60°S at levels 10 and 30 hPa.

In Figures 46 and 46, numbers from 1 to 8 indicate the months June—July (in yellow ovals) and September—
November (in blue squares), which correspond to the intervals of maximum intensity of the vortex and the ozone
hole
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BUXPS M 030HOBOH JIbIpbl. IlomuepkHem, 4TO TaHHOE YepesoBaHNE BUXPEH M 030HOBBIX
IbIp oT 1 1o 8 HaOIrOAAaeTCst NMEHHO B IPEICTABIEHHOM BapHaHTE MOCIIE0BATEIbHOCTH
rpyrmn — I, 3atem I u manee II1. I1pn aHanu3e pakTUIECKUX TAHHBIX CIEAYET YUUTHIBATH,
YTO BO3MOXHBI APYyTrue BapuaHThl (CM. Tabmumy). PaccMorpum mo puc. 4 cooTBETCTBHE
mexay BapuanusamMu K10 Betpa, OCO u ckopocTu BUXps Uit coObIThit ot 1 10 8.

CoOpITHs (BUXpb U 030HOBasA AbIpa) 1, 2 1 3 HabmomaroTes B mepuoz OBICTPOro, 6-ce-
30HHOTO, crycka BoctouHoro Berpa K/1O (I rpymma). [Ipu 3ToM MakcuMyMBl (MUHAMYM)
AOCO Ha 3KBaTope CBs3aHHI ¢ HadasioM E-criycka (W-ciycka) Ha 10 rlla B mroHe—mrone, To
€CTh B NEpHOA MakcUMalibHON nHTeHCHBHOCTH K/1O-mmmpkymsiiun B FOxHOM nomymapum.
D10 00BsIcHSCT HanOonee nHTeHcHBHBIE Bapuann AOCO Ha 45-55° ro. m1. (kpacHas KpuBast
Ha puc. 40) 1o cpaBHeHUIO ¢ Bapuarmsavu i 11 u 111 rpyrm (cuHsia 1 3emeHast KpUBEIe, PHC.
46), B KOTOPBIX HEKOTOPBIE 3KBATOPHAIIGHBIE SKCTPEMYMBI HAOMIONAIOTCS B IeKabpe U, Cliesio-
BaTEJILHO, COBIAAIOT C MUHUMaITbHBIM BiustHUeM KJO-tmpkyssiimu B FOsxHOM Oy TIIapum.

s coOpitus § m3amMeHeHus npodueii Berpa (puc. 4a) mogoOHBI U3MEHEHUSIM IS
coOwrTHit 1 1 3, omHako 3kBaropuanbHBIl MakcumyM AOCO ciabee, 1 mo3TOMy ciiadbee
cpenuemmpoTHet MUHUMYM AOCO. [Ipnunna, No-BUANMOMY, 3aKII0YAETCS B TOM, UTO HA
M3MEHEHUsI 030Ha OKa3bIBAIOT BIMSIHUE TAK)KE BapHAIIMN TIPEABIIYIIET0 T0/1a, KOTOPHIE CY-
IIECTBEHHO PA3JINYAIOTCsl — COOBITHIO 3 MPEIIIECTBOBAI HHTCHCUBHBIN MAaKCHMYM COOBI-
THS 2, a COOBITHIO 8 MPEAIeCTBOBAIN clla0ble BApHAIIH OKOJIO HYIIA cOObITHsA 7 (pHC. 40).
AHaNOrMYHO CpaBHEHHE COOBITHH 2 M 7 — MOJOOHAs KapTHHA B MPOQMISLX BETPA, CO-
OTBETCTBYIOIIAsS MUHIMYMY O30HA Ha SKBaTOpe M MakcUMyMy Ha 45-55° ro. m. OxHako
COOBITHIO 2 MPEANIECTBOBAI MHTCHCUBHBIN MUHUMYM cOOBITHA 1, a coObITHIO 7 TIpen-
IIECTBOBAJI MAaKCHMYM COOBITHS 6, TOTOMY M3MEHEHHUS 030HA Pa3IMYalOTCsI, HECMOTPS
Ha TIOYTH OMUHAKOBBIC M3MeHeHus npodmreit KO Betpa.

CobbiTHst 4 1 6 HaOIMIOAIOTCS B TIEPHOA MEIUICHHOTO CITyCKa BOCTOYHOTO BETPA B HUK-
HEH cTparocdepe, a coObITHE 5 B Ieprof OBICTPOTO CITycKa 3alagHoro BeTpa (puc. 4a).
COOTBETCTBEHHO, B HIOHE, TO €CTh 3UMOi HOXHOTO Nosymapusi, Ha SKBaTope HadIoxaeTcs
(aza cmama AOCO B niepuoz coOwITHIA 4 11 6 U pa3a pocTa B mepruox coobIThs 5. Bapuarms
Ha 45-55° 0. 111. B MTOHE—MIONIE ONTM3KA K HYJIEBOIL, HO MTO3XKE, B aBIyCTe—CEHTIOpEe OTMeda-
eTcs cnalprii MakcuMyM (It 4 1 6) wu MuaIMYM (01 5) AOCO, CBsI3aHHBIH ¢ BIHSHAEM
KJAO-umpkynsiumy BeCHOM, TO ecTh Ha (hase 3aryxaHus ee sueiiku B KOxHOM momymmapun.

HeoxxnmaHHBIA pe3ysbTaT MOMydeH Uil CKOPOCTH 30HaJBHOTO BeTpa Ha 60° fo. 1.,
KOTOpasi XapaKTepHu3yeT NHTEHCUBHOCTH BUXps (puc. 46). IIpexne Bcero, BUAHO, YTO B Ba-
puanmsx AU sddext HabmonaeTcs B MIOHE—ABIyCTe, TO €CTh B IEPHO MAKCUMYMa BHXPS,
a HE TOJIBKO B OKTAOpe—HOs10pe Bo BpeMs (ha3bl ociadieHns 3uMHero BUXps. AU u3Mensiercs
B IIpeJieNIax OT OTPHLATEIBbHBIX 3HaYEeHNH ~5 M/c (BUXPB citabee CpeTHero ypoBHs, COOBITHS
1, 3,4, 5, 8) 10 ONIOKHUTENBHBIX 3HAYEHHH OKOJIO 6 M/C (BUXPh MHTCHCHBHEE CPEITHETO
YpPOBHs, COOBITHS 2, 6).

Crenyromast HeoObIYHasE 0COOEHHOCTh — MPAKTHUECKH BO BCEX COOBITHAX N3MEHE-
HUs ckopoctu AU B epHoJ] MakCHMyMa 3MMHETO BUXPS IPOTHBOIOJIOKHBI H3MEHEHHAM
BECHOU B CEHTAOpe—HOA0pe B Ieproa 030HOBOH IeIphl. Eciu 3umoii AU < 0, To BecHOH
AU > 0. Hanb6ormee 0TY4eTINBO 3TO BUTHO B COOBITHAX 1, 3, 5 — pocT AU OT HIOHS K CEH-
Ts10pro Ha 3—5 m/c (cTarucTHyeckas 3HaUMMOCTh oT ~80 % 110 99 %). U Haoboport, ecian
3UMHHHN BUXPh HHTEHCUBHBIN AU > 0, TO B TIEpHOJ] 030HOBOH IBIPHI BUXPH Cladee CPeTHETro
ypoBHI AU < 0, coOpITHS 2 1 6 — yMeHbineHne AU OT HIOHS K CEHTIOpro Ha 6—7 M/c Ha
10 rlla (cratuctryeckas 3HaunMocTh ~70-80 %). HeBbIcokas craTucTHUECKAst 3HAYUMOCTD
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JUISL HEKOTOPBIX COOBITHH 00BICHSETCS, BO-TIEPBBIX, MaJIbIM KOJIMIECTBOM CITy4aeB, yINUThI-
BAEMBIX IIPH ONPECICHNN CPETHUX BapHalUii (CM. TaOIHILy), @ BO-BTOPBIX, JOCTATOYHO
pe3knMu (B TedeHue 2—3 MecsleB) MAKCHMyMaMH/MUHUMYMaMH B WHIMBHyaIbHbBIX
Clly4asix, TaK 4TO MPU CMELICHNH SKCTPEMyMOB Ha 1-2 Mecslla aMIUINTya cpeaHei Ba-
pHAIMK U €€ CTaTHCTHYECKasi 3HaYMMOCTh YMEHBIIAIOTCH.

Cpasnaenne AU 1 AOCO (puc. 46 u 46) nmokaspiBaet, 4to 3HaK AU (TIOJOKHUTETbHAS HITH
OTpHIIaTeNIbHASI BapHallisl) B MIOHE—aBrycTe coBmamaeT co 3HakoM AOCO Ha 45-55° 0. mI.
i coowiTrid 1, 2, 3, 7 1 8. Ot axcTpemymbsl AOCO COOTBETCTBYIOT SKBaTOPHAIEHBIM JKC-
TpemyMmam 3uMoit FO>KHOTO nomymapusi, KOTOpbIE COBIAIAl0T C HAYaJIOM CITyCKa BOCTOYHOTO
i 3amagaoro Betpa KJIO wma 10 rlla (cm. puc. 4a). 3Hak AU B coObITHSX 4, 5 U 6 HE co-
BIAJAET ¢ U3MEHEHHEM CPEAHEMNPOTHBIX 3KcTpeMyMoB AOCO, Tak Kak COOTBETCTBYIOIINE
9KBAaTOpPHAJIbHBIE SKCTPEMyMBbI HaOmoatoTcest 3uMoit CeBepHOTO Moymapus (CM. BBIIIE).

Taroke coBmecTHBIH aHanu3 Bapuanuii AU u npoduneit Berpa KO (puc. 46 u 4a)
MOKA3bIBAET, YTO MEHee MHTEHCUBHEIN BUXph AU < 0 Habmomaercs B cOOBITHAX 1, 3 1 Me-
Hee OTYCTIIMBO B COOBITHH § M COBMAAACT C 3allaJHBIM BETPOM B CJI0O€ MPUMEPHO OoT 60
no 15 rlla. MarencuBHsiit AU > 0 BUXpb HAOIIOMaeTCs B COOBITHH 2 U MEHEE OTYETINBO
B COOBITHH 7 ¥ COBNAAAET C BOCTOUYHBIM BETPOM B TOM e cioe. ClenoBaTebHO, NHTEH-
CHBHOCTbH @HTAPKTHUECKOTO BUXPS B 3MMHHI IIEPHO]] HE COINIACYETCS C OOIIEN3BECTHBIM
s¢pdexrom Xonrona-Tana. 3amerum, uro B padore [10] addexr Xonrona—TaHa OBLT
MOKa3aH 7Sl 3UMHETO0 IMOoJsipHOTO BUXPs CEeBEpHOTO MONyIIapHs, B TO BPeMsI Kak JUIs
IO>xHOTO MONyMIapHs aHANM3 JAaHHBIX HAOIIONCHUIH MPOBOIMIICS TOIBKO IS BECCHHE-
10 (CEeHTAOPH—HOSIOPB) U JETHETO (NeKabpb—(heBpab) CE30HOB.

Uro xacaercs moseneHus Berpa KO B mepuos 030HOBOW IBIPBI, TO MOYTH IS
Bcex coOwIThil (KpoMe 4 u 6) B ceHTIOpe—HOos0pe HabmromaeTcss OBICTPOe N3MEHEHUE
BepTHKaIbHOH cTpykTypsl BeTpa KJIO. IIpn 3ToM Ha BEpXHHMX ypOBHSX (JIs1 KOTOPBIX
obHapyxeH 3¢ ekt Xonrona—Tana B FOxxuaoM momymrapuu B [20]) paza KO usmensercs
Ha TPOTHBONOJIOKHYIO TI0 cpaBHeHHIO ¢ (ha3oit KO B urone—urone. [TockombKy 3HAK
MHTEHCHBHOCTH BUXpst AU Taxke M3MEHSAETCS Ha MPOTHUBOIOIOXKHBIN, TO 3aBUCHMOCTh
MHTEeHCUBHOCTH BUXPA 0T (a3el K/1O BHOBE mpotuBopeunt >¢dexry Xonrona—TaHa.
HcknroueHne mpencTaBisioT cOObITHS 5 U 6, C UHTEHCUBHBIM U CIa0BIM BUXPEM IpU
3amagHoi 1 BoctouHOl (haze KJIO cooTBeTCTBEHHO.

3akjoueHue

[Ipumepno B Tedenue 40 et B muTEeparype JOMHHUPYET MHEHHUE, YTO CTPATOCHEPHBII
TIOJIIPHBIN BUXPH IIpH BocTouHOH (hase KJIO cabee, uem mpu 3amagHoi ¢ase, 94To H3BECTHO
Kak a¢ext mu cBsa3p Xonrona—Tana. [Tpu aTom ecmm st Buxpsi CeBepHOTO MOTyIIapust 3TO
CTPaBeUTMBO B TEUCHUE 3UMBI, TO [T BUXps FOskHOTO momymapus cesa3b ¢ KO Habmrona-
eTcsl TONBKO BecHOH. OOBIMHO TAaHHYIO OCOOCHHOCTH OOBSICHSIOT TEM, YTO TOJISPHBIA BUXPb
B IOxHOM moOnmyImapuu ropasio MHTCHCHBHEE M yCTOHUMBEE, 4eM ero aHajuor B CeBepHOM
nonmymapuu. 11o3ToMy B 3UMHUI MIEPHOJ TIAHETAPHBIE BOJIHBI CYIIIECTBEHHO HE HAPYIIAIOT
FOKHBIN BBICOKOIITMPOTHEIA BUXPH M, Kak criencteue, KO He BmusieT Ha ero cury. OmHako
B CE30H Pa3pyIICHNs BUXPS B OKTAOpe—HOAOpE, BO BpeMs BECEHHETO MOTETUICHHS, KOTIa BUXPh
ocmabneH, KJIO MoxeT MOTy/TMpOBaTh BOTHOBOI PEXXUM U CHITY BHXDS.

Kaxk mpasmio, peakmmro Buxps Ha Gazy KO ompenensior Ha OCHOBE 3HaKa CKOPOCTH
U, Ha ONPE/ICTICHHOM BEPTHKAILHOM YPOBHE, U Jajee OTKIMK ONPEessIeTcs KaKk pas-
HOCTB CPETHHX 3HAUCHUI HEKOTOPOTO mapameTpa BUXps s pasusix ¢a3 KJO. [Ipu stom
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BBIBOJIBI O CBSI3M C MHTEHCHUBHOCTBIO BUXPS 3aBHCAT OT BEICOTHOTO YPOBHSI, 10 KOTOPOMY
omnpezemnsaor i ¢aszsl KJ1O. OgHako gaBHO OBUIO MTOKA3aHO, YTO MCIIONB30BAHUE 3HAKA
9KBaTOPHAIEHOTO BETPA HAa OIHOM YPOBHE MM AK€ KOMOWHAIINH HECKOJIBKUX yPOBHEH
HE SIBJISICTCS TTOJHOCTHIO HA/ISKHBIM, TIOCKOJIBKY HE YUUTHIBAET BpeMs cirycka Berpa K10
OTHOCHTENILHO ce30HOB rofa [18]. Kpome Toro, Hem3BecTHO, Ha KaKMX BBICOTAaX BETEP
KJIO oxka3siBaeT Hambomee CHIIbHOE BIMSHIE HAa BHETPOIIMUYECKYIO cTparocdepy [11, 12].
Bcenencreue toro, uro nepuox KJO He MOCTOSHEH M HE SIBISIETCS KPATHBIM TOZOBOMY
nepuozny, pa3oBoe COOTHOIIEHHE MEXIy ce30HHBIM nukioM u KJIO muxiiom Bce Bpems
m3Mmensiercs [12, 17, 18], 9To mpuBOANT K MHOXKECTBY BApHAHTOB BEPTHKAIBEHOH CTPYKTYPBI
KJ1O Betpa B nepnoj aHTapKTUIECKOTO 3UMHETO BUXPSI 1 030HOBOM JIBIPHI.

OnHaxo y4eT ce30HHbIX 3akoHOoMepHocTer K/IO BeTpa M 9KBaTOpHaIbHOTO 030HA,
HCIIONIb30BAaHHBIN B JJAHHOW paboTe, MOKa3all, YTO YMCIO BO3MOXHBIX BAPHAHTOB COBIIA-
nenust a3 mukiios KJ1O ¢ ce3oHamu rojia CTpOro orpaHU4eHo. JTO MO3BOJISIET OIpeie-
JWUTh THIWYHBIE OCOOCHHOCTH MEXKTOJIOBBIX BapHAIMK XapaKTEPUCTHK MOISIPHOTO BUXPS
¥ 030HOBOH IBIpBI B AHTapkTHKe, oOycnosineHHble K/IO. AHamm3 sKcrepruMeHTaTbHBIX
JAHHBIX METOIOM HAJIOKEHHBIX 3TIOX C MCIIOIb30BAHNEM BPEMEHHBIX HHTEPBAJIOB MEXKTY
KIIFOYEBBIMH JIaTaMH, KOTOPBIE COOTBETCTBYIOT MakcuMyMaMm 3kBaropransHoro AOCO nin
B pPaBHOW CTENEHH HavajaM cIirycka BoctouHoro casura BeTpa KJIO Ha 10 rlla, BeIIBII
CJIelyIOIINe 3aKOHOMEPHOCTH:

1. Bapuarmm AOCO nHa mmpoTax 45-55° 0. 1I., TO eCTh B OKPECTHOCTH TPaHUIIBI
I0)KHOTO BHXPs, corntacoBanbl ¢ BapuanusiMu AOCO Ha 9KBaTrope, 4TO MOATBEPKIAET UX
3aBucuMocTh oT KJO-mmupkymsamun. CpaBHIMas WHTeHCHBHOCTH Bapuannii AOCO Ha
9KBaTOpe M Ha 45-55° 0. 1I. cBHAETENHCTBYET 0 ToM, uTo Biusane KO Ha OCO pac-
MIPOCTpaHsETCA M0 KpaiHeil Mepe 10 rpaHMIIbI MOISIPHOTO BUXPSL.

2. B Bapmanusax WHTEHCHBHOCTH BHXPs AU (CKOPOCTH 30HAJBHOTO BeTpa Ha
60° 0. m.) a¢pdexr KO nabmromaeTcs HE TOIBKO B OKTIOpe—HOIOpe BO BpeMst (a3bl
ocnaliieHnss 3MMHETO BHXPS, HO M B IIEPHOJl MAKCUMyMa BUXpsI B MIOHE—aBrycre. AM-
IUIATYIa BapHaIMid JocTUTaeT mpuMepHo =5 M/c. [Ipu 3ToM m3mMeneHus ckopoctu AU
B MEPUOJ MAaKCUMyMa 3UMHETO BHXPS MPOTHBOIOJIOKHBI H3MEHEHUSIM BECHOH B MEPHOJ
030HOBOH IBIpBl. Ecny 3uMHMIA BUXPh HHTEHCUBHEIN (CNaObIi), TO B MEPHUO] 030HOBOU
IBIPBI BUXPH Ci1abee (MHTEHCUBHEE) CPETHETO YPOBHSL.

3. 3nax AU (BblIlIe WIN HUKE CPEAHETOOBOTO YPOBHSI) B HIOHE—aBI'yCTE COBIAacT
co 3aakoM AOCO Ha 45-55° 0. m1. I COOBITHI, KOTOPEIE COOTBETCTBYIOT SKBAaTOPH-
anpHBIM dKcTpemyMaM AOCO 3umoii KOxxHOTO ToNMymapus (COBIAAAIONINM C Ha4aJloM
crycka BocTogHoro miu 3amagaoro Berpa KO na 10 rlla).

4. MesxromoBasi ”3MEHUYUBOCTh MHTEHCUBHOCTH IOJIIPHOTO BUXPS ¥ 030HOBOH JIBIPBI
B AHTapKTHKE, TO €CTh YePET0BaHIE MAKCHMYMOB/MUHUMYMOB, 3aBHCHT OT YE€PEAOBAHMS
nukioB KJIO pa3HbIX crieHapHueB.

B 37011 cTaThe MBI MPUBOAMM TIOYUEHHBIC N3 aHAIM3A JAaHHBIX HAOMIOICHUH 10Ka3a-
TenbeTBa 00 ocoberHocTax KO Momynsanyuy HHTEHCUBHOCTH CTPATOC(EPHOTO MONSPHOTO
BUXPSI B AHTapKTHKE. DTH Pe3ylIbTaThl MOTYT OBITh NCIIOIB30BAHBI IPH CPABHEHHH MOJIE-
mapyeMsbIx 3 pexroB KJ1O ¢ HabmrogeHusIMU U, CIE0BaTENbHO, P MPOBEPKE TPETIO-
naraembix MexaHu3MoB BiIussHUS KJO. /it 00bsIcCHEHNS IOy YeHHBIX 3aKOHOMEPHOCTEN
1 OTBETa HA BONPOC 00 MX MEXaHU3MaX TPEOYIOTCS M3yYEHHE C TOMOIILIO YMCIEHHBIX
MoJIeJIeH 1 JIOTIOTHUTEIbHBIC UCCIIEA0BAHMUS SKCIIEPUMEHTAIBHBIX JAHHBIX O Pa3IMUHBIX
XapaKTEePUCTUKAaX BUXPS U 030HOBOH IIBIPHI.
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Abstract. The paper examines the relationship between the PC index, characterizing the solar wind energy input
into the magnetosphere, and the AL index, characterizing the magnetic substorm intensity for the expansion
phase of isolated substorms recorded in 1998-2017. Magnetic disturbances in the course of the expansion
phase are produced by the DP11 current system with a powerful westward electrojet disposed in the midnight
auroral zone. It is generally accepted that this electrojet is generated by the “substorm current wedge” system
of field-aligned currents (SCW FAC) providing closure of the magnetotail plasma sheet currents through the
auroral ionosphere. As this takes place, magnetic disturbances in the course of the substorm growth phase are
produced by the DP12 current system with westward and eastward electrojets located, correspondingly, in
the morning and evening sectors of the auroral zone, with the electrojets generated by the R1/R2 FAC system
operating in the inner (closed) magnetosphere. The intensity of R1 currents is determined by the “coupling
function” £, which represents the optimal combination of all geoeffective solar wind parameters affecting
the magnetosphere. The DP2 magnetic disturbances generated by the R1 FAC system in polar caps forms
the basis for estimating the PC index, which strongly follows the E,, field changes and correlates well with
the development of magnetic substorms. Analyses performed in AARI revealed the principally distinctive
character of the relationships between the PC index and AL index in the course of the substorm growth (DP12
disturbances) and explosive (DP11 disturbances) phases. The DP12 disturbances, generated by FAC systems in
the closed magnetosphere, are developed in strong relation to the PC index. The DP11 disturbances, generated
by the SCW FAC system, related to the magnetotail plasma sheet, show quite irregular character of relationship
between the PC and AL values: the sudden jumps of the substorm intensity (4Lpeaks) might occur, time and
again, at any value of the PC index and with quite different delay times relative to sudden substorm onset. It
means that the processes in the tail plasma sheet, leading to the formation of a “substorm current wedge” are
determined by the state of the magnetotail plasma sheet itself. The solar wind influence (evaluated by the PC
index) affects but does not control the processes in the magnetotail, unlike those in the inner magnetosphere. It
should be noted in this connection that the intensity of magnetic DP12 and DP11 disturbances, observed in the
course of the substorm growth and explosive phases, is estimated by a single AL index, in spite of the different
origin of these disturbances (R1/R2 and SCW FAC systems). It is necessary to employ two separate indices
characterizing DP12 and DP11 disturbances in order to allow for the effects of the solar wind on the processes
in the inner magnetosphere and in the magnetotail.
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Introduction

Specific magnetic disturbances occurring in high latitudes in the course of intense
aurora were first identified by Birkeland [1] as a “polar elementary storm”. Later a close
relationship of the “polar storms” to magnetic storms (magnetic disturbances extending
over the whole planet) was revealed [2] and the term “substorm” was introduced to denote
magnetic disturbances observed in the auroral zone [3, 4]. The magnetic substorm features
are usually depicted through “equivalent current systems”, i.e. systems of conventional
electric currents flowing in the polar ionosphere, whose spatial distribution and intensity
ensure the really observed allocation of magnetic disturbances (the horizontal H/D, or
X/Y components) at the ground surface. According to [3], an equivalent current system
of a powerful magnetic substorm (DP1) consists of intense westward currents (westward
electrojet) in the morning and night sectors of the auroral zone and closing currents in
the polar cap and in the subauroral latitudes (Fig. 1a). In the case of a moderate substorm
an eastward electrojet was observed in the evening auroral zone. As the following study [5]
showed, the DP1 current system represents a superposition of two separate systems: DP12
system typical of the growth and recovery substorm phases, with westward and eastward
electrojets in the morning and evening sectors (Fig. 15), and DP11 system typical of the
expansion (explosive) substorm phase, with an intense westward electrojet in the night
sector (Fig. 1c¢). The intensity of the westward and eastward electrojets (4L and AU
indices) is estimated by the value of negative and positive magnetic disturbances recorded
in the auroral zone.

Weaker magnetic disturbances, independent of magnetic substorms, were revealed
in the polar caps. The main one is the DP2 disturbance [6—8], represented by two-vortices
current system with focuses in the morning and evening sectors on the pole-ward edge of
the auroral zone and sunward-directed currents in the near-pole region. The DP2 current
system is available continuously, irrespective of the time and season, with the current
intensity increasing under conditions of the southward interplanetary magnetic field (IMF)
[6, 7, 9, 10] and high solar wind velocity [10, 11].

The physical mechanisms responsible for the substorms and polar cap magnetic
disturbances came to light when transverse magnetic deviations in the magnetosphere
were revealed in the course of spacecraft experiments [12—17]. It became evident that
the ground magnetic disturbances are related to various systems of the magnetospheric
field-aligned currents (FAC). The main FAC system is the Region 1 (R1) system, with
the currents flowing into the ionosphere on the dawn side and out of the ionosphere on
the dusk side of the poleward edge of the auroral zone. The R1 FAC system operates
constantly, irrespective of the season and IMF polarity, with the current intensity increasing
under conditions of the southward IMF.
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DP1

Fig. 1. Equivalent current systems of magnetic disturbances: (a) magnetic substorm DP1 [3],
(b) polar cap DP2 disturbance [9], the substorm growth and expansion phase disturbances DP12 (c¢)
and DP11(d) [5]

Puc. 1. DxBUBaNCHTHBIE TOKOBBIE CUCTEMBI BRICOKOITMPOTHBIX MAarHUTHBIX BO3MYIICHUI: (&) Mar-
HutHas cyooyps DP1 [3], () DP2 marautHOE BO3MyIIEHHE B MOJSAPHOH MIanke [9], Bo3MyIeHHs Ha
(aze pocra DP12 (¢) u na B3pbBHOH (aze DP11 (d) cy60ypu [5]

Model calculations of ionospheric electric fields and currents generated by
the field-aligned currents were performed [18, 19] using experimental data on field- aligned
currents and ionospheric conductivity in the polar cap. The results of the model calculations
demonstrated full agreement with “equivalent current systems” obtained in [9, 10] based
on the data of the ground magnetic observations, indicating that “equivalent systems”
represent the real ionospheric current systems generated by field-aligned currents in
the well-conducting polar ionosphere. Conclusion was made [20] that the field-aligned
currents are responsible for the generation of magnetic activity in the polar cap and auroral
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50

1
Seetemen,
Fig. 2. Pattern of (a) field-aligned currents derived from spacecraft data [14] and (b) the substorm
current wedge short-circuiting the neutral sheet current in the magnetotail [26]

Puc. 2. Cuctemsl npoponbsHbIX TOKOB (@) R1 1 R2, nefictByronue B 3amkHyTO# Marautocdepe [14],
u (b) cyobypesoii TokoBbiit KiauH (SCW), CBSI3BIBAIOIINI TOKH B XBOCTE€ MarHUTOC(Epbl C HOHO-
cepoii [26]

zone. The results [18, 19] were confirmed afterwards in more detailed and complicated
analyses [21-24].

The substorm expansion phase (jump of the westward electrojet intensity in the night
auroral zone) is related to the action of a specific “substorm current wedge” (SCW)
FAC system [25], which includes plasma sheet currents in the magnetotail, a westward
electrojet in the night auroral zone, and connecting field-aligned “Birkeland currents”.
It was suggested [26] that the solar wind energy, which is not directly dissipated via
auroral electrojets in the course of the growth phase, is stored as a consequence of
magnetosphere convection, in the tail magnetosphere in the form of magnetic energy by
enhancing the neutral sheet — tail current circuit. After the storage period (substrorm
growth phase) the magnetic tension is suddenly released by short-closing the neutral sheet
current through the midnight auroral ionosphere by means of Birkeland currents (Fig. 2b)
marking a sudden substorm onset (SO).

Given that the DP2 disturbances increase is invariably followed by substorm
development, it was suggested [27] that the polar cap magnetic activity can be used
as an indicator of the magnetosphere state. Analysis of relationships between the DP2
disturbances, evaluated based on the data of magnetic observations at the near-pole station
Vostok (Antarctic), and various “coupling functions” proposed for the description of
relationships between the solar wind parameters and magnetic disturbances, showed [28]
that the DP2 disturbances correlate the best (R = 0.80) with the coupling function
E, =V, (B} + B})"sin’(®/2) proposed by Kan and Lee [29], where V', is the solar
wind velocity, B, and B, are the IMF components, © is the angle between the geomagnetic
dipole and transverse IMF component B, = (B, + B,?)"*. This result is indicative of
the £, function as an optimal combination of the geoeffective solar wind parameters
ensuring the highest intensity of the R1 field-aligned currents generating DP2 disturbances.
As a consequence, the polar cap magnetic activity index PC began to be used in AARI
in collaboration with the Danish Meteorological Institute (DMI) [30]. The PC index
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Fig. 3. Behavior of the PC and AL indices in the course of isolated substorms with the PC growth
period AT = 20-45 min for 3 levels of PC value at the moment of a sudden substorm sudden (PC,):
1.0 mV/m, 1.5 mV/m and 2.0 mV/m [36]

Puc. 3. [loBenenne PC 1 AL MHIEKCOB B XOJI€ M30JIMPOBAHHBIX MarHUTHBIX CyOOyph C IEPHOIOM
pocra PC unpekca AT ot 20 1o 45 muH, s 3 ypoBHel BenmnunHbl PC WHAEKCA B MOMEHT Hadaia
cy60ypu (PC): 1,0 MB/m, 1,5 MB/m 1 2,0 MB/m [36]

is calculated based on the data of magnetic observations at the Thule observatory in
Greenland (PCN index) and at Vostok in the Antarctic (PCS index). The following studies
showed a close relationship between the 15-min PC and auroral elecrtrojet indices [31-33].
Basing on these results the International Association of Geomagnetism and Aeronomy
(IAGA) endorsed the PC index as a proxy for the energy that enters into the magnetosphere
during the solar wind — magnetosphere coupling [34, 35].

Transition to the 1-min scale of indices revealed a distinction in the behavior of
the PC and AL indices in the course of the substorm growth and expansion phases.
Whereas the relationship between the 1-min PC and AL indices at the growth phase
remains mainly the same for various substorms, the relationship at the expansion phase
changes from one substorm to another. Fig. 3 [Troshichev et al. [36] shows, as an
example, the relationship between the PC and AL indices in the course of isolated
substorms (thin red lines) for three levels of the PC, index at the moment of a substorm
onset (T=0), which are marked in the graphs by a vertical line, with the mean PC and
AL values represented by thick solid lines. One can see that the AL index before SO
increases in good agreement with the PC growth, whereas the relationships between the
corresponding PC and AL indices after SO can be quite different: from full agreement
to independence. To clarify this issue, a comprehensive analysis of the relationships
between the PC and AL indices in the course of the substorm expansion phase was
carried out for isolated magnetic substorms recorded over 20 years (1998-2017). The
results of the analysis are presented in this paper.
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Method of analysis

To identify the substorm event, the same criteria were used as in study [36]:
(1) the magnetic disturbance event was regarded as a substorm if the SO amplitude
(AL decrease value) within 15 minutes was more than 100 nT, (2) only isolated disturbances
were examined, which arise on the background of quiet conditions (4L <200 nT) lasting
one hour or more prior to SO. Thereafter these substorms were separated into different
categories in accordance with the relationship between the AL and PC indices in the
course of the substorm. The PC index in the winter polar cap (PCwinter) index was taken
for examination with regard to results demonstrating that the correlation between the AL
and PCwinter indices is always better than that between the AL and PCsummer indices.
The index PCmean = (PCwinter + PCsummer)/2 was used for the equinox season.

The following quantities have been evaluated for each individual substorm:

PCmax — maximal value of the PC index in the course of a substorm expansion
phase;

ALcorr — corresponding value of the AL index at the moment of PCmax;

Alpeak — amplitude of the AL index maximal jump during a substorm expansion
phase; in the case of some jumps with an equal amplitude, the central of them is taken
as Alpeak; if the AL maximal jump is recorded a few minutes after the PCmax moment,
just this AL jump was taken as Alpeak; in the case of the AL index increase without jumps
in the course of an expansion phase, the A/peak index was regarded as unavailable;

DTmax — time interval between SO and PCmax moments in the course of a substorm
expansion phase;

DTpeak — time interval between SO and PCpeak moments in the course of
a substorm expansion phase.

Results of analysis

Different types of relationships between PC and AL indices

Magnetic disturbances observed over the period 19982017 have been examined and
substorms satisfying the criteria indicated above (N = 820) have been identified. These
substorms were divided into 7 categories shown below, according to particularities of
the relationship between the PC and AL indices in the course of each individual substorm.
Typical examples of these categories are presented in Fig. 4—10, where the vertical black
line marks the substorm sudden onset time T, whereas the horizontal red line denotes
the appropriate value of the PC index at this moment (“PC critical level”). It could be
noted that this critical level usually lies in the range of PC from ~0.5 to 1.5 mV/m, in full
agreement with the results [36]. It should be born in mind that the division of substorms
into these categories is conditional to some extent since in many cases the real substorms
demonstrate signatures of different categories concurrently. In such a case the most
representative signature was taken into account for categorization.

“PC-concerted” substorms (N = 49) are disturbances with AL increase going on
in good agreement with the PC gradual growth (Fig. 4); the intervals with the PC growth
slowing-down are accompanied by the AL rise fall-dawn. The substorm intensity reaches
maximum simultaneously with the PC index (“PCmax moment”) and thereupon decreases.
As this takes place, changes in the AL index can outstrip or delay for a few minutes
relative to the PC index changes (Fig. 4a). Usually, the substorm intensity is higher for
events with a larger “PC| critical level”.
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Fig. 4. Changes of the PC and AL indices in the course of “PC — concerted ” substorms

Puc. 4. U3smenenus PC u AL MHAEKCOB B X07€ «cornacoBaHHbIX ¢ PCy cyO0yph

“PC-followed” substorms (N = 330) are disturbances with one or more ALpeaks of
different or approximately equal intensity, which are observed during the rise of the PC index
and its presence at the top (Fig. 5). In the case of a “delayed” substorm (Fig. 5a), ALpeaks
continue to appear after the PCmax moment and a maximal intensity of the substorm can be
reached during the PC drop. In the case of “advanced” substorms (Fig. 5, ¢), the ALpeaks
are observed before the PCmax moment and substorm intensity falls simultaneously with
the PC index decrease or previously. The relationship between the PCmax and ALpeak
values changes from one substorm to another, with the substorm intensity related to
the PC critical level.
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Fig. 5. Changes of the PC and AL indices in the course of “PC — followed” substorms

Puc. 5. U3menenus PC u AL MHAEKCOB B Xozie CyOO0ypb, «CIeayommx n3MeHeHmsM PC HHIeKcay

Aretic and Antarctic Research. 2024;70(3):373-390 379



O.A. Tpowuues, C.A. [loneauesa, /[.A. Copmaxos, H A. Cmenanos
Pazim4Hasi npupoaa MarHUTHBIX BO3MYIIEHHI, Ha0/II01aeMBIX B Xo/1ie (pa3bl pocTa...

“SO-peaked” substorms (N = 58) are a specific variety of PC-accompanied
substorms, where the first extremely high Alpeak arises just at the SO moment (Fig. 6).
In this case the relationship between the PC and AL values can be strongly changed even
in the course of one individual substorm (see Fig. 6a, b, c¢). Sometimes the first Alpeak
turns out to be the main peak during the substorm but usually it is followed by other
peaks. Again, the intensity of substorms is higher for events with a larger PC critical level.
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Fig. 6. Changes of the PC and AL indices in the course of “SO-peaked” substorms

Puc. 6. U3menenns PC u AL WHAEKCOB B X0oz1e cyOOyph ¢ MAaKCHMyMOM WHTEHCHBHOCTHU B Hadaie
cy00ypu

“PC-reversed” substorms (N = 99) are another variety of “PC-followed substorms
(Fig. 7) starting in a way that is evidently related to the “PC reverse” transformation, when
the PC index suddenly changes from drop down to jump up. The substorm beginning is
stimulated even by an insignificant PC reverse in the course of the PC index increase
(Fig. 7b) or decrease (Fig. 7c), as well as when the PC index stays more or less invariable
for a long period of time. The substorm can be initiated also when the PC, is negative
if the PC reverse amplitude and rate are great (Fig. 7a). It is reasonable to suggest that
the PC reverse is always conducive to the development of a substorm, but the start of
a substorm is actually determined by the total state of the system.

“PC-fluctuated” substorms (N = 127) are disturbances related to PC index regular
fluctuations, such as “PC-waved” alternations with a period of more than 20 minutes, or
“PC-oscillated” alternations with periods shorter than 15 minutes. In the case of “PC-waved”
substorms, the disturbance usually starts with an onset of the second (or third) wave of
the PC index increase, continues for about one hour and finishes thereupon (Fig. 8a),
the PC values lie in the range from 0 to 3 mV/m. The intensity of “PC-waved” substorms
(ALmax magnitude) can reach the value ~ —350 nT, depending mainly on the PC critical
level. “PC-oscillated” substorms present a total response of magnetic activity to short-
period alternations of PC, without any evident relationship of the substorm onset to the PC
index growth or decrease (Fig. 8b). Usually, short PC oscillations are observed against the
background of long PC-waved alternations (Fig. 8c). In these cases, the relationship between
the PC and AL index remains identical to that for pure “PC-waved” or for “PC-oscillated”
substorms depending on the amplitude of PC index waves and oscillations, the substorm
intensity (4L index) is changed in the range from ~ 200 nT to —400 nT.
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Fig. 7. Changes of the PC and AL indices in the course of “PC-reversed” substorms
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Fig. 8. Changes of the PC and 4L indices in the course of “PC-fluctuated” substorms: waived (a),
oscillated (b) and combined (c) alterations of the PC index

Puc. 8. smenenust PC 1 AL MHIEGKCOB B X0/Ie CyOOypb, «CBSI3aHHBIX C KOJIeOaTC/IbHBIMI H3MCHCHUSIMU
BesmarHbl PC HHEKCay: BOJIHEI (), ocumnsud (b), KOMOMHUPOBAHHEIE (C)

“PC-fluctuated” substorms appear to be associated with the effect of the PC-fluctuated
pack passage, rather than the effect of the separate PC index growth. Although
“PC-fluctuated” substorms usually start at the beginning of the corresponding pack,
sometimes they are observed in relation to the pack maximum or after this maximum, with
the substorm intensity being rather limited. Situation changes if the PC index fluctuations
occur against the background of gradual PC index increase. Fig. 9 gives examples of
“PC-increase/ fluctuated” substorms (N=134) that developed with the PC value increase in
the case of waived (a), oscillated (») and combined (c) alternations of the PC index. One
can see that the relationship between the PC and AL values in such a case becomes similar
to that for “accompanying” substorms, and the substorm intensity is significantly increased.
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“Unrelated” substorms (N = 23) are disturbances that start in the absence of
distinct PC index changes at the moment of a sudden substorm onset (Fig. 10). Substorm
can start with the PC index unvarying (a), or decreasing (b), or irregularly changin
(¢). This category of magnetic disturbances, few in number, implies the possibility of
substorm development even under conditions of ineffective solar wind impact on the
magnetosphere.
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the absence of distinct PC index signatures related to the substorm sudden onset
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Statistically justified relationship between the PC and AL indices

Statistical analysis of relationships between the values of the PC and AL indices
has been performed for all the categories of substorms (“PC-concerted”, “PC-followed”,
“SO-peaked”, “PC-reversed”, “PC-increase/fluctuated”), which demonstrated an
evident relationship of the substorm progression to the PC index growth in the course
of the expansion phase. Fig. 11 shows an example of relationship between the PCmax

ALcorr vs PCmax Yt ALpeak vs PCmax
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Fig. 11. Relationship between the substorm intensity parameters ALcorr (a) and ALpeak (b) and
maximal value of the PC index (PCmax) in the case of “PC-followed” substorms

Puc. 11. 3aBucuMocTh MapaMeTpoB HHTEHCUBHOCTH cy00ypu ALcorr (a) u ALpeak (b) OT MakcuMaib-
Hoit BenmmunHbl PC uHAekca (PCmax) B ciydae cy00ypb, «CIeayomux u3MeHeHnsIM PC HHIEKCa»
Table 1
Parameters of linear relationship between the substorm intensity (4Lcorr) and PCmax
value (ALcorr = B, + B,-PCmax)
Tabonuya 1

IMapameTtps! uHeliHON cBs3U Mexkay napamerpamu ALcorr u PCmax

Category of substorm | Indicator | Interception 8, | Slope B, | Correlation R | Number
Concerted ALcorr 147 87 0.90 49
Followed ALcorr 111 66 0.70 330
SO-peaked ALcorr 78 75 0.80 58
PC-reversed ALcorr 123 57 0.71 99
PC-increase/waived ALcorr 92 78 0.67 65
PC-increase/oscillated ALcorr 57 96 0.57 69

Table 2

Parameters of linear relationship between the substorm intensity (4Lpeak) and PCmax
value (ALpeak = B, + B,-PCmax)

Tabnuya 2
ITapameTtps! uHelHOI cBA3U Mex1y napamerpamu ALpeak n PCmax
Category of substorm | Indicator | Interception B, | Slope B, | Correlation R | Number
Followed ALpeak 150 76 0.70 298
PC-reversed ALpeak 160 76 0.72 86
PC-increase/waived ALpeak 123 106 0.73 59
PC-increase/oscillated ALpeak 116 119 0.73 65
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values and the substorm intensity quantities ALpeak and ALcorr in the case of the category
of “PC-followed” substorms, large in number. Both quantities, ALpeak and ALcorr,
are linearly related to the PCmax value with the coefficient of correlation R = 0.70.
Similar results were obtained for other categories of substorms (Tables 1 and 2). Thus,
the majority of the isolated magnetic substorms (~82 %) demonstrate linear linkage
between the PC index value and the substorm intensity in the course of the substorm
expansion phase. The best correlation between PCmax and ALcorr (R = 0.899) is observed
in the case of “PC-concerted” substorms, which demonstrate consistency between PC
and AL indices alternation. Note that the high correlation between the 4L and PC indices
(R = 83) is typical of the DP12 disturbances during the substorm growth phase [36].
The lowest correlation between PCmax and ALcorr in the course of the expansion phase
is observed for “PC-increase/waived” substorms (R = 0.67) and “PC-increase/oscillated”
substorms (R = 0.57), related to the combined effect of PC index increase and passage
of the PC-fluctuated packs. The remaining 18% are “PC-fluctuated” substorms, which
exhibit the PC-fluctuated pack passage effect.

On the other hand, the results of the analysis indicate that maximal AL values
(ALpeaks) can be recorded at any moment in the course of the substorm expansion phase:
just at the SO moment 7, during the whole interval between the moments of PCmax
and 7;, at the PCmax moment and after it. It implies that the delay time of the ALpeaks
accomplishment relative to the SO moment is not related to the values of ALpeaks or
PCmax. To verify this supposition, we examined the statistically justified relationship
between the time intervals DT(4Lpeak) (time duration from moment 7, to moment of
ALpeak) and the values ALpeak and PCmax. The results of the analysis, presented in
Fig. 12 for the category of “followed” substorms demonstrate that the moment of the
Alpeak appearance (characterized by intervals DT(ALpeak)) is not related either to the
PCmax value (R = 0.23) or to the ALpeak value (R = 0.38). The same results have
been obtained for other substorm categories. It implies that substorm power bursts
(ALpeaks), related to the “substorm current wedge” FAC system action, are most likely
controlled by the current state (steady or unsteady) of the neutral sheet current circuit
in the magnetosphere tail.
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Fig. 12. Relationship between the duration of DT(ALpeak) intervals and values PCmax (a) and
ALpeak (b) in the case of “PC-followed” substorms

Puc. 12. Cs3p Mexny amutensHocThi0 uHTepBana DT(ALpeak) n Benmunnamu PCmax (a) n
ALpeak (b) B xone cyo0ypb, «crnenyommx n3MeHeHusiM PC nHaeKca»
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Discussion

It should be borne in mind that the PC index is regarded in this study as an
indicator of the solar wind influence on the magnetosphere, in conformity with the ITAGA
resolutions [34, 35]. The results of the analysis indicate that the response of the substorm
activity (4L index) to the PC index growth is quite different in the course of preliminary
and expansion substorm phases. Indeed, the substorm activity during the preliminary
phase (i. e. DP12 disturbances, produced by R2 field-aligned currents acting in the morning
and evening sectors of the inner magnetosphere) closely follows the PC growth, whereas
the sudden jumps of the AL maximum value (4Lpeaks) during the expansion phase (i. e.
DP11 disturbances, produced by the SCW FAC system) are observed at any value of
the PC index, time and again, with quite different delay times relative to the sudden
substorm onset (SO). It means that jumps of substorm intensity (4Lpeaks) in the course of
the expansion phase occur regardless of the substorm duration and PCmax value, although
the ALpeak values demonstrate, like ALcorr values, linkage with the PC index. In other
words, the substorm intensity is related to the PC value, but the substorm progression is
not in line with the PC index dynamics. This experimental fact implies that the formation
of the substorm current wedge (SCW) is controlled first of all by the state (steady or
unsteady) of the magnetotail plasma sheet itself, with the solar wind influence being
favourable for the increase of instability.

Mechanisms of instability in the magnetotail plasma sheet are not established. It
may be suggested that several phenomena and processes giving rise to instability can
operate in the magnetotail irrespective of the solar wind impact (manifested by the PC
index). Only the synthesis of these processes determines the magnetotail plasma sheet
state (stability or instability) and its reaction to the solar wind influence. It appears
evident that “PC-concerted” substorms occur when the magnetotail plasma sheet is in
a sufficiently stable state and Birkeland currents can grow gradually, in response to the solar
wind influence (i.e. to PC growth), the maximums of PC and AL values are attained
simultaneously, without appearance of any remarkable ALpeak (see Fig. 4). Conversely,
the appearance of ALpeak immediately after the substorm onset (Fig. 6) implies that
the magnetotail plasma sheet was near the critical level of instability and the increase
in the solar wind impact (i. e. the PC index growth) promoted instantaneous destruction
of the plasma sheet current system and the formation of an appropriate powerful SCW
FAC system. “PC-unrelated” substorms (Fig. 10), displaying substorm development in
the absence of the required solar wind impact on the magnetosphere, are indicative of
the crucial instability of the magnetotail plasma sheet in this case.

It should me noted that this point of view on the magnetotail processes is not
consistent with the concept of Dungey [37], where processes in the magnetotail are
regarded as a constituent of the total magnetospheric convection system. Indeed,
only “PC-concerted” substorms (~6 %) can be considered as related to the united
system of convection in the entire magnetosphere. All the other substorms demonstrate
that DP11 disturbances, related to the SCW FAC system, start irrespective of DP12
disturbances, related to R1/R2 FAC systems operating in the closed magnetosphere.
As this takes place, generation of R1/R2 FAC systems is successfully explained in the
framework of Tverskoy’s concept [38, 39], as a result of a continuous formation of
plasma pressure gradients within the magnetosphere under the uninterrupted influence
of the solar wind.
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Thus, the magnetic substorm intensity and dynamics are determined by two
independent FAC structures. The R2 FAC system, acting within the closed magnetosphere,
is responsible for DP12 disturbances typical of the preliminary substorm phase, whereas
the SCW FAC system, acting in the magnetotail, is responsible for DP11 disturbances
typical of the explosive phase. These FAC systems are distinct not only by their disposition,
but also by quite a different response to the solar wind influence (represented by the PC
index). However, the product of their separate action is estimated by a single AL index,
characterizing the substorm activity as a whole. Note that the same peculiarity is provided
by SML and SMU indices (SuperMAG auroral electrojet indices) [40], which are
analogues to AL and AU indices, although they are calculated by data of measurements
at magnetic stations (N > 100) located at geomagnetic latitudes © > 50°. It is necessary
to separate magnetic effects related to processes in the inner magnetosphere from those
related to processes in the magnetotail. It is suggested two different indices of magnetic
activity be used, which should be evaluated based on data of magnetic observations
in the morning/evening sectors of the auroral zone (DP12 disturbances) and data of
observations in the midnight sector of the auroral zone (DP11 disturbances).

Conclusions

Magnetic substorm DP1 disturbances represent a superposition of DP12 and DP11
disturbances typical of the growth and explosive phases of a substorm. DP12 disturbances,
with westward and eastward electojets, located in the morning and evening sectors of
the auroral ionosphere, are generated by the R2 FAC system acting in the inner (closed)
magnetosphere, whereas DP11 disturbances, with a powerful westward electrojet in
the midnight auroral ionosphere, are generated by the SCW FAC system related to
the magnetotail plasma sheet. As this takes place, the substorm power is evaluated by
a single AL index characterizing the intensity of negative magnetic disturbances observed
in the auroral zone irrespective of their disposition and origin.

The formation and development of the R2 FAC system (and DP12 disturbances)
is closely related to the growth of the PC index, which characterizes the efficiency of
the solar wind impact on the magnetoshere. The intensity of the SCW FAC system
(and DP11 disturbances as a whole) is also correlated with the PC index, but temporal
characteristics of the magnetic activity in the course of DP11 disturbances (4Lpeak number,
their dynamics and time delays relative to the substorm onset) are not related to the PC
alternations. It means that the formation and development of the SCW FAC system,
linked with the magnetotail plasma sheet, is controlled by processes in the plasma sheet
itself. Therefore, the acting AL index is a summary indicator of two separate phenomena
operating in different parts of the magnetosphere.

It is necessary to use two different indices of magnetic activity instead of a single AL
index. The first of them, evaluated by data of magnetic observations in the morning and
evening sectors of the auroral zone, should characterize the intensity of DP12 disturbances
produced by the R2 FAC system acting in the closed magnetosphere. The second index,
evaluated by data of magnetic observations in the midnight auroral zone, should characterize
the intensity of DP11 disturbances produced by the SCW FAC system determined by
processes in the magnetotail.
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ConacHo JIaHHBIM CITyTHUKOBBIX M3MEPEHHI], B MarHUTOC(Epe IEHCTBYET HECKOJIBKO CHCTEM
TEKYIMX BJOJb CHJIOBBIX JIMHHI N€OMarHUTHOTO TOMA (IIPOJONMBHBIX) MekTprdeckux TokoB (FAC).
Ocnosnoii sBisiercss R1 FAC cuctema, TIOCTOSHHO J€HCTBYIOIAs HA TIPHUIIONIOCHOH TPAHUIIE aBPO-
paTBHOTO OBala, T. €. B 3aMKHYTOH MarauTocdepe. MomHocTs TokoB B R1 crcteme ompenensercs
«(pyHKIMER B3auMOAIEHCTBA (ToneM) £, KOTOPOE MPEICTABIISET ONTHMANBHYIO KOMOMHAIHIO BCEX
reod(YeKTHBHEIX MapaMeTPOB COMHEYHOTO BeTpa, AckcTBytomux Ha Marautocdepy. R1 FAC cucrema
TeHepupyeT B MOJSPHBIX mankax DP2 MarHuTHbIe BO3MYIIEHHUS, KOTOPbIE SBISIOTCS OCHOBOH IS
pacueta PC nHIEKCa MATHUTHOH aKTUBHOCTH. KpuTudeckne usMenenus nons £, NPUBOIAT K pas-
BHUTHIO MAaTHUTOC(EPHBIX BO3MYIIEHHH (MATHUTHBIX Oypb U CyOOYph), KOTOPBIE XOPOITIO KOPPETUPYIOT
¢ Bapuarmsamu PC mzekca. [Tostomy PC MHEKC paccMaTpiBaeTCs B HACTOAIIEE BPeMs Kak MOKa3aTenb
noctymaromeil B Maraurocdepy sueprim conaedroro Betpa (IAGA Resolutions, 2013, 2021). Pasz-
BUTHE HavanbHOH (assl cyoOypu (paspl pocra) 00ycnosneno aerictuem cucreMsl R2 FAC, kotopast
(opmupyeTcs Ha IKBATOPHAILHON TPAHHUIIE aBPOPaIbHON 30HBI B YCIIOBUSIX MOBBIIICHHBIX BTOPKEHHH
aBPOPANbHBIX YACTHIL, C TIPOJIOIBHBIMU TOKAMH, BTCKAIOIIMMH B TIOJSIPHYI0 HOHOCHEpPY B YTPEHHEM
CEKTOpE U BBITEKAIONIMMH U3 HOHOChEpHI B BeuepHeM cexrope. Kak pesynbrar, Ha HavanbHOH daze
cy00ypu B mossipHOH HoHOChepe dhopmupyercs DP12 cuctema moHOChEPHBIX TOKOB, OCHOBHBIMH
5IEMEHTaMH KOTOPOH SIBISIOTCS 3aIlaIHBI W BOCTOUHBIN IMEKTPO/DKETH B YTPEHHEM U BEUEPHEM
CEKTOpax aBpOpaJIbHOH 30HbI. PasBuTie B3pbIBHOI (ha3bl cyoOypH (hasbl IKCTIaHCHH) CBS3aHO ¢ (op-
MHPOBaHHEM «TOKOBOTO KIMHa cy00ypm» (substorm current wedge, SCW) — crietmdnaeckoii cucteMbl
MPOJONBHBIX TOKOB, KOTOpast 00eCIeYnBaET 3aMbIKaHHE TOKOB, TEKYIIHX B IIA3MEHHOM CJIO€ XBOCTa
MarHuTocheps! uepes aBpopaishyio HoHochepy. SCW FAC cucrema, BKIIOHAONIas MPOROIbHBIE
TOKH, BTEKAIOIIHE B aBPOPAIbHYI0 HOHOC(EDPY B MOCIEHOMYHOUHBIE Yachl, K TOKH, BHITCKAIOLINE U3
HOHOC(EPBI B IIPEMONYHOUHbBIE Yachl, TEHEPHPYET cHcTeMy HOHOC(hepHBIX TokoB DP11, ¢ MomubIM
3aMa/iHBIM NIEKTPOLKETOM B HOYHOM CEKTOPE aBPOPAIBHOI 30HBL

B pabote npezncrasieHbl pe3yiIbTaThl aHajiM3a, KOTOPBIH MOKa3bIBAET MPUHIMINAILHO pa3-
JuuHbIH Xapakrep npotekanus DP12 u DP11 Bo3mymieHuit, pukcupyemMbIX, COOTBETCTBEHHO, B X0/I€
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TpeBapUTENLHON U B3pBIBHOI (a3 cyo0ypu. DP12 Bosmymenus, renepupyemsie R1/R2 cucremoli,
JeHCTBYIONIEH BO BHYTPEHHEH MarHuTocdepe, pa3BUBalOTCS B CTPOTOM COOTBETCTBHH ¢ XoioM PC
MHJIEKCA, T. €. C CHJIOH BO3JEHCTBHA COJTHEYHOTO BeTpa Ha MarHuTocQepy (mone E,,). HaoGopor,
DP11 Bosmymenus, renepupyemsie SCW FAC cuctemoii, CBI3aHHOH C IIa3MEHHBIM CI0EM XBOCTa
MarHuToc(epbl, IEMOHCTPUPYIOT UPPETYISPHbII XapaKkTep COOTHONICHUH Mexk 1y BenuuuHamu PC
1 AL B Xone B3pBIBHOH (ha3bl: BHE3AIHBIE YCHICHNS HHTEHCHBHOCTH cy00ypu (ALpeaks) MoryT
MPOMCXOAUTH HEOJHOKPATHO, TIpH 1t000# BemmunHae PC WHAEKCa U TIPH COBEPIICHHO PA3INIHOM
BpeMeHH 3a7epkkH (AT) MakcuMyma cyO0ypy OTHOCHTEILHO BHE3AITHOTO Havasa B3PBIBHON (ha3bl
cy00ypu. B pesynprare anammsa cootHomenuil Mexny PC u AL vHIEKcaMH B XOJI€ B3PBIBHOI
(ba3bl OBLIO BbIJIEIEHO 7 Kareropuit pa3ButHs cyo0yps: cyo0ypu “PC-concerted”, HHTEHCHBHOCTD
KOTOPBIX PacTeT U YMEHbIIAETCS B TIOMHOM cornacuu ¢ BapuamusimMu PC uHekca; cyo0ypu “PC-
followed”, nemoHCTpHpYIOMIIE HEPETYIAPHBIE BCIUIECKH HHTEHCUBHOCTH (A Lpeaks) B mepuox pocra
n MakcumyMa PC mHzexca; cyo0ypu “SO-peaked”, mocturaromie MakCHMaIbHOH HHTEHCUBHOCTH
Cpasy Mocie BHE3aIHOTo Havyaa B3phIBHOH (asbl; cy00ypu “PC-reversed”, cBS3aHHbBIC C PE3KHM
KPaTKOBPEMEHHBIM TaJIeHHEM M MOCIeAYIonUM poctoM Bennunnbl PC nnpekca; cyooypu “PC-
fluctuated”, cesizannble ¢ duykryausvu Benmunabl PC nnaexca ¢ nepuogom T > 20 mMuH (BOIHBI)
u T < ~15 mun (ocumwuiinun); cyooypu “PC-increase/fluctuated”, cBszanubie ¢ QuyKTyamusaMu
BenmunHb! PC MH/IEKCa, TPOUCXOAIINMH Ha (hOHE IOCTEIIEHHOT0 pocTa BenmduHbl PC, 1, HaKOHel,
cy60ypu “PC-unrelated”, mponcxoasmiie BHE OYEBHIHOI CBS3H ¢ M3MeHeHHAMI PC uHIeKca. JTH
0COOCHHOCTH B Pa3BUTHH B3PHIBHON (ha3bl CBUIETENBCTBYIOT O TOM, YTO TIPOLECCH B MIa3MEHHOM
CJI0€ XBOCTa MarHUTOC(hepbl, onpeesonye GopMHUPOBAHUE KTOKOBOTO KIIMHAY, KOHTPOIHPYIOTCS
COCTOSIHAEM (CTAOUIBHBIM HJIM HEYCTOMYMBBIM) CAMOTO ITa3MeHHOTo ciiost. To ecTh Bo3neiicTBUe
COTHEYHOTO BeTpa (oneHuBaeMoe PC MHIEKCOM) He OMpeNeNseT pa3BUTHE MPOIECCOB B TINA3MEHHOM
cJI0€, B OTIIMYKE OT MPOLECCOB BO BHYTpeHHei MarauTocdepe. [Ipn 3ToM cexyer oTMETUTh, 4T0
naTeHcHBHOCTS DP12 1 DP11 Bo3MyIeHui, HaOMIOIaeMbIX B XO/Ie TIPEABAPHUTEIBHOM H B3PHIBHOIM
(basbl, OLEHNUBACTCS OHUM U TeM ke AL MHAEKCOM, HECMOTPsI Ha TO YTO TH BO3MYIICHHS I'€HE-
pupytores pazabimu R1/R2 u SCW FAC cucremMamut 1 CBSI3aHBI € TIPOLIECCAMH, TPOUCXOIAIIMH
B Pa3IMYHBIX YacTsax MarHutocdepsl. HeoOXomuMo BBECTH B TIPAKTHKY JiBa Pa3HBIX MHJIEKCA Mar-
HUTHOW aKTHBHOCTH, XapakTepu3yromux uaTeHcuBHocTh DP12 and DP11 Bo3mymienus, 4to mo-
3BOJUT PA3JeNMNTh U JUArHOCTHPOBATH 3(P(PEKTH BO3AEHCTBHS COMHEYHOTO BETPA HA TIPOLIECCH BO
BHYTPEHHEH MarHuToc(epe u B MIa3MEHHOM CJI0€ XBOCTa MarHUTOCHEpHL.
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AuHoTanusi. B nociequue JecATUICTHS aKTHBHO UCCIEAYETCS MPOLECC TEPMOJCHYIALMH, TIPUBOISIIUI
K (hopMupoBaHMIO criennpuIecKnx hopM penseda — TepMOIHUPKOB. B pasHEIX pernoHax KpHOIHTO30HH! H HA
Pa3HBIX BPEMEHHBIX 0Tpe3Kax HaOMoaeTcst Kak aKTHBHU3ALNS, TaK U 3aTyXaHHE TEPMOLIMPKOB, TIPH 3TOM, KaK
IIPaBIIO, PACCMATPUBAIOTCS KIMMATHYECKUE NMPUUMHBI HaOmrogaemMoro. B HacTosiel cratbe npeanaraercs
aHaNM3 TMHAMUKE TEPMOIMPKOB M 0COOeHHOCTEH penbeda Ha KimodeBoM ydacTke LlentpamsHoro Smana.
JInst 3TOTO Ha OCHOBE Pa3HOBPEMEHHBIX MATEPHATIOB IUCTAHIMOHHOTO 30HAMPOBAHHS 3eMIIM PACCMOTpPEHA
IIPOCTPAHCTBEHHAS IPHYPOYCHHOCTh TEPMOLMPKOB K pa3HbIM reoMopdoornueckuM ypoBHsiMm. [Ipociexena
ux quHamuka 3a 14 et ¢ 2009 no 2023 r. YcTaHOBIEHO, YTO CyMMapHast IUIONIa/lb TEPMOLUPKOB HA y4acTKe
yBemmaunach Ha 296 %. OHHM pa3BUTBI HCKITIOYHTENBHO HA CKIOHAX KPyTH3HOU 5—12°. 90 % mccIenoBaHHbIX
(hop™ mpuypoueHo k ckiaoHam I1I ammoBHATbHO-MOPCKOI PABHUHBI, @ KX CyMMapHasi IUIONIab OOMbIIe Ha
CKJIOHAX 3aMaHOI SKCIO3HIINH, KOTOPbIe NpeobiafaoT Ha 3TOM YpOBHE B Ipeienax yuactka. Hanbonmsmme
CpeIHHe 3HAYCHUS TUIOMANN W NPOTSKEHHOCTH TEPMOLMPKOB, ONMPEICICHHOH KaK KpaTdaifliee pacCTOSHHE
MesKITy OPOBKOH U TIOJOIIBOI, OTMEYAIOTCS Ha CKIIOHAX FOKHON AKCTIO3HIIIH.

KiroueBble cj10Ba: KpHOTEHHbIC MPOLECCHl, MHOTOJIETHEMEP3IIbIE TTOPO/IBI, TEPMOACHYAALHMS, TEPMOLHPK,
OJIyoCTpoB SMan
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Abstract. In recent decades, the distribution and activation of thermodenudation, which leads to the
formation of specific landforms — thermocirques (also referred to as retrogressive thaw slumps, RTS),
have been intensively studied. In different regions of the cryolithozone and at different time intervals,
both activation and stabilization of thermocirques are observed. As a rule, studies focus on the climatic
controls of the phenomena observed, the environmental controls are discussed less often. This study
presents an analysis of the dynamics of thermocirques in relation to the relief features in a specific
key area of Central Yamal. To achieve this aim, the spatial distribution of thermocirques at different
geomorphological levels is considered based on multi-temporal remote sensing data. Satellite images
obtained in 2009, 2018, and 2023, as well as a global digital elevation model (ArcticDEM), were used.
We outlined five geomorphic levels and determined their parameters: area, altitude, steepness, and the
aspect of the slopes. Thermocirques were identified in the images and their parameters were measured.
The dynamics of the thermocirques were analyzed by their number, area, length, width, slope aspect and
angle for the periods 2009—-2018 and 2018-2023, and for 14 years in total, separately for each geomorphic
level. It was found that thermocirques predominate on the slopes of the III alluvial-marine plain, 5-12°
steep. In 14 years, the total area of thermocirques increased by 296 %, and their number — by 61 %. A
larger increase in the total area and number of thermocirques occurred during the period 2009-2018 in
response to climate extremes in 2012 and 2016. Thermocirques that face west cover a higher total area,
partly due to the predominance of such slopes over the area of the key site. In all the years of observation,
the average areas and lengths of thermocirques are maximum on south-facing slopes. Some of the results
are close to those obtained in other regions of Russia and in North America. In many of the areas studied,
the increase in the total area of thermocirques exceeded the increase in their number, which means that the
expansion of the existing forms prevails over the inception of the new ones. The discrepancies observed
in different studies in the results of assessing the effect of relief on thermocirques are due to both the
regional features and differences in satellite imagery and methods of its processing.

Keywords: periglacial processes, permafrost, thermocirque, thermodenudation, Yamal Peninsula
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BBenenue

Tepmorupku (TL[) — xapakrepHbie Ghopmbl penbeda 0baacTell pacmpoCcTpaHEeHUS
3aexeo0pasyromuX Moa3eMHbIX 6108 [1]. [lepBoHavansHO 0Opasyrommuecs Kak eau-
HHUYHBIC ONONI3HH TedeHus, TLI BrocaeacTBUU pa3BUBAIOTCS B KPYIHBIC OTPHLATEIBHBIC
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(hOpPMBI ¢ YETKO BBIPAXKEHHBIMU CTEHKaMH, B KOTOPBIX BCKPBIBACTCS MOA3EMHBIH Jiex [2].
TL[ BO3HHKAIOT B MecTaX HENTyOOKOTO 3ajleraHusi KPYIHBIX TeJl MOA3EMHBIX JIBJIOB WIIN
CHJIBHOJIBAUCTBIX NopoA. B cBoeM pa3zutun TL nposBISIOT HUKINYHOCTS C ITOCTENCHHON
CMEHOM CTaJ i akTHBH3aMK/cTadumu3anuu [2].

MHOTOUYHCIIEHHbBIE HCCIIEI0BAaHUS IEMOHCTPUPYIOT BO3PACTAIOULYI0 aKTUBHOCTH TL|
B PA3JIMYHBIX PETHOHAX KPHOJINTO30HKI [3—5], SIBISIOIIYIOCS CIECTBUEM PEAKIIMH MHOTOJIET-
HEMEP3JIBIX TIOPOJT Ha MOBBIIICHUE TEMITEPaTyphI ITOPOJ] U YBEINUCHUE TITyOUHBI CE30HHOTO
npotanBanus [6]. C Touku 3penust pynnamenransHoi Hayku TL[ nHTEpecHBI Kak KpaliHe
JMHAMU4Has popMma penbeda, BISIOmascs HHIMKATOPOM KPYITHBIX 3aJIe)Kel TT03eMHOTO
apaa. K Hanbosee akTyalnbHBIM HalpaBlieHUsM B u3ydeHnu TLI cTonT npuyncianTh mnosiesbie
uccienaoBanus [2, 7] U nmpuMeHeHne UQPPOBBIX TEXHOIOTUH TSl U3YYEHHUST pacipoCcTpa-
HEHUs, JUHAMUKY ¥ MacIITaboB MpOsIBIEHHs TepMoAeHyaamu. K mocneHum, B epByro
o4epe/ib, OTHOCSTCS PyYHOE JIeIH(PUPOBAHIE KOCMHUYECKUX CHIMKOB CyOMETPOBOTO TTPO-
CTPaHCTBEHHOTO paspemenus [8, 9] u mocrpoeHne n300pakeHnii MeTosoM structure-from-
motion Ha OCHOBE MaTepuajIoB CheMKH C OECIIMIIOTHBIX JIeTaTelIbHbIX anmaparos [10]. Ctout
OTMETHUTb 3HAYUTEIILHYIO POJIb BHICOKOICTAIBHBIX IIU(POBBIX MOJIENICH perbedha Mpy aHaIHu3e
noBepxHocTH [11-13] u mpuMeHeHrne TaHHBIX JUIapHou [S] u pamapHoii [12, 14] cheMKH.

B mocnenHue ropl yBEIMUMBAETCS! YUCIIO NCCIIEIOBAHUI, MOCBSIICHHBIX KapToO-
rpa¢uposanuto TL] ¢ moMonIpi0 TEXHOIOTMH MCKYCCTBEHHOTO MHTeuIekTa. [Ipn sTom
OoTMeuaeTcst OOJIBIIOE KOJTMYECTBO HETOYHO M OMIMOOYHO BBIIEICHHBIX OOBEKTOB IpHU
HCIIOJIB30BaHUU pa3paboTaHHbIX Mojenei [11, 13, 15], a TOYHOCTh TaKMX METOAUK JI0
CUX TOp HE ObLIA OIIEHEHA M3-3a HEAOCTaTKa MOJEBBIX JaHHBIX. MBI MpHUAEpKUBacMCA
MO3UIINH, YTO IPUMEHEHHUE JaHHBIX AUCTAHIMOHHOTO 30HJUPOBAHMS OTKPBIBAET OOIIBIIHE
HepCreKTUBbI st n3ydeHns TLI, oHaKo 1MoJIeBble NCCIEAO0BAHNS TTO-NIPEKHEMY SBIISIOTCS
HEoOXOIMMOI OCHOBOH /ISl KOPPEKTHON MHTEPIPETALINH MIPOSBICHUH KPHOTCHHBIX ITPO-
LIECCOB HAa MaTepuasiax KOCMUYECKON MIH adPOCHEMKH.

[Tomumo BompocoB (yHaamMeHTalIbHOM Hayku, nzydenue T npencrasnsercs HeoO-
XOAMMOCTBIO B chepe perieHus! MPUKIIaIHbIX 3a/1a4 10 OCBOCHNUI0 APKTHKH — KakK siBJie-
HHSI, CIIOCOOHOTO MPECTABIATh 3HAYUTEIbHYIO OIACHOCTh WHIKEHEPHBIM COOPYKEHUSIM.

IIpu ouenke nuHamuku TL{ cOBpeMEHHbIE MCCIEAOBAaHUS YAEIAIOT 3HAUUTEILHOE
BHUMAaHHE KIMMaTHYECKUM ITapaMeTpaM, OJTHAKO ropas3/io Peke OICHMBAIOT MECTHBIN
penwed. [Ipu aTOM ecim BiusiHUE penbeda Ha X0/ TEPMOJICHYallNH U paccMaTpHUBaeTCs,
TO AOCTATOYHO OTPAHUYEHHO, T. K. pa3HbIEe METOJUKH JJAI0T HECOMOCTABUMBIE PE3YJIbTAThI.

Hacrostimee nccnenopanye MOCBAIIEHO n3ydeHnto T1] Ha KITi04eBOM y4acTKe B F0XKHOM yacTu
cranuoHapa «Bacbkunbl auny. Lenb uccneoBanys — yCTaHOBUTH BIMSIHUE Me3operbeda Ha pac-
npocTpaneHne u Mopdomerprudeckue xapakrepuctiku TL, mpocnexuts quaamuky TL 3a meprox
2009-2023 rT. 1 pa3padoTarh METOUKY JUTS ONYYEHHS COTOCTABUMBIX IAHHBIX B PA3HBIX PETHOHAX.

Paiion pa6ot

KittoueBoit yuactok miomiaasio 13,6 km? pacnonoked Ha IlentpansHom Smare
B I0)KHOHM YacTH Hay4YHO-HMCCJIEJIOBaTENILCKOro crannonapa «Bacekuubl laum». Cese-
po-3amajiHasi OKOHEUHOCTh ydacTKa pacroyiokeHa Ha 70°14'33" c. mr., 68°57'11" B. 1.,
ceBepo-BocTouHas — Ha 70°12'54" c. mr., 69°4'15" B. n. C ceBepa Ha ror paiioH padoT
nepecekaet /1 muHus «O0ckas—boBaHEeHKOBOY.

Belzienenue KIIIOUEBOro y4acTka 00yCJIOBICHO HAIWYHEM Pa3HOBPEMEHHBIX KOC-
MHUYECKUX CHUMKOB B TpeOyemoM paspemiennu (Tadm. 1). K oCHOBHBIM 0COOEHHOCTAM
y4acTKa CTOUT OTHECTH BBICOKYIO MHTEHCHBHOCTH TEPMOJICHYAALUH U OOJBIIOE YUCIIO
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kpynHbIx TLI, HEOTHOKPAaTHO OOCIIEIOBAHHBIX B XOJE €KETOAHBIX MOJEBBIX MCCIIEI0Ba-
Hult [4]. Ha yJacTke Takke BCTpedaroTcs Bce XapaktepHble i LleHTpansHoro SImana
reomopdoorndeckne ypoBHH [16].

Jus Lentpanbaoro SImMana XapakTepHa BhIpaKeHHas! CTYIIEHUATOCTh penbeda ¢ -
TBIO OCHOBHBIMHU Treomopdoiorndeckumu ypoBHsmu — V (Canexapnckas), [V (Kazan-
uesBckas) u Il ammroBuansHO-Mopekas paBHUHBL, 11 u | Hagmoiimennsie Teppacer [17].
Hayuno-nccnenoBarensckuii cranponap «Backkunbl Jlaum» mprypoueH K MeXypedbio
pek Ce-axa u Mopubl-axa. Uexonm 4eTBEPTUUYHBIX OTIOXKEHNH Ha KIIIOUYEBOM y4YacTKe
MIPEICTABICH MOPCKHMH, CKJIOHOBBIMH, O3€PHBIMU M QJUTIOBHAIBHBIMU OTJIOKCHUSIMH.
XapaKTepeH XOIMHUCTO-YBaIIUCTHINA perbed, pacuIeHEHHBIH OBPaKHO-IPO3UOHHON CETHIO
¥ THUIAMH 03ep U Xacwipees [16].

Jlist pa3pesa XapakTepHbl MOIIHBIE TIACTOBBIC 3aJICKH JIbAa. KpOBIIs MIIacTOBBIX
TEJ pacroyiaraeTrcs Ha TIIyOWHE OT MepBhIX MeTpoB a0 25-30 M [18]. MeHbIIyt0 pOib
B pa3pese UrparoT MOJIUTOHAIBHO-KHIIBHBIC JIb/IBI.

MexXroioBbIle 3HAYEHUs CpeHEl ITyONHBI CE30HHOTO MPOTanBaHMs Ha TUIOIIAIKax
xonebmrorest o 70-90 mo 110-150 cM, HO MOTYT MpPEeBHIIIATE 2 M, AOCTUTasl TITyOHHBI
3aJIeTaHusl TUTACTOBBIX JIBJIOB [6].

Metoauka

Jlist otieHKH MOP(OMETPHUCCKUX XaPAKTEPUCTUK pebeda U TUHAMUKHA PAa3BUTHUS
TL Ha KJIIOYEBOM Y4YacTKE MCIIOJIb30BaJIach cepus KocMuueckux cHuMkoB 2009, 2018
u 2023 rr. u mio6anpHas mudpoas moaens penbeda 2013 1. (cm. Tadm. 1).

Tabruya 1
HcxonHbie MaTepualibl IUCTAHIIMOHHOTO 30HIHPOBaHUsI 3eMiIn
Table 1
Initial remote sensing data
HcxoHble MaTepHatbl AUCTAHIIHOHHOTO Criyiig Jlata chemxn IMpocTpaHcTBEHHOE
30HAMPOBAHMS 3eMIIH pasperieHue
CuHHTE3UpPOBaHHBII KOCMUYECKHH CHUMOK GeoEye-1 15.08.2009 0,41 m
¢ komOunanueii kananos Red-Green-Blue |  WorldView-2 10.07.2018 0,46 m
Mos3anka Clly THUKOBBIX CHUMKOB Esri WorldView-2 13.08.2023 0,5m [19]
World Imagery Basemap [19]
Hudposas monens penbeda (LIMP) IToctpoenamo | 10.06.2013 2M
ArticDEM Strip [20] cTepeonape
WorldView-2

O0paboTKka 1 HHTEpIpETaus MaTepHAJIOB TUCTAHIIMOHHOTO 30HIMPOBAHNS, a TAKKe
Mop(hOMETpUICCKUI aHaIH3 peibeda BHITOTHEHH B porpamme Esri ArcMap 10.8.2.

IlepBuuHas 00padoTKka MaTepHAIOB JUCTAHIMOHHOIO 30HIHPOBAHMS

Js camvko 2009 1 2018 rT. mpoBeieHa OPTOKOPPEKIIHS, TIPEICTABIIAIONIAs COO0H
peoOpa3zoBaHUE UCXOTHOTO H300paXXEHHsI B COOTBETCTBHH C YUETOM HEPOBHOCTEH 3eMHON
moBepxHoCTH. B kauectBe [IMP u3 mokpertus ArcticDEM BeiOpan Hanboee paHHHIA 10
narte cbeMKH strip-¢aitn ot 10.06.2013 [20], nmeromuit MUHUMAIBHBIN U3 TPECTABICHHBIX
B OHJIAH-KaTaJlore Yroji ChbeMKH M TIOMydEeHHBII IpH HanOosee OIaronpusTHBIX MOTo-
HBIX ycnoBusax. OpTokoppekiwst cHuMKa 2023 T. He TPOBOIIIACH, IOCKOIBKY MOMIOKKA
cyTHHKOBBIX cHUMKOB Esri World Imagery Basemap pacmpoctpansiercss B Buae o0Opa-
OoTaHHOW OHIalH-Mo3auKku. [Ipu sToM Kommnanus Esri He npenocraiseT HHPOPMALIUIO
o IIMP, ucronp3yeMbIX HMHU TIpU TPpaHC(HOPMHUPOBAHUH CHUMKOB. J[ampHEUIEe morper-
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HOCTH MEXAY CHHTE3UPOBAHHBIMH CHUMKAaMH U OHJIAWH-MO3aUKOH MHHUMH3HPOBAHBI
MOCPEACTBOM aBTOMATH3UPOBAHHOTO OJIOYHOTO ypaBHUBAHMS.

JA71st coToCTaBIeHHsI XapaKTEPUCTHK pesibeda, ONMMCAHHBIX B PAHHUX ITyOIMKAIIUIX
Ha OCHOBE Tomorpaduueckux Kaprt, 3HadeHus [{MP npusenens! k banTtuiickoii cucteme
BBICOT. BBU/ly MCITOIb30BaHUS PA3IMYHBIX BBICOTHBIX OTMETOK (HOPMAJIbHBIE U OPTOME-
TPUUYECKUE) MOTPEHUIHOCTH MEXy ABYMsI HAOOpaMHU JaHHBIX HA OTAENBHBIX YJacTKax
cesepa 3amagHoit Cubupu MoryT gocturarh 15 M [21]. ns momydenus xodddunreHTa
nepecyera BPYYHYIO COIIOCTABIICHBI BHICOTHBIE OTMETKH BEPIINH U HU3WH, 3a(UKCHUPO-
BaHHBIC Ha Tomorpadudeckoit kapre 1:25000 u Ha [IMP ArcticDEM.

XapakrepucTuka pesbeda yyacrka

I'pannisr reomopdororndeckux ypoBHei (1o [17]) mpoBeaeHbI Ha OCHOBE COTIOCTaB-
JICHUsI OTMETOK BEPIIMHHBIX TIOBEPXHOCTEH, YKIOHOB 1 XapakTepa pacTUTeldbHOCTH. Ha
OCHOBAHMH JJINTENBHBIX TOJIEBBIX HCCIIEI0BAHHHN, BKIIIOYABILIX OMMCAHUE Pa3pe30B B CKBa-
JKMHAX 1 00HaKEHHAX [ 16], MBI IPHHSIIHN, YTO B IIPEAeTaxX KI0YeBOTO yIacTKa TIOBEPXHOCTH
otHOcsTCs K I HammoitMeHHOH Teppace, ey BRIpaKeHHBIE TNIOCKHE CyOTOPH30HTAIBHEIC
MTOBEPXHOCTH TIPHYPOUYCHBI K a0COMOTHBIM BBICOTaM 10 25 M, Kk III ammroBransHO-MOp-
ckoif paBHHHE — 10 36 M, k [V mpubpexno-mopckoii (Ka3zaHmeBckoii) paBHUHE — 10
45 M, k V Mopckoii (Canexapackoii) paBHIHHE — BbIe 45 M. Jljist onpeeneHus miomman
KJTFOYEBOTO Y4acTKa, 3aHSATON 03epamMu, onu(poBaHa UX OEperoBast JIMHUS 110 COCTOSHHIO
Ha 2018 1, i koToporo ObIIO HACHTH(PHUIIMPOBaHO HanbombIee ancio TLI.

Ha ocnose LIMP onpenenensl iomaid 1 TpOCTPAHCTBEHHAS IPUYPOUEHHOCTh
CKJIOHOB Pa3NMUYHBIX dKCHo3uImii mo 8 pymbam. IlpenBapurensno n3 LIMP uckimtoueHs!
TIIKCEJN, COOTBETCTBYIOIMINE HU3MEHHOCTSM (TIIOCKHE AHUINA C YITIaMH HaKJIOHA MeHee 1°)
¥ JK/JT HACBIITH, 3HAYUTENIFHO TIpeoOpa3oBaBIeil penbed. B aBToMaTn3npoBaHHOM peXKUME,
Ha OCHOBE MAaKCHMAJbHBIX Pa3IMUUi B PACTIPE/IC/ICHUH ANANa30HOB (METO €CTECTBEHHBIX
rpanuI J)KeHKca), BbIIEICHO 9 KITaccoB yIila MaKpOCKJIOHA C TPAHUYHBIMH 3HAUCHUSIMHA
1,3,5,7,9, 12, 23 u 48°. [loncuyuTaHbl IUIOMAAN CKIOHOB PAa3TUYHON KPYTH3HBL.

OxounrypuBanue TI]

T naeHTHUIUPOBAHBI HHTEPAKTHBHBIM JCIIH(PPUPOBAHUEM CHIMKOB (CM. Ta01. 1)
10 BU3yaJbHBIM ITPU3HAKaM Ha 3 BpeMeHHBIX cpe3a: 2009 r. — 10 Hauana CTPOUTENIECTBA
K/ ¥ 3aMETHOH aKTHBU3aIu TepmoaeHynaun; 2018 r. — mocie 3KCTpeMalbHO TETIIBIX
netHuX ce30HOoB 2012 u 2016 rT. [6]; n 2023 1. — Hanbonee NO3AHNIN U3 JOCTYIHBIX MaTe-
PHAJIOB TUCTAHIIMOHHOTO 30HIUPOBAHHMS, TIOCTIE dKCTpeMasbHO Teroro Jjieta 2020 1. [22].

[Tpu nepBuunoM nemmdppupoBarnn TL pacmo3HaBaIrch MO XapakTepy MOBEPXHOCTH,
PE3KO KOHTpacTupyomeMy Mexay aquumeM T u okpyxkatonieit Tynapoil. Kontypsr TL
B 30HE JICHYIAIMH BBIACISIINCH 10 JTUHAHA OPOBKH, KaK MPABHIIO, TIOMIEPKHYTOW TEHBIO
WA BUAMMBIM oOHakeHHeM. Hrkusas dgacts TL] (30Ha aKKyMyIAINH) OKOHTYpPHBAIACh
0 IPaHMIAM KOHYCa BBIHOCA W/UITK 110 JIMHUH ype3a BOJAHOW MOBEPXHOCTH.

Onpenenenue moppomerpuyeckux napamerpon TL

[TockonbKy HE OBUIO BO3MOKHOCTH OIIPEACTHUTH YIIB CKIIOHOB J0 MOSBICHUS Ha HUX
TLI (orcyrcTBoBanu LIMP mocratounoro paspemicaus Ha niepuon panee 2009 r.), ObL10
pEIIeHO OMpEeNATh YKIOH IMMOBEPXHOCTH BHYTPH KOHTypa yxe oOpasosasmierocst TLI
Ha ocHOBe Oonee mo3nHuX LIMP. Yiion noBepxHOocTH B mpenenax koHTypa TL] omperne-
JISUICS KaK CpejiHee 3HaueHue KpyTU3Hbl nukcenoB LIMP. DTo 3HaueHne npupaBHUBAIOCH
K KpyTHU3HE CKJIOHA, IPEJIIEeCTBOBABLIEr0 BO3HUKHOBeHUI0 T1I. HecMoTpst Ha BeposiTHbIE
OIIHOKH TIPH OTIPENETICHUN a0COMOTHOTO 3HAYCHUS KPYTHU3HBI, IPUMEHEHHE CTAaHIapTHOM
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HE3aBHCHUMOM IMPOIIEAYPHI TO3BOJISCT ONMEPHPOBATH PA3TUIMAAMU ITOTO MapaMeTpa Mpu
COITOCTABJICHUU Pa3HbIX OOBEKTOB.

Hcxons u3 Tex ke CoOOOpaKeHH TONCKa HE3aBUCUMOM OT orepaTtopa MpoIeayphl,
skcno3ummsa TLI ompenenena kak HamOoee YacTO BCTPEUAIOIIUIICS KITACC IKCIIO3UITUHI
KaXXJI0TO MHKcena B npenenax koutypa TLI.

ABTopamu ObUTH OIPOOOBAHBI HECKOIIBKO CIIOCOOOB BBIYMCIICHHS JJIMHBI M ITUPHHBI
TL. Hanbonee yHUBEpCATBEHBIM CITIOCOOOM M3MEPEHHS JIMHEBI aBTOPaM MPEICTaBISCTCS
BBIUMCIICHHE TIPOTSHKEHHOCTH TalIbBEra, OHAKO ISl 3TOro Heoboxomumo Hajamyue [IMP Ha

Tonokapra LIMP ArcticDEM KocmocHumok | | KocmocHuMok Moc::::: E‘sﬂ
1:25000 Strip ot GeoEye-1 ot WorldView-2 World Imagery
10.06.2013 15.08.2009 or 10.07.2018 (WorldView-2
ot 13.08.2023)
=
MpuBeneHve BbLICOT 0
% 5 PTOKOPPEKTUPOBaHHLIE BrnouHoe
LIMP « Banuickoit CHIMKM 2009 1 2018 . | ypasHUBaHWe ]
cucteme
i
BeigeneHve KocmocHumkn 2009,
Koppexmﬁg&auuaa Al reoMoponornyeckux 20182023 m ¢
YpOoBHE# YNyYLWEHHOM NPUBA3KON
I
Kapra
reoMopdchonornyecknx [ Oewwdpuposanue TL J
yPOBHeM
1
Onpepnenexune

pacnonoxexus TL| Ha

KoHtype! T

CKMOHAaxX pasnu4HbIx YpoOBHER
T

MpuypoveHHocTs TL K
CKIMOHaM Pasnmn4HbIxX
reomopchonorn4ecknx

OBHEWN
. Onpepenexve
MOpPOMETPHUYECKMX
MocTpoenue MocTpoeHue WsmepeHue nokasarene TL|
KapTbl KapTbl KPYTHU3HbI BLICOT BpPOBOK 1
IKCNO3ULMA L CKNOHOB nopowes TL
] I
Pacnpegenenue | | Pacnpegenenue | | AGCONMOTHbIE BbICOThI
OuHamuka
CKINOHOB C CKIOHOB C noAowWesL! U GPOBOK AnoLtaReH. ArHLL M
pPaznUYHBLIMK PaznnYHBIMK TU Ha 2009, 2018 1 !
wrprHs! TL
IKCNO3NLUAMM yrnamu 2023 rr.

—

Onpepgenexne XxapakTepucTuk

penseda sHyTpK TL
!

MpuypoyeHHocTs TL| K cknoHam
Pa3nU4YHOMN KPYTU3HbI M 3KCMO3NLIMK

Puc. 1. AIIFOpI/ITM BBIIIOJTHCHUS UCCIICAOBAHUA: UCXOAHBIC MaTCpralibl — CUHSS 3aJIMBKA, 3TAIlbL pa-
00TBI (6€CHBCTHLIe), TMPOMEKYTOYHBIC PE3YJIbTAThI — JKEJITas 3aJIMBKa U I[TOJIy4YCHHbIC OKOHYATCIIbHBIC

PE3YJIbTaThl — 3€JICHAs 3aJIMBKa

Fig. 1. The algorithm of the study: initial materials (filled with blue), work stages (colorless),
intermediate results (filled with yellow), and final results (filled with green)
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Bce Tpu roxa HabmroneHui. [ xpymasrx TL monkoBooOpazHON (GOPMBI TAKKE TIPUMEHUM
Coco0, IPU KOTOPOM 3a JUIMHY TIPHHUMAETCS MIPOTSHKEHHOCTh IIEPIIEHANKYIISIpa, IIPOBe-
JIEHHOTO K JIMHUM, COEANHAIOIIEN MecTa KoHTakTa kpaeB T1 ¢ ype3om Boabl. YuuThIBas
MHOT00Opasue Gopm, BEIZECICHHBIX Ha yJacTKe, aBTOPAMH OBLT MPUHST KOMITPOMUCCHBIN
BapHAHT — pacyeT JUIMHBI U MUpUHBI T1[ BBHIOIHEH MOCPEICTBOM CIIaKUBAaHUS U3-
pe3aHHbIX KOHTYpOB. [locie 3Toro u3MepeHsl camMblil JJIMHHBIA U CaMblid KOPOTKHI OT-
PE3KHU, COETUHSIIOINE TPOTHBOJIEKAIINE TOUKA. B pydHOM pexuMe, ¢ HCIIOIb30BAHUEM
LIMP, 5Tt oTpe3ku ObUIM HAa3HAYESHBI UIMHOM, €CJIM OHHM HallpaBJIeHbl BHU3 IO CKIIOHY,
1 IUMPUHON — €CJIM OHU HAIIPABJICHB] NIAPaJUIEIbHO CKIIOHY.

Heo0xoanmo oTMeTHTh, 4TO BBIOpaHHBIH crioco0 moxo nmoaxoxut aist T ¢ karute-
BU/IHOH (BBITAHYTOH) popmoii, HO Takux TL| Ha ydacTke ToibKo 2.

ITnomaau TI[ Ha KaXIOM U3 TPEX CHUMKOB IOCUUTAHBI B IPOEKLMHU HA IIIOCKOCTh
B UTM WGS 84.

Mertonnka paboThl (MCXOIHBIE TAaHHBIE, STAIbl PA0OTHI M MOIYYSHHBIE PE3yIIbTaThl)
Npe/ICTaBIeHa B BUIE OJIOK-CXeMbI Ha puc. 1.

Pesyabrartsl

IHapameTpsbl peiibeda KJIKOYEBOro y4acTKa

Ha ygacTkax mepeceueHus qrcToB Tororpadudeckoi kapter 1:25000 u strip-daiina
LIMP ArticDEM ot 10.06.2013 BpyuHy!0 corocraBieHbl 122 TOUKH, COOTBETCTBYIOIIHE
OTMETKaM BBICOT Ha TEPPACOBHUIHBIX MOBEPXHOCTSX, MIOCKUX MEXKIYpPEUbsiX, ype3ax
BOJIBI Ha 03epax u BoJoTokaX. O6a Habopa TaHHBIX JEMOHCTPUPYIOT CHIBHYIO THHEHHYTO
koppemsuio (R? = 0,99) co cpeHUM 3HAYEHHEM Pa3HUIIBI BHICOT MEXIy bantuiickoi
cucremoir 1 WGS 84 B 6,3 M. Beicotsl ucxognoit [IMP ArcticDEM npeo6pa3oBaHbl
B COOTBETCTBHHM C ypaBHeHHeM: y = 1,0363x + 5,7418.

[To utoram MHTEpIpETAlMK MaTEPUAIOB IUCTAHIIMOHHOTO 30H/IMPOBAHUS Ha KITIOYe-
BOM y4acTKe BBIIEJICHO 5 TeoMOP(OIIOrHIECKUX YPOBHEH (pUC. 2a), 3aHUMAIOIINX pa3HbIe
miomanu (puc. 26). Hanbonpmmme miomaay npuxoasTes Ha moBepxHocTh 111 ammroBu-
aIbHO-MOPCKOM paBHUHBI, BEPIINHA U CKJIOHBI KOTOpOH 3aHMMAaroT 34,9 % Tepputopuu
HCCIIeyeMOro y4acTka. /lmama3oH BBICOT OT MOAOIIBEI CKJIOHOB J0 BEPIIUH — OT 7 10
35 M. 3HaunTEeNBHEIC TIOMAIHN 3aHATH [V mpudpexHo-Mopcekoii (Ka3aHIeBckoit) paBHIHON
¢ auana3oHoM BbIcOT OT 10 mo 45 M. CymmapHO Ha 9TOT ypoBeHb npuxoautcs 24,3 %
momanu. Ckionsl V Mopckoi (Canexapackoi) paBHUHBI paclipOCTPaHEHbI JIOKAJIEHO
B FOTO-BOCTOYHOHN YacTH U 3aHUMAIOT 3,2 % KIIFOYEBOTO Y9YacTKa C MEPernajoM BBICOT OT
32 1o 52 m. B nonune p. Hrapm-JIsiMOanbsixa Hebonpmu yuactkamu (3,1 %) mpea-
cTaBiieHa moBepxHOCTh Il HagmoitMeHHOH Teppackl ¢ BeicoTamu oT 10 1o 25 M. 22,8 %
ydacTKa 3aHIMAIOT IUIOCKHE JHUIIA C CAMBIMHA HU3KUMH Ha y9acTKe OTMETKaMHU TIOBEPX-
HocTu oT 5 M. Ha o3epa mpuxomaurcs 11,7 % miomann ydacTka.

CymMapHas IIoIahs aHaIM3NPYyEMbIX TOBEpXHOCTEH coctasiseT 9,16 km? (67,3 %
OT BCEH IIIOMIAMN KITFOUYEBOTO y94acTKa 3a BBIUETOM IUIOMIAJH THUMI TOTUH, O3CPHBIX
KOTJIOBHH, XaChIPECB, a TAK)KE K//I HACKINHU). bojiee MOJIOBHHBI OT OOIICH MIIOaIu aHa-
JTU3UPYEMBIX MOBEPXHOCTEN (67,2 %) MPUXOAUTCS HAa YYACTKH CO CPETHEN KPYTH3HOH OT
1 o 5°, cpenn KOTOPHIX MPe0dIaTar0T CKIOHBI KpyTu3HOM 1-3° (puc. 26). 3HaYUTENBEHBIC
TUIOMIAN MPUXOMATCS Ha CKIOHBI KpyTU3HOH 5—7° (15 %). CkiioHbI Kpyde 7° mpen-
cTaBIIeHBI KpaifHe orpanndeHHo (10 %) 1 B OCHOBHOM NPHYpPOUYEHBI K YCTyIaM JPEBHUX
TEePMOJCHYIAIIMOHHBIX (DOPM, OITOJI3HEBBIX IIMPKOB U K OOpPTaM OBPAros.

Ha xiroueBOM y4yacTKe MPEBANHMPYIOT CKIOHBI CEBEpPO-3alaJHON IKCIIO3UIUU
(cm. puc. 26). Jlons CKIOHOB BOCTOYHON M FOTO-BOCTOYHOM IKCTIO3HMIINN 3aMETHO HIDKE.
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:a.
r N\ 7} \

Feomopdonornyeckne yposHu Fuaporpathuyeckas cetb
B B2 ]33 4 W5 -_—7 —8 ---9
T 6 0 05 1 kM — 10

0)

7 727374 75 76 17

Puc. 2. Kapra pactipoctpanenns reoMop}oIorndeckux ypoBHel, rpanuns! TL] oTMedeHs! B cooTBET-
ctBrm co cHIMKoM WorldView-2 ot 10.07.2018 (a@); kpyrosast qrarpaMmma npOIeHTHOTO COOTHOIICHHS
IO pasHbIX reoMOP(MONOrHYeCKUX YpOBHEil (6); pacrpesieseHue MIOMaeH CKIOHOB (KM?)
Ppa3nHYHON KpyTH3HEI (°) 10 8 pyMOaM 9KCTIO3HINN Ha KITIOUEBOM yJIaCTKe (JIEMEeCTKOBas THarpaMma
C HaKOIUICHUEM) (8).

| — nmHumma (xacelpeu, 10JIMHBI BOAOTOKOB); 2 — I HamnoiiMennas teppaca; 3 — III autoBuanbHO-MoOpcKast
paBuuHa, 4 — IV npubpexHo-mopcekas (Kaszanuesckas) pauuHa; 5 — V mopckas (Canexap/ckasi) paBHUHA;
6 — TLI 1o mIacToBBIM JIBAAM U UX HOMEpa; 7 — Mallble PeKH, § — MEJIKUE BOJAOTOKH, 9 — BpEeMEHHBIE BOJIO-

ToKku; [0 — /1 muanst «O6ckass — BoBaHEHKOBOY; CKIOHBI KpyTH3HO#: /1 — 0-1°, 12 — 1-3°, [3 — 3-5°,
14—5-7°,15—7-9°, 16 — 9-12°, 17 — 12° u Gonee

Fig. 2. Distribution map of geomorphological levels, with thermocirque boundaries mapped according
to the WorldView-2 satellite imagery from 10.07.2018 (a); pie chart showing the percentage
distribution of areas with different geomorphological levels (6); distribution of slope areas (km?) of
different steepness (°) across 8 directions in the key area (stacked radar chart) ().

1 — low-lying lands (dried lakes, valleys of watercourses); 2 — II fluvial terrace; 3 — III alluvial-marine
plain, 4 — IV coastal-marine (Kazantsevskaya) plain, 5 — V marine (Salekhardskaya) plain; 6 — massive ice
thermocirques and their numbers; 7 — small rivers; § — small watercourses; 9 — temporary watercourses;
10 — «Obskaya — Bovanenkovo» railway line; slopes with a steepness of: 7/ — 0-1°, 12— 1-3°, 13 — 3-5°,
14— 5-7°,15—7-9°, 16— 9-12°, 17 — 12° and above
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PacnpocTpanenne u IMHAMHKA TePMOIMPKOB Ha KJII04eBoM y4yacTke LlenTpansnoro fImana...

CocraBieHa cBogHas TaONWIA TUHAMUKN 3HAUYEHUH IUTOMIAAH, JTUHBI, IIHPHHEI,
KPYTHU3HBI U TIpeodianaromeii Skcrno3uiun kaxaoro T1 (tadm. 2).

M3MeHeHne 3KCIO3ULUY BO BPEMEHHU CBSI3aHO € TeM, 4To pacluupstowmuiics TL]
3aXBaThIBACT CKIIOH APYTOHA SKCIO3UNNA. VI3MEHEeHHe KPyTH3HBI — C TE€M, YTO COOT-
BercTBytownid T pazBuBaeTcsi B HallpaBIEHUM IJIOCKOM BepIIMHBI. YUCIO aKTUBHBIX
TLI 3HaYUTENBHO OTIMYACTCS B Pa3HBIC MIEPHOIBL, C UEM CBSI3aHO HAJMYHNE ITYCTHIX TYeeK
B Tabi. 2. MakcumanbpHoe koimmdectBo T1I (30) Beimeneno Ha cHumke 2018 1., MUHAMAaITb-
Hoe — Ha canMKe 2009 1. (17). K aBrycty 2023 1. yncno TL] camsmmnocs 1o 29, Tak Kak
omuH TI[ (Ne 16) ciuncst ¢ yBenmuauBmmMcs cocenaum (Ne 17).

ITo maHHBIM Tabn. 2 pacCUYMTAHO paclpelelieHie pa3nuIHbIX nmokaszareneil TLI mo
SKCTIO3HIIUAM M KPYTHU3HE 3a pa3Hble oAbl (puc. 3—5). DTH MOKa3aTeNy MOTYYeHBI Kak
st Beex TI, tak u mist T, ormeuennbix Ha cHuMKe 2009 1. 1 oCcTaBaBIIUXCSI AKTUBHBI-
MU B mocneayrommue ronsl. [lon cymmapHoit miomaznsio TL Mbl mogpa3zymeBaeM 0OITyIO
mowaab TL onpeneseHHoN KaTeropuu Ha KIIFOYEBOM Y4aCTKE, 0] CPEAHEN MIIOIAbI0
TL[ — cpenHee 3HaueHue nuana3ona miowaaei T onpenenenHol kareropuu. Muansu-
nyanbHas miowans T — sto miomans otaensHoro TLI.

IIpu ouenke npuypoueHHoctd TL{ K CKIOHaM pa3nMYHON KPYTHU3HBI M 3KCIIO3ULIUU
HCCIIeyeMble OOBEKTHI OBUTH Pa3leIeHbl Ha €CTECTBEHHBIC W TEXHOTEHHBIC TIO TIPOWC-
xoxennro. Ha canvke 2009 . oOHapykeH eIMHCTBEHHBIH TeXHOTeHHBIH T1I, BO3HUKIIHI
BCJIEZICTBUE PETYJSIPHOIO Ipoe3aa aBroTpaHcnopra. Eme 6 texnorenusix TL upentu-
¢ummpoBansl Ha cHUMKe 2018 1. MIX 3apoaeHre MOKHO HETIOCPEACTBEHHO CBS3aTh CO
CTPOUTEIHCTBOM M OOCITY>KUBAaHHUEM >K/I TMHUH, TTOCKOIBKY JINOO TTOIOIIBA, THOO OPOBKa
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Puc. 3. Pacnipenenenue nokasaresneil TexHoreHHbIX TLI o ckioHaM ¢ pa3nu4HBIMU yIiaMHu (a) U
SKCIO3ULIUAMH (0).

1 — nnomanas CKIOHOB Ha KIIIOUeBOM yuactke; 2 — uucno TL; 3 — cymmapnas ruomans TL; 4 — cpennsis
mwromaas T

Fig. 3. Distribution of parameters of technogenic thermocirque on slopes vs slope angle (a) and
vs slope aspect (0).

1 — area of slopes within the key site; 2 — number of thermocirques; 3 — total area of thermocirques; 4 —
average area of a thermocirque
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Ka)XJIOTO M3 HUX IPUYpOUCHa K KOHTYpY Hachmi. Ha cHrMKe 2023 T. HOBBIX TEXHOTCHHBIX
TII HEe 0OHApYXEHO, a cTapble HEe MPOSBILUTNA JHHAMUKY.
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Puc. 4. Pacnpenenenue ecrectBeHHbIX T Ha cxitonax pasnuuanoi kpyTusssl B 2009 (a), 2018 (6)
u 2023 . (8).

/ — mronIaap CKIOHOB Ha KITIOYEBOM yJacTke; Ui Beex T1I: 2 — umncio; 3 — cyMmapHas miomas; 4 — CpemHsis
mnomas; At vacta T1[ 2009 r., coxpansionieii akTHBHOCTD B IIOCIEAYIOIIHE TOBI: 5 — YHCIIO; 6 — CyMMapHast
TJIOMIA/Ib; 7 — CPEAHss IUIONalb

Fig. 4. Distribution of natural thermocirques on slopes of different steepness in (a) 2009, (6) 2018
and () 2023.

1 — area of slopes within the key site; for all thermocirques: 2 — number; 3 — total area; 4 — average area;
for the part of the 2009 thermocirques that remains active in the subsequent years: 5 — number; 6 — total area;
7 — average area
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Puc. 5. Pacnipenenenue uncna (a), cyMMapHOH iomaau (6) ¥ CpeaHel TUIoNmany eCTeCTBEHHBIX
TLI (8) mo cknoHam pa3HbIX dkcro3unmid B 2009, 2018 n 2023 .

Fig. 5. Distribution of number (a), total area (6), and average area of natural thermocirques (&) by
slope aspects in 2009, 2018, and 2023

[Ia1h U3 cemu TexHOreHHBIX TL] pacmonokeHsl Ha CKIOHAX KpyTH3HOU 3—-5° (puc. 3a).
Jlnana3oH WHIUBUAYANBHBIX TuTomanei Takux TLI ouens mupok (ot 3,7 1o 21,8 Thic. M2,
cM. Ta0Ji1. 2), MO3TOMY BBIOOPKA CTATUCTHYCCKU HEPEIPE3CHTATUBHA U OOJIee ACTaTbHbIM
aHaJn3 He npoBoauics. [lomassroriee OOMBIIMHCTBO TeXHOTeHHBIX TLI MMeroT ceBepo-
3amaiHyIo KCIO3UIHIO (puc. 30).

TLI, BO3HMKIIIE B €CTECTBEHHBIX YCIOBHSX, PACHIOIOKEHBI B CpeTHEM Ha OoJee
KPYTBIX CKJIOHAX, B quanazone 5—12° (cMm. puc. 4).

ITo cocrosiauto Ha 2009 1. (puc. 4a) cpenusis mwiomanb T1I Ha 6omee kpyThix (7—12°)
CKJIOHaX NPUMEPHO Ha YETBEPTh HIKE 10 cpaBHEHHUIO ¢ TLl Ha OTHOCHTENBHO MOJIOTUX
(5-7°) cknonax. K 2018 . 3apokaeHre HOBbIX KpymHbIX T Ha ckiloHax ¢ mpeodiagaronei
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KpyTusHoi 7-9° (puc. 46) U3MEHHUIIO paclpeeleHne mapaMeTpoB. Ha 3ToT BpeMeHHOM
cpe3 TL Ha ckiroHax 7-9° MMEIOT HaUOOINBIIYI0 CYMMAapHYIO H CPEIHIOK0 TUIOIMIAIH, BO
MHOTOM Onarofaps mosiBiieHuro HOBBIX TL[ Ne 9 u No 10 ¢ mHAMBHAYaTbHBIMHE TUTOIIAISTMHE
6onee 10 teic. M? (cM. Tabu. 2). K 2023 r. Haubosblime 3HAYSHUsI TTAPAMETPOB ISl BCEX
TL dpuxcupyrorcs Ha ckiioHax 5—7° (puc. 48). ITO CBA3aHO C TE€M, UTO 3a TIEPHOJ ITOCIIEe
2018 r. HoBble T1l He MOSIBIIAIIUCH, a CYLIECTBOBABILINE PAHEE Pa3pacTaIuCh, 3aXBaTbIBast
Goree TOJIOTHE BEPXHUE YACTH CKIOHOB.

TLI 2009 r., ocTaBaBIIHeCsS aKTUBHBIMH B TIOCIEIYIOIINE TOIBI HAOTIONCHNMN, TTPH-
MeuaTeJIbHBI TeM, YTO TP HE3HAYUTETHHOM coKpamiernn yncia (¢ 14 B 2009 1. mo 13
B 2023 1) U3 rofa B rog CTa0WIBHO YBEIMYHUBAIN CyMMapHYIO IUIOIIAIh Ha y4YacTKe,
[peBbIIIas BKJIAJ B yBeJIMYeHUE CyMMapHOH ruiomaau Bcex npounx TL. TL 2009 r.,
COXpaHSBIINE AKTUBHOCTH B MOCIIEAYIOIINE IOl M NMEBIINE KPyTH3HY 5—7°, OTiIM4a-
I0TCSI MAKCUMAJIbHOW 3a BECh MEpUOJ HAOMIONCHUI cpeiHeil iomapio — 8,2 Thic. M?
(cMm. puc. 48).

Haunbomnpmee gncino ecrecTBeHHBIX TLI Ha KaXKAbIi BpeMEHHOH cpe3 0TMEeJaioch Ha
CKJIOHAX 3aIaIHON W BOCTOYHOM dKcnosutwmit (puc. Sa). B 2009 r. HanbombIre cyMMapHbIe
wromaan umenu T1 ¢ 3amagHoi 1 BOCTOUHON AKCTIO3UIHSIMA (puc. 56), Ho k 2023 1. T
C 3aImaJHO HKCIIO3UIHEH cTann 3aMeTHO mpeobnanars. Ha Bce Tpu BpemeHHBIX cpe3a T
C IO’KHOHM DKCIIO3UIMEN MMEeIH HanOOoJIbIINe CpefHue mIomanu (puc. 56).

O6cy:xneHue

JAunnamuka TL{

Cymmapnas tiomians TI Ha kiroueBoM ydacTke 3a 14 jet Beipocna Ha 296,2 %.
(tabm. 3). IIpu stom cpemusist momane T1l yBennumnacs Ha 145,9 %, a oOmiee uncio
TL[ — na 61,1 %. D10 ToBOPUT O TOM, 4TO 3a Tepuon 2009—2023 TT. OCHOBHOW BKJIAJ
B pa3BUTHE TEPMOJICHY/IAlIMM BHEC MHTEHCHUBHBIN pocT yxke cyuiectByromux TL, a He
BO3HHKHOBEHHE HOBBIX (hOpM.

Tabnuya 3
Jdunamuxa mopdomerpudeckux nokasareneii TLI
Table 3
Dynamics of morphometric parameters of thermocirques
[Tokazarenn 2009 | 2018 2023
Cymmapnas |B aOconrotHOM Bcero 52898 | 177848 | 209565
mromans TL|sepaxkennn, m* Ha III aymutroBHanbHO-MOPCKOH 49787 | 161283 | 191461
paBHUHE
Ha IV npu6pexHo-MopcKoit 3111 | 16565 | 18104
(KasanueBckoii) paBHIHE
B otHocutensHoM K rutomianu KIroueBOro yyacTka 0,39 1,31 1,54
BBIPAKCHUH K miomanm ckioHoB 0,58 1,94 2,29
0,
(mopaskeHHOCTB), % K mromraau 111 ammroBraabHO- 1,11 3,74 441
MOPCKO paBHUHBI
K mmomanu IV npu6peskao-mopcekoit| 0,09 0,50 0,55
(KasanneBckoii) paBHUHBI

Cpennsist uiormas TL[, m? 2939 5928 7226
Cpennsis qimaa TL[, M 72,8 105,1 115,1
Cpenuss mupuna TL[, m 63,3 82,1 89,7
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3aMeTHa TeHJCHIMS YBEIUYCHHs 10U oueHb KpynHbIx TL[ (Oonee 10 Thic. M%) cpe-
I o01rero gucia akTuBHBIX (opM. Tak, B 2009 1. MakcuMallbHask MHAUBHAYaJbHAS TIIO-
miaap TI Ha yuyacTke cocrasisuia Beero 7,6 Toic. M2 (cM. Tabm. 2; TI[ Ne 5). B 2018 1. Ha
yuacTtke umenuch yxe 5 TI, uHAuBHyalbHAsI IUIOMIA (b KOTOPhIX HpeBbiiiaia 10 Teic. M?
(cm. Tabm. 2; modaBmmch TL[ Ne 9, Ne 10, Ne 24, No 25 u Ne 26). K 2023 1. YHCIIEHHOCTh
oueHpb kpymHbIX T yBemmumnace 1o 7 (cM. Tadmn. 2; nobasuimck TLL Ne 17 n Ne 18). O6-
Hapy’KeH ciIydail KaTacTpo(HIECKOro YBeIUIEeHHs] MHAUBHAYaIbHOH tuiommaan TLL (Ne 17)
Oosee yeM B 8 pa3 — ¢ 1,8 10 26,7 ThIc. KM%, DTO CBS3aHO C YPE3BBIYAITHO BBICOKOI Ma-
KpOJIBAUCTOCTBIO pa3pesa, B KoTopoM 10 70—-80 % MOIIHOCTH 3aHUMAET I1acTOBbIH jex [23].
OTtMmeueH Oosee 3aMETHBINH POCT cyMMapHO# miomaay Beex TLI B mepBeIii nepuon
(2009-2018 rr.), vem Bo BTOpOiIi (20182023 TT.). DTa 3aKOHOMEPHOCTH MPOSBIIICTCS
U TIpH mepecyere Ha omuH ron (tadm. 4). Y Bcex TL[ B mepBeIid iepuoa cpeaHee 3a rof
YBEJIMYEHHUE JJIMHBI NIPEBBIIIANO YBEJIMUYEHUE WUPUHBL HA 71 %, U 3TO COOTHOLIEHUE
CHU3UJIOCH 3a BTOpOH nepuoa a0 33 %.
Tabnuya 4
Junamuka napamerpos TII pis1 AByX nepuoaoB Had r01eHUI
(2009-2018 rr., 9 seT; 2018-2023 rr., 5 ;1eT) U B nepecyeTe B cpefHeM Ha 1 rojg

Table 4
Dynamics of thermocirque parameters for two observation periods
(2009-2018, 9 years; 20182023, 5 years) and averaged for 1 year
VYBenuueHue cyMMapHoil VBenuuenue cpegHen YBenuuenue cpenHeit

IIOLIAN, M> JUTHHBI, M HIMPUHBL, M
Beex TL TI[2009T. | Beex T | TI[ 2009 r. Beex TI[ | TI[ 2009 r.
Bcero | B rox | Beero | B rox|Beero |B rox| Beero |B rog|Bcero| B rox |Beero |B roxg
2009-2018 |124950|13883(21060|2340| 32,2 | 3,6 | 16,1 | 1,8 | 18,9 | 2,1 | 12,6 | 1.4
2018-2023 | 31717 | 6343 (276915538 | 10,0 | 2,0 | 13,3 | 2,7 | 7,6 | 1,5 | 10,5 | 2,1

[lepuon

Pocr TLI, xotopsie yxe cyniectBoBaiu B 2009 1., ObUT 3aMeTHEE BO BTOPOIi MEPUOJ
B a0COTIOTHOM BhIpakeHUU (cM. Ta0. 4). [Ipu 3TOM, HECMOTPS Ha CTAOMIH3AIMIO YaCTU
HanbOonee crapbix TL[ k 2023 . (cM. Tabi. 2), B OTHOCUTEIBHOM BBIPAXKEHUH POCT ILIO-
nraau 3a oba nepuomaa conoctaBuM — 40 u 37 %. Poct mmust T1[ 2009 r. 3a Bce BpeMs
MPEBBIIIAT POCT MHUPUHBI HA 29 %.

Jmmna T1I yBenuuuBanack HHTCHCUBHEE, YEM MIMPHHA, B 00a nepruoja HaOIoneHu
(cM. Tab1. 3). DTO MOXKET CBUIICTEILCTBOBATH O Mpeodianatomiem pocte T1[ B HampapieHHH
BEPIIMHBI COOTBETCTBYIOLIETO reOMOP(OIOrnIecKOro ypoBHs, a He MapajiieIbHO CKIIOHY.

BinsiHue penbeda Ha TepMoOEHY ALNIO

CoBpemeHnHast nopaxeHnHocTs [I1 amntoBuansHo-Mopckoit paBHuHbI TL] onieHuBaeTcst
B 4,4 %, a IV npubpexno-mopckoii (Kazanuesckoit) paBaunsl — B 0,5 % (cMm. Tabm. 3).
IIpu sToM cymmapHas ruiomanb, 3anaras Il anmoBHaIbHO-MOPCKON paBHUHOMN, BCETO
nuiib B 1,4 pasa Oonblie riomay, 3auatoi [V mpudpexno-mopckoii (KazaHieBckoit)
PaBHUHOM (CM. puC. 26), YTO MOXKET CBUAETEIILCTBOBATH O CyliecTBoBaHnK Ha [1I reomop-
(onornueckoM ypoBHe HanboJsee 0IaronpHATHBIX YCIOBHU JJIsl pa3BUTHUS TEPMOJCHY 1A~
LIUH, 3aKTIOYAIOIINXCSI B OoJiee OJIM3KOM 3aJeTaHuM K TOBEPXHOCTH 3aJIeKe00pasyIoInX
nmpa0B [18]. 13 00ecreyeHHBIX CKBaKHMHAMH Pa3pe30B B pailoHe BOBaHCHKOBCKOTO Me-
CTOpOXKACHUS [24] cremyert, 4To mopobl, cruaratomiue [V npudpexuno-mopckyro (Kazan-
LIEBCKY10) PaBHUHY, HE BCKPBIBAIOTCS CYLIECTBYIOIUME Bpe3aMu. TeM He MeHee CleayeT
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OTMETUTH, uTo ¢ 2009 o 2023 r. cymmapnas riowmaas T1 na I ammtoBraibHO-MOpCKOH
paBHUHE yBEIMUYWIACh IPUMEPHO B 4 pas3a, B TO BpeMs Kak Ha IV npubpesxkHo-Mop-
ckoit (Kazanuesckoii) paBHHHE — B 6 pa3 (cM. Tadm. 3). DTOT NPUPOCT BHINISAUT MEHEe
CYIIECTBEHHBIM B a0COIIOTHOM BBIpaXKCHUN — cyMMapHas miomans 11 Ha I amtroBu-
aJbHO-MOPCKO# paBHUHE 3a 14 niet yBenuumiack Ha 141,7 Teic. M%, a Ha IV npubpexHo-
mopckoit (KaszanieBckoii) paBaute — Ha 15 Teic. M? (cM. Tabi. 3).

Amnanu3 penbeda KIF0IeBOro Y4acTKa M03BOJISIET 3aKJIIOUUTh, YTO IIPHYPOYEHHOCTD
TII x ckJIOHaM OIpeAeIeHHOI KPYTH3HBI HE CBsI3aHa ¢ IPeoOIaaHueM CKIOHOB TOM Min
MHOM KpYTHU3HBI Ha KJIF0UeBOM yyacTke. Ha ckinonax kpyTusHoi 1-5°, 3aHMMaroux Hau-
GoIBIIYIO TIOmAAb YYacTka (67,2 %), IPUCYTCTBYIOT HCKIIIOUMTENILHO TexHoTeHHbIe TLI.
Haobopor, ecrectBennsie T1] kimroueBoro yuacTka pacrooKeHbl Ha CKIOHAX KPYTH3HOH
5-12°, 3anumaromux Juiib 9,5 % miomaay KIo4eBoro y4acTka.

Pacnpenenenne ynciaa u cymmapuoi miomaau TI mo ckjionaM pa3Hoii 3KCO3UIIUT

Ha ki1roueBoM y4acTke HauOOJBIIYIO TIIOIIA/b 3aHUMAIOT CKJIOHBI CEeBEpO-3aliaHON
9KCTIO3UINH (CM. pHC. 28). Y ckioHoB III aymttoBHaIbHO-MOPCKON PaBHUHBI C Tpajaliien
KPYTHU3HBI OT 5 10 12° mpeobianaeT 3amagHasi 3KCno3uius (puc. 6a), y aHaJIOTHIHBIX
M0 KpyTu3He cKiIoHOB [V mpubpesxxHo-mopckoii (KazaHieBckoil) paBHHHBI — ceBepHast
IKCTIO3UIHs (puc. 66).

AcuMMeTpus B pactipe/ieIeHHH TUIONIaiel CKIIOHOB PAa3IMYHOM HKCIIO3UIIUH MOTJIa
MPEIONPEACIUTh OPUEHTHPOBKY C(OPMHUPOBABIINXCS HAa HUX ecTecTBeHHbIX TLI. DThm
MOXXHO OOBSICHUTH Ipeodiananue 3anaanoi skcnosunuu y TIL 2009 1. kak B oOriem
gucne (29 %), Tak u B cymmapHoi momaan (25 %, cM. puc. 5). B cBs3u ¢ yBennueHuEM
pasmepa yxxe cymiecTByromux ¢popm (cM. 1adm. 4) k 2018 r. 1051 CyMMapHOH II0IIa K
TLI, oOpaleHHBIX Ha 3amaj, yBeauumiack ¢ 25 1o 29 % (cm. puc. 5). Hoseie TII, BO3-
HUKIOIME 3a 5TO BPEMs, HC UMCJIN YETKOTO npeo6na,uaHHsI TEX HUJIU UHBIX pyM6OB )41 6I)IJ'II/I
pacripeziesieHbl 0oJjiee XaOTHYHO, O Y€M TaK)KEe CBUJICTEIbCTBYET 0oJiee M30METPUYHBIN
KOHTYp pacnpenenenus uncna TI[ na quarpamme (cMm. puc. 5). K 2023 . ckopocTu pocta

Puc. 6. PacnipenesneHue riommaeii ckinoHoB (Teic. M?) Ha 1T ammoBuansHo-Mopekoii (@) u IV mpu-
opexno-mopckoit (Kasanmesckoil) (6) paBHEHAX.

CxutoHbI KpyTH3HO# [ — 5-7°, 2 — 7-9°, 3 — 9-12°; 4 — cymmapHast mwioniaas ecrecTBeHHbix TLI, Thic. M

Fig. 6. Distribution of slope areas (thousand m?) on III fluvial-marine (a) and IV coastal-marine
(Kazantsevskaya) plains (6).

Slope steepness, / — 5-7°, 2 — 7-9°, 3 — 9-12°; 4 — total area of natural thermocirques (thousands m?)
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crapbix TL yBenuumnuch 10 5,5 Teic. M*/roq (cM. Tabm. 4) 3a cyer JalbHEUIIero pocra
u ciusiHus T1 3amajgHON SKCTIO3UIIUH.

B ornmume oT ecTecTBEHHBIX, TeXHOTeHHBbIE TLl MMEIOT MPEeuMyIIECTBEHHO Ce-
BEPO-3aMaJHYI0 3KCIIO3UINI0. DTO OOBACHIECTCS TEM, UTO KEJIEC3HOAOPOXKHAS HACHIIIb,
OPHEHTHPOBAaHHAs C I0r0-3allajja Ha CEBEPO-BOCTOK, MO/Ipe3aja MOJIOTHE CKIOHBI MMEH-
HO CeBepo-3aragHoOi 3KCIO3HUINU U CIIpoBoLKpoBana odpasoBanne HOBEIX TI[. Tem ne
MEHee JabHEeHIIero pa3BuTus TexHoreHnsle T1[ He momydmiu, MOCKOIbKY caMa HachINb
MOCITY>KIJIA PETIATCTBHEM MX aKTHBHOTO Pa3BUTHS.

Pacnpenesienue JuHelHbIX pa3MepoB u cpeaHei niomaan TL{

Ha Bpemennotii cpe3 2018-2023 rr. HanOompImas CpeaHss IUIOMIaIb €CTECTBCHHBIX
TI maOmromaeTcss Ha MONOTHX CKIOHAX 5—7° (cMm. puc. 48). bomee Toro, TL] Ha Takux
CKIIOHAX OTIMYAIOTCS MaKCUMAaIbHBIMU 3HAYCHHSAMH cpenHeil mmuasl (114 m). Takas
3aKOHOMEPHOCTh OOBSICHSAETCS OONBIIeH ATUHON TONOTHX CKIOHOB M, TAKAM 00pa3oMm,
OoIpIel TMHOM 30HBI TPAH3UTA MaTepuaia K 0a3ucy dpO3HH.

Bo Bce roger Hanbompmas cpenuss miomans TL oTMedaeTcs Ha CKIOHAX FO)KHOM IKCIIO-
summn. Taxoke y TL 105KHOM SKCIIO3UITMH BO BCE IEPUOIBI OTMEYANNCH HAMOOIBIINE CPETHUE
3Hadenust umHbI (115, 140 u 149 M B 2009, 2018 1 2023 rT.). ITO YacTo 00BACHAETCS OoJee
OJaroNMPHUATHEIMU YCIOBHAMH HHCONSIIHN I0JKHBIX CKIOHOB. OIHAKO M3BECTHO, UTO TSI BBICO-
KHUX IIHPOT JIETOM Pa3HMIA B WHCOJISIIIMN FOKHBIX U CEBEPHBIX CKIIOHOB HEBEIMKA BBHAY IO-
JIIPHOTO JTHS. MBI TIPETONOKIIIH, YTO HHCOJSIHS I0XKHBIX CKIIOHOB MOXKET OBITh PE3yNIBTaTOM
pa3HOi 00JTAYHOCTH B Pa3HOE BPeMsl CyTOK. J{yisi MPOBEPKH MBI PACCUNTANH TPOLOIKUTEIb-
HOCTh 6e300mauHoro nepuona (obmas odnadnocts — MeHee 10 %) B pasHOe BpeMs CyTOK
110 TaHHBIM MeTeocTaHnuu Mappecane 3a utonb 2023 1. [25]. CratucTudecKn MUHAMAITbHAS
00a4HOCTh HaOJIOaNIach MPUMEPHO B TO BPEMs, KOT/Ia COJHIE OCBEIIAIO0 F0KHbBIE CKJIOHBI
(cpox Habmromerns 11:00 mo mectHOMY Bpemenn). Hanbompmmast obmagnocts B urone 2023 T
Habmronanacs B 08:00 u 17:00, 9To IO BpeMeHH NMPUMEPHO COOTBETCTBOBAIO Oojee craboif
HMHCOJISIIIY FOT0-3aIlafHBIX ¥ BOCTOYHBIX CKJIIOHOB. Ha CkiIoHax 31Tux e skcrosunmii B 2023 1
HaOJTIOaICh MUHAMAJbHBIC 3HaUeHNS cpenHelt miomann T1] (M. puc. 56). Takum oOpazom,
codeTaHne ABYX (hakTOpoB (MHCOMSAMNUS M CyTOYHAS TMHAMHKA 0OTAYHOCTH) MOTIIO 00ECTICUHTh
HanOoiee OmarompusATHBIE YCIOBHU st pocta T Ha CKIIOHAX FOKHOM SKCIO3HIIH.

CpaBHeHMe ¢ IPYTUMH HCCJIeI0BAHUSIMU TepMOLPKOB B Poccuiickoii ApkTuke

Jlunamuka T1I Ha BEIOpaHHOM KJTFOUE€BOM y4acTKe COITOCTABIIEHA C UCCIEIOBAHUAMU
aktuBu3anuu T1l Ha Bcel Tepputopuun cranuoHapa «Bacekkuubl Jlaum» [26]. Cornac-
HO [26], 3a mepuox 2010-2018 rr. yucno aktuBHBIX T1] Ha cTannoHape YBEIHMYMIOCH
BIIBOE, a HA HaIlleM KII04YeBOM ydacTke 3a nepuoa 2009-2018 rr. — B 1,8 pa3sa.

U3 [4] cnenyer, uto Ha LlenTpasbHoM SIMase Hanbosiee BHICOKUE TEMIIBI POCTA OT-
mevarotcs s T, pa3BUBarOIUXCsS Ha IOXKHBIX CKiIoHaX. [l Bcero ceBepa 3amagHoi
Cubupu BbIIEneHO Oonblee KoiaudecTBO TLI 3amamHoi, FO)KHON M CEBEPHON IKCITO3H-
uuii [27]. B nuccnenoBanmu [14] nist ygacTioB ¢ Beicokoi mioTHOCTHI0 T (LleHTpansHbrit
SIman n Lentpanesubiii I'bigan) BeisiBICHO Mpeodnaganne T roro-3amagHoi SKCIO3UIHH.

B npyrux paitonax kpronuto3oHsl EBpazun ucciieoBaresin HEOAHOKPaTHO OTMeYaln
BIIMSTHHE HKCIIO3UIMH CKJIOHOB Ha XOJ TepMoAeHyHaunu. J[ins ceBepa SIKyTHH BBISBICHBI
BBICOKHE CKOPOCTH OTCTymaHus cTeHOK TL] ¢ 1oxkHoM sxcno3umueii [28, 29]. B Llentpans-
Hoi Skytun 40 % TL| UMEIOT IOro-BOCTOYHYIO U BOCTOUHO-FOTO-BOCTOYHYIO IKCIIO3H-
uu [8]. Takum 00pa3om, OTHO3HAYHBIX PE3yIBTATOB HE MTOJYYCHO, OHU B 3HAYUTEIHHOM
CTETICHH 3aBUCAT OT pa3Mepa BBIOOPKH JaXke JJIS OJHOTO PErHoHa.

406 IIpoonemovr Apxmuxu u Anmapxmuxu. 2024;70(3):391-411.



LI Tarasevich, M.O. Leibman, A.I. Kizyakov, N.B. Nesterova, A.V. Khomutov
Spatial distribution and dynamics of thermocirques in a key area of Central Yamal...

Hamubonee momnas Beidopka TL Ha ceBepe 3anannoit Cubupu paccmoTpeHa B [21].
MennaHHOe 3Ha4eHHE KPYTH3HBI CKJIOHOB I SIMana cocTaBuiio 2,5°, 4TO CyIeCTBEH-
HO HIDKE HAIIMX OLEHOK IPHYPOYCHHOCTH ecTeCTBeHHBIX TLl K CKIIOHaM Ha KIFOYEBOM
ydacTke (CM. puc. 4). D10 CBA3aHO C TEM, YTO aBTOPBI LUTUPYEMOW PadOThl OLICHUBAIH
KPYTH3HY BCEr0 MakpOCKIIOHA, a HEe OBEPXHOCTH BHYTpH KoHTypa TLI.

CpaBHeHmue ¢ uccjaeT0BaHUAMH TepMouupkoB CeBepHOii AMepUKH

Cpennss mromanp TL Ha MEHOTHX TeppuTopusax CeBepHONH AMEPUKH 3HAYUTEITHHO
BBIIIE, YeM Ha BBIOPAHHOM KITFOUEBOM ydacTke. Ha oOmem (oHe BBIAETAIOTCS AaHHBIE,
MOJTy4eHHBIE 0 pe3yasTaraM uccienoBanus TL] B ceBepo-3amannom FOxone B 2011 t [5].
Cpenusist ruiomaas mectbix TLL (2400 m?) Obita Onm3ka k cpenHedt iomau TL Ha Hatem
kirodeBoM yuactke B 2009 1. (2939 m?). B pabote 3apy0e:KHBIX KOJLIET HCIIOIb30BAIUCH
QHAJIOTHYHBIE MATEPUAJIBI CBEPXBBICOKOTO TIPOCTPAHCTBEHHOTO PA3PEIICHUSI (KOCMUIECKHE
canMkn GeoEye-1 nu WorldView-2).

Menunanssle 3HadeHus KpyTu3HBl T1] B ceBepo-3anagHom HOkoHe cocTaBuin
6,2° [5], 9TO comocTaBUMO CO 3HAUYCHUSAMH Ha HaIlIeM KItoueBoM ydacTke (8,2°). Taxke
OnM3Ka K HAIIMM 3Ha4eHMsIM KpyTu3Ha TL] B ceBepHON yacTw HOMUHEL p. MakkeH3H —
paszbpoc 3HaveHuit 1 BeIOOpkH U3 15 TILI cocrasmi ot 4 mo 12,1° [7]. [Ipu sTom
MaKCHMaJbHBIE TeMIBI pocTa Habmoganuck y TL ¢ kpyrusHoii Beimie §°. Ha Hamem
kimogeBoM ydactke B 2009-2018 rT. Hambounpmiee yBenndeHNe CyMMapHOH TUIOMIAAH
crapeix T aHaTOTHYHO MPUILTOCH HA CXOXKHE CKIOHBI KPYTH3HOHM 7-9° (cM. puc. 46).
3uagnTensHO HIKe KpyTusHa T1l Ha 0. Diacmup (paiion m/c FOpuka) — muama3oH 3Ha-
YeHWH 371eCch U3MeHseTcst ot 2 1o 7° [9].

Ha o. banxke B 1960-2004 rr. u B 3amagaom Hynasyte B 1952-2006 1. [3] yBenu-
yeHue cymmapHoi riomanu TL mpeBslaio pocT ux yucia. B BOCTOUHOM YacTH JENbThI
p. MakkeH3n oCcHOBHOM mpupocT cymmapHoi miomanu TL[ B 1950-2004 rr. Taxxe mpo-
WCXOMIMI 32 CUeT pacmmuperns panee oopasosanubix T [30]. Takoit xapakTep THHAMHUKH
BBISBJICH M HA HAIlIEM KJIIOUEBOM ydacTke LleHTpansroro Smana.

Han0onbIryto cl10)KHOCTB MPEACTABISIET PACCMOTPEHNE BIUSIHUS SKCTIO3UINH Ha pa3-
ngabie apametpsl TL. [l Beroopku 3 541 TLI B BOCTOYHOM 9acTH AETBTH p. MakKeH-
3 OTMEUEHO YHCIIeHHOE Tpeodnananne T1l Ha CKIOHaX CeBEpHOI, BOCTOYHON U 3amafHOI
skcno3uiuii. Takoi XapakTep pactpeAeNeHus COXpaHIeTcs Ha MpoTshkeHUuH S50 J1eT Kak
JUTA CTaphIX, Tak U 11 HanOosee monoabix TL [30]. ms cmexHoro yaactka Kananckoit
ApxTuku (paifoH Mexay moc. TakToskTyk u T. IHYBHK) TpeoOmagaromue SKCIIO3UITHI
TLI ompeneneHbl Kak CeBepo-3amaaHas U ceBepo-BocTouHas [12], oqHako mpu OIEHKE
pacmnpeneneHnus pyMOOB yUUTHIBAINCh CyMMapHble Tuiomann T11.

B nccnenoBaHusIX ¢ OrpaHMYEHHBIMIA HAOOpAMHU JAHHBIX JIEIAIOTCSI MEHEE OIHO-
3Ha4yHbIe BBIBOABL. Umcmo TLI B BEIOOpKAax TakWX HMCCIENOBaHWHA He mpeBsimmaeT 10-15.
OTMeuaeTcst OTCYTCTBHE KaKOH-TTHOO0 B3aMMOCBS3H MEX Ty dKcmo3umet creakn T i cko-
pocThio ee oTcTynaHus B gonuHe p. Hoarak Ha Assicke [10] 11 B ceBepHO 9acTH TOTHHEI
p. Makxkensu [7].

Buusinue sxeno3unmu Ha ckopoctd pocra TL ycranoneno 1ist octpoBoB Kanazicko-
ro ApKTHdeckoro apxumenara. J. JleBkoBmd [31] oTMeuasn MOBBIIIEHHBIE (IT0 CPABHEHHIO
¢ npyrumu paifoHamn Kananckoit Apkrukn) ckopoctu pocta TII ¢ royxHOH 1 3amagHON
SKCTIO3UIUSAMH Ha 0. baHkc. V3 TaHHBIX MOIEBBIX HAOMIOACHUH U a3PO(OTOCHEMKHI TaKKe
CIeIyeT BBIBOJ O IpeobnaaromieM pocte T1[ B CTOPOHY BEpIIMHBI, a HE MapajIeNbHO CKIIO-
Hy. Ha 0. Dncmup monasstroriee 60IBIIMHCTBO (HOPM MIPUYPOUCHO K FOXKHBIM pymbam [9].
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CTaTHCTHYECKH TOCTOBEPHBIC TaHHBIE 00pa00TKH OOJBIIOI BEIOOPKHU TSI KOHKPET-
HOTO PErMoHa, KaK IPaBUIIO, TAIOT 3aMETHYIO KOPPEJIALHUIO MEXIY pacupocTpaHeHHEM
TL 1 KITrO4eBBIMU TapaMeTpaMu pesibeda. MeHee BepOsSTHO MONYYHUTh TaKHe KOPPEISLUH
IIPU PACCMOTPEHHH JIOKAIBHOM BBIOOPKH.

BoiBoabI

1. AbcomorHoe 6ompmuHCTBO T (90 %) Ha KitoueBOM ydactke LleHTpampHOTO
SImana npuypoueno k ckioHaMm II1 anoBuanbHO-MOPCKOW PaBHUHBL, UTO HE COOTBETCTBY-
€T JI0JIe TaKWX CKJIIOHOB Ha KITFOYEBOM ydacTke. Hanboree BeposSTHON MPUIHHON TaKOTO
pactpeneneHus SBITIOTCS HaNMEHBINNE TITyOHHBI 3aJIeTaHus 3aJIeKe00pasyIoIIUX JThI0B
Ha 3TOM TeOMOP(OJIOTHISCKOM YPOBHE.

2. C 2009 no 2023 r. yucno TLl Ha KAIOYEBOM ydacTke yBelIH4YmsIoch Ha 61,1 %,
a cyMMapHas Iuromaas — Ha 296,2 %. YBenumumBaeTcs 4nucio 0cobo KpymHbIX (Ooriee
10 toic. M*) TL[— ¢ 582018 1. 10 7 B 2023 1. B 2009-2018 rr. TL] pocinu 6picTpee, yem
B 2018-2023 rr.,, BUIMMO, KaK CIEICTBUE KIMMaTHUECKUX dkcTpemyMoB 2012 u 2016 rr.

3. HecMmoTps Ha BRIpaXCHHOE TIpeoOiTajanie Ha YIacTKe MTOBEPXHOCTEH ¢ YKIOHOM
1-5°, ecrectBennble TLl pa3BUTHl UCKIIOUUTENBHO Ha CKIOHAX 5—12°. DToT nuanazoH
Ba)XKCH NP OIICHKE YSI3BUMOCTHU TeppuTopru K BosHuKHOBeHHIO TLI. Habmromaemoe cHu-
JKeHUe 3HaueHui KpyTu3Hbl TL[ mo Mepe ux pocra cBA3aHO ¢ UX OTCTyHaHUEM BBEPX IO
CKJIOHY W 3aXBaTOM 0O0Jiee TIOJOTUX TPUBOIOPA3ACIEHBIX YaCTCH.

4. BompIIre TUTOMAIN 3aITaHBIX CKIIOHOB HA YUACTKE OOBSICHSIOT 0oJiee BBICOKYIO
cymmapHyto iouaap TLl Ha ckioHax 3amagHol ’Kcno3uuMu. TeM He MeHee B pacrpe-
nenennn TI[ mo CkTOHaM Pa3TUYHBIX SKCTIO3UINH HAOIIOMAETCS MHOTO CITyYaifHBIX OT-
KIIOHEHUI OT MEIMAaHHBIX 3HAYCHUH, BUAUMO, BBUTy OTpPAaHIMUYCHHON BBIOOPKH.

5. Cpennue momaau u 3HadyeHus Juinnel T1 Bo Bce rogbl MakCUMalbHbI Ha CKIIO-
HaX F0XHOH 3kcno3unmu. [Ipeobmamaer poct TLI BBepx MO CKIOHY, a HE pacUIMpEHHE 10
MPOCTUPAHUIO CKJIOHA.

6. 3HaueHus cpeanux miaomaaei TL Ha kmoueBom yuactke LleHTpanbHoro fmana
OJM3KY K TAKOBBIM Ha ceBepo-3amnajie Teppuropun FOkoH. AHanmorugHo o. bauke, 3amagHo-
my HyHaByTy u genpre p. MakkeH3H, yBeJIUUEHNE CYMMapHOM IOl aHAIU3HPYEMBIX
TL LenTtpansHoro SIMana mpeBbILIAN0 POCT UX YKcia. PacxoxaeHus pe3ynbTaToB aHaIn3a
BimsiHYS penbeda Ha TLI B pasHBIX UCCIEIOBAaHUSIX 00YCIOBICHEI KaK pa3HUIICH B METO/IH-
Kax 1 IPOCTPAHCTBEHHOM PA3pELICHUN MaTepUagoB JUCTAHLIMOHHOTO 30HAUPOBAHNUS, TaK
1 PETHOHATBHBIMHA 0COOCHHOCTSIMU TEPPUTOPHUiL (perbed MOBEPXHOCTH, MTpeodItagaromniast
AKCTIO3HITUS CKJIOHOB, ITYOMHA 3aJieTaHus U THII 3aJIeKe00pa3yIoIHX JTbIOB).

7. Cxuonsl 111 ammroBHaIbHO-MOPCKOH paBHUHBI KPYTHU3HOU 5—12°, oOpamieHHbIe
K 3armajy, OTIIMYAI0TCS OONBIIAM YHCIIOM U TUTOIIAAIMHU ecTecTBeHHBIX T Bo BCe TOpI.
VMeHHO Ha HUX OKHAAeTCs HanmOoJee MHTEHCUBHEIA pocT cymecTByommx T1I.
Kon¢uukT uHTEpecoB. ABTOPHI CTAThU HE HMEIOT KOHQIIKTA HHTEPECOB.
®Ounancuposanne. Corpymanku Mucturyra kprocdeps: 3emmu TromHL[ CO PAH UL.U. Tapacesny, M.O. Jleii6-
MaH 1 A.B. XoMyTOB BBINONHIIH pabOTy B paMKax TOCYIapCTBEHHOTO 3aJaHNst MUHHCTEPCTBA HAYKH 1 BBICIIETO
obpazosauust Poccuiickoii deneparmn (tema Ne FWRZ-2021-0012). Corpyanuk MI'Y umern M.B. Jlomonocosa
A M. KuzskoB TIOANCPIKaH roCyJapCTBEHHBIM 3aJaHUEM ((9BOIIIOHI/I$[ KpHocd)epr TIpu UBMEHCHUHU KJIMMaTa U
anTponoreHHOM Bo3aercTBHIY (#121051100164-0). Corpyanuna MHCTHTYTa MONAPHBIX K MOPCKHX HCCIEN0-
Banni uM. Anbgpena Berenepa H.b. Hecreposa nonnepxana crunenauein DAAD (Ipant #57588368).

BaaroxapnocTu. ABTOpHI BeIpaxaroT OmarofapHocts LleHTpy konnektrBHOTO noss3oBanus «I eonopran MI'Y»
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