ISSN 2073-6673 (print)

POCCUUNCKAS AKAJJEMUS HAYK
RUSSIAN ACADEMY OF SCIENCES

CAHKT-TIETEPBYPITCKU HAYUHbBIN LIEHTP PAH
ST. PETERSBURG RESEARCH CENTER OF RAS

OYHIAMEHTAJIbBHAA
N ITPUKJIAJTHAA TUIPOPU3UNKA

TOM 15, Ne 2
2022

FUNDAMENTAL
AND APPLIED HYDROPHYSICS

VOL. 15, No. 2
2022

https://hydrophysics.spbrc.ru



Yupenurenu:
POCCUNCKASI AKAJJEMUS HAYK

CAHKT-TTETEPBYPITCKUIM HAYYHBIV LIEHTP
POCCUNCKOUN AKAJITEMUU HAYK

DOYHIAMEHTAJIbHAA H IIPUKIIAJTHAA TH/[PODU3HKA

Tom 15 Ne2 2022
OcHoBaH B 2008 1.

Boixonut 4 pasza B rof,
ISSN 2073-6673 (print)

Kypuan uzoaemces nod pykosodcmeom
Omdenenus nayx o 3emae PAH

InaBHBII pegakTop

Unren-koppecnornent PAH
A. A. Poduonos

Anpec pemakiun: 199034, Cankr-IletepOypr,
Cankr-IleTepOyprckuii HayuHbIit 1eHTp PAH
YHuBepcurerckas HaO., 1.5
Tenedon 8(812) 328-50-66
nsgf2008@yandex.ru
https://hydrophysics.spbrc.ru

Penaxrop A. B. Cmopocesbix

IMoanucaHo K meyatu 25.05.2022 r. [lata Bbinycka B cBeT 25.06.2022 1. ®opmar 60 % 84! /.
IMeuats tmdponas. Yeiu. ney. 1. 18,8, Yu.-u3m. 1. 18,8. Tupax 50 sk3. Tur. 3ak. Ne 2977.

M3roroBieHne opurnHaI-MakeTa 1 IeyaTh
Wznatenbcko-nomurpaduueckuii neHTp [Toaurexnndeckoro yuusepcurteTa [letpa Benmkoro
195251, Cankr-IletepOypr, [Tomurexnudeckas yiu., 29.

Tenedon 8(812) 552-77-17, 552-66-19, 550-40-14
tipog@spbstu.ru
www.polytechpress.ru

© Poccuiickas akageMust Hayk, 2022
© Camnkr-IlerepOyprckuit HaydHBIN 1IeHTP Poccuiickoii akagemun Hayk, 2022
© Cocrasienne. Penkomiernst xXypHaia «DyHIaMeHTaIbHAas M TPUKJIagHas Tuapodusnkar, 2022



Founders:
RUSSIAN ACADEMY OF SCIENCES

SAINT-PETERSBURG RESEARCH CENTER
OF THE RUSSIAN ACADEMY OF SCIENCES

FUNDAMENTAL AND APPLIED HYDROPHYSICS

Vol. 15 No. 2 2022
Founded in 2008

Publication frequency: quarterly
ISSN 2073-6673 (print)

The Journal is published under conduction of
the Department of Earth Sciences RAS

Chief Editor
Corresponding Member of RAS
A. A. Rodionov

Postal address: Russia, St. Petersburg, 199034,
Saint-Petersburg Research Center of the Russian Academy of Sciences
Universitetskaya Nab., 5
Phone: +7(812) 328-50-66
E-mail: nsgf2008@yandex.ru
https://hydrophysics.spbrc.ru

Editing: A. V. Storozhevykh

Signed for printing: 25.05.2022. Issued: 25.06.2022. Format: 60 x 84!/q.
Digital printing. Printed sheets: 18.8. Circulation: 50 pcs.

Production of the original layout and printing
Publishing and printing center of Peter the Great St. Petersburg Polytechnic University

195251, St. Petersburg, Polytechnicheskaya Ul., 29.
Phone: 8(812) 552-77-17, 552-66-19, 550-40-14
tipog@spbstu.ru
www.polytechpress.ru

© Russian Academy of Sciences, 2022
© Saint-Petersburg Research Center of the Russian Academy of Sciences, 2022
© Composition. Editorial Board of the Journal “Fundamental and Applied Hydrophysics”, 2022



OYHIAMEHTAJIbHASA u [TPUKIIAIHAA THIPODOHU3UKA. 2022. T. 15, Ne 2
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 2

PEJAKIIMOHHAA KOJUIETUA

Anekcees lenpux Bacunvesuu, n.1.H. (PI'BY Apkruueckuit
M aHTAPKTUUYECKUI HAyIHO-UCCIeI0BATeIbCKII MHCTH -
tyT, CaHkT-IleTepOypr)

benonenxo Tamvsana Bacunvesna, n.r.H. (Cankr-Ilerep-
Oyprckuii rocynapcTBeHHbIN yHuBepcutet, CaHkT-Ile-
Tepoypr)

Jonaun Jlee Cepeeesuy, K.d.- M.H. (DenepanbHblil uccaenoba-
Teabckuit ieHTp MHCeTuTYT NpukinanHoii pusuku PAH,
Hwxnwnit Hosropon)

Epemuna Tamesana Pomosna, K.¢.- M.H. (Poccuiickuii rocy-
JMApCTBEHHBIN THAPOMETEOPOJIOTMUECKUI YHUBEPCUTET,
Cankr-ITerepOypr)

Kypbac Bukmop Muxaiinosuu, n.¢.-m.H. (MHCcTUTYT OKea-
Hosoruu uM. I1.I1. IlIupimoBa PAH, Mocksa)

3asvsinos [lemp Onecosuu, anen-koppecrnonaeHtT PAH (Mu-
ctutyt okeaHojioruu um. I1.T1. IllupmoBa PAH, Mockga)

3auenun Andpeii Teopeuesuu, n.d.- m.H. (MHCTUTYT OKeaHO-
sioruu uM. I1.I1. lupiioBa PAH, Mocksa)

Sumun Anexceii Baoumosuy, n.r.H. (Cankr-ITetepOyprekuit
rocynapcTBeHHbIi yHuBepcuteT, CaHkT-IleTepOypr)

Hsanoe Muxaun Ilasaosuu, x.6.H. (Cankr-IlerepOyprekuii
rocynapcTBeHHbI yHuBepcuteT, CaHkT-IleTepOypr)

Kpiokos FOpuii Cemerosuu, n.17.H. (PI'YIT HayuHo-uccneno-
BaTeILCKMIT MHCTUTYT IIPUKIATHOM aKyCTUKHU, [yOHa)

Kycmoesa Enena Baadumuposna, n.d.- Mm.H. (Cankrt-Ilerep-
Oyprckuii rocynapcTBeHHBIN yHuBepcuTeT, Cankr-Ile-
TepOypr)

Manwiii Bradumup Baadumuposuu, n.1.1. (Cankr-IletepOypr-
ckuit uHcTUTYT uHopmatuku PAH, Cankr-IletepOypr)

Mumnuk Jleonud Mouceesuu, n.d.- M. H. (TuxookeaHCKUi
okeaHojornyeckuit UHCTUTYT uM. B.1. Unbuuesa JIBO
PAH, BranusocTok)

Moposoe Eeeenuii Teopeueuy, n.d.- M.H. (MHCTUTYT OKea-
Hosoruu uM. I1.I1. Ilupmosa PAH, Mocksa)

Ileaunoscxuii E¢pum Haymosuu, n.d.- m.H. (DenepanbHblii
MCCIen0BaTeIbCKUM LIeHTP VIHCTUTYT NpUKIaaHOMN hu-
3uku PAH, Hmxuuit Hosropom)

Pabuenko Bradumup Anexceesuu (3aM. IJIaBHOTO PeJAKTOPA),
1o.¢.- m.H. (Cankr-IlerepOyprekuii duaman Mucturyra
okeaHosioruu um. I1.I1. [upiosa PAH, Cankr-Ile-
TepOypr)

Cogppuna Examepuna Bradumuposna (0TBETCTBEHHDIN ce-
Kperaps), K.(.- M.H. (Cankr-IleTepOyprckuii punman
NHuctutyta okeanonoruu uM. I1.11. lllupmosa PAH,
Cankr-IletepOypr)

Cmypoea H3zoavda Bukmopoena, n.d.- M.H. (MHCTUTYT ru-
nponuHamuku um. M.A. JlaBpeauteeBa CO PAH, Ho-
BOCUOUPCK)

Cymopuxur Heopb Anamonvesuy, n.@d.- M.H. (MHCTUTYT BO-
IHBIX 1 3Konorndeckux rmpodiaeMm CO PAH, baphayn)

Yanukoe Amumpuii Buxmoposuu, n.¢.- m.H. (Cankr-Ile-
TepOyprckuii punuan MHCTUTYTa OKeaHOJIOTUU WM.
T1.I1. upmoa PAH, Caukr-IletepOypr)

PEJAKIIMOHHBIN COBET

babanun Anexcandp Bradumuposuy (MeasOypHCKUT YHU -
BepcureT, Meab0ypH, ABCTpaIus)

bondyp Banepuit Ipueopvesuu, akanemuk PAH (Burie-tipe-
3uneHT Poccuiickoii akagemun Hayk, MockBa, Poccust)

Buasnum Heope Bradumuposuu (AO LieHTpaibHOE KOHCTPYK-
TOPCKOe 010p0 MOpcKoii TexHuku «Pyoun», Cankr-Ile-
TepOypr, Poccust)

Toauywtn Teopeuii Cepeeesuu, akanemuk PAH (MHcTUTyT
¢usuxm atmochepsr um. A.M. Ob6yxoBa PAH, Mocksa,
Poccust)

Tyces Anopeit Badumosuu (AO «Mopckue HeaKyCTUYECKre
KOMILIEKCHI ¥ cucTeMbl», Cankr-IleTepOypr, Poccus)

Hopogpees Baradumup Opvesuu (AO Cankr-IleTepOypr-
CKO€ MOPCKO€e 0I0pO MalIMHOCTPOEHUST «ManaxuT»,
Cankr-IletepOypr, Poccust)

3ocumos Buxmop Bacunvesuu (PI'YTI HayuHo-ucciieno-
BaTeJIbCKUI MHCTUTYT NPUKIAAHON aKycTukH, JlyoHa,
Poccust)

Kopomaee I'ennaduii Koncmanmurnosguu, 4ieH-KOPPECIIOHACHT
PAH (Mopckoit runpodusuyeckuii uHctutyt PAH,
CeBacrtoroJb, Poccust)

Kaii Miopbepe (DUHCKUIT MHCTUTYT OKPY3KaIOIIE Cpebl,
XenbcuHKY, OUHISHINS)

Huemamyaun Pobepm Hckandeposuu, akanemuk PAH (n-
ctutyT okeaHojoruu uM. I1.11. IllupmoBa PAH, Mocksa,
Poccust)

[lewexornoe Bradumup Ipucopvesuy, akanemuk PAH (AO KoH-
1epH «LleHTpaTbHBIN HAyYHO-MCCIIeA0BATEIbCKUIA MH -
cTUuTyT «DnekTporpubop», Cankr-Ilerepoypr, Poccust)

Pyockoit Anopeit Ueanosuu, akanemuk PAH (Cankr-Ile-
TepOyprcKuii MoJIMTeXHUYEeCKUit yHuBepcuret [letpa
Benukoro, Cankr-IletepOypr, Poccust)

Pymsnuee Braducnas Anexcandposuy, akanemuk PAH (UH-
ctutyT o3epoBeneHust PAH, Cankr-IletepOypr, Poccust)

Capkucoe Awom Apakenosuu, akanemuk PAH (MUHcTuTyT
npobJieM 6e30MacHOro Pa3BUTUSI aTOMHOI SHEPTeTUKU
PAH, Mocksa, Poccust)

Cenesnes Heopv Anexcandposuy (AO KonuepH «OKeaHTTpu-
6op», Cankr-IlerepOypr, Poccust)

Coomepe Tapmo, akanemuk (ITpe3uaeHT DCTOHCKOIM akae-
MuM Hayk, TammuH, DcToHuUs)

Dunamos Hurxonait Huxonaesuu, unen-xoppecnonaeHT PAH
(MuctutyT BogHbix 1mpobiem Cesepa KapHII PAH,
[Terpo3aBojack, Poccust)

Duaumonos Anamonuii Koncmanmunosuy (AO KoHuepH
«Mopckoe ITogBogroe Opyxue — ['maporpubop»,
Cankr-IletepOypr, Poccust)



OYHIAMEHTAJIbHASA u [TPUKIIATHAA THIPODU3IHKA. 2022. T. 15, Ne 2
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 2

EDITORIAL BOARD

Aleksei V. Zimin. Cand.Sci., St. Petersburg State University,
St. Petersburg, Russia

Andrey G. Zatsepin. Cand.Sci., P.P. Shirshov Institute of
Oceanology of RAS, Moscow, Russia

Dmitry V. Chalikov. Dr. Sci., St. Petersburg Department of
the P.P. Shirshov Institute of Oceanology of the Russian
Academy of Sciences, St. Petersburg, Russia

Efim N. Pelinovsky. Dr. Sci., Institute of Applied Physics of the
Russian Academy of Sciences, Nizhny Novgorod, Russia

Ekaterina V. Sofina (Executive Secretary). Cand.Sci., St. Pe-
tersburg Department of the P.P. Shirshov Institute of
Oceanology of the Russian Academy of Sciences, St. Pe-
tersburg, Russia

Elena V. Kustova. Dr. Sci., St. Petersburg State University,
St. Petersburg, Russia

Evgeniy G. Morozov. Dr. Sci., P.P. Shirshov Institute of Ocean-
ology of the Russian Academy of Sciences, Moscow,
Russia

Genrikh V. Alekseev. Dr. Sci., Arctic and Antarctic Research
Institute, St. Petersburg, Russia

Igor A. Sutorikhin. Dr. Sci., Institute for Water and Environ-
mental Problems, Siberian Branch of the Russian Academy
of Sciences, Barnaul, Russia

Izolda V. Sturova. Dr. Sci., Lavrentyev Institute of Hydro-
dynamics, Siberian Branch of the Russian Academy of
Sciences, Novosibirsk, Russia

Leonid M. Mitnik. Dr. Sci., V.1. IIichev Pacific Oceanological
Institute, Far Eastern Branch of the Russian Academy of
Sciences, Vladivostok, Russia

Lev S. Dolin. Cand.Sci., Institute of Applied Physics of the
Russian Academy of Sciences, Nizhny Novgorod, Russia

Mikhail P. Ivanov. Cand.Sci., St. Petersburg State University,
St. Petersburg, Russia

Pyotr O. Zavyalov. Corresponding member of RAS,
P.P. Shirshov Institute of Oceanology of the Russian
Academy of Sciences, Moscow, Russia

Tatyana R. Yeremina. Cand.Sci., Russian State Hydromete-
orological University, St. Petersburg, Russia

Tatyana V. Belonenko. Dr. Sci., St. Petersburg State Univer-
sity, St. Petersburg, Russia

Victor M. Zhurbas. Cand.Sci., P.P. Shirshov Institute of
Oceanology of the Russian Academy of Sciences, Mos-
cow, Russia

Viadimir A. Ryabchenko (Deputy Chief Editor). Dr. Sci.,
St. Petersburg Department of the P.P. Shirshov Insti-
tute of Oceanology of the Russian Academy of Sciences,
St. Petersburg, Russia

Viadimir V. Malyj. Dr. Sci., St. Petersburg Institute for Infor-
matics and Automation, St. Petersburg, Russia

Yuri S. Kryukov. Dr. Sci., Research Institute of Applied Acous-
tics, Dubna, Russia

EDITORIAL COUNCIL

Alexander V. Babanin. The University of Melbourne, Mel-
bourne, Australia

Anatoly K. Filimonov. JSC “Concern “Sea underwater weap-
on — Gidropribor”, St. Petersburg, Russia

Andrey I. Rudskoy. Academician of RAS, Peter the Great
St. Petersburg Polytechnic University, St. Petersburg,
Russia

Andrey V. Gusev. JSC “Morskiye Neakusticheskiye Kompleksy
i Sistemy”, St. Petersburg, Russia

Ashot A. Sarkisov. Academician of RAS, Nuclear Safety Insti-
tute of the Russian Academy of Sciences, Moscow, Russia

Gennadiy K. Korotaev. Corresponding member of RAS, Ma-
rine Hydrophysical Institute of the Russian Academy of
Sciences, Sevastopol, Russia

Georgy S. Golitsyn. Academician of RAS, A.M. Obukhov
Institute of Atmospheric Physics of the Russian Academy
of Sciences, Moscow, Russia

Igor A. Seleznev. JSC “Concern “Oceanpribor”, St. Peters-
burg, Russia

Igor V. Vilnit. JSC “Central Design Bureau for Marine En-
gineering “Rubin”, St. Petersburg, Russia

Kai Myrberg. Finnish Environment Institute, Helsinki, Finland

Nikolay N. Filatov. Corresponding member of RAS, Northern
Water Problems Institute of the Karelian Research Centre
of the Russian Academy of Sciences, Petrozavodsk, Russia

Robert I. Nigmatulin. Academician of RAS, P.P. Shirshov
Institute of Oceanology of the Russian Academy of Sci-
ences, Moscow, Russia

Tarmo Soomere. Academician of EAS, President of the Es-
tonian Academy of Sciences, Tallinn, Estonia

Valery G. Bondur. Academician of RAS, Vice President of the
Russian Academy of Sciences, Moscow, Russia

Viadimir G. Peshekhonov. Academician of RAS, JSC “Concern
CSRI Elektropribor”, St. Petersburg, Russia

Viadimir Yu. Dorofeev. JSC “St. PetersburgMarine Design
Bureau “MALACHITE”, St. Petersburg, Russia

Viadislav A. Rumyantsev. Academician of RAS, Institute of
Limnology of the Russian Academy of Sciences, St. Pe-
tersburg, Russia

Victor V. Zosimov. Research Institute of Applied Acoustics,
Dubna, Russia



OYHIAMEHTAJIbHASA u [TPUKIIAIHAA THIPODOHU3UKA. 2022. T. 15, Ne 2
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 2

COJEPXKAHNE

Hay‘tﬂble cmamou

Thesviues B.I, bearonenko T.B. AHanuTH4YeCKOE pellieHUE JIyueBbIX ypaBHeHUIT [aMuUIbTOHA
171 BoiH PoccOu Ha cTallMoOHapHbBIX CABUTOBBIX MOTOKAX (Ha auen. 53.)

3yes B.A.|, Ipamyzoe E.M., Kypxun A.A., Heotiuenko FO.A., Cebun A.C. Duzmyeckoe MomeTpoOBaHNe
nedopMalnm JielsTHOTO TTOKPOBa HATPy3KOii, IBVKYIIEICS C MaJloif CKOPOCTBIO

Invieynosa K.C., Kozenkos A.C., Cmpeney J1.1O., Ymrxun J[.A., Kypyaun B.B. iccnenoBaHue BIUSHUS
YYCJIEHHOIO METOJA M CETOYHBIX TApaMETPOB Ha TOYHOCTb MOAEIMPOBAHKS
CBOOOIHBIX KOJIEOAHUI LIVJIMHAPA HA BOAHOM ITOBEPXHOCTHU

Jesuna I’ B. IllpyumeHeHue Teopruu TypOyJI€eHTHOTO BUXPEBOIO AUHAMO
JIJI paHHEN AMarHOCTUKM 3apOXKIECHUSI TPOITMYECKUX LIMKJIOHOB

Axwuna J1.D., Torybesa E.H. VicciaenoBaHue KIMMaTUYECKUX U3MEHEHU B YyKOTCKOM Mope
u Mope bogopra Ha OCHOBE YMCIIEHHOTO MOAEIUPOBAHUS

Hcaes A.B., Casuyx O.11., Quramos H.H. TpexmepHast peTpOCIIEKTUBHAS OlLICHKAa OMOTeOXMMUIECKO
JIUHAMUKU a30Ta 1 pocdopa B akocucteme OHEXCKOTo o3epa 3a Mepuojl
¢ 1985 mo 2015 rr. Yacts [: MexronoBast UBMEHYUBOCTh
M MIPOCTPAHCTBEHHOE pacnpeneieHue (Ha anen. s3.)

Casuyk O.11., Hcaes A.B., Puramos H.H. TpexmepHast peTpOCIIEKTUBHAS OLIeHKAa OMOTeOXMMUYECKOM
IMHaMUKU a3oTa u docdopa B skocucteme OHexcKoro o3zepa 3a nepuon ¢ 1985 mo 2015 rr.
Yacts I1: Ce3oHHas AMHAMMKA U TTPOCTPAHCTBEHHbBIE O0COOEHHOCTH;
MHTeTpajibHble TIOTOKU (Ha aHen. s3.)

Cosea E.E., Meszenuesa U.B., Xmapa T.B. MonenmnpoBaHIe Ce30HHON N3MEHINBOCTH
TUAPOIMHAMMUYECKOTO pesknMa CeBacTOITOIbCKOM OYXTHI
¥ OLICHKN CAMOOYNCTUTEILHOM CITIOCOOHOCTH €€ 9KOCUCTEMBI

Jamywrun A.A., Apmamonos F0.B., Ckpunasesa E.A., @edupko A.B. CBsi3b IPOCTPAaHCTBEHHOI CTPYKTYPbI
KOHILIEHTpALMK O0ILIEero B3BELIEHHOIO BEIECTBA M IMIPOJIOTMYECKUX IIapaMeTPOB
B ceBepHOI yact YepHOro Mopsi 10 JaHHBIM KOHTAKTHBIX U3MEPEHUIA

Paxyba A.B., IlImakosa M.B. HectalimoHapHbIil pexXM BOIOXPaHWIMIIA:
OIIBIT MOJEJIMPOBAHUSI PYCIOBBIX ITPOLIECCOB C MOABUXKHBIM THOM

Dexnosa T IO. Tlexun — I[TopT-Aptyp — BiragnBocTOK: opraHM3alis MAarHUTHO-METEOPOJIOTHUECKIX
obcepBaropuit Akagemuu HayK Ha [lanbHeMm Boctoke B XIX — Havane XX BEeKOB

19

33

47

60

76

98

110

124

138

150



OYHIAMEHTAJIbHASA u [TPUKIIATHAA THIPODU3IHKA. 2022. T. 15, Ne 2
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 2

CONTENTS

Scientific articles

Gnevyshev V.G., Belonenko T.V. Analytical solution of the Ray equations

of Hamilton for Rossby waves on stationary shear flows 8
Zuev V.A], Gramuzov E.M., Kurkin A.A., Dvoichenko Y.A., Sebin A.S. Physical modeling
of ice cover deformation under the action of a moving load at low speed 19

Plygunova K.S., Kozelkov A.S., Strelets D.Y., Utkin D.A., Kurulin V.V. The influence of numerical method
and grid parameters on the simulation accuracy of damped oscillations of free floating cylinder 33

Levina G.V. Application of the turbulent vortex dynamo theory

for early diagnostics of the tropical cyclone genesis 47
lakshina D.F., Golubeva E.N. Recent climatic change research in the Chukchi
and Beaufort Seas based on numerical simulation 60

Isaev A. V., Savchuk O.P, Filatov N.N. Three-dimensional hindcast of nitrogen and phosphorus

biogeochemical dynamics in Lake Onego ecosystem, 1985—2015.

Part I: Long-term dynamics and spatial distribution 76
Savchuk O.P, Isaev A.V., Filatov N.N. Three-dimensional hindcast of nitrogen and phosphorus

biogeochemical dynamics in Lake Onego ecosystem, 1985—2015.

Part II: Seasonal dynamics and spatial features; integral fluxes 98

Sovga E.E., Mezentseva 1.V., Khmara T.V. Simulation of scasonal hydrodynamic regime in the Sevastopol Bay
and of assessment of the self-purification capacity of its ecosystem 110

Latushkin A.A., Artamonov Yu.V., Skripaleva E.A., Fedirko A.V. The relationship of the spatial structure
of the total suspended matter concentration and hydrological parameters
in the Northern Black Sea according to contact measurements 124

Rakhuba A.V., Shmakova M.V, Unsteady regime of reservoir:

experience in modeling riverbed processes with a movable bed 138
Feklova T. Yu. Beijing — Port-Arthur — Vladivostok: Organization of the Academy of Sciences’ magnetic

and meteorological observatories on the Far East in the XIX—beginning of the XX centuries 150



OYHIAMEHTAJIbHASA u [TPUKIIAIHAA THIPODOHU3UKA. 2022. T. 15, Ne 2
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 2

DOI 10.48612/fpg/4eh4—83zr-r1fm
VK 551.465

© V. G. Gnevyshev', T. V. Belonenko**, 2022

IShirshov Institute of Oceanology, Russian Academy of Sciences, 117997, Nahimovsky Pr., 36, Moscow, Russia
2St. Petersburg State University, 199034, 7—9, Universitetskaya Emb., St. Petersburg, Russia
*E-mail: btvlisab@yandex.ru

ANALYTICAL SOLUTION OF THE RAY EQUATIONS
OF HAMILTON FOR ROSSBY WAVES ON STATIONARY SHEAR FLOWS
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Abstract

The asymptotic behavior of Rossby waves in the ocean interacting with a shear stationary flow is considered. It is shown that
there is a qualitative difference between the problems for the zonal and non-zonal background flow. Whereas only one critical layer
arises for a zonal flow, then several critical layers can exist for a non-zonal flow. It is established that the integrated ray equations
of Hamilton are equivalent to the asymptotic behavior of the Cauchy problem solution. Explicit analytical solutions are obtained
for the tracks of Rossby waves as a function of time and initial parameters of the wave disturbance, as well as the magnitude of
the shear and angle of inclination of the flow to the zonal direction. The ray equations of Hamilton are analytically integrated for
Rossby waves on a shear flow. The obtained explicit expressions make it possible to calculate in real-time the Rossby wave tracks
for any initial wave direction and any shear current inclination angle. It is shown qualitatively that these tracks for a non-zonal flow
are strongly anisotropic.

Keywords: Rossby waves, shear flow, zonal, non-zonal, Hermitian operators, Non-Hermitian operators, ray equations of Hamilton
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AHAJIMTUYECKOE PENIEHUE JTIYYEBBLIX YPABHEHUI TAMUJIBTOHA
JJIA BOJIH POCCBU HA CTAIMOHAPHBIX CIBUT'OBBIX IIOTOKAX

Crarbs noctyrmia B pegakumio 05.03.2022, rmocite nopadorku 04.06.2022, npunsTa B niedath 10.06.2022

AHHOTaIUs

PaccmarpuBaeTcst aCHMITOTUYECKOE MMOBeneHue BOJH PoccOu, B3aMMOIECTBYIOLINX CO CABUTOBBIM CTALIMOHAPHBIM
TeueHueM. [TokazaHo, YTO B 3THX 3aJauax CyIIECTBYEeT KaueCTBEHHOE OTJIMYME 3a1a4 JJIs 30HaJIbHOIO M HE30HAJIbHOTO (hO-
HOBOTO IoToKa. Eciiy 11st 30HaJIbHOTO IMOTOKA BO3HUKAET TOJIBKO OAUH KPUTUYECKUI CI0#, TO Ml HE30HAIBHOTO MOXET
CyIIECTBOBATh HECKOJBKO KPUTHUYECKUX CJIOEB. YCTAHOBJIEHO, YTO MPOMHTErpMPOBAHHbBIE JIyUdeBbie YpaBHEHMST [aMUIb-
TOHA OKAa3bIBAIOTCS PABHOCHMJIbHBI aCUMIITOTUKAM pelrneHus 3agayn Komm. [TonydeHbl IBHbIE aHATUTUYECKUE PEIIeHUS
IIJIsI BOJTHOBBIX TPEKOB BOTH PoccOr, Kak GyHKIIMM BpEMEHHM U HadyaJlbHBIX TApaMeTPOB BOJTHOBOTO BO3MYILIEHHUS, a TAKKE
BEJIMYMHBI CIBUIA M yIVIa HAKJIOHA ITIOTOKA K 30HaJbHOMY HampasieHuio. Ha mpuMepe BoaH PoccOu Ha CIBUTOBOM IIOTO-
K€ aHaJIUTUYECKHM MPOWHTEIPUPOBAHLI JIyueBbie ypaBHeHUsT [amMuibroHa. [TojydeHHbIe SIBHbIE BBIPAXXEHUS MO3BOJISIOT
pacCUMUTHIBATh B peaJibHOM BpeMEHU TPeKU BOJH PoccOu mjis a1060ro HavyajabHOTO HAIlpaBIE€HUS BOJHBI U IS JIIOOOTO
yIJla HaKJOHa CIBUTOBOro TeuyeHus. ITokaszaHo, YTO 3TU TpPeKM IJIs HE30HAJbHOTO MOTOKA KAYeCTBEHHO HOCST CUJIBHO
aHU30TPOIIHBIN XapaKTep.

Kirouesbie ¢10Ba: BOJIHBI PoccOu, CABUTOBOE TEUEHHUE, 30HAIBHOE, HE30HAILHOE, SPMUTOB OIEPATOp, HE SPMUTOB, JTyYEBbIE
ypaBHeHUs1 [aMUIIbTOHA
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1. Introduction

Historically, the problem of studying the interaction of Rossby waves with large-scale currents began with prob-
lems for the atmosphere, in a formulation in which the large-scale background flow was considered strictly zonal [1].
This formulation is quite justified for the atmosphere. Rapid advances in satellite altimetry have contributed to the
rapid development of empirical understanding of Rossby waves in the ocean [2]. Analysis of the variability of ocean-
ological fields confirms the existence of Rossby waves in the World Ocean. However, unlike the atmosphere, Rossby
waves in the ocean have their specifics. The main difference is that in the ocean, background currents are usually not
zonal. Moreover, the strongest dynamic processes occur on non-zonal flows or when the initial zonal flow deviates
from the zonal direction as observations show [3, 4].

Critical layers are very important for the understanding of the Rossby waves’ interaction with a large-scale flow.
The classical critical layer is formally impracticable for Rossby waves. It is the geometric border between the region
where the waves exist and the “shadow” areca where they do not exist. The critical layer is defined as ¢ = U, i.e. the
equality of the longitudinal component of the phase velocity of the wave ¢ and the velocity of the background current
U. The critical layers have been studied and are well known for gravitational waves and internal waves [5—8]. For
Rossby waves, the study of the critical layer historically also began with the zonal critical layer. The analysis of Rossby
waves on zonal flows is extremely sensitive to the smoothness of the flow and boundary conditions [9].

If the background current is strictly zonal, then, as shown in [3], the determination of the critical layer through
the phase velocity is quite correct and can be applied to Rossby waves. However, if the flow is not zonal, such a defi-
nition becomes ambiguous and allows Rossby waves to cross the critical layer, with the formation of the so-called
overshooting effect. The propagation of Rossby waves on shear flows has its specific feature: the wave track gradually
approaches its critical layer, this occurs asymptotically for a long time.

One of the features of Rossby waves is the qualitative difference between the problems for the zonal and non-zon-
al background flow. The first key point that distinguishes the problems of a zonal background flow and a critical layer
from a non-zonal one is the number of critical layers. For a strictly zonal flow, there is only one critical layer, while
for a non-zonal shear flow, three qualitatively different cases can be distinguished [3, 4] we will consider a bit later.
As a consequence, the passage to the limit from a non-zonal flow to a strictly zonal case is nontrivial. In particular, all
asymptotic laws under the passage to the limit are of a discontinuous nature |3, 4]. In this case, of the three non-zonal
critical layers in the passage to the limit, from the non-zonal to the zonal critical layer, only one critical layer remains.
And the transition from the zonal to the non-zonal case, in principle, is not possible. As a consequence, a strictly
meridional flow acquires the most general character, rather than a purely zonal flow.

The second important point for Rossby waves is that the linear operator of Rossby waves ceases to be Hermitian
upon passing to the non-zonal case. The adiabatic invariant in the form of the enstrophy conservation law, which ex-
ists in the WKB approximation, ceases to hold for non-zonal piecewise linear flow profiles of the “vortex layer” type.
A non-zonal strong shear current enters into an active exchange of vorticity with Rossby waves [5, 10—13].

The fundamental point in which the analysis of problems for the ocean differs from the atmosphere is the limit-
edness of ocean currents in space and, as a consequence, in time. Therefore, for the obtained qualitative results of the
analysis of the dynamics of Rossby waves to have an applied character, it is important to understand what periods and
spatial scales are behind such concepts as “approaching” the critical layer?

The classical approach for analyzing the kinematics of waves in dispersive systems is based on the ray equations of
Hamilton. However, as is customary even in classical mechanics, no one explicitly solves the differential equations of
Hamilton in analytical form. The traditional approach is qualitative and is based on the presence of cyclic variables in
the problem. As a rule, these are the longitudinal component of the impulse and the frequency of the wave. If we also
use a certain set of symmetries, related to the Hermitian nature of the linear wave operator, then this purely geometric
approach suffices to understand qualitatively the evolution of waves on plane-parallel inhomogeneous flows, without
solving the ray equations of Hamilton explicitly. Therefore, it is better to use a qualitative method, which is called the
isofrequency method. It is based on the geometric construction of isofrequency lines and the concept of the direction
of the group velocity. For Rossby waves, a qualitative analysis of the kinematics based on the isofrequency method
was performed as early as [14, 15].

Based on the fact that asymptotically long adhesion of Rossby waves to the critical layer has already been es-
tablished, we are trying to understand the specific features of this process. The goal of our work is to determine how
real the periods and spatial scales of this process are so that they can be realized for real conditions in the ocean. To
answer this question, it is necessary to have explicit analytical solutions for wave tracks as a function of time and ini-
tial parameters of the wave disturbance, as well as the magnitude of the shear and the angle of inclination of the flow
to the zonal direction. In addition, in this paper, using the example of Rossby waves on a shear flow, we analytically
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integrate the ray equations of Hamilton for the first time. The obtained explicit expressions make it possible to calcu-
late in real-time the Rossby wave tracks for any initial wave direction and any shear current inclination angle. As will
be shown below, such tracks for a non-zonal flow are qualitatively highly anisotropic.

The generally accepted way to obtain a solution as a function of the initial position of the wave and time is to
solve the Cauchy problem. For barotropic Rossby waves, the Cauchy problem was solved in [16, 17] for strictly zonal
and meridional currents. Continuing this direction, we will show that the integrated ray equations of Hamilton turn
out to be equivalent to the asymptotics of the solution of the Cauchy problem. However, in contrast to [16, 17], we
propose an easier way to obtain explicit analytical expressions for the Rossby wave tracks. To obtain a solution, the
introduction of convective coordinates, direct and inverse Fourier transforms, and the stationary phase method for
the obtained two-dimensional Fourier integral is not required [16, 17]. In this work, we will show that ray equations
of Hamilton for Rossby waves are integrated with explicit expressions quite simply using the arctangent and logarithm
functions, in contrast to the solutions of [16, 17], which use a more specific mathematical apparatus related to the
Cauchy problem. The new solutions of the ray equations of Hamilton for Rossby waves are much simpler than the
geometric method of isofrequencies and represent explicit analytical expressions for the tracks of Rossby waves in
elementary functions.

2. Methods

The ray equations of Hamilton are an effective tool for analyzing the kinematic properties of Rossby waves in a
plane-parallel shear flow [5, 18]. In practice, this method is often successfully applied in numerical calculations (see,
for example, [19]). We will show that for shear flows there is also an explicit analytical solution to these equations,
and these solutions will be found in elementary functions. The so-called equations of geometric optics are as follows:

0w om
k=—n—, | =——) 1
) G ) 4 M
om om
X ===, v ="2 2
) @

Here x and y are the axes of the Cartesian coordinate system directed to the east and north, respectively; 7 is the
time; (k, /) are the components of the wave vector k, o is the frequency, X = X(w, k, /) and Y= Y(o, k, [) are the ray
variables in a coordinate system rotated counterclockwise by an angle 6.

Let us assume that the background flow is a stationary shear flow directed at a certain angle 6 fixed to the par-
allel. For certainty, we will consider the angle the angle 6 > 0 if it is counted counterclockwise. To find a solution,
we will proceed as follows. At the first stage, let us go over to the coordinate system associated with the flow. Then
in the new coordinate system rotated by the angle 6, the background current velocity field has only one longitu-
dinal velocity component U =(U,0)=(U(y),0). Further, the coordinate system is chosen so that at its origin the
velocity field is zero. Assume that U is approximately linear in y: U = U,y. Having solved the problem in a new
(rotated) coordinate system, we then make a reverse rotation by an angle (—0), and thus we get a solution in the
original coordinate system tied to the parallel and the meridian, which is more convenient for a clear illustration
of the result.

The dispersion relation in the new coordinate system is

o [?)(k(zzose2 1512116) KUy, 3)
k“+I1"+F
2
where f§ = %, fis the Coriolis parameter, F 2= ;—H, g is the acceleration of gravity, H is the depth of the ocean [3,

21]. In the new coordinate system, there are two cyclic variables; they are the longitudinal coordinate x and time 7.
Consequently, the problem has two integrals of motion: the longitudinal component of the momentum (in the ray
approach, this is the x-component of the wavenumber k) and the wave frequency .

The integrated first pair of equations (1) has the form:

k = ko= const, [.= Iy — Uk, 4)

where (ky, [;) are the initial components of the wavenumber at # = 0. Note that the integrated first pair of the equations
of Hamilton gives a result that is identical to the result obtained in the framework of the Cauchy problem [3, 21].

Integrating Egs. (2), we find the coordinates of the quasi-monochromatic wave packet, at the initial moment
located at the origin of coordinates:
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The subscript index 0 in the solution (X;, ¥;) shows that this solution was found in a coordinate system rotated
counterclockwise by an angle 0. For simplicity, the following notation is introduced in formula (6):

I,=ly— Uty k, =/kg + F?. (7

Let us turn to dimensionless variables taking into account the Rossby baroclinic radius: k* = ky/F, [" = [,/F,

k,=k,/F, I.=1/F, X"=X.F, Y" = Y.F, and dimensionless time for the shear of the background flow velocity:
1 = 4U,|. Omitting the asterisks, we get:

cosO—1 k'sin® cosO—/k'sin®
Y, = £ - ®)
0 BO{ K2+ 12 K2+ 12 }
k ! IV| Bocoso[ ki+r ki
X, =B, cos0| —4 —arctan| -< |+ arctan| — |} |- =2 - +
oo {kf{ (kj [kJH K22k 12+k3}
1 2+kr) 1-tlL k™ 1
+B,sin0| —-In| £&—%< |- £ + +1tY, )
Po Lkz [12+k3] 2k} P4k
where
L=1—kt, k, =k*+1, U,>0, B, = , 10
¢ c y Bo FU, (10)
if  replaced with —¢
U,>0. (11)
This solution can be simply represented as:
Xy = Xjc0s0 + X,sin0, Yy = Y,c0s0 + Y5sin0, (12)

where (X}, ¥)) is the packet coordinates in the case when the flow is zonal (directed along the parallel: 6 = 0), and (X,
Y,) is the packet coordinates in the case when the flow is meridional (directed along the meridian). It is important to

note that 0 =% for the meridional direction and the OX axis is directed to the north and the OX is to the west.

Bok I 1] Byl ki+t ki
X, =——| —arctan| -~ |+arctan| — | |- —| ———-————|+1Y], 13
K k, k)| k2| P+k2 Pak2| 4

1 1
" ﬁ{k—lﬁ} "
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X, =By| —=In| "¢ |-, +1Y,, (15)

2 BOLkZ [12+k3] k> Pk

k" k!
Yzzﬁ{— C—} (16)
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Then, designating the coordinates of the package in the coordinate system tied to the east and north directions
(X, 1), you need to reverse the rotation of the coordinate system (counterclockwise). Finally, we get the following
expressions in a matrix form:

X cos0, —sin0\( X,
_[|“ (17)
Y sin6, cos® | ¥,
or
X =X, cos’0+(X, —Y;)cosOsin® - ¥,sin 0, (18)
Y =Y, cos’ 0+ (X, +Y,)cosOsin®+ X, sin”6. (19)
3. Results

3.1. Numerical estimation of dimensionless parameters

We will take as the initial the following characteristic physical scales for the ocean: f= 10~4s~!, f = 10~ m~!

s7l, F=10.5 x 107> m~'. Some numerical estimates give something like this: whereas we take for the scale of the
background flow velocity U= 5 cm/sec., and the scale of the background flow variability 50 km, then the unit of the

dimensionless time scale U v ! is about 11 days. Therefore, the dimensionless time 7 = 2.86 x 7 is about 3 months.
In this case, the dimensionless parameter 3 is equal to 0.5. If we take 100 km as the scale of the background flow

variability, then the unit of the dimensionless time scale U, ! is approximately 22 days. Then the dimensionless time
t = 2.86 x 7 (this corresponds to 6 months in dimensional units), and the dimensionless parameter 3, is equal to 1.0.
These estimates make the results obtained physically justified and correct for practical use.

3.2. Graph analysis

Qualitatively, all plots can be divided into two cases: a zonal (Fig. 1) and non-zonal flow (Fig. 2). A common
property of all graphs is that with increasing time, all rays adhere to the critical layer. However, the number of critical
layers, as well as their location, is a nontrivial function of the angle of inclination of the background flow. Qualitative-
ly, several main scenarios can be distinguished.

Zonal flow scenario. If the flow is strictly zonal, 6 = 0 (Fig. 1), then one critical layer is formed, which does not
depend on the initial direction of the group velocity and is determined only by the magnitude of the modulus of the
initial wavenumber. The expression for the ordinate of the critical layer is determined by the following (nonzero)
value:

Vel > (2 +8) (20)

In the case of a strictly zonal flow, all waves adhering to the critical layer move strictly to the west: X |, |I_)OO — —o0,
The explanation of the term “adhering” is given by [3]. It is also important to note that the movement of Rossby
waves at certain points in time is possible both to the east and in other directions. However, with increasing ¢, all rays
adhere to the critical layer, moving strictly to the west. An analysis of the tracks shows that the dimensionless values
at which the movement begins to follow a strictly westerly direction is approximately 7 = 8, and it gives a period of
about three months for the open ocean.

In the case of a zonal flow, the initial component of the group velocity in the meridional direction is proportion-
al to ko x ;. For the zonal component of the group velocity, the sign is determined by the following expression:

kg - 102 - 1). To have an idea of all possible cases, it suffices to take the following set of four initial wavenumbers (k,
lp). Figure 1 shows four options for the initial direction of the group velocity; the tracks are drawn for the case U, > 0.
The abscissa axis is directed to the east, the ordinate is to the north. Track 1 — the initial group velocity is directed to
the southwest. The initial components of the wavenumber are k, = —1, [, = 1. Track 2 — the initial group velocity is

directed to the southeast: &, = —4x/§ / \/ﬁ , = \/5 / \/ﬁ or ko = —1.372, [, = 0.343. Track 3 — the initial group

velocity is directed to the north-east: k= —4~2 /17, Iy = =2 /17 or ky = —1.372, I = —0.343. Track 4 — the
initial group velocity is directed to the northwest: k, = —1, [, = —1. The wavenumbers are specially selected so that

the tracks adhere to one critical layer. For all four combinations, the relation k; +/; +1=3.
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Fig. 1. The variety of tracks of Rossby waves in their interaction with the zonal flow.
Descriptions of tracks 1—5 are given in the text

Non-zonal flow scenario. For a strictly meridional flow 6 = E, there are three qualitatively different cases for the

”

implementation of the critical layer, which can be conventionally called “positive”, “negative” and “zero”. For the
case of a strictly zonal flow, the critical layer is the boundary of the region where the waves exist. For any non-zonal
flow, additional critical layers appear that are inside this region. The critical layer is “negative” when the sign of the
intrinsic frequency adhering to the critical layer is negative. Such waves with a negative intrinsic frequency are com-
monly called “waves of negative energy” [11]. The peculiarity of the non-zonal case is that Rossby waves, starting
from zero value, can change the sign of their intrinsic frequency at a certain moment in time.

The expression for the ordinate of the critical layer is determined by the following value.

ly] B
Y, -0 0| 21
2c |[~)00 kO |:kc2 +102 :| ( )

Recall that the coordinate system is tied to the direction of the flow velocity, so in this case, when 6 = g, the

x-axis is directed to the north and the y-axis to the west.
Group speed signs are defined as follows:

Cgre = (K1), Cyy = (K> +1-17).

Consider the case U, > 0. Provided Ik=' > 0, waves adhere to the negative critical layer: (¥,, > 0). Wherein
X5, oy 0 and the value of the group velocity along the x-coordinate turns out to be negative. That is, it turns
out that for adhesion to the negative critical layer, the wave must start against the direction of the flow, but the flow will
certainly turn the wave in the direction of the flow. The wave will cross the critical layer, change the sign of its intrinsic
frequency, reflect from the higher value of the background flow velocity, and start again approaching the critical layer,
but from the opposite side. This wave behavior is called overshooting (see [3]); it also occurs in quantum mechanics.

For the initial values (k, = 1, [, = 1), the direction of the group velocity has the opposite direction with respect
to the flow, and a negative critical layer is realized. Whereas for the initial values (k, = —1, /[, = 1), the direction of
the group velocity coincides with the direction of the flow, and the negative critical layer is not realized. Reflection
occurs, and the wave goes to the positive critical layer.

Provided [, ky ! <0, waves adhere to the positive critical layer, (Y5, < 0). The situation is qualitatively similar to
the purely zonal case. In this case, the critical layers have not only components of different signs and magnitude, but
also tend to +oo by the x-coordinate, (X, — —»).

From the analysis of these ratios, it can be seen that an additional second critical layer appears due to the non-zon-
ing of the flow. It is realized only for waves that initially propagate strictly against the current. The waves moving in
the direction of the flow have a trivial reflection from the negative critical layer. Let us also note the existence of a
third scenario. At /, = 0, the wave starts strictly perpendicular to the background current, while the critical layer
(Y5, =0) is zero.

13
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Let us analyze the intermediate flow direction. The asymptotics for the ordinate of the critical layer in the general
case has the form:

| losine—kocose( Bo
0t o0 k() Lk()2+[()2 .

The longitudinal component of the group velocity is proportional to

(22)

(k5 —13 = 1)cos6 - 2k, sin®.
The transverse component of the group velocity is proportional to
2Ugly cosO— (1§ — kg —1)sin®.

It follows from expression (22) that when even weak non-zonality appears, there is not one, as in the case of a
purely zonal flow, but three critical layers since the value (/,sin® — kycos0) can be positive or negative values or zero.
For zonal flow, regardless of the parameters of the wavenumber of the incident wave, any wavenumbers can be con-
sidered, however, the critical layer is always at negative velocities. For a non-zonal flow at different wavenumbers,
that is, at different angles of incidence on the flow, there will be three such critical layers: one at a negative velocity
value, one at a positive velocity value, and one with zero velocity. If we fix the wavenumber, then there is always
one critical layer. For a zonal flow, this layer will correspond to a negative velocity value. For non-zonal flow, there
are possible options: the critical layer will be located either at a positive velocity value or at a negative one, or with
zero velocity. In other words, some wavenumbers will stick to the positive, and others to the negative values of the
background velocity. When we say “one critical layer”, we do not mean a fixed value of the velocity, but only its sign.

The first critical layer that is implemented for western propagation is the classic well-known and well-studied
critical layer for Hermitian operators. The second critical layer is realized for waves moving eastward. This critical
layer does not have symmetries due to the non-Hermitian nature of the non-zonal linear operator of Rossby waves and
introduces such a phenomenon as overshooting into the kinematics of Rossby waves. The third critical is zero and is
inherent only in strictly non-zonal flows. In this scenario, the waves return to the initial level from which they started.

For simplicity of numerical values, we take the angle 6 = % Then we have the following typical sets of wave

tracks: track 1 — (ky = —0.5, [, = 1); track 2 — (ky = —1, [, = 1); track 3 — (ko = =2, I, = —0.5); track 4 — (k, = —1,
ly=-2); track 5 — (k, = —1, I = —1). Such a variety of possible scenarios is typical for Rossby waves and is associat-
ed with the absence of symmetries in the problem, which are a consequence of the non-Hermitian nature of the linear
operator of Rossby waves for arbitrary shear flows.

Y oy
pd

Overshooting

shear flow

X

Fig. 2. The variety of Rossby wave tracks in their interaction with the non-zonal
current. The description of tracks 1—4 is given in the text
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The ray equations of Hamilton are a kind of approximate method for analyzing the kinematics of waves. There-
fore, a question arises: what are the limits of applicability of these equations?

To answer this question, we will proceed with the statement that, from a mathematical point of view, the solution
of the Cauchy problem is more correct than the ray equations of Hamilton. The solution of the Cauchy Problem for
Rossby waves on a shear plane-parallel flow, in a coordinate system associated with the flow and directed at a certain
angle 0 to parallel, has the form [3, 4]:

+00 00 (kz2+12)
W) = | [ Gk F———5xexp(iY(x,y,k,1))dkdl,
S (k2 +17
. k2 +l2
Y(x,y,k,l,t)zM —arctan 3 +arctan L +Bsm61n zz—’z +[k(x—Uyyt)+ly}, (23)
Uk, k, k. )| 20k "\ k241

where the following designations are introduced: /,=[— Ujkt, k, = k? + F2. We construct the phase for the solution
in the form of the ray equations as follows:

O(x,y,k,1,1) = —[wdr. (24)

Let us substitute in (24) the expression for the frequency (3) and the first pair of integrated equations (4). In this
case, using the free term in the form of an arbitrary function of the wavenumbers, we normalize the phase as follows:
@(y,k,l,t)L:O =0. Integrating (24) with the chosen normalization conditions, we obtain:

—B(xycos0—1,sinbd)
Ok, 1.1 =~ U,y pdt =
‘ I{ Kg +lc2 +F? i
. 2,2
=—Bcose{—arctan(l—cj+arctan(lij}+ Psin® In K; +lc2 —Kkoyt- (25)
U,x, K, K, U ,xy | x;+!/

Comparing the obtained expression (25) for the normalized phase of the WKB-solution with the expression for
the phase of solution (23) of the Cauchy problem, we find the following relation:

O, kL) +kx+1ly=Y(x,y,k,01).

Thus, the phases of the solutions coincide. On the other hand, if we assume that the scale of changes in the
main flow is much larger than the characteristic scale of the solution for perturbations, then a small parameter
¢ will appear in the problem [20, 21], which formally, after reduction to dimensionless form, is expressed by re-
placing the derivative the main flow velocity U, by € xU,. Passing in the expression for the phase of solution (23)
to the limit in U), as in a small parameter, and keeping the zero and first terms of the expansion, we obtain the
following relation:

—B(kcos6—/sin0)

Y(x,y,k,l,t)(uyt_)o) —>[ +KUJt+KX+ly=CDl‘+KX+ly,

2 +1%+ F?
- cosO —/sin®
where ® = B(Kz 5 5 )+K
K°+[“+F

On the other hand, from (23) it is easy to obtain the following relation:

limY(x,y,k,l,t)(U o) zol+xx+1y.

4. Discussion and Conclusions

Summing up, let us emphasize the first original result obtained in this work. Solutions (5) and (6) obtained in the
framework of the Cauchy problem are exact solutions of ray equations (1) and (2). Consequently, not only do the
limiting values obtained within the framework of the WKB-solution and the Cauchy problem in the first approxima-
tion coincide, but also the solutions themselves. In other words, the integral of the solution phase, obtained in the first
order of the WKB approximation and normalized to zero at the initial moment, coincides with the phase of the basic
solution of the Cauchy problem. In this case, the expansion of the phase of the solution to the Cauchy problem in
terms of the small WKB-parameter in the first approximation gives the dispersion relation obtained in the first order
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of the WKB-solution. For large time intervals, the phase of the solution to the Cauchy problem does not reach the
WKB-solution mode. Hence, from the point of view of the Cauchy problem, the WKB-solution cannot work up to
any infinitely large times with a finite shear of the background flow velocity profile.

Otherwise, it can be explained as follows. The time 7 and the shear of the background current velocity U, are
included in the solution in the form of the product 7 x U,. Consequently, whatever the small parameter U,, there will
come a time t such that the product 7 x U, will be greater than one, and the series expansion of the solution phase will
no longer be justified.

Thus, the application of the Hamiltonian formalism in a linear problem helps to build a bridge between seeming-
ly different solutions obtained in the WKB-approximation and the framework of the Cauchy problem. In this case,
the first pair of ray equations (1) is nothing but the condition of equality of the cross derivatives of the solution phase.
The second pair of ray equations (2) is the equation for a stationary point. The mathematical reason for this behavior

is that in the presence of non-zoning in the solution phase, a logarithm of the form appears ln(l +U yzt2 ) The Taylor

series of the logarithm at zero has a radius of convergence equal to one. Consequently, no matter how small the value
of the shear in the profile of the background flux U, is, there will come a time at which the argument of the logarithm
will exceed one and the asymptotic expansion will stop working.

In this paper, using the example of Rossby waves on non-zonal shear flows, explicit analytical integration of
the ray equations of Hamilton is performed for the first time. Previously, no one paid attention to this possibility. It
turned out that the obtained explicit analytical solution of ray equations of Hamilton is expressed in simple elemen-
tary functions, which turned out to be quite unexpected. The constructed typical kinematic tracks of Rossby waves on
non-zonal shear currents show the relevance of such a phenomenon as the critical layers of Rossby waves.

In its simplicity and ease, this method surpasses the solution in terms of the Cauchy problem using convective
coordinates, and from an analytical point of view, it is identical to the asymptotics of the two-dimensional integral of
the Cauchy problem that we obtained earlier [3].

An analytical comparison of the obtained solution with the solution of the Cauchy problem for Rossby waves is
made. For small time intervals, the solutions of the ray equations strictly coincide with the asymptotics of the integral
obtained in the framework of the Cauchy problem. The non-zonality of the flow leads to the appearance of a loga-
rithm in the solution phase, which greatly complicates the convergence of the results obtained. At large time intervals,
the non-zonality of the flow leads to a logarithmic spreading of the solution, which requires additional analysis within
the framework of the convolution of the obtained solutions over the spectrum of wavenumbers.

The obtained analytical expressions were used to construct the kinematic tracks of Rossby waves on shear flows.
The solutions are anisotropic and, in the general case, do not have classical north-south symmetries.

Itis shown that in the non-zonal case, a second critical layer is added to the classical critical layer of Rossby waves
for the strictly zonal case, which is directly related to such concepts as negative energy waves and overshooting.
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AHHOTAIUS

PaccMatpuBaeTcst BO3MOXHOCTD (PM3MYECKOTO MOIEIMPOBAHUS IedopMaluy JEAIHOIO MOKPOBA OT HATPY3KH, ABIIKY-
eiicst ¢ Majioit CKopocThio. Micrnosib3ys ypaBHeHUE KoeOaHUil YIIPYroi MIacTUHBI Ha OCHOBAHWM TMAPABIMUYECKOro THIIA,
[I0KA3aHO, YTO MOH00KMe HANPSLKEHHO-Ae(OPMUPOBAHHOTO COCTOSIHUSI B MOIEIBHOM JIbAY MOXET OBITh JOCTUTHYTO TOJBKO
B paMKax IOIXOI0B KJIaCCUYECKOI TEOPUM MOAETMPOBaHus easiHoro mokposa Hornna-Illnmanckoro. [IpuHUMast Bo BHUMa-
HHE U3BECTHBIE CIIOKHOCTH, CBSI3aHHbBIE C ITPAKTUYECKOM peaau3alueil 3Toro crocoba, UCCaemayeTcs IPUMEHUMOCTh MOIEI
JIbJia YMEHbIIIEHHO! TOMILIMHBI, pazpadotaHHoit B HI'TY. OHa 3akiouaercs B mpeaHaMepeHHOM HecoOII01eHUM MoA00Ms Jibaa
I10 TOJIIIMHE IIPY YIOBIECTBOPEHUH IIPOYMX TPEOOBAHUIA, peayn3ysl YaCTUIHOE omooue Moaean. [1oKa3bIBaloTCsl BOZHUKAIO-
[Ye MpU 3TOM pacxoxkneHus ¢ Teopueid Hormna-IllnMaHcKoro, oleHMBaeTCs MX BIMsSHUAE Ha KOHEYHBIN pe3ynbrat. Mccite-
LyeTCs IPMMEHMMOCTD MOJIEIN TOHKOIO Jibla B 0acceiiHaxX ¢ €CTeCTBEHHBIM OXJIAXIEHUEM KJIACCUIECKOM (DOPMBI [T Leieit
MOIETMPOBAHMUSI IBVKEHUST HArPY3KM € MaJIoil CKOpOCThIO. IIpuBeneHbl pe3ybTaThl 9KCIIEPUMEHTAIBHOTO MCCISIOBAHMS Jie-
dopMaLMK JIEASHOIO MOKPOBA IO ABYIKYIIEICS HArpy3KOi ¢ MCIIOJb30BAHMEM MOIEIBHOIO TOHKOIO €CTECTBEHHOIO JIbIa.
Hccnenyercst uaMeHeHue (GopMbl BOJIHBI 1 MAKCMMAJIBHOIO MPOruba Jibaa B 3aBUCKMOCTH OT U3MEHEHUST CKOPOCTHU IBHMKEHUST
¥ BEJIMYMHBI HArpy3ku. [loka3aHa CBSI3b YMEHBIIEHUSI OTHOLIEHMS IUIOMIAAM IPOGMIIS YAy IPOruO0B K MPOMUII0 BbIIU-
0a JibIa repes IBIXKYIIecs Harpy3Koii ¢ yBeJIMYeHHEeM CKOPOCTHM B Havajie IBUKEHUSI, YTO MOXET TOBOPUTh O PE3KOM POCTE
DHEPreTUYECKMUX 3aTpaT Ha Ie(opMUpOBaHUE JIEASIHOIO IMOKPOBA, KOIIa B3aMMOIEUCTBUE TEXHUIECKOTO CPENCTBA CO JIbIOM
yKe HeJb3s paccMaTpuBaTh KaK KBa3ucTaThdeckoe. TOUHOE ompenesieHre 3TUX 3aTPaT SIBJSETCS KPUTUUECKM BaXKHBIM TP
MPOEKTUPOBAHUH JICAOKOJIBHBIX CPEICTB, TTPOKJIAIBIBAIOIINX KaHAJ B TTOJIE CITJIOIIHOTO JIbIA.
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Abstract

The current paper considers the possibility of physical modeling of ice cover deformation under the action of a moving load
at low speed. Using an equation for elastic plate oscillations on the foundation of a hydraulic type, it is shown that similarity of
a stress and strain state (SSS) of model ice can be achieved but within the scope of the approaches based on a classical theory of
Nogid-Shimansky modeling of ice cover. Taking into account certain complications connected with practical implementation of
the above method, the applicability of a reduced-thickness ice model developed at NNSTU is investigated. This model uses the ice
thickness that intentionally does not comply with the similarity requirements, all other requirements being satisfied, thus providing
incomplete similarity of the model. Some disagreements with a Nogid-Shimansky model connected with that are revealed and
their influence on the end result is evaluated. The applicability of a thin ice model is investigated in natural cooled model tanks of
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classical shape used for modeling of load movement at low speed. The results of the experimental investigation of ice cover defor-
mation under the action of a moving load using a model for the natural thin ice are given. The modification of a wave shape and
maximum ice deflection depending on change of a movement speed and loading are investigated. The connection of decrease of
a ratio of the deflection basin profile area to the outward ice bending profile in front of a moving load with increase of speed at the
start of the movement is demonstrated, which can be an evidence of a sharp growth of energy expenses for ice cover deformation
when the interaction between the technical facility and ice cannot be considered as quasistatic. An exact evaluation of such expen-
ditures is crucial when designing the ice-breaking facilities clearing a path through floe ice.

Keywords: ice, physical modeling, ice model, ice model tank

1. Benenue

dusnyeckoe MoJeaIpoBaHue 0CTaéTcss Hanbosee 3(POEKTUBHBIM CPEICTBOM M3YYCHUST B3aUMOICHCTBUS
Pa3IMIHBIX MOPCKMX TEXHUUECKUX 00BEKTOB C JISASHBIM ITOKPOBOM IIpU MPOSKTUPOBaHMM. Pa3BuBalomeecs
APKTUYECKOE CYIOXOIACTBO TPeOYeT CTPOUTENhCTBA HOBBIX, 00JIee MOILIHBIX JIEAOKOJIOB, CIIOCOOHBIX obecte-
YUTh MPOBOAKY KPYMHOTOHHAXHBIX CYIOB HE TOJbKO BO JibAaX MpeAebHOM TOJIIMHBI, HO U TapaHTUPOBATh
IBVDXKEHME C OIpene/IEHHOM KOMMepUYeCcKn 000CHOBAHHOI CKOPOCTHIO. [ToMCKM ONTUMANBHBIX ITapaMeTPOB
JIEOKOJILHOTO CYAHA, YBEPEHHO IBUTAIOLIETOCS BO JIbAaX ¢ TPeOYEeMbIMU CKOPOCTIMU 0€3 HEOOXOIUMOCTHU
paboTaTh Haberamu, MPUBOAIT K HOBBIM MepCIeKTUBHBIM (popMmaM Kopryca [1, 2]. Takxke oqnHUM M3 HaubO-
nee 2(HEKTUBHBIX METOIOB Pa3pyIIeHUS JIeASHOTO IMTOKPOBa 00JIanaloT JICTOKOJIbHBIE CPEICTBA, CO3MAIOIINE
CUCTEMY paclpeleEHHbIX AaBJIeHU Ha moBepxHOcTH Jbaa [3]. UccrienoBaHue B3auMOAEHCTBUS CO JIbAOM
KOpabebHBIX JEAOTEXHUYECKUX CPENCTB, MPOKJIaIbIBAIOIIMX KaHaJl ¢ HEOOXOIMMOI CKOPOCThIO, TPEOyeT Ie-
pecMOTpa UCITOJIb3YEeMBbIX ITOIX0I0B B (DM3UIECKOM MOACIMPOBAHUM, YIETA BO3HUKAIOIIUX B JISASTHOM ITOKPO-
Be AMHAMUYECKUX MPOLIECCOB.

Pa3paboTkoii MaTeMaTuecKuX U (bU3NYECKUX MOJeIei B3auMOIeHCTBUS NiepeMelaloleiicss Harpy3ku C Jie-
JSTHBIM TIOKPOBOM 3aHUMAJIOCh OoJiblioe uyuciio uccienoBateneii [4—9]. OnHako Bce 3T pabOThl OXBATHIBAIOT
TOJIBKO CJIy4au OKOJIOKPUTUUYECKOM, KPUTUYECKOM U CBEPXKPUTUUECKOI CKOPOCTEM NBUXKEHUST HArpy3Ku, MOCBSI-
LIEHBI BOIIPOCAM PE30HAHCHOTO METOZA pa3pyllIeHHUd JbAa CyAaMy Ha BO3LYLIHOMN MOAYIIKE, a TAKXKe OpraHu3a-
MU JIETOBHIX TIIEPEeTIpaB U JICIOBBIX a3poapoMoB. BorpocaM huzmaeckoro MoaenmpoBaHus neopMaliii 1 pa3py-
LLIEHMSI JIEASTHOTO TTOKPOBA HArpy3KOii, ABUXYLIEHCS CO CKOPOCTIMM, XapaKTEPHbIMU 151 JIEAOKOJIbHBIX CPEACTB,
HEe UCIOJIb3YIOIIMX PE30HAHCHBII MeTo (Hasee OyaeM Ha3blBaTh 9T CKOPOCTU MaJIbIMU), YIEJIEHO HE TaK MHOTO
BHUMAaHMS. DTO CBSI3aHO B IIEPBYIO OYepPEab C TEM, UTO 10 HEJABHETO BPEMEHHU TP IIPOSKTUPOBAHUHU JICTOKOJIOB
BOITPOC CTaBUJICS UCKIIOUUTEIBHO O TOCTUXKEHUU MPeNesIbHOM JeA0NMPOXOAUMOCTH, B TO BpeMsl KaK 00ecrneyeHust
pas3pylleHUs Jbaa MpyY 3a1aHHOM CKOPOCTY IBMXKEHUSI He TpeOOoBaioch. B CBSI3U ¢ 3TUM CTAaHOBUTCS aKTyaJlbHOM
3a7aya pa3paboOTKU MOIXOA0B K (PU3MIECKOMY MOICIMPOBAHMIO NeopMallii U pa3pyIleHUS JeASTHOTO IIOKPOBa
OT JEWMCTBMSI HATPY3KU, IBUKYILEHCS C MaJoil CKOPOCTbIO, YCTAHOBJIEHUE YCIOBUI MOAEIUPOBAHUS U KPUTEPU-
€B IMoa00UsI, MpopadboTKa CIIOCOOOB MPOBENECHMUS IKCIIEPUMEHTA B YCIOBUSIX COBPEMEHHOTO JIEAOBOTO OMBITOBOTO
OacceiiHa.

Bomnpocy o60ocHOBaHUS TepMUHA «MaJlasi CKOPOCThb» MocBseHa padota [10], 1, XOTs1 u3ydeHHe MOrpaHUYHbBIX
COCTOSIHUMIA, KOTJla HAYMHAIOT CKa3bIBaThCs IJIaCTUUYECKUe nechopMaliuy BO JIbAY, ITPOIOJIKAET OCTaBaThCsl aKTy-
aJTbHBIM, MaJIOM MOXHO CYMTATh TaKyI0 CKOPOCTh, KOTAA M3TMOHO-TPaBUTAIIMOHHBIC BOJIHBI B JICISTHOM ITOKPOBE
He pacnpoCTPaHSIOTCS.

Kak u3BecTHO, moBeneHue JEASTHOTO MOKPOBa IO BO3AEHCTBUEM OBMXKYIIEHCS Harpy3KM XOpPOILO OIMMCHI-
BaeTCsl ypaBHEHUEM BSI3KOYNPYrux koyiebaHuii [4]. Moaenb ynpyroil miaacTUHbBI TIPU BBICOKUX CKOPOCTSIX NAET
He3aTyxalollue KojiebaHus, YTO He COTIacyeTcsl C U3BECTHBIMU dKCNIEpUMEHTaTIbHBIMU JaHHBbIMU. OHAKO, Mpo-
BEIEHHOE C UCIOJAb30BAaHUEM YKUCIEHHBIX METOIOB IIIMPOKOE UCCAENOBAaHUE PA3TMYHBIX MaTeMaTUUECKUX MOJIe-
JIeit, ONMICHIBAIOIIMX BI3KOYIIPYI1e CBOMCTBA nehopMupyeMoii acTuHb [ 11, 12], mo3Bonmio caenaTh BHIBOM, UTO
yIIpyTast MOJIEJIb IIPU MaJIbIX CKOPOCTSIX IBIDKCHUS HATPy3KU TaéT pelreHus, oau3kue K monenn KenpBruHa-Poiir-
Ta, IpUYeM, YeM HIXKE CKOPOCThb, TeM MeHbIlle pacxoxaeHue. [losydyeHHbIe pelIeHUs CpaBHUBAIMCH C 3KCIIepU-
MEHTaJIbHBIMU HATYPHBIMU JAHHBIMMU [6], ObLIO BBISIBIEHO X BBICOKOE CXOACTBO. TaKuM 00pa3oM, MOXHO CAeJIaTh
BBIBOJ, O HM3KOM BIIMSTHUM TUIACTUYECKUX CBOMCTB JIbIA IPH MaJIbIX CKOPOCTSIX OBVKCHUS HATPY3KH, a 3HAYUT
0 BO3MOXXHOCTH UCIIOJIb30BaHMS IS 1Liesieit MoeIMpoBaHus HaruboJjiee XOpollIo pa3padoTaHHYIO TEOPUIO YIIPYTo-
CTH, a TAKXKE METOIBI (DU3NIECKOTO MOICTMPOBAHMS JIbIa KaK YIIPYTOM CPEIbI.

B naHHOI1 cTaTbhe ucclienyeTcsl BO3MOXHOCTh MOJEIUPOBAHUS HAMPSKEHHOTO-Ae(POPMUPOBAHHOTO COCTO-
SIHUS JIEASTHOTO MOKPOBa MPU BO3ACHCTBUM HAa HEro IBMXKYIIEHCS Harpy3kM, UCMOJb3ysl ypaBHEHUE KoJieOaHU
OCCKOHEYHOM yIpPYToii IJIACTUHBI HA OCHOBAHUM TUAPABIMYCCKOTO THUIIA, KJIACCUUECKYIO TEOPUIO MOIEINPOBa-
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Hus neasgHoro nokposa Horupa-Illumanckoro [16] 1 MoaeMpoBaHue ¢ UCIOIb30BaAHMEM TOHKOIO €CTECTBEHHOIO
npaa. [TokasaHa ux CBsI3b, a TAKKE PUHMMAaeMBbIe TOIYIIEHUS, TIO3BOJISTIONINE Ha MIPAKTUKE BBITIOJHSITh MOICTh-
HBII 9KCIEPUMEHT TOJIbKO MPU YACTUYHOM 000U HaOM0naeMbIX siBJieHniA. [IpuBeneHbl pe3yabTaThl 9KCnepu-
MEHTOB B JIeHOBOM OIbITOBOM OacceitHe HI'TY ¢ ecrecTBeHHBIM OXJIaXKIeHMEM, HAIIPABIICHHBIX HA UCCIICIOBaHIE
TMOBEICHUS JICATHOTO IMTOKPOBA NP IBVXKEHHUH 10 HEMY Harpy3KH1 C MaJIOil CKOPOCTBIO, a TAaKXKe Ha MU3YyYeHHE TTPH-
MEHUMOCTH TIOJIyYEHHBIX YCIOBUM MOICIMPOBAHMSI.

2. YC/10BUSI MOJIETUPOBAHNS

JlenstHolt MOKpOB Oy/ieM paccMaTpuUBaTh KaK UAEaTbHO YIIpyroe Tejo. B KauecTBe MaTeMaTUyecKoil Mojieau
HCITOJIb3YEM TOHKYIO XECTKYIO YIPYTYIO TJIACTUHY Ha ocHOBaHUU Bunkiepa [13]. DTo BO3MOXHO, MpUHUMAs BO
BHUMAaHUE, YTO TIyOMHA Yalllv Mporuoa JieAssHOro MoKpoBa, a, CJAeN0BaTebHO, U aMILJIUTYAa paclpOCTPaHsIIOLIe-
Cs1 B HEM BOJIHBI IIPU MAJIBIX CKOPOCTSIX IBUKEHUSI MHOTO MEHblIIIE e€ JNTMHBL. TakuM 00pa3oM, YaCTUIIbI TJIACTUHbI
o JeCTBUEM TTOMEPEYHO HAIMPABIEHHOW HATPy3KU OYAYT UCHBITHIBATH TOJBKO MaJible BEPTUKAIbHbBIE KOJIeba-
HUsl, TOPU3OHTAJIbHBIE YCUIUS, TPEHUE, a TAKXKE CUJIbI CXKaTusl, TPUCYTCTBYIOLIME B JIEATHOM IMOKPOBE, YYUTHIBAThH
He OyneM. B aToMm cityuae TeueHue BOAbl BOJIM3M MOBEPXHOCTH TJIACTUHBI MOXKHO pacCMaTpUBaTh KaK Oe3BUXPEBOE
[14], a >KUOKOCTH B LIEJIOM KaK MIEaTbHYIO.

PaccmarpuBas fuHaMUUYecKyo 3a1ady KojiebaHWI JienssHOro MokKpoBa Inoj neiictsueMm Harpysku, I.E. Xeii-
CUH BBIACIISIET YpaBHEHUE PABHOBECUSI YIIPYTOI TUIACTUHBI B KAXKbIii MOMEHT BPEMEHU IO ACHCTBUEM BHEIITHUX
U BHYTPEHHUX CUII [4]:

DV-Vw+p;h pve =q(x,y,1)+ p(x,,1), )

EN
12(1 2 )
Maluu; A — TOoNIIWHA Jbaa; u — KoadbduumeHT [lyaccona; g(x, y) — AeiicTByIolast Ha TUIACTUHY CTaTUYecKasl Ha-

2 2
0
rpy3Ka CO CTOPOHBI BHEITHUX CUIT; W(X, ¥) — MIPOTUO IJIACTUHBL; V2= — +—— — omeparop Jlamnaca; p(x, y, 1) —
ox~ oy

rae p; — MJIOTHOCTb Jibaa; D = — LUJMHApUYECcKast XKECTKOCTD JISASHOM MJIacTUHbI; £ — Monynb aedop-

BO3IEICTBHE Ha TUIACTUHY TMAPOIMHAMUYECKUX CHIT.
DT cuiibl, eMCTBYIONINE HAa HUKHIOI KPOMKY IIACTUHBI, U BOJIH MaJIOW aMITIATYIbI MOXKHO OITPENEINTh
no opmyiie:
p=—tw-p, S, @
=w
rae @ — moTeHIMaN CKOPOCTU KUIKOCTH; kK = p,,g¢ — KO3GhOULIUEHT YIPYroro OCHOBaHUS; p,, — IJIOTHOCTh BOMBI;
£ — YCKOpeHUe CBOOOIHOIO MaaeHMS.

B otinuun or XeiicuHa, OyneM paccMaTpUBaTh JaBJIEHUE XUAKOCTH Ha HUKHEN MOBEPXHOCTHU IUIACTUHBI HE
npu z= 0, a ipu = w. [1pu IBMKEHUN HATPY3KH IO IJIACTUHE ITOCIEIHSST UCITBITBIBAET JepOpMalLliu, BCIEICTBIE
Yyero MOBEPXHOCTh BOIbI TakXe aedopmupyercs. [IpupaBHUBaHME JaBIEHUS HA HUXKHEN TOBEPXHOCTH IIACTUHBI
K JaBJIEHUIO Ha YPOBHE MOKOSIIEHCS JKUAKOCTH MPUBOIUT K YCIIOBUIO IMMPOHULIAEMOCTH TIJIACTUHBI. DTO MOXKET
OBITh YIOOHO MPU MOKWCKE aHAIMTUYECKOTO PEIIEHUs, TaK KaK M30aBiIsieT OT HEJIMHEMHOCTH B I depeHInalb-
HOM YpaBHEHUU U JIOIIYCTUMO €CJIM pACCMATPUBATh IIPOrKObI IJIACTUHEI U, CJIEI0BATENILHO, IIEPEMEIIEHIE YACTHLL
KUIKOCTH, Kak Majible. OIHAKO, B ciydae MOMCKa KPUTEPUEB MOmo0us 11T GU3NIECKOr0 MOAEIMPOBAHUS 3TO
JIOITyILIEHME HE SIBISIETCS] HEOOXOIUMBIM.

B paccmarprBaeMOM ypaBHEHUH Ha IIACTUHY IEMCTBYIOT TOJbKO BEPTUKAJIbHbBIE CHIIBI, a IIepEMEILEHUE JaB-
JIEHUsI TIPUBOIVT TOJIBKO K €€ BepTUKAJIBHBIM TTporndam. B 3ToM citydae, MOXHO MPEIITOI0XUTh, YTO TTepeMelle-
HUS KUIKOCTHU BOJIM3KM HUKHEN MOBEPXHOCTHU IJIACTUHBI TAKKE OYIYT TOJIBKO BEPTUKAIBHBIMU:

VsV, :OZ:W, 3)
e v, M ¥, — MPOCKLMH BEKTOPA CKOPOCTH ITOTOKA KMIKOCTH HA OCH X U ).

B toMm ciyuae, eciu Hanpspk€HHO-aedopmupoBaHHoe cocTossHue (HAC) Momenu aeastHoro mokpoBa MOXKET
OBITH OITCAHO C TTOMOIIBIO TOTO K€ YpaBHEHUS paBHOBecHs (1), UYTO M 71T HATYPHOTO JIba, TO YWIEHBI 3TOTO ypaB-
HEHMS 711 MOZEJIH JOJIKHBI OBITh CBSI3aHBI C COOTBETCTBYIOLIMMU YJIEHAMU YPaBHEHHUS [IJIsT HATYPHOTO JIbaa yepes
COOTBETCTBYIOIINE MACIITAOBI MOJAEITMPOBAHMSI:
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252 Aph 292, . 0w, _ M Pk o'w
DV, =%Dmv Vw,; (pi)nhn atfn = P}g (Pi)mhm atim,
oD Ay A oD
(pw)ngw,,=7va7\w(pw)mgwm; (pw)n_n _p W(Pw)m ”’ ; 4)
atn =W, }\‘I atm =W

A
k—‘;’qm(xm,ym,tm).
!

4, (%901, ) =

TIoe Ajy Ay Apy Aps }”P,- , A o, > A Ay Ap — MacCIITaOBI MOAEINPOBAHUS COOTBETCTBEHHO: IMHEMHBIX pa3MepOB, MTPO-
rMOOB MUIACTUHBI, TOJIIMHBI JIbAA, HAJIUHAPUUECKON XKECTKOCTH TJIACTUHBI, TIJIOTHOCTH Jibja, MJIOTHOCTU BOJbI,
BPEMEHU, CKOPOCTH, CUJT; 3[ECH U AJIe€ MHIAEKCHI # U M 03HAYAIOT MPUHAJIEXXHOCTD 2JIEMEHTA K OMMCAHUIO HATY-
PBI 1 MOZECJIM COOTBETCTBEHHO.

Torna ypaBHeHUEe paBHOBECHUSI HATYPHOM JIEASIHOM TUIACTUHBI MOXHO 3aMK1caTh:

Aph - Ly - *w Ay Ak oD A
=D, ViV, + L (P1) =32+ X 2 (), €W + u xv W(pw)m 8t'"| =L, (%Yot )- (5)
/ A ol ; ml M
Paznenum obe yacTu ypaBHEHUs Ha A,
Ap 22 Mo, M o*w Ppu My oo Ap
ED'"V Viw, + . (P;),, at,im +2p (Pu),, & +T(pw)m azmm :mqm(xm,ym,tm). (6)

zm :Wm

PaccMoTpuM KoadULIMEHTHI, CTOSIIME Mepe WieHaMU TMolyduBLIerocs: ypaBHeHus. [1pu nposeneHur Mo-
JIEJIbHBIX UCIbITAHUI pa3HULLY IJIOTHOCTEM HATYPHOI M MOJE/IbHOM BOAbI HE YYMTHIBAIOT, YTO IIO3BOJISIET BBIMOJI-
HUTH MOJIEJTMPOBAaHNE TPEThETO WIeHA YPaBHEHHUS, OITMCHIBAIOIIETO BIMSIHUE YITPYTOTO OCHOBAHMS:

A=l )

Maciurab MOICIUPOBAHUA [IPUTPIHI[pH‘IeCKOﬁ JKECTKOCTU MOXKHO 3arucaTh:

2
—H,

Z[I[H TOTO YTOOBI YpaBHCHHC n3rnuda MoaebHOM JeASTHOM TJIACTUHKY ObLIO SKBUBAJIEHTHO YpPaBHCHHIO u3ruda

HATYPHOTO JibJia HEOOXOAMMO, YTOOBI KOI(DOUITMEHTHI Mepe WieHaMU ypaBHeHuUs (6), OMUChIBAIOIIME B3aUMOC-
BsI3b MEXIy MacllTabaMy MOJIEIMPOBAHUSI, HE OKa3bIBaIK Obl BJIMSIHUSI HAa YpaBHEHMUE, T.€.:

1— 2
hp = Mlili- (8)

hphy -1,
4 2
A 1-pg,

Moy Ay A
S R A T R ©)
7“t 7\’t xlxw

Ecnu B MOIECJIN BBITTOJIHACTCA HO,E[O6I/IC HpOFI/I6OB J'[CZ[SIHOI‘/JI IIJIACTUHBI:
Mo =M=, (10)

TO KO3 MULIMEHT Tepel YJICHOM B IpaBoil yacTu ypaBHeHHUs (6), ONMMCHIBAIOIINI IeiCTBYE BHEIIHEH HATPY3KH,
TMPUKJIAABIBAEMON K JIEASIHOM TJIACTUHE, EPETIUIIECTCS:

Ap=AA, =07 (11)

DTO BbIpaXeHUEe TMPEeACTaBIsieT COO0N U3BECTHBIN M3 KJIacCUUYecKoil Teopuu mnomodus [15] nuHaMuyecKuii
MaciiTad MOIETMPOBaHUsI, TPEACTABISIONINI cO00it ycoBue MoaenaupoBaHusl HbI0OTOHOBCKUX CHUIT.

KoadbduimeHT repea BTopbIM 4WieHOM ypaBHeHUs (6) SIBISICTCS YCIOBUEM MOA00UST MHEPIIMOHHBIX CHJI JIbIA,
U B TOM CJIy4yae, ec/iv TUIOTHOCTh MaTepurayia MOJEN JIb/la TaKasl ke, KakK y HaTypHOTO JIEASTHOTO MTOKPOBa:

A =1, (12)
a TOJIIMHA JbJa NOAYUHACTCA rCOMETPUYCCKOMY MaCLL[TaGy MOICIUPOBAHUA:
hy =, (13)

IIOJIYYHMM YCJIOBUC, ITPEACTABIAIOLICC coboit BpeMeHHOﬁ Maciitab MOICIINPOBAHNUA:
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A, = D»hkp‘_ =+/A. (14)
PaccMaTpuBast KO3 GUIIMEHT YeTBEPTOTO WieHa ypaBHEHHUS (6), ONUCHIBAIOIIETO KWHEMATUUECKOE TaBICHHE

SKMIKOCTU Ha HUXKHIOIO TTOBEPXHOCTD IJIACTUHBI, a TakKe MpuHuMas Bo BHUMaHue (7) u (13), monyyum BbIpake-
HHUe U1 KHHEMaTUYeCKOTo MaciTaba moaenupoBaHus [15]:

A, =2 = i (15)

ITpu ncrronb30BaHNM B Ka4eCTBE MOIEIIH JISASTHOTO ITOKPOBa MaTepuaa, y Kotoporo koaddumueHt [TyaccoHa
OyZIeT TaKMM e, KaK y HATYPHOTO Jiba A, = 1, IOJy4uM yCIOBHE MONOOUS CUIT yIIPYTOCTH IIACTUHbI, OMUChIBAC-
MBbIX TIEPBBIM 4WIEHOM ypaBHeHUsI (6):

3
}LE?‘L” =1, wiu B Ipyrom BuUje:
1
4/ _1
kh:XAkEA. (16)
YuutsiBas (13), monyunm:
g =M\ (17)

Bce BMecTe paccMOTpeHHBIE YCIOBUS SIBJISIIOTCSI COCTABIISIIONIEH YaCThIO U3BECTHBIX KPUTEPHEB MOJICIMPOBA-
HUs J1baa, paspadboranHbix Horumpom u lumanckum [16] (T.H. Kiaaccuyeckasi TEOpHST MOJASTMPOBAHUS JIEASTHOTO
TIOKpOBa):

Mo, =Ny =hy =k, =L 0=k hp=2g =1 A, =k, Ap=27, (18)

e AU Ay — MacITabbl MOAENTMPOBAHUS KO HOUIIMEHTA TPEHUS M KDUTHIECKMX U3TMOHBIX HATIPSKEHUIA.

TakuMm 00pa3oM, 13 pe3yJIbTaTOB BBIMOJHEHHOTO aHAIM3a CICAYET, UTO MPU IMPOBEACHUM MOICIbHBIX SKCIIe-
PUMEHTOB I10 pa3pyLICHUIO JIba HArPy3KOM, IBYXKYILEHCS ¢ MaJIoi CKOPOCThIO, nocTimxkeHue rmogooust HAC nens-
HOTO TTOKPOBA, OTIMCHIBAEMOTO ypaBHeHUEM (1), BO3MOXKHO TTPU YIOBJIETBOPEHNHU YCIIOBHIT KJIaCCUYECKO TeOpuun
MOJEIMPOBAHUS JIEASTHOTO MOKPOBA.

OmHaKO MPaKTUYECKOE BBITOJIHEHUE DTUX YCJIOBUI BCTpeYaeT 3HAYMTE/IbHbIE TPYOHOCTH, CBSI3aHHBIE KakK
C HEeIOCTaTOYHOI M3yYeHHOCTHIO TPOIIECCOB pa3pyllleHWs] HATYPHOTO JISISTHOTO IMOKPOBA, TaK M ¢ pa3paboTKoi
MpUEeMJIEMOro MaTepuaia Moeu Jibaa. bojee moapooHo 3to onmcano B [17, 18]. [TepcieKTUBHBIM SIBASIETCS TTPU-
MEHeHUEe KOMIIO3UTHOI MOJIe/IN JICASIHOIO IIOKPOBa C UCIIOIb30BaAHMEM IPAHYJI IOJMATUICHA BBICOKOTO TaBJICHMS
(“GP-ice”) [19, 20]. OnHako cBOMCTBA 3TOM MOJEIN MPU CTATUUECKOM pa3pyllleHMU U3yUyeHbl TTOKa elI¢ HeloCTa-
TOYHO, YTOObI TOBOPUTH O €€ MPUMEHEHUM B IMHAMUYECKUX 3a1a4ax.

OpurrHanabHbIil MeTOI (DU3NIECKOTO MOACIMPOBAHMSI IBYKEHUSI CYIOB BO JIbAaX, OCHOBAHHBII HA aHAJIOT MY~
HOM IIO/IXOZIe K OMpeAeSIeHUIO KpUTepreB nmoaodusi, pemioxkeH B [21]. Micnosb3yercst ctaTUdeckoe ypaBHeHUE
paBHOBECHS YIIPYTOil M30TPOITHOM IJIaCTMHBI Ha OCHOBaHUM BuHkiepa:

DV*V?w =q(x,y)—kw. (19)

VpasHenue (19) paccMaTpuBaeTcs Kak MaTeMaTUyecKasi MoZesb, aneksaTHo onucbiBatowas HIC nensgHoro no-
KpOBa IIPU €ro pas3pylleHUH JIEAOKOIbHBIM CYIHOM, IBVXKYILEMCSI B TSDKEBIX JIbAAX, YTO OIpeesisieT e€ J0CTaTou-
HOCTb JUTsI 11eJIeit BBISIBJICHUST KPUTEPUEB TIOA00MS TTPU (PU3NIECKOM MOJICTMPOBAHUY pa3pyIIeHUS JISISTHOTO TTOKPO-
Ba JICIOKOJIbHBIM CPEACTBOM. B 3TOM citydae CKOpOCTb X0/1a CyIHA JOCTATOUHO MaJia U €ro B3aMMOICHCTBHE CO JIBIOM
MOXHO paccMaTpuBaTh Kak KBazucraTtuueckoe [22]. Ha ocHoBe 0OLIHOCTH MaTeMaTUYeCKOTo onucaHus aedopma-
MY HATYPHOTO M MOJIEJIEHOTO JIEASTHOTO TTOKPOBa ypaBHeHMEM (19) BBIIEISIOTCS CIEMYIONTE KPUTEPUU TTOIOOMS:

4
hg, =hy =k, =h, =1, xhzﬂ, A, =, Ap=23. (20)

B kauecTBe MaTepuaia MOMIENU WCIOJb3YeTCsS €CTECTBEHHBIN JIEN 0e3 MJ00aBOK. DTOT CIOCO0 MCIOJB3YeT
IpeaHaMepPeHHOe HeCOOII0IeHIE FeOMETPUYECKOro MaciuTada mpyu MOASIMPOBAHMH TOJIMUHbI JIbAa, XKEPTBYSI MO~
J1001MeM MaCCOBBIX XapaKTepUCTHUK OOJIOMKOB B MOJIb3y MOAEIMPOBAHUS BHYTPEHHUX CUJ YIIPYTOCTU U Mpeelia
MpoYHOCTH. Takoil moaxoa cTaja BO3MOXHBIM TP MCTIOJb30BAHWN 3KCIIEPUMEHTAILHOTO pa3/ieieHUsI TIOJTHOTO
JIEZIOBOT'O COIPOTUBJICHUSI CYIHA Ha COCTABJISIIONINE:

R=R;+ R, +R,, (21)
rie Ry— CONpOTUBJIEHKE, BHI3bIBAEMOE JIOMKO CILTOIIHOTO JIEASTHOTO MOJIst; R, — CONPOTUBJIEHHUE 00JIOMKOB JIBH-
>KCHUIO CyqHA; R,, — COTIPOTUBIICHUE BOIIBI.
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IIpu aTOM CHavaja MPOBOASATCS UCIBITAHUS B CIDIOIIHOM €CTeCTBEHHOM JIbIY, 3aTeM B ITOJIyYeHHBIX 00JIOM-
Kax. B pesynbTare nosy4aror cONpoTUBICHHUE JIOMKH Jibaa Ry [Tocie aToro mpoBoasITCs MCHbITaHMS B 00JOMKaxX
JIba, UMUTUPOBAHHBIX TUIMTKAMU TTOJIMATUJICHA BBICOKOTO MABJICHUsS, 3aTeM Ha YMCTOM BOiE, CBOOOTHON OTO
Jbia. B pesynbraTe mosydaroT MoJTHOE JIe0BOe CoMpoTuBieHue (21) Kak cyMMy ero cocTaBisiiomux. boiee mom-
pOOHYI0 MH(OpPMaLIUIO 00 3TOM METOJe MOXKHO HaiiTu B [ 18, 22].

OIBIT UCTIOIB30BAHMS JAHHOI MOJIECIN B pa3IMYHBIX 3a/1a4ax OMPEaeIeHUS JISIOBOTO COMTPOTUBIICHMS CYIOB
TI03BOJIMJI TOBOPUTH 00 3 (PEKTUBHOCTU JAHHOTO METOJA HE TOJBKO BO JIbIaX MPeAeIbHOIM TOMIIUHBI, HO U TIPU
JNPYIUX peasibHbIX CKOPOCTSIX ABMXKEHUs BOAOM3MEIIAIOIIUX CYAOB BO Jbaax [23]. Takum oOpa3om, 3TOT METO.
MOXHO paccMaTpMBaTh KaK MEPCIEKTUBHBIA MPU MOICIMPOBAHUM Pa3pyIICHMS JSASTHOTO MMOKPOBa HATrpy3KoOii,
JNBUXYILIEHACS C MAJTO CKOPOCTBIO.

3aMeTuM, 4TO UCIOJb30BaHue ycaoBuit (20) mpu MoAeIMpPOBaHUY JIEASIHOTO MTOKPOBa, pa3pyllalolierocs: ot
BO3ICICTBUS IBUXKYIIEHCS HATPY3KH, TI0 ypaBHEHUIO (1) MPUBOAUT K HEBBIMOJHEHMIO yciIoBUs (14), BeIpaxkaro-
IIero Mogo0ue CUI MHEPLUH JICASHOTO IMToKpoBa. OTHAKO, YCIIEITHOCTh IPUMEHEHNS JAHHOTO METOIA TIPU MC-
MBITAHUSIX MOJIEJICH JIEOKOJIOB MPU Pa3IMIHBIX CKOPOCTSIX ABUXKEHUSI BO JIbIY MOXET TOBOPUTH O TOM, UTO SHEP-
TeTUYECKHUE 3aTpaThl, CBI3aHHBIC C MHEPLMEIt JISATHOM TIJIAaCTUHBI, MaJIbl TI0 CPABHEHUIO C OOIIIMMM 3aTpaTaMu.
Ortcroma MOXHO cIeIaTh BBIBOII, UYTO B PeaIbHBIX YCIIOBUSIX IIPH MOACITMPOBAHUY Te(hOPMALINH JISASTHOTO TTIOKPOBa
C TIOMOIIIbIO YpaBHEHUs (6) BTOPHIM YJIEHOM, OITMCHIBAIOIIMM MHEPLIMOHHBIE CBOICTBA Jibla, MOXHO TpeHeOpeYb
BBUIY €70 MAJIOCTH 10 CPABHEHUIO C OCTATTbHBIMU.

Takum obpa3oM, GpU3MIEeCKOe MOIETUPOBAHNE Pa3pyIICHUS JISASHOTO IIOKPOBA OT HArpy3KH, ABIDKYIIIeiics
C MaJIOii CKOPOCThIO, UcTionb3ys wist onucanust HAC nuHaMuyeckoe ypaBHEeHUE paBHOBECUS YIIPYTroil U30TPOII-
HOIt TOHKO# TutacTuHKH (1), moxosieiicss Ha ocHoOBaHUY BuHKIIEepa, MOXET OBITh BO3MOXKHO C MCITOJIb30BaHUEM
ycnoBus (20) ¢ mpruMeHeHNeM B Ka4eCTBe MaTeprajia MOIe I TOHKOTO eCTeCTBEHHOTO JIbaa. DTOT METO 00JIamaeT
HEOOJIBIIION TPYTOEMKOCTBIO M MTO3BOJISIET TPOBOAUTD UCTTBITAHUS TTPY MaJIbIX MaclTabax MoJIeJIMpOBaHusI B 6ac-
CeifHaX C €CTeCTBEHHBIM OXJIaXXICHNEM, UTO CYIIIECTBEHHO YMEHBIIIAET CTOMMOCTD SKCIIEPUMEHTOB.

3. DKcnepuMeHTAJIbHbIE HCCIEI0BAHNS

Hna u3ydeHus: [MHAMUYECKUX TTPOIIECCOB, Pa3BUBAIOIIMXCS B JIEISIHOM MTOKPOBE TMPU IBUKEHUM 1O HEMY
pacpeneIEHHOM HArpy3Ky MPU Pa3IMIHBIX CKOPOCTSIX IBIDKCHUS, a TAKKE M3YUCHUS TPaHUIl TPUMECHUMOCTHI
PACCMOTPEHHBIX B MPEIbIIYIIEM MYHKTE MOJOXEHU, ObLT MPEAPUHSAT PsII 9KCIepUMEHTOB. OIBITHI TTPOU3-
BOAUJINCH B JlemoBoM Oacceiine HI'TY (puc. 1, @) mpu orpuniaTebHOM TeMIlepaType Bo3ayxa, Jed HapaliuBai-
csl MOJ, JeMCTBUEM €CTECTBEHHOro xoiyioaa. JyiuHa GacceiiHa cocraBisuia 16 M, mmpuHa 1,6 M, riyOrHa Yainu
Oacceitna — 0,8 M. B kauecTBe Harpy3ku Mcrnosib3oBajach miaaTopma 13 MeHoIaacTa NpssMOYroJibHOU (HopMbI
(puc. 1, 6), c paamepamu B tuiaHe 0,6 X 0,5 M. HuxKHsIs TOBEpXHOCTh IJIaTMOPMBI ObLjia MOKPHITa (PTOPOILIACTO-
BOI1 IUIEHKOM U1 yMeHblleHus cui TpeHust. Cama ruiatdopma umesa Maccy 6,32 Kr, 1 Harpyxajiach 0ajlacToM
o 21 kr.

Puc. 1. OnbIThl MO0 BO3AEHCTBUIO ABMXKYIIECHCS HArpy3Ku Ha MOJAEIbHBIN Jied: a — JenoBbiii 6acceitH HI'TY; 6 — nBuskeHue
HArpy3Ku ¢ Majioil CKOPOCTbIO; 6 — pas3pylIeHHE JIbla IIPX CKOPOCTH OJIM3KOM K PE30HAHCHOM

Fig. 1. Experiments on investigating the action of a moving load on the model ice: @ — ice tank of NNSTU; b — load movement
at low speed; ¢ — ice breaking at a speed close to resonant
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ITeHortacT uMesn HeOOXOAUMYIO TNIOTHOCTb M TBEPJAOCTb, KOTOPbIE C OHOMU CTOPOHBI 0OecTieunBalIn MOJTHOE
npujeraHue MakeTa K aeopMUpyeMoMy JIbAy UM oOecreunBalv pacrpeaeeHne Harpy3ku, a ¢ Ipyroil CTOPOHBI
obecreynBaiach IOCTaTOYHAS IMPOYHOCTD U IIEJIOCTHOCTh MaKeTa IPU MPOBEACHUH OIBITOB. MaKeT 3aKpeIIsics
B OYKCUPOBOYHYIO CUCTEMY I'PaBUTALIMOHHOTO TUIIA C BO3MOXHOCTBIO PETUCTPALIMKA CKOPOCTH TTepeMEIIEHHUS B pe-
>KMMe peajbHOTO BpeMeHM. bykcupoBKa Moaenu mpor3BOAMIaCh C PUMeHeHUeM OyKcupoBouHoro rpysa. Cko-
POCTB IBMKEHUS TTOJIydajach B HaUaje ONbITOB HEpaBHOMEPHOI1 13-3a pa3HOM IIePOXOBATOCTH ITOBEPXHOCTH JIbIA.
[ToBBICUTH PABHOMEPHOCTb YIAJIOCh IyTEM CMauMBaHUsI TOBEPXHOCTHU JibJia BOJOIA.

Tak Kak rnpu ecTecTBeHHOI ITyOrHe OacceitHa pe30HaHC JOCTUTAJICS MTPY U3JIUILIHE OOJIBIINX CKOPOCTSIX, ObLT
WCITOJIb30BaH M3BECTHBIN 3(P(PEKT yMEeHBIIIEHNUST pe30HAHCHOI CKOPOCTHU C YMEHbIIEHUEeM IIyOMHBI Bojoéma [4].
Ha mMenkoBoabe CKOpOCTh pacIpoCTpaHEeHUs U3TMOHO-TPaBUTALIMOHHON BOJIHBI, TPU KOTOPOIt TOCTUTAETCS SIBJIe-
HUe TTapaMeTPUUYECKOro pe30HaHca, He 3aBUCUT OT XapaKTePUCTUK JibAa U ONpPeAeIIsSIeTCs:

v, =+JgH (22)

roe H — riybuHa Bogoéma.

Jnst peanusauuu 3Toro apdekra ObLT UCIOIb30BaH ITpUeM HaMOpaKMBaHUS «BTOPOro AHa». B OacceliHe ciu-
Banach Boaa Ha 0,3 M HMKe CTaHIapPTHOTO YPOBHS Y MTPOM3BOIMIOCH HAMOPAaXKMBAHUE CJI0S JIbAa TOMIIMHON 50 MM.
[Tocie 3TOTO MOBEPX JIbIAa HAIMBAJIACh BOMIA IO CTAHAAPTHOTO YPOBHS. TaKM 00pa3oM, TTOTyJIaICs MEITKOBOTHBIM
6acceitn (H = 0,3 M), pe3oHaHCHasI CKOPOCTh B KOTOPOM He TipeBocxoauia 1,7 M/c. B manbHeiineM Ha cTaHzapT-
HOM YpPOBHE HaMOpPaXKUBaJICS JISASTHON CI0i1 TOMIIMHOI 25 MM, TIO KOTOPOMY B JaJIbHEHIIIEM TPOU3BOIMIOCH T1e-
peMeIeHe HaTrpy3KH.

ITocne okoHYaHMS TTpollecca HaMOPaKMBAHUS JIEASTHOE T10JIe OTIMIMBAIOCh OT OOPTOB BAOJb OacceitHa (uc-
KJIIo4ast TOPIbI) TaK, YTOOBI TOOUTHCS CBOOOIHOTO BEPTUKATBLHOTO TMepeMelleH sl 0eperoB KpOMOK OTHOCUTEIBEHO
CTEHOK OacceitHa. TakuM o6pa3oM, peaTn30BBIBAICS CIIyYall MMJIMHAPMICCKOTO M3TH0A JICATHOM TJTACTUHEI IO
TepeMelIaloIeiicss Harpy3Koi, T.e. pacIpocTpaHeHNe IIJIOCKO M3rMOHO-TPAaBUTAIIMOHHOM BOJTHBI Ha MEJIKOBO-
npe. Ilocae moaroToBKY JICASTHOTO MOJIS M 3aKPEIICHUST JaTYMKOB Ha CBOMX MECTax Ha JIEJ yCTaHaBIMBAJICS Ma-
KeT ¢ 3apaHee OIpeneIEHHOM Maccoii, KOTOPBIit OYKCHPOBAJICS IO HEMY C OIIpeNeIEHHOM CKOPOCThIo (puc. 1, 6).
Bo6am3u TopLoB 6acceifHa mponuibl Ha 1,5 M He JOBOAWIMCH IO KOHIIA, ITOJYYeHHBII YIaCTOK MCIIOJIB30BAJICS
B KaueCTBE Pa3rOHHOIO, UTO BKYyIIE C Pa3TOHHBIMM IPy3aMU MO3BOJISLIO JOOUTHCS CTAallMOHAPHOCTH Tpoliecca Ha
M3MEPUTEIIFHOM YJacTKe.

B ombITax mpon3BoaMiIoch BapbpoOBaHUE CIISAYIONINX (DAKTOPOB: M3MEHEHNE CKOPOCTH TTePeMEILCHHS; N3MEHE-
HUE MacChl IBIKYIIEICS] HArpy3K1, U3MEHEHNE TOIIMHBI JIbIa. PerncTpupoBaimch Caeayrolme mapaMeTphl; CKOPOCTh
IBIDKCHUS HArpy3KH, MoJydacMasi ¢ TIOMOIIBIO ITaTHON CHCTEMbI M3MEPEHMST CKOPOCTH OYKCUPOBOYHOM CHCTEMBI
((bOTOMMITYJTECHBIN JAaTIMK, aHAJIOTO-1LII(POBOIT TIPe0Opa3oBaTeiib), IPOTrKo JIbaa, 3aIMChIBAEMBIl BO BPEMEHH C T10-
MOIIIBIO TMHEITHOTO AaTYMKa MepeMEIIeHUsT pEOCTaTHOTO TUIIA, YCTAHOBJIEHHOTO 1O CepearHe IUTMHBI OacceiiHa.

B kaxxmoM oIrbITe 3amrchIBaiach (hopMa BOJTHBI, KOTOpast BMECTE C HArpy3Koil IlepeMeIagach MUMO TaTIMKa.
TTpu MOCTOSTHHO# CKOPOCTH IBUKEHHMST HATPY3KU CBSI3b MEXKIY BpeMEHEeM TeUeHMS Mpoliecca U JMHEHHOI Koop-
MUHATOI TMOJIOKEHUST TEKYIIIEro Mpornbda OTHOCUTENILHO JaTYMKa MepeMelleHui Oblia ogHo3HaYHOoM. [lomyueH-
HBIC IPO(UIIN TIPX pa3HbIX HArpy3Kax IIPUBEICHBI Ha puC. 2.
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Puc. 2. I[Ipodunu BoJIH B IeASTHOM MOKPOBE MPU IBUXKEHUU HArpy3Ku Maccoii: a — 11,32 kr: CcTaTUYECKUii Mpoduib; —— CKO-

poctb 0,9 M/c; —— ckopocThb 1,38 M/c; ckopocTsb 0,72 M/c; —— ckopocth 0,15 M/c; 6 — 16,32 Kr: ——cTaTryecKuii poduisb;
—— ckopocTtb 1,00 M/c; —— ckopoctsb 0,53 M/c; ckopocTtb 0,30 m/c; —— ckopocthb 0,25 M/c; 6 — 21,32 Kr: —— cratuye-
ckmit mpoduits; —— ckopocTs 0,5 M/c; —— ckopocThb 0,88 M/c; ckopocthb 0,42 M/c; —— ckopocts 0,22 m/c; e — 27,32 KT:
CTaTMYECKMIA TPO(UITb; —— CKOpOcCTh 1,65 M/c; —— ckopocth 0,8 M/c; ckopocTth 0,71 M/c; —— ckopocth 0,45 m/c
Fig. 2. Profiles of waves in ice cover during the movement of a load weighing: a — 11.32 kg: ——static profile; ——speed 0.9 m/sec.;
——speed 1.38 m/sec.; speed 0.72 m/sec.; —— speed 0.15 m/sec.; b — 16.32 kg: —— static profile; —— speed 1.00 m/sec.;
——speed 0.53 m/sec.; speed 0.30 m/sec.; —— speed 0.25 m/sec.; ¢ — 21.32 kg: —— static profile; —— speed 0.5 m/sec.;
——speed 0.88 m/sec.; speed 0.42 m/sec.; —— speed 0.22 m/sec.; d — 27.32 kg: —— static profile; —— speed 1.65 m/sec.;
——speed 0.8 m/sec.; speed 0.71 m/sec.; —— speed 0.45 m/sec.
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4. O0cyKneHne pe3yJIbTaTOB IKCIIEPHMEHTA

H71s1 TIoy4eHnsT Ka9eCTBEHHBIX XapaKTepUCTHK IIpoliecca aedopMalny JISATHON TJIaCTUHBI TP ABIDKCHUN
M0 Hell Harpy3KM MoJTydeHHBIE pe3yIbTaThl CPABHUBAIMCH CO CTATHYECKUMU, PACCUMTAHHBIMU TEOPETUUCCKHU TS
YCJIOBUIA, COBMANAIOIIMX C YCIOBUSIMM 3KCIIepUMeHTa. JIemoBoe moJjie paccMaTpUBaloCch Kak O€CKOHEeYHasl B IJIMHY
IUIaCTMHA, TTOKOSIIIAsICS Ha YIPYrOM OCHOBaHMU BUHKIIepa, MCIBITHIBAIOIIAS MUJIMHIPUYSCKUI 13rub. 3amaya
TaKOT'0 THIIa MOXET OBITh CBeIcHA K PEIICHUIO YpaBHEHMS OAIKU-TIOJIOCKU Ha YIIPYTOM OCHOBAaHWU, 3aTPY*KeHHOI
COCPEeNOTOUYEeHHOM cuioit BripaxkeHue mjisi MporuOoB MpaBoil MOJOBUHBI Oaiku [24] ObUIO Mpeobdpa3oBaHO s

cirydast 0aJIKM-TIOJIOCKU MO peKOMEHIAUAM [25] 1 3amucaHo 119 000UX MOJIOBUH:
w= —Eie’“‘x‘ [cos(a|x|) + sin(oc|x|)], (23)

b; 2k

1
r7e X — KoopauHaTta 0ajku; w — Mporuobl 0aaku-1ojaocku; P b_ — TIpUWJIOXKEHHOE K OaJike-ToocKe ycunue; P —
i

CIJIA TSDKECTH, CO3NIaBaeMasi Harpy3Koii; b; = 1,5 M — LmpuHa J1e10Boro 1oJist; k = p,g = 9810 H/M> — xoadduiment

3
YIIPYTOTO OCHOBAaHUA; oL = § f% =0,726 M~ — mapameTp 6anKy 1 ynpyroro ocHopanust; D = L =8834 Hm—

1 2(1 —u? )
LMJIMHIPUYECKAs KECTKOCTD TIACTUHBI (MOJYYEHO IS TOMUIMHBL Jbaa A; = 0,025 m); £ = 6 x 10° [1a — momyib
ynpyroctu sibaa [ 18]; u = 0,34 — koadbunment [Tyaccona mist ibaa [ 18]. Pe3ynbratsl pacuéra npuBeneHb Ha puc. 3,
TaKXe 3TU KPUBbIE OTMEUEHbBI Ha TpaduKax rnpoduieii BOJH U3ruda Jibaa XUPHbIMU JTUHUSAMU (puUc. 2).

AHanu3 pe3ybTaToB dKCIepuMeHTa (puc. 2) MO3BOJIWII MOJTYYUTh B3aMMOCBSI3U MEXKAY IJTUHOM BOTHBI, (hOPMOit
YAl IIPOTUO0B, MACCOM TPy3a ¥ CKOPOCTHIO ITPH IIOCTOSHHBIX TOJIIIMHE JTbIa M [IIyOrHe BogoéMa (puc. 4). DT ke Be-
JIMYMHBI TAKKe OBUTH TTOJTyYeHbI TTPY aHAJTU3E TEOPETUYECKUX TPahMKOB CTaATUIECKUX ITPOTMO0B (pUc. 3) M HAaHECEHbI
Ha9KCIepuMeHTalIbHbIE (pUC. 4) TpU HYJIEBOM CKOPOCTU ABMXKEHUST HATpy3KU. B Tex cityuasix, Korna B aKCIepruMeHTe
HE yIaJI0Ch IPOM3BECTH ITOJHYIO 3aITACh Yallld IIPOTHOOB, ITOIydeHHBIC 3HAYCHUS SKCTPATIOIMPOBAINCH 10 TOYKHU
rnepecevyeHus ¢ ypOBHEM CIIOKOMHOTO cocTosiHUs (0oTMeTKa 0 Ha Ocv OpAMHAT ITpauKOB puc. 2). AHAIU3 MOJTyYeH-
HBIX 32aBUCUMOCTE MoKa3a, YTO TTPU MaJIbIX CKOPOCTSIX JBMKEHUSI CTAHOBUTCS 3aMETHBIM YBEJTMUYEHUE MTPOrMO0B
JIbIA B CPABHEHUH CO CTATUKOIT TPaKTUIECKH BO BCEX CIIydastx, Kpome 11,32 KT, mpu 9TOM 4eM OOJIbIIIe Harpy3Ka, TeM
3HaYUTeJIbHee 3Ta pa3Huiia (puc. 5S). U3MeHeHue TUTolaan BaauHbl PY HavaJie ABMXKEeHUsT HaTpy3KY B CPaBHEHU U
CO CTaTUKOM, KaK MpaBuJio, He3HAUUTeIbHO. OTHOLIEHKE TIJIOIIAAU BIAAUHBI K TUTONIaAN Topba nepe Harpy3koi
PE3KO YMEHBIIAIOTCS IIPU IIepexXoe OT CTATUKU K ABUXKEHUIO, HO yKe IIpU AOCTixXeHur ckopoctu B 20—30% ot
PE30HAHCHOI He TPEeTepIIeBaOT 3HAUUTETbHBIX U3MEHEHUI. YIaJI0Ch BBISIBUTh KAYECTBEHHOE pasindyue GopMbl
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Puc. 3. PesynbraThl pacyéra CTaTUIECKOTO LIMUIMHAPUUECKOTO N3TU0a JICASTHOM TIJIaCTUHBIL:
— 27,32 xr; —— 21,32 kT; 16,32 kr; —— 11,32 k1

Fig. 3. The results of calculation of static cylindrical ice plate bending:
—27.32 kg; ——21.32 kg; 16.32 kg; —— 11.32 kg
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Puc. 4. Xapakrepuctnku (opmbl mpodwIs BOJIHBI I Ciydasi IBMKEHHWsI Harpysku maccoii: a — 11,32 xr; 6 — 16,32 kr;
6 — 21,32 kr; ¢ — 27,32 Kr; 0003HaYeHUS: TUIOILA/b BHITHOA A, ; @ # TUIOIIa1b BIIAAUHEI A, ; ® # OTHOLIEHHUE MIoLaneit
ABI'I/ABbll'

Fig. 4. Characteristics of a wave profile shape for a case of a moving load weighing: a — 11.32 kg; b — 16.32 kg; ¢ — 21.32 kg;
d — 27.32 kg; legend: area of outward bending A4,,,; ® # trough area A4,,; ® # area ratios 4,,/A,,,
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Jary mporuba oT CKOPOCTH ABWXKEHMS Harpy3ku. [1py oTHOCHTEIbHO Masioit ckopocTu (B paitoHe 20—30 % peso-
HaHCHOIt) chopMa yaly MporudoB He MpeTeprieBaia 3HAYUTEIbHBIX UCKaXKEHUIA, HO B OTJIMYKE OT CTaTUKU B Te-
penHeit yactu yamu (¢ Toi CTOPOHBI, B KOTOPYIO ABUXKETCS] Harpy3ka) BOZHUKAJl CUJIbHbBIN BBITUO Jiba BBEPX OT
HyJieBOro ypoBHsI. BeicoTa aToro Beirnba coctanisiia 20—30 % oT MaKCUMaTbHOTO MPOTKMbda B pailoHe IPUIOKESHUS
HarpysKku, a JuInHa BeIrnOa Obi1a B ripenenax 25—30 % oT IUIMHEBI Yaliv mporuoa.

BrisiBnieHa ycToitunBast TeHACHIMS K YBETWYSHUIO TUIOIIAIN 3TOTO BHITMOA C YBETMUEHUEM CKOPOCTH JIBUXKE-
HUSI HATPY3KU 1J1st Macchl rpy3a 11,32 xr, 16,32 kr u 21,32 xr, B ciaydae 27,32 Kr IUI01Iab BEITMOA YMEHbIIAIACD,
OJTHAKO, MOCJIe MPEOAO0JEeHUS MUHUMYMa TakKe HauMHala pacTH.

OTHoIIeHYE TUIOLIAAN Yally TPOrud0B K IUIONIanU BhITH0a Tiepe Harpy3Koit MOXET CITYy>KUTh MepOii IHepre-
TUYECKUX 3aTpaT Ha Ae(opMaluio JeIsTHOTO TOKPOBA: YeM MEHbIIIE ATOT MOKa3aTesb, TeM 0oJbliue 3aTpatsl. Ui
KaXJI0ro BaprMaHTa MacChl Harpy3Ku Take ObLIM COCTaBIeHbI TparKKU U3MEHEHHUS 3TOTO MoKa3aTessl B 3aBUCH-
MOCTH OT CKOPOCTHU ABUXeHUs (puc. 4). BoisgBieHa TeHASHIIUS K €r0 YMEHBIIIEHUIO C POCTOM CKOPOCTH, IIPU 3TOM,
HaunboJiee CUITbHOE YMEHbIIIEHHE TIOKA3aTeIsT TPOMCXOIUT Ha MaJTbIX CKOPOCTSIX ABMXKeHMs Harpy3ku (1o 20—30%
PE30HAHCHOI CKOPOCTH), HAUMHAasI OT pAaCUETHOTO CTaTUYECKOro cirydasi. O4eBUIHO, YTO HAMOOBIIINIA BKJIA/ B U3-
MEHEHUeE 3TOTO MToKa3aTelisi BHOCUT U3MEHEHUE IJIOIIAIY BbITM0a JIb/ia Mepe Harpy3Koii.

®opma yanm B THUIBHOM YacTW He OblJla CUMMETPUYHA TIepeHeil YacTh, CUMMETpPUST HAaOJII0aIach TOJIBKO
B HEKOTOPBIX OoMnbITaXx. OueBUIHO HAJTMUKME B3aUMOCBSI3M MEXI1y U3MeHEeHUEeM (hopMbl U3rMba JeIsTHOM MIaCTUHbI
U1 MaKCUMaJIbHBIM TIPOTMOOM € yBETMUEHUEM CKOPOCTH ABUKEHUS HATPY3KU (UTO COBMANAET C UBBECTHBIMU HATYP-
HBIMU 3KCNIEPUMEHTATbHBIMU TaHHBIMU [8]). DTOT 2heKT Hanbosee 3aMeTeH MPU MaTbIX CKOPOCTSIX JBUXKEHUS
Harpy3ku — 10 20—30 % oT pe30HaHCHOIT CKOPOCTH.

3anuch nMporuboB BO BpeMEHU UM (bUKCcaAlMSI CKOPOCTU NBUKEHUSI HArPy3KU MO3BOJIUJIA OPUEHTUPOBOUYHO
OLIEHUTH JUTMHY TIepeMelalolelicss BMECTe ¢ Harpy3Koil yaiiy nmporudoB, KOTopasi ObUTia MPUMEPHO paBHA JIJINHE
BOJIHBI LIMJIMHAPUYECKOTo M3ruda jibaa — 6—7 M. Tak Kak JaT4MK Iporuda 3aruchiBajl IPOruobl TPUMEPHO B Ce-
penuHe OacceifHa, Ha pacCTOSHUM 9 M OT 3aIHei CTeHKHU OacceiiHa, ObIJI0 OYEBUIHO, YTO Ha ITPOMIIb HauaJIbHOI
BOJTHBI HaKJIaIbIBaIach OTpaxeHHast BoTHa. [103ToMy Ipy BBICOKMX CKOPOCTSIX ABUKEHUS HATPY3KU Yalia Mporu-
00B He OTJIMYAJIaCh CHUMMETPUYHOCThI0. OCOOEHHO 3TO OBLIO 3aMETHO MPU CKOPOCTSIX ABUkKeHUs oT 0,7 pe3oHaHC-
HOI1 CKOPOCTH 10 paBHOI pe30HAHCHOM. XapaKTepHO 0COOEHHOCTHIO M3MEHEHUSI (POPMBI YAl CTaJIO MOSIBJICHUE
BHYTPM KOHTYpa TIPOrMO0OB TTOMOOHOTO TIOIyYEHHOMY Ha MaJIbIX CKOPOCTSIX Psifia KOPOTKUX BOJIH — JIO YEThIPEX
BOJIH mnHOM 0,2 OT OCHOBHOM yamu 1 BbicoToil 0,2 OT MakcuMasabHOro nporutda. McneiTaHus Ha CKOPOCTU
OJIU3KOI K PE30HAHCHO MOATBEPAUIIO HAOM0JaeMOe B HATYpe SIBICHUE — PE3KUil TTOBEM BOJIHBI HaJl HYJIEBBIM
YPOBHEM 3a yalieil Tporu0oB ABVKYyIIeiicss Harpy3ku. [1poduib 3Toil BOJHBI B KaXKIOM OIIBITE MOJIyYaicsl HOBOM
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Puc. 5. 3aBUCHMOCTb MaKCUMAJIBHOTO MPOru6a Jbla OT MAcChl M CKOPOCTU ABUXEHUS HATPY3KU:
%@ 2732 KT, —— W, = 1,059e%204; 8 @ 21,32 k1, —— W, = 0,589¢%4527; 16,32 «r,
Wipay = 0,52101007; 28 @ 11,32 Kr, —— 1w,y = 0,140¢%100"

Fig. 5. Dependence of maximum ice deflection on weight and speed of load movement: # @ 27.32 kg,
—— Winax = 1.059¢0264; % ©21.32 kg, —— W, = 0.589¢"452; # @ 16.32 kg, Winax = 0.521€0-100%;
#011.32kg, Wi = 0.140¢0-1007

29



3yes B.A.|, Ipamysoe E.M., Kypxun A.A., Jleotiuenko F0.A., Cebun A.C.
Zuev VA, Gramuzov E.M., Kurkin A.A., Dvoichenko Y.A., Sebin A.S.

(opmbl, TOBTOPSIEMOCTH OTCYTCTBOBaIA. OUeBUAHO, TaKOW 3(D(hEKT ObLT 00YCIOBIEH OTPAXKEHUEM U3TUOHO-Tpa-
BUTALIMOHHOM BOJIHBI OT TOPLIEBOI CTEHKM OacceiiHa, BOZHUKAIOIIMM TOCTATOYHO MPOU3BOJIbHBIM 00Pa30M.

AHaAIN3 9KCTIEPUMEHTAIBHBIX 3aBUCUMOCTE ! BEJTMUMH MTPOrMOOB OT BEMMYNHBI HATPY3KU U CKOPOCTH MOKa3al
cJ1aby10 3aBUCMMOCTb MAKCUMAJIBHOTO MPOTUOa OT CKOPOCTH JBVMIXKEHUs ITPU cKopocTsx cBbiie 20—30 % oT pe3o-
HaHCHOI. OCOOEHHO 3TO MaJio 3aMETHO MPU HEOOJIBILION Macce NBUXKYLIelcs Harpy3ku (puc. 5). B npenenax cta-
TUCTUYECKOI MOTPEIIHOCTU 3aBUCUMOCTh OT CKOPOCTH BILIOTh IO PE30HAHCHOI OTCYTCTBYET IPU Macce Harpy3kKu
11 mn 16 xr. [1pu Macce 21 KT 3aBUCUMOCTb CTAHOBUTCSI 3aMETHOM 1 ITPOru6 Bo3pacTaeT B 1,5 pasa mpu pe30HaHCHOM
CKOPOCTH T10 CPAaBHEHUIO C TPOrMOOM, BO3HUKAOIIMM TTpu ckopocTtH 0,1 oT pe3oHaHcHO#. Hanbonbmmii apdexr
HabII0HaeTCs, KOraa repemelnaeTcs rpy3 Maccoii 27 kr. I[Iporu6 Bo3pacrtaer B 2 pa3a Ha pe30HaHCE 10 CpaBHEHUIO
¢ MporndoM Ha MaJioit CKOpoCTH. DTo coBManaeT ¢ nanHbiMu B.M. Ko3uHa, rie Takke oTMedaeTcs CyIeCTBeHHast
3aBMCUMOCTb PE30HAHCHOTO Mporuda oT Macchl NBUXKYLIEcs Harpy3ku [7].

5. BoiBoabI

ITokazaHa BO3MOXHOCTh MOAECIMPOBAHUS IMHAMMYECKUX SIBJICHUI B JISASTHOM TTOKPOBE TMPU IBVXKEHUU MO
HEeMY Harpy3Ku B JIETOBBIX OITBITOBBIX OacCeifHAX C €CTECTBEHHBIM OXJIaXKAeCHUEM Klaccuueckoii ¢popMbl. [ToayueH
a(deKT BbIrnba MoBepXHOCTH Jibja Mepe nepeMelatoieiics yauei mporuoos, YTO MOXKET MOCTYKUTb OMHUM U3
rnokaszaTeieii aieKBaTHOCTH TMPU pa3pabOTKU TEOPETUUECKUX MOJENEN U UX pa3pellieHUr. BoIsiBIeHO yBeaInueHue
Yaly MporuooB JIEASTHOTO MOKPOBa ¢ YBEJIMYEHUEM CKOPOCTH IBMKEHUST HATPY3KH (Ha MaJbIX cKopocTsax 10 30 %
OT PE30HAHCHOI CKOPOCTH) B CPaBHEHUMU CO CTATMYECKUM ClydaeM HarpykeHusl, paCCYMTaHHBIM TE€OPETUYECKU.
ITokazaHa CBsI3b YMEHbIIEHUSI OTHOLIEHUS TUIOIIAAM MPpOoduis Yaluu MporudoB K mpoduiito Beirnda jbaa rnepen
JIBVKYIIEHCST HAarpy3Koii ¢ yBeJIMUEHUEM CKOPOCTU. DTOT (DaKT YKa3bIBaeT Ha TEOPETUYECKYIO BO3MOXKHOCTh pe3-
KOTO pOCTa SHEPreTUYECKUX 3aTpaT Ha pa3pylICHUE JIbJa TIPU YBEITMYEHU U CKOPOCTU ABUKEHUS JIEA0pa3pyllao-
1LIETO CPEACTBa, KOTAa B3aUMOAEHCTBYE CO JIbAOM YKe HeJib3sl paccMaTpuBaTh Kak KBa3ucTaTudeckoe. bosee moa-
pobHOe M3ydeHue 3Toro 3ddekra TpedyeT MpoBeneHNe NOMOTHUTEIbHBIX 9KCIIEPUMEHTABHBIX MCCIeIOBAHUI
IpU CKOPOCTH ABUXKeHUsT Harpy3ku 10 30 % ot pe3oHaHcHOM. [IpuBenéHHas cxeMa 3KCIEPUMEHTA MOXKET ObITh
MPUMEPOM TECTOBOTO OTMbITA IJIsI TPOBEPKU aeKBAaTHOCTU (PU3UUYECKOM MOIEIIU JISASTHOTO MTOKPOBa B 3a1avyax Au-
HaMHUYECKOM MOCTAaHOBKMU.

6. ®unancupoBanue

WccnenoBanne BhITTOIHEHO TTpH hrHaHcoBo# noaaepxkke POD®U u TOEH Kuras B paMKax Hay4HOTO TpO-
exta Ne 20—58—53049 u npu noanepxke rpanta [Ipesunenra PO o rocymapcTBeHHOM TOIIepX)Ke BEAYIINX Ha-
yuHbIX 1Kon PO HII-70.2022.1.5.
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NCCIENJOBAHUE BJIMAHUA YNCJIEHHOI'O METOJA 1 CETOYHbBIX ITAPAMETPOB
HA TOYHOCTb MOJIEJTMPOBAHUSA CBOBOJAHBIX KOJTEBAHU ITAJTMHIPA
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AHHOTAIUSA

CraTbsl TOCBSIIIEHA UCCASIOBAHUIO BIUSIHUST YACIEHHOTO METONA U CETOYHBIX MTApaMEeTPOB HA TOYHOCTh MONETUPOBAHUS
CBOOOIHBIX KOJIeOaHU I LMJIMHAPA HAa BOAHOI MoBepxHOCTH. [IpencTaBieHo onucaHue UCIoIb3yeMOro YMCJIAEHHOTO METOIa MOZIE-
JIMPOBAHMSI TJIAaBaHUSI TeJI, OCHOBAHHOTO Ha YMCIEHHOM peliieHnn ypaBHeHnit HaBbe-Crokca. [list uncieHHON TUCKpeTU3auu
HCIIONIb3YETCs KOHEYHO-00BEMHBII METOJ, TMO3BOJISTIOIIMI TPOBOIUTH PACUEThl HA HECTPYKTYPUPOBAHHON ceTke. Monenuposa-
HHUe cBOOOmHOI moBepxHOCcTH npoBonutcst 1o MeTony VOF (Volume Of Fluid). Yder aBrkeHMsT TBEPHAOTO Tejla OCYIIECTBIISICTCS
myteMm Aedopmali pacyeTHOM CEeTKU ¢ COXpaHEHUEM ee TOMOJOrnU. [Ist peleHusl ypaBHEHUsI IBUKEHUSI U HEPa3pbIBHOCTU
ucnoib3yercs meton SIMPLE. Yder ¢t moBepXHOCTHOTO HATSKEHUSI ocyIecTBisieTcst ¢ momornbio moaean CSF (Continuum
Surface Force). OnucaHHbIi YMCIIEHHBII METO/ ITPUMEHSIETCSI JUISl pellieHs 3a1aul O 3aTyXalolIUX CBOOOIHBIX KOJIEOAHUSIX LI -
JIMHZpA HAa BOTHOM MOBEpXHOCTU. PaccMaTpuBaloTCst BOTIPOCH! BIMSIHUST HA PEIlieHNe CETOYHOTO pa3pellieHus], BeTMUYMHEI 111ara
0 BPEMEHM, MOPSIIKa allPOKCHMaLMKU TI0 BPEMEHHU U MO TIPOCTPAHCTBY, a TAKXKe BOMPOCHI, KACAIOLIMECS] METONA CIIaXKUBaHUSI
TUIPONMHAMUIECKIX CUJI, IEHCTBYIOIINX HA TEJIO0, KOTOPBIE 3a9aCTYIO MCTIONB3YIOTCS ISl PEellieHUs TPAKTUIECKUX 3a1ad. AHAIN3
TOJYYEHHBIX PE3YJbTaTOB MMOKa3bIBAET, UYTO MPUMEHEHME CXEM MOBBILIEHHOTO MOpsiiKa Al TUCKPETU3aLMK [0 MPOCTPAHCTBY
¥ BPEMEHM TTO3BOJISIET TIOBBICUTH TOYHOCTD perieHusl. [Ipyu BEICOKOM CETOUHOM pa3pelieHU: ¥ MaJIOM Iare 1Mo BpeMeH! Koad-
uuMeHT penakcalry CUJIbl, IeCTBYIOIIE Ha TeJI0, HE OKa3bIBAaeT CUJIbHOTO BIMSIHUS Ha MOy4yaeMblii pe3y/bTar.

KiioueBbie cioBa: BoIUMCIUTENbHAS rTUapoarHaMuka, volume of fluid, miaaBaHue ten, cBoOOIHAs MOBEPXHOCTh, ypaBHeHUs Ha-
Bbe-CToKCca
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Abstract

The paper concentrates on the influence of grid parameters, the time step size, and the order of temporal and spatial approx-
imation on the solution accuracy of the floating body problem. Damped free oscillations of the cylinder on the water surface is
under consideration. The numerical simulation method of the floating bodies is based on the solution of a system of Navier-Stokes
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equations together with a VOF (Volume Of Fluid) method. The Navier-Stokes equations are discretized using finite volume meth-
od (FVM), and solved by SIMPLE method. The motion of the body is ensured by the deformation of the computational grid. A
CSF (Continuum Surface Force) model is used to account for the surface tension forces. The method is implemented in LOGOS
software package. The research has shown that implementation of the second-order scheme for temporal and spatial discretization
leads to a more accurate result. The relaxation factor of body surface force has no affects on the solution accuracy.
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1. Beenenue

B 3agavyax BEIUMCIMTENIbHON TUAPOAMHAMMKY OOJIBIION MHTEPEC MPEACTABISIET MPOLIECC IIaBaHUS TN, KOTO-
PBIii BCTpeuaeTcsl BO MHOTMX OTPACIISIX HAYKU M TeXHUKU. BIMstHIEe BOITHOBBIX HATPy30K HAa TUAPOTEXHUIYECKHE CO-
OpYXEHUS, B TOM YKCJIe Ha TIaBy4Yre miaThopMbl Ui 100bIYM He(TH U ra3a [ 1] 1 BOTHOBBIE 2JIEKTPOCTaHLIMU [2],
pacueT Kayky CyJOB Ha BCTPEUHOM BOJIHEHUU [3, 4], MpoeKTUpOBaHME ONTUMAJIBHONM (pOpMBI 00BOAA CyIHA I
obecriedeHUSI MOPEXOTHOCTH [5, 6], BO3AeiiCTBYE LITOPMOBBIX BOJIH Ha KOPITyC cyaHa [7], MOoaeIMpoBaHUE IIPU-
BOJTHEHMS ITAaCCaKMPCKOTO camoJieTa [8§] — Bce 3TH 3a1auyr IPOMBIIIUIEHHOCTH, TaK WJIM MHAYe, CBSI3aHBI C TIPOIIeC-
coM I1aBaHus. VX ri1aBHbIE OCOOEHHOCTU — 3TO HaJIW4YUe CBOOOTHOM MOBEPXHOCTU 1 TBEPIBIX ITOABMKHBIX TEII.

OCHOBHBIMU MCTIOJIb3YeMBIMU ITOAXOAAMU IJTSI MOJIETMPOBAHUS TEUCHUI CO CBOOOIHO ITOBEPXHOCTHIO SIBIISTIOT-
csl: METO MapKepoB B stueiikax (marker-and-cell method) [9], MmeTon nBukeHuUs rpaHuilbl pa3nena (the front-tracking
method) [10], meton ¢dyukimit ypoBHs (levelset method) [11], meTon da3zoBbix moneii (phase-field methods) [12],
meton VOF (volume of fluid) [13]. ITocneauuii, Mmeton VOF, Halen mmpokoe TpuMEHEHNE B CBSI3U C TEM, YTO OH
XOPOIIIO 0000IIAETCS Ha CTyYail HECTPYKTYPUPOBAHHBIX CETOK M IMPOU3BOJBHOIO KoauyecTsa a3 [14].

Yuer moABMIKHBIX TEJI MOXKXHO OCYIIECTBIIAThH Pa3IMUHBIMUA MeTonaMu. PacripocTpaHeHHBIM SIBISIETCS METOM
nedopMaly CeTKU C COXpaHEHUEM ¢ TOTIOJIOTMH, B KOTOPOM pacueTHasI CeTKa IBUTAeTCs U 1e(hOPMUPYETCS B CO-
OTBETCTBMM C ABMKEHUEM rpaHull Tejia [ 15, 16]. BelunciieHue criaXeHHOro repeMelieH s Y3J10B OCYIIECTBIISIETCS
METOIOM MHTeprojsguuu, Hanpumep, IDW [17]. MeTon moaxonuT mig 3amad ¢ HeOOJbIIMMU MepeMeIeHUSIMU
Teja, B Cllydae 3HAYUTEIbHBIX TIepeMEIeHIIA OH TIPUBOIUT K U3IUIITHEH nehopMaliiy CEeTKH, AeTpamalin ee Ka-
YecTBa M, KakK UTOT, K HAPYIICHUIO CXOAUMOCTH YUCICHHOTO MeTo/a. BTOpBIM MOMYJISIpHBIM METOIOM SIBJISIETCS
METOJ MMepeKphIBaOIINXCS ceTok [18, 19], KoTophlit mompasyMeBaeT HAIMUKME HECKOJIBKMX TOITOJIOTHUYECKU HECBS -
3aHHBIX CETOK M 00eCIeUrMBaeT MX B3aMMOIEICTBHE KaK eIUHOTO 1IeJIOTO, ITO3BOJISIA MTOIydaTh XOPOIINE Pe3yib-
TaThl MPU COOJIONCHUU psifia TPeOOBAaHUI K pa3pelleHrI0 ceToK B obiactu nepekpoitust [20, 21]. Hemoctatkom
MeTofa SBJISIETCS] HEOOXOAMMOCTD UCIIOIb30BaHUS MHTEPIOSAILIMY BEJIMYMH Ha TPAHUIIE TIEPEKPHITUSI CETOK, UTO
MPUBOIUT K BO3MOXKHOMY HapyIIEHNIO KOHCEPBAaTUBHOCTH 1 ITOTEPU TOUHOCTH petieHusl. CyIIeCTBYIOT U IPYTHe
METOIIbI yueTa TiepeMellieHUi Tela, HallpuMep, METOJI ITOTPYXKeHHBIX TpaHull [22, 23], MeTOI TepecTpOeHUS CETKU
C U3BMEHEHUEM TOomoJoruu [24], KoTopble MEHee pacipoCTpaHeHbl MIPYU MOAEIUPOBAHUM TUIABAHUS TEJl, BCIEI-
CTBHE HAJIMIUS TEX VUTM MHBIX HEJOCTAaTKOB.

YucneHHOMY MOJEIMPOBAHMIO TIIaBaHMS TeJI TOCBSIIEHO OOJIbIIOe KOJIMYecTBO pabor. Hambosee gyacto
BCTpeYaloluiics cnocod oTcaeXkuBaHus rpaHullbl pasaena da3 — VOF Meton 1 ero pasanuHbie MOIUMUKALIMN.
OH ucnonp3yercsd B [25], rme MomeaupyeTcs IlaBaHue MWIMHIPA Ha PETYISIPHBIX BOJHAX C TIOMOIIBIO TIEPEKPhI-
BAIOIIMXCS CETOK U Ie(POPMUPYIOIINXCS CETOK, Pe3YIbTaThl CPAaBHUBAIOTCS MEXIY COOOM, a TaKXKe C KCITEPUMEH-
TaJbHBIMU JAaHHBIMU [26]. Bropoit MeTox ydyeTa OIBMXKEHUS LIVUIMHIpa oKasajics 0ojiee 3 GEeKTUBHBIM, ITOCKOIb-
Ky HoTpeboBajl MEHbBIIIe BpeMEHU pacueTa IMpY ONMHAKOBBIX BBIUMCIMTEIBHBIX 3aTpaTax M CXOXUX YMCICHHBIX
pesynbTarax. B [27] usyvaercsa aBukeHue T-00pa3HOro KOHTeiiHepa Mo NIeiCTBUEM Pa3IMYHBIX BOJTHOBBIX Ha-
rpy3ok. YucieHo skcnepuMeHT BocmpousBoautcs npu nomoir VOF-nonooHoro merona THINC/WLIC mis
OTCJICXKMBAHUSI MeX(ha3HOM IPaHUIBI M Pa3HOBUIHOCTU METOIA YACTHII, pa3padOTaHHOIO aBTOpaMHU, IJIST ydeTa
IBIDKeHMS Tena. [loydeHHble B paboTe pe3yibTaThl, B IIEJIOM, XOPOIIO COIJIACYIOTCS C 3KCIEPUMEHTaTbHBIMU
JaHHBIMM, OTHAKO, METOAMKA yJeTa ABMKEHMS Tejla He MOoJydnsia IIMPOKOro pacipocTpaHeHus. CyliecTByeT psin
paboT, B KOTOPBIX YCITEITHO MCITOJB3YETCSI METO, CIVIAXKEHHBIX YAaCTUI] — 0€CCEeTOYHBIM METOI, B KOTOPOM cpela
3aMeHsIeTcsl HAOOPOM TOYEUHBIX YaCcTHll, TTepeHocsux e€ cBoiicTBa. Tak, B [28] uncieHHO MccienyeTcs IJiaBa-
HHUe KOHTeliHepa, KOTOPbIil yIep:KUBaeTCs IKOPHOI cucTteMoii. B pabote [7] mpoBoauTcs HATYPHBIN U YMCIEHHBI
9KCIIEPUMEHT IT0 M3YUYCHUIO TTOBEICHMS YITPOIIICHHOI MOIEIN PHIOAIIKOTO CyIHA Ha PETYISIPHBIX BOJTHAX OOJIBIIOI
aMIuTyabl. Ho ciemyer 3aMeTuTh, 94TO MpUMEeHEHWe JaHHOTO METOo/Ia TTPY PellleHMH KPYITHOMACINTaOHBIX 3a1a4
MOXET IIPUBECTU K OTPOMHBIM BBIYMCIUTEIbHBIM 3aTpaTaM.

3a roceaHee BpeMs TTOSIBUIIOCH MHOTO paOOT, B KOTOPBIX PACCMAaTPUBAIOTCS MOIIEIN PeaTbHBIX MOPCKHUX CY-
noB. OgHa U3 caMbIX pacpoCTpaHEHHBIX — MeXIyHapoaHasl TecToBasi Moaesib KoHTeliHepoBo3a KCS (KRISO
container ship), Kotopyio pazpadotan FOxHo-Kopeiickuit HaydHO-UCCIen0BaTeIbCKUIT THCTUTYT KOpabiaecTpo-
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eHust u okeaHnuyeckoit nrxenepuu (Korea Research Institute of Ships and Ocean Engineering, KRISO). MU3zyue-
HUIO €€ TMAPOAMHAMMYECKUX XapaKTEPUCTUK TOCBAIIEHBI paboThl [4], [28]. B [29] MoaenupyloTcs caMOXOaHbIe
ucneiTaHust KoHTeitHepoBo3a KCS ¢ nmomoriipio Metona hyHKIMI YPOBHST U TEXHOJIOTUU CETOK C MEPEKPHITUSIMU.
B [4] omrpenensitoTcst OyKCMPOBOYHOE COMMPOTUBIICHNE U COITPOTUBIICHUE CYIHA HAa BCTPEYHOM BOJTHEHUU, KPUBBIC
NEelcTBUsI rpeOHOr0 BMHTA, a TAKXKE YMCIEHHO MOACIMPYIOTCS CAMOXOHbIEC UCTIBITaHUS. [J1s1 OTCIeXXBaHuUs rpa-
HUIIBI pa3aena (a3 B 3Toit padote ucroiab3oBaicss VOF mMeTon, njs yyeTa IBMXKEHUS] KOHTEITHEpOBO3a — METOM
nedopMali CeTKN M METO, IIEPEKPBIBAIOIINXCS CETOK.

00630p paboT MoKa3bIBaeT, YTO JJISI MOJAEIMPOBAHUS TJIaBaHUS TeJl HauboJjiee MOMmyJsSIpHON SIBJSIETCSl CBSI3Ka
metona VOF st oTcieskuBaHMSI CBOOOTHOM TMTOBEPXHOCTH U MeTONa NehopMalIiMi CETKU IS yIeTa IBMKECHUS Tel.
KitoueBbIM BOITPOCOM J1JISI 3TOM CBSI3KU SIBJISIETCS BIMSIHUE TTapaMETPOB YMCAEHHOTO METO/AA U CETOUHBIX Iapa-
METPOB Ha TOYHOCTb MOJAEJUPOBAHMSI Mpoliecca riaBaHus Tej. OObIYHO MPUBOASTCS JIUIIL UTOTOBbIE PEILICHUS,
0O pellIeHUsI Ha CeTKaxX pa3HOM pa3MEepHOCTH, OITyCKasi BOITPOCHI BEIOOPA II1ara 1o BpeMeHHU, MTOPSIIKa CXeM THC-
KpeTu3aluu, criaxkuBaHus U npyrue. ITockofbKy paccMaTprBaemMas 3amada siBasieTcsl HeJIMHEeHOM, a MpouecChl
TUAPOIMHAMUKM W IBUKEHUS Teja pacllieTIeHbl IT0 BpEMeHH, MepeurclIeHHbIe MapaMeTpbl MOTYT CEPbEe3HO BJIM-
SITh HA UTOTOBBIN pe3yabTar. JlaHHAS CTaThs SIBJISICTCS IIOMBITKOM BOCIIOJTHUTE ONMCAaHHBIHM Ipoben. B Heit paccma-
tpuBaeTcs Meton VOF coBMecTHO ¢ MeTomoM nehopMalii CeTKU M MCCICAYeTCs BIUSHIE YMCICHHOTO METOIa
U CETOYHBIX TapaMeTPOB HAa TOYHOCTb MOJICIUPOBAHUS TIaBaHUSI Te.

B xauecTBe 6a30BOIf paccMaTpMBaeTCs 3aava O 3aTyXaloIINX CBOOOMHBIX KOJIeOAHUSX LIWIMHIPA Ha BOTHOM
noBepxXHOCTU. JlaHHAs 3aja4ya UMEET MPOCTYI0 KOH(MUTYpaLMIO, HO TIPU 3TOM BOCIIPOU3BOAUT CJIOXKHBII 11 MOJIe-
JIMPOBAHUS MPOLIECC HECTALIMOHAPHOTO ABMKEHUS C 3HAUUTEJIbHBIM BIMSHUEM CUJI TOBEPXHOCTHOIO HATSKEHUSI,
1 MMeeT HaJeXXHbIe aHATUTUUECKHE 1 dKCIIepuMeHTainbHble faHHbie [30, 31]. PaccmaTpuBaroTCcs BOIIPOCH BIIUSI-
HUS Ha pellleHre CETOYHOTO pa3pellleHNs, BeIMUMHEI IIIara 1o BpeMEeHHM, MOPSIIKA alllIPOKCUMAIINK 110 BpeMeHH!
U MO MPOCTPAHCTBY, a TAKXKE BOIMPOCHI, Kacarollecs: MeTo/1a CrIaXKMBaHUsl TUAPOAMHAMUYECKUX CUJI, IeHCTBYIO-
LIKMX Ha TEJI0, KOTOPBIE 3a4acTyl0 UCIOJB3YIOTCS I PELICHHUs MPaKTUYeCKUX 3ana4d. MccienoBaHue BbINOJIHEHO
Ha 6a3e poccuiickoro CAE-pemenus JIOT'OC [32—34].

2. MeToabl 1 MOIXOABI

Wcnonbw3yeMasi MaTeMaTUdecKast MOJEb IS MOJAEIMPOBaHUS TIJIaBaHUs TeJl OCHOBaHA Ha TPeXMEPHBIX ypaB-
HeHusx HaBbe-Crokca u Mmetoae VOF st oTcnexuBaHusi cBOOOAHOI roBepxHOCTH. [Ipeanonaraercs, 4to Teve-
HUE U30TePMUYECKOE, a TOJIe CKOPOCTU oOIIiee s Beex ¢a3. YUUTHIBas NaHHBIC JOMYIIECHUS, TTIOIYIUM CUCTEMY
YpaBHEHU, COCTOSIIYIO U3 YPAaBHEHUSI COXpAHEHUSI MACChl, YypaBHEHUSI COXpAHEHUST UMITYJIbCa U YpaBHEHMUS Tie-
peHoca 00bEMHOI J0JIM, KOTOpasl B AEKAPTOBBIX KOOpAMHATax umeet Bu [13]:

op 0

_t U. :0’

ot ox; (o)

opy; 0 _Op, 0O

)T o g "
Opea: 0

T+6_)ci(uipg%) =0

e t — Bpemst, u; = {uy, Uy, us} = {u, v, w} — CKOPOCTb, X; — KOMIIOHEHT MPOCTPAHCTBEHHOTO BEKTOPA, T;; — TEH30D
BSI3KMX HAMPSKEHU, g&; — BEKTOP YCKOPEHMSI CBOOOIHOTO NafeHUSs, & — MHAEKC, YKa3bIBAIOIIUI HA MPUHAJIEXK-
HOCTb K OTZHEJbHOI (hase, o — 0ObEMHAasT 107151 &-if hasel, p — Pe3yJIbTUPYIOLIAs TIIOTHOCTD, MPEACTABIISIONIAsT
co0oit ycpeqHEHHOE 3HaUYEHME IJIOTHOCTHU IO BceM (hazam:

N
p= ngag; 2)
el
rae N — KonudecTBo (as.
TeH30p BA3KUX HANPSLKEHUI MpuHUMaeT Bu [34]:

1

Ou; | Ou; | 20w
ox; ox; 30x, y

T =u , 3)

[Ie | — pe3y/bTUPYIOLlast AMHAMUYECKas BSI3KOCTb, 8; — cMMBOJ KpoHekepa.
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Js1 yu€Ta OIBUXKHBIX TEJT UCIIOJIb3yeTCs MeTo AedopMalliy PacY€THOUN ceTKr 6e3 U3MEHEHUs €€ TOTOJIO-
ruu. YYET ABMXKeHUs ceTKU B cucteMe (1) ocyluecTBasieTcsl MyTéM Mepexoaa B ypaBHEHMSIX MepeHoca 00BEMHOM
oM ha3 U UMITYJIbca K TTOABUKHOM CUCTeME KOOPIMHAT 0 M3BECTHOMY 3aKOHY [35]:

do o o
?_0,, %0 4)
dt ot ox;
d*(p .
rae 7 —_— Cy6CTaHLII/lOHaJ1bHaH npounsBogHasd NNEPEHOCUMOIo CKajadpa o OTHOCUTEIbHO IMOABMKHOU CUCTEMbI

KOODPIMHAT, V; — BEKTOp CKOpOCTH NepeMeliieHus ceTku. C ncnonb3oBaHueM (4) ypaBHeHUe TiepeHoca 00bEMHOI
JIOJT MOXKHO 3aImicaTh CIeIYIOINM 00pa3oM:

d d . d
d(ji +(u.—vi)&+ot o _ % i+(ul.—vi)—

(6))

G

d
3aech — cyOcTaHLIMOHAIbHAs MPOU3BOAHAS HAa ABUXKYILEHCS CETKe.

YpaBHeHUE COXpaHEHUST UMITyJIbCa TakKXke (HOPMYIUPYETCss OTHOCUTEIbHO MOABUXKHON CUCTEMbl KOOPIUHAT
¢ yuetoM (4):

d’ u, 0 2 op o1y
Pt gj(l’ui (u-v, )) -y gj("(uj‘ Vi )) ) + , +pg;- (6)
YPaBHCHI/Ie COXpaHCHMA MaCChI 3alIMCbIBACTCA OTHOCUTCIIBHO CKOPOCTHU B HOHBI/DKHOﬁ CUCTEME KOOpAWHAT:
olu,—v, o, | d *p op
Avmv) gl dpe (%P ™)
ox; z Py | dt ox;

Takum o6pa3oM, KOHEYHasl cUCTeMa ypaBHeHU (1) MpuHUMAaeT CAeayIoLInii BULIL:

O(u=vi) | o d*ﬁJr(ui_vi)aﬂ
ox; g Py | dt ox;
du o d _op Oy
p—" +§j(9”i (4 “’j))_”fgj(P(”j “’1)) = —a—xi+§;+pgi. ®)
d o oo, ou. o d*p op
& —p )5 S TR TR ()5
dt =) ox; T o,  pg| dt +( V’)ax,.

B Takom BuIe ypaBHEHUS CUCTEMBI (8) peanm3yroTces B paMKaX KOHCUHO-00hEMHOM TEXHOJIOTUN TUCKPETH3a-
uuu [36—38]. BoelunciieHue nepeMeleHus y310B ocylecTsisieTcs Metogom IDW [16].

JAuckpeTnsanusl ypaBHeHUI cUCTEMBI (8) OCYIIECTBIISIETCSI HA OCHOBE METO/NAa KOHEYHBIX OOBEMOB C YUETOM
HECTPYKTYPUPOBAHHOCTH PACUETHOM ceTKU. PelreHne cucrteMsl ypaBHeHMIT (8) OCHOBAHO Ha aJlfTOpUTME THIIA
SIMPLE [32, 37—40]: HaxoxXIeHue MoJieil CKOPOCTH U aBJI€HUS M0 CXeMe MPeAUKTOP-KOPPEKTOp ¢ (POpMUPOB-
KO cucTeM JIMHEeHbIX ajnredpandyeckux ypasHeHuii (CJIAY). Yuer cuibl TSKeCTH MPOU3BOIUTCS C MCTTOIb30Ba-
HUEM aJITOpUTMa, OCHOBAaHHOTO Ha ITOMpaBKe 00BEMHBIX cI [40], KOTOPBI 00eCIIeUnBaET OTCYTCTBUE OCIIVIIIS-
LIV, CBS3aHHBIX C HEKOJOKMPOBAaHHBIM pa3MellleHeM HEM3BECTHBIX BEJIMUMH, Ha CeTKaX JII0OOTo TUIIA.

OnucaHHas Bbllle MeTonuka, peaausoaHa B JIOT'OC [32, 36] — poccuiickom CAE-pelieHuu, npeaHa3Ha-
YEHHOM [IJISI MOIECTMPOBAHUS COIPSKEHHBIX TPEXMEPHBIX 3a1ad KOHBEKTUBHOTO TEILIOMACCOTIEPEeHOCA, adPOIH-
HaMUKM, TUIPOAMHAMUKM U MPOYHOCTU Ha BbicoKomnapasieabHbix DBM. Ilaker nporpamm JIOT'OC ycnemHo
npolies BepubUKaluio 1 MoKa3aa J0CTaTOYHO XOPOIIIre Pe3yabTaThl Ha CEPUM Pa3IMUHBIX TUAPOIMHAMUIECKUX
3amad [33, 40], BKITIOYas pacpocTpaHeHNE TPaBUTAIIMOHHBIX BOJTH Ha CBOOOTHOM MOBEPXHOCTH (IyHamu) [34,
41], u MHOYCTpUANBHBIX 3a1a4 [36, 42]. YcKopeHue BhIYMCICHUI IJIsT TPOBEICHUS PACUETOB Ha BHICOKOIPOU3BO-
JINATENBHBIX cyniep-DBM ocylecTBisieTcs MHOIOCETOYHBIM METOIOM [36].

3. YucieHHblit SKCIEPUMEHT

PaccmarpuBaeTcst 3amadya 0 CBOOOJHOM IBMXKEHUM LMJIMHApPAa Ha MOBEPXHOCTH BOIbI. PacuerHast o6yiacTh
coctouT n3 Oacceitna mmHoit 130d m BeIcOTOM 164, 3amoaHeHHOro Bomoi Ha 8,17d, v nMIMHIpa TMaMETPOM
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d = 0,1524, mIOTHOCTH KOTOPOTO paBHA MOJOBUHE TIIOTHOCTH
BoIbl. B HavyajabHbBIE MOMEHT BpEeMEHU LMWIMHAP TOTPYKeH YPOBE€HBL BOJIBI [_\
B Bomy Ha 0,164 BbIe cBOeit ocu (puc. 1), 3ateM mon aeii- _ko 167d

CTBHEM CWIIBI ApXMMea OH HAYMHAET COBEPIIATh CBOOOIHBIE
3aryxalolie KojebaHus Ha BOAHOM MOBepXHOCTH. [y gaH-

0oCh
HOI 3amauyu uMeeTcsa aHaauTudeckoe pemenue [30] u sKkcre- HAIHHpA
pUMEHTAJIbHBIC JaHHBIE [31] 0 TIepeMelIeHNIO IeHTpa Mace
LUMIUHAPA OT BpEMEHMU. Puc. 1. HayanbHOe nojioxeHue UWINHApa

3aryxaHue IBUKEHUST O0YCIIOBIEHO BI3KOCTBIO U 3 deK-
TOM TTOBEpXHOCTHOTO HaTsDKeHUsI. PoJlb TTOBEpXHOCTHOTO Ha-
TSDKEHUS MOXKHO OLIEHUTD IMOCPEICTBOM COOTHOLICHUST MEXKIY BSI3KMM TPEHUEM M TTOBEPXHOCTHBIM HATSKEHHEM
yepe3 Yynciio KanuuispHoctu Ca:

Fig. 1. Initial position of the cylinder

Ca = pnu/o,
rie o = 0,073 H/M — xo3ddULIMEHT MOBEpPXHOCTHOTO HATSDKEHUSI L — MOJEKY/IsIpHasl BSI3KOCTb, u =~ 0,2
M/C — XapaKTepHasi CKOPOCTb IBMXEHMSI XUIKOCTU. B 3a1a4e BiMsiHYE MOBEPXHOCTHOIO HATSKEHUS 3HAYUTEIbHOE
(Ca ~0,003). lnsg ero yueta ucrnojb3oBaiack moneib CSF (Continuum Surface Force) [43].

B pacuere MCronb30BalNCh CIEAYIOIIME HAPAMETPhI BEMIECTB: MOJEKYJIAPHAS BAZKOCTh BO3AYXA Myo,, = 1,85 X
x 1075 Kr/(M"C), IIOTHOCTb BO3IYXa Py, = 1,205 kr/M>, Moseky isipHast BA3KOCTb BOAbI (1, = 0,001 kr/(M"¢), WIOTHOCTH
BOJIbI P, = 1000 kr/m3. TeueHue IPUHUMAETCS JIAMMHAPHBIM.

B xayecTBe rpaHMYHBIX YCJIOBHII HA CTEHKH W JHO OacceifHa, a Taxke Ha CTEHKM LIMJIMHAPA HAKJIAIBIBAJIOCh T'pa-
HUYHOE YCIIOBHE HETIPOTEKAHUsI, Ha TPAHUIIE CBEPXY (PMKCHPOBAJIOCH HYJIEBOE CTaTHYECKOE AaBieHue. Mcnonb3oBanack
NPEUMYIICCTBECHHO IIECTUT'PAaHHAA pacY€THad CETKa C MPU3MAaTUICCKUMU CIIOAMU Y IMOBEPXHOCTU HUJIMHApPA, CO CTYIIEC-
HHUEM B 00JIACTH PACIIONOKESHHUS IIFITHHIPA ¥ HA TpaHUIle pas3aena ¢a3 (puc. 2). ba3oBwiil pazMep S4elky 1 H3MENbYCHHE
B IIPU3MATHUECKHX CIIOSIX BAPbUPOBAJIOCH JUISl OLICHKH CETOYHON CXOANMOCTH.

B nponiecce pacyera B COOTBETCTBUM C MEpEeMEIIEHUEM LWJIMHIpa MpoucXoauia aehopmaius pacueTHOM! ceT-
KM, TIpUMep TaKux aedopMalnii peacTaBiaeH Ha puc. 3.

Ha puc. 4 noka3zaHa TpexmepHast KapTHHa paclpoOCTPaHEHUs! BOJIH OT LIMJIMHPA Ha Pa3IMYHbIE MOMEHTbI BDEMEHU.

EEP
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Puc. 2. PacuetHas ceTka 1 ee (hparMeHT B 00J1aCTH LIMJIMHApA

Fig. 2. The computational grid and its portion in the area of the cylinder

] 7]

Puc. 3. ®parmeHT pacueTHOI CETKM HA HAYaI0 pacyeTa U Ha MOMEHT BpEMEHU MaKCUMAJIbHOTO CABUIA LIMUIMHIPA

Fig. 3. The computational grid at initial time and at a point in time of the cylinder’s peak displacement
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Fig. 4. Wave propagation from the cylinder

lar o BpEMCHHN U CXE€Ma OTUCKPETHU3AIIUU 110 BpEMEHU BapbUPOBAJIMCH OJI UCCICOIOBAHUS BIMAHUA Ha pe-
3yJbTar. B YpaBHCHUUN 00BbEMHOI 10U ISt JUCKPETU3allMM KOHBCKTUBHLIX CJIaraCMbIX HMCIIOJb30BajlaCbh CXEMa
HRIC, B YPaBHCHUU IBMKCHUA — ITPOTUBOIIOTOYHAA CXEMa IIEPBOIro rnopdaaka, 3a MCKJIIOYECHUEM paCUCTHBIX CIIYy-
4qaeB, II€ cXeMa IUCKPECTU3all N3MEHAIACh. Zlaﬂee IpEeaCTaBJICHBI UCCIICAOBAHUA BIUSHWA PAa3JIMYHBIX ITapaMe-
TPOB Ha TOYHOCTL PCIICHUA 3aJa4uH.

4. Pe3yabTaTtbl 1 00CYXKIeHHE

4.1. Bausanue cemounozo paspeutenust u cxemol 0ucxpemu3a14uu KOHGEKMUGBHO020 Caazcaemoco

15t mccaefoBaHUS BIMSTHUS CETOYHOTO pa3pellieHUsl Ha TOYHOCTD Pe3yJIbTaTa pacuyeT IMMPOBOIMTCS Ha YeThIpeX
CeTKax, OTJINYAIOLIMXCS 0a30BbIM pa3MepOM STYEMKN M TOJIIIMHON MpU3MaTH4YecKoro cjiost. Mx mapameTpsl prBe-
IIeHbI B Ta0. 1.

IIar mo BpemMeHu cocTaBisn Ar*=1- 107 \/y . JlaHHOe 3Ha4YeHue ObIJIO BRIOpAHO IO pe3ysibTaTaM MpeaBa-
PUTEITBHBIX PACUCTOB M SIBJISICTCS TOCTATOYHO MaJIbIM, YTOOBI HE OKa3bIBaTh BIMSHUS Ha pe3yabTar. CXeMbl ITHC-
KpeTU3alli KOHBEKTUBHOTO CJIaraeMoro — IPOTUBONOTOYHAs cxema repsoro nmopsaka UD (Upwind Differences)
¥ IIPOTUBOIIOTOYHAS cXeMa BTOPOro nopsiaka ¢ nuHeitHoit nntepnoasuueii LUD (Linear Upwind Differences).

B xauecTBe cpaBHUTEIBHOI XapaKTepUCTUKN pacCMaTpUBACTCSI TIepeMellleHre IIeHTpa Macc BO BpeMeHH. Mc-

TOJIb3YIOTCS HOPMUPOBAHHbIE KOOPAUHATBL Y = y/y, U BpeMs ' =tg / r, TIe Y, — HayaJbHasi KOOpAMHATA LIEHTPa
Macc UUIMHAPA, g — YCKOPEHUE CBOOOIHOIO MafeHusl, F — paauyc LWIKMHApa. Pe3yabTaThl pacueTa Ha YeThipeX
Pa3TMYHBIX CETKaX MOKa3aHbI Ha pucC. 5.

Kak BUIHO U3 puc. 3, IUIS MepBLIX TpeX KosebaHuit (£ < 22) Bce YeThIpe pacyeTHbIE 3aBUCUMOCTU XOPOLIO
OINUCHIBAIOT XapaKTep ABIXKEHUs LMIMHAPA. Y BCeX CEeTOK 10 ¢ = 22 MOJ0XEeHUs MAKCUMyMOB U MUHUMYMOB
HOPMMPOBAHHOI KOOPAMHATHI IIECHTPa MAcC TeJia COBIAAAIOT ¢ 9KCITepUMeHTaIbHBIMU. [Tocile MOMeHTa BpeMeHI
' = 22 pesynbrarsl st ceToK G2—G4 KauecTBEHHO MOBTOPSIIOT 3KCIIepUMEHT, 118 ceTKU G | pe3ysbTaT OTKIIOHS -
€TCs1 OT IKCIIEPUMEHTAIbHOM KPUBOIA BCISACTBUE HETOCTATOUHOTO pa3pellleHusl Ha IpaHulie paszaeiia ¢das.

Tabauya 1
Table 1

ITapameTpbl pacyeTHBIX CETOK
Parameters of computational grids

Cetka Ba3oBblit pasMep stueitku, M ToJHa MPU3MaTHYECKOTO CII0s, M
Gl 0,1125 0,05625
G2 0,075 0,0375
G3 0,05 0,025
G4 0,033 0,01665
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Puc. 5. I'paduk 3aBUCHMOCTU KOOpAMHATHI LIWIMHApPa oT BpeMeHu 1ist G1—G4 u cxembl UD

Fig. 5. Coordinates of the cylinder plotted against the time for G1—G4 and UD scheme

B xauecTBe KOMMYECTBEHHOIT MepHl OBUIM BBIOpAHBI 3HAYCHUS IBYX 9KCTPEMYMOB BPEMEHHOM 3aBUCUMOCTHU
nepeMelleHus LIEHTpa Macc TeJla, KOTOPble COOTBETCTBYIOT BCIUIBITUIO LMAuHApa — M1, M2. Takoii BbIOOp 00-
YCJIOBJIEH TeM, 4YTO IpY HayaJbHOM BCIUIBITUM Tejla cuia ApxuMmena nmpeobsianaeT Hal CUIaMy ITOBEPXHOCTHOTO
HaTSDKEHMS, OMHAKO TIPU TTOCIISAYIONIEeM TTOrPYKeHUHN IWIMHIPA U Jajee BIusHue 3P deKTa MoBepXHOCTHOTO Ha-
TSDKEHUS BO3PACTaeT, IT03TOMY 3KCTPEMYMBI, COOTBETCTBYIOIINE TTOTPYKEHUIO, HE pacCMaTPUBAIOTCSI.

OTKJIOHEHUSI 3HAaYEHU I 9KCTPEMYMOB, MOTYYeHHBIX B pacueTax co cxemoit UD u LUD Ha pa3nuyHbIX ceTkax,
OT BKCTICPUMEHTAILHOTO 3HAYeHUSI TIPMBEICHBI B TA0I. 2.

MaxcuMalbHBbIE OTKJIOHEHMSI pe3yJIbTaTOB pacyeTa OT 3KCIEpUMEHTa HaOIIOmaroTCsT IS 3KcTpeMyma M2
u coctaBisior mist ceTok G1 u G2 co cxemoit UD oko:10 40 % u 20 % cootBeTcTBEeHHO, cO cxemoit LUD — okoito
35% 1 20 % cootrBercTBeHHO. CeTku G3 1 G4 UMEIOT JOCTATOYHOE pa3pelleHue sl KaueCTBEHHOro pe3yJ/ibTara,
OTKJIOHEHHWE 3HAUYCHUI 9KCTPEMYMOB He MpeBbiinacT 4 % B ciydae mpuMeHeHust cxeMbl UD u 3 % B ciiyuae ipume-
HeHust cxeMbl LUD.

Ha puc. 6 1 7 mpuBeaeHbI 3aBUCUMOCTH OTKJIOHEHUW I 3HaYeHMi 3KcTpeMymMoB M1 1 M2 Ha cetkax G 1-G4 s
cxeM UD u LUD ot yaenbHOro pazmepa si4eiiku pacueTHOM CEeTKU.

ITpu nocaenoBaTebHOM U3METBYEHUM PACUETHOM CETKM JOCTUTACTCS Mpeae/IbHOE UMCIEHHOE pelleHue, KO-
TOpOE MepecTaéT 3aBUCETh OT UCIIONb3YEeMOM cXeMbl auckperusaunu. M3 puc. 6—7 BugHo, uyto cxema LUD Gbi-
CcTpee CTpeMUTCS K 3TOMY 3HaueHu1o, yeM cxema UD. Takum o6pa3oM, UCMOIB30BaHNE CXEMbI BTOPOTO MOpsIaAKa
touHocTu (LUD) anst auckpeTusaluy KOHBEKTUBHBIX CJIaraeMbIX IS CKOPOCTU MO3BOJISIET YBEJIUUUTH TOYHOCTh
TOJTy4aeMOTO PEIICHMSI.

W3 puc. 6—7 TakKe BULHO, YTO CETOYHAsK CXOAUMOCTh focturaercd Ha G4, 1 JajbHENIIEro N3MeIbUeHMS pac-
YETHOI ceTKU He TpeOyeTtcs. JlaabHelilme uccienoBaHus mpoBoaaTcst Ha ceTke G4.

Tabauuya 2
Table 2
OTK/I0HEHUs1 3HAYEHUIT IKCTPEMYMOB, NMOJTyYeHHbIX HAa ceTKax G1-G4, ot 3kcnepumMenTa
Deviations in the values of extreme points M1 and M2 for G1-G4 from experimental data
OTKJIOHEHHE OT IKCIepruMeHTa, %
DKCTpeMyM Gl G2 G3 G4
UD LUD UD LUD UD LUD UD LUD
Ml 13,4 11,4 4.4 3,1 1,3 2.8 -0,5 ~1,0
M2 38,6 33,4 20,2 19,2 3,6 1,1 3,2 1,6
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4.2. Bausinue eeauuunnl waza no 6PEMEHU U CXeMbl 0ucxpemu3auuu no epemenu

PaccmarpuBaemas 3amayda IBIsSIETCSI HEIMHEMHOI M HECTAallMOHAPHO, TIPU 3TOM YUCJIEHHBII METO/I MCTIOIb-
3yeT pacIieIyIcHUe TIPOIICCCOB IO BPeMEHM IJIST ABMDKCHUSI CPEIbl XUIKOCTh-Ta3 1 TSI IBUKCHMST TBEpIOTO TeJla.
B Takux ycoBHSIX BEJIMKO BIWSTHUE Ha Pe3yJIbTaT BEJIMYMHBI BpEMEHHOTO II1ara M CXeMbI TUCKPETU3aLMHU 110 Bpe-
MeHu. [Iis uccienoBaHus pacCMOTPUM LIECTh Pa3IMYHBIX 3HAUEHUSI BpEMEHHBIX 11aros (Tao. 3).

B Ta611. 3 mpemcTaBieHa BeIMUMHA IIIara 110 BpeMEHH, peaTi3yrolieecst B pacdeTe MaKCUMATbHOE 3HAYCHIUE YMCIa
KypaHTa, a Take OTHOLIEHME BEJIMIMHBI I11ara IT0 BpeMeHH K ITepHOoLy KoleOaH s LIMHIpPA, KOTOpbIii paseH T ~ 7,3.

Ha puc. 8 mpencraBieHbl 3aBUCMMOCTH TMOJOXEHUS LIEHTPA TSKECTU LIWIMHIAPA OT BPEMEHM ISl PacuyeToB
C pa3TUYHBIMU BPEMEHHBIMH IIIaTaMK W CXEMOU TUCKPETU3aLMH IT0 BPEMEHH BTOPOTO TTOPSIIKA.

W3 puc. 8 BUIHO, 4TO 3aBUCMMOCTH, TTOJIydeHHbBIE B pacyeTax ¢ BpeMEHHBIMU IIaraMu At; , At: , At; u Atg,
CIMBAIOTCS B OAHY JuHMIO. C pOCTOM BPEMEHHOIO Iara HabJII0AaeTCsl XapaKTePHbIA CABUT ITOJIOXEHUM MAaKCH-
MYMOB ¥ MUHUMYMOB PacUeTHON 3aBUCHMMOCTHU 110 BpeMeHU. Kpome TOro, Tpu yBeJWYEeHUU IIara aMILTATYIa
KoJIeOaHU HaYMHAET 3HAYMTEIBHO OTJIMYAThCS OT SKCIIEPMMEHTAIbHOIO 3HAYeHHUsI, YTO OCOOCHHO BBIPAXKEHHO
Yy 9KCTPEMYMOB, KOTOPbIE€ COOTBETCTBYIOT IIOTPYKEHMIO Tejla. DTO CBSI3aHO ¢ TeM, uTo Moaeib CSF mis ydera mo-
BEPXHOCTHOTO HATSKEHUS YYBCTBUTEIbHA K BEJIMIMHE II1ara 110 BpeMeH!. CIIMIITKOM OOJIBIIION BpeMEHHOI II1ar He
paspeniaeT pacupoCcTpaHeHe KaWUIIPHOM BOJIHBI, U MOJIEIb CTAHOBUTCS HECTAOMIBHOIA.

OTKIIOHEHME 3HAYEHUI 9KCTPEMYMOB, MOJYYEHHBIX B pacyeTax ¢ pa3JIMuHbIMM BPEMEHHBIMM LIaTaMU U I10-
PSIIKOM TT0 BpeMEHH, OT 3KCIIePUMEHTAIBHOTO 3HAYCHUS IIPUBEICHO B Ta0II. 4.

Tabauya 3
Table 3
PaccvmaTpuBaemble BpeMeHHbIE IIATH
Time steps under consideration
O06o3HayeHue BesvuuHa 1iara ro BpemMeHu Maxcuvarroe tncio Ar®
p KypanTta max CFL T*
A 0,113 102,8 0,01554
At 0,057 10,3 0,00777
ALy 0,011 8,9 0,00155
At: 0,003 0,09 0,00039
At; 0,002 0,05 0,00022
AL 0,001 0,03 0,00016
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Fig. 8. Displacement of the cylinder centroid at different time steps

Tabauya 4
Table 4
OTK/IOHEHHe 3HAYEHHIT SKCTPEMYMOB, B PACYETaX C PA3JTMYHBIMA BPEMEHHBIMH IIATAMHU
1 TIOPSIKOM 110 BPeMEHH, OT IKCTIePUMEHTa
Deviations in the values of extreme points M1 and M2 for different time steps
and time order from experimental data
OTKJIOHEHHUE OT 3KCIIepuMeHTa, %
OKCTpeMyM Aty Af Aty Al Al Arg
| IT | IT I IT | IT I IT I II
Ml —44 | 10,5 | —45 —4.6 1,0 | —04 0,2 —0,1 | —-1,6 | 1,6 | —1,6 | —1,7
M2 -9,2 —64,1 —6,5 —32,5 0,2 -3,3 —0,3 -2,9 -3,8 -3,6 —4,5 -3,6

J1J1s1 BpeMEHHBbIX 111arOB Atl* u At; U BTOPOTO MOPSIAKA TT0 BPEMEHU OTKJIOHEHMS OT SKCIIEPUMEHTA JIJIsT 9KC-
TpeMyMa M2 coCTaBIISIOT OKOJIO 65 % 1 35 % COOTBETCTBEHHO, B pacyeTe C IepBbIM MOpsAKoM — 0KoJio 10 % u %%
COOTBETCTBEHHO.

Ha puc. 9 u 10 npuBeneHbl 3aBUCUMOCTY OTKJIOHEHMI 3HAYeHUM 3KcTpeMyMoB M1 u M2 11t cxeM IepBOro
¥ BTOPOTO TOPSIAKA IT0 BpEMEHU OT YAEJIFHOTO BPEMEHHOTO II1ara.

W3 puc. 9 u 10 BUIHO, 4YTO MpU JOCTATOYHO MaJIOM BPEMEHHOM IlIare JOCTUTaeTcs MpeaesibHOe YMCIeHHOe
pelleHne, KOTopoe mepecTaéT 3aBUCETh OT MCMOJb3yeMOTro MOpsSiAKa CXeMbl TUCKpeTU3aluuu mo BpemeHu. [Ipu
OOJIBIINX BPEMEHHBIX IIIaTrax MCIOJIb30BaHNE TIEPBOTO MTOPSIIKA 10 BpeMEHH IPUBOAUT K MEHBIIIEMY OTKJIOHCHUTO

oT aKcnepuMeHTa. OIHaKO, MPU YMEHbILIEHUM 11ara o BpeMeHU, HaUMHasi C At; , CXeMa TUCKpeTU3aluy BTOPOro
TOpsIiIKa HaUMHAeT OBICTpee CTPEMUTHCS K He3aBUCMMOMY 3HAUYeHU0. TakKuM 00pa3oM, MCITOJb30BaHUE CXEMBI
IUCKPETU3ALIMI TT0 BpeMEHU BTOPOTO ITOPSIIKA MIO3BOJISIET TTOBEICUTHh TOYHOCTH ITOJIy9aeMOTO PEIICHMS, TIPH YCII0-
BUU JOCTaTOYHO MAJIOTO 11ara 1o BpeMeHHU.

4.3. Bausanue xo3gppuyuenma peaaxcayuu cuvl

g uccnenoBaHus BIUSTHUS KOG GULIMEHTA peJlakcalui CUIIbI POBOAMINCH pacueThl C TPeMsI pa3TMUHBIMU
3HaueHUusIMU Koo duumeHTa: ¥r1 =0,5,2=0,75,r3 = 1. Hapuc. 11 npeacraBiaeHbl 3aBUCKUMOCTHU MOJOXEHMS LIeH-
Tpa TSKECTU LHUJIMHIPA OT BpeMEHMU JJIs1 pacueToOB ¢ paccMaTpuBaeMbIMU KOG GULIMEHTAMU peaKcalliu U 11aroM
10 BpEMEHU Ats* .

W3 puc. 11 BUIHO, 4TO BCE TPU pacueTHbIC 3aBUCUMOCTHU CJIMBAIOTCS B OJHY JIMHUIO.

OTKJIOHEHUE 3HAYeHU I SKCTPEMYMOB, TTOJIYYEHHBIX B pacueTax ¢ KoadulimeHTaMu pejaakcauuu r1, r2 u r3,
OT 9KCIEPUMEHTAILHOTO 3HAaYEHUS ITPUBEAEHO B Ta0I. 5.
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Tabauya 5
Table 5

OTKJI0OHEHNE 3HAYEHUIT IKCTPEMYMOB, B PACUETAX € PA3JIMIHBIMEA KO3 (HUIMEHTAMHA PEIAKCAINH, OT IKCIIEPUMEHTA
Deviations in the values of extreme points M1 and M2 for different relaxation factors from experimental data

OTKJIOHEHUE OT IKCTIePUMeHTa, %
DKCTpeMyM
rl r2 r3
M1 -1,3 1,1 —0,1
M2 -4,6 —1,0 -2.9

W3 Tabn. 5 BUAHO, 4TO MpU BCeX TpeX KoadduuumeHTax NopsaoK OTKJIOHEHUSI OJUHAKOB, TO €CTh KO3(-
(buLMeHT penakcalMy CUJIbI HE CUJIBHO BJIMSIET Ha IOJydaemMoe pelleHue. MakcuMalbHOE OTKJIOHEHHE OT
9KCcMepuMeHTa HaboaaeTcs asl aKkcTpemyMa M2 B pacueTte ¢ Koo GUIIMEHTOM pejlakcaluu #1, OHO He Tipe-

BoIlaer 5 %.
Takum 06pa3oM, IIPU JOCTATOYHO BEICOKOM CETOUHOM Pa3peleHUU U MAJIOM LIare 1o BpeMeH! KO3(hOULUEHT

peaakcalmmn C1jI HE OKa3bIBACT 3HAYUTCIIbHOC BJIMAHME HA HOHy‘{aCMBIﬁ pe3yiabTart.
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5. 3akmoueHne

B HacTos1Iei paboTe mpencTaBieHa METOIMKA MOISIMPOBAHMS 3aayd TUIAaBaHUS TeJI, OCHOBaHHAsI HA METOJIEe
VOF coBMecTHO ¢ TeXHUKOI nedopmalimu ceTKu. MeToauka peanu3zoBaHa Ha 6a3e naketa nporpamm JIOT'OC.
PaccMmarpuBasiach 3amaya o 3aTyXalolmx CBOOOIHBIX KOJIEOAHUSIX LIWJIMHIpA HAa BOIHOM MOBEPXHOCTH.

M3ydeHbl BOIIPOCH BIMSHUS CETOYHOTO pa3pellleHNs] Ha TOUHOCTh pe3y/IbTaTa, BeIMIMHBI BDEMEHHOTO II1ara,
TOPSIIKA arIpOKCUMAIIAH 10 BpeMEHH U IO MPOCTPAHCTBY, METOHA CTIAXKMBAHUS TUAPOTUHAMUYCCKUX CUJI, KO-
TOpBIE ACHCTBYIOT Ha TEJIO.

MakcuManbHOe OTKJIOHEHME pellleHUsT OT peepeHCHBIX JaHHBIX HaOJIIomaeTcs Mpyu HauboblIeM 0a30BOM
pasMmepe SueiiKM pacueTHOM ceTkr. C yMeHBIIeHNEeM 0a30BOTO pa3Mepa sYeiiKu, IMoJlydaeMble Ha COOTBETCTBY-
IOIIMX CETKaX pacyeTHbIE 3aBUCUMOCTU MPAKTUUYECKU MEePecTaroT OTIMYaThCsl Mexay coboil. MccienoBanue mo-
Kazajo, 4YTO MCIOJIb30BaHNE CXEMbI BTOPOTO MOPSIAKA JUCKPETU3AINY KOHBEKTUBHBIX CIaraéMbIX ST CKOPOCTH
MO3BOJISIET YBEJIMUUTh TOUYHOCTH ITOJTyIaeMOTO PEIICHMSI.

CpaBHeHME Pe3yJIbTaTOB PacYeTOB C Pa3IMUHBIMU BPEMEHHBIMU IIaraMu 1MoKa3ajao, YTO MNP OOJIbIIOM Iare
cXeMa IMCKPEeTU3aliy 110 BpeMEeHHU TIEPBOT0 MOPSIIKA 1aeT MEHbIIIee OTKIIOHEHHE OT pehepeHCHBIX JaHHBIX, OTHA-
KO TIpY YMEHBIIICHWH II1ara 1o BpeMEHU JI0 OTIPEIeICHHOTO JOCTATOYHO MaJIOTO 3HAUEHMS UCIIOJIb30BAHUE CXEMBI
BTOPOTO MOPSIAKA MO3BOJISIET MOJTYYUTh 00Jiee TOUHBIN pe3y/IbTarT.

ITpu BBICOKOM CETOYHOM pa3peIieHUN M MaJIOM IIIare 1o BpeMeH!U KO3 (MUIIMEHT peTaKcalliy CUJIbI, IeHCTBY-
folIeil Ha TeJlo, He OKa3bIBaeT CUJIBHOTO BIIMSTHUS Ha TIOJIyJYaeMbIil pe3yIbTar.

6. ®uHaHCcHpoBaHue

Pesynbratel morydeHsI Ipr (PMHAHCOBOI TTOAIEp>KKe HAIlMOHAIBHOTO TpoeKTa «Hayka m yHUBEpCUTETHI»
B pamMKax rmporpaMmMmbl MuHo6pHayku P® 110 co3nanuio MoaongxHbix Jadoparopuit Noe FSWE-2021-0009 (Hay4-
Has TeMa: «Pa3paboTka YnciIeHHBIX METOIOB, MONIEJICI 1 aJITOPUTMOB IIJIST OTTMCAHKS TUAPOIMHAMUIECKIX XapaK-
TEPUCTHK KUIKOCTEI M TaA30B B €CTECTBEHHBIX ITIPUPOIHBIX YCIOBUSX, Y YCIOBUSIX (DYHKIIMOHUPOBAHUS UHIYCTPH-
aJIbHBIX OOBEKTOB B IITATHBIX M KPUTUYECKMX YCIOBUSIX Ha CYTIEPKOMITbIOTepax MeTadIoncHOro Kjaaccar), a Takxke
npu hrHAHCOBOI TTommepxkKe rpanTa [1pe3uneHnra Poccuiickoit @enepannu 1o rocyaIapcTBEHHOM TTOIIEPKKE Be-
IylMx HaydyHbix mwkoa HIII-70.2022.1.5.
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INPUMEHEHUWE TEOPUU TYPBYJIEHTHOI'O BUXPEBOI'O JZMHAMO
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AHHOTAIMSA

Bce 6osee oueBUAHBIM CTAHOBUTCS U3MEHEHHE KIMMaTa, KOTOPOe NMPUBOIUT K YBEJIUUYEHMIO YUCIa MHTEHCUBHBIX aTMOC-
(epHBIX BUXpEil (TPOIMMUECKUX ¥ KBa3UTPOITMUECKUX LIMKJIIOHOB, TIOJIIPHBIX yparaHoB, 00IaYHBIX CMEpYeii-TOpHAI0) U paCIly-
peHuIo reorpad®uecKMX U CE30HHBIX MPENEIOB UX MosiBiaeHus. HenaBHUM MprUMepoM cTajl YepHOMOPCKHU KBa3UTPOMUYECKMIt
uKJIoH 11—16 aBrycra 2021 . B 9THX yC/IOBUSIX Ype3BhIUaiHO BaxKHA TOYHAS JMATHOCTHKA LIMKJIOT€HE3a U OCHOBAHHBII Ha Heil
MPOTHO3 NaJbHEMNIIEel SBOTIOLMU U TPAEKTOPUHU (DOPMUPYIOIIEerocs BUXpsl. [JTaBHBIM UCTOYHUKOM SHEPTUM TSI TPOTTUYECKUX,
KBa3UTPOIUYECKHUX 1 TTOJISIPHBIX yparaHoB SIBJISIETCSI TEIIJIOBAs KOHBEKIIMS, BbI3BaHHAsI 3HAYNUTEIbHOMN pa3HOCTBIO TEMITepaTyp
MeX1y aTMOC(hEPHBIM CIOEM Y TTOACTUIIAIOIICH BOTHOI MTOBEPXHOCTHIO. DTO MO3BOJISIET MPEIOXKUTh ENMHBIN MOAXOM 151 A1a-
THOCTUKU LIMKJIOTEHE3a BO BCEX TPeX ClIydasix.

BriepBble mpenioxkeH OpUrMHaIbHbBINM MOAXOM AJIs1 ONpeneeHrss TOUHOTO BpeMEeHU Havajla TPOIMMYeCKOro IMKJIoreHes3a.
Takoit moaxon BKJIouaeT KOMOMHUPOBAHHBIN aHAJIN3 CITyTHUKOBBIX U300paXkeHUit 00JIaUHOCTH U COOTBETCTBYIOIIMX JaHHBIX
00JIaYHO-pa3penIalolIero YMCASHHOTO MOASIMPOBAHUS Ul 00JacTH pa3BUMBAIOIIETOCS BUXPEBOTO BO3MYIeHUs. TeopeTu-
yecKMM 0a3ucoM SIBIISIETCSl (pyHIaMeHTajbHasl TUIoTe3a O TypOyJIeHTHOM BUXPEBOM JAuMHaMoO. Teopus gaeT KoJu4eCTBEHHbIE
KPUTEPUU, OTIpeesiolIe BO30yXIeHe KPYITHOMACIITAOHOM BUXPEBOM HEYCTOMUMBOCTU B aTMocdepe. ATMOchepHOe YncC-
JICHHOE MOJIEJIMPOBAaHNE TTIO3BOJISIET TOYHO OMPEIETUTh MOMEHT BpEMEHM, B KOTOPBI Peaiu3yloTcss HEOOXOMUMbIE YCIOBUS JUTST
BO3HMKHOBEHUSI HEYCTOMYMBOCTU. DTOT MOMEHT MHTEPIIPETUPYETCS KaK Havaslo 1UKIoreHe3a. HalineHHbIe B paboTe crienu-
(uryeckue KOH(pUrypaimu BUXpeBOoii 001auHOi KOHBEKIIMU, COOTBETCTBYIOIIME HAaYaIbHOM CTauU LIMKJIOTEHEe3a, MOTYT ObITh
HCIIOJIb30BaHbl B OIMEPATUBHOI METEOAMAarHOCTUKE TMPU aHAJIM3€ CIYTHUKOBBIX M300paxeHuil obnauyHoctu. Mimoctpanus
MOJX0/1a JJaHa Ha MpUMepe AMarHOCTUKU TPOTIMUECKOTo IMKJIOreHe3a.

KiroueBbie cioBa: TpOIMMYECKUI IUKJIOTEHE3, IMAarHOCTUKA, TYpOYJIEHTHOE BUXPEBOE TMHAMO, BUXpeBast 00J1auHast KOHBEKIIHS,
CIYTHUKOBBIC JaHHBIE, 00JJaUHO-pa3pelliapliee YMCICHHOE MOACeIMPOBaHNE
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Abstract

The climate change is becoming more and more obvious, which leads to an increase in the number of intense atmospheric
vortices (tropical and quasi-tropical cyclones, polar hurricanes, tornadoes) and an expansion of the geographical and seasonal
limits of their occurrence. A recent example was the quasi-tropical cyclone in the Black Sea on August 11—16, 2021. Under these
conditions, the accurate diagnosis of cyclogenesis is extremely important and, based on it, the forecast of further evolution and the
trajectory of the forming vortex. The main source of energy for tropical, quasi-tropical and polar hurricanes is thermal convection
caused by significant temperature differences between the atmospheric layer and the underlying water surface. This allows us to
propose a unified approach for the diagnosis of cyclogenesis in all three cases.

For the first time, an original approach is proposed for determining the exact time of the onset of tropical cyclogenesis. This
approach includes a combined analysis of satellite images of cloudiness and the corresponding data of cloud-resolving numerical
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modeling for the region of developing vortex disturbance. The theoretical basis is the fundamental hypothesis of a turbulent vortex
dynamo. The theory provides quantitative criteria that determine the excitation of large-scale vortex instability in the atmosphere.
Atmospheric numerical modeling makes it possible to accurately determine the moment of time at which the necessary conditions
for the onset of instability are realized. This moment is interpreted as the beginning of cyclogenesis. The specific configurations
of vortical cloud convection found in the work, which correspond to the initial stage of cyclogenesis, can be used in operational
meteorological diagnostics when analyzing satellite images of cloudiness. The approach is illustrated by the example of diagnostics
of tropical cyclogenesis.

Keywords: tropical cyclogenesis, diagnosis, turbulent vortex dynamo, vortical cloud convection, satellite imagery, cloud-resolving
numerical modeling

1. Benenne

B nocnienHee Bpemst OSIBUIIOCH MHEHUE, YTO M3MEHEHNE KJIMMaTa MPUBOIUT K YBEJTMYSHUIO YMCIIa BO3HUKA-
IOIIMX MHTEHCHUBHBIX aTMOC(HEPHBIX BUXPEii: TPOMMUECKMX U KBa3UTPOITUYECKUX LIMKJIOHOB, TOJISIPHBIX YparaHoB,
00JIauHBIX cMepUeii-TopHano. [IpryeM MHTEeHCUBHBIC BUXPHU CTAJIM Yallle BHIXOINUTH 3a MIPeAeIbl reorpadmaecKux
PETMOHOB M CE30HHBIX MHTEPBAJIOB MX TPEXHET0 HAOTIONEHUS, HATpUMep, B OoJyiee BHICOKME IITMPOTHI U OoJiee
paHHMe,/mo3aHMe Mecslibl rona. Hekoropsie Tponuyeckue HukiaoHbl (T1L) nocTuranu HeoObIYHO BHICOKOI MHTEH-
CMBHOCTH Ha MCXOE IIPUBBIYHOTO ce30HA yparaHoB. Cpean HeTaBHUX CITy4aeB MOKHO OTMETUTD ATIaHTUYCCKMIt
yparaH Sandy (22 okTs16pst — 2 Hos10ps1 2012). OH 1OCTUT CEBEPO-BOCTOUHBIX IITATOB U CTaJl YETBEPTHIM B UCTOPUU
CIIA no crouMocTH HaHeceHHoro yiepoa. Yparad Pablo (25—28 okTs16ps 2019 r.) ctai «caMbIM BOCTOUHBIM» U3
Armantnyeckux TL — BUXpb JOCTUT yparaHHO# MHTEHCMBHOCTH Tipn 18,8 3.4., Haxomsch Ha 42°c.. [1]. DTor
yparaH oKasaJiCsl BTOPbIM M3 «CaMbIX CEBEPHbIX», HE IOOMB PeKOpIa HeHa3BaHHOro yparaHa 1971 roga — 46°c.1i.
Yaiie cranu HabI0AAThCS KBa3UTPOIMUECKHMe HUKIOHBI B Cpen3eMHOM MOpe, KOTOPbIe U3BECTHBI TaKKe IO
HazBaHMeM “medicanes” [2].

TTonoGHbIEe BUXpU HE OOXOAAT CTOPOHOI U TeppuTopuio Poccuu. KBasutponuuyeckre HUKIOHBI (KBa3u-TLI)
B poccuiickoii HayyHoii qutepatype 1 CMU yacTto Ha3bIBalOT CYyOTPONMUYECKMMU LIMKJIOHAMU/ME30LMKIOHaMU,/
mropMaMu. [IepBble CITYyTHUKOBBIE CHUMKHM YEPHOMOPCKUX ME30MACIITAOHBIX UKIOHUYECKNX BUXpel, 3ahnK-
CUpOBaBIIKe OCOOEHHOCTDh TUMA «IJIa3a» yparaHa, oTHocsITcs K 2002 r. u MOTYT OBbITh HaiiieHbl B apxuBe MeTeo-
poaoruyeckoro odpuca (Met Office) Benukoopuranuu [3, 4]. OgHako 3TH BUXPU UMEIN OY€Hb KOPOTKOE BpeMsi
KM3HU U He ObUIM McciaenoBaHbl. IlepBrlii mogpodHO n3ydeHHBI kKBa3u-TL moctTur MakcMManbHO CKOpOCTH
MOBEPXHOCTHOTO BeTpa 25 M/c TIpy MafeHnu JaBjieHus B LieHTpe 10 992 rlla. OH Habmogancs Han akBaTopHeit
YepHoro mopst 25—29 centsiopst 2005 r. [5, 6] — puc. 1, a. loJkeH ObITh MCCIeI0BaH el OIMH MHTEHCUBHBIM 101~
roxXuByInii yepHoMopckuit kBasu-TLI (puc. 1, 6). On nosiBuicst HenaBHo — 11—16 aBrycra 2021 r. [Ipeabiayiimii
Buxpb 2005 r. chopmurpoBacs BTN OT I'yCTOHACEJIEHHBIX TEPPUTOPUIA, & LIMKJIOH HBIHELITHETO CE30HA HECKOJIBKO

@ eumeTsAT 3(9 b

Puc. 1. KBazurponuueckue HMKIOHBI B YEpHOM MOpe

Fig. 1. Quasi-tropical cyclones over the Black Sea
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Application of the turbulent vortex dynamo theory for early diagnostics of the tropical cyclone genesis

CYTOK HaXOIUJICSl B HEITOCPECTBEHHOM 0/m30cTr OT 1mobepexbst Kaskaza, KpacHogapckoro kpas u Kpeima. OH
nepemeniancs u3z YépHoro Mopsi B A30BCKOe. DTOT YepHOMOPCKUIT BUXPb BbI3Ball PEKOPAHbIE OCAIKU: TPEXIHEB-
HbIe cyMMBI ocankoB 13—15 aBrycra coctaBmwim B Tempioke 516 MM (4TO 03HaYaeT MIPUMEPHO MOJTOHHBI BOJAbBI Ha
1 M2 ¥ CpaBHUMO C TOJ0BOI1 HOpMOIi ocankos), Anane — 219 mm, Hosopoccuiicke — 178 mm [7]. Tponudeckue
LIMKJIOHBI XOTSI U HE 3apOXXIal0TCsl BOJIU3U TeppuTopuu Poccruu, HO peryyisipHO BBIXOAST Ha POCCUICKUE peru-
onbl JlanbHero BocTtoka. EmIé oguH TUIT yparaHHBIX IUKJIIOHUYECKUX BUXpEI, KOTOpbie HAOIIONAIOTCS B Halllei
cTpaHe, ObUT OOHApPY>KEH TMPY aHAM3€e CITyTHUKOBBIX M300pakeHM T 00IaYHOTO TTOKPOBA CPABHUTEIHHO HETAaBHO,
B 1960-x rT. DTO MOJIsIpHBIE yparaHsl. U eciii paHblile Mog00HbIe BUXpU (DOPMUPOBAIMCH TPEUMYIIIECTBEHHO B ba-
peHiieBoM 1 OXOTCKOM MOpE, TO TeTiepb B CBSI3U C MOTEIJICHUEM B APKTUKE OHU CTaJIM TakKe MOSIBIISIThCSI B MOpE
JlanreBbiX, B BocTouno-Cubupckom u Kapckom Mopsix.

Tponuyeckue, KBa3UTPONTMIECKKE W TTOJISIPHBIC YparaHbl SIBJISTIOTCS MHTEHCUBHBIMU aTMOC(EPHBIMU BUXPSI-
MM, XapaKTEepPU3yIOTCsl BETpaMU OTPOMHOI pa3pylIMTEIbHOM CUJTbI, MOIIIHOM 0071auHOCThI0. OHU BBI3BIBAIOT CUJIb-
HbIE OCAJIKV 1 BOJTHEHWE MOPCKOIi ITOBEPXHOCTH, HABOJHEHUST B IPUOPEXKHBIX pailoHaX. DTU SBICHUS MPEICTaB-
JISIIOT CEPBE3HYIO YTPO3Y ISl )KU3HU U XO3SIACTBEHHOM nesiTelbHOCTU. [103TOMYy AMarHoCTUKa 3apoKACHUS TaKUX
BUXpE U MPOTHO3 UX NaJIbHEHIeil 9BOJIOLIMN OTHOCSTCS HE TOIBKO K YUCITY aKTyaJIbHBIX (DYyHAaMEHTAIbHBIX 3a-
na4d puzrku atMochephl 1 0KeaHa, HO M UMEIOT OUeBUIHYIO TIPAKTUIECKYIO HATIPABIEHHOCTD.

B npoGsieMe nuarHOCTUKM 3apOXKIEHUST TPOMMUYECKUX, KBA3UTPOIMYECKUX U TMOJSIPHBIX YparaHOB B pa3HbIX
KIMMATUYECKUX TOsIcax TUIAHEThl MPUHUUMUATBHBIM U O0BETUHSIIOIIMM MOMEHTOM MOXKET CTaTh TOT (haKT, UTO
mpu Ux (POPMUPOBAHNM BAXKHYIO POJIb UTPAET OAUH U TOT Xe (U3NIeCKUit MeXaHW3M — TeTUIoBasi KOHBEKIINSI.
ITpennoxeHHast B COBMECTHBIX POCCUICKO-aMepuKaHCKUX padotax 2009—2015 rr. uHTeprpeTauusi TpPOIMMYECKOro
LUKJIOreHe3a KaK KpyITHOMACIITaOHO HeYyCTOMUYMBOCTU B CITMPAJIbHOIM aTMOC(epHOit TypOyJIeHTHOCTH [8] momy-
CKaeT pacTpoCTpaHeHNE U Ha yparaHOMOA00HbIE ME30ITMKIIOHBI B CPETHUX U BHICOKUX IITUPOTAX.

Pa3paboTka uncieHHol auarHoctuku 3apoxaeHus: T1L Obina HayaTa B [9—11] 1 nmpoaeMoHcTprUpoBaHa IJIsi
HECKOJIbKUX UIeTU3NPOBAHHBIX CLIEHAPUEB TPOMTUYECKOTO LIUKIIOTeHE3a.

2. MarepuaJjbl M METOIbI HCCJIEOBAHUS
2.1. Ilpobaema ouaznocmuru 3apoxcoenus mponuyeckux yuxionog (TL[)

ITpoGaemMa TpormMUecKOro MUKJIOTeHe3a SIBIISICTCSI OMHOM M3 BaXKHBIX 1 IO CUX TTOP HEpeIIeHHBIX (hyHIaMeH-
TaJbHBIX 3a1a4 TPOITMIECKON MeTeopoJIorui M (pU3MKKM aTMocdepsl. boilee Toro, Mo HACTOSIIIET0 BpeMEHU HE
CYILIECTBYET OOILIETTPUHSTOIO ONpeaeaeHUs] TPOITMYECKOro IMKIOreHe3a, KOTOPOoe NOIKHO CAYKUTh MPUHIUIIM -
aJIbHOI OCHOBOI JIJI1 TOYHOM KOJMMYECTBEHHOM TMAarHOCTUKM peain3oBaBiierocsd 3apoxaeHus T1I. Ot pemreHus
3TOM MPOOIEMBI KPUTUISCKIM 00pa30M 3aBUCUT JATbHEHIITNIA ITPOTHO3 pa3BUTHS 00pa30BaBIIETOCS BUXPS U BCS
cucTeMa MpeaynpexxaeHNs] HaceJeHUs O BO3MOXHOI Upe3BbIlYaiiHOM cUTyalluMu.

OmHako, HECMOTPS Ha CJIOXUBIIYIOCS HEOTIPENEICHHOCTD, HACYIITHBIE TTOTPEOHOCTH TMAarHOCTUKM 1 TIPOTHO-
3MPOBAHUS TAaKUX 3KCTPEMAJBHBIX TTOTOMHBIX SIBIICHUI 3aCTaBIJIM BBIPAOOTaTh HEKOTOPYIO CUCTEMY TIPU3HAKOB,
MO3BOJISTIOLIMX YTBEPXKIATh, YTO Mpou3oliuio 3apoxaeHue TL. OcHoBbIBasiCh Ha Heil, B METEOPOJIOTUYECKOM MpaK-
tuke pakrom hopmupoBanus TL mpuHATO cuuTaTh 0O0pa3oBaHNE CKOHLIEHTPUPOBAHHOTO Y TTOBEPXHOCTH BUXPSI,
B KOTOPOM CKOPOCTBb TAHTEHIIMAJTEHOTO BeTpa JOCTUTAaeT HanboJjIee BRICOKMX 3HAUCHMIT Ha HIKHUX YPOBHSIX; C TTI0-
HUDKEHHBIM JaBJICHMEM B LIEHTPE MTOBEPXHOCTHOI 3aMKHYTOM BETPOBOI LIMPKYJISILIMU U UMEIOIIETO TEeII0e SIAPO.
Ecnau MakcumanbHasi CKOpOCTh TTOBEPXHOCTHOTO BeTpa B chOPMHUPOBABIIIEMCSI BUXpEe He TIpeBhIaeT 17 M/c, To
OH Ha3zbIBacTCs Tpormueckoii nerpeccreit (TI1). OHa paccMaTprBaeTcs B KaueCTBe HaYaTbHOM CTaIUM Ha IIKaJie
uHTeHcuBHOCcTU TL. Hanbomipuiyto TpyniHOCTb NPU 3TOM MPEACTaBIsgeT AUAarHOCTUMKA MOAOOHOrO COOBITUS, MO-
CKOJIbKY obpa3oBanue T mporcxomuT Hamg BOTHON MTOBEPXHOCTHIO M OUEHBb YaCTO BHAJIM OT Ha3eMHBIX LICHTPOB
CIICXKEHUS ¢ HCOOXOOUMBIMU M3MEPUTEIBHBIMU TTpruoopami. CoBpeMeHHBIE CPEeICTBa KOCMIUIECKOTO MOHUTOPHH-
ra ¥ COBpeMEeHHbIE YUCIEHHbIE MOJEIU aTMOC(HEpbl UCIIOIb3YIOT YCBOEHUE CITYyTHUKOBBIX JaHHbIX. OHU 3HAUM-
TEJbHO YJIYUYIIWIW CUTyallrio. TeM He MeHee, 10 CUX TOp CaMbIM HaJe>KHbIM MOATBEpXKAeHUEM oOpazoBaHust TLL
SIBJISIETCSI HEITOCPEICTBEHHOE TTPOBEICHIE N3MEPEHUI ¢ CaMOJIETOB B 30HE (hopMupyIolerocs Buxps. Hackoibko
HaM U3BECTHO, TAKOM MOAXOA Ha MOCTOSIHHOI OoCHOBe NMpuMeHsieTcs ToJibko B CIIA [2, 12]. Ho u B 3TuX ciydasix
MPaKTUIECKY HEBO3MOXKHO OIPEICIUTh TOUHOE Bpems 3apoxxaeHust TLI.

3apoxnenue TL MoxXeT OBITh TOYHO TMaTHOCTUPOBAHO TOIBKO Ha OCHOBE aTMOC(EpHOTO MpoIiecca W psima
MPOLIECCOB, B KOTOPBIX CYIIECTBYIOT KOJIMYECTBEHHBIE IOPOrOBbIe KPUTEPUU IJIsI JAHHOTO SIBJICHUSI.

Tponuueckuil yukaoeeHe3 — NOPO208As KPYNHOMACUIMAOHAS BUXPEBAsl HEYCIMOUYUBOCHb 8 CNUPANbHOU ammocgep-
HoU mypoyaeHmHocmu
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B coBMecTHBIX poccuiicko-amepukaHcKux padotax [8—11] Obl1a BbIIBUHYTa U 0O0CHOBAHA UHTEPIIPETALIUS
TPOMUYECKOTO LIMKJIOreHe3a Kak Ipoliecca caMOOpraHu3aluu BiaXKHO-KOHBEKTUBHOM CIUpabHOU aTMocdep-
Hoit TypOysneHTHOCTU. [1pn aTMOochepHBIX YCIOBUSIX, CITOCOOCTBYIOIIMX IMKJIOTeHEe3Y [2], TaKOi MPOIecC MOXKET
WHULIMUPOBATH KPYITHOMACIITAOHYIO BUXPEBYIO HEYyCTOMUMBOCTh. B padorax [13, 14] obcyxnaercs, Kak mpenjio-
>KEHHasi MHTeprpeTalus MO3BOJISIeT KOIMYECTBEHHO M TOYHO JUArHOCTUPOBATh (hakT 3apOXIACHUST yparaHHOTO
BUXpSI, pacCMaTpuBasi B 3TOM KauecTBE HayaJlo KPYITHOMACIITAOHOUM BUXPEBOI HEYCTONUMBOCTH.

B wensax auarHoctuku aBTopamu [8§—11] Obl1a MprMeHeHa TeopeThudeckasl TUIoTe3a O TypOyJeHTHOM BUX-
peBoMm nuHamo [15, 16]. Turnotesa npemiaraeT crnocod yCUaeHUsI KPYITHOMACIITaOHbIX BUXPEBBIX BO3MYILIEHUI
B aTMocdepe 3a cueT nepeaaur SHepruu OT MeJIKoMacluTabHoi TypOyneHTHocTU. Takoli mpoliecc U3BeCTEH Mo
Ha3BaHMEM 00paTHOTO Kackana aHepruu. Ero cyiiectBoBaHMe ObIJI0O 000CHOBAHO B TPEXMEPHOI CITMPAIbHOM Typ-
OYyJIEHTHOCTU, KOTOpasi XapaKTepu3yeTcsl HapyllleHueM 3epKaibHoli cuMmMeTpui [17]. [TonoOHO AByM NpyruMm Xo-
POILIO U3BECTHBIM KPYITHOMACIITAOHBIM HEYCTOMYMBOCTSIM B CITUPAILHBIX TYPOYJICHTHBIX cpefax, anbda-3hheKTy
B MarHUTHOM ruaponuHamuke [18] u aHu3zoTponmHOMY KHeTHYeckoMy anbda (AKA)-a3dpdexTy B HenpoBoasiuei
KUakocTu [19], Teopusi BUXpeBOro IMHAMO AaeT MOPOTr BO30YXIAEHMST KPYITHOMACIIITAOHON HeycTOMUYMBOCTH [ 15,
16, 20] 1 KoJIMYECTBEHHBIE OLIEHKHM JIJISI COOTBETCTBYIOLIMX ITapaMeTpoB aTMocdephl [16].

2.2. ,Zluaenocmulca MpOonuU4eCKo20 UuK.102eHe3a ¢ NOMouibro oﬁﬂatmo-paspemalouqeeo HUCACHHO20 Moae/mpoeanuﬂ
U CNYMHUKOBBIX OaHHbIX

B pabore [13] moka3aHo, Kak pe3yabTaThl U3YyYeHUs] TPOMMYECKOTO LIMKJIOreHe3a CpeICcTBaMU WUAeaIu3upo-
BaHHOTO YMCJICHHOTO MOAeIUpoBaHUs [8§—11] MOTyT OBITH IPUMEHEHBI B METEOPOJIOTMIECKOM TTPaKTUKE IS pe-
abHBIX aTMOchepHbIX Buxpeii. [TpemioxeH crmocob A1t TOYHOM W, YTO IPUHIIMITAATBHO BaXKHO, TUCTAHIIMOHHOMN
NMarHOCTUKM MOMEHTa BpeMeHM, Korna HauuHaetcs 3apoxaeHue TLI. OnepatuBHas, T.€. B pealbHOM BPEMEHMU,
METEeOpOJIOTUYCCKasI JUArHOCTUKA TOJDKHA OCYIICCTBISTHCS HA OCHOBE COBMECTHOTO aHajM3a JAaHHBIX 00Jad-
HO-Pa3pelapiinero YucjieHHOrO MOAEINPOBaHUS (POPMUPYIOIIETOCsS BUXPSI M COOTBETCTBYIOIINX CHUMKOB 00-
JIJAUHOCTU B MH(paKpacHOM IMana3oHe, MOJyYeHHBIX ¢ Te0CTalMOHApHOIro cnyTHUKA. bbuto HaligeHo [13], uTo
B MOMEHTBI KJTIOUEBBIX COOBITHIA TIpu 3apoxneHuu TL ((hopMupoBaHre BTOPUIHO TPAaHCBEPCATLHOM ITUPKYJIS-
1IMU, HAYaJI0 KPYITHOMACIITA0OHOU BUXPEBOI HEYCTOMYMBOCTU, oOpa3oBaHue BUxps TI) mosiBisitoTcs cneuubu-
yeckMe KOHGUTypaluu riyooKoi Bpalamuieics 061a4Hoi KOHBeKUMN. BaxkHO MogYepKHYTh, YTO TAKUE TUTTUY-
HbIe KOH(UTYPAIIUU OTYCTINBO UACHTU(MULINPYIOTCS B ABYX Pa3HBIX (DM3NIECKUX ITOJISIX U IBYMSI He3aBUCUMBIMU
MEeTOJlaMM aHajnu3a — B I0JIe BEPTUKATbHON CITMPATbHOCTU (YMCIIEHHOE MOJIEJIMPOBAHNE) U TI0JIe TeMITepaTyphl
(criyTHUKOBBIE HaHHBIEe). TakuM 00pa3oM, mpenjaraemMasi IMarHocTUKa 0a3upyeTcsl Ha BaXKHON PoOJIM, KOTOPYIO
WUTPAIOT B TPONIMYECKOM LIMKJIOTEHE3€ MHTEHCUBHBIE BPALLIAIOLIMAECS O0JIAUHbIE CTPYKTYPbI, U3BECTHBIE KaK BUXPE-
Bble ropsiune 6amHu (BI'B) [21-23].

2.3. Buxpeevte copauue 6amnu (BI'b)

HarngoHoe npencraBieHre 00 OOJAUHBIX TOpSYMx OalrHaX Ha€T Busyanm3aunss NASA, BBITTOJHEHHAS I
Tpornuueckoro yparaHa Bonnie (1998) u pazmemiéHHas B Bukunenuu [24]. DTH MHTEHCUBHBIE Ky4eBO-I0XIEBbIE
KOHBEKTUBHbBIE CTPYKTYpPhI ObLIM BIIepBbIe omrcaHbl B 1958 1. [25], a ux BuxpeBasi mpupoaa Obuta MASHTUDUILIN-
poBaHa MOYTH TISITHACCAT JIeT cIrycTs B [21, 22]. B padote [25] ropstame 0anrHu orpeAeIsuinch Kak HeOOIbIIIe IT0
TOPU3OHTAJILHBIM pa3MmepaM, 0KoJio 10—30 KM, HO MIHTEHCUBHbBIE Ky4eBO-I10Xe€Bble KOHBEKTUBHbIEC 001aka. OHU
JIOCTUTAIOT TPOIMOIay3bl, KOTOpasi B TPOIMKAX OOBIYHO pacIiojiokeHa Ha BbicoTax 16—18 km. [eiicTBuTenbHO, Ha
BU3yaImM3aunu [24] BeIcoTa caMOif MHTEHCUBHOM 13 OalreH 01m3Ka K 18 kM. BaskHO OTMETHTD, UTO OIpenesieHre
«ropsiure» CBSI3aHO He C TEMIIEPaTypoil 3TUX 00JJaYHbIX CTPYKTYP, a C TEM, UTO M0 BCeit BLICOTE OalllHU UAET UHTEH-
CHUBHOE BbIIEJIEHUE SHEPTUHU 3a CYET MOCIeA0BaTEIbHOCTH (Da30BBIX MEPEX0OA0B BJIarv: BOASHON map—Boga—ien.

OO6HapyXeHIe BUXPEBO MPUPOIHI TPOITMIECKOIT KOHBEKIINY CTAJIO HE TOJIHKO BaXKHBIM HAYIHBIM OTKPBITHEM
[21], HO U >bDekTHOIT feMOoHCTpalLMell BO3MOXHOCTE COBEPIIEHHO HOBOTO CpeNcTBa aTMOC(EPHBIX UCCIeI0Ba-
Huii. Buxpesbie ropstume 6airHu (BI'B) Ob111 OTKPBITHI C MOMOIIIBIO YMCIEHHOTO MOACIMPOBAHUS CBEPXBBICOKOTO
1o TeM BpeMeHaM (Havayo 2000-X IT.) TIPOCTPaHCTBEHHOTO pa3pelIeHUsT — 00JIauHO-pa3pelraroniero, 2—3 KM 1o
TOPU3OHTAJIBHBIM HampaBiaeHUsIM. ['omoM mosxe cyniectsoBaHue BI'b 6b110 moaTBepxxaeHo [22] ¢ moMoIlibo 00-
pabOTKM JaHHBIX HATYPHBIX U3MepeHnit. OHU OBIJIM MPOU3BEIECHHI paHee C UCCIIeJ0BATEIbCKOTO CaMOJIETa B 30HE
3apoxaalonierocst yparasa. Jlajee aBropam [26] moBe3sio Ha0I0gaTh OTAEIBHO B3TYIO MHTeHCUBHYIO BI'D B Teue-
Hue puMepHo 40 MUH BO BpeMsl UCCEeI0BaTEIbCKOTO MoJieTa, U3MEPUTh U JOKYMEHTUPOBATh TUTTMYHbIE XapaK-
TEPUCTUKU ITOI Bpalllaiolleiics 00IauHoi CTPYKTYphl. TaknuM 00pa3oM, ObLIO MOATBEPXKIAECHO, UTO XapaKTepHOe
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BpeMsI )KU3HM KOHBEKTUBHBIX OallleH COCTABIISIET MOPSIAKA OMHOTO Yaca. baurHs 6bi1a pazmepom okoso 10 kM 1o
TOPU3OHTAJIU U BbICOTOI mpuMepHo 17 kM. BepTukanbHblie ckopoctu focturanu 10—25 M/c B cpeaHeii Tponocde-
pe u nipeBbitany 30 M/c Ha BepXHUX ypoBHsIX. [1py 9ToM MakcMMasbHble 3HAUEHUSI OTHOCUTENbHON BEPTUKAIb-
HO#t 3aBUXpeHHOCTH 661 6—18-1073 1/c, uTo Ha 1—2 MopsAnKa NpeBLIIIAET MIAHETAPHOE BPalLleHKE.

CrnipanbHble cBoiicTBa BI'D Obl11 oTMeueHb! B [27], Tae 9TU CTPYKTYpPbl ObLIUA OMUCAHbI KaK ITyOOKUe BIax-
HbIe KOHBEKTUBHbIE 00siaka. OHU BpalllaloTcsi Kak eqUHOE 11eJI0e U/UIIA COMEPXKaT CIUpalibHbIe Bpalllalolrecs
BOCXOJISITIIME TTIOTOKH, aHAJIOTMYHbBIE TEM, KOTOpbIe HA0OTI01al0TCsI TTpU KOHBeKIMu Panesi-benapa Bo Bpainatoieii-
cs KuaKocTU. M nanee ObLIO MOAYEPKHYTO, YTO TaKUE JJOKATbHO BCILIBIBAIOIIIME BUXPEBBIE CTPYKTYPhI YCUIUBAIOT
CYLIECTBYIOUIYIO (DOHOBYIO HIUKJIOHUYECKYIO 3aBUXPEHHOCTh, MO KpaliHell Mepe, Ha I1IeJIbli TTOPSII0K BETUUYNHBI.
ABTOpPHI paboTHI [28] 0OHAPYXWIIN PEKOPIHbIE 3HAYSHUSI CITMPATLHOCTH BOJIM3W KOHBEKTUBHBIX OAllleH B yparaHe
Bonnie (1998) npu 06paboTke naHHbIX U3MepeHuit B HaTypHOM aKkcniepuMeHTe NASA CAMEX (Convection and
Moisture Experiment, 1998—2001). BI'b 0111 Ha3BaHBI CIIUPATbHBIMU TI0 OMPEIEICHUIO, TIOCKOIbKY OTHOBpE-
MEHHO CO/iepXaT BOCXOJSIINE TTOTOKU U BEPTUKAIBHYIO 3aBUXPEHHOCTb.

B pa3HbIx cTpaHax MUpa BBIITOJTHEHO 3HAYUTEIbHOE YMCII0 UCCaenoBaHUi, mocBsieHHbIX BI'b u ux poau B 3a-
poxaenuu u ¢popmupoBanuu TL. O6061mEHHasS MH(POPMAIINS IO 3TOMY BOIIPOCY CoaepKUTCs B 0630pe [29]. ITpu-
CTaJIbHOE BHMUMAaHWE U3YUYEHUIO BUXPEBOI TPOMMYECKON KOHBEKIIMU TaKXKe YAEsUIOCh B HECKOJIBKUX HATYypPHBIX
9KCIepuMeHTax B ATiaHTuueckoM U Tuxom okeane [30].

I1pexne yeM NpUCTYIIUTh K OOCYKIEHUIO0 TMarHOCTUKU 3apoxkaeHus TLI, monae3Ho nmpousiocTpupoBaTh, Kak
BoIJISIIAT BI'B B TUIMMUHBIX HAOOpax JaHHBIX, KOTOPbIe HEOOXOMMMO TTPUMEHUTD JIJIST TIPEJIaraeMoro aHajam3a —
Ha CITyTHUKOBBIX JaHHbIX HabmogaeMoro TLI, oObIYHO MCMOJIb3yeMbIX METEOCTYK0aMU, U B UACATU3UPOBAHHOM
00IauHO-pa3penaieM YUCIeHHOM MoJeaupoBanuu [8, 13].

2.4. BI'b na cnymHruko8blx cCHUMKax obaaunocmu

Ha puc. 2 moka3aHbl CIIyTHUKOBBIE M300paxkeHUs Tporudeckoro mropma Grace 14 asrycra 2021 r., momy-
YeHHbIe ¢ reoctanoHapHoro crmytHuka GOES-16. OH takxke o6o3Havaetcst Kak GOES-East u npenHa3HaueH
1151 ciaexeHus 3a pernoHoM CeBepHoii 1 FOxxHO AMepuku. B MOMEHT BpeMeHU Ha CHUMKAaX BUXPb MPUOIMKaI-
cs1 K HaBeTpeHHBIM OCTPOBaM CO CTOPOHBI ATIAHTUYECKOTO OK€aHa, KOOPAMHATHI €0 1IeHTpa HAXOAUIUCh TIPU
15,9°c.ir. m 60,7°3.1. MakcumalibHast cujia MMOBEPXHOCTHOTO BeTpa cocTaBsiia okoso 18 m/c. O61acTh, moKa3aH-
Hasl Ha CHUMKax, coctasisier npumMepHo 2000 x 2000 km. M3o06paxkeHus: aTMOCGhEPHOro BUXPs MPEACTaBICHbI
B 1Byx auamna3oHax. Jlnanazon «GEOCOLOR» Ha puc. 2, a obecrieunBaeT MaKCUMaJIbHO OJIM3KOe MPUOIMKEeHNE
K JTHEeBHOMY M300paxkeHnto. MHdpakpacHbIil auama3oH «Band 13» ¢ pa3pemrenreM 2 KM Ha puc. 2, 6 TIpeaHa3Ha-
YeH 17151 aHau3a 00JJa4HOCTU, B YACTHOCTH IIJIs1 OTIpeNesIeHUsT BEpXHEeH rpaHuLibl 001aKoB. TEMHO-KpacHbIH U 4Ep-
HBII 1IBETAa COOTBETCTBYIOT OYEHb UHTEHCUBHBIM KOHBEKTUBHBIM CTPYKTypaM, KOTOPbIE JOCTUTAIOT TPOTIOTIAY3bl

a) a) 0) b)

N e R iR 2 ‘ o .
14 Aug 2021 21:10Z NOAA/NESDIS/STAR GOES-East ABI GEOCOLOR 14 Aug 2021 21:10Z NOAA/NESDIS/STAR GOES-East ABI Band 13

Puc. 2. BuxpeBble ropsiune 6anrHu B TpormmueckoM mropme Grace 14 aBrycra 2021 .

Fig. 2. Vortical hot towers in Tropical Storm Grace 14 August 2021
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(15—16 KM) ¥ IPOHUKAIOT B HUXKHIOWO cTpaTtochepy. B aHIIIOSI3pIYHOM JTUTEepaType UTst TAKUX CTPYKTYP CYLIECTBYET
cneuuanbHoe HazBaHue — «Overshooting Cloud Tops (OCTs)». CooTBeTCTBYIOIIME 00JACTH C MUHTEHCUBHOM KOH-
BEKLIMEH Ha puC. 2, a 00BeIeHBI YEPHOI TMHUEH

AHAaJIOTMIHbIC THTEHCUBHEBIC KOHBEKTUBHEIC IBUKCHMS C TIPUCYTCTBUEM O0JIAUHBIX OalllcH 3aMETHBI 1 B Uep-
HoMopckoMm kBa3u-TII (2021). Ha puc. 1, 6 oHM BUAHBI OKOJIO YEPHOMOPCKOTIO MO0epexXbsl K ceBepo-3arnaiy oT
«TJ1a3a» BUXPS U B 00JJaYHOCTU Hall AB0OBCKMM MOPEM.

2.5. BI'b 6 uoeaauzupoeannom 4ucAeHHOM MOOCAUPOBAHUU

Crnioco6 nokanuzauuu BI'B B uricieHHOM MoIeIMpoOBaHUU ObLT BIEPBbIE MPEMIOXKEH U TPUMEHEH B paboTax
¢ yyactueM aBTopa [8, 10, 13]. OH ocHOBaH Ha CIIUPaATbLHON MPUPOAE BUXPEBOI KOHBEKILIMU. JIeliCTBUTEILHO, Bpa-
LIAIOLIMECS BEPTUKAJIbHBIE STYEIKN MOTYT ObITh IIPEBOCXOIHO UAECHTU(UIIMPOBAHBI C TIOMOLLBIO TOJISI BEPTUKAIb-
HOI CITMPATLHOCTH, SIBJISTIONIEICS TTPOU3BEIEHNEM BEPTUKATBLHOI CKOPOCTH Ha BEPTUKATBHYIO 3aBUXPEHHOCTD.

C 3Tl 11Ie/IbI0 TIPU MTOCT-00paboTKe TaHHBIX 001auHO-pa3pellaIero arMocepHOro YMCIeHHOIO MOIE/ I -
pPOBaHUS PACCUUTHIBATIOCH M0JIE IJIOTHOCTU CIIMPAIIbHOCTHU /1, T.€. 3HAUEHMS CIIMPAJIbHOCTU OIPEIessiIuCh B Ka-
KJIOM TOYKE pacyeTHO# objacTu. B yacTHOCTH, TS JIOKAIM3allMy BUXPEBOW KOHBEKIIMY MCITOJIB30BAJICS BEPTH-
KaJIbHBII BKJIAJ CIIUPAJIbHOCTH /1,

ow ov ou ow ov ou
h=V-o=u ——|+V| ——— [+ W| ———|.
oy o0z 0z Ox ox Oy

ITnotHOCTH cimpanbHOCTH (1) SIBIIsSIeTCS TICEBOOCKANISIpHON BenmmuuHOM [29, 30], moaTOMy MOXET OBITh KakK
MOJIOKUTEIBHON, TaK U OTpULIaTeIbHON. B mpaBoii JeKapTOBOI MM OPTOrOHAJbHONM KPUBOJUHEHON cucTeMe
KOOPAMHAT MOJIOXKUTEIbHAS MJIOTHOCTh CITUPATBLHOCTU OyIeT reHepUPOBAThCs BO BIaXXKHOI aTMOcepe 3a cueT 1u-
KJIOHMYECKMX BOCXOISIINX ITOTOKOB 1/MJIN aHTUITUKIIOHMYECKIX HUCXOMSIIINX IBVKeHUI. TOYHO TaK XKe OTpHuIia-
TeJIbHAsI CIIMPAIBHOCTD OYIET TEHEPHPOBATHCS B CITydae aHTUIIMKIIOHMYIECKUX BOCXOASIINX 1/ VTN ITHKIIOHUIECKIX
HUCXOISIIMX MNOTOKOB. KoMOMHHUpYsST paccMOTpeHHuEe OIS
BEPTUKAJBbHON CHOUPAILHOCTU C aHAJU30M MOJISI BepTUKaJb-
HOM CKOpPOCTH WJIM BEPTUKAJIBHOM 3aBUXPEHHOCTU, MOXKHO
JIETKO pa3IMuUTh BOCXOASIINE U HUCXOSIINE Bpalllaloluecs
MOTOKU. BCsS COBOKYIMHOCTb MOJOXUTEIbHBIX U OTpULIATEb-
HBIX 3HAYEHUH MIOTHOCTU BEPTUKAIBHON CIIMPATbHOCTU TTO-
Ka3bIBAET MOJIHYIO KAPTUHY BPALLIAIOIIMXCS BEPTUKAIbHBIX TTO-
TOKOB B pacCMaTpuBaeMOi1 00J1aCTU MPOCTPAHCTBA.

B xavecTBe WiTIOCTpallMM Ha puUC. 3 MOKa3aHa BUXpeBas
BJIaXKHAsl KOHBEKIIMS, JIOKAJIM30BaHHAs B M0JIe BEPTUKATbHOMI
CIIUPAJIbHOCTH JIJIST YUCJIEHHOTO 3KcIepuMeHTa A2 13 paboThI
[23]. B aTOM 3KCIieprMEHTE C MOMOIIbIO PETMOHATBHOMN MOJIe-
mm atMocdepsl RAMS (Regional Atmospheric Modeling Sys-
tem) ¢ TOpU3OHTAJIbHBIM MPOCTPAHCTBEHHBIM pa3pelieHueM
3 KM ObLIIO UccaenoBaHo 3apoxaeHue u pa3sutue TL. Cucre-
Ma BpalllalolInMXcsl KOHBEKTUBHBIX ITOTOKOB Pa3HbIX pa3MepoB
1 MHTEHCUBHOCTH, TIpeACTaBICHHAs Ha pUc. 3, TOKa3aHa B MO-
MEHT BpeMeHH, Koraa moaeabHblit TL noctur cranuu yparaHa
2-11 KaTeropuu MHTEHCUBHOCTU C MaKCUMAaJbHON TaHTCHIIM-
50 aJTbHOM CKOPOCTBIO 43 M/C Y TOBEPXHOCTH.

1

icity

0
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00
Time = 08—25—98— — 00 hr, 00 min
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Puc. 3. BuxpeBas BnaaxHasi koHBekuusi. IToje mior-

HOCTM BePTUKAIBbHOI crmpanbHocTH (X104 M/c?)

B IMMATU TOPU3OHTAJIBHBIX TUIOCKOCTAX 276 X 276 KM
npuz=1,4,7,10, 13 xm

Fig. 3. Vortical moist convection. The field of the verti-
cal helicity density (x10~* m/s?) in five horizontal levels
of 276 X 276 km at z=1, 4, 7, 10,13 km
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IMonBonsa nrorm obcyxnenusi BI'b, HeobxonuMo momuep-
KHYTb, YTO BUXpeBasi 00JayHass KOHBEKIIMS TPUCYTCTBYET Ha
MPOTSKEHUU BCEro >Ku3HeHHoro umkia TII: oT cragum 3a-
POXJIEHMSI IO CTaIWM BUXPSI HaWBBICIICH yparaHHOW WHTEH-
cuBHOCTH. OO0MayHasi KOHBEKILIMSI HE TOAABISUIACh OBICTPHIM
BpalleHreM B yparaHe Bonnie, kotopslii 22 aBrycta 1998 [24]
Haxonwiics Ha ctaguu owsictporo yewneHust (Rapid Intensifica-
tion — RI) MakcMMaIbHOTO TTOBEPXHOCTHOTO BeTpa OT 35 M/C
1o 50 m/c [28]; B Tpormmueckom mtopme Grace (puc. 2) [33], Mo-
JIeJTbHOM yparaHe 2-il KaTeropu MUHTEHCUBHOCTH (puc. 3), yep-
HoMopcKoM KBa3u-T LI mropMoBoit UHTEHCUBHOCTH (puc. 1, 6).
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3. Pe3yabTaThl
3.1. Tounasa ouacnocmuxa 3apoxcoenus TI]

B 00630pHoOii pabote [§] mpencTaBiieHbl BCe 3Talbl UCCAESAOBAHUA, TTO3BOJIMBIIUX TPUMEHUTH TEOPUIO TYpOY-
JICHTHOT'O BUXPEBOI0 AMHAMO Ul IMarHOCTUKU 3apoxaeHus: TL ¢ momoIipio 001auHO-pa3pelaroiiero YyucieH-
HOTO MonearMpoBaHus. Jlajee 0OCyIrM JIMIITh OCHOBHBIE MOMEHTBI Ha 3TOM ITyTH.

HeobxonnMbIM yCIIOBHEM CYIIIECTBOBAHUST BUXPEBOTO MTMHAMO B TPOITMUYECKO aTMocdepe SIBIsIeTCs Hapylile-
HUE 3epKaJIbHOI CUMMETPUN aTMOC(HEPHOI TypOYJIeHTHOCTH B ycioBusx oopaszoBanus T1I [15, 16]. DTo Tpebo-
BaHMeE TIPEIOTPEICINIIO 1IeJIb TIEPBOTO MCCaeaoBaHM [9] U3 cepri COBMECTHBIX POCCUICKO-aMEepUKAHCKUX padboT
2009—2015 rr. [8—11]. Bce paboThl JaHHOI CepyUM OCHOBAaHbI HA AaMEPUKAHCKUX TaHHBIX YUCIEHHOTO MOACINPO-
BaHUsI C TIPOCTPAHCTBEHHBIM pa3pellieHueM 2—3 KM I10 FOpU30HTaJbHBIM HampaieHusM [23]. Camo Ha3BaHUe
paboThI [23] «A vortical hot tower route to tropical cyclogenesis» BriepBble B TPOITMYECKOI METEOPOJIOTMU aKLIEHTH -
poBaJio poJib BUXpeBoil obauHoit KoHBekuu — BI'b — B 3apoxxaenuu TLI.

B pabote [9] ObLM BIiepBbIe BBIMTOJIHEHBI pacyeThl M aHAJIU3 CIMPAIbHBIX XapaKTePUCTUK IOJSI CKOPOCTHU
B IIpOIIeCCe YCUIICHMST Ha4aJbHOTO BUXPEBOTO BO3MYIIeHNUS U (hopMupoBaHust Buxps T/1 ¢ mociemyroIeit ero mH-
TeHcuduUKanueit 1o cranuu 3pejoro yparaHa. ITozxe B 0630pe [8] ObUI0 MTpoBeneHO NOAPOOHOE 0O0CYKIAEHUE Te-
HepaluM CIUpaJbHOCTU Ha MaciuTabax objayHocty (BI'B) n Ha Me3omaciuTadbax BuxpeBoii cuctemsbl. [1pu aTom
0co00e BHUMaHNE OBLIO YIeJeHO MeXaHU3MY IIPON3BOJCTBA 1 YCHIICHUS BEPTUKAIBHOI 3aBUXPEHHOCTH TIPH B3a-
WMOJIEHCTBUY KOHBEKIIUY M BEPTUKAJIBHOTO CIIBUTA TOPU3OHTATBHOM CKOpOCTH [23, 34], KOTOPBIIf OMTHOBPEMEHHO
obecreynBaeT MHTEHCUBHYIO TeHepalyio CIIUPaTbHOCTH.

Bruto mokazano [9], uyTo mipu 3apokaeHUH 1 najabHeiteM pa3Butui T LI mporcxomuT reHepaius CyIeCTBeHHO
HEHYJIEBOM M HapacTalolieit MHTETpaJIbHOM CITMPATbHOCTH BUXPEBOI cucTeMbl. OTJIMYHAsI OT HYJISI MHTeTpaJibHast
CMUPAJIbHOCTD SIBJSIETCS] TIPU3HAKOM HapyLIEHUSI CHMMETPUN TYpOYJIEHTHOCTU B 30He obpasoBanus Tl u o3Ha-
YaeT BOSHUKHOBEHNUE CHEIN(MUIECKON TOMOJOTUN TEUCHMSI, XapaKTepH3yIoIIeiics 3alleIUICHUEeM BUXPEBBIX JIHM-
Huii [31, 32]. Takum ob6pa3om, aBropamu [9] ObLT MOJYYEH MEPBBIN MPUMEDP FeHEpallMy HEHYJIeBOI UHTETrPAJTbHOM
CIUPATIbHOCTU B peajbHOM MPUPOIHOM CUCTeMe — TPOIMUYecKoil atMocdepe 3emin. bolio BrepBbie MoKa3aHo,
410 atMocdepHas TypOyJIEHTHOCTh B Me3oMacIITabHoi odactr popmupoBanus TLI, 276 X 276 x 20 km [23], sB-
JIIeTCsI CITUPATbHON B TEUEHME BCETO BPEMEHM XXU3HU yparaHHOTO BUXps1. Kak M3BeCTHO U3 TeopuM TYypOYJIEeHTHO-
ctu [17], B ciMpalibHOI TYypOYJIEHTHOM cpefie BO3MOXKHO MOIaBJIeHNEe ITOTOKA SHEPTUM K MaclTabaM IUCCUTIAIlliU
W CYIIECTBYIOT OJIATONIPUSITHBIC YCIOBUS IJISI BOSHUKHOBEHUSI KPYITHOMACIITAOHOI BUXPEBOIl HEYCTOMUYMBOCTH.
PesynbraTel paboThl [9] cTanm BaXHOM MOTUBAIIEH [IJIST TIPOIODKEHUST MCCIIeOBAHWI 1 TTOMCKA BUXPEBOTO JIMHA -
MO B TPOIMYECKOI aTMocdepe.

OmHako HeHyJeBast MHTeTpaibHasl CIIMPAIbHOCTD eII¢ He O3HavaeT (pakTa peam3aliiy TypOYJIEHTHOTO BUX-
peBoro auHaMo. Kak ciienoBajio u3 TeopeTrudeckoil Moaenn quHamo-addekra [15, 16], a 3aTeM ObLIO MTOKA3aHO
C TIOMOIIIbIO YMCJICHHOIO HcciaenoBanus [35, 36] ypaBHeHUI 3TOM MOJIeIM, BOBHUKHOBEHKME KPYITHOMACIITAaOHOM
HEYCTONYMBOCTH HEOOXOOMMO TMAaTrHOCTUPOBATh C TIOMOIIBIO aHAIM3a SHEPTeTUKHN BUXPEBOM CUCTEMEI.

3.2. Jluacnocmura sapoxcoenus TI[ ¢ nomowivto 06.4a4no-paspemaionie2o HucAeHHO20 MOOCAUPOBAHUS

ITpouenypa AMarHOCTUKA HEYCTOMUYMBOCTH OCHOBaHA Ha OCOOEHHOCTSX CTPYKTYphl U AuHamuku TL (puc. 4).

OcHOBOI1 1181 puc. 4, a MOCTYKUJIO U300pakeHne TPOIMMYECKOro MKJIOHA B pa3pese, npeacraBieHHoe B [37],
Fig. 3. Ha puc. 4, a Ha 6azoBomM uzobpaxennu (Fig. 3 [37]) cxematnuecku rmokas3aHbl IIepBAYHAS (primary) TaH-
TeHIMabHask M BTOpUYHas (secondary) TpaHcBepcaibHast IMpKyJsiivu. Ha rpaByto 9acTs paspesa TL HamoxeHa
Bu3yanuzauus [24], yToObl MoKa3aThb NMPUCYTCTBHE BUXPEBOi obmauHoi KoHBekuun — BI'b. B pesynbraTe, Takoe
«KOMMO3UTHOEe» n3zobpaxkeHue TL cxeMaTUuyeCcKu WLTIOCTPUPYET HE TOJIBKO KPYITHOMACIITAOHBIE IBMXKEHUSI, HO
U IBUXKEHUS Ha MacITabax KyuyeBoii 00JauHOCTH, KOTOPBIE UTPAIOT MPUHIIUTIMAIBHYIO POJIb B BO30YXICHUU TYp-
OYJIEHTHOTO BUXPEBOI'O TMHAMO.

Cdopmuposasimuiics TL ipeacrasnsier co60it MHTEHCUBHBIN aTMOCHepPHBI BUXpb, B KOTOPOM OCHOBHAsI CO-
CTaBJISTIONIAsT CKOPOCTH JIEXWUT B TOPU3OHTAIBHON TTocKocTH [38]. MolHast TaHTeHIMalIbHasI, Ha3bIBaegMasl TakKe
MEePBUYHOM, HUPKYJISILMS HAJIOKeHa Ha MEHee MHTEHCUBHYIO TpaHCBEPCAIbHYIO (BTOPUYHYIO) HUPKYISILNI0, 00pa-
30BaHHYIO pPaaaIbHON M BEPTUKATIBLHON COCTABIISIIOIINME CKOPOCTH (B LIMUIMHAPUYECKUX KOOPIMHATAaX) — pucC. 4, a.

ABTODPBI TEOPUU BUXPEBOTO TUHAMO |15, 16] ucxoammm 3 Takux Xe npeactasieHnii o crpykrype TL. Criemyst
[15, 16], nmHaMo-3deKT moyrkeH co3naBath 3anerieHue (linkage [31]) mepBUYHOI M BTOPUYHOI UPKYJISIIUNA Ha
Me3oMacITabax, T.e. CIIupaibHyIo CTPpYyKTypy cucteMbl T1I B meroM. CorstacHO KOHLIETIIMY BUXPEBOT0 JMHAMO Ta-
KO€ 3alleTUIeHNe 03HAYaeT CO3/IaHue TTOJIOKUTEIEHOM 00paTHOM CBS3M MeXIy IMpKyIstimsamu. OHa obecriednBaeT
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Puc. 4. Inarnoctuka 3apoxnaenus TL: ¢ — cxema 3alieryieHUsT TIePBUIHON U BTOPUIHOM IIUPKYIISIIIAN, OCYIISCTBIIS -
eMas cemeiictBoM BI'B; 6 — 3BomoLMsST KWHETUYECKOW SHEPTUU MEPBUIHON (CTUIOIIHAS TUHUS) U BTOPUYHON (ITyH-
KTUPHAs IUHUS ) LIMPKYJISTITIT

Fig. 4. Diagnostics of TC genesis: a — schematic of the linkage of primary and secondary circulation through VHTs popu-
lation; b — evolution of the kinetic energy of primary (solid line) and secondary (dotted line) circulation

MX B3aMHOE ycwmiieHue. [IpnuémM, B OTIIMYMEe OT BCEeX M3BECTHBIX KOHIICITIIMI TPOIMTMYECKOTO IIMKIIoreHe3a [2],
3Ta 00paTHasl CBSI3b, HA30BEM €€ «CIMPAIbHOI», peaiM3yeTcsl U MOIAePKUBACTCS B paMKaX TOJIbKO OTHOTO (hU-
3YECKOTO TI0JIST — ITTO0JIST CKOPOCTH. B MOMEHT TOSIBIICHUSI CITMPaIbHOI 00paTHOIT CBSI3M 3apOKIAIOIINIACS BUXPh
CTAaHOBUTCS SHEPTETUYECKHN CaMOIIOIIeP>KUBAIOIINMCS M YCHJIMBAIOIIMMCS, YTO COOTBETCTBYET Hadyaly HEYCTOM-
YyUBOCTU. BO3HMKIIIash HEYCTOMYMBOCTD MOXKET OBITh JMATHOCTUPOBaHA OpUTMHAILHBIM criocodom [8, 10, 11, 13],
OCHOBAHHBIM Ha OCOOCHHOCTSIX CITUPAIbHOI 00pAaTHOM CBSI3U.

C 3TOi1 LIETBI0 PACCYNTHIBACTCS IO OTACITBHOCTA KMHETUIECKAsT SHEPTHST IIEPBUIHON ¥ BTOPUIHOMN ITUPKYJIS-
uy. 3aTeM Ha OMHOM U TOM K€ PUCYHKE CTPOSITCS I'pachUKU 3BOJIOINUM 00eMX SHEPTeTUUECKUX XapaKTepUCTHUK,
W OIIpeaeIsieTcss MOMEHT, KOTIa HaYMHASTCS X B3auMHoe ycmieHne. Kak mokasbsiBaet puc. 4, 6, 3T0 IIPOUCXOIUT
npuMepHo Tipu ¢ = 12 4. JlanbHeiiIIee pa3BUTHE HEYCTOMYMBOCTH 3aBUCUT OT YCJIOBUI B TPOITMYECKOM aTMocdepe,
KOTopble 0aronpusatcTByioT popmupoBanuio TL [2]. Takue ycioBus ObLIN pean30BaHbl B YMCIEHHBIX 9KCIIEPH -
MeHTaX 0a30BOM TSI TAHHOTO pacCMOTpPEeHUS paboThI [23].

4. O0cyxkaenue
4.1. Karouesas poav BI'E ¢ coz0anuu euxpesozo dunamo ¢ ammocghepe

Kak 6b110 OTMEUEeHO BBIIIE, TYPOYJIEHTHOE BUXPEBOE JMHAMO B aTMOchepe TOIKHO CO3IaBaThCs CITMPATbHOM
MOJIOXKUTETBHON 00OPAaTHOM CBA3BIO, KOTOpasl IEMCTBYET MEXIY KOMIIOHEHTAaMU OIHOTO U TOTO Ke (PU3NIECKOro
MOJISI CKOPOCTH — MEXKIY MEPBUYHOM TaHTeHUMAJbHONM U BTOPUYHOM TpaHCBepCaIbHON LUpPKysiueit [15, 16].
ITepBoe 3BeHO 0OpaTHOI CBSI3U, CBSI3bIBAIOIIEE BTOPUUHYIO LIMPKYJISLINIO C TIEPBUYHOMN, OBUIO OYEBUIHBIM B MO-
MEHT TIOSIBJICHUSI TUTTOTE3bI BUXpeBOro nuHamMo B 1983 r.— 310 Bo3aeiicTBue cribl Kopronnca Ha TOpr30HTAJIb-
HYI0 CKOpOCTh. KakM 00pa3oM MPOMCXOOUT 3aMBbIKaAHWE TICTIIM OOpaTHOM CBSI3M, KOTOpas COCOWHSIET TaHTCH-
LUAJIbHYIO HUPKYJISLIMIO C TpaHCBEPCaIbHOM, CTaa0 BO3MOXKXHBIM 000CHOBATh TOJBKO MOC/IE OTKPBITUSI BUXPEBOM
oOsrayHoit koHBeKLIMH B 2004 .

3ambikanue nemau NOAOHCUMENbHOL 00PAMHOLL 83U MedcOy NePBUUHOLL U 6MOPUHHOU YUPKYAAUUell 6 3apoicoaro-
wemcs ypaeane ocyujecmensitom BI'B.

B pab6otax [8, 13] comepxuTcs moapodHoe 00CyKAeHUE TOro, KaKk cO3Ia€Tcsl 3aMblKalolllee 3BeHO 00paTHOM
CBSI3U MEXAY LUPKYJSLIUSIMU. DTOT MPOIECC HEMOCPEICTBEHHO CBSI3aH C 00pa30BaHMEM U TMOAAEPXKAHUEM OT-
nenbHO BI'B. @opmupoBanue ennaudHoit BI'B Obiio BriepBhle MpeacTaBieHO M 00OCHOBaHO aBTOpaMu [23]
B TEpMUHaX ITOBOPOTA U PACTSIKEHUsI BUXPEBBIX HUTEH («vortex tilting and stretching»).

BT'b Bo3HUKAIOT B pe3ysibTaTe B3aUMOICHCTBUSI 00JaUHO BIaXKHON KOHBEKIIMU U BEPTUKATBHOTO CABUTA TO-
PUBOHTAILHOTO BeTpa. KaxkbIit BOCXoas11I1Mii KOHBEKTUBHBII TTOTOK TEHEPUPYET BEPTUKAIBHYIO 3aBUXPEHHOCTH 32
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CYeT HaKJIOHA TOPU3OHTAIbHBIX BUXPEBBIX HUTEH U YCUTNBA-
€T €€ 3a CUeT PACTSIKEHUSI, TEM CaMbIM CBSI3bIBasi IEPBUYHYIO
Y BTOPUYHYIO LHUPKYIsauuto. Takoii mpolecc co3maet 3alie-
wieHue (linkage) ropu30HTAIBHBIX U BEPTUKAJIbHBIX BUXPE-
BBIX HUTEI U KOJUUYECTBEHHO XapaKTepu3yeTcsl reHepalueit
CMUPATHLHOCTU Ha JIOKAIBHOM MaclliTabe Ky4eBoit 001auHo-
ctu. [Ipu dpopmuposanuu TLL npoucxoaut pa3BUTHE LIEJIO-
ro ceMeiictBa BI'b pa3anyHbIx pa3MepoB U MHTEHCUBHOCTHU
(puc. 2-3; puc. 4, a). 9tu BI'b MoXHO TIpeacTaBUTh KakK
MHOTOUYHMCJIEHHbIE TMHAMUYECKNE «CKPETIKN» , KOTOpbIe 00e-
CIeYMBAIOT 3allelieHrWe LIMPKYISILMA Ha Me3omaciitadax
U TEM CaMbIM CO3AI0T U MOIEPXKUBAIOT 1IEJTOCTHOCTh BUX-
pEeBOIt cUCTeMBbl Ha MPOTSIKEHUM Beero BpemeHu xku3au T1I.

Ocob6as Tonosiorus T1I ¢ 3anienaeHueM BUXPEeBbIX HUTE I
Ha maciuTabax 00JaYHOCTU U 3alETJIEHHBIMU LUPKYJISLIM-
SIMA Ha Me30MacIlTabax MOXeT ObITh MPOCJIeKeHa C TIOMO-
1LIbIO aHAJM3a JIOKAJbHBIX U UHTETPaJbHBIX CIIMPATIbHBIX Xa-
PaKTEPUCTHUK MOJISI CKOPOCTH.

Takum obpa3zom, nokazaHo [8], uro dhopMupyrouuUiics
TILI cTaHOBUTCS 3HEPreTUYECKU CaMOMOMIEPXKUBAIOIIUM-
Cd U YyCWIMBAIOIIMMCS, KOTJAa CKJIAABIBAETCS CIIMpabHAas
CTPYKTypa ob1ecucTeMHOM nupkKysiuun. CriupaibHast op-
raHu3alvs Ha Me3oMacllTadax sIBIsIeTCs pe3yabTaToM 3alle-
TUIEHUST TAHTEHIIMAIBHOM U TPaHCBEPCATIbHOW HIUPKYIISILIUM,
KOTOPOE€ OCYIIIECTBJISIETCSI BpAIIAIONIMMUCI KOHBEKTUBHBI-

t=16h

-5 1,0 =0,5 0,5 10 15 20 25 30 35 40

x 1074 m/c?

Puc. 5. Tunnunsie koHpurypauuu BI'b B nosne BepTu-
KaJbHOI CITUpabHOCTU Ha BbIcOTe 13 kM: 7 = 12 h —
MOSIBJIEHWE HEYCTOMUMBOCTH; ¢ = 16 h — popmupoBa-
HUE TPOTTMUecKoi faenpeccuu. [lokazaHa ropu3oHTaIb-
Hasl TUIOCKOCTh 276 X 276 KM pacueTHOI 00J1acTh

Fig. 5. Typical VHTs patterns in the vertical helicity field
at an altitude of 13 km: 7 = 12 h — the onset of instabili-
ty; = 16 h — the formation of tropical depression. The

horizontal plane with a size of 276 X 276 km of the com-

MM CTPYKTYpaMU 00JIayHbIX MaciiTtabos — BI'B. . ..
DYKTYD putational domain is shown

B cuity oTMeueHHOTO BbIIIIE, €CTEeCTBEHHBIMU «MapKepa-

mu» 3apoxaeHus u pazputus T asisiorcs BI'B. B [13] Ha ocHOBe 001a4HO-pa3pelalomux JaHHBIX YUCTIEHHOTO
moaenupoBaHus [23] ObUIM ompeaeneHbl TunMuHble KoHdurypauuu BI'b B mose BepTUKaIbHON CIIUPATbHOCTH,
MO3BOJISIONIME TUArHOCTUPOBATH MOSIBICHUE KPYITHOMACIITAOHOM BUXPEBOU HEYCTOMUYMBOCTHU, T.€. 3apOXKACHUE
TLI. Ha puc. 5 moka3aHbl KapTUHBI MTOJISI BEPTUKAIBHON COMPATBbHOCTUA HA YPOBHE Z = 13 KM, KOTOpPbIE COOTBET-
CTBYIOT MOSIBJIGHUIO KPYITHOMACIITAOHOW BUXPEBOI HEYCTOMYMBOCTU B MOMEHT BpeMeHHu ¢ = 12 h u dhopmupo-
Banwuto Buxpst Tl ipu 1 = 16 h B unciennoM skcriepumenTe A2 [23]. BI'b cooTBeTcTBYeT OpaHKeBbIi, KpaCHBII
¥ TEMHO-KPaCHBIH 11BET.

4.2. O npaxmuyeckom npumeHeHuu 041 ouazHocmuKxu 3apoxycoenus pearvuvix TI[]

C uenblo anpobaluy AMarHOCTUKM, TIPeAJIOKEHHOI B padoTe [13], HE0OXOAMMO BBIMTOJHUTL 00JaYHO-pa3pe-
1Iarolee YMCcJIeHHOe MoJeJIMpoBaHue peajbHO HaOmropasiuerocs: TLI, mist KoToporo nMeroTcst moagpoOHbIE MeTe-
OIAHHBIC B TIEPUOI, TIPESAIICCTBYIOMNIT 00bIBICHIIO 0 (hopmupoBanuu TJI mam Tpormyeckoro mropma. M manee
MPOBECTH COITACOBAHHBIN aHAIU3 17151 AMarHOCTUKU 3apoxkneHus T1I mo 1Bym HabopaM JaHHBIX: YUCJIEHHBIX U CITYT-
HUKOBBIX. Hampumep, mone3HbIM KaHIAUIATOM JJISI UICCIIEAOBAHMS MOT ObI CTaTh aTJIaHTUYecKUii yparaH Isaias (2020).
MerteomaHHBIC, KOTOPEIE TTOTPEOYIOTCS IIsT IuarHocThKM 3Toro T1I, comep:Karcs B apXuBe aMepPUKAHCKOTO IIEHTPa
caexxeHus 3a yparaHamu [39]. JlaHHbBIH ciiydyaii BBI3bIBAET OCOOBIN MHTEPEC, MOCKOJIbKY B TEUEHHUE HECKOJIBbKMX CYTOK
COBMECTHBIMU YCUJIUSIMU CTAIIMOHAPHBIX METEOCITYKO 1 MCCIeI0BATEIbCKIX CAaMOJIETOB HE YIaBaJIOCh IIOATBEPIAUTD
dopmmposBanue T, HecMOTpPS Ha TO YTO B 30HE BO3MYIICHUS PETUCTPUPOBAINCH y3Ke 00JIee CHITbHBIE BETPBI, COOT-
BETCTBYIOILIME CIeIyIolei cTanuu MHTeHCUBHOCTU T1 — Tponuueckomy mtopMy. CoriacHO MpoOHOMY aHAJIU3Y
KoHpurypanuii BI'b 1o cnmyTHUKOBBIM JaHHBIM, MIPOBEIEHHOMY aBTOPOM U MpeacTaBlieHHOMY B [13], 3apoxneHne
TLI MorJio OBITH AMATHOCTUPOBAHO Ha 15—18 4 paHbllie, YeM 3TO ObLIO CAEJIaHO B AEHCTBUTEIBHOCTH.

5. 3akmouyeHue

B HacTos1eil padboTe, MOCBAIIEHHONW U3YYEHUIO TPOMTMYECKOTO IIUKJIOTEHe3a, ObUTU MPUMEHEHBI (hyHIaMEH-
TaJbHBIE WAEU O CAMOOPTraHU3allMU B TypOYJEHTHOCTH C HApyLIEHHON 3epKaibHON CUMMETpHE, TaKk Ha3bIBae-
MO «CIUpaJibHOI» TypOyJaeHTHOCTU. B crivpanbHOii TypOYyJIeHTHOCTU BO3MOXEH OOpaTHBIN KacKal 3HEepTruu OT
MEJIKOMACIITAOHBIX IBMKEHUI K KPYTTHBIM BUXPsIM [17], obecrieunBaronnii CylieCTBOBAaHUE KPYITHOMACIITAOHBIX
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TOJITOXXUBYIINX CTPYKTYP. DTU MIEH JIeKAaT B OCHOBE TCOPHH TYpOYJIEHTHOTO BUXPEBOTO AMHaMO. B Teopun 060-
CHOBaHO CYIIECTBOBaHWE IMOpOra BO30OYXKIEHUSI KpyITHOMAcIITaOHOW BMXpeBOi HeycroitumBoctH [15, 16, 20].
[TpuMeHUTETBHO K 3apOXICHUIO TPOITMUECKMX ITUKIOHOB 3TO IMO3BOJISIET C TIOMOIIBIO 00JIaYHO-pa3peIIaloero
aTMOC(EepHOTO YKMCICHHOTO MOIEIUPOBAHUS TOYHO AMATHOCTUPOBATH MOMEHT IOSIBIICHUSI HOBOI KPYITHOMAC-
IITaOHOM BUXPEBOI HEYCTOMYMBOCTH 1 OTBETUTH Ha BOIpoc: «Korma HaunmHaeTcsl [IUKIoreHe3?»

Kak nmoka3zan aHaimn3 mpoBeIeHHBIX aTMOC(HEPHBIX YMCICHHBIX IKCIIEPUMEHTOB 10 MOACIMPOBAHUIO 3aPOKIC-
aus TH [8—11, 13, 14], HOBasg HEyCTOMUYMBOCTL 3HAUMTEIHLHO, OT HECKOJIBKIX YaCOB JO HECKOJIBKUX IECSITKOB
4yacoB, MpealecTByeT oopasoBaHuto Buxps T/. KitoueByio posib B BO30YXIEHUN HEYCTOMYMBOCTU UTPAIOT OCOObIE
KOHBEKTUBHBIE KOTePEHTHBIC CTPYKTYPBI 00JIaUHBIX MacIITab0B — BUXpeBbie ropssune 6anrHu (BI'B). beiiu BeIsIB-
JieHsl [13] Tunuunbie KoHbUrypaiuu BI'D B osie BepTUKaJIbHON CTUPATIBHOCTU U B TTOJIE TEMIIEPATYPHI, COOTBET-
cTByIO1IME (DOPMUPOBAHUIO BTOPUYHOIN TPpaHCBEPCATbHOMN LIMPKYISLIMU, Hadyaay KpyImHOMAcCIITaOHOI BUXPEBOA
HEyCTOMYMBOCTU U oOpa3zoBaHuIo Buxps T/I.

ITosyuyeHHBIE PE3yIBTATHI TTO3BOJISIIOT BBIIIOJHUTD JUCTAHIIMOHHYIO M TOUHYIO TUAarHOCTUKY 3apoxaeHus TLI
B peajbHOM BPEMEHHU C IMTOMOIIbIO aHAIM3a U COMOCTaBICHMUS TaHHbBIX U3 ABYX HE3aBUCUMBIX ICTOUHUKOB: 00J1a4-
HO-pa3pelariiero aTMocepHOro YUCJISHHOTO MOIESINPOBaHNS (T10JIe BEPTUKATBLHON CIIMPATIbHOCTH) U CITyTHH-
KOBBIX CHUMKOB 00JJAYHOCTH (I10J1€ TEMIIEPATyPhI).

B nepcriekTrBe BO3MOXKHOCTHU MPEIIOKEHHOTO MOAX0Aa HEOOXOAMMO U3YUUTh MPUMEHUTENIbHO K TUaTHOCTU -
Ke 3apoxXaeHMsI KBasuTpornudeckKux T1I v mosipHBIX yparaHoB, T.€. B TeX CJIydasiX, KOTIa MOSIBJIICTCS BUXpeBasi 00-
JTagyHast KOHBeKIMs. [1epBhle pe3ynbTathl M0 oOHapy:KeHo BI'b B 4epHOMOPCKOM KBa3UTPOITMUECKOM ITUKIIOHE
2005 r. ObUTK TTOJTYYEHBI C TOMOILbIO YMCEHHOTO MOAeaupoBaHus B padote [40].
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AHHOTAIHUSA

Ha ocHoBe 4MCIIeHHOTO MOIEIMPOBAHUS C MCITOJIb30BAHNEM PETMOHAIBLHONM MO OKeaHa U MOPCKOTO JIbIa UCCIIemy-
IOTCSI KIIMMaTnueckue udmMeHeHust B UHykorckom mope u Mope bogopra. UncneHHble 3KCIepUMEHTHI MPOBOAWIUCH JIJisk Bpe-
menHoro nieprona 2000—2019 rr. lanusie peananuza atMocdepsl NCEP/NCAR ucnonb30Baiuch 1ist orpenesieHrs TOTOKOB
Ha MOBEPXHOCTH OKeaHa M MOPCKOTO Jibaa. TemmepaTypa, COIeHOCTh M pacXoll TAXOOKEAHCKMX BoJ, MocTymnawiinux B CeBep-
HbI JIemoBUTHII OKeaH, 3a1aBaiiCh B BUIe TPAHUIHBIX YCJI0BUi Ha bepuHTOBOM mponuBe. [1Jist TpoBeneHUsT SKCTIEPUMEHTOB
KMCIOJIb30BAIUCh TPU TUIA TPAHUYHBIX 3HAYEHUI: CpeTHEeMeCsIUHbIe KIMMaTuYecKue JaHHbIe, XapakTepHble mst 1990—2004
u 2003—2015 rr.; cpenHeMecsuHbIe TaHHbIe U3MepeHuii B nepuon 2016—2019 rr. MccnenoBanach 4yBCTBUTEbHOCTh MOICTH
K MUBMEHYMBOCTH pacxofa M TeMIepaTyphbl MOCTYIAIOIIMX TUXOOKEAHCKHX BOJI, aHAJIM3UPOBAIOCH BIUSHIE Ha TEIIOCOAepXKa-
HUE BEPXHETO CJIOST MOPsT, 00BEeM U pacIipenesieHre JIETOBOTO TTOKPOBa.

B uncieHHBIX 9KCTIepMMEHTaX MOJEIMPYETCS MEPEHOC TETIBIX TUXOOKEaHCKUX BO yepe3 UyKoTCKuii 11enbd B CeBEpHOM
HarnpasJieHUU 1 Ha 11efbd Mopst bodopTa, mpolecc nepeHoca Teribix Boj CKJIOHOBOI KOHBEKIIMEN B OCEHHE-3UMHMUIA ITepUO]I.
B nocnenHue roapl pacyeTa B TOYKaX Ha rpaHulIe 1IeJb(OBOI 1 TyOOKOBOIHOI 001aCTeii MPOUCXOAUT YBEIUYEHUE aMILIATY-
IIbI CE30HHBIX KOJIEOaHWIT TeMITepaTyphbl ITOBEPXHOCTHOTO CJIOS M 3HAUUTENIbHOE TIOBBIIIIEHNE TeMIiepaTyphl Ha Try6rHe 100 M.
PesynbraThl pacyeToB IeMOHCTPUPYIOT YBEJIMUEHKE TETIJIOCOAEPKAHMSI BOA U COKpallleHue oobeMa jibaa B Mope bodopra n Uy-
KOTCKOM MOpe€, BBI3BAaHHOE TIOBBIIIICHUEM TeMItepaTypbl atMocdepsl. [lokazaHo, 4TO TOBBIIIEHNE TeMIIepaTypbl U pacxona
TMXOOKEaHCKHUX BOM, HauaBieecs nocie 2003 roma, crmocoO6CTBOBAIO JOMOJHUTEIBHOMY MOBBIIIEHUIO TETJIOCOAEPKaHUS BOJ
000MX MOpeii, COKpaIIeHWIO TJIONIAIN JIEIOBOTO MTOKPOBA U 3a/iepkKe CPOKOB opMUpOBaHUs JTbaa B YyKOTCKOM Mope.

Kirouesbie ciioBa: KIiMMaTuieckre N3MEHEHMsI, YUCIIeHHOe MOIeTMpoBaHue, MopcKoii Jien, CeBepHbIit JIeTOBUTHII OKeaH, pe-
TrMoHaJIbHasl MOJIEIb OKeaHa M MOPCKOTo Jibaa, Yykorckoe Mmope, Mope bodopra, bepuHros nponus
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Abstract

This study analyses climatic changes in the Chukchi Sea and the Beaufort Sea based on numerical modeling using a regional
ice-ocean model. Numerical experiments were carried out for the period 2000—2019. NCEP/NCAR reanalysis data were used
to determine the ocean and sea ice surface fluxes. The temperature, salinity, and transport of Pacific waters entering the Arctic
Ocean were specified as boundary conditions in the Bering Strait. Three types of boundary values were used for the experiments:
a) monthly average climate data averaged over the period 1990—2003; b) monthly average climate data averaged over the period
2003—2015; c) average monthly measurement data since 2016 to 2019. The sensitivity of the model to the variability of the trans-
port and temperature of the incoming Pacific waters was studied, and the effect on the ocean heat content, the volume and sea ice
extent was analyzed.
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Hccaenosanne kauMaTuieckux u3mMeHenuii B Yykorckom mope u mope bodopra Ha ocHOBe YHC/IEHHOTO MOJIETUPOBAHUS
Recent climatic change research in the Chukchi and Beaufort Seas based on numerical simulation

Numerical experiments simulate the transport of warm Pacific water across the Chukchi shelf in the north direction and onto
the Beaufort Sea shelf, the process of warm water sinking on the continental slope in the autumn-winter period. In recent years,
at the points on the boundary of the shelf and deep-water areas, the amplitude of seasonal temperature fluctuations in the surface
layer increases and the temperature rises significantly at a depth of 100 m.

The simulation results demonstrate an increase in the ocean heat content and decrease in the ice volume in the Beaufort and
Chukchi Seas, caused by an increase in atmospheric temperature. We also showed that the increase in temperature and transport of
the Pacific water, which began after 2003, contributed to an additional increase in the ocean heat content of both seas, a reduction
in the ice cover area, and a delay in the ice formation in the Chukchi Sea.

Keywords: climate change, numerical modeling, sea ice, Arctic Ocean, ocean-ice numerical model, Chukchi Sea, Beaufort Sea,
Bering Strait

1. Benenne

OmHUM 13 OCHOBHBIX (DU3MUYECKUX MEXaHU3MOB, (DOPMUPYIOLIMM COCTOSTHUE TUAPOIornIeckoro pexuma Ce-
BepHOro JIegoBUTOTO OKeaHa, SIBJISIETCSl €T0 B3auMOAeCTBIE ¢ BogaMM ATiaHTU4eckoro u Tuxoro okeaHos [1].
TuxookeaHckue Bombl ITOCTYITaloT B CeBepHBIN JICIOBUTEIIN OKeaH Yepe3 OTHOCUTENIBHO Y3KU (~85 KM) 1 MeI-
KOBOAHBIN (~50 M) bepuHroB MpoJiMB 3a CUET Mepenana YpoBHS MexIy okeaHaMu [2—4]. TuxookeaHCKuE BOIbI
apnsitorcs njist CeBepHoro JlemoBUTOro okeaHa OJHUM M3 MUCTOUYHUKOB TEIlIa, TMPecHOM BOAbI [S] 1 OMOreHHBIX
3JIEMEHTOB [6].

IMpoxons uepes menbeh YyKoTcKoro Mopst B BUIE TTIOBEPXHOCTHOTO TEUEHUST, TAXOOKEAHCKME BOJIBI B JIETHUI
TMEepUO MPOrPeBaloTCs, a TakKKe TpaHC(HOPMUPYIOTCS 3a CUET 0OMeHa ¢ aTMOC(epoil U MPOLIECCOB MepeMellIuBa-
HUS ¢ meJ1bOBBIMM BogaMu. PacIipocTpaHsIsich najiee Ha ceBep, OHM 3aTIyOIISIIOTCS, TIOCKOJIBKY MMEIOT 00JIee BhI-
COKYIO COJIEHOCTH 110 CPaBHEHHUIO C TIOBEPXHOCTHBIMU BOJaMU OKeaHa. 3aTeM OHUM PAacIpPOCTPAHSIIOTCS CUCTEMOM
TeYeHM I TTyOMHHOIt yacTu 6acceiiHa B ciioe 50—150 M [7], oTnaBasi TEIJIO COCETHUM CJIOSIM 1 CITOCOOCTBYSI ITOBBI-
IIEHUIO TeMIIePaTyPhl IIOBEPXHOCTHOTO CJIOSI. XOJIOMHBIC THXOOKEAHCKIE BOIBI 3MMHETO TIepHOIa IMOIIEePKUBAIOT
COCTOSIHME XOJIOJHOI'0 apKTUUECKOTro rajIoKJnHa [8].

JaHHbIe HAOMIOAEHUM MOKA3bIBAIOT, YTO MEPEHOC TUXOOKEAHCKHUX BOJ B ITYOOKOBOIHYIO YaCTh apKTUYECKOTO
OaccelfHa OCYIIECTBIISICTCS TCUCHUSIMU, Ha TPACKTOPHUIO KOTOPHIX OKA3bIBAIOT BIMSHNUE JIeIOBast 0OCTaHOBKA, Be-
TpoBoe Bo3zaeiicTBue u Tonorpadus aHa [9]. M3 padotsl [10] cienyer, 4TO aHTULIMKIOHUYECKUI KPYTOBOPOT MOPSI
Bbodopra 1 reHepalys Me3oMacIITaOHBIX BUXPEil B paiioHaX IMOJBOIHBIX KAHBOHOB OCIA0JISIOT [IUKIIOHUYECKOE
MOTPaHNYHOE TEUYCHHUE M CIIOCOOCTBYIOT MEPEMEIICHNIO0 TUXOOKEAaHCKUX BOI BO BHYTpeHHMIT TamokinH Kanam-
cKoro bacceiiHa. 3HaYMTeIbHasI POJTb B 3TOM OTBOAMTCS ME30MAaCIITAOHBIM BUXPSIM Ha MAaTEPUKOBOM CKJIOHE MOPSI
bodopra [11, 12]. Kpome Toro, B padote [13] ObUIO TTOKAa3aHO, YTO TaM, Ilie TUXOOKEAHCKNE BOAbLI HAXOMSITCS Ha
TTOBEPXHOCTHU, SKMAHOBCKasi KOHBEPTEHIINSI MOXKET MPUBOAUTH K MOTPYKEHUIO BOJ U TIOCIEMYIONIEMY TTEPEHOCY
B KpyroBopote bodopra. [TonpodHoe 00cyxkneHrne BO3MOXHBIX MEXaHU3MOB MepeHoca TUXOOKEAHCKUX BOI B Ty~
OOKOBOIHbBIE pailoHbI APKTUYECKOTO bacceiiHa MpuBoaUTCs B padote [14].

Temno, mepeHOCMMOE BOJAMU, ITOCTYITAIOIIMMU dyepe3 beprHroB mpoianB, oKa3biBaeT HAMOOJbIIEE BIIM-
STHUE Ha Ce30HHOE TassHMEe MOPCKOTo Jibaa B paitoHe YykoTckoro Mops [15, 16]. B pabote [17] 6bLTO TTOKa3a-
HO, YTO JaTa OTCTYILICHUs JIeIOBOTO MOKPHITUS B UykoTCcKOM Mope Ha 80 % KoppeiaupyeT ¢ IIPUTOKOM Tellia
B bepuHroB mpoauBs ¢ ampensa mo uioHb. O0beM IOCTyIAMIIE B APKTUKY TUXOOKEAaHCKOM BOIBI Yepe3 be-
puHros nposus coctasiuser 0,8—1,2 Cs (1 Cs = 10° M3/c) ¢ Tennoconepxanuem 12 TBr. [18]. B padoTtax [18,
19] Ha ocHOBe aHaIM3a JTaHHBIX HAOJIOACHUI MOKAa3aHO, YTO B MOCICAHUE NECATUICTUS PACXOd YBEINIMBAJICS
Ha ~0,01 CB/rom ¢ 1990 mo 2019 r., yTo oKa3zajao BIUSHUE HAa TEPMOXATUHHYIO CTPYKTYpPy UYKOTCKOTO MOpS
U CIIOCOOCTBOBAJIO MHTEHCU(UKALIMU TasiHUS Mopckoro Jibaa [17]. B pabdote [20] mokazaHo, 4YTO B OJHON U3
OCHOBHBIX CTPYKTYp APKTUYECKOro 0acceitHa, KpyroBopore bodopra, 3a mociaeanue tpu aecsatuiuetus (1987—
2017 IT.) IPOU30ILJIO YBEINUCHNE TEIIOCOMEPKAHUS (OTHOCUTEIBHO TeMIICpaTyphl 3aMep3aHus) TATOKJIMHA
MOYTH B iBa pa3a. [loTeruieHrne raJlokJIMHa aBTOpbl paObOTHI CBSI3BIBAIOT C AHOMAJIbHBIM COJTHEYHBIM ITPOTPEBOM
TMOBEPXHOCTHBIX BOJ Ha ceBepe UyKOTCKOIro MOps, Ilie MOIJIOIIeHUEe COJTHEYHOTO TeIia B JIETHUM TTepuo yBe-
JIMYMIIOCH B T19Th pa3 [20], riaBHBIM 00pa30M 3a CYET MCYE3HOBEHMUS JIEI0BOTO MOKPOoBa. OLIEHKH COJHEYHOIO
Terula, HAKOTUIEHHOTO IMOBEPXHOCTHBIMU BOAAMU, U CKOPOCTH IOTPYXEHUS 3TUX BOJ COOTBETCTBYIOT HaOJIIO-
JTaeMOMY MOTETJIEHUIO TaJlOKJIMHA. ABTOPBI pabOThI CTaBSIT BOMPOC, OyAeT U BO3MOXHBIN AaJbHEHIINIT pOCT
TOTJIOMIECHMSI TeIUIa Ha mmIerbde YyKoTCKOro MOpsI BIUSATh Ha YBEINMICHNE TEIJIOCOASPKAHUS M CKOPOCTh POCTa
M TasiHus Jbaa B Mope bodopTa.

B Hacrosieit padboTe Ha OCHOBE TPeXMEPHOI YUCIEHHOM MOIEIN OKeaHa U MOPCKOTO JIbJa UCCIIEeNyeTCsT YyB-
CTBUTEJIBHOCTh OKCAaHMYECKUX M JICHIOBBIX XapaKTepUCTUK YyKoTcKoro Mopst 1 Mopst bodopra K TTOBBIIICHUO
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TeMITepaTypbl 1 MHTEHCUBHOCTH TIOCTYIUIEHUSI TUXOOKEAHCKUX BoA. MojenupyeTcsl Mpolecc rmepeHoca Tera,
(bopMupytolierocst B mpuIOHHbBIX cJ10s1X YyKOTCKOTO 1iesibtha, BI0JIb MAaTEPUKOBOTO CKJIOHA. AHAJIU3UPYETCS Bpe-
MEHHasi U3MEHYMBOCTh 00bEMa JibJia U Teruioconepxanust Mopst bodopra u Uykorckoro Mopst Kak peakiinu Ha
M3MEHEeHUE XapaKTepUCTUK TUXOOKEaHCKUX BoJ B bepuHroBoM TiposinBe.

2. Marepuajbl ¥ METOIbI
2.1. Yucaennasa mooeasp

Jns mpoBeaeHusI UCCeA0BaHMS UCTOIb30Bajaach uncaeHHast moaeab okeaH-jen SIBCIOM (Siberian Coupled
Ice-Ocean Model), pazpadborannas B MBMuMI CO PAH. Okeannyeckast 4acTb OIPOOHO IIpeACTaBIeHa B pa-
6otax [21, 22]. YpaBHeHUSs, NPeOCTABISIONINE 3aKOHbI COXPAHEHUS TEIIa, COJU U KOJMYEeCTBa IBUXKEHWUS, 3a-
MUCaHbl B OPTOTOHATbHOM KPUBOJIMHEWHOI cUCTeMe KOOpAUHAT U (pr3UUYECKOit Z-BepTUKATbLHOM CUCTEME KOOP-
IWHAT ¢ UCIIOJIb30BaHMEM MpUOMIKeHN byccuHecka n ruapoctatuku. YncaeHHbBIE alTOPUTMBI IIPEAIIoIarajoT
HCTIOJIb30BaHUE SIBHBIX U MOJTYHESIBHBIX cxeM. YncIeHHast cxema Jijisl OTiepaTopoB TMiepeHoca OCTpoeHa Ha OCHOBE
ucrnoib3oBaHus cxembl TpeThero nopsinka QUICKEST [23] u ee MHoromepHoit peanusauuun COSMIC [24]. TIpu
MPOBEICHUN YMCICHHBIX 9KCIIEPUMEHTOB KO3 UITMEeHTH TU(PDY3nH B ypaBHEHUSIX TIEpeHOCA TeTUIa U COJIU PaB-
HSITUCH HYJTIO, YTO OCTABJISIJIO B MOJIEJIN TOJIBKO CXEMHYI0 Tuddy3uio.

HexkoTtoprble dhusnyeckure Npolecchl, He OMMChIBaeMbIe B paMKaX CETOYHOIO pa3pelieHUs] MOACIM, BKIIOUe-
HBI B KaUeCTBE ITapaMeTpU3allnii, B YaCTHOCTH UCIIOIb3YIOTCS TTapaMeTpU3allii BepTUKAIBHOTO KOHBEKTUBHOTO
U TypOYJEHTHOTO MepeMelnnBaHus [25] 1 CKIIOHOBOI KOHBeKLMHU [26].

B kauecTBe JiemoBoro 0J10Ka UCIOJIb3yeTCsl YIIPYTro-BI3Ko-TiacTUuHast Mmoaeab Mmopckoro jbaa CICE-3 [27].

I mpoBeneHUsT YMCICHHBIX 3KCIIEPUMEHTOB paccMmaTpuBaeTcs objactb CeBepHoro JlemoBUTOro okeaHa
U ceBepHasl U 9KBaTOpUaIbHasl 4acTh ATJIAHTUYECKOTO okeaHa, HaunHas ¢ 20°1o0.11. JIjist YucieHHOi anmpoKCcu-
MallMy ypaBHEHMI UCIIOJIb3yeTCsl TpeXnosipHas ceTka [28]. Y3l uncineHHoit ceTku B obaactu CeBepHoro Jlemo-
BUTOTO OKeaHa HaxonaTcs Ha pacctosgHum 10—25 kM. BeptukanbHoe pa3dreHne COCTAaBISAIOT 38 TOPU30OHTAIBHBIX
YPOBHEI CO CTyllleHUMEeM Yy MOBEPXHOCTHU, TJe pa3pelieHue paBHO 2,5 M. B obiacTh MoaenupoBaHMsl BKIOUEHbI
Haubosiee 3HaYMMbIe TTPoJMBbI BHYTpU KaHamckoro apxumnenara. MuHuMaibHas TyOrHa 11eab¢oBOIi 30HBI 3a-
JlaHa paBHOM 12,5 M.

Ha «rBepmbIix» OOKOBBIX I'paHMIAX 33aAaBAIMCh YCJIOBUS TIPWINTIAHUS IS CKOPOCTU M YCJIOBUSI OTCYTCTBUSI
TMOTOKOB TeIlJ1a U coyu. «2Kuakasi» rpaHuiia BKaodaia: 1) bepuHroB nposiaus ¢ 3alaHHBIM pacXo0M 0apOTPOITHOTO
TEYCHMS 1 3HAUCHUSIMM TEMIIEPaTyphl U COJICHOCTH; 2) 00JaCT! IIPUTOKA PeK, TIe TAKKe 3a1aBajICs pacXo, Hyjle-
Basi COJIEHOCTh W TEMIIepaTypa, paBHasl TeMIlepaType Tpuieralolieii okeaHMueckoit 061acTu; 3) 10XKHYIO TPaHUILY
Ha 20°10.111., Tae 3aaaBajcsl cOpoc Macchl, MOCTYMUBIIEH B 0acceiiH yuepe3 beprHIoB MpoJIuB U 13 peK. YCI0BUs Ha
9TOM TpaHUIIE MOITyCKAIOT CBOOOMHYIO alBEKIIMIO 3a IIPenebl MOACINPYEeMOIi 00JIaCTH B TOM ClIydae, KOTaa CKO-
poCTh HaTpaBieHa U3 obsiactu. Ecii ke cKopocTh Ha TpaHuIIe HaTlpaBjieHa B 00J1aCTh, TO UCTIONb30BAJIMCH TaHHbBIE
KJIMMaTUYEeCKOTrO pacrpeaeaeHus.

2.2. ITocmarnoeka uucaeHnoix IKCnepumMenmoe. Fpanu'mbte ycaoeus e Bepuneoeom npoauee

Hannbie peananuza NCEP/NCAR [29], Bkitovaroliye MpuU3eMHYIO TeMIlepaTypy, BIaXKHOCTb, JaBJIeHUE Ha
YPOBHE MOPSI, THTEHCUBHOCTb OCAalIKOB, TOTOKH HUCXOISIIEH ITMHHOBOJIHOBOM ¥ KOPOTKOBOJIHOBOI pamnaliim,
a TaK>Ke CKOPOCTh BeTpa B MPU3EMHOM CJIOE, UCTIOB3YIOTCS Tk (DOPMUPOBAHMS ITOTOKOB Ha ITOBEPXHOCTH OKeaHa
¥ MOPCKOTO Jiba. B KauecTBe Ha4aJIbHOTO pacmpeneaeHMs 111 OKeaHNIECKUX 1 JISAOBBIX TOJIei UCIIOIb30BAIMCH
pe3ynbTathl 17151 2000 T. 13 TIPEABIAYIINX pacueToB, IPoBeneHHBIX ¢ 1948 1. [30].

B HacTosmieit padbote olieHKa BKJ1aga 0003HAY€HHBIX U3MEHEHUI B ITIOCTYIJICHUHN TeTlia yepe3 beprHToB mpo-
JIMB B UBMEHEHUE COCTOSIHUS BOI M MOPCKOTO Jibaa YykoTckoro Mmopst u Mopst bodopra ornupaercst Ha YMCIeHHbIE
9KCIIEPUMEHTHI, IPOBeaeHHEIC 1Tt BpeMeHHoro nepuoma 2000—2019 rr. ¢ ucroab30BaHUEM TPEX BUIOB TPaHUI-
HBIX 3HaUeHMit. Ha puc. 1 TipeacTaBieHbl UCTIONb3yeMble 3HAYCHWS TIPUIOHHON 1 TTOBEPXHOCTHOM TeMITepaTyphl
u pacxoja Boja B beprHroBom npoJiuse. [1poBeneHHbIe YMCIEHHbBIE 3KCIIEPUMEHTHI IPEACTaBIeHbI B Ta0JI. 1.

B iepBoM skcniepumenTe, ganee BS-20 (Bering Strait, 20 century), mist Bcero nieprona MoaearpoBanust 2000—
2019 rr. B KauecTBe TPAaHWYHBIX YCIIOBUIA Ha BepMHTOBOM ITpOJIMBE MCITOJIB3YIOTCS KJIMMaTHIeCKue JaHHEIE, pe-
KOMEHJIOBaHHBbIE B pabote [31] mis UCIoNb30BaHUsS B peTMOHANbHBIX Moaesax CeBepHoro JIemoBUTOTO oKeaHa.
CpenHeMecsSIHbBIC 3HAYCHMST pacxoia, MPUIOHHON TeMIepaTyphl M COJICHOCTH BOI, OCPEIHEHHBIC TT0 BpEMEHHO-
my niepuoay 1990—2004 rr., mojsydyeHsl Ha OCHOBE 00paOOTKU M3MEPEHUI Ha rIyouHe 45 M NMPUMEPHO B 35 KM
K ceBepy oT bepuHroBa nponuBa. B padote [31] oTMeuaeTcst, 4TO pe3ysbTaThl U3MEPEHUS B TIOBEPXHOCTHOM CJIOE
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Tabauua 1
Table 1
Nudopmanus o YnCIeHHbIX IKCIIEPUMEHTAX
Numerical experiments information
I'paHuyHbBIE yCIOBUS IMepuon
Kon akcnepumenTa HauanbHble ycnoBus
B BepuHroBoM rpoJinse MOJIETMPOBAHMSI
Knumartuyeckue na e Pacue € OKeaHUvec
BS-20 MMATNYECKUE TaHHBI YETHBI KEAaHNYCCKUE 2000—2019 rr.
1990—2004 rr. [31] u iepoBble mosst st 2000 r. [30]

2000—2003 rr.— KJIMMaTUYeCK1E JTaHHbIC
PacyeTHble oKeaHUYecKue

BS-21 [31],2004—2019 rr.— x1MMaTHYECKHE 1 nefoBBIe Mo s 2000 T [30] 2000—2019 rr.
naHHble [18]

3
BS-obs Tantbie uaveperuii 2016—2019 r. [19, 32 ; neﬂig:f;’:;fﬂog‘;agf;ﬁ(;g o 20162019 r.

MMEIOTCS B HEOOJIBIIIOM KOJIMYECTBE, MMEIOIINECs] TaHHBIE TOBOPST O TOM, YTO B 3UMHUI TIEPUO TIOTOK SIBJISIETCS
OITHOPOJHBIM. B jleTHMI1 Tepro TpeaIoiaraiochk, YTo B TOBEPXHOCTHOM CJIOE TeMIIepaTypa BbIlle MPUIOHHO Ha
1-2 °C. B ynucieHHOM 3KCIeprUMeHTe TTOCTyMNalIuii MOTOK SBIsICS ogHopoaHbIM. Ha rpaguxke (puc. 1) 3Have-
HUSI TeMIIepaTyphl M pacxona BOI U3 3TOTO MacCHBa MPEACTaBICHBI YePHOIT IMHUCIHA.

B pab6ote [18], B CBSI3U C USMEHUBIIUMUCS XapaKTEPUCTUKAMU BOJ, MOCTYMNAIOIIUX Yepe3 beprHroB mpoJus,
ObLIO PeKOMEHI0BAHO UCIOb30BaTh HOBbIE TPAHUYHBIE YCIOBUS B YUCIEHHBIX 9KCIIEPUMEHTAX, MOJAESIUPYIOLINX
nepuog 2003—2015 rr. Pacxon TedeHnst B HOBBIX JaHHBIX Bhile Ha 0,23 CB, cpeaqHerogoBast TeMIiepaTypa BhIle Ha
0,35 °C, MakcuMaabHOE OTKJIOHEHUE B HOBBIX JAHHBIX JOCTUTAET 5 °C. DTOT MacCuB ObLT UCITOJb30BaH BO BTOPOM
aKkcrnepuMenTe, gajgee BS-21 (Bering Strait, 21 century) B KauecTBe rpaHUYHbBIX YCIOBUI ISl TIepMOAa MOJAEIM-
poBanus 2004—2019 rr. s nepuoma 2000—2003 rr. axcnepumeHT BS-21 nnmeHTnueH skcrepumeHnty BS-20. Ha
rpaduke (puc. 1) qaHHBIE 1O MPUAOHHON W TTIOBEPXHOCTHOM TeMIIepaType U pacXoay TeUeHUST U3 3TOTO MacCcuBa
MpPENCTaBIEHbl CUHEN JTUHUEH.

PexoMeHa0BaHHbBIE 3HAYEHUS OKEaHMYECKMX XapaKTepUCTUK Ha bepunrosoM mponwuse [31, 18] aBnstoTcs
OCpeIHEHNEeM JaHHBIX U3MEPEHMI 3a MPOIOJIKUTEILHBIN BpeMEHHOM TTepHOa 1 HE OTPasKaroT KOPOTKOTICPUOIHEIC
KO0J1e06aHUS B COCTOSTHUM MOCTYNAIOIINX TUXOOKEAHCKMX BOA. AHAJIM3UPYS €XKeTHEBHbIE TaHHbIe HAOI0neHU [32]
B beprHTOBOM IpOIMBE, MBI TTIOATOTOBUJIN CPETHEMECSUYHBIC 3HAYCHMS TIOBEPXHOCTHOM TeMIIepaTyphl, B KOTOPHIX
HAIIIA OTPaXkeHHUE MPOLECChl AHOMAJIBLHOIO MOTEIJIEHUS BOJ CeBepHbIX paitoHoB Tuxoro okeana B 2016—2019,
M3BECTHbIE KaK MOPCKKME BOJIHBI Teruia [33]. DTu gaHHbIe MOBEPXHOCTHOI TeMIepaTypbl, HapsiLy ¢ HOBBIMU JaH-
HBIMU U3MEPEHMI TPUIOHHOM TeMIIepaTyphl U pacxona B bepumHroBom mposuse [19], ObUIM UCTIONIB30BaHBI B BUIE
TPaHUYHBIX YCJIOBUM 1S TPETHETO YMCIeHHOTo aKcnepuMmeHTa BS-obs. Ha rpaduke (puc. 1) aTu naHHbIe TIpe-
CTaBJICHbI TMHUSIMU KPACHBIX U XKEJThIX OTTEHKOB. B OCHOBHOM 3T TaHHbIE MPEBHIIIAIOT KIMMaTUUYEeCKUE 3Haue-
HuU, ucrosbdyembie B BS-20 u BS-21.

3. PesyabTaThl
3. 1. Pe3yavmamut uucaennozo modeauposanus. Kaumamuueckue epanuyunsie ycaosus na bepurneoeom npoause

B pesynbraTe 4MCIIEHHBIX 3KCIIEPUMEHTOB, OCHOBAaHHBIX Ha MOJEIM OKeaHa M MOPCKOTO JIbJa, MOJYyYeHbBI
MOJISl OKEAaHUUECKUX U JIETOBBIX XapaKTepUCTUK. [IBa unciaeHHbIX 9KkcnepuMmeHTa BS-20 u BS-21, otinyatommxcs
CpeIHEMECSIYHBIMM 3HAUCHUSIMU XapaKTEPUCTUK TUXOOKECAHCKUX BOJ, ITPOBOIMINCH HA OMMHAKOBOM BPEMEHHOM
nepuone 2000—2019 rr. [Tosie TeueHUIT BEpXHETO CJI0SI OKeaHa, MOJyYEHHOE B Pe3yJIbTaTe ITUX UMCIEHHBIX IKCIIe-
PUMEHTOB (puc. 2), ToKa3bIBaeT nMepeHoc Boa oT bepuHrosa nposuba Ha menbd Yykorckoro mopsi. Pacripoctpa-
HSISICH Jajiee B IIyOOKOBOMHYIO YaCcTh OKE€aHa, OHU BKIIIOUAIOTCS B CUCTEMY LIUPKYJISIINY BOM IIPECUMYIIICCTBEHHO
AHTULMKJIOHUYECKOTO TUIA, XapaKTepHOTO JUIsl HacTos1Iero nepuona ¢ Hayaia 2000-x rr.

CpenHeMecsIUHbIe 3HaUYeHUsT PACUETHBIX TMOJIeii TTO3BOJISIIOT BBISIBUTH CE30HHYIO M MEXKTOIOBYIO U3MEHYMBOCTh
Bog perroHa. Ha puc. 3 mokasaHBI cpeTHeMEeCSIHBIC TTOJIST TEMIIEPaTyphl Ha BRIOpaHHBIX Topru3oHTax 10, 50 1 100 M
B otaebHbIe Tiepronabl 2012—2013 rr. Ha ocHOBe npencTaBieHHOro pacipeaeaeHrs MOXKHO TTPOCIEAUTh MeEPEHOC
TEIUIbIX BOMA, C(popMUPOBaBIINXCSA Ha Liefbhe YyKoTcKoro Mopst B ISTHUI MEPUO, B ITyOOKOBOAHbBIE PAaliOHBbI,
B 9acTHOCTH, B Mope bodopra.

BepxHsisg maHenb puc. 3 MoKa3bIiBaeT CpeaHEeMeCSUHbIe TT0JIs1 TeMIIepaTyphbl, MOJyYeHHbIe 1t ceHTs10pst 2012 r.
TIporpeTble 3a eTHUI MEPUO BOIBI COCPENOTOUEHBI B BepXxHeM 50-MeTpoBOM ciioe Ha 1ieibghe YykoTckoro mops,
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Puc. 1. lanHble, ucnosb3yeMble ISl BOCCTAHOBJIEHUS pacxoa (a), MPUAOHHOMN TeMIiepaTypbl
(6) 1 TIOBEPXHOCTHOM TemIiepatyphl (¢) B bepHroBoM mpoinBe Mpu YMCIEHHOM MOIEIUPO-
BaHMU. ['pachuk cocrapiieH Ha OCHOBE JaHHBIX, OMYOJIMKOBaHHBIX B padorax |31, 18, 19, 32]

Fig. 1. Volume transport (a), bottom (b) and surface (c) temperature in the Bering Strait used in
numerical simulations. The graph is based on data published in works [31, 18, 19, 32]

MaKCUMaJibHble 3HaU€HUsI COCPENOTOUYEHBI B TOBEPXHOCTHOM CJIO€ 1 00JIACTU MPOXOXKIAEHUST AJISICKUHCKOTO TeYeHHSI.
OceHHe-31UMHee OXJTaXAeHUE ITOBEPXHOCTHOTO C10s (PUCYHOK 1151 iekaopst 2012 r., 10 M) conmpoBoXKIaeTcsl MTHTEHCHB-
HBIM TIepeMellMBaHUeM 1 TIEPEeHOCOM TeIlIa B IPUIOHHBII CJ10i1 1Ienk(hoBoit 30HbI. B pacripeneneHny TeMrepaTyphl
Ha rinyourHax 50 u 100 m a5t neka6pst 2012 r. BUAHO paciiuupeHue 00JacTu, 3aHATOM MOJ0XKUTEIbHbIMU 3HAYEHUSIMU,
M pacIpocTpaHeHUe Terula BIOJIb MAaTePUKOBOTO CKJIOHA 3a CYET CKIIOHOBOI KOHBEKIIMHU, MapaMeTpU3alisi KOTOPOit
BKJIIOUCHA B OKCAaHMUYECKYIO Momelb [24]. JanpHeiiinee paciipocTpaHeHEe TETUIOrO CUTHajIa Ha rmyonHax 100—150 m
oOycioBieHO LUpKysiueii Boa. B mone remnepartypsl Ha 100 m st anpenist 2013 r. Ha puc. 3 BUaHA TEHIEHLUS K Te-
peHocy Tera B Mmope bodopra. Cutyauus 2012—2013 rr., mokaszaHHast Ha pUc. 2, He SBJSIEeTCS eAMHUYHBIM CTyJaeM.
CITyCcK TEeIUTBIX BOM BIOJIh MATEPUKOBOTO CKJIOHA TIOKA3aH TAKKe Ha BEPTUKAIBHOM CCUCHMU (pHC. 4).

Ha puc. 5, a npeactaBiieHbl rpayKu C€30HHON U3MEHUMBOCTU TEMITEpaTypbl B TOBEPXHOCTHOM U MPUAOHHOM
CJI0€ B OHOM 13 TOYEK 00J1aCTH, B KOTOPOI1 TPOUCXOAUT ITEPEHOC TeIlia U3 IIeTb(OOBBIX paiilOHOB B ITyOOKOBOIHYIO
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Puc. 2. ITose TeueHMi B ICTHUI ITEPUOL B TTOBEPXHOCTHOM 10-METPOBOM CJIO€, TTOTydeH-
HOE B pe3yJ/IbTaTe YMCICHHBIX 9KCIIEPUMEHTOB

Fig. 2. 10-meter surface layer summer velocity obtained as a result of numerical experiments

Centsops 2012

Jexa6pb 2012

Amnpeas 2013

Puc. 3. Pacripenenenue MmonenbHbIX osieii remmeparypsl (°C) B UykoTckoMm Mope 1 Mope bodopTa s centsopst, nekabpst 2012
u anpenst 2013 r. Ha myouHax 10, 50 u 100 M. PesynsraT pacuera skcriepumenTa BS-21

Fig. 3. Model temperature (°C) at the depths of 10 m, 50 m, and 100 m of the Chukchi and Beaufort Seas for September, December
2012, and April 2013. Result of the experiment BS-21
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Puc. 4. Temniepatypa Ha BepTHKaJibHOM ceueHUU AB. TTorpyxeHue Teruibix BOJ 10 MAaTEPUKOBOMY CKJIOHY ¢ OKTsIOpst 2016 1o
mapt 2017 r. B uncieHHoM aKkcrnepumernte BS-21

Fig. 4. Temperature at vertical section AB. The spreading of warm waters along the continental slope from October 2016 to March
2017 in numerical experiment BS-21
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Puc. 5. i3ameHeHue TeMIiepaTypbl Ha TOBEPXHOCTHU (KpacHast IMHUs) 1 Ha myouHe 100 M (cunsst
JIMHUS) B TOYKe, 0003HAUEHHOI UepHOil 3Be3M0UYKOI Ha BCTaBKe: a — B aKcnepuMmeHTe BS-21;
6 — B 3kcniepumeHTe BS-20

Fig. 5. Change in surface temperature (red line) and temperature in 100 m (blue line) at the point
indicated by a black asterisk on the inset ¢ — in the BS-21 experiment, b — in the BS-20 experiment

yacTh. Ha rpacdukax BBIIENISIOTCS MaKCUMaJIbHBIE 3HAYeHUST B TTOBEPXHOCTHOM ciioe JietoM 2007 u 2012 1., uto
COOTBETCTBYET 3apETUCTPUPOBAHHBIM Ha OCHOBE JaHHBIX HAOMIONCHWIT MUHUMATbHBIM 3HAUYCHUSM TIOIIAIN JIe-
noBoro nokposa CeBepHoro JlenoBuroro okeaHa. MiaMeHeHue TeMIiepaTypbl B PUAOHHOM CJIO€ TTOATBEPXKAAET
cieJIaHHOE BBILLE 3aKJII0YEHME O IIepeHOoCce TeIlla B OCEHHE-3MMHMIA ITeproI U3 IIPUJIeXallX perMoHOB. B mocies-
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Puc. 6. smeHeHue cpenHero Temocoaepxanus (JIx/km? B BepxHeM 150 M cioe B Mope Bodop-
ta (a) u YykorckoM Mope (6) To pesynbratam akcriepumeHToB BS-20, BS-21. Kpacnas nunus
COOTBETCTBYET pe3yiabratam akcriepumeHTa BS-21, cunsis nuaust — BS-20

Fig. 6. Average heat content change (J/km?) in the upper 150m layer in the Beaufort Sea (a) and the
Chukchi Sea (b) based on the results of experiments BS-20, BS-21. The red line corresponds to the
results of the BS-21 experiment, the blue line — BS-20

HUE rofbl pacyeTa IMpeacTaBIeHHOe pacipeae/ieHe TOKa3hIBAeT YBEeIMYeHNEe aMIUIMTYIbl CE30HHBIX KOJIeOaHui
TeMIIepaTyphl ITOBEPXHOCTHOTO CJIOS ¥ 3HAUYNTEIBHOE TTOBBIIICHIE TeMITepaTyphl Ha TiryouHe 100 M.

Jlis aHaiM3a BKJIAJa TUXOOKEAHCKMX BOJ B IOBBIIIEHUE TEMIIEPaTyphl B IIPOMEXYTOYHOM CJI0€ IIyOOKO-
BomgHOM yacTu YyKoTckoro Mopst 1 Mopsi bodopra MBI poBenu cpaBHeHUE pe3yabTaToB BS-21 ¢ pesynpraramu
YHCIIeHHOTO 3KcnepuMeHTa BS-20, Tme B beprHTOBOM IpoJIBe MCIIOIB30BAINCH 3HAYCHUS U3 paHee peKOMEH-
JoBaHHOM KnumaTonoruu, npuemiemoit 1o 2003 r. [31]. Ce30HHBII X04 U MEXTroaoBasi U3BMEHUMBOCTh TeMIIepa-
Typbl B BbIAEJECHHON paHee TOYKe MpeacTaBieHa Ha puc. 5, 6. CpaBHeHue rpadUKOB [Jist ABYX SKCIIEPUMEHTOB
TIOKAa3bIBaeT, UTO B 3KcIepuMeHTe BS-21 ¢ yueToM HOBOI KIIMMATOJIOTUN 3HAYEHUST TeMIIepaTyphl OOJIBIIE, YeM
B akcnepumeHTe BS-20. boiee Toro, mo cpaBHEHUIO C U3MEHEHUSIMU, TIPOU3OLIEIIIMMU B TOBEPXHOCTHOM CJIOE,
M3MEHEeHUE TeMIIEPaTyphl B BblAeJEHHOM Touke Ha riayouHe 100 M 6ojiee 4yBCTBUTEIBHO K M3MEHEHUIO THAPOJIO-
TMYECKUX XapaKTepUCTUK B bepHroBOM TIpoJIiBe.

O1eHKa U3MEHEHUs TEIIOCOAePKaHWS BOJI HAa eIMHUILY IUTolanu B Mopsix bodopra nu Yykorckom 3a Mmoaenu-
PYEMBII TIepHOI ITPOBOIMIIACH HA OCHOBE BEPTUKAIBHOTO MHTETPUPOBAHMS TT0 TIIyOrHE B BepxHeM 150-MeTpoBOM
CJI0€ OTKIIOHEHHUS TTOTEHIIMAILHOM TeMIIEPaTyphl OT TEMITEPATyPhl 3aMep3aHUsT

min(h(x,y),150)
0="" 1" ey 17 e 0
0

3neck ¢, = 3996 JIx/(xr K) — ynenbHas TernoeMKoCcTh MOPCKO# Bobl, p = 1025 KT/M>? — cpeqHss TUIOTHOCTB MOP-
CKoii Bozibl, T — Temrieparypa Boabl, 1,,,— TeMIieparypa 3aMep3aHusi, ONpe/ie/isieMast C y4eTOM COJIEHOCTH MOp-
ckoit Boabl. Ha puc. 6 nipencrasiieH rpadyK M3MeHEHUS TEIUIOCOAEpKaHus 1151 9KcriepuMmenToB BS-20 n BS-21,
TOKAa3bIBAIOIINIA, UTO B JOITOTHEHME K MOCTYIUICHUIO TeTIa B OKEaH 3a CUeT JICTHETO HarpeBa M COKpAIIEeHUS TOJ-
IIMHBI U TUIOLIAAN MOPCKOTO JIbJa, BAUSHUE 00Jiee MHTEHCUBHOTO TMOCTYIUIEHUS] TUXOOKEAHCKUX BOJI TTPUBOJIUT

K TIOBBIIIICHUIO TeTIoconepkanus B YykorckoM mope u Mmope bodopra.
PasHuma B TeruiocomepXaHWM yBeIM4YMBaeTcad ¢ TedeHWeM BpeMeHH, B 2004 T. coctaBmsier 107 JIx/xkm?2
n K 2019r. nmocruraer 3HayeHus 108 JIx/km2. B UyKOTCKOM MOpe CE30HHbIE KOJIEOaHUS TEILUIOCOAEPXKAHUSA
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BBIPaKEHBI CUJTbHEE U TTPOSIBIISIIOTCS YKe B TIepBbIe Tofibl pacyera. [1o pesynbraTtam akcriepumenTa BS-21 B neTHuMit
NEpUOJL, TIOJIYYEHO YBEJINYEHUE TEIIOConepKaHus Ha B cpenHeM Ha 1,2 - 108 JIx/km? B UyKOTCKOM MOpe T0 cpaB-
HeHuIo ¢ akcnepuMeHToM BS-20. bimskoe pacnonoxkeHue K bepHroBy mpojnBy criocOOCTBYET paHHEMY TasTHUIO
JIb/ia, OoJiee TI03THEMY 3aMeP3aHUI0, B Pe3yJIbTaTe Yero KOJIMYECTBO Oe3JIeTHBIX THEH YBETMUNBACTCS Y TIPOVCXOIUT
MOIJIONIEHNE COJTHEUHOM pajMalliu, YTO B CBOIO OUepeib elle OOJbllle YBeJIMIMBACT TeIJIOCOAEPKaHUEe B JIETHUI
nepuon. B 3uMHMi1 TIepron TerioconaepkaHue pe3Ko MmagacT, OTCYTCTBYET TPEH I B HAKOIUICHWH TeTlTa, XapaKTepHbIi
st Mopst Bodopra. B rocienHue Tpu roga pacyera 3aMeTHO MOBBIIIIEHUE KaK JIESTHUX, TaK M 3UMHUX 3HAYCHUIA.

3.2. Anaaus nomoxa menaa, nocmynarouiezo 6 bepunzoe npoaue 6 uuciennvix IKcnepumenmax

3HaueHus TEMIICPATYPhI U pacxoda BOIA, MCITOJIb3YCMbIC B YUCICHHBIX 3KCIICPUMEHTAX, ITO3BOJIAIOT OIIPEAC-
JINTb l'[OCTyr[a]OH_II/Iﬁ 4yepes BepI/IHFOB IIPOJIMB IMOTOK TETLIA FB'

Fy=p-c,-vr-(T=Tp). )

B nononHenue kK 0603HaveHuAM st hopmyaisl (1) 31ech HCTonb3yeTcs: 0603HaueHue vy (M3/c) pacxona BOIabl
yepe3 nposmB. Ha puc. 7 nipencraBieHbl TpadyKu M3MEHYMBOCTU TI0 BPEMEHHU €XXEeMECSUYHBIX 3HaYEHUI TTOTOKa
terwia B mepuona 2016—2019 rr. mis Tpex skcrepuMeHToB. OcpeHeHNe 0 BpeMeH! 3a 4 Tofia oKa3ajio, YTO B JaH-
HBIX, UCIIOJIb3yeMBIX I/l AKCIepuMeHTa BS-21, MOTOK Terwia mocTymnaer B cpefHeM 6osblue Ha 1,7 - 1020 Ix/rox,
yeM B akcnepumeHTe BS-20 (puc. 7).

AHAJIOTMYHBII pacyeT MoKa3bIBaeT, UTo IS 9KCcrepuMeHTa BS-obs, B cpenHeM, yBelnuyeHUEe MOTOKA Terlia
yepe3 BepuHros nposus coctasurt 1,257 - 1020 Ix/rox o cpaBHeHuIo ¢ BS-21 (puc. 7). 1151 OLIeHKU BO3MOXKHOIO
BJIMSTHUSI TIOCTYTTMBIIIETO 3a TOJI TeTUIa Ha JIEJAOBBIN ITOKPOB PACCMOTPUM COOTHOIIIEHUE

O=picc " S h-c, (3)
e Q= 1,25 10% Ik, p;., = 918 Kr/M> — MIOTHOCTb MOPCKOTO Jibja, ¢ = 332 KJIX/KI — yaeibHas TEIIOTA MaB-
JIeHUs J1baa, S — TUIOIIAab JIEAOBOTO MOKPHITUSI, # — TOJIIMHA Jibaa. [Ipeamnonaras TOMIMHY JibAa paBHOI OTHOMY
METpY, MbI [IOJIyYUM ILIOLIALb JIEA0BOro mokposa S = 4,1 - 10° km2. JIist cpaBHeHMsI, B 1996 I. ie10BOe TOKPBITHE
B ApPKTHKE cocTaBisio ~8 - 106 kM2, a B aHoManbHO Terblii 2012 rox — ~3 - 106 km? [34]. CrenoartebHoO, 10-
MOJIHUTEIbHOE Teruto, nocrynusiiee B CeBepHblil JlemoBuThlii okeaH yepe3 bepunros nponus B riepuon 2016—
2019 rT., TOTEeHIIMAIBHO CITOCOOHO PACTOIUTH JICIOBBIN ITOKPOB TOJIIINHON 1 M, COM3MEPUMBIii ¢ 1/7 9acThIO eTo
iomany B CeBepHoM JlenoButoM okeaHe B rpaHuliiax 2012 rona.

3.3. Bauanue uzmenenuii 6 bepuneoeom npoauee na aedoswtii nokpos.
Cpasnenue pe3yavmamoe sxcnepumermos BS-20 u BS-21

M3MeHeHre TeTutocoiepKaHusT BOJL He MOIJIO He OTPa3UThCSl Ha COCTOSTHMM JIEIOBOTO IMTOKPOBa paccMaTprBae-
MOT'0 perroHa. Pe3ybraThl YMCIEHHOIO MOJACIMPOBAHUS OTPAXKAIOT TEHAEHIIMIO K CHUXKEHMIO CPEIHEr010BOro 00b-

19
14 210 T T T BS-20 —KAvmaT 1990-2004

h BS-21 —kKaumar 2003-2015
121 T — — —  BS-obs—paHHble 20162019

Mok /mecan

2 I I I
2016 2017 2018 2019 2020

lfoawbl

Puc. 7. Vi3ameHeHue 1o BpeMeHHM IMOTOKa TeIla, MOCTYyNamoInero yepe3 beprHIroB MpoyivB, B 3KCIIEPUMEHTaX
BS-20, BS-21, BS-obs

Fig. 7. Change in heat flux entering through the Bering Strait in the BS-20, BS-21, and BS-obs experiments
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Puc. 8. CpenneronoBoit 00beM Jbaa IS pe3ynbraToB akcniepuMeHToB BS-20, BS-21: ¢ — B Mmope bodopra; 6 — B UykoTckom

V -V,
MOp€; OTHOCHTEIbHOE OTKJIOHeHME 00beMa Jibaa st BS-21 ot BS-20 —£5=2L " 85-20 - 4 __ g vqope Bodopra; ¢ — B UyKOTCKOM
BS-20
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Fig. 8. Annual ice volume for the results of experiments BS-20, BS-21: ¢ — in the Beaufort Sea; » — and the Chukchi Sea; devia-

V 4
tion of ice volume for BS-21 from BS-20 —25=2L"85-20 . »__ip the Beaufort Sea; d — in the Chukchi Sea
BS-20

e€Ma MOPCKOro Jibaa 1 Mopst bodopta u mist Hykorckoro Mopst Ha poTsikeHnu Beero nepuoaa 2004—2019 rr. B pe-
3ymbTaTax 0ooux skcnepumeHToB BS-20 11 BS-21 (puc. 8). HebombIoe cokparieHre oobeMa Jibaa ImorydeHo B BS-21
no cpaBHeHuto ¢ BS-20. OTHocuTenbHasl pa3HMla B 3HaYeHUsIX o0beMa jibaa it BS-21 k BS-20 cocrasnsier mist
mopst bodopra 10 4 %. B UykoTckom Mope pazinuusi 6ojiee 3aMeTHBI, M 9Ta BeJimurHa 1 nocturaeT 12 % mis 2017 r.

Pazmums B IOI0KEHNY KPOMKH JIbJA, OITpeneasieMoi o 235 % KoHueHTpalmn jibaa mist BS-20 n BS-21 nmokasa-
HbI Ha puc. 9 s it MecsiteB 2019 r. [IpeacrapieHHbIe MOJIs TOKA3bIBAIOT, MEHBIIIYIO IJIOIIAIb JIEJ0BOrO MOKPOBa
st BS-21. OcHoBHbBIE M3MeHEHUST MpoucXoadaT B UyKOTCKOM Mope U B Toit yacTu Mopst bodopTa KoTtopast rpaHu-
quT ¢ Yykorckum MopeM. Boasl beprHrosa nposiBa UMEHHO 371€Ch UMEIOT OOJTbITIee BIMSTHUAE Ha JISTOBBII TTIOKPOB.
CrienyeT 3aMeTUTh, YTO HECMOTPSI Ha TTOJIyYeHHBIM OTKJIMK B COCTOSTHUM JIEJIOBOTO TTIOKPOBA B aKcriepuMeHTe BS-21,
B pe3y/ibTaTax MOJIE/IbHBIX ITOJICI He MOTy4MIOCh 3alla3abiBaHue B (hOPMUPOBAHMH JIEIOBOIO ITOKpoBa B bepuHroBom
MPOJIMBE U MpUIeraoiieii akBaTopun YyKoTCKOro Mopsi, U3BECTHOE M3 JaHHbIX HAOII0aeHUIA [34].

3.4. Ipanuunvie ycaosus ¢ bepunzosom npoauee ¢ 2016—2019 2. Ixcnepumenm BS-obs

[peapiayiine 5KCIEPUMEHThl UCIIONb30BAIM CPEIHEMECSUYHbIE KIMMATUYECKUE 3HAYEHUSI OKEaHMYEeCKUX
XapaKTepruCTUK Ha beprHTOBOM IposmBe. BEIlIe OBIIO TTOJYYEHO, YTO JTOMOJTHUTEBHBIN MTOTOK TeIula, pacCum-
TaHHBIM Ha OCHOBE PAa3HOCTU KJIMMATUYECKUX YCIOBUIA M cpenHeMecsyHbIX 3HaueHuit 2016—2019 rr., criocobeH
PacCTOIUTD TOBOJIBHO 3HAYUTEIbHBIIA 00beM jibaa. OueBUIHO, YTO HE BCE MOCTYIMUBIIEE TEIUIO OyIET pealn30BaHO
Ha TasgHMe Jibaa. Llenbio ynciieHHoro akcnepuMeHTa Bs-obs ObUTO MccienoBaHNe YyBCTBUTEIbHOCTU MOIETbHBIX
MOJIeit K MOCTYIUIEHUIO Yyepe3 BepuHIroB mpojiuB B TeYeHUE HECKOJIbKUX JIET aHOMAaJIbHO TEIUIbIX BOJ, YYUThIBaE-
MBIX B MOZCJIM B BIIe 3HAUCHUI 0KEaHOJIOTMICCKIX XapaKTePUCTHK, ITOJYICHHBIX Ha OCHOBE JaHHBIX HAOIIOme-
Huii [19, 32].

B nanubix uamepenuii 2016—2019 rr. [19, 32] remiiepaTypa MOCTYIAIOIIKUX BOJ, B OCHOBHOM, BbIIII€, YeM B KJIU-
MaTUYECKUX AaHHBIX, UCIIONb3yeMbIX B BS-20 u BS-21 (puc. 1). Uckmouenne cocrapiser 2016 r.: Temmeparypa
B beprHTOBOM MpOJIMBE ¢ Masl IO CEHTSIOPH ObIIa HIKE KIIMMAaTUISCKUX 3HAYCHM, U TOJIBKO K HOSIOPIO-IeKaopIio
cTajia mpeBbIlIaTh UX, MpeBbllieHue cocTaBuiio 4—5 °C. B teuenne 2017—2019 rr. TeHAEHIMS K TPEBBILLIEHUIO KJIU-
MaTUYECKUX 3HAYEHUI TeMIIepaTyphbl coxpaHuiach. CpaBHEHUE Pe3yIbTaTOB YMCIEHHBIX dKCIIepuMeHToB BS-21
u BS-obs nng YUykoTckoro Mopsi 1mokasajio, 4YTo U3MEHEHME B CpeIHErogoBoM oobeMe jibaa aist BS-obs u BS-21
MeHee BbIpaxkeHo, yeM Tpu cpaBHeHnu BS-21 ¢ BS-20, u He npessbiinaeT 5 %. B oToeabHble TepUoabl pasHULA
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Puc. 9. PacnipenenceHue 1e10BOT0 IMOKPOBA 11T HECKOJMBKUX MecsiiieB 2019 T s skciepumeHToB BS-20,
BS-21. BenbiM 1IBETOM ITOKa3aHO pacIpeneieHue JeI0BOro MoKpoBa Ui Pe3yJbTaTOB DKCIIEPUMEHTOB
BS-20. KpacHas TuHMS TTOKa3bIBaeT TPaHMILY JIEIOBOTO TTOKPOBA JIJIST PE3y/IbTaToOB aKcIepuMeHTa BS-21

Fig. 9. Ice cover for several months of 2019 obtained from the BS-20 and BS-21 experiments. The distribu-
tion of ice cover for the results of the BS-20 experiment is shown in white. The red line shows the ice cover
boundary for the results of the BS-21 experiment

BO3pacTaeT, Tak B aekabpe 2016 paszHuua cocrasisier 10 %, B nekabpe 2017—20 %, B nekabpe 2018—10 %, B nekabpe
2019—12 %. PasHnua B TerIocoaepKaHUM MOpEi o pe3yiabTaTaM 3KkcrnepuMeHTa BS-obs cocrasisier okoso 1 %
10 CPaBHEHUIO C IKcTiepuMeHTOM BS-21.

CpaBHeHMe TIPOCTPAHCTBEHHOTO pacIipee/IeHUsT TIOJYyYeHHBIX MTOJIe KOHIIEHTPALMK JIba, MPeACTaBIeHHOEe
Ha puc. 10, moka3wiBaet, uyto B nekadbpe 2017 B akcniepumeHTe BS-obs ob6iacts bepuHrosa mpoianBa U MEIKOBO-
JHast 4acTh YyKOTCKOTO MOPST OCTaBAIMCh CBOOOMHBIMM OTO JIbZIa. DTO OTJIMYAET TIOJIydeHHOE paciipeneieHue oT
aKkcrepuMeHTa BS-21 u 6osbliie cooTBETCTBYeT JaHHBIM HaOM0aeHW [34].

o o1 0203 04 05 06 07 08 0 o1 0203 04 05 06 0,7 08

Puc. 10. KoHueHTpalus JiefoBOro rnokposa mjis aekadbpst 2017 r., mojydeHHast 1o pe3yJibTaTaM 3KCIIEpUMEHTOB
BS-21 (cnesa), BS-obs (uienTp). Jlunus rpanutist abna mis nekadpst 2017 r., mocTpoeHHast TI0 JaHHBIM CITy THUKOBBIX
HabmoneHuiit NSIDC [34] (cipaBa)

Fig. 10. Ice cover concentration for December 2017 obtained from the experiments BS-21 (left), BS-obs (center). Ice
boundary for December 2017 according to NSIDC satellite observations [34] (right)
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4. O0cyxaeHue

Hammu npenpiayime uccienoBaHus aHATU3UPYIOT NU3MEHUNBOCTD IUPKYJISIIMY BOTHBIX MacC, TEPMOXaTMHHOM
CTPYKTYpPBI BOJI 1 JiefoBoro rmokposa CesepHoro JIemoBUTOTO OKeaHa KaK Peakiuio Ha U3BMEHEHUEe COCTOSTHUSI aT-
Mocdepbl Ha OCHOBE YMCJIEHHOro MoaenpoBaHus. B padorax [30, 35, 36] uccienoBanach U3MEHYMBOCTD TPACKTO-
puu rioctymaromux B CeBepHBIi JIemoBUTHIN OKeaH aTJaHTUIECKUX M TUXOOKEAHCKUX BOJI, BRI3BAHHAS BapUalIHs-
MM aTMOC(hEpHOI IMHAMUKU, ObLIO MTOKA3aHO BIMSHUE TUXOOKEAHCKMX U aTJIAaHTUYECKUX BOJ Ha pacripeneieHue
W TOJIIMHY apKTUYECKOro Jbaa. B HacTosieM MCCleloBaHMM aKIIEHT JeJaeTcs Ha aHalu3e YyBCTBUTEJIbHOCTU
YUCICHHON MOMIEN K YBEJTUYSHHIIO TTIOTOKA 1 TeMIIepaTyphbl TAXOOKEAHCKMX BOM, MOCTyNAOIIMX Ha 1meabd YykoT-
CKOTO MODPS$I, U3BBECTHBIX M3 aHA/IM3a JaHHbIX HabmoaeHuit [31, 18, 32, 19].

JIBa yMCJIEHHBIX SKCTIEpUMEHTa, TPOBEAEHHbIE C UCITOJIb30BaHUEM KJIMMAaTUUYECKUX TaHHBIX Ha beprHroBom
nponuBe, XapakTepHbIX LIt 1990—2004 rr. m 2003—2015 IT., MOIEIMPYIOT CE30HHYIO M MEXTOIOBYIO N3MEHYM-
BOCTh OK€AaHWYECKUX U JIEMOBBIX MoJieii. Pe3ynbraThl MONEIMPOBAaHUS TTOKA3bIBAIOT, YTO CUCTEMA TTOBEPXHOCT-
HBIX TEUEHU I CITOCOOCTBYET MEePEeHOCY TEIIBIX TUXOOKEAHCKUX BOJ yepes 1eabd YyKoTCKOro Mopsi B CEBEpHOM
HaIlpaBJeHUHU U Ha meibd Mopsa bodopra. [lepeHoc Teria Ha MaTepUKOBBIN CKJIOH IIPOUCXOIUT B OCEHHE-3UM-
HUI MIepUOJ BIOJIb TTOJBOAHBIX KAHLOHOB M3 TIPUJIEXKAIINX PETMOHOB M BOCIIPOM3BOIUTCS B pAMKaxX CETOUHOTO
paspelieHrs MOJEIU U MCIOJb3yeMbIX MapaMeTpu3alrii, B YaCTHOCTU MapaMeTpu3alluid CKJIOHOBOW KOHBEK-
UK. DTOT MepeHoc coriacyercs ¢ padotoii [10], U3 KOTOpoii ciaeayeT, YTO aHTUIUKIOHNYECKHIT KPYTOBOPOT
Mopst bodopra u reHepains Mme3oMaciITabHBIX BUXPeil B paliloHaX MOIBOIHBIX KAHBOHOB OCTA0JISIIOT ITUKIOHU-
YecKoe MOrpaHUYHOEe TeUEeHNE U CITIOCOOCTBYIOT MEPEMEIICHUI0 TUXOOKEaHCKMX BOJ BO BHYTPEHHUI TaJIOKJINH
Kananckoro 6acceiiHa. B nmocienHue rogbl pacueta B TOUKaX, HaXOASIIUXCS TpaHULIE 1IeJb(POBOM U TIIyOOKO-
BOJIHOI 00acTeit, TPOUCXOMUT YBEIMUCHUE aMITTUTYIbl CE30HHBIX KOJIEOAaHUI TeMIIepaTyphl TOBEPXHOCTHOTO
CJIoSl U 3HAYUTEJIbHOE MOBBILIEHNUE TeMIlepaTypbl Ha riyorHe 100 M. DTOT mpoliecc xapakTepeH IJisl 000X DKC-
MEPUMEHTOB, OMHAKO Ha TyonHe 100 M OTYETIMBO BRIPAKEHBI ITOCIICACTBHUS TTOBBIIICHUS TeMIIepaTyphl BOI Ha
bepuHrosom nponuse.

B pa6ote [20] yBenuueHue TerioconepxkaHusi B Mope bodopTa aBTOpbI CBA3bIBAIOT C aHOMaJIbHBIM COTHEYHBIM
MIPOrPEeBOM MOBEPXHOCTHBIX BOI Ha ceBepe UYKOTCKOTO MOps 3a CUeT MCYE3HOBEHMS JIeMOBOro IokpoBa. Ham
PE3yJbTAaThl COTJIACYIOTCSI C 9TUM MCClieoBaHueM. M3MeHeHusT Terutoconepxkanusi YyKOTCKOro Mopsi B UMCJIEH-
HBIX 3KCIIEPMMEHTAX MOKA3LIBAIOT 3HAUUTEbHbIE CE30HHBIE BAPUMALIMM C AMIUIMTY0i B cpenneM 4 - 108 JIx/km?2
B OKCIIEPUMEHTE C TPAHUYHBIMU JaHHBIMU 1990—2004 rr. 11 5,2 - 108 JIx/kM?2 B 3KCIIEpMMEHTE ¢ FPAHMYHBIMU JAH-
HbiMu 2003—2015 rr. YyBCTBUTEIBHOCTh TEIIOCOAECPXKAHUS BOJ K MOBBILICHUIO MTOCTYIAIONIEro MOTOKA Teruia Ha
bepuHroBoM nposiiBe mMposiBJIsIeTCS] B MIEPBbIE FOJbI pacyeTa U HauboJiee BhIpakeHa B JIETHUM ce30H. B mocieqHue
TPY rofa pacyeTa YMCICHHAs] MOIE/Ib ITOKAa3bIBaeT MOBBIIICHNE KaK JICTHUX, TaK U 3UMHMX 3HaYeHMit. B oTimmame
oT YyKOTCKOI0 MOpS$I, UBMEHEHUE TeTIOCOAEPXKaHUS BepxHero cjios 150-meTpoBoro ciost Mopst bodopta mokasbi-
BaeT OOLIMiT TpeH Ha MmoBkilieHUe, HaurHas ¢ 2007 r. [TocieacTBUS MOBBILIEHMS TTOTOKA Teria Ha bepruHroBom
TIPOJIMBE TIPOSIBIISTIOTCS IIOCTETICHHO C SIBHO BBIPAXKEHHBIM HAKOIMUTEIBHBIM 3(P()EeKTOM KaK B JICTHUI, TaK U 3UM-
Huii ce30H. PasHoCTh B 3HAUeHMsAX Terutoconepxkanus K 2019 1. nocruraer sHauenus 103 Jx/km?2.

OO01IMit XxapakTep U3MEHEHMS TeTUIOCOAePKaHMsI BOI U 00beMa Jibla B UCCIeayeMOil 00JacTh B IBYX 3KCIIe-
pPUMEHTaX ¢ KJIIMMaTUICCKUMM JaHHBIMU Ha BepMHTOBOM ITpOIMBE MOKA3bIBAET, YTO IMPOUCXOISIINE N3MEHEHUS
BBI3BaHBI IMPOIIECCAMU B COCTOSTHUU aTMOC(epbl apKTUUECKOTO pernoHa. Tem He MeHee, B pe3yJibTaTe paboThl Mo-
Ka3aHo, YTO TUXOOKEaHCKUE BOJbI, MOCTYyMalolue B ApKTudyeckuii 6acceitH yepe3 bepunros nposaus, u B 2003—
2015 IT. YBeIMYMBIINE CBOIO TEMIIEPATypy W pPacxoj Mo cpaBHeHUIO ¢ reproaoM 1990—2004 rr., crmocoOCTBYIOT
YBEJIMUEHUIO TETJIOCOACPKAHUSI BEPXHETO CJI0SI, a TAKKEe COKPAILEHUIO TUTOIaaM Jbaa B Mope bodopra n Yykort-
ckoM Mope. OCHOBHbIE UIBMEHEHUS B KOHIIEHTPAILIMU JibJa MPOUCXOJST B YyKOTCKOM MOpe U B TOIi 4acTu Mopst
BodopTta kotopas rpannaut ¢ YykoTckum MmopeM. Bonbl beprHroBa nmpoyimBa UMEHHO 371eCh UMEIOT OOJIbIIIee BTN~
sTHUE Ha JIETOBBIN MTOKPOB. BiusiHre M3MeHeHUsI XapaKTePUCTUK TUXOOKEAHCKMX BOJ Ha TastHUEe MOPCKOTO JibJa
B UyKoTcKOM Mope noaTBepxKaaeTcs B padoTax [15—17] Ha ocHOBe aHa/IM3a JaHHBIX HAOIIOAEHUIA.

B netnuii nepuon 2016—2019 rr. ceBepo-BOCTOUHAS YacTh THXOro OKeaHa XapaKTepu30Bajlach SKCTpEeMallb-
HO TEIUTBIM COCTOSTHMEM OKeaHa, YTO MPUBEJIO K 00pa30BaHUIO JOTIOJTHUTEIHLHOTO TIOTOKA TEIlIa, MTOCTYIAIOIIEro
B CeBepHblii JIenoBuThIit okeaH yepe3 beprHIroB MpoJivB 1 MPEeBbIIAIOIIET0 KIMMaTHYECK1e 3HAUeHHsI, B CPETHEM
Ha 1,25 - 102° [Txx/rox. TToTeHIMAIBbHO TAKOi MOTOK TEILIa CIIOCOOEH PACTONUTD JIEAOBbII IOKPOB TOILIMHOM 1 M,
cousMmepuMsblii ¢ 1/7 yactelo ero roniany B CeBepHoM JlemoButom okeaHe B rpanuiiax 2012 r. ITo onieHkam, ocHO-
BaHHBIM Ha aHaJIM3€e NaHHbIX HaOtoaeHui [ 19], cpeaHeronoBoii MOTOK Teruia yepe3 beprHIroB MpoJIuB COCTaBsIeT
3—6 - 102° T:x/roz, 4To OKa3bIBAETCS COMOCTABUMBIM C IOTOKOM COJIHEUHO pagvanuu B YyKOTCKOM MOpe U CIO-
cob6Ho pactornuTh 1—6 - 102 kM2 TBpHa TOMIMHOIM | M.
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B HameM 4yrMcIeHHOM 5KCIIEPUMEHTE, MPOBEIEHHBIM C STUMU TPAHUYHBIMU TaHHBIMU, MOCTYTUIEHUE JOIOJ-
HUTEIBHOTO MOTOKA Terula MPUBeEJIo K 60J1ee Mo3nHeMy 00pa30BaHMIO JibAa B IeKaOpe U COKPaLIEHUIO 1eKaOPhCKO-
ro oobEMa Jie1oBOro mokpona B HyKOTCKOM Mope.

HenoctatkoM mpoBOIMMBIX UCCIETOBAHUI SIBJISIETCS OTHOCUTENIBHO IpyOoOe pa3pelieHre YUCIEHHON CeTKU,
He TMO3BOJISIONIEH BOCTIPOU3BOAUTL Me3oMacIiliTabHble Buxpu. Paguyc necdopmaiiuu Poccou B ApkTrKe MeHsIeTCs
B 3aBUCMMOCTH OT PETHOHA U JOCTUTAeT MAaKCUMAIbHOTO 3HaUeHUsI 15 KM B ieHTpasibHOU yactu Kananackoro 6ac-
ceiina [37]. Ha maTtepukoBoM ckjioHe HyKOTCKOTO MOPSI OH MEHSIETCS OT 5 10 § KM. DTO O3HAYaeT, YTO MJIsI MOJI-
HOLIEHHOT'O YMCJIEHHOTO MOAEJIUPOBAHUS MPOLIECCOB HEOOXOMMMO UCMOJb30BaTh 00Jiee MEJKOe CETOUHOE pa3pe-
menue. Hanmpumep, B padore [12] moka3zaHo, 4To Me30oMacIlITaOHbIe BUXpU Ha MATEPUKOBOM CKJIOHE YyKOTCKOTO
Mops GOPMUPYIOTCS HA YUCTIEHHOH ceTKe 2,5 kM. [Ipearonaraercs, 4to Ha 60J1ee MEIKOM CeTKe peakius MOJIEIN
Ha U3MEHEeHUe yCcIoBUit B beprHroBoM MpoJivBe OyaeT O60Jblie, U YCUTIUTCS BAUSIHUE Ha JIe[ 3a cYeT 00Jiee MHTEH-
CUBHBIX TEUEHU U MepeHoca Terjia Ha 0oJiee JalbHUE PACCTOSTHUSI.

5. 3akmouenne

Ha ocHoBe uKnCIeHHOTro MOACIMPOBAHMS C MCITOIb30BAaHUEM PETUOHAIBHOI MOMIEIN OKeaHa M MOPCKOTO JIbIa
SibCIOM wuccrnenoBanvch kimmaTuieckue nameHeHust B Yykorckom mope n Mmope bodopra. UnucneHHble akc-
nepuMeHTBI poBoauauchk A nepuoga 2000—2019 rr. ¢ ucnonb3zoBanueM gaHHbIX peaHanu3za NCEP/NCAR,
OIpENEIISIIONINX TTOTOKM Ha TIOBEPXHOCTH OKeaHa M MOPCKOTO JIbJa, U TPAHUYHBIX YCIIOBUIA, 3a1al0IINX 3HAUYCHUS
TEeMIIepaTyphl, COJICHOCTH M pacXola TUXOOKeaHCKMX Bom, noctynatoimux B CJIO uepe3 bepuHros mponus. Bius-
HUe U3MEHEHU I XapaKTepUCTUK TUXOOKEAaHCKMX BOJ Ha COCTOSTHUE JIETOBOTO MOKPOBA U TEIJIoCoAepXKaHue Mopeit
HCCIIeI0BAIOCh HA OCHOBE CPaBHEHMUSI PE3yIbTaTOB TPEX UMCICHHBIX 3KCTICPUMEHTOB.

7151 ¥X TIpoBeeHNST Ha bepMHTOBOM MpOJIMBE 3aMaBaiCh CIEIYIOIIMe 3HAYCHUS] TeMIIepaTyphl, COJICHOCTH
u pacxoga Bon [31, 18, 19, 32]: a) cpenHeMecsiuHbIe KIIMMaTUYeCKKWe JaHHbIE, OCpeaHeHHbIe 3a mepuon 1990—
2004 rr.; 0) cpegHeMecsSYHbIe KIMMaTUUeCKMEe JaHHBIe, ocpenHeHHbIe 3a repuon 2004—2015 rr.; B) cpenHeMe-
CSTYHBIE NaHHbIe U3MepeHuii B iepuon 2016—2019 rr. Kinnmartnyeckue naHHbie m1isi bepunrosa nponvba 2003—
2015 rr. oTanyaroTes OT KiuMaTudeckux AaHHbIX 1990—2004 rr. moBbILIEHHBIMM 3HAYEHUSIMU pacxojia BOJ U UX
TeMIEepPaTyphl.

ITo pe3yiapTaTaM YMCIEHHBIX SKCIICPUMEHTOB MBI TTOKAa3aJId OOIIYI0 TCHACHIINIO Ha YBEJTMUCHUE TETUIOCOICP-
>KaHWUS BOJ U COKpalleHUs1 00beMa abaa B Mmope bodopra u Uykorckom Mope B niepuosa ¢ 2003—2019 rr. B nepByto
odepeb 3TO CBSI3aHO C COCTOSTHMEM aTMOC(ephl B apKTUUECKOM PETUOHE, HO HAIlIA PEe3yIbTaThl TAKXKe MMOKa3bIBa-
0T, YTO MOBBIIIEHNE TEMIIEPATYPHI M pacXola TUXOOKEeaHCKNX BOM, Hauapireecs mmocie 2003 T., IpuBeIo K J0IT0-
HUTETBLHOMY YBEJIMUYEHHUIO TETJIOCOAEPKaHUST BOA 000MX MOPEii, COKpallleHUIO TJIOIIAAU JIbAa U 3aIePKKe CPOKOB
ero opMrpoBaHUS B 3SMMHUI TIEPUOI.

6. ®unancupoBanue

PaGora BbITTOTHEeHaA npu (puHaHcoBoi Togaepxkke PODU, nmpoekt Ne 20-05-00536. PasBurne 4yncieHHOM
MOJEJIM OKEaHa U MOPCKOTO JIbla OCYIIECTBISIETCS B paMKax rocynapctBeHHoro 3amanus UBMuMIT CO PAH
Ne 0251-2021-0003. dy1st mpoBeaeHUsI pacyeTOB MCITOJIb30BaIMCh BEIUMCIUTENbHBIC pecypchl LleHTpa KoieKTUB-
HOTO MoJib30BaHuUs «CHUOMPCKUii CYyTIepKOMITbIOTepHBIN 1IeHTp» CO PAH.
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Abstract

Despite a wide-ranging research, there is almost no information regarding the major biogeochemical fluxes that could charac-
terize the past and present state of the European Lake Onego ecosystem and be used for reliable prognostic estimates of its future.
To enable such capacity, we adapted and implemented a three-dimensional coupled hydrodynamical biogeochemical model of the
nutrient cycles in Lake Onego. The model was used to reconstruct three decades of Lake Onego ecosystem dynamics with daily
resolution on a 2 X 2 km grid. A comparison with available information from Lake Onego and other large boreal lakes proves that
this hindcast is plausible enough to be used as a form of reanalysis. This model will be used as a form of studies of Lake Onego eco-
system, including long-term projections of ecosystem evolution under different scenarios of climate change and socio-economic
development.
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AHHOTAIMSA

Hecmotpst Ha MHOTOJIETHHE LIMPOKOMAacIITaOHbIe uccienoBaHuss OHEXKCKOTo o3epa, MPakKTUYECKU OTCYTCTBYET MH(popMa-
1St 00 OCHOBHBIX OMOTe€OXMMUYECKHUX TTOTOKAaX, KOTopasi Morjia Obl XapaKTepu30BaTh MPOIJIOe U HACTOSIIIIEE COCTOSIHUE €T0
9KOCUCTEMbI U UCITOJIb30BaThCSI JJISl HAIEKHBIX ITPOTHO3HBIX OLICHOK ee Oyayiiero. C 1e/Iblo BOCIIOJIHEHUS HEIOCTAIOLIEH MH-
¢dopmanumu o cocrossHruM OHEXCKOro o3epa Oblia pa3padoTaHa TpeXxMepHasl 3KO-TUIpOoAMHaAMUUecKas MOJIeJ b OMOreOXuMUYe-
CKOTO KpyroBOpOTa IMUTATEIbHBIX BelllecTB. Moeb UCTIOIb30BaIaCh WISl PEKOHCTPYKIIUM IMHAMMKY 3KOCUCTeMbl OHEKCKOTO
03epa 3a TpU JeCATUIETUSI C CyTOYHBIM pa3pellleHrueM Ha IMPOCTPaHCTBEHHOM pacueTHoI ceTke 2 X 2 kM. CpaBHEHUE C UMEI0-
meiicst nHdopMaimeit mo OHEXXCKOMY 03epy M APYTMM KPYITHBIM OOpeaibHbIM 03epaM ITO0Ka3bIBaeT, YTO 3TOT PETPOCIIEKTUB-
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Three-dimensional hindcast of nitrogen and phosphorus biogeochemical dynamics in Lake Onego ecosystem...

TpexMepHasi peTpOCNEKTHBHAS OllEHKA OMOTe0XMMHYECKOi JMHAMUKH a30Ta U (ocopa B IKocucTeMe OHEKCKOro 03epa...

HBIi aHAJIM3 JOCTATOYHO MPaBAOION00eH JJIsT OLIEHKN U3MEHEHUI B 9KOCUCTEME 03epa B COBpPEMEHHbIH nepuo. PazpaboraH-
Has Mopeib OyleT UCMOJAb30BaThCs ISl UCCIeNoBaHUS dKocucTeMbl OHEXCKOro o3epa, BKJIoYas A0JTOCPOUYHbIE MPOrHO3bI
9BOJTIOIIMU SKOCUCTEMBI TTPU PA3INYHBIX CIIEHAPUSIX M3MEHEHUSI KJIMMaTa U COLIMaIbHO-3KOHOMUYECKOTO Pa3BUTHSI.

KioueBbie ciioBa: OHexxckoe 03epo, a30T, ochop, 6MoreoXxuMniecKre HMKIIbl, MaTeMaTUUYeCKOe MOIEIMPOBaHME

1. Introduction

Being situated within the Baltic Sea drainage basin, boreal Lake Onego is the second-largest lake in Europe. Lake
Onego is strongly phosphorus limited and still largely oligotrophic due to minor anthropogenic influence [1—3]. Total
phosphorus (TP) inputs to Lake Onego, expressed either as a yield from the catchment area (15 kg TP km—2 yr!) or
per unit of the lake’s water volume (3 mg TP m~3 yr~!), are similar to those in boreal Lake Ladoga (14 kg TP km=2 yr—1;
4 mg TP m—3 yr!, respectively), the largest lake in Europe. For comparison, the net anthropogenic input of phospho-
rus generated at the Great American Lakes’ watershed has decreased over time from 21 kg TP km=2 yr—! in 1987 to
10 kg TP km~2 yr~! in 2012 [4]. The future evolution of the Lake Onego ecosystem may be driven by both the existing
registered warming in its catchment area [5—7] and the projected effects of climate change [8§—9], as well as socio-eco-
nomic development [10—12]. Current projections indicate that river discharge will increase in the northern Baltic Sea
region, subsequently increasing waterborne nutrient inputs [13] and mobilizing phosphorus reserves accumulated in
the drainage area [14]. The interaction of these regionally occurring changes with the anticipated augmentation of local
industrial, agricultural, mining, and forestry activities [15], including aquaculture [16], could generate synergetic eco-
system effects, such as those already occurring in the nutrient-rich Lake Winnipeg [17]. Hence, we need the capacity
and a tool to reliably describe the current state of Lake Onego and to make prognostic estimates of future scenarios.

The development of mathematical models of large lake ecosystems and their implementation for producing rec-
ommendations on environmental protection measures has been ongoing for several decades [ 18—25], including mod-
elling of Ladoga and Onego lakes [1, 26—32]. The main attention in Lake Ladoga and Onego modelling has been
focused on spatial-temporal changes in nutrient concentrations, while the mechanism of these changes, although re-
produced by the models as biogeochemical transports and transformations, remained largely hidden and unanalysed.
Another important deficiency in prevailing modelling was the neglect of the sediments with its nutrient dynamics,
which serve as a “memory” of the lake ecosystem’s evolution and an important link that closes the biogeochemical
cycles through the remineralization of nutrients. In the present study, we adapted and implemented the St. Peters-
burg Model of the Baltic Sea Eutrophication (SPBEM) with a particular focus on the analysis of the biogeochemical
fluxes in Lake Onego, including its bottom sediments. Importantly for the long-term forecasting, SPBEM describes
the coupled cycles of nitrogen, phosphorus, and silica, which enables its use in water bodies with spatially and tem-
porally changing limitations by any of these nutrients. A good illustration of the SPBEM performance in waters with
variable nutrient limitations is the reliable reproduction of the spatial gradients of limiting nutrients in the Neva River
estuary in the easternmost Gulf of Finland [33].

Despite a wide-ranging research of the Lake Onego ecosystem [1, 3, 6, 7, 30], the drivers and components of
Onego’s biogeochemical cycles are still understudied. There is neither quantitative knowledge nor field data, especially
on major biogeochemical fluxes, that could characterize the past and present of the Lake Onego ecosystem and could
be used for reliable prognostic estimates of its future. Therefore, we implemented our ecosystem model, validated as
extensively as the available data permitted, for the reconstruction of three decades of Lake Onego ecosystem dynamics
with daily resolution. We also verified the model’s consistency by analysing and demonstrating how it reproduces the
major mechanisms that determine seasonal dynamics. The simulated three-dimensional fields of both pelagic and
sediment variables, as well as the fields of most important biogeochemical fluxes, can be considered as a form of
“biogeochemical reanalysis”, albeit without formal data assimilation. To the best of our knowledge, this is the first use
of a three-dimensional coupled hydrodynamic biogeochemical model to reconstruct past long-term biogeochemical
dynamics in a large boreal lake, which presents new knowledge about the Lake Onego ecosystem. Although our model
reproduces a limited number of components at the lower levels of lake ecosystem, simulated variables and fluxes can be
used for further analysis together with the existing knowledge on the relationships with other, not simulated ecosystem
components, for instance, between the nutrient dynamics in sediments and benthic communities [34, 35].

Reanalysis with data assimilation has recently been implemented for short-term to long-term reconstructions of
oceanic and marine ecosystems, with differing degrees of success [36—39]. The most important weakness of the data
assimilation algorithm used in biogeochemical models based on mass balance principles is its inherent non-conser-
vativeness. Consequently, the biogeochemical model, being reasonably calibrated during hindcast with data assimi-
lation, may display deviant behaviour in forecasting when left unsupported by the data. The avoidance of such biases
is especially important for our intention of producing prognostic estimates.
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Thus, the main purpose of this paper is a presentation of the 3D ecosystem model capable to a certain extent fill
the historical deficit in observations of nutrient variables and, especially in estimates of the biogeochemical fluxes.
According to one of the major functions of simulation modelling, we intend implementing this model as a comple-
mentary form of studies of Lake Onego ecosystem [40] providing a unifying formal platform for testing and discussing
consistency of both model parameterizations and results of hydrological, hydrochemical, hydrobiological, and geo-
chemical research. Furthermore, the model will be implemented as a major tool for a wide range of projections, from
applied tasks of localization of fish farms, water intakes, and wastewater outlets to long-term large-scale ecosystem
evolution under different scenarios of climate change and socio-economic development.

The entire paper is structured as follows. The model and set-up of the numerical run, including explanations on
reconstruction of the initial and boundary conditions, are presented in “Model and data section”. “Results and dis-
cussion” section starts with comparison between simulated selected characteristics of ice and water temperature with
some available scarce observations. Scrutiny of the simulated long-term seasonal dynamics and average spatial distri-
bution of the ecosystem variables and primary production is also accompanied by a comparison to available data, in-
cluding nutrient content in the bottom sediments. The analysis of seasonal dynamics [41], starting with phenomenon
of the spring phytoplankton bloom that had been missed in the earlier hydrobiological studies of Lake Onego and was
revealed only in our simulation, is followed by presentation and analysis of the biogeochemical nutrient fluxes and
integral nutrient budgets, also made for Lake Onego for the first time.

2. Model and data
2.1. Model presentation

SPBEM is a coupled 3D hydrodynamical—biogeochemical model that performed reasonably well in hindcasts and
scenarios of climatic changes and nutrient load reductions for the Baltic Sea [9, 42]. SPBEM consists of biogeochemical
and hydrodynamical modules. The former simulates the biogeochemical cycles of nitrogen, phosphorus, and silicon
in the water column and bottom sediments. During over twenty years of implementation [43, 44], the biogeochemical
module has been thoroughly calibrated and extensively validated within BALTSEM model, plausibly reproducing eco-
system dynamics in the entire Baltic Sea [45], from the cold, annually ice-covered, almost fresh, and severely P-limited
Bothnian Bay (i.e. very much Onego-like), to the warmer, mesotrophic Gulf of Finland and the Kattegat, with a single
set of parameterizations and constants in both basin-wise horizontally averaged and true 3D versions [33, 42, 46, 47].
Besides, the formulation contains no specifically salinity-determined parameterization and have already been favorably
tested at Lake Ladoga [31]. Such simultaneous coverage of a wide range of ecological conditions makes us confident in
application of largely the same set of formulations to Lake Onego. One of the technical advantages of using this model
for the Lake Onego ecosystem is its capability to process and display not only indicators of trophic state (concentra-
tions), but also the biogeochemical fluxes that determine the temporal and spatial dynamics of nutrient concentrations.
All equations, parameterizations, coefficients, and constants of the biogeochemical module of SPBEM are presented
in full detail, enabling its independent reproduction and implementation for other water bodies, in [33]. To avoid the
extensive self-citation, we are not repeating those our formulations in the present paper.

The adaptation of the biogeochemical module of the SPBEM model to Lake Onego conditions consisted in
redefining the autotroph variables and processes introduced in the original model [33, 43]. Assuming the negligi-
bility of nitrogen fixation in severely phosphorus-limited lake, we excluded both the process and its performers, the
diazotrophic cyanobacteria functional group, from the implemented formulation. Thus, autotrophs were presented
by only two variables, diatoms and non-diatoms, the later comprised all the other (summer) phytoplankton species,
for example, chlorophytes, chrysophytes, and cyanobacteria. Such reformulation requested recalibration of several
phytoplankton parameters, necessary also to better separate dynamics of summer “non-diatoms” from cold-water
diatoms (Table Al). As was also shown by several test runs, all the other formulations, being extensively calibrated
and tested in similar temperature and trophic conditions [33, 44, 46, 47 and references therein] have not requested
further fine-tuning. Besides, we omitted the silicon cycle from the model because, according to the occasional ob-
servations [48—50], silicate concentration during summer and autumn development of diatoms ranged within 200—
400 mg Si m3 even in the deep-water areas, and thus never became limiting. The modified scheme of the biogeo-
chemical interactions is shown in Fig. 1.

The hydrodynamical module was built on the University of Massachusetts MITgem model [51—52]. The model
was configured to Lake Onego’s bathymetry. The TKE turbulent closure scheme (GGL90 package) [53] was used
to parameterize the sub-grid vertical mixing processes. The horizontal turbulent diffusion coefficients were set to be
constant. Because Lake Onego is located in the subarctic zone, the Sealce package included in the MITgcm model
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complex was used to simulate a percent of the ice coverage of grid cells. To emulate the conditions of a freshwater
lake, the salinity of the ice was set to zero. The PTtracer package was used to solve the tracer equations of advection—
diffusion required for biogeochemical variables.

2.2. Study area

The fully coupled hydrophysical-biogeochemical model was run on a spherical grid with a horizontal step of
1.079" in latitude and 2.331" in longitude, which was approximately 2 X 2 km at the latitude of Lake Onego (Fig. 2).
The z-coordinate was used with a uniform vertical step of 2 m from the surface to the bottom. Figure 2 presents also
main limnic regions of the lake covering open waters and the most significant bays.

2.3. Initial and boundary conditions

The initial conditions for the hindcast simulation of the biogeochemical dynamics of Lake Onego ecosystem
between 1985 and 2015 were generated during a spin-up simulation with the boundary conditions, including exter-
nal nutrient inputs, repeated for 1984. With such repeating forcing, the quasi-steady state of seasonal dynamics was
reached in 40 years, mainly because of a slow evolution of sediment nutrients.

Atmospheric forcing was set based on the ERA-Interim reanalysis fields [54]. The model used fields of pressure,
wind speed components, air temperature, humidity, short-wave and long-wave incoming radiation, and precipitation.

Monthly river runoff was reconstructed from a water budget based on field observations for a period of 60 years
[30]. The total reconstructed water discharge (Fig. 3, a) was split among 13 rivers (see Fig. 2), with empirical coeffi-
cients of the contribution of each river. The only river that drains Lake Onego into Lake Ladoga is the Svir River; its
discharge was used to balance the reconstructed total river water input.

In the absence of reliable time-series of nutrient inputs entering Lake Onego from external sources (river runoff,
atmospheric deposition, anthropogenic sources, etc.), reconstruction was carried out from a compilation of available
published estimates. According to such estimates for 1965—2008, the rivers, wastewaters, and atmosphere contributed
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66 %, 23 %, and 11 % to total phosphorus (TP) input, respectively, and 67 %, 5%, and 28 % to total nitrogen (TN)
input, respectively [48]. Sabylina [55] compiled information on the total content and inorganic fractions of nutrients
in river waters that was obtained in surveys performed in 1985—1986, 2001—2002, and 2007—2008. Assuming the sim-
ilarity of concentrations in rivers that drain catchments with similar landscapes, Sabylina [55] provided reasoning for
the aggregation of many streams and rivers into larger units flowing into Lake Onego. Correspondingly, we multiplied
these concentrations by the reconstructed monthly water discharge for the indicated 13 rivers, filling the gaps over
years without observations by linear interpolation between available concentration values. Dissolved organic content
was further separated into labile and refractory components, assuming a 30 % bioavailability of dissolved organic
nitrogen (DON) and 90 % bioavailability of dissolved organic phosphorus (DOP) [33, 56].

The main sources of direct anthropogenic pressure on Lake Onego are the three industrial areas associated with the
coastal towns of Petrozavodsk, Kondopoga, and Medvezhyegorsk. In contrast to the other two, discharging directly into
the top of the bay, the sewage output from Petrozavodsk industrial hub is located on the open coast south of Petroza-
vodsk Bay (see Fig. 2). According to estimates from various publications [48, 57], the total annual input from these areas
varies from 170 to 250 tons of TP and was approximately 2,650 tons of TN per year. Annual nutrient deposition from the
atmosphere on the lake surface ranges from 65 to 80 tons of TP and was approximately 2,260 tons of TN annually [48,
57]. Since the mid-2000s, commercial fish farming has been actively developing in the waters of Lake Onego, generating
annual nutrient loads of approximately 40 tons and 228 tons of TP and TN, respectively [57]. These fish farm inputs are
comparable to those from the atmosphere and have been accounted for in boundary conditions since 2005.

Despite the almost trendless water discharge (Fig. 3, a), the reconstructed external TP input showed an upward
tendency, while the TN input distinctly decreased by approximately one-third (Fig. 3, b). As shows comparison of
river concentrations between surveys of 2007—2008 [48] and 2019—2020 [58], these tendencies are continuing. In
result, the prescribed bioavailable fraction of total nutrient inputs, comprising inorganic and labile dissolved organic
compounds, reached approximately 8,300 tons N/yr and 800 tons P/yr in the 2010s, thus, decreasing the bioavailable
weight N: P ratio from 13.7 in 1985/89 to 10.4 in 2011/15.

3. Results and Discussion

The field data availability (its coverage, regularity, and frequency) for Lake Onego is not sufficient to allow extensive
model—data comparisons similar to the ones made, for instance, for the Baltic Sea [33, 44, 46, 47] or Great American
lakes [24 and references therein]. Therefore, omitting the formal validation that usually precedes further modelling
analysis, we immediately start next Section with the results of simulation, on the way involving in the analysis as much
as possible and whatever data are available for Lake Onego. In addition to this highly insufficient information, we also
used some relevant material from other boreal and even temperate lakes, situated in the differing hydrometeorological
conditions and impacted by the differing land cover patterns and land use practices at their watersheds. Despite these
unsurprisingly emerging differences, we justify such involvement by the following considerations.

Our mechanistic model is based on a mass balance approach, describes internal biogeochemical cycles, and ac-
counts for external sources and sinks (imports and exports), either prescribed as forcing functions or computed accord-
ing to formulations. Consequently, all the simulated fluxes and concentrations (cf. Fig. 1) are strongly deterministically
coupled and thus, confined. Therefore, their reliability should be judged by a simultaneous fitting of many simulated
fluxes and concentrations in the known ranges reported for both Onego and similar boreal oligotrophic lakes. For ex-
ample (see Table 1 in [41]), the sedimentation of organic matter (OM) cannot be much higher than nutrient uptake
during primary production of OM simulated with the prescribed phytoplankton specific growth rates (Table Al), which
plausibility is justified by a reasonable PP validation (see Table 1 and Fig. 10 below). Similarly, the sediment release (and
denitrification) of nutrients cannot be much higher or lower than the sedimentation flux, otherwise the difference would
cause fast accumulation or depletion of sediment nutrients that so far has not been reported from observations. Further-
more, the plausibility of simulated rates is estimated by a comparison to sediment rates from similar environments. This
can be said about all the other processes in Fig. 1 above and Table 1 in [41]. That’s why we consider the quantitative
information from other lakes combined with Onego data as quite relevant and fully justified.

3.1. Long-term dynamics

3.1.1. Important hydrophysical characteristics

The implementation of MITgem model for simulation of transport processes in the framework of SPBEM eco-
system model was justified by its successful application to large lakes such as Ladoga [31], Michigan [59, 60], and
Superior [61]. At the same time, we presume that 30-year atmospheric forcing based on the ERA-Interim reanalysis
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with a basic spatial resolution of 80 km and assimilating information from a comparatively sparser network of mete-
orological stations in this region is hardly suitable for reliable sequential reproduction of transient synoptic situations
of 5—7 days duration over 30 simulated years.

In this paper, aimed at the long-term and seasonal biogeochemical dynamics, we also omitted the analysis of the
most hydrophysical characteristics and present model-data comparison only for the ice coverage and water temperature
as important integral indicators of the hydro-thermodynamics that significantly affect the ecosystem dynamics [62].

The realistic simulation of the ice cover dynamics, especially of its melting phase is a prerequisite for a timely
reproduction of the phytoplankton spring bloom commencement, which in the model is determined by the light
availability increasing due to the ice melt (see Fig. 9 in Sect. 3.2). A comparison of simulated dynamics to estimates
obtained within visual—instrumental approach from satellite data by a semi-supervised algorithm [7] shows that the
model captures both the timing and duration of seasonal ice phases rather accurately (Fig. 4), with the coefficient of
linear correlation R =0.99 and RMSE = 6.3 %. Most closely coincide the onset of freezing, observed from mid-De-
cember to early January, and the final ice clearing occurring from mid to late May. Calculation of the mean and
standard deviation for the seasonal variation from 0 to 100 % has hardly much of interest.

In addition to its significance in Lake Onego’s hydrophysics, water temperature is a crucial factor in ecosystem
dynamics, including its effects on the phenology and intensity of biogeochemical fluxes. Available water temper-
ature measurements in Lake Onego were scarce and irregular. The most frequent observations were made in the
summer months and occasionally in May and September. Bearing in mind a likely irregular asynchrony between
the day-by-day simulated temperature fields and those that had actually been occurring in reality, we did not at-
tempt the detailed pair-wise comparison of 532 measurements made in June—August over 15 years of 1992—2007,
a priory considering such comparison confusing and misleading rather than validating. Instead, these measure-
ments of the surface temperature were pooled together regardless of the sampling location. The model results for
the same months and years comprised the daily average water temperatures from all of the computational grid
nodes. Over 70 % of all measurements were collected from the coastal areas and bays; thus, the contribution of
the expansive and colder open waters to the observational statistics was lower than their contribution to statistics
calculated from simulation. Taking this expected bias into consideration, the simulated water temperature (mean
* standard deviation 11.85 % 3.92 °C; median 13.15 °C) matches the observations (13.05 * 4.82 °C, median
14.40 °C) rather well. Model validation for the underrepresented open areas was made for three stations (cf. Fig.
2), covered with regular observations from 1985 to 1989, while later only episodic measurements were made. The
best model-data comparability was found during the periods of heating and cooling of the lake, while the larger
discrepancies occur during summer maxima (Fig. 5). Apparently, with a grid cell height of 2 m and daily averaging
we cannot expect precise reproduction of the diurnal extremes in the surface temperature measured in the upper
0.5 m water layer. Such causes of the discrepancy could also partly explain the summer bias in the total model-data
comparison above.

As shows a comparison between average vertical profiles of the water temperature, simulated and reconstructed
from measurements (Fig. 6, cf. Fig. 2, a and Fig. 3, ain [41]), the summer thermic vertical structure is also simulated
rather reasonably. Unfortunately, the further statistical analysis of model-data comparability is prevented by both
paucity and irregularity of observations scattered over two decades with some years missed entirely.

The concept of “biological summer” can be characterized by its duration (BSD) and average water temperature
(BST) and is often used in hydrobiological studies. At Lake Onego, the day of the transition of the surface water layer
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Fig. 4. Lake Onego ice coverage (% of the lake’s surface) dynamics simulated (curve)
and estimated from satellite data (dots)
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Fig. 6. Observed (red) and simulated (blue) average vertical distribution of the water temperature in three
limnic areas of Lake Onego (see Fig. 2above and Fig. 2, a and Fig. 3, a in Savchuk et al., 2022), showing also
time coverage and amount of observations. Note differences in depth scales

temperature to over a threshold of 10 °C was set as the phenological indicator of both the onset and end of “biological
summer” [1, 63]. In the simulation, a long-term tendency of increasing BST was clearly seen through significant
interannual variations (Fig. 7). This tendency agrees well with both simulations and observations in the European
boreal zone [30, 42, 64, 65].
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the start and end day of Gregorian Year, black curves) and its average surface water temper-
ature (blue curve) with estimated trends (black and blue lines, respectively)

The BSD in Lake Onego calculated from the simulation was 92 * 9 days, within the range of 71—107 days. Based
on sparse field data, BSD in the shallow areas (100—110 days) was markedly longer than that in open deep water
(85—90 days) [66]. In simulation, BSD in the area shallower 30 m was 99 * 10 days comparing to BSD in deeper
areas with 93 = 10 days. The prolongation of “biological summer” occurred chiefly because of its extension into au-
tumn, from September 27 (mean date for the first 5-year period) to October 5 (mean date for the last 5-year period).
A similar asymmetry between trends of spring warming and autumn cooling has also been found in the Baltic Sea [64]
and Karelian lakes [66].

3.1.2. Ecosystem variables

Daily long-term dynamics of phytoplankton primary production and ecosystem variables averaged over the en-
tire Lake Onego are presented in Fig. 8. Assuming the classical Redfield molar ratio of C: N: P=106:16:1 being valid
for the freshwater phytoplankton, including boreal oligotrophic lakes [67—71], the net primary production of diatom
and non-diatom phytoplankton simulated in nitrogen weight units were converted into carbon weight units with a
factor of 5.7 mg C mg~!' N. Presented concentrations of inorganic and total nutrients were averaged over the whole
water volume. Consequently, the dissolved inorganic phosphorus (DIP), comprising summer phosphorus accumu-
lation in the hypolimnion (cf. Fig. 3, b in [41]), was never fully depleted. The lake-wide averaged winter maximum
values (Fig. 8, ¢, e) multiplied by the Lake Onego model volume (297 km?) could be used to conveniently estimate
total nutrient stocks. Diatom and non-diatom phytoplankton biomass, simulated as nitrogen units, were recalculated
into wet weight units assuming a nitrogen content of 0.5 % and 1 % of the biomass of diatoms and non-diatoms, re-
spectively [68, 72]. For zooplankton biomass, a nitrogen content of 1 % was assumed [73].

The simulated long-term dynamics steadily reproduce a distinctive seasonal pattern: the strong phytoplankton
spring bloom transitions into the summer quasi-steady-state phase followed by minor autumn blooming. The short-
term interannual variations were more pronounced in recent years in terms of primary production and biotic vari-
ables with higher plankton biomass (Fig. 8, a, b, d). The abiotic variables showed some apparent tendencies rather
than distinctive periods (Fig. 8, ¢, e, f). The simulated average concentrations of TP (7—13 mg P m~3) and DIP
(2—7 mg P m~3) classify Lake Onego as bordering the oligotrophic and mesotrophic trophic states, according to some
classifications [58, 74, 75]. Considerable decreases in TN and dissolved inorganic nitrogen (DIN) concentrations
were mainly related to the reduction of external inputs (Fig. 3, ). Such simulated quasi-stability of TP concentra-
tions and clearly decreasing DIN concentrations (Fig. 8, ¢, e) is validated in [58], who found at the surface of pelagic
part of Lake Onego a statistically significant decreasing trend of the DIN: TP weight ratio (mg N mg~! P) from 33.7
in 1992—1995 to 23.7 in 2019—2021, the later estimated from the field surveys made in September 2019, June and
August 2020. The observed decrease is well comparable to a simulated decrease of DIN: TP ratio from 36.5 = 1.9 in
1992—1995t0 21.2 £ 1.1 in 2011-2015; these mean * S.D. values are computed for the surface layer in [-IV limnic
areas (cf. Fig. 2) over biological summer (cf. Figs. 7 and 11, a). Such a rapid response to the changing external inputs
can be explained by the short nutrient residence times for the bioavailable fractions that can be estimated for the water
body from winter maxima and external inputs, approximately 8 and 2 years for nitrogen and phosphorus, respectively.
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Fig. 8. Simulated long-term dynamics: @ — of a primary production (mg C m—2 d~!); » — of phytoplankton

biomass (g wet weight m—3); ¢ — of phosphorus (mg P m—3) components: total phosphorous (TP; thick curve)

and dissolved inorganic phosphorous (DIP; thin curve); d — of zooplankton biomass (g wet weight m—3); e — of

nitrogen (mg N m—3) components: total nitrogen (TN thick curve) and dissolved inorganic nitrogen (DIN; thin
curve); f— of benthic nitrogen and phosphorus (g N (P) m—2)

Annual integrals of the simulated phytoplankton primary production of 17.0—20.6 g C m~2 yr—! were almost invar-
iable and matched the global mean estimate of 20 g C m~2 yr~! for the large lakes situated to the north of 60° N [76] but
constituted only one-fifth of 94 g C m—2 yr—! that was estimated for Lake Superior [77]. A small rise in plankton biomass
(cf. Fig. 8, b, d) and annual production from the start toward the end of the simulation (from 18.5t020.2g C m—2yr!)
could be explained by the increased spring production, integrated over the time interval from the beginning of the year
until the onset of biological summer, from 10.0 to 12.0 g C m~2 yr—'. In turn, this biotic growth occurred because of
increased surface winter DIP accumulation (maximum values increased from 5.9 to 6.5 mg P m~3), which was caused
by a combination of increased external loads (cf. Fig. 3, b) and internal total P recycling. The later comprised pelagic
regeneration due to zooplankton excretion and organic phosphorus remineralization, as well as phosphate release from
the sediments, from 457 to 492 mg P m—2yr—!. A 1-week prolongation of the “biological summer” (cf. Fig. 4) insignifi-
cantly affected the small summer PP increase from 6.4t06.7g C m—2yr!.

3.1.3. Spatial inhomogeneity

In contrast to the nearly invariable average seasonal dynamics in Fig. 8, the spatial distributions of variables and
fluxes, which were largely determined by their proximity to external nutrient sources, were highly inhomogeneous
(Fig. 9, note the logarithmic scale). Because spatial gradients in Fig. 9 are significantly larger than the long-term
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tendencies of lake-wide averages (Fig. 8), we can also compare simulated concentrations (Fig. 9, b, ¢) to those mea-
sured in the later surveys [49, 58]. In 2016 and 2019—2021, average DIN and TN concentrations of about 200 mg
DIN-N m3 and 400—500 mg TN-N m~3, respectively in the Petrozavodsk Bay were expectedly (cf. Fig 8, e) slightly
lower than averaged from simulation for 1985—2015 (Fig. 9, c), but, being non-limiting nutrients, remained almost
the same in the Central Onego. In contrast, average DIP and TP concentrations of 4—9 mg DIP-P m—3 and about
20 mg TP-P m™3in the Petrozavodsk Bay dropped under the detection limit of phosphates and to 6—8 mg TP-P m—3
in the Central Onego. Thus, the observed distributions are reasonably comparable to the simulated ones.

In the zones of elevated winter DIP concentrations (Fig. 9, b), annual primary production rates exceeding
25 g C m~2 yr~! put large areas on the border of the oligotrophic status, while eutrophic areas were observed near
the Petrozavodsk and Kondopoga industrial centres as well as along the coast south of Petrozavodsk Bay, where PP
increases up to 120—150 g C m—2 yr~! [2, 49, 78]. The simulated inhomogeneous distribution (Fig. 9) matched the
estimates obtained from the direct measurements (Table 1).

In general, the summer offshore values were expectedly lower than the lake-wide mean primary production rates
estimated for more eutrophic lakes Huron, Michigan, and Superior for 2010—2013 (216, 259, and 228 mg C m—2 day—/,
respectively); although primary production in all depth zones (shallow, mid, and deep) were similar across the lakes [79].
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Fig. 9. Simulated long-term (1985—2015) averages of (a) annual primary production (g C m~2 yr~!); April
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The general levels and seasonal patterns of PP and phytoplankton biomass in the bays and open waters also
differed (Fig. 9, d, e). A pronounced spring maximum in the oligotrophic central and southern Onego was followed
by a weak autumn blooming after a long summer minimum. In contrast, there were two equal peaks of primary pro-
duction in Petrozavodsk Bay at the end of May and July. Similar seasonal dynamics were simulated in Kondopoga
Bay, although both the spring and autumn peaks were somewhat delayed. Except for the “revealed” in this simulation
spring initiation of the vegetation season, these spatial and temporal developments were in good agreement with both
available summer measurements of primary production (Fig. 10) and the general phenology of the Lake Onego eco-
system deduced from field observations [1, 49, 63, 74, 80, 81].

Phytoplankton primary production in Lake Onego according to observations (from Table 1.4 by T.M. Timakova

Table 1

and T. Tekanova in [1]) and simulation for the period from 1989 to 2006, mg C m~2 day~!

Data Model
summer May — Oct Jun — Sep Jul — Sep
Southern Onego 88.3+15.5 82.4 £ 60.7 72.0 £48.8 53.6 £4.7
Central Onego 96.3+10.5 121.5 £ 109.7 111.2+105.2 69.0 £ 15.4
Petrozavodsk Bay
top part 412.9+62.7 350+121 491+131 494486
central part 199.8+38.3 254+56 297+61 284+44
outer part 122.3+£21.7 180+57 166137 151£25
Kondopoga Bay
central part 286.7+24.2 221490 324493 288+76
outer part 217.4+£23.3 153+71 185+81 134426
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Fig. 10. Model-data box-and-whisker plots of the phytoplankton primary production
(mg C m~2 day™!) in different limnic areas of Lake Onego (cf. Fig. 2). Note paucity and
irregularity of observations
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The simulated spatial and temporal dynamics of phytoplankton biomass could also be validated by remotely
sensed chlorophyll distributions [82—84]. However, we would not do such comparison here for two reasons. First of
all, however important are synchronous chlorophyll fields obtained by remote sensing as a relative measure of phyto-
plankton biomass and its dynamics [85] they cannot be reliably used for estimation of in situ biomass without special
empirical conversions by the prescribed C: Chl ratio, which at the temperate and boreal latitudes vary within an order
of magnitude, from 20 g C: g Chl-a in spring to 200 g C: g Chl-a in summer [45 and references therein, 86]. In princi-
ple, it could be possible to qualitatively compare typical spatial patterns, including succession of phenological phases
and its interannual variations. However, in contrast to Lake Ladoga [87, 88], the specific retrieval algorithm for Lake
Onego Chlorophyll has not been developed yet. Neglecting of such algorithm [89] in these boreal, highly brownified
waters [3] would lead to questionable, if not even unreliable results.

The spatial distribution of primary productivity was well reflected in the sediments (Fig. 8, £, g). In the model,
the sediment variables of benthic phosphorus (BEP) and nitrogen (BEN) were described according to a vertically
integrated dynamic approach in areal units of mg P (N) m2 for the biogeochemically active surface layer of unspec-
ified thickness [33, 43, 90, 91]. In geochemistry, nutrient content is usually calculated as a percentage ratio of the
mass of phosphorus and nitrogen contained in a gram of ash-free dry sediment [1, 34]. For model—data comparison
(Table 2), we chose four representative sites (see Fig. 8, g) and converted available measurements characterizing
surface sediment layer of 5 cm thickness [34, 74] into model units, using the bulk density values obtained from
similar seascapes [92]. Wide ranges of published sediment characteristics compiled in Table 2 from maps in [74,
pp. 100—101] and a few numbers in [34, Table 1], are based on samples taken over many years from the mosaic
distribution of real sediment types, thus hardly guaranteeing the exact positioning, sufficient homogeneity and re-
producibility of measurements at indicated locations. On the other hand, our simplified and spatially invariable sedi-
ment parameterizations totally disregard the diversity of sediment types, while registering a dynamic balance between
the source (sedimentation) and the sinks (nutrient release and burial), and closing nutrient cycles by regeneration
(see Table 1 in [41]). Taking into account these interpretations, a comparability between simulated values and esti-
mates, recalculated from measurements, could be considered plausible.

According to the simulation, the total stocks of N and P in the surface sediments of Lake Onego, which
cover a bottom area of 9,266 km? and are actively involved in the contemporary biogeochemical cycling of the
lake, amount up to 80,000 and 40,000 tons, respectively. The low weight N: P ratio of two can be attributed to
the low nitrogen content (ca. 0.45 % N of dry mass) in the contemporary deep-water sediments of oligotrophic
lake, which, on the other hand, are highly enriched with phosphorus (ca. 0.25 % P of dry mass) associated with
iron—humic complexes [3, 34]. These values are close to those of the contemporary Lake Winnipeg’s sediment
nutrient content of 0.4 % N [93] and 0.12—0.26 % P [94]. Regarding such integral characteristics and consider-
ing statements of the occurrence of many-fold increases in P sediment content during recent decades [1], one
should be concerned as to where such increases occurred and which areas were enveloped. Less than 1,000 tons
of annual TP load (cf. Fig. 3) would not be sufficient for any substantial alteration of the present-day TP integral
sediment stocks.

Table 2
Sediment characteristics and nutrient content measured at the sampling sites (see Fig. 8, g) chosen
for comparison with the simulated benthic phosphorous (BEP) and benthic nitrogen(BEN)
Site N 1 2 3 4
Depth, m 26 48 54 86
Sediment type Muddy sand Aleuritic mud Mud Mud
Bulk density, g cm™ 1.5 1.2 1.1 1.1
P content, % 0.03—0.07* 0.10—0.13* 0.08—0.27 0.10—0.15
P content™, g P m—2 2.5-5.0 5.9-7.9 4.4-14.9 5.5-8.3
Model™, g P m™2 3.6+0.1 6.1 +0.1 7.3+0.2 9.8+0.2
N content, % 0.05-0.15 0.2-0.3 0.2—0.6 0.3-0.7
N content™, g N m—2 3.8—11.3 12.0—18.0 11.0-33.0 16.6—38.6
Model™, g N m—2 82+04 13.6 £0.7 16.3+0.8 21.8+ 1.1

* — assuming the bioavailable fraction constitutes 66 % of the total phosphorus content (Table 1 in [34])
** _ calculated for a 5 cm-thick sediment layer
*#* _— mean = s.d. calculated for 1985—-2015
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4. Conclusions

1. Despite a long history of extensive research, the drivers and components of Lake Onego’s biogeochemical cycles
are still insufficiently studied. Especially damaging such a deficit of knowledge could be to our capability of forecasting
possible changes in the lake ecosystems in response to natural variations and anthropogenic impacts. To enable a quan-
titative description of the past, present, and, eventually, the future state of Lake Onego, we adapted and successfully
implemented a three-dimensional biogeochemical model, considering the obtained results as a form of reanalysis.

2. The model was used to reconstruct three decades of Lake Onego ecosystem dynamics with daily resolution.
Although the paucity of observations did not allow either formal model validation or the statistical demonstration of
its skills, the comparison to all available information from Lake Onego and to a range of published estimates for other
large boreal lakes led us to believe in plausibility of simulation.

3. The basin-wide biogeochemical reanalysis also eliminated a historical disparity in attention and, hence, in
observations and knowledge, between bays (especially Petrozavodsk and Kondopoga bays) and vast open-water ar-
eas. Bays occupy relatively small bottom areas and water volumes and, consequently, are responsible for only a small
fraction of biogeochemical phenomena and fluxes.
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APPENDIX
Table A1
Parameters for the autotroph groups
Symbol Parameters Units Diatoms NonDiatoms

AN N/P ratio mgN/mgP 7 7

Qg Maximum growth rate at 0 °C day™! 1.25 0.75

by Temperature constant for growth and mortality oC-! 0.078 0.12

1y; Optimal photosynthetically active radiation Wm2 25 50

hy; Half-saturation constant for inorganic nitrogen mg N m—3 7.0 3.5

hp; Half-saturation constant for phosphate mg P m—3 1.5 1.5

Cn Threshold ammonium concentration mg N m~3 21.0 21.0

a,,; Mortality rate at 0 °C day~! 0.4 0.15

b, Temperature constant for mortality °C! 0.063 —0.2

ag Sinking velocity at 0 °C m day~! 0.5 0.1

Ymi Mortality rate adjustment for “fit” conditions 4 4

Vi Sinking velocity adjustment for “fit” conditions 4 4

o; Availability as food source 1.0 1.0
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Abstract

A three-dimensional coupled hydrodynamical biogeochemical model of the nitrogen and phosphorus cycles has been used for
a long-term reanalysis of the Lake Onego ecosystem. The comparison between simulation and sparse irregular observations, pre-
sented in the first part of this paper, demonstrated plausibility of the reconstructed temporal and spatial features of biogeochemical
dynamics at a long-term scale, while seasonal dynamics of variables and fluxes are presented here. As new regional phenological
knowledge, the reanalysis quantifies that the spring phytoplankton bloom, previously overlooked, reaches a maximum of 500 =
+ 128 mg C m—2 d~! in May, contributes to approximately half of the lake’s annual primary production of 17.0—20.6 g C m~2 yr—!,
and is triggered by increasing light availability rather than by an insignificant rise in water temperature. Coherent nutrient budgets
provide reliable estimates of phosphorus and nitrogen residence times of 47 and 17 years, respectively. The shorter nitrogen resi-
dence time is explained by sediment denitrification, which in Lake Onego removes over 90 % of the bioavailable nitrogen input, but
is often ignored in studies of other large lakes. An overall assessment of the model performance allows us considering the model a
necessary and reliable tool for scenario simulations of possible changes in the Lake Onego ecosystem at the requested spatial and
temporal scales.

Keywords: Lake Onego, nitrogen, phosphorus, biogeochemical cycles, mathematical modeling
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TPEXMEPHAS PETPOCIIEKTUBHAS OLIEHKA BUOTEOXUMUWYECKOW TMUHAMUKA
A30TA 1 ®OCPOPA B DKOCUCTEME OHEXKCKOTO O3EPA
SATIEPHNO/ C 1985 110 2015 I'T. YACTD II: CEBOHHAS ITMHAMUKA
N ITPOCTPAHCTBEHHBIE OCOBEHHOCTU; MHTET'PAJIBHBIE IIOTOKN

Crarbst nocrymia B pegakumio 07.02.2022, mocie gopadorku 16.03.2022, npunsra B riedats 17.04.2022

AHHOTAIMSA

J1711 MHOTOJIETHETO peaHain3a 3KocucTeMbl OHEXCKOro o3epa Oblia UCITOIb30BaHa TpexXMepHasi 00beqMHEHHAs TUIPOIU -
HaMuyecKasi OMoreoXxumMuueckasi Moziesib KpyroBopoToB a3zota 1 (poccopa. CorocrapieHue MOIeIMPOBaHUs U pa3pO3HEHHBIX
HeperyIsipHbIX HAOJIIONEHWI, TIpeACTaBICHHOE B IIEPBOIi YaCTU CTAaTbU, TPOJEMOHCTPUPOBAIO JOCTOBEPHOCTh BOCCTAHOBJICH-
HBIX BPEMEHHBIX 1 TTPOCTPAHCTBEHHBIX OCOOCHHOCTE OMOreOXMMUYECKON TMHAMUKKA B MHOTOJIETHEM Maciutade. B nmaHHoit
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paboTe TpencTaBieHa Ce30HHAs TMHAMUKA KOMIIOHEHTOB 9KOCHCTEMBI M OMOTeOXMMUYECKUX TTOTOKOB. B KauecTBe HOBOI1 pe-
TMOHATBbHOM (DeHOIornuecKoil MHhopMaIuy JaHa KOJIMYeCTBeHHAsT OlIEHKA BECEHHETO IIBETeHUs] (GUTOIIAaHKTOHA, KOTOPOe
paHee yIycKajaoch U3 BUY, HO gocturaetT makcumyma 500 £ 128 MrC m—2 cyT~! B Mae, 4TO COCTABIISIET IPUMEPHO TTOJIOBUHY
rofoBoii MepBUYHOI MpoayKLuK o3epa B pasmepe 17,0—20,6. rC M~2 rox’!, u BeI3bIBaeTCA yBEIMUEHUEM JOCTYITHOCTH CBE-
Ta, a HE HE3HAYMTEJIbHBIM TOBBIIIIEHUEM TeMIepaTypbl Boabl. KorepeHTHbIE OasaHChl MUTATEIbHBIX BEILIECTB 00eCIeunBalOT
HaJeXXHbIE OLIEHKM BpeMeHU TpeObiBaHUsT (pocdopa u azora B 47 u 17 jieT cooTBeTCTBEHHO. bojiee KopoTkoe BpeMsi nMpeodbi-
BaHUsI a30Ta O0bCHSETCS NeHUTpUDUKALIME OTIOKeHU, KoTopast B OHexXcKoM o3epe yaajsieT 6onee 90 % G1MOmOCTYIIHOrO
MOCTYIUICHUS a30Ta, HO YaCTO UTHOPUPYETCS IMPU UCCISA0BAHUSIX IPYTUX KPYITHBIX 03ep. O0111as olieHKa paboTOCIIOCOOHOCTU
MOJIEJIU TIO3BOJISIET CYMTATh €€ HEOOXOMMMbIM U HaJACKHBIM MHCTPYMEHTOM ISl CLIEHAPHOTO MOAEIMPOBAHUSI BOBMOXKHBIX U3~
MEeHeHUI 3KocucTeMbl OHEXCKOTo 03epa B TpeOyeMbIX IIPOCTPAHCTBEHHBIX M BPEMEHHBIX MacIlTabax.

Kiouebie ciioBa: OHexckoe 03epo, a30T, (hochop, OMOreoXMMUYECKUe LIMKIIbl, MaTeMaTUUYeCKOe MOJIeJIMPOBaHUE

1. Introduction

Development of social responses to the current projections of climate change, human impacts, and their interac-
tions made for the entire Baltic Sea Region [1, 2] require a reliable tool that could be conveniently used for downscal-
ing and appropriate localisation of such projections for the Lake Onego ecosystem. An ultimate tool for performing
such highly sophisticated tasks is an ecosystem modelling [3—6], including modelling of Ladoga and Onego lakes
[7—10]. The necessary model has recently been developed and its plausible performance at a long-term large-scale
was presented in the first part of this paper [11]. Here, we continue the presentation of model performance at the
seasonal scales as well as analyse the biogeochemical fluxes as the most important driving force behind the dynamics
of variables.

2. Seasonal dynamics

Here, we begin with presenting long-term average seasonal dynamics (cf. Fig. 8 in [11]) before analysing its
mechanisms. As there is no available data on the phenological phase of the spring phytoplankton bloom in Lake
Onego, we present this biogeochemically important phenomenon in more detail for the first time.

The maximum concentration of inorganic nutrients is reached when the winter accumulation due to pelagic and
sediment remineralization is interrupted because of increasing nutrient uptake by developing phytoplankton. Thus,
the date of maximum inorganic nutrients can be considered the onset of spring blooming, which, in the model, begins
at the end of April with half-month interannual fluctuations (Table 1). Within these fluctuations, there is a tendency
for an earlier spring onset, from the beginning of May to the end of April (cf. Fig. 7 in [11]). For phytoplankton pri-
mary production, dominated in spring by diatoms, it takes an average of 1 month to reach its maximum, commencing
over the years as early as May 3 and as late as June 13 in some years, without any long-term trend.

Although a spring bloom phase is typical in boreal and arctic lakes phenology [12—17], there is almost no in-
formation on daily spring PP values measured in limnological conditions, similar to that of the boreal oligotroph-
ic Lake Onego, situated between 61° N and 63° N. In Lake Baikal, areal primary production was measured as
800 + 310 mg C m~2 d~'under exceptionally transparent ice [18]. In Lake Superior, a PP rate of 220 mg C m=2 d~!
was measured on April 30, 2008 [19], while rates of 150 mg C m—2 d~! and 200 mg C m—2 d~! were reported from
ice-free April 1999 and partly icy June in 2000 [20]. These measurements are extremely similar to the spring maxima
simulated with a medium-complexity ecosystem model for 1997—2001, reaching up to 200 mg C m~2 d~! [21]. As
can only be expected, Lake Onego’s spring maximum PP rates are approximately twice of the rates in Lake Superior,
where median TP and DIP concentrations were less than 3 mg P m—3 and 0.7 mg P m—3 [22], that is, less than a third
of Lake Onego’s winter maximum stocks, providing for a much higher autochthonous production of organic matter

Table 1

Simulated spring maxima of winter nutrient surface accumulation (mg P (N) m—3), phytoplankton primary production
(PP, mg C m~2 d~'), and biomass (Phyto, g wet weight m—3) accompanied by the Gregorian day of year of its commencement
(mean *+ SD) with the range of its occurrence

DIP TP DIN TN PP Phyto
Maximum 6.0+0.4 11.4£0.6 230 £+ 34 710 £ 74 500 £+ 128 1.4+0.3
Min/max 5.0/6.8 10.2/12.6 164/279 574/808 288/723 0.8/1.9
Day of year 118+ 12 124 £ 12 116+ 11 121 £ 11 149 £ 12 139+9
Date range Mar 27—May 15 Apr 2—May 21 Mar 28—May 14 | Mar 31—-May 19 May 3—Jun 13 May 3—Jun 5
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(cf. Fig. 8, a and Fig. 9, d in [11]; Table 1). Higher spring PP rates of up to 1200 mg C m~2 d~! were measured in
1985—1987 in three small Northern Wisconsin lakes located at 46° N and having comparable to Lake Onego spring
TP concentrations [23]. Similarly, high spring rates of 800—1200 mg C m~2 d~! were measured in the offshore region
of south-eastern Lake Michigan in the 1980s and the 1990s [24].

After the spring bloom, the simulated ecosystem segued into the summer phase (see Fig. 9, d, ein [11], and Fig.
1 and Fig. 2 below), characterized by progressively decreasing phytoplankton biomass to levels of approximately 0.1
and 0.4 g ww m~3 in the open waters and the major bays, respectively. Phytoplankton PP in these regions remained
in a quasi-steady state, at less than 100 and 200—300 mg C m—2 d~! in the open waters and major bays, respectively
(cf. Table 1in [11]). During summer, the simulated open-lake average diatom biomass of 0.1 g ww m~3 still dominat-
ed the phytoplankton community. The concurrently developing simulated non-diatom complex reached its maxi-
mum biomass of 0.01 g ww m~3 in July — August. Unfortunately, the paucity and irregularity of available data hamper
an appropriate model-data comparison. For instance, the wide ranges of phytoplankton biomass in Central and Big
Onego during summer (July — October) of 1989—2006 are based on only 32 and 34 measurements of diatom and
non-diatom biomass, respectively [25]. The median * the standard error of the median, estimated from these scarce
data are 0.42 £ 0.108 g ww m—3 and 0.027 £ 0.012g ww m3 for the diatom and non-diatom biomass, respectively
(Table 1 in [25]).

Organic matter produced by phytoplankton accumulated in the water column to levels of up to 5 mg P m—3
(compare the difference between DIP and TP in Fig. 8, ¢ in [11]). Its particulate fraction (detritus) exceeded
1—2 mg P m~3in the epilimnion and, together with phytoplankton, was grazed by zooplankton, whose biomass reached
its maximum of 0.1—0.2 g ww m—3 in July — August. The average value of zooplankton biomass measured during the
vegetation period was 0.1—0.33 g ww m—3 [8]. Unconsumed and non-mineralized detritus sediments out on the lake
bottom, where it is partly buried and mineralized generating characteristic seasonal dynamics (cf. Fig. 8, fin [11]).
With a sediment weight C: N ratio of approximately 10 [26, 27], the amplitude of seasonal variations of 1 g N m~—2
corresponds to organic carbon seasonal variations in the sediments of approximately 10 g C m~2. Primary pro-
duction during autumn diatom blooming and phytoplankton biomass was simulated up to 130 mg C m~2 d~! and
0.2 g ww m—3, respectively, which constitutes triple that reported as 40 mg C m—2 d~! and quarter that reported as
0.8 gww m3[25].

Regarding phenological generalization [25, 28], it is worth noting that a neglect of the spring phytoplankton
bloom phenomenon as well as the normalization by the maximum value measurements available only from the post-
bloom “summer window”, which is rather typical in lake research [13], has resulted in a number of misleading im-
plications. Here, we amend such implications with the following conclusions: a) the seasonal maximum of daily PP
and the greatest contribution to annual PP occurred during spring, not summer; b) the initiation of the vegetational
season was due to increasing light availability, with temperature dynamics playing a later role, due to thermal con-
vection and augmented nutrient regeneration (see below); and c) the spring bloom was produced by diatoms, which
contributed most also to the summer both biomass (Fig. 1) and PP in all regions except for the Kondopoga and Zaon-
egskiy bays, where their contributions were approximately the same as that of non-diatoms (not shown).
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2 ©
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Fig. 1. Long-term average (1985—2015) of the simulated seasonal dynamics of diatom and non-dia-
tom biomass (note ten-fold difference in scale) averaged over surface layer of four open water limnic
regions (South Onego, Central Onego, Big Onego, and Small Onego, see also Fig. 2 in [11])
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The mechanisms of seasonal dynamics in boreal lake ecosystems are well known, although the under-ice and
melting-ice phases have often been overlooked and understudied [13, 29]. In the model developed in this study, sea-
sonal ecosystem dynamics were determined by a close interaction between physical phenomena including transports,
and biogeochemical processes (Fig. 2). Under the condition of reverse temperature stratification (Fig. 2, a), hamper-
ing the downward mixing of phytoplankton cells, winter accumulation of phosphates in the water column, occurring
mostly owing to sediment release of mineralization products (Fig. 2, b), was interrupted by a mounting phosphate
uptake by developing phytoplankton. The increasing phytoplankton growth rate was determined by the rise in light
availability occurring in the model with the ice melt. Phytoplankton PP and biomass quickly reached their maxima
(Fig. 2, ¢, see also Table 1) and continued to develop with the support of phosphates brought upwards by total lake
turnover when water temperature reached its ubiquitous value of 4 °C. Later on, when the surface layer was depleted
of DIP, the phytoplankton continued autotrophic activity in the deeper water layer under the thermocline [19, 30,
31], where light needed for photosynthesis was still sufficient. DIP also became available due to upward transport
from the deeper layers, where DIP had been accumulating owing to organic matter mineralization in the water body

a) o Open waters o Kondopoga bay o Petrozavodsk bay

I\

0.02 0.04 0.06 0.08 0.1 01 02 03 04 0.1 0.2 0.3

Fig. 2. Simulated long-term average (1985—2015) time-depth seasonal dynamics of water

temperature, °C (a); DIP, mg P m—3 (b); phytoplankton biomass, g ww m~3 (¢); and zoo-

plankton biomass g ww m~3 (d) in openwaters (South, Central, Big, and Small Onego) shown

in left panel, Kondopoga (middle panel), and Petrozavodsk (right panel) bays, see also Fig.

2 in [11]). Contour plots are overlaid with isotherms of 4 °C (temperature of maximal water

density) and 10 °C (delimiting “biological summer”). Note differences in depth and colour
palette scales
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and sediments. In the shallower Kondopoga and, especially Petrozavodsk bays the direct support of the primary
production by the sediment mineralization is even more pronounced (Fig. 2, » and ¢). Organic matter produced by
autotrophs and distributed through the water column as both live cells and detritus feed zooplankton, allowing them
to reach their maxima in August (Fig. 2, d). Vertical water convection associated with autumn cooling brought up
enough phosphates to support a minor autumn bloom (Fig. 2, b, ¢).

As organic matter oxidized via limnetic and sediment biochemical mineralization as well as zooplankton catab-
olism consumed oxygen, the dynamics of its concentration in the hypolimnion (not shown) were reciprocal to the
dynamics of phosphate as a product of organic phosphorus oxidation (Fig. 2, b). In deep water layers, the winter
maximum oxygen reserve, generated by the turnover of the water column in December, was being continuously
depleted until the May minimum temperature. The oxygen reserve was then replenished by the late June turnover
and reached the second minimum in September; however, the oxygen consumption was slow; for instance, inte-
grally only 40 and 50 g O, m~2 yr~! was taken up by the water and sediments, respectively, compared with 140—
560 g O, m~2 yr~! consumed by sediments in western Lake Erie [32]. Seasonal amplitude was small, and simulated
oxygen concentration in the deepest grid’s depth of 90 m in Big Onego (site 4 in Fig. 9, f, gin [11]) alternated inter-
annually between maximums of 11.98 £ 0.22 g O, m~3 and minimums of 7.00 £ 1.84 g O, m~3. These averages far
exceeded the oxygen deficit values that would trigger and maintain the “vicious circle” of eutrophication, which,
in the Baltic Sea, is driven by the intensification of denitrification under hypoxic conditions and phosphate release
from anoxic bottoms, thus, lowering the DIN: DIP ratio and leading to the expansion of diazotrophic cyanobacteria
blooms [33, 34]. The “vicious circle” incidence seems unlikely in Lake Onego yet, because of DIN concentrations
being high and deep layers being ventilated twice a year (cf. Fig. 2, a). For example, explanations for the ongoing
eutrophication and emergent cyanobacteria blooms in large boreal lakes, such as Lake Winnipeg and Lake Superior,
are sought in the immediate effects of changing external inputs and impacts rather than in the evolution of internal
biogeochemical cycling [26, 35—38].

3. Spatial features of seasonal dynamics

These described general interactions are largely occurring in the vast deep-water areas. In coastal areas shallower
than 30 m, which occupy approximately 53 % of Lake Onego’s area, especially in the bays, dynamics differ (Fig. 2;
see also Fig. 9, d, e in [11]), mainly because of the continuous sustenance of PP by nutrients regenerated at- and re-
leased from the bottom sediments situated within the epilimnion. Besides spatial gradients between coastal areas and
deep-water areas (cf. Fig. 9 in [11]), the seasonal dynamics are clearly seen in large scale spatial features presented
in Fig. 3 for the time of the winter maximum nutrient accumulation (cf. Table 1) and the mid-August cross-sections.

The reversed vertical distribution of the water temperature in winter (cf. Fig. 2, @) is replaced by stratification
separating water body on epilimnion and hypolimnion (Fig. 3, a, see also Fig. 6 in [11]). With a shallowing of the
lake towards the south, hypolimnion layers become less stratified due to intensified mixing performed by the va-
riety of water movements [8]. Apparently, such movements are less effective during the ice period, that is before
the spring turnover of the water column (Fig. 2, a). Such hydrodynamical “passiveness” results in near bottom
accumulation of phosphorus both sinking down from the above layers and released due to mineralization in the
water column and sediments (Fig. 3, b, ¢). Later, during vegetational season nutrients are, first, almost homoge-
nized vertically by the spring turnover and then start accumulating in the hypolimnion again (Fig. 2, b, ¢). Such
development and distribution can also be seen in very sparse and irregular measurements (|39, 40], see maps and
cross-sections at p. 85 in [9]).

4. Biogeochemical fluxes and budgets

There is almost no historical or contemporary information about external and, especially, internal biogeochem-
ical fluxes based on field measurements, except for instances of compiled nutrient inputs and PP estimates. Instead,
we present two subsets of 5-year averages obtained by the annual integration of the simulated three-dimensional fields
of concentrations and selected biogeochemical fluxes over the entire Lake Onego (Table 2, see Fig. 1 and 2 in [11]).
We used these subsets, reconstructed by internally consistent numerical reanalysis, to demonstrate and highlight the
most important features of the biogeochemical cycles of Lake Onego.

First, the comparison of external exchanges with internal cycling clearly showed that nutrient cycles were driv-
en mostly by internal biogeochemical processes. Annual integrals of both the external inputs of nutrients into Lake
Onego and their removal: a) by a permanent sediment burial, b) with the Svir River outflow, and c¢) by denitrification,
were several times smaller than the stocks already accumulated and cycling in the water body and in the bottom sedi-
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Fig. 3. Simulated long-term average (1985—2015) distribution of water temperature, °C

(a, note different colour palette scales), DIP, mg P m—3(b), and TP mg P m=3 (c) at

cross-section ABCD on Day 118 (left panel) and Day 227 (right panel). Note different
colour palette scales

ments. Only 17 % of P and 25 % of N were provided to autotrophs externally, while the rest was supported by inorgan-
ic nutrients regenerated in the water column and released from the sediments. The prevalence of internal cycling over
external impacts is common in neighbouring Baltic Sea ecosystems [41—43] and in the remote Lake Superior [22].

The balance between external exchanges and internal cycling is usually expressed with a “nutrient residence
time”, calculated as the ratio of integral nutrient stock to the amount causing the annual change of the stock, where
total external input traditionally serves as a denominator. In addition, by estimating nutrient residence times from
long-term reanalysis with seasonal and interannual variations (see Fig. 3 and 8 in [11]), we could also relate the total
stock to a half-sum of sources and sinks. For instance, limnetic P residence time based on the 1985—2015 averages
was calculated as the integral TP amount (2,681 t P) divided by the half-sum of total P input (834 t P yr—1), export
via the Svir River (131 t P yr~!), sedimentation out of the water body (3,371 t P yr~!), and phosphate release from the
sediments back into the water body (2,401 t P yr™1).

Limnetic nutrient residence times, calculated relatively to either only external inputs or accounting for the wa-
ter-bottom exchange, were short (Table 2), explaining the fast responsiveness of Lake Onego’s waters to interannual
variations of external effects (see Fig. 3 and 8 in [11]). The residence time for an external P input of 3.6 years has also
been estimated on the basis of field observations [44]. Although with some controversy generated by the different
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Table 2

Simulated annual biogeochemical fluxes and total amounts of nutrients, integrated over the entire Lake Onego
and averaged for the start and end 5-year time intervals. Nutrient residence times are estimated
for the entire 1985—2015 simulated time interval

Phosphorus fluxes, t P yr~! Nitrogen fluxes, t N yr~!
Parameters
1985—1990 | 20112015 1985—1990 | 2011-2015
External exchange
Total nutrient input 814 862 18.662 13.649
Dissolved inorganic 395 431 5.724 4.950
Labile dissolved organic 356 366 4.573 3.338
Export via Svir River 136 149 9.645 5.605
Permanent burial” 653 688 1.459 1.555
Denitrification 7.221 7.638
Internal cycling and bottom-water exchange
Uptake by autotrophs 4.327 4.708 30.289 32.958
Total limnetic recycling 1.586 1.731 13.628 13.189
Sedimentation 3.278 3.542 23.048 24.920
Sediment release 2.334 2.483 13.669 14.897
Total amount™, tonnes
Water column 2.641 2.832 224.711 168.598
Sediments 39.743 41.757 88.798 94.190
System 42.383 44.588 313.509 262.788
Nutrient residence time (1985—2015), years
Limnetic™ 0.8 (3.2) 6.4 (12.4)
Sediments 12.2 3.8
System 46.9 17.4

* — Simulated with uniform burial rate of 0.8 mm yr~!, well fit to the observed range of 0.2—1.5 mm yr~! [45].
" — Average calculated on January 1 of every simulated year.
** _ Average total amount divided by the half-sum of sources and sinks (average total amount divided by average external input).

methods of calculation, similar P residence times, from a few months to several years, have been estimated for Lake
Superior [22]. However, N residence time, despite being reevaluated in [22] to 55 years from an older estimate of
160 years, is still approximately ten times longer in Lake Superior than in Lake Onego. Such estimates, which are
traditionally made only for water bodies and do neglect nutrient stocks and processes in the surface biogeochemically
active layer of the bottom sediments, can be quite misleading. For the entire Lake Onego ecosystem, longer residence
times of 47 and 17 years for P and N, respectively, were calculated when accounting for both the water and sediment
stocks. Consequently, in contrast to short-term responses to external inputs, the long-term reaction of the entire
phosphorus-limited Lake Onego ecosystem would be slow, as seen in Fig. 8 in [11].

The lower buffer capacity with respect to nitrogen was explained by denitrification, which is inevitably set at some
depth in the pore waters over the entire sediment area but is sometimes overlooked in studies of large boreal lakes [22, 26,
46, 47]. Nowadays, denitrification in Lake Onego removes 56 % of the total nitrogen input or over 90 % of the bioavaila-
ble nitrogen input. The Lake Onego long-term lake-wide mean denitrification rate of 0.8 g N m—2 yr—! belongs within the
range 0.12—7 g N m~2 yr~! that was compiled for oligotrophic and oligo-mesotrophic lakes in [48]. These authors also
reported an average rate of 13 g N m~2 yr—! when measured at multiple littoral sites in the oligotrophic Lake Memphre-
magog (located at approximately 45° N) with water temperatures exceeding 18 °C. Similarly, high rates (13g N m—2yr™!
in 2016 and 5 g N m~2 yr~! in 2017) were measured in the eutrophic western basin of Lake Erie [32]. Measurements at
86 different stations across lakes Superior, Huron, Erie, and Ontario varied both spatially and temporally from 0.01 to
about 400 g N m~2 yr~!, covering wide ranges within each lake and exhibiting significant overlapping; for example, the
denitrification rates measured in the Lake Superior bays were closer to the rates in Lake Erie and Huron than at other
deep sites in Lake Superior [49]. Evidently, spatial inhomogeneity and seasonal variations also exist in Lake Onego (see
Figs. 8, fand 9, g in [11]. For example, at the deepest site 4 (see Fig. 9, g in [11]) the denitrification rate reached up
to 5+ 0.3g N m~2yr! (mean = SD) in July — August, i.e. after sedimentation of the freshly produced detritus.

Together with burial, denitrification removes approximately 40 % of organic nitrogen that reaches the bottom
surface (cf. Table 2); the rest is returned to the water column at an average rate of 1.5 g N m~2 yr~!, which is compa-

104



Three-dimensional hindcast of nitrogen and phosphorus biogeochemical dynamics in Lake Onego...

TpexmepHas peTpOCHEKTHBHAS OLIEHKA OHOreOXMMHYECKOi TMHAMIKH a30Ta u (ocdopa B 3kocucTeMe OHEKCKOro 03epa...

rable to 0.9 g N m—2 yr~! calculated here as a difference between nitrification and denitrification rates measured in
the sediment core incubation in Lake Superior [50]. In Lake Onego, an almost equal share of inorganic nitrogen was
provided by the total recycling of 1.4 ¢ N m~2 yr~! in the water body.

In Lake Onego, the bottom release of phosphorus (0.26 g¢ P m~2 yr—!), which returns approximately 70 % of the
annual sedimentation to the water column, is more important for internal cycling than limnetic phosphorus recycling
(0.18 g P m~2yr!). These values are within the same order of magnitude as mineralization rates of organic phosphorus
(0.4—1.2 g Pm~2yr!) in the water column of Lake Superior [22] and bottom release rates of 0.6 g P m~2 yr—! in western
Lake Erie [32], or extrapolations of 0.4 g P m 2 yr'! which were estimated over Lake Winnipeg by [51]. In the neighbour-
ing oligotrophic Lake Ladoga, an extensive sediment survey resulted in a range of 0.02—0.24 g P m=2d~! [52].

5. Conclusions

1. The presented seasonal dynamics, including its spatial features as well as the analysis of simulated biogeochem-
ical fluxes have further confirmed plausibility of our reanalysis and suitability of the model for studies of the past,
present, and future Lake Onego ecosystem at necessary spatial and temporal scales.

2. This reanalysis generated regionally new phenological knowledge that was previously missed due to a lack of
regular winter observations. The analysis of the simulation quantified that the spring phytoplankton bloom, which
was previously overlooked, occurred at the beginning of May and contributed to approximately half of the annual
primary production of the lake. This bloom was triggered by increasing sun radiation rather than an insignificant rise
in water temperature.

3. Coherent nutrient budgets built on the simulated stocks and biogeochemical fluxes integrated over the water
body and bottom sediments, which are often neglected in some other studies, revealed a high buffer capacity of
Lake Onego, which is also reflected in long phosphorus and nitrogen residence times, 47 and 17 years, respectively.
Effective buffering is defined by an internal biogeochemical cycling of nutrients within and between the pelagic and
benthic subsystems, which is much more intensive than external inputs and exchange.

4. The shorter nitrogen residence time was explained by sediment denitrification, which is often ignored in stud-
ies of other large lakes, together with insufficient attention to the sediments and their role in biogeochemical cycling.

6. Acknowledgments

We are grateful to N.M. Kalinkina, T.F. Tekanova, and M.B. Zobkov for their helpful discussions on the purpose
and results of this study.

7. Funding

The author O.S. was supported by the Swedish Agency for Marine and Water Management through their grant
1:11—Measures for the marine and water environment. The author A.I. conducted the present study within the
framework of state assignment (Theme No. FMWE-2021—-0014). The author N.F. conducted the present study with-
in the framework of state assignment (Theme No. FMEN-2021—-0007).

References

1.  Meier H.E.M., Kniebusch M., Dieterich C., et al. Climate change in the Baltic Sea region: a summary. Earth System Dy-
namics. 2022, 13, 1, 457—593. doi:10.5194 /esd-13-457-2022

2. Reckermann M., Omstedt A., Soomere T., et al. Human impacts and their interactions in the Baltic Sea region. Earth
System Dynamics. 2022, 13, 1, 1-80. doi:10.5194/esd-13-1-2022

3. Di Toro D.M., Connolly J.P. Mathematical models of water quality in large lakes. Lake Erie eutrophication of waters:
Monitoring. Assessment and Control, Paris, OECD, 1982. 154 p.

4.  Straskraba M., Gnauck A. Freshwater ecosystems. Modelling and simulation. Elsevier Science Publishers, Amsterdam,
1985.

5. Mooij W.M., Trolle D., Jeppesen E., et al. Challenges and opportunities for integrating lake ecosystem modelling ap-
proaches. Aquatic Ecology. 2010, 44, 3, 633—667. doi:10.1007/s10452-010-9339-3

6. Vingon-Leite B., Casenave C. Modelling eutrophication in lake ecosystems: A review. Science of the Total Environment.
2019, 651, 2985—3001. doi:10.1016/j.scitotenv.2018.09.139

7. Menshutkin V.V., Vorobieva O.N. A model of the ecological system of Lake Ladoga. The current state of the ecosystem of
Lake Ladoga. Editor N.A..Petrova, G.F. Raspletina. Leningrad, Nauka, 1987, 187—200 p. (In Russian).

105



Savchuk O.P, Isaev A.V., Filatov N.N.
Casuyx O.11., Hcaes A.B., Puramos H.H.

106

10.

11.

12.

13.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rukhovets L., Filatov N. Ladoga and Onego — Great European Lakes: Observations and Modeling. Berlin Heidelberg,
Springer-Verlag, 2010. doi:10.1007/978-3-540-68145-8

Filatov N.N. (Editor): Diagnosis and forecast of thermohydrodynamics and ecosystems of the Great Lakes of Russia.
Karelian Research Center of the Russian Academy of Sciences. Petrozavodsk, 2020 (In Russian).

Isaev A.V., Savchuk O.P. Diagnosis of the Lake Ladoga ecosystem and prognosis of its evolution under possible climate
change by the means of mathematical modelling of the biogeochemical fluxes. Diagnosis and forecast of thermohydro-
dynamics and ecosystems great lakes of Russia, edited by: Filatov N.N. Karelian Research Center of the Russian Academy
of Sciences. Petrozavodsk, 2020 (In Russian).

Isaev A.V., Savchuk O.P., Filatov N.N. Three-dimensional hindcast ofnitrogen and phosphorus biogeochemical dynam-
ics in Lake Onego ecosystem, 1985—2015. Part I: Long-term dynamics and spatial distribution. Fundamental and Applied
Hydrophysics. 2022, 15, 2, 76—97. doi:10.48612/fpg/e1m2-63b5-rhvg

Vehmaa A., Salonen K. Development of phytoplankton in Lake Paajarvi (Finland) during under-ice convective mixing
period. Aquatic Ecology. 2009, 43, 3, 693—705. doi:10.1007/s10452-009-9273-4

Hampton S.E., Moore M.V., Ozersky T., et al. Heating up a cold subject: prospects for under-ice plankton research in
lakes. Journal Of Plankton Research. 2015, 37, 2, 277—284. doi:10.1093 /plankt/fbv002

. Hampton S.E., Galloway A.W.E., Powers S.M., et al. Ecology under lake ice. Ecology Letters. 2017, 20, 1, 98—111.
doi:10.1111/ele.12699

. Salmi P., Salonen K. Regular build-up of the spring phytoplankton maximum before ice-break in a boreal lake. Limnolo-
gy and Oceanography. 2016, 61, 1, 240—253. doi:10.1002/In0.10214

. Maier D.B., Diehl S., Bigler C. Interannual variation in seasonal diatom sedimentation reveals the importance of late win-
ter processes and their timing for sediment signal formation. Limnology and Oceanography. 2019, 64, 3, 1186—1199.
doi:10.1002/1n0.11106

Yang B., Wells M.G., Li J., Young J. Mixing, stratification, and plankton under lake-ice during winter in a large lake: Impli-
cations for spring dissolved oxygen levels. Limnology and Oceanography. 2020, 65, 11, 2713—2729. doi:10.1002/Ino.11543

Shchur L.A., Bondarenko N.A. Comparative analysis of phytoplankton of the Baikal and Khanka Lakes. Hydrobiological
Journal. 2012, 48, 3. doi:10.1615/HydrobJ.v48.i3.20

Sterner R.W. In situ-measured primary production in Lake Superior. Journal of Great Lakes Research. 2010, 36, 1, 139—
149. doi:10.1016/j.jglr.2009.12.007

Urban N.R., Auer M.T., Green S.A., et al. Carbon cycling in Lake Superior. Journal of Geophysical Research: Oceans.
2005, 110, C6. doi:10.1029/20031C002230

Bennington V., McKinley G.A., Urban N.R., et al. Can spatial heterogeneity explain the perceived imbalance in Lake Su-
perior’s carbon budget? A model study. Journal of Geophysical Research: Biogeosciences. 2012, 117, G3.
doi:10.1029/2011JG001895

Urban N.R. Nutrient cycling in Lake Superior: A retrospective and update. State of Lake Superior. Michigan State Uni-
versity Press, 2009.

Adams M.S., Meinke T.W., Kratz T.K. Primary productivity of three Wisconsin LTER lakes, 1985—1990. S/L Proceed-
ings, 1922—2010. Taylor & Francis. 1993, 25, 1, 406—410. doi:10.1080/03680770.1992.11900149

Fahnenstiel G., Pothoven S., Vanderploeg H., et al. Recent changes in primary production and phytoplankton in the offshore
region of southeastern Lake Michigan. Journal of Great Lakes Research. 2010, 36, 20—29. doi:10.1016/j.jg1r.2010.03.009

Tekanova E.V., Syarki M.T. Peculiarities of phenology of the primary production process in the pelagic zone of Lake
Onega. Biology Bulletin. 2015, 42, 6, 556—562. doi:10.1134/S1062359015060114

Bunting L., Leavitt P.R., Simpson G.L., et al. Increased variability and sudden ecosystem state change in Lake Winnipeg,
Canada, caused by 20th century agriculture. Limnology and Oceanography. 2016, 61, 6, 2090—2107. doi:10.1002/In0.10355

Kalinkina N., Belkina N. Dynamics of benthic communities’ state and the sediment chemical composition in Lake On-
ega under the influence of anthropogenic and natural factors. Principy Ekologii. 2018, 7, 56—74 (in Russian).
doi:10.15393/j1.art.2018.7643

Syarki M.T., Tekanova E.V. Seasonal primary production cycle in Lake Onega. Biology Bulletin. 2008, 35, 5, 536—540.
doi:10.1134/S1062359008050166

Jansen J., Maclntyre S., Barrett D.C., et al. Winter limnology: How do hydrodynamics and biogeochemistry shape ecosys-
tems under ice? Journal of Geophysical Research: Biogeosciences. 2021, 126, 6, ¢2020JG006237. doi:10.1029/20201G006237
Fahnenstiel G.L., Scavia D. Dynamics of Lake Michigan phytoplankton: the deep chlorophyll layer. Journal of Great
Lakes Research. 1987, 13, 3, 285—295. doi:10.1016/S0380-1330(87)71652-9

Rowe M.D., Anderson E.J., Wang J., Vanderploeg H.A. Modelling the effect of invasive quagga mussels on the spring phy-
toplankton bloom in Lake Michigan. Journal of Great Lakes Research. 2015, 41, 49—65. doi:10.1016/j.jglr.2014.12.018

Boedecker A.R., Niewinski D.N., Newell S.E., et al. Evaluating sediments as an ecosystem service in western Lake Erie via
quantification of nutrient cycling pathways and selected gene abundances. Journal of Great Lakes Research. 2020, 46, 4,
920—932. doi:10.1016/j.jg1r.2020.04.010



33.

34.

Three-dimensional hindcast of nitrogen and phosphorus biogeochemical dynamics in Lake Onego...

TpexmepHas peTpOCHEKTHBHAS OLIEHKA OHOreOXMMHYECKOi TMHAMIKH a30Ta u (ocdopa B 3kocucTeMe OHEKCKOro 03epa...

Vahtera E., Conley D.J., Gustafsson B.G., et al. Internal ecosystem feedbacks enhance nitrogen-fixing cyanobacteria
blooms and complicate management in the Baltic Sea. AMBIO. 2007, 36, 2, 186—194.
doi:10.1579/0044-7447(2007)36[186: IEFENC]2.0.CO;2

Savchuk O.P. Large-scale nutrient dynamics in the Baltic Sea, 1970—2016. Frontiers Marine. Science. 2018, 5, 95.
doi:10.3389/fmars.2018.00095

35. Schindler D.W., Hecky R.E., McCullough G.K. The rapid eutrophication of Lake Winnipeg: Greening under global
change. Journal of Great Lakes Research. 2012, 38, 6—13, doi:10.1016/j.jglr.2012.04.003

36. Zhang W., Rao Y.R. Application of a eutrophication model for assessing water quality in Lake Winnipeg. Journal of Great
Lakes Research. 2012, 38, 158—173. doi:10.1016/j.jg1r.2011.01.003

37. Sterner R.W., Reinl K. L., Lafrancois B.M. et al. A first assessment of cyanobacterial blooms in oligotrophic Lake Superi-
or. Limnology and Oceanography. 2020, 65, 12, 2984—2998. doi:10.1002/Ino.11569

38. Howarth R.W., Chan F., Swaney D.P. et al. Role of external inputs of nutrients to aquatic ecosystems in determining
prevalence of nitrogen vs. phosphorus limitation of net primary productivity. Biogeochemistry. 2021.
doi:10.1007/s10533-021-00765-z

39. Efremova T.A., Sabylina A.V., Lozovik P.A. et al. Seasonal and spatial variation in hydrochemical parameters of Lake Onego
(Russia): insights from 2016 field monitoring. /nland Waters. 2019, 9, 2, 227—238. doi:10.1080/20442041.2019.1568097

40. Galakhina N., Zobkov M., Zobkova M. Current chemistry of Lake Onego and its spatial and temporal changes for the last
three decades with special reference to nutrient concentrations. Environmental Nanotechnology, Monitoring & Manage-
ment. 2022, 17, 100619, doi:10.1016/j.enmm.2021.100619

41. Savchuk O.P. Nutrient biogeochemical cycles in the Gulf of Riga: scaling up field studies with a mathematical model.
Journal of Marine Systems. 2002, 32, 4, 253—280. doi:10.1016/S0924-7963(02)00039-8

42. Savchuk O.P. Resolving the Baltic Sea into seven subbasins: N and P budgets for 1991—1999. Journal of Marine Systems.
2005, 56, 1, 1—15. doi:10.1016/j.jmarsys.2004.08.005

43. Savchuk O.P. Large-scale nutrient dynamics in the Baltic Sea, 1970—2016. Frontiers Marine Sciences. 2018, 5, 95.
doi:10.3389/fmars.2018.00095

44. Lozovik P.A., Borodulina G.S., Karpechko Y.V., et al. Nutrient load on lake Onego according to field data. Proceedings of
the Karelian Research Centre of the Russian Academy of Sciences. 2016, 5, 35—52 (In Russian). doi: 10.17076/1im303

45. Strakhovenko V.D., Belkina N.A., Efremenko N.A., et al. The first data on the mineralogy and geochemistry of the suspen-
sion of lake Onega. Geologia i Geofisika. 2022, 1, 68—86 (In Russian). doi:10.15372/GiG2020198

46. Finlay J.C., Sterner R.W., Kumar S. Isotopic evidence for in-lake production of accumulating nitrate in Lake Superior.
Ecological Applications. 2007, 17, 8, 2323—2332. doi:10.1890/07-0245.1

47. Scavia D., Allan J.D., Arend K.K., et al. Assessing and addressing the re-eutrophication of Lake Erie: Central basin hy-
poxia. Journal of Great Lakes Research. 2014, 40, 2, 226—246. doi:10.1016/j.jglr.2014.02.004

48. Saunders D.L., Kalff J. Denitrification rates in the sediments of Lake Memphremagog, Canada — USA. Water Research.
2001, 35, 8, 1897—1904. doi:10.1016/S0043-1354(00)00479-6

49. Small G.E., Finlay J.C., McKay R.M.L., et al. Large differences in potential denitrification and sediment microbial com-
munities across the Laurentian great lakes. Biogeochemistry. 2016, 128, 3, 353—368. doi:10.1007/s10533-016-0212-x

50. Small G.E., Cotner J.B., Finlay J.C., et al. Nitrogen transformations at the sediment — water interface across redox gra-
dients in the Laurentian Great Lakes. Hydrobiologia. 2014, 731, 1, 95—108. doi:10.1007/s10750-013-1569-7

51. Nirnberg G.K., LaZerte B.D. More than 20years of estimated internal phosphorus loading in polymictic, eutrophic Lake
Winnipeg, Manitoba. Journal of Great Lakes Research. 2016, 42, 1, 18—27. d0i:10.1016/j.jglr.2015.11.003

52. Ignatieva N.V. Distribution and release of sedimentary phosphorus in Lake Ladoga. Hydrobiologia. 1996, 322, 1, 129—
136. doi:10.1007/BF00031817

Jlutepatypa

1.  Meier H.E.M., Kniebusch M., Dieterich C., et al. Climate change in the Baltic Sea region: a summary // Earth System
Dynamics. Copernicus GmbH, 2022. Vol. 13, N 1. P. 457—593. d0i:10.5194 /esd-13-457-2022

2. Reckermann M., Omstedt A., Soomere T., et al. Human impacts and their interactions in the Baltic Sea region // Earth
System Dynamics. Copernicus GmbH, 2022. Vol. 13, N 1. P. 1-80. doi:10.5194/esd-13-1-2022

3. Di Toro D.M., Connolly J.P. Mathematical models of water quality in large lakes. Lake Erie eutrophication of waters:
Monitoring // Assessment and Control. Paris: OECD, 1982, 154 p.

4. Straskraba M., Gnauck A. Freshwater ecosystems. Modelling and simulation. Elsevier Science Publishers, Amsterdam,
1985.

5. Mooij W.M., Trolle D., Jeppesen E., et al. Challenges and opportunities for integrating lake ecosystem modelling ap-

proaches // Aquatic Ecology. 2010. Vol. 44, N 3. P. 633—667. doi:10.1007/s10452-010-9339-3

107



Savchuk O.P, Isaev A.V., Filatov N.N.
Casuyx O.11., Hcaes A.B., Puramos H.H.

108

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Vingcon- Leite B., Casenave C. Modelling eutrophication in lake ecosystems: A review // Science of the Total Environ-
ment. 2019. N651. P. 2985—3001. doi:10.1016/j.scitotenv.2018.09.139

Menwymxun B.B., Bopobvesa O.H. Monenb akoornueckoit cuctemsr Jlamoxxckoro o3epa // CoBpeMEHHOE COCTOSTHHE
Jlamoxckoro o3epa / ITon pen. H.A. Iletposoii u I.®. Pactienunoii. JI. Hayka, 1987. C. 187—200.

Rukhovets L., Filatov N. Ladoga and Onego — Great European Lakes: Observations and modeling. Berlin Heidelberg:
Springer-Verlag, 2010. doi:10.1007/978-3-540-68145-8

JInarHo3 v IMPOTHO3 TEPMOTUIPOIMHAMUKM 1 9KOCUCTeMbI BeInKux o3ep Poccunm / IMon pen. H.H. ®uartosa. [etpo-
3aBonck: KapHILL PAH, 2020. 255 c. (In Russian).

. Hcaes A.B., Cauyk O.I1. InarHo3 coCcTOSIHUSI 9KOCUCTeMbl JIanoKCKOro o3epa U MPOTrHO3 U3MEHEHUIT MPU BOZMOKHOM

M3MEHEHWH KJIMMaTa Ha OCHOBE MaTeMaTUIeCKOTO MOAEIMPOBAaHMS OMOTeOXMMUIECKHX ITOTOKOB BellecTBa // Jna-
THO3 ¥ TIPOTHO3 TEPMOTUIPOIMHAMUKY U dKocucTeMbl Benukux o3ep Poccuu / [Mox pen. H.H. ®unatosa. [lerposa-
Boxack: KapHILI PAH, 2020. C. 197-208.

. Hcaes A.B., Casuyk O.11., Puaramos H.H. TpexMepHasi peTpOCIIEKTUBHAS OLIeHKA OMOTeOXUMHMUECKOI TMHAMUKH a30-

Ta u pochopa B akocucteme OHexckoro osepa 3a nepuon ¢ 1985 mo 2015 rr. Yacts [: MexronoBast "3BMEHUYNBOCTH
U MIPOCTPAHCTBeHHOE pacmpeneieHue // OyHnaMeHTanbHas U npukianHas ruapodusuka. 2022. T. 15, Ne 2. C. 76—
97. doi:10.48612/fpg/e1m2—63b5-rhvg

Vehmaa A., Salonen K. Development of phytoplankton in Lake Padjarvi (Finland) during under-ice convective mixing
period // Aquatic Ecology. 2009. Vol. 43, N 3. P. 693—705. doi:10.1007/s10452-009-9273-4

Hampton S.E., Moore M.V., Ozersky T., et al. Heating up a cold subject: prospects for under-ice plankton research in lakes //
Journal of Plankton Research. Oxford University Press (OUP). 2015. Vol. 37, N 2. P. 277—284. doi:10.1093 /plankt/fbv002
Hampton S.E., Galloway A.W.E., Powers S.M., et al. Ecology under lake ice // Ecology Letters. 2017. Vol. 20, N 1. P. 98—
111.doi:10.1111/ele.12699

Salmi P., Salonen K. Regular build-up of the spring phytoplankton maximum before ice-break in a boreal lake // Lim-
nology and Oceanography. 2016. Vol. 61, N1. P. 240—253. doi:10.1002/In0.10214

Maier D.B., Diehl S., Bigler C. Interannual variation in seasonal diatom sedimentation reveals the importance of late
winter processes and their timing for sediment signal formation // Limnology and Oceanography. 2019. Vol. 64, N 3.
P. 1186—1199. d0i:10.1002/Ino.11106

Yang B., Wells M.G., LiJ., Young J. Mixing, stratification, and plankton under lake-ice during winter in a large lake:
Implications for spring dissolved oxygen levels // Limnology and Oceanography. 2020. Vol. 65, N 11. P. 2713—-2729.
doi:10.1002/Ino.11543

Shchur L.A., Bondarenko N.A. Comparative analysis of phytoplankton of the Baikal and Khanka Lakes // Hydrobiologi-
cal Journal. 2012. Vol. 48, N 3. doi:10.1615/HydrobJ.v48.i3.20

Sterner R.W. In situ-measured primary production in Lake Superior // Journal of Great Lakes Research. 2010. Vol. 36,
N 1. P. 139—149. doi:10.1016/j.jg1r.2009.12.007

Urban N.R., Auer M. T., Green S.A., et al. Carbon cycling in Lake Superior // Journal of Geophysical Research: Oceans.
2005. Vol. 110, N C6. doi:10.1029/2003JC002230

Bennington V., McKinley G.A., Urban N.R., et al. Can spatial heterogeneity explain the perceived imbalance in Lake
Superior’s carbon budget? A model study // Journal of Geophysical Research: Biogeosciences. 2012. Vol. 117, N G3.
doi:10.1029/2011JG001895

Urban N.R. Nutrient cycling in Lake Superior: A retrospective and update. State of Lake Superior. Michigan State Uni-
versity Press, 2009.

Adams M.S., Meinke T.W., Kratz T.K. Primary productivity of three Wisconsin LTER lakes, 1985—1990 // SIL Proceed-
ings, 1922—2010. Taylor & Francis, 1993. Vol. 25, N 1. P. 406—410. doi:10.1080/03680770.1992.11900149

Fahnenstiel G., Pothoven S., Vanderploeg H., et al. Recent changes in primary production and phytoplankton in the off-
shore region of southeastern Lake Michigan // Journal of Great Lakes Research. 2010. Vol. 36. P. 20—29.
doi:10.1016/j.jglr.2010.03.009

Texanosa E.B., Capku M.T. OcobeHHOCTH (DEHOJOTMU MePBUYHO-TTPOAYKIIMOHHOTO Mpoliecca B neaaruaiu OHeXXCKoro
o3epa // NzBectust PAH. Cepust bruonornyeckast. 2015. Ne 6. doi:10.1134/S1062359015060114

Bunting L., Leavitt P.R., Simpson G.L., et al. Increased variability and sudden ecosystem state change in Lake Winni-
peg, Canada, caused by 20th century agriculture // Limnology and Oceanography. 2016. Vol. 61, Ne 6. P. 2090—2107.
doi:10.1002/In0.10355

Kanunxuna H.M., Beakuna H.A. JluHaMuka cOCTOSTHUSI OEHTOCHBIX COOOILIECTB U XMUMUUYECKOTO COCTaBa JOHHBIX OTJIO-
skeHuit OHEXCKOro o3epa B YCIOBUSIX AEMCTBUSI aHTPOIOTEHHBIX M MPUPOAHBIX (hakTOpoB // [TpUHLIMITBI SKOJIOTHH.
2018.T.27, Ne 2. C. 56—74. do0i:10.15393/ j1.art.2018.7643

Capxu M.T., Texanosa E.B. Ce30HHbBIN LMK TIepBUYHON mponykiuu B OHexckom o3epe // U3Bectust PAH. Cepust
Buonornyeckasi. 2008. Ne 5. doi:10.1134/S1062359008050166



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Three-dimensional hindcast of nitrogen and phosphorus biogeochemical dynamics in Lake Onego...

TpexmepHas peTpOCHEKTHBHAS OLIEHKA OHOreOXMMHYECKOi TMHAMIKH a30Ta u (ocdopa B 3kocucTeMe OHEKCKOro 03epa...

Jansen J., Maclntyre S., Barrett D.C., et al. Winter limnology: How do hydrodynamics and biogeochemistry shape
ecosystems under ice? // Journal of Geophysical Research: Biogeosciences. 2021. Vol. 126, N 6. P. ¢2020JG006237.
doi:10.1029/2020JG006237

Fahnenstiel G.L., Scavia D. Dynamics of Lake Michigan phytoplankton: the deep chlorophyll layer // Journal of Great
Lakes Research. 1987. Vol. 13, N 3. P. 285-295. doi:10.1016/S0380-1330(87)71652-9

Rowe M.D., Anderson E.J., Wang J., Vanderploeg H.A. Modelling the effect of invasive quagga mussels on the spring phy-
toplankton bloom in Lake Michigan // Journal of Great Lakes Research. 2015. Vol. 41. P. 49—65.
doi:10.1016/].jglr.2014.12.018

Boedecker A.R., Niewinski D.N., Newell S.E. et al. Evaluating sediments as an ecosystem service in western Lake Erie
via quantification of nutrient cycling pathways and selected gene abundances // Journal of Great Lakes Research. 2020.
Vol. 46, N 4. P. 920—932. doi:10.1016/j.jglr.2020.04.010

Vahtera E., Conley D.J., Gustafsson B.G. et al. Internal ecosystem feedbacks enhance nitrogen-fixing cyanobacteria
blooms and complicate management in the Baltic Sea // AMBIO. 2007. Vol. 36, N 2. P. 186—194.
doi:10.1579/0044—7447(2007)36[186: IEFENC]2.0.CO;2

Savchuk O.P. Large-scale nutrient dynamics in the Baltic Sea, 1970—2016 // Frontiers Marine Science. 2018. Vol. 5.
P. 95. doi:10.3389/fmars.2018.00095

Schindler D.W., Hecky R.E., McCullough G.K. The rapid eutrophication of Lake Winnipeg: Greening under global
change // Journal of Great Lakes Research. 2012. Vol. 38. P. 6—13. doi:10.1016/j.jglr.2012.04.003

Zhang W., Rao Y.R. Application of a eutrophication model for assessing water quality in Lake Winnipeg // Journal of
Great Lakes Research. 2012. Vol. 38. P. 158—173. d0i:10.1016/j.jglr.2011.01.003

Sterner R.W., Reinl K. L., Lafrancois B.M., et al. A first assessment of cyanobacterial blooms in oligotrophic Lake Supe-
rior // Limnology and Oceanography. 2020. Vol. 65, N 12. P. 2984—2998. do0i:10.1002/Ino.11569

Howarth RW., Chan F., Swaney D.P., et al. Role of external inputs of nutrients to aquatic ecosystems in determining
prevalence of nitrogen vs. phosphorus limitation of net primary productivity // Biogeochemistry. 2021.
doi:10.1007/s10533-021-00765-z

Efremova T.A., Sabylina A.V., Lozovik P.A., et al. Seasonal and spatial variation in hydrochemical parameters of Lake
Onego (Russia): insights from 2016 field monitoring // Inland Waters. Information UK Limited. 2019. Vol. 9, N 2.
P. 227—-238. doi:10.1080/20442041.2019.1568097

Galakhina N., Zobkov M., Zobkova M. Current chemistry of Lake Onego and its spatial and temporal changes for the
last three decades with special reference to nutrient concentrations // Environmental Nanotechnology, Monitoring &
Management. 2022. Vol. 17. P. 100619, doi:10.1016/j.enmm.2021.100619

Savchuk O.P. Nutrient biogeochemical cycles in the Gulf of Riga: scaling up field studies with a mathematical mod-
el // Journal of Marine Systems. 2002. Vol. 32, N 4. P. 253—280. doi:10.1016/S0924-7963(02)00039-8

Savchuk O.P. Resolving the Baltic Sea into seven subbasins: N and P budgets for 1991—1999 // Journal of Marine Sys-
tems. 2005. Vol. 56, N 1. P. 1—15. doi:10.1016/j.jmarsys.2004.08.005

Savchuk O.P. Large-Scale nutrient dynamics in the Baltic Sea, 1970—2016 // Frontiers Marine Sciences. 2018. Vol. 5.
P. 95. doi:10.3389/fmars.2018.00095

Jlozosuk I1.A., bopodyauna I'.C., Kapneuxo FO.B. n np. buoreHHast Harpy3ka Ha OHeXCKOe 03epo IO JaHHBIM HaTyp-
HbIx Habmonenuii // Tpynbl Kapensckoro Hayunoro ILlentpa Poccuiickoit Akanemun Hayk. 2016. Ne 5. C. 35-52.
doi:10.17076/1im303

Cmpaxosenko B.Jl., beakuna H.A., Egppemenko H.A. v np. [lepBble TaHHBIE IO MUHEPAJIOTUY U TEOXUMUU B3BECU OHEX -
ckoro o3epa // ['eonorust u 'eodusuka. 2022. Ne 1. C. 3—19. doi:10.15372/GiG2020198

Finlay J.C., Sterner R.W., Kumar S. Isotopic evidence for in-lake production of accumulating nitrate in Lake Superi-
or // Ecological Applications. 2007. Vol. 17, N8. P. 2323—2332. doi:10.1890/07—0245.1

Scavia D., Allan J.D., Arend K.K., et al. Assessing and addressing the re-eutrophication of Lake Erie: Central basin hy-
poxia // Journal of Great Lakes Research. 2014. Vol. 40, N 2. P. 226—246. doi:10.1016/j.jglr.2014.02.004

Saunders D.L., Kalff J. Denitrification rates in the sediments of Lake Memphremagog, Canada — USA // Water Re-
search. 2001. Vol. 35, N 8. P. 1897—1904. doi:10.1016/S0043—1354(00)00479—6

Small G.E., Finlay J.C., McKay R.M.L., et al. Large differences in potential denitrification and sediment microbial communi-
ties across the Laurentian great lakes // Biogeochemistry. 2016. Vol. 128, N 3. P. 353—368. doi:10.1007/s10533-016-0212-x

Small G.E., Cotner J.B., Finlay J.C., et al. Nitrogen transformations at the sediment — water interface across redox gra-
dients in the Laurentian Great Lakes // Hydrobiologia. 2014. Vol. 731, N 1. P. 95—108. doi:10.1007/s10750-013-1569-7

Niirnberg G.K., LaZerte B.D. More than 20years of estimated internal phosphorus loading in polymictic, eutrophic Lake
Winnipeg, Manitoba // Journal of Great Lakes Research. 2016. Vol. 42, N 1. P. 18—27. doi:10.1016/j.jglr.2015.11.003

Ignatieva N.V. Distribution and release of sedimentary phosphorus in Lake Ladoga // Hydrobiologia. 1996. Vol. 322,
N 1. P. 129—136. doi:10.1007/BF00031817

109



OYHIAMEHTAJIbHASA u [TPUKIIAIHAA THIPODOHU3UKA. 2022. T. 15, Ne 2
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 2

DOI 10.48612/fpg/92ge-ahz6-n2pt

VIK 551.464(262.5)

© E. E. Cosea'*, U. B. Mezenyesa?, T. B. Xuapa', 2022

"Mopckoii rugpodusuueckuii nacturyt PAH, 299011, r. Ceacronons, Kanuranckas yi., 1.2

2Cepacronoibckoe otaeneHue OIBY «[ocynapcTBeHHblil okeaHorpaduueckuit unctutyt um. H.H. 3y6osa», 299011,
r. CeBacrononb, CoBerckas yi., .61

*E-mail: science-mhi@mail.ru

MOJIEJIUPOBAHUE CE30HHON U3MEHUYUBOCTU
TUAPOIAMHAMMNYECKOTO PEXKMMA CEBACTOITIOJILCKOM BYXTEI
1 OLIEHKN CAMOOYMCTUTEJIbHON CIIOCOBHOCTU EE DKOCUCTEMBI
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AHHOTAIMSA

IIpuBeneHbl pe3yJIbTaThl YUCIEHHBIX KCIIEPUMEHTOB 110 OlLleHKe TMIPOIMHAMUYECKOrO pexxruMa BocTouHoi yactu CeBa-
CTOITOJIbCKOM OYXTHI C yUETOM BJIMSIHUSI CTOKA peKr YepHOoii (MTaBOIKOBBINM U MEXKEeHHBIN Tepronbl) 1 KOXKHOI OyXThI ¢ yueToM
YPOBHSI TEXHOT€HHOM Harpy3kKu C IOMOILbIO THAPOTEPMOIMHAMUYECKOTO 0JI0Ka YMCIEHHOM TpeXMEpPHOM HecTalMOHAPHOMI
monenu MECCA (Model for Estuarine and Coastal Circulation Assessment).

Pesynbratel pacyeta 0cOOEHHOCTEH THAPOIMHAMUYECKOTO PEXKIMa BBIICJICHHBIX aKBATOPHIA OyXTHI MCTIONIB30BaHbI IIPU aHAJTA3E
CIOCOOHOCTH K CAMOOYMIIIEHUIO UX 9KOCUCTEM ITyTeM pacueTa aCCUMUISILIMOHHOM €eMKOCTH B OTHOIIIEHMM HEOpraHM4YecKoro ¢oc-
dopa, Kak IPUOPUTETHOTO 3arPsI3HSIONIETO BEIIECTBA B MyHUITUTIATBHBIX Y JIMBHEBBIX CTOKAX aKBATOPUU OYXTHI Y OTIPEIEIISTIONIETO
(akropa 3BTpoduKay Bomoema. [1pu 3ToM 1151 HUBETMPOBAHMYS BIVSHUS Pa3IMduii B 00beMax BOI MCCIIEMYyeMbIX aKBATOPUIA TIPH
pacyeTax cCaMOOYUCTUTENIbHOI CITOCOOHOCTH B PA0OTE MOMYYEHbI OLIEHKU YAEIBbHON aCCUMUISILIMOHHOM €MKOCTHU UX 9KOCUCTEM.

TMokazaHo, 4TO JIJIs BOCTOUHOI KyTOBOM 4acTH OYXTHI COIIACHO TMOTyYeHHBIM MOJIEIbHBIM pacdyeTaM B ITEPUOJIbI ITABOIKOB
LUPKYJISIMS BOI B TTOBEPXHOCTHOM CJIO€ BOJ CITOCOOCTBYET pacipOCTPAHEHUIO 3aTPsI3HSIONINX BEIIECTB Ha BCIO aKBATOPUIO
OyxThl. B mepron MexkeHu B BOCTOUHOM YacTu OYXThI MPeo0J1ajaloT TeueHUs1, HarpaBlieHHbIe K YCThIO pekr YepHoii 1 B moBepx-
HOCTHOM, ¥ B TIPUIIOHHOM CJIO€ BOJI KaK P CeBEepO-3araTHoM, TaK 1 TTPY 3aIaJHOM HaIlpaBJIEHUSIX BETPa, YTO CITIOCOOCTBYET
HaKOIIJICHUIO 3arpsI3HSIONIMX BEIIECTB B 3TOI1 YaCTU OyXThI, yMEHbIIIasi TAKUM 00pa30M €€ CITOCOOHOCTh K CAMOOUYHUIIICHUIO.

AHaIM3UPYIOTCS BOBMOXHbIE TPUUMHBI HU3KOM CAMOOUYMCTUTENIbHOM CITOCOOHOCTH 9KOCHUCTEMBI BOCTOUHOI YyacT CeBacTo-
TTOJIBCKOI OYXThI B OTHOILIEHUHM HeopraHndeckoro occopa, KOTopbie CBSI3aHbI KaK ¢ 00beMaMU MTOCTYHAIOIINX BoI peku YepHoii
B MEPHOIbI 3MMHUX TTABOIKOB U JIETHEIT MEXEHM, a TAKXKe C 0COOEHHOCTIMU MOP(HOMETPUIECKOTO CTPOCHUS THA aKBATOPUH.

Hnst akBatopuu KOXXHOM OyXThl TMAPOAMHAMMYECKUI PEXUM XapaKTepu3yeTcsl 3aTPYIHEHHbIM BOJOOOMEHOM C OCHOB-
HoI1 akBaTtopueil. Bentunuposanue Bon akBaTopur KOKHOIT OyXTHI OIpenesieTCsl COMIAaCHO pe3yyikTaTaM pacueTa B OCHOBHOM
BETPOBBIM PEKMMOM, B pe3yJbTaTe KOTOPOro MPOMCXOAUT MO0 3amrpaHue Boa B OyXTe, TMOO0 BHIHOC MX 3a €€ MPeAesbl, YTO
CKa3bIBaeTCs Ha CITOCOOHOCTH K CAMOOYUIIIEHUIO €€ 9KOCUCTEMEI.

KamoueBbie cioBa: CeBacronoiibckast Oyxrta, peka UepHasi, FOxxHas OyxTa, BOCTOYHAsl 4acTh OYXThl, TMAPOIMHAMUYECKUM pe-
JKIM, TTABOIKH, MEXEHb, aCCUMUJISILIMOHHAsI EMKOCTh, HEOpraHn4YeCcKuii pocdop, sakocucrema
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Abstract
The numerical experiments were carried out to assess the hydrodynamic regime of the eastern part of the Sevastopol Bay, subject to
the Chernaya River runoff (high- and low-water periods) and the Yuzhnaya Bay, subject to the technogenic load using the hydrothermo-
dynamic block of the numerical three-dimensional unsteady model MECCA (Model for Estuarine and Coastal Circulation Assessment).
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The simulated hydrodynamic parameters of the selected parts of the Sevastopol Bay were used to analyze the self-purification
capacity of their water bodies by calculating the assimilation capacity for inorganic phosphorus. Phosphates suggested as a priority
pollutant in municipal and storm runoffs in the water area of the bay and a determining factor of its in the bay eutrophication. At
the same time, to neutralize the differences in the water volumes of the studied water areas when calculating the self-purification
ability, estimates of the specific assimilation capacity of their ecosystems were obtained.

According to the simulations for the eastern apex part of the bay during high-water period, the water circulation in the surface
layer contributes to the spread of pollutants throughout the entire water area of the bay. During the low-water period in the eastern
part of the bay, currents prevail, directed towards the Chernaya River mouth in the surface and in the bottom water layer both in
the northwestern and western wind directions. It contributes to pollutant accumulation in this part of the bay, thus reducing ability
to self-purification.

Possible reasons for the low self-purification capacity of the ecosystem of the eastern part of the Sevastopol Bay with respect
to inorganic phosphorus are analyzed, which are associated both with the volumes of incoming Chernaya River waters during
winter high- and summer low-water periods, as well as with the features of the morphometric structure of the water area bottom.

For the Yuzhnaya Bay water area, the hydrodynamic regime is defined by a difficult water exchange with the main water area.
Ventilation of the waters of the Yuzhnaya Bay is mainly determined by the wind regime, as a result of which the waters are either
trapped in the bay or carried out of it, which undoubtedly affects the self-purification capacity of its ecosystem.

Keywords: Sevastopol Bay, Chernaya River, Yuzhnaya Bay, eastern part of the bay, hydrodynamic regime, high water, low water,
self-purification capacity, inorganic phosphorus, ecosystem

1. Beenenue

CeBacTomnosbcKasi OyxTa Kak 4acTh YCThEBOTO B3MOPbsI peKu YepHOIi sIBJsIETCST TI0Jy3aMKHYTOM akBaTopuei
9CTyapHOTO TUTIA C OTPAHUYEHHBIM BOJIOOOMEHOM C OTKPBITHIM MOpeM. byxTa OTHOCUTCSI K YMCITy MOPCKUX aKBa-
TOPUIi, KOTOPbIE MTOABEPXKEHBI MOCTOSTHHOMY TEXHOT€HHOMY M aHTPOTIOTEHHOMY BO3JIEHCTBUIO.

B 3aBucumoct ot MOphoMETPUUECKUX XapaKTEPUCTUK BOIOEMA, TUIPOMETEOPOJIOTMYECKUX YCIOBUI U JTOKa-
JIN3alMU UICTOYHUKOB 3arpsis3HeHrs B CeBacTOMONIbCKO OyXTe 00pa3yloTcsl 30HbBI C Pa3JIMUHBIM YPOBHEM 3arpsi3-
HeHus. PaHee ObLIO MpemiokeHO pa3aeauTh akBaTopuio CeBacToONmoNIbCKOM OyXThl Ha UyeThipe paiioHa [1, 2]. I'eo-
rpauuecku 30HOM c1adboro 3arpsi3HeHU SIBsSIETCS 3anamaHasi yacTh 0yxTel W, ymepeHHOro — BoctouHas E. 3oHa
CUJILHOTO 3arpsI3HEHUS] 3aHUMAET LEHTPAIbHYIO YacTh OyxThl C. O4eHb CUTbHBIM 3arpsisHeHreM oTindaercst KOx-
Has OyxTa S, B BOAbI KOTOPOI MOCTYIAaIOT peKOPAHbIE 0ObEMBI OBITOBBIX U JIMBHEBBIX CTOKOB [1], B ee akBaTOpUU
pacrojaraloTcs Ipuyaibl IXT, Kopaoieiil 1 katepoB (puc. 1).

JIMHAMUKY BOIl M TEPMOXAJTWHHBIN PEXUM OYXThl OTIPENENSIIOT KIMMaTUIeCKe OCOOEHHOCTH TTPUOPEKHON
30HBI 10ro-3anaaHoit yactu KpbiMa, pexxuM BeTpa, yCJIOBUSI BOZOOOMEHAa C MOPEM 1 BHYTPU OYXTHI.

[Ipeobnanaroiue Han TPUOPEKHON 30HOK MOPSI CEBEPHbIE, CEBEPO-BOCTOYHBIE U I0XKHbBIE, IOTO-BOCTOUHBIE
BETPHI TpaHC(HOPMUPYIOTCST Hall aKBaTOpHeil OyXThl B CEBEpO-BOCTOUHBIE, BOCTOUHbIE (36 %) u 1oxHbie (20 %)
BeTphl [1, 3]. DTO MpOMCXOOUT U3-3a BBITSHYTON B 30HAJIbHOM HaMpaBJICHUU OPUEHTALIMU OYyXThl, OKPYKEHHOM
BbIcOKMMU Oeperamu. HecmoTpsi Ha ob1iiee mpeobiagaHre BOCTOYHBIX BETPOB, UX CKOPOCTh 10 CPABHEHUIO C APY-
TUMU pyMOaMy MUHUMAJTbHA.
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Puc. 1. Jlenenue CeBacToIoabCKOI OyXThl Ha pailOHbI ¢ pa3JIMYHOM CTENEeHbIO 3arpsi3HeHus 1o |1, 2]

Fig. 1. Division of the Sevastopol Bay into areas with different degrees of pollution (according to [1, 2])
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XapaKTepHBIMU YepTaMU JTUHAMUKY BOJI OYXTHI SIBIISIIOTCS YCUJICHNE TEUSHU Y OeperoB M BUXpeBbIe 0Opa3o-
BaHMS B BOCTOYHOM 9acTH OYXTHI. CXOISIIMecs TeUeHUs 3aMBIKAIOTCS BO3JIC BXOIA B OYXTY, MICKYCCTBEHHO CYKEH-
HOTO MOJIaMM TIOYTH BIBOE 1 coenuHsIonero CeBacTOIOIbCKYIO OYXTY C IIPWJIETAIOIIeit YacThIO MOPsI, 1 KOMITEH-
CHUPYIOTCSI OTHOCUTEIbHO MEIJICHHBIM, HO OOIIIMPHBIM IIEPEHOCOM BOCTOUHOTO HaIlpaBJIeHUS.

YcranoBuBIascs HMpKyIsius B CeBacTOIMOILCKOI OyXTe, 00yCIOBICHHAS CYTOYHBIM XOIOM T'MIPOMETEOPO-
JIOTMYECKUX XapaKTepUCTUK U CTOKOM peku YUepHoli, HapylliaeTcs Mpu CTOHHO-HArOHHBIX SBJICHUSX, B TIEPUOL
naBOAKOB U ITOpMOB. Hanbosbiee Bo3neiicTBre Ha pexkuM TedeHuit B CeBacTOIOIbCKOI OyXTe OKa3bIBaIOT 3a-
nanHble M BOCTOUHbIe BeTphbl. [loa ux Bo3meiicTBUeM opMUpyeTcsl OapoTpOITHAasl COCTaBsIoNIas TeYEHUs], OHa
COIOCTaBMMa C aMITJIMTYIOM CeMIIeBbIX KOJIeOaHUIi, TeprOo/ KOTOPBIX COCTaBJISIET OKOJIO 1 4.

OCco0eHHOCTH CE30HHOM M3MEHYMBOCTH IMIPOIMHAMUYECKOro pexkuMa CeBacTOIONbCKON OYXTHI MY KOH-
KPETHBIX TUAPOMETEOCUTYAIIUSIX B PETHUOHE OIICHMBAJIMCH TI0 pe3yJIbTaTaM HaTypHBIX M3MEPEHUI, a TaKXkKe C 1C-
MOJTb30BAHUEM METO/IOB MaTeMaTUUECKOTO MOJIETUPOBAHNSI.

ITo pe3yabTaTam HaTypHBIX CE30HHBIX U3MepeHuii [4, 5] B TITyOOKOBOTHOIT YacT OYXThI PO UM CKOPOCTH Te-
YEeHMIT MMEJIM XOPOIIIO BRIPAXKEHHYIO ABYXCIIOMHYIO CTPYKTYpY. B BepxHeM cioe TeueHUs HaIlpaBIeHBI Ha BOCTOK,
B HIKHEM — Ha 3ana. CKopocTb BOIOOOMEHA ¢ OTKPbITbIM MOpeM cocTasuia okoso 100 m3/c. TTpu aToMm onpenesis-
OIIYIO POJIb B IPOCTPAHCTBEHHOM CTPYKTYpe TMHAMUKHM BOII OYXTHI UTPaeT HaIlpaBJIeHUE M CKOPOCTh BETpa.

HccnenoBaHue TeueHuit B OyXTe MPOBOIWIOCH TAKKE C UCIIOIb30BaHEM MaTeMaTUUeCKOro MoaeanpoBanus. He-
KOTOpbIE YepThI OOLIIEI LIMPKYJISILIMKU B OYXTe YIAJI0Ch OIKMCATh, HECMOTPsI Ha JOBOJILHO CYILIECTBEHHbIE YIIPOLLIEHUSI [6].

BrinosHeHbI pacyeThl HUPKY/ISIIUMUA BOI B OyXTe 151 IETHErO U 3UMHEI0 CE30HOB C MCIOJIb30BAaHUEM YMCIEH-
Hoit Mogenu nuHamMuku Boj [7]. [TokazaHo, 4TO TpU COXpaHEHMU OOIIIeit HAaITpaBJIEHHOCTH MTOTOKA B BEPXHEM CJIoe
BOJI U3 OYXTHI K MOPIO pa3jIM4YHbIe BETPOBbIC YCIOBMSI M3MEHSIIOT BOIOOOMEH MeXIy BHYTpeHHUMU OyxTamu. Ha
OCHOBE JMArHOCTUYECKUX PacueTOB LIMPKY/ISIIMU BOI B OyXTe IMPOBENIECHO MOJEIMPOBAHUE TTPOIIECCOB MepeHoca
3arpsI3HSIONICH MPUMeECH, TIOCTYITAOIIeH U3 pa3HbIX NCTOUHUKOB, B TOM YHMCIIe C Bogamu peku YepHoii [8].

B BrIlIIeyKa3aHHBIX pabOTaX MPOBOIMIOCH MOJIEIMPOBAHNE IUPKYJISIIMK BOJ CeBACTOTIONBCKOM OYXTHI B 1I€JIOM,
0e3 IeTayM3alliy B €¢ OTACJIBHBIX YacTsIX. B maHHOIT paboTe ¢ TTOMOIIIBIO MAaTEMAaTHISCKOTO MOIEINPOBAHUS TIPOBE-
IIEHO MCCIIeIOBaHNE IIMPKYIISILIMKI BOM pa3IMUHBIX YacTeit CeBacTOIMOIBCKOM OYXTHI, HAXOISIINXCS TTO aHTPOITOTeH-
HBIM BozaeiicTBreM. OCHOBHOE BHUMaHUE OBLIO YISIeHO 0COOCHHOCTSIM LMPKYISALHU Bod B KOxxHOI OyxTe, Hanbo-
Jiee MOIBEPKEHHOI 3arpsiI3HeHNI0, U KyTOBOI YacTU, HAXOISILEecsl 1o, BIMsSIHUEM CToKa peku YepHoii.

CopepxkaHue OMOTeHHBIX 2JIEMEHTOB (CoenuHeHus a30Ta, ¢ochopa U KpeMHUsI) B BogHOI Tomiie CeBacTo-
MOJIbCKOM OYXTHI 3aBUCUT OT MCTOYHMKOB UX IMOCTYIUIEHUS (BOZOOOMEH C MOpPEM, PEYHOI U JTUBHEBBII CTOKM,
MYHMUUTNATbHbIE W MPOMBIILIEHHbIE CTOUHBIE BOIbI, aTMOC(EpPHbIC OCAIKM), a TakKe OT CTeNIEHU BOBJICUYCHUS
B OMoOJIOTMYecKye TIpoliecChl. AHaIW3 U3MEHUUBOCTH COMEPXKaHUsI OMOTEHHBIX 2JIEMEHTOB B Bogax CeBacToMob-
ckoii oyxtel 3a mepuoa 2006—2010 rr. [9] mokasai, 4To paiioHbl ¢ MAKCUMAaJIbHBIM COepKaHUEM 3THX JIEMEHTOB
MPUYPOUYEHBI K MECTaM JIMBHEBBIX CTOKOB: paiioHbl OyxT FOxHOI u ApTwiepuiickoit, MukepmaHa. lenaercs 3a-
KJTIOYeHUE, YTO aHTPOITOTeHHBIN (DakTop, a He eCTeCTBEHHbIe OMOXMMUYECKME TIPOIIECCHl, OKa3hbIBaeT OOJIbIlee
BJIMSTHUE HA COfIep>KaHWe OMOTEHHBIX 2JIEMEHTOB B aKBATOPUM YKa3aHHBIX paiilOHOB OYXTHI.

Hns ycnosuit 2015 rona npoBeneHO CpaBHEHUE SKOJIOTUYECKOTO COCTOSIHUS BOCTOUHOM KyToBoI yactu Ce-
BaCTOTIOJIBCKOM OYXTHI B IIEPHOIHEI (DEBPATBCKOTO 3MMHE-BECEHHETO TTaBoAKa M CEHTIOphcKoit MexkeHn [10]. [Tpu
3TOM PACCMOTPEHBI MPUINHBI ¥ TUAPOMETEOYCIOBUS (DOPMHUPOBAHNST KOHKPETHOTO 3MMHE-BECEHHETO TTaBOIKO-
BoTro pexkxnma peku YepHoii B pespaie 2015 r.

DKOJIOTMYECKOe COCTOsIHUE akBaTopur CeBacTOMOJIbCKOM OYXThI aHAIM3UPYETCS TI0 CITOCOOHOCTH K CaMOO0-
YUILEHUIO 3KOCUCTEM BOCTOYHOM, IIEHTPAJIbHOM, 3araaHoi yacTeiil OyxThl 1 KOXXKHOIT OyXThI 1O OTHOIIIEHUIO K He-
OpPraHMYEeCKOMY a30Ty, KaK OJIHOMY U3 TIPUOPUTETHBIX 3arpsi3HsIouX BeliecTs (3B) B MyHULIMITANbHBIX U JIVB-
HeBbIX cTokax [11, 12]. TTokazaHa olleHKa aCCUMUISILMOHHOM eMKOCTH (AE) BbiIeNeHHBIX 9KocucTeM 0e3 yueTa
BJIMSIHUSI HA TIPOLIECC CAMOOYMIIICHUSI TMIPOAMHAMMYECKOTO pexxruMa. B inutepatype oTcyTcTByeT MH(MOpMAaLKs 110
aHaJIM3y OTJINYMIA B TTIOBEIEHMU HEOPraHWIECKOro a3oTa U (pocdopa B 3aBUCUMOCTH OT I'MIAPOIMHAMUIECKOTO pe-
krnMa B akBatopuu CeBacTOIMONIbCKOI OyXThI, BKITIOYAs TIEPUOIbI 3MMHMX TTaBOIKOB U JIETHEN MEXeHU, 0COOCHHO
B €€ BOCTOYHOI 4aCTH, YTO COCTaBJISIET HOBU3HY HACTOSIIIIEH pabOThI.

Ieab paboThl — ¢ TPUMEHEHUEM METOIOB MOMIEINPOBAHNUS OLIEHUTH CE30HHYI0 U3MEHINBOCTD TUAPOINHAMM -
YEeCKOTO PeXXMMa OTICIbHBIX YacTeit akBaTopri CeBacTOIOIBCKOIT OYXTHI 1 €T0 BIMSHIE Ha CAMOOYNCTUTEIBHYIO
CITOCOOHOCTh 3KOCHUCTEM OYXTHI IO OTHOIIIEHHUIO K HeOpTaHNIecKomy hochopy.

B pabote peianucs aBe 3agauu:

1) BBIIBUTH COBPEMEHHBIE OCOOCHHOCTH LUPKYISALMY Boa B FOXKHOI OyxTe, a TakKe B BOCTOUHOI yacTu CeBa-
CTOITOJILCKOM OYXTHI C yUeTOM CTOKA peku YepHoii (MaBOAKOBBIN M MEXEHHBIN TTepUOIbl) 1 MOPHOMETPUUECKUX
0COOEHHOCTEH CTPOCHMUS THA;
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2) OLIEHUTH BIUSHNE TUAPOTUHAMIYIECKOTO pesKrMa OYXTHI Ha CITOCOOHOCTH K CAMOOUYUIIIEHUTO BOJ BEIIEICH-
HBIX YacTeii akBaTOPU i OYXThI IO OTHOLIEHUIO K HeopraHuueckomy cdocdopy.

BriObop HeopraHnmdeckoro pocgopa B KauecTBe MPUOPUTETHOTO 3B METKOBOAHBIX MOPCKUX aKBaTOPUil 00y-
CJIOBJICH CJICIYIOIINMH OOCTOSITCTbCTBAMM:

— HeopraHuveckuii ¢ocop B Buae (pocdaroB SIBIASIETCS OAHUM U3 MPUOPUTETHBIX 3B B MyHULIMITATbHBIX
¥ JIMBHEBBIX CTOKAX, MOIMAgAIOIINX B MOPE B OOJIBIIMHCTBE CIyJyaeB 0€3 OYMCTKU;

— BOTIMYKE OT HEOPTAaHUYECKOTO a30Ta, Gochop HE UMEET ra3000pa3HbIX (POPM B BOIIE U €T0 CITOCOOHOCTH COPOU-
pOBAThCSI HA MEJIKOMCIIEPCHBIX B3BECSIX, OCOOEHHO Ha TMAPOKCUIE KeJie3a O0IIEU3BECTHA, U TAKUM ITyTeM OCYILIeCT-
BJISIETCSI €TO HAKOIUICHUE B TOHHBIX OTIIOXKEeHMSIX. OMHAKO, TIPpY YBEJIMYESHUH TTOCTYIUICHUST OPTraHMYECKOTO BEIllecTBa
B IOHHBIC OTJIOKCHUS 1 €T0 Pa3IoKEeHUS B YCIOBUSIX Te(PUIIATA KUCIOPOIA, MOXKET IIPOUCXOINTH BEICBOOOKICHIE M-
copOupoBaHHbBIX (hocdaTOB U UX MOCTYIICHUST B BOAHYIO TOJIILY, TaK Ha3bIBaEMOE SIBJIEHE BTOPUYHOTO 3arpsi3HEHUS
Boa. Takoe sIBIeHUE U UMEJIO MECTO B KyTOBOIT BOCTOUHOM yacTh CeBacTomnobcKoit 0yxThi ietom 2015 1. [13].

O1eHKa CaMOOYMCTUTEILHOM CITIOCOOHOCTH 3KOCUCTEM OYXTHI IO OTHOIIIEHUIO K HeopraHumdeckoMy (gocdopy
OCYIIECTBJISIETCS BIIEPBHIE.

2. Marepuajbl 1 METOIBI

2.1. Memoovt ouenku 2uopoOuHAMUMECKO20 PeNcumMa oyxmot

7151 OLIEHKH Ce30HHOI TMHAMWKY BOI B OTIEIBHBIX YacTssX CeBacTOIIOIBCKOM OYXTHl U B BBIICICHHBIX B Ha-
cTosiieit paboTe ee aKBaTOPUSIX UCITOJIb30BAJICS THIPOTEPMOIMHAMUYECKUIM OJI0K YMCIEHHOM TpeXMEpHOit HecTa-
muoHapHoit Mmogenu MECCA (Model for Estuarine and Coastal Circulation Assessment) [14].

T'moponyHaMIYecKuit 0JI0K MOMIEIH TIPEACTABIISIET CO00I TPEXMEPHYIO ITPOTHOCTUUYESCKYIO TUAPOIMHAMUIECKYIO
MOJIeJb, PEaJIM30BaHHYIO B KPMBOJMHEWHON 110 BEPTUKAIU CHUCTEMe KOOPAMHAT, C MCIIOJIb30BaHUEM HESIBHBIX KO-
HEYHO-Pa3HOCTHBIX cxeM. ba3oBbIMU ypaBHEHUSIMU MOJEM SIBJISIIOTCS: IBA YPaBHEHUS ISl TOPU3OHTAIBHBIX KOM-
TIOHEHT CKOPOCTH T€UCHUI, ypaBHEHNE TMIPOCTATUUECKOTO TIPUOIIDKEHNS, YpaBHEHIE Hepa3phbIBHOCTH, YpaBHEHNE
COCTOSTHUSI, ypaBHEHUST COXPAHEHMSI TSI TEMITEPaTyphl M COJIEHOCTH. MoIe b TTO3BOJISIET BOCITPOM3BOAMTD ITPOCTPaH-
CTBEHHO-BPEMEHHYIO U3MEHYMBOCTh TEPMOXaJTMHHOM CTPYKTYPBI BOM, TPEXMEPHOT'O IT0JIsI TeYSHUI M1 MTHTEHCUBHOCTHU
TypOYJIEHTHOTO OOMeHa Ha BpEMEHHBIX OTPE3KaX OT HECKOJIBKUX CYTOK IO TOAOBOTO LIMKJIA B aKBATOPHUSIX MOPCKOTO
menbda co CIOXKHBIMIA MOP(MOIOTUIECKIMU W THIPOJIOTMISCKUMU XapaKTepucTUKaMu. MIMeeTcss BOBMOXKHOCTD BbI-
JIEJICHUSI BETPOBOM, TEPMOXAIIMHHOM, CTOKOBOI COCTaBJISIIOLIMX CYMMAaPHBIX TEYCHUIA IyTEM OIEPAaTUBHOIO U3MEHE-
HUSI, C TIOMOIIBIO YITPABIIIONINX KITIOUE, YMciIa yIUThIBaeMBIX (hakTopoB. [1pr paboTe ¢ MOIEIBIO yUeT TepMOXaIMH-
HOM CTPYKTYPBI BOI MOKET IIPOM3BOIUTHCS KaK B IIPOTHOCTUYECKOM, TaK 1 B TMAarHOCTHYECKOM PEXKMME.

XapakTtepHasi 0cOOEHHOCTb UCIIOIb3yEMOI TEPMOTMAPOIMHAMUYECKON MOJEIN — BO3MOXKHOCTD €€ UCIOJIb30-
BaHMS TS pacueTa IMHAMUKHU BOJ B MOPCKUX aKBaTOPUSX, OTACIbHBIC YIACTKN KOTOPHIX UMEIOT MEHBIINI (TTOM-
CETOYHBIIT) pa3Mep B OMHOM M3 TOPU30HTATbHBIX HAMPaBJIECHMIA, YeM IIIar PacUeTHOM CETKU (HarIpuMep, TPOJIUBHI,
KaHaJIbl, yCThs pek). [IporpamMMHast peasm3aiysi MOJAEIN MO3BOJISIET PACCUUTHIBATh BETPOBBIC U CTOKOBBIC TEUE-
Hus. C 3agaHHOI BpeMEeHHOI TMCKPETHOCTBIO B XOJIe cUeTa MOJIE/Ib yCBaBaeT HOBYIO MH(MOPMAIINIO O CKOPOCTH
¥ HaIlpaBJICHUM BETpa, BEJIMIMHAX OCAJIKOB M UCITapeHUsI, pacxonax Boabl peK. C MOMOIIbI0 JaHHOM MOJIEN ObLITN
MPOBEIEHBI PacYeThl TEPMOXATMHHOM CTPYKTYPHI M IIUPKYJIsIiuu Boa B OgecckoM u IIpuaHenpoBcko-byrckom
paiioHaxX ceBepo-3amamHoit yact YepHoro Mops [14], BEIIIOJIHEHO MOAEINPOBAHNE THAPOIKOJIOTHUECKHUX TTPO-
1eccoB B Tuiurynbckom simmane [15, 16] 1 B MOpCKMX BomoeMax KolyMOuiickoro rmodepexnbs Kapubckoro Mmopst
[17]. TTo pe3yabTaTaM YMCIEHHBIX SKCIIEPUMEHTOB ObLT ClieJIaH BBIBOJ, YTO MOJIE/Ib aleKBaTHO OTpaxKaeT MPUPO/I-
HBIE TIPOIICCCHI U TTOJIyYeHHBIC PE3YJIBTaThl XOPOIIO COMIACYIOTCS C JAHHBIMU OPYTUX UCTOYHMKOB MH(POPMALIH.

2.2. Mamepuaavt Habar00enuil u Memoobl OUEHKU CAMOOMUCIUMEALHOI COCOOHOCHU 600
Ceeacmonoavckoil 6yxmot no 0MHOWEHUIO K Heop2aHuueckomy gocopy

B pabote ucnosib3oBaHbl faHHble HabmoneHuit MI'M PAH 3a conepxxaHueM MuHepayibHOTo hochopa B Bojgax
akBaTopuu CeBacTOMNOJbCKON OYXThI, MPOBEAECHHBIX B repuoa ¢ Mas 1998 r. o anpenb 2012 r. MaccuB JaHHBIX
coctaBmI 1597 u3aMepeHuil, BHIMOJHEHHBIX CIIEKTPpO(oTOMEeTprIecKUM MeTonoM. KoHIleHTpalus MUHepaabHOTO
docdopa n3mMeHsTach B mpeaeiax OT «He 00Hapy:KeHo» 1m0 1,43 MKM /71, He TIpeBbIIIast MpeaeIbHO JOTTYCTUMOTO
ypoBus (ITAK 2,63 MkM/i). UckiloueHns COCTaBUIM IBa €AMHUYHBIX CJIydasi, KOrda B MOBEPXHOCTHBIX BOIAX
HeHTpanbHOro (Hostopb 2003 r.) 1 BocTouHoro (utoyib 2000 r.) paitloHOB MaKCUMaJbHOE 3arpsi3HeHre (PMKCUPOBa-
J10ch Ha ypoBHe 2,11 1 2,26 MKM /1 COOTBETCTBEHHO. XapaKTepUCTHUKA KOHLIEHTPALIMY 110 BbIAEJECHHBIM pailoHaM
CeBacTornofbekoit 0yxThl (puc. 1) mpeacrasieHa B 1ad. 1.
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Tabauua 1
Table 1

Konnenrpauus Heopranudeckoro pocopa B pa3nuunbix yactax CeBacTonobckoii 0yxTol (mo nannsiv MI' PAH)
Inorganic phosphorus concentration in different parts of the Sevastopol Bay (based on MHI RAS data)

XapakTepucTuKa FOxnas 6yxra S | 3anamnast yacte W | LleHtpanbHast yacts C Bocrounast yacts E
CpenHee coaepkaHue 3a nepuoa, MKM/n 0,146 0,132 0,090 0,154
Jlnarna3oH KOHLEHTpauu, MKM /1 0-1,23 0—1,39 0—1,19 (2,11) 0—1,43 (2,26)
Jlnara3oH cpemqHeronoBoro conepxkanus, MKkM/m | 0,0257—0,327 0,039-0,376 0,007—-0,244 0,0375-0,330
KonuyecTBo ornpeaeeHMit 277 424 607 289

B cooTBeTcTBMM ¢ JaHHBIMU Ta0JI. 1, cpeMHEMHOTOJIETHEE COIepKaHNe MIHEPaTbHOTO (hocopa T0CTaTOUHO
PaBHOMEPHO pacIpeaessioch 1o akBatopuu CeBacTONOIbCKOI OYXThI.

DKOJIOTMYECKOe COCTossHMe akBaTopuu CeBacTOMOJBCKON OYXThl aHAIU3UPYETCs IyTeM CpPaBHUTEIbHOM
oueHK AE sKocucTeM BOCTOYHOM, LIEHTPaJIbHOM, 3amamgHoil yacTeil OyxTel M HOXKHOI OYXTHI TT0 OTHOIICHUIO
K HeopraHuueckomy cdocdopy. s onpeneneHus CaMOOYMCTUTEIbHOM CITOCOOHOCTHU OTIEIbHbBIX akBaTopuil Ce-
BaCTOIIOJILCKOM OYXTHI UCITOIb30BaH anroput™ olieHKu AE [18] ¢ ucnonab3oBannem 6anancoBoro metona [19, 20].
AE xapakTepusyeT clIOCOOHOCTh MOPCKOM 3KOCHMCTEMBI BBIIEPKMUBATh T00OABICHNE HEKOTOPOro KoimmdecTBa 3B
0e3 pa3BUTHUSI HEOOPATUMBIX OMOJOTUYECKUX TTOCTAEACTBUIA, UMEET Pa3MEPHOCTh MOTOKA BEIIECTBA — MacChl Be-
1IeCTBa B eAMHUIIE 00beMa, OTHECEHHOI K equHule BpemeHu [18]. Pacuer ckopocTu ymaneHUst onpeneaeHHOTo
3B aBnsteTcs HanboJIee CIOXHBIM, T.K. MHTETPaAJIbHOE BpeMsI IIPEOBIBAHUS €r0 B 9KOCHUCTEME OITpelelIsIieTCsT Kak
TUAPOAMHAMUYECKUMU TTapaMeTpaMM aKBaTOPUM, TaK U KOMITJIEKCOM (DU3MYECKUX, XUMUIECKUX, MUKPOOUOJI0-
TMYECKHUX MPOLECCOB, OTBEUAIOIIMX 32 JecTpyKInio 3B wiu ero BbIHOC 3a Tpenesibl akBatopu. [ist paiitoHOB ro-
CyIapCTBEHHOTO MOHUTOPHHTA TIPEIJIOXKEHO OLIEHMBATh MHTErpajibHOE BpeMsT MpeObiBaHUs 3B yepe3 n3aMeHeHne
KOHIIEHTpalu B equHuity Bpemenu [20]. Pacuer ynenbHoit (B miepecuere Ha 1 1) Benmmunbbl AE (AE;) okocu-
CTEMBI BbIIEJeHHBIX paiiloHOB CeBacTOIOIBCKOI OYXThI ITPOBOAUTCS UCXOMS U3 MOITYIIEHUS O TIPOCTPAaHCTBEHHOM
OIHOPOITHOCTH TTIOJICii pacripocTpaHeHus GpocdaToB B ee TpaHUIIAX.

Hnst CeBacTonoNbCKOM OYXThI CTOCOOHOCTh K CAMOOUYMILIEHUIO B OTHOILIEHUH HEOPTaHUYECKOTO a30Ta OLIEHU-
BaeTcs 7151 9KOCUCTeMbl HanboJjiee 3KOJIOrMuecku HebaaromoayaHoit KOxxHo#t OyXThl B CpaBHEHUU C 9KOCUCTEMOIt
0oJtee YMCTOIt 3amagHOI YacTu akBaTopun CeBacTOMObCKOI OYXTHI, ITPUMBIKAOIIEit K OTKpbITOMY MOpIo [21]. ITo-
Ka3aHo, YTO CAMOOYMUCTUTENIbHAsI CITOCOOHOCTh AKOCHUCTeMbl FOXXHOI OYXThI OoNnpeaessieTcsi B OCHOBHOM YPOBHEM
AHTPOITOTeHHBIX HArpy3oK. JIJisi 3KOCHUCTeMBbl aKBaTOPUU, TPaHUYAIIIEH ¢ OTKPBITHIM MOPEM, 3Ta CITOCOOHOCTh 3a-
BUCHUT OT OMOJIOTUYECKUX ITPOXYKIIMOHHO-IeCTPYKIIMOHHBIX IIpolieccoB. [1omydyeHHAs pacdeTHBIM ITyTeM BEJIMYM-
Ha AE mo3BoJisieT TakKe OLEHUTh SKOJIOTMYecKoe 0iaronoyyre uccieayeMoii akBaTopruu. Takoil MeTol OLleHKU
B OTHOIIIEHUM HeopraHM4eckoro ocopa ObLI BliepBhie IPeIJIOKeH B padoTe [22]. DKojgornueckoe 01arornoaydme
BOIHOI akBaTtopuu ¢ yuetoM AE oLieHrBanock, coracHo [21, 22] npu ucnonb3oBaHuu nokasatens I1;, xapakrepu-
3YIOLIETO CTETIEHb OTKJIOHEHUST HAarpy3KH ISl i-TO KOMITIOHEHTa B rof oT AE; n paccuuTsiBaeMoro o ¢popmyie [22]:

1, _(G-1AK)-V;
M.

1

1, )]

rae C; — cpenHee conepxaHue i-ro 3B, V; — o0beM Boabl B pacyeTHOI 00s1acTi, M; — pacyeTHas A0IycTUMast co-
rinacHo AE macca i-ro BelecTBa AJist aKBATOPUM B TOJI.

ITpu ucnonp3zoBaHUM MeToAA [22] cOCTOSTHME CUCTEMBI paccMaTpUBaeTcs Kak GiarononaydyHoe, ecan I1; < —1.
ITpu stom C; < T1K;, T.e. ypoBeHb 3arpsi3HeHUs] HE MpeBbILLAeT AoNycTUMBIA. [Ipyn oTHOCUTEIBHOM Gilaromno-
nyaun —1 < I1; < 0, MICXOMHBIIM YPOBEHD 3arPSI3HEHUST HUBEITUPYETCST C TIOMOIIIBIO TPOIIECCOB CAMOOUYHIIECHUS 0
JI0MycTUMOTO YpoBHs. CocTostHue akocucteMbl ¢ [1; > 0 siBsieTcsl 9KOJOrMuecK HeOJIaronoayuHbIM.

3. Pe3yabTaTbl 1 00CYKIeHHE

3.1. Ocobennocmu 2udpoounamu4eckozo pexcuma 6 omoeavHoix paiionax Ceeacmonoabckoil Oyxmot

YposeHb 3arpsisHeHnsT CeBacTOIMOIbCKOM OyXThI KaK MPUOPEXHOM MOPCKOM aKBaTOPUM 3aBUCUT OT MHTEH-
CHMBHOCTU UCTOYHUKOB MOCTyIieHus1 3B 1 TeueHunii, mepeHocsmmx ux U3 OHOI 4acTu 3cTyapus B Apyryto. [1os-
TOMY JUTSI OLIEHKU €€ 9KOJIOTUUeCKOe COCTOSTHUE OTpee/ieHre KoHIleHTpalmu 3B Heo0XonuMo TOTIOTHSITh XapakK-
TEPUCTUKOM TMIAPOIMHAMUYECKHX YCIOBHMIl B aHAJIM3UPYEMOI aKBaTOPUH.
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Oco0ble yCcJIOBUSI AMHAMUKM BOJl OTMEUEHBI B CTBOPE MOJIOB Ha BxoAe B CeBacTOMONIbCKYIO OyXTy (TIyObuHa
mopst 19 M). Tlocie mocTpoiiku 3amuTHOrO Mosia B 1976 r. mumpuHa BXxoaa B 6yxty cy3uiach ¢ 940 1o 550 M. Be-
JIMYMHA BOJOOOMEHA BCJIEACTBUE 3TOr0 YMEHbIIMIACH B cpenHeM 3a rox Ha 40—70 %, BpeMst «I10JIHOTO» O0OMeHa
BOIBI B OyXTe YBEIIMIWIOCH ITIOUYTH BABoe. [1ociae mocTpoeHUsT MoJjia pacdeT MHTEHCUBHOCTHA BOITOOOMEHA B OyxTe
ObL1 ocyLIecTBIeH B padote [23]. B nomasistiomeM yuncie ciaydaes (92 %) orMevanach ABYXCIOMHOCTD C pa3HOHA-
npaBJieHHBIMU TedeHussMHu [5]. B BepxHeM 10-MeTpoBOM ciioe MOps 37ech TTpeodIafaloT 3anagHble TeYeHUs, T.¢.
u3 OyxThl. B cioe riyoxke 13 M BO3HMKAIOT IpaaldeHTHBIC TEUCHUsI, KOTOPhIe HAIIPaBJICHBI B IMMPUIOHHBIX CIIOSIX
B Oyxty. [Tocie neiicTBUSI CMITBHBIX CTOHHBIX BETPOB BOZHUKAIOT KOMIIEHCAIIMOHHBIC TEYCHMSI, COBITAIAIONINE TT0
HaIIpaBJICHUIO C TPAIUEHTHBIMU.

LleHTpanbHy0 YacTh OYXTHI, TI€ BCTPEYAIOTCS pa3HOHAMpPABICHHBIC ITOTOKM BOI, MOXHO Ha3BaTh Oy(epHoi
30HOI1. 3mech HabmoaloTcs aBa rmoroka. OauH HeceT Boabl peKr YepHoii, KOTOphIE CO3AI0T YKJIOH BOIHOM TTO-
BEPXHOCTHU U 00YCJIaBIMBAIOT CTOKOBbBIE TeUeHUs. BTOpoit — cO CTOPOHBI OTKPHITOM YacTU MOPSI, KOTOPBIi B OC-
HOBHOM OITpeAeJISIeTCSI BO3MECUCTBMEM 3aIlaHOro BeTpa, TakKxKe HaOIogaeTCsl MPU I0KHOM BeTpe. DTO OOBSICHS-
eTCsl OpreHTaLei, Mop(oMeTpHreit OYXThl U U3-3a TOTO, UTO OyXTa OKpYy>KeHa BLICOKMMU OeperaMu. Ha oTMenbix
yyacTKax HaOII0Aal0TCs pa3HOro poja BUXpEeBble 00pa3oBaHUsI.

B BocTouHy10 yacTh CeBacTOIOIBLCKOM OYXTHI ITOCTYITAIOT BOABI peKr YepHoii, OCHOBHAas 4acTh cToKa (1o 80 %)
KOTOPOI1 TPUXOIUTCSI Ha 3UMHUIA M BECEHHUI TIeprobl. Bo BpeMst MOI0BOIbS NP C1a0bIX BETPAaX CTOKOBBIE Te-
YyeHus, 00yCJOBJICHHBIEC MMOCTYIUIEHUEM BOI pekr YepHoil, cTaHOBATCS IMpeodiagaoiMu. B meprosa maBonkos
U cOpocoB U3 UepHOPEUEHCKOro BOMNOXPAHWINIIA, a TAKXKE IO BIUSHUEM CTOHHBIX BETPOB CKOPOCTU T€YEHUI
nMmeloT bosee cymectBeHHbIe 3HaYeHUs (0,5—0,7 m/c). [Tpu BeTpax cKopocThio 60jiee 2—5 M/c yallle BCcero HabJfo-
JAIOTCS pa3HOHAIIPABJIEHHbBIC TEUCHUS.

ITpu HarOHHBIX BeTpax YPOBEHb BOJBI B 3TOI YacTH OyXThI YBEJIMUMBACTCS U B ITOBEPXHOCTHOM CJI0€ HaOJIIO-
JAeTCsl TIOTOK 3aMaaHOro HaIpaBjieHus1, 00paTHbIN CTOKY peku. [Ipr CrOHHBIX BETpax YpOBEHb MOHMXKAETCS, Ha
TIOBEPXHOCTH TTOTOK HAIMpaBJieH B OYXTY W B MPUIOHHOM CJIO€ OTMEUAIOTCSI TeUeHUsI 0OpaTHOTO HAIPaBICHMUS.
Taxkoe xe HaIIpaBJIeHHE TTIOTOK MMEET MPH CJIa0bIX BeTpax, KoTma IpeodiagacT CTOKOBOE TeUeHe peKr YepHOId.
B mepmon 1maBoIKOB M IITOPMOB, a TaKKe TIPU Pa3BUTUM CTOHHO-HArOHHOTO BeTpa TEUCHUS MEHSIIOT YCTAaHOBUB-
IIYIOCS LUPKYIISIIHIO.

Ha puc. 2 mpuBeneHa cxema MOBEPXHOCTHBIX U TIPUIOHHBIX TEUCHUM B BOCTOUHOI yacTh CeBacTOIMOIbCKOM
OYyXTBI, pacCUYMTaHHAas TSI YCIOBUM MEKEHHOTO MeproIa MPU CTAlIMOHAPHBIX BEeTpaxX 5 M/C CeBepo-3aIllaTHOTO
¥ 3aITaHOTO HaIlpaBJICHUIA.

BunHo, uto KapTuHa TeyeHUt onpenessieTcsl HampasieHueM BeTtpa. M3-3a Manoro croka pexku YepHoii Ha-
TpaBJIeHUe TeYSHUI 0 BCelt ToJIIe Boa coBmanaet. [Ipu pa3sBUTHM HaroHa IMOTOK CO CTOPOHBI MOPST pacIipocTpa-
HSIeTCS 10 BCEi ITMpUHE OYXThI OT MOBEPXHOCTH 0 THA, a B TIPUAOHHOM CJIO€ YCTHEBOTO palioHa BOZHUKAET KOM-
TIEHCALIMOHHBIN MOTOK, CBSI3aHHBIN cOo cTOKOM pekn YepHoii. [1pu Bo3neiicTBUY BETpOB, HaIpaBJIEHHBIX TTOMEPEK
OyXTbl, Ha MEJIKOBOJIbE€ MOTYT BO3HUKATh JIOKATbHbIE «<BUHTOBBIE» LIUPKYJISILIUU.

W3 noyyeHHbBIX pacUeTHBIX TaHHBIX, TTPEACTaBICHHbBIX HA PUC. 2, CJIEAYET, YTO B MEPUOI MEXKEHU B BOCTOYHOM
yacTu OyXThl MpeobJIaaatoT TeYeHUsI, HallpaBIeHHbIE K YCThIo peku YepHoit Kak B TOBEPXHOCTHOM, TaK B IIPUIOH-
HOM cJIoe BOJI ITPY CeBepO-3armaTHOM U 3allalHOM BeTpe.

Ha puc. 3 mokazaHa KapThHa TeUEHU 1151 TUAPOMETE0YCIOBUI, KOTOPhIE XapaKTepHbI 151 TaBOIKOBOIO Te-
puoaa Ha peke YepHoii. [TpoBeaeHbI pacyeThl 1151 FOXKHOI'O U CEBEPO-BOCTOYHOTO BeTpa 5 M/c. B oTiinume oT pexxu-
Ma MeXEeHHU CHCTeMa TeYeHU B BOCTOUHOI YacTh OYXThI B TIEPUO/I TTABOIKOB ITPOTHUBOIIOIOXHAsI. TedeHrue nMeeT
JIBYXCJIOMHYIO CTPYKTYpPY, B IIOBEPXHOCTHOM UM MPUIOHHOM CJIOSIX JABMXKEHUE TTPOUCXOAUT B TTPOTUBOIIOIOXHBIX
HampaBJIeHUsIX. B MOBEpXHOCTHOM CJIOe TeUeHMe HAIlpaBIeHO B OyXTy, B MPUIOHHOM M3 OYXTHI K BEPIIMHE YCThsI
peku YepHoil. DTa 3aBUCMMOCTD COXPAHSIETCST KaK MPHU I0XKHBIX, TaK U CEBEPO-BOCTOYHBIX BeTpax.

Cy1iecTBeHHass ”3BMEHUYMBOCTb TMHAMUYECKMX ITPOIIECCOB HAOJI0OAAeTCSI ¥ B 30HE CMEIIIEHUST MOPCKUX U Ped-
HbIX Boi. Tak, B BepimHe MHKepMaHcKoro KoBIa (puc. 1) HampaBiieHWe TeYeHUsT MEHSIETCST Ha TIPOTUBOTIONOX-
HOE, UTO CBUIETETLCTBYET O CYIIECTBEHHOI N3MEHUMBOCTUA TUHAMUYECKUX TIPOLIECCOB B 30HE CMEIIIEHUST MOPCKUX
U peuyHbIX BoA. [1pu BeTpax 0XKHBIX HANTpaBJIeHUI MOTOK 3anupaeTcs B MHKepMaHcKoM KoBiie (puc. 3, a). Bnonb
Y3KOT0 CYIOXOTHOTO KaHalla CKOPOCTh ITOTOKA B IIOBEPXHOCTHOM CJIO€ YBEIMUMBACTCS.

B BepimmHe FOxkHOI OyXThI, XapaKTepHU3yoIleiics 3aTpyTHEHHBIM BOIOOOMEHOM C TIPUJICTAOIICii aKBaTOPUEiA,
C OIMHAKOBOM ITOBTOPSIEMOCTHIO HAOIOAACTCS I0TO-BOCTOYHOE, CEBEPO-BOCTOUHOE 1 CEBEPO-3aMaTHOC TCUCHUS.
Betphl Bcex HampaBIeHHIT, KpOMe I0KHOTO, CITOCOOCTBYIOT, KaK IIPaBUIO, IMIOCTYIUIEHUIO Boabl B KOXHYI0 OyXTY
wim Toamnopy e€ Box. Ha puc. 4 u 5 mpencraBieHbI pe3yIbTaThl pacuyeTa MOBEPXHOCTHBIX M IMPUIOHHBIX TeYCHMI
B FOXHOI1 OyXTe mpu CTallMOHAPHBIX BETPaxX IMepeUNCICHHBIX BhIIIIE HATIPABICHUIA.
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Puc. 2. CtpykTypa OBEepXHOCTHBIX (c1e6a) ¥ TIPUIOHHBIX (cnpasa) TeUeHU B BOCTOUHOI YaCTH OYXTHI,
paccunTaHHasI TSl TIeproa MEXXEHU TIPU CeBepO-3aragHoM (@) v 3amamtHoM (6) BeTpax 5 M/c

Fig. 2. Structure of surface (/eff) and bottom (righf) currents in the eastern part of the bay
for the dry season at northwestern (@) and western (b) winds of 5 m/s

a) a)

Puc. 3. CtpykTypa MOBepXHOCTHBIX (c1€6a) Y TIPUNOHHBIX (cnpasa) TEUEHU B BOCTOUHOI YaCTH OYXTHI,
paccuuTaHHas ISl TaBOAKOBOTO MEeproa NPU I03KHOM (@) M ceBepOo-BOCTOYHOM (6) BeTpax 5 m/c

Fig. 3. Structure of surface (/eff) and bottom (righf) currents in the eastern part of the bay
for the fall period at southern (@) and northeastern (b) winds of 5 m/s
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Puc. 4. CtpykTypa IOBepXHOCTHBIX (¢1e6a) v IPUNOHHBIX (cnpasa) Teuennii B KOxHoiT OyxTe,
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Fig. 4. The structure of surface (/eff) and bottom (right) currents in the Yuzhnaya Bay at the northern (a)
and northwestern (b) winds of 5 m/s
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Puc. 5. CtpykTypa NOBEpXHOCTHBIX (¢1€6a) U IPUAOHHBIX (cnpasa) TedeHuit B FOxHoit OyxTe,
paccuuTaHHas Mpu 0xXHOM BeTpe 10 M/c (@) u 3anmagHOM BeTpe S M/cC (0)

Fig. 5. Structure of surface (/eff) and bottom (right) currents in the Yuzhnaya Bay at a southern wind of 10 m/s (a)
and a western wind of 5 m/s (b)
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Kak crnenyer n3 maHHBIX, TIPEACTaBICHHBIX Ha puc. 4, TIpX IIpeodIagfaHu Hal aKBaTOPUEH OYXThI CEBEPHBIX
M CeBEPO-BOCTOYHBIX BETPOB (hOPMUPYETCS TOBEPXHOCTHOE ApeiioBoe TeueHue, HarmpaBIeHHOE BAOJIb OCU OYXThI
Ha 3amaj, 9TO CITOCOOCTBYET MOCTYIUICHUIO Boabl B KOXXHYI0 OyXTy KaK B IOBEPXHOCTHOM CJIO€ BOII, TaK U B TIPU-
TOHHOM. DTH BOIBI, pacIIpoCcTpaHsIsICh B KOXKHYyIO OYXTy, MOTYT 3aTpyIHSITh BOmooOMeH ¢ CeBacTOIOIbCKOM OyX-
TOW M co3aaBaTh HEOJArOMPUSATHYIO THAPOXUMUYECKYIO CUTYallUIO BIUIOTh A0 00pa30BaHMsI 30H IMITOKCHUM.

IIpu npeobramaHy BETPOB IOKHBIX PYMOOB ITPOMCXOMMT TEPecTpoiiKa IMPKY/ISIIUKM U TEPMOTATMHHBIX TTOJICH
(puc. 5), u3 KOxxHOI1 OyXThl MOTYT BBIHOCUTBCS BOJIbI, 3arpsI3HEHHbBIE OBITOBBIMU CTOKAMU, a B pe3yJibTaTe HarpaBJIeH-
HBIM Ha ceBep MOBEPXHOCTHLIM TEUEHUEM BEIHOCUMbIE 3arpsi3HEHHBIE BOIbI MOTYT JIOCTUTaTh CEBEPHBIX OEPErOB OYXTHI.

[1pu monepeyHOM BeTpe OTMEUYEHO TOSIBJICHUE YCTOMYMBBIX CTPYMHBIX TeYeHU I BOob O6epera B KOxXHoI1 OyxTe.

CeBepo-ceBepo-3araaHblii BeTep BbI3bIBAET HAroHHbINA 3(@GEKT U COOTBETCTBYIOIIMI KOMITEHCALIMOHHBIM
MOAbEM BOJ C MPUAOHHBIX TOPU30HTOB KYTOBOI1 00J1aCTU K MOBEPXHOCTU CpeaMHHOM yacTu KOXHOI OyXThbI.

71 ee KyTOBOM 4acTU XapaKTepHbl paclpeCHEHHbIE 00JIaCTH, MPU 9TOM UHTEHCUBHOCTh PACIPECHEHMST BOJ
HETIOCTOSTHHA B TEYEHUE TOJla, OHA PETUCTPUPYETCS T1O TIOHWKEHHOU COJIEHOCTU U MOBBIIIEHHOMY COAEPKAHUIO
KPEeMHEKUCIIOTHI [24].

3.2. H3zmenenue camoovucmumenvtoll cnocoonocmu 3xocucmemot Ceacmononvckoil 6yxmbt

6 OMHOWEHUN HeOP2AHUUeCK020 (hochopa noo eausHueM 2uOPOOUHAMUHECKO20 PeHCUMA OMOeAbHBIX
ee axeamopuii

OCHOBHbIE UCTOYHUKU (POCPATOB — 3TO XO30bITOBBIE CTOKM, B OCHOBHOM CTHpaJIbHbIE MOPOIIKN U MOIOIIHE
CPEICTBA, a TAKXKE CMBIBBI C TIOJICH C/X Yyromuii M JIMBHEBbIe CTOKK. Ellle OMMH MCTOYHUK — JTOHHBIC OTIOXKCHMS,
roe docdaTel B pe3yibTaTe BEICOKOI CITOCOOHOCTH COPOMPOBATHCS Ha B3BECSIX, MOTYT HaKaIlJIMBAThCST TOTAMM,
a MPU YBEJIMYCHUU MOCTYIICHUS] OPTaHUYECKOrO BEIIECTBA B MOHHBIE OTJIOXKEHUSI U €r0 Pa3JIoXKEHUS B YCJIOBU-
X nebUIIUTa KUCIOPOaa, MOXKET IIPOUCXOIUTh BRICBOOOXKIEHNE alcOpOMPOBAHHBIX (DOC(hATOB U UX ITOCTYIUICHUE
B BOIHYIO TOJIIIY, TaK Ha3bIBaeMOE SIBJICHIE BTOPUYHOTO 3arpsI3HECHUST BOJI,.

ITockonbKy HeopraHudeckuii hocop MpakTUyeck He oOpa3yeT JeTy4ux opM (3a UCKITI0UeHreM o0pa3oBa-
Hus1 GochUHOB) U HE BEIBOAUTCS B aTMOC(dEpY, OCHOBHBIMU (haKTOpaMU yIAAIEHUS €r0 U3 9KOCUCTEMbI, IIOMUMO
OMOJIOTUTYECKUX TTPOIICCCOB, SIBISIOTCS TMHAMWYECKHI BEIHOC 3a TIPEIeITbl aKBATOPHU VI IETTIOHNPOBAHKE B TOH-
HbI€ OTJIOKEHUS.

MHoroJjieTHee U3MeHEeHNe KOHLEHTpauuu (poccaToB B BblaeIeHHbIX paitoHax CeBacTOMOIbCKOM OYXThl HAPSI-
NIy CO 3HAUMTEIbHOI aMIUTUTYION CpeIHETOMOBRIX 3HAUCHHI TTOKA3aJI0 ITOCTEIIEHHOE CHIKEHHE €TO COMEP KaHMST
(puc. 6), YTO KOCBEHHO MOXKET XapaKTepH30BaTh CTAOMIM3ALINIO TPOPHOCTH BCEI 9KOCUCTEMBI.
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Puc. 6. MexromoBoe U3MEHEHIE CPEIHETO colepkaHusT (pochaToB B BhIIEICHHBIX paiioHaX
CesacrornosnbcKoii 0yxThl B 1998—2012 rr. mo matepuanaMm baHka okeaHorpaduueckux nanHbix MI'M PAH

Fig. 6. Interannual change in the average content of phosphates in selected areas of the Sevastopol Bay
in 1998—2012 based on the Oceanographic data bank of the Marine Hydrophysical Institute of RAS
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Tabaruya 2
Table 2
ConepKaHue 0CHOBHBIX THAPOXHMMHYECKUX MAPAMETPOB B paiioHe MIAByYero J0Ka
B IIEPHOJI MEXKEHH N0 MaTepraiaM chbeMKHU 8 centsiopsa 2015 1. [10]
Content of the base hydrochemical parameters in the area of the floating dock during the
low water based on survey data on September 8, 2015 [10]
PO, Si0,, NO;-, NO,-, NH,*,
KoopnuHate! Mmecta otoopa ipo6 | [myouna, m| S, %o | O,, Mi/a MKM/1 KM/ MKM /1 MKM/1 MKM /1
0,5 17,92 5,03 0,00 1,9 1,59 0,03 0,45
44,614° c.1. 33,573° B.1I.
19,5 17,98 0,71 5,2 29,7 1,47 0,01 35,19
Tabauya 3
Table 3
Cpennee comepxaHue, CKOPOCTb U BpeMs ynajieHus (pocdaToB U3 aAKBATOPHU PA3HBIX YACTEN
CeBacTonobckoii 0yxThl, AE BbiieIeHHbIX aKBATOPHA
Average content, time of phosphates removal from the different water area of the Sevastopol Bay
and AC of the allocated water areas
XapakTepucTuka FOxHas 6yxta S | 3amagHast yacte W | LlentpanbHas yactb C | Bocrounast yacts E
CpenHee comepxaHue, MKM /1t 0,146 0,132 0,090 0,154
CpemHsisi CKOpOCTb yaneHust, MKM/JT B CyT. 0,0070 0,0038 0,0040 0,0040
MakcumasibHasi CKOpOCTb yajaeHust, MKM/J1 B CyT. 0,0195 0,0242 0,0236 0,0114
Bpewms ynaneHus, cyT. 21-24 29-35 22-27 38—39
AE,,, MM B rox 2,92 1,91 1,66 1,60
AE akBatopuu, Kr/rox 930 2000 1173 643

Pe3yabTaThl ce30HHBIX OTJIMYMI B cofepkaHuu pocdatoB B Bogax CeBacTOINOJbCKON OYXThI B MOCAEAYIOIINIA
nepuon BIUIoTh 10 2017 roma mpuBeneHsl B [25]. OTMeuaeTcss HEKOTOpPOe yBeJIMUEeHUE coiepxXaHus docdaToB
B JICTHUIT TIEpUOA OCOOCHHO B IIPUIOHHOM CIIO€ BOII, KOTJA CPEeIHsII KOHIICHTPALWSI Ha IIPUIOHHOM TOPU30HTE
MpeBbIlIaga KOHLIEHTPALIMIO Ha MOBEPXHOCTH OoJiee yeM Ha 60 %. ABTOpPBI [25] 0OBICHSIOT 3TO yCBOEHUEM (Poc-
(aToB GUTOMIAHKTOHOM U CE30HHOI cTpaTU(UKALIMEit BOI OYXThI.

PactsiHyTOEC BO BpemeHu ymajieHue ¢ocdaToB B BOCTOUHOM yacT CeBacTOMOMBCKONM OYXTHI MOXKET CBUIE-
TEJBCTBOBATh O HAKOIICHMU MX B JOHHBIX TPYHTAX M MOBBLIIMICHNM PUCKAa BOSHUKHOBEHUS BTOPUYHOTO 3arpsi3-
HEHUs aKBaTOpUU. DTO TTOATBepKaaeTcs B padote [13], roe o pesynbrataM akcnenuumeii MI'UM PAH B cenTsiope
2009 r. mpuBeneHa wH(opMaiusi 00 UCKYCCTBEHHOM yriyosnenue nHa (riayounsl 19—20 M) B paiioHe rjiaBy4ero
JI0Ka, pacIioJIOXKeHHOT0 Y I03KHOTO Oepera B BOCTOUHOM yacTh CeBacTOMOIBCKOM OYXThl (0003HaYEHO 3BE3MOYKOM
Ha puc. 1). [To mHeHuI0 aBTOpPOB [13] Takoii penbed AHA B TEIUIBIM MEPUOJ Iroja JOJKEH CIIOCOOCTBOBATH BO3-
HUKHOBEHMIO TIPUIOHHON TMITOKCUM, a MHOTIA M 00pa30BaHMIO CEPOBOIOPOIA U, KaK CICACTBUC, YBEIUICHUIO
conepxkaHus ocdarton. Takas cuTyauus Mo pesyjbraTaM CbeMKHU B epuoa MexxeHU 8 ceHTs10pst 2015 romga oTpa-
>keHa B pabore [10]. B aToit paboTe npuBenaeHbl JaHHBIE O comep:KaHuU (hochaToB B paiioHe MIaBy4Yero J0Ka Ha
TMOBEPXHOCTU U TTOBHIIIICHUY KOHLIEHTPAIIUK A0 5,2 MKM /1 B IPUIOHHOM CJIO€ C OMHOBPEMEHHBIM YMEHBIIICHUEM
Collep>KaHMsT OKMCICHHBIX (POpM a30Ta (HUTPUTOB M HUTPATOB), 32 CYET KOTOPHIX ITPOUCXOIUT OKMCIIEHUE OPTaHM -
YECKOTI'0 BEIlIeCTBA B YCIOBUSIX Ne(hUIIMTA KUCIOPOaa, U YBEIUICHUEM COIEPKaHUSI aMMOHMSI (BOCCTAHOBJICHHOI
(opmer azora) (Tad. 2).

Pacuet ckopoctu ynanenust ochaToB M3 MOPCKOM Cpebl TTOKa3a, YTO B F0KHOM yacTu CeBacTOIOIbCKON
oyxtel (FOxHast O6yxta — paiioH S) oHa TTOYTH BABOE BhIIIE, YeM B ee ceBepHoii akBaTopuu (paitonsl W, C u E).
BmecTe ¢ TeM, Ipy OTHOCHTEJIBHO PaBHOM CKOPOCTU 3JITMMMHALIMU B BBIACICHHBIX paiioHax CeBacTOMNOIBCKOM
OyXThl (32 UCKJIIOUeHMEM palioHa S) Ha ymajleHue MUHepajabHoro gocgopa u3 BocTtouHoro paitoHa E Tpebyercs
OoJibllie BpeMeH!, YeM U3 1ieHTpabHoro C u 3amagHoro W palioHoB akBaTopuu (Ta01. 3).

C yueToM (paKTUIECKOTO 00beMa BBIICICHHBIX aKBaTOPHUI [2] ITpr paBHOMEPHOM (TUTAHOBOM) TTOCTYIICHUN
(ocdaToB B Bogsl CeBacTOMOJIBCKOI OYXTHI, COTJIACHO IMOJTYyYeHHBIM HaMU pe3yjibTaTaM, KOJIMYeCTBO €ro 3a IOl He
JOJIKHO peBbIlath 0,6 T B BOCTOUHOM YacTu akBatopuu (paiioH E), 0,9 T B FOxHoi1 6yxTe, 1,2 T B IEHTpaJIbHOM Ya-
ctu (paiion C) u 2,0 T B 3armagHoi gactu (paitoH W) (Tabur. 3). Takum o6pa3oM, ITo HAIIlIMM pacueTaM HanboJree mpo-
OsieMHoli akBatopueill CeBacTOINOAbCKOIH OYXThl B OTHOIIEHUW HEopraHuveckoro (ocdopa sBISIETCS BOCTOYHAS

119



Cogea E.E., Mesenyesa U.B., Xmapa T.B.
Sovga E.E., Mezentseva 1.V, Khmara TV,

paioH S paioH C panioH E pailoH W

yCTOWYMBOIro
Gnaronony4usi

-2.0 -

Puc. 7. BenuuuHbl mokazaTelsisi 9KOJOTMYECKOTO OJIaromoiyuus
9KOCUCTEM BbIICJIEHHBIX paiioHOB akBaTopuu CeBacTOIOJbCKOM
OyXTHI /151 HeopraHudeckoro ocgopa B 1998—2012 rr.

Fig. 7. Values of the indicator of ecological well-being of ecosystems
of the selected areas of the Sevastopol Bay water area for inorganic
phosphorus in 1998—2012

KyTOBas 4YaCTh OYXThl, OCOOEHHO B MEepUOIbl MexkeHU. OOpallilaeM BHUMaHKE, YTO MPUBEIEHHOE KOJIMYECTBEHHOE
OrpaHMYEHME TTOCTYIUIeHUS (ochaToB BO3MOXKHO TOJIBKO ITPU paBHOMEPHOM (TIIAHOBOM) TIOCTYIIJICHUH UX B aK-
BaTOPUIO, a B YCJIOBUSX aBapUITHBIX COPOCOB TP OLIEHKE CTIOCOOHOCTH K CAMOOUMIIIEHUIO CJIEIyeT OPUEHTUPO-
BaThCs Ha yueabHyo BennuuHy AE (Tabi1. 3), KoTopasi HO3BOJISIET OLIEHUTh JOIYCTUMYIO HArpy3Ky Ha UCCIICAYEMYIO
aKBaTOPMIO BHE 3aBUCHUMOCTU OT 0ObeMa ee BO/I.

ITosyuyeHHas pacueTHBIM ITyTeM BelnurHa AE T03BOJISIET TaKKe OLIEHUTh 9KOJIOTMIEeCKOe 0JIaroIoIydne nc-
cenyeMoii akBaTopuu. Pe3ynbraThl pacueTa Imokasaresisi 9KOJOTMYeCKOro 0J1aronoiiydust Imo coaepxkaHuio (oc-
(aToB Mg BcexX BBIICICHHBIX paifloHOB akBaTopuM CeBacTOITOILCKOI OYXTHI (pHC. 7) MOKa3ajau, YTO BeIWIMHA
nokazarens I1;, Haxonures B nuarnasone ot —1,50 mo —1,92 (popmyna pacdera cM. B paszaeiie «Marepuaisl 1 METO-
IIbI»). DTO CBUAETEILCTBYET 00 YCTOMYMBOM 0J1ar0NOJYyYMU BCei SKOCUCTEMbI OYXThI B OTHOLIEHMY MUHEPAIbHOIO
(ocdopa. Harpyska Ha akBaTOpMIO He MPEBBIIIAET €€ CAMOOYUCTUTEIBHOM CIIOCOOHOCTH U, COOTBETCTBEHHO, HE
HapylIaeT ee HOpMaJIbHOTO (PYHKIIMOHUPOBAHUSI.

AHanu3upyst CaMOOYUCTUTEIbHYIO CIIOCOOHOCTD MCCIeAyeMbIX akBaTOpuii CeBaCcTOMOIbCKOI OYXThI C y4ETOM
MX TUAPOAMHAMMYECKOTO PEKMMA, CJIEAYET OTMETUTD CIIEAYIOLIEE: 1J1s1 BOCTOUHOM KYyTOBOI YaCTU OYXThI COIJIACHO
TOJTYYeHHBIM MOIEJIBHBIM pacdyeTaM B ITIepHOIbI ITAaBOAKOB IIUPKYJISIINS B TIOBEPXHOCTHOM CJIOC BOJI CIIOCOOCTBY-
eT pacripocTpaHeHno 3B Ha Bcio akBaTopuio OyxThl. B mepuoa MexkeHu B BOCTOYHOM YacTu OyXThI IMpeodagaoT
Te4YeHUsl, HallpaBjIeHHbIe K YCThiO peKu YepHOil U B MOBEPXHOCTHOM, M B IIPUIOHHOM CJIO€ BOJI KaK IIPU CeBe-
po-3amamxHOM, TaK U IIPH 3aIllafHOM HallpaBJICHUH BETPa, YTO CIIOCOOCTBYET HAaKOIUIEHUIO 3B B 3T0If 9acT OyXTHI,
YMeHbIIIasi TAKUM 00pa30M ee CITOCOOHOCTh K cCaMOOYHILeHUIO (Tab. 3).

4. 3akouyenue

IToka3zaHo, YTO yMEHbIIIEHUE CAMOOYUCTUTEIbHOM CIIOCOOHOCTH SKOCHCTEM BhbIIEICHHBIX akBaTopuii CeBa-
CTOIIOJILCKOIT OYXTHI B OTHOIIIEHUHM HEOPTaHMIECKOTO hocopa onpeaeasieTcss KaK HUTMINEM U KOJTMIECTBOM €TO
MOCTYIUIEHMSI, TaK U CIEUU(PUKON THIAPOANHAMUYECKOTO pexKrMa BbIAEJIEHHBIX aKBATOPUT 1 MOp(OMETPUUECKU -
MU OCOOEHHOCTSIMU CTPOEHUS JHA.

Hnsa skocucteMbl FOXKHOIT OyXTHI, COTJIACHO MPOBEACHHBIM YMCICHHBIM 3KCIIEpUMEeHTaM, THAPOINHAMIYC-
CKUI pexknM XapaKTepusdyeTcs 3aTpyAHEHHbIM BOJOOOMEHOM C OCHOBHOI akBaTopueii. BeHTuInpoBaHue Boj
akBaTopuM FOKHOI1 OyXThI ompeeisieTcs BOCHOBHOM BETPOBBIM PEXXMMOM, B pe3yJbTaTe KOTOPOTO IMPOUCXOIUT
100 3anupaHue BoJ, MO0 BEIHOC UX 3a €€ Tpeaesibl, YTO, 0€3YCIIOBHO, CKa3bIBAETCsI Ha CIIOCOOHOCTU K CaMO-
OUYMIIEHUIO.
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Haubonee mpo6ieMHONI O CTOCOOHOCTU K CAMOOYMIIEHNIO B OTHOILIEHNU HEOpraHn4yeckoro ¢gocdopa oka-
3aj1ach BOCTOYHas KyToBasi yacTb CeBacTonoibcKoii OyxThl. Mcrionb3yemblit mpu pacyeTax aHaJIM3 MHOTOJIETHUX
9KCIEeIUIMOHHBIX JTaHHBIX MI'U 1moka3zait, 4To OCHOBHOE BJIMSIHAE OKa3aau 00bEeMBI TTIOCTYIAOIINX BoI peku Yep-
HOI B MepuoIbl 3MMHUX MAaBOIKOB U JIETHEN MEXEHU, a Takke MOPHDOMETPUUECKOE CTPOEHUE NTHA aKBATOPUU.
B pesyabTaTe aHTPOMOTeHHOTo YIyOaeHUs 1HA HAa OMHOM M3 CTaHLMI B BOCTOUHOI YacTU OyXThl TPOSIBUIACH Xa-
pakTepHasi IJIs1 HeopraHuueckoro ¢ocdopa crmocoOHOCTh HAKOTUIEHUS B TIOHHBIX OTJIOXKEHMSIX U BTOPUYHOTO T0-
CTYIUIEHUS €T0 B BOAHYIO aKBAaTOPUIO B PE3YJIbTATE TUITOKCUU U BOCCTAHOBUTEJIBHBIX YCIOBUI B IEPUOM MEKEHMU.

B cooTBeTcTBMU ¢ pe3yabTaTaMu pacyeToOB aCCUMUJISILIMOHHON €eMKOCTH BOJIbI BbIIEICHHBIX pailoHoB CeBacTo-
MOJTLCKOM OYXTHI MOIMAAI0T B 30HY YCTOMYNUBOTO 9KOJIOTMUYECKOT0 0JIarornoydusi B OTHOIIEHUH HEOPraHUYeCKOro
(ocdopa, HECMOTPS Ha Pa3HYIO CIIOCOOHOCTh K CAMOOYUILEHUIO, OTJIUYUS B UX TUAPOJIUHAMUYECKOM PEXUME,
MopdoMeTpruYecKre 0COOEHHOCTHU JHA.

5. duHaHCHpOBaHUE

PabGora BeIMOTHEHA B paMKax TocyaapcTBeHHOTO 3amanus 1mo TeMe Ne 0555-2021-0005 «KomrieKcHbIe MeXK-
JIUCLIMIUIMHAPHBIE UCCIeI0BAHUS OKEaHOJOTMYECKIX ITPOLIECCOB, ONPEAS/ISIOIINX (DYHKIIMOHUPOBAHUE U SBOJIIO-
LU0 3KOCHUCTEM MPUOPEKHBIX 30H YepHOoro n A30BcKoro Mopeit» (tmmdp «I1pubdpexXHbIe NcCaeIoBaHUSS» ).
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AHHOTAUMS

ITo naHHBIM TMAPOOINTUYECKUX ChbEMOK, BBITTOJIHEHHBIX B CEBEPHOI yacTu YepHOro Mopsi 1Mo OAHOI U TOM ke CeTKe B Ie-
puoz ¢ 2016 110 2020 rT., yTO4HEHbI 0COOEHHOCTH TOPU3OHTAIBHOM 1 BEPTUKAIBHO CTPYKTYPHI MOJIst OOIIEr0 B3BEIIEHHOTO Be-
LIECTBA U OLIEHEHA UX CBSI3b C paclpeneeHUsIMU MoJieli TeMIepaTypbl BOJAbI, COJIEHOCTH U MI0THOCTU. [TokazaHo, 4TO OCHOB-
HBIMU MCTOYHUKAMU MOBBIILIEHHON KOHLEHTPALIMU OOIIeT0 B3BEIIIEHHOIO BEIlleCTBAa B TOBEPXHOCTHOM CJIO€ CEBEPHOI YacTH
UYepHoro Mops SIBISIIOTCST HU3KOCOJIEHbIe M MyTHBIE BOAIbI, MocTymnaloniie u3 KepueHnckoro rnponusa, Boasl ctokoB Puonu, MH-
TYpU U JIpYTUX PEK Ha BOCTOKE aKBaTOPUU U pacripecHeHHbIe Bojbl JIHernpa, JIHecTpa u JlyHast, pOHUKAIOIe Ha aKBATOPUIO
CBEMOK C ceBepo-3amnanHoro menbda. B rmybokoBonHOI YacTu MOpsI MOTYT MIPOCTIEKUBATHCS JIOKATbHbIE 00JaCTU MYTHBIX
BOJl, BOBHUKHOBEHME KOTOPBIX CBSI3aHO C 0COOEHHOCTSIMU BEPTUKATBHOMN LIMPKY/ISLIMU B 30HAX IUKJIOHUYECKUX KPYyTOBOPOTOB
1 MeaHapoB OcHoBHOro YepHomopckoro TeueHus. BepTukaabHasi CTpyKTypa KOHLIEHTpAIIMK OOI1IEero B3BEIIIEHHOTO BEIIECTBA
XapaKTepU30BaJlach BEpXHUM KBa3MOIHOPOIHBIM CJI0€M, OOBIYHO COBMAAAIOIIMM IO TOIIIMHE C BEPXHUM KBa3UOIHOPOIHBIM
CJI0E€M B TIOJISIX TEPMOXAJIMHHBIX MTapaMeTpoB. B mpenenax 3Toro ciost MexXay 3HaYeHUSIMA KOHUEHTPALMKU OOIIEeTO B3BEILEH-
HOTO BEUIeCTBA U 3HAYEHUSMU TeMIIepaTypbl U COJEHOCTU HaOJofalach 3HaAUYMMasl JUHEHas OTpULaTe/IbHasi KOPPEIsius
Y 3HAUEHUSIMU TJIOTHOCTU — TOJIOKUTeNbHast. [TTy0ke, B c710€ Ce30HHBIX TEPMOKIMHA ¥ TUKHOKJIMHA, MTPOCIEXKUBAIICS TTOITO-
BEPXHOCTHBII MaKCMMYM KOHIIEHTpallMK OOIIeTo B3BEIIEHHOIo BellecTBa. B o0sactsx, rae Habmoqaics MaKCUMaJIbHbIN Bep-
TUKAJIbHBIN TPAAUEHT TEMIIEPATYPhl, TONIIMHA CJIOS TIOBBIIIIEHHOW MYTHOCTHA YMEHbBIIIAJIACh MTOYTH HA TTOPSIIOK 110 CPABHEHUIO
¢ paiioHamu, TIe rpaiueHT TeMIepaTypbl ObLT Cl1ab0 BbIpaxkeH. Hike sapa XoJ10qHOro MpOMeKyTOYHOTO CJI0s B CJI0€ OCHOBHBIX
TEPMOKJIMHA, TAJIOKIMHA U TUKHOKJIMHA TPOCIEXUBAJICS TIPOMEXYTOUYHBIIT MUHUMYM KOHIIEHTPAlUK OOIIETO B3BEIIEHHOTO
BeniectBa. [log 3TMM MUHUMYMOM pacrojiarajcs eile OauH CJION MOBBIIIEHHBIX 3HAYEHUI KOHLIEHTpalMK1 OOIIEro B3BEIIEH-
HOTO BeIlIeCTBa, ITyOMHA KOTOPOTO COBMAAaa ¢ IITyOMHOI BepXHeil TpaHUIIbI CEPOBOJOPOTHOIT 30HBI.

KimoueBbie cioBa: oO1iee B3BelieHHOe BelecTBo, YepHoe mope, OcHoBHOe UepHoMopcKkoe TeueHue, TemmepaTypa BOIbI, CO-
JIEHOCTb, MJIOTHOCTb, LIUPKYJISILIUS, BEpXHUI KBA3UOTHOPOIHBII CJIOM, TEPMOKJIMH, MUKHOKJIMH, TaJIOKJINH
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Abstract

Here we describe the features of the horizontal and vertical distribution of total suspended matter in the northern part of the
Black Sea and their relationships with the water temperature, salinity, and density fields measured at the identical grid during
hydro-optical surveys from 2016 to 2020. The results show that the primary sources of increased total suspended matter concen-
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trations in the northern part of the Black Sea are low-salinity and turbid waters of the Kerch Strait; runoffs of the Rioni, Enguri,
and other rivers in the east of the survey area; together with freshened waters of the Dnieper, Dniester, and Danube runoff from
the northwestern shelf. Higher turbidity was observed in the deep-water part of the sea, associated with the cyclonic gyres and
meanders of the Rim Current effects. The total suspended matter vertical structure features an upper mixed layer, which usually
coincides in thickness with the upper thermohaline upper mixed layer. Significant negative correlations were found for this layer
comparing total suspended matter concentration versus temperature and salinity, while the correlation appears positive with den-
sity values. Below, a total suspended matter subsurface maximum was observed in the seasonal thermocline and pycnocline layer.
The high turbidity layer appeared almost an order of magnitude thinner in the regions of maximum temperature gradients versus
the areas where the temperature gradient was weak. A local total suspended matter minimum occurred below the cold intermediate
core, corresponding to the main thermocline, halocline, and pycnocline layer. Beneath this minimum, there was a local increase
of total suspended matter coinciding with the upper boundary of the hydrogen sulfide zone.

Keywords: total suspended matter, Black Sea, Rim Current, water temperature, salinity, density, circulation, upper mixed layer,
thermocline, pycnocline, halocline

1. Benenne

MHTeHcruBHOE OCBOeHUE 1ieJibtha, ObICTPBII POCT MPUMOPCKUX TOPOAOB, KYPOPTHBIX OOBEKTOB M MaccoBasl 3a-
CTpoliKa Modepexbst MPUBOASIT K 3HAUMTEIbHOMY YCUJICHUIO aHTPOITOTEHHOTO BO3/IEUCTBUSI HAa 9KocucTeMy Yep-
Horo mMops [ 1—3]. BmecTe ¢ pedHbIM CTOKOM B MOp€ TIOTIaIaloT Pa3InIHbIe TTPOMBIIIIIEHHBIE, CEThCKOX03SHCTBEH-
Hble U OBITOBbIE 3arpsi3HSIOLINME BellecTBa. B CBSI3U ¢ 9TUM BO3pacTaeT aKTyaJbHOCTb OLIEHKU 3KOJOTMYECKOTo
COCTOSTHUSI BOJI YepHOro Mopsi, KOTOPOE B 3HAUUTEIbHON CTETIEHU OTPaXKaeTcsl B UX TUAPOONTUYECKOI CTPYKTYpe.
BaxxHyto poJib B (hOpMUPOBAHUU TTOCIETHEN UTPAET B3BELIEHHOE BEIIECTBO [4—06], MHAMKATOPOM COIEepKaHUS KO-
TOPOTO sIBJsIeTCs mokasaTesab ocnabneHus ceeta (ITOC) [7—12].

B nacrosiiiee Bpemsi B BeptukaibHoM pactipeneneHur [10C B rmy0OKOBOIHOI 4acTu MOPSI BBIACIISIIOT YEThIPE
OCHOBHBIX CJIOST: TTOBEPXHOCTHBIH, TTPOMEKYTOUHBII, ITOTPAHUYHBIN U TTyOMHHBINH |7, 12]. [ToBepXHOCTHBII c0oit
pacrnojaraetcs B (QOTMUYECKOM 30He MOPSI, HUXKHSISI TpaHK11a KOTOPOTo B cpelHeM Kosiebsercs B npenenax 40—70 m.
B neTHuii mepuon 9TOT ol XapakTepu3yeTcsl HaInurMeM HecKoiibKux MakcumymoB [1OC, npu 3ToM OCHOBHBIE
MaKCUMYyMbI HaOJIONAI0TCS B CE30HHOM TEPMOKJIMHE U B BEPXHEU 4aCTU OCHOBHOTO rajiokyiuHa [7]. B menbdo-
BOI1 UaCTU MODSI B BEPTUKAIbLHOM pacrnpeaeneHun Habaonaercst oobiuHO oguH Makcumym [1OC [12]. B 3umHuii
MEePUO/I BCIAENICTBUE OTCYTCTBUSI CE30HHOTO TEPMOKJIMHA B TIOBEPXHOCTHOM CJIO€ ITYOOKOBOJHOM YacTU MOpSI Ha-
omonaercst onuH MmakcumyM [1OC, a B menbchoBoit 30He pacripeneneHue [1OC omHopoaHo mo BepTukanu [7, 12].

ITpoMeXXyTOUHBIN CI0i1 OTIMYaeTCsl BBICOKOM MPO3payHOCThIO BOA U pacroiaraeTcsl Ha riyouHax 50—150 m.
TonmmHa ero getom He npeBbiaeT 30 M, 3UMOI MOXKeT yBennuuBaTbes 10 80 M. CunuTaeTcs, 4TO BbICOKas TpO-
3pavyHOCTh BOJIBI B 9TOM CJIO€ CBSI3aHA C OTCYTCTBUEM 3/IECh YCIOBUI 1JIsI HAKOTUIEHUSI OpraHNYecKoil B3BecH |7,
12]. 'nyGxe, B 001acTy nepexoaa KUCIOPOAHOM 30HbI B CEpOBOIOPOAHYIO (CYOKHCIOpOoaHAs peaokc-30Ha [13]),
OBLJI0 OOHAPYKEHO YBETMUEHNE MyTHOCTH, CBSI3aHHOE C BBLICOKMM COJIEPXKaHNUEM B3BEIIEHHBIX YACTUIL, U3 KOTOPBIX
93 % MpUXOaUTCS HAa HEOPTAaHWYECKYIO B3BeCh, a 7 % Ha opraHnveckyio [7, 14—18]. B rimyGuHHOM clioe, KOTOPbIi
HauMHAaeTCsl C BepXHell rpaHullbl CEPOBOAOPOAHON 30HbI, BepTuKaabHoe pacnpeneiaeHue [1OC xapaktepusyercs
MOHOTOHHBIM BO3pacTaHUEM C INIyOMHOII B KOPOTKOBOJHOBOM ((PHOJIETOBOM) ydacTKe CIIEKTpa, a B IJIMHHOBOJI-
HOBOM (kpacHoM) yuactke BesmurHa [TIOC ocTaercs mocrosiHHoO# Ha Beex rimyouHax [ 14—20]. CornacHo [20] aTo
MOXET OBITh CBSI3aHO C TEM, YTO B KOPOTKOBOJIHOBOM YaCTH CIIEKTPa MPOUCXOIUT MHTEHCUBHOE TMOTIJIOIIEHHE CBe-
Ta XEJIThIM BEILIECTBOM, BXOSIIMM B COCTAB PACTBOPEHHBIX OPTaHUUYECKUX COCTUHEHUI, TIPU 3TOM IOTJIOIIeHUE
CBeTa XeJIThIM BEIIECTBOM PE3KO YObIBAET C YBETMUEHUEM JUTMHBI BOJIHBI U B JUTMHHOBOJIHOBOI 00J1aCTU BUAMMOTO
CIeKTpa MpakTUUYeCcKu He BauseT Ha BeauuuHy [TOC.

HccnenoBanust ocoOEHHOCTE TOPU3OHTAIBHOTO paclpeie/IeHUsI MPO3PAaYHOCTH MTOKA3aIu, YTO B IOBEPXHOC-
THOM CJIO€ HamboJiee MyTHbIe BOMIbI HAOMIOAAINCH HAa CEBEPO-3aMaHOM Iesibde, UTO CBSI3aHO ¢ MHTEHCUBHBIM
PEYHBIM CTOKOM [7, 9—12, 21, 22]. B ropu30HTaIbHbBIX MOJISIX TUAPOONITUYECKUX TapaMETPOB BbISIBJIEHA CUHOITH -
YyecKasi U'3BMEHYMBOCTD B BUJIE YepeI0BaHUsI 00J1acTeil 6osiee mpo3payHbIX U 60siee MyTHBIX BOJ, IIPU 3TOM MaclITa-
OBl CHHOTITUYECKUX 00pazoBaHuii coctaBisioT 10—100 kwm [12, 22].

ITosyyeHHBIE 0OLIIME MTPEACTABACHUS 00 U3MEHUYMBOCTU TUAPOONTUYECKOI CTPYKTYpbl HepHOro Mopsi, 0cCoOOeH-
HO B €ro IIyOOKOBOIHON YacTu, 6a3UpyI0TCs Ha TAHHBIX AMNU30[MYECKUX U3MEPEHUI B pa3HBIX aKBATOPUSIX, B pa3-
JIMYHBIE CE30HBI 1 TOJIbI, UTO 3aTPYIHSIET BhISIBJICHUE 3aKOHOMEPHOCTE ! IBMEHUMBOCTH TUAPOOTITUUECKUX TTOJIEl Ha
Pa3IMYHBIX MPOCTPAHCTBEHHO-BPEMEHHbBIX MacilTabax. Kpome Toro, njisi MHTEpHpeTaluy pacrpeaeaeHuit rtuapo-
ONTUYECKUX MapaMeTPOB HEOOXOIMMbI KBa3UCUHXPOHHbIE U3MEPEHUST TEPMOXATMHHBIX XapaKTEPUCTUK U UHCTPY-
MEHTaJIbHbIe U3MEPEHUSI TeueHUi. Takue u3MepeHus peryIsipHO Havaiu mpoBoauThest ¢ 2016 I. B ceBepHOI yacTu
Yepuoro mopst Ha HUC «I1podeccop BoasiHuukuii». HekoTopble pe3yabTaThl 3TUX UCCAEI0BAHUIA 1JIS1 OTAEIbHBIX
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CBEMOK OTpaxKeHbI B padoTtax [23—28]. B naHHOi1 paboTe Ha OCHOBE 0O0OIIEHUS BCEX UBMEPEHUIA, BHIITOJTHEHHBIX
B rieprion ¢ 2016 o 2020 rr., aHaTU3UPYETCST CBS3b MPOCTPAHCTBEHHOM CTPYKTYPhl KOHLIEHTPALIMK OOIIErO B3BE-
weHHoro BelecTBa (Copp) € pacnpeneIeHUsIMU TUAPOJIOTMYECKMX TapaMeTpOB M LUPKYJsiuueid Bog. OTMeTuM,
YTO 1O KOHIIEHTpAIIMEe 00IIero B3BEIICHHOTO BEIIeCTBA B pab0Te TOHUMAETCSI KOHIICHTPAIINS BCEX B3BEIIIEHHBIX
YaCTUll, KOTOPbIE OCTAIOTCSI Ha (PUIbTPE MTPU UCITOIb30BaHUY TOTO UM MHOTO CIocoda (puabTpoBaHus.

2. Marepuajbl 1 METOIbI

T'mapoonTuueckue v Tuapoorndeckue ucciaenobanus rnpopoamnnch Ha HUC «ITpodeccop BoasHuiikuii» mo
eNMHOI cxeMe CTaHIIMi B ceBepHoil yact YepHOTro Mopst oT M. TapxaHKyT 10 TpaHUIILI ¢ AOxa3ueil. 3a mepuos
2016—2020 IT. B pa3IMYHbIe Ce30HbBI OBIIN BBITTOJHEHBI JeCITh KPYITHOMACINTAOHBIX CheMOK (Tabi. 1). Creayet
OTMETHUTD, UTO HEOJIArOIPUSITHBIC TIOTOMHBIC YCIOBUS 1 3aKPBITHE HEKOTOPHIX PaliOHOB TSI pabOT He BCermaa Io-
3BOJISTA BBITIOJTHSITh Ch€MKH B TIOJTHOI Mepe TT0 3aTIaHUPOBAHHON CXEME.

ITpu npoBeneHUM TUAPOONTUYECKUX U3MEPEHUI UCIIOIb30BaJICI 30HAUPYIOLINI CIeKTPaIbHbIif U3MEPUTEIb
nokasateJist ocaadneHust HarpasiaeHHoro ceeta CUIT0 4 [29], pa3paOoTaHHBIN B OTAEE ONTUKU 1 OMODU3MKI MOPST
Mopckoro runpodusnueckoro nHctutyra PAH. M3mepenus ITOC npoBoauinck B KpacHOM 06JacTy cieKTpa Ha
JUIMHE BOJIHBI 625 HM ¢ BepTUKaJIbHBIM pa3pelieHreM 0,1 M OT MOBEPXHOCTH JI0 MPEAETbHOM [TyOMHbBI U3MEPEHUI,
KOTOpasl B pa3HBIX peiicax B 3aBUCHMMOCTH OT BpEMEHH, OTBEICHHOTO JIJIST TUAPOONTUICCKUX U3MEPEHUM, 1 TTIOTOM-
HbIX ycsioBuii uaMensiach ot 50 1o 200 M. KoHuieHTpaius obiero B3eiieHHOro BeulectBa (OBB) paccuuThiBaiach
Ha OCHOBE AMIUpUUYecKoro cootHoleHus Copp = 1,514 X TTIOC(625) — 0,23, nmosy4eHHOTo paHee ISl CeBEPHOI
yactu YepHoro Mopst Ha OCHOBE MaccuBOB JaHHBIX n3MepeHuii ITOC u onpeaenenns konueHTpauuu OBB rpaBu-
METPUYECKUM METOIOM IO TIPOOaM BOJIbI, KOTOPbIE NOTIOTHUTEIBHO OTOMPATMCH HA CTAHITUSIX COBMECTHO C U3Me-
penusimu [TOC [28]. M'uaponoruueckue namepeHus: BoIMOJHsIMCH 3oHIupytomuM CTD komrnekcom Sea-Bird 911
plus, cKOpOCTb M HampaBaeHUe TeueHU u3mepsuinuch npodunorpacdpom teuenniit ADCP WORKHORSE-300 kHz.

JUis1 OLIEHKH COTJIaCOBAHHOCTU MPOCTPAHCTBEHHBIX pactpeaeseHuit Copp U TEPMOXATMHHBIX TAPAMETPOB U €€
M3MEHEeHUs ¢ INIyOMHOI Ha KaXX[I0M TOPU30HTE C MUCKPETHOCTHIO 1 M IO COBOKYITHOCTM BCEX CTAHILIMIA ObUIU pac-
cuuTaHbl KO3hMULUMEHTH! TMHENHOM Koppeasiuuu Mexay 3HaueHUsIMU Copp Ha KaX0i CTAHLIMU U 3HAaYEHUSIMU
TEMIIepaTypbl, COJIEHOCTU U TUIOTHOCTU. KpoMe Toro, olleHMBajach JIMHEHHAsT KOPPEJSIus MeXIy TIyOnHamMu
3asieraHust MaKCUMyMOB Copp M Pa3TMYHBIX U30MOBEPXHOCTEN B TEPMOXATMHHBIX MOJISIX (HUKHEH TPAaHULIBI BEPX-
HEro KBa3MOIHOPOIHOTO CJIOSI, CJIOST CKauKa, XOJOIHOTO TIPOMEKYTOUHOTO CJI0SI, TPAaHMIL PEIOKC-30HBI, BEpXHEit
TPaHULIBI CEPOBOIOPOIHOM 30HbI, OMPENeISIEeMOI IO TTOJOKEHUIO U30MUMKHBI 16,2 yCII. e1.).

3. Pe3yabTaThl

AHaJM3 TOPU3OHTATIBHEIX pactpeneneHuil Copp B TOBEPXHOCTHOM CJIOE TIO3BOJIMIT BBISIBUTH HEKOTOPHIE OOIIINE
3aKOHOMEPHOCTH, KOTOPBIE MOKHO OOBSICHUTH OCOOEHHOCTSIMM THUIPOJIOTMIECKOM CTPYKTYpHI Boi. B Tipenenax mo-
JIMTOHOB BBIJIEJISIFOTCSI HECKOJIBKO 00JIaCTeli ¢ SKCTpeMaibHbIM 3HaueHUsIMU Copp, TOSIBICHUE KOTOPBIX CBSI3aHO
C HAJIMYMeM 04aroB (HOPMUPOBAHMST Pa3TMYHBIX BOMHBIX Macc. [IpakTUUeCKH BO BCeX CheMKaX, BHE 3aBUCHMOCTH OT

Tabauya 1
Table 1

Peiicet HUC «IIpodeccop Bonsguunkuii», B KoTopbix nposoauinch namepenus IIOC
Cruises of the R/V Professor Vodyanitsky, in which measurements of the light beam attenuation coefficient were carried out

Peiic, No Hara KonnyecTBo cTaHLIMii
87 30.06—20.07.2016 106
89 16.11-05.12.2016 112
94 22.04—06.05.2017 104
95 14.06—04.07.2017 113
98 14.11-28.11.2017 90
101 14-27.12.2017 62
102 09.06—01.07.2018 122
103 28.08—20.09.2018 147
106 18.04—13.05.2019 142
115 27.11-16.12.2020 76

O06111ee KOJIMYECTBO CTAHIIMIA, HA KOTOPBIX BBIMOJHsIMCH n3MepeHus [TOC — 1102
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Puc. 1. Pacnipenenenust konueHtpaiuu OBB (Mr/i1) B TOBEpXHOCTHOM CJIO€ Y BEKTOPOB MH-
CTPYMEHTAJIbHO U3MEPEHHBbIX TeUEHUI (CM/C) Ha TOPU3OHTE 25 M B MEPUON JETHEIl CheMKKU
2017 1. 3e1eHBIM LIBETOM [TOKA3aHO ITOJIOXEHNE U30XaaIuHbI 18,1 %o.

Fig. 1. Distributions of TSM concentration (mg/1) in the surface layer and vectors of instrumen-
tally measured currents (cm/s) at horizon of 25 m during the summer 2017 survey. The position
of the 18.1 %o isohaline is shown in green

rojga u ce3oHa, K rory ot KepuyeHckoro nposuba u KepueHCKOro 1moJjiyocTpoBa Haba01a1ach 00J1aCThb ITOBBIILIEHHBIX
3HaueHUuil Cppp, 00pa30BaHUE KOTOPOIl CBSI3aHO C BBIHOCOM 00Jiee MYTHBIX U PACITPECHEHHBIX a30BOMOPCKUX BOJL
yepe3 KepueHckuii mponus. Ha mpumepe pacnpeneneHust KoHueHtpauuy OBB 1o nanHbIM jieTHei cbeMku 2017 T.
(puc. 1) BUIHO, 4TO 00IACTb MOBBILUEHHBIX 3HaYeHUI Copp BHITATMBAJIACH BOJIb OOLUMPHOI 30HbI pacCpeCHEHUSs
¢ cosleHoCThIO Hike 18,1 %o, 00pa3yeMoii a30BOMOPCKUMU BOAAMU. DTU BOAbI, COIJIACHO JaHHBIM MHCTPYMEHTAJIb-
HBIX U3MepeHUit TeueHuii, nepeHocsitcss OcHoBHBIM YepHomopckum Teuenuem (OYT) B 3armagHoM HarpaBlieHUU
BIoJb 6eperoB Kpnima. BeIHOC a30BOMOPCKUX BOJ, ¢ MOBBIIIEHHOI KOoHLeHTpayeii OBB n moHmxkeHHOIt coieHO-
cThio 13 KepueHCcKoro mposinBa v UX pacipoCcTpaHEHNE Ha 3aI1ajl XOPOIIo OTPaXKaeTcsl B pacIpeae/ieHUsIX KOHIIEH-
Tpalry B3BEIIEHHBIX BEILIECTB U TEPMOXaTMHHBIX ITapaMeTPOB, MOJYYEHHbBIX MO TaHHbIM ckaHepoB MODIS/Aqua
[30] 1 Mo maHHBIM KJIMMATUYECKOTO MaccuBa ruaposiornyeckux ndmepenuii BOI MT'U [31].

Ente onHa o0macTb BeIcCOKMX 3HaUeHU I Copp HabMIOMa1ach B BOCTOUHOM yacT YepHoro Mopst BIosb 6eperos Kas-
kaza. OHa (hopMuUpoBajiach B pe3yJibTaTe nepeHoca BaojaroeperobbiM motokoMm OYUT Ha ceBepo-3aman MyTHBIX U pac-
MPECHEHHBIX BOJ CTOKOB Puonu, UHrypu u npyrux Oosee Menkux pek, Takux, kak Heuerncyxo, Ame, [llaxe, Coun,
M3sbimra (puc. 2). Ion BusiHEEM 0COOEHHOCTEN IMPKYJISILIMKA BOJL MSITHA BBICOKMX 3HaYeHUI Cppp MHOTIA MpoCIie-
JKUBaJIMCh HE TOJIbKO BOJIM3U KaBKa3ckoro modepexnbsi, HO U B OTKPHITOM Mope. Tak, Mo JTaHHBIM OCEHHEH CheMKU
28.08—18.09.2018 r. B OTKPBITOM YacTH ITOJIMTOHA MPUMEPHO Mexay 36° u 37°B.a., 43,5° u 44,5°c.11. HabII0IaI0Ch
OOLIMPHOE MITHO MOBBIIEHHBIX 3HaUeHU Copp (prc. 2). CorlacHO MHCTPYMEHTAIBHBIM U3MEPEHUSIM TEYEHUI 3TO
MSITHO pacrojiaraioch Ha ceBepo-3arnanaHoii nepudepun KpyrmHoMaciuTabHoro BoctouHoro MKJIOHMYECKOTo KPyroBO-
poTa 1 copMUPOBAIOCH B pe3yiibTate BhiHoca BeTBbio OUT Gostee MyTHBIX Bz OT OeperoB KaBkaza B OTKpBITOE MOpeE.

IMo manHbIM JieTHe#t cbemku B mieproa 09.06—01.07.2018 r. B paitoHe Tyarice HabGIOHAICS MAKCUMYM KOH-
ueHTpaunu OBB, cBs3aHHBII ¢ HATMYKMEM 31€Ch JOKAIbHOIO UCTOYHMKA PACIIPECHEHHBIX M MYTHBIX BoJ (puc. 3).
PacnipocTpaHeHue 3TUX BOJ TPOUCXOAMIIO He BIoJIb KaBKka3cKoro nobepexnsi, a ot 6epera B Ily0OKOBOIHYIO YACTh
(puc. 3). DTO OOBSICHSETCS TEM, UTO B BOCTOUHOI YaCTH TMOJIMTOHA MO JaHHBIM MHCTPYMEHTATbHBIX U3MEPEHU
HabI0aaI0Cch ocyiabjieHne CKOpocTH BaoJibbeperoBoro nmoroka OUT. B To xe Bpemst mexxay HoBopoccuiickom
u Tyarice nmpociexXuBaics aHTULIMKIOHNYECKUI BUXPh, BIOJIb BOCTOUYHOM Ieprdepr KOTOPOTO IMMPOUCXOIUI BbI-
HOC PacTpeCHEHHBIX U 00Jiee MyTHBIX BOJ B OTKPBITYIO INTyOOKOBOIHYIO YaCTh IMOJTUTOHA (puc. 3).
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Puc. 2. PacripeneeHust KOHLIEHTPALMK OOILETr0 B3BEILIEHHOIO BEILECTBA (MI/J1) B IIOBEPX-
HOCTHOM CJIO€ Y BEKTOPOB MHCTPYMEHTAIBHO N3MEPEHHBIX TeUSHU (CM/C) Ha TOPU30HTE
25 M B mepron oceHHell cheMKH 2018 T. 3eJIeHBIM LIBETOM MTOKa3aHO TTOJIOKEHNE U30XaTUH

17,85 %o (Tonkast munust), 18,05 %o (cpemusist munHust), 18,25 %o (ToCTast TMHWST)

Fig. 2. Distributions of TSM concentration (mg/1) in the surface layer and vectors of in-

strumentally measured currents (cm/s) at horizon of 25 m during the autumn 2018 survey.

Green color shows the position of isochalines 17.85 %o (thin line), 18.05 %0 (middle line),
18.25 %o (thick line)
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Puc. 3. Pacnipenenenus konnentpanuu OBB (Mr/m) B TOBepXHOCTHOM ClIO€ U BEKTOPOB

MHCTPYMEHTAIbHO U3MEPEHHBIX TeUeHUI (CM/C) Ha TOPU3OHTE 25 M B MEPHUOL JIETHEM

cpeMku 2018 1. 3e1eHbIM LIBETOM IT0KA3aHO I0JI0XKeHMe n30XaauH 17,9 %o (ToHKas Ju-

Hust) U 18,15 %o (Toncrast TMHUS). 3alITpUXOBaHa 00JacTh, B KOTOPOI TUAPOONTHYE-
CKUE U3MEPEHMS He TTPOBOIMINCH

Fig. 3. Distributions of TSM concentration (mg/l) in the surface layer and vectors of

instrumentally measured currents (cm/s) at horizon of 25 m during the summer 2018

survey. The positions of isochalines 17,9 %o (thin line) and 18,15 %o (thick line) are shown
in green. The area where hydrooptical measurements were not taken is shaded

B ceBepo-3amamHoit YacT IMOJUTOHOB B TIEPUOILI BECEHHE-JIETHUX CheMOK ITPOCICXKNBAIACh €IIe OJHA 00-
JIacThb MOBBIIIEHHBIX 3HaUeHNI Cqpp (puc. 1; puc 4, a). B aToii 06actr, Kak paBuiio, HabIOAATNCH BOJBI TOHU-
JKEHHOM COJIEHOCTH, KOTOPbIE MPOHUKAIU Ha aKBaTOPUIO CheMOK 13 paiioHa ceBepo-3araaHoro ieibda (puc. 1;
puc 4, a). lllenphoBbie BOIBI XapaKTepU3YIOTCS MAaKCUMaIbHON MYTHOCTBIO I MUHUMAJIBHOI COJIEHOCTBIO, 00Y-
CJIOBJIEHHOI BbIHOCOM BoJ pek JAnenp, KOxHbIit byr, Inectp u yHnaii [7, 9—12, 21, 22].
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Puc. 4. Pacnipenenenus konueHtpauu OBB (Mr/i1) B TOBEpXHOCTHOM CJIO€ M BEKTOPOB MHCTPYMEHTATLHO U3MEPEHHBIX Teue-

Hui (cM/C) Ha Topu3oHTe 25 M B niepuon JieTHeit cbemku 2016 1. (a) u koHuentpauuu OBB B nepuon BecenHeit cbemku 2019 1.

(0). 3eeHBIM LIBETOM ITOKA3aHO MOJI0XKeHUEe n3oxaluH 17,9 %o (Tonkas nuaus) u 18,15 %o (Toncrast muuus) (a), 18,45 %o (Ton-
cras muHus) (0)

Fig. 4. Distributions of TSM concentration (mg/l) in the surface layer and vectors of instrumentally measured currents (cm/s) at
horizon of 25 m during the summer 2016 survey (a) and TSM concentration during spring 2019 survey (b). Green color shows the
position of isochalines 17,9 %o (thin line) and 18,15 %o (thick line) (a), 18,45 %o (thick line) (b)

IToMuMoO BhIIIENIEPEYMCIIEHHBIX 00IacTel BEICOKMX 3HAaYeHU KoHeHTpauuu OBB, B rimybokoBogHOiT yacTi
TIOJINTOHA MOTYT IIPOCJIEKMBAThCS JIOKAJIBHBIE 00JIACTA MYTHBIX BOJI, BOSHUKHOBEHNE KOTOPKIX SIBHO HE CBSI3aHO
C PEYHBIM CTOKOM WJIM aABeKILMel MPUOPeXHbIX BOI B OTKpbIToe Mope. [losiBlieHre mogo0HbIX 00acTeil MOX-
HO OOBSICHUTH OCOOEHHOCTSIMU BEPTUKATBbHON HUPKYISIIIUY B 30HAX LIUKJIIOHUYECKUX KPYTOBOPOTOB U MEAH/IPOB.
Taxk, HampuMep, 1O AAaHHBIM JIeTHEN U OceHHel cheMOK 2018 T. B I0XKHOI YaCTU MOJIUTOHOB HAOII0JATUCh 001aCTH
BBICOKMX 3HaUeHU Cqpp, pacnoaramliyecs: Ha nepudepusix IMKIOHUYECKUX MeaHApoB (puc. 2 u 3). B otninuue
OT TIPUOPEXKHBIX BOJ, TTOBBIIIEHHOM MYTHOCTA M HU3KOM COJIEHOCTH, BOIBI C MOBBIIIEHHOM KoHILleHTpaueit OBB
B 30HAX 3THUX MEAHIPOB XapaKTEPU30BaIUCh ITOBLILIEHUEM COJIEHOCTU Ha MTOBEPXHOCTU — Bbille 18,15 %o nerom
u 18,25 %o ocennbio (puc. 2 u 3). Takoe MOBBIIIEHNE MYTHOCTH M COJICHOCTH CBSI3aHO € TTOILEMOM 0o0Jiee COJIEHBIX
TMOAITOBEPXHOCTHBIX BOI U ITOAIIOBEPXHOCTHOTO MaKCMMyMa KoHIeHTpauuu OBB, 4To mpuBesio K MOBBIIICHUIO
3HaueHuit Cypp U CONEHOCTU y MOBEPXHOCTHU. PacripenenieHre riyOuHbI 3aieraHusl MOANOBEPXHOCTHOTO MaKCUMY-
Ma KOHLEHTpalMU B3BECH MTOKA3aJ10, YTO B 00sacTy MoBbIlIeHUsI Copp Ha TOBEPXHOCTH OHA Obl1a MeHee 5—10 M,
B TO BpeMsI KaK B OKPY:KarolINX BoAaxX OHa yBeIWYMUBagach 0o 15—25 m [25].

B 11e;10M 110 JaHHBIM BCeX CheMOK B TITyOOKOBOIHOI YacTh akBaTopru KoHIeHTpalys OBB rmoHmkanace mo mepe
yIajaeHus OT MPUOPEKHBIX UCTOYHUKOB MYTHBIX BOJ, TP 3TOM COJICHOCTb, KaK MpaBUJjIo, yBeJnIuBaiach (puc. 4).

4. Oo0cyxKnenue

KBa3zucuHXpoHHbIe U3MEPEHMST KOHILIEHTPAIIMK OOILEero B3BEIIEHHOIO BEIIECTBA U TUAPOJIOTUUECKUX ITapaMe-
TPOB B IIEPUO/IbI CheMOK IT03BOJIMJIN AaTh HEKOTOPhIE CTATUCTUYECKIE OLIEHKU BBISIBIEHHBIM OCOOCHHOCTSIM CBSI3U
MPOCTPAHCTBEHHOM CTPYKTYPHI TUIPOJIOTUYECKUX MOJieit 1 mosist koHleHTpauu OBB Ha moBepxHOCTH M TIpoaHa-
JIM3UPOBATh U3MEHEHUS ITOI CBSI3M C TITyOMHOI. AHAIM3 TOPU3OHTAILHBIX pacrnpeneaeHnit koHueHTpauuu OBB
1 TePMOXAJIMHHbBIX IapaMeTPoOB, a Takxke KO3 ULIMEHTOB JMHEUHON CBI3M MEXIY 3TUMU paclipeleieHUusIMu
C IWCKPETHOCTHIO 1 M Mo ryOMHe MoKas3ai, YTo B mpeaesaax BepxHero kBasuonHopoaHoro cios (BKC) mexny 3Ha-
yeHUsIMU Cpp U TemniepaTypbl, Copp ¥ COJIEHOCTH Ha KaXK/IOM TOPU30HTE HAOJI01a1ach 3HAUMMast OTpULIaTeIbHAS
TUHeTHas Koppemsius, a Mexny 3HadeHUSIMU Copp U TUIOTHOCTH — TIOJOXUTeNbHas [23, 26]. Takum obpaszom,
0oJiee XOJIOMHbIE U MEHEe COJIEHBIe BO/IbI, KaK MPaBUJIO, UMEJIU TTOBBIIIEHHYI0 MyTHOCTb. DTO CBSI3aHO C TEM, UTO
B 0oJiee XOJIOIHBIX BOAAX, MPUYPOUESHHBIX MIPEUMYIIECTBEHHO K OTKPBITBIM YaCTSIM MODSI, a TAKXKE K alBeJUIMHIaM
MIPOUCXOIUT O0JIce aKTUBHOE Pa3BUTHE OPTaHM3MOB OMOJIOTMYECKOTO IIPOUCXOXIACHMS. B MeHee coleHbIX Bogax
yBesmueHne KoHueHTpaiuu OBB mpourcxonmiao B OCHOBHOM B MPUOPEKHBIX palioHax, IJe 3HAYMTEJbHYIO POJIb
WUTpaeT peYHOM CTOK, 000rallleHHbIN B3BEChIO TEPPUTEHHOIO ITPOUCXOXKIACHNS.

Tonumuna BKC B nosnie Copp CylIeCTBEHHO 3aBUCeIa OT ce30Ha (puc. 5, a) U, Kak MpaBUjIo, COBIaiaia ¢ TOJ-
mrHoi BKC B mosisix TepMOXaTMHHBIX TapaMeTpoB (puc. 3, 6, e, e). B mepro/ ¢ KOHIIa OCEHU 10 BECHbI Ha0ItoaaICs
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xopoio pa3sutelii BKC tommuaoit o 50 M, etoM u B Havase oceHu tommHa BKC He mpesbimmama 5—10 M.
I'ny6o:xxe BKC nipocnexxuBalicsi mMOANMOBEPXHOCTHBIM MaKCUMyM KoHleHTpauuu OBB, Hanbonee 4eTko BhIpaxkeH-
HBIIA JIETOM M OceHbio (puc. 5, a). [mybuHa 3ajeraHus 3Toro MakcuMyma cocTtabisiia jetom 10—13 M, B Hava-
JIe OCeHM yBeauduBaiach 10 18—22 M, B KOHIle oceHu — 10 25 M. PacrnipeneneHusi BepTUKaIbHbBIX IPaJIUEHTOB
temriepatypsl (BI'T), coneHoctu (BI'C) u ninotHoctu (BT'TI) (puc. 5, 6, d, »c) nmokaszanu, 4To riiyOrMHa 3ajeraHus
TMOAIIOBEPXHOCTHOTIO MakKcuMyMa KoHlieHTparimu OBB xopoiiio coBmanaia ¢ riryoMHOM 3ajieraHusT MaKCUMAaJIbHbIX
3HAYEHUN (TT0 aOCOIOTHOI BEIMUMHE) BEPTUKAIBHBIX TPAIMEHTOB TEMIIEPATYPhI U IIOTHOCTHU (pUC. 5, a, 8, Jc).
B 1iesioM B JileTHE-OCEHHMIA epUOA MEXITY TITyOMHAMU 3aJIeTaHus] TTOIITOBEPXHOCTHOTO MakcuMyMa Cqpp M Mak-
cumyMoB BI'T u BI'TI BeIsIBIIeH BBICOKMIT YPOBEHDb JIMHEIHBIX CBsi3eit (Tabia. 2). KpoMe Toro, ycTaHOBJIEHO, UTO
TOJIIIIMHA TTOATIOBEPXHOCTHOTO CJIOST C BRBICOKMMU 3HaUeHUSIMU KoHIIleHTpaunu OBB, 6oee uem B 1,5 pa3a nmpeBbI-
maomuMu 3HaueHNst Copp B BBIIIE- U HUXKEJEXKAIIMX CI0SIX, 3aBUCUT OT a0COJTIOTHOI BEJIMYMHBI BEPTUKAJIBHOTO
rpamdeHTa TeMIiepatyphl. B o01acTsx, roe Habmoaaacs MakcuManbHbiil BI'T, ToHA 1051 ¢ BRICOKUM CoaepXKa-
HIEeM OOIIEro B3BEIIICHHOTO BellleCTBAa YMEHBIIAIACh ITOYTH Ha ITOPSIOK IT0 CpaBHEHUIO ¢ pailoHaMM, TIe TPaIrueHT
TeMIIepaTyphl ObLI C1a00 BbIpakeH. Mex 1y TOJIIMHOM C/I0s ¢ MAKCUMallbHOM KoHUeHTpauueit OBB u BenuuuHoit
MmakcuMaiibHoro BI'T BeIsiBiIeHA 3HAaUMMas JIMHEHas Koppesuus (puc. 6).

B mepnonbl 3UMHMX M BECEHHUX ChEMOK BepTHKaIbHasl cTpathdukaums KoHumeHTpaunun OBB B BepxHeM
60-MeTpOBOM CJjI0€ Obljla BhIpaXkeHa cjab0 W MOAMOBEPXHOCTHBII MaKCUMYM IPAKTUYECKU HE MPOCIEXUBAIICS.
HenocpencTBeHHO B MOBEPXHOCTHOM CJIO€ TOJNIIMHOM M0 5 M B cTpykType OBB Habmomanmch ciadbie 3KCTpeMy-
MBI Pa3HOTO 3HaKa, GOPMUPYIOIINECS B pPe3yJIbTaTe BAUSHISI CHUHONITUICCKIX aTMOC(EPHBIX ITPOIIECCOB Ha Tepe-
pacrnpeeneHue MOBePXHOCTHBIX BOJ, C pa3nuHoi KoHueHTpauueit OBB (puc. 5, a).
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Puc. 5. BepruxkansHbie npodunu koHueHTpauuu OBB (a), temneparypsi (6) u BI'T (g), conenoctu (e) u BI'C (0), minotHocT
(e) u BI'TI (orc) B ciioe 0—60 M, ocpeaHeHHBIE 10 BCEM CTAHLIMSM IS KAXKI0M CheMKU

Fig. 5. Vertical profiles of TSM concentration (a), temperature (b) and TVG (c), salinity (d) and SVG (e), density o, (f) and 5,VG
(g) in the 0—60 m layer, averaged over all stations for each survey
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Tabaruya 2
Table 2

Bemmmuunbl KoagdumenTos auHeiiHoi koppeasuuu R mexny rryounamu 3aneranns (H) noanosepxnocTHoro Makcumyma
Copg 1 MakcumymoB BI'T u BI'TI. 3naunmbie Ha 95 %-HoMm ypoBHe BetmiuHbI R Bbizie/IeHbI JKHPHBIM

Values of the linear correlation coefficients R between the depths of occurrence (H) of the subsurface maximum of the Crgy,
and the maximum of the TVG and otVG. R values significant at the 95 % level are shown in bold

BecHa Jleto OceHb 3uma
2017 2019 2016 2017 2018 2016 2017 2018 2018 2020
R(HCgggmax — HBI'Tmax) 0,32 0,94 0,91 0,65 0,9 0,82 0,33 0,82 0,1 0,35
R(HCpggmax — HBI'TImax) 0,35 0,95 0,91 0,65 0,74 0,79 0,35 0,83 0,1 0,25

TTapametp

Puc. 6. KoppensiinonHast cBsi3b TOJTIIIUHBI TTOM-

TOBEPXHOCTHOTO CJI0SI C BBICOKMMU 3HAYEHUSIMU

koHtreHTpauu OBB 1 BenmuumHBI MaKCUMaJTb-

HOTO BEpPTUKAJIBHOTO TpaJMeHTa TeMIIepaTypbl

10 JIaHHBIM JieTHe# cbeMku 2016 1. [ TpuxoBbie

JIMHUY — TpaHULIBI 95 %-ro IOBEpUTEILHOTO MH-
TepBajia

BITmakc, °C/m

Fig. 6. Correlation between the thickness of the

subsurface layer with high TSM concentrations

and the value of the maximum temperature vertical |

gradient according to the data of the summer 2016

survey. Dashed lines are the boundaries of the 4 8 12 16
95 % confidence interval TonwmHa cnos COBsma KC, M

I'y6:xe moanoBepXHOCTHOro MakcuMmyMa KoHueHTpauuu OBB Habmonanoch ee nmocreneHHoe yMeHbIIeHe
(puc. 7, a). B cnoe npumepHo 75—120 M 1o JaHHBIM BCEX ChEMOK MPOCIEXKUBAICS MPOMEKYTOUYHBIE MUHUMYM
Copgp, [NIyOMHa 3ajieraHusi KOTOPOTro 3aMETHO M3MEH:UIach B 3aBUCHMOCTH OT CE30HA M BapbUMpPOBaia B Mpeeax oT
75—95 M B KOHIIE OCeHU, 3UMOii 1 BecHoIi 10 100—117 M ieToM U1 B Hauyajie oceHu. BepTukaabHoe pacripeaeieHue
TeMmrepaTypsl (puc. 7, 6) MoKa3bIBaeT, YTO 3TOT MUHUMYM Copp MPOCIEXUBAICS HUXE TTyOUHBI 3aJIeTaHUs MU-
HUMYyMa TeMIIepaTyphl (SIIpa XOJIOTHOTO IMPOMEKYTOTHOTO CJI0sT), KoTopas coctasisuia 70—90 M, 1 pacmosaraics
B CJI0€ OCHOBHBIX TEPMOKJIMHA, TAJIOKJIMHA U MUKHOKJIMHA (pUc. 7, 6 — ¢). B 1ieioM Mexxay riybrMHaMu 3ajieraHust
sapa XI1C u npomexxyrouHoro MuHuMmyma Cqpp BbIsSIBIEHA 3HAaUMMast JIMHEHast CBsI3b (puc. 7, 0).

ITonm mpoMexXyToYHBIM MUHUMYMOM KoHIlleHTpaiss OBB cHoBa Bo3pacrania, Impu 3TOM Ha IyOMHax Ooiee
100—120 M Ha OCpedHEHHBIX MO BCEM CTAHLIUSIM BEPTUKAIbHBIX MPOMUISX MPOCAEKUBAIICS Pl OTHOCUTEIBHO
cnabbix akeTpeMyMoB Copp (puc. 7, a). AHanM3 BEpPTUKAIbHOM CTPYKTYpPHI MOJS TUIOTHOCTH MOKa3all, 4YTo Hau-
OoJIpIlIee YBEIMICHHE COMEPKAaHMS B3BEIIICHHBIX BEIIECTB HAOIIOAACTCS B CJI0€ 3aJleTaHNUsT M30IMMMKHNYECKHX T10-
BepxHocteil 16,15—16,35 ycia. en. CornacHo [13], 3TOT ¢J10ii OXBAaThIBAET HMKHIOI T'PAHULY CYOKMCIOPOIHOM
PEIOKC-30HbI MU BEPXHUI CJI0M CEPOBOIOPOIHOMN 30HbI, BEPXHSISI TPaHU1Ia KOTOPOI YCIOBHO OMPEAEsIeTCs M0 MOo-
JIOXKEHWIO M30MUKHBI 16,2 yei1. en. Hanbonee MHTEHCUBHBIN MIyOMHHBIN MakcMMyM KoHIeHTparu OBB xopoiiro
TpocJeXuBacs B epuon oceHHell cbeMmku 2017 r. Ha ocpenHeHHOM nipoduie Copp 9TOT MAKCUMYM pacrioiaraii-
cs mpuMepHo Ha riyouHe 170 m (puc. 7, a; puc. 8, a), KOTopasi COOTBETCTBOBaJIa U30MUMKHUYECKOI MTOBEPXHOCTHU
16,3 ycn. en. (puc. 8, 6), T.¢., coriacHo [13], HaxoauiIcs B BEpXHE 4acTH CEpOBOIOPOIHOM 30HbI. AHAIN3 TJIyOMHbI
3aneraHus 3Toro Mmakcumyma Copp Ha KaX/J10ii OTIeIbHON CTAHIIMY [T0Ka3aJl, YTO Ha aKBATOPUM Chb€MKU OHA U3Me-
Hstach B npokoM auarnasoHe ot 100 o 170 M. OLieHKM corlacoBaHHOCTU MTPOCTPAHCTBEHHBIX pacIipeaeaeHuit
ryOMH 3ajeraHusi 3Toro Makcumyma Copgg M Pa3IMYHbIX M30MTMKHUYECKUX MTOBEPXHOCTEN ¢ AUCKPETHOCTbIO 0,1
yCII. efl., COOTBETCTBYIOLINX CYOKMCIOPOIHOIM penokc-30He (15,5—16,15 yei. en.) (puc. 8, ) U cepoBOLOPOIHOM
3oHe (16,2—16,6 yci. ex.) (puc. 8, e — e) mokasajiu, YTO MaKCUMaJTbHast KOPPEJISILUs CO 3HaueHreM KO PULIMeH-
ta KoppeJstiuu R ~ 0,936 HaGmogaeTcs [j1s1 [IyOMHBI 3ajieraHusl U30IMUKHEIL 16,3 yci1. en. B 1ieioM BhIsIBIIEH BbI-
COKMIi ypOBEHb COINIACOBAHHOCTHU pacipeesieHus TyOuHbI 3aieraHust MakcumyMa Copp B CEpOBOJIOPOTHOI 30HE
C pacrnpeaeieHreM CI0sl NU30MMKHUYECKHX MTOBepXHOCTel 16—16,4 yci1. en. co 3HadYeHUsIMU R, TIpeBBIIAIOIIMMA
0,9 (puc. 8, xc).
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Puc. 7. Beprukanbubie npodunn kKonuentpauuu OBB (a), Temmnepatypsl (6), coneHOCTH (8)

# IoTHOCTH (2) B citoe 60—200 M, ocpemHEHHBIE IO BCEM CTAHLIMSAM JJIsSI KaXKIOW ChEeMKU,

U KOpPEeISIIIMOHHAs CBSI3b MexXay DryouHamu 3aneraHus siapa XI1C 1 mpoMexXyTouHOTro MU-

HuMyMa Cqgp 1O TaHHBIM 3UMHEN cbeMKH 2017 T. (0). [OpM30HTaIBHBIMU TUHUSIMU OTMEUYEHA

ry6uHa 3aneranust MuHumyma OBB. L TpuxoBble TMHUN — rpaHuLibl 95 %-r0 MOBEpUTEIb-
HOTO MHTepBaja

Fig. 7. Vertical profiles of TSM concentration (a), temperature (b), salinity (¢) and density (d)

in the 60—200 m layer, averaged over all stations for each survey, and the correlation between the

depths of the CIL core and Crg)y; intermediate minimum (e) according to the data of the winter

2017 survey. The horizontal lines mark the depth of the TSM minimum. Dashed lines are the
boundaries of the 95 % confidence interval
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Puc. 8. OcpenHeHHBII 10 BceM CTaHUMSM BepTUKaIbHBII Mpoduiib Copp B cioe 100—180 M (a), 3aBUCUMOCTb BETUYUH
Copp OT IJIOTHOCTU (6), KOPPEISILMOHHAS CBSA3b MEXIy IyOMHAMM 3ajleraHusl Pa3InyHbIX U30MMKH U MakKCUMyMa
Copp B CYOKMCIIOPOIHO# 30HE (8), HAa BEpPXHEil rpaHUlIe CEPOBOJOPOIHOI 30HHI (2), B CEpOBONOPONHOI 30HE (0, e),
n3MeHeHue koadduuueHta koppeasiunu R mexny myouHamu saneraHust Makcumyma Copp M pa3iMuHbIX U30MMKH
(c) o maHHbIM oceHHel cheMku 2017 1. IIITpuXoBbie TUHUU — TPaHUIIBI 95 %-T0 TOBEPUTEIBHOTO HTEpBaa

Fig. 8. Averaged over all stations, the Crgy vertical profile in the 100—180 m layer (a), dependence of the Crgy values

on density (b), correlation between the depths of different isopycnes and the Ctgy maximum in the suboxygen zone (c),

at the upper boundary of the hydrogen sulfide zones (d), in the hydrogen sulfide zone (e, f), change of the correlation

coefficient R between the depths of the Crgy maximum and different isopycnes (g) according to the data of the autumn
2017 survey. Dashed lines are the boundaries of the 95 % confidence interval

5. 3akimouyeHue

ITonpoOHbIE TMAPOONTUYECKHE ChEMKU C BBICOKOI MPOCTPAHCTBEHHOI AUCKPETHOCTBIO, BHIIIOJIHEHHBIE I10
OIIHOI 1 TOIt Xe CeTKe, TMO3BOJMIN YTOYHUTH OCOOCHHOCTH TOPU30HTATLHOM M BEPTUKAIBHOM CTPYKTYPHI TUAPO-
OIITUYECKHUX TTOJICH U OLIEHUTD MX CBS3b C THIPOJIOTMIECKIMHI XapaKTePUCTUKAMMU.
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IToxa3zaHo, YTO OCHOBHBIMU MCTOYHWKAMM ITOBBIIICHHON KOHIIEHTPAIIUM OOIIETO B3BCIICHHOIO BEIIECTBA
B ITOBEPXHOCTHOM CJI0€ CEBEpHOI yacT YepHOro Mopsl SIBISIIOTCSI HU3KOCOJIEHbIE U MyTHBIE BOJIbI, MOCTYIAOIII1E
n3 KepueHckoro nponusa, Bonbl CTOKOB Prnonn, MHTypu U Ipyrux pek Ha BOCTOKE aKBaTOPUHU 1 PaCIIPECHEHHbIE
Boxbl [IHenpa, [IHecTpa u JlyHast, IpOHUKAIOIINE Ha aKBAaTOPHUIO CheMOK C CEBEPO-3aITaHOTO IIeab(a.

B ri1y6okoBOAHOIi YacTU MOJUTOHOB Ch€MOK MOTYT MPOCIEXKUBATHCS JTOKAJIbHbBIE 00J1aCTU MYTHBIX BOJ, BO3-
HUKHOBEHME KOTOPBIX CBSI3aHO C 0COOCHHOCTSIMU BepTUKAJIbHOI IIUPKYISIIMA B 30HAX ITUKJIOHUYECKMX KPYTOBO-
poToB 1 MeaHnpoB OcHOBHOTO YepHOMoOpckoro TeueHns1. B ommmane ot mprOpesKHBIX BO MOBBIIICHHON MyTHO-
CTU Y HU3KOI COJIGHOCTH, BOJIBI C MOBBIIIIEHHOM KoHIIeHTpaleit OBB B 30Hax 3THX MeaHIPOB XapaKTepU30BaIiCh
TOBBIIIICHUEM COJICHOCTH Ha TIOBEPXHOCTU.

YcTaHOBIIEHO, YTO B TIpeeIaX BEpPXHETO KBa3MOTHOPOIHOTO CI0ST Ha KaXKIOM FOPU30HTE MEXAY 3HAUCHUSIMH
Copp ¥ Temriepatypsbl, Copp ¥ COJIEHOCTH HAOM0JaIach 3HAYMMasl OTpULIATEbHAsI IMHEHHASI KOPPENSILHSI, @ MEX-
Ny 3HaueHUusIMU Cpopg U TUIOTHOCTU — IOJIOXKUTENbHAS, T.€. 00Jee XOJIONHbIE 1 MEHEE COJIEHbIE, a TaKXe 0oJiee
TUTOTHBIE BOIBI XapaKTepPU30BAINCH MTOBHIIIICHHON MYTHOCTBIO.

IToxazano, yto TonuuHa BKC B none Cqpp, Kak npasuiio, copnagaia ¢ toamnHoil BKC B mossix Tepmoxa-
JIMHHBIX MapamMeTpoB. [myoxke BKC nmpocnexuBancs ocHOBHOM MakcuMyM KoHleHTpaunu OBB, Hanboiee yeTko
BBIPAXXEHHBI JIETOM 1 OceHblo. [TTyOrHa 3ajeraHust 3TOro MaKCMMyMa COBITajaia ¢ TIIyOMHOI 3ayleraHus MaKCHU-
MaJIbHBIX 3HauYeHUil (10 aOCOIIOTHOM BEeJIMYMHE) BEPTUKAIbHBIX TPATUEHTOB TeMIIepaTypbl U IUIOTHOCTU. ToJ-
IIMHA TTOAMOBEPXHOCTHOTO CJIOS ¢ BRICOKMMM 3HaueHUsIMU KoHLeHTpauuu OBB, 6osee yem B 1,5 pa3a mpeBsiiina-
oM 3HaueHus1 Copp B BBILLE- M HMXKEJEXAIUX CJIOSIX, 3aBUCea OT aOCOIOTHON BeJIMYMHBI BEPTUKAJILHOTO
rpaguMeHTa TeMreparypbl. B o6iacTsix, rae Habmoaancs MakcuManbHbiil BI'T, ToHa ¢iost ¢ BRICOKMM coaepxka-
HUEM OOIIIEero B3BEIIICHHOTO BeIlleCTBA YMEHbIIIAIACh TOYTH Ha ITOPSIOK 110 CpaBHEHUIO C paiifoHaMU, TIe TPaIUeHT
TeMIIepaTyphl OB CJIa00 BBIPAKEH.

Huxe riryOuHBI 3asieraHus SiApa X0JIOAHOIO MPOMEXYTOYHOTO CJIOS B CJIO€ OCHOBHBIX TEPMOKJIMHA, TAJTOKJIMHA
Y MUKHOKJIMHA MPOCIIEKMBAICH POMEXYTOUHBI MUHUMYM Cqpp. [1oa NpoMexXyTOUHBIM MUHMMYMOM KOHLIEH-
tpauusi OBB cHoBa Bo3pactana u Ha riyouHax 6osnee 120—130 M mpocexuBaiics eie oquH MakcumMyM Copp, pac-
roJlaraloluiicss B BEpXHEeM CJI0e CepOBOAOPOAHOI 30HbI. [IpocTpaHCTBEeHHOE pacTipenesieHre TTyOMHbI 3ajieraHus
3TOro MakKCMMyMa HanboJiee YeTKO COMIACYETCsI C pacipeaeeHueM TIIyOMHbBI 3aJieraHns U30MMKHBI 16,3 yciI. en.

6. baarogapaoctu

ABTOpPBI BBIPAXKAIOT TIIYOOKYIO 01ar0JapHOCTh CTaplIeMy HAayYHOMY COTPYIHUKY OTAeNa JUCTAHIIMOHHBIX Me-
tomoB ucciegosannii ®I'BYH ®UIL MI'M1, kaHauaaTy TeXHUIeCKUX HayK Mopo3oBy A.H. 3a ieHHBIEe MeTOIMYE-
CKME COBETHI ITPU OOCYKIEHUU CTaThU.

7. ®uHAHCHPOBaHUE

Pa6ota BeinosiHeHa B pamkax rocynapctBeHHoro 3aganuss ®T'BYH ®UILL MI'U o remam Ne 0555—2021-0003
(OmnepatuBHas okeaHoorus) u Ne 0555—2021—-0004 (OkeaHonornuecKye mporecchl).

JIuteparypa

Hspasaws F0.A., Ileibans A. B. AHTpoIioreHHas akoorus okeana. M.: @naunTa Hayka, 2009. 520 c.
2. Heanos B.A., Kamynuna E.B., Cosea E.E. OlieHKU aHTPOTIOTEHHBIX BO3MEMCTBIIT Ha 9KOCUCTEMY aKBaTopuu I epaxiieii-
CKOT0 ITOJIyOCTPOBA B paiioHe pacrooXeHust IIyoOMHHBIX ¢cToKoB // Ilporieccs B reocpenax. 2016. T. 1, Ne 5. C. 62—68.

3. bouoyp B.I., Kuaep P.H., Cmapuenkos C.A., Poibaxosa H.M. MOHUTOPUHT 3arpsA3HEHUN TPUOPEKHBIX aKBATOPUIA
C MCIMOJIb30BAHUEM MHOTOCIEKTPATIbHBIX CIMYTHUKOBBIX M300paXe€HUil BBICOKOTO MPOCTPAHCTBEHHOIO paspellie-
Hust // Vccnenosanue 3emin u3 kocmoca. 2006. Ne 6. C. 42—49.

4. Volpe V., Silvestri S., Marani M. Remote sensing retrieval of suspended sediment concentration in shallow waters // Re-
mote Sensing of Environment. 2011. Vol. 115, Iss. 1. P. 44—54. d0i:10.1016/j.rse.2010.07.013

5. Xiaolong Yu, Zhongping L., Fang S., Menghua W., Jianwei W., Lide J., Zhehai S. An empirical algorithm to seamlessly re-
trieve the concentration of suspended particulate matter from water color across ocean to turbid river mouths // Remote
Sensing of Environment. 2019. Vol. 235. doi:10.1016/j.rse.2019.111491

6. FEisma D. Suspended matter in the aquatic environment. Berlin, Heidelberg: Springer-Verlag. 1993, 315 p.
doi:10.1007/978-3-642-77722-6

7. Manvkosckuii B.H. Ontdaeckast CTpykTypa Bol YepHOTro Mopsi ¥ 3aKOHOMepHOCTH ee hopmupoBanust // Tunpodusu-
yecKkue U ruapoxuMudeckue uccaenosanust Yepuoro mopsi. CeBacronons: MM AHY, 1992. C. 7-27.

134



10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

CBs13b IPOCTPAHCTBEHHO# CTPYKTYPbI KOHIIEHTPALMH 00IIero B3BEHIEHHOTO BEIECTBA M THAPOIOTHIECKUX TAPAMETPOB. ..
The relationship of the spatial structure of the total suspended matter concentration and hydrological parameters...

Manvkoesckuii B.U., Conosves M.B. CBsi3b mokasaTtelist ocjiabjaeHUsT U3TyYeHUs C KOHLEHTpaluei B3Becu B Bogax Yep-
Horo Mopst // Mopckoii ruapodusmyeckuii xypHai. 2003. Ne 2. C. 60—65.

Manvkosckuii B.U., Manvkosckas E.B., Conosves M. B. T'unpoonTuueckue xapaktepuctuku YepHoro mMopsi. CripaBOYHUK.
Cesactonoib: MI'M HAH Ykpaunsi, 2009. 41 c.

Kyxywrun A.C., Aeagonos E.A., [Ipoxopenxo FO.A. PactipeneneHune moxasaTelsiss ociaabJeHUsST HAIPaBJIEHHOTO CBETa
B ITOBEPXHOCTHBIX IPUOpPeXHBIX Bomax YepHoro mopst // Mopckoii ruapodusndeckuii xkypHai. 2006. Ne 5. C. 30—43.

Kyrxywrun A.C. TIpocTpaHCTBEHHO-BpeMeHHasi U3MEHUMBOCTh paCIipeieSieHYsI IIPO3PavHOCTH BOM B CEBEpO-3araTHoi
yact YepHoro Mopst // Ontuka armocdeps! 1 okeaHna. 2017. T. 30, Ne 9. C. 750—762. doi:10.15372/A0020170904

Manvkosckuii B.H. OniTnueckre XapaKTePUCTUKU TTPUOPEKHBIX Boa YepHOMOPCKOTO mobepeXbs YKpanHbl // DKo-
Joruveckasi 6e30MmacHOCTb MPUOPEKHBIX U IIeTb(OBBIX 30H U KOMILIEKCHOE UCTIOIb30BaHUE pecypcoB mienbda. 1999.
C. 149—-152

Yakushev E.V., Chasovnikov V.K., Murray J.W., Pakhomova S.V., Podymov O.1., Stunzhas P.A. Vertical hydro-chemical
structure of the Black Sea / Eds. Kostianoy A.G., Kosarev A.N. The Black Sea Environment. The Handbook of Envi-
ronmental Chemistry. Berlin, Heidelberg: Springer. Vol. 5Q. 2007. P. 277—307. doi:10.1007/698 5 088

Manvkoeckuit B.U. I'myOMHHBINA CI0# MOBBIILIEHHON KOHLUEHTPALUMU B3BECU U €T0 CBSI3b C LUPKYJISIUMENR U CTPYKTY-
poii BomHbIX Macc // UccienoBaHust MeXKBEOMCTBEHHOM SKCITEAUIIMM B CEBEpO-3amnanHoil AtaaHTruke. CeBacTOIOMb:
MI'M AH YCCP. 1969. C. 83—88.

. Heyiimun I'.I. CTaOWIHHBIN TITyOOKOBOIHBIN Ci101i B3BecH B YepHOM Mope // MopcKue Tapobr3nIecKe NccienoBa-

Hus. Cesactononb: MI'MM AH YCCP. 1970. Ne 1. C. 178—191.

Heyiimun I'.T. PactipenienieHne B3BecH B IyOMHHBIX obsacTsx YepHoro Mopst // @usnka atMocdepbl 1 okeaHa. 1965.
T.1,Ne 11. C. 1190—1195.

Cosea E.E., Manvkosckuii B.U., Ilpoxopenxo I0.A., Yenyprosa 3.A. Ilpupona riyoMHHOTO MyTHOTo cjosi B UepHom
mope // Hdoknanel Akanemun Hayk YkpauHckoit CCP. Cepus b: ['eonormdeckue, Xumudeckue 1 6MoJ0rnIeckue Ha-
yku. 1987. Ne 6. C. 32.

IIpoxopenko 10.A., Kpawenunnuxos b.H., Aeagponos E.A., bawapun B.A. DxcriepuMeHTalIbHBIC MCCICTOBAHUS TITyONH-
HOro cjiost MytHocTH B YepHOoM Mope // Mopckoii ruapodusndeckuii xypHar. 1993. Ne 2. C. 57—63.

Manvkosckuii B.U., 3emasnasn JI.A. PactipeneieHyue Mo akBaTOpUU U CE30HHAs U3MEHYMBOCTb TJTYOMHHOIO MYTHOTO
ciost B YepHoM Mope // Mopckoii tuapodusndeckuii xXypHai. 1987. Ne 6. C. 51-53.

Manvkoeckuii B.M. OcoGeHHOCTH BEPTUKAILHOTO paCIIpefeeHts TIoKa3aTelis OclabIeHns] U3JIyYeHNs] B KOPOTKO-
BOJIHOBOM U JUIMHHOBOJIHOBOM YYaCTKAaX CIIEKTpPa B IIIyOMHHBIX CJIOSIX CEPOBOIOPOIHOM 30HBI U B IIPUIOHHOM CJIOE
Yepuoro mopst // Mopckoii ruapodusmnyeckuii xkypHai. 2003. Ne 3. C. 63—67.

Aeaghonos E.A., Kykywrun A.C., Ilpoxopenko F0.A. OcobeHHOCTH (HDOPMUPOBAHUS TPO3PAYHOCTU MMOBEPXHOCTHBIX BOJI
Ha 1ebode ceBepHbIX paiitoHoB YepHoro Mopst // Mopckoit runpodusmueckmii xxypHai. 2002. Ne 2. C. 65—67.

Manvkosckuit B.H. OnTrueckue XapaKTepUCTUKN BOJ BOCTOYHOW YacTH CEBEpO-3arajHoro mieibha YepHoro Mops
B BeceHHMIi niepuon // Mopckoii ruapodusndeckuii xypHai. 2012. Ne 4. C. 61—-68.

Latushkin A.A., Artamonov Yu.V., Fedirko A.V., Martynov O.V., Alekseev D.V. Peculiarities of the suspended matter distri-
bution received by the optical measurements in the photic layer of the north part of the Black Sea in the summer period
of 2016 // Proceedings SPIE, 23rd International Symposium on Atmospheric and Ocean Optics: Atmospheric Physics,
1046634 (2017). doi: 10.1117/12.2286444

Latushkin A.A., Artamonov Yu.V., Fedirko A.V., Korchemkina E.N., Skripaleva E.A., Khurchak A.P. Hydro-optical struc-
ture of the Black Sea active water layer in the spring-summer period of 2017 // Proceedings SPIE10833, 24th Interna-
tional Symposium on Atmospheric and Ocean Optics: Atmospheric Physics, 2018. 108333V. doi:10.1117/12.2503874

Jamywrun A.A., Apmamonoe FO.B., @edupko A.B., Ckpunanesa E.A., Kyounos O.b. OcoGeHHOCTU TUAPOOTITUIECKOM
CTPYKTYPHI BOJI B CEBEpHOIT yacTi YepHOTO MOpsI TTO TaHHBIM HaTypHBIX n3MepeHuii B 2018 1. // Tpynbr X-oii Bcepoc-
cUiicKoil KOH(bEPEHIINN ¢ MEXIyHApOIHBIM ydacTeM «CoBpeMeHHbIe TPOOIeMbl ONTUKY €CTeCTBEHHBIX Bo» (ONW
2019). Cankr-Iletepoypr, 2019. C. 120—124.

Latushkin A.A., Artamonov Yu.V., Fedirko A.V., Skripaleva E.A., Kudinov O.B. Spatial structure of the total suspend-
ed matter concentrations in the northern Black Sea in autumn 2018 according to contact observations // Proceed-
ings SPIE11208, 25th International Symposium on Atmospheric and Ocean Optics: Atmospheric Physics, 2019. 112084 U.
doi:10.1117/12.2540798

Latushkin A.A., Artamonov Yu.V., Skripaleva E.A., Fedirko A.V., Kudinov O.B. Spatial features of the hydro-optical wa-
ters structure in the northern part of the Black Sea in spring 2019 according to contact measurements on R/V Professor
Vodyanitsky // Proceedings SPIE11560, 26th International Symposium on Atmospheric and Ocean Optics: Atmospheric
Physics, 2020. 115602R. doi:10.1117/12.2574281

Kawsumkun A.A., Tapmawios A.B., Jlamywxun A.A., Opexosa H.A., Kouenxosa A.U., Manragees I'. B. KomiuieKcHbIe Uc-

cienoBanust YepHoro Mops B 101-M peiice HayaHO-HMCClenoBaTebeKoro cynHa «[Ipodeccop Bonsautkwuit» // Okea-
Hozorust. 2019. T. 59, Ne 2. C. 315—318. doi:10.31857/S0030-1574592315-318

135



Jamywrun A.A., Apmamonos FO.B., Ckpunanesa E.A., @edupro A.B.
Latushkin A.A., Artamonov Yu.V., Skripaleva E.A., Fedirko A.V.

136

29.

30.

31.

Jlamywrxun A.A. MHOTOKaHATbHBII U3MEPUTETH KOG (HUIIMEHTa OCIabIeHUs CBeTa IJIsI TPOBEACHUS OKeaHoTrpaduue-
CKUX ITOJICITyTHUKOBBIX UCCIIeIOBaHMUIi // YTIpaBieHue n MexaHOTpoHHbIe cucteMbl. CeBactomnonb: M HAH Vkpa-
nHbl, 2013. C. 231-236.

Aneckeposa A.A., Kybpsxos A.A., Topsuxun FO.H., Cmanuunwiii C.B. Pactipoctpanenue Boa n3 KepyeHckoro mposimBa
B UepHoe mMope // Mopckoii runpodusndeckuii xxypHai. 2017. Ne 6. C. 53—64. doi:10.22449/0233-7584-2017-6-53-64

Artamonov Yu.V., Latushkin A.A., Skripaleva E.A., Fedirko A.V. Rim Current manifestation in the climatic fields of hy-
dro-optical and hydrological characteristics at the coast of Crimea // Proceedings SPIE11208, 25th International Sym-
posium on Atmospheric and Ocean Optics: Atmospheric Physics, 2019. C3—112084X. doi:10.1117/12.2540803

References

14.

20.

21.

Israel Yu.A., Tsyban A.V. Anthropogenic ecology of the ocean. Moskva, Flinta Nauka, 2009. 520 p. (in Russian).

Ivanov V.A., Katunina E.V., Sovga E.E. Assessments of anthropogenic impacts on the ecosystem of the waters of the
Heraklean Peninsula in the vicinity of deep drains. Processes in GeoMedia. 2016, 1(5), 62—68 (in Russian).

Bondur V.G., Kiler R.N., Starchenkov S.A., Rybakova N.I. Monitoring of the pollution of the ocean coastal waters areas
using space multispectral high resolution imagery. Issledovanie Zemli iz Kosmosa. 2006, 6, 42—49 (in Russian).

Volpe V., Silvestri S., Marani M. Remote sensing retrieval of suspended sediment concentration in shallow waters. Remote
Sensing of Environment. 2011, 115, 1, 44—54. doi:10.1016/j.rse.2010.07.013

Xiaolong Yu., Zhongping L., Fang S., Menghua W., Jianwei W., Lide J., Zhehai S. An empirical algorithm to seamlessly
retrieve the concentration of suspended particulate matter from water color across ocean to turbid river mouths. Remote
Sensing of Environment. 2019, 235, 111491. doi:10.1016/j.rse.2019.111491

FEisma D. Suspended matter in the aquatic environment. Berlin, Heidelberg: Springer-Verlag. 1993, 315 p.
doi:10.1007/978-3-642-77722-6

Man’kovskiy V.I. Optical structure of the Black Sea waters and patterns of its formation. Gidrofizicheskie i Gidrohimicheskie
Issledovaniya Chernogo Morya. Sevastopol, MGI ANU. 1992, 7—27 (in Russian).

Man’kovskiy V.1., Solov’ev M. V. Relationship between the radiation attenuation index and the concentration of suspend-
ed matter in the Black Sea waters. Morskoy Gidrofizicheckiy Zhurnal. 2003, 2, 60—65 (in Russian).

Man’kovskiy V.1., Man’kovskaya E.V., Solov’ev M. V. Hydro-optical characteristics of the Black Sea. Reference book. Sevastopol’,
MGI NAN Ukrainy, 2009. 41 p. (in Russian).

. Kukushkin A.S., Agafonov E.A., Prohorenko Yu.A. Distribution of the light beam attenuation coefficient in the surface

coastal waters of the Black Sea. Morskoy Gidrofizicheckiy Zhurnal. 2006, 5, 30—43 (in Russian).

. Kukushkin A.S. Spatial and temporal variability of the water transparency distribution in the north-western Black Sea.

Optika Atmosfery i Okeana. 2017, 30(9), 750—762 (in Russian). doi:10.15372/A0020170904

. Man’kovskiy V.1I. Optical characteristics of the coastal waters of the Black Sea coast of Ukraine. Ekologicheskaya

Bezopasnost’ Pribrezhnyh i Shel’fovyh Zon i Kompleksnoe Ispol’zovanie Resursov Shel’fa. 1999, 149—152 (in Russian).

Yakushev E.V., Chasovnikov V.K., Murray J.W., Pakhomova S.V., Podymov O.I., Stunzhas P.A. Vertical hydro-chemical
structure of the Black Sea / Eds. Kostianoy A.G., Kosarev A.N. The Black Sea Environment. The Handbook of Envi-
ronmental Chemistry. Berlin, Heidelberg: Springer. Vol. 5Q. 2007. P. 277—307. doi:10.1007/698_5 088

Man’kovskiy V.1. A deep layer of increased concentration of suspended matter and its relationship with the circulation
and structure of water masses. Issledovaniya Mezhvedomstvennoy Ekspedicii v Severo-zapadnoy Atlantike. Sevastopol’,
MGI AN USSR, 1969. P. 83—88 (in Russian).

. Neujmin G.G. Stable deep-water suspension layer in the Black Sea. Morskie Gidrofizicheskie Issledovaniya. 1970, 1, 178—

191 (in Russian).

. Neujmin G.G. Distribution of suspended matter in the deep areas of the Black Sea. Fizika Atmosfery i Okeana. 1965, 1(11),

1190—1195 (in Russian).

Sovga E.E., Man’kovskiy V.I., Prohorenko Yu.A., Chepurnova E.A. Nature of the turbidity deep layer in the Black
Sea. Doklady Akademii nauk Ukrainskoy SSR. Seriya B: Geologicheskie, himicheskie i biologicheskie nauki. 1987, 6, 32
(in Russian).

. Prohorenko Yu.A., Krasheninnikov B.N., Agafonov E.A., Basharin V.A. Experimental studies of the turbidity deep layer in

the Black Sea. Morskoy Gidrofizicheckiy Zhurnal. 1993, 2, 57—63 (in Russian).

. Man’kovskiy V.1., Zemlyanaya L.A. Distribution over the water area and seasonal variability of the turbidity deep layer in

the Black Sea. Morskoy Gidrofizicheckiy Zhurnal. 1987, 6, 51—53 (in Russian).

Man’kovskiy V.1. Features of the vertical distribution of the radiation attenuation coefficient in the short-wave and long-
wave parts of the spectrum in the deep layers of the hydrogen sulfide zone and in the bottom layer of the Black Sea.
Morskoy Gidrofizicheckiy Zhurnal. 2003, 3, 63—67 (in Russian).

Agafonov E.A., Kukushkin A.S., Prohorenko Yu.A. Features of the formation of surface water transparency on the shelf of
the northern regions of the Black Sea. Morskoy Gidrofizicheckiy Zhurnal. 2002, 2, 65—67 (in Russian).



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

CBs13b IPOCTPAHCTBEHHO# CTPYKTYPbI KOHIIEHTPALMH 00IIero B3BEHIEHHOTO BEIECTBA M THAPOIOTHIECKUX TAPAMETPOB. ..
The relationship of the spatial structure of the total suspended matter concentration and hydrological parameters...

Man’kovskiy V.1. Optical characteristics of waters in the eastern part of the northwestern shelf of the Black Sea in the
spring. Morskoy Gidrofizicheckiy Zhurnal. 2012, 4, 61—68 (in Russian).

Latushkin A.A., Artamonov Yu.V., Fedirko A.V., Martynov O.V., Alekseev D.V. Peculiarities of the suspended matter distri-
bution received by the optical measurements in the photic layer of the north part of the Black Sea in the summer period
of 2016. Proceedings SPIE, 23rd International Symposium on Atmospheric and Ocean Optics. Atmospheric Physics, 1046634
(2017). doi: 10.1117/12.2286444

Latushkin A.A., Artamonov Yu.V., Fedirko A.V., Korchemkina E.N., Skripaleva E.A., Khurchak A.P. Hydro-optical struc-
ture of the Black Sea active water layer in the spring-summer period of 2017. Proceedings SPIE10833, 24" International
Symposium on Atmospheric and Ocean Optics: Atmospheric Physics, 2018. 108333V. doi:10.1117/12.2503874

Latushkin A.A., Artamonov Yu.V., Fedirko A.V., Skripaleva E.A., Kudinov O.B. Features of the waters hydro-optical structure
in the northern part of the Black Sea according to field measurements in 2018. Proceedings of X Anniversary All-Russian
Conference “Current Problems in Optics of Natural Waters” (ONW 2019). St. Peterburg, 2019, 120—124 (in Russian).

Latushkin A.A., Artamonov Yu.V., Fedirko A.V., Skripaleva E.A., Kudinov O.B. Spatial structure of the total suspend-
ed matter concentrations in the northern Black Sea in autumn 2018 according to contact observations. Proceed-
ings SPIE11208, 25th International Symposium on Atmospheric and Ocean Optics: Atmospheric Physics, 2019. 112084U.
doi:10.1117/12.2540798

Latushkin A.A., Artamonov Yu.V., Skripaleva E.A., Fedirko A.V., Kudinov O.B. Spatial features of the hydro-optical waters
structure in the northern part of the Black Sea in spring 2019 according to contact measurements on R/V Professor Vody-
anitsky. Proceedings SPIE11560, 26th International Symposium on Atmospheric and Ocean Optics: Atmospheric Physics,
2020. 115602R. doi:10.1117/12.2574281

Klyuvitkin A.A., Garmashov A.V., Latushkin A.A., Orekhova N.A., Kochenkova A.I., Malafeev G.V. Comprehensive
Studies of the Black Sea during the Cruise 101 of the R/V Professor Vodyanitsky. Oceanology. 2019, 59, 2, 287—289.
doi:10.1134/S0001437019020097

Latushkin A.A. Multi-channel beam attenation coefficient meter for oceanographic sub-satellite research. Upravlenie
i Mekhanotronnye Sistemy. 2013, 231236 (in Russian).

Aleskerova A.A., Kubryakov A.A., Goryachkin Yu.N., Stanichny S.V. Propagation of waters from the Kerch Strait in the
Black Sea. Physical Oceanography. 2017, 6, 47—57. doi:10.22449/1573-160X-2017-6-47-57

Artamonov Yu.V., Latushkin A.A., Skripaleva E.A., Fedirko A.V. Rim Current manifestation in the climatic fields of hy-
dro-optical and hydrological characteristics at the coast of Crimea. Proceedings SPIE11208, 25th International Symposium
on Atmospheric and Ocean Optics: Atmospheric Physics,2019. C3—112084X. doi:10.1117/12.2540803

137



OYHIAMEHTAJIbHASA u [TPUKIIAIHAA THIPODOHU3UKA. 2022. T. 15, Ne 2
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2022. Vol. 15, No. 2

DOI 10.48612/fpg/peru-3z3h-gazh
VK 556.013

© A. B. Paxy6a'*, M. B. Illmaxosa?, 2022

ICamapckuii penepanbHblii MccaenoBaTeabekuii eHTp PAH, MHcTuTyT sKomorun Boskckoro 6acceiina PAH,

445003, yn. Komsuna . 10, . TonssitT, Poccns

21 HcTutyT o3eposeneHus PAH — o6oco6iaeHHoe cTpykrypHoe noapasaeienue ®IBYH «Caukr-Iletep6yprekuii Pene-
panbHbIi UccaenoBarenbekuii ieHTp PAH», 196105, yi. CeBactbsHoOBa, 1.9, 1. Cankr-IletepOypr, Poccus
*rahavum@mail.ru

HECTAIIMOHAPHBIV PEXXM BOJTOXPAHWINIIIA:
OIIbIT MOAEJINPOBAHUA PYCJIOBBIX ITPOITECCOB C IIOABN2KHbBIM JTHOM

Cratbs noctynuia B pegakiuio 13.05.2021, nocie nopadorku 08.02.2022, npuHsTa B nevatb 18.05.2022

AHHOTANUSA

B paGoTe mpuBOIATCS pe3yIbraThl B3aMMOCBI3aHHOTO pacyeTa HEyCTAHOBUBIIIETOCSI HEPABHOMEPHOTO IBIKEHUST PEYHOTO
MoTOKa U nepedopMupoBaHus aHa KpynHeiero B EBpasun npotouHoro KyiiObIeBCKOro BogoOXpaHWIMIIA B pa3Hble (a3bl
BOOHOCTHU. B OCHOBE 3THX pacueToB JieKaT TUAPOAMHaAMUYecKast Moesb «BojHa» 1 alropuTMBI pacueTa TBEpIOTo CTOKa (aHa-
JIuTHYecKas opMylia pacxoia HAHOCOB), U3MEHEHMS TPAHCIIOPTUPYIOIIEro MOTEHIIMAaa IIOTOKA U, KaK CIENCTBUE MOCIeIHEe-
ro, U3MEHEHUS OTMETOK qHA. [1pn1 3TOM AMHaMIKa OTMETOK THA YIUTBIBACTCS B IMTOCICAYIOLINX PACUeTaX U SIBJISIETCSI OMHUM U3
apryMeHToB Mozeau. Ha ocHOBe MpoBeneHHbIX MOACIbHBIX PACYETOB MCCIENOBAHO MTPOCTPAHCTBEHHOE pacIpeeeHue T0H-
HBIX OTVIOXKEHUII B aKBATOPUY BOIOXPAHUJIUIIA U TTOCTPOESHBI KAPThl aKKYMYJISILIMU M Pa3MbIBa JIOXKa B pa3HbIe (ha3bl BOTHOCTH.
IToka3aHo, 4TO 3a BeCh pacueTHbIM MepHroa HabIIoaaeTCsl HepaBHOMEPHOE IepepachpeneieHie HaHOCOB B BOIOXPAHMIMIIIE:
B BepXHEil 4aCTH TTPOMCXOIUT Pa3MbIB, a B CPEIHEN M HIDKHEH — akKyMynsuus. B menom mist KyiiGbIeBCKOro BomoXpaHuIn-
1Ia BKJIa[ B 3aMJIEHUE TOJbKO PYCJIOBBIMU HaHOCAMU He3HayuTeneH. B cpenteM 3a 150-aHeBHBII Ieproa MOAETMPOBAHMS TSI
BCeil aKBaTOpUM BOIOXPAaHMIMIIA aKKYMYJISILIST HAHOCOB cocTanJisieT 0.5 MmM/mepuon. Cnabast IMHAMKKA TeUSHUI Ha OOIIMp-
HOI1 aKBaTOPUU TJIECOB BOAOXPAHWIMIIIA HE CIIOCOOCTBYET aKTUBHBIM PYCJIOBBIM MpeoOpa3oBaHusM. Hanbonee MHTEHCUBHO
MpolLecChl Mpeodpa3oBaHMsI JHA TTPOTEKAIOT B MECTaX CY:KEHUsI aKBaTOPUU, TIe JIYJIlle BCETO BhIpaXkKeH BKJIAJ HeCcTallMOHap-
HOro pexuma B (hopMUpOBaHHUE pelbeda qHA Ha MMOIbEME U Crale MoJI0BOAbs. bojee MoJIHOBOMHbIE TOAbI TAKXKE MPUBELYT
K 60JIee MHTEHCUBHOMY Tepepacipeae/ieHUIO TTOCTYTAIONIErO M3 BEPXHUX CTBOPOB TBEPIOTO CTOKA M TOHHBIX OTJIOKEHUIA.
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Abstract

The paper presents the results of the interrelated calculation of the unsteady uneven movement of the river flow and the re-for-
mation of the bottom of the largest flowing Kuibyshev reservoir in Eurasia in different phases of water content. These calculations
are based on the hydrodynamic model “Wave” and algorithms for calculating solid runoff (analytical formula for sediment flow
rate), changes in the transport potential of the flow and, as a result of the latter, changes in the bottom marks. In this case, the
dynamics of the bottom marks is taken into account in subsequent calculations and is one of the arguments of the model. Based on
the model calculations, the spatial distribution of bottom sediments in the water area of the reservoir was investigated and maps of
accumulation and erosion of the bed in different phases of water content were constructed. It is shown that for the entire calcula-
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tion period, an uneven redistribution of sediments in the reservoir is observed: erosion occurs in the upper part, and accumulation
occurs in the middle and lower parts. In general, for the Kuibyshev reservoir, the contribution to siltation only by river sediment
is insignificant. On average, over the 150-day modeling period for the entire reservoir water area, sediment accumulation is 0.5
mm/period. The weak dynamics of currents in the vast water area of the reservoir reaches does not contribute to active channel
transformations. The most intensive processes of bottom transformation occur in places of narrowing of the water area, where
the contribution of the non-stationary regime to the formation of the bottom relief during the rise and fall of the flood is best
expressed. More full-flowing years will also lead to a more intensive redistribution of solid runoft and bottom sediments coming
from the upper strata.

Keywords: water body, modeling, reshaping the bottom, sediment

1. Beenenue

JIHaMMKa PyCJIOBBIX ITOTOKOB, BCJIGACTBHUE CBOEH HEpaBHOMEPHOCTH M HECTALIMOHAPHOCTH, OTTPEIeIIsIeT CUCTe-
MY PEYHOIi TTIOTOK — PYCJIO KaK HepaBHOBeCHY0. HepaBHOBECHOCTH CHCTEMBI MPOSIBIISIETCS] B HECOOTBETCTBUM TIEpe-
HOCHMBIX TTOTOKOM HAHOCOB U TPAHCIIOPTUPYIOIIEit CITOCOOHOCTH MoToKa. [Iprn3HakaMu HepaBHOBECHOI CUCTEMBI
SIBJISICTCST U3MEHEHME BKJIala KWHETUIECKOM SHEPTUH TTOTOKA BOIBI M IBVEKYIIIMXCS HAHOCOB, a TAKKe TTOTCHIIATb-
HOI 9HEPIrUM TOHHOTO U OEPEroBOro rpyHTa B OOIIUIA SHEPreTUUeCcKuii banaHc cucteMbl. CIeICTBUEM 3TOTO SIBJISI-
FOTCSI PYCJIOBBIE TIPOLIECCH — TepeopMUPOBaHUE pycia, 00pa3oBaHNe 1 IIPeodpa3oBaHUe PYCIOBBIX (POPM.

K Hambosee M3BECTHBIM OTEUECTBEHHBIM M 3apYOEKHBIM MOJEISIM, OMMCHIBAIOIIM ITPOIIECCHI PYCIIOBBIX JIe-
opmanmii, MOXXHO oTHecTH Mozaenu [1—8]. B Hacrosiee BpeMsl Ij1s1 MHKEHEPHBIX 3aJa4 B TUAPOJIMHAMUYECKUX
pacdeTax peYHBIX TTOTOKOB aKTUBHO MCITOJIB3YIOTCST Pa3IMIHbIC OTEUECTBEHHBIC U 3apyOeKHBIE IIPOTPaMMHBIC KOM-
riekchl, Takue Kak BoHa; Cardinal; River; GeoniCS [9]; MIKEL1 [10]; HEC-RAS [11]; SOBEK [12] u ap. B ocHo-
BE€ 3TUX KOMIUIEKCOB JiexkaT ypaBHeHUs1 CeH-BeHaHa B pa3HOIi YMCIEeHHOI peaau3aliiy, JOTIOJTHEHHbIC ypaBHEHUSI-
MM pacxolia HAaHOCOB, YpaBHEHUEM AehopMallii pyciia DKCHepa, YpaBHEHUSIMH PacIipOCTpaHEHMS TIpUMeECeit 1 Ap.

ITpu 1OCTaTOYHOM KOJIMYECTBE MOJEIICH PYCIIOBBIX ITOTOKOB, OCHOBHbBIC MX OTIMYMSI COCTOSIT B IIPUHSITOM pac-
YeTHOI cxeMe U (popme MpeacTaBIeHUs TpaHCIOpPTa HAHOCOB [5]. DTH Moaenn MOTyT OBbITh KaacCU(PUIIUPOBAHBI
HE TOJIBKO TI0 OIMMCAHHBIM paHee MPU3HAKaM pa3MEPHOCTU M CTAIMOHAPHOCTH, HO M IO XapaKTepy pacuyeTHOI
CXEMBI, B3aMOCBSI3aHHOCTH PacyeTOB ITOTOKOB BOJIbI M TBEPIOTO BellleCTBa U Tak aajee. B MoHorpaduu [5] mpen-
cTaBJieHa cjieaytolias KiaaccuuKauus IByXda3HbIX THAPOIMHAMUYECKUX MOIEICH:

* [0 TPaHYJIOMETPUUIECKOMY COCTaBY HAHOCOB: OMHOPOIHAsI TPaHYJIOMETpHsT (HAHOCHI ITOJIATaloTCs OTHOTO
pa3Mepa); HEeOITHOPOIHAsI TPaHyJIOMETPHST (HECKOJIbKIX Pa3MEpPOB);

10 BUIY TIepeMeIleHSI HAHOCOB: B3BEIIICHHBIC; BICKOMbIC; O0IIIHE;

110 PAaBHOBECHOMY COCTOSIHMIO IBYX(Da3HOTO IMOTOKA: HACKIIIEHHBIC (pacXom HAHOCOB B IIOTOKE paBeH €To
TPAHCTIOPTUPYIOLIEH CITOCOOHOCTH ); HEHACHIIIIEHHBIE;

T10 B3aMOCBSI3aHHOMY pacyeTy TMIPaBINYeCKUX IIEPEMEHHBIX COCTOSIHMS IIOTOKA M HAHOCOB: COTIPSKEHHbIE
(BBIYMCJICHNE TUAPABINICCKIX TIEPEMEHHBIX COCTOSTHUS, B TOM YMCJIe U pacXola HAaHOCOB, OMHOBPEMEHHO);
YaCTUYHO COTIPSIKEHHBIE; HECOTIPSIKEHHBIE (BBIYMCIIEHUE pacxo/la HAHOCOB IO OTACIbHBIM (hopMyIiam);

10 TMCKPETHOCTU IBUKEHMS TBEPIOTO BEIIECTB B IOTOKE: MOJEIM TBEPABIX UaCTUIl (OCHOBAaHHBIC Ha IBUXKE-
HUU OTAEBHBIX YACTHII); MOIEIN HEeIIPEePBIBHOI cpeIbl (OCHOBAaHHBIC HA KOHLICTIIINY ABYX(a3HOTO IIOTOKA).

Host mepopMUpyEeMbBIX aJTIOBUATIEHBIX PyCelT ¢ BEIpAXKeHHO TMHAMUKOM OTMETOK JHA M KOH(UTypanu oe-
pPEroB B CUCTeMY ypaBHEHUI, OMUCHIBAIOIINX IMHAMUKY PEYHOIO MOTOKA, YMECTHO BBECTU B KayeCTBE OIHOIO
13 apITyMEHTOB OTMETKY AHa. Takas MOCTaHOBKA 3afaul «OTJIMYAETCS OT TUIIOBBIX 3a[a4 TMAPOIMHAMUKY, KOraa
rpaHUYHbIE YCIOBUSI pacCCMaTPUBAIOTCS, KaK MOCTOSIHHBIE BeTMYUHBI» [13]. Bee 3T0 1Mo3BoJIsSIeT yuecTh 0OpaTHYIO
peaKkIiIMIo PEYHOro IMOTOKA Ha U3MEHEeHMEe MOP(OMETPUHU pyciia U IIPOBECTU B3aUMOCBSI3aHHbBIC U B3aMMOOIIpEeIe-
JISTIOIINE TUAPABIUKO-TeoMOpdoIorniyecKre pacueTsl. Takue MOIEI OTHOCSIT K KJIacCy MoJeseil ¢ MOIBUKHBIM
IHOM «mobile beds» [14—16].

Llenbio HacTosIIel pabOTHI SIBJISIETCS OLIEHKA MHTEHCUBHOCTHU TepeOpMUPOBaHMSI THA KpymHeiinero B EB-
pas3uu mpoToyHoro KyiobIeBCKOro BOAZOXpaHWININA B pa3Hble (ha3bl BOMHOCTH HAa OCHOBE TMIPOAMHAMUYCCKOI
Monenu «BoiHa», TOTTOJTHEHHOM aJITOpUTMaMI pacueTa pacxola HaHOCOB.

2. O0bEKT MOJIeTMPOBAHUS

KyiiObIieBckoe BOIOXpaHUIUIIE UMEET BBITSHYTYIO C CeBepa Ha 10T (popMy M JOCTATOYHO CIIOXKHYI0 MOP(hO-
JIOTHIO — MECTA PYCJIOBBIX CY>KEHUI YEPeayIOTCS C MJIECOBBIMU PACIIMPEHUSIMU U UMEIOT HEOTHOPOIHYIO MOp(hO-
METPUIO0 — MEJIKOBOJHBIE OOIIMPHBIE YIaCTKM KOHTPACTUPYIOT C TIIyOOKOBOIHOM PYCIOBOI YacThio U HanboJiee
mIyOOKUM y4acTKOM BomoxpaHwiuiia — [lpuriotuHHbiM miecoM Kurynesckoit I'DC (puc. 1). XapakTtepHoit
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Puc. 1. Kapra ryoun akBatopuu KyiiObIIeBCKOro BOIOXpaHUIUILA

Fig. 1. Depth map of the water area of the Kuibyshev Reservoir

OCOOEHHOCTbBIO MOIBOIHOIO pelibeda BOAOXpaHUINUIIA SIBJISIETCS OTCYTCTBUE BIOJIb MPaBOOEPEKbsl METKOBOMTHBIX
TUIoIIaAeil U HaJIu4uKe BAOJIb JIEBOOEPEXKbsT OOIIMPHBIX MEJTKOBOIHBIX 30H. BBIpaskeHHBIN T7TyOOKOBOIHBIN PyCITO-
BOI1 Xe100, TT0 KOTOPOMY OCYILECTBJISIETCS OCHOBHOM BOJI0OOMEH, 00JIbllIasl aMIJIUTYAa YPOBHSI TPU peryInupoBa-
HUM Ha TUAPOY3JIaX, TIOAMIOPHBINA PEKUM OTIPEACISIIOT OCOOEHHOCTH U pa3HOO0pa3ue pyclIoBbIX (POpM.

Hawnb6oiee xapakTepHble PyCJIOBbIe 00pa30BaHUS — 3TO MHOTOYMCJIEHHBIE TIJIECHl M BEIPAKEHHBIN PYyCIOBOM
MPONOJbHBIN Tpoduib. [T1echl B 3aBUCUMOCTH OT MPOMCXOXKIeHUS (TTOANMOpHasl yCTheBasi 00J1acTh BMaAeHUS MTPU-
TOKa, y4aCTOK HU3KUX OTMETOK peJibedha, HeMOCPEACTBEHHO MOoANopHast oogacThb nepen 2KUryaeBCKoi MIOTUHOM)
pa3imyaTcss MophoMeTpreit, THTEHCUBHOCTBIO U HATIpaBJIEHHOCTHIO BOT0OOMeHA. PycIoBoii ITpoaoIbHbII TTPO-
(usib MpU 3TOM OTHOCUTEIBLHO OJHOPOJEH B CpeaHell U HUXKHEHN JyacTsX BOAOXpaHUIMILA, OTindasich B KaMckoMm
1 Bokckom paifoHax mepeMeHHOTro TTOANopa U B MECTE UX CIIUSHUSL.

OcobeHHO THAPOINHAMUYECKN aKTUBHBIMU IBIII0TCS Bommkckuit 1 Kamckmit paitoHBI TepeMeHHOTO TTOAIIopa
M MecTa PYCJOBBIX Cy>KeHUI BomoxpaHuiuiua. B MenkoBoaHbix YepeMiIaHCKOM U YCHUHCKOM 3ajuBax (CpemaHsis
r1yOorHa 5 M) BIMSIHUE TI0JI0BOIbSI, CE30HHBIX M CYTOUHBIX BOJIH omyckoB Ha 'DC co3naioT KonedaTeabHbIe pas-
HOHAIIpaBJIeHHBIE IBVKEHUS TIOTOKOB BOJBI, KOTOPBIE ONPENeITIOT THTEHCUBHOCTD ITPOLIECCOB MepedopMupoBa-
HUg O1Ha. B T1y00KOBOAHBIX Miecax BogoXpaHUIMIIA (MaKcUMaabHble IIyOUHBI JocTUTaloT 40 M) BIUSIHUE HEy-
CTAHOBUBIIIETOCS pEXXMMa TaK Xe, KaK U B 3aJIMBaX HE3HAYUTEJIbHO U CYILIECTBEHHO TIPOSIBIISIETCS JIMILbL B MECTax
PYCJIOBBIX CY>KEHUWI BOIOXPaHVIIUIIIA.

JI1s1 pacrofioskeHHbIX B BepX0Bbsix KyiiObI1IeBCKOro BOAOXpaHUIMILA PEUHBIX YU4aCTKOB IpOLiecChl Iepedop-
MUPOBaHUS IHA OMPENEISIIOTCS peXXuMoM perynupoBaHust Yebokcapckoro n HukHekaMcKoro ruipoysioB. Peu-
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HbIe HAHOCHKI, TIEPEHOCHMbIE Ha pacCCMaTPUBAEMBIX y9acTKaxX c(hOpMUPOBAHBI B PE3yJIbTaTe PyCIOBBIX AedopmMa-
LU 1 9PO3MOHHOI AESITEIbHOCTH MpeuMyllecTBeHHO Ha YebokcapckoM U HukHekaMCKOM BOIOXpaHWIMIIAX.
[Tpu 3TOM, Ha yyacTKe Bokckoit BeTku BomoxpaHuiauia (Huxe r. Kaszans o cnusinusa ¢ Kamoit) B ocHOBHOM
HabJIIoIaeTcs YyCTOMYMBAsI 9po3us pycia, Toraa Kak st Kamckoii BeTku (Huxke BOaaeHus p. BITku 1o ciusHus
Kawmpbl ¢ Bosroit) xapakTepHbl Kak aKKyMYJISILIUS, TaK U pa3MbIB B pa3Hble a3bl BomHOCTH [17].

ITpu 5ToM B ienom ajist KyiiobIeBCKOTO BOIOXpaHUINILA B IIEPBBIE TOJBI €T0 CYIIeCTBOBaHMS, COTiiacHo [18]
C yueToM abpa3un OeperoB U pa3MbiBa OCTPOBOB CPEIHUIT CIIOI 3aUJIEeHUs] COCTaBWII OKOJIO 8 MM. COBpeMeHHbIe
HCCJIeI0BaHMS MPOLIECCOB U MHTEHCUBHOCTU OCAJAKOHAKOIUIEHUS MTOKa3aM, 4To B cpeaHeM no KyiiobiieBcko-
MYy BOAOXPAaHWIHUILY AMHAMUKA OPraHUYECKOTO U MMUHEPATbHOTO OCAAKOHAKOIUIeHUs! cocTaBisieT 4,4 Mm/Ton
[19]. C yuyeToM COOTHOIIIEHUST apeasioB, 3aHUMAeMBbIX TTPEUMYIIECTBEHHO KPYITHO3EPHUCTHIMU (TIECKU) U TOHKO-
NUCTIEPCHBIMU (MJIbI) OcalkaMu, UHTEHCUBHOCTb OPraHUYECKOro ocaakoHakoruieHust B KyiiObilieBCKOM BOIO-
XpaHuauie cormacHo [19] cocraBnseT okoio 7,1 MM/Tol, a HA MUHEPaJIbHOE OCAAKOHAKOIUIEHUE MPUXOIUTCS
1,8 mm/ron. Kak ormevator MHorue uccienonarenu [18, 19, 28], c MomeHnTa co3nanust KyitObiiieBckoro Bojgoxpa-
HUJIMILA U 10 HACTOSIILIETO BpEMEeHH BKJIa[ adOpa3uu OEperoB B MPOLIECC OCAAKOHAKOTUIEHUS B BOIOEME CHUXKAETCS.
[Tpu aTOM, BKIJIan GeperoBoro rpyHra B nepeopMUpoBaHUE AHA TPUOPEKHBIX YacTell aKkBaTOPUU MO-TPEKHEMY
OCTaeTCs CylleCTBEHHbIM. OCHOBHBIE TPUUYMHBI 3TOTO MPOAOJIKAIOIIUECS OTTOJI3HEBBIE MPOLIECCHl HA CKJIOHAX, JIe-
JIOXOJl I TIEPEHOC PBIXJIBIX TPYHTOB BOJIM3U ype3a B MEPUOJ CXOJa CHera, MOoAMbIB OEperoB B NMepUOabl OOJIbIION
BOJbI U BETPOBOE BOJIHEHME.

3. MeToap! pacyera

Onenka nepedopmupoBanmst 1Ha KyiObIIIeBCKOTo BOIOXpaHIIIMIIA ITOCTPOSeHA Ha TUAPOIMHAMUIECKOI MO-
nenu «Bomnar [20]. DTa moaens pazpadborana B UDBb PAH u ocHoBaHa Ha cucTeMe ypaBHEHUIA «MEJIKOI BOMbI».
Mopennb nonoHeHa airopuTMaMM pacyeTa CToOKa HaHOCOB (aHauTuJecKast hopmyaa pacxoaa HaHocoB [21]) 1 u3-
MEHEHU TPaHCIIOPTUPYIOIIETO MoTeHInana moroka [21]. OmHUM U3 apTyMEHTOB MOJENU SIBIISIETCS] U3MEHEHUE
OTMETKM JIHA B KaXIOi pacueTHoii sueiike. CieayeT 3aMETUTh, YTO B MOJIEJIM HE PACCMaTPUBAIOTCS MPOIIECCHI
abpas3uu OeperoB B pe3ysbTare JeHCTBUS Pa3TUUYHBIX TPUPOJHBIX aT€HTOB U OPraHUYECKOe OCaIKOHAKOILIEHUE.
Taxum obpazom mepedopMUpPOBaHNE THA BBIUUCISICTCS UCKIIOUNTEBHO KaK (DYHKIIMS pa3MbIBa/aKKyMYJISIINT
JTHAa PacyeTHOro yJacTKa C Y4eTOM TOCTYMAlOIIMX M3 BEPXHUX CTBOPOB PeUHBIX HaHOCOB. CHcTeMa ypaBHEHUI
MOMAEIU B IBYMEPHOU IMTOCTAHOBKE UMEET CJIENYIOIIUIA BUI:

2 2
P
0 (O Pa gy Ty [0 0 10K M
ot ox oy “ox pH H oxr o) pox
2 2
P
Py B Py ) Jwe g, (9, 0| 1OR, )
o ox oy Cox pH ¥ H x? ayr) poy
o[ (n o (n
o ol(hechu] o[(n+o)v] 3)
ot ox oy
dh 1
an _ 62 4)

G,
dt Pyp dx -dy

roe u(x, y, t) m v(x, y, t) — yCpemIHEeHHBIE 110 INyOMHe POI0JIbHAS 1 TTOIIepeyHasi CKOPOCTH, M/C; A(x, y, f) — TIyou-
Ha, M; {(X, ¥, {) —ypOBeHb CBOOOTHOIT TTOBEPXHOCTHU, M; X U ) — JIEKapTOBbI KOOPIUHATHI pACYETHOM CETKU, M; H =
(h + {) — nonHasg r1youHa, M; g — YCKOpEHUe CBOOOIHOrO naneHus, M/c?; C, — KoahHULMEHT aspoarHaMuye-
CKOT'O COITPOTUBJICHUST BOTHOM MOBEPXHOCTU, 0/p, KOTOPHIiT B MOIEIU OIIPEACISICTCS C UCTIOJIh30BaHEM 3aBUCH -
moctu bankepa u Cmura C, =107°(0,63 + 0,066 W); W u W,y — KOMIIOHEHTBI COCTABIISIOLICH CKOPOCTH BETPA,

M/c; W — pe3yJIbTUPYIOLINii BEKTOP CKOPOCTH BETpa, M/C; V' — pe3yJIbTUPYIOLINI BEKTOP CKOPOCTHU TEUEHUSI, M/C;
2
n
Jwo = g_y — KO3(pdULMEHT MPUIOHHOTO TpeHusl, 6/p; n — K03bGULMEHT 1epoxoBaTocTu AHa, 6/p; K; — Ko-
H 3

3G GULMEHT rOPU3OHTANIBLHOTO TypOYJIEHTHOrO 0OMeHa, M%/c; P, — arMocdepHoe masieHue, Kr/(m-c?); G(x, y,
f) — 0oOLIMIi pacXoj HAHOCOB, KT'/C; (0 — TUIOTHOCTD 3aJIeraHus TPYHTA C YYETOM €TI0 eCTeCTBEHHOM CTPYKTYpPHI, 6/p.

CrenyeTt OTMETHUTD, UTO (K ) SIBJISIETCS] SMITUPUIECKIM KOI(DGOUIINEHTOM TSI TTapaMETPU3aLIUN BUXPE, MCHb-
IIIe MacIITaboB pacYeTHOM CETKM, HO, HECMOTPSI Ha TO, YTO OBLJIO IIPOBEACHO HEMAJIO MCCIIeI0BaHUI B 3TOI 00-
JIACTH, B €T0 3alaHUM OCTaeTCsl MHOTO HeorpeaeneHHOCTU. B mpoBeaeHHbIX pacyetax K; MpUHUMANCS PaBHBIM
MOCTOSTHHOI BeJInunHe (Tabu. 1).
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AHanuTudeckas opMysia pacuera obIIero pacxoaa HaHOCOB [21] umeeT BUA:

PO y,1)| (1= f)p, ] |, )
prp Py h(xsyst)g
rne Q(x, y, ) — pacxol BOAbL, M3/c; Prp U Py — TJIOTHOCTH IPYHTA U BOIbI COOTBETCTBEHHO, Kr/M3; ] — yKJIOH JiHa,
0/p; f— Koa(hdUIMEHT BHYTPEHHETO TpeHUs, 6/p (1omycKaeTcs 3HaueHue > 1); ¢, — CLETUIEHUE YaCTHIL TPYHTa
npu casure, Kr/(M-c?).

H71s1 cucTeMbl ypaBHEHUM ruapoanHaMuKH (1)—(4) Ha TBepIbIX OOKOBBIX TPaHHUIIAX HOpMaJIbHas KOMITIOHEHTa
CKOPOCTH U,, 3a[1aBajlach paBHOM HYy0. il TAHTeHIMAIbHOW KOMIIOHEHTBI #, BBOAMTCS KBAIPATUYHBIN 3aKOH
TpeHus (3aKoH cTeHKH). Takum 00pa3oM, rpaHUYHOE YCIOBUE Ha TBEPAbIX O0OKOBBIX TPaHULIAX UMEET BUI:

G(x,y,t) =

0
u,=0,K; 5:

=—fu V1, (6)
rae f, — KoadduiieHT 60KOBOro TpeHusl, 6/p, KOTOPBII paCCUUTHIBAETCS MO JOrapudMUUECKOMY 3aKOHY CTEHKHU:
k2
=
(In(z / n))

k=0,41 — nmocrossHHast KapmaHa; z — paccTosiHue 10 OauKaiiero y3jia ceTKu, M; # — KO3(M(MULIMEHT 1IEePOXO0-
BaTOCTH AHA, O/p.

Hcxons u3 momymieHusl, 9YTO CTEHKU KOHTYpa pacuyeTHOM 00JIaCTU U TTOBEPXHOCTH JHA CIIOXKEHBI OMTHUM U TEM
K€ TPYHTOBBIM KOMILIEKCOM, Ul pacyeTa KO3(M@PULUUEHTOB IIPUIOHHOTIO f,,,, U «DOKOBOTO» f; TPEHUS B MOIENIN
HCITOIb3YeTCS OMMHAKOBOE 3HaUeHME KO3 DUILIMEeHTa IIepOXoBaTOCTH A. (Tab. 1).

Ha oTkpbITEIX BXOOHBIX 60KOBBIX rpaHulax (peku Bosra, Kama, Kazanka, Yepemuian, [llenma) B y3nax cetku
MOJIEJIY 3a/1a€TCsT BPEMEHHOI X0 HOPMaJIbHOM K TpaHU1Ie CKOPOCTH U,,, BEIMYMHA KOTOPOW pACCUUTBIBAETCSI YEPE3
YPOBEHb U 32[1aBa€Mblii pACXO[l MPUTOKA B pacueTHYI0 00acTh. [Tpy 3TOM Ha OTKPBITHIX TPAHUIIAX CKOPOCTh BIOJIb
CTEHKWU u, paBHa Hymo. Ha BerxogHoM ctBope (Kurynesckast [DC), Tie Bona BEITEKAET U3 pacUeTHOI 00J1acTH, 3a-
JaeTcsl TMHEHAA 3aBUCUMOCTb MEXIY HOPMAIbHOM KOMIIOHEHTOM CKOPOCTH M YPOBHEM i, = + (g/h)”( (Tak Ha3bI-
BaeMoe yCJIOBUE «U3TyueHus»). JlaHHbIe TI0 exXeaHeBHbIM pacxonaM Bonru n Kambl penoctaBieHbl KOMITaHUEH
«PycTunpo» [29], a 60KOBbIX TPUTOKOB — B3STHI U3 [ nposiornyeckoro exerognuka [30].

J1s1 moslydeHus1 YMCJIeHHOTO peleHus ypaBHeHuii (1)—(5) Obl1a ucnoab3oBaHa cxema Kpanka-HukosncoHna
C TIPUMEHEHUEM METOJa PaCHIeTUIEHUsI BTOPOTrO MOPsiiKa TOYHOCTU [22]. YpaBHeHUs pelialoTcsl MOTyHEsIBHBIM
KOHEYHO-Pa3HOCTHBIM METOIIOM, B KOTOPOM aJIBEKTUBHBIC WIEHBI M TOPU3OHTAIBHBIN TypOYJIEHTHBIN OOMEH ari-
MPOKCUMUPOBAHBI SIBHO, a TPAIUEHThI YPOBHS U MPUJIOHHOE TPEHUE alIPOKCUMUPOBAHBI HESIBHO [23].

Mopnenb KyiiObllIeBCKOTO BOJOXpaHWJIMILIA pazpadoTaHa C MCMOJb30BAHWEM PETYJISIDHON MPSIMOYTOJIbHOM
CETKU W pasnesieHa Ha 143562 pacueTHbIX y3ia ¢ marom 200 M. BerauciieHust IpOBOIWIMCH C MOICIBHBIM IIIaTOM
10 BpEMEHHU 5 . 3HaUEHUSI TapaMeTPOB MOJIEN ObLIU MOJYYEHBI B XOJ€ TTPOLIEAYPhl KATMOPOBKU U TIpeCTaBIIe-
Hbl B Tabnuie 1. Bepudukanuys Moaeny no ruipofuHaMUueCKUM XapaKTepUCTUKaM ObLia TPOBeaeHA TI0 JaHHBIM
CKOPOCTE# TeYeHUST U MyTHOCTH BOJIbI B aKBATOPUH BOIOXPAaHWIIMIIA 34 JJIeTHUI Tiepron 1969 roma u mpeicraBieHa
B pabore [24].

)

Tabauya 1
Table 1
ITapameTpsl Moxenn
Model parameters
O0o3HaYeHUSA Enununa nusmepeHust 3HaueHne
n 6/p 0,038
K, M2/c 225
Cp Kr/(M-c?) 2,01
¢ o/p 1,67
Prp kr/m? 2650
f o/p 0,94

142



HecTranuonapuslii pexuM BOIOXPAHIIMIIA: ONBIT MOJETUPOBAHNS PYCIOBBIX MPOLECCOB C MOIBIKHBIM JHOM
Unsteady regime of reservoir: experience in modeling riverbed processes with a movable bed

Pacxon HaHOCOB Ha TBepIbIX OOKOBBIX I'PAHMIIAX ¥ OTKPHITHIX OOKOBBIX TPAHUIIAX B MECTAX BITAACHUSI OCHOBHBIX
nputokoB (Csusra, Kazanka, Yepeminan, [lenrva) 3amaBaicst BBIMMCAEHUEM OOIIETO pacxoaa HAaHOCOB B COOTBET-
CTBUM C THAPABINYECCKIMU TTEPEMEHHBIMU COCTOSTHUS TTOTOKA. [TapameTpbl (popMyisl (5) Ha3HAYAINCh B COOTBET-
CTBUU C KPYITHOCTbIO TOHHBIX OTI0XeHU ! KyiiObI111eBCKOTO BOJOXPAHWINILA — Wbl U MEJTKO3EPHUCTbBIE MECKU.

OrnpenieJIeHHBIM TTPEUMYIIIECTBOM (POPMYJIBI (5) SIBIISIETCS aHATMTUIECKUIT BBIBOJ U3 OCHOBHOTO ypaBHEHUS
JByx(a3HOro MaccorepeHoca ruipoInHaMUIeCKO MOMIETU IBUXKEHUS BOJIbI U TBEPIIOTO BEIllECTBAa B PEYHOM T0-
Toke [21, 25]. Dta Moneb OCHOBaHa Ha OajaHCe CUJ, NEHCTBYIOIIUX B CUCTEME «BOAHBIM MOTOK — JOHHbBIE OT-
JIOXXEHMSI — HaHOChI». B ypaBHeHUU ABYX(ha3HOTO MaccolepeHoca CUJIbl 3alIMCaHbl He 10 OTHOILIEHHUIO K MOTOKY
BOJIBI, a 10 OTHOIIECHUIO K IBYKYIIEMYCS TBEPIOMY BEIECTBY (CIBUTAIOIIAS MPOCKIINS CUJIBI TSIKECTH IMOTOKA
BOJbI, YAepXKUBaIOIask MPOSKIMS CUJIbI TSKECTH IBUXKYIIMXCS YaCTULI, CWJIbl MHEPLUU MOTOKA BOIBI M JBMXKY-
IIMXCS YaCTUII, CHJIa COIPOTUBIICHUS TPYHTA CABUTY). TakKe B3aUMOISHCTBIE TTOTOKA BOIBI M JHA TIPEACTABICHO
COIPOTHUBJIEHUEM JOHHOTO TPYHTa KacaTeJbHOM Harpy3ke co CTOpPOHbI MoToka. TakuM obpazom cdhopmyia (5) oc-
HOBaHa Ha B3aMMOCBSI3aHHOM pacyeTe MOTOKA BOIBI I TBEPIOTO BEIIeCTBAa U 00eCIIeYnBaeTCs KaueCTBEHHOI, a He
KOJMYECTBEHHOI XapaKTepUCTUKOIN KPYITHOCTU JOHHBIX OTJI0XeHUH. [1lapaMeTphl TpeHuUs onpeaensitorcst hyHK-
IMOHAJIBEHO Yepe3 KaTeropru KPyIMHOCTH TOHHBIX OTJI0XEHU, KOTOPBIE TIPEACTaBICHBI IMMPOKUMHU THaIla30HaMM’
pa3MepoB IOHHOTO TPyHTa (BECh CIEKTP rPaHyJIOMETPUIECKON KPYIMTHOCTH TOHHBIX OTJIOXEHUMN PEYHBIX pycel).
®opwmyina (5) mpoiiia yoeauTeaIbHYy0 arpo0aIiio Ha BOMOTOKAX C Pa3INIHBIMU TUAPABINYECKUMU XapaKTepu-
CTUKAMM, PaCMOJOXEHHBIMU B pa3HbIX (PU3UKO-reorpauyeckKnx 30Hax, ¥ rmokasaja Xopollre pe3yabTathl [21].

Hosuszna mopenupytouieit cucteMsl (1)—(7) COCTOUT B YUCTEHHON peanu3aluu TPaIUulIMOHHBIX TUAPOAUHA-
MUYECKUX YPAaBHEHMI U aHAJIUTUYECKOU (hOpMYJIbl OOIIEro pacxona HaHOCOB, YTO MO3BOJISIET AaTh COBMECTHOE
pellleHne 3amadn AByx(a3sHoro MaccomnepeHoca. OTHOCUTEIFHO HEOOIbIINE 3HAYCHMST pacxoaa HAaHOCOB B pac-
YEeTHBIX siYeiiKaX MO3BOJISIIOT peaiM30BaTh HECBSI3aHHBII pacueT r’uAPaBIMIYECKUX MIEPEeMEHHBIX COCTOSIHUS TTIOTOKA
¥ TBEpAOTO BelecTna [5].

PesyabTaThl pacueToB CKOPOCTHU Tepe(OpMUPOBAHUS THA HanboJiee Tyo0oKoBoaHOI yacTu KyiiObIleBCKOro
BomoxpaHuauia — [1pUIIOTUHHOTO TUleca — OBUTH y3Ke MpeCcTaBlIeHbl aBTopaMu B pabote [26]. B aToit paboTte
ObLTM MPUBEIEHBI CKOPOCTU Pa3MbIBa U aKKYMYJISILIUM PEYHBIX HAHOCOB MJIsI Pa3HbIX (a3 BOOJHOCTU 1 MOKa3aHbI
HauboJee TMIPOIMHAMUYECKN aKTUBHBIE 00JIACTH UCCIIEAYeMOI aKBaTOPUM.

B nanHoM uccienoBaHuu 11l Bceit akBatopruu KyiObIIeBCKOro BOIOXpaHWIUIIA ITPU HECTallMOHAPHOM pe-
XKMME pacyeTta Ha nmpumepe cpeaHero mo BogHoct 2015 roga u nepuona 150 gHeli OblTa BBIUMCIEHA UHTEHCUB-
HOCTb TepehopMUpPOBaHUS AHA JJIs1 Pa3HBIX (a3 BOTHOCTU M B LI€JIOM /IS BCEro pacueTHoro nepuoaa. Becero 3a
pPACUYCTHBIN MepHo OB BBIACICHBI YeThIpe (ha3bl BOMHOCTH — IIepHOM ITogbeMa mosioBoabsa (30 cyT), mepuon
oonbiioii Boabl (40 cyT), mepuon criaga rmojoBoabs (30 cyt), MexxeHHbIi epuox (50 cyT) (puc. 2).
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Puc. 2. T'unporpadsl pek Bonra — Yebokcapckass 'DC (/) u Kama — Hke yctbst Bsitku (2), 2015 ron ¢ BeIAEIEHHBIMU IIEPHO-
JaMu BogHocTu: I — nmoabeM nojioBoabst; 11 — nepuron 6ombinoii Boawl; 11T — criag monoBoabst; [V — neTHsISE MeXeHb

Fig. 2. Hydrographs of the rivers Volga — Cheboksarskaya HPP (7) and Kama — below the mouth of the Vyatka (2), 2015 with
highlighted periods of water availability: I — flood rise; II — the period of high water; III1 — flood decline; IV — summer low water
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4. Pe3yabTaTbl MOAEIMPOBAHUS

Ha puc. 3 nmpuBeaeHbI pe3yabTaThl BEIYUCIeHUH niepedopmMupoBaHus qHa KyiiObIIIIEBCKOTO BOJOXPaHUIIN -
ma B 30-gHeBHBIC TIEpUOIBI TTogbeMa (a) U crana (6) TOJI0BOAbS, a TAaKXKe CyMMapHast aKKyMYJISILIVsI/pa3MbIB
3a Bechb 150-mHeBHBIN mepuona pacyeta. Hambosbiias MHTEHCUBHOCTD TepeOopMUpOBaHUS AHA MPUXOAUTCS
Ha Iepuoabl mogbeMa (pa3MbIB) U cIlafga (HaMbIB) ITOJIOBOIbs. Ha mombeme 1moji0BOabs HAaMOOIbIINE 3HAUYCHUS

b)

MM/TIEpUOJT
4

3

Puc. 3. PesynbsraTsl MonenupoBaHus iepedopmupoBanust gHa KyliObIieBCKOro BomoxpaHu-

Jiia, MM/miepuol: @ — B 30-IHEeBHBII MEpUoO oabeMa MoJ0BOAbs; 6 — B 30-THEBHBII Me-

pYOn cTiafa MmoIoBOAbsT; 6 — cymMmMapHast akkymyssiiust (>0)/pasmeiB (<0) 3a Bech 150-qHeB-
HBII IepUoJ pacyera

Fig. 3. Results of modeling the reshaping of the bottom of the Kuibyshev Reservoir, mm / period:
a — during the 30-day period of flood rise; » — in a 30-day period of flood decline; ¢ — total
accumulation (> 0) / erosion (<0) for the entire 150-day calculation period
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pa3MbIBa JOCTUTAOTCS B Bomkckoii BeTke mo cimsaHust ¢ Kamoit n B KamMckoii BeTKe — 10 BIUSIHUS MOOIIOpa,
a TaKKe B MEeCTaX PYCJIOBBIX CY:KECHUI BomoxpaHminina gocturas 20 MMm/Mec 1 6osee. B ocHOBHOIT acTi Bozmo-
XpaHWINIIA B CPETHEM 3a pacCMaTpUBaeMbIii IIeproa OOIINIA pa3MBIB THA COTJIACHO pe3yJbTaTaM MOACIMPOBa-
HUS cocTaBisieT 1—2 MM/Mec.

Ha cniage momoBombsI TIpomooKaeTes He3HAUMTEIbHBII pa3MBIB JHA B BomkckoM 1iece 1 YepeMImaHCKOM 3a-
JINBE ¢ THTeHCUBHOCTHIO 0,5 MM/Mec. B UepeMImaHCKOM 3aIBe pa3MbIB THA BRI3BAH KPYITHOMACIITAOHOM ITUKII0-
HUYECKON LMPKYJISLUed TedeHUs1, 00yCIOBIEHHOI reoMeTpueil 3ajiuBa U BIMSIHUEM IIPOXOXKISHUS 110 BOJOXpa-
HUJIMIIY TIPSIMBIX M 0OpaTHBIX BOJIH Torrycka oT ['DC. Dta HMpKyJISIIINs ONpeaesisieT HalmpaBIeHHOCTh IBYKCHUS
HAHOCOB U 3PO3UIO THA, TIPEACTaBICHHOTO HECBSI3aHHBIMU TpyHTaMU. B cpemHeit u HUKHElt yacTu BOTOXpaHM-
mua (YnbpsiHoBcKkuii, HoBoneBrumii u [TpUMIOTUHHBIN IUIECH), HA CMaje MOJIOBOIbSl TPAHCTIOPTUPYIOLIMIA TT0-
TEHIIMAaJI IOTOKA CHMXAETCS, YTO MPUBOIUT K aKKYMYJISIIUU HaHOCOB OT 0,5 MM B rutecax u 1o 1,0 MM B paiioHax
Cy>XeHUIi aKBaTOpUM BopoxpaHuauina. Hanbosaee MHTEHCUBHO MPOLIECCHl aKKyMYJISIIMU HaoaonamTcs B KaMm-
ckoM M TeTIOIIMHCKOM Tuiecax, 1OoCTUrast 4 MM, OCOOEHHO B 30HE BBIKJIMHMBAHUS ITOANOPA, Ie MaKCUMaJIbHbIE
3HauYeHus npesbiiaioT 20 MM/Mec.

B uieiom 3a Bech pacueTHbliit nepuon (150 cyT) B BepxHeit yacTu Bomoxpanwiauiia (Bomkcekuii u Kamckuit rte-
Chl) HaOJIOAaeTCsl pa3MbIB IHA, a B cpeaHel M HikHelt yacTu (Bomkcko-Kamckuit, TeTionmHCKuiA, YIbsHOB-
ckuii, HoBoneBuunii v [IpUIUIOTUHHBIN IJIeChl) — aKKyMYJIsiiMs HaHocoB. C Havyasia ImoJIoBO/IbSl MaKCUMaJIbHBI
pa3MbIB IHA cocTaBisieT oosiee 1,0 MM 3a mepuond, akKyMyJsiLs — 6oJjiee 2,5 MM 3a riepuon. O61actv HauboJIb-
e akKyMmyJistiuu rpuxonsres Ha [TpurornaHbiit rurec (KiiMMoOBCKoe Cy>keHHe U Y9acTOK Iepe 2KUrysieBecKoi
I'SC). Cnenyet OTMETUTD, UTO CHUKEHUE pa3MbIBalOLIEl CTOCOOHOCTY MOTOKA U YBEIWYEHUE aKKYyMYJISILIMU 10
JUTMHE PEKU OT BEPXHUX YYaCTKOB K HIDKHUM, XapaKTepHa JUIsl BCeX paBHUHHBIX peK [27].

Ha puc. 4 (I) npuBeneH npoaoabHbIi MpohWib U3MEHEHUST OTMETOK THA ISl yKa3aHHbIX nepuoaoB. Lud-
pamu Ha rpaduke 0003HaAUEHbI MEPEIOMHBIE TOUKU MpoaojbHOro mpodbuns: 1 — r. Yucronons (p. Kama);
2 — m. Peunoe (p. Kama); 3 — n. Jlaumeso (Bomxcko-Kamckuii miiec); 4 — n. Kyitosimesckuii 3atoH (TeTtomn-
ckuii mmec); 5 — . banbiMepsl (cyxkeHue pycna, TeTomckuil miec); 6 — 1. YHaopbl (BepxHeynbsHOBCKUI
mwiec); 7 — 1. YabsaHoBck (BepxueynbsHoBckuit miec); 8§ — 1. HoBoynbsiHoBcK (HuskHeynbsiHOBCKUI 1IeC);
9 — r. Cenruneit (HuxueynbsinoBckuii mec); 10 — . HoBonesuube (HoBogesuunii ruiec); 11 — m. Knumoska
(IMpurtoruHHEBIM 1Iec); 12 — 1. ToabsgTTu (BepxHuUit 6bed IlpurmoTrHHOTO TUTeca). MecTa pacItoIOXKEHUS
TIEPEIIOMHBIX TOUEK MPOIOJIBHOTO MPOMWIIS, TIPUBSI3aHHBIC K HACEJICHHBIM ITyHKTAM Ha KapTe BOTOXpaHWIMNIIA
ToKa3aHbI Ha puc. 3, 6.

Haubonee nHTEHCUBHBIE MPOIIECCH PA3MbIBA/aKKyMYJISILIMK IS TIEPUOJIOB MOAbeMa U CI1afa MOJIOBObSI Ha-
OomaroTcst B Toukax 2, 5,7, 9, 11, 12. D1o ¢Bsi3aHO ¢ OOJBIINMU IpadueHTaMU CKOPOCTH TeueHusT B KaMcKoii BeTke
Ha TIogbeMe U CITajie TToJI0BoAbA (T. 2), ¢ 0ojiee MHTEHCUBHBIM U3MEHEHHEM BOIOOOMEHa B MECTaxX PYCJIOBBIX CyXKe-
Huli BomoxpaHuiauiia (T. 5, 7, 9, 11) u B 3oHe BiusiHus copoca Boabl XKurynesckoit 'DC nepen miuoTuHoit (T. 12).

PesynbraThl MogenupoBaHMs MOKa3ain, YTO 3a BECh paCUCTHBIN Mepuoa HauboIbIas MHTEHCUBHOCTD Tepe-
(opMupoBaHUsT MPOIOJILHOTO Mpoduist mpuiiack Ha Bomkckuit 1 KaMckuii pailoHbI IepeMeHHOro Moaropa,
Ha Bech TETIONIMHCKUIA TUIeC U YYaCTKU PYCJIOBBIX CYyXKeHUI Mexay Tuiecamu. [TosmydeHHble pe3ynbTaThl XOPOIo
COTIJIaCyIOTCS C TaHHBIMM, IPUBEACHHBIMU B [17], rIe 3aMeueHo, YTo ISl yKa3aHHbIX y4aCTKOB XapaKTePHbI MHTEH-
CHUBHBIC OTJIOXKEHUS B BECEHHU TIEPUOI.

Ha puc. 4 (II) npeacTaBiieH nonepevyHblit poduib nepeopMUpPOBaHUS AHA IJ1s1 HauboJiee TMaApoaMHaAMUYe-
CKM aKTMBHOM yacTu KyiObIeBCKOro BogoxpaHuiniia B ctBope I1. bansiMepsl. CormacHO MoJIy4eHHbBIM pe3yJibTa-
TaM, HauMEeHbIIIasi THTEHCUBHOCTB ITepeOpMUPOBAHUSI THA TTPUXOIUTCS Ha TITYOOKOBOIHYIO YaCTh UCCIIETyeMOTO
cTBopa y npasoro 6epera (Ha puc. 4 (II) ciesa), rae riiyouMHbI JocTUTalOT 25 U 60Jiee METPOB. 3a BeCh pacueTHBI
Mepro M3MEHEHW OTMETOK JIHA Ha paccCMaTpUBAEMOM YUJacTKe MpakTUIecK He HabmonaeTcs. Ha MenkoBombe
CO CTOpPOHBKI JieBoro 6epera (Ha puc. 4 (II) cnipaBa), xapakTepusyolerocs riyouHaMM OKOJIO TISITU METPOB, TIPU-
XOIWUTCSI HaMOOJbINIME 3HAYEHUST pa3MbiBa M HaMbiBa — 10 15—20 mm/Mec. Ho mpu aTom, 3a Bech 150-mHEeBHBINH
TeproJ MOJIETMPOBAHUST UMEET MECTO HE3HAUUTEIbHOE OCaIKOHAKOILIEHHE B TIpeesiax | —2 MM 3a Mepuo.

HeobxonmMMo OTMETUTh, YTO HATYPHBIX HAOJIOACHWIA TIO OlleHKEe TUHAMUWKY TepeOopMUpOBaHUS THA B pa3-
HBIe (Da3bl BOOHOCTH B KaKMX-T100 paifoHax KyiiOBIIIIeBCKOTO BOOOXpaHUJINIIA He ITIPOBOIMIOCH. MOXHO JIUIIH
OTMETUTH padoTHI [17, 28], B KOTOPOI MOATBEp>KIaeTcsl HaTuIrue CMBIBA TIPOAYKTOB 3aUJICHHS B TIEPUOM BeCeH-
Hell MyIbcallii CKOPOCTU CTOKOBOTO TEUCHUS U TIPUBOISITCS HEKOTOPHIC KOJIMISCTBCHHBIC OLICHKH YBCIMICHUS
OTMETOK IHA IS TIeproIa CpeaHel BOTHOCTH. B menmoM, BemynmHa aKKyMYJISILIUA HAHOCOB B BOIOXPAaHUJIUIIIE,
TpeacTaBieHHAs B pacyeTax Ha MOJIEIN, He TIPOTUBOPEYNT pe3yIbTaTaM HATyPHBIX HAOTIOACHUI B paHee OO~
KOBaHHBIX paboTax [19, 28], rme ykazaHa CKOpOCTbh MUHEPAIbHOTO OCaIKOHAKOIUICHUS mopsinka 1,8 MmM/roxm.
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Puc. 4. I — [pomonbHEIit Mpodwib MI3MEHEHMsT OTMETOK IHa oT T. YucTormosnb Ha p. Kama no XKurynesckoit [DC, mm/miepuos;

a — 3a 30-IHeBHBIM Mepuo NoabeMa MoJIoBoAbs; 6 — 3a 30-AHEeBHBINM NEPUOJ CIaa MOJIOBOIbS; 8 — CyMMAapHasl akKKyMYyJIsi-

st (>0)/pa3mbiB (<0) 3a Bech 150-qHeBHBI Tepuon pacueTa. I — [Mormepeunstit mpodwibs KyiiObIeBCKOro BomoxpaHwiniia

B cTBOpe M. banbiMepsl: a — 3a 30-IHEBHBIN MMepUoa MoabeMa MOJ0BOIbsI, MM/ Tepuon; 6 — 3a 30-THEeBHBII Mepuro craaa

TTOJIOBOIBST, MM/TIEPUOT; 6-cyMMapHast akkymyJsiius (>0)/pa3MbiB (<0) 3a Bech 150-1HEBHBIN TIepron pacyeta, MM/TIEPHUOLT;
2 — IyOuHa, M

Fig. 4. | — Longitudinal profile of changes in bottom elevations from Chistopol to the river Kama to Zhigulevskaya HPP, mm / period:

a — over a 30-day period of flood rise; b — over a 30-day period of flood decline; ¢ — total accumulation (> 0) / erosion (<0) for

the entire 150-day calculation period. II — Cross-section of the Kuibyshev Reservoir in the section of the Balymery settlement:

a — for a 30-day period of flood rise, mm / period; b — for a 30-day period of flood decline, mm / period; ¢ — total accumulation
(> 0) / erosion (<0) for the entire 150-day calculation period, mm / period; d — depth, m
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5. 3akmoueHne

B pesynbpTaTe MomenmpoBaHMS TTOIyYEeHBI KapThl TTOJIeit mepecopMUpPOBaHUS THA B pa3HbIe (a3l BOMHOCTH,
KOTOpBIC WILTIOCTPUPYIOT HAIIPaBICHHOCTh ITPOIIECCOB pa3MbIBa M aKKyMYJISILIUU IUIST Bceil akBaTopnu KyiiObI-
1LIeBCKOTo BomoxpaHwiuia. s Bcero 150-qHeBHOTO neproaa MOASIUPOBAHUS B CPETHEM 10 aKBAaTOPUM HaMbIB
coctasysget 0,5 MM, MaKCUMaJIbHbIC 3HAUCHMS IIPUXOISITCS Ha TIJICCOBBIE CYy>KEHHUS M PaBHSIOTCS 2,5 MM U Ooiee,
MUHUMAJIbHBIC 3HAUCHUS IIPUXOISTCSI Ha TUIECOBBIE paciunpeHus. [ToydeHHbIe pe3yabTaThl XOPOIIIO COTJIACYIOT-
Csl C JTaHHBIMU HAOTIOACHUIA.

ITocTpoeHHBII IO BCeMY BOTOXPaHWIMIILY ITPOAOILHBIN TPOMUIIb 1 B €T0 HEHTPAIbHOM YaCTU — TTOMEePEYHbIA
MpodWIb, XOPOIIIO MOKA3bIBAIOT BKJIAJ HECTAIIMOHAPHOTO pexknMa B (hopMHpOBaHUE peibeda JHA Ha TOIbeMe
U crane nojioBoabs. ITokazaHo, 4To B cTBope M. bajibiMepbl Ha MEJKOBOAbE CO CTOPOHBI JIEBOTro Oepera, Mpuxo-
IUTCS HAMOOJIBIIIME 3HAYSCHUS pa3MbIBa U HaMbIBa — 10 15—20 MM/Mec. DTOT CTBOP COBMECTHO ¢ [IpUTLITIOTUHHBIM
recoM 1 HKHeyJIbTHOBCKUM TIeCOM B cTBOpe 1. CeHTMIeit XapaKTepU3yIoTCs HauOOIbIIeii MHTCHCUBHOCTHIO
BePTUKAIBbHBIX PYCJIOBBIX 1e(hopMalInid.

MopenbHBIe pacyeThl IIOKA3aIM, YTO HE3HAYUTEIbHBIE CKOPOCTU TeUYSHMS HeIOCTATOUHBI IJI1 MHUITMALINY aK-
TUBHBIX PYCJIOBBIX ITpeobpa3zoBaHuii KyiiobImeBckoro Bogoxpanuiuia. [locienHee o3HadaeT, 4TO pedHbIe HAHO-
ChI HE SIBJISTIOTCSI OTIpENeITIoOIIM TS 3alJIeHUsT BogoxpaHuauiia (pakropoM. [1pu 3ToM, MHOTOBOHbBIE TTEPUOIBI,
XapaKTepu3yolIuecss 00jee MHTCHCUBHBIM BOIOOOMEHOM, TIPUBEAYT K 0oyiee 3aMETHOM LMPKYJISIIUN TBEPIOTO
CTOKa B aKBaTOPUU U, KaK CJIEICTBUE, TTepedOPMUPOBAHUIO JHA BCETO BOIOXPAHUJIUIIA.

6. ®uHaHCHpOBaHUE

PaGora BeIMoIHEHA TpU (PUHAHCOBOM ObecredyeHnu 3a cueT cpeacTB MeaepanbHOro OIOIKETa B paMKax TEM:
Ne 1021060107175-5-1.6.19 (MUBBb PAH — ¢ununan CamHILL PAH) u Ne 0154-2019-0003 (MHO3 PAH — CII6
®UIL PAH).
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AHHOTAIHUSA

M3ydyeHune KimmmaTa ¢ IOMOILIBIO PO eCcCHOHATBHBIX TPUOOPOB B MUPE HAUAJI0Ch OTHOCUTEIBHO HelaBHO. Poccus siBiis -
€TCsl OMHOM M3 BEMYIIMX CTPaH B 00JaCTU METEOPOJIOTMUECKHUX MccaenoBaHuii. M3yyeHre ncTopuu pa3BUTHSI METEOPOJIOTYe-
ckux uccienoBanuii Ha JlaibHeM Boctoke u cornpenenbHbIx Tepputopuit Kuras B XIX B., cuctemaTn3anus 1 aHaJIA3 pe3yJibTra-
TOB UCCJIEIOBAHU OYIyT CIOCOOCTBOBATH Jy4YIlIeMy TOHMMAHUIO 3HAYEHUST POCCUICKUX UCCIeIOBAaHUI B pa3BUTUU METEOPO-
Joruu. B cTatbe paccMaTpuBaeTcst IPeIbICTOPUST CTPOUTENIBCTBA 0OcepBaTopur Bo BianuBocToke. ABTOp TIPOCIEXKUBAET IETh
MOJUTUYECKUX U HAYYHBIX PEIIeHUI O MepeHOoCce MarHUTHO-METeOPOJIOrMUecKkoit oocepBaTopun Akajgemun HayK u3 [lekunHa
yepe3 TUIaHbI co3naHus obcepBaTopuu B [TopT-ApType M0 CTPOUTETHCTBA MAaTHUTHO-METEOPOIOTMIECKO 06cepBaTOpuu BO
Bnaguocroke. KpoMe Toro, B craThe pacCMOTPEHBI CMETHI 00CEPBATOPUM U TIJIAHBI O €€ OCHAIIEHUIO, KOTOPbIe OOBIYHO HE
SIBJISTIOTCSI TIPENIMETOM TTPUCTATLHOTO BHUMAaHUS McciienoBaTesieil. B coBpeMeHHOI 1 MHOCTpaHHOM nctoprorpaduu oTcyT-
CTBYET IMOJTHOLIEHHOE MCCIeMI0BaHe, OTpaXxarollee 3a1eiCTBOBAaHHOCTh AKaJIeMUN HayK B Pa3BUTUN CETU MAarHUTHO-METEO-
poJiorMuecKkux ctaHiuii u odbcepparopuit Ha JlansHem Boctoke Poccun u B conpenenbhbix Tepputopusix (Kopesi, Kurait). A-
TOPOM BBEJICHBI B HayYHBIII 000POT HOBBIE apXUBHbBIE TaHHbIE U3 Poccuiickoro rocynapctBeHHOro apxuBa BoeHHO-Mopckoro
daota u Cankr-ITetepOyprckoro puimnana apxuba AKageMUu Hayk.

KiroueBbie coBa: meTeoposiorusi, AkageMusi HayK, oocepBatopus, Branusoctok, [TopT-Aptyp, [lekun
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Abstract

The professional tool’s investigations of climate in the world began relatively recently. Since the second half of the XIX cen-
tury Russia was one of the meteorological investigation’s leaders. Study of the history of meteorology in the Russian Far East
and in China, systematization, and analysis of research results would be a great contribution to a better understanding of the
importance of Russian research in the development of meteorology. The article discusses about the background of the creation
of the observatory in Vladivostok. The author analyzed the chain of political and scientific decisions about the transfer of the
magnetic and meteorological observatory of the Academy of Sciences from Beijing, through the plans of the creation an obser-
vatory in Port Arthur to the construction of an observatory in Vladivostok. In addition, the observatory’s budget and plans for
its equipment are considered. Such materials are usually not the subject of close attention of researchers. In the historiography
lacks an investigation about the role of the Russian Academy of Sciences to the development of a network of magnetic meteo-

Ccouika mas1 uutupoBanus: Pexnosa T IO. Ilekun — Ilopt-ApTyp — BiagmBocToK: opraHu3ainus MarHUTHO-METEOPOJIOTH-
yecknx obcepBaTopuii Akanemun HayK Ha JlanbHem Boctoke B XIX — Havane XX BekoB // DyHIaMeHTaIbHAsT U TIPUKJIaIHAST
ruapodusuka. 2022. T. 15, Ne 2. C. 150—162. doi:10.48612/fpg/e9d4-ferg-mfxp

For citation: Feklova T. Yu. Beijing — Port-Arthur — Vladivostok: Organization of the Academy of Sciences’ Magnetic and Me-
teorological Observatories in the Far East in the 19th—Early 20th Centuries. Fundamental and Applied Hydrophysics. 2022, 15, 2,
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rological stations and observatories in the Russian Far East and in adjacent territories (Korea, China). The author introduced
into scientific circulation new archival data from the Russian State Archive of the Navy and the St. Petersburg branch of the
Archive of the Academy of Sciences.

Keywords: meteorology, Academy of Ssciences, observatory, Vladivostok, Port-Arthur, Beijing

1. Beenenue

Merteoposiorus Kak oTaeAbHask AUCIIUIIMHA ITOJyJaeT CBoe pa3BUTHe B cepeanHe XIX B., Korma 1o Bcemy 3eM-
HOMY IIapy HAUMHAIOT IIPOBOANTH MATHUTHO-METEOPOJIOTHICCKIE NCCIenoBaHus. Poccuss akTHBHO BKITIOUMJIACH
B 9Ty paboTy.

Hcropus pa3BUTHS METEOPOJIOTUU, HAYYHBIX SKCIIEAUIIMI U UCTOPUS CO3TAHMUSI MarHUTHO-METEOPOJIOruye-
CKHX 00CepBaTOPHii KaK 9acTh O0JIiee MacIITaOHOTO IIpoliecca pa3BUTHS HAYIHBIX TUCIUTUIMH, TIPUBJIeKajaa MHO-
TMX MCCleaoBaTese.

2. Marepuajbl ¥ METOIbI

Wctopust opraHuszaiyu MarHUTHOM oOcepBaTopuu BO BramnBocToke Oblla paccCMOTpeHa B MYyOJIMKALUSIX
B.T'. CmupnoBa [24, 25]. B pabore CmupHoBa «AkageMuk M.A. PeikauyeB 1 pa3Bute reousuku B Poccumn» mpu-
BOJIMTCS KOMIJIEKCHOE MCCJIeIOBAHUE 3TAMlOB Pa3BUTUSI METEOpoJIoruu U reopusnku B Poccuu 1 poab M.A. Pbi-
KauyeBa B 9TOM mpoliecce. bosblioii pa3aes mocpsileH uctopuu oocepBaTopuu Bo Biranusoctoke. OmHaKoO B 9TUX
paboTax He IpocieXkeHa IMTPeeMCTBEHHOCTh Pa3BUTHSI MATHUTHBIX MccienoBanHuii Ha JJansHeM BocToke — oT mar-
HUTHO-METEOPOJIOTMYECKOM o0cepBaTopn AKageMnu HayK B [1ekiHe 4epes MOIBITKY Co3aTh MOI00HY0 00cep-
BaTopuio B [TopT-ApType u cTpouTenbCTBO 00cepBaTopuu Bo BiaguBocToke (Ipy KOTOPOM OBbLIIA MCIOJIb30BaHBI
CMeThl U 1aHbl oocepBatopuu B [TopT-ApType).

B pabotax 3apyOeXHBIX aBTOPOB, ITOCBSIIIEHHBIX MCTOPUHU M3YUYECHUS Pa3BUTHUS MeTeopoiornnu B Tmxooke-
aHckoM pervoHe (®. BunbsamcoHn [4], M. Maxonu [2] u ap.) npeackasyeMo yaessieTcsi BHUMaHue UCTOPUU 3a-
TMaTHOEBPONEHCKIX MCCIeIOBaHMI B JaHHOM perroHe. [1pu aTtom Maxonu [2] moguepKuBaeT, 4YTO INI00aTbHOCTD
CYIIIECTBOBAHMSI TOCYIapCTBa B paMKax MMIIepun (TIpekme Bcero bpuraHcKoif mMITepri) OKa3bIBaJIO MO3UTHB-
HOe BJIMSIHME Ha pa3BUTHE METEOPOJIOIMU, MIOTOMY YTO MMIIEpUs O0bEeIUHsIIa B ceOe HECKOJIBKO TUIIOB KIMMa-
Ta, YTO CITOCOOCTBOBAJIO TIOSIBIICHUIO SIMHOM METEOpOIOTUH. B Tpymax KuTaiicKux mcciaenoBaresieii ICTOPHST Me-
TEOPOJIOTMIECKUX MCCIICIOBAHNST PYCCKUX YICHBIX B THUXOOKEAaHCKOM pEerMoHe TOoXe He yIOMUHaeTcsI. B craThe
Croa-Uxxonb Uxkan, Hoane-11sH I's, Cro-Lu ®anr, L3uH-tOHs YxaH, [3e Dsii [5], MOCBSALIEHHON UCTOPUN
u3yyeHus ocankos B [Tekune ¢ 1860 mo 1897 rr. He gaHO HU OAHOrO yroMuHaHus 0 [1eKMHCKOI MarHUTHO-METe-
OpPOJIOTMYECKOI 00cepBaTOpUN AKaIeMUN HayK.

B cBoeii kHUre «PaHHMe Troabl KCTOPUM MeTeopoJiorun nmooepexbs Kutas: poab I'oHkoHra» Ilatpuxk KeBuH
MakkeyH yTBepKaas, 9YTO «00cepBaTOPMK OBLIN ITPOMYKTOM 3aIllamlHOI KOJIOHUANBbHOI sKcnaHcuu B Kutae. Bee
KPYITHBIC KOJOHMAJIBHBIE Nep:KaBhbl co3manu oocepBaTopnu B Kutae, Mpr3BaHHBIC PEITUTh HEKOTOPHIC ACIIEKTHI
(pusnueckux Hayk» [3].

ApPXUBHBIC MaTepHaIbl 10 UCTOPUHM OPraHU3aLMU MarHUTHO-METEOPOJIOTHIeCKOi obceBpaTopuu Bo Braau-
BOCTOKE OTJIOXWIIMCH B HECKOJIBKUX apXnBoxpaHuIniax — B CaHkT-IleTepOyprckoMm prmane apxuBa AKageMIn
HayK 1 PoccuiickoM rocynapctBeHHOM apxuBe BoeHHO-MopcKkoro (¢ioTa.

HecMortpst Ha TO, 4TO MCcTOPHS MeTeopoJiornu B TruxookeaHCcKoM pernoHe 1 Ha JlanbHeM BocToke mocTaTouHO
TIOJTHO OCBEIlleHa KaK B HAYYHOM, TaK M B TTOITYJISIPHOM JIMTepaType, BKITI0Uast 3JICKTPOHHBIE peCcypChl, BOIIPOCH! 00
UCTOPUU POCCUNCKUX METEOPOJOTMYECKUX MCCAEeAOBAHUI, B YACTHOCTU O MPEIbICTOPUU OpraHU3allMd MarHuT-
HO-METEeOpOJIOTHIECKOIT 0OcepBaTOpu BO BiammBocToKe, 10 CHUX ITOP HEMOCTATOYHO pa3pabOTaHbI B MCTOPUIEC-
CKHUX UCCIIEIOBAHUSX.

MeTonoa0rn4ecKkoit OCHOBOM AJ1s1 pabOThI CTaAM MPOOJIEMHO-XPOHOJOTMYECKUI METOI Y METO ApXUBHOI 3B-
PUCTHUKM.

MarHuTHo-MeTeopoJiornyeckas ooceppaTopusi Akanemun Hayk B [lekune

13 ampens 1834 r. 3a Ne 6984 Gbuta onyG/iIMKOBaHa IoAIMcaHHas umIieparopoM Hukomnaem I gokiamHast
3aITMCKa TJIAaBHOYITPABJISIONIET0 KOPITycoM TopHBIX nHxXeHepoB E.@. KankpuHa «O0 yupexaIeHUM MarHUTHBIX
M METEOPOJIOTMYECKUX HAOMI0AeHU». DTa 1aTa CYMTACTCs 1aTOi OCHOBaHUS ['MIAPOMETEOPOIOTMIECKOM CITyX-
6n1 B Poccum [9].

ITo Bceii cTpaHe MOCTOSHHO YUPEXKIAINCh HOBbIE MATHUTHO-METEOPOJIOTMIYECKIE CTAHIIUKM M 00CEPBATOPUN.
B ToMm uncnie u B Takux OTAaNeHHBIX TeppuTOpUsX, Kak Kutaii, raoe B 1848 r., Ha Tepputopuun CeBepHOIo MoJaBOpbs
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Pycckoit lyxoBHoii muccuu B [lekuHe, 6b11a ocHOBaHA MarHUTHO-MeTeoposiornyeckas oocepparopust mmnepa-
TOPCKOI AKaieMuu HayK. DTa o0cepBaTopus Ha T0JT0oe BpeMsl cTaja (haKTUYeCKU eAMHCTBEHHBIM YUPEXKACHUEM,
MPOBOSIINM CUCTEMAaTUYECKUE MeTeoposiornueckue ucciaenosanus Ha JlanbHem Boctoke.

B cepenune XIX B. Kutait B momnsITKe COXpaHUThH CBOIO HE3aBUCUMOCTD TTPUAEPKUBAJICS TTOJIUTUKUA U30JISIIIU -
OHM3Ma, TO €CTh He BITyCKaJl MHOCTPAHLIEB BO BHYTPEHHME PETMOHbBI CTPaHbI, a TaKKe pa3pelian TOProBJo ¢ MUHO-
CTpaHIIaMU TOJIBKO B OTAEIBbHO YCTAHOBJIIEHHBIX OTKPBITHIX MopTax (B 1834 r.— toipko mopT ['yaHuxoy). [Tocie
[TepBoii OrmmymHoit BoitHb! (1840—1842 rr.) mpakTUYecKu BCe MOPTHI OBITM OTKPBITHL it Toprosiu. [locneno-
BaBIas Bckope 3a IlepBoii, Bropast OnuymHas BoitHa (1856—1860 rr.) mpuBena Kk Tomy, uro Kuraii hakrnuecku
CTaJl MmojyKojioHuei. Poccuiickast uMmiepusi He yuacTBOBajia B aKTUBHBIX BOEHHBIX MPOTUBOCTOSIHUSIX ¢ Kutaem,
onHako no utoram Bropoit OnuyMHoli BoiiHbl Mexxay Poccueit 1 Kutaem 6bu1 nmoanucaH IleKMHCKOI 10TOBOP
(1860 r.), oOKOHYATEIHLHO pa3rpaHUYMBIINI TEPPUTOPUH NBYX cTpaH. [To pesynbraTtam Aiirynckoro (1858 r.) u Ie-
KUHCKOTO A0roBopoB K Poccun otounu 3emau JdaasHero BocToka. I1pakTuyecku cpasy 1mocie 10KyMeHTaJIbHOTO
TOATBEPKIEHUST TIepexoa 3Tux Tepputopuii K Poccun B 3anuse [letpa Benukoro SimoHcKoro Mopsi ObLUT OCHOBaH
BOEHHBII MmocT BranusocTok.

Hecmotpst Ha 1o uTo IlekmnHckast obcepBaTopus [22], Bo3riasisieMasl M3BECTHBIM YYEHBIM-METEOPOTIOTOM
I'.A. ®purTie [26], MoKa3biBaja 3HAYUTETbHBIE PE3YJIbTATHI U cOOpaia YHUKaIbHbIC TaHHbIE IO OCHOBHBIM KJIM-
MaTUYeCKUM nokaszartessiM B Kutae (cpeaHerogoBbie TeMIepaTypbl, oKa3aTeau aTMOoC(hepHOTo AaBlIeHUS U BaxX-
HOCTH), BCE XK€ OHA HAaxoIMJach Ha TEPPUTOPUM APYroil ctpaHbl. [lopaxeHue B ABYX BOMHAX, MPUHYIUTEIbHOE
OTKpbITHE TpaHul] KuTaiickoit uMmepuu, pocT BHYTpeHHel MHGISINKT caenanu paboty B MarHUTHO-METeopo-
Jornyeckoii oocepBaropun MmMneparopckoit Akagemun Hayk (MAH) B Ilekune omacHoit [10] (1864 r.— OyHT
B ['yituxoy, 1852—1868 r. HaubpuzyHbckoe BoccTanue [14]), a Takke pMHAHCOBO 3aTPaTHOM.

IIpoekTbl peopraHu3anuu MeTeoposiorndeckoii cetu Ha /lansnem Bocroke

B ar10i1 cBa3u B 1874 r. Komuccus npu AKaJIeMUM HayK pacCcMOTpea IMpoeKT repeHoca odbcepBaropuu Bo Bia-
IuBOCTOK. 18 (eBpasst 1876 r. InmaBHbIl KoMaHaup nopToB BoctouHoro okeana (Tuxoro okeana) I.®. Dpaman
TeserpadupoBai ynpasisomniemy Mopckum munuctepctBoM C.C. JlecoBckoMy 0 TOM, 9TO yKe TTPUCMOTPEN ISt
IUIaHUPYyeMOli obcepBaTopuu 1oM Bo Bianusocroke 3a 3446 p. [19, 1. 1] Ho neHbru He ObLJIM aCCUTHOBAHBbI, a IIPO-
eKT O TIepeHOce 00cepBaTOPUH, HECMOTPSI Ha TOPSUYIO TTOAIEPKKY MOPCKOrOo MUHUCTEPCTBA U AKaJIeMUN Hayk,
ObUT OTKJIIOHeH mMmIiepatopoM AjekcaHapowm II. TlekuHckasi oGcepBaTopusi MpoaoKuia padoTtath a0 1884 r.,
a B BUJIE MAaTHUTHO-METEOPOJIOTMYECKOI CTaHIIMU BILIOTH A0 1915 1., moka IlepBas MupoBast BoitHa U TOCJIENO0-
BaBIIag 3a Heli peBomonnst 1917 r. B Poccun He mpepBain Bce oTHoIeHUs Mexay IlekuHom u [eTtporpamoM.

CrreyronM 11aroM 1o pa3BUTHUIO CETH MarHUTHO-METEOPOJOTUYECKMX CTAHIIMII M 00CepBaTOPUil TOJKEH
OBLI CTaTh MPOEKT I0 co3naHutio B 1894 r. obcepBatopuu Ha 0. CaxajauH, HO U3-3a OTCYTCTBUS (PMHAHCUPOBAHUS
obcepBaTopust Ha CaxanmHe He ObL1a TTocTpoeHa [21, 1. 23 06.]. OTka3 B oTImycKe cpencts U3 I'ocymapcTBeHHO-
ro KasHauelicTBa Ha CTpPOUTEILCTBO obcepBaToprM Ha CaxajlHe BO3MOXKHO OOBSICHSIETCSI, BO-TIEPBBIX, yIaJleH-
HOCTBIO PETMOHA M HE3alIUIIEHHOCTHIO TIepe BHEITHEeH yrpo3oii (B 1894 r. Hauanach SIMOHO-KUTalcKas BOiiHA),
a BO-BTOPBIX, CJIOXKHBIMU BHYTPUITOJIUTHAYECCKUMI 00CTOSTETbCTBAMMU.

B 1896 r. mupekTopoMm I'maBHoiT dusnueckoit oocepatopun (I'PO) M.A. PeikaueBBIM OBIT pa3paboTaH IJIaH
M0 Pa3BUTHIO CETU MAarHUTHO-METEOPOJIOTMIYECKUX CTaHIM B CUOMPU CO CTPOUTEILCTBOM LIEHTPAIbHOI 00Ccep-
BaTOpUM BO BrranmnBocTOKe, C opraHn3alyei mpyu Hell CUCTEMBI IITOPMOBBIX IIPEIYITPEKACHII 1 TTOCTOSTHHOM CBSI-
3bl0 C SITTOHCKOM obcepBatopueii. [IpoekT ObLT ogoopeH npe3uaeHToM MAH Benukum kHsA3emM KoHcTaHTUHOM
KoncrantunosuueMm. MAH u IT'DO co cBoeit cTOpOHBI ITOJIarajin, 4To co3gaHue oodcepsaTopuu Bo BiaguBocroke
SIBIISICTCST BAXKHBIM «HE TOJIBKO B LIEJIIX HAYKM TSI PEIICHNST BaXKHEHIINX 3a1a4 MO0 KJIMMAaTOJIOTUM 3eMHOTO IIIapa
M TIO LU PKYJISIIIUY aTMOocdepBhl, HO M JUTSI HYKI TOCYIapCTBEHHOTO X03SIiCTBa, B BULY IPEACTOSIIETO B HEIAJIEKOM
OyaylIeM OXXKMBJIEHUSI TOPTOBBIX CHOIIIEHW HAILIMX BOCTOYHBIX OKpauH C ApyrumMu ctpaHamu» [20]. Oqnako Mop-
CKOE€ MUHHUCTEPCTBO HE MOIACPKAI0 JaHHBII ITPOEKT, M OH He ITOJTYIMII JaTbHEHUIIIETO pa3BUTHS.

B auBape 1898 r. nmpu Akanemuu Hayk Oblia co3gaHa crieliMaibHasi KOMUCCUS IUISI BBIPAOOTKM MPOEKTa IO
peopraHu3aluy METeopoJoThudeckoi ciayxk0nl B Cubupu. Ha paccMoTpeHUMM KOMUCCUU CTOSUIA ABa BOIIPOCA:
1) co3maHue CIyKOBI TIPEAYIIPEXKICHUS O METEISX U IITOPMaxX Ha BCeM IPOTSKEHUU XeJIe3HOTOPOKHBIX ITyTei
B Cubupu; 2) cozgaHue cayk0bl MpeaynpexneHus o mropMax B Tuxom okeane [21, 1. 5 006.].

VTBepKIeHHbIN Mpe3naeHTOM AKaaeMUu HayK BeluKuM KHs3eM KoHctaHTmHOM KOHCTaHTMHOBMYEM TIpO-
eKT, OBIJT BHECEH IUIST pacCMOTpeHUsI B MUHUCTEPCTBO HAPOTHOTO IIPOCBEIIICHUSI.

IMocne obcyxneHust mogaHHoOro jokyMeHTa B ['ocynmapctBeHHOM CoBeTe, BOITPOC O peopraHu3allii METE0pO-
JIOTMYECKOM cyk0bl B Cubupu 0611 omo0peH u yrBepkaeH umneparopoM Hukomaewm II. C 1 suBaps 1900 r. mo
pacropspkeHUIo MUHUCTpa hrHaHCoB u3 ['ocymapcTBeHHOro KasHaueiicTBa OBUTM aCCUTHOBAHBI CPEACTBA Ha pac-
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mmpenue Exatepunobyprckoit u Upkyrckoii oocepBaTopuii, u co3nanuu npu Hux 20 cranuuit. [To3gHee MUHUCTP
unancoB Burre C.10. nucan nupekropy '®O PrikaueBy M.A., 4TO 3a1a4y Mo CO3AaHUI0 METEOPOJOTMUECKOMN
ci1y>k0bl B CUOMPU OH CYMTAJ BBIIIOJHEHHOM’, a BOIIPOC 00 yupexaeHuu odbcepBatopruu Bo BiaguBocToke ObLI, 10O
€ro MHEHMIO, HeopaboTaH, B CBSI3M € YeM (DMHAHCUPOBaHKME aCCUTHOBaHO He GbLio [20, 1. 6].

IIpoekT co3nanusa Mereopoiornyeckoii oocepsaropun B Ilopr-Aprype (JIsomyHckuii moayocrpos, Kuraii)

24—31 suBaps 1900 r. UmrrepaTopckoit AKagemueii Hayk ITo MHALIMATUBe aupekropa [maBHoit @us3ndeckoit 00-
cepBaTopuu M.A. PrikauyeBa [24], ObUT OpraHu30BaH MEPBbII POCCUICKUIT METEOPOJOTUYECKUI Che3I, MO/ Mpeace-
JaTeJIbCTBOM Ipe3uaeHTa AkaneMun Benkoro kHs13s1 Koncrantuna KoncrantuHoBuua. Ha cbesne mpucyTcTBoBanu
MUWHUCTP 3eMJIeICICHUS U TocynapcTBeHHBIX MMytecTB A.C. EpmonoB, MuHUCTp ITyTeii coobieHnss M. . Xuikos,
YIPaBJISIONIMIE MUHUCTEPCTBOM HapoaHoro rpocBeieHust H.I1. Borosernos, yrpapisoninii gejJaMu KOMUTeTa MU-
nuctpoB A.H. KynomsuH, HenpeMeHHbI cekpeTtaps Akanemun Hayk H.®D. JlyoposuH, nupekrop HukomaeBckoit
I'masHoit ®dusnueckoit oocepparopr M.A. PeikaueB, HauatbHUK BoeHHO-MemnmmHcKoi Akagemun B.B. TTamry-
TuH. [ToMUMO 3TOTO, Ha TTEPBBI Che3[ ITpUeXaiv MpeacTaBuTe M oT BoeHHOro, MOpCcKOro MUHUCTEPCTB, OT MUHHU-
cTepcTB BHYTpeHHMX €1 U IOCTULIMU, OT KaOMHEeTa ero MMIIEPaTOPCKOro BeJIMUECTBa, OT UMIIepaTopckoro Pycckoro
reorpaduIecKoro o0IIecTBa, OT O0IIeCcTBa CITACEHMST Ha BoAax, OT (DUMHIISTHICKOI METEOPOJIOTHMIECKOM CeTH, OT 00-
11IeCTBAa OXpaHEHMST HAPOIHOTO 3ApaBUs U OT JUDIISTHACKO MeTeopoiornuyeckoii cetu [ 15].

B uucie mpouymx BOIIPOCOB, PACCMOTPEHHBIX Ha Cbhe3le, ObLI 3acilyllaH OOKjJaad MUHUCTpa (PUHAHCOB
C.I0. Butte 0 HEOOXOMMMOCTH YUPEXKICHUS METEOPOJIOTMIECKOI 00cepBaTOpruK Ha mmodepekbe THXOro okeaHa
[21, 1. 6]. OnHako BMeCTO opraHu3aunu odcepsatopun Bo Biagusocroke C.}HO. Burre npemioxusn pacCMOTPETh
BO3MOXHOCTb CO3JaHUSI METEOPOJIOTHYECKOi obcepBaTopun Ha KBaHTYHCKOM mosyocTpoBe (B mopte JlanbHuii
wm B [TopT-ApType), KoTopslii Poccust momyuniia B apeHmy Ha 25 JIeT B Xoze HoamrucanHoi 7 mapta 1898 r. pyc-
cKo-KkuTaiickoit kouBeHUMH [11]. IIpennockuikoit ajs1 moAnUcaHus JaHHOM KOHBEHUMU cTal 3axBat [ epMaHuei
B HOs1Ope 1897 r. yacTu KUTaCKUX TeppUTOpUit Ha ceBepe cTpaHbl. Ha rore u B 1ieHTpe Kutast 6onpliioe BiusiHue
nMena BeaukoopuTaHus v B Takoi cutyanuy Kurtaii ctapalicss HAaii T JOTTOTHUTEIBHBIX COI03HUKOB. JlaHHAasT KOH-
BeHIIMsI 00s13bIBajia Poccuio oka3wiBaTh omolilh Kurato B ciydae HaraneHus ['epmanuu u SinoHum.

CornacHo many C.1O. Burre, o6cepBaTopuio nmepBoHaYaabHO TJIAHUPOBAJIOCh Pa3MECTUTh B ropte Jlanb-
HUIA (coBp. HansHb), OQHAKO ITOCe 00CYKIEeHMS TaHHOTO BOIIpOca ¢ HaYalbHUKOM KBaHTYHCKOTO IOJIyOCTPOBa
HO.W. Cybotnuem, ObLTO pelIeHO MEPEHECTH pacrnoiokeHne oynyiieit oocepBatopuu B [TopT-ApTyp, KakK B MOPT,
OoJiee BBIIBUHYTHIN B MOPE.

Ho nmmepaTtopckwmii ykas ot 17 uroHs 1900 r. 0 coKpallieHU rocyIapCcTBEHHBIX pACXOI0B IO BCEM BEIOMCTBAM
HE J1aJ1 OCYIIECTBUTHLCS TaHHOMY MpoeKTy. BO3MOXHOI MpUYMHO 0TKa3a B (PMHAHCUPOBAHUM CTAJIO TIOJaBICHUE
BoccTaHus uxotyaneit B Kurae (1898—1901) [1], xorma Poccns BeIHyXIeHa Obl1a BecTH BOiHy ¢ Kutaem u naxe
¢ 60siMu BCTynuTh B [TekuH.

B asrycte 1901 r. renepan-ryoepHarop Ilpuamypckoro kpast H.W. I'pomekoB obpatuicsa k Huxonato I1
¢ IPOCH0O0IT 0 HEOOXOIMMOCTH opraHu3aunu Ha JanpbHeM BocToke ceTn MeTeopoornyecKuX CTaHILMi, U co3a-
HUM TaM LeHTPaJTbHOM METeOpOJIOTHUECKO obcepBatopun. Hukomaii 11 momaep:kan 3To oOpalneHue, 1 yxKe oce-
Hbto 1901 r. Akanemus Hayk mojaaja MpoekT B MuHuctepcTBo HapoaHoro npocseieHus (MHIT) o6 yupexxaenuu
ob6cepBaTopuu B [TopT-ApType, yCHIIMB €e IITaT JOJKHOCTBhIO MHCIIEKTOpa METeopoJIorniyeckux craniuii. [lucemo
C TIpeIToIaracMbIM IPOEKTOM OBLIO OTIpaBiicHO U K H. M. I'pomeKoBy, OTBET OT KOTOPOTO IPUIIIE TOIHKO JIETOM
1902 r. B otBeTHOM nuchbMe ['pojeKOB Muca, 4To, HECMOTPSI Ha MPOeKTUpyemyto odcepBatoputo B [TopT-ApType,
HEoOXOIMMO TaKKe CO3IaTh 00cepBaTOpHIo B XabapoBCKe ISl 3aBeIbIBAHUSI BCEMU METEOPOJIOTUISCKMMU CTaH-
nusmu B Cubupu 1 Ha JlanpHeM BocToke.

Axanemueii HayK ObUTH TTOATOTOBJICHBI CMETa M TPUMEPHOE IIITaTHOE paciMcaHue ISl IJIaHUpyeMoii oOcepBa-
topuu B [TopT-Aptype. [IpuMeuyaTebHO, YTO Ha TIEeYaTHOM 3K3EMILISIpE IITaTa Ha3BaHUe «JlanbHUil» 3a4epKHYTO
¥ CBEpXY cheiaHa mpumucka «ITopT-Aptyp». JJaHHOE 00CTOSITEIbCTBO TOBOPUT O TOM, UTO AKaJeMUs cCHavaa ro-
TOBUJIA CMETY JJIs1 o0cepBaTopuu B mopTy HanbHuii [21, 1. 9].

CoriacHO cMeTe, B 00CepBaTOPUH IIAHUPOBAJIOCH Pa3MECTUTD CASAYIONINE MPUOOPHI:

«A. J1n1s oripefieIeHNs] BpeMEHM:

1. IMaccaxubiit uHCTpYMeHT 1200 pyo.

2. Konnumarop (YCTpOMCTBO IJisl TTOTYYeHUsI apajiIeIbHBbIX ITyYKOB Jydeid cBeTa uian yactuir) 120 pyo.

3. Yacer u 2 xpoHometpa 1220 pyo0.

Wroro 2540 pyo.
b. MeTeoponornueckue MHCTPYMEHTBI
1. TomHast cepust METEOPOJIOTMUECKIX MHCTPYMEHTOB TSI HETIOCPEICTBEHHBIX HAOMIONEHNI, ¢ 3artacHbIMA 1339 pyo.
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2. [MomHas cepust caMOTUIIIYIIINX TTPUOOPOB (UCKITIoUast aHemorpad (11 u3ydeHusi CKOPOCTU U CUJIBI BETpa)
1091 pyo6.

3. Anemorpad Mynpo 1000 py6.

Hroro 3430 py0.
B. MarHuTHble mpubOpbI
1. IToHas cepust UHCTPYMEHTOB JIJIT aOCOMIOTHBIX ompeneacHuit. 4930 pyo.
2. [IBe cepuu maruutomMeTpoB. 2800 pyo.
Marnutorpadsl Kk HuUM 2400 py6.
3. Cepus TTOXOIHBIX MAaTHUTHBIX TTprOopoB 1200 pyo.

Hroro 11330 pyO.
Meobnuposka oocepBatopuu 1000 pyo.
Hroro 18300 py6.» [21, 1. 9 06.—10].

AkagemMus HayK paspaboTajia M IITaTHOE pacIlMCaHMe IS MarHUTHO-METEOPOJIOTMYECKOIl oOcepBaTOpUU
B [TopT-ApType.

B mprMevaHny K IITaTHOMY pacIiTiCaHMIo OBIJIO YKa3aHO, UTO BCe CTyKalle IPUHUMAIOTCS Ha paboTy M YBOJIb-
HSIOTCSI Ha ocHoBaHuM § 6 YctaBa ['aBHOI pusnueckoit o6ceparopun (I'PO), yrBepKIeHHOTO UMIIEPATOPOM
Anexcangpowm 11 4 masg 1871 r. JItoou, paboTaroIye B 00CepBaTOPUU, MOTJIM ITOJIb30BATHCS BCEMU TTPUBUIICTUSIMHA,
MpaBaMH M TIPEUMYIIIECTBAMU, TPONMCAHHBIMU B cTaThe | mpuMeuyanmii [TonoxxeHMs 00 0COOBIX TPEMMYIIIECTBAX
IpaxkIaHCKOM CIIy>KObI B OTAAJIEHHBIX MECTHOCTSIX, HareyatraHHOM B CBojie 3akoHOB, ToMe 111, n3ganHom B 1896 r.
[21, 1. 9]. ObcepBaTopus TaKKe MOTJIa Ha COOCTBEHHBIE CPEICTBA, ITOJYICHHBIC B XOI€ IPOBEPKU MATHUTHO-ME-
TEOPOJIOTMYECKUX MHCTPYMEHTOB IIJIsT YACTHBIX JIUII, YIpEKaIaTh METCOPOJIOTMIeCKIEe CTAaHIINY BHE TIpeaesioB Poc-
cuiickoii umnepuu [21, 1. 9].

Tabauya 1
Table 1
IIITaTHOoe pacnncanue oocepsaTopun B IlopT-Aptype [21, 1. 9]
The staffing of the observatory in Port Arthur [21, 1. 9]
Yucio ConepkaHue B rof, pyo. ITo nokHo- | ITo mratHOMY
J1O0JKHOCTD ITo mencun
JIALL XKanosanbe | CronoBbix | KBaptupHbix | Bcero CTH MYHAUPY
IT OHOIA
TMpexTop | 2500 2500 Buatype | 5000 % % O YaeOHOH
CIIyK0e
Ilo yueGHoit
[ToMo1IHUK aAupeKkTopa 1 1875 1875 B Hatype 3750 Vi1 VI
ciyxoe
I1 OHOIA
Crapumii Ha6momarens | 1 1250 1250 500 3000 VI VI O yaeoron
ciyxoe
Habmonarene# Mia- 5 1000 1000 Buarype | 10000 X X VI
mImx
OTHCJ'[GHI/IG IITOPMOBBIX HpCILOCTepC)KCHI/Iﬁ
3aeayiowii 1 1250 1250 500 3000 VIII VI o yuetnoit
clyxoe
AIBIOHKT 1 1000 1000 300 2300 X X o yueGroit
cIyk0e

ConepxaHue CTaHIIMI

[lnara HaGnonare-
JsaMm 10 ctaHImii, mo 1200
120 pyGuneii

ConepxxaHue CTaHLIUI
Y PEMOHT MHCTPYMEH- 700
TOB

Ha yueHble motpe6-

1000

HOCTHU
H -

a HOCSL[KI/IUI[JIH peBu 600
31U CTAHLIMI
H -

a XO3sIfICTBEHHBbIE 3600
MOTpedHOCTH
Uroro 10 34150

154



ITexkun — ITopT-ApTyp — BiaauMBocTOK: Opranu3anysi MATHUTHO-METEOPOJIOTHYECKIX 00CepBATOPHii AKaIeMUH HayK. ..
Beijing — Port-Arthur — Vladivostok: Organization of the Academy of Sciences’ magnetic and meteorological observatories...

bruta pazpaboraHa noapobHas cMeTa Mo CTPOUTENBCTBY obcepBaTopuu B [TopT-ApType U Ha peopraHU3aLuIo
MeTeopoJIoThYecKux cTaHluii Ha JlanbHeMm BocTtoke:

«A. ETMHOBpEMEHHBIE PACXObI:

1. Ha moctpoiiky 3manuii — 102149 py6. 32 kor.

2. Ha npuobpeTeHue MHCTPYMEHTOB, 1IKadoB U Mebenu B oocepBatopun — 18300 pyo.

3. Ha ycrpoiicTBo 5 MeTeopojiornyeckux ctaHunii — 1500 pyo0.

Bcero — 121949 py6. 32 xor.

b. Exeroanblie pacxofsl:

Ha conepxanue oocepBaropuu B [TopT-ApTtype ¢ ee ceTblo cranmii — 34150 pyO.

Ha ycTpoiicTBO 1IeHTpaIbHON METEOPOJIOTUYECKO CTAaHIIMYU B XabapoBCKe MOTpedyeTcs:

A. EniHOBpeMeHHbIE PaCXOIbl:

Ha nocrpoiiky 3maHusi cTaHIIMKU ¢ KBapTUPOI Uisl HabmofaTessi, corjacHo oT3biBy [Ipuamypckoro reHe-
pan-ryoepHatopa — 10000 py6.

b. ExeromHblie pacxosl:

CopepxkaHue CTaHIMU U CETU METEOPOJIOTUUECKUX cTaHLnii — 14250 py0.» [21, 1. 8]

Takum oOpa3om, pasoBbie pacxonsl 3 ['ocymapctBeHHoro KasHaueiicTBa Ha CTPOUTETHCTBO 0OCEPBATOPUM
B [TopT-ApType U LIeHTpaIbHOI METEeOCTaHLIMY B XabapoBcKe cocTaBwiu 0bl 131949 py6. 32 Kor., a exeroaHbie —
48400 py6.

Ka3zanock 05, Bce ObUIO TOTOBO K TOMY, YTOOBI OPTaHM30BaTh IIEHTPAIIbHYIO0 MArHUTHO-METEOPOTIOTUIECKYIO
obcepBaToputo B [TopT-ApType, 0IHAKO aCCUTHOBaHME JIEHET 3aTsruBaioch, a 27 suBaps 1904 r. Hauanach pyc-
cKo-siToHcKas BoitHa (1904—1905 r.), mo pe3ynbTatam KoTopoit apeHna KBaHntyHckoro (JIsomyHcKoro) moiryo-
cTpoBa ObuTa TiepeycTyruieHa Snonuu [14], a mpoekT o6cepBaTopun ObUT BpEMEHHO 3aMOPOKEH.

Opranuzanus odcepsaTopun Bo BiaguBocToke

OTcyTCTBUE HEOOXOIUMBIX CPENCTB U IPYTMe HEOTIOXKHEIE Jejia Ha BpeMsI 3aCTaBIIIM AKaIeMIIo HayK 1 Mop-
CKO€ MMHUCTEPCTBO OTKA3aThCs OT UAEU OpraHu3auunu oocepBatopuu Ha JanbHeMm BocToke.

CrenyooImuii 3Tal B IJIAaHUPOBAHUU CTPOUTEIbCTBA 00CepBaTOpUM BO BiagmBocToKe Havaycs ¢ MUChbMa TO-
Bapuia (coBp. 3amecTutenst) Mopckoro muauctpa .M. boctpema ot 18 guBapst 1907 1., HammpaBIeHHOTO TIPE3K-
IEHTY AKaJIeMWH HayK BeJImKoMmy KHs3i0 KoHcrantnHy KoHcranTtnHOBIYY. B cBoeM mmceMe boctpeM ykaszan Ha
HEoOXOAMMOCTb CO3aHUs MarHUTHO-METEeOpOI0oTnIecKoii odcepBaropuu Ha JlanbHeM Bocroke. bocTpeMm Takke
nycaja o TOM, YTO AaHHas o0cepBaTOpUs N0JKHA ObLia UMEThH 0oJiee IIMPOKUM poduiib 1 paboTaTh Ha 6J1aro He
TOJIbKO OTHOTO MOpPCKOro MUHMCTEPCTBA, HO M HA Pa3BUTHE METEOPOJIOTUH BOOOIIE, YTO HEBO3MOXKXHO OBLIO OBI
caenaTh 0e3 yyacTuss AkageMuu Hayk B rpoekre [21, 1. 1]. g pa3paboTku mpoekTa Obljaa co3naHa MexkBenoM-
CTBEHHAs] KOMHUCCHS, Ky/Ia BOIILIN IIpeacTaBuTe M Mopckoro, BoeHHOro MUHUCTEPCTB, MUHHUCTEPCTBA TOPTOBIIN
¥ TIPOMBIIIUIEHHOCTH, YTIpaBJICHNST BHYTPEHHNX BOIHBIX ITyTEH M IIOCCEHBIX JOPOT MUHUCTEPCTBA MyTeil CO00-
LIEHUST U MUHUCTEPCTBA (PMHAHCOB, a TakxXKe [ 1aBHOTO ynpaBlieHUs 3eMJIeAeIs U 3emieycTpoiicTpa [27].

OCHOBHBIMU KPUTEPUSIMHU TSI BBIOOpa BiagmBocToKa B KauecTBe 6a30BOT0 TOpOoIa IS IIEHTPATbHOM MarHUT-
Ho-MeTeoposorndeckoit ObcepBaTopum ctanu: 1) BaaguBocTok ObLT cBs3aH TenerpacdHbIM KabesaeM ¢ AnoHueit
u Illanxaem 1, COOTBETCTBEHHO, MOT OBICTpee TepenaBaTh MoCieIHUEe METeOpoIoTuIecKe HabmoaeHus; 2) Bia-
IUBOCTOK SIBJISIJICSI OCHOBHBIM Y3JI0M [IJIST BCeX MOPCKMX TyTeil poccuiickoro JansHero BocToka 1 Bce ocTaabHbBIC
METEOPOJIOTUUCCKIE CTAHIINN 3TOM TEPPUTOPUM TITOTEIIM UMEHHO K Bi1agmBoCTOKY.

Kpome toro, BnaguBocTok sIBsIICS KYJIbTYPHBIM, TOPTOBBIM, @ BO MHOTMX OTHOILIEHUSIX M aAMUHUCTPATUB-
HbIM 1LIeHTpoM [lanbHero Boctoka. Bo BiaguBocToke Haxoauauch YTpaBjieHUE MasskoB U TOPTOB BocTouHOro
okeaHa, [lepeceneHueckoe ynpanieHue [IpuMopckoit odnactu [27] u OdnactHoe ynpasieHue [21, 1. 21 00.].

ITpotuB xxe BrIOOpa BrannBocToKa B KauecTBE pa3MellIeHUs 00CepBaTOPUU BBICTYIIA TOT (haKT, UTO B IIEPBYIO
ouepenb BraarBOCTOK IpencTaBisii U3 ceOsl BOEHHYIO KPEroCTh, [6] 1 pa3MelleHre TPaXIaHCKUX YIPEXKIeHNUI,
MpeacTaB/SIONIMX 00y3Y IJIs KperOCTU, MOTIJIO OBl cKa3aThCsl Ha ee 00opoHococodbHocTH [21, 1. 22].

OO0cyxXIneHre MPoaoJKaaoCch B TeUeHUe roga, U Toabko 11 ¢eBpansg 1908 r. mo moctaHoBieHuo KoHdbe-
peHUMU AKageMWU, TIpU AKageMHUU OblIa yupexkaeHa ocobdast MeXKBEIOMCTBEHHAsT KOMUCCHS, TION Mpeacena-
TenbeTBOM nupekTopa PO M.A. PrikaueBa, 111 BRIpaOOTKM Mep K YCTPOMCTBY Ha Oeperax Tmxoro okeaHa
MarHUTHO-MEeTeOopOoJIornueckoii oocepsatopuu [21, 1. 2]. OgHako mepBoe 3acenaHue maHHoit Komuccuu mo
YCTpOICTBY obcepBaTopuu Bo BiannBocToke coctosiioch Toabko 29 sHBaps 1909 r. Ha Hem Gbuta pa3padoraHa
noapoOHas IIporpamMmMa AeUCTBUIA:

1. «Ilepenurcka Mopckoro MUMHHUCTEPCTBa ¢ AKageMueil Hayk.

2. HaznaueHue komuccuu npu AH
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3. Kparkuii qokian o mojaoXeHuu Aena.

4. OcTaroTcst 1 3aga9i 00CepPBATOPUHU TTPEKHUMU.

5. [TpocMOTp MITATOB M CMETHI PACXOMIOB, COTVIACHO MPEXKHEMY TTPOCKTY.

6. MeloTcst 11 CBeIeHusI O CIIPaBOYHBIX LieHaX Bo BiaguBocToke.

7. KoMy TOpy4YuTh 1 Ha KaK1e CPeICTBa COCTAaBJICHNE TUTAHOB U CMEThI» [21, 1. 4].

6 urons 1909 r. Akagemust HayK obGpaTtmiach B MOpcKoe MUHUCTEPCTBO € MPoch00it accurHoBaTh 800 pyo.
IJIST KOMaHOWPOBKU CITEIIMAIMCTa BO BiIammBOCTOK i BBIOOpa MecTa IMOI CTPOUTEILCTBO OOCEPBATOPHU.
22 utons 1909 r. mopckoit muHuctp C.A. BoeBonckuii n HayansHMK [1aBHOTO ['Maporpaduyeckoro yrpapieHUs
A.W. Bunbknukuii moanucaid mucbMo K MUHUCTPY (puHaHcoB B.H. KokoBlieBy ¢ mpock00ii pa3peiinTh BhIAATh
JMaHHbIE CPEeNCTBa U3 OromkeTa opraHuzanuu. 30 UOHS TaKoe pa3pelleHre ObUIo MojydyeHo. JleHbru ObUTo paspe-
1LIEHO BbIIATh U3 CAKOHOMJIEHHBIX CpeCcTB 1o ctathe 10 maparpacda 13 cmeTsl Mopckoro MuHucTepeTBa (M3roToB-
JIeHUe KapT, KHUT U PyKOBOJCTB [UIs1 TuiaBaHus ). [losydeHHbIE cpeAcTBa MO3BOIMIN AKaaeMUM HayK OTIIPaBUTh
B Cubupb 1 MaHbUXKYpHIO TSI IPOM3BOJACTBA MAaTHUTHBIX HaOMoneHu ot KpacHosipcka 1o BiaaauBocToka u mist
BbIOOpa MecTa IS MAarHUTHO-METEOPOJIOrMuecKoii ooceparoprn Bo Bnagusocroke pusnka Hukonaesckoit DO
Hmutpust Anekcannposuya CmupHoBa [21, 1. 19—19 006.].

ITo BO3BpalleHUU U3 KOMaHAUMPOBKHU, B cBoeM oTyeTe CMMPHOB PEKOMEHIOBAJ MEPEeHECTU 00CEPBATOPUIO
3a Mpeaesbl CaMOro TOpoa, TaK KaK «HU OOWH W3 KYJIbTYPHBIX LIEHTPOB, HM XabapoBCK, HU biaroselieHcK, HU
Huxkonbck-Yccypuiickuii (coBp. Yccypuiick), Kak 1 BaaaguBocTok, He M30aBJsIIOT HAC OT OIMACeHUiA, 4To yepe3
10—20 sreT OymeT TaM yCTPOEH 3JIEKTPUUECKII TpaMBaii: IIPaKTHUKa ITOKa3bIBAET, YTO BCE TOPOIA TOJKHBI OBITh M3-
OeraeMbl pU BIOOPE MeCTa MAaTHUTHOI obcepBatopum» [21, 1. 22]. Heobxonumo ckazaTh, 4To CMUPHOB OKa3ajcs
MpaB B CBOEM BbICKa3bIBAHUM, TTepBasi TpaMBaiiHasl TMHUS Obl1a OTKpbITa BO BiaguBoctoke 9 okTs16ps 1912 r.

HeoOxonuMbIM ycioBUEM JIJISI CTPOMTEIBLCTBA MArHUTHOTO OTAeleHUsl BiammBocTokckoit obcepBaTOopuu
CMMPHOB CYNTAJ HAJTMYUE PSIOM KeJIe3HOMOPOXHON cTaHuK. [ToqumHeHHOE MTOJIOXKEeHNWEe OT LIEHTPaJIbHOI Me-
TEOPOJOTMYECKOi 00cepBaTOPUU MOTPEOOBAIO ObI MEPUOINYECKUX MOE3IO0K, W XKeJae3Has Jopora psiaoM Oblia Obl
BechMa KCTaTu. B 3Toil cBA3M IS CTpOUTETHCTBA MATHUTHOTO OTAeAeHUsST obcepBaTropur, CMUPHOB OCTaHOBUJI
CBOI1 BEIOOP Ha cTaHIMKM HamexxamnHcKoit (coBp. cento BonpsHo-HanexxnmHackoe), Haxonsieiics B 41 Bepcre ot Bia-
muBocToka (43,7 kM) [21, 1. 22 00.]. [ToMuMO 3TOr0, HECOMHEHHBIM TLTIOCOM JTAHHOTO MECTa OBLJIO TO 00CTOSI-
TEJIbCTBO, UTO 3Ta TEPPUTOPHS IIpUHAIIeKaIa yKe BragnBocTokckoMy JJecHIYecTBY [13], a He BXoAMiIa B COCTaB
KPEITOCTHOTO paifoHa.

B cnyuae xe, eciu AkageMust HayK 1 Mopckoe MUHMCTEPCTBO IpU3HaIU Obl OoJiee 1ieecoo0pa3HbIM Cle-
JIaTh MAaTHUTHOE OTHEJICHNE TTOJTHOCTHIO CAMOCTOSITIbHBIM I COOTBETCTBEHHO, HE HYKIAIOIIIUMCS B TIOCTOSTHHBIX
npoBepkax u3 LlenTpanbHoii obcepBaTtopun Bo BmamnBoctoke, CMUPHOB COBETOBal OKpecTHOCTU T. HUKOIb-
cko-Yccypuiick. OTHUM U3 BEPOSITHBIX MECTOIOJIOXEHUM Il Oymylieit MarHUTHOU obcepBaTopuu, CMUPHOB
Boinensn ceno Cracckoe (coBp. r. Cnacck-anbHuit), 0KOJIO KeJIe3HOOOPOXHOM cTtaHuuu EBreHneBka (cCoBp.
Cnacck-JlanpHuii), HaxoguBlieecs: B 122 Bepcrax K ceBepy oT Hukonbcko-Yccypuiicka. 3eMiis puHamiexana
ceJbckoMy obiecTBy ¢. Criacckoe [21, 1. 23].

CMUpPHOB YKa3bIBaJl, UTO COCTOSTHUE MeTeopojorndyeckoii cetu Ha JlaabHeM BocTtoke u B Cubupu «yapyda-
Io11Iee»: «COBPEMEHHOE COCTOSIHUE MeTeopoJiornuyeckoro aeja Ha laaieHeM BocToke xapakTepu3yeTcsi BHEITHUM
BUIOM METEOPOJIOTMYECKOM cTaHIIMM Bo BiamuBocToke, Haxonsiieiicss Ha TJIaBHOM yJiule ropoja,— C OTBaIuB-
1Ieiicst OMHOM U3 ABYX TOCKOI — yKa3zaTeJeM CUIIbI BETpa U JOXIEMEPOM, CTOSILIMM Mo AepeBoM» [21, 1. 23 00.].
B cBoem oTueTe CMUPHOB TakkKe oTMeval, uTo Ha JlambHeMm BocToke ycrnieniHo pa3BuBajiach He3aBUCUMasl CUCTeMa
MarHUTHO-MeTeopoJiornyeckux cranuuii [epecenenyeckoro ynpasienus [17]. HemoctaTkomM gaHHO# ceTu B oc-
HOBHOM OBIJIO TO, YTO OHa ObLJIa HalIpaBjieHa Ha BHITIOJHEHUE YMCTO YTUIUTAPHBIX 33124, 00ecrieunBast HEOOXOIU-
MOI METEOPOJIOTMYECKOM MH(OpMaIIeil TPUEe3KaIOINX KPeCThsTH.

ITo MAcHMI0O CMUPHOBA KaXKIBII TOI IIPOMEIUICHUS IIPU OTKPBITUM 00CEPBATOPUN MOXKET BBI3BATh ITOTEPH IIJIST
MOpeIUIaBaHUs U CEILCKOI0 X03511CTBA, OLIEHMBAEMbIE COTHSIMU ThICSIY U JaXe MUJUTMOHAMU pyo0Jieit [21, 1. 36]

Ha ocnoBanuu ordyeta CMupHOBa AKajseMusl HayK TPUHSTIA PellieHUue CTPOUTH 3[aHle METeOPOJIOTUIECKON
obcepBaTOpMM B UepTe TOPOIaA, a 3TaHMEe MAaTHUTHOM 0OCepBAaTOPWM, PaBHO KaK M CEMCMUYECKOE, M 3MEITKOBOE
(110 3aITyCKY BO3AYIITHBIX METEOPOJIOTMUYECKIX 3MEEB) OTIEJICHUS IIOCTPOUTH B Iipuropone BiaguBocroka. 12 des-
pans 1910 r. nupektop T'PO M.A. PrikaueB coobimn mopckomy MuHuctpy C.A. BoeBonckomy, uro I'opoackast
Hyma r. BmranuBocToka OeCIIaTHO MpeaoCcTaBrIa 3eMITIO TTOI OYAyIre MOCTPOMKM Ha BCE BPEMsI CYIIIECTBOBAHMS
ob6cepsaTopuu [21, 1. 20—20 06.].

Jnst pa3paboTku nmpoeKTa Oyaylieit odcepBatopumn AkageMueil HayK ObLIM B3Thl TPOEKTHI YK€ padoTaroInX
obcepBatopuii B Tudmuce, Exarepunoypre, Upkyrcke n IlaBnoscke [7]. [Tomumo storo, AkagemMus HayK npu
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IUTAHUPOBAHUHM yWwia OT3bIBBI [1aBHOIT DU3MUecKoil 00cepBaTOPUM U AUPEKTOPOB (DMINATBLHBIX 00CepBaTOPUIA,
a TaKKe caMble HOBBIE JOCTVKEHUSI METEOPOJIOTMYECKOI HayK1, B YaCTHOCTHU, Oblj1a TPeIyCMOTPEHa CrielaabHast
KOMHAaTa JUIsI XpaHEeHUsST METeOpOJIOrMYeCcKMX 30HA0B [21, 11. 53 00.].

5 anpens 1910 1. B AkageMnu HayK COCTOSUIOCH 3acelaHue CIelUalbHON KOMUCCUU TI0 YCTPOICTBY 00cep-
BaTOpUU BO BiaguBocToke, Ha KOTOPOM ObLIM MPUHSTHI IITAT 00CEpBATOPUU U TIPOEKT 00CEpBATOPUM CO BCEMU
HEOOXOAMMBIMU 3TAHUSIMU M IIPUCTPOIIKAMU € YKa3aHUEM HEOOXOIUMBIX PACXOHOB:

«Heobxommmble 3maHus

1. ITon3eMHBII MaBWIBOH ISl MATHUTOTpacdhoB

2. [TaBUJIbOH 1J1s1 aOCOMIOTHBIX OTIPEACICHUIA.

3. [TaBUJIBbOH [JIS1 ACTPOHOMUYECKUX OTIPENEICHUA.
4. I'maBHOe 30aHME.

KabuHeT 3aBenyioiero MarHUTHBIM OT/EJIEHUEM 6 xB. cax. (IIpuM. aBT.— 27 KB. M.)
KomHnara n1st 06pab0oTK1 MarHUTOrpaMm 9 KB. cax.

KomHara st nexxypHoro HaOioaaTesns 6 KB. cax.

bubnuoreka 1 apxus 12 XB. cax.
dororpaduyeckas KoMHara 2 KB. cax.

®dusznyeckas JabopaTopus 9 KB. cax.

KabuHert 3aBeayoliero aapojoruyeckum oTaeJaeHueM 6 KB. cax.

KomHata a1 BeluucauTesieit adpoaoruueckoro oTaeJaeHUsI 9 KB. cax.

MexaHuueckast MmacTepckasi (2 KOMHAThl, U3 KOTOPbIX OIHA ISl YepHBIX padoT) 18 KB. cax.

CronsipHast MmactepcKast (1151 U3BTOTOBJIEHUSI 3MEEB) 7 KB. cax.

Hroro 84 kB. cax.
5. Capalii nns xpanenus 3meeB (500 py0.)
6. Capaii 1j1s1 HaIroIHeHUs ¥ xpaHeHwus 1apos (1000 py6.)

7. Kuioit nom.
5 KOMHAT U KyXH¢ JIJIsI 3aBeAYIOIIEro oocepBaTopueii 55 KB. cax. (mpuM. aBT.— 250 M2)
5 KOMHAT U KyXHsI JIJISl 3aBeIyIOIIEro OTAeIeHUEM 55 KB. cax.
4 KOMHATBI U KyXHS 1T (PU3MKa 40 KB. cax.
3 KOMHATBI U KyXHsl [UIs1 HaOIroaaTe s BhICIIEro oKiana 35 kB. cax. (IpuM. aBT.— 159 M?)
3 KOMHATHI ¥ KyXHSI JUTsl HaOJIroAaTes s BbICILIEro OKlana 35 KB. cax.
3 KOMHAThI U KyXHs JUIsl HaOIroaaTes s BhICIIEro okiana 35 KB. cax.
3 KOMHATBI U KyXH$ JUISl MEXaHUKa 35 KB. cax.
2 KOMHATBI U KyXHS U151 HaboaaTes el Hu3uero okjiaga 25 KB. cax.
2 KOMHATBI U KyXHS [J1s1 HaboaaTes el HUu3uero okJjiaga 25 KB. cax.
3 KOMHATHI C KyXHSIMU [IJISL CITYXKUTeNei 35 KB. cax.
Bcero 33 koMHaTH 1 12 KyX0HB 375 KB. cax.
8. Jlemnuk.

9. [IpayeuHas.
EnvHoBpeMeHHBIE pacXoibl Ha IMOKYIIKY MHCTPYMEHTOB U Ha MeOJIMPOBKY MarHUTHOM M aCTPOHOMUYECKOM
obcepBaTopuu Ha [lanbHem BocToke.
MarHuTHoe oTaeneHue

ACTPOHOMMYECKHUI YHUBEPCATbHBIN MIHCTPYMEHT 1200 py6.

Komnumarop u Mupa 150 pyo®.

CTeHHbIe Yachl (ACTPOHOMUYECKUE) 400 py0.

2 CTOJIOBBIE XPOHOMETpA 1100 py6.

1 cTOJIOBBIN XPOHOMETP IJIS1 Pa3be310B 400 py6.

MarHuTHbI€ MOXOIHbIE TPUOOPHI (2 cepun) 2600 pyO.

Cepust mpuOOPOB I aOCOMIOTHRIX MATHUTHBIX ortpeneneHuit 3000 pyo.

IToxonHas nanarka 150 pyO®.

Meteoposiornyeckre HHCTPYMEHTHI (CaMOMUIIYILIME U IJI HeMoCcpencTBeHHbIX HabmoaeHuit) 3000 pyo.

2 Cepuy caMOIUIIYIIMX METEOPOJOTMYECKUX MTPUOOPOB (MarHuTorpaoB) 10000 pyo®.

Pasnblie husnaeckue IprOOpPsI / MEPHI IUIMHBI 1 Beca, IIPUOOP UIST HATIOJTHEHUST 06apOMETPOB PTYTHIO M TIPOY.
2000 pyo.

Cronbl, mkadbl, CTYJIbS U pa3indyHasi MeOelb, U yTBapb 2000 py6.

Hroro 26000 py0.
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AnspoJiorniyecKkoe oTaeeHe

Mexanuueckas Jebeaka Ijisl moabeMa 3MeeB U IMPUBS3aHHBIX 1IapOB 2000 pyo.

l'azono0bIBaTENIbHBIE ATITIapaThl, HAYYHBIE TIPUOOPHI, aTlMapaThl ISk TOBEPKU MHCTPYMEeHTOB. O00JI0UKY 111a-
poB 3000 pyo®.

MexaHu4eckuii CTaHOK 1 000pyIOBaHNe MeXxaHnueckoit mactepckoit 2000 py6.

Wtoro 7000 pyoO.

Hroro o o6oum otnenerusim 33000 pyo.» [21, 1. 53 06.—54].

[TpuBeneHHbIN MpoekT, pa3paboTaHHbI AKaJeMuell HayK, COOTBETCTBOBAJ BCEM JOCTUXEHUSIM HAyKU TOTO
BpeMeHU. bbuia mpemycMoTpeHa paccTaHOBKA, 110 BO3MOXHOCTH,, CAMOITHIITYIIIMX METEOPOJIOTMUECKUX TTPUOOPOB,
YTO OCBOOOXKIANO ObI HaOMIOAaTeNel OT BHIMOTHEHUSI MEXaHUUECKO OJHOTUITHOM pabOThI, a TakKxKe MpUMEHe-
HUE METEOPOJIOTUYECKUX 3MeeB 1 30HI0B. MeTeopoIornuecKre BO3MyIIHbIe 3MEU C CAMOTIUIITYIIIMMU TIpUdopamMu
BIIEPBbIe ObLIU 3aMylIeHbl aBCTpanuiickuM usobperatenem JI. XaprpeitBom B 1890 1. [23]

Axanemueii ObUIO MPEAyCMOTPEHO U CTPOUTETLCTBO XKIJIOTO JIOMa [T CITYXKUTeJieit 00cepBaTopuu, a 10 OKOH-
YaHUsI MOCTPOMKHU XKUIJIOTO JOMa MPENIoaaralioch KOMIEHCUPOBATh PAOOTHUKAM 3aTPAThl HA ChbEM XWJIbsSI: IUPEK-
Topy B pasmepe 1050 py0., momonrHuky nupekropa 720 py0., Mexanuky 540 py0., HaOTI0IaTENI0 BHICIIETO OKJIana
300 py6. u HabOmomaTensiM HU31Iero okiana rmo 240 pyo. [21, 1. 42]

Tabauya 2
Table 2
IIpoekT mraTta Merteoposornyeckoii oocepsatopun Bo Biagusocroke [21, 1. 36 06.—37 00.]
State project of the meteorological observatory in Vladivostok [21, 1. 36 Rev.—37 Rev.]

Kunaccbl 1 paspsiibt '-I:;l:ﬁo KanoBaHbe Ha repBoe natuiaeTre. OnHOMY

é e & = 2 = 3

o) = 2

1 AR A

S B b3 2
Jupexrop \Y \Y .é' 2 1 2870 | 1680 Har. 4550
[TomoIHUK TrpeKTopa VI VI = S 1 2000 | 1120 Har. 3120
Dusnk VII | VII E § 1 1300 | 780 320 2400
Hao6mogarenu BeIciero oxkjiana VIII | VIII § [é 1 850 450 Har. 1300
Habmonatenu Huswwero oxyiazna IX IX % g 2 600 440 Har. 2080
WHucnekrop Meteop. CTaHumii VI VI E = 1 1700 900 400 3000
[MucbMoBOAUTEND, OH K€ CMOTPUTENb VII | VII v 1 900 540 360 1800
MexaHuk VIIT | VIII VI 1 720 720 Har. 1440
Ortnenenue cetr Meteop. CraHimii
3aBeayronmii VI VI Lo 1 1700 | 900 400 3000
Duszuk VIL | VI | £ 5 E 1300 | 780 320 2400
Borunciuresnu IX IX E, ] % 4 600 440 160 4800
OrtesieHIe ITOPMOBBIX ITPEI0CTEPEXREHUIT™ g IE g
3aBenyroumii VI VI z § % 1 1700 | 900 400 3000
AIBIOHKT v | vin | =R 1 850 450 200 1500
ConepxaHue METeOPOJI. CTAHLIUI
A) niara Habmoaaressim (20%240) 4800
B) pemoHT nHcTpymMeHTOB (40*70) M paciiMpeHue ceTu 2800
B) ycTpoiicTBO U1 conepkaHue TOXKIEMEPHBIX CTAHLIMIA. 1000
TMoe3aku Uist peBU3MIA CTAaHLIMI U JUISI TPOM3BOICTBA 2200
MArHUTHBIX HAOTIONEHUIA.
Wznanue nabmoneHuii Bianuoctokckoit O6cepBaTopuu 2000
Ha yuenble motpebHOCTH 1500
Ha 3meiikoBble moabeMbl (IPUITHUCAHO PYYKOi CBEPXY 1000
HVWKHEro IyHKTa)
Ha ororieHue, ocBellieHre, HaeM CITy>KUTeJIel, HaeM 5600
MUCIIOB U KaHIIEISIPCKUE MPUHAIIEKHOCTH
Haewm mactepoB mactepckux (1. 37 00.) 800
Bcero 17 56890 (3a4epKHYTO)
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Axanemueit HayK ObL1a pa3pa60TaHa JeTaJbHasd CMETa CTPOUTEIbCTBA 1 OCHAILICHU S O6CCpBaTOpI/II/I. B vacr-

HOCTH, CTPOUTEJIIbCTBO BKJIIOYAJIO B ceost:

1. CrouMocTth moctpoiiku O6cepBaTopust (C LEHTpalIbHBIM OTOIUIEHHEM) 665 Ky0. caxkeHeit — 73000 pyO.
(ITo mpyromy BapHaHTY, COCTaBJICHHOMY apXUTEKTOPOM, CTOMMOCTBE 00cepBaTopuu coctasisieT 79000 pyo6.)

2. Kuoii nom
3. Cayx651 10000 py6.
Hroro 153000 py6. [21, 1. 39 06.]

743 ky0. cax.— 70000 py0.

Bcero Ha cTpOMTENBCTBO, OCHALIEHHE U TTOAAepKaHue paboThl obcepBatopuu ¢ 1910 1. o 1916 1. o cmeTe

AKaJeMu1 HayK IUIaHUPOBAJIOCh MOTpatuth 432750 pyo.
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Puc. 1. [Tnan 1-to aTaxkxa ObcepBaropun
Bo BrnamuBocroke [21, 1. 44]

Fig. 1. The 1st floor plan of the Observatory
in Vladivostok [21, 1. 44]
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Puc. 3. I1nan 2-ro ataxxa O0cepBaTopuu
Bo BnammBoctoke |21, 1. 45]

Fig. 3. The 2nd floor plan of the Observatory
in Vladivostok [21, 1. 45]
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Puc. 2. [Tnan nmonsana O6cepBaTopun
Bo BrnanuBocrtoke [21, 1. 44 00.]

Fig. 2. The basement plan of the Observatory
in Vladivostok [21, 1. 44 Rev]

Puc. 4. O6wwmii Bug O6cepBaropuu
Bo BrammBocToke [21, 1. 45 006.]

Fig. 4. General view of the Observatory
in Vladivostok [21, 1. 45 Rev]
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Caoto paboty obcepBatopusi Bo BragrBoctoke Havyaa 6 sseapst 1913 r. JIupeKTopoM 06cepBaTOpUM CTal PYKOBO-
JIUTEITb OT/IE)Ia exKeTHEBHOTO OrojuteTeHst oroabl [maBHo Pusiyeckoit oocepsaropru B Cankr-IletepOypre C.J. I'pu-
6oenoB [18, c. 26]. 'puboenos rpomoinkai pabotath B 00CepBaTOPUU U 1ociie peBosonyu 1917 r. [16] OmHako Bo BpeMst
SIMTOHCKOTO MpUCyTcTBUsI Ha JlanbHeM Boctoke yexan B Kutaii v o ero nanbHeiieii cyap0e HU4ero He M3BeCTHO [24].

3. Pe3yabTaThl

IIpoBeneHHOE MccieoBaHNE TOKA3aJI0, YTO 00CepBATOPUS BO BiannBocToOKe cTaia IeHTpabHOI 00cepBaTo-
pueii 11 psiia MarHUTHO-MeTeoposiornueckux ctanuuii Cuoupu u JlansHero Boctoka 1 cobpaia 3HaYMTeIbHbIE
JaHHbIe 1o KiuMaty [1prMophs, a Takke oka3blBajia CyllleCTBEHHYIO MONAEPKKY MOPETUIaBaHUIO, MIPEIyTIpexXaast
0 IITOpMAx M TalipyHax.

4. 3akmoueHue

Hcropus poccuiickoil MeTeopoaoruu Havyayiach B 1725 1. ¢ mepuoanyecknx HaOMIONEeHWI 3a TTOTOI0M, TIpo-
BoauMMbIX Akanemueil HayK. K 1870-M rr. MeTeoposornueckue ucciaenoBaHusi B Poccun ObUIM MoOcCTaBieHbl Ha
BBICOKHI YPOBEHb, a CETh POCCUMCKMX MAarHUTHO-METEOPOJIOTUYECKUX CTaHLUI U o0cepBaTOpUil MPOTSIHYIACh
ot XenbcuHku (OunnsiHaus) Ha 3anane no Kunynra (L3unyna, TaitBanb) Ha BocToke. OmHAKO OTCYTCTBUE (hu-
HAHCUPOBAHMSI U HENOCTATOYHOE BHUMaHKWE PYKOBOACTBA CTPaHbI K 3TOMY BOIPOCY MPUBEIO K TOMY, UTO MHOTHE
00cepBaTOPUH U CTAHILIMU 3aKPHIBAJINCH, a T€, YTO OCTAIUCH, TPEOBIBAIM HE B IYUIIIEM COCTOSTHUU.

HacymHbie ToTpeOHOCTH B CTPOUTETBCTBE MAarHUTHO-METEOPOJIOrMIecKoil oocepBaTopuy Ha JampHeM Boc-
TOKE OCO3HABAJIMCh B HAYYHBIX Kpyrax 1 B MopckoM MUHUCTepCTBe elle B 1874 ., HO, TeM He MeHee, pelleHue
IAHHOTO BOIIpoca ObLIO OTia0XeHOo Mmoutu Ha 40 jeT, Korma B 1913 1. Bo BranuBocToKe ObUTa OTKPBITA MarHUT-
HO-MeTeopoJioThyeckasi obcepBaropusi. Bo3MOXHBIMU TIPUUMHAMU TAaKOTO OOJBIIIOTO BPEMEHHOTO pa3phbiBa
MEXIYy HayajJoM IJTAHUPOBAHUSI U CTPOUTEICTBOM CTal HEPa3BUTOCTb TPAHCIIOPTHOM NOCTymHOCTY JlanbHero
Boctoka (okoHuarenabHOe coenuHeHne BrnamuBocToka ¢ CaHKT-IleTepOyprom mpounsoruio Toasko B 1904 1.), He-
BO3MOXHOCTh aCCUTHOBAaHUS eIMHOBPEMEHHO KPYITHBIX cyMM 13 ['ocymapctBeHHOTO KasHaueiicTBa (pyccKO-KH-
taiickast BoiiHa 1900—1901 rr., pyccko-simoHckas BoitHa 1904—1905 rr.), HemocTaToOuHOE BHMMaHUE BiacTeit
K Hyxnam JlanpHero BocToka (maHHBII permoH paccMaTpUBajCcs KaK PhIHOK COBITa M CHIPhEBOI MPUAATOK [24]),
OTCYTCTBUE MOCTOSIHHOM MOAAEPKKHU CO CTOPOHBI MOPCKOro MUHUCTEPCTBA (MPOEeKT AKageMun Hayk oT 1896 r. He
ObLT MoaepkaH MopckKuM MUHUCTEPCTBOM). TeM He MeHee, yCWIus B MEpBYI0 ouepenb AkaneMun Hayk u [aB-
Hoii ®duznveckoit odbcepBaTopun AKageMUH HayK MTPUBEIIN K OCYIIIECTBICHHIO TaHHOTO IMPOEKTa U ACCUTHOBAHUIO
3HAYUTEJIbHBIX CPEJICTB Ha CTPOUTEILCTBO 0O0cepBaTopru. HeoObXoammMo OTMETUTh, YTO MHCTPYMEHTATbHOE OCHA-
1IeHre 00cepBaTOPUU OBLIO BHIMOJHEHO Ha BbIcOYaiillieM YPOBHE, MPOEKTOM ObUIU MPEayCMOTPEHbI KOMGbOPTHbIE
YCIIOBMSI IS IIPOKMBAHMS U pabOTHI 0OCITY>KMBAIOIIIETO TIEpcCoHAaa.
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