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TEHAEHIINMU NBSMEHEHUSA NHTEHCUBHOCTHU KACKAJAUHTA
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Pe3rome

B crarbe paccMoTpeHa BO3MOKHAs B3aUMOCBS3b U3MEHEHNU S MIOIA/IH JIESTHOTO MOKPOBA 1IETb(OBBIX MOpE
Ceseproro JIenoBHUTOr0 OKeaHa ¢ KOMIYECTBOM CITyqaeB KacKaHHTa — CTeKaHus C(HOPMIPOBABIINXCA HA MIETb(e
YIUIOTHEHHBIX B PE3yJIbTaTe OXJAXKICHIS /M OCONOHSHHS BOJ BIOIb YKIOHOB pebeda aHa. BisBieHo, 4To B
bapenueBom Mope, Mope JlarrreBbix 1 Mope Boopra npn yMeHbmeHnH 1o1ma m JeTHOro OKpoBa HAOMIoIaeTCs
YBEJIHUEHUE YHCIIA CITy4aeB KACKa/IMHIa, HO B OCTAJIbHBIX APKTHUYECKIX MOPSIX IIPU COKPALLEHHH ILIOLIAM JIEITHOTO
TIOKPOBA YKCIIO TAKHX CITy4aeB COKpamaeTcs. Ficxozis 3 pacyeToB KOHYECTBA CITy4aeB KACKaIMHTa MOKHO CJIENaTh
BBIBOJI O TOM, 4TO MHTEHCH(UKALWs (OPMUPOBAHMS YIUIOTHEHHBIX BOJ Ha LIeNb()e K X CTEKAaHHE BIOJb KOHTH-
HEHTa/IbHOTO CKJIOHA TPH COKPAIIEHHH JIEASHOTO MOKPOBA XapaKTepHa [T oTaenbHbIX Mopeit CJIO, B KoTopIx He
HaOImonaeTCst M30BITOYHOTO PACTIPECHEHNST BEPXHETO CIIOS BOJ NPH JIETHEM TasTHUH JIbJIa.

KaroueBble cioBa: apkTideckne MOps, KaCKaiHHT, JeSHOH MOKPOB, MaTEMaTHYECKOe MOJETHPOBAHHE,
menb(oBast KOHBEKIIHL.

Js nuruposansi: Tyz06 @.K. Tenpenunn u3MeHeHU HHTEHCUBHOCTH KAaCKaIMHTa IJIOTHBIX BOJ| C apKTUYE-
CKHX IIeNb(OB TIPH COKPAIEHUH JeISHOTO MoKpoBa B Mopsx CeBepHoro JlenoButoro okeana // [Ipodmemsr
Apxruxn n Autapkruka. 2021. T. 67. Ne 4. C. 318-327. https://doi.org/10.30758/0555-2648-2021-67-4-318-327.
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D.K. TY30B FK. TUZOV

Summary

The article discusses the possible relationship between changes in the ice cover area of the shelf seas of the Arctic
Ocean and the intensity of dense water cascading, based on calculation data obtained with the NEMO model for
the period 19862010, with the findings issued at 5-day intervals and a spatial resolution of 1/10°. The cascading
cases were calculated using an innovative method developed by the author. The work is based on the assumption
that as the ice cover in the seas retreats, the formation of cooled dense water masses is intensified, which submerge
and flow down the slope from the shelf to great depths. Thus, in the Arctic shelf seas, the mechanism of water
densification due to cooling is added to the mechanism of water densification during ice formation, or, replaces
it for certain regions. It was found that in the Barents Sea, the Laptev Sea and the Beaufort Sea, a decrease in the
ice cover area causes an increase in the number of cases of cascading. However, in most of the Arctic seas, as the
area of ice cover decreases, the number of cases of cascading also decreases. As a consequence, for the whole
Arctic shelf area, the number of cases of cascading also decreases with decreasing ice cover. It is shown that
in the Beaufort Sea the maximum number of cascading cases was observed in the winter period of 20072008,
which was preceded by the summer minimum of the ice cover area in the Arctic Ocean. In the Barents Sea after
2000, a situation has been observed where the ice area has been decreasing to zero values, whereas the number of
cascading cases has for some time (1 month approximately) remained close to high winter values. This possibly
means that the cooling and densification of the waters in ice-free areas occurs due to thermal convection. Based
on the calculation of the number of cases of cascading, it can be argued that the intensification of cascading
due to a reduction in the ice cover is a feature of individual seas of the Arctic Ocean, those in which there is no
excessive freshening of the upper water layer due to ice melting..

Keywords: Arctic seas, shelf convection, cascading, mathematical modeling, NEMO model.

For Citation: Tuzov F.K. Trends in the intensity of dense water cascading from the Arctic shelves due to ice
cover reduction in the Arctic seas. Problemy Arktiki i Antarktiki. Arctic and Antarctic Research. 2021, 67 (4):
318-327. [In Russian]. https://doi.org/10.30758/0555-2648-2021-67-4-318-327.
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BBEJIEHUE

[TocTeneHHoe cokpalleHue IIoIaay JeasHoro nokposa CesepHoro Jlenosuro-
ro okeana (CJIO) B xonne XX u Havasne XXI B. B pa3HOW CTENEHHU 3aTPOHYIIO aKBaToO-
pun ero menbGoBbix Mopei. ComIacHO JaHHBIM CITyTHUKOBBIX HaOJIIOACHUH 32 Mepuoj
19792012 rr., Tuiomaas JeAsSHOrO MOKPOBa B APKTUKE 1O Pa3HbIM OLIEHKaM €XETOJHO
y™menbInanack Ha 51600-70000 km? [1, 2], a mocie 2007 1. Gosee 50 % rutormagu 3aHUMaeT
oxHoneTHUi sex [2]. B mopax Poccuiickoro cextopa ApKTHKH €XKETOHOE COKpalleHHe
wromaau cocrapiseT 35800 km? B rox [3]. OMHUM M3 MOCIEACTBUN MPOU3OLIENINX H3-
MEHEHHUH CTaJlo pacIIupeHue NPUKPOMOUHBIX JIefnoBbIX 30H (I1JI3), B mpeaenax KOTOPBIX
CIUIOYCHHOCTD JIbjIa MeHsieTCst oT HyJist 0 10 0amtos. I1JI3 siBisitoTCst 00IaCTAMU HHTEH-
CHBHOI'O B3aHMOHeI>iCTBPIH aTMOC(bepI)I 1 OKC€aHa, BBICOKUX IOPHU30HTAJIbHBIX I'PAIMCHTOB
TEPMOXaJIMHHBIX XapaKTEPUCTUK, 0OYCIIaBIMBAIOMINX (OPMHUPOBAHUE PE3KUX (PPOHTAIB-
HBIX 30H U CBSA3aHHBIX C HUMH INIOTHOCTHBIX TEUEHMH.

V3ameHeHune yciioBHil Ha MOBEPXHOCTH OKeaHa MOBJIHIO Ha A(P(EKTHBHOCTD KITtoue-
BBIX THIPO(DHU3UUECKHUX TPOIIECCOB B BOAHOM Toe. OJHUM W3 TaKHX HPOIECCOB SBISIETCS
KaCKaJIUHI' — CTCKAaHUEC YIIJIIOTHCHHBIX, BCJICACTBUC OXJIAXKACHUA I/I/I/IJ'II/I OCOJIOHCHUS, BOJ
BJIOJIb IIOHIKEHUH penbeda nHa [4]. HecmoTps Ha iobaibHOE pacnpocTpaHeHue, Kacka-
JUHT ABJIACTCA JIOKAJIBHBIM ITPOLECCOM C MPOAOJIKUTEIBHOCTHEIO OT HECKOJIBKUX I[Heﬁ a0
HECKOJIbKHMX Hezelb. B mporecce nBrkeHus U3 pailoHa GpopmupoBaHus Boja ¢ OoJbLIeH
TUIOTHOCTBIO MMOCTCTICHHO CMEIIUBACTCA C OKPYXKAIOIMIMMH BOAaMH, 06ecnqu/IBa${ nepeaavy
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CBOMCTB (TeruIa, COJIM, PACTBOPEHHOTO KHCJIOPOAa U Jp.) U3 MOBEPXHOCTHOW B ITyOWH-
HYI0 CTPYKTYPHYIO 30HY. B yCIIOBHSIX CIUIOUEHHOTO JIEISHOTO NOKPOBA B 3UMHHI CE30H,
YTO OBUIO XapaKTEPHO JJIsl OKPAUHHBIX apKTHYECKUX MOpel BO BTOpoii nojosuHe XX B.,
OCHOBHBIM HCTOYHUKOM (DOPMHUPOBAHUS YIUIOTHEHHBIX BOJI, TUTAFOIIUX KACKAIUHT, OBLITH
JMHAMUYECKHUE TOJIBIHBY (BO3HUKAIOIINE IO ACHCTBHEM BeTpa 00JIaCTH OTKPBITOM BOJIBI)
[5]. IIpu Temmeparype, OIU3KOM K TOUKE 3aMEP3aHMUs, B ITOJBIHBSIX OBICTPO HApacTaeT Mo-
JIOJI0H JieN, a BBIIeIsieMast IIPH JIe000pa30BaHNH COJIb YIUIOTHSET HIDKENIEKaIe Bojb! [4].
Kax Obu10 nokaszano B crarse [6], a¢dextrnBHOE popMupoBaHHe YIIIOTHEHHBIX Box B [1J13
CBSI3aHO C BBIHOCOM 00pa30BaBILETOCs JIbJa Ha OTKPBITYIO, CPABHUTEIBHO TEIUIYIO BOIY
1 €ro NoCJIeAyIoNM TassHieM. B pesynsrare Gopmupyercst 60IbIIONH rOpU30HTAIBHBINH
IPaJIMeHT TUIOTHOCTH MEX/y OCOJIOHCHHBIMH BOJAMH B 30HE JIEA000pa30BaHUs U pac-
IIPECHEHHBIMU BOJIAMH B 30HE TastHUsI, KOTOPBIA 00ECIIeUMBAET YCIOBHS ISl HHTEHCHBHOTO
kackaauHra [7]. OOmel yepToii onrMcaHHbIX MEXaHU3MOB (POPMHUPOBAHUS YIUIOTHEHHBIX
BOJI SIBJISIETCSI HEOOXOIMMOCTH OCOJIOHEHUS BOJI B PE3YJIbTaTe JIe1000pa30BaHms M XaJInH-
HOM KOHBEKIIMH, YTO SIBJISIETCS TUIMHYHBIM JIJIsl apKTHYeCKUX Moped. OnHako HeJaBHUE
HaTypHbIe UcciieJoBaHus B paiione LlenTpansHoi 6aHkM B bapeHneBom Mope nokaszainmy,
YTO B CJIy4ae 3HAUUTENIbHOIO OTCTYIUICHUS JIEA0OBOH KPOMKH B 3UMHMI CE€30H BO3MOXKEH
KaueCTBEHHBIH 1epexo K (opMHPOBaHUIO YIUIOTHEHHBIX BOJI BCJIC/ICTBUE HE XAJIHMHHOM,
a TepMHYECKON KOHBEKIIMH, T. €. 32 CYCT MHTCHCUBHOH TEIUIOOTIa4YH CO CBOOOIHON OTO
JipJia IoBepxXHOCTH [8]. B kiuMaTHueckux yCiaoBHUSIX BTOPOM MOJOBUHBI XX B. TAKOrO
HE HAOIIOMANIOCh, M KackaauHT ¢ L{eHTpanbHOW OaHKU OTMEUasCs JIUIIb B OTICIBHEIC
CYPOBBIC 3MMBI, KOTZIa 00pa30BBIBAJICS JIE M XaJMHHAsi KOHBEKIMs AocTHrana aHa [9].
CornnacHO pe3ynbTaTaM MOJEJBHBIX PAacu€TOB, B U3MEHMBILIUXCS YCIOBUAX HA MOBEPX-
HOCTH HaJl 0aHKOW (OpMHpYeTCsl OXJIaXKIeHHasl TUIOTHAsl BOJIHAsI Macca, CTEKaroIas mo
CKJIOHAM OaHK{ Ha HWKEJICKAIIUEC TOPU3OHTHI [8].

B npennaraemoii pabore nccienoBaHa B3aMMOCBSI3b MEXKTy M3MEHEHHEM IUIOLIAAN
JIbJIa B apKTUYECKUX MOPSIX MO CITyTHUKOBBIM JAHHBIM U KOJMUYECTBOM CIIy4aeB KaCKaIMHIa
Ha HIenb(e 1 KoHTHHeHTaTbHOM cKitoHe CJIO, BBISIBICHHBIX Ha OCHOBE MOJICTEHBIX TAHHBIX.

MATEPHAJIBI U METO/IbI UCCJIEJOBAHUS

Jlst uicenenoBanust Obuta ucmonb3oBana Moaets NEMO (Nucleus of European Modelling
of the Ocean) [10], aganrtupoBaHHas [jIst ApKTHICCKOTO PETHOHA, C TIPOCTPAHCTBEHHBIM II1ArOM
0,12° 1 uHTEpBAIOM BBIIAYH PE3YIIBTATOB pacyeTa 5 CyTOK. MoneTbHBIN pacyeT BBITOIHEH I
nepuozaa 19862010 rr. ¥ TOATOTOBIIEH TSl UCCIIEIOBAHMS IUPKYISIIIMK BOJ B IPHIOHHOM CIIOE
Ha KOHTHHEHTAJTLHOM CKJIoHE /10 TyonHbl 300 M. Monenb umeeT 74 pacueTHBIX YPOBHS 110
IIyOWHE, U3 KOTOPBIX BEPXHUE 35 — 9TO CUIrMa-ypOBHH, BEPTHKAIBHBIE KOOPAUHATHI KOTOPBIX
M3MEHSIOTCS B 3aBUCUMOCTH OT TTyOHHBI y31a 10 300 M. Hivke pasmeniens! 39 ypoBHeii ¢ He-
n3MeHseMoi ryonHoi. Curma-ypoBHH B paifone 300-MeTpoBoit H300aThl pa3MeIIeHbI Yalie
JUTSL yTOYHEHUSI TPaHUI] KackaauHTa. ConocTapieHne pe3yabTaToB MOJICTIBHOTO pacyeTa C 1aH-
HBIMH HaOJIOICHNH KackauHra B Mopsix bodopra n UykoTcKoM T0Ka3aio BO3MOXKHOCTh JIst
BOCIPOM3BEICHNS KaCKaJUHTa ITPY OTMMCAHHBIX BBIIIE MTApaMeTpax pacdeTa U JUCKPETHOCTH
BBITaun pe3yasTaToB [11]. Kpome 3Toro, BO3MOXXHOCTD pa3BUTHS KaCKaaWHTa IO MOJICIIBHBIM
nmanaeiM NEMO B I'penmanickom Mope Oblia TokaszaHa B cratse [12].

PacueTr usMmenennii coctosiuus aeasiHoro nmokposa B NEMO no Bepcuu 3.6 mpo-
W3BOJMUTCS C MCTIOIB30BAaHUEM JMHAMHKO-TepMOAMHaMuueckoi mojenu LIM2 [13, 14].

Jluist BBISIBJIGHUSI KaCKaJIMHTa 110 JJAHHBIM MOJICIMPOBaHUsI ObUT pa3paboTaH ayro-
PUTM NIPOBEPKH JAHHBIX B y3JIaX MOJEIBHON CETKH Ha YCIOBUS HAIWYUS KacKaJWHTa
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[15]. Bo Bpemst paboTHI asiropuTMa CpeId MOACTBHBIX JAaHHBIX BBIACISIOTCS Y3IIbI CETKU
Ha CKJIOHaX MOPCKOTO JHA, B KOTOPBIX NPUAOHHAS IJIOTHOCTH BOABI OOJbINE, YEM Ha
OCTaJIbHBIX TOPU30HTaX. Ecam B y3/ax, OKPYKaIOLIUX HCCIEAYEMbIi, HAXOAUTCS y3ell
C MEHBIIIEH MPUIOHHON IIIOTHOCTHIO U OOJBIICH TITyOMHOH, TO CO3MAIOTCS yCIOBUS IS
Pa3BUTHS KaCKaJWHTA Ha CKJIOHE. VI3 HECKOJIIBKUX MOAXO/SIINX y3JI0B HA CKJIOHE MOXKET
00pa30BBIBATHCS IIETIOUKA, IO KOTOPOW MOYKHO MPOCTCTUTh pa3BUTHE KackanuHra [15].
Jnst ycTaHOBIICHNUS B3aMMOCBSI3M ANHAMUKH JIETSTHOTO IIOKPOBA Ha MIeNb()e 1 CKIOHE
U CITy4aeB MPOXOXKACHHS KaCKaJWHra OTOOPAHBI y3JIbI MOJECIBHON CETKH C TIIyOMHON 10
500 M B reorpaduueckux rpanunax mopeit CJIO [16] (puc. 1). B nanHOM nccrenoBanun
obmacTh mensga Baodh rpaHunbl [ pennanackoro Mops ¢ bapenmnessiM n Hopsexkckoro
Mops ¢ bapennieBsIM OyzeT oTHOCHTCS K akBaropuu bapenieBa mopsi. 3arem Oblia pac-
CYMTaHa TUIOIAIh aKBaTOPHil Mopeil ¢ rTyouHoi 10 500 M 1 U3 JaHHBIX MOJIEIBHOTO pac-
YyeTa MOJy4YeHb! JaHHbIE 00 N3MEHEHNH TUIOLIAIN JISITHOTO TTIOKPOBA B BHIOPAHHBIX y3/Iax.
KonuuecTBo citydyaeB KacKaJHHIa PaCCUUTHIBAIOCH B 00IACTH aKBATOPUH C ITyOHMHAMH JI0
500 M u HempepHIBHBIM YKIOHOM JHA K TiTyOokoBonHOW yacTi CeepHoro JlemoBuroro
oxeana. [Iy1st Kaxx0ro Mopsi ObLIO MOITYyYEHO KOJIMUECTBO CIIydaeB KaCKaMHTa U IUIOMAab
JIEJITHOTO MOKPOBa B % 0T 001meil miomaan neciaegyeMbIX akBaTOpyuil (JIETOBUTOCTB).
180°W
T

Puc. 1. I'parnist mopeii [16] 1 06macTb y3710B MOAEIBHON CETKU ¢ TTyOuHO# 10 500 M

Fig. 1. Boundaries of the seas [16] and the area of nodes of the model grid with a depth of up to 500 meters
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OKEAHOJIOI'MA OCEANOLOGY
PE3VJIBTATBI 1 UX OBCYKJIEHHUE

[TocTpoeHHbIe TUHEHHBIE TPEHAB! IIOIMIAAN JICASHOTO MMOKPOBA U aHOMAIINU
TIJIOMIA/N JIEJITHOTO TIOKPOBAa OTHOCHTEIBHO CPEIHET0 32 BECh IEPHOJ] OKAa3aIH, YTO
B0 Bcex Mopsax CJIO B pa3Hoii cTeneHH HaOMI0aeTCsl COKpAIICHHE IO i MOPCKOTO
npaa (puc. 2, Tabnumna). Bmecrte ¢ Tem 1t GonbmmHCTBAa Mopeid, kpome bapeHiesa,
JlanteBrix n bodopra, XapakTepHO yMEHBIIEHHE KOJIMYECTBA CIydyaeB KacKaJuHTa
(cm. Tabauiy).

BbapeH11ieBo MOpe MCTIBITHIBACT 3HAUYUTEIHEHOE BIMSHNAC TEIUIBIX aTIaHTHYECKUX BOJ
W, B CHIIy 3TOT0, XapaKTepU3yeTCs] OTIUYHBIM OT JAPYTHUX MOPEH JICTOBBIM PEKHMOM.
3UMO¥ M BECHOM HE BCsI aKBaTOPHsI MOPsI ITOKpHBITa JbjioM [17, 18] (puc. 3). Makcumains-
Hasl TJIOIIAb JIEASHOTO TIOKPOBA, PACCYMTAHHAS 110 CITyTHUKOBBIM JJAHHBIM, OTMeYaliach
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Puc. 2. U3meHeHune KonruecTBa CJIy4acB KaCKaJluHra U aHOMaJInu MJiouaaun JEASIHOTO ITOKpOoBa (%)
OTHOCHUTCJIIBHO cpez[HefI iom@aan JIEAAHOTO IMMOKpoBa (%) B aKBATOPUAX HUCCICAYEMBIX Mopeﬁ 3a
nepuoa MOJCIIbHOI'O pacyeTa

Fig. 2. Change in the number of cascading cases and anomalies in the ice cover area (%) relative to
the average ice cover area (%) of the seas studied during the period of the model calculation
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Puc. 3. MI3mMeHeHune KoJin4yecTBa CllydyaeB KaCKaJMHIa U aHOMAJIUH TIJIOLIA U JIeAsTHOTO rokpoBa (%)
OTHOCHUTEJILHO CPEeIHEH IIomaau jJeasHoro nokposa (%) B bapeHueBoM Mope U BOCTOUHOM YacTH
I'pennanyckoro mopst (Baosb nodepexnbs [lnundeprena) 3a nepuon MOAEILHOIO pacyera

Fig. 3. Change in the number of cascading cases and anomalies in the ice cover area (%) relative to
the average ice cover area (%) in the Barents Sea and the eastern part of the Greenland Sea (along
the Svalbard coast) over the period of the model calculation
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Tabruya

M3MeHeHNe NapaMeTPOB JIEJASHOT0 MOKPOBA H YHCJIA CJIyYaeB KACKAUHIAa
3a Bechb Mepuoa MoaeabHoro pacyera: 1986-2010 rr.
Table

Changes in the parameters of the ice cover and the number of cascading cases
for the entire period of the model calculation: 19862010

m L m
5 sc| 8. 33
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3 22| 25l BS
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s> | 55|38 358|258 58

S NEREERIE I EY IR

BapennieBo Mmope 38 -0,72 | 20 17 | +0,16 | 21

Kapckoe mope 71 -04 | 61 125 |-0,420| 115

Mope JlanTeBbIx 76 -0,2 71 60 +0,8 80

Bocrouno-Cubupckoe Mope 85 -0,24 | 79 179 | -1,96 | 130

Uykorckoe Mope 72 -0,28 | 65 122 | -0,28 115

Mope bodopra 83 -0,24 | 77 50 | +0,88 | 72

[MTo6epexne Kananckoro 95 -0,16 | 91 7 —-0,04 6

ApKTHYECKOTO apxurenara u [ peHnananu

I'pennannckoe mope 65 -0,12 | 62 5 0 5

Bce nccnenyembie akBatopun 68 -0,32 | 60 565 | —0,84 | 544

HpuMewaHue. KonmnuectBo CJIy4acB KaCKaJWHIa B Ha4dajl€ W KOHIE MCCICAYEMOTO IE€pruoga BPEMEHU
ONpeaesICHO 1O COOTBETCTBYOUIUM JIMHENHBIM TpEHAAM U OKPYTJICHO 10 6nn>Ka1‘iLuer0 LICJIOro YHrcia.
3umoit 1998 1. [1]. B aT0T rox Habmonanack 1 MaKCHMaJIbHOE KOJIWYECTBO CIIydaeB Kac-
KaJMHTa B 3UMHUI Tiepuox — 37 ciiydaeB B OTJACNBHBINA MATHAHEBHBIN mepnon (puc. 3).
WureHcuBHOE Nie1000pa3oBaHie IPUBEIIO K BBICICHHIO OOIBIIOrO KOJMYECTBA COJICHON
BOJIBI M 3HAYNUTENFHOMY yIUTOTHeHHIO BoA. [Tocie 2000 I. mpaKTHYeCcKH KaKIbIi ToJ Ha-
OnrofaeTes CUTYyalus, KOra TIOMIA b JIbJa YMEHBIIASTCS 10 OJM3KHUX K HYJIIO 3HAUSHUH,
a KOJIMYECTBO CIIy4aeB KacKaJMHra B T€UeHHe HEKOTOPOro BpeMeHH (IPUOIM3UTENILHO
1 Mecsir) ocTaeTcst OJIM3KUM K BBICOKMM 3MMHHM 3HAUYEHUSM. DTO MOXKET O3HA4aTh, YTO
4acTh CIy4aeB IMPOUCXOIUT Oe3 mpoliecca Jeq000pa30BaHusl, TOIBKO MPH OXJIKICHUH
M YIUIOTHEHHH BOJI HA y4acTKax akBaTOPWH, CBOOOIHOM 0TO nbja. Takxke HaOmomaercs
YBEJIMUYCHHE KOJIMUYECTBA CIIyYaeB KaCKaMHIa B 3UMHHI MEPUOJL TP YMEHBIICHUH I1I0-
IIIaJI¥ JIEISTHOTO TIOKpoBa. KommdecTBo ciy4yaeB KacKauHTa yBEIHIMIOCh ¢ 17 1o 21, mpu
9TOM TIJIOMIAI JICASHOTO MOKpoBa cHmkaercs ¢ 38 % mo 20 % (puc. 3, cM. Tabnuiy).
Takas ke AuHaMUKa HaOmomaeTcst B Mope bodopra u mope JlanTeBsIx.

B mope JlanTeBbIx mI0mans JIeAsHOTo MOKpoBa cokpamiaercs ¢ 76 % no 71 %, npu
STOM KOJIMYECTBO CITydaeB KackaauHTa yBenmuuBaercs ¢ 60 1o 80 (puc. 4, cM. Tadbnuiy).
Tak e Kak U B OCTaJbHBIX MOPSIX, KpoMe bapeHiieBa, B 3MMHUE U BECEHHHUE MECSIIbI BCS
AKBaTOPHUSI MOXKET OBITh MOKPHITA JIBJOM, OJTHAKO B JISTHHE U OCEHHHE MECSIIbI aKBATOPHSI
MOXKET TOJIHOCTBIO OCBOOOUTHCS OTO Jibia. B OOJBIIMHCTBE TOIOBBIX IUKIOB MAKCUMYM
KOJINYECTBA CIy4aeB KacKaJMHTa MMPUXOANUTCS Ha 3UMHHE MECSIIIbL, [TPU AKTHBHOM JIE/I0-
obpazoBanmu. B 2000, 2007 u 2008 TT. KOTMYECTBO CITydaeB KackaauHara nocturano 180,
185 u 187 cooTtBeTcTBeHHO (pHC. 4).
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Fig. 4. Change in the number of cascading cases and anomalies in the ice cover area (%) relative to

the average ice cover area (%) in the Laptev Sea over the period of the model calculation
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Fig. 5. Change in the number of cascading cases and anomalies in the ice cover area (%) relative to
the average ice cover area (%) in the Beaufort Sea over the period of the model calculation

B mope Bodopra miommane neasHOro mokpoBa cokparmaercs ¢ 83 % mo 77 %, a xo-
JIMYECTBO CTydaeB KackaJuHTa yBenmmumBaercs ¢ 50 1o 72 (puc. 5, cM. Tabnmiry). B 3umane
1 BeceHHHe Mecslbl npaktrnaeckn 100 % nccnemyemoil akBaTOpUM MOKPHITO JBIOM, H IIpe-
HMMYIIECTBEHHO HA HA4Yajo 3TOTO MEPHOAA MPHUXOAATCS MAKCHUMYMbI KOJIMUYECTBA CIIydacB
KacKkaauHra. MakcuMambHOE KOIMYEeCTBO 3apHKCHpoBaHO BecHOU 2008 . — 162 cimydas 3a
MITHIHEBHBIN MHTEpBaN (puc. 5). [Ipeanonaraercs, 4To 3TO CTaNO CIEICTBUEM BBIXOIAXKH-
BaHWsI BOJI HA CBOOOJHOM OTO JIbJa MEJIKOBOIHOM YacTH mienb(a M MX CTEKaHus Ha Oolnee
mIyOOKHe TOpm30HTHL. B crarbe [11] pa3oOpaHbI cirydan MpOXOXKISHUS KacKaauHra. [Ipu
9TOM K CTEKaHHIO OXJIXKJCHHBIX TUIOTHBIX BOJ| JOOABIACTCS] CTEKAHME OCOJIOHEHHBIX IPH
nenoo0pa3oBaHuy Box. Crieayer oTMeTHTh, uto 3uMa 2007/08 . mociienoBana 3a JCTHIM
MHHHUMYMOM JIeZITHOTO 1okpoBa B CeBepHOM JlenoBuTOM OKeane, ocobeHHo B Kanamackom
Oaccetire [17]. DTo mpUBETO K BHIXONIQKUBAHUIO M YIUIOTHEHUIO BOJ] HA MEJIKOBOIHON YacTH
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menbha mMopst bodopra. OOIIMPHBII OTHOCHTENBEHO TWIOCKHH MIEb( MO3BOMISIET HAKOINTH
IUIOTHBIE BOZBI Baaym (1o 150 kM) ot ckiioHa. HakoruieHHble Ha 1enb(e MmI0THBIE BOJIbI
TIEpPEMEILAIOTCS K MOJIBOJIHBIM KaHbOHAM M CTEKAIOT T10 HUM Ha OoJiee IITyOOKHE TOPU30HTEHL.
I[Tpu oceHHe-3UMHEM JIeTO00PA30BAHNH MPOIOIDKACTCS YIUIOTHEHNE BOJL IPH OCOJIOHECHHH.

B apyrux mopsix CJIO, HecMOTpst Ha TPEH I yMEHBIICHUS JISIOBUTOCTH, HE HAOJIIO-
JlaeTcs YBEIIMUCHUSI KOJIMUECTBA CIIy4aeB KackaauHra (Tadiuma). JInnepom rmo KoaudecTBy
clly4aeB KackaJuHra sisiercsi Bocrouno-Cubupcekoe Mope. bosbiast yacTs ero akBaTtopun
IIPE/ICTaBIIsICT COOOH MEIKOBOAHYIO HIETb(OBYIO 00JacTh cO caadbiM YKIOHOM K ILIEH-
tpanbHOi yactu CJIO. B Taknx ycnoBusx ynaercs 3agMKCHpoBaTh O0JIbIIOE KOTUYESCTBO
CJly4yaeB KacKa/JMHTa (CTEKaHus yIUIOTHEHHBIX BOJ HA OOJIBILYIO IIIyOUHY ), OJJHAKO MaKCH-
MaJlbHbIC ITyOHHBI IPH 9TOM MaJibl (0010 100 M). BBISIBUTE OIHO3HAYHYIO 3aBUCHMOCTh
MaKCUMYMOB CJIy4aeB KacKa/IMHra ¢ JIMHAMHUKOMH JIEASTHOTO ITOKPOBA 10 TOJJOBBIM IIUKJIAM
He ynanocsk (Tabmuua). B I'pennanackom Mope (Tabmuna) 1 B1oib nodepexnst Kanaackoro
ApKTHuecKoro apxurnenara (Tabnuia) KOJIMYecTBO CIy4aeB KacKa/JUHIa HE3HAUUTEIbHO
u peako npesbimaeT 10 3a OTAeNbHBIN MATHAHEBHBINA HHTEPBAIL

3AK/IIOYEHUE

Pacuer xonnuecTBa ciyyaeB KacKaJuHra 1o pa3paboTaHHONW METOAMKE TTOKa3all, YTo
1t Beero menbda CJIO He HabmogaeTcst yBeIUIeHHs ClTydaeB KacKaJuHra Mpyu YMEHBIIIe-
HUH J1e10BUTOCTH. OTHAKO HA OCHOBE JAHHBIX MOJICIBHOTO pacdeTa U UCXOAS U3 pacyeToB
KOJIMYECTBA CIy4aeB KaCKaJMHTa IS KaXKI0To Mops (Tabiuia) aBTOpOM TOATBEPIKIaeTCs
BBIBOJI, CIICNIaHHBIN B cTaThe [11] 0 TOM, 9TO MHTEHCU(HUKAINS KaCKaIUHTa IIPH YMEHb-
MIEHUH TUIOMAAN JIEASHOTO TIOKpOBa XapakTepHa aiis otaenbHbix Mopeir CJIO. B mope
Bodopra 3umoii 2007/08 r. 3ahUKCHPOBaH MAaKCUMYM KOJHUYCCTBA CIIyYacB KacKajHMHTa,
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Pesrome

MHorue ruIpOXUMIYEeCKIe XapakKTePHCTHKH | B TIEPBYIO 04epe/ib OCHOBHbIE OHOTEHHBIE 1eMeHTHI ((hocdop,
30T, KPEMHHIT) MOTYT CIIYXKHTb XOPOLIMMH NHNKATOPAMU ISl BBIIEIICHHS PA3IHYHBIX THIIOB BOAHBIX MacC U
TIOJIOKEHNS OCHOBHBIX (ppoHTOB FOsKHOTO OKeana. Ce30HHas M MEKT010Bast H3MEHUMBOCTD ITHX XapAKTEPHCTHK
OTpakaeT TAKKe M XapaKTep NPOTeKaH!s OHOIOTHYECKUX IIPOLIECCOB B TOBEPXHOCTHOM CJIO€ OKEaHa, YTO BaXKHO
JUIs OLICHKH OMOJIOTMYeCKOH POXYKTHBHOCTH. Lerblo JaHHOTO HeCeIoBaHus ObLIO IPOBECTH AHAIH3 OCHOBHBIX
0COOEHHOCTEH POCTPAHCTBEHHOTO PACIIPe/IeICHNUS THAPOXUMUYECKHX XapaKTEPHCTHK B TOBEPXHOCTHOM CIIOE
ATIAaHTHYECKOT0 U HH00KeaHCKoro cextopos OskHoro okeana Mexay CyOanTapkTiudeckuM GppoHToM 1 Oepera-
MU AHTapKTHJIBI, @ TAKKE OLICHUTD HX CE30HHYIO (BECHa—0CEHb) M MEXKTO/[0BYIO H3MEHUIHBOCTH 32 IEPHOJ Ha-
omonenuii ¢ 2008 o 2020 1. YcTaHOBIIEHO, YTO MEKTOI0BAst H3MEHYMBOCTH OMOTCHHBIX AIEMEHTOB OIPE/ICIISIACh
IPOCTPAHCTBEHHBIM CMEIIEHHEM OCHOBHBIX ()POHTOB AHTAPKTHYECKOTO IUPKYMIIOJIIPHOTO TEUEHHS, @ TAKKE
MHTEHCHBHOCTBIO KpyIHOMAcIITabHOTo KpyroBopora Yaauemna. Ce30HHas IMHAMHUKa OHOTEHHBIX JEMEHTOB
Ha OOJBIICH YacTH MCCIIeyeMOil akBaTOpHH ObLIa BBIpAXKEHA TOCTATOYHO c1abo. VCKioueHne cocTaBisioT
paifoHBI BBICOKOIIMPOTHBIX «0a3ucoBy (Ienbdosbie Boasl Mopeit Coxpyskectsa u JlefBuca), rie Habmona-
J1ach MaKCHMabHasi Ce30HHAsE H3MEHYMBOCTD THIPOXUMUUYECKUX XapAaKTEPHCTHK. Pe3ymbraTsl MHOTONETHETO
MOHHTOPHHIA THAPOXMMHYECKUX yciaoBuil B Mope CopipyKecTBa TO3BOJMIM BBIICIHUTD YCIOBHO «TEILIBIE»
TOJIBI C paHHeH Beretauyeil (B KOHIE fAekabpsi) i HHTEHCHBHBIM HOTpeOIeHHEM (PUTOIIAHKTOHOM OHOTEHHBIX
9NIEMEHTOB 1 «XOJIO/IHBIS) TOJIbI, KOT1a (POPMUPOBAHNE JIETHUX «0A3UCOBY B Iekabpe—sIHBape He HadIo1anoch.

KuroueBble c/10Ba: aTIaHTHYECKHH CEKTOpP, OMOTEHHBIC NEMEHTHI, THAPOXUMUIECKas CTPYKTYpa, HHIO00Ke-
QHCKHI CEKTOp, TOBEPXHOCTHBIE BOJbI, PACTBOPEHHBIN KHCIOPOM, CE30HHAS M MEXTOJ0Bas N3MEHUHBOCTD,
Temmeparypa Bozbl, FOKHbIH OKeaH.
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Summary

Some hydrochemical characteristics and, first of all, the main nutrients (phosphorus, nitrogen, silicon) can be used
as markers for distinguishing different types of water masses and positions of the main fronts of the Southern
Ocean. The seasonal and interannual variability of these characteristics also reflects the character of biological
processes in the surface layer of the ocean, which is important for assessing biological productivity. The aim
of this study was to analyze the main features of the spatial distribution of hydrochemical characteristics in the
surface layer in the Atlantic and Indian Ocean sectors of the Southern Ocean between the Subantarctic Front and
the shores of Antarctica and assess their seasonal (spring—autumn) and interannual variability for the observation
period from 2008 to 2020. We describe the surface nutrient concentrations between Africa and Antarctica along
the transects that cross the Subantarctic Front (SAF) in the north, the Polar Frontal Zone (PFS), Polar Front
(PF) and Antarctic Zone water in the south. The findings revealed an increase in dissolved oxygen and nutrients
towards the south. Nitrates changed values within the SAF from 15 uM to 24 uM, whereas values from 1.2 uM
to 1.7 uM were observed for phosphates. Silicate increased considerably within the Polar Front, from 6.6 uM to
20.8 uM. An analysis was carried out of the seasonal and interannual variability of the hydrochemical conditions
in the surface layer of the Southern Ocean. The interannual variability of the nutrients was determined by the
spatial variability of the main fronts of the Antarctic Circumpolar Current (ACC) and the intensity of the large-
scale Weddell Gyre (WG). Since 2017, there has been an increase in the meridional transfer of waters: in the
Antarctic Summer 2017-2018, there was a spreading of high-nutrient WG waters toward the north, and in the
Summer 2019-2020, the low-nutrient waters anomaly was transferred far to the south (up to 60°S).

According to the data obtained, the seasonal dynamics of the nutrients in the surface layer of the Southern Ocean
was rather weakly expressed. An exception is the high-latitude waters of the Cooperation and Davis Seas, where
maximum seasonal variability of the hydrochemical characteristics was observed. The highest rate of nutrient
consumption was observed in the coastal area of the Cooperation Sea near the fast ice edge from mid-December
to early January and reached 3.2 uM per day for silicate, 1.8 uM per day for nitrates, and 0.12 uM per day for
mineral phosphorus. The results of the long-term monitoring of the hydrochemical conditions in the Cooperation
Sea made it possible to distinguish conditionally “warm” years with early vegetation (at the end of December)
and intensive consumption of nutrients by phytoplankton, and “cold” years, when the formation of high-latitude
“oases” in December—January was not observed.

Keywords: Antarctic fronts, Atlantic sector, dissolved oxygen, Indian sector, nitrate, nutrients, phosphate, seasonal
and interannual variability, silicate, surface waters, temperature, the Southern Ocean.
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hydrochemical structure in surface waters of the Southern ocean between Africa and Antarctica. Problemy Arktiki
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BBEJIEHUE

I'upoxuMuYecKkue ycioBHs OBEPXHOCTHBIX BOJ FOkHOTO okeana GpopMHUpYIOTCS
HOJ BIUSIHAEM CJIOXKHOW AMHAMHUKH BOJ TOTO PErHOHA: MOJOKEHUS (pPOHTOB OCHOB-
HBIX CTpyH AHTapKkTHUecKoro mupkymmoisipaoro Tedenus (AL[T), mogpema rTyOHHHBIX
BOJ], OOTaThIX OMOTCHHBIMH BEIIECTBAMH, B IIUKJIOHHYECKUX KPyTOBOPOTAX M BEIHOCA MX
Ha ceBep B paiioHe kpyroBopora Ysmiemia. CylecTBeHHOE BIMSHUE HA paclpesaese-
HHE THIPOXMMUYECKUX XapaKTEPUCTHK OKa3bIBAIOT OMOXMMHYECKHE ITPOLIECChl CHHTE3a
U pa3lioxKeHHs opranndeckoro Bemectsa [1-3]. B cymme gusndeckne 1 OnoxumMmudecKue
(axTopsl HOPMHUPYIOT YHUKATIBHBIE 0COOCHHOCTH IMAPOXUMHUYECKHUX yciaoBuid HOxkHOTO
OKE€aHa, 3aKJII0YaIOLIUECs B TOM, YTO BEPXHHUI MOBEPXHOCTHBIN CIOW aHTAPKTUYECKUX
BOJ SIBJISIETCST OoraTeinInM 1o 3amacy OMOT€HHBIX 3JIEMEHTOB IT0 CPABHEHHUIO C APYTUMH
paiionamu MupoBoro okeana [3—6].

B IOxHOM OKkeaHe Ha ceBepe BBIICISIIOT TEIUIble, COICHbIE ¢ MUHHUMAIbHBIMU KOH-
HEHTPALUSIMU OMOTCHHBIX AJIEMEHTOB CYOTPONMYECKUE BOJIbI, FO)KHOM TpaHHIEH KOTOPBIX
ciykut CyOTponuueckuit QpoHT, XapaKTepU3YIOUTHIACS PE3KUM IPaJUEHTOM TEMITEPATYPhI
u comneHoctH [7]. FOxHee pacmoiokeHbI 1Be OCHOBHBIC KIMMaTndeckne 30HbI HOKHOTO
okeaHa: Ooree OeiHast 1o COIeP>KaHUIO0 PACTBOPEHHOTO KHUCIIOPO/IAa M OMOTEHHBIX JIEMEHTOB
Cy0GanTapkrrieckasi 1 AHTApPKTHUYECKasl C BRICOKMMH KOHIIGHTPALMSIMH PACTBOPEHHOTO
KHMCJIOpO/ia M OMOTeHHBIX BEIECTB, Pa3/eICHHbIC YETKO BBIPAYKEHHBIM THIPOXUMHYECKIM
¢dpouToMm [5-6, 8]. BaaumoneiicTBrue CyOaHTApKTUYECKUX U aHTAPKTHYECKUX BOJ| MPOUC-
xomut B FOskHOM mossipHO# (porHTaiibHOM 30HE (FOIIM3), rpaHuaMu KOTOPOI SIBIISTFOTCSE
Cy6anrapkrnaeckuii ppoHT (CAD) u FOxubIi nomsapueid ¢pport (FOIID). Baytpn An-
TapKTUYECKON 30HBI BBIIEISACTCS MEHEE KOHTPACTHBIN FOKHBIN (pOHT AHTAPKTHUECKOTO
upkymrnossiporo tedeHust (FODALT) [9], unu Bropuunas ¢ponTanbHas 30Ha AHTApKTHKH
[6, 10-12]. OroT dppoHT hopmupyeTcss MEXKILy AByMsI CTPYKTYPHBIMH MOAM(DUKAIMSIMU
AHTAPKTHUYCCKOTO THUIIA BOJ M Pa3leiisieT BoIbl toykHOM nepudepun AIIT u Bombl BbICO-
KOIIMPOTHOH Moaudukanuu (BB), mpuypodeHHble K IPUMAaTEPUKOBBIM UKIOHUYECKUM
kpyroBopotam [6]. B paifone FODPAIIT nabiromaeTcs pe3kuii TpaAuieHT B KOHIICHTPAIIUH
PacTBOPEHHOTO KPEMHUSI, KOTOPBIH SIBISETCS] TIOBEPXHOCTHBIM KPUTEPUEM JUTS BBIICIICHUS
atoro ¢ponra [4-5, 13]. luporaoe nonoxenne FODALIT B Bogax AHTApKTHKA CHIIEHO Ba-
PBUPYET, 4TO NPUBOJUT K PE3KUM PA3JIMUYMSIM B HOBEPXHOCTHOM PACIIPE/ieNIeHHH OMOTeHHBIX
AJIEMEHTOB B pa3HbIX cekTopax FOskHoro okeana. [Tpu aTOM Xapakrep pacrpesieneH s Kpem-
HHS OTIPEZIEIISIETCSI [TIABHBIM 00pa3oM KPYITHOMACIITaOHBIMHU LIUPKYIIALMOHHBIMU OCOOEH-
HOCTSIMH, B TO BPEMsI KaK IS paclpeIeeHns] MUHEPaIbHOTO (hochopa 1 HUTPATHOTO a30Ta
CBOMCTBEHHA HEKOTOPAsi MO3aMYHOCTb, CBSA3aHHAS ¢ MHTEHCHBHOCTHIO (hoTocuHTe3a [5].

Ha Gomnpleit yactu akBaropur MHUpOBOTO OKeaHa IpH IPOTEKAHUH HMPOAYKIHOH-
HO-JIECTPYKLMOHHBIX MIPOLIECCOB OMOTEHHBIC JIEMEHTHI U3BJICKAIOTCSI U3 MOPCKOM BOJIBI
Y BO3BPAIAOTCsl 00paTHO B COOTBETCTBUH CO CTEXHOMETPHYECKHMMHU COOTHOIICHHUSIMU
[14]. ITo mHeHu0 MHOTHX HccienoBareneit [7, 15—16 u ap.], comepkaHue OMOTCHHBIX
3JIEMEHTOB B AHTApKTHKE HE JIUMHUTUPYET NMEPBUUYHYIO MPOIYKINIO, NX KOHIICHTPAL[H
B TIOBEPXHOCTHOM CJIO€ aHTAPKTHUYECKUX BOJ| TOCTOSTHHO HEAOPACXOAYIOTCS (PUTOTUIAHKTO-
HoM. IIpu 3TOM peanbHast IepBUYHAS MPOAYKIHS B OOJBIIMHCTBE CIy4aeB OKa3bIBACTCS
MEHbIIIe, YeM MOTEHIMaIbHO BO3MOXKHAS IIPH MOJIHOM MCIOJIb30BAaHUH (DPUTOIIAHKTOHOM
3anaca OMOTeHHBIX JIEMEHTOB. B CBsI3H ¢ TUM HEKOTOpBIE YUCHBIE BHICKA3bIBAIOT MHEHHUE
0 JINMHUTHUPYIOIIEH POIM MUKPOIEMEHTOB [7, 16-23], Hanmpumep >xene3a. [IpoBeneHHbIe
B IOxHOM OKeaHe IKCTIEPHMEHTHI HE TOATBEPIIUIN 3Ty rumotesy [14, 24-27]. OnHaxo
B HEKOTOPBIX BBICOKOIIMPOTHBIX paiioHaX AHTAPKTHKH HAOIIOMACTCS MPAKTUYECKH TTOJTHOE
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noTpedieHne OMOTeHHBIX AJIEMEHTOB JI0 HYJICBBIX 3HAUCHUH. Taknue CUTyalnu J0CTaTOuHO
penxu st Bog KOxHOTo okeaHa, JIOKalnbHbI U KPaTKOBPEMEHHBI. OHU CBSI3aHBI C CHIIbHBIMU
BCIIBIIIKAMH [[BETEHNUS (DUTOTUIAHKTOHA B TaK HA3bIBAEMbIX «0a3KCaX», BHICOKOLIIMPOTHBIX
ydacTKax BOIM3M OTCTyHAroLeH KPOMKH JIbAA, Te IPU (OPMHUPOBAHUS TOHKOTO ITOBEPX-
HOCTHOTO CJIOSI PACIIPECHEHHON BOBI B COYETAHUHU C OOJIBIINM KOJTHYIECTBOM COJTHEUHON
panuanuy ¥ MaJOBETPEHOH ITOTOABI MOTYT CO3/1aBaThCsl OIATONPHSTHBIC YCIOBUS JUIS
TaKoro siBjeHus [5-6, 28].

Llesbi0 JaHHOTO HMCCIEIOBaHMS ObLIO TIPOBECTH aHAIM3 OCHOBHBIX OCOOEHHOCTEH MpOo-
CTPaHCTBEHHOTO PACTIPE/IETICHNS THAPOXUMUYECKIX XapaKTEPHUCTHK B TIOBEPXHOCTHOM CIIOE
FOxHoro oxeana (B paiioHe Mex1y AQpHKOH U AHTAPKTHIION) M OLCHUTh UX CE30HHYIO
(BeCHa—OCEHb) U MEKTOIOBYIO U3MEHUHBOCTH 3a mepuos Haoronernuit ¢ 2008 mo 2020 .

MATEPHUAJI U METOJUKA

B pabore ncnons3oBanuch AaHHbIE, MomydeHHbIE KowiektuBoM OI'BHY «BHUPO»
B rriepuon ¢ 2008 mo 2020 r. B coctaBe Poccuiickoif anTapkTrdeckoit sxcnenuimm (PAD)
Ha Hay4YHO-IKCcIeuIMoHHEIX cynax (HOC) «Akanemuk denopos» u «Akanemuk TpémHu-
koB» (Tabi. 1). [uapOoXUMUYeCKHUEe UCCIICAOBAHMUS MPOBOIIIMCE 10 XOIY IBMKCHHUS CyIHA
IIPY TIEPECEYCHNH BCETO I0sica aHTAPKTUYEeCKUX Boj OoT CyOaHTapKTHYeCcKOro (poHTa
(CA®D) na cesepe no OeperoB AHTapkTHIb! Ha fore (puc. 1). OT60p Mpod BOIBI MpPO-
BOJWJICA C TMOBEpXHOCTHOTO ropu3onTa (0—1 M) "epe3 kaxasie 20-35 mwis. B nmepuoxn
pabort 53, 57, 59 u 64-65-it PAD runpoxumMuydeckre JaHHBIE OBLTH MOTYYCHBI B TCUCHUE
BECEHHE-JIETHETO (J1eKaOpb—(eBpajb) U paHHEOCEHHETO (MapT—anpellb) aHTapKTHIECKOTO
MEPUOA, YTO TIO3BOJIMIIO BBIIBUTH CE30HHYIO N3MEHUMBOCTh THAPOXUMHUYECKUX YCIOBUI
B aHTAPKTHYECKHX Boziax (cM. Tabi. 1). MaccuB JaHHBIX cofepykail 3HAUYCHUS TEMITEPaTyphl
BOJIbI, KOHIIEHTPALUU PACTBOPEHHOIO KUCIOPOAA, PACTBOPEHHOIO KPEMHUS, MUHEPaJb-
Horo (ochopa, aMMOHMIHHOTO M HUTPATHOT'O a30Ta, a TAK)KE OpraHuueckux (Gopm azora
u pocdopa B noBepxHocTHOM ciioe FOxHOroO okeana.

Tabruya 1
HUHdopmanys o ruApOXUMHYECKUX JAHHBIX, M0Jy4eHHbIX ¢ 2008 mo 2020 .
Table 1
Hydrochemical data obtained from 2008 to 2020
[Tepron BeITIONHEHUS
Dxeneaunus Cynno pabor

53-1 PAD HO3C «Axkanemux ®enopos» 18.01.2008-25.01.2008
28.02.2008-02.03.2008

54-5 PAD HO2C «Axagemux denopos» 21.12.2008-05.02.2009
55-9 PAD HOC «Axanemuk denopos» 07.12.2009-16.02.2010
57-1 PAD HOC «Axkanemux ®eopo» 13.12.2011-13.02.2012
03.03.2012-07.04.2012

58-a PAD HOC «Axanemux denopos» 07.12.2012-22.01.2013
59-1 PAD H3C «Axkanemux ®enopos» 07.12.2013-17.03.2014
HOC «Axanemux TpéurHukoB» 09.03.2014-30.04.2014

60-s1 PAD HOC «Axkanemux deopos» 14.12.2014-14.01.2015
61-1 PAD HOC «Axanemuk denopos» 20.12.2015-11.01.2016
62-s1 PAD HOC «Axkanemux ®enopos» 22.12.2016-14.01.2017
63-9 PAD HOC «Axanemux denopos» 02.12.2017-09.01.2018
64-s1 PAD HOC «Axanemux deopo» 16.12.2018-20.02.2019
23.03.2019-24.04.2019

65-1 PAD HOC «Axanemux denopos» 19.02.2020-26.02.2020
25.04.2020-30.04.2020
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Puc. 1. Cxema crannuii, BeinosnHeHHBIX B iepuof ¢ 2008 mo 2020 r. B coctase Poccuiickoit antap-
krraeckoit sxenequin (PAD). Crpykrypa Bog mpuBoguTes o [9]

Fig. 1. Locations of stations established from 2008 to 2020 within the Russian Antarctic Expedition
(RAE). The water structure is indicated according to [9]

I[J'IH aHaJin3a IMOJIYYCHHOTO0 MaCCUuBa TMAPOXUMHUUYCCKUX NTaHHBIX ObLIH IMOCTPOCHBI
KapThl IPOCTPAHCTBEHHOTO paclpee/ICHHsI HCCIIEAYEMbIX XapaKTePUCTHK, OCPETHECHHBIC
3a BeCh Iepuojl HaOmroneHus (J1exkadpb—arperns) ¢ MCIoib30BaHueM nporpammMel Ocean
Data View meronom Weight-average gridding.

I'uppoxuMuYecKnid aHaIu3 MPOBOJUIICS B CyA0BOMW J1a00OpaTOPUU HETOCPEACTBEH-
HO TocJie 0TOopa Mo cTaHAapTHBIM MeToaukam [29]. TIpoOsl BoAbI mpeBapUTEIBHO
He (QUIBTPOBAIUCH, ONPEACISIIOCH BCE JOCTYITHOE Ui (DUTOIUIAHKTOHA COJepIKaHNE
O6uoreHHbix anemeHToB [30-31]. B paiioHax ¢ Oosiee BBICOKOH MOTEHLIUAIBHON TPO-
AYKTUBHOCTBIO BBOAMJIACH IOIIPaBKa HAa MYTHOCTb B COOTBECTCTBHUU C METOAUYCCKUMU
pexomeHaanuaMu [29].

PactBopeHHBIII B MOPCKOW BOJIE KUCJIOPOJ OIpeaessics 1o Mmertony Bunkiepa
B Moudukanmu A.M. YepHskoBoii TurpoBanueM 1poost 0,02 H pacTBOpoM THOCYINB(ATa
Harpusi. CoziepkaHre pacCTBOPEHHOW KPEMHEKHUCIIOTHI IIPH KOHIIEHTpanusix oonee 50 uM
OIPEACIISIIOCH T10 KEJITOMY, PU KOHIEeHTpanusax MeHee 50 uM — 1o roimybomy Kpem-
HEMOJINO/ICHOBOMY KOMILIEKCY. MuHepasbHbIid (hochop, pacTBOPCHHBIN B MOPCKOI BOJIC,
onpenersuics MmerogoM Mopdu—Paiimu. OnpeneieHne aMMOHHITHOTO a30Ta MTPOBOIUIN
no meroxy Coiimkn—Cos0p3aHo ¢ TUIIOXJIOPUTOM HaTpusi U (PEHOJIOM ¢ 00pa3oBaHHEM
MHTEHCHBHO OKpAILIEHHOTO TOJIy0Oro KoMIniekca. HUTpaTHbIil a30T onpeiesisuicst MeToioMm,
OCHOBAaHHBIM Ha BOCCTAaHOBJICHUH HUTPATOB IO HUTPUTOB. B kauecTBe BOCCTAHOBUTEIISA
MIPUMEHSIICS OMEHEHHbIN Kaamuil. JlabHeliee onpeaesieHre IpoBOAMIOCH [0 METOIUKE
benamnaiinepa u PoOuHCcoHa JU1st HUTPUTHOTO a30Ta. B 0CHOBe 3TOro Metona JIeXKHUT ero
peakuus ¢ cynbhanmwiaMuaoM U N-1-HadTHIdTHICHANAMHHOM, C MOCICAYIOIUM 00pa-
30BaHUEM OKpAIICHHBIX ﬂHaSOCO@)IHHeHHﬁ.

Kpome HemocpeacTBeHHO M3MEpPAEMBIX XapaKTEPUCTHK TS aHaJIu3a BOJ UCIIONb-
3o0Basiock cootHomenue Si/P, npemokennoe H.B. ApkaHOBOi B KauecTBe KpUTEpHUs
BBIJICJICHUS BOJ pa3Hoil Mogudukanuu [1, 6].
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PE3VJIBTATbBI 1 OBCYXXJAEHUE

IIpocTpancTBeHHasi THAPOXMMHYECKAsi CTPYKTYPA MOBEPXHOCTHOIO CJIOSK
U (pponThI FOKHOTO OKEaHa

Pesynbrars! uccnenoBanuii, BeinoaHeHHbBIX ¢ 2008 mo 2020 . Ha MepUIMOHATBHBIX
paspesax ot CAD Ha ceBepe 110 OeperoB AHTApKTHIBI HA FOTe, OTPasKAIN CIOKHYIO IPO-
CTPAaHCTBEHHYIO CTPYKTYypy BOX 3TOro peruoHa (cMm. puc. 1). [lo moBepxHOCTHOMY pac-
NIPE/ICICHUI0 THAPOXUMHUUECKUX TT0Ka3aTeleil BhIIEISUINCh OTHOCUTEIBHO OJJHOPOIHBIC
y4acTKu U OoJiee pe3Kue IpaJveHThl KOHIIGHTPalil OMOTEHHBIX JIEMEHTOB, YKa3bIBalO-
IIMe Ha MPUCYTCTBUE (DPOHTANBHBIX paszaesnoB. B paitone FOIID3 npoucxonuio peskoe
YBEJIMUYCHUE BCEX MMIPOXUMHUECKHX TI0Ka3aTelel B IOKHOM HalpaBJICHUH, TPU ATOM Ha
ceBepHoii ee rpanuue, B pailone CAD, Hapsiy ¢ pe3KUM TaJJCHUEM TEMIIEPaTypbl BOJIbI
MOBEPXHOCTHOTO CJI0sI B cpe/tHeM Oosee yeM Ha 2 °C, Bo3pacTalii KOHICHTpAIUU PacTBO-
peHHOTO KHciaopoaa 1o 7,1 mu/n, munepanbaoro gpocdopa no 1,6 uM (puc. 2a, puc. 3a)
W HUTPATHOTO a30Ta a0 22 uM (tabm. 2) (puc. 26, cM. puc. 3a).

Conepsxanue pactBopeHHoro kpemHus B CA® mensnocs ot 0,4 no 4,3 uM (cm.
puc. 3a), Ipu STOM B HEKOTOPbIE IO/(bI KOHIIEHTPAIMSI KPEMHHS OCTaBaJIaCh MOCTOSTHHOM
VI HE3HAYMTENbHO YMEHbIajnack. B To ke Bpems B parione FOIID (roxHas rpaHuna
IOI1®3) Habnromascs MOBEPXHOCTHBIN MPaIMEHT PACTBOPEHHOTO KPEMHHS1, KOHIICHTPALHs
kotoporo B paiione FOII® pes3ko Bo3pactana ¢ 6,6 1o 20,8 uM (cm. tabm. 2) (puc. 2s,
cM. puc. 3a).

W3zBecTHO, uTO ecnu FOKHBINH OKeaH B LIEJIOM MOYKHO OTHECTH K MaJIONPOYKTHB-
HBIM paiiloHaM MHpOBOTro OKeaHa ¢ BHICOKMMH KOHIIEHTPALUSIMH OMOTE€HHBIX 3JIEMEHTOB
W HHU3KUM cozepkanueM xsopodwmnia, to FOIID3 cunraercs oHUM M3 YHUKAIBHBIX
paiionoB FOkHOTO OKeaHa C BEICOKMMH BEJTMUMHAMH TIEPBUYHON TPOLYKIIUK U OMOMACCHI
¢duroruankrona [7, 32]. Ilo nomyyennsiM ganHbiM BHyTpu FOIIM3 HenocpeacTBeHHO
nepen FOII® ormeyarncst joKanbHbI MaKCUMyM aMMOHUITHOTO a3ota (ot 1,0 1o 2,7 uM),
IIPY 9TOM Ha OOJIbILIEH YacTH MCCIIelyeMOil aKBaTOPHUH €r0 COAEpIKaHue, KaK MpaBuiio, He

30° 60° ¢ 90° B.A.
Puc. 2. [IpoctpancTBenHoe pacnpeneneuue gocharos, UM (a), Hutparos, UM (6), pacTBOPEHHOTO
kpemHuus, UM (6) u opranuueckoro ¢ocdopa, UM (e) B moBepXHOCTHBIX Bogax HOxHOro okeana
Mexay Adpukoit 1 AHTapkTUI0M (0cpeanennsle nanubie ¢ 2008 mo 2020 r)

Fig. 2. Spatial distribution of phosphates, 1M (a), nitrates, uM (6), dissolved silicon, uM (), organic
forms of phosphorus, uM () in the surface waters of the Southern Ocean between Africa and Antarctica
(averaged data from 2008 to 2020)
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Tabruya 2

I[nanasom,l U3MEHYHUBOCTH TEeMIIEPATYPhbI BOAbI U THIPOXUMHUYECKHUX noka3zareJeii
B NI0BepXHOcTHOM cJioe FO:xHoro okeana 3a nepuos ¢ 2008 mo 2020 r.

Table 2
Ranges of variability of water temperature and hydrochemical parameters
in the surface layer of the Southern Ocean for the period from 2008 to 2020
POmLOLDS Bonpt Beicoro- B npm]fa]iepn-
ITapamerp CAD OM® ALIT FODALNT | mupoTHEIE | BO3BPATHOTO KOBBIX
Bozbl KY | mortoka KY o
Mopeii
T,°C 8,5-5,0 | 4,5-2,5 | 3,2-1,7 | 2,5-0,73 | —0,6-1,9 0,8-2,2 -1,9-3,2
O,, mi/n 6,5-7,1 | 7,0-7,5 | 7,0-7.8 | 7,0-8,1 7,2-9,4

Si, uM 0,4-4,3 | 6,6-20,8 |20,4-30,6 |30,0-50,0| 45,7-80,0 35-55 5,0-81,0
PO, uM | 1,2-1,6 | 1,6-1,73 | 1,5-1,8 | 1,7-1,9 | 1,70-2,1 | 1,5-1,7 0,2-2,1
NO,, uM |15,0-22,0|21,9-23,5|21,7-26,2 | 24,2-27,0| 23,6-30,5 | 20,0-24,0 0,4-31,4
Si/P 2,0-3,1 | 4,1-11,8 [ 11,5-15,0| 15-25 25-35 15,9-254 | 20-46
N/P 13,4-13,6/13,7-14,6 | 14,6-15,3 | 13,7-14,6 | 14,0-16,0 | 14,0-16,0 620
npessimano 0,5 uM. Konnenrpammm opranndeckux ¢opm azota u ¢pocdopa B FOIID3
MEHSUINCh HE CTOJIb 3HAUYUTEIBHO, B HEKOTOPHIE T'O/IBI OTMEYAIOCh X YBEIHUCHHE BO
(ponTaneHOU 30HE A0 25-30 UM 1 10 0,4-0,5 LM COOTBETCTBEHHO.

HOxnee FOII® npoctupancs nosic Bog ALT, xapakrepusyrommiicsi 601ee BRICOKH-
MU KOHIIGHTPALUSIMH PacTBOPEHHOTO Kuciopona (mo 7,8 mi/m), pocdaror (mo 1,8 pM)
u HATPATOB (110 26,2 uM) (cM. Tadm. 2). Conepxanue kpemans B Bonax AT m3meHsmoch
ot 20,4 no 30,6 uM. B paitone FOxnoro ¢pponta AT (FODAL[T) mabmonancs pe3kuid
TpajiieHT PaCTBOPEHHOTO KPEMHUSI B TIOBEPXHOCTHBIX BOJAX, TI€ €r0 KOHIIEHTPALIUH BO3-
pactanu ot 30 mo 50 uM (cm. Tabm. 2) (cM. puc. 3a). I'panneHT KOHIEHTPAIIIH KPEMHHS
CITY’)KUT HaJIeKHBIM MHIUKATOPOM MTOBEPXHOCTHOTO TonioxkeHus pponta FKODALIT.

Bozb! BBICOKOIIMPOTHOM MOAM(HKAIINH, ITPEICTaBICHHBIE MACCHBOM BOJ BOCTOUHOM

niepudepun kpyroopora Yammemia (KY), xapakrepru30Baiich BRICOKIMH KOHIICHTPAITHSMHI
pactBoperHoro kpemuwus (45,7-80 uM), pocdaros (1,7-2,1 uM) u murparos (23,6-30,5 uM)
B TIOBEPXHOCTHOM CJI0€ BOZBI (CM. Tabm. 2) (cM. puc. 2). KOykHee mpocTupacs mosc TpaHc-
(opmupoBanubix Box (TB), chopmipoBaHHBIX Bo3BpaTHBIM oToKOM KY ¢ momeit Bog AT,
KOTOPBIN BBIICIISIICS 1O OOJiee HU3KOMY COJIEP)KaHHIO OMOTEHHBIX JIEMEHTOB, IIIABHBIM
obpazom kpemHuUS (MeHee 55 M) (cM. Tabi. 2) ¥ MOBBIIICHHBIMHI KOHIICHTPAIHSIMI aMMO-
HuitHOTO a30Ta (6omee 0,5 uM). IToBepXHOCTHBIE BOJBI BEICOKOIITMPOTHONW MOIH(HUKAIINH,
prypodeHHbIe kK MopsaMm Pucep-Jlapcena, Kocmonasros, Conpyskectsa u [leiiBuca, Xapax-
TEPH30BAINCH BEICOKUMU KOHLICHTPAIUsIMUA OMOTEHHBIX JIEMEHTOB.

BocTtounee kpyroBopora Yannemia (B paitone 30° B. 1.) motok Box AT pactmpsin-
Csl, pacTEKasACh BEEPOM Ha BOCTOK, IOTO-BOCTOK M FOT0-3aMa]l C 3aMbIKAfOIIel BOCTOYHON
BeTBBIO KY, mpnOnmxasch OTHOCHTENEHO OIM3KO K MaTepUKOBOMY CKIIOHY Mopeit Kocmo-
HaBToB, ConpyxectBa u [leiiBuca. B pesynprare 3anamaee 30° B. 1. aHTapKTHYESCKHIE BOIBI
XapaKTepU30BaJICh Ooiee BEICOKMM cofepkanneM cuinkaroB (50-80 uM), B To Bpemst
kak Boctounee 30° B. 1. OHU OBUTH 3HAYUTENHEHO HIKE U Ha OOJBIIE YACTH UCCIIETyeMOM
akBaropuu He npeBsiany 50 uM (cM. puc. 26). [IpocTpancTBeHHOE pacmpeneneHue (hoc-
(haToB M HUTPATOB B MTOBEPXHOCTHOM CJIO€ aHTapKTHUeckux Bof (tokHee FOIID) mvemno
CXOJKHH XapakTep, B UX pacIipeieieHny Ha0moaiachk HeOOIbIasi MO3auIHOCTb, KOTOPast
OTIPEAEIIANACH ITIABHBIM 00Pa30M IPOLYKIMOHHO-JECTPYKIIMOHHBIMH TPOIIECCAMH, & HE
OUPKYISIHOHHBIME (CM. puc. 24, 0).
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AHTapKTHUECKHe BO/BI HA OOJBIICH YacTH MCCIIEAyeMOi akBaTOpPUU XapaKTepH-
30BJINCh HU3KMMHU KOHIIEHTPALUSMH OpraHudeckux (opm azora u docdopa ¢ Tpems
OCHOBHBIMU MakcUMyMaMHu — B paiione IOIId3, B TpaHchOpMHUPOBaHHBIX BOIAX BO3BpAT-
Horo noroka KY u Ha menbde npuMarepukoBeix Mopeld AHTapKTHBL. [1o ocpenHeHHbIM
JTAaHHBIM 32 BECEHHE-JIETHE-OCCHHUM aHTapPKTHUECKUI IEPUO COAEPAKAHUE OPraHUIECKOIO
a30Ta B IOBEPXHOCTHOM CJIO€ U3MEHSIOCH B Ipesenax ot 10 1o 25 uM, a opranudeckoro
(bocdopa — ot ananmuTHyeckoro Hyis g0 0,45 uM (cM. puc. 22), Ipu ’TOM MaKCUMaJIbHbIC
KOHIICHTpAIMU opraHudeckrx popM azora u pochopa ObuTH 3aUKCHPOBaHBI Ha HIebde
mopeii Conpyxectsa u Jeitsuca (o 60 pM u 10 2,0 pM COOTBETCTBEHHO).

CE30HHAS TMHAMUKA BUOT'EHHBIX 9JIEMEHTOB

[ToBepXHOCTHBIE pacIpe/ielieHUs] TeMIIEpaTyphbl BOJbI M THAPOXUMUYECKUX XapaKTe-
PHUCTHK, BRIIONTHEHHBIE B Aekadpe 2011 u mapte 2012 rr. (57-s1 PAD), xorma MapuipyTel
CIICZIOBaHMS CyJHA MPAKTHYCCKU COBIIAJAH, IPEACTABICHBI Ha pHC. 4.

B nexabpe Ha ceBepe uccnemyeMoit akBaropuu (B Bogax FOIIdD3) mporiece Bereranmu
yIKe Ha4aJICsl ¥ COMPOBOKIAIICS YBEIMUCHUEM TEMIIEPATYpPbl BOIbI M YMEHBIICHUEM KOHIICH-
Tpanuii 6MOTeHHBIX A1eMeHTOB. CoziepkaHie PaCTBOPEHHOTO KPEMHHS B TIOBEPXHOCTHOM CJI0€
TOII®3 B nexabpe BapprpoBaio B uatepsaie ot 0,4 1o 2,0 uM. B paiione FOITD (48,5-49,5°
10. 111.) HAOMIONAIOCh PE3KOE YBEINUCHHE KOHIIEHTPAIIMH PaCTBOPEHHOTO KPEeMHHUS OT 2—6 uM
no 16-20 uM. B mMapre comepkaHue KpeMHHs B TOBEPXHOCTHBIX Bofax FOIIdD3 Obuio B Ba
paza BbIIIIE IeKaOPhCKUX BEITMUMH, a caM TpaaueHT B paiione KOITD Gonee crmaxen (puc. 4a).

Jns ce3oHHOM AMHAMUKH (oc(haToB U HUTPATOB B IOBEPXHOCTHBIX Bofax FOI1M3 Obum
XapaKTepHBI Te JkKe 3aKOHOMEPHOCTH. B niekabpe Ha ceBepe nccienyeMoi akBaTopuy HabITio-
JIATMCh MUHUMAJIbHBIE KOHIICHTPAIMH (oc(aToB M HUTPATOB, KOTOPBIE PE3KO YBEINIHBAIIHCH
BHyTpH IOII®3 ot 1,2 uM u 15 uM Ha ceBepHoii ee rpanune 10 1,7 uM u 24 uM — Ha
1okHOM Tpanuie FOIId3 coorercTBeHHO (puc. 46). B Mapre conepkanue (hocdaroB U HU-
TPATOB B IIeJIOM OBIJIO BBIIIE, TIPHU 3TOM BO3PACTAHNE MX KOHIICHTPAIIMH C ceBepa Ha 0T TakKe
HOCHJIO OoJtee TUIaBHBIN XapakTep U nu3MeHsuock ot 1,35 uM u 19 uM no 1,55 uM u 22 uyM
COOTBETCTBEHHO (CM. pHC. 40). PaccunTaHHOE CTEXHOMETPHUYECCKOE COOTHOIeHNEe Si/P st
noBepxHocTHOTO ciosi FOIIM3 B aekabpe B cpenHeM coctarisuio 1,1, a B MapTe BO3pOCIIO
B 3 pasa 1o CpaBHCHHUIO C BECCHHUMH BeMYMHAMU. Takue Hu3kue 3HaucHus Si/P moryt
OBITh CBsI3aHbI C JIMMUTUPYIOLICH POJIbIO KPEMHHSI ISl IEPBUYHOTO MPOYIIMPOBAHKS B TO-
BEpPXHOCTHOM cioe Boxt BHyTpu IOI1D3 (ne Brimrouas Bozsl FOIID). CoorHomenue N/P 3nech
ObLIO OJNU3KO K CTEXMOMETPHYECKOMY M COCTaBJISUIO B jiekadpe B cpenHeM 13,6, a B Mapre
BenunHa N/P yBermuunace 1o 14,4. TlonydeHHble pe3ysbTarhl YKa3bIBalOT Ha TO, Y4TO B MO-
BepxHocTHOM ciioe FOIIM3 B nexabpe BeceHHe-NIeTHee MOTpedIeHrne OMOTEHHBIX AIEMEHTOB
y’Ke Ha49anoch, MMPHU ITOM CE30HHASI U3MEHYMBOCTh MX KOHIIEHTPAIMI B IIEJIOM HEBEIHKA.

IOxHnee, B moBepxHOCTHBIX Boax ALIT u BBICOKOIMPOTHON Momu(UKamu, Ha000-
POT, B Jiekadpe HaOMIOIAINCh BHICOKHUE (TTOYTH 3UMHHE) KOHIICHTPALIMK CHIIMKATOB, (hocharoB
Y HUTPATOB (CM. puc. 4a, 6), TemIieparypa Bojibl B iekadpe 3/1eCh Taloke OblIa MUTHIMAITLHOM.
TTomy4yeHHbIe aHHBIE YKA3bIBAIOT HA TO, UTO «(heHomornieckas BonHay B Bomax AL[T u Bbicoko-
HIMPOTHON MOAM(UKAIINH B JIEKaOpe ellie He HACTYIHIIA, €€ MUK CMECTHJICS Ha (heBpasIb—MapT.
IIpu 3TOM 17151 comeprkaHust PACTBOPEHHOTO KPEMHUSI CE30HHAsI TMHAMHKA B TIOBEPXHOCTHOM
CII0€ aHTAPKTUYECKUX BOJ ObIIa BEIpaskeHa Oosee crnabo (cM. puc. 4a), B TO BpeMs Kak KOHIICH-
Tparmu (GocdaroB ¥ HUTPATOB B MapTe B cpenHeM B 1,2—1,3 pa3a CHU3HMIIMCH 110 CPABHCHHIO
C BeNIMYMHAMH, HAOJTIOAEMBIMHU B TIPE/IBETETAIMOHHBIN riepron (cM. puc. 40). CooTHOLICHHE
Si/P roxree FOITD pe3ko yBEIMYMIOCHh U TOCTHIAI0 MAKCHMAITBHBIX BETMUHH — 25—35 B BBI-

336 TIPOBJTEMbI APKTHKH U AHTAPKTHKH * 2021 * 67 (4)




K.B. APTAMOHOBA, U.A. TAHI'HYC u 0p. K. V. ARTAMONOVA, 1.A. GANGNUS et al/

75 10 ia) Bogpl = | KO® | BbicokowupoTHbie BOAbI AF:'T
70 g — 1on®3 ;(r ALT| BocTouoit nepucbepun KY ;‘_’f[
65 {1 - = Eg
58 7 1
50 —| 3 7 2
g 6
=459 &
=40 g 5 ]
S35 24
< 30 s 3
©25 — 2 i
120 é 2 —
15 g =
10 al
5 ¥ =]
0 -1
28 — 21 —
26 —| ]
1,9 —
24 o=
= 1,8 —
5237
: 1=
E20*51,6 ]
© 1815 —
218 fg} ]
. 1,4 —
16—4° "
4 13 —
14 — 12___
b L N UL UL R I L U L N R A

45° 46° 47° 48° 49° 50° 51° 52° 53° 54° 55° 56° 57° 58°0.Lu.
Puc. 4. [ToBepXHOCTHOE pacIipe/iesieHHe TeMIIepaTypbl BOJbI M KOHIIEHTPALIMU PACTBOPEHHOTO KPEM-
Hus (@), a Takke KoHIeHTparuit pocdaroB 1 HUTPATOB (6), BEINOTHEHHBIE HA KBA3UMEPHIMOHAIBHOM
paspese 1o 30° B. 1. B 57-if PAD B Teuenue aByx ce3zonos: ¢ 13.12 mo 15.12.2011 . u ¢ 05.03 o
08.03.2012 r. CtpykTypa BOA yKa3aHa B COOTBETCTBHUH C puC. 1.

1 — temmeparypa Bozsl B iekadpe 2011 r; 2 — temneparypa Boxs! B Mapte 2012 r; 3 — coxepikaHue KpeMHUS
B nekabpe 2011 r.; 4 — conepkanue kpemuust B Mmapre 2012 r.; 5 — conepxkanue pocdaros B nekadpe 2011 r;
6 — coznepxanue pocparos B mapre 2012 1.; 7 — coxepkanue HUTparoB B jekadbpe 2011 r.; § — conepixanue
HUTpaToB B Mapre 2012 .

Fig. 4. Surface distribution of water temperature and concentration of dissolved silicon (), as well
as concentrations of phosphates and nitrates (6), carried out on a quasi—meridional section along 30°
E in the 57th RAE during two seasons: from 13.12 to 15.12.2011 and from 05.03 to 08.03.2012. The
structure of the waters is indicated in accordance with Fig. 1.

1 — water temperature in December 2011; 2 — water temperature in March 2012; 3 — silicon content in December
2011; 4 — silicon content in March 2012; 5 — phosphate content in December 2011; 6 — phosphate content in
March 2012; 7 — nitrate content in December 2011; 8 — nitrate content in March 2012

COKOILIMPOTHBIX BOJAX, YTO B LIEJIOM XapaKTEPHO JIsI aHTAPKTUIECKHUX BOJ C OYEHb BHICOKUMU
KOHIIEHTPALIUSMU CHUJIMKAaTOB B TIOBEPXHOCTHOM ciioe. [Ipu 3ToM MakcumalibHbIE IpaJiueHThI
Si/P ObutH TIpUypOUeHBI K (PPOHTAIBHBIM pazjenaM: BeianurHa Si/P B TIOBEPXHOCTHOM CJIO€
B paiione FOII® ysenmmumnace B 2,33 pasa, a B paiione FODGALIT — 1,7-2,2 paza, B TO Bpems
KaK CE30HHAs [rHAMHUKa BeanunHbl Si/P B cpemrem cocrasma 1,05.
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Jlst opranndeckux (opm asora u pochopa ce30HHas U3MEHYMBOCTH MPOSIBIISUIACH
B YBEIMYEHUM UX KOHLEHTpaLUil B MOBEPXHOCTHOM CJO€ HUCCIIETyeMOI akBaTOPHH B pe-
3yJIbTaTe MOCTYIICHNS! OPraHMYeCKOro BEIIeCTBA B ITPOLIECCe PA3BUTHS U OTMUPAHUS (PHUTO-
uIaHKToHa. Tak, B ekaOpe—sHBape B MOBEPXHOCTHBIX Bofax B paiioHe FOIID3 n FODALT
HAOJIOAIOCH TIOBBIIICHHOE COJICPXKAaHUE OpraHndeckoro azora (o 35 M) u docdopa (1o
0,58 uM). bosee BbICOKHME BEJIMUMHBI OPraHUIECKUX (OpM OHOTCHHBIX MIEMEHTOB TaKKe
OTMEYaJINCh B TPaHC()OPMUPOBAHHBIX BOJax Bo3BparHoro noroka KY u Ha menbde npu-
MaTepuKOBBIX Mopel. K MapTy KoHIeHTpanun opranndeckux ¢popm asora u gocdopa Ha
OorbLIel yacTH UccllelyeMOl akBaTOPHH (32 UCKITIOYEHHEM BOJ] TPUMATEPUKOBBIX MOpPEHt)
yMmeHbImics 10 20 uM u 0,4 pM cOOTBETCTBEHHO, a B allpesie UX COAepKaHue B IOBEPX-
HOCTHOM cJioe He npeBbimano 10-15 uM u 0,2-0,3 pM cooTBETCTBEHHO.

MEXT'OJ0BASI UBMEHUYMBOCTH 'MAPOXUMHAYECKHUX YCJIOBUI

B unccrnexyemslil mepros MeKroaoBasi H3MEHUYHUBOCTh THAPOXUMHUYECKUX XapaKTe-
PHUCTHK OTpeensach, C OAHON CTOPOHBI, IPOCTpaHCTBEHHBIM cMemieHneM CAD, FOITD
u FODAIIT, BMecTe ¢ KOTOPBIMH CMEIIAJICS ¥ THIPOXUMHUECKUHN (POHT, a ¢ Ipyro — HUH-
TEHCUBHOCTBIO KPYITHOMACIITA0OHOTO KPYroBopoTa Yajiziesia, COIpoBOXKIaeMOro paciiiy-
PEHHEM WIIH CYKeHHEM aKBaTOPUH PACIIPOCTPAHEHUS O0siee XOMOIHBIX BHICOKOIINPOTHBIX
BOJ] C BEICOKUMH KOHIICHTPAUAMHU OMOTEHHBIX 3JIEMEHTOB.

ITo momy4yeHHBIM AaHHBIM cpenHee monoxeHue ocu HOIID — 10KHOU TpaHUIIbI
FOII®3 (oBepXHOCTHBIN TPaIUCHT TEMIIEPATYPhl BOABI U PACTBOPEHHOTO KPEMHUS) 3a
2007, 2009, 2011-2016 rT. coctaBmiio 50°16’ ro. 1. [To muTeparypHbiM ricTouHIKaM 3a 2004,
2007-2010 rr. monoxenue FOII® naxomunocek Ha mupore 50°03’ [33] u Ha MPOTHKEHUH
2009-2015 rT. BRIp)XCHHOW TEHACHIIMU K CMEIICHUIO Ha CEBEP MM IOT BBISBICHO HE OBLIO
[34]. Takoe mocrarouno ycroiturBoe nonoxkenne IOIM3 nperepneno B cezone 2017/18
CHJIBHOE CMEIIICHHE B CEBEPHOM HAIPABICHUH BIICPBBIC 32 HCCIEAyeMbIi epro. Tak, eciu
B 20072016 rr. monoxxenune FOIID konebanock B mpeaenax 49°50" — 50°33' fo. 1., TO
B fekadpe 2017 . oHo okazanock Ha 48°52' 10. 11I., T. €. CMECTHIIOCH Oosiee ueM Ha 60 MHITh
K ceBepy. B 3TOT ke ce30H 0TMeUanaoch 1 MakCUMallbHOE paciipoctpanenue KY Ha cesepo-
BocTOK. [IImpuna nepecekaembix cymHoM yuactkoB KY mensinachk ot 104 munb B 61-it PAD
(2015-2016 rr.) no makcumaibHOU 472 Muis B 63-it PAD (2017-2018 rr), nemoHcTpupys
YCHJIEHHE KPYITHOMACIITAOHOTO KPyroBOPOTa Y3IIesa, COPOBOXKIAEMOE PACIIHPEHUEM
30HBI PaCMPOCTPAHEHHUSI BOJI BHICOKOIIMPOTHOW MOAN(HKALIMN U YBEITUUSHUEM CONICPIKAHHs
OHMOTCHHBIX AJICMEHTOB, TJIABHBIM 00pa3oM KpeMHust 10 62—70 uM (B cpeaHeM 3a UCCIIemy-
emblid ieproz 48—60 uM) B MOBEPXHOCTHOM CJIO€ aHTAPKTHYECKUX BOJ (pHC. 50).

B netnuit nepuon 2019-2020 rr. Habmomanack oOpaTHas CUTyaIus — Pe3Koe cMe-
menne gppontoB ALIT Ha tor. B pe3ynbrare HU3KHE KOHIIGHTPAIIMK OMOTEHHBIX AJIEMEHTOB
1 BBICOKHME 3HAYCHHS TEMIIepaTypbl BOABl OTMEYAINCh BO BCEM MOBEPXHOCTHOM CJIOE
aHTapkTHueckux Boj (cM. puc. 5). Tak, B deBpasie 2020 1. KOHIICHTPALUU CUIMKATOB
1 (hochartoB B MOBEPXHOCTHOM CJIO€ AHTAPKTUUECKUX BOJ| BIIEPBBIE 33 BECh MEPHOJT HAOIIO-
JIEHUS! JOCTUTIM aHOMAJIbHO HU3KMX BenuunH (MeHee 10 uM u menee 1,3 M) B paiione
55-61° 10. m. (cM. puc. 56, 8), TeMIiepaTypa BOABI 3AECh TaKkke ObLTa MaKCUMAJIBHOHN 3a
Bech nepros Hadmonenuit (0osee 3 °C) (cM. puc. Sa). Paccuntanubie Bennuunbl Si/P pesko
CHU3WINCH J10 5—15 pM, urto xapakrepHo ais Boa KOIID3 ¢ noneit Bog AL[T (cm. puc. 52).
Bericokomuporabie Boasl KY B setHuii ce3on 2019/20 Ha paspese HE BBIACISUIUCH.

Kpome Toro, cymiecTBeHHasT MEXKTO0Basi H3MEHUYNBOCTh TaK)kKe OTMEYAach B BBI-
COKOIIIMPOTHBIX BOJAX MPUMATEPHKOBBIX MOpPEeH AHTapKTHIBI.
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1—12.2011 (57-1 PAD); 2 — 12.2014 (60-5 PAD); 3 — 12.2016-01.2017 (62-5 PAD); 4 — 12.2017-01.2018
(63-5 PAD); 5 — 02.2020 (65-5 PAD)

Fig. 5. Surface distribution of water temperature, °C (@), concentration of dissolved silicon, pM (6),
mineral phosphorus, pM (6), and Si/P values (e), carried out on a quasi-meridional section along
30°E in the summer Antarctic period from 2011 to 2020. The structure of the waters is indicated in
accordance with Fig. 1.

1—12.2011 (57th RAE); 2— 12.2014 (60th RAE); 3 — 12.2016-01.2017 (62nd RAE); 4 — 12.2017-01.2018
(63rd RAE); 5 — 02.2020 (65th RAE)
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BBICOKOIINPOTHBIE «OA3UCHI»

Ha mensde mopeit Conpyxectna u JleiiBuca co3naBainch yHUKaigbHbIe A FOx-
HOTO OKeaHa yCIIOBHsI, KOIJIa B JieKaOpe—siHBape, orepexast PUX0]] €CTeCTBEHHOM «de-
HOJIOTHYECKOM BOJIHBI», B TIOBEPXHOCTHOM CJIO€ HAOIIOATIOCh MPAKTHYECKU MOJTHOE
noTpedieHre OMOTeHHBIX dIIeMEHTOB. Tak, B iekadpe—sHBape B NPUOPEIKHOM aKkBaTOPHU
Mopsi CoapysxectBa (B 3anuBe [Iprojc) oTMeuanoch pe3Koe YBEIMUCHHUE COICPIKAHUS
pacTBopeHHOrO Krciopoaa (mo 10 mu/in) u nepenacsimierune Bog (xo 120-140 %), pes-
KO€ CHWKCHHE KOHIICHTPAlUil OMOTCHHBIX 2JIEMEHTOB (BIUIOTH J0 HYJIEBBIX 3HAUCHUH),
YBEJIMUCHHUE COACPIKaHUs opraHudeckux Gopm azora (mo 45—-60 uM) u docdopa (10
1,2-2,0 uM), 4to cBsizaHO ¢ HanboJIee AKTUBHBIM [IEPUOJIOM Pa3BUTHS (PUTOIIAHKTOHA.
Ero Ha4yano mpuxoJuiioch Ha CEpeUHY JeKadpsi U MPOJ0IDKAIOCh O Havala sSHBapS.
Haubospimast CKOpocTh YOBLIH OHOTCHHBIX JIEMECHTOB OTMEYAJIach ¢ CEPEIUHBI 10 KOH-
1a Jiekabpsi ¥ JocTuraia 3HadeHu: st kpeMHust — 3,2 uM B cyT, JUiss HUTPATHOTO
azora — 1,8 uM B cyT, a ans muHepanbHoro gochopa — 0,12 uM B cyT. Makcumarb-
HOE MOTpelsIeHne OMOTEHHBIX JIEMEHTOB MPOUCXOIMIO B MPUOPEKHBIX aKBATOPHUSIX,
B6J'II/I3PI KPOMKHU IIpHIIas. HpI/I HaJIn4yuu yCTOﬁ‘IHBOFO MMUKHOKJIMHA BCIIBIIIIKA IIBCTCHUA
(uToIUIaHKTOHA HAOIIOANACh BU3YaJlbHO — BOJIa CTAHOBHUTCS 3€JICHOTO L[BETA C I0-
HUKEHHOU IIPO3PavyHOCTBIO.

B sinBape—(eBpaiie oTMeuancs pocT cosepikaHusi OMOTEHHBIX JIEMEHTOB, CBSI3aHHbIN
C 3aTyxaHueM mporiecca (POTOCHHTE3a, ¥ K anpelito COIEpKaHUe UX B MOBEPXHOCTHOM
CJIOE B IIEJIOM YK€ COOTBETCTBOBAJIO 3HAYCHHSIM, HAOJIOIaeMbIM B cepeinHe Jiekadpst. [1pu
9TOM HauboJjiee OBICTPO BOCCTAHABIMBAIMCH KOHIIGHTpalu (ocdaros, a copepxaHue
HHUTPATOB B anpene auiib Ha 70 % mocTumnio aekabpbCKUX BETUYMH. BakHO OTMETHTB, UTO
CTEXUOMETPHUUCCKUC COOTHOIICHUA P3}1¢)I/IH}13 MEXKIY OTACIBbHBIMU DJICMCHTAMU B 1IEJIOM
COOJTIONAIMCh U COCTABIISIN B cpenHem it Si/P— 22,1, a mis N/P — 14,5, D1o cBuae-
TCJIBCTBYECT O TOM, YTO NOCTYIIJICHUEC OMOT€HHBIX DJIEMEHTOB B TMOBECPXHOCTHBIC BOABI B 3TOT
MEPUO MPOUCXOAUT YaCTUYHO 3a CUCT ACCTPYKIIMHU U MHUHEpAIU3allUhd OPraHn4Y€CKOIro
BEILECTBA, T. K. pereHepanusi GpocharoB MPOUCXOIUT ObICTpPEE, YeM HUTPATOB, a 4acTh
MHHEPAJIbHOTO a30Ta HAXOIUTCSI B AMMOHUIHON U HUTPUTHOH (opmax.

OpHako B BBICOKOIIMPOTHBIX BOJIAX MPUMATEPUKOBBIX MOpeH AHTApKTHUIBI JICTHHE
«0a3MChD) HAOIIONAIMCH C PA3HOI CTETICHBIO BHIPAXKEHHOCTH U 3aBUCEIH OT THIPOMETEO-
POJIOTHUECKUX YCIIOBUH (IPOAOIKUTEIFHOCTH O€3BETPEHHBIX THEW M HATUYUS pa3pylIeH-
HOTO MTpHUIIasi) B KaXKAbI KOHKPETHBIN rol. MHOToneTHUH MOHUTOPHUHT THAPOXUMHUYECKUX
yCIIOBUI B mpuOpexHoii akBatopun 3ayusa [Iproac (mope CoxpyrkecTBa) M0o3BOJINII BbI-
JICTTUTh YCIOBHO TEIUIBIE» TOJIbI, KOTJa OTMEUATIHNCh PAaHHSSA BereTalys (B KOHIIEC AeKaops)
U UHTCHCUBHOC HOTpe6J'IeHI/Ie (bI/ITOI'[J'IaHKTOHOM 6I/IOFGHHI:-IX OJIEMCHTOB B IOBEPXHOCTHBIX
BOJIAX, & TAKIKE «XOJIOAHBIC» I'OJIbl, KOTa (hopMHUPOBAHHUE JIETHUX «0A3MCOBY» B JieKaOpe—
SHBape He HabI0IanoCh.

K nanbonee «remibiM» 3a uccaeyeMsblil mepuoa MoxHo otHect 2009 u 2014 rr,
KOIJla B KOHIIE JieKaOpsi B IIOBEPXHOCTHOM CJIoe€ ObLIO 3a)MKCHPOBAHO aKTUBHOE I10-
TpebneHne OMOTEHHBIX AIEMEHTOB, 0COOCHHO SIPKO ATO Habonanoch B Aekadbpe 2009 r.:
koHIeHTpaus ¢pocdaroB ymenoimiace ¢ 2,1 go 0,3 uM, aurpatoB — ¢ 27 no 0,8 uM,
pacTBopeHHOr0 Kpemuus — ¢ 60 1o 6,0 uM (puc. 6a, 6). B T0 ke BpeMs: HaOMIOOAIOCH
pe3Koe yBeandeHue opranndeckux hopm asora u pocdopa g0 40-50 uM u g0 0,8-0,9 uM
coOoTBeTCTBeHHO. [Ipu 3TOM TemmepaTypa Bojbl ObLTa MAaKCUMATBHOHN 32 BECh MEPHOJ UC-
cienoBanust U coctapisuia 3,2 °C (cm. puc. 6a).
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Fig. 6. Interannual variability of the surface temperature and silicate concentration (a), phosphate
and nitrate concentrations (6) of Prydz Bay shelf waters

K ycioBHO «X0IOJHBIMY» IIEpHOAaM MOXKHO OTHecTH ce3onbl 2011/12, 2016/17
n 2017/18 rr., koraa B HOBEPXHOCTHBIX BOJax NMPHOpPEKHOW akBaropuu 3anusa [Ipronc
B JiekaOpe—sHBape ObUI0 OTMEUYEHO OTCYTCTBHE NPU3HAKOB aKTUBHOTO TTOTPEOJICHNUS OHO-
TEHHBIX JIEMEHTOB, HAJIMYKE OOJIBIIOT0 MaCCHBA JICISTHOTO MPUNasl U JOCTaTOYHO HU3KAs
temreparypa Bojasl — ot 0° 10 —0,8 °C (puc. 64, 6). B nannom ciy4ae «penonornueckas
BOJIH@» €IlI¢ He NpHILIa, a (POPMUPOBAHUE ONEPEKAIOIINX €€ JICTHUX «0Aa3HCOB» B Ta-
KHX YCJIOBHSX INPEACTABISICTCS] MAIOBEPOSTHBIM. [Ipn 5TOM KOHIEHTpauyu OMOTEHHBIX
JJIEMEHTOB B «XOJIOJHBIC» TEPHOABI COOTBETCTBOBATIM BBICOKUM 3HAUEHHSIM BBICOKOIIHU-
POTHOTO THIIA BOJ.

3AK/IIOYEHHUE

B pesynbrate mpoBeIeHHBIX UCCIIEA0BAHIN OB BBISBICHB OCHOBHBIE 0COOCHHOCTH
MIPOCTPAHCTBEHHOHN THIPOXUMHUYECKOI CTPYKTYpPBI U XapaKTEepUCTUKU BOJ B TIOBEPXHOCT-
HoM citoe FOxHoro okeana or CybaHTapKTHYECKOTO (DPOHTA JO IICTH(POBBIX PAOHOB
Mopei Pucep-Jlapcena, Kocmonasto, ConpyskectBa u JleiiBuca.

[o moy4eHHBIM JaHHBIM B IOBEPXHOCTHOM PACIPEAETICHUHN THIPOXUMUIECKUX Xa-
PAKTEPUCTUK HAOIIOIAIICS PE3KUil THAPOXUMHUUECKUiT ppoHT B patione FOIID3. B paiione
CA® pe3ko Bo3pacTaiy KOHIICHTPAIUU PACTBOPEHHOIO KHACIOpoaa, GocharoB 1 HUTPATOB
B I0)KHOM HarpaBiieHnH, a B paiioHe FOI1®D pe3ko yBeanMunBaIvch KOHIIEHTPAIIMH PACTBO-
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penHoro kpemHus ¢ 67 1o 19-21 uM. Baytpu FOIID3 ormeuancs 10kalbHbII MaKCUMYM
AMMOHHUIHOTO a30Ta, a TAK)Ke — yBEJINYEHHE KOHIIEHTpannii opranmyeckux Gpopm azora
u pocdopa 1o 25-30 uM u no 0,4-0,5 pM CcOOTBETCTBEHHO.

AmnTapktuyeckue Boabl oxkHee FOIID xapakTepr30BaaIuch BBICOKMMU KOHIEHTPALH-
SIMA OMOTEHHBIX JIEMEHTOB B ITOBEPXHOCTHOM CJIO€ U HU3KUM COJCP)KaHHEM OpraHuye-
ckux Qopm azora u Gocdopa. [Ipu 3ToM B pacnpeesieHny CHIIMKATOB OTMEUaJICsl BTOPOH
MIOBEPXHOCTHBIN rpagueHT, npuypodeHHblil kK KODALLT, B paiioHe KOTOPOTO CoAepIKaHUE
PacTBOPEHHOI'0 KPEMHUS PE3KO BO3PAcTallo B okHOM HampasieHud ot 30 1o 50 uM. Ilo-
BEPXHOCTHBIN IPaJJUEHT PACTBOPEHHOTO KPEMHUS MOMKET UCIIOJIb30BATHCS KaK Ha/IEXKHBIH
MIOBEPXHOCTHBIN nokaszarens nonaoxeHust FODAIIT, uto yxke oTMedanoch B MPEIIECTBY-
fonmx padorax [1, 3—6]. B paiione 55—62° 10. 1. B IOBEPXHOCTHOM paclpeAeIeHUN
OMOTCHHBIX 3JIEMEHTOB OTMEYaJ0Ch BBIPAKCHHOE MOHIKCHHE MX KOHIIEHTPALHi, 4To,
BEPOSITHO, CBSI3aHO C TPaHC(OPMHUPOBAHHBIMHM BOJaMH Bo3BparHoro moroka KV, mpen-
CTaBJICHHBIMHU BBICOKOIIUPOTHBIMU BojamMu BocTouHoM BeTBU KV ¢ noneit Bon ALIT [6].
PacrionoyxeHHbIE F0XKHEE BO/IbI BBICOKOLTMPOTHOI MOIU(UKALINH, TIPHYPOUCHHBIE K MOPSIM
Pucep-Jlapcena, Kocmonasros, Conpyxectsa u JleiiBrica, XapaKTepu30BaIUCh BEICOKUMHU
KOHIICHTPAIMSIMHU OMOTEHHBIX JJIEMEHTOB B [TOBEPXHOCTHOM CJIO€ M MAKCHMAJIbHON H3-
MEHYMBOCTBIO UX COACPMKAHUS B JICTHUH aHTApPKTUYECKUH MEPHOL.

AHanu3 pe3ysbTaToB [10Ka3al, YTO BECEHHE-JIeTHEe MoTpediIeHrne OMOTeHHbIX dlie-
MEHTOB HPOUCXOIUIIO BCIIE] 32 «(EHOJIOTUYECKOM BOJHOM», KOTOpas Ha ceBepe Hcclie-
nyemoii akBaropuu (B Bonax HOII®3) nauanack B nexaOpe W NpOSBISUIACh B HEOOb-
LIIOM CHIDKEHUH cofiepykaHus (pocdaToB, HUTPATOB M CHIIMKATOB B IIOBEPXHOCTHOM CIIO€
1 YBEIIMUYCHHH aMMOHHMIHOTO a30Ta M opraHmdeckux ¢opm azora u ¢ocdopa. B Bomax
BBICOKOIIMPOTHON MOAN(HKAINY MUK «()EHOIOTHUECKON BOJIHBD) CMECTHIICS Ha (heBpatb—
MapT, B JIeKaOpe 3/1eCh COXPaHSUIMCh BEICOKHE (TIOYTH 3UMHHE) KOHIIEHTPALMH OMOTCHHBIX
9JIEMEHTOB. MakcuMalbHasi Ce30HHas JUHAMHKa OTMedajiach B paiioHe Mesib(OBBIX BOJ
Mopeit Conpysxectsa u JleiiBuca, Tie, onepexas Ipruxojl €CTeCTBEHHOH «(hEeHOIOrnuecKon
BOJIHBDY, B IeKaOpe—sHBape HaOII0aIOCh PE3KOE CHIKEHHE KOHIIEHTPALMI MUHEPaIbHBIX
(hopM OMOTEHHBIX JIEMEHTOB BILUIOTH JI0 HYJIEBBIX 3HAUCHUH, IIPH ATOM PE3KO BO3pacTalIN
KOHIICHTPAIMM aMMOHHIHOTO a30Ta, a TAKXKe opraHnyeckux ¢popm azora u pocdopa.

MekronoBasi U3BMEHYMBOCTb THAPOXUMHUYECKUX XapaKTEPUCTHK OMNpeeNsulach I1aB-
HBIM 00pa3oM mpoctpancTBeHHBIM caBuroM HOII®D3 u FODAIIT, Beien 3a KOTOPBIMEU
C/IBUTJICSI U THAPOXUMHUYECKHH (DPOHT, a TAK)KE MHTEHCHBHOCTBIO KPYIMHOMAacHITaOHOTO
KpyroBopoTa Ya/ieia, CONpoBOXK/IaEMOT0 PAaCIIMPEHUEM UIIN CYKEHUEM aKBaTOPHH pac-
MIPOCTPAHEHNS BBICOKOIIMPOTHBIX BOJ C MOHW)KEHHBIMHU TEMIIEPAaTypaMU 1 BBICOKUMU KOH-
LEHTPALSIMH OMOT€HHBIX JIeMEHTOB. [10 1MoTy4eHHBIM JaHHBIM B JIETHUH aHTApKTUYECKUH
ce3oH 2017/18 1. BnepBbIe 3a HccieayeMblil eprost ObII0 3apUKCHPOBAHO PE3KOE CMEIICHHE
IOTI®3 u IODAILT MakcuMabHO AajeKo Ha CEBEp, a TaKKe YCUJIEHHUE MHTEHCUBHOCTU
pacrpoCcTpaHeH sl BBICOKOUIMPOTHBIX BOJ KY ¢ BBICOKMMHU KOHLEHTPALUSIMU PAaCTBOPEH-
HOT'O KHCJIOpOJia M OMOTEHHBIX 2JIEMEHTOB M HU3KOH TeMIIeparypoid B IOBEPXHOCTHOM CJIO€
aHTapKTU4eCKuX Boj. 1o murepaTypHbIM JaHHBIM M3BECTHO, YTO TE€HICHLUS K CMEILECHUIO
mMpoTHOTO nonoxkenus Gpponto FOIIM3 Ha ceBep npociekKnBaIach Ha NPOTSHKEHUH 25 JieT
(c xonma 1990-x o 2009 r.) [35]. B netHmii antapkridecknid mepuox 2019/20 r. Habro-
Jlanachk oOparHasi cuTyarusi — peskoe cMemenne GpontoB ALT Ha ror u aHOManbHOE
pacrpocTpaHeHne BOJA C HU3KUMHU KOHLCHTPALMSIMH OMOTEHHBIX JIEMEHTOB U BBICOKUM
3HAUCHUEM TEMIIEPATyphl BOJbI BO BCEM MOBEPXHOCTHOM CJIO€ aHTAPKTUYECKUX BOJ.
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Takum 00pa3oM, MPOCTPAHCTBEHHOE PACIIPEICIICHUEC THAPOXUMUICCKIX XapaKTe-
PHUCTHK Ha MccliemyeMoi akBaropuu KOKHOTO OKeaHa OINMpEeelsuIoCh B OOJNBIICH cTele-
HU TUAPOJIOTUYECKON CTPYKTYpOH U €€ M3MEHUYMBOCTBIO B MPOCTPAHCTBE U BO BPEMEHH,
a B MEHbIIEH CcTeneH! NMPOLYKIMOHHO-IECTPYKLIHOHHBIMU IIpoueccaMu. TONbKO B HpHU-
OpexxHol akBaTopun Mopert ConpyskectBa u JleliBruca co3qaBainuch YHUKaIbHbIC 1Tt FOx-
HOTO OKCaHa YCIIOBUS, KOTJIA B JICTHUN aHTAPKTHYCCKUIN TIEPHO]] BIUSIHUC OHOXIMMUYIECKUX
MPOIIECCOB MPEBATMPOBAIIO HAJT IUPKYISIIMOHHBIME. J[JIs 3THX aKBaTOpHUi ObLIAa OTMEYCHA
MaKCUMaJIbHasl CE30HHAsI U MEXI0J[0Basi U3MEHUMBOCTb FMAPOXUMUYECKUX IMOKa3aresei,
KOTOpasi OIpeNesuiach THIPOMETEOPOIOTHYECKUMHU YCIOBUSAMU B KaX bl KOHKPETHBII
ron. [Ipu Terioit u 6e3BeTPEHHON MOro/e 31eCh (HOPMHUPOBAIUCH CBOCOOPA3HBIC JICTHUC
«0a3WChD» C PE3KUMHU BCIBIIIIKAMH I[BETCHUS (PUTOIUIAHKTOHA, KOTOPBIC COMPOBOXKIAUCEH
AKTHUBHBIM MTOTPEOJICHIEM OMOTCHHBIX JICMEHTOB M 3HAYUTEIIBHBIM CHIDKCHHEM UX COZICpPIKa-
HUSl B IOBEPXHOCTHBIX BozaX. I10 MoIy4eHHBIM JAHHBIM TaKUE BHICOKOLIUPOTHBIE «0a3HChD»
OBUTH 0COOCHHO XapaKTepHBI s eb(oBbIX Box Mopsi Coapysxkecta (3amuB [Iproac) co
CBOMCTBEHHBIMU 3TOMY PallOHy MHOTOYMCIIEHHBIMU M MPOAOIDKUTEIBHBIMU COJTHEUHBIMU
JTHSIMH, OTKPBITOH OTO JibJIa BOJIOW M €€ MHTEeHCHUBHBIM IporpeBoM. B mope [leliBuca onu
OBLTH HE CTOJb BBIPAXKCHBI, a B Mopsix Pucep-Jlapcena u KocMoHaBTOB He HaOMHOIAIICE.
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Pe3iome

Ha ocHoBe 3aBHCHMOCTH TeMIIEpaTyphl IUIABICHUS JIbJa [IPU BHICOKUX JABICHUAX OT KOHLEHTPALUH pac-
TBOPEHHBIX B BOJIE I'A30B NPEANPUHATA IONBITKA OLEHUTDH COEP/KaHUE BO3AyXa B MOMEIHUKOBON BOJE 1O
cranuuei Boctok. I1o TaHHBIM CKBOXXMHHON TEPMOMETpPHH, BBINOIHEHHOM 10 TyOuHbI 3753 M, a Takxke 1o
pesyibTaTaM NpsAMbIX M3MEPEHHUI TeMIepaTypbl 03epHON BOJBI, MOCTYNHUBLICH B CKBAXKHHY 10CJE BTOPOrO
BCKpbITUS 03epa BocTok, onpeenenbl Hanbosee BeposTHBIC 3HAYCHHS TEMIIEPATY I TIaBieHus Jbaa (—2,72 °C)
¥ KOHIICHTPAIMH PACTBOPEHHOTO B BOJE BO3AyXa (2,23 r1!') Ha KOHTAKTE JICJHUKA C MOJICIHUKOBBIM BOJIO-
emoM (mtyorHa 3758,6 M, nasienue 33,78 MIla). Haina orieHka KOHIIGHTpAIMK BO3IyXa B 03¢pHOIt Bojie B 19
pa3 MpeBBILIACT Ta30COEPIKAHKE JIEAHUKOBOIO JIbJja — OCHOBHOIO HCTOYHHKA ra30B B 03epe, HO B 1,6 pasa
MeHBIIIE IPEIENIbHON PACTBOPMMOCTH BO3/yXa B BOJIE B PABHOBECHH C 'UpaTHOM (a3oil. PacueTHoe 3HaueHue
KOHLIEHTPALMH PacTBOPeHHOro Kucinopoxa (0,53 rur') cymecTsenHo npesbiinaet conepxkanue O, B 00bIX
JPYTHX U3BECTHBIX BOIOEMAX IIAHETBI. -

KuaroueBnie cioBa: AHTapKTI/II[a, ra3ocoAcpKaHue BOAbL, TUAPATHI BO3yXa, KOHICHTPALMA KUCJIOpOoAa, IO~
JIEHUKOBOE 03€p0, TEMIIEpATypa IUIaBICHUA JIbJa, TCPMOMETPHUS.
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Summary

It is generally assumed that the gas composition and the total gas content of Lake Vostok’s water are, to a large
extent, governed by the budget of atmospheric gases entering the lake together with glacier ice melt, mostly in its
northern part. Since the ice accretion that prevails in the south of the lake leads to the exclusion of gases during
the freezing process, these gases can build up in the lake water. Earlier theoretical works [2, 3] have demonstrated
that about 30 water residence times are required to attain equilibrium between gases in solution and those in a
hydrate phase, which sets the upper bounds of concentrations of nitrogen and oxygen dissolved in sub-ice water
(~2.7gN,L"and ~0.8 g O, L™). Here we attempt to estimate the real gas content of the lake water based on
the link between the pressure melting temperature of ice and the concentration of gases dissolved in the liquid
phase [2]. We use the stacked borehole temperature profile extended to 3753 m depth and the measurements of
temperature of sub-ice water that entered the borehole after the second unsealing of Lake Vostok to estimate the
melting temperature of ice (-2.72 + 0.1 °C) at the ice sheet-lake interface (depth 3758.6 + 3 m, pressure 33.78
+0.05 MPa). The gas content of the near-surface layer of lake that corresponds to this melting temperature is
calculated to be 2.23 g-L"!, meaning that the concentration of dissolved oxygen must be as high as 0.53 g-L7,
i. e. one-two orders of magnitude higher than in any other known water bodies on our planet. The inferred gas
content of sub-ice water is, by a factor of 1.6, lower than the maximal solubility of air in water in equilibrium
with air hydrate, though it is still higher, by a factor of 19, than the total air content of melting glacier ice. The
relatively low concentration of dissolved air in the near-surface layer of the lake revealed in this study provides
anew experimental constraint for understanding the gas distribution in Lake Vostok as affected by the circulation
and mixing of water beneath the ice sheet.

Keywords: air hydrate, Antarctica, borehole temperature measurements, dissolved oxygen concentration, gas
content of water, melting temperature of ice, subglacial lake.
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BBEJJEHUE

LeHTpanpbHBIMHA BOIIPOCAMH H3yUYCHUS IOIJICIHUKOBOTO 03epa BocTok, mopoxk-
JTAFOIIAMU OOJIBIIIE BCETO CIIOPOB CPEAU CIICIUAIMCTOB M BBI3BIBAIONINMH HAMOOIBIIHI
WHTEPEC Y MIHPOKO MyOIHKH, SBISIOTCS: 1) BO3MOKHOCTH CYIIIECTBOBAHUH KU3HU B 03€pe
M CIOCOOBI €¢ aJanTalHiy K 3KCTPEMATbHBIM yCIOBUSM ATOTO YHHKAIBHOTO BOZOEMa
1 2) OlLICHKA KOHIICHTPAIUH Tra30B, B TOM YHCIJIE KACIOPO/a, B ITOUICAHUKOBOM BOsie. DTH
BOTIPOCHI TECHO CBSI3aHBI MEXKy COOOH, TaK KaK Ta30BBIH COCTaB 03CPHON BOMBI SBISCTCS
TEM MapaMeTPOM U3y4aeMOW BOTHOU IKOCHCTEMBI, KOTOPBIH OIPENEIAeT U OMHOBPEMEHHO
OTpakaeT BHOBOE pPa3HOOOpasne MOICAHUKOBOH MHUKPOOHOTHI, CO3/IaCT YCIOBHS, CIIOCO0-
CTBYIOIINE FUTH MIPETSITCTBYIOIINE PA3BUTHIO XKHU3HH MO0 JIbA0M. Kpome Toro, cBeIeHMs,

ARCTIC AND ANTARCTIC RESEARCH * 2021 * 67 (4) 349




TTILHOJIONMA U KPHOJIOTHA GLACIOLOGY AND CRYOLOGY OF THE EARTH

KOTOpBIE MBI OJTy4aeM O COAEPKaHNH I'a30B B 03€Pe, JJOJIKHBI COTJIACOBBIBATHCS C OOIIIH-
MU TIPEJICTABICHUSMH O THPOJIOTHYECKOM PEKUME MOICIHUKOBOTO BOIOEMA, KOTOPhIE
MOCTENEHHO (OPMHUPYIOTCS Ha OCHOBE HE3aBHCHMBIX JAHHBIX 00 M30TOITHOM, I'a30BOM,
XMMHYECKOM U OMOJIOTMYECKOM COCTaBaX O3€PHOTO JIbJia M PE3YJIbTaTOB reo(pn3nIecKnx
HCCIIEZIOBAaHUH CKBaKMHBI. TakuM 00pa3oM, TOUHAsK OLICHKA COJCPKaHMUS Ta30B B 03EPHON
BOJIC MIMEET KITFOYEBOE 3HAUCHHUE /TSI PEKOHCTPYKIIMH MHOTHX Ba)KHEHIIINX XapaKTEPHCTHK
o3epa BocTok 10 Hawana mpsiIMBIX MCCIIEI0BAHUH €ro BOJHON TOJIIH.

B Hacrostiniee Bpemst cauTaeTcst OOIIETIPUHATHIM, YTO T'a30BBIM COCTAaB BOABI 03€pa
BocTok B 0CHOBHOM ompezernsieTcs: OI0PKETOM aTMOC(hEepHBIX Ia30B — KHCIIOPOJia 1 a30Ta,
KOTOpBIE MOCTYTAIOT B 03€PO C TAJIOH BOJOH MPEHMYIIECTBEHHO B CEBEPHON YacTH TIOM-
JIEAHUKOBOTO BoztoeMa. ITocKonbKy ra3zocosepikaHne KOHXKEIAIMOHHOTO (03€pHOTO) JIb/a,
HapacTarolIero Ha HIKHIOKO TTOBEPXHOCTH JISTHUKA B FOXKHOH 9acTH 03epa, IIe pacIioiokeHa
cranimst BocTok, Ha Ba-TpH MOpsiKa HIDKE Ta30COACPKaHMS TaOIIero JISJHUKOBOTO JIba
(~0,1 rr'), armocepHBIil BO3MyX MOCTENIEHHO HAaKaIuMBaeTcs B o3epe. OObeM BO3Iyxa, exe-
TOJIHO «3aKa4MBaEMOro» B 03epo u3 armocdepsl, otenuBaercs B (1,8-3,5)-10° m* (1. y.) [1].

Hauano u3y4eHnio ra3oBoro pekuma IMoJUIeJHIKOBOTO o3epa BocTok Oblio mO-
JokeHo B pabore [2]. B Heil BepBble OBIIIO MOKA3aHO, YTO €CIIM HACBHIIICHUE 03€pa ra-
3aMH B PE3yNbTaTe HHTCHCHBHOTO MAacCOOOMEHa MEKAY HUM U JICTHUKOBBIM ITOKPOBOM
MIPOJIOIDKAIOCH B TEUCHHE I0CTaTouHO ponroro BpemenH (0,2—1,6 MiH jer), To mocie
npuMepHo 30 IUKIIOB TIOHOTO OOHOBJIEHHS BOJBI B 03epe Konuentpauuu N, u O,, pac-
TBOPEHHBIX B BOJE, JIOJDKHBI JIOCTUTHYTh CBOMX TPEJEIIOB, ONPEIENIIeMbIX PABHOBECHOM
PacTBOPUMOCTBIO THX Ta30B B MPUCYTCTBUU I'HApaTa Bo3ayxa. UyTk Mmo3qHee ncciemno-
BaHME POJIM CMELIAHHBIX T'M/PATOB aTMOC(EPHBIX T'a30B B TA30BOM PEXUME 03epa ObLIO
MIPOJOIDKEHO B padote [3] ¢ MpuBIICUCHNEM JaHHBIX U PACUETOB MO JIBYOKHCH YIIIEPOZa
1 MHEPTHBIM Ta3zaM. OrmyOIMKOBaHHBIE B 9THX CTAaThsIX OLEHKH MAaKCHMaJIbHO BO3MOXKHOM
KOHIICHTPAITH B 03CPHON BOJIE PAaCTBOPEHHBIX Ta3oB (3,2-3,5 rur'), © B TOM YHCIEe KUC-
aopoza (0,7-1,0 rar'), cTamy MpeaAMEToM IHUPOKOTO 00CYKICHNUS, KOTOPOE Pa3BEPHYIIOCH
B HAY4YHOW JIUTEpaType B KOHTEKCTE JIBYX aKTyaJbHBIX MpolieM: 1) pucka Heympasisie-
MOH Jlera3alyi MepeHachIIeHHON ra3aMy MOUIEAHUKOBOM BOJBI B XO/I€ MIIAHUPYEMOTO
BCKPBITHS 03epa Boctok [4] 1 2) BOBMOXHOCTH CyIIECTBOBAHHS B 03€p€ MUKPOOHOTO
coo0IIIeCTBa, H30JMPOBAHHOTO OT aTMOC(Ephl B TEUCHHE MUJUIMOHOB JIET (CM., HAIIPUMED,
[5]). OtMeuanock, B 4aCTHOCTH, YTO BBICOKOE MapIMaibHOE AaBICHUE KUCIOPOIa MOXKET
OKa3bIBaTh CEPhE3HOE CJICPKUBAIOIIECE BIMSHUE HA PA3BUTHE KU3HU B MOAJICTHUKOBOM
BOZIOEME U MOTPeOyeT CennaIbHOMN aanTanuy OOUTAIOMINX 3/1€Ch MUKPOOPTaHU3MOB [6].

B nacrosmieit pabote BriepBbIe MPEANPHUHSTA ITOMBITKA OLEHUTH (haKTHYECKOE COZIepKa-
HHE Ta30B B 03€PHOH BOJIE MO]] CTaHIMEH BOCTOK 1Mo TaHHBIM TEPMOMETPHH HIKHHUX YJaCTKOB
OypoBbIX ckBakH SI-2 1 5T'-3, MOCTUTTIINX TIOBEPXHOCTH 03¢pa. B 0CHOBY pacueToB momosxe-
Ha 3aBHCHMOCTb TEMIIEPaTyphbl IUTABJICHHS JIba P BBICOKMX JABJICHUSAX OT KOHIICHTPAIUH
pacTBOpEHHBIX B Bojie Ta30B [2]. Temrieparypa ibaa Ha KOHTaKTe Jieq—Boza (rryouHa 3758,6 M)
OIICHMBAJIACH 10 PE3YJIbTaTaM aHan3a BOCBMH TEPMOTPaMM, JIBE M3 KOTOPBIX OBLIH ITOTY4CHBI
110 TIyOuHBI 3753 M, a Tarke 1Mo JaHHBIM IPSMBIX H3MEPSHUH TeMIlepaTyphbl U JaBICHUS
03epHOM BOJIBI, IOCTYIMBIIEH B CKBXKHUHY MOCIIE BTOPOTO BCKPBITHS O3€pa.

METOIMKA U PE3YJIBTATHI U3BMEPEHUI

W3mepenust Temmnepatypsbl JISTHUKOBOM TOMIIN B CKBaKHUHE SI” 1 ee OOKOBBIX CTBO-
max SI'-1, 5T'-2 u 5T'-3 ocymiecTBIsUINCh CKBKMHHBIMH MaHOMETPaMHU-TEPMOMETPaMHU
KMT paznnusbix MoaudUKaIui, KOTOpbIe ObLIM H3rOTOBICHBI M OTKaIrOpoBanbl B HITIT
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«I'part» (T. Ypa). [Ipuboper KMT (reodpmusndeckne cHapSIp1) UMCIOT IATHHIPUICCKIHA
MeTajuInyeckuidl kopryc anuHoi 1470 mm, auamerpom 42 MM U Maccoit 8 kr. U3mepe-
HHUE TEeMIIEpaTypbl OCYIIECTBIAETCS C IUCKPETHOCTHIO | C BHIHOCHBIM MaJIOMHEPIOH-
HBIM TEPMOMETPOM, PACTIONIOKEHHBIM B HIDKHEH YacTH cHapsiaa. Pesynbrars! nm3mMepeHuit
peoOpasyroTcs B MU(PPOBBIE KOJbI, KOTOPbIE 0€3 NCKaKCHHs MEPEealoTcs 1Mo Kadelto
Ha TOBEPXHOCTh. B COOTBETCTBUH € MACIOPTHBIMU XapaKTEPUCTUKAMH pa3pellaromnas
criocoOHOCTh gaTankoB TeMmepatypsl KMT coctasmser 0,002 °C, a cucremarudeckas
MOTPEIIHOCTh U3MepeHuil He npesbimaet +0,1 °C.

[ToMHMO TIOTPEIIHOCTH U3MEPUTENBEHOTO TPHOOpPA CYIIECTBEHHBIH BKJIA B CyMMap-
HYIO OIIMOKY pe3yJIbTaTOB TEPMOMETPUH CKBAKHHBI BHOCSIT JIOTIOTHUTEIIEHBIE HCTOUHUKA
OmuOOK, TPHUCYIINE TaHHOMY BHAY reou3ndecknx mccienoBannii. K HuM oTHOCSTCS:
HECOOTBETCTBUE TEMIIEPATYPhI CKBAKWHHON KUIKOCTH TEMIIEpaType Jb/a, HEOCTATOIHOE
BpEMs BBIZICP)KKH TPHOOpa HA TOPU30HTE M3MEPEHUS, OMINOKN ONpPEAEICHUS TIIyOUHBI
CKBaKHHBI 110 KaOETHHOMY CUETUHKY, (IIyKTyaruy moka3anuii mpruoopa, CBA3aHHBIE C €TO
KOHCTPYKTHBHBIMHA OCOOCHHOCTSMU, U T. 1. [7].

Omnpenenenue r1yOUHBI CKBAKHHBI

[Ipu 6ypennu neqHIKOB OypOBBIMH CHAPSIIaMH Ha TPY30HECYIIEeM Kabee IpUMeHs -
I0TCSI Pa3HbIE METO/IbI TITyOMHHOM NMPUBSA3KN PE3YIIBTATOB NCCIIEOBAHMI JIESTHOTO KEpHA
1 CKBaXHWHBI. OMUIHaNIbHON TITyOHHOM, KOTOpasi MCIIONB3yeTCs BO BCEX ITyOIHMKALIUSAX,
ABJAETCS TyOMHA CKBAKMHBI 110 KEPHY /, T. €. AJIMHA CKBA)KUHBI, ONIPEeIsIeMas KaK CyM-
MapHas IJIMHA BCeX KyCKOB M3BJICUCHHOTO M3 Hee KepHa. [iryOnHa (ArHa) CKBasKHUHBI 110
Kabeio, [', ycTaHABIMBACTCS 0 TIOKA3aHMAM KaOEIbHOTO CUCTYHKA TIIYOHHBI. DTa TIyOrHa
HCTIONB3YETCs ISl IEPBUYHON MTyOHMHHOM NPHUBS3KK OypoBOil MH(OPMALNK 1 PE3ysIbTaToOB
reo(hM3MIECKIX N3MEPEHUH B CKBaXXMHE. BereIcTBIE MPOCKaIb3bIBAHMS KaOeIIs Ha POIIHKE
CUETYHKA, PE3yJIbTaThl N3MEPEHMS AIMHBI KaOels, CITyCKaeMOTO B CKBaKHHY, MECHEE TOU-
HBI 1 Xy’KE€ BOCHPOU3BOISTCS, €M PE3YyNIbTaThl H3MEPEHUS AIMHBI CKBAXKHUHBI 110 KEPHY.
Haxonern, BepTuKanbHas ITyOWHA CKBa)KHHBIL, /1, KOTOpas HEOOXOIMMA ATl TOCTPOCHNUS
BEPTUKAIBHBIX IPO(UIICH TeMIIepaTypsl JIETHUKA M PacieTa AABICHUS JIb/1a U CKBAKMHHON
JKUIKOCTH, PACCYUTHIBACTCS 110 [* (11K /) ¢ y4eTOM JaHHBIX MHKIMHOMETPUH CKBa)KHHBI
U pe3yibTaToOB KOHTPOIBHBIX MPOMEPOB Kabernst. Ha BepTukalbHOM ydacTKe CKBaKMHBI ST,
10 TryouHbt 2400 M, IeHCTBYeT SMIMPUUYECKH YCTAHOBICHHOE COOTHOMIEH E: /i ~1,0042-/",
T'myGoxe 2400 M cpemnuii yron HakimoHa ckBakuH SI'-1, 5T'-2 u 5T-3 6nm30k k 6°, a TiryOu-
HEI /1, [ 1 [*, BBIp@XKEHHBIE B METPax, CBA3aHBI MEXIy co00i cooTHomeHueM: / — 13,70 ~
0,9935:/~0,99852[". Kak ciemyer U3 MOCIEIHETO COOTHOIICHHS, BEPTHKAIbHAS ITyOHHA
KOHTaKTa JIEJTHUKA C 03¢pOM (MOIIHOCTD JIGJHUKA B PAaOHE CKBA)XHUHBI), KOTOPBIN 1O
KaOeITbHOMY CUETYHKY (QHUKCcHpyeTcs Ha oTMeTke 3750,4 M, a TTo KepHy — Ha OTMETKE
3769,3 M (odurmansHas TIyOWHA CKBaXHHBI 5I-2 B MOMEHT BCKPBITHS 03epa BocTok),
cocraBisieT 3758,6 M. [TorpermHOCTh 3TOTO 3HAUCHHMS, 110 HAIIUM OIICHKaM, HE TIPEBHIIIACT
+3 M. BeprukanpHas mryOMHA CKBa)KMHBI MCIIONB30BaJach B JAMBHEHIIIEM B KaueCTBE
OCHOBHOM IIPH aHAJIM3€ TEPMOTPaMM.

XapakTepucTHKA UCNOJIb30BAHHBIX TEPMOTPAMM
J111s TOCTPOEHMUS CBOAHOTO OCPEIHEHHOTO MPOMUIIs TEMIIEPATYPBI JISTHUKA TITy0xkKe
1700 M HaMHu KCIIOJIL30BAIUCH IAHHBIE BOCHMU TEPMOIPAMM, CHSTBIX aBTOPAMH B IEPUOJT
MOJITOTOBKH M TPOBEJCHHS MEPBOTO U MOBTOPHOTO BCKPBITHI MOUICAHUKOBOTO 03epa
Boctok u B mocaenytromtue roast (2011-2017 rr.). M3mepeHus BBITOTHITUCH TPEMS Teo-
mnaeckumu npudopamu KMT (ommu nipubop crapoii monudukarmu, KMTOS, u nBa
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npubdopa HoBoi Momudukanun, KMTO02, ¢ 3aBonckumu Homepamu 9 u 10), KaxIbIi n3
KOTOPBIX B pa3HbIe TOJIbI Ipoles1 Hezapucumyto kaanoposky B HIIIT «I'pant». OcHOBHEIE
XapaKTEPUCTUKHU BCEX CEPHH M3MEPEHUI NpHUBEAEHBI B Ta0I. 1.

Tounocts garunkoB KMT He oTBedaeT JydlIuM CTaHAApTaM MPELHU3UOHHBIX U3-
MEpPEHUIl TeMIepaTypbl B CKBaXKMHAX [7]; OHU HEUYBCTBUTENIbHBI K MaJIbIM M3MEHEHHSIM
temmepatypsl nopsaka 104-102 °C, BbI3BaHHBIM TAKUMH SIBICHHSIMH, KK CAMOHArPEB
JIAaTYUKOB, €CTECTBEHHAs KOHBEKIIMS 3aJIMBOYHON XKUAKOCTU U Ap. BmecTe ¢ Tem co-
OpaHHBIC HAMU JAaHHBIC JTAIOT BO3MOXKHOCTD B IIEPBOM IPUOIMIKEHUN OLIEHUTH: 1) Bius-
HHE NPOAOJDKUTEIBHOCTH OCTAHOBKH IPUOOpa HAa TOPU30HTE N3MEPEHHUS Ha TIOJIy4YEHHOE
B UTOTE 3HAUYCHHE TEMIIEPATYPBbI, 2) BIUSHUC IPOIODKUTEIEHOCTH BEICTONKH CKBaKHHBI
(BpeMeHH, IPOIIE/IIIEro ¢ MOMEHTa OKOHYaHHs1 OypOBBIX ONEpalMii B CKB)KMHE JI0 Hayaja
ee reo(hu3NUECKX NCCIIeJOBaHN) Ha pe3ybTaThl TEPMOMETPHH, 3) BOCTIPOM3BOIUMOCTh
PE3yJIbTaTOB U3MEPEHUH, BBIITOIHEHHBIX OJJHAM U TEM e IPUO0pPOM, U 4) BOCIIPON3BO/IHU-
MOCTb PE3yJIbTaTOB H3MEPEHUH, BHIIOMHEHHBIX Tproopamu KMT pasHbix MoaupuKanuii.

W3mepenus temriepaTypbl BO BCEX CIIydasix IPOU3BOIMINCH Ha CITyCcKe reo(u3u-
4EeCKOro cHapsiia AUCKpeTHO. CKOpPOCTh MOJauu CHapsja CYLIECTBEHHO 3aMeNsuIach 3a
10 M 110 ero MOCTaHOBKM HA 3aJJaHHBII TOPH30HT C LEJIbI0 MUHUMH3UPOBATh 3 dexT npu-
HYJMTEIbHON KOHBEKIMN CKBOKHHHOM )KUAKOCTH. [IpOIoIKHUTENbHOCTD CTOSIHKY MTprubopa
Ha TOPU30HTAaX B pasHbIX CepHsax M3MepeHuit cocrasisuia 10 muH, 60 MuH 1 24 9 (cM.
Tabi. 1). AHaIN3 TaHHBIX, TTOJTYYECHHBIX B CEpHUsX 7 U 8, B KOTOPBIX CHaps/l BHICTAUBAJICS Ha
Ka)K/IOM TOPU30HTE B TeUeHUE 24 4, TI0Ka3all, 4YTo BpeMs, HCOOXOIMMOe JUTsl CTaOMITH3aLiN
TeMIlepaTypbl CKBaXKMHHOM kuakoctu B npeaenax +0,01 °C nocnie moiHoi 0cTaHOBKU
cHapsizia, BapeupyeT ot 5 1o 10 4. Ha puc. | npuBeneH npuMep 3anucu rnokasanui npudopa
KMT02-10 Bo Bpems ero cTostHkH Ha ropusonte 3700 M B 7-i u 8- cepusix U3MepeHuil.
Ha ocHOBaHUM aHATOrMYHBIX 3aMHCEH, CAENaHHBIX Ha BCEX TOPU30HTAX U3MEPEHUH B ITUX
cepusiX, ObIJIO yCTaHOBIICHO, YTO 3aMEPbI TEMIICPATyphl, BHITOIHEHHBIE citycTs 10 n 60 MuH
IOCJIE€ OCTAHOBKHU CHApsija, CUCTEMAaTUYECKU 3aHMKAIOT TEMIIepaTypy B CKBaXKMHE Ha
0,10 £ 0,04 °C u 0,04 £+ 0,02 °C coOTBETCTBEHHO 110 CPABHEHUIO CO CPEIHUM 3HAUCHUEM
TEMIIePATypPbl, U3MEPEHHOI B IPOMEXKYTOK BpeMeHu ¢ 10 10 24 4, cuutas oT MOMEHTa MOo-
CTaHOBKH CHaps/a Ha TOUKY NU3MEPEHHH. YKa3aHHbIC 3HAYCHHSI CHCTEMAaTHIECKUX OIIMOOK
OBUTM MCTIOJIB30BaHBI JUIsl KOPPEKLUH TEPMOTpaMM, NOIydeHHBIX ¢ 10- 1 60-MuUHYTHON
BBICTOIMKOH reou3n4eckoro cHapsiaa Ha Touke. YToObl 00ecednTh BO3MOXKHOCTh CpaB-
HEHUS TEPMOrpaMM, U3MEPEHHBIX C Pa3HBIM IIAroOM 10 NIIyOHHE, ITOJy4YEHHbIC B KaX 101
CepUU JJTaHHbIE HHTEPIOINPOBAIUCH C IIOMOILBIO IOJMHOMOB BBICOKUX CTENEHEN, OIHCHI-
BAIOIIMX HKCIIEPUMEHTAJIbHBIEC 3HAYEHUS TEMIIEPATYPhbl ¢ TOYHOCTBIO He Xyxe +0,02 °C.

Ha puc. 2 noka3zaHo OTKJIIOHEHHE MOITy4Y€HHbIX HAMU BOCBMH TEPMOTPaMM OT CUHTE-
THUYECKOTO MPOHIIs, KOTOPBIH OBLI MOCTPOEH B padoTe [8] Ha OCHOBE pe3ysbTaToB Ooliee
PaHHUX U3MEPEeHUI U UCIIOAb30BAJICS ISl PEKOHCTPYKLIUH MPOLUIBIX U3MEHEHUH TeMIepa-
TYpPBI Ha TIOBEPXHOCTH JieaHUKa [8, 9]. [ly1st MOCTPOSHHMS 3TOTO CHHTETHYECKOTO MPOQHIIs
UCIIOJNIB30BAIIUCH: 1) pe3ynbTraThl AUCKPETHBIX W3MEPEHUI TeMIeparypbl B cCKkBaxuHe 317
o mryounsr 1920 M, BermonHeHHBIX 0. PeinBanoMm B 3umoBouHBIN nepuoxa 33-it CAD,
1988 1. [10]; 2) Tepmorpamma ckBakut SI" u 5T'-1, nommyyenHast ppaHIy3cKUM clienalIu-
croM K. Payio B 1997 1. B pexxnme HenpepbIBHBIX N3MEpeHHii (0e3 OCTAaHOBKH CHaps/a) J10
1yOunsl 3420 M; 3) pe3ysabTaTsl HeNMPEPHIBHBIX H3MEPEHUH TEMIIEPATYPhl, BBEIMTOIHEHHBIX
reodusukoM Cankr-IlerepOyprckoro ropHoro nHcrutyra P.H. BocTpenoBeiM B stHBape
2000 . B ckBaxkuHax S5I" u 5T'-1 mo mmyounsr 3620 m [11].
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Puc. 1. M3MeHeHus TeMIiepaTypsbl, 3aperuCTpHpOBaHHbIe Teopu3ndeckuM cHapsiiom KMT02-10 Bo
BpeMs ero 24-4acoBbIX 0CTaHOBOK Ha ropusoHTe 3700 M B cepusix uzmepeHuil 7 u 8:

1 — ampens 2017 r., cepust 7 (2 Mecsina moclie 3aBepIieHus OypoBEIX padoT B ckBaxkuHe 5I-3); 2 — HOAOPD
2017 r., cepus 8 (9 MecsIeB mocie 3aBepiIeHust OypoBbIX padoT). DIyKTyal[uy TeMIIepaTypsl B Hadaje 3alucH,
KOTOPbIC BUIHBI HA KPUBOH /, BBI3BAHBI HAPYIICHHEM MPHHATOTO PEIIAMEHTA PabOT: CITUIIIKOM OOJIBIIIast CKOPOCTh
[I0J]a4M CHapsiJia U ero Pe3Kasi OCTAaHOBKA Ha TOPU30HTE M3MEPCHHI

Fig. 1. Evolution of the drilling fluid temperature as recorded by borehole logger KMT02-10 while
it was stopped for 24 h at a depth of 3700 m, during the 7th and 8th logging runs:
1— April 2017, run 7 (two months after completion of drilling operations in borehole 5G-3); 2— November 2017,
run 8 (eight months after completion of drilling). Fluctuations in temperature at the beginning of the record shown
by curve / are attributed to an accidental deviation from a standard operating procedure: lowering the logging tool
too quickly into the borehole followed by stopping it abruptly at the depth of measurements

0,2 T

T T T T T T T

—_—
—2
R — s -
L — ]
—
—— 6
----7
— 3

OTKII0HEHHE Temmneparypsl, °C

|
=
ES

l

05 1 | 1 | 1 | 1 | 1
1500 2000 2500 3000 3500
T'my6una, M

Puc. 2. OTKJIOHEHHE HKCIIEPUMEHTAIBHBIX IPOQHIICH TeMIepaTyphl, OJIY4CHHbIX B JaHHOW padoTe,
OT CHHTETHYECKOTO MPOQHIs TEMIIEpaTyphl JIEAHNKA B paiioHe ctaHuuu Boctok [8]:
1-8 — HOMepa cepuii H3MepeHuii Kak B Ta0m. 1

Fig. 2. Deviation of experimental temperature profiles obtained in this work from a synthetic
temperature profile of the ice sheet in the vicinity of Vostok Station [8]:

1-8 — the numbers of logging runs as in table 1
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[Ipu mocrpoennu cuHTeTHUecKoro npodmis [8] ocodoe BHUMaHKE YACISIOCH €ro
COOTBETCTBUIO MOJEIBHOMY PAacIpeelIeHUI0 TeMIEpaTypbl BO BCEH TOJIIE JIETHUKA
(BKITIOYAs €TO MPUIOHHYIO YacTh, HE OXBAUCHHYIO U3MEPEHUSIMHU), a TAKXKE COXPAHEHHIO
BOCHPOM3BOAMMBIX aHOMAJIUN TEMIEpPaTypbl, KOTOPbIE UCTIOIB30BAIUCh B IIUTHPYEMbBIX
BBIIIE paboTax JuIs MaJCOKIMMAaTHYECKUX PEKOHCTPYKLMH. Bo3MoXkHO, oT4acTn mosromy
CHUHTETHUYCCKUI MpoQmih mokas3piBact niryoke 1000 M 3aBeimennsie Ha 0,05-0,60 °C 3Ha-
YEHUsI TeMIIepaTyphl 110 CPABHEHHIO C SKCIIEPUMEHTAIBHBIMH TPO(UISIMH, HCIIOIb30BaH-
HBIMH JUUISL €T0 ITOCTPOCHHS, U, CIIEIOBATEIIFHO, MOXKET HEBEPHO OTPaKkaTh adCOIIOTHYIO
TEMIIEpaTypy Jibjia, KOTOpas SBISIETCS IPEJAMETOM HCCIieoBaHus B Hamieil padore. Kak
BUJIHO U3 PUC. 2, HOBBIC IKCIEPUMEHTAIbHbBIE JaHHBIE O PACIPEIEICHUN TeMIEepaTyphl
nryoxe 1500 M TaKke CBUAETENBCTBYIOT O BO3MOXKHOM 3aBBIIICHUN a0COIOTHBIX 3HAYCHUH
TEMIIEpaTypbl CHHTETHYECKUM MPO(QIIIeM, XOTs B OOJBIIMHCTBE CIydaeB HalionaeMoe
pacxoxaenue He npesbiaeT 0,3 °C 1 uMeeT TeHAEHIMIO K 3HAYUTEIbHOMY YMEHBIIEHUIO
B HWXKHEW 4aCTU CKBAXKUHBI.

Amnanu3 rpaKOB OTKJIOHEHHMS SKCIIEPUMEHTANIBHBIX Npoduiiei 1-8 oT cuHTeTHYe-
CKOTO IpOQUIIs TEMIIEPATYPBI TO3BOJISICT CIEIATh PsiJl BaYKHBIX BBIBOJIOB.

1. ITomry4yeHHBIe HAMU JITaHHBIE MOYKHO Pa3OMTh Ha JIBE I'PYIIIBL: B IEPBYIO BXOAST
cepun umepenuit 1, 3, 4, 7, 8, koTopble BBIIOIHUIUCHL cnycTs 2—10 mecsieB nocine
OCTaHOBKHM OypOBBIX OIEpalii B CKBaKHHE, BO BTOPYIO — cepuH 2, 5, 6, KOTOpbIE BbI-
MIOJTHSUIACH BO BPEMsI KPaTKOBPEMEHHBIX IEPEPhIBOB MEXIy OypoBbIMH peiicamu. [Ipo-
(M BTOpOM rpyNITEI TIOKA3bIBAIOT 3HAYNTEIBHBIE BO3MYIIEHHS TEMIIEpaTyphl, BBI3BaHHbIC
NepeMeIInBaHneM 3aJIMBOYHOM KHKOCTH B CKBXKHHE B XOJI€ CIIyCKa-IobeMa OypoBBIX
CHapsI0B U ITP0O00TOOPHUKOB. BMecTe ¢ TeM 3Ha4eHHUs TeMIIepaTypsl 110 STUM IPOGHISIM
B Npu3a00iHHOM 30HEe CKBA)XMHBI, I7IC NEPEMELINBAaHUE )KUAKOCTH TPOUCXOJUT HE TaK
MHTEHCUBHO, ¢ To4yHOCTBIO 10 0,05 °C coBmanaroT ¢ TeMiieparypoid, U3MEpEeHHON TeM
JKe TeO(PHU3NIECKUM CHAPSIOM I10CIIE TTPOJIOKUTEIIEHON BBICTOMKN CKBa)KUHBI B CEPUSX
U3MEPEHUI IepBON IPyMIIbI.

2. CpaBHenue npoduteit 7 u 8, nomyuennsix npudopom KMT02-10, nokassiBaer,
YTO M3MEPEHHMS, BBIIIOJIHEHHBIE CITYCTS 2 Mecsla ociIe OCTaHOBKH OypOBBIX padoT (ce-
pust 7), B cpenseM Ha 0,02 °C 3aHMKAIOT TEMIIEPATYPy B CKBAXKMHE MO CPABHEHUIO C U3-
MEpEHUSIMH, CACIaHHBIMHU B CEPHHU § CIIYCTs 9 MecsIIeB I10Cie OCTAHOBKH padoT (cM. puc.
1, 2). Bmecte ¢ TeM ITpUMEPHO TAKOE K€ CHCTEMAaTHYECKOe PacXoXIeHHe (B CpeHEM Ha
0,03 °C) nabmonaercst Mmexxay npoduiem 8 u npoduiieM 3, KOTOPHIH ObUT U3MEPEH TEM
JKe TPUOOPOM TPEeMs TOJIaMH paHee, Iocie 8,5-MecsYHON BBICTOWKA CKBaXKHHBI (pHC. 2).
CrnenoBaresbHO, BOCIIPOU3BOIMMOCTh PE3yNbTaToB M3Mepenuid npuoopom KMT02-10,
MO-BUAMMOMY, HEJOCTATOYHA JJI UCCIEI0BAHUS BIUSHUS YBEJIMUYEHUS BPEMEHU BBI-
CTOMKHU CKBAXKHUHBI ¢ 2 10 8,5-9 MecsleB Ha NMoaydyeHHbIe TepMorpammbl. CTaHnapTHOE
OTKJIOHEHHE 3HAYCHUH TeMIepaTyphl, 3a()MKCUPOBAHHBIX ATUM IIPHOOPOM Ha OTHUX U TEX
JK€ TOPU30HTAaX B PAa3HBIX cepusax uzmepeHuii, cocrasuser £0,02 °C.

3. PacxokieHre Mex /1y TeMIeparypHbIMH TpodHISIMH TTepBoH rpymst 1, 3,4, 7 u 8, u3-
MEpEHHBIMH TpEeMsl HE3aBHCUMO OTKIMOpoBaHHBIMU rprdopamu KMT, B GonbimHCTBE
Clly4aeB COOTBETCTBYET JOMYCTUMOM CUCTEMAaTHYECKON MOrPETIHOCTH UX JATYUKOB TEMIIe-
parypsl (+0,1 °C). JInms nryoxe 3300 M pacxoxkieHue Mexay npoduasamu 1 u 4, u3mMepeH-
HeiMu 1ipubopamu KMTO05 nu KMT02-09, u npoduisamu 3, 7, 8 (KMT02-10) npesblaer
0,20 °C, nocruras 0,27 °C B caMOll HI)KHEH 4acTH CKBaXXUHBI. K BO3MOXKHBIM TPUUKMHAM
3HAYUTEIIFHOTO PACXOXKACHHS TEMIIEpaTypHBIX MpoQuiel, N3MEPEHHBIX B Pa3HbIC I'OJIbI
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TpeMms pazHeiMu npubopamMu KMT, oTHOcATCS BpeMeHHOH sipeli() KaJmOpOBOYHBIX Xa-
PaKTEpUCTHK JaTYMKOB TEMIIEpaTyphbl M MOTPEIIHOCTD ONPEJIeNICHNsI ITyOHHBI TPHOOPOB
B CKBa)KUHE.

IMocTpoenue cBogHOIO NPoduJIsi TeMneparypbl

Haubonee BeposTHBIM mpoduiieM TemIeparypbl JISAHHKa B WHTepBaje NIyOuH
1707,2-3628,4 M ciemyeT cyUTaTh CBOIAHBIN MPO(UIB, TOCTPOCHHBIN ITyTeM OCpPEIHE-
HUS JaHHBIX, MMOJNIyYCHHBIX B cepusix m3MmepeHuit 1, 3, 4, 7 u 8 (cm. Tabm. 2 u puc. 3).
BakHBIM ClleICTBUEM OCPEIHEHUS PE3yJIbTaTOB U3MEPEHHI, BBIITOJTHEHHBIX Pa3HBIMH
npubopamu KMT, siBnsiercst panzoMu3anys MPUCYIIMX UM MHAMBUAYAJIbHBIX CHCTEMa-
THYECKHUX MOTPEIIHOCTEH, B TOM YHUCIIE TE€X, KOTOPbIE CBA3aHbI ¢ Apeidom kaanOpoBod-
HBIX XapaKTEPUCTUK JAaTYMKOB. PacueTHast cTanIapTHas omIMOKa S, CBOJHOTO MPOQHIIS
TEeMIIeparypsl, IpUBEJCHHAs B Ta0n. 2, yBenuunaercs ot +0,01 °C B BepxHell yacTn
npoduist go +0,12 °C Ha mryOune 3628 M, 4TO MOXHO OOBSCHHTH POCTOM C TITyOMHON
TIOTPEIIHOCTH ITyOMHHOM NPUBSI3KH M3MEPEHHH: Ha OOIbIINX TIyOMHAX BeChbMa BEpOsITHAs
371ech OIMOKA ONpe/IeIeHHs ITyOHHBI TTOJIOKEHHS TIpHOopa B +1 M COOTBETCTBYET OIIMOKE
0,02 °C B ompeneneHny TeMIEpaTyphl 3aIMBOYHON KHUJIKOCTH.

Tabruya 2

CBoaHbIii IPOQUIIL TEeMIIEPATYPHI JIEAHUKOBOMH TOJIIH B HHTepBaJie riayouH 1707-3753 m
10 AaHHBIM TepMoMeTpuu ckBa:kuH 5@, SI'-1, 5T'-2 u SI'-3 Ha cranuuu BocTok
Table 2

Stacked temperature profile of the ice sheet between 1707 and 1753 m depths based
on temperature measurements in boreholes 5G, 5G-1, 5G-2 and 5G-3 at Vostok Station

I'm) | A(m) | TCO) |5,CO | I'(m) | h(m) [ T(°C)|5,(°O)
1700 |1707,2| 40,57 | 0,02 | 2800 | 2809,6 |-21,91| 0,05
1720 |1727,3|-4032 | 0,01 | 2820 | 28295 |-21,52| 0,05
1740 |1747,4|-40,04 | 0,01 | 2840 | 28495 |-21,14| 0,05
1760 |1767,5|-39,75 | 0,01 | 2860 | 2869,5 |-20,76| 0,05
1780 |1787,6|-39,44 | 0,01 | 2880 | 28894 |-20,36| 0,05
1800 |1807,7|-39,16 | 0,01 | 2900 | 29094 |-19,97| 0,05
1820 |1827,7|-38,86 | 0,01 | 2920 | 2929.4 [-19,60| 0,06
1840 |1847,8| 38,57 | 0,01 | 2940 | 2949.4 |-19,19| 0,06
1860 |1867,9|-38,27 | 0,01 | 2960 | 2969,3 |-18,81| 0,06
1880 |1888,0| 37,96 | 0,01 | 2980 | 29893 |-18,40| 0,06
1900 |1908,1|-37,65| 0,01 | 3000 | 3009,3 |-18,00| 0,06
1920 |1928,2|-37,35| 0,01 | 3020 | 30292 |-17,61| 0,06
1940 |1948,3|-37,03 | 0,01 | 3040 | 30492 |-17,25| 0,06
1960 |1968,3|-36,73 | 0,02 | 3060 | 30692 |-16,83| 0,06
1980 |1988,4|-3642| 0,02 | 3080 | 3089,1 |-16,44| 0,06
2000 |2008,5|-36,10 | 0,02 | 3100 | 3109,1 |-16,03| 0,07
2020 [2028,6|-35,78 | 0,02 | 3120 | 3129,1 |-15,63| 0,07
2040 |2048,7|-3547| 0,02 | 3140 | 3149,1 |-1523| 0,07
2060 |2068,8|-3515| 0,02 | 3160 | 3169,0 |-14,83| 0,07
2080 |2088,9|-34,82 | 0,02 | 3180 | 3189,0 |-14,43| 0,07
2100 |2108,9|-34,50 | 0,02 | 3200 | 3209,0 |-14,02| 0,08
2120 [2129,0|-34,17 | 0,02 | 3220 | 3228,9 |-13,63| 0,08
2140 |2149,1|-33,84 | 0,02 | 3240 | 3248,9 |-13,22| 0,08
2160 [2169,2]-33,51| 0,02 | 3260 | 3268,9 [-12,80| 0,08
2180 |2189,3|-33,16| 0,02 | 3280 | 32889 [-12,39| 0,09
2200 [2209,4|-32,84 | 0,02 | 3300 | 33088 |-11,97| 0,09
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Oxkonuanue maon. 2
The end of the table 2

() | h() | TCO) |s,(CO) | '(m) | h(m) | T(°C) |s,(°C)

2220 [2229,4|-32,50 | 0,02 | 3320 | 3328,8 |-11,58| 0,09

2240 [2249,5|-32,15| 0,02 | 3340 | 33488 |-11,17| 0,09

2260 [2269,6 | -31,79 | 0,02 | 3360 | 3368,7 |-10,77| 0,09

2280 [2289,7|-31,45| 0,02 | 3380 | 3388,7 |-10,35| 0,10

2300 [2309,8 | -31,11 | 0,02 | 3400 | 3408,7 | -9,95 | 0,10

2320 [2329,9|-30,77 | 0,03 3420 | 3428,6 | -9,54 | 0,10

2340 [2350,0|-30,42| 0,03 3440 | 3448,6 | -9,11 | 0,10

2360 [2370,0|-30,07 | 0,03 3460 | 3468,6 | -8,70 | 0,10

2380 [2390,1|-29,72| 0,03 3480 | 3488,6 | 8,30 | 0,10

2400 [2410,2|-29,34| 0,03 3500 | 3508,5 | 7,88 | 0,10

2420 [2430,1|-28,99 | 0,03 3520 | 3528,5 | =7,47 | 0,10

2440 [2450,1|-28,63 | 0,04 | 3540 | 35485 | -7,05| 0,11

2460 [2470,1|-2828 | 0,04 | 3560 | 35684 | —6,63 | 0,11

2480 [2490,0|-27,92 | 0,04 | 3580 | 35884 | 6,23 | 0,11

2500 [2510,0|-27,56| 0,04 | 3600 | 36084 | -5,82 | 0,11

2520 [2530,0|-27,19| 0,04 | 3620 | 36284 | 5,40 | 0,12

2540 [2549,9|-26,82 | 0,05 | 3640 | 36483 | 4,98 -
2560 [2569,9|-26,44 | 0,05 | 3660 | 3668,3 | 4,56 -
2580 [2589,9|-26,10 | 0,05 | 3680 | 36883 | 4,17 -
2600 [2609,9 | -25,70 | 0,05 | 3700 | 37082 | -3,75 -
2620 [2629,8 | -2535| 0,05 | 3705 | 3713,2 | -3,58 -
2640 [2649,8 | -2496| 0,05 | 3710 | 37182 | —3,47 -
2660 [2669,8 | -24,57| 0,05 | 3715 | 37232 | -3,35 -
2680 [2689,7|-2422| 0,05 | 3720 | 37282 | —3,24 -
2700 [2709,7|-23,83 | 0,05 | 3725 | 3733,2 | -3,13 -
2720 [2729,7|-23,46| 0,05 | 3730 | 37382 | 3,03 -
2740 [2749,7|-23,07| 0,05 | 3735 | 37432 | -2,93 -
2760 [2769,6 | 22,68 | 0,05 | 3740 | 37482 | 2,84 -
2780 [2789,6 | 22,30 | 0,05 | 3745 | 37532 | 2,77 -

Tpumeuanue. I' — riryOUHA CKBKUHBI 110 KaOEIIBHOMY CUETUHKY; /1 — BEpTHKaIbHAs TTyOuHa; T— cpeHee
3HAYCHHUE TEMIIePATyphI 10 pe3yibraram u3Meperuit npudopamMu KMT Tpex pazindHbIX MOTU(UKALNT;
§, — CTaHJapTHas OmMMOKa CPENHEN TeMIEeparyphl. 3HAYEHHs, OKA3aHHBIE KYPCHBOM, MOJNYYeHBI O€3
HaJUIe)KaIIeHd BRICTONKH CKBAKUHBL.

Note. " — depth of the borehole as measured by depth meter; 4 — vertical depth; 7— mean temperature
based on measurements performed by the KMT loggers of three different modifications; s, — estimated
standard error of the mean temperature. The values shown in italics were obtained in between the routine
drilling runs and thus considered to be less reliable.

Pacuer cpenHux 3HaueHU TeMIEpaTypbl U UX CTAHIAPTHOW MOrPELIHOCTH MPOU3-
BOJIWJICS [UIS TITyOWH, HA KOTOPBIX JAETaUCh OCTAHOBKY CHapsiaa B 3-i cepuu M3MEpPCHUH.
DTO TO3BOJWIO «OTKATHOPOBATEY» PE3YIbTaThl H3MEPECHUN, BHITIOTHCHHBIX IPHUOOPOM
KMTO02-10, mo Goiee TOYHOMY, C HAIICH TOYKU 3PECHUS, OCPEIHECHHOMY MPO(UITIO TEM-
neparypsl. bbuio moiydeHo JuHEeHOe ypaBHEHUE, KOTOPOE MO3BOJIIET BOCIPOU3BOIUTh
¢ TogHocThIO He Xyxe +0,01 °C 3nauenus ocpenueHnoro npogwis (7) mo temmeparypam
T n3MepeHHbIM puoopom KMTO02-10:

T=1,0042T, +0,16. (1)
[ToBTOpHAs KaMMOPOBKA JaTYMKa TeMIlepaTyphl reodusndeckoro cHapsaa KMTO02-

10 B amana3zone temmeparyp ot —21 mo 3 °C Owuia mpoBenena setom 2021 . B JIabopa-
TOPUHU M3MEHEHUI KimMara u okpyxkaromeit cpensl (JIMKOC) AAHUN. B pesynsrate
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Puc. 3. CBonHbIi TpodmIe TEMIIEpaTyphl JIEAHUKOBOI TOJIIH B paifoHe cTaHIUH BOCTOK 1O JaHHBIM
n3MepeHui B ny0okux ckBaxkunax SI, 5I'-1, 5T'-2 u 5I'-3:

=]

1 — cBOJHBIN MPOQUITE TEMIIEpaTypbl; 2 — rpagueHT temmeparypsl (d1/dh) B untepsane nyoun 1707,2-3708,2 M
0 TaHHBIM cepHii u3Mepenuii 1, 3,4, 7 u 8; 3 — rpagueHT Temneparypbl B HHTepBaje ryous 3713,2-3753,2 m
0 JaHHBIM cepuil u3MepeHuit 5 u 6. 3aTyiieBaHHas 30Ha — nHTepBaN N1yonH 3209,0-3753,2 M, XapakTepusy-
IOLINHCS MOCTOSHHBIM TPaJMEHTOM TeMIeparypbl. JIaHHbIE, OIyYeHHBIC B 3TOM HHTEpBaJie, HCIOIb30BAINCh
JUIs OLIGHKH TEMIIEPATYPhI IIaBICHHUS JIba HA KOHTAKTE JICJHUK—03€PO

Fig. 3. Stacked temperature profile of the ice sheet in the vicinity of Vostok Station based on temperature
measurements in boreholes 5G, 5G-1, 5G-2 and 5G-3:

1 — stacked temperature profile; 2 — vertical temperature gradient (¢7/dh) in the 1707.2-3708.2 m depth interval
based on the data from logging runs 1, 3,4, 7 and 8; 3 — temperature gradient in the 3713.2-3753.2 m depth interval
(runs 5 and 6). Shaded band — ice stratum with a uniform mean temperature gradient between 3209.0 and 3753.2 m;
the data from this depth interval were used to define the melting temperature of ice at the ice-water interface

H3MepeHnit, NopoOHOE ONMCAHNE KOTOPHIX BBIXOAUT 33 PAMKH HACTOSIIIEH CTaTbu, ObUIO
MOJIY4YEHO KaINOpOBOYHOE YpaBHEHHE, 00ECIICUMBAOIIEEe OCTATOYHOE OTKIOHEHUE OT-
KOPPEKTUPOBAHHBIX TEMIIEPATYP OT MOKa3aHUI ATAJIOHHOTO TEPMOMETpa 3-ro paspsjaa
B npejenax £0,02 °C:

T=1,00387  +0,12. 2)

B mnTepecyromem Hac amana3zone temmeparyp Jieganka (—40...—2 °C) oTkoppek-
THPOBAHHBIE C TIOMOIIBIO 3THX JIBYX YPaBHEHHH TeMIIepaTyphl COBMAIAIOT B Tpeesax
TIOTPEITHOCTEH KaMnOPOBOK, TPU 3TOM ypaBHEHHE (2) CHCTEMaTHIECKH 3aHMKACT 3HAUCHUS
T ua 0,031 + 0,004 °C mo cpaBuenmro ¢ ypaBHeHHeM (1). [Tockonpky 3a 3,5 roxa, mpo-
HIEIINX ¢ MOMEHTA 3aBEpPIICHHS UCCIIECIOBAaHUH B CKBaYKHHE /10 TOBTOPHOH KaJIMOPOBKH
mpudopa B JINKOC, xanubpoBouHbie kK03()(UIMEHTHI JaTINKA TeMIIepaTypsl MOTIIH 3a-
METHO W3MEHUTHCS, B JalIbHEHIIEM ISl KOPPEKIMN PE3yJIbTaTOB N3MEPEHNH, BBIITOTHEH-
HBIX reopmzndecknm cHapsgom KMTO02-10, 6110 perreHo ucmons30Barsk ypaBaerue (1).

Jns uatepBana royouH 3713,2-3753,2 M UMEIOTCSI TONBKO PE3YIbTAThl IBYX KOH-
TPOJILHBIX CEpH U3MEPEHUH 5 1 6, KOTOPBIE BHITIOIHSIINCH BO BPEMsI KPATKOBPEMEHHBIX
OCTaHOBOK OypOBBIX pa0bOT B MEPHOJ TIOATOTOBKM BTOPOTO BCKPHITHS 03epa Boctok. O6e
cepuu n3MepeHuil BeinoaHsuch cHapsiom KMTO02-10. TTocne koppekuuu pe3yabTatoB
¢ ToMo1nbio ypasHeHus (1) cpenane 1o AByM yKa3aHHBIM CEpUsM 3HAYCHHsI TEMIIepaTy-
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PBI OBUIM B3STHI JUISl IIPOJUIEHHS CBOIHOTO IKCIIEPUMEHTAIBLHOTO TPOMMIIS 10 TITyOHHBI
3753,2 m. I1pn MCTIOIB30BaHNM ITAaHHBIX U3 3TOTO HHTEpBaa ITyONH HEOOXOANMO TOMHHTD,
YTO OHH OBUIN MOJTy4eHBI 0e3 HeOOXOANMOH BBHICTOMKH CKBKHUHBI U II03TOMY XapaKTepH-
3yIOTCSl 3HAYUTEIILHBIM pa3opocoMm.

OBCYXKJIEHUE PE3YJIBTATOB

Onpenenenue HanGo/Iee BePOATHOIO 3HAYEHHS TeMIIEPaTyPhI IJIABJIEHNS JIbAa
HA KOHTaKTe JIEAHUKA ¢ MOAJeJHUKOBBIM 03¢pOM

DkcTpanossiiys npouield TeMIeparypbl Ha JSASHYIO TOJIILY, 3aJIeralollyo Tryoxe
HMHTEpBaJla, OXBAUCHHOTO M3MEPEHUSIMH, YacTO MPOU3BOAUTCS IYTEM COINIAaCOBAaHMS pe-
3yJIBTaTOB MOJICIUPOBAHMS ¢ HaHHBIME TepMoMeTpuu [8—11, 13]. Ilpu aTom Temneparypa
BO3MOXKHOTO (Da30BOTO mepexoyia JeA—Bojia Ha HIKHEH MOBEPXHOCTH JICJHUKA 33/1aeTCsl
Kak (QyHKIUS TOJIBKO NaBJCHUs (MOIIHOCTH JIAHHMKA). B HalieM ciydae Temieparypa
TUTABJICHHUS JIbJIA SIBJISICTCSI HCKOMOM BEIMUMHOM, HECYIIEH B ceOe HH(POPMAIIUIO O KOHIICH-
Tpaluy paCTBOPEHHBIX B MOICAHUKOBON BOJIE I'a30B, KOTOPYIO MBI MOMBITAEMCS OL[CHUTh
Ha OCHOBaHMU MMEIOIINXCS B HAIlleM PAacHOPsDKEHUH SKCIEPUMEHTAIbHBIX JaHHBIX.

[Ipodunes Temneparypsl JIeIHUKOBOW TOJIIM B paiioHe cranumu Bocrok (puc. 3)
XapaKTepH3yeTcsl MOCTENIEHHBIM YBEJIMYCHUEM TEMIIEPaTypHOTrO IpajIneHTa ¢ TIIyOMHON
or 0,014 °C-m!' ma 1700 M o npumepro 0,020 °C-M™' B MpHUIOHHON YaCTH JICTHHUKA.
Takoe U3MEHEHHE TPAJIMCHTA OTPAXKACT YMEHBILICHNE C TIIyOMHOW BEPTHKAJIBHOW CKOPO-
CTH JIBIDKCHUSI JIbJIa, U3MEHEHHUE €ro TeINI0()U3NUECKUX CBOHCTB M — B OoJiee MIMPOKOM
CMBICJIE — HCTOPHUIO TEPMOTUIPOIUHAMUYECKHX IPOLIECCOB B JICTHUKOBON ToIe. AHa-
U3 MpoQUIIs TpajveHTa Temmneparypbl (puc. 2, Kpusbie 2, 3) MOKa3bIBaeT, 4TO TIIyOiKe
npuMepHo 3200 M ero cpeaHee 3HaUCHUE CTAHOBUTCS CTATUCTUYECKH MOCTOSHHBIM. [1o-
CIIeJIHEE COIacyeTCsl ¢ pe3yabTaTaMM MOJCITHUPOBAHNUS, KOTOPBIE CBUICTEIBCTBYIOT O JIH-
HEHHOCTH TEMIICPATYPHOro Mpoduis B MPUIOHHON YaCTH JICIHUKA B pallOHE CTaHIIUU
Bocrok [9]. [1o HammM AaHHBIM, TpajueHT Temneparypsl, d1/dh, B uHTepBaie TiiyOuH
3209,0-3708,2 m (Hamexubie qanubie) pased 0,0206 + 0,0005 (1o) °C-m!, a B uHTEpBae
3713,2-3753,2 M (naHHbBIC MONyYCHBI B TIEPEPBIBAX MEX Ty OypoBeiMU peticamu) d1/dh =
0,0204 + 0,0032 °C-m .

[Ipenmnonaras MOCTOSIHCTBO TEMIIEPATYPHOTO rpaaucHTa mryoxe 3209,9 M 1 BIUIOTH
JI0O HUKHEW TpaHMIIBI JIeHUKA Ha Tyoune 3758,6 M, Temneparypy IUIaBICHHS Jbaa T,
Ha KOHTAKTE JIEA—BOJa MOXKHO MOJYYHUTh C NMOMOIIBIO JTMHEHHON 3KCTPANOJSAIUN CBOA-
Horo npoguis Temneparypsbl. [1o BEIOOpKe Hae)KHBIX AaHHBIX, TTIOJYYEHHBIX HHTEpBaJEe
3209,0-3708,2 M, 3aBUCUMOCTb TEMIIEPATYPBI OT ITYOUHBI 3aJIeTaHuUs JIb/Ia OTIHCHIBAETCS
JUHEHHBIM ypaBHECHHEM

T7(°C) = 0,0206054 (m) — 80,166. 3)

Pa3bpoc sKcIiepuMEHTaIbHBIX JaHHBIX BOKPYT JIMHUN PErPEeCcCUH XapaKTepU3yeTcs
cranaaptHbM oTksionerneM +0,012 °C. Ha riry6une 3758,6 M ypaBHeHue (3) mpejckasbl-
BaeT TeMIleparypy Tf = —2,72 °C; cranmapTHas OIINOKa SKCTPAIIOJISLUK, OIpe/IeICHHAs
10 pacyeTHHIM CTAH/APTHBIM OIIMOKAM 3HAYEeHHUH IMapaMeTpoB ITOTO YpaBHEHUs, paBHA
+0,10 °C.

Hane>xHOCTh MOTyYSHHBIX OLIEHOK ObIIa TIOATBEPIKIeHa Ceprel IIPOBEPOYHBIX pac-
YETOB, B KOTOPBIX YISl alllPOKCUMAIMK 3aBUCUMOCTH 7(/) NCIOIB30BAINCH ITOTMHOMBI
pa3NMYHBIX CTENEHEH, a B KaueCTBEe BHIOOPOYHBIX JaHHBIX — Tapbl 3HaYeHUH 1—h u3
JIPYTUX MHTEPBAIOB CKBAXKHHBI, JIexamux rryoxe 3200 m: 3209,0-3753,2 m, 3388,7—
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3708,2 m, 3713,2-3753,2 M u ap. bb110 yCTaHOBIIEHO, YTO BO BCEX CIIy4asX IKCTPALOIUPO-
BAHHBIC 3HAYCHHUS TnyﬂaszlBaIOTCﬂ B nnarna3oH —2,72 + 0,10 °C, koTopslii 1 ObUT TPHHAT
B KauecTBe HanboJsiee BEpOSITHOTO JUIsl TEMIIEpaTyphl JIbJla HA KOHTAKTe C 03epHOIT BOJOH.

Hesapucumyro oLeHKY HCKOMOM BeIMYUHBI T yal0Ch Oy YUTh B XO/IE TIOBTOPHOTO
BCKpbITUs 03epa BocTok B stHBape 2015 . CiycTs HECKONBKO HEH MOCIIe 3amycKa 03epHOiM
BOJIbI B CKBaXkKUHY 5I'-3, Korjja Ha KOHTAKTe BOJBI U 3aJIMBOYHOM JKUAKOCTH YK€ JOIKHA
Obuta oOpazoBaTbest rupaTHas mpodka [12], B CKBaKMHY ObUI CITyIIEH reo(u3ndecKui
caapsin KMTO02-10. Bo Bpewmst 310i1 onepanuu Ha niryouHe 3669 M 110 kabeIbHOMY cUeT-
YHKy cpabotai jarduk 3a00s. Kak ciemyer u3 00paboTaHHBIX HAMH 3alHCeH TeMIeparypbl
W JIaBJICHUSI CKBYKWHHOM KHUIKOCTH, U3MEPEHHBIX JaT4uKaMu cHapsja (puc. 4), B 9TOT
MOMEHT ObLJI0 3a()KCHPOBAHO CKauyKkooOpa3Hoe NoBbIeHue Temreparypsl ¢ —4,4 °C (Tem-
repaTypa 3aJIMBOYHON KUIKOCTH Ha 3TOU DryOuHe) 1o 3HaueHust —2,67 °C. HavaBmmiics
IOCJIE 3TOr0 aBapUIHBIN MOJBEM CHapsiia — CHadaja 40 oTMeTku 3650 M, a 3aTeM nocie
KOPOTKOH OCTaHOBKU A0 OTMETKH 3600 M — mepBOHAYAIbHO BbI3BaJI HE3HAUUTEIBLHOE
NajicHue TeMIEepaTypbl, KOTOPOE BCKOPE CMEHUIIOCH €€ BO3BPaTOM Ha ypoBEeHb —2,65 +
0,02 °C. Tako#t xo1 U3MEHEHHsI TEMIIEPATYPbI CBUIETEILCTBYET O TOM, YTO BOJIA CTaja MOJ-
HUMAThCS 110 CTBOJTY CKB)KHUHBI BCJIE 32 MOAHUMAIOIIUMCS CHApAoM. YToObl n30exarh
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Puc. 4. 3anucu naBnenus (CHHsISI KpUBasi) U TEMITEpaTypbl (KpacHast KpyBasi), CiellaHHble reodusmye-
ckuM cHapsig KMTO02-10 B peiice 6 depaiist 2015 1., BO BpeMst KOTOPOTO CHAPsI] BCTYITHI B KOHTAKT
C 03€pHOI BOJIOM, TOCTYNMBIIEH B CKBaXXUHY S5I'-3 mociie BTOporo BCKPhITHS HOATIEIHUKOBOTO 03epa
Bocrok.

ITpsiMOyTOJIBHUKH OTPAHNYHBAIOT OTPE3KH BPEMEHH, B TEUEHHE KOTOPBIX IIPOU3BOJIMIIACH OCTAHOBKA CHAps/Ia Ha
YKa3aHHbIX Ha rpaduke nryouHax: 3669 M — cpaboTtai gaTunk 3a00s, TEPMOMETP CHApsIa BCTYIIUI B KOHTAKT C
BOJI0i1; 3650 M — KpaTKOBpEeMEHHas! OCTaHOBKA CHaPsi/ia 11 HAOIIOICHHS 3a TOKa3aHUsAMHU TepMoMeTpa; 3600 M —
HPOIOIDKUTENbHAS OCTAHOBKA CHAPS/IA JUISl 3JIMBKH B CKBOXKUHY KePOCHHA (OTPaXKaeTCsl B OBBIIICHHH J1aBICHHS
CKB)XHHHOM JKHIKOCTH); 3550 M — BTOpast OCTaHOBKA JUISl 3aJIMBKH KepOcHHa. [JIyOMHBI JaHbI 10 KabeIbHOMY
cuyeT4nKy. M3MepeHHbIe TeMIepaTypbl OTKOPPEKTHPOBAHBI C MOMOIIBIO ypaBHeHust (1)

Fig. 4. Fluid pressure (blue curve) and temperature (red curve) recorded by borehole logger KMT02-
10 on 6 February 2015, during a run when the logger became submerged in subglacial water that
entered borehole 5G-3 after the second unsealing of Lake Vostok.

The rectangles delineate time intervals within which the logger was stopped at depths indicated in the figure: 3669
m — the lowering of the logger is stopped after the weight-on-bit sensor signaled an increase in the buoyancy
force; the temperature probe comes into contact with subglacial water; 3650 m — short pause in the hoisting of
the logger to monitor temperature; 3600 m — the hoisting of the logger is stopped to allow the borehole to be
topped up with kerosene in order to prevent a further rise of subglacial water (the addition of kerosene through
the hole mouth is reflected in the step-like increase of the fluid pressure); 3550 m — second stop for the topping
up of the borehole. Depths are from the drill depth meter. Measured temperatures are corrected using equation 1
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JIaJbHEHIIero MoAbeMa BOJbl U IOHU3UTh €€ YPOBEHb B CKBAaXKMHE, BO BPEMSI OCTAHOBKH
cHapszia Ha otMeTke 3600 M OblTa MpoM3BeAeHA 3aIMBKa KEPOCHHA Yepe3 YCThe CKBAKHHBI,
KOTOpas Halllla OTPAaXXEHUE B OITAITHOM POCTE PETUCTPUPYEMOTO JaBJICHHS 3aIMBOYHON
JKUJIKOCTH TIPY HEN3MEHHOM ITOJIOKEHUHU Te0(U3MUECKOT0 CHaps/Ia B CKBaXUHE (puc. 4).
B xozxe nanbHeliero noasema ¢ otMeTku 3600 M 10 ormetku 3550 M cHapsif nepecek
TPaHHUILY BOJBI M 3JIMBOYHOH XKHMKOCTH B CKBa)KHHE, YTO IIPUBEJIO K OBICTPOMY MaJCHHIO
PETUCTPUPYEMOM UM TeMIEpPaTypHl.

[To Hamemy MHEHMIO, HanOOJICE HAIEKHOW OLIEHKON PaBHOBECHOW TeMIIEpaTyphl
JKUJIKON BOJIBI B CKBAXKHMHE SIBIIsSIETCS 3HaueHue —2,67 °C, u3aMepeHHOe CIyCTsl 5 MUH IO-
clle MepBOro KOHTAKTa JaTuuKa CHapsiia ¢ BOOM Ha oTMeTke 3669 M, COOTBETCTBYIOLIEH
BEPTUKaIbHOH m1yOonHe 3677 M. M3MepeHHOe Ha 3TOH IIyOWHE JaBieHHE 3aJIMBOYHON
JKUAKOCTH B Ipefenax Norpemuocty aaruuka cHapsga KMT02-10 coBnano ¢ pacuer-
HBIM JaBJICHHUEM JibJa. Pa3HuIa naBieHuid Ha miyouHe 3677 M U Ha KOHTAaKTE JICTHHKA
¢ ozepom (3758,6 m) cocraBuia 0,74 Mlla, 4ro, npuHIMAas BO BHUMaHUC 3aBHCHMOCTb
TeMIeparypsl (pazoBOro paBHOBECHS BOABI U JIbA OT JABICHUS (CM. HHXKE), COOTBETCTBYET
pasnute Temneparyp B 0,055 °C, u, cnenoBarenbHo, TeMIEpaTypa 03€pHON BOJIbI Y HUXKHEH
MOBEPXHOCTH JiefHNKa paBHa —2,73 °C. OLeHUTb NOrPeIIHOCTb 3TOr0 3HAYEHUs, KOTOPOe
MPAKTUYECKHU COBIAJIO C PE3yIbTAaTOM aHAIN3a CKBAXKUHHBIX TEPMOrpaMM, HE MPECTaB-
JSIeTCsl BO3MOYKHBIM, TaK Kak HEM3BECTHO, HACKOJIBKO OJIM3KO M3MEpPEHHas TeMIleparypa
COOTBETCTBYET PABHOBECHBIM YCIIOBUSIM.

OuneHka ra3ocojaep:KaHusi BEPXHEro CJiosi BOJAbI MOJIEIHHKOBOr0 03epa Bocrok

BeprukanpHbeIi npoduis DaBiIeHUS ThJa B paiioHe cTaHIMH BocTok TiryOike
120 M ¢ TounocThio g0 0,01 MIla onmcriBaeTCs THHEHHOM 3aBUCHMOCTBIO, KOTOpast ObLIa
TIOJTy9eHa M0 JaHHBIM NU3MEPEHHUS TUIOTHOCTH JICASHOTO KePHA, TPUBEACHHBIM K YCIOBUIM
3aneranus [14]:

P, (MIla) = 9,049-10° [A(m) — 32]. @)

B cooTBeTCTBUM C ATUM ypaBHEHUEM JIABJICHHUE JIbJla Ha KOHTAKTE JICJHUKA C 03€POM
(rmy6una 3758,6 + 3 m) ¢ ydyetom armocdepHoro aaienus pasHo 33,78 + 0,05 Mlla.
Temneparypa niaBjieHus Jibaa Y;,Ha KOHTAKTE ¢ BOJOM, HE COIEPKALLEH paCTBOPEHHBIX
ra3oB, onpejaensieTcs: ypapaenuem [15]:

T.(S, P)=T,S,0)-742 102 P(MITa), %)

B KOTOpOM P — naBieHue, a S — colieHOCTh Bojbl. OOIIasi MUHepalu3anyus BObl 03¢e-
pa Boctok He mpesbimaet 0,4—1,2 %o [16], 4TO COOTBETCTBYET MOHUKEHUIO Tf (S, 0)
B cpenHeM He Oosiee yem Ha 0,05 °C. B mampHeiimem OyneM paccMaTpuBaTh O3EPHYIO
BOJy KaK HPECHYyIo, monaras, 4ro T, (S, 0) = 273,16 K (remneparypa TpOWHOW TOYKH
BOJIbI) ¥ OCHOBHOW MPUYMHON MOHMKCHUS TEMIICPATYPhI IUIABICHHUS JIbJIa OTHOCUTEILHO
3Ha4yeHusl I, pACCYMTAHHOTO 110 YPABHEHHUIO (5), siBsIeTCS BHICOKAs KOHLIEHTPALHS B BOJIE
pacTBOPEHHBIX I'a30B.

B pabore [2] ObLIO MOKa3aHO, YTO MPH 33JaHHOW TEMIIEPATYPE TUIABICHUS Tfpa3-
HUIA MEXY JaBJICHUEM Pf(O), MPU KOTOPOM IMPOUCXOIUT KPUCTAILIU3AMMS TIPECHOM
JIera3supoBaHHON BOJIbI, U JIaBJICHUEM Pf(xm.r), [IpY KOTOPOM 3aMep3aeT BoJa, CoAeprKanas
PacTBOPEHHBIH BO3/1yX, ONPEEIseTCs] ypaBHEHHEM

RT, In(1-x )z RT,x

AP, =P.(0)-P.(x )=— ar 6
=P (0)- P (x,,) AV AV (6)
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i€ X, — MOJIbHas KOHLIEHTPAIHsl PACTBOPEHHOTO B BOJIE BO3/TyXa (CyMMa KOHIIEHTpAIIUi
a30Ta M KHCIIOpOJIA X, = Xy, + xoz); R = 8,314 JIxx-monp-K™! — rasosas mocrosHHas;
AV, — pasHuIa MEXTy MOISAPHBIMH 00ObeMaMH MOJIEKYJ BOIBI BO JIBY U B XKHJIKOH
dase (a1 naumx P, T ycnopuit AV, ~ 1,64 cm*monb ). JlaBnenue P, (x,. = 0) nna nan-
Horo 3HaueHus T, onpesensercs u3 ypaBHenus (5). B ciyuae npenenbHOro HachIICHHs
03EpHOH BOJIBI aTMOC(HEPHBIMH I'a3aMH, COOTBETCTBYIOIIETO PABHOBECHIO PACTBOPEHHBIX
ra3oB ¢ rujpaTHol pasoi x =X , rie X — pacTBOPMMOCTb BO3/yXa B BOJE B 001IacCTH
CTAOMIILHOCTH CMEIIAHHBIX THIPATOB BO3/yxa. B otix yenosmsx sasucumocts T (P) co-
BIIQJIaeT ¢ JUHUEH TpexdasHoro pasHoBecust LHI (Hackpimennas razamu Bojja — THIpaT
BO3/lyXa — JIe/1), MOJIOKEHHE KOTOPOH MOXET OBITh PACCUNTAHO TEOPETHYECKH Ha OC-
HOBaHMH ypaBHeHul (5) u (6) u 3Havenus X = 2,74 cm>1' (31€ch 1 nanee o0beM rasa
COOTBETCTBYET H. Y.), YCTAHOBJICHHOTO JJIsl YCIIOBHH 03epa BocTok B paiione Oypenus
cKkBaXUHBI [2]. TIocKkoIbKY pacueTHOE MOJIOKEHHE JIMHUHU TPeX(a3HOro paBHOBECHUS He-
CKOJIBKO OTJIMYAETCsI OT UMEIOLIUXCS AKCIIEPUMEHTAIbHBIX JaHHBIX AJISI CUCTEM C YUCTHIM
KHCIIOPOJIOM ¥ YHUCTBIM a30TOM, B pabore [2] ObIIO MpeIoxKeHO UCTIONB30BaTh CpeaHee —
MEXly TEOPETHUECKUM U HKCIIEPUMEHTAIBHBIM — IOJIOXKEHUE TUHUYU paBHOBecus LHI,
KOTOPOE€ OMHCHIBAETCS TMHEHHBIM yPaBHEHHEM
T(K)=272,85-17,55 102P(MIla). (7

B nepexonHom cocTostHuM, Korma X, < X W 03€po €Ile HE JOCTHIIIO MPEAENTBHOTO
HaCBIIEHNS aTMOoCc(epHbIME ra3aMu [17], KOHIEHTpanusi pacCTBOPEHHBIX B BOZE I'a30B,
X ,, MOJKET OBITh OIIEHEHA MO SKCTIEPUMEHTABHBIM JTaHHBIM O JTABJIEHHH M TEMIIEPATYPE
TUTABJICHUS JIbJIa Ha KOHTAKTE JIETHUK—03€pO, MTOJTYUYECHHBIM B pe3ylibTare OypeHns CKBa-
JKUHBI, TI0 (hopmyIre

KXoy = AP p— air (8)
(X))

B KOTOpO#t AP — pa3HuIa MEXKIy 3HAYCHUEM P/ (0) nst ;aHHOM TeMIepaTyphl MIIaB-
JICHUS JIbJIa U (PAKTUICCKUM JaBJICHUEM Ha TPAHUIIC JICTHUK—03EPO; AP = P,(O) - P/(Xm.r),
rie P(X,,) onpenensercs s JaHHOTO 3HaueHus T, u3 ypaBHeHus (7).

Ha puc. 5 nokazano HopMasabHOE pacnpe/iesieHue MJI0THOCTH BEPOSTHOCTEN 3HAYCHUI
Tf Ha KOHTAaKTe JIeJ—BOJ1a, TOCTPOCHHOE C YYETOM CJIy4ailHOM MOTPEIIHOCTH 3KCTparo-
JISIITUM CBOJIHOTO AKCIICPUMEHTAILHOTO TPOGMIIsS TeMIepaTyphl 10 miyOuHsl 3758,6 M.
HauOonee BeposiTHOE 3HAYCHHE TEMIIEPATYPHI IUIABJICHUS JibJa HA KOHTAKTE JICAHHUKA
¢ o3epoM paBHo —2,72 °C, cpennee kBaaparuuHoe otkioHeHune ¢ = +£0,10 °C. Teoperu-
YECKU BO3MOXKHBIN JAuara3oH 3HAYCHUU KOHICHTpALU rada B BOJAC U COOTBCTCTBYIOIINX
UM 3HAYCHUH TEMIIEpaTyphl ILIABJICHUS JIba OTPAHUYCH T'a30COJCPIKAHNEM TAIOIIETO
neHuKoBoro Jpaa (x . = 0,09 em’r'; T = —2,52 °C) u paCTBOPUMOCTHIO BO3lyXa B BOJIE
B PaBHOBECHH C TMAPATHON dasoii (x,, =X =274 em’r', T, =-2.85 °C).

B cootBercTBUM ¢ ypaBHeHUsAMH (7) 1 (8) Hanboee BepOSTHOMY 3HaUCHHUIO 7 ,0TBEYa-
eT Haubolee BEpOATHOE 3HAYEHHE KOHIIEHTpallky rasa B Boge X, = 1,73 em’r', (2,23 r-r').
HonyquHaﬂ HaMH OLICHKa Ia30COoACpKaHU MPUITOBEPXHOCTHOI'O CJI0SA BOABI MOAJICTHH-
KOBOI'O BoaocEMa B 19 pa3 OpeBLIIIACT KOHUCHTPAIUIO BO3/lyXa B TAarOUIEM JICAHUKOBOM
JbIY, HO B 1,6 pa3a MeHbIIIE MPe/IeIbHON pacCTBOPUMOCTH BO3/yXa B BOJIC B PABHOBECHH
¢ TuapatHoil (azoil. 3amMeTuM, UTO I CJIab0 MHUHEPAIN30BAaHHON 03EPHOI BOMBI pac-
4ETHOE BEPOATHOE 3Ha4eHUe X . OyJeT HECKOJIbKO MEHBIIE, a BUAMMOE HENOCHIIIEHHE
BOABI PaCTBOPCHHBIMU rasaMu 6OJ'II)HIe MpEACKa3aHHbIX BBIIIIE.
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Puc. 5. K onpezenenuto HanGosee BEpOATHbIX 3HAYCHUIT TeMIIepaTy bl I1aBieHus baa (7)) 1 KoH-

IIEHTPAIMH Ta30B B MOJUIEIHUKOBOH BOJIE (X, ) HA KOHTAKTE JISTHUK—03€PO.

Cepast KpuBasi — IUIOTHOCTh HOPMAJILHOIO PACIIPE/ICICHHs BEPOSTHOCTCH 3HauCHHIT T, IOy YCHHBIX Ha OCHOBC
AHAIM3a CKBAKUHHBIX TEPMOTPAMM; YepHasi KPUBAsi — yCEUCHHOE PACIIPEACICHNE BEPOsTHOCTE! T, OrpaHnyeH-
HOE Hata30HOM TEOPETUYCCKU BO3MOKHBIX 3HAUCHHI KOHIICHTpAIUK ra3oB B Boxe (x . = 0,09...2,74 cv®r!)

air

U COOTBETCTBYIOIINX UM 3HAUCHUH TemmepaTypsl miasnenus (7, = -2,52...-2,85 °C). BepTukanbHbli MyHKTHD
— Haubonee BeposiTHble 3HaYeHus: 7, = 2,72 °C u X, = 1,73 cv® 1. Pacuer X, JUISL 32[JaHHBIX 3HAYEHUI T/
MIPOU3BOAMIICS 110 YPaBHEHUIO (8)

Fig. 5. Determining the most probable values for the melting temperature of ice (7)) and concentration
of gases in subglacial water (x ) at the ice sheet-lake interface.
Grey curve — Gaussian distribution of the 7, values which were estimated using borehole temperature data; black

curve — truncated distribution of 7, delimited by the theoretically possible range of concentrations of gases in

the subglacial water x, =0.09...2.74 cm’g"', corresponding to the temperature range 7, =-2.52..-2.85°C. The
vertical dotted line marks the most probable values: 7,=-2.72 °C and x,, = 1.73 em*g"'. Equation 8 was used to
calculate x,, which corresponds to a given value of 7,

[TockonbKy 10 MOMEHTa Havaja THApaTooOpa3oBaHus B 03€pe AOJKHO COXPAHATh-
csl aTMOC(epHOE COOTHOIICHNE KOHIICHTPAIMA a30Ta U KUCIOpOaa xN2/x02 ~3,7 [3, 17],
MIPUBEICHHOMY BBIIIE HanOOJIee BEPOSITHOMY 3HAUCHHUIO Ta30COACPIKAHNS 03EPHOM BOJIBI
COOTBETCTBYET KOHICHTPAIS PACTBOPEHHOTO KUCIOPOJI X, = 0,37 em*r! (0,53 rrt).
Taknm 00pazom, 1axke B caMOM BEPXHEM CIIO€ 03epa BOJIM3HU €ro JISISHOTO ITOTOJKA CO-
Jiep>KaHue KHCIopoaa Ha 1—-2 mopsaka NpeBBIIAET COAep)KaHUe 3TOTO Ta3a B OOBIYHBIX
BOJIOE€MaxX Hallel MIaHETHI.

HoBble 1anHbIE 0 KOHIEHTPAIMN aTMOC(EPHBIX Ta30B B 03EPHON BOJIE, TTOIYUCHHBIC
B Pe3ylbTaTe aHAJIN3a CKBAXKUHHBIX TEPMOIPaMM, KaU€CTBEHHO COMIACYIOTCS C JaHHBIMU
00 o01meM copepKaHuy Ta30B B KEPHE KOHKEIISIIMOHHOTO (03€PHOTI0) JIb/1a, TIOTHITOTO U3
CKBaXUHHI ¢ TITyOnHBI 601ee 3700 M. MccnenoBanue 3T0or0 1bAa, (opMHUpOBaHAE KOTOPOTO
MPOUCXOUIIO B YCIOBUSX Fa30BOr0 U H30TOIMHOTO PABHOBECHS C 03EPHOI BOIOM, ITOKA3aIo,
YTO COZIEP’KaHHE B HEM I'a30B CYIIECTBEHHO HIXKE PACTBOPUMOCTH a30Ta U KUCIOPOAA BO
Ty B yCIOBUsX TpexgasHoro pasHoBecus LHI, u, cienoBarenbHO, conepkaHue ra3oB
B BEPXHEM CJIO€ 03€pa, U3 KOTOPOro 00pa3zoBajcs TOT Jie]l, TO-BUANMOMY, HE TIOCTHUIIIO
MIPE/ICIEHOTO YPOBHS, COOTBETCTBYIOIIETO PABHOBECHIO C THAPATHOH (azoif [18].

Henocslmenne mpumoBepXHOCTHOH BOABI 03epa aTMOC(EPHBIMH Ta3aMH, MOATBEPIK-
JICHHOE B XOJI¢ HACTOSIIIET0 NCCIIEJOBaHNs, HEOOXOANMO YUUTHIBATh P (POPMUPOBAHUH
COIIACOBAHHOIO € AKCIIEPUMEHTAIbHBIMU JaHHBIMH MPEACTABICHHUS O BIMSHHUU LIUPKY-
JSIMA ¥ TIEpEMEIINBaHNS BOJBI HAa PACHpPE/ICICHNE PACTBOPEHHBIX Ta30B (M THAPATOB
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Bo3ayxa?) B MOMICTHUKOBOM o3epe Boctok. [1o HanreMy MHEHHIO, OHUM W3 Hambolee
MPaBIOIOO0HBIX OOBSICHEHUH YKa3aHHOTO HEIOCHIMICHHUS SIBISICTCS ClIa00e TepeMeIiu-
BaHME TAJION JIEAHUKOBOM BObI, MUTAIOUICH MOAJIECAHUKOBBII BOJOEM M MOCTYMAIOIIEH
B paiioH cranuuu BocTok, ¢ pe3unenTHoN Bogon o3epa [18, 19].

3AKJIIOYEHUE

Ha ocHoBe BOCEMH TepMOTpaMM, CHATHIX aBTOpPAaMH B HIKHEH 4acTH ITyOOKON CKBa-
KUHBI 5T 11 ee 60KoBBIX cTBONax SI'-1, 5ST'-2 u 5T°-3, MOCTPOEH CBOAHBIN TeMIepaTypPHBIH
npoduIb JIeAHUKa B HHTepBaie rayoun 1707-3753 M. DKCTpanossiius 3Toro mpoduis
JIO TIOJIOMIBBI JISAHUKOBOM Tommu (rmyouna 3758,6+3 M, naBnenne 33,78+0,05 MIla)
MO3BOJIMJIA TIOJTYYUTh HauOOJIee TOYHYIO Ha CETOAHSIIHUI JIEHb OLIEHKY TeMIIEpaTyphl
TJTABIICHUS JIbJIa HA KOHTAKTe JieqHuKa ¢ o3epom: —2,72 + 0,10 °C. Dto 3HadeHHE MO~
TBEPKIACTCS Pe3yAbTaTaMH IPSMBIX H3MEPEHHUN TeMIepaTyphl U JaBJICHUS 03CpHOI BOJIHI,
MOCTYNMBIIEH B CKBAKUHY TIOCJIE BTOPOTO BCKPBITHS 03epa BocTok.

Vcnonb3yst 3aBUCHMOCTh TeMIEpaTyphl TUIABICHUS JIba TPU BBHICOKUX JTABICHHUIX
OT KOHILIGHTPALIMH PACTBOPEHHBIX B BOZE Ta30B, MBI OLEHIIN OOIIee ra3ocoaep kanne
BEPXHETO CJIOSI 03€PHOM BOJIBI O] cTaHIel BocTok. beio ycranoBieHo, uTo Hanboee
BEpOSITHOE 3HAUCHUE KOHILICHTPAIIMU BO3/yXa B TOUICTHUKOBOI Bojie paBHo 2,23 -1, uto
B 19 pa3 mpeBBIIIaeT ero KOHIEHTPAIHIO B TAIOIIEM JICIHUKOBOM JIby — OCHOBHOM
HCTOYHHKE T'a30B B 03epe, HO B 1,6 pa3a MEHbIIIE MpeAeTIbHOI pacCTBOPUMOCTH BO3IyXa
B BOJIC B PABHOBECHH C TUAPATHOH (ha3oii. [1oryueHHON OIICHKE Ta30COACPIKAHMS BOBI
COOTBETCTBYET KOHIICHTPAIIHS PACTBOPEHHOTO KucIopoaa, pasHas 0,53 v !, TTocnentee
3HAYEHHE CyNIECTBEHHO MPEBBIMIACT cofepkanue O, B MOOBIX APYTUX U3BECTHBIX BOJO-
eMax Ha Hallei ITaHeTe.

HoBrle maHHBIE 0 KOHIIEHTPAIMH PACTBOPEHHBIX T'a30B B MOAJCTHIUKOBON BOJE Ka-
YECTBEHHO COTJIACYIOTCS C pe3yJIbTaTaMHi M3MEPEHUH Ta30CoAep KaHus KepHa 03€pPHOTO
JIb/1a, KOTOPBIE CBUJETENBCTBYIOT O TOM, YTO KOHIIGHTPAIIHS I'a30B B BEPXHEM CJIO€ 03€pa,
13 KOTOPOTO 0Opa3oBajCs 3TOT JEM, CYIIECTBEHHO MEHbIIE MPEICIbHOTO YPOBHS, CO-
OTBETCTBYIOIIETO PAaBHOBECHIO PACTBOPEHHBIX I'a30B ¢ ruapatHoil ¢asoii. [To Hamemy
MHEHHI0, HauboJee BepOSTHON IMPUUMNHOM 3TOTO ABJSIETCS caaboe mepeMenInBaHue Talon
JICJTHUKOBOW BO/JIbI, MUTAIOIICH MMOJJICTHUKOBBIN BOJOEM U MOCTYMAIOIIEH B paliOH CTaHLIUU
Bocrtok, ¢ pe3uaeHTHOM Bo0i 03epa. Takum 00pa3oM, pe3yinbTaThl HAIETO UCCIeIOBAHMUS
MOATBEPKIAIOT PAHEE CIEIAHHBII BBIBOJ O TOM, YTO BEPXHMI CJI0H 03€PHOM BOZBI B paii-
OHE CKBaKMHBI M, CIICIOBATENIFHO, Ta BOAA, KOTOpas MOCTYNHJIa B CKBAXUHY B pe3yiIbTare
BCKPBITHS 03€pa, HE SABJISIOTCS JOCTATOYHO PENPE3CHTATUBHBIMU JUIS U3YYECHUS] OCHOBHBIX
XapaKTePUCTHK TMOJIJIETHUKOBOTO Booema [18, 19].

B nanbHeitmem a1t yTouHeHHs Ta30coJepkaHusl Bobl 03epa BocTok MbI miianu-
PYEM HCIONb30BaTh 3aBUCHMOCTH KOHIIEHTPAIIMH PACTBOPEHHBIX B 03€PHOM JIbIY Ta30B
OT KOHIIGHTPAIMH 3THUX Ta30B B 03€PHOH BOJIe, U3 KOTOPOi oOpazoswiBaics yex [18]. Jlms
M3MEPEHHs CBEPXHU3KMX KOHIICHTPAIUI Ta3a B 03€PHOM JIbIy BOIM3M KOHTAKTA JICTHUKA
C 03epoM OyAeT MCIIOIh30BaHa CICIMAIbHO MOJCPHU3MPOBAHHAS /IS 3TOU IIeTH ra30aHa-
mutndeckast yctaHoBka STAN [20], ciocoOHast u3MepsATh 00I1ee Tra30CoAepKaHUE JThIa
B auamasone 10°-10* evrl.

Kongaukt natepecoB. KOHQIMKT HHTEPECOB OTCYTCTBYET.
®unaHcupoBaHue. lccienoBanue BEIONIHCHO MPU (pUHAHCOBOU moiepxkke PODU
B pamMKax Hay4Horo npoekta Ne 20-05-00792.
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Pesrome

M3ydeHne H30TOMHOTO COCTaBa JIE/ITHBIX KEPHOB JaeT HaM [EHHYI0 HHQOPMAIMIO 0 KIMMATe Ipomwioro. [l
TPaBHILHON MHTEPIIPETANH JIAHHBIX, TOMYYCHHBIX U3 JECATHBIX KEPHOB, HEOOXOAMMO TOHUMATh TIPOIECC
(opMHpOBaHNS H30TOMTHOTO CHTHAIIA B aTMOC(EPHBIX 0caaKax. B 9Toit padoTe nccneoBana 3aBHCUMOCTE H30-
TOITHOTO COCTaBa TPEX OCHOBHBIX TS LIeHTpansHol AHTapPKTH/IBI THIIOB OCAIKOB — JIE/ISHBIX UIT, H3MOPO3H
U CHeTa — OT IPH3EMHOH TeMIepaTyphl Bo3ayxa. crnons30BaHb! 00pasIiel, 0TOOpaHHBIE B paifoHe pOCCUHCKON
BHYTPHKOHTHHEHTANBHOH cTaHmuu Boctok B mepron ¢ 1998 mo 2020 . KoadduumeHTs! TiHeiHO# perpeccin
MeXy KoHIeHTpanueii nefirepus (6D) n Temmeparypoi pa3n4aroTcs CTAaTUCTHYECKH HE3HAYMMO IS BCEX
THIIOB OCAIKOB B Ipeienax rogosoro mukina: 2,93+0,51 %o °C™! mist mepstabix uri, 2,32+1,34 %o °C™! st chera
1 2,5240,35 %o °C' 1st uamopo3u. Crienan aHau3 Ce30HHOH H3MEHYMBOCTH H30TOIHO-TEMIICPATyPHOH 3aBHCH-
MOCTH JUTSt IEASHEIX IV J{JIs 3MMHETO Mepro/ia CBSI3b MEK/Ty H30TOITHBIM COCTaBOM M TEMIIEPATypoit BO3TyXa
He oOHapyxkeHa. Jlerom HabmonaeTcst HaOOMBIIHNIT HAKJIOH H30TOIHO-TEMIICPaTyPHOI 3aBHCHMOCTH, PaBHBIN
5,3443,11 %o-°C"!, Hakyon st ocennero mepuona paser 2,1+1,3 %o-°C™!, Torna kak uis BeCEHHET0 Ieprojia
MBI HE pacroiaraeM J0CTAaTOYHBIM KOMHYECTBOM JIAHHBIX IS aHATN3a. B rccienoBaHmy He HCTIOTb30BaICh
0CaJIKH, 0TOOpaHHBIC BO BPEMS METENIeH, TOCKOIBbKY OBIIO YCTAaHOBICHO, 4TO METEIb IPHBHOCHT CHET € APYTUM
M30TOIHBIM COCTaBOM B 00paserl.

KutioueBble ¢/10Ba: H3MOPO3b, JICSHBIC UITIBI, CHET, CTA0MIbHBIE H30TOIBI BOJIbI, CTaHIMs BocTok, LlenTpais-
Hast AHTapKTHIA.
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TOITHOTO COCTaBa Pa3HBIX THIIOB 0Ca/KoB B LleHTpanbHON AHTapKTHE ¢ TeMrepaTypoii Boayxa // [Ipobiems
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Summary

Water isotopes are key proxies to reconstruct past climatic conditions on our planet based on Antarctic ice
core data. The accuracy of climate reconstructions depends on understanding the whole range of the processes
involved in the formation of precipitation isotopic composition. The isotopic composition of precipitation in
Central Antarctica has been studied in a number of works, but the difference between the isotopic composition
of different types of precipitation has not yet been fully described.

There are three main type of precipitation in Central Antarctica: snow, ice needles and hoar. The aim of this work
is to establish the dependence of isotopic composition of different precipitation types on temperature. Precipitation
samples were collected at Vostok station in Central Antarctica from 1998 to 2020 and further analyzed for 50
and 8D. For each precipitation event we have meteorological data, averaged over the time of precipitation fallout.

Mean values of 8D for each precipitation type were defined as follows: —44446.5 %o for diamond dust, —480+ 6 %o
for hoar and —95+11 %o for snow. The seasonal variability of the temperature dependence of the isotopic composition
was studied using the example of ice needles. According to our data, the dependence is insignificant in winter, but this
needs to be confirmed by an extended dataset. The largest slope of the isotope-temperature dependence regression line
is observed for the summer period and is equal to 5.34+3.11 %o-°C", the autumn season has a slope of 2.1£1.3 %o-°C,
while for the spring period we do not have enough data for analysis. There is an insignificant difference in the slopes of
the isotope-temperature dependence for different types of precipitation: 2.93+0.51 %o-°C™! for ice needles, 2.32+1.34
%o-°C™! for snow and 2.52+0.35 %o-°C"! for hoar. We studied the effect of blizzards on the isotopic composition of
samples and concluded that one should avoid using data collected during a blizzard to study the differences in the
formation of the isotopic signal for different types of precipitation.

This work brings us closer to understanding how isotopic composition is formed in each type of precipitation and
what information it provides. This will contribute to a more accurate interpretation of the isotope signal from ice cores.
Keywords: Central Antarctica, ice needles, hoar, precipitation, snow, stable water isotopes, Vostok station.

For Citation: Tebenkova N.A., Ekaykin A.A., LaeppleT, Notz D., Kozachek A.V., Veres A.N. Dependence of the
isotopic composition of different precipitation types on air temperature in Central Antarctica. Problemy Arktiki
i Antarktiki. Arctic and Antarctic Research. 2021, 67 (4): 368-381. [In Russian]. https://doi.org/10.30758/0555-
2648-2021-67-4-368-381.
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BBEJJEHUE

I/ISY‘ICHI/IC CTaOUJILHBIX H30TOIIOB BOJBI B IIOBEPXHOCTHOM CHETE U B FJIy6OKI/IX Jeas-
HBIX KEPHAX OTA€T HCHHYIO I/IH(I)OpMaLII/IIO 0 KJIMMAaTe MPOIIJIOro U HaCTOAIIETO. W3otomnHbIi
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COCTaB OCAJKOB CBSI3aH C KJIMMATHYCCKUMH YCJIOBHSIMH B MCTOYHUKE BOJISIHOTO Tapa
U B 001acTH KOHJCHCALUH, I1e BhiNanalT ocaiaku. Kounuenrpauuu D, O u 7O B 00-
pasnax aTMOC(EpHBIX 0Ca/IKOB JAI0T KOCBEHHYIO HH(POPMAILIMIO O TEMIEeparype BO3ayXa,
BJIQXKHOCTH, O JABIDKCHHU BO3IYIIHBIX Macc. ATMOC(EpPHBIC 0CAJIKA aKKyMYJIHUPYIOTCS Ha
JICISTHBIX MUATaX B TCYCHUE JIOITOTO BPEMEHH, TAaK MBI IIOJTy4aeM BO3MOXKHOCTh H3y4aTh
KJIMMAT 1pouuioro. YToOsl NOIXy4YHUTh OOJbIIe HHPOPMALMU C ITOMOIIBI0 U30TOITHOTO
METO/1a, PACCUUTHIBAIOTCS JIOMIOJIHUTEIBHBIE apaMeTpbl — «IKcuecc aeitrepus» (dxs)
u "O-excess.

Dxs Boruncisiercs o gpopmysie dxs = 6D — 8:6'%0. Ha ator mapamerp 0CHOBHOE BIIHs-
HUE OKa3bIBACT BIAXKHOCTh BO3/IyXa B UCTOUYHHKE BIIATH, BIMSHHAC TEMIICPATYPHI CKa3bIBACTCS
3HAYMUTEIbHO MeHblIe [1]. 3HaueHnst dXs MCTIONB3YIOT JUIsl PEKOHCTPYKIMU TEeMIIepaTyphl
BO3/yXa M BIQXKHOCTH B MecTe 00pa30BaHMUs BOISHOTO Mapa, a TakKe KaKk WHIMKATop CO-
XpaHHOCTH 00pasia — eCJM MPU XpaHEHHH 00paszel MojIBeprajcsl YaCTHYHOMY HCIIapEHHUIO,
9TO MOXKHO JIOBOJILHO SIBHO YBHJETH Ollarojapsi NOHIKEHHBIM 3HadeHusM dxs. Bropoii
napametp — 310 "O-excess ("O-excess / 10° = In (370 / 1000 + 1) — 0,528:In (3"*0 /
1000 + 1)). "O-excess CUITbHO pearupyeT Ha H3MEHEHHS B YCIOBHAX (HOPMUPOBAHHS BIATH
HaJl OKCaHOM U TPAKTUYECKU HE 3aBHCHT OT TeMIeparypsl. 7O-excess HCIonb3yeTcs s
PEKOHCTPYKLIMH yCIIOBHI (OPMUPOBAHMS BOISTHOTO Tapa Hajx okeaHoM [2]. [Tapamerp dxs
BBIPAXKACTCS B MPOMUILIE, a '"O-excess — B 4acTsX Ha MUJUTHOH (ppm).

Knmmvatuaeckue yenosust L{eHTpalibHOM AHTApKTHIBI ONIPEICISIFOTCS €€ BHYTPHUKOH-
TUHCHTAJIEHBIM, BRICOKOIITMPOTHBIM U BEICOKOTOPHBIM OJIOKEHHEM. V13-32 BO3BBIIICHHOCTH
1 yaJIEHHOCTH 3TOM MECTHOCTH OT OKeaHa LIUKJIOHBI 371eCh HAOMIOAt0TCs PEIIKO, B PE3YJIbTa-
TE 4ero OOJIBIIYIO YacTh BPEMECHH IPeo0IIaacT XOMOMHAsS KOHTHHCHTAIbHAS aHTAPKTUYCCKAS
BO3[yIIHAS Macca. XOJOIHBIC U 3aCYIUIUBBIC yCIIoBUs B LIeHTpanbHON AHTAPKTHIC BIHSIOT
Ha KOJIMYECTBO M TUN ocajkoB. OcaJ Ky JIeJSITCS Ha 3 THMA: BN aloue U3 00IakoB —
CHET, BBINTAJAFOIINC U3 SICHOTO He0a — JICISHBIC UIVIBI (TaKKe HA3bIBAEMbIC «aJIMA3HOW
MBIIBIO») M OCAKAAIOIINECS U3 BO3AYyXa — M3MOPO3b. DTH THIIBI 0CAJIKOB 00pa3yroTcs
B Pa3HbIX ycIoBUsX. JIensHbIe HIIIbI 00pa3yIOTCs IPH SICHOM HJIM Majioo0JIaq4HOM HeOe IpH
TeMIIepaTypHOIl HHBEPCUU, KOIJIa HUCXOISIIUI BO3YX OXJIaKAAeTCs U BO3YX CTAHOBUTCS
repeHachIneHHbM Bofoi [3]. CHer oOpa3yeTcss B OCHOBHOM NP IIMKJIOHUYECKOM THUIIC
norosiel. CuitbHbIE cHeronaasl B LleHTpanbHON AHTApKTHJIE CIy4arOTCs PEKO, HOCKOIBKY
BO3IYIIHBIC MAaCChl TEPSIOT OOJNBIIYIO YacTh BJIATH, HE JOCTUTHYB IICHTpa Marepuka. M3-
MOpO3b 00pa3yeTcsi Ha Pa3IMYHbIX [TOBEPXHOCTSX Onarofapst IOBEPXHOCTHOMY OXJIaK/ie-
HUIO BBILIENIEKAIIETO BO3yXa HI)KE TOYKH POCBI. DTO MPOUCXOAUT M3-3a a/IBEKLIUH Ooliee
TEIUIOro Bo3ayXa Ha OoJiee XOJIOIHYIO TIOBEPXHOCTh MM M3-3a PaIHAllIOHHOTO OXJIaK/Ie-
nust. [lepBoii 1 oka eMHCTBEHHON pabOTOH, B KOTOPOW OBUIO ITPOBEICHO MCCIIEOBAHHIE
HM30TOITHOTO COCTaBa PAa3lIMYHBIX THUIIOB OCAJKOB B LleHTpanbHOW AHTapKTHUIE, SBISCTCS
pabota [4]. ABTOpBI NMOKa3ajM, YTO Pa3HbIC THIIBl OCAJIKOB OTPAKAIOT Pa3HbIE IMPOIECCHI
KOHEUHOW KOHJICHCALIUH, U 3aduKcupoBanu Oonee HU3Koe conepxkanue 8'30 u Gonee BbI-
COKHE 3HaueHus dXs U1t ©3MOPO3H 110 CPAaBHEHUIO C MIVIAMHU CHera U jbJa. OHaKo OHH He
CMOIJIM YCTaHOBHUTb, SIBIISICTCS JIM ATO M30TOIHOE MCTOIICHUE PE3YJbTaToOM Ooliee HU3KUX
TeMIieparyp KOHAEHCAIMU BO BpeMs 00pa30BaHMsI M3MOPO3H WIIH CJICCTBHEM ITOHIIKEH-
HOTO COJEP>KaHMs TSKEIIbIX U30TONOB B BOASHOM Iape, U3 KOTOPOro OHAa KOHAEHCUPYETCSL.
Taxke OHM MOKa3aldM Pa3HULY MEXKAY M30TOMHO-TEMIIEPATYPHOU 3aBUCHMOCTBIO 3UMON
" netoM. BeiBozbl, caenanHbie B padoTe [4], OCHOBaHBI Ha TAaHHBIX cTaHIMK KoHKOpaus,
KIIMMaTHYCCKUC YCIOBHS KOTOPOH TUNHYHEI I [[eHTpanbHOi AHTapKTHIBL.
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B nanHOU pa®oTe MBI U3YYIIIH CBSI3b M30TOITHOTO COCTaBa PAa3HBIX THUIIOB OCAJIKOB
¢ TeMIIepaTypol Bo3ayxa B Apyrom paiione LlenTpanbHoit AHTapKTHIBL. MBI HCCe10BaIu
TOJIOBOH XOJ1 M30TOITHOTO COCTaBa M 0COOEHHOCTH M30TOMHO-TEMIIEPaTyPHOI 3aBUCHMOCTH
JUTSL K&KAO0TO TUIIA 0CAJIKOB, @ TAK)KE CE30HHYI0 M3MEHUMBOCTb N30TOITHO-TEMIIEpaTypHOU
3aBHCHUMOCTH.

MATEPHAJIBI U METO/IbI

OT100p NPo0 CHEKHBIX 0CAIKOB HA cTaHuu BocTok

O0pa3upl U1 UcclieJoBaHusl ObUTH 0TOOpaHbl Ha CTaHIIMK BOCTOK B TeueHHe 3UM-
HETO U JIETHETO ce30Ha 45-it Poccuiickoit antapkrudeckoit sxcrenunuu (PAD) ¢ nexabps
1999 no nexadps 2000 1., 62—63-it PAD ¢ nexabps 2016 r. mo ¢espanb 2018 . u B Teue-
HHUC JICTHUX ce30HOB 44-if (1998-1999 rr.), 52-i1 (2006-2007 rr.), 64-it (2018-2019 rr.)
u 65-it (2019-2020 rr.) PAD. Bcero orobpano u npoanaausupoBano Ha 8'°0 u 8D 278
npob, u3 kotopeix 205 mpob Takke npoaHanusuposansl Ha 6'70. [Ipo6sl oTOHpanuch U3
KOJIJIGKTOpa (CHEXKHOM JIOBYIIKH) Ha BeicoTe 1-1,5 M (puc. 1). B ciyyae, xorna Beinaje-
HHE 0Ca/IKOB COTIPOBOXK/IAJIOCH METEJIBIO HIIH TO3EMKOM, COOTBETCTBYOLIAst HH(OPMAIIUs
J00aByIsIach K ONMUCAHUIO TJAHHOTO 00pasiia, TaK Kak MepeMETEeHHBIH CHEI' MOXKET UMETh
JIpyTroi U30TOMHBII COCTaB.

- 7 W 2 R~ 3 .
e =B | N % Ly {:..“"'}fs 1

Puc. 1. CHexxHas JIOBYyIIIKa [T aTMOC(EPHBIX 0CAIKOB Ha CTaHIH BocTok

Fig. 1. The trap to collect snow precipitation at Vostok station

MeTeopoJiornyeckue JaHHbIE

Mereoposorudeckue JaHHbIe B3Thl U3 MeTeoposiornueckux Tabmun «KM-1» u u3
MOJIEBBIX JHEBHUKOB YYACTHUKOB SKCIIEANINNA. MeTeopoornieckne JaHHbIC U 3HAYCHHS
M30TOITHOTO COCTaBa 00pa3ioB cOOpaHbl B OJHY 0a3y JaHHBIX. OHA COJACPIKUT 3HAUCHUS
METEOPOJIOTHYECKHX TapaMEeTPOB, OCPEIHEHHBIE 32 BPEMsI BBINIAIEHHS OCAIKOB, — CPEl-
Heii, MAaKCUMaJIbHON U MUHMMAJILHON TEMIIEpaTypbl, aTMOC(EPHOTO JaBICHHUs, CKOPOCTH
W HaIpaBIICHUS BETpPa, BIAXKHOCTH, KOJMYECTBA OCAIKOB, THUIIA OOJAKOB U ITOKPBITHSL.
Tun ocaakoB onpenensics IISLHOIOrOM, KOTOPEIH 0TOMpa 00pasLbl, 1 METEOPOJIOroM,
KOTOPBIN CIIEHII 3a TOro1oi. Eciin Bo Bpemst BBITageH!s 0CaIKOB OblJIa METENb WIIH T10-
3€MOK, 3TO OTMEYAJIOCh B Ha3BaHWH 00pa3ma. MHorna oqHOBpEMEHHO HAaOMIOIaINCh 1Ba
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WM TPU THIA OCAJKOB, B TAKOM CJIy4ae Ha3BaHUE 00pa3iia BKIHOUYAIO B ceOs 00a TuIa,
HaTpUMep — JICISHBIC UTIIBI U CHET C II03eMKOM. Bce 00pasiipl ObUTH pa3/iesieHbl 110 THITY
0CaJIKOB (C YYETOM METeJIeH 1 TO3EMKOB), HTOTOBast 0a3a JaHHBIX CONCPXKHUT 19 Kareropuii
ocankoB. J[ns u3ydeHus: 0coOCHHOCTEH (HOPMHUPOBAHUS H30TOITHOTO COCTaBa Ka)I0TO U3
TPEX BHOB OCAJIKOB UCIIOJIE30BAIUCH TOJIBKO «UUCTHIC» 00paslbl O3 MPUMECH IPYTUX
TUIIOB OCAJIKOB, BO BpEMs BBITIAJICHHUS KOTOPHIX HE HAONIOAIOCh METEIH WU ITO3EMKa.
B wrore juis mampHEWIIETo aHaIM3a HCIOIh30BaIKMCh 52 oOpasna JeasHeix uri, 50 o0-
pasoB u3Mopo3u u 14 oOpasIoB cHera.

Jlis manpHeWIero aHanmu3a 0aza JaHHBIX ObLIA pa3jieicHa Ha 4 ce3oHa. M3-3a mo-
JISIPHOW HOYHM, HU3KHX TEMIIEPATyp M IOYTH IOJHOTO OTCYTCTBHUS HCIIAPECHUS MBI BBIJIC-
JIUITA 0COOCHHO JUTMHHBIN 3UMHHI CE30H, BKITFOYAKOIIUI B ce0si 6 MecsIeB (C arpes mo
CEHTSIOPH); KAKIBIN U3 OCTAIBHBIX CE30HOB BKIIFOYACT 110 2 Mecsia (OKTIOph U HOSIOph —
BECHA, JICKa0pb U SIHBaph — JIETO, (heBpaJib U MapT — OCCHB).

Mertoaunka uzmMepeHuii

Co3nanHas HaMH 0a3a JTaHHBIX M30TOITHOTO COCTaBa 00Pa3IOB CONEPIKUT pe3yiIbTa-
TBI MCCJICIOBAHNH, BHINOJHEHHBIX B Pa3HBIX Jlaboparopusax. Oopasmsl 3a 1998-2007 rr.
n3MepeHs! B Jlaboparopun Hayk o KiMMare M okpyskaromeit cpene (Caxie, ®panmus)
u B MHCcTHTyTe HImbca Bopa (Komenrarenckuii yauBepcuret, Janws). [ M30TOMHBIX
M3MEpEeHNH NCTIOIB30BAJICS MACC-CIIEKTPOMETPHUYECKUI METOI, N3MEPEHUS! TPOBOIMIIUCE
Ha macc-criektpomerpe Finnigan MAT 250; BOCIIpOH3BOANMOCTE PE3yJIBTaTOB COCTABHIIA
0,6-0,8 %o myst 3D 1 0,05 %o st 8'30 (16), 4TO JOCTATOYHO IS LICJIEH STOrO HCCIIEI0Ba-
Hust. O6pasisr 20162020 rr. n3mepens! B Jlaboparopnu H3MEHEHH KiMMara 1 OKpysKa-
fomiei cpeibl ApKTHYECKOTro M aHTapPKTHUECKOTO HayYHO-HUCCIIEI0BATEIbCKOIO HHCTHTYTa
(JIMKOC AAHWU, Canxkr-IlerepOypr, Poccust). Mizmepennst npoBoauINCh Ha JIa3epHBIX
anammzaropax Picarro L2120-i u Picarro L2140-i. DT aHanmM3aTopsl NCTIOIB3YIOT METON
CHEKTPOCKOIINY BHYTPHUPE30HATOPHOTO CIajia CUrHajla BO BpeMeHH (cavity ring-down
spectroscopy — CRDS). U3oronnslii ananuzatop Boxasl Picarro L2140-1 mo3Bomnsier u3-
Mepsth 80, 870 u 6D, B To Bpemst kak Picarro L2120-i uamepsiet tosbko 6'°0 u dD.

Jist Beex mamepenuit B JIMKOC ncnons3oBasicst pabounii crangapt VOS, U3roTos-
JICHHBI W3 TIOBEPXHOCTHOTO aHTapKTHYECKOTO CHEra, COOPaHHOTO B PallOHE CTAHIMH
BocTtok. DToT cTanmapT OblI OTKAIHMOPOBAH OTHOCHTEIBHO CTAaHAAPTOB MeEK/TyHapOIHOTO
areHTcTBa 1o aroMHoi sHepruu (MAIATD) — VSMOW-2, GISP, SLAP-2. [lns nu3mepe-
Hus 6'%0 u 8D HCnonb30BaICs METON, IIPH KOTOPOM IOCIe KaXKABIX 5 Mpod m3Mepsiercs
CTaHAapT. Bocnpon3BoqMOCTh PE3ylbTaToB, OIIEHEHHAs! TOBTOPHBIM M3MepeHueM 10 %
Clly4yaiiHO BhIOpaHHBIX 00pa3ios, cocramia 0,05 %o mist 80 u 0,5 %o st 6D. 870 u3-
MepsuIcs 110 IPYToit MeToinKe. B Kaxkyto cepuio n3MepeHnit BXOAWIO TOIBKO 5 00pasios,
MIPOJOIDKUTEIILHOCTh M3MEPEHHUH KOTOPBIX cOCTaBisuia 3 nHA. B maHHOM HccienoBaHun
OyIyT HCIONB30BAThCS TOJBKO JaHHbIC 10 0'°0 u 0D. AHanu3 pe3ylbTatoB H3MEPEHHs
70O-excess OyaeT BBIIIOIHEH B Ipyroi padore.

PE3YJIBTATDI

HccnenoBanue BJAMSIHUSI MeTeIN HA M30TONHBIN COCTaB 00pa3I 0B
CoznanHas HaMH 0a3a JTaHHBIX COACPKUT 278 mpod aTMOoc(hEpHBIX 0CaJKOB, U3
KOTOPBIX TOJIBKO 116 mpo0 SIBISIOTCS «YUCTBHIMI» POOAMU OJHOTO THIIA OCAIKOB 0e3
npuMecei APYruxX TUIIOB OCAJKOB M O€3 BIMSHHS 1M03eMKa WIIM MeTenu. YToOb! MOHSTH,
Kakue o0pasibl MBI MOXKEM HCIOJIB30BaTh ISl M3yYEHUS! M30TOITHO-TEMIIEPaTypHOH 3a-
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BUCHMOCTH OCaJIKOB, B [IEPBYIO OU€pE/lb Mbl U3YyUWIIHM BIUSIHUE [IEPEMETEHHOIO CHera Ha
M30TOITHBIA COCTaB OTOOPAHHBIX 00pa3IoB. J{JIs 3TOr0 MBI PACCMOTPEIH YPAaBHCHHS U30-
TOITHO-TEMITEPATYPHOI 3aBUCUMOCTH JJIsi 00Pa3IlOB JICISIHBIX U, COOPAHHBIX BO BpEMs
METEeNM WU MO03EMKa, U JJIsl «UUCTBIX» JIEISHbIX UIII. HakIOHBI 3TUX KPUBBIX PaBHbI
2,93+40,25 (B KauecTBE MOTPEIIHOCTH YKa3aHa OJ[HA CTaHJapTHasl OLIMOKA CPEIHEro) JUis
YUCTBIX JISASHBIX U, 3,22+0,27 i JensHBIX WUIJI, OTOOPAHHBIX BO BpPEMs I03CMKa,
3,54+0,3 uist ICISHBIX UITT, OTOOPAaHHBIX BO BpeMs Metend, 3,89+0,39 uist IensHbIX Ui,
OTOOpaHHBIX BO BpeMs MO3EMKa M METEIU. MOXKHO 3aMETHTh, YTO METEIb OKa3bIBaCT
CYILLIECTBEHHOE BIMSHUE HAa HAKIIOH U30TOMHO-TEMIIEPATypHOI 3aBUCUMOCTH. B oTinuune
OT IT03EMKa, [IPU METEIU TIEPECHOC CHEeTa MPOUCXOUT Ha BBICOTE IIa3 HAOIIONATEs, T. €.
TEOPETHYCCKU ITOT CHET MOXKET OBITh 3aHECEH B JIOBYIIKY JJIsl OCAIKOB. Takum 00pa3om,
METEeITb MOXKET MTOBITUATH HA H30TOIHBIN COCTaB 00pa3iia n3-3a epeHoca CHera ¢ APYruM
M30TOIHBIM COCTaBOM. [103TOMY OBLIO MPHHATO PEIICHHUE MPH JaJbHEUIIICM aHAIH3E HE
HCIIOJIB30BaTh 00pa3Iibl, KOTOPBIC OBLTH COOPAaHBI BO BPEMS MCTEIIH.

Pacnpenesienue u KOJIM4eCTBO 0CaIKOB HA cTaHuuu BocTok
B meHTpanpHON 9acTH AHTapKTHIBI HAONFOMAETCS YPE3BBIYAHO HU3KOE TOI0BOC
KOJIMYECTBO OcaakoB. Ocaaky OBIBAIOT B OCHOBHOM B BHJIC JICASHBIX WUIJT U U3MOPO3H,
3HAUYUTEIFHO PEKE BHIMATaeT CHer (puc. 2).

Ha puc. 2 mpencraBieHo pacrpeieicHie BCEX THUIIOB OCAIKOB 33 UCCIICAYSMBIN
nepuof ¢ 1998 mo 2020 r., mocTpoeHHOE Ha OCHOBE OTOOpaHHBIX MPoo. s mocTpocHHs
JUarpaMMBbl UCIIONIB30BAHEI TE 00pas3Ilbl, KOTOPBIC COMCSPKAT TOJIBKO OIWH BHI OCAIKOB.
Ha pucyHke yka3aHBI: 9acTOTa BBITAACHUS KaXKJIOTO THIIA OCAJKOB (B MPOICHTAX), CyM-
MapHOE KOJIMYCCTBO OCAIKOB 3a MUCCICAYEMBI mepruos (B MM BOJHOTO SKBUBAJICHTA)
U KOJIMYECTBO COOBITHI BBITIAJCHUI OCankoB. [I0oUTH B IOIIOBHHE CITy4acB BEIMTACHHMA
ocankoB (okoJo 45 %) HaOmIOmaIOTCs JeasHbIe UMb, 43 % BCeX IHEH ¢ ocaakamH Ha-
OmromaeTcs m3mMoposb. CHeromnas! Gukcupytores B 12 % ciryuaeB BBIIAJCHUI OCAIKOB.
OpHaxo, eciii CpaBHUBATh KOJMYECTBO OCAJIKOB, 3TH COOTHOILEHUSI MEHSIOTCS. 3a OIUH
CHEroIaJ BbIagacT 00JbIlee KOJIMIECTBO OCAJKOB B MM BOZAHOIO SKBHBAJICHTA, YEM 3a
OHO COOBITHE BBHIMAJCHUS JICASHBIX UM WIH 00pa30BaHUS M3MOPO3H, MMOATOMY BKIIAJ
cHera B o0mmii 00beM aTMOC(HEPHBIX 0CAIKOB 3a TOA cocTaBisieT okoio 40 %. JlensHsie
UIVIBI COXPAHSIIOT Ty e A0t0 okoino 40-50 % BBUAY TOro, YTO OHU BBINAAAIOT YacTo. Jlis

12,1%
7,2 Mm B.3.
14 cobbiTnit

44,8%
8,95 mm B.3.
52 cobbiTna

43,1%
2,35 mm B.3.
50 cobbiTuit

m legAHble nrnbl N3mopo3b m CHer

Puc. 2. Pacipenenenne n cyMMapHOE KOJIMYECTBO (B MM BOZHOTO SKBUBAJIEHTA — MM B. 3.) Pa3HBIX
THUIIOB O0CAJIKOB B p0oOax, 0ToOpaHHbIX 3a nepuox 1998-2020 rr.

Fig. 2. Distribution and amount (in mm water equivalent — mm w. e.) of different precipitation types
at Vostok during the 1998-2020 period
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00pa3oBaHMs U3MOPO3H HYXKHBI 0COOBIC YCIOBHUS, CKOPOCTh POCTa U3MOPO3H JJOBOJIBHO
HHU3Kas, IOPTOMY B OOIIIEM TOOBOM OOBEME OCAJKOB Ha HETO MPHUXOMUTCS HEOONIbIIast
JloJis1, B cpeiHeM 0Koio 13 %. DT mpoueHThl MEHSIOTCSA U3 roja B IoJl — Hampumep,
B 2000 . 00beM U3MOPO3H B BOJHOM SKBUBAJICHTE OBLI paBeH 00bEMY BEIITABIICTO CHETA.
BBuay TOro uTo H3Mopo3b (POPMHUPYETCS B MAJIBIX KOIUUCCTBAX, €€ TOUHBIH 00bEM TPYIHO
M3MEpHTh. B MeTeopoornueckux Tadmuax o KOJHMYECTBE 00pa30BaBIICICS U3MOPO3U
3a4acTyl0 HET HUKAKOW HMH(OpMAIHU, TI03TOMY KOJIMYCCTBEHHBIC TAaHHBIC 00 M3MOPO3H
TpeOYIOT TPOBEPKU, B TO BpeMs Kak MH(POPMAIHS O 4acTOTE 0O0pa30BaHUs U3MOPO3H
(konm4ecTBe JTHEH, Korjaa HaOoIaIack H3MOpPO3b) OoJiee JOCTOBEPHA U HAICKHA.

T'ogoBoii X0 TeMIepaTypbl U U30TOIHOIO COCTABA

Ha puc. 3 npencraBieH TogoBoi X0 U30TOITHOTO COCTaBa Pa3HBIX THIIOB OCAJIKOB,
MMOCTPOCHHBIN Ha OCHOBE OTOOPAHHBIX 00Pa3IOB, M TOAOBOH X0/ IPU3EMHON TeMIIepaTyphl
BO3/yXa B JIHHU, KOTZla OTOMPANNCh OcaaKu. M30TOMHBINA cocTaB aTMOC(EpPHBIX OCAIKOB
3HAYMMO KOPPEJTUPYET ¢ TemrepaTypoi Bo3ayxa. CpeHecyTouHas TeMreparypa Bo3ayxa
Ha BBICOTE 2 M u3MeHseTcs oT —77,2 °C 3umoit 1o —22,9 °C nerom. Takoi romoBoi Xox
TeMITepaTypbl THIIYeH i [{eHTpanbHOi AHTApKTHIIBL. Pe3koe MOBEIMICHHE TeMITepaTyphl
B BECCHHUH CE30H CJICIYET 3a PE3KUM POCTOM WHCOJIIHH, & MAKCUMYM TEMIIEpPaTyphI
Ha0IIOMaeTcsl, Kak MpaBUJIO, B TICPBOH JIeKaje sTHBapsl BCKOPE IMOCIE MUKA WHCOJSIIHH
B KOHIIE AeKaOps. 3UMOI OTCYTCTBHE KOPOTKOBOIHOBOTO M3TydeHHs1 OT COITHIIA IPUBOAUT
K OTPHLATETHFHOMY paJHaIllHOHHOMY OallaHCY.

Kax BumHO U3 puc. 3, 3HaueHUs 0D m3MeHsI0TCs B Anana3one ot —561,1 1o —277.,4 %o,
(3nauenust 60, KOTOPBIE 31€Ch HE MTOKa3aHbl, — B mpeeaax ot —75 10 —34,4 %o). s kaxa0-
TO THUITa 0CAJIKOB PAaCCUYNUTAHBI CPETHAC 3HAUYCHUS H30TOMHOTO cocTaBa: 0D = —444.2+6,5 %o
uts nensHbIX ur, 0D = —480,0+5,7 %o ams uzmoposu u 8D = —395,2+10,7 %o ans cHera
(B KaueCTBE OTPEITHOCTH YKa3zaHa | cTaHmapTHas ommbKka cpeanero). [lomydyeHHbIe HAMU
JAaHHBIC CBHJCTEIBCTBYIOT O TOM, YTO CHET MMeeT 00Jiee BRICOKHE 3HAUCHHS H30TOITHOTO
COCTaBa, YeM JICMITHBIC MBI U H3MOPO3b. (3aMeTHM, UTO 3UMOH yIaloch 0TOOpaTh BCETO

20 -300
—TemnepaTypa Bo3ayxa  © JlefaHble UMb
M3mopo3sb ® CHer Al -350
o
&
© °
g -400 2
©
& om °
s
o -450
-60 | ?(
el i @
b . -500
il
-80 1 -550
0 100 200 300

[eHb B rogy
Puc. 3. T'ogoBoii X01 U30TOITHOIO COCTaBa OCAAKOB U IPU3EMHOM TeMIIepaTyphbl BO31yXa B IHU, KOT/1a
OTOHMPAIIICH OCATKH

Fig. 3. Seasonal cycle of isotopic composition of precipitation and near-surface air temperature on
the days when precipitation was collected
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oHy TpoOy CHera, B TO BpeMs KakK 00paslbl JCISHBIX UL H U3MOPO3H PACIIPEIICIICHBI
Ooyiee paBHOMEPHO IO BCEM CE30HAM roja.) B 1emoM H30TOmHBIN cOCTaB U3MOPO3H Ca-
MBI HU3KHUH, MOCKOJBKY OHA, KaK MPaBHIIO, BBIMIAJACT MPH 00Jice HU3KUX 3HAYCHUSIX
MIPU3EMHON TeMIIepaTyphbl.

OBCYXKJEHHE

JlokanbHast IMHUSI METEOPHBIX BOJ

Ee Ha 3ape pa3BuTHs U30TOITHOTO MeToZa ObUIO OOHAPYKEHO, YTO COJCpIKaHHE
neiitepus (D) u 0 B arMochepHBIX ocankax CBS3aHbI JHHEHHOW 3aBHCHMOCTBIO [S].
Bo BpeMst H30TOMHOTO (paknHOHUPOBaHUS MPH (Ha30BBIX Mmepexomax Moiekynst HD!'O
1 H,"®O BemyT ces cxoxum 06pa3oM, eCTh UL HeOOMbIIAs PA3HHUIIA B 3HAYEHHAX PABHO-
BECHBIX U KHHETHUECKHUX KOA(D(DUIIMEHTOB (PpaKkIMOHNPOBaHHs. 3aBUCUMOCTh KOHIIEHTpa-
WU JISHTepHst OT KoHIeHTpanuu 80, MOCTPOCHHAs TT0 JaHHBIM aTMOC(EPHBIX 0CaIKOB
CO BCEro MHpA, HA3bIBACTCs [I00AIBHOM JTHHUEH MeTeopHBIX Boj (8D = 8-6'0 + 10).
OnHako, CTPOro roBopsi, 3aBUCUMOCTh MexkIy 0D u 80 HenuHeliHa, 1 B 00IacTsIX ¢ HU3-
KOt TeMIepaTypoii KOHJICHCAIUK U, COOTBETCTBEHHO, C HU3KMMH 3HAYEHHUSIMH H30TOITHOTO
COCTaBa HAKJIOH 3TOM JIMHUM CTAHOBUTCS MEHbINE (puc. 4).
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Puc. 4. JlokasnpHast TMHASI METCOPHBIX BOJ IS PA3HBIX THIIOB OCAIKOB Ha CTAHIMK BocTOK
Fig. 4. Local meteoric water line for different precipitation types at Vostok station

Pesynbrarhl, npeacTaBieHHbIe HAa pHC. 4, TOKAa3bIBAIOT, YTO JIOKAJIBHAS JIMHUS MeTe-
OpHBIX BOJ AJ1s cTanimu BocTtok ¢ 1998 mo 2020 r. umeet ypaBHeHue 6D = 7,23-8%0 — 27
(R*> = 0,987) nast Bcex THIOB ocankoB. Takue Maible 3HAUYCHHUsI HAKJIOHOB XapaKTEePHBI
JUTSI BBICOKOIIMPOTHBIX PaifOHOB; YMEHBILICHHE HAKJIOHA JHUHEIHOH perpeccun 6D (3'%0)
IIPU JIBVOKEHUU OT TPUOPEKHOW 4acTh AHTApKTH/bI K BHYTPEHHUM O0JAaCTAM HaXOAUT
OTpa’kKCHUE B COOTBETCTBYIOIIEM yBeNu4eHUU 3HaueHus dxs [4]. Cambiil OoNbIION Ha-
KI0H 3aBucuMocTd 0D (8'°0) Habmromaercs s H3MOpo3H, OH paseH 7,36+0,15 (1o). dus
JIEISTHBIX WDV HAKJIOH 3TOM 3aBucuMocTH paBeH 7,02+0,13, anst cHera oH paBen 7,3+0,23.
OueBUIHO, YTO HAONIOAEMBbIE PA3JINYUs CTATUCTUYECKH HE 3HAUYUMEI. JeficTBUTENbHO,
MOXKHO OBUIO OBl O’KHM[IaTh, YTO HaUMEHbIIIEE 3HAYCHNE HAKJIOHA OyaeT HaOIIonaThes JUis
M3MOpO3H, KoTopast (hopMHUpyeTcst Tpy HanbojIee HU3KOH TeMIieparype Bo3nyxa. B padore
[4] nokanbHas! TMHUSI METEOPHBIX BOJ OMUCHIBAaeTCsl ypaBHeHHeM 0D = 6,5-6'°0 — 68,8 (R
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= 0,98), T. . HAKJIOH €¢ CYIICCTBCHHO MCHBIIIC TOTO, YTO MBI HAOIIFOIACM B JJAHHOM HC-
CJICIOBaHUH. DTO HEOXKUJIAaHHBIA PE3yIIbTaT, yUUThIBAs, YTO CPEJIHSIS TO0Bask TEMIIeparypa
Bo31yxa Ha Konkopauu Ha 1-2 °C Beiie, ueM Ha Boctoke.

Ce30HHBIC 0COOCHHOCTH M30TOITHO-TEMIICPATYPHOI 3aBHCHMOCTH
[Tockonpky B Hamiel 0a3e comepkaTcs JaHHBIC UTS IBYX ITOHBIX TOIOBBIX IIHKIOB
(2000 u 2017) u maHHBIC 3a NeTHUE ce30HHI ¢ 1998 mo 2020 r., MBI IMEeM BO3MOXKHOCTh
HM3YYUTh CE30HHYI0 M3MEHYMBOCTH 3aBHCHMOCTH M30TOITHOTO COCTaBa OT TEMICPAaTyphI
Bozayxa. Cieyer OTMETUTh, YTO MbI HCIIOJIb3YEM TEMIIEPATYPY BO3yXa Ha BBICOTE 2 M.
CaMmbIit 00BN 00BEM JaHHBIX IMECTCS T JICITHBIX UL Ha prc. 5 mokasana u30Tor-
HO-TeMIIepaTypHasi 3aBUCUMOCTb TS Pa3HBIX CE30HOB, TS MTOCTPOCHIS rpadyika UCIIONh30Ba-
Tmch 52 00pasia, comeprKamye TOIBKO JISASTHBIC HIIbL, 0e3 MPUMECeH IPYTUX THIIOB OCAIKOB.
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Puc. 5. Ce3oHHast ©3MEHYMBOCThH 3aBUCUMOCTH M30TOITHOIO COCTAaBa JIEASHBIX UMV OT MPU3EMHON
TEMIIEpaTyphl BO3ayXa

Fig. 5. The dependence of the isotopic composition of diamond dust on the air temperature for 4
different seasons

Ha puc. 5 pa3apiMu nBetamMn 0003HAYEHBI JIESHBIC UIVIBI, OTOOPaHHBIC B Pa3HbIC
ce3onbl. [To 23 obpa3mam JesIHBIX U, 0OTOOPaHHBIX 3UMOM, HE OBUTIO OOHApPYKEHO 3a-
BHCHMOCTH MEX]y H30TOITHBIM COCTABOM M TEMIIEPaTypoil, K03 HHUIIMEHT AeTePMUHALIIN
R?=10,01. DT0 HEOXKUTAHHBIN PE3YIBTAT, TIOCKOIBKY IMCHHO 3MMOM MEKITyCYTOUHAS U3~
MEHYHBOCTH TEMIIEPaTypbl OY4CHb BelnKa (prc. 3) ¥ MBI MOTJIM OBl OKHIATH OTPasKEHHS
9THX TEMIEPATYPHBIX KOJICOAHNH B U30TOITHOM COCTaBE JIEASHBIX M. EMMHCTBEHHBIM Ha
JAHHBII MOMEHT OOBSICHEHHEM OTCYTCTBUSI TAKOW CBSI3M ABIAETCA TOT (DAKT, UTO B JAHHOU
paboTe MBI HCIOIB3YeM MPHU3EMHYIO (Ha BBICOTE 2 M) TEeMIIEpaTypy BO3IyXa, TOTJa Kak
HM30TOIHEIN cOCTaB PU3NYECKU CBA3aH C d(P(PEKTHBHONW TEMIIepaTypoil KOHACHCAIIHH,
KOTOpast sl JESHBIX WV MPUOIM3NTENIbHO paBHA CPEIHEH B3BEIICHHOW TeMIleparype
BO3/lyXa B CJIOE€ MHBEPCHUH, HO OIMKEe K TEMIIEpaType ero HauOoiee TEIUIOro BEPXHETO
ciost. K cokanennto, Ha cTaHuyi BocTOK He MPOBOAATCS a3pOJIOTHIEeCKNe HAOMIOACHMS,
MI03TOMY MBI HE UMEEM BO3MO)KHOCTH COITOCTABHTH M30TOIHBIA COCTAB JICISHBIX WIII
C TeMmIeparypoii B cioe nHBepcun. OHAKO U3BECTHO, YTO UIMEHHO B 3UMHUII CE30H pa3-
JIMYMe MEXIy TeMIIepaTypol Ha BEpXHEH M HW)KHEW IpaHMIle WHBEPCUU MaKCUMaJbHO
u Moxet pocturats 30—40 °C [6], Torga Kak JeTOM OHO MPAKTHYECKH PABHO HYIIO.
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s BecenHero nepuozaa Mbl HaOmonaeM koadduiment nerepmunanuu 0,77, KoTo-
PBIii HE SBJISCTCS 3HAYUMBbIM, TaK KaK BECEHHsISI BHIOOPKA COCTOMT JIMIIb U3 TPeX 00pas3IoB.
JletHsis BBIOOpKA COMEPkUT 15 MpoO, HAKIOH M30TOIMHO-TEMIICPAaTyPHOU KPUBOH paBeH
5,3443,11, 310 camblii OOJBIION HAKIIOH CPEIU BCEX CE30HOB, KOPPEISIHMS U30TOITHOTO
cocTaBa M TEMIIEPaTyphl IS 3TOM BHIOOPKH 3HaUMMa. M30TonHO-TemneparypHasi KpuBas
3a OCEHHMH NepHroj uMeeT HakioH 2,1+1,3 mo 11 oOpa3snam, koppersus 3Haunma. Yep-
Hasl JIMHUS Ha rpaduke — JIMHEHHAs perpeccusi, TOCTPOSHHAs! I BCEX CE30HOB BMECTE,
HaKJIOH 3TOH JIMHUM paBeH 2,93+0,51, ko3hpunueHT neTepMUHAMKN 3HaYUM U PaBeH
0,73. HaknoHbI TUHUHA perpeccuil 3aBUCUMOCTH M30TOIHOIO COCTaBa JEASHBIX UM OT
MPU3EMHON TeMIIEpaTypsl IO C€30HaM pa3IMyaroTCs He3Ha4MMO. Pa3sHHIa B HAKJIOHAX
MOXKET OBITh BBI3BaHa CE30HHBIM XOJIOM MHTEHCUBHOCTH MHBEPCHH, TOCTHTAIOIIEH CBOETO
MaKcHMyMa B 3UMHHMI TMEPHOJ, TAaKXKe Pa3HUIA B HAKJIOHAX MOXET OBITH 00yCIIOBJIECHA
HU3MEHEHUEM TPAEeKTOPHUH JBUKEHUS! BO3AYIIHBIX Macc.

Me:xce30HHbIE U3MEHEHUSI B U30TOIMHO-TEMIEPATyPHON 3aBUCUMOCTH OTMEUYECHBI
U B JIPYTHX HMCCIIEIOBAHMAX, HO Oe3 pasziesneHust 00pas3LoB 110 THIIaM OcaJikoB. B pabore
[7] npezacTaBieHsl clienyonKe HAKIOHBI H30TOMHO-TeMIepaTypHoi 3aBrucuMocT 6'°0(T)
Juist npubpeskHoi cranimu Hoiimaiiep: 0,58+0,03 (R? = 0,86) mwis BecHsl, 0,68+0,06 (R? =
0,71) ms nera, 0,63+£0,04 (R* = 0,83) mis ocenn, 0,48+0,03 (R? = 0,75) s 3umbl. DTH
pe3yabTaThl OATBEPIKAAIOT, YTO CaMble BBICOKHME 3HAUYCHMs HAKJIOHA HAOJIONAIOTCS Jie-
TOM. ABTOPBI PaOOTHI [7] OOBSCHSIOT BHICOKHE JIETHHE HAKJIOHBI CMEIIEHHEM HCTOYHUKA
BOJISIHOTO TMapa K OImKalIuM prOpeKHBIM palioHaM.

Jlis cHera 1 U3MOPO3U Y HAC HEIOCTATOUHO JAHHBIX JUISl H3yUEHHs BHYTPUTOA0BOM
n3MeH4YMBOCTH. B Hamreit 6ase maHHbIX ecTh 14 00pasioB cHera Oe3 mpumecel Jpyrux
TUIOB OCAJKOB U Mo3eMKa. HakI0H M30TOMHO-TeMNIepaTypHOi 3aBUCUMOCTHU JUIsI CHEXK-
HBIX 00pa3uoB paseH 2,32+1,34, koaddunuent gerepmunanuu paset 0,54 (puc. 6), a s
uzmoposu 2,52+0,35 (R*> = 0,54).

B nenom Bce Tpu 3HaUEHUS HAKJIOHOB JIMHUH PErPECCUH U30TOMHO-TEMIEPaTypHOI
3aBHCHUMOCTU HECYLIECTBEHHO OTIMYAIOTCS APYr OT Apyra. [l JeisHbIX UIN HAKIOH
pased 2,93+0,51, nnsa uzmoposu 2,52+0,35, nnsa cuera 2,32+1,34. [Ipakruueckoe co-
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-500,0 Re=10,7297
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-80 -70 -60 -50 -40 -30 -20

Temnepatypa,’C

Puc. 6. M3oTonHo-TeMneparypHasi 3aBUCUMOCTb AJIsl JISASHBIX UITI, H3MOPO3H U CHETa IO BCEM
CE30HaM rofa

Fig. 6. The isotope-temperature relationship for diamond dust, hoar and snow based on data from
all the seasons
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BITaJICHUC 3HAYCHUI HAKJIOHOB B YPaBHCHUSIX JIMHCWHOW PETPECCHM UISI JICASHBIX U
W U3MOPO3U MOXKET HABECTH HA MBICIIb, YTO TEMIICPATypbl KOHJACHCAIMH JIJIS ATHX JIBYX
TUIIOB OCaaKoB Onm3ku. Ho 3TO He eMHCTBEHHBIN (aKTOp, YTO BIHSCT HA W30TOIHBIN
COCTaB, — 3HAYUTEIHHOC BIUSHHE OyIET OKa3bIBaTh TAKXKEC HAYAJIbHBIA H30TOIHBIN CO-
CTaB BJIArH, YYAaCTBYIONICH B 00pa30BaHUN Pa3HBIX THUIIOB OCAJKOB.

Taxoke Ha puc. 6 UHTEPECHO OTMETUTh, YTO M30TOIHBIN COCTaB CHEXKHBIX OCAIKOB
BBIIIIC TIPU TOM JKE TEMIICPAType, YeM H30TOIHBINA COCTaB IBYX JAPYTUX THIIOB OCAIKOB. DTO
MOYET CBUJICTCIIHCTBOBATH O TOM, YTO JJIs CHera A(QEeKTUBHAS TEMIIepaTypa KOHICHCAIIUT
(KoTOpast NpUOIH3UTEIBHO paBHA TEMIICPAType Ha HMKHEH TPaHUIE 00JaYHOCTH) BHIIIIC,
yeM JUIsl JIESHBIX UL U U3MOPO3H [6].

CpaBHeHHe 3aBHCHMOCTH H30TOITHOTO COCTABA aTMOC()EePHBIX 0CA/IKOB
OT TeMIIepaTypsl HA cTaHIUH BOCTOK ¢ IPyruMH CTAHIUAMHU B AHTAPKTH/IE

B mpeapnymux pasznenax mMbl onucany 3asucumMocts 0D (T) st pa3HeIX THIIOB
0CaJIKOB M JUIS PAa3HBIX BPEMEHHBIX NPOMEXYTKOB. [l CpaBHEHHUsI C IPYyTUMH HCCIe-
JOBaHUSAMH MbI MOCTPOMIH 3aBUCHMOCTh 0'*0 (T) i pasHBIX THIIOB OCAJIKOB M IS
Bcex ocakoB BMecte. 3aBucumoctsb %0 (T) Ha BocToke [uis BceX THIIOB OCAJIKOB 110
HUMEIOLIMMCS Y HAC JaHHbIM umeeT HakiIoH 0,41 %o °C™' (R* = 0,8, n = 198). DroT Ha-
KJIOH OJIM30K K TOMY, 4TO ObII mony4eH Ha cranunyu Konkopaus (Kymon C) B pabore [§]
3a 2008-2011 rr.: 0,46 %o °C' (R* = 0,65, n = 1111), u K TOMY, 4YTO IOJYyYCH Ha CTaH-
uun Konkopaus B padore [4] 3a 2008-2010 rr.: 0,49+0,02 %0 °C ' (R* = 0,63, n = 500).
B pa6ore [9] anst craHumu Boctok mosyden HakioH 0,35 %o °C™' mo oOpasuam, KOTopbie
oroupamuck B 1999-2000 rr. Ha crarnuu ®Oymxu B padote [10] HAKIOH H30TOIMHO-TEM-
nepatypHoii 3aBucumoctH paseH 0,78 %o °C™!' (R* = 0,78), oH 3aMeTHO OOJIbIIIe, YEM TOT,
YTO MONYYCH B TeKymiei padore. biu3 cranmun Holimatiep (mpuOpeskHas CTaHIST) HAKIOH
H30TOIHO-TEMITepaTypHOi 3aBucuMocTH paseH 0,58 %o °C' (R? = 0,89) [11]. Pa3opoc
MEXIy 3HAUCHUSIMH HaKJIOHA M30TOITHO-TEMIIEPAaTyPHON 3aBUCHMOCTH Ha Pa3HBIX CTaH-
LUSIX CBSA3AH C TEM, YTO BO3YIIHBIC MAacchl (POPMHUPYIOTCS B Pa3HBIX MECTaX U MUMEIOT
pa3yInyuHbIC TN AUCTHULINH, TAKXKE BIUSHAC OKa3bIBAIOT JIOKAJIbHbBIC KIMMaTHIECKUE
YCJIOBHSI, HAIIPUMEP KOJIeOaHHsT MEXIy MPU3EMHOM TeMIIepaTypoil 1 TeMIepaTypoil B cioe
WHBEPCUH. 3HAYCHUSI HAKJIOHOB M30TOITHO-TEMIIEPATYPHON 3aBUCHMOCTH JUISl CTAaHIIMN
Boctok n Konkopans cxoxu, Kak M KIMMaTHYECKUE yCIOBHS HA 3TUX CTaHLIUX. PasHnia
B 3HAUCHHSX HAKJIOHA co cTaHuuel Hoiimaliep oObsicHseTCs ee PUOPEKHBIM MOJII0KEHUEM,
TaK Kak B 00pa30BaHUM OCAJIKOB HA NPUOPEKHBIX CTAHIMAX OOJIBIIOE YIaCTHE IPHHUMAET
MECTHAs BJIara, TAK)Ke TaM OOIIbINe OIS 0CaAKOB M3 0OIAKOB.

Taroke 3aBucumMocTb 8'%0 (T) ObuIa TOCTPOCHA OTACIBHO ISl KAXKIOTO BHIA OCAIKOB,
0TOOpaHHBIX Ha cTaHu BocTok. B mccnenoBanmm, npoBeieHHOM Ha cTaHuy KoHKopays
[4] B Teuenne 2008—2010 rr., To>ke OBbLIa HCCIICIOBaHA H30TOITHO-TEMIICPATyPHAST 3aBUCH-
MOCTB JUISl JIASHBIX UV, ©»3BMOPO3H U CHEra oTenbHO. COIIacHO HAIIMM pacyeTaM, HaKJIOH
H30TOITHO-TEMITCPATYPHOI 3aBUCUMOCTH JUTsl JISASHBIX Uri paBeH 0,42 %o °C! (R?= 0,73,
n = 152), Ha craniuu KOHKOp/Ms HAKIOH Juts JieasHbix uri pased 0,47+0,03 (R* = 0,71,
n = 105). HakiioH H30TOMHO-TEMIIEPATypHOH 3aBUCHMOCTH IS JIASTHBIX UIJT B 00E€UX
paboTax JI0BOJILHO CXOX U €T0 3HAUYCHHE SIBJISICTCS] CAMBIM OOJIBIIMM B CPABHEHHH C APY-
TMMH THIIAMH 0CaKOB. HakIIOH M30TOIMHO-TEMIIEpaTypHOH 3aBUCHMOCTH ISl H3MOPO3H
Ha craniuu Bocrok paseH 0,33 %o °C™' (R*> = 0,78, n = 50), Ha cranuuu KoHkop/us o
pasen 0,48+0,04 %o °C! (R* = 0,44, n = 159). luTEpeCHO OTMETUTH, YTO, B TO BPEMsI KaKk
CaMblii BBICOKHH KO3((HUINEHT AeTepPMUHALIMY B Halleld paboTe MpUHAUIEKUT BEIOOPKE,
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CoCTOsIICH U3 00pa3IoB U3MOPO3H, B padote [4] 3Ta BEIOOpKA MMEET CaMbIil HU3KUH KO-
3¢ ¢unueHT gerepMuHanui. HakIIOH H30TOITHO-TEMIIepaTypHOW 3aBUCUMOCTH JJIsl CHETa
Ha craniuu Bocrtok pasen 0,3 %o °C! (R* = 0,45, n = 14), Ha cranuun KoHkopaus oH
pasen 0,45+0,04 %o °C' (R* = 0,60, n = 98). Camoe mMajoe 3HaYCHHE HAKIOHA U3 BCEX
TUIIOB OCAJIKOB B 00OMX HMCCJIEIOBAHMAX IMOJYYEHO JuIsi o0pasnoB cHera. /lyis Hamero
HCcIe0BaHus 00pa3ibl COOMpPaINCh HEPABHOMEPHO 110 CE30HaM, M Y HaC HEJJOCTaTOYHO
JAHHBIX JUIs cHera (Bcero 14 00pasiioB), 4To BIUSACT HA HAKIIOH H30TOITHO-TEMIICPATy PHOI
3aBUCHMOCTH JUISI 3TOTO THIIA OCAJIKOB U €€ JOCTOBEPHOCTb, YTO MOXKET OBITH NMPHYMHON
Pa3HUIIBI MEXKTy 3HAUCHHECM HAKJIOHA N30TOITHO-TEMIIEPATYPHOM 3aBUCUMOCTH TSI CHEeTa
Ha cTaHnuu BocTok u st cHera Ha ctaHiun KoHKopaus.
3AK/IIOYEHHUE

B manmoii paboTe OB HCCIeI0BaH M30TOMHBIN COCTaB aTMOC(EPHBIX OCAJKOB Ha
crarnu BocTok 3a 1998-2020 rr. [ kakq0T0 THIIA 0CaIKOB PACCUUTAHBI CPETHIE 3HA-
YEHHMS U30TOMHOTO cocTaBa: 0D = —444,246.5 %o mis nensasix uri, D = —480,0+5,7 %o
Jutst u3mMopo3u u 0D = —395,2+10,7 %o s cuera. 3aBucumocts 0D (8'%0) onmchiBaeTcs
ypaBHeHHEM y = 7,23-x — 27. I30TOIHEIA COCTaB 0CaIKOB 3HAYNMO KOPPEITUPYET C TIPH-
3eMHOH TeMIeparypoii Bo3ayxa. Jms kKaxIoro Tuma ocaJkoB OblTa M3ydeHa 3aBHCHMOCTh
M30TOIMHOIO cOCTaBa OT IMPU3EMHOM TeEMIIEpaTypbl, HAKJIOHBI JIUHUN PErpeccuil 3TUX
3aBUCHMOCTEH pazmudaroTcs He3HaunMo: 2,93+0,51 mus mexsaprx wur, 2,32+1,34 ms
cuera u 2,52+0,35 nns m3mopo3n. Ce3oHHAs U3MEHYHBOCTH M30TOITHO-TEMIIEPATyp-
HOM 3aBUCHMOCTH HCCIIE/IOBAHA HA MIPUMEPE JICASHBIX UIT. 3UMOM, 10 HAIINM JaHHBIM,
B3aMMOCBSI3b MEXJIy M30TOIHBIM COCTaBOM OCAJIKOB M TEMIIEpaTypoi BO31yXa HE Ha-
6monaercs. TpeOyroTcs JOMONHUTENBHBIE JaHHBIC, 9TOOBI MMOITBEPAUTH OTCYTCTBHE
KOPPEISIMN MEXTy H30TOIIHBIM COCTaBOM OCAJIKOB 1 TEMIIEPaTypoil moBepxHOCTH. JleT-
HUH CE30H UMEET CaMbIif OOJBII0I HAKIIOH U30TOMHO-TEMIIePaTypHON 3aBUCHMOCTH, OH
paseH 5,34+3,11. HakmoH ais oceHHEro repuoaa paseH 2,1+1,3, s BeceHHero nepruoaa
y Hac HEOCTATOYHO JAHHBIX I aHaN3a. Takke ObUIO OOHAPYKEHO, YTO M30TOMHBIN
coctaB 00pa3IoB, OTOOPAHHBIX BO BPEMSI METENH, OTIIMYACTCA OT M30TOIHOTO COCTaBa
00pasIoB, COAePKAMNX YUCTHIE OCAIKHA. JTH 00pa3Ibl OBLIO PEIICHO MCKIIOUHTH U3
IaJILHEHUIIIETO aHaInu3a.

B manpHelmeM IuIaHUPYETCsl UCMONb30BATh MOACIMPOBAHNE [T PEKOHCTPYKIMN
HaYaJbHBIX KIMMAaTHUECKUX YCIOBUI M peaHanmn3 Ut 0oJee AeTalIbHOTO U3yUeHUS HCTO-
pun OPMHUPOBAHUS H30TOITHOTO COCTaBa HEKOTOPHIX 00pasioB. Takxke ocoboe BHUMaHHUE
Oynet yneneno napamerpam dxs u "O-excess Ui H3yUeHUs YCIOBUI B HICTOUHHKE BIIATH.
[Tornmanme Toro, Kak (POPMHUPYETCS H30TOITHBIH COCTAB PA3HBIX TUIIOB OCAIKOB, TOMOKET
C/IeNaTh HHTEPIPETAINIO JAHHBIX JISHBIX KEPHOB 00Jice KOPPEKTHOM. .

Konguukt nnrepecoB. KOHQIMKT HHTEPECOB OTCYTCTBYET.

®uHaHcupoBaHue. JlanHas pabdoTa 6puta monaepkana PoccuiickuM HayqHBIM (OH-
nom, rpadT Ne 21-17-00246.

BaarogapHocTu. ABTOPHI CTaThH OJarofapHsl pyKoBoACTBY PAD 3a moructudeckoe
obecriedeHne ISIUOIOTHIESCKUX HCCIEIOBAaHUI B paiioHe cTaHmMH BOCTOK, a Taxxke
BCEM ydacTHUKaM 44-#, 45-i, 52-i, 62—65-it PAD 3a yuacTue B moneBbIx paborax, 0co-
Oyto OmaromapHOCTh BhIpakaeM Buktopy Ilepckomy u Butammio 3aposgarckomy 3a coop
ocankos B 2000 u 2017 rT.

Mg Taroke Omarogapum cotpyaankoB LSCE, Mactutyta Hunbca bopa 3a Beimomse-
HHE MaCC-CIIEKTPOMETPHUYECKUX N3MEPEHUI H30TOITHOTO cocTaBa 00pa3ioB. 1 Gmaromapum
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Summary

The sedimentary basins of the north-western Weddell Sea are characterized by a variety of contourite drifts. This
study is aimed at their identification, spatial mapping and temporal evolution and based on the integration of a
large amount of seismic data collected by different countries including the recent data of the Russian Antarctic
Expedition. Most of the drifts in the region being studied are classified as separated, confined, plastered or
sheeted. The chain of sediment wave fields is mapped in the western and northern Powell Basin. The earliest
contourite drifts started to form in the Early Miocene or, possibly, in the Late Oligocene. The changes in the
depositional pattern in the Middle Miocene and then in the Late Pliocene are thought to have resulted from
successive intensification of the bottom currents.
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INTRODUCTION

Bottom currents impact sedimentation processes in that they can form contourite
drifts that reach hundreds of km in length, tens of km in width and 2 km in thickness
[1]. Contourite drifts are seismic facies generally formed in the deep-sea basins, along
continental margins due to the force of the bottom currents [2]. Buried contourite drifts,
lying at different stratigraphic levels, allow interpreting the direction and energy (relevant
speed) of the bottom currents in the geological past.

Contourite drifts can be classified as separated, confined, plastered or sheeted depending
on their morphology and depositional environments [3]. Separated drifts develop at the foot
of steep slopes and are separated from the slope by channel-like features (often called moats
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in scientific literature), representing the flow-path of the bottom current. Confined drifts are
deposited in confined conditions in between bottom uplifts and can have a slightly convex
shape. Plastered drifts are found on gentle slopes swept by bottom currents. Sheeted drifts
cover wide areas and have a slightly mounded relief, thinning out towards the margins.
They are characterized by low-amplitude discontinuous reflectors [4]. Contourite drifts do
not have distinct boundaries and often undergo a smooth transition from one type to another
[2]. Drifts can rework turbidites, thus forming a mixed type of deposits.

Drift morphology is controlled by the basin relief, speed and duration of the bottom
current, and the amount of the transported sediments [2]. Changes in the oceanographic
conditions are reflected in the seismic record within the contourite drift body [5]. Large-
scale drifts usually migrate in the direction of the bottom current flow. In certain cases,
bottom currents form bedforms known as sediment waves. However, the presence of
sediment waves in general is not diagnostic of contourite drifts as they can also be formed
by turbidity flows [3]. If a current intensifies (often along steep slopes), it can lead to
the absence of sedimentation along the current core or even to the surface erosion [2].
The main aim of this paper is to study along-slope sedimentation processes in the north-
western Weddell Sea (Fig. 1), to map the areal distribution of the contourite drifts and to
reconstruct the water-mass circulation pattern in this region in the Late Cenozoic through
the analysis of contourite drift parameters and distribution.

The north-western Weddell Sea includes four sedimentary basins: the younger part of
the Late Mesozoic to Cenozoic Weddell Sea Basin, the northernmost extremity of the Larsen
Basin located on the Antarctic Peninsula margin, the Powell Basin and the Jane Basin. The
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Fig. 1. Multichannel seismic profiles collected by different countries in the north-western Weddell
Sea. Thickened lines show position of seismic sections presented in Figs. 3, 5 and 6.

1 — Japan, 2 — United Kingdom, 3 — Italy, 4 — USSR, 5 — Russia, 6 — Spain. The red dots with numbers
are drill-holes of the Ocean Drilling Project (ODP)

Puc. 1. Ceiicmuaeckue npodumun MOB OI'T, BeITOTHEHHBIE pa3HBIMU CTPAaHAMHE B CEBEPO-3aIIaHON
yacTu Mopsl Yaajeiuia. Y TONIIEHHBIMY JINHUAMU [IOKAa3aHO MOJIOKEHUE CEHCMUYECKUX Pa3pes3oB,
KOTOpBIE IEMOHCTPUPYIOTCS Ha pHC. 3, 5 1 6.

1 — Slnonwust, 2 — Benukobpuranus, 3 — Uranus, 4 — CCCP, 5 — Poccus, 6 — Vcnanus. KpacHoit Toukoit
MOKa3aHbl CKBaKHHBI, TPOOYPEHHBIE 10 TPOEKTY IITyOOKOBOIHOTO OypeHHs
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latter two formed in the back-arc geodynamic settings as a result of the convergence of the
lithospheric plates in the Late Eocene — Miocene [6]. The sea-floor spreading in the Powell
Basin lasted from ca. 30 to 22 Ma [7], and in the Jane Basin — between 20 and 14.5 Ma [6].
On the north and the west, the basins are bordered by the submerged continental blocks of
the South Orkney Plateau and the South Scotia Ridge. The Jane Basin is separated from the
Weddell Sea Basin by the Jane Bank representing a paleovolcanic arc (Fig. 1).

The research area is covered by quite a large number of seismic profiles, collected
by different countries over the last few decades, and 3 boreholes were drilled there within
the Ocean Drilling Program (ODP) Leg 113 [8] (Fig. 1).

OCEANOGRAPHIC FEATURES

The depths in the Powell and Jane Basins range between 2 500 and 3 500 m (Fig. 1).
The eastern part of the Powell Basin and the Jane Basin are characterized by numerous
basement rises and ridges. The chain of elongated ridges at the southern border of the Jane
Basin is a magmatic arc, known as the Jane Bank (Fig. 1). The north-western Weddell Sea
is involved in the cyclonic (clock-wise) water circulation of the Weddell Sea known as the
Weddell Gyre, which is controlled by the prevailing winds and basin relief [9] (Fig. 2).
A proto-Weddell Gyre might have already existed from the Early Oligocene and could
have formed as a result of the Drake Passage opening [9]. The water mass in the north-
western part of the Weddell Gyre is composed of 3 layers. The upper layer is represented
by the surface water; a layer of deep waters lies below it, and water masses deeper than
2000 m represent the Weddell Sea Bottom Waters (WSBW) [10, 11].

The WSBW are generated in the southern Weddell Sea, where the meltwater from the
Ronne and Filchner ice shelves cools down the ocean water, which sinks to approximately
2000 m depths and mixes with the lower fraction of the Antarctic Circumpolar Current
(ACC) [11]. The Powell basin is swept by one of the fractions of the WSBW: the water
moves clock-wise and leaves the basin through the gaps at the northern margin. The Jane
tia Sea

A

Weddell Sea

Fig. 2 Water circulation in the north-western Weddell Sea (Modified from [10]).

1 — Weddell Sea Gyre, 2 — Weddell Sea Bottom Waters. PB — Powell Basin; JB — Jane Basin, SOP — South
Orkney Plateau

Puc. 2. Cxema BOIHOM IIUPKYIISALNH B CEBEPO-3aI1aAHOM YacTi Mops Yauemia (o [10] c u3sMeHeHnsIMu).

1 — Kpyrosopot ¥Yannena, 2 — 1oHHBIE BoAbI Mopst Youaemna. PB — Gacceitn [Tayasmn, JB — 6acceiin [Dxeiin,
SOP — FOxHo-OpkHeiickoe miaro
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basin is swept by another fraction of the WSBW, which moves along the foot of the South
Orkney Plateau and passes into the Scotia Sea. The main WSBW branch flows along the
Jane Bank into the Weddell Basin [10] (Fig. 2). Deep-water circulation is crucial in the
contourite drift formation [3]. Bottom currents are driven by thermohaline, wind or tidal
forces and may occur on the shelf, slope and in the basin environments [12]. When bottom
currents flow along isobaths, they can also be referred to as contour currents.

SEISMIC STRATIGRAPHY AND DRIFT DEVELOPMENT (PRIOR RESEARCH)

Different seismostratigraphic models have been suggested for the north-western Weddell
Sea. King et al. [13] have described 2 units in the post rift sedimentary cover. They suggest that
the upper unit has developed since the Late Miocene in conditions of the growing Antarctic
glaciation and under the influence of the bottom currents. A more detailed description was
made by Coren et al. [14], who distinguished 4 seismic units. The two upper units in their
seismostratigraphic model formed in the Early Miocene — Early Pliocene and Early Pliocene —
Quaternary, accordingly. The authors did not suggest the genesis of the units.

Viseras and Maldonado [15] identified 5 seismic units and 10 seismic facies within
the Powell Basin, representing different stages of the basin evolution and environment
changes. According to their interpretation, the 3 upper units formed under the influence of
the Antarctic Peninsula glaciation and terrigenous sediment input since the Early Miocene
(ca. 21 Ma). The boundaries between the units represent episodic global cooling in the
Late Miocene and Late Pliocene. Gravity flows are well-developed within the 3 upper
units [15]. The authors link the contourite drifts formation to the development of the
Antarctic Bottom Waters (AABW) from the Early Miocene [15].

Maldonado et al. [10] identified 4 regional seismic reflectors (horizons) — “a”, “b”,
“c”, “d” in the north western Weddell Sea. They used depositional rates of the surface
sediment cores and the ODP boreholes for chronostratigraphic interpretation and estimated
the ages for these horizons (up-section from “d” to “a”) as 18, 12.2-12.0, 7.2-6.5 and
3.7-3.3 Ma. The authors also presumed that the bottom currents were initiated in the Early
Miocene and intensified in the Late Miocene. They note that, in contrast to the Powell
Basin, gravity flows are poorly developed in the Jane Basin.

The contourite drifts in the north-western Weddell Sea have been previously described in
several studies [10, 11, 16]. Pudsey [11] suggests that the contourite drifts in the Powell Basin
are located at its margins, while the central part is covered by turbidites. Maldonado et al. [10]
identified a variety of drifts in the Jane Basin including basement/tectonic controlled drifts (as
a specific new type), which result from the irregularities of the basement surface. According to
Pudsey [11], the contourites in the north-western Weddell Sea are mostly fine-grained, except
for the NW margin of the Larsen basin, where they are comprised of sandy sediments. In the
north-western part of the Powell Basin, fields of sediment waves were revealed [11, 13, 16].

METHODS

The study is based on the multichannel data collected in 2018 by the Russian Antarctic
Expedition (RAE) using the RV “Akademic A. Karpinsky”, as well as data from Italian,
Spanish, British and Japanese expeditions, available from the Antarctic Seismic Data Library
(SDLS, https://sdls.ogs.trieste.it). Additionally, paper copies of seismic sections acquired in
1990 by the Marine Arctic Geological Expedition [17] were used for joint interpretation.

The recently collected Russian multichannel seismic data were acquired using
DigiSTREAMER 2D seismic equipment. The length of the streamer was 7000 m with
560 seismic channels located 12.5 m apart. Seismic data processing included the following
stages: velocity analysis (every 5 km), stacking, amplitude recovery, band pass filtration
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(6-8-80—120 Hz) and automatic gain control. Parameters of data acquisition and data
processing for other surveys can be found on the SDLS website (https://www.scar.org/
sdls/). The seismic profiles were interpreted in the Kingdom software.

RESULTS

The sedimentary cover is spread unevenly within the basins and reaches 2.5-3 km
in thickness. Previously suggested seismostratigraphic models have been revised based on
the new seismic data collected in the Russian Antarctic Expedition and analysis of all the
other available seismic profiles. As a result, 7 seismic horizons have been identified in the
north-western Weddell Sea: P1, P2, PJ3, PJ4, PJ5, PJ6, PJ7 (the P index is used for the
Powell Basin, J] — for the Jane Basin and PJ — for both basins if the horizons are traced
continuously). The horizon ages were presumed on the basis of the drilling data, the main
tectonic and paleogeographic processes in the region evolution [7, 8] and following the
interpretation by Maldonado et al. [10]. The horizons P1 and J1 are break-up unconformities
and correspond to the start of sea-floor spreading at approximately 30 Ma in the Powell
Basin and 20 Ma in the Jane Basin, respectively. The formation of P2 is linked to the end of
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Fig. 3. Seismic stratigraphy and types of contourite drifts in the Powell and Jane basins: separated

drift (a), confined and basement-controlled drift (b), sheeted drift (c), plastered and mixed drifts (d).

See Fig. 1 for location.

1 — bottom currents flowing from the observer, 2 — bottom currents flowing towards the observer. Ages of seismic
horizons: P2 — 20 Ma, PJ3 — 18Ma, PJ4 — ca. 14.5 Ma, PJ5 — 14.0-12.0 Ma, PJ6 — 7.2-6.5 Ma, PJ7 —
3.7-3.3 Ma. The original names of the seismic profiles are shown at the lower right corners of the seismic sections

Puc. 3. CelicMuueckast cTpaTurpadust ¥ THITEI KOHTYPHTOBBIX IpudToB B 6acceiinax [Taysmr u Jkeitn.
[Nonoxenne nmpoduiei mokaszaHo Ha puc. 1

1 — OHHBIE TEUCHHS, HATIPABICHHbIE OT HaOmonaressi, 2 — JOHHbBIE TCUCHNUS, HATIPABICHHBIC K HAOTIOIATEITIO.
Bospactel celicMuueckux ropu3zoHToB: P2 — 20 muH nert, PJ3 — 18 mun ner, PJ4 — 14,5 mun ner, PJS —
14,0-12,0 mun net, PJ6 — 7,2-6,5 mutH net, PJ7 — 3,7-3,3 muH net. B npaBoM HIKHEM YTy KQKIOTO paspesa
yKa3aHO Ha3BaHHE MPOGHIIS
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Fig. 4. Distribution of moats and recent contourite drifts in the north-western Weddell Sea.

1 — separated drifts, 2 — mixed drifts, 3 — plastered drifts, 4 — confined drifts, 5§ — system of current-controlled
deposits with prevalence of sheeted drifts, 6 — sheeted drifts, 7 — debris flow deposits overlain by the horizon PJ6,
8 — moats and direction of focused bottom currents, 9 — paleomoats (see Fig. 6 for their stratigraphic position) and
direction of bottom paleocurrents, /) — modern submarine channels, // —fields of sediment waves (developed mostly
above the horizon PJ6), /2 — deep-sea ridges and rises, /3 — buried ridges/rises. Notes: the sketch shows recently
formed and modern contourite drifts which are expressed in the sea bottom, but most of them inherit older drifts

Puc. 4. Cxema pacpocTpaHeHHNs KaHATIOB U MOJOJBIX KOHTYPHTOBBIX APU(TOB B CEBEPO-3ariaHOM
yacTH Mops Yajiena.

1 — otnenennble ApUdTHI, 2 — CMeIaHHbe APUGTHI, 3 — ruacTepHbie IpUGTHI, 4 — OrpaHHYeHHbIC APHUDTHI,
5 — oca/IkH, HaKaIUIMBaBLINECs MOJ] JIEHCTBUEM JIOHHBIX TEUEHHUH Pa3HON MHTEHCUBHOCTH, C IpeodiiajaHueM
HOKPOBHBIX JAPU(TOB, 6 — MOKPOBHBIE JPUPTHI, 7 — OTIOKEHHUS 0OJOMOUYHBIX NOTOKOB (110j1 rpanureii PJ6),
8 — KaHanbl M HanpapieHHs CHOKYCHPOBAHHBIX HMPHIOHHBIX TEUCHHH, 9 — MayeoKaHalbl ¥ HAIPABICHUS
naneoredeHuit, /() — COBpPEMEHHBIC MOJBOJIHbIC KaHaJIbl, // — MOJIs 0Ca04HbIX BOJH, /2 — ITyOOKOBOIHbIC
nofHsTHs, /3 — norpedeHHbie XpeOThl/moAHsTHs. [l0Ka3aHHbBIC KOHTYPHUTOBBIC IPUQTHI TIPOSBICHBI B MOPCKOM
JIHE U HMEIOT OTHOCHTENIBHO MOJIOJ0H BO3PACT, HO PAKTHYECKUE B3/ HACIEAYIOT Oosee IPEeBHIE KOHTYPUTHI
spreading in the Powell Basin and the start of spreading in the Jane Basin at approximately
20 Ma. PJ3 corresponds to the reflector “d” of [10]. It represents an erosional surface and
can reflect the intensification of the bottom currents in the area at approximately 18 Ma.

The horizon PJ4 has not been identified before. It is a continuous boundary marking
a visible change in the seismic pattern. PJ4 onlaps the extinct ridge in the Jane Basin and so
can correspond to the end of sea-floor spreading at approximately 14.5 Ma [6]. The horizon PJ5
marks the changes in the acoustic pattern, which are thought to have been caused by transition
from temperate/cold to polar conditions in Antarctica and the glaciation of West Antarctical4—12
Ma [8], i. e., we believe that the age span for this horizon is wider than that proposed by [10].
The horizons PJ6 and PJ7 in our model are similar to those identified by [10], and they are
labeled “b” and “a”, respectively, so we suggest the ages 7.2-6.5 and 3.7-3.3 Ma for them.

Contourite drifts of different types are widely distributed in the north-western
Weddell Sea and well-recognized from seismic data (Fig. 3). In the Larsen Basin (only
its northernmost part has been studied), small plastered and separated drifts are identified
on the continental slope (between isobaths 1000-2300 m) and at the foot of the slope
(between isobaths 2300-2 800 m), respectively (Fig. 4).
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The Powell Basin is dominated by large 30-50 km-wide separated drifts occupying its
western and northern margin (Fig. 4, 5a). The paleo- and modern moats are continuously
traced along the foot of the continental slope showing the migration of their axes up-section
toward the slope. The moat/drift system started to form below the horizon PJ4, whose
age is suggested to be approximately 14.5 Ma (Fig. 6a). The earlier clear indications of
current-controlled structures (moat and separated drift) are observed along the buried
NW-SE-striking basement ridges in the central part of the Powell Basin (Fig. 4). They
are observed above the horizon PJ3, within the Early Miocene sedimentary unit, but
their development can be assumed to have taken place above the basement at an age of
approximately 25-24 Ma, determined on the basis of magnetic anomaly identification
[7] (Fig. 6¢). The southern part of the Powell Basin shows lesser sedimentary thickness
for all units and especially for the post-Middle Miocene succession above the horizon
PJ5 (Fig. 6a).

We have also mapped sedimentary bodies with a complex internal acoustic pattern.
They replace separated drifts in some local places where submarine channels occur and
are thought to have formed through the interaction between the bottom currents and
turbidity flows (Fig. 3d, 4). Two small plastered drifts (up to 50 km long, 10-20 km wide
and 300-700 m thick) are locally developed in the north-eastern and south-western (Fig.
6b) corners of the Powell Basin, where the bottom currents change directions drastically
providing input (plastering) of sediments on continental slopes.

The continental rise of the western and northern Powell Basin includes a field of
sediment waves which stretches along a margin more than 100 km in length and has
a width of approximately 50 km (Fig. 4). The waves are developed within the separated
drift above the seismic horizon PJ6 (and even slightly deeper). In the western Powell
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Fig. 5. Linedrawing sketches based on seismic sections across the Powell Basin («) and Jane Basin
(b). Sea Fig. 1 for location

Puc. 5. UaTepnpeTnpoBaHHbIe celficMuUUecKue pa3pessl uepes 6acceiin [ayamn (a) u 6acceiin J[xeitn
(b). Nonoxenue npodueit nokasano ua puc. 1
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Puc. 6. Celicmunueckasi crpaturpadus u celicMuueckue ¢auun B Oacceitne [layamr. [Tonoxenue
npo¢uieii mokazaHo Ha puc. 1
Basin, waves migrate upslope and have a wavelength of up to 2.5-3.7 km and a height of
approximately 80 m (Fig. 6a). In the northern Powell Basin, they are less expressive, occur
beyond the separated drifts, far from the focused current pathway, and show downslope
(downstream) migration (Fig. 3a). The difference in the structure of the wave fields is
likely to be linked to their position in relation to the core of the current stream.

Most of the Jane Basin is covered by current-influenced deposits which are difficult
to classify in detail. Many of these deposits are controlled by pre-drift (mainly basement)
morphology [10]; currents adapt to it, using and modifying negative forms in the bottom
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relief, and can form elongated mounded drifts (Fig. 3b, 4, 5b). Along the steep slopes
of the South Orkney Plateau and the Jane Bank, the current-controlled deposits evolve
as separated drifts, the outer flanks of which can be transformed by the current streams
(Fig. 3b, 4, 5b). In the axial part of the Jane Basin (especially in its eastern half) the drifts
are close to the sheeted type with almost parallel internal reflectors and subdued external
morphology (Fig. 5b). This drift system covers an area 90—100 km in width and stretches
for more than 500 km from SW to NE. In the north-western part of the Jane Basin, the
several 15-30 km wide confined drifts occur within the narrow depressions bordered by
basement highs (Fig. 3b, 4).

In the Weddell Sea Basin, along the Jane Bank, the drift structure is variable
depending on the basement morphology and the pattern of bottom currents. A slightly
mounded, ca. 30 km wide contourite drift paired with a deeply-incised moat at the foot
of the steep Jane Bank slope is recognized on the single profile around 45° E. To the east,
the drift shows a similarly mounded morphology but has a wavy structure with small
deepenings (moats?) caused by the ragged basement relief. Further east, the local basement
highs provide accommodation for the locally developed confined drift.

The easternmost part of the Weddell Sea Basin under study is distinguished by
the existence of two parallel separated drifts (Fig. 4). One of them is developed along
the steep slope of the Jane Bank, while the other is 15 km from it (see Fig. 5 in [10]).
A 150 m-deep moat divides the drifts. They began to form immediately above the ca.
20 m. y. old oceanic basement dated from magnetic anomalies [6]. Southward of the
elongated drift chain, the northern Weddell Sea Basin is occupied by sheeted drifts showing
internal parallel reflectors.

Seismic data from all the basins studied show visible changes in the reflection
pattern across the horizon PJ5 (ca. 12 Ma), with more expressive and diverse contourite
drifts above this horizon (Fig. 3, 5, 6a, 6b). Some places are characterized by generation
of moats (Fig. 3b, SP 488) above the horizon PJ5; a channel/levee system in the eastern
Powell Basin has also formed at the same level (Fig. 6b); a field of sedimentary waves
began to develop slightly later (between PJ5 and PJ6; Fig. 6a). The Late Pliocene horizon
PJ7 marks a younger shift in sedimentation with more pronounced drift developments in
all the basins (e. g. Fig. 3b, 3¢, 5a, 6b).

DISCUSSION

Bottom currents played an important role in the formation of the sedimentary cover of
the north-western Weddell Sea. The study of contourites can be used to assess the energy
of modern and paleocurrents and reconstruct water circulation patterns. The moats and
contourite drifts are well-recognized in the sedimentary succession and the moats mark
the position of focused bottom currents. Spatial distribution of the moats allows us to
reconstruct bottom water circulation.

The contourite drifts in the north-western Weddell Sea sweep broad sea-floor areas
and are developed at different sea-floor depths ranging between 2000 m and 4500 m.
The formation of the earliest drift deposits in the Powell Basin suggests that the deep-sea
circulation initiated there immediately after the opening of the gateway between the South
Orkney Plateau and the South Powell Ridge in the Late Oligocene, 24-23 Ma. Bottom
currents entered from the Larsen Basin Sea into the Powell Basin bending around the
W-E trending South Powell Ridge and circulated clockwise by a relatively broad front but
focusing along the foot of the slope (Fig. 4, 5a). The Jane Basin did not exist at that time,
and the bottom currents flowed to the east in the Weddell Sea Basin along the subduction
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zone, which at that time existed at the foot of the South Orkney Plateau. The southern
part of the Powell Basin with a reduced thickness of the sediments is characterized by
subdued current-influenced deposition (or even non-deposition and erosion) as opposed
to its western and northern parts. More pronounced differences in the depositional setting
occurred after the Middle Miocene.

The Jane Basin opened as a back-arc structure from about 20 Ma to 14.5 Ma [6],
and the bottom currents obviously flowed under the control of the sea-floor topography,
although contourite drifts below the Mid Miocene horizon PJ5 are poorly distinguished.
The contourite drifts variety above the horizon PJ5 denotes an intensification of the
bottom currents likely due to the increased production of Weddell Sea Bottom Waters in
the Middle Miocene as a result of a shift from temperate to polar climatic conditions in
Antarctica. Later variation in the depositional style observed above the horizon PJ7 could
have been caused by the Late Pliocene cooling trend, a reinforced deep-water production
and intensification of the bottom current activity.

A bottom current pattern similar to the modern one was established after the
completion of the tectonic activity in the north-western Weddell Sea in the Middle Miocene.
Leaving the Larsen Basin, the modern bottom currents split into several branches which
flow into the Powell Basin, Jane Basin and along the Jane Bank into the northern Weddell
Sea Basin (Fig. 4). In the central and eastern Jane Basin, the currents are formed by the
convergence of streams flowing from the Larsen Basin and the Powell Basin.

CONCLUSION

The north-western Weddell Sea including the Powell and Jane Basins is characterized
by a wide development of contourite drifts of different types, with separated, confined,
plastered and sheeted drifts predominating. They are observed at different depths ranging
from 2000 to 4 500 m. The western and northern margins of the Powell Basin are dominated
by large separated drifts and sediment waves, while the southern margin does not contain
deposits formed by bottom currents. The Jane Basin is covered by current-influenced
deposits of different types, with sheeted drifts predominating. The formation of drifts
in this area is controlled by ragged basement morphology. In the north-western part of
the Jane Basin, confined drifts are developed within the narrow depressions bordered by
basement highs. In the Weddell Sea Basin, the drift structure is variable, but sheeted drifts
occupy most of the basin. Seismic data in all the basins studied show visible changes in
the reflection pattern above the Middle Miocene and then in the Middle Pliocene horizons.
These changes are believed to have been caused by intensification of bottom currents.
The moats, which are well identified in the modern sea floor and also as buried features,
show the position and direction of active bottom currents.
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Pe3rome

KoHTypHTOBBIE HAHOCHI, (JOPMHUPYEMBIC PHIOHHBIMA TEICHHSIMIL, MOTYT UCTIONB30BAThCS TS H3YUCHHS LIUPKYIIS-
IUU BOJHBIX MAcC, TaK KaK 10 MX IapamMeTpaM 1 XapakTepy pacipoCTpaHEHHsI MOKHO CY/IUTh O HAIPABIEHHOCTH U
OTHOCHTEITLHOI 3HEPTUH IPUIIOHHBIX TeUeHHIT. B TaHHOM padoTe paccMaTpiBAIOTCS KOHTYPUTOBBIC HAHOCHI B CEBE-
pO-3ara THOM YacTr Mopst Y3IIeIlIa, IPUBOIUTCS CXeMa PacpOCTPAHEHH)s HAHOCOB M MX KJIACCH(MKAIUS, & TAKKE
PEKOHCTPYHpYETCs UPKYJISIIS BOTHBIX Macc B TTyOOKOBOIHBIX OacceiHax paiioHa. MccrenoBaHus OCHOBAHBI Ha
0000TIICHII 1 HHTEPIIPETAINH CEHCMUYECKUX TAHHBIX OTEYECTBEHHBIX 1 3apyOeKHBIX AKCTICUIIIIL, OOTbIITAs 4acTh
KOTOPBIX JIOCTYITHA M3 MEXK/TyHAPOITHON OHOMHOTEKH CEHCMIYECKUX TAHHBIX 110 AHTapKTHKe. B pesyibrare aHamsa
CeCMUYECKIIX IAHHBIX B palioHe HccnenoBanuii B auanasone nyouH ot 2000 10 4500 M BBIIBICHBI OT/ICICHHBIC,
OrpaHHYEHHBIE, TACTEPHbIE 1 OKPOBHbIE KOHTYPUTOBBIE HAHOCHL. 3apOyK/ICHHE TOHHBIX TEUSHUH B CEBEPO-3aria/l-
HOM YacTh MOpsi Y3Ieiia Havaoch ¢ packphiTus Oacceitta [layaIut, u pa3sBUTHE caMbIX PAaHHUX KOHTYPHTOBBIX
HAHOCOB TIpejonaraetcst 2423 MITH JieT Ha3a/1. B cpeiHeM MUOLIEHE U B IO3IHEM ILTHOLIEHE OTMEYAETCsl yCUIIeHHEe
WHTEHCUBHOCTH JIOHHBIX TEUCHHE ¥ 00JIee MHUPOKOE PA3BUTHE KOHTYPUTOBBIX HAHOCOB.

KioueBble cioBa: AHTapKTI/IKa, JAOHHBIC TCYCHHUS, KOHTYPUTOBLIC Z[pI/I(i]TI:I, MOpe Ya)menna, 0CaJ0YHBIH
YExoli, ceﬁCMopaSBeuKa.

ITocrynuaa 14.10.2021 ITocsie nepepadorku 16.11.2021 Ipunsra 22.11.2021

st wurupoBanust: Leitchenkov G.L., Minina V.V., Guseva Yu.B. Current-controlled sedimentation in the north-
western Weddell Sea. [Tpo6iemsr Apkruxn n Autapkruku. 2021, 67 (4): 382-393. https://doi.org/10.30758/0555-
2648-2021-67-4-382-393.

KonTtypurtoBbie 1pu()Thl B ceBepo-3anaHOil yacTu Mops Yaaaesia
(pacuupeHHblii pedepar)

ITpunoHHbIe TeUeHNS OKA3BIBAIOT CYILECTBEHHOE BO3ICHCTBHE HA IIPOLIECCHI CEIMMEHTALUH, TAK KaK [0/ UX BIUSAHU-
€M MOTYT (JOPMHPOBATECS 0CA[OYHBIE TENIA — KOHTYPHUTOBBIE APUQTHL, TOCTHTAIOIIIE COTEH KUIOMETPOB B JUIHHY,
JIECATKOB KIIOMETPOB B IIMPHHY ¥ JI0 2 KM B ToMIWMHY. KoHTYypHTOBBIE NpHTH! (KOHTYPHTB), (POPMHEpYEMBIE TPH-
JIOHHBIMY TEYEHUSMH, MOT'YT UCIIONB30BATCS U1 M3y 4CHHS LIUPKYILSLIMH BOAHBIX MAcC, TAK KaK 110 UX [TapaMeTpam
¥ XapaKTepy paclpOCTPAHEHIA MOXKHO CYIUTb O HATIPABIICHHOCTH U OTHOCUTEIBHOM SHEPIUY IPUIOHHBIX TCUCHHI.
Hacrosimee rccneioBanie HalpaBIeHo Ha H3ydeHNE YCIIOBUH 0CaIKOHAKOIUICHHS B HEOOBIIIX 10 TUIOLIAIH, 3a-
JYTOBBIX OCalo4HbIX OacceitHax [layam u J[KeiiH, pacIionoKeHHBIX B CEBEpO-3alafHON YacTH MOpsL Y IUIeIla, 1
TJIABHBIM 00Pa30M — Ha HICHTH(HKAINIO KOHTYPUTOBBIX IPH(TOB, BBISBICHUE HX IPOCTPAHCTBEHHOTO PA3BHUTHS
¥ PEKOHCTPYKIIHIO BOXHON HUPKYJISIIN 9TOTO paiioHa AHTapKTHKM B MO3IHEM KaifHo30e. PaboTa ocHoBaHa Ha
0000IIeHNI 1 HHTEPIPETAIMH CEHCMUYECKUX TAHHBIX OTEUECTBEHHBIX H 3apyOeKHBIX SKCIISAUIMH, OONIbIIAs 4acTh
KOTOPBIX IOCTYITHA B MEX/TyHAPOIHOH OHOTHOTeKe CeHCMIUECKUX IAHHBIX 10 AHTapKTHKE. B pesyibrare aHamiza
CeHCMIYECKHX NaHHBIX BBIBICH IIMPOKHH CIIEKTP KOHTYPUTOB, Pa3BHBABIIKXCS B HHTEPBAJIC IIyOHH MOpS OT
2000 0 4500 m. K HIM OTHOCSTCS OT/ICIICHHBIE, TOKPOBHBIC, OTPAHNUYCHHBIE, INTACTEPHBIC APUNTEI M 0CAJ0UHEIE
BoJHEL B Gacceiine [Tayarm mpeobnaiaet KpymHbIH OTAENCHHBIH APUQT, KOTOPBIi GopMUPOBAICS B BHJIE KPYITHOI
JMH30BUIHOK 0CAJI0YHOH CTPYKTYpEI B O0PTY KaHAIIa, PaCIOI0KEHHOTO B IOIOIIBE KOHTHHEHTAILHOTO CKIIOHA H
00pa30BaHHOTO JOHHBIM TEUEHHEM. 3/[ECh TAKXKe YCTAHOBIICHE! CMEIIAHHBIE APUQTHL, 00Pa30BAHHEIE B PE3YIIBTATE
B3aMMOJICHCTBHS TypOMIUTHBIX OTOKOB M KOHTYPHBIX TedeHuit. B Oacceiire JkeiH NpernMyIeCTBEHHO Pa3BUTHI
TOKPOBHBIE APUGTHL VX (hopMa Bo MHOTOM KOHTPOIMPOBAJIACH PACWICHEHHBIM Pebe()OM HOCTIIAIONIETO KPU-
crayumdeckoro ¢ynnamenta. Ha rpamue 1Byx OacceilHOB BEISBIEHBI OTpaHIYEHHbIE APUQTHL, 00pa30BaHHbIE
MEXK/Ty MOAHATHAME (DyHIaMeHTa. 3apoiKieHHe TOHHBIX TEUCHHI B CeBepO-3alaHON JacTH Mops Yaauemna
Ha4YaJI0Ch C packpbITus Oacceiina [laysimi, n pa3BuTHe CaMbIX paHHIX KOHTYPHTOBBIX APUPTOB MPEATIONAraeTCs
24-23 miH et Ha3a]1. B cpenHeM MUOLIGHE U B [IO3[HEM IUIMOLCHE OTMEUACTCS yCUICHUE HHTCHCUBHOCTH JIOHHBIX
TeUeHHH 1 60JIee MHUPOKOE PA3BUTHE KOHTYPUTOBBIX APH(TOB.
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Pesrome

TTone armoc)epHOTo AaBICHMS ONpPE/ICIsIeT HALPABIICHHE BETPa U €0 CKOpoCTh. Betep, Bo3/eHCTBYs Ha JIeATHOI
TIOKPOB, BbI3bIBACT €ro apeiid. HepaBHOMEpHOCTS Mot Apeiida sBisteTcst IPUYMHOMA 00pa3oBaHus pa3phiBOB B
JIeJITHOM MTOKpoBe. Kax10My THIIOBOMY HOJIFO aTMOC()EPHOTO JABICHUS COOTBETCTBYET ONPE/EIICHHOE MOJIE Pa3-
PBIBOB B JISJTHOM MOKpoBe. [T0A00p [1si IPOrHOCTHYECKHX HOJIEH aTMOCHEPHOTO AaBICHHS aHATIOTHYHBIX THIIOBBIX
TI0JIEH 110 APXMBHBIM JIAHHBIM JIACT BOSMOKHOCTb IIPOTHO3HPOBATH XaPAKTEPUCTHKH Pa3PhIBOB B JICASTHOM IIOKPOBE.
Jlnst popmanmzatmu oadopa aHanoros Obliia pa3padoTaHa THIH3ALKS [0J1ei aTMOC(EPHOTO JTaBICHHS B MOPSIX
JlanteBbix 1 BocTouH0-CHOMPCKOM IO €KeCY TOYHBIM CHHONITHYECKAM KapTaM 3a XoofHbIe ce30HbI 2016-2021 rT.
Bcero 65110 BbIie/IeHO 27 THIIOB, KOTOPbIE Pa3/ie/eHbl Ha IOATHIIB B 3aBUCHMOCTH OT HHTCHCHBHOCTH BETPA.

KitioueBbie ci10Ba: apkTHUYECKHE MOPS, aTMOC(EPHOE JIaBICHNE, JICATHOH MTOKPOB.

Jlast muruposans: [lopybaes B.C., Joimenm JI.H. Tunusarus noneit arMocdepHOro TaBieHus B Mopsix Jlar-
TeBbIX U Bocrouno-Cubupckom // [Ipobnemsr Apkruku n Antapkruku. 2021. T. 67. Ne 4. C. 394-405. https://
doi.org/10.30758/0555-2648-2021-67-4-394-405.
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CLASSIFICATION OF SURFACE ATMOSPHERIC PRESSURE FIELDS
IN THE LAPTEV AND EAST SIBERIAN SEAS

VIKTOR S. PORUBAEV*, LUDMILA N. DYMENT

State Scientific Center of the Russian Federation Arctic and Antarctic Research Institute,
St. Petersburg, Russia

‘pvs@aari.ru
Summary

The need for classifying surface atmospheric pressure fields over the Arctic seas arose as a method was being
developed for predicting the characteristics of discontinuities (leads) in the sea ice cover. Wind, which is determined
by the atmospheric pressure field, acts on the ice cover and causes it to drift. Leads are formed in the ice cover due
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to the irregularity of ice drift. Ice drift can be caused by several factors, such as skewed sea level, tidal waves and
currents. However, the main cause of ice drift in the Arctic seas is wind. Each typical field of surface atmospheric
pressure corresponds to a certain field of leads in the ice cover. This makes it possible to predict the characteristics of
leads in the ice cover by selecting fields similar to predictive fields of atmospheric pressure based on archived data.
The variety of atmospheric pressure fields makes it difficult to find an analogue to a given field by simply going
through all the corresponding data available in the electronic archive. Classification of atmospheric pressure
fields makes it possible to simplify the process of selecting an analogue.

To develop the classification, we used daily surface pressure maps at 00 hours GMT for the cold seasons (from mid-
October to the end of May) 2016-2021. The atmospheric pressure fields, which were similar in configuration, and hence
the wind fields, belonged to the same type. In total, 27 types were identified, applicable both to the Laptev Sea and the
East Siberian Sea. Within one type, a division into subtypes was made, depending on the speed of the geostrophic wind.
The wind intensity was estimated by the number of isobars multiples of 5 mb on the surface atmospheric pressure map.
All the surface pressure fields observed over the waters of the Laptev and East Siberian Seas over the past
S5 years have been assigned to one of the types identified using cluster analysis. Each type of atmospheric
pressure within the framework of the forecasting method being developed is supposed to correspond to a field
of discontinuities in the ice cover.

Keywords: arctic seas, atmosphere pressure, ice cover.
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BBEJJEHUE

HeoOxomuMocTh B THIM3ALUHK TTOJIEH aTMOC(HEPHOTO JTaBICHHUsI BO3HUKIIA TIPH pa3pa-
00TKe aBTOMaTH3UPOBAHHOTO METO/IA TPOTHO3a XapaKTEPUCTHK Pa3pbIBOB B JICISTHOM OKPO-
BE apKTHYECKHX MOpEH. AHAIOTOBBIN METOJI, NCIIONB3YEMbIH ISl TIPOTHO3a, TIPEAIIOaracT
BO3MOXKHOCTB OTIEPaTHBHO MOJOMPATh K MPOTHOCTHYECKOMY ITOJIF0 aTMOC(EPHOTO JAaBICHHS
AQHAJIOTUYHOE TI0JI€ TI0 PETPOCTICKTHBHBIM JIAHHBIM. AHAJIIOTHYHBIM IT0JIEM B JJAHHOM CIydae
CUMTACTCSI T10JIE TIPU3EMHOT0 aTMOC(EPHOTO JAABIECHHS ¢ TIOJOOHON KOH(pHUTYyparmel n300ap
1 OJM3KMMU T10 HAIPABJICHUIO BETPOBBIMHU MOTOKaMH. MHoOrooOpasue nosel nmpu3eMHOTo
JaBiienus, (pukcupyemsIx Hag Mopsimu JlanreBbix n Boctouno-Cubupcknm, 3aTpyaHsieT mo-
HCK aHaJIOra K 33JaHHOMY IIOJII0 aTMOC(EPHOTO JIaBJICHUS ITyTeM IPOCTOro nepedopa Beex
MMEIOIINXCS B JIEKTPOHHOM apXHBE COOTBETCTBYIONIMX JIAHHBIX. B CBA3M ¢ 9TUM BO3HMKAET
HEOOXOIMMOCTh B THITH3ALMH ITOJIEH aTMOC(HEPHOTO AABICHNS HaJl MOPSMH.

CymecTBylonmye THITU3AMK TUPKyIsiun armocdeps! ([1-4] n ap.) oxBarbiBaioT
OOIIMpPHBIC MTPOCTPAHCTBA APKTUUECKUX MOpEH M KOHTHHEHTA. DTH THITU3AINN HCIIOIb-
3yIOT ITOHATHE 3JIEMEHTApPHOTO CHHONTHYECKOTO IPOLEcca, MPEICTaBIISIONIEro cooon
MIeproJl BpEMEHH, B TEUCHHE KOTOPOTO HA 3HAYMTEIbHONW yacTn CeBepHOTrO MOyIIapus
COXpaHseTcs HEM3MEHHOCTh HalpaBJIeH!s IepeHoca Bo3ayxa. [Ipu aToM o nepeHocom
BO3/IyXa OHUMAETCS JIBIDKEHHE TAKUX CHHONTHYECKUX 00OBEKTOB, KaK BO3/LyIIHBIC MaCcChI,
arMoc(epHbIe PPOHTHI, IUKIOHBI, AaHTHIIUKIIOHBL, TOXKOMHBI U TPEOHU.

C TOYKM 3peHust BIUSHUS aTMOC(epbl Ha (JOPMUPOBAHHUE PA3PHIBOB B JIEISTHOM
MIOKPOBE MHTEPEC MPEACTABISIOT HE CHHONITHYECKHE OOBEKTHI M UX MepeMElIeHHe, a Co-
XpaHsfoleecs B TEUEHUE OIPEIEICHHOI0 BpeMEHH HarpaBieHue Betpa. IIpu stom Ha-
IIPaBJICHHE BETpa B MpEeIax OAHOTO U TOTO K€ CHHONTHYECKOTO 00BEKTa MOXKET OBITh
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pa3nu4HbIM. B CBSI3M ¢ 3TUM CyHIECTBYIONIME THITU3AIMH UPKYISALUN aTMOC(ephl He
MOTYT OBITh HCIIOJIB30BAHbI IIPH COCTABJIEHHH ITPOTHO30B XapaKTEPUCTHK Pa3phIBOB.

[Tone maBieHus ompesensieT HalpaBiIeHUE U CKOpOCTh BeTpa B armocdepe. [Ipu-
3EMHBII BeTep, BO3JACUCTBYS Ha JICISTHOW MOKPOB, BBI3BIBACT ero apeid. HepaBHomep-
HOCTb 1OJIst Apeiida Ib/a SBIseTCsl IPUYMHON Pa3pexeHU U CKATHH B JICITHOM ITOKPOBE,
B pe3yJIbTaTe 4ero B HeM ()OPMUPYIOTCS Pa3pbIBBI U IPSABI TOPOCOB [5—7]. AHaIU3 rojen
MIPU3EMHOTO JIaBJICHHUS, peiida Jibaa 1 cHcTeM Pa3pbIBOB ITOKA3bIBACT 3aBUCHMOCTh OpH-
SHTAIMM Pa3pbhIBOB OT HANpPABJICHUS BETPa M CBA3AHHOIO ¢ HUM IoJIst Apeiida ipaa [8].
[Tpu 5TOM BeTep MOXKET OBITH OIHOHAIIPABIICHHBIM HaJl BCEH aKBaTOPHUEH MOPS MM UMETh
pa3IMyHOE HAIPABJICHNE B Pa3JIMUHBIX €r0 YacTsAX B 3aBUCHMOCTH OT MOJISI aTMOC(EpHOTo
nasienust. [Ipy 61m3kux 1o KoHQUrypauy nojisx arMoc(epHOro AaBICHUS Ha aKBATOPHH
MOPsI B JICITHOM IIOKpOBE (POPMHUPYIOTCSI Pa3phIBbI C OIM3KMMHU 3HAaUCHUSIMH MX ITpeodiia-
JAroLIeH OpUEHTAUH U INIOTHOCTH B pocTpaHcTse. [Ipu 3ToM He uMeeT 3HaYeHus, Kakoil
BETEp YUUTHIBATh (Fe0CTPO(UUCCKUIl NI pealbHBIN), TaK KaK aHaJOTOBBI METO[ I10-
3BOJISIET HEMOCPE/ICTBEHHO MEPEHTH OT TOJISt aTMOC(EPHOTO JIABJICHUS K MOJIO Pa3phIBOB.

ABTOMaTru3anus aHaJIOrOBOIO METO/a MPOrHO3a XapaKTEepUCTUK Pa3pbIBOB B Je-
JITHOM TTIOKpPOBE apKTHYECKHX MOpei TpedyeT GopMaiu3anuu 1moadopa aHaloroB JUIs
MIPOrHOCTHYECKOTO 110JIs1 arMocdepHoro nasneHus. Llenpio ganHON paboTHI SABIISIOCH
OIIpe/ieIIeHNE TUITOBBIX ITPU3EMHBIX IOJICH aTMOoc(hepHOTo JaBieHUs B MOpsX JlanTeBbix
n Bocrouno-Cubupckom n kinaccudukanys BCeX €XEeCyTOYHBIX O0apUuecKuX CHTYyaIMi
B 3TUX MOPX 3a nepuox 2016-2021 rr.

B pamkax uccieqoBaHus pacCMOTPEHB! Pa3IUUYHbIE BUABI BO3AYIIHBIX ITOTOKOB,
BO3HMKaromue Haj MopsMu JlanteBbix 1 BocTouHo-CHOMPCKUM, COOTBETCTBYIOIINE M
T10JIs1 aTMOC(EPHOTO aBJICHUS U MPEUIOKEH BapUaHT UX THITHU3AINH.

TUITA3ALMS ITOJEI ATMOC®EPHOI'O JIABJIEHU S
M COOTBETCTBYIOIIMX UM ITOJIEN BETPA

VcxoaHBIMU JaHHBIMU ISl TUITH3AIINH MOJIEH NPU3EMHOT0 aTMOC(EPHOTO JaBICHHS
Haja Mopsimu JlanTeBeix 1 BocTouno-CHOMPCKUM SBISUITUCH CHHONITHYECKHE KapThl 3a 00
4acoB [ pUHBUUCKOTO BpeMEHH KaXIbIX CYTOK ¢ stHBapsa 2016 1. mo mait 2021 r., 3a uckiro-
YEHUEM JICTHHUX IIEPHUOJIOB C MIOHS J0 CEpPEIHHbI OKTSOps. [laHHbIe ObLIM MPE/ICTABICHBI
B BUJIC 3HAYCHUII MPU3EMHOT0 aTMOC(HEPHOTO JABJICHUS B y3Jlax reorpaguyeckoi CeTKu
¢ marom 1° mo mupoTe 1 2° 1o AONTOTe.

AHaM3 CyTOUHBIX CHHONTHYECKUX KapT MO3BOJIMI BBISIBUTH TPYIITbI aHAJIOTUUHBIX
noJieit arMoc(epHOro JAaBJICHHUS, KOTOPHIM COOTBETCTBYET OJIM3KHMIA 110 HAMPABIICHUIO TEOCTPO-
(uyeckuit Betep, 1 0ObSAMHNTH UX B OTCNIbHBIC TUIIBL. HarpasieHne BeTpa omnpesensercs
1o u3obapam 6e3 yuera Toro (hakra, 4To peabHbIil BETEp HaJl MOPEM HECKOIILKO OTKIIOHSIETCS
OT M300ap B CTOPOHY HHM3KOTO JIaBJeHMs. B Kak7oM Ture ObUIO BBIIEICHO MO HECKOJIBKO
TMOJITUIIOB, KOTOPHIE PA3JIMYalOTCsl B OCHOBHOM CKOPOCThIO BeTpa. MIHTEHCHBHOCTH BeTpa
OLICHUBAJIACh TT0 KOJIIYECTBY M300ap HaJl MOPEM, KPaTHBIX 5 MO 10 HOpPMAaJIH K HalPaBJICHHIO
BO3/YIITHOTO TTOTOKA. Beero 0110 BhIAEICHO 27 TUIIOB MMOJIeH aTMOC(EPHOTo JaBICHHUS.

[epBbie 8 TUMOB XapaKTEpU3YIOT MOJIsS aTMOC(EPHOTro JaBJCHUs, KOTa Hajl BCEM
MOpeM TpeobnagaeT BeTep OJHOTO M TOTO K€ HampaBieHus. HampasieHue BeTpa orie-
HHUBAETCs 110 8 OCHOBHBIM pymOam. [IJisi XapakTepUCTUKH CKOPOCTH BETpa B KaXJIOM U3
TaKHX THIIOB OBbLIO BBIIENEHO MO 9 roaTHIoB. [IpuHSATHIE T HUX YCIOBHBIE 0003HAYCHUS
MIpe/ICTaBIeHbI B Ta0J. 1, T/1e maTuHcKast OykBa 0003Ha4aeT OCHOBHOE HAIIPaBJICHUE T'€0-
cTpouuecKoro Berpa, a nudpa mnocjie Hee — OIEHKA CKOPOCTH BETPA.
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Tabnuya 1

O0o3Ha4eHHe THIIOB I0JIeil aTMOC(EPHOIO AaBJIeHHA, (POPMHUPYIOIIHX BO31yIIHbIE IOTOKH
¢ HeM3MEHHBIM HaNPaBJeHUEM B IIpe/esIaX BCcero Mops
Table 1

Designation of the types of atmospheric pressure fields that form air flows
with a constant direction within the entire sea

THIIBI BO3IYILIHBIX IOTOKOB
Pa3znocts
arMocdepHoro | = B E B = | E =
JaBIEHAs £ | &Z| E E| B 2 £ | &2
HaJl MOpEM, o) §§ £ e8| E o< § o5
MG S |82 8 |S2| 2 (25| & |3
5 N1 | NE1 | El SE1 SI | SWI | W1 |[NWI1
10 N2 [ NE2 | E2 | SE2 | S2 |SW2 | W2 |[NW2
15 N3 | NE3 | E3 | SE3 | S3 |SW3 | W3 [NW3
20 N4 | NE4 | E4 | SE4 | S4 | SW4 | W4 |INW4
25 N5 | NES | ES5 SES | S5 [|SWS5| W5 |NWS5S
30 N6 | NE6 | E6 | SE6 | S6 | SW6 | W6 |[NW6
35 N7 | NE7 | E7 | SE7 | S7 |SW7| W7 |[NW7
40 N8 | NE§ | E§8 | SE8 | S8 | SW8| W8 |NWS8
45 N9 | NE9 | E9 | SE9 | S9 |SW9| W9 |[NW9

B cpemneMm Betep Ha MOpEM OCTaeTCsl HEM3MEHHBIM T10 HarpaBieHuto 2—4 nus. Hau-
GobIIas IPOJOIKUTEIHFHOCT COXPAHEHHS OJHOTO U TOTO )K€ THIIa OblIa 3a(hHKCHpPOBaHA
B BocTtouno-Cubupckom mMope u coctaBuia 10 CyTok, B TeUeHHE KOTOPHIX M3MEHSIACH
TOJIBKO CKOPOCTH BETpa.

B Tabn. 2 B kauecTBe nmpuMepa MPUBEIEHBI MOATHITHI TTOJIeH aTMOCHEPHOTO JaB-
JeHust Haj akBaropueid mopel JlanteBbix 1 Boctouno-Cubupckoro B Teuenue 11 maHei
staBapst 2017 1. B 060ux MOpSIX B 3TOT MEPHOJ HAOIIOAATUCH TOIBKO OJHOHAIIPABIEHHBIC
BO3/IYIIHBIC IOTOKA. THUIBI COXPAHSINCH HA MPOTSHKEHUH 110 4 cyTok (Tun SW B Mope
JlanreBbix 1 THIm NW B BocTouHO-CHOMPCKOM MOpE), TIPH 3TOM UX TOATHITBI, OTPaKaro-
M€ CKOPOCTh BETPa, N3MEHSUINCH MOYTH €KECyTOUHO.

Tabnuya 2
Tunsl nojeii atmocpepHoro 1apiaeHus naa Mmopsimu JlanreBsix u Boctouno-Cudupckum
BO BTOpOIi 1ekaje sinBaps 2017 r.
Table 2

Types of atmospheric pressure fields over the Laptev and East Siberian seas
in the second ten-day period of January 2017

Mope Bocrouno-Cubupcroe
Jlara

JlanreBbIx Mope
11 sauBaps 2017 Nw4 W4
12 suBaps 2017 SW5 NWS5
13 saBaps 2017 SW5 NW3
14 suBaps 2017 SW7 w2
15 suBaps 2017 W5 Nw4
16 suBaps 2017 W4 NW6
17 saBaps 2017 W5 Nw4
18 suBaps 2017 SW7 NW3
19 auBaps 2017 SW8 W3
20 stuBaps 2017 SW7 W4
21 suBaps 2017 SW6 Nw4
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140° B.A.
\

Puc. 1. Ilons atmocdepHOro 1aBneHus U HanpasieHue BeTpa B Mope JlanTteBbix 3a 11 suBaps 2017 1.
(a) n3a 12 guBaps 2017 1. (0)

Fig. 1. Atmospheric pressure fields and wind direction in the Laptev Sea for January 11, 2017 (a)
and for January 12, 2017 (6)

XoTst TUITBI aTMOC(EPHOTO AABJICHNS Hajl MOPEM COXPAHSIOTCSI, KaK y)kKe ObLIO yKa3aHO
BBIIIE, B TCUCHHUC HECKOJIBKHUX CYTOK, IMOCICAYIOMICC UX U3MECHEHUE MPOUCXOIUT B TCUCHUEC
cyTok. Ha prc. 1 moka3aHbI o atMoc(epHOTO TaBIeHHs W HAIIPABIICHHE TEOCTPOPHICCKO-
ro Berpa Ha 00 uacoB I'punBuyeckoro Bpemenu 11 u 12 auBapsa 2017 r. B mope JlanTeBbIx.
B Tedyenue cyTok HampaBiieHHE BETpa M3MEHHJIOCH ¢ ceBepo-3amanHoro (NW4) Ha roro-3a-
nagaoe (SWS5). Pe3ynbrars! OTAEIBHBIX JUArHOCTHYECKUX MTPOTHO30B YKA3bIBAIOT HA TO, UTO
B 9TOM CJIy4Jae TI0JIe pa3pbIBOB (POPMHPYETCs MO/ BIMSIHUEM CPETHEH OapHuecKoll CUTyalin
3a TEKYIIMH W MPeblIyIuil THU, OJJHAKO MCCJIEIOBAaHUE BIUSHUS MEPECTPOUKH TOJIeH aT-
MoC(EpHOTO /1aBIeHNs Ha N3MEHEHUsSI B TIOJIE PA3PBIBOB BBIXOJIHUT 33 PAMKHU JJaHHOW CTaThU.

[Tone arMocdepHOro AaBICHUS HA/l MOPEM MOXKET HMETh CIIOKHYIO KOH(DUTYpaluio.
B ciyuae, korza Hasi MOpeM pacrosiaraercsi rpe0eHb aHTHIMKIIOHA WITH JIOKOWHA IIMKIIOHA,
BETEp B IpeJIesiax MOpsl UMEET Pa3IMYHOE HAIlpaBJIeHHEe W CKOpocTh. Ha puc. 2 moka3aHsl
oISt aTMOC(EPHOTO JaBICHUsI, XapaKTePHOH 0COOEHHOCTBIO KOTOPBIX SIBJISIETCS IpeOeHb
AQHTHUIMKIIOHA C OCBIO, MPOXOJSIIEH Yepe3 LEeHTpalIbHYI0 YyacTh Bocrouno-Cubupckoro
mopsi. OnmHaKo Mot aTMOC(epHOTO IaBIeHUS Ha puC. 2a U 20 OTHOCSTCS K Pa3HBIM
TUIIAM, TaK KaKk 'peOHb B MEPBOM CIIy4ae PaclpoCTPaHSETCS C CEBEPO-BOCTOKA, a BO
BTOPOM — C CEBepa, 4T0 OOYCJIIOBMIJIO pa3Hble HAIPABJICHHUSI BETpa B 3alaHOil yacTu
MOpSI — IOT0-3aITaJJHOE 1 I0’KHOE COOTBETCTBEHHO. B BOCTOUHOH wacTH Mopst B 00onx
Cllydasix OTMEYaeTCsl CEBEPO-BOCTOUHBII BeTep.

[losis maBieHwus, MOKa3aHHbIC HA pUC. 2a u 26, oTtHOcaTes K Thunmam GNE u GN
COOTBETCTBEHHO. [1epBEIif cHMBOJI B 000HX ciydasx 0003HauaeT HAIWIHE TPEOHS aTMOC-
(epHOTO NABIEHMS, a ClleyIONINe — HalpasieHue ero ocu. Hampasnenue oceit rpeOHei
1 JIOXKOHMH TaKOKe OLEHUBACTCS 110 8 OCHOBHBIM pyMOaM 1 0003HAYAETCsl OJJHUM CHMBOJIOM,
HarpumMep N ITpU pacTipoCTpaHEHNH TPEOHS ITH JIOKOUHBI C CeBEpa, WM JBYMsI, HallpuMep
NE npu pacnipocTpaneHu# rpeOHst WK JIOKOUHBI C CeBepO-BOCTOKA. C y4eTOM CKOpOCTH
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140° 160° 180° B.A. 140° 160° 180° B.A.

Puc. 2. Ilons armocdepHoro nasieHus M HampasieHHe BeTpa B Bocrouno-Cubupckom mope 28
staBaps 2017 1. (a) u 28 Hos10ps 2017 1. (0)

Fig. 2. Atmospheric pressure fields and wind direction in the East Siberian Sea on January 28, 2017
(@) and November 28, 2017 (6)

BeTpa 1moJjie Ha puc. 2a otHeceHo k moaruiry GNES2, a Ha puc. 26 — GN33. JIge mudpsr
MI0CJIe CUMBOJIOB YKa3bIBAIOT HA KOJMUYECTBO N300ap uepe3 5 MO, OTCUMTHIBAEMBIX OT OCH
rpedOHs NepHeHANKYIISIPHO K HalpaBJIeHUIO n300ap ¢ 3anana (mepsas mudpa) 1 BOCTOKa
(Bropas mu¢pa). Eciam ock rpedHs pacrosokeHa CTPOro 1o JHMHUK 3alaJ—BOCTOK, H30-
0apbl OTCUMTHIBAIOTCSI CHAaYaIa OT OCH IPeOHs Ha ceBep, a MOTOM Ha IOT.

[ono6HOe 0003HaYEeHNE TIPOU3BOUTCS U JUISl TUIIOB, OTPAKAIOIINX HAIMYHE JIOKOMH
LMKJIOHOB, TOJILKO IIEPBBIM CUMBOJIOM B TaKUX Cltydasix siBisiercs L. [Ipumep noneit nasienus
HaJl MopeM JlanTeBbIX, colepKalix JOKOMHBI IMKIIOHA, puBesieH Ha puc. 3. Tlons armoc-
(heproro naBneHus Ha puc. 3a u 36 otHeceHs! K moxTumam LNW46 u LNE33 cooTBeTcTBEHHO.

120°

Puc. 3. Tlonst armocdepHoro naBneHust 1 HarpapieHue Betpa 3a 27 stuBapst 2017 . (a) n 3a 1 mast 2020 1. (6)
Fig. 3. Atmospheric pressure fields and wind direction for January 27,2017 (a) and for May 1, 2020 (6)
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OrieHKa CKOPOCTH BETpa ¢ KaXJIOH CTOPOHBI OT OCH I'PEOHS WIH JIO)KOMHBI MOXKET
npuHuMars 3HaueHue ot 0 70 6. Takum 00pa3om, B KaXJIOM U3 8 TaKUX TUIIOB BOZMOXKHO
49 xoMOMHAIHIA CKOPOCTH BETpa. 3a ncKIodeHneM KomOonHarwm 00, CBHICTEIhCTBYIOMICH
00 OTCYTCTBHHM T'PajIMCHTA JABJICHHS B IIPE/iesIaX BCErO MOPSI, ISl KaXKI0H M3 OCTaBILIMXCS
48 kOMOUMHAIMI BBIJIEJIEHBI COOTBETCTBYOIIHE ITOATHUIIBI.

Ecmu B 0603HaueHNN TONTHITA IPUCYTCTBYET I ppa 0, 3TO CBUACTEIBCTBYET O TOM,
YTO B OJHOH M3 4acTed MOps IpaJMEeHT JaBJCHUS MPAKTUYECKH OTCYTCTBYeT. [Ipumep
TaKUX Mojied arMoc(epHOro JaBieHHs IPUBENIeH Ha puc. 4.

Ha puc. 4a noxOnHa nMKIOHA pacrpocTpaHseTcst Ha Mope JlanTeBbIX ¢ ceBepa,
U €€ OCh PacIIoNIaracTcsl B 3aMa HOM YacTu Mopst. Takoit moarum obo3HavaeTcs kak LN0O2
U YKa3bIBaeT Ha TO, YTO B 3aMaJHOM YacTu MOps rpaJueHTa naBieHus HetT. Ha puc. 46 Ha
Mope JlanTeBBIX C ceBepa paclpocTpaHseTcs TpedeHb aHTHIINKIIOHA. B 3amagHoi gacTi
MOpsI BETEp MPAKTHYECKH OTCYTCTBYET, O YeM CBUAETEILCTBYET MAJIOTPaANEHTHOE I10JIe
naBieHust. Takoil OATHUIT BO3AYIIHOTO MOTOKa 0ob6o3Havaercs kak GNO2.

Eme 2 Tuma BO3AyIIHBIX TOTOKOB COOTBETCTBYIOT MOJISIM aTMOC(HEPHOTO AABICHHUS,
KOTJIa HaJl MOpPEM pacIiojlaracTcsi IEHTP LUKJIOHA WM aHTUIMKIOHA. Takue THIbl 000-
3HavaroTcs cuMBoiioM C miam A (Ui IIMKJIOHA M aHTHIHKIOHA COOTBETCTBEHHO) U Clie-
JOYIOIINMHY 32 HUM ABYMs midpamu. [lepBast U3 HUX CBUAETENBCTBYET O CKOPOCTH BETPA
B 3aI1a/IHOM YaCTH IIMKJIOHA WM aHTUIUKIIOHA, @ BTOpasi — B BOCTOYHOH. VIHTEHCHBHOCTD
BETpa B OTHUX TUIIAX OLECHUBACTCA IO KOJIHNYCCTBY 1/13o6ap, OTCYUTBIBACMBIX YE€PE3 5 M0
T10 TIapasuIeNy, MPOXOIIIeH Yepe3 HEeHTp UKIOHA WIN aHTHIUKIOHA. OIeHKa CKOPOCTH
BETpa B 3aMaJHOW M BOCTOYHOH YacTAX OT MX LEHTPa MOXET NPUHUMATh 3HAYECHHS OT
0 mo 6. Kaxxnoit komOuHaImu mudp oueHkn ckopoctH Betpa (kpome 00) cOOTBETCTBYET
TIOATHIIL, T. €. KaXKIbIH U3 ATUX THIOB uMeeT 48 moarumnoB. KomOuHanus mudp B THITE
KOCBEHHO YKa3bIBaeT Ha MOJIOKEHHUE LIEHTPa IIMKJIOHA MM aHTHIMKIIOHA B MOpE.

120° 140° B.A. 100° 120° 140° B.A.

Puc. 4. [Tons atmochepHOTO TaBICHUS U HANIpaBJIeHHE BeTpa Hax MopeM JlanteBbix 27 mast 2021 1. (a)
u 19 nexabps 2019 r. (6)

Fig. 4. Atmospheric pressure fields and wind direction over the Laptev Sea on May 27, 2021 (a) and
December 19, 2019 (6)
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120°

Puc. 5. uxnon vax mopem JlanteBbix 1 mast 2018 1. (a) n Haxg Boctouno-Cudupckum MopeM 2 mapra
2019 1. (6)

Fig. 5. Cyclone over the Laptev Sea on May 1,2018 (a) and over the East Siberian Sea on March 2,2019 (6)

Ha puc. 5 mokazansl nosst arMocepHOro JaBieHus], B KOTOPBIX B MOpsix JlanTeBbix
1 Boctouno-CuOupckoM pactiosiosKeHbl IMKIOHBL. [ToaTHIIb! TToNneid arMocdepHoro aasie-
HUS B 3TOM cirydae s Mops JlanteBrix ob6o3nadensl C25, a mis Boctouano-Cubdupckoro
Mopst C42.

Bo3MOXHBI ciiydan, KOTa HaJ BCel akBaTOpHel Mopsl pacloyiaraeTcst MaJorpay-
EHTHOE TI0JI€ aTMOC(EPHOTO JIaBICHHUS, TPU KOTOPOM OTCYTCTBYIOT BBEIPaKEHHBIE TOTOKH
BO3/lyxa. Takue cuTyalun BBIACICHBI B OTACIBHBIA THII, 0003HAaYCHHBIH CUMBOJIOM R.
HOI[TI/IHOB OTOT THUII HC UMCCT.

OmnucaHHBIE BBIIIE THITBI OIS aTMOC(EPHOTO TAaBICHNUS MTOCITY KN OCHOBOH JUIs
KJIacCH(UKaLMK BCEX CYTOUHBIX CHHOIITHUECKHUX KapT 3a McclietyeMblii nepuoa. Jis pas-
JITICHNUS! TI0 TUTIAM UCIIOJIb30BAJICS KJIACTEPHBIN aHAJIN3, KOTOPBIHA MIMPOKO MPUMEHSETCS
B Pa3MUYHBIX 00TACTAX, B TOM YHCIE U B THapomeTeopororuu ([9, 10] u ap.). B xauecTse
HCXOJHOM TOYKH NpH Kiaccudukanny («IeHTpa KiacTtepa») IPUHUMAIIOCh 10JIe aTMOC-
(epHOrO IaBIeHHs, KOTOPOE MOTHOCTHIO COOTBETCTBOBAJIO IO CTPYKTYpE BHIOPAHHOMY
Ty, Takoe mose Mbl Ha3bIBAJIN «3TAJTOHHBIMY» MoJIeM TuMa. [I0CKOIbKY MCXOHbIE TaHHbIC
0 TIOJISIX aTMOC(EPHOT0 JaBJICHUs ObUIN MTPE/ICTABICHBI B BHJIE MAaTPHIIbI 3HAYEHUH B y3/1aX
reorpaduueckoil CeTKH, B Ka4eCTBE ITAPaMETPOB ISl OITUCAHHS €T0 CTPYKTYPBI ObUIN ITPH-
HSTBI HOPMUPOBAHHBIE 3HAUCHUS PA3HOCTEH aTMOC(epHOTo NaBICHHMS IS KaXK/IBIX JBYX
COCE/IHUX Y3JIOB IO OMOPHBIM MapaIesiM U MEpHIMaHaM B ITPEAeIaX akKBaTOPHUH MOPSL.

Paznuuus B 3HaUSHMSIX pa3HOCTEH arMOC(EpHOro JaBJIECHHS MO MapaIessiM U Me-
pUIMaHaM TTO3BOJISIOT OLEHUTD MPUHAICKHOCTD TTOJISI K OAHOMY M3 BBIJICJICHHBIX THUIIOB.
Tak, U1 OZHOHANPABIEHHOTO IO’KHOTO MOTOKAa HaJl MOpeM OyayT XapaKTepHbI OIHM3KHe
K HYIIO Pa3HOCTH aTMOC()epHOTo AaBJICHHS 110 MEPUANAHaM U 3HAYNMbIC 3HAYECHHS pa3-
HOCTEH 10 napayiessiM. Beanunna pa3HOCTEN PU 3TOM ONPEAETSETCS] MHTEHCUBHOCTBIO
BO3/IYIIHBIX TIOTOKOB, T. €. TPAANEHTOM aTMOC(EPHOTO JaBICHHUS.
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Jlist Mopst JlanTeBBIX B KauecTBE ONOPHBIX ObLIO BBIOpaHO 3 mapamenu (74°, 77°
u 80° c. m1.) u mepuauansl ¢ 100° B. 1. mo 136° B. a. ¢ marom 4. Touku nepecedeHust ITUX
napajuiesiell 1 MepHIMaHoB, PAcHOJIOKEHHBIC B IIpeJieiaX aKBaTOPUU MOPSl, ObUIH TIPUHSITHI
3a ONOpPHBIE Y3IIbl. Pa3HOCTH JaBIeHUS MEXY COCETHUMU OIOPHBIMH y3JIaMH HOCITYKUIN
rapameTpamH («cBOWCTBaMH 00BEKTa») IpH pacuere MeTpuku. B Mope JlanTeBbix pacuer
METpHKH Besics 1o 37 mapamerpaM. B BoctouHo-Cubupckom Mope Takke ObUI0 BBIOPaHO
3 mapamenu (71°, 74° u 77° c. m.) u mepuauansl ¢ 140° B. 1. mo 178° B. 1. ¢ marom 6.
B sTOoM cinywyae MeTpHKa pacCUMTHIBaJIAch MO 26 mapaMeTpaM.

B kauecTBe METPUKH JUIsl ONpE/EIeHHs NOoJIeH aTMOC(EPHOro JaBIeHHs, OTHOCS-
LIUXCS K OHOMY TUITY C «3TaJIOHHBIM», UCIIOJIb30BAJIOCh EBKJIUOBO PACCTOSIHUE.

[TocnenoBarenbHO 3a/1aBasi «ITAJTOHHOE» MOJIE aTMOC(EPHOT0 JABICHUS IS KaXJ0T0
13 27 BBIOpAHHBIX THIIOB, MBI OTOMpaIH OJM3KHE K HAM I10JIsl U3 BCETO apXHMBa HCXOIHBIX
naHHbIX. [ToporoBast BemMuMHA METPHUKH MTO0OUPAIACH SMIIMPUIECKH.

B xoze xnaccuukanuy BCTpedanich moiist arMoc(epHOTo AaBIEeHHs, KOTOPBIE IIPU
3aJJaHHOM ITOPOrOBOM 3HAYE€HHH METPHUKU (POPMAILHO MOIJIM OBITH OTHECEHBI K HECKOJIb-
kuM tunam. [Ipumep takoii cutyarun — G6apudeckoe 1oje, XapaKTepHOl 0COOCHHOCTHIO
KOTOPOTO SIBJISUIACH PACIPOCTPAHSIOIASCS C CEeBEpa JIOKOMHA CO CMEIICHHOHN B 3alIaIHYIO
4acTh MOps 0Cbi0. Takoe 1mose 1o pacCYuTaHHOMY 3HAUEHUIO METPUKH MOIJIO OBITH BKITIO-
yeHo kak B TUII LN, Tak u B Tun SW, NOCKOJIbKY Ha 3HAUUTENBHONW 4aCTH aKBaTOPHU MOPS
npeodiaiaeT OHOHANPABICHHBIN BO3IyIIHbINM MOTOK I0T0-3aI1aIHOTO HanpasieHus. Bee
MoA00HBIE CITyYan pacCMaTPUBAIMCh WHIMBHYAIBHO, ¥ PEIICHUE, KAKOMY TUITy OT/AAaTh
MPEANOUTEHNE, IPUHUMAIIOCH C YUE€TOM CTPYKTYPBI IOJISI JABICHUS U 3HAUEHHsI METPUKH,
PACCUMTAHHON B KaXKJJOM U3 TUIOB.

JIJst HeKOTOPBIX ToJIeit aTMOC(HEpPHOTO JIaBJICHHUS BCE METPUKH, PACCUUTAHHBIE JUIS
Ka)XJI0TO THIIA, TPEBOCXOMIIN IIPUHSITOE IIOPOTOBOE 3HAYCHUE M, COOTBETCTBEHHO, (op-
MaJIbHO HE OTHOCHJIMCh HH K OJJHOMY M3 BBIJICJICHHBIX THIIOB. Takux mosiei Obl1o HEMHOTO,
nX KoJu4ecTBo cocraBmio MeHee 10 % ot o01iero umcia pacCMOTPEHHBIX CYTOYHBIX KapT.
B Takux curyanusx mose arMocqepHOro JaBieHHs: OTHOCHIIOCH K THITY, 3HAY€HUE METPUKH
JUIsl KOTOPOTO OBLIO HAMMEHBIIMM 110 CPABHEHHMIO C JIPYTMMH BBIACICHHBIMU THITAMH.

PE3VJIBTATbBI TUITU3ALIMHU BO3AYIIHBIX TOTOKOB U UX IPUMEHEHUE

PazpaboranHas TUIIM3AIMS TO3BOJISIET (POPMATTM30BAThH OMMCAHUE CTPYKTYPHI MOJIeH
armocepHoro aasneHus Haja Mopsimu JlanTeBbix U BocTouHo-CHOMPCKIM.

[Tpu cocraBieHUU MPOTHO3a Pa3PhIBOB B JIC/THOM [TOKPOBE OIpe/e/IeHHE THITA U MO/
THUIIA IPOTHOCTHYECKONH CHHONTHYECKOW CUTYaI[MH MPEIJI0KEHHBIM CIIOCOOOM MTO3BOJIUT
ABTOMATU3MPOBATh MOUCK aHAJOTUYHOTO TIOJISi aTMOC(EPHOTO JIaBICHHMSI.

OCHOBBIBAsICh Ha OIBITE PabOTHI C Pa3phIBAMHU, MOXKHO TPE/IIOIOKUTh, YTO OIpe-
JICTISTIOIIUM SIBJISIETCSI HAIIPaBIICHNE MTOTOKA, a €r0 MHTEHCHBHOCTh BTOPHYHA U ITOTOMY
BO3MOYKHO HCIIOJIb30BAaTh COCEHHUI TOJITHII OJHOTO M TOTO e THma. [Ipencrasmusercs,
YTO B PE3yJIbTaTe MPAKTHUECKOTO MPUMEHEHHs MeToa Oy/IeT onpe/esieHa BO3MOXKHOCTh
U c10c00 00bEAMHEHNS OTAEIBHBIX ITOITHITIOB.

Kaxomy moaruity mossi arMoc(epHOro JaBieHHs B paMKax pa3padaThiBaeMOro
MEeTo/1a IIPOrHO3a MPE/III0JIaraeTcs IOCTABUTh B COOTBETCTBHE T10JIE Pa3pPhIBOB B JICSIHOM
NOKpoBe. MICX0AHBIMU JAHHBIMH JIJIs 3TOTO MOciy)aT cHUMKU MC3 masnoro paspeiieHus,
M0 KOTOPBIM OyAyT Aeun(prpoBaHbl Pa3phIBbI B JIEASHOM IIOKPOBE, a 3aT€M PacCUNUTaHBI
3HAYCHUSI UX TPEOOIaIatoIeii OPUEHTAIMN U TUNIOTHOCTH PACIONIOKEHHS B IIPOCTPAHCTBE
mo kBajparam cetku [11].
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Tabnuya 3
IloBTOpsieMoCcTh THIOB NOJIeil aTMOChepHOro AaBieHus, 20162021 rr.
Table 3
The frequency of occurrence of the types of atmospheric pressure fields, 20162021
TloBTOpsiemocTs, %
bapuueckue nomns
Mope JlanteBsix | BocTouno-Cubupckoe Mope
C HeM3MEHHbIM HalpaBJIeHUEM I'palueHTa 51,2 52,3
['pebenn 17,8 20,0
JloxOuna 16,3 11,7
uxnon 7,7 5,1
AHTHIUKIIOH 1,4 2.3
MasnorpaaueHTHoe nojie 5,6 8,6

B HacTostuit MoMeHT oTAebHO Tt Mops JlanTeBsix 1 BocTouno-Cubupckoro Mopst
c(hopMHpOBaH KaTajor THIIOB IOJiel aTMOoc(epHoro napiaeHus. s KaKaoro MOATHIIA
B KaTaJIOT 3aHECEHBI AaThl, B KOTOPbIE NOJIS BETPaA HAJ MOPEM MMEIU COOTBETCTBYIOLLEE
HampaBJIeHHe U CKOpocTh. IIpu cocTaBneHnK MporHo3a U3 mojei arMoc(epHoro aaBie-
HUS, IPUHAJICKAIINX OTHOMY MTOJATHITY, OWH Hanboee MOAXOAAIINN OyIeT BEIONpaThCs
B KaueCTBE aHAJIOTA.

Cy1mecTByeT BepOSTHOCTb, UTO [T HEKOTOPHIX PEAKO BCTPEUAIONUXCS IOATHUIIOB He OyneT
BO3MOYKHOCTH C(HOPMUPOBATH OJIE XapaKTEPUCTHK PA3PHIBOB 110 (PAKTUYECKUM JAHHBIM. DTO
CBSI3aHO C HAJIMYMEM OOJIaYHOCTH B 3TOT JICHb, NPEIISITCTBYIONICH NeIn()PUPOBAHUIO CHIMKA
NC3. B aTOM ciydae MmiaHUupyeTcsl UCTONB30BaTh M0JIe Pa3phIBOB IS ONIDKAMIIIETO TOATH-
I1a, OTIMYAOLIEECs: OT UCKOMOIO TOJIBKO CKOPOCThIO BeTpa. llpennonaraercs, 4ro 3HaueHUs
XapaKTePHCTUK Pa3phIBOB Y JIBYX COCEIHMX MOITUTIOB HE OyIyT CYIIIECTBEHHO Pa3iIMIaThCs.

HanMeHnbl1y10 MOBTOPSAEMOCTD B TEUEHHE PACCMOTPEHHOTO BPEMEHHOIO HHTEPBAJIa
HUMeI TUI A, COOTBETCTBYIOIINI HATWYHIO IIEHTPa aHTUIIUKIOHA HAJl aKBaTOpueil Mopsl.
3a 5,5 net momns aTMOC(EpHOTO JaBIEHUS ATOTO THIA HAOMIONAIHNCH HAJl aKBaTOPUSIMU
Mmopeii JlanreBbix U Boctouno-Cubupckoro auib 18 u 30 gHEH COOTBETCTBEHHO, T. €.
MeHee, yeM B 3 % ciydaeB (Tadm. 3).

Han6onpuryro moBTOPsEMOCTh UMEJTH THIIBI, OTMCHIBAIOIINE OHOHAIIPABICHHBIC
B IIpefesaXx BCEro MOps BO3IYyIIHBIE MTOTOKU. B 000MX MOpSX K 9THM THUIIAM OTHECEHO
HEMHOTUM 0o0Jiee TIOJIOBHHBI BCEX MPOAHATIM3UPOBAHHBIX JaHHBIX. Clie/yeT OTMETHUTD,

Tabruya 4
HOBTOpﬂeMOCTb THUIIOB MoJIel aTMOC(l)epHOl"O JAaBJICHUSA,
¢opMupyOLINX 0IHOHANIPABJIEHHBIE BO3AyIIHbIE IOTOKH, 2016-2021 rr.
Table 4
The frequency of occurrence of the types of atmospheric pressure fields forming
unidirectional air flows, 2016-2021

IToBTopsiemocTs, %
Tumnbr
Mope JlanTeBbIx BocTouno-Cubupckoe mope
N 2,2 2.4
NE 5,0 72
E 5,5 9,9
SE 10,6 10,0
S 8,7 2,1
SW 10,5 6,5
\Y 4,9 8,2
NW 3.8 6,0
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YTO NpH Kiaccuukanuy nonei arMocepHOro MaBieHuUs! K OJHOHAIIPABICHHBIM TaKXKe
OTHOCHJINCH OapUYECKHE T10JIsL, P KOTOPBIX B OTAEIBHBIX epUEPUHHBIX palloHaX MOps
BETEp MOT OTKJIOHSTHCSA OT OCHOBHOT'O HAIPABJIEHUsS TUIIA.

B Tabn. 4 npuBeneHa MoBTOPSIEMOCTh OJJHOHAIPABJICHHBIX TIOTOKOB 110 8§ pymbam. B mope
JlanTeBbIX HaHOOJIBLIYIO HOBTOPSIEMOCTH UMEIOT THUITBI C FOXKHOHM COCTABIISIFOLICH HAIPABIICHUS
Berpa (SE, S, SW). CymmapHo 31u THITEI HaOmronammch modt B 30 % ot o0riero yrcra JHei
B paccMOTpeHHOM rieprozie. B Boctouno-CrndupckoM Mope npeo0iiaiatoT THITB ¢ BOCTOYHOM
cocrapisomet (NE, E, SE). Ha nx nomo npuxomurest 27,1 % ciyuaes. [Ipeobnaganue yxa-
3aHHBIX TUIIOB OOBSICHACTCS KIMMAaTHIECKMMH OCOOCHHOCTSIMU STHX PETHOHOB.

BbIBO/JbI

CoszmaHa KitacCH(pUKALUS MMOJIeH aTMOC(HEPHOTO TaBICHUS HaJ MOPSIMHA JlamTeBhIx
u BocTtouno-Cubupckum, coctosiiast u3 27 TUmoB. Takoe KOJMYECTBO THUIIOB MPH pas-
OMEHMM MX Ha TMOATHIIBI Aa€T BO3MOKHOCTE JOCTATOYHO TOYHO OMKMCHIBATH 0COOEHHOCTH
oJIe aTMOC(EpPHOTO TABICHUS HAJl MOPEM.

Tunuzanus npeaHa3HavYeHa [T ONMUCAHMS TOJeld aTMOCc(epHOro JIaBicHHS Ha aK-
BaTOPHSIX, CPABHUMBIX I10 TUIOMIAJN C OTACIbHBIMH apKTHUECKUMH MOPSMHU.

Dopmanm3anys OMUCAHUS CTPYKTYPHI MOJICH aTMOC(EPHOTO JaBICHHS HAll MOPEM
Oy/IeT HCIOb30BaHA MPH ABTOMATU3AIIMH aHAJIOTOBOTO METOa KPAaTKOCPOYHOTO MTPOTHO32
XapaKTepUCTHK PAa3pHIBOB B JICASHOM MOKpoBe Mopel JlanteBbix 1 Boctouno-Cubupcko-
r0. DTO MO3BOJHT ONEPATHBHO MOAOMPATH K MPOTHOCTHICCKOMY TIONIO aTMOC(EPHOTO
JIABJICHMsI ONITUMAJIbHBIA aHAJIOT 10 PETPOCIEKTUBHBIM JaHHBIM.
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Pe3rome

B crarbe mpuBeneH 0030p nccnen0BaHKH, MOCBALIEHHBIX H3YYEHUIO IBUKEHUS CyIOB B TEPTHIX JbAax. [lo-
Ka3aHO, YTO IS ONpEIENIeHHs JIeJ0BOTO CONPOTHBIICHUS CyIHA B YKA3aHHBIX YCIOBHAX UCTIOMB3YIOTCS TEO-
peTHUECKUEe METOJIbI HCCIIENOBAHMS M METOJ (PM3MYECKOro MOJCIMPOBAHHS B JIEI0BbIX Oacceiinax. B padore
IPOCTIeKEHA HBOMIOLHS TEOPETHUECKUX MOJIENeH, MPIMEHsIeMbIX 1714 pacyeta. OmucaHbl METOIbI (PH3HYECKOTO
MOJIETMPOBAHKS TEPTOTO JIbJIA B JIEIOBOM OacceiiHe, 00Cy K AeHb! OCHOBHbIE TPYAHOCTH, BO3HUKAIOLIUE MPU KC-
IIEPUMEHTATIBHBIX HCCIET0BAHMAX. PaCCMOTPEHO aKTHBHO Pa3BUBAIOLIEECS B HACTOAIIEE BPEMS KOMIIBIOTEPHOE
MOJICTPOBAHHE ABMKEHHS CYHA B TEPTHIX JIbAaX HA OCHOBE METOJOB IUCKPETHBIX 3eMeHTOB. JlaHo onucanue
METOZIOB H3y4eHHS pabOThl ABIKUTENCH CyI0B B TEPTHIX JbJAX.

KuioueBble cl10Ba: IBUKUTEIb, JIEJIOBOE COMPOTHBIICHNUE, JICAOBbIN 0acceiiH, METO/] IUCKPETHBIX HIEMEHTOB,
TEPTHIi JIe/I.

Jas untupoBans: Cazonos K.E. JIBHKeHHE CYl0B B TEPTHIX JIbaX: Pe3y/IbTaThl HccienoBanuii // IIpodmemst
Apxrukn n Antapkrukn. 2021. T. 67. Ne 4. C. 406-424. https://doi.org/10.30758/0555-2648-2021-67-4-406-424.
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SHIP OPERATION IN BRASH ICE: RESULTS OF INVESTIGATIONS

KIRILL E. SAZONOV"?
! — Krylov State Research Centre, St. Petersburg, Russia
2— St. Petersburg State Marine Technical University, St. Petersburg, Russia

kirsaz@rambler.ru

Summary

The paper gives a review of the studies concerned with operation of vessels in brash ice. Recently, the ice
conditions have received an ever increasing attention of the researchers related to the fact that shipping in
the Arctic regions and freezing seas, as well as in inland waterways has been scaled up. One of the important
fields of brash ice studies is specifics of sailing under these conditions and primarily determination of the ship
ice resistance. The paper shows that theoretical methods combined with physical modeling in ice basins are
used for determination of the ship ice resistance under brash ice conditions. The paper traces the evolution of
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theoretical models utilized for calculations. It is mentioned that the models are mainly based on loose material
mechanics. A rapidly developing computer modeling of ship motion in brash ice based on discrete element
method is considered. Physical modeling techniques used for modeling brash ice in ice basin are described,
and challenges of experimental investigations are discussed. It is pointed out that experimental studies in ice
basin can provide valuable data not only about ship ice resistance but also about the mechanisms giving rise to
ice channels filled with brash ice. The paper describes the methods for studying operation of ship propellers in
brash ice conditions. It is concluded that further research into brash ice is needed.

Keywords: brash ice, ice basin, ice resistance, method of discrete elements, propeller.
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BBEJEHHUE

K Tepromy nbny (TJI) (brash ice) oTHOCSTCS JeasiHbIe 0Opa30BaHUsI, XapaKTep-
HBIA pa3Mep KOTOpBIX He mpeBbimaeT 2 M. TJI MoxeT 00pa3oBBIBaTLCS MPHU MPOTEKAHUH
€CTECTBEHHBIX IMPOIECCOB B BOJHOU cpejie, HO OCHOBHOM uHTepec mpexactapiseT TJI,
00pa3oBaBIIMIACS B pe3yiIbTaTe X03sHCTBEHHOW EeATEIHHOCTH YesnoBeka. Habmomaroma-
SACA B MOCJIEAHEE BPEMA I/IHTeHCI/I(bI/IKaLH/ISI JABUKCHHUSA Cyd1OB B npnnai/'mmx JIbAaX U Ha
BHYTPCHHHUX BOJHBIX ITYTAX IMPUBEJIA K MTOABJICHUIO HOBBIX 00BEKTOB NU3Yy4YCHUA MOpCKOﬁ
JIEIOTEXHUKU — CYJIOXOAHBIX KaHAJIOB M aKBaTOpUiA MOpPTOB, 3anojiHeHHbIx TJI. TonmumHa
ciost TJI B kaHane UM Ha akBaTOPUU MOPTA MOXKET CYLIECTBEHHO IPEBBIIIATL TOJIIMHY
HaXOSIIETOCS PSAAOM HEPa3pyIICHHOTO JIITHOTO TOKPOBA, IOPTOMY TaKOH CIIOH MOYKET
SBJISTHCS CYIIECTBEHHOW MPErpaioi A1 OCYIIECTBICHUS CYI0XOACTBA. J{BIKeHNE CyI0B
0 KaHauy, 3armojHeHHOMY TJI, MOXKeT ObITh 3aTPYAHEHO KO0 BOOOIIE HEBO3MOXKHO. [Ipu
OCYIICCTBJICHUN 3UMHEN HaBUTallUU Ha Enwncee B Teuenue XOJIOAHOT'O epruoaa Impuxo-
JIMIIOCH MPOKJIAIBIBATH HECKOJBKO MapalieNIbHbIX KaHamos [1]. U3yduenne ocobeHHOCTEH
B3anMoCHCTBHS cynoB ¢ TJI siBnseTcs akTyanbHOM MpoOIeMoi, pemeHnio KOTOPOii B Mo-
clIeZHee BpeMs BHOBD Y/ICNISCTCS JOCTAaTOYHO Oonblioe BHUMaHuE [2].

C ToukH 3peHus JEJOBOH XOIKOCTH CYJOB, KaK OJHOTO M3 HANPAaBICHUN Pa3BUTH
MOPCKOH JIEAOTEXHHUKH, N3yUeHHEe 0COOCHHOCTE! ABIDKeHHs cynoB B TJI mpencrasiser
co0oit pacuipenue Habopa JIeTOBbIX YCIOBUH, JUIsl KOTOPBIX ITPOBOMSTCS UCCIETOBAHMUS
BHOBB ITPOCKTHPYEMBIX CyA0OB. B3anMoselicTBIe KopIryca Cy/IHa U €T0 ABMKUTEINEH ¢ Tep-
ThIM JIBAOM UMECT P CYHICCTBCHHBIX OTJIMYUH OT YKE 1O0CTATOYHO XOPOUIO U3YUYCHHOI'O
JBHKCHUA Cy/IHA B CIJIOIIHBIX POBHBIX U OUTBIX JIbAax. Tem He MCHECC, XOTA UCIIbITAHUA
Mojenel MpoeKTHpyeMbIx cynoB B TJI cramu mpakTHYecKu 00sI3aTeNIbHBIM AJIEMEHTOM
HCCIICIOBAaHNH B JIEIOBBIX OaccelHax, ele IMoKa HeJb3sl YTBEpXkKAaTh, YTO MOMYUCHHBIC
OKCIICPUMEHTAJIBHBIC JJAHHBIC aKTUBHO HCIIOJIB3YIOTCA IPHU MPOCKTUPOBAHUUN KOpPITyCa
cyaHa. B Hacrosiniee Bpemsi pe3ysibTaThl TAKUX MCCIEIOBAHUN CITy’KaT B OCHOBHOM JIJIst
KOHCTaTalluU JICAOBBIX XapaKTECPUCTUK CIIPOCKTUPOBAHHOT'O CyAHA B YKa3aHHBIX JICTOBBIX
YCIIOBHSIX.

ITepBbie paOOTHI 1O M3YUYECHUIO PA3TMUYHBIX ACTIEKTOB B3auMOJeHCTBUS cynoB ¢ TJI
nosgBuiuch B 1980-x rT. [3—6]. IX 0COGEHHOCTBIO OBLTO TO, YTO ABTOPHI TOMUMO pac-
CMOTPEHU BOIIPOCOB BBaHMOHeﬁCTBHﬂ CyaoB C TJI YACIUIIN MHOI'O BHUMAaHHUA U3YyYCHUIO
camoro ¢penomena TJI. OHn m3ydanu crpoenue kaHanoB c¢ TJI, pa3pabaTsiBanu nepBbIe
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MIPOCThIE MATEMATHUECKUE MOJIENH, TO3BOJIAIONINE IPOTHO3UPOBATh HAPACTaHUE TEPTOTO
JbJla B KaHaJlaX B 3aBUCHMOCTH OT CYMMBI I'DaJyCOIHEH MOpO3a W YacTOTHI JBHKCHHS
cynoB o kaHairy. Ocobo HeoOxomumo BeienuTh padoTel [1. Kannapu [4] u x. Cana-
KBHCTa [5], B KOTOPBIX OBUIN MPEITI0KEHBI METO/IbI MCCIICOBAHUS KaHAJIOB U TIOJIyYEHBI
HaTypHbIE JJaHHbIE 00 X CTPOEHHH HCIIOJIB3YIOMINECS /10 CHUX TI0P.

JlanpHelne nccie0BaHus ObIIM HAIIPaBJICHbl HA YTOYHEHNE MOJIeJIel IPOTrHO3H-
poBaHusi HapacTaHus TONMIHHEI cinos TJI B kanane [7], pacdeTbl 00pa3oBaHHs KOHCOJH-
nuposanHoro ciost B TJI [8-9 u np.], uzyuenue coictB TJI kak cwimyueit cpenpl [10-13
u 11p.]. 31ech HeOOXOANMO OTMETHTh, YTO MEXaHMKA CBIITy4Yel Cpeiibl IPUMEHSICTCS JUIs
OIMCAHUsl Pa3IMYHBIX JICISHBIX HArPOMOXKICHUH (ice rubble). VI3yueHnIo cCBOWCTB TaKUX
HarpoMOXK/ICHUH MOCBSIIEHO OOJIBIIOE KOJMYECTBO paboT, JaHHbIE, ITOJyUYEeHHbBIC B HUX,
4acTo MOTYT OBITh HCIIOJIb30BaHbl U 1pu aHanuze TJI.

Bce xapakrepuctuku TJI 061agaror 601bII0H H3MEHYNBOCTBIO, TEM HE MEHEE IIPU
aHaJM3e 0COOCHHOCTEH JIBM)KCHHUS CY/IOB B TAKHX JIbJIaX MCIOJIB3YIOTCS HEKOTOPBIE Cpel-
HUE 3HaUYCHMs. B KauecTBe mpuMepa MPHUBOANUTCS CBOJKA MEXaHHMYECKHX XapaKTEPUCTHK
TEpTOro JIbJIa, 3aUMCTBOBaHHAs U3 paboThI [13], KoTopas OblIa UCIIONB30BAHA JUIs aHAIIM3a
BBINOJTHEHHBIX B 3TOH padoTe SKCIIEPUMEHTOB: MOPUCTOCTh — 40 %, yroi eCTeCTBEHHOTO
oTkoca (B Boze/Ha Bo3yxe) — 26,6° /20,7°, yron BHyTpeHHero TpeHus — 42-58°.

PACYHETHBIE METO/1bI OITPEAEJIEHUA COITPOTUBJIIEHUA TEPTOI'O JIBJA
JIBUKEHUIO CYJTHA

OrnpereneHre JeI0BOr0 COMPOTHBICHUS CyJJHA OCYIIECTBISIETCS JIMOO MyTeM pac-
yeTa 110 TOW MM MHOM MareMaTH4ecKoi MOIeNH (KaK MPaBUIiIO, TAKHE MOJICNIN OMHCHIBAIOT
CpeaHee 3HAYCHUE JICIOBOTO COMPOTUBIICHHS B 3aBUCUMOCTH OT psijia ITapaMeTpoB), THO0
MyTeM MPOBECHHUS MOJICIFHOTO KCIIEPUMEHTA B JIEIOBBIX OacceifHax. B HacTosmee BpeMs
BO3HHK €IIl¢ OAMH MOAXOA K OMPEACTICHHUIO JISTOBOTO COMPOTHUBICHNS, OCHOBAaHHBIN Ha
KOMIIBIOTEPHOM MOJICTTMPOBAHHH JABWKCHHUS CyIHA BO JIbJax. B 3ToM ciryuae Bo3nelicTBre
BHEIIIHEH CpesIbl Ha CYTHO OIIPEeAeTCsS PacueTOM 110 HEKOTOPOMY aJITOPUTMY, IIPH ATOM
BCE JICHCTBYIOIINE CHIIBbI OOBIYHO CUUTAIOTCS SIBHBIMU (YHKIMsME BpemeHH. Huxke pac-
CMAaTPHUBACTCS] MPUMEHEHUE YITOMAHYTHIX MOAX0M0B K M3yUEHHIO JABWKEeHUs cynHa B TJL.

OpnHO¥ U3 IEPBBIX TOMBITOK ONMCAHUS JIETOBOTO COMPOTHBIICHNUS, BOCIIPUHIMAEMOTO
cymHoM Tipu ero nBmwxkeHun B TJI, 6puta pabora M. Memmnopa [3]. M nipeiokeHo aHa-
JUTUYECKOE BBIPAKCHUE IS OTIPEICICHUS COMTPOTUBIICHHUS Cy/IHA, OCHOBBIBAIOIIEECS HA
3axoHe Mopa—Kyrnona. OH paccMaTpuBaeT JBE COCTABISIOMINE JICTOBOTO COMPOTHUBIICHHS:
nepBast 3aBUCUT OT JaBiieHUs TJI Ha HOCOBYO OKOHEUHOCTb, BTOpast — OT TpeHus TJI Ha
MIOJBOJJHOM 4acTU KOPILyCa, pacIoiI0KEeHHOH 11ocie HOCOBOro 3aoctpenus. ITo ero Mue-
HUIO, OCHOBHOE COIPOTHBIICHUE B ITHX YCIOBUAX (POPMHUPYETCS B HOCOBOW OKOHEUHOCTH
Cy[IHa U CHJILHO 3aBUCHT OT (hopMbI HOCa B IutaHe. PacueTHast popmyra, IpeuioxKeHHast
Menaopom, MOXKET OBITH 3amucaHa B CIEAYIONIEM BHJE:

A, (1+sind P, ),
L= L (1= p)p,g| 1-— |h’B, (1)
ik 2 1-Sin¢ ( p)ng . i
e k=1,2; 4 = 1,3 — 2,5 1ns 0CTpbIX HOCOBBIX OKOHEUHOCTEH M A, = 1,7 — 2,6 mus
TynblX; ¢ — yron BHyTpennero tpenus TJI; p — nopuctocts TJI; p, p, — TIOTHOCTS

w

JIbJa ¥ BOJBI; h,- — TtomuuHa cnos TJI; B — mupuHa cyaHa.
Honroe Bpems dopmyna (1) ocTaBanzach eMMHCTBEHHBIM MAaTEMaTHIYECKUM OIIH-
caHmeM mporecca B3ammoneiicteusa cynHa ¢ TJI. Crexyromas MareMaTndeckasi MOJIENb
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PosHblli nep, — ~

/‘\ :

TepTbli neq Yron oTkoca B kaHane y = 2°

Puc. 1. 'eomerpuueckas mozaens kanana ¢ TJI

Fig. 1. Geometric model of a channel with brash ice

osuta pemnmoxena K. Pucka u np. [7, 14, 15] B potrecce pa3paboTku (HPHHCKO-ITBEICKUX
TIPaBUII OTIPEICNICHAS JIAOBOTO Kitacca cynHa (Finnish-Swedish ice class rules) [16]. [lpu
pa3paboTKe MOJEIH aBTOPHI UCIOJIB30BAIHM TEOMETPHUYCCKOE NPEICTABICHUE JICASHOTO
kaHana (puc. 1), a Tak)Ke COOTHOIICHHUS TEOPHUH CHIITYYHX CpPell.

B pesysbrare ObUIO MONYYEHO CIENYIOLee BEIpaXKEHHE TS pacyeTa JISI0BOro Co-
TNIPOTHBJICHUS CyHa R, IBUAKYIIETOCS B OTHX YCIOBHAX:

1 1 H 1
R, =—u,ApeH>K,| —+—2 || B+2H,.| cos§ ——— cosh+sinysina )+
o = 5 MaAPEH {2 2HJ{ F( tgwﬂ(uh ¢+sinysina)
i IT i (2)

W APSH Koy Ly, + APZ | | Hy Ay

rae p, = 1 — p — xosdduuunent sanonnenus cinos TJI npaom; p — nopucrocts TJI;

'
Ap=py, —p;; K, = tg2 Jg“ 4= %2 — ko3 durpent naccuBHoro aasieHus TJI kak CbI-
yuei cpenbr; ¢’ — yront BHyTpenrero Tpenus TJI; H, — tommuuna cios TJI nocepenune
xanana (puc. 1); 8 = 22,6 — yron ecrecrBennoro orkoca TJI B Bozie; W, — koappuiment
tpenust TJI 06 001IMBKY KOpITyca; o, Y, ¢ — yIVIbl HAKJIOHA BaTEPJIMHUH, IITTAHTOyTa 1 Oa-
Tokea; K = p /(1 — p )— xoappuimenT 60KOBOro JIaBieHus B IIOKOE, W, — Koo uument
TJ1, ananoruunbiii koapduuuenty Ilyaccona ans ynpyrux ten [17] (Benuuuna [, TpyaHO
ompeznemnsiemast 1y TJI, moIToMy B IPaKTHYECKHUX PAacueTax MOXKHO HCIIOIB30BaTh alpOK-
cumanuto Jix. Jlxeiiku K = 1 — sing’ [18]); L,, — AnnHa MATHHAPHYECKOH BCTABKH;
AWF — IUIOIIAJb BaTepiAuHuM, F'n — uucio Opyna; L, B, T — mjinHa, LIMpUHA U OcaaKa
cyana. H, 3amaer tonuuHy cinost TJI mocse ero CMELIEHUs U NEPEMELLEHHUS KOPILy COM
cynHa (puc. 2). OTa TONMKHA, 3aBUCSINIAS OT 3HAYCHHUS ABYX YIJIOB O U Y, BBIYUCIISETCS 1O
cienyromiei popMyiie, KoTopasi MoaydeHa Ha OCHOBAaHUH T€OMETPUIECKHX MMOCTPOeHuH [7]:

B(HM+§tgyj

(3)
tgy + tgd

H,=H, +§tgy+(tgy+tg5)

Bripaxenns (2) u (3) 40CTaTOUHO CIOKHBI M COAEPIKAT IENBIA PsII TapaMeTpOB,
omuceBaromux TJI, 4To HEYyMOOHO I MCIOIB30BaHMUSA B (DMHCKO-IIBEJCKUX IPAaBHIIAX.
[TosTOoMy OHM ObLIHM ympomieHbl. Beipaxenne (3) mns cnydas B > 10 m u H,, > 4 moxeT
OBITH 3aIFICAHO CIICAYIOMINM 00pa3oM:

H, =0,26+BH,, “)
W3 popmyisl (2) ObIIO MOITYUIEHO J1Ba YIIPOLIEHHBIX BhIpakeHUs. [lepBoe BrIpakeHHe
HCIIOJB3YETCA B ClIy4dae, KOrjga N3BCCTCH TeopeTI/I‘IeCKI/Iﬁ YCPTCK CyAHa, JIsI KOTOPOTO
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Teprbiii nep

A
H \

8=22,6°

Cyawo /

Puc. 2. Onpenenenue H,
Fig. 2. H, definition
HEOOXOIMMO OTIPENIEIUTh COMPOTHBICHHE TEPTOTO JIbAd. JTO BhIpAXKEHUE NPHUBEICHO
B mpaBuiax [16] u 3meck He MPUBOIUTCS U3-3a €T0 TPOMO3AKOCTH. BTopoe BrIpaskeHMe
UCIIOJB3YETCs B Cliyuae, Korma o cyaHax kimacca [A u IA Super umeercs Juib oOrias
undopmarys. B aToM ciryyae je0Boe CONPOTHBICHUE ONPE/IEISETCs CIeTYIONINMH BbI-
PaKSHUSIMH:

LTY B

R, =C,+C,+460(H, +H, ) (B+0,658H,)+18,7LH? +825[?j 7 ©
e kosduimentsl C, u C, GepyTes us tadm. 1.

I1r K0P HUIMEHTHI YUUTHIBAIOT HAIUYKME KOHCOIUAUPOBAHHOTO cJiost B TJI.

Tabruya 1
3nauenus ko3ppuuuentos C, u C,
Table 1
Values of coefficients C, and C,
JlenoBblii IA Super
ki1ace |IA
cymHa 0e3 Oyipba ¢ Oynmeboom
BL BL
C, 0 | 10,3~ +1,84(45,88+2,94L+5,8BL) | 0,3—————+2,89(45,88+2,94L +5,8BL)
2TB " +1 2TB " +1
C, 0 3,52(1530+17OB)+400(1+1,2TB" )BZL’”Z 6, 67(1530+17OB)+400(1 +1,27B™ )BZL’”Z

Bripaxkerue (5) 9acTo HCIIONIB3YeTCs IPH BRITOTHEHUU pacueToB [19, 20] megoBoro
CONPOTHUBIICHUS Cy[HA, HO PH €r0 HCIIOJIb30BAHUN HEOOXOMMO TIOMHHTb, YTO YHCIICHHbIE
3HaUCHUS KOA(PPHUINEHTOB MOIYIEHBI JIUIIb ISl OJHOTO 3HAYEHHUS CKOPOCTH JBHKEHHS
CyIlHa, KOTOPOE COCTAaBISCT 5 y31oB [16].

[MTocTostHHO MIposoIKaeTcs padboTa Mo YIry4IeHN 0 (PUHCKO-IIBEACKNX IpaBuil. Tak,
B pabore [21] uccrenoBanocs BuustHEE Tpoduisd kaHata ¢ TJI Ha ompeneneHue Ie10BOTO
COIPOTHUBIICHUS 10 TpaBmiIaM. B pesysnbrare ObUIO BBISICHEHO, YTO PAa3IHUMsl B IPODHIIIX
KaHaJla OKa3bIBAIOT HE3HAUYUTEIbHOE BIMsHUE. B TOM e paboTe ObUTH yCTaHOBIEHBI 10-
BOJIGHO OOJIBIINE PA3INYMs IPOTHO3UPYEMBIX 10 JAHHBIM HCIIBITAHHH B JIEOBOM OacceiiHe
1 N3MEPEHHBIX B HATYPHBIX YCIOBHUSX 3HAYECHHUI MOTPEOISIEMON CYTHOM MOIIHOCTH TIPH
JBIDKCHUN 10 KaHaixy. OZHOW M3 IMPUYNH TAKOTO PACXOXKAEHUS ABJSIETCS, 10 MHEHHIO
aBTOpa PabOTHI, HECOBIA/ICHNE XapaKTEPUCTHUK KaHAIOB B MOJICJIbHBIX M HATYPHBIX yCIIO-
BHSIX, @ TAKXKE TO, YTO MCIIBITAHUS B JIEAOBBIX OacceiiHax MPOBOASATCS MPH Oosiee HU3KNX
CKOPOCTSIX JIBIKEHHS. ABTOP TaKXKe yKa3aj Ha CyIIECTBYIOIIYIO IyTaHUILY B OIIPEICICHIN
B&XKHOU XapaKTePUCTUKU .
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HexoTopble coOBpeMEHHbIE HCCIICAOBATEIN CUUTAIOT, YTO OCOOCHHOCTH MPOQMIIS
KaHaJla MOT'YT OKa3bIBaTb BJIMAHUEC HA XapPAKTECPUCTUKU ABUKCHUA CyJIHA B HEM, ITIOOTOMY
B paborte [22] mpemiokeHa mpocTasi TeOMeTpHIecKas MOIeTb (POPMUPOBAHHUS ITOTO TIPO-
(uiist B 3aBUCMMOCTH OT ITAPaMETPOB MPOXOJISILETO 0 KaHATY Cy/IHa.

YcoBepIeHCTBOBaHHMIO MPABHUII MOCBSIIIEHA Taroke padota [23]. YcoBepieHCTBOBaHHS
KacaJnCh CICAYIONINX acleKTOB. ABTOPBI pabOThI PETIOKIIIN BAPHAHT MOAN(DHUIIPOBAH-
HBIX (OpMYJT (PUHCKO-IIBEICKAX MPaBHII, KOTOPbIE YUUTHIBAIOT HAJIMUME OOJIee TOICTHIX
cioeB TJI B kanaze (Gonee 1 M), a Tak)Ke HAJIMYKE B HEM PA3BUTOrO KOHCOJIUINPOBAHHOTO
cios (tomumHoK 6oree 0,1 M). Kpome 3TOr0, OHM MpemIoKMIN CriocoOBl ydeTa BIASHUSA
YTOJIIEHHOTO KOHCOJIMIMPOBAHHOTO CJIOS M €r0 TIPOYHOCTH Ha M3rHO Ha JISZOBOE COIIPO-
THUBJICHUC Cy/IHA. Ilo MueHHUIO ABTOPOB, NPEAJIOKCHHBIE UMW U3MCHEHHSA TTO3BOJIAIOT pac-
MPOCTPAHUTDH NPUMEHEHHE (OopMyNT (PUHCKO-IIBEICKUX MPABHII HA JISSTHBIE KaHAIbI, (Gop-
MHpYEMBIE B YCIOBHSIX APKTHKH, HartpuMep Ha Oou u Exncee. Taxoke MoauduimpoBaHHbIe
q)OpMyJ'II)I JOJDKHBI MTO3BOJIATE MPOBOAUTE paCUY€ThI IJId COBPEMEHHLIX KPYITHOTOHHAKHBIX
cymoB. MOXHO yKa3aTh Ha HEJJOCTaTOK paccMaTphBaeMoii paboThl. B Hell He yuuThIBaeTCS
Bozzeiicteue TJI Ha jHMIIE Cy/HA, YTO BIIOJHE BEPOSTHO MPH YBEINYCHUH TOJIINHEI CIIOS
TJI. Panee aBTophl B padote [8] TaKkyto BO3MOKHOCTh pacCMaTpUBAIIH.

B paborax [24, 25] Obma mpemtoxkeHa HoBas (hopMyrna Ui pacdeTa JIeIOBOTO CO-
IIPOTHUBIICHHUS CyJIHa B HEcMep3lieMcs kaHaie, 3anonHenHoMm TJI. JlenoBoe comporusiie-
HUE PACCUUTHIBACTCA KaK CyMMa YE€TBIPEX COCTABJIAIOMIUX: COIIPOTUBIICHUA, CBA3AHHOI'O
C MEepeMEIIEHIEM KOPITyCOM Cy/IHa MaccChl TEPTOTO JIbJja Ha PACCTOSIHUE, PAaBHOE OCaIKe
cyaHa T UMITyJIbCHOTO CONIPOTHBIICHHS, BOSHUKAIOLIETO M3-32 MTHOBEHHOTO COOOILCHHUS
YaCcTHIIaM TEPTOTO JIbJIa HEKOTOPOi CKOPOCTH KOPITYyCOM JBIIKYIIETOCS CyAHA; TPEHHUs
YaCTHIl TEPTOTO JIb/Ia O HOCOBYIO M KOPMOBYIO OKOHEUHOCTH Cy/IHA U €TO JHUIIE; TPESHHS
YaCTHILL TEPTOTO JIbJia 0 OOpTa CyaHa, KOTOPOE OIPEACIACTCS ¢ yUeToM 00pa3oBaHus Jie-
JITHBIX HarpoMoXJeHui y 6opra. JlenoBoe comporusiieHue onpenessiercs mo popmye:

R, =Ap(1-p)gTH, —2—| 1+ 1 (l—z—Tj

2sino, sino, B
2
B 1 1
+p,(1-p)——H, V| ——+— +
2sina, S \sinq, sin@,
(B—-2T) Tcos0 (©)
+u,Ap(1-p)g| Hyy~——=| Loy +—— |V |+

sina, o tgo,

sindcosy
+ 2w, Ap(1— Spy L, ——,
p’h p( p)g PM ~ par COS(8+’Y)
2
C = ) . cos” o,
rae: y = arctg,; 6 =arcsin, [l -————=; 0, ¢, — YIJIbl HAKJIOHA BATCPIMHUM K JIHa-
cos” @,

METpaJIbHOH MI0CKOCTH Ha 0-M mmanroyTe U popiteBns; V, —— oobem TJI, ockonb3a-

omero ¢ AHuila CyaHa Ha OAUH 60pT, 3a4aCTCA CICAYIOUIMMU BbIPpAKCHUAMU:

2
B-2T B-2T
I/Imtt =L ar HM _—tg8 5 pu —tg6<%’
i 8sina, 8sina,
L, H; -
bott = M’ HpI/IB—Hth 2 HM
2tgd 8sina,
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[Mnomutans Harpomoxkaenust TJI mesxxty 6oprom cyaHa n HeneopMupoBaHHbIM ciioeM TJI:
1 27% cos©

S =
" Ly (1-p) sing, sina,

HM + I/l7l)tt

PesynbraTsl pacyeToB 1o Gopmyrie (6) ObIIH COMOCTABICHBI C JAHHBIMHA MOJICITBHOTO
9KCHEPUMEHTA B JIEIOBOM OacceiiHe 1 MOKa3aiy ¢ HUMH YIOBICTBOPHTEIBHOE COBIIA/ICHHE.

B nHacTosiee Bpems Bce Oobliee pacipoCTpaHEHHE B MOPCKOH JI€I0TEXHHUKE MOMTY-
Yal0T METO/IbI KOMITBIOTEPHOTO MOJIEIMPOBAHNUS MTPOILIECCOB, MPOUCXOIAIINX TIPH B3aHMO-
JEUCTBUM PA3IMYHBIX HHXECHEPHBIX OOBEKTOB CO JIbZOM. He cOCTaBIsIOT MCKITIOUCHHUS
U HccieqoBanus IBrkeHus cynoB B TJI. Hanbombmee pacmpocTpaHeHHe IpU KOMITBIO-
TEPHOM MOJICTTMPOBAHUY JBIKEHUS cynHa B TJI momydms1 MeTox AUCKPETHBIX 3JIEMEHTOB
(MD3), xoTopsiid 3h(HEeKTHBEH A UCCIETOBAHUSA JOCTATOYHO OBICTPHIX MPOIIECCOB,
CBSI3aHHBIX C TIEPEHOCOM BemecTBa. MO mepBoHaUaNbHO MPUMEHSUICS ISl OTIMCAHUS
(hopMHpPOBAaHUS TOPOCUCTOTO 0Opa3oBaHuUs [26] WM B3aUMOACHCTBHSI MOPCKOTO HHIKE-
HEPHOTO COOPYXCHHUS WM CyAHa ¢ OuThiM npaom [27, 28]. B macrosmee Bpems cdepa
npuMeHeHnss M/[D mocTostHHO pacuipseTcst, 9T0 00yCIOBICHO €T0 BBICOKOH (P EKTHB-
HOCTBI0. OCHOBHBIM HefocTaTkoM M/ID cumrarorcs OGombplie BpeMEHHBIE 3aTpaThl Ha
peann3aIuio aaropuTMa.

[Ipu permeHnn 3agad MOPCKON JIEIOTEXHUKH METOJOM JUCKPETHBIX JIEMEHTOB
B HACTOSIIEe BpeMs MPUMEHSIOTCS JIBa THIIA TaKUX deMeHToB [29]: mankue (smooth)
u Hernagkue (nonsmooth). B pabote [30], mocBsameHHoi ananuszy npumeHerns M1
C NIAJAKUMH ¥ HEIAAKUMH 3JIEMEHTAMH /ISl M3yUCHUS TPaHyINPOBAHHBIX MaTEePUAJIOB,
yKa3aHo, 4TO Pa3iIMine MEXIy JEMEHTaMH1 3aKIIF0YaeTCs B yUETe BSI3KOYIIPYToro B3auMO-
JEWCTBHS TIPU KOHTAKTE 3JIEMEHTOB, B 3TOM CITydae JIEMEHTHI SBJISIOTCS MIagkuMu. [Ipu
HCIIOIb30BaHUN HETIIAJKOTO 3JIEMEHTA CTOJIKHOBEHHUS MEKTYy HUIMHU PACCMATPHUBAIOTCS KaK
MTHOBEHHBIE COOBITHS IPU ydeTe NEUCTBUs CUT TpeHHs. IIpy Takux B3anMOpaeHCTBHUIX
CKOPOCTH 3JIEMEHTOB MOTYT CKauKOOOpa3HO U3MEHATHCSA. ABTOPBI PaOOThI MPUIILIN K BbI-
BOY, YTO HETIAJIKUE JIEMEHTHI OOJbIIE MOAXOAAT ISl ONHMCAHMS TBEPABIX U IUIOTHBIX
(parMeHTOB Cpe/bl OTHOCUTEIBHO OOJIBIIIOTO pa3Mepa, KOTOPbIE BUKYTCS C OTHOCHTEIBHO
HeOombmMMH cKopocTsiMU. [IpruMeHeHre HeraIkuX 3JIEMEHTOB TI03BOJISAET CYIIECTBEHHO
CHM3UTH BpeMsI CUeTa.

B paGore [29] BpICKa3zaHO MHEHHE, YTO KYCKH JIbJd, COCTABIIAIONINE JICTHBIC Ha-
rpomoxxaenust u TJI, Bo MHOTOM ynOBIETBOPSIIOT YKa3aHHBIM TPEOOBAHUSAM, TIOATOMY IS
UX ONMCAaHMS MOXKHO HCIIOJIb30BaTh HETIaAKKe eMeHTsl. Hebombioi 00630p mpuMeHeH s
TIaIKAX ¥ HeTIaJKuX 3eMeHToB B MJID comepkutcs B padore [31].

B Hacrosiee BpeMst IMEETCs OTHOCUTEIBHO HEOOJBIIOE KOJTUIECTBO My OIMKaIHiA
no npumerennto M1 nns nzyuenus asrkerns cyaoB B TJI. B psge mybnukaruii, Ha-
npumep [32, 33], HecMOTps Ha yKa3aHHWE B 3aIIaBHH, YTO B paboTax paccMaTphBacTCs
TJI, pakTHUeCKH N3ydaeTcs ABIKCHUE CyIHA B MEIKOOUTHIX bAax (K TJI B aTux padorax
MOTYT OTHOCHTBCSI TOIBKO pa3Mephl KyCKOB Jbjaa). B paborax [34, 35] onmmcano mpu-
MeHeHne M1 x paccMoTpeHHIO ABIKEHUS cynHa B kanane TJI. B mccnemoBanum [34]
TIPEANIPHUHSATA TOBITKA COBMECTHOTO Hcmonb3oBanmst MeToqoB CFD (Computational Fluid
Dynamics) u MJ1D amst orucanus Xxapaxrepa aBrkeHust Macce TJI mo xoprycy cyaHa. ABTOp
oTMedaet, 4To KomOuHupoBanHblit MeTo CFD — MJ/ID oTKphIBaeT HOBBIE BO3MOKHOCTH
JUISL NCCIIEAOBAHUS B3aMMOICHCTBHUS Cy[HA U JIbAa. Pe3yabTaThl BBIOIHEHHBIX PAaCUETOB
JIOCTaTOYHO XOPOIIO COMIACYIOTCS C IPYTHMMHU aHAJIOTUYHBIMH HCCICIOBAaHUAME. TeMm He
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Puc. 3. Busyanuzanus o6rexanus xopiyca cynsa TJI B M/1D [34]
Fig. 3. Visualization of the flow brash ice around the ship’s hull in MDE [34]

MEHEE BCC CII[¢ UMCIOTCS CYIIECTBEHHBIC PA3IMUUsl B TPACKTOPHUSX JIBIKCHHS OJIOKOB
JIbJla MEXKJY pe3ylbTaTaMl MaTeMaTHueCcKoro MOACIUPOBAHUS U dKcniepumeHToM. Ha
puc. 3 mpeacTaBieHa OiHa U3 BU3yalu3aluil pe3ylbTaToB pacueToB.

3aBepimast 0030p pacYCTHBIX METOIOB ONpeAeacHUs conpoTuieHus TJI nBrmxeHnIo
Cy/IHa, MOYKHO KOHCTaTHPOBATh, YTO ITU HCCIEIOBAHUS B HACTOAIEE BPEMSI aKTUBHO Pa3-
BHBAIOTCSI KaK B HAMPABICHUH CO3JIaHUs aHAIMTUYECKUX MOJIEJIeH, TaK U B HaIlpaBJICHUU
pa3pabOTKH KOMIIBFOTEPHBIX MOJIEINICH. AHAN3 MPUBEACHHBIX aHATUTHYCCKUX PACUCTHBIX
BBIp@XCHU TIOKA3bIBAET, YTO MX DBOJIIOLMS TPOUCXOAUT B CTOPOHY YCIOKHEHUS!, BbI3BAH-
HOTO >KEJIaHWEM HCCIIeIOBaTeIIeH ¢ OOJbINECH eTann3anneii omucarh IpoIece B3auMo-
nercTBus Kopryca cynHa ¢ TJI. Ha pazButue MeTooB MareMaTHueCcKoro MOJEIUPOBAHUS
nBrkeHus cynHa B TJI HanOonblee BIMSHUEC B HACTOSIIIEE BPEMs OKa3bIBacT IpodiemMa
BBIOOpaA moaxonsmiero Merona omucanus TJI kak crienuduyeckoi MPUPOTHON CPEIBIL.
HauGonpiree KoIruecTBO HCCICIOBATEICH CKIOHICTCS K MpuMeHeHnto MJ13, ogHako
HA 3TOM IIYTH HMEIOTCS CIe ONpeACICHHbBIC TPyAHOCTH. [lo-BuamMomy, B OnmmkaiiieM
OyaymeM paboThI IO TIOCTPOCHUIO Pa3IUYHBIX MAaTEMATHUYCCKUX MOJEICH JIBUKCHUS
cyana B TJI OynyT npoosKeHsl.

U3YUYEHHUE JIEJOBOI'O COIMPOTUBJIEHUSA TEPTOI'O JIBJA
B JIEJOBBIX BACCEMHAX

HccnenoBanus B JIEJIOBBIX OacceiiHax ocoOeHHOCTEH B3auMonencTBus cyaoB ¢ TJI
HAYaJIMCh HAa CAMBIX PAHHUX CTAUSAX €T0 U3y4eHHS [6] U MPOIOIHKAIOTCS IO HACTOSIIETO
Bpemenu [21, 25, 36-39]. OCHOBHOM 1EIbI0 TAKUX HCIBITAHUN OOBIYHO SIBIISIETCS UCCIIC-
JIOBaHHE 3aKOHOMEPHOCTEW (POPMHUPOBAHHMS JIEOBOTO COIPOTHBIICHUS CY/IOB B KaHalax
¢ TJI [21, 25] nnm ompeneneHue MOITHOCTH HEPTeTUYECKON YCTaHOBKH, HEOOXOAMMOMN
st aekenns B TJI [38, 39]. 3aech HEOOXOAMMO OTMETHTH OOJIBIIYIO POJIb B Pa3BUTHH
MOJIEITBHBIX UCCIIe0BaHUN Mopckoit AaMuHHUCTpauy OUHIISTHIY.

[omasisiroriee OOMBITHHCTBO UCTIBITAHKUI Mozesei cynoB B TJI mpoBoasTCs B paMKax
BBITIOJIHEHUS MCCIIEJOBaHUI B oOecIlieueHre UX IMPOEKTUPOBAHUS. DTO 0OCTOATEIHCTBO
HaKJIA/IBIBAET PSIJ] CYLIECTBEHHBIX OTPaHUYCHHUIl Ha MMOJOOHBIC MCIBITAHUS, YTO BEChbMa
3aTpyIHAET U3ydeHHe 3aKOHOMEPHOCTel! 1enoBoro conpotuBneHus B TJI. OObIYHO JeT0BBIE
ucnsiTanust B TJI mpoBoasTcsS B TOM k€ TOJI€ MOJEIBHOTO JIbJa, YTO M MCIIBITAHUS IO
OTIpENIeNIEHUIO COMIPOTHUBIICHUS POBHOTO JIb/a. I103TOMY TOJNIINHA JIEASHOTO MOKPOBA, U3
KoToporo npuroToBisercs TJI, oka3siBaeTcs 3adaHHON M OOBIYHO MPEBBIIIAET TOJIIIHUHY
6moxoB TJI, 3 koTOpBIX crnaraercs kaHai. Kpome sToro, yBenmueHne TOMIIUHEI JIb/a TIPH-
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BOJHT K CMEILICHUIO CPEIHET0 pa3Mepa 00JOMKOB B CTOPOHY BO3pacTaHMs UX pa3MEpoB.
B pa6ore [13] yxa3bIBaeTcsi, 4TO B JIeJOBOM OaccelHe IpH HUCIIOIb30BAaHUN PYyYHOTO MH-
cTpyMmeHnTa Juist mpurorosienust TJI (puc. 4) mpakTHUECKH HEBO3MO)KHO TTOJTYYHUTh KYCKH,
XapaKTepHBIA pa3Mep KOTOPBIX MEHbIIE TOIIUHEI JIbAa. Bce 3T0 MPUBOIUT K TPYIHOCTSIM
MIPH CONIOCTABIICHUU MOJICTIbHBIX W HATYPHBIX JaHHBIX [21]. HOTHA B JEe0BBIX OacceitHax
MIPUMEHSETCS 3aChIIKa 3apaHee IPUTOTOBIEHHBIX KYCKOB JIbJIa 33JaHHOTO pa3Mepa B KaHall,
MIPOJIOKCHHEBIN B TIOJIE MOACITUPOBaHHOTO Jibaa [40]. B 310l ke paboTe yKa3pIBaeTCsl, 4TO
JUISL TOCTHDKEHUSI TIPaBJONOM00HBIX PE3YIbTaTOB IPH MCIBITAHUSIX MOJAEIN HEOOX0ANMO
CO3/1aHe KaK MUHMMYM JIBYX CJIOEB JIbJA.

WimrocTpanueii K BBIIIECKa3aHHOMY SIBIISIIOTCSI pe3YJIbTaThl, IPUBEACHHBIC B padoTe
[37], B KOTOpOI1 TaHHBIE HATYPHBIX U3MEPEHUN COMOCTABIISIINCH C JAHHBIMHE MOJIEIIBHOIO
SKcHepuMeHTa. MozenbHbIM SKCIEPUMEHT MPOBOAMICS B TPEX TUMAX KaHAJIOB, OAUH U3
KOTOPBIX OBLI 3al0OJIHEH KyOMKaMH Jibjia (110-BUAMMOMY, IIPECHOTO), Ba JPYTHX OBLIH
MIPUTOTOBJIEHB] U3 IPAHYIUPOBAHHOTIO JIbJA, PA3INYAIOLIET0Cs IPOYHOCTHI0. Pe3ynbTaTsl
CpaBHEHHUs II0KA3aJIM, YTO MOJICJIbHBIE JAHHBIE CYLIECTBEHHO MPEBBIIIAIOT HATYPHBIE U3-
MepeHus. [Ipu 3ToM pe3ynbTarhl, MOJy4YeHHbIE ¢ KyOMKaMH JibJla, OKa3aJuch Hanbosee
ONMM3KUMHM K HaType. ABTOp paOOTHI MPENIONIaraet, 4To 3TO B KAaKOW-TO Mepe CBSI3aHO
C TEeM, YTO OHHU ObUIM HauboJee MPOYHBIMU U IPAKTUYECKN HE pa3pyLIaHCh, B OTIMYHE
OT JIbANHOK U3 IPaHyIUPOBAHHOTO JbJa. Ha 0CHOBaHMM 3TOr0 MOXHO MPEANON0KUT, YTO
SHEprusl, 3aTpayrBacMas Ha JIpoOJieHre 00JIOMKOB, BHOCHT 3aMETHBIM BKJIaJ] B (hOpMHUPO-
BaHME JICJIOBOTO COMPOTHBIECHUs cyaHa. K coxaneHuto, B pabore HE yKa3zaHbl pa3Mepsbl
0OJIOMKOB JIbJIa, TI03TOMY BBISICHUTB, ITOBJIMSI JIM 5TOT (haKTOp Ha MOIYyUYCHHBIC PE3YiIb-
TaTbl, HE NIPEJCTABIISIETCS BOSMOXKHBIM. ABTOp MCCIIEA0BAaHHS OTMEUAET, UTO MOJIyUYEHHbIE
pe3yabTaThl OTHOCSITCSL TOJIBKO K OJJHOMY CYJAHY M HCCJIEOBaHHE HEOOXOAMMO OBUIO ObI
MOBTOPUTH 7Sl APYTHX TUIOB CYIO0B.

B pabote [36] npeanpuHsaTa NONBITKAa MOZICIIUPOBaHUs Iporiecca popmuposanus TJI
JbJla B KaHaJe IIPU NOCIIe0BaTeNbHBIX IPOXOAaX MOJENU cyaHa. [IpuHIMINaNbHO Takoi
MIOIXOJT MOKET TI03BOJIMTH Hambosee TouHOo cMoznenuposars TJI B kanane. OxHako npu
MIPOBEJICHUH TaKNX YKCIIEPUMEHTOB HEOOXOIMMO YUUTBIBATh KPUTEPHH MOACIHPOBAHNS,
CBSI3aHHBIC C TIPOTEKAHHEM TEIUIO(PHU3NIECKUX TPOLIECCOB HApACTaHHsI KOHCOIMIMPOBAH-
Horo ciost B TJI. B ykazannoii paboTe 3TH KpUTEpHH HE pacCMaTpPHBAIINCh, YTO HECKOJIBKO
CHMXKAET LIEHHOCTH MOJIY4YEHHBIX PE3YJIbTaToOB. AHAJIIOTMYHbIE IOIBITKY IPEIIPUHUMAIIICH
paHee B POCCHHCKUX JIEHOBBIX OacceitHax [41].

W3 BBIIEH3IIOKEHHOTO CIIEYET, YTO OJHOM M3 MpOOIeM, BXKHBIX ISl KaueCTBEH-
HOTO TPOBEJCHUSI MOJICIBHBIX MCCIIEIOBAaHUN B JICJOBBIX OacceliHax, sIBIsieTCs pas3pa-
00TKa TEXHOJIOTMHU IIPUTOTOBIICHUST MosiepoBaHHoro TJI, pacnpenenenue 1o pamepam
KOTOpPOTO B HaWOOJBIICH CTEIICHW COOTBETCTBOBAIO ObI HaTypHOMY. B pabore [42] mo-
MTOJIHUTEIIBHO BBICKA3bIBAECTCSI MHEHHE O TOM, YTO B JICJIOBBIX OacceifHax HeoOX0anMo
MOJICIIMPOBATh HE TOJBKO pasMepbl, HO U GOpMY KycKOB JbJia. OZHUM H3 BO3MOXKHBIX
Croco0O0B peIIeHHs yKa3aHHOM MPOOIEMbI MOXKET CIIy>KUTh MEXaHHUYECKasi YCTaHOBKa
qutst ipurorosienus TJI, paspaGorannast B sieoBoM Oacceiine KppimoBckoro nenrpa [43].
DTO yCTPOHCTBO MpEACTaBIsIET COOOH YCTaHOBICHHYIO Ha OYKCHPOBOYHON TEJIEHKKE KOH-
CTPYKIIMIO, BKJTIOUAIOIYIO B ce0sl BaJl, BPAIIAEMBbIH JIEKTPOMOTOPOM C YCTaHOBJIEHHBIMU
Ha HeM Bpamaromumucs [-o0pa3HpiMu HOXkaMu. HOXKM BBITTOJTHEHBI B BHJIE OT/CIBHBIX
MOJyJIel, Haca)KMBAaeMbIX Ha BaJl, YTO TO3BOJISIET CO3/1aBaTh B JIEJSHOM MOKPOBE KaHAT
TpeOyemoii IMpHHBL. Bapbupys ckopocTh IBHKEHHS OYKCHPOBOYHO TEIEKKH M YaCTOTHI
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Puc. 4. Ilponecc npurotoBnenust TJI Puc. 5. Buewnuil BUJ yCTaHOBKU

B J1ez10BoM bacceiine [38] 115t ipurotoBieHust TJ1
Fig. 4. Process of preparation of brash ice Fig. 5. Exterior view of the
in an ice basin [38] device for the preparation of brash ice

BpallleHHs Bajla, MOXXHO TOOMTHCS co3anusi Tpedyemoro pasmepa kyckos TJI. Buemrauii
BUJ| YCTAHOBKHM IOKa3aH Ha pHUC. 5.

Beimie yxe oTMeuanock, 4To UCHBITAHUS. MOZIENel MpoeKTupyeMbIx cynos B TJI mo-
CTEIICHHO CTaHOBSITCS 00s3aTeNIbHBIM JIEMEHTOM palOThI JIeI0BBIX OacceliHoB. Mmeercs
nH(popmanyst, 4to JlenoBbIM KOMUTETOM MeKTyHapoHOH KOH(EPEHIIMH OMBITOBBIX Oaccel-
HOB (ITTC) npexnprHUMAIOTCSI TTOTBITKU Pa3padOTKH PEKOMEHIAIMH 10 TPOBEICHHIO TaKNX
MOJIENIBHBIX UCIBITAaHUH € LIENbI0 UX cTaHaapTu3auud. OQHON U3 OCHOBHBIX 33Ja4 B 9TOM
HalpaBJIeHUHN SBISICTCS pa3paboTKa TPeOOBaHHI K pa3Mepy KYCKOB JIb/Ia, HIMUTHPYIOIINX
B niefioBoM Oaccerine TJI, a Taxoke co3maHue TEXHONMOTHI MX Toy4eHus. Erre omqHol 3anagei,
KOTOPYIO HEOOXOAMMO PELIUTh B OMypKakiiee BpeMs, SIBISETCS NCCIIeIOBaHIE BONPOCA O TIPH-
MEHUMOCTH TPAAUIMOHHBIX KPUTEPUEB MOAEIUpOoBaHus uist yernosuil TJI [44].

U3YYEHUE B3AUMOJEMCTBUSA IBUKUTEJIENA C TEPTBIM JIbIOM

BOJIBIIMHCTBO MCCIICIOBAHUN 0COOCHHOCTEH B3aMMOICHCTBUS JABWIKUTEICH CYIOB
¢ TJI HoCHT BKCTIepUMEHTAIBHBIN XapaKTep M BHIMOIHEHO B JIEJOBHIX OacceiiHax. [lepBbie
UCCIeIOBaHMs ObUIM BBITIONHEHBI PUHCKUMH crienuanuctamu [45, 46]. [ns takux wmc-
MIBITAHUH 9acTO UCTONB3YyeTCsS YCTaHOBKA NCIIBITAHUN MOIeTIe TpeOHBIX BUHTOB B «CBO-
O6omnoM Bome» [47].

B pabote [45] onmchIBarOTCS pe3ymnbTaThl SKCIIEPUMEHTOB, B KOTOPBIX CIOH JIbaa
MMUTHPOBAJICS TUTACTUKOBBIMU IIJIACTMHKAMH. VICTIBITAaHUS TMPOBOJMINCH C YETHIPHMS
MOJIEJISIMU TPEOHBIX BUHTOB, KOTOPbIE OTIIMYAJIHCh TUCKOBBIM U IIATOBBIM OTHOIICHUSI-
M. OCHOBHOM pe3ynbTar, HOTy4eHHBIH B paboTe, 3aKITI04aeTCs B TOM, YTO MPU HATWIUU
MMHTATOPOB JibJIa B IIMPOKOM JIHANa30He W3MEHEHHs MOCTYIH KOA(pQUIIMEHT MOMEeHTa
rpeOHBIX BUHTOB 3HAYUTEIBHO BO3POC, KOIPDHUIMEHT yIIOpa B CPEJAHEM HE U3MEHUIICS,
XOTs HaOIIOANOCh ero HeOOoMbII0e CHIKECHNE TP MaJIOi MOCTYIIH.

B pabGorte [46] onucanbl nccaeI0BaHMsI, MPOBOAMMEIE B JIEIOBOM OacceiHe ¢ Mojie-
JIMPOBAHHBIM CTOJIOYATHIM JIbOM. [IJIsl IPOBECHHS HCCIeI0BaHNM B OacceiiHe ObLT co3/1aH
PaBHOMEPHO BCTOPOLICHHBIH clIoH Jibia. HeoOXomMMMo 0TMETHTD, YTO pa3Mepbl 0OJIOMKOB
JB/1a B 3TOM CJIO€ MOTJIM CYIIECTBEHHO IPEBBIIIATH pa3Mephl JIbANH, XapaKTepHBIC IS
TJI. UcnpIThIBAIIUCH TaKke 4 MOJIEN TPEOHBIX BUHTOB C Pa3IMYHBIMU 3HAYCHHUSIMHU JINC-
KOBOTO M IIIarOBOTO OTHOIIEHHUH. B KauyeCTBEHHOM OTHOIICHWUH MOMYYCHHBIC PE3YyIIbTAThI
COBIIAIAIOT C JTAHHBIMH paboThI [45].
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Ynop ggwxutens (T), H
MomeHT aswxutens (Q), Hu,

OYucras Boga
® TepTblit neq

Yacrota BpatyeHus (N), 06./c Yacrota BpatyeHus (N), 06./c
Puc. 6. TunnuHbie 3aBUCKMOCTH yIIOpa U MOMEHTA JABHIKUTEIIS 32 KOPITYCOM MOJIENH, IBUKYIIeHCS
B TJI [44]

Fig. 6. Typical dependences of the thrust and the moment of the propeller behind the body of the
model moving in the brash ice [44]

HccnenoBanuto BO3MOXKHOCTH UCTONIb30oBaHus B ycnoBusax TJI maneix cynoB bepe-
roBoit 06opons! CIIIA, KoTOpBIe HE CITOCOOHBI CaMH pa3pyliaTh Jied, MOCBsIeHa padoTa
[48]. OcHOBHOIA e¢ 1ENBI0 OBLIO MCCIICI0BAHHE PAOOTOCITOCOOHOCTH TPAIUIIMOHHBIX IS
MaJIBIX CYJI0B IBHKUTEIBHBIX KOMIUIEKCOB B YCIOBHUSIX BO3ZMOXKHOTO Tornaganus K auM TJI.
B pesynbrare aBTOpPBHI PEKOMEH/IOBATI OTHOCHUTEIHHO O€30MaCHBIE CKOPOCTH JBIKCHHS
(me Oomee 5 y370B), IPU KOTOPBIX BEPOATHOCTH MOJIOMKH JBIKUTENCH Mana.

B HacTosiniee Bpemst crienualibHble NCCIE0BaHus B3auMojieiicTBus asmxureneii ¢ TJI
He MPoBOATCS. B pe3ynbrare mpoBeneHus B JI€OBBIX 0acCeiHAaX UCIIBITAHUM C MOJIEIISIMH,
000pyI0BaHHBIMH PA0OTAIOIINMH JIBHKUATEISIMHU, MOTYyYal0OT HHOOPMAIHIO O XapakTepe
B3amMozeicTBus rpebnoro BuHTa ¢ TJI [29, 44]. Ha puc. 6 moka3aHbsl TUITHYHBIC 3a-
BHUCHUMOCTH yIIOpa U MOMEHTA JABWKHUTENS IPU CAMOXOJHBIX HCIBITaHUSIX Moaenu B TJI.

TeoperndeckoMy u3yueHHto paboTel rpedHoro BunTta B TJI mocssineHa Bcero ogHa
paborta [49]. B aT0if paboTe HA OCHOBAaHUH TPATUITMOHHBIX MOIXO/IOB, pa3padOTaHHBIX
B TCOPHUH JBIDKHUTEIICH, IPEIIPUHATA TONBITKA PACCUUTATh «THAPOIUHAMUUCCKUE)» XapaK-
TEPUCTUKHU IPeOHOr0 BUHTA, B3auMozekcTByromiero ¢ TJI. OcHOBHOM waeeil 3Toi paboThI
apisiercst onucanue BHentHed cpeabl (TJI) kak oyeHb BA3KOW JKHUAKOCTH. ABTOPBHI PaOOTHI
KCIIOJIb30BAJIM TEOPETUUECKOE pEllIeHHe, TPUBEICHHOE B n3BecTHOM Kypce JI.JI. Jlannay
1 ML.E. JInupmmuma, a Taxke uccnenopanus e Kaponuca u ap. [50], koTopble u3ydaan
9 PEKTHUBHYIO BSI3KOCTh HAadyaJIbHBIX (JOPM IUIABYHETrO Jibjia B IPABUTAIIMOHHBIX BOJTHAX.
B pesysnbrare B paboTe BBINOIHEHO YUCICHHOE MOJICIMPOBAHUE XapaKTEPUCTHK IPeOHOr0
BuHTa B4 Barenunrenckoii cepuu [51] (auckoBoe u maroBoe oTHOIIeHUs paBHbI 0,7) mpu
TpexX 3HAYCHHs] KHHEMATHUeCKo Bsi3kocTH Vv, 2,5v u 1000v, Tae v — KuHemaTrudeckas
BSI3KOCTH BOZIBL. Pe3ynbraThl pacueToB MOKa3aiy, YTO YBEIWYCHHE BSI3KOCTHU B 2,5 pas3a HE
OKa3bIBAaCT 3aMETHOTO BIMSHHUS Ha XapaKTePUCTHKH TpeOHOTO BUHTA. [Ipy 3HaYeHNN BS3KO-
ctu 1000v u tomuune cios TJI, paBroro 0,2 ero quaMerpa BUHTA, aBTOPHI TTOMYYHIIH, YTO
ko3¢ dunmeHT MomMeHTa BuHTa Bo3pactaeT Ha 15-30 %, a koadpuimeHT ynopa yMeHbIIaeTcs
Ha 10-15 %. [lanHble pacyeTa OBUIM COMOCTABICHBI C PE3yIbTaTaMHU SKCIICPUMEHTA, TIPHUBE-
JeHHoro B pabore [40], u moka3anu xoportiee coBnaaeHue. C TOUKH 3peHus aBTopa 0630pa,
OCHOBHBIM HEJIOCTATKOM PAacCMaTpUBAEMON pabOThI SIBISIETCS MCIIOJIb30BaHHOE ONMCAHHUE
TJI xak BsA3KOM ®uaKocTH. KOHTHHYaIbHOE OTMCaHUE B CITydae B3aMMOJIEHCTBHS DIIEMEHTA
nonactu ¢ TJI He moaxonut. Xapaktepusiid pasmep TJI (mpumepno 0,3 M, MaKCUMaTbHBIHA
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1 M) COIIOCTaBHM C Z[J'II/IHOﬁ XOopAblL HpO(I)I/IJISI JIoracTHu. HO-BI/I,HI/IMOMy, JJIA OIIMCaHUsA BO3-
I[eﬁCTBPIS[ TJI na HpO(l)I/IJ'II) HCO6XOHI/IMO HCNOJIb30BaTh APYrue nmoaxoabl.

K COXXaJICHUIO, H€06X0,HI/IMO KOHCTAaTupoBaTh, 4YTO 00BEM BBIITOJIHEHHBIX OKCIICPU-
MCHTAJIbHBIX U TECOPETUICCKUX I/ICCJ'IG,HOBaHI/Iﬁ 0COOEHHOCTEH pa6OTI)I ,HBI/I)KHTCHGﬁ Cya0oB
B TJI sBHO HCIOCTATOUYCH IJIA ﬂaﬂbHeﬁmeFO pa3BUTUA I/ICCJ'[C,HOBaHI/Iﬁ XOAKOCTH CyHOB
B TJI. B aTOM BaskHOM HanpaBJICHUH HCOGXOHI/IMO MMpoAO0JIKATh UCCIICA0BaHNsA, B IICPBYIO
o4uepeb SKCIICPUMCHTAJIBHBIC, T. K. HOBBIC OIIBITHBIC JAHHBIC ITO3BOJIAT CO3AaTh a/ICKBAT-
HbIC MATEMATUYCCKHUEC MOJACIIN IMTPOUCXOAAIIHNX TPOLICCCOB.

3AK/IIOYEHUE

B pabote BbIONHEH 0030p HMCCIETOBAHUN, OCBSIIEHHBIX U3yUYCHHUIO JABIKCHUS
cynos B TJI. Ota npobnemarika B HACTOSIIMI MOMEHT SBJISIETCS aKTyaJIbHOH B CBSI3H C I10-
CTOSTHHO Pa3BHBAIOIINMCS 00BEMOM MOPCKHX MEPEBO30K B JICTOBHIX ycnoBuix. Hanbomee
OCTpPO 3TOT BOIIPOC CTOUT IIPU PACCMOTPEHUH JIBUKEHUS CYIOB 10 KaHaJIaM, IPOJIOKEHHBIM
B HENOJBUKHBIX WM MAJIONOABMXKHBIX JIbAAX, a4 TAK)KE Ha aKBAaTOPUsX IOPTOB. Macchl
TJI, obpa3zyrontrecst Ipu WHTCHCUBHOM JBIDKCHUH CYIOB, MOTYT CTaTh HEMPEOJOTUMBIM
HPENSATCTBUEM ISl CYlOXO/CTBA.

Pesynsrarsl 0030pa MoKa3bIBalOT, UYTO OCHOBHOE BHHMAaHHE HCCIIEOBATEICH yae-
JSIeTCsl M3YUYCHHUIO 3aKOHOMEPHOCTEH (POPMHUPOBAHUS JISIOBOTO COMPOTHBIICHUS Cy/HA,
newkymerocs B TJI. TIpu atom mpecnenyercs 1enb pa3paboTKH TOYHBIX METOJOB IPO-
THO3MPOBAHMS MOITHOCTH SHEPreTUYECKON YCTAaHOBKH, HEOOXOAUMOMN JUIs OICPKAHUS
3a/IaHHOM CKOPOCTH JBIDKEHHUS B ATHX yCIOBHSIX. KpoMme 3Toro, 3HaHHE 3aKOHOB BO3-
neiictBust TJI Ha KOpIIyC Cy/nHa MO3BOJISIET MPOBOAUTH ONTHUMHM3AIMIO (POPMBI KOpITycCa,
HaIpPaBJICHHYIO HA CHUYKEHUE JIEIOBOIO CONPOTUBIIEHUs. B nociennee Bpems cTall IOBbI-
IIATHCSI UHTEPEC K ONTUMM3AINU paOOTHI IBIKUTENEH B PAa3IHMYHBIX JICTOBBIX YCIOBUSAX,
YTO CBSI3aHO ¢ HEOOXOAMMOCTHIO MHHUMU3AIMK BPEIHBIX BEIOPOCOB B armochepy [52].

M3yuenue B3aumoneiicteus cyaHa u TJI emie nanexo ot cBoero 3asepiieHus. MoxHO
C YBEPEHHOCTHIO MPOTHO3UPOBATH, YTO PAOOTHI B 3TOM HANPABICHUH OyIyT ITPOIOKEHBI.
[To MHeHHUIO aBTOpa, B ONMMKaiflee BpeMs BO3HUKHET MpaKTHYecKas 3a7ada CO3MaHUS
CYZIOB, IVIaBHBIM Ha3Ha4€HUEM KOTOpbIX OyneT 3ddekruBHas padora B ycnoBusx TJI.
K takum cynam B mepByro ouepesib OyAyT OTHOCHTBCS Cyla TeXHH4Yeckoro (uiora, npen-
Ha3Ha4YCHHBIE I pabOTHI B TOPTAaX, a TAKXKe Cy/a, IKCITyaTHPYIOIIKecs Ha BHYTPEHHUX
BOJHBIX MYTSAX U OCYILIECTBIAIOMNE MPHOpEKHOE TIaBaHue. Bo3MOXHO, co31aHne TakuX
CyZ10B TIOTpelyeT pa3paboTKu HOBBIX (hOpM OOBOJIOB KOPITyCa M HOBBIX PEIICHUIl B 00-
JIACTH UX JABM)KUTEIBHOIO KOMILIEKCA.

JpyruM Ba)XKHBIM HANpaBJICHUEM HCCIICIOBAHUM SBISETCS NajbHEHIee pU3NKo-reo-
rpadudecKkoe U3ydeHue JISASHbIX KaHaIOoB, 3al0JIHEHHBIX JIbJIOM, BKIIFOYast U3yueHue (HH3H-
ko-MexaHuueckux cBoiicTB TJI. Takue uccnenoBanus KpaitHe BaKHbI [ U3yUYEHHUS JISIOBOM
XOJIKOCTH, T. K. JIAIOT UCXOAHYIO MH(OPMALIHIO IS TOCTPOCHHSI MaTeMaTHYECKHX MOJIEICH.
B Bompoce u3yueHus: CBOMCTB JIEJITHBIX KaHaJIoOB, 3anojiHeHHbIX TJI, Bo3MokHa koonepa-
IS CTICIMATICTOB 10 N3YYEHHUIO JISSTHBIX 00pa3oBaHui ¢ JeIoBbIMU Oacceifnamu. [lepBoie
HMHTEPECHBIC PEe3yIIbTaThl TAKMX COBMECTHBIX HCCIIEIOBAHHIN H3IIOKEHBI B padoTtax [36, 53].
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ITPABMJIA U151 ABTOPOB
KYPHAJIA «ITPOBJIEMBI APKTUKU 1 AHTAPKTUKN»

B sxypHaine nmyOnuKyoTCs CTaThbH 10 TEMaTHKE MCCIISIOBAaHNH MOJISIPHBIX o0nacTeid,
a TaKk)Ke HaydHbIE COOOILICHUSI TEOPETHYECKOTO, METOINYECKOT0, IKCIIEPUMEHTAIBHOTO
U TIPUKIJIAJHOTO XapaKTepa, TeMaTHuecKre 0030psbl (10 3aKa3y PefaKiin), KpUTHIECKHEe
CTaThH W pEIeH3UH, Onbnuorpadudeckne CBOIKH, XPOHUKA HAYYHOH JKU3HU. TEKCTHI
cTareil TOHKHBI OBITh Ha PYCCKOM WJIM aHTIIMHCKOM s3bIke. [IpHHUMAaroTCs cTaTthu, paHee
HE OIyONMKOBAaHHBIC U HE HAXOMSIINECS Ha PACCMOTPEHUH B APYTHX W3TaHUAX.

Bce marepuainbl HarpaBisilOTCS B PEAKIMIO B AJIEKTPOHHOM BHJE OH JIalH uepe3
JIMYHBIHA SJICKTPOHHBIN KaOWHET aBTOpa Ha caiTe xKypHaua https://www.aaresearch.science.
ABTOPBI JOJKHBI IPEICTABUTh TEKCT CTaThH CO BCTABJICHHBIMH PHCYHKAMU, a TAKXKE OT-
JIETFHO OPUTHHAIBHEIC (hailiIbl pUCYHKOB (CM. TpeOOBaHHS K pUCYHKaM), AKT SKCIICPTH3HI
0 BO3MO)KHOCTH ITyOJIMKAIINX CTaThbH B OTKPBITON MeYaTH U (aiiil ¢ IOMHBIMU CBEICHUSMHU
00 aBTOpax: (haMuiHs, UMsI ¥ OTYECTBO (ITOJHOCTHIO), MECTO PabOTHI (TONHBIH aapec),
yucHas CTCIICHb, JOJIKHOCTD, aaApeC 3J'IeKTpOHHOﬁ IIOYTHI U Teﬂe(bOH OTHOT'O U3 aBTOPOB
IUTsE CBsi3U. PekoMeHyemblii 00beM crateid — ot 8 no 20 crpanwuil Tekcra (uepe3 1,5 uH-
TepBasa), BKIo4Yas TaOJUIBI U CIIMCOK JIMTEPaTyphl; PUCYHKOB He Oosee 6, TabiuIl He
6omnee 6. Texct Habupaercs B popmare Microsoft Word. [Tapamerpst Habopa: mpudt
Times New Roman, xer1p 12, matepsan 1,5. CTpaHuIbl B CTaTbe HyMEPYIOTCS.

Bce nocrymnaromue MaTepraibl IpOXOIaT MPOBEPKY HAa OTCYTCTBHE 3aMMCTBOBAHHI
B COOTBCTCTBHUU C OTUUCCKUMU IpaBUIaMU HyGHHKaHHﬁ.

Bce crarbu npoxoAsT ABOWHOE pPEelieH3UpOBaHUE.

[Ty6nukanus B HanIeM >KypHalie TOJHOCThIO0 OecIiiaTHa.

CTpykTypa cTarbu

Crarpu odopmirsiorest crenyromunm oopasom. CHadana naercs Y/IK; 3arem Ha pyc-
CKOM SI3BIKC — Ha3BaHWE CTAThH, MHUIHAJIG M (PaMIIHK BCEX aBTOPOB (IIPH yKa3aHHUU
ABTOPOB CTaThM CHauasla WIyT MHHULKAIBL, 3aTeM (amuius. VHunuans u hamusius pas-
JISIISIFOTCSI TPOOEIIoM), TT0JTHOE Ha3BaHWe OpraHu3aluu(1Mii), e BBINOJIHEHa paboTa u ee
(ux) ajgpec; HMEKTPOHHBIN aJpec aBTOPa, OTBETCTBEHHOTO 32 CBSI3b C peakiuei. 3areM Te
JKE CBEJICHUSI TPUBOJIATCS HA aHTIIMICKOM SI3bIKE: 3aINIaBUC, ABTOPBI, YIPSIKICHUS, BTOPOI
pa3 e-mail TiraBHOTO aBTOpa. [IpHM >TOM MMEHA aBTOPOB JAIOTCS MOITHOCTBIO, OTIECTBO
cokpareHHo. [Tocne 3Toro Ha aHTTIMIICKOM SI3BIKE TTHITYTCS KITIOYEBBIC CIIOBA B COOTBET-
CTBHH C aHIIMHACKUM ajdasutoM (He Ooree 10 caoB 1 He OoJiee ABYX CIIOB B COUYCTAHMSAX )
1 aBTOpckoe Summary cratbit Ha 20—25 ¢TpOK (34eCh K€ Ui KOHTPOJIS 00sI3aTeIbHO
MpujiaraeTcsi IePeBoi Summary Ha pyCCKHi SI3bIK).

KitroueBbie citoBa JOKHBI OTpaskaTb OCHOBHOE COZEp)KaHUE CTaTbH, TIOBTOPSTH
TEPMUHBI U3 TEKCTAa CTATHU M TI0 BO3MOXKHOCTH HE TIOBTOPATH TEPMUHBI 3aIJIaBHsL; CICIyeT
MTOMHUTB, YTO ITH CJIOBA TOJDKHBI OOJIETYHUTH MOMCK CTAThH CPEACTBAMH HMH(DOPMAIHOH-
HO-IIOMCKOBOI CHUCTEMBI.

Summary 10KHO OBITh MOHATHO 0¢3 0OpalICHUs K CaMO ITyOIMKaIMU KaK He3aBH-
CHMBIH OT CTaThH UCTOYHUK HH(pOpMaIi. OHO JOJHDKHO OTBEYATh CIISTYIOIMM KPUTECPHUSIM:
MH(OPMATHBHOCTH (HE COJleprKaTh OOIMX CIIOB); COIEPIKATEIBHOCTH (OTpaXKaTh OCHOBHOE
CoZlepyKaHUE CTAThH: 3a/1a9d PaOOTHI, METOBI, TNIABHBIC PE3YJBTaThl UCCIICIOBAHUH); IO-
CIIeZIOBATEIBHOCTH M3NokeHus. [lepeBon Summary Ha aHTTHIACKHHA S3BIK JTOJKEH OBITH
BBINTOJTHEH KA9Y€CTBEHHO, C MCIIOIB30BAHNEM AHIVION3BIYHON CIIeIMaNbHONW TEPMUHOIOTHH,
He OBITh JOCJIOBHBIM MIEPEBOJIOM PYCCKOSI3BIYHOW BepCUH (IIPU HEOOXOAMMOCTH CIICAYET
TaK)Ke BKJIIOYATh MOSICHEHUs! JUIsi HHOCTPAHHOTO YMTATENsl, CBSI3aHHBIE CO CHENN(UKOMI
HCCIIC/IOBaHHN ).
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AHHOTaIMsI Ha PYCCKOM SI3bIKE M Summary JOJDKHBI OBITh CTPYKTYypHPOBAaHHBIMH,
T.€. OTpaKaTh KPaTKoO MMPOOIEMy HCCIIEIOBAHNS M €€ COCTOSIHUE, LIeNb pabOoThl, METOIbI,
pe3yabTaThl M 3aKIIOYCHHUE.

Janee npogomxaercst HHOPMALKS HA PyCCKOM s3bIKE: KIIFOUEBBIC CJIOBA B COOT-
BETCTBHHU C pyccKuM ajidasurom (He Oonee 10), kparkas annotanus (7—-10 cTpok) (0e3
nepeBoJia Ha aHIIMICKUIT) 1 HAYMHAETCS] TEKCT CTaThy.

Jlnist crarby, IpecTaBIsieMON Ha aHIIMICKOM sI3bIKe, TpeOyrores: Y/IK; nepeBox Ha
PYCCKHI sI3bIK Bcell MH(pOPMAIMK, KOTOpast JaeTcsl Iepe/l HayajaoM CTaThbH B XKypHAle.
Kpome Toro, B KOHIIE cTaThl HEOOXOIMMO MPUBECTH PACHIMPEHHBIN PyCCKHUH pedepar
(1-1,5 ctp.), a B mognucax K pUCYHKaM JaTh UX MEPEBOJ HA PYCCKHUH S3BIK.

OcHosnotl mexcm pa3duBaeTcst Ha pasaeibl. OOBIUHO 3TO BBEJCHHE, IIOCTAHOBKA
npoOJIeMbl, METOANKA MCCIICIOBAHNH, Pe3yNIbTaThl NCCIIEJOBAaHUH, 00CYKICHUE PE3yJIb-
TaTOB, 3aKJIIOYCHHUE (BBIBOJIBI). B KOHIIE CTaThy HY>KHO MTOMECTUTDH CIIEAYIOIIYI0 HH(POP-
Manuio Ha JByX s3bIkax: Kondmukr naTepecoB/Competing interests; ®@unancupoBanue/
Funding; bnaromaprocTtn/Acknowledgments. XXematenpHo Taxke ykazaTh BKIIaJ aBTOPOB
B pabotel — Bxian aBropos/Authors contribution. B pasgene ®unancupoBaHue HE0O-
XOIUMO YKa3aTh UCTOUYHUK (DHMHAHCOBOM IMONCPIKKHU, CIIOCOOCTBOBABIINI BBIMOIHCHHIO
9TOMH paboThI (rpaHThl POHIOB, MPOTPAMMEI U T.J1.), B biarogapHoCTsIX MOYKHO ITOMECTUTh
01aroJapHOCTb JIMIIAM, OKa3aBIIMM ITIOMOIIb B ITOJTOTOBKE CTAThU.

Toonucu nod pucynxkamu AaIOTCS K KaXXIOMY PHCYHKY B COOTBETCTBHH C €TI0 pac-
MTOJIOKEHUEM B TEKCTe: cHadana Ha pycckoM (Puc. 1. Jlanee moammce), a MOTOM Ha aH-
mmiickoMm s3bike (Fig. 1. Figure caption). B moamucsx HeoOX0auMO OTACIATh COOCTBEHHO
Ha3BaHHE PUCYHKa OT OOBSICHEHHH K HeMy (DKCIUTHKALHS), KOTOPbIE HAJI0 JaBaTh C HOBOU
CTPOKH.

Pucynku u pomoepaguu moMemmaroT B OTASIBHBIX (ailyiax: Ul pacTpoBBIX H300pa-
xeHui B pactpoBsix (opmarax JPEG/TIFF/PNG/PSD, B Bekropubix — CDR, Al, EPS
u B popmare XLS (He momyckarorcs pucyHku B popmare Word). Pazpemerne pacTpoBbIx
n3o0pakeHuii B oTTeHkax ceporo 1 RGB-nset nmomkHo 661Th 300 dpi. Bee coBecHbie Ha-
MMCH Ha PUCYHKaX JAI0TCS TOJILKO Ha PYCCKOM si3bIKe. Bee yciioBHbIE 3HaKH 0003HAYAI0TCS
udpamu (KypcuBoM) ¢ 00s13aTeIbHON pacii(pOBKOI B MOAPHCYHOUYHBIX MOAIHUCSX, TE
OHH Taroke 0003Ha4YAI0TCsl KypcHBOM. L{MdpbI MOXKHO CTaBUTH M HA JIMHUSAX rpadukoB. Ha
rpauKax Bce KA 00s3aTeNbHO MOINCHIBAIOTCS M YKa3bIBACTCS PA3MEPHOCTD BEITHMUHH.

Tabnuyer. 1st 60mpmux TaOMUI] CIEAYET UCTIONB30BATh ATEOOMHYIO Pa3METKY CTpa-
Hunbl. Homep 1 HanMeHoBaHUe TaOMHIIEI (1A OTACNBHBIX a03a11a) MPUBOAATCS HA PYCCKOM
U aHIJIMACKOM SI3bIKaX. 3arojoOBOK TaOMMIIBI HE J0JKeH mpeBbimarh JIBYX crpok.

Tabnuusl 1 rpadbl JOIKHBI UMETh 3ar0JOBKH, COKpAILEHHs CIIOB B TaOIUIax He
Joryckarorces. Tabaunpl HaOMparoTcsi, Kak U TekcT, B ¢popmare Word mpudTom 9 nt.
Ecnu y Tabnune! ecTe MpuMedYanue, OHO TOKE TPUBOANTCS HA ABYX s3bIKax. [Ipumedanus
BHYTPH TaOIMIBI HE JaroTcsl. Mcrmonp3yroTess CHOCKM KO BCEH TAaONHIIE MM OTJEIBHBIM
ee IOKa3aTelsIM.

B TekcTe cnenyer naBaTh CCHUTKM Ha BCE€ PUCYHKH W TaOmuubl. [1pu mepBoit cebli-
ke — puc. 1, Tabn. 1; mpu moBTOpHBIX — cM. puc.l, cMm. Tabn. 1. Eciu B Tekcre paercs
oz1Ha TaOJIMIA WK OJIMH PHCYHOK, TO CCBUIKH B TEKCTE IPUBOASATCS CIICIYIOIUM 00pa3oM:
TIPH TIEPBOH CCHUIKE — (TabmuIa), (PUCYHOK); TIPHU OBTOPHOH CCBITKE — (CM. TaOIHILy),
(cM. pUCYHOK).

Maremarndeckue 0003HAUCHHUS, CUMBOJIBI M IIPOCTHIE ()OPMYIIBI PEKOMEHIYETCS
HaOMparh OCHOBHBIM LIPU(TOM CTaThH, CIOXKHBIE (opmyasl — B mporpamme MathType
(nmm B Bepemsix Word 1o 2007 roza BKiIoUuTEIbHO). HyMepyroTcst TobKo Te (hOpMyIIbI,
Ha KOTOpBIE €CTh CCBUIKM B TEKCTe. Pycckue u rpedyeckne OyKBbI B popMysax U TEKCTE,
a TaKke XMMHUYECKUE HJIEMEHTHI HAOMPAIOTCS MPSIMBIM MIPU(TOM, JTaTHHCKHE OyKBBI —
KypcuBOM. AOOpEBHATYPHI B TEKCTE, KPOME OOMIETIPHHATHIX, HE JOMYCKAIOTC.
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B cnucke numepamyper (nox 3aronoBkoM «CHHECOK JIUTEPATyphI» ) CCBUIKU Ha JINTEpa-
TYpy HyMEpYIOTCSI IOCIIEA0BATEIBHO, B COOTBETCTBUH C IOPSIIKOM X HIEPBOTO YITOMHHA-
HUSI B TeKcTe. [IpuBOISITCS TOMBKO OMyOIMKOBaHHBIE PAOOTHI. CCBHUIKH IO TEKCTY JAI0TCS
B KBaJpaTHBIX CKOOKax Ha HOMEpa CITMCKa, depes 3amaTyio ¢ mpobemom: [1, 7, 23-27].
Crarbsi IOJDKHA COJIepKaTh CChUIKU Ha BCe pabOThl, IPUBEIICHHBIC B CIIHCKE JIUTEPATyPhI.
KonuuecTBO MCTOYHUKOB JOJDKHO ObITh He MeHee 10. OOpaiaeM BHUMaHHE Ha HEIO-
ITyCTUMOCTB BKJIIOYCHUS B CIIMCOK JINTEPATYphl M3JaHNH, BeIMyIIeHHBIX 0e3 ISSN- nim
ISBN-k0110B (3THM 4acTo rpemar cOOpHUKH MaTepruasioB KOHPEPEHINIA (TE3UCHI WIIH J10-
KJIaJIbl), a TaKKe aBTOpedepaToB AUCCEpTAIMA M AUCCEPTAIIHA, apXUBHBIX U (DOHIOBBIX
MaTepHajoB, HAYYHO-TEXHUIECKUX OTYETOB, YUCOHUKOB U yueOHBIX nocobuii, [OCTos,
paCHOpﬂ)KeHI/Iﬁ " 1p. KonnuecTBO CCHIIOK Ha HAYYHO-TIOIMYJIAPHBIC U3JaHUA DOJIKHO
OBbITh MUHUMAJILHBIM.

KonmuecTBO caMOIUTHPOBaHUIT TODKHO OBITH He Oosee 10—12 % oT obmiero koju-
YecTBa CCHIJIOK HA OPUIMHAIIBHBIC HCTOYHHKH.

Jaee mpumnaraeTcs BTopoii cnmcok muteparypsl (References). B croicke Ha matu-
HUIIE CTPOTO COXPAHSIOTCA T€ XK€ IOCIIE0BATEIBHOCTh M HyMEpalusi HCTOYHUKOB, YTO
1 B «TPAAUITUOHHOM) CIIMCKE. CchUIKH Ha HWHOCTPAHHBIC UCTOYHUKH IIPUBOJATCA B O6OI/IX
CIHCKaX JIUTEPaTyphl.

CraTby, HE COOTBETCTBYIONIHE YKa3aHHBIM TPEOOBAHUSM, pacCMaTpUBATHCS HE OY/IyT.
ITpu pabote HaT pyKOMUCHIO PEIAKIIMS TI0 COINIACOBAHHIO C aBTOPOM BIIPABE €€ COKPATHTb.
ABTOD, TOATIMCHIBAS CTATHIO M HANPABIISIA €€ B PEIAKIUI0, TEM CAMBIM IIEPEIacT aBTOPCKHUE
IpaBa Ha W3IaHHUE ATOH cTaThH KypHay «lIpobmeMbr ApKkTHKN 1 AHTapKTHKH/ Arctic
and Antarctic Researchy.

PepakumonHast KOJUIeTHsl HE BCTYNaeT B JMCKYCCHUHU C aBTOPaMM IO TOBOAY IIpH-
HUMAaEMBbIX €10 PEIICHHH.

Bbonee monublie cBeneHus o 0(hOPMIICHUIO CTaTbU MPUBEIEHBI B JOKyMeHTe «Tpe-
OoBaHUs K OQOPMIICHHIO CTaTel, MPUChUIAeMBIX B xKypHal [IpoOiembl ApkTuky 1 AH-
TapKTHKN», KOTOPBIN 00s13aTelIeH ISl 03HAKOMIJICHHSI TIPH TTIOJJTOTOBKE MaTepHajioB CTaThU.

06 Aunomayusx. Penakuysi peKOMEHyeT BCEM aBTOPAaM O3HAKOMHUTHCS ¢ Peko-
MEHJALMSIMA TI0 O(hOPMIICHUIO aHHOTAIMH HAa aHIIMHCKOM SI3bIKE, KOTOPBIE SBIISIOTCS
JUISl THOCTPAHHBIX YYEHBIX U CIELUAINCTOB OCHOBHBIM U, KaK IPaBUJIO, €AMHCTBEHHbBIM
HCTOYHHMKOM HH(OPMALNK O COAEPKAHUU CTAThU M U3JI0KEHHBIX B HEW pe3yiabrarax Hc-
CIEeJOBaHUIA.
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