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OPUZUKA ATMOCO®EPBI U TUAPOCDEPDI
ATMOSPHERE AND HYDROSPHERE PHYSICS

https://doi.org/10.30758/0555-2648-2021-67-2-134-146
YIK 551.51

OPUTI'MHAJIBHAS CTATbS ORIGINAL ARTICLE

AHAJIN3 JMHAMUKU APKTUYECKOI'O ITIOJISIPHOT'O BUXPSA
BO BPEMsI BHE3AITHOI'O CTPATOC®EPHOI'O NIOTEIIJIEHUSA
B SIHBAPE 2009 r.

B.B. 3VEB, E.C. CABEJIBEBA", A.B. [TABJIMHCKUH

Hrncmuntym MoHumopunea KiumMamuyeckux u 9K0JI02ULeCKUX CUCmem
Cubupcroeo omoenenusi Poccutickoui akademuu nayk, Tomck, Poccus

“esav.pv@gmail.com

Pe3rome

ApKTHuecKuit MOTAPHBIHA BUXPb BO BPEMs CBOET0 XKU3HEHHOTO IIMKJIA YaCTO MOJIBEPraeTcsl BO3ACHCTBIIO BOTHOBOK
aKTHBHOCTH. PacnipocTpanstommecs u3 Tporocdepsl B crparocdepy IIaHeTapHbie BOIHbI PoccOu snu3omdecku
MPUBOJAT K CMEIICHUIO WJTH PACIICTUIEHUTO TTOJIAPHOIO BUXPA, COITPOBOXKAAIOIIEMYCSl BHE3AITHBIM CTpaTOCq)Cle)IM
norernennem (BCII). B suBape 2009 r. Habmonasnock oo u3 cubHeitmx BCIT 3a Bech nepron HaOroeHnH B
Apxruke. B manHoii pabote nuHamuka nonspHoro Buxpst Bo Bpems BCIT 2009 r. paccMoTpeHa ¢ CMOIb30BaHHEM
HOBOTO METO/1a, TI03BOJISFOIIIETO ONPE/IENUT IITONIA/ b BUXPS K CKOPOCTh BETPA MO TPAHUIIE BUXPH, & TAKIKE OLIEHUTH
CpEAHNE 3HAYCHHUS TEMIIEPATYPBI 1 MACCOBOI'0 OTHOLICHHMS CMECH 030HA BHYTPU BUXPS HA OCHOBE JJaHHBIX pEaHaIn3a
ERAS. Ha ocHoBe aHani3a IMHaMHKH apKTHYECKOro MOIApHOro BUXpsl 3a 42 rofa u Ha npumepe BCIT 2009 r. mo-
Ka3aHo, YTO, KaK MPaBUIo, IPH CHIKEHHUH IUIOMIaaK BUXps MeHee 10 MiH KM? 1 YMEHBLIEHUU CPENHEN CKOPOCTH
BETpa 10 rpaHuLe BUXps Hike 30 1 45 M/C COOTBETCTBEHHO B HIDKHEH 1 cpefiHeil crparocdepe NoMspHblid BUXPb
CTaHOBHTCSI HEOONBIINM IMKJIOHOM, KOTOPBII MOTHOCTBIO pa3pyIaeTcs B TeueHne 1—3 Hesielb.

KutroueBbie ci10Ba: BHe3anHoe cTparocd)epHOE MOTEILICHHE, TEOOTCHIIHAI, 030HOBAs AHOMAJIHSI, TTOJISAPHbIIT
BHXPb, MIOJIAPHAsS cTpaTochepa.

Jast uurupoBanusi: 3yes B.B., Cagenvesa E.C., [lasnunckuii A.B. AHaTU3 TMHAMAKH apKTHYECKOTO MOJSPHOTO
BHXPsI BO BpeMsi BHE3AITHOTO cTparocdepHoro noterwieHus B saape 2009 t. // TIpobnemsr Apkruku n AHTap-
krukd. 2021. T. 67. Ne 2. C. 134-146. https://doi.org/10.30758/0555-2648-2021-67-2-134-146.

MocTrynuia 24.12.2020 Moc1e nepepadorku 02.04.2021 Ipunsra 07.04.2021

ANALYSIS OF THE ARCTIC POLAR VORTEX DYNAMICS DURING
THE SUDDEN STRATOSPHERIC WARMING IN JANUARY 2009

VLADIMIR V. ZUEV, EKATERINA S. SAVELIEVA®, ALEXEY V. PAVLINSKY

Institute of Monitoring of Climatic and Ecological Systems of the Siberian Branch of the Russian
Academy of Sciences, Tomsk, Russia

“esav.pv@gmail.com
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B.B. 3VEB, E.C. CABEJIBEBA, A.B. [IABJIMHCKHUH  V.V. ZUEV, E.S. SAVELIEVA, A.V. PAVLINSKY
Summary

The Arctic polar vortex is often affected by wave activity during its life cycle. The planetary Rossby waves
propagating from the troposphere to the stratosphere occasionally lead to the displacement or splitting of the polar
vortex, accompanied by sudden stratospheric warming (SSW). In January 2009, one of the largest SSWs was
observed in the Arctic. In this work, the dynamics of the polar vortex during the 2009 SSW is considered using a
new method that allows one to estimate the vortex area, the wind speed at the vortex edge, the mean temperature
and ozone mass mixing ratio inside the vortex, based on the fact that the Arctic vortex edge at the 50 and 10 hPa
pressure levels is determined by the geopotential values, respectively, 19.5:10* and 29.5-10* m?/s?, using the ERA5
reanalysis data. The application of this method is justified for the Arctic polar vortex, which is characterized by
significant variability, especially during the period of its splitting. The splitting of the polar vortex in 2009 was
observed on January 24 and 28, respectively, in the middle and lower stratosphere. About a week after the splitting,
the vortices became closer in characteristics to small cyclones, which completely collapsed within 1-3 weeks.
The influence of planetary wave activity on the polar vortex does not always lead to its breakdown. Short-term
splitting of the polar vortex is sometimes observed for several days after which the polar vortex strengthens again
and PSCs form inside the vortex. Such a recovery of the polar vortex is most likely to occur in the winter. Based
on the analysis of the dynamics of the Arctic polar vortex for 1979-2020 and using the example of the 2009 SSW,
we showed that when the vortex area decreases to less than 10 million km2 and the mean wind speed at the vortex
edge decreases below 30 and 45 m/s, respectively, in the lower and middle stratosphere, the polar vortex becomes
a small cyclone (with significantly higher temperatures within it), which usually collapses within 3 weeks.

Keywords: geopotential, ozone depletion, polar stratosphere, polar vortex, sudden stratospheric warming.

For Citation: Zuev V.V, Savelieva E.S., Pavlinsky A.V. Analysis of the Arctic polar vortex dynamics during the
sudden stratospheric warming in January 2009. Problemy Arktiki i Antarktiki. Arctic and Antarctic Research.
2021, 67 (2): 134-146. [In Russian]. https://doi.org/10.30758/0555-2648-2021-67-2-134-146

Received 24.12.2020 Revised 02.04.2021 Accepted 07.04.2021

BBEJEHUE

ApKTHUECKHI CTPATOC(EPHBIN MOJSPHBIA BUXPb, KaK IPaBUIO, (POPMHUPYETCS B OK-
T0pe—HOs0pe U paspymiacTcsi B BeceHHui nepuox [1, 2]. boee pannee paspyuieHue
MTOJISIPHOTO BUXPSI 00YCIIOBIICHO BIMSHUEM TUTaHETapHBIX BOH Poccou [3—5]. Pacpoctpa-
HSFOLIMECS U3 Tponochepsl BEPTUKAIbHbIC IOTOKU BOJTHOBOIM aKTMBHOCTH B cTparocdepe
Ppa3pyLIaroTCs B pe3yJbTaTe B3aUMOACHCTBHS C 3allaHbIM CTPaToC(epHbIM TeueHneM (Io-
JSIpHBIM BUXpeM) [6]. [Ipoucxoasdinee mpu 3TOM CHIBHOE CMEIIEHHE HIIH PaCIleNIeHHe Mo-
JSIPHOTO BUXPS COITPOBOXK/IAETCs BHE3AMHBIM cTpaTocdepusM norermenuem (BCIT) [7-9].
BCII pa3nensiorcs Ha T1aBHbIE 1 MUHOpPHBIE. COTMAaCHO CyIIECTBYIOIIEMY ONPe/IeNICHHIO,
npeuIokeHHOMy BeeMupHoil MeTeoponoruueckoit opranuszanueii B 1978 r., BCII moxHO
CUNTATh INIaBHBIM, €CJIM Ha BbICOTax oT ypoBHs 10 rlla u Hrxe cpeqHenIpoTHAS TeMIe-
parypa pe3Ko Bo3pacTaeT 110 HampaBJIeHHIO 0T 60° MIMPOT K MOJIIOCy MPH HaOII0naeMoit
CMCHE HAaITPaBJICHUS 30HAJIBHOTO MOTOKA B TCUCHHE HECKOJbKUX aHei/gacoB [10]. Ecnu
IIPY BBIPAKEHHOM POCTE CTpaToc(EepHBIX TEMIEpaTyp HalpaBlIeHNE 30HAJIBHBIX BETPOB
¢ 3amagHoro Ha BoctoyHoe He Mensercs, BCII cunraercs munopHbIM. [Ipr MUHOPHBIX
BCII nponcxomut cuiibHOE CMEIIEHNE TOJSIPHOTO BUXPSI, @ TIPH IVIABHBIX — €T0 pacIerie-
Hue Ha aBa Hebonpmmx Buxps [11-13]. BCII npeacrasustor coboif kpynHoMacTabHbIe
TeMIIepaTypHbIe BO3MYIIEHHUS MOJSIPHOI cTparocdepbl 1 MOTYT CIIOCOOCTBOBaTh Oojee
paHHeMy MPOTEKaHHIO BECEHHEH MepecTpOiKy HUPKY/siiuK crpatocdepst [14-15].

B ¢opmupoBanuy MOISIPHOH 030HOBOM aHOMAJIMH KJIOUEBYIO POJIb UIPAET YCTOHYH-
BOCTb MOJISIPHOTO BUXPS B 3UMHe-BeceHHHUN niepuoz [16—18]. I'paHuIbI MOTSPHOTO BUXPS
MIPEJICTABIISIIOT COO0M TMHAMUYECKHA Oapbep, MPEnsITCTBYIONMN MEPHIMOHAILHOMY TIepe-
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HOCy cTparoc()epHOro 030Ha M3 TPOIUYECKUX M CPEJHUX IIUPOT B MOJISAPHYIO 00JIacTh
[19, 20]. ITpu 3TOM BHYTpH MOJISIPHOTO BUXPS B CTpaTocdepe IMPH IKCTPEMATBHO HUZKHX
temreparypax (< —78 °C) ¢popmupyrorcs nossipasie crparocepnsie oonaka (I1CO), Ha
MIOBEPXHOCTH M B 00bEME KOTOPBIX MPOTEKAIOT TETEPOTCHHBIC PEAKIIUH C BHICBOOOXKIE-
HUEM MOJICKYJIISAPHOTO XJIopa. HpI/I MOABJICHUU COJIHECYHOI'O0 MU3JTYUYCHU HaA IMOJIAPHBIM
PETHOHOM MOJIEKYJISIPHBII XJ10p (hoToancconuupyeT ¢ 00pa3oBaHUEM PAJANKAIOB XJIOpa,
BCTYMAIOIIMX B KATAJTUTUUECKUI IIUKII pa3pylieHus o3oHa [21]. Pa3pyiienue noaspHoro
BUXPsI IO ACHCTBUEM IIJIAHETAPHBIX BOJH B 3UMHE-BECCHHUH MEPHOJ] PUBOIUT K TPH-
TOKY B IOJIIPHYIO 00JIACTh TEILIBIX, OOraThIX 030HOM BO3/IYLIHBIX MacC, ClIOCOOCTBYIOLINX
paspymenuio [ICO 1 HaKOTUIEHUIO CTPaTOC(EepHOTo 030HA B apKTHUYECKOI obmactu [22].

B nanHoit pabote paccMOTpeHa AMHAMMKA apKTHYECKOTO MOJISIPHOTO BUXPSI BO BPEMsi
omHoro n3 cunpHelmx BCII B saBape 2009 T. ¢ UCIONB30BaHHEM HOBOTO METOAA, II0-
3BOJIAIONIETO ONPEENINUTh MJIOIA b BUXPSI U CKOPOCTh BETpa 110 IPAHUIIC BUXPS, a TAKKE
OLIEHWUTH CPEAHUE 3HAUCHUSI TEMIIEPATYPbl 1 MACCOBOTO OTHOIIEHHUSI CMECH 030HA BHYTPH
BHUXps Ha OCHOBE JaHHBIX peaHanu3a ERAS.

JAHHBIE U METO/1bI

CpenHecyTouHbIE JaHHBIE O MMOTCHIHAIBHON 3aBUXPEHHOCTH M TEMIIEpaType BO3-
nyxa B oomactu 30-90° c. 1. ¢ ropu30HTaNIBHBIM paspemnicareM 3,0°x3,0° Ha ypoBHsx 50
u 10 rlla 3a mepuox ¢ 10 ssaBaps mo 20 despamns 2009 1. momyyYeHs! 10 JaHHBIM peaHaIn3a
ERA-Interim EBporeiickoro 1ieHTpa cpejHecpouHbIX mporuo3os noroas! (European Centre
for Medium-Range Weather Forecasts, ECMWF) [23] (http://apps.ecmwf.int/datasets/).
CpenHeCyTOUHBIE TAaHHBIE O CKOPOCTH 30HAIBHOTO M MEPHUIMOHAIBHOTO BETPa, T€ONOTEH-
pae, TeMIIepaType BO3ayXa U MaCCOBOW KOHIIEHTpAIH 030Ha B obmactu 30-90° c. m.
€ TOpU30HTAIBHBIM paspemenueM 0,25°x0,25° na yposusx 50 u 10 rlla 3a nepuox ¢ 1979
mo 2020 T. oyYeHHI 10 JaHHBIM HETaBHO BHITyIIeHHOTO peaHanmnza ERAS [24], apns-
IoIerocs MAThIM nokojieHueM peananu3oB ECMWF u omnnyaromierocsi BBICOKUM MPO-
CTPaHCTBEHHBIM M BpeMeHHBIM paspemmenueM (https://doi.org/10.24381/cds.bd0915¢6).

Cy1ecTByeT 0 KpaifHell Mepe JBa METO0/1a OKOHTYPHBAHHSI CTPATOC(EPHBIX TOSIPHBIX
BUXpel. [ paHuIia monsipHOTO BUXPst MOXKET OBITH OIPEIENICHA IT0 MAKCHMAIBHOMY TPaIHEHTY
MMOTCHIIMALHON 3aBUXPEHHOCTH [25] ¥ ¢ ucnonb3oBaHueM M-(QyHKIIUH, XapaKTepH3yIo-
el IUTHHY TPaeKTOPHHA, TIPOXOIAIINX Yepe3 y3Jbl 3a1aHHoi ceTku [26]. [IpenmytecTBoM
M-(yHKIMH 0 CPAaBHEHHIO C IPAJMEHTOM MOTCHIIMAILHON 3aBUXPEHHOCTH SIBIISIETCS €€ He-
OIHOPOIHOCTH BJIOJIb TPAHUIIBI BUXPS, UTO MO3BOJISIET OLIEHUTH PETHOHATIBHBIE 0COOCHHOCTH
MaccooOMeHa U OTPEEIUTH 00IacTh TMHAMHYECKOTro Oapbepa 1o TpaHuiie BUXps. B nanuoin
paboTe IMHAMUKa CTPaToCc(hepPHOTO apKTUIECKOTO BUXPS PACCMATPUBAETCS C MCTIONB30BAaHUEM
METO/Ia OIIEHKN OCHOBHBIX NapaMETPOB BUXPs IIPH OKOHTYPUBAHUH €TI0 TPAHHUII HA OCHOBE
JIAHHBIX O MAKCUMAJIBHOM T'PAJMEHTE TEMIEPaTyphl 1 MAKCUMAILHONH CKOPOCTH BETPA.

Memoo oyenku 0CHO6HBIX NAPAMEMPOB APKMUUECKO20 NOSIAPHOZ0 BUXPA
npU OKOHMYPUGAHUU €20 ZPAHUY,
T'eonmotenuman @* BeipaxkaeTcsi ypaBHeHHeM [27]:
do" = gdz, )
rae § — yCKopeHHe cBOOOAHOTO MaJeHHs U Z — BEPTUKAIBHOE PACcCTOSIHUE OT YPOBHS
Mopsi. [TockoIbKY MPH OTCYTCTBHH aTMOC(EPHBIX IBUKCHHI CHJIa TSHKECTH JO0JIKHA ObITh
TOYHO cOalaHCHpPOBaHAa BEPTUKAIEHOW COCTABIISIONICH CHIIBI TpaJieHTa NaBieHus [27]

dpldz = —pg, 2
Ijie p — JaBIEHHE U P — IUIOTHOCTD, TO
d®" =—(RT/p)dp =—-RTdlnp, ?3)
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riae R — yHuBepcaibHas ra3oBast moctosiHHas U 7 — TeMmeparypa. Kaxk BuaHo u3 ypasHe-
HuA (3), TeOnOTeHIIMAT B OCHOBHOM 3aBHUCHT OT JAABIICHUS M TeMrieparypbl. Takum oOpasom,
TeONOTEHIMA IOCTATOYHO TOYHO ONHCHIBACT TWHAMMKY TOISPHOTO BUXPS, MOCKOJIBKY
BHYTPH TTOCIIETHEr0 HAOMIOaeTCsl CYIIECTBEHHOE MTOHIKEHNE TEMIIEpaTyphl U TaBICHUS,
a 3a ero mpejaeraMyu — MoBbIIeHHe. KpoMe Toro, reonoteHnyan He mpeTepreBacT 3Ha-
YUTEJIFHBIX CE30HHBIX M3MEHEHUH B MEPHOJ CYIIECTBOBAHNS BUXPS M, COOTBETCTBEHHO,
XOPOILO TOAXOTUT JJIs ONpEeNICHHsI TPAHHUI] MOJSIPHOTO BUXPSI.

Jlist onpenienieHysl 3HAYEHUH TEONOTEeHINANA, HAWTYyYIIUM 00pa3oM XapaKTepu3y-
IOIINX PaHUIBI APKTHYECKOTO MOJISIPHOTO BUXPs B HW)KHEH 1 cpenHell cTparocdepe (Ha
ypoBH:sx 50 u 10 rlla), ucrmonp30Banuch JaHHBIE O CKOPOCTH 30HAIBHOTO U MEPHUJINO-
HAJIBHOTO BETpa, TeMIepaType Bo3ayxa U reonoreHnuaie peananusa ERAS. Io rpanune
TIOJIIPHOTO BUXPS HAOMIOAAIOTCSI MAKCUMAJIBHBIN I'PaIICHT TEMIIEPATYPHI U, KaK IPaBUIIO,
MaKCHMaJIbHbIC 3HaUCHUS CKOPOCTHU BeTpa. Ha 0CHOBE e3Ke4acHbIX JTaHHBIX C pa3pelIeHueM
0,25°%0,25° must yposaeit 50 u 10 rlla 3a 1979-2020 rr. 65U TONXYYEHBI CIEAYIOMINEC
3HAYCHMsSI: TeMIlepaTrypa B TOYKE MAaKCHMaJIbHOTO TPaJMEHTa MO LIUPOTE B JHANa30HE
40-90° c. 1. A5 KayKA0ro 3HAYEHUS I0JITOThI IPaJyCHON CETKH, 3HaUEHHE Ie0NOTeHLMaNa
B TOYKAaX MAaKCHMAaJbHOTO TPaJUCHTa TeMIepaTyphl, MAKCUMalbHasi CKOPOCTh BETpa IO
wupote B auanazoHe 40-90° c. w1 ans Kaxaoro 3Ha4€HUsl JOJITOThI TPajyCHOM CETKH.
CKOpOCTh BETpa ONpeAessiach Kak BEKTOpPHAs CyMMa 30HAJIBHOM M MEpHINOHAIBHON
CKOpOCTH. AHAIN3 TUHAMHUKH apKTHYECKOTO MOISIPHOTO BUXPS 32 42 Tosa HaOmoneHui
MOKa3aJl, YTO MPAKTHYECKHU BO BCEX CIydasx MaKCHMaJIbHas CKOPOCTh BETPa, yCpPEeAHEHHAs
10 TpaHUIIe MOJSIPHOTO BUXPs, TpeBbimaet 30 mM/c Ha ypoBHe 50 rlla u 45 m/c Ha ypoBHE
10 rlla. B cpemuem 3a 1979-2020 rt. 3Ha4eHue reonoTeHrana @ B paliloHe MAKCHMATBHOTO
TpajIeHTa TeMIIepaTypsl TI0 TPaHHIle BUXps coctaBwio @ = (19,50+0,15)-10* m%/c? Ha BbI-
core 50 rlla (mpu MakcUManIbHON CKOpoCTH Betpa v > 30 m/c) u @° = (29,50+0,30)-10% m%/c?
Ha BeicoTe 10 rlla (TIpm MakcHMaIbHOM CKOPOCTH BeTpa v > 45 m/c).

JIng aHanmm3a AMHAMUKHE apKTUYECKOTO MOJIIPHOTO BUXPS M CBA3aHHBIX METEOPOJIO-
rudeckux napameTpoB 3umoi 2009 r. paccuuThIBAIMCH MJIOLIAAbL BUXPS, CKOPOCTh BETPA
y TPaHMIBI BUXPSI, CPETHSS TEMIIEpPaTypa U CpelHee MacCOBOE OTHOIICHHUE CMECH 030Ha
BHYTPH BHUXPS, 3TH PACUCThl OCHOBBIBAIKNCH HA TOM, YTO IPAHHIA APKTUYECKOTO BUXPA
Ha ypoBHaX 50 u 10 rlla ompenensercs 3Ha4eHUSMHU T'€ONOTEHIIMAIA COOTBETCTBEHHO
19,5-10* u 29,5-10* m?/c?. Pacuersl mpoBOAMINCE Ha ypoBHSX 50 u 10 rlla ¢ sHBaps
1979 . mo maii 2020 1. (U1 BpeMEHHBIX TIEPUOOB, KOT/Ia MOSPHBIN BUXPh CYIIIECTBOBAN)
C HCIIONb30BaHNEM NaHHBIX peaHanu3a ERAS. IToBexgenne nccienyeMbpIx nmapaMeTpoB
B 3uMHe-BeceHHu# nepuon 2008/09 . cpaBHMBaANOCH ¢ 42-TIETHUMH KIMMaTHYECKHUMU
cpennuMu 3a 1979-2020 rr., NOAyYEHHBIMH CO CPEIHEKBAAPATUUHBIMU OTKIOHEHUSIMHU
(CKO, o). Knmumarnueckue cpenuue u 3Hauenust CKO Obutn criaxensl FFT-¢unbrpom (fast
Fourier transform filter) mo 15 Toukam. BpemMeHHBIC U3MEHEHHUS HCCIECAYEMBIX MapaMe-
TpoB ¢ Hos0ps 2008 1. mo deBpans 2009 1. 6putn crmaskeHs! FFT-mnbsrpom mo 3 Toukam.

PE3YJIBTATBI, UX AHAJIU3 U OBCYXXJIEHUE

Buezannoe cmpamocgepnoe nomennenue 6 apkmuueckoii cmpamocgepe
6 aneape 2009 2.

B smBape 2009 1. Habmonanock omHO u3 cambiX cuibHBIX BCIT [28-35]. OmanMu u3
OCHOBHBIX IapaMeTpoB, onuchiBatomux BCII, sBisioTcs moTeHnnanbHas 3aBUXPEHHOCTh
1 TeMneparypa. Bricokue 3HaYeHNST TOTEHIIMAIBHON 3aBUXPEHHOCTH B 3MMHE-BECEHHUH T1e-
pHoA, Kak MPaBHIIO, ONPENEISIOT MECTONONIOXKEH e ToMsipHOTO Buxpsi. Ha puc. 1 npuBeneHs
01 MOTEHLMATBbHOM 3aBUXPEHHOCTH U Temrieparypbl Ha ypoBHsX 50 u 10 rlla nax Apkruxoit
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Puc. 1. ITons moTeHnMaIbHOM 3aBUXPEHHOCTH 1 TeMIepaTypsl Ha ypoBHsX 50 u 10 rlla Hag Apkrukoit
Juts BEIOOpOYHBIX AaT ¢ 10 suBaps mo 20 ¢espans 2009 .

Fig. 1. Potential vorticity and temperature distributions at the 50 and 10 hPa pressure levels over the
Arctic for selected dates from 10 January to 20 February, 2009

¢ siBaps 110 Qeppaitb 2009 . 1o ganHbM peananmza ERA-Interim. B niepBoii nonoBrHe siHBapst
2009 1. ONSAPHBINA BUXPh OBbUT XOPOIIO LIEHTPUPOBAH OTHOCHUTEIIBHO MOJIFOCA U UMENT KPYIITYIO
¢dopmy. BCII, nponzormennemy 24 ssHBapsi, IPEAILIECTBOBAJIO BHITITMBAHKE TIOISPHOTO BUXPS
22 sHBapsi, KOIa OH NPHUHSUT POpMY «BOCBMEPKW». 24 sSTHBapsi MPOU30IILIO paclICIICHHEe
BUXPsl, HOJIPHYIO OOJIACTh 3allOJHUIM TEIUIble BO3AYyILIHbIE Macchl. [1ond moTeHImansHOl
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Puc. 2. Ilons reonoreHnuana, CKOpOCTU BETpa U MaCCOBOIO OTHOLLICHUS CMECH 030HA HA YPOBHAX
50 n 10 rlla Haxg Apxruxoit jurs BeIOopouHbIX aaT ¢ 10 saBaps o 10 despais 2009 1.

Fig. 2. Geopotential, wind speed and ozone mass mixing ratio distributions at the 50 and 10 hPa
pressure levels over the Arctic for selected dates from 10 January to 10 February, 2009
3aBUXPEHHOCTH U TemIiepatypsl ¢ 24 mo 30 stHBapst AEMOHCTPHPYIOT pa3pyIIeHHE TOISIPHOTO
BUXps nociie ero pacmierienus (puc. 1). ComacHo puc. |, HA OTUH U3 MTOTYYUBIINXCS B pe-
3yJIBTaTe paciieruieHnsi pparMeHTOB BUXPs He c(hOPMUPOBAJICS B TIOJHOLCHHBIN TTOJISPHBINA
BUXPb, U B Hauasie (peBpasisi OH MOJHOCTHIO paspyimics. [Ipoucxosiie B cpeaHei crparoc-
(epe paciierieHne U paspylieHHe TOISIPHOIO BUXPs MPOSIBISUINCH B HIDKHEH cTparocepe
C 3arma3pIBaHIEeM KaK MUHUMYM Ha 4 JTHSL.

Ananu3z ounamurku noaapHozo euxps sumoiu 2009 a.
C UCNONB308AHUEM MEMOOA OUEHKU OCHOBHBIX RAPAMEMPOE
ApKMUYECcKo20 NOAAPHOZO BUXPS NPU DOlee MOYHOM OKOHMYPUBAHUN €20 ZPaAHUY

Ha pwuc. 2 npuBesieHbI IOJSI T€ONOTEHINANA, CKOPOCTH BETPA M MaCCOBOTO OTHOILIEHHS
cmecn o30Ha Ha ypoBHAX 50 n 10 rlla Hag ApkTHKoi 1u1st BBIOOpOUHBIX jAar ¢ 10 sHBapst 1o
10 despasst 2009 r., ToTy4YeHHBIE Ha OCHOBE JaHHBIX peanannza ERAS. I'panuiis! nonsipaoro
BHXPsL, XapaKTepu3yeMble 3HaYeHUsIME reoriorennuania 19,5-10%u 29,5-10* M?/c? coorBeTCTBEH-
HO Ha ypoBHsX 50 u 10 rlla, BelgeneHb! Ha NOSX TeONOTeHIana KoutypoM. Kak BUIHO U3
puc. 2, 3Hadenust reonorennuana 19,5-10* m%/c? (ua 50 rlla) u 29,5-10* m%c? (ua 10 rlla) no-
CTaTOYHO TOYHO OIHMCHIBAIOT IPAHMIIBI QDKTHYECKOTO TIOISPHOTO BUXPSI B HIDKHEH U CpeiHer
crparocdepe, HOCKOIbKY COOTBETCTBYIOT MaKCHMAIILHBIM 3HAYEHUSIM CKOPOCTH BETpa, a TaKKe
TIOHIDKEHHOMY COJIEpPYKaHHIO 030Ha B MX Ipefienax M MOBBIIIEHHOMY — 3a mpezenamu. Ha
pHC. 2 TakkKe XOPOIIIO IPOCIIKNUBACTCS PaCIEIUIEHHE MOJSIPHOTO BUXPsI (24 stHBaps B cpeHei
crparocdepe u 28 siHBapst B HIKHEH cTparocdepe), nocie koroporo 10 deBpaist B cpenueit
crparocdepe HOSAPHBIA BUXPh Y)ke HE HaOMOqaics (3HaUSHHs Te0IOTeHINAIa U CKOPOCTH
Berpa Ha puc. 2 (10 rlla) cocrapisror @ > 29,5-10% M%/c? u v < 45 m/c). Paspyiienue BUXps
B HIDKHEH cTparocdepe Mpon30muIo Bo BTropoi rnonosune despais (puc. 1). [t ananuza
JIMHAMHUKH apPKTHYECKOTO TIOJISIPHOTO BUXPSI M CBA3aHHBIX METEOPOJIOTMYECKHX ITapaMETPOB BO
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Bpemst BCIT 2009 1. ObUtH OIpe/IeicHbI TUIOIIAIb APKTHYESCKOTO TIOJSIPHOTO BUXPSI, CKOPOCTh
BeTpa y IPaHUILIbI BUXPSl, CPEHSISI TEMIIEparypa u CpeJHee MacCOBOE OTHOIICHHE CMECH
030Ha BHYTPH BUXPsl, OCHOBBIBASCh HA TOM, YTO I'PAHMUIIA APKTUYECKOTO TIOJISIPHOTO BUXPSI HA
ypoBHsix 50 u 10 rlla onpenessercs 3HaYEHUSIMU TEOMOTEHIIMANA COOTBeTCTBeHHO 19,5-10°
n 29,5-10* M%/c?. Ha puc. 3 npuBesieHa IMHAMEKA HCCIIEyeMbIX apaMeTpoB 3umoii 2008/09 .
Ha ypoBH:x 50 u 10 rlla B cpaBHEeHHH ¢ KIMMATHYECKHUMHU CPEAHUMH 3HAUCHUSIMU.

Kak BuHO U3 puc. 3, cpeaHsist CKOpOCTh BETpa [0 TPAHHUIIE MOJISPHOTO BUXPS V B MEP-
BOM MOJIOBMHE 3UMbI B OCHOBHOM HAaXOJuJach B Ipejiesax HopMbl. Bo Bropoii nojgoBuHe
3umbl, 20 1 23 stHBapsi B CpeAHEH M HIDKHEH cTparocdepe HaOMI0maICs MUK CKOPOCTU

50 rNa 10 rMa
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Puc. 3. BpeMeHHO# X071 IIIOIA/ M apKTHYECKOTO ITOJSIPHOTO BUXPSI, CPEIHEI CKOPOCTH BETpa y rpa-
HULBI HOJISIPHOTO BUXPS, CPEJHEH TeMIlepaTypbl BHYTPH MOJSIPHOTO BUXPSI U CPEIHEr0 MAaCCOBOTO
OTHOILICHUS] CMECH 030HA BHYTPH NOJsIpHOTO BUXpst Ha ypoBHsX 50 u 10 rlla ¢ Hos6pst 2008 1. 1o
(erpanb 2009 1. Ha PoHe cpeanux 3HadeHuit 3a 1979-2020 rr. ¢ CKO (%1 o)

Fig. 3. Time series of the area of the Arctic polar vortex, the mean wind speed at the polar vortex
edge, the mean temperature inside the polar vortex and the mean ozone mass mixing ratio inside the
polar vortex at the 50 and 10 hPa pressure levels from November 2008 to February 2009 and the
1979-2020 climatological means with standard deviations (1 o)
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Berpa: v = 83,8 m/c Ha yposre 10 rlla u v = 49,0 m/c Ha yposne 50 rlla. B momeHnT pac-
mieruieHust 24 stHBapsi cpeHsisi CKOPOCTh 10 IPaHHIIAaM JIByX 00pa30BaBIINXCS BUXPEH
B cpeziHel cTpartocdepe cocTaBisuia v = 63,5 M/c 1 3areM B TEUEHHE JIByX HEAEJb 10
paspyiieHus Buxpsi 6 (eBpaiis yMeHbIIanach co ckopocthio 4,0 M/c B cyTku. B HukHElH
crparocepe cpeiHsisi CKOPOCTh 0 IPaHHULAM JBYX 00pa30BaBILUXCS BUXPEH B MOMEHT
pacueruieHust 28 siHBapst qocturana v = 44,7 M/c, mocie 4ero HabIrIaioCh YMEHbIIIe-
HHE CKOpOCTH Ha 2,2 M/C B CyTKH B TedeHue 30 AHEH 10 MOJHOTO pa3pylIeHUs] BUXPs
26 despans (puc. 3). CorlacHO U3MEHEHUSIM CpeIHEH CKOPOCTH BETPA 110 IPAHUIE BUXPS
(puc. 3) MOXXHO HPEANONOKHUTD, YTO pa3pylIeHHe BUXPS B CpelHEN M HUXKHEH cTparo-
cdepe npousonwio 6 u 26 GeBpassi COOTBETCTBEHHO. [Ipu 3TOM 0CTaeTCsi HEICHBIM, MOX-
HO JIM Ha3BaTh MOJISIPHBIM BUXPEM IMKJIOH, HaOIonaBImiics B ctpatocdepe B eppae
(puc. 1, 2). Cpexnnsist CKOPOCTB 110 TPaHKILIE BUXPEU B CpeiHel cTpaTocdepe CHU3UIACH JI0
3HaueHuit v < 45 m/c 30 siHBaps1, a B HIbKHEW cTparocdepe 10 v < 30 m/c — 6 depais.

MaxkcuMalibHas IUIOIIA/Ib MOJISIPHOTO BUXPS B CPEHEH M HIDKHEH cTparocdepe Ha-
omonanack coorBetctBeHHO 10 u 15 sHBaps u mocturia 48,1 u 36,5 miH km? (puc. 3).
B moMeHT pacluenenus cyMMapHas IUIOIIAb BUXPE B CPEIHEN U HUXKHEH cTparoc-
¢bepe mocturana coorBerctBeHHO 20,3 mmH kM? (24 sHBaps Ha 10 rlla) u 21,2 mMiaH kM?
(28 stuBaps na 50 rlla). YMeHbIeHne MU0 BUXPEi 10 3HaYeHui Hioke 10 MitH Km?
HaOJoanock B cpeHel crpatocdepe 29 siHBapsi, a B HIDKHEH crpatocdepe — 6 deBpa-
51 (IPaKTUUECKH OHOBPEMEHHO CO CHM)KEHHEM CKOPOCTH BUXPSI B CPEIHEI M HUKHEW
ctpatocdepe 10 3HaueHuit Meree 45 u 30 M/c cooTBeTCTBEHHO). CTPEMHUTEIBHOE TIOBBI-
MICHUE COACPIKAHUA O30HA BHYTPHU BUXDPS B Q)eBpaﬂe TaKKE€ CBUACTCIILCTBYET O TOM, YTO
T'paHuila BUXPA MMOCTCIICHHO NIEPECTACT 6I)ITb JUHAMHUYCCKUM 6apbep0M JJI0 BO3AYIIHBIX
Macec. le/l 3TOM OJHUM H3 OCHOBHBIX CBOMCTB TIOJIAPHOIO BUXPS SABJIACTCA IMOHUIKCHUC
TEMIIepPaTyphl B €ro mpejeiax, yto ooyciasnusaeT popmuposanue [1CO u mocnenyromiee
[IPOTEKAHUE T€TEPOrCHHBIX PEAKLUM, 3aIlyCKAOIIMX KATaIUTUYECKUM LIUKII pa3pyLUCHUs
030HA C TIOSIBIICHUEM COJIHEYHOTO M3iydeHus. CpeqHee 3HaUCHHUE TeMIIEpaTypbl BHYTPH
BUXPsl B HIDKHEH cTparocdepe NpeBbICUIIO 3HaYeHNe 26 OT KIMMaTHYeCKOi HOpMbI 5 dheB-
paJisi, IPaKTUYECKU OHOBPEMEHHO C YMEHBIIEHHEM CKOPOCTH BETpa 10 TPAHUIIE BUXPSI
Hiwke 30 M/c u mioniaan Buxpss — menee 10 muH km? (puc. 3).

Takum 00pa3zoM, Ha dTamne pa3pyLICHHUS TOJIIPHOTO BUXPSI MOXKHO BBIICIHTH J1BA
KPUTEPHsL, 32 MPEAEIaMH KOTOPBIX MOJSPHBIA BUXPh CTAHOBUTCSI HEOOJBIUM IIUKIOHOM,
PpaspyLIaloUMCs IOJHOCTBIO B TeueHue 1-3 Henenb: miomans Buxps oonee 10 MiH km?
U CKOPOCTh BETpa [0 TPaHHUIIE MOIIPHOro Buxpst 6osee 30 u 45 M/C COOTBETCTBEHHO B HIXK-
Hel u cpennelt ctparocdepe. [Ipu 3ToM, Kak BUIHO U3 pUC. 3, HA dTane GOpMUPOBAHUS
MOJIIPHOI'O BUXPA B H0516pe 3HA4YCHHUA CKOPOCTH BETPA U IJIOIIAAN MOI'YT KaKO€-TO BpEMsL
HE YJIOBIETBOPSTH IIPEIOKEHHBIM KPUTEPHUSIM, [10Ka BUXPb MOJIHOCTHIO HE CPOPMHUPYETCSL.

3AKJIIOYEHUE

B nanHoii paborte paccMOTpeHa AMHAMHKA apKTHYIECKOTO MOISIPHOTO BUXPS BO BPEMs
oxnoro u3 cubHeimux BCII B saBape 2009 1. mo manHbM peanamm3a ERAS. Jlns ana-
733 AMHAMUKY MOJTIPHOTO BUXPS M CBSI3aHHBIX METEOPOJIOTNIECKUX TTAPAMETPOB 3UMOM
2009 r. ObUTH pacCYNTAHBI TUIOIIAAb BUXPSI, CKOPOCTb BETPa Y TPAHUIIBI BUXPS, CPEITHSI
TeMIIepaTypa U CpeaHee MacCOBOE OTHOIICHWE CMECH O30HA BHYTPH BUXPS, OCHOBBIBA-
sICh Ha TOM, YTO TPaHUIA apKTHIECKOTO BUXps Ha ypoBHiX 50 u 10 rlla ompenensercs
3HAYCHUAMH TEOMOTEHIIHANa cOOTBeTCTBeHHO 19,5-10* m 29,5-10* m%/c?. TlpumMeHenue
JTAHHOTO METOJia OTIPABAAHO AJISI ApKTHYECKOTO MOJIIPHOTO BUXPS, XaPAKTEPU3YIOIIETOCS
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3HAUUTEJIBHOM M3MEHYMBOCTBIO, 0OCOOCHHO B MEPHOJ €ro paciueruieHus. PacuieruieHue
nossipHoro Buxpst B 2009 r. Habmonanock 24 u 28 siHBapsi COOTBETCTBEHHO B CpeHEN
u HWKHel crparocdepe. [IpumepHo uepes Hezelto nmocie pacuieruieHus: 00pa3oBaBIInecs
BUXPH 110 XapaKTEPUCTHKAM CTaJM OJIMKe K HEOOJIBIINM LUKJIOHAM, KOTOPBIE TIOJIHOCTBIO
paspymuinch B TedeHne 1-3 Henenb. Bo3aelicTBue MmiaHeTapHOM BOJTHOBON aKTUBHOCTH
Ha MOJISIPHBIM BUXPh HE BCEIia MPUBOJUT K €ro pa3pyleHuIo. B HEKOTOPBIX cilydasix Ha-
OJIF0/IaI0TCST KPaTKOBPEMEHHBIE PACIIEIJICHUsI, PErCTPUPYEMbIe B TEUSHHE HECKOJIbKUX
JTHEH, MOCJIe Yero BUXPh JOCTATOYHO OBICTPO BOCCTaHaBimBaeTcs, hopmupyrorcs [1CO
[36]. BoccraHoBIeHHE TOISIPHOTO BUXPsI O0JIee BEPOSITHO B 3MMHHE MECSIIbI, KOTIIa B apK-
THUYECKOI cTparocdepe paaualiMOHHBIA HArpeB OTCYTCTBYET MIIHM CJIa0bli, B OTIMUUE OT
BeceHHHUX Mecsnes [37]. Ha ocHOBe aHanmu3a TMHAMHUKH apKTUYECKOTO MOJSIPHOTO BUXPS
3a 1979-2020 rr. u Ha npumepe BCII 2009 r. mokazaHo, 4To MPH CHIKEHUU TIOIIATN
Buxpsi MeHee 10 MJIH KM? U YMEHBIIICHUH CPEIHEeH CKOPOCTH BETpa IO IPAHHUIIEC BHXPSI
Hwke 30 u 45 M/c COOTBETCTBEHHO B HWXKHEW U cpeliHel cTparocdepe MOoNspHBIA BUXPb
CTaHOBMTCSI HEOOJBIIMM IIUKIOHOM (C CYLIECTBEHHO 0oOJiee BHICOKMMH TEMIIEpaTypamMu
B €ro Ipejesnax), KOTOpbId, Kak MPaBUio, I0CTATOYHO OBICTPO, B TIpenenax 3 Helelb,
paspyIaeTcs.
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Summary

In the current context of climate change in the poles, one of the objectives of the APRES3 (Antarctic Precipitation
Remote Sensing from Surface and Space) project was to characterize the vertical structure of precipitation in
order to better simulate it. Precipitation simulated by models in Antarctica is currently very widespread and it
overestimates the data. Sensitivity studies have been conducted using a global climate model and compared to
the observations obtained at the Dumont d’Urville coast station, obtained by a Micro Rain Radar (MRR). The
LMDz/IPSL general circulation model, with zoomed configuration over Dumont d’Urville, has been considered
for this study. A sensitivity study was conducted on the physical and numerical parameters of the LMDz model
with the aim of estimating their contribution to the precipitation simulation. Sensitivity experiments revealed
that changes in the sedimentation and sublimation parameters do not significantly impact precipitation rate.
However, dissipation of the LMDz model, which is a numerical process that dissipates spatially excessive
energy and keeps the model stable, impacts precipitation indirectly but very strongly. A suitable adjustment
of the dissipation reduces significantly precipitation over Antarctic peripheral area, thus providing a simulated
profile in better agreement with the MRR observations.

Keywords: Antarctic precipitation, General Circulation Model evaluation, numerical dissipation evaluation,
polar climate modeling.
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coastal Antarctic precipitation in LMDz6 global atmospheric model using ground-based radar observations.
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Pe3rome

B Texymem Tpenae U3MEHEHUs KIMMaTa Ha Moiocax ofHa u3 3aj1ay npoekta APRES3 ([ucranumonnoe
30HIMPOBAHUE OCA/IKOB B AHTAPKTHKE C MOBEPXHOCTH M U3 KOCMOCA) 3aKITIOYAETCS B TOM, YTOOBI YTOUHHTD
BEPTHKAJBHYIO CTPYKTYPY OCaJKOB U MOBBICHTH Ka4€CTBO UX MPOTHO3a. VI3BECTHBIE Pe3ysIbTaThl MOJIETHPO-
BaHHA 0CAJIKOB B AHTAapKTHAE 0a3UpPYIOTCS HA JAHHBIX C BBICOKOH CTENEHbIO HEONMPENETCHHOCTH U CUIIbHO
pasusarcs. MccnenoBanue n30MpaTenbHOil YyBCTBUTENBHOCTH pacdyeTa 0CaJkoB MPOBOAMIOCH Ha OCHOBE
100a1bHON KITMMATHYECKOH MOJIENH M CONOCTABIAIOCH C HAOMOAESHUAMH, MOTYYEHHBIMH C TOMOILBIO Me-
teopazapa (MRR) Ha 6eperosoii cranuuu Jltomon-1"FOpBuib. Mcnons3osanacs LMDz/IPSL-monens o6meit
LMPKYJIALHIH C TTOBBIIIEHHOHN JeTanu3atueil B paifone craniuu JlroMmoH-1’ KOpBuiib. bblia BeImoMHEHA OLleHKa
BKJIaJa (PU3NUYECKMX U YMCICHHBIX apaMETPOB TAHHOW MOJENH B PacyeT 0caJKoB. BerunciuTenbHble IKC-
TNIEPUMEHTBI T0KA3aJIH, YTO U3MEHEHHS NTapaMeTPOB CEAUMEHTALIMH U CYOIMMAIINY HE BIUSIOT CYIECTBEHHO
Ha IPOTHO3MPYEMYIO CKOPOCTb BbINaAeHHs 0cakoB. OHAKO AMCCHITAaLNs, BO3HUKaomas B Moaenu LMDz B
TpoLecce BEIYUCIEHHI, paccerBast IPOCTPAHCTBEHHO N30BITOUHYIO SHEPIHI0 U 00ecrednBas yCTOYMBOCTb
MOJIENH, XOTS U KOCBEHHO, HO OYEHb CHJIBHO BJIMACT HAa PACCUMTHIBAEMYIO BEIMUMHY OCA/IKOB. AJleKBAaTHAS
TIO/ITOHKA YPOBHS pacceMBaHUs PU MOJIETUPOBAHUN 3HAYUTEIBHO CHUXKAET KOJIMUECTBO 0CA/IKOB B nepH(e-
PHITHBIX paifoHaX AHTapKTHKH, 00ecredrnBas TAKUM 00pa3oM Jydlllee COrTacoBaHHe MOASTHPYEMOro pOQHIs
C JaHHBIMH METeOopaapHbIX HAOMIOICHUH.

KiroueBble cj10Ba: aHTapKTUYECKHE OCAJKU, MOJCIMPOBAHNUE MOIAPHOIO KIUMATa, OLEHKA YUCICHHOH Juc-
CHUITAILMH, OLIEHKA MOJIENN 00IIEH IUPKYISLHH.

Jast wutupoBanus: Lemonnier F,, Chemison A., Krinner G., Madeleinel J.-B., Claud C., Genthon C. Evaluation
of coastal Antarctic precipitation in LMDz6 global atmospheric model using ground-based radar observations.
Problemy Arktiki i Antarktiki. 2021, 67 (2): 147-164. https://doi.org/10.30758/0555-2648-2021-67-2-147-164.

MMoctynuia 09.06.2021 MMoc1e nepepadorku 25.06.2021 Mpunsra 28.06.2021

1. INTRODUCTION

Between 1880 and 2012, the Earth’s mean global temperature increased by
0.85 = 0.2 °C, and this warming is predicted to intensify during the 21% century. As
temperatures warm, sea level rises as continental ice melts and the oceans expand
thermally. Sea levels have already increased by 190 = 20 mm between 1901 and 2010
and the Antarctic contribution is estimated at 0.27 mm-yr' [1]. Antarctica has already lost
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2720 £ 1390 billion tonnes of ice between 1992 and 2017 [2]. To understand the impact
of the Antarctic ice cap on mean sea level, it is essential to calculate its mass balance.

Precipitation represents the only positive contribution of the surface mass balance,
but is difficult to assess over this continent. Precipitation estimates are inferred from
surface accumulation observations during field campaigns, but is affected by high wind
speeds over the ice-sheet leading to under-estimation of the snow accumulation [3]. It is
also observed from space with the CloudSat satellite [4] and recent studies have greatly
improved confidence in the results of this satellite [5, 6]. However, the observations are
unavailable below 1200 meters above the surface due to contamination of radar reflections
by icy surfaces [7]. There are also in-situ observations of precipitation measurements and
snow accumulation. However, field campaigns allowing this are difficult to be conducted
and are mainly located near the coast [8].

Climate models are used to analyze and understand dynamical and physical
processes, such as precipitation, and then to predict the future climate of Antarctica.
Different types of climate models exist, ranging from basic 1D models to meso-scale and
coupled global climate models. These models provide a better understanding of the current
climate with its fluctuations, as well as a prediction of future climate change. This ability
to predict climate change makes it a particularly interesting tool, notably for the Coupled
Model Intercomparison Project (CMIP, [9]) in the current context of global warming.
These models have different uses, depending on whether they are global or regional, as
well as different levels of complexity and various horizontal and vertical resolutions. The
calculation time is crucial, so a regional model can easily include developed and complex
physical processes, while a global model has to provide suitable simulations in any region
of the globe thus limiting the complexity of the processes it integrates.

Most climate models predict that the Antarctic ice sheet surface mass balance is
subject to increase due to higher precipitation rate, which is itself associated with an
increase in atmospheric temperature [10]. This change in precipitation ranges from 5.5 to
24.4 % during the 21* century, depending on greenhouse gas emissions scenarios. However,
the Palerme et al. [11] and Roussel et al. [12] studies presenting an intercomparison of
CMIP5 and CMIP6 models with CloudSat observations and ERA-Interim reanalysis shows
that the models overestimate precipitation in comparison with CloudSat climatology [4],
sometimes by more than 100 %. And even though the simulated surface precipitation is
compared to an observation level at an altitude of 1200 meters above the local surface, the
discrepancy between data and models is large, and questionable for the future prediction
of precipitation. In addition, the agreement between data and models is even worse for
the simulation of precipitation on the plateau than over the peripheral regions [11-12].

Since November 2015, during a field campaign at the French base in Dumont
d’Urville, instruments have been installed, including a Micro Rain Radar (MRR) observing
clouds and precipitation particles from surface [13]. This instrument has provided
a continuous vertical structure of precipitation and its climatology. Among other results, this
has highlighted the sublimation of precipitation by katabatic winds, as well as providing
information on the mean sedimentation rate of precipitation [14—15]. This vertical profile
is also an excellent tool for evaluating the simulated vertical structure of precipitation.

In this study, we propose to evaluate the vertical structure of precipitation at Dumont
d’Urville, simulated by the general circulation model LMDz [16, 17], using the MRR
dataset. This model is the atmospheric component of the coupled IPSL model.
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This model having different degrees of complexity because of different uses, it is
important to verify how precipitation is simulated by itself, and especially to verify if the
vertical profile of precipitation is in agreement with the observed profile. In section 2, the
model configuration and the ground radar observations are presented to do this study. The
sensitivity experiments performed on each configuration of the LMDz model and their
results are discussed in section 3. Then, an exploration of numerical dissipation in the
LMDz model applied to temperature and its impact in simulated precipitation is discussed
in section 4. Finally, we conclude this study in section 5.

2. METHODS

2.1. The LMDz-IPSL climate model

The LMDz dynamical core is based on finite difference and finite volume discretization
of the primitive equations of meteorology and transport equations, coupled to a set of
physical parameterizations [16,17]. The radiative transfer scheme is the Rapid Radiative
Transfer Model (RRTM) from [18]. Clouds are predicted by a statistical cloud scheme
which is described in detail in Madeleine et al. [17]. Regarding the microphysics of cold
clouds, a fraction f;  of the condensed water qc is assumed to be frozen, depending on the
temperature between 273.15 K where f, = 0 and 243.15 K where f, = 1. Then a fraction
of the condensed water is partially precipitated according to Zender and Kiehl [19]. The
associated sink of cloud water is:

dq,, 10
praeee (P4, ) M

where w, =17, -w,, w, = 3.29(pg, )*'® being the characteristic sedimentation rate of ice
crystals given by Heymsfield and Donner [20] depending on the solid cloud water and
v,, being a tunable parameter. Precipitation is then re-evaporated and included into the
vapor water following:

‘;—f=ﬁ(1—LJﬁ, @

sat
where P is the precipitation flux and B is a tunable parameter.

This model configuration only admits the atmospheric model, without taking into
account vegetation or ocean circulation models. However, there is a surface scheme. It
is composed of four categories: oceans, continental surfaces, sea-ice and glaciers. The
surface fluxes are calculated by taking into account the parameters of each type of surface.
Regarding thermal conduction of the ice cap and surface properties, the albedo in the
near IR is 0.68 and 0.96 in the visible, the thermal inertia is 2000 J-m 2K '-s7"2, which is
a typical value of pure ice [21]. In order to have the better resolution possible above
Dumont d’Urville with a GCM, the model is stretched longitudinally and latitudinally,
reaching a horizontal resolution of ~25 km. We nudged the LMDz model with wind,
temperature and humidity extracted from ERA-Interim reanalysis with a 6-hours time-
step outside the zoom. It is nudge-free inside the zoomed area [22]. This allows us
to use the full physics, not influenced by the nudging tendencies, inside the zoomed
region while having at the same time the best atmospheric conditions outside this
zoomed region.

The model has 79 vertical levels in its current configuration, with refinement in the
boundary layer troposphere. The vertical precipitation profile studied at Dumont d’Urville
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in the LMDz model is selected over continental surface. A spin-up of 4 months is necessary
to balance the model, then each simulation is conducted for one month corresponding to
our dataset period.

2.2. Micro Rain Radar (MRR) observations

The MRR is a vertically profiling Doppler radar operating at a frequency of
24.3 GHz (K-band) and having a beamwidth of 2° (around 50 m in diameter at
3000 m). The vertical resolution is set to 100 m per bin ranging from 300 — first valid
available measurements — to 3000 m [13]. The MRR’s raw measurement — Doppler
spectral densities — are available at 10s temporal resolution then minute averaged. The
collected data are processed using the IMProTool developed by Maahn and Kollias
[23]. The radar reflectivity derived from MRR was calibrated by comparison with
a colocated X-band polarimetric radar over the period from December 2015 to January
2016 (for more details, see [13]. Through this calibration with the second radar, the
reflectivity (at X-band) is converted into snowfall rates using a radar reflectivity Ze/20
snowfall rate Sr relation [13] :

Ze=176-S"", 3)

with Ze the radar reflectivity (in dBZ) and Sr the snowfall rate (in mm/hr). Grazioli et
al. [13], proposed a range of values of [69—83] for the prefactor and [0.78—1.09] for the
exponent corresponding to a confidence interval of 95 %.

The period selected for this study is February 2017. During this period precipitation
events are particularly frequent with different amplitudes and durations. Rather than
studying a particular event, we focus on the monthly accumulation of precipitation at
each vertical level of the MRR. The monthly accumulation of precipitation is presented
in Figure 1. The sublimated part of the precipitation can be clearly observed below
1000 meters, due to katabatic winds [14].

3000
2500

2000 -

Altitude [m]
o
[ =]
o

1000

500 -
0 20 40 60 80 100 120 140
Precipitation accumulation [mm]

Fig. 1. Vertical precipitation accumulation over the February 2017 period recorded by the MRR. Red
filled area corresponds to the 95 % confidence interval of the MRR observations

Puc. 1. BeprukansHoe HakoIuieHne 0caakoB 3a Gpespaiib 2017 1., 3aperncTpupoBaHHOE METEOPAIaPOM.
OOnacTh, 3aKpallieHHas KPaCHbIM, COOTBETCTBYET 95 % J10BEpUTENILHOMY MHTEPBATY HAOMIONEHUI
MeTeopaiapa
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2.3. Description of sensitivity experiments

Models are very sensitive to horizontal resolution, as the consideration of many
parameterizations will strongly depend on it. We used different dimensions of the grids
as well as the size of the domain under study. Two domains are presented: the first is
250 km x 250 km, the second is 1000 km x 1000 km, and they are called respectively
SMALL and BIG. These areas are presented in Figure 2, the maps are at the size of the
zoomed region of the BIG simulation and the red frames represent the size of the zoomed
region of the SMALL simulation. We evaluated the horizontal resolution of LMDz by
performing simulations on two zoomed domains of different sizes. Indeed, when zooming
with the LMDz model, the zoomed region can be widened. The size of the “SMALL”
zoom domain in LMDz allows the model to adapt its own physics inside the zoom in an
environment where large-scale wind, temperature and humidity advections are controlled
by ERA-Interim reanalyses. The 5 second configuration with a BIG domain is larger, so
the model can have its own mesocyclonic circulations within the zoom. The center of the
zoom is in this case not very affected by the ERA-Interim reanalysis.

- S Y.

-

__II
FREE III

Small configuration Big configuration
Fig. 2. Representation of the LMDz SMALL (a) and BIG (b) domains
Puc. 2. Tlpencrasnenne MAJIOT'O (@) u BOJIBIIOTO (b) nomernos B mogern LMDz

The first sensitivity experiment is evaluating the feedback of the LMDz model to
the extent of the nudged-free zoomed domain. Indeed, in the case where the zoom area
is restricted in size, the center of the zoom is very sensitive to forcing outside this area.
This case is similar to a regional climate model. Inversely, when the zoom area is large,
the center of the zoom area is less affected by the forcings imposed on it from the outside
and the model is more like a global climate model in a free configuration.

The second experiment studies the sensitivity of solid precipitation to
sedimentation velocity rate. To do so, we have tested different values of the parameter
w, in the equation 1 through its parameter vy, . The different imposed values are
summarized in Table 1.

It is important to note the difference between experiment SedEx 02 whose
sedimentation rate tends towards 1 m.s™' and the experiment SedEx 03 which sedimentation
Table 1
Sedimentation rate experiments on LMDz precipitation simulation
Tabauya 1
JKCIEePUMEHTHI 0 CKOPOCTH CeTMMEHTALMH IPH MOJeTUPOBaHUM 0caikoB B LMDz

. Sedimentation rate,
Experiment 4
m-s
Control simulation 7., W,— 0.25
SedEx 01 7o — 0.5
SedEx 02 P W — 1
SedEx 03 7o = 1
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Table 2

Sublimation tunable parameter experiments on LMDz precipitation evaporation

Tabruya 2

JKCNEePUMEHTHI ¢ HACTPAHBAEMBIMHU MapaMeTpaMu CyOIMMAIIMH M0 UCTIAPEHUIO 0CA/IKOB
B Mmojaeaun LMDz

Experiment B sublimation
parameter
Control simulation p=2-10"*
SubEx 01 p=410*
SubEx 02 p=810*
SubEx 03 p=210"

rate is equal to 1 m-s™' (see equation 1). Indeed, the value of w is varying with giw and
the air density as a function of pressure and temperature. In the SedEx 03 experiment,
this variation is not taken into account.

The third sensitivity study with LMDz has been performed on the precipitation
sublimation equation 2. To do this, several orders of magnitude have been fixed to B tunable
parameter value. These values are summarized in the table 2.

3. RESULTS OF SENSITIVITY EXPERIMENTS

3.1. Horizontal resolution in LMDz
We have evaluated two horizontal configurations of LMDz with different sizes of the
zoomed domain. The SMALL configuration is a zoomed domain with a size of 250 x 250 km

and the BIG configuration is a zoomed domain with a size of 1000 x 1000 km. It is important
8000

MRR data
LMDz SMALL
---- LMDz BIG

7000

6000 |-

Altitude [m]
8 & 2
[=3 =] o
(=] o o

;

2000

1000 |-

0 20 40 60 80 100 120 140 160 180
Precipitation accumulation [mm]

0

Fig. 3. Precipitation profiles simulated with LMDz and compared with MRR observations. Blue
solid line corresponds to LMDz configuration with a SMALL zoomed domain. Blue dashed line
correspond to LMDz configuration with a BIG zoomed domain. Red solid line is the observed MRR
vertical profile of precipitation accumulation and red filled area corresponds to the 95 % confidence
interval of the MRR observations

Puc. 3. Conocrapnenue npoduieil ocaIkoB, paccuuTaHHbIX 10 Moxenu LMDz, ¢ HabmoneHusmu
Meteopanapa. CHHSIS CIUTONIHASI JIMHHS COOTBETCTBYET 3yMy KoHuryparmu LMDz nis MAJIOTO
nomena. CHHSISI yHKTApPHAs! THHAS — 3yM KoHuryparwn LMDz mst BOJIBIIIOI'O nomena. Kpacuas
CILUIOIIHAS JIMHHUS TIPEACTABIICT 000 BepTHKAIBHEIH NPO(IIb HAKOIUICHHS 0CAIKOB II0 JTAaHHBIM
MeTeopazapa; 3aKpalleHHass KPaCHBIM 00JIaCTh COOTBETCTBYET 95 % HOBEpHUTEILHOMY MHTEpPBAILY
HaOIoeHui MeTeopanaapa
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to note that there is the same horizontal resolution inside the zoom. Figure 3 shows the
accumulation profiles at Dumont d’Urville resulting from this experiment. The BIG
simulation produces a high precipitation accumulation on the surface with 130 mm
compared to 55 mm for the SMALL simulation. The two simulated precipitation profiles
overestimate the observed accumulation profile. The maximum before inversion of the
BIG simulation is below 1000 m, which is in accordance with the observations. The
maximum precipitation of the SMALL simulation is at a higher altitude, at 1200 m.

3.2. LMDz microphysical parameterizations

Considering that the SMALL configuration of the LMDz model is in better
agreement with observations than BIG configuration (see Figure 3), and that the
large-scale advected fields are well known thanks to ERA-Interim reanalysis,
we performed this experiment in order to evaluate the physics of the model
only. Figure 4 presents sensitivity experiments summarized in Tables 1 and 2, in
comparison with MRR vertical observed precipitation accumulation profile. The
surface precipitation rate appears to be in agreement with the MRR at 300 m.
However, the amount of simulated precipitation is far too high in all experiments.
The maximum precipitation reached by the MRR exceeds 100 mm of accumulation
at 1000 m, while the model simulates almost 50 mm more. Moreover, precipitation
variations in the simulated profiles, either for the sedimentation rate experiment or
the sublimation experiment, are small.

8000

a)

——— MRR data b) MRR data

—=— CTRL simulation —+=— CTRL simulation
-— SedEx 01 #=—SubEx 01
SedEx 02 SubEx 02
|- SedEx03 SubEx 03

7000

& 3
=3 o
i=1 (=]

Altitude [m]
W £
[=] f=3
[=] [=]
(=] £=]

2000

1000 |

o

0 20 40 60 80 100 120 140 1600 20 40 60 80 100 120 140 160
Precipitation accumulation [mm] Precipitation accumulation [mm]

Fig. 4. Precipitation accumulation profiles of SMALL LMDz simulations. Red solid line is the
observed MRR vertical profile of precipitation accumulation and red filled area corresponds to the
95 % confidence interval of the MRR observations. Blue solid line corresponds to the standard LMDz
zoomed configuration with a 25 km horizontal resolution and a SMALL domain. Purple, yellow and
orange solid lines correspond to sensitivity experiments summarized in Table 1 for (a) and in Table
2 for (b)

Puc. 4. [Ipodunu Hakorienus ocaaxos it MAJIOI'O nomena B mozgein LMDz. Kpachast crutomHast
JIMHUS OPEJICTaBIsieT COO0M BEPTHKAIBHBIN MPO(UITb HAKOTUICHHUSI 0CA/IKOB 110 JAHHBIM METEOpaiapa;
3aKpalleHHas: KPacHbIM 00JIaCTh COOTBETCTBYET 95 % MOBEpHUTEILHOMY MHTEpBATy HAONIONCHUH
Mmeteopaapa. Cunss criomHas JuHus coorBeTcTByeT MAJIOMY noMeHy npu CTaHAapTHOM JeTa-
nu3anuu Monenu LMDz ¢ ropuzoHTanbHeIM paszpenienneM 25 kM. CIUIOIHBIE Ty pIlypHas, KeaTas
Y OpaHXXeBasi JMHUH COOTBETCTBYIOT BHIUMCIUTEIbHBIM SKCIIEPUMEHTAM C ITapaMeTpaMu, IPeCTaB-
neHHbiMH B Tabnunax 1 (a) u 2 (b)
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3.3. Discussion on the resolution and the microphysics

Figure 3 shows a significant difference in the amount of simulated precipitation
between BIG and SMALL LMDz simulations. One of the zoomed regions being small
and its circulation very sensitive to ERA-Interim reanalysis while the other being big
enough to allow mesoscale circulations to develop without influence from ERA-Interim
reanalysis, we verified if the temperature and humidity fields are at the origin of this
difference. Figures 5a and 5b present the absolute difference in potential temperature
at 950 hPa and 500 hPa respectively between SMALL simulation and BIG simulation.
Figures 5c¢ and 5d present the absolute difference in specific humidity at 950 hPa and

8) Potential temperature at 950 hPa b) Potential temperature at 500 hPa

259 625

650 5 5.0 5
05 i
¥ 2
o = 0 =
-1 " -
615 5 05 6715 S 01
0.2
1
0.3
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-2 e 0.5
135.0 E 1450" ¢ 1350 E 1450" ¢
C) Specific humidity at 950 hPa d) Specific humidity at 500 hPa
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Fig. 5. Difference of potential temperature in LMDz between SMALL and BIG simulations: at
950 hPa (a); at 500 hPa (b). Difference of specific humidity between SMALL and BIG simulations:
at 950 hPa (c); at 500 hPa (d). The zoomed area of the SMALL domain is represented by the red
frame and the zoomed area of the BIG domain is represented by the size of the map. The colours
range from blue to red. When the SMALL configuration overestimates a variable compared to the
BIG configuration, the color is red

Puc. 5. Paznuune moteHnuansHoM Temneparypsl B pacderax LMDz g MAJIOI'O u BOJIBIIOT'O
nomeHoB: ripu 950 rlla (a); ananoruunbie pesyasrars npu 500 rlla (b). Pasnmuuue yaeapHON Biaxk-
Hoctu it MAJIOI'O u BOJIBILIOI'O nomenos: npu 950 rlla (¢); ananorn4sele pe3yabTraTbl IpU
500 rlla (d). O6nacte merammzanmu MAJIOI'O nomena orpaHHdYeHa KpacHOH pamMKoi, a 0061acTb
neramuzanuu BOJIBILIOI'O nomeHa coBnanaeT ¢ pasMepaMu KapThl. L{BeTa maauTpbl U3MEHSIOTCS OT
cHHero 10 kpacHoro. Korjia B citydae Majioi KOHQHUIypauu 3Ha4eHHe KaKOH-TM00 XapaKTepUCTUKH
3aBBILIACTCS 10 CPABHEHMIO € OOJIBIION, IIBET CTAHOBHUTCS KPACHBIM

ARCTIC AND ANTARCTIC RESEARCH * 2021 * 67 (2) 155




METEOPOJIOT'MA 1 KIIUMATOJIOI YA METEOROLOGY AND CLIMATOLOGY

500 hPa respectively between SMALL simulation and BIG simulation. For the SMALL
simulation, the wind, temperature and humidity trends outside the zoomed region are
constrained by ERA-Interim. This means that outside the red frame, the BIG simulation
is closely following ERA-Interim reanalysis. Concerning the temperature, the model in
its BIG configuration is warmer than the SMALL configuration over the continent and
colder over the ocean. There is clearly a more humid air mass above Dumont d’Urville
in the BIG simulation. And in a general way, the continent and the ocean region along
the coasts are moister in the BIG simulation, with a correlation between temperature
and humidity. This shows that mesoscale circulations in the LMDz model redistribute
quantities of potential temperature and humidity, thus concentrating moisture along the
coasts, as seen on Figures Sc and 5d, with a warm bias over the Antarctic continent, as
seen on Figure 5a and 5b.

Sensitivity tests on the microphysics of LMDz have shown that it has almost no
impact on the amount of simulated precipitation. In addition, the amount of simulated
precipitation overestimates by approximately 50 % the amount of precipitation observed
along the vertical profile at Dumont d’Urville. The existing microphysics of the LMDz
model does not balance first order warm and moist biases for the representation of polar
solid precipitation.

4. EXPLORING THE IMPACT OF LMDZ
NUMERICAL DISSIPATION
ON PRECIPITATION

LMDz, like many GCM, implements a dissipation scheme to prevent the accumulation
of energy at scales close to the grid resolution. These accumulations of energy appear when
GCM is not resolving turbulent scales at the grid resolution [24, 25]. In the LMDz model,
it involves a spatial displacement of dynamic or thermal fields, which can induce, for
example, local warming or a variation in dynamics created by purely numerical processes.
Thus, a model that is too dissipative may generate precipitation that has no physical
relevance.

The dissipation is expressed in LMDz as an iterated Laplacian term on a given
variable y as follows:

dy _ (=" +1'1121?; 24,
[EL T V&iy, 4)
issip

where g, is the order of dissipation and t* the damping timescale associated with the
variable \ at the smallest spatial scale 10 | ., depending on the horizontal resolution of
the model. g, is an iterative operator, it acts as a filter on the spatial resolution. When
q,= 1, the process is overly dissipative on circulations at large scales and at higher
values, dissipation occurs more at the grid scale than at the large scale. Large values of
Ty means weaker dissipation. Indeed, T represents the time to dissipate a perturbation
on variable y developing at the spatial scale | . . The three variables designated by y are
vorticity and divergence of winds, and potential temperature. They are chosen to set
horizontal dissipation on the rotational component of the dynamic flows (qdrot and trot,
i.e. Rossby waves), its divergent component (¢, and 1, i.e. gravity waves) and the
diabatic perturbations (g, and 7, i.e. latent heat of condensation, rain re-evaporation,
snow sublimation, ...).
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In LMDz, and more generally in the GCMs methodology, qd and ty are determined
empirically. A trade-off between model stability, damping energy at the smallest scales and
minimizing impact on the large-scale flows is sought. There are general rules for refining
the dissipation parameters for LMDz, with qd ranging between 1 and 4, and 1y taking
values ranging between one and two hours for a 0.5° — 1° GCM simulation. The standard
configuration of the LMDz model uses as dissipation values ¢,/ =1, ¢, =2, q/ =2 as
operators and ™ = 600 s, ™ = 1200 s, " =1200 s as timescales.

4.1. Sensitivity experiments results

In order to study and understand the impact of the different dissipation parameters
on precipitation, we have performed sensitivity tests that are summarized in the table 3.
For all sensitivity tests, the resulting simulations are less dissipative than the control
simulation. The corresponding vertical precipitation accumulation profiles are shown in
the Figure 6. These experiments were performed on the two configurations of the LMDz
under consideration, the results and behaviors are similar but we will only present those
performed on the SMALL configuration, which has a precipitation profile closer to the
observed profile (see Figure 3).

Table 3
Dissipation parameter experiments on SMALL LMDz precipitation
Tabnuya 3
JKcnepuMeHThI ¢ IapaMeTPaMM AMCCHNIALMHU /I8 MaJIoro joMeHa B Mojean LMDz
Experiment q,parameter T parameter
D01 g, =2 _
D02 q/ =4 -
D03 qdh =4 _
D04 - " =1200s
D05 - 7% = 2400s
D06 - 7 =2400s
D07 q"=2,q"=4;q)=4 -
D08 - 7 =1200 s; 7 = 2400 s; 7" = 2400 s
D09 q™=2q/"=4,q=4 " =1200s; 7° = 2400 s; 7 = 2400 s
D10 q"=2;q/"=4 v =1200 s; 7 = 2400 s
D11 q)=4 7" =2400s

Note. The values displayed in the table correspond only to tested parameters. When a parameter is not
modified, its value corresponds to the standard parameters of LMDz and it is not displayed.

In a general way, sensitivity experiments on and parameters have little
impact on precipitation. The same applies to the 1 and t™ parameters. However,
the dissipation applied to the parameter 1" has a strong impact on the dissipation
profile, as observed on the simulations D03, D06 and D11. For the D07 simulation,
where all g, parameters are modified, it can be deduced that the excellent agreement
between the simulated and observed precipitation is due mainly to the modifications
on diabatic perturbations.

Finally, the D09 experiment best reproduces the MRR observations. Indeed, the
simulated profile is very close to the observed profile and within the confidence range
of the instrument.
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Fig. 6. Precipitation accumulation profiles of LMDz. Red solid line is the observed MRR vertical
profile of precipitation accumulation and red filled area corresponds to the 95 % confidence interval
of the MRR observations. Blue solid line is the standard LMDz simulation, the red lines represent
the experiments on the g, operators, green lines represent the experiments on the damping timescale
T parameter. Purple and blue dashed and dotted lines represent experiments on combinations between
g,andt

Puc. 6. [Tpodunu HakoruteHust 0cakoB 1o Mozenu LMDz. KpacHast crutomnHas THHUS TPEICTABISET
c000if BepTHKaJIBHBINA TPOGUIIb, 3apETHCTPUPOBAHHBI METEOpaapoM, a 3aKpalieHHas KPacHBIM
obacTh cOOTBETCTBYET 95 % NOBEPUTEIHHOMY HHTEPBAJTY MOIYYEHHBIX TaHHBIX. CHHSSI CIUTOLIHAS
JINHUS — CTaHJApPTHBIN pe3ysbTaT MOJACIUPOBAHUS, KPACHBIC IMHUU COOTBETCTBYIOT BEIYMCIUTEIb-
HBIM 3KCIIEPUMEHTaM Ha OCHOBE ¢, OTIEPaTOPOB, 3EJICHBIE JJMHUM — PACUETHI MO JIEMII(UPOBAHUIO
napameTpa BpeMeHHOI! 1kaisl T. [lyprypHble U cuHHe, IITPUXOBBIE M IyHKTUPHBIE TUHUM — pe-
3yJIbTaThl KOMOMHUPOBAHMS XapaKTEPUCTHK ¢, U T

4.2. Discussion on the dissipation adjustment

In order to study and understand how dissipation affects precipitation, we have
investigated the time series of temperatures of the control simulation and the D09
simulation with the best results relative to the MRR observations. They are presented in the
Figure 7. The impact of the dissipation is mainly visible at low altitude, where the control
model is about 3 °C warmer than the D09 simulation. In addition, when a precipitation
event occurs (e.g., February 1, 10, 14, and 21), the control simulation is warmer than the
D09 simulation, which can result in higher precipitation rates being triggered by higher
temperature gradients and moister atmospheric masses.

In order to understand the behaviour of the dissipation on a spatial scale, we
averaged the temperatures over the month of February according to a transect from Dumont
d’Urville (140° E 66.7° S) to Dome C (123.2° E 75° S), showed in Figure 8. When
time series are averaged and projected over a larger spatial scale, there is a geographic
reorganization of temperature in the less dissipative simulation. In the D09 simulation, the
area above Dumont d’Urville is on average colder than in the control simulation. This is
due to warmer temperature fields over ocean regions that are less laterally diffused over
Antarctic coastal regions.

As shown in Figure 9, as the atmosphere cools over the peripheral regions of
Antarctica, air masses become less humid and this has a strong impact on precipitation
by concentrating it over ocean regions. Thus, the variation in precipitation observed in
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Fig. 7. Temperature time series of over the February 2017 period: control experiment (a); D09
experiment (b); differential time series of temperature between control and D09 simulations (c).

The colors range from blue to red. When the control configuration of the model overestimates temperature compared
to the D09 simulation, the color used is red

Puc. 7. Bpemennsle TeMneparypHbIe psizib 3a peBpans 2017 I: 1 KOHTPOIBHOTO SKCIIEpUMEHTa (&);
JUIsL BBIYUCITUTENBHOTO 3KcriepumenTa D09 (b); nuddepeHiinanbHblit BpeMEHHOI sl OTKIOHEHHUH
TeMITepaTypbl MEXKIy KOHTPOJIBHBIM pacdeToM H 3kcrepumentoM D09 (¢).

Korna koHdurypanus ynpaBieHHS MOJEIH 3aBBILIACT TEMIIEPATypy 1O CpaBHEHUIO ¢ cumyssuued D09, uc-
TOJIB3YCTCA KPaCHBIU LBET
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Fig. 8. Differential averaged temperature between control and D09 simulations along a Dumont
d’Urville (140° E 66.7° S) — Dome C (123.2° E 75° S) Dome C transect.
The colors range from blue to red. When the control configuration of the model overestimates temperature compared

to the D09 simulation, the color used is red

Puc. 8. Pazniume B ycpemHEeHHOH TeMITepaType KOHTPOIBHOTO pacueTa u d3kcriepumenTa D09 Bronn
paspesa dromon 1’lOpeuns (140° E 66,7° S) — Kymon C (123,2° E 75° S). LiBera BapbUpYyIOT OT
CHHETO JI0 KPacHOTO.

Korna xoHdurypauus ympaBieHHs MOACIH 3aBBIIIACT TEMIIEPATypy IO CpaBHEHHUIO ¢ cumymsauueir D09, wc-
MOJIb3YETCst KPACHBIIT IIBET
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Fig. 9. Average precipitation over the February 2017 period along a Dumont d’Urville (140° E 66.7° S)
—Dome C (123.2° E 75° S) transect: in the control LMDz simulation (@), in the D09 LMDz simulation.

The black lines represent the average isotherms

Puc. 9. Cpennee komuuecTBO 0caakoB 3a (espansb 2017 . Ha paspese dromon-a1"tOpeuis (140° E
66,7° S) — Kynon C (123,2° E 75° S): npu konTpoasHoM MozenupoBanun LMDz (&), nuis BapuanTa
pacuera D09 (b).

UepHble IMHUU IPEICTABISIIOT COOOH CpeJHUE H30TEPMBI.
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Fig. 10. Precipitation accumulation profiles of MRR and LMDz. Red solid line is the observed MRR
vertical profile of precipitation accumulation and red filled area corresponds to the 95 % confidence

interval of the MRR observations. Blue dashed line is the D09 LMDz simulation

Puc. 10. [Tpodrm HakoIUIeHUs 0CaIKOB IO JaHHBIM MeTeopaziapa u Moaem LMDz. Kpachast cruionsast
JIMHYIS NIPEZICTABISICT 000 HAOMOnaeMBbIi METeOpaIapoM BEpPTUKAITLHEII PO IITH HAKOILICHHS OCA/IKOB,
3aKpareHHast KpaCHbIM 00JIaCTh COOTBETCTBYET 95 % MOBEpUTEIPHOMY HHTEPBAITY HAOIIOACHHI MeTeo-
panapa. Cussist myHKTUpHAS JIMHISA — 1porHo3 LMDz B skcriepumvente D09

the Figure 6 corresponds to a horizontal redistribution of precipitation in a less dissipative
configuration of the LMDz model.

When comparing the MRR observations with the D09 simulation of the LMDz
model, as shown on Figure 10, the average vertical evolution of precipitation is consistent
between the model and the data. This result is interesting because it shows that a model
whose microphysics is simplified to satisfy a global issue can correctly simulate solid
precipitation in the Antarctic region. The LMDz model only contains a precipitation
autoconversion equation and a snowfall resublimation equation, but this allows the climate
in Dumont d’Urville to be accurately represented during the month of February 2017,
and in particular for the katabatic inversion of precipitation. The LMDz model is too
dissipative in its control version, but the dissipation adjustment takes priority over the
microphysics adjustment and this allows precipitation to be redistributed over oceanic
rather than continental regions.

5. CONCLUSION

Comparison of the vertical precipitation profile observed at Dumont d’Urville with
the general circulation model LMDz provided a new perspective on precipitation modelling
in the polar regions. We evaluated a global model in several zoomed configurations over
Dumont d’Urville station in order to compare the simulated precipitation profile by testing
its microphysics and its numerical dissipation settings with ground radar observations.

Variations in microphysical parameters related to LMDz precipitation have a small
impact on the simulated precipitation profile. However, LMDz is very sensitive to the
size of its zoomed region as well as to the advections of large-scale fields of winds,
temperatures and humidity of ERA-Interim reanalysis. Indeed, in a large domain, where
the model is able to generate its own mesoscale circulation, moisture is concentrated above
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Dumont d’Urville area and warm and moist bias is generated over the continent near the
coasts (blue patterns on Fig. 5d). This is not an expected outcome. When a correct general
circulation is forced by configuring a small zoomed region where the centre of the zoom
remains influenced by the ERA-Interim reanalysis and by improving the GCM dissipation
adjustment in a less dissipative way, the model generates a precipitation profile at Dumont
d’Urville that is in excellent agreement with the observed profile.

Numerical parameters that guarantee the stability of a model, such as dissipation,
often require empirical adjustments. Dissipation being applied in cases of excess energy
to be diffused at the mesh scale, the large-scale currents are not significantly affected by
this numerical setting. Thus, the use of observations such as local precipitation rather than
large-scale field can be an excellent tool for the fine-tuning of the dissipation of a model,
as illustrated here with the LMDz model. This study showed that a better adjusted GCM
model such as LMDz is correct for assessing the climate over polar regions and provide
an additional element to the major problem of calculating the mass balance in Antarctica.

6. CODE AND DATA AVAILABILITY

Data from the Micro Rain Radar at Dumont d’Urville station have been obtained
with the logistical support of the French Polar institute IPEV (program CALVA) and
are available at https://doi.pangaea.de/10.1594/PANGAEA.882565. The LMDz model
is available from http://web.lmd.jussieu.fr/trac (last access: 9 January 2020). Due to the
size of the high-frequency outputs (several To of simulation outputs) of the LMDz, only
simulations of the small domain of the LMDz are available: https://doi.pangaea.de/10.1594/
PANGAEA.917641.
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rpyxenun. [Ipofnema 3akimodaeTcs B TOM, YTO NPU PENICHAN NPHKJIAHBIX 3a7a4 JSAOTEXHUKH JIeJ 4acTo
paccMaTpuBaeTcs Kak yIpyriil H30TPOIHEIH MaTepHa, a Iy H3y4eHHs ero HalpshKeHHO-1e(hOpMHPOBAHHOTO
cocrostans (H/IC) mpuBnexaror anmapar Teopuy M3ruda ynpyrux INIaCTHH. DTO He MO3BOJSET BEHITIONHATH
TEOPETUIECKIUE PaCueThI IPH BO30Y K ICHNN ABIKYIMMICS HArpy3KaMH Pe30HAHCHBIX 3T HOHO-TPAaBUTALIMOH-
HbIX BOJH (MI'B), T. K. B 9THX yCIOBUAX MPOTHOBI JIbJ1a BO3PACTAIOT 10 OECKOHEYHOCTH M H3BECTHBIC PEIICHIS
CTaHOBSTCS HENMPUTOAHBIMU. B NeHCTBUTENBHOCTH JIEJ OTYCTIMBO HPOSBIAET CBOMCTBA KBA3HU30TPOIHOM
CpelBl, PHUEM COOTHOLICHUS MEX/Iy HANPSKCHUAMHI U Je(OpMAlMsIMHE HOCAT BSI3KOYNPYTHIl XapakTep.
B pabote oT™eueHO0, 4TO B 3aBHCHMOCTH OT PEKHUMA HArPyXKEHHS JIETHOTO MOKPOBA BHEITHIMH Harpy3KaMu
€0 Heylpyrue CBOUCTBA [0-Pa3HOMY BIIMSIOT HA XapaKTep ero MOBEACHNUS, 1P 9TOM BA3KOYIIPYTUe CBOICTBA
JIESHOTO TIOKPOBA XOPOIIO OMMCHIBAIOTCS JTMHEHHBIMH MOJIEIIIMH HEYNpPYIUX CIUIOMHEIX cpex Makcsemna
mm Kenseuna—@oiirra. Ha ocHoBaHNM COOTBETCTBYIOMIEH 00paOOTKM M3BECTHOTO JKCIEPHMEHTAIBHOTO
Marepyaia u pe3y/IbTaToB BEIIOIHEHHEIX B TIOJIEBBIX YCIOBHSX SKCIICPHMEHTAIBHBIX HCCIICA0BAHII METOIOM
Harpy»KeHHs! JIEJSTHOTO IIOKPOBA YPABHOBEIICHHEIMH HAarpy3KaMH C TOMOIIBIO CIEHHATBHO H3TOTOBICHHOTO
Harpy’karolero yCTpoicTsa, IpeCTaBisABIIEro COO0N paMy ¢ TpeMs OHopaMH (ITO TO3BOJSUIO HCKIIOYATh
BIIMSIHHE HA PE3YNIBTAThl IKCIIEPUMEHTOB JIOXKHON YIPYrOCTH BOBI) IS YKa3aHHBIX PEONOTHUECKHX MOJIEIeH
TIOBE/ICHNS JIb/Ia IPUBEICHBI HanOoIIee BEPOSTHBIE IMANA30HbI H3MEHCHHUS BpEMEH PeNaKCal[Uy HaPsKSHUH 1
TehopMartyii IeTHOTO TTOKPOBA B PACCMOTPEHHEIX JIE0BBIX yCIOBHSX. [loydeHHbIE pe3yIbTaTsl MOTYT OBITh
UCTIONB30BAHBI IPH TEOPETHYECKHX HCCIISA0BAHIAX 3a/1a4 JIC0OTEXHUKH.
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Summary

The aim of this work was to generalize the known data and conduct experiments to determine the relaxation
properties of ice in the ice cover under short-term (no more than 1 min.) loading. The problem lies in the fact that
when one is solving applied problems of ice engineering, ice is often considered as an elastic isotropic material,
and its stress-strain state (SSS) is studied in terms of the theory of bending of elastic plates. This does not allow
performing theoretical calculations when resonant flexural gravity waves (IGW) are excited by moving loads,
because under these conditions, the deflections of the ice increase to infinity and the known solutions become
unusable. In fact, ice clearly manifests the properties of a quasi-isotropic medium, and the relationship between
stresses and deformations is of a viscoelastic nature. It is noted in the work that, depending on the mode in which
external loads act on the ice cover, its inelastic properties affect the nature of its behavior in different ways, while
the viscoelastic properties of the ice cover are well described by the linear models of Maxwell or Kelvin-Voigt
inelastic continuous media. The experimental material is duly processed and analysis is carried out of the results
of experimental studies performed in the field by loading the ice cover with balanced loads using a specially
made loading device, which was a frame with three supports. The design of the device made it possible to load
the ice cover with balanced loads, which made it possible to exclude the influence of false elasticity of water
on the results of experiments. For the rheological models of ice behavior indicated, the most probable ranges
of changes in the relaxation times of stresses and deformations of the ice cover in the ice conditions considered
are given. The results obtained can be used in theoretical studies of ice engineering problems.

Keywords: ice cover, loading mode, relaxation time, viscoelastic medium.
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BBEJIEHUE

IIpn pemennn NpUKIATHBIX 33/1a4 JICTOTEXHUKHU JIEJ 9aCTO PACCMATPHBAETCS Kak
YHPYTUil U30TPONHBIN MaTepHa, a Ul U3yUCHUS ero HalpsHKEHHO-Ae()OPMHUPOBAHHOTO
cocrosams (H/IC) mpuBnekaroT anmapar Teopuu n3ruda ynpyrux miactud. OnHaKo B Aei-
CTBHUTEJILHOCTH JI€ OTUETJIMBO ITPOSIBISICT CBOMCTBA KBA3MU30TPOIHON CPEIIbI, IPUUYEM
COOTHOMIEHHS MEX/y HANPHKEHUSIMU U 1e(hOpMaUsIMH HOCAT BI3KOYIPYTHI XapakTep.
OIHOBPEMEHHO € 3THM MHOTHE 3KCIIEPUMEHTATOPbI CUMTAIOT, YTO NTPH KPATKOBPEMEHHBIX
Harpyskax OIpe/eNsAIoIeH SBIseTcs ynpyras AehopMarus Jb/a.

IIpu Bo31EHCTBUY BHEIIHUX YCUJIMN HA JIEASHON IOKPOB HEYIIPYTHE CBOMCTBA JIba
BIIMSAIOT HA XapakTep €ro M3ruda mo-pasHoMy B 3aBHCHMOCTH OT PEXHMa Harpy>KCHHs
u Buga HanpspkeHHOTro coctosHus. M.C. [lecuanckwmii [1] ormeuaeT, 9To jien paboTaeT
YOPYTO 10 pa3pyLIeHHs, €CIU Mepro]] IeHcTBUS Harpy3Kku He npesbimaeT 0,5-1,0 MuH.
B atom ciydae rutactudeckast geopMalys He yCHEeBaeT Pa3BUTHCS U Pa3pyLICHUE JIbAA
oTpesieNsieTcss B OCHOBHOM yIpyToi Aedopmannei, a [uisi CpaBHUTEIBHO MabIX, HO
JUINTEIBHBIX HArpy30K XapaKTEpPHO pa3pylICHHE JIEASHOTO MTOKPOBAa C MaJIOW yNpyrou
u OombIIoN macTHdeckoil nedopmanueil. K momo6HOMY BEIBOIY MIPHUIIIIH U aBTOPHI pabOT

166 IIPOBJIEMbBI APKTHUKH U AHTAPKTUKH * 2021 * 67 (2)




B.M. KO3UH V.M. KOZIN

[2, 3]. [Inactuueckue aedopmaliy BO JIbAY MOSBISIOTCS Ja)Ke PU HE3HAYUTEIIbHbIX Ha-
MPSHKEHUSX, OCOOCHHO MPHU MaJIbIX CKOPOCTSIX HArpy>KeHus [4].

Taxum 06pa3oM, MpU MEUICHHO M3MEHSIOIINXCS Harpy3kax OTYETIMBO OOHApyKUBa-
I0TCS CBOMCTBA TIONI3YYECTH U pelakcalliy Jibaa. [Ipu xoiebaTebHbIX Mmpolieccax HEynpyTHe
CBOICTBa JIb/1a TIPUBOAT K JFICCUIIAIINA MEXaHWYECKOW 3HEPTHUH, MPOSBIIIIONICHCS B 3aTy-
XaHWU KolieOaHui. PenakcarimoHHbIe poIecchl, MPOUCXOSIINE BO JIBIY, 00YCIaBIMBAIOTCS
B3aMMOJICHCTBHEM MEXK/Ty YIIPYTOi (TBepIoit) U BA3KOI (kumkoit) dazamu. Hammume Bsi3kon
(ha3pl 0OBSICHSIETCS CYIIECTBOBAHMEM BO JIBIY: PHIMECEH, CTPYIIITHPOBAHHBIX B MEXKKPHCTATI-
JIMYECKUX MPOCIONKAX; sUEEK C PAcCOIOM; TMAPATUPOBAHHBIX COJICH, BHINABIINX B 0CAJIOK;
u 1p. [5]. B 3aBUCHMOCTH OT TOTO, ONpeIeNisieTCs Jiv MmoTHas AedopmMarius Jibaa aedopmarimeit
TBEPIOH MM KUJIKOH (pa3bl, 1€/l OTHOCHTCS K YIPYro-3aIia3/(bIBalOIINM UM PENaKCUPYIOLIM
cpenam [6]. iccnenoBanust [7, 8] MOKa3bIBAIOT, YTO BSI3KOYIPYTHE CBOMCTBA JIEASHOTO TIOKPOBa
XOPOIIIO OMUCHIBAIOTCS TMHEHHBIMH MOJICNIIMU HEYTIPYTHX CIUIOIIHBIX CPE.

Lenbio 1aHHOM pabOTHI ABISUIOCH 000OIICHNE U3BECTHBIX JAHHBIX M MPOBEACHUE
OTIBITOB TIO OMPEACTICHUIO PEIAKCAIIMOHHBIX CBOIMCTB JIbZIa B COCTaBE JIEASTHOTO MOKPOBa
TIpH KpaTKOBPEMEHHOM (He 6osee 1 MUH) Harpy»XeHHH.

PACCMOTPEHHBIE MOJEJIN JE®@OPMUPOBAHUSA JIEJAHOI'O IIOKPOBA

Ecnu konebanust JeIsTHOTO TIOKPOBA POUCXOIAT ¢ OOJIBIIMM HEPHOIOM WM Pac-
CMaTpHUBACTCS €TO MOBEACHHE TIPH MEUICHHBIX N3MEHEHMSX HAarpy3KH, T. €. IIPH MaJbIX
OTHOCHTENBHBIX CKOPOCTAX JehopManuii, TO U3 MHOMKECTBA CYIIECTBYIOIINX MOJEIeH Jie-
(hopMHpOBaHMs HEYNIPYTHX CIUIOHIHBIX cpel [6] ciemyeT mpuHIMaTh Mofielb cpeabl Mak-
CBeJUIA C JIMHEWHOH pernakcarueii [ 7], MexaHu3M paboThl KOTOPOH IpeJCTaBlIeH Ha puc. la.

B sTOM ciydae ypaBHEHHE MaJIbIX BBIHYXKJICHHBIX KOJICOAHHH JICASTHOTO MOKPOBa
npuHumaet Bua [7]:

Gh}.gv“w_{_ L.}.g . + haz_w/+ 62 = 1
3 ot T, o Put BWERAA 5 P ot |, © O

rae G — MOIyNb YIPYTOCTH JIbAA MPH CABUIE; /i — TONIIMHA JICASHOTO TMTOKPOBa; W —
nporud NbJa; T, — BPEMS PENAKCAMKU HANPSUKEHUH; § — YCKOPCHHME CHIIBI TSXKECTH;
p, — TWIOTHOCTb BOJBI; P — IUIOTHOCTb JIbJA; ¢ — CUCTEMA BHEIIHUX Harpy3ok; ® —
MOTEHIIMA ABMKCHUS KUIKOCTH.

a)

g

Puc. 1. JIuneiinble MO BA3KOYIIPYTUX cpel: a) MakcBemna; 0) Kenpeuna—@oiirra

Fig. 1. Linear models of viscoelastic media: a) Maxwell; 6) Kelvin—Voigt
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Ecnu Ha Takyro cpeny AedcTByeT G = const, To OHa JeOpPMHUPYETCsi ¢ HEKOTOPOU
CKOPOCTBIO (sIBJICHUE mocieaeicTBus). [Ipu moaiepkaHuy B 3TOW Cpejie MOCTOSHHBIX
nedopmanuii HanpspKeHUsT ¢ TEYEHHEM BPEMEHHU yOBIBAIOT, T. €. TEJIO peNIaKCUpPyeT.

Jist KoneOarenbHBIX MPOIIECCOB, MEPUOBI KOTOPBIX MHOTO MEHBIIIE BPEMEHH pe-
JIaKCaIMK JUIsl JIbJIa, MOYKHO NPUHATH 3aKOH Ae(OpMUPOBAaHUs JIMHEWHOH yIpyro-3aras-
npiBatonieit cpenbl Kenpenna—®doiirra (puc. 16). Torna ypaBHeHHE MabIX BEIHYKICHHBIX
KoJIcOAHMIT JICASTHOTO MOKPOBa MOKHO 3amucath B Bune [7]:

Gh’ | 0 v 3 o’w oo|
T( +T¢Ej wtp, - gw+p, ?JFPBEFO—C]» ()
IJie T, — BpeMs peraKcaru nedopmaruii.

OTO ypaBHEHHE CIPABEIUBO MIPH MAJOM PAaCCEMBAHUU DHEPrUH, T. €. MPHU JHHA-
MHYECKHX peXHMMax, HallpuMep Npu ObICTPBIX KojeOarenbHbIX mpoueccax [5]. Cpena
KenpBuna—®oiirra npu ¢ = const NposBISET MOCIEACHCTBHE 1, KaK BHJIHO U3 puc. 16,
HE peJakcupyeT. DTa MOJeib OoJiee TTOTHO OTpaXkaeT MTOBEICHUE M CBOMCTBA PeasbHBIX
TeJ MPU 3HAKONEPEMEHHBIX TUHAMUYECKHX HArpy3KaX, TaK KaK ONMUCBIBAET METII0 TUCTe-
pesuca, 3aTyxaHue KoiebaHuil U mocneneiicreue [9].

Takum 00pa3oM, IPH TEOPETHUECKUX MCCIICIOBAHNSX TIPUKIIAHBIX 33124 BOTHOBBIX
KOJIeOaHMi JIEJSTHOTO TOKPOBa HEOOXOAMMBI CBEJICHHUS O TUNIACTHYECKUX CBOWCTBAX JIbJA.
[Tnactryeckune, WM BI3KOCTHBIC, CBOMCTBA MaTepHaia XapakTepu3yroTcest koagduunentom
BHYTPEHHETO TPEHUS, HIN KOI(PPHUIIMEHTOM BSI3KOCTH, 1. Kak M3BECTHO, 10 BHYTPEHHIM
TPEHHUEM IT0/Jpa3yMeBAIOTCsl HEOOpATHUMBIE B 9HEPTETHUECKOM OTHOIIICHUH MPOLIECCHI, CO-
MIPOBOYKTAIOIIME IUKIINYECKHUE AehopManiy MaTepraa IIpy JII0OOM YPOBHE HAIPSDKEHHUH
1 00yCIIOBJIEHHBIC BHYTPEHHHUM JBIDKCHUEM (an¢dy3ueii) dacTul] MaTepraia.

BuyTpeHHee TpeHue SBISETCS BaXKHOW TUHAMHUYECKOW XapaKTepUCTUKOH baa. OHO
TIPOSIBIISIETCST C HAMOOJIBINIEH MOTHOTON M OKasbiBaeT HanbOonbiiee BiustHue Ha HJIC npaa
IpH Koste0aTeNnbHbIX nporeccax. OHO CYIIECTBEHHO YMEHbIIAET HANPSHKEHHS U e(hopMariy
JIbJTa, BO3HUKAIOIINE TIPH BOJTHOBBIX KOJICOAHUSIX JIC/ITHOTO MTOKPOBA OT JICHCTBHUS BHEIIHUX
Harpy3oK, 0COOEHHO ITpH UX PacIpOCTPAHEHUH C PE30HAHCHBIMU CKOpOCTsIMH [7].

[Ipn xonedaHUsX JEITHOTO MOKPOBAa M3 M3BECTHBIX (JOPM BHEIIHETO MPOSBICHHS
BHyTpeHHero TpeHus [10] MokHO HaOMIONaTh ClleTyoMIHe:

— MOTpeOJIeHNe OTIPEIeTICHHON SHEPTUH Ha MOAJCP)KaHUE YCTaHOBUBIIUXCS KOJIe-
GaHMii JIEJSTHOTO MTOKPOBA;

— OrpaHHYCHHE AMIUTUTY/IBI PE30HAHCHBIX KOJIEOAHUH JIbJa TIPH JICHCTBUU BO3MY-
LIAIOLIEH CHIIBI TOCTOSIHHOM BEIMYKHBL;

— 3aTyXaHHe CBOOOHBIX KoJieOaHMH JIeTHOTO TIOKPOBA, 3aKJIIOYArONIeecs B YMECHb-
IIEHUH WX aMIUIUTYAbI C YJaJCHUeM OT MeCTa BO30YK/ICHHUS;

— caBUT (a3 MEXAY JICHCTBYIONIEH Ha Jie BHEIIHEH HAarpy3KOH M BBI3BIBAEMBIMH
ee sieiictBreM nedopMarsiMu.

[Ipu nelicTBuM Ha e[| HATPY3KHU, U3MEHSIONIEICA BO BPEMEHH, INIACTHYECKUE CBOM-
CTBA JIbJIa IPOSIBIIAIOTCS YEPE3 €ro MOJI3y4ecTh 1 penakcanuio. Eciu konebanust aesiHo-
TO MOKPOBA ITPOHUCXOAAT ¢ OOJIBIINM TEPUOAOM, TO KOA(PMUIIMEHT BHYTPEHHETO TPEHHS
ompezersior o Gopmyse [7]:

Ny =Ty G 3)
3HaYEHHUE T,, ONPEACIAIOT U3 COOTBETCTBYIOIIMX OMBITOB C JICASHBIM MOKPOBOM

B €CTCCTBCHHBIX YCJIOBUAX.
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[Ipu koseOaTeabHBIX MPOIECCaxX C MajbIM MEPHOAOM KO3(D(UIMCHT BHYTPECHHETO
TPEHHUsI JIbJIa ONIPEACIISIOT 10 (opMyie:

n, =T cb-G. 4)

Bemmaniy 1, MOKHO ONPEJCNHATE T10 3aITHCAM CBOOOIHEIX 3aTyXAIOIIMX H3THOHBIX
KOJIeOaHUH JISITHOTO MTOKPOBA.

Pe3ynbrarsl SKCIIepUMEHTAIEHOTO ONpe/IeNIeH s 3HaYeHUH KO PUIEeHTa BHYTPEH-
HETO TPEHHMS JIbJa UMEIOTCsI B paboTax MHOTHX nccienoBareneil. OnHaKo MoTydYeHHbIe
JlaHHbBIe XapaKTepPHU3yIOTCs oMM pa3opocoM B mpenenax ot 101 mo 10'° myas u Gonee
[4]. Hexoropsle mpHuMHBI 3TOTO yKazaHbl B padote [11]. Bpems penakcanmu sbaa 1mo
9THM JJaHHBIM ISl U3BECTHBIX 3HaYeHUH G MOXET KOJebaThesi OT HECKOJIBKO CEKyHJI 10
HECKOJIBKMX YacoB M CYTOK, T. €. KOO (UIMEHT 1| MPUMEHHUTEIBHO KO JIbJy HE SIBIISCT-
csl onpeniesieHHOl (pru3ndeckoil KOHCTaHTOM M MMEEeT YCIIOBHBIA XapakTep, T. K. MOXKET
WU3MEHATHCS B IIUPOKHUX IpeJesiax B 3aBUCUMOCTH OT PeKUMa HarpyKeHHs, BpEMEHHU
JEHCTBUS U BEJIMUMHBI HATPY3KHU, BUJ1A HAIPSKEHHOTO COCTOSIHUS, CTPYKTYpPBI, TEMIepa-
TYpBI JIbJ1a U T. 1. Tak, ¢ TOHMKEHHEM TeMIeparypbl KOOQQHUIUEHT Ul IPECHOTO JIbIA
MOJKET yBEIIMUUTHCS B 2—3 pasa, a Uil MOPCKOTO — B JIeCATKH pa3 [12]. B cBa3u ¢ atum
TIPY PEIICHUN KOHKPETHBIX 3a/1a4 BSI3KOCTHBIE CBOMCTBA JIEJSTHOTO TIOKPOBa HEOOXOANMO
OMPENENATh OTAEIBHO AJIS KaXKJI0TO PACUETHOTO CIIydasi COOTBETCTBYIOIIMMU METOIAMH.

Henocrarounas n3y4eHHOCTh M OTCYTCTBHE JOCTOBEPHBIX AAHHBIX O BSI3KOCTHBIX
1 PEJaKkCallMOHHBIX CBOMCTBAxX JibAa 00YCIOBHIM HEOOXOAMMOCTH TPOBEIACHUS JIOIION-
HUTEJIBHBIX ONPE/IENICHHBIX OMNBITOB, a TAK)KE COOTBETCTBYIOIIEH 00paOOTKH M3BECTHOTO
SKCHEPUMEHTAIBHOIO MaTepHuaa.

SKCHHEPUMEHTAJIBHBIE UCCJIEJOBAHUSI

Ha panHux cragusx skcnepuMeHTalbHO-TeopeTnueckux uccnenoanuit HJC nens-
HOT'O IIOKpPOBa IIpU )leﬁCTBHH BHCIIHUX HArpy30K 3HaHHUEC BECJINYUHbBI ’L'M HCO6XOZLI/IMO JUIA
orpeziesieH st O0IIUX TPEIIIOCHUIOK K pacueTaM M, B YaCTHOCTH, JUIs BBIOOpA peosioruye-
CKOM MOJICJIN JIbJIa KaK MaTepuaJia. YcToitunBbIe 3HAYCHUS ‘EM U1 JibAa NOJIY4YCHBI B Ha-
CTosIIIee BpeMsi TOJIBKO B J1aOOpaTopHbIX ycioBusix. [loBeneHue bia B cocTaBe JIeIsTHOTO
MOKPOBa M3-32 0COOCHHOCTEH €ro CTPYyKTypbl, U3MEHEHHSI TEMIIEPATyPbl 110 TOJIIHHE,
HaJInyus yOopyroro oCHOBaHU#A, CaMO3aJICUMBACMOCTU TPCIIMH U APYTUX NPUYNH ciabo
M3y4YeHO U TMOKa He MOJJAeTCsl CTPOroMy aHaju3y. 1103ToMy ONBITEI IO OMpPEEICHUIO
pellaKcaliOHHBIX CBOMCTB JICJSIHOTO MTOKPOBa OBUIM TPOBE/ICHBI B HATYPHBIX (TIOJIEBBIX)
YCJIOBHUAX. le/l MPOBCACHUU SKCIEPUMEHTOB YUHUTBIBAJIOCH TAKKE TO, UTO B €CTCCTBCHHBIX
YCJIOBHSIX JISIISTHOW TTOKPOB, Oi1arofapsi ceoeo0pas3uio paboThl MO MONIEPEYHON Harpy3KoH,
o0naaeT CBOMCTBOM, KOTOPOE MOXKHO Ha3BaTh JIOKHON YIPYTOCThIO. YIIPYyroe OCHOBAaHUE,
KaKHM SIBJIICTCSI BOJIA, CIIOCOOCTBYET 00Jiee OBICTPOMY MCUYE3HOBEHHUIO OMPEACICHHON
qyacTH Jedopmanuii Jibja nocjie CHATHS ¢ Hero Harpy3ku [13].

B nocraBneHHbIX onbITax dQQEeKT ASHCTBUS JIOKHOH yIPYroCTH CBOJHIICS K MH-
HUMYMY T€M, YTO Harpy>eHHe JIEJTHOTO MOKpPOBa OCYLIECTBIIAIOCH YPaBHOBEIICHHON
cuctemoii cui. [lpu Takoil Harpy3ke o0Iiasi BeJIMYMHA UHTCHCUBHOCTH OTIIOpPA BOJIBI
paBHsutack Hymo. Ha puc. 2 npuBeseHa cxema MU3roTOBJICHHOTO I TAKOTO Harpy KEeHUs
penakcomeTpa HanpsikeHuid. OH COCTOSIT U3 BEPTUKAIBLHOM CTOHKU BBICOTON | M U mpH-
BapeHHOW K Hel mepexsaJinHbl JUIMHOM 3 M. Ha KoHIax nepexiiaJinHbl AJisi CBOOOJHOTO
MepeMeIleHHsI CTAaIbHOTO TPOCa YCTaHABIMBAIUCH ponuku. CTolika mepenaBajia BepTH-
KaJIbHYIO0 HAarpy3Ky Ha Jiea depes omnopy momiansio 900 cm?. Tpoc uepe3 AMHAMOMETD
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Puc. 2. O6muii BU N3rOTOBICHHOTO PEIaKCOMETpPA HANPSHKEHUI: /| — BepTHUKaIbHAS CTOWKA; 2 —
NepeKIaguHa; 3 — pOoNUKU; 4 — omopa; 5 — Tpoc; 6 — OJUHAMOMETp; 7/ — Talpel; § — JIeIIHON
mokpoB; 9 — mnanku; 10 — otBeperusi; 1/ — Bona

Fig. 2. General view of the manufactured stress relaxometer: / — vertical rack; 2 — crossbar;
3 — rollers; 4 — support; 5 — cable; 6 — dynamometer; 7 — lanyard; 8§ — ice cover; 9 — slats;
10 — holes; 11 — water

1 Harpy>kKarolui Tajapen KPenwics KO JIbIy HPH IOMOIIN BMOPaKMBAEMBIX B JIE/ TIITAHOK.
st 3TOTO B JIEASIHOM MTOKPOBE CBEPIMIIUCH JBa 0TBepcTUs quamerpom 100 mm. Bmopa-
KHMBaHME TIIAHOK B JIEl MPOM3BOAMIOCE TIPpH cliabo HaTsiHyTOM Tpoce. Ilnomans ogHoM
[UIAaHKM COCTaBIisUIa OKOJIO 75 cm?. TanpenoMm Co3maBaioch HEOOXOMMMOE HATSIKEHHE
Tpoca, 3aTeM JICASHON ITOKPOB MPEIOCTABIISICS caM cede, U ¢ MMOMOIIBI0 ANHAMOMETpa
HaOJII0/IAJIOCh SIBJICHUE PENIaKCALUH.

Pesynbrarel 3THX HaOmoneHWH NpuBEAeHBI HAa puc. 3a. ONUBITH MPOBOIMINCH
C PEYHBIM JICASHBIM MOKPOBOM TONMIMHHOW A = 0,35 M mpHu TemmepaTypax BO3IyXa
t=-0,5 °C (xpuBas /) ut=-2,5 °C (xpusble 2, 3, 4). Crexyer 3aMETHTh, YTO PE3KOE
OTIMYNE B MOBEACHUH JIbAA (CM. KpuBBIE 2, 4 Ha pHc. 3a) MPOHU30LUIO Olaroapst Tomy,
YTO BTOPOM OIBIT OBUI IIPOBE/IEH Cpasy MOCIE IEPBOTO, T. €. CBOMCTBA JIESTHOTO TIOKPOBA
HE yCIIeJI BOCCTAaHOBHUTHCS JI0 HCXOAHOTO COCTOSTHUSA (KaK B IepBoM ombITe). [IpouHocTs
Jb/Ia B OMBITAX OMPENEIsIach IMyTeM pa3pylIeHus] 00pas3IoB JibAa B BHJE IJIABAIOIINX
KOHCOJIBHBIX 0allok — kiaBumed. Ommuns B MOJYYEHHBIX 3HAYCHUSAX Pa3pyIIAroIInX
HaNpsDKEHUH MOXKHO OOBSICHUTH pa3sHMICH TemIeparyp arMoc(epHoro Bo3ayxa.

P, kH ;!RH
2= 4 R
a = I - [ [ \
)3.8 1 13 5)1,8 g
16 = 16—

14

1.4 .
1.2
107
08
06

0 1 2 3 4 5 6 Iy 0 01 02 03 04 05 06

Puc. 3. Kpuble penakcaiuu HanpspkeHUNA: @ — B JienssHoM mokpose (I — mpu t = —0,5 °C; 2, 3,
4— npu t=-2,5°C); 6 — B neasHbIX Oaykax (mo padore [14])

hu

Fig. 3. Stress relaxation curves: a — in the ice cover (/ — att=-0,5°C; 2, 3, 4 —at t=-2,5 °C);
6 — in ice beams (according to [14])
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XapakTep IKCIIepUMEHTAIBHBIX KPUBBIX OKA3aJICSl TAKUM, YTO HanOO0JIee MHTCHCHB-
Hasl peslaKcalysi Haboanach B HaaJlbHBIN IEPHO MOCIIe PEeKpalieHus pocra aedop-
Manuy JIbJa. 3aTeM MPOILecC MOCTENEHHO 3aMe UISUICS, ¥ BEJINUMHA HATPy3KH CTPEMMIIACh
K [TIOCTOSIHHOMY 3HaueHMI0. KauecTBEHHO 3TOT pe3yasrar coBnai ¢ AanHbiMu b. /1. Kaprami-
KHMHA B €r0 OMBITaxX ¢ JeAIHbpIME Oankamu [14] (puc. 30), T. . IpH OTCYTCTBHH YIIPYTOTO
OCHOBaHHMS W NEpernaja TEMIEePaTyphl 10 TOJIMIMHE, T. K. OaJIKU BBIIEP)KUBAIIICEH 10 BbI-
paBHHUBAaHUS TEMIEpPaTyphsl. DTO MOKHO OOBSICHUTH TEM, YTO HaIWYHE B 0Opaslax Jbaa
TEMIIEpaTypHOTO TPAJANCHTA MO UX TOJIIUHE, T. €. OT TEMIIEPATypbl HAPYKHOTO BO3TyXa
MIPAKTUYECKH BIUIOTH JI0 HyJsl HA MOBEPXHOCTH MX CONPHUKOCHOBEHUsI C BOIOH, c1abo
CKa3bIBAaeTCsl HA YIPYTOIUIACTHUECKUX CBOMCTBAX JIEASHOTO MOKPOBA. BO3MOXKHO, 4TO [UIs
MOPCKOTO JIbJ]a KOJTMIECTBEHHOE MPOSIBICHUE PEIAKCAIMOHHBIX CBONCTB JIbJja OyJeT HHBIM.

OTOT BBIBOJ MO3BOJISIET CYIIECTBEHHO YHPOCTUTHh W YMEHBIINTH 3aTPAThl IPU H3-
YUCHHH yKa3aHHBIX (PU3UKO-MEXAHUUECKUX CBOMCTB JIEJSTHOTO MTOKPOBA, T. K. TO3BOJISIET
MIPOBOJIUTH COOTBETCTBYIOIIME UCCIEAOBAHMUS HA JICITHBIX OanKax B 1aOOPaTOPHBIX, a HE
B MOJIEBBIX YCJIOBHSX C HATYPHBIM JICASHBIM TIOKPOBOM.

ITpu 3TOM OBLIO OTMEYEHO, YTO €CIIH B INIACTUYECKOM MaTepHalie HapsuKeHUs Py
MTOCTOSHHOH /1e(hopMaIiy ¢ TEYEHHEM BPEMEHH MCUE3al0T, TO B YIPYTOIUIACTHYECKOM
OHHM yOBIBAIOT JINIIb O HEKOTOPOTO MPENENa, BEINIHMHA KOTOPOTO OIMPEEIISETCS] eT0
MIPEAETIOM YIPYTrOCTH, HO TOJIBKO B yKa3aHHBIX JMANa30HaX BPEMEHHU (IIPU OTCYTCTBUH
Hayaya Moj3y4ecTH).

B omprtax b.JI. KapramknHa uccineqoBaaich Oanku, MPUTOTOBICHHBIC MTyTEM 3a-
JMBKH PEYHON BOABI B OMATyOKy C IOCIEAYIOIINM €€ 3aMOpakuBaHueM. Takue Oankn
aBTOp Ha3Baj OalKaMH W3 HAJMBHOTO PEYHOTO JIbJA.

[TpoBeneHHbIE SKCIEPUMEHTHI TOATBEPANIN YPE3BEIYAIHYI0 YCTOMINBOCTD MpoLecca
penakcanuy y gba. C IOBBIIIEHNEM BEJIMUMHBI IEPBOHAYAIBHBIX HAPSKEHUH peslakcanust
npoTtekana 6olee MHTEHCHBHO B Ha49aJIbHBIH MOMEHT, a CaM IPOIECC CTAHOBHIICS Ooiee
JumTenbHeIM. OTHaKO BpeMs pelaKcalluy HANpPsHKEeHWH NMPAaKTHYEeCKH HE M3MEHSIO0Ch
(tabm. 1). BennuuHa T,, OMpenemsIach M0 3aBHCUMOCTH, IpeaIoxkeHnod IIBenospm
[4, 14] (paccMmaTpuBanach peraxkcaiis n30bITKa CHIIBI HAJ MIPEAETIOM YIPYTOCTH), B TIPE-
TIOJIOKEHHUH, YTO 110 UCTEUECHUH 6—7 4acoB B IPOBEJCHHBIX OMBITAX C JICASHBIM IIOKPOBOM
u 0,6-0,7 yaca — c nexsapiMu Oanmkamu (ombITel b.J1. Kapramkina) HanpspKkeHns TpaKkTu-
YEeCKH MePecTaroT peakcupoBars (puc. 3). [Ipu 3ToM momymieHnn NOTydeHHBIE 3HAYCHHUS
T,, HECKOJIBKO 3aHMYKAIOTCS, HO IIOCKOJBKY HAC HHTEPECYIOT MUHMMAILHO BO3MOKHBIE
3HAYEHHUS T, JJIA JIEASHOTO MOKPOBA B €CTECTBEHHBIX YCIOBHUAX, T. €. ONPEACICHAE MH-
HUMAaJIbHOHM HECYIEH CIIOCOOHOCTH JIEASHOTO MOKPOBA, TO TAKOE IPETIOI0KEHUE MOXKHO
CUNTATh JOITYyCKAIONINM OIIMOKY B O€30MaCHYIO CTOPOHY.

[TormyTHO B OmbITax OBIIO TaK)Ke MOATBEP)KICHO paHEE U3BECTHOE CIEAYIOIIEE SIB-
neHre. HanpsokeHus: B JIEISTHOM TOKPOBE TPH M3THOHBIX J1e(OPMAIUSIX PETaKCUPYIOT
TeM OBICTpee, YeM CKOpee MOCiIe HavaIbHOTO HArpyKEHUs] HAUMHACTCS perakcarust (CM.
puc. 3). Ananornusslii BeiBoA nonydeH K.@. BolTkoBckuM ist b1a OecropsaoaHoit
CTPYKTYpHI TIpX CKaTuu [4]. DTO MO3BOJSAET CENATh BHIBOA O KOPPEKTHOCTH METOAUKU
MIPOBEJICHUS OIBITOB. BBIJIO 3aMEUEHO TaKXKe, UTO BPEMS pejaKcaluil HaupsyKeHUH BO3-
pacTraeT ¢ yBeIHUeHHEeM IIeproa epBOHAYaIbHOM mon3ydyecTn (Tadmn. 1). Ha ocHOBaHMH
00pa0OTKH U3BECTHBIX JJAHHBIX M BBITIOIHEHHBIX HCCIIEIOBAHNH yCTAHOBIECHBI H3MEHEHHUS
3HAYCHUH BpEMEHH pellakcaluy HanpspkeHui B mpeaenax 0,2—2,0 9 ams ucciae1o0BaHHbBIX
JIEIOBBIX YCIOBHM.
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PE3VYJIBTATbI OBPABOTKH SKCIIEPUMEHTAJIBHBIX JAHHBIX

Bpewms penakcarmu gedopmarmii (BpeMs 3amma3asIBaHu ) JEISTHOTO TOKPOBA MPH T o
€ro KOJIeOaHMIX OMPEesuIoch Yepe3 Takyro (hopMy BHEIIHETO MPOSBICHHS BA3KOCTHBIX
CBOWCTB, KaK 3aTyXaHHE CBOOOJHBIX KOJIeOaHHUH, T. €. M0 pa3BepTKe CBOOOMHBIX 3aTyXa-
IOIINX KOJIE€OAHUH JEASTHOTO TTOKPOBa. 3Hast MapaMeTphl M3rNOHO-TPABUTAIMOHHBIX BOJIH
(UT'B) Bo 7py W OMpPEAETHB IO 3aIUCH CBOOOMHBIX KOJMCOaHUH JTOrapupMHUUIECKUil 1e-
KPEMCHT 3aTyXaHHii, MOKHO ONpPeaenuTh T,. VIMeromuecs KCIepuMeHTaIbHbIC TaHHbIC
TIO3BOJIHIT ONPEICTHTE T, 110 aMIUTHTY/aM 3aTyXaroliX KOTeOaHHii:

At)y=A,e?, (5)
rae A(t) — aMmMTy Bl 3aTyXaromux konebanuil; A, — HadyaabHOE 3HAYEHUE aMILTUTY/IbL;
8 — KOd(pPUIUEHT 3aTyXaHusl.

I_IJ'ISI 9TOTO BHA4YAJIC I10 U3BCCTHBIM 3aIllUCAM CBO60):[HI)IX 3aTyXaronmux KOHe6aHHﬁ
JICASTHOTO TTOKPOBA, MO3aUMCTBOBaHHBIX U3 padot [1, 15, 16, 17, 18, 19], cTpounucs
rpadUKe OTHOCHUTEIBbHBIX aMILIMTY] 3aTyxaromux konebanuii A(t) =-e. O6wwuii Bu
STHX KPUBBIX MPEICTaBICH Ha pUC. 4-5, IpU 3TOM BpeMs peslakcaliii (BpeMms, B TEUCHUE
KOTOPOTO aMILUIUTY/Ia TAPMOHUYECKHX 3aTyXaIoUIUX KoJeOaHUl yMEHbIIAeTCsl B € pa3)
OTIPeIeNIATIOCh TaK:

1, = 1/6=f(A/e) (6)

Pesynbrarer onpenenenns T, cejeHb! B a0, 2. IlomydeHHble 3HAYCHHS T, IOKa-
3aJM yCTOHYMBOCTh PENIaKCAI[MOHHBIX MPOIIECCOB B JICASHOM ITOKPOBE, KOJIEOIIOmeMcs
C MHTEpeCyIOMMMH Hac yactotamu. Kak BUJIHO U3 Tabi. 2, 3HAYMTEIbHBIC H3MEHEHNUS
TOJIIIMHBI JIbJIA, €TO TEMIIEPaTypbl 1 N3MEHEHHE CTPYKTYPHI JIbAa (CpaBHUBAJICS PEYHON
¥ MOPCKOJ1 JIe/l) HE OKA3bIBAJIM CYIECCTBCHHOIO BIMSHMS HA BETHIMHY T,.

CpezHue 3HAYCHUS] BpEMEHH 3aIla3/(bIBaHMs Y JIESTHOTO TIOKPOBA B PACCMOTPEHHBIX
JIETOBBIX YCIIOBMSAX JIexkKaT B mpeAenax 5—15 c. [TomyueHHbIe OTHOCUTENBHO YCTONUKBEIE

PE3YIbTAThl MO3BOJIAIOT UCIIOJIB30BATh UX B TCOPCTUYCCKUX paACUHCTaAX.

0 4 8 12 1B 2 4 C 0 4 8 12 16 22 24 LC

Puc. 4. KpyBble OTHOCHTEIBHBIX aMIUIMTY/L 3aTyXarOINX KoJeOaHUIl JIJITHOTO MOKPOBa: d — IO
pabore [16], HOIyYSHHBIX MIPH PA3HBIX PACCTOSHUAX MEXK/Y 3alMCHIBAIOIINMH ITPUOOPAMH U OCBHIO
tpacesl: / —20m,2—15m, 3— 10M, 4 — 5 M, 5 — 2 M; 6 — 110 pabore [15], moimydeHHbIX Ipu
Pa3INYHBIX Maccax IBIKYyLMXcs Harpy3ok: / — S5 T, 2— 11 1, 3 — 13 1, u mo pabore [19], nomny-
YEHHBIX [PU PA3IMYHBIX CKOPOCTSX ABMKeHUs Harpy3ku: 4 — 10,3 m/c, 5 — 9,1 m/c, 6 — 8,2 m/c

Fig. 4. Curves of the relative amplitudes of damped oscillations of the ice cover: ¢ — according to
[16], obtained at different distances between the recording devices and the axis of the track: (/ — 20
m,2—15m, 3—10m,4— 5 m, 5 — 2 m); 6 — according to [15], obtained at various masses
of moving loads: 7 —51t,2—11t,3— 13 t, according to [19], obtained at different speeds of the
load movement: 4 — 10.3 m/s, 5 —9.1 m/s, 6 — 8.2 m/s
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Puc. 5. KpuBble 3aTyXaHusi: @ — aMIUINTYA KojeOaHUil JIeqsIHOTo MOKpoBa 1o pabore [1] nmpu
JIBIDKCHUU HATPY3KHU C Pa3sHbIMU ckopocTsiMu: [ — 2,6 m/c, 2 — 19,4 m/c; o pabore [18] mpu pac-
IIPOCTPAHEHUN BOJH CKaTHsl 3 M pacTsHKeHHs 4; 6 — OTHOCHTEIBHBIX YIIOBBIX AedopManuii mo
pabote [17] npu HeCcTalMOHAPHOM ABH)KCHNY HArpy3Ku: / — IIPU TOPMOXKEHUH, 2 — IIPU pa3roHe

Fig. 5. Damping curves: a — amplitudes of oscillations of the ice cover according to [1] when the
load moves at different speeds: 2.6 m/s, 2 — 19.4 m/s; according to [18] with compression (3) and
tension (4) waves propagating;; 6 — relative angular deformations according to [17] with unsteady
movement of the load: / — when braking, 2 — when accelerating

Tabonuya 2
JKcnepuMeHTAIbHbIE 3HAYeHHs] BpeMeHH peJIaKkcaluu JedopManuii JiessHOro NoKposa
Table 2
Experimental values of the relaxation time of ice cover deformations
Bu b a Eg;::g;g TeMHepeLTypa nbja, | Ilpenens usmenenus | Hcrounuk
HIOKPOB4, M C Ty © JIAHHBIX
Peunoit 0,60 2-6 5,5-15,6 [16]
0,38 -6 5,2-7,0 [1]
0,80 -10 7,0-10,0 [19]
Mopcxoit 0,60 - 6,8-9,8 [17]
2,5-3,0 - 11,2-13,8 [15]
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Pesrome

B 0030pe 0000111eHbI IKCTIEPUMEHTABHBIC TaHHBIC O BIMSHUKM KOCMUYECKOI TTOTO/IBI HA 3eMHYI0 arMochepy.
[ToxazaHo, 4TO BEICOKOIHEPTHYHBIE CONHEUHbIe TPOoTOHBI (SPE) 0Kka3biBatoT MomIHOE Bo3zieiicTBHe Ha HOTOXHU-
MHYECKHE MPOLECCHI B MOISPHBIX 00JIACTAX U, COOTBETCTBEHHO, Ha aTMOC(EPHYIO0 LIUPKYJISLMIO U TLUIaHeTap-
Hy10 001auHOCTh. Bapuaimu connednoro Y®-u3mydeHus MOIEIUPYIOT CKOPOCTh CILyCKa 30HAJIBHBIX BETPOB B
9KBATOPHATIBHOM cTpatocdepe B xoze kBasuaByxneTHei ocumsinn (QBO) i KOHTpOIUPYIOT, TaKHM 00pa3om,
00yt mpoaomKUTebHOCTS (epron) QBO 1ukia u, COOTBETCTBEHHO, BAPHAIINU 00IIEr0 COMCPIKAHUS 030HA
B AHTapkTiKe. [€0d(QeKTHBHBIN CONHEYHBIH BeTep BO3ACHCTBYET Ha CHCTEMY KaTabaTH4eCKUX BETPOB BO BCE
10’KHOM TIOJISIPHOM 00/1aCTH ¥ BIUSET Ha IMHAMUKY 0KHOH octuisiu (ENSO).

Kurouessle cioBa: armocdepa 3emin, arMmocdepHast LIUPKYIISIHS, BBICOKOIHEPIUIHBIE COTHEUHBIE IPOTOHBI,
reod(eKTHBHBIH CONHEUHBIIT BeTep, kBasuaByxJeTHss octuuisims (QBO), kocMuueckast moroyia, MojiebHbIE
PpacyeThl, 030HOBASI «IIbIPay, INTaHeTapHAs 00Ia9HOCTb, coNHeuHoe YD-m3mydenne, roxkHas ocruuisiyst (ENSO).
Joas untuposanusi: Troshichev O.A., Gabis I.P, Krivolutsky A.A. Influence of cosmic weather on the Earth’s
atmosphere. [Tpo6nemsr Apkruku n Artapkruku. 2021, 67 (2): 177-207. https://doi.org/10.30758/0555-2648-
2021-67-2-177-207.

MMoctynuia 22.03.2021 [oc.1e nepepadorku 04.06.2021 Ipunsra 05.06.2021

INTRODUCTION

The term “space weather” refers to a complex of phenomena and processes in the
heliosphere determined by the solar activity. In the ordinary, narrower sense, the term applies
to the space controlled by the Earth’s magnetic field, i.e. to the Earth’s magnetosphere.
The concept of the solar activity includes a number of various electromagnetic and mass
emissions, which are provided by the processes taking place permanently in the atmosphere
and convective zone of the Sun. The main agents of the solar activity that influence the
Earth’s atmosphere are the solar UV irradiance, solar high-energy particles E < 500 eV
(SEP) (or the solar cosmic rays — SCR), a permanent stream of the galactic cosmic rays
E > 1 GeV (GCR) modified by the solar activity, high energy particles accelerated in the
magnetosphere (auroral electrons), and the solar wind — low-energy solar plasma with
the frozen magnetic field permanently ejected by the Sun.

The visible and the infrared solar irradiation provides the main input in the total solar
irradiance (TST), with the total energy absorption in the Earth’s atmosphere E = 1366 W/mZ,
TSI practically does not vary during the solar cycle (change < 0.1%), that is why the total
irradiance has usually been called “solar constant”. The input of the solar and galactic
cosmic rays, high energy particles and solar wind in the total irradiance is negligible, and
the existing models of the atmosphere variability do not take into consideration short-term
changes of the solar activity. However, in contrast to the total solar irradiance, the energy
input of cosmic rays and energy particles can increase hundreds and more times in the
periods of high solar activity. These particles strongly ionize the atmosphere at different
altitudes and the corresponding changes of different atmospheric constituents can lead to
a crucial modification of the atmospheric processes.

The term “atmosphere” refers to a layer of gases that are held near the Earth,
from the sea level up to the height of ~ 100 km, due to the gravitational force. The
Earth’s atmosphere is divided into four main regions, namely: the troposphere (from
0 to about 12 km) — the warmest layer near the Earth due to the heat rising from the
Earth’s surface, the stratosphere (12-50 km) — the layer with a large concentration
of ozone gases, which absorb most of the solar UV irradiation, protecting the Earth
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Fig. 1 Global system of atmospheric circulation, with the low pressure zones marked as L and the
high pressure zones marked as H

Puc. 1. I'moGanpHas cucrema aTMOCCbCpHOﬁ HUPKYISANUHA, TAC 30HBI HU3KOTO AABJICHUS OTMCUYCHBI
3HaKOM L, a 30HBI BBICOKOTO JIaBJIICHUS — 3HaKoM H

from harmful ultra violet (UV) rays, the mesosphere (50-80 km) — the coldest of the
atmospheric regions, where the water vapours freeze and create clouds made purely of
ice, and the thermosphere (80-500 km), including the ionosphere) — the layer where the
temperatures can rapidly increase and decrease because of the thin air and proximity to
the sun. The weather at the ground level is determined by short-term changes of such
tropospheric parameters as temperature, humidity, air pressure, precipitation, and wind
speed and direction.

Atmospheric processes such as radiation transfer, convection and aerosol movement
play important roles in regulating the temperature and water cycles and protecting the
mankind from excessive heat and the harmful radiation from the Sun. The atmospheric
large-scale winds give rise to large and slow moving currents in the oceans. The oceans in
turn provide an input of energy and water vapour into the air. The large-scale movement
of air masses caused by the joint action of solar heating, the Earth’s daily rotation and by
the Coriolis force, was named atmospheric circulation. The idealised global circulation
can be described as a world-wide system of winds which accomplish the transport of
heat from the tropical to the polar latitudes (Figure 1). In each hemisphere there are three
section (Hadley cell, Ferrell cell and Polar cell) where the air circulates through the entire
depth of the troposphere. The land surface air masses in the Hadley Cell (at the latitudes
from 0° to 30° N and S) flow towards the equator as easterlies; the circuit is closed by an
air mass which lifts in the “equatorial low” zone, moves in the upper stratosphere to the
latitude of ~ 30° N and S and lowers to the surface in this zone, named “the subtropical
high”. The warm surface air masses in the Ferrell cell (at the latitudes from 30° to 60°
N and S) predominantly flow from the subtropical high as westerlies. At the polar latitudes
the cold dense air sinks near the poles and blows towards the middle latitudes as the
polar easterlies. Being strongly affected by the ocean currents and the surface orography,
the real atmospheric circulation is dependent on the distribution of the continents and
oceans and, as a result, is different in the northern and the southern hemispheres. Thus,
the atmospheric circulation redistributes the thermal energy on the surface of the Earth
and determines the Earth’s climate.
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The polar cells crucially respond to the solar heating and demonstrate strong
seasonal changes (oscillations) dependent on the tilt of the Earth’s rotation axis relative to
the Sun (i.e. on the zenith angle of the Sun). As a result, the Arctic Oscillation (AO) and
the Southern Oscillation (SO) are the dominant modes of the planetary climatic systems
on the Earth. The Arctic Oscillation [1] is the mean-monthly sea level pressure variability
over the Northern Hemisphere caused by the gradient of the sea level pressure between
the Arctic basin and the middle latitudes. The North Atlantic Oscillation (NAO) has
long been recognized as the major circulation pattern influencing the weather from the
eastern North America to Europe. The amplitude of NAO is commonly characterized by
the NAO index, which represents the normalized sea-level pressure difference between
stations in the Azores and Iceland. The Southern Oscillation (SO) is determined as
a negative correlation between the pressure fluctuations at the sea level in the Southeast
Pacific high and the North Australian-Indonesian low. The anomalous warming of the
surface water in the Eastern Pacific is named El Nifio and the cold phase is named
La Nina. This coupled system links El Nifio to the atmospheric branch of SO and is
named ENSO [2]. The Southern Oscillation is characterized by the SOI index, which
is negative when ENSO is in a warm phase (EI Nifio events) and positive when ENSO
is in a cold phase (La Nina events). The ENSO is the most pronounced year-to-year
fluctuation of the climate system on the Earth, which strongly influences the other
planetary climatic systems, including the NAO and AO. The effect of the statistically
justified correlation between the NAO, ENSO and other circulation patterns and the
variability of the climatic system in distant regions is termed “teleconnection”. The
phenomenon of teleconnection is derived from the fact that the stream from the WSSP
(Western Subtropical South Pacific ) area with an extremely high temperature at the level
of the ocean (SST anomaly) usually spreads in the South—East direction, forming the
Antarctic Circumpolar Current (ACC) in the Southern ocean. This circumpolar current
branches out northward into the Atlantic and Indian oceans with a strong impact on the
weather conditions in these longitudinal sectors.

Thus, the global atmospheric circulation is divided into several climatic systems,
whose characteristics can strongly change from year to year in spite of the fact that the total
solar irradiation (TSI), the main factor of the solar influence on the Earth, practically does
not vary during the solar cycle. The most dramatic alterations take place at high latitudes,
suggesting that the polar vortices are significantly affected by the solar activity. This review
presents experimental evidence of space weather influence on the Earth’s atmosphere,
with the main attention paid to the contribution made by research carried out in Russia.
The following topics are examined: (1) Effect of energetic particles of the solar, galactic
and magnetospheric origin, (2) Model computations of the cosmic rays influence on
atmospheric processes, (3) Ozone depletion in the Antarctic and the solar UV irradiance,
(4) The solar wind influence on atmospheric processes.

1. Influence of energetic particles on the Earth’s atmosphere
1.1. Ionization produced by energetic particles (altitudinal profiles and ionization rates)

Energetic particle precipitation (EPP) plays a significant role in many atmospheric
processes [3, 4]. Various sources of ionization penetrate to different atmospheric levels and
demonstrate different ionization rates. Figure 2 [4] demonstrates the efficiency of various
ionizers as instantaneous ionization raters (in cm~s™) at different altitudes of penetration.
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Fig. 2. Energetic particles impact on the Earth at different aititudes [4]
Puc. 2. Morn3anus, mpon3BOANMAs Ha Pa3HBIX BEICOTAX PA3INYHBIMU 3apPsKEHHBIMU YacTUIAMH [4]

High-energy particles of the galactic origin or galactic cosmic rays (GCR) consist
mainly of protons with energy in the range from a few MeV to GeV [3]. They penetrate
into the Earth’s atmosphere down to the ground level and provide ionization rates up to
40 ion pairs (cm~s™') in the troposphere (4 ~ 10 km). Maximum cosmic rays ionization
rates are observed at the altitude 15-26 km, depending on the level of solar activity. The
geomagnetic field acts as a shield for the incident cosmic rays and filters GCR particles
according to their energy. The effect of geomagnetic shielding is characterized by a cut-off
rigidity Rc: the lower the geomagnetic latitude, the higher is the rigidity, and the higher is
the energy of GCR penetrating the atmosphere at this latitude. Particles with the energy
E > 10 GeV can pass through the geomagnetic shield even in the equatorial area. The
galactic cosmic rays are constantly present in the Earth’s atmosphere, their intensity is
modulated by the solar activity cycle: the higher the solar activity, the smaller the number
of GCR events.

Solar energetic particles (SEP), mainly protons with energy in the range from tens
keV to higher than100 MeV, are named the solar cosmic rays (SCR). They are related to
solar eruptive areas or accelerated in the space [5]. The SEP events are sporadic phenomena,
which are typical of epochs of maximum solar activity: the larger the SEP intensity,
the less frequent is their occurrence. Solar protons penetrate down to the stratosphere
(h = 30-60 km) in the polar regions.

Solar wind serves as the main source of high-energy electrons, which are trapped
and accelerated in the Earth’s magnetosphere. The high-energy electrons, with energy from
~ 30 keV up to several MeV, emitted from the radiation belts (REP), produce ionization
rates mostly in the mesosphere-thermosphere at heights of 60—100 km. The electrons with
energy Ee = 1-100 keV (auroral electrons), originating in the external magnetosphere,
produce ionization of > 10* cm~s™ in the lower thermosphere (4 = 90—-120 km). Their
energy deposition is confined to the auroral oval. The auroral and radiation belt electron
precipitations occur in connection with magnetospheric disturbances and reach maxima
during the decay phase of the solar cycle. The magnetospheric-auroral electrons are
absorbed in the upper atmosphere, but the bremsstrahlung produced by these electrons
can penetrate down to 20 km [3, 4, 6].

Solar UV and X irradiations provide ionization rates ~10°~10* ion pairs cm~s™! in
the thermosphere, at altitudes about 100—150 km. The UV irradiation is responsible for the
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generation of the ionospheric conductivity in high-latitude regions in the summer season.
Solar UV irradiation in the range from 200 to 400 nm penetrates into the stratosphere and
troposphere. Visible and infrared irradiation penetrates to the Earth’s surface. The total
solar irradiance changes over a wide range of periods, from minutes to the 11-year solar
cycle. The irradiance of the Sun varies in phase with the solar cycle with an amplitude of
~ 0.1 % and a period of roughly 11 years. During the solar storm period in October 2003,
the total solar irradiance (TSI) dropped by an unprecedented 0.34 % due to the dark large
sunspots. Geomagnetic field restricts the intrusion of energetic particles in the low- and
mid-latitudinal atmosphere according to their energy [3, 7, 8], but the high-latitudinal
atmosphere is accessible to all types of particles, from the solar UV irradiation to the
galactic cosmic rays.

1.2. Ionization processes affected by energetic particle precipitation

The main chemical composition of the Earth’s atmosphere is roughly the same
from the ground level to 100 km, but physical conditions that are of primary importance
in atmospheric dynamics and climate are essentially different at different altitudes and
latitudes. For example, the temperature in the low and middle atmosphere is different by
100°K, and the atmospheric density is different by 6 orders of magnitude. The ionization
rate in the atmosphere (which is mainly neutral) changes with space and time and brings
into action various physico-chemical processes which can initiate processes in the
atmosphere, from the global circulation to climatic changes.

If the primary particle has sufficient energy to enter the atmosphere, it accidentally
collides with the nucleus of one of the atmospheric gases, where the most abundant
nuclei are nitrogen (N) and oxygen (O). All energetic precipitating particles (EPP) ionize
neutral molecules (N, or O,) in the Earth’s atmosphere and produce chemically active
radicals such as N, NO, H, HO, which can be further transformed by gas phase chemistry.
Additional amounts of NO, and HO, will intensify the process of ozone oxidation and,
correspondingly, ozone depletion. The effects of the short-lived radicals HO, are localized
in space and time: they are observed only where particle precipitation occurs. The radicals
NO, are more stable and can be transported by atmospheric winds. Because of this, the
NO, enhancement can be observed after the event and far from the production area.
Different secondary products can be created in such a nuclear collision; they can be further
transformed by gas phase chemistry influencing the ozone balance for the ozone layer. The
auroral electrons represent one of the main sources of nitrogen oxides in the thermosphere.
Thus, energetic precipitating particles can directly affect the chemical composition with
implications for further changes in the atmospheric dynamics and climate. The produced
quantities of ions and ionization rates are important parameters determining the electric
properties of the atmosphere, as well as the formation of gas admixtures and aerosols.

1.3. Atmospheric effects of high-energy particle precipitation
(cloudiness and ozone content)

The influences of the GCR and SEP variations on the atmosphere were studied over
years [9]. The results of the analyses proved to be ambiguous. On the one hand, it was
demonstrated that the galactic cosmic rays affect the high-level cloud coverage [10], the
global total cloud cover [11, 12] and low cloud coverage [13]. On the other hand, the
effect of the GCR variations on the cloudiness was not confirmed under detailed analysis:
correlation with GCR disappears when the cloud coverage fraction is decomposed by cloud
type or height, by region (reduce for ocean basis), by latitude (patterns in the tropical zone
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are better associated with the concurrent El Nifio) [14, 15]; the global cloudiness increases
during the past century regardless of the variations of GCR [16]; the low cloud cover
correlates with the solar irradiance better and more consistently than with the cosmic ray
flux [17]. The total conclusion was made that the direct connection between GCR and
the clouds is not evident, however, a mechanism connecting EPP ionization with clouds
coverage can not be ruled out [18].

Ionization of the thermosphere and mesosphere is directly related to the formation
of the ozone depleting atmospheric components. Ionization of the atmosphere controls
the global electric circuit [19], which can affect the clouds properties (see, for example,
[20, 21]. The GCR and SCR ionization can influence clouds formation by means of ion
induced nucleation [22, 23], through cyclogenesis in the atmosphere at the low and middle
latitudes [24, 25] and aerosols [4, 26, 27, 28]. Results presented in [29, 30, 31] demonstrate
that the ionization rate increasing in the polar stratosphere leads to the production of
aerosol nuclei, to the growth of their size and, as a consequence, to the formation of the
stratospheric clouds. According to [31], an enhancement of the ionization rate by a factor
of ~ 2 in the polar region under night/cold/winter conditions can lead to formation/growing
of the aerosol particles in the altitude range of 10-25 km. The ozone response to the NO,
n HO, increase depends on the altitude; it can even exceed the ozone response to the
solar EUV irradiation in the high latitude stratosphere. The annual mean ozone depletion
is the most pronounced in the mesosphere (more than 10 %) and it is also visible in the
middle stratosphere, reaching 3—4 % [32].

The solar protons with energy E, > 90 MeV are related to the intensification of
cyclones and the cyclogenesis intensity in the Northern Atlantic, as well as to the variations
of the thermo-baric fields in the troposphere at the low and middle latitudes [33, 34]. The
galactic cosmic rays with energies E ~ 20-80 MeV and ~ 2-3 GeV, which precipitate,
respectively, in the regions of the climatic Arctic and Polar fronts, may be involved in
the processes of cyclone and anticyclone formation and development at the extra-tropical
latitudes [35]. The stratospheric polar vortex is one of the most important connecting links
between the solar activity and the circulation of the lower atmosphere at the extra-tropical
latitudes. As the results of [36, 37, 38] demonstrate, an intrusion of the high-energy solar
protons into the polar stratosphere gives rise to the growth of ionization rates, a change in
chemical composition and ozone depletion. As a result, the winter stratosphere becomes
cold and the stratospheric polar vortex is strengthened.

2. Model computations of the cosmic rays influence on atmospheric processes
2.1. Empirical basis for model computations

As was indicated above, high-energy solar particles (mainly solar protons), with
an energy of several to 500 MeV, enter the Earth’s stratosphere and mesosphere only
in the polar regions. For the first time, a sharp decrease in the ozone content in the
stratosphere was detected on-board the American Nimbus-4 satellite in the course of one
of the strongest flares on the Sun (August 4, 1972). As theoretical analysis has shown,
high-energy particles intrusion in the polar atmosphere produced oxides of nitrogen (NO, )
and hydrogen (HO,), which destroy ozone in catalytic chemical cycles. Later two important
steps were made with the satellite missions NASA UARS (with HALOE instrument) and
European ENVISAT (with MIPAS instrument). Basing on the ENVISAT measurements
of ozone and other small gas components, the international project HEPPA (High Energy
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Particle Precipitation in the Atmosphere) was arranged. The project involved 10 research
groups including Russian teams from the Central Aerological Observatory (CAO, Moscow)
[39]. As a result, model computations were performed which demonstrated good agreement
with the data of satellite measurements during the solar flare in October 2003.

2.2. The CHARM model
To describe the global photochemical processes taking place in the Earth’s atmosphere,
the numerical Chemical Atmospheric Research Model (CHARM) was elaborated in the
Laboratory of Atmospheric Chemistry and Dynamics of CAO [40]. The theoretical basis for
the model and a summary of the results are presented in [4, 40, 41, 42,]. The CHARM model
used the “splitting method”, which makes it possible to describe independently processes
of advective transport and photochemical processes. One of the most accurate methods, the
Prater’s method, is applied to describe the transfer processes. The corresponding velocity
components were calculated using the general circulation model [43]. The method of “chemical
families”, which can be found in [41], was used while integrating this system with chemical
kinetics equations, which belong to the so-called “rigid systems”. The “rigidity” of the systems
of chemical kinetics equations is manifested in this case in a large range of values of the
characteristic “lifetimes” of chemical components (from fractions of a second to hundreds of
years), which would require very small time steps of integration. The method of “families”
makes it possible to significantly decrease the “rigidity” of the system and considerably increase
the time step. The photochemical block of the model describes the interaction between the
41 chemical components involved in 127 photochemical reactions. The following chemical
components were calculated in the model:
— included in the chemical “families”
0, =0, + OCP) + O('D);
NO, =N + NO + NO, + NO, + 2N,0, + HNO, + HO,NO, + CINO,+N(*D);
Cl, = Cl + CIO + OCIO + CIOO + HOCI + HCI;
HO, = H + OH + HO, + 2H,0,;
CH,, CH,0, CH,0,, CH,0,H, CH,0, CHO, CO;

— source gases
CH,, CO,, N,O, CF,Cl,, CFCl, H,, Cl,, Cl,, CH,Cl, CH,CI, O, (profile fixed),
N, (profile fixed), M = O, + N, (concentration of air molecules), H,O (global
distribution fixed).

The vertical profile of the molecular oxygen in the calculations was fixed. Also, the
global (two-dimensional) distribution of the water vapor, based on observations from the
UARS satellite (HALOE instrument), was not changed. The time step of integrating the
model varied from 100 to 500 s. The dissociation rates were recalculated after 1 h of the
model time, which allowed us to correctly describe the daily course of solar radiation over
a fixed point. The lower boundary of the model is at the ground level, the upper boundary
is at an altitude of 88 km, the height step in the model is 2 km, the resolution in latitude
is 5°, and in longitude it is 10°. The initial distributions of all minor gas species (MGS)
were taken from a one-dimensional photochemical model [44]. In describing the chemistry
of the troposphere, the processes of “leaching” in clouds for some components (H,O,,
HNO,, HCI, HNO,) were taken into account in parametric form. Heterogeneous reactions
on the surface of aerosol particles were not taken into account. The model demonstrated
computational stability when integrated over several model years and an ozone distribution
consistent with observations and those obtained from other models.
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2.3. Solar proton forcing (event of 14 July 2000)

Let us consider the effects of solar proton intrusion in ozone in the polar atmosphere
region using the example of one of the most powerful proton flares on July 14, 2000 (Bastille
Day Event). It should be noted that the SPE of July 14, 2000 occurred when the Southern and
Northern polar regions were in different conditions of illumination by the Sun (polar night over
the south pole and polar day over the north pole). Therefore, the difference in their chemical
response is of special interest. To calculate the particle ionization rates, the data from the GOES-
10 satellite in various (integral) energy channels (> 5, > 10, > 30, > 50, > 100, > 370, > 480,
> 640 MeV) were used. Then the corresponding differential spectra were calculated. The
field of the calculated ionization velocity at each time was localized between the geomagnetic
pole and latitude 66° for each hemisphere. This field was thought to be isotropic inside the
polar cap. Each pair of ions formed during the deceleration of solar protons in the atmosphere
leads to the formation of 1.25 nitrogen atoms and 2.0 OH radical molecules, as well as 1.15
oxygen atoms. Figure 3 shows the model ionization rate in the northern polar region caused by
this event. One can see that the maximum values of the ionization rate lie in the mesosphere.
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Fig. 3. Ionization produced by the solar protons in the northern polar region at latitudes from 15
to 110 km during Bastille Day Even (July 14-15, 2000); color scale on the right shows the rate of
ionization, expressed as ion-pair (m=s) [45]

Puc. 3. Monusanus, npou3BoguMas COIHEYHbIMU IPOTOHAMU Ha BbIcoTax OT 15 10 110 kM B ceBep-
HOH NoJsipHO o6nacTH B xoze coobrtus [lens bactummu (14 mromnst 2000 1.); iBeTOBast IIKaja CIIpaBa
[OKa3bIBACT YPOBCHb HOHM3ALMH B eAnHUIAX (ion-pair) (m3s™) [45]

As mentioned above, each pair of ions formed during the flash gives rise to NO and
OH molecules that destroy ozone. Figure 4 (upper panel) shows the ozone destruction
over the northern daylight (left) and the southern night (right) polar regions, according
to model calculations [40, 46].

As the figure shows, the reaction of the ozone in the daylight and night regions
is basically different. Over the daytime area, the destruction is strong (ozone in the
mesosphere is completely destroyed), but ozone quickly recovers after SPE end in the
presence of solar radiation (during polar day). Over the unlit area the ozone demonstrates
only small depletion, without recovery.
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Puc. 4. VI3meHeHns KOHIIEHTpanuy 030Ha (B %) B CeBEpHOH (cl1eBa) U I0KHOI (CIIpaBa) HOJSIPHBIX
obnactsix B xoze coosrtust 14 urons 2000 r. cortacHo MoaenbHbIM pacueram (CHARM) (Bepxmwmit
psin) u o nanHbeM n3Mepennit Ha cimytHike UARS (mpnbop HALOE) (mwkuuit psn) [40]
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Fig. 5. Total ion production for the most powerful solar proton events (SPE) during 23" solar cycle
at latitude 70° N [44]

Puc. 5. KonmaecTBo noHOB, 00pa30BaHHEIX B cTo0e arMocdeps! Ha mmpote 70° N, Bo BpeMst Hau-
Gosiee MOITHEIX MPOTOHHBIX coObITHH (SPE) B 23-M 1MKiIe conHeuHOH akTUBHOCTH [44]
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The availability of the satellite measurements covering the SPE period in July 2000
made it possible to compare the model results with experimental data. Figure 4 (lower
panel) shows the results of data processing of the HALOE instrument installed on-board
the American UARS (Upper Atmosphere Research Satellite) satellite, which measured
ozone in the high latitudes of the northern hemisphere during the solar flare. The difference
in the ozone content at 680 N between July 15, 2000 (the time of the outbreak) and July
12 (there is no outbreak yet) is shown. The experimental data and the model calculations
demonstrate strong (90%) destruction of ozone in the summer mesosphere, the divergence
in the scales of the graphs on the upper and lower panels should be taken into account.
(Unfortunately, comparison of experimental and model results for the night polar region
proved to be impossible due to a lack of experimental data). Therefore, strong solar proton
events can significantly influence the ozonosphere in the sunlit polar region.

All proton events occurring in the course of the 23" solar cycle were analyzed in
[44]. Figure 5 illustrates the total ion production for different SPE with three outstanding
events, the Bastille Day Event among them. Thus, the conclusion is made that the effect
of the solar particle influence should be taken into account if one is to understand correctly
the variability of the polar ozone.

3. Ozone depletion in the Antarctic and solar UV irradiance

3.1. The quasi-biennial oscillation (QBO) and the 11-year solar cycle

The quasi-biennial oscillation (QBO) is an alternation of zonal wind direction which
is observed along the whole equator in a latitude belt with a half-width of £12° in the
stratosphere at pressure levels from ~100 hPa (~16 km) to ~3 hPa (~40 km). As generally
accepted, the wind QBO is driven by a broad spectrum of waves, which interact with
a background flow, causing a gradual alternate descent of westerly (eastward) and easterly
(westward) wind regimes. The QBO is one of the main features of the general circulation
in the Earth’s atmosphere and the dominant source of interannual variability of large-scale
dynamical processes and distribution of ozone and other trace gases not only in the tropics
but also at the middle and high latitudes [47].

Apparently one of the most important effects of the QBO is the modulation of the
solar influence on the Earth’s atmosphere. An essential aspect of this issue is a proposed
11-year solar cycle modulation of the QBO itself [48], in particularly of the QBO period.
Earlier results reported an anti-correlation of the QBO period with the solar cycle. However,
later studies with a larger available data set showed instability of the correlation that can
change in time [49]. However, despite the lack of a clear relationship of the QBO period
with the 11-year solar cycle, a relationship of the QBO with solar activity variations at
other periods cannot be ruled out. Indeed, Gruzdev et al. [50] have found a statistical link
for the wind QBO and solar UV variations of the quasi-biennial time period.

3.2. The seasonal features and prediction of the QBO

As the QBO is a regularly repeated feature of the atmospheric circulation, it can
be useful in predicting the inter-annual variations of different phenomena on long-time
scales. However, for this, a forecast of the QBO itself is required first. At present, the
model predictability capacity of the QBO is limited to one-two years. Correlation scores
with observational data exceed ~0.7 at a time lag of up to ~12 months, and then the level
of predictability decreases [51]. This indicates that the present understanding of the QBO
changes is not complete. For example, no agreement was found between the models
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Puc. 6. I3mMeHeHnst BEICOTHOTO YpOBHS (YPOBHSI JaBJIEHHs) CIYCKAIOIIETOCS! CABHTa BOCTOYHOTO
BETpa B TEUCHHUE €T0 MOJTHOTO cIrycka oT ~10 1o ~70 rlla, momydeHHbIe IO €XKeTHEBHBIM JaHHBIM O
BBICOTHBIX TIPOQUIISIX CKOpOCTH BeTpa: a) HioHb 2006 1. — nexadbpb 2007 r.; b) ntors 2008 1. — HIOHB
2010 ; ¢) mexabps 2010 1. — nexadpp 2012 1.
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[52] in their predictions of the long-term changes of the QBO cycle period (a possible
shortening or lengthening) in response to the future global warming. Apparently, this is
due to differences in the representation of the basic processes driving the QBO in each
model. Also, an incompleteness of the current knowledge of the QBO was demonstrated
by an unexpected anomaly of the QBO in 2015-2016, which was observed after ~60
years of very regular behavior [53]. This anomaly had not been predicted by weather
centers and is inexplicable in the framework of the classical commonly accepted theory
of the QBO generation [47].

Seasonal dependence is an important characteristic of the QBO, which can be used
for forecasting. It has been known for a very long time, but has not yet been explained. In
earlier works the seasonal features were studied using monthly data of Freie Universitét
Berlin (hereafter FUB data) [54], and results have showed only a seasonal modulation (but
not an exact synchronization) of the QBO. In our recent work [55], the descent rate of
the easterly (E) and westerly (W) wind regimes was examined using daily or twice-daily
observations from the Integrated Global Radiosonde Archive (IGRA) [56—57]. This study
shows features that cannot be found from the monthly FUB data. Using pressure level
changes of the E-wind shear, which marks the lower edge of the descending E-regime,
a stepwise descent of the E-wind with alternation of intervals with a faster and slower
descent rate in the full range 10-70 hPa was clearly demonstrated (Figure 6). Furthermore,
the switching between different descent rates is very sharp and is observed near solstices
and equinoxes. The easterly wind descends faster from equinox to solstice, while from
solstice to equinox the descent rate is lower and is often near zero or even negative (a stop
or ascent). Also, the beginning of the easterly at ~10 hPa and its ending near ~70 hPa are
related with the solstices.

The study of all the 16 descending E-shears (using all available data in the 1977-2015
time interval, i.e. before the QBO anomaly in 2015-2016) showed that only three variants
of changes in time are possible, depending on the time of the initial appearance of the
E-shear at ~10 hPa and the whole time of its descent to ~70 hPa. Fig. 6 shows examples
for each variant, and the scheme in Fig. 7 indicates the sequencing of the seasons, which
resulted from the above seasonal links of the E-shear accelerations/decelerations. Every
descent lasts either 6 or 8 seasons between appropriate solstices. The 6-season descents
are limited between June and December solstices, the 8-season descents may be limited
between either December solstices or June solstices. Also, the interval between the end
of the previous E-shear at ~70 hPa and the appearance of the next E-shear at ~10 hPa is
always equal to two seasons. The appearance of the W-shear at ~10 hPa is always observed
one-to-three seasons before the end of the E-shear descent at ~70 hPa (Figures 6 and 7).
But the W-shear, irrespective of the time of its appearance at ~10 hPa, always completes
its descent near ~70 hPa simultaneously with the appearance of the next E-shear at ~10
hPa, and this occurs near the solstice in June or December.

Consequently, seasonal alignment of the QBO seems to be primarily associated with
the seasonal regularities of the E-regime descent. The sharp changes of the descent rate of
the E-wind near equinoxes and solstices are especially evident in the layer 20-50 hPa, and
they can be clearly determined using even the monthly FUB data. The E-wind deceleration
in the layer 20—50 hPa was earlier named stagnation stage, and the determination of the
QBO period as an interval between the beginnings of the successive stagnations was
suggested [58]. In this case, the QBO cycle must always begin near the solstice (in
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the maximum ATOZ (the arrows below the profiles) and scenarios of the QBO cycles; €) the mean
ATOZ variations at latitudes from 5°S to 5°N for three type of the QBO wind descent. The grey bars
indicate the standard error of the mean.

Note that the times of the ATOZ maxima correspond to the end of the W-shear at 70 hPa (W70) and the simultaneous
beginning of the subsequent E-shear at 10 hPa (E10)

Puc. 7. Cxema ompe/ieneHust BpeMEHHBIX HHTEPBAJIOB C HICHTUYHBIMH M3MEHEHHUSMU CITycKOB E- 1
W-casura Betpa KJ1O, ko KJ1O u nsmenennii ATOZ. @) nocinenoBarebHOCTL Ce30HOB; b) ciry-
cku E- (xpacubiif) 1 W-caBura (CuHMIA); ¢) BBICOTHBIE MPOGMIN CKOPOCTH BETPA ISl HEKOTOPBIX
MecsIeB, OOJIbIINE YEePHBIC KPY)KKH Ha MPOQUIAX YKa3bIBAIOT YPOBHHU CIBUTA BETPA; d) MOMEHTHI
makcuMyMoB ATOZ (ctpenku nmox npodmnsmu) u cueHapun mukio KJO; e) cpennne Bapuanun
ATOZ na mmpoTtax ot 5° 1o0. m. 10 5° c. m. s tpex Tumos cimycka Berpa KJO. Cepsle monocs
YKa3bIBAIOT CTAHIAPTHYIO OIIMOKY CPEIHEro.

O6parurte BHHMaHHE, MOMEHTHI MakcuMyMoB ATOZ cooTBeTcTBYIOT OKOHYaHHUIO crycka W-casura Ha 70 rlla
(W70) 1 omHOBpeMEHHOMY Hadaily ciycka nocienytomero E-capura na 10 rlla (E10)
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January or July from monthly FUB data) and its period turns out to be equal to 24, 30 or
36 months. In Fig. 7b, the stagnation stages are marked by black lines along the red lines
for the E-shear, and Fig. 7d specifies possible scenarios of the QBO cycles.

Note that it is commonly believed that the QBO period varies irregularly in the
range from 17 to 38 months, with the mean value being about 28-30 months. However,
the discretely varying period of the QBO cycle, resulting from the seasonal regularities
of the E-regime descent, allows long-term QBO prediction [59—61]. The duration of the
forecasting depends on the scenario of the QBO. For example, at the beginning of the
24-month scenario of the QBO cycle the prediction is possible for the next 2 years, but
at the beginning in January of the 30-month scenario the prediction is possible for the
subsequent five years interval because the 30-month QBO cycle with the beginning in
January is always followed by a 30-month QBO cycle with the beginning in July.

3.3. The dependence of the QBO on the solar UV irradiance

The coupling of the easterly descent with seasons indicates that the equinoxes and
solstices are key moments for a sharp change in the rate of the easterly descent. As is
well known, the solar UV radiation, due to the absorption by ozone, affects the ozone and
temperature fields in the equatorial stratosphere, but apparently the changes from solstice to
equinox must be opposite to that from equinox to solstice. Thus, the seasonal variations of
solar UV can cause an abrupt acceleration/deceleration of the easterly descent near equinoxes/
solstices. Furthermore, the changes of the solar activity, and, correspondingly, the solar UV,
at time scales of the QBO cycle period can be a source of a variety of scenarios of the QBO
cycles, depending on the duration of the E-shear descent (Figs. 7b and 7d). The difference
between the 6- and 8-season descents of the E-shear, which start both at ~10 hPa near the
June solstice (Figs. 6a and 6b), is caused by various descent rates. In all the cases observed
in 1977-2015, the height of the E-shear two seasons after the beginning of the E-descent
(near the December solstice) was higher in the 8-season descents as compared with the
6-season. Moreover, from the December solstice to the March equinox, the ascent of the
E-shear zone was observed in all the 8-season descents (as in Fig. 6b) [55].

A study of the solar UV in the course of the E-descents of a different duration was
carried out using the Bremen Mg II composite index [62, 63], which is commonly used
as a proxy for the solar UV irradiance. The long-term and short-term variations were
removed from the original time series of the Mg II index by calculating a deviation of
the 55-day running mean from the 360-day running mean. The resulted normalized AMgII
index was used to determine the average UV changes coupling with the E-shear of the
different descent rate and, correspondingly, the different duration.

Figure 8 shows the AMgllI in the first year of the E-shear descents from 10 hPa
to ~30 hPa. The main differences between 6- and 8-season descents, mentioned above,
are apparently observed under opposite changes of the AMglI. Since the solar irradiance
decreases (increases) from equinox to solstice (from solstice to equinox), a faster (slower)
descent of the E-shear is observed under the condition of the decrease (increase) in the
UV irradiance. Therefore, the additional increase in the UV irradiance due to the solar
activity variations (blue line for the 8-season descent) decelerates the fast descent in the
interval from equinox to solstice and changes the slow descent to ascent in the interval
from solstice to equinox. And vice versa, the additional decrease in the UV irradiance due
to variations of the solar activity (red line in Figure 8 for the 6-season descent) accelerates
E-shear descent and therefore lowers the pressure level of the E-shear compared to the
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Puc. 8. Bapnanuu comueunoro YO-m3nydenus (nanekca AMgll) B Tedenue mepBoro roza cirycka
E-cnBura or 10 rlla no ~30 rlla. KpacHble 1 cuHMe JTUHUM TIOKa3bIBAIOT 6- U 8-CE30HHBIE CITYyCKU
E-CIIBI/IFa COOTBCTCTBCHHO

level in the 8-season descent. Hence the solar seasonal UV variations may be responsible
for the stepwise E-descent with a sharp acceleration/deceleration near equinox/solstice,
while the solar UV variations due to solar activity changes may cause the differences in
total duration of the E-wind descent, and, accordingly, in the type of scenario of the QBO
cycle (24- or 30-month scenario). A complete explanation of this relationship will require
modeling experiments and comparison with observations.

3.4. Forecast of spring ozone depletion (ozone hole) in the Antarctic

The quasi-biennial oscillation of the total ozone (TOZ) over the tropics is produced due
to the vertical transport of ozone by a secondary meridional circulation induced by the QBO
of the zonal wind. The descent of the W-shear (E-shear) is accompanied by the downward
(upward) motion of air masses, and, as a result, by a growth (decrease) in the TOZ [47].
A detailed analysis of the satellite daily deseasonalized TOZ (ATOZ) data over the course
of 15 complete wind QBO cycles, using the above mentioned seasonal features of the wind
QBO, convincingly showed some new important seasonal properties of the equatorial ozone
QBO [64]. Maxima of the ATOZ variations (Fig. 7€) are definitely observed near the solstice
months (June or December), which are linked with time moments when the W-regime reaches
~70 hPa and the E-regime appears at ~10 hPa, which occur at the same time (Fig. 7b). This
relation leads to the recurrence of the ATOZ maxima every 2 or 2.5 years. The red, blue and
green lines in Fig. 7e depict the ATOZ variations that are associated with the E-shear descents
of different duration: the 6-season descent, and 8-season descents beginning near June and near
December solstices, respectively. But the times of the minima of the ATOZ are less obvious
due to the W-wind appearance at ~10 hPa under the condition of the unfinished descent of the
E-wind. The coupling of the wind QBO with the TOZ indicates the possibility of forecasting
the equatorial TOZ variations based on the predicted wind QBO [64]. Similarly, forecasting
other various processes/parameters, for which the dependence on the QBO is identified, is
possible, based on the long-term forecast of the wind QBO.

For example, it is very important to predict the intensity of spring ozone depletion
(ozone hole) in the Antarctic. The ozone hole is observed annually, however it is
characterized by strong year-to-year fluctuations of some characteristic, such as the TOZ
decrease, ozone hole area, polar vortex power, ozone mass deficit and others. The ozone
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Fig. 9. Comparison of the model and actually observed fluctuations of the ATOZ in November in the
south polar region (70-80)° S in 1979-2018

Puc. 9. CpaBHenne MoJenbHBIX U pakTHIecKu HaOmogasmmxcst Bapuarii ATOZ B HosiOpe B roxHON
nossipHO# obmactu 70-80° ro. mr. B 1979-2018 .

hole is formed due to the complex influence of photochemical and dynamical processes.
The increased concentration of ozone-depleting substances in the atmosphere causes
a long-term negative trend in the TOZ. But year-to-year fluctuations are coupled with
dynamic processes and, hence, are modulated by the QBO [47]. Therefore, the year-to-
year fluctuations prevent the determination of the trend direction in recent years, and their
forecast allows the identification of the natural causes of variations and the assessment
of the trend due to anthropogenic factors. The forecast of ozone hole fluctuations, for
example the TOZ, is based on an empirical model of the interannual fluctuations for the
QBO cycles of different scenarios. The model is the average ATOZ variation for each
type of the QBO scenario, and it is determined from experimental data over a long time
interval. On the basis of the model obtained, having a long-term forecast of the QBO one
can predict the ATOZ changes for the same period. Figure 9 shows a comparison of the
model and actually observed fluctuations of the ATOZ in 1979-2018.

4. Influence of the geoeffective solar wind on atmospheric processes

4.1. Distinctive features of the atmospheric circulation in the Antarctic

Katabatic winds are an exceptional feature of the atmospheric circulation in the
Antarctic. The katabatic wind regime (Figure 10a) is a powerful drainage stream of
near-surface air masses flowing from the ice dome (where the stations Vostok and Dome
C are located) to the coastline [65]. This drainage is caused by negative air buoyancy
supported by severe radiation cooling of the atmosphere on the ice sheet surface (due to
long-wavelength radiation). The spatial structure of katabatic winds is one of the most
stable atmospheric phenomena on the Earth [66]. The Coriolis force (determined by the
Earth’s rotation) deflects the descending air masses in the west direction, as a result the
circumpolar vortex is formed at the coast line.

The powerful drainage stream permanently generates the deficiency of air masses
at the Antarctic ice dome. This deficiency is compensated at the expense of air masses
coming to the near-surface layer from the troposphere. As a result, a large-scale system
of the vertical (meridional) circulation is formed above Antarctica [67]. The system of the
vertical circulation (Figure 10b) includes a drainage of the air masses along the slope of
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Fig. 10. The katabatic wind regime in Antarctica: a) conceptual scheme of the vertical mass circulation
forced by katabatic winds [67]; b) drainage pattern of near-surface katabatic winds, red points mark
the location of the inner-continental staions Vostok, Dome C and South Pole

Puc. 10. Cucrema xarabaTn4eckux BEeTpOB B AHTApKTHKE: &) KOHLENTYyalbHAs CXeMa [UPKYISALHUN
BO3JIYIIHBIX MacC Hajl AHTapKTHKOM [67]; b) cxema pacnipe/iencHust KarabaTnuecKuX BETPOB (M30ITH-
HHH JJABJICHN) B IPU3EMHOM CJI0€ AHTAPKTUKH, KDACHBIMU TOYKaMH OTMEYEHO MOJIOKEHHUE CTAHLIUN
Boctox, Kynon C u FOxusrii [Tomroc

the ice sheet, an ascending flow near the coast line, a return movement in the lower and
middle troposphere, and a descending flow above the tops of the ice dome [67, 68]. The
air mass coming from the troposphere to the near-surface layer gets warm adiabatically,
whereas the air mass situated on the ice sheet is subjected to a constant radiation cooling (as
a result of the long wavelength radiation). These processes maintain the thermal equilibrium
in the winter atmosphere. Propagation of the katabatic winds from the Antarctic ice dome
is a phenomenon that involves the entire southern hemisphere [69].

4.2. Solar Wind influence on the atmospheric processes in the winter Antarctic

Initially the cloudiness above the Antarctic ice dome was associated with the Forbush
decrease of galactic cosmic rays during disturbed periods [10, 12]. However, a study of
the cloudiness above the station Vostok (Antarctica) in the absence of Forbush decreases
in the years of the solar minimum (1974—1977 and 1985-1987) showed that the cloudiness
alterations were associated with the interplanetary magnetic field (IMF) Bz component [70].
The behaviour of cloudiness was examined by the data of radiation balance measurements
and visual man-made observations in relation to all negative (AB, < —1nT) and all positive
(AB, > 1nT) daily IMF B, deviations. The rise of negative B, was followed by the
cloudiness growth and by the appropriate warming at the ground layer (altitude 3.45 km
above sea level at Vostok), whereas the rise of positive B, was followed by the cloudiness
decays and the appropriate cooling. The maximum effect is observed in the day of negative
Bz deviation or on the next day: the temperature at the ground level (lower panel) increased
according to the cloudiness growth. It means that the cloudiness above Vostok is related
to the IMF sign and, therefore, to the solar wind electric field affecting the magnetosphere

E,, = Vg, (B,*B,)"*sin(@/2) [71],

where V is the velocity of the solar wind, B, and B, are the IMF components, and © is
the angle between the IMF transverse component and the geomagnetic dipole.
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Fig. 11. Summary plot of the temperature changes AT at the stations Vostok and Dome C as a function
of the E | efficiency (left scale) [72]

Puc. 11. JInarpamma, moka3ssiBaromasi BpeMeHHOU X011 pocta temiieparypsl AT (mpaBast mikana) Ha
crarnmsax Bocrok n Kynon C B 3aBucuMocTd 0T BenuuuHbl ons E, | (ieBast mxana) [72]

Sudden warmings are another extraordinary phenomenon sometimes observed in the
winter season in Central Antarctica, when the temperature on the ground level increases up to
10-15°C over some hours. As analysis [72] showed, these sudden warmings are also related
to a strong increase in the solar wind electric field E,, . Figure 11 shows a summary plot of
the temperature changes AT (°C) at the stations Vostok (upper panel) and Dome C (lower
panel) as a function of the E, ; value (left scale) over 72 hours after the E,, maximum moment
(T,), which is marked by the dash vertical line. Red color density indicates the warming rate.
The warming at the Vostok and Dome C stations starts when the interplanetary magnetic
field (IMF) is southward for a long time (> 12 hours) and the solar wind electric field E,
effect steadily grows. The longer the electric field exposure (and the higher electric field
intensity), the greater is the temperature deviation and the shorter is time delay between the
key moment and the temperature change. Thus, the long influence of the intense electric
field (E,, > 10mV/m) on the Earth’s magnetosphere results in the cloud formation and the
sudden warming at the stations Vostok and Dome C, located at the top of the Antarctic ice
dome. As this takes place, the station South Pole, located outside of the ice dome top (see
Figure 10a), does not display these changes.

Figure 12 demonstrates the response of the temperature (left) and atmospheric
pressure (right) above the Vostok station (2 = 3.5-20 km) to variations of the solar
wind electric field (taken in the form Eg, = V-(-B,)) [73, 74]. The analysis was based
on the data of daily aerological measurements at Vostok in 1978-1992, the day with
a maximum E_, deviation (@) or a minimum E_, deviation (b) was taken as a zero day,
the temperature (or pressure) profile for the 1% day preceding the zero day being taken
as the level of reference for all the succeeding days. In the case of the negative electric
field leap (AE,, < 0), the atmosphere in the ground layer (2 = 3.45-3.5 km) gets warm
within 1-2 days, but the atmosphere at altitudes of more than 10 km becomes cool. In
the case of the positive electric field leap (AE, > 0), the atmosphere in the ground layer
(h =3.45-3.5 km) becomes cool, but the atmosphere at # > 10 km gets warm. It implies
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that the temperature at altitudes 2 = 5—10 km remains invariant under the influence of
the varying electric field. The atmospheric pressure above Vostok (2 = 3.5-15 km) also
responds in the manner opposite to the negative and positive Esw deviations: the negative
leap in E_, is followed by an increase in the atmospheric pressure, the positive leap in
E,, is followed by a decrease in the atmosphere pressure in the 1*and 2" days.

The conclusion made in [75, 76, 77] is that these phenomena are related to the vertical
atmospheric circulation acting in the Antarctic in the winter season (see Figure 10). The air
masses coming to the near-surface atmosphere from the troposphere, get warm adiabatically,
whereas the air masses situated on the ice sheet are subjected to the constant radiation
cooling due to the long wavelength radiation. These two processes maintain a thermal
quasi-equilibrium in the winter atmosphere. A cloud layer is an efficient backscatter for
the long-wavelength radiation going upward from the ice sheet, but it does not affect
the air masses coming from above and their adiabatic warming. The reduction of the
radiative cooling (because of the cloud layer) should result in a warming of the atmosphere
below the cloud layer and a cooling of the atmosphere above the layer. The experimental
data indicate an acceleration of the descending air masses at # = 5 — 12 km in response
to the negative AE_ leap [74]. As aerological measurements above the Vostok station
demonstrate, this acceleration is followed by an atmospheric pressure increase at # < 10
km. The increase in the pressure above the ice dome top will strengthen the katabatic
winds flowing along the ice sheet slope to the coastline.

If the descending air masses velocity exceeds the crucial level, the Coriolis force is
unable to provide the westward deflection of katabatic winds. As a result, the circumpolar
vortex decays and the “regular” easterlies, typical of the coast stations during the winter
season, are replaced by “anomalous” southerlies. Figure 13 shows directions of the regular
and “anomalous” winds above Antarctica. The regular winds at the Vostok station are
winds with a low speed (V < 6 m/s); the anomalous winds are winds with a higher speed
(V > 6 m/s). The regular katabatic winds at the coast stations are winds with azimuths
in the range of 60-120°, whereas the winds with azimuths near 180° are regarded as

270

Tie00
Fig. 13. Regular (black) and anomalous (red) winds in the winter Antarctica [70]

Puc. 13. Pacnipenienenue peryssipHbIX (4e€pHBIE CTPEIIKH) U aHOMAJIBHBIX (KPAaCHBIE CTPEIIKU ) BETPOB
B AHTapkruke [70]
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anomalous winds. The regular winds (marked by black arrows) at the Antarctic coast
form the circumpolar vortex, which is strongly related to the katabatic wind velocity
[78]. The anomalous winds (red arrows) blow away from the Antarctic coast toward the
equator. The relationship of the anomalous winds in the winter Antarctic to the IMF B,
component was examined in [70]. It was found that the anomalous winds are preceded for
1-2 days by a rise in the southward IMF B, amplitude. Not all anomalous winds seen at
Vostok are simultaneously observed at the coast stations: only when the strong southward
IMF (B, < -3 nT) lasts for more 3 days do the anomalous winds spread over the entire
Antarctica, and the cold Antarctic air masses rush into the Southern Ocean.

4.3. Mechanisms of the solar wind impact on the atmospheric processes

The solar wind containing the southward B, IMF component has a pronounced
effect on the magnetosphere by means of the electric field E ; and the corresponding
magnetospheric field-aligned currents (R1 FAC system). These currents, flowing into
the polar ionosphere at the dawn side and flowing out of the ionosphere at the dusk
side, produce the dawn-dusk voltage across the polar cap. This linkage is principally
ascertained and the quantitative relationship between the electric field E,, and the polar
cap voltage is well defined (see [71]). On the other hand, tropical thunderstorms provide
a constant potential difference ~ 250 kV between the ionosphere and the Earth’s surface.
This potential difference ensures the downward vertical return currents, which are the
most intense and variable in the polar areas (1-4 pA/m?) owing to the effects of the
cosmic and magnetospheric energetic particles [79, 80]. This is the way the global electric
circuit is realized. Actual changes of the atmospheric electric field observed at the Vostok
station represent the combination of the daily course of the tropic thunderstorms (so-
called Carnegie curve) and deviations affected by the solar wind electric field [81]. The
influence of the solar wind on the global electric circuit is well documented [24], but
the mechanisms of the influence of the global electric circuit on the cloud formation and
acceleration processes are not understood yet .

Strong increase in the southward (B,) IMF component (and the corresponding
increase in the geoeffective interplanetary electric field E, | ) brings into action two processes
in the winter atmosphere of the Antarctic. The first is the formation of the cloud layer
above the tops of the ice dome, where the air masses descend from the troposphere to the
near-surface layer in the central Antarctic. As a result of the radiative cooling reduction,
the atmosphere gets warm below the cloud layer and gets cool above the layer. The latter
is an acceleration of the air masses coming into the central Antarctic from the troposphere.
This process causes a sharp increase in the atmospheric pressure in the surface layer and
gives rise to a reconstruction of the wind system above the Antarctic and a collapse of the
circumpolar vortex at the periphery of the Antarctic continent. Propagation of the katabatic
winds from Antarctica is a phenomenon that involves the entire southern hemisphere
[69]. Thus, a significant rise of the solar wind electric field E,, has a crucial influence on
the atmospheric processes in the winter Antarctic and Southern Ocean, and affects the
formation of El-Nifio and other related phenomena.

4.4. Influence of the Antarctic anomalous winds on Southern oscillation
(El Nifio and La Nina)

ENSO is a cycle of climatic changes taking place in the tropical Pacific Ocean
with a periodicity of three to seven years, with the mechanism of the changes remaining
unsolved. Stable links between the Southern Oscillation and atmospheric processes in
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Antarctica were found in many studies [69, 73. 74, 82, 83]. It was shown [75] that the
anomalous winds (with azimuth ~190°) appear at the Antarctic coast in the 1-2 months
preceding the El-Nifio onset under the conditions of high magnetic activity (associated
with the southward IMF). Moreover, a seasonal regularity in the occurrence of the
ENSO events was revealed: the El-Nifio events, associated with long-lived negative SOI
deviations (> 3 months) were formed during the winter Antarctic seasons. Basing on these
experimental results, a hypothesis was put forward [75, 77] that the cold anomalous winds
forming in the winter Antarctic and blowing away from the Antarctic coast toward the
equator will strongly impact on the Antarctic Circumpolar Current pattern acting in the
Southern Ocean under usual conditions. As a result, the warm stream originating in the
Western Subtropical South Pacific (WSSP ) area will be deflected from the usual south-
east direction toward the equator resulting in the El Nifio formation.

CONCLUSIONS

The analysis of relationships between space weather agents and atmosphere
constituents brings us to the following conclusions:

— Changes in the lower stratosphere circulation affect the surface climate.

— Galactic cosmic rays are not the main factor controlling the planetary cloudiness.

— Intense solar proton events have a strong impact on the photo-chemical processes
in the polar areas and, correspondingly, on the atmospheric processes in the high-latitude
regions.

— Variations of the solar UV irradiance modulate the descent rate of the zonal wind
regimes in the equatorial stratosphere in the course of the quasi-biennial oscillation (QBO),
and, therefore, control the total duration (period) of the QBO cycle and, correspondingly,
the seasonal ozone depletion in the Antarctic.

— As a result of a drastic warming of the winter atmosphere above the Antarctic ice
dome, the geoeffective solar wind impacts on the atmospheric wind system in the entire
Southern Polar region, and thereby influences the dynamics of the Southern Oscillation
(ENSO) and other planetary atmospheric systems.

Thus, our experimental data show a strong influence of the space weather agents
and, correspondingly, solar activity on the Earth’s atmosphere and, consequently, on the
Earth’s weather. This raises a question: does solar activity determine the Earth’s climate?
The solar activity in the past can be estimated by the sun spots number (SSN), which is
closely related to such solar activity phenomena as solar flares and coronal mass ejections,
responsible for solar influence on the Earth’s atmosphere. Figure 14 (upper panel) shows
SSN variations according to the data of sunspot observations, which started in the late 16th
century. One can see an obvious 11-year cycle and the less pronounced ~100-year periodicity
in the variations of the solar activity. The deep minimum of solar activity, known as the
Maunder minimum, took place in 1640—1710. Then solar activity steadily increased up to
the end of the 20™ century, afterwards it started to decrease quickly. This regularity is very
likely to be a manifestation of a 400-years periodicity in the solar activity. If this is the case,
then in the near future we are in for a period similar to that of the Maunder minimum. What
will be the atmospheric response to these solar activity variations?

The climate history of the Earth is often reconstructed from a variety of proxies,
including ice cores, tree rings, and sediments. It should be noted that reconstructions based
on tree rings [84] and those based on other sources (see for example [85-87]) provide
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Fig. 14. Comparison of experimental data on the sun spots number (SSN) for 1600-2012 (a) and data

on Global Temperature for 02000 years (b) [86], the blue color marks the age of the solar activity
instrumental measurements

Puc. 14. ConocraBienne SKCIIepIMEHTAIBHBIX JaHHBIX 0 Yncie conHednslx msareH (SSN) B 1600—
2012 rr. (2) 1 1aHHBIX 0 II00AIBHOM TeMIepaType 3emitn 3a nocieasee toicsiyenerue (0-2000 rr) (b),
royOBIM I[BETOM OTMEUCHA SM0Xa HHCTPYMEHTAIBHBIX H3MEPEHHUH COTHEUHOH aKTUBHOCTH

different results. Figure 14 (lower panel) shows alterations of the global temperature
(the mean temperature over the Earth) for the period from 0 to 1995 [86]. One can see
that the global temperature over the last 400 years strongly follows the solar activity
variations: the global temperature was minimal in the 17th century, then two flat tops of
temperature were observed after 1750 and around 1850, after that, during the 20th century,
the Earth’s temperature steadily rose. It should be noted that the highest temperatures
were observed in the 9th and 10th centuries, when all technogenic emissions were non-
existent and, therefore, that global warming was not associated with technogenic emissions.
It means that variations of the global temperature could be due to non-anthropogenic
warming, i.e. they are natural phenomena related to solar activity changes. Summing up,
we have to admit that global climate changes in response to solar activity, and the latter
has demonstrated the tendency to decrease in the last 15 years. If this trend proves to be
steady (which will be clear in the next 5-10 years), then we will witness a global cooling
(like a second Maunder minimum) instead of a global warming!
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Bausinue KocMU4YeCKOil MOrobl HA 3eMHYI0 aTMochepy
(pacmupeHHblii pedepar)

TepMHHOM «KOCMHYECKasl ITOT0/a» Ha3bIBAIOT KOMIUIEKC SIBJICHUH M IPOLECCOB
B resinocepe, 00yCIOBIEHHBIX «COITHEYHOW aKTUBHOCTHIO» — HENPEPBIBHBIM, HO MEHSI-
IOIINMCS BO BPEMEHH U3JIyYCHHUEM COJTHEUHOH IIa3Mbl M 3JIEKTPOMAarHUTHBIX BOJH B KOC-
MHYECKOE MPOCTPaHCTBO. OCHOBHBIMH KOMIOHEHTAMH KOCMHUYECKOH MOTO/IBI SIBIISIOTCS:
BOJIHOBOE JICKTPOMAarHUTHOE N3Ty4eHHE, COTHEUHBIH BETep — IOTOK HU3KO3HEPTHIHON
COJTHEYHOH TTa3Mbl, 3Ty4aeMoi Bcell moBepXHOCThI0 COJHIIA, KOPOHAIBHBIE BHIOPOCHI
TUIA3MbI U BEICOKOCKOPOCTHBIE TIOTOKH, CBSI3aHHBIE C COTHEYHBIMHU AaKTHBHBIMU 00IACTIMA
(«BO3MYIIIEHHBIH CONHEYHBIH BETEP)), COITHEUHBIC U TaJlaKTHYEeCKNEe KOCMHYECKHE JIyqn
(TIOTOKM BBICOKOAHEPTUYHBIX IMPOTOHOB ¥ 3JICKTPOHOB ¢ »Heprueii E > 500 MaB).

BosHoBOE (CBETOBOE M TEIIOBOE) COIHEUHOE M3ITyUCHHUE ONPEACIISAET YCIOBUS KUZHA
Ha 3emJie, HO €ro M3MEHEHUs B CBSI3HM C COJIHEYHOM aKTMBHOCTBIO OYCHb HE3HAYNUTEIIb-
HBI ¥ IPUXO/ISATCSI B OCHOBHOM Ha Y®-0051acTh CIIEKTpa, 4TO 00yCIIaBIMBAcT BapHaLlMN
JIONITOTHO-IINPOTHOTO Pacipe/IeieHns 030Ha B 3eMHON atMocdepe. JHepreTHIeCKHi BKIIA
KOPITyCKYJIIPHOM pajrialiiy NPEeHeOPEKMMO MaJl IO CPAaBHEHHIO C BOJIHOBOW paauariyei,
HO OHA KPUTHYECKH MEHSET YCIIOBHS TPOXOXKICHUS BOJHOBOM paJualiyl 4epe3 aTMoC-
(depy ¥ CHIIBHO BapbUpYeT, ¢ IEPHOJMUHOCTBIO OT CyTOK JI0 COTEH JIET B 3aBUCUMOCTH
OT COJTHEYHOH aKTHBHOCTH. AKTyaIbHOCTb NCCIIEAOBAHMS TaKMX BapUalWil M X BIUSHUS
Ha aTMOC(EepHbIE TPOLECCHl CTAHOBUTCSI OCOOCHHO OYEBHUIHOW B CBETE MPOMCXOISIINX
B HACTOsIIIEE BPEeMsI INIOOATBHBIX KIMMAaTHUECKIX N3MEHEHHUH.

Kocmuueckne ydn COTHEYHOTO U rajlaKTHYeCKOTO MPOUCXOXKICHUS M BRICOKOIHEP-
TMYHBIE 3JIEKTPOHBI MAarHUTOC(HEPHOTO POUCXOXKICHUS 3eMIIH, IPOHUKAIOIINE B 36MHYIO
armocepy, HOHU3YIOT HEHTpallbHbIC MOJIEKYIIBI 230Ta U BOIOPO/IA, CO3/1aBasi XAMUIECKN
aKTUBHBIC OKHCIIBI a30Ta U BOJIOPO/IA, KOTOPBIE pa3pyllaroT aTMoc(hepHbIii 030H. B 3aBucu-
MOCTH OT SHEPTHH YaCTHII, KOTOPas ONpeeiseT NTyOHHy UX TPOHUKHOBCHNUS, HOHU3AIHS
IIPOMCXOANT Ha BBICOTaX Me30C(epsl I cTparocdepsl. IMEHHO 3TOT MEXaHU3M COJI-
HEYHO-aTMOC(EPHBIX CBA3CH 0OBACHACT MEKIOJ0BYI0 H3MEHUYMBOCTD COJICPKAHHS 030HA
B ITOJIAPHBIX 0OnacTsx. MccaenoBanus, BHITOIHEHHBIE B paMKaX MEXKITyHapOIHOTO ITPOEKTa
HEPPA (High Energetic Particle Precipitation in the Atmosphere), B KOTOpoM pUHIMAITH
yuactue npeacrasurenu 10 crpan, Bkimodas Poccuio, mo3Bonmimm nepeidT K MOJIEIbHBIM
pacdeTaM BO3/ICHCTBHS YAaCTHUI] COJTHEYHOTO ITPOUCXOXKICHHS Ha aTMOC(epy, OCHOBAHHBIM
Ha 9KCTIEPUMEHTAIBHBIX CITyTHUKOBBIX JAHHBIX O COAEPYKAHWHM 030HA U JPYTUX MAaJIbIX
ra30BBIX COCTABISIOMMX arMoc(depsl. B mocieanue roxsl poCCHHCKUMHN YIEHBIMH ObLIH
CO3/1aHbI TI00AIbHBIE (POTOXUMHUYCCKUE MOJICIH, BKIIIOUAIOIINE XUMHUCCKUE PEaKINn
MOHHOHM XMMHH, YTO TIO3BOJISICT U3Y4NTh Bo3AelcTBre Bembimek Ha ConHie Ha obnactn
D u E monspHO# moHOC)EPHL.

Wonsl, reHepupyeMble B aTMOC(epe 1oJ] BO3ACHCTBHEM 3apsSHDKEHHBIX YACTHUI], YBe-
JIMYUBAIOT CKOPOCTH 00pa30BaHMS sA€p KOHACHCALIUH adPO30JIeH, UTO ONpPEACIISCT TaKue
KIIMMaTHYeCKUe TIOCIIEICTBHS, Kak (popMHpOBaHNE 00JaYHOCTH, IIMKJIOHMYECKAsl aKTHB-
HOCTb, aTMOc(hepHast TUPKyIsIust. [TomydeHHbIe SKCIIEpUMEHTAIbHBIC JaHHBIC CBUJICTEIb-
CTBOBAJIM O BIIMSIHUHM MEHSIOIIETOCS KOPITyCKYJISIPHOTO M3Ty4EHHs Ha IOTOIy M KIIMMAT,
Ha 00JIAYHOCTH B BEPXHEM spyce arMocdepsl, Ha TeMIIepaTypy MOJSIPHOI Tporocdepsl,
Ha TI00AbHYIO 00Ja4HOCTh M HAa 0OIAYHOCTH B HIDKHEM sIpyce arMocdepsl.

YHHUKaJIBHOCTh aTMOC(EPHBIX IPOIECCOB B AHTAPKTHKE, I7le HAIMYNE KOHTHHEH-
TaJBHOTO JIEISTHOTO KyIoJjia 00ecreunBaeT CTadMIbHYI0 CHCTEMY BEPTHKAIBHONW arMoc-
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(epHOI MpPKyISIIKK, oOecIieunBaeT BO3MOKHOCTh aHaJIN3a BO3JCHUCTBHSI HA aTMoc(epy
BO3MYIIEHHOTO COJTHEYHOT0 BeTpa (JUIMTEIbHOE BO3/ICHCTBIE MHTEHCUBHOTO MEXKILIAHET-
HOTO 351eKTpryeckoro most). [Tokasano, 4o BozzaeiicTBHE peaansyercs yepes ro0aIbHyI0
ANEKTPUYECKYIO 1IeNb U ONPEAEIISET PEXKUM aHOMAIBHBIX aTMOC(EPHBIX BETPOB B 3UMHEN
Amntapkruke. C pexMMOM aHOMAJIbHBIX aTMOC(EPHBIX BETPOB CBs3aHO (POPMUPOBAHUE
orpuuarensHoit ¢assl (Dnb-HuHbo) B cucreme roxHOM armocdeproit nupkyisiunun ENSO.
Cucrema ENSO sBnsieTcss camoi MOIIHOM TUIaHETapHOW CUCTEMOM Ha 3emiie, KoTopast
OIpEeeNIIeT HE TOJIbKO KIMMAaTH4eCKUil pexxuM B FOKHOM mosymapuu, HO BIUSIET U Ha
norojabie ycnousi B CeBepHoM nonyurapuu (cucrembl AO u NAO).
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Summary

The paper describes the GUSMP (North Sea Route Directorate) expert council session on the design of a powerful
icebreaker of 18000-24000 HP held on June 15, 1935 in Leningrad, based on the archive documents. Analysis of
the session materials sheds light on the state-of-the-art of icebreaker building in the mid-1930s. The standpoint
of academician A.N. Krylov as well as GUSMP administration is particularly interesting.

Keywords: icebreaker, ice performance, GUSMP, A.N. Krylov, “Yermak”, “Krasin”.
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BBEJIEHUE

Wmst BBIIAtOIIEroCs KOpabIecTponuTeNs, MEXaHUKa M MaTeMaTHKa akageMuka AJiekces
Huxonaesnuaa Kprutosa (1863—1945) mmpoko u3BecTHO B Hamlel crpaHe. ONUCcaHuIo ero
JKM3HEHHOTO ITyTH ¥ pa300py MOITyYEHHBIX UM HAyYHBIX PE3yJIbTaTOB ITOCBSIIEHO OOIBIIOEe
kommuecTBO paboT [1-3]. HemaBHO oTtMmeuaBmeecs 150-netre co qHS pOXKICHHUS YUCHO-
IO BBI3BAJIO TOSIBJICHUE HOBBIX PAa0OT, MOCBSIECHHBIX aHAIHM3Y €ro AesTeNbHOCTH [4-9].
Yacto nms A.H. KpbuioBa ynmoMuHaeTcst B pa3IMYHBIX HAyYHO-TIOMYIISIPHBIX W3AaHUSIX.
He cHkaromuiicsi ¢ TogaMu MHTEpEC K JIMYHOCTH M JieflaM akaJieMruKa oOyCJIOBJIICH HE
TOJIEKO MHOTOTPAHHOCTBIO €r0 HAYYHBIX HHTEPECOB, HO U OCOOCHHOCTSAMH €r0 He3aBHCH-
MOTO XapakTepa, JUTepaTypHbIM TAIaHTOM, B YeM KaXKJbIil UNTaTEeIIb MOKET yOeTUThCS,
ITO3HAKOMHUBIIHCE ¢ KHATOH «Mou BocriomuHaHus» [10], BeIICpKaBIICH OOIBIIOE KO-
YeCTBO U3JAHUM.

W3BectHbIil auTeparyposen akajgeMuk A.C. Opios B 1946 1. omy6imkoBan paboty
«Axanemuk A.H. Kppu1oB — 3HATOK H MOOHTENE pyccKoit peur» [11], B KOTOpoii B uncie
IIPOYEro OTMETHI 00pa3zHoCTh 1 aopuctHaHOCTh peun Kpputosa. A.C. OproB moquepku-
BAeT, YTO B NPAKTHKE HayqHOTO oOmeHnst Anekcell HukomaeBiy Beerna mpuaep:KuBajcs
IIpaBmIIa, KOTOpoe caM c(hopMyIHpoBai B ouepke o Bune-aamupaie C.0. Makapose, korna,
XapakTepu3yst ero padoThl, MOAYEPKHUBAI, UTO «JIETKOCTh (DOPMBI M U3IIOKCHUSI HE BPEIIHIIH
TyOWMHE MBICIIM M BEpHOCTH cyxaeHui» [12, c. 381]. OxHo u3 00pa3HbIX BBIpAKEHUH
A. H. KpsutoBa — «llapb-1e10K0/m» — 10 CHX IOp BCTPEYAETCs B Pa3INYHBIX HAYUHBIX
1 HAayYHO-TIOMYJISIPHBIX paboTax, MOCBSIIEHHBIX HCTOPHU W PA3BUTHIO JIETOKOIOCTPOCHHUS
B HaIIeH cTpaHe (cM., Hanpumep, [3, 13, 14] u ap.).

[IpakTnyeckn Bo Bcex paborax roBoputcs, uto A.H. KpbiioB Ha ogHOM M3 co-
BEIIaHWH HMCIIOJIb30Ba]l 00pa3HOE CpaBHEHHUE IPEJIT0IaraéMoro K MpoeKTHPOBAHUIO
1 CTPOUTENBCTBY Jiefokoia ¢ «llape-mynikoit» u «Ilapb-Kkomaokonom», Ha3BaB ero «Llapb-
JIeI0KoJIOM». JlaTa IpoBEeHNsI COBEIIAHMS U €ro MOAPOOHOCTH Yy BCEX aBTOPOB OITH-
CBIBAIOTCS IO-PA3HOMY, TaK YTO CO3JAETCs BICUYATICHHE O KAKOM-TO CHIIBHO MH(]OIIO-
THU3UPOBAHHOM COOBITHH. TeM He MeHee B LIeHTpasbHOM rocylapcTBEHHOM apXuBe
Hay4uHO-TexHH4YecKkoi nokymenTtamun Cankr-IlerepOypra (ITAHT/L CII0) conepxurcs
JOKYMEHT, 03arIaBiIeHHbIN « CTeHOrpauuecKuil OTUET 3aceqaHus SKCIEPTHOTO COBETA
I'VYCMII (I'maBHoe ynpasinerne CeBepHOro MOPCKOTO IyTH) 110 0OCYKICHHIO TPOEKTa
MOIIHOTO JieZioKona B 18—24 Teic. JI. ¢.» U comepxamuii 56 muctoB [15] (manee B TekcTe
P IUTHPOBAHUH ATOTO APXHMBHOTO JIeJla B KPYIIIBIX CKOOKAX YKa3bIBacTCS JIMCT JEJa).
Coseuranue cocrosuiock 15 utonst 1935 r. B Jlenunrpaze.

PABBUTHUE JIEJOKOJOCTPOEHUSI B CCCP 10 HAYAJIA 1930-X 'O1OB

[Mpexe 4yeM aHaIM3UpOBaTh CTEHOTPAMMYy COBEIIAHHMSI, HEOOXOIMMO JaTh HEKOTOPhIE
MOSICHEHHSI O COCTOSIHUHU pa3BuTHs JenokonoctpoeHus B CCCP B paccMaTprBaeMblii TepHOT.
OcrTaBinsis B CTOPOHE BOIPOC O TIPHOPHUTETE B CO3aHUM MEPBHIX JIeJOKOJIOB B EBpore,
OTMETHUM, 4TO K Hauaiy llepBoii MupoBoi BoHBI Poccust umena 10CcTaTo4HO pa3BUTHIN
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neokonbHbIN (uiot [16]. B ero coctas Bxoaui nepBbiid B Mupe Jiegiokoa «Epmaky, npen-
Ha3HA4YEHHbIH IS OKCIUTyaraluu B ApKTuke. B roapl BoiHBI B AHIIMU OBUI MOCTPOCH
Y BBEJICH B CTPOI CaMblil MOIIIHBINA B TO BpeMsl JieoKos «CBsITOrop», B OyayIieM 3Hame-
nuthiid «Kpacun». B konne XIX — navane XX B. OblIM BBIIOJIHEHBI TIEPBBIE IKCIEPH-
MEHTAJIbHBIE ¥ TEOPETHYECKUE HCCIIESI0BaHUs JISAOKOIBHOM CIOCOOHOCTH Cy10B. bosbiioii
BKJIaJl B 3TH MCCIICJIOBAHUSI BHECIH POCCHIICKUE yueHble u nHxeHepsl: P.U. Pynebepr,
B.U. Adanacees, C.O. Makapos, A.H. Kpsuios u ap. [17, 18].

[Tocine peBomtoruu 1o Havaia 1930-x royos snenokonbHbli (ot CCCP He pa3BuBai-
cs1. Tem He MeHee OH MPOJOJIXKAJT AKTUBHO UCTIOIB30BaThCA B XO3SHCTBEHHOM AEATEIBHOCTH
Ha 3aMep3arolX akBaTtopusix. Vicropus HCHOIb30BaHHUS JIEJOKOJIBHOTO (JI0Ta B 9TH TOJIBI
B apKTHUYECKHX MOpsiX 1opoOHo onucana M.M. benosbiM B [19]. Tak e akTuBHO Jies1i0-
KOJIbHBIN (itoT Mcrosb3oBaics Ha bantuiickom Mope, oOecriedrBasi 3MMHIOI HaBUTAIMIO
B Jlenunrpanckuii Toproseiid mopt. HeoO0XoanmMo oTMeTHTh, 4TO Oiarofapsi SHTy3HazMy
ruaposora nopra B.W. Apnonba-AnsobeBa Ha bantrke B 20-X rojax mpoorKaluch Uc-
CJIeJOBaHUS OCOOEHHOCTEHN JKCIITyaTalluu JIEOKOJIOB U MX JIeJOBhIX KauecTB [20, 21].
MO)XHO KOHCTAaTHpPOBaTh, UTO K cepennHe 30-X ro0B MPOIUIOTO CTONETUS TPAKTUUECKH
OTCYTCTBOBAJIM TEOPETUUECKUE UCCIICOBAHUS U 0000IIEHHE OIIbITa IKCIUTyaTaluy Je0-
KOJIOB. B pacriopsikeHnu MpOeKTaHTOB HOBBIX CYAOB OBUIH JIMIIL ()OPMYIIBI JUISl pacueTa
JIEIOBOTO COIPOTHBIICHUS, noiny4deHHsle B.M. AdanaceeBbiM n P.U. PyneGeprom [22].
Ot GopMysbl HE TTOIXOAWIN JUIS NPOSKTUPOBAHHSI COBPEMEHHBIX CYJIOB U JIEJOKOJIOB.
dopmyna B.M. AdanacheBa 110 CBOCH CYTH SIBJISETCS SMIIUPUICCKUM 000OIICHAEM OIIbITa
SKCIUTyaTaliu JIEJOKOJIOB, MIOCTPOECHHBIX BO BTOpOoi nonoBuHe XIX B., MOIIHOCTb, BOO-
H3MEIIEHNE U Pa3Mepbl KOTOPBIX ObUIM CYLIECTBEHHO MEHbIIE, YeM 3HAYEHHS ITHUX XKe
XapaKTePUCTUK ISl MPEANONaraéMblX K MPOEKTUPOBAHUIO U CTPOUTEIBCTBY JIEAOKOJIOB.
Meron pacuera sieioBoro conporusienust PY. PyneGepra, siBsisich epBbIM B MUPE T€O-
PETUYECKHM METOJIOM, OYCHb HMPUOIMIKEHHO OIUCHIBAII XapaKTep JBHKEHUS JIeI0KoJIa
BO JIbJaX.

17 nexadps 1932 r. 0110 co3nano [aBHoe ynpasieHre CeBEpHOTO MOPCKOTO MyTH
Bo rmage ¢ O.10. Imuarom [23]. Oxaum u3 nepBeix HaunHaHuil ['YCMII crana opranunsa-
st CKBO3HOTO TuiaBanus nmo CesepHomy Mopckomy mytu (CMIT) mapoxona «UemrocKkuny.
Emie 10 oxoHYaHMSI YEIFOCKUHCKOM 3II0IIEU II0SBUIIOCH IIOCTaHOBIICHUE 1 TTaBHOTO yIIpaB-
JICHUS O CTPOUTENBCTBE JIEIOKOJIA MOIHOCTBIO 18 ThIC. JI. ¢. (TEeXHHYECKHE XapaKTepu-
CTHKH ITPOEKTHUPYEMOTO JI€I0KO0JIa IpHBeieHbI B paboTe [24]). O0 3TOM NHUIIET U3BECTHBIN
noJsipHbIi nccnenonarens H.M. EBrenos [25], a Takke oTMe4aeT B CBOEM BBICTYIUICHHU
Ha paccMaTpuBaeMoOM coBelaHuU 1935 I. pyKOBOIUTENH IPYIIIBI YIPABICHUS MOPCKOTO
u peunoro Tpancrnopra 'YCMII U.K. Cmoprounckuii (1. 3).

AHanu3 pe3ylbTaToB YETIOCKMHCKOM AIONEH MOKas3al, YTo JJIs TPaAHCIOPTHOIO
ocoenusi CMIT HeoOXOMMO CO3aHUE HOBBIX JIEJOKOJIOB U CY/JOB JIEJJOBOTO IUIABAHUSL.
B utone 1934 r. oo nocranosnerne CHK CCCP u IIK BKII(6) «O meponpusiTusix mo
pasButuio CeBEpHOT0 MOPCKOTO MYTH U CEBEPHOTO X03KUCTBay [26], HA OCHOBAaHUH KOTO-
poro pykoBoacteom ['YCMII Obuta nmocTapiicHa 3ajia4a CO31aHUsI COBETCKUX JICTOKOJIOB
MomHocTeIo 12 u 18-24 ThIc. 1. . Ilepen BeixogoM moctaHoBieHus B Mockse B CHK
CCCP cocrosnoch crieluaibHOe COBEIaHUE CYJOCTPOUTENEH U MOISIPHUKOB-YEITIOCKHH-
LIEB, HA KOTOPOM OOCY>KAAJIHMCh TEPCIEKTUBBI CO3JJaHus JISIOKOJIBHOTO (iioTa. MHorHe
aBTOPBI, KOTOPBIE YIOMHUHAIOT «L{apb-1e10K0m», OTHOCST MOSBICHHUE 3TOTO BBIPAKEHUS
HMMEHHO K 3TOMY COBEIIaHHIO.
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[Tocre mpuHSTHSI IPOrPaMMHBIX JOKYMEHTOB ObUIH Ha4yaThl IIPOEKTHBIE IPOPAOOTKU
NEePCIEKTUBHBIX CYJOB JUIS TUIABAHUS BO JIbAAX M JIEJOKOJIOB. [l HaOIroneHust 3a ITOH
JIeSITeIbHOCTBIO 1TpU [ J1aBCceBMOPITYTH ObLIa CO3[jaHa AKCIIEPTHAsE KOMUCCHUSI, KOTOPYIO
MHOT/Ia Ha3bIBAIN OIOPO DKCIIEPTOB 110 MPOSKTHPOBAHUIO U IIOCTPOMKE CYJOB JIEJOBOTO
TJIaBaHMS U JIEOKOJIOB. UneHnamu 3Tol komuccuu cranu akaaemuk A.H. Kpwiios, die-
Hel-KoppecnionaeHTsl AH CCCP 10.A. [llumanckuii u I1.®0. [TankoBud u MHOTHE Apyrue
BUJIHBIE CYJOCTPOUTEIH.

[TpoekTrpoBaHKEeM JIEIOKOJIOB 3aHUMasIach opranu3anust «Cynonpoexk». ITo Obuia
JIOBOJIbHO MOIIIHAsI IPOCKTHAsI OpraHu3aius, oopasoBanHas B 1925 r. moa Ha3BaHHEM
IleHTpanbHOE KOHCTPYKTOPCKOE OOPO MOPCKOTO cynocTpocHus. B okTsaope 1928 1. 6ropo
OBUIO peopraHu30BaHo B [ 0CynapCTBEHHYIO KOHTOPY I10 ITPOEKTUPOBAHMUIO cynoB — «Cy-
nompoekt». C 1929 . B opraHu3anuio BOIUIN CIIEIHATNCTHI 3aBOJICKMX KOHCTPYKTOPCKHUX
OrOPO, YKMCIIEHHOCTD TIepcoHaa Bo3pocia 10 600 yenorek. «CymornpoeKT 3aHUMAJICS IPO-
eKTUpOBaHUEM IpakTuuecku Beex cynoB B CCCP, Bkirouast kopaliiu a71si BOGHHO-MOPCKOTO
¢utora. B 30-e rr. B opranuzanuu padoTalid BeAyIINe CIEIHATUCTBI-TPOSKTUPOBIINKI
crpaunsl. [Ipoiiis psig nepeMeHoOBaHuU Or0po 1o/ HazBaHKueM «banTcynonpoexT» coxpa-
HWJIOCH 10 Hammx JHed. Celfdac OHO BXOTUT B cocTaB KpBIIOBCKOrO TrOCYJapCTBEHHOTO
HAay4YHOTO LIEHTPAa U 3aHUMAETCs, B TOM YHUCIIE, U IPOSKTUPOBAHUEM JICTOKOJIOB.

3ACEJAHUME SKCIIEPTHOI'O COBETA I'YCMII 15 UIOH# 1935 TOJA

3acenanne skcepTHOro coBeta ['YCMII cocrostmocs B Jlernnrpaze u ObU10 TO-
CBSIIICHO PACCMOTPEHMIO PE3YJIBTATOB NMPOCKTHPOBAHMS JIEJOKOJIA MOIIHOCTHIO 18—
24 TrIC. 1. c. K MoMeHTy mpoBeneHus coBemanus «CyqompoekToM» Oblia BBITIOJTHEHA
SCKH3HAS MPOpabOTKa MPOEKTa MOITHOTO JIGAOKOIA, MaTepPHaIbl ATOH MpopabOTKK OBLITH
pa3ociiaHbl OCHOBHBIM Y4acTHHKAM coBelIaHus. [1o cBoell CyTH COBEIaHnEe HOCUIIO SIPKO
BBIPKEHHBIN TEXHUUECKUH XapaKTep U MPeBapsiIo JPyroe COBEaHue, KOTOPOE JOJIKHO
6510 TIpOiiTH B MOCKBe Ha Ooiee BEICOKOM ypoBHE. BaXHOCTB 3acemaHus HKCIIEPTHOTO
COBeTa MOAYEPKUBAJIO ydacThe B ero pabore aByx pykosomuteneit ['YCMII C.A. Bepra-
BuHOBa 1 O.®. Kpactuna.

W3 nByx pykoBonuteneii 'Y CMII nanboee BIUATENRHOHN (pUTypoii OB, HECOMHEH-
Ho, Cepreit AnamoBud bepraBuHOB, KOTOPHIH ¢ 1934 T. 3aHMMAaN JODKHOCTH HAYaIHHHUKA
Honutnaeckoro ynpasnerns u 3amecturens O.10. lImuara. B mo6oit opranuzammm Toro
BPEMEHH MapTUIHBIE OpPraHbl 00Ia1ann JOCTaTOYHO OOJIBIIION aBTOHOMHEH OT PyKOBOJIUTE-
J1s1, TIPEJICTaBIIsIsl BTOPYIO BeTBb BiIacTh. buorpadus C.A. bepraBuHoBa THIIUYHA AJISI TOTO
BpemeHu. B 1917 1. BoceMHaaTHIETHIM IOHOIIEH OH BCTYIHJI B MAPTHIO U MIPHHAMAI
ydactue B [paxxmaHCKo#l BoiHE, SBISSICH BOGHHBIM KOMHCCApOM. 3aTeM ciyk0a B opra-
Hax BUK-TTIY, nanee mapruitHas paboTta, KOTOpas B OCHOBHOM IIPOTEKaJia B CEBEPHBIX
U JTAJIbHEBOCTOUHBIX perroHax. Ilociaeganm mectom ero padotel 6sut0 Ilomurudeckoe
ynpasinenue ['YCMII. B oxta6pe 1937 1. oH ObIT apecTOBaH M MOKOHYMII JKU3HB CaMo-
youiictBom B TIoppMe. B 1956 1. 6611 mocMepTHO peaOMINTHPOBAH.

Bropoii pykoBoANTETh — Ha4YaIbHUK yIPABICHHUS MOPCKOTO U PEYHOTO TPAHCIIOPTA
I'VCMII Dnyapn @pannesny Kpactun poxmics B 1895 1. (mo apyrum cBeneHUsSIM —
B 1898 1) B JInpmanackoit rydepann. Unen BKII(6), yaacTtauk 'pak1aHCKOH BOWHEI.
[Tocrne BoitHBI moyun Beiciiee oopa3osanue. B ['YCMII Bo3mmaBmsin ynpaBieHue, Bce
pabOoTHI MO CO3AaHHMIO HOBBIX JIEJOKOJIOB M CYIOB JIEJOBOTO IUIABAHUS OCYIIECTBIISUIICH
MOJ| ero pyKoBOACTBOM. B deBpane 1937 1. marpaknen opaeHoMm JleHwHa W Ha3HAYEH
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C.A. bepraBuHoB (B LEHTpE) D.®. Kpactun
S.A. Bergavinov (in the center) E.F. Krastin

3amectuteneM pykoBoautens ['YCMIIL. B Hos6pe 1937 1. 61 apecToBaH U pacCTpessH
B ¢eBpasie 1938 . [TocmepTHO peabunutupoBan B 1956 1.

Bompoc 0 BO3MOKHOCTH CO3/1aHHSI CBEPXMOIITHOTO TI0 TEM BpeMEeHaM JIeZ0Koa Mpe-
CTaBJISJICS. OYCHb Ba)KHBIM JIJISI YIIPABIECHUSI MOPCKOTo U peuHoro TpaHcmopTta I'YCMIL.
Briciee ke pykOBOJACTBO /10 KOHIIA €Il He BRIPa0O0TaiIo CBOIO MO3MUIHUIO TI0 3TOMY BO-
mpocy. Bo Bpems 3acenanus O.D. Kpactun u C.A. beraBuHOB 0OMEHSIINCH CSTYIOIUMU
peTuTHKaMHu:

«Kpactun. — D1um kopabieM Haa0 OJICCHYTb.

bepraBunoB. — Cama Hallla >Ku3Hb U TEXHHUKA OJICHIYT, HE B 3TOM eio» (1. 28).

W3 41eHOB 3KCHEPTHOTO COBETA B COBENIAHWM MPUHHUMAIN Y4acTHE aKaJIeMMK
A.H. Kpsuios, npodeccop, B Oyayuiem akagemuk FO.A. IllumaHckuii U 3aCiTyKEHHBIN
nesiTesb HayKu U TexHuku npodeccop B.H. [Bubens. B coBeranuu y4acTBOBa M TaKKe
n3BecTHble crienuanuctel JILM. Horun ot «Cynonpoekray, 9.9. Ilanmens — 3xcrept
HayuHo-nccnenoBaresibckoro HHCTUTYTa BoeHHoro kopadnecrpoenusi, H. K. Ken n3 Ha-
YYHO-HCCIIE0BATEIbCKOTO MHCTUTYTA CYA0CTPOCHHUS U ApyTHe. Bcero B coBemanuu npu-
Hanu ydactue 29 genosek (1. 1).

Cogemnranue oTkpbutoch AokiaagoM M.K. CMOProHCKOro — coTpyJHHMKA YIIPABICHUSA
Mopckoro u peunoro tpancnopta ['YCMII, koTopslii B CBOEM JTOKIJIaJe U3JI0KUIT OCHOB-
HBIC 3aJ]a4d ¥ TpeOOBaHMs, NPEAbSBIsieMble K Jiefokoidy. OO0 OCHOBHBIX pe3yJbrarax
U TPYAHOCTSIX, BOSHUKIIUX MPU MTPOSKTUPOBAHUH, JIOJIOKHI COTPYAHUK «CyI0mpoeKTay
JI.M. Horua. Ot xoMuccHy IO HAOMIONEHUIO 32 IPOSKTHPOBAHUEM, MTOCTPOHKOI, pEMOHTOM
U MpUEeMKOH Kopabiieit BeicTynui ee pykoBoaurtens [1.E. Taupos. 3arem ObLIO BBICITyIIAHO
MHEHHE WICHOB 3KcriepTHOro coBeta I'YCMII u npurnameHHsIx cnenuaiiuctos. C 3Toro
MOMEHTa COBEIaHHE TEePEepOCio B AUCKYCCHUIO TIO PAa3IMYHBIM TEXHHUYECKUM BOIPOCAM

212 [TPOBJIEMbI APKTHUKH H AHTAPKTUKH * 2021 * 67 (2)




K.E. CA3SOHOB K.E. SAZONOV

Axanemuk HO.A. Illumanckuii Axagemuk A.H. Kpsutos B 1931 1.
Academician Yu.A. Shimansky Academician A.N. Krylov in 1931

paccMaTpuBaeMoro mpoekTa. AKTUBHO 0OCYKIAJIMCh INIaBHbIE pa3MepeHHsl JIeI0KoIa,
BO3MOXXHOCTb IMMPUMEHCHUA HUCTCPH CDpaMa JJIA CHUKCHUSA aMIUIUTY/bI €0 Ka4Ku, IIpo-
CKTUPOBaHUEC Fpe6HbIX BHUHTOB 1 pacnpeacICHUE MOUTHOCTHU 10 BaJiaM, TOJIIIIUHA O6HII/IBKI/I
KOpITyca, SJHEPreTHYeCcKasi yCTaHOBKA U npoyce. OMHUM M3 BaXKHEUIIMX BOMPOCOB, MO-
HATBIX Ha 3aCEJaHuM, CTall BONPOC O JISIOBBIX KAUYeCTBaX MPOEKTHPYEMOTO JIEOKOIA,
YTO HAOLJIO OTPaXCHUEC B 3AKIIIOYCHUAX, MPUHATHIX MO UTOTaM 3ac€aaHus SKCIICPTHOTO
coBeTta (J1. 2).

OBCYXKJIEHUE JIEJOBBIX KAYECTB

[TepBBIM BOTIPOC O JIEAOBBIX Ka4eCTBAX MPOEKTHPYEMOTO JIEAO0KOJA MOAHSII B CBOEM
BeicTymiennn JI.E. Taupos. OH yka3an, 4to npoekTHast oprannzanus « CyJonpoexT» «co-
BEPIICHHO OINPEAEICHHO 3asBIISET, 4YTO HU O KaKUX JIJOBBIX KadecTBax cyaHa oH [“Cy-
JOTIPOEKT’| TOBOPUTH HE MOXKEeT. KpHuTepus B OIIEHKE STHX KadecTB OH HE maeT» (1. 10,
11). Ha Bompoc C.A. bepraBruHOBa 0 TOM, KTO MOJKET OIICHHUTH ITH KadecTBa, Tanpos
orBeTI: «O4eBUAHO, IPEACTABIAETCS pemnTh CeBMOPIYTH B COOTBETCTBUH C TEM, YTO
TYT UMEIOTCS JIGAOBBIC KarmuTaHb (1. 11).

Ha coemanuu niepBsiM cpenu sxcniepToB I'Y CMII BeicTyman akanemuk A.H. Kpri-
noB. OtBevas Ha 3ameuanue [I.E. Tanposa o J1e0BBIX KauecTBax JIEAOKOIA, OH TOITBEP-
JIWJI, 9TO «HEINb3s JaTh HUKAKHX PACUETOB O JIEJOKOJIbHOM KauecTBe. Kakme OynyT —
Takue u okaxyrcs» (1. 17). Ha Bompoc C.A. bepraBnHoBa 0 PUONMH3UTEIEHON OIICHKE
JIeI0OBOTO KadeCcTBa OH €IIe Pa3 MOATBEPAMI HEBO3MOXXHOCThH BBIITOJHEHUS PACUETOB.
BrictynmaBmmit Benen 3a A.H. Kpsimoeim mpodeccop FO.A. IllnmaHcknii TOTHOCTHIO
TIOAJIEP>KaJl 5TO MHEHHE.

C.A. bepraBuHOB oCTajCs OYEHb HEJJOBOJIEH TEM OOCTOSTEIHLCTBOM, UYTO aKaJIEMHUK
A.H. KpsutoB u mpodeccop FO.A. llnmaHcKuil moaTBEpIMIA HEBO3MOKHOCTD OIIpeiesie-
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«Epmak» na mytu B Kponmrant. Jlenoxon «Epmaky Ha KpoHIITaaTCKOM peiine (¢ pororpadun rpa-
Biopa M.H.Paruesckoro). (Jlenoxon «Epmak» // Husa 1899, Ne 12. C. 237-239)

“Ermak” on the way to Kronstadt. The “Ermak” icebreaker in the Kronstadt anchorage (engraving
from a photo, by M.N.Rashevskiy). (The “Ermak” icebreaker // Niva. 1899, Ne 12. P. 237-239)
HUS JICZIOKOJIBHBIX KauecTB. OH MPOIO/DKajl HACTAaUBaTh Ha MOJTyUYCHUH KaKHX-JTHOO0 Ole-
HOK. CBOIO HACTOMYUBOCTH OH OOBSICHUII TEM, YTO HEJIb3S KIIPHUUTH C OOLIMMH OTBETAMHU
B MPABUTENIBCTBO, HYXKHA KaKasi-TO MPUKUIKA, OCHOBAaHHAsI HA HAYYHBIX U MPAKTHUECKUX
JaHHbIX» (1. 30).

Ha sto 3ameuanue A.H. KpbuioB OTBETHII, YTO OCHOBHAS IPUYKUHA CIIOKUBIIETOCS
IOJIOXKEHUS 3aKITIOUAETCsl B TOM, UTO 33 BCE BPEMSsI CYIIECTBOBAHUS JIEIOKOJIOB U3YyUEHUIO
WX JICJOKOJIBHOU CIIOCOOHOCTH HE YACISIOCh OJDKHOrO BHUMaHUs. [0 ero MHEHHIo,
€IMHCTBCHHOE HAYYHOE MCCIICJIOBaHKUE OBLIO BBHITIONHEHO UM Oojee 30 yieT ToMy Hazan
[17] u «c Tex mop 3a 3TO BpeMsl HU STUHCTBEHHOM HOTHI K ATOMY He npudasieHo» (1. 30).
Hanee A.H. KpbutoB yka3seiBaeT: «BoT, Bce Balu 3KCIEAUIUH, BBl OepeTe Tyna 300J10-
roB, 0OTaHUKOB, KOPPECIIOHACHTOB, KWHOOIIEPATOPOB, HO TOJBKO IIEPBBIA pa3 HAMEUACTE
B3STh TyJla UH)KEHEPOB, U BBl XOTHTE, YTOOBI MMOCIIC 3TOrO BaM JIajli HAyYHBIH OTBET Ha
[IOCTaBJICHHBIN BaMu Borpoc. HeT, Bbl Takoro OTBETa HE MOIYUYHUTE 10 TE€X MOp, MOKa He
00CTaBUTE HAYYHBIM 00Pa30M HCCIICOBAHUS XOa JICTOKOJIOB BO Jibaax» (1. 30).

Hanee Beictynan E.C. Tosonkuii, KoTopblii 000CHOBBIBAJI MO3UIIMIO CBOCH OpraHu-
3ally 10 MPOEKTUPOBAHUIO MOIIIHOTO JIeJI0KOJa. B ero BhICTYIIEHHMH €CTh MHTEPECHBII
momeHT. E.C. Tonoukuii pacckazai NpUCYTCTBYIOIIMM, UYTO CIIEHUATUCThI «CyIOmpOeKTay
MPEKPACHO MOHUMAJIA HEOOXOMMOCTb OIICHKH JICTIOBBIX KA4€CTB MPOCKTHPYEMOTO JICIOKOIIA.
Jiist HEX OBLIO SICHO, YTO 3TOT BOMPOC 00sI3aTEIIbHO BOZHUKHET TP MPHUEMKE PE3YIIbTAaTOB
uX paboTel. B cBOEM BBICTYIUICHHU OH MOMYEPKHYI, YTO MMEBILNASCS B UX PACHOPSIKCHUH
TeopeTuueckas 0a3a He MO3BOJISIIA BBIIIOJIHUTE HEOOXOIMMBIC pacyeThl. « MBI XOTEIH TMO-
poOoBaTh B OacceiHe CO3/1aTh UCKYCCTBEHHBIH JIST U TOMPOOOBaTh €ro JIOMATh C TIOMOIIBEO
MOJIENIM ¥ TIOCMOTPETD, KaK BIUSET U3MEHEHUE JIEMEHTOB MoJesn» (J1. 34). «CynonpoeKkT»
«HMMEJ Pa3roBOpPhL» MO ATOMY MOBoAY ¢ HayuHo-ucciienoBaTenbCKuM HHCTUTYTOM CYH0-
crpoenus (HUCC). Pesynsrar Obi1 cnepyronmii: «HUCC ckazai, yto mornpoboBarb oH
CMOXKET, HO B3S5ITh Ha ccOsl BHIIIOJIHCHUE TIOJIHOCTHEO 3TOM MOJICIIA OH HE MOXKET, 8 CMOXKET
B3SITh TOJILKO BOIIPOC MCCIICIOBAHUS PEAIbHOCTH ATOTO 3a1anus» (1. 34).
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Jlenoxon «Kpacun» Ha crosiHke «Kpacun» Ha KapTuHE

B Cankr-IlerepOypre. KanuTaHa JaJbHEro IIaBaHMs
doto U.A. Anexunoit u xygoxxauka mapuancta H. lltykkenOepra.

Teebreaker “Krasin” at a stop in St. Petersburg. https://e-strannik.livejournal.com/390781.html

Photo by I.A. Alekhina “Krasin” in the painting of sea captain
and marine painter N. Stukkenberg.
https://e-strannik.livejournal.com/390781.html

DTOT (parMeHT COBELIaHNsI UHTEPECEH TEM, YTO 37I€Ch, O-BUJINMOMY, BIEPBbIC
OblTa 03ByuUCHA MJIEs CO3/IaHMs CIICIMAIBHBIX JIA0OPATOPUH ISl N3YyUYESHUs] BO3JICHCTBHS
JIbJIa Ha Pa3In4Hble MOPCKUE 00BEKTHI. Uepes 1BaIaTh JIET ATO HAalpaBJICHUE B Pa3BUTHN
JIEZIOKOJIOCTPOCHUSI CTAHET IOMUHHUPYIOLIMM U TTOCTETICHHO TIEPepacTeT B CO3AaHHe HOBOU
TEeXHUYECKOW HayKH — MOPCKOH JIeoTeXHUKH [27].

Bo300HOBIIEHHE JUCKYCCUH O JIEZIOBBIX Ka4yeCcTBaX IPOM3OIILIO MOCIIE TOTO, KaK Mpe-
CceJIaTeNbCTBYIOLINIT 00bsIBII, uTO akajgeMuk A.H. KpbuioB nocnan emy 3anmcky, B KOTOpon
U3JIOKUIT CBOE MHEHHe. B 910ii 3amucke Anekceid HukonaeBud U3II0KUIT pe3yibTaThl CBOUX
NPUKWIOYHBIX pacyeToB. I1o 3TUM pacdeTaM MOTydanoch, YTO YBEIMYCHUE MOIIHOCTH
Je0Koa mpuBeaeT K 20—25-1porieHTHOMY YBEJIMYESHHIO TOJIIHMHBI JIb/a, KOTOPYIO CMOXKET
Jomars Jeokon (1. 35). AkajeMuK NPOKOMMEHTHPOBAI MOJIyUYEHHBIN pe3yabTaT cleny-
IOIIMM 00pa3oM: «ITO CIEAYET U3 3aKOHA MEXaHUUEeCKoro rmogodus. Ecnu Bl Bepazute
BCE JIMHEHHBIC pa3Mepsbl, TO TOyYHTe TO ke camoe. Ecin BBl mojicuuTaeTe, To yBUANTE,
YTO IPOMAJIHOE YBEJINYEHHE MOIIHOCTH M Pa3MepOB JIEJOKOA JaeT HUYTOKHBIN 3 dexT
B CMBICJIC €TO JICIOBBIX KadecTBy (1. 35).

Ha orenky nenoBbix kadecTB U ee oObsicienne A.H. KpbuioBbIM 5MOLMOHAIBEHO
orpearupoBan C.A. bepraBuHoB: «5I ropsiunii CTOpPOHHHK TOTO, 4TOOBI aK. KpbiIoB ObLI
OBI TIpaB B CBOUX TPyJaX, HO B ATOM CJIy4ae 51 XOTeJ Obl, 4TOOBI OH omruOcs. S xoten Obl,
YTOOBI 3TOT JIEAOKOJ HAPYLIMJI 3aKOH MEXaHWYECKOTo MOI00MsI, O KOTOPOM TOBOPHT aK.
Kpbuios, u st yOexxeH, 4to 1 Oy/eT HapyllIeHO, HHaue 3a4eM e CTPOUTH TaKylo TpOMasy,
€CJIM OHA HE JIaeT CePhEe3HBIX Pe3yabTaTtoBy (1. 35).

B oTBeT Ha 3TO BBHICTYIJICHUE U NTPO3BYYaIM 3HAMEHHTHIE ci1oBa Anekcest Hukomae-
Bu4a: «[IpubIM3UTENFHO 3aTEM XKe, 3a4eM CTPOWIIH IAPh-IIYIIKY U [aph-KOJIOKO» (1. 35).

[Tpn obcyxaeHnn okoHYaTeabHOTO pemeHus: coemanns C.A. bepraBuHOB BHOBb
BepHyJcs k otBety A.H. KpputoBa. « OTKpOBEHHO CKax<y — peruinka akajgeMuka Kppuiosa
MEHsI [TOpa3uiIa, 5 ee Jaxe 3armucall.

Ecnu MBI cTporM 3TOT KOpadiih 110 THITY “Haps-IyHIKH~ W “Hapsi-KoJIoKojia”, ¢ TOH
TOJIBKO Pa3HUILIEH, 4TO ATH 00a 1apst HaxoasTcs B MOCKBE M X MOTYT 0003peBaTh XOTs Obl
MHTYPHUCTBHI, TO 3TOTO TPETHETO Lapsi 0003peBaTh OyJeT TPYJHO, TaK KaK OH Oy/leT Topyarh
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B MypMaHCKe, 1 TOTJIa, €CIIU MOJI0KEHNE IeHCTBUTENILHO TAKOBO, KAK TOBOPUII aKaIeMUK
Kpbuios, st Oyly IPOTHB TaKOTO JIEJIOKOJIA U TOCTAPalOCh MPOBAIHUTH €r0, IOTOMY YTO 3a-
TpaynBath 50—60 MHUJUIMOHOB PyOsIel Ha KOpaliib, KOTOPKIH aacT apdekt 25 % Oosbiie
12 teIC. cunpHOrO “Kpacuna”, Ha Koif 147 OH HaM HyKeH! !

MpI emie He Tak Oorathl, YTOOBI OPOCATHCS M CHIIAMH, M CPEICTBAMHU, U TEXHUKOH,
He Jydie a1 Toraa xaputb 10—12 Teic. cuiIbHBIE U KaloK?» (1. 42).

Hecmorps Ha 3asBinennyto no3ununio, C.A. bepraBuHoOB cunTan HEOOXOANMBIM MPO-
JIOJDKHUTH MTPOEKTHBIE paboThl 110 MolHOMY Jenokony. Ha Bonpoc M.K. Cmopronckoro,
He clienyeT i COKOHOMUTH 400 ThiC. py0 Ha MPOSKTHPOBAHUH ITOTO JICAOKOJIA, OH OT-
BETHJI: «...NPOEKTHPOBATh HAZ0. DTO MOMAET B MOJIB3Y Ul MPOTrpecca MBICIH, U 3TO
nyckai genaror! Otu 400 ThICSIu HE OyayT OpOIICHBI ICY IO XBOT, [0Jb3a OyaeT, a 60
MUJUIMOHOB MOTYT OBITH OPOIIEHBI IICY O] XBOCT, €CJIM OH OyneT AaBarh dPQeKT Bcero
B 1 dyr» (1. 42).

[Mocne BoicTymienus C.A. bepraBuHOBa COCTOSJICSI HHTEPECHBIH 00MeH (hpa3amu.

«Cmopronckuii. — Hawm, yuenunkam Anekcess HukonaeBnua, kak OyaTto Obl HElb-
3s1 ObUIO OBl BO3pa3UTh €My, HO BCE-TaKd MHE XOTEJIOCh Obl CKa3aTh, YTO €CJIU Obl MBI
OBUTH YBEPEHBI, YTO ITOT KOpalJib JaCT TaKyl0 HE3HAYNUTEIbHYIO Pa3HHILY, TO MbI Obl HE
MIPUKJIA/IBIBATIM PYKH K TaKOMY 3aJaHUIO, U 51 YBEPEH, YTO JTOT JIeJOKoI nact sddekr
3HAYUTENILHO OOJIBIINIA, yeM roBopui Ajekceil HukonaeBuy, nHaye s B IPOCKTUPOAHUN
€ro He NPUHSI Obl ydacTusl.

beprasunoB. — OH yaBout?

Cmopronckuii. — OO0 yIBOCHHH HE MOXKET OBITh M PEUH.

KpbuioB. — 3akoH MexaHHUYECKOro noxodusi npuayman HbproToHOM, M HHKy#a OT
Hero He yizaemby» (1. 43).

B oxonuarenbHoO# (ase copemanusi C.A. bepraBUHOB TOBOJIBHO YETKO CHOPMY-
JIMPOBAJI COCTOSTHHE 3HAaHUIl B 00JIaCTH JIEOBBIX KauecTB cynoB: «OqHO OeccriopHo u3
CETO/IHSIIIHET0 COBELIAHMsI — JTO TO, YTO SCHOT'O OTBETA O JISIIOBBIX KauecTBax JIeJ0KoJa
MBI HE IOJIyYHM, BUJIUMO, TyT KaKOH-TO KOJUIOCAJBHBIM 3€BOK JaH 3a JIECSATKH JIET CO
CTOPOHBI HAIlleH TEXHUKH M HAYKH, ¥ OPraHU3aldy HE MCIOJIb30BAJIN JIEJJOBBIX II0XOJ0B
JUIg 3ToH nenu. Beem BuaHO, uTO, ¢ TeX mop kak xoaua “EpMak”, Mbl HUKaKUX MpPaKTH-
YECKUX MCCIIEJIOBAHUN HE BEJM. DTO CpaM U MO30p, U B MEPBYIO ouepens Ham» (J1. 44).

3AKJTIOYUTEJIBbHBIE KOMMEHTAPUN

PaccmoTpeHHBIi B TaHHOI paboTe apXWBHBIA JOKYMEHT SIBJISIETCS JJOBOJBLHO WHTE-
PECHBIM CBHJIETENBCTBOM CBOEH 31moxu. OOCYKAEHHE ICKU3HOTO MPOEKTa MEPCHEKTHB-
HOTO JIEJJOKOJIA TTO3BOJISICT BOOYMIO MPEICTABUTH YPOBEHD PA3BUTHS CyAOCTPOUTEIBHON
HayKH{ B [IEJIOM M JIEIOKOJIOCTPOCHHUS B YACTHOCTH. JleTalbHOMY aHaIHM3y 3THX BOIPOCOB,
MI0-BUAMOMY, JTOJDKHO OBITH MOCBSIIIICHO OTJACIBHOE MCCIEI0OBAaHNE. 3/1€Ch JK€ MOKHO
OTMETUTH, YTO pabOTHI MO TPOSKTHPOBAHUIO HOBBIX JICIOKOJIOB, BKIIFOYast OMTMCAHHOE CO-
BEIaHWE, CTUMYIUPOBAIN Pa3BUTHE MCCIIENOBAHUN B 00OIACTH JIEIOBBIX KAUECTB CY/IOB.
Tak, B 1938 . FO.A. [llumanckuii myonukyet B Tpygax ApKTHUECKOTO HHCTUTYTa paboTy
«YCIIOBHBIC M3MEPHUTENH JICTOBBIX KadecTB CyaHa» [28], koTopas crana HamboJee BBI-
JAFOIIMMCS BKIIAIOM B pa3BUTHE MOpcKoii enotexHuki B CCCP B m0BOGHHBIIH mTepHoT.
MHorHe TONIOKEeHHS 3TON paboThI UCTIONB3YIOTCS 10 cux mop. Akagemuk A.H. Kpsuios
pa3pabarbiBaeT 0OIMIHEe MOAXOABI K MPOSKTHPOBAHHUIO MOIIHBIX JIe0K0TI0B [29, 30].

PaccMOTpeHHBIH JOKYMEHT MO3BOJISIET YBHIETH MPOLIECC 00CYKACHHUS TEXHUIECKOTO
MIPOEKTa W MOATOTOBKY MPUHSTHS PEelIeHus o0 ero cyapoe. HecoMHeHHO, 9YTO Ha aTMOC-
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(epy coBemmaHus MOBIHAIO yJaCTHE B HEM JIByX BBICOKOIIOCTABICHHBIX PYKOBOIUTEICH
I'YCMII, daxTrdecku mocie BHITOTHEHNS TPEAMCAHHOTO MPOIeTypoi opsiika o0s3a-
TENBHBIX BBICTYIUICHUH PYKOBOACTBO coBemlanneM B3sut Ha ceds C.A. beprasmnoB. Ero
MHEHHE U €r0 OLCHKH OBIIM TOMHHUPYIOIINME. B CBOMX peIuIiKax OH JOITyCKall IIPOCTO-
HapOIHBIC BHIPAXKEHMS, UTO, C OJHOI CTOPOHBI, TOBOPHUT 00 YPOBHE €r0 00pa30BaHHOCTH,
a C IpyTOH, MMOKa3bIBACT, YTO OH OIIYINAT ceds TTaBHOW (HUTYPOI 1 MMET MpaBoO Ha TaKkoe
noBesieHne. PaKkTUIEeCKN BCE YIACTHUKH B TOW MJIM MHOW CTETICHH OBbIIIN BBIHYKACHBI IO
HETO MOJICTpanuBaThCs. B HanOObIIeH CTETIeHN 3TO OTHOCHUTCSA K coTpyaaukaM I'YCMIL.
Tak, 2.®. Kpactun mocmue Toro, kak ero ogepayn C.A. bepraBuHoB, 3a Bce ocTaBIieecs
BpEMs COBEI[AHUSI HE MPOMOJIBIJI HH CJIOBA, XOTS MMEHHO €r0 yNpPaBJICHUE BHICTYHANO
3aKa34MKOM pabOT MO MPOEKTUPOBAHHUIO MOIIHOTO JieJOKOoIA. JIpyroi COTpyIHHK 3TOTO
ke ynpasienus M.K. Cmoprouckwii, Oymydn KBanu(UIInpoBaHHEIM KOpabeIoM, B OJHOM
13 CBOMX BBICTYIIIEHHH JOIYCTIJI BO3MOXKHOCTB OINOKK B paccyxaeHnsx A.H. Kpsuno-
Ba. B 1936 . 1.K. Cmoprouckuii onyonukosan B m3garensctee AH CCCP kuury [31],
peIaKkTOpoM M aBTOPOM IPETUCIOBHS KOTOpoii OblT akageMuk A.H. Kpbuios.

Hawnbornee He3aBUCHMBIMHI yYaCTHUKAMH COBEII[AHUS BBIIVIASAT YIEHBI SKCIIEPTHOTO
cosera 'YCMII u npencrasurens Hadbmonenus J.E. Taupos. Ho mpu 3ToM eqmHCTBEH-
HBIM yYaCTHUKOM COBEIIAHUS, KOTOPBIH MOT TIO3BOJIUTH ce0E /10 KOHIA OTCTanBaTh CBOE
MHeHwue, 0pi1 akageMuk A.H. Kpbuios.

Jlist 060CcHOBaHMS MIPABUIIBHOCTH CBOEH OLICHKH OH OOBSICHSIET, YTO OHA ITOTydeHa
C WCTIONIb30BaHUEM 3aKOHa MexaHmdeckoro nmomgobmus WM. Herotona. ns A.H. Kpsiiosa
. HproTOH npeacTaBisuics OJHUM U3 BEJUYaUIINX AeATeled HayKu BCEX BPEMEH U Hapo-
JI0B. DTO TOATBEPKIAETCS €70 THTAHUIECKUM TPYAOM TI0 nepeBony «Hawgam» Ha pycckuit
A3BIK, a TAKKe CIEAYeT M3 MCTOPUKO-HAydHOTO o4depka, HamucanHoro kK 300-metuio co
mas poxaenns U. Heiotona [32]. Bee BeiBons! V. HeroToHa, BKITIOUas 3aKOH MeXaHHYe-
ckoro monodus, kotopsrii A.H. KpbsutoB Beaenwt npu onrcanuy BToporo Toma «Havam»
B pabore [32], 11 OOBIYHBIX YCIOBHUH A HEro ObuH abcomroTHOM McTuHOU. [ToaTomy
yKa3aHHe Ha TO, YTO PE3yJIbTaT MOMYUIEH C IIOMOIIBIO 3aKOHA MO00HS, TO-BHIMMOMY, EMY
Ka3aJI0Ch IOCTATOYHBIM U HE TPEOYIOIINM JJONOJIHUTENbHBIX MTOSCHEHUH. Tem He MeHee,
KaK 3TO MOJKHO BUJIETh M3 IIPUBE/ICHHBIX BbIIIEC NUTaT, aBTopuTeT V. HploTOHA OKa3ancs
HEJO0CTAaTOYHBIM. VIMEHHO B 3TOH, JJOBOJIBHO-TaKU TYNHUKOBOW cutyauun Anexced Huko-
JIaeBUY UCTIONIB30BaJI 00pa3HOE CpaBHEHHE. DTOT MPHEM YJAJCs, ITO CPABHEHHUE OUCHb
3ageno C.A. bepraBuHoBa M, MOXHO JIOITyCTHTh, TIOBIUSIO HA OKOHYATEIBHOE PEIICHHE
I'YCIIM otka3arbCs OT CTPOUTEIHCTBA MOIITHOTO JICIOKOIA.

Hecomuenno, uto B cpaBHenun A.H. KpbutoBa comep:kanach TOBONBHO OOJbINas
Joist rporecka. OH MPEeKpacHO MOHUMAJI, YTO MPOEKTUPYEMBbIH JIEJOKON Oy/IeT IO CBOMM
JIEZIOBBIM KauecTBaM MPEBOCXOANTH PACCMaTPUBAEMbIE MPOTOTHUIIBI: JIEAOKOIBI «Epmaxy»
n «Kpacun». Taxke OH TTOHHMAJI, 9YTO PE3yJIbTaT MOKET OBITh HAMHOTO MEHBIIHNM, YEM
BO3JIaraeMble Ha 3TOT MPOEKT HaZexk1bl. Ecam ObI 3TOT J1e10K0I OBIIT ITOCTPOEH, OH CTall
OBl 3aMETHOH BEXOH B Pa3BUTHH COBETCKOTO U MHPOBOTO JIeIOKOIOCTpoeHus. Bee ero mo-
CTOMHCTBA M HEIOCTATKK OBLTH OBl JOCKOHAIBHO U3YYEHBI KOpAaOeIaMy 1 HCIIOIb30BAHBI
MIPY TIPOEKTUPOBAHUH JPYTHX JEAOKOJIOB. DTa CUTyalusl B KaKOH-TO Mepe HAllOMHHAET
HCTOPHIO CO3/IaHMS M JKCILTyaTalliy TIEPBOTO B MUPE aTOMHOTO JIeIoKoTa «JIeHnHY.

ITo nMerommMcst apXUBHBIM JTIOKYMEHTAM HEJIb3sT ONHO3HAYHO OIPE/IENIUTh, ObUT HIIH
HeT Anekceit HukomaeBUY MPOTHBHUKOM CO3JAHHS MOIIHOTO Jeaokona. Ckopee Bcero,
ero mo3unus Obl1a OMM3Ka TOM, KOTOPYIO OH BBICKAa3all Ha coBemanny B Mockse B 1934 1.
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Torma Bo Bpems 00Cy)IeHHS BOZMOKHOCTH FICTIONB30BAHIS Ha HOBBIX JIETOKOJIAX AIEKTPO-
newkeHnst A.H. KpbutoB pesko Bbickasaincst mpoTuB 3toit uaen [23, 33]. [Ipu sTom oH He
OTpHIIaJ JOCTOMHCTB 3JICKTPOABIDKCHHS U TIPENIoaran ero pa3sutue B Oymymewm. Ho,
WCXOAS U3 YPOBHS Pa3BUTHS HAYYHBIX MccienoBanuii n npomMeinuieHHOCcTH B CCCP, on
CUNTAJ IPAMEHEHHE IEKTPOABIKCHHUS TIPESKICBPEMEHHBIM. HaM KaxeTcsi, 9To B OTHO-
LIEHUM co3/1aHusl MouHoro Jenokona A.H. KpbuioB npuaepxuBaics Toi ke MO3ULHH.
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ITPABHJIA JJISI ABTOPOB
KYPHAJIA «ITPOBJIEMbI APKTUKHU U AHTAPKTUKHN»

B xypHaie myOnuKyIOTCS CTAaTbU 0 TEMAaTHKE MCCIIEA0OBAaHUN TOIAPHBIX 00IacTeH,
a TaKk)Ke Hay4yHbIE COOOIIEHUSI TEOPETHYECKOr0, METOANYECKOT0, IKCIIEPUMEHTAIBHOTO
U MIPUKJIAJJHOTO XapaKTepa, TeMaTHuecKrue 0030phI (110 3aKa3y PeAakliH), KPUTHIECKHE
CTaThU M peleH3MH, Onbaorpaduueckue CBOIAKH, XPOHUKA HAyYHOW KHU3HH. TeKCThI
cTarei JOJDKHBI OBITh HAa PyCCKOM WJIM aHIIIMICKOM si3bIKe. [[pHHNMaloTCst cTaThy, paHee
HE OIMyOJIMKOBAaHHBIC W HE HAXOASAIINECS Ha PACCMOTPEHHH B JPYTHX H3JaHUSX.

Bce marepuaiiel HampaBIIsSIOTCA B PEAKIMIO B JIEKTPOHHOM BHJE OH JIAlH uepe3
JINYHBIH SJICKTPOHHBIN KaOWHET aBTOpa Ha caiTe xypHaua https://www.aaresearch.science.
ABTOpPBI TOJDKHBI TIPEJICTABUTH TEKCT CTaThbH CO BCTABICHHBIMU PUCYHKAaMH, a TAKXe OT-
JICTTBHO OpUTHHAJIbHBIC (PaIbl PUCYHKOB (CM. TPEOOBAaHUS K PUCYHKAM), AKT SKCIIEPTU3BI
0 BO3MOKHOCTH ITyOJIMKallMy CTaThbU B OTKPBHITOH 1eyaty u (aiis ¢ OIHBIMI CBEICHUMH
00 aBTOpax: GpaMmiIHs, UM U OTYECTBO (IIOJTHOCTHIO), MeCTO PabOoTHI (TIONHEIA ajpec),
ydeHas CTeNeHb, JOJKHOCTD, aPeC 3JICKTPOHHON MOYTHI U TeIe()OH OHOTO U3 aBTOPOB
JuLst cBsi3u. Pekomenayemsiii 00beM crareid — ot 8 10 20 crpanun Tekcra (uepes 1,5 uH-
TepBaia), BKIto4Yas TaOJNUIBI M CIIMCOK JIMTEpaTyphl; PUCYHKOB He Oojee 6, TadmuIl He
6osiee 6. Texcr HaOupaercst B hopmare Microsoft Word. ITapamerpsr HaOopa: mpugt
Times New Roman, kernp 12, unrepBan 1,5. CTpaHHIBI B cTaThe HYMEPYIOTCSI.

Bce nocrymnaromniie MaTepraibl IPOXOAAT MPOBEPKY HA OTCYTCTBHE 3aMMCTBOBAHHN
B COOTBETCTBUH C 3THUECKUMU MPABUJIAMHU ITyOIMKAIIH.

Bce crarbu mpoxoasT 1BOMHOE pelieH3upOBaHUeE.

[Ty6nukanus B HaleM >KypHajie MOJHOCThIO OecIuIaTHa.

CTpyKTypa cTaTbhbu

Crarpu oopMIISIIOTCs crieytomuM oopasom. CHavana naetcs Y/IK; 3arem Ha pyc-
CKOM $I3bIKE — Ha3BaHUE CTaThH, HHUIMAJBI U (aMIIMU BCEX aBTOPOB (IIPH YKA3aHUU
aBTOPOB CTAaThH CHayasa WIyT WHULHUAIBL, 3aTeM (amunus. Manmuans! u pamunus pas-
JETSAIOTCS TPOOeIoM), TIOJTHOE Ha3BaHWMe OpTaHU3aIMy(IHii), TIe BEITTOIHEHA padoTa U ee
(ux) agpec; AMEKTPOHHBIN aJIpec aBTOpa, OTBETCTBEHHOTO 32 CBSI3b C pelaKluei. 3aTeM Te
JKE€ CBEJCHMSI IPUBOSTCS HA aHIIMKCKOM SI3bIKE: 3aIVIaBUE, ABTOPBI, yUPEKICHHsI, BTOPOU
pa3 e-mail mraBHOrO aBTopa. [Ipy ATOM MMeHa aBTOPOB JArOTCsl TOJIHOCTBIO, OTYECTBO
cokpamieHHo. [Tociie 3Toro Ha aHIIMHCKOM SI3bIKE MHITYTCS KITFOUEBBIC CIIOBA B COOTBET-
CTBHUH C aHITHHACKUM asdasutoM (He Ooree 10 coB u He OoJiee ABYX CIIOB B COYCTAHMSAX )
1 aBTOpcKoe Summary crathil Ha 2025 cTpok (37eCh K€ Ui KOHTPOJS 00s3aTeIhHO
MpUJIaraeTcsi mepeBoa Summary Ha pyCCKUH S3BIK).

KitoueBble ciioBa JJOJKHBI OTpayKaTb OCHOBHOE COZEPIKaHUE CTaThH, TIOBTOPSTH
TEPMHHBI U3 TEKCTA CTAThH U 110 BOBMO>KHOCTH HE ITOBTOPSITH TEPMHUHBI 3aIVIaBHUs; CIIETyeT
TIOMHHTB, YTO ATU CJIOBA JIOJDKHBI OOJIErYUTh MOUCK CTAaThbH CPEACTBAMHU MH(OpPMAIIOH-
HO-TIOMCKOBOW CHCTEMBI.

Summary nomKHO OBITH MOHATHO 0e3 0OpameHns K CaMOoi IyOIUKAIK KaK He3aBHU-
CHUMBIH OT CTaTbU UCTOYHUK MH(popManuu. OHO JOHKHO OTBEYATh CIEAYIONIM KPUTEPHUSIM:
nH(opMaTUBHOCTH (HE CoziepKaTh OOIIUX CIIOB); COIEPIKATEIILHOCTH (OTpaXaTb OCHOBHOE
COZIepKaHUEe CTaThU: 3a/la4 PadOTHI, METO/IbI, ITIABHBIE PE3YNIBTaThl HCCIICIOBAHUN); T10-
cieioBaTeIbHOCTH M3NokeHus1. [lepeBon Summary Ha aHIIMHACKHUN SI3BIK JIOJDKEH OBITH
BBITIOJTHEH Ka4€CTBEHHO, C UCIIOIb30BAHUEM AHIVIOSI3BIYHOM CIIEMaIbHON TePMUHOIOTHH,
HE OBITh JJOCJIOBHBIM IIEPEBOIOM PYCCKOSI3BITHON BEPCUH (IIPU HEOOXOANMOCTH CIEYET
TAKXKE BKIIOYATh MOACHCHUA JIA MHOCTPAHHOT'O YUTATCIIA, CBA3AHHBIC CO CHCHH(bPIKOﬁ
HCCIEeIOBAHMN).
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AHHOTaIMsI HA PYCCKOM SI3bIKE M Summary JOJDKHbI ObITh CTPYKTYpHPOBAaHHBIMH,
T.e. OTpakaTh KPaTKoO NMpOOIEeMy HCCIIEIOBAaHHS M €€ COCTOSIHUE, LIeNb paboThl, METOIBI,
pe3yabTaThl M 3aKIIIOYCHHUE.

Janee npogomkaercst ”HOpPMANKs Ha PyCCKOM S3bIKE: KIIFOUEBBIE CIIOBA B COOT-
BETCTBHH ¢ pycckuM andasutom (He Oomee 10), kpatkas anHOTamms (7—10 cTpox) (6e3
MepeBoIa Ha aHTIMKUCKUI) ¥ HAYMHAETCSI TEKCT CTaThbH.

Jlyist cTaThy, IpeICTaBIIEMON Ha aHIIMIICKOM si3bike, TpeOyroTes: YJIK; neperox Ha
PYCCKHIA sI3bIK Bcell MH(pOpMAIMK, KOTopast AaeTcsl Mepe/l HayajaoM CTaThbH B XKypHAle.
Kpome Toro, B KoHIle cTaThi HEOOXOIMUMO TPUBECTH PACIIMPEHHBIH pycCcKHi pedepar
(1-1,5 ctp.), a B moanucax K pUCYHKaM JaTh MX IEPEBOJ HA PYCCKHUH S3BIK.

OcHognoti mexcm pa3buBaeTcs Ha pa3aensl. OOBIYHO 3TO BBEACHHE, TTOCTaHOBKA
mpoOIeMbl, METOJIUKA UCCIICIOBAHUN, PE3YNIBTAThl UCCIICOBAHNUN, 00CYKICHUE PE3YIb-
TaTOB, 3aKIIOYCHHUE (BBIBOJIbI). B KOHIIE CTaThi HY>KHO IMOMECTUTDH CIIEAYIOILYI0 HH(POP-
Maluio Ha JByX s3bIkax: Kondmukr naTepecoB/Competing interests; ®@unancupoBanue/
Funding; braronapaoctn/Acknowledgments. JKenarenbHo Taxke yka3aTb BKJIa]] aBTOPOB
B pabotel — Bxiax aBropos/Authors contribution. B pazgene ®@unancupoBanne HE0O-
XOJMMO yKa3aTb MCTOUYHHK (DHHAHCOBOH MOAJEPIKKH, CIOCOOCTBOBABINUII BBIITOTHEHHIO
9TOU PabOTHI (TpaHThl (POHIIOB, MPOTPAMMEI U T.11.), B biaronapHocTsax MOKHO TOMECTUTh
0J1aroJapHOCTb JIMILIaM, OKa3aBIIMM ITIOMOLIb B ITOJITOTOBKE CTAThH.

Toonucu nood pucynxamu HalOTCS K KaXKIOMy PHCYHKY B COOTBETCTBHH C €TO pac-
TIOJIO’KEHNEM B TEKCTe: CHadasla Ha pycckoM (Puc. 1. Jlanee moamuce), a moToM Ha aH-
omaiickoM si3bike (Fig. 1. Figure caption). B moammcsx HeoOX0qMMO OTAENIATH COOCTBEHHO
Ha3BaHUE PUCYHKA OT OOBSCHEHHUH K HeMY (IKCIUTMKAIU), KOTOPbIE HAaJ0 JaBaTh C HOBOH
CTPOKH.

Pucynku u pomoepaguu noMearoT B OTASNBHBIX (ailyiax: Ui pacTpoBbIX H300pa-
xenui B pactpoBbix (opmarax JPEG/TIFF/PNG/PSD, B Bekropubix — CDR, Al, EPS
n B hopmare XLS (ue nomyckatorcst pucynku B popmare Word). Pazperenne pactpoBbix
n300pakeHnH B oTTeHKax ceporo n RGB-uBer momkHo ObiTh 300 dpi. Bee coBecHbIie Ha-
IIFCH Ha PUCYHKAX JJAl0TCs TOJIBKO Ha PYCCKOM si3bIKe. Bee ycoBHBIE 3HaKHM 0003HAYAIOTCS
udpamu (KypcuBoM) ¢ 00s13aTeIbHON pacii(pOBKOi B MOAPUCYHOUHBIX MOAMUCSX, TC
OHH Tarke 0003Ha4a0TCsl KypcrBOM. L{udpbl MOXKHO cTaBUTh M Ha JIMHUSAX rpaduxoB. Ha
rpaduKax Bce MIKaJIbl 00s13aTebHO MOITNCHIBAIOTCS M YKa3bIBAETCS PA3MEPHOCTD BEJTMYHH.

Tabnuywl. s 60apIIMX TAOIHI CIIEAYET UCTIONB30BaTh aTbOOMHYIO Pa3METKY CTpa-
HuUIbl. HoMep 1 HanMeHOBaHUE TaONIHIIEI (1Ba OTACNBHBIX a03a11a) MPUBOAATCS HA PYCCKOM
¥ aHTIIMHCKOM SI3BIKaX. 3ar0JIOBOK TAOMHUITEI HE JODKeH mpeBsimath IBYX cTpok.

Tabnuubl U rpadbl JOIKHBI UMETh 3ar0JOBKH, COKpAILEHHs CIIOB B TaOJIUIAX HE
joryckarorces. Tabmauupl HaOuparoTcsi, Kak U Tekct, B ¢popmare Word mpudrom 9 .
Ecnm y Tabnuie! ecth npuMeYaHue, OHO TOXKE MPUBOANTCS Ha ABYX si3bIKax. [Ipumedanus
BHYTPH TaOIMIBI HE JAroTcsl. Mcrmonb3yroTess CHOCKM KO BCEH TaONMHIE WM OTJEIbHBIM
ee IOKa3aTelsIM.

B Texcre cnemyeT maBaTh CCHUTKM Ha BCE€ PUCYHKH M Tabmwmbl. [Ipu mepBoi ccpul-
ke — puc. 1, Tabn. 1; mpu MOBTOPHBIX — cM. puc.l, cMm. Tabn. 1. Eciu B Tekcre paercs
ojiHa TaOJIMIIA WM OJIMH PHUCYHOK, TO CCBUIKH B TEKCTE IPUBOASATCS CIIEIYIOIIUM 00pa3oM:
TP TIEpBOH cchuTke — (Tabnuia), (PUCYHOK); IPH ITOBTOPHON CChIIIKE — (CM. TadiHILy),
(cM. pUCYHOK).

Maremarndeckne 0003HAYEHUS, CHMBOJIBI M NTPOCThIE (POPMYJIIBI PEKOMEHTYETCs
HabMpaTh OCHOBHBIM MIPU(TOM CTaTbH, CIOKHBIE (hopmynsl — B mporpamme MathType
(umm B Bepeumsix Word 1o 2007 roza BKIOUMTEIbHO). HyMepyroTcst ToNbKO T€ (hOpMYIbI,
Ha KOTOpBIE €CTh CCHIIKHM B TeKcTe. Pycckue u rpeueckue OykBbl B (hOpMysiax M TEKCTE,
a TaKke XMMHUYECKUE DJIEMEHThI HAOMPAIOTCS NPSIMBIM MIPH(TOM, JIATHHCKHE OyKBBI —
KypcuBoM. AOOpeBHAaTyphl B TEKCTE, KpOME OOIICTIPUHSATHIX, HE JIOITYCKAIOTCS.
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B cnucke numepamyper (non 3aronoBkoM «Jlureparypa») CCbUIKM Ha JIMTEparypy
HYMEPYIOTCSI MTOCJIE/IOBATEIbHO, B COOTBETCTBUH C TIOPSKOM X I€PBOTO YITOMHHAHHS
B Tekcte. [IpuBoasaTCs TOMBKO OImyOInKoBaHHBIE paOOTHl. CCBUIKH 1O TEKCTY JAIOTCs
B KBaJpaTHBIX CKOOKaxX Ha HOMEpa CIMCKa, 4epe3 3aIsTyro ¢ mpobemom: [1, 7, 23-27].
Crarbst JOJKHA COIEP)KaTh CChIJIKH Ha BCE pabOTHI, MPUBEJCHHBIE B CIIUCKE JTUTEPATYPBI.
KonnuecTBo MCTOYHUKOB JHOKHO OBITH He MeHee 10. OOpaniaeM BHUMaHUE Ha HEIO-
MYCTHMOCTb BKIIIOYEHUS B CIIMCOK JINTEPATyphl M3JaHUH, BeINyIIeHHbIX 0e3 ISSN- nin
ISBN-kon0B (3THM YacTo rpemiat cOOpHUKH MaTepruaioB KOH(QEPEHIMH (Te3UCHI MIIH J10-
KJ1aJIbl), @ TAKXKE aBTOpe(eparoB AUCCEpTAMN U JUCCEPTALUi, apXUBHBIX U (DOHIOBBIX
MaTepHaJioB, HAYYHO-TEXHUIECKUX OTYETOB, yUeOHUKOB U y4eOHBIX mocobuit, [OCTos,
pacniopsbxkeHni U 11p. KommdecTBo cChUTOK HAa Hay4HO-TIOMYJISIPHBIE M3JaHUS JOIKHO
OBITh MUHHUMAIBLHBIM.

KonndecTBo caMouUTHpOBaHUit JOJKHO ObITH He Oosiee 10—12 % ot o01ero Kosu-
YecTBa CCHUIOK HA OPUTHHAIBHBIE UCTOYHHUKH.

Jlanee npunaraercst BTopoii criricok smteparypsl (References). B crincke na naru-
HUIIE CTPOTO COXPAHSIOTCS T€ XK€ IMOCJIEN0BATEIBHOCTh M HyMepanusi HCTOYHUKOB, YTO
1 B «TPAIUIIOHHOMY criicke. CChUIKM Ha HHOCTPAHHBIE HCTOYHUKH ITPUBOASATCSA B 000MX
CIIMCKaX JINTEPATypPBI.

CrarbH, HE COOTBETCTBYIOIINE YKa3aHHBIM TPEOOBAHMSM, PACCMATPHUBATHCSI HE OYIYT.
[Tpu pabote Hast pyKONUCHIO pEAKIHS IO COTTIACOBAHHIO C aBTOPOM BIIPABE €€ COKPATHTh.
ABTOD, OAIMCHIBAsI CTAThIO M HANIPABIISAS €€ B PEJAKIMIO, TEM CaMbIM TIepe/lacT aBTOPCKHE
TpaBa Ha W3IaHUE dTOU cTaThy XKypHay «[Ipodmembr ApkTHkM m AHTapKTHUKH/ Arctic
and Antarctic Researchy.

PenakunonHas Ko/ulerds HE BCTYIIAeT B JUCKYCCUM C aBTOPAMM I10 IIOBOLY IpHU-
HUMAaEMBbIX €I0 PELICHHH.

Bornee monubIie cBeneHus 10 0(h)OPMIICHUIO CTAThH MPHUBEICHBI B TOKyMeHTe «Tpe-
OoBaHUsI K OQPOPMIICHHIO CTATeH, MPUCHhUIAEMBIX B XkKypHas [IpobiaeMbl ApKkTHKH U AH-
TapKTUKN», KOTOPBIiT 00s13aTeNeH JJIsl 03HAKOMJICHHUSI ITPU TTOATOTOBKE MaTepHalioB CTaThH.

06 Annomayusx. Penakuysi peKOMEHIyeT BCEM aBTOpaM O3HaKOMHUThCS ¢ Peko-
MEH/IAIMSIMH 110 0(pOPMIICHUIO aHHOTAIMHA Ha AHIIIMHCKOM S3BIKE, KOTOPBIE SBISIOTCS
JUIS THOCTPAHHBIX YUEHBIX U CIEIHAIICTOB OCHOBHBIM M, KaK IPAaBHUIIO, CAMHCTBEHHBIM
HCTOYHNKOM MH(OPMAINU O COACPKaHWH CTAaTbU M M3JI0KEHHBIX B HEW pe3ybTarax Mc-
CJIEJOBAaHUH.



