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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 ®
VI 5151 (CHON

OPUI'MHAJIbBHAS CTATbSA ORIGINAL ARTICLE

AHAJIN3 JMHAMUKU APKTUYECKOI'O TOJIAPHOI'O BUXPS
BO BPEMs1 BHE3AITHOI'O CTPATOC®EPHOI'O ITIOTEIIVIEHUSA
B SIHBAPE 2009 r.

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

Hremumym mMoHumopunea KauMamu4eckux u 9K0I02UHeCKUx cucmem
Cubupckoeo omoenenus Poccutickou akademuu nayk, Tomck, Poccus

“esav.pv@gmail.com

Pe3rome

ApKTHYECKHIT TIONAPHBIN BUXPb BO BPEMs CBOETO )KM3HEHHOTO LIMKJIA YaCTO [OABEPraeTcs BO3ACHCTBIIO BOTHOBOI
aKTHBHOCTH. PacnpocTpanstomuecs 13 Tporocdepsl B crparocdyepy IaHeTapHble BOIHbI PoccOr anu30audecku
NPUBOJAT K CMEILICHNUIO W PACIICTUICHUIO MTOJIAPHOTO BUXPSA, CONTPOBOKIAAIOIIEMYCSl BHE3ATHBIM CTpaTOCCI)CprIM
noreruiennem (BCIT). B suBape 2009 r. Habmonanocs oxHo u3 cunbHeimx BCIT 3a Bech nepron HaOmoneHuii B
Apxkruke. B 1aHH0i pabote uHamuka nosspHoro Buxpst Bo Bpemst BCII 2009 r. paccMoTpeHa ¢ HCTonb30BaHUEM
HOBOTO METO/1a, IO3BOJIAIOLLET0 OMPE/IENTb IUIOMA b BUXPS K CKOPOCTB BETPa I10 TPAHUIIE BUXPS, & TAKIKE OLECHHTD
CPEAHNE BHAYCHUS TEMITEPATYPBI U MACCOBOI'0 OTHOIICHHUS CMECH 030HA BHYTPU BUXPS HA OCHOBE TaHHBIX pEaHaIn3a
ERAS. Ha ocHoBe anasi3a IMHAMUKH apKTHYECKOTo MOIAPHOro BUXps 3a 42 rofa u Ha npumepe BCIT 2009 r. mo-
Ka3aHo, YTO, KaK MPaBUJIO, PU CHIDKEHUH TLIOMIAN BUXps MeHee 10 MiH KM U YMEHBIIEHNH CPEIHEN CKOPOCTH
BEeTpa 110 rpaHuue BUXps Hike 30 1 45 M/c COOTBETCTBEHHO B HIKHEH 1 cpefHeli cTpatocdepe NomspHblil BUXPb
CTaHOBHTCS HEOOJIBIIINM LIMKIIOHOM, KOTOPBIi{ IIONHOCTBIO pa3pyIaercs B TedeHne 1—3 Hefielb.

KuroueBbie ci10Ba: BHe3anHoe crparocd)epHOe MOTEIUICHHE, TEOMOTEHIHAL, 030HOBAS aHOMAJIHSI, TIOJSPHbIi
BHXPb, MOJIAPHAs cTparocdepa.

s wutupoBanus: 3yes B.B., Cagenvesa E.C., [lasnunckuii A.B. AHaIU3 TMHAMUKH apKTHYECKOTO MOMSPHOTO
BHXPs BO BpeMsi BHE3AIHOTO cTpatocheproro norerwieHus B sHBape 2009 r. // [Ipobnemsr ApkTuku n AHTap-
krukd. 2021. T. 67. Ne 2. C. 134-146. https://doi.org/10.30758/0555-2648-2021-67-2-134-146.

IMocrynuia 24.12.2020 ITocie nepepadorku 02.04.2021 Mpunsara 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. [IABJIMHCKHH 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 ERAS
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
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BBEJIEHUE

APpKTHUECKHI CTPAaTOC(EPHBIN MOSPHBIA BUXPh, KaK IIPABUIIO, POPMHUPYETCS B OK-
T0pe—HOs0pe U paspymiaeTcs B BeceHHuil nmepuo [1, 2]. bonee pannee paspyiieHne
TIOJISIPHOTO BUXPsI 00YCIOBICHO BIHMSHUEM TUIaHETapHBIX BOH Poccou [3—5]. Pacpoctpa-
HSIIOIIMECs] U3 Tportocdepbl BEPTUKAIbHBIE TIOTOKK BOJIHOBOM aKTHBHOCTH B cTparocdepe
pa3pylIaroTCs B pe3yabTaTe B3auMOACHCTBHS C 3allaAHBIM CTPaTOC(hEePHBIM TeUeHUEM (IT0-
JSpHBIM BuxpeM) [6]. IIponcxonsinee npu 3ToM CHIBHOE CMEIICHUE WIN PACIIeINICHNE M0-
JISIPHOTO BUXPS CONIPOBOXK/IAETCS BHE3AIMHBIM cTpaTocdepHbM norerienuem (BCIT) [7-9].
BCII pa3nenstorcst Ha TIaBHbIE 1 MHHOpPHBIE. COINIaCHO CYIIECTBYIOIIEMY ONIPEeICHHIO,
peIoxkeHHoMy BeeMupHoi meteoponoruueckoit opranusanueii B 1978 r., BCII moxHO
CYMTATh ITIABHBIM, €CJIM Ha BhICOTax OT ypoBHA 10 rlla u HIXKe cpeqHeInpoTHAS TeMIIe-
parypa pe3Ko Bo3pacTaeT 110 HanpaBieHHIo 0T 60° MHPOT K MOTIOCY MPH HAOIIONACMOM
CMEHE HalpaBJiCHHUs 30HAJIHHOIO MOTOKA B TCUCHHE HECKOJIBKUX AHel/4acoB [10]. Eciu
IIPU BBIPRKEHHOM POCTE CTPAaTOC(EpHBIX TEMIIEpATyp HalpaBiIeHNE 30HAIBHBIX BETPOB
¢ 3amagHoro Ha BoctouHoe He MeHsercsd, BCII cuutaercs MuHopHBIM. [Ipy MUHOPHBIX
BCII nporcxomut cuiibHOE CMEIIECHNE TIOJSIPHOTO BUXPSL,  TIPU IVIABHBIX — €TO paclerie-
Hue Ha J1Ba HeOonbmux Buxps [11-13]. BCII npeacTapisitor codoii KpynHOMacTabHbIe
TeMIIepaTypHble BO3MYILECHHUS MOJSIPHOM cTpaTocdepsl 1 MOTYT CIIOCOOCTBOBATH Ooiee
paHHEMY IPOTEKaHUIO BECEHHEW MepecTpOKU HUPKyIsiiuu crparocdepsr [14-15].

B ¢dopmupoBanuy NOISPHOI 030HOBOM aHOMAIIMH KIIIOUEBYIO POJIb UI'PAET yCTOHYH-
BOCTb IOJISIPHOTO BUXPSI B 3MMHe-BeceHHHH nepuoy [16—18]. ['paHHUIBI MOIAPHOTO BUXPS
IIPEICTABILIIOT COO0M TMHAMUYECKHI Oapbep, MPEnATCTBYIONMN MEPHIHOHAILHOMY TIepe-
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HOCy cTparoc()epHOro 030Ha U3 TPONUYECKUX M CPEJAHUX IIUPOT B IMOJSIPHYIO 00IacTh
[19, 20]. IIpu 3TOM BHYTpH MOJSIPHOTO BUXPS B CTpatocdepe IMpH IKCTPEMATHHO HAZKIX
temreparypax (< —78 °C) popmupyrorcs nossipasie crparocgepnsie odnaka (IICO), Ha
MIOBEPXHOCTH U B 00bEME KOTOPBIX ITPOTEKAIOT T€TEPOTCHHBIC PEAKINH C BHICBOOOXKIE-
HUEM MOJICKYJIAPHOTO XJiopa. le/l TMOSABJICHHUU COJIHEYHOT'O U3JTYYCHUA HA MOJIAPHBIM
PETHOHOM MOJIEKYJISIPHBII XJI0p (DOTOANCCOIMUPYET C 00pa30BaHUEM PaJNKaJIOB XJIOpa,
BCTYMAIOIIUX B KAaTATUTUYECKUN LIUKII pa3pylieHus o3oHa [21]. Pa3pyiienue nomasipHoro
BUXpsI T10]] ACHCTBUEM IIJIAHETAPHBIX BOJH B 3UMHE-BECEHHHUI MEPHOJ] IPUBOIUT K HPH-
TOKY B MOJIIPHYIO 00JIACTh TEIUIBIX, OOraThIX 030HOM BO3YIIHBIX MacC, CIIOCOOCTBYIOIINX
pazpymenuro [ICO 1 HaKOTUIEHHUIO CTPaTocepHOro 030HA B apKTHIECKOH obmacTu [22].

B nanHoi1 paboTe paccMoTpeHa AMHAMUKA apKTHUECKOTO TOJIIPHOTO BUXPSI BO BPEMS
omHoro u3 cunpHewmx BCIT B saBape 2009 T. ¢ HCTIONB30BaHHEM HOBOTO METOJA, I10-
3BOJIAIONIETO ONPEASINTh MJIOIIAIb BUXPS U CKOPOCTh BETPa M0 IPAHUIIE BUXPS, a TAKKE
OLICHHUTH CPEAHHUE 3HAYCHHSI TEMIIEPATYPbl 1 MaCCOBOTO OTHOILIEHUSI CMECH 030HA BHYTPH
BUXpS Ha OCHOBE JaHHBIX peaHanuza ERAS.

JAHHBIE U METO/1bI

CpenHecyTOUHbBIE JAHHBIC O MOTCHIIMAIBHON 3aBUXPEHHOCTH M TEMIIEpaType BO3-
nyxa B obnactu 30-90° c. 1. ¢ ropu3oHTaNbHBIM pasperienueM 3,0°x3,0° Ha ypoBHsx 50
u 10 rIla 3a mepuox ¢ 10 saBaps mo 20 ¢espaist 2009 . momydeHBI IO JaHHBIM peaHaIn3a
ERA-Interim EBporneiickoro nenTpa cpeaHecpouHbIx mporuo3os noroast (European Centre
for Medium-Range Weather Forecasts, ECMWF) [23] (http://apps.ecmwf.int/datasets/).
CpenHecyTOYHbIE TJaHHBIE O CKOPOCTH 30HAJIBHOTO U MEPUIMOHAIIBHOTO BETPa, T€ONOTEH-
Iuae, TeMIlepaType Bo3ayXxa U MacCOBOW KOHIIEHTpAIH 030Ha B obmactu 30-90° c. mI.
€ TOpU30HTAIBHBIM pa3zpemenueM 0,25°x0,25° na yposusx 50 u 10 rlla 3a nepuox ¢ 1979
mo 2020 . oIyYeHbI IO TaHHBIM HETaBHO BBITYIICHHOTO peaHanm3a ERAS [24], sBius-
IolIerocs MATHIM MokojieHueM peaHann3oB ECMWF u omingaronierocst BHICOKMM Ipo-
CTPaHCTBEHHBIM H BpeMeHHBIM paspemeHueM (https://doi.org/10.24381/cds.bd0915¢6).

Cy1ecTByeT 10 KpaiHel Mepe JiBa MET0/1a OKOHTYPHBAHHSI CTPATOCHEPHBIX MOJSIPHBIX
BUXpeil. [ paHuIia monsipHOTro BUXPSI MOXKET OBITH OIPEIEIeHa IT0 MAKCHMAIBHOMY TPAIHEHTY
MOTCHIIMAILHON 3aBUXPEHHOCTH [25] U ¢ ucmonp3oBaHueM M-(YHKIIUH, XapaKTePH3YHO-
el IJIMHY TPaeKTOPHH, POXOIAIINX depe3 y37bl 3aIaHHoi ceTku [26]. [IpenmytiecTBoM
M-(yHKIMH IO CPAaBHEHUIO C IPAJANESHTOM MOTECHIIMAILHON 3aBUXPEHHOCTH SIBIISIETCSI €€ He-
OIHOPOTHOCTb BIOJIb TPAHMUIIBI BUXPS, YTO MO3BOJISIET OL[EHUTH PETHOHAIBHBIE 0COOCHHOCTH
MaccooOMeHa M ONPEIEIIUTH 00JIACTh TMHAMHYECKOTo Oapbepa 1o TpaHuiie BUXps. B nannon
paboTe AMHAMIKA CTPATOC(HEPHOTO APKTUUECKOTO BUXPSI PACCMATPUBACTCS C HCIIONB30BaHIEM
METO/Ia OIICHKH OCHOBHBIX [apaMETPOB BUXPs PH OKOHTYPUBAHWH €TO TPAHMUIL HA OCHOBE
JTAHHBIX O MAKCHMAJILHOM TPaJeHTE TEMIIEPATyPbl 1 MAKCHMAJIbHONW CKOPOCTH BETpA.

Memoo oyenku 0CHOGHBIX NAPAMEMPOB APKMUYECKO20 NOTAPHO20 6UXPA
npu OKOHMYPUBAHUU €20 ZPAHUY
Teonorenuman @ BoIpaxaercs ypasaenuem [27]:
dd" = gdz, (1)
I1e g — YCKOpPEHHE CBOOOMHOTO MAICHHS U Z — BEPTHKAIBFHOE PACCTOSHHUE OT YPOBHS
Mopsi. [TockosIbKY MPH OTCYTCTBHM aTMOC(EPHBIX IBMKCHHIA CHJIA TSHKECTH JI0JIKHA OBITh
TOYHO cOalaHCHPOBaHA BEPTHUKAIBFHON COCTABIISIONICH CHIIBI TPaIUCHTA MaBIeHUS [27]

dpldz = —pg, (2)
rjie p — JABJEHHE U P — IJIOTHOCTD, TO
d®" = —(RT/p)dp = —RTdlInp, 3)
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rae R — yHuBepcanbHas ra3oBas MocTosHHas U 7 — TeMneparypa. Kak BuaHo u3 ypaBHe-
HUA (3), TeonoTeHNMAaN B OCHOBHOM 3aBUCHT OT AABJICHHS M TeMIleparypbl. Takum oOpasom,
TeONOTEHIHA JOCTAaTOYHO TOYHO ONHUCHIBACT JTUHAMMKY MOJIIPHOTO BHXPSI, TOCKOJIBKY
BHYTpH MOCJIETHET0 HAOIIOaeTCsl CYIIECTBEHHOE MOHIDKEHUE TEMIIEPATYPhI U JABICHMUS,
a 3a ero mpexaenaMu — moBbleHre. KpoMe Toro, reonoTeHnuan He mpeTepreBaeT 3Ha-
YUTENBHBIX CE30HHBIX M3MEHEHUH B MEPHOJ] CYIIECTBOBAHUS BUXPSI M, COOTBETCTBEHHO,
XOPOIIO TMOAXOJUT sl ONIPEeICHHsI TPAHHUIL MOJISIPHOTO BUXPA.

Jst onpenenenys 3HAYEHUH TEONMOTEHINANA, HAWTYYIIUM 00pa3oM XapaKTepusy-
IOLIMX MPAHMIBI QPKTHYECKOTO TOJISIPHOTO BUXPS B HWKHEH M cpejiHeil ctparocdepe (Ha
ypoBusx 50 u 10 rlla), ucnonp30Bairuch JaHHBIE O CKOPOCTH 30HAIBHOTO U MEPUIHMO-
HaJIBHOTO BETpa, TEMIepaType Bo3ayxa U reonoreHuaine peananusa ERAS. [1o rpanure
TIOJIIPHOTO BUXPS HAOTIONAIOTCS. MAKCUMAJIBHBII IPaIUEHT TEMIIEPATypHl U, KaK IPABUIIO,
MaKCHUMaJIbHbIE 3HAUCHUSI CKOPOCTH BeTpa. Ha 0CHOBE ekedacHBIX TaHHBIX C pa3pelieHueM
0,25°%0,25° mnst yposrerr 50 u 10 rlla 3a 1979-2020 rr. OBUTH TONYyYEHBI CIIEAYIOMINE
3HAYEHMS: TeMIIepaTypa B TOUYKE MAaKCHMaJIbHOTO TPaJMeHTa MO LIMPOTE B JUANa30HE
40-90° c. 1. 175 KayKA0r0 3HAYEHUS TOJTOThI IPaAyCHOM CETKH, 3HAaUEHHE T'€0NOTeHIalIa
B TOYKAaX MAKCHMAaJILHOTO TPaJMEHTa TeMIepaTyphl, MaKCUMaJlbHasl CKOPOCTh BETpa IO
wupote B auanazone 40-90° c. m. A Ka)a0ro 3HaueHusl JOJTOThl IPajyCHONW CETKH.
CKOpOCTh BETpa ONpeAesiach Kak BEKTOpHas CyMMa 30HAJIbHONH U MEPHUAMOHAIBLHON
CKOPOCTH. AHalN3 ANMHAMUKH apKTHYECKOTO MOJSIPHOTO BUXPs 3a 42 Tofa HaOIroAeHUH
MTOKa3aJ, YTO MPAKTUYECKH BO BCEX CIydyasx MaKCHUMallbHas CKOPOCTh BETPa, yCpeTHEHHAS
IO TpaHUIIe TOISIPHOTO BUXPS, TIpeBbimaeT 30 M/c Ha yposHe 50 rlla u 45 m/c Ha ypoBHE
10 rIla. B cpemnem 3a 1979-2020 rr. 3HaucHue reonoteHImana @ B paloHe MAKCUMATBHOTO
TpaJIeHTa TEMIIEPATyphI TI0 TPaHuIle BUXps coctaBwio @ = (19,50+0,15)-10* m?/c? Ha BbI-
cote 50 rlla (mpu MakcUMaIBHOM cKopocTd Betpa v > 30 m/c) 1 @* = (29,50+0,30)-10* m%/c?
Ha BbicoTe 10 rlla (py MakcHMManbHOM CKOPOCTH BeTpa v > 45 m/c).

Jlng aHanmu3a IMHAMHMKH apKTUYECKOTO MOJISIPHOTO BUXPS U CBA3aHHBIX METEOPOJIO-
TMYECKHX MapameTpoB 3uMoi 2009 I. pacCUNTHIBAINCH IIIOMIAAb BUXPS, CKOPOCTh BETPa
y TPaHHUIBI BUXPS, CPETHSS TEMIIEpaTypa U CpeTHEe MacCOBOE OTHOIICHNUE CMECH 030Ha
BHYTPH BHXPS, 3TH PAacueThl OCHOBBIBAJINMCH HA TOM, YTO I'PAHHIA aPKTHUECKOTO BUXPS
Ha ypoBHsix 50 u 10 rlla ompenensercs 3Ha4eHUSAMHU T'€ONOTEHIIMAIA COOTBETCTBEHHO
19,5-10* u 29,5-10* m?*/c2. Pacuersl npoBoamnuck Ha ypoBHsix 50 u 10 rlla ¢ siHBaps
1979 r. mo mait 2020 r. (17151 BpeMEHHBIX IePHOJIOB, KOT/a MOJISPHBIN BUXPh CYIIECTBOBA)
C UCTIONb30BaHUEM JaHHBIX peananu3a ERAS. IloBenenne uccieayeMpIx mapamMeTpoB
B 3uMHe-BeceHHHH nepuon 2008/09 1. cpaBHMBANOCH ¢ 42-IETHUMH KIMMaTHYECKUMHU
cpenHuMu 3a 1979-2020 rr., noay4YeHHBIMU CO CPEIHEKBAIPATUYHBIMU OTKIOHEHUSIMU
(CKO, o). Knumarnueckue cpenuue v 3Hauenust CKO 6butn crtaxensl FFT-gunbrpom (fast
Fourier transform filter) mo 15 Toukam. BpeMeHHBIC M3MEHEHUS HCCIICAYEMBIX Mapame-
TpoB ¢ HOsOps 2008 1. mo dheBpans 2009 1. 6putH crnakeHsl FFT-gumsrpom mo 3 Toukam.

PE3VYJIBTATBI, UX AHAJIN3 U OBCYXKAEHUE

Buezannoe cmpamocgepnoe nomennenue ¢ apKmuueckoii cmpamocgepe
6 aneape 2009 2.

B smBape 2009 r. Habmomanock omgHO u3 caMbiX ciibHBIX BCIT [28-35]. Omanvu u3
OCHOBHBIX MapaMeTpoB, onuchBaonmx BCII, sBisIoTCS MOTEHIMAIBHAS 3aBUXPEHHOCTD
U TeMneparypa. Boicokue 3HadeHNs TOTEHIINAIBHON 3aBUXPEHHOCTH B 3UMHE-BECCHHUH T1e-
pHOz, KaK TIPABHJIO, OTIPEIEIIOT MECTOTIONOKEHNE TTOApHOTO BUXpsi. Ha puc. | npuBeneHs
I10J1s1 MOTEHLMATBHOM 3aBUXPEHHOCTHU U Temrieparypsl Ha ypoBHsX 50 u 10 rlla nax Apkruxoit
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Puc. 1. [Tons moTeHnmanbHO 3aBUXPEHHOCTH U TeMIepaTypbl Ha ypoBHsax 50 u 10 rlla Hax ApkTuxoit
Jutst BEIOOpOYHBIX Aat ¢ 10 saBaps mo 20 despains 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

¢ strBapsi 1o derpaib 2009 . o gaHHbIM peanamza ERA-Interim. B nepBoii nosioBuHe sHBapst
2009 1. TONSIPHBIN BUXPb OBLT XOPOILO HEHTPUPOBAH OTHOCHUTEITBHO TMOJIFOCA ¥ IMEN KPYIITYIO
(hopmy. BCII, nponsoreniiemy 24 sHBapsi, NPEAIIECTBOBAIO BHITSTHBAHKUE MOJSPHOTO BUXPS
22 sHBapsi, KOrjaa OH NpHHSUT (GopMy «BOCBMEPKW». 24 siHBapsi POU30IILIO paclIeIICHHEe
BUXPSI, TIOJSPHYIO O0JIACTh 3alOJIHUIIM TEIUIbe BO3MYIIHbIE Macchl. [1osi moTeHpansHoM
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Puc. 2. Ilons reonoreHnuana, CKOpOCTH BETpa U MaCCOBOI'O OTHOLLICHUS CMECH 030HA HA YPOBHAX
50 u 10 rlla max Apkruxoit uist BEIOOpo4HbIX aat ¢ 10 saBaps mo 10 despanst 2009 .

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 1 TeMIiepatypsl ¢ 24 1o 30 stHBapst AEMOHCTPHPYIOT Pa3pyLIeHHE OIIPHOTO
BUXps Toctie ero paciierienus (puc. 1). CormacHo puc. |, HU OIUH U3 MOTYYHBIINXCS B pe-
3yJNIBTaTe paciiervieHus pparMeHToB BUXpsl He c(HOPMUPOBAJICS B TIOJHOLCHHBII MTOJSIPHBINA
BUXpb, U B Hauasie (peBpasisi OH MOJHOCThIO paspyiimics. [Ipoucxosiime B cpeiHei crparoc-
(epe paciierienne u paspyleHue MOIIPHOrO BUXPsl MPOSIBISUIICH B HUKHEH cTparocdepe
C 3ama3IpIBAHIEM KaK MUHUMYM Ha 4 JTHSL.

Ananuz ounamuxu noaapHozo euxps 3umoii 2009 2.
€ UCNONIb306ARUEM MEMOOA OUEHKU OCHOBHBIX RAPAMEMPOE
APKMUYECKo20 NOJAPHO20 BUXPS NPU DOIee MOUHOM OKOHMYPUBAHUU €20 ZPAHUY

Ha puc. 2 npuBeneHs! Mosis reonoTeHnaia, CKOpOCTH BETpa M MaCCOBOTO OTHOILICHHS
cmecu o30Ha Ha ypoBHsX 50 n 10 rlla Hax ApkTukoi 1yt BBIOOpodHbIX jAar ¢ 10 sHBapst mo
10 despasst 2009 r., moTy4YeHHBIE HA OCHOBE JaHHBIX peananm3a ERAS. I'panuiis! nomsipaoro
BHXSl, XapaKTepu3yeMble 3Ha4eHHsIMH reonoteHmaia 19,5-10%u 29,5-10* M*/c? cooTBETCTBEH-
HO Ha ypoBHsX 50 u 10 rlla, BelgeneHs! Ha OJAX TeonoTeHuana Koutypom. Kak BuaHo u3
puc. 2, 3Hauenus reonorenimana 19,5-10* m*/c? (ua 50 rlla) u 29,5-10* m*/c? (ua 10 rlla) no-
CTaTOYHO TOYHO OITHCHIBAIOT MPAHMIIBI ADKTHUYECKOTO TIOISIPHOTO BUXPSI B HIDKHEH U CpeHer
crparocgepe, MOCKOIbKY COOTBETCTBYIOT MAaKCHMAIILHBIM 3HAYEHUSIM CKOPOCTH BETpa, a TaKKe
MOHI)KEHHOMY COJIEPYKaHHIO 030HA B WX MpereNax M MOBBIIIEHHOMY — 3a mpenenamu. Ha
pHC. 2 TakKe XOPOLIIO IPOCIIEKUBACTCS PacIieIIeHUE MOISIPHOTO BUXPst (24 sHBaps B cpeaHei
crparocdepe u 28 siHBaps B HIKHEN cTparocdepe), ocie kortoporo 10 deBpaist B cpenneit
crparocdepe NOISIPHBII BUXPh y)Ke He HaOMOaiIcs (3HaUSHHs T€0NOTeHIMAla U CKOPOCTH
Berpa Ha puc. 2 (10 rlla) cocrassiror @ > 29,5-10% M*/c? u v < 45 m/c). Paspyuienue BUXpst
B HWDKHEH cTparocdepe Mpon301uIo Bo Bropoi nonosune ¢espans (puc. 1). st ananmza
JIMHAMUKH apKTHYECKOTO HOJISIPHOTO BUXPSI M CBSI3aHHBIX METEOPOJIOTMUECKHX ITapaMeTpoB BO
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Bpemst BCIT 2009 . ObutH OIpeieNieHbI TUIOMIAb APKTHYESCKOTO TMOJSIPHOTO BUXPSL, CKOPOCTh
BETpa y TPAaHUIIBI BUXPS, CPEIAHAS TeMIeparypa U CpeJHEe MACCOBOE OTHOIIEHHE CMECH
030Ha BHYTPU BUXPsl, OCHOBBIBAsACh HA TOM, YTO I'paHUIa APKTUICCKOI'O IMOJISIPHOI'O BUXPs HA
ypoBHsix 50 u 10 rlla onpenensercs 3Ha4EHUSIMU TEOMOTEHIIMANA COOTBETCTBEHHO 19,5-10*
1 29,5-10* M?/c?. Ha puc. 3 npuBeieHa TUHAMKKA HCCIIEyeMbIX napameTpoB 3umoii 2008/09 t.
Ha ypoBH:X 50 u 10 rlla B cpaBHEHNH ¢ KIMMAaTHYECKUMH CPEAHUMH 3HAUCHUSIMU.

Kax BuziHO U3 puc. 3, cpeiHsisi CKOPOCTh BETPa 110 TPaHHMIIE MOJISIPHOTO BUXPS V B Iep-
BOH MOJIOBUHE 3UMbl B OCHOBHOM HaXOJWJach B Mpejeiaax HopMbl. Bo BTopoii noioBuHe
3umbl, 20 u 23 siHBapsl B CpeIHEH M HUKHEH cTpatocdepe HaOMonaIcs MUK CKOPOCTU
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030Ha BHYTpY BUXps (10 KI/kr)  BHYTPM BUxpsi (°C)

MaccoBoe OTHOLLEHWE cMecH

Puc. 3. BpemeHHO#1 X0/ 11011211 apKTUUECKOTO MOJIIPHOTO BUXPSI, CPEIHEH CKOPOCTH BETpa y rpa-
HUILBI TOJISIPHOTO BUXPSI, CPEIHEH TeMIlepaTypbl BHYTPH MOJISIPHOTO BUXPSI M CPETHEI'0 MAacCOBOIO
OTHOILCHUSI CMECH 030HA BHYTPH HOJISIpHOTO BUXps Ha ypoBHsx 50 u 10 rlla ¢ Hos6pst 2008 1. 10
despainb 2009 1. Ha GoHe cpeanux 3HaueHui 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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Betpa: v = 83,8 m/c Ha yposae 10 rlla u v = 49,0 m/c a yposHe 50 rIla. B momenT pac-
mieruieHus: 24 siHBapsi CpelHssl CKOPOCTh 110 IPaHUIAM JBYX 00pa30BaBLIMXCS BUXpEW
B cpeaHeil crparocdepe coctaBisuia v = 63,5 M/c U 3areM B TEUSHHE JIByX HEAEIb 10
paspyiueHust BUXpst 6 peBpaiisi yMeHbIagach co ckopocThio 4,0 M/c B CyTku. B HIbKHEH
cTparocdepe cpeaHsisi CKOPOCTh [0 TPAHULAM JBYyX 00pa30BaBIINXCS BUXPEH B MOMEHT
pacuieruieHust 28 stHBapsi qocturana v = 44,7 M/c, mociie 4ero HabIIaa0Cch yMEHbIIIe-
HUE CKOpOCTU Ha 2,2 M/C B CyTKU B TeueHue 30 JHEH 10 MOJHOTO pa3pylIeHUs] BUXPS
26 despans (puc. 3). CortacHO U3MEHEHUSIM CpeJIHEH CKOPOCTH BETpA 110 IPaHHULIE BUXPS
(puc. 3) MOXKHO HPEANOIOKHUTH, YTO pa3pylICHHE BUXPS B CPeAHEH M HUXKHEH CTparo-
chepe npousoruio 6 u 26 dheBpaisi COOTBETCTBEHHO. [Ipy 3TOM 0CTaeTCst HeSICHBIM, MOYXK-
HO JIM Ha3BaTh MOJIIPHBIM BUXPEM IUKJIOH, HAONIOaBIIHiics B cTpatocdepe B despaie
(puc. 1, 2). CpenHsist CKOPOCTb 110 TpaHKILE BUXPEH B CpetHel cTparocdepe CHU3MIACH JI0
sHaueHuit v < 45 M/c 30 siHBaps, a B HkHEW crpartochepe 1o v < 30 m/c — 6 deBpais.

MaxkcuMalbHas TUIONA1b MOJSIPHOTO BUXPSI B CPEIHEH U HIDKHEH cTpatocdepe Ha-
omromanack coorBercTBeHHO 10 u 15 suBaps u mocturia 48,1 u 36,5 mun km? (puc. 3).
B MoMeHT pacluernienyus cyMMapHasl IUIOIIA b BUXPEH B CPEJHEN U HUKHEU CTparoc-
depe mocturana coorBerctBeHHO 20,3 muH kM? (24 sirBaps Ha 10 rlla) u 21,2 MaH kM?
(28 suBaps Ha 50 rlla). YMeHbllIeHHE TUTOIIAM BUXPEH 10 3HaYeHui HIbKe 10 MITH KM?
HaOIoanock B cpeHeit crparocdepe 29 siHBaps, a B HIbKHEW crparocdepe — 6 deBpa-
7151 (IPaKTUYECKU OJJHOBPEMEHHO CO CHMIKEHHEM CKOPOCTH BHXPS B CPEJHEH W HMKHEH
crparochepe 1o 3HaueHUi MeHee 45 u 30 M/c cooTBeTCTBEHHO). CTpeMHUTEIbHOE MOBBI-
IIEHUE COACPIKaHUS O30HA BHYTPU BUXPA B (beBpane TaKK€ CBUACTCILCTBYET O TOM, UTO
rpaHulla BUXPs IMMOCTCIICHHO MTEPECTACT 6])ITI) JUHAMHUYCCKUM 6ap1>ep0M JJIA BO3AYIIHBIX
Macc. HpI/I 3TOM OJHUM U3 OCHOBHBIX CBOWCTB TMOJIAPHOI'O BUXPSA SABJIACTCA IMOHUKCHUC
TEMIIEpaTyphl B €ro npezesax, uto odycnasnubaet popmuposanue [ICO u nocnenyroiee
IIPOTEKAHUE IETEPOreHHbIX PEaKIM, 3aIlyCKAOIUX KaTaIUTUUYECKUI LUK pa3pyLLIEeHUs
030Ha C MOSIBJICHUEM COJIHEYHOTO M3iyueHus. CpeHee 3HaUCHHE TeMIIepaTrypbl BHYTPU
BUXDs B HIDKHEH cTparocgepe NpeBbICUIIO 3HaYeHHE 2G OT KJIMMaTHYeCKOH HOPMBI 5 des-
palid, OpaKTUYCCKU OAHOBPEMEHHO C YMCHBIICHUEM CKOPOCTH BETPaA IO I'PaHHUIC BUXPA
Hiwke 30 M/c 1 mwromaau Buxpss — mexee 10 miH km? (puc. 3).

Takum oOpa3om, Ha 3Tane pa3pyLICHUs MOJISIPHOTO BUXPS MOXKHO BBIICIUTH JIBa
KpHUTEpUsl, 32 MPeeIaMi KOTOPBIX MOJISPHBIM BUXPh CTAHOBUTCSI HEOOIBILIMM IIUKIOHOM,
pa3pyIIalouMCs OJHOCTBIO B TeueHue 1—3 Hesenb: miomaas Buxps 6onee 10 miH km?
1 CKOPOCTh BETpa [0 I'PAHUIIC MOSIPHOTO BUXPsi 6osiee 30 u 45 M/C COOTBETCTBEHHO B HIK-
Helt u cpenneit ctpartocdepe. [Ipu 3ToM, Kak BHIHO U3 puC. 3, HA 3Tare POPMUPOBAHHUS
TMOJIAPHOI'O BUXPSA B H0516pe 3HA4YCHHA CKOPOCTHU BETPaA U IIOIIAAN MOT'YT KaKOC-TO BpEMsL
HE YJIOBJIETBOPSTH IPEAJIOKEHHBIM KPUTEPHSIM, I10KA BUXPb IOJHOCTBIO HE CHOPMUPYETCSI.

3AK/JIIOYEHHUE

B nanHoli pabote paccMOTpeHa JMHAMUKa aPKTHYECKOTO MOJISPHOTO BUXPS BO BPEMs
omHoro u3 cuibHeHmmX BCII B ssHBape 2009 1. mo manubM peananm3a ERAS. Jns ana-
JM3a TMHAMUKH TOJISIPHOTO BUXPS M CBA3aHHBIX METEOPOJIOTHUECKUX TTapaMeTPOB 3UMOI
2009 1. OBITH pacCYMUTAHBI TUIOIIAAb BHXPS, CKOPOCTH BETpa Y TPAHUIIBI BUXPS, CPESIHAL
TeMIiepaTypa ¥ CpeJjHee MacCOBOE OTHOLICHHE CMECH 030HA BHYTPH BHUXPS, OCHOBBIBA-
sICb Ha TOM, YTO TPaHUIA apKTHYecKoro BUXps Ha ypoBHAX 50 u 10 rlla ompenensercs
3HAYCHUSMH TEOMOTEHITHAIA COOTBETCTBEHHO 19,5-10* u 29,5-10* m%/c%. TIpumMeHenue
JaHHOTO METOJa ONPABAAHO JUIs apPKTHYECKOTO HOJISIPHOTO BUXPS, XapaKTEPU3YIOIIETOCs
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3HAUUTEIBHONW U3MEHYMBOCTBIO, OCOOCHHO B IEPHOJL €ro pacileruienus. Paciienienue
nossipHoro Buxpst B 2009 1. Habmonanock 24 u 28 siHBapsi COOTBETCTBEHHO B CpelHE
u HIWKHeH crparocdepe. [IpuMepHO uepes3 Heselto nmocie pacuieruieHns: o0pa3oBaBIInecs
BUXPH T10 XapaKTEPUCTHKAM CTaJIH OJIMKe K HEOOJIBIINM LUKJIOHAM, KOTOPbIE TIOJTHOCTBIO
paspyunuck B Teuenue 1-3 Henenb. Bo3aelicTBue miiaHeTapHO BOJTHOBOM aKTUBHOCTH
Ha MOJIAPHBIN BUXPb HE BCETJa MPUBOAUT K €ro pa3pylIeHHI0. B HEKOTOphIX ciyyasx Ha-
OrOa0TCST KPaTKOBPEMEHHBIE PACILEIJICHUs], PErUCTPUPYEMbIe B TEUSHHE HECKOJIBKUX
JTHEH, TI0CJIe Yero BUXPb JOCTAaTOYHO OBICTPO BOCCTaHapimBaetcs, Gopmupyrorces [1ICO
[36]. BoccraHoBeH e TOISPHOTO BUXPsI O0JIee BEPOSITHO B 3MMHUE MECSIIbI, KOTJa B apK-
THUYECKOH cTparocdepe pajnallMOHHBII HarpeB OTCYTCTBYET MJIM CIa0blil, B OTJIMYHE OT
BeceHHUX Mecses [37]. Ha ocHoBe aHanu3a TUHAMUKH apKTHYECKOTO MOISIPHOTO BUXPSA
3a 1979-2020 rr. u Ha npumepe BCII 2009 r. mokazaHo, 4TO MPH CHIKEHUH TUIOIIATT
BUxpsi MeHee 10 MJIIH KM?> U yMEHBIICHUH CPEIHEH CKOPOCTH BETpa IO IPAHHUIIC BHXPSI
Hiwke 30 u 45 M/c COOTBETCTBEHHO B HIKHEW U cpefHel crparocepe MONSpHBIA BUXPh
CTaHOBUTCSI HEOONBIINM LUKIOHOM (C CYIIECTBEHHO 00Jiee BBICOKMMH TeMIIepaTypaMu
B €ro Ipejeinax), KOTOPbIi, Kak MPaBuio, JOCTaTOYHO OBICTPO, B Ipenenax 3 Heaelb,
paspymaercs.
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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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Antarctic precipitation in LMDz6 global atmospheric model using ground-based radar observations. Problemy
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Pe3rome

B Texymiem Tpenjae U3MEHEHUs KIMMaTa Ha Mojrocax ofHa u3 3ajgay npoekra APRES3 ([ucranumonnoe
30H/IUPOBAHUE OCA/KOB B AHTAPKTHKE C MOBEPXHOCTH M U3 KOCMOCA) 3aKIII0YAETCSl B TOM, YTOOB! yTOUHHTH
BEPTHKAJIBHYIO CTPYKTYPY OCaJKOB U MOBBICHTH Ka4eCTBO UX MPOTHO3a. VI3BeCTHbIE pe3ynbTaTbl MOAEIHPO-
BaHMs 0CAJIKOB B AHTapKTH/IE OA3UPYIOTCS HA JIAHHBIX C BHICOKOH CTEMEHBI0 HEONPEAETCHHOCTH U CHIIBHO
pasuarcs. Vcecnenoanue n3duparenbHOH UyBCTBUTENBHOCTH pacyeTa 0caJKoB MPOBOAMIOCH HA OCHOBE
r100aIbHON KITMMAaTHIECKOIl MOJICIN U COMOCTABISIOCH C HAOMIOICHHSIMH, TIOTYyYSHHBIMH C TIOMOIIBIO Me-
teopajapa (MRR) Ha Geperosoii cranuuu JJomon-1"FOpsumb. Mcnons3osanacs LMDz/IPSL-monens o6ueit
[UPKYISLUH C TIOBBIIIEHHOMN leTanu3aiueil B paifone craniuu JlroMmoH-1’ KOpBuiib. bblia BeImonHeHa oLieHKa
BKJIaa (PM3MUIECKHUX U YUCICHHBIX MAPAMETPOB AAHHOW MOJENH B PaciyeT 0CaaKOB. BelUnCIHUTEIbHBIE IKC-
HEPUMEHTBI TI0Ka3aJI1, YTO U3MEHEHHS apaMeTPOB CeAMMEHTALUH U CyOIMMAal[UH He BIUIOT CyIECTBEHHO
Ha IPOTHO3UPYEMYI0 CKOPOCTh BbINaieHus 0caikoB. OJHAKO Auccunanus, Bo3HuKaromas B Mmoxean LMDz B
Tpolecce BEIYUCICHUH, paccenBas IPOCTPAHCTBEHHO H30BITOYHYIO SHEPTHIO U 00eceunBast yCTOHIHBOCTh
MOJIETIH, XOTA M KOCBEHHO, HO OYeHb CUJIBHO BIMAET HA PACCUMTHIBAEMYIO BEIMUMHY OCAIKOB. AJeKBaTHAS
TIO/ITOHKA YPOBHS PACCEHBAHHUS IPU MOJISTMNPOBAHUH 3HAYUTEIBHO CHIDKAET KOJINYECTBO OCAKOB B MEpHe-
PUITHBIX paifoHax AHTapKTHKH, 00ecreunBast TAKUM 00pa3oM Jydlliee CONTaCOBAHUE MOSTHPYEMOro Hpoduist
C IAHHBIMH METEOpaapHbIX HAOMIOICHHI.

KitroueBble cj10Ba: aHTapKTHYECKHE OCAIKH, MOJIEIMPOBAHKE MOJSIPHOTO KJIMMATA, OLIEHKA YUCIICHHOM Jic-
CHMAINH, OTICHKA MOJICIIA OONICH [IUPKYIALHH.

Jast uurupoBanus: Lemonnier F., Chemison A., Krinner G., Madeleine 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.

IMoctynuaa 09.06.2021 IMoc.1e mepepadorku 25.06.2021 Mpunsara 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 [§].

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
CMIPS5 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
R = (Pud), (1

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

d—P=B(1—iJJF, @
dz Dot
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-m2-K'-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

1500 -

Altitude [m]

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. BepTrukanbHoe HaKOIUICHHE 0CaIKoB 3a (heBpans 2017 ., 3aperucTpupoBaHHOE METEOPAAAPOM.
O06nacTsb, 3aKpalieHHast KpaCHbIM, COOTBETCTBYET 95 % J0BEpUTENLHOMY MHTEpBAy HaOMIOAEeHNI
MeTeopanapa
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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.

a)

b) NUDGE

Small configuration Big configuration
Fig. 2. Representation of the LMDz SMALL (@) and BIG (b) domains
Puc. 2. Ilpencrasneane MAJIOI'O (a) u BOJIBILIOI'O (b) nomenos B mopenn 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 y, . 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
Tabnuya 1
JKCIEePUMEHTHI M0 CKOPOCTH CeTUMEHTALMH IPH MOIeJIHPOBAHUH 0caiKkoB B LMDz

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

Sublimation tunable parameter experiments on LMDz precipitation evaporation

Tabnuya 2
JKCIEePUMEHTHI ¢ HACTPAHBAaeMbIMU NapaMeTPaMu CyOJIMMALIMH 0 HCIAPEHUIO 0CATKOB
B Moaeau LMDz

Experiment f sublimation
parameter
Control simulation B=2-10"*
SubEx 01 B=4-10"*
SubEx 02 p=2810"
SubEx 03 =210

rate is equal to 1 m-s™" (see equation 1). Indeed, the value of w, is varying with qiw 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]
B w
o o
o (=]
o o

w

o

o

o
T

2000

1000

O 1 1 1 1 1 =" - 1 1
0 20 40 60 80 100 120 140 160 180
Precipitation accumulation [mm]

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 npoduiieit 0caakoB, pacCYMTaHHBIX 1Mo Monesii LMDz, ¢ HabmoneHus M
Meteopanapa. CHHsIS CIUIOIIHAS JIMHUSL COOTBETCTBYET 3yMy KoHurypannu LMDz mis MAJIOT'O
nomeHa. CHHSIS IyHKTApPHAS THHAS — 3yM KoHuryparmu LMDz s BOJIBIIOI'O nomena. Kpacuast
CIUIOIIHAS JINHMS IIPEJICTaBIsIeT cO00H BepTHKAIBHBIA MPO(IIb HAKOIICHHS 0CAIKOB MO JaHHBIM
MeTeopasapa; 3aKpalleHHas KpacHBIM 00JacTh COOTBETCTBYET 95 % HOBEpHUTEIEHOMY MHTEpPBATY
HaOIroeHuit MeTeopanapa
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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
7000 —*— CTRL simulation L —*— CTRL simulation
—— SedEx 01 ——SubEx 01
SedEx 02 SubEx 02
6000 ~ SedEx 03 L % SubEx 03

Altitude [m]
B
o
o
o

0 2‘0 4‘0 66 80 160 120 11‘10 166 0 2‘0 4‘0 66 80 ] 160 150 11‘10 166
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. I[Tpoduiu HakomeHus ocaaxos st MAJIOI'O nomena B mogenu LMDz. KpacHast crutomiaas
JIMHYS TIPECTABIsET COO0M BEpTHKAIBHBII PO UIIH HAKOTUICHHSI 0CA/IKOB 110 JAHHBIM METE0paiapa;
3aKpallleHHass KPacHbIM 00JIaCTh COOTBETCTBYET 95 % NOBepHUTEIbHOMY MHTEpBAy HAOMIONCHUI
Mmereopagapa. CuHss crjiomHas JMHus cootBeTcTBYeT MAJIOMY noMeHy npu cTaHAapTHOH JeTa-
s3annu Mojenu LMDz ¢ ropuzoHTansHbIM pasperienueM 25 kM. CIUIOIIHbIE TypITypHas, XKeaTas
Y OpaHXKeBasi IMHUM COOTBETCTBYIOT BHIUMCIUTEIbHBIM SKCIIEPUMEHTAM C TapaMeTpaMH, IPeCcTaB-
neHHbIMH B Tabmuuax 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

a) Potential temperature at 950 hPa b) Potential temperature at 500 hPa
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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 (). 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 noTeHImanbpHoi Temmeparypsl B pacuetrax LMDz mms MAJIOI'O u BOJIBILIOT'O
nomenoB: ipu 950 rlla (a); ananoruuneie pe3yasrarel pu 500 rlla (b). Pasmiuue ynenpHON Brax-
Hoctu it MAJIOT'O u BOJIBIIOI'O momenos: npu 950 rlla (c¢); ananoruunsie pe3yabTaTsl IpU
500 rla (d). O6mactp geranmuzanuu MAJIOI'O nmomeHa orpaHn4eHa KpacHOW paMKoii, a 00nacTb
neranuzanuu BOJIBIIIOI'O nomena coBnagaet ¢ pasMepamu KapTel. L{BeTa namuTpsl H3MEHSIOTCS OT
CHHEro 710 kpacHoro. Koraa B citydae Masioi KoHGHUIypaluy 3Ha4eHUE KaKOH-TM00 XapaKTePUCTUKH
3aBBILIACTCS 110 CPABHEHHMIO C OOJIBIION, IIBET CTAHOBUTCS KPACHBIM
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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 54, 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 v as follows:

dy (G =
{51- i Vg, 4)
issip

where g, is the order of dissipation and t* the damping timescale associated with the
variable vy 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 t*, i.e. gravity waves) and the
diabatic perturbations (¢, and t, 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 1ty 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 ty 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 t = 600 s, T = 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
IKCNepuMeHThI ¢ TapaMeTPaMu AMCCHIIALUY /15 MaJIoro JjoMeHa B mofean LMDz
Experiment q,parameter T parameter
D01 q,v=2 _
D02 q =4 -
D03 q)=4 -
D04 - v =1200s
DO05 - 7% = 2400s
D06 - 7 = 2400s
D07 q,"=2,q"=4q)=4 -
D08 - 7 =1200 s; 7 = 2400 s; 7" = 2400 s
D09 q,"=2,9"=4q/=4 @ =1200s; 7% = 2400 s; " = 2400 s
D10 q=2;q"=4 " =1200 s; 7 = 2400 s
D11 q)=4 7" =2400 s

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 t* and ' 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 ¢, 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,and t

Puc. 6. [Ipodunu HakorieHus ocaakos o moaean LMDz. KpacHast criionrHas THHUS IPEACTaBIIeT
c000ii BepTHKAIBHBINA MPOQHIb, 3apETHCTPHUPOBAHHBIN METeOpasapoM, a 3aKpalleHHas: KPaCHBIM
00s1acTh COOTBETCTBYET 95 % NOBEPUTEIBHOMY HHTEPBAITY MOJYyYSHHBIX JaHHbIX. CHHSS CIIOIIHAS
JIMHUS — CTaHIAPTHBIN pe3yabTaT MOJACIUPOBAHMS, KPACHBIE TMHUH COOTBETCTBYIOT BHIUMCIUTEb-
HBIM 3KCTIEPUMEHTaM Ha OCHOBE ¢, OTIEPATOPOB, 3EJICHbIE JTUHUK — PACYETHI 10 JIEMII(PUPOBAHUIO
napaMmeTpa BpeMeHHOM mmikaisl T. [lyprnypHble U cuHME, IITPUXOBbIE U MyHKTUPHBIC JTUHUH — pe-
3yJbTaThl KOMOMHMPOBAHHUS 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 TeMmeparypHbie psiibl 3a GeBpans 2017 In: 11 KOHTPOIBEHOTO SKCIIEpUMEHTa (@);
JUISL BRIYUCIIHTENBHOTO dKenepuMenta D09 (b); muddepennuansHbli BpeMeHHOH psJ] OTKIOHEHH
TeMIIepaTypbl MEeXIy KOHTPOIBHEIM pacdeToM H 3kcrepumentoM D09 (¢).

Koraa xkoHdurypanus ynpaBieHus MOJEIH 3aBBIIIACT TEMIIEPATypy MO CPaBHEHHUIO ¢ cumymsnued D09, uc-
TIOJIB3YCTCA KPACHBIN IIBET
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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. Paznmume B ycpeqHEHHOH TeMIIepaType KOHTPOIBHOTO pacyera u skcnepumenTa D09 Bronn
paspesa Jromon 1n’lOpemis (140° E 66,7° S) — Kymon C (123,2° E 75° S). LiBeta BapbupyrT OT
CHHETO JI0 KPaCHOTO.

Korzna xoH(urypanus ynpasieHHs MOACIN 3aBBILIIACT TEMIIEPATYpPy MO CpaBHEHHIO ¢ cumysinueit D09, uc-
TIOJIb3yeTCs 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 kKomnuecTBO ocaakoB 3a (espansb 2017 r. Ha paspese dromon-a"FOpsuis (140° E
66,7° S) — Kynon C (123,2° E 75° S): npu konTpoiasHOM MozenupoBanun LMDz (a), ans BapuanTa
pacuera D09 (b).

YepHble THHUY IPEACTABILIIOT COOO0H CpeIHIE H30TEPMBL.
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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. [Ipodrm HakoIIIeHHUS 0CaIKOB 110 JaHHBIM MeTeopaaapa u moaeimu LMDz, Kpachas crutomsas
JIMHUS TIPEACTABILIET cOO0H HaOIOnaeMBbIif MeTeopaapoM BEPTHKAIBHBIN IPO(IITE HAKOILICHHUS 0CAJIKOB,
3aKparieHHast KpaCHBIM 00J1acTb COOTBETCTBYET 95 % NOBEpUTEILHOMY HHTEPBAILY HAOIIONCHHIT METeo-
panapa. Cussist IyHKTUpHAS JIHIS — nporHo3 LMDz B skcriepumente 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

ARCTIC AND ANTARCTIC RESEARCH * 2021 * 67 (2) 161




METEOPOJIOI'MA U KITUMATOJIOI' A METEOROLOGY AND CLIMATOLOGY

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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Pe3rome

Lemnblo naHHOH PabOTH SABIIOCH 000OIMIEHIE N3BECTHBIX JAHHEIX M NPOBEICHHE OINBITOB IO ONPEIEICHUIO
PeJaKCAIOHHBIX CBOICTB JIbla B COCTABE JIESHOTO IIOKPOBA IPH KPATKOBPEMEHHOM (He Oonee | MuH) Ha-
rpyxenud. [Ipobaema 3akimodaeTcs B TOM, YTO NPU PEIICHAN NPUKIATHBIX 3a1a49 JEAOTEXHUKH JIe 4acTo
paccMaTpuBaeTCs Kak yIpyruil H30TPOIHEIA MaTepHal, a s H3YYeHHs ero HalpsDKEHHO-1e(hOPMUPOBAHHOTO
cocrosans (H/IC) mpuBnekaroT ammapar Teopuy M3ruda ynpyrux IIacTuH. JTO HE IO3BOJSET BHIIOIHATH
TEOPETUUYECKUE PACUCTHI IPU BO30Y KICHNHN IBIIKYIIIMICS HArPy3KaMH Pe30HAHCHBIX H3THOHO-TPaBUTALMOH-
HbIX BOJH (MI'B), T. K. B 9THX yCIIOBHSX POTHOBI JIbJ1a BO3PACTAIOT 10 OECKOHEYHOCTH M H3BECTHBIC PEIICHHS
CTaHOBSTCS HEIIPUIOAHBIMU. B [CHCTBUTENBHOCTH JI€ OTUETIINBO HPOSBILIET CBOUCTBA KBA3HMU30TPOIHON
Cpenbl, IPHYEM COOTHONICHHS MEX/Iy HAIpSKSHHSIMU U Ae(OopMalUsIMH HOCAT BSI3KOYIPYIUH XapakTep.
B pabore oTMedeHo, 4TO B 3aBHCHMOCTH OT PEKUMa HarpyXXeHHS JIEASHOTO OKPOBA BHEIIHIMI Harpy3KaMu
€ro Heynpyrue CBOHCTBA 0-Pa3HOMY BIIMSIOT HA XapaKTep ero MOBEACHMUs, IIPH 9TOM BA3KOYIPYTHe CBOICTBA
JeISHOTO TIOKPOBA XOPOIIO OMMCHIBAIOTCS JIMHEHHBIME MOZEISIMH HEYIPYTHX CIUIOMIHEIX cpex Makcpemna
i Kenseuna—@oiirra. Ha ocHOBaHMM COOTBETCTBYIOMEH 00pabOTKM M3BECTHOTO IKCHEPHMEHTAIBHOTO
MaTepHaia 1 pPe3ylIbTaToB BEITIOTHEHHEIX B TIOJIEBBIX YCIOBHSX KCIIEPHMEHTATBHBIX HCCIICI0BAHIIT METOIOM
HarpyKeHUs JICJSHOIO OKPOBA YPAaBHOBELICHHBIMU HAIPy3KaMU ¢ IIOMOLIBIO CHELHUAIbHO M3TOTOBICHHOIO
HAarpy’karomero ycTpoicTBa, peICTaBIsABIIEro cO00H paMy C TpeMs OHOpaMH (ITO IO3BOJISUIO HCKIIOYATh
BIMSIHHE HA PE3yNIbTaThl 9KCIICPUMEHTOB JIOXKHON YIIPYTOCTH BOJBI) JUIS YKA3aHHBIX PEOIOTHYECKHX MOJEIeH
TIOBE/ICHNS JIb/Ia IPUBE/ICHBI HanOoIIee BePOSTHBIC MAa30HbI I3MEHCHHS BpEMEH PeNIaKCalUy HalPSKCHUH 1
nedopMaIuii 1eTHOTO IIOKPOBA B PACCMOTPEHHBIX JIEOBBIX yCIIOBHSX. [loydeHHbIE pe3ybTaThl MOTYT OBITh
HCIIOIb30BAHBI IIPY TEOPETUYECKUX UCCIICA0BAHUAX 33124 JEJOTEXHUKH.
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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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BBEJEHHUE

[Ipn pemeHnM NpUKIATHBIX 3a/1a4 JICJOTEXHUKH JIE]| YaCTO PAcCMaTpPHBAETCs Kak
yIpyruil U30TPONHBIN MaTepHa, a Ul U3yUeHUs €ro HAMPsHKEHHO-1e(hOPMUPOBAHHOTO
cocrosansg (H/IC) npuBnekarot anmapar Teopun n3ruda yrnpyrux miactud. OnHaKo B Jei-
CTBHUTENILHOCTH JI€/] OTUETIMBO NPOSIBISIET CBOIMCTBA KBA3WU3OTPOIHON CPEJIbI, IPUIEM
COOTHOIICHHS MEXIY HAMPSKEHUAMH U J1e(OpPMaUAIMH HOCAT BI3KOYIPYTHil XapakTep.
OZHOBPEMEHHO € 3TUM MHOTHE 3KCIEPUMEHTATOPbI CYUTAIOT, YTO TPH KPATKOBPEMEHHBIX
Harpy3kax OIpesessomeil BiusieTcst ynpyras aedopManus Jba.

IIpu Bo31eHCTBUY BHEIIHUX YCWINK Ha JIEASTHON IIOKPOB HEYIPYyTHUE CBOMCTBA JIbJa
BIIMSIIOT HA XapakTep €ro M3ruda mo-pasHoMy B 3aBUCHMOCTH OT PEXHMMa Harpy>KeHHs
n BuAa HanpsokeHHoro coctosuus. M.C. Ilecuanckuii [1] otmedaet, uTo nen paboTaet
YOPYTO 10 pa3pyLIeHUs, €CIH Mepro NeHCTBUS Harpy3ku He mpesbimaet 0,5-1,0 MuH.
B sTom ciydae miactudeckast neopManusi He yCIEBACT Pa3BUTHCS U pa3pylICHUE JIbAa
oTpenersieTcss B OCHOBHOM yHpyroi nedopmanyvei, a [uisi CpaBHUTEIbHO MaJbIX, HO
JUINTENBHBIX HArpy30K XapaKTEpPHO pa3pyLICHHE JIEASHOTO TOKPOBa C MaJIOW yNmpyron
u OombIION MmacTHaeckoi aedopmannei. K momo6HOMY BEIBOTY IPUIIIITA U aBTOPHI paboT
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[2, 3]. TInacTuueckue nedopmanuy Bo by MOSIBISIOTCS aXe MPU HE3HAYUTEIbHBIX Ha-
MPSDKEHUSAX, 0COOCHHO MPH MAJIBIX CKOPOCTAX HArpyKeHHs [4].

Taxum o6pa3oM, MPH MEUICHHO M3MEHSIONIMXCS Harpy3kax OTYETINBO OOHApyKUBa-
IOTCS CBOWCTBA MOJI3YYECTH U pellakcanu Jibjaa. [Ipu KonebaTenbHbIX Mpoleccax HeynpyTrue
CBOJCTBA JIb/Ia TIPUBOIAT K TUCCHITAIINE MEXaHUIECKOM SHEPTUH, MPOSBIAIOIICHCS B 3aTy-
XaHWHU KojieOaHui. PeakcaroHHbIe POIECCHI, TPOUCXOISIINE BO JIBY, 00YCIaBINBAIOTCS
B3aMMOJICHCTBHEM MEXK/Ty YIPYTOii (TBepIoi) U Bsi3koi (kukoi) dazamu. Hanmnuue Bsizkoi
(hazbl OOBSICHSETCS CYIIECTBOBAHHEM BO JIBJLY: TIPUMECEH, CrPYNITUPOBAHHBIX B MEXKKPUCTAII-
JIMYECKUX TMPOCIOMKaX; SUEEK C PacCcoiioM; THAPATHPOBAHHBIX COJNICH, BBIABIINX B OCAIOK;
u np. [5]. B 3aBUCUMOCTH OT TOTO, OMpEENsieTcst JI1 MoiHas feopMalius Jba AehopMaryeii
TBEPIOH WIIH KUAKOH (ha3bl, 1€l OTHOCUTCS K YIIPYTO-3aMa3/IbIBAIOIINM HIIH PETAKCHPYIOIM
cpenam [6]. MccrnenoBanus [7, 8] OKa3bIBAIOT, UTO BSIBKOYTPYTHE CBOMCTBA JISTSTHOTO TIOKPOBa
XOPOIILIO OMTHCHIBAIOTCS JIMHEHHBIMHA MOJICSIIMI HEYNPYTUX CIUIOIIHBIX CPE.

[enpro JaHHON PaOOTHI SBJISLIOCH 00OOIIEHIE M3BECTHBIX JAHHBIX U MPOBEJCHUE
OTIBITOB IO OMPEICICHUIO PETaKCAIIHOHHBIX CBOMCTB JIbJ]a B COCTABE JICISHOTO MOKPOBA
IIpHU KPaTKOBPEMEHHOM (He 6osee 1 MUH) Harpy»XeHUH.

PACCMOTPEHHBIE MOJAEJIU JE®@OPMUPOBAHUS JEJAHOI'O IOKPOBA

Ecnu konebanust JesTHOTO TOKPOBA IPOUCXOIAT ¢ OOJIBIIMM IEPHOJOM W pac-
CMaTpUBAETCS €ro IOBEJCHUE NPH MEUICHHBIX M3MEHEHMSX Harpy3kH, T. €. TIPH MaJbIX
OTHOCHTEJBHBIX CKOPOCTSIX JehopManuii, To 13 MHOJKECTBA CYIIECTBYIOIIMX MOJENEH Jie-
(opMHpOBaHMS HEYNIPYTHX CIUIOMIHBIX cpel [6] ciienyeT NpUHUMAaTh MOJeNb cpeabl Mak-
CBEIUIA C JIMHEWHOH penakcaryel [7], MexaHu3M padoThI KOTOPOi TIPEeICTaBIIeH Ha puc. la.

B sTOM ciydae ypaBHEHHE MalbIX BBIHYKJICHHBIX KOJICOAHHH JICITHOIO MOKPOBa
pUHUMaeT Bua [7]:

Gh3.gv4w+ L_Fg . + haz_w+ 62 = 1
3 o T, ot Put WP P ot |._, © O

rae G — MOJIyNb YIPYTOCTH JIbJa MPH CABUIE; /i — TOJNIIMHA JISASHOTO MTOKPOBA; W —
nporud JbJa; T, — BPEMs PENAKCAMU HANPHKCHUH; g — YCKOPEHHME CHJIbI TSKECTH,
p, — IUIOTHOCTb BOIbI;, P — IUIOTHOCTb JIbJIA; ¢ — CHCTEMA BHEUIHMX HArpy3ok; ® —
MIOTEHLIAAJ JBUKECHUS KUJIKOCTH.

o)

a)

¢)

Puc. 1. JIunelinple Moneny BA3KOYIIPYTHX cpel: a) Makcsema; 0) KenpBuna—®oiirra

Fig. 1. Linear models of viscoelastic media: a) Maxwell; 6) Kelvin—Voigt
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Ecnu Ha Takyro cpemy AeHCTBYeT G = const, TO OHa Je(OPMHUPYETCsi ¢ HEKOTOPOH
CKOPOCTBIO (siBJIeHWE rociieeiicTBrs). [Ipu moanepkanuu B 3TOW cpejie MOCTOSTHHBIX
JnedopManuii HanpsHKEHHUsT ¢ TEYCHUEM BPEMEHH YOBIBAIOT, T. €. TEJIO PEJIAKCHPYET.

Just koneOarenbHBIX MPOLIECCOB, MEPHUOJIBI KOTOPBIX MHOTO MEHBIIIE BPEMEHHU pe-
JIaKCaIMy JUIs JIbJIa, MOXKHO TIPUHATH 3aKOH Je()OPMUPOBAHUSI JIMHEHHOH ynpyro-3amnas-
nwiBatotieit cpenbl KenpBuna—®otirra (puc. 16). Torna ypaBHEHHE MajbIX BBIHYXKICHHBIX
KoJIeOaHMIl JICASTHOTO MTOKPOBA MOXKHO 3amucath B Buue [7]:

Gh’ 1 0 v h o’w ob|
T[ +T¢5j wtp,-gw+p, ?ersgzzo—q, 2)
TJe T, — BPEMs peakcalui AeopMariii.

OTO ypaBHEHHE CHPaBEAJIUBO MPH MAJIOM PACCEMBAHUM DHEPTHH, T. €. IPU JAHMHA-
MHYECKHX pEeXHMMax, HalpuMep Npu ObICTPBIX KojebarenbHBIX mpoueccax [5]. Cpena
KenpBuna—@oiirta npu ¢ = const NposIBISET MOCIEACHCTBUE U, KaK BHIHO U3 puc. 10,
HE pelakcupyer. DTa MoJeb OoJiee IOTHO OTpaXkaeT MOBE/ICHUE U CBOWCTBA peaslbHBIX
TeN MPU 3HAKONEPEMEHHBIX TUHAMUYECKHX Harpy3KaxX, TaK KaK ONMUCBIBAET METIIO TUCTE-
pesuca, 3aTyxaHue KojebaHuil u nocueneiicraue [9].

Takum 00pa3om, TP TEOPETHUECKUX MCCIIEIOBAHMSX TIPHKIIAHBIX 33124 BOJTHOBBIX
KoJIeOaHMi JIEISTHOTO TIOKPOBa HEOOXOANMBI CBEJICHHUS O TUIACTUYECKUX CBOMCTBAX JIbJA.
[Tnactuyeckue, WM BI3KOCTHBIC, CBOWCTBA MaTepHala XapakTepu3yroTcs: Ko duuueHnTom
BHYTPEHHETO TPEHHUs, WIN KOI(PPUIIEHTOM BSI3KOCTH, 1. Kak n3BeCTHO, 101 BHYTPEHHUM
TpEHHEM IT0/Ipa3yMEeBaIOTCsl HEOOpaTHMBbIE B YHEPTETHUECKOM OTHOIIEHUH TPOIECCHI, CO-
MIPOBOXIAIOIIHME NUKINYECKHE AeOopMaluy MaTepraa IpH JII0OOM YPOBHE HaNpsHKEHHN
1 00yCIIOBJIICHHbIE BHYTPEHHUM JBIDKCHUEM (An(y3ueii) 4acTuI MaTeprasa.

BuyTpeHHee TpeHue SABISETCS BaXKHON JUHAMHYECKON XapaKTEpUCTUKOH sbaa. OHO
TIPOSIBIISIETCS ¢ HAHOOJIBIIIEH MTOIHOTON M OKasbiBaeT HanbOombiiee Biusaue Ha HJIC npaa
npH KonebaTeNbHbIX nporeccax. OHO CYIIECTBEHHO YMEHbIIAET HAIPSDKEHHS 1 Ae(hopManin
JIbJ1a, BO3HUKAIOIINE TIPH BOJTHOBBIX KOJICOAHUSIX JI/ITHOTO MTOKPOBA OT JICHCTBHUSI BHEITHUX
Harpy30K, 0COOEHHO ITPU MX PaclpOCTPaHECHNH ¢ PE30HAHCHBIMU CKOPOCTSIMU [7].

[Tpn xonmeGaHMAX JEITHOTO MOKPOBa N3 U3BECTHBIX (DOPM BHEIIHETO MPOSBICHUS
BHyTpeHHero TpeHus [10] MoxHO HaOmoNaTk Ciemyronye:

— moTpebJIeHNe ONpeAeIeHHON YHEPriuy Ha MOICPKaHNe YCTAaHOBUBILIHMXCS KOJie-
OaHuii IeTHOTO MTOKPOBA;

— OTpaHUYCHHE AMIUTUTY/IBl PE30OHAHCHBIX KOJIEOAHHI JIbAa TIPH ACHCTBUU BO3MY-
HIAIOLIEHN CHUIIbI TOCTOSIHHOM BETUYUHBL;

— 3aTyXxaHHe CBOOOJHBIX KoJeOaHUil JIEJSTHOTO TIOKPOBA, 3aKIII0YAOIeecs: B YMEHb-
IICHUH WX aMIUTUTY/BI C YAAJICHUEM OT MECTa BO30YXKICHHUS;

— caBur (a3 Mexay IeHCTBYIONEH Ha JieJ BHEIIHEH Harpy3Kod M BBI3BIBACMBIMHU
ee sielicTBueM e opManusImMH.

[Ipu nelicTBUM Ha 1€ Harpy3KH, U3MEHAIOLIENCS BO BPEMEHH, INTACTUYECKHE CBOM-
CTBA JIbJIa IPOSIBIIIOTCSI YEPE3 €Tro MOJI3Y4ecTh U penakcanuio. Eciu koixebanus neasHo-
TO MOKPOBA MPOUCXOAAT C OOJBIINM TEPHOJOM, TO KOIPQPHUIIMEHT BHYTPEHHETO TPEHHS
ornpezaensior no ¢opmyse [7]:

Ny = Ty G 3)
3HAYEHUE T,, ONPEACIAIOT U3 COOTBETCTBYIOIIMX OMNBITOB C JIEASHBIM MMOKPOBOM

B €CTCCTBCHHBIX YCIIOBUAX.
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[Ipu kosebaTe bHBIX MPOIECCax ¢ MAJIbIM MEPHOAOM KOI(D(UIMEHT BHYTPCHHETO
TPEHUsI JIbJIa ONPEIEISIIOT 1o (hopmysie:

n, =T q)-G. 4)

Bemmanmy 1, MOKHO ONPEIENAT 110 3AITMCAM CBOOOJHBIX 3aTyXaIOIINX H3THOHBIX
KOJIEOaHMH JISITHOTO MTOKPOBA.

Pe3ynbrarsl SKCTIEpUMEHTATEHOTO ONpe/eNIeHs] 3Ha9eHUH Koo UIeHTa BHY TPEH-
HETo TPEeHHMs JIbJa UMEIOTCS B paboTax MHOTHX HccienoBareseil. OnHaKko MmorydeHHbIe
JAHHBIE XapaKTepU3yTCs 00IbpIINM pa3dpocoM B npezenax ot 10! no 10" mya3 u Gonee
[4]. Hexotopsle mpuunHBI 3TOTO yKa3aHbel B pabdore [11]. Bpems pemakcanum jipaa 1mo
STHM JIaHHBIM JJIsl U3BECTHBIX 3HaUCHUH G MOXKET KOJIeOaThCsl OT HECKOIBKO CEKyH]T /10
HECKOJIbKMX YacOB M CYTOK, T. €. KOO(Q(HUIHEHT 1| IPHUMEHHUTEIFHO KO JIbJly HE SBISIET-
Csl OmpesieIeHHON (U3MYeCKO KOHCTAHTON M MMEET YCIIOBHBIM XapakrTep, T. K. MOXKET
U3MEHATHCA B IMUPOKUX MPEeNiax B 3aBUCUMOCTH OT peXUMa HArpy:KE€HUs, BpEMEHU
JIEIICTBUS U BEJIMUMHBI HATPY3KH, BU/Ia HANIPSDKEHHOTO COCTOSIHUSA, CTPYKTYPBI, TEMIIEpa-
TYpBI JIb/1a U T. /1. Tak, ¢ HOHIKEHUEM TeMIepaTypbl KO3(QGHUINEHT JUIS MPECHOTO JbJa
MOXET yBEIIMUUThCS B 2—3 pasa, a IJIsl MOPCKOTO — B JIeCATKH pa3 [12]. B cBa3u ¢ aTuM
IIPY PEIICHUN KOHKPETHBIX 3aJ1ad BSI3KOCTHBIE CBOMCTBA JIEASTHOTO TIOKPOBAa HEOOXOANMO
ONpEeNeNATh OTAEIbHO I KaXI0Tr0 PaCYeTHOrO CIy4as COOTBETCTBYIOUIMMH METOAAMHU.

Henocrarounast n3y4eHHOCTb U OTCYTCTBHE AOCTOBEPHBIX JAHHBIX O BSI3KOCTHBIX
1 peJIaKCAllMOHHBIX CBOMCTBAxX JibAa OOYCIOBHIM HEOOXOIMMOCTH HMPOBEJICHUS JIOTION-
HUTENBHBIX OTPE/IENICHHBIX ONBITOB, @ TAK)KE COOTBETCTBYIONIEH 00padOTKH M3BECTHOTO
YKCIEPUMEHTAIBHOIO MaTepuaa.

SKCIHEPUMEHTAJIBHBIE UCCJIEJOBAHUST

Ha pannux ctaausx sxkcepuMeHTalbHO-TeopeTrnueckux uccnenoanuit HJAC nens-
HOTI'0 IMOKpOBa Ipu [[eﬁCTBHH BHCIIHUX HArpy30K 3HAaHWE BCIINYUHBI TM HeO6XOJII/IMO JJIsA
orpeziesieHus 00IIMX IPEINOCHUIOK K pacueTaM M, B YaCTHOCTH, JUIs BBIOOpa peoioruye-
CKOM MOJCJIM JIbJla KaK Marepualia. VeToitunBeIe 3HAUCHUS TM JJId JibJla MOJIY4YC€HbI B HA-
CTOsIIIIee BpeMsI TOJIBKO B TaOOPaTOpHBIX ycioBUsX. [loBeneHne 1b1a B COCTaBE JEISTHOTO
IOKPOBa M3-32 OCOOCHHOCTEH €ro CTPYKTYpPbl, U3MEHEHUs TEMIIePaTyphl 110 TOJILIUHE,
HaJIM4ug ynpyroro oCHOBaHHs, CaMO3aJICHUBACMOCTH TPCUIMH U APYTIUX NPpHUYINH cna6o
M3y4EHO U IMOKa He MOJAAETCs CTPOroMy aHaiu3y. [103TOMy OMBITHI 1O OMpEaeICHUI0
pellakCalOHHBIX CBOMCTB JISASTHOTO MOKPOBA OBLIM IPOBE/ICHBI B HATYPHBIX (T10JIEBBIX)
YCJIOBUAX. HpI/I MPOBECACHNUH SKCIIEPUMEHTOB YUUTBIBAJIOCH TAKKE TO, YTO B €CTCCTBECHHBIX
YCIIOBUSIX JICIITHOM MTOKPOB, Ollarofaps CBOcoOpasuio paboThI MMO/I MONEPEYHON HATPY3KOii,
o0JaaeT CBOMCTBOM, KOTOPOE MOYKHO Ha3BaTh JIOXKHOW YIPYTOCThIO. YIIPyroe OCHOBaHHUE,
KaKHM SIBJIICTCS BOJZIA, CIIOCOOCTBYET 00jiee OBICTPOMY MCUYC3HOBCHHIO OIPEICIICHHOM
4yacTH JeopManuii Jibaa Mocie CHATHS ¢ Hero Harpysku [13].

B nocraBneHHBIX ombITax dQQPEKT ASHCTBUS JIOKHOW YIPYroCTH CBOAMIICS K MH-
HUMYMY T€M, 4YTO Harpy>KeHHe JeJISHOTO MOKPOBa OCYIIECTBISIIOCh YPABHOBEIICHHOM
cucremoit cui. [Ipu takoil Harpyske oOmiasi BeIMUYMHA UHTEHCUBHOCTH OTIIOPA BOJbBI
paBHsutach Hymo. Ha puc. 2 npuBeieHa cxemMa U3rOTOBJICHHOTO I TAaKOTO Harpy KeHUs
penaxkcomeTpa HanpspkeHuid. OH COCTOS U3 BEPTUKAIBHOM CTOMKHM BBHICOTOM | M U mipH-
BapeHHOW K Hell nepexiaanHbl JUIMHOHM 3 M. Ha KoHIax nepexiiaJinHbl JJisi CBOOOJHOTO
MepEeMEIIEHNs CTaIbHOTO TPOCa yCTaHABIMBAIUCH poiuku. CTolika mepenaBaja BEepTH-
KaJIbHYIO0 HArpy3Ky Ha Jiea yepe3 omopy momaasio 900 cm?. Tpoc uepe3 AuHAMOMETP

ARCTIC AND ANTARCTIC RESEARCH * 2021 * 67 (2) 169




JIEJIOTEXHUKA ICE TECHNOLOGY

Puc. 2. O6muii BUJ N3rOTOBICHHOTO PEIaKCOMETpPA HANPSHKEHUH: /| — BepTHKaJIbHAS CTOHKA; 2 —
nepeKyaguaa; 3 — poiuKu; 4 — o1opa; 5 — Tpoc; 6 — TUHAMOMETp; 7 — Tajipen; § — JeATHON
MOKpoB; 9 — 1utanky; /() — otBepctus; // — 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

Y Harpy>karolnii TaJaper KPemuiIcs Ko JbJy IPH IIOMOIIN BMOPaKMBAEMBIX B JIE]| IJIAHOK.
Jli1st 5TOrO B JIEASTHOM ITOKPOBE CBEPIMIIMCH J1Ba oTBepcTUs nuamerpom 100 mm. Bmopa-
JKMBaHHE TIAHOK B JIEJl IIPOM3BOAMIOCH TP €J1ab0 HaTsHyTOM Tpoce. Ilnomans oqHoiM
IUTAHKHA COCTAaBIIsUIa OKOJIO 75 cm?. Tanpernom co3aaBanoch HEOOXOAUMOE HATSHKCHHE
Tpoca, 3aTeM JIEASHON TOKPOB MPEIOCTABISUICS caM ceOe, M ¢ MOMOIIBI0 IHHAMOMETPA
HaOJIIOIAJIOCh SBJIEHUE PENlaKCaIH.

Pesynbrarel 5THX HaOMIOACHWH NpUBENCHBI HA puc. 3a. ONBITE IPOBOIWINCH
C PEYHBIM JIEASHBIM MOKPOBOM TOMImMMHON A = 0,35 M mpH TemmepaTypax BO3IyXa
t =-0,5 °C (xpuBas /) u t = -2,5 °C (xpuBsle 2, 3, 4). Cnemyer 3aMEeTHUTh, YTO PE3KOE
OTIMYHE B TOBEICHNUH JIbJa (CM. KpHUBEIe 2, 4 Ha puC. 3a) MPOU30LUIO Graromapsi TOMY,
YTO BTOPOM OIBIT OBLT MPOBEAEH Ccpasy MOCIe MEPBOTO, T. €. CBOWCTBA JISITHOTO IOKPOBa
HE yCIIeJIM BOCCTAaHOBHUTHCS JIO HCXOAHOTO COCTOSTHMS (KaK B 11epBoM ombITe). [IpodnocTs
JbJIa B OMBITAX ONpEeIsuIach ITyTeM pa3pyLIeHUs] 00pa3loB Jibla B BHU/E IIABAIOIINX
KOHCOJIBHBIX 0alloKk — kiaBumed. OmINYns B MOJYYEHHBIX 3HAYCHUSX Pa3pyIIarolInxX
HAIpsOKEHUH MOXKHO OOBSICHUTH pasHULEH TemrepaTryp arMoc(epHoro Bo3ayxa.
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Puc. 3. KpuBble penakcaiuu HanpspKeHUI: @ — B JienssHoOM nokpose (I — mpu ¢ = —0,5 °C; 2, 3,
4 — npu t=-2,5 °C); 6 — B nensHbIX Oankax (o padore [14])

Fig. 3. Stress relaxation curves: @ — in the ice cover (I — 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 OKA3aJICSI TAKUM, YTO HAN0O0JIEe MHTCHCHB-
Hasl peslaKcaliysi Habmoanach B HaUaJIbHBIM IEPUOJ MOCIe MPEKpalieHus pocrta aedop-
MaluH JIbJa. 3aTeM IPOIecC MOCTENEHHO 3aMEeIISUICS, ¥ BETMUMHA HAarpy3KH CTPEMUIIAch
K [IOCTOSIHHOMY 3HaueHH10. KauecTBeHHO 3TOT pe3yasrar coBnai ¢ gaHHbiMu b. /1. Kapram-
KHMHA B €T0 ONBITaX C JeAsHbIME Oankamu [14] (puc. 30), T. €. IpU OTCYTCTBUH yIIPYTOTO
OCHOBAHUSI U TIeperna/ia TEMIIEPaTyphl 10 TOJNIINHE, T. K. OaKH BBIJEP)KUBAIIICH IO BbI-
PaBHUBAHUS TEMIIEPATypbl. DTO MOKHO OOBSCHHUTH TEM, YTO HAIWYME B 00pa3lax jbJa
TEMIIEPaTypHOTo TPAANEHTa M0 UX TOJIIUHE, T. €. OT TEMIEPATYPhl HAPYKHOTO BO3/1yXa
MIPAKTUYECKH BIUIOTH J0 HyJS HAa MOBEPXHOCTH MX CONPHUKOCHOBEHMsI C BOIOMH, c1abo
CKa3bIBAETCA HA YIPYTOIUIACTUYECKHX CBOMCTBAX JIESTHOTO MTOKPOBa. Bo3amMorkHO, 4TO /115t
MOPCKOTO JIb/Ia KOJTMYECTBEHHOE MPOSIBICHHUE PETAKCALMOHHBIX CBOMCTB JIb/Ia OyAeT HHBIM.

OTOT BBIBOJI TO3BOJISIET CYIIECTBEHHO YHPOCTUTh M YMEHBIIUTH 3aTPaThl MPU H3-
YYEHHHN yKa3aHHbBIX (PU3UKO-MEXaHNYECKUX CBOWCTB JICITHOTO MOKPOBA, T. K. MO3BOJISET
IIPOBOJIUTH COOTBETCTBYIOIIHE UCCIIEAOBAHMUS Ha JICAIHBIX OaNkax B JJaOOPaTOPHBIX, & HE
B MTOJIEBBIX YCIIOBHAX C HATYPHBIM JICISTHBIM IIOKPOBOM.

[Ipu 3TOM OBLIO OTMEUYEHO, UTO €CIIU B IUIACTUYECKOM MaTepHalie HapsDKEHUS IpU
IIOCTOSIHHOH J1e()OpMaIi ¢ TEYEHHEM BPEMEHH MCUE3al0T, TO B YHPYTOIUIACTUIECKOM
OHM yOBIBAIOT JINIIb IO HEKOTOPOTO ITPENENa, BEIUINHA KOTOPOTO OIPENEIISETCs] ero
IIPEZIEIIOM YIIPYTOCTH, HO TOJBKO B YKa3aHHBIX JHAlla30HaX BPEMEHHU (IPU OTCYTCTBHU
HaJaJa Mmoj3y4ecTH).

B omwrrax b./l. Kapramknna mccnenoBaauchk Oaiku, IPUTOTOBICHHBIC ITyTEM 3a-
JIMBKHM PEYHOM BOIBI B OMATYOKy C MOCIEAYIOIINM €€ 3aMOpakuBaHHeM. Takue Oanku
aBTOp Ha3BaJ OaJKaMH M3 HAJMBHOTO PEYHOTIO JIbJA.

ITpoBeneHHbIE SKCIIEPUMEHTSHI TTIOATBEPMIN YPE3BLIYANHYIO YCTOHUMBOCTD poIecca
pernakcaruy y Jbja. C MOBBIIIEHUEM BEIUYHHBI IEPBOHAYATBHBIX HAPSUKEHUHN peaKcanus
npoTekana 06ojiee MHTEHCHUBHO B Ha4daJIbHBIH MOMEHT, a CaM IPOIECC CTAaHOBHJICS Ooiee
JumTenbHeIM. OTHAKO BpeMs pelaKkcaluyl HAIpsHKEHWH NMPAKTHYECKH HE M3MEHSIOCh
(tabn. 1). Bennunna t,, onpenensiach 1o 3aBHCHMOCTH, TIPELIOKEHHOH [1IBenoBbIM
[4, 14] (paccmaTpuBanach penakcanus H30bITKA CHIIBI HAJl IPEEIIOM YIPYTOCTH), B IIPE-
TIOJIOKEHHH, YTO M0 UCTEIEHNH 6—7 4acoB B MIPOBEJECHHBIX OMBITAX C JIEASHBIM IIOKPOBOM
u 0,6-0,7 vaca — c nensapIME Oanmkamu (ombITel b.J[. Kapramkiaa) HanpspKeHNs IPaKkTu-
YEeCKH MePecTaroT perakcuponats (puc. 3). [Ipu 3ToM nomymeHny nomydYeHHbIe 3HAUCHHS
T,, HECKOJIBKO 3aHIDKAFOTCS, HO IIOCKOJBKY HAC MHTEPECYIOT MUHMMAJIBLHO BO3MOKHBIE
3HAYEHHUs T,, JUIS JICASHOTO MOKPOBA B €CTECTBEHHBIX YCIOBHAX, T. €. ONPENCICHAE MH-
HUMAJIbHOH HECYIEH CIIOCOOHOCTH JIEASTHOTO IIOKPOBA, TO TAKOE MPEATIOI0KEHUE MOKHO
CUNTATh JIOIYCKAIOIINM OIIHOKY B O€30IIaCHYIO CTOPOHY.

[TormyTHO B OmbBITax OBIIO TAaKKe€ MOATBEP)KICHO PaHEE M3BECTHOE CIEAYIOIIEE SIB-
neHne. HampspkeHnst B JIeASHOM TOKPOBE IPU M3THOHBIX Ae(opManusax peIakCHpyIOT
TeM ObICTpee, YeM CKOpee MOCie HAadyalbHOTO HArpyKeHUS! HAUWHAETCS penakcanus (cM.
puc. 3). Ananornunsiii BeiBox noiydeH K.®. BoWTKkoBCKUM uig Jpaa O€CTIOpSI09HON
CTPYKTYPBI TIPH CKaTHU [4]. DTO MO3BOJNSAET CAETATH BHIBOI O KOPPEKTHOCTH METOANKH
[IPOBEJEHUS ONBITOB. BBIJIO 3aMEUEHO TAKXKE, UTO BPEMSI pelaKcallMii HapsyKEHU BO3-
pacTaer ¢ yBenTHIeHHEM Meproia epBOHAYaIbHOM monsydecTH (Tabm. 1). Ha ocHoBanumn
00pabOTK! N3BECTHBIX IAaHHBIX U BHIITOJHEHHBIX UCCIIEI0BAaHNI YCTAaHOBIECHBI N3MCHEHHUS
3HAYEHUI BPEMEHHU peJaKcaliil HanpsokeHnd B mpeaenax 0,2—2,0 9 a7 mcciaeJo0BaHHbIX
JIEZIOBBIX YCJIOBHM.
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PE3VJIBTATBI OBPABOTKH SKCIIEPUMEHTAJIBHBIX JAHHBIX

Bpewms pemakcarm gedopmariiii (BpeMs 3ama3abIBaHus ) JEITHOTO TIOKPOBa IPH T,
€ro KoJeOaHUsIX OMPeeIsIoch Yepe3 TaKyro (popMy BHEIIHETO MPOSBICHUS BI3KOCTHBIX
CBOWMCTB, KaK 3aTyXxaHHe CBOOOIHBIX KOIICOAHUH, T. €. 10 pa3BepTKe CBOOOIHBIX 3aTyXa-
IOMINX KOJIEOAaHUH JIEASHOTO MOKPOBa. 3Hask apaMeTphl H3TNOHO-TPABUTAIMOHHBIX BOJIH
(UT'B) BO 7pIy W OMpEAETHB IO 3alFCH CBOOOAHBIX KOJNEOAHUH JTorapu(pMUUIECKUi 1e-
KPEMEHT 3aTyXaHHii, MOKHO ONpPeaeNuTh T,. FIMeromuecs 5KCrepuMeHTaIbHbIC TaHHbIC
TIO3BOJIMITM OTPENENIUTD T, TI0 AMIUIUTYIaM 3aTyXalOIINuX KOJIeOaHUH:

A(t)y=A e, %)
rie A(f) — aMIUIMTY/IBI 3aTyXalomKX Kolebanuil; 4, — HauyaabHOE 3HAYEHHE aMILIUTYIbI;
O — K03 GULIMEHT 3aTyXaHusl.

Juist 9TOrO BHAYase M0 W3BECTHBIM 3aIMCSAM CBOOOIHBIX 3aTyXalOIIUX KoJieOaHHi
JIEJITHOTO TOKPOBa, MO3aMMCTBOBaHHBIX U3 pabot [1, 15, 16, 17, 18, 19], ctpounuch
rpagUKU OTHOCHTENLHBIX aMILIMTY/( 3aTyXarolmux Konedanuit A(f) =-¢ . O6muit Bua
STHUX KPUBBIX MPE/ICTABIICH Ha pUC. 4—5, IPU STOM BpeMs peiakcanuu (BpeMsi, B TeUCHHUE
KOTOPOTO aMIUTUTYAa TApPMOHMYECKHX 3aTyXalolUX KoJieOaHUH yMEHbIIAeTCsl B € pa3)
OTIpENeNsIIOCh TaK:

()

1, = 1/6=fld/e) (6)

Pesynbrarer onpesienenns T, cefieHbl B Ta0n. 2. [lomydeHHbIC 3HAYCHMS T, MTOKa-
3aJM yCTOHYMBOCTH PEJAKCAI[OHHBIX MPOIIECCOB B JICASHOM MOKPOBE, KOJICOIIOIEMCs
C MHTEPECYIONMMH Hac yactotamu. Kak BHIHO M3 TaOi. 2, 3HAUYUTENbHBIC U3MEHCHHS
TOJIIIMHBI JIbJIA, €T0 TEMIIEPaTyphl 1 U3MEHEHHE CTPYKTYPHI JbJa (CpaBHUBAJICS PEYHOM
¥ MOPCKOJ1 JIe/l) HE OKa3bIBAIIM CYIICCTBCHHOIO BIMSHMS HA BEIHYHHY T,.

CpeznHue 3Ha4eHUsI BpEMEHH 3aIla3/(bIBaHus Y JIEJSTHOTO MIOKPOBA B PACCMOTPEHHBIX
JIEIOBBIX YCIIOBHSIX JIexkar B mpefenax 5—15 c. [lomyueHHble OTHOCUTEIBHO yCTOWYMBBIE
pe3yNbTaThl MO3BOJISAIOT UCIOJIB30BAaTh UX B TEOPETUYECKUX pacyeTax.
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Puc. 4. KpuBble OTHOCHTEIBHBIX aMIUTHTY/ 3aTyXalOLIMX KoieOaHUi JIeTHOTO TOKPOBa: @ — MO
pabore [16], MOIy4YeHHBIX IPU PA3HBIX PACCTOSHUAX MEX/Y 3alMCHIBAIOIIUMH IPUOOPAMH U OCBIO
tpaceel: ] —20m,2—15m, 3—10mM, 4— 5 M, 5 — 2 M; 6 — o paborte [15], mony4eHHBIX IpH
Pa3IMYHBIX Maccax ABIKYIUXCS HArpy3ok: / — 51,2 — 11 1, 3 — 13 T, u mo pabore [19], moxy-
YEHHBIX [TPU PA3IMIHBIX 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: a — according to
[16], obtained at different distances between the recording devices and the axis of the track: (/ — 20
m,2—15m, 3—10m, 4 —5m, 5 —2 m); 6 — according to [15], obtained at various masses
of moving loads: 7 —5t,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. Kpusble 3aryxanus: ¢ — aMIUIATY]] KojeGaHUI JIeIsTHOTO MOoKpoBa 1o padore [1] mpu
JIBUOKCHHU HArPy3KH C pa3HbIMU ckopoctsimu: [ — 2,6 m/c, 2 — 19,4 m/c; o padore [18] npu pac-
NPOCTPAHEHHHU BOJH CXKaTHs 3 U pacTsKeHHs 4; 6 — OTHOCHTEIBHBIX YINIOBBIX JAehopMaruii 1mo
pabote [17] npu HeCTalHOHAPHOM JABM)XCHUH HAarpy3KU: / — MPU TOPMOXKEHUH, 2 — IIPU pa3roHe

Fig. 5. Damping curves: @ — 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

Tabruya 2
JKcnepuMeHTAIbHbIe 3HAYEeHUs BPeMEeHH peJlakcanuiu JedopManuii JeIssHOro NOKpPoBa
Table 2
Experimental values of the relaxation time of ice cover deformations
Bux nba ggg:{z?g TeMnepaoTypa abja, | IIpenenst usmenenus | Mcrounuk
HOKpOBa, M Ty © JTAHHBIX
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]

3AK/IIOYEHHUE

BblIrmosHeHHBIH 0030p U MPOBEACHHBINA COOTBETCTBYIOIINI aHAIN3 U3BECTHBIX TaHHBIX
Y TIOJYYEHHBIX PEe3yJIbTaTOB MO3BOJISIIOT YCTAHOBUTH HanOOJIee BEPOSTHBINA JUANIa30H W3-
MEHEHHMsI BpEMEH pellakCall|y JIeJITHOrO TIOKPOBa B PACCMOTPEHHBIX JIEJIOBBIX yCIoBUAX. Mx
OKOHYATEJTbHBIC 3HAYCHHSI MOTYT OBITh YTOUYHCHBI B MPOLICCCE COMOCTABIICHUS PE3YJIBTATOB
TEOPETUYCCKUX PACUCTOB C TAHHBIMHU SKCIICPUMEHTOB. Takum 00pa3om, mpojeiaHHas padora
[IO3BOJIMT CYy3UTh JAMAIA30H MOMCKA 3HAUEHUIN BPEMEH pelakCalliu, T. €. YMEHbLIUTh TPY-
JIOEMKOCTb MCCJIE/IOBAaHUH TIPU PELLIEHUH ONPEAETICHHbIX MPUKIIAHBIX 3a/1a4 JIeJOTEXHUKH.
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Summary

The review generalizes experimental data on the relationships between the solar activity agents (space weather)
and atmosphere constituents. It is shown that high-energy solar protons (SPE) make a powerful impact on
photo-chemical processes in the polar areas and, correspondingly, on atmospheric circulation and planetary
cloudiness. Variations of the solar UV irradiance modulate the descent rate of the zonal wind in the equatorial
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B 0030pe 0000111eHbI IKCTIEPUMEHTAIBHbIC JAHHBIC O BIMSHAN KOCMHYECKOH MOTO/IBI Ha 3eMHYHO atMocdepy.
[ToxazaHo, 4TO BEICOKOIHEPIUYHBIE COHEUHBIE IPoToHbI (SPE) 0Ka3bIBatOT MOIIHOE Bo3/ieHicTBHE Ha (HOTOXH-
MHYECKHE TIPOLECCHI B MOMAPHBIX 00MACTIX U, COOTBETCTBEHHO, HA aTMOCHEPHYHO UPKYISAIHNIO U TIaHETap-
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9KBATOPHAIbHOI cTpatocdepe B xoze kBasuaByxieTHel ocumsiimi (QBO) 1 KOHTPOIUPYIOT, TAKHM 00pa3om,
0011y MpomomKUTenbHOCTD (Tiepron) QBO mukia u, COOTBETCTBEHHO, BApHUALIUHU OOIIETO COMCPIKAHUS 030HA
B AHTapkrike. [€03((peKTHBHBIH CONMHEUHbII BeTep BO3ACHCTBYET Ha CHCTEMY KaTabaTHueCKHX BETPOB BO BCEH
FOKHOU TOJSIPHO# 00/1aCTH U BIHSCT HA THHAMUKY F0kHOU octpmisiin (ENSO).
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2021-67-2-177-207.
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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 (TSI), with the total energy absorption in the Earth’s atmosphere £ = 1366 W/m?.
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'moGanbHas cucrema aTMOC(i)epHOP‘I HUPKYISIIUHU, TAC 30HbI HU3KOTO JABJICHHUS OTMCYCHBI
3HAaKOM L, a 30HBI BBICOKOTO JIaBJICHUS — 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 Nifo 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 (El 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 altitudes [4]

Puc. 2. Nonn3anms, mpon3BoauMast Ha pa3HbIX BEICOTAX PA3INYHBIMHU 3apsHKCHHBIMU JacTUIaMH [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 (A = 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 100150 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 claborated 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.O, + 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,O, 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. lonization 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, npou3BoguMasi COIHEUHbIMU IPOTOHAMU Ha BbIcOTax oT 15 1o 110 kM B ceBep-
HOH noJsipHOH o6nacth B xoze coobitust Jlens bactummu (14 mrons 2000 .); iBeToBast MIKaia crpasa
[I0Ka3bIBaCT YPOBEHb HOHM3ALMH B euHMIaX (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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Fig. 4. Ozone changes (in %,) in the northern (left) and southern (right) polar regions caused by
solar proton events on July 14, 2000: according to CHARM model (upper panel) and according to
measurements on board UARS satellite (the HALOE instrument) (lower panel) [40]

Puc. 4. VI3MeHeHus1 KOHIIEHTpanuy 030Ha (B %) B ceBepHOH (ci1eBa) U I0KHOH (CIpaBa) MOJISIPHBIX
obnactax B xoze coOsrtust 14 mromnst 2000 r. cormtacuo MoaensHbIM pacueram (CHARM) (Bepxuuit
psin) 1 no raHHbBIM u3Mepennit Ha ciytHrke UARS (mpubop HALOE) (awokunit psan) [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. KomuectBo noHOB, 00pa3oBaHHBIX B cT010€ arMocdeps! Ha mupote 70° N, Bo Bpemst Hau-
Goree MOITHEIX NPOTOHHBIX coObITHI (SPE) B 23-M nkite conHeuHON 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 OBO

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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Fig. 6. Changes of the pressure level of the descending easterly wind shear derived from altitudinal
profiles for the whole easterly descent from ~10 to ~70 hPa in a) June 2006 to December 2007;
b) June 2008 to June 2010; ¢) December 2010 to December 2012

Puc. 6. I3MeHeHns BEICOTHOTO YPOBHS (YPOBHSI JaBJIGHHMSI) CITyCKAIOIETOCS CABHTA BOCTOYHOTO
BETpa B TEUECHHUE eTr0 MOJHOTO cirycka oT ~10 1o ~70 rlla, momydeHHbIe 10 €XXeTHEBHBIM JaHHBIM O
BBICOTHBIX TPOQIIISIX CKOPOCTH BeTpa: a) HioHb 2006 1. — nexadbps 2007 r.; b) mrons 2008 1. — HIOHB
2010 ; ¢) mexadbps 2010 T. — nexabpp 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
carlier 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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Fig. 7. The scheme for the determination of the time intervals with the identical changes of the descent
of the E- and W-shear of the wind QBO, the QBO cycles and ATOZ changes. @) a sequence of the
seasons; b) the E- (red) and W-shear (blue) descents; c) the height profiles of the wind speed for some
months, with the big full circles at profiles indicating the levels of the wind shear; d) the times of
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 omnpe/iesieHnsi BpeMEHHbBIX HHTEPBAJIOB € WICHTUYHBIMH U3MEHEHHAMHU CIycKoB E- 1
W-casura Berpa KJ1O, mukinos KJ10 u usmenenniit ATOZ. @) mocneqoBaTenbHOCTb CE30HOB; D) CIIy-
cku E- (xkpacusblif) 1 W-caBura (CuHHIA); ¢) BBICOTHBIEC MPOQIIIN CKOPOCTU BETPa I HEKOTOPBIX
MecsleB, OOJIbIINE YePHBIC KPY/KKHM Ha NPO(QUIIAX YKa3bIBaIOT YPOBHHU CABUra BETPa; d) MOMEHTHI
MakcuMyMoB ATOZ (ctpenku nox npodumsamu) u cueHapun mukioB KJ1O; e) cpennue Bapuanuu
ATOZ na mmpoTtax ot 5° 1o. m. 10 5° c. m. s tpex Tumnos cmycka Berpa KJIO. Cepsle momocs
YKa3bIBAIOT CTAH/IAPTHYIO OIIHMOKY CPEIHEro.

Oo6parute BHEMaHHEe, MOMEHTH MakcuMyMoB ATOZ cooTBeTcTBYIOT OKOHYaHuIO ciycka W-casura Ha 70 rlla
(W70) 1 orHOBpeMEHHOMY Haually ciycka rnocieaytouero E-casura 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 Il 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 AMglI 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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Fig. 8. Variations of the solar UV (AMglI index) in the course of the first year of the E-shear descents
from 10 hPa to ~30 hPa. Red and blue lines are for 6- and 8-season E-descents, respectively

Puc. 8. Bapuanuu comaeqnoro Y®-nznyuenus (naaekca AMgll) B TedeHne nepBoro roja Cirycka
E-cnBura ot 10 rlla go ~30 rlla. KpacHble u cuHM€e TUHUM MOKa3bIBAIOT 6- U 8-CE30HHBIE CITyCKU
E-CI[BPIFa COOTBECTCTBCHHO

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. 7). 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 MozenbHBIX U pakTraecky HaOmonasmmxcs Bapuauii ATOZ B HostOpe B roxHON
noJsipHOit 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 105) includes a drainage of the air masses along the slope of
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Fig. 10. The katabatic wind regime in Antarctica: @) 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 xarabaTudeckux BETPOB B AHTAPKTUKE: @) KOHLENTYyaJbHAs CXeMa LUPKYIALHH
BO3IYLIHBIX MAacC HaJ AHTapKTUKOH [67]; b) cxema pacnpeneneHns KarabaTHieCKUX BETPOB (U30IIH-
HMU JJABJICHHS1) B IPU3EMHOM CJ10€ AHTAPKTHUKH, KDACHBIMU TOUKAMH OTMEYEHO MOJIOXKEHNE CTAHIIHI
Boctok, Kynon C u FOxnsrii [omtoc

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*(0/2) [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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Puc. 11. Jlnarpamma, moka3siBaromas BpeMeHHOU X0 pocta Temmeparypsl AT (mpaBas mikana) Ha
cranmusx Boctok u Kynon C B 3aBHCHMOCTH OT BenuauHbl Tons B, | (ieBast mikana) [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 E., = 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 (a) 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 (& = 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 Eg, 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 2 < 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

B Murville

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

Puc. 13. Pacripesienienne perysipHbIX (4€pHBIE CTPEJIKN) U aHOMAJILHBIX (KPAaCHBIE CTPEJIKH) BETPOB
B Anrapkruke [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 () and data

on Global Temperature for 0-2000 years (b) [86], the blue color marks the age of the solar activity
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Puc. 14. ConocraBienne SKCIIepUMEHTAIBHBIX JAHHBIX O YHCIe conHeuHBIX msTeH (SSN) B 1600—
2012 rr. (@) 1 maHHBIX 0 NIOOAIBLHON TemIiepaType 3emin 3a mocienHee Teicsraenerre (0-2000 rr) (b),
TOIIyOBIM [IBETOM OTMEYEHA 3110Xa HHCTPYMEHTAIBHBIX H3MEPESHUH COTHEUHOI 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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Biausinne kocMu4yecKkoil Moroabl Ha 3eMHYI0 aTMochepy
(pacmupeHHblii pedepar)

TepMHHOM «KOCMHYECKasl IOT0J[a» Ha3bIBAIOT KOMIUIEKC SIBJICHUH M IPOLECCOB
B resnocepe, 00yCIOBIEHHBIX «COIHEYHOW aKTHBHOCTHIO» — HEMPEPHIBHBIM, HO MEHSI-
IOIINMCS BO BPEMEHH U3JIyYCHHUEM COTHEUHOH MIIa3Mbl M AJIEKTPOMarHUTHBIX BOJIH B KOC-
MHUYECKOE MPOCTPaHCTBO. OCHOBHBIMH KOMIOHEHTaMH KOCMHYECKOW MOTO/BI SIBIISIOTCS:
BOJTHOBOE JJICKTPOMAarHUTHOE N3JTy4EHHE, COJTHEUHBIH BETep — MMOTOK HU3KOIHEPTHIHON
COJIHEYHOH TIa3Mbl, N3Tyd9aeMoi Bcell moBepxHOCThI0 CONHIIA, KOPOHAIBHBIE BHIOPOCHI
TUIa3MbI U BEICOKOCKOPOCTHBIE TIOTOKH, CBSI3aHHBIC C CONMHEYHBIMHU AKTHBHBIMU 00JIaCTIMA
(«BO3MYIIICHHBII COIHEYHBIA BETEP»), COMTHEUHBIC U TaJIAKTHYECKNEe KOCMHYECKHE Jyqn
(TIOTOKU BBICOKOSHEPTHYHBIX IPOTOHOB ¥ 3JICKTPOHOB ¢ 3Heprueii E > 500 M»B).

BosHoBoe (cBeTOBOE 1 TEIIIOBOE) COTHEUHOE M3TyUCHHUE ONPEACIISET YCIOBUS KU3HN
Ha 3emJe, HO €ro M3MEHEHUs B CBSI3M C COJIHEYHOH aKTHMBHOCTHIO OYEHb HE3HAYHUTEIIh-
HBI ¥ IPUXOMATCS B OCHOBHOM Ha Y®-001acTh CHEKTpa, 4TO 00yCIIaBIMBacT BapHaLUN
JIOJITOTHO-IIIMPOTHOTO PacIipeIe]IeHHs 030Ha B 3eMHOM arMocepe. DHepreTHIeCKHi BKIIa
KOPITyCKYJISIPHOM pajaniy NpeHeOPeKMMO MaJl TI0 CPAaBHEHHIO C BOJIHOBOW pajananuei,
HO OHAa KPUTHYECKH MEHSET YCJIOBHS MPOXOXKJICHUSI BOJHOBOM pajualiyl 4epe3 aTMoc-
(hepy M CHIIBHO BapbHpPYET, ¢ NEPHOJUIHOCTHIO OT CYyTOK IO COTEH JIET B 3aBUCUMOCTH
OT COJIHEYHOH aKTHBHOCTH. AKTyaJIbHOCTb NCCIICAOBAHUS TaKMX BapUalWil U X BINSHHS
Ha aTMoc(]epHbIe TPOIECCHl CTAHOBUTCS OCOOCHHO OYEBUIHOW B CBETE MPOUCXOJISIINX
B HACTOsIIEE BPeMsI INIOOATBHBIX KIMMATHUECKUX U3MEHEHUH.

Kocmuueckne yqn COTHEYHOTO U ralaKTHYECKOTO TIPOMCXOKICHUS U BBICOKOIHED-
THYHBIE 3JIEKTPOHBI MarHUTOC(EPHOTO MPONCXOXKICHNS 3eMIIH, TPOHUKAOIINE B 3EMHYIO
arMocdepy, HOHU3YIOT HEHTpaJIbHbIE MOJIEKYJIBI a30Ta U BOIOPO/IA, CO3/aBasi XUMUIECKU
AKTHUBHBIE OKHCITBI a30Ta W BOJOPOAA, KOTOPHIE pa3pyllaroT arMochepHblid 030H. B 3aBucn-
MOCTH OT SHEPTHH YaCTHII, KOTOPasi ONpEAENsIeT NTyOrHYy X MPOHNKHOBEHUS, HOHU3AIHS
MIPOMCXOANT Ha BBICOTaX Me30c(epsl WM cTpatocdepsl. IMCHHO 3TOT MEXaHU3M COJI-
HEYHO-aTMOC(EPHBIX CBSI3eH OOBSICHACT MEKIOAOBYIO H3MEHYMBOCTD COJICP)KaHHS 030HA
B MOJIPHBIX 00NacTsX. MceaenoBanusi, BEINMOIHEHHbBIE B PAMKaX MEKTyHApOIHOTO ITPOEKTA
HEPPA (High Energetic Particle Precipitation in the Atmosphere), B KOTopoM pUHIMATH
yuactue npeacrasutenu 10 crpan, Bkirodas Poccuio, mo3Bonmim nepeidTr K MOJICITbHBIM
pacdeTam BO3/ICHCTBHS YAaCTHUII COTHEUHOTO MTPOUCXOXKICHNS Ha aTMOC(epy, OCHOBAHHBIM
Ha 9KCTIEPUMEHTAIBHBIX CITyTHUKOBBIX TAHHBIX O COZIEPXKAHUH O30HA U JIPYTHUX MAJBIX
ra30BBbIX COCTABISIOMNX atMocdepbl. B mocieanne rogsl poCCHHCKUMH yUEHBIMHU OBIITH
CO3J1aHbl MI00ATBHBIC (POTOXUMHUYECKHE MOJIEIH, BKIIIOUAIOIINE XUMHUCCKUE PEaKkInn
MOHHOM XMMMH, 4TO TO3BOJISICT U3YUUTh BO3AeHCTBUE Bemblmek Ha ConHie Ha obnactn
D u E monsipHO#t moHOChEpHI.

Honsl, reHepupyeMble B aTMOCc(epe 110/] BO3ICHCTBHEM 3apsKEHHBIX YacCTHII, YBe-
JIMYMBAIOT CKOPOCTH 00PA30BaHMS SACP KOHACHCALMH a3PO30JIei, UTO ONpPEEIIseT TaKue
KJIMMaTHYeCKUE TIOCJIE/ICTBHS, Kak (popMHUpOBaHNE OOIAYHOCTH, IIUKJIOHIYECKAsT aKTHB-
HOCTb, aTMOc(epHast TUpKYIIust. [TomydeHHble SKceprMeHTaIbHbIC TaHHBIE CBUICTEIIb-
CTBOBAJIM O BIMSHUM MEHSIONIETOCS KOPITYCKYJISIPHOTO M3Ty4eHHs Ha MOTOAY M KIIMMAT,
Ha 00JIaYHOCThH B BEPXHEM sipyce arMocdepsl, Ha TeMIIepaTypy MOJsIpHOI Tporocdepsl,
Ha TI00AJbHYIO 00JIa4HOCTh M HAa OOJIAYHOCTD B HHIKHEM SIpyce aTMOC(HEpBI.

YHHUKaIbHOCTh aTMOC(EPHBIX MPOIECCOB B AHTAPKTHKE, I1I€ HAINYNEC KOHTHHEH-
TAJBHOTO JIEASHOTO KyIojla 00eCIIeuBaeT CTA0MIbHYIO CHCTEMY BEPTHKAJIBHOW aTMoC-
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(bepHOit nupKyssIKK, o0ecreunBaeT BO3MOKHOCTh aHaIN3a BO3ACHCTBHS Ha arMochepy
BO3MYIIIEHHOT'O COJTHEYHOTO BeTpa (AJTUTEIbHOE BO3/IEHCTBHE HHTCHCHBHOTO MEXKIIJIAaHET-
HOTO 3J1eKTpryeckoro nousi). [lokazano, uTo Bo3aeHCTBIE peaiu3yeTcs uepes o0albHY0
ANIEKTPUUECKYIO LIEIb U ONPEACNISET PEXKUM aHOMAIIBHBIX aTMOC(EPHBIX BETPOB B 3UMHEN
Anrtapkruke. C pe)xHMOM aHOMAJIbHBIX aTMOC(EPHBIX BETPOB CBSI3aHO ()OPMHUPOBAHHE
orpurarenbHoi dassl (Jnb-HuHb0) B cucTeme 10kHOM armocdeproit nupkysitun ENSO.
Cucrema ENSO sBnsiercss caMoil MOIIIHOM TJIaHETapHOW CUCTEMOM Ha 3emiie, KOoTopast
onpenenseT He TOIbKO KIMMaTudeckuil pexumM B FOKHOM monymapuu, HO BIMAET U Ha
norozHele ycnoBus B CesepHoM nonymmapuu (cuctemsl AO u NAO).
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Pesrome

B pabote Ha OCHOBaHNM M3y4eHHS apXMBHBIX JOKYMEHTOB aHATM3HPYETCS 3acefaHie SKCIEPTHOTO COBETA
['YCMII no o6cykaeHnIo MPOEKTa MOIIHOTO JIefIoKona B 18—24 Teic. 1. ¢., cocTosBimeecs 15 mons 1935 T B
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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 1800024000 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

VM BbIIatoIerocst KopadiuecTpouTessd, MEXaHNKa 1 MaTeMaTHKa akaJeMHUKa AJleKces
Huxonaesnua Kpsutosa (1863—1945) mmpoko n3BecTHO B Hamlel crpane. OMUCaHUIO €ro
KU3HEHHOTO MyTH ¥ Pa300py MOITyYEHHBIX UM HAyYHBIX PE3yJIbTAaTOB ITOCBSIICHO OO0JIbIIOE
komaecTBO padot [1-3]. HemaBHO oTtMmeuaBmeecs 150-1etre co qHS pOKICHHUS YICHO-
TO BBI3BAJIO TTOSIBJICHUE HOBBIX PA0OT, MOCBSIICHHBIX aHAIM3Yy ero aesTeabHocTh [4-9].
Yacto nms A.H. KpbuioBa ynmoMnHaeTcst B pa3iIMYHBIX HAyYHO-TIOMYJISIPHBIX M3aHUSIX.
He cHikarommiicst ¢ TogaMy MHTEpEC K JMYHOCTH M JieJlaM aKaJeMuKka oOyCIIOBIEH He
TOJIEKO MHOTOTPAHHOCTBIO €r0 HayYHBIX HHTEPECOB, HO U OCOOCHHOCTSIMU €TI0 HE3aBHCH-
MOTO XapakTepa, IUTepaTypHbIM TAJIAHTOM, B YeM Ka)K/bIil UNTATEIIb MOXKET yOeTuThCs,
ITO3HAKOMUBIIHCH ¢ KHUTON «Mou BocroMuHauus» [10], BeIIEpKaBIIei OOIBIIOE KO-
4eCTBO U3JAHUMN.

WzBectHslii nureparyposen akageMuk A.C. Opios B 1946 1. omy6nukoBan padory
«Axagemuk A.H. KppiioB — 3HaTOK 1 JIF0OUTENE pycckoit pedn» [11], B kKoTOpoii B umcite
IIPOYEro OTMETHII 00pa3HocTh U adoprcTHyHOCTh peun Kpputosa. A.C. OpioB nmoguepku-
BACT, 4TO B IIPAKTHKE HayYHOTO oOmeHnst Anekcell HukonaeBuy Beeraa mpuaepKuBaics
IpaBmIIa, KOTOpoe caM c(hopMyIHpoBail B odepke o Bune-aamupaie C.0. Makapose, korna,
XapakTepu3yst ero padoThl, MOAYEPKUBAI, YTO «JIETKOCTh (DOPMBI M M3IIOKEHUSI HE BPEIHIN
DIyOMHE MBICIIH M BepHOCTH cyxaeHui» [12, c. 381]. OxHo U3 00pa3HBIX BBIpAKESHUN
A. H. KpsutoBa — «l]app-11e10K0ID» — 110 CHX TIOP BCTPEYACTCS B PA3IMYHBIX HAYYHBIX
1 HAyYHO-TIOMYJISIPHBIX paboTax, MOCBSIIEHHBIX HCTOPHH M PA3BUTHUIO JICTOKOJIOCTPOCHHS
B Hamiel crpane (cM., Hampumep, [3, 13, 14] u gp.).

[IpakTnueckn Bo Bcex paborax rosopurcs, uto A.H. KpbiioB Ha ogHOM n3 co-
BEIIaHWH HCIIOJIb30Baj 00pa3HOE CpaBHEHHWE IPEAIOIaraéMoro K MpoOeKTHPOBAHUIO
1 CTPOUTENBCTBY Jenokona ¢ «L{ape-mynikoit» u «l{app-koiokonom», HazBas ero «Llapb-
JIeoKoJIoM». JlaTa mpoBeIeHHs COBEIIAHUS M €ro MOJPOOHOCTH Y BCEX aBTOPOB OITHU-
CBIBAIOTCSI IT0-PA3HOMY, TaK YTO CO3JACTCsl BIECYATICHHE O KAaKOM-TO CHIIBHO MH]OIIO-
TM3UPOBAHHOM cOObITHH. TeM He MeHee B LIeHTpaJbHOM rocyJapcTBEHHOM apXuBe
Hay4dHO-TexHH4YecKoi nokymenTanun Caunkr-IlerepOypra (LITAHT/L CII6) conepxurcs
JOKYMEHT, 03ariaBieHHbIH « CTeHOTpapUIeCcKUi OTYET 3aceaHus SKCIEPTHOTO COBETa
I'VYCMII (I'maBroe ynpaBieHrne CeBepHOT0 MOPCKOTO MyTH) 110 00CYKICHHIO ITPOEKTa
MOIIIHOTO JIeA0KoIa B 18—24 ThIC. JI. C.» U comepxanuit 56 nuctoB [15] (manee B TekcTe
IIPY OUTHPOBAHUH 3TOTO APXMBHOTO JIea B KPYIIIBIX CKOOKaX yKa3bIBaeTCsl JIUCT JIENa).
Coseutanue cocrosuioch 15 utonst 1935 r. B Jlenunrpaze.

PABBUTHUE JIEJOKOJOCTPOEHUS B CCCP 1O HAYAJIA 1930-X 'OJ1OB

[Ipexxne yeM aHATHM3UPOBATh CTEHOTPAMMY COBEILAHUS, HEOOXOMMO JaTh HEKOTOPHIC
TIOSICHEHUSI O COCTOSIHUM pa3BuTHs JenokonoctpoeHus B CCCP B paccMaTprBaeMblii IEpHO.
OcraBinsis B CTOPOHE BOIPOC O MPHOPHUTETE B CO3AHNM TEPBBIX JieJJ0KooB B EBpore,
OTMETHM, 4TO K Haudany IlepBoii MupoBoii BoiiHBI Poccus nmena 10CTaTouHO pa3BUTHII
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nenokoubHbIH (ot [16]. B ero coctaB Bxoaui nepBeiid B Mupe Jieiokoi «Epmaky, npen-
Ha3HAYCHHBIN JUIA dKCIUTyaTanuu B ApkTuke. B rozabsl BoiiHBI B AHIIMM OBLT MOCTPOEH
1 BBEJICH B CTPO#l CaMblif MOIIHBINA B TO BpeMst JieoKoJ «CBSITOrop», B OyayIieM 3HaMe-
Hutelid «Kpacun». B konne XIX — navane XX B. OblIM BBIIOIHEHBI HIEPBBIE AKCIIEPH-
MEHTAJIbHBIE ¥ TEOPETHYECKHIE HCCIIEA0BaHMS JIEAO0KOIBHOM CriocoOHOCTH Cy1oB. bobiion
BKJIQJl B OTH MCCIIC/IOBaHUSI BHECIH POCCHIICKUE yueHble u uHkeHepsl: P.1U. Pynebepr,
B.U. Adanacees, C.O. Makapos, A.H. Kpsuios u ap. [17, 18].

[Mocne peBomtoryu 10 Hayana 1930-x ronos snenokonbHblid Guior CCCP He pa3suBai-
csi. Tem He MeHee OH ITPOJI0JIKal aKTUBHO UCIIONB30BAThCS B XO3SIHCTBEHHON ESATENBHOCTH
Ha 3aMep3aroLIuX aKBaTopusx. Vicropus HCIOIBb30BaHMS JIEJOKOJILHOTO (JI0Ta B 3TH TOJIbI
B apKTUYECKUX MOpsX noapoOHo onucana M.U. benoseim B [19]. Tak jxe akTUBHO Jes10-
KOJIBHBIH (10T Mcrosnb3oBaics Ha banruiickom Mope, obOecrieurBasi 3MMHIOI0 HABUTALMIO
B JlennHrpanckuii Toproseiid mopt. HeoOXonumMo oTMeTHTh, 4TO Onarofapst SHTy3HazmMy
rujposora nopra B.M. ApHonba-AnsobeBa Ha bantuke B 20-X rojgax npoioiKaliuch Uc-
ClJIe/IOBaHUsI OCOOCHHOCTEH DKCIUTyaTalllu JISIOKOJIOB M MX JIEAOBBIX KauecTB [20, 21].
MO)XHO KOHCTaTHpOBaTh, YTO K cepenuHe 30-X ToJ0B MPOILIOTO CTONETHS MPAaKTHUYECKU
OTCYTCTBOBAJIM TEOPETUUECKUE UCCIIECAOBAHNUS U 0000IIEHHE OIBITA IKCILTyaTalluH JIE0-
KOJIOB. B pacriopspkeHn# NPOEKTaHTOB HOBBIX CYI0B OBLIH JIMIIL (OPMYIIBI JJIsl pacyera
JIEIOBOTO COIPOTHBIIEHUS, roiy4yeHHble B.11. AdanaceeBsiM u P.U. Pynebeprom [22].
Ot HopMyIIbl HE MOIXOMWIN Ul IPOSKTUPOBAHUSI COBPEMEHHBIX CYJOB H JIEIOKOJIOB.
®dopmyna B.M. AdanackeBa 1o CBOCi CyTH SIBISICTCS SMIIMPHUYCCKUM 00O0OIICHUEM OIBITA
SKCILUTyaTally JIEA0KOJIOB, IOCTPOCHHBIX BO BTOpOil nonoBuHe XIX B., MOIIHOCTbH, BOAO-
H3MEIIEHUE U pa3Mephbl KOTOPBIX OBLIM CYIIECTBEHHO MEHBIIIE, YeM 3HAUEHUS 3TUX XKe
XapaKTePUCTUK Ul IPEANONaraeMbIX K MPOEKTUPOBAHUIO U CTPOHUTEILCTBY JICTOKOJIOB.
Meron pacuera JienoBoro conporusienust PY. PyneGepra, sBisisich epBbIM B MUPE T€O-
pPETHYECKHM METOJIOM, OYEeHb MPUOIMIKEHHO OIUCHIBAJI XapaKTep JBHUIKECHHs JIEJOKOIa
BO JIbJAX.

17 nexadps 1932 r. 66110 co3nano [aBHoe ynpasieHre CeBEpHOr0 MOPCKOTO ITyTH
Bo mase ¢ O.}O. Imuarom [23]. Onaum u3 nepsbix HaunHanuil ['YCMII crana opranusa-
11t CKBO3HOTO MaBanus 1o CesepHomy Mopckomy myTH (CMII) mapoxona «Hemrockuny.
Emie 10 okoH4YaHMsI YEIFOCKUHCKOM 3II0IEH T0SBUIIOCH II0CTAHOBIIEHUE [ T1TaBHOTO ynpas-
JICHUS O CTPOMTENHCTBE JIETOKOJIA MOIHOCTBIO 18 ThIC. 1. ¢. (TEXHHUECKHE XapaKTepu-
CTHKH ITPOEKTHPYEMOT0 JIe/IOKOJIa pHUBeieHbl B padoTe [24]). O6 9ToM nuineT U3BeCTHBIN
nossipHbIi uccnenosarens H.M. EBrenos [25], a Takke oTMedaeT B CBOEM BBICTYIICHUH
Ha paccMaTpuBaeMoM coBelaHuu 1935 . pykoBOIUTENh IPYIIIBI YIIPaBIECHUS MOPCKOTO
u peunoro Tpancnopra 'YCMII U.K. Cmoprouckuit (1. 3).

AHanu3 pe3ynbTaToOB YEIIOCKMHCKOM AIOMNEeN MoKas3al, YTo JUIsl TPAHCIOPTHOTO
ocoenunsi CMIT HeoOX0MMO CO31aHHE HOBBIX JISJOKOJIOB M CYJOB JIEOBOTO TUIABAHUSL.
B urone 1934 r. Biuwio nocranosienne CHK CCCP u LIK BKII(6) «O meponpusTusx mno
pasButnio CeBepHOro MOPCKOTO MYTH M CEBEPHOTO XO35UCTBa» [26], HA OCHOBAaHUU KOTO-
poro pykoBozactBoM I'YCMII Obl1a ocTaBneHa 3aj1adya co3JaHusl COBETCKUX JIEIOKOJIOB
MourHocTeio 12 u 18-24 ThIC. 1. ¢. Ilepen Boixogom noctanoBneHus B Mockse B CHK
CCCP cocrosoch crieiuanbHOe COBEIaHUE CYOCTPOUTENEH U MOISIPHUKOB-YEITIOCKUH-
LIeB, HA KOTOPOM OOCY’KAaJIMCh IEPCHEKTUBbI CO3/J[aHus JIeJOKOIbHOrO (uioTa. MHorue
aBTOPBI, KOTOPbIE YHOMHHAIOT «l{apb-1ea0K0m», OTHOCST MOSABICHNUE 3TOTO BBIPAKEHUS
HMMEHHO K 3TOMY COBEIAHHIO.
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[Tocre mpUHSTHUSI IPOrPaMMHBIX JJOKYMEHTOB ObUTH Ha4yaThbl IPOSKTHBIE TPOPaOOTKH
MEPCIIEKTUBHBIX CY/JOB VISl IUIABaHUS BO JIbAAX M JIeIOKOJIOB. [l HaOIroneHus 3a 3 Tor
JIeSITeIbHOCTBI0 TIpU [ J1aBceBMOpPITyTH Oblila cO3JjaHa dKCIepTHass KOMUCCHUS, KOTOPYIO
MHOT/Ia Ha3bIBAJIU OIOPO 3KCIEPTOB MO MPOEKTHPOBAHUIO M NMOCTPONKE CYJOB JETOBOTO
IJIaBaHMs U JIeOKOIOB. UneHnamu 3Tol koMuccuu cranu akagemuk A.H. Kpsuios, wie-
Hel-koppecnonaieHTsl AH CCCP FO.A. Illumanckuii u I1.d. [TankoBud 1 MHOTHE ApyTrHe
BUJIHBIE CYIOCTPOUTEIH.

[TpoekTrpoBaHuEM JIEIOKOJIOB 3aHUMaJIach opranuzanus «Cynonpoex». 1o Obuia
JIOBOJIBHO MOIIHAs TIPOCKTHAsl OpraHu3aius, oopa3oBanHas B 1925 r. mox Ha3BaHUEM
I{eHTpanbHOE KOHCTPYKTOPCKOE OIOPO MOPCKOTO cynocTpoeHus. B oktsaope 1928 1. Oropo
ObLIO peopraHu30BaHo B [ 0CynapCTBEHHYIO KOHTOPY 10 MPOEKTHPOBaHMUIO cynoB — «Cy-
nompoekt». C 1929 . B opraHu3anuio BOLUTH CIIEIUAINCThI 3aBOJACKUX KOHCTPYKTOPCKUX
Or0pO, YHCIIEHHOCTH TepcoHaa Bo3pocia 70 600 dyenosek. «CymompoeKT 3aHUMAIICS IPO-
eKTUpOBaHUEM IpakTuuecku Bcex cyoB B CCCP, Bkirouast kopaOiiu i1t BOGHHO-MOPCKOTO
¢uora. B 30-e rr. B opranuzanuu padoTaiy BEAYIIUE CHEIHUAINCTBI-TPOSKTHPOBIINKI
ctpansl. [Ipoiins psaa nepenMeHoBaHUN O010po Mo Ha3BaHUEM «banTcymonpoekT» coxpa-
HUJIOCH A0 Hamux gHel. Celiyac OHO BXOAUT B cocTaB KpbITOBCKOTO rocy/1apCTBEHHOTO
HAy4HOTO LIEHTPAa U 3aHUMAeTCcs, B TOM YHUCJIE, U IPOCKTUPOBAHUEM JICTOKOJIOB.

3ACEJAHUE SKCHEPTHOI'O COBETA I'VCMII 15 UIOHA 1935 TOJA

3acenanne skcnepTHOTo coBeta ['YCMII cocrosmocs B Jlennnrpaae u ObUT0 1MO-
CBAIICHO PACCMOTPEHHIO PE3YIBTATOB IMPOCKTUPOBAHUS JEOKOJIA MOLIHOCTBIO 18—
24 Teic. 1. c. K MomeHTy mpoBenenus coperanns «CyaomnpoekTom» Obliia BRIITOJHEHA
ICKU3HAs MPOopaboTKa MPOEKTa MOIITHOTO JIEAOKOJIA, MaTepHaIbl ATOH MPopadOTKK OBLIH
pa3ociiaHbl OCHOBHBIM Y4acTHHKaM coBellanus. [1o cBoeil cyTH coBemanne HoCIO SIPKO
BBIPAKEHHBIN TEXHUYECKUH XapaKkTep U IMPEaBapsiIo JPYroe COBEIaHue, KOTOPOE JOJIKHO
65UT0 TIpOiTH B MOCKBe Ha Oosiee BEICOKOM ypoBHE. BaXHOCTB 3acemaHus HKCIIEPTHOTO
COBETa MOAYEPKHUBAJIO yUacTHe B ero padbote nByx pykosoxauteneii 'YCMII C.A. bepra-
BuHoBa n D.®. Kpactuna.

W3 nByx pykoBoautenein I'Y CMIT nanbosee BrusTensHON GUTYpOii ObIT, HECOMHEH-
Ho, Cepreit AnamoBud bepraBuaoB, KoTOpsIi ¢ 1934 1. 3aHIMaN TOKHOCTH HAYaIbHIKA
[onmmutnaeckoro ynpasnerns u 3amecturensd O.10. [lImuara. B mo60it opranuzanuy Toro
BPEMEHH MMapTHHHBIC OPTaHbl 00J1aJali JOCTATOYHO OONBIION aBTOHOMHEH OT PyKOBOIHTE-
JIs1, TIPEJICTABIISAS BTOPYIO BeTBb BiIacTH. buorpadus C.A. bepraBunoBa THIMYHA 1711 TOTO
BpemeHu. B 1917 r. BoceMHaAIIaTUICTHUM IOHOIIECH OH BCTYIIJI B MAPTHIO W MPHHAMAI
ydactue B [ pakIaHCKOH BOifHE, SBISSCH BOCHHBIM KOMHCCApoOM. 3aTeM ciyx0a B opra-
nax BUK-T'TIY, nanee mapruiitHas paboTta, KoTopasi B OCHOBHOM IIPOTEKala B CEBEPHBIX
1 J1abHEBOCTOYHBIX pernoHax. [locimenauM mectoM ero padbotsl 6buto IlomuTnueckoe
ynpasienue ['YCMIL B oxtss6pe 1937 1. oH OBIT apecToBaH M MOKOHYWII )KH3Hb CaMO-
youiictBoMm B TIoppMe. B 1956 1. 65u1 MOCMEPTHO peadMIUTHPOBAH.

Bropoii pykoBoANUTENh — HaYaIbHUK YIPABICHHS MOPCKOTO M PEYHOTO TPAHCIIOPTa
I'VYCMII DOnyapn @panneny Kpactun poxmics B 1895 . (mo apyrum cBeaeHUSIM —
B 1898 1) B JIudmsanckoit rydepann. Ynen BKII(0), yaactauk ['paxmanckoir BOWHEIL.
[Tocne BoitHBI oMy4ni Beiciee oopa3osanue. B I'YCMII Bo3rmaBisin ynpaBieHHe, BCe
paboTHI 1O CO3ZIAHUIO HOBBIX JIEZIOKOJIOB M CYJIOB JICIOBOTO IIJIABAHMS OCYIIECTBIISUIUCH
O] er0 pyKOBOACTBOM. B ¢eBpane 1937 r. HarpaxnaeH opacHoM JIeHWHa W Ha3HAYCH
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C.A. bepraBuHOB (B LIeHTpE) 0.®. Kpactun
S.A. Bergavinov (in the center) E.F. Krastin

3amectuteneM pykoBoautenst ['YCMII. B HosiOpe 1937 1. Ob11 apecToBaH U paccTpessiH
B ¢eBpane 1938 r. [TocmepTHO peabmnutipoBan B 1956 1.

Bomnpoc 0 BO3MOKHOCTH CO3/1aHHS CBEPXMOIIIHOTO IO TeM BPEMEHaM JIeJOKOJIa MPea-
CTaBJISVICS OYCHb BaKHBIM JUISL YIIPaABICHUSI MOPCKOTO U peuHoro TpaHcropta I'YCMIL
Beiciiree ke pyKOBOJCTBO JI0 KOHIIA €lll¢ HE BBIPAOOTAIO CBOIO TO3HUIIMIO TI0 3TOMY BO-
npocy. Bo Bpems 3aceqanus O.D. Kpactun u C.A. beraBuHOB 00MCHSITHCH CIICTYFOIIUMHE
peTTHKaMHu:

«Kpactun. — D1um kopabieM Hazo OJICCHYTh.

bepraBunos. — Cama Haia >KU3Hb ¥ TEXHUKA OJNeIryT, He B 9TOM aeno» (1. 28).

W3 uneHoB IKCMEPTHOIO COBETAa B COBEIIAHWM MPUHUMANIA YYacTHE aKaJeMHK
A.H. Kpsuios, mpodeccop, B Oyaymiem akanemux IO.A. IllumaHckuil u 3acimyKeHHBIN
JiesiTellb HayKu M TexHUKU npodeccop B.H. L{BubGenb. B coBenianuu yuactBoBaim Takxke
m3BectHble cneranuctel JILM. Horun ot «Cynonpoekray, 23.9. IlanMmens — skcnepT
HayuHo-nccnenoBaresibCKoro MHCTUTYTa BoeHHOTo Kopabnectpoenusi, H. K. Ken n3 Ha-
YYHO-HCCIIeIOBATEIHCKOTO HHCTUTYTA CYJOCTPOCHHS U Jipyrue. Beero B coBermanuu mpu-
HsM yyactue 29 uenosek (1. 1).

Cogenanue oTkpbuIoch AokinagoM M. K. CMOProHcKoro — coTpyaHHKa YIIPaBICHUS
MOpCKOro u pedrHoro tpancnopra I'YCMII, koTopslit B cBOeM J0KIa1e U3I0XKUIT OCHOB-
HBIC 33J]a4¥ M TpeOOBaHMUsI, IPEAbSBIsieMble K JieAokoay. OO0 OCHOBHBIX pe3ysbrarax
U TPYAHOCTSIX, BO3HUKIINX MPU MPOEKTUPOBAHUH, JOJIOKHII COTPYIHUK «CyaompoeKTa
JL.M. Horun. Ot KOMHCCHH TI0 HAOIOCHHIO 33 TIPOSKTHPOBAHUEM, OCTPOMKOM, pEMOHTOM
U TIpHEeMKoOii kopabieit BeicTymi ee pykooautens J[.E. Taupos. 3arem ObII0 BBICTYIIIAHO
MHEHHE 4JIeHOB 3KcriepTHOro coBeta ['YCMII n npurnameHHsIx cnennaiucto. C 3Toro
MOMEHTA COBEIIaHHE MEePEepOCIO B AUCKYCCUIO TI0 Pa3IHYHBIM TEXHUYECKHUM BOIPOCAM
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Axanemux 10.A. llnmanckuii AKaneMHK A.H. Kpsutos B 1931 1.
Academician Yu.A. Shimansky Academician A.N. Krylov in 1931

paccMaTpuBaeMoro MmpoekTa. AKTUBHO O0OCYXJAJIMCh INIaBHbIE pa3MepeHHsl JeIoKoIa,
BO3MOKHOCTb MMPUMEHCHUS LTUCTCPH (DpaMa JJI CHUKCHUS aMIUIMTY/IbI €T0 Ka4KH!, Ipo-
CKTUPOBAHUE TPEOHBIX BUHTOB M PACTIPECICHUE MOIIIHOCTH IO BajiaM, TOJIIIIHHA OOIIMBKU
KOpITyca, DHepreTHYeCKasi yCTaHOBKa U mpouce. OMHUM U3 BOKHEHIIMX BOIPOCOB, MMOJ-
HSTBIX Ha 3aCEIaHuM, CTAJl BOIPOC O JICJOBBIX KaueCTBaX MPOEKTUPYEMOro JIeI0KoIa,
YTO HAILJIO OTPAXCHUE B 3AKJIIOYCHUAX, IPUHATHIX IO UTOTaM 3aC€AaHUusA SKCIICPTHOTO
coBeta (1. 2).

OBCYXKJIEHUE JIEJOBBIX KAYECTB

[IepBBIM BOpOC O JIEIOBBIX KaueCTBAX MPOEKTHPYEMOTO JIEJOKOJIA TTOHST B CBOEM
Beictymiennn JI.E. Tanpos. OH yka3ai, 4To npoekTHast oprannzaius « CyJonpoeKT» «co-
BEPIIEHHO OTPEEICHHO 3asBIIAET, YTO HU O KaKUX JIEJOBBIX KadecTBax cyaHa oH [“Cy-
JOTIPOEKT ’| TOBOPUTH HE MOXKeT. KpuTepus B OIeHKEe STHX KadecTB OH He maeT» (1. 10,
11). Ha Bompoc C.A. bepraBnHOBa 0 TOM, KTO MO>KET OLIEHWUTH 3TH KadyecTBa, TanpoB
otBeTHI: «O4YEeBUIHO, IPEACTABIsIETCs pemnTh CeBMOPIYTH B COOTBETCTBHH C TEM, UTO
TYT UMEIOTCS JICZIOBbIe KamuTaub (1. 11).

Ha coBemanmu nepBeiM cpenn 3xcrieptoB I'YCMII Beictynan akagemuk A.H. Kpsi-
noB. OtBeyas Ha 3ameuanue J[.E. TanpoBa o e10BBIX KauecTBax JEI0KOIA, OH MOATBEp-
JIWJI, YTO «HEINb3s JAaTh HUKAKUX PACUETOB O JEJOKOIBHOM KauecTBe. Kakue Oymyt —
Takue u okaxyrcs» (1. 17). Ha Bompoc C.A. bepraBuHOBa 0 IPHUOIH3UTEIHHON OIIEHKE
JICZIOBOTO Ka4deCcTBA OH E€IIE pa3 MOATBEPIMJI HEBO3MOKHOCThH BBIITOJHEHHS PAcdeTOB.
BrictynaBmmit Benen 3a A.H. KpsutoBemm mpodeccop FO.A. [llnmaHCcknl TOTHOCTEHIO
TIOAJIEPIKAJ 3TO MHEHHE.

C.A. bepraBuHOB ocTajcs OYEHb HEJOBOJIEH TEM OOCTOSATEIBCTBOM, UTO aKaZIEMHUK
A H. KpsutoB u mpodeccop FO.A. [llumaHckrit MOATBEpAMIA HEBOZMOXXHOCTB OTIpe/Ielie-
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«Epmak» Ha mytu B Kponmrraar. Jlenokon «Epmaky Ha KpOHIITaATCKOM pelizie (¢ poTorpaduu rpa-
Biopa M.H.Pamesckoro). (Jlexoxon «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 JIENOKOJIBHBIX KadecTB. OH MPOoJI0JKajl HaCTanBaTh Ha MOJTYYSeHUH KaKUX-TH00 olle-
HOK. CBOIO HACTOMYMBOCTH OH OOBSICHIII TEM, YTO HEJIb3sI KIIPUUTH C OOLIMMHU OTBETAMHU
B [IPABUTEJILCTBO, HY’KHA KaKasi-TO MPUKU/IKA, OCHOBAHHAS HAa HAy4HBIX U MPAKTUUECKUX
JaHHbIX» (1. 30).

Ha 710 3ameuanne A.H. KpbioB 0TBeTHII, YTO OCHOBHASI IPUYMHA CIOKUBIIETOCS
MOJIOKEHUSI 3aKJIF0YAETCsI B TOM, YTO 3a BCE BPEMS CyIECTBOBAHUS JICIOKOJIOB U3yUCHHIO
UX JIEJOKOJIBHOI CIIOCOOHOCTH HE YIENSIOCh JOJDKHOTO BHMMaHMs. 1o ero MHeHHIO,
€/IMHCTBEHHOE HAYYHOE UCCJIEJ0BaHME OBbUIO BBHITOJIHEHO MM Ooiee 30 jer ToMy Haszal
[17] u «c Tex mop 3a 3TO BpeMsl HU CIUHCTBEHHOM HOTHI K 3TOMY He npubasieHo» (1. 30).
Hanee A.H. KpbutoB ykaseiBaetr: «BoT, Bce Balllu 3KCIICAUIINH, BBl OepeTe Tyaa 300J10-
roB, OOTAaHUKOB, KOPPECIIOH/ICHTOB, KHHOOIIEPAaTOPOB, HO TOJILKO MEPBBIH pa3 HamedaeTe
B3ATh TyJla MH)KCHEPOB, M BBl XOTUTE, YTOOBI TIOCJIC 9TOTO BaM JIaJIM HAy4YHbBIH OTBET Ha
MOCTaBJICHHBIH BaMu Bonpoc. Het, BBl Takoro oTeeTa He MOJNy4UTe A0 TeX MOp, MOKA He
o0cTaBuTE HAayYHBIM 00Pa30M HMCCIIEIOBaHHS XO/1a JISIOKOJIOB BO Jibaax» (1. 30).

Hanee Beictynan E.C. Tonoukuii, KOTOpblii 000CHOBBIBAJ MO3UIIMIO CBOSH OpraHu-
3alUM MO MPOEKTUPOBAHUIO MOIIHOTO JIEJOKONa. B ero BHICTYIIEHUM €CTh MHTEPECHBIH
MoMeHT. E.C. Tonoukuil pacckaza NpUCyTCTBYIOIINM, YTO CHEHHANUCThI «CyI0MpPOEKTa
MPEKPACHO OHUMAJIM HEOOXOIMMOCTh OLIEHKH JIEIOBBIX Ka4eCTB POSKTUPYEMOTO JI/IOKOJA.
Jnist HUX OBLJIO SICHO, YTO ATOT BOIPOC 00S3aTEIbHO BOSHUKHET MPH ITPUEMKE PE3yJIbTaToB
nx paboThl. B cBoeM BBICTYIUIEHHH OH TOJUEPKHYII, YTO UMEBIIASICS B UX PACIIOPSKEHUN
TeopeTnuecKasi 0a3a He MO3BOJISLIA BHITOJIHUTH HEOOXOAUMBIE pacuyeThbl. « MBI XOTENH TO-
npoboBarh B OacceiHe co31aTh NCKyCCTBEHHBIHN JIe/l M TONPOO0BaTh €ro JIOMATh C TOMOIIBI0
MOJIEITM M IOCMOTPETb, KaK BIUSET W3MEHEHHE dlieMeHTOB Mozestn» (J1. 34). «Cynonpoexr
«HMMeI Pa3roBOPBD» MO 3TOMY NoBoay ¢ HayuHo-uccienoBaTeIbCKUM HHCTUTYTOM CYHO-
crpoenust (HUCC). Pesynbrar 061 cienyrommii: «HUCC ckazan, uto nonpodosars OH
CMOXKET, HO B3Th Ha Ce0sl BBIMOJIHEHHE MOJIHOCTHIO 3TOI MOJIEIN OH HE MOJKET, @ CMOXKET
B3SITh TOJIBKO BOIIPOC MCCIIEAOBAaHMS PEAIbHOCTH 3TOTO 3a/ianus» (1. 34).
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Jlenoxon «Kpacun» Ha cTosiHke «Kpacun» Ha kapTHHE

B Cankr-IlerepOypre. KanuTaHa JajJbHETO IUTaBaHHs
®oro U.A. Anexunoi u Xynoxxanka mapunucta H. Illtykkenoepra.

Toebreaker “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

OTOT (parMeHT COBELIAHUSI MHTEPECEH TEM, YTO 37€Ch, IO-BUINMOMY, BIEPBbIC
OblTa 03By4YeHa MIEs CO3/IaHMsl CIICIUAIBHBIX J1TA00paTOpuil 11l N3y4YEeHUs BO3CHCTBHS
JIbJIa Ha Pa3In4Hble MOPCKUE 00bEKTHI. Uepes ABaiarh JIeT 9TO HAIlPaBICHUE B Pa3BUTHH
JIZIOKOJIOCTPOCHUS CTAHET JIOMHHHUPYIOIMM M TIOCTETIEHHO TIEPEPacTeT B CO3/[aHIe HOBOM
TEXHUYECKOM HayKH — MOPCKOH JIeOTeXHUKHU [27].

Bo300HOBNEHIE TUCKYCCHH O JIEIOBBIX KauyeCcTBaX MPOHM3OIILIIO MOCHE TOTO, KaK Mpe/-
ceaTeNbCTBYIONINI 00bsiBIII, uTO akageMuk A.H. KpbutoB nmocnan emy 3amnmcky, B KOTOpoii
M3JI0KUI cBoe MHeHMe. B 31oii 3anucke Anexcell HukonmaeBud M310K1I Pe3ynbTaThl CBOUX
MIPUKUAOYHBIX pacueToB. [1o 3TUM pacyeraM Moiydanoch, YTO yBEIMYECHUE MOIIHOCTH
JieZIoKo1a MpuBeaeT K 20—25-poIeHTHOMY YBEINUSHHUIO TOJIIMHBI JIbJjd, KOTOPYIO CMOXKET
JIOMaTh JIeokod (J1. 35). AKaJeMUK ITPOKOMMEHTHPOBAI MOJYUYEHHBIH pe3ynbrar ciemy-
IOIIMM 00pa3oM: «IDTO CIeAyeT U3 3aKOHAa MEXaHUUYeCcKoro rnogodus. Eciu Bl BeIpasute
BCE JIMHEHHBIE pa3Mepbl, TO MOIYyYUTE TO ke camoe. Eciu BbI MojcunTaere, To yBUIHTE,
YTO rPOMAJIHOE YBEJIMYECHHE MOIIHOCTH M Pa3MEpPOB JIEJOKOJIA JaeT HUUTOXKHBIHN 2P peKT
B CMBICJIE €r0 JEeIOBBIX KauecTB» (J1. 35).

Ha onenky nenoBeix kadecTB U ee oobsicienne A.H. KpbuioBbIM 5MOIIMOHAIEHO
orpearupoBai C.A. bepraBuHoB: «5 ropsiunii CTOpPOHHHMK TOTO, 4TOOBI aK. KpbiioB Obu1
ObI TIpaB B CBOMX TPYyJaX, HO B 3TOM CJIydae 51 XOTeJ Obl, 4TOOBI OH omuoOcs. 1 xoTen Obl,
YTOOBI STOT JIEJOKOJ HAPYIIMJI 3aKOH MEXaHUYECKOTO T0JI00Hs, O KOTOPOM TOBOPHT aK.
KpbuioB, u 51 yOexieH, 4To u Oy/ieT HapyIlIeHO, HHaYe 3aueM K€ CTPOUTH TaKyl0 TPOMasy,
€CJIM OHA He JaeT Cepbe3HbIX Pe3yNbTaToB» (J. 35).

B oTBeT Ha 3TO BBICTYIICHUE U NTPO3BYYaId 3HAMEHHTHIE ci1oBa Anekcest Hukonae-
Buya: «[Ipubnu3uTebHO 3aTEM Ke, 3a4eM CTPOWIIH IaPh-MYIIKY U [aph-KOJIOKoD» (1. 35).

[Ipu ob6cyxeHnn okoHYaTeabHOro pemieHus: coemanus C.A. bepraBiHoB BHOBb
BepHyJcs k orBety A.H. KpbioBa. «OTKpoBEHHO CKaKy — periinka akajemuka Kpbiiosa
MeHS Mopasuia, s ee Aaxe 3amucal.

Eciu MBI cTporM 3TOT KOpadib 110 THITY “Haps-MyHKH” U “Iaps-KoJlokoia”, ¢ Tor
TOJIBKO Pa3HUIIEH, YTo 3TH 00a 1apst HaxoAATcst B MOCKBE ¥ MX MOTYT 0003peBaTh XOTs Obl
MHTYPHCTHI, TO 9TOTO TPETHETO Lapsi 0003peBaTh Oy/ET TPYIHO, TaK Kak OH Oy/leT TOpYaTh
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B MypMaHCKe, U TOT/Ia, €I MTOJI0KEHUE EHCTBUTENILHO TAKOBO, KAK TOBOPHII aKaJIEMHUK
KpbuioB, s Oy/ly IpOTHB TaKOTO JIEJOKOJIA U MOCTAPAIOCh MPOBAIUTH €T0, IOTOMY YTO 3a-
TpauynBath 5S0—60 MUUTMOHOB pyOiel Ha KOpadib, KOTOPhIA nact addexr 25 % Oonbiie
12 teIC. cunbHOTO “Kpacuna”, Ha KO J1]] OH HaM HyKeH!!

MBeI eliie He Tak Oorarthl, YTOOBI OPOCATHCS U CHIIAMH, U CPEACTBAMH, M TCXHUKOMU,
He JIy4lle Ju Toraa kaputh 10—12 TeIC. cuiIbHBIC U KaloK?» (1. 42).

Hecwmotpst Ha 3asiBiieHHy0 nio3unnio, C.A. bepraBuHoB cunTan HEOOXOAUMBIM ITPO-
JIOJDKHTB TIPOEKTHBIE paboThl 10 MomuHoMy Jenokony. Ha Bonpoc M.K. Cmopronckoro,
He cienyet Jin cOKOHOMHTh 400 ThIC. py0 Ha IMPOCKTHPOBAHUH JTOTO JICIOKOJA, OH OT-
BETHJI: «...NIPOEKTHPOBATh HAZ0. DTO MOMJIET B MOJB3Y Ul NPOTrpecca MBICIH, U ITO
nyckaid nenaror! Otu 400 ThIcsiu He OymyT OpOIICHBI IICY MO XBOT, MoJb3a Oyaet, a 60
MHUUIMOHOB MOTYT OBITH OPOILEHBI IICY O] XBOCT, €CJIM OH OyIeT naBarh dGQEeKT Bcero
B 1 dym» (1. 42).

Iocne Beictymienus C.A. bepraBuHoBa cOCTOSUICS HHTEPECHBI 00MeH (pazamu.

«Cmopronckuii. — Hawm, yuenukam Anexcess HukonaeBuua, kak Oyato Obl Helb-
351 OBbUIO OBl BO3pa3UTh €My, HO BCE-TaKd MHE XOTEJIOCh Obl CKa3aTbh, YTO €CJIU Obl MBI
OBUIM yBEpEHbI, YTO STOT KOpallib NAaCT TaKyl0 HE3HAYUTEIbHYIO Pa3HHILy, TO MbI Obl HE
MIPUKJIAJBIBAIA PYKH K TaKOMYy 33JlaHUIO, U sl YBEpEH, YTO ATOT JEeJOKoI nact addekr
3HAYUTENILHO OOJIBIINIL, YeM roBopwi Asiekceil HukonaeBuy, nHaye st B IPOCKTHPOAHUN
€ro He MPUHSUI Obl Y4acTHsI.

Bbeprasunos. — OH yaBout?

Cmopronckuii. — OO0 yJIBOCHHH HE MOXET ObITh U PEUH.

KpbutoB. — 3akoH MeXaHHYECKOro Mojooust npuayman HbloTOHOM, M HHKyJa OT
Hero He yiaemnsy» (1. 43).

B okonuarenbHOU (haze coremanus C.A. bepraBuHOB JTOBOJBHO YETKO CHOpPMY-
JIMPOBAJI COCTOSIHME 3HAHUI B 00JIACTH JIEIOBBIX KauecTB cynoB: «OHO OeccriopHo M3
CETO/IHSIIIHET0 COBEIIaHHsI — 3TO TO, YTO SICHOTO OTBETA O JISJOBBIX KauecTBaX JIeJI0KOJIa
MBI HE IOJYYHM, BHJIUMO, TyT KaKOH-TO KOJUIOCAJIbHBIM 3€BOK JIaH 3a JECSATKH JIET CO
CTOPOHBI HAIlleHl TEXHUKH ¥ HAYKH, U OPraHU3ald{ HE MCIOJIb30BAJIM JIEJOBBIX TIOXO/0B
JU1s 3ToH 1nenu. Beem BuaHO, uTO, € Tex mop kak xoxuia “Epmak”, Mbl HUKAaKHX MPAaKTH-
YECKUX MCCIIEIOBAHMI HE BeIM. DTO cpaM U MO30p, U B MEPBYIO odepes Ham» (J1. 44).

3AKJTIOYUTEJIBbHBIE KOMMEHTAPUN

PaccmoTpeHHBIH B TaHHOH paboTe apXUBHBINA JOKYMEHT SBISICTCS JOBOJIHHO MHTE-
PECHBIM CBHJETENBCTBOM CBOEH 3moxu. OOCykIeHHE 3CKU3HOTO TPOEKTa MEPCIEKTHUB-
HOTO JIEZIOKOJIA MTO3BOJISIET BOOYMIO TPE/ICTABUTH YPOBEHb PA3BUTHS CyHOCTPOUTEIBHON
HayKH{ B LIEJIOM U JIEIOKOJIOCTPOCHHUS B YACTHOCTH. J[eTalbHOMY aHaJIN3y 3THX BOIPOCOB,
M0-BU/INMOMY, TOJDKHO OBITH MOCBSIIIEHO OTJEIBHOE HCCIIEIOBAaHHUE. 3/1€Ch jK€ MOYKHO
OTMETHUTH, YTO pabOTHI IO MPOSKTHPOBAHUIO HOBBIX JIEIOKOJIOB, BKIFOUasl ONTMCAHHOE CO-
BEIlaHWe, CTUMYJIHPOBAIN PA3BUTHE MCCIIENOBAHUN B 0OIACTH JICIOBBIX KAUECTB CY/IOB.
Tak, B 1938 . FO.A. llumanckuit myonukyet B Tpynax ApKTHYECKOTO HHCTUTyTa paboTy
«YCIOBHBIC W3MEPHUTEIH JICAOBBIX KauecTB cymHay [28], koTopas cTana Hamboiee BBI-
JTATOIIAMCS BKIIAJIOM B pa3BUTHE MOpcKoii tenotexHuki B CCCP B moBoeHHBIH mepno.
MHorme oNoKeHHUS 3TOH pabOTHI UCHONB3YIOTCS A0 cux mop. Axamemuk A.H. Kpbutos
pa3pabarsiBaeT 00IMIKE MOAXOABI K MPOSKTHPOBAHNIO MOIIHBIX JIEAOKOIOB [29, 30].

PaccMOTpeHHBIH TOKyMEHT MO3BOJISIET YBUAETH MPOIIECC 0OCYKACHHS TEXHUIECKOTO
MIPOEKTA W TOArOTOBKY MPUHSTHS PElIeHUs 0 ero cyapoe. HecoMHeHHO, 9TO Ha arMoc-
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(epy coBermaHus MOBIHAIO y4acTHE B HEM JBYX BBICOKOIOCTABIECHHBIX PYKOBOANUTEICH
I'YCMII, daxTugecku mociie BEITOTHEHNS PEANMCAHHOTO MTPOIeTypor opsiika o0s3a-
TEJIBHBIX BBICTYIUIEHHH PYKOBOZICTBO coBemanueM B3sul Ha cebs C.A. beprasunos. Ero
MHEHHE U ero OLEHKN ObLIM TOMHHUPYIOMNMH. B cBOMX pemnkax oH JIOMycKall poCTo-
HapOAHBIC BBIPAKEHHUS, UTO, C OJHON CTOPOHBI, TOBOPUT 00 YPOBHE €T0 00Pa30BaHHOCTH,
a C IpyToH, ITOKa3bIBACT, YTO OH OMIyIIaj ceOs IITaBHOM (PUTYPOIt 1 MMEN paBO Ha TaKoe
noBesieHne. @aKkTUIEeCKN BCE YIACTHUKH B TOH MIIM MHOM CTETICHN OBIIIN BBIHYK/ICHBI MO
HETO MOJCTpanBaThcs. B HanOombIIel cTereHu 3To OTHOCHTCS K coTpyaaukam 'Y CMIT.
Tak, 3.®. Kpactun mocine Toro, kak ero ofgepHyn C.A. BepraBuHoB, 3a Bce ocTaBIieecs
BpEMs COBEIIAHUS HE MPOMOJIBIII HH CJIOBA, XOTSl MMEHHO €r0 yNpaBICHUE BHICTYHANO
3aKa34nKOM PabOT MO MPOEKTUPOBAHHMIO MOIIHOTO JieJOKona. [Ipyroi COTpyIHHK 3TOTO
xe yrnpasienus M.K. CMoprouckuii, Oymydn KBanuUIIIPOBAHHEIM KOPaOEeIoM, B OHOM
13 CBOMX BBICTYIUICHHUH JOITYyCTHII BOSMOKHOCTH OMHOKH B paccyxaeHusx A.H. Kpsuro-
Ba. B 1936 . 1.K. Cmoprouckuii omyonmkosan B nzgarensctBe AH CCCP kuury [31],
PEenaKkTOpOM M aBTOPOM TIPETUCIOBHS KOTOpoit Obut akageMuk A.H. Kprsuios.

HawnbGornee He3aBUCUMBIMU y9aCTHUKAMH COBEIIAHUS BBIIVIA/SAT YICHBI SKCIIEPTHOTO
cosera ['YCMII u npencrasurens Habmonenus .E. Taupos. Ho mpu sTom eqmHCTBEH-
HBIM YYaCTHUKOM COBEIIAHUS, KOTOPBIH MOT TIO3BOJIUTH ce0e 10 KOHIIA OTCTanBaTh CBOE
MHeH#ue, 0pu1 akameMuk A.H. Kpbumos.

Jnst 060cHOBaHMS MPaBHIBHOCTH CBOEH OLICHKH OH OOBSACHSCET, YTO OHA MOITydYeHA
C UCTIONB30BaHUEM 3aKOHa MexaHudeckoro monobus M. Heiotona. [{ms A.H. Kpsuiosa
W. HproTOH npeacTapisuics OJHUM U3 BETUYaHIINX AeATeNeld HayKu BCEX BPEMEH U HApO-
JI0B. DTO TOATBEPKIAETCS €r0 THTAHUIECKUM TPYAOM 10 nepeBony «Hauam» Ha pycckuii
SI3BIK, @ TaKXKe CIEeAyeT M3 UCTOPUKO-HAYIHOTO Odepka, HamucanHoro kK 300-meTuro co
nast poxxaenus Y. Herotona [32]. Bee BeiBomer M. HeroToHa, BKITIOUast 3aKOH MeXaHHYeE-
ckoro momooust, kKoTopsrit A.H. KpbutoB BeIIeTIII pH onrcaHuu BToporo Toma «Hagam»
B pabote [32], i OOBIYHBIX YCIIOBHH JJIS HEr0 ObUTH aOCOMIOTHOW McTHHOU. [ToaToMy
yKa3aHHe Ha TO, YTO PE3YyNIBTaT MOIYUYEH C TIOMOIIBIO 3aKOHA MTOA00HS, TI0-BUAUMOMY, EMY
Ka3aJI0Ch JIOCTATOYHBIM U HE TPEOYyIOLINM JOTIOIHUTENILHBIX MOSICHEHUH. Tem He MeHee,
KakK 3TO MOYKHO BHJIETh W3 MPUBEICHHBIX BbINIe nuTaT, aproputeT M. HploToHa oxazancs
HETOCTaTOYHBIM. VIMEHHO B 3TOH, TOBONBHO-TAKH TYITHUKOBOW cuTyannuu Asekceit Huxko-
JIAeBHY UCIIONB30BAI 00pa3HOE CpaBHEHHE. DTOT IMPHEM YNAJCs, 3TO CPAaBHEHHE OYCHb
3ageno C.A. bepraBuHoBa M, MOXHO JIOITyCTHTB, TIOBIMSUIO HA OKOHYATEIFHOE PEIICHNE
I'YCIIM otKa3aThCsi OT CTPOUTEIHCTBA MOIITHOTO JICAOKOIIA.

Hecomuenno, uro B cpaBHenun A.H. KpbutoBa conepikanach TOBONBHO OOJbIIAs
noiist rpotecka. OH MPeKpacHo MOHUMAJI, 9TO MPOEKTUPYEMBbIH JIEZIOKOI Oy/IeT 10 CBOMM
JIEOBBIM KaueCTBaM IMPEBOCXOANTH PACCMATPHBAEMBbIC TIPOTOTUIIBI: JIEIOKOIBI «EpMaky
n «Kpacuny. Taxke OH IMOHMMAJ, YTO PE3yJIBTAT MOKET OBITh HAMHOTO MEHBIIHNM, YEM
BO3JIaracMble Ha 3TOT MPOEKT HaAexk/Ibl. Ecim ObI 3TOT JIe1oKo OBIT IIOCTPOEH, OH CTall
OBl 3aMETHOH BEXOH B Pa3BUTHH COBETCKOTO W MHPOBOTO JIEIOKOIOCTpOeH . Bee ero mo-
CTOMHCTBA M HEJIOCTATKH OBUTH OBl JOCKOHAIBHO M3YUIEHBI KOpaOerIaMy 1 HCIIONb30BAHBI
IIPU TIPOEKTHPOBAHUH JPYTHX JEAOKOJIOB. DTa CUTyalus! B KaKOH-TO Mepe HAOMHHAET
HCTOPHIO CO3/IaHMs 1 HKCIUTyaTallnyl IIEPBOTO B MUPE aTOMHOTO JIeIOKOIa «JIeHnH».

o nMeronMCs apXUBHBIM JTOKYMEHTAM HEJIb3s1 OAHO3HAYHO OIIPE/IENIUTh, ObLUT HIIH
HeT Anekceid HukomaeBUY MPOTHBHUKOM CO3JaHHS MOIIHOTO Jiegokoma. Ckopee Bcero,
ero mo3unus OblTa OIM3Ka TOH, KOTOPYIO OH BBICKa3as Ha coBenianny B Mockse B 1934 1.
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Torma Bo BpeMst 00CYKICHNS BO3MOXKHOCTH FICTIONB30BAaHIS Ha HOBBIX JIEIOKOJTAX AIIEKTPO-
nmemxenus A.H. KpbutoB pesko BrIckaszasicst mpoTuB 3Toit uaen [23, 33]. IIpu s3ToM oH He
OTPHIIAJT TOCTOMHCTB JJICKTPOABIDKEHHS W TIPEAIoaran ero passutue B Oymymem. Ho,
WCXOMS W3 YPOBHS Pa3BHTHS HAYYHBIX HMccieqoBaHuil n mpomeinuieHHOCTH B CCCP, on
CYHTAN IPUMEHEHHE JICKTPOABIDKCHHS TIPESKICBPEMEHHBIM. HaM Ka)xeTcs, 9TO B OTHO-
IICHUU CO3MaHMsI MOMIHOTO Jienokona A.H. KpbutoB npuaep:kuBaics TOH ke MO3HUIINH.

KondaukT unTEpecoB. ABTOp 3asBIIseT 00 OTCYTCTBHH KOH(IUKTA HHTEPECOB.
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IMPABIJIA JJI1 ABTOPOB
KYPHAJIA «ITPOBJIEMBI APKTUKU 1 AHTAPKTUKN»

B xypraie myOmuKyIOTCS CTaThH IO TEMAaTHKE MCCICIOBAHUH MOSIPHBIX 00IacTei,
a TaK)Ke HayuyHbIe COOOILIEHUSI TEOPETHYECKOTO, METOJNYECKOTI0, IKCIIEPUMEHTAIBHOTO
U TIPUKIIAJHOTO XapaKkTepa, TeMaTHuecKre 0030phI (0 3aKa3y Pelakiin), KpUTHIECKHE
CTaTbu M pereH3uH, Onbmmorpaduueckue CBOJAKH, XPOHUKA HAyYHOW KHU3HH. TEKCTHI
cTarel JOJDKHBI OBITh HAa PyCCKOM WJIM aHDIIMIICKOM si3bIKe. [IpUHNMAIOTCSI CTaThy, paHee
HE OMyOJIMKOBaHHBIC U HE HAXOAAIINECS Ha PACCMOTPEHHH B JPYTHX H3JaHUSX.

Bce marepuansl HanmpaBisAOTCA B PENAKIMIO B IEKTPOHHOM BUAE OH JIalH uepe3
JIMYHBIN AIIEKTPOHHBIH KaOMHET aBTopa Ha caiTe )KypHaua https://www.aaresearch.science.
ABTOpBI TOJKHBI IPE/ICTABUTH TEKCT CTaThH CO BCTABJICHHBIMH PHCYHKaMH, a TAKXKe OT-
JIeTIbHO OPUTI'MHAIIBHBIE (DaliJIbl PUCYHKOB (CM. TpeOOBaHMUS K PUCYHKaM), AKT SKCIICPTH3bI
0 BO3MO)KHOCTH IyOJIMKAllMK CTaTbU B OTKPBITOM reyaty U (a1 ¢ IOJHBIMU CBEICHUSIMA
00 aBTOpax: (paMmiIHs, UM U OTYECTBO (ITOITHOCTHIO), MECTO PabOTHI (TIONHBIH aapec),
yueHasl CTEIICHb, JOJLKHOCTD, aJPEC 3IEKTPOHHON MOUYTHI U TeIe(hOH OJHOTO 13 aBTOPOB
T cBsA3U. Pexkomenayemslit 00bem crateit — ot 8 1o 20 ctpanun Tekcra (uepe3 1,5 un-
TepBasa), BKIoYas TaOJUIBI M CIIMCOK JIMTEpaTyphl; PUCYHKOB He Oosee 6, TadiuIl He
6onee 6. Texct Habupaercst B popmare Microsoft Word. [Tapamerpsr Habopa: mpudr
Times New Roman, keris 12, uatepsan 1,5. CTpaHHIBI B cTaThe HYMEPYIOTCSI.

Bce nocrymnaroniiie MaTeprabl IPOXOAAT MPOBEPKY HA OTCYTCTBHE 3aMMCTBOBAHHUH
B COOTBETCTBUH C 3THUECKMMH MPaBHIAMU MyOIHKAIUH.

Bce crarbu mpoxoasT JBOMHOE peLieH3upOBaHUE.

[Ty6nukanus B HaneMm XypHalie TOJHOCThIO OecIiaTHa.

CTpyKTypa cTaTbu

Crarpu odopmitstoTest crenyrommm oopasom. CHadana naercs Y/IK; 3arem Ha pyc-
CKOM $I3bIKE — Ha3BaHWE CTaThW, MHUIMAIB M (JaMHINK BCEX aBTOPOB (TIPH yKa3aHUH
ABTOPOB CTaThH CHauasla WAyT WHULIMAIBL, 3aTeM (amuiusd. Manmuans! n hamuinms pas-
JIEIISIOTCS TPOOETIOM), TIOTHOE Ha3BaHME OpTraHU3aIiH(IIHif), TIe BBITIOHEHA padoTa 1 ee
(1X) agpec; MEeKTPOHHBIN aipec aBTOpa, OTBETCTBEHHOTI'O 32 CBS3b C PeAaKuueil. 3aTeM Te
JKE€ CBEJICHUS IIPUBOJATCS HA aHIVIMKMCKOM SI3BIKE: 3aIV1aBUE, aBTOPBI, YUPEKIEHUS, BTOPOU
pa3 e-mail mmaBHoro aBropa. [Ipy 3TOM MMeHa aBTOPOB JAarOTCs TTOJHOCTBIO, OTYECTBO
cokpatieHHo. [Tociie 3Toro Ha aHIMHCKOM SI3bIKE MHUIITYTCS KIIOUEBBIE CJI0BA B COOTBET-
CTBHH C aHIIHHACKUM ajdasutoM (He Ooree 10 coB 1 He OoJiee ABYX CIIOB B COUYCTAHMSAX )
u aBTOpckoe Summary cratbtl Ha 2025 cTpoK (374eCh K€ I KOHTPOJIS 00s3aTeIbHO
MpUJIaraeTcst IepeBoji Summary Ha pyCCKHM S3bIK).

KittoueBbie ciioBa JODKHBI OTpaskaTb OCHOBHOE COZEP)KaHUE CTaThbH, TOBTOPSTH
TEPMHHBI U3 TEKCTA CTAThH U M0 BO3MOKHOCTH HE ITOBTOPSITH TEPMHHBI 3aIJIaBUsI; CIIETyeT
MIOMHHTb, YTO 3TH CJIOBA JIOJDKHBI OOJIEIYUTh MOUCK CTAaThbH CPEACTBAMU MH(OPMALIMOH-
HO-IIOUCKOBOM CHCTEMBI.

Summary 1omKHO OBITH MOHATHO 03 0OpameHns K caMol IMyONuKaIuy Kak He3aBH-
CHMBIH OT CTaThH UCTOUHHK I/IH(bOpMaHI/II/I. Ono JOJPKHO OTBE€YATh CICAYIOIIUM KPUTCPUAM:
nH(OPMATHBHOCTH (HE CollepKaTh OOIMX CIIOB); COIEPIKATEILHOCTH (OTpa)aTh OCHOBHOE
CoZIep)KaHue CTaThH: 3aJla4 PadOTHI, METO/bI, ITIABHBIE PE3YNBTAThl HCCIIE0BAHMIA); T10-
cieioBaTeIbHOCTH M3okeHus. [lepeBon Summary Ha aHIMHACKHUN SI3BIK JTOJDKEH OBITH
BBITIOJIHEH Ka4€CTBEHHO, C UCIIOIBb30BAHUEM AHIVIOS3BIYHOM CIIEMANbHOI TEPMUHOIOTHH,
HE OBITh JOCJIIOBHBIM MEPEBOIOM PYCCKOSI3BIYHON BEPCUH (IIPU HEOOXOANMOCTH CIEIAYET
TAKXXC BKJIIOYATh MOACHCHUA JJId HHOCTPAHHOI'O YUTATEIIA, CBA3AHHBIC CO CHCHH(I)HKOﬁ
WCCIIEIOBAHUA).
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AHHOTaIMsI Ha PYCCKOM SI3bIKE U Summary JOJDKHBI ObITh CTPYKTYpPHPOBAaHHBIMH,
T.€. OTPaXaTh KPaTKo MPOOIeMy HCCIIIOBAaHHS M €€ COCTOSIHUE, 11eNb paboThl, METOIbI,
Ppe3yabTaThl U 3aKIIFOYCHUE.

Janee npomomxaercst nHOpMaNKs Ha PyCCKOM S3bIKE: KIIFOUEBBIE CIOBA B COOT-
BETCTBHH C pycckuM andasutoMm (uHe 6omee 10), kpatkas anHoTanus (7-10 cTpok) (6e3
nepeBoja Ha aHIIMICKA) U HAaYMHAETCS TEKCT CTAaThH.

Jlyist crathy, IpeICTaBIIEMON Ha aHIIIMICKOM si3bike, TpeOyroTes: YJIK; nmepeBos Ha
PYCCKHIA 513bIK BCell MH(pOpMAIMU, KOTOpast AaeTcsl Mepel HavyajloM CTaThbH B XKypHaJIe.
Kpome Toro, B KOHIIE CTaThil HEOOXOIUMO IPUBECTH PACIIMPEHHBIH PycCKHi pedepar
(1-1,5 ctp.), a B moammcsx K pUCYHKaM JaTh MX MEPEBO HA PYCCKHH SI3BIK.

OcHosnoti mexcm pa3duBaeTcst Ha pa3neisl. OOBIYHO 3TO BBEACHUE, ITOCTAHOBKA
poOJIeMbI, METOJTMKA UCCIIECIOBAHMMA, PE3YIBTAThl UCCIEIOBAHMA, 00CYKIEHUE PE3yiib-
TaToB, 3aKJItOYeHUE (BBIBOJIbI). B KOHIIE cTaThi HY)KHO IMOMECTUTH CJIEIYIONLIYI0 HHDOP-
Manuio Ha JByX s3bIkax: Kokt naTepecos/Competing interests; ®@uHaHcupoBaHue/
Funding; braronapaoctn/Acknowledgments. JKenarenpHo Taxke yKa3aTh BKJIaJ] aBTOPOB
B paboter — Bkian aBropos/Authors contribution. B pa3zzene ®unancupoBanne He0O-
XOZMMO YKa3aTb UCTOUYHHMK (PHHAHCOBOH MOAJEP)KKHU, CIIOCOOCTBOBABIIUI BBIOIHEHHIO
9TOM paboTh! (rpaHThl POHOB, IPOTPAMMBI U T.J1.), B biarogapHoCTsIX MOXXHO TOMECTHUTh
011aroJapHOCTb JIMLIAM, OKa3aBIIMM IIOMOIIIb B ITOJIOTOBKE CTAThU.

Ioonucu noo pucynkamu narTcs K KaXJOMy PHCYHKY B COOTBETCTBHH C €TO pac-
TIOJIOKEHUEM B TEKCTe: CHadasa Ha pycckoM (Puc. 1. Jlanee moamuce), a moToM Ha aH-
mmtickoMm si3bike (Fig. 1. Figure caption). B moammcsx HeoOX0quMo OTAETSATh COOCTBEHHO
Ha3BaHUE PUCYHKA OT OOBSCHEHHH K HEMY (PKCIUIMKALUS ), KOTOPbIE HAJ0 1aBaTh C HOBOM
CTPOKH.

Pucynxu u pomoepaguu nomemaroT B OTASNBHBIX (aiiiiax: Juis pacTpoBBIX H300pa-
xkeHui B pactpoBbix opmarax JPEG/TIFF/PNG/PSD, B Bekropubix — CDR, Al, EPS
n B (hopmare XLS (ue nomyckarorcst pucyHku B popmare Word). Pazpemmenne pactpoBbix
n300pakeHnH B oTTeHKax ceporo u RGB-mBer momkHo ObTh 300 dpi. Bee coBecHbIe Ha-
IIMCH Ha PUCYHKAX JIAl0TCs TOJIBKO Ha PYCCKOM si3bIKe. Bee ycioBHBIE 3HaKHM 0003HAYAIOTCS
mudpamu (KypcuBoM) ¢ 00s13aTeIbHON paciIn(pPOBKOI B MOAPUCYHOUHBIX MOAIUCSX, T/IE
OHH TaKke 0003Ha4Yal0TCs KypcuBoM. L{udpsl MOXKHO CTaBUTh 1 Ha JIMHMAX TpadukoB. Ha
rpauKax Bce MIKAIBI 00s13aTeIbHO OIMCHIBAIOTCS M YKa3bIBAETCSI PA3MEPHOCTh BEITHMUHH.

Tabauywl. J{ns OonbImX TaOIMIL CIIETYET UCTIONB30BaTh allbOOMHYIO Pa3METKY CTpa-
HUnbL. HoMep 1 HanMeHOBaHMe TaOMHIIBI ([Ba OTACIBHBIX a03a1a) MPUBOAATCS Ha PYCCKOM
1 aHTIIMHCKOM SI3bIKax. 3aroJI0OBOK TAaONHIIBI HE JOIDKEH mpeBsImaTth JABYX cTpok.

Tabnuiel U rpadbl JOMHKHBI UMETh 3aroJIOBKH, COKpAILICHUsI CIIOB B TaOJUIaX HE
nonyckarores. Tabmuipl HabuparoTcs, kKak U Tekct, B popmare Word mpudrom 9 nr.
Ecnm y Tabnuie! ecth mpuMevaHue, OHO TOKe IMTPUBOANTCS Ha IBYX si3blkax. [Ipumedanus
BHYTpPHU TaOIMIBI HE JaroTcsl. Mcronp3yroTes CHOCKH KO BCEH TaONHIe MM OTACIbHBIM
€e TI0Ka3aTelsiM.

B Texcre cienyeT maBaTh CCHUIKHM Ha BCE PUCYHKH M TaOmumbl. [1pu mepBoii ccput-
ke — puc. 1, Tabn. 1; mpu MOBTOPHBIX — cM. pHc.l, cM. Tabn. 1. Ecnu B Tekcre naercs
o/1Ha Ta0JIUIIa UM OJIUH PUCYHOK, TO CCHIJIKH B TEKCTE HPUBOJSITCS CIIEILYIOIINM 00pa3oM:
TIPY TIEPBOH ccblTke — (Tabnuna), (pPUCYHOK); TIPH MMOBTOPHOH CChUIKE — (CM. TaONuILy),
(cM. pHCYHOK).

Maremarnueckre 0003HaYECHHUS, CHMBOJIBI M TIPOCTHIE (POPMYJIIBI PEKOMEHIYETCs
HaOMpaTh OCHOBHBIM HIPHU(TOM CTaThH, CIOXKHBIE (hopMynbl — B mporpamme MathType
(unm B Bepeusix Word 10 2007 roza BKIIFOUUTENBbHO). HyMepyroTest ToJIbKo Te (hopMyIbl,
Ha KOTOpBIE €CTh CCHUIKM B TeKcTe. Pycckue u rpedyeckue OykBbI B (popMyiax U TEKcTe,
a TaK)Ke XMMHUYECKUE AIIEMEHTHI HaOMPAroTCs MPSMBIM MIPH(TOM, JIATHHCKHAE OYKBBI —
KypcuBOM. AGOpeBHATypPhI B TEKCTE, KPOME OOIICHPUHATHIX, HE JOITYCKAIOTCH.
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B cnucke numepamyper (non 3aronoBkoM «Jlureparypa») CCbUIKH Ha JHUTEPATypy
HYMEpYIOTCSI MIOCJIEI0BATENIbHO, B COOTBETCTBUH C TIOPSAKOM X IEPBOTO YIOMHHAHHS
B TekcTe. [IpuBOAsATCS TOMBKO OIMyONuKOBaHHBIC paObOTHI. CCBUIKH IO TEKCTY JAIOTCS
B KBaJpaTHBIX CKOOKaxX Ha HOMEpa CITMCKa, depes 3aIsTyio ¢ mpobemom: [1, 7, 23-27].
Crarbst JOJIKHA COJEPIKaTh CCBIIKHM Ha BCE PaOOTHI, MPUBEJCHHBIE B CIIUCKE JIUTEPATYPBI.
KonnuecTBo MCTOYHUKOB JTOJDKHO ObITH HEe MeHee 10. OOpamiaemM BHUMaHUE Ha HENO-
ITyCTUMOCTh BKJIIOYEHHUS B CIIUCOK JIUTEPATypbl U3JaHUMN, BBIMYIIEHHBIX 6e3 ISSN- nim
ISBN-ko110B (3THM YacTo rpemar cOOpHUKH MaTepruasioB KOH(PEPEHIHIA (TE3UCHI WIH J10-
KJIaJIbl), a TaKXKe aBTopeeparoB JUCCEpTAlNN U JUCCEPTALNH, apXUBHBIX U (DOHIOBBIX
MaTepHajoB, HAYYHO-TEXHUIECKUX OTYETOB, YUeOHUKOB U y4eOHBIX nocobuit, [OCTos,
pacniopspkeHni u 1p. KonmdecTBo cChUIOK Ha HAay4HO-TIOMYJISIPHbIE M3JaHUS JOIKHO
6BITI) MHWHHUMAJIbHBIM.

KonundecTBo caMouuTHpoBaHuii A0JKHO ObITh He 6osiee 10—12 % ot o01ero Koiu-
YecTBa CCHIJIOK HA OPUIMHAIIBHBIE HCTOUYHHKH.

Janee npunaraercst Bropoit cnricok smteparypsl (References). B crincke na naru-
HUIIE CTPOTO COXPAHSIOTCS T€ e IOCIIENI0BATEIBHOCT M HyMepanus HCTOYHUKOB, 4TO
U B «TPAAUIIMOHHOM» ciiicke. CChUIKM Ha MHOCTPaHHBIE HCTOYHUKH MIPUBOAATCSA B 000MX
CIIHCKaX JTUTEPaTypBhl.

CrarbH, HE COOTBETCTBYIOIINE YKa3aHHBIM TPEOOBAHUAM, PACCMATPUBATELCS HE OYIYT.
[Tpu pabote HaT pyKOMUCHIO PEAKIIHS TI0 COINIACOBAHHIO C aBTOPOM BIIPABE €€ COKPATHTh.
ABTOD, TTOATIMCHIBAS CTATHIO M HAIPABJISIS €€ B PEIAKIUI0, TEM CAMBIM IIEPE/IacT aBTOPCKHUE
IpaBa Ha W3IaHHUE ATON cTaThy KypHaIy «IIpodmeMbr ApKTHKN U AHTapKTHKH/ Arctic
and Antarctic Researchy.

PenakunonHnas Kojulerust He BCTyIAeT B AMCKYCCHM C aBTOPAMMU I10 IIOBOLY IIpU-
HUMAaEMBbIX €10 PEIICHHH.

Bonee monmHbie cBeaeHus 0 0()OPMIICHUIO CTAaThbH NMPHUBEIEHBI B JOKyMeHTe «Tpe-
O6oBaHMA K OOPMIICHHIO CTaTel, MpHUChIaeMbIX B >kypHanl [Ipobrnembr ApkTuku u AH-
TApPKTHUKN, KOTOpI)II\/’I O6${38.T€J'ICH JUIsL O3HAKOMJICHUSA IIPU OJATOTOBKE MAaTCpHaIOB CTAaTbU.

06 Annomayusx. Penakuysi peKOMEHIyeT BCEM aBTOpaM O3HAKOMHUTHCS ¢ Peko-
MEH/IAIMSIMHA 110 0(hOPMIIEHUIO aHHOTAIMH Ha aHIIIMHCKOM SI3BIKE, KOTOPHIE SBISIOTCS
JUIS THOCTPAHHBIX YUEHBIX U CIIEIHAINCTOB OCHOBHBIM M, KaK IPABMIIO, €ANHCTBEHHBIM
HCTOYHUKOM MH(pOPMAINH O COAEPKAHNH CTATbU M M3JI0KEHHBIX B HEW pe3ysbTaTax Mc-
CIIEIOBAHUMN.
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