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AnHoTanmus. OOCYKIalOTCs YCKOPCHHUE U IEPEHOC
3JIEKTPOHOB B KpyroBo# Bembimke SOL2024-03-25T06:
37:00 peHTreHOBCKOTO Kiacca M4.4, oTiauyaromieics
PEKOPAHO KOPOTKOW IMTENFHOCTHIO MMITYJIbCA JKECT-
KHX M3ITydeHui. Mcronb30BaHsl pagiogaHHbe B AUaria-
30He 0.1-40 I'T'm, BKIIO9ast H300paXKeHMsI BCITBIIIICTHOM
obnactu B nuana3oHe 4actorT CHOMPCKOTo pajinoresiuo-
rpada. MUKpOBOJIHOBOE M KECTKOE PEHTICHOBCKOE M3-
JIy9eHUs] TCHEPHPYIOTCS B OKPECTHOCTH MArHUTHOTO JI0-
MCHA TPU B3aUMOJICHCTBUU KIYTOB, BUIUMBIX B 00JIaCTH
1600 A. iMnynbcHas cTajius 3aKaHIUBajIach KOPOTKHM
IIUKOM JUIMTEIBHOCTBIO MEHee 5 C, PEernCTPHpYEMbIM
cuHxpoHHo Ha 35 I'Tu u B nmanazone 100-300 x3B.
[ocne muka HaJ )KTyTaMH ITOJHUMACTCS ITHHHAS TICTIIS
B ynbTpaduonetoBoM (YD) U3IyICHUH H TIOSBIICTCS
IIAPOKHI BEIOPOC TIa3MBI, HATIPABJICHHBIH BIOTH HaOJIIO-

Abstract. We discuss acceleration and transport of
electrons in the circular flare SOL2024-03-25T06:37:00
of the M4.4 X-ray class, characterized by a record-short
duration of hard X-ray emission pulse. We have used
radio data in the 0.1-40 GHz range, including images of
the flare region in the Siberian Radio Heliograph fre-
quency range. Microwave and hard X-ray emissions are
generated in the vicinity of the magnetic domain by the
interaction of ropes visible at 1600 A. The impulsive
stage ended with a short peak <5 s long, recorded simul-
taneously at 35 GHz and in the 100-300 keV range.
After the peak, a long loop in the ultraviolet (UV) rises
and a broad plasma ejection appears which is directed
along the outer spine observed before the flare. Large
loops connect the spine and the remote source. There is
a broadband microwave source at the remote footpoint


https://orcid.org/0000-0002-1589-556X
https://orcid.org/0000-0002-6873-6394
https://orcid.org/0000-0002-8530-7030
https://orcid.org/0009-0006-7712-9330
https://orcid.org/0000-0002-1589-556X�
https://orcid.org/0000-0002-6873-6394�
https://orcid.org/0000-0002-8530-7030�
https://orcid.org/0009-0006-7712-9330�

A.T. Anmoinyes, H.C. Mewankuna, C.A. Angunozenmos,
N.A. XKoanos, U.U. Mvuuvsikos, E.D. Hsanos,
Yrynmun Tans, Yocao

JIaBILIETOCS TEpe]l BCIBIMIKON BHEIHEro mumna. boib-
IME METIH COEIUHSIOT KM U yIaJeHHbIH HCTOYHUK.
B ynanenHoMm Ha 215 yri. cek OCHOBaHUHM HAOIOAAICS
LIMPOKOTIONIOCHBI MUKPOBOJTHOBBIA MCTOYHUK, 3a/IEpiKKa
KOTOPOT'0 OT MHKAa B SAPE BCIBIIIKA COCTABIISIET ~5 C,
a OLIEHKAa CKOPOCTH PaclpOCTPaHEHHS SJIEKTPOHOB J0O-
CTUTaeT TPETH CKOPOCTH cBeTa. OTIMUUTEIBHONH OCO-
OCHHOCTBIO HM3IIyYEHUS YIOAJCHHOTO HCTOYHHKA SBIIS-
Jach BBICOKAas CTEMEHb €ro KPYTrOBOW MOJSPU3AIIHH.
MetpoBoe W3ITydeHHE BCBIIIKH CBUICTEIHCTBYET O 3a-
MOJIHEHNN BEPIIMH OOJIBIINX TIeTeNIb HETETUIOBBIMHU
ANEKTPOHAMH € OOJBITUMH MHTY-yTIIaMH. BriepBrie 1mo-
JydeHHass COBOKYIHOCTh MPOCTPAHCTBEHHBIX, CIEKTPalb-
HBIX U HOJ'I)IpI/I?;aHI/IOHHI)IX XapaKTepI/ICTI/IK MPIKpOBOJ'IHO-
BbIX UCTOYHHUKOB o6cy>1<):[aeTc;[ B KOHTCKCTC U3BCCTHBIX
K HACTOSIIIIEMY BPEMEHH PE3YJIbTAaTOB O MPHUPOJE KPYro-
BbBIX JICHTOYHBIX BCIIBIIICK.

KnaroueBbie ciaoBa: ConHIle, MEXaHH3MBI YCKOpE-

HUs, MUKPOBOJIHOBBIC BCIUICCKH, MCTPOBBIC BCIIIIECKH,
KpyroBas JICHTOYHAas BCIIBIIIKA.

A.T. Altyntsev, N.S. Meshalkina, S.A. Anfinogentov,
D.A. Zhdanov, I.1. Myshyakov, E.F. Ivanov,
Chengming Tan, Zhao Wu

at 215 arc. sec., with the delay of its maximum from the
peak in the flare core being ~5 s, and the electron prop-
agation velocity along the large loops estimated at one-
third of the velocity of light. A distinctive feature of the
radiation of the remote source was high degree of its
circular polarization. The meter flare emission indicates
that tops of large loops are filled with non-thermal elec-
trons with large pitch angles. The set of spatial, spectral,
and polarization characteristics of microwave sources
obtained for the first time is discussed in the context of
the known results on the nature of circular ribbon flares.

Keywords: Sun, acceleration mechanisms, micro-
wave bursts, meter bursts, circle ribbon flare.

BBEJIEHUE

HaGmmronenust mocneHuX JIeT 0OHAPYKWIH, 9TO O-
HUMU W3 OCHOBHBIX SIBJIIIOTCSI KPYrOBbIE€ JIEHTOYHBIE
BCIIBIIIIKH, KOTOPBIE TPOUCXOISIT B 0COOOH MAarHUTHOU
KOH(Urypamuu ¢ 10MeHOM (POTOCHEpHOTO MarHUTHOTO
T0JIs, BKPAIUICHHBIM B 00JIACTh C MOJSMH IPOTHBOIIO-
JIO)KHOM MarHUTHOU noJisipHocTd. Han TakuMm noMeHoM
HaXOIUTCS KYITOJIOOOpas3Hasi cemapaTpucHas IOBEpX-
HOCTh, B BEpIIMHE KOTOPOW HAXOAUTCS TOYKA C HYJIe-
BBIM MarHUTHBIM mosieM [Priest, Titov, 1996, Masson et
al., 2009, Sun et al., 2013]. OT 3T0if TOYKH BHYTpPH KY-
oJIa ¥ OT HETO BBEPX BBIXOIAT TaK Ha3bIBa€MbIE IIHITHI
(spines). BekTOpbl MarHUTHOTO MOJS B OKPECTHOCTH
IIMIIOB HATIPABIICHBI BIOJb HUX W MPOTHBOIIOJIOKHEI IO
3HaKy. [loys psaoM ¢ BHYTPEHHHUM ITUTIOM HampaBieHBI
oT (hotocdephl U3 IEHTPa JOMEHA, a MO B OKPECTHOCTH
BHEITHero mumna npossisiorcs B KYD-nabmrogeHusx
(xpaifauii yIbTpadHoeT) Kak KPYITHOMACIITA0HBIC ITETIIH,
JTATIEKUEe OCHOBaHMS KOTOPBIX 3aMBIKAIOTCS HA 00JacTH
¢dorocdepsl ¢ BEpTHKATHLHBIMU MOJIIMU TOTO K& 3HAKa,
YTO W TOJIE€ JOMEHA. Y JajleHHbIe OCHOBAHUS JTUX IIe-
TEJb MOTYT OBITH PACIIOJIOKCHEI B COTHSAX YIJIOBBIX Ce-
KyHJI OT JOMEHa, T. €. siApa BCIBIMKH. KpyroBele JeH-
TOYHBIC BCIBIIIKKA YaCTO COIPOBOXKIAIOTCS KOPOHAIb-
HBIMHU CTpYsAMH, paguoBciuieckamu II1 Tuma, KopoHaib-
HBIMH BBIOPOCAMH MAacChl, YAapHBIMH BOJHAMH, KOPO-
HAJIbHBIMU 3aTEMHCHUSMH W U3THOHBIMU KOJICOAHUSIMU
KOPOHAJIBHBIX II€TEIh M BOJOKOH (CM., HapuMmep, Io-
cienHuit 0030p [Zhang, 2024]).

[Ipennomnaraercsi, 9TO YHEPTOBBIACICHHE KPYTOBBIX
BCIIBIILIEK MPOUCXOAUT B MPOIECCax MAarHUTHOTO Hepe-
COEIMHEHUS! HE TOJILKO MPU B3aUMOAECUCTBUU CTPYKTYP
BHYTPH JIOMEHA, HO M B TOKOBBIX CIOsX, (HOpMHUpYIO-
IIMXCSI Ha CEMapaTPUCHBIX TIOBEPXHOCTSIX BOJIM3U HYJIe-
Boit Toukm [Pontin et al., 2013]. JIpyroit ocoOeHHOCTBIO
KPYTOBBIX BCIBIIIEK SIBIAETCS OTKIMK B yJAJICHHBIX HC-
TOYHMKAX Ha YHEPTOBLIIEIICHIE B SAPE BCIBIIIKK. JHEp-
rus Ay ux aktuBuzauuu B KY®- u paguounsinyyeHusx

MEPEHOCUTCS YacTUIAMHU U BOJHaMH. B cirydae BbIOpO-
COB IUIa3Mbl OCOOCHHOCTH KPYTOBBIX BCHBIIICK CBSI3aHBI
C MX 3aMKHYTOM KyNOJBHOM MarHUTHOH CTPYKTYpPOH.
BbI16pock! mna3Mbl JOIDKHBEI COMPOBOXKAATECS CYIIECTBEH-
HBIM W3MEHEHHEM TOIIOJIOTHH MAarHUTHOTO IMOJS Haj
JIOMCHOM.

OJHUM M3 HEJOCTATOYHO M3YYEHHBIX BOIIPOCOB (H-
3UKHN KPYT'OBBIX BCHBIIICK ABJIACTCA YCKOPECHUC U TICPEC-
HOC 4YacCTull B MPUHOUITUATIBHO TpeXMepHOﬁ TOIIOJIOTUH
obnacteil sHeprosoieneHus. s ucciaenoBaHus Mpo-
I[ECCOB YCKOPEHHS 3JIEKTPOHOB €CTECTBEHHO IPUBIEUE-
HHUE PaJUuOJAHHBIX, KOTOPBIE IIO3BOJIIIOT PErUCTPUPO-
BaTh MOTOKH HETEIUIOBBIX 3JICKTPOHOB B KOPOHAIBHBIX
MarHUTHBIX CTPYKTypax C IUIOTHOCTBIO IUIA3MBI, HEIO-
CTaTOYHOW JUI PETHUCTPAIMM TOPMO3HOTO PEHTIECHOB-
CKOTO M3JIy4eHHs HETEIUIOBBIX 3JIeKTpoHOB. K HacTos-
IeMy BPEMEHHU NyOJMKalui O pe3ysibTarax pajaHoHa-
6HIO)ICHI/II\/’I KPYTOBBIX BCIIBIIIIEK OTHOCUTEIIBHO HEMHOTO.
B cratse [Meshalkina et al., 2009] obcyxnannce KoHpH-
Typanust ¥ CIeHapHil IBYX TaKHWX BCIIBIIIEK, KapTorpadu-
pOBaHHME KOTOPBIX BBINONHUIOCH Paguorenuorpadom
Hob6esma (NoRH — Nobeyama Radio Heliograph [Torii et
al., 1979]) ma 17 u 34 I'Tn. [paiiBepamu ucclieTOBaHHBIX
BCIIBILIEK OBUIO B3aUMOJICICTBUE JKI'yTOB, PACIIOJIOKEH-
HBIX BHYTPHU KYyINOJIOOOpa3HOH cemapaTpUCHOI MOBEpX-
HOCTH. OTKJIMKOM Ha YCKOPEHHUE JISKTPOHOB BO BpEMs
BCIBIIIKK OBIT HMITYJIBC JKECTKOTO DPEHTTEHOBCKOTO
n3nydeHus B kanane 50-100 k3B cnytHuka RHESSI
(Reuven Ramaty High Energy Solar Spectroscopic
Imager) m mMukpoBomHOBOrO mM3mydeHus Ha 17 I'Tn
JUTUTEIBHOCTBIO ~1 MUH. B MUKpOBOITHOBOM H3ITydCHUH
B 3TO BpeMs HaOIIONANCs TaKKe YAAJICHHBIH UCTOYHUK
C BBICOKOM CTENeHbI0 KpyroBoi nosstpusarmu (10 50 %),
pacnosiokeHHbId B 120 yri. cek OT sApa BCIBILIKHU.
3HaK NOJAPHU3ALUH H3Ty4YEHHs YIaJICHHOTO MCTOYHHKA
COOTBETCTBOBAJI HEOOBIKHOBEHHOH BOJIHE. BO BCIIBIIIKE,
uccinenoBanHoit B [Altyntsev et al.,, 2022], umabmrona-
JHMCh KOJIeOaHWsi MHUKPOBOJHOBOI'O HM3JIy4eHHs Ha da-


https://ru.wikipedia.org/wiki/Reuven_Ramaty_High_Energy_Solar_Spectroscopic_Imager
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crore 5.7 I'Tn ¢ mepuogoM ~8 ¢ Kak B yAaJCHHOM HUC-
TOYHHKE, TaK W B sape Bcnblmky. Konebanus nziyde-
HUSI B SJpe BCHBIIKN OOBICHSINCH MOIYJISIIUEH Ipo-
Liecca YCKOPEHHs! IIPH B3aHMOJIEHCTBHY TOKOBBIX JKI'YTOB
BHYTPH JIOMEHA, a OTKJIMK B yZJaJeHHOM Ha 60 yri. cex
HCTOYHHUKE OBLI BBI3BAH HETEIUIOBBIMH 3IIEKTPOHAMH,
IPUXOISIIMMHI 13 sipa co ckopoctsio (1.5+2)10" em/c.

Bcenpimka ¢ npyrum paiiBepoM — MarHMTHBIM Tie-
pPECOEINHEHNEM B OKPECTHOCTU HYJIEBOH TOYKH — 00-
cyxknanack B [Kumar et al., 2016]. Bo Bpems BCIbIIIKH
HaOJII0ANMCh KBA3UIIEPUOJUUECKHE ITYJIbCALUHM HKECT-
KOT'0 PEHTT€HOBCKOTO ¥ MHKPOBOJIHOBBIX M3ITyYCHHH
C MEepUOAOM ~3 MHUH. ABTOpBI IOJIATAIOT, YTO KoJieba-
HUs OBLIM BBI3BaHBI BapHalMsIMH MPOIECCa YCKOPEHUs
3JIEKTPOHOB B OKPECTHOCTH HYJIEBOM TOYKU. B 3ToMm
COOBITHH YIaJCHHBIA MICTOYHUK HE OBLT OOHApyKeH.

Bonee neranpHO OBUTH HCCIIEIOBAaHBI MHUKPOBOJIHO-
BbIC MCTOYHHWKM BO BCIIBIIIKE C KPYTOBBIMH JICHTAMH
SOL2014-12-17T04:51 pentreHoBckoro kiacca M8.7
[Chen et al., 2019; Lee et al., 2020]. [TomuMO TaHHBIX
AIA/SDO, nipn n3y4eHnr THHAMHAKH CTPYKTYPBI BCTIBIIIKH
HCTIONIB30BAIUCH TOCIIEAOBATENBHOCTH PAaAMOKapT pa-
quorenuorpagos MUSER (MingantU SpEctral Radio-
heliograph) [Yan et al., 2009], noctymnHble B quana3oHe
1-2 I'Tu, u NoRH [Nakajima et al., 1994]. CpaBHenue
MOTOKOB Ha yactoTtax 17 u 34 I'T'1i nokasaso, 4To B Havase
BCIBIIIKKA POCT PaJUOU3IIy4eHUS] MOXHO OOBSCHUTDH
TETJIOBBIM HarpeBOM ILIa3Mbl BHYTPH MarHUTHOTO JO-
MeHa Onaromapsi MepecoeINHEHUIO B MarHUTHOW HyJle-
BOM TOuKe. I[IpH3HAKM HETEMJIOBOIO SHEPTOBBIAEIICHUS
MPOSIBISIFOTCS. BO BPEMS CTYNEHYATOTO POCTa MHKPO-
BOJTHOBOTO ITOTOKA 332 HECKOJIBKO MUHYT JI0 UMITYJILCHOH
¢a3sl. Bo Bpemst ummynbCHOH (a3bl IIIMTENHLHOCTBIO
~10 MMH JMOMHMHHUpYET M3JIyu€HHE M3 XKIyTa BHYTpHU
KyIoJa, IpUdeM BOJIHM3U OCHOBaHMHN KI'yTa MOSBISIOTCS
MHUKPOBOJIHOBBIE HCTOYHHKH C HPOTHUBOMOJIOXHBIMH
3HaKaMM KpYroBOM MoOJisipU3aluy. Y JaJIEHHbIA HCTOY-
HUK HaOJrozancs Ha kaprax Ha yactote 17 I'Th, onHako
B NpoQuiie MHTCHCHMBHOCTH HW3IYYCHUS YIOAICHHOTO HC-
TOYHHWKa UMIYyNbCHasA (aza He mpossisercs. [loTok m3-
Jy4eHHs] yHAJICHHOTO HMCTOYHHKA YBEIIMYMBAICS IOCTE-
MICHHO B TE€YEHHE BCIIBIIIKH, MOJ00HO pocty KY®D-n3my-
YyeHns.. OTO II03BOJMIIO aBTOpaM MPEIIOJIOKUTh, YTO
MHKPOBOJHOBOE M3JTy4€HHE yJaIeHHOTO NCTOUHNKA I'eHe-
pupyeTcst TOpMO3HBIM MexaHusMoM. M3 xapt MUSER
cJeyeT, YTO UCTOUHUKH, u3nydaromue Ha 1.2-2.0 I'T,
HaXOJMJIMCh HaJ HYJIEBOW TOUYKOM MarHMTHOTO JJOMEHA.

B nameit pabote 00CYyx)marOTCs CLCHAPUIA U JAWHA-
MHUKa MPOLECCOB YCKOPEHUS U IEepeHOca 3IEKTPOHOB
BO BpeMs kpyrosoi Bcmbimku SOL2024-03-25T06:37
PEHTTEHOBCKOTO Kilacca M4.4, oTar4aromnencs: peKopIHo
KOPOTKOH IIJIUTENEHOCTBIO JKECTKOTO M3IydeHHs (~5 ¢
Ha roiryBeIcoTe B Karaje 100-300 x3B).

HNHCTPYMEHTDBI

Jlist aHanM3a TUHAMHMKH NPOCTPAHCTBEHHOHM CTPYyK-
TYpBI BCIIBIIIKK HCTIONb30Bannuce Y- u KYD-u3o06pa-
xerust AIA/SDO, u maraurorpammel HMI (Helioseismic
and Magnetic Imager) kocmrrgeckoit muccrm SDO [Lemen
et al, 2012]. Cmemyer OTMETHTH, YTO IIEPHOANIHOCTH
Habmonenuii AIA/SDO ~12 ¢ HemocratodyHa 11 HaOJIrO-
JICHWS1 AMHAMUKH Pa3BUTHS 3TOH Benbimk. Kpome Toro,

Processes of acceleration and transfer of electrons

HETIOCPEICTBEHHO BO BpeMs HMITYJIbCA BCIBIIIEYHOTO
SHEPrOBBIIETICHNS IPAKTHYECKU BCE N300pasKeHHs Ha BCEX
kaHanax AIA ObLIM epecBeUEHBI.

MHKpPOBOJTHOBBIE MCTOYHUKH HAOJIOJAINCH C MOMO-
IIBI0 TPEX aHTeHHBIX pemeTok CuOupckoro paamore-
morpacga (CPT) [Lesovoi et al., 2014; Jlecooii, Kober,
2017; Antermes um ap., 2020]. KaprorpadupoBanue
MIPOBOANIIOCH CKAaHMPOBAaHHUEM II0 YacTOTE HE3aBHCHMO
B KakoM auanaszone (3—6, 612, 12-24 I'T1) ¢ nepuo-
JIMYHOCTBIO BO BpeMeHu 3.5 c. [IpoctpaHcTBEHHOE paspe-
LIEHWE KapTorpadMpoBaHus 3aBUCHT OT YacTOTHI W JIO-
KaJIbHOTO BpeMeHH HabmoneHuil. B pabore ucnoms3o-
BaJICh 4acTOTHI OoT 2.8 1o 12.2 I'T ¢ pa3mepamu nua-
IrpaMM HaIPaBICHHOCTH, MEHSIOUUMHUCA OT 23%83
no 10x18 yrm. cek. Jlng moctpoeHus] m300paKeHUi Hc-
MIOJIb30BAJICSL TTAKET MPOTPAaMMHOI0 obecrieueHus AH-
¢unorentoBa [https://radiomag.iszf.irk.ru/books/sibirskii-
radiogeliograf/page/sintez-radioizobrazenii-s-pomoshhiu-
paketa-srh-synth]. Ins aHanm3a BpeMeHHBIX Hpoduiei
PaaMOM3ITyYEHHsT HCIOJIb30BAIUCH W3MEPEHHS ITOJTHOTO
notoka CPT [https://badary.iszf.irk.ru/srhCorrPlot.php].

CrieKkTpbl MHTETpaJIbHOTO panuonsiaydenns CoiHia
U3MEPSUTICh C BPEMEHHBIM pa3pelieHueM 1 ¢ ¢ momo-
mpio NoRP (Nobeyama Radio Polarimeters) [Torii et
al., 1979] na natu yactorax B quanasone 1.0-17.0 I'T,
bamapckoro IMPOKOIOIOCHOTO MHUKPOBOJIIHOBOTO CIIEK-
tpononsipumetpa (BIIIMC), [Zhdanov, Zandanov, 2011]
Ha 26 yacrorax B Auanasone 4—8 I'T'w.

B Hamem mccienoBaHMN MBI HCTIONIB30BAIH CIEKTPEI
ot cnekrponossipumerpa komruiekca CPIT COJIAPCIIEJT
50-3000 MTI'1; ¢ BpemeHHBIM pazpemrenuem 0.5 ¢ u 4Ja-
croTHbIM 1 MI'L.

IToroku Ha BBICOKHX YacTtoTax 35.25-39.75 I'T'y Obuin
JIOCTYITHBI BO BpeMsI UMITYJIbCHOH CTaJJuy B HAOJFOJEHHSIX
CBS (Chashan Broadband Solar millimeter spectrometer)
[Shang et al., 2022, 2023], 3anuCHIBAIOIIETO TUHAMUYC-
ckuit criextp B auanasoHe 35—40 I'Tu. beinu ucnons3o-
BaHBI JaHHBIE ¢ YacTOTHBIM pasperrerueM 0.5 [T u Bpe-
meHHbIM 0.537 c.

WHTerpanbuble cnekTpbl B auanazoHe 1.6-2.0 I'To
OBUTH TIONMYYEHBI C TOMOMIBIO paarouHTephepomeTpa
MUSER-I (Kurait). Tnanazon gactor MUSER-I oxBa-
teiBaeT 0.4-2.0 ITTo [Yan et al, 2016]. CoObiTHe
25.03.2024 mabmoganock B JEBOH KPYroBOH MOJISpU3a-
IIUH CO CIEKTpaJbHBIM paspeuieHuemM 16 MI'r u Bpe-
MeHHBIM 3.125 Mmc.

MB!I “CHIONIB30BaIM TAaKXKe JaHHBIC PAaJHOTENIECKONa
B Learmonth (ABctpanus), nepekpbIBaroLyecs 1Mo Bpeme-
HH C IpYTHMH paguogaHHbMu. Teneckon Bxoaut B RSTN
(United States Air Force Radio Solar Telescope
Network) [Guidice et al., 1981], ”HCTpYMEHTHI KOTOPOH
HU3MEPSIOT MHTCHCHBHOCTH Ha BOCBMH dacToTax (245,
410, 610, 1415, 2695, 4995, 8800 u 15400 MI'm) ¢ pasz-
pemenueM 1 c.

IToTOKH KECTKOTO PEHTI€HOBCKOTO W3ITyYCHHS W3-
Mepsutich ¢ momonpio Fermi/GBM (Fermi Gamma-Ray
Burst Monitor) [Meegan et al., 2009] ¢ BpemeHHBIM pa3-
pemenueM | c.

HABJIIOAEHUSA

MarnuTHas CTpyKTypa ¢ JOMEHOM, W30JMPOBAHHOM
KOMITAaKTHOH 00JIACTHIO MOJIOKHUTEIFHOTO BEPTUKAIBHOTO
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Puc. 1. mokaspiBaeT nzobpaxenus AIA/SDO B kanane 131 A B pasHble MOMEHTBI BpeMeHH (ClIeBa); CTpaBa — MATrHATOTPAMMbI
SDO/HMI B MOMEHTHI BpeMeHH, OiiKallliie K yKa3aHHBIM B JieBOM ctonbue. [1o ocsiM — yrioBble CEKYHIBI OTHOCHUTEIEHO

neHTpa aucka ConHia

HOJIsl, OKPY)KEHHOW TIOJSIMM OOpaTHOM MOJISAPHOCTH,
copmupoBaiack 24 Mapra B I0)KHOM 4acTH aKTHBHOM
obnactu (AO) 13615. Ha uzobpaxenusix B KY ®-nuausx
AIA/SDO ¢ 10:00 UT 24 mapra 2024 r. nosiBusiach Kolib-
LeBasi CTPyKTypa BOKPYT JOMEHa M BpEeMEHaMU BHJHA
cTpys (IIMm), yXOAsiIias OT 3TOH CTPYKTYPHI B IOKHOM
HaTpaBICHWH. DTa KOHPHUTYpamus MpPOCIIeKUBACTCS
HenpepeiBHO 10 00:00 UT 26 mapra, xorga AOMEH IO-
JIOXKUTEIBHOTO TIOJIS 3HAYUTENILHO YMEHBIIAETCS B pa3-
Mepax, a KonbleBas cTpykrypa B KY ®-nunusx ucuesaer.
3HAYNMBIX BCIIBIIIEK, KPOME HUCCIETYEMOTO COOBITHS,
B OTH JTHH HE HaOIII0aJI0Ch.

Ha puc. 1 nmokazaHsl Tpu MOMEHTa BPEMEHH Pa3BH-
Tus AO B OKpPECTHOCTHM MarHMTHOTO JOMeHa. Bpems
3aech U ganee npuseaeHo B UT. Buano, yTo maruutHas
CTPYKTypa cO BPEMEHEM pa3BUBAETCA: 24 MapTa HAUMHACT
BBIIEIAITHCS (pparMeHT Ha ceBepe JOMEHa, W B JICHb
BCITBIIIKK OH oTaenmiucs. K 26 mapra 3TOT (parMeHT
yIAIWICs K CeBepy, a Ha 3alajl OTICNIMICS elle OXWH
(parMeHrT.

Bcenbliika peHTreHoBekoro kiacca M4.4 npousonuia
B 3TO# cTpyKType 25 mapta 2024 r. Hauano pocra msr-
KOT'0 PEHTI'€HOBCKOTO M3Iy4eHus otmedaercs B 06:37,
a koHer| cnaga — B 06:48. Iluk ummynscHON (assl,
KOT/1a HaOJro1acs KOPOTKUHA UMITYJIbC KECTKOTO PEHTTe-
HOBCKOTO M3ITy4eHHs ¢ 3Heprueit ¢oronos Beime 100 k3B,
Ob11 3apeructpupoBad B 06:43:24. Bo BpeMsi BCIBIIIKA

AOQO HaxonuIach B IIEHTPATLHON YaCcTH COTHEYHOTO JIUCKA.
Bcenpimika oTnnyaercs BRICOKOM SIPKOCTBIO BO Bcex Y D-
n KY®-nnanazonax peructpamuu AIA/SDO.

ITocnemoBarenpHOCTH He 3acBeueHHBIX KY®d-uzo-
6paxenuii B muEEAX 304 u 131 A moxasans! Ha puc. 2
BO BpeMsl UMITYJIbCHOU (a3bl. B mepBeie n1Ba MOMEHTa
BPEMEHH BCIIBIIICYHBIC CTPYKTYPBI UIMEIOT TeTiIe00pas-
Hy© ¢opmy. OTMETUM, YTO y3Kasi CTPYs, paclpocTpa-
HSIOMIASACSA Ha 0T B KAPTHHHOW IUIOCKOCTH, HaOrona-
nack Briepsble B uaun 171 A na xagpe 06:40:57. Slp-
KOCTh W JUTMHA CTPYH, KOTOPYIO MOXHO paccMaTpUBaTh
KaK TPOSBIEHNE BHEITHETO IMTUIAa MarHUTHOH CTPYK-
Typhl, HauuMHaIOT pacty nocie 06:42. Mexny 06:43:17
n 06:43:30 monepeuyHbll pasMep CTPYH 3HAUUTEIBHO
YBEJIMYMBACTCS, YTO YKa3bIBAET HA MOTU(HUKAINIO Mar-
HUTHOHM CTPYKTYpBI BOJIM3M HYJIEBOW TOUKH M BHEITHETO
nmna. B manpHelmem sipkast 00iacTe BBIOpoOca IDIA3MBI
pacumpsieTcs, U B Hell BBIICISIIOTCS. ()ParMEHTBI, BBITSHY-
ThIC BJOJIb MArHUTHOT'O I10JIA.

[Tna3ma BbIOpOCa 3aloNHSANA KpyMHOMAcIITaOHbIC
TNETIIN, KOTOPbIC CTAHOBATCA BUIHLI B qu)-I/ISJ'Iy‘-IeHI/II/I
4epe3 4 MUH NOCTIe Havaia Beiopoca (puc. 3). Ha manenu a
B OCHOBaHHUSX OOJBIINX IETENh KOHTYpaMH MOKa3aHBI
MHKPOBOJTHOBBIC MICTOYHUKH, U3TYYaAIOIIHEe B MAKCUMYME
MHKpOBOIHOBOTO moToka (06:43:24) na gactote 8 I'T.
B sanpe Bembimku HaOMIOmAeTCST CTPYKTypa, XapakTep-
Hasl JUT1 MATHATHOTO JKT'yTa: ICTOYHUK B MHTCHCUBHOCTH,
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Puc. 2. TlocnenoBaTenbHOCTH U306pakennii siapa Benbimky B muanax 304 A u 131 A. Bpems npuseneno B UT. Pasmep kaapa
50%50 yri. cek. LleHTpsl kanpoB 378/~104 yri1. cex OT EHTpa COIHEYHOTO JHCKa
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Puc. 3. O6aacTp BCHBILIKK C YAAISHHBIM MCTOYHHKOM: @ — pa3HOCTHOe n3oOpaxkenue B 06:46 B munun 94 A. BerateHo
n3obpaxkenue B 06:41. Kontypamu Ha yposHsx (0.5, 0.95) or MmakcuMyMa/MUHHMyMa MOKa3aHbl MUKPOBOJIHOBBIE MCTOYHUKH.
I'omy0bre koHTYpHI — HHTeHCHBHOCTE Ha yactote 8 I'T1 (CPI'); duoneroBele — Kpyrosasi MOJIIpU3anys: CIUIONIHON — IIpaBast
kpyroBas nossipuzanust Right Circular Polarization (RCP); mynktupHbii — neBast kpyrosasi momispusanust Left Circular
Polarization (LCP). XKenTslif oBasl B JIEBOM HIDKHEM YIJIy — IIUpHHA AWarpaMMmbl HampasieHHocTH Ha 8 I'Tm, ee pasmep
15x25 yri. cek. 6 — 3€IEeHBIMU U KPACHBIMHU JIMHUSMHU MTOKA3aHbI CUJIOBBIE TMHUM MarHUTHOTO TOJIS, PACCYMTAHHOTO B MOTEH-
LIUaTbHOM NMpHOMKeHHH. YEpHO-0ernblif KOHTYp — TrpaHuia pacyérHoi obnactu. PoHOM MpeACTaBIEHO Pa3HOCTHOE H300paske-

HHE U3 PUCYHKa CJIeBa.

[0 KpasiM KOTOPOI'O HaXOJATCS WCTOYHUKU C Pa3HOM
KpyroBoi nonspusanueid. Y JaleHHblE OCHOBaHUS IIe-
TeIb HAXOIMJINCh HA PAcCTOSIHUN ~215 YIII. CeK K BOCTOKY
OT s1/Ipa BCIBIIIKY B 00JIACTH C CEBEPHBIM HAIpPaBJICHHEM
MarauTHOrO noms. Ha maHenn 6 moka3aHbl CHIIOBBIC JIH-
HUM MarHUTHOTO TIOJS, PACCUYMTAHHOTO B ITOTCHIHAIb-
HOM TIpHOIIVKEHUH 110 MeToxy (yHKuuu ['prHA 1Mo Bek-
TopHOit MmarauTorpamme HMI/SDO Ha Bpems 06:48 UT.
BunHo xopomiee cornacue Mexay HaOllfo[aeMbIMH 1 pac-
CUUTAHHBIMH CTPYKTYPaMH, YTO TO3BOJISIET MCTIOIB30BATH
pe3yIbTaThl PACUETOB AJIS OLIEHKU MapaMeTPOB IIIa3MbI
W MarHUTHOTO T10JIS1 B OOJIBIINX HETIISX.

PaccmoTrpuM noapoGHee CTPYKTYpy SApa BCHBIIIKH.
Ha puc. 4 noxasanbl uzobpaxkenue B nuuuu 131 A
B 06:43:18 3a HECKOJBKO CEKyHA IO INHKa JKECTKOTO
PEHTIeHOBCKOTO W3Iy4YeHus (a); MarHuTorpamma Ipo-
JIOJIBHOTO MAarHUTHOTO TIONIS W W300pakeHWe sapa
BCHBIMKY B tEAA 1600 A B 06:43:26 (6). Tlone nomeHa

OBLITO TIOJIOKUTEIBHBIM, €ro BenmunHa gocturana 800 I'c.
Bembinika Oblila MHUIMUPOBAHA, MMO-BUIMMOMY, OTIIC-
JIeHWeM HeOOJbIIOro (parMeHTa OT CEBEpHOH YacTH
nmomena (M. puc. 1, 2). B KY®-usnyuenuun Habmrogaetcs
KOJIBIICBasl CTPYKTypa, ICTPECCHU SIPKOCTH B KOTOPOIt
COOTBETCTBYET IIOJIOKCHHE MArHUTHOTO JOMeHa. Pas-
Mepbl ¥ (OPMBI KOJbIAa ONU3KHA B Pa3HBIX AHANa30HAX
KY®-n3nyyenns. Ha rore k Konblly OPUMBIKAET spKast
00JIacTh MCTEYCHHUS IDIa3Mbl BIOJb CHJIOBBIX JIHMHHN Mar-
HHUTHOTO TI0JIS1 B OKPECTHOCTH BHEITHETO [IHIIA.
KOHTypaMI/I TOKa3aHbl MHUKPOBOJIHOBBIE MCTOYHHUKHU
B WHTCHCHUBHOCTH H TIOJIIPH30BAHHOM MHKPOBOJIHOBOM
n3nydeHnd Ha yactore 12.2 I'T. B leBom HImKHEM yTiy
KENTBIM KOHTYpOM IIOKa3aH OBajl, KOTOPBIH COOTBET-
CTBYET HOJYBBICOTE AMArPaMMBI HallpaBiIeHHOCTH. Pasz-
MepHI AWarpaMMBbl CPaBHUMEI C pa3MepaMi HCTOYHUKOB.
Pe3ynbpraT JEKOHBONIONMHM B TIPEIIOJIOKEHUH, YTO
(hopMBI AUATPaAMMBI M HICTOYHUKA TPEJICTABISIOT COO0M



A.T. Anmoinyes, H.C. Mewankuna, C.A. Angunozenmos,
N.A. XKoanos, U.U. Mvuuvsikos, E.D. Hsanos,
Yrynmun Tans, Yocao

-100

-110

-120

-130

A.T. Altyntsev, N.S. Meshalkina, S.A. Anfinogentov,
D.A. Zhdanov, L1. Myshyakov, E.F. Ivanov,
Chengming Tan, Zhao Wu

1600 A 06:43:26

360 380

380 400 360

380

Puc. 4. CtpykTypa Benbleunoit o6nactu B munun 131 A B 06:43:18 (a); MarHuTOrpamMma 1po/10J1bHOT0 MArHUTHOTO OIS
B 06:43:30 (6); uzobpaxenue B muann 1600 A (6). KpacHblit oBaj Ha MaHeNsX @, 6 OTMEYaeT pealbHbIil HCTOUHMK C Pa3MepamMu
9.3x10.4 yri. cek nocine JeKOHBOMONUY ¢ auarpamMmoi Ha 12 I'T'n. JKentslil oBaa B 16BOM HIDKHEM YTy NIOKA3bIBAET AUArpaMMy
HanpasineHHocTd Ha 12 I'Tn 10.5%18.3 yra. cex. Kontypamu Ha g, 6 moka3aHbl MUKPOBOJIHOBbIE HCTOYHUKU B 06:43:24 Ha ya-
crote 12 I'T'n B uaTencuBHOCTH (R+L, romy6oit KoHTYyp), 1 mossipu3anuu — (HuosaeToBbli KOHTYp (crutomuoii — RCP (0.5, 0.95
0T MakcuMyMa); myHKTHpHbBIH — LCP (0.5, 0.95 o MuHNMYyMa).

JIBYMEpHBIE T'ayCCOBBI (DYHKIIMHM, TTOKa3aH KPacHBIM OBa-
JIOM Ha TaHesiX a, 6. CleayeT OTMETHUTD, YTO I0JI0XKe-
HHE IIeHTpa SPKOCTH MHUKPOBOJIHOBOTO MCTOYHMKA CO-
XpaHsieTcst BO BpeMeHH. [1o KpasiM OT LeHTpa SPKOCTH
B MHTEHCUBHOCTH (TOITy0OH KOHTYp) HAXOAATCS HCTOY-
HHKH C TIPOTHBOTIOJIOKHBIMH HAIIPaBICHUSMHU KPYyTOBOH
noJsipr3anuy ((PHOIETOBBIE KOHTYPHI), T. €. CTPYKTypa
MHKPOBOJIHOBOTO H3IIy4EHHS YKa3bIBacT Ha CYIIECTBO-
BaHUE NETEIb WIIH )KI'yTOB.

Ha nanenu 6 mokaszaHo n3o0pakeHHE B AWAIa30HE
AIA 1600 A npaktuyecku B MakcUMyMe 5KECTKOTO PEHT-
TEHOBCKOIO M3JlydyeHus. BUIHO, 4TO OCHOBHOI panuou-
CTOYHHMK HAXOJAWUTCA Hald 4aCTbIO JUIMHHOIO KT'yTa, pacio-
JIOKCHHOT'O pAA0M ¢ JOMEHOM MAarHuTHOI'O IOJiA, U BBITS-
HYTOIO B CEBEpO-3allaHOM HampasieHuu. B YO-nuzny-
4yeHnH, Kak U B KY®-u3myueHnn, BUJHO TEUCHHE MIa3MBbI
B 10)KHOM HAIlpaBJICHWH, HO TOTEPEUYHBIH pa3Mep Tede-
HUSI CTaJI TOpa3zio LIHpe.

BpemMenHsle npoduim 3JI€KTPOMAarHUTHOTO H3ITyde-
HUSI HETEIUIOBBIX JJIEKTPOHOB, YCKOPEHHBIX BO BpeMs
BCIIBIIIKY, TIOKa3aHbl Ha puc. 5. Ha Beicokue sHeprum
YCKOPEHHBIX 3JIEKTPOHOB YKa3bIBAa€T PETUCTPALs MUKPO-
BOJTHOBOTO m3imydeHus ¢ momorsio CBS na 3540 [T,
U B )KECTKOM PEHTI'CHOBCKOM H3Ty4deHHH B KaHane 100—
300 k3B Ha cmektpometpe FERMI/GBM. Wsmepenus
uHTerpanbHOro notoka Connia antenHamu CPI ¢ paspe-
meHueM 3.5 ¢ mpuBeeHbl Ha yactoTtax 2.8, 8 m 23.4 I'T.
TpeyronpHUKaMH MOKa3aHbl MOMEHTHI PETHCTPAIlii Ha
sTHX yacrorax. C paspenieHueM 1 ¢ M3MepsuTICh OTOKH
Ha 17 (NoRP), 8.1 I'Tu (BIIMC) u HMHTEHCHBHOCTH
JKECTKOTO peHTreHoBckoro uanydenus (FERMI/GBM).
Hawnnyumee paspenienue 0.5 ¢ ObII0 Y KUTalCKOTO CIIEK-
Tpomerpa CBS.

3aMeTHBII POCT BCIIBIMIEYHOTO M3IyUEHHsI HAUHMHACTCS
oxoio 06:42:48 (WTpUX-yHKTHPHAS JIMHKS) HA 9acTOTax
mwke 8 [T npu sHeprusix ¢potoHoB Hinke 20 I'T. Yepes
16 ¢ mpu 3Heprusax ¢potoHOB 10 50 k3B HaumMHAET pacTH
n3nydyeHue B nuanazoHe 8—17 I'TL, HMHTEHCHMBHOCTH
KOTOPOT'O JOCTHUTAET JIOKAJIbHOTO MaKCUMyMa 4depe3 9 ¢
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B 06:43:13. B xaHanmax, perucTpupyrmmunx 0ojee KecT-
K€ W3IyYeHHs, CHT'HAJl HadMHAeT pacTH dYepe3 He-
cKkoipko cekyHx B 06:43:19 (IuTpux-myHKTHUpHAS -
HUS) M TOCTUTAaeT MakCUMyMa depe3 5.5 c. B kanamax
35 I'Tu u >50 k3B curnan nagaer Hauboyiee OBICTPO,
3a 2-3 c, a 3aTeM CKOpPOCTh CHaja yMeHbIaeTca. B To
K€ BPEMs Ha BCPXHUX MAHCIIAX pHUC. 5, Ha KOTOPBIX I1O-
Ka3aHO M3JIy4eHHE 3JIeKTPOHOB 0ojiee HU3KUX JHEPIHH,
CUT'HAJIBI TTOCJIC UMITYJIbCa KCCTKOT'O M3JIYYCHUSA HE Ma-
JaroT, a pacTyT. OTMeTI/IM, YTO MMITYJIBCbl MUKPOBOJIHOBO-
TO 1 JKECTKOTO PEHTICHOBCKOTO M3Ty4eHHI HaOIIOJal0TCs
Ha ()pPOHTE POCTa MATKOTO PEHTTEHOBCKOT'O M3IJIydeHHS,
MaKCUMYM KoToporo otmedaincs B 06:44:35, T. e. bomnee
yeM uepe3 | muH. [TonoOHas 3aBHCMMOCTH XapakTepHa
st 3¢ dexra Hplonepra, Korna MArkoe peHTTeHOBCKOE
W3JTydeHHe TeHepUPYETCsl TUIa3MOM, HarpeTol MOTOKaMH
YCKOPEHHBIX JJIEKTPOHOB.

Kax 6b110 TIOKa3aHO BBIIIE (CM. puC. 4, 8), MHKPO-
BOJIHOBBII HCTOYHUK NPOELUPYETCS] HA JNJIMHHBIN JKIYT,
HabmomaeMslii B quanasone 1600 A. Juaamuxy dop-
MHUPOBaHHS JKIyTa MOXKHO TIPOCIIEUTh HA M300PKEHHUIX
puc. 6. BugHo (BepxHHUl psim), 4TO Mepe] UMITYIECHON
(ha30it UMEFOTCS J1Ba JKI'yTa, BEITSHYTHIX APYT 32 IPYroM
B CEeBepoO-3arajHOM HarpaBieHHH. B oOmactu cOmmke-
HUSI UIX OCHOBAaHWH HaOuomaeTcs sipkast 001acTb, KOTO-
past B IMIIyJIbCHOHM (ha3e HEMHOTO INOJHUMAETCSI BBEPX.
B aroii ¢asze (cpenHuil psia) SIPKOCTb pacpenensercs
BJIOJIb MOSBIIAIOMIErOCs OOIIEro JXKryra M yHHpsSeTcs
obmacTe ucredeHus mia3Mel. [locae nMIynbCcHOM (a3bl
(HYOKHUR psa) 00JacTh TEUSHHS TUTA3MBl PACIITHPSAETCS
o uHBL kryta. CKOpocTh mepenHero (poHTa Tede-
HUSI MOXHO OLICHHUTH 110 M300pakKeHUSIM HIDKHETO PAZa
kak 330 KM/c B KapTUHHOHN TTOCKOCTH.

Habmonennss CPI' mo3Bonwin BBIIEINT MUKPOBOJI-
HOBBIC IMOTOKU sAJipa BCHOBIIIKU U YAAJICHHOT'O MCTOYHUKA.
IIpu paccTosHUM MeXIy HCTOYHMKaMu 215 yri. cex
3a/IepKKa MEXJly MAaKCUMyMaMW BPEMEHHBIX Npoduieit
3TUX UCTOYHHUKOB COCTaBIIIET ~5 C. CHCKTpI)I HUCTOYHHUKOB
B MaKCHUMyMe UMITYJIbCHOH (ha3bl OKa3aHbl Ha pHC. 7, d.
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Puc. 5. BpemeHHbIE TPOQHIN MUKPOBOJIHOBOTO (@) M KECTKOTO PEHTIeHOBCKOTO (6) n3imyueHuit. [loka3aHbl 4acTOTHI IpHeMa
U TpaHUIBl KaHAJIOB B dHeprusax. Mcnonb3yeMble HHCTPYMEHTHI U BPEMEHHOE pa3pelICHUEC U3MEPEHUN ONUCAaHBI B TEKCTE.
Ha xpussix CPI" 2.8, 8 n 23.4 I'Ty TpeyroasHUKaMH OTMEYEHBI MOMEHTHI BPEMEHH M3MEpeHuil Ha 3THX dactorax. IlokasaHsr
MOMEHTHI BPEMEHH, OTMEUCHHBIE BEPTUKAJILHBIMH IITPUX-ITyHKTHPHEIME JTHHIAME 06:42:48, 06:43:19, 06:43:28. IllTpuxoBas
JIMHUS — MUK )KECTKOIO PEHTI€HOBCKOro u3irydeHus B 06:43:24
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Puc. 6. Pa3BuTHe KTyTa B 0071aCTH BCIBIIIKY, H300pakenus B kanane 1600 A AIA/SDO B pa3Hble MOMEHTBI BpeMEHH
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Puc. 7. KomnosurHslii criekTp B nuke BenblIuky 06:43:25 (a). Kpachslie 3Be3nouku — mannble CPIY, moToku coOpansl o m300pa-
JKEHUSIM B sIpe BCHBIIIKU; CHHUE KPECThl — B yJAJCHHOM MCTOYHHUKE; YEPHBIC 3BE3JJ0UYKU — HHTEIPAJIbHBINA CHEKTP U3 JTaHHBIX
CPI', BIIMC, NoRP; 4epHbie 3Be310uki B (pHONETOBBIX KBanparax — jgaHHble CBS; 3enenbie pomOsr — manasie MUSER-IL.

CHGKTp CTEIICHU NOJIApU3alUU JJI1 YIaJICHHOTO HCTOYHUKA (6)

UepHbIe 3BE3I0YKH — CIIEKTP HHTETPATHLHOTO MOTOKA
mo aanabM BIIIMC (amamazon 4-8 I'Tu), CPT (11.6
n 15.24 TTu), NoRP (9.4 u 17 I'Tu) u CBS (35.25,
36.25, 39.75 I'T') ayig MOMEHTa MakcUMyMa BCILJIECKa
B 06:43:24. IToCKONBKY JUIUTEIBHOCTh PACCMaTPUBAEMOI0O
IIMKa MEHbBIIE, YeM BPEMEHHOE pa3pelleHHe KPUBBIX
unrerpaigpHoro noroka CPI' (3.5 c), He Bce 4acTOTHI
CPI' MOXXHO OBLIO MCMOJB30BaTh Ul aHaiu3a. [Ipu mo-
cTpoeHnn criektpa mo gaHHeIM CPIT MBI BEIOHMpamn
TOJIBKO T€ YaCTOTHI HAOIFO/ICHSI, KOTOPHIC TTI0 BPEMEHHU
HaxXoIWIHch BHYTpH 0.5-CeKyHIHOTO WHTEpBalia OTHO-
CHUTENFHO BBHIOPAaHHOTO MOMEHTa BPEMEHH, YTO COOT-
BETCTBOBAJIO BpEMEHHOMY paspernieHnto qanHex CBS.
®opma cnekTpa Ha yacrorax Beime 2 [T tunuyna
JUIs TUPOCUHXPOTPOHHOTO criekTpa. M3mydeHue sapa
CTaHOBUTCA JOMHHHPYIOIIMM B HHTETPAIBHOM CIIEKTPE
Ha yactoTax Bblme 6 [T, a HHAEKC pocTa CIEeKTpa Co-
crapmsier f*. CTeneHHoOll MHIEKC CHaja MOXKHO OIH-
cath kak f>°. HampoTuB, B CIEKTpE yIAICHHOIO HC-
ToyHMKa Juana3oH yactor CPI' 3axBaThiBaeT crnajato-
LIyl yacTh cnekrpa. Ilocie miockoi yacTu cnekrpa,
Ha KOTOPOH IOTOK yIaJeHHOTO MCTOYHHWKA CPAaBHHUM
C TIOTOKOM W3 sIpa BCIIBIIIKH, CTIaJl HAYMHAETCS IIOCIIe
4 ITu ¢ mHmekcoM [~ 2 Crnenytromelt 0COOEHHOCTHIO
YAaJCHHOTO WCTOYHHWKA SBISETCA BBICOKAs CTETEHb
[IpaBOM KpyroBoil nojspusauuu. B nuanaszoHe yacTor
ot 4.5 o 7.5 I'T'y ona nocruraet 80 % (cM. puc. 7, ).
W3mepeHns: JUHaMUYECKOTO CIIEKTpa Ha OoJiee HU3-
KHX YacTOTaX IMOJIyueHB! C ITOMOIIBIO CIIEKTPONOISPH-
Metpa COJIAPCIIEJI ¢ nuama3oHOM NpUHHUMAaeMBbIX
gacTtoT 50-3000 MI'11 (puc. 8, a). B ero nunamuueckom
cnexTpe (a) HabIoaCsl OTKIMK Ha BCITBIIIKY B JHama-
3oHe yactoT 80-350 MI'n. U3nyueHue HauuHaeTcs B y3-
koit mosoce ~350 MI'n B 06:43:00 1 npogoipKanock B 3TOM
nosioce okoJo 40 c. B mmpokoii osjoce n3aydyeHue Hauu-
Haercs B 06:43:10 ¢ MakcUMalbHONI MHTEHCHBHOCTBIO
BO BpeMs ITHKa JKECTKOTO M3ITydeHHs. M3mydeHne mocte-
MIEHHO 3aTyXaeT, BHayaJsle Ha 00JIee BBICOKUX YacTOTax.
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Ha puc. 8, 6 mnokazaH AMHAMHYECKHH CHEKTp
MUSER-I. JlaHHBIE U PUCYHOK IOJIyYEHBI C HCIIOJIb30-
BaHHEM pa3pabOTaHHBIX KUTAHCKMMH KOJIJIEraMHu Ipo-
rpaMM, BKJIIOYAsi KaJIMOPOBKY M yJIydIIEHHE KadyecTBa
n3zobpaxkenus [Wang et al., 2013; Tan et al., 2015].
Janneie MUSER-I 1600-2000 MI'11 moka3sIBalOT OT-
KIUK Ha BCHOBINIKY B m3aydeHuu oT 1750-2000 MI'm.
OTMeTHM, 9TO Ha JWHAMHUYECKOM CIIeKTpe (@) 3TO W3-
JydeHne He HaOxironanoch u3-3a Oosee HU3KOM 4yB-
cteutenbHOoCcTH aHTeHHBEI COJIAPCIIEJT 50-3000 MI'1t
B BepxHeH yacTu pabouero quanasona (e 1000 MI'm).
Amvmmtyna curaaioB MUSER-I pe3ko Bo3pacrana B Mo-
MEHT nuka. IIOTOK HMHTETpaJbHOTO CIIEKTpa OBICTPO
CHaZaeT ¢ yMEHBIICHUEM YacTOThl M MPEKpaInacTcs Ha
yacrorax Hmwke 1850 MI' (cm. puc. 8, 6). Habmonaercs
HeOOMbIION apeiid k HU3kUM yacToTaMm. K coxalleHuIo,
JUISL TAaHHOTO COOBITHS €CTh 3aIliCh TOJIBKO B JIEBOH MO-
JSIPU3ALMU CHEKTPOMETpPa, MOATOMY JUIsl IpeCcTaBIie-
HUSI Ha CIIEKTPE M CONOCTABJICHUS C MHUKPOBOJIHOBBIMH
JIaHHBIMH KanuOpoBaHHble aaHHbie LCP ymHOXamuch
Ha 11Ba (CM. pHC. 7, @, 3eeHbIe pOMOBI).

OBCYXJIEHHUE

COBOKYNHOCTh JAHHBIX O JHMHAMHUKE M IPOCTpaH-
CTBEHHOW CTPYKTYpE BCIBIIIKH MO3BOJISIET ONPEACIHTD
HcclleyeMoe COObITHE Kak KpPYrOBYIO — JIEHTOYHYFO
BCIIBIIIKY C KOMITAKTHBIM JIOMEHOM MOJIOKHTEIBHOTO
HOJISL B SIAIpE ¥ YAAJICHHBIM MCTOYHUKOM Ha PAacCTOSHUH
215 yrn. cex. MarauTHas cTpykTypa Oplia oOpa3oBaHa
3a JICHb 0 BCTIBIIIKH, O YEM CBHICTEIHCTBYET IOSIBICHHE
KBa3HUCTALMOHAPHON KpYroBo# cTpyKTypsl B KY®-n3my-
YEHUM BOKPYI MarHUTHOTO JioMeHa [Masson et al., 2009].
Wuuipanms UMITyJIbCHOU (ha3bl BCIIBIIIKK BHIHA HA U300-
PaKEHHUAX SApa BCIBIIKKM B KaHanax 1600 A: Buauame
TIOSIBJIACTCS] KOMITAKTHBINA SPKUI UICTOYHUK, HAXOIALIUICS
CeBepHee JOMEHa MOJIOKUTENILHOTO Mo (cM. puc. 6). OH
HaXOJWTCS B MECTE COMKCHNSI OCHOBAHUH JIBYX KI'YTOB,
BBITAHYTBIX TTOCJIEJOBATEIILHO B CEBEPO-3aIIaTHOM HaIlpaB-
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Puc. 8. Nunamudeckuii criektp: @ — nannsle crnekrponoipumerpa COJIAPCIIEIT 50-3000 MI'; 6 — nanasie MUSER-I.
BeprukansHast JIMHASI — MOMEHT ITHKa JKECTKOTO PEHTTEHOBCKOT0 n3mydeHus B 06:43:24

nernd. C pa3BUTHEM BCIIBIIIKA JKTYTHI yAPYAIOTCs, a I10-
Clle UMITYJIbCHOW (ha3bl MOSBISAETCS JIMHHBIA OXBATHI-
BAIOILUI XI'YT, MOJHUMAIOIIHUNACA CO BPEMEHEM BBEpX.
O/HOBPEMEHHO C MOABEMOM 3TOTO XXI'yTa BHIHO Tede-
HHE IUIa3MBbl BIOJIb BHeUIHero mmwmmna. [lonoOHas cxema
WHHUIUALNN KOPOHAIBHOTO BEIOpOCa Macchl Oblia Ipe-
noxena B crtathe [Uralov et al., 2002]. [{ns oObsicHeHus
WHHUIUALUKY BCIIBIIIEK C KPYIOBBIMH JICHTAaMH OHa WC-
nonp3oBasiachk B [Meshalkina et al., 2009].

B mamem coOwITHH pa3Mepsl TUarpaMMBI HalrpaB-
neaHoctn CPIT ObutM cpaBHMMBEI C pa3MepaMu spa
BCTIBIIIKH, YTO HE TO3BOJIICT MCCIIEOBAThH MPOIECC B3aH-
MOJICHCTBHS KTYTOB B MHUKPOBOJIHOBOM HM3ITyYCHHUH MO-
npobHee. Permcrpanuss MCTOYHHKOB MOJSIPU30BAHHOTO
M3JIyYeHHs] Pa3HBIX 3HAKOB B UMITYJILCHOMW (ha3e corna-
CyeTcsi C IPEAINOJOKEHHEM O (OPMUPOBAHUM OOIIETO
xryTa (cMm. puc. 4). Ilonoxenue u apkocTs Habronae-
MBIX HWCTOYHHUKOB TMOJIAPHU30BAHHOTO H3JIYYCHUS SABJIA-
TOTCs PE3YJIBTATOM CBEPTKU PCAJIbHBIX UICTOYHUKOB C AUa-
rpammoii CPI'. Kak cnenctBue, Ha paguokapTax paccTo-
STHUE MEKIY BUANMBIMH LEHTPAMH SIPKOCTH MOJISPHU30-
BAaHHBIX MCTOYHHKOB YMEHBINIAECTCS C POCTOM YacTOTHI
npueMa, T. €. 3aBHCUT OT pa3MepoB JHarpaMMbl HaIpaB-
neHHocTH. Ha HamOonbmied wacrore kaprorpaduposa-
HUs JaHHON paboter 12.2 I'T nmpocTpaHcTBEeHHOE pas-
pemenne CPI" (10.4x18.2 yriu. cek) ObuI0 HepocTaToy-
HO JIJIs OTIPEJICJICHUS PETbHOTO TOJI0KEHHUS MOJISIPHU30-
BaHHBIX HCTOYHUKOB.

[Tocne mmmynbcHOW (a3sl HAOMIOJATOCH TEYCHHE
IUTa3MbI 110 OOJBIIMM TETIISIM, OPUEHTHPOBAHHBIM BIOJIb
BHemIHero muna. [lerm MoxHO 6pUT0 HaOMOAATh Ha pas-
HOCTHBIX H300paxkeHusx KY®d-usznydyenus dyepe3 He-
CKOJIbKO MHHYT IIOCJIe UMIyibcHOW (a3el. Ha puc. 3
BUJIHO, 4TO MX HaOitonaeMasi (hopMa U HOJIOKEHHE yia-
JICHHOTO OCHOBAHHUS OJIM3KHM K CHJIOBBIM JIMHUSIM TIOJIS,
PacCUNTAaHHOTO B MOTEHIMAILHOM MpuOmKeHuu. M3 pac-
YETOB CJIEIYET, YTO BBICOTA METEIh HAXOIUTCS B Mpejie-
max 50-130 Mm mpu mmmre 300400 Mwm. [ 3amon-
HEHHS TeTeNh IIa3Moi 3a 4 MHH CKOPOCTh €€ TEUCHHS
OJDKHA OBITH B HECKOJIBKO Pa3 BHIIIE CKOPOCTH B Kap-
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THHHOM m1ockocTu 330 km/c. OLEHKH OKA3BIBAIOT, YTO
HE00XO0IMMas BEJIMYMHA CKOPOCTH TCUCHHUS MOXKET JI0-
CTUTaThCsl, €CIIM OHA COCTABIISIET TOPSIJIKAa CKOPOCTH MOH-
HOTO 3BYKa IPU TEMIIEPaType TUIA3MBI B SIPE BCIIBIIIKH
20-30 MK. ITomoGHbIil MEeXaHH3M pacnpoCTpaHEHHS
¢ opmupoBaHHEM TEIUIOBOM BOJHBI 3aMEIICHUS 00CYX-
nmancst B paborax [Brown et al, 1979; Vlahos,
Papadopoulos, 1979; Levin, Melnikov, 1993; Memanku-
Ha, ANTBIHIIEB, 2024].

[Mux m3mydeHns yAaleHHOTO WMCTOYHHKA B MHKPO-
BOJTHAX OTCTAeT OT NHKAa B sApE BCIBIIKA HAa ~5 C.
CriekTp W3IIydeHHs YHAJCHHOTO WMCTOYHHKA SBIIIETCS
IIMPOKOTIOJIOCHBIM ¢ MAaKCUMYMOM CIIEKTpa Ha YacTOTe
ke 4 [T TouHocTs onpeneneHus 3aep KKK 1O JTaH-
weiM CPT" ~1 c, nockonbky usmepenus CPI' B ynanen-
HOM MCTOYHHKE MPOBOJMINCH C IEPUOAUYHOCTHIO 3.5 C.
B simpe BCHBIIIKM TOYHOCTH OMPEICICHHS MUKA O MpPo-
¢wmo 35 I'Tu cocrasnsuia nonu cexynapl. [Ipu cpenneit
uinHe e 350 MM mojy4aeM CKOpOCTh IpoJieTa U3-
Jydaromux mektporoB ~7-10° em/c. Kunernueckas suep-
THS SJIEKTPOHOB C Takoil ckopocteio ~17 k3B Hemocra-
TOYHA JJIsI TeHEepallid MHUKPOBOJIHOBOTO CIIEKTpa yaa-
JIEHHOTO WCTOYHHMKA. Ecim ydecTh (Kak 4acTo NenaroT
[Aschwanden, 2004]), cnirpaTbHOCTh MarHUTHBIX CHJIO-
BBIX JIMHUH W TIMTY-YTOJN PAaCIPOCTPAHSIOIIUXCS DJIEK-
TPOHOB, OIIEHKY CKOPOCTH MOXXHO YMHOKHTB Ha 2, TOT/Ia
SHEPIUsl JJIEKTPOHOB CTAHOBUTCS Oojiee pasyMHOH —
~70 x3B. OT™MeTHM, YTO €MHCTBCHHBIA pa3 moao0Has
oleHKa ObUIa IOJydYeHa JUIsl YJIAJIEHHOTO HCTOYHHMKA
KpYroBOW BCHBIIIKKA BO BpeMsi HAOJIOJCHHI KBa3uIle-
puoauyeckux kojebauuid, HaOmopasmuxcs Ha CCPT
¢ BBICOKHM BpPEMEHHBIM pa3pemnicHueM [Altyntsev et al.,
2022]. B atoif paboTe OBbLIa MONydeHA OLEHKA YHEPTHH
M3JIy4Yaroux 3J1eKTpoHoB Bbilie 100 k3B.

[Ipu moctaToYHO OONBIIMX MUTY-YTIIAX JIEKTPOHOB,
PacIpOCTPaHSIOMIUXCS BIONH OONBIINX IETeNh ecTe-
CTBEHHO OXKHMIATh MX 3aXBaT B BEpPIIMHAX MeTeNb. MX
HU3JIY4YCHUEM MOXKHO 06T)SICHI/ITI) OTKJIMK Ha BCIBILIKY
Ha JUHAMHYECKUX CIeKTpax B auanazoHe 80-350 MI.
Ecnu npuHATH, 9TO M3ITydeHHE ABISAETCS IUIa3MEHHBIM,



A.T. Anmoinyes, H.C. Mewankuna, C.A. Angunozenmos,
N.A. XKoanos, U.U. Mvuuvsikos, E.D. Hsanos,
Yrynmun Tans, Yocao

IJIOTHOCTH TUTa3MbI B BEpPIIMHAX METEIh M3MEHSETCS
B mupoKkoM auamnasone ot 8:107 go 1.5-10° cm . Pac-
yeThl AaroT MarauTHele moias 10-20 I'c, T. e. HabGI0qa-
€MbIC YacTOThl HAaXOJATCS B mpeaenax 3—6 TrapMOHHK
MUKJIOTPOHHOW YaCTOTBHI JICKTPOHOB. B 3TOM ciyuae
€CTCCTBCHHO OJKHIIATh TCHEPAIHIO M3IYUCHHUS HA JBOMHOM
ia3MeHHOM pe3oHance [Ledenev, 1998; Zheleznyakov et
al., 2016].

B sipe BCIIBIIIKY U yJaICHHOM MCTOYHUKE CTIEKTPHI
UMEIOT (HOpMy THPOCHHXPOTPOHHOTO C PAa3HBIMH WH-
JeKCaMH CTeneHHoro crana /. Bonee sKecTKuil criekTp
¢ mokazareneMm f=-1.1 HaOmoancs B yIaJIeHHOM UCTOY-
Huke. OIGHKAa CTCIICHHOTO ITOKA3aTelNs PAaCIIPEACICHUS
ANEKTPOHOB MO dHeprwsiM O 1o ¢dopmyne =1.22-0.96
[Dulk, Marsh, 1982] maet 6~2.5. OcOOEHHOCTHIO MHK-
POBOJIHOBOTO HM3IIy4€HHs YIAJIEHHOTO MCTOYHHUKA SIBJISI-
€TCsl BBICOKasl CTEeNeHb KpyroBoil momspusanuu 1o 80 %.
CormacHO pacdeTaM THPOCHHXPOTPOHHOTO CIEKTpa B pa-
oote [Fleishman, Melnikov, 2003], Takast BeICOKasi CTe-
[ICHb MOJIIPU3AINN YKa3bIBACT HA OOJBIINE MMATY-YTIIbI
H3ITYYAOMIKX AEKTpoHOB. C APYyroi CTOPOHEL, TPU OO0JIb-
NIAX MUTY-YIJaxX [OJyYCHHAs BBIIIC OICHKA IS H30-
TPOITHOTO pacHpeACICHUs JICKTPOHOB 0~2.5 MOXKET
paccMaTpuBaThCsl TOJIBKO B KauecTBE MEPBOIO MPHOIIH-
JKCHHA U TpeOyeT YTOUHCHHUS.

s sapa BCIBIIKK HAOJIOICHHS CIIEKTPOIOIISIPH-
METpaMH [JaJId OLEHKY ITOKa3aTels HaKJIOHA CIIEKTpa
B=-2.5, otkyna nomyuaem 6~4.1. K coxasnenuto, HaOt0-
nmerust CPI™ O noctynabr 1o gactotel 12.2 IT, . e.
TOJIBKO Ha BOCXOJsIIEH 4acTH crekTpa. MHaekc cre-
NeHHoro pocra B~1.4 B 1Ba paza MEHbIIE PacUETHOTO
3HAYCHUSI THPOCHHXPOTPOHHOTO CHEKTpa, U3IyIaeMOTro
OJIHOPOTHBIM HCTOYHHKOM.

KopoTkue (GpoHTH pocTa W cHajga KECTKOTO MUKa
MHKPOBOJHOBOTO W YKECTKOTO PEHTTEHOBCKOTO H3ITyde-
HUS TOKA3bIBAIOT, YTO YCKOPECHHE 10 JHEPIHU BBIIIC
100 k3B mpomcxonniao B OTKPBHITOM KOH(GUTYpalHuH
MAarHuTHOTO TMOJisA. IIOTOKM H3IydYeHHUS DJIEKTPOHOB
MEHBIINX YHEPTUH PacTyT MOCIE MUKA, YTO yKa3bIBacT
Ha yAepKaHUE M HAKOIUICHUE B JKT'YTaX MarHUTHOT'O TOJIS.

3AKIIOYEHUE

Habnrogennss B MHKPOBOJHOBOM HW3IYYCHUH [AJIH
Ba)KHBIC 3HAHUS O MOP(OIOTUICCKUX CBOHCTBAX KPYro-
Boil Bembimku 25 mapta 2024 r. ITokaszaHo, 4TO XKecT-
KO€ M3JyYCHHE BCIIBIIIKK CBS3aHO C IPOIECCOM B3au-
MOJEHUCTBUA MAarHUTHBIX >KTYTOB. BriepBbie MoJyuyeH
MHUKPOBOJIHOBBIH CIIEKTP M3ITY9YCHHUS JIEKTPOHOB B yJa-
JICHHOM MCTOYHHUKE M YCTaHOBJIEHA CBSI3b METPOBOTO
M3ITyYEHUsI ¢ YCKOPEHUEM DJIEKTPOHOB B SIIPE BCIIBIIII-
ku. Takum o00pa3oM, TPOJEMOHCTPUPOBAH BBICOKUI
JIMAaTHOCTHUYECKHUI TOTEHI[MAI MHOTOBOJTHOBBIX HAOIIIO-
nenuit CPI” miig ucciienoBanyst COOBITHI ¢ OTHOCHTEJILHO
MaJbIMHA BPEMEHHBIMH U MPOCTPAHCTBEHHBIMHU MacCIIITa-
6amu. [TompoOHOE MccnenoBaHne TUHAMUKHA MHKPOBOII-
HOBBIX HWCTOYHHMKOB M WX TOJISIPU3AIMOHHBIX M CIIEK-
TPaIBHBIX CBOMCTB B JaHHOW BCTIBIIIKE OYAET SBIATHCS
MpeAMeTOM Hallel Oyayiieit paboThl.

ABtopsr O6maromapHsr A.A. Ky3HeoBy 3a moie3HbIe
obcyxnenus. Memankuaa H.C., Usamue Tanp Onaro-
napsat PIFI Group grant (2025PG0008). biaromapum
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A.T. Altyntsev, N.S. Meshalkina, S.A. Anfinogentov,
D.A. Zhdanov, I.1. Myshyakov, E.F. Ivanov,
Chengming Tan, Zhao Wu

taxke komaunel SDO, GOES, o6cepBaropun HobGesma,
RHESSI, Fermi, RSTN, CBS, MUSER, Paguoactpo¢u-
3nveckor obcepatopun MC3® CO PAH 3a mpeno-
CTaBJIEHHbIE JJaHHbIE. Pe3ynbTaThl NOMyUYeHbI C UCIIONb-
30BaHMEM YHUKaJIbHOW HaydHOH ycraHOBKH «Pamuore-
mmorpad» [https://ckp-rf.ru/catalog/usu/4138190/] u oGo-
pynoBaHusi LleHTpa KOJIEKTHBHOTO IMOJB30BaHMS «AH-
rapay [http://ckp-angara.iszf.irk.ru/].

PaboTa BbIMONHEHa NpU (UHAHCOBOI MNOANEPIKKE
Muno6pHayku Poccuu.
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Annoramusa. KpynmHomacmtaOHbIC BO3MYIICHUS
B MEXKIUIAHETHOM MPOCTPAHCTBE SBIISTIOTCS TNIABHOW TIPH-
YUHOI TTI00ATBFHBIX BO3MYIIIEHUH BHYTPH MarHUTOC(EphI
3emumn. Kak u3BecTHO, mepea MarauTocdepoit pacmosna-
raeTcsi MarHUTOCIION — IepexoaHas 00IacTb, B KOTO-
polf XapaKTepHCTHKH IIIa3MBl U MAarHUTHOTO IIOJI,
a TakKe MX BapHalyy CYIIECTBEHHO OTJIMYAIOTCS OT TaKO-
BBIX B COJHEUHOM BeTpe. B wacTHOCTH, paHee OBLIO
MOKA3aHO, YTO MPOXOXJICHUE IUIa3MbI Yepe3 MarHUTO-
CJIOM MOXET CYHICCTBEHHO H3MCHSTHh XapaKTECPUCTHKH
KackajJa TypOYJICHTHBIX (DIIYKTyalliii COTHEYHOTO BETPA,
MpUYEM XapaKTep M3MCHEHHWHA OTIMYACTCS IS CIIOKOM-
HBIX ¥ BOBMYIICHHBIX YCIOBHIA B MEKIUIAHETHOM cpelie.
B Hacrosimedi paboTe Ha OCHOBE aHalM3a HECKOJBKHX
CIydaeB B3aWMOJCHCTBHSA MEXIUIAHETHBIX KOPOHAJB-
HbIX BBIOpOocoB Macchl (ICME) ¢ marauTtochepoii mpo-
aHAIM3UPOBAHBI OCOOCHHOCTH (OPMHUPOBAHUSA TYypOy-
JICHTHOTO KacKaJa B MarHUTOCJIOE B 3TH TEPHOIBI. AHa-
JU3 TIPOBOJWIICS HAa OCHOBE COITOCTaBICHHUS OIHOBpE-
MCHHBIX M3MEPCHUN BapUalldii MarHUTHOTO TOJISI B COJ-
HEYHOM BETPE U B JTHCBHOM MArHUTOCIIOC CITyTHHUKAMHU
Wind, Cluster, THEMIS u MMS B 2016-2017 rr. Ilo-
ka3aHo, uTo B3ammojeiictBue ICME ¢ marauTochepoit
COMPOBOXKIACTCS HAUMEHBIIUM U3MCHEHUEM MOIIHOCTH
GuyKTyanui B cirydae HaTW4us OOJIACTH CKATUS TIepe]
HUM W, HAIpOTWB, TPU OTCYTCTBHH OOJACTH CXKaTHUI
MOIITHOCTh (PIIYKTyaIwid 3HaYUTENIHHO Bo3pactaer. Ompe-
neneno, utro ICME, BeI3bIBaroine 3HaYUTEILHBIE U3ME-
HEHUsl WHJIEeKca Dst, COMPOBOXKAAIOTCS Cliaboi Moandu-
Karmeil TypOyJIeHTHOTO KacKaga B MarHHTOCIOE, TOTAa
KaK HauOoliee 3HAYMMBIC W3MEHCHHS CBOWCTB TypOY-
neHTHocTH Habmonatorest ast ICME, koTopeie He mpu-
BOJIAT K CHJIbHBIM T€OMArHUTHBIM BO3MYIIICHHSIM.

KutroueBble ¢j10Ba: COJIHEUHBINA BETEP, MarHUTOCIION,
TypOyJIEHTHOCTh, KOCMHYECKas IIa3Mma.

Abstract. Large-scale disturbances in the interplane-
tary medium are the main cause of the global perturba-
tions inside Earth’s magnetosphere. Transition region
called magnetosheath is known to be located in front of
the magnetosphere in which plasma and magnetic field
properties, as well as their variations differ significantly
from those in the solar wind. Particularly, plasma pas-
sage through the magnetosheath has been demonstrated
to modify substantially features of the cascade of turbu-
lent fluctuations of the solar wind, with the pattern of
the modification being different for quiet and disturbed
conditions in the interplanetary medium. In this study,
we examine features of turbulent cascade formation in
the magnetosheath during interplanetary manifestation
of coronal mass ejection (ICME), by analyzing several
cases of ICME interactions with the magnetosphere.
The analysis is conducted by comparing magnetic field
variations measured simultaneously in the solar wind
and in the dayside magnetosheath by Wind, Cluster,
THEMIS, and MMS spacecraft in 2016-2017. Interac-
tion of ICME with the magnetosphere is shown to cause
the least change in the fluctuation power if there is a com-
pression region in front of it; on the opposite, when
there is no compression region, the fluctuation power
increases considerably. ICMEs that caused significant
changes in the Dst index were determined to be accom-
panied by the least changes in the turbulent cascade in
the magnetosheath, whereas the most significant modi-
fication of the turbulence features were observed during
ICMEs which did not trigger substantial geomagnetic
disturbances.

Keywords: solar wind, magnetosheath, turbulence,
space plasma.
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BBEJIEHUE

W3BecTHO, 9TO OCHOBHBIMH MCTOYHHKAMHM TII00aJh-
HBIX MAarHUTOC(HEPHBIX BO3MYIICHHUH SBISIOTCS KPYII-
HOMACIIITAOHBIC MEKIUTAHETHBIC BO3MYIIeHHS [Yermo-
laev et al., 2015; Borovsky, Denton, 2006]. ITpu 3TOoM
nccienoBaHus re0d()PEKTUBHOCTH COJHEYHOTO BETpa
(CB) u cBsI3U T€OMarHUTHBIX BO3MYIIEHUH C TIapaMeT-
paM# MEXIUTAaHETHOW Cpeibl, KaK MMPAaBHIIO, TPOBOISATCS
Ha OCHOBE M3MEPECHHI B OKPECTHOCTH TOYKH L1, Haxo-
nsmieiicst B 1.5 mutH kM ot op6utsl 3emuu [Pallocchia et
al., 2006; Boynton et al., 2012; Podladchikova, Petruko-
vich, 2012], u He y4YHTBHIBAIOT NPOLECCH B IOTPaHHY-
HBIX crosix Maruutocdepsl. [lepen BHemHeH rpanumei
MarHuToc(epbl — MAarHUTONAay30d — MOCTOSIHHO CY-
IICCTBYIOT OTOIICANIAs yaapHas BOJIHA (OKOJO3eMHast
yaapHas BonHa, O3YB) u mepexomnas obmactb, Qop-
MHPYIOMIAsCS W3-32 OOTEKaHUS MarHUTOC(hephl CBEpX-
3BYKOBBIM M CBepXab(BEeHOBCKMM 1moTokoM CB. B mepe-
xomHoi obnacTw, uiau Maraurocioe (MCJI), xapakrepu-
CTHKH TIa3MBI ¥ MAarHATHOTO TOJIS CYIIIECTBEHHO M3Me-
HSIOTCSI — TIPOUCXOTUT MOPKAaTHE MarHUTHBIX CHIIO-
BBIX JIMHUH, M3MECHCHUC HATIPABIICHHUS MAarHUTHOTO TIOJIS,
cKaThe, 3aMEJICHHE M HATPEB IUTa3MEBI, a TaKXKe CyIIe-
CTBCHHOC YBCJIMYCHHC MOIIHOCTH (IYKTyallmid BCEX
napameTpos. IIponeccer B MCJI 3aBHCAT OT B3aIMHOTO
pacnosiosxkeHust O3YB U MeXIJIaHETHOTO MarHUTHOTO
T0JISL: U3-3a IPUCYTCTBHUS 3a KBazunapasuieabHoii O3YB
HOHOB, oTpaxkeHHBIX 0T O3YB M 3aTeM CHOCHMBIX TUIa3-
moit CB B MCIJI, aMmmuTyna BapHaluii mapaMeTpoB
IUTa3Mbl U MAarHATHOTO TIOJIA 32 KBa3HWIIApaJUICIbHOM
O3VYB Ha MOpsAA0K BBINIE, YeM 33 KBa3HIEPIEHINKY-
JISIPHOW, ¥ MOKET JOCTHUTaTh MOPS/AKA BEIWMIHHEI CaMO-
ro mapametpa [Greenstadt, 1972; Shevyrev, Zastenker,
2005]. Kpome Toro, aHM30TpOIHUsl TeMIEpaTyphl, BO3-
HUKAloIlas Ha KBasumnepneHaukyiaspHoi O3VYB, npu-
BOJIUT K Pa3BUTHIO OOJBIIOTO YUCIA HEYCTOHYMBOCTEH
U BOJIHOBEIX IpOIecCOB 3a Heil [Schwartz et al., 1996;
Lacombe, Belmont, 1995].

HecmoTps Ha TO, 9TO CyIIecTBYIOT oOImme Mpen-
CTaBJICHUS O TI00ATHHOM HM3MEHEHHH XapaKTePHUCTHK
m1a3mel 1 otst 32 O3YB 1 0HO MOXKET OBITh B CpeTHEM
OTMCAaHO B PaMKax Tra30JMHAMHUYECKUX M MarHUTOTH[-
pomuHamudecknx (MI'J]) momeneit [Spreiter et al.,
1966; Toth et al., 2005] Ha macmTabax, COMOCTaBUMBIX
¢ pasmepamu MaruuTochepst (~10° kM), mpomecch
HAa MeHbIIHX MacmTabax (~10°—10° kM) Moryr GbITH
BOCIIPOU3BEJICHBI TOJILKO TPYJOCMKUAMH B peallU3aIliu
THOPUIHBIME U KHHETHYCCKUMH MOJIEIIAMU (HAIPUMED,
[Karimabadi et al., 2014; Palmroth et al., 2018]), xoT0-
pBIe HEBO3MOXKHO HCIIOJIB30BaTh B PaMKax MPOTHO3a
KocMudecko moroabl. Kak moxa3pIBaloT HcCCIEOBa-
HUS, TIPOBEJCHHBIE HA OCHOBE OIHOBPEMEHHBIX H3Me-
penwuit iepen u 3a O3YB, HanpasieHue MarHUTHOTO TIOJISt
HETIOCPE/ICTBEHHO TIepe]] MarHUTOIAy30i MOXKET He COOT-
BETCTBOBATh 3apeructpupoBanHomy B CB [Safrankova
et al., 2009; Pulinets et al., 2014]. Kpome Toro, mocnen-
HUC WCCIICIOBAHMS MOKA3BIBAIOT, YTO B MEPHOIBI TAKUX
reod((PEKTUBHBIX KPYIMHOMACIITAOHBIX SBJICHUH, Kak
MEKIUTAHCTHBIC KOPOHAIBHBIC BBEIOpOChl Macchl (Inter-
planetary Coronal Mass Ejection, ICME), Taxxe moryr
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HaOJTFOIaThCSl HECOOTBETCTBUS HarpapieHus oyt B MCJI
u CB [Turc et al., 2017] Ha BpeMEHHBIX MacIiTadax
nopsiaka vaca. [Tockonbky B,-KOMIIOHEHTa MEXKITJIAHET-
HOTO MarHUTHOTO TIOJIST pacCMaTpUBAETCs Kak Hanbolee
Ba)XHBIA TMapaMeTp MEXKIIJIAHETHOM Cpelibl, ompeses-
IOIMUH JUHAMHUKY MarHutochepsl, mporeccsl B MCJI
BaKHO YUUTBIBATH JUIA 00Jiee KOPPEKTHBIX MPECTaBIIe-
HUH O COJTHEYHO-3EMHBIX CBS3SIX.

Ha wmacmTabax, COMOCTaBUMBIX C THPOPAIHYCOM
MIPOTOHA, BAXKHYIO POJIb B KOCMUYIECKOW TUIa3Me Tpruoo-
peTarT KUHEeTHYeCcKue d((EKTh, HAUYMHACTCS JTUCCHIIA-
uusi sHepruu, U MI'Jl-onucaHue CTaHOBHUTCS HENpU-
MeHUMBIM. COBOKYITHOCTb MPOLIECCOB, MPOUCXOASAIINX
Ha MaciuTabax Menee 10° KM, MOXKHO aHANH3HUPOBATH
Ha OCHOBE XapaKTCPHCTHK TypOYJIEHTHOTr'0 Kackaja.
B nocnennue roasl OONBIIONH 00BEM JKCIIEPUMEHTAIb-
HBIX JaHHBIX C BEICOKAM BPEMEHHBIM pa3pelieHneM Mo3-
BOJIAJI CYIIECTBEHHO PACHIMPHUTH TPEIACTaBICHUE O CBOH-
ctBax TypOynenTHoctd B MCJI (Hanmpumep, [Zimbardo
et al., 2010; Sahraoui et al., 2020; Rakhmanova et al.,
2021]). Jdns HeBo3mymenHou miasMel CB criekTp Typ-
OYJICHTHBIX (DIIYKTyaIllUii MAarHUTHOTO TOJS UMEET YHU-
BEPCAJILHBIA BUJI, ONIMCHIBAEMBbIH CTENIEHHON (yHKumMeH
¢ mokaszateseM —5/3 (KOJIMOTOPOBCKHH CKEHIIMHT)
Ha MacmTadax 6osee HOHHOTO rupopaauyca (MI'I-macr-
TaOb1). Ha wmacmTabax mopsika WHEPIHOHHOHN JUTHHBI
MPOTOHA MPOUCXOUT M3JIOM CIIEKTpa U TIEPEX0] K KUHe-
TUYECKUM MaciiTabaM, Ha KOTOPBIX CIIEKTP TAK¥Ke OTIHCHI-
BaeTcs CTETIeHHOW QyHKIMeH ¢ mokasareseM o. CoriacHo
CTaTUCTUYECKUM JaHHBIM, B cpenHeM a=—(2.8+3), Torma
KaK, COTJIACHO TEOPETHYECKHM IpeICKa3aHUsIM, O CO-
craBisier oT —7/3 [Schekochihin et al., 2009] mo —8/3
[Boldyrev, Perez, 2012]. BonbIIMHCTBO HCCIIEIOBAHMIA
nokasbiBaeT, yto Ha O3YB mnpoucxoautr H3MEHEHUE
XapaKTePUCTHK CIIEKTPOB TYpOYICHTHBIX (IYKTyaruii:
HapyIaeTcs KOJIMOTopoBckuil ckeitnmuar Ha MI'/I-macm-
tabax [Czaykowska et al., 2001; Huang et al., 2017; Pax-
MaHoBa H Jp., 2018; Rakhmanova et al., 2024a] u ciekTpbl
MOTYT OBITh ONHUCAHBI CTSTIEHHBIMH (QYHKITHSIMH C TIOKa-
3areneM —1, XapaKTepHBIMH JIJISI COBOKYITHOCTH HEKOTe-
PEHTHBIX BOJIH WJIM JJIs1 MacITabOB HAaKadyKH SHEPTHUU.
Ha kuHeTnyecknx MacmTadbax psi UCCIeT0BaHUH MOKa-
3]l CYIIECTBEHHOE YKpPy4YEHHE CIEKTPOB (DIIyKTyammid
3a O3YB [Rakhmanova et al., 2018, 2024a], npenmoso-
KUTEIHFHO BBI3BAHHOC YCHJICHUECM JUCCUIAIMH HEP-
THH B PE3yJbTaTe OOJBIIOr0 KOJMYCCTBA BOJHOBBIX IMPO-
LIECCOB U HEYCTOMUMBOCTEH, XapakTepHbIx st MCJL.

Crenyer Takke OTMETHTh, YTO XapaKTEPUCTHUKH
TypOyJIEHTHOCTH 3aBUCAT OT THma 1iasmel CB, onpene-
JIIEMOTO B OCHOBHOM €ro HCTOYHMKOM Ha CoJHie
[Bruno et al., 2014; Ps3anuesa u ap., 2019, 2020; Ervin
et al., 2024]. Kpome Toro, B paboTtax [PaxmanoBa u 1p.,
2024; Rakhmanova et al., 2024b] moka3ano, uto qis CB
Pa3HBIX TUIIOB XapaKTepHa Pa3iMyHas TUHAMHUKA CBOWCTB
TypOynenrnoctr 3a O3YB, B TOM umcie pa3audHas CTe-
MeHb MOTU(UKAITUK TYpOYJIESHTHOTO Kackajaa B JTHEBHOM
MCIJI u ciennduyecKkuii XxapakTep €ro BOCCTaHOBJICHUS
TIPH pacipoCcTpaHeHUH T1a3Mbl K dranram MCJL.

Taxum 00pa3oM, HCCIeOBaHUE 0COOEHHOCTEH (hop-
MHpoBaHUS TypOyneHTHoro kackaaa B MCJI Bo Bpems
Bo3mymieHuid B CB MoXeT 1aTh NpeacTaBieHue O Mpo-
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meccax, MPOUCXOAIINX B MEPEXOAHON 007acTH B Iie-
pUOIbI HAOMIOACHHS TOTEHIHAIBHO Te03(h(hEeKTHBHBIX
SIBICHUN B MEXIUIAHETHON Cpeie, W TOIOIHUTH CYIIe-
CTBYIOIIHME MPEACTABICHUSA O COJTHEUHO-3EMHBIX CBA3SIX.
B nHacTosmei pabote ObLIM paccCMOTPEHBI 15 ciydaeB
peructparuu ICME Ha opOuTe 3eMau M MpoaHATH3H-
POBaHBl M3MEHEHHsSI XapaKTEPUCTHK TYpOYJIEHTHOCTH
ma3Mel Tipu niepecedeHur O3YB B atu nepuoasl. ICME
SIBJISTFOTCSI MEKTUTAHETHBIMH TIPOSIBIICHISIMH COJTHEYHBIX
SPYITHBHBIX COOBITHH (BHIOPOCOB KOPOHAIBHON MacChl),
KOTOpBIC TIPHBOJAT K (DOPMHUPOBAHHMIO KPYITHOMACIITA0-
HBIX MAarHUTOIUIa3MEHHBIX CTPYKTYP, PacIpOCTPaHsIO-
IUXCS B MEXKIUTaHETHOU cpeae. Ecimu ckopocTs pactpo-
CTpaHeHHs] MarHUTOILIa3MEHHOM CTPYKTYphl OT CoJHIa
MPEBBIIIACT CKOPOCTh OKpYsKaroliei miasmel CB, mepen
HHM, KakK Iepejl MOPIIHEM, MOXKET (OPMHPOBATHCS 00-
nmacTh cxkaTtuss — Sheath, xapakrepusyroriascsi MOBBI-
[ICHHBIM TIA3MEHHBIM JTaBJICHUEM (TUIOTHOCTBIO U TEM-
MepaTypoi) ¥ MOIIHOCTBIO (hiaykTyaruii. Eciau ckopocThb
pacipoCTpaHeHUS BO3MYIIEHHUS MIPEBHIIIACT JJOKAUTHHYIO
CKOpocTh ObIcTpoii MI'JI-BOJIHBI, TO Tepel MOPIIHEM
dbopMupyeTcss TakkKe MEXKIUTAHEeTHAs yIapHas BOJIHA.
Ha op6ure 3emnu ICME uaentuduuupyercs mo Habopy
IapaMeTpoB IJIa3Mbl U MarHuTHOTO ToJist [Epmoiraes
u 1p., 2009], a Takke 10 HOHHOMY COCTaBy M IIOTOKAaM
sHepruuHbIX vactull [Richardson, Cane, 2010]. s IC-
ME xapakTepHO yBeIMYEeHHE MATHUTHOTO TOJIS TI0 CpaB-
HeHHMIO ¢ okpyxkaromuM CB, 3HauuTEeNnHHOE YMEHBIIIE-
HHE TEMIIEPATYpPhl, YBEIWYCHHE CKOPOCTH B Hadale
COOBITHSI M €€ CHIXKEeHHe K KoHIy. Kpome Toro, gacto
HAOJIIOIaeTCsl YBEIMUYEHUE OTHOCUTEIILHOTO COepika-
HUS anb(a-4acTHI], a TaKKe HOHOB C OOJBIITUMHU 3aps-
JIaMH, TaKUX Kak jkelie3o u kuciopona. Kak mpasuio,
Ha opboute 3emim ICME nabmromaercs B 1ByX hopmax —
Ejecta nam marautHoe o6nako (Magnetic Cloud, MC).
K MC otnocat ICME, koTopble XapaKTepu3yIOTCs CIIO-
KOWHBIM MArHMTHBIM IOJIEM OOJIBIIOW aMIUTUTYIbI Oe3
CYIIECTBEHHBIX BapwWalWii, TPH OTOM HaOIIOaeTCs
IJIaBHBIH OBOPOT BEKTOPAa MAarHUTHOTO OIS HAa 0OJIb-
IO YTOJI, CYIIECTBEHHOE YMEHBIIEHUE TeMIIepaTyphl
1 IJIOTHOCTH MTPOTOHOB M, KaK CJEICTBUE, TIa3MEHHOTO
napameTpa [3 — OTHOIIEHHS TEIUIOBOTO JABJICHHS K Mar-
muTHOMy [Burlaga, 1991]. Pasmuune ICME sTux asyx
THTIOB, BEPOSTHO, 00YCIIOBIUBACTCS PA3INIHBIMH TPACK-
TOPUAMHU TIEPECEUCHUS UX PETHCTPUPYIONUMHU KOCMH-
yeckumu ammapatamu (KA) [EpmomaeB u mp., 2009;
Kilpua et al., 2017]. IToapobHoe omucanue HOpMHPO-
BaHHUSA, DPACIPOCTPAHEHHUS W BHYTPEHHEH CTPYKTYpPHI
ICME wmoskHO Haiith, Hanpumep, B o63ope [Kilpua et
al., 2017]. B HacTosmeii padoTe COOBITHS OTOMPAIINCh
u3 katanora [Epmonaes u ap., 2009], mpu 3ToM cOOBI-
tus tHna Ejecta m MC paccMaTpuBaIMCh OTAEIBHO.
CoObiTus tumna Ejecta, isi KOTOpBIX HE HAOJII0IAJIOCh
obmactu cxatus Sheath mepen ICME, paccmaTtpuBa-
JINCH OTAENIBHO OT COOBITHI C 00JACThIO CXKATHS, TOTJa
kak B ciaygae MC Bcerma OpHUCYTCTBOBaja 00JacTh
cxatwst. [leprnoibl, COOTBETCTBYIONINE HETIOCPEICTBEH-
HO oOnacTsM cxaTus Sheath, Taxke paccMaTpHBAIINCh
HezaBucuMo. KpoMe Toro, Ha OCHOBE aHaIM3a 3HAaUCHHU I
Dst-unnekca ObLIM BbIAEAeHBI coObITHs Thma Ejecta,
kotopeie Habmoganuck 1 B CB, u B MCJI, HO He co-
MIPOBOYKIATUCH CYIIECTBEHHBIMH T€OMArHUTHBIMH BO3-
MYIIEHUSMH, U OB OIpeeeHbl XapakTepHble H3Me-
HEHHS CBOWCTB TYypOYJCHTHOTO KacKaga B yKa3aHHEIC

18

Features of turbulent cascade development

MIePHOBl. AHATTM3UPOBAIUCH OJHOBPEMEHHBIE M3MEpe-
HHUS XapaKTEePUCTUK TypOyJaeHTHOCcTH B CB 1Mo JaHHBIM
cnytiuka Wind u B MCJI mo AaHHBIM KakKoro-inbo
cnytauka muccuit THEMIS, Cluster, MMS. Amnanu3
npoBoauics st 2016—2017 Ir., TOCKOJBKY 3TOT IEPHO/T
COOTBETCTBOBAJI CMAIy I[MKJIA COJTHECYHOW aKTUBHOCTH
U HaOJIOJCHHUIO JOCTATOYHOTO KOJIMYeCTBa reodddex-
THBHBIX COOBITHIA B MEXIUTAHETHOM cpele U IS HEro
nMeeTcsl OONBIION 00BEM JOCTYIHBIX CITyTHUKOBBIX
JIaHHBIX, 3apeructpupoBaHHsix B MCJL

1. JAHHBIE U METOJIUKA AHAJIM3A

Bpemennsle uHTEpBansl, coorBerciBytomue ICME,
orOupanucy mo kartanory [Epmomaes u np., 2009;
http://iki.rssi.ru/pub/omni/catalog/]. [Ins Bcex ciydaen
nabmonenuss ICME B 2016-2017 rtr. 6bu10 ompene-
neno nojoxenne cnytaukoB THEMIS, Cluster, MMS,
a TaKk)Ke YCTAaHOBJICHO HAJIMYHE M3MEPEHHH C ITHX KOC-
MHYECKHX almlapaToB B OTOOpaHHBIE BpEMEHHBIC WH-
TEpBaJbl, U YEro HCHOJIB30BAJICS HHTEPHET-PECypPC
[https://cdaweb.gsfc.nasa.gov/sp_phys/]. [lonoxenue
cinytHuKa BHYTpH MCJI onpenensiock myTeM aHaliu3a
9HEPreTHYECKOTr0 paclpeieieHnss HOHOB, MJIOTHOCTH
U CKOPOCTH NPOTOHOB. OTOMPAIHCH TOIBKO COOBITHS,
BO BpEMs KOTOPBIX CITyTHUKH HAXOJMIUCh B JTHEBHOM
gactn MCJI (Xgsg>5Rg) ¥ IMEITUCH OBICTPBIE HU3MeEpe-
Hust MarautHoro moiist B MCJI co cytHuka. Mcnonb3o-
BaJMCh JaHHble proopoB FGM: Ha criytHukax THEMIS
[Auster et al., 2008] ¢ gacToTo¥t ompoca 4 BekTOpa
B ceKyHAy, Ha criyTHHKax Cluster [Balogh et al., 2001]
C 4acTOTOM OMpoca 5 BEKTOPOB B CEKYHAY, Ha CITyTHHU-
kax MMS c gactortoil ompoca 16 BEKTOPOB B CEKyHIY
(B 6BIcTpOIT Moge) [Russell et al., 2016]. [Ipu Hanu4wm
M3MEPEHUI MarHUTHOTO TOJSI JUIsi BBIOPaHHOTO COOBI-
THSL CONOCTABIUIMCH U3MEPEHHS CO CIIyTHHKOB B MCJI
u B CB. Hcnonb30Banuchk U3MepeHus apaMeTpoB IIa3Mbl
B CB mpubopom SWE [Ogilvie et al., 1995] ¢ Bpe-
MEHHBIM pa3pemieHrueM 92 ¢ U MarHUTHOTO TIOJISI TIPH-
6opom MFI [Lepping et al., 1995] ¢ gacroroit ompoca
11 BexTOpOB B ceKyHay Ha cryTHHKe Wind B OKpecTHO-
cty Toukd Jubparuu L1. AHamm3 mapameTpoB TUTa3Mbl
B MCIJI npoBoawsics o maHHbM TipruoopoB ESA/THEMIS
[McFadden et al., 2008], CIS/Cluster [Réme et al.,
2001] u FPI/MMS [Pollock et al., 2016]. Bcero 6pu10
BeIOpaHo 15 coObitnit perucrpamun ICME Ha opOute
3eMi.

Jns comocraBieHus NaHHBIX, ModydyeHHbIXx B CB
n MCIJI, Heo0X0IMMO KOPPEKTHO OIpPENEIUTh BpeMs
pacIpoCTpaHEHUS IIIa3MBl MEXIy KOCMHYECKHMH all-
mapataMu. BpeMs pacmpocTpaHEHHS ONpenessioch
KOPPEISIIMOHHBIM aHaJN30M BPEMEHHBIX PAIOB IIIOT-
HOCTH TIPOTOHOB cO ciryTHHKa Wind ¥ 0JTHOTO M3 CITyT-
aukoB B MCJI. Jlnst 3TOro n3MepeHus: TUIOTHOCTH TIPH-
BOIMIIMCH K OOIIEH BpEeMEHHOW CETKE C pa3pelieHueM
92 ¢, 3aTeM BBIYHMCISUICS IIPEJBAPUTENILHBIN BPEMEHHON
cuBur To=dX/|Vx|, rne dX — paccTosiHEE MEXy CITyT-
HUKaMH BJONb ocu Xgsg; Vx — cpelnHee 3HaueHHE
KOMITOHEHTHI ckopoctu minazmbl CB Bponb ocu Xgsg,
u3MepeHHoe cryTHukoM Wind B TeueHHe COOBITHS.
Jlanee mpoBOAMIOCH BEIYHCIEHHE KOd(D(HUITUEHTa KOP-
PETSIHA IIOTHOCTEH I Trana30Ha BPEMEHHBIX CIIBH-
roB [To—3600 c; T;+3600 c]. Koapdumment koppemns-
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WU BBEIYHCISIICS Ha WHTEPBAJC IIUTEIBHOCTBIO OT 2
0 8 4, B 3aBHCHMOCTH OT JOCTYITHOTO MHTEpPBaia JAaH-
HbIX. Omnpenensicst cnBur d7, COOTBETCTBYIOIIUI Mak-
CUMYMYy KOX(QQUIHCHTa KOPPEIAIHMU, W MOTYyYCHHOE
3HAYCHUE BBIOMPATIOCH B KaYECTBE BPEMCHHOI'O C/IBHTA
ISl paccMaTpuBaeMoro MHTepBayia. Kakmoe 3HadueHUe
dT TmpoBepsuIoCh BPYYHYIO IO BH3YyallbHOMY COBHaJe-
HUIO (PPOHTOB TUIOTHOCTH WIJIM KOMITOHEHT MarHHUTHOTO
IOJIST HA JBYX CIYTHHKAaX W NPH HEOOXOIMMOCTH KOp-
pextupoBaniock. Ha puc. 1 comocTaBistoTcsl 1aHHbBIE
m3mepenuit KA Wind B CB u KA MMS-1 8 MCJI mns
cobbiThs 2—-3 deppanst 2016 r. Ha nmanensix a, 6 npuse-
JICHBl M3MEPCHUS IUIOTHOCTH U CKOPOCTH MPOTOHOB,
JieBasi OCh OPIMHAT OTHOCHUTCS K ciyTHHKY B CB, mpa-
Basg — k cnyTHuKy B MCJI. Ha nanensix 6, 2 mpuBeieHbl
MOAYJIb U KOMIIOHEHTHI MarHuTHoro noiis B CB u MCJL
l'opHU30HTANBHEIME CTPEIKAMU HAJl BEPXHEH MaHENbIO
pucyHka o6o3Havens! Tanbl CB — mo 22:00 nabmroma-
nack obnmacts cxkarus niepen ICME, ¢ 22:00 rabmromancst
cam ICME, otnocsmmiics k Tuny Ejecta. Jlaraeie Wind
caBuHYTH Ha 4380 c. X0poIlo BUIHO COBMAJCHUE BpPE-
MEHHOTO XOJla TUIOTHOCTH NMPOTOHOB HA JIBYX CITyTHH-
Kax Ha BCEM HWHTEPBAJIC, a TAKKE JIOKAIbHBIC HECOOT-
BETCTBHS IUIa3MCHHBIX CTPYKTYp, BO3HHKAIOIIUE, KaK
MPABUJIO, W3-32 PA3JIMYMs B CKOPOCTAX HX PacIpoCTpa-
HEHUSI.

Jlst ompeneneHust TEOMarHUTHOTO OTKJIMKA Ha pac-
CMaTpUBaeMOe COOBITHE OBUTM TIPOAHATU3HMPOBAHBI 3HAYC-
HUs Dst-uHnexca u3 6a3wl TaHHBIX oOcepBaTopun Knoto
[https://wdc.kugi.kyoto-u.ac.jp/dstdir/]. Ha puc. 1, e npu-
BeJieHbl 3HaueHust Dst ¢ BpeMEHHBIM pa3pelieHydeM 1 4.
Bunno, uro npuxon ICME compoBoxnancsi reoMarnur-
HO Oypei ¢ MUHIMAanbHBIM 3HaueHneM Dst=-57 a1
B Hacrosieit paboTe coObITUsI ObUIH pa3felicHbI Ha BbI-
3BaBIIME 3HAYUTEIBHBIA OTKIMK MarHUTOc(ephl, eciu
OHH COIPOBOXKAANKMCH U3MEHEHHUEM Dst 10 3HAYCHUM
menee —30 T, ¥ He BBI3BABIIME 3HAYUTEILHOIO I'€O-
MarHUTHOTO OTKJIMKa, ecnu Dst nociae npuxona ICME
He omyckaics Hike —30 HTm.

Jlns nanmpHEWIIero aHain3a XapakTePUCTHUK TypOy-
JIEHTHOCTH B JJAaHHOM COOBITHH OBUTH BHIOpAaHBI 1Ba WH-
TepBajia, OTMEUYEHHbIE Ha puc. 1 cepoil 3aJMBKOW: UH-
TepBan 1 otHOCHTCS K 0oOmacTu Sheath, a muaTepBan 2 —
k obsactu Ejecta. IHTepBaibl oTOMpaniuck UCX0As U3 UX
IIUTEeNsHOCTH (~1 ), a TakkKe UCXOMS U3 COOOpaKeHMIt
KBa3UCTALMOHAPHOCTH MAPAMETPOB, T. €. 03 CyIIeCTBCH-
HBIX CKa4KOB TUIOTHOCTH WJIM ITOBOPOTOB BEKTOpa Mar-
HUTHOTO ITOJIsl, COOTBETCTBYIOIIMX, KaK MPaBUIIO, Tepe-
CEUCHHIO Pa3pbhIBOB PA3IMYHBIX THUIMOB. J[JI Ka)moro
MHTEpBaa BPEMCHHON CIIBUT YTOYHSUICS JTOTIOTHUTEIBHO
BpPYUYHYIO.

Jlns BBIOpAaHHBIX HMHTEPBAJIOB C MOMOIIBIO (pyphe-
aHaM3a ONMpeAeINCh XapaKTEPUCTUKH TYpOYIEHTHO-
ctu B CB u MCJI. ITockoabKy BpEMEHHOE pa3pelicHue
MarHUTOMETPOB Ha HCIOJB3YEMBIX CIIYTHHKAX Pa3jiH-
Y4aeTCsl, HHTEPBAIBI JJIsI BBIYUCIICHUS CTICKTPOB (DITyKTY-
alnuii UMErT pasHyr utenbHocTh B CB u B MCJL
Takoe paznuuue CBS3aHO C HCIOJB30BaHUEM (ypbe-
aHalM3a, HAKJIaIbIBAIOIIEr0 OrpaHHYEHHE Ha YHCIIO
TOYEK B CHEKTpe. B maHHOM ciydae A CITyTHHUKOB
MMS-1 u Wind qIuTeNbHOCTh HHTEPBAIIOB COCTABIISET
68 MuH 1 50 MMH COOTBETCTBEHHO. VIHTEpBajbl BHIOH-
panuch TakuM 00pa3oM, YTOOBI UX IIEHTPHI COBIAIAIIH.
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Puc. 1. CoGritue 2-3 ¢eBpanst 2016 r.: mnoTHOCTH (a)
u ckopocTh (6) npoToHoB U 1o u3Mepenusm Ha KA Wind B CB
n Ha KA MMS-1 B MCJI; Moaynp 1 KOMIIOHEHTHI MarHUTHOTO
nostst o uzmepenusim Ha Wind B CB (6) u xta MMS-1 B MCJI
(2); manexc Dst (0)

®Dypre-CHEKTPBl  BRIYUCIBIINCE I (pIyKTyamuidi Kak
BEKTOpa MarHUTHOTO IO (CyMMa CIEKTPOB (PIIyKTya-
U KOMITOHEHT II0JIS), TAK M MOAYJISI MATHATHOTO TIOJIS.
OnyKTyanuy BEKTOpa MAarHUTHOTO TOJIS SIBISFOTCS CYM-
MOI1 Hec)xnMaeMoit (aJb()BEHOBCKOH) KOMIIOHEHTHI (UTyK-
TyaIlui, TOoraa Kak (UIyKTyalui MOy sl MATHUTHOTO TOJIS
OTOOpAKAIOT CKUMAEMYI0 (KOMIIPECCHOHHYI0) KOMIIO-
Henty. Kak mpasuno, B CB BkiaJ KOMIPECCHOHHON
KOMITOHEHTHI (DIyKTyalnuii B Kackaj NpeHeOpeKruMO
Mal, ¥ TypOYJNEeHTHOCTh PacCMaTpUBACTCA KaK YHCTO
anppBeHoBckas [Schekochihin et al.,, 2009]. B MCJI
oSt QITyKTYaIllid CKAaTHs CTAHOBHUTCS CYIIECTBEHHOMN
[Huang et al., 2017], 9ro sBIsSETCS BaKHOH OTIMYH-
TEIHHOU YepTOH TypOYyJIESHTHOCTH B 3TOH 00IacTH.

Ha puc. 2 npuBeneHb! BBIYHACICHHBIC CIIEKTPHI IS
HMHTEPBAJIOB, OTMECUCHHBIX CEPBIM Ha PHC. |: MaHeNH a, 6
oTHOCsATCS K MHTepBaiy 1 (Sheath), manenu 6, & —
k untepBany 2 (Ejecta). Ha manensx a, 6 moxa3aHsl
cnekrpel B CB, Ha manensix 6, 2— B MCJI. Heo6xoimo
OTMETHTB, YTO Ha paccMaTpuBacMbIX MacmTabax B CB
mymel ipubopa MFI MoryT BHECTH 3HAYMMBIN BKJIA]
B CHEKTpHl QuIyKTyamuii Ha dactorax Oomee 0.7 I'm
[Woodham et al., 2018]. UtoOsl u30ekaTh BIMSHHS
IIymMa Ha pe3yibTaThl aHAIN3a, MPEIBAPUTEIFHO OIpe-
JIEJIATIOCH OTHOIIEHUE CIEKTPOB M3MEPEHHBIX (IyKTya-
U K CHEKTPYy IIyMa, BBIYHCICHHOMY IO METOIWKE
[Woodham et al., 2018], u onpeznensiiack yactoTa, Ha KO-
TOpOW COOTHOIIEHWE CHUTHAI/IIyM mpeBbiuano 5. Ha ga-
CTOTaX, MPEBBINIAONIUX YKA3aHHYIO, AIMPOKCHMAIIHS
CIEKTPOB He NpoBowiIack. LIlyMoBEIe criekTpsl mprbopa
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Puc. 2. Crextps! (crulonnsle JTHHAN) GIyKTyanuid KoM-
MOHEHT (YepHble KPUBbIE) U MOIYJ (KpacHble KPUBBIE) Mar-
HutHoro nons B CB (a, 6) u 8 MCIJI (s, 2) 11 untepBaios 1
(a, 6) u 2 (6, ) Ha puc. 1, a Takxe pe3yabTaThl alIPOKCUMa-
UM CIIEKTPOB (WTpHXOBble JuHUM). Cepble JTUHUHM HA MaHe-
JSIX a, 6 — HIyMoBbIe crieKTpsI pubopa MFI, yMHOKEHHBIE
Ha KO PHITUCHT 5: CIUIONIHbIE — CIEKTPBI GIYKTYaIui KOM-
MOHEHT MarHUTHOTO IOJIS, IUTPUXOBBIE — CIEKTpPhI (uykTya-
LU MOJLYJISt MATHUTHOTO OIS

MFI, ymHOXeHHBbIe Ha KOd(pPHUUIHEHT 5, moka3zaHbl
Ha puc. 2 a, 6 CEPHIM IIBETOM.

JIis TONMYyYEHHBIX CIEKTPOB XOPOIIO BBIACISIOTCS
IBa Macmitaba, pasgencHueie unomoM: MI'Jl u kune-
THieckuid. Ha ykasaHHBIX Macmrabax IIpOBOIUIACH
JMUHEWHAs amnmpoKCUMAIHs CICKTPOB B JiorapupmMuye-
CKOM MacmTabe U KaKJO0ro Juara3oHa U OMpeIeisii-
cs TIOKa3aTeNb CTeNeHHOW (QyHKIMU (HAKIOH) CTIEKTpa.
B psine cmygyaeB Takas anmpoKCHMAaIHs HEBO3MOYKHA H3-
3a MPHUCYTCTBUS B CIIEKTpe MHKa (CHeKTp (QiaykTyanuid
MOJYJIsI MAaTHATHOTO TIOJISL HA PHUC. 2, 8) WM W3-3a JO-
CTIDKEHHSI YPOBHS IIyMa (CHEKTP (IyKTyaruid MOIYIII
MarHUTHOTO TIOJIS Ha pucC. 2, 0).

Jlns momaBisroniero 0oaesmuHcTBa coObITHE B CB,
MPOaHATN3UPOBAHHBIX KaK B JJAHHOW paboTe, Tak U B 00-
Jiee paHHHWX CTATUCTUYCCKUX HccienoBaHusx [Woodham
et al., 2018], u3nmoM criekTpa HaOIIOJaeTCsA HA 9YaCTOTaX
6onee 0.1 T'm. B HacTosmieit paboTe Ui OIICHKH MOIII-
Hoctu (aykryarmid Ha MIJ[-macmrabax ObUT BBIOpaH
nuana3oH 9actoT 0.095-0.105 I'u. st xaxmoro moiry-
YEHHOTO CHeKTpa OblIa ompezeneHa MOITHOCTEL (ByKkTya-
M BekTopa v MoayJist MarauTHOro ot B CB 1 B MCJL

Kak BumHo Ha puc. 2, B CB B nepro Sheath ciektpbr
Ha MI'/I-macmitabax HecKoJbKO Oonee KpyThie (~—1.8),
YeM KOJIMOTOPOBCKHH CIIEKTP C IOKa3aTelieM HaKJIoOHa
—5/3. Takoil HakJOH XapakTepeH s obyacTeit
Sheath [Riazantseva et al., 2024]. B nepuon Ejecta
CIIEKTPHl MMCIOT HAKJIOH, OJM3KHA K KOJIMOTOPOB-
ckomy Ha MI'/I-macmitabax. [ns mHTepBana 1 BHyTpH
Sheath criekTp (uIyKTyarwii MOAYJSE MarHUTHOTO TIOJIS
AMEET CKEHJIMHT, OJIM3KUH K CKEHIIMHTY CTIeKTpa (QIIyK-
Tyanuii BEKTOpa IOJIS, IPH 3TOM MOITHOCTH (IIyKTya-
I BEKTOpa M MOAYJISI MAarHUTHOTO TIOJIS Pa3TUdaeTCst

20

Features of turbulent cascade development

B TpH pa3a. Kak npasuno, mis CB xapakrepHa Oospias
pasuuina B MomHocTH (B 10 1 Oonee pa3s), 00ycioBiICH-
Hasl TOMUHUPYIOIIUM BKJIAZIOM allb()BEHOBCKUX HECHKH-
MaeMbIX (IyKTyanuii, 4To HAOMIOHaeTcs, Hampumep,
st mepuoaa Ejecta (eMm. puc. 2, 6), IUIT KOTOPOTO MOIII-
HOCTh KOMITPECCHOHHOW KOMIIOHEHTHI MeHbIIE B ~40 pa3.
Opnako o6macts Sheath xapakTepu3yeTcst BRICOKUMHU 3Ha-
YEHHUSAMH TUIOTHOCTH, YTO U BBI3BIBACT YBEIUUCHHUE O
C)KUMaeMOW KOMITOHEHTHI QurykTyanmii. Ha kuHeTnde-
CKHMX MacmTabax CreKTphl QIIyKTyallii UMEIOT IoKasa-
TEJIN HAKJIOHOB, OJIM3KHE 3HAYCHUIO —8/3, TIPUBEICHHOMY
B PsiZie TEOPETUUECKUX ONHMCAHUK TypOyJIeHTHOCTH.

B MCIJI cnexTpbl XapaKTepHU3YIOTCs YILUIOLICHHEM
Ha MI'JI-MacmTabax U OTKIOHCHHEM CKCHIIMHTA OT KOJI-
MOTOPOBCKOTO Ui (DIyKTyanuii BEKTOpa MarHUTHOTO
mons. IIpu aTom B mepuoa Sheath muk HabGmromaeTcs
B CHEKTpe QUIYKTyalmii MOIYJsS IO, a B HEPHUOX
Ejecta — B cmekTpe BekTtopa mons. Jlmama3oH 4acTor,
Ha KOTOPOM HaOIIIOAICS THK, MCKITIOYANICS M3 PacCMOT-
perns. OOCY)KIACHUE TPHUPOJABI YKA3aHHBIX IHKOB BBIXO-
JIUT 3a paMKU HacTosmer pabotel. Kak mpaBuio, Takue
MK O0YCJIOBJIEHBI BOJNHOBBIMH Tporeccamu B MCJI
BCJICJICTBHC AHHM30TPOIHMU TEMIICPATYPHI, MPHYEM THUI
mpoIiecca 3aBUCHT OT BHEMIHUX ycioBuil [Schwartz et
al., 1996; Lacombe, Belmont, 1995]. Insg o6oux unTep-
BaJIOB XapaKTEPHO YKPYYCHHE CIICKTPOB HAa KHHCTHYEC-
ckux Macmrabax. Jms wHTepBama Sheath momrHOCT
¢urykTyarmii BeKTopa ¥ MOYJISl MArHUTHOTO TTOJIS OJIF3Ka
kak Ha MI'JI, Tak 1 Ha KUHECTUYCCKHUX MacIiTadax, u4To
CBHJETENBCTBYET O CYIIECTBEHHOM BKJIaJe KOMIIpEC-
CHOHHBIX QuIyKTyaruii B kackan. Jlins maTepBana Ejecta
B MCJI na MI'JI-macmitabax, Tak ke kak u B CB, mons
GIIyKTyanuil cokaTusl CYIIECTBEHHO MCHBIIE, YeM OIS
anb(PBEeHOBCKUX (HIYKTyanui, Torma Kak Ha KHHETHYC-
CKHX MacITadax UX BKIIAJ BO3PacTacT.

BaxkHoll XapakTepHCTHKOI TypOyJIEHTHOCTH SIBIIS-
eTcs TaKkKe 4acToTa M3JIOMa CHEKTPOB, OCKOJIBKY CUH-
TaeTcsi, YTO MaclITad, Ha KOTOPOM IPOSIBISIETCS M3JIOM,
CBS3aH C MEXaHU3MOM JHCCHUIIAINHN SHEPTHH M HarpeBa
m1a3mMbl. OHAKO BBIIETICHUE 3TOTO MaciiTada Tpedyet
3HAYUTEIBHOW CTaTUCTHKH, U aXKe TPH HAIWIUU TaKO-
BOM OH 1O CHX TIOp HE ONpEIeNieH OJHO3HA4YHO (CM.,
Hanpumep, [Woodham et al., 2018]). B nacrosmeii pa-
00Te CTAaTHUCTHKAa HE II03BOJIIET JOCTOBEPHO YTBEp-
KJIaTh, KAKHM MAacCIITa00M ONPEEISICTCS. U3JIOM CIICKTPA,
MIOSTOMY JaHHBII BOIIPOC OCTABICH 32 PAMKaMHM HCCIIe-
JTIOBAHUSL.

B o0mieii cnosxxnoctu ms 15 cobwituit ICME 6b110
BbIJENICHO 47 MHTEpBaNoB, pa3aeneHHbIX no tury ICME
U WHTCHCHUBHOCTH CIPOBOIMPOBAHHBIX WMH TeoMar-
HUTHBIX BO3MYIIEHUH Ha chemytontue rpymmsl: 1) ICME
tuna Ejecta, mepex KOTOpsIM Habmogamack 007acTh
CXaTUS M TOCIIe TPUX0/a KOTOPOTO OBLIO 3aperucTpu-
poBaHo Dst<-30 HTxn, T. e. HaOMIOAAIOCH TEOMATrHUT-
Hoe Bosmymenue (GS) — Ejecta/Sh/GS; 2) ICME Tturma
Ejecta, mepen xotopbiM HaOmoganack o0jacTb cxka-
THS ¥ TIOCIIe PUX0/1a KOTOPOTo OBUIO 3aperucTpupo-
BaHo Dst>-30 HTu, T. e. He HAOIIOANIOCH CYNICCTBCH-
HOTO TeoMarHuTHoro Bo3Mmymienusi — Ejecta/Sh/noGS;
3) ICME Tuna Ejecta, nepex KOTOpsIM He HaOJIOIANOCh
obnactu cxatust u Dst>—-30 uTn — Ejecta/noSh; 4) 00-
nmacTh cxkatus Sheath, mociie mpuxoma KOTOpoit OBLIO
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Tumsr PAaCCMOTPEHHBIX UHTCPBAJIOB U UX XapaKTECPUCTUKU

Komnuectso
T KonnuecTBo OTKIHMK WHTEpBATIOB CpenHee 3HaueHUE Cpennee 3nauenue V'
i MHTEPBAJIOB | MAarHUTOC(EpE ¢ Koy B MCJT B,BCB, uTn B CB, xm/c
Ejecta/Sh/GS 8 + 5 -5.34+3.3 355+4
Ejecta/Sh/noGS 13 — 10 3.7+4.1 420+64
Ejecta/noSh 13 — 10 1.2+2.1 382+42
Sh 8 + 2 0.7+3.2 422+109
MC 5 + 1 —6.3+5.7 473+100
® Ejecta/Sh/GS| ® Sh| e MC| e EjectainoSh| = Ejecta/ShinoGS| o
-0,51 a -5/3; -2.0 4 ol
1 I -
1 [ ] -2.54
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Puc. 3. 3aBucuMocTh HaKJIOHA CIIeKTpa (TyKTyamnuii Bekropa MarauTHoro moist B MCJI ot Hakiona B CB na MI'/l-macmrabax (a)

1 Ha KHHETHYECKUX Macirabax ()

3apeructpupoBano Dst<-30 uTn — Sh; 5) ICME Ttuma
MC, mocrie mpuxo/1a KOTOPOTO OBUIO 3apETUCTPUPOBAHO
Dst<-30 aTn — MC. KomuuecTBo HHTEPBAJIOB KOKIOTO
THIIA ¥ HaJMYHE/OTCYTCTBUE OTKIMKA MarHUTOCQEPHI
Ha COOBITHE, a TAaKKE CPEIHUC 3HAYCHHS B,-KOMIIOHCHTEI
MEKIUTAHETHOTO MAarHUTHOTO TOJII B CKOPOCTH TUIA3MBI
CB 151 BBIIIETICHHOH TPYIIBI COOBITHH MPUBEACHHI B Ta0-
ymne. Kak mokaspIBaloT pe3ynbTaThl CTATHCTHYCCKHUX HC-
cnenoBanuii [PaxmanoBa u fp., 2024; Rakhmanova et al.,
2024b], niis Bo3mMymeHHBIX TiepronoB B CB, u B 4act-
HocTH i mepuoaa npoxoxaeHus ICME, xapakrtepHa
cymecTBeHHass Moaudukanus TypOyJISHTHOTO Kackaaa
BO Bcelt mHeBHOM yact MCJI, BHE 3aBUCHMOCTH OT pac-
TIOJIOKEHHUSI CITyTHUKA OTHOCHTEIFHO MAarHHUTOAY3BI
n O3VYB. IloatoMy B naHHOW paboTe HE IPOBOIUIOCH
pa3IencHrs WHTEPBAJIOB BOJIM3W TPAHUI] U B CEpeAUHE
MCII. Paspenenust mo tumy O3VYB, 3a xoTOpoil Bemuch
H3MEPEHIS, TAKXKE HE MPOBOTIIIOC.

Ha ocHOBe MOMYYEHHOW CTATUCTUKU OBLIO PAacCMOT-
peHo u3MeHeHue mpu nepecedenur O3YB: 1) MomHOCTH
¢bnykryanuit PSD na MI'/[-macmtabax; 2) CTelieHH Cka-
a1 (Koaddurnmenta komnpeccun) Ha MI'J[-macmTabax
CC=PSDp,/PSDg, tne PSD — MoniHocTh QUIyKTya-
WA CIIeKTpa MOAYJSI MATHUTHOTO 1oJist, PSDg — Mot-
HOCTh (DIIyKTyaryii BEKTOpa MarHUTHOTO TTOJIS; 3) HaKJIo-
HOB P; v P, Ha MI'J] 1 KHHETUYECKHUX MaciiTadax cooT-
BETCTBCHHO JUIS KaXKIOTO THIIA WHTEpPBaJIOB. Pe3ynbra-
ThI aHAJIN3a TIPUBEICHBI B CICAYIONIEM pa3Jielie.

2. PE3VYJIBTATDBI

Ha puc. 3 npuBeeHO cpaBHEHHE HAKIOHOB CIIEKTPOB
¢baykryanuit Bektopa MarautHoro mons B CB u MCJI
Ha MI'J] (@) m Ha xuHeTHYeckux (0) macmTabax mis
coObITHi pasHbIx TUNOB. Ha duykryanun mMomysst mar-
HuTHOTO 101 B CB cunmbHO Bimsiet mrym npudopa MFI,
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YTO 3aTPYAHSET ONpeeieHNe HAKIIOHOB CIEKTPOB ITHX
GbayKTyanuii i KHHETHYeCKNX MacmTaboB. B cBs3n
C OTHM CpaBHEHHE CKEWNHWHra (UIYKTyalwid MPOBOIH-
JIOCHh TOJBKO JJIS BEKTOpa MAarHUTHOTO Mois. YepHbie
IITPUXOBBIC JIUHUKA O0O3HAYAIOT PABCHCTBO HAKJIOHOB
criekTpoB nepen 1 3a O3YB, T. e. coxpaneHue ckelnHra
npu Bxoxae B MCJI. CuHue mTpUXOBbIE JIMHUH MOKAa3bI-
BalOT MOJICIbHBIC HAKIIOHBI, XapPaKTCPHBIC JIJIS KaXIOTO
JMama3oHa MacmraboB. J{Js MHTEPBaJIOB, OTHOCSIIIUXCS
k Sheath u MC, B CB cnekrpsl Ha MI'J[-macmtabax
OIM3KM K KOJIMOTOPOBCKUM. {71t octanbHeIX THHOB CB
HaOJIFOIaeTCs CYIIECTBEHHBIN pa30poc 3HAUEeHHH HAKIIO-
HOB. B MCJI GosbImiast 9acTh CIIEKTPOB UMEET HAKJIOHBI,
MEHbIINE 0 Moaymo, yeM B CB u ueMm onucreiBaeTcs
B TEOPHAX. 3aMETUM, YTO KOJMIECTBO TOYEK HA pHC. 3
MOXKET OBITh MEHBIIIC, YeM KOJMYECTBO HHTEPBAJIOB, YKa-
3aHHOC B TAOJIUIIE, IOCKOJBKY B OOJBIIIOM KOJIUYCCTBE
cirygaeB B MCJI HaOIOIar0TCsl BOJTHOBBIC SIBJICHUS U all-
npokcumarmsi criektpoB Ha MI'J[-macmiTabax HeBo3-
MOXKHA. B ueTBepTOM CTONOIE TaOMHUIIBI YKa3aHO KOJH-
YEeCTBO CIIy4aeB HAONIONCHUS YETKO BBIPAXKCHHBIX ITH-
KOB B CHEKTpax (IyKTyanuii BEKTOpa MarHUTHOTO TIOJIS
B MCJI. Haubosnee wacTto BOJHOBEIE SBICHHUA HaOIIO-
narorcs 11 cooertuii Tnna Ejecta/Sh/noGS — B 10
n3 13 ciydaes, a Taxoke 11 coobiTril T Ejecta/noSh —
B 10 m3 13 ciyuaeB. Takum obpazom, mst ICME, He BBI-
3BaBIIUX CYIIECTBEHHOTO OTKJIMKAa MarHuTOC(hepsl,
B 76 % cny4aeB B nHeBHOM MCJI HaGmonaercs 3HaYu-
TeNbHAs BOJHOBAas aKTHUBHOCTH. [y COOBITHIA, B pe-
3yJbTaTe KOTOPHIX HAOIIOMANCS 3HAYUTEIBHBIN OTKIHK
MarHurocgepsl, BonHOBEIE mpouecckl B MCJI HaGmo-
Januch B 38 % cinyyaes.

Buano, uro amst coObrtuit Trma Ejecta/Sh/GS HakmoHBI
cnextpoB Ha MI'J[-macmrtabax B MCJI cOOTBETCTBYIOT
n3MepseMbiM B CB, mpudeM Kak Ui cilydaeB KOJIMO-
TOPOBCKOTO CKEWIHMHTA, TaK U IS CIy4aeB OTKIOHCHHUS
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or Hero B CB. Jlns mpounx COOBITHH CBSI3M MEXIY
HaKJIOHaMH CIIEKTPOB B JIBYX 00JacTsX HE HAOII0qaeTCsl.

Ha xunHernueckux maciira®ax B CpefHEM CIIEKTPBI
¢uykryammit B MCJI umeror Oousibiinii 1o MOZyIio
HakJoH, yeM B CB, 4to xapaktepro s miazmsel MCJILL
HaunMeHbIree N3MEHEHHE HAKIOHA MIPH BXOJAE ILIA3MEI
B MCJI nabmromaercs ans coosrtuii Tama Ejecta/Sh/GS.
Hanbonsiiee M3MeHEHNE HAKJIOHA HAOMIOmAeTCs I CO-
oerrmii Tuma Ejecta/Sh/noGS, Ejecta/noSh u Sh. Mure-
pPECHO, YTO OISl YETHIpEX M3 ISITH COOBITHH, OTHOCS-
muxcst K MC, Habnroiaetcsi pa30poc 3HaueHHH HAKJIOHA
B CB, B 10 Bpems kak B MCJI mokasaTenu HakioHa
6mm3ku K —8/3. TlonoGHOE M3MEHEHHE MOKET T'OBOPUTH
0 TOM, YTO KackaJ TypOyJICHTHBIX (IyKTyauuil MOXKeT
paspymatbcs U (GopMmupoBathes 3aHoBo 3a O3YB He
Topko st MI'JL, xak mpenmnonaranock B [Huang et al.,
2017], HO W nmns KUHETHYeCKHX MmacmTaboB. OmHaKO
OJHO3HAYHO OTBETHTh HA 3TOT BONPOC B paMKax IaH-
HOH pPaboOTBl HE MPEACTAaBISETCS BO3MOXKHBIM H3-32
orpaHudeHHON cratucTuku mits MC. i omHOTO M3
ISTH COOBITHH HAKJIOH Ha KMHETHYECKHX Maciiradax
61M30K K —4.5, 4TO XapakTepHO /s HAOJIIOJEHUS BOJI-
HOBBIX MPOILIECCOB MM JIOKAJIBHBIX KOTEPEHTHBIX CTPYK-
Typ, HalpuMep alb(PBEHOBCKUX Buxpel [Alexandrova et
al., 2008].

Ha puc. 4 npescraBieHO CpaBHEHHE CPEIHHX 3Ha-
YEHUM U CTAaHAAPTHBIX OTKJIOHEHWN W3MEHEHUU HAKJIIO-
HOB CIieKTpoB (urykryaruii B oosnactu O3YB na MI'/]
(a) m xuHEeTHUECKHUX (6) MacmTabax I PacCMOTPEH-
veiX THIOB ICME. M3MeHeHHe HAKIIOHA OMPENesIeTCs

kak B, =(Ry"-P73)/P3

1,2

HocsATcs kK MI'J] ¥ KMHETHYECKHUM MacIiTadaM COOTBET-
cTBEeHHO. B cimydae GoJiee TUTOCKUX CIIEKTPOB (PIIyKTya-
nuH, xapakrepHsix ;s MCJI, AP<0, B ciaydae ykpy4e-
HUs crekTpa duykryaruii B obmactm O3YB AP>0.
HecmoTps Ha GonblIie cTaHAAPTHBIC OTKIIOHCHUS 3HA-
YyeHuil BUAHO, 4To pazueie Tunbl ICME uMeroT cBou oco-
OeHHOCTH B M3MeHeHnH ckeinara 3a O3YB. Haunbonee
3HAYMMOE pa3nuuue HaOmromaeTcs s coowituii Ejecta,
MPUBOIAIIUX U HE MPUBOASAIINX K MArHUTOC(EPHBIM BO3-
MylieHHsSM. B mepBoM cinydyae HaOnromaeTcs HaMMEHbB-
mee M3MEHEHUE CKEHIIMHTa CIIEKTPOB (UIYKTyarwid Kak
Ha MI'Jl, Tak ¥ Ha KMHETHYECKUX MaciiTtadax. Bo BTO-
pOM cirydae il OONBITUHCTBA COOBITHUIH HAOIOmaeTCs
YCHJICHHE BOJTHOBOM aKTHBHOCTH M TEMIIOB AMCCHUIIAIINN
sHepruu B MCIJL.

3aBUCUMOCTh MOITHOCTH (IIYKTyaIllii BEKTOpa Mar-
HutHoro 1noist B MCJI oT cooTBEeTCTBYIOLIEH MOITHOCTH
B CB, u3mepennoii Ha MI'[I-mMacmitabax, mpeicTaBicHa
Ha puc. 5, a. CpeqiHUC 3HAYCHUS U CTaHAAPTHBIC OTKIIO-
HEHHS W3MCHCHHS MOIIHOCTH CHEKTPOB log(PSDyicrn/
/PSDcp) ipuBeneHb! Ha puc. 4, 6. Bugno, uro mis MC
n Ejecta/Sh/GS mepeceuenne O3YB compoBoxmaercs
YBEJIMYCHHEM MOITHOCTH (IYKTYyaIliil Ha JBa MOPSIKA.
Jnst Sheath u Ejecta/Sh/noGS xapakTepHO MeHee BHI-
pakeHHOe ycwiieHue (QIyKTyanuidi — Ha 1-2 mopsimka.
Haubosee 3HaunTenbHOE yCHIeHHE QIIYKTYaIUi, B pse
ciydaeB 0oJiee Tpex MOPSAKOB, HAOIIOMaeTCsl B TIEPHUOIBI
Ejecta/noSh.

OmauM U3 ocHOBHBIX oTinuuuid minazmMel MCJI ot
IUTa3MbI HeBo3MYyIeHHOTo CB sBIIIeTCS YCUIICHHE OTH
KOMIIPECCHOHHOI KOMIOHEHTHI (hurykTyaruii 3a O3YB.

rae uHgekcel 1 u 2 oT-
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Puc. 4. Cpennee 3HaueHHe U CTaHAAPTHOE OTKJIOHEHHE
W3MEHEHUsI HakIOHOB P; (a) u P, (6), a Takke M3MCHEHHS
MOIIHOCTH CIeKTpoB durykryanuit Ha MI'JI-macmrabax (6)
u ko3 ¢punuenta komnpeccuu (2) At ICME pasHbix THIIOB

Ha puc. 5, 6 npuBeneHo cpaBHeHHE KOA(DDHUIIMESHTOB KOM-
npeccun B CB u MCJI 1714 Bcex paccMaTpuBaeMbIX TUIIOB
uHTepBaioB. CpelHue 3HAUYEHUs] U CTaHAAPTHBIE OTKIIO-
HeHus i pasHbix ThnoB ICME npusenens! Ha puc. 4, 2.
Xopomo BuaHO, 4T0 B CB MOIIHOCTE KOMIPECCHOHHOM
KOMITOHEHTBI (PIIYKTyalliiii MarHUTHOTO TOJIS JJISI TIOIaB-
JISTFOIIIETO OOJIBITMHCTBA COOBITUH B IECATH pa3 MEHBIIE
MOIITHOCTH anb(pBEeHOBCKOW KOMIOHEHTHI (CCcp<0.1),
gTo xapaktepHo ans CB. Ilpm sTom B cpemHeM Ioiis
(bykryanmit ckarus Beimie uis obmacted Sheath, dto
3aKOHOMEPHO JuId obyactedt cxarod Ttuasmbl. Cyiie-
CTBEHHOW pa3HHUIIBI B KOIPPHIMIEHTE CXKATHSA U1 MHTEp-
BasioB Ejecta pa3nuunbix THIOB He HaOmoxaercs. B MCJI
B cpeareM ko3¢ urmeHT CCycpy Bbie, yeM B CB, mons
CXKMMaeMOH KOMITOHEHTHI, KaK IPaBUIIO, COMMOCTaBUMa
¢ noseit anbBeHOBCKOW. UeTKO CBA3M MEXAY COKUMa-
eMocThio prykTyaruii B CB u MCJI He HaOmrogaercs:
B CpemHEM C)KAMAeMOCTh YBEIMYMBACTCS Ha OJWH IOPS-
JIOK Juts BeceX paccMoTpeHHBIX TUToB ICME. Takum oOpa-
30M, YCHWJICHHE C)KUMAeMOCTH, IO-BHIUMOMY, HE WIpaeT
pPOJM B Pa3NIWYNH AWHAMHUKH TypOYJICHTHOTO KacKama
3a O3YB misa pasusix TunoB ICME u B paznudun reo-
MarHUTHOTO OTKJIMKA HA HUX.

3. OBCYXJIEHHME U BBIBO/bI

B HacTosmieli paboTe Ha OCHOBE aHAJIM3a OJHOBpE-
MEHHBIX M3MEPCHHH XapaKTePUCTHK TYpPOYIEHTHOCTH
B COJIHEYHOM BETPE M B JTHEBHOM MarHUTOCIOE IpOaHa-
JIU3UPOBAHO pa3inndue B GopMHUpPOBaHUM TYpOyJIESHTHOTO
KackaJia 32 OKOJIO3eMHOW yaapHOHW BoJiHOM mist 15 co-
opituit ICME pa3nuyHbIX THIIOB M Pa3HON CTENeHU
reoddextuBHOCTH. [ToKazaHo ciemyroiee:

1. Hawmbornee BBIpaXXCHHOEC W3MCHECHHE CKCHIIMHTA
TypOynenTHoro kackaza Ha O3YB kak na MI'J], Tak u
HA KHHETUYECKOM MacIiTadax HaOOAaeTCs B IEPHOIBI
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Puc. 5. 3aBUCUMOCTh MOLIHOCTH (IyKTyauuii BekTopa MarHUTHOTO noiisi B MCJI oT cooTBeTcTBYIOIIEei MomHocTH B CB
st MI'JI-maciira6oB (@); 3aBucumocts ko3¢ dunuenta kommnpeccuu B MCJI ot koaddunmenta komnpeccuu B CB st ICME
PpasHbIX THIOB (6); TUHUAMH 0003HAUCHO YBEINUCHHE MOIIHOCTH (a) 1 cTernenn kommnpeccuu (6) B 10” pas, mokazaress n npuse-

JICH PSLIOM C COOTBETCTBYIOLIECH JIMHUEH

ICME Tumna Ejecta, KoTopble HE COIPOBOKIAIOTCS CYIIIe-
CTBEHHBIM OTKIMKOM MarHutocdepsl (Dst>-30 uTn);
TIPH 3TOM HECYIIECTBEHHO, HAOIIOMaeTCsl WM He HaOJIro-
naercst nepen ICME oGnactes cxarust Sheath; B ykasan-
HBIX coObITHAX 32 O3YB HaOmromacTcs 3HAYUTEIBHOE
YCWJICHHE BOJHOBOW aKTHBHOCTH Ha WHEPIIMOHHBIX
MaciTadax, a TakkKe yBEIMYCHHE TEMMa JHUCCHUITAIUN
SHEPTHH.

2. HaumeHee BBIpa)KEHHOE W3MEHEHHE CKeillIMHTa
TypOynenTHoro kackaga Ha O3YB kak nHa MI'Jl, Tak u
Ha KHHETHYECKOM MacIITadax XapakTepHO ISl 00JIacTei
Ejecta ¢ Sheath mepen HEME, BBI3BIBAIONINX 3HAYUTENb-
HbIe BO3MYIIeHUsT MarHUTOCdeps! (Dst<—30 HT).

3. Cobprtus trmna Ejecta 6e3 obmactu cxxatus Sheath
COTIPOBOXKIAIOTCS HAWOOJBIIMM YCHWJICHHEM (IIyKTya-
it MI'/I-macmraba Ha O3YB, KOTOpOe MOXKET TOCTH-
raTh YETHIPEX MOPSIKOB.

4. CTeneHb CXKMMaeMOCTH (MIYKTyaluil n3MeHseTcs
B CpeHEM Ha oJuH nopsaaok 3a O3YB BHe 3aBUCUMOCTH
oT tuna ICME u ans pa3nuyHbIX OTKIMKOB MarHUTO-
ctepsr Ha ICME.

[Tonydennple naHHbIE 00 HM3MEHEHHMH CKEWIMHTA
(dykryanumit ipu Bxoze mwiasmsl B MCJI B cpemHeM cOOT-
BETCTBYIOT TIOJIy9CHHBIM paHee B CTATHCTUYECKUX HCCIIe-
noBaamsx [Czaykowska et al., 2001; Huang et al., 2017;
Rakhmanova et al., 2024a, b]: HabmromaeTcsi OTKIIOHEHHE
CKeHumHra oT KoamoropoBckoro Ha MI'JI-macitadax
U YKPYYCHHE CIIEKTPOB Ha KHMHETHYCCKUX MaclITadax.
OpHako B HacTosIIelH paboTe MOKa3aHO BAXXHOE Pa3iid-
Yhe MEXAY COOBITHSMH, UMCBIIUMHU OJUHAKOBEIA THIL,
T. €. uIcTOYHUK Ha COJHIIE, HO COTMPOBOXKIABIINMUCS pa3-
JIMYHBIM OTKIIMKOM MarHUTOC(EpHI.

Crnemyer OTMeTHTh, 4To TeodddextrBHOCT ICME TH-
ma Ejecta mmeer Xopomo OOBSICHUMYIO CBSI3b C B.-KOM-
MMOHEHTON MarHUTHOTO MO (CM. TabIuIy): AJst COOBI-
THH, BBI3BIBAIONIUX CYIIECTBEHHBIM MarHUTOCQEPHBII
OTKJIMK, XapaKTepHA BBIPAKCHHAS I0XKHAS OPUCHTAIIH
MEXIDIAHETHOTO MarHuTHOTrO mond. OgHaKo, COTIacHO
cratuctuueckomy aHanusy [Rakhmanova et al., 2024a],
cpelHee 3HAYCHHE B,-KOMIOHCHTHI SIBHO HE BIIHSICT
Ha M3MEHEHHE XapaKTepUCTUK TypOyaeHTHocTH HAa O3YB.
B macrosime#t paboTe ObBUIM TPOBEPECHBI TAKKE CBSI3H
MEXKIy H3MCHCHHUSIMH TapaMeTpOB TYpPOYICHTHOCTH
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Ha O3YB u mapamerpamu 1mia3mMbl 1 MAarHUTHOTO TIOJIS
CB, B 9acTHOCTH CKOPOCTBIO TUTa3Mbl, U HE OBLIO 0OHA-
PY)KEHO HUKAKHUX 3aBUCHUMOCTEH B paMKaX COOBITHMH
tuna [CME.

3HAYNUTENHHOE YCHICHHE MOIIMHOCTH (QIIYKTyaIui
Ha MI'JI-macmrabax B mepuonabl coObiThii Ejecta,
HE UMEBINUX Tiepe]] co00# 001acTh cyKaTHS U HE COTIPO-
BOXKIIABIIIMXCSl 3HAYUTEIBHBIM OTKIMKOM MarHUTOC(EpHI,
a TakKe YacToe HAOIIOJCHHWE BHIPAKEHHBIX BOJIHOBBIX
MIPOIICCCOB B TH IIEPUOJIBI CBUICTEIBCTBYIOT O TOM, UTO
sHeprus QUIykTyarui, npumeamux u3 CB, Oputa mpeoo-
pasoBana B MI'/[-BoiHEI. YcuiieHne AuccUmnanyu (yKpy-
YCHUE CHCKTPOB (IYKTyallMii HA KHHETHYECKUX Mac-
mrabax), XapakTepHoe IJISl ATUX TIEPHOJIOB, TAKKE CBUJIC-
TENBCTBYET O MOSIBIICHHH B KaCKaJIe H30BITOYHOM SHEPTHH,
KOTOpas repepacipenessercss oT OOJbITUX MacmTaboB
K MCHBIINM MOCPEACTBOM KacKaja. Y CHICHUE BOJHOBBIX
mporeccoB HaOmoxaeTcs U B nepuoasl Ejecta ¢ Sheath,
HE TPUBEIINX K CYIICCTBEHHBIM MarHUTOCQEPHBIM BO3-
MYIICHUSM, HECMOTPS Ha YKa3aHus 0 OoJbIei reoddhek-
TUBHOCTH TakuX coObITHH [Yermolaev et al., 2015].
I[TogoOHbIe 0COOEHHOCTH B (OPMHUPOBAHHHM TYpOy-
JieHTHOTO Kackaja 3a O3YB cBUIETENbCTBYIOT O TOM,
9T0 B re03()(HheKTUBHOCTD PA3IMYHBIX SBICHUHA B MEXK-
IUTAHETHOH Cpefie BKJIAJ BHOCAT HE TOJBKO III00ATBHEIC
MIPOIIECCHI IEPECOeINHEHNS Ha MaTHUTONIay3€e, KOTOPhIE
OTIPE/ICIAIOTCS HATPABICHUEM MEXKIUIAHETHOTO Mar-
HUTHOTO TOJISI M AWHAMUYECKNM aaBieHneM CB u gacto
YKa3bIBAIOTCS B KaYECTBE JOMHUHHUPYIOIIECTO Mpoliecca
B COJIHEYHO-3EMHBIX CBS35X, HO M TPOIIECCH MEPEKAYKN
SHEpPruM II0 Kackany (Hampumep, [D’Amicis et al.,
2020]) m mx w3MeHenust B obmactu O3YB, koTOphIC
MOTYT HOCHTH CIICIIU(PUUCCKHUIA XapaKTep JJIs MOTOKOB
CB pa3sbpIx THTIOB. DTOT BKIaA TpeOyeT Oojee meTaib-
HOTO WCCICIOBAaHUS IS MOCTPOCHHS OoJiee TOYHBIX
MOJEJIEH COTHEUHO-36MHBIX CBSI3EH.

Pabota Oplma BBITIONHEHA B paMKax TOC3aJaHUS
HWKHU PAH 1o teme «ITJTABMA».
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AHHoTanus. [1o JaHHBIM U3MEpPEHU HA CITyTHUKAX
«uTepbon-1» u «Maruon-5» npoekra «MHTEpOOI»
B 1995-2001 rr. mpoaHanu3upoBaHa 3aBHUCHMOCThH Xa-
PaKTEPUCTUK >KBAaTOPHAIBHON ILTa3MOC(Epsl OT MecT-
HOTO MAarHWTHOTO BPEMCHH, a TaKKe OT COJHEYHOH
aKTHBHOCTH, IHHAMHYECKOTO IaBICHUS W IUIOTHOCTH
COJHEYHOTO BeTpa. [IT0THOCTh MPOTOHOB B TOJBI MHHH-
MyMa COJTHEYHOTO IMKJIA B CPEIHEM BBIIIE, YeM B TOJIBI
MaKCUMyMa, YTO, BEPOSATHO, SBISCTCS CICICTBHEM IIO-
HIDKEHUS! JTOJIM TIPOTOHOB B MAacCOBOM COCTaBE MOHOB
mwiazmMocdepsl Ha paze MakcuMyma. JIHEBHBIC U HOYHEIC
TEMITepaTypbl IPOTOHOB BO3PACTAIOT C YBEIMYECHHEM II0-
TOKa yibTpaduoneToBoro m3nydenuss ConiHIa, Mo Kpam-
Hel Mepe, B TOIBl MAaKCHMyMa COJIHEYHOTO ITHKIIA.
[InoTHOCTP W TEIUIOBOE JaBleHHE TuIa3MochepHOH
IUTa3Mbl  YBEITMUMBAIOTCS C POCTOM JHHAMHYECKOTO
JTABJICHUS W/WIHM IUIOTHOCTH HEBO3MYIIIEHHOTO COJTHEY-
HOTO BETpa, 4TO, BO3MOXKHO, CBSI3aHO C IEPECTPOHKOI
IIEKTPUUYECKOTO IT0JIsI KOHBEKIIMH B MarHuTocdepe.

KnroueBble ciioBa: XoJiofqHas Iia3Ma, MJIOTHOCTb,
TEMIIepaTypa, MECTHOE MarHUTHOE BpEMsi, COJHEYHAs
aKTHBHOCTb, T€OMAarHUTHAas aKTUBHOCTh, AaBJICHHE COJI-
HEYHOTO BETpa.

Abstract. Measurements from the Interball-1 and
Magion-5 satellites of the Interball mission in 1995-2001 have
been used to analyze the dependence of the equatorial plas-
masphere characteristics on magnetic local time, as well as on
solar activity, dynamic pressure, and solar wind density. The
proton density at solar minimum is on average higher
than at solar maximum, which is probably due to chang-
es in plasma mass composition in the plasmasphere at
solar maximum. The daytime and nighttime proton tem-
peratures increase with increasing solar extreme ultravi-
olet flux, at least in the years of solar maximum. The
plasmaspheric plasma density and thermal pressure rise
with increasing dynamic pressure and/or density of the
undisturbed solar wind, which might be associated with
restructuring of the convective electric field in the mag-
netosphere.

Keywords: cold plasma, density, temperature, mag-

netic local time, solar activity, geomagnetic activity,
solar wind pressure.

BBEJEHUE

BoJBIIMHCTBO HCClieIOBaHNH, aHAIM3UPYIOIINX BITHS-
HHe conHeyHoro Betpa (CB) Ha BHYTPEHHIOIO MarHuTO-
cdepy, OrpaHMYMBAIOTCS PaCCMOTPEHHWEM BHEIIHEH rpa-
HHUIBI 00/1aCTH XOJIOAHON TIa3Mbl — IIIa3MOTIaY3hl.

H3MeHeHus: IJIOTHOCTH IUIa3Mbl B IIazMocdepe
Ha pa3HbIX L-o0onoukax (L — mapamerp Mak-MiBaiina,
pAcCTOSTHUE B INIOCKOCTU MAarHUTHOTO 3KBaTOpa O CHJIO-
BOM JIMHMM MarHUTHOTO TIOJIS 3eMJIH B pajnycax 3eMIIn
Rg) B TeyeHue IHA, TOAA U COJHEYHOTO LIUKJIA BIIEPBBIC
ObIIM TIpeacTaBieHbl B padote [Park et al., 1978] na oc-
HOBE JIaHHBIX BUCTIEPOB. [IMOTHOCTH mmasmel, ompene-
JIEHHasl 110 YacTOTe M BPEMEHH PacIpOCTPAHCHUsI BUCTIIE-
POB, OTHOCUTCS K SKBAaTOPUAIIBHOM IIOCKOCTH ILIA3MO-
cdepsl. Ha GoIbIIOM CTaTHCTHUECKOM Martepuale, Moiry-
YEeHHOM ¢ Ha3eMHO# cTanimu B Kamudopuuu (~110° W)
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MOKa3aHbl TOJIOBBIC BapHWAlUU IUIOTHOCTH. [IIOTHOCTH
IJ1a3Mbl HA MarHUTHOM oOoJiouke L~2.5 B neka0pe Oblia
B ~1.5 paza Gonplue, ueM B nroHe. C yMEHBIIICHUEM COJI-
HEYHOW aKTUBHOCTH OT 1957 k 1964 T. IIIOTHOCTB IITa3MBI
Takke ymeHbinaercs. Kpome toro, Park et al. [1978]
Ha OCHOBAaHWH TPEABIIYIINX HUCCICAOBAHUN MOTICPKH-
BaJM, YTO JUHAMHKA TUIa3Mbl BO BHYTPEHHEH IUIA3MO-
cthepe mpu L<~3 oTnuyaercs OT IMHAMHUKH ILIa3Mbl
BHEIIHEW Tu1a3Moceprl. PacmpenencHue IU1a3Msl
BO BHYTpPEHHEH mia3zMocgepe Majo MOABEPKEHO BIH-
SITHUFO TEOMAarHUTHON aKTUBHOCTH M OJIM3KO K PaBHOBEC-
HOMY YPOBHIO HACBHIIICHHMS, KOTJa MMOTOKH TUIA3MBl BHH3
U3 wia3Mocdepsl HOYBIO KOMIICHCUPYIOTCS MOTOKAMHU
13 HoHoc(hepsl THEM.

B pab6ote [Carpenter, Andersen, 1992] Owuio pac-
CMOTPEHO HE TOJHKO HM3MEHEHHE IMOJIOXKCHHS ILIa3MO-
may3bl, HO U JWHAMHUKA IJIOTHOCTH XOJOJHOW IIa3MBbI
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B TMuasmMochepe BONHM3M DKBATOPHATIHHOW IUIOCKOCTH
npu 2<L<8 B pa3nu4HbIX yciaoBusx. Ilo gaHHBIM BOII-
HOBBIX JKCIIepUMeHTOB Ha ciyTHUKe ISEE 1 HazeMHBIM
JTAaHHBIM TI0 HCCIIEIOBAaHHUIO BUCTJIEPOB ObIIa BhIBEACHA
sMmIHpHyeckas GopMyna pacuera MaKCUMAaIbHOH IIIOT-
HOCTH 3JIEKTPOHOB Neg, PETHCTPUPYEMOI MPH JUTUTETD-
HBIX CIIOKOWHBIX T€OMarHUTHBIX yCIIOBUSX,

Ig(Ny (L.d.R))=—0.3145L+3.9043 +
+0.15cos[ 2m(d +9)/365 | xexp| =(L-2)/1.5] -
~0.5cos| 4m(d +9)/365 |xexp| (L -2)/1.5]+
+(0.00127R - 0.0635) xexp| —(L-2)/1.5],

rne d — NOPSAKOBBIA HOMEP AHS B roay; R — cpexHee
3a 13 MecsIeB 4ncio coMHeYHbIX 1siTeH. B (1) rmaBHbIME
SIBIITIOTCS] TICPBBIC JIBA YWICHA, OMUCHIBAIOIINE MAJCHUE
IUIOTHOCTH TUIa3MBbI C yJAJICHHEM OT 3eMITH, HO aBTOPEI
YUYUTBHIBAIOT TAKXKE BO3PACTAHHE IUIOTHOCTH XOJIOJTHOM
IUTa3MBI C POCTOM COJTHEYHOH aKTUBHOCTH, TOHOBBIC (MITH
CE30HHBIC) BapHallMM ¢ MaKCHMyMOM IUIOTHOCTH B Je-
Kabpe U TOJYTO/I0BBIE BapHallii ¢ MAKCUMyMaMH IUIOT-
HOCTH B paBHOjeHcTBHUE [Carpenter, 1962]. OmHako npu-
BeaeHHass (Gopmyna (1) He COAEPKUT 3aBHCUMOCTH
OT MecTHOTO MarHuTHOro BpemeHu (MLT). Jlns BbisBITe-
HUSI TAaKOM 3aBHCHUMOCTU OBUIO HEJOCTATOYHO JAHHBIX,
MOJYYCHHBIX BO BHYTPEHHEH 1asMocdepe B JUIUTEIb-
HBIE CIIOKOWHBIEC IIEPUOMBI.

[To3nHee OBIIO YCTaHOBJIEHO, YTO TOJOBBIE Bapua-
UM IUIOTHOCTH IIa3MOCEpHON IUIa3Mbl HE BCeraa
COTIPOBOXKIAIOTCST HAOIOIEHHEM JeKaOphCKOTO MaKCH-
MyMma. [ImoTHOCTE MITa3Mel B IUIa3Mocdepe B HIOHE MO-
JKET OBITh OOJIbIIIE, YeM 3UMON. DTO 3aBUCHT OT Ieorpa-
(ugeckoii 1onroTH 00slacTh HabmoneHus [Menk et al.,
2012; Yyrynun u ap., 2017; Kim et al., 2018]. B pabote
[Yasyukevich et al., 2019] npoananu3upoBaHo U3MeHe-
HHE TOJIHOTO 3JIEKTPOHHOTO COZIEp KaHMs B IuasmMocdepe
(PEC) man UpkytckoMm (52°17' N., 104°18" E) B nHeB-
HOE ¥ HOYHOE BpeMs B TeUCHHE HECKOIbKHX JieT (2010—
2013 rr.). ABTOpHI IIOKa3aJlk, 9TO B 9TOM PErHOHE 3Ha-
yenust PEC netoM OoJblie, YeM 3MMOH; MOBBINICHHBIC
3HaueHus1 PEC Habironamich Takke B MEPHOABI paBHO-
nenctBus. Koppensiuus ¢ uHAEKCaMU reOMarHUTHOM
1 COJIHEYHOW aKTHBHOCTH OTMEYalIach TOJBKO VIS JTHEB-
HBIX 3HaueHu PEC.

He Obuta moaTBepikaeHa Takke W HpsMasi 3aBUCH-
MOCTbH IUIOTHOCTH IUIa3MOC(EepHOH IIa3Mbl OT COJIHEY-
Ho# aktuBHOCTH. IlluM c coaBTopamu [Shim et al.,
2017] meHcTBUTENBHO YKa3bIBAIOT HA HEOOJBIIOE BO3-
pacranne PEC Ha 10-30 % Ha BpIcoTax 1336-20200 xm
C POCTOM COJIHEUHOW aKTHBHOCTH, HO TIPH 3TOM OTMEYaIOT
MaJICHAE SJIEKTPOHHOTO COJNep)KaHusI BOJI3H 3KBATOPH-
aNBHOM TUIOCKOCTH C POCTOM T'€OMArHUTHON aKTHBHOCTHU
B TObl MakCUMyMa coJHeYHoro mukia. Richards et al.
[2000] aHanMM3UPYIOT CE30HHBIE BapUALMM IUIOTHOCTH
IUTa3MbI B IUIa3Mocdepe M yKa3bIBalOT Ha aHTUKOPPET-
LIMIO TUIOTHOCTH 3JIEKTPOHOB U C TEOMAarHUTHOM, U C COJI-
HEYHOW aKTHBHOCTHIO BCIEICTBHE W3MEHEHUH IIOTHOCTH
HEHWTPaIBbHOTO BOIOPOJa HOHOC(EPHI.

Bapuaruu mapamMeTpoB BHYTpPEHHEH ItazmMochepsl,
TIOJDKHBI OBITH TECHO CBS3aHBI C BapHAIMAMHU ITapameT-
pOB BepxHel noHochepsl. Bapuauu mIoTHOCTH B TEM-
meparypsl Miaa3Mbl ¢ TiepuomoM 27 maHel (cuHoamde-
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CKUH TIepHOJ] BPAIEHUS COJTHEYHBIX IISITCH COCTABIISIET
27.2753 cyTok) B BepxHel HOHOC(EPE 110 JaHHBIM CITyT-
HukoB cepur DMSP paccMmotpenst Puuem ¢ coaBTopaMu
[Rich et al., 2003]. B MakcUMyMe COTHEYHOT'O LUKIIA
B BCYEPHEM BPEMEHHOM CEKTOpE INIOTHOCTH IEpHO-
nudecku n3MmeHserca Ha 40-50 %, a Temmepatypa —
Ha 5-10 %. 27-nHeBHBIE KONeOaHNS apaMeTpPOB BEpX-
Hell noHoc(ephl OBUTM BBISIBJICHBI Ha BCEX IIHUPOTAaX
HIDKE TIOJIAPHOTO OBaia. DTH IIHUPOTHI COOTBETCTBYIOT
MarHUTHBIM 000JI0YKaM IutazMocdepsl. Hammane takux
Bapuanuii mapamMeTpoB BepxHeH HOHOC(Epbl aBTOPHI
€CTECTBEHHO CBS3BIBAIOT C M3MEHEHUSIMH ITOTOKA HOHHU-
3UpyIoLero yipTpaduoneroBoro uanydenus CoiHua.
ITpu 5ToM B Gotee HU3KKX 00IACTAX HOHOC(HEPHI B CIIOAX
E nnmu F takue Bapmaumu mnapameTpoB IDIa3Mbl ciiabo
BBIPOKEHBI B JKBATOpHANLHOW TuTockocTH [Lee et al.,
2012]. TTo muenuto aBTopoB [Rich et al., 2003; Lee et
al.,, 2012], Ha HU3KHUX BBICOTAX pacCIpeleICHHe HOHO-
chepHO TIa3MBI IOJBEPKECHO IPYTUM CHIIBHBIM JWHA-
MHYECKHM TIpoIieccaM, KOTOpPBIE CKPHIBAIOT 27-IHEBHBIE
Bapuanuu. Pud ¢ coaBTopamMu MpeanoIoKuiIn, 9TO I10-
JI0OHBIE BapHallK IIapaMeTPOB J0JDKHBI CYIIECTBOBAThH
B tu1a3Mocdepe.

O cymuiecTBOBaHMH B ITazMoc(epe BapHalui III0T-
HOCTH IUIa3MBbl C IIEPUOAOM OKOJI0 27 JHEH coo0manoch
TOJIbKO NPH aHANW3€ JAAHHBIX, NOJYYEHHbIX npu L>4.5
Ha cnytHukax Van Allen Probes [Thaller et al., 2019].
ABTOpBI HE O0HAPYKIIA KOPPEISUH TUIOTHOCTH TIIA3MBI
BO BHEIIHEH Tu1a3zMocdepe ¢ IOTOKOM KpaitHero Y @-u3iy-
geranss Comnma (EUV, Extreme Ultra Violet) u cBsizamm
HaOJIF01aeMBIe BapHaIlK C BIUSHHAEM JJIEKTPHIECKOTO
oJIsI KOHBEKIIMU B MarHuTocdepe, T. €. C MporeccaMu
OITYCTOIICHUS W 3allojHeHUs IazMocdepsl. s BHem-
Hel mnazMocgepsl Takoe 00bSICHEHNE Ka)KeTCs! BIIOJIHE
000CHOBaHHBIM.

[Ipsimoe Bmustane CB Ha MIIOTHOCTH TUIA3MBI B TIIa3-
Mocdepe, MO-BUIMMOMY, BIIEPBBIE PAacCMaTPHUBAIIOCh
KotoBoii u ap. [Kotova et al., 2002a, b]. /lannsie, moiry-
YyeHHbIe Ha KocMuueckoM ammapare (KA) «Murepooi-1»
B uroye—okTsA6pe 1999 r. B Beuepuem (15-22 MLT)
n yrpenneM (02—-10 MLT) cekropax Ha BHEIIHHX
L-o6omoukax miazMocdepsl (L~3.5), CBUIETEINBCTBO-
BaJIM O TOM, YTO IUIOTHOCTH IIa3MBI B IuTazmocdepe
BO3pACTaeT C yBEIMYEHHEM JWHAMHYECKOTO IaBICHUS
CB. 3agepxka mexay usmepeHusiMu CB u mnasmel
B Iu1a3zmMocdepe cocTanisiia He Ooee 6 d.

SxoBcku 1 Xok [Jakowski, Hoque, 2018] ormeuator,
YTO B SMIHPHYECKON MOJENIH IIOTHOCTH TUIa3MOChepHI,
MMOCTPOCHHON 1t obnmactu L <3, 3aMEeTHO, YTO TUIOT-
HOCTh XOJIOJTHOW IJIa3Mbl BO BHYTpPEHHEH Imazmocdepe
Ha JIHEBHOM CTOpPOHE BBINIE, YeM Ha HOYHOM, MpH 3a-
JIAHHBIX OJIMHAKOBBIX Ha4albHBIX 3HAUCHUSX IUIOTHOCTH
Ha BbicoTe 1000 KM. ABTOpBI CBS3BIBAIOT 3TOT (akT
C TIO/DKaTHEM MarHUToc(epbl Ha THEBHOH CTOpOHE M3-3a
ee obrexanus norokom CB.

ITo m3mepenusim napamerpos CB — mnoTtHocTH, Au-
HaMHMYECKOTO JABJICHUS, JIEKTPHYECKOT0 MOJIs, M MHJIEKCa
T€OMAarHUTHOW aKTHBHOCTH K|, — yJajaoCh NMOCTPOUTH
YUCJICHHYIO MOJIeNb Ta3Moc(epbl ¢ MalTMHHBIM 00Y-
YeHHEM, ITO3BOJIIIONIYI0 MpPEICKa3hIBaTh XapaKTepH-
CTHUKH 3TOW 001acTu MarHuTocdepsl Ha 1-2 mHS BIie-
pen [Bianco et al., 2023]. 3To CBUAETENBCTBYET O TOM,
yro npsimoe BiusiHue CB Ha BHyTpeHHIOIO 00J1acTb
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MarHuToc(epsl CYIIECTBCHHO W TpeOyeT BHUMATCIHHOTO
aHam3a.

IToutn Bce ucciieoBaHMA B IDIazMocdepe 3eMiu
0a3UPYIOTCS HA U3MEPEHUSIX TUIOTHOCTHU TUIA3MBI, YaIle
BCET0 IUIOTHOCTH DJICKTPOHOB, KOTOPYIO MOKHO IIOJY-
YUTh U3 PA3JIMUHBIX BOJIHOBBIX JKCIIEPUMEHTOB IO HC-
CJIeJOBAaHUIO HU3KOYACTOTHBIX W3ITYYCHHH B MarHuTO-
ctepe. [Ipssmblie U3MepeHus MapaMeTpoB MmiazMochepsl
OCYIIECTBIIIIOTCS] OYSHb PEIKO, HO TOJIBKO B TAKUX JKC-
MEPUMEHTaX MOXKHO OIpPENeIUTh TeMIepaTypy U dHEp-
TUIO TEIUIOBOM IJIa3MBl.

B mactosmei pabote mo maHHeIM uU3MepeHuin KA
«HTEepO0I-1» 1 Yemckoro cyocmyTHHKa «MaruoH-5»
mpoekta «UHTepObo» B 1995-2001 Tr. MBI BHaYame
MIPOaHATIN3NPYEM 3aBHCUMOCTh XapaKTEPUCTHK IKBATO-
pHUambHOH MIa3Mocdepsl OT paccTOSIHUSA J0 3eMik (Be-
JUYUHE! L) 1 MECTHOTO MarHUTHOTO BPEMEHH, UTO I103-
BOJIUT YMCHBIIUTH BIHMSHUE 3TUX (HaKTOPOB HA TOWCK
IPYTUX NPWYIMH BapHalid IUIOTHOCTH U TEMIEpaTypHl
1a3MocepHoOll MmIa3Mbl. 3ateM OyIeT pPacCMOTPEHO
BIIMSIHUE COJIHEUHOW aKTHMBHOCTH M TapameTpoB CB
Ha TJIOTHOCTh W TEMIIEPaTypy XOJOIHBIX MPOTOHOB
B II1azMocdepe 3emity.

1. IKCINHEPUMEHTAJIbHBIE
JAHHBIE

Hacrosimas pabora ocHOBaHa Ha JTaHHBIX, ITOJY4EH-
HBIX C TIOMOIIBIO IIMPOKOYTOJIHHOTO aHAJIH3aTopa Xo-
JIONHOM TIa3Mbl ¢ TOPMO3ALIMM ToTeHiuanom [1J1-48
(mumuaap dapazes), YCTAaHOBJICHHOTO Ha CITyTHHUKax
npoekra «HTepOoI.

«HTepb6oa-1» OBl 3amymeH B aBrycre 1995 r.
Ha opbuty c amoreem ~200000 kM, mepureem ~500 kM,
HakJIoHeHHeM 63.8° W mepuomoM oOpalieHHus BOKPYT
3emum ~90 4. Tlepecedenus mazmMochepsl MPOUCXOTUITH
~1 pa3 B 4 nus Ha (aze MUHHUMYMa 23-TO COJIHEYHOTO
nukia B 1995-1997 rr. u Ha (ha3e MakcuMyMma IUKIJIa —
B 19992000 rr. B HauanpHBIN IEepUOJ HOCHE 3alycKa
CITyTHUK JTOCTHTAN Oymxkaimied k 3emiie L-000J0YKH
Lin~1.4. Tlo3mHee B pe3ynbTaTe 3BONIONHANA OPOUTHI €€
niepureid momHsuics u B 1997-1998 rr. Ha (aze pocra
COJITHEYHOT'O IMKJIAa CIIyTHUK TOJIBKO M3pe/Ka IMomaaal
B MmiasMoc(epy ¥ pEerucTpupoBall XOJOAHYIO IUIA3MY,
ac 1999 r. u 10 KOHIIA aKTUBHOW pabOThI CITyTHHKA TIEPH-
reit opoutel monmxaics. Ha kaxnoit opoure KA «n-
Tep0oi-1» MUHHMaNbHBIE 3HA4YeHWS L HaOIIOMaINCh
BOJIM3M MarHWTHOTO SKBAaTOpa, U 3TO TO3BOJIMIIO MpOaHa-
JTU3UPOBATh TUHAMHKY MapaMEeTPOB XOJIOJHON IIIa3MBI
B TJIOCKOCTH MarHUTHOT'O 9KBAaTOpa B 3aBUCHUMOCTH OT L,
HCKJTIOYMB 3aBHCUMOCTh OT mHUpoThl [KoToBa, be3pykux,
2022]. Onepretrueckue cnekTpsl HOHOB (0-25 3B) m3me-
PSUTHCH B T€UCHHE 2 C C PA3TUIHON NEpHOANYHOCTHIO
0t 30 ¢ 10 5 MUH B 3aBUCIMOCTH OT TeJIEMETPUUYECKOIN MOJIBL.

«MaruoH-5», TaHHBIE KOTOPOTO TAKKE HCIIOIb30BAHBI
IUIs aHaliM3a, ObLT 3amyIeH B aBrycte 1996 r. Bmecte
¢ ocHoBHBIM KA «HTEepOoa-2» Ha OpPOHUTY C HaKJIOHE-
HueM ~65°, nepureem ~1.2 Rg u anoreem ~4 Rg. 13-3a
pa3IMUHBIX TEXHHUYECKHX MNpoOieM NaHHblE Npubdopa
[1JI-48 ObuM mony4eHsl TOJNBKO ¢ aBrycta 1999 r.
no utonst 2001 r., Korna 3aKOHYMIIOCH aKTUBHOE (PyHK-
LIMOHMpOBaHue ammapara. M3mepenns Ha stom KA mpo-
BOJWJINCH C JIOCTATOYHO BBICOKMM BPEMEHHBIM paspe-
IICHHEM, SHEPTeTHYEeCKUH CHEKTP TEIUIOBBIX IIPOTOHOB
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n3mepsuics 3a 0.4 ¢ co ckBaXHOCTBIO ~8 ¢. Bpems o6pa-
meHust Bokpyr 3emnu KA «Maruos-5» cocrtasisno ~6 4,
T. €. asMocdepa rnepeceKanach 4eThlpe paza B CYTKH.
OpHako MO pa3HbIM NpUYUHAM OOJBLIIMHCTBO JaHHBIX
OBLIO MOJYYEHO B CYTKH TOJBKO Ha OJHOM HUCXOISIIEH
BETBH OpOUTEI, U3pEAKa NMEIOTCS JaHHBIE C JBYX IMOCIe-
JIOBaTEIbHBIX OPOUT CITyTHHKA, HO TaKXX€ TOJIBKO IPHU
Bxone KA B mnazmocdepy.

Ob6a KA crabmmi3npoBainch BpallleHHEM C JIBYXMH-
HYTHBIM IIEPHOJIOM BOKpPYT OCH, HanpasieHHOH Ha CoHIE.
Ilpn pacuere miIasMEHHBIX NapaMeTpOB MO H3MEPCH-
HBIM CIIEKTPaM IIPEAII0IIarajioch, 4YTo B TEIUIOBOM 001acTH
YaCTHIBI pacHpesiesIeHbl TI0 SHEPTUSM 10 MaKCBEJIOB-
CKOMY 3aKOHYy C y4E€TOM YaCTHYHOI'O 3KPaHHPOBAHMS IIO-
TEHIMAJIOM CITyTHHKA, IIPH 3TOM YYHTBHIBAJIMCH CKOPOCTH
COBMECTHOTO BpAIlleHHs TUTa3Mbl ¢ 3eMiteit 1 ckopocTh KA
[Kotova et al., 2014].

Jlns ananMza 3aBUCHUMOCTEM MapaMeTpoB IJIa3MO-
c(epHOil TIa3Mbl OT COJHEYHOW aKTHBHOCTH M Xapak-
tepuctuk CB OblIM co3maHbl 0a3bl JAHHBIX, TOTy4YeH-
HBIX B IEPHOABI C1a00il M yMEpeHHOH IeOMarHUTHOM
AaKTHUBHOCTH BONM3M TIOCKOCTH MarHUTHOTO 3KBaTOpa
3emin. JTO UCKIIOYAET BIMSHUE HA AT JAaHHbIC 3aBHCH-
MOCTH OT MarHWTHOW mpoThl [Artemyev et al., 2014].
Jannsie KA «HTEpOOII-1» OB TOMYYEeHBI B JHANa30HE
1.2<L<5, KA «Maruon-5» — 2.5<L<3.5. Ha puc. 1
MOKa3aHbl paJuajibHbIe paclpeeseHus IUIOTHOCTH (a)
1 TeMIIepaTypsl (6) MPOTOHOB B T1azMocdepe B IKBATO-
pHaNbHOW IUIOCKOCTH 1O nMaHHBIM KA «MHTepOon-1»
[KoToBa, be3pykux, 2022]. JlaHHBIE pa3aeNieHbl 0 MECT-
HOMY BpemeHH, npu 3toM 11t KA «MuTtepbon-1» okasa-
JIOCh, YTO JHEBHBIC IEPECEUCHHs MPOUCXOIMIN C CEH-
TI0pst IO STHBaph, a HOYHbIE — C MapTa 10 WIoJb. Bun-
HO, 4TO Tipu L>3.5 3aBHCHUMOCTH, arpOKCUMHUPYIOIITHE
pacmpeziesieHle IUIOTHOCTH, M TIOJII TOYEK COBNAJaloT,
OJIHAKO BO BHYTPEHHEH nia3mocdepe MIOTHOCTh AHEM
BBIIIIE TUIOTHOCTH HOYBIO TpuMepHO B 1.5 paza. Obmee,
HE3aBUCUMO OT MECTHOTO BPEMEHH U CE30Ha, DKBATOPH-
IBHOE paclpeseeHie MIOTHOCTH N ObUIO anmpoKCcH-
MHPOBaHO 3aBHCUMOCTBIO

N =6500L7*. )

B pab6ore [KotoBa, be3pykux, 2022] mokazaHo, 4To
(2) ymoBIETBOPHUTEIHHO COTIACYETCS C APYTUMHU IMITH-
PUYIECKAME COOTHOIICHUSIMH, TIOJTyYCHHBIMH B MEHBIIIEM
Juana3oHe pacctosaHuit ot 3emid. C IOMOIIBIO MacIITa-
6upoBanns N~L >’ 1aHHbIC IBYX CITyTHHKOB OBLTH TIPH-
BezieHbl kK L=3. Takas mpouenypa yMEHBIIAET BIUSHUE
3aBUCHMOCTH TUIOTHOCTH IDIa3MOC(Ephl OT YIAICHHOCTH
oT 3emid. 3aBHCHMOCTh OT MECTHOTO BpeMeHH Oolee
nopoOHO Oy/eT paccMOTpEHa B cieayrolleM naparpade.
AHaAJOTUYHO TeMmIlepaTypa MpPOTOHOB 71, U3MepeHHas
Ha pa3HbIX L-obomoukax Ha KA «MHTEpOON-1» n «Ma-
THOH-5», IPUBOAMIACH K L=3 ¢ MOMOIIBIO BBIPAKCHUS
T~L"*, xotst u3 puc. 1, 6 BumHO, 4TO pacmpeneeHus T
AMEIOT Topasnio OoNbIINK pa30dpoc 3HaYeHWH u Ha 15—
20 % pa3nmyaroTcs JHEM U HOYBIO.

2. 3ABUCUMOCTD IIJIASMEHHBIX
XAPAKTEPUCTHUK
IVIABMOC®EPBI OT MECTHOTI'O

MATHUTHOI'O BPEMEHU

Ha puc. 2 mpencraBieHa 3aBHCUMOCTh OT MECTHOTO
MAarHATHOTO BPEMEHHU TUIOTHOCTH (@) ¥ TeMItepaTyphl (0)
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Puc. 1. 3aBUCUMOCTH OT paccTOSHUA 10 IIEHTpa 3eMJIM IUIOTHOCTH (@) U TeMmeparypsl (6) IpOTOHOB, U3MEpPEHHBIX Ha KA
«HTep0oa-1» B IIIOCKOCTH MAarHUTHOTO 3KBaTopa Iuasmodepsl, ais aByx uutepBanoB MLT: nueusie wacer 09.00-18.00
(xpacHble Toukd) U HOuHbIe Yackl 21.00-06.00 (cunue Touku). COOTBETCTBYIONIHE CTEIICHHBIC aNNPOKCHMALMN ITOKA3aHbl TEMHU XKe
1BetaMu. UepHast KpuBasi Ha MTAHENN ¢ COOTBETCTBYET 00l anmpokcuManu (2)
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Puc. 2. 3aBUCEMOCTH IIOTHOCTH (@) ¥ TeMIepaTypsl (0) IPOTOHOB, 3MepeHHBIX Ha KA «Marnon-5» B INIOCKOCTH MarHUT-
HOTO 3KBaTOpa IU1a3Modepsl, OT MECTHOIO MAarHUTHOTO BpeMeHH. UepHble TOUKM — BCE M3MEPEHHs, KPacHble — HM3MEPeHUs,
BBITIOJITHEHHBIE B Mae—HIONe BOJIM3H JIETHETO COJHIIECTOSIHUSA, CHHUE — TapaMeTpPhl, U3MEPEHHBIE 3MMOM BOIU3H 3UMHETO COJHIIE-

CTOSAHHSA

MPOTOHOB, PACCYUTAHHBIX MO JaHHBIM KA «Maruos-5».
Bce msmepenus Ha KA «Maruon-5» npoBOAWIKCE B TOJIbI
MakcuMyma 23-To IUKJIa COJTHEYHOH aKTUBHOCTH Hal 00-
nacteio 50° W — 60° E. BUaHbI 3HaUNTCIILHBIC H3MEHCHHS
MapaMeTpoB IIa3MOCEPHOM IIIa3MBI B TCUCHUE CYTOK.

ITo 5TUM JaHHBIM MaKCHMaJlbHasl IIOTHOCTh HAOIIIO-
JTaeTcs B OKPECTHOCTH NMONYHHA. B 12 9 mioTHOCTH mpo-
TOHOB TIPEBOCXOAWT HOYHYIO IDIOTHOCTH MPHOIN3U-
TeNBHO B 2—5 pa3 (puc. 2, a). MakcumMyM TeMIepaTypsl
perucTpupoBaics okoio 16 49 (puc. 2, 6), 9TO COOTBET-
CTBYET MaKCHMyMYy B CYTOYHOM XOJi¢ TEMIIEpaTyp MOHOB
U 3JCKTPOHOB MOHOC(Epsl Ha ypoBHE F-cios um BhIIIC
[JIssmenko, 2005]. BunHo, 4To CYyTOYHBINA XOJ MJIOTHO-
CTH ¥ TEMIICPATypPhl HOHOB HE 3aBUCHT OT CE30HA U3Me-
peHHIA: BUAUMOE U3MCHCHUE TTApaMETPOB, H3MEPCHHBIX
B Mae—HIoye (KpacHble TOYKH) BOJM3U JIETHETO COJIH-
LECTOSHUS, IUTABHO MEPEXOJUT B M3MCHCHHE MMapaMeT-
POB, U3MEPEHHBIX 3UMON (CUHHE TOYKH) BOJHM3U 3UMHETO
COJTHIIECTOSIHUA. MOJKHO Takke 3aMETUTh HEKOTOPBIN
MOTBEM TEMIIEpaTypsl B PaHHHE YTPEHHUE YaChl, COB-
MaJalonil ¢ CyTOYHBIMH BapHalUSIMHU TEMIIEpPaTypHI
B HOHOCheEpe.

Hannsie, nomyuennsle KA «UuTep6oin-1», oTHO-
CATCSA K TojJaM KaK HU3KOW COJTHEYHOM aKTHUBHOCTH
(1995-1997 rr.), Tak ¥ MaKCUMyMa COJIHCYHOTO I[UKJIA
(1999-2000 rr.). ITpn mpeacraBieHNH BCEX TaHHBIX B 3a-
BucuMoctd oT MLT HHMKakoro CyTOYHOTO W3MEHEHHS
napameTpoB He HaOmomaercst. Ha puc. 3 mokazaHbl m3Me-
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HEHHS TUIOTHOCTH M TEMIIEPaTyphbl MPOTOHOB B TECUCHUE
CYTOK, HO HM3MEpPEHHBIE TOJBKO B TOJBI MaKCUMyMa
COJIHEYHOTO muKia B uHTepBase 60° W — 60° E. He-
CMOTpS Ha MaJloeé KOJMYECTBO TOYEK, CYTOUHBIM XOJ
TeMIepaTypbl M IJIOTHOCTH AHAIOTHYCH IMOKa3aHHOMY
Ha puc. 2 o nanaeiM KA «Maruon-5».

BJUSHUE COJTHEYHOM
AKTHUBHOCTHA

HA XAPAKTEPUCTHUKMU I1JIA3ZMBbI
NNJIASMOC®PEPHI

3.

Kak yxe ymommuamoch, m3mepenuss Ha KA «Ma-
THOH-5%» MPOBOJMIIUCH B TOJIBI MAKCUMYMa 23-TO IUKIIA,
KOTJIa TIAPaMETPhI, XapaKTCPU3YIONIHE COTHCYHYIO aKTHB-
HOCTb, MEHSIOTCA B IMIMPOKUX TNpEeeNaxX U 3TO AaeT BO3-
MOKHOCTh TOCMOTPETH 3aBHCHMOCTH IUIOTHOCTH U TEM-
mepaTypsl MPOTOHOB B ILTazMocdepe OT COTHEYHOM
aktuBHOCTH. M3Mepenns Ha KA «MHTEep601-1» mpoxo-
I U B roabl MuEMMyMa (1995-1997 1r.), M rogsl
MaKCHMyMa ITHKJIa, YTO MO3BOJSET COMOCTABHUTH IIJIOT-
HOCTB ¥ TEMIIEpaTypy IUIa3Mbl B IIa3Mochepe B pa3HbIe
MEPUOJIBL.

Ha pwuc. 4 nokazaHbl 3aBUCUMOCTH IUIOTHOCTH (a4, 6)
U TEMIEpaTyphl (6) MPOTOHOB B IazmMocdepe, n3MepeH-
HBIC BOJIM3M TUIOCKOCTH MAarHUTHOTO AKBaTOpa U HOPMHU-
poBaHHBEIC Ha L=3, OT YuCJa COTHEYHBIX MATCH R (a)
1 MOTOKA COJIHEUHOTO paauousnydenus F10.7 (6, g).
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Puc. 3. 3aBucuMocTH IIOTHOCTH (@) M TEMIEpaTypsl (6) IpOTOHOB, U3MepeHHbIX Ha KA «HTep6oi-1» B mIockocTn Mar-
HUTHOTO HKBaTOpa Ia3Modepsl, 0T MECTHOTO MarHUTHOTO BpeMeHU. [IpencraBinennsle m3Mepenus caenansl B 1999-2000 rr.
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Puc. 4. 3aBucuMoCTH NMIOTHOCTH (@, 6) U TeMIepaTypsl (6) NPOTOHOB, u3MepeHHbIX Ha KA «MuTepbon-1» (a, 6) u «Ma-
THOH-5% (6) B INIOCKOCTH MAarHUTHOT'O 9KBAaTOpa miasmMocepsl, OT HHACKCOB COIHEYHOU akTUBHOCTH R (a) u F10.7 (6, 6). 3ene-
HBIM LBETOM Ha JIEBBIX MaHENsX (d, 6) OTMEUCHBI H3MEPEHUsI IPY MUHUMYME COJHeuHOH akTuBHOCTH (1995-1997 rr.), duosne-
TOBBIM I[BETOM — H3MEPEHUS B MaKCUMyMe COJHE4YHOH akTuBHOCTH (1999-2000 rr.). Ha nmpaBoii naHenu (6) KpacHBIM LIBETOM
noka3ansl fHeBHBIE n3Mepenus (06—18 MLT), cuaum nBeroM — HouHble (18-06 MLT)

Hnnexc F10.7 Hemnoxo KOppeaupyeT ¢ MOTOKOM COJI-
HeuHoro m3nydeHmss B EUV-mmamazone. DTOT HOTOK
SIBJIIETCS OCHOBHBIM (DaKTOPOM HOHHU3AIMH HOHOC(e-
po1 ot cnost E u Berre [Chen et al., 2011]. Xotsa F10.7
HE BCeria KOPPEKTHO OMUChIBacT MOTok EUV-m3nydenus,
HMEHHO OH OOBIYHO HCIIONB3YETCS JJIS OLEHOK €ro Ba-
PpHALUH.

Janusie KA «UuTepbon-1» (puc. 4, a, 6) mokasbl-
BAIOT, YTO IUIOTHOCTh MPOTOHOB B MHHUMYME IIHKIA (3¢-
JICHBIE TOYKH) B CPEITHEM BHIIIE, YeM B MakCUMyMe ((Ho-
neroBbie Toukw). [To manaeiM KA «Maruos-5» B Makcu-
MyM€ COJIHEYHOH aKTHBHOCTH IPH M3MEHEeHHH R oT 40
1o 350 u F10.7 ot 120 mo 325 BEIABUTH KaKylo-JIMOO
3aBHCHMOCThH IIJIOTHOCTH IIPOTOHOB B ILIa3Mocdepe
OT 3THX MHJCKCOB He ynmanochk. OJJHAKO BUIHO BO3pacTa-
HHUE U JHEBHBIX, H HOYHBIX TEMIIEPaTyp MPOTOHOB C PO-
CTOM COJIHEYHOI aKTUBHOCTH (pHC. 4, 8).

4. 27-JHEBHBIE U I'OJOBBIE
BAPUAIIUU TAPAMETPOB
IMJIASMOCODEPDBI

Ha puc. 5 npeanpussaTa NOMBITKa OOHAPYKCHUS Ba-
pUanuii TeMnepaTyphl U IUIOTHOCTH MPOTOHOB B IIIA3-
Mocepe ¢ mepuomom oxono 27 cyr. BeprukanbHbie
JIMHUHM OTMEYAIOT O(HIHATEHBIC JaHHBIC Hayalla [IUKIIOB
Koppunrrona (~27.3 cyrt.) [https:/www.astroleague.org/
files/obsclubs/Carrington%20Rotation%20Start%20Dates.
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pdf]. Ha HmkHe# manenu mokaszaHsl usmeHnenust F10.7.
[Muk 3TOTO WHIEKCA B KOHIIE MapTa — Hadaje ampeist
2001 r. cBs3aH C CHJIbHBIMU COJIHEYHBIMH BCIIBIIIKAMH
Kiacca X B 3TOT NEPHUO/I.

MOXHO BBIJICTINTh CHHYCOHIAJbHBIE BApPHAIMN TEM-
niepatypsl ¢ saBapst o uronb 2001 T ¢ mepromom ~28 cyT,
HO 3aMeTHOW koppemsamuu ¢ F10.7 He HaOmMOmaercs.
DTO HEYIMBHTEIBHO, TAK KaK KOPPEJSLHS TeMIIepaTyphl
U TUIOTHOCTHU IUIa3MbI B 1uiasMocdepe ¢ F10.7 mioxo
BeIpakeHa (puc. 4, 0, 8).

Ha puc. 6 nokasansl Bappauuy TeMnepaTypsl (Kpac-
HBIE TOYKH) M IJIOTHOCTH (CHHHME), M3MepeHHble Ha KA
«MaruoH-5» 1 HOpMHpOBaHHBIE HAa L =3 3a BeCh NIEpHO/T
pabotsr ipubopa [1J1-48. Tlo rpaduky n3mMeHEHUS TEM-
mepaTypsl MPOTOHOB BHUIHBI MOJYT'OJOBEIC BapHAINH
C MaKCHMyMaMH B OKPECTHOCTH IEPHOIIOB PAaBHOJICH-
ctBus BecHol (21 mapTta) u oceHbio (23 ceHtsoOps), HO
BBIJIENIACTCS U TOJIOBOM MEpHOJa U3MEHEHUU Temrepa-
TYPHI U TWIOTHOCTU (BEPTHKAIBHBIC TPUXOBBIC JIHHUH).
Ha rpaduke n3meHeHus IUIOTHOCTH MTpeodiaiacT Mak-
cumyM B Mae—utoHe 2000 r. DTOT MakCUMyM, TaK XKe
Kak 1 B (eBpane—mapre 2001, oueBUIHO, IBISETCS CIEA-
CTBHEM IMOJIyICHHOTO MaKCUMyMa IIOTHOCTH (CM. pHC. 2),
TaK KaKk U3MEPEHHs B ITOT MEPHUOA POXOANIIH B THEBHOM
cexTope trazMocdeprl. PUCYHOK 2 MOKa3bIBAET, YTO
BO BHYTpPEHHEW IUa3mMocepe 3aBHCHMOCTD IDIOTHOCTH
IUTa3MBI OT MECTHOTO BPEMEHH Oo0Jiee CYIECTBeHHA, YeM
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Puc. 5. Vzmenenue c stBaps no uioHbk 2001 1. TemnepaTypsl
(BepXHSI TaHeNb) W INIOTHOCTH (CPe[HSS IIaHEb) IPOTOHOB,
n3MepeHHbIX Ha KA «MaruoH-5» B IUIOCKOCTH MarHHTHOTO 3K-
Baropa mma3Mochepsl. Och abcmpicc — aHU ¢ Hadama 1999 r.
Po3oBast KprBasi Ha BepXHEil NaHel — aIIPOKCUMALUS JAHHBIX
10 TEeMIIEpaType CUHYCOMAAIBHON 3aBUCUMOCTbIO. HinkHssa ma-
Hens — Bapuammu  F10.7 [https:/cdaweb.gsfc.nasa.gov/cgi-
bin/eval2.cgi]. BepTukanpHble JIHHUM — Ha4ayia COJIHEYHBIX
o6opotoB Ksppunrrona, mo HaOGmogeHusM Ha 3emiie
[https://www.astroleague.org/files/obsclubs/Carrington%20Ro
tation%?20Start%20Dates.pdf]

3aBUCHUMOCTH OT CE30Ha U3MEpPEHHUH, 1o KpalHel mepe,
B CEKTOPE JOJNTOT, B KOTOPOM MPOBOAWIINCH H3MEPEHHS
Ha KA «Maruos-5» (50° W — 60° E). /lunamuka Tem-
HepaTypsl, HO-BHAMMOMY, CBUAETEIBCTBYET O TOM JKE.
JlokanbHBIE MakCUMyM TeMIIEpaTypbl MPOTOHOB, HAOIIO-
JTaeMBbIi BOJIM3M BECEHHEro pPaBHOJCHCTBUS B Hadaie
ampens 2000 r. (~460 1eHB) PETHCTPHUPOBAICS OKOJIO
16-17 v« MLT. 3arem TemmepaTypa HOCTUTaeT JIOKAJb-
HOro Makcumyma B cepeause aBrycra 2000 r. okomno 6 u
MLT. B Te ke yachl MaKCUMYMBbI TeMIIEpaTyp BUIHEI
Ha puc. 2, 6, XOTS IEPUOBI ITUX HAOIIOICHUH OJIN3KH
K BECCHHEMY M OCEHHEMY PaBHOJEHCTBHIO.

Wamepenus Ha KA «MHTepOO0I-1% MPOoX0uim He CTOIb
gacTo, kak Ha KA «Marnos-5», u moromy o0bema JaH-
HBIX HEJOCTATOYHO JUIl pACCMOTPEHHS CE30HHBIX Bapu-
anui mapaMeTpoB MIa3MocepHON MIa3MBbl.

S. CBA3b IIVIOTHOCTHU
M TEIIJIOBOT'O JABJIEHU A
HNOHOB B IINIASBMOC®EPE

C IINIOTHOCTHBIO

N JUMHAMMWYECKHUM JIABJIEHUEM
COJIHEYHOTI'O BETPA

HecmoTtps Ha TO, uTo KA «MHTEepOOI-1» TIEepece-
Kan mazmocdepy 3emiin TOIBKO pa3 B 4YETBEPO CYTOK
1 TOJIBKO TIPH JOCTATOYHO HU3KOM IIepUree OpOUTHI, AIH-
TeNbHBIA mepuos padotel KA 1o3BOJISIeT mpoaHaiu3u-
pPOBaTh 3aBUCHMOCTH XapaKTEPHCTUK XOJOTHOM ILTa3Mo-
cepHOii TUIa3MBI OT MapaMeTpoB HaOEraromiero Ha Mar-
autochepy 3emim motoka CB.

Ha puc. 7 moka3aHbl 3aBUCHIMOCTH IIIOTHOCTH (4, 0)
A TEIUIOBOTO JAaBJICHHWS TPOTOHOB (8), M3MEPEHHBIX
Ha KA «MHTep6on-1» B MIOCKOCTH MarHUTHOTO SKBa-
Topa miazMoc(epsl, OT IWIOTHOCTH Ngy (a) U AuHAMU-
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2

gyeckoro jasnenus (6, ¢) CB plg, (p — MaccoBas

IUIOTHOCTB, Vgw — ckopocTb CB). [IpsiMble muHUM 0TOO-
PaXKAaIOT ANMPOKCUMHPYIOLINE 3aBHCHMOCTH, TPH 3TOM
YepHBIM IIBETOM (@, @) TIOKa3aHbl 3aBUCUMOCTH, TTOTyJIeH-
HBIE TI0 BCEM TOYKaM (COOTHOIICHHMS, HAITMCAHHBIE Yep-
HbIM 11BeToM). Koadduruents! gerepmunanuu D yka-
3aHBI TAaKXKe JUIA alIPOKCUMANNI TI0 BCEM M3MEPECHHUSIM.
Ha manenu 6 mis mpuMepa COOTBETCTBYIOIIMMH IIBETa-
MH TIOKa3aHBl alIPOKCHMAIMH OTIENBHO Ui M3Mepe-
HU#, BBIIOJHEHHBIX B TOJbI MUHUMYMa U MaKCUMyMa.
Bunno, uto 3aBucumoctu Onumsku. [lpu 3ToM eme pa3
MPOAEMOHCTPUPOBAHO, YTO IUIOTHOCTh TEIUIOBBIX IIPO-
TOHOB B IUIa3MOc(epe B T'OJbl HU3KOW COJIHEYHOH ak-
TUBHOCTH B CPEITHEM BBIIIIC, YEM B T'OJIBI BHICOKOH.
3aBHCHUMOCTH, ITOKa3aHHbIE HA MAHEIIX a, O, B3aHMO-
CBSI3aHBI, TIOCKOJIBKY QUHaAMm4eckoe aaBieHne CB rimaB-
HBIM 00pa3oM OMpEIeNsAeTCs ero IJIOTHOCThIO (pHc. 8).
KpacHast THHHS W COOTBETCTBYIOIIEE COOTHOIICHHE

Ha TAHENH a TIOyYeHBl W3 ypaBHeHMH N =142.3p VSZW

u pVgy =0.28N,,,. Paccunrtannas 3aBUCHMOCTh Mpak-

TUYECKH COBMAJAET C MOJYUYECHHOM ammpoKcUManuei.
Takum 00pa3oM, HEBO3MOXKHO CKa3aTh, KaKas 3aBHCH-
MOCTb OCHOBHas.

3aBHCUMOCT, Ha TAaHENH 6, BO3MOXKHO, SIBJISETCS
CIIEZICTBHEM 3aBHCHMOCTH IUIOTHOCTH IPOTOHOB B ILIA3-
Mocdepe oT nuHamudeckoro nasieHust CB (6).

Jannpie KA «Maruon-5» yka3bIBalOT Ha HallMyue
TeX JKe CBA3eH MEeXIy XapaKTepHUCTHKAMH IIIa3Mocdep-
HO¥H a3mMbl 1 apamerpamu CB, HO TOJBKO ISt THEB-
HO¥ obnactu masmocdepsl (puc. 9).

6. OBCYXJIEHUE PE3YJIbTATOB

MpsI mocTapaiuch MO JaHHBIM CITyTHUKOB MPOCKTA
«HTEpOOT» MaKCHMaJbHO MOAPOOHO MPOAHATU3IUPO-
BaTh Pa3NMYHBIC (AKTOPHI, BIUSIONINE HAa M3MEHEHUS
IUIOTHOCTH W TEMIIEpPaTyphbl XOJIOTHON IUIa3MbI B HKBa-
TOPHATLHOM TJIOCKOCTH BHYTPEHHEH JacTy mia3Mochepbl
3emimt. OCHOBHBIM (DaKTOpOM, OTPEAEIISAIONIAM pacIpe-
JIeNIeHre TIOTHOCTH M TeMIIEpaTyphl XOJIOJHOM ITTa3Mo-
cepHOll MTa3MBI OKOJIO 3EMITH, SIBIISICTCS PACCTOSHUC
MarHUTHBIX TUTa3MEHHBIX 000104Yek oT 3emuu. [ns wuc-
KITIOYCHUS BIHSIHUAS YHAJCHHOCTH OT 3eMJIM MECTa H3-
MEpPEHUS TUIa3Mbl TaHHBIC MacIITa0UpOBAUCH HA Mar-
HUTHYIO 000J04Ky L=3. AHaJIM3MpOBAINCH IaHHEIE,
MTOJTyYeHHBIE TOJIBKO BHYTPH IIa3Mocdephl, HO HE B 00-
JACTH €€ TOTPAHWYHOTO CIIOS WINM B IDIa3MOC(hEepHBIX
TUTIOMakax.

BTopsiM akTOpoM, KOTOPBIH MOXKET CYIIECTBEHHO
BIHMATHh Ha paclpesieicHHe IUIa3MBI B ILTa3Mocdepe,
SIBIIIETCS MECTHOE BpeMms. M3MmepeHus, BHINIOJTHEHHEIE
Ha KA «Maruon-5» B roabl BEICOKOH COJIHEUHOI aKTHB-
HOCTH, CBUJICTEILCTBYIOT O CHUIIBHOM 3aBHCUMOCTH TUIOT-
HOCTH TIPOTOHOB OT MECTHOTO BPEMCHH H3MEPCHHIA.
MakcuMyM TUTOTHOCTH HaOmromaercst okoiio 12 u MLT,
IUIOTHOCTh B HOUHBIC Yachl B CPEITHEM B 2—5 pa3 HIKE.

W3meHeHus Temriepatypbl TIPOTOHOB BO BHYTPCHHEH
miazMocdepe B 3aBucuMoctd oT MLT aHamormdHsl cy-
TOYHBIM BapHAIWsIM TeMIIEPaTypsl HOHOC(HEPHI, YTO MMOJ-
TBEPIK/IACT U aHAIIN3, BBITIONIHEHHBIN panee [Kotova et al.,
2002a, 2008]. [To narabiM KA «MarnoH-5» ObLIO TOKa-
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oT motHocTH npotoHoB 01.08.1995-30.09.2000
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3aHO, YTO TEMIIepaTypa MOHOB B IDIa3Mocdepe mpu
L<~2.5-2.8 Onu3ka K TeMIepaTrype 3JIEKTPOHOB
B BepxHeH noHocdepe npu Bcex 3HaueHHAX MLT,
KpoMe MojTyieHHO-BeuepHei obnactu (12-20 MLT),
rJe TeMIeparypa B Iia3mMocdepe BbIIIE, YeM B HOHO-
chepe [Kotova et al., 2008]. OTHOIICHUE TemIepa-
TypBl MOHOB B ILIazMoc(epe K TeMmIepaType dJeK-
TPOHOB BepxHel noHocheps! BozpacTaeT ¢ L. B rombt
BBICOKOW COJIHEYHON aKTUBHOCTH POCT YKa3aHHOTO
OTHOIIEHHS TEeMIIepaTyp MPOMCXOIHUT OBICTpee, YeM
B roabl HU3Ko# [KoToBa, bespykux, 2022].

Hannsie KA «HTEpOOI-1%», OTHOCSIIHECS K TIe-
pHOIy BBICOKOH COJIHEYHOHW AKTHBHOCTH, IIOJITBEp-
KIAIOT CYTOYHBIC BapHAIlMH IUIOTHOCTH M TEeMIIepa-
Typbl TIPOTOHOB, BBIABJICHHBIC MO M3MepeHmsM KA
«MaruoH-5». OHaKo BO3MOKHO, YTO M3-32 3aMETHOM
Pa3HUIIBI MEXTy MATHUTHOM U reorpaduaeckoi ocsiMu
3eMITH OBBIIICHHE TUIOTHOCTH HOHOB B THEBHEIC Yachl
1 CyTOYHBIE BapHaIii TEMIEPAaTyPHl TAK)KE 3aBUCAT
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Puc. 9. 3aBucuMOCTH IIOTHOCTH (@, 6) U TEIJIOBOTO AaBJICHUS () MPOTOHOB, M3MepeHHBIX Ha KA «Maruon-5» B MIOCKOCTH
MarHWTHOTO JKBAaTOpa JHEBHOW Iuia3Mocdepsl, OT INIOTHOCTH Ngw (@) M ANHAMHYECKOTO AaBICHHUS pVSW2 (6, 8) cosHEYHOTO

BETpa. HpﬂMI)Ie JIMHUU — allIIPOKCUMHUPYIOINUE 3aBUCUMOCTHU

0T TeorpapuuecKoil JOITOTHI MECTa, HaJl KOTOPBIM IIPOH3-
BOJUITCSL U3MepeHus. J[1s MpOBEpPKU 3TOT0 MMEIOIIUXCS
JTAaHHBIX HEJJOCTaTOYHO.

[ToMuMO paccMOTpPEHHBIX IBYX OUYEBHAHBIX (hakTo-
POB, OIIPE/ICIIAIONINX IUIOTHOCTh U TEMIIEPATypy IIa3MO-
cepHOH TIIa3Mbl, COJIHEYHAs, T'€OMarHWTHas AKTHB-
HocTh M motok CB, nHaGeratommit Ha 3emimo u popMmu-
pyrouuii pacupe/eleHne IasMbl 1 MarHUTHOTO TTOJIS
B MarHuToc(epe, OKa3pIBalOT CYIICCTBCHHOE BIUSHUE
Ha XapaKTEePUCTHUKH XOJOAHON ITa3MBl.

ITo garapM KA «HTEpOO0II-1%», TIOITydeHHBIM B TOMBI
MHHAMYMa ¥ MakcuMyMa 23-To IUKJIa, TUIOTHOCTh MPO-
TOHOB BHYTpEHHEW IuIa3Mocgepsl B TOAbI HU3KOH coi-
HEYHOI aKTUBHOCTH ObLiIa B CPETHEM OOJIbIIIE, YeM B TOJIbI
BeIcOKOH. 3mepennst Ha KA «UHTep6oa-1» B mepuoms
MHHAMYMa M MakCHMyMa COJIHEYHOIO ILMKJIa pPaBHO-
MEpHO paclpeeliecHbl 110 MECTHOMY BpeMeHH. Pa30poc
3HAQUEHHMH IIOTHOCTH IIPU 3TOM JIOCTATOYHO OOJIBIION
(cM. puc. 4). TlomydeHHBIH pe3ybTaT He COBMAIAET C I10-
nIydeHHbIM paHee [Park et al., 1978] mo HazeMHBIM naH-
HBIM M3MEpEeHHiA BUCTIIEPOB B 1957—1964 rr. Pe3ynpraTs
e, TIONyYeHHBIE M0 JAaHHBIM IIOJIHOTO 3JIEKTPOHHOTO
comepxkanusa B masMmocgepe [Shim et al., 2017], 3aBu-
cAT, TIpexJie Bcero, ot onpenenenns PEC KoTopoe Mo-
KET BKJIOYaThb WJIM HE BKIIIOYaTh OOJIaCTh BepXHEH
noHocgeps! ¢ npeobiagaHeM MOHOB KHcIopona. Bri-
coTa mepexojia OT KUCIOopoJa K BOJOPOAY TaKKe 3aBU-
CHUT OT MHOTHX (DaKTOPOB.

Boree BeposTHOI NMPUYMHON pacXOXKIEHHS IAaHHBIX,
nosrydeHHbIX Ha KA «HTep6oi-1» B MUHUMYME U Mak-
CHMyMeE COJTHEYHOH aKTMBHOCTH, M BOJHOBBIX H3MeEpe-
HUH TUTOTHOCTH 3JEKTPOHOB SIBISICTCS Pa3fIMdUe Macco-
BOTO COCTaBa IIa3MOC(EpPHON IIa3MBl B 3TH HEPUOIBI.
ITo mmepennsm Ha KA «MHTepOoII-1» MBI onpenenseM
TOJIBKO TJTIOTHOCTH IPOTOHOB, PACCUHUTHIBAS €€ Ha OCHO-
BE€ aNNpPOKCHMAIIMH MaKCBEJUIOBCKUM pacIpelie/ICHHEM
IJIABHOTO TIMKa B DHEPreTHYECKOM cHekTpe HoHoB [Ko-
tova et al., 2014]. Mexay TeM, 1o pa3JIN4YHBIM JaHHBIM
OBUIO MOKA3aHO, YTO C POCTOM COJHEYHOW aKTHBHOCTH
n BenuuuHbl F10.7 B ma3mMocdepe yBeIHMIUBaeTCs OT-
HOCHUTEJIFHOE COZEp)KaHWEe MOHOB TeHs W KHCIOpOAa
[Craven et al., 1997; Denton et al., 2025]. B cuny kBa-
3WHEHTPANTBHOCTH TUIA3MBI IDIOTHOCT AJICKTPOHOB paBHA
CyMMe IDIOTHOCTEH BCEX ITOJIOKHTEIBHBIX HOHOB, IIO-
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9TOMY NIPY 3HAYUTEIEHOM YBEJIIICHUN KOJIMIecTBa Oojee
TSOKETIBIX MOHOB IIOTHOCTH MPOTOHOB MOXKET M YMEHb-
II1aThCA.

Hukakoro TpeHIa B M3MEHCHHU TEMIICPATyphI TPO-
TOHOB TIPU CPABHCHUH M3MEPCHUI B MUHUMYME U MaKCH-
MyME COJHEYHOrO IWKia mo gaHHeM KA «uTep6on-1»
He BBLIBIICHO. bosiee moapoOHkie nanHbie KA «MaruoH-5»,
MOJyICHHBIE B IMEPUOJ MaKCUMyMa LHKJa, HE yKa3bl-
BalOT Ha KaKyIO-THOO 3aBHCHMOCThH IUIOTHOCTH HOHOB
OT COJTHEYHOH aKTHBHOCTH, HO CBHACTEIBCTBYIOT 00 yBe-
JIYEHUX M THEBHBIX, M HOYHBIX TEMIIEPaTyp IPOTOHOB
C POCTOM HHAEKCOB COJTHEYHOI aKTHBHOCTH.

[Ipu ananu3e Bapuanuii IWIOTHOCTH U TEMIICPATYPHI
MPOTOHOB, M3MepeHHBIX Ha KA «MaruoH-5» B IIOCKOCTH
MarHUTHOTO 3KBaTopa Iuia3Moc(hepbl, B TOABI MaKCHU-
MyMa 1ukna (ceHtsops 1999 r. — mions 2001 r.) onpe-
JICIIATH CE30HHBIC BApHAIMU HE YIACTCS, MOCKOJIBKY SIBHO
OoJiee CYIICCTBEHHBIMU OKAa3bIBAIOTCS CYTOYHBIC BapH-
aIy, KOTOPBIE CKPBIBAIOT, MO-BHINMOMY, MEHEE 3Ha-
YIMBbIC CE30HHBIC U3MEHEHHUS apaMeTpOB.

HNHorna MOXHO BBIIENUTH 27-ITHEBHbIE BapHalUU
TeMIlepaTypsl B IWia3Mocdepe, HO Ui TOIPOOHOTO
aHallM3a TaKUX BapHAIlMid U UX CBSA3U C MOTOKOM COJI-
HedHOTO Y D-M3IIydeHUs HYKHO OOJIbIIE TaHHBIX.

PaccmoTpenHbIe TaHHBIE B OCHOBHOM OTHOCSITCS K TIe-
pronaM ciiaboif W yMEpEeHHOH T'€OMarHUTHOW aKTHB-
HOCTH. Hukak He BBIIENSIOTCS W3 OCTaJIbHBIX ILIa3MO-
c(hepHBIX TaHHBIX W3MEPEHHS, BHIIIOJHCHHbIC HA TJIaB-
HOH (paze MarHUTHBIX Oyph: 22.10.1999 u 13.01.1996
Ha KA «HTepbon-1», 15.10.1999, 26.06.2000, 29.08.2000,
20.03.2001, 28.03.2001 — na KA «Maruon-5» (oauH
mpojet depe3 miazmocdepy 13.08.2000 Bo BpeMs Boc-
CTaHOBJICHUS TIOCIIC 3HAYUTENHHON OypH (MUHHMAITHHBINA
Dst=-234 uTn, 12.08), a Takke U3MEpPEHHS Ha ITOM
crytHuke Bo Bpems SSC 26.11.2000). Hukakoii 3aBH-
CHMOCTH IUIOTHOCTH WJIH TEMIIEPaTypsl MPOTOHOB
BHYTpPEHHEH 1mia3Mochepsl OT HHIIEKCOB T€OMarHUTHOU
aKTuBHOCTH K, Dst, AE He BbIABIeHO. OHAKO 3TO OT-
HOCHTCSI K CPEOHHM XapaKTEePHCTHKAM IUIa3MOChEpHI.
s Toro 9TOOBI TOCMOTPETh M3MEHEHHUS XapaKTepH-
CTHK IDIa3MbI B OJJHOM COOBITHH, HANPUMEP B TCUCHHE
OIHOW MAarHUTHOHM OypH, HAalO H3MEPATH ILIOTHOCTH
U TEeMIIepaTypy IUIa3Mbl B OJHON OOJACTH B TCYCHUE
JIauTensHoro BpeMeHu. OuH pa3 3a 6 4 Takue uzMepe-
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Hus ynanock npoBectu Ha KA «uTep6on-2» [Bepurun
u ap., 2011]. beuto noxasaHo, 4TO BO BpeMs IJIaBHOM
(a3l MarHUTHBIX Oyphb TeMIepaTrypa HOHOB ILIa3MO-
cthepbl, KaKk MPaBUiIO, OHMKACTCS, TUNIOTHOCTh TUIA3MBI
IIPU 3TOM TMOBBIIACTCS WM COXpaHSETCS Ha YPOBHE,
XapakTepHOM [JI1 HEBO3MYUIEHHBIX ycioBui. Takoe
MOBEICHHE TEMIIePaTypsl HOHOB YHAIOCh OOBSICHUTH
C TOMOIIBI0 MOJENN TepeMemeHus apeidoBoir 000-
JIOYKH OT 3eMITH, BBI3BAaHHOTO YMCHBIICHHEM MAarHHT-
HOTO TIOJISI BO BHYTPEHHEH ta3mMocdepe mpu pa3BUTHI
MarHuTHOH OypHu.

U, HakoHen, 0OpaTUMCs K 3aBUCUMOCTH XapaKTepH-
cTUK IwiasmMocdepsl ot mapamerpoB CB. [lanneie KA
«HTEepO07-1» CBUACTENHCTBYIOT O BO3PACTAHUM ILIOT-
HOCTH IU1a3MOC(epHOI [UIa3MBbI C YBEIUYCHUCM BHEIITHETO
HaropHoro (aquHamudeckoro) nasnerns CB. Ha Takyro xe
3aBHUCUMOCTH B JTHEBHOW 00JIaCTH T1a3Moc(ephl yKa3bl-
BaroT maHHble KA «MaruoH-5». [laBneane CB wmrpaer
OCHOBHYIO pOJIb BO B3aWMOJICHCTBHH T'€OMAarHUTHOTO
oyt U motoka CB. DTo B3amMojeicTBHE OmpeseseT
(hopmy MarHuTOC(EPHI, €€ TIOPKATHE C THEBHON CTOPOHBI
U BBITSIHYTHIH B aHTUCOJHEYHOM HAIPABICHUU MAarHUT-
HbId XBOCT. OJHAKO BHYTPU MarHuToc(hepsl NaBICHUE
XOJIOJTHOM MarHUTOC(EPHOI IIa3Mbl YPE3BBIYAIHO MAJIO
[0 CPABHCHUIO C JABJIICHAEM MAarHUTHOTO IOJSA U HE MO-
JKET HEeMOCPeACTBEHHO 3aBHceTh OT Aamienus CB. On-
Hako (opMHpPOBaHHKE IIa3MOc(ephl U IIa3Momnay3sl Cy-
IIECTBEHHO OTIPEIEINACTCS HIEKTPHISCKAM I0JeM KOH-
BeKnMH B MarHuUTOc(epe. Benmunna u pacnpenencHue
B MarHuToc(epe 3TOro Moy KOHBEKIHUH, BEPOSTHO, 3aBH-
cat ot paienns CB [JlykesHOBa, 2004]. Tlo-BHamMoMy,
HMEHHO TaKUM OINOCPEIOBAHHBIM 00pa3OM JaBIICHHE
1 wioTHOCTh CB BIUSIOT HA MIOTHOCTH XOJOIHBIX IIPO-
TOHOB. DTOT BOIPOC TPeOyeT Cephe3HOTr0 TeopeThye-
CKOTO aHAJIH3A.

3AKIIOYEHUE

ITo manaeiM KA «HTEp6OIN-1%» 1 «Marnos-5», moiry-
YeHHBIM B TUIazMocdepe 3eMii BOJHM3H KBATOPHAIIb-
HOW IUTOCKOCTH, TPOAaHAIN3WPOBAaHBl BO3MOXKHBIE TIPH-
YHHBl BapHAlW{ TUIOTHOCTH W TEMIIEPATYPHI TEIUIOBBIX
(x010/1HBIX) IPOTOHOB. [loMyUeHsI clenylomue pe3yib-
TaTHI.

OCHOBHBIMU (PaKTOPaMH, ONPEACISIONUMHA H3ME-
HEHUS IJIOTHOCTH M TEMIICPATypPhl XOJOIHON IJIa3MBbI
B 9KBaTOPHAJIBHOMN IIOCKOCTH IIa3MOC(hephl, SIBISIOTCS
yIAJICHHOCTh MAarHUTHOM 00O0JIOUKH OT 3eMJIM U MecT-
HOe Bpems. B cpemHeM M3MEHEHHS TeMIIepaTyphl Mpo-
TOHOB BO BHYTpPEHHEW Mia3Mmocdepe B 3aBUCHMOCTH
or MLT anHanoruuHel CyTOYHBIM BapHalusiM TemIepa-
Typsl HOHOC(]EpHI MaKCHUMaJbHBIE TEMIIepaTyphl
HaOJTIOIATOTCS TIOCHIe paccBeTa u nocie noiayxHs. 1o man-
HBIM CITyTHUKA «MaruoH-5» B ro/ibl BHICOKOH COTHEYHOU
aKTHBHOCTH MaKCUMYyM TUIOTHOCTH ITPOTOHOB HAOTIOAAIICS
B~124y MLT.

JIOTIOTHUTEIBHO TUIOTHOCTh M TEMIIEPATypa IUIa3MbI
BO BHYyTpeHHEH Imuia3Mocdepe 3aBucsT OT (as3bl 11-ner-
HETO COJIHEYHOro nukia. [I10THOCTh MPOTOHOB B TOXBI
MHUHHMYMa B CPEIHEM BBIIIC, YeM B TOJbI MAKCHMyMa,
YTO, BEPOSTHO, SIBISIETCSI CIICACTBHEM M3MEHEHHS Mac-
COBOTO COCTaBa IUIa3MBbl B IUIa3Mochepe U TMOHIKEHHS
IO TIPOTOHOB B ITIOTHOCTH MOHOB B (ha3e MaKCHMyMa.
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JIHEeBHBIC M HOYHBIC TEMIIEPATYPHI IPOTOHOB BO3PACTAIOT
¢ yBenmueHueM noroka Y ®-n3nmydenus ComnHua, o Kpaii-
HEl Mepe, B TOABI MAKCUMYyMa.

[InoTHOCTh M TETUIOBOE HaBiieHWe TuTazmMochepHoit
IUIA3MbI YBEJIMYUBAIOTCSA C POCTOM JIMHAMHUYCCKOTO JaB-
JICHUST W/WIHA TUIOTHOCTH HeBo3MymienHoro CB, uro, BH-
JIMMO, CBSI3aHO C TEPECTPOMKOH 3SJIEKTPUUYECKOTO IOJIS
KOHBEKIIH B MarHutocadepe.

Jlns ©oJiee MOJTHOTO KCCIIENOBAHUS MPUYMH Bapua-
IUH XapaKTePUCTUK TEIIOBOH IIa3MOCHEpHON TUIa3MBI,
C OZIHOH CTOPOHBI, HEOOXOMMO TMPOAHAIU3UPOBATh JIaH-
HBIC BOJTHOBBIX HAa3€MHBIX M CITyTHHKOBBIX M3MEPCHHH,
KOTOpBIE ITO3BOJIIOT ONPENEIISiTh IUIOTHOCTD (POHOBOM
IUTa3MBbI, YTOOBI ONPEACTNTh CYTOYHBIN XOJ ITIOTHOCTH
B Pa3JIMYHBIX JIOJTOTHBIX CEKTOpPaxX B TEUYCHHE BCETO
COJIHEYHOI'0 1MKJIA. JIONOJHUTENBHBIM aHaIu3 MOBEAE-
HUS TEMIIEPaTyphl TUIa3MOC(EPHON ITa3MbI MIPH OTCYT-
CTBUH HOBBIX JIOKQJBHBIX TUIA3MEHHBIX U3MEPEHHH, 10~
BHUIMMOMY, CIICAYET MIPOBECTH MO JAHHBIM MPEABITYIIIIX
9KCIICPHMEHTOB, BHIIIOJHEHHBIX, HAIPUMEP, Ha CITyTHUKaX
Dynamics Explorer-1, 2 (DE-1 u DE-2). C npyroii cTo-
POHBI, 7SI TIOHUMAaHUS TIPHYUH M3MEHEHHS XapaKTepH-
CTHK TIa3Mocdepbl HeoOXOAMMO TEOpPETHYECKOe pac-
CMOTpeHHe (PU3MUECKUX B3aUMOCBS3EH TPOIIECCOB B Mar-
HUTOC(hEPE M MEKIUIAHETHOMH cpezie.

ABTOpBI ONarofapHBI CO3MATEISIM CalTa 332 BO3MOXK-
HOCTh HMCTIOJB30BaHMs 0a3bl IAaHHBIX 110 ITApaMeTpam CoJl-
HEYHOTO BETpa M HWHAEKCAM COJHCYHOH AKTUBHOCTH
[https://cdaweb.gsfc.nasa.gov/cgi-bin/evall.cgi].
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AnHoTanus. B pabote uccienyercs BIUSHHAE MEXK-
IUTAaHETHHIX ()aKTOPOB Ha CTENEHb CUMMETPHH MarHu-
Toc(hepHOro KOJIBIIEBOro ToKa. PaccmarpuBaroTcst reo-
MarHuTHbIe UHACKCH SYM-H, ASY-H u MeXIlJIaHEeTHbIC
mapameTpsl 3a mepuon 1981-2015 rr. IlokazaTenem
CTENEeHN CUMMETPUU KOJBIIEBOTO TOKA SIBIISETCS OTHO-
mienne SYM-H/ASY-H. Ananu3 npoBOIUTCS 1O CPEIHE-
TOJIOBBIM 3HAUYEHUSM F€OMAarHUTHBIX U MEKIUIAHETHBIX
napameTpoB. Takol mMOAXOX TMO3BOJISIET BBIAEIUTH
KpymHOMacITaOHbIe 3aKOHOMEPHOCTH. bBIma paccMmoT-
peHa CBsI3b MMOKA3aTeNsl CTENEHU CUMMETPHUU KOJIBLIEBOTO
TOKa U nHAEKCOB SYM-H n ASY-H ¢ BenuuuHoO#l B Mex-
mraeTHoro MarautHoro moist (MMII), ceBepo-toxkHON
komnoHeHTo B, MMII u ckopoctbto V' cosnHeyHOrO
BeTpa. bBbun chemaH BBIBOJ, YTO CBOWCTBA MAarHUTO-
c(hepHBIX KOJIBIIEBBIX TOKOB OTPAXKAKOTCS STUMH MHICK-
caMu 0oJiee aZieKBaTHO TIPU YUeTe CMEIEHUI UX 3Have-
Hull, yeM 0e3 ydera cmemieHui. IlomyueHo, yTo mpu
ydere cMeIeHus 3HadeHud ASY-H CUMMETpUYHBIN KOJIb-
LIEBOM TOK MPUMEPHO B JIBa pa3a MPEBAIUPYET HAJ acCUM-
METPUYHBIM Ul CPEJHUX YCIOBUM B COJTHEUHOM BETpE:
V<550 xm/c, B<10 uTn, 1B,|<2 aTxn. [pu cokoiHOM
COCTOSIHMH COJNHEYHOTO Betpa (V<450 km/c, B<5.5 uTm,
|B,/<0.7 HTN) mokazarenb CTENEHH CUMMETPHH KOJb-
LIEBOI'O TOKAa YBEJIIMYMBAETCS. Y CTAHOBIIEHO, YTO MpHU
YBEIMUYEHUU aOCOJIIOTHBIX 3HAYEHUH MEXIIIAHETHBIX
napaMeTpoB V, B, B, UHAEKC CUMMETPUYHOIO KOJblE-
Boro Toka SYM-H pacTteT cuibHEe, YeM HHJIEKC aCHM-
METPUYHOTO KOJIbLIEBOro Toka ASY-H.

KiroueBble cj10Ba: reoMarHuTHeIE UHAEKCH SYM-H
u ASY-H, marHUTOCQEpHBIN KOJBIIEBON TOK, MEXILIa-
HETHBIC TTApaMETPHI.

Abstract. The paper studies the influence of inter-
planetary factors on the degree of symmetry of the
magnetospheric ring current. The geomagnetic indices
SYM-H, ASY-H, and interplanetary parameters for the
period 1981-2015 are considered. The indicator of the
degree of symmetry of the ring current is the ratio
SYM-H/ASY-H. Analysis is based on annual averages of
geomagnetic and interplanetary parameters. This ap-
proach allows us to identify large-scale patterns. The
relationships are examined of the degree of symmetry of
the ring current and the indices SYM-H and ASY-H with
the value B of the interplanetary magnetic field (IMF),
the IMF north-south component B,, and the solar wind
velocity V. It is concluded that properties of magneto-
spheric ring currents are described by these indices
more adequately when offsets in their values are taken
into account than without regard for them. It is found
that when offsets in ASY-H are considered the symmet-
ric ring current prevails approximately twice over the
asymmetric one for average conditions in the solar wind:
V<550 km/s, B<10 nT, |B,/<2 nT. Under quiet solar
wind conditions (<450 km/s, B<5.5 nT, I1B,1<0.7 nT),
the degree of symmetry of the ring current increases.
It is established that with intensification of interplane-
tary parameters (V, B, |1B,l) the symmetric ring current
index SYM-H grows more strongly than the asymmetric
ring current index ASY-H.

Keywords: geomagnetic indices SYM-H and ASY-H,
magnetospheric ring current, interplanetary parameters.

BBEJEHHUE

MarauTocqepHbIH KOJIbLIEBOH TOK COCTOUT M3 JBYX
OCHOBHBIX 4acTei: CUMMETPUYHOM M aCUMMETPUYHOM.
1 OLleHKH CUMMETPUYHON M aCUMMETPUYHON YacTel
KOJIBIIEBOTO TOKa OBbUIM pa3padOTaHbl TeOMarHUTHbIE
unnekcel SYM n ASY cootBerctBeHHO [lyemori et al.,
1992].

HccrnenoBanuio BIUSHHUS MEXKIUIAHETHBIX HapameT-
poB Ha mHAEKCH SYM u ASY MOCBAIIEHO TOCTaTOYHO
MHOTO padot. B [Shi et al., 2006] oGHapykeHO, 4TO TpH
OTPHULIATENILHOW CEBEPO-I0KHON KOMIIOHEHTE B, Mex-
aHetHoro MarHutHoro noist (MMII) noBeienue
JMHAMHUYECKOTO JaBiieHus cojHedHoro Berpa (CB) mo-
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MOJIHUTENBHO YBEJIUYMBAET ACUMMETPHUIO KOJIBLIEBOTO
toka. B [Singh et al., 2013] uccnenoBano BIusHUE HA
ASY-H n ASY-D mnmaBHBIX W pe3KUX H3MEHEHuH B,
MMII Bo Bpemst MarHUTHBIX cy00yph. B [Haiducek et
al.,, 2017] Ha ocHoBe cucrembl SWMF cMonmenupoBan
HPOTHO3 F€OMarHUTHBIX UHJEKCOB K, SYM-H, AL u 06-
HapYy>XCHO, YTO MOJETbh OTIMYHO CIIPABIIAETCS C MPEJ-
ckazanuem SYM-H. B [Bhaskar, Vichare, 2019] ¢ uc-
M0JIb30BAHUEM MCKYCCTBEHHON HEHPOHHON CeTH peanu-
30BaH ycnemHslid nporno3 SYM-H u ASY-H Bo Bpems
JICBSITH TEOMArHUTHBIX Oyph 24-TO COJIHEYHOTO IIHMKIIA;
B KaueCTBE BXOMHBIX JAHHBIX HCIOIb30BAIUCH CKOPOCTh
u nnotHoctk CB, a Taxxke B, B, B. MMII. Ha rnasnoit
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(haze CHIBHBIX Oyph OTMEYAIOTCS 3aMETHBIC OTKJIOHEHUS
CIPOTHO3UPOBAHHBIX 3HAYEHUH WHICKCOB OT HalIIo-
JIaBIINXCS, YTO YKa3blBaeT Ha BIIMSHUE BHYTPEHHHX (hak-
TOPOB, TaKMX Kak MarHUTocepHbIe Tpouecchl. B cratbe
[Makapos, 2022] Ha OONBIIOM CTaTHCTHYECKOM MaTe-
puane paccmotpens! cBs3u SYM-H n ASY-H ¢ xirode-
BEIMH MEXIUIAHETHBIMHM MapaMeTpaMH U IOIYy4Y€HO,
9T0 3aBUCHUMOCTE ASY-H u SYM-H 0T ceBepo-I0KHOU
xomnoHeHTsl MMII onpenensercs BennunHot MMII.
Kpome Toro, ycranosneHa 3aBucumocts SYM-H n ASY-H
oT ia3MeHHoro napametpa 3 CB: ux aGcontoTHble Be-
JIMYMHBI YMEHBIIAIOTCS C POCTOM [} HE3aBUCHUMO OT 3HaKa
B, MMII [Maxkapos, 2024]. IIpeanonaraercsi, 410 3TO
00yCIJIOBJICHO TEPEX0I0M MarHuToc(epbl B CIIOKOHHOE
COCTOSIHUE BCJIEJICTBHE BO3PACTAIOLIETO MpeobiaanaHus
B CB TemioBoro naBineHMs HajJ MAarHUTHBIM M YMEHbB-
IIEHUs yPOBHS TypOyJICHTHOCTH.

Koppensuuonnsie cBszu ASY-H-unpekca ¢ mapa-
MEeTpaMH MeEXIUIaHeTHOU cpenbl st 107 MarHUTHBIX
O0ypb ¢ Dst<—50 HTn, MHIYIUPOBaHHEIX Pa3HBIMHU TH-
mamu tedeHnit CB (CIR — KOpOTHPYIOIIUME BBICOKO-
cKkopocTHBIMU MOoTOokamMu U ICME — MexrmiaHeTHIMU
BBIOpOCAaMM KOPOHAJIBHOW MacChl), MCCIIENOBAHbI B pa-
6ote [bopoes, Bacunbes, 2020] 1 momydeHo, 9TO Cpe/I-
Hee 3HaueHue ASY-H Ha riaBHOI (haze MarHUTHOU OypH
3aBHCHUT OT 3JIEKTPUUYECKOIO MOJIA U F0’KHONH KOMIIOHEH-
161 MMII He3aBUCMMO OT THUMNA TEYEHUS, HPU STOM
cBs13b Mexny ASY-H u ckopocteio CB He oOHapyxeHa.
B [Namuun et al., 2023] paccMOTpeHBI KOPPESAIHOH-
HbIE CBSI3U MEXIy uHAeKcoM SYM-H u pa3nuyHbIMU
MEXIUIAaHETHBIMU NapaMeTpamMu aas 131 MarHuTHOM
O0ypu, obycnosnernnoit CME, u 161 marHuTHO# OypH,
Bbi3BaHHOM CIR. B aT0#i paboTe cnenaHsl BRIBOABI, UTO
unnexc SYM-H B cnydae CME-Oypb umeer Gonee criib-
HYIO0 3aBHCHUMOCTH OT cKopocTd CB M KOHBEKTHBHOTO
anekTpuyeckoro nois, a B ciaydae CIR-Oype cmibHee
3aBUCHT OT 3JIeKTpHdeckoro noss CB, cKopocTH OTKpHI-
TOrO MAarHUTHOTO MOTOKA d®/dt ¥ AIEKTPUUECKOTO MOJIsI
niepecoetuHeHNs Ex;.

CHUMMETPUYHBIA U aCUMMETPUYHBINA KOJIBLIEBBIE TOKU
00amar0T pasHeiMu cBolicTBamu [baxmuua, Kaseraes,
2008]. CuUMMETpUYHBIH KOJBIIEBOH TOK 00pa3yeTcs mu3-
3a pa3JeNpHOTO JBIDKEHHUS 3aXBAUCHHBIX T'€OMAarHUT-
HBIM TI0JIEM MPOTOHOB U 3JEKTPOHOB MarHuToc(hepHoH
IUTa3MBl BOJIb 3aMKHYTBIX TPAEKTOPUN BOKPYT 3eMIH
U CYIIECTBYET MOCTOSHHO. YacTHUHBIN KOJBIIEBOH TOK
(dbopMHUpyeTCs B HOYHOM M BEUSPHEM CEKTOpax BOJIM3H
TE€OMAarHUTHOT'O 9KBATOpa BCIIEJCTBUE YCUIIEHUS MarHu-
Toc(hepHON KOHBEKIMHM BO BpeMs Bo3MylueHui. Cuu-
TAE€TCsA, YTO YAaCTUYHBIN KOJIBLIEBOW TOK pa3BUBAETCs
Ha IJ1aBHOHM (pa3ze MarHUTHOW OypH M pacrasaeTcsi cpasy
mocyie ee mMakcumyma [bapxaroB u np., 2008]. Xots
cnabast JONTOTHASI aCUMMETPHsl MarHUTOC(epHOTo Mar-
HUTHOTO TIOJIA, U3MEPSEMOrO Ha TIOBEPXHOCTH 3eMIIH,
IPUCYTCTBYET U B T€OMarHUTHO-CIIOKOWHBIE MEPUOIBbI,
JIOCTOBEPHO HE M3BECTHO, CBSI3aHA JIM OHA C CYIIECTBO-
BaHUEM YAaCTUYHOTO KOJIBLIEBOTO TOKAa B CIIOKOHHOI
MarauTocdepe [Kaneraes u np., 2008].

B pabore [Weygand, McPherron, 2006] paccmoT-
peHa Takas XapaKTepPUCTUKA KOJIBLIEBBIX TOKOB, KakK
CTENeHb CHMMETPHH, ONpEeICHHas] KaK OTHOIICHHE
SYM-H/ASY-H. OHU TOJIYYWJIH, YTO KOJBIIEBOH TOK
BCETAa acHUMMETpHYeH. [3ydas Bapmanuu HHAEKCOB
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SYM wn ASY, aBropel pabor [Weygand, McPherron,
20006; Iyemori et al., 2010] BBISBHIIN, YTO B UX 3HAYCHU-
X HabmronatoTcs: cMmereHus. CorjlacHO OmpeleNieHHUIO,
JAaHHOMY B 9THX paboTaX, CMEUIeHHE — JTO HEHYJIEBOE
3HAYEHNE MHAEKCA IIPH MarHUTHO-CIIOKOMHBIX YCIOBHSX.
B [Weygand, McPherron, 2006] 65u10 mpenmnoaokeHo,
YTO CMEIIEHUS MOTYT BBI3BIBATHCS COBMECTHBIM BIIHS-
HHEM DPa3IHYHBIX MarHUTOC(EPHBIX TOKOBBIX CHCTEM.
Panee B paborax [Alexeev et al., 1996; Maltsev et al.,
1996; Tsyganenko, Sitnov, 2005] 6pU10 MOKa3aHO, YTO
BKJIaJl B T'€OMarHUTHBIE XapaKTEPHCTHKH KOJIBIIEBOTO
TOKa JJaf0T HE TOJBKO CaM KOJBLEBOH TOK, HO M TOKH
MarHUTONay3bl, XBOCTa MAarHUTOC(EPH! U MPOIOJIbHBIC
TOKH.

BonpIMHCTBO paboT, MOCBSIIEHHBIX UCCIIE0BAHHIO
CBSI3W MHIEKCOB KOJBLEBOTO ToKa SYM un ASY ¢ mMex-
IUTAHETHBIMH TTapaMETPaMH, BBIIIOJIHEHO AT OypeBBIX
n cyOOypeBbIX yclOBHH. M3ydeHHe CONHEYHO-3EMHBIX
CBsI3eH M MPOSIBICHUI KOCMHUYECKOH MOrofpl OyaeT He-
TIOJTHBIM 0€3 ydeTa KpyHMHOMacIITaOHBIX CBOMCTB KOJb-
LIEBOTO TOKA U €ro JOJITOBPEMEHHON NUHAMUKH. Takue
CBONCTBAa MOJKHO MCCII€IOBaTh, AHAJIU3UPYs JAaHHBIC
C BpEMEHHBIM pa3pelleHneM cyTku u oosnee. [TonooHoro
polla HCCIIeIOBaHMs YacTO BEXYTCS CTaTHCTUYECKUMU
METOJIJaMH C HCIIOJIb30BaHUEM CPETHECYTOYHBIX U Cpell-
HETOJIOBBIX 3HAUCHUH 3€MHBIX, MEXIUIAHETHBIX M COJI-
HEYHBIX napamerpoB. [Ipu cyToOYHOM ycpeqHEeHHH 3eM-
HBIX TTapaMeTpOB pa3Hble (h)a3bl TEOMarHUTHBIX Oyph MO-
TYT HaKJIQJBIBAThCS, TOATOMY OCOOEHHOCTH Oyph ((hassl,
MHTCHCUBHOCTb, JUIMTENBHOCTh W Ap.) OyIyT B 3Ha4H-
TEJIbHOM Mepe HHBENUpOBaThCsA. B 3TOW cBsA3M mpen-
CTaBJIAETCA BaXHBIM HCCIIEIOBAaTh M3MCHEHHS CpeiHe-
TOJIOBBIX 3HAYEHMI T€OMArHUTHLIX MHAEKCOB SYM u ASY,
HOJIyYEHHBIX MO CpEIHECYTOYHbIM JaHHBIM. llesbto
paboThI SBJISETCS PACCMOTPEHHE BIMSHHUS MEXIUIAHET-
HBIX [ApaMETPOB Ha IOKa3aTelb CTENEHH CUMMETPUH
MarHuToC(EepHOro KOJIbIIEBOTO TOKA.

3KCIEPUMEHTAJIbHBIN
MATEPHAJIL

Nunexcot SYM u ASY paccuutsiBatorcss no H-
U D-COCTaBISIONIUM T€OMarHUTHOTO TOJI Ha IECTH
CPEIHEIIUPOTHBIX CTAHIHAX (CETh COCTOUT M3 OOJIee YeM
JIECSITH CTAHINI). DTU UHJEKCHI UMEIOT OJJHOMUHYTHOE
BPEMEHHOE paspelieHre u nojapaszaenstorcs Ha SYM-H,
SYM-D, ASY-H n ASY-D. SYM-H n SYM-D npencras-
JSI0T cO0OM, MO CYTH, YCpEJHCHHBIC OTKIOHCHHs H-
U D-coCTaBIsIOIUX T€OMarHUTHOrO MOJIsl OT CIIOKOHHO-
TO YpPOBHS Ha CTAaHIMSAX HAOJIOJCHHS C TIONPAaBKOW Ha
TEOMarHUTHYIO IUPOTY, B TO Bpems kak ASY-H u ASY-D
ONpEAeISIIOTCA KaK PasHOCTU MEXIy MaKCHUMalbHBIMU
1 MUHUMAJIbHBIMY 3HaYeHUSIMU H- 11 D-COCTaBISIONTNX
TOCJIe BBIYETA U3 MOJISI BO3MYIIEHHUSI COOTBETCTBYIOITUX
cuMMeTpuuHbIX dacteil. Manekc SYM-H, xak mpaBuio,
HUMeEeT OTpHIIaTelIbHbIe 3HaueHus (I0A00H0 uHAeKCYy Dst),
SYM-D npuHuMaet 3HadeHUs1 000uX 3HaKoB, a ASY-H
u ASY-D Bcerma monoxutenbHBI. [1ogpoOHO MeToamKa
onpenenenust nuuekcos SYM u ASY npusenena B pabore
[Lyemori et al., 2010].

AHalu3 JaHHBIX POBOJUTCS MO CPEIHETOJJOBBIM 3Ha-
yeHHsIM HHIEeKcoB SYM-H n ASY-H W MeXIIaHETHBIX
napameTpos 3a 1981-2015 rr. 'eoMarHuTHBIC MHAEKCHI
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Puc. 1. 3aBuCHMMOCTH TIOKa3aTelsi CTEIIEHH CUMMETPHHN KoJblieBoro Toka SYM-H/ASY-H ot Bemmunasl B MMII (a), ckopoctn
COJIHEYHOTO BeTpa V (6) u ceBepo-10kHOH KoMIoHeHTH B, MMII 6e3 pa3ouBku (8) u ¢ pa3OuUBKOH (2) NaHHBIX MO 3HAKY B;
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B3ATHI C caiita MHpPOBOTO LIEHTpa JAHHBIX 10 TeOMarHe-
ti3my  [https://wde.kugi.kyoto-u.ac.jp/index.html], mex-
IUTaHETHBIC TaHHBIE — C caifta L{eHTpa mJaHHBIX KOCMU-
yeckoit ¢usuku HACA [http://omniweb.gsfc.nasa.gov/].
Kommonentsr MMII B 3T0# 6a3e HaHHBIX MPEICTaBICHEI
B cucteMe koopauHat RTN: ocs R Hanpagiena paguanbHO
ot Connna, ock T WMeeT HampaBJICHHE B CTOPOHY Bpa-
miennst CouHia, a och N IpecTaBisieT Co00i BEKTOPHOE
npoussenenue oceit R u T. Ha HyneBoit remmorpadude-
cKkoil mupoTe ock N U COJIHEYHOTO BpallleHUs mapai-
snenpHbl. Cuctembl koopauHaT RTN u GSE Ha okono-
3eMHBIX PACCTOSHUAX Pa3INYalOTCsl TPOTHBOIIOIOKHBIMHI
HanpasieHusiMu oceit R u X, a takxke T u Y coorBer-
CTBEHHO.

[locne uckmoyeHus: AHEH ¢ OTCYTCTBUEM CBEACHMIT
0 MEXIUIAHETHBIX U T€OMAarHUTHBIX TMapaMeTpax B Mac-
cuBe AaHHBIX octanochk 10759 ameii. Ilpu paccmotpe-
HuU cBsi3u unaekcoB SYM-H u ASY-H c ceBepo-10KHOU
KoMIoHeHToH B, MMII nanHbIe pa30uUBaINCh 1O 3HAKY
B,: nueit ¢ B,<0 6b110 5670 (B TOM umcne 118 nHei,
KOTJIa CPEeTHECYTOYHbIE 3HaUeHUsI B, ObLTN PaBHBI HYJIIO),
nHew ¢ B,>0 — 5089.

PE3YJIBTATBI U OBCYXJIEHUE

Ha puc. 1 mpuBemeHBl 3aBHCHMOCTH IIOKa3aTelis
CTENeHN CUMMETPUU KOJbIeBoro Toka SYM-H/ASY-H
ot BenmunHel B MMII, ckopoctu V' CB u cesepo-
10kHOH KomnoHeHTsl B, MMII (6). Ilo rpadukam mno-
JydeHbl COOTBETCTBYIOIUE YpaBHEHHs JIHUHEHHOU pe-
Tpeccuy U orpeeseHbl Ko3(GHUIMEHTH KOPPEISIUH 7.
BuaHo, uTO mokasarenb CTENEHH CUMMETPHU 3aBUCUT
oT B u V, npu 310M K03 PHUIHEHT KOPPEISAIUN MEXITY
SYM-H/ASY-H n B MMII pasen 0.8, a mexny SYM-
H/ASY-H n V ne npesbimaer 0.5. Uto KacaeTcs CBS3U
SYM-H/ASY-H ¢ B, MMII, To npu pacCMOTpEHHH HaH-
HBIX 0€3 yJeTa 3Haka CeBepO-FOKHOW KomroHeHTs! MMIT
(manens (6)) ona orcyrcrByet: =0.1. [TockoabKy ceBe-
po-toxHas komroHeHta MMII saBnsieTcss ogHUM U3 Oc-
HOBHBIX (DaKTOPOB, BIHMSIOIMX HAa MarHUTOC(EpHbIE
TIPOLIECCHI, TO JTaHHBIE 00 MHIEKCaX ObLIM pa3OHTHI HA JBa
IoJMaccrBa B COOTBETCTBUU cO 3HaKoM B,. Ha nanenn
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(¢) mpuBeneHBI CBA3M MOKAa3aTeNs CTEIEHH CUMMETPHH
SYM-H/ASY-H u B, OT/eNbHO IIpU 10)KHOM U CEBEPHOM
HanpasyieHusix MMIIL. BuznHo, 4T0 CBSI3b BBIpA’KEHHAS:
npu B,<0 r=0.73, nmpu B,>0 r=0.50. Mo>xxHO cKa3aTh,
YTO C POCTOM aOCONIOTHBIX 3HAYCHUH MEXIUTAaHETHBIX
mapameTpoB 3HaueHue SYM-H/ASY-H yBennmauBaetcs
10 a0CONTIOTHOW BEIMYHMHE U TIPHOIMKaeTcs K 1.

SYM-H/ASY-H=—-1 o3HadaeT, 4TO CHMMETpHUYHAs
W acUMMETPHYHAs YacTH KOJBLEBOTO TOKa CpaBHUBA-
JOTCSL MIPU MAKCHUMAaJbHBIX BEIHYHMHAX MEXKIJIAHETHBIX
napametpoB. Ilomydaercs, 4TO aCHMMMETPUYHBIA TOK
OOJIBIIYI0 YacTh BpEeMEHHU MpeodiasaeT Haja CUMMET-
pUYHBIM, OFHAKO Tak ObITH He MoXkeT. Ilpu KpymHO-
MacHITabHBIX YCPETHEHUSIX JIOTHYHO MpeIoaraTh, 4To
CHMMETPHUYHAS 4acTh KOJBILEBOIO TOKA JOJDKHA JOMH-
HHAPOBAThH HAJl aCHMMETPUIHOHN BCIEACTBUE TOTO, YTO
B OTCYTCTBHE T'€OMAarHUTHBIX BO3MYIICHUI CHMMeET-
PHUYHBIN KOJBLEBOW TOK IPUCYTCTBYET B MarHutTocgepe
nocrosiHHo [Kaneraes u ap., 2008]. Takoi TOk MeAJIEHHO
pacmagaercss Ha BOCCTaHOBHTENBHOW (haze TreoMarHuT-
HOW OypH, KOTOpas MOXXET JJIHUTHCSA JOCTATOYHO JOJTO
[Weygand, McPherron, 2006], Toraa kak acMMMETpHY-
HBI KOJIBLIEBOM TOK pa3BUBAETCS Ha IJIAaBHOM (haze reo-
MarHuTHOH OypH M BpeMsl €ro paclaja 3HAYUTEeIbHO
kopoue [Weygand, McPherron, 2006; baxmuna, Kane-
raes, 2008].

Bo BBeneHun roBopuiioch 0 CMEIIEHUSX 3HAYEHU
SYM n ASY. B pabore [Weygand, McPherron, 2006]
OBUTO MPEIIONIOKEHO, YTO CMeleHre 3HaueHu SYM-H,
BEpOSITHO, BO3HHUKAET BCIIE/ICTBHE KOMOMHAIMU TpeX (-
¢exroB: TokoB Uenvena— Deppapo B CIIOKOWHOE BpeMS;
KOJIBIIEBOT'O TOKA B CIIOKOMHOE BPEMSI M PA3HULBI MEXKIY
3¢ dexToM XBocTa B CIIOKOWHBIE U OypeBbIC THH, TOTIA
KaK cMelieHne 3HaueHuil ASY-H o0ycnoBiIuBaeTcsi KOM-
OuHaren 1ByX 3((eKToB: aCHMMETPHUYHOTO KOJIBIle-
BOT'O TOKa, KOTOPBIN BCErza MpUCYTCTBYET BO BHYTpPEH-
Hell MaruTocepe, M mrymMa Ha rpaduKax MECTHOTO
BPEMEHH, BBI3BAHHOI'O HEIOJIHBIM BBIYMTAHMEM BapHa-
1IMM CTIOKOMHOTO JIHA Ha KaXK/10M CTaHLIMU.

Hanmnuwe cmemenus B 3HaueHHsx Dst ObUIO ycTa-
HOBIIeHO B pabotax [Takalo, Mursula, 2001; Hakkinen
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et al., 2003]. Takalo, Mursula [2001] uccnenoBanu u3-
MEHSIOIIUECS B 3aBHCUMOCTU OT CE30HA CYyTOYHBIE Ba-
puanuu Dst-nHIEKca 10 CIIOKOWHBIM M BCEM JHSIM M 00-
Hapy>KWJIH, 9YTO 3TU U3MEHEHUS CBSI3aHBI C HEPAaBHOMEP-
HBIM pacmpenesieHHeM CTaHIuHA cetn Dst. AHanmmu3 cy-
TOYHBIX U CE30HHBIX M3MeHeHnH Dst mo3sosmn Hakkinen
et al. [2003] cmemarh BBIBOJ, YTO CTaHIIMH CETH Dst
MMeNu pa3Hble 0a30BBIE YPOBHH, TaK YTO CPEIHHE 3HA-
yenns Dst paznmyanuch Ha 10 HTn. B pabote [ Makapos,
2020] moka3aHo, YTO BCIIEICTBHE HEPABHOMEPHOCTH CETH
CTaHLU, yJacTBYIOUIMX B oOImpeneneHuu Dst-MHAeKca,
oOpazyercs roznosasi Bapuaust Dst.

B pabore [Weygand, McPherron, 2006] B uHAexc
SYM-H Obina BBeZieHa TONMpaBKa Ha BKJIAJ B HEro JAH-
Hamudeckoro aasieHus CB u ObUIO OLleHEHO npu cra-
THCTHYECKOM HCCIICIOBAHWN TI0 BPEMEHH Oypb, HTO
cMmelnenne B naaekcax SYM-H n ASY cocrasisier OK0JI0
1842 HTn B 3aBUCHUMOCTH OT HCHOJIb3YEMOIO METOJA.
Zhao et al. [2022], uccie0oBaB CBA3M OYEHBL OOJIBIIMX
reoMarHUTHEIX Oype (ASYM-H<-200 uTn) ¢ mapamer-
pamu CB, nmpunumm x BEIBOAY, YTO SMIHPHUYECKUE (op-
MYJIbI, HCHOJIB3YEMbIE B TAKOTO poaa paboTax, OLEeHHU-
BalOT MHTCHCUBHOCTH Oyph C OOJIBIIMMHU CTaTUCTHYEC-
ckumu ombkamu. B cratee [Makapos, 2021] mo pan-
HBIM O CE30HHBIX BapHaIlMAX HHAEKCOB, a Takke IO pe-
3yIbTaTaM PETPECCHOHHOTO aHajih3a CPeIHEro0BBIX
3HAYEHUI MHJEKCOB U YPOBHS MAarHUTHOW aKTHUBHOCTH
3a 1981-2016 rr. ObUTH yCTAaHOBJICHBI BEIHMYUHEBI CMe-
menud gist SYM-H —0.1 uTn u nna ASY-H 13.6 uTi.
B Hacrosmeit paboTe CIOXKHOCTH MPEACTABIACT y4deT
CMEIIEHHs TIPH CTATUCTHYECKOM HCCICIOBAHNN BKJIaJa
Pa3HbIX UCTOYHUKOB B UHAEKCH SYM-H u ASY-H.

YuureiBasg BaXXKHOCTb CMEIICHUN pacCMaTpUBAEMBbIX
HH/IEKCOB, TIOBTOPHM OLIEHKH CBS3H ITOKa3aTess cTeme-
HU CHMMETPUHU KOJBIIEBOTO TOKA C MEKIUIAHETHBIMH
rapaMeTpamHy, UCIIONIB3YS BETUYUHBI CMENICHUH, TOJTy-
yeHHble B [Makapos, 2021] o pe3ynbTraTaM CTaTUCTH-
4yeckoro uccienoBanus. CMemieHue B 3HaYeHUsIX SYM-H
MH3EPHO, IMO3TOMY UM MOXKHO TpeHeOpedb, a B 3HaUe-
Husix ASY-H ono 3Hauumo. Ilocne BBeeHUs MONpaBKU
13.6 #Tn B 3HaueHus ASY-H ObUTH pacCUUTAHBI ITOKa3a-
temn cummetpun SYM-H/ASY-H, pe3ynpTaTel TIpe-
CTaBIICHBI HA PHC. 2.

IIpu cpaBHeHuu puc. 2 ¢ puc. | BUIHO, YTO, BO-
MEPBEIX, CBI3b Mexay SYM-H/ASY-H m MexiiaHer-
HBIMH TTapaMeTpaMH TPaKTHYECKH OTCYTCTBYET, 3a HC-
KITFOYCHUEM CJIa0O0W CBS3UM MEXIY IOKa3aTelieM CHM-
METPUM U CEBEpO-10KHOW KoMmoHeHToll MMII, korna
JlaHHble OBbUTM pa3OUTHI 1O 3HaKy B, (2); U, BO-BTOPEIX,
cpenane 3HaueHus SYM-H/ASY-H BappupyOT OKOJIO
—2. Taxoe noBeneHue mnoxasarens CUMMETPUU MOXKET
CBUICTENIECTBOBATE O TMPEOOJIaTaHUN CHMMETPUIHOTO
KOJIBLIEBOTO TOKA HaJ aCUMMETPUYHBIM IpPU ONEPUPO-
BaHUHM CPEIHETOJOBBIMH TaHHBIMH. JeHCTBUTEIBHO,
CUMMETPHUYHBIN KOJIBIIEBOM TOK CYLECTBYET OCTOSIHHO,
B TO BpeMsI KaK YaCTHYHBIH KOJIBIIEBOM TOK pa3BUBACTCS
Ha IIaBHOM (ha3e MarHUTHOW OypH U pacnajaeTcs cpasy
mociae ee MakcuMyMma. KoJbIIeBOH TOK CTaHOBUTCA
CUMMETPHUYHBIM Ha (haze BoccTraHOBieHHs [Kaneraes
u ap., 2008]. Tlockonmbky (ha3a BoccTaHOBJICHHUS Oypu
3HAYMTEIIHHO TPOJIOKUTENIbHEE (IPUMEPHO B TpU U 0O-
Jiee pasa), 4yeM TiiaBHas (paza, CHMMETPUIHBINA KOJbIle-
BOM TOK coxpaHseTcs OoJblee BpeMs U IPU CyTOYHOM
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YCpeIHEHNH JaeT BKJaX B TEOMAarHUTHBIC M3MECHEHHS,
MPEBBIIAIONINI BKJIAJ ACUMMETPUYHOTO KOJIBLIEBOTO
TOKa Ha TJIaBHOH (pase, Kor/la HHTCHCUBHOCTh 3TOTO TOKa
3HaumMTenbHO BhIme. M3BectHo [Weygand, McPherron,
2006], HampuMep, 9TO ITOCTOSHHBIE BpeMeHH st SYM-H
(5.25 u 64.3 1) nouru BABOE OoublIe, yeM it ASY-H
(2.2m120.9 ).

Ha puc. 2, a, 6, 6 MO’XXHO 3aMETHTB TPH TOYKH, KOTIa
ISYM-H/ASY-HI>4, oHI COOTBETCTBYIOT MaJIbIM 3Hade-
HUsM B, V u B,>0, T. e. caydasMm, Korza 4acTHYHBII
KOJBLIEBOM TOK MUHMMaJEH. Brinagarommas Touka ¢ HoJio-
JKUTETIFHBIM 3HAUEHHEM II0Ka3aTellsi CHMMETPHH COOT-
BETCTBYET MOJIOKUTEIbHOMY 3HaueHuto SYM-H. Ila-
Henlb (2) AOCTAaTOYHO HAIISIHO JAEMOHCTPUPYET HENlU-
Helinyto cBsi3b SYM-H/ASY-H ¢ B,, B COOTBETCTBHH C KO-
TOPOH CUMMETPHUYHBIM KOJIBLIEBOH TOK 3aMETHO IpeBa-
JUpYeT HaJl aCUMMETPUYHBIM TPU MaJbIX 3HAUYEHUAX B.
MOoHO 3aMeTHTh, YTO TOKazaTedb CTETIEHH CUMMETPUH
KOJIBIICBOTO TOKa yBENMYMBAcTCs, korma V<450 km/c,
B<5.5 6T, 1B,1<0.7 aTn. Takue 3aKOHOMEPHOCTU OKH-
JTAeMBI M3-32 Pa3HBIX CBOMCTB CHMMETPHYHOTO U acHM-
METPHYHOTO TOKOB. Takum oOpa3om, MpH ydeTe cMelie-
Hus uHAeKe ASY-H Oornee anekBaTHO OTpakaeT CBOICTBa
MarHUTOC(EPHBIX KOJIBLIEBBIX TOKOB, 4eM 0Oe3 ydera cMme-
nreHns. CMEIICHUST WHICKCOB OOYCIIOBJIMBAIOTCSA BKJIA-
JIAMHU BCEX OCHOBHBIX MArHUTOC(EPHBIX TOKOBBIX CHCTEM.

Ha puc. 3 mokazaHbl KOppensiuOHHbIE CBSI3U WH-
nexcoB ASY-H u SYM-H ¢ MEeXIUTaHeTHBIMM TapaMeT-
pamu. Ilpu paccMOTpeHHMH CBSI3M C B, MaHHBIC ObUIH
pa3outel Ha nBa moamaccuBa: B,<0 u B,>0, B ocranb-
HBIX CIy4asx 3HaK B, He yuuteBaics. [IpencraBieHHbIC
Ha PUCYHKE 3aBICHMOCTH COTJIACYIOTCS C M3BECTHBIMH —
TEOMAarHUTHBIE WHIIEKCHI BO3PAcTalOT 1O aOCOIMOTHOM
BenmuuHe ¢ yBemudeHueMm B, V u IB,l. Crenyer oOpa-
TUTh BHUMaHHE Ha KOX(QQUIMEHTH JTHHEHHOW perpec-
CHM: BO BCEX YPaBHEHHUSX CBS3HM C MEXKIJIAHETHHIMU Ta-
pametpamu ko3 duiueHTsl i1 uuaexca SYM-H 00ib-
e, yem sl uHnekca ASY-H, npudem 3HadeHus: 000ux
HWHJEKCOB COIOCTaBUMBLI. OJTO oO3Hadaer, uto SYM-H
YBEIIMYHUBACTCS 110 MEepPEe POCTa aOCONMFOTHBIX 3HAYCHUIA
napametpoB CB cunbhHee, uem ASY-H: B 1.37 B ciyuae B,
B 1.33 B cimyuae V, B 1.5 B ciydae npu B,<0 u B 1.08 npu
B,>0. B Hacrosme#t paboTe paccMaTpHUBAIOTCS CpeIHE-
rOJI0OBEIC AaHHBIE. [Ipy TakoM yCpeTHEHWH NAaHHBIX OY-
peBBIe U cyOOypeBbIe MPOIECCH CTIaKUBAIOTCSI, KpoMe
TOTO, HAJO YydYecTh BpPEMEHHbIE MaciuTaObl dYacTeit
KOJIBIIEBOTO TOKa — OHU OONbIIE Y CHMMETPUYHON
cocrapisitomieit [Weygand, McPherron, 2006]. Otme-
4eHHOe CBOHCTBO SYM-H, BEpOSTHO, Takke BHOCHT
JIOTIOTHATEILHBIA BKIIAJ] B CBSI3M IMOKA3aTessl CUMMET-
pun SYM-H/ASY-H ¢ MeXIIaHETHBIMU TTapaMeTPaMH.

OCHOBHBIE PE3YJIBTATHBI

TToka3aHo, 4TO reoMarHuTHLIN uHAEKC ASY-H Gonee
MPaBWJIBHO OTpa’kaeT CBOMCTBA MarHUTOC(HEPHBIX
KOJIBLIEBBIX TOKOB IIPH y4YeTe CMEUICHHS ero 3HaYCHUH,
4YeM IIPH UTHOPUPOBAHMHU ITOTO cMelneHus. [Ipu ydere
cMmemneHns 3HaueHni ASY-H cuMMeTpu4Has COCTaBIs-
OIIast KOJIBIIEBOTO TOKA MPUMEPHO B JIBa pa3a MpeBan-
pyeT HaJ aCUMMETPUYHOM Ul CPEJHUX YCIIOBHUH B COJI-
HEYHOM BETpe: CKOpocTh V<550 km/c, BeMM4YMHA MEX-
IUIAaHETHOTO MarHuTHOTO nojsa B<10 uTxn, ceBepo-roxkHas
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perpeccur U K03(GHUITUSHTH KOPPEIAIMA #*

KOMITOHEHTa MEXIUIAHETHOI'O MAarHMTHOTrO mojist |B,l<2
HTa. Ilpu CIOKOMHOM COCTOSIHUM COJIHEYHOI'O BETPA
(V<450 xm/c, B<5.5 uTn, |1B,/<0.7 uTn) mokazarenn
CTENEeHN CUMMETPHH KOJIBIIEBOTO TOKA YBEITHIMBAETCS.
ITo cpennerogoBeiM 3HaueHussMm SYM-H n ASY-H
YCTAHOBIICHO, YTO NPHU YBEIUYCHUH a0COIOTHBIX 3HA-

YEHUI MEXIJIAHETHBIX MapaMmeTpoB (CKOPOCTU COJTHEY-
HOTO BETpa, BEIMYUHBI MEXKIUIAHETHOTO MAarHUTHOTO
TIOJISI, CEBEPO-FOXKHON KOMITOHEHTHI MEXKITJIAHETHOTO Mar-
HUTHOTO TIOJIsI) WHAEKC CUMMETPUYHOTO KOJIBIIEBOTO
toka SYM-H pacTer cuibHEe, 4YeM WHJIEKC acHUMMeET-
pUYHOrO KosblieBoro Toka ASY-H.
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AHHoTanus. B nanHo# paboTe KeCTKOCTH reomMar-
HUTHOTO 00pe3aHus (T€OMarHUTHBIE TIOPOTH) BO BpeMS
CUIIbHOI MarHuTHOW Oypu 23-24 mapra 2023 r. ObLIH
paccunTaHsl 1) METOOM CHEKTpOrpaduIecKoit rI06aIb-
HOW CHEMKM IO HaOII0JaTeNbHBIM JAHHBIM pETUCTpa-
U KOCMUYECKHX Jy4eil MUPOBOIi CEThIO cTaHIUH (R...);
2) YNCIICHHO TPAaCKTOPHBIMH pacdeTaMH B MOJAEIHHOM
MarHuTHOM Hoje MarHuTocdepbl (R,44). KecTkocTh
T€OMarHUTHOI'O OOpe3aHHs OmpeneNsiach AJS AEBATH
Pa3HOIINPOTHBIX CTaHIMH KOCMHUYECKHMX Jyded. bpumm
paccuMTaHbl KOPPESIMN BapHallii TeOMarHUTHBIX I10-
poroB AR B AR,pg C 2NEKTPOMArHUTHEIMM U JUHAMU-
YeCKMMH TTapaMeTpaMu COJTHEYHOTO BETPA U MHICKCAMHU
T€OMarHuTHON aKTUBHOCTH Dst u K. BBIABIEHO, 4TO
T€OMarHUTHBIE TOPOTH, BBIYMCIICHHBIE JBYMS METOAAMH,
HanboJiee CUIIBHO KOPPENUPYIOT ¢ Dst U 3JeKTPOMarHuT-
HBIMH TTapaMeTpaMHy COJIHEYHOTO BeTpa. CKOJIBKO-HHOY b
CYIIECTBEHHOH KOPPESIIMU ¢ AWHAMUYECKHUMH I1apa-
MeTpaMu He HaOmrofaercs. AHAIN3 TOKa3all, 4To peak-
st AR, Ha KOHTPOJIHUPYIOLIYE MarHUTHBIE TapaMeTphl
n Dst MeHsIeTCsI ¢ IUPOTOH CTaHIIMK HAOJIOACHHS: KOp-
peTALus NOCTUraeT HanOOJIBIINX 3HAUCHUH Ha CPEJHHUX
IIMPOTaX M 3HAYUTEIHHO MajgaeT K dkBaTopy. Koppems-
UMK AR, BEIYMCIEHHBIE C TIOMOILBIO MOJIENH, HE MOKa-
3BIBAIOT UTMPOTHON 3aBUCHMOCTH.

KiroueBble cj10Ba: KOCMUYECKUE JIyYH, F€OMarHUT-
HBIE TOPOTH, XXECTKOCTh T'COMArHUTHOTO oOpe3aHus,
MEXIIJIAHETHOE MarHuTHOE I10JIe, UHJECKCHl T€OMarHuT-
HOM aKTUBHOCTH.

Abstract. In this paper, we calculate geomagnetic
cutoff rigidities during the strong magnetic storm of
March 23-24, 2023, using 1) the spectrographic global
survey method based on observational data from cosmic
ray recording by the global network of stations (Ryg);
2) numerical trajectory calculations in a model magnetic
field of the magnetosphere (R.f). The geomagnetic cut-
off rigidity has been determined for nine cosmic ray
stations at different latitudes. We calculated the correla-
tions of the variations in the geomagnetic cutoff rigidity
ARy and AR with magnetic and dynamic solar wind
parameters and the geomagnetic activity indices Dst and
K,,. It has been found that the geomagnetic cutoff rigidity
calculated by both methods correlate most strongly with
Dst and the electromagnetic parameters of the solar
wind. No significant correlation with the dynamic pa-
rameters was observed. The analysis has shown that the
response of AR, to the controlling magnetic parameters
and Dst changes with latitude of the observation station:
the correlation reaches its highest values at midlatitudes
and drops significantly toward the equator. The correla-
tions of AR calculated by the model do not reveal a lati-
tudinal dependence.

Keywords: cosmic rays, geomagnetic threshold,
cosmic ray cutoff rigidity, interplanetary magnetic field,
geomagnetic activity.
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BBEJEHUE

Ilox neiicTBEM I'€OMarHUTHOIO HOJS 3apsUKEHHBIE
YaCTUIIBl TaJlaKTHYecKnX KocMmrdecknx irydeirt (KJI) me-
HSIOT CBOIO TpaekTopuio. YacTe M3 HHUX C JKECTKOCTBHIO
HIDKE XapaKTEepPHOTO IS ITyHKTa WX H3MEPEHHS IOpo-
TOBOTO 3HAYeHUs (PKECTKOCTh T€OMAarHWTHOTO 00Ope3a-
HUs, R;) HE JOXOIWT IO 3€MHOW MOBepXxHOCTH. M3-3a
9KPaHHUPYIOIIEr0 XapaKkTepa MarHUTHOTO IIOJNIST 3eMJIH
Ha PKBAaTOpP MPOHHUKAET CYIIECTBEHHO MEHbIIE YacTHI,
4YeM Ha BbICOKHE IIMpOTHL. Bapuanuu notokos KJI B mar-
HUTOC(Epe BO BpeMsl MAarHUTHBIX Oypb OOYCIIOBJICHBI H3-
MCHCHMSMHU JKECTKOCTH AR TE€OMarHUTHOTO oOpe3aHus /
reoMarHuTHBIX noporoB KJI. Iloporu 3aBUCAT OT 3KpaHu-
PYIOIINX CBOMCTB MarHUTHOTO TIOJIST 3EMIIH.

Bo Bpemsi MarHWTHOH OypH DHEPrHIO COJIHEYHOTO
Betpa (CB) B mMarauTochepy 3emiu nepesaroT BEIOPOCH
KopoHaubHO# conHeuHoit maccel (CME, Coronal Mass
Ejection) uinm BBICOKOCKOPOCTHBIE KOPOTHPYIOIIHE 00-
nacti B3aumopeincteus (CIR, Corotating Interaction
Region) u3 xopoHanpHEIX AbIp. [locTymneHue sHepruwy,
TEHEPUPOBAHHOW BO BpEMs MOBBIIIEHHONW aKTUBHOCTH
ConHia, 1 ee TIOCIIEAYIOIIEe 3aTyXaHHue B MarHUTOChepe
oIpeJessieT ABONIOLMI0 TeOMAarHUTHOM OypH, KoTopas
OTIMCHIBACTCS PAa3IHMYHBIMA T€OMArHUTHBIMH HHACKCAMH.
Wunexc K, — MUIaHETapHBIA MHIEKC, XapaKTepU3ylo-
oM TI00AFHYI0 BO3MYIICHHOCTH MAarHUTHOTO TOJS
3eMJIi B TPEXUacOBOM MHTEpBaJie BPEMEHH, — OIpe]ie-
nseTcs Kak CpefHee 3HAaueHHE YPOBHEH BO3MYIICHHUS
JIBYX TOPU3OHTAIBHBIX KOMIIOHEHT T€OMarHUTHOTO OIS,
HabOmomaeMbIX B 13 0TOOpaHHBIX MarHUTHBIX 00cCepBa-
TOPHSX, PACIIONIOKEHHBIX B CYOaBPOPaIBHOI 30HE MEXKITY
48° m 63° ceBepHOM U FOKHOM T'€OMAarHUTHBIX LIMPOT.
JpyruM mUpOKO HCIONIB3yeMBIM SIBIISIETCS TaK Ha3bl-
BaeMBbIH OypeBoil nHAEKC Dst, KOTOPBIH BBIUUCIACTCS
KaK CpeJHeYacoBO€ BO3MYIICHHE TOPU30HTAIBHOM
H-KOMIIOHEHTBI T€OMarHUTHOTO TIOJISI B YETHIPEX HU3-
KOIIIMPOTHBIX MarHUTHBIX oOcepBatopusax. OH mpencras-
JsieT co00it Mepy M3MEHEHHUS] MarHUTHOTO MOJIsl CUCTe-
MO TOKOB, TEKYIIUX BIOJb MOBEPXHOCTH MarHUTOC(EPHI
3emmn (DCF, Magnetopause Current System) U KOJIb-
ueBsiM TokoM (DR, Ring Current) 3amagHoro Hampas-
neHud. B pe3ynbpraTe pa3BUTHSI CHCTEMbI TOKOB BO BpeMs
T€OMarHUTHOTO BO3MYIIIEHHSI MATHUTHOE TI0JIE MarHUTO-
cepbl YMEHBIIAETCS,, B COOTBETCTBHH C 3THM YMEHb-
[1aeTcsl TEOMarHUTHOE 3KpaHUPOBAaHUE, YTO OOIerdact
nponukHoBeHne KJI B Oonee Hu3kue mmpoThl. B cBoro
odepes, JMHAMAKA TOKOBBIX CHCTEM 3aBHCHUT OT JWHA-
MHUKH MarHUTHBIX U JJMHAMHYECKUX MapaMeTPOB OKOJIO-
3€MHOT0 IPOCTPAHCTBA.

3nanue 3aBucumocteil AR ot mapamerpos CB u mar-
HUTOC(EPHl MOXKET HPOSICHUTH Ba)KHBIC YEpPTHI B3aHMO-
neticteus CB ¢ MarHuTOC(epoil ¥ COMYTCTBYIOIIHE 3TOMY
B3aMMOJICHCTBUIO T€OMarHUTHbIE 3()(EKTHI, KOTOpHIE
ynpasisitoT TpaHcroptapoBkoi KJI gepe3 marauTochepy
n atMocdepy BO BpeMs BO3MYyIICHWH. V3ydeHwe mm-
POTHBIX 3P HEKTOB 3TOTO B3aUMOACHCTBUS BAXKHO C TOYKH
3peHus oOecredeHnss 0E30IacCHOCTH JKHIaXka W Iacca-
KHPOB KOCMHYECKUX ITOJIETOB, a TaKXKe BBICOKOIIMPOT-
HOH M BBICOTHOW aBmanmu [bypoB u np., 2005; Tucci et
al., 2005].

OTKIMK T€OMarHUTHOTO 3KPaHUPOBAHUS Ha H3Me-
HEHHs Te€OMarHUTHOW o0cTaHOBKM B CB M MexXIiaHeT-
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HOM MarHuTHOM none (MMII) Bo BpeMs MarHUTHBIX
oypp m3yuancs B [Kanekal et al., 1998; Leske et al.,
2001; Shimazu, 2009; Tyssey, Stadsnes, 2014; Adriani
et al., 2016] TeopeTrdaecky 1 HKCIIEPIMEHTATBEHO. OTHAKO
OJHO3HAYHOTO OTBETa Ha BOMPOC O TOM, KaKWE Tapa-
METPBI OMIKHET0 KOCMOCa KOHTPOJHPYIOT TpPaHCIOp-
tupoBky KJI Bo Bpems Bo3MymIeHHH, He OBIJIO Hai/IeHO.
Jnst oTBeTa HEOOXOAMMO KaK MHHUMYM HaJIH4HE JO-
CTaTOYHO OOIIMPHOW 0a3bl COOTBETCTBYIOIIUX NAaHHBIX
JUISL TEOMarHUTHBIX OYpb Pa3iMyHOIO THIA ¥ MHTECHCHB-
HOCTH, BBI3BAaHHBIX Pa3HBIMH MCTOUYHMKaMu Ha CouHIle
U B MEXKIUIAHETHOM IPOCTPAHCTBE, MPOU3OUICAIINX
Ha pa3HbIX (ha3ax CoJHEYHOro nukna. Ha ocHoBe 3THX
JTAHHBIX MOKHO OBLIO OBI MOJYYUTH OOOOIICHHBIC BHI-
BO/BI 00 M3MEHEHWH T€OMarHWTHOTO 3KPaHUPOBAHHA
BO BpEeMs MEKIUIAHETHBIX M T€OMAarHWTHBIX BO3MYIIE-
HUI pa3inndHOro Xapaktepa. Pamee B [[ItmmbmHa u np.,
2019; Nanunosa u ap., 2023 u cCbUIKK TaMm| AJi1 OJHOU
YMEpEHHOH M CEMH CIIIBHBIX T€OMarHUTHBIX Oyph 23-T0
1 24-T0 IUKIJIOB COJTHEYHON aKTUBHOCTU MBI BHIYUCIIHIIH
KECTKOCTH T€OMarHUTHOTO 00pe3aHus U UX KOPPEJILUH
C TapaMeTpaMu Telno- U reocdepsl. bombmmHCTBO pac-
CMOTpPEHHBIX OYyph ObLIO 3a)MKCHPOBAHO Ha (ha3ax crajaa
YU B MUHHUMYyME IUKJIOB. B nanHO# paboTte st nambHE-
IIEro pacIIMpeHus HaIlero apXuBa JaHHBIX pacCMOTpe-
Ha cwibHas Oypst B mapte 2023 r. BOJIM3M MakCUMyMma
25-ro 1HKIIa, BRI3BaHHAs crienigpmdeckiM cKpbITbiM CME.
Kpome Toro, Mpl 1006aBmIIM B HaIlle HCCIIEAOBAHUE pac-
YeT W aHaJIN3 JAHHBIX Ul TPEX JOMOIHUTEIBHBIX HHU3-
KOoMpOTHBIX cTaHuui KJI, uMest B BUy IOUCK IIHUPOT-
HBIX 3¢ ¢ekroB. Llems nanHON pabOTH — ompeneneHue
TE€OMAarHUTHBIX TIOPOTOB JIByMsl HE3aBHCUMBIMU METO-
JaMu R,p4 ¥ R B IEPHOJ CUIbHOM Oypu 23-24 mapra
2023 r., aHaJIN3 3aBUCMOCTH MX W3MEHEHUH OT IapamMeT-
POB MEXKIUIAHETHOH cpenpl U reomMarHuTocdeps! ¢ (oky-
COM Ha IMpOTHBIE 3((deKThl, a TakKe CpaBHEHHE pe-
3yJIBTAaTOB, TOJyYEHHBIX pa3sHBIMH MeTomamu. [l pe-
IIEHHs TIOCTABJIEHHBIX 3a]a4d ObUIM pacCUMTaHbl KOppe-
JSIIMW BapHaIMi JKECTKOCTEH TeoMarHWTHOTo oOpesa-
HUA AR 1 AR C DIEKTPOMArHUTHBIMM U JTUHAMHUYE-
ckumu napamerpamu CB, Dst u K.

1. METO/bI U JAHHBIE

Jlis pacueToB >KECTKOCTH T'€OMarHUTHOTO oOpesa-
HUS BO BpeMs CHJIBHOIN MarHUTHOW Oypu 23-24 mapra
2023 r. OBIIM HCIIOJBE30BAaHBI METOJ CIIEKTporpadude-
ckoii riodanpHo# creMku (CI'C) m MeTox mpocieKuBa-
Hus TpaekTopuil yactun KJI B MoeIbHOM MarHUTHOM
oJe.

B ocnoBe metoga CI'C nexuT npeanoyiokeHue, 4To
Bapuanuu notoka KJI Ha 3eMHOI MOBEpXHOCTH orpe/ie-
JITIOTCSI CTIEKTPOM KECTKOCTH, MUTY-YTJIOBBIM pacIipe-
JIeTIeHMEM YacTHIl B MEXIUIAHETHOM TIPOCTPAHCTBE W Tpa-
JIEHTOM IUTOTHOCTH YaCTHI] Ha JJADMOPOBCKOM pajiyce
[Kovalev et al., 2022]. 3TOT MeTO MO3BOJISIET TI0 HA3EM-
HeIM HaOmoaeHwsiM KJI Ha MUpPOBOI ceTH CTaHIMN TTO-
Jy4aTh WHPOPMAIIHIO O paclpereieHu  nmepBruaHbIX KJI
[0 JHEPTUAM W NUTY-yIJIaM B MEXIUIAHETHOM Mpo-
CTpaHCTBE, a TaKkKe 00 M3MCHEHWIX IUIAaHETapHOH CH-
CTEMBI JKECTKOCTEH T€OMarHUTHOTO OOpe3aHus 3a Kaxk-
JIBIA MOMEHT HaOMroneHuH (R ;).
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Geomagnetic cutoff of cosmic rays during

Tabiuua 1

Cranpaprable omubku onpexnensieMsrx MerogoM CI'C mapamerpo MMII, KJI, 3emHoi#i MarauTocgeps! n arMocheps
B 3aBHCHMOCTH OT TOYHOCTH JIaHHBIX HEHTPOHHOTO MOHHTOpA M MIOOHHOTO Teneckomna [Kovalev et al., 2022]

Ly %o | Ly, % | A, rpan | W,rpan | Ag,% | A1,% | A2, % | AR, TB | Ty, °C Tem, °C
+0.1 +0.1 +169 | £21.5 +1.0 +8.8 +1.7 +0.03 +1.3 +0.3
+0.2 +169 | £21.5 +1.0 +8.8 +1.7 +0.03 +2.5 +1.2
+0.15 +0.1 +17.0 | £21.8 +1.3 +8.8 +1.7 +0.04 +1.3 +0.3
+0.2 +17.0 | £21.8 +1.3 +8.8 +1.7 +0.04 +2.5 +1.0
+0.2 +0.1 +17.5 | £22.1 +1.6 +8.9 +1.8 +0.05 +1.3 +0.3

B Tabn. 1 mokaszaHsl craHJapTHBIE OIIMOKHU OIpe/e-
nenns meronqoMm CI'C monmrotHoro A u mmmpotHoro ¥
yrioB  MMII, nuddepeHnnansbHOro KeCTKOCTHOTO
crexTpa Ay, aMIUTUTY]] MUTY-YTIIOBONH aHU30TPONUU A4
u A, KJI, u3MeHEHUs JKECTKOCTH TeOMarHUTHOTO 00pe-
3aHug AR, npuzeMHoil AT u cpegHemaccoBol ATy
TeMmepaTypbl aTMoc(epbl B 3aBHCUMOCTH OT TOYHOCTH
U3MEpPEHUN HEUTPOHHOU Iy, U 3apsLKEHHOH [, KOMIO-
HeHT KJL.

BumHo, 4To craTtucTHYeckas OmmOKa B OmIpeiesie-
HUH AR C Y4€TOM TOYHOCTH M3MEPEHUI Ha CTaHIMAX
KJI ne npeBbimaer no abcontotHoit Benmuuune 0.05 I'B.
Bapuarmn sxecTKocTel TeOMarHITHOTO 00pe3aHus, MOJy-
YEeHHBIE ITUM METOJIOM, Jajice Ha3bIBAIOTCS HaOIo/a-
TENbHBIMU.

Bropoit meTox — crmoco6, npu KOTOpoM R, BBIUHC-
nseTcs TpaeKTopHBIME pacderamu [Shea et al., 1965]
B MOJIEJTEHOM MAarHMTHOM I10JI€ MarHHTOCHEPHI (R,pq4).
B manno# pabote ans pacueToB 3(h(HEKTUBHBIX TeoMar-
HHTHBIX TIOPOTOB R4 ObLIA HCMONB30BaHa MOJENb LbI-
raneHko 7501 ([Tsyganenko et al., 2003] u ccpuIKH
Tam). [Ipu 3TOM TOYHOCTH OIPENCIICHIS TeOMAarHUTHBIX
MOPOT'OB 3aBHCHUT OT TOYHOCTH MarHUTOC(EPHON MOJIENH,
ncnonp3yeMoit npu pacuerax. Cornacuo monenu 7501,
MAarHuTHOE IMOJIe BHYTPH MarHuTocheps! (0e3 TiIaBHOTO
MarHUTHOTO II0JIs) TPEJCTaBIsieT cO0OH CyMMy BKIIa-
JIOB OT OCHOBHBIX MarHMTOC(EpHBIX TOKOBBIX CHCTEM.
[Ipu mapameTpu3aniy TOKOBBIX CHCTEM HCIIOJIB30BAIIHICH
CIIyTHHKOBBIC JJaHHBIC, I3MEPEHHBIC BO BpeMst 37 reomar-
HUTHBIX Oypb ¢ Dst<—65 uTx [Tsyganenko et al., 2003].
Mogens 7501 BxmowaeT B ceOs Tokn YenmeHa— Dep-
papo, CHMMETPHYHBIN M YaCTHYHBIN OOBEMHBIC KPYTOBEIC
TOKH, TIONIEPEYHBIE TOKH XBOCTAa U KPYITHOMACIITaOHBIE
npononbHble TOKU. B [Tyasto et al., 2012] moka3zano, 9to
BO BpeMsI CHIIBHBIX MarHUTHBIX Oypb MOJIEJIb MarHUTO-
cheprr 7s01 sydre OMMCHIBAET CUTYalUI0O B MAarHUTO-
chepe, uem momens 7504. Il pacdeToB MarHHUTHOTO
IIOJIST OT BHYTPEHHUX HMCTOYHHUKOB HCIIONB3YETCS Mpe-
CTaBJIEHHE TJIABHOTO MarHUTHOTO moiisi 3emun (I'MII3)
B BUJIE PA3NIOKEHUS B Psif 1O cheprIecKuM rapMOHHYe-
ckuM QynknmsiM 1o n=10. Bapuanuu sxectkocrtei reo-
MarHUTHOTO OOpe3aHHs, MOJYYEHHBIE 3THM METOJIOM,
Jlaniee Ha3bIBarOTCA MOJIENIbHBIMU.

XKecTkocT reoMarHMTHOTO OOpe3aHUsl OINpenes-
JIMCh JUISL JIeBATH PasHOMIMPOTHBIX cranimii KJI, mpen-
CTaBJICHHBIX B Ta0J. 2. CTaHIMM BHIOMpAUCH TAKUM 00-
pa3oM, 9ToOBI B CIIOKOHHOE BpPEMSI OHH OXBATHIBAJIH OC-
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HOBHYIO 0OJIaCTh IOPOTOBBIX R., TOJBEPKCHHBIX BIIHS-
HHIO T€OMarHUTHOTO TOJISL.

Janee BbIYMCISUTUCH KOI(DDHULIMEHTH KOPPEISIMU k
U CTaHJAPTHBIE OIIHOKH 5 MEXKIY AR,y U AR cO CIIE-
JIYIOIUMH MTapaMeTpaMu: nojiHoe 3HaueHue MMII B
U €ro KOMIIOHEHTHI B, U B, a3uMyTallbHas KOMIIOHEHTa
E, snekTpuyecKkoro mnons, napameTp miaasMmel B, cko-
poctsb V, mnotHocth N u nasnenue P CB, a takxke Dst
u K, Otum napameTpbl pocTynHel B 0aze OMNI
[https://omniweb.gsfc.nasa.gov/form/dx1.html].

[Tna3smeHHOE B — 3TO OTHOIIECHHUE JABJICHHS IUIA3MBI
K MarHuTHOMY JaByieHu1o; B 6aze OMNI aToT napametp
paccuuThIBaeTCs Mo popmyIe

B=(4.16T/10° +5.34)N, /B,

rae T — rtemneparypa (K); N, — INIOTHOCTb IPOTOHOB
(cM™); B— nonHoe marauTtHOE nose (HT).
OneKTpHrYecKoe MoJIe BEIYUCIIIOCH 0 hopMyie

E=-VB107,

rae £ — anextpudeckoe nosne (MB/m); V' — ckopocTh
MPOTOHOB (KM/C); B, — KOMIIOHEHTa MarHHUTHOT'O TIOJIS
(aTm).

2. PE3YJIBTATBI

2.1. Ilapametpbl resimo-, reocepbl U KecT-
KocTh o0pe3anus KJI Bo Bpemsi 0ypu 23-24 mapra
2023 r.

Ha puc. 1 cBepxXy BHU3 MOKa3aHBI JIEKTPOMATHUTHBIE
U auHaMuueckue mapamerpsl CB u reoMarHUTHON ak-
TUBHOCTH BO BpeMs TeOMarHUTHoW Oypm 23-24 mapra
2023 r.: B, B, E,, B, V, N, P CB, a Taxxe K, u Dst.

Oco0eHHOCTBIO HcciIeyeMoi Oypu ObUIO TO, YTO
oHa BbI3BaHa CKpHITEIM (stealth) CME. Takue CME
HE CBSI3aHBI C KAKIMU-JINOO BUIUMBIMU MPOSBICHUSIMU
Ha CoJHIle, TOATOMY HX CIOXHO HISCHTH(UINPOBATH
U COOTBETCTBEHHO IPEACKa3aTh MX reodpdeKTHBHOCTS.
B ugactHocti, CME, KOTOpPBIi MHUITMMPOBAT U3y4aeMyrO
TeOMarHuTHYO Oypro, He ObLI 3aMEUeH HUKEM W3 HaOJF0-
Jateneil 1 He ObUT BHeceH B KaTaysord. Ho mockosbky
MMUKOBOE 3HAYCHUE OypeBOrO HHIEKCAa HEOXKHUIAHHO
nocturiio Dst=—163 uTn, Oyps Obuta kBanmnuIupoBa-
Ha Kak cwibHas [Tahir et al., 2024; Teng et al., 2024].

Buano, uro 23 mapta B ~8:00-14:00 UT B, N, P,
a TaKke B, MOCTENICHHO PAaCTyT, YTO MOXKHO HHTEPIIPETH-
pOBaTh KaK MPOXOKACHUE OKOJIO 3eMITH 000TOUKH MEXK-
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Tabiuma 2
CraHuuy KOCMUYECKUX JIyder

Hasparie cramm Me)KZ[yI?;II?OZLHLII?I Feoriilqélg';:cxax Feorgg;b;gzcxaﬂ R

Kunrcron KGSN 42.99° S 147.29°E 1.9
Mocksa MOSC 5547°N 37.32°E 2.08
HoBocubupck NVBK 54.80° N 83.00°E 2.32
Hpkytck IRKT 52.47°N 104.03° E 3.13
Ourdpay JUNG 46.55° N 7.98°E 4.51
Anmarsl AATB 43.25°N 76.92°E 5.21
Pum ROME 41.90° N 12.52°E 6.11
Adunb ATHN 37.97°N 23.72°E 8.48
Emilio Segre Obs. ESOI 33.30°N 35.80°E 10.73

24 — B (uTn)

8
o
10 — By(HTn)

Aﬂ/\/\’“/\‘—_—//\_/\/\_\
0~V (kmlc)

500 —
|

450

400

Dst (1Tn)

]
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|
!
4“\ TTTTTT T TTTTTT T TT EELT LR

0 0
23
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Puc. 1. TTapametpst CB, MMII u reoMarHuTHO# aKTHBHO-
¢t BO BpeMs Oypu 23-24 mapta 2023 r. BepTukaibHble Ju-
HHMU yKa3bIBAIOT IIaBHYIO (a3zy OypH, a TakKe Hayaso aKTHB-
HO#1 cTaauu raaBHoit ¢assl B ~18:00 UT 23 mapra

mwraneTHOro CME (ICME sheath) wim obmactu cxxaTust
nepen ICME.

Mo>KHO cUMTaTh, YTO IyIaBHas (a3za Oypu Hayaiach
B ~13:00 UT c pe3koro cxarus MarHutocepsl mocie
ckauka P no 14.8 ulla. C Hayanom riaBHOH ¢a3bl P
YMEHBIIMIIOCh CKaYKOM OT (poHOBorO B~2 mepen Oypeit
10 B=0.2 1 ocTaBajoCh TaKUM Ha BCeH TJIaBHOU (ase
Oypu. Takoe HHU3KOE 3HAUEHHUE 3 MOXKET OBITH CBA3AHO
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C TIOBBIIIEHHOW TypOyJIEHTHOCTBIO IUIA3MBI M CIIY>KHTb
TpurrepoM MarHutHOW Oypm [KypakkoBckas u 1p.,
2021]. KomnoneHTa B, xonebanace MeKIy OpUeHTAIHCH
Ha IOT ¥ Ha CeBep, MpexJe YeM OKOHYATeJIhHO MOBEp-
HyTb Ha 1or B ~18:00 UT. B 310 Bpems Hauanach akTHBHAs
cragust OypH, Koraa Dst HAUMHAET PE3KO MOHMKATHCS
u pocturaer Mmuaumyma Dst=—163 aTn B 02:00 UT
24 mapra 2023 r. ITocne atoro Dst cTan yBenUIUBaThC,
B, Toxe Havana pacTi 1 MarHuTHas Oyps nepeuuia B ¢asy
penaKcaIuH.

Ha puc. 2, a—e noka3aHbl pacCUUTaHHBIC BapHallUU
FEOMarHUTHBIX NOPOTrOB AR M AR,p4 IS BCEX HCCIIE-
IyeMbIX cTaHIui. Ha maHenu ow mokasaH Takke X0
Dst 1i1st WIUTIOCTPaLUK CBSA3H TMHAMHUKH T€OMarHUTHBIX
HOPOTOB M 3BOJIOLMH Oypu. BuaHO, 4TO X0J KpUBBIX
AR,pp M ARic B LIENOM OOHApYKMBAET yJOBJIETBOPH-
TeNbHOE cornacue ¢ Dst.

Buana deTkas 3aBHCHMMOCTH TOHIDKECHHUS TOPOTOB
AR,y OT MPOTHL. 3HAYeHHE AR, NOCTHIIO MAKCH-
ManbHOTO TaneHus (=—0.8 'B) Ha riaBHO# ¢aze B Mo-
MEHT MakcuMyMma Oypu (Dst=—163 HTx) Ha cTaHIH
¢ camMoi HU3KOH oporoBoii xkecTkocThio R, (KGSN).

Ha rnaBuoit daze Oypu AR HOHMKaeTcs Oojee
MEJIJICHHO U Ha MEHBIIYIO BETMUUHY, YeM AR,q4. Kpome
TOTrO, Ha OOmMA X01 AR, KOTOPHIH B IIEJIOM CIIEAYyEeT
3a Dst, HaJIOXEHbI KOJEeOaHUsI C TNEpUOJOM IOpsAKa
HECKOJIBKHX 4acoB. AMIUINTY/a 3TUX KojeOaHuid Ha (aze
BOCCTAHOBJIEHHS TIPUMEPHO TOTO K€ TOpPsKa, YTO U II0-
HIDKeHUS AR, B palioHe MakcuMyMa Oypu: (Harpumep,
yepe3 2 9 mociue Makcumyma Oypu Ha cr. IRKT
AR..=—0.45 TB). Takue cxkauku AR, ocoOeHHO Xa-
pakTepHBl Ha BOCCTAaHOBHTENBHOH (haze Oypum Ha HU3-
KOIIMPOTHBIX CTAaHIMAX. [[03TOMY HEJb3sl ONpEAeIIUTh
C JIOCTaTOYHOM TOYHOCTHIO MAaKCHMaJIbHOE IIaJIeHHE
KECTKOCTEH TeOMarHUTHOTO 00pe3aHusi BO BpeMs OypH.
MOKHO JIMIIb OTMETHTH, YTO, KPOME 3BOJIIOIMU KOJIb-
nesoro Toka (~30 4 jyis JaHHON Oypm), KOTOpBIH ompe-
nenser AR,y4, CyIIECTBEHHBIH BKIa/I, O-BUAMMOMY, BHO-
CAT M Apyrue 6oiee KOpoTKonepuoaHsie (~2—3 ) mpo-
necchl. PHCYHOK 2 JIEMOHCTpUpYET TakKe TOT (aKT, 4To
pasHULA MEXKIY KPHBBIMU AR, U AR 3a8BUCHT OT IIU-
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Puc. 2. Bapuauuu reoMarHuTHbIX MOporoB AR (KpacHble
THUN) U AR,y (CHHME IMHMK) BO BpeMs Oypu 23-24 ceHTAOps
2023 r. Ceepxy BHu3 1 cT. ROME (a), AATB (6), JUNG
(8), IRKT (2), MOSC (0) u KGSN (e). Ha manenu (o) npu-
BEICHBl 3Ha4YeHUs OypeBoro wuHAekca Dst. BepTuxanbHble
JMHUH YKa3bIBAIOT TJIAaBHYIO (a3y OypM M Hadano aKTHBHOM
¢a3er (18:00 UT 23 mapTa)

pOTHL. DTa pa3HHIlA JOCTUTAET MAaKCHMaJbHOTO 3Hade-
Husa 0.44 I'B B moment munumyma Dst nns ct. KGSN
¢ muanManbsHOi R.=1.90 I'B.

2.2. KoppeJsinuOHHbIN aHATU3

Ha BpeMEHHBIX KPHUBBEIX PHC. 2 BHIHO, YTO AR,4g
U AR, I3MEHSIIOTCS B COOTBETCTBUU C DBOIIOLIUEN OypH
1 T€M CaMbIM ¢ M3MeHeHusMH mapameTrpoB CB u reo-
MarHUTHON aKTHBHOCTH. J[JIs1 TOTO 4TOOBI KOJIMUECTBEHHO
OIIGHUTH CBSI3b HCCIIEAYEMBIX MapaMeTpOB U BapHaluil
T€OMarHUTHBIX TIOPOTOB, MBI ITPOBENN aHAJIHN3 KOppews-
uuit AR ¢ napamerpamu CB, MMII u unnexcamu reomar-
HUTHON aKTUBHOCTH. bbutn Berancnensr ko3 uireHTs!
KOppesMu k M cTaHAapTHele ommOku s. Ha puc. 3
Koppessanust k Mexay AR M ucciienyeMbIMH IapaMer-
pamu CB, MMII u reomaraurocdeps! Bo Bpemsi Oypu
23-24 mapta 2023 r. npelcTaBieHa B BUAE JAUArPaMM.
Ha manenu @ moxa3aHa KOPPENSIHs BapHAIA MOJEIb-
HBIX TIOPOTOB AR,p¢ C MEXIUIAHETHBIMM M MAaTHUTHBIMHU
rmapaMeTpamy, Ha TaHeIn 6 — KOppewsnus Halmroa-
TeNbHBIX AR CTONOIBI AUarpaMMm pa3HBIX IIBETOB
COOTBETCTBYIOT Pe3yJIbTaTaM KOPPEISIHOHHOTO aHalH-
3a U1 pa3HBIX cTaHOui. IIpu 3TOM cTONOIBI (CTAaHIINH)
PpAacIIoI0KEHbI B MOPS/IKE BO3PACTaHHs IIUPOTHI (YObI-
BaHUs 1IOPOra CTAaHIUK B CIIOKOIHOE BpeMs).

BunHo Ha maHenu @, 4yTOo HamOoNbBIIAsh KOPPEIs-
s Habmogaercss MexkIy AR,py U Dst. JInd AR,p4
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k=0.96+0.05 na cr. YUNG. Ha pgpyrux cranmmsx k
MPaKTHYECKH TOT JKe. Tarke BBICOKAs, HO HECKOJIBKO
MEHbIlIas OTpUllAaTeNbHAs KOppemsaius BuaHa At K.
Hanpumep, Ha ct. MOSC k=-0.84+0.14. Koppensmus,
6mm3kas Kk k=—0.8, momydeHa Ay CBSI3U MOJIEIBHBIX
TEOMAaTHUTHBIX MTOPOTOB C OOIIUM MAarHUTHBIM IIOJIEM
B. Ha cr. MOSC k=-0.74+0.16, nma cr. ESOI
k=-0.7%0.08. IIpu >ToM £<0. Bricokas aHTHKOppE-
ous MOoJNydeHa Takxke i cBasu ¢ E,: k=—0.68+0.18
Ha ct. MOSC. biimskue 3Ha4eHNs k HAMIEHBI U I OCTAIIb-
HBIX CTaHIMH. J[0CTaTOYHO BBICOKAs KOPPEISLHUS IpHU-
MepHO ojiHOro ropsiaka ~0.65—0.7 noxydena s B u B,.
OtmMeTuM, 4T0 CBsI3b AR,y C B, MEHBIIIE, YEM C TOTHBIM
nosieM B. 3HadeHHe k 3HAYMTEILHO MEHbILE JJIsI KOp-
pensaiuu Mexay AR,y 1 B,. Hampumep, £=0.39+0.14
Ha ct. ROME. Takoro jxe mopsaxa k, BBEIYUCIICHHEIC
A KOppensAuuH AR.y—V W elle MeHbIe I aHTH-
Koppenauus AR,pq—N U AR,p4—P. MOXHO yTBEpXKIaTh,
YTO W3MEHEHHS JKECTKOCTEH TeOMarHUTHOTO O00pe3aHus
HamboJlee TECHO CBS3aHBl C M3MCHCHUSAMH HHICKCOB
TEOMarHUTHOW akTHBHOCTH. Kpome TOro, B M3MCHEHUS
MOPOTOB BHOCST CYIIECTBEHHBIH BKIJIAJ BCE DJEKTPO-
MarHuTHEIE TTapaMeTphl, Kpome B,. UTo KacaeTcs auHa-
MUueckux napamerpoB CB, cBsi3b ¢ HUMU IpOCIIEKUBA-
ercs cnabo. CreyetT OTMETHTD TOT (aKT, 4To Ko uIy-
€HTHI KOppensuuu AR,y CO BCEMU NapaMeTpaMH, pac-
CUMTaHHbIC ISl pa3HbIX CTaHIMH, KpalHe He3Ha4yu-
TETBHO OTIMYAIOTCS MEXIY COOOiA.

Heckonpko apyras kapTuHa HaOIrOHaeTcs IS U3Me-
HEHHS TOPOTOBBIX JKECTKOCTEH, MONYIEHHBIX METOI0M
CI'C (mamems 6). B memom ko3(h(UIHECHTHI CBS3H IS
HaOmonaTenbHBIX AR HIDKE, 9eM Ui MOZCNHHBIX
AR,p. Hambonbmias koppensaums I CPEAHEIUPOT-
HBIX CTaHIMK HaOmoaaeTcs Mexny AR . u Dst, a Takxke
B, moxoms moutu g0 0.8. Haubombiero 3nauenus k mo-
cturaet g cr. KGSN (0.79+0.07). Ha au3komupot-
seix cranimsax ESOI u ATHN koppensmus ¢ Dst npax-
THYECKU OTCYTCTBYeT. T jKe caMoe MOXKHO CKa3aThb U Ipo
CBs3b AR, C OOIIIIM MarHUTHEIM 110JieM B u 3. Hanbo:s-
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LIero 3HayeHus1 koppemiuust AR .— Jocturaer Ha cpe-
nHeumpoTHbIX craHimsix JUNG u IRKT (£=0.76+0.08),
a s AR .—B k=—0.67+0.09. Jlns ocTanpHBIX mHapa-
METPOB KOPPEJISLHS 3HAUYUTEIBHO HWDKE, a JUIs AMHAMU-
yeckux mapamerpoB CB N 1 P oHa OTCYTCTBYET.

2.3. Koppeasiuum reoMarHMTHBIX MOPOToB
¢ mapamerpamu CB, MMII u reoMarHuTHOM
AKTHBHOCTH

Ha puc. 4 nokazana cBs3b U3MEHEHHI F€OMAarHUT-
HBIX TIoporoB AR u uccrnenyemsix napamerpos CB, MMII
1 TEOMAarHUTHOW aKTHBHOCTH B 3aBHCHUMOCTH OT JKECT-
KOCTel R, T€OMarHUTHOTO OOpe3aHusl CTAaHIHH B CIIO-
KoiiHoe Bpems. IlokasaHel k 11 AR,y (a) U AR (),
a TaKKe IIBETa M CHMBOJBI, KOTOPBIC Pa3iIMYaoT KpH-
BBIE, OTHOCAMMECS K napamerpam Dst, K, B., E,, B, P,
B, B, V, u N. KpuBple Ha maHensIX a, 6 TOATBEPKAAIOT
BBIBO/IbI, TIOJTYYEHHBIC U3 quarpamm (cM. puc. 3, a, 6), 0
TOM, YTO HauOOJblIAs KOppesuusl HabIromaeTCs
Mexay AR u Dst, B ¥ HECKOJIBKO MeHbINas ¢ B, a
HauOonbLIas aHTUKOppenauus — ¢ B, K, u E,. Kpome
TOT0, HA IIAHEJH 6 NIOKa3aHa 3aBUCUMOCTH k OT IIHUPOTHI
U COOTBETCTBEHHO OT R.. BuaHo, uTo Hanbompmas Kop-
persus HaOoJaeTcsl Ha CPEOHHUX MIMPOTaX, M KO-
TopbIX R.~2+6 I'B, a MakcumanbHas — Ha cT. IRKT
u JUNG, s xotopbix R.=3.13 n 4.51 COOTBETCTBEHHO.
[pu ysenmuennu R.>6 I'B HabmromaeTcs cymiecTBEH-
Hoe maneHue k. J[7s OCTaNbHBIX HCCIEAYeMBIX Mapa-
METPOB k Majo, MO3TOMY OHO HE SBJISIETCS reodddek-
THUBHBIM U HE MIPEJICTABIISIET UHTEpECa.

Hns AR, (a) HaubonbIINe KOppEIAlMs U aHTH-
KOPPEJISIHs B COOTBETCTBUH C PUC. 3, a QUKCUPYIOTCS
JUTS TEX K€ TTapaMeTpoB, uTo U it AR ..,— ¢ Dst, B, B.,
K,, B u E,. Onnako k 115 Bcex napaMeTpoB KOPPesIun
AR, ¢ BBIIIE, 9€M 11 KOppensauun AR ... YTo xacaercs
3aBHCHMOCTH OT LIMPOTHI, ciabas TEHICHIVS, aHAJO-
rugHasi MUPOTHOMY 3P dekTy B AR, MOXKET OBITH OT-
MeYeHa JHIb Uit B, u E,. Jnsg oCTalbHBIX HCCIIEMye-
MBIX MapaMeTPOB 3aBUCHMOCTH OT MIMPOTHI MPaKTH-
YecKH He HaOmomaeTrcs. 31ech MBI TOXE OOCYXIaem
TONBKO Ted(PeKTUBHBIC MapaMeTpbl, ISl KOTOPBIX A
JIOCTaTOYHO BEJIHKO.

2.4. Koppeasiums AR, g € AR

CpaBHHUM pe3ysbTaThl, MmoiydeHHsle mMerogom CI'C
1 TPaeKTOPHBIMH pacdyeTaMH C HCIOJIL30BAHHEM MOEIH
TsO01. It 3TOr0 MBI pacCUUTAIN KOPPEILIHIO kK MEXIY
AR3¢)¢ u ARcrc (Ta6ﬂ. 3)

W3 anamusa puc. 3, 4 BumHO, 4T0 AR U AR B LiEe-
JIOM aHAJIOTMYHO ONKCBIBAIOT U3MEHEHUE IIOPOTrOB B IIPO-
Liecce 3BOJIIOIMK OypW M BKJIAj B 3TH BapHalllM Iapa-
MeTpoB renmo- u reocdepsl. M aTo HEcMOTps Ha TO, 4TO
NaJeHUE 3HAYCHUM MOJENBHBIX MOPOroB AR,y cUCTe-
MAaTHYECKH TPEBBIIACT MaJeHHE HaOII0IaTEIbHBIX
AR .. I3 Tabn. 2 BUAHO, YTO KOPPETSAIHs k BO BpeMs
uccienyeMon Oypu Mexmy HaONoJaTelnbHBIMH W MO-
NETbHBIMA TIOPOTaMHU JJIsI BCEX CTaHIMK, KpOME CT.
ESOI u ATHN, mocTaTo4HO BBICOKAas: HA4yWHAS OT
k=0.71%£0.07 gna ct. ROME no makcumyma Koppens-
min  k=0.78+0.07 s CpemHENIMPOTHOW CTaHLUH
JUNG. Takoe noBeneHue k ykasplBaeT Ha aHAJIOTHY-
HYIO YyBCTBUTEJIBLHOCTh K MEXIUIAHETHBIM U T€OMarHuT-

47

O.A. Danilova, N.G. Ptitsyna, V.E. Sdobnov

HBIM T1apaMeTpaM HaOJIIoJaTeNbHbIX U MOJIEIBHBIX BapH-
alMii FeOMarHUTHBIX IOPOToB AJIs cTaHiuii ¢ R.<6.11 I'B
(ROME). Huskas xoppensius AR,py ¥ AR, Ha CT.
ESOI u ATHN otpakaeT pa3Huily B LIMPOTHOM 3 deKTe,
3aMETHOM Ha HU3KOIIUPOTHBIX CTAaHIIIX (M. 2.3).

BBIBO/IbI U 3AKJIIOYEHUE

B aT0it paboTe MBI paccMOTpeNH BapHalllK KECTKO-
cTeif reoMarHUTHOro obpe3anust AR,y U AR BO Bpe-
Msi Oypu 23-24 mapra 2023 T., BBIYHCICHHBIC JABYMS
pa3IMYHBIMM METOJaMH, HAOIIONAaTeNbHBIM U MOJEIb-
HeIM. Kpome Toro, Mel uccieoBagy CBS3b 3TUX Bapua-
LUl ¢ ANIEKTPOMArHUTHBIMU U IUHAMHYECKHMU IapaMeT-
paMHu COJHEYHOTO BETPa M T€OMAarHUTHON aKTUBHOCTH,
a TakOKe 3aBUCHMOCTD TaKOH CBSI3M OT MIMPOTEIL.

BbIsIBIIEHO, YTO TEOMAarHUTHBIE MOPOTH, BBIYHCIICH-
HBIE 000MMH METOJIaMH, HanboJiee CIIIFHO KOPPETHPYIOT
C TGOMAarHUTHOW aKTUBHOCTBIO, 0COOCHHO ¢ Dst, 4TO
yKa3bIBacT Ha HAHOOJBIINI BKJIAJ B BapHallU KECTKO-
cTel KoJbleBoro Toka. Kpome Toro, Beicokast Koppems-
LU IOCTUTAETCs U C 3IEKTPOMAarHUTHBIMU NTapaMeTpaMu
MMII B, B, B., E,. CymecTBeHHOH KOppeNAlUU C Iu-
HamuueckuMmu napamerpamu CB V, N, P He HaOmona-
erca. CunraeTcs, 4TO pa3BUTHE MarHUTHOI OypH B oc-
HOBHOM 3aBHCHT OT JIByX ITapaMETPOB: OT FO’KHOH KOM-
noHeHTsl MMII, pocT KOTOpOil NPUBOAUT K NEPECOEAU-
HeHHMI0 MarauTHoro noist CB u maraurocdeps! 3emin,
u ot gasneHusa CB P, pocT KOTOpOro NpuBOAMT K CKa-
tuio MarHutocdepsl [Dungey, 1961; Burton et al,
1975; Akasofu, 1984]. OmHako pa3BUTHE HCCICTyEeMOH
Oypy M COOTBETCTBEHHO YMEHBIIEHHE I'€OMarHUTHOTO
SKPaHUPOBAHUA M BapHalUU KECTKOCTEeH reOMarHUTHO-
ro oOpe3aHusi AEHCTBUTEIBHO ONPENEISUINCh B, U elle
B OOJIBIIIEH CTETIeHN OOLTMM MAarHUTHBIM IOJIeM B U 11a3-
MEHHBIM IIapaMeTpoM 3, B TO BpeMs Kak P U OCTaJbHbIC
JuHaMpdeckue mapamerpbl CB mpakTHdecku He Urpaju
HHUKaKkoi posmu. OTMETHM, YTO TaKHe Pe3yIbTaThl I10-
JIy9eHbI U CHITbHOM Oypu B Mapte 2023 r., T. €. Ha BOC-
XOIALIEH BETBU 25-r0 COJIHEYHOIO LMKIJIA 3a IMOJITOpa
roja 0 MakcuMyMa. OTH pe3ylbTaThl B LIEJIOM COTJIa-
CYIOTCS C BBIBOAMH, MOJTYYEHHBIMHU IJIsl CUIBHOW OypH
811 mapra 2012 r. Takxke Ha pactymieil BeTBU 24-ro
IIMKJIa 32 JBa rojia 0 MakCUMyMa, O TPEHMYIIeCTBEeH-
HOM BIUSHUM Dst W HEKOTOPHIX 3JIEKTPOMAarHUTHBIX
napameTpoB Ha AR [[lanunoBa u np., 2023]. B to xe
BpeMsi JJIsi OOJIBIIMHCTBA Oypb, B OCHOBHOM 3a()MKCH-
pOBaHHBIX BHE MakcuMmyMma nukia [IltumeiHa u 1p.,
2019], xpome Hew3MEHHOW Hamboliee CHIBHON Koppe-
g ¢ Dst U ¢ 3IeKTPOMArHUTHBIMU TapaMeTpaMy,
MOXHO OTMETHTh TAKXKe CYLIECTBEHHYIO CBSI3b Ieomar-
HUTHBIX ITIOPOTOB €O ckopocThio CB V. TIpu a3ToM HabopsI
JpYruxX KOHTPOIHMPYIOUIMX NMapaMeTpoB Ul UHIUBULY-
aIBHBIX Oyph OTIHMYaloTCS Mexay coboil. Tem He Me-
Hee, MMO-BHANMOMY, MOXHO C/I€IaTh BBIBOA O TOM, YTO
CBOWCTBA TEOMAarHWTHOTO 3KpaHa BO BPEMS CHIBHBIX
BO3MYIIEHUH 3aBHUCAT OT (a3bl CONHEYHOTO IMKIA, B KO-
TOPOM HPOM301LUIO0 cOObITHE. OTHAKO 3TH BBIBOIBI HYX-
JAroTCA B AajbHEHIIEH Ooee neTaabHON IpOBEpKe.

AHanu3 mokasan, 4to peakius AR, Ha KOHTPOJIH-
pyrolKe 3JIEeKTPOMarHUTHEIE apaMeTpsl, a Takxke Dst
u K, MeHsieTCsl ¢ IMMPOTOM CTAHIMK HAOJIOJEHHS: KOp-
pensys JocTUraeT HanOOoJbIINX 3HAYEHUH Ha CPeTHIX
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Tabauma 2
Koo duumenTsr koppensauun k Mex1y 3Ha9€HUAMHA AR,qq B AR
ESOI ATHN ROME AATB JUNG IRKT NVBK MOSC KGSN
k 10.14+0.13] 0.42+0.1 | 0.71+0.07 | 0.76+0.07 | 0.78+0.07 | 0.71+0.09 | 0.76+0.08 | 0.77+0.08 | 0.73+0.08

nmporax (R.~2+6 I'B) u 3HaunuTeNpHO MagaeT K 3KBa-
Topy. Jns xoppenmsiuuii AR, C MEXIJIAHETHBIMU M T€0-
MarHATHBIMH TIapaMeTpaMu MpPaKTHYECKH HE HaWIeHO
HIMPOTHON 3aBHCUMOCTH, TOJNBKO KOPPEANUS AR,q4q,
¢ B. n E, N0Ka3bIBa€T aHANIOIMYHbIN, HO Oosee c1a0blif
mpOoTHBIN 3 dekT.

HecmoTpst Ha HEKOTOPYIO Pa3HHMILy B BEJIMYHMHE U IIO-
BE/ICHUH k, Ha HU3KOUITHMPOTHBIX CTAHIMSX B LIEJIOM KOp-
pensauus Mexay AR,y U AR, JOCTATOYHO BBICOKAs
(0.7). OT0 CBHIETENBCTBYET O TOM, YTO 00a HCIOJB3Y-
€MBIX METOJIa JOCTaTOYHO a/IeKBaTHO OMMCHIBAIOT AR
B 3aBHCHUMOCTH OT M3MEHEHHS I'€OMarHHUTHBIX M MEX-
IUTAaHETHBIX MTAPaMETPOB Ha CPEJHUX upoTax. PasHua
B TOJIyYEHHBIX 3THMH MeTonamu 3((peKTax Ha HHU3KO-
IIMPOTHBIX CTAaHNOUSAX TPeOyeT IOMOIHUTEIBHOTO HC-
CJICIOBAHUSL.

ABTOpBI O1aT0JAPHBI 32 BO3MOXKHOCTh MCTIOIB30BAHUS
6a3er manabpix OMNI [http://omniweb.gsfc.nasa.gov]. Pa-
00Ta BBITIOJIHEHA YaCTUYHO NPY (PUHAHCOBOM MOAIEPIKKE
MunoOpHayku Pocenu (cyocummst Ne 075-1'3/113569/278).
Pesyneratel ans AR MOIy4YeHbI C HCIOIb30BAaHHEM
obopynoBanust LleHTpa KOJJIEKTHBHOIO I10JIb30BAaHUSA
«Awnrapay [http://ckp-rf.ru/ckp/3056/] u HayuHoii ycra-
HOBKM «Poccuiickas HalMOHalbHasi Ha3eMHAas CeTb
cTaHnui KocMuaeckux my4ei» (cets CKJII) [https://ckp-
rf.ru/usu/433536].
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AnHoTanus. Peructpupyemasi Ha3eMHBIMH JCTEK-
TOpaMH MHTEHCUBHOCTH KocMuueckux jydeit (KJI) uc-
MIBITBIBAET CONMHEUHO-cyTouHbIe Bapuarmu (CCB), cBs-
3aHHBIE C CYII[ECTBOBAaHMEM B OKOJIO3€MHOM KOCMHYeE-
CKOM TPOCTPAHCTBE aHM30TPOIHOTO YIIIOBOTO pacipe-
nenenns KJI. JloaroBpemeHHble HaOMIOJEHUS TOKA3bI-
BatoT, 4To CCB 00Hapy>KUBaIOT 3aBUCUMOCTH OT LKA
COJTHEYHON aKTUBHOCTH, HCIBITHIBAS IEPHOAMUYECKHE
11- u 22-nerHue Bapuauuu. Takoe noBenenue CCB
CBA3aHO C H3MEHEHHMEM XapakTepa PpaclpOCTpaHEHU
ramaktrdeckux KJI B renmmocdepe mpu M3MEHEHHSX e
COCTOSIHUS B IIUKJIE CONTHEUHOU akTHUBHOCTH. C mpyroit
CTOPOHBI, YKa3aHHOE SIBJICHHE MOXET OBITh YaCTHYHO
00yciioBlieHO M3MeHeHHeM BennuuHbl cHoca KJI reo-
MarHUTHBIM TOJIEM, CBS3aHHOE C M3MCHEHUSIMH JHEpre-
tryeckoro crnekrpa CCB.

HanHas paboTa TOCBSIICHA W3YyYCHUIO IHHAMUKH
sHepreTruueckoro crnekTpa CCB B mukimax coJiHeYHOH
aKTHBHOCTH. PerieHue 3Toi 3aauu MpeACTaBIseT Ompe-
JICTICHHBIE CJIOXHOCTH, CBSI3aHHBIE C OCOOEHHOCTSIMHU
HaszeMHOH peructpauuu KJI ¥ 4yBCTBUTENBHOCTBIO J€-
TEKTOPOB K M3MEHEHMSIM COCTOSTHHS OKPYKAIOIIEH CPembl.
Jlnst 3TOro MCHoNb3yeTcsl MOAXOJ, OCHOBAHHBIM Ha MpH-
MEHEHHH CKPEIICHHBIX MIOOHHBIX TEJIEeCKOIIOB, ITO3BO-
JSTFOLIME 000WTH 3TH ci10’KHOCTH. C 3TOH 11eNbI0 IPOBO-
JWTCSI aHAJW3 JAAHHBIX W3MEPEHUI MIOOHHBIX TEIEeCKO-
nmoB «Skyrck», «Haros», «Cao-MapTiuabo» 1 «Xo0apT»
3a 1972-2022 rr. Iloka3zaHo, 4TO B MMHHUMyMaxX COJ-
HEYHOIl aKTUBHOCTH B IEPHUOABI IMOJIOKUTEIBHOW IIO-
JsipHOCTH oOmiero MarHutHoro nousist ConHia HaOJro-
naetcs 3HaduTenpHoe cMmardenue crmektpa CCB KL
[MonyueHHsIe pe3yabpTaThl 00CYKIAFOTCS.

KiroueBble cj10Ba: KOCMUYECKUE JYYH, COJTHEUHO-
CYTOYHBIE BapHallK, YHEPTETUIECKUI CIEKTpP, MIOOH-
HBIH TEJIECKOIL.

Abstract. The cosmic ray (CR) intensity recorded
by ground-based detectors experiences solar diurnal
variations (SDVs) associated with the existence of ani-
sotropic angular distribution of CRs in near-Earth space.
Long-term observations show that SDVs exhibit a de-
pendence on the solar activity cycle, experiencing peri-
odic 11- and 22-year variations. Such behavior of SDVs
is linked to a change in the nature of galactic CR propa-
gation in the heliosphere when it changes during a solar
activity cycle. On the other hand, this phenomenon can
be partially due to a change in the magnitude of CR drift
by the geomagnetic field associated with changes in the
SDV energy spectrum.

In this work, we determine the dynamics of the SDV
energy spectrum in solar activity cycles. The solution to
this problem presents certain difficulties associated with
peculiarities of ground-based CR recording and with the
sensitivity of CR detectors to changes in the state of
environment. Therefore, we employ an approach using
crossed muon telescopes to estimate it, which allows us
to bypass the above difficulties. We analyze data from
Yakutsk, Nagoya, Sao Martinho, and Hobart muon tele-
scopes for 1972-2022. It is shown that at solar minima
during periods of positive polarity of the Sun's general
magnetic field, a significant softening of the spectrum is
observed. The results are discussed.

Keywords: cosmic rays, solar diurnal variation, energy
spectrum, muon telescope.
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BBEJIEHHE

lanaktraeckue kocmmdeckue myuu (I'KJI), kotopsie
pacIpocTpaHsioTcsl B reauocdepe, HENpepbIBHO IO
BEPraroTcsl BO3ACHCTBUIO MEXIUIAHETHOIO MarHUTHOTO
nosst (MMII) u connewynoro Betpa. PesynsraTom Takoro
B3aMMOJICHICTBUS SIBJIETCSI aHU30TPOIHS YIJIOBOIO pac-
npexnenenus ['KJI, naGmronaemast B OKOJIO3€MHOM KOC-
MHUYECKOM NpOCTpaHCTBe. Takoe pacmperneieHue Ipo-
SIBISIETCS. B JTAHHBIX M3MEPEHUH HA36MHBIX IETECKTOPOB
kocmmdaeckux Jsydeit (KJI) B Bume mepuommdeckumx
24-9acoBbIX KoJleOaHUI perucTpupyeMoi HHTEHCHBHOCTH,
Ha3bIBAEMBIX COJHEYHO-CyTOUHbIMH BapuammsiMu (CCB).
W3BecTHO, 9TO B CpeHEM aMIUIATYIBI 3TUX KOJeOaHuit
COCTaBIISIOT AECATHIE JOJIU O0IEeH HHTEHCUBHOCTH, a MaK-
CUMYM CYTOYHOM BOJHBI mpuxoautcs Ha 18 u LT. Tem
HE MeHee, B coHeuHOM Iukie napamerpsl CCB ucnsl-
TBIBAIOT CYIECTBCHHBIC H3MEHEHHMs, OO0YCIOBJCHHbIE
n3MeHeHusAMHU cocTosgHus CoNHIla M, KaK CIIEJCTBHE,
Bceii o0yacTu renmuocdepsl.

C Hnauana uccnenoBanuii CCB Ha3eMHBIMH OeTeK-
TOpaMH OCHOBHOW 3afadell sBISUIOCH OIpEZeICHHE
aHn3oTponuu nepBUuYHBIX KJI B MeXIulaHeTHOM mpo-
cTpaHcTBe. Takas 3ajaya OCJIOXKHSNACH TE€M, YTO MOA-
Xo[1 K onpeneneHuto annsorpornun KJI ocHoBaH Ha HE0O-
XOIMMOCTH OXBaTa JOCTAaTOYHO OOJBIION 006JacTH
HeOecHOU cgepbl 3a CYEeT HCIONB30BAHUSA OOJBIIOTO
KOJIMYECTBA AETEKTOPOB, PACIOJI0KEHHBIX B Pa3IHMYHBIX
YacTsIX IUIAHETHI, HEPEOKO PasHOTHHHEIX. Kpome Toro,
YyBCTBUTEIHHOCTH BTOpHYHBIX KJI kK n3MeHeHuo aTMo-
cepHBIX TapaMeTPOB TAKXKE MPEACTABIIIA JOCTATOTHO
cepbe3Hyro mperpany. IIoMuMo 3Toro, Ha3eMHBIE JETEK-
tops! KJI, sBisisich nHTErpanbHBIMU NprHOOpaMu, Gpukcu-
PYIOLIMMH BCE YacCTHIBI HE3aBUCHMO OT MX JHEpIHH,
MMEIOT OTPaHNYEHHS B UCCIIEIOBAHUN SHEPTeTHUECKOTO
cnekTpa anuzoTponuu. Ilockonmsky I'KJI — a3to 3aps-
KEHHbIE YaCTHIbl, MATHUTHOE T10JIe 3€MJIM OKa3bIBaeT
Ha HUX CYIIECTBEHHOE BIIMSHHUE: N3MEHSET TPACKTOPUIO
JIBVKCHHS YacTHII, a TAKXKe JUIS HEKOTOPBIX M3 HUX CTa-
HOBUTCSI HETIPEOIOJIUMBIM NPEMATCTBUEM M HMPUBOAUT
K (opMHpOBaHMIO HaNpaBICHUH, 3aNpPEIICHHBIX JUII
pacnpoctpaneHusa. IlosToMy wHcCIOIB30BaHME ITaHHBIX
HaOIOICHNI Ha3eMHBIMHU IMpuOOpamMu TpedyeTr MOHU-
MaHus npolieccoB B3aumojercTBus KJI ¢ reomarHur-
HBIM TI0JIEM U atMochepoit 3emitu.

OnHuM U3 HanboJsiee Pa3BUTHIX METOAOB OIpeJIee-
HHUS MPOCTPAHCTBEHHO-YII0BOTO pacnpeneneHus KJI
B MEXIUTAHETHOW cpeJie Mo JaHHBIM Ha3eMHBIX U3Mepe-
HUI SIBJISETCS TaK HA3bIBAEMBbIl METOJ MPUEMHBIX BEK-
TOpOB (B aHMIIOS3BITHOM JUTEpaType coupling coefficients)
[Kpemvckuit u ap., 1966, 1967; Fujimoto et al., 1984],
OCHOBaHHBIH Ha OOLIMX MPEICTABICHUIX O B3aUMOJAEH-
ctBun KJI ¢ atmocdepoii 1 reoMarHUTHBIM TT0J1eM. Me-
TOJI IO3BOJISIET YYUTHIBATH WHANBUAYAIbHBIE IPUEMHEIC
XapaKTEepUCTUKH JIETEKTOpa M OLEHHUBATh BCEBO3MOXK-
HBIE MCKa)Karouue (akTophl AJIsL ONpEeeIeHUs pacipe-
nenenns KJI. EquHCTBEHHBIM CBOOOAHBIM MapaMeTpoM
IIPU UCHOJB30BAHUU 3TOT0 METOJA SIBISIETCS SHEPreTH-
YEeCKUH CHEKTpP BapHallui, KOTOPBII ompenensiercs Ha oc-
HOBE aHaJM3a OONBIIOr0 KOJWYECTBA JAHHBIX 3a M-
TENBbHOE BPEMSI.

OtaenpHOM Ba)XHOM 3ajaveldl MPU HCHOJIb30BAHUU
HAa3eMHBIX JIETEKTOPOB SIBJISETCS y4eT TaK Ha3bIBAEMOTO
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TEMIIEPATYPHOTO 3P PeKTa — BIUSIHUS TEMIIEPATYPHOTO
pexnMa arMocdepsl Ha TPOIecC TeHEPALH U PacIpo-
cTpaHeHusi BTopudHbIX KJI k Touke HaOmromeHms. IT0
CHJIBHEE BCETO MPOSBIIIETCA B MIOOHHOW KoMItoHeHTe KJT.
VYuer 1aHHOTO SIBJIEHHS TpeOyeT 3HaHMs IIOTHOCTEH TeM-
niepaTypHbIX ko3 puimenTos [[lopman, 1957] u Temnepa-
TypHOTO paspesa arMocdepsl. [InoTHOCTH TeMmeparyp-
HBIX KO3((UINEHTOB PACCUUTHIBAIOTCS TEOPETHUYECKH,
a BBICOTHBIM XOJ| TeMIlepaTypbl TPeOyeT ITOCTOSIHHBIX
W3MEpPEHNH C MOMOUIBIO IIapOB-30HIOB HaJ IYHKTOM
HaOmozneHns. Takue M3MEpeHHs] B HACTOSINEE BpPEMs
MIPOBOASATCS BCETO [Ba pa3a B CYTKH, YTO HE IO3BOJIIET
C JOCTATOYHON TOYHOCTHIO yUHTBHIBATH TEMIIEPATypPHBIH
a¢¢ext. HecMoTps Ha pa3BUTHE COBPEMEHHBIX METOIOB
IUICTAaHIIMOHHOTO 30HAMpoBaHus [bepkosa u mp., 2018]
1 Ha3eMHBIX KOCBEHHBIX M3MEPEHMH MapaMeTpoB aTMO-
cepsr [Nikolashkin et al., 2020], pemenue 3Toi 3aga4uu
BCE elle aKkTyanbHO. OpUIMHAIBHBIM M HaJEKHBIM CIIO-
coOOM 00X0/1a 3TOM MPOOIIEMBI SIBISIETCS UCIOJIB30BAHUE
npemioxeHHoro B UKOMA CO PAH mecthaecar et
Ha3aJ] METOJ]a CKPEIIEHHBIX TeleckonoB [CKpHIuH u 1p.,
1965; Ckpunus, 1965].

TpaguLMOHHO Ui ONpENeNeHUs] 3HEPreTHYeCcKOro
cinexktpa CCB ucnonb3yroTcsi JaHHbIE U3MEPEHHUM BbI-
COKO-, CpeJlHe- ¥ HU3KOLIMPOTHBIX HEHTPOHHBIX MOHH-
TOPOB, a TAKXKE HA3EMHBIX M MOA3EMHBIX MIOOHHBIX TEJle-
ckomoB [Rao et al., 1963; Riker et al., 1989; Ahluwalia,
Sabbah, 1993; Pomerantz, Duggal, 1971]. Peanu3amnus
TaKOTO MO/X0/1a MO3BOJIHIIA OIPE/IeNTUTh KaK BUJ CTIEKTpa,
TaK ¥ €ro AMHAMUKY B IMKJIE COJIHEYHOH aKTUBHOCTH.
Brio nmokazano, uto CCB cmabo 3aBucsaT ot sHeprun KJI
U OCTAIOTCSl MOCTOSHHBIMU JI0 HEKOTOPOH JHEprum —
BEPXHEro Iopora oOpe3aHus, KOTopas B CPEIHEM CO-
crasnsier ~100 3B u Bappupyer B numkie. Bemnmunna
9THX Bapuanuii MO pa3HBIM OIIEHKaM pPa3IM4yaeTcs:
Harpumep, B pabore [Hall et al., 1997] nokasano, urto
BepXHUH mopor obpe3aHus coctaisgeT 100+25 B,
a cornmacuo [Ahluwalia, 1992], on MeHsieTcs B mpezeiax
50-200 I'sB B 3aBucumoctu ot HanpspkeHHOocTH MMII.
[To-BuamMoMy, pa3HHUIIA B OIIEHKAX 3aKIIOYaeTcs B UC-
CJIC/IOBAaHUM Pa3HBIX BPEMEHHBIX MHTEPBAIOB C Ha0o-
pamu pa3OpOCaHHBIX MO IUIAHETE CTaHIMH, OCHAIICH-
HbIX pasHoTUNHBIMH AeTekTopamu KJI. Takoil moaxon
UMEeeT HEJOCTATKH: HEAOCTATOYHO TOYHBIH yd4eT aTrMmo-
cepHbIX (AKTOPOB U MHIMUBHAYATHHBIX XapaKTEPHCTHK
Pa3HOTHITHBIX AETEKTOPOB HEW30€KHO MPUBOJIUT K OOIIb-
UM HEOTIpe/IeIeHHOCTIM. B naHHO# paboTe nCcromb3y-
€TCsl METOJI CKPEIICHHBIX MIOOHHBIX TEJIECKOIIOB, TI03BO-
JSTFOUIMKA Y4ecTb 3TOT HEJOCTAaTOK M Hamboisee JOCTO-
BEPHO OIEHHUTH 3HepreTudeckuii cuekTp CCB.

JAHHBIE U METOIUKA

Bbutn MCTIONB30BaHBI JaHHBIC PETHCTPAIMA MIOOH-

HBIX TeneckornoB «Harosy, «Xobapt» u «Cao-MapTuHb0»
modanpHot ceth GMDN [Okazaki et al, 2008;
https://cosray.shinshu-u.ac.jp/crest/DB/Public/main.php],
a TakKe MIOOHHBIM TelecKol SKyTckoro cmekTporpada
KJI, pacnionoxennsiii Ha moBepxaoctr 3emiu [Chuprova
et al., 2009; https://ysn.ru/ipm/]. OCHOBHBIE XapaKTepHu-
CTHKH JIETEKTOPOB MPEICTABIEHBI B TAOIHIIE.

B nmanHO#l paboTre miisi ompeneseHus dHepreTHde-
ckoro crnekrpa CCB ucnob30BaH OpUrHHAILHBIA METO/T


https://cosray.shinshu-u.ac.jp/crest/DB/Public/main.php
https://ysn.ru/ipm/

Hccenedosanue ounamuku IdHepeemu4ecKoeco cnekmpa

Studying dynamics of energy spectrum

OCHOBHEBIE XapaKTECPUCTUKU MIOOHHBIX TEJICCKOIIOB, UCIIOJIb30BAHHBIX B JTaHHOU pa60're

CkopocTs cyeTa,
. " Teorpaguueckoe Teprox — CratucTudeckas TOYHOCTb
TaHIHS anpaBJIcHHE e — PETHCTPAIIH | (10 0] 01.2018) 1-gacoBoi perucTpanuu, %
N30 321000 0.17
SxyTek 530 62°N, 129°E | 1972-2023 322000 0.17
N2 1356000 0.09
Haros 5 35°N, I37°E | 1971-2023 1340000 0.09
N2 620000 0.12
Xobaprt S 43°S, 147°E 2006-2023 583000 0.12
N2 891000 0.11
Cao-MapTunb0 2 29°§,306°E 2006-2023 916000 0.10
60
g 30
[=9
H -
<
=
2
= O0F
=
@ S
a
(5]
2 -30
=
=2
]
B
S
© =60
N u
S o :
0 60 120 180 240 300 360

['corpaduucckas noarora, rpaj

Puc. 1. AcumnToTHYecKHe YIIIbl IPUXO/Ia YAaCTHIl B HANPABJICHHUSX CEBEP U IOT 110JI 3eHUTHBIMU yriaMu 30° MIOOHHBIX Tee-
ckotoB «SIkyTck», «Cao-MapTtuaboy», «Haros» n «Xobapt». Lluppamu oxono touexk — sneprun (I'B). Tlomoxxenns craHmii

OTMEYECHBI KpeCTaMU

CKpelIeHHbIX TeneckonoB [CkpunuH U ap., 1965]. On
OCHOBaH Ha TOM (hakTe, YTO BKJIaJ aTMOc(hepHbIX (ak-
TOPOB B JaHHBIE PETUCTPAlMU Mapbl HANPABICHUN Te-
JIecKoma, OOJIaZaloNMX WICHTUYHBIMHM JHarpaMMaMu
HAMpaBJIEHHOCTH, HO Pa3HECEHHBIX 10 a3UMYTY, OKa3bl-
BaeTCsl OJUHAKOBBIM. [lo3TOMy pa3HHIIa MHTEHCHBHO-
CTEH, PErUCTPUPYEMBIX MapOoi CKPELICHHBIX HaIlpaBle-
HUIA TeJlecKona, 3aKJroyaeT B cebe Bapualnuy UCKII0Un-
TEJIFHO BHEATMOC(EPHOr0 IPOUCXOXKICHHUS, 00yCIOB-
JICHHBIE Pa3IMYUeM UYYyBCTBHTEIBHOCTH K INEPBUYHOMN
anu3otponuu KJI.

B nannoit paboTe mpeamaraeTcs Moaxol, HECKOJIBKO
OTIIMYAIOIMINNCS OT OPUTHHAIBFHOTO METOJa CKpEIleH-
HBIX TEJECKOIIOB, HO ITO3BOJIIONINNA KOCBEHHO OIICHU-
BaTh 3Hepreruyeckue cnekrpsl Bapuanuil KJI. B kauge-
CTBE MpHMepa Ha puc. | MOKa3aHBl ACUMITOTHYECKHUE
YIJIBI TIPUXOJa YaCTHI[ C HANpaBJICHHH CeBep M IOT, pac-
CYMTaHHBIE C TTOMOIIBIO0 METO/Ia OOPAaTHBIX TPAEKTOPHBIX
pacueroB [dopman u ap., 1971]. BunHo, uto B rienom KJI
HCTIBITHIBAIOT CHOC K IKBATOPY T€OMAarHUTHBIM IIOJIEM,

2 =X+ iy,

ey V(B0 (E)Y

(O,q) e

BEJIMYMHA KOTOPOTO ONpeAessieTcs Kak YHeprueil, Tak u
reorpaueckuM TOJIOKeHHEM JieTektopa. Ilpm sTom
CBSI3b MEXKAY ACHMIITOTHYECKHMH yTJIAMH TIPUXOAA Ya-
ctun 1 Habmromaemeivu CCB Oyzet crenyroreii: mmpora
yria npuxoaa yactunsl @ Oyner onpenensiTs aMInTyay
Bapuanuii kak cos®, a monrora ¥ — ¢dazy CCB. Coor-
BETCTBEHHO Pa3HOCTH (a3 A‘P(E) =¥ (E) -¥g (E)
MEKly CEBEpHBIM M I0)KHBIM HAIIPaBJICHUSIMH PErHCTpa-
mun Oyner 3aBuceTs oT sHepruu KJI, Tak ke Kak M OT-
HOLIEHUE UX aMILIUTY OL(E ) =cos D / cosDg. Takum
00pa3oM, WCIIOJIb30BaHUE CKPEIICHHBIX TEJIECKOIOB
MO3BOJISIET OLIEHUTh JHEPreTUYECKHE CIIEKTPbl Bapua-
muii KJI, He mpuberass K HCIOIB30BAHHUIO OOIBIIOTO
KOJIMYECTBA PA3HBIX JIE€TEKTOPOB.

Jns TOYHOM OLEHKH SHEPreTHYecKOro CIeKTpa
OyaeM YyYUTHIBaTh HHAWBHIyaJIbHBIE XapaKTEPUCTHKHU
JETEeKTOPOB MpU MOMOIIM METOJa MPUEMHBIX BEKTO-
poB [KpsiMckuil u ap., 1966, 1967], ucnonb3ys Bbl-
paxxeHue

)" 150 p (sinab(E, 0, o) dEdgdo

IZI?L?W(E’ 0)./,(E)N (6, 0)dEdod6
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Puc. 2. Pesynbratsl pacuera AV 1 o pu pa3nuyHbIX 3Ha4eHUIX £

rae 0, ¢ — 3eHUTHBIC M a3UMYTAIBHbIC YT, £ — 3Hep-
rusi gactuipl; N0, ¢) — auarpamMMmbl HanpaBJIeHHOCTH
netextopa; W(E, 8) — xodddunments cessu; f,(E) —
SHEPreTHYECKUH CHEeKTp 7-X rapMoHUK Bapuanuit KJI.

TakuM 00pa3oM, COMOCTaBIAS Hapbl CKPEUICHHBIX
(ceBepHBIX M IOXKHBIX) HAIPaBICHUH MIOOHHBIX Telle-
CKOITIOB, MOJKHO PacCUNTaTh OKHMJAEMble 3HAUCHHS pa3-
HocTH (a3 AY u otHoweHui das o:

1 1
a=[z]/la|
Hs/ 171N

AY =¥, -,

e ¥ = arctan(yll /x| )
IMpu pacuere AY m o Oyzem mpenmnonaraTb, 4TO
SHEPreTUYECKHH CIIEKTP UMEET BHA f, (E < EO) = const

u f (E > EO) =0, rne E, — 3a7aBaeMblil HaMu Bepx-

HUU nopor oope3anus. [loydeHHBIE pe3ybTaThl MOKa-
3aHBI Ha pHC. 2.

BumHo, uro B obnactu sHepruit Ey <50 5B mapa-
MeTpel AY 1 o A Bcex CTaHIuil HeomHo3HauHBL. Ce-
Bepo-toxHas acummerpus AY u o s Ey 250 I'aB ss-

JISICTCS OXKHUIAEMON U OOYCIIOBJICHHOU CTPYKTYPO# Teo-
MarautHoro nosst. Ilpu sHeprusix Boiue 150 I'9B 3aBu-
CHUMOCTh ITapaMeTpoB OT E, HcCYe3aeT BCIEICTBHE yBe-
JIMYEHHs NIPO3PavyHOCTU reoMarutHoro noms i KJI
Takux sHepruil. Huxe mnposeaem oueHky £, nocpen-
CTBOM COIOCTABJICHUsI PACCUMTAHHBIX HaMH 3HaueHui AY
1 0 C HaONIOaeMBIMH TP IIOMOIIN METOJa HaAUMEHbB-
IIUX KBaApaToB.

PE3YJIBTATBI U OBCYXJIEHHUE

ComocTaBineHue pe3ynpratoB pacdetoB AY u a
¢ HaOJIONEHUSIMH CKPEIICHHBIMI MIOOHHBIMH TEJIECKO-
IamMH MoKa3aHo Ha puc. 3. BunHo, 4o E; UCHBITHIBAET
22-netHue KonebaHus, coctaBisis B cpeaneM 80 I'sB
U UCIBITBIBAasl KpaTKOBpeMeHHoe najeHue g0 20 I'>B
B MEPUOJbl MUHUIMYMOB COJIHEUHOI aKTUBHOCTHU B 3IIOXU
TIOJIOXKUTETIBHON MOJSAPHOCTH OOIIEro MarHUTHOTO ITOJIS
Connna. Yka3zaHHOe NMOBeAeHUe Ej cormacyercs ¢ JaH-
HBIMH H3MEPEHUIl MIOOHHBIX TENECKOIIOB, YIOBJIETBO-
putensHO omuckBas Bapuanuu AY u o. Bricokue 3Ha-
yeHus Ey B 1980—-1991 rT. mo cpaBHEHHIO C OCTAIBHBIM
MIEPHUOJIOM, OYEBUIHO, BBI3BAHBI CIEIYIOIIUMH IPUYH-
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HaMHU: 1pu onieHke Ey 1o 2005 r. B aHaNIM3€e y4aCTBOBAJIH
JUIIb JBe cTaHUMH «SKyTck» u «Haros»; mo 1990 r.
SIKyTCKHMIT MIOOHHBIN TEJECKOI 00Jaan OTHOCHTEIBHO
HU3KOH CTaTUCTHYECKOHW TOYHOCTBIO; TIPH JHEPIHAX
>100 I'3B 3aBucumoctu AY u o oT E; HAYUHAIOT ocaabe-
BaTh, TI09TOMY BO3pacTaeT HEOAHO3HAYHOCTH TIPU OLICHKE
Ey. IlosToMy cripaBeJIuBO CUNUTATh, YTO TAKHUE BBICOKHE
3HayeHus £y B 3TH rojbl 00yCJIOBIEHBI UMEHHO ITUMHU
¢axropamu. Tem He MeHee, HA OCHOBE ITUX K€ JaHHBIX
MOKHO YTBEpXkJaTh, YTO yKa3aHHBIM IepHOI XapakTe-
PpHU30BAJICSI OTHOCUTEIBHO BHICOKMMU 3HAUCHUAMH ).

Cronb cunbHoe manenue Ey o 20 @B saBisercs
HEOXKUAAHHO HU3KNM, XOTS U COTJAcCyeTcs C pe3yibTa-
tamu pabotel [Ahluwalia, Sabbah, 1993]. IIpu Takom
msrkoM criektpe CCB He monKHBI HaOIr0AaThCs TeTCK-
topamu KJI, HeUyBCTBUTENFHBIMA K TaKMM 3HEPTHSM.
JleficTBUTEbHO, HU3KOLIMPOTHBIE HEHTPOHHBIE MOHU-
TOPHI ¢ OONBIIMMHU TOPOTaMH T€OMAarHUTHOTO 00pe3a-
HUSI OOHAPYKUBAIOT OTHOCUTEIBHO OOJblee IajgeHHe
aAMIUIMTYAbl U CMelleHue (a3bl B 3TH HEPHOJBI, YeM
BICOKOIIMpOTHBIE [Sabbah, 2013]. Kpome Toro, mon-
3eMHBIE MIOOHHBIE TEJIECKOIBI HE JIOJIKHBI OOHApyXKHU-
BaTh CCB B 3T nepuoasl. OqHAK0, KaK OBUIO MTOKa3aHO
B [Munakata et al., 2010], MIOOHHBIM TEJIECKOTIOM
Ha cTraHiuuu «MaTcymupo» ¢ MEeAUaHHOW IHEpruei
0.6 ToB ObuTH 3aperuCTPUPOBAHBI CTATUCTHYCCKH 3HA-
ynmMble CCB ¢ ammutynamu ~0.04 %, koTopsle, BIpO-
YeM, CBSI3BIBAIOT C T€Hepalneil aHWU30TPONUH 3a CYET
B3aumogeicTBusi I'KJI ¢ HelTpanbHOW MOBEPXHOCTHIO
remuocdepsl, Gopmupyromeit CCB B o0xacTi sHEpruid
>100 I'>B [Kéta et al., 2008].

OTnenbHOTO BHUMAHMS 3acIyXXHBaeT (opma dHEp-
rerngeckoro crekrpa CCB. PaccMoTpeHHBIH B JaHHOM
paboTe CIeKTp C BEPXHHM ITOPOTOM OOpe3aHus He UMEET
TEOPETHIECKOTO 00OCHOBAHUS, OJJHAKO, KaK ObLIO IMOKa-
3aHO B [Rao et al., 1963; Riker et al., 1989; Ahluwalia,
Sabbah, 1993; Pomerantz, Duggal, 1971; Hall et al., 1997,
Ahluwalia, 1992], Hany4ymum oOpa3om coriiacyercs
C M3MEPUTENbHBIMU JaHHBIMU. JIEHCTBUTENBHO, MPOBE-
JICHHbIE HaAMH BHE PaMOK JIaHHOW paOOTBI pacdeTsl ¢ Mc-
none3oBanueM crnekrpa CCB, ommceiBaeMOro CTemeH-
HOW (pyHKITHEH, MOKA3BIBAIOT MEHBIIYIO CTEICHb COB-
MaJIeHusl ¢ HaOMIOAATeNbHBIMHA JaHHBIMHA. TeM He Me-
Hee, HeJIb3s UCKIII0YaTh BO3MOXKHOCTB TOTO, YTO CIIEKTP
MOJKET MIMETh MHYIO (DOpPMY M M3MEHATHCS B IIHKIIE COJI-
HEYHOW aKTUBHOCTH.
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Puc. 3. Comnocrapienue pe3ynabTaTtoB pacueroB AY U o M HaOMIOJaEMBIX CKPEIICHHBIMA MIOOHHBIMU TEJIECKOTIAMH <« STKYTCK»,
«Cao-MaptrHboy, «Haros» u «Xo0apt», a Takke pe3ysbTaThl OlleHKH 3a 1972—2022 rr. BepxHero nopora oopesanus £y

Kak m3BecTHO, 3aBHCHMOCTH Tennoc(epHON MOIy-
jisimmn 'KJT ot 3Haka oOmero marautHoro nostst ComHina
oOycnoBneHa ux Apeiidom. B 3moxu moioXHUTENBEHON
MOJIIPHOCTH Jpeii) HampaBiIeH OT BBICOKUX T'EJIHOIIHN-
poT x Hu3kuM [[‘epacumoBa u ap., 2017], a B smoxu
OTpHUIATENIFHON MOIsIpHOCTH — HaobopoT. Takoe mo-
BEJICHHE JOCTAaTOYHO XOPOIIO MPOSBISETCS B JaHHBIX
11-netnux Bapuarnuii naTeHcuBHOCTH KJI [["omono6os
u 1p., 2020]. OGHapyKeHHOE CMATYEHHE SHEPIeTHIECKOTO
crektpa CCB B 5TH mepHoabl MOXXKET OBITH CBSI3aHO
HUMEHHO C 3TUM SBJICHUEM.

BbIBO/bI

Ha ocHOBe MeToma CKpeuleHHBIX TEJIECKOIOB Mpo-
BelleHa OIEHKa JUHAMUKH JHEPreTHYECKOTO CIEeKTpa
CCB B 20-25 muxiiax COJHEYHOM aKTUBHOCTH. YcCTa-
HOBIICHO, YTO B TEPHOIBl MHHHMYMOB IIPH ITOJIOXKH-
TENBHOH MOJIPHOCTH 001Iero MarHuTHOTo 1ot ColrHiza
HaOIOMaeTCsl CYIIECTBCHHOE CMSTYCHHE SHEpPreTHYe-
ckoro crektpa CCB. YuuTbiBasi 3HaKOBYIO 3aBUCHMOCTD
CIIEKTPa, MOXHO 3aKIIIOYUTh, YTO TPUPOA €€ CMATUCHHS
cBsi3ana ¢ napeiidom I'KJI B remmocdepe. [lomyueHnsie
pe3yNbTaThl MOTYT CIYXKUTh JOTIOJHUTENIHLHBIM HCTOY-
HUKOM HH(OpMAIMy TIPH pa3paboTKe TEOPHH TeJIHO-
cteproit moxymsmm ['KJL.

ABTOpBI OmaronmapsaT kosutabopamnuio Global Muon
Detector Network, (GMDN) [http://hdl.handle.net/10091/
0002001448] 3a mpenmocTaBiIeHHBIC TaHHBIE. B pabote
HCIOJIb30BAJNCH JaHHbIE U3MEPEHUI CTAaHIIMM KOCMHYe-
cKuX nyuell «SIkyTck», BXOISIIEH B COCTaB YHUKAIBHOM
Hay4yHOHM ycTaHOBKH «Poccuiickasi HallMOHaJIbHasI Ha3eM-
Has CeTh CTaHIMH KOCMHYECKHX Jnydei». Pabora BbI-
MOJIHEHA B paMKaX TOCYJapCTBEHHOTO 3aJaHus MUHH-
CcTepCcTBa HAyKW W BBICHIETO 0Opa3oBaHus Poccuiickoii
(dhenepanuu (Tema Homep FWRS-2021-0012).
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AnHortanusi. CooOmaercs 00 U3ydeHUH THHAMAYE-
CKHX M3MEHEHUH TypOyieHTHOU cocramistonieir MMIT
OT crokowHoro mepuona 7 mas 2024 r. 10 MOMEHTa
MPUX0Ja MEXIUIAHETHOH yaapHoi BomHEI (MYB) BO BTO-
poit monoBuHe 10 mas 2024 r. JIns nOCTHXKEHUS TMO-
CTaBJICHHOW LENH K aHAJINU3Y MPUBJICYEHBI OJHOMUHYT-
HbI€ JaHHBIE MPSIMBIX U3MEPEHUHN MapaMeTpOB MEXKILIa-
HETHOM cpenbl Ha kocmuueckux amnmaparax (KA) ACE,
DSCOVR u WIND. Merogamu CHeKTpalbHOTO aHAIU-
3a M3Y4aeTCsl IBOJIONHS CIIEKTPOB MOITHOCTH (IIyKTYya-
uuid Monynss MMII u MI'J[-BoJIH Ha HMHEPLIUOHHOM
y4JacTke cnekTpa TypOynaeHTHsIX ¢urykryanuii CB Ha ga-
crotax ~2.5-10*-8.3-107 T, OrmpeneneH BKIIAJ ajb-
(DBEHOBCKHX, OBICTPHIX M MEUICHHBIX MarHUTO3BYKO-
BBIX BOJH B HAaONIOJAEMBIil CIEKTP MOIIHOCTH (PIIyKTY-
anuit moaynss MMIIL, uzmepsieMoro Ha KaxJIOM U3 TpeX
KA, u ycraHoBneHs! cnekTpsl momHoctu MI'J[-BoaH
9THX TUNOB. [10Ka3aHO, YTO MOIIHOCTH CIIEKTPOB (IIYK-
Tyanuit moayns MMII u MI'/I-Bonu Goee deM Ha mMO-
PAMOK BEMYHMHBI BO3PACTacT MO Mepe MPHUOIMKECHUS
MYVYB B touke ee peructpanuu Ha KA. CnenaH BBIBOJ,
YTO 3TO SBJSETCS cieAcTBUEM rerepauuun MI'J[-BosH
[IOTOKAMH LITOPMOBBIX YACTHUL] — KOCMHYECKHUX JIydeH
(KJT) ¢ aneprusmu ~1 M»aB, Habromaromuxcs B o01acTa
nepen ¢portom MYB. Ha ocHOBe aHamm3a COBOKYTI-
HOCTH BCE€X JNaHHBIX U3MEPEHUMN CHETAHO MPEAIOIONKE-
HUE, YTO 3HAYUTENbHBIH pocT moTtokoB KJI Hu3kux
sHepruit (~1 M»aB) u ypoBHS TypOyNIeHTHOCTH COJHEY-
HOTO BETpa MOXXET MPUBECTH B U3MEHEHUIO HaIpaBJie-
uust MMII B o6nactu, npumbikatomieit k poaty MYB.

KiroueBble ciioBa: MI'/[-BoJIHBI, COJTHEUHBIHN BeTep,
MEXIDTAHETHOE MAarHUTHOE II0JIe, MEXIUTaHeTHAs yIap-
Hasl BOJIHA.

Abstract. The article reports on the study of the dy-
namics of the IMF turbulent component from the quiet
period on May 7, 2024 to the arrival of an interplanetary
shock wave in the second half of May 10, 2024. To
achieve the stated goal, 1-minute direct measurements
of interplanetary medium parameters on the ACE,
DSCOVR, and WIND spacecraft are involved in the
analysis. Spectral analysis methods are used to study the
evolution of power spectra of fluctuations in IMF modu-
lus and MHD waves in the inertial portion of the SW
turbulence spectrum at frequencies ~2.5-10*-8.3-10°
Hz. The contribution of Alfvén, fast, and slow magneto-
sonic waves to the observed power spectrum of the IMF
modulus measured by each of the three spacecraft is
determined, and power spectra of MHD waves of these
types are identified. It is shown that the power of the
spectra of fluctuations in the IMF modulus and MHD
waves increases by more than an order of magnitude as
the shock wave approaches the point of its recording on
the spacecraft. It is concluded that this is due to the gen-
eration of MHD waves by fluxes of energetic storm
particles (ESP) — cosmic rays with energies ~1 MeV,
observed in the region ahead of the interplanetary shock
wave front. Analysis of all measurement data allows for
the assumption that a significant increase in low-energy
CR fluxes (~1 MeV) and SW turbulence levels may lead
to a change in the IMF direction in the region adjacent
to the IPS front.

Keywords: MHD waves, solar wind, interplanetary
magnetic field, interplanetary shock.

BBEJEHUE

B Hacrosiee BpeMs OHUM M3 aKTyaJbHBIX HalpaB-
JICHW# MccieoBaHuil B 00nacTi (U3MKK KocMoca SB-
JISIeTCsl IPOTHO3 KOCMUYecKoit orosl. Jlist atoro npu-
BJIEKAIOTCS JJaHHbIE HAOJIIOICHUH Pa3IMYHBIX IPUOOPOB,
KOTOpBIE YCTAHOBIICHBI KaK Ha 3emile, TaK ¥ Ha KOCMHe-
ckux ammaparax (KA), a takxe pa3zpabarbiBaroTcs pas-
JMYHbIE TpOrHOCTHYecKHe Mmozpenu. [Ipum moctpoeHnmn
MIPOTHO3a HEOOXOJNMO YYUTHIBATH TEKYIIEE COCTOSHUE
MEXXIUTAaHETHOM Cpesibl M MMETh IpecTaBieHne o (u-
3WYECKMX Ipoleccax, KOTOpbIE IIPOTEKAI0T B ILIa3Me
conHeuHoro Berpa (CB) mpu Tex WM UHBIX YCIOBHSX.
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IIpu sTOoM MexrulaHeTHOoe MarHuTHoe mnone (MMII)
SIBJISICTCS] BKHBIM KOMITOHEHTOM KOCMHYECKOH IUIa3MBlL.
OHO uWrpaeT 3HAYMTENHFHYIO POJbh B TCHEPALWH H pac-
npoctpaHeHnn Kocmmdeckux srydeit (KJI) B remmocdepe,
a Tak)Ke B BOSHHKHOBCHHH T'€OMAarHUTHBIX Oypb H (op-
MHpPOBaHUH PA3IMIHOTO THMA IyJIHCAIWH B MarHUTO-
coepe 3emun. Bo MHOTHX ciTydasx, HEMaJOBa)KHOE 3Ha-
YEeHHE UMEET U ero TypOyJIeHTHAS COCTABIAIOMIAS.

B HayuHoOIi MTEpaType MHPOKO 00CYKIAIOTCS CBOM-
ctBa TypOyneHTHOCTH B CB, B TOM YHCIIE U B OKPECTHOCTH
(DpOHTOB MEXXIUIAaHETHBIX yAapHEIX BoH (MYB). B Hux
M3YYaAIOTCSl PA3NWYHbIC XaAPAKTEPUCTHKH (IIyKTyaIuit
Moyt 1 komnoHeHT MMII, mioTHOCTH U CKOPOCTH
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Ha pa3HBIX yYacTKax HaOI0JaeMoro criekTpa TypOy-
nentHoctn CB (cMm. manpumep, [Li et al., 2005; Hu et
al., 2013; Borovsky, 2020; Pitna et al., 2021; CanynoBa
u np., 2024; Kim, Oh, 2024; Smith, Vasquez, 2021,
2024.]). B atux paborax, B 9aCTHOCTH, OTMEYAETCs, YTO
B obnactu nepex ¢pponramn MYB uacro nabmonaercs
MOBBILICHUE MOIIHOCTH (UIYKTyaluuil pa3inyHbIX KOM-
MIOHEHTOB MEKIUIAHETHOW CpeAbl B IIMPOKOH 001acTH
YaCTOT, COOTBETCTBYIOUIMX SHEPTETHYECKOMY, WHEPIIHU-
OHHOMY W JHMCCHUIIaTHMBHOMY Y4YacTKaM CIIEKTpa TypOy-
neatHoctd CB. Ilpu sToM HabmIOJAIOTCS TakXKe H3Me-
HEeHHUS II0Ka3aTesieil HaKJIOHOB CIEKTPOB B COOTBET-
CTBYIOIIUM MM TOYKax meperuboB crekTpoB. Kpome
Toro, B pabore [Smith, Vasquez, 2021] oOpamaercs
BHUMaHHE Ha TOT ()aKT, YTO, HECMOTPS Ha MOCTOSHHOE
yJydllIeHHe KayecTBa moiydacMbix Ha KA nanHbIX, QyH-
JaMEHTAIBHBIC BONIPOCH! (DPM3UKH IJIa3Mbl, CBS3aHHBIC
C JAWCCcHNANWeil SHepruv M HaONI0JaeMbIM HarpeBOM
TEIUIOBOW TUIa3MBl, O CHX IOp BO MHOTOM OCTarOTCS
0e3 oreera. [Ipryem OfHOW M3 MPUYMH ATOTO SIBISETCS
HEJIOCTATOYHOE KOJIMYECTBO MHOTOTOYEYHBIX H3Mepe-
Huil napamerpoB MMII u CB na KA, koTopsle pacno-
JIOKEHBI TOCTATOYHO OJIM3KO APYT OT ApyTa, ITO MO3BO-
10 Obl Oosiee KaueCTBEHHO M3YYUTh TPEXMEPHYIO M-
HAMUKY TypOYJICHTHBIX SIBJIICHHI, KOTOpasl JEXHT B OC-
HOBE MHOTHX MPOHCXOsIuX B ma3mMe CB ¢pusnyecknx
MIPOIIECCOB.

B cBsi3u ¢ 3THM HIpencTaBiIsieT HHTEPEC BCECTOPOH-
Hee W3y4YeHNE MOIIHBIX TeINOre0(pr3HIECKUX COOBITHH,
MIPOU30LIEINX B epBoii nososuHe Mas 2024 r. B 3to
BpeMs TIOCTIE IETI0N CePUH COTHEYHBIX BCHBIIICK PEHT-
TEHOBCKOTO Kjacca X, CONPOBOXIAIOIIMXCS MHOXe-
CTBEHHBIMH KOPOHAJLHBIMH BRIOpOCaMU Macchl [Ram et
al.,, 2024; Lazzus, Salfate, 2024], Ha opbute 3emn
HaOTI0ANNCh 3HAYUTENbHBIE N3MEHEHUSI KOCMHYIECKOH
MOTO/IBI M, KaK CIJIEJICTBHE 3TOTI0, Pa3HOro pojia ee reo-
¢u3nyeckue nposiBIeHUs. B wacTHOCTH, MpOXOKAeHHE
cuinbHOM MYB Bo BTOpoOit nonosure 10 mast 2024 1. BBI-
3BaJI0 MOLIHYIO T€OMarHUTHYIO OypIO C BHE3aIHBIM Hadva-
aoM (SSC) (puc. 1, a). Ona Hauanaces B 17:05 UT 10 mas
[https://www.obsebre.es/php/geomagnetisme/vrapides/s
sc_ 2024 p.txt] u ObTa caMOil MOIIHOW 3a TMOCJETHHE
JIBa DECSATIIIETHS TIOCIIe U3BECTHOTO cOObITHs 20 HOSOps
2003 r., KM3BECTHOIO B HAy4YHOM JMTEpaType Kak
Halloween Event. OTta Oypsi compoBoknaiach OOJBITHM
sdpdextom Popbyma (cMm. puc. 1, 6), MOUTHBIME TIOJIAP-
HBIMH CHSHHSIMH, KOTOPBIE HAONIOAAINCH AaXe Ha HU3-
kux muporax [Lazzls, Salfate, 2024], u HeoObIYHO
peakiuer HU3KOIMPOTHOM MOHOC(epH! BOJIN3U IKBATO-
puaneHO¥ aHomanmu B MHmuu [Jain et al., 2025]. Kpome
Toro, 11 mas 2024 r. MUPOBOIl CeTbI0 HEUTPOHHBIX MOHU-
TOpOB OBIJIO 3apErHMCTPUPOBAHO Ha3eMHOE BO3pacTaHHE
kocmuueckux Jsydeit (GLE74) [https:/www.nmdb.eu].
ITosToMy 3TO HEOpAMHAPHOE TEIHOTCOPU3HIECKOE CO-
ObITHE TPEOYEST BCECTOPOHHETO N3YICHHUS.

Hacrostias crates siBisieTcs NpOAOKEHUEM HaIIei
npensiaymmeit padotsr [Craponyoues, llagpuHa, 2024
U TIOCBAIIEHA JKCTICPUMEHTAIbBHOMY H3y4YEHHIO T'eHepa-
UM, cBodcTBaM u 3Bojormu MII-TypOyneHTHOCTH
CB B ob6nactu npendponra MY B, kotopast Oblia 3ape-
THCTPUPOBaHa TPYNIUPOBKOI M3 TPEX, HaXOISIINXCS
Ha OTHOCHTEJIFHO HEOOJIBIIIOM PACCTOSHUM JPYT OT APYra,
KA Bo BTOpOI nMosoBune 10 Mas 2024 r., u KOTOpas BbI-

57

S.A. Starodubtsev

3Baja psj APKUX MPOSIBICHUH KOCMHUYECKOW MOTOJbl
Ha 3emiie.

1. JAHHBIE 1 METOJ

B paboTte mcrosb30BanuCh OAHOYACOBBIC JAaHHBIC
0 Dst-uanekce TEOMarHWTHOW  BO3MYIIEHHOCTH
[https://omniweb.gsfc.nasa.gov/form/dx1.html] u oxHo-
YacoBbI€ HCIpABJICHHBIC Ha JaBJICHHE JaHHBIE DEru-
ctpauny naTeHcuBHOCTH KJI Ha cr. «SIkyTck» n «byxTa
Tukcn» [https://www.ysn.ru/ipm]. K ananusy npusniexa-
JICH TakXke 0HO4YacoBbIe JaHHBE TI0 KJI, KoTOphie OpIIH
3apeructpupoBansl Ha KA ACE merekropom LEMS120
B okcriepumernTe EPAM. DrtoTt mpubop mpemHasHaueH
st m3MepeHnst motokoB KJI Hu3kux sHepruii (TIIaBHBEIM
00pa3oM TPOTOHOB) B BOCBMH Pa3IMYHBIX IH(hepeHtim-
anbHbIX SHepreTuyeckux kaHamax: 0.047-0.068, 0.068—
0.115, 0.115-0.195, 0.195-0.321, 0.321-0.580, 0.587—
1.06, 1.06-1.90 u 1.904.80 M»B [https://izw].caltech.edu/
ACE/ASC/level2/index.html].

B nensx u3ydeHus CBOWMCTB TypOYJIEHTHOH COCTaB-
sstroteit MMIT u nuist unentndukamu MI'J{-BosiH Obutn
MPUBJICYCHBI OJJHOMHWHYTHBIC JaHHBIC TIPSAMBIX HU3MEPEC-
Huit napamerpoB MMII u CB rpynnupoBku u3 tpex KA:
Deep Space Climate Observatory (DSCOVR), Advanced
Composition Explorer (ACE) u WIND, naxomsammxcs
BOMM3u Touku ubpanuu L1. [TogpoGHast nHpopMarws o6
stx KA 1 1aHHbIE PETHCTpalK Pa3IMYHBIX [1aPaMETPOB
MEXIUTAaHETHOW Cpe/ibl HaXOAATCS B OTKPBITOM JOCTYIE
mo anmpecam [https://omniweb.gsfc.nasa.gov/ftpbrowser/
wind min_merge.html;  https://services.swpc.noaa.gov/
json/rtsw/rtsw_mag_1m.json; https://services.swpc.noaa.gov/
json/rtsw/rtsw_wind_1m.json]. HyxHo crnenuambHO OT-
METHTh, YTO JaHHBIE M3MepeHnid Ha 0opTy KA sBistoTcs
MIEpPBUYHBIMHM, B HUX IIPUCYTCTBYIOT HEOOJIBIIINE MPOITYCKH
1 cOOH, TTOITOMY K MX HCIIOIBb30BaHUIO HEOOXOAUMO MO/
XOJIUTH C OCTOPOKHOCTHIO.

IIpu ananuse ganHbIX U3Mepenuil KA yuurtsiBanock
U TIOJIOXKEHNE Ka)KIO0r0 U3 HUX B OKOJIO3EMHOM KOCMHYeE-
ckoM mpoctpaHcTBe [https://sscweb.gsfc.nasa.gov/cgi-
bin/Locator.cgi].

[Ipun ucnonb30BaHUM BCEM COBOKYMHOCTH JAHHBIX
KA m3yuanuch cnekrpaibHble Xapakrepuctuku MMIT
n MI'JI-BONH ¥ UX JUHAMHUYECKHE U3MEHEHUS Ha UHEP-
[IMaJbHOM Y4YacTKE CIeKTpa TypOyJIeHTHbIX (iykTya-
it CB Ha wactorax ~2.5:10°-8.3-10 I'u. Otmernm,
YTO MEPBast U3 YaCTOT IPHMEPHO COOTBETCTBYET TPAHHMIIC
MEXKIy SHEPreTUYeCKIM U MHEPUHUAIBHBIM yJacTKaMH
crekTpa TypOyneHTHBIX (iykTyanuii CB, xoTopast n3me-
HsIETCsl Ha HEOOJIBITYIO0 BETMUUHY C IIUKJIOM COJHETHOU
aktuBHOCTH [KoBasrenko, 1983], a Bropas onpezensercs
qactotoit HaiikBucra vw=1/(2Af), tne At=60 ¢ — mmar
JIMCKPETU3alMU HCIOJIb3YEMBIX NTaHHBIX. [isi BbLAEINe-
HUSI TIOJIE3HOW MH(GOPMAIMK M3 JaHHBIX NPSMBIX H3Me-
pEeHUIl IPUMEHSITICH METOABI CIIEKTPAILHOIO aHajH3a,
B OCHOBE KOTOPBIX JIEKHUT aluroputM bimkmena— Trloku
C KOppeJsIMOHHBIM OKHOM Thioku [JlkeHkuHc, Batre,
1971; Otnec, DHokcoH, 1982]. Ero ucrnonp3oBaHue 1M03-
BOJIMJIO TIOCTPOUTH OLEHKH CIIEKTPOB MOIIHOCTH (ITyK-
tyauuit MMII ¢ nocratogno HEGOIBIINM 95%-M mOBe-
PHUTENBHBIM HHTEPBAJIOM, COOTBETCTBYIOIINM UHCITY CTe-
meHe cBoOompl, paBHOMY 66.675 [IxenkmHc, Barre,
1971]. llepen 3TUM Bce MCXOTHBIE BPEMEHHBIE PSIIIBI TaH-
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MHD waves in the pre-front region
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Puc. 1. Dst-unnekc reoMarHuTHONW aKTUBHOCTH (@) U HHTeHCHBHOCTH KJI o u3mepeHusM HeHTpoHHBIX MOHUTOPOB (HM)
Ha cT. «SIkyrck» u «byxta Tukcn» (6) 7-12 mast 2024 r. [Tynktup — Hauyano reoMarHuTHOH Oypu u 3¢ dexra Gopbyma 10 mas
2024 r., cTpenku — BHe3arHoe Havaio MarautHoi 6ypu (SSC) n HazemHoe Bo3pacranue KJI (GLE74)

HBIX TTOJIBEPTAIIMCH CTAHAPTHOM MPOLEAYPE MOATOTOBKH
K aHanu3y. Ha 3TOM 3Tame W3 AaHHBIX HCKIIIOYAJINChH
HaOmroaronecss cOou U BHIOPOCHI, IPU 3TOM 00pa30-
BaBIIMECS MNPOMYCKU B MCXOIHBIX pAaX 3alOTHSIUCH
3HAYECHUSAMH, MOITY4YEHHBIMU HMHTEPHONALUEell coceTHUX
n3MepeHuil. [lanee Bce BpeMEHHbIE psbl JaHHBIX IpHU-
BOJMJIUCH K HYJIEBOMY CPEIHEMY, a 3aTeM IOJ(BEPrajlich
nporierype QUIBTPAIN C TIOMOIIBIO H(POBOTO MOJOC-
HO-TIPOITyCKAIOIIEero (huibTpa B yKa3aHHOW BBIIIE MOJIOCE
qactoT [OTHec, DHOKCOH, 1982].

HyxHO 3aMeTHTb, YTO NpPH M3y4EHUH CBOMCTB (UIyK-
Tyauuii MMII yacTto paccMaTpuBaOT CHEKTPAJIbHBIE
XapaKTEPUCTUKU €r0 MOAYJS M KOMIOHEHT. JTO 00y-
CJIOBJIEHO TE€M, YTO IO BHAY CIIEKTPOB MOXKHO CIeNaTh
oIpeJielIeHHOe U 00OCHOBAaHHOE 3aKJIIOYEHHE O HaH-
gy B CB IpoAONbHBIX WM TONEPEYHBIX BONH M KOJIe-
OaHMii B aHAIM3UpyEeMble HHTEPBaJbl BpeMeHHU. B vacT-
HOCTH, U3BECTHO, YTO JJIS TIONIEPEYHBIX alTb()BEHOBCKUX
BOJIH HaOmomaroTcsl (UIyKTyallld HApaBJeHMs, a HE Be-
JTMYUHBL ToJIs. M B 3TOM ciiydae pa3HHIAa MEXIy CIIeK-
TpaMu MOIIHOCTH KOMHOHEHT U monyist MMII moxet
JIOCTHTATh MOPSIAKa BENWYMHBI. A I OBICTPOIl MOMBI
(BOJIH CKaTHs) HAOIIONAIOTCS CIIEKTPHI MOIIHOCTH KOM-
noHeHT 1 Moyt MMIT oxHOTO NOpsizKa, YTO yKa3bIBaeT
Ha (QIYKTyallud W HampaBieHus, W BeawmduHsl MMII
[KoBamenko, 1983]. OgHako mo BHAY 3THX CIIEKTPOB
MorHocTH Quykryarmii MMII HEBO3MOXXHO chenaTh
3aKkiroueHue o Bkiajne MI'J[-BoiH onpeneneHHoro Tuna
B crekTpbl, Habmogaembie B CB. Ho Bce oHmM Tak wim
WHa4Ye BHOCAT cBOM BkjaJ B Moayib MMII. [Tostomy
B pabOTe NMpH YCTAaHOBJICHWH CIIEKTPAIBHBIX XapaKTe-
puctuk MI'JI-BOJIH pa3HBIX THIOB YUUTHIBAIHUCH UX H3-
BECTHBIE CBOWCTBA. OHM 3aK/IIOYAIOTCS B TOM, YTO JUIS
anb(BeHOBCKUX BOJIH (AB) XapakrepHa KOppemsus
Mexay monyiem MMII B u ckopocteto CB V; mns
OBICTPBIX MarHUTO3BYKOBHIX BOJH (BM3B) — mexny B
W TUIOTHOCTBIO TIJIa3MBI 71, @ JUIA MEJICHHBIX MarHHUTO-
3BYKOBBIX BOH (MM3B) — mexay n u V [Neugebauer
et al.,, 1978; Tonterun, 1983]. Ho mockomsKy B 3TOM
paboTe M3ydJarOTCs CIIEKTpallbHBIE CBOWMCTBA (IIyKTya-
it MMII, To BMecTo HCIIONB30BaHUS KOIPPHUIIHEHTA
KOPPEIAILNH, KOTOPBIH XapaKTepU3yeT CBSI3b MEXIY
OlpeJieJIeHHBIMH  (PM3NYEeCKUMH BENMYMHAMU BO Bpe-
MEHHOH 00JIaCTH, HCIOJB3YyeTCs KOI(DGHUIMEHT Kore-
PCHTHOCTH, KOTOPBIA SIBISCTCS OOOOIICHUEM MOHATHUS
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KOppensiuu Ha 4acToTHy oOiacth [Luttrell, Richter,
1986, 1987; Crapony6ues u ap., 2023]. HyxxHo otme-
THUTH, YTO MO ONPENCICHUIO KOIPPHUIMEHT KOTEPEHTHO-
CTH €CTb IOJIOXKUTEIFHOE 3HaUCHHE KBaJPaTHOTO KOPHS
u3 pyaknuu xorepeHTHOCTH. OH M3Mensercs ot 0 go 1
U Taxke sABisieTcs QyHKIMeH yactoTsl. Vcnonezyemas B
JTAHHOW paboTe Ipolexypa OLEHOK CIEKTPaIbHBIX Xa-
pakTepucTuk (iaykryanui napametpoB MMII u ma3mer
CB, cooTBeTcTBYIOMUX KO3()(HUIMEHTOB KOTEPEHTHOCTH,
a Taxke MeToauka uaeHTuukanun MIJ[-BojH u uX OT-
JTU4YUe OT KoJieOaHWi JieTanbHO onmcanbl B [CTapomyo-
1eB u jp., 2023].

2. PE3VYJIBTATBI U OBCYXJIEHHUE

Ha puc. 2—4 noka3ansl Moxyns B 1 B,-KOMIOHEHTa
MMII (a), mnotHOCTH 1 (6), CKOpOCTh V (6) M Temriepa-
typa T (), 3aperucTpUpOBaHHbIC KOKIBIM U3 Tpex KA
7—-12 mas 2024 r. [IyHKTHPOM MOKa3aHO BpeMs IpUXOAa
MVYB na xaxzasiii KA. Ee mpuxox ma KA DSCOVR
Ob11 3apeructpupoBan 10 mas 2024 r. B 16:35 UT
(cM. puc. 2), Ha KA ACE — B 16:37 UT (cM. puc. 3),
Ha WIND — B 17:05 UT (cm. puc. 4). Bugso (cMm. puc. 2—
4), uTo HauMHAas ¢ 7 Mas 0 MpUXoja Ha OpOUTY 3eMiu
KpynHoMacmTabHoro Bo3mymienus CB (BbiOpoca kopo-
HAJIBHOW Macchl COMpoBOXKAaBmuMcs MYB) Bo BTopoii
nosioBuHe 10 Mast ycioBHS B OKOJIO3EMHOM KOCMHYe-
CKOM TIPOCTPAHCTBE OBLIM OTHOCHUTEIHHO CIIOKOWHBIMU,
a mapameTrpsl MMII u CB He HCHBITHIBaIH KaKHUX-JIHOO
3HAYUTENBHBIX N3MEHEHUH HECMOTPS Ha JOCTaTOYHO BBI-
cokue cpeauue 3Hauenus n, V, T CB [Tonteirus, 1983].

Ha puc. 5, a— B cucreme xoopaunat GSE moka3aHo
pacrojioxeHne TPyNmupoBKH Tpex KA oTHOcHTENEHO
3emmu 7 mast 2024 . PaccTosiHUe aHO B paamycax 3eMiu
Rg. Cunne oTpe3ku — HamnpaBlIeHHE BEKTOPA CPEAHEro
MMII B pa3HBIX MPOEKIHIX Ha TUIOCKOCTH Y X (@), ZX
(6) n ZY (8). Ilo cpaBHenmio ¢ paccrosnueM ot CosHIa
o 3emmu (1 a.e.~285185 Rg) Bce KA pacmomnoxeHsI
JIOCTaTOYHO OJIM3KO JPYT K Apyry. TeM He MeHee, MOYKHO
otMmeTuTh, 4T0 KA WIND HaxomuTcs HECKOILKO B CTO-
poHe oT 3eMiM M IBYX ocTanbHbIX KA Ha paccTosiHUM
~100Rg (puc. 5, a, 6). IIpu 3TOM BUAHO, YTO HampaBe-
Hue cpeaHero MMII B 3TOT mepuoa BpeMeHHM Ha BCex
KA npaktuuecku 0HO U TO XKe.

PaccMoTpuM Teneph CIEKTpalIbHBIE XapaKTEPUCTHKU
TypOynenTHocTr CB Ha OCHOBE pe3yIbTaTOB aHAJIHM3a
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Puc. 5. Pacnonoxenue rpynnupoBku Tpex KA DSCOVR, ACE u WIND B criokoiinsiii nepuog 7 Mast 2024 1. OTHOCUTEIHHO
3emiM B MPOEKLUHU Ha pa3HbIe INIOCKOCTU B cucteMe koopauHat GSE. Cunue oTpe3ku — HampaBieHue cpeanero MMII
Ha kaxaoM KA B 3TOT neHb
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Puc. 6. Koapounuentsr korepentHoct I gAV), 1,(v) u [y,(v) (a—8), a TakkKe CIEKTPHI MOIIHOCTH (MIYKTyaIuii MOJYJIs
MMII u ycranoBieHHBIe creKTpsl MomtHOocTH MI'/I-BoH (e—e) w1 criokoiHoro neprona Bpemenu 7 mast 2024 r. IlltpuxoBas
JIMHUS — alpOKCHMALUs CIIEKTPOB MOIIHOCTH (uykryaiuid Moayias MMII; mpuBeaeH ONHMCHIBAIOMINI UX CTEMEHHOW 3aKOH.
IToka3aHbl COOTBETCTBYIOINIHE JIETEHABI (@, 2) AN KOTepPEeHTHOCTEH U CIIEKTPOB MOMIHOCTH U 95 % J0BEpUTENbHbIE HHTEPBAIIBI
JUIS CIEKTPOB MoIHOCTH. Haz kaXkmoii maHe b0 — COOTBETCTBYIOIINE Ha3BaHus KA

OHOMUHYTHBIX JAHHBIX MPSIMBIX U3MEPEHHUI mapaMer-
poB MexIuaHeTHOH cpeasl Ha Tpex KA. Haunem pac-
CMOTPEHUE CO CIIOKOMHOro mepuoja BpeMeHH 7 Mas
2024 r. Ha puc. 6, a—6 nokaszaHbl pacCuMTaHHbIE KOA(-
¢unuenTsl korepeHTHOCTH [3(v), Tz, (v) u [y (v) kxak
(GyHKIMM 4YacToThl V. VX 3HAUEHMs ONpENENsIOT BKJIaj
MI'/I-BosIH OTHOTO W3 TUIOB B HAOIIOJAEMBIH CIIEKTP
MomHOCTH QurykTyanuii Moxynst MMII Ha ompeneneH-
HOM yacToTe v. BUIHO, YTO 3HAaYEHUsI KOI€PEHTHOCTU
HE OYeHb BEJIMKH, 32 UcKmodeHueM I 7,(3.5 10° I'm)=0.86
1 [y (3410 T)=0.55 (marens 6), 4T0 03HAYACT 3HAUN-
TenbHBIH BKIaq MM3B u AB B HaOmromaeMblid CIIEKTp
MormHoCcTH (aykryannit moxymns MMII Ha 3THX YacTo-
Tax (MaHenab 0) B paccMaTpUBAaEeMBIH IEPHOJl BPEMEHHU.
UYro xe kacaetcs BkJaga B Hero MI'JI-BoJIH ocTalbHBIX
TUIIOB Ha JPYT'UX YacTOTaX, TO B LIEJIOM OH CYILECTBEHHO
MeHblIe 1 He npebimaer 50 %. BooOre, 4yTo0s! ycra-
HOBHTB 4acTOTHBIE crieKTpbl MI'J[-BOJH OIpeAerIeHHOro
TUIAa HY)KHO YMHOXXHUTH CIEKTPHI MOLIHOCTH (IIyKTya-
muit Mmomynss MMII P(v) Ha COOTBETCTBYIOIIHME 3HAUe-
HUS KoddununeHTa xorepeHTHOCTH ['(V), KOTOpBIE pac-
cunTaHbl st Kakaoro KA. Ha manemnsix (e—e) mokasaHsl
HaOJIFOJaeMBbIe CIIEKTPHI MOIITHOCTH (DITYKTYalrii MOy
MMII, ux annpokcumanusi METOAOM HauMEHBIIMX KBaJl-
paToB M COOTBETCTBYIOIIHE CTENEHHBIE 3aKOHBI, KOTO-
pble ux onuchiBaoT. He00X0IMMO OTMETUTB, YTO COOT-
BeTCTBYyIommMe nokazatenu creneHu aiasi KA DSCOVR
u ACE umerot 3nauenus 6oinbiinue —1, a gas1 WIND —
Ha000pOT, 3HAUUTEIHbHO MeHbIlle —1. Haunnas ¢ 8 mas
0 Mepe TpHOIIKeHNs K ppoHTy MYB noka3zarenu crek-
TpoB, paccuntannble o naHHbIM KA ACE u DSCOVR,
MOCTETIEHHO YMEHBIIAIOTCS, CTPEMSACh K U3BECTHOMY IIO-
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KazaTearo KOJIMOTOPOBCKOTO CIEKTpa TYpOYJICHTHOCTH
—5/3, a migs WIND OHHM JOCTHraroT 3TOTO 3HAYEHUs
CKaYyKOM M OCTAIOTCS NMPAKTUYECKH TaKUMH XK€ BILIOThH
0 ynapHoro ¢ppoHTa. Bo3M0XHO, 3TO KaK-TO CBSI3aHO
¢ nonoxenneM KA WIND orHOcuTensHO 3eMiH U JIpy-
rux KA, OT KOTOpPBIX OH HaXOIUTCS HA PACCTOSHUH
okono 100Rg o ocu Y BHE IpaHHUIIBI €€ MarHUTOC(EpHI
(cMm. puc. 5u 9).

Ha puc. 6, c—e moka3aHbl TakXKe W YCTaHOBJICHHBIC
cnexktpsl MI'JI-BosiH Bcex Tpex tunoB — AB, BM3B
n MM3B. Kak u oxupnamock, WX 3HaUYeHHs HE MPEBBI-
IIAIOT 3HAYEHMSI CIEKTPOB MOIIHOCTU (IIyKTyaruil Mo-
mymnst MMII, a ux cymmsl B ipenenax 95 % noepurerns-
HBIX MHTEPBAJIOB CPaBHUMBI CO CIIEKTpaMU MOIIHOCTH
¢myxryanuit Mmogynss MMIL, m3mepennoro xaxapv KA.
IIpu 3TOM MaxkcCHUMallbHblE BEIMYUHBI CIIEKTPOB MOII-
HOCTH B paccMaTpUBacMOW OOJIaCTH YacTOT BIIOJIHE
COOTBETCTBYIOT criokoiHOHU cutyaiuu B CB [KoBanenko,
1983] 1 gake Ha HU3KOM YacTOTE 2.5-10* 'y ux 3Ha-
qenns He npesbrmaror 107 HTr*/T.

Jlpyras xapTuHa HaONI0JaeTcsi HENOCPECTBEHHO
nepen npuxoaoM MYB. Ha puc. 7, a—e nns unTepBana
BpeMeHHU nepen npuxogom MYB npusenena ta xe uH-
¢dopmanus, 9To U Ha puc. 6, a—e. BunHo, 4T0 M3MEHH-
JMCh 3HAYEHUsI BCeX KOA(PQUIMEHTOB KOTEPEHTHOCTH
I'(v), a cnextp momHOCTH QurykTyamuii Moxyist MMIT
BBIPOC Ha MOPSIOK BEITMYHMHBI, IPX 3TOM OH CTall OoJiee
KPYTOH C MOKa3aTeNsiIMU CTENIeHN MeHbIIe —1. DTo B mou-
HOHM Mepe OTHOCHTCS U K KaXJIOMy CIIEKTpY, XapaKTepHu-
syromemy MI'/I-BonHy ompeneneHHoro tuma (M. puc. 7,
2—e). [lpuuem 3a ¢pponrom MYB B mepexomHoii TypOy-
JIEHTHOM 00J1acTH MOKa3aTelH ceKTpoB Ha Tpex KA pesko
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Puc. 7. To xe ms obnactu npeadponta MYB 10 mast 2024 .

B TeUeHHe 2—3 4 MajlaroT A0 3HavyeHuid —(2.0+2.2), a 3atem
MEJIJICHHO CTPEMSTCSI BOCCTAHOBHUTHLCS JI0 3HAYCHUH —5/3.

OO6paraer Ha ceOs1 BHUIMaHHE (GOpMa CIIEKTpa MOIITHO-
ctu Quykryauuii Moayias MMII, paccuuTaHHOTO MO JaH-
HeIM KA WIND (cm. puc. 6, e u 7, e). B obmactu mpen-
¢ponta MYB oH Tarxxe Bo3pacTaeT Ha HOPSIOK BEIH-
YHHBIL, HO B 000HX CIIydasx ero moxazarens o<—1. D1o
BBI3BIBAET ONPEAETICHHBIH BOMIPOC, HO, BO3MOXHO, 3TO
CBSI3aHO CO crmareTTH-cTpykrypoit MMII mepex ¢pon-
ToM MYB Ui ¢ BOJHHUCTON CTPYKTYpOii camoro (ppoHTa
MYVB, uto MBI mpeanonoxuiu padee B [CrapoayOres,
HManpuna, 2024].

Bonee neTanpHbIN aHanM3 TMHAMUKH CTIEKTPOB MOII-
HocTH (hiykryauuit Moxyiast MMII u MI'JI-BoxH moxka-
3BIBacCT, 4TO 1Mo Mepe npudmmkeHns MYB k KA criekpsr
CTaHOBSTCSI Bce Oojiee KPYTBIMH, a WX CIIEKTpajbHas
MOIITHOCTH Bo3pacTaeT. IloueMy 3T0 MPOMCXOANT, MOXKHO
MOHSATh, €CIIA MPHHATH BO BHUMAaHUE TEOPETUYECKUE Pa-
6011 [bepexko, 1986, 1990; Yanos, 1988; bepexko, Cra-
pony6ies, 1988; Reames, 1989; Vainio, 2003], B KOTOpBIX
[I0Ka3aHa BO3MOXHOCTh reHepauuu MI'J[-BonH noto-
kamu KJI HU3KMX sHEprui. DTH aBTOpHI pazpaboTain
MEXaHHU3MBI TeHepannu aab()BEHOBCKUX M MarHUTO3BY-
KOBBIX BOJIH 3a CUET Pa3BHUTHA IUIA3MEHHBIX HEYCTOWYH-
BOCTEeH B MEXIUIAHETHOH cpesne cosHeuHbiMu KJI Hus-
KUX 9HEPTHi WIIM YacTHIAMHU, YCKOPEHHBIMH Ha ()pOHTAxX
MYVYB, koTOpble B Hay4HOU JIUTEpaType Ha3bIBAIOT JHEP-
TMYHBIMM IITOPMOBBIMH 4acTHIaMH. ONpenemsromumM
(hakTOpOM B 3THX MPOLECCAX SBIACTCS HAIMUNE B MEXK-
mianetHoi cpene KJI Hm3kux suepruii (~1 M»dB), xa-
PAKTEPU3YIOLINXCS OONBIINMY TIOTOKAMH U TPaJIHEHTaMH.
JleficTBUTENBHO, B pacCMaTpUBAaEMOE BPEeMs TaKHe TIOTOKH
KJT mocne cepun MomiHbIX Bembimek Ha CoiHIle HaOIro-
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Janvch Ha opoure 3emun. Ha puc. 8, xak u Ha puc. 2—4,
MOKa3aHbl NEepPBUYHbIE JaHHbIE. BUIHO, 4YTO HauMHad
¢ 8 mast 2024 r. no mepe npudbmmkenuss k KA ACE
Ha MHOTO TIOPSIKOB BEJIMYHMHBI BO3pACTaeT MOTOK HU3-
KosHepruuHbIX KJI, KOTOpBIN COCTOUT M3 COJHEYHBIX
U DHEPTUYHBIX IITOPMOBBIX YACTHUI[ C MaKCUMyMOM
Ha ¢poHTe MYB 1 Xapaktepusyercs OOJBIIIM IIPOCTPaH-
CTBEHHBIM TpasreHTOM. C y4eTOM pe3ylbTaToB BEHIIIE-
YIOMSHYTBIX pa0OT 3TO TO3BOJIAET chenaTb 00OCHO-
BaHHOE 3aKJIIOYEHHE O TPUYMHE HAOIIOJaeMOTO IIOBBI-
mreHust ypoBHst ¢urykryanmii MMII, BeI3BaHHOTO reHepa-
el stumu yactuiiamu MI'J[-BoH B obmactu mipead-
porta MYB 10 mas 2024 r.

Wurepecen ToT GakT, 4TO B OTIMYNE OT HOKA3aHHOM
Ha pUC. 5 CUTYyallud HETOCPEACTBEHHO B 00JIacTH Mpes-
¢porra MYB HabmomaeTcsi W3MEHCHHE HAIPaBICHUS
cpennero MMIT Ha Bcex Tpex KA, nocratouHo Oiau3Kko
PAacCIOJIOKEHHBIX OTHOCHUTENIBHO APYT Apyra. OTO MOKa-
3aHO Ha puc. 9. MOXHO MNPenNoNoXUTh, YTO HAJINYUE
3HAYUTEJIBHBIX TOTOKOB IITOPMOBBIX YaCTHI[ C SJHEPTHEN
~1 M»3B u cOOTBETCTBYIOLIMIA UM POCT YPOBHS TypOy-
neHTHOCTH CB NpHBOAWT K W3MEHEHWIO HANpaBICHUS
cpeanero MMII B obmacté mpocTpaHCTBa HEMocpen-
CTBEHHO NpHUMBIKaomei k Gppoaty MYB. Oxgnako ne-
JIaTh OMpEJENICHHbIE BBIBOABI O MPUYMHAX 3TOrO elle
paHO, TIOCKOJIBKY B HACTOSIEE BpeMs HaOpaHa COBCEM
HeOoubIIas cTatucTuka (Bcero 35 ciyyaeB) HaOrone-
HUS TIOAOOHBIX COOBITHI Ha JOCTATOYHO OJIU3KO pacro-
JIOXKEHHBIX OTHOCUTENBHO ApYT apyra KA.

BBIBO/IbI

TakuM 00pa3oM, Ha OCHOBAaHUU MPOBEIACHHOTO HC-
cienoBaHus coobITrs peructpanud MYB 10 mas 2024 r.
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Puc. 8. Tloroku Huzko3HepruuHbix KJI B BocbMu pasnuuHbIx 1uddpepeHuanbHbIX KaHaaax, 3aperucTpUpoBaHHbIe Ha 6OpTy
KA ACE B skcniepumente EPAM (metexrop LEMS120) 7-12 mast 2024 r. IIpusenena yerenna it auddepeHInaabHbIX SHep-
rerudeckux kaHanos. llITpuxoBas muHus — Bpems npuxona MYB na KA ACE, cosnapnatomee ¢ MakcumymoM noroka KJI pas-

HBIX DHEpruil

5 10 mana 2024 r.

-100
@ 50 DSC(_JVR o
o MnA
> 0 - ®
50 ACE
100 wmn\
150 - I il i I il
250 200 150 100 50 0 -50
X, Re
100 : :
DSCOVR
a 50
o I “w 3emnsa
N 0 ACE A ®
WIND
-50
-100 i I i
250 200 150 100 50 0 -50
X, Re
30 v . . :
20 ¢ ACEI\
@ 19 DSCOWR
o
N0 @ /
10 3emna WIND
-20
_30 i i 1 i
-25 0 25 50 75 100 125
Y, Re

Puc. 9. To xe, uro Ha puc. 5, st obnactu npeappontra MVYB, 3apeructpupoBanHoii rpymmupoBkoit u3 Tpex KA 10 mast 2024 r.

Ha Tpex KA, KoTopble HaXOAsATCS BOIHM3M TOYKH JTHOpa-
uuu L1, MOXHO caenate cleayrolne BbIBOIBI.

1. Ha ocHOBe METO/I0B CIIEKTPAILHOTO aHAIN3a C UC-
MOJBb30BaHUEM JAHHBIX MPSIMBIX M3MEPEHUH MapamMer-
pos MMII u nna3msl CB Ha Tpex KA DSCOVR, ACE
u WIND omnpenenenst MI'JI-BOJIHBI TpeX TUIIOB: aJlb-
¢BenoBckre, BM3B 1 MM3B, Habmonatomuecs B pac-

63

CMaTpUBAEMbI TEPHOJ, BPEMEHH HA HHEPLHUOHHOM
y4gacTke criekrpa TypoynentHoctr CB B o0xacTn actot
~2.5:10%-8.3-107 ',

2. Iloka3aHo, 4TO B JIAHHOM COOBITHMH HaOJII0IaeTcs
3HAYUTENBHOE MOYTH HA MOPSIOK YBEIMYEHHE MOIIHO-
ctu urykryaruii Mmoaysst MMIT u MI'JI-BojiH Beex Tpex
YCTaHOBIICHHBIX THIIOB B 00nacty npeadponra MYB.



MTJI-6onnet 6 06nacmu npedgponma

3. IlpuumHoit 3toro sBistorces KJI HU3KUX dHEpTUH
COIHEYHOTO U MEXKILIAHETHOTO MPOUCXOXKACHUS, Xapak-
TEpHU3YIOLIUECs] OONBIINMH TOTOKAMH M I'paJUCHTaMH,
HaJlMuhe KOTOphIX B obsactu mpeadponra MYB mpu-
Benu K reHepauuu MI'J[-BosiH.

4. Ilpennonaraercsi, YTO 3HAYUTENbHBIN POCT MOTO-
koB KJI Huzkux suepruii (~1 M»sB) u ypoBHs TypOy-
neHTHocTd CB MOXkeT npuBecTH B U3MEHEHUIO HAIpaB-
nexust MMII B 061acTi mpoCcTpaHCTBA HEMOCPEICTBEHHO
mpuMBbIKaroteit k pporty MYB.

Astop Omaromaput corpyaHukoB Space Weather Pre-
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DSCOVR, ACE u WIND u undopmaituu o Dst-uHIEKCe
TreOMArHUTHOW aKTUBHOCTH.
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AnHotanms. [To cyTHUKOBBIM U Ha3eMHBIM HaOIIO-
JICHUSIM W3Y4YeHbI CBOMCTBa Pi3-mynbcaruii ¢ meproaoM
~30 mMuH B cucreMe MarHutocepa—uonochepa. Ilo
JTAHHBIM HA3eMHBIX MarHUTHBIX CTAHILUH B TPEIOIyICH-
HOM CEKTOpEe MarHUTOC(EpHI, BBISBICHO paclpocTpaHe-
HHE MyJbCallii 10 a3UMYTY C JHEBHOM CTOPOHBI HA HOY-
HYIO CO CKOpPOCTBbIO 3—9 KM/C B MOJIOCE MCTIPABICHHBIX
reOMarHuTHbHIX Wupot O'=76°-79°. Brons Mepuanana
CHUTHAJI PacIpOCTPAHSIICS K HOIIOCY CO CKOpocThio 0.5—
5 kM/c. AHanM3 CIIEKTPOB CUTHAJIOB HA CTAHIUAX, pac-
MIOJIOXKEHHBIX BJAOJIE Pa3HBIX MEPHAMAHOB, IO3BOJIMI
BBIIBUTH TPH MaKCHMyMa: TIEPBBI, HE 3aBUCSIININ OT LIH-
potsl Ha yactote 0.55 mI'm, ¥ JBa MIMPOTHO3AaBUCUMBIX
Makcumyma Ha yactotax 0.82 m 0.96 mI'm, coorser-
CTBEHHO Ha 0oJjiee BBICOKOW M 0oJjiee HHU3KOHM IIMPOTax.
IlepBrlii MakcumyM coorsercTByeT Y HU-BonHaM, mpo-
HHUKAIOUIMM M3 COJHEYHOTO BETpa, ABa JAPYIMX — Mar-
HUTOC(EPHBIM pe30HaHCaM. DKBHUBAIEHTHAsI TOKOBAs CH-
crema (OTC) Bo BpeMs perucTpaly IMyJibcalyii Oblia
paccunTaHa JByMs CIIOCOOaMH: METOIOM c(hepHuecKnx
JIIEMEHTapHBIX TOKOBBIX CHUCTEM U C MOMOIIBIO TEXHUKU
uHBepcuu MarHuTtorpamMM. AHamu3 OTC, mHomydeHHbBIX
000MMH MeTO/aMH, TIOKa3ajl WX YIOBICTBOPHUTEIHHOE
cornacue. OTC BO BpeMs MyJbCaIiii B TOMOJIYASHHOM
CEeKTOpe MpeaCTaBsa co00il OONBIION BUXPH, COCTO-
AMUH 13 60Jee MEJIKNX, KOTOPhIE paclpOCTPAHIIACH
B MOHOC(epe B0 JUHUM Pa3ziena Mope—Cymia, T. €.
npeo0iaiano pacupocTpaHeHHe 0 MEpHIMaHy K IOJIOCY
CO CKOPOCTSIMH, OJIM3KMMH K CKOPOCTSIM PacTipOCTPaHEHHUSI
mynbcanmid. CornacHo KapTe pactpeieIeHUs IPOI0IbHBIX
TOKOB B MOHOC(epe, INPOTHBIH MaKCHUMYyM 3alaJHOH
9JEKTPOCTPYH JIEKUT Ha IIHpoTax Makcumyma OTC
(Ha rore OOJIBIIIOTO BUXPST) HA TPAHUILIE MEXKIy 00JIaCTIMU
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Abstract. We have studied properties of Pi3 pulsa-
tions with a period of ~30 min in the magnetosphere—
ionosphere system, using satellite and ground-based
observations. According to the data from ground-based
magnetic stations in the pre-noon sector of the magneto-
sphere, propagation of pulsations was revealed in azi-
muth from the day side to the night side at a velocity 3—
9 km/s in the band of corrected geomagnetic latitudes
@'=76-79°. Along the meridian, the signal propagated
poleward at a velocity 0.5-5 km/s. Analysis of signal
spectra at stations located along different meridians
shows three maxima: one latitude-independent maxi-
mum at a frequency of 0.55 mHz, and two latitude-
dependent maxima at frequencies of 0.82 and 0.96 mHz
respectively, at higher and lower latitudes. The first
maximum corresponds to ULF waves penetrating from
the solar wind; the other two, to magnetospheric field
line resonances. The equivalent current system (ECS)
during the pulsation recording was obtained by two
methods: the method of spherical elementary current
systems and the magnetogram inversion technique.
Analysis of ECS derived by both methods has demon-
strated that they match each other. The ECS during pul-
sations in the pre-noon sector is a large vortex consist-
ing of smaller vortices that propagate in the ionosphere
along the “sea-land” boundary line, i.e. meridional
poleward propagation at velocities close to the average
pulsation propagation velocities prevailed. According to
the map of field-aligned current distribution in the iono-
sphere, the width of the maximum of the westward elec-
trojet lies at the latitude of the ECS maximum (in the
south of the large vortex) on the boundary between the
regions of inflowing and outflowing field-aligned currents
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BTEKAOIINX M BBITEKAIOIINX MPOAOJILHBIX TOKOB (001acTH
1 u 2), rae HaOIOAAIOTCSl PE30HAHCHI CHIIOBBIX JTHHHU.
ITomyyennas OTC cooTBETCTBYeT TOKOBOW cHCTEMeE
DP2 ¢ npeobnanaromieii 3amaHoi IeKTPOCTpyel B J10-
TIOJTyACHHOM ¥ HOYHOM CEKTOpax. AHAJIM3 CITyTHUKOBBIX
JAHHBIX [OKAa3al CIEAYIOIEe: B COJIHEYHOM BETPE
YHY-BonHEl B amanazoHe Pi3-mymecammii pacmpoctpa-
HSUIUCh CO CKOpOCThI0 186.4 KM/C, YTO 3HAYMTENHHO
HIDKE CKOPOCTH JIBIDKCHUS CPEIBL, JOCTHTaBIeH 550 xkv/c.
Takast CKOPOCTb OOBSACHACTCS TEM, YTO BOJIHBI Paclpo-
cTpaHstoTCs B cTOpoHy CONHI[A M CHOCATCS COJTHEYHBIM
BeTpoM K 3emiie. B Marnurtocepe mynbcanuu ¢ npeoo-
JIAZAIOIIEH KOMIIPECCHOHHOM KOMIIOHEHTOH pacIpo-
CTPAHSIOTCSI ¢ HOYHOM CTOPOHBI HAa JTHEBHYIO CO CKOpO-
ctbio 90-110 km/c. [1o 3anepkkam B HACTYIJIEHUH MakK-
cUMyMOB n(EepeHIINaIbHEIX TTOTOKOB JHEPTUYHBIX
9JIEKTPOHOB OBIIM BBIABICHBI CKOPOCTH PacIpOCTpaHe-
Hust 3tax Y HY-Bomma 2040 xm/c.

CnenaH BBIBOJ, YTO IyJbCALMM B JAHHOM COOBITHH
ObUTH OOYCIIOBJICHBI KaK BHEITHUM (KOJICOAHUSIMA B COJI-
HEYHOM BETpE), TaK U BHYTPEHHUM HCTOYHUKAMHU (Mar-
HUTOC(EPHBIM PE30HATOPOM, KOTOPBIH MOT OBITH BO3-
Oy>xeH B TOM uuciie u cyooypei). [Ipu aTom nuHamuka
TOHKOH CTPYKTYpBI O0JIBIIOr0 BUXPS (MaJbIX BUXPEil)
B MarHurocgepe B LEJOM COBNAJaeT MO0 CKOPOCTH
1 HaIPaBJICHHUIO PACIpPOCTPAHEHHUs C IeOMarHUTHBIMHU
ITyJIbCALIUAMU.

KaroueBble ciioBa: reoMarHuTHeie Pi3-mysbcaiuy,
SKBUBAJIECHTHBIE TOKOBbIC BUXPH, a3UMYTATLHOE U MEPUJIU-
OHAJILHOE pacHpoCTpaHeHue, npoHukHoBeHue YHY-BoiH
U3 MEKIUTAHETHOHN Ccpellbl B MarHUTOC(EPy, PE3OHAHCHI
CHJIOBBIX JIMHUH.

A.V. Moiseev, V.I. Popov, V.V. Mishin, Yu.V. Penskikh

(regions 1 and 2), where field line resonances are ob-
served. The obtained ECS corresponded to the DP2 cur-
rent system with a predominant westward electrojet in
the pre-noon and night sectors. Satellite data analysis
has shown the following. In the solar wind, ULF waves
in the Pi3 pulsation range propagated at a velocity of
186.4 km/s, which is significantly lower than the veloci-
ty of the medium being as high as 550 km/s. This veloc-
ity is explained by the fact that the waves propagate
toward the Sun and are carried by the solar wind to
Earth. In the magnetosphere, pulsations with a predomi-
nant compression component propagated from the night
side to the day side at a velocity 90—110 km/s; from the
delays in the onset of maxima of energetic electron dif-
ferential fluxes, velocities 20—40 km/s were identified.
Pulsations in this event were caused by both external
(oscillations in the solar wind) and internal sources
(magnetospheric resonator, which could be excited,
among other things, by a substorm). The dynamics of
the “fine structure” of a large vortex — small vortices,
in the magnetosphere as a whole coincides in propaga-
tion velocity and direction with geomagnetic pulsations.

Keywords: geomagnetic Pi3 pulsations, equivalent
current vortices, azimuthal and meridional propagation,
penetration of ULF waves from the interplanetary me-
dium into the magnetosphere, field line resonance.

BBEJEHHUE

UzBectHO, uyTO Pi3-mymnbcammm — upperyispHbe
JUIMHHOTIEPUO/THBIE KoJieOaHHsi T€OMarHUTHOTO MOJIs, KO-
TOpPBIE MOTYT T'€HEPUPOBATBCS BO BpeMsi MarHUTochepHon
cy00ypu [Saito, Matsushita, 1967]. B 0630pHoii pado-
te [Saito, 1978] npuBenena kinaccudukanus, COrjaacHo
KoTopoit Pi3 pasnmensrorcs Ha moakateropun: Ps6 u Pip.
Ps6-mrynbcarmum (7>400-600 c¢) npeobmamatotr B D-KOM-
MIOHEHTE TeOMarHUTHOTO 101, Y Pip-mynscaruii (7<400 c)
aMIUIMTYAbl CPaBHUMBI BO BCEX KOMIIOHEHTax. Mcrou-
HUKOM Pi3, KaKk ¥ Ipyrux TeOMarHUTHBIX ITyJIbCaIUi, sIB-
JSTIOTCSL TIPOCTPAHCTBEHHO-BPEMEHHbIE BapHalli HHTEH-
CHBHOCTH TPEXMEpHBIX TOKOBBIX cucTeM [Saito, 1969].
Pi3-nmynscanuu, cBs3aHHBIE ¢ CyOOypel, Kak mpaBuio,
JIOKaJIM30BaHbl B HOYHOM CEKTOpe MarHutocdepsl. B To
K€ BpeMsl M3BECTHA CB3b Pi3-mynbcarmii ¢ BapranusiMu
nmapaMeTpoB MeXIuIaHeTHOH cpenbl [Han et al., 2007].
B pabore [Alimaganbetov, Streltsov, 2018] nposenen
CTaTUCTUYECKUH aHAJIHM3 BOJHOBBIX BO3SMYIICHHUI B COJI-
HeuHoM BeTpe (CB) Bo BpeMmst cy0Oyph UM OOHapykeHO,
YTO BOJIHOBBIE BO3MYyIIeHus: ¢ yactotamu 0.6—0.7 mI'g
4acTo HaOIIOMAIOTCS BO BpeMs cyOOyph OJJTHOBPEMEHHO
u B CB, u Ha 3emne. [Ipeanonoxurensro, Pi3, 00ycnos-
JICHHBIE BHEIIHHM BO3/ICHCTBUEM, JOJKHBI HE TOJIBKO
PEruCTpUpOBAThCS B HOYHOM CEKTOpE MarHuTochepsl,
HO ¥ 00pa30BbIBaTh BHICOKOLIMPOTHYIO TOKOBYIO CHCTEMY
COOTBETCTBYIOIIMX IMPOCTPAHCTBEHHBIX MaCIITAOOB.
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M3BecTHO, 4YTO B3aUMOJEHCTBUE JUAMarHUTHOM
ctpyktypsl ([C) ¢ maruuTochepoi 3eMiu MpUBOIUT
K SIBJICHUSIM, TOJIOOHBIM CYOOYpeBBbIM, KOTOPBIE MOTYT
conpoBoxaarbess Pi3-nmynbcanmsmu [[lapxomoB u Jp.,
2017]. OTu cTpyKTYpbl (paKTHUECKH MPEACTABISIIOT CO-
0011 MarHUTHBIE XTYTHI, 3allOJHEHHBIE MIa3Moil [Ecere-
Bu4, EceneBny, 2005]. Ha ux moBepXHOCTH TEYeT aua-
MarHUTHBIH TOK, YMEHBIIAIOIINH MarHUTHOE TI0JIe BHYTPH
1 YBEITMUUBAIOUINI €r0 BHE TPYOKH.

BaxHoii XxapaKTepUCTUKON MyJIbCALMM SBISETCSA UX
pacIpocTpaHeHHe, HalpaBiIeHHe KOTOPOTO MOXKET yKa-
3bpIBaTh Ha MX HCTOYHUK. B paborte [Mowucees u np.,
2020] mo Ha3eMHBIM T€OMAarHUTHBIM HAOJIOJCHUIM
OBI7I0 OOHApYXKEHO a3UMYTAJIBHOE pacIpoCTpaHEHHE
nyiscanuii co ckopocthio 0.6—10.6 kKM/c Ha BOCTOK U
Ha 3amaj  OT MOJYHOYH, BJOJH MEpHIUAHA ITyJbca-
A PacIpOCTPAaHAINUChE K 3KBATOPY CO CKOPOCTHIO
0.75-7.87 xm/c. PactipocTpaHeHue MyIbCalil MOKHO
OIIEHUBATh TAK)KE I10 CMELICHUIO UX TOKOBBIX CUCTEM.
B pabore [Mowucees u zp., 2024a] BBIIOIHEHO CpaBHEHHE
CKOPOCTEN PaclpoCTpaHEHHs] FEOMarHUTHBIX ITyJIbCALHH,
JIOKQJIN30BAHHBIX Ha JIHEBHOW CTOpOHE M 0003Hayae-
Mbeix TCV (travelling convection vortices), mo ¢a3zo-
BBIM 3a/IepaKKaM IyJIbCalliil 1 Ha OCHOBE MepeMmelle-
HUSA UX 3KBHBAJICHTHBIX TOKOBBIX cucteM. CkopocTH
pacmpocTpaHeHHS, U3MEPEHHBIE 3TUMH METOJaMH, OT-
JIMYAIOTCSI TPUMEPHO B JBa pasza (Oomnbme mo ¢aso-
BBIM 3aJIep)KKaM).
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Tabuuua 1
Koopaunats! HazeMHbIX ctanimil (SMAG), HCIIONB3yeMBIX IS H3y4EeHUs a3UMYTalIbHOTO PacIpOCTPAHEHUS ITyJIbCAIlIH
I'eorpadpuueckue Hcnpasnennsie
Ycepennennas
AbOGpeBuarypa KOOPJIMHATBI T€OMAarHUTHbBIE KOOPIMHATHI
mmpora

mMpoTa | JOIroTa mIMpoTa JIONT0Ta

GHC 68.63 264.15 77.54 —31.68

IGC 69.30 278.2 78.43 -5.39

76-79 UPN 72.78 303.85 78.93 40.20
NAL 78.92 11.95 76.57 109.96

DMH 76.77 341.37 77.34 84.38

B Hacrosme#t pabote MBI IpOaHATIM3HPYEM PacIIpo-
cTpaHeHne Pi3-mymbcamuii, perucTpupyeMbIX TI00aIsHO
10 Ha3eMHBIM U CIyTHHKOBBIM HaOmozaeHusiM. IIpomoms-
HBIC TOKH BO BpeMs Iylbcaluil OyJeM M3ydaTh ¢ IOMO-
B0 TEXHUKHW MHBEPCHH MarHutorpamMM. Hackoipko Ham
H3BECTHO, UCCJIEOBaHUN AMHAMUKHU ITI00aNbHBIX MYyJIb-
caluil ¥ BUXpel COOTBETCTBYIOIIUX IIPOCTPAHCTBEHHBIX
MacITaboB paHee He IIPOBOIUIOC.

Lenbto paboThl sBISETCS M3y4eHHE MOPQOIOTHH
U TUHAMUKH OOJIBIIHX TOKOBBIX BUXPEH — BBICOKOIIHU-
POTHOM TOKOBO# crcTeMBbI r1o0anbHEIX Pi3-mymscanui,
a TaKke M3yYCHHE BKJIaJla BHEIIHUX W BHYTPEHHHX HC-
TOYHHWKOB B YaCTOTHBIA CIIEKTp Iysbcanuid. [ aHanm3a
6610 BEIOpaHO coObrTie 11.09.2015, B xoTOpOM HabImO-
JaJTICh TEOMarHUTHBIC Iy IbCalliy B Auamnazone Pi3.

1. SKCHHEPUMEHTAJIBHBIE

JAHHBIE

Jiis m3ydeHns MEpUINOHATBHOTO U a3MMYTalbHOTO
pacrpocTpaHeHHs] TEOMarHUTHBIX Pi3-mynmbcaruii U 9k-
BUBAJICHTHBIX TOKOBBIX BHXpEH HCIOJIB30BAINCH
MaHHbIE TEOMAarHUTHBIX HAOMIOIEHUNA N3BECTHOM Oa3bl
nanabix  SUPERMAG  [Gjerloev, 2012; https://
supermag.jhuapl.edu/mag/]: KOOpAMHATHI CTAHIMNA TPH-
BeJieHbI B Ta0u. 1 u 2. [l mocTpoeHHs SKBUBAJICHTHBIX
TOKOBBIX CHCTEM METOAOM CPEPUIECKUX FMEMEHTAPHBIX
ToKoBBIX cucTeM (COTC) mcmomb3oBanach 61 cTaHIHS
SUPERMAG c reorpapuueckumu mruporamu 45.14°—
77.47° m gonroramu 199.54°-267.89°; MmeTogOM TEXHH-
ku uHBepcun Marautorpamm (TUM) — 144 cranmumn
CesepHoM nonymapuu, 34 — B FOxxHoMm nomymapuu. Ha
CIIyTHHKAX WCIIOJIB30BAJINCh HM3MEpeHus] 0a3bl JaHHBIX
CDAWEB [http://cdaweb.gsfc.nasa.gov/]. Koopmunarsr
CITYTHUKOB TMpuBeAeHbI B Tabm. 3. JIns uzydeHus: pacrpo-
CTpaHEeHUsI UCTIOJIb30BANIMCH TaHHBIE HA3€MHBIX CTaHIUI
C BpeMeHHbIM paspemierreM 60 ¢, TIOCKOJBKY JJIUTEINb-
HOCTh (a30BBIX 3aJieprkek CUrHANIOB > 60 ¢. CIyTHUKOBEIE
JJaHHBIE HCIHOJb30BATIKNCh C BPEMEHHBIM pa3pelIeHUEM
3 (Themis), 60 (Geotail), 4 (Cluster), 5 ¢ (GOES).

2. METOIUKA AHAJIN3A

CpaBHUBAJINCH CKOPOCTU PACIPOCTPAHEHUsI 110 a3H-
MYTY, MOJy4eHHBIE BYMS METOJaMU: 1O (ha30BBIM 3a-
JIep’KKaM MAarHUTHBIX BapHWalui Ha CTAHIUSAX W 10 Tie-
PEMEIIEHUIO BUXpel SKBUBAJIECHTHBIX HOHOC(EPHBIX TO-
KOB. Metonpl onmcansl B [MouceeB u 1p., 20246]. B uc-
CllelyeMOM COOBITHH MYJBCAIIUM C XOPOILIO BBIPa)KEH-
HOW (popMOil HaOIIIOJATUCh HA BBHICOKHUX IIUPOTAX, I10-
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S9TOMY HX a3UMYTaJBHOE PACIpPOCTPAHCHHE H3YJaIoCh
TOJBKO BJOJb WCHPABICHHBIX T€OMArHUTHBIX IIHPOT
d'=76°-79°.

pononerste Toxu (I1T) Pi3-mynbcanmii n3ydanmch
¢ momompio TUM [BazapkamoB u ap., 1979; Mishin,
1990; ITenckux, 2020]. DTOT METOA MO3BOJISET PACCUH-
THIBaTh OCHOBHBIE JJIEKTPOJMHAMUYECKHE TapaMeTphl
HOHOC(EpPhI ¢ OHOMHHYTHBIM BPEMECHHBIM pa3pelicHHEM
10 JTaHHBIM TI0JII T€OMAarHUTHBIX BapUaIllUii MHPOBOM
CEeTH Ha3eMHBIX MarHUTOMETPOB. B nmanHOI paboTe c mo-
Mormipio THUM ObLTH MONMYYCeHBI: YKBUBAJICHTHBIE TOKO-
Bole pynkmuw, IIT mpu omHOPOIHONW HPOBOIUMOCTH,
a Taxoke rpanuubl 30H [T [Jlynromkus, [lenckux, 2019;
Menckux u ap., 2021]. Ans seigenerus Pi3-mynpcanmit
13 TEOMAarHUTHBIX NAHHBIX HAMH HCIIOJIB30BAIICS IH(D-
POBOIi TIOJIOCOBOH (HMIBTP, HACTPOCHHBIA Ha YaCTOTHI,
COOTBETCTBYIOIIIE 3TUM MyJibcanusM [MouceeB u np.,
20246].

3.

Ha puc. 1 mokazaHel aHHBIE W3MEPEHUI Mapamer-
POB IIJIa3MBI ¥ MEXIUIAaHETHOTO MarHuTHOro mosist (MMIT)
B CB: xomnonentst MMII 1 KOHIEHTpaLUsi MOHOB
(a—e), V,-KOMIIOHEHTa CKOPOCTH WOHOB W JUHAMHUE-
ckoe nmaBieHue CB Py (0, e) Mo NAaHHBIM CITyTHHKA
THEMIS-B (ThB) B coositru 11.09.2015. BHuzy Ha na-
HEJIAX Jic, 3 JUISl pacCMaTPUBAEMOI0 MHTEPBaJIa TTOKa3aHbI
uagexcsl AL u SYM-H. C 9:00 mo 11:00 UT nabmrona-
TUCh TpH KoyiebaHmsa c mepuogoM ~30 MuH B B.-
xomnonenre MMII u Py KOTOpBIE NPOSIBUIINCH HA 3€M-
HOHM MOBEPXHOCTH B Bapuauusx AL v reoMarHUTHBIX
nynbcanusax B auanazone Pi3. KonebGanusM npexmie-
CTBOBAJI HHTEPBAI, B KoTopoM B, MMII Oblna Hampas-
neHa k tory ¢ 07:30-09:00 UT. B ato Bpems oTMeUaInch
B,<0, B,>0, V,-xomnonenra ckopoctu CB napacTana ¢
450 no 550 xm/c. KoHIeHTpaIysi HOHOB B TOM HHTEP-
Bayle M3MeHslach B npotuBodaze ¢ momynem MMII,
TaKMe M3MEHEHNS] KOHLIEHTPAINH TIJIa3Mbl 1 MAarHUTHOTO
monst Habmonarotes B JIC [IlapxomoB u ap., 2017], a
TaKKe THUIMWYHBI [T Kosiebanuii MemienHon Moapl [Hada,
Kennel, 1985]. Kak noka3pIBaroT reOMarHUTHBIE UHICKCHI,
COOBITHE PETHCTPUPOBATIOCH BO BpeMsl yMEpEHHON Mar-
HUTHOH Oypu M Ha (OHE 3aBEpIICHUS HHTCHCUBHOM
cy00ypu, B3pbhIBHas (a3a kotopoi mmmiack ¢ 08:14
10 09:40 UT.

Ha puc. 2 noka3aHbl U3MEHEHUSI MAaTHUTHOTO MOJIS
Ha ciryTHUKax B CB B HOMy/IeHHOM M yTPEHHEM CEKTO-
pax maraurocteps B 9:00-11:00 UT. [danusie Habi0-
nennit B CB naner co caqsurom 10 MuH, 9TOOBI mMpoIIe
66110 cpaBHUTH (hopMy Kosebanuii B CB 1 marauTochepe.

PE3YJIBTATBI AHAJIN3A
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Tabuma 2

KOOpHI/IHaTLI Ha3€MHbBIX MAarHUTOMETPUICCKUX CTaHHPIﬁ,
HCNOJIb3YEMBIX JIA U3YUCHUS MEPUIUOHAIILHOTO pACIIPOCTPAHCHUS T€OMAarHUTHBIX HyJ'IBCﬁHI/Iﬁ

I'eorpaduueckue HUcmpaBrneHHbIe
A6OpeBuarypa Cetp KOOPJUHATBI T€OMarHUTHbBIE KOOPIMHATHI
IIUPOTa | JOIroTa IIUPOTA JI0JIrOTa
THL 7747 290.77 84.72 29.24
SVS 76.02 294.9 83.00 32.87
KUV 74.57 302.82 80.69 41.92
UPN 72.78 303.85 78.93 40.20
UMQ 70.68 307.87 76.38 42.58
GDH Grw 69.25 306.47 75.25 39.39
ATU 67.93 306.43 73.99 38.19
STF 67.02 309.28 72.64 40.87
SKT 65.42 307.10 71.43 37.22
FHB 62.00 310.32 67.41 39.05
NAQ 61.16 314.56 65.75 43.19
IGC 69.30 278.20 78.43 -5.39
RPB 66.52 273.77 75.99 —13.51
CDC 64.20 283.40 73.47 3.04
T47 62.20 284.35 71.51 4.23
T53 60.82 281.85 70.39 0.08
T46 USAE 60.05 282.71 69.60 1.36
T44 58.47 281.92 68.14 —0.04
T31 56.50 280.80 66.31 -1.92
T52 53.79 282.38 63.54 0.26
T51 48.05 282.22 57.86 —0.43
OTT 45.40 284.45 54.98 2.52
RES 74.69 265.11 82.93 —35.54
GHC 68.63 264.15 77.54 —31.68
BLC 64.32 263.99 73.60 -30.06
RAN 62.82 267.89 72.45 —23.12
FCC USAC 58.76 265.91 68.50 —25.59
GIM 56.38 265.36 66.16 —26.08
PIN 50.20 263.96 59.96 —27.43
Co08 45.87 264.92 55.72 —25.69
T56 45.59 267.03 55.60 —22.65
YKC 62.48 245.52 69.42 —56.85
SMI 60.03 248.07 67.48 —52.27
FMC 56.66 248.79 64.28 —50.02
T36 54.71 246.69 61.95 —52.09
C06 USAW 53.35 247.03 60.64 -51.24
RED 52.14 246.16 59.25 —51.96
T43 50.87 245.70 57.86 =52.17
T03 50.37 247.02 57.60 —50.40
LET 49.64 247.13 56.88 =50.07

Ceepxy BHM3 NOKa3aHbl MOAYNb B M B, .-KOMIIOHEHTEI
MaraHuTHoro nons. Ha puc. 3 mokasaHsl Te ke JaHHbIE
IIOCJIE€ TOJ0COBOH (UIBTpAIMK: BUAHO, YTO (GUIBTP
HE BHOCHT ()a30BBIX MCKAXCHHUH B MCXOIHBIC CUTHAJEI.
Bapuaruu 8 CB Ha ThB, ThC u B monyaeHHOM ceKkTope
marauTocdepsl Ha Geotail (GL) moxoxu, u3 gero cie-
IyeT, 9To (GpopMa U3MEHEHHUH MOoJIs B TOIYyACHHOM CEK-
TOpe B 3HAYMTENIHLHOH CTeleHH OoO0ycJOoBJIEHAa WX IpO-
HuKHOBeHueM u3 CB.

3nauenne V=186.4 xm/c (MeHbine Vep=550 km/c)
ckopoct YHU-BonH Obu1o ompeneneHo 1o (a3oBoii 3a-
JIepKKE B KOJIEOAHUSX MOJIYJISI BEKTOpa MAarHUTHOTO TIOJIS
|B| mexy ciyriukamu ThC u ThB u paccTostHuIO Mex Ity
HUMHU. MBI onieHmn Hanpasiienue Hopmamu JIC, poHT
kotopoii peructpuposaics B 09:10 UT (cm. puc. 1). [la-
pameTpsl HOPMAJI PACCUUTHIBAJIFICH METOIOM CMeIaH-

HBIX JaHHBIX [Abraham-Shrauner, Yun, 1976] ¢ ucnoib-
30BaHMEM TeopeMbl komiutaHapHocTu [Colburn, Sonett,
1966]

(B1-B2)x((B1-B2)x(V1-V2))

n=x= (1)
|(BI-B2)x((BI-B2)x(V1-V2))
Ha OCHOBE KOTOPOH ompeaenuiu ckopocts J1C
2V2—plVl)-n
v, - (P2V2=plVl)n @

p2—pl

rae Bl, V1, pl, B2, V2, p2 — marauTHoe mosie, cKo-

pOCTB, IIOTHOCTH TTa3Mel iepex pporToM JIC u 3a HUM.
Hopmaims x ¢ponty JIC opreHTHpOBaHa B HampaBiIe-

Hum Y-coctapisrommeit (n=[0.1095, 0.912, 0.3953] B cu-

creme GSE-koopanHar), 3HaueHune ckopoctu Gponta J1C
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Puc. 1. TTapameTpsl 1m1a3Mbl 1 MEXIJIAHETHOTO MarHUTHOro nosis B CB: komnonenta MMII, ero Moayie B, KOHLIEHTpaIus
HOHOB (a—2), V,-KOMIIOHEHTa CKOPOCTH HOHOB U auHammdeckoe napienue CB (0, e) mo manaeiM cirytHuka THEMIS-B B co0ObI-
Tt 11.09.2015 B 07:00-11:00 UT, AL u SYMH (o1, 3) 11 paccMaTprBaeMOro HHTEpBaJia
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Puc. 2. CriyTHUKOBbIE U3MEPEHUSI MAarHUTHOTO MO (MO-
nyiab B u B, -KoMmoHeHThl MarautHoro mons B CB (THE-
MIS-B, THEMIS-C) u maraurochepe (GEOTAIL n GOES-13).
Jannsie B CB capunyThl Ha 10 MUH ¥ IaHBI C ITOBBIIIAIOIIIM
ko3 durmeHToM

Vne=182.8 KM/c XOpOILIO COTNIacyeTcsi Co CKOPOCTHIO pac-
npoctpanenust YHY-pomnel B CB, omnpeneneHHOH Bble
1o (a30BBIM 3a7epXKKaM MeXTy ciyTHHKamu. Habmoma-
€MBbIe CKOPOCTH PACIPOCTPaHEHHUSI MOYKHO OOBSICHUTH TEM,
yro YHY-BOHBI paclpoCcTpaHAKOTCA BBEPX IO HaTEKaro-
ieMy notoky B ctopoHy Connua u cHocarca CB k 3emute.
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Puc. 3. CriyTHUKOBBIE U3MEPEHUSI MarHUTHOTO MO (MO-
nyib B u B, .-KOMINOHEHThl MarauTHOro nojis B CB (THE-
MIS-B, THEMIS-C) u marautochepe (GEOTAIL u GOES-13)
oTdunpTpoBanusie B mosioce 1000-2400 c. Jlanusie B CB
cIBUHYTHI HA 10 MUH ¥ JJaHBI C MOBBIMIAIOINM KO3 PUIHEHTOM

Bapuaru monst Ha GOES-13 (G13), pacnonoskeHHOM
B YTPEHHEM CEKTOpEe, OTIIMYAIOTCS 110 4acTOTe OT HaOJII0-
JTAEMBIX B TIOJNIYICHHOM CEKTOpE, W U3yYUTH PacIipo-
CTpaHEHHE ITyJIbCAllUi 1Mo (a30BBIM 3aJePKKaM Ha ITHX
CITyTHHKAaX HE MPEJCTABISIETCS BOSMOYKHBIM.
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Tabimma 3

Koopaunater ciiyrHukos B Mmarautocgepe 11.09.2015
B 10:00 UT B cucreme GSE

Criyramn GSE koopaunatsl, R,
X Y V4

THEMIS-B 61.78 | -20.97 | -3.26
THEMIS-C 60.27 | —24.56 | -3.94
GEOTAIL 8.59 3.62 | —0.02
GOES-13 —1.64 -5.94 | -2.39
THEMIS-D —4.61 -9.03 | -2.09
GOES-15 —6.35 -1.85 | —0.19
CLUSTER-4 | -8.70 -2.71 | —12.05
CLUSTER-2 | —-10.07 -2.00 | -11.39
GL(B0/3) G13 —— ThD ——Gl5 Cc2

-10

-20
09:00 09:30 10:00 10:30 uT 11:00

Puc. 4. CBepXy BHH3: MOIYyJb MarHUTHOTO IOJI B, Mo-
JyJdb MarHMTHOrO ToNs By, OTQUIBTPOBaHHBIA B MoOJOCE
1000-2400 c, nponosbHast KOMIIOHEHTa By B koopauHaTax Mean
Field Aligned B marnmurocdepe Ha cmytHukax GEOTAIL,
GOES-13, THEMIS-D, GOES-15 u CLUSTER-2

Ha puc. 4 noka3zanbl MOAYJIb MAarHUTHOIO NOJs B,
(GuIBTPOBAHHKIH MOJYJIb MATHUTHOTO HOJSA By M Hpo-
JOJbHAsT KOMITOHEHTa B, B koopmuHatax Mean Field
Aligned Ha cmyTHHKaX, PacIOJOXEHHBIX B CEKTOpE
OT YTPEHHHX O MOJIYHOYHBIX YaCOB MECTHOTO BpeMe-
HU. [loKka3aHBI H3MEPEHUS CITyTHUKOB, PACTIOI0KESHHBIX
B 10:00 UT B cnexyromux cexropax MLT: G13 (05 MLT),
THEMIS-D (ThD, 04 MLT), GOES-15 (G15, 01 MLT)
n CLUSTER-2 (C2, 02:30 MLT). Ionobue dopmsl
KoJieOaHui B MOJIyJIC TOJIS HA PA3HBIX CIyTHUKAX IMO03-
BOJISICT OIICHUTh CKOPOCTH PACIPOCTPAHEHHS C HOYHOM
Ha YTPEHHIOI0 CTOpOoHY: ckopocTh C2-ThD ~95 km/c,
G15-G13 — ~113.7 km/c. [Togobue ¢opmsl mynbca-
Ui Ha HIDKHEH U CpeHeH TaHeH O3BOJISECT TOBOPUTH
0 3HAYUMOM BKJIa/Ie KOMIIPECCHOHHOI KoMIoHeHTH CB
B TGOMAarHHUTHBIC MyJIbCAIUU, 3TO TOATBEPKAACTCS Be-
JUYUHOU B()-KOMIIOHEHTBI, MaKCUMalbHas aMIDIHTYJA
KOTOPOH HaOJrofaeTCsl B MOTYICHHOM CEKTOPE, MHHH-
MaJibHasi — B MOJYHOYHOM.

Ha puc. 5 mokazaHa MUHAMHKA [MOTOKOB B MarHHTO-
ctepe sHeprUIHBIX 371eKTpoHOB J.=30-50 k3B Ha G13
n G15, J.=40 x3B na ThD u J.>>40 k3B Ha Cluster-4
(C4, 3 MLT). Bunno, uto Ha crmyTHHKax, kpome ThD,
OBICTpBIC HapacTaHUs MOTOKOB CMEHSIOTCS Oojiee MeI-
JIEHHBIMH CTIaflaMH. DTO OOYCIIOBJIEHO TEM, YTO YaCTH-
Bl TOCPEICTBOM MarHUTHOTO Jpeiida MOCTENeHHO ITo-
KHIAIOT JIOKAJIM30BAHHYIO O0JIACTh, IJIe OHHM OBLIH HH-
*eKTupoBaHH (Ha cnytHuke ThD ckopoctu HapacTa-
HUSI ¥ CTIaJIa TIOTOKOB COBManaroT). M3 ha3oBbIX 3amepxex
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Puc. 5. Tlotoku suepruunbix J,=30-50 k3B (GOES-13),
40 ¥>B (THEMIS-D), 30-50 k3B (GOES-15), J.>40 x»B
(CLUSTER-4)

BapHallii B TOTOKaX (OTMEYEHBI CTPENKaMH) MOXKHO
CIIeNIaTh 3aKIIOUCHHE O PACHPOCTPAHEHHH YHEPTHIHBIX
Je C HOUHOM CTOPOHBI HAa JTHEBHYIO CO CKOpocTsAMU 39.3
(C4-ThD), 23.8 xm/c (ThD-G13). OHn 61am3Ku cKOpo-
CTSIM pacIpOCTpaHECHUs CyOOYpeBBIX WHKEKIUA 24 Km/c,
OIlcHEHHBIX B [Reeves et al., 1996].

Ha puc. 6, @ nmoka3ansl GpuiIbTpOBaHHBIE BapHALIH
H-KOMIIOHEHTBI MarHUTOMETPOB, PACIpPEEIeHHBIX 0
azumyTy Ha @'=76°-79°, cpaBa — 3aBHCUMOCTb a3UMY-
TaJIBHON CKOpocTH pacmpoctpaneHus ot LT (6), pacnpe-
nenenus 11T, noctpoennsie ¢ nomomwso THUM i otpu-
LaTe’IbHOM TONYBOJNHBI Ha MarHutorpammax Ha 09:50—
10:00 UT (6), s nonoxutessHOM nomyBosHel B 10:05—
10:20 UT (2), B HIDKHEI 9acTH — paclpeeieHAs SKBUBA-
JIGHTHBIX HMOHOC(EPHBIX TOKOB, ITOCTPOECHHBIE METOIOM
COTC B 3TH e MOMEHTH BpeMeHH (0, e). [luHammka
BUXpEH € UCTIOIB30BaHIEM 3TOTO MeTo/la Oblila MpoaHalIy-
3MpPOBaHA C TIOMOIIBIO MPOTPAMMHOTO KO/Ia, HAITMCAHHOTO
B cpene MatLab, [Vanhamaéki, Juusola, 2020], nocryn-
woro mo cceuike [URL:https://link.springer.com/chapter/
10.1007/978-3-030-26732-2 2#Sec18]. Kak cuenyer
u3 (a3oBbIX 33/IepKEK MarHUTHBIX MyJbcalluii (MaHeNb d;
MaKCHMYMBI, MO0 KOTOPBIM aHAJIH3HUPOBAJIOCH PACIIpPO-
CTpaHEHHE, OTMEUYEHBI 3Be304YKAMHU), OHH PacHpocTpa-
HSUTUChH C JTHEBHOW HA HOYHYIO CTOPOHY CO CKOPOCTSIMH
3-9 xm/c. Ha xaptax pacnpenenenuii [IT TUM moxazaHb
BTEKaromue (CHHUH IBET) W BBITEKAIONIUE (KPACHBIH
uset) [T (manemu g, 2). Mexmy CIOSMH TPOTHBOIIO-
noxHBIX [IT mpoucXoauT ycHiIeHHE XOJUIOBCKHX TOKOB
3alaJJHOTO HAIpaBJICHUs] B YTPEHHEM CEKTOpPE M BOCTOY-
HOTO HAmpaBJIeHHWsS — B BEUEpPHEM (3€JeHas W yepHas
CTpEJIKM COOTBETCTBEHHO Ha IMaHenu ). Takoe pacro-
JIOKEHHE DIIEKTPOCTPYH COOTBETCTBYET TOKOBOW CHCTE-
me DP2. Ha moctpoenHsIx kaprax pacmpeneneruii 11T
THUM MOHO BHIETb, YTO BO BpEMs IIOJIOKHUTEJIbHOU
TIOJTYBOJTHBI 3alIaIHBIA TOK UMEET OOJIBIIYIO MPOTSHKEH-
HOCTBb IO JIOATOT€ U MOXHO CKa3aTb, YTO JONOJHUTENBHO
x DP2 ycunuBaercs u Tokosas cucrema DP1. COTC
Ha MaHeJn O MOKa3bIBaeT OOJIBIION XOJJIOBCKHH BHXPB,
PAacIIOI0KEHHBIH B YTPEHHEM CEKTOpe. 3amaiHbli XOJ-
noBckuil Tok Ha kaprax THM cooTBeTCTBYeT HMXKHEH
gactn 3toro Buxps Ha D'=70°-80°. CormacHo Kapre
pacrpenenenus I1T B monochepe, IIMPOTHBIN MAKCUMYM
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Puc. 6. H-KOMITIOHEHTa F€OMarHUTHOTO MOJISI CTAHLIMH, pacIipe/ieNIeHHbIX 10 a3UMYTY Ha UCIIPABJICHHBIX T€OMarHUTHBIX LU~
potax 76°-79°, ordunsrpoBanHas B nojoce 1000-2400 ¢ (@); 3aBUCUMOCTb a3UMYTaJIbHOW CKOPOCTH PacHpOCTPAHEHUs BIOJb
mmpotel @'=76°-79° or MLT (6); pacnpeneneHus IpoJ0JIbHEIX TOKOB ¢ momoinsio TUM (s, 2); pacnpeneneHus SKBUBAJICHT-
HBIX HOHOC(EepHBIX ToKOB 1m0 Metoxy COTC (0, e) ms orpunatensHoif momyBoaHs B 09:50—-10:00 UT (s, 0) 1 A7 MONOXKHUTENb-
Ho#t B 10:05-10:20 UT (e, e) reomarautHbIxX Pi3-mynscarmit (a)

3aMaHON BJIEKTPOCTPYH JISKHUT Ha IIMPOTAaX MaKCHMyMa
OTC (Ha rore OOJIBIIIOTO BUXPs) HA TPAHKIIE MEXKTY 00JIa-
cTsAMU BTekamux U BeiTekaromux [T (obmactu 1 u 2).
JAst oTpuLaTeNnbHON M MOJOKUTENBHON MOMYBOJIH 3TOT
TOK FIMEET pa3HOe HAIPaBIICHHUE BCIICACTBUE MPOTHUBOIIO-
JIOKHBIX HATIPABJICHHUH XOJUIOBCKHX TOKOB BHYTPH U BHE
BUXpsI (HAalpaBJICHHE MOKa3aHO OEJbIMU CTPEIKaMH O, €).
OTC npoTHBOMOJIOKHOTO HANpaBIEHHUsS PETHCTPUPOBA-
JUCh Takke BO BpeMs TJOOATbHBIX PcS-mymbcanuit
[Huang, 2021].

MpbI mpoaHaNM3UPOBAIM JUHAMUKY BHXpei, 0003Ha-
YEHHBIX O€JIBIMU CTpeNKaMHu (TIaHEIb €): TPAeKTOPHUHU BUX-
peli, MepUIHOHAIBHAS M a3UMyTaJIbHAasi CKOPOCTH PacIpo-
CTpaHEHUs TIOKa3aHbl HAa puc. 7. TpaeKTOpUU CMEIEHUS
BBICOKOIIIMPOTHOTO (d) W HHU3KOMIHMPOTHOTO (6) BHXpeH
pacroyararoTcst BIOJb TPaHHIBI pasfeiia MOope—cCyIla.
Buxpu pacnpocTpaHSIOTCS BIOJIb MEPHINAaHA K CEBEPY
co ckopoctamu 1.6—4 km/c (). [To asumyty perucrpu-
PYIOTCS TIPOTHBOIIOJIOKHBIE CKOPOCTH paclpocTpaHe-
HUs £25 kM/c (2), U3 Y4ero MOXKHO 3aKJIFOYHUTh, YTO IO
a3UMyTy BHXpPH HE pacmpocTpassiorcs. Jlokammsammio

71

BHUXpPEH BJOJb TPAHUIIBI pa3zesia MOpe—cCyIla MOXKHO
OTHECTH K TaK Ha3bIBaEMbIM OeperoBbiM 3 eKTam.
Jns u3ydeHHs 4acTOTHBIX CHEKTpoB Pi3-mynbcanuid,
MX TUHAMUKA B MEPHIVOHAILHOM HAIIPABJICHUH, a TAKKe
JUISL OTIPEICNICHUST IMUPOT PE30HAHCOB CHIIOBBIX JIMHHI,
ObUTH BBIOpAHBI YETHIPE MEPHUIMOHAIBHBIC IICTIOYKH
Ha3eMHBIX MarHUTHBIX CTAaHIUH, KOOPAWHATE KOTOPBIX
naHbel B Ta0I. 2. [TonoskeHHe 3THX [EMOYeK CXEeMaTHIHO
Tpe/ICTaBNIeHO Ha puc. 8, 6. Ha manenmy a moka3aHsl criek-
Tpbl MomHOCTH YHY-BosH B CB, cniektpsl Pi3-mynscanmit
Ha 3emJie Ha pa3HBIX MIUPOTAX, 3aBUCHIMOCTDh MEPHANO-
HAJIBHOM CKOPOCTH paclpOCTPaHEHUs MyJIbCAllUi OT LIu-
POTHI (6) ¥ 3aBHCUMOCTh IIUPOT 3aMaTHOM ANEKTPOCTPYH
U PE30HAHCOB CWIIOBBIX JimHUN 0T MLT (2). BumHo (a),
41O cHekTpsl koiebanuii B CB u Ha 3emsie umeror 00-
i uk Ha yacrore 0.55 mI (o6o3HaueH mudpoii 1),
OH BBIpakeH BO Bcex komnoHeHntax MMII u B ckopoctu
CB. Iuku Ha vactorax 0.82 u 0.96 mI'11 (2, 3) Ha crek-
TporpaMMax Ha3eMHBIX CTaHIUN UMCIOT SBHYIO 3aBH-
CUMOCTh OT IIMPOTBL: C MaKCHUMAaJbHONH HHTCHCHBHO-
CTBIO HAOIOAar0TCS Ha 60JIee BRICOKUX M 00Jiee HU3KHUX
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Puc. 7. Tpaektopun BHXpeil Ha Ooiee BBICOKHX (a) M Gosee HU3KMX (6) IIMPOTAX M CKOPOCTH NMEPEMEICHHs BIOJIb 3THX
TPaeKTOPHH 110 MEpHINaHy U a3UMyTy (6, 2) B 10:10—10:20 UT; HIII, BIIl — Hu3KOUIMPOTHBIE U BEICOKOIIMPOTHBIE BUXPH
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Puc. 8. Ciextpst YHU-Bon B CB, criektps! Pi3-mynbcarnuii Ha 3emiie Ha pa3HBIX MIMPOTaxX, BJOJIb PAa3HBIX MEPUIUAHOB (a),
MEpHU/IMOHAIIBHBIE CKOPOCTH PACHpPOCTPAaHEHUs MyJbCalliii BOJIb PAa3HbIX MEPUAMAHOB (6), KapTa PacIoNOKEHUS MEPHIHO-
HaJIbHBIX IETI0YEK CTAHIMI (), 3aBUCHMOCTb T€OMAarHUTHOM HIMPOTHI 3al1aHON 3IEKTPOCTPYH M HIMPOTHI PE30HAHCOB CHIIOBBIX
nmuaui oT MLT (2)
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Ocobennocmu pacnpocmpanenus

LIMPOTaX COOTBETCTBEHHO. OJTH IHMKU IPHCYTCTBYIOT
TaKKe B CHEKTPax MapaMeTpOB MEXIUIAHETHOH cpezbl
B, B. u N. lllupota pe3oHaHCHBIX KonebaHuit ®'pe, cH-
JIOBBIX JIMHWH ONpENeNsIach ¢ MCIOIb30BaHUEM METO-
mukn [Glassmeier et al., 1999] mo mMakcumanbHON am-
IUIATYJe U pa3HOCTH (a3 KojeOaHUil BIOIb MEPHUANO-
HaJbHOU 1eno4yku cTaHuuid. Ha pacnpenenenus mepu-
JIMOHANIBHBIX CKOpocTel Pi3-mymbcarmii BOOB STHX Me-
pumaHoB HaHeceHa @',.,. BuaHO, uTo npeobnamaer pac-
MPOCTpaHEeHUE ITyJIbCAIMI BIOJb MEPUIHAHA K MOJIOCY,
KOTOPOMY COOTBETCTBYIOT OTPHIIATENIbHbIC 3HAYCHUSI CKO-
pocteit 0.5-5 xkm/c, Ha D'y, 3HAUEHHS CKOpOCTeil mpe-
TepreBaloT pa3pbiB. [TonokeHus 3amnaHON ANEKTPOCTPYH
u @', COBMAAIOT (MIAHETD 2).

4. OBCYKJIEHHUE

Takum 00pa3oM, HAMU M3YYCHBI YAaCTOTHBIA CHEKTP
U JUHAMHKA [I00aThHBIX Pi3-mynbcarmii Ha BBICOKHX
[IAPOTaX M WX YKBUBAJICHTHBIX TOKOBBIX CHCTEM B MarHH-
Tochepe U HOHOC(hEpE B MPOTSKEHHOM CEKTOPE IOJTOT
0-12 MLT. BpisiBI€HO, YTO CHEKTpP MYyJbCALUNA HUMEET
TpU MMKA: HAa BcexX IupoTax Ha yacrtote 0.55 mI'w, nBa
nuka Ha 0.82 u 0.96 mI'11 Ha OGosee BbICOKOI U Ooiee
HU3KOH IMHpOTax cOoOTBeTCTBeHHO. OOHapykeHa CXO[I-
Has JAMHAMUKAa MalblX BUXpPEH, SBJSAIOMIMXCS TOHKOW
CTPYKTYpO# OOJBIIOr0 BUXPSI, M MYJBCAIIIA B HOHOChEPE,
HO TOJIBKO BJIOJIb MEpU/IMAHA, a TAaKXKe PacIpOCTpaHEHHUE
yJbCAIUi ¢ JHEBHOH CTOPOHEI HAa HOYHYIO B HOHOChEpe
U B MPOTHBOIIOJIOXHOM HAIPAaBJICHUU B MarHutocdepe.
OOHapykeHHBIE OCOOCHHOCTH OITMCAHBI HUXKE.

4.1. BHemiHMii M BHYTPUMarHutocgepHblii
ucrtoyHuk Pi3-mynbcanumii

B [Parkhomov et al., 1998] nogo6Ho coObITHIO, pac-
CMaTpUBacMOMY HaMH, B criekTpe PcS-mynmpcanmit 06-
HapyXeHbl J[BAa MaKCHMyMa: HIMPOTHO-HE3aBUCHUMBIN
Ha 2.3 MI'y u 3aBucsamui OT mWHpPOoTH Ha 4-6 MI.
ABTOPBI TIPEIIONIOKHUIIN, YTO KOJIEOAHHs MEPBOTO TUIIA
CBS3aHBI C KOJICOAHMAMH MAarHUTONAY3Bl, KOJEeOaHUs
BTOPOTO THIIA BBI3BAHBI BHYTPUMarHUTOC(EPHBIMH Pe30-
Ha"camu. ['panunia BM3-BonmHOBO/MA, KojeOaHUs B KO-
TOPOM OOYCJIOBWIHM TIEPBBIA THK, 110 UX IPEATIONOXKE-
HUIO, JIGKHUT CHapy>XH MarHuronaysbl. B paccMaTpuBae-
MOM HaMH COOBITHH HIMPOTHO-HE3aBUCHMBIN MUK KOJIe-
6anuii peructpupoBaicsa Ha 0.55 mI'1r B CB, npu 3ToMm
peructpupoBanucy YHY-Bonubsr 0.4-0.7 mI'u. 3aBucs-
e oT mmpoThl kK Ha 0.82 u 0.96 mI'm Ha Hazem-
HBIX MarHUTOrpaMMax MPUCYTCTBYIOT B cnekTpax MMII
1 KOHIIEHTpAIMK. DTO COTJIACYETCS C BBIBOJAAMH PaOOTHI
[Kepko, Spence, 2003], B koTOpoii npHu aHanuse psja
COOBITHII TEOMArHUTHBIX ITyJIbCANNH, BEI3BAaHHBIX BapH-
anusmMu Py, 06110 0OHapYKEHO, YTO JMCKPETHBIE YaCTOTHI
BHyTpHMarautochepusx pezonancos 0.7, 1.3, 1.9, 2.6
u 3.4 mI'n HabOmromaroTcst B Bapuanusx rotHoctu CB
U, TIPEATIONIOKHUTETHHO, OTPAXKAIOT CYIIIECTBOBAHHE CTPYK-
Typ ONpEAENICHHBIX Pa3MEPOB B MEKIUIAHETHOH cpene.
YacroTel KonebaHU B paccMaTpUBAeMOM HaMH COOBI-
TUM OJIN3KK TEpBOM TrapMOHHMKE BHYTpHMarHuTocgep-
HBIX PE30HAHCOB, JEJCHHE Ha KOTOPHIC BBIIIOJIHEHO
BEChbMa YCIIOBHO.

B paccmaTpuBaeMOM HaMU COOBITHH peann3yercs
HECKOJIbKO YCIJIOBHH, OJaronpHUATHBIX JUIS TPOHHKHO-
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BeHus BoJIH u3 CB u reHepanuu u3MeHeHUH MoJIsl B Mar-
HUTOC(Epe, PETUCTPUPYEMBIX TIIOOATBHO: IKCTPEMalib-
Hele 3HaueHus B, MMII, Bapuanuu P, (oTHOLIEHUE
APy/P4~0.5), ckopocts CB ~550 xm/c. OHOBpEeMeHHBIE
m3MeHeHHs N W B THUNWYHBI A KOMITPECCHOHHBIX
MI'/JI-BomH: ObIcTpoii MarHuWTO3BYKOBOM (BM3) m men-
JIeHHO# MarHuTO3ByKOBOH (MM3). B ciryqae BM3-BosHBI
9TH TapaMeTphl M3MCEHSIOTCA B (Qase, a B cliydae
MM3-BoHB — B nipoTrBodaze [Baumjohann, Treumann,
1996], uro u HaOMOAaETCs B HALIEM CIIydae B MEXKILIa-
HETHO# cpene W MarHutocdepe. ANb(MBEHOBCKAs CKO-
pocts CB mo nanueiM ThB cocraBiser ~90 km/c, 9TO
COBIaJIaeT Mo MOpsAAKY co ckopocthio YHY-Bonubl B CB
(168 km/c), — Takum oOpa3om, BomHbI B CB cooTBer-
cTByIoT MM3-BonHam. HeoOxommumo 100aBUTh, YTO allb-
(bBEeHOBCKHE BOJIHBI HE TIPOXOJAT Yepe3 TAHTCHINAIBHBIN
Pa3pbIB, KOTOPBIM SIBISIETCS MarHWTOIAy3a, a M3-BOHBI
MOTYT YacTUYHO NPOHWKaTh depe3 Hee [Leonovich et
al., 2003].

4.2. Ilunamuka reoMarnuTHoIX Pi3-mynbcanmii
U IKBMBAJIEHTHBIX TOKOBBIX BUXpei

HabnroneHus mokasblBaroT, 4TO IMYJIBCAIIMK Ha LIUPO-
Ttax ®'=76°-79° pacnpocTpaHAIOTCs IO a3UMYTY C JHEB-
HOI CTOPOHBI Ha HOYHYIO € V,;=3-9 kM/c, o MepuIuany
MyJIbCAIlUN PACHPOCTPAHAIOTCS B IOJIOCHOM Hampas-
nennn ¢ V,=0.5-5 xm/c. Bonpmon X0oNIoBCKUN BUXPH
mraMetpoM ~3500 kM, HaOIIFOJaeMEbIid B YTPEHHEM CEK-
TOpE, B IIEJIOM HETIOJBIDKECH, OZHAKO B HEM MOXKHO BBI-
JETINTh Mallbleé BUXPH — TaK HAa3bIBAEMYI0 TOHKYIO
CTPYKTYpy Oombmoro Buxps auamerpoM 1000—-1500 kM.
Mauisle BUXpH PacHpOCTPAHAIOTCS TaKkKe K IMOJIOCY CO
CPaBHUMBIMH CKOPOCTSIMH 1.6—4 Km/C.

B [Mowucees u np., 2024a, 6] uccneaoBaanuch Mepu-
JUOHAJIIBHOE M a3MMYTaJbHOE PACIpPOCTPAHEHHE Teo-
MarHUTHBIX ITyJIbCAllMi M OTBETCTBEHHBIX 33 HUX MaJbIX
TCV c nepuonamu 5—10 muH. CpaBHEHHE CKOPOCTEH pac-
MIPOCTPaHEeHUs IyJbCAlMi U BUXPEH, TOIyUYEHHOE B 3THX
paboTtax M B HacTosmel padoTe, ITOKa3ajo, YTO CKOPOCTH
pacrpocTpaHeHus Iy IbCAi U BUXpEH COBNANAIOT B Me-
PHUIMOHAIBLHOM HallpaBICHUH, & B a3UMYTaJIbHOM BHXPH
pacmpoctpasstores OpicTpee ¢ V'=5-25 xkM/c, ipu 3TOM
TCV He ucneIThBatoT 6€eperosoro 3ddexra u pacmpo-
CTPAHSAIOTCA IO JOJITOTE B CEKTOPE MPOTSKEHHOCTHIO
no 12 MLT. O6a sisinenuss u TCV u Pi3 umeror peso-
HAaHCHBII XapakTep, 0JJHaKo, eciu B ciaydae TCV otmeya-
JIOCh COBITJICHUE TTOJIOKEHHUS MX IIEHTPOB C PE30HAHCAMHU
cunobsix nuHUH (field line resonance (FLR), To B ciy-
qae Pi3 monoxenne FLR coBmazmano ¢ 3amagHoi diIek-
TPOCTpYEH, SIBISIIOIICHCST HIWKHEH 4YacThio OOJIBIIOTO
BUXPSL.

B [Huang, 2021] npu u3yuenun riaodabHbIX PeS-myis-
caruii ObUIO OOHApYXEHO, YTO B a3MMYTAJIbHOM Harpas-
JICHUU IyJlbCallUd HE pPaclpOCTPaHsUINCh, WU3MEHEHHE
(a3sl BIOIH MepUANaHa aBTOPHI OOBSICHUIN 33 CYET IBO-
JIIOLMHA TOKOBOM CHCTEMBI MyJbcanuid. bonpimol BUXpb
B pacCMaTpHBaeMOM COOBITHH TaKXe HE pacIpOoCTpaHs-
eTcsd, a YTOOBI MOHATH pa3INyhe B PACIPOCTPAHCHHUH
Pi3-mynmecanmifi ¥ ManbIX BHXpeH, MBI PaccCMOTPETH
a3UMYTaJIbHOE PACIPOCTPAHEHHE Ha TEX K€ CTAHIUAX
(cM. puc. 6, a) o D- 1 Z-KOMIOHEHTaM. AHaJN3 KOM-
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MOHEHT OKa3aJl, YTO 110 HUM He HaOJII0AajI0Cch pacipo-
cTpaHeHus (HE T0Ka3aHo), — BO3MOXKHO, 3TO M 00bsC-
HsieT pasHyro auHaMuKy DTC u mynbcanuii, MOCKOJIBKY
1utst moctpoenust TC UCTONB3YIOTCS BCEe KOMITOHEHTBI.
Beperossie addexTs! B nmossipHbIX custHusAX [Camco-
HOB, 3apenkwuii, 1963; Haxy6osud, 1967] u nonocdep-
HbIX Tokax [[IIneiHeB u Ap., 1977] akTUBHO Hcclieq0oBa-
uch 1o HabmroneHnsM B CoBeTckoil ApkTHke (paiioH
B SIkyTuu ¢ nentpom B 0. Tukcu) B nepuo SKCIE UM
Cuo3MHP u UKDPuA CO AH CCCP 3umoit 1968-
1969 rr. OTH 3(P]EeKTH eCTECTBEHHO CBS3aTh C M3BECT-
HeIM  OeperoBeiM  3d¢exrom  CeHbko—MancypoBa
[Cenbko, 1959; Mancypos, 1959], koTopHIi 3aKm0gaeTCs
B TOM, YTO MHIYLIMPOBAHHBIE TOKA B MOPE MJIM y4acTKax
3eMITH ¢ MOBBIIICHHON AJICKTPOIIPOBOIHOCTRIO Olaromapst
CKMH-3((EKTy BBITECHSIOTCS K OeperaM WIM Kpasm
Ha3BaHHBIX yJacTKoB cymu. MoHochepHbie sddexTs! 3a-
KJIIOYAIICh B YBEJIMYEHHU IUIOTHOCTH HMOHOC(HEPHBIX
TOKOB B 00J1aCTH OEperoBoii JIMHAM, a TAKKe B 00pa3oBa-
HHUU PETyJISIPHBIX BUXPEBBIX CTPYKTYP B HOHOC(HEPHBIX
Tokax. MoHocdepHas mpoeknus 3THX SIBICHUH pacmo-
naranachk Ha cyme ~100-200 kM OT rpaHuIBl pasjena.
COTC-meroa nO3BOJIMII PACCMOTPETh C OAHOMUHYTHBIM
paspeleHreM 3BOJIONHI0 MaIbIX MOHOC(HEPHBIX BUXper
BO BPEMEHH M 3aKJIFOYMTh, YTO MOJIOKCHHE BHUXpEH Ha
paccrosiauu ot OeperoBoii auHuA ~200 KM coriacyeTcs ¢
MIOJTyYCHHBIMU paHee pe3yJbTaTaMH IIPH WCCIICJOBAHUI
OeperoBeix HOHOCGhEPHBIX 3PdexTo. ABTOpH! [IIIMBIHEB
u ap., 1977] yTBepkaarT, 94T0 B HOHOC(EpHBIX Oepero-
BBIX 3(deKTax NPOSBISAIOTCS JIOKaJbHbIE HEOJHOPOI-
HOCTH, IMCIOIINE MPOCTPAaHCTBEHHBIE MacmTadbl ~100—
300 xM, Ha OCHOBAaHUH YETO MBI MOXEM IPEINOI0KHUTH,
yro Manble Buxpu auamerpom 1000-1500 kM, oToOpaxka-
embie COTC-MeTos10M, CYIIECTBYIOT HA CAMOM JIEJIe.

4.3. ConocTtaBiieHUe CIYTHUKOBBIX M Ha3eM-
HBIX H3MepeHuit

B [Moucees u np., 2020] usywasnoch coObiTHE
Pi3-nynbcanuii, ICTOYHUKOM KOTOPBIX ObLIM Bapualuu B,
MMII. B marautocepe B mHTepBane Pi3-mymbcaruii
1o (ha30BBIM 33JIEPXKKaM TIOTOKOB SHEPTHUYHBIX 3JIEKTPO-
HOB 1 Ha 3emyie 1o (pa3oBBIM 3amepikkaM OyxTooOpas-
HBIX BO3MYIICHHII B PHOMETPUYECKOM MOIJIOIICHUH OT-
MEYaJIOCh PaclpoCTpaHEHHE C HOUYHOW CTOPOHBI Ha JHEB-
Hyt0. B HacTosme paboTe 1o CIyTHUKOBBIM 1 HA3€MHBIM
HaOJIOZICHNSIM  OTMEYaeTCsl MPOTHBOIOJIOKHOE PaCIIpo-
CTpaHEHHe, HIKE Mbl PACCMOTPHUM BO3MOJKHBIE MPHUYHMHBI
3TOrO.

Jis comocTaBieHUs] paclpOCTpaHEHUS ITyJIbCaluit
10 HaOJTIOIeHNSIM Ha 3eMiie M B MarHuTocepe HazeMHbIE
CTaHIMU, PACTIOJIOKEHHbIE BIOJb WHPOT O'=76°-79°
ObUIM CHPOEIMPOBAHBl B HKBATOPHAIBHYIO IIIOCKOCTb
Marautocepsl ¢ nomotpio Mozenu Llpranenko Ts04
[Tsyganenko, Sitnov, 2005]. IIpoekims Ha3eMHBIX CTaH-
IMH ¥ TOJIOKEHHWE CIYTHHKOB B 9KBAaTOPUAIBHOM IIOC-
koctu MarauTocdeps! 11.09.2015 B 10:00 UT noxkasa-
HBl Ha puc. 9. BHIHO, YTO MUHHMAaJIbHOE PACCTOSIHUE
MEXAY NPOCKUUSIMH CUJIOBBIX JIMHUH, COOTBETCTBYIO-
LIMX HA3€MHBIM CTAHIHSM, U TTOJIOKESHUSIMUA CITyTHUKOB
cocraBiieT ~5R.. Takum o6pa3oM, Ha3eMHBIE W CIYT-
HHUKOBbIC HAOJIIOJICHHsT MOTYT OXBAaThIBaTh pa3Hbie 00-
JIACTH MarHUTOC(EPHI, MO3TOMY U XapakTep pacipocTpa-
HEHUS IyJIbCALIMH OTIINYaeTCs.
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Puc. 9. TIpoexnys Ha3eMHBIX CTAHIMH, PACIIOIOKEHHBIX
BJIOJTb UCHPABIEHHBIX T€OMArHUTHBIX IIAPOT 76°—79° (KpyKKH)
U TIOJIOKECHUE CIIYTHUKOB (POMOBI) B 3KBAaTOPHAIBHON ILIOC-
koctu MarHuTocdeps! 11.09.2015 8 10:00 UT

Bo03MOXHO Takke, UTO PErHCTPUPYEMBI HAMU Xa-
pakTep paclIpoCTpaHEHHUs OTpa)kaeT HalpaBJIEHUE KOH-
BEKLIMU IUIA3MBlL: C JTHEBHOH CTOPOHBI HAa HOYHYIO IO
HAOJIOEHUSAM Ha BBICOKMX IIHMPOTaxX M B IPOTHUBOIO-
JIOKHOM HAMpPAaBIEHHH B AKBATOPUAIBHOHW IIOCKOCTU
MarauToc(epsl. B 1monp3y 3TOro MOKeT CBHIETENIBCTBO-
BaTh TOT (paKT, 4TO mepHoA Mmynbcannii ~30 MUH MO3BO-
JISIeT OTHECTH UX K Ps6-mynbcarysM, KOTOpBIE COMPOBOXK-
JAI0TCSl CUSHUSIMH, UMEIONMMH (POpMY, COOTBETCTBYIO-
uryro Oykee Q [Akasofu, Kimball, 1964]. B ob6nactu
3TUX CHSHUN B 9KBAaTOPHAIBHOU IIOCKOCTH KOHBEKIIMSA
HarpasyieHa K COJIHILy, @ Ha BBICOKHX IIUPOTaX — B IIPO-
THBOTIOJIOXKHOM HarmpasieHuu. K coxaneHuro, 0TCyTCTBHE
Ha3eMHBIX U CITyTHUKOBBIX HAOJFOJICHU CUSIHUI BO BpeMs
9TOTO COOBITHA HE IO3BOJISIET CJENaTh OKOHYaTeNIbHBIC
BBIBOJIBL.

[No HabmromenmsiM Ha ciiyTHuke ThD MBI oneHMIH
CKOPOCTb JIEKTPUUYECKOTO Jpeiiha (CKOpOCTh KOHBEKIINH)
75 KM/C, CPaBHHMYIO CO CKOPOCTSMH paclpOCTpaHEHU,
OIIEHEHHBIMH TI0 (Da30BBIM 3aJepXKKaM KaK B MarHUTHOM
T0J1€, TaK ¥ B IOTOKAaX YHEPTUYHBIX JIEKTPOHOB.

Mexny NOJIOKEHUSIMU MPOEKIMM CTaHLUUU B 3KBa-
TOPHAJIBbHON TUIOCKOCTH MarHuTocdepsl mo moxaenu Ts04
OBbLIH OIIEHEHBI pacCTOSIHUS B XY -INTOCKOCTH, @ HA OCHOBE
HA3eMHBIX BPEMEHHBIX 33/IepKeK — CKOPOCTH pacIpo-
crpanennst  Vxar pva=86, Vomu uen=734.2, Vuen 16c=
=2074.7, Vige 6uc=272.9 xM/c, naaeKcaMu 0603HaYEHbI
CTaHLUHU, MEXJTYy KOTOPBIMH H3MEPSIIUCh CKOPOCTH.
MuHMManbsHOE 3HAYEHHE STUX CKOPOCTEH MOpsIIKa CKO-
POCTH KOHBEKIIMH, 3 MAKCUMAJILHOE U3 3HAUCHUI OJIM3KO
ab()BEHOBCKOH CKOpocTH 2225 KM/C 110 JaHHBIM CITYT-
nuka ThD.

3AK/IIOYEHHUE

Ha ocHOBe mpoBeNeHHOTO aHAIM3a MOXHO CHENATh
cienyrone BbBoabl. Pacmpoctpanenue Pi3-mynbcanmii
1 MaJbIX BUXpell COBIAaeT N0 BENUYMHE U HAIIPABICHUIO
BJIOJIb MEpHMaHa. B a3uMyTanbHOM HamnpaBI€HUU BUXPU
TIOKa3bIBalOT Hanmmuue Geperosoro 3¢ dekra. Comocrasie-
HHE TI0 CITyTHHUKOBBIM M Ha3eMHBIM HaOJIOJEHMSM IIOKa-
3bIBacT, YTO PACHpPOCTPaHEHUE BUXPEH COBMAJAeT MO Ha-
NIPaBJICHUIO C KOHBEKLMEN IJIa3Mbl: C JHEBHOH CTOPOHBI
Ha HOYHYIO 1O HAOJIOMEHUSM Ha BBICOKHX HIMPOTAX
1 B IPOTHBOIIOJNIOKHOM HAIPaBICHNH B AKBATOPHAIBHOM



Ocobennocmu pacnpocmpanenus

IUIOCKOCTH MarHUTOCQephl. B 4aCTOTHBIN CHICKTP MyJIb-
canuit BHOcAT Bkjiajg U YHU-BonHbI, mpoHUKarOUIUE
n3 CB, n MaruutocepHble pe30HAHCHI.

Takum 00pa3oM, MOXKHO 3aKJIFOYUTh, YTO MTyJILCAIHH
B JIaHHOM COOBITHH OBUIM OOYCIIOBJICHBI KaK BHEITHUM
(xonmebarmsivu B CB), Tak ¥ BHYTPEHHUM HCTOYHHUKAMHU
(MarHUTOC(EpHBIM PE30HATOPOM, KOTOPHIK MOT OBITH
B030Y)XKICH B TOM 9HcIie M cy0Oypeit). JlnHaMika TOHKOH
CTPYKTYPHI OOJIBIIIOTO BUXPSI (MaJbIX BUXpEH) B MarHUTO-
cdepe B IETOM COBIAMACT IO CKOPOCTH M HAIIPABICHUIO
PacIpOCTpaHECHHS C TCOMATHUTHBIMH ITyJIbCAIIASMU.

ABTOpBI ONarofapHbl PYKOBOAUTEISIM CJIEIYIOIINX
MPOEKTOB 3a MPEIOCTABICHNE OCTYIA K JAHHBIM: TPOCKT
SUPERMAG, B ToM umcie cetb IMAGE, (PI Liisa
Juusola), GREENLAND COAST CHAIN data, (PI Anna
N. Willer), Themis, CANMOS, Geomagnetism Unit of
the Geological Survey of Canada; GIMA; Intermagnet;
USGS, a Taxxe HaOOp MaHHBIX CITyTHUKOBBIX HAOJIO/IC-
nuit 13 CDAWEB (D.J. McComas, R. Lepping, K. Ogilvi,
G. Paschmann).

Pe3ynbrarhl MONMyYeHBI C HCMONB30BAHMEM JIAHHBIX
MarHUTOMETPHYECKOT0 KOMIDIEKCA, BXOJSIIEr0 B COCTaB
LKIT «Anrapa» [http://ckp-angara.iszf.irk.ru/]. Pa6ora
BBIMIOJIHEHA B paMKax | OCYJAapCTBEHHOTO 3aJaHUs
HNK®UA CO PAH u UC3® CO PAH.
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AnHotauusi. MccrnenoBanack CBSI3b BapHalMil Mo-
TOKOB 3JIEKTPOHOB ¢ 3Heprusimu >0.7 u >2 M»B BHem-
HEro paJuairoOHHOro mosica 3eMJIM Ha KPYTroBOH MOJISIp-
HOH OpOWTE C mapameTpaMHu COJHEYHOTO BETpa U MEXK-
[UTAHETHOTO MArHUTHOTO TOJIS, & TaKXKe C TeOMarHWT-
HBIMH WHJIEKCAaMH W JIOTapU(PMOM MOTOKA 3IEKTPOHOB
BHEIIHETO PAJHAIlMOHHOTO TOsica 3eMIIM Ha TeOCTaIlHo-
HAapHOW OpOWTE C TETBI0 BBICHCHUS BO3MOXKHOCTH WX
MIPOTHO3MPOBaHUsA. BBl MpoBeeH 0TOOp ONTHMATBEHBIX
BXOJHBIX MPHU3HAKOB IPH TPOTHOZUPOBAHHH ITOTOKOB
AIEKTPOHOB HAa HU3KHUX IOJIIPHBIX OpOUTaxX, 4TO aKTy-
IBHO B paMKax 00eCIedYeHUs paJualioHHON Oe3omac-
HOCTH OyIyIIUX KOCMHYECKUX MUCCHM.

PaccmatpuBanuch HMHTErpalibHble M MaKCHUMalb-
HBI€ TIOTOKH DJIEKTPOHOB YKa3aHHBIX YHEPTHHl 32 CYTKH.
Ha ocHoBe nuHENHON perpeccuy NMoJIy4eHbl IIPOTHO3bI
¢ ropu3oHToM | u 2 nHs Ha uHTepBaje 2 mecsua 2020 r.
JUTST MAKCHUMaJbHBIX M HHTETPATBHBIX TIOTOKOB 32 CYTKH.

KiiioueBble cjloBa: pagualiioOHHBIE MOsica 3eMIIH,
MMOTOKH PESITUBACTCKUX 3JIEKTPOHOB, MPOTHO3UPOBA-
HHUE, MAIIMHHOE 00yYeHHUe, KPYroBas MoJsipHasi OpOuTa.

Abstract. We have investigated the relationship of
variations in >0.7 and >2 MeV electron fluxes of Earth's
outer radiation belt in a circular polar orbit with solar
wind and interplanetary magnetic field parameters, as
well as with geomagnetic indices and the logarithmic
electron flux in the geostationary orbit in order to ex-
plore the possibility of predicting them. We have select-
ed the optimal input features for predicting electron
fluxes in low polar orbits, which is important for ensur-
ing the radiation safety of future space missions.

We have examined integral and maximum electron
fluxes of these energies over the span of a day. We have
obtained forecasts with a horizon of 1 and 2 days for an
interval of 2 months in 2020 for daily maximum and
integral fluxes based on linear regression.

Keywords: Earth’s radiation belts, relativistic elec-
tron fluxes, forecasting, machine learning, circular polar
orbit.

BBEJEHHUE

PanuanuoHHble yciioBUSI B OKOJIO3EMHOM KOCMHYe-
CKOM IpPOCTPAHCTBE B 3HAUYMUTEILHOW Mepe Onpeness-
JOTCSI TIOTOKaMH 3apsKEHHBIX YacCTHIl B PaIHAIlHOHHBIX
mosicax 3emiu (PI13). OcoOeHHO cymiecTBEHHBIN BKIAL
gactur] PII3 oTmeuaercs B mepHoabl MHHHMYyMa COJI-
HEYHOW aKTHUBHOCTH, KOT/Ia TIOTOKH COJHEYHBIX KOCMU-
YEeCKHX JIyded MPaKTUYeCKH OTCYTCTBYIOT. M ecim mo-
TOKA yvacTul BHyTpeHHero PII3 oTHocuTenbHO CcTa-
OWJIbHBI M CYIIECTBYIOT OOIIETIPUHSTHIE MOJETH, C TI0-
MOIIBI0 KOTOPBIX MOXHO J0CTaTOYHO HaJI€XKHO MPOrHO-
3MPOBATh MOTOKH YACTHIl B HEM, TO BHEIIHUH pajuaIu-
onuslii nosic (BPIT3) mMeer oueHb HECTAOMITBHEIA XapaK-
Tep: MOTOKH »JekTpoHoB BPII3 Moryr B TedeHme CyTOK
U3MEHAThCS HAa HECKOJIBKO NOpsAAKOB. Brepsele 3iek-
Tpousl BPII3 Obumi 3aperncTpupoBaHbl OYeHb JaBHO —
BO BpEeMs BTOPOTO B MCTOPHH YeJIOBEYECTBA KOCMHUYECKO-
ro moneTa Ipu MNOMOIIM HayuHoH ammapaTypst HUMAD
MI'Y [BepHoB u fp., 1958]. C Tex mop ObUIO BBIMOIHEHO
60JIBIIOE KOJINYECTBO SKCIEPUMEHTOB 110 PETUCTPALMN
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anexktpoHOB BPII3 Ha poccuiickux u 3apyOeXHBIX KOC-
muyeckux ammnaparax (KA) [Williams et al., 1968; Li et
al.,, 2001; Kataoka, Miyoshi, 2008; Ky3ueioB u ip.,
2007; Li, Hudson, 2019; Ocemo u ap., 2022; Stepanova
et al., 2024]. HecmoTps Ha 370, 3a1a9a HAAEKHOTO TPO-
rHo3upoBaHus coctosiHus BPII3 Ha ocHoBe Monenupo-
BaHMA JIO CUX IOp HE pelleHa. DTO CBS3aHO C TEM, UYTO
Ha CCTOIHSIIHUYN JCHb HE CYMIECTBYET OOINEHPUHITOMN
TEOPHM YCKOPEHUs U paccesHus s1ekTpoHoB BPII3,
KOTOpasi cMoriia Obl OOBSICHUTH HMMEIOIIMICS HaOOp
SKCIIEPUMEHTAIBHBIX JTaHHBIX.

MOHUTOPHUHT ¥ IPOTHO3UPOBaHKE 3J1eKTpoHOB BPII3
MIPECTABIISIOT TAKXKE TPAKTHUECKUN WHTEpEC, 0OYCIOB-
JICHHBI BJIMSTHUEM BBICOKHX TOTOKOB PEISTUBUCTCKUX
n cyOpenaTuBuUCTCKHX d3JekTpoHOB BPII3, koTopsie
MOTYT HETaTHBHO CKa3aThbCsi Ha padoTe 3IIEKTPOHHOM
anmaparypsl, YCTaHOBIICHHOH Ha 60pTy KA, mOCKOIBKY
IIPH TIOTIAJAHUU B MHKPOCXEMBI MOTYT BO3HHKATH €JIU-
HUYHBIE COOM — Kak 00paTHMbIe, TaK 1 HEOOpaTUMBIC
[Cole, 2003; benos u np., 2004; Pomanora u ap., 2005;
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Tucci et al., 2005, Pilipenko et al., 2006; Kudela, 2013]
(B aHIVIOSI3BIYHOMN JINTEPATYpE WX eIlle HA3bIBAIOT JJICK-
TpoHamu-kumiutepamu — Killer electrons), a Takxke aJek-
tpuzanua KA [Hosuxos, Boponuna, 2021].

C onxHOH CTOPOHBI, HEBO3MOXHO C JOCTaTOYHOMN
TOYHOCTBIO NPOTHO3MPOBATh BapHAIMH ITOTOKOB JIEKTPO-
HoB BPII3 ¢ moMo1pio TeOPETUUECKUX PacueToB, ¢ APY-
TOl, — CYIIECTBYET MpaKTHIEeCKasi HEOOXOAUMOCTh HX
MIPOTHO3UPOBAaHKUA JJsi O0ECHeYeHUs] paJHalioHHOM
0€30I11aCHOCTH C HCIIOJIb30BAaHUEM COBPEMEHHBIX METO-
JIOB MAIIMHHOTO OOYyYeHHs, KOTOpPBIE IOMOTAIOT BBHI-
SIBUTH CBSI3M MEXIy aHAJIU3UPYEMBIMU IEPEMEHHBIMU
Yepe3 annpoKCHMAIIMI0 SMITUPHIECKUX 3aBUCHMOCTEH.

CrnyTHUKOBBIE W3MEPEHHS, NMPOBOJVMBIE BO BHYT-
peHHel MarHuTOCc(epe 3eMIiIH, HCIIOB3YIOTCS HE TOJIBKO
mias onucanus guHamukud BPII3, Ho u i co3pmaHus
MIPOTHOCTUYECKUX MOJENEH, OCHOBaHHBIX HAa MAIIMHHOM
oOy4yenun. HanbGonee gacTo aist 3THX Liesieil pUMeHs-
10Tcs AanHble cyTHUKoB cepun GOES, umeromux aimH-
HBIi BPEMEHHOM Psii SKCIEPUMEHTAIbHBIX W3MEPECHHUH,
nockonbKy KA nmanHol cepuu 3amyckatotes ¢ 1970-x rr.
(cMm., Hampumep, [Wei et al., 2018; Myagkova et al.,
2019; Sun et al., 2021; Landis et al., 2022; Son et al.,
2022]). B HacTosmee BpeMsi OJUH U3 HaHOOJIEe IHPOKO
MPUMEHSEMbIX METOJOB NPOTHO3MPOBAHMS OOLIETro I0-
TOKa 32 JIeHb ((IIIOCHC) PENATUBUCTCKUX JJICKTPOHOB
B BPII3 — 5T0 mporHo3, mpeacTaBlIeHHBIN Ha MopTane
IlenTpa NHPOTHOZMPOBAHUS  KOCMHYECKOH  IOTOJBI
[http://www.swpc.noaa.gov/]. lanHas Mopesb, U3BECT-
Hast kak REFM (Relativistic Electron Forecast Model),
ObuTa pa3paboTaHa Ha OCHOBe mccienoBanuii [Baker et
al., 1990]. IIporHo3 ucmoONMB3yeT TOT (PAKT, UTO exe-
JTHEBHBIC 3HAYCHUs (PIIFOCHCA 3JIEKTPOHOB C JHEPTUEH
>2 M»3B, u3MepeHHBIE Ha TEOCTallHOHApHOW OpOwuTe,
MOJKHO Tpe/CKa3aTh Ha JICHb BIEpe] C MOMOIIbIO JIH-
HEWHOTro (UIBTPA, MCHOIB3YIOIEr0 B Ka4eCTBE BXOJI-
HBIX JaHHBIX CKopocTh CB miy reoMarHUTHBIE HHIEKCHI
K, n AE. ViccneloBaHMs MOKA3a/1d HAIMYUE XapaKTep-
HOW BPEMEHHOW TUHAMUKHU B ITOBEJICHUH ITOTOKOB 3JICK-
TPOHOB Ha TeOCTAllMOHApHOH opOuTe. 3HAaYMTENILHOE
yBEJIMUEHHE II0TOKa 3JEKTPOHOB HabromaeTcs depes
JIBOE CYTOK IT0CJIe JOCTHXKEHHUSI MAaKCHMAJIbHON CKOPOCTH
CB u gepe3 Tpoe CyTOK IOCJE PErHCTPALlMU MHUKOBBIX
3HAUYEHWH T€OMAarHWTHBIX WHJAEKCOB. [laHHas BpeMeH-
Hasl 33/IepXKa OOYCIIOBJIEHa CTPYKTYPHBIMH OCOOEHHO-
cramu noTokoB CB, BKITIOYarOIMMHU 00J1aCTh YCHIIEHHOTO
MEXIUTaHeTHOT0 MarHuTHOro moist (MMII), mpenme-
cTByromyto nuky ckopoctu CB. IMuk MMII unumu-
pPYET T€OMarHUTHYIO aKTHBHOCTb, IPUBOASAIIYIO K yBe-
nuuennio unjekca K, Takum o6pasom, HaOmomaercs
CYIIIECTBEHHOE 3aIla3IbIBAHIE MEXIy TOKa3aTeIsIMU I'eo-
MarHuTHOH aKkTuBHOCTH (K,, AE) M pPOCTOM NOTOKa
9JIEKTPOHOB IO CPABHEHHUIO C HETIOCPEACTBEHHBIMH H3-
MepenusiMu mapameTpos CB. CTOUT ymoMsHYTh MOZETH
IpeJCcKa3aHus IMOTOKOB PEISTHBUCTCKUX 3JIEKTPOHOB
>2 Mb>B Ha reocranmoHapHOW OopOHTE, OCHOBAHHYIO
Ha pEIIEHHH CHCTEMbl YpPAaBHEHHI HENPEpPBIBHOCTH
IIPU YCJIOBUY, YTO HA YCKOPEHHE YaCTUI] BIUSIET HE TOJIBKO
ckopocTs CB, HO ¥ reOMarHuTHas aKTUBHOCTb, a Ha MO-
Tepu BiMseT MIOTHOCTH CB. Yuer nomonHUTENbHBIX
(akTOpOB, BIMSIONIMX HAa YCKOPEHHE M TIOTEPH DJICeK-
TpoHOB B PII3, M03BOMMII IOBBICHTH TOYHOCTh M CTAOMITB-
HOCTh TiporHo3oB [Lyatsky, Khazanov, 2008]. g Hu3-
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kux sHepruii (1 3B — 40 x3B) takxke cymecTByer Mo-
JieNlb TIPOTHO3UPOBAHUS C TOPU30HTOM | 4 Ha OCHOBE
MMII u ckopoctu CB [Denton et al., 2016]. ITomumo
pellleHs] ypaBHEHMH HEMpPEepBIBHOCTH, AJIA INPOrHO3a
MIOTOKOB 3JIEKTPOHOB CYIIECTBYIOT M JPYTHE METOIBI —
Hanpumep B [Potapov et al., 2016] aBTopsI HCTIOIB30BAIN
JUIA TIPOTHO3a IMOTOKA PENATUBUCTCKUX 3JIEKTPOHOB
¢ sHeprue >1+2 M»sB MeTol MHOXECTBEHHOU perpec-
CHH CO CKONB3AIINM OKHOM. OTAENBHO CTOHWT yIOMS-
HyTh Mozmenb NARMAX (HenmmHelHas aBTOpETpecCHs
CO CKOJIB3SIIIIUM CPEIHUM C BHEUIHMMHU BXOJHBIMU CHI-
Hanamu) [Balikhin et al., 2011]. OgHuM U3 3TanoB ai-
ropuT™Ma SIBJISETCS aHaiu3 KOo3(h(HUIMEHTa CHUKEHUS
MOTPEIHOCT ERR, 4TO MO3BONSAECT PAHKUPOBAThH IIa-
pameTpsl, Bausmone Ha notoku B PII3. MiMeHnHO 3TOT
aHaIM3 TIPUBET aBTOPOB K BBIBOAY, YTO HaMOOIbIIEE
BIIMSHHE HA TOTOKHU ANEKTpoHOB B PII3 okasbiBaeT iioT-
HOCTB, a He ckopocTh CB. Ilpu ycnoBmu ¢uxcupoBaH-
HOH TUIOTHOCTH TOTOKH BO3PACTAIOT MO MEpEe TOTo, KaKk
CKOPOCTbH JIOCTHUTHET HEKOTOPOTO YPOBHS HACHILICHUS,
YMEHbIIAoUIerocs ¢ ypennueHueM miotHoctu CB. Cyme-
CIBYeT TaKKe IMOJIXOA K INPOTHO3HPOBAHHUIO IOTOKOB
3apspkeHHBIX Yactuil B PII3 ¢ ncnonb3oBanueM mojenu
BAS Global Dynamic Radiation Belt Model [Glauert et
al., 2014], mocTpOCHHOI Ha OCHOBE PEILICHHUS TPEXMep-
Horo ypaBHeHuss ®okkepa—IIlnanka. PaspaboTanHas
MoJienb 0a3upyeTcsl Ha KOMIUIEKCHOM IOAXOJE K OIH-
CaHMIO IMHAMUKH 3apsHKEHHBIX YacTHI] X BKITIOUAET B O
crenyromme (GU3NIECKHe MPOLECCH: paauaJbHyIo Iu(-
(y3uto yacTun B MarauTocdepe 3eMiu, B3aUMOICHCTBHE
YaCTUI[a—BOJIHA, CTOJKHOBHUTEIBHBIE IPOIECCHI, BIINS-
OIIYE Ha TTOTEPHU YaCTHIl U3 paJHalliOHHbIX ITOSICOB.

OtzenbHYIO Npo0OIeMy NpENCTaBIsieT COO0H MPOTrHO-
3UPOBAaHKE MOTOKOB PEJSATHBUCTCKUX M CYyOpEIITHBHCT-
CKHX DJICKTPOHOB, PETHCTPUPYIOMINXCS Ha TOJSIPHBIX
KPYTOBBIX OpOMTax, Iie Ha KaXXIIOM BUTKE CIIyTHHK 4Ye-
ThIpe pas3a nepecekaer BPII3 — gBaxas B FOxHOM
n nBaxasl B CeBepHOM mousrymiapusax. st KpyroBbIX
HOJIIPHBIX OPOUT MOYKHO pelIaTh 3ajady NpPOrHO3UPO-
BaHUS MAaKCHMAJIBHOTO 32 CYTKH MOTOKa 3JIEKTPOHOB
W/WH CyMMapHOTO MOToKa (¢uryeHca), KOTOpbIid HaOu-
paercs 3a cyTku npu Beex nepecedenusx BPII3 cnyt-
HHUKOM.

Hannoe uccnempoBanmue (okycupyercs Ha BPII3
U BapHalUsaX MOTOKOB IEKTPOHOB HAa KPYTOBOH IIO-
TMApHOH opOuTE, CXOXKEH ¢ OpOUTOH, pACCMOTPEHHOMN
B pabote [Botek et al., 2023]. B Heii BBITOTHEH IPOTHO3
MOTOKOB JIEKTPOHOB ¢ 3Heprusimu 500-600 k3B u 1—
2.4 M»3B mns xpyroBod MmoJsIpHOI OpOWUTHI HA OCHOBE
nanHelXx ¢ KA PROBA-V ¢ noMomip0 MOJIeNn JONTroi
kpatkocpouHoii nmamsaru (LSTM), BXoqHbIMU ITapameT-
pamu A KOTOpOH OBLIM BBIOpAHBI JaHHBIE O TOJOXKE-
HUM CITyTHHKA U T€OMarHUTHOM HHAekce SYM. B xaue-
CTBE MCXOJHBIX JTaHHBIX IIPUMEHEH MAacCCHB U3MEPEHHH
3a 20152018 rr. [ma BPII3 cpennexBagpaTtuaHas
ormo6ka (CKO) cocraBumna 0.153 mns nuanmazona 500—
600 k3B ¢ ropuzonTom 1 neHb.

AKXTyaJIbHOCTb JaHHOT'O MCCIIe/IOBaHUS 00yCIIOBIIEHA
TEeM, YTO aHAJIOTWYHAsl HU3Kasl TIOJIsIpHasi OpOHTa IIAHHU-
pYeTcst K MCHOJIB30BaHUIO B Ipoekte Poccuiickoii opOu-
tanpHOM cranimy (POC). B cBs3u ¢ 3TUM pazpaboTka
METOJIOB TPOTHO3UPOBAHUS PaJUAlIOHHBIX YCIOBHUII
Ha TaKWX OpOHTaxX MpPEACTaBISAET 3HAUUTEIBHBIA IpaK-
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TIpocro3suposanue nomokog aneKmpoHo8 Ha Kpy2060li NOAAPHOU opoume

TUYECKMH HMHTepec il obecredeHus: 0e301acHOCTH
pabotsl KA n sxunaxei.

Llenpro NT@aHHOTO HCCIIEOBAaHUS SBJISIETCS paspa-
00TKa METOJIOB NMPOTHO3WPOBAHUSI BapHaIlMi IIOTOKOB
PENSTUBUCTCKUX M CYOPEISATUBHUCTCKHX 3JIEKTPOHOB
BPII3 ¢ sneprussmu >0.7 u >2 M»B Ha kpyrosoii mo-
JSIPHOI OpOuTE C WCIIONB30BAHMEM B KAadyeCTBE BXOJI-
HBIX Tpu3HaKoB mapamerpoB CB, MMII, reomaraur-
HBIX WHAEKCOB M IIOTOKA 3JIEKTPOHOB HA I'€OCTAaIHO-
HapHOW opOuTe, a Takxke oneHka 3()(HEeKTHBHOCTH Ta-
KOT'0 IPOTHO3UPOBaHMS.

1. METOJ NPOI'HO3UPOBAHUA

Oobpabotka manHbIXx KA, oOyueHme mozemneil ma-
IIMHHOTO OOYYeHHS W TIOCTPOCHHE MPOTHO30B OBLIH
MIPOBEACHBI C MTOMOIINBIO TPOTPaMMBI, pa3padOTaHHOM
C MCTIONB30BaHMEM s13b1Ka Python.

B nanHo# paboTe paccMaTpuBaeTcs 3agada IPOTHO-
3MpOBAaHUS BPEMEHHBIX PS/IOB, TJ€ IENEBOI NepeMeH-
HOW SIBJIAETCS )+, TAE I — TOPU3OHT NPOTHO3MPOBA-
HUsI (KOJIMYECTBO JIHEH, Ha KOTOPBIE JIENIaeTCsl TPOTHO3),
a MpU3HAKU (GOPMUPYIOTCS HA OCHOBE JIaroB (3ama3bl-
BaHUil) pana:

}’

rae F; npencraBisier co0oi BpeMEHHOM psAl AOMOJIHU-
TeIbHBIX MPU3HAKOB, TAKUX Kak mapameTpsl CB u mp.,
a p — KOIMYECTBO J1aroB. ®opMysa MPOrHO3UPOBAHUS
B 00IIIEM BHUJIC HMEET BH]

yt+h :f(Xt)’

rze f— HeKoTopask GYHKIMS IPOrHO3UPOBAHMS.

it mporHo3upoBaHusi OTOKOB 31eKTpoHOB B BPII3
Ha KPYroBOW IOJISIPHOH OpOHMTE HCHOJIb30Bajlach MO-
Je7b MAlIMHHOTO OOydeHHWs — JIMHEiHas perpeccusl.
JIunelinast perpeccus — HCHOIb3yeMasi B CTATHCTUKE
pErpeccroHHasl MOJIENb 3aBUCHUMOCTH OJHOUM (0OBSCHsE-
MOM) MEPEMEHHON ) OT APYTON MIIM HECKOJLKUX JPYTHX

F

t-p

X, = {yt—U Vicasooos Viepo F By

mepeMeHHbIX X ¢ TMHEWHOH (QYHKIMEH 3aBUCHMOCTH.

v, =aX,; +a, X, +..+a,X, +a,,

rae i — Homep HabmtoaeHus; a,,d,...,a, — Mapa-
METpBI, KOTOpBIE HAIO OLCHUTH (0oiee MOAPOOHO CM.
[demumenko, 1981]).

Jng cpaBHEeHMs B AajbHEHIEM KayecTBa MPOTHO-
30B, MOJYYEHHBIX C MOMOILBIO JIUHEHHON perpeccuu,
OBLI MOJIyYeH MPOTHO3 HA OCHOBE HAMBHOW MOJIEIIH.
HauBHast Moaenp NporHo3upoBaHus — MOJIENb, 3Ha-
YeHHe KOTOPOU B TOYKE MPOTHO3a PABHO MOCIEIHEMY
HM3BECTHOMY 3HAYE€HHUIO IPOTHO3UPYEMOH IMepeMeH-

HOMH.

2. BXOJHBIE IAHHBIE

B xauecTBe BXOIHBIX JaHHBIX JJISI IPOTHO3UPOBAHHS
OBUTH BBIOPAHbI CIIEAYIOIINE TPU3HAKH.

1. ITapamerpsl CB B Touxe Jlarpamxka L1 mexny
3emneit u CoyiHIIEM: CKOPOCTh M TIOTHOCTH CB, mo-
nydyeHnsle B akcrnepuMmente Ha KA ACE npubGopom
SWEPAM (Solar Wind Electron Proton Alpha Monitor).

2. Tlapametrpst MMII: monyns BekTopa nons B, u B,,
nony4dernsle Ha KA ACE marauromerpom MAG.
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3. T'eomarnuTHble UHAEKCHL: Dst u K, oay4eHHbIE
Ha3eMHBIM LeHTpoM cOopa nanusix MIL (Kuoto).

4. Jlorapu$M MaxCUMallbHOTO W HMHTErpajbHOI0
3a CYTKH NOTOKOB 3nexTpoHoB BPII3 (>0.8, >2 M»sB)
o nanHbM n3Mepenus KA cepun GOES.

Hcnonp3oBanuce Tpexyacosou K, wacosou Dst
U OCTaJIbHBbIE NMPU3HAKHU, ycpenHEHHble 32 1 MuH. Mak-
CHMAJIbHBIN MTOTOK OIpENersuics KaKk HanOoJbIee Cpef-
Hee 32 | MMH I KaXJI0To MapaMeTpa 3a Kaxiple KOH-
KPETHBIE CYTKH.

JlaHHbIe OBUTH MOJIyYEHBI M3 OTKPBITHIX UCTOYHHKOB,
a IMEHHO IIeHTpa aHaJIN3a JaHHBIX KOCMHYECKOM MOro/sl
HUUSAD MI'Y [https://swx.sinp.msu.ru/].

JlaHHBIE TEPBBIX TpeX MYyHKTOB ObUIM TIpeoOpazo-
BaHBl B CyTOYHBIC ITyT€M BBIYMCICHUS apudmerHue-
CKOTO CPEJHEr0 M MaKCHMyMa IO MOMYJIO 3a CYTKH.
[Tocre Takux mpeoOpa30BaHUI KOIMYECTBO MIPHU3HAKOB
BO3pOCO B /Ba pa3a. B manpHeiimeM ObLT BBITOJHEH
aHAJIN3 3HAYUMOCTH Ka)KIOTO M3 3THUX MPHU3HAKOB M I
Ka)KIOTO M3 HUX OCTaBJICH JIHMIIb OJWH U3 IBYX aHAJO-
THYHBIX BAPHAHTOB.

Bpi0op mepBBIX TpexX NMyHKTOB OCHOBAaH Ha OIBITE
IIPOTHO3UPOBAHUS CPEHECYTOYHOTO MOTOKA Ha TeocTa-
nuoHapHoii opoure B [Koons, Gorney, 1991; Ling et al.,
2010], a Taxke B MOCJIEAHUX pabOTax HAyYHON IPYIIIEI
HUUSAD MI'Y [Msrkosa u ap., 2021; Kalegaev et al.,
2019, 2023].

HanbGonee gacto obydeHne MoOIEIN MPOrHO3MPOBA-
HUS BPEMEHHBIX PSAIOB MPOMCXOJUT Ha OCHOBE T MPEJIbI-
IyUIUX 3HauY€HUH psiaa. BennuuHy T Ha3bIBAIOT IIUPUHOMN
okHa. B paboTe ncrmonp3oBanack MHUPHHA OKHA MHOTO-
MEPHOT0 BPEMEHHOI0 psiaa, paBHas 26 nusM. 13 storo
OKHa Opanuch Jlaru, paBHbie 1 (TOJBKO I IPOTrHO3a
Ha | nmews Bmepen), 2, 3,4, 5,6, 7, 13 u 26 ausm. 3Ha-
YeHHs JIaroB, COOTBETCTBYIOIIME OJHOW Henene, Mpu-
MEHSIOTCA 1 A(QQPEKTUBHOTO HCIIOIB30BaHUA MOJe-
JIBIO TEKyIIeH NoCcTymHO# MH(opMaIuu 0 MpU3HAKaXx,
a jiaru, paBHbie 13 u 26 IHSAM, UMEIOT CBS3b C TIEPHOJIOM
Bpawenusi CoJsiHIa, KOTOpBIM cocraBisier 25-27 paHei.
Kax Oyner mokasaHo fasee, peKyppeHTHbIE ITOTOKH, CBSI-
3aHHbIe C BpameHueM CoJHIa, CIOCOOHBI OKa3bIBaTh
3HauuTeNbHOE BiMsHUE Ha mnapameTpsl MMII u CB,
YTO, B CBOIO OYepellb, MOXKET CYIIECTBEHHO H3MEHSThH
MIOTOKH 3apsDKEHHBIX YacTHIl B PaIMallMOHHBIX TOsICAX.

st paboThl HMCMONB30BAICS 9-MECSUHBIA MacCHB
nanbbix ¢ 1 mons 2019 no 1 mapta 2020 r., KOTOPBIi OBLT
pa3buT HA TPEHUPOBOUHBIA M TECTOBBIM HAOOPHI JAHHBIX
B cootHomenuu 7:2. Hannbie ¢ 01.06.2019 no 31.12.2019
BKJIIOUHUTEJIEHO HCIOJIB30BAINCEH JUII TPEHHPOBOYHOTO
Habopa. Hannsie ¢ 01.01.2020 mo 01.03.2020 ucnomnn-
30BaJICh B Ka4eCTBE TECTOBOI'O Habopa — HE3aBHCH-
MBIX JaHHBIX, KOTOpPbI€ HCIOJIb30BAIUCh AJSI OLEHKHU
KauecTBa NPOTrHO3UPOBAHUS.

B pamkax ucciienoBanust ObUT BBIOpaH OrpaHHUYEH-
HBII BPEMEHHOI UHTEPBaJ, COOTBETCTBYIOIUI EpHOay
MHHUMaJIbHOM T'€OMAarHUTHOM aKTUBHOCTU. JlaHHBIN
MOJIXOJ] TIO3BOJIMI OOECHEYNTh MaKCHMAaIbHO CTaOWIIb-
HBIE YCIIOBHSA JUIS IPOBEACHUS CPABHUTENBHOTO aHAIN3A,
OCHOBHaS IIeJTb KOTOPOTO 3aKJII0YaNach B COMOCTABICHUT
BPEMEHHOM IMHAMUKH HHTETPATBbHBIX W MAaKCHMAbHBIX
3a CYyTKH TTOTOKOB 3JIEKTpOHOB B oOsiact BPI13 Ha Maibix
BBICOTAX C AHAJIOTUYHOM TUHAMUKON MOTOKOB AIIEKTPO-
HOB, PETHCTPUPYEMBIX Ha Te0CTallMOHapHOH opOuTe.


https://ru.wikipedia.org/wiki/%2525252525D0%2525252525A1%2525252525D1%252525252582%2525252525D0%2525252525B0%2525252525D1%252525252582%2525252525D0%2525252525B8%2525252525D1%252525252581%2525252525D1%252525252582%2525252525D0%2525252525B8%2525252525D0%2525252525BA%2525252525D0%2525252525B0
https://ru.wikipedia.org/wiki/%2525252525D0%2525252525A0%2525252525D0%2525252525B5%2525252525D0%2525252525B3%2525252525D1%252525252580%2525252525D0%2525252525B5%2525252525D1%252525252581%2525252525D1%252525252581%2525252525D0%2525252525B8%2525252525D0%2525252525BE%2525252525D0%2525252525BD%2525252525D0%2525252525BD%2525252525D0%2525252525B0%2525252525D1%25252525258F_%2525252525D0%2525252525BC%2525252525D0%2525252525BE%2525252525D0%2525252525B4%2525252525D0%2525252525B5%2525252525D0%2525252525BB%2525252525D1%25252525258C
https://ru.wikipedia.org/wiki/%2525252525D0%25252525259F%2525252525D0%2525252525B5%2525252525D1%252525252580%2525252525D0%2525252525B5%2525252525D0%2525252525BC%2525252525D0%2525252525B5%2525252525D0%2525252525BD%2525252525D0%2525252525BD%2525252525D0%2525252525B0%2525252525D1%25252525258F_%2525252525D0%2525252525B2%2525252525D0%2525252525B5%2525252525D0%2525252525BB%2525252525D0%2525252525B8%2525252525D1%252525252587%2525252525D0%2525252525B8%2525252525D0%2525252525BD%2525252525D0%2525252525B0
https://ru.wikipedia.org/wiki/%2525252525D0%25252525259B%2525252525D0%2525252525B8%2525252525D0%2525252525BD%2525252525D0%2525252525B5%2525252525D0%2525252525B9%2525252525D0%2525252525BD%2525252525D0%2525252525B0%2525252525D1%25252525258F_%2525252525D1%252525252584%2525252525D1%252525252583%2525252525D0%2525252525BD%2525252525D0%2525252525BA%2525252525D1%252525252586%2525252525D0%2525252525B8%2525252525D1%25252525258F
https://swx.sinp.msu.ru/
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Puc. 1. TToTOKH 3JI€KTPOHOB Ha KPyroBoi HoysipHO# opbute 1o naHHbEIM KA «Merteop-M» Ne 2 (>0.7 MaB) u xoopaunaTa

Mak-WnBaiina L

JlanHOe uccienoBaHKe ObLIO MPOBEACHO C YYETOM
Toro (akra, 4TO B HACTOsAIMIEE BpeMs pa3padOTaHBI
U YCTEIHO (GYHKIHOHUPYIOT IIPOTHOCTUYECKUE MOJICIIH
MIOTOKOB 3JIEKTPOHOB Ha T€OCTAllMOHAPHOW opouTe, oc-
HOBaHHbIC Ha METO/IaX MAIIMHHOTO 00Y4EHHUSI.

OOy4eHue MPOU3BOAMIOCH HA OCHOBE JAHHBIX O I10-
ToKax 37ekTpoHoB BPII3, msmepennsix Ha MC3 «Me-
Teop-M2» (zamymeH 08.07.2014). IIporao3 BEIONHSIICS
JUIL MaKCUMAaJIbHOT'O M MHTEIPAJILHOTO 3a CYTKU IIOTO-
koB anektpoHoB BPII3 (>0.7, >2 M»sB). Opbura KA
«Meteop-M2 saBnsercst KpyroBoil COTHEUHO-CHHXPOHHOH,
BEICOTa B BOCXOAsIIeM y3ie =832 KM, HaKIIOHEHHUE
i~98.85°, mepuoxn obOpamenus 7=101.3 muH. Takum
0o0pa3zoM, 3a OJJMH BUTOK CIyTHHUK mepecekan BPII3 ge-
ThIpE pasa (puc. 1).

W3 nanHbIX, COOpaHHBIX Ha Ka)KJOM BHTKE, MPO¥-
JICHHOM CITyTHHKOM, OBUIM BBIACNEHBI YYaCTKH, T[e
napameTp Maxk-UnBaiiHa L u3MeHsuIc B Ipeaenax ot 3
1o 6. Ha sTux yyactkax OBIIM pacCUUTaHbl MHTETPalb-
HbIE MOTOKH N0 (opMyJie Tparnenuii; HHTerpaibHbIi Mo-
TOK 3a CyTKH OBLJT ITOJIy9eH CyMMHpPOBAHHEM HHTErpajlb-
HBIX NOTOKOB Ha K&XIOM TakOM ydacTke. Makcumaib-
HBIH TIOTOK 33 CYTKM PacCUMTHIBAICA KaK HauOOJbIIee
3HaYeHHUE MTOTOKA, 3aPETHCTPUPOBAHHOE HA 3TUX YJ4ACTKaX.

Crnemyer OTMETHTbH, YTO BMECTO 3HAUYEHHUI MOTOKOB
UCIIOJIb30BAINCH UX JIECATHYHBIC JIOTapU(MbI B Cilydyae
Kak 1eJeBON MepeMEHHOM, TaKk U MPU3HAKOB, @ UMEHHO
IIOTOKOB 3JIEKTPOHOB Ha I'€0CTallMOHapHON opouTe. D10
CBSI3aHO C T€M, YTO BEIUYUHBI IOTOKOB UMEIOT HMIMPOKUI
JVHAMUYECKUI IMana3oH, 3aHUMAIOIIUHA HECKOJBKO IO-
PAAKOB BEIUYHHEI.

3. AHAJIN3 BXOJHBIX JAHHBIX

B xone wmccnenoBaHus OBUTH TPOAaHANIM3WPOBAHBI
uHTerpajbHele (puc. 2, 3) 1 MakcuManbHble (puc. 4, 5)
IIOTOKH 3JIEKTPOHOB 3a CYTKM 10 AaHHbIM KA «Meteop-
M2» u GOES mns snepruii >2 u >0.7 MaB (>0.8 MaB
s GOES, Tak kak kaHaja ¢ HY)KHBIM IOPOTOM JHEp-
ruii Ha npubope Het). bputo nonydeHo, uro HaboraeTcst
3aMeTHasi KOPPesAns MEXAY HaHHBIMH ITOTOKAMH, MO-
MEHT BO3pacTaHHs Ha O0OMX CIYTHHKaxX COBIAJaeT,

80

CIaj JKe Ha MOJIIPHON opOHTe 0oJiee MEUICHHBIIN U TUIaB-
HBIH TI0 CPABHEHHUIO C T€OCTAMOHAPHOM.

Kpome Toro, ObutH mMpoaHaNIM3UpPOBAHBI CPEIHECY-
TouHbIe 3Ha4eHus Dst, K, mnotHocty u ckopoctu CB
1 3HaueHn Moayisa Bekropa MMII (puc. 6-8). B mpe-
JieTlax PacCMOTPEHHOTO Iepuoja cpenuuii Dst He omryc-
kancst Hwke —40 HTN, 9TO0 TOBOpPHT 00 OTCYTCTBHH
CIJIBHBIX T€OMAarHuTHBIX Oyphb B 3TOT nepuof. OnHako
BUJIHO MEpHOMYIEcKoe MoBbIeHne ckopoctu CB 1o 3Ha-
yeHuit 600—-700 kM/C ¢ mepHOAOM NPHUMEPHO 26 THEH,
YTO YKa3bIBaeT Ha MPUXOJ BBHICOKOCKOPOCTHBIX PEKyp-
peHTHBIX TOTOKOB CB, BBI3BIBAIONINX 3HAYUTEIHHBIC W3-
MEHEHHsI COCTOSHHSI OKOJIO3EMHOTO TPOCTPAHCTBA U YBE-
JIMYEHNE TTOTOKOB 3apsHKEHHBIX YacTHIl B paJHalloH-
HBIX TIOSICAX.

4. OTBOP BXOJHBIX ITPU3HAKOB

Konuuectso MOJIYYCHHBIX TPU3HAKOB JIJIA 3a/IaHHBIX
MHTEPBAJIOB NOTPYKEHHS BPEMEHHOTO PsJia COCTaBIISET
126. Takoe KOJMYECTBO MOXKET IPUBECTH K Iepeodyde-
HUIO JIMHEHHOH perpeccuy Ha MCHOJIb3yeMOM MHTEpBalle
BPEMEHH, II03TOMY HEOOXOANMO YMEHBIIUTH YHCIIO
mpu3HakoB. CUMTAETCS, YTO KOJIMYECTBO MApPaMeTPOB
B MOJIEJIN MAIIMHHOTO OOYYEHHUS JOJDKHO OBITH HHXKE
o0bemMa oOyvaronieli BEIOOPKH Kak MUHHMYM Ha IOpsi-
nok [Alwosheel et al., 2018]. CooTBeTcTByOMIHUI pac-
YeT IS HaIlero ciydas (CeMb MECAIeB, €XKETHEBHBIN
MpOrHO3) AaeT oueHkKy 10-20 mams MakCHMaJbHOTO KO-
JIMYECTBA ITPU3HAKOB.

OT10O0p OCyIIECTBISIETCS] HA OCHOBE 3HAUYEHHS KO3(-
(duIMeHTa KOppesy paccCMaTpUBAEMOro IPU3HAKA
C IeJeBoi mepeMeHHOH. [Ipu3HaKM ¢ MakcCHMallbHBIM
o MOIYJI0 KO3((GHUINEHTOM KOPPEJSLHMU HCIIOJb3Y-
I0TCSL IS TAJTbHEHIIIETO MPOTHO3UPOBAHMS.

KoaddumneHTs koppensmnuu A HHTErPaIbHOTO
TIOTOKA AJIEKTPOHOB ¢ dHepruer >2 u >(0.7 MaB nokazanbt
Ha puc. 9 n 10 coorBeTcTBeHHO. MaKCHMaNBHBIH K03(-
(UIHEHT KOPPEIIINI HHTETPAIIBHOTO TTOTOKA IEKTPOHOB
¢ sHeprueil >2 MbdB oxmmaemMo HaOmogaeTcs ¢ HHTe-
rpanbHBIM 1oTokoM Ha GOES, nipeBrImmas Bce ocTaibHbIC
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= 5 —— GOES-Primary, anekTpoHbl ¢ 3Heprueit > 2.0 MaB
<10 '—=— MeTteop-M2, anekTpoHbI ¢ aHepruewn > 2.0 MaB
WKOH wuon asr CeH OKT HOA
2019

Puc. 2. CymmapHble HHTETPaJIbHBIE 32 CYTKU MOTOKH 3JIEKTPOHOB ¢ 3Heprueit >2.0 MaB no nanasiMm KA «Meteop-M2»
u GOES-Primary

o P

—— GOES-Primary, anekTpoHb! ¢ 3Hepruei > 0.8 MaB
—+— Meteop-M2, anekTpoHsbl ¢ 3Hepruen > 0.7 MaB

-
O

MHTerpanbHbIil noTok, cM~2 cp~!
S

VIOH vion aBr CeH OKT HoSA
2019

Puc. 3. CymmapHble HHTETpaJIbHBIE 33 CYTKH MOTOKHU 3JIEKTPOHOB ¢ 3Heprueit >0.7 u >0.8 M»B no nanusiMm KA «Meteop-M2»
1 GOES-Primary cooTBeTCTBEHHO

-
o
(4]

.,

—— Merteop-M2, anekTpoHbl ¢ 3Heprven > 2.0 MaB

MaKcumanbHbli NoTok, cM~2 cp~t

10 —=—  GOES-Primary, anekTpoHsi ¢ 3Heprvei > 2.0 MaB
WNHOH non aBr CeH OKT HOSA
2019

Puc. 4. MakcuManbHble 3a CyTKU IOTOKU 3JE€KTPOHOB c 3Heprueil >2.0 M»sB no nannsiM KA «Meteop-M2» u GOES-
Primary

-1

10°

—— Merteop-M2, anekTpoHb! ¢ 3Hepruei > 0.7 MaB
—— GOES-Primary, anekTpoHsbl ¢ 3Heprveit > 0.8 MaB

MakcymansHbIi NOTok, M ™2 cp

NIOH non aBr ceH OKT HosA
2019

Puc. 5. MakcumanbpHBIE 32 CYTKH ITOTOKH 3JIEKTPOHOB ¢ sHepruei > 0.7 u > 0.8 MaB nmo ganneiMm KA «Meteop-M2»
u GOES-Primary cooTBEeTCTBEHHO
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Puc. 6. Cpennue 3a cytku Dst u K,

MnotHocTs, cM™
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Puc. 7. CpenHue 3a CyTKH CKOPOCTh U IIIOTHOCTH CB

Mpoekuusa B Ha ocb Z
MonHoe B

-4
WOH
2019

uion asr

Puc. 8. Cpennue 3a cytku B, u B,

Oosiee 4eM B TpH paza. ITO TOBOPHUT O TOM, YTO OCHOB-
HOH BKJIAJl B IPOTHO3 OyJeT BHOCUTH nMeHHO oH. Crre-
JOYIOUTMMHU IO 3HAYUMOCTH TaKXe OXKHUIAEMO SBIISIOTCS
ckopoctb CB, K, u Dst, 4TO COOTBETCTBYET CYIIECTBY-
IOITUM MPECTAaBICHUAM.

Huns sueprum 0.7 MdB mMakcuManbHBIA K03 GUITH-
€HT KOPPEeJLIIMU TaKKe NMPHHAJICKUT MHTETPAIIBHOMY
notoky Ha GOES, ogHako B 3TOM ciy4yae OH HE3HA4M-
TEIBHO TIPEBBIMIAET OCTAJNbHBIE KO3(HITMEeHTH, YTO
yKa3bIBaeT Ha 0oJiee BHICOKYIO BApPHATHBHOCTH OTOKOB
AJEKTPOHOB CYOpEISITHBUCTCKUX 3HEPTHH MO CpaBHe-
HUIO C PENSTUBUCTCKUMU.

CTOWT OTMETHTH, YTO CpPEIHHUE 3a CYTKH 3HAUYEHUS
MOKA3BIBAFOT OOJIBIINI TI0 MOAYIIO KO3 (GHUIUESHT KOoppe-
JSIMUH TI0 CPABHEHHUIO C MAKCHUMAaJIbHBIMH 3HAYCHHUSIMU,
YTO TIOATBEP)KIACT HEOOXOAMMOCTh HCIIOIB30BAHUS
HMMEHHO HX JUI IPOTHO3a.

5. PE3YJIBTATBI
INPOI'HO3NPOBAHMUSI

[lonydeHHbple ¢ NOMOILBIO JUHEMHON perpeccuu
1 HaMBHOH MOJIENH MPOTHO3bI ISl UHTETPATIBHOTO U MaK-
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OKT

NAOTHOCTb 700

CKOpOCTb

[=2]
o
o

CkopocTb, km/c

CeH

CeH

OKT

HOSA

CHMaJIbHOTO TTOTOKa 3JIEKTPOHOB 3a CYTKH ITOKa3aHBI
Ha puc. 11-18 (kK — KomuecTBO MPU3HAKOB, HCIIOIB3Ye-
MO€ JJIsI TIOJTy49eHHs TAHHOTO TIPOTHO34).

Pe3ynbTaThl IpOrHO3UPOBAHUS TIOTOKOB AJIEKTPOHOB
¢ sHeprueil >2 M»>B okasanuch 3HAYMTENBHO JIydIIE,
YTO, BO3MOXKHO, CBSI3aHO C MX OoJjiee BBICOKOH KBa3u-
CTallMOHAPHOCTHIO. IIpOrHO3MPOBAaThE MaKCHMAalbHBIE
MIOTOKH TIOJTydaeTcs Xy’Ke, YeM WHTETrpajibHbIe, TaK KaKk
y HUX HaOmopaercsi OONbIIOH pa3dpoc 3Ha4YeHMIT 3a WH-
TepBaJ BPEMEHU B IIPe/eNIaX HECKOIbKUX AHEH.

JUis OLIEHKM KOJIMYECTBEHHBIX IOKa3aTeled Kaue-
CTBa IPOTHO3a OBUIM paccyMTaHbl KO3(uIMEeHT MHO-
JKECTBEHHOH JeTepMUHALMU R*> U CpeHEKBaJApaTUYHOE
OTKJIOHEHHE. PacueT mpoBoamics Ha TeCTOBOM Habope,
T. €. Ha TeX JJAHHBIX, KOTOPBIE HE MICIOJIB30BAIICEH B IIPO-
niecce 00y4YeHHsI MOJIEIIH.

Jns aHanmm3a KauecTBa MOJAENH PEIICHHS TaHHOW 3a-
Jlady ObLJT TIOJTy4eH MPOTHO3 HAa OCHOBE HAWBHOW MOJICIH
1 pPacCYUTAHBI €r0 XapaKTePUCTUKH. 3HAYCHHS YKa3aHHbBIX
BEJIMYMH TpUBE/IeHbI B Tabnune. CHHUM [IBETOM BhIJIEIe-
HBI JIy4IlINe TOKa3aTeNu Ui KaXJI0ro U3 TOPU30HTOB IPO-
THO3a U JUI JaHHOM 3Heprun. Buano, 4To Beex ciryuasx
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Puc. 9. Moaynb k03 hULIHEHTa KOPPEISILUE HHTETPAIBHOTO 33 CYTKU IMOTOKA JIEKTPOHOB ¢ 3Hepruei >2 MaB
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Puc. 10. Monynb ko3 punmenTa Koppersinuy HHTETPAIbHOTO 3a CYTKH ITOTOKA 3JIEKTPOHOB ¢ 3Hepruei >0.7 MaB
- PeanbHble gaHHble

—— JluHenHas perpeccust, 1 aeHb (k=10)
10“ —— HawuBHbIi nporHos, 1 aeHb

=1

MoTok, cM~2 ¢cp
w

2
e 2020-01-04 2020-01-19 2020-02-03 2020-02-18

Puc. 11. IIporaHo3 MakCUMAaIbHBIX 33 CyTKH ITOTOKOB 3JIEKTPOHOB C dHepruer >0.7 M»>B Ha 1 nens

- PeanbHble gaHHble

—— JluHewnHas perpeccust, 2 aHs (k=9)
10“ —— HawuBHbIN NporHo3, 2 aHA

=1

MoTok, cM~2 ¢cp
N
o
w

10°

2020-01-04 2020-01-19 2020-02-03 2020-02-18

Puc. 12. IIporHo3 MakCUMAIIBHBIX 33 CYTKH ITOTOKOB 3JIEKTPOHOB C dHepruei >0.7 M»B Ha 2 mHs

83



A.O. Benosa, U.H. Mazxosa A.O. Belova, I.N. Myagkova

~ PeanbHble gaHHble
10" —— NuweiiHasn perpeccysi, 1 AeHb (k=7)
~——— HawueHbIVi nporHos, 1 AeHb

Motok, cm~2 cp~t
(2]

2020-01-04 2020-01-19 2020-02-03 2020-02-18
Puc. 13. [IporHO3 UHTETPATBHBIX 32 CYTKH MOTOKOB AIICKTPOHOB ¢ 3Heprueit >0.7 M»B Ha 1 neHp
~ PeanbHble AaHHble

10" —— NuweiiHasn perpeccysi, 2 aHa (k=8)
—— HawuBHbIV NporHos, 2 AHs

P
o

Motok, cMm~2 cp~t
(2]

10°

2020-01-04 2020-01-19 2020-02-03 2020-02-18

Puc. 14. IIporHo3 uHTErpaabHbIX 3a CYTKU IOTOKOB IEKTPOHOB ¢ 3Hepruei >0.7 M»B Ha 2 nHs

- PeanbHble gaHHble
—— JluHeiHas perpeccus, 1 aeHb (k=12)
~—— HawuBHbIi nporHos, 1 aeHb

Motok, cM~2 cp~t
N
o

2020-01-04 2020-01-19 2020-02-03 2020-02-18
Puc. 15. IIporso3 MakcUMaIbHbIX 3a CyTKU IIOTOKOB 3JIEKTPOHOB ¢ 3Heprueit >2 MsB Ha 1 neHp
- PeanbHble fgaHHble

—— JluHenHas perpeccus, 2 aHs (k=8)
—— HawuBHbIV NporHos, 2 AHs

Motok, cM~2 cp~t
=
o

2020-01-04 2020-01-19 2020-02-03 2020-02-18

Puc. 16. IIporHo3 MakcUMaJIbHBIX 3a CyTKU IIOTOKOB 3JIEKTPOHOB ¢ 3Hepruet >2 M»sB Ha 2 nHs

- PeanbHble gaHHble
—— JluHeiHas perpeccust, 1 aeHb (k=2)
I ~—— HawuBHbIi nporHos, 1 aeHb
g
o 10
=
(5]
<
(=}
=
o
C

2020-01-04 2020-01-19 2020-02-03 2020-02-18

Puc. 17. [IporHO3 UHTETPATBHBIX 32 CYTKH MMOTOKOB AIIEKTPOHOB ¢ 3Heprueii >2 MaB Ha 1 neHn
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PeanbHble AaHHble
JInHenHan perpeccus, 2 aHa (k=28)
—— HawuBHbIN NPOrHo3, 2 AHA
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Motok, cm™2 cp
(4
)
|
/
{
)

2020-01-04 2020-01-19
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2020-02-03 2020-02-18

Puc. 18. IIporHO3 UHTETrpaJIbHBIX 32 CYTKU IIOTOKOB 3JIEKTPOHOB ¢ 3Heprueil >2 M»sB Ha 2 nHs

Mertpuku Moaenel MalIMHHOTO 00y4eHHs,
HCIIONIb3YEMBIX B 3aJjaue IPOTHO3UPOBaHUS IIOTOKOB JIEKTPOHOB ¢ 3Hepruei >0.7 u >2 M»B

IIporno3 Ha 1 nenp

IIporHo3 Ha 2 nHst

IIporao3 uHTErpaNbHBIX 32 CYTKH MOTOKOB 3JEKTPOHOB ¢ 3Heprueii >0.7 MaB

Mopgens\MeTtprku R CKO R CKO
HawuBHblii nporxos 0.663 0.325 0.382 0.439
JIuneitnas perpeccust 0.696 0.308 0.550 0.375

IIporao3 MakcMManbHBIX 32 CyTKH IIOTOKOB 3JICKTPOHOB ¢ 3Heprueit >0.7 MaB

Monens\MeTpuku R’ CKO R’ CKO
HawuBHblii nporxos 0.372 0.471 —0.046 0.608
JIuneitnas perpeccust 0.558 0.395 0.316 0.492

IIporHo3 uHTErpasIbHBIX 32 CYTKH MOTOKOB JIEKTPOHOB € SHepruen >2 MaB

Mopens\MeTpuku R’ CKO R’ CKO
HawusHblii nporxos 0.819 0.156 0.603 0.232
Jluneitnas perpeccust 0.825 0.154 0.708 0.199

IIporao3 MakCHUMaJbHBIX 332 CYTKH IIOTOKOB 3JIEKTPOHOB C 3Hepruei >2 MaB

Monens\MeTpuku R? CKO R CKO
HawusHblii nporxos 0.852 0.144 0.721 0.198
JIuneitnas perpeccust 0.888 0.125 0.776 0.177

HAaWBHBIM IIPOTHO3 TOKA3bIBAET PE3yIbTAThl XYyXkKE, 4eM
BBITIOJIHEHHBIN NP TOMOIIM JIMHENHOM perpeccud. [lomy-
YEHO TaKke, yTo 1 £>0.7 MsB XapakTepuCcTHKH JTy41le
JUIS TIPOTHO3a MHTETPANIbHBIX TIOTOKOB, a st £>2 M»B
nmyudnie ce0si IOoKa3bIBaeT MPOrHO3 MaKCHMAaJBHBIX HO-
TOoKOB. IIpn yBennueHNN TOPH30HTa MPOTHO3A O’KUIAEMO
HaOJII0aeTCsl 3HAYNTENbHOE YXY/ IIIEHHE Ka4ecTBa Mpo-
THO30B JUISI 000X SHEPTeTHYECKHUX THAITa30HOB.

3AKJIIOYEHUE

B pabote mpuBeneHbI pe3yJbTATHl HCCICIOBAHHS
BO3MOXXHOCTH TIPOTHO3UPOBAHUA BapI/IaHI/Iﬁ IIOTOKOB
(ucmonp3oBasics JorapruM MOTOKA) AJIEKTPOHOB BHEII-
HET0 PaJMaIMOHHOTO Mosica 3eMiu ¢ sHeprusmu >0.7
n >2 MbdB, n3MepeHHBIX Ha KPYroBOH MOJISIPHOM opouTe.
[TporHo3 BBIMOJHSIICS C MOMOIILI0O MAIIMHHOTO 00Yyde-
HUS, TJIe B KAYECTBE BXOJHBIX MPHU3HAKOB UCIIOJIb30Ba-
JIMCh TIapaMeTPhl COJIHEYHOTO BETPa M MEXXIUIAHETHOTO

MarHUTHOTO TIOJIS, a TaKXKe I€OMAarHUTHBIE MHACKCHI
u sorapudm nortoka snekrpoHoB BPII3 Ha reocraimo-
HapHOH opburte. [IpoBeneH oTOOp ONTHUMAIBHBIX BXO-
HBIX IIapaMeTPOB NPH MPOTHO3UPOBAHUM TOTOKA 3JIEK-
TPOHOB Ha HU3KOW moisipHoW opbOwure. ITomyueno, 4ro
Ha TIOJISIPHOH oOpOMTE MakcHMalbHbIH KoddduimeHT
KOPpENSUY UHTErPalbHOro MOTOKa 3nekTpoHoB BPII3
c sHeprueii >2 M»B nabmozaercst ¢ HHTETpaIbHBIM TI0TO-
KOM Ha reoctanuoHapHoii opoure (GOES). B couera-
HHUHM C yXX€ WMEIOIIMMHUCS pe3yJIbTaTaMH IIPOrHO3UPOBa-
HUS TIOTOKOB 3JIEKTPOHOB Ha T'€OCTaIlMOHApHOW OpOHTe
Ha HECKOJIBKO CYTOK Brepex [MsrkoBa u ap., 2021;
Kalegaev et al., 2023] mocTaHOBKY 3aa4u MPOTHO3HPO-
BaHUS IOTOKOB DJIEKTPOHOB Ha TMOJIIPHBIX OpOHTax
MOJKHO CUHTATh MEPCHEKTUBHOM.

Ha ocHOBaHMM NOJYYEHHBIX B XOZE HCCIICTOBAHHSA
Pe3yJIbTaTOB MOXHO HPENNOI0KUTh, YTO VIS MOJyde-
HUs O0Jiee TOYHBIX MTPOTHOCTHYECKUX MOJENeH ciemy-
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IOIIMM BO3MO>KHBIM 3TarloM JIOJDKHO OBITH pacIIMpeHue
HCIOJB3yEeMOr0 BpEMEHHOTO PsAJa IKCIEPHUMEHTAIbHBIX
JIAaHHBIX, a TaK)XKe MCCIEJOBaHUE B paMKax TaHHOM 3a-
Ja4yu OoJee CIIOKHBIX MOJEJIeH MalllMHHOTO O0YUeHHs —
TaKuX, HAIPHIMeEDP, KaK NCKYyCCTBEHHbIE HEHPOHHBIE CETH
U TPafAUCHTHBIN OYCTHHT.

HccnenoBanue BBIIOMHEHO 3a cueT rpaHta Poccwuii-
ckoro HaywHoro onma Ne 22-62-00048, [https://rscf.ru/
project/22-62-00048/].
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AnHoTanusi. B paboTe mpencTaBiIeHbl Pe3yNbTaThI
AKCIICPUMEHTOB IO BO3JEHCTBHIO Ha HOHOC(hEPY 3eMiTu
MOIITHBIM BBICOKOYACTOTHBIM PaIHOU3IYICHUEM Cpen-
HemupoTHOro HarpeBHoro crega CYPA (56.1° N,
46.1° E). Bosmymienne B moHOC(EpPE CO3AaBAIOCH pa-
JIMOBOJTHOW HEOOBIKHOBEHHOMW IMOJISIPU3ANNHU B YCIOBUSIX,
Korzaa O6BIKHOB€HH3H KOMIIOHCHTA MOIHHOﬁ BOJIHBI
HE OoTpakaliach HOHOC(epoi. 30HAUPOBAHUE BO3MYIICH-
HOW 00JIaCTH OCYIIECTBIUIOCH POOHON pPaTuOBOTHON
TOM K€ MOJSIPU3ALNH Ha YaCTOTE BHIIIIC YaCTOTHI HArpeBa
Ha 228-400 kI'11. Bo Bpems Bo3nelicTBUs HA HOHOChEPY
C BBICOTHI OTPa)XEHHUs MOIIHOHN pPaIMOBOJHBI IIPHHU-
Majscs cia0blil pacCesHHBIH CHTHAl C aMIUIMTYJIOH Ha
40—-60 nb HWKe aMIUIUTYIBl CUTHAja 3€pKaIBLHOTO OT-
paxkenuss ot F-obmactu. DTO O3HAYaeT, YTO HCKYC-
CTBCHHOE BO3MYIIEHHE IUIOTHOCTH IUIa3MBI IPOHCXO-
U0 B 00JacTH OTpaKeHUsI MOUTHOW PaJMOBOJIHBI He-
OOBIKHOBEHHOH moirsipu3anuu. OOCYKIAIOTCS BO3MOXK-
HbI€ IPUYXNHBI BOBHUKHOBCHH A BO3MYILICHU.

KaroueBblie ciioBa: noHocdepa, mia3Ma, BRICOKOYA-
CTOTHBIH HArpeB, 30HIUPOBAHHUE MPOOHBIMU PaIHOBOII-
HaMH, paccesHue, UCKYCCTBEHHbIE MEPUOANYECKUE He-
oxHOpOoIHOCTH, HarpeBHEIH cTeH CYPA.

Abstract. The paper presents the results of experi-
ments on the impact of powerful high-frequency radio
emission from the SURA mid-latitude heating facility
(56.1° N, 46.1° E) on Earth's ionosphere. The disturb-
ance in the ionosphere was created by a radio wave of
extraordinary polarization under conditions when the
ordinary component of the powerful wave was not re-
flected by the ionosphere. The sounding of the disturbed
region was carried out with a probe radio wave of the
same polarization at a frequency higher than the heating
frequency by 228-400 kHz. During the impact on the
ionosphere, a weak scattered signal with an amplitude
40-60 dB lower than the amplitude of the specular re-
flection signal from the F-region was received from the
height of reflection of the powerful radio wave. This
means that the artificial disturbance of the plasma densi-
ty occurred in the region of reflection of the powerful
radio wave of extraordinary polarization. Possible caus-
es of the disturbance are discussed.

Keywords: ionosphere, plasma, high-frequency heat-

ing, sounding with a probe radio wave, artificial periodic
irregularities, SURA heating facility.
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BBEJEHUE

Hagatpie B 60-X TI'T. MPOLUIOTO CTOJETHS HCCIIENO-
BaHUS MOHOC(EPHI NMPH BO3ACUCTBUHM HAa HEE MOIIHBIM
KB-paanonsnydeHrieM HarpeBHBIX CTCHIOB OOHAPYKHIH
MHOXKECTBO SIBJICHUH Kak MPeICKa3aHHBIX M 00OCHOBaH-
HBIX B TEOPETHYCCKUX pabOTax, TaK ¥ B KAKOH-TO CTCIICHU
HEOXKUIIAHHBIX. Pe3ynmbpraTaM 3THX HCCIIEIOBAaHHI MOCBS-
IIeHa OOIIMpHAs JINTEpaTypa, BKIIOYAIOIIast MOHOTpaduu
U JIECSITKH COTeH cTaTeil B HayuyHOW mepuoauke. Cpenn
Hux MoHorpaduu [I'ypesuu, IlIBapndypr, 1973; Murs-
KOB 1 1p., 1989; brnarosemenckast, 2001; ®ponos, 2017;
Kelley, 2009], 0630ps1 [I'un30ypr, 'ypesny, 1960; Utlaut,
Cohen, 1971; Stubbe, Hagfors, 1997; Leyser, 2001; I'y-
pesud, 2007; Gurevich, 1999; I'pau u np., 2016; Streltsov
et al., 2018; benukosuy u ap., 2007; ®posos u ap., 2007,
Brnarosemenckas, 2010, 2020; Blagoveshchenskaya et al.,
2020, 2022; Kuo, 2021], B KOTOpBIX NpHBEICHA OOIIHUP-
Has OmOnmorpadusi TEOPETUIECKUX U SKCHEPHMEHTANb-
HBIX I/ICCJ'IC[[OBaHI/Iﬁ HNCKYCCTBCHHOI'O BO3MYILICHUA UOHO-
cepsl MOIIHBIM paJHOM3IyYeHHEM. B BBIOJHEHHBIX
Ha HarpeBHbIX creHaax Arecibo, HAARP, EISCAT,
«3umenkn», CYPA »skcrepuMeHTax IO BO3IEHCTBHIO
Ha WoHOC(hEpY MOIIHON pPaHOBOJIHON OOBIKHOBCHHOI
MOJISIPU3AIUHN OBLT WCCIIEAOBAH MIUPOKHHA KPYT BO3HU-
KAIOIIUX MPH ITOM siBlicHUNA. OJJHUM M3 HUX OBLIO BO3-
HUKHOBEHHE HWCKYCCTBEHHOH TYpOYJICHTHOCTH HOHO-
c(hepHOIi TUTa3MbI KaK CICICTBUC Pa3BUTHS [UIa3MEHHBIX
HEYCTOWYMBOCTEH pa3HOTO THMa BOJM3H YpOBHS Bepx-
HEr0 TMOPHIHOTO PE30HAHCA, T. €. BBICOTHI PE30HAHCHOTO
B3aUMOJEHCTBUS OJI1 MOILHOM BOJIHBI C 3JEKTPOHAMU
noHocoeps! [['ypesuu, 2007; Bacskos, ['ypeBny, 1973,
1975a, 6, 1979]. [loapoGHbIii 0030p pe3yabTaTOB MHO-
TOYHMCIICHHBIX AKCIIEPHMEHTOB 10 BO3JICHCTBHIO HAa HOHO-
cepy MOIIHBIM PaTUOU3IYICHUEM JIaH B MOHOTpaduu
[®pomos, 2017], B paborax [Streltsov et al.,, 2018;
Rietveld et al., 1993, 2016; Blagoveshchenskaya, 2020;
Kuo, 2021]. BaxxHpIM yCIIOBHEM YCHJICHHS HarpeBHBIX
3¢ PEeKTOB 0Ka3aN0Ch M3TYICHUE TepeIaTInKaMu CTCHIA
MOHlHOfI paauoBOJHBEI B HaNpaBJICHUUW MAarHuTHOTO
senuta [Gurevich et al., 2002; Pedersen et al., 2003].

Jlonroe Bpemsi BO3MYIIIEHHSI HOHOC(EPBI TIPU PATHO-
HAarpeBe CBS3BIBAIM C KOMIUIEKCOM HEIWHEHHBIX IpO-
LIECCOB, PA3BUBAIOIIUXCS B IIOJIE MOIIHOW OOBIKHOBECH-
HOW BOJHBI U BBI3BIBAIOIIUX OOpa3OBaHHE pPAa3BUTOM
CTPYKTYPBl HEOJHOPOIHOCTEH IUIa3MBI, CHIIBHO BBITS-
HYTHIX BJIOJIb TE€OMAarHUTHOTO MO, M3mydeHue paawo-
BOJIH HEOOBIKHOBEHHOHN MONSPU3AIMH HCIIONB30BAIOCH
JUISL MCCJICTIOBAHMSI MOHOC(EPHl W HEHTpaIbHOW aTMO-
chepbl METOIOM CO3/IaHHS HCKYCCTBEHHBIX IIEpHOIIUe-
CKHX HeoJHOpoHOoCcTel nonochepHoi miasmsl (MITH),
BIIEPBBIE PEaJM30BaHHOM Ha HArpPeBHOM CTEHOE «3H-
MEHKH» W BTOCJEACTBUU pa3BuToM Ha creHae CYPA
[BemukoBuy u np., 1975, 1999; Belikovich et al., 2002;
Bakhmetieva, Grigoriev, 2022]. B moHorpaduu [®po-
soB, 2017] moapoOHO OMHUCHIBAIOTCS W OOCYKAAIOTCS
pe3yJabTAaThl SKCICPUMECHTOB II0 BO3MYILCHHIO HOHO-
cepsl HEOOBIKHOBEHHOW pPaJMOBOJIHOH, B KOTOPBIX
OBUTO YCTAHOBJICHO, YTO MEJIKOMACINTA0HBIC HEOHO-
POIHOCTH C TIOTIEPEYHBIM OTHOCHTEIHHO T'€OMAarHUTHOTO
noss Macmradbom /,~10-20 M He BO30yXIaJInCh; AeKa-
METPOBBIE MENKOMAcIITa0HbIE HEOJHOPOJHOCTH C IIO-
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niepednsM MaciraboM 50-200 M 1 cpeHeMaciiTabHbIe
¢ [, =3 KM BO30YXJaJHCh TOJIBKO B BEUYCPHHUE U HOUHBIE
4ackl, a KpynHOMacIITaOHble HEOAHOPOIHOCTH ¢ /;=10—
20 kM 1 60oee BO30YXKIANCH B 3TU K€ Yachl IIPH YCIIO-
BUY OJIM30CTH YaCTOTHI HArpeBa K KPUTHUIECKOI 4acToTe
F-cnost nmns HeoObIkHOBEHHOW BOJHBI [PponoB u ap.,
2014; ®ponos, 2015]. Jlyummuii pe3yapTaT JOCTUTAJICS
NPY W3JIyYCHUH MOLIHOW PaJUOBOJIHBEI B HANPaBICHUH
MarHUTHOTO 3€HUTA.

Bob1noit 00beM HcceioBaHui HEeTMHEHHBIX SIBJICHMUH
B IUIa3Me€ NP BO3MYILEHHM €€ MOIIHOW paJHOBOJHOM
HEOOBIKHOBEHHOH MOJISIpU3aLiy ObLI BBINOJIHEH MEXITy-
HapoOIHBIM KOJJIGKTHBOM Ha BBICOKOIIMPOTHOM HArpeB-
Hom creHae EISCAT [bmarosemenckas u ap., 2018;
Blagoveshchenskaya, 2020; Blagoveshchenskaya et al.,
2019, 2020, 2022; Kalishin et al., 2021; bopucosa u mp.,
2023]. OTH SKCHEpUMEHTHI ITTOKA3aJl, YTO B YCIIOBHSX
CTIIOKOHHOW BBICOKOITMPOTHOW HMOHOC(EPHl MOITHAS pa-
JIMOBOJIHA HEOOBIKHOBEHHOH TMOJISIPU3AIINY, U3ITyYeHHAs
B HallpaBJICHUM MarHUTHOTO 3€HUTA, MOXKET BO3EHCTBO-
Barh Ha F-oOmacte moHocdeps! dddexTnBHEE U BBI3BI-
Barh OoJiee CHIILHOE BO3MYILEHHE HOHOC(HEPHOI II1a3MBl,
4eM pPaanoBOJIHA OOBIKHOBEHHOM MOJISIPH3aIHH.

Ha ocHoBe ombiTa, IpHOOPETEHHOTO HAMU B PE3yJiIb-
TaTe MHOTOJIETHUX MCCIICI0OBAHIH HOHOC(EPH METOZIOM
pe3oHaHCcHOro paccessHus paguoBosiH Ha UITH, B 2006 r.
Ha cpenHemmpoTHOM cteHne CYPA OpuT HadyaT HOBEIM
IIUKJT 9KCTIEPUMEHTOB T10 UCCJIEOBAHNIO BO3MYIICHHON
obiacTn MOHOC(EPHI, CO34aBaEMOW TPH BO3JCHCTBHH
Ha HOHOC(Epy MOLIHBIMU PaJHOBOJIHAMH HEOOBIKHOBCH-
HOH MoJisIpu3aIivi. 30HIUPOBaHNE BO3MYILEHHOH 001acTi
NPOOHBIMH PAJMOBOJHAMHU TOH K€ TOJISIPU3ALMK Ha 4a-
cTOTe, OMM3KOM K HarpeBHOHM, MPOBOAMIIOCH Ha 0ase
YCTaHOBKHM YacCTHYHBIX OTpakeHHH. PaccesHue mpoO-
HBIX PaJMOBOJIH W3 00JIacTH, BO3MYIICHHON paJrOBOJI-
HOM HEOOBIKHOBEHHOM IMOJISIPHU3ALK, HaOII0AAI0Ch Hepe-
TYJISIPHO, TIPH OTIPEAEICHHBIX ycnoBusax. Llenpio nannoi
paboThl sIBIsIeTCST 0OCY)KJCHUE PE3yJIbTaTOB 3THX JKC-
NIEpUMEHTOB.

1. CO3JAHUE NCKYCCTBEHHOI'O
BO3MYIIEHUA B UOHOC®EPE
M EI'O JJOKALIIA

NPOBHBIMU PAIUOBOJIHAMMU

N3mepenus npoogmmmck 10-11 okts6ps 2006 r.,
1-2 cenrsiOps u 8 okrsiopst 2014 r., 18 mast 2016 1. n 24—
25 cenrsiOpst 2024 r. B BeuepHUE Yachl, HHOT/A B YCIOBHUSIX
cwibHOW b dy3Hoctn F-ciost moHocdepsl. B Tekcre
npuBeneHo MockoBckoe Bpems (MCK), mo xoropomy
pabotatot HarpeBHBIH cTeHn CYPA n nuarHoctudeckuit
KOMIUIEKC, C yKa3aHHEM B CKOOKax BCEMHPHOTO YHH-
BepcanpHOTO BpeMern (UTC).

10—11 oxmsaoéps 2006 .

Okcnepument mpoxoana ¢ 19:00 mo 22:00 MCK
(UTC+4). Bo3sneiictBre Ha HMOHOC]EpY MPOM3BOAMIOCH
cuH(pA3HO TpeMs MepeaTYUKaMH C U3ITyIaeMOi MOIIIHO-
creio P1=210 xBt, P,=220 kBt u P;=190 xBT Ha 4a-
crore 4.3 MI'n. MomHas paguoBOIHa HEOOBIKHOBEH-
HOM MOJISIPU3AINHU U3Ty4aiach B 3CHHT.
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Jlokanusi BO3MYIIEHHOW OOJIACTH OCYIIECTBIISIIACH
TaK)Ke HEOOBIKHOBEHHOW paJMOBOJHONH Ha YacTOTe
Jupos=4.7 MI'L (T. e. BbIlIe HAarpeBHOH YacTOTHI
Ha 400 xI'm) nepenarunkom «[lomck» ycraHOBKM 4a-
CTUYHBIX OTpakeHWH. B pexxnme HarpeBa moHoc(heps
crean CYPA 30 c HempephIBHO W3JIydasl MOIIHBIE pa-
IIMOBOJHEL, 3aTeM ciefoBaiia 60-cekyHOHas mays3a. JKc-
MEPUMEHT NIPOBOJMIICS B YCIOBHAX, KOTAa KPUTHIECKAS
gactoTta F2-cios f,F2 Opita HIKe HarpeBHOM YaCTOTEHI
1 BOJIHBI OOBIKHOBEHHOH IMOJSIPU3aUN HE OTPaKAJINCh
noHocgepoii. CocrosiHre HOHOC(EPH KOHTPOJIMPOBA-
Jock HMOHO30HIOM «basuc». Bo Bpems skcnepuMeHTa
HaOJII0/1aIOCh SIBJIEHHE €CTeCTBEHHOTO F-paccesnus, npu
KOTOpPOM 3€pKajbHOE OTpa’keHHe BONHBI oT F-cios cra-
HOBUTCS pa3MbIThIM [Bpronemnu, Hamramangse, 1988].
Bo Bpems HarpeBa U mayssl B paboTe CTEHIa TPOBOIHN-
JIOCh MMITYJICHOE 30HMPOBAHNE BO3MYIIEHHOH 00IacTn
noHocdepsl. [ perucTpannuu XapakTepUCTHK aMILIH-
Tyq ¥ (a3 CUTHAJIOB, OTPa’KCHHBIX U PACCEIHHBIX HOHO-
cdepolf, MCIONB30BATACH CIIEIMAIN3NPOBAHHAS allIa-
patypa, pa3paboTaHHas A UCCIEIOBaHNUS HOHOCHEPEI
METOJIOM YaCTHYHBIX OTpakKeHUH, MpUMeHsAeMas TakxkKe
NPU KCCIIeIOBaHUK HOHOC(Ephl U HEHTpaIbHOW aTMO-
coepsl meronom UITH [benukosud u ap., 2003]. Tlepe-
JIATYMK YCTAHOBKU YaCTHYHBIX OTPAKCHUII M3ITydad B 3e-
HUT JIMHEHHO-TIOJIIPU30BAaHHBIE PAHOBOIHBI B HMITYJIb-
CHOM PEXHME C IITUTEeNLHOCTHIO UMITynbea 25 (50) Mke
u dactotoil moBTroperus 25 (50) I'm. [Ipuemomnepenaro-
IIasi aHTCHHAsl CHUCTeMa YCTAaHOBKM MMeeT 12 BuOpato-
POB JUIS KaXkKAOH U3 JIBYX B3aUMHO OPTOTOHAIIBHBIX I10-
nsipu3anuii. Ha npueme, kak mpaBuiio, BEIAEISIIACH BOJHA,
COOTBETCTBYIOIIAsi HEOOBIKHOBEHHOW KoMIIoHeHTe. [Ipu-
HATHIE CUT'HAJBl YCHIMBAJINCH MPUEMHHKOM C IIOJIOCOM
40 (80) xI'1, mx KBagpaTypHBIE KOMIIOHEHTHI PETUCTPH-
pOBaKCH B ITUGPOBOM BHJE C IIArOM IO JACHCTBYIOMICH
BeicoTe 0.7—1.4 KM B AmManazoHe JEHCTBYIOIINUX BBICOT
or 0 mo 700 kM. DKCHEpPUMEHT TIOKa3aj, YTO B MEPHOJ
BO3JIEHCTBUS Ha HMOHOC(hEPY PaJAMOBOJIHON HEOOBIKHO-
BEHHOU MOJISPU3ALUU B HMHTEPBAJE ACUCTBYIOLIUX BbI-
coT Ha 3040 kM HMXKe 3epKanbHO OTPAXKEHHOT'O CUTHANIA
HOSIBJISIICS caOblil pacCestHHBIN CUTHAJ, TPOIaaBIINi
Hocjae OKOHYAHUS HarpeBa.

1-2 cenmsbps 2014 e.

OkcniepumeHT npoxomamsn ¢ 21:25 ngo 07:10 MCK
(UTC+4). HarpeB unoHOc(epsl POWU3BOAWICS IBYMS
TepeNaTIuKaMi ¢ U3ITydaeMoi MomrHocThi0 P1=150 kBT
u P,=160 kBt Ha yacToTe fyp=4.3 MI'n. IIpoGHble
BOJIHBI HM3JIydannch, kak u B 2006 r., Ha dacToTe
Japos=4.7 MI'm. Ilocne 00:16 MCK oO6bIKHOBEHHAs
KOMITOHEHTa MpoOHO# BOJIHA mepecTana OTPaKkaTbes
oT moHOochepsl. B memom ObUTM BBITIONHEHBI YCIIOBHS
skcnepumenTa 2006 T., Ho F-paccesHust He HaOII0AATIOCE.
PaccesiHHBIC CUTHAJBI BO BpEMsl BO3JICHCTBHSA HAa HOHO-
chepy He Obum 3apeructpuposansl. [locie 02:45 MCK
HArpeBHAsI BOJIHA MIEPECTalla OTPAKATHCS OT HOHOC(HEPHI.

8 okmsbps 2014 2.

Okcnepument mpoxoamn ¢ 22:30 mo 24:00 MCK
(UTC+4). Ha narpeB paboTany TpH MepeaaTInKa ¢ u3-
mydaemoil wmommHOocThl0 P1=170 BT, P,=150 xBrt
u P;=150 kBT Ha 4acToTe fyar,=4.3 MI'l. Hcnone3o-
BaJIUCh TMATHOCTHYECKUH MEePeaaTyUK MPOOHBIX BOJH
M 4YacTOTa MPOOHBIX PaTUOBOJIH TAaKUE XKE, KaK B CCH-
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Ts10pe 2014 r. PaccessHHBIC CUTHAIBI BO BpeMs BO3JICH-
CTBUS Ha HOHOC(EPY He OBUIX 3apETUCTPUPOBAHBIL.

18 mas 2016 a.

Okcnepument mpoxoann ¢ 18:25 mo 20:00 MCK
(UTCH3). Harpes npousBonuiicst Ha yactote 5.750 MI'ng
nByms nepeparuukamu ¢ P;=200 kBt u P,=120 kBT,
4acTOTy MpOOHBIX BOJIH n3MeHsum ¢ 5.600 1o 5.900 MIw.
K koHIly paboTel kpuTHYecKas dactoTa F-cios (X-KOM-
MOHEHTa) CHU3MIach A0 5.5 MI'L, T. €. B 3TOM dKCHEpH-
MEHTE 30HJHPOBaHUE HOHOC(EpHl C MOMOIIBI yCTa-
HOBKH YaCTHYHBIX OTPAXCHUH IPOBOIUIOCH BpeMEHAMHU
Ha 9acTOTe HIJKE YacTOTHI HAarpeBa. PaccesHHbIC CUTHAIIBI
BO BpeMsI BO3JIEHCTBHS Ha HOHOC(Epy He OBLTH 3aperu-
CTPUPOBAHEI.

24-25 cenmsaobps 2024 .

OxcnepuMeHT npoxogun ¢ 21:30 mo 23:15 MCK
(UTC+3) 24 cenrs6ps u 05:30 mo 07:15 MCK (UTC+3)
25 cents0ps. HarpeB moHOC(]EpH HENPEPHIBHO IMPOBO-
nuiics AByMs nepenatuyukamu creHna CYPA Ha yactote
5.227 MI' ¢ m3my4aeMoii MomHOCTRI0 P1=220 kBTt
n P,=200 kBt. IlpoOHbIE pamMOBOJIHBI HA YAaCTOTE
5.455 MTI'L, T. e. BbIlIE HArpeBHOM 4acTOTHI Ha 228 kI I,
U3IYYaluCh TPETBHM  IEPEAATIMKOM  MOITHOCTHIO
P;=170 kBt ¢ murtenpHOCThIO UMIyNbca S0 MKC U 4a-
croroii moBTopenus 50 I'm.

JIyist mpriemMa M perucTpanyy BCEX OTPAXKESHHBIX U pac-
CeSIHHBIX MOHOC(EpOol CHUTHAIOB HCIOJB30BANIACh aHTCH-
Has CHCTEMa YCTAaHOBKU YACTHYHBIX OTPAKECHUH U TIPHEM-
HBII KOMIUTEKC Ha OcHOBe 14-paspsimHoii mmatsl National
Instruments. ITosoca npuema cocramnsina 850 kI'm.

2. OTKJIUK UOHOC®EPHI
HA BO3JENCTBHUE
MOH.[HOI71 PAANOBOJIHBI

[IpuBeeM OCHOBHBIE PE3YJbTAThl KAXIOTO IMKIA
U3MEpEeHuH.

2.1. XapaKTepHCTHKH PACCESTHHOI0 CUTHAJIAa
10-11 oxTsiopst 2006 r.

Kak ynomuHanochk Bbllle, BO BpeMsl BO3AEHCTBHS
Ha noHOC(hepy HEOOBIKHOBEHHOW BOJIHOM TMOSBIBSIICS ClIa-
OBIil pacCcestHHBII CHTHaJ Ha JEWCTBYIOIIMX BBICOTAX,
B oCHOBHOM Ha 30—40 KM HIKE BBICOTHI 3€PKaIBHOTO
oTpakeHUsI curHana ot F-obmactu. PaccesHHBIH curHaN
Habmomancs ¢ 19:40 mo 21:00 MCK 10 oxta6ps 2006 .
u ¢ 20:45 no 21:57 MCK 11 oxkrs16ps 2006 1. Dddexr
OBbLT HACTOJIBKO BBIP)KEHHBIM, YTO TIOSIBIICHUE M Pa3BU-
THE PACCESHHOTO CHUTHAJNAa NpH HarpeBe HOHOCHEpHI
HaOIIOIaJNCh B peallbHOM BPEMEHH 0€3 JTOTOIHUTEIh-
HoOW obOpabotku. Ha puc. 1 B xoopamHaTtax neiicTByto-
1ast BRICOTa — BpeMsI TIOKa3aH (pparMeHT perucTpanumn
B peaJlbHOM BPEMEHH aMIUTUTY]bl CUI'HAJIA, TOSBIISBIIIC-
rOCsl TIPH BO3JICUCTBUH Ha HOHOC(Epy. AMITIHTYA pacce-
stHHOTO curHana Obiia Ha 40-50 nb Hwke aMIUTUTYAbI
3epKAIFHOTO OTpasKeHUsI MPOOHOM PaJuoBOIHBI OT F-ciost
noHocdepsl U OBICTPO U3MEHSIACh C BHICOTOW U BO Bpe-
MeHH. Bpems pa3BUTHS CHUTHaJa COCTaBJIsUIO OKoJo 1 ¢,
a BpeMs peJlakcalliy MPUOIU3UTENBHO IO CEKYHbI.
Curaan mMen OIyMOTIONOOHBIA XapakTep: BPEeMEHHOM
HHTEpBaJI Koppessiuu He npesbiman 0.2 c.

Berire 340-350 kM BunHbl 1uddy3HbIC 3epKaIbHBIC
oTpaxkeHHs MpoOHO# BonHbl 0T F-o0nactu. Ha BricoTe
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Puc. 1. CDpal"MCHT perucTpannm B p€ajibHOM BPEMEHU aMIUIUTY/Ibl CUT'HaJIa, NOABJISABIICTOCS ITPU B03HeﬁCTBHH Ha I/IOHOC(i)epy
B TpEX CCaHCax Harpesa. OT,HCJ'II)HI)IC Oesple MIIH YCPHLIC BCPTUKAJIIBHBIC JIMHUU O3HAYalOT HCIIPABUJIbBHBIC CKaHblI HM3-3a
cboeB B HpHeMHOﬁ arraparype. I/IHTCpBaJ'H)I HarpeBa IoKa3aHbl CBEPXY TEMHBIMU IIOJIOCaAMH. BpeMS{ JJaHO B J0JIAX Yaca
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Puc. 2. Nonorpammel, IOIy4CHHbIE C IIOMOILBIO HOHO30HIa «basucy 11.10.2006 B yackl sxcniepumenTa. Bpems Ha noHOrpammax
ykazaHo MCK (UTC+4). Ctpenkamu 0003Ha4YeHbI 4aCTOTHI HArPEBHOW M MPOOHOIT paaroBosiH. BUaHO, 4TO B 4achl IPOBEICHU

9KCIIepUMEHTa Ha0JII0AaJI0Ch HHTEHCHBHOE F-paccesHue

~105 xm HaOmomaercs cnopagmaeckuit cioir E (Ey)
¢ kputHyeckor yactotoit f,E¢=2.5-3.1 MI'n. CootBet-
CTBYIOII[IE MOHOTPaMMBI, MOJTy4eHHble HOHO30H/I0M «ba-
3UC», IPUBEJICHBI HA pUC. 2. B 3THX yciioBUsX paauo-
BOJIHa OOBIKHOBEHHOH MoOJIsipu3aIy gactotoi 4.3 MI'mg
HE OTpa)kaJlach OT HOHOC(eEpHI.

Ha puc. 3 B Tex e KOOpAMHATaxX HPHBEACHHI aM-
IUTUTYBl PACCESHHOTO U 3ePKAIbHO OTPaKEHHOI'O CHUT-
HaJIOB 1t cepuu HarpeBoB mocie 21:30 MCK. Brrme
310 xm oTmedaetcst TuPy3HBIA 3epKaTHHBIA CUTHAT
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Ha yacTtoTe npoOHoi BoimHbl. Ha puc. 3 Beime 270 kM
T10J] BBICOTOM 3€PKaJIbHOTO OTPasKeHUs! NPOOHOI BOJIHEI
(~310-320 kM) BUJIEH pACCESIHHBI CHTHAII YaCTOTOW
4.7 MI'y, pa3BuTHE KOTOPOTO KOPPEIUPYET ¢ MOMEHTaMHU
BKJIIOUEHHS Harpepa. B cepeanHe maToro ceaHca HarpeBa
mocie 21.71 MCK (BpeMms maHO B JOJSIX Yaca) Majana
MOIIHOCTh, M3JIy4yaeMas IepelaTIMKaMi HarpeBHOTO
cTeHAa. BuaHo, 4TO ammmTyna paccessHHOTO CHTHama
TaKKe 3aMETHO yIaia, 9TO O3HAYACT e¢ MPSIMYIO 3aBUCH-
MOCTB OT MOILITHOCTH Harpesa. K KoHITy cenpMoro ceaHca
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Puc. 3. ®parmenT perucTpanuy B peaJbHOM BPEMEHHU aMILIUTYABI CHTHAJA, HOSIBIIIBIIETOCS IIPH BO3ICHCTBIUM HA HOHOC(EDY,
Ui AeBATH ceancoB Harpesa nociue 21:30 MCK. uTepBaibl HarpeBa OKa3aHbl CBEPXY TEMHBIMU [10JIOCAMU

OdencTBylOwWan BbICOTA, KM

Amnnutyga, ob

| 60

2 360

3

3 340

a

m

m 32

(1]

g

g 300

o

™=

2 280

D

I A

55 5 (1IN
15 20 25 30 35 40 45 50
Bpewms, ¢

Puc. 4. PazBuTtHe paccessHHOrO CUrHajia B ceaHce Harpesa ¢ HaganoM B 20:55:03 MCK: ¢ — B unTtepBaiie JeiiCTBYIOIIUX
BeicoT 0—700 kM; 6 — B OoJIee y3koM HHTEpBaie BBICOT 260—-360 km

Harpesa rnocie 21.75 MCK 0Obuto ymeHblIeHO Hampsi-
KeHHe Ha IpueMe (BpydYHYIO BKIIOYEHO ociabieHue
Ha 20 nb Ha mpUEeMHOI YCTaHOBKE), YTO IMPHUBEIO
K YMCHBIICHHIO aMIUINTYAbl NPUHAMAEMOI'O CHTHAlA.
Criopagnueckmii cnort E mabmonancs Ha BbicoTe 100—
105 xM Bce BpeMs H3MEPEHHH.

W3 ananmza BBICOTHBIX NpodmiIeil 3JIEKTPOHHOM
KOHLIEHTPALH, BOCCTAHOBJIICHHBIX M3 HOHOTPaMM Bep-
TUKAJILHOTO 30HAUPOBAHUS, CIEIyeT, YTo MpoOHas pa-
JIMOBOJIHA yacToTol 4.7 MI'I oTpaxanack Ha BBICOTAX,
OJM3KUX K BBICOTE OTPa)KEHWsI HArPEBHOW BOJHBI Ya-
crotoit 4.3 MI'u. HarmoMHuM, 4TO peyb HIET O HEOOBbIK-
HOBEHHBIX KOMIIOHEHTaX HAarpeBHOW M NMPOOHON pajuo-
BOJIH.

Bo Bpems HarpeBa n3MeHsICsS Xapakrep auddy3HocTi
F-cnos u, xak ciencrtsue, oTpaxkeHHbIA 0T F-ciiost HoHo-
cdepbl 3epKaJbHBIN CHTHAT TpHoOpeTan Oojiee MEIKYIO
CTPYKTYPY IO BBICOTE ¥ BO BPEMEHH. DTO XOPOIIO BHJTHO
Ha puc. 4, Ha KOTOPOM IOKa3aHO Pa3BUTHE PaCCESHHOTO
curHaia B ceance ¢ HayasoM B 20:55:03 MCK (4:mMuH:C).
U3 puc. 3 u 4 cremyeT, 4TO aMIUIUTY/AA PACCESTHHOTO CHT-
HaJla HEpeTYISIPHO U3MEHSIACh C BBICOTOH M BO BPEMEHHU.
B mpenenax kaxaoro OTIENBHOTO ceaHca HarpeBa pac-
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CCAHHBIC CUTHAJIBI 3aHMMaJId MHTEpBAJ )IeﬁCTByIOIlIHX
BbICcOT OT 20 no 100 kM. BuaHbl KBazunepuoanyecKue
HM3MEHEHHUs aMILTUTYAbI ¢ nepuogamu 5—-10 c.

[IpueMHast 4aCTh YCTAHOBKU YaCTUYHBIX OTPAXKCHHIMA
OblTa CIIPOEKTUPOBAHA TAKUM 00pa3oM, YTO OOBIKHOBEH-
Has ¥ HEOOBIKHOBEHHBIC MOJIBI MPOOHOW BOJHBI MOTJIA
MIPUHUMATBCS TIEPEMEHHO (Yepe3 TaKT). 3aMEeTHM, YTO
pacCessHHBI CUTHAl B OOBIKHOBEHHOW KOMIIOHEHTE
He Habmogancs. VmmocTpanuei 3ToMy CITyKHUT puc. S,
Ha KOTOPOM ITOKa3aH pe3yNbTaT HOMepeMEHHOTO (depe3
TaKT) IprueMa 00ernX KOMITIOHEHT TIPOOHO BOJIHBI B CEaHCE
B 21:21:54 MCK.

Xopo1Io BHAHO, YTO PACCESHHBIA CHI'HAJ HMOSBUICS
BO BpeMsl HarpeBa TOJbKO B HEOOBIKHOBEHHOW KOM-
MIOHEHTE NPOOHOI BOJHBI (PHC. 5, @) U OTCYTCTBOBAI
B OOBIKHOBEHHOI1 (puc. 5, 6). Ilockonbky B 3TO Bpems
0OBIKHOBEHHAasi BoJIHA vactoroi 4.7 MI'1l He oTpaka-
nack noHocgepoi (kpurnueckas dacrora F-ciost Obuia
HIDKE 9aCTOTHI IPOOHON BOJIHBI), TO cUTHAN BhImIe 320 kM
Ha pHC. 5, 6 peacTaBsieT co00i CUTHAJ IPOOHOI BOTHBI
HEOOBIKHOBCHHOW TOJSIpU3AINH, OCJIAOJNCHHBIH M3-3a
HEIOCTaTOYHOH pa3BS3KH MAarHUTOMOHHBIX KOMITOHEHT
B IPUEMHOM TPaKTE YCTAHOBKH YaCTUYHBIX OTPAKCHHU.
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Puc. 5. Tlpumep perucrpaniy paccessHHOro CHrHajaa HeOOBIKHOBEHHOM (@) 1 OOBIKHOBEHHOM (6) MOJPU3ALMK IPOOHO# BOJHBI

B ceance B 21:21:54 MCK (u:muH:C)

3aMeTuM, 4TO pe3ynabTaTel dkcnepuMenTa 10-11 ox-
Ts0pst 2006 T. B cBOE BpeMs He IyOJMKOBAINCH M HE
JIOKJIabIBANIMCh Ha KoH(epeHuusx. [lepex aBropamu
CTOsA7a 3a/7a4ya MOBTOPUTH SKCIEPUMEHT, BHOBb MOJNY-
YUTh HAOJIOJABIIUNCS S(PEKT ¥ BBLICHUTH NMPUYHMHY I10-
SIBJICHUSI PACCESIHHOTO CHUTHAJIA IPH HarpeBe HOHOchepbl
PaIFOBOITHOW HEOOBIKHOBEHHOW MOJSAPH3AINN M 30HIH-
POBaHMH BO3MYILIIEHHON OOJIaCTH MPOOHON PaIHOBOIHON
TOH JK€ MOJIIPH3AINH, HO Ha YaCTOTE Ha HECKOJILKO COTEH
KWJIOTEPII BBIIIE YacTOTHI HarpeBa. HecKkoIbko Takmx 3Kc-
MEPUMEHTOB OBIIIM TIPOBEACHBI MO3AHEE, HIWXKE IPUBO-
JITCSL MX pe3ynbTaThl. HackompKko HaM M3BECTHO, MO00-
HBIE IKCIIEPUMEHTHI JI0 3TOTO HE MPOBOIUIIHC.

2.2. Pe3yabTaThel 3kcnepuMeHToB 2014 T.
n 2016 .

1-2 cenmsbps 2014 2. (seuep, Houw, ympo)

IMocne 0:16 MCK o0ObIKHOBEHHas KOMIIOHEHTa
MIPOOHOM BOJIHBI TIEpecTalla OTPAXKAaThCs OT HOHOCHEPHI
1 OBIITM BBIIOJHEHBI yCIOBHS 3Kcriepumenta 2006 r.,
Ho F-paccesinus He HaOmopanock. PaccesHHbIe cUTHABI,
MOA00HBIC 3aperucTpupoBaHHbEIM B 2006 r., Takxke
HE HaOJIFOANCh. BeposTHO, MOIIHOCTh HM3ITydYeHUs (pa-
Ooramu 1Ba mepenarynka 150 m 160 xBT) okazamach
HenoctatouHoit. ITocne 02:45 MCK nHarpeBHas BojHa
mepecTaa OTpakaThCs OT HOHOC(EPHI.

8 okmsbps 2014 .

[Ipn ka3anoch OBl MOJXOIAIINX YCIOBUSAX JKCIIEPH-
MEHTa pAacCesHHbIC CHTHAJbI MPH HArPEeBE TaKXKe HE
HaOmromanmick. Harpes mpowmsBoamics Tpems mepenart-
YUKaMH ¢ m3irydaeMoi momHocTthio 170, 150 u 150 BT,
HaOImoanack ecrtecTBeHHas muddy3Hocts F-cimos 6e3
uHTeHCUBHOTO F-paccesnus. Ha puc. 6 mokasana am-
IUINTyJa 3€pPKabHOTO OTPaKeHW HEOOBIKHOBEHHOM
KOMIOHEHTHI NpoOHON BoiHBI Ha wactore 4.7 MIm.
BonHa OOBIKHOBEHHOU TOJSIpU3allMM HE OTpa)kalach
noHocdepoii.

18 mas 2016 e.

Ha narpes paboraim aBa mepenaTduka ¢ W3IydacMou
momuocTeio P1=200 kBt u P,=120 kBT Ha ugacrtote
5.750 MI'u, npoOHBIE BOJTHBI M3ITYyYajHCh B JUATIa30HE
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5.6-5.9 MI'n. B Hauane HaOuoeHMi YacToTa NPOOHOM
BOJIHBI ObUIa HW)KE YacTOThl HAIPEBHOW BOJIHBI, 3aTeM
Obula yBeJMYEHa, U Pa3HOCTh MEXIY HUMHU COCTaBHIIA
150 xI'n. Bein nmonyuen pesynbTar, MOJOOHBINH NpHBe-
JIeHHOMY Ha puc. 6 st 8 okrsaops 2014 r., T. e. pacce-
SIHHBIE CUTHAJIBI BO BpeMsl HarpeBa He HaOJII0/1aIuCh.

2.3. XapaKTepHCTHKH PACCESTHHOT0 CUTHAJIAa
24-25 centsi0ops 2024 r.

Kak oTMeuasnoch BbIIIE, B CIICAYIONIEM IKCIICPIMEHTE
B ceHTa0pe 2024 1. preM HOHOC(EPHBIX CHUTHAIOB OCY-
LIECTBIIUICS AHTEHHOM CHCTEMOM YCTAaHOBKH 4YacTHY-
HBIX OTPaKCHUH, a MPOOHBIA CUTHAI U3TTy4YaJICsS OJHUM
U3 Tpex mepenatuukoB HarpeBHoro crenga CYPA. Pe-
THCTpPAIUs CUTHATIOB B U(GPOBOM BHUJIE MPOBOAMIACH C
noMoInelo 14-paspsanHoil miatsl NI ¢ marom ceema
JaHHBIX 10 BbicoTe 150 M. PazHocTh yacTOoT HarpeBHOM
Jrarp=5.227 MI'lt n mpoOHOM frp0s=5.455 MI' paauo-
BouH coctaBmwia 228 kI'm. BBumy Toro, uro mosoca
MIPUEMHOT0 YCTpOoicTBa ObIIa MHpe, MPH MOCIeTyIomeit
00paboTke MPOBOAWIACH (GUIBTPAIUS TPHHAMAEMbIX
curHanoB GuiabTpoM beccens mectoro mopsaka ¢ mo-
mocoit 40 k['m, 4TO MO3BOJMIIO MPAKTHICCKH ITOITHO-
CThIO YJAJIUTh M3 JAHHBIX PETHCTPAIlUM CHTHAJ Ha Ya-
cToTe HarpeBa. Pacrimcanue paboTHI OBIJIO COCTAaBIIEHO
TakuM 00pa3oM, 4YTOOBI BKIIOYHTH BEUYEpHHE (HOY-
HbIC) 4Yachkl B ycioBusax gudpdysnoctu F-cios noHo-
chepsl ¥ paHHHE YTPEHHHE Yachl B YCIOBHSX Ooiiee pe-
ryJsipHO# moHochepsl. Ha puc. 7 moka3ansl parMeHThI
peruCcTpaImy HOHOC(EPHBIX CUTHAJIOB TP HAarpeBe Mpo-
nokutenbHOCTRI0 30 ¢ U may3e B paboTe HAarpeBHBIX
nepenaTyukoB 60 c.

[IpoOHBIE BOJNHBI HEOOBIKHOBEHHOW TIOJISPU3AIIHH
gactoTolt 5.455 MI'1 otpakanuchk Beimie 350 kM, HaOIIO-
nmanace nuddysHocts F-cios. Bo Bpems narpea Hinke
BBICOTBI OTPAKEHUs MPOOHOI PaMOBOIIHBI MOSBISLTUCH
paccesiHHbIC CUTHANBI. PaccessHHBIA curHan ObuT Ha 60—
70 b crnabee 3epKaJLHOTO CHTHANA M 3aHUMal 00JIaCTh
20-25 kM 1O AEHCTBYIOIIEH BBICOTE, HEMOCPEICTBEHHO
MPUMBIKass K BBICOTAM 3CPKAJBHOTO OTPaKCHUS CHT-
Hana (B oTimame oT dKcriepuMenta 2006 r.). Curaan pas-
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lonosphere response to the impact
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Puc. 7. TlosBneHne paccesHHBIX CHTHAJIOB HIDKE AEHCTBYIOIIEH BbICOTHI 350 KM MOA BBICOTOW 3€PKAJIBbHOTO OTPaXKEHUS
npo6Hoii BoHBI 1 curHanoB E-oGmacty Ha BeicoTe 100 KM BO BpeMst BO3ICHCTBHUS Ha HOHOC(]EpPY: BBEPXY — B CEaHCE C HAYaIOM
B 21:45:50, BHH3y — B ceaHce ¢ HaganoM B 21:15:50. Ileproasl HarpeBa XOponIo HASHTHHHUIUPYIOTCS 110 BEPTUKAILHBIM 0JI0-
caM, KOTOpBIE 03HAYAIOT HE JI0 KOHIA OT(MIFTPOBAHHBIM MOIHEIN CUTHAT HAa YaCTOTE HarpeBa

BHBAJICA 3a BpeMs OKojio | ¢ u mpomagan 3a 6ojee Ko-
potkoe Bpems, kak ¥ B 2006 r. Kpome Toro, Bo Bpems
HarpeBa HOSBISUINCH (YCHIMBAINCH) CUTHAIBI C BBICOT
E-obnmactu. Ha moHOrpamMmax B 3TO BpeMs Ha BEICOTE
100-105 kM smm30AMYEeCKH HAOIOAANCS MOTYIpo3pay-
HBII cnopajgudeckuit cnoit E ¢ xputnueckoit gactoroit
2.5-3.1 MI'n. OnHOBpEMEHHO C 3TUM HaOIIOJATIOCh
ociabyieHne paccesiHHOro curuaia B F-cioe mpu pocre
aMIUTUTY/IBl OTPa)KEHHOTo curHana ot Eg-ciost B cean-
cax HarpeBa MOHOC(]EpHI.

B yTpeHHHMe dYachl Ha BOCXOAE W IIOCIE BOCXOAA
ConHIta B YCJIOBHSX OBICTPOTO POCTa KPUTHIECKHUX Ha-
CTOT, CHMI)KEHHUSI BBICOTBHI F-Cill0sl, BBIpa)KEHHOW AMHA-
MHKH HOHOC(EpBl pPACCESHHBIH CHIHAI Ha 4YacTOTe
po6HO# BoHEL 5.455 MI'11 mpu BO31eiicTBUN Ha HOHO-
chepy HEOOBIKHOBEHHOHN BOJHOI yacToThl 5.227 MI'I
He HaOmopnaincs. Ha puc. 8 mpuseneH ¢parmeHr peru-
CTpalMy HOHOC(HEPHBIX CUTHAJIOB B TeueHHe 12 MUH
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B ceance ¢ HadasnoM B 06:30:50. ITokazausl 06e KoMmo-
HEHTHI IPOOHOH BOJHBEL. BuaHbBl MHOXKECTBEHHBIE OOKO-
BBIC OTPaKCHMsS HIDKE AeHcTByromieid BBICOTH 200 KM,
HaKJIOHHBIE OTPa)XEHHsI OKOJIO BBICOTHI 150 kM u pa-
JIMOOTPAXKEHHUsI OT CJIEJOB METEOPOB BOJIM3U BBICOTHI
100 xm.

TakuM 00pa3oM, paccesiHHBIH CHI'HaJ Ha 4acToTe,
OTJIMYHOM OT YacToThl HarpeBa Ha 228400 kI 1, HabrO-
JIaJicsl TOJIBKO B IBYX M3 IISITH NPOBENICHHBIX HAMH B pa3-
HBIC TOAbl 3KCIEPUMEHTOB I10 BOS}IeﬁCTBHIO Ha HOHO-
cdepy MOIIHOW ParOBOIHON HEOOBIKHOBEHHOH MOJISIPH-
3alMM ¥ 30HIMPOBAHMIO BO3MYIIEHHOH 0OyacTu mpoO-
HBIMH PAIMOBOJIHAMHU TOH XK€ TOJIIPU3aLHH.

3. OBCYXJIEHHUE PE3YJIBTATOB

AHanmu3 BBICOTHBIX TPOGUIEH 3JIEKTPOHHOW KOH-
LEHTPAIHH, [T0JYYCHHBIX U3 HOHOIPaMM BEPTHUKAJILHOTO
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Puc. 8. ®parmeHT peructpanun HOHOC(HEPHBIX CUTHANIOB B TedeHHe 12 mMuH B ceance ¢ HauyanoMm B 06:30:50. MuTepBais
Harpesa JUIMTENILHOCTBIO 30 C IOKa3aHbl HA BEPXHEH OCH TEMHO-KPACHBIMHU M10JI0CAMH

soHaupoBanus 10-11 oxtsadps 2006 r., mokasan, 4To
00JIacTh TIOSIBIICHUSI PACCESIHHBIX CUTHAJIOB MPAKTUYCCKU
COBIaJiajia ¢ ypOBHEM OTpaXkKEHHsI MOLITHOM BOJIHBI HA C-
TUHHOM BBICOTE 223.4 kM. DTO O3HA4aeT, 4yTO HCKYC-
CTBEHHOE BO3MYIIEHHE IUIOTHOCTH IUIa3Mbl MPOUCXO-
JIMJIO B O0JIACTH OTpa)KeHHsI MOIIHOIM paJMOBOJIHbI He-
O0OBIKHOBEHHOH mMoJsipu3anui. Bo3MokHbBI 1Ba 00bscC-
HeHHs HabomaBmerocs > gexra.

3.1. I'nnote3a 1 — B0O30y:KIeHHe MIA3MEHHBIX
BOJIH U HHJAYIIMPOBAHHOE paccesiHie HA MOHAX

OkcniepumenT 10-11 okTsa6ps 2006 T. mokaszan, 9To
MOIIHAs PaJMOBOJIHA HEOOBIKHOBEHHOW MOJISIPHU3ALNH
BBI3bIBAE€T BO3MYIIEHHE IUIOTHOCTHU IUIA3Mbl B 00JaCTH
ee oTpaxkeHUst 0T HoHocdepsl. Borpoc o nmpupone Bo3-
MYIIEHHS B MOHOc(epe IpH ee HarpeBe MOIIHOH pa-
JIMOBOJIHOW HEOOBIKHOBEHHOH MOJIAPH3aLUH HOAPOOHO
paccMoTpeH B pabote [BacwkoB, Psidoma, 1997]. Dto
BO3MYIICHHAE MOXET CO3/1aBaThCs KaK HEMOCPEICTBEHHO
ANEKTPHYECKIM IOJIEM PaIHUOBOJIHBI, TaK U TIOJEM BO3-
OyXIaeMbIX IUIa3MEHHBIX KojieOaHuil. B ciaywgae Ooib-
IIMX BOJIHOBBIX BEKTOPOB TaKHe KOJIeOaHUS MOTYT pac-
MIPOCTPAHATECSA HIDKE YPOBHSA OTPaXCHUS HEOOBIKHO-
BEHHOH PaJMOBOIHBI OJH3KOI YacTOTHI U BO30YKIATHCS
MOIIHON PaJMOBOIHON 3a CYeT Pa3BUTUS Pa3IHMYHBIX
HEYCTOMYMBOCTEN CTpPUKUMOHHOTO TuUMNa. [IpuymHoit
3TOTO SIBJIETCS BO30YX/IEHHE BBHICOKOUACTOTHBIX KOJIe-
OaHuii MIa3Mbl B pe3ysbTare MHAYLHMPOBAHHOIO pacce-
SIHUSI HEOOBIKHOBEHHOW paJHOBOJHBI Ha HWOHAX, s
KOTOpOTo, Kak MOKa3aHo B pabore [Backkos, Ps6oga,
1997], BenuurHa MOPOrOBOIO MOJISI OKAa3bIBAETCS CPaB-
HUTETHHO Mayoil. PacueTsl, cienanHble HA OCHOBE 3TOH
PpaboThI, MOKa3aJd, YTO B YCIOBUAX SKCIIEpUMEHTOB 10—
11 okrs6ps 2006 r. pU YacTOTEe HATPEBHOW BOJHEI He-
OOBIKHOBEHHOM MOJAPU3ALMH frarp=4.3 MI'l 1 20 dek-
TUBHOI MomTHOCTH ee m3myderHus ~100—120 MBT moxHO
06110 OBI OXKHMJATH JOCTATOYHO CHIBHOTO BO30OYKAEHUA
IJJa3MEHHBIX BOJIH 3a BpeMs IOpsAIKa 10* ¢. Oxnaxo
SKCIIEPUMEHT TI0Ka3aJl, YTO BO30YyXK/IECHHE IUIa3MEHHBIX
BOJIH T10JIeM HEOOBIKHOBEHHOI paJiMOBOJIHBI, €CIIM OHO
U TMPOHMCXOJIWIIO, TO CHJIBHO NoAaBisaiock. OO0 3Tom
CBUJICTENIBCTBYIOT Majas UHTEHCUBHOCTh PACCESIHHOTO
CHTHAJIa U €T0 JIOKAIN3AIUs BOTU3U YPOBHS OTPasKEHUS
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MOIIIHOI BOJHBI OT HOHOC(EPEI, TIe €¢ INEKTPHIECKOEe
1oJie BO3pacTaeT BeieAcTBHE (OKyCHpOBKH. B orcyT-
cTBHE (WM TIPH CHWIIBHOM IIOJIaBJICHUH) TUIA3MEHHBIX
BOJIH UCKYCCTBEHHbIE HEOJHOPOJHOCTH JOJIKHBI CO3/a-
BaThCsl HEIIOCPECTBEHHO TI0JIEM MOIIHON PajrOBOJIHBIL.
Kak cnezcTBue, aMILIUTY/la PACCESIHHOTO CUTHAJIA JOJDKHA
BO3pacTaTh MPSMO HPOMNOPLHOHAIEHO WHTEHCUBHOCTH
MOIIHON BOJIHBI. DKCIIEPUMEHT C IOITAIHBIM BO3pacTa-
HHEM MOIIHOCTH HarpeBa IIAHUPOBAJICS, HO He ObLI 0Cy-
IIECTBIICH 10 TEXHUYECKUM MPUYHHAM.

3.2. I'umoTe3a 2 — paccessHHe NPOOHBIX
PaIHOBOJIH HA UCKYCCTBEHHBIX MEPHOANYECKUX
HEOJHOPOJHOCTSIX HOHOC(epHOii MIa3MBbI

Kak m3Bectno, UITH B mosie MOIIHOM BOJIHBI HAHOO-
nee 3PPEKTUBHO CO3MIAIOTCSI HEOOBIKHOBEHHOW paano-
BotHOH (X-Mo01i) [benukosud u ap., 1999; Belikovich
et al., 2002; Bakhmetieva, Grigoriev, 2022]. Oum
CYIIECTBYIOT BO Bceit Toime noHochepsr — B D-, E-,
F-obnactsax u mexcinoepoit E-F-snagune. Bonu3u Tou-
KU 3CpKaJBbHOTO OTpaxeHuss B F-o0mactu ycuieHue
WITH mpoucxomuT 3a c4eT «pa30yxXaHHs» MOJISl MOIIHOM
BOJIHBI U yBeqmdeHus ee JuHbl [[ uu30ypr, 1967]. B cmo-
koiHbIX ycioBusix WMITH mnoBropstor cTpykTypy moss
CTOSMeH BOJIHBI, OmUchiBaeMol (yHkuued Oiipu [I'un-
30ypr, 1967], m paccemBaroT TOJNBKO MPOOHBIE pPaIHO-
BOJIHBI TOH K€ NOJsIpU3alUy, YTO U HAarpeBHasl BOJIHA,
€CJI YaCTOTHl HATPEBHOW W NMPOOHOH paJnOBONH COB-
[a/1at0T, T. €. BBIIIOJIHAETCS YCIOBHE IPOCTPAHCTBEHHOTO
cuaxponmma [benmkoBma u nmp., 1999; Belikovich et
al., 2002]. TTonoca cuHXpOHM3MA TI0 YACTOTE ONpeere-
Ha HaMU B 3kcriepumenTe 16 utong 2006 r. [baxmeTseBa,
Benukosuy, 2007, 2008], 3amaueii KOTOPOro ObUIO HUC-
cnenoBanue Biusnus Ha WITH Eg-cnos. [nst onpenene-
HUSI YaCTOTHOW IOJIOCHI CHUHXPOHU3Ma NpU JIOKALUU
UIIH npns npuema paccesHHBIX CUTHAJIOB MOCIE0Ba-
TEJNBHO BHIOMPAIKCH YaCTOTHI, OTCTOSIIME OT HArpeB-
Ho# gactoTsl 4.785 MI'tt Ha 30, 35 u 20 x['11, 10 9acTOTHI
4.700 MI'm. Oxkasanmock, 4TO TIPH IIOCIIEAOBATEIHHON
oTcTpoiike oT uacToThl co3manuss WIIH ammauryzast
CUTHAJIOB, PACCESHHBIX NEPUOAMYECKHMHU HEOIHOPO-
HOCTSIMM, YMEHbBILIAIUCh, a MPU OTCTpoilke Ha 85 kI
(uactota curnana Ha npueme 4.700 MI'1) curnanbt
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ot UIIH nponmazmamy COBCEM, PETUCTPUPOBAIUCH TOIBKO
3epKabHbIe oTpaxenus ot F-ciost, E-obmactu u Eg-ciost.
OKCNIEpUMEHTANIBHO OIpeJeNieHHas HaMH 4YacTOTHas
nosioca cuHxponusMa [baxmerbeBa, benukoBuu, 2007,
2008] B aTHX ycioBUAX HE mpeBblmaia 85 k' (monHOE
mponananue paccesHHoro cursama ot MITH) npu mm-
TEIBHOCTU 30HAUPYIOIIEro uMmiyinsca 30 MKC U moJjioce
npuemHuKa 40 k['11.

B cootBercTBUM € HaWJCHHON YaCTOTHOH IOJOCOM
CHHXPOHHM3Ma B CIOKOMHBIX YCIOBHSX NpPH pa3HUIIC
YacTOT HarpeBHOW U MpoOHOH paanoBosH 228-400 k['11
paccessaabIi MTTH curHan He MomkeH ObUT HaOT01aThCSL.
OpnHako Bo Bpemst akcriepumenTa 10—11 oktaopst 2006 r.
Habmomanocs cwibHOe F-paccesHne, OYEBHIHO BHI-
3BaHHOE ECTECTBEHHOI BO3MYIIEHHOCTHIO HMOHOCHEpHI
(ecTeCTBEHHBIMA HEOJHOPOJTHOCTSAMH  IUIa3MbI). OJTa
BO3MYILEHHOCTh JIOJDKHA ObLIa MCKaXKaTh YHMOPSIOYEH-
HYIO CTPYKTYpPY KBa3HIIEPHOANYECKHX HEOIHOPOIHO-
CTeH ¥ MPUBOAUTH K YHIMPEHUIO YIIIOBOTO U YaCTOTHOTO
crnekTpa curaana, paccessuioro MIIH. BepositHo, 31O
U SIBIJIOCH TIPUYUHOY TOSBJICHUS PACCESHHOTO CHTHAja
BO BpeMs HarpeBa B HEKOTOPOH 00JIaCTH BBICOT BOIHM3H
BBICOTBI OTPa)XCHUsI MOIIHOM BOJHEI OoJiee HU3KOH Ya-
CTOTHI. ABTOpPHI IIOJIATAJIM, YTO MPOBEPKON 3TOH THIIO-
TE3bI MOTJIO OBITh IPOBEACHUE TOAOOHOTO SKCIIEPIMEHTa
B CIOKOWMHBIX YCIIOBUSX W Ipu Hanuuuu F-paccesHus,
YTO B ONPEIEICHHON CTETIEHH SABIBIIOCH 3aa4uei dKcIie-
pumenTta 24-25 oxtsa0ps 2024 r. DKCHEepUMEHT IOoJ-
TBEPIWI, YTO PACCESHHBIA CHTHAJI BO BpeMs Harpena
HaOIrofaNcss B BEUYCPHHUE Yachl B yCIOBUAX Tuddys-
HocTH F-crmos m He HabOmiomancs B paHHUE YTpEHHHE
4achl B YCJIOBUSIX OBICTPOTO pOCTa KPUTHUECKHUX YaCTOT,
CHIDKEHUSI BBICOTHI F-C10s1 M SpKO BBIpaKEHHOH AWHa-
MHUKH HOHOC(EPEHI.

Yem Morma OBITH BBI3BaHA CCTECTBEHHAs BO3MY-
mieHHocTh F-cnos? M3BectHo, uto B F-croe cymiecTByroT
MOTOKH TJIa3Mbl, HAIIPAaBJICHHbIE THEM BBEPX, HOYBIO
BHU3 W3 MAarHUTOC(EpHl WIH CONPSHKCHHOTO IIOJTyIIa-
pust [bpronemnu, Hamramanze, 1988]. Eciu cuutats,
gyto F-paccesHme co3maercs MOAOOHBIMH MOTOKaMHU
co ckopoctsiMu 20 M/c m Ooisee, TO HepHOANYECKAs
crpykrypa (MITH), kotopas oOpasyeTcss B Takoil IBH-
Kyleiics cpene, OyaeT NCKakeHa W CIBHHYTA BEYEpPOM
[0 BBICOTE BHH3. TOr/a MOSBUTCSA TPATUCHT CKOPOCTH
[0 BBICOTE M MEPHOAMYECKasl CTPYKTypa OyneT CXKu-
MaTbCs, a YCJIOBHE CHHXPOHH3MAa OyAET BBITOJIHATHCS
Ha OoJiee BBICOKOH YACTOTE B pe3yJbTaTe YMCHBIICHUS
nepuona WUITH no Beicote [benukoBuu u nap., 1999; Be-
likovich et al., 2002]. M0>XHO TTPEATIONIOKHTD, YTO B TAKOM
ClIydae B YCIOBHAX CHJIBHOHN €CTECTBEHHON BO3MYILEH-
HOCTH YaCTOTHAs IMOJIOCA CHHXPOHU3Ma MOXKET IPEBBI-
nraTh HaiineHHsle panee 85 kI u MITH OGynyT paccenBath
TPOOHBIE CUTHANBI B 00JIee IMUPOKOH MOJI0CE JacToT.

Ha monorpammax E-o0macte B 3TO BpeMs OTCYT-
CTBOBAJIa, AMMHU30IUUCCKH HAOIFOMAINCS MOIYIPO3PadHBIi
Ei-cnoii ¢ xputnueckoii wactotoit fE=2.5-3.1 Ml
Ha BeicoTe 100—105 kM. Kak oTMeuanoch BhIllIe, B C€aH-
cax HarpeBa HOHOc(epHI IPU POCTE aMILIUTY (bl CUTHAIIA,
oTpaxxeHHOro Ha BbicoTe 100 KM, Kak mpaBujo, pacce-
SIHHBII curHan B F-croe ociabeBai, 4To XOpoIIO BUIAHO
Ha pUc. 7. DTO MOXKHO OOBSCHUTH POCTOM K03 PHLH-
eHTa OTpa)keHWsI NpoOHOW BosHBI oT E-cinost Bcnen-
CTBHE pOCTa B HEM DJICKTPOHHOW KOHIIEHTPAIMH IIPH
Harpese. B paborax [['epmman, Urnatees, 1997; Ur-
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HaTbeB, 1975] moapoOHO paccCMOTPEH BOIPOC O BO3-
Mymennn E-o6mactu monocdepsl, Bkirouast Eg-cioi,
IPU BO3JICHCTBHM HA HEC MOIIHBIM pPaJUOH3ITYUYCHHUCM.
ITpu Harpese nonocdeps! B E-obxactu ¢ pocroM Temrie-
paTypel 3JIEKTPOHOB yMEHbINAeTcs A(PQPEKTHBHBIN KO-
s¢¢unment pexkomOuHammu [['ypesmu, [IBapuOypr,
1973], BcmencTBHE HYeEro AJIEKTPOHHAs KOHIICHTPAIIHS
IOJT ACWCTBHEM MOIIIHOTO PaIHON3IyICHHUS BO3PACTACT.
B pesymerate Bo3pactaer KOI(D(OUIMEHT OTpasKeHUS
MOIIHOH BOJHBI B HIDKHEH MOHOC(eEpe, YTO MPUBOIUT
K yMEHBIICHUIO MOIIHOCTH BO3JeicTBUa Ha F-cioif
U, COOTBETCTBEHHO, K YMEHBLIEHHIO HWHTEHCHBHOCTH
paccesiust ipoOHo¥ BoHKI B F-cioe. Takoe ke Biwmsi-
HUC OKa3bIBaCT MONYINpo3pauHbli E¢-crodl B ciydae,
eci oH o0Opa3oBaH IepepaclpeaeieHreM armocdep-
HeIX 1oHOB NO' 1 O,', a He HOHOB METAIIOB, BEPOAT-
HOCTB Yero He MCKIII0YCHA B BEUEPHUE W HOYHBIC YACHI
[Tepmvan, Urnatees, 1997; Urnarees, 1975]. 3ameTnm
TaKXKe, YTO B HOYHBIC YaChl AIEKTPOHHASI KOHIICHTPALIUS
B E-o0macTu 3amMeTHO yMeHbIIaeTcs, HO HE MPOManacT
nosHOCTRIO [[lanmos, Brmacos, 1973; bpronemmm, Ham-
rananze, 1988]. ccnenoBanus HOHOC(EPHI B 3aX0HO-
BOCXOJIHBIC Yachbl, MPOBEJCHHBIE HAMU METOIOM pE30-
HaHCHOro paccesHus paauoBosiH Ha MIIH B passbie ro-
JIbl, TIOKA3aJIM, YTO J0CTaTO4Has noHMu3alus B E-obnactu
MOXeET cyllecTBoBaTh Bclo Houb [Belikovich et al.,
2002; baxmetseBa u ap., 2005, 2024]. B tom uucne
n3MepeHusi, BbinoaHeHHble Metogom UITH 23-24 cen-
T10ps1 2024 T., MOKa3aiy, 94To 1Mo KpaifHe# mepe 1o 23 4
MCK, T. e. yxxe mocie 3axomna ComHIa B moHOC(hEpeE,
curHanbl, paccesaHple WITH, HamexHO peructpupoBa-
quce B uHrepBaine BbIcOT 90-130 kM. OTtmeruMm, yTO
METOJ, OCHOBaHHBIM Ha PE30HAHCHOM paccesHHus pa-
muoBoiH Ha WITH, mosBoinsier oOHapyXuBaThb HOHO-
cepHbIe peryJIsipHbIe U CIIOPaANYECKUE CIOM C HU3KOH
MOHM3alUeH, HeJOCTYIHBIE JJIsi 0OHapyKEHUs C TIOMO-
b0 HOHO30HI0B [benukoBuy u ap., 1999; Belikovich
et al., 2002; baxmeTtbeBa, benukosuu, 2007, 2008].

4. OCHOBHBIE TPEBOBAHUSA
K INTAHUPOBAHUIO
IKCINEPUMEHTA

[Ipoanamm3upoBaB yCIOBHS MPOBEACHUS H PE3Yib-
TaTHl SKCIIEPUMEHTOB B pa3HbIE T'OJBI, MBI CAETANN Clle-
JIYIOIIME BBIBOJBI [0 ONTHUMAJbHOW OpraHU3aluu Io-
JIOOHOTO DKCIIEPUMEHTA 110 BO3JCHCTBUIO HAa MOHOCHE-
Py M3IyYCHHEM B 3CHUT MOITHOHN palOBOJHBI HEOOBIK-
HOBEHHOM TOJIsIpu3aiuu Ha HarpeBHOM cTeHne CYPA.

OKCIEpUMEHTHI TIOKa3aJIh, YTO TpeOyeTcsl CTaOMIIbHA,
JKeJaTeNbHO MaKCHMaJlbHasi MOIIHOCTE HarpeBa. K coxa-
nennto, Bo3MoxkHocTu creHga CYPA B 3ToM oTHOIIIE-
HUM OTPaHWYEHBI. MOIIHOCTh TUATHOCTHYECKOTO Tepe-
JaTI9UKa HE TaK BakHa, 00 3TOM MOKHO CYIHTBH IO pe-
3ynbraTaM 3kcnepuMeHToB 2006 u 2024 rr., xoraa npu
HCTOJIB30BAaHUM B KaYECTBE MCTOYHHMKA TPOOHBIX BOJH
MaJIOMOIIHOTO TMepeAaTyuka YCTAaHOBKHM YaCTHUYHBIX
OTpPa)XEHUM OTYETIMBBIM pAaCCESIHHBIA CUTHAJ PpErU-
CTPUPOBAJICA B PEaTbHOM BpeMecHH. TakuM 00paszom,
BBIPAKEHHOCTh 3((eKkTa paccesHUs B 3HAYUTEIBHOM
CTETIeHH 3aBHUCHUT OT MOIIHOCTH HarpeBa M B TOpPa3lo
MEHBIIIEH CTEeNeHH OT MOIIHOCTH IHArHOCTHYECKOTO
nepeaaTInKa.
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OnTuManbHOW SIBISIETCS CUTyals, KOTrJa 4YacToTa
Harpesa BbIIIE KPUTHYECKOH 4acToThl F2-ciost uist 0ObIK-
HOBEHHOH KOMIIOHEHTHI M HMX€ KPUTHUECKON YacTOTHI
F2-cnost 1yt HEOOBIKHOBEHHOI, B 3TOM CIIy4ae TOJILKO
MOII[HAST BOJIHA HEOOBIKHOBEHHOH TOJIAPU3ALMN OTpaXka-
eTcs noHocdepoi. Pa3HOCTh 9acTOT HarpeBHOW W TPoO-
noii BoaH 228400 kI'1, Ha HaII B3I, ObLIa BEJIHKA,
BEPOSITHO, OHA JIOJDKHA OBITH MeHbIIE. B To ke Bpems
XKeJaTenbHa y3Kasl 11oJioca IpHeMa IpoOHOTO CHUTHAa,
9TOOBI OTCTPOUTHCS OT YACTOTHI Harpema. V, HakoHer,
clleyeT NPUHMMATh BO BHHUMAHHE CHIIBHYIO 3aBHCH-
MOCTb pe3yJibTaTa OT COCTOSIHUSI HOHOC(EpHI: B HAIINX
ycloBusX OoJiee BbIpaXKeHHBIH 3 ekt Hadionancs
npu cuibHOM F-paccesuun win audQy3HOCTH HOHO-
cdepsl 1 He HAOJIIOAJICS B UX OTCYTCTBHE.

B ornnune OT 3KCIEPUMEHTOB IO BO3ACHCTBUIO
Ha HoHOC(epy, BBINOJHEHHBIX Ha HArpeBHOM CTEHE
EISCAT [Bbnarosemenckas, 2010; Blagoveshchenskaya,
2020; bopucosa u ap., 2023], B skcniepumenTtax ¢ 2006
mo 2024 r. Ha creHne CYPA a¢dexTsl BOZMYIICHUS
HoHOC(Eepsl MOIIHONH PaTHOBONHONW HEOOBIKHOBEHHOM
MOJIIPU3ALMH TIPH €€ JIOKAI[MH TPOOHBIMHU PaIHOBOIHON
TOW ’K€ TOJISIPU3AalMH, HO JPYroi 4acToThl, HaOIoja-
JUCh HEPEeryJsIpHO M ObUTHM JOBOJBHO ciabbiMu. Oue-
BHHO, pelIaoliee 3HaueHHe MMea MOIIIHOCTh Harpes-
Hoii BonHBL. Ha cterne CYPA HemocTHXIMa MOITHOCTb
W3JTy4eHHS, COMOCTaBUMAas C MOIIHOCTBIO H3ITyICHHUS
BeIcokommpoTtHoro creaaa EISCAT. Kpome Toro, mom-
Has PaJMOBOJIHA W3ITy4ajach B 3€HUT, a HE B HaIpaBile-
HUM MarHUTHOTO 3€HHTA, YTO, BEPOSITHO, MOTJIO OBl yCH-
JUTH HaOMroMaBIIAics 3 dekT.

3AK/IIOYEHUE

[Ipu Bo3nciicTBUU HAa HOHOC(EPY MOIIHOW paano-
BOJIHOM HEOOBIKHOBEHHOW MOJISAPH3ALUHM U 30HAUPOBA-
HUM BO3MYLIEHHOH MOHOC(epsl NPOOHBIMH pajMOBOJIHA-
MU TOW K€ TIOJISIpU3aLK Ha 4acToTe, OJM3KOH K Harpes-
HOW, HO ¢ pasHuiei 228-400 k['u, Ha melcTBYIOLIMX
BBICOTaX HMKE BBICOTHI 36PKAJILHOTO OTPAXKEHUsI MPOO-
HOW BOJIHBI IOSIBISICS PACCESHHBIN CUTHAN. B okTs0pe
2006 T. aMIUIATYIa paccessHHOTO curHaja Opiia Ha 40—
50 nb Hwxke aMIUIUTYABl 3€pKaJIbHO OTPAKEHHOTO
CUTHAJa, OH 3aHUMaJl JAMAaNa30H JCHCTBYIOUINX BBICOT
Ha 30—40 kM HMXe BBICOTBI CUTHAJA, 3€PKAJIBHO OTpa-
xeHHoro or F-crnos. BpeMs pa3BuTHs paccestHHOro
CUTHAJa COCTaBIIAIO OKOJIO | ¢, a BpeMs pelakcauuu —
Ha TMopsiiok MeHbplie. CUrHam MMeN HIyMOITOJOOHBIH
XapakTep, ero aMIuIuTyaa OBICTPO M3MEHSJIACh C BBICO-
TOW M BO BpeMeHH. DddekT Hadmonancs B BeUEpHUE
4achl B yCIOBUAX CHIbHOM nud¢ysHoctu F-cnos (sBie-
uaue F-paccesnus). B cenrsope 2024 r. B mo3uHue Be-
YEpHHUE Yachbl PACCESHHBIN CUTHAJ1 C aMIUIUTYIOM Ha
50—60 HuKe aMIUIUTYbl CUTHAJIA, 3€pKaJIbHO OTPa’KEH-
HOTO OT F-CI10s1, MOSABIISIICS HEMOCPEACTBEHHO T10]T HUM
M 3aHUMaJl JAMana3oH AEHCTBYIOLIUX BBICOT 15-25 kM.
Bo BpeMms ceaHcoB HarpeBa qnuTensHOCTRIO 30 ¢ B Te-
yeHue | ¢ u MeHee mosiBIsCS (YCUIMBAJCS) CUTHAI
oT E-o0nactu niu cnopaguueckoro cios E. Ilpu noss-
JICHUM paccesiHHOTO curHana B E-obOnactu paccesHHbII
curHan B F-cioe, kak npaBmiio, ociaGeBail.

AHanu3 BBICOTHBIX MpoQuiIeld SJIEKTPOHHOW KOH-
LEHTPAIMU MT0Ka3al, 9YT0 MPOOHAs BOJIHA HEOOBIKHOBEH-
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HOMW NOJIPU3alUM € YAaCTOTOM BBIIIE YACTOTHI HArPEBHOM
BoJtHBI Ha 228400 kI'11 TOH e MOosIpU3aluK 0Tpaxaiach
MIPAKTUYECKH Ha BBICOTE OTPAaXXCHHS MOCJIETHEH U pac-
CEeSTHHBII CUTHAJI TOSABJIUICS BOIM3H 3TOH BBICOTHI. JTO
O3HAuaeT, YTO MOIIHAS PaJHOBOJIHA HEOOBIKHOBEHHOMN
MOJSPU3ALUH BBI3bIBATIa BO3MYIIEHHE IUNIOTHOCTH IJI1A3MBbI
B oOmacT ee OTpakeHWst OoT MOHOcepsl. B yrpennume
yackl nocie Bocxoza ColHIa B YCIOBHSIX OBICTPOro pocta
KPUTHUYECKHMX YacTOT HOHOC(EPHI TTOJOOHBINH paccessHHBIN
CHT'HAJI TIPH BO3JEHCTBUH HAa HOHOC(EPY HE HAOIIOAAIICS.

[IpennoxxeHsl NBa OOBSICHEHHWS HAOIIOIABIIETOCS
siereHust. Ha naHHBIT MOMEHT HpeAnouTUTENbHBIM Ka-
KETCsI TPEIOI0KEHHE O PAcCesTHUM NPOOHBIX pajuo-
BOJIH Ha UCKYCCTBEHHBIX MEPUOJUYECKUX HEOJHOPOJ-
HOCTSIX MOHOC(EpHO IU1a3Mbl, BO3HHKAIOUIUX B IOJIE
MOIIHON paguoBoJHBI. Paccesnue paaunosonH Ha UITH
B Cily4yae, KOrja HOJIIpH3alisi HarpeBHOW M TPOOHOM
PaZMOBONIH COBNAJAIOT, & PACCESIHHBIM CHUTHAN IOSBIIA-
€TCsI Ha YacTOTe, OTIIMIHONW OT HArPEBHO, MOXKET OBITH
00YCIIOBIEHO M3MEHEHHEM YCIIOBHH CHHXPOHHM3MA M pac-
IIMPEHHNEM TOJIOCHI HAOIIOJAeMBIX YaCTOT PH PACCESTHUH
Ha UITH B ycnoBusix unreHcuBHoro F-paccesnuu. Ilog-
TBEP)KACHUEM HTOMY CIYXKHUT OTCYTCTBUE PACCESIHHOTO
CUTHajla yTpoM mocie Bocxoaa CojHIA B YCIOBHSAX 60-
jee peryisipHoi HoHOCc(epbl. TeM He MeHee MpPUXO-
JIUTCST KOHCTaTUPOBATh, a MIPOBEJCHHBIE SKCTIEPUMEHTHI
yOequTeIbHO 3TO MOKAa3alH, YTO BOIPOC O MEXaHU3MAaX
00pa30BaHUs HEOJHOPOJHOCTEH IUIa3MBI B IOJE MOII-
HOM PajinoBOJIHBI HEOOBIKHOBEHHON TOJISIPHU3aLlN B TEO-
PETHYECKOM IIJIaHE OCTAETCS OTKPBITBIM.

ABTOpBI pabOTHI ¢ GNaroAapHOCTHIO BCTIOMHHAIOT
6e3BpeMenHo ymenmux B 2009 r. benukosudya Buronsaa
BuranseBuua u BacekoBa Bukropa Bukroposuua, cos-
MECTHO ¢ KOTOpBIMH B 2006 I. OBIIM Ha4aThl SKCHEPH-
MEHTBI, Pe3yIbTaThl KOTOPBIX MPEACTABIEHBI B JaHHOMN
pabore.

Pabora BemonHeHa npu noanepxkke PH® B pamkax
rpanTa Ne 25-27-00031.
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AHHOTauMsA. Onekrpuueckuit mnorteHnuan (3I1)
nOHOC(EPH! HCHONB3YETCSl B KAYECTBE XapaKTEPUCTHKH
COJIHEYHOT'O BO3JCHCTBHS MJIsl ONpPENENICHUS] TPOHO-
c(epHOro OTKJIMKAa BO BpPEMsI MOLIHBIX BO3MYILECHHH.
[TpoBeneno comocrasienne pacuetoB I, BbIOTHEH-
HbIX 110 BepcusaMm 2001 u 2005 r. mogenu Beiimepa. Bri-
SIBIICHBI Pa3N4Ms B IIPOCTPAHCTBEHHOM pacIpesee-
Hur D11 BO BpeMsi MOIIIHBIX T€OMarHUTHBIX Oyph B pac-
CMOTPEHHBIX MozelsixX. IlpencraBieHo moBeaeHue aHo-
mamuit 11 u konTpacra DI, ycpemHEHHBIX IS BBICO-
kompoTHOr obmactu. Kontpact DI mpencrasiser
coboit pazHocth anoManmii 11, ycpeqHeHHBIX TI0 001a-
cTsiM ofHoro 3Haka. OOHapyXeHO, YTO M3MEHEHUS
anoManuii D11 pa3nuyaroTcs B pa3HBIX BEPCUIX MOJICIH,
TOTJa KaK Bapuanuu KoHtpacta DI, paccuuTaHHbIC 1O
pasHbIM BepCHUsIM, BEAYT ce0s CHHXPOHHO BO BpeMs
Bo3MymieHnd. KoppemsnuoHHBIM aHanu3 HW3MEHEHUil
ycpeaneHHoro koHTpacta Ol ¢ BapmammsMu reomar-
HUTHOTO MHJAeKkca PC mokazan, 4To 00e XapaKTephCTH-
KA MOXXHO HCITONB30BaTh B KaueCTBE MHIHKATOpPA COJI-
HEYHOW AaKTHBHOCTH MJIi M3YYCHUS H30JIMPOBAHHBIX
MOIIIHBIX MAarHUTHBIX Oypb. Bo BpeMs BO3MyIIeHHH
yBennueHne KoHTpacta Ol compoBoxmaeTcss pocToM
KOHTpacTa MeTEoNapaMeTpoB, OCOOCHHO KOHTpAcTa
BEpXHEH 001a4HOCTH.

KiroueBble ci10Ba: 3JEKTPUUECKUN MTOTEHLIMAT HOHO-
cteprbl, MOITHAs TEOMAarHUTHAsE Oyps, TEOMArHUTHBIA HWH-
JIEKC, YXOSIIIast JUTMHHOBOJIHOBAS paualivsi, 00JaqyHOCTb,
BO/JISIHOM Tap, KIIMMar.

Abstract. The ionospheric electric potential (EP) is
utilized as a characteristic of the solar forcing to deter-
mine the tropospheric response during strong disturb-
ances. We compare EP calculations carried out using
the 2001 and 2005 versions of the Weimer model. Dif-
ferences in the spatial distribution of EP during geo-
magnetic superstorms have been revealed for the mod-
els considered. The behavior of EP anomalies and con-
trast averaged over high latitudes is shown. The EP con-
trast is the difference between EP anomalies averaged
over regions of the same sign. It has been found that
changes in EP anomalies differ in different versions of
the model, whereas EP contrast variations, calculated by
both versions, behave synchronously during disturb-
ances. Correlation analysis of variations in the averaged
EP contrast with variations in the PC geomagnetic index
has shown that both can be used as indicators of solar
activity to study individual geomagnetic superstorms.
An increase in the EP contrast is accompanied by an
increase in the contrast of the meteorological parame-
ters, in particular in the contrast of high clouds during
disturbances.

Keywords: ionospheric electric potential, geomagnetic
superstorm, geomagnetic index, outgoing longwave radia-
tion, cloud, water vapor, climate.

BBEJEHUE

Bropast BoJHa MOTEIJICHUs] KIMMaTa 32 HHCTPyMEH-
TanbHBIN TIepro.T HabroAeHuH, HadaBimasics B 1970-x 1T.
n ycwmmBmasics B 1990-X TIT., B HacTosIIee BpeMs MposiB-
JSIETCSI B PE3KOM YBEJIMUCHUH KOJIMYECTBA OIMACHBIX SIBIIE-
Huii Ha Tulanete [MoxoB, 2023; https://www.ipcc.ch/
report/ar6/syr/]. OqHONW W3 BO3MOXKHBIX TIPUIUH TPOVIC-
XOMSIMINX KIMMATHYECKHUX HM3MEHEHHUH SBISETCS BO3-
JIEHCTBHE COJTHETHOW aKTUBHOCTH Ha aTMocdepy 3emiTu.
OTCyTCTBHE MPSIMOTO MEXaHH3Ma BIIUSIHUS COMHEYHOM
aKTHBHOCTH HAa HWXKHIOIO aTMOC(epy MPHUBENO K MOUCKY
OTIOCPEIOBAHHOTO MEXaHU3Ma BO3/ICHCTBHSI COJTHEUHBIX
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MPOLIECCOB Ha MPUXOSIIYI0 YacTh paJdalldOHHOTO
Oananca. VICTOYHHUKAMH COJTHEUHOTO BIIMSHHUS SIBIISIFOTCSL:
KOpPOTKOBOJHOBOE U Y D-U3TyuyeHHE U KOPITYCKYISIPHbIC
notoku (I'KJI, cosiHeuHbIe IPOTOHHBIE BHICHINAHUSI, BBICO-
KOJHEprHYHBIC YACTHIRI). BenencTBue WX BO3mEHCTBUSA
MCHSIIOTCSL COCTOSIHME O30HOBOTO CJIOSI M TJI00ATBHON
ANEKTPUYCCKOM IIETH, a TAKKE CTPATOTpOrocepHas IHp-
KyJIsmst 1 MUKpodu3mka obrakos [Mironova et al., 2015;
KpuBonyukuit u ap., 2017; Harrison, Lockwood, 2020;
Veretenenko et al., 2023a]. ®usznveckast MoJeIb, Pa3Bu-
Baemas B IC3® CO PAH, omuchIBaeT 3MeKTpOMAarHuT-
HOE B3aMMOJICHCTBHE MEXIY KOMIIOHEHTAMH CHCTEMBI
Maraurochepa—muonochepa—rponochepa. B oTmiuame
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ot monenu Tuncnu [Tinsley, 2008], B manHO# Mone-
JI1 U3MCHEHHUC ONTHYECKUX CBOWCTB BOJSHOTO Iapa
B MK-mnana3one, a IMEHHO HM3MCHCHHE IMOTJIOIICHUS
M3JTYYCHHS JTUMEPAMH BOJBI B JIMHUSAX M KOHTHHUYME
BOJSHOTO Tapa, IPUBOIUT K YBEIUYCHHUIO HapHHUKO-
Boro 3¢ dexTa, 4To BBI3BIBACT JUHAMUYECKAE H3MEHE-
Hus B Tpornocdepe. [TockonbKy BOISHOW Tap pacrpeie-
JIeH B MIPOCTPAHCTBE HEOTHOPOAHO, HAaOMIOIaeTCS HEOA-
HOPOJHBIA TPOTIOCHEPHBIA OTKIUK, B TOM YHUCIIE B BHUJIC
o0pa3oBaHusl WM TiepepacnpenesieHuss Mo BBICOTE 00-
JIAYHOCTH, KOTOPas YMEHBINACT YXOJAIIYIO JUTMHHOBOJ-
HoBYHO panuanuio (YIP), TeM caMbIM MEHsIs paTualiioH-
HbIH GataHc Tponocdepsl [Mononsix u ap., 2020].

INoapoOHee ocTaHOBUMCS Ha OIKCAHUM TPOIecca TMo-
IJIOIICHUS BOJISHBIM TapoM u3nydenus B MK-auanazone.
N3BecTHO, 9TO WHGPAKPACHBIH CIEKTP IOTJIOIMIEHUS
BOJITHOTO TIapa COCTOUT W3 OTAEIBHBIX CIIEKTPATBHBIX
JUHAA W PACHOJOKEHHBIX MEXAY HUMH «OKOH IIPO-
3padHOCTH» aTMOC(epbl. B 3THX OKHax MOTIoImeHue
SIBISIETCSL CIa00CENeKTHBHBIM, MM KOHTHHYAaJIbHBIM,
a CHEKTp MOTJIOIIEHHS MPEICTABIET COO0H KOHTHHYYM
BoisiHOTO Mapa. [lornomnienne auMepaMu (KOMILIEKCAaMHU
U3 JIBYX MOJICKYJI) BOJIBI SIBJISCTCS JOMHHHUPYIOIIMM (PaK-
TOPOM B TOTJIONICHUU COOCTBEHHOTO KOHTHHYYMA, T. €.
B MOJIONICHUH BOJITHOTO TIapa B YUCTO# aTMocdepe.

C MoMeHTa OOHapyX CHHS KOHTHHYAJIBHOTO MOTIIO-
IICHUS W3TYYCHUS BOJSHBIM IapOM IPOBEACHO OOJIb-
10€ KOJMYECTBO €r0 MCCIEOBAaHMH, B OCHOBHOM B OK-
Hax npo3paunoctu OmmkHero K- u BuaumMoro auama-
30HOB. DKCHEPHUMCEHTAIBHO YCTAHOBICHO, YTO KOHTH-
HyaJIbHOE TIOTJIOIIEHHE B OKHE TTPO3PAYHOCTH 8—12 MKM
MIPONOPIHMOHATFHO KBAIpaTy MapIHaIbHOTO TaBIICHHS
BOJISTHOTO TIapa W SKCTIOHEHIIMATGHO YMEHBIIAeTCsl C Po-
cToM Temneparypsl [IItamnuk, 2015].

OCOOCHHOCTH KOHTHHYYMa TO3BOJISIFOT CIEKTPaib-
HO pa3jn4yuTh ero Ha (oHe Ooliee CHIBHONW WHTCHCHUB-
HOCTH JIUHHUW TOTJIONICHHS BOJBI, BCICIACTBHE YErO I0-
JYYUIIO PA3BUTHUEC BOCCTAHOBIICHHE KOHTUHYYMa B MHUK-
POOKHAX MPO3PAYHOCTH MEXKIY MOJIOCAMH MOTIIOIICHI
BOZSHOIO napa. MexaHu3M, OCHOBAHHBII Ha IOIJIOLIE-
HUM W3JIy49EeHUS IUMEPOM BOIBI, XOPOIIO OOBSICHSAET
OCHOBHBIE TEMIIEPATypHBIC M CIEKTPAIbHBIE 3aBUCHMO-
CTH KOHTHHYyMa BOJSHOTO ITapa B II0OJIOCAX MOTJIOIIE-
Hus. CBOMCTBA AMMEPOB BOABI (SHEPTHS THUCCOIMALIAN
U BpEMs XKHM3HH) IMO3BOJIIIOT MX Pa3/ICIUTh HAa CTAOMIIb-
HBIC, WU C-IUMEPBI, U METACTaOWIILHBIC, WITH M-JAUMEPHI,
HMCIOIIME Pa3HbIC CICKTPAIbHBIC XapakTepucTHKH. [1o-
[JIOIICHUE CTAOMIIBHBIX WU METACTAOUIIBHBIX JTUMEPOB
npeoOiagacT B KOHTHHYYME TOTJIONICHHS BOJIBI B 3aBU-
CUMOCTH OT TEPMOJWHAMHYCCKHUX YCJIOBHIL: C-IUMEpPBI
pacmpocTpaHeHbl Ipu 0ojiee HHU3KHX TeMIlepaTypax,
a M-IUMepel — TpHu 0oJiee BBICOKHX TEMIIEpaTypax.
Temmneparypa nepexofa B Ty WIH HHYIO CTOPOHY 3aBH-
CHUT OT MEXMOJIEKYJIPHOTO IIOTEHIMANa M pasiIindHa
U pa3HBIX MOJIEKYIISIPHBIX I1ap, HaIpUMep, A IrMe-
POB BOZIBI ONM3Ka K KOMHATHOM Temneparype. CienoBa-
TEJBHO, TOJISl CTAOMIIBHBIX M METACTAOWILHBIX JUMEPOB
B BOJISIHOM Iape MPUMEPHO OJUHAKOBA JJIsi aTMOcdep-
HBIX yCJIOBUI. MoJeNbHBIC PacueThl OKA3aJIHU, YTO TOJTY-
AMITUPHYECKAsi MOJICIb MOTJIOIICHUS TUMEPa BOJIBI JTyUIle
BOCIIPOU3BOAUT YKCIICPUMCHTAIBHBIA BHYTPUIIOIOCHBII
coOCTBEeHHBIN KOHTHHYYM B OmmmxHem HWK-mauamazone.
brarogaps cBoei CIeKTpalbHOW MPOTSHKEHHOCTH (OKHO

101

A.A. Karakhanyan, S.I. Molodykh

npo3pauHocTH B cpennem MK-nuanazoHe u BKIag Crek-
TPaJbHBIX YYAaCTKOB JIMHUI MOTJIONMICHUS BOMBI), KOHTH-
HyaJbHOC MOTJIONICHUE BOISHOTO Mapa MOXET MPHBO-
JIUTh K yMeHblleHuto YJIP, TeM caMbIM OKa3bIBasi BIIMS-
HUE Ha PaJMAIOHHBIA OaTaHC KIMMATHYECKOH CHCTEMBI
[Simonova et al., 2022]. Ncxons u3 BBIICH3I0KESHHBIX
MIpeICTaBICHII, MBI TIPOBEJIM B TaHHOW paboTe aHamu3
CBSI3M BapHWalni dJekTpudeckoro morteHnuama (OI1)
nonocdepsl ¢ Mereonapamerpamu (Y JIP, mornormenne
M3IIy4CHHS BOASHBIM MTapOM B OKHE MPO3PAYHOCTH §—
12 MKM, BepXHsisi 00JIAYHOCTb) VI BO3MYIIICHHBIX YCIIO-
BUI B MEKILJIAHETHOM TPOCTPAHCTBE.

JAHHBIE U METOIUKA AHAJIN3A

Habnromaemble KIUMAaTHYECKHE W3MEHCHHS, OCO-
OCEHHO B BBICOKHX IIMPOTaX, TPEOYIOT OoJiee NeTaIbHOTO
M3yYeHUs BIISTHHUSA (U3UYECKUX MPOIECCOB, MPOUCXO-
X B OKOJIO3EMHOM KOCMHYECKOM IIPOCTPAHCTBE,
Ha COCTOSIHAE HIDKHEH aTtMocdepbl. ITO HEOOXOAMMO
JUIA WX TIapaMeTPU3alliil C IENbI0 BKIIOYCHHS B UHC-
JICHHBIC MOJICNM KiuMara. MHIEKC TeOMarHUTHOM ak-
TUBHOCTU PC, ONUCHIBAIOIIMN BO3MYILEHHOCTh MAarHUT-
HoOro 1ot 3emun B nosisipHo# manke [Troshichev et al.,
1988; https://pcindex.org/], paHee UCHOIB30BAJICS HAMH B
Ka4yeCTBE Proxy COJHCYHOW AKTHBHOCTU JJISI M3YUCHHUS
COJIHEYHO-TporiochepHBIX CBsi3el. JlaHHBIA TeOMAarHUT-
HBIH MHIEKC OTpakaeT IMpeAarnojiaracMble (PH3MIecKue
MPOIIECChl, HO TPH HX apaMeTPH3all{d BO3ZHUKAIOT
CIeIyIONINe HEeJOCTaTKH: 1) WHTerpanbHas XapaKTepu-
CTHKAa COJHEYHOH AaKTHBHOCTH Ha TPAaHMIE MAarHUTO-
chepsr; 2) HEOOXOIUMOCTH BKIIIOUEHHUS MOJEIH MarHH-
Tocdepsl; 3) UHTErpaabHas XapaKTEPUCTUKA COTHEUHOM
aKTHBHOCTH B oOyactu noHoc(hepsl. [lepeuncrieHnbie He-
JIOCTATKH YCIOXHSIIOT UCTIONb30BaHue PC-uHIeKCa H3-
32 HEOJHOPOAHOCTH B TIPOCTPAHCTBE TPOHOCHEPHOTO
OTKJIMKAa Ha COJIHEYHOE Bo3aeicTBue. B cBsi3u ¢ sTum
MBI BeIOpanu DI B kayecTBe ONTHMAIBHON XapaKTepu-
CTHKH COJHEYHOTO BO3JCHCTBHs Ha Tpomocdepy. JaH-
HBIA Tearnoreo(pu3NIecKuii mapaMeTp ONUCHIBACT TPEI-
rosaracMele (pU3MUECKHe TPOIECChl, a MPUMEHEHHE MO-
nemu Beilimepa [1s ero pacuera Mmo3BOJIIET MapamMeTpH-
30BaTh MPOLIECCH B MATHUTOC(EPE M MOTYIUTh IIPOCTPAH-
cTBeHHOe pactipezernenue D11 B obmacti noHochepsl.

Heckonbko cnoB o moaenu Beiimepa, koTopast uc-
noJsib3yercst Hamu Juia pacueta DIl. Panee B Hammx uc-
cnenoBaHusx npumensanacsk Bepcus 2001 r., B naHHO
paboTe pacdeThl BBINOJIHAINCH Ha OCHOBE IMOCICIHEH
Bepcuu mojenu, T. €. Bepcuu 2005 r. [Weimer, 2001,
2005]. OcraHoBUMCS Ha OCHOBHBIX M3MEHEHUSX, BHE-
CEHHBIX B MOJETb [ €€ YIIyqIICHHUS:

1. Bonee TouHBle 3HaYeHWs TONA W OOJEe TOYHOE
MECTOMOJIO0XEHNE HHU3KOIIMPOTHONW TPAHMIBI KOHBEK-
TUBHOTO AJIEKTPUIECKOTO TIOJIS.

2. Cdepudeckne rapMOHHYECKHE (DYHKIIUH HCIIONb-
3YIOTCS TOJIBKO B TIpejesiax HeOOoNbIIorW 00JacTH Ha TO-
mroce. Ha Goyiee HU3KMX MIMPOTAX MOTCHIAAIBI CTPOSTCS
U3 HECKOJBKHMX (YHKIME psigoB Dypbe JOJATOTHI C JHC-
KPETHBIMH NIMPOTHBIMH IIATaMH, T. €. PACyYeT BBIOJIHS-
€TCsl TI0 KPYTY C pajnycoM, KOTOPBIA MU3MEHSIETCS B 3aBU-
CUMOCTH OT HapaMeTPOB MEXKILUIAHETHOTO MArHUTHOTO
nosnst (MMII) u comHEYHOrO BETpa C MOCTOSHHBIM CMe-
mennem Ha 4.2°.
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Puc. 1. IlpoctpancTtBeHHbIe pacupeaenenus D11, paccuntaHHble ¢ TOMOIIBIO ABYX BepcHil Moaenu Belimepa 11 ciOKOMHBIX
ycnosuit 2009 1. 1 MOIIHBIX reoMarHUTHBIX Oyps 20.11.2003 1 15.07.2000

3. Henuneitnbie 3¢ ¢GeKThl HACBHIEHUS CBA3M COJ-
HEYHOTO BETpa M MarHutocdepbl Jydlle BOCIPOH3BO-
IATCS U1 HOpMaJbHBEIX yenoBuit MMII, HO HeoOXxomu-
MO KOHTPOJIMPOBATH PE3yJIbTAThl MPUMEHCHUS MOICITH
K ciIydasmM ¢ Oonpmumu 3HaueHussMu MMIT.

Ha puc. 1 noka3zaHo mpocTpaHCTBEHHOE pacrpesie-
nenue OI1, paccuntannoe 1yt coobrtrii 20 HOos1Ops 2003 .
(cmeBa) u 15 wmronsa 2000 r. (cpaBa). B xagectBe cmo-
koiiHoro mepuosa BeiOpan 2009 r. Ha BepxHel maHenu
npeacTaBieHsl pacueTsl o moaenu 2001 r., Ha HIDKHEH
naxenu — o mozenu 2005 r.

IIpoctpanctBenHoe pacnpeaenenue I 1t crokoi-
Horo mepuona no monenu 2005 r. oTiiM4aercst OT pac-
npenenenus mo mozxenu 2001 r. HeGombIIMM yBeIHYe-
HHUEM TOJIOKUTEIHFHOTO U OTPUIIATEIBHOTO MTOTCHIINAIA.
3HaunTeNbHBIC Pa3IUnA B cTpykType DIl HabmonaroTes
BO BpeMs MakCHMyMa BO3MyIIeHHiA: B mozemu 2005 r.
HaOII0aeTCsl YBEIMYCHNE KaK 00IacTH, TaK W BETUINHEI
OTPHUIIATEIFHOTO TOTEHIIHANA, TOTAAa Kak MO MOICTH
2001 r. Gompmie yBETMYMBACTCS MONOKHUTEIBHBIN II0-
TeHImar. OTMEUeHHBIE Pa3INyIys CBSI3aHBI CO CMEICHUEM
30HBl KOHBEKIIMM Ha HOUYHYIO CTOPOHY BCIEICTBHE
yIJIy4dllleHul, BHECEHHBIX B MoAenb 2005 r.

Jlns nanpHeHIero aHaim3a B Ka4eCTBE XapaKTepH-
CTHKH COJIHEUHOTO BO3AEHCTBHSI UCHOJIB30BajiCS MpO-
cTpaHcTBeHHBIN koHTpact JII. JlaHHbI mapameTp mo-
Ty4deH ciexyroumM obpazom. Ha mepBom miare mo mo-
nmemn Befimepa Bepcum 2005 1. [https://zenodo.org/
records/2530324] paccUUTHIBAIOCH MPOCTPAHCTBEHHOE
pacupenenenue anomanuii OII, cTpykTypa KOTOpOToO
COCTOWT U3 JABYX OOJacTeil: OTpHUIaTeIbHOTO M II0JIO-
KHUTEIBHOTO 3Haka. Pacuer anomammii Ol BeIMOTHEH
1o opmyie

11, =311, - (3IT), (1)

rae i — "HoMep daca; <OI[> — cpenHee 3a CeMb MPeJ-
MICCTBYIOIHUX CYTOK.

Ha BTOpoM mare mnocTpoeHO NPOCTPAaHCTBEHHOE
pacupenenenue kouTpacta 11 cormacuo Gopmye

Ao, = (o117 )~ (2117 ), )

rae i — HoMmep 4aca; <OII> — cpemHee 1Mo oOmacTu
OJTHOTO 3HaKa.

W3menenns aHomanuii M koHTpacta Jll, ycpenHeH-
HBIX 11 oOnmacTy mmpot Bbie 60° N, npoanaan3uposa-
HBI Ha ipuMepe coObITrid 20 HOsIOpst 2003 1. 1 23 ampens
2023 r. (cM. Tabiuiy), COPOBOLMPOBAHHBIX KilaccHye-
CKMM KOPOHAJIBHBIM BBIOPOCOM Macchl. BriOpaHHBIC
O4YeHb OOJBIINE MarHUTHBIE OyPH MOXO0XKH IO YCIOBUSIM
pPa3BUTHS MEXKIUIAHETHBIX BO3MYIICHUH, BCIICACTBHE
KOTOphIX OoHHM HaOmomamuck [Grechnev et al., 2014;
AOynmHa u ap., 2024]. Beibop MarHUTHBIX Oyph B pas-
HBIE CE30HBI MO3BOJIMI TAK)XE JOTOJHHUTEIHFHO y4eCTbh
CE30HHBIC M3MEHEHHsI T€OMarHUTHOW aKTHBHOCTH C MaK-
CHMYMOM BECHOH M OCEHbIO, KOTOpPBIE MOTYT IIPOSIB-
JATHCS B U3MEHEHHUAX METeONapaMeTpPOB BO BPEMs BO3-
mymenni [Karakhanyan, Molodykh, 2025].

Pacuer monocheprnoro OI1 mo momenn Beiimepa
BBIMOJIHSUICS. HA OCHOBE YAcOBBIX JAaHHBIX O COJHEY-
HOM BeTpe U napamerpax MMII, noxydeHHBIX 13 0a3bl
nmanaeix - OMNI  [https://omniweb.gsfc.nasa.gov/html/
ow_data.html]. Ha ocHOBe MeTomuKH 1715 pacuyeTa KOH-
tpacta DIl paccumThIBajCsS TaKke KOHTPAcT METeolla-
paMeTpoB, 9TOOBI TIPOBECTH CPABHUTENBHBIN aHamu3 D11
¢ MeTeonapaMeTpaMM BO BpeMsl BO3MyILeHu. MbI Hc-
MTOJTF30BAI YACOBBIC 3HAYCHUS METCOBEIIMYHH B CETKE
1.0°x1.0° m3 Habopa mamubix [Wielicki et al., 1996;
https://ceres-tool.larc.nasa.gov/ord-tool/jsp/SYN1degEd
41Selection.jsp/].CiieryeT OTMETHTB, YTO B Tpomocde-
pe€ CYIIECTBYET €CTECTBEHHBIN CHHONTHYECKUI NEPHO]
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ITapameTpbl MEXIIaHETHON Cpeibl BO BPEMsl MOIIHBIX MAaTHUTHBIX Oyph

-3

Jata coOBITHS | Vipay, KM/C | 1, CM _, uTn | B, uTn | AL, uTn | [ara v suauenune Dst, uTn
20.11.2003,
20-21.11.2003 703 7.6 -50.9 22.5 -1790 Dsi=—422 uTxn
23-24.042023 | 711 1027 | 324 2.5 | -1015 24.04.2023,
Dst=-213" uTn

*[IpenBapurenshbie qaHnbIe [https://omniweb.gsfc.nasa.gov/html/ow_data.html; https://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html]

20 nosidpsa 2003 r.

23 anpens 2023 .
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Puc. 2. I3meHeHNs BO BpeMsl MOILIHBIX MarHUTHBIX Oypb aHomanuii OII (cBepxy) m xontpacta OI1 (cHu3yY), ycpenHEHHbIE
Jutst o6iacty mmpoT Beimre 60° N: uepHas muHIST — Mozens Beiimepa 2001 r., kpacHas muHusS — Mozens Beiimepa 2005 T.; Bep-
TUKaJIbHAas! IMHUS — Ha4yallo TeOMAarHuTHOM Oypu; Houb o ocu aberuec — 00 UT nHst Hauana reoMarHUTHOW Oypu

(ECIT) — mpoMexyToK BpeMEHH, Ha KOTOPOM COXpaHs-
ercsl TIepeMellieHne UKJIOHOB/aHTHIMKIOHOB U PacHo-
JIO)KEHHE WX IICHTPOB B OMPEACICHHOM paioHe 3eMin
i Ha BeceM nonmymapuu (ECIT~7 cyr). Jlns MuauMu-
3alliM BIMSHUS CHHONTHYECKHX IIPOILIECCOB pacuer
aHOMaJIMi METEoNnapaMeTpOB MPOBOIUIICS OTHOCUTEIILHO
CpEeIHEro 3a CeMb NPEALIECTBYIOMIMX CYTOK A0 Hadana
coobrtust. YJIP mpencraBnena HaOmomaembiM CERES
IIMPOKOTIOJIOCHBIM TETUIOBBIM MOTOKOM Ha BEpXHEH rpa-
Hune Ttponocgeps! (Beicota A~20 KM); IMOTJIONICHUE
W3ITy4eHHs] BOJASHBIM IapOM B OKHE IPO3PavyHOCTH 8—
12 MKM — H3JIy4aeMbIM TEIJIOBBIM TTOTOKOM (/2~20 KM)
nnppaxpacaoro armocepnoro okaa CERES (8-12 mxm).
BepxHsisi 007IaYHOCTh XapaKTEPH3YETCs] KOIHIECTBOM
obmakoB BepxHero sipyca (ot yposas 300 rIla mo Tpomo-
Tay3bl) B IPOIIEHTHBIX TOJIAX TIOKPHITHS HeOa.

PE3YJIBTATBI AHAJIN3A

IIpoctpanctBennsle pacnpeneneHuss DI Bo Bpems
BO3MYIIEHHUH (CM. puc. 1), NOTydeHHbIE ¢ IOMOIIBIO BEp-
cuii momenn Beiimepa 2001 u 2005 rr., CymecTBeHHO
pa3IuyaroTCs.

[Ipoanammupyem muHamMuky Bapuarmii JO11, ycpen-
HEHHBIX JJIs objacTu mupoT Bhime 60° N, Bo Bpems
MOIIHBIX TeOMarHuTHBIX Oyph 20 HOs0ps 2003 .
n 23 anpens 2023 r. Ha puc. 2 npencTaBieHbl H3MEHe-
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nust anomaiuii DIl (Bepxuue maHenu) u KoHTpacta Ol
(HWKHHME IIaHeNM), PAacCUMTAaHHBIE C IIOMOINBIO IBYX
Bepcuii monemu Beiimepa. CpaBHUTENBHBIN aHATN3 T10-
Ka3ajl, YTO BO BPEMS MOIIHBIX MarHUTHBIX Oypb BKIaL
OTpHUIaTeNbHBIX 3HadueHuH OI1 B 0011yI0 H3MEHIMBOCTH
a"omanuii DI1 6oasie B mogenu 2005 r., 4eM B MOAENH
2001 r. /laHHOE pa3nuyMe CBSI3aHO C BHECEHHBIMU B MO-
qens 2005 r. u3MEHeHUsIMH, OTMEUEHHBIMH paHee. Ba-
puanuu koHTpacta OII Bo Bpems BO3MylIEHHUH, pac-
cuuta"uele o Mozaenu 2001 r., XOpoIo KoppeaupyroT
¢ U3MEHEHMsAMH KoHTpacTa OIl, MOJIydYeHHBIMHU TI0 MO-
nenu 2005 r. [ToBenenue xonTpacta J11 B ABYX BepcHsx
Mojenu BeiiMepa cornacyercs yrydine, 4eM IHMHAMHKA
anomaynii D11 AJis1 BEBICOKOIITMPOTHON 00IacTH.

PaccmoTpuM nHHENHHYIO CBSI3b U3MEHEHHUI KOHTpAcTa
OIl, ycpennennoro ans obxactu mwupot Beime 60° N,
C BapHalMsIMH T€OMarHUTHOTO WHAekca PC Bo Bpems
MOIIIHBIX MarHUTHEIX Oypb 20 Hos10ps 2003 1. 1 23 amperns
2023 r. Koppensnus cocrasnser 0.71+0.5 mexny u3-
MeHeHHsIMHA KoHTpacTa Jll, pacCYMTaHHOTO 1O MOAEIH
Beiimepa 2001 r., u Bapuanuamu PC-unnexca s pac-
CMaTpPUBAEMBIX CITydaceB.

Nsmenenust konTpacta OI1, paccunTaHHBIE TIO MOJICITH
2005 r., mydIe KoppeaupyroT ¢ BapuanusmMu PC-unaexca
JUTS aHAJTU3UPYEMBIX TeOMarHUTHBIX Oyph (pHc. 3, BepX-
HHe TmaHenn). Bricokmit koadduimeHT Koppesuuu
MeXy TTapaMeTpaMH II03BOJIIET HaM TOBOPHUTH O TOM, YTO
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Puc. 3. Ycpennennsle ais o6nactu mupot Beime 60° N uzmenenus kourpacra DIl (BepxHue maHenu, KpacHast TMHUS)
U KOHTpacTa MeTeomnapaMeTpoB (HIKHHUE MaHen): 3eneHas quHus — Y /IP; ¢huoneroBas — MOTIIOMIEHUS U3ITydeHHs BOASHBIM
apoM B okHe Tpo3pauyHocT 8—12 MkM (/); cunsist — BepxHeit ob6nauHocTu (Ci), a Takke Bapualdy TeéOMarHuTHOro unuaekca PC
(BepXHME TaHeNH, YepHas JIMHUS) BO BPEMsl MOIIHBIX MAarHUTHBIX Oypb. BepTukanbHas JIMHUA — HayaJlo FeOMarHUTHOH Oypu;
Houb 110 ocu abermce — 00 UT mHst Hawama reoMarHuTHOH Oypu

reoMarauTHbINA nHIeKC PC MOKHO KCIOJIB30BaTh B Kade-
CTBE MH/MKATOpA COJHEYHOW aKTHMBHOCTH BO BpeMs M30-
JUPOBAHHBIX MOIIHBIX MarHUTHBIX OYypPb.

Jnsa ompeneneHust TponochepHOTro OTKIMKA Ha H3-
MEHEHHE TOTEHIHAaTa BO BpeMs MarHUTHBIX Oypb HC-
oJIb30BaJIcsl KOoHTpacT DI, paccyuTaHHBIN IO MOJEIH
Bepmepa 2005 r. (cm. puc. 3, BBepXy). Bo Bpems oueHb
cuIbHOM MaranTHOM Oypu 20 Hos10pst 2003 r. yBenmue-
Hue koHTpacta DIl conpoBoxkaaeTcs pocToM KOHTpacTa
MeTeonapaMeTpoB, OCOOCHHO KOHTpAcTa BEpXHEH 00-
JAYHOCTH. MaKCUMyM KOHTpPAcTa METEOIapaMeTpoB
HaOIroMaeTCs B MepBbie 12 94 OTHOCHUTENHHO MaKCUMyMa
koutpacta OIl. Jlns reomarnutHOW Oypm 23 ampens
2023 r. oTMeuYeHHBIE OCOOCHHOCTH B MU3MEHEHWH pac-
CMaTPUBACMBIX IIapaMETPOB MeEHee BBIPAKEHBI, BO3-
MOXXHO, BCJICJICTBUE BIHMSAHUSA CYyOOypeBOH aKTUBHOCTH,
HaOIIOMaeMol 110 Hayajla MarHUTHOM OypW W SIBIISIO-
mielicss pe3ysIbTaTOM YCHJICHHS MPOJOJBHBIX TOKOB,
00YCIIOBIICHHBIX 3JIEKTPHUYCCKUM IMOJIEM MarHutocdep-
HOM KOHBEKLHH, KOTOpOE BO3HUKAET IMPH B3aUMOJCH-
CTBUH CONTHEYHOTO BeTpa u MMII ¢ marautochepoii.

W3MeHeHHs aHOMANUi BepXHE#l 00IaYHOCTH UMEIOT
OJ/IHOHATIPABJICHHYI0 TCHJICHIIMIO C TUHAMUKON aHOMa-
muit DIl B BBICOKMX LIMPOTax BO BpeMsl MOIIHBIX Teo-
MarHuTHBIX Oyph (puc. 4). OcoOeHHOCTH, XapaKTEepPHEIE
JUTA TUHAMUKHA KOHTpacTa paccMaTpHBAaEeMBIX IapameT-
POB, COXpaHSIIOTCA B MOBeACHUE UX aHOManui. OgHAKO
aMIUTUTYZa OTKJIMKA TTOJOKUTEIFHBIX aHOMAIUH Bepx-
Hell 00JladHOCTH Ha W3MEHEHHE MOJOoXHTenbHoro Ol
Ha MOPSAAOK BETUYMHBI BHIIIE, YeM aMIUTUTYAa OTKIIFKA
OTpPHUIATEIFHBIX AHOMAJIMI BEPXHEH OOJIAYHOCTH HA W3-
MeHeHue otpuuarensbHoro JII. PaccMoTpum KapThl aHo-
Mamuit OI1 ¥ mpoCTpaHCTBEHHOE paclpenesieHUe aHo-
MaJlii BepxHei 00ayHOCTH (puc. 5) BO BpeMs MarHHT-
HoW Oypu 23 ampens 2023 r. B cIOKOWHBIX YCIOBUSIX
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Ha mMpoTax Bbine 60° N aHoMmanuu BepxHeit 00aq4HOCTH
OITHOPOJHO pacIpeeiICHbl U COCTABISIOT CIUHUIIBI MPO-
neHToB. Haubonbpinee yBemmdeHHe BepXHEH 00NIAYHOCTH
HaOJromaeTcss B OOJIACTH YCWJICHHUS TOJIOKUTEIHHOTO
MOTEHIIMaNa, KOTOPhI OKa3bIBACT HEIMHEHHOE BO3/EH-
CTBHE Ha CBOMCTBAa BOJASHOTO Iapa, B JaHHOM Cllydyae
MIOCTYTIAIOMIETO M3 CPeIHUX IIHUPOT C IMKJIOHAMH, KO-
TOpBIE BO3ZHHKAIOT Y BOCTOYHOTO Tobepexss Empaznn
U, TIEPEMEIIasich K CEBEPO-BOCTOKY, JOCTHIAI0T MaKCH-
MaJIEHOTO Pa3BUTHSA B paiioHe AJICYTCKUX OCTPOBOB.

OBCYXJIEHHUE

Hama nanera, sSBISSCh OTKPBITOM CHCTEMOM, MOJ-
Bep)Ke€Ha BIMAHUIO WM3MEHEHHH B CONHEYHOM BETpe
BCJIEICTBHE aKTUBHBIX mporieccoB Ha Comaue. beictprie
W3MEHEHHs KiInMaTta Ha 3eMile SBILIFOTCS NPUYIWHON
MIPOJIOIDKEHHS TUCKYCCHU O BEITMYHMHE U XapakTepe COJ-
HEYHOTO BIWSHMS Ha HIKHIOIO atMocdepy. [Ipoctpan-
CTBEHHAs HEOJHOPOTHOCTH TPOMOC(HEPHOTO OTKIUKA
Ha COJIHEYHOE BO3JICHUCTBUC B OOJBIICH CTETICHU MOXKET
MPOSIBJIATHCS B U3MCHYMBOCTH PETHOHAILHOTO KJIIMMATa
B pe3yJIbTAaTE H3MCHCHUS ONTHYCCKUX CBOHCTB BOJSTHOTO
mapa B Tporocdepe Bo BpeMsi TeOMarHUTHBIX BO3MYIIIE-
uauii [Karakhanyan, Molodykh, 2025]. letansHOoe n3y-
YeHHe W3MEHEHNH MECTHOTO KJIMMaTa (BBICOKHE ITHPOTH,
BHYTPHUKOHTHHEHTAIFHBIE PETHOHBI) TMOJ ICHCTBUEM
nporieccoB Ha CoiHIIE BO3MOXXKHO Ha OCHOBE JAHHBIX,
MOYy4YeHHBIX Ha HMHCTpyMeHTanmpHON Oaze MC3dD CO
PAH, B wacTHOCTH, ¢ mucrojib3oBanrueM YHY «Onrtu-
yeckue WHCTpyMeHTHI» [https:/iszf.irk.ru/usu-optical-
instruments/].

B mpoBeeHHOM WCCIEIOBAHUM MBI HCHONB30BAIH
KOHTpacT B Bapuanusx JI1, KOTOpPEIi ABISETCS Proxy coJ-
HEYHOW aKTUBHOCTH, YTO TMTO3BOJHIIIO MUHUMHU3UPOBATH
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Puc. 4. I3MeHeHNs TOJOXUTENIBHBIX (CBEPXY) M OTPHLATENBHEIX (CHH3Y) aHoMammii OII (kpacHble KpUBBIC) M aHOMAHMH
BepXHEH 00JIauHOCTH (CHHHE KPHBEIC), YCPEIHEHHBIC T oOnacTu mmpoT Bhime 60° N, BO BpeMsi MOIIHBIX MAarHUTHBIX OYypb.
BeprukansHast IMHUSI — Hadajo reoMarHuTHOH Oypu; Houtb 1o ocu abcuuce — 00 UT nust Havana reoMarHUTHOH OypH
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Puc. 5. TIpoctpancTBeHHbIe pacnpenesieHus aHomanuit DI (cBepXy) u BepxHel 0071a4HOCTH (CHU3Y) B CHOKOMHBINA NMEPUOJ
(cneBa) u B mepuo nx Makcumyma (cmpasa) B cpenteM 3a 3 4 ¢ 18 UT mo 20 UT mns obnactu mmport Beiure 60° N Bo Bpems
oueHb OoubIIol reoMarnuTHOM Oypu 23 anpens 2023 r. [TonyaeHHbI MepUIUaH MOKa3aH CTPEIKaMH

CriekTp MeTeonapaMeTpOB COCTOUT W3 BBICOKOYACTOT-
HOW (CyTOYHasi, Ce30HHAs, TOIOBast M 2—5-JIeTHHE BapH-
aluy) U HU3KOYACTOTHOM cocTaBisronux. [lociennss
COJICP)KUT BapHallUU, OMU3KHUE K TEIHOTCOPH3MUCCKUM
MeproiaM, B YaCTHOCTH, OOHApYKeHa ~22-JICTHsS Bapua-
s, mojgo0Hasi MarHUTHOMY IMKITy Xeina Ha CoJHIe,
B U3MEHUYMBOCTH TPAaEKTOPUHA BHETPONTMYECKUX ITHKIIO-
HoB B CeBepHoil ATmantuke [Veretenenko et al., 2023b].

pasIuuusl MEKAY €ro pacdeTaMu IO Pa3HBIM BEPCUSIM
Mmogenu Beiimepa (cMm. puc. 2). [loka3ana BeIcOKast Kop-
pensnus Mexay U3MeHeHusMu KoHTpacta OII, ycpen-
HEHHOTO JUISl BBICOKOIIMPOTHOM 00NacTH, U BapHaLMAMU
reomarauTHOro uHaekca PC (cM. puc. 3). OcHOBBIBasICh
Ha JaHHOM pe3yJIbTaTe, MOXXHO DPEKOMEHIOBaTh 00€
XapaKTEpPUCTUKH B KadeCTBE HHAMKATOPA COJHETHOU
AaKTHBHOCTH MPU M3YYEHHH MOIIHBIX MarHUTHBIX Oypb.
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Memeopozzoeuqecmnl OMKIJIUK HA USMEHEHU:

IockonbKy CONHEUHBIH CHUIHAJN, MPUCYTCTBYIOLIMI B Me-
TeonapameTpax, MCHbIIIE aMIUTUTYAbI HX CYTOYHOM M Ce-
30HHOM BapualMii, Mbl H3y4aeM M3MEHEHUs] HE caMoil
BCJINYMHBL, & U3MCHCHUE aHOMAJIMI WA OTKJIOHCHUN Me-
TEOMapaMeTPOB OT MX CPEOHETO 3HAYCHHS BO BpEMS
Bo3MymieHHs. Ha mpumepe odeHb CHIBHBIX T€OMAarHuT-
HBIX Oypb 23-r0 ¥ 25-TO COJIHEYHBIX ITMKJIOB, KOTOpPHIC
SIBJIAIOTCS IIAKJIAMH CPEHEH BEIMYUHBI M BTOPHIMHA KOM-
IIOHEHTAMH 22-JIETHETO IMKJIA MArHUTHOM AaKTHBHOCTH
[Ishkov, 2010, 2024], moka3zaHo, 9TO BO BpeMs OTJEITbHBIX
MOIIIHBIX BO3MYILUEHUI yBenuueHue koHTtpacra III co-
MPOBOKAACTCSI POCTOM KOHTpAcTa METEONapaMeTpoB,
0COOCHHO KOHTpACTa BepXHEH obiagyHocTy (cM. puc. 3).
[IpuMeHUTETBHO K MeTeonapamMeTpaM KOHTPACT UCIOIb-
30BaJiCSi B KAaueCTBE HHTETPAJIBHOW XapaKTEPUCTUKH
U WIDTIOCTPAIN aMIDIHTYAB N3MEHEHHH METeopOJIo-
THYECKOTO OTKJIMKA Ha COTHEYHOE BIMSTHAE M3-32 HEO[I-
HOPOITHOHN CTPYKTYPHI TPOTIOC(EpPHOTro OTKIMKA B MPO-
CTpaHCTBE. Pe3ynbTaThl MCCIeIOBAHMS TTOMYIEHBI B paM-
KaxX MOJENN MEXaHW3Ma OIOCPETOBAHHOTO BIUSHUS COJ-
HEYHBIX MPOIECCOB Ha PaJMAllOHHBIN OaaHC KINMAaTH-
4yecKoW cuctemsbl, paspadarsiBaemoii B UC3d CO PAH.
OHHM TIOMOTYT CO3/aTh MapaMeTPU3ANUI0 (UIUUCCKIX
MPOLIECCOB B TPOHoc(epe B COOTBETCTBHU C Mpeiarac-
MBIM CICHAPUEM H, CJICOBATCIBHO, BKIIOYHUTH COJ-
HCYHYI0 aKTUBHOCTh, HAPSIy C COJIHCYHOW TOCTOSH-
HO, B KJIMMATHYCCKUE MOJICIIH.
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Anamm3 cBs3u Bapuanuii OI1 ¢ W3MEHEHWSIMH Me-
TeonapameTpoB BO BPEMsI MOIIHBIX MarHUTHBIX Oypb 1103-
BOJIMJI MIOJTYYHUTh CIICAYIOLINE PE3YIbTAThL.

IIpocTpancTBenHble pacmpenencHus Oll, momyuen-
Hble ¢ nomoukio Bepcuit 2001 u 2005 rr. moaenu Beii-
Mepa, Haubosiee CHIIBHO Pa3IMYaloTCsl BO BpEMsl Mak-
CUMYMa BO3MYILEHHUSL.

Bapuarn anomanuit 911, ycpeaneHHbIe 11t o0s1acTH
mupot Beime 60° N, CyIIeCTBEHHO pa3n4atoTcs B pac-
CMOTPEHHBIX Bepcusx Mmozenu Betimepa. OmgHako Ba-
puanuu ycpeaHeHHoro KoHTpacTta Oll, paccuutaHHbIE
mo BepcusiMm 2001 u 2005 rr., BO BpeMs MOITHBIX BO3-
MYIIEHHH IPOUCXOST CHHXPOHHO.

Koppensimonnsiit aHamu3 U3MEHEHUH YCPEIHEHHOTO
koHTpacta JII ¢ BapnanusMu reOMarHITHOTO HMHIEKCA
PC noxkasai, 4to 00e XapaKTEpHCTHKNA MOXKHO HCIIOJb-
30BaTh B Kau€CTBE Proxy COJIHEUHOW aKTUBHOCTH JUIS
U3y4YeHUs U30JIMPOBAHHBIX MOIIHBIX BO3MYIICHUI.

Bo Bpems Bo3myIeHuil yBenuueHue kontpacta OlI1
COIPOBOXKIAETCS POCTOM KOHTPACTa METEONapaMeTpoB,
0COOCHHO KOHTpAacTa BepXHeH 00JaqyHOCTH.
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Abstract. We present an overview of the history, the
main scientific results and prospects of the Chinese-
Russian Joint Research Center on Space Weather. The
Chinese-Russian Joint Research Center was established
by the Institute of Solar-Terrestrial Physics SB RAS
(ISTP SB RAS) and National Space Science Center
CAS (NSSC CAS) in 2000. The center deals with fun-
damental issues in modern solar-terrestrial physics, such
as quantitative description of the processes in complex
interconnected system Sun — interplanetary medium —
magnetosphere — ionosphere — atmosphere, assess-
ment of capabilities of predicting interactions within
this system, development of effective models for fore-
casting the state of the atmosphere and near-Earth
space. Over the 24-year period, the Joint Research Cen-
ter has united more than 10 scientific institutes in Russia
and China; about 60 scientific projects have been im-
plemented, and more than 400 joint scientific articles
have been published. Joint efforts of Russian and Chi-
nese researchers allowed obtaining important results in
study of physical processes in near-Earth space. The
Chinese-Russian Joint Research Center has proven its
usefulness and continues studying the Sun, solar-
terrestrial relations, and near-Earth space.

The future work of the Joint Research Center will be
closely linked to the implementation of major unique
projects in China and Russia: the International Meridian
Circle Program (IMCP) led by NSSC CAS, and the Na-
tional Heliogeophysical Complex of the Russian Acad-
emy of Sciences (NHC RAS) led by ISTP SB RAS. We
describe these projects in this paper.

Keywords: Chinese-Russian Joint Research Center,
space weather; international cooperation, International
Meridian Circle Program, National Heliogeophysical
Complex of the Russian Academy of Sciences.

AnHotanus. IIpeacrtaBieH 0030p HCTOPHH, OCHOB-
HBIX Hay4YHBIX PE3YJbTaTOB M TepcrekTuB OObeanHeH-
Horo Poccuiicko-Kuralickoro HaydHOro IieHTpa IO KOC-
mudeckoi orone. O0bennHeHHbI Poccniicko-Knralickuit
HAYYHBIA TIEHTPp OBLT co37aH MHCTHTYTOM COTHEYHO-3eM-
nHoit ¢pmsuxku CO PAH (MC3®d CO PAH) u Hanmonans-
HBIM LIEHTPOM KocMmuueckux uccienosannii KAH (HITKU
KAH) B 2000 r. JIesteapHocTh OOBEAMHEHHOTO HAYY-
HOTO IICHTpa HaIpaBJIeHa Ha pelleHne GpyHIaMEHTAIb-
HBIX BOIIPOCOB COBPEMEHHOM COTHEYHO-3€MHOM (DHU3UKH,
TaKHUX KaK KOJMUYECTBEHHOE OIMCAHUE TIPOIICCCOB B CIIOXK-
HOM B3aUMOCBs3aHHOH cucteMe «CoJIHIIE — MEXILIa-
HETHas cpefa — Maruurocdepa — umoHochepa — ar-
Mocdepa», OIeHKa BO3MOXKHOCTEH IPOTHO3UPOBAHUS
B3aUMOJICHCTBUI BHYTPH 3TOW CHCTEMBI, pa3paboTKa
3 dekTHBHBIX Mojeneill ISl MPOrHO3a COCTOSHUS aT-
Mochepsl M OKOJO3eMHOTO0 KOCMHYECKOTO IPOCTPaH-
ctBa. 3a 24 roma pesaTenbHOCTH K OO0beAUHECHHOMY
Hay4YHOMY IIEHTPY NpHCOeTUHMIOCh Oostee 10 uccieo-
BaTeNbCKUX MHCTUTYTOB Poccuu u Kuras, ObL10 peanu-
30BaHO OKO0JIO 60 HAyYHBIX TTPOCKTOB W OMYyOJHMKOBAHO
6osiee 400 coBMeCTHBIX Hay4HBIX cTaTel. COBMECTHBIC
YCUJIUSI POCCUMCKUX M KUTAUCKUX HCCIIE0BATENEH M03-
BOJIMJIM TTOJIYYUTh MHOTO BaXXHBIX PE3YJIBTATOB B H3Y-
YeHUH (PU3UUECKUX MPOIECCOB B OKOJIO3EMHOM KOCMH-
yeckoM mnpoctpaHcTBe. OObenuHEeHHBIH Poccuiicko-
Kuralickuii Hay4HBIH LIEHTP IOKa3ald CBOK d(PhEeKTHB-
HOCTh W MPOJOJKAECT MCCIEIOBAHHS B 00JIACTH H3yde-
Hus COJIHIIA, COTHEYHO-3€MHBIX CBSI3€H M OKOJI03EMHO-
0 KOCMHUYECKOT'O IPOCTPAHCTRA.

Hanpueiimas paborta OOBEIUHEHHOIO HAYYHOIO
IIeHTpa OYyJET TECHO CBsi3aHa C pealiu3allieii KPYITHBIX
YHHKaJIbHBIX TIpoekToB B Kurtae m Poccum: International
Meridian Circle Program (IMCP), Bo3rnasnsemas HIIK
KAH, n HanimoHanbHbI# renroreo®usnueckKiii KOMITJICKC
Poccuiickoii akanemun Hayk (HI'K PAH), Bo3riasisie-
mbiii UC3® CO PAH. B craThe NpUBOAMUTCS OMHCAHUE
STUX MPOEKTOB.

KnroueBnsle cioBa: OObenuHeHHslii  Poccuiicko-
Kuraiickuii HaydHBIA [EHTP, KOCMUYECKas ITOT0a, MEX-
IyHApoOOHOE CcOTpyaHuYecTBO, International Meridian
Circle Program, HanmonanbHbIl Tennoreopu3ndecKuit
KOMILIeKC Poccuiickoii akaieMuu HayK.
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INTRODUCTION

In the new millennium, near-Earth space has become
an area of intense practical activity. The rapid develop-
ment of technosphere and its growing expansion to
space lead to the fact that the processes occurring on the
Sun and in near-Earth space (known as space weather)
significantly affect space-borne and ground-based tech-
nological systems, such as spacecraft, television, com-
munication, navigation, electric power grids, and pipe-
lines. Space weather factors can also pose a threat to
human health and life. It is therefore essential to have
complete information about these processes, to be able
to diagnose and predict space weather, and to assess the
potential consequences. Thus, space weather monitoring
and forecasting are major scientific challenges for the
scientific community of the XXI century. To provide an
adequate response to these major challenges, many
countries have established special National Space
Weather programs. These programs identify priorities in
near-Earth space research: development of diagnostic
tool networks, advancement of fundamental knowledge
about processes in near-Earth space, development and
improvement of empirical and theoretical models.

However, physical processes in all regions of near-
Earth space are closely interrelated. The system Sun —
interplanetary medium— magnetosphere—ionosphere—
atmosphere should be studied as a whole. New tools and
methods are required to solve this complex problem.
International cooperation is also essential, as the process-
es under study are global in scale. The Chinese-Russian
Joint Research Center on Space Weather is focused on
solving these problems. The main research areas of the
Joint Research Center include:

e solar activity related to solar disturbances;

e propagation of solar disturbances through the solar
corona and interplanetary space;

e dynamic processes of various spatial and temporal
scales associated with the near-Earth space disturbances;

e propagation of disturbances from high to middle
and low latitudes of Earth’s ionosphere and atmosphere;

o diagnostics of near-Earth space and forecasting
techniques; interaction between near-Earth space and
Earth’s atmosphere;

e global space weather system and its response to
external influences.

MILESTONES

The Chinese-Russian Joint Research Center on Space
Weather was established by the Institute of Solar-
Terrestrial Physics of Siberian Branch of the Russian
Academy of Sciences (ISTP SB RAS) and the National
Space Science Center of the Chinese Academy of Sci-
ences (NSSC CAS, until 2010 known as the Center for
Space Science and Applied Research CAS, CSSAR CAS).

Agreement for Scientific Cooperation between the
Russian Academy of Sciences and the Chinese Academy
of Sciences signed on December 18, 1992 and Agree-
ment for Scientific Cooperation between the Chinese
Academy of Sciences and Siberian Branch of the Rus-
sian Academy of Sciences signed on October 13, 1999
served as the basis for creating the Joint Research Cen-
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ter. Within the framework of these agreements, Director
of CSSAR CAS Professor Gu Yidong and Director of
ISTP SB RAS Academician Geliy A. Zherebtsov signed
the Agreement for Joint Studies on Solar-Terrestrial
Physics and Its Applications in Beijing on November 2,
2000. In December 2000, the first joint workshop was
held in Irkutsk. Representatives of CSSAR CAS and
ISTP SB RAS took decision to establish the Joint Re-
search Center on Space Weather, and signed its Charter.
The first co-directors of the Joint Research Center were
Academician Geliy A. Zherebtsov and Professor Wu Ji.
Since 2018, co-director of the Joint Research Center
from the Chinese side is the Director General of NSSC
CAS Academician Wang Chi. In 2012-2017, co-director
of the Joint Research Center from the Russian side was
the Director of ISTP SB RAS, Corresponding Member
of RAS Aleksandr P. Potekhin. Today, co-director of the
Joint Research Center is the Director of ISTP SB RAS
Corresponding Member of RAS Andrey V. Medvedev.

In accordance with the Charter of the Joint Research
Center on Space Weather, workshops are held alternate-
ly in Russia and China on a regular basis. At workshops
researchers present their scientific results and discuss
the prospects for further joint research. The first work-
shop took place in Irkutsk in 2000. The 10th Anniver-
sary Meeting was held in Beijing in 2010. In 2024, ISTP
SB RAS hosted the 15th Anniversary Workshop in Ir-
kutsk (Figure 1).

At the 15" Russian-Chinese Workshop, special at-
tention was given to the International Meridian Circle
Program (IMCP) that is led by NSSC CAS and aims to
study atmospheric and near-Earth space phenomena and
processes using ground-based scientific instruments
located along the 120° E and 60° W meridians. China
and Russia play a special role in this program since a
significant part of the 120° E meridian passes through
their territories. New opportunities for IMCP can be pro-
vided by the National Heliogeophysical Complex of the
Russian Academy of Sciences (NHC RAS), which is
being created by ISTP SB RAS. The development of
cooperation within IMCP was discussed during the 15
Russian-Chinese Workshop. In the following sections, we
address some of the issues related to this cooperation.

The Joint Research Center promotes expanding mul-
tilateral cooperation. Many Russian and Chinese institu-
tions have joined our investigations: National Astro-
nomical Observatories of China CAS (NAOC CAS),
Institute of Geology and Geophysics CAS (IGG CAS),
Peking University (PKU), Yunnan Astronomical Obser-
vatory CAS (YNAO CAS), China Research Institute of

Radiowave Propagation (CRIRP), Shandong Uni-
versity (SDU), Yu.G. Shafer Institute of Cosmophysical
Research and Aeronomy SB RAS (SICRA SB RAS),
Space Research Institute RAS (IKI RAS), Pushkov In-
stitute of Earth Magnetism, lonosphere and Radio Wave
Propagation RAS (IZMIRAN), Central Astronomical
Observatory of RAS at Pulkovo (GAO RAS), Institute
of Cosmophysical Research and Radio Wave Propaga-
tion FEB RAS (IKIR FEB RAS), Polar Geophysical
Institute RAS (PGI RAS).

Over the 24-year period, approximately 60 scientific
projects have been implemented, around 200 exchange
visits took place, and more than 230 joint scientific reports
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have been presented at workshops and conferences.
Additionally, over 400 joint scientific articles and two
monographs have been published.

MAIN SCIENTIFIC RESULTS

Joint efforts of Russian and Chinese researchers al-
lowed obtaining important results in study of physical
processes in near-Earth space. The most interesting sci-
entific results obtained during our cooperation are pre-
sented in this Section.

First observations of a microwave zebra pattern
(ISTP SB RAS, NAOC CAS)

In 2003, researchers from the Institute of Solar-
Terrestrial Physics and the National Astronomical Ob-
servatories of China first detected a zebra pattern in the
microwave range [Altyntsev et al., 2005a, 2005b]. Zebra
patterns are intriguing fine spectral structures that look
as a number of parallel bright and dark stripes in the
dynamic spectra of the solar radio emission. To date,
there is no definite conclusion about the formation
mechanism of zebra patterns, with more than a dozen of
different models proposed. Zebra patterns are generally
observed in the metric and decimetric wavelength ranges.
In the microwave range, the radio burst was first record-
ed simultaneously with the Siberian Solar Radio Tele-
scope (at frequencies of 5.70, 5.72, and 5.76 GHz) and
the spectropolarimeter of the Huairou Solar Observing
Station (in the 5.2-7.6 GHz range). This combination
has allowed us to determine not only spectral, but also
spatial characteristics of the event. The radio burst con-
sisted of three (possibly, four) parallel equidistant bright
stripes with a synchronous temporal evolution. The fre-
quency interval between the stripes was ~160 MHz. The
emission had 100 % circular polarization corresponding
to the extraordinary mode. The sources of different zeb-
ra stripes were found to coincide spatially. It was con-
cluded that the most probable generation mechanism of
the zebra pattern considered was nonlinear interaction
between harmonics of plasma waves known as Bern-
stein modes. In this case, the magnetic field in the emis-
sion source, as determined by the frequency separation
of the zebra stripes, was ~60 G.

Fine wave dynamics in umbral flash sources
(ISTP SB RAS, YNAO CAS)

For the first time, information has been obtained on
the dynamics of wave processes occurring in small an-
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gular solar magnetic structures associated with the Um-
bral Flashes (Us) [Sych and Wang, 2018]. Fast periodic
disturbances related to wave activity in the sunspot um-
bra were observed over a three-hour period. These dis-
turbances align with the continuous diffuse brightening
of specific wave fronts described by Yuan et al. [2014].
Additionally, short-term emergences of small local
sources, known as UFs, were identified. The observed
umbral brightening can be categorized into two types.
The first type consists of background UFs, which exhib-
it random brightening of separated parts of wave fronts
during propagation. These UFs are constantly observed
in the umbra and lack stable shapes and spatial localiza-
tion. The second type consists of local UFs, which are
associated with increased wave activity near the foot-
points of magnetic loops. These sources demonstrate
pronounced wave dynamics and do not change spatial
position over time. Different spatial shapes were ob-
served for the local UF sources. Point sources are locat-
ed at the footpoints of large magnetic loops and display
activity with rare low-power pulses. Extended sources
are related to the footpoints of low magnetic loops with
large inclinations, exhibiting series of recurrent UF
pulses. The emergence of the main UF maximum coin-
cides with the peak power of three-minute oscillation
trains in separated loops. This wave dynamics follows
previously described background UFs by a number of
authors, but it is localized within magnetic loops. A cor-
relation exists between UF emergence in the photo-
sphere and increased power of three-minute wave trains
in the corona. The observed UF parameters are primari-
ly influenced by the wave cut-off frequency. Further
research will focus on investigating the relationship
between the shape of local UF sources and the inclina-
tion of magnetic loops near their footpoints.

The origin of the helicity hemispheric sign
rule reversals in the mean-field solar-type dy-
namo (NAOC CAS, ISTP SB RAS, IZMIRAN)

Observations at Huairou Solar Observatory of prox-
ies of magnetic felicity in the Sun over the past two so-
lar cycles have revealed reversals of the helicity hemi-
spheric sign rule (negative in the Northern Hemisphere
and positive in the Southern one). The mean-field solar
dynamo model was used to study changes in the sign of
the magnetic helicity for the dynamo, which operate in
the bulk of the solar convection zone. The reversal of
the sign of the small-scale magnetic helicity was found
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to follow the dynamo wave propagating inside the con-
vection zone. Thus, the spatial configuration of the
magnetic helicity reversals reflects the processes that
contribute to the generation and evolution of large-scale
magnetic fields. On the surface, the patterns of the he-
licity rule reversals are determined by the magnetic he-
licity boundary conditions at the top of the convection
zone. The obtained results suggest that the magnetic
helicity of a large-scale axisymmetric field can be treated
as an additional observational tracer for the solar dynamo
and it probably can be used for the solar activity fore-
cast [Pipin et al., 2013].

Improvement of full-disk measurements
of solar longitudinal magnetic fields at the Huairou
observatory (NAOC CAS, ISTP SB RAS)

Magnetograms of the full solar disk are a necessary
element of space weather forecasting algorithms. The
Solar Magnetism and Activity Telescope (SMAT) of the
Huairou Solar Observatory is one of the few instruments
in the world capable of receiving full-disk magneto-
grams. As a result of joint Russian-Chinese studies of
the instrumental characteristics of SMAT, some prob-
lems were identified that impede high-precision meas-
urements of weak background magnetic fields of the Sun.
Nonetheless, methods to improve the quality of SMAT
measurements were proposed, resulting in a significant
increase in data reliability [Demidov et al., 2018]. These
techniques will allow us to utilize SMART measure-
ments to address a wide range of solar physics issues
related to studies of global solar magnetism and space
weather.

Saturation of the magnetosphere and the polar
cap during superstorms (ISTP SB RAS, NSSC
CAS)

Using data from more than 110 ground-based geo-
magnetic observatories and the magnetogram inversion
method developed at ISTP SB RAS, new patterns of the
magnetosphere saturation process have been obtained:
stopping the growth of the electromagnetic energy flux
through the magnetosphere boundary and the polar cap
from the solar wind (SW) with its unusual intensifica-
tion during superstorms [Mishin et al., 2016]. Saturation
was shown to be caused not only by an increase in the
southern component of the interplanetary magnetic
field, but also by an increase in the solar wind dynamic
pressure (Figure 2, a). Saturation was explained by the
magnetosphere finite compressibility (during the in-
creasing SW, the compression of the magnetopause —
a decrease in the radius of its subsolar point — stops
quickly due to the geomagnetic field pressure increasing
earthward (Figure 2, b)), which also causes a stop in the
growth of the polar cap and the flow of energy into the
ionosphere through it. This result was confirmed by
numerical simulation using a global MHD model and
the Piecewise Parabolic Method with a Lagrangian
Remap (PPMLR) [Hu et al., 2009; Wang et al., 2014]
(Figure 2, a, ¢).

Estimated peak density of atomic oxygen
between 2000 and 2004 at 52°N (NSSC CAS,
ISTP SB RAS)

A method for deriving the peak density of atomic
oxygen in the Mesosphere and Low Thermosphere (MLT)
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Figure 2. Saturation during an increase in the SW dynamic
pressure Py in the November 20, 2003 storm: electromagnetic
energy flux Q. (a), subsolar magnetopause radius Ly, (b, ¢)

region from atomic oxygen [OI] 557.7 nm nightglow
intensity has been developed. The method is based on
the photochemical model for [OI] 557.7 nm emission
and an approximate expression for the altitude distribu-
tion of the atomic oxygen density in the MLT region.
This method was used to derive the peak density of
atomic oxygen from the 557.7 nm airglow data obtained
at the ISTP SB RAS Geophysical observatory in 2000—
2004 [Hong Gao et al., 2009]. Nighttime and seasonal
variations in the [OI] 557.7 nm intensity and the de-
rived peak density of atomic oxygen were analyzed.
The results show that the nighttime variations in the
557.7 nm emission intensity depend on season. The
monthly mean 557.7 nm airglow intensity changes with
month, showing peaks in March, June, and October, and
larger values in winter months. Nocturnal and seasonal
variations in the peak density of atomic oxygen are gen-
erally similar to those in the 557.7 nm airglow intensity.

Local empirical models of regular ionospheric
variations (ISTP SB RAS, NSSC CAS)

Based on long-term ionospheric measurements with
vertical sounding ionosondes located at Irkutsk, Norilsk,
and Hainan, local empirical models of regular ionospher-
ic variations were worked out (Figure 3) [Ratovsky et al.,
2014]. Using the models, common properties and re-
gional features were identified. A common property of
the high-, mid- and low latitude ionosphere is the semi-
annual daytime anomaly of the peak electron density N,,F2
under low solar activity and the intensification of the
winter anomaly with increasing solar activity. The gen-
erality is a consequence of the global thermospheric
circulation in which all regions of the ionosphere are
involved. A distinctive feature of the low-latitude iono-
sphere is the semi-annual nighttime anomaly of N,F2
under low solar activity and the highest growth rate of
N F2 with an increase in £10.7 in the evening and night
time. A regional feature of the ionosphere over Hainan
(not reproduced by the IRI model) is the multi-peak
diurnal variation in the peak height /,,F2 over Hainan.
A distinctive feature of the mid-latitude ionosphere is
the greatest intensification of the winter anomaly with in-
crease in F10.7 and the evening anomaly in the summer
diurnal variation in N,F2. A regional feature of the ionos-
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Figure 3. Diurnal-seasonal variations in N,,F2 [10° cm™] (a) and 4,,F2 [km] () under low solar activity

phere over Irkutsk (not reproduced by the IRI model) is
the morning-evening asymmetry in the summer diurnal
variation of N,F2 at high solar activity. A distinctive
feature of the high-latitude ionosphere is the absence of
diurnal anomalies in any season and the absence of a win-
ter anomaly at low solar activity. A regional feature of the
ionosphere over Norilsk (not reproduced by the IRI model)
is the “polar day effect” under low solar activity (no
nighttime rise in the peak height 4,,F2 in the summer).

Ionospheric response to geomagnetic storms
at the meridional chain of ionosondes in the East
Asian region (ISTP SB RAS, NSSC CAS)

In 2000-2017, coordinated studies of ionospheric ef-
fects of geomagnetic storms were carried out at the me-
ridional chain of ionospheric stations located in the East
Asian sector (90°-160° E) in Russia and China (Figure 4)
[Pirog et al., 2010; Shi et al., 2011]. For some storms,
these studies were supplemented with measurements in
the European and American sectors. The following has
been revealed: 1) Medium-latitude ionosphere shows
properties of high-latitude ionosphere during super-
storms. 2) There are differences in the East Asian iono-
spheric response to geomagnetic storms under high and
low solar activity. 3) Three groups of anomalous iono-
spheric disturbances caused by geomagnetic storms and
observed at low solar activity have been identified: a
special type of large-scale traveling ionospheric disturb-
ances, quasi-two-day Wave Like Disturbances (WLDs),
oscillations of Short Duration (OSD). 4) Longitudinal
alternation of positive and negative ionospheric re-
sponse during the recovery phase of some storms is ob-
served. Longitude variations of storm ionospheric disturb-
ances are determined by the local time of the storm sudden
commencement. 5) A comparative analysis of the behavior
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Figure 4. Meridional chains of ionosondes in East Asia

of F-scattering in equatorial and high latitudes was per-
formed [Shi et al., 2011].

FROM MERIDIONAL CHAINS TO
THE INTERNATIONAL MERIDIAN
CIRCLE PROGRAM (IMCP)

Ground-based chains of geophysical instruments are a
powerful tool for studying and monitoring the effects of
space weather in Earth’s ionosphere and magnetosphere.
Due to the latitudinal difference in solar radiation and the
bounding of charged particles by the geomagnetic field,
space weather disturbances are usually manifested along
the meridians. As a result, observing along a specific me-
ridian line has a great deal of advantages. The effectiveness
of observations at the meridional chains has been con-
firmed by a rich history of such observations.
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Observations at the Norilsk and Yakutsk
meridional chains of stations in Russia: 1969—
1983

To study geophysical phenomena in the upper at-
mosphere of high latitudes, ISTP SB RAS and SHICRA
SB RAS organized synchronous observations at the
Norilsk and Yakutsk meridional chains of stations (Fig-
ure 5). The observations were conducted as part of the
International Magnetospheric Study (IMS) program
(1976-1979). From 1969 to 1983, a total of 6 measure-
ments campaigns (expeditions) were organized: 1969 —
at the Yakutsk meridian; 1973 — at the Norilsk meridian;
1976 — Siberia-IMS-76, start of synchronous observa-
tions at the Yakutsk and Norilmk meridians; 1979 —
Siberia-IMS-79; 1982 and 1983 — Taimyr-82. Each
expedition had its own scientific program. The observa-
tion stations were fitted with the same type of equip-
ment, and the observations were carried out according
to a unified coordinated program. The standard set of
equipment included magnetovariation station, all-sky
camera, zenith photometer, scanning photometer, and
ionosonde. The Khatanga station, located to the east of
the Norilsk meridian, was used to link observations with
data from the Yakutsk meridian chain.

As a result of this observations, we have first of all
formulated the principles for organizing meridional chains
of stations [Rakhmatullin, 2010, and references therein]:
stations along the meridian should be positioned
with the least scatter in longitude to minimize errors
related to longitudinal effects;

113

e two or three meridional chains are necessary to
study longitudinal effects and control the geophysical con-
ditions;

e stations of the chain should be equipped with ge-
ophysical instruments of various types, such as magne-
tometers, ionosondes, photometers, to not only record
processes in different geospheres, but also to study their

interaction and identify physical mechanisms.

Substorm in geomagnetic pulsations

Observations at meridional chains were essential for
understanding the mechanism of a magnetospheric sub-
storm [Rakhmatullin, 2010]. The development of geo-
magnetic pulsations during substorms was studied in
detail. This work was pioneering for that time. And the
resultant pattern of the magnetospheric substorm in ge-
omagnetic pulsations has not changed significantly so
far. For the first time, the longitudinal and latitudinal
dimensions of the sources of Pi2 and PilB pulsations
were determined, their relation to auroras was shown,
and generalized schemes of drifts of pulsation sources
were created. Fundamental differences in generation of
Pi2 pulsations at auroral and mid-latitudes were found.
It was shown that the amplitude and spectral composi-
tion of the mid-latitude Pi2 pulsations are controlled by
the state of the ionospheric F2 layer.

A method was developed to determine the longitude
of substorm development in the auroral zone from pa-
rameters of mid-latitude Pi2 pulsations (Figure 6). After
the onset, the substorm propagates as a series of succes-
sive amplifications of magnetic activity; each occurs north-
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zone and in midlatitudes. Based on the materials of [Rakhmatullin,
2010]

west of the previous one and is accompanied by Pi2
generation. The main axis of the Pi2 polarization ellipse
is always directed toward the source. With the motion of
the substorm disturbance, the polarization axis rotates
counterclockwise. Thus, the longitude of the substorm can
be determined from the direction of the polarization axis.

Model of ionospheric substorm

According to the data from the Norilsk meridian,
a morphological description of the processes in the high
latitude ionosphere was made [Zherebtsov et al., 1986;
Pirog et al., 1997]. Statistical schemes of ionospheric
substorm development north of the MIT in LT-K|, coor-
dinates at different latitudes were constructed, and the
effect of solar activity was revealed. In addition, a re-
gional model of critical frequencies of E and F regions
for the Norilsk meridian was developed. Complex pro-
cessing of data from meridional chains made it possible
to obtain an equation describing the position of the Main
Ionospheric Through (MIT) under different magnetic
activity: ®=150.6—5¢-25(0.1K,>~1.3t+12.7)'?, where ®
is invariant latitude, # is the time counted from midnight,
K, is the geomagnetic activity index.

The extensive experimental material obtained during
complex high-latitude expeditions became the basis for
further research. Nowadays, we are turning to the expe-
dition archives to confirm this or that experimental fact.
The archives also serve as an experimental base for
studying long-term trends. The results obtained confirm
the effectiveness of meridional chains of geophysical
instruments in studying the magnetosphere-ionosphere
interactions.

Chinese Meridian Project (CMP)

In China, the concept of the national Meridian Project
was proposed in the early 1990s [http:/imcp.ac.cn/
en/about/planning/;  https://www.meridianproject.ac.cn/
memp/]. Development of the Chinese Meridian Project
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(CMP) began in 2005 [Wang Chi et al., 2020, 2022;
https://www.meridianproject.ac.cn/en/]. The project rolled
into realization stage in 2008 upon being approved by the
government as one of the major scientific structures.
The Chinese Meridian Project is a ground-based space
environment monitoring network. It is a joint effort of
more than 10 research institutions and universities in
China, led by NSSC CAS. The Project aims to study the
propagation processes of disturbances caused by solar
activities, from the Sun to the interplanetary space,
magnetosphere, ionosphere, until mid-to-upper atmos-
phere; coupling mechanisms of different space spheres
and layers, namely solar atmosphere, inter- planetary
space, magnetosphere, ionosphere, and mid-to-upper
atmosphere; regional characteristics of the space envi-
ronment above China’s territory, and its relationship
with global variations [Wang Chi et al., 2020]. CMP
was built in two stages (Figure 7). The Phase I construc-
tion began in 2008 and was completed in 2012.

Since 2012, Phase I has been in operation. Phase 11
started in 2019 and was successfully completed in 2024
[Wang Chi et al., 2020, 2022, 2024]. CMP Phase I con-
sists of 15 ground-based observatories located along
120° E and 30° N (Figure 7, a). Each observatory is
equipped with multiple instruments including magne-
tometers, radars, optical equipment, and sounding rock-
ets to monitor parameters of solar wind, geomagnetic
field, middle and upper atmosphere, ionosphere. CMP
Phase II has added 16 new stations to Phase I, and thus
created a monitoring network of 31 stations and nearly
300 instruments along 100° E and 120° E, and 30° N
and 40° N (Figure 7, ¢). In addition to the usual instru-
ments, Phase II comprises several large and advanced
devices including a radio heliograph, an interplanetary
scintillation telescope, an MST radar, a new generation
tristatic incoherent scatter radar, etc.

CMP and Chinese-Russian Joint Research
Center

Within the framework of the Chinese-Russian Joint
Research Center, Russian stations have joined the chain
of Chinese observatories since 2005 (Figures 4, 7, b). A
significant number of joint studies on the ionospheric
morphology over the East-Asian region under different
levels of solar and magnetic activity have been conduct-
ed. Many interesting results have been obtained, some
of them are described in the Section “Main scientific
results”. Comprehensive analysis of data from Chinese-
Russian chains allowed clarifying mechanisms of inter-
planetary, magnetospheric, and thermospheric factors'
impact on the ionospheric dynamics. It also allowed evalu-
ating the possibility to use the existing theoretic models for
reproducing the spatio-temporal dynamics of the iono-
sphere and to identify the possible ways of correcting mod-
els in order to improve their diagnostic and, in a long run,
predictive features. The results are summarized in a collec-
tive monograph “lonospheric disturbances in East-Asian
region” [Zherebtsov et al., 2021].

INTERNATIONAL MERIDIAN
CIRCLE PROGRAM (IMCP)

The International Meridian Circle Program (IMCP)
became an excellent development of the CMP concept
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[Liu et al., 2020, 2022; Blanc et al., 2020; Wang Chi et
al., 2024; http://imcp.ac.cn/en/]. This large and unique
project of NSSC CAS was proposed to bring together
more than 1000 instrumentation from over 10 countries
along the 120° E and 60° W meridians to create a global
monitoring network (Figure 8) [http://imcp.ac.cn/en/about/
objectives/]. The Great Meridian Circle crosses China,
Russia, Southeast Asia, Australia, Antarctica, Latin
America, the United States, Canada. IMCP aims to con-
duct all-latitude, all-weather observations of the system
formed by near-Earth space, the atmosphere, the Earth
surface. It is designed to track propagation of space
weather events from the Sun to Earth as well as to
monitor various disturbances generated within the Earth
system that impact near-Earth space [Liu et al., 2022;
Wang Chi et al., 2024].

The instruments deployed along Great Meridian Cir-
cle can provide a complete cross-sectional scan of near-
Earth space from the ground level up to approximately
3000 km, including density, temperature, magnetic and
electric fields, wind fields, planetary waves, and distri-
bution of minor species involved in Global Change
[http://imcp.ac.cn/en/about/sw/]. Due to Earth’s rotation,

this network can give a complete three-dimensional
representation of these key near-Earth space parameters
every 12 hours. Accumulated over years and decades,
this dataset will provide valuable insight on how climate
and long-term atmospheric change are influenced by
solar and terrestrial energy input. By detecting and
tracking short-term anomalies, the network can warn
about space weather and terrestrial disasters.

Currently, significant progress has been made on
IMCP [Wang Chi et al., 2024]. The IMCP scientific
program committee has been formed, and the China-
Brazil joint laboratory for space weather has also been
established. Networks in the North Pole and Southeast
Asia are under construction. IMCP is supported by an
array of Chinese and foreign research institutions, as
well as international scientific associations such as the
European Incoherent Scatter Radar Scientific Associa-
tion (EISCAT), the Scientific Committee on Solar-
Terrestrial Physics (SCOSTEP), and the Super Dual
Auroral Radar Network (SuperDARN) [http://imcp.ac.cn/
en/about/objectives/].

Moving forward, in addition to the 120° E — 60° W
meridian circle, IMCP also plans to establish network
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along the 30° E — 150° W meridian circle in collaboration
with the International Space Weather Initiative (ISWI)
[Wang Chi et al.,, 2024; Blanc, 2023]. Thousands of
IMCP instruments will create a three-dimensional infor-
mation grid covering five continents. This grid will pro-
vide real-time data on near-Earth space, helping to protect
our planet from natural and human-made hazards.

NATIONAL HELIOGEOPHYSICAL
COMPLEX OF THE RUSSIAN
ACADEMY OF SCIENCES

(NHC RAS)

The National Heliogeophysical Complex of the Rus-
sian Academy of Sciences (NHC RAS) [Zherebtsov,
2020; http://ngkran.ru/] can make a significant contribu-
tion to IMCP for mid- and high-latitude observations at
120° E meridian. NHC RAS has been developed and is
being created by ISTP SB RAS which has a long history
of expertise and operation of large heliogeophysical
instruments. In 2014, NHC RAS received the support from
the President of the Russian Federation and the Govern-
ment of the Russian Federation. The complex should pro-
vide solutions to the most important problems of solar-
terrestrial physics considering the Sun — Earth system as a
uniform and interrelated one. The National Heliogeophysi-
cal Complex has been developed on the basis of new tech-
nical solutions with the use of modern technologies. It in-
tegrates unique facilities, instruments, and devices.

The objectives of the National Heliogeophysical
Complex RAS are: to get to a new level of development
of experimental (ground-based) research in solar-terrestrial
physics; to solve urgent fundamental and applied problems
in the interest of development of new space technologies.
Fundamental research involves studying solar activity
(magnetic fields, flares, plasma ejections, etc.) and its ef-

fect on space weather; studying the magnetosphere-
ionosphere-atmosphere system and effects imposed on it
by solar factors and meteorological and lithospheric pro-
cesses. Applied research involves studying the effects of
space factors on operation of spacecraft and various engi-
neering systems (radio communications, radar, GPS-
GLONASS and others); monitoring of near-Earth space,
spacecraft and space debris; developing methods for solar
activity and near-Earth space monitoring and prediction to
the benefit of different consumers.

The NHC RAS includes five large, new generation
experimental instruments for research in the field of solar
physics and near-Earth space physics [Zherebtsov, 2020;
http://ngkran.ru/]: Large Solar Telescope-Coronagraph,
Multiwave Radioheliograph, Radiophysical Complex
for Atmospheric and Ionospheric Research, Network of
Coherent lonospheric Radars, Lidar Optical Complex
(Figure 9). Collection, real-time processing, and storage
of information from NHC RAS instruments will be per-
formed at the Data Center which will be established in
Irkutsk (ISTP SB RAS). At present, the first NHC RAS
instruments (Radioheliograph and Optical tools) have
commenced their functioning. The development and
construction of the Large Solar Telescope and a Radio-
physical Complex are underway.

The
(LST-3)

One of the most pressing issues in contemporary so-
lar physics is the observation of the small-scale structure
in the solar atmosphere at various heights (including the
chromosphere and corona). These observations can only
be conducted using large solar telescopes. The Large
Solar Telescope-Coronagraph with a mirror 3 m in di-
ameter (LST-3) is designed for observing the solar atmos-
phere and corona with previously unattainable spatial,

Large Solar Telescope-Coronagraph

116


http://ngkran.ru/
http://ngkran.ru/

A.V. Medvedev, G.A. Zherebtsov, N.P. Perevalova

A.B. Meoseoes, I'.A. Kepeoyos, H.II. Ilepesanosa

Figure 10. NHC RAS: Large Solar Telescope-Coronagraph. General view of LST-3 («) and LST-3 building (b). Groundbreaking

ceremony of LST-3 on August 5, 2023 (c)

temporal, and spectral resolution [Grigoryev et al.,
2020]. Missions of LST-3 include studies of energy
release in flares and other dynamic phenomena, heating
processes in the corona, the origin of solar magnetism
and cyclicity. Operation of LST-3 in coronagraphic
mode will allow us to observe space objects such as
asteroids and comets near the Sun including hazardous
ones in the daytime. The telescope will be installed at
the Sayan Solar Observatory, located at an altitude over
2000 m (Figure 10). The choice was made in favor of
the classic axisymmetric Gregory optical layout on an
alt-azimuth mount. The scientific equipment of LST-3
will consist of several systems of narrow-band tunable
filters and spectrographs for various wave ranges. The
equipment will be placed both in the main coudé focus on
a rotating platform and in the Nasmyth focus. To achieve
a diffraction resolution, high-order adaptive optics will be
used. It is assumed that with a certain modification of the
optical configuration, LST-3 will work as a 0.7 m mirror
coronagraph in near infrared lines and can also be used
for observing astrophysical objects in the nighttime. The
development of LST-3 should make a decisive contribu-
tion to our understanding of solar activity, which drives
space weather phenomena.

The Multiwave Siberian Radioheliograph

The Multiwave Siberian Radioheliograph (MSRH) per-
forms all-weather monitoring of processes in the solar at-
mosphere (in the range from meter to millimeter waves,
including measurements of the solar activity index at
2.8 GHz) [Altyntsev et al., 2020; http://badary.iszf.irk.ru].
This is essential for predicting and diagnosing geoeffective
solar activity phenomena. The fundamental research that
may be implemented with the radioheliograph includes:
topology of coronal magnetic fields during the active
and quiet Sun; wave processes and shock waves in the
solar atmosphere; evolution of large scale structures in the
solar atmosphere during the 11-year solar cycle; regular
measurements of radio emission at a wavelength of
10.7 cm; assessment of geoeffectiveness of solar flare
parameters; short-term prediction of powerful solar
flares with a lead time of 2 to 3 days. MSRH is located
at the ISTP SB RAS Radio Astrophysical Observatory
(Figure 11, a). This allows us to carry out observations
using MSRH in conjunction with the existing instru-
ments. MSRH is an interferometer that produces solar
images in the 3-24 GHz frequency range in both circu-
larly-polarized components [Altyntsev et al., 2020]. It con-

sists of three separate antenna arrays, each designed
for one frequency band: 3—-6 GHz, 6-12 GHz, and
12-24 GHz. The antenna diameters for these bands are
3, 1.8, and 1 m respectively. The numbers of antennas
in the arrays are 129, 192, 207. Radioheliograph data is
necessary to develop and implement methods of short-
term forecast of solar flares, measurements of kinemat-
ics and characteristics of coronal mass ejection plasma,
forecast of characteristics of fast solar wind streams.
All-weather monitoring of explosive processes on the
Sun will enable us to solve an important applied prob-
lem — to assess their impact on the operation of space
facilities, as well as ground-based communication, nav-
igation, radar, and other technological systems. MSRH
is already in operation. Figure 11, b—c show solar imag-
es obtained with MSRH at three frequencies on Sep-
tember 19, 2023.

The Radiophysical Complex

The Radiophysical Complex (RPhC) for ionospheric
and atmospheric research is the largest complex and
multifunctional information system in the National He-
liogeophysical Complex [Zherebtsov, 2020; Medvedev
et al., 2020; Vasilyev et al., 2020a]. RPhC includes the
most powerful and promising research instruments: a radio
wave incoherent scatter (IS) radar for ionospheric sound-
ing; a mesospheric-stratospheric-tropospheric (MST) radar
for sounding the neutral atmosphere; a heating facility
for modifying the ionosphere with powerful HF radio
waves. This cluster of large tools will be supplemented
with a system of small problem-oriented instruments and a
meridional chain of stations Norilsk—Irkutsk (iono-
sondes, magnetometers, photometers, etc.). The IS-MST
Radar, which combines capabilities of IS and MST meas-
urements, will be able to cover layers from the troposphere
to the plasmasphere (altitude range 10—1500 km) and to
study processes of energy transfer from the lower and
middle atmosphere to the ionosphere as well as the in-
teraction of the magnetosphere with the upper atmos-
phere. Apart from atmospheric research, the radar will
allow us to track spacecraft and space debris, determin-
ing precise coordinate characteristics. The antenna sys-
tem is also suitable for radio astronomical observations.

RPhC will be located near Lake Baikal in Tazheran
steppes [Medvedev et al., 2020]. The RPhC location is
unique since the complex will provide important geo-
physical data and monitor near-Earth space in the center
of Russia, significantly complementing observational data
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Figure 11. NHC RAS: Multiwave Siberian Radioheliograph. MSRH antenna arrays (a). Solar images at 3.0, 6.0, 12.2 GHz

obtained by Ragioheliograph on September 19, 2023 (b—d)

acquired by geophysical centers in the USA, Europe, and
Japan in studying global distributions of envi ronmental
parameters.

The main focus of RPhC studies is on the upper at-
mo-sphere (80—-1500 km) as one of the most important
parts of the Sun — Earth system. The results of the ion-
ospheric and upper atmospheric research with RPhC are
important for various fields of science and technology:
space and terrestrial radio communications, radar, and
navigation; near-Earth space monitoring, including prob-
lems of comet and asteroid impact hazards and space
debris.

The IS-MST Radar

The IS-MST Radar includes two phased arrays
spaced by 100 m and have a tilt of 20° in opposite direc-
tions so as to cover as large area as possible (Figure 12)
[Medvedev et al., 2020]. The radar operating frequency
band is 154-162 MHz, and the peak transmitted power
of each array is 1 MW.

Figure 13 shows the main operating modes of RPhC
[Medvedev et al., 2020]. The MST mode (Figure 13, a)
will be used for diagnostics of dynamics (the neutral
wind parameters) in the lower and middle atmosphere.
For ionospheric research, we will utilize two operating
modes corresponding to two height ranges (below 500
and above 500 km): mode IS-1 for studying interactions
in the atmosphere-ionosphere system and multi-parameter
diagnostics of the ionospheric plasma (Figure 13, b);
mode IS-2 for studying interactions within the iono-
sphere — plasmasphere system as well as measuring vari-
ations in the ion composition and tracks of plasma
fluxes (Figure 13, ¢). The SO monitoring mode will pro-
vide monitoring of space objects (SO) such as spacecraft
and space debris (Figure 13, d). In the cooperative ob-
servation mode (Figure 13, e), an ionospheric region,
irradiated by the heater, will be scanned by the IS-MST
Radar, optical tools, HF and GNSS receivers; this will
ensure comprehensive diagnostics of phenomena occur-
ring upon powerful high-frequency impact on the iono-
sphere. The passive mode (Figure 13, ), where the radar
does not transmit, but detects space signals from various
directions, will be useful for radioastronomy observa-
tions of radiation from the Sun and space radio sources,
as well as for studying radio storms and radio signal
scintillations.

The heating facility IKAR-AI

Developed with NHC RAS, the new heating facility
IKAR-AI (Irkutsk short-wave antenna array with active

Figure 12. NHC RAS: IS-MST Radar. General view near
Lake Baikal (@), antenna of IS-MST Radar (b)

transmitters) takes into account the extensive experience
in heating in Russia and abroad [Vasilyev et al., 2020a].
The heating facility is a complex of 60 antennas on an
area of 700x700 m (Figure 14, a). IKAR-AI will radiate
in a frequency range 2.5-6.0 MHz with an effective
power of several hundred megawatts. The proposed
frequency band is the best to undertake new research at
IKAR-AI The transfer of shortwave radiation energy
to a charged particles in the upper atmosphere is the
most effective in the lower band 2.5-3.5 MHz, where
the second electron gyrofrequency harmonic is located
and where the most intense artificial ionospheric turbu-
lences and optical airglow occur. The upper band part
(the 4-6 MHz) allows for the efficient operation of the
heating facility periods of higher solar activity, as well
as for the use of IKAR-AI as a short-wave radar for
ionospheric diagnostics. It is important that the heater
will be surrounded by such multifunctional instruments
as the incoherent scatter radar, mesostratospheric lidar,
optical and radiophisical observational systems that can
enable us to diagnose artificial plasma disturbances and
artificial airglow structures (Figure 14, b).

Network of Coherent Ionospheric Radars
(SECIRA)

Under the NHC RAS project, ISTP SB RAS is de-
ploying the Russian network of coherent ionospheric
radars analogous to SuperDARN [Berngardt et al.,
2020; Zherebtsov, 2020]. The Russian radars can make
observations over almost the entire territory of the Rus-
sian Federation (Figure 15, a) and are capable of study-
ing the magnetosphere-ionosphere coupling, including
effects of magnetospheric substorms and geomagnetic
storms in mid-latitude and subauroral regions. The project
of SECIRA radars has been developed at ISTP SB RAS.
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Figure 13. NHC RAS: IS-MST Radar. Operating modes of IS-MST Radar: MST mode (a); IS-1 mode (b); IS-2 mode (c),
SO monitoring mode (d); cooperative observation mode (e), radioastronomical (passive) mode (f) [Medvedev et al., 2020]

Figure 14. NHC RAS: Heating Facility. General view of the Heating Facility (a). Fields of view of the NHC RAS instruments at an
altitude of 250 km are (b): red circle for the Heating Facility; blue ellipses with right hatching for the IS-MST Radar; purple circle with
left hatching for the MS lidar; green trapezium with horizontal hatching for the existing Irkutsk IS-radar; green dashed circle for the
existing ionosonde DPS-4; black circle for the all-sky camera; gray ellipses for the Fabry — Perot interferometer [ Vasilyev et al., 2020a]

119



Chinese-Russian Joint Research Center

Obveounennviii Poccuticko-Kumatickuii Hayynvlii yenmp

D .
o Ekaterinburg

~.
Irkutsk

==
P mid-latitude radars of the NHC RAS

active radars of ISTP SB RAS

Figure 15. NHC RAS: Network of Coherent Ionospheric Radars. Position of coherent radars and their fields of view (a). General

view of coherent radar of NHC RAS (b)

The radar is based on fully digital generation and receiv-
ing of signals, which is currently the major approach in
developing new radars [Berngardt et al., 2020].

Unlike SuperDARN radars, SECIRA radars will have
T-shaped phased antenna arrays (PAA) (Figure 15, b).
Each PAA consists of 16 transmitting/receiving and 8 re-
ceiving antennas arranged in two perpendicular linear
phased arrays. The distance between antennas (~15 m)
coincides with distances in SuperDARN PAA. The maxi-
mum radiation power of each antenna is 1 kW. The SECI-
RA PAA geometry allows us to minimize the problems
associated with the phase uncertainty of the received
signal, as well as to consistently identify signals coming
from the back lobe. The Russian system of coherent
radars provides studies in several major areas: solar
wind interaction with the magnetosphere and iono-
sphere; internal atmospheric waves; scattering by mete-
ors and mesospheric winds; natural and artificial plasma
irregularities. The Russian SECIRA network will also
provide the solution to the following applied problems:
continuous monitoring of ionospheric disturbances in
sub-polar regions affecting the various technological
systems; monitoring of the auroral oval boundary for
efficient prediction of blackouts in high-frequency radio
channels and optimal operating frequencies under dif-
ferent geophysical conditions; near real-time diagnostics
of wave ionospheric disturbances as most unpredictable
factor of disturbances for communication and naviga-
tion systems.

Lidar Optical Complex (LOC)

Lidar Optical Complex (LOC) is designed to study pro-
file characteristics of physical parameters (temperature,
density, wind) and composition (gas components, aerosol)
of the middle and upper atmosphere, which are formed
under the influence of natural processes and anthropogenic
impacts [Matvienko et al., 2020; Vasilyev et al., 2020b].
The optical complex combines active laser systems [Mat-
vienko et al., 2020] and passive optical instruments for
recording the atmospheric emission [Vasilyev et al,

2020b]. The Lidar Optical Complex will allow solving
basic problems in atmospheric research at different alti-
tudes, along with important practical problems in the field
of environmental ecology and global climate change.

The mesostratospheric lidar

The study of the upper atmosphere, including the
mesosphere and the thermosphere, requires lidar sys-
tems with large optics and high-power lasers. Such a
mesostratospheric (MS) lidar (Figure 16) will be devel-
oped as part of NHC RAS with the use of theoretical
and experimental developments, received at V.E. Zuev
Institute of Atmospheric Optics of the Siberian Branch
of the Russian Academy of Sciences (IAO SB RAS)
[Matvienko et al., 2020]. The MS lidar should allow us
to measure profiles of thermodynamic parameters of the
atmosphere and distribution of the aerosol-gas composi-
tion in the altitude range 10—100 km. The proposed ver-
sion of the MS lidar utilizes different laser sources with-
in 350-1100 nm range and corresponding narrowband
high-sensitivity detectors of lidar signals. The wide spectral
range is necessary for realizing various laser sensing meth-
ods when obtaining information about remote atmospheric
layers. The problem of combining various measurement
methods for one receiving antenna will be solved by spec-
tral selection and using the multilobe antenna pattern.

The passive optical instrument

The passive optical instruments (Figure 17) include
[Vasilyev et al., 2020b] Fabry—Perot interferometers
with diameter of etalon 70 mm, equipped with auto-
matically interchangeable light filters and an automati-
cally controlled periscope input window having a sen-
sitivity sufficient to detect wind and temperature varia-
tions in the upper atmosphere at a level of 5 m/s and 5 K
respectively; all-sky cameras with spatial resolution
~0.1°-0.5° and sensitivity in several Rayleigh, equipped
with automatically interchangeable light filters; high-
speed photometers with a field of view of ~10° and
time resolution of 1 ms; diffraction spectrometers in
visible and infrared spectral ranges with ~0.1 nm spectral
resolution and sensitivity sufficient to observe variations
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Figure 16. NHC RAS: Mesostratospheric lidar. General view of MS lidar building (a); arrangement of the main elements of the

MS lidar (b) [Matvienko et al., 2020]

Figure 17. NHC RAS: Complex of passive optical instruments at GPO ISTP RAS. Building (@); an all-sky camera in the dome
space (b); SAR-arcs detected with the all-sky camera at a wavelength of 630 nm during the April 23, 2023 strong geomagnetic storm (c)

Figure 18. NHC RAS: Data Center. General view of Data Center building

in the intensity of lines in several Rayleigh. The com-
plex of passive optical instruments has been put into
operation and carries out regular measurements at the
Geophysical Observatory of ISTP SB RAS (GPO ISTP
RAS). Figure 17, ¢ shows SAR-arcs detected at GPO ISTP
RAS (midlatitudes) with an all-sky camera at a wave-
length of 630 nm during the April 23, 2023 strong geo-
magnetic storm.

The Data Center

The Data Center to be established in Irkutsk will
provide collection, real-time processing, and storage of
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data from NHC RAS instruments; it will also allow for
data transfer to users (Figure 18). Its computing power
and hardware as well as software architecture should
ensure compliance with the requirements for speed,
storage capacity (at least 100000 terabytes per year),
generation of necessary warnings, indices, and other
indicators of the state of the Sun and near-Earth space.
The main goals of Data Center are: carrying out ex-
periments to the benefits of scientific organizations
(Shared Equipment Center); preparing data products for
end users (customers); space weather conditions: warn-
ings and alarms for consumers; online control of working



Chinese-Russian Joint Research Center

modes of the instruments of NHC RAS; collecting data
from NHC RAS instruments; data processing; data
storage.

The National Heliogeophysical Complex will facili-
tate the transition to a qualitatively new level of devel-
opment of basic and applied research in solar-terrestrial
physics, and ensure high-level implementation of these
works for the next 25-30 years. The geographical loca-
tion of the complex, its multifunctionality and technical
equipment will allow Russian scientists to participate in
international programs including IMCP and the Chi-
nese-Russian Joint Research Center.

CONCLUSION

The foundation of the Chinese-Russian Joint Research
Center on Space Weather in 2000 reflected the main
trends in society and science. The center’s activities focus
on addressing fundamental issues in modern solar-
terrestrial physics, such as quantitative description of the
processes in complex interconnected system Sun — in-
terplanetary medium — magnetosphere — ionosphere —
atmosphere, assessment of capabilities of predicting
interactions within this system, development of effective
models for forecasting the state of the atmosphere and
near-Earth space. The Joint Research Center is aimed at
the study of all major space weather events from the
Sun to the magnetosphere, ionosphere, and atmosphere.

In 2024, the Chinese-Russian Joint Research Center
on Space Weather celebrated its 24™ anniversary. We
have been working together for two solar cycles already.
Founded by ISTP SB RAS and NSSC CAS, the Joint
Research Center has united more than 10 scientific insti-
tutes in Russia and China. About 60 scientific projects
have been implemented and more than 400 joint scien-
tific articles have been published. As part of the Joint
Research Center's work, the following important results
were obtained. Simultaneously at the Siberian Solar
Radio Telescope (Russia) and the Huairou Solar Ob-
serving Station (China), zebra patterns in the microwave
range were recorded for the first time. This allowed us
to determine not only spectral, but also spatial character-
istics of the event. For the first time, data was collected
on the evolution of wave processes in small angular
solar magnetic structures linked to umbral flashes. The
spatial patterns of the magnetic helicity reversals in the
Sun were shown to reflect the processes which contrib-
ute to generation and evolution of the large-scale mag-
netic fields. New patterns of Earth's magnetosphere sat-
uration process were obtained: stopping the growth of
the electromagnetic energy flux through the magneto-
sphere boundary and the polar cap from the solar wind
with its unusual intensification during superstorms. Lo-
cal empirical models of regular ionospheric variations at
high, mid-, and low latitudes were created based on
long-term ionospheric measurements with vertical
sounding ionosondes in Norilsk, Irkutsk and on Hainan
island. Coordinated studies of the ionospheric effects of
geomagnetic storms in 2000-2017 were performed at
the meridional chain of ionospheric stations in Russia
and China. The medium-latitude ionosphere was found
to exhibit properties of high-latitude ionosphere during
superstorms. Additionally, there are differences in the
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East Asian ionospheric response to geomagnetic storms
at high and low solar activity. Furthermore, there is lon-
gitudinal alternation of positive and negative ionospher-
ic response during the recovery phase of some storms.

The future work of the Joint Research Center will be
closely linked to the implementation of major unique
projects in China and Russia: the International Meridian
Circle Program (IMCP) led by NSSC CAS, and the Na-
tional Heliogeophysical Complex of the Russian Acad-
emy of Sciences (NHC RAS) led by ISTP SB RAS.

IMCP connects 120° E and 60° W meridian chains
of ground-based observatories to enhance the ability to
monitor space environment worldwide. Currently, insti-
tutes from more than 10 countries (in particular China,
Russia, Brazil, Australia, Canada) as well as some inter-
national scientific associations (EISCAT, SCOSTEP,
SuperDARN) participate in the program. IMCP is de-
signed to track propagation of space weather events
from the Sun to Earth as well as to monitor various dis-
turbances generated within the Earth system that impact
near-Earth space. The IMCP observation system will pro-
vide monitoring and better understanding of the interac-
tions between solar activities and terrestrial processes.

NHC RAS is a complex of large heliogeophysical
instruments of new generation. NHC RAS is being de-
ployed by ISTP SB RAS in the Eastern Siberia. The
complex includes five big scientific instruments: Large
Solar Telescope-Coronagraph, Multiwave Radiohelio-
graph, Radiophysical Complex for Atmospheric and
Tonospheric Research, Network of Coherent Ionospheric
Radars, Lidar Optical Complex. NHC RAS should pro-
vide solutions to the most important problems of solar-
terrestrial physics, considering the Sun — Earth system
as a uniform and interrelated one. NHC RAS is aimed at
studying solar activity and its impact on space weather;
studying the magnetosphere — ionosphere — atmosphere
system and effects imposed on it by solar factors and
meteorological and lithospheric processes; studying the
effects of space factors on operation of spacecraft and
various engineering systems; monitoring of near-Earth
space, spacecraft and space debris; developing methods
for solar activity and near-Earth space monitoring and
prediction to the benefit of different consumers. NHC RAS
can make a significant contribution to IMCP for observa-
tions at middle and high latitudes at 120° E meridian.

We would like to thank all those who took part in es-
tablishment of the Chinese-Russian Joint Research Center
on Space Weather, and facilitated its successful work.
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AnHoTamusi. O030p pabOT aBTOPOB MOCBAIICH (yH-
JAMEHTAILHOK posM HeycroiuuocTu Panes— Teitnopa
(HPT) kak Tpurrepa BCTBIIIEYHOTO 3HEPTOBBIACICHUS.
HUccnenosans! nBa ciydas HPT: BOim3M ocHOBaHMIT KOpO-
HaJIbHOM MarHWTHOH NETNIH U B €€ BeplunHe. B nepoM
ciydae TpeOyeTcs IpeBapUTeNbHBIA HarpeB XpoMocdep-
HOH IU1a3MBl, KOTOPBIH MOXKET OBITh BBI3BAH JKOYJIECBOH
JUCcCHNAalMed B YaCTUYHO WOHU3HMPOBAHHOHN IIa3Me
npu conpotusieHnu Kaynunra. HPT B BepiuHe netiaun
00ycIIOBJIeHa pACIIOJIOKEHHBIM HaJ HeW NpoTyOepaH-
nem. Onpenenens! ycnoBus passutust HPT kax tpurrepa
BCIBIIIKK B 3THX IBYX ciydasx. Ilokazano, uro HPT
BO30YIK/IaeT CBEPXpaiCcepOBCKOE AIIEKTPHUECKOE TOJIe
B XpOMOC(EPHBIX OCHOBAHMSX NMETIIM. DTHM MOXXHO 00b-
SICHUTb TPOMAJTHOE KOJIMYECTBO YCKOPEHHBIX BO BCIIBIIIKE
yactull. HeycroituuBocts Panes—Teiinopa sBisercs
TaKkKe TPUYMHON mosBieHUs ObicTprIX (~10 c) mpex-

BCCTHHUKOB BCIIBIIIICK.

KiaoueBbie cioBa: COJ'IH].[G, TPUTTCP BCHBILICK,
JUKOYJIeBa AUCCUIlalysd, YCKOPCHHUE YaCTHULL.

Abstract. The review of authors’ papers is devoted
to the essential role of the Rayleigh—Taylor instability
(RTI) as a trigger of flare energy release. We have ana-
lyzed two cases of RTI: near coronal loop footpoints
and at the loop top. RTI near loop footpoints requires
pre-heating of chromospheric plasma. This pre-heating
can be realized due to Joule dissipation in partially ion-
ized plasma under condition of the Cowling resistivity.
RTI at the loop top arises in current-carrying coronal
loop loaded by prominence. We have determined the
conditions of RTI as a flare trigger in both cases. It is
shown that RTI generates super-Dreicer electric field in
the chromospheric parts of a loop. This is the promising
solution of longstanding “number problem” of particle
acceleration. RTI can be also a cause of prompt (~10 s)
hot onset precursor events (HOPE).

Keywords: Sun, flare trigger, Joule dissipation, par-
ticle acceleration.

BBEJEHHUE

Onurpadom Kk HacTosiei 0030pHON CTaThe SBJIS-
torcst cnoBa Kopraenuca ne Srepa (C. de Jager) “Flares
are different”. B camom nene, HaOmogaemMoe pasHooOpa-
3M€ BCIBIIIEK HE YKIAABIBACTCS B IPOKPYCTOBO JIOXKE
CTaHIApTHOM Monenu. B mocneqHue necsTHiaeTns Bblsic-
HWJIOCH, YTO B OOJIBIIMHCTBE BCIIBIIIEK HArpeB BCIBIIICY-
HOI1 TIJTa3Mbl TIPOMCXO/IUT JI0 MOSIBJICHHUS! KECTKOTO PEHT-
T€HOBCKOI'O M3ITyY€HHsI, BHI3BIBAEMOTO YCKOPEHHBIMH
BO BCIIBITIIKE JIeKTpoHaMu [Veronig et al., 2002; Sharykin,
Kosovichev, 2015; Memankuna, AnteiHnes, 2024]. bonee
TOTO, B psifie CiIy4aeB HaOI0gaeTcss HEOOBIYHO OBICT-
psiit (~10 ¢) npeaBcnbIIeYHbIH HarpeB XpoMochepHOi
IUTa3Mbl B OCHOBaHUSIX KOPOHAJIBHBIX MArHUTHBIX IIe-
tenp go 10-15 MK [Hudson et al., 2021]. IIpupoxe
npesBecTHUKOB ObicTporo Harpesa (Hot Onset Precursor
Events, HOPE) mocesimieH menblii psig COBpEMEHHBIX
pabot (cM., Hanpumep, [da Silva et al., 2023; Battaglia
et al., 2023]). Tem He MeHee, O HACTOSIIETO BpEMEHHU
HE ONpeeTICH MEXaHU3M TaKoro OBICTPOTO Harpena.
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HesichbIM B (hn3mKe COTHEUHBIX BCHBIIIEK OCTAETCS
npobiieMa OOBACHEHUs] TPOMAHOTO KOJMYECTBA YCKO-
PEHHBIX BO BCIIBIIIKE 3apshkeHHBIX yacTul] [Hoyng et al.,
1976]. YcTaHOBNEHO, YTO COJTHEYHAS! BCIBIIIKA B UMITYJb-
cHoli dpase mpomsomut ~10°7 smepruumbix (>20 K3B)
3JIEKTPOHOB B CEKYHJY, a 00IIee YUCIO TaKUX AIEKTPO-
HOB 3a Bpems uMITynscHON (asel (~100 c¢) cocraBmser
10* [Miller et al., 1997]. DTo mpeBHIMAET YHCIO TeIl-
JIOBBIX JJIEKTPOHOB B KOPOHAIBHOM YacTH MarHUTHOW
nermi: (1+5)10°7 [Emslie, Hénoux, 1995]. B rurantckux
BCIIBIIIKAX YUCIO 3JIEKTPOHOB ¢ 3Heprueil >20 k3B mo-
xer gocrurats 10" [Kane et al., 1995], 1. e. Bcst masma
BO BCIIBIIIEYHOH NeETJIe JOJDKHA HAXOIMUTHCS B PEKHUME
yckopeHusa. OAHUM K3 BO3MOXKHBIX PEIICHUHA TaKou
pobJIeMBl SBISETCS YCKOpEHHe B 0oJiee IIOTHBIX CIIOSX
COJTHEYHOH aTMochepsl.

BaxHoit mpoGreMoi sIBISIETCS ONpeeieHne TpUrrepa
COJIHEYHBIX BCTIBIIIEK. B nmTeparype oOcyxmamncs mesmbit
PSI BO3MOYKHBIX TPUTTEPOB BCIIBIIIEK: TEINIOBOM TPUITEP
[Syrovatskii, 1976; Ledentsov, 2021], Tomojorudeckuii
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tpurrep [Somov, 2008; Kusano et al., 2012], Bzanmojeii-
CTBUE MarHMTHBIX reresb [Kumar et al., 2010], tpurrep-
nporyoepaner; [Pustil’nik, 1974; Zaitsev, Stepanov,
1992]. B nHactosimed pabore MbI UCCIEAyeM poOJb He-
ycroitunBoctn Pames—Teitmopa (HTP) kak Tpmrrepa
COJIHEYHOH BCTIBIIIKY B THIIMYHOW MAarHUTHOW KOHQUTY-
pauuuM — TOKOHecylled BcmbllleyHOW mnetne. bymyt
paccMoTpeHs! Ba cirydast pa3sutis HTP: BOxm3u ocHO-
BaHWH NETJIM M B €€ BEPIIHMHE BCJICACTBHE aKTHBHOCTH
nporybepaHia. Mbl H3ydUM TaKKe Ba Ba)XKHBIX CIEI-
ctBusl pasButusi HTP kak Tpurrepa BCIBIIIKKA: Harpes
IUTa3Mbl M3-3a JOKOYJEBOW IHCCUIALIMU U YCKOPEHHUE
3apsDKCHHBIX YacCTHII.

HEYCTOWMYUBOCTH
POJIESI—TEMJIOPA

B OCHOBAHUM
BCIBILEYHOM NETJIN

MBI HCXOIMM W3 TIPEICTaBICHUSI BCIBIIIEYHON TETIIH
B BHUJIC SKBHBAIICHTHOTO MJIEKTPHIECKOTrO KOHTYpa [Alfvén,
Carlqvist, 1967], xorma 3JIeKTpUYECKUI TOK TCHEPUPY-
eTCsl 3a CUEeT KOHBEKTHBHBIX ABIKEHUH (oTocdepsl,
a 3aMBIKaHUE TEKYIIETo M0 IIeTJIe TOKa MPOUCXOAUT 00
yepes porochepy Ha YpoBHE Tsop0=1 [Zaitsev, Stepanov,
1992; Zaitsev et al., 2020], mu00 uepe3 MOBEPXHOCTH
netiau [Melrose, 1991]. Ha puc. 1 cxemarnuecku noka-
3aHO OCHOBAHME BCIIBIIIEYHON IETIH, PACIIOIOKECHHOU
B YaCTHYHO MOHM30BaHHOU xpomochepe. HTP BrI3BaHa
HaJIMYUEM LEHTPOOEKHOTO YCKOPEHHs TIPH MOIXOIAIIeH
KpPHBH3HE MAarHUTHOTO IO C pagumycoM R, [Zaitsev,
Stepanov, 2015]:

- _izszT n R;, (1)

‘o miRC2 n+n,
rJie p — IUIOTHOCTD ILIa3Mbl; kg — HOCTOsIHHAs bonb1-
MaHa; I — TemIepaTypa IUIa3Mbl HA BHEIUHEW I'paHULE
TpyOKU; 1, 1, — KOHLIEHTPALIMHU JIEKTPOHOB U HEHTpalib-
HBIX aTOMOB COOTBETCTBEHHO. llomxopsmias KpHBH3HA
MarHUTHOTO TOJIA MeTIIH (POPMHUPYETCS B OOJIACTH pe3-
KOTO yBENWYCHUS IIAPHHBI TETIH H3-32 YMCHBIICHHUS
BHEIITHETO JaBIICHHS, ITO3TOMY BEPTUKAIBHBIA pa3Mep
o6macti HTP MoxHO onenuts kak [~(0.5+1.0) 10° cm.
Ha BHenmHIOO rpaHUIly TPYOKH IEHCTBYET TaKXkKe rpav-
€HT JMHAMHYECKOrO [aBJEHHs KOHBEKTHBHOTO IIOTOKa

—m; (n +n, )OVr2 / Or. Tlomaras V,(r, t)==Vy(t)r/a momny-

YUM  yCIIOBUE HTP (GammonHas moma)

2

pasBUTUL

g, +—sin0-gcos0>0, koropoe npu H(z)=
kT, (z) .
= > a(z) IpUHUMaeT BUX [Zaitsev, Stepanov,
mg
2015]:

nT 8HV; (t)
+
2(n+na)Te azg

2

3necy T, — Temmeparypa BHyTPH MarHUTHOW TpyOKH;
g — yckopenwue cuibl Tshkectd Ha Comane. U3 (2) cie-
JyeT, 4To OaJulOHHasi HEYCTOHYMBOCTH pa3BHUBACTCA
IIpY HarpeBe BHEIIHEH 000JI0YKH TPYOKH U IIPH PE3KOM
BO3PACTaHUU CKOPOCTH KOHBEKTUBHOI'O IMOTOKA MJIa3MbI

A.V. Stepanov, V.V. Zaitsev

doroctepa

Puc. 1. CxeMa WHXEKIUH TUIa3MbI U3 XpOMOC(EphI B OC-
HOBaHWE MarHUTHOW nern npu passutnu HTP: f, — nentpo-
OexHas cuna; a(z) — paaiyc MarHUTHOU TpYOKH; p, — BHEII-
Hee ra30Boe JaBJIeHuUE; O — yroi MeXIy HalpaBICHUEM Pajliyca
KPHUBH3HBI U BEPTUKaAJbIO [Zaitsev, Stepanov, 2015]

(muuamudeckas cuina). [[ist onpenenenus TeMneparypsl,
0 KOTOpOH clemyeT HarpeTb BHEIIHIOI O000JI0UKY,
MOYKHO BOCIOJIb30BAaThCSI MOAUGHUINPOBAHHON (OpMYy-
soit Caxa aiis atoma Bogopoaa [Brown, 1973]:

(n +n, )x2

1—-x B 3)
5
=72-10%T"* exp —6.583—@ ,

rae x=n/(n+n,) — crenenp noHusanuu. Mz (3) cie-
JyeT, 4TO Ul XPOMOC(EpPHOTO CJ0Sl C IUIOTHOCTHIO
n+n,=10" em KpUTEPHIl HEYCTOHIUBOCTH (2) BBIIOJ-
HSETCS TIPYU OTHOCUTENIBHO MaJIbIX 3HAYEHUSIX CKOPOCTH
MOTOKa TIa3Mbl V(7)) ecnu obomouka TpyOKH Harpera
110 Temneparypsl 7~2.5-10* K. Toraa creneHb HOHM3a-
mun x gocturaer 90 %, a KpuTepuil HEyCTOWIUBOCTH
npunanMaetr Bua x1/(27,)=2.6>1. B sTom cinydae xa-
pakrepHoe Bpemss HPT B maruTHOU TpyOKe C pamuy-

coM a~(3+5)10" cm

ter ~ (3247, 14nTg) <10 @)

Ota BenM4MHA Nopsanka a/Vr; 3a KOTOpoe SI3bIK BHEII-
Hell MIasMbl C TEIUIOBOW CKOPOCTBIO MOHOB NPOHUKAET
B MarHUTHYIO TPYOKY.

HeycroituuBocte Paness—Telinopa BbI3bIBa€T BO3-
MYIIEHHE MarHUTHOTO MOJIS TIETIM U C)KaTHE TOKOBOTO
KaHajla, OPHUBOAAIIEE K YCHICHHIO TOKAa U €ro MOBbI-
IIEHHOW JMCCHUIAlUY, OOYCIOBICHHONH CTOJKHOBEHUSI-
MU HOHOB C HEHTPaJIbHBIMU YaCTHLIAMU IJIA3Mbl XPOMO-

cthepsl.

YCKOPEHHME 3JIEKTPOHOB
B UHAYLHHUPOBAHHBbIX
SJIEKTPUYECKUX HOJIAX

Yckopenne 3apsHKeHHBIX YacTHIL[ AJIEKTPHUYECKUM T10-
nieM Hamboiee 3¢ dexTuBHO. [Ipn BTOp)KEHNH B OCHOBA-
HHE NETIHN SA3bIKa XpOMOC(EpHOH TIa3Mbl CO CKOPOCTBIO

V. (r, t) =-V, (t)r / @ KOMIIOHEHTBI MATHUTHOTO TIOJIs B,
u B,=2I/(ca), cnefoBaTenbHO, U TOK, COTJIACHO ypaBHe-
nmo 0B/ 0t = rot [V X B} , OBOJIIOUMOHUPYIOT CJEIyHO-

M 00pa3oM:
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Heycmoiiuueocmo Panea— Teunopa

2 0 ! !
B(P(r,t)zB(POSexp ;jVo(t)dt ,
! (5)
B, (r,t) = const-exp EIK) (¢")dt'
a 0

U3 dopmynsr (5) u ypaBHEHHs rotE = —(l/c) OB/ ot
MOJKHO I0Ka3aTh, 4To npu pa3sutun HTP ungykuuonHoe
sMeKTpHueckoe mone E = —(1/ c)[ﬁx E] TEpIIEHTUKY-

JIIPHO MaTHUTHOMY, ITO3TOMY OHO HE YCKOPSIET 3apsKEH-
Hple yacTunpl. OpHako 3a Bpems T, =[/V, =5+10c¢,

rne [~ (0.5+1.0)108 CM — IIPOTAKEHHOCTH 110 BBICOTE

obmactu HTP, ummynbc HATSKEHHUS MAarHUTHOTO TIOJIS
B, «yberaet» n3 o061acTd HEyCTOMYMBOCTH C anb(dbe-
HOBCKOH CKOPOCTBIO VA B (hopMe HMITyJIbca IPOJIOIb-
HOT'O 3JIEKTPUYECKOTO TOKa
2 2 2
0°B, B. 0B,

P
o 4mp o°

WNmnynsc MarHuTHOTO aAaBieHust B.(r, f) ocraercs
B 00JacTH BTOpPXKEHHs S3bIKA IUIa3Mbl, BO30YyXmas
BbM3-konebanus (puc. 2).

Q)

Ecimu Tox Man (Bj <8mp, TIme p — ra3oBoe JAaBie-

HUE TUTa3Mbl), BO3MYIIIEHUE MAarHUTHOTO IMOJIsI KOMITCH-
cHUpyeTcs BO3MYIICHHEM Ta3oBoro naBneHus u E,=0.
NMiynbe  3JIEKTPUYECKOTO0 TOKA PaclpOCTPaHAETCs
BIIOJIb TICTITH B BHJIE JTMHEHHON adb(BEHOBCKOI BOIHEI.

Ipn Bj > 8mp BO3HHMKACT MHIYKIHMOHHOE 3JIEKTpHYe-

CKO€ TII0JIC, HAIlpaBJICHHOC BAOJIb MAarHuTHOT'O II0JIA

2
netm B DT BbI3BaHO TeM, 4TO npu B, > 8mp BO3-

MYHICHHUA MarHuTHOTO IIOJIA YK€ HE KOMIICHCUPYIOTCHA
TPaJMEHTOM Tra30BOTO JABJICHUS, KaK B JIMHCHHOM aib-
(bBeHOBCKOM HUMITYJIBCE, a TMOABIAIOTCA BO3MYILICHUA
CKOPOCTH BJIONIb Pafllyca TPYOKH ¥ BIOJIb HEBO3MYIICH-
HOTO MAarHUTHOTO MoJIst B,(, KOTOpPbIE MPUBOJAT K T'eHe-
panyy HETMHEHHOW II0 IO M MO TOKY KOMIIOHEHTHI
3IEKTPUYECKOro mois B, BIob ocu TpyOku [Zaitsev et
al., 2016]:
2
o1 B B, 0
5 .
or c4npl, ot
CpeHee Mo CEUCHHIO METIIN JICKTPUIECKOE MMOJIe
2

T - 21V, oI,
27 £ 4p2 ’

5¢"B;, 0
Hanpumep, mpu na:1014 CM’3, B.¢=300 Ik, I():1010 A
HaxomuM E_~0.1 B/cm, 1. e. 31MeKTpOHBI MOTYT yCKO-

E=z—V,t ®)

puthes Ha aymse 1~ (0.5+1.0)10° em 10 sHepruu ~10 MaB.
OTHOLIEHHEe MaKCUMalbHOW BEJIMYUHBI MOJS K TOJI0
Jlpaiicepa Ep=6-10"°n/T B/cM, KOrma 5SIeKTpOHbI
IUTa3MBI TIEPEXOAT B PSKUM yOeranus, paBHoO [Zaitsev
et al., 2016]

L 9508 1, ()

—_— 9
E, a’B.,n"AE ©

Ha puc. 3 moka3aHsl 067acTH TeHEpaluu 3JIEKTPH-
YECKUX TIOJieH, Oombmux W MeHbImX moys Jlpaiicepa
JUTS THIIMYHBIX YCIOBHUII B XpoMocdepe.

The Rayleigh— Taylor Instability

(B By

2()

<

Puc. 2. Bo3MmyllleHHEe MarHUTHOTO TMOJsI B TpyOKe B pe-
synbrate passutuss HTP. 3nech /| — BepTUKaNbHBIN pa3Mep
MIPOHUKAIOIIETO SI3bIKa BHEIIHEH IUIa3MBl; @ — pPajuyC Mar-
HUTHOH TpyOKH; AE — pa3Mep HMIIyJIbCa SJIEKTPHYECKOTO
TOKa BJOJIb B, [Zaitsev et al., 2016]

3

n, CM

Cinabble BCIBILKH MouiHbie BCIbILLIKH

1014 1

O6J1acTb ONTHYECKHX

1013 4
senbiwek (Lsectka)

1012 4

101 1

1010 4

I
109 1010 101! 1012 I A

Puc. 3. lnarpamma IIIOTHOCTD TUIA3MBI — DIIEKTPUIECKUI
tok st a=10" cm, B,o=2-10° Tc, T=2-10* K, AE=5-107 cMm.
[lokazanel oOmacTu CyOApaliCEpOBCKUX W CyNepApaiicepoB-
CKHX (CepbIM I[BETOM) JJIEKTPHYECKHX IOJIeH, 00pa3yroLnXCs
Ha repeHeM (ppPOHTE UMITYJIbCa TOKA, PACIIPOCTPAHSIOIErocs
Mo MarHuTHOU mnemie oT obmacti HTP [Zaitsev et al., 2016]

[Mouemy anst 3pPeKTUBHOTO YCKOPEHHsI YacTHIL
BO BCIIBIIIKE HEOOXOIMMBI SIEKTPUIECKHE TIOJIS TTOPsIIKa
niostst Jpaiicepa? B xpomocdepHoii yacTu e B cTosnde
OT TEeMIEPaTypHOro MHHHUMYMa JI0 TIEPEXOJHON 00JacTH
MeXxy XxpomMoc(hepoii 1 KOPOHOH KOJIMYECTBO YACTHIL
B CPEJIHEM COCTABJISIET ~5-10%. Iroro KocTaTOUHO, YTOGHI
00ecreynTh WHXXEKIMIO B PEXUM YCKOpEHHsS HeoOXo-
qmMoro urcia sektporos ~10% [Miller et al., 1997].
[ockompKy 00IIee KOJIMYECTBO YCKOPEHHBIX AJIEKTPO-
HOB HE CHJIBHO OTJIMYAETCS OT MOJHOTO KOJMYECTBa
4acTHUI] B XPOMOC(EPHON YacTH METIH, 3TO CBHICTEIb-
CTBYET O BBICOKOH A((PEKTUBHOCTH MEXaHN3Ma YCKOpe-
HUS, KOTJAa KOHIICHTPAIHs YCKOPEHHBIX JJIEKTPOHOB
CpaBHUMa MO MOPSJIKY BEIHYUHBI C KOHLEHTpalueu
(OHOBOI MIa3Mbl. DTO O3HAYACT, YTO MPU YCKOPEHUH
peryJspHbIMU SNEKTPHUUECKUMHU MOJIAMU OIS AOJIKHBI
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ObITh MO0 Osu3KH K nosro [paiicepa, 1100 NpeBbIIIaTh
ero. [To3ToMy B 10CTaTOYHO MOIIHBIX BCIIBIIIKAX YCKO-
peHHE DIEKTPOHOB JIOJDKHO, MO BCEHl BEpOATHOCTH,
MIPOMUCXOUTH B XpoMocdepe. MHaue TpyJHO OOBSCHHUTH
OOJNBIIYI0 KOHLEHTPALMIO YCKOPEHHBIX —3JIEKTPOHOB
n~10""-10" em ¢ smeprueii >20 k3B. DnekTpruecKie
o OosbIre ot [paiicepa MOTyT BOSHHKATh Ha ()pOHTE
HMITYJIbCA DICKTPHIECKOTO TOKa, TEHEPUPYEMOro B IIETIIE
u3-3a pazpurusg HTP, ecnu amminuryna Toka NpeBHILIAET
10" A (cm. puc. 3). IlpeicTaBIeHHBIE Pe3yIbTATHI
00 yCKOpEeHHMH 4YacTHI] B XpoMocdepe MOKHO paccMmart-
pUBaTh Kak déja vu — BO3BpAT K IOHSTHIO XPOMO-
cepHoit Benbiky [Giovanelli, 1946; Fritzova-Svestkova,
Svestka 1967].

BCIIBIIIEYHOE
OHEPI'OBBIJIEJIEHHUE,
NHULHNUPYEMOE
INPOTYBEPAHIEM

Hexotoprie aBTOpHI (CM., HanpuMep, [Zimovets et al.,
2020]) cyuTarOT, 9YTO HEAOCTATOK MOJIEIU BCITBIIIKH
B BHJIC DKBHBAJICHTHOU 3JNeKTpuueckoi nemu (the cur-
rent interruption model) cocToMT B HEBO3MOKHOCTH
00BsICHEHUST HAOJIFOaEMOTO JHEPTOBBIICIICHUS B BeEp-
LIMHE NETJIM, KOTOpoe HaONI0aeTcsi B JKECTKOM pEeHT-
TCHOBCKOM H3IydeHuu — “‘above-the loop-top flare”
[Masuda et al., 1994]. MsI nokaxem, uro HTP, BbI3BaH-
Hasi NpoTyOepaHleM B BEPIIMHAX BCIIBIIICYHBIX METENb
cnocoOHa 00BACHHUTH NO00HOE siBIeHHE. BriepBbie Ha
BO3MOKHOCTb MHHLMMPOBAHHMS BCHBIIIKH B MarHUTHBIX
NETISAX, HarpyKEeHHBIX MNpOTyOepaHUeM (BOJOKHOM),
obpatun BHmManme [lyctmmpauk [Pustil’nik, 1974]
B MPEIIOI0KEHHH O MarHUTHOM MEePECOSIHHCHHH.
B camom jente, wioTHbIA (1, +n~10""-10'% cM ) u otHO-
curensHO xonogueid (7~0.01 MK) mpotyOepanen Toi-
IIUHON D:(3+10)108 CM, DAacloJIO)KEHHBIA HaJl BCIIbI-
IIeYHON meTnei win apkanoil nerens ¢ 7~(1+10) MK
i n~10° M, peacTaBIsieT coGON KIACCHUECKYIO Kap-
tuny HTP: Tsoxenast skuakocTh Haj Jerkoid (puc. 4).
[Moxxonsmasi KPUBU3HA MATHUTHOTO TIOJIS TAKYKE HMEETCS.
B pesysbraTe B TOpsiuyl0 TOKOHECYIIYIO METII0 HPOHU-
KalOT S3bIKH YaCTHYHO HMOHHM30BAHHOW IUIa3MBI, KOTO-
pble MPUBOIAT K MOBBILICHHOH [PKOYJIEBON AUCCUITALIMA
TP CONMPOTHUBIICHNH KayinHra 1 yCKOpeHUIO 3apsiKeH-
HBIX YaCTHL B MHIYLIMPOBAaHHBIX dJICKTPUYECKUX TTOJISX,
OIMCAHHBIM B HpenpiayiieM paszene. Eciu netnm mo-
CJIeI0BaTENIEHO PACIoJararoTces Mo BhICOTE (CM. pHC. 4),

Puc. 4. B3aumonelicTBre BCIIBIIICYHOM METIH C MPOTyOe-
paHueM. SI3bIK TUIOTHOM YacTHUYHO HOHWU30BAaHHOM IJ1a3Mbl
npotyOepania nmponukaeT B neto Beaeacrsue HTP [Zaitsev,
Stepanov, 1992]

A.V. Stepanov, V.V. Zaitsev

BO3MOXeH 3(deKkT Becmblmku Macyna, MOCKOJbKY MO-
BBIIICHHAS! TUIOTHOCTH IIa3Mbl 00ecrieYnBaeT J10CTaTou-
HO TOJICTYIO MUILEHb JUISl TE€HEepalii JKECTKOI'0 PEeHTre-
HOBCKOT'O M3JIy4EeHUs] YCKOPEHHBIMH B BepIIMHAX Iie-
TeJb EKTpOHaMU. TakoB BKpaTLe Halll CLIEHAPHUIl TPUT-
repa Benbluky u3-3a HTP, nanmmupoBanHo#t potyde-
PpaHIEM.

B a710if cBa3u cpenmaem HekoTopslie onenku. HTP (6ain-
JIOHHAsI MOZ[a) BO3HHUKAET, €CIIM TOJIIMHA TPOTyOepaHia
D>D.=B*/(10mpg) [Pustil’nik, 1974]. TIpu p=m;(n;+n)=
=5-10" r/em® u B=10 I'c Haxomum DC=2-10g CM, 4TO
MEHBbIIIE Ha0JI01aeMOH TOIIMHBI BOJIOKOH.

CKOpOCTh JKOYJICBOM JUCCHUIIALMM Ha EIUHUILY
o0beMa MarHUTHOW TpyOkH ompeneisiercs kak [Cremna-
HOB, 3aiines, 2018]

q=(E+leB)j=
c

. . (10)
- £+—FZB‘i J: spr/(cm’ )
o (2-F)c’nmy, ’
e ., = 1/(7:(12), o= nez/(mevei) —  KJIAcCHYecKas

nposoaumocth (Cnutuepa), F=n,/(n+n,), B,=21/(ca),
vl ~1.6-10" F(n+n,)JT. Bropoe cnaracmoe B

ypaBHeHHH (10) OmMHCHIBaET AMCCUMALNIO H3-32 COMPO-
THUBJICHUA KameHra, CBA3aHHYIO0 ¢ MOHHO-aTOMHBIMU CO-
YAapeHUsIMH, KOTOpasi B CIIyyae MHXEKIUH HEUTpalbHbIX
qyacTul U3 HpOTy6epaHua B MarouTHYIO ICTIIO ABJIACTCA
npeoOnagaronieil. Torga CKOpoCTh TUCCUTIAIIME MOXKHO
npeaACTaBUTL B BUAC
4 P
q= apr/em ¢
(2-F)r’c*a® nm,v,,

(11

Honarast 1=10"" A, F=0.5, pagnyc HeTiH B KOPOHE
a=108 cM, n=10° CM’3, 7=10* K, maxomum q:4~103
apr/(em’c). Ecnu 06nacTh SHEProBBIICICHHS B BEp-
mMHe merTad cocrapmser ~3-107 o’ MOJIy4aeM €ro
morHocTs ~10% apr/e.

KonmuecTBO 3HEPTHYHBIX 3JIEKTPOHOB, YCKOpPEH-
HBIX B BEPIIMHE TOKOHECYIICH METIN MPU BTOPKCHUU
B HEe SA3bIKa IUIa3MBI MPOTYyOepaHIa, MOXKHO OIEHHUTH
Kak N =2nnAxDV At. 3a Bpemsa At=100 c, mpu

n~3-10"" cM™, anmHe BTOpraromerocs B BepIIMHY METIH
a3pika Ax~D~3-10° cm, Vi (T =10" K) ~10° cm/c

HaxoquM N~2-10°". Takoe KOJMYECTBO YCKOPEHHBIX
3JIEKTPOHOB COOTBETCTBYET BCIBIIIKE CPETHEH MOIIIHOCTH.

VMITYJIbCHBINA HATPEB
XPOMOCOEPBI

N BBICTPBIE INIPEJABECTHUKHU
COJIHEYHBIX BCIIBIIHIEK

Cpenn sBnennit HOPE nHaGnromaroTcst 1 HEOOBITHO
OpICTpBIe IpenBecTHUKH Bembiiiek. Hampumep, Hudson
et al. [2021] Ha ocHOBanuU naHHBIX HaOmroaeHuit GOES
n RHESSI noxazanm, yto mepex uMITYnbCHOW (a3oif
Benblky 7 sHBapst 2017 1. XxpoMochepHble OCHOBAHUS
KOPOHAJIBHBIX MarHUTHBIX IeETeNb OBICTPO, 3a BpeMs
~10 c, HarpeBatorcss mo Temmeparypsl 10-15 MK, npu
9TOM OHA MOYTH HE YMEHbIIANACh B TedeHue 1.5 MuH.
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Mepa 5MHUCCUUM H3TYYaIOIIUX OCHOBAaHUH METeNb ME-
JeHHo Bo3pactana u no gaHHeIM GOES pocturana

'V =10 oM.
V =5-10% <10 cM’ 3To NpPUBOAHT K OIEHKE ILIOTHO-
CTH IU1a3MBI B obnactu NIPEIBECTHUKOB

I[Ipn oOpemMax OCHOBaHHH WeETENb

n~(3.0+4.5)10" cv’, xapakTepHoii 111 XxpoMochepbL.
B (asze HarpeBa He HaOIIOmANCS HArpeB XpOMOCHeEpbI
YCKOPEHHBIMHU 3JIEKTPOHAMH. AHAJIOTHYHBIN pe3yabTaT
OBUT TIOyYeH W B pAme Opyrux pador [Awasthi, Jain,
2011; Battaglia et al., 2023]. CiemoBaTeibHO, IIPEIBCIIBI-
IIEYHBIN HAarpeB HE CBSI3aH CO CTOJKHOBHUTEIBHBIM Harpe-
BOM aKTHBHOW OOJIaCTH HETCIUIOBBIMH 3JIEKTPOHAMH, UYTO
MPOTHBOPEYNT CTAHAAPTHOM MOJENH BCIIBIIICK.

Msl mpearnoniaraeM, 4To MpPEABCHBIIICYHBIN Harpes
CBSI3aH C PE3KUM BO3PACTAaHHEM IPOJIOJIBHOTO 3JIEKTPHU-
94eCKOTr0 TOKa (KOMIOHEHTHI B, MAarHUTHOTO TOJIS METIIHN)
IIpU pa3BUTHUU B ocHOBaHuu nerensr HPT, onucannoi
B TPEbINYIINX pa3nenax. MIMmysisc npoaonbHOro dieK-
TPUYECKOTO TOKA OOJIBIION aMIUIUTYIBI OCTAaeTCs B XpO-
Mocepe B TeueHwe BpemeHu T, =[/V, =5+10c.

3a 9TO BpeMsl TOK HarpeBaeT XpoMoc(epHOe OCHOBAaHHE
10 T~10" K, hOpMHpPYs PEHTICHOBCKMII HPEIBECTHUK
BCIIBIIIKK. 3aTeM HUMIIYJIbC IPOJOJIBHOTO 3JIEKTpHUye-
CKOTO TOKa MOKHAAeT 00JIaCTh HEYCTOWYMBOCTH B BHJIC
HEJTMHEHHOH ab()BEHOBCKOI BOJHBI (CM. puUC. 2) C HMH-
JOYKIMOHHBIM 3JEKTPUYECKUM TOJIEM, YCKOPSIOIINIM
3JIEKTPOHBI IO SHEPTHH, JOCTaTOUHBIX I (popmMHpoBa-
HUSI UCTOYHHKA JKECTKOTO PEHTTCHOBCKOTO M3ITY4CHHS
BCHBIIIKK. TakoB BO3MOXXHBIH CLIEHAPUH BO3HHKHOBE-
HUSl BCHBIIIKM C INpeABECTHUKOM [3aiiueB, CTemaHoB,
2025].

Hcenemyem ycnoBus (popMHUPOBaHUS TAaKOTO OBICTPO-
ro mpenasectHuka. CHavgana Ha ocHoBe ypaBHeHHs (11)
OTIpe/IeNTIM BpeMs HarpeBa OCHOBAHMH MAarHUTHOW TETIIH

MEeKTPUYECKUMH TOKaMH 110 Temmepatypsl 7' =107 K.

Huccunanueid u3z-3a conpoTuBieHus: CrnuTiepa MOXKHO
npeHebpedb, MOCKOIBKY TpH Tokax ~3-10'" A Ttakoe co-
MIPOTUBJIEHUE CYLIECTBEHHO JIMIIb i BBICOT <1000 kM
[Stepanov et al., 2024]. IIpu omieHKe BpeMeHU HarpeBa
npeHeOpexxeM paJralMOHHBIMUA TOTEPSIMH H3-32 BBICO-
KHX TEMIIepaTyp, a TaKKe TEIUIONPOBOIHOCTHIO BIOJb
NIETJIM, KOTOpasi NOJABJICHA 3HAYMTEJILHON a3UMYTalIbHOM
KOMIIOHEHTOH MAarHUTHOIO IIONst B, CBA3aHHOM C IIPO-
JONBLHBEIM TOKOM J.. Ipeamonoxkum, uro npu 7>10° K
OTHOCHTENIbHAs] KOHILEHTpalus HEHTPaloB 3aBUCHUT
OT TeMIlepaTyphl TaK ke, KaK B YCJIOBHAX KBa3HCTAIHO-
HapHOW KOpoHBIL, T. €. F =0.15/T [Verer, Ferland,
1996; Zaitsev, 2015]. 3 ypaBHEHHUS TEIIIOBOTO OanaHca

4
%%225'1079%’

y-1o0t . naT (12)
p:2anT,y:§

ONpenenuM 3aBUCUMOCTb TEMIIEPATYPhl OT BPEMEHU
y It
T -T3% =3.25-107 (y—1)———+. (13)
B
U3 (13) Haxoanm BpeMst HarpeBa XpoMoc(epHBIX OCHOBa-

HUH 1 ~10*c~3 u g0 Temneparypst T >10" K npu

The Rayleigh— Taylor Instability

toke 1 =102A, n=4-10" cMm>u a=3-10" cm. Takoe
GONBIIOE BPEMs HArPEBA O3HAYACT, YTO HEJb3sl TOJIb30-
BaThCsl (hOPMYJIOi OTHOCHTENBHON KOHIECHTPALMU HEHT-
PaNoB IS KBAa3HCTALHOHAPHOH KOPOHBI, & HYKHO YdH-
THIBATH MMITYJIbCHBIH XapakTep HArpeBa M HECTALMO-
HApHOCTH Mpolecca HoHM3auH. CKOpPOCTh M3MEHCHHs
IJIOTHOCTH 3IEKTPOHOB B IUIA3ME TNPH HMOHM3ALMH
HEHTPAIbHBIX aTOMOB IEKTPOHHBIM YIapOM MOKHO OLIe-
HWTh U3 YPABHCHHUS

dn

E=nna <0‘HVT6>. (14)

— 2
CeueHye MOHM3ALMH aToMa Boziopoia G, ~2-107"7 oM

npu T ~10” K [Anzmpees, 2010]. Bpemst HarpeBa mia3mbl
MPEIBECTHNKA 3IEKTPHUECKUM TOKOM T, =10 c. 3a 310
BpeMsi IUIa3Ma B OCHOBAaHUM IETJIM JIMIIb YaCTUYHO
UOHM3YETCS, COXPAHSs OIpPENeNICHHOE KOJIMYECTBO
HelTpanoB. KoHLEHTpaluro HEHTpaJoB Ha CTaIuu
HarpeBa OICHUM H3 ypaBHeHHA (14):

_ onfot 1
' n<GHVTe> TH<GHVTe>

HpI/I IUIOTHOCTH IUIa3Mbl B 00JacTH TreHepauuu npea-

11 -3
BecTHHKa n~4-10° cMm

~4-10° em™.

(15)

n

OTHOCHTENbHAs KOHILIEHTPA-
uust Heiitpanos F=n, /n=10"". D10 3HaueHHEe HA TpHU
HOpAJIKA MPEBBIIIAET OTHOCUTENBHYIO JONI0 HEHTpanos
B KOPOHE C T:107K(Fz0.15/Tz10’8). Takoe pas-

JIMYHE BBI3BAHO TEM, YTO NPH MMITYJICHOM BKJIIOYECHUH
OOJIBIIOTO NIEKTPUUECKOTO TOKA TEMIT HarpeBa Oosblie
TEeMITa MOHM3AIMN (MOHHM3aLUs HE yCIIeBaeT 3a Harpe-
BoM). [ToaToMy, KOTZIa MMITYJIbC TOKA «yOeraeT» U3 00-
JIACTH TPEIBECTHUKA BCIBIIIKA B BHJE HEITUHEHHOM
aﬂb(bBeHOBCKOﬁ BOJIHBI, OCTaTO4YHAasA KOHIICHTpAIusa
HEUTpajIoB B OTOW OOJIACTH OCTAETCS JOCTATOYHO
6onbmioit [3aiines, Ctenanos, 2025]. s onpenenenus
TOKa, HEOOXOJMMOro Jisi HarpeBa IpPelBECTHHKA JI0
T~10" K 3a Bpems Ty~ 10 ¢ npi coepx aHuu HeiiTpa-
noB F~107, Bocronms3yemcsi ypaBHernnem (12), u3 Kko-
TOPOTO HaXOJMM BpeMsI Harpesa

1.6-10% n*a® 1%
e ¢
-3

U3 (16) cnemyer, uro mms obmactu ¢ n=4-10"" cm,
a=3-10’ cM, F=107 HarpeB IJIa3Mbl [0 T=10" K

(16)

3a BpeMs T, <10 ¢ Bo3moxkeH npu Tokax [ >107A.
Jlnst miotHocTH miasmsl n=10"" cM™ Bemmunna KpUTH-
geckoro Toka I >5-10"" A. Takue seKTpuyecKne TOKH
HaOJIrOIal0TCs B PEBECTHUKAX BCeIbIek [Wang et al.,
2017]. Tockombky Bpems Harpea ~I ', GbICTpbIE
PEHTTEHOBCKHUE MPEIBECTHHKH MpH Tokax Mexee 10" A
MaJIOBEPOSITHBI.

3AK/IIOYEHUE

Iokazano, uro HeycroitunBocTh Panes—Telinopa
SIBIISIETCS. TPUTTEPOM BCIBIILIEK KaK B OCHOBAaHHUSX Ile-
TeNb, Tak U B ux BepmnHax. HPT B ocHoBaHuu nerenb
TIPUBOJIUT K BTOPYKCHHIO B METITIO OKPYKAIOIICH XPOMO-

129



A.B. Cmenanos, B.B. 3aiiyes

cepHOl MIIa3MBbl CO CKOPOCTBIO TOpsiika VM 3a Bpems
~a/V1i~10 ¢, Ipu 3TOM NPOUCXOJUT YCUIICHUE IIPOIOIIb-

HOTO 3JIEKTpHYEcKoro Toka I = I, exp (%I;V(t’)dt’j.
JIKOymneBa JUCCHIALUS IIPU TTOBBIIIEHHOM CONPOTHBIIE-
Hun KaynuHra npuBOIWT K HarpeBy XpoMocgepsl B oc-
HOBAHWSIX IIETENb M K YCKOPEHHIO 3HAYUTEIHHOTO KOJIU-
YECTBA IEKTPOHOB B MHIYIUPOBAHHBIX 3JCKTPHICCKUX
noyisax 1o 3Heprui ~1-3 M»aB. Ilpu 3Tom g yckope-
aus ~10%-10% 3JIEKTPOHOB 3a BpEMsl BCIBIIIKH 3JIEK-
TPUYECKHUE TOJISI JOIDKHBI OBITH JINOO OJIIM3KUMH K IOJIFO
Hpaiicepa, nmibo cynepapaiicepoBckumu. Hamm pesyis-
TaThl 00 PHEPTOBHIJCICHUN U YCKOPEHUH YacTHIl B XpO-
Mocdepe MOKHO paccMaTpHuBaTh Kak déja v — BO3Bpar
K HOHSTHIO XpOMOC(HEPHO! BCIIBIIIKH.

HeycroitunBocts Panes—Telnopa B BepIirHax BCIIbI-
IIEYHBIX TETEN b, HATPYKECHHBIX IUIOTHBIM XOJOAHBIM BO-
JIOKHOM, WHULUHPYET SIBJICHHS, MOJOOHBIC ONMCAHHBIM
JUIsL OCHOBAaHWH TeTenb. B 3TOM ciydae BOJIOKHO WH-
KEKTUPYET B TOKOHECYIIHWE MAarHWTHBIC TETIN 3Ha4H-
TEIIbHOE KOJMYECTBO HEHTpaNbHBIX YacTHUIl, PE3KO yBe-
JUYUBAIOIINX JUKOYJIEBY AMCCUIALIMIO B BEPIIMHAX TIe-
TeNb, COINPOBOXKAAEMYIO YCKOPEHHEM 3apsDKEHHBIX 4Ya-
crun. Takum 00pa3oM, MOXKHO OOBSCHUTH BCIIBIIIKA
tumna “above-the loop-top” [Masuda et al., 1994] B Mmoaemnu
TOKOHECYIIIEW MarHUTHOM NETIIN.

Baxupim cneactBuem HPT kak Tpurrepa coisiHeu-
HBIX BCIIBIIIEK SBISIETCS M BO3MOXHOCTH OOBSCHEHHS
opIcTpBIX (~10 ¢) ropstaux (10—-15 MK) mpeaBecTHHKOB
COJIHEYHBIX BCTIBIIIEK. MBI ITOKa3a1M, 4TO, €CIIU BENH-
YUHA UMIYJIBCHOTO TOKA MPEBBIIIAET 10" A, Temn mwxo-
yJieBa HarpeBa IUIa3Mbl OIIEPEXKAeT TEMIT MOHM3ALNH,
YTO MPUBOAUT K MOBBIIICHHON AMCCUIALIUU JNIEKTpUYe-
ckoro toka. HyKHO 3aMeTUTh, UTO NpeaBapUTEIbHBINA
HarpeB BCTIBIIIIEUHON TUIa3MBI JI0 Temreparypsl >12 MK
SIBIISICTCA TaKXKe HEOOXOTUMBIM YCIIOBHEM YCKOPEHHUS
BBICOKO3HEpruyHbIX (>100 M3B) npotoHoB [CTpymMuUH-
ckuit u np., 2024]. bonee Toro, moHuManue HU3NIECKOit
MIPUPOJIBI TPUTTEPA COJIHEYHBIX BCIBIIICK UMEET IIEePBO-
CTETICHHOE 3HA4YeHHE Ul MPOTHO3UPOBAHMS KOCMHYeE-
CKOW IOTOZBI M CMATYECHHUS €€ BO3JCHCTBHSA HA TEXHO-
JIOTHYECKY10 HHPACTPYKTYPY.

PaGoTa BbIMOJHEHA mpu noIyiepKKe rpanta PHO
Ne 22-12-00308-I1.

CIIMCOK JIMTEPATYPbI

Annpees ['.B. Pacuer ceueHnss HOHU3AIMM SJIEKTPOHHBIM YIapOM
Il aTOMOB BOZIOpofia M a30Ta. DuuKO-XUMUYECKas KuHe-
muxka 6 cazoeou ounamuxe. 2010, T. 9, c. 1-2.

3aiteB B.B., CrenanoB A.B. K npupoze ObICTpBIX PeHTTCHOB-
CKHX TPE/IBECTHUKOB COJIHEYHBIX BCHBIIEK. [Tucoma ¢ Acm-
ponomuueckuii scypran. 2025, 1. 51, Ne 1. (B neuarn).

Memanknaa H.C., Antemnes A.T. [IposiBienus HarpeBa B Hava-
ne Bembmku 29 wmions 2012. Conneuno-3emuas usuxa.
2024, 1. 10, Ne 3, c. 13-20. DOI: 10.12737/5z£-103202402 //
Meshalkina N.S., Altyntsev A.T. Heating manifestations at
the onset of the 29 June 2012 flare. Sol.-Terr. Phys. 2024,
vol. 10, iss. 3. DOI: 10.12737/stp-103202402.

CrenanoB A.B., 3aiities B.B. Maenumocgepvr akmusnvix obna-
cmeti Connya u 36e30. M.: ®dusmariut, 2018, 387 c.

Crpymunckuit A.b., Camosckuit A.M., I'puropsesa H.1O.
Kpurepun mrs mpenckasaHuss IPOTOHHBIX COOBITHH IO
COJIHEYHBIM HaOJIONCHUSIM B PEATbHOM BpeMeHH. [ eo-

A.V. Stepanov, V.V. Zaitsev

maenemusm u asponomus. 2024, 1. 64, Ne 2, c¢. 163—174.
DOI: 10.31857/S0016794024020019.

Alfvén H., Carlqvist P. Currents in the Solar Atmosphere and
a Theory of Solar Flares. Solar Phys. 1967, vol. 1, p. 220—
228. DOI: 10.1007/BF00150857.

Awasthi A.K., Jain R. Multi-wavelength diagnostics of precursor
phase in solar flares. First Asia-Pacific Solar Physics Meet-
ing. Astron. Soc. India Conf. 2011, vol. 2, pp. 297-305.

Battaglia A.F., Hudson H., Warmuth A., et al. The existence
of hot X-ray onsets in solar flares. Astron. Astrophys. 2023,
vol. 679, article number A139. DOI: 10.1051/0004-
6361/202347706.

Brown J.C. On the Ionization of Hydrogen in Optical Flares.
Solar Phys. 1973, vol. 29, pp. 421-427. DOI: 10.1007/
BF00150822.

da Silva D. F., Hui L., Simoes P.J.A., et al. Statistical analysis of
the onset temperature of solar flares in 2010-2011. Monthly
Notices of the Royal Astronomical Society. 2023, vol. 525,
iss. 3, pp. 4143-4148. DOI: 10.1093/mnras/stad2244.

Emslie A.G., Henoux J.-C. The electrical current structure
associated with solar flare electrons accelerated by large-
scale electric fields. Astrophys. J. 1995, vol. 446, p. 371.
DOI: 10.1086/175796.

Fritzova-Svestkovéa L., Svestka Z. Electron density in flares. 11
Results of measurement. Solar Phys. 1967, vol. 2, pp. 87-97.
DOI: 10.1007/BF00155894.

Giovanelli R.G. A theory of chromospheric flares. Nature.
1946, vol. 158, pp. 81-82. DOI: 10.1038/158081a0.

Hoyng P., Brown J.C., van Beek H.F. High time resolution
analysis of solar hard X-ray flares observed on board the
ESRO TD-1A satellite, Solar Phys. 1976, vol. 48, P.197—
254. DOLI: 10.1007/BF00151992.

Hudson H., Simoes P.J.A., Fletcher L., et al. Hot X-ray onsets
of solar flares. Monthly Notices of the Royal Astronomical
Society. 2021, vol. 501, iss. 1, pp. 1273—1281. DOL: 10.1093/
mnras/staa3664.

Kane S.R., Hurley K., McTiernan J.M., et al. Energy release
and dissipation during giant solar flares. Astrophys. J. Lett.
1995, vol. 446, p. L47. DOI: 10.1086/187927.

Kumar P., Srivastava A K., Somov, B.V., et al. Evidence of solar
flare triggering due to loop-loop interaction caused by
footpoint shear motion. Astrophys. J. 2010, vol. 723,
pp. 1651-1664. DOI: 10.1088/0004-637X/723/2/1651.

Kusano K., Bamba Y., Yamamoto T.T. Magnetic field structures
triggering solar flares and coronal mass ejections. Astrophys.
J. 2012, vol. 760, no. 1, p. 31. DOIL 10.1088/0004-
637X/760/1/31.

Ledentsov L. Thermal trigger for solar flares I: Fragmentation of
the preflare current layer. Solar Phys. 2021, vol. 296, arti-
cle number 74. DOI: 10.1007/s11207-021-01817-1.

Masuda S., Kosugi T., Hara H., et al. A loop-top hard X-ray
source in a compact solar flare as evidence for magnet-
ic reconnection. Nature. 1994, vol. 371, pp. 495-497.
DOI: 10.1038/371495a0.

Melrose D.B. Neutralized and Unneutralized current patterns
in the solar corona. Astrophys. J. 1991, vol. 381, p. 306.
DOI: 10.1086/170652.

Miller J.A., Cargill P.J., Emslie A.G., et al. Critical issues for
understanding particle acceleration in impulsive solar
flares. J. Geophys. Res. 1997, vol. 102, pp. 14631-14659.
DOI: 10.1029/97JA00976.

Pustil’nik L.A. Instability of quiescent prominences and the origin
of solar flares. Soviet Astronomy. 1974, vol. 17, p. 763.

Sharykin L.N., Kosovichev A.G. Dynamics of electric currents,
magnetic field topology, and helioseismic response of a solar
flare. Astrophys. J. 2015, vol. 808, no. 1. DOI: 10.1088/0004-
637X/808/1/72.

Somov B.V. Magnetic reconnection and topological trigger in
physics of large solar flares. Asian J. Phys. 2008, vol. 17,
no. 2-3, pp. 421-454. DOI: 10.48550/arXiv.0901.4697.

130


https://doi.org/10.12737/szf-103202402
https://doi.org/10.12737/szf-103202402
https://doi.org/10.31857/S0016794024020019
https://doi.org/10.1007/BF00150857
https://doi.org/10.1051/0004-6361/202347706
https://doi.org/10.1051/0004-6361/202347706
https://doi.org/10.1007/BF00150822
https://doi.org/10.1007/BF00150822
https://doi.org/10.1093/mnras/stad2244
https://doi.org/10.1086/175796
https://doi.org/10.1007/BF00155894
https://doi.org/10.1038/158081a0
https://doi.org/10.1007/BF00151992
https://doi.org/10.1093/mnras/staa3664
https://doi.org/10.1093/mnras/staa3664
https://doi.org/10.1086/187927
https://doi.org/10.1088/0004-637X/723/2/1651
https://doi.org/10.1088/0004-637X/723/2/1651
https://doi.org/10.1088/0004-637X/723/2/1651
https://doi.org/10.1007/s11207-021-01817-1
https://doi.org/10.1038/371495a0
https://doi.org/10.1086/170652
https://doi.org/10.1029/97JA00976
https://doi.org/10.1088/0004-637X/808/1/72
https://doi.org/10.1088/0004-637X/808/1/72
https://doi.org/10.48550/arXiv.0901.4697

Heycmoiiuueocmo Panea— Teunopa

Stepanov A.V., Zaitsev V.V., Kupriyanova E.G. Features of
electric current dissipation in the solar atmosphere. Geo-
magnetism and Aeronomy. 2024, vol. 64, pp. 1203—1214.
DOI: 10.1134/S001679322470030.

Syrovatskii S.I. Current sheet characteristics and thermal trigger
of'solar flares. Soviet Astronomy Lett. 1976, vol. 2, p. 13.
Verner D.A., Ferland C.J. Atomic data for astrophysics. I.
Radiative recombination rates for H-like, He-like, Li-like,
and Na-like ions over a broad range of temperature. Astro-
phys. J. Suppl. Ser. 1996, vol. 103, no. 2, pp. 467-473.

DOI: 10.1086/192284.

Veronig A., Vr$nak B., Dennis B. R., et al. Investigation of the
Neupert effect in solar flares. I. Statistical properties and
the evaporation model. Astron. Astrophys. 2002, vol. 392,
no. 2, pp. 699-712. DOI: 10.1051/0004-6361:20020947.

Wang H., Liu Ch., Ahn K., et al. High-resolution observations
of flare precursors in the low solar atmosphere. Nature As-
tronomy. 2017, vol. 1, article number 0085. DOI: 10.1038/
s41550-017-0085.

Zaitsev V.V. Ultrafine magnetic structures in the chromosphere.
Geomagnetism and Aeronomy. 2015, vol. 55, pp. 846-849.
DOI: 10.1134/S0016793215070294.

Zaitsev V.V., Stepanov A.V. Towards the circuit theory of
solar flares. Solar Phys. 1992, vol. 139, pp. 343-356.
DOI: 10.1007/BF00159158.

Zaitsev V.V., Urpo S., Stepanov A.V. Temporal dynamics of
Joule heating and DC-electric field acceleration in single flare
loop. Astron. Astrophys. 2000, vol. 357, pp. 1105-1114.

The Rayleigh— Taylor Instability

Zaitsev V.V, Stepanov A.V. Particle acceleration and plasma
heating in the chromosphere. Solar Phys. 2015, vol. 290,
pp. 3559-3572. DOI: 10.1007/s11207-015-0731-y.

Zaitsev V.V., Kronshtadtov P.V., Stepanov A.V. Rayleigh —
Taylor instability and excitation of super-Dreicer electric
fields in the solar chromosphere. Solar Phys. 2016, vol. 291,
pp. 3451-3459. DOI: 10.1007/s11207-016-0983-1.

Zaitsev V.V., Stepanov A.V., Kronshtadtov P.V. On the pos-
sibility of heating the solar corona by heat fluxes from
coronal magnetic structures. Solar Phys. 2020, vol. 295,
article number 166. DOI: 10.1007/s11207-020-01732-x.

Zimovets 1.V., Sharykin L.N., Gan W.Q. Relationships between
photospheric vertical electric currents and hard X-ray sources
in solar flares: Statistical study. Astrophys. J. 2020, vol. 891,
no. 2. DOIL: 10.3847/1538-4357/ab75be.

15-1 Poccuiicko-Kumaiickas Kongepenyus no KoCMUueckou
nocoode, 9—13 cenmsabps 2024 2., Uncmumym conneuno-3eMHou Gusurku
CO PAH, Hpkymck, Poccus.

Kak yumuposams smy cmamuwio.

CrenanoB A.B., 3aiiueB B.B. HeycroituuBocts Panes— Teitnopa
KaK TPUITep CONHEYHBIX Benblmek. Coaneuno-zemuasn ¢usuka. 2025,
T. 11, Ne 3, ¢. 125-131. DOI: 10.12737/52f-113202513.


https://doi.org/10.1134/S001679322470030
https://doi.org/10.1086/192284
https://doi.org/10.1051/0004-6361:20020947
https://doi.org/10.1038/s41550-017-0085
https://doi.org/10.1038/s41550-017-0085
https://doi.org/10.1134/S0016793215070294
https://doi.org/10.1007/BF00159158
https://doi.org/10.1007/s11207-015-0731-y
https://doi.org/10.1007/s11207-016-0983-1
https://doi.org/10.1007/s11207-020-01732-x
https://doi.org/10.3847/1538-4357/ab75be
https://doi.org/10.12737/szf-113202513

Coaneuno-zemnasn ¢usura. 2025, m. 11, Ne 3

V]IK 523.9, 551.5, 520.2
DOI: 10.12737/szf-113202514

Solnechno-zemnaya fizika. 2025, vol. 11, iss. 3

Ilocrynuna B pegakuuto 24.03.2025
[Mpunsra k my6mukanum 21.04.2025

OBSERVATIONS OF LARGE-SCALE SOLAR MAGNETIC FIELDS WITH
A NEW CHINESE TELESCOPE CONSTRUCTED FOR THE INTERNATIONAL
MERIDIAN CIRCLE PROGRAM (IMCP)

HABJIIOJEHUSI KPYITHOMACIITABHBIX MATHUTHBIX MOJIEN COJIHLA
C IOMOILbIO HOBOI'O KUTAHCKOI'O TEJECKOIIA,
CO3JIAHHOT'O JIJISI MEJKIYHAPOJHOM ITPOrPAMMBI
«MEPUJIMAHHBII KPYT» (IMCP)

M.L. Demidov

Institute of Solar-Terrestrial Physics SB RAS,
Irkutsk, Poccus, demid@jiszf.irk.ru

National Astronomical Observatories,
Chinese Academy of Sciences,

Beijing, China

X.F. Wang

National Astronomical Observatories,

Chinese Academy of Sciences,

Beijing, China, wxfl@nao.cas.cn

State Key Laboratory of Solar Activity and Space Weather,
National Space Science Center,

Chinese Academy of Sciences,

Beijing, China

Y.Z. Sun

National Astronomical Observatories,

Chinese Academy of Sciences,

Beijing, China, syz@nao.cas.cn

State Key Laboratory of Solar Activity and Space Weather,
National Space Science Center,

Chinese Academy of Sciences,

Beijing, China

Y.Y. Deng

National Astronomical Observatories,
Chinese Academy of Sciences,

Beijing, China, dyy@nao.cas.cn

State Key Laboratory of Solar Activity and Space Weather,
National Space Science Center,

Chinese Academy of Sciences,

Beijing, China

School of Astronomy and Space Science,
University of Chinese Academy of Sciences,
Beijing, China

ML.JI. AemunoB

Hucmumym conneuno-semmuout gpuzuxu CO PAH,
Uprymck, Russia, demid@jiszf.irk.ru
Hayuonanvhvle acmponomuyeckue obcepeamopu,
Kumaiickasa akademus Hayk,

Tlexun, Kumait

C.®. Ban

Hayuonanvhvle acmponomuueckue o6cepeamopu,
Kumaiickas akademust Hayx,

Iexun, Kumaii, wxfldnao.cas.cn
Tocyoapcmeennas knovesas 1a60pamopust
COIHEYHOU AKMUBHOCIU U KOCMUUECKOU N0200bL,
HayuonanoHolil yenmp KOCMUYECKUX HAYK,
Kumaiickasa akademus Hayk,

Tlexun, Kumau

N.I. Cynnb

Hayuonanshoie acmponomuyeckue o6cepsamopuu,
Kumaiickas akademust HayK,

Ilexun, Kumail, syz@nao.cas.cn
Tocyoapcmeennas knovesas 1a60pamopust
COIHEYHOU AKMUBHOCIU U KOCMUYECKOU N0200bl,
HayuonanoHolil yenmp KoCMU4ecKux Hayx,
Kumaiickas axademus Hayx,

Texun, Kumau

10.10. Ipu

Hayuonanvhvle acmponomuyeckue obcepsamopuu,
Kumaiickas akademus Hayx,

IHexun, Kumaii, dyy@nao.cas.cn
Tocyoapcmeennas kouesas 1a6opamopust
CONHEYHOU AKMUBHOCU U KOCMUYECKOU N0200bl,
Hayuonanvholil yenmp Kocmudeckux Hayx,
Kumaiickas akademus Hayx,

Iexun, Kuman

LIxona acmpoHomuu u KOCMUYECKUX HAyK,
Vuuseepcumem Kumatickoul akademuu Hayx,
Tlexun, Kumau

Abstract. One of the very important international
events in space science that has happened recently is the
launch of the International Meridian Circle Program
(IMCP). A key element of IMCP is a quite new instru-
ment — the Solar Full-disk Multi-layer Magnetograph
(SFMM) installed at Gan Yu Solar Station (GYSS) of the
Purple Mountain Observatory (Jiangsu Province). The
main objective of this telescope is to provide data on
distribution of magnetic fields across the solar surface,
which is necessary for prediction of some space weather
(SW) parameters since this information is actually the
low boundary condition for corresponding numerical
simulations.
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AnHoTauusi. OTHUM W3 BOKHEHIIMX MEXTYHAPOI-
HBIX COOBITHH B KOCMHYECKOH HayKe, HMPOHM30MICIIINX
3a TociieTHee BpeMs, ABJISIETCSI Hadajio paboThl B omepa-
LIMOHHOM pexuMe MexayHapoaHoi nporpammsl «Me-
punuanaeiii kpyr» (IMCP). OxHuM W3 KITIOYEBBIX 3J1€-
MeHToB IMCP sBisieTcss COBEpIIEHHO HOBBI HHCTPY-
MeHT — Solar Full-disk Multi-layer Magnetograph
(SFMM), KOTOpBIii OBUI yCTaHOBJICH Ha COJHEYHOW
cranimu 'anp HO# (GYSS) oGcepsaropun Ilypmypnas
ropa (nposuniws L[3s1 Cy). OcHoBHas 3amaua SFMM —
MOJTlydYeHHE JAHHBIX O PAaCIpENeNeHUU MarHUTHBIX I10-
neit mo Bceil moepxHocTH COJHIA, YTO HEOOXOIMMO
JUTSL IPOTHO3HMPOBAHMS HEKOTOPHIX TTApaMeTPOB KOCMHUYEC-
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There are plans to construct a network of such tele-
scopes (similar to GONG or to ngGONG), so it is very
important to test how reliable the measurements of weak
large-scale magnetic fields (LSMF) are with these in-
struments. It is just LSMF, not strong magnetic fields in
active regions (which are relatively easy to measure),
that determines the structure of the heliosphere. To do
this, using first observations with SFMM at GYSS, is the
main purpose of this study.

After a brief description of the instrument and some
methodical issues, we present the results of comparison
of SFMM observations with the Wilcox Solar Observa-
tory (WSO) data. WSO measurements of LSMF are the
most reliable in the world, and the results of such com-
parison are extremely important. We have found out
that the correlation coefficient is high enough (=0.70) if
we consider the whole range of measured strengths, but
it is lower (=0.57) if the consideration is rerstricted only
to relatively weak (|B|<10.0 G) fields. Note that there is
a significant difference between regression coefficients
(R) for these two cases: R=~5.1 in first case and only
R~=1.8 in the second one. The reason of this is still un-
clear and will be the subject of future investigations.

Keywords: the Sun, solar magnetic field, space
weather, telescope.

M.JL Jemuoos, C.®. Ban, 10.3. Cyn, 10.10. [o>u

xoii moroael (KII), mockoneky 3Ta mHpOpMaLus hakTy-
YECKH SIBJISICTCS HIDKHUM I'PaHUYHBIM YCIIOBHEM JUISL CO-
OTBETCTBYIOILETO YHCICHHOTO MOJICIMPOBAHHSI.

B Oyaymem miaHupyeTcs IMOCTPOUTH CETh TaKUX
nHCTpyMeHTOB (10 aHanoruu ¢ GONG mm ngGONG),
MI03TOMY OY€Hb Ba)KHO IIPOBEPUTH, HACKOIBKO HAICHKHBI
n3MepeHnst crnaldblX KPYMHOMAcHITAaOHBIX MarHUTHBIX
moneit (KMII) ¢ ux momomrsro. IloToMy 9TO MMEHHO
KMII, a He cunbHBIE MAarHUTHBIE II0JIS B aKTUBHBIX 00-
nacTax (KOTOPBIE OTHOCHTEIBHO JIETKO M3MEPHUTH) OTIpe-
JEJSI0T CTPYKTYpY renmuvocgepsl. Caenarb 3TO Ha MpHU-
Mepe NepBhIX HAOroIeH!UH ¢ omotbio SFMM u sBis-
€TCsl OCHOBHOM IeJIbI0 TAHHOW paboTHI.

[ocne kpaTKkoro OonucaHus UHCTPYMEHTA U HEKOTO-
PBIX METOJMYECKUX BOIPOCOB MPECTABICHBI PE3YIbTaThl
cpaBHeHus Habmoaenmnii ¢ SFMM ¢ mmepenusivu B Coir-
HegHOW oOcepBaropr uM. Yuikokca (Wilcox Solar
Observatory, WSO). U3meperunss KMIT 8 WSO sBisroTcst
CaMbIMH HA/IC)KHBIMH B MHpE, M PE3YJIbTAaThl TAKOTO
CpaBHEHUsI Ype3BbIYAiHO BaKHBL. [lomydeHo, 4TO KO-
3¢ GUIIEHT KOPPEIHUA AOCTaTouHO BBICOK (=0.70),
€CIIM paccMaTpUBaTh BECh JMANa30H HW3MEPEHHBIX
HampsHDKeHHOCTe|, HO oH Huxke (=0.57), eciu paccMoOT-
peHHe OrpaHM4YEeHO TOJBKO OTHOCHUTENBHO Cla0bIMU
(1B]<10.0 I'c) nomsimu. CTOUT OTMETUTH CYILECTBEHHOE
pazimure B Kod(duipenTax perpeccu (R) mis 3TuX
JBYX ciy4aeB: R=5.1 B mepBoM ciy4dae 1 R=~1.8 Bo BTO-
pom. [IpnunHa 3TOTO TOKA HE SICHA M CTAHET MPEIMETOM
OyIyIyx nccieI0BaHHUH.

KiroueBnble cjioBa: CoJiHIIE, COJTHEYHBIC MAarHUTHBIC
OJIs, KOCMIYECKasl TOT0/[a, TEICCKOIL.

INTRODUCTION

Space weather (SW) is a rapidly developing branch
of modern science that deals with detection and predic-
tion of plasma parameters in near-Earth space and in the
interplanetary medium, which originated from the Sun.
Many aspects of SW are crucially important for a larger
number of applied problems such as geomagnetic activi-
ty. No wonder it is precisely with SW that many modern
large projects are connected. Two of them are carried
out in China. The first is the International Meridian Circle
Program, (IMCP), which has been launched recently;
the second is the Advanced Space-based Solar Observa-
tory (ASO-S, Chinese nickname Kuafu-1). It was
launched on 8 October 2022. One of the ASO-S instru-
ments is the Full-disk Vector Magnetograph (FMG),
designed for full-disk observations of solar magnetic
fields.

A key element of IMCP is a quite new instrument —
the Solar Full-disk Multi-layer Magnetograph (SFMM),
installed at Gan Yu Solar Station (GYSS) of the Purple
Mountain Observatory, Jiangsu Province (see Figure 1).
The new telescope was briefly described at the 15™ Rus-
sian-Chinese Workshop on Space Weather [Sun et al.,
2024]. The telescope is designed for observing magnetic
fields and other parameters in the photosphere and
chromosphere (it is therefore called “multi-layer”), cov-
ering the full disk quasi-simultaneously in four spectral
lines: Fel 532.419 nm, HP 486.134 nm, Ha 656.28 nm,
and Call 854.21 nm. Actually, SFMM consists of two

Figure 1. General view of the SFMM telescope at Gan Yu
Solar Station of the Purple Mountain Observatory, Jiangsu
Province. At the right bottom corner is a strip with sea

telescopes on the same mount: the first one (Full-disk
Magnetograph Telescope) is designed for magnetic ob-
servations in the first couple of lines; and the other
(Full-disk Chromospheric Telescope), for observations
of velocities and intensities in the second couple.

The aperture of the objective lens of this magneto-
graph telescope is 120 mm (the aperture of the chromo-
spheric telescope is 200 mm), and the spatial resolution
is higher than 2 arcsec. It alternately measures the solar
magnetic field in two spectral lines: Fel 532.419 nm and
HP 486.134 nm. For the Fel line there are 6 measure-
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ment positions in regular observations (and 21 in spe-
cial) ranging from —0.016 nm to +0.016 nm from line
center; for the HP line there are 12 measurement posi-
tions from —0.05 nm to +0.05 nm. The exposure time at
one wavelength position is ~5-20 ms. The scanning
time for a single spectral line is less than 15 min.

It is obvious that in some aspects SFMM reminds
the old SMAT (Solar Magnetism and Activity Tele-
scope) facility at Huairou Solar Observing Station
(HSOS): it utilizes a DKDP electro-optical crystal as
a polarization analyzer (PA), it uses the same spectral
line Fel 532.419 nm, but it has as well a fundamental
difference — Liquid Crystal Variable Retarder
(LCVR) — an LCVR-based Lyot filter with fast scan-
ning of the spectral line profile.

There are plans to develop a Chinese network of
SFMM-like telescopes (similar to GONG or to ngGONG);
therefore, it is very important to test how reliable the
measurements of weak large-scale magnetic fields (LSMF)
are with these instruments. It is precisely LSMF, rather
than strong magnetic fields in active regions which are
relatively easy to measure (see the most recent compari-
son of local magnetic fields with Chinese data in Xu et
al., [2024]), that determines the structure of the helio-
sphere (actually, LSMF synoptic maps provide low
boundary conditions for corresponding numerical simu-
lations [Demidov et al., 2023]). Especially if to take into
account that observations of LSMF with SMAT (made
in one wing of line profile) had some problems [Demi-
dov et al., 2018].

The objective of this study is to make such a test, using
first SFMM observations (at present, we consider only
line-of-sight or longitudinal component).

RESULTS

It has long been recognized by solar physics com-
munity that the most reliable observations of LSMF are
provided by the Wilcox Solar Observatory (WSO). So it
makes an obvious sense to compare SFMM measure-
ments with WSO ones. Note that at SFMM the direct
method of measurements is used for calculating the
magnetic field strength at every pixel of a solar image
[Chen et al., 2025]. It reminds the center-of-gravity
(COG) method [Uitenbroek, 2003], but it is based on
the detection of the difference (2AL) between wave
length positions of the minimum intensity of the corre-
sponding Zeeman-components when PA is running.
Remind that for the linear Zeeman effect the shift value
of splitted components (relative to the case without
magnetic field B) is determined by the formula:

AMnm]=+4.668-10" g.A* B[T],
where g. is the effective Lande factor. So for the spec-

tral line Fel 532.419 nm with Lande factor g=1.5 we
have:
AMecm]=%1.92-10"° B[T].

For this study, we have used one of the best SFMM
(but typical) observations made on April 18, 2023, when
a number of scanning points along the line profile was
as many as 21. The original matrix of data has a size
2048x2048 px. However, for comparison with low spa-
tial resolution WSO data such high resolution is not
needed, and we have remapped them through different
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smoothing. Since we are planning to compare SFMM
data with observations made at the telescope STOP of
the Sayan Solar Observatory with spatial resolution
21x21 px, the lowest SFMM spatial resolution used
here is the same. Remind that WSO original measure-
ments are performed with 3 arcmin aperture, and the
scanning grid consists of 11 scan lines in the north-south
direction and 21 east-west positions at the equator.

Some following figures show how SFMM full-disk
magnetograms look like with a different spatial resolution
and with different scales of color bars. Figure 2 presents a
magnetogram with spatial resolution 256x256 px and
with a linear color bar. We can see that only strong
magnetic fields in active regions are visible, and it is
hardly possible to say something about weaker magnetic
fields on the rest of the surface. Much more informative
is Figure 3, where the same magnetogram but with a non-
linear color scale bar is presented. In this case, we can see
large-scale features of weak magnetic fields, which, as has
been mentioned above, determine the structure of the open
magnetic flux, which, in turn, builds the structure of the
helio-magnetosphere. At last, Figure 4 exhibits the same
magnetogram with a non-linear color scale bar with a
spatial resolution 21x21 px in the mosaic form. It is this
data with such a spatial resolution that will be used in the
following. Note that here SFMM magnetogram fortu-
nately does not show any strange artificial large-scale
structures, which were found in SMAT data [Demi-
dov et al., 2018] (see, e.g., the left

SFMM.18.04.2023
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Figure 2. Full-disk magnetogram of longitudinal solar
magnetic fields observed with SFMM telescope on April 18,
2023. The spectral line is Fel 532.419 nm; the remapped spa-
tial resolution is 256%256 px

SFMM.18.04.2023

Levels, G
+ ==
128
64
32
16
8.0
4.0
2.0
1.0
0.5
0

N

T—>W

Figure 3. Same as in Figure 2 but with a non-linear color
scale bar
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Figure 4. Same as in Figure 3, but with spatial resolution
21 by 21 px and with other levels of scale on the non-linear
color bar

bottom panel in Figure 1). It is a good indicator that
SFMM probably does not have systematical field-of-
view errors that SMAT has.

Unfortunately, WSO does not have any observations
of magnetograms for April 18, 2023, so it is impossible
to make a direct comparison between SFMM and WSO
full-disk observations. But we can use a WSO synoptic
map for similar analysis. Indeed, the central meridian of
the SFMM magnetogram for Carrington Rotation (CR)
2269 has a longitude =30°, so we can employ for com-
parison a part of the SFMM magnetogram and the cor-
responding data at the beginning of the synoptic map.
Figure 5 shows the WSO synoptic map in latitude-
longitude coordinates. Figure 6 displays a part of the
SFMM magnetogram in Carrington coordinates for the
range of longitudes 0°+90°. The results of comparison
between the overlapping (SFMM-WSO) points (for
WSO from A=0° to A=90°) are presented in Figure 7.

The correlation coefficient is seen to be rather high
(p=0.7), which suggests that SFMM observations are
quite reliable. The question arises about a big difference
between amplitudes of magnetic field strengths: for
SFMM, they are by five times higher than for WSO.
Why it is happening is still unclear. It is most likely to
be somehow connected with the use of different spectral
lines at SFMM and WSO (WSO employs Fel 525.02
nm line with the Lande factor g=3.0). The question of
comparison between solar magnetic field measurements
in different spectral lines is separate and very compli-
cated; it deserves a special consideration. Furthermore,
this question is important for solving the open magnetic
flux problem [Linker et al., 2017]. It is worth noting
here that Wang et al. [2022] suggested to correct WSO
observations by a factor of 4.5 (at the disk center) (that
is close to the value we have just obtained) to compen-
sate for signal saturation in the extremely sensitive Fel
525.02 nm line. The SFMM observations in the Fel 532.419
nm line with g=1.5 should not be affected by saturation.

If we look at Figure 7 more carefully, we find that
points of small values do not follow this regression. To
explore this question in more detail, we analyze points
with magnetic field strengths |B|<10 G separately. The
results are presented in Figure 8. As expected, the corre-
lation coefficient in this case becomes lower (p=0.57),
but is still high enough. What is more important is that
the regression coefficient decreases very significantly
(R=1.8), which raises a question as to the need for using
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WSO SYNMAP. CR 2269

B, G
21

Latitude (degree)

0 180
Longitude (degree)

360

Figure 5. Synoptic map for Carrington Rotation (CR)
2269, observations of the solar magnetic field at the Wilcox
Solar Observatory (WSO)
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Figure 6. Part of the SFMM magnetogram (April 18, 2023) in
Carrington coordinates for the range of longitudes 0°+90° for CR
2269
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Figure 7. Comparison between SFMM and WSO data sets
for a part of CR 2269, 0°+90° longitude range: N indicates the
number of point pairs (pixels); p is the correlation coefficient;
R is the linear regression coefficient (dashed line). The solid
line is R=1.0

different coefficients in cross-calibration of SFMM-
WSO observations for weak and strong magnetic fields.
In the future, to improve the accuracy of observations of
weak magnetic fields, it is necessary to employ meas-
urements in the “deep integration” mode.

CONCLUSION

At present, for many aspects of human civilization
existence and development it is very important to know
and predict conditions in near-Earth space and often far
beyond. This branch of science is called space weather
(SW). To monitor parameters of high layers of the atmos-
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Figure 8. The same as in Figure 7, but for points with
magnetic field strength |[B|<10 G for both data sets. p is the
correlation coefficient; R is the linear regression coefficient
(dashed line). The solid line is R=1.0

phere, ionosphere, and magnetosphere, many facilities
are used around the world. One of the most ambitious
projects is the International Meridian Circle Program
(IMCP), developed and realized in China. Since many
parameters detected by IMCP instruments strongly de-
pend on conditions on the Sun, it is extremely important
to obtain information about such processes. That is why,
under ICMP a special instrument — the Solar Full-disk
Multi-layer Magnetograph (SFMM) — was developed.
One of the most important aims of this instrument is to
provide the full-disk solar magnetograms.

The purpose of this study is to test the reliability of
measurements of large-scale magnetic fields (LSMF)
with this new instrument. LSMFs are rather weak, and it
is a big challenge to measure them. By comparing
SFMM data with Wilcox Solar Observatory (WSO)
observations (which are considered as the most relia-
ble), we have drawn a conclusion that correspondence
between these two data sets is fairly close.

The next natural step is to construct SFMM-based syn-
optic maps and to use them for calculating the solar
wind velocity and other space weather parameters. This
is our task for the nearest future.

This study was partly financially supported by the Min-
istry of Science and Higher Education of the Russian Fed-
eration. Wilcox Solar Observatory data used in this study
was taken from the website [http://wso.stanford.edu] cour-
tesy of J.T. Hoeksema.
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AHHoTanus. B Hacrosiiee BpeMsi peasu3yercsl Koc-
Muueckuil poekT «Co3sesaue-270» MoCKOBCKOTO yHHU-
BepcureTa. OH TOAPa3yMeBaeT pa3BEpTHIBAHUE TPYIIIH-
POBKM HaHOCHYTHHKOB (hopmaTa kybcaT. K Hactosmemy
BpeMeHH 3amyIeHo 20 CIyTHUKOB, 9 U3 HUX MPOJIOIDKAIOT
(YyHKIIMOHMPOBATh Ha OKOJIO3EMHOHM OpOwWTe, B OJIKa-
mee BpeMs Oynmer 3amymieH emie oauH. CrenuaibHO
JUTA MICTIONIB30BaHMSA B SKCIIEPUMEHTaX Ha OOPTy MallbIx
KOCMHYECKHX anmaparoB (opmata Kyocat pa3paboTaHEI

Abstract. The space project Sozvezdie-270 of Mos-
cow University is in progress now. It involves the de-
ployment of a CubeSat nanosatellites constellation. To
the present, 20 satellites have been launched, 9 of them
continue to function in near-Earth orbit; one more will
be launched in the near future. Instruments were devel-
oped specifically for the experiments on board small
spacecraft of the CubeSat format, which provide measure-
ments of fluxes and spectra of charged particles, primarily
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TIpHOOPBI, 00ECTICUNBAIOIINE U3MEPEHHUS TIOTOKOB M CIIEK-
TPOB 3apsDKEHHBIX YAaCTHL, — B IIEPBYIO OUYEpeb, JJICK-
TPOHOB DPEJSATUBHCTCKHX W CYOPEIISITHBUCTCKUX 3HEp-
THii, a TaKKe raMMa-KBaHTOB. Hapsmay ¢ xocMuueckoit
IPYNIIMPOBKON CO3Ja€TCsl CEThb HA3EMHBIX HPHUEMHBIX
craHMd. MHOTOCIYTHMKOBAs TPYIIHUPOBKA N1aeT Psif
MIPENMYIIECTB PH U3YUCHUH JUHAMHYECKUX MPOLIECCOB
B OKOJIO3€MHOM KOCMHYECKOM IpOCTpaHCTBe. B wact-
HOCTH, OHA ITO3BOJISIET NMPOBOANUTH OJHOBPEMEHHBIE H3-
MEpPEHHs MTOTOKOB 3apsDKECHHBIX YACTHI[ C MCIIONIb30Ba-
HHEM OJHOTHUIHBIX MPHOOPOB B Pa3HBIX TOYKAX OKOJO-
3eMHOT0 KOCMHUYECKOTO IPOCTPAHCTBA. Takue u3Mepe-
HUS JAI0T YHUKAJIBHYIO0 MH(POPMALMIO O TIOTOKE cyOpe-
JSITUBUCTCKUX DJICKTPOHOB, BKJIIOYas U3MEHEHHUs, 00Yy-
CJIOBJICHHBIC BBICHIIAHUSIMH JJIEKTPOHOB, YTO HMeEET
OosIbIlIOE 3HAYEHHE JUISl TIOHUMAaHUSI MEXaHU3MOB yCKO-
peHHS ¥ TOTEpPh 3aXBAaUCHHBIX U KBAa3W3aXBAYCHHBIX
AJIEKTPOHOB PaMAMOHHBIX 1MosicoB 3emin (PI13).
OOCYKIaroTCsl pa3iuyHble HEIaBHHUE TPOSBICHUS
KOCMHIYECKOH TOTOABI, CBS3aHHBIC C TTOBBIIIEHHOW BCIIBI-
me4yHoil aktTuBHOCTRI0 CosHna. Cpenn Takux dddex-
TOB — 3aI0JIHEHHUE TOJIPHBIX IIAaNOK YaCTHIAMH COJI-
HEYHBIX KOCMUYECKHX JIydeH, ANHAMUYECKHE MPOLECCHI
Bo BHemHeM PII3 Bo BpeMsi MarHUTHBIX Oypb, OBICTpBIE
N3MEHEHHS TIOTOKOB AJIEKTPOHOB HM3-32 BBICHITTAHHH.

KunroueBble c10Ba: KocMHUYecKasi MOroja, paaraiu-
OHHBIE TI05iCa 3€MJIM, COJIHEYHBIE KOCMHYECKHE JIy4H,
HaHOCITyTHUKH, KyOcart.

A.V. Bogomolov, V.V. Bogomolov, A.F. Iyudin, V.V. Kalegaev,
LN. Myagkova, V.I. Osedlo, S.1. Svertillov, LV. Yashin

electrons of relativistic and sub-relativistic energies, as
well as gamma quanta. Along with the space constella-
tion, a network of ground receiving stations is also being
created. A multi-satellite constellation gives a number of
advantages in studying dynamic processes in near-Earth
space. In particular, it makes possible to carry out simul-
taneous measurements of charged particle fluxes with
instruments of the same type at different points in near-
Earth space. Such measurements provide unique infor-
mation about the flux of sub-relativistic electrons, in-
cluding variations due to precipitation of electrons,
which is of great importance for understanding the
mechanisms of acceleration and losses of trapped and
quasi-trapped electrons in Earth’s radiation belts (ERB).

We discuss various recent space weather manifesta-
tions associated with increased solar flare activity. Among
such effects is the filling of the polar caps with particles of
solar cosmic rays, dynamic processes in outer ERB during
magnetic storms, rapid variations in electron fluxes due
to precipitation.

Keywords: space weather, Earth’s radiation belts,
solar cosmic rays, nanosatellites, CubeSat.

BBEJIEHUE

Kocmuueckast moroga — CpaBHUTEIBHO MOIOJOM
pasneN COBPEMEHHON (M3WKH, M3YJarONINid KpaHe W3-
MEHUYHUBBIC YCIOBHSA B OKOJIO3EMHOM KOCMIYECKOM IIpO-
crparctBe (OKII). Dtn m3aMeHeHUs OOYCIOBIICHBI aK-
TUBHBIMHU Tiporieccamyl Ha COJHIE, YCIOBUSMH B MEX-
IUTAaHETHOH cpeze (BapHaIlMH MapaMeTpOB MEXKIUIAHET-
Horo MarHutHoro nois (MMII) u conHeyHOTO BeETpa
(CB)) m B cucreme Marautochepa—moHOChepa—
TepMocdepa, a TAKKEe WX BIUSHHEM Ha 3EMIIIO W Jes-
TENBHOCTh YeloBeka. HeOmarompusTHbIC U3MCHCHHS
B OKII MOTYT CHU3UTh NMPOU3BOAUTEILHOCTh M HAICK-
HOCTh KOCMHYECKHX amllapaToB M HA3EMHBIX CHUCTEM,
9TO, B CBOIO OYEpEh, MOXKET TMOBJIEYh 3a COOOH Kpym-
HbIE TIOTEpU W3-3a MpoOJeM B paboOTe CHCTEM CBS3H,
HaBUTAINH, SHEPTOCHCTEM W Pa3BEABIBATEIBHBIX CIIYT-
mukoB [Baker, 2001; benmo u nmp., 2004; Iucci et al.,
2005, Pomanosa u np., 2005; Potapov et al., 2016; Ho-
BHKOB, Boponmna, 2021]. Bor modemy kocMuueckas
noroza (KIT) crana omgHOM U3 caMbIX ObICTPOpa3BUBAIO-
muxcst obyacTell MCCIEIOBaHUS 32 TOCIEAHIE HECKOJIb-
ko mecarwiretnii [Daglis, 2001; Cole, 2003; Schrijver et
al., 2015; McGranaghan et al., 2021]. CeroaHs HeHTpEI
KOCMHYECKHX MPOTHO30B OBLIN CO3JaHBI HECKOJIBKUMHU
HAIIMOHAJIFHBIMH TPAaBUTEIBCTBAMH U aKaIeMHYECKUMH
nHcTUTYTaMu (Harpumep, [Wei et al., 2003; Lundstedt,
2006; Wilkinson, 2009]).

OmauM 13 OcHOBHBIX mposiBiennit KIT sBisroTcst
BapHalWH MOTOKOB YHEPTUYHBIX 3apsKEHHBIX YaCTHII
B pasnuunbix oomactsax OKII [Kudela, 2013]. TIpu sTom
perucTpupyeMbic IpUOOpaMy BapHAIUU IIOTOKOB YaCTHIT

U KBAaHTOB MOTYT OBITh BBI3BaHBI KaK IEpeccUCHHEM
CITyTHUKOM KOMITAKTHON OOJIaCTH C MOBBIMIEHHOW KOH-
LEHTpaIyel 9acThIl (TaKk Ha3bIBaGMbIC MPOCTPAHCTBCH-
HBIe AP QEKTHI), TaK U POCTOM (MJIM YMEHBIICHHEM) HH-
TeHCUBHOCTHU (BpeMeHHbIe 3¢ dekTsl). B cBolo ouepens,
U TPOCTPAHCTBCHHBIC, U BPEMCHHBIC 3(PPEKTHI MOTYT
OBITH CBSI3aHBI KaK C YCKOPCHHUEM YaCTHIl, TaK U C UX
BBICHITIAHUEM U3 00J1acTeil 3aXBaYCHHOTO M3ITYUCHUS —
pamuanoHHbIX mosicoB 3emun (PII3), a Takxke ¢ mpo-
HUKHOBEHHEM B MarHuToc(epy JacTHIl, YCKOPEHHBIX
Bo BemblmKax Ha CojHIE, T. €. TaK Ha3bIBAEMBIX COJI-
HeuHblXx Kocmmueckux sydeit (CKJI) [Hopman, Mu-
pOITHUYEHKO, 1968].

OKcIlepUMEHTaJIbHbIE HW3MEPEHUS IIOTOKOB DJHEp-
THYHBIX 3apspkeHHBIX yacTrl] B OKII Havamuck B repBbie
rofisl KocMH4ecKoi apel [BeprHos u ap., 1958]. Ha ocHoBe
sTuX n3Mmepennit B 1970-80-x rr. Obutn paspaboTaHbl
smnupuyeckue moaenu PII3. Ot mMoxenu omuchIBaioT
IIPOCTPAHCTBEHHOE M DHEPTEeTHYECKOE paclpeieieHue
BCCHAIPABJICHHBIX MMOTOKOB IPOTOHOB C JHEPTHUIMH
OT COTEH KIJIOAJIEKTPOHBOJBT O COTEH MEra’IeKTpOH-
BOJIBT W DJIEKTPOHOB C JHEPTHAMHU OT JECSATKOB KHIIO-
AEKTPOHBOILT 10 ~7—10 M»dB B Gombmoit obmactu
OKII ot BBICOT ~250 KM 10 TeOCTallMOHAPHBIX U BBICO-
KODJUTUNITAYECKNX opOuT. Hambosee M3BECTHBI MOJEIN
AP8, AE8 (CIIIA), a Taxxe moaemu AP9/AE9 [Ginet et
al., 2013], ocHOBaHHEIC Ha 0OJiee HOBBIX IKCIICPHMCH-
TasbHBIX gaHHbX. B HUUA® MI'Y Taxke paspabora-
ubl Mmonienu PII3 [KysnenoB u ap., 2014], koTopsie Jier-
JIU B OCHOBY OTCUCCTBCHHBIX CTAHAAPTOB, PETIIAMCHTHU-
PYIOILINX METOMABI OICHKH PaJUAllIOHHBIX YCIOBHU MO-
JIeTa CIIyTHUKOB.
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OmHAaKO 3TH MOJENU SBISIFOTCS CTAallHOHAPHBIMHU.
Bapuanuu moTOKOB YacTHIl OTPAXKAIOTCS B HUX JIUIIb
3aJ]aHMEM TOTOKOB JJIsI SMOX MHUHUMAJIbHOW M MaKCH-
MaJIbHOW COJIHCYHOW AaKTUBHOCTH, IPU 3TOM COOTBET-
CTBYIOIIHE 3HAYCHHUS TTOTOKOB PA3JIMYAIOTCS JIHIIb IS
HEKOTOPBIX SHEPIUid MAKCUMYM B HECKOJIBKO pa3. B To xe
BpeMsI pealbHBIC IMOTOKU 3apsHKEHHBIX YaCTHI] B OKPECT-
HOCTH 3eMJIH JJake B TEOMarHUTHO-CIIOKOWHBIX YCIOBHU-
SIX UCTIBITBIBAIOT BeCbMa CYIIECTBEHHBIC CPEIHe- 1 I0JI-
TOCPOYHBIC BapHalliH, CBSA3aHHBIC C CONHEYHOU W Teo-
MArHUTHOW aKTUBHOCTHIO, HM3MEHCHUSIMH MAarHUTHOTO
moJisi 3eMJIM ¥ TUIOTHOCTH BepxHe# atmocepsl. HeoO-
XOJMMO TaKXe 00paTuTh BHUMAaHUE HA OBICTPHIC Bapu-
alUu TIOTOKOB KOCMHYECKOTO U3JIYYCHHS, K KOTODPBIM,
B IICPBYIO OUYepEIb, OTHOCITCS KPATKOBPEMEHHBIC (C Xa-
PaKTepHBIMH BPEMEHAMH MEHEE HECKOJIBKHX CEKYHN)
BAapHalMH TIOTOKOB 3JIEKTPOHOB CYOPEISITUBHUCTCKUX
U PEIATUBUCTCKUX SHEPTHH (OT COTEH KHIIOAIEKTPOH-
BOJIBT 10 ~10 MaB).

Jlns mocTpoeHus aneKBaTHOM AMHAMUYECKOW Kap-
TUHBI TPEXMEPHOTO PACHpPEICICHUS MOTOKOB SHEPTHU-
Horo w3nydenus B OKII HeoOXOOMMO YYUTHIBATH HX
BPCMCHHBIC HM3MCHCHHS, B TOM 4YHCIEC KPaTKOBPEMCH-
HbIC BapHallUM MMOTOKOB BBICOKOIHEPTUYHBIX JIICKTPO-
HOB. Ilpu 3TOM LIEHTpaNbHOMN 3aaayeil sSBISETCS BBISB-
JICHHE TOTO, SIBISIFOTCS JIM OOHAPYKCHHBIC BapHAIUU
MMOTOKOB YACTHII CIICJACTBUEM MPOCTPAHCTBCHHBIX WU
BpPEMEHHBIX dPPEKTOB. DTy 3aa4dy TPYAHO PEIIUTH C TIO-
MOIIHIO OZHOTO KocMudeckoro ammapata (KA). Jlis atoro
HEOOXOIUMBI OTHOBPEMEHHBIE M3MEPEHUS Ha HECKOJIb-
kux KA, 9T0 MOXeT OBITh Peaqn30BaHO C IMOMOIIBIO
MHOTOCITYTHUKOBOHM TpynmnupoBku. Haumbonee sddek-
TUBHO TaKHE 3aJIa4¥ PEIIAIOTCS IMYTEM CPAaBHUTEIBHOTO
aHanM3a JaHHBIX HeckolMbkux KA, paboTaromux Kak
Ha OJIM3KHX, TAK U Ha CYIICCTBCHHO Pa3HBIX OpOUTax.
Peanuzanus Takoil cTpaTeruyd MOXET BKIIOYAThH CIICY-
FOLIHE BAPUAHTEHI:

1) mocnemoBaTenbHOE MPOXOXKICHUE OJAHONH M TOU
ke 001acTH ONM3KOPACTIONOKECHHBIMY CITy THUKAMH, YTO
MO3BOJIMT HawOoJee HaAe)KHO pPa3lelIuTh IPOCTPaH-
CTBCHHBIC U BPEMCHHBIC 3D EKTHI;

2) OIHOBpPEMECHHBIC M3MEpEHHs Ha pa3HbIX L-000-
JIOYKAX, YTO HEOOXOIUMO IJii BOCCTAHOBJIICHHUS JMHA-
MHYECKOM KapTHHBI paclpenesieHus MOTOKa 3aXBadeH-
HBIX YaCTHII B IIHPOKOM JWana30He OpOHT, U4TO, B 4ACT-
HOCTH, TO3BOJIUT HAOMIONATh CMEIIEHHE MaKCHMyMa
PII3 BO BpeMst reOMarHUTHBIX BO3MYIIICHHIA;

3) OIHOBpPEMCHHBIC M3MEPCHHSI HAa OJHOW BBICOTE
OHOTHUIHBIMH TPHOOpPaMH, PaCIOIOKEHHBIMH Ha He-
CKOJIbKUAX CITyTHHKaX, CMEUICHHBIX IO JOJITOTE APYT
OTHOCHTEIIFHO JIPYTa, YTO TO3BOJIUT OLIEHUTH BIIUSHHE
(dakTOpa JIOKATBbHOTO BPEMEHH HAa TUHAMHUKY IOTOKA
4acTHII.

YacTp 3THX 33/1a4 MOXKET OBITh PEIICHA TPYIIITHUPOBKOM
HECKOJIBKHX OJHOBPEMEHHO 3arryckaeMbix KA ¢ maeHTHd-
HBIMH JICTCKTOpaMH Ha OOpTy, Ipyras 4acTh — aHAIU-
30M JTaHHBIX OJHOTO WJIM HECKONBKHX HAHOCIYTHHKOB
COBMECTHO C JaHHBIMHU OoJiee KpymHoOro KA, ocHaien-
HOTO KOMILUIEKCOM TPHOOPOB, OOECIIEUHBAIONIUM Jie-
TaJbHBIC M3MEPCHUS MOTOKOB YACTHII, JJICKTPOMATHHUT-
HOTO TIONII M JAPYIHX MapaMeTpoB MarHUTOC(hEepHOI
wia3Mel. [IpencraBiseTcs, 9T0 MUKPO- ¥ HAHOCITYTHUKH
craHaapTHoro Qopmara, BKIIOYAss KyOcaThl, SBISIOTCS

Monitoring of space weather effects

Haubosree moaxomsmmMu KA i peanusanuu paccMar-
pUBaeMoOl CTpaTerud MHOTOCHYTHHUKOBBIX H3MEPEHH.
Takue ammapaTsl OTHOCHTENBHO JACIHICBHI, HE TPEOYIOT
CJIOKHBIX 3TAIlOB Pa3pabOTKH M CICIUATBHBIX HCITBITA-
Hui. Kak npaBuio, ux BBIBOJ Ha OPOUTY OCYIIECTBIIS-
€TCSl METOJIOM TIOMYTHOT'O 3aIlyCKa, YTO TAKXKE CEPbE3HO
CHIDKAeT CTOMMOCTH Muccuu. Ilpn 3ToM HeT HeoOXxou-
MOCTH MOJHOCTBIO TyOIHPOBAaTh (DYHKIIMOHAN KPYITHBIX
KA. IlpenmMyiiecTBO TpyNnIMpoOBKA MUKPO- U HAHOCITYT-
HUKOB 3aKJIIOYaeTCs KaK pa3 B BO3MOXKHOCTH Ooiee Jie-
TAJFHOTO W3YYCHWS] BPEMEHHBIX BapHaldil pa3INdHBIX
KOMITOHCHT KOCMHYECKOTO M3 TyYCHUsI B Pa3IMYHBIX 00Ja-
csix OKII [Caspi et al., 2022].

1. MHOI'OCITYTHUKOBASI MUCCUsIL
«CO3BE3/IUE-270»
MOCKOBCKOI'O YHUBEPCUTETA

B nocnennue rogsl MockoBcKUM TOCYIapCTBEHHBIN
YHUBEPCHUTET pealn3yeT COOCTBEHHYI0 KOCMHYECKYIO
MporpamMMy, B X0Jle KOTOPOH BENEeTCS MOHHUTOPHHT IIO-
TOKOB 3apsukeHHBIX acTuil B OKII, a Taxxke COJTHETHOTO
PEHTTCHOBCKOTO ¥ TaMMa-U3Jy4eHHsT — 3JICKTpOMar-
HUTHBIX TPAH3UCHTOB PA3IMYHON MPUpobL. B 310i CBs3n
ClIeyeT OTMETUTh YCICHIHBIN 3aIyCK CIOYTHHKOB «YHHU-
Bepcuterckuil— TatbsiHa» [CagoBHuumit u ap., 2011],
«Yuusepcutetckuil— TatbsiHa-2» [CagoBHUYUHN U 1p.,
2011], «Bepuos» [[lanacrok u np., 2016a, 6], «JIlomo-
HOocoB» [Sadovnichii et al., 2017]. Cnexyronum marom
B 9TOM HaNPaBJICHUH SBIIETCS HOBEII mpoekT «Co3Bes-
nue-270» MOCKOBCKOTO YHHBEPCHUTETA, MpPeIyCMaTpH-
BalOIIMH pa3BEePTHIBAHWE TPYNIHAPOBKA HAHOCITYTHH-
kxoB. Ha xoner 2024 r. 3amymeno 20 HaHOCITYTHHUKOB
¢dopmara kyOcatr (HaumHas ¢ 2018 1.), 9 U3 KOTOpBIX
MPOAOJDKAIOT paboTaTh Ha MOJIIPHOIN OpOUTE Ha BBICOTE
~500 kM. Cpean Hux KA «ABuOH», 3amylIeHHBIN
27 urons 2023 T., NO3BOAMBIINM NOTYYUTh MaKCUMaJIb-
HBI 00bEM HAYYHBIX TAHHBIX.

Ha cerognsmrauii ieHb pa3BepHyTas B paMKaX Ipo-
exta «Co3Be3aue-270» TpynnupoBKa CITyTHUKOB pado-
TaeT B peXnMe HAOIIOJACHHS OTICIBHBIX COOBITHH, OfI-
HAaKO B MEPCIIEKTUBE MPEIIOIaracTcsl e HapalliBaHue,
a TaKkXKe CO3JaHHe CEeTH MPHUEMHBIX CTAHIIHH, pacrpene-
JICHHBIX TI0 MEpHUIMAaHaM, YTO II03BOJIUT ONEPATHBHO
MoNy4aTh OonbIIie 00BEeMbI TaHHBIX U TEM CaMBIM Iie-
pelTH K MOHHUTOPUHTY KOCMHYECKOH pajuanuul B pe-
KHMe OJHM3KOM K peallbHOMY BpeMEHHU. B 3ToMm mmaHe
HE MCHEE MSATH HA3EMHBIX MPUEMHBIX CTAHIMHA TOJKHBI
OBITH Pa3BEpPHYTHI C HCIOJIH30BAHHEM aHTCHH, paboTa-
ronux B auanasonax VHF, S u X B peruonax ot Kanu-
Huarpana o Kamuatkwm. B pesynprare Oymer co3mgaHa
€ArHas CHCTEMa, COCTOSIIAs N3 KOCMHYECKOTO M Ha3eM-
HOTO CETMEHTOB, KOTOpas IOJDKHA OOECIeYnTh YIpaB-
nenne KA, a Taioke peryJsapHBI IpHeM JaHHBIX CO CITyT-
HHUKOB TPYTIIAPOBKH, PACHIOI0KEHHBIX B Pa3HBIX TOUKAX
OKITI, 9TO CyIIECTBEHHO YBEJIMYHUT OOBEM IepemaaBac-
Mo#t nHpopManuu. OCHOBHOM IENBI0O MHOTOCITY THHKO-
BO# I'PYNITUPOBKH SBIISCTCS MOHUTOPHHT KOCMHUYECKOTO
U3TYYCHUS U 3JCKTPOMATHUTHBIX TPAH3HEHTOB Pa3iIH4-
HOM TIPUPOJIBL: aTMOC(EPHOr0, acTPOMUHIESCKOTO U COM-
HEYHOT'O MPOUCXOKICHHUSI.

Jlns mpoBeneHUS JKCICPHMEHTOB HAa CITyTHUKAX
KyOcaTr pa3paOoTaHbl pa3TUYHBIE MPUOOPHI IS pPEerH-
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A.B. Bocomonos, B.B. bocomonos, A.®. Hiooun, B.B. Kanezaes,
U H. Mazxosa, B.H. Oceono, C.H. Ceepmunos, U.B. Huwun

CTpallii 3HCPTHUYHBIX 3apsDKCHHBIX YACTHUI[, )KECTKOTO
PEHTTCHOBCKOTO U TaMMa-M3Iy4YCHHUs, a TAK)KE ONTHYC-
ckoro (ynbTpadHoIeTOBOTO M KPAacHOTO) CBEUYCHUS aT-
Moc(epsl.

K HacTosiieMy BpeMEHH B XOJI¢ M3MEPCHUIA Ha CITyT-
HHUKaxX TPYHNIHPOBKH MOCKOBCKOTO YHHBEpPCHUTETa IIO-
JIy9eHbl BakKHBIE CBeJCHUS 00 d(dekTax, CBIA3aHHBIX
C Pa3NUYHBIMHA TPOSBICHUSAMH COJIHEYHOW BCITBIIICY-
HOW aKTHBHOCTH M €€ BIMSIHHEM Ha T€OMarHUTHYIO 00-
cranoBky B OKII. K gncny Takux sIBICHHH OTHOCHTCS
nponnkaoBeHne CKJI B mosisipHbIe Manku, IpUBOISIINES
K CYIICCTBCHHOMY HM3MCHCHHWIO PaIUallMOHHBIX MOJICH
BO BHYTpeHHEW marHutocdepe. B 3ToM miiane BaxHYIO
pOJIb WIpAcT TaKKe H3MCHEHUE MPOCTPAHCTBEHHOMN
CTPYKTYpPBI DPACHpEICICHHS TOTOKOB BBICOKOIHEPIHY-
HBIX JJIEKTpOHOB BO BHemHeM PII3 u3-3a MarHUTHBIX
Oypb, KOTOpEIC, B CBOKO OYEPE.Ib, SIBIIIOTCS CIICACTBUCM
m3Mmenennit mapamerpo MMII n CB u3-3a aKTUBHBIX
nporieccoB Ha CouHre. Eme ogHuM HampapieHHEM B HC-
cienioBaHMU paananuoHHon obcraHoBku B OKII sBis-
eTCsl M3yUCHHE TUHAMHUKHU MTOTOKOB CYOPENITHBIUCTCKUX
AJIEKTPOHOB B 00JACTSAX BBICHITAHUI W3 BHYTPEHHETO
(L~1.6+1.8) u BuemHero PII3.

Hwxke OyayT paccMOTpPEeHBI MPUMEPh HAOIIOCHHIA
YKa3aHHBIX SBICHUH C WCIIOJBF30BAaHHNEM B OCHOBHOM
npudopoB Ha KA «ABHOH» M HEKOTOpPHIX Jpyrux KA
rpyrnmpoBku «Co3se3aue-270». Ha 6opty KA «ABHOH
YCTAHOBJICHO TPHU JETEKTOPHBIX MOJYIIS MpHOOpa TUa
«1eKoP»: «J/IleKoP-1», «JleKoP-2» u «/IeKoP-3» [bo-
romosoB u zp., 2020]. IIpudopsr «deKoP» mnpencras-
JSIOT 000 CHMHTWIISIOHHBIE CIIEKTPOMETPHI, B KO-
TOPBIX B KA4eCTBE ACTEKTOPHOTO AJIEMEHTA HUCIIONB3YeT-
cs1 KOMOWHAIMST TOHKOTO CJIOSI TUIACTUKOBOTO CIIMHTHJI-
nmsatopa u 6onee Tosictoro kpuctaimia CsI(TI). Ilepen
kpuctaiuioM CsI(TI) pacrnosnoxen TOHKHI ci0it TIacTH-
KOBOTO CITMHTHJUIATOPA, KOTOPHI OJHOBPEMEHHO CITy-
KHUT JETCKTOPOM 3apsDKCHHBIX 4YacTUll (B OCHOBHOM
2JIEKTPOHOB) W aKTUBHOM 3ammroii kaHama CsI(TI), uc-
MOJIB3YIOIIEH pa3/ieieHue COOBITHI B Pa3HBIX CIIMHTLII-
JIATOpax 1Mo (GopMe CBETOBOTO HMMITYJIbCA Ha BBIXOJIE
¢doronerexropoB. JKecTkoe PEHTTCHOBCKOE H3IIydeHHE
PETUCTPHUPYETCS ¢ IOMOIIBI0 CHUHTIUIILNOHHBIX KpH-
crayuioB CsI(TD).

JlerexTophl, yctaHoBieHHbIe HA KA «ABHOH», OT-
JMYAIOTCSI pa3MEpOM UYyBCTBUTEIFHONH 00IAacTH, ONTH-
MU3HUPOBAaHHON MJIs1 PEHICHUS KOHKPETHBIX HAayJHBIX
3anad. B yactHoctH, Monynb «/IeKoP-2» ontumusupo-
BaH JIJIsl PETUCTPAIMH U U3yYCHHUS] KOCMHYCCKUX TaMMa-
BCIUIECKOB pa3inyHON npuponabl. OH uMeeT 3G PeKTUB-
HYIO TUTOIIA (b, YBETHUCHHYIO 10 ~65 CM>, 4TO HEO6XO-
JIUMO JUIs TIOBBINICHUS YYBCTBUTCIBHOCTH W YIIyYIlIe-
HHUS BPEMEHHOTO pa3pemieHns, KOTOpOoe OMpeaeisiercs,
B TIEPBYIO OYepeib, CTATHCTUKON PETHCTPHPYEMBIX TaM-
Ma-kBaHTOB. Monynb «JleKoP-2» mpencraBnser coboi
COCTaBHOH CIIMHTWJUIAIMOHHBIA neTekTop ((ocBud),
COCTOSIHAHA W3 3-MM IUTACTHKOBOTO CIIMHTHILIATOPA
n 9-mm kpuctama CsI(Tl). Oba cruHTHIUISITOpPA MPO-
CMaTPUBAIOTCS COOPKON KPEMHHEBBIX (POTOYMHOXKUTE-
neii (SiPM), uto obecnieunBaeT pas3lelIbHYIO periucrpa-
LU0 TAMMA-KBaHTOB U 3JICKTPOHOB B JHMANA30HE dHEP-
roBblIeNIeHUuH B cuuHTHILIsITOpax ot 20 k3B no 1 M»aB.
Takoe pasaelicHHE BaXXHO NPU MPOBEACHUU SKCICPH-

A.V. Bogomolov, V.V. Bogomolov, A.F. Iyudin, V.V. Kalegaev,
LN. Myagkova, V.I. Osedlo, S.1. Svertillov, LV. Yashin

MEHTa M0 H3YYCHUIO T'aMMa-BCIUIECKOB Ha MOJIIPHOM
opbure.

s obecrieuenus 6oyiee TOYHBIX H3MEPCHHUN B KOM-
ieke obopyznoBanus, nomumMo «JIeKoP-2», BxoxsT emie
J1Ba JeTeKTOpHBIX Moaynst. Monynb «JleKoP-1» co cuun-
THIUITOPAMH TIIOMIAIBI0 ~18 cM?, MpocMaTpHBaEMBIMM
JIByMsI BakyyMHBIMU (poToymMHOXHUTEIsIMU (DDY), mpen-
Ha3HA4YeH U M3YYeHHs M3MEHEHUH MOTOKA IEKTPOHOB
B AMarna3oHe sHeproBeiaeneHus ot 50 k3B mo 2 M»aB.
OH ToHOCTBIO aHaoruueH npudopam «JleKoP», skcrre-
PUMEHTHI C KOTOPBIMH TipoBomuich Ha KA «BJIHX-80»,
«Hopbu», «/lexapt» u apyrux xybcarax [boromosnos
u 1p., 2020]. Monyne «JleKoP-3» moGaenen st pac-
LIMPEHUS TUana30Ha PerUCTPUPYEMBIX raMMa-KBaHTOB
B 00J1aCThb BBICOKMX JHEprui, T. €. 10 5 MaB. Ero oc-
HOBHO€ Ha3HAYeHHE — HU3MEPEHUE OSHEPreTUUYEeCKUX
CHEKTPOB raMMa-M3JTy4eHUs] COJTHEUHBIX BCIIBIIIEK U KOC-
MHYECKUX TaMMa-BCILUIECKOB. JIETEKTHPYIOMIUM 3JIe-
MEHTOM JJaHHOTO OJIOKA SIBIISETCS CHUMHTHIUISIIHOHHBII
kpucramt CsI(TI) pasmepamu 30x30%30 Mm®, KOTOpBIit
MIPOCMAaTPHUBACTCS IBYMS BaKyyMHBIMH DDV,

Jannbie ¢ xaxaoro monyisa «eKoP» peructpupy-
FOTCs KaK B BHJIC KaJIpOB MOHUTOPHHTA (CKOPOCTh CYeTa
0 HECKOJIBKMM KaHajlaM), TaK M B BHJC JACTAILHOW TO-
coObIThitHOM 3armmcu. OObEM Hay4YHBIX JaHHBIX, Iepe/a-
BaeMbIX ¢ mpuoopoB komriviekca «IeKoP» KA «Apuony,
cocraBigeT ~5 Mb B cytkn. OcCHOBHOH TUN nepenaBae-
MBIX JJAHHBIX — KaJpbl B PEKUME MOHHUTOPHHTA C BpE-
MEHHBIM paspemeHueM | ¢, mpudeM B TEUYEHHE ITOJIeTa
BO3MOKHO MHOTOKpPAaTHOE M3MEHEHHE 3TOTO 3HAUCHHS
Kak B OOJIBIIYIO, TAaK U B MEHBIIYIO CTOPOHY. HipkHMI
MOPOT PETHCTPAIN KBAHTOB COCTABIISET HECKOJBKO Je-
CSITKOB KHJIOAJICKTPOHBOJIBT, €T0 TAKXKE MOXKHO U3MEHATh
B XOJIe TTOJIeTa C Y4eTOM (DOHOBBIX YCIIOBHI Ha OKOJIO3eM-
HOM OpOUTE, IPU ITOM JICTCKTOPBI MOT'YT OBITh HACTPOCHBI
MO-Pa3HOMY.

JlaHHBIE CITyTHWKOB KyOcaT rpynmupoBkn MI'Y,
Biimouass KA «ABHOHY», TOCTYIHBI B BHIE TpaQUKOB H
TabimI Ha caiite kocmmueckoi morogsl HUMAD MI'Y
[https://swx.sinp.msu.ru/tools/davisat.php].

2. TIPMMEPBI HABJIOJEHUI _
YPDOEKTOB KOCMUYECKOIA
MOro/ibl

2.1. CotHevHBbIe KOCMHYECKHE JTyIH

B kauecTBe mpuMepa, WILTIOCTPUPYIOIIETO BO3MOXK-
HOCTH 3KCTIEpUMEHTOB 10 peructpamuu coobituii CKJI
Ha HAHOCIyTHHKaX ¢opMara KybcaT, pacCCMOTPUM [1Ba
BO3pACTaHMS TOTOKOB COJIHEYHBIX SJIEKTPOHOB B TOJIIP-
HBIX LIAINKaX: IIEPBOE HAYAJIOCh CPasy MOCJIe OJTYHOUYH
8 urons 2024 r., BTopoe — OKOJO NMOTyHOUM 12 HIOHS
2024 r. (puc. 1). Ha BepxHel maHenu NoOKaszaHbI Bpe-
MEHHBIE 3aBUCIMOCTH CKOPOCTEH cueTa N 3JIEeKTPOHOB
¢ sneprueit >300 k3B, mosryyeHHble npubopamu «Jle-
KoP-1» u «JleKoP-3» na Gopry KA «ABuon» (TemMHO-
roiryObie 1 (PHOIETOBBIC TOUKH COOTBETCTBEHHO). [Toka-
3aHBl M3MEpPEHHs B MOJSPHBIX MIaKax — 00JacTAX
OTKPBITHIX CHJIOBBIX JINHUH, Kyna mpoHukatotr CKIJI.

O6Benennbie Mapkephl (kBagpatamu s JIeKoP-1
u kpyramu s JleKoP-3) cooTBeTCTBYIOT U3MEpESHHSIM
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Puc. 1. BpemeHHbIe 3aBHCUMOCTH (BBEpXY) CKOpocTeit cuera N 31ekTpoHOB ¢ 3Heprueit >300 k3B, monydenHsie npudopamMu
«[IeKoP-1» u «/IeKoP-3» na 6opty KA «ABHOH» (TeMHO-roiay0bie 1 (PHOICTOBBIE TOYKH COOTBETCTBEHHO, OOBE/ICHHbBIE MapKephl
COOTBETCTBYIOT U3MEPEHHSAM B I0)KHOW HOJIAPHOH ILIanke, He OOBEICHHbIE — B CEBEPHOI), BpEMEHHAs 3aBHCUMOCTH MOTOKa J
JIEKTPOHOB ¢ dHepruei 175-315 k3B, nomydennas B sxcepumente Ha 6opty KA ACE (>kenrtast kpuBast) ¥ BpeMEHHBIE 3aBHCH-
MOCTH ITOTOKOB / IpOTOHOB ¢ 3Hepruedt 9-20 M»B (kpacnas kpusas) u 2040 M»3B (cunss kpuBasi), MoJIydeHHBIE B OKCIEPH-
MeHTe Ha 60pTy KA «Onekrpo-JI2»; BHU3y — BpeMeHHas! 3aBHCHMOCTH IOTOKOB PEHTI€HOBCKOT'O M3IIyYCHHs, ITOJIyISHHBIX

no ganaeiIM GOES

B IO)KHOHM IOJISIPHOH IIarmke, He OOBe/ICHHBIE — B Ce-
BepHO. BumHo, 9T0 KpHuBBIE MOTOKOB 3eKTpoHOB CKJI
B CEBEPHOM M I0)KHOM ITTaITkax B JaHHOM COOBITHH HE TTOJI-
HOCTBIO HICHTUYHBI, T. €. HAONIONACTCS acHMMETpHS,
KOTOpast MOXeET OBITh CBsI3aHa KaK C aHM30TPOIHEH I1o-
TOKOB, TaK ¥ C Pa3HOI OpHeHTaImell mpruOOpPOB OTHOCH-
TENTBHO CHJIOBBIX JIMHUM MarHuTHOro nosst 3emmu. OmHo-
BpeMeHHO ¢ u3MepeHusiMu KA «ABHOH» Ha BepXxHel
MaHeTN TOoKa3aHa BpPEeMEHHas 3aBUCHMOCTH IOTOKa J
ANIEKTPOHOB ¢ 3Heprueit 175-315 k9B, noxyueHHas B Kc-
nepumente Ha 6opty KA ACE (xenTast kpuBasi) U Bpe-
MCHHBIC 3aBHCUMOCTH MOTOKOB / MIPOTOHOB C 3HEPTHUCH
9-20 M»aB (xpacnas kpuBas) u 20-40 M»dB (cuHss
KpuBast), mosydeHnsle npubopom «CKU®D» B skcme-
pumente Ha 6opty KA «Dnextpo-JI2», hyHKIHOHHPY-
IOIIEro Ha reocraloHapHoi opburte. Ha HipkHel ma-
HEJIM TIOKa3aHa BPEMEHHAs 3aBUCUMOCTH IIOTOKOB PEHT-
TCHOBCKOTO W3JIYYCHUs, MONy4YCHHAs 1O JaHHBIM KA
GOES-16. Buano, 4To BpeMeHHBIC 3aBUCHMOCTH TTOTO-
koB 25iekTpoHoB CKJI B mosisipHbIX IIankax ¥ B TOYKE
L1 mocraTo4HO XOpOIIO COTNACYIOTCS, Kak HaOona-
J0Ch B Ooliee paHHUX dKcnepuMenTax [Kys3Henos u ap.,
2003]. CaemyeT OTMETUTH, YTO BO3MOKHOCTH IIOJTyde-
HUS TAaHHBIX 0 moTokax 3nekTporoB CKJI BOmm3u 3em-
T SBJIIETCS] PEUMYIIIECTBOM JKCIIEPUMEHTOB Ha Kpy-
TOBBIX MOJISIPHBIX OpPOUTAaX, MOCKOJBKY TAaKHE IAHHEIC
HE MOTYT OBITH MOJIy4eHBI B SKCIIEPIMEHTaX Ha Te0CTa-
LIUOHAPHOW OPOUTE BCIICACTBHE TOTO, YTO OHA HAXOUTCS
Bo BHemnrHeM PIT3.

Hcrounnkom nepBoro Bospactanus CKJI (8 uions —
10 uroHs) cTaja COJIHEYHAas BCIBIIMIKAa Kiacca M9.8

141

o xnaccupukammu GOES (cM. HIKHIOIO TIaHenmb puc. 1).
Benpbimka Havanack B 01:23 UT 8 utons 2024 r. B ak-
tuBHOK oOmactu (AQO) AO13697, koTOpas B MOMEHT
BCIBIIKA HAaXOAWIACh B IOXKHOM IIOJyIIApUU BOIH3H
3amagHoro nauMmba (KoopauHaThl Bemblmku S18W69).
OnHa ObUTa JOCTAaTOYHO MPOJODKUTEIBHOH — MaKCH-
MYyM MSATKOT'O PEHTT€HOBCKOT'O U3JIyUCHUs ObLI OTMCUCH
B 01:49 UT, okonuanue Bcmbimmku — B 02:07 UT.
Bcembimka compoBokIaiach KOPOHATBHBIM BBIOPOCOM
Maccel (KBM), kotoperit Habmogacs B 01:48 UT 8 urons
2024 r. U3 puc. 1 BUAHO, YTO BPEMEHHBIE 3aBUCUMOCTH
noTokoB npoToHoB CKIJI nmo gaHHBIM «OnekTpo-JI2»,
u snektpoHoB CKJI mo manabiMm KA ACE u «ABuoH»
MOOOHBI, XOTS U HE WICHTUYHBI, U UMEIOT XapakTep-
eI 1 coOertnii CKJI OT 3amagHbIX BCITBIMIEK IMPO-
¢unp — ObIcTpHIid pocT moToka yactun CKJI u 3Haun-
TENbHO 00JIee MINTENBbHBIN IIIaBHBIM cnaj. BumgHo, 94To
YBEJIMYCHUE TIOTOKA COJNIHEYHBIX MPOTOHOB IO JTAHHBIM
«DmekTpo-J12» Havamock cpa3y MOCie BCIBIIIKH MSTKO-
ro peHTreHoBckoro usnyueHuss B ~02:10 UT, makcu-
MaJIBHBIA TIOTOK TPOTOHOB B YKA3aHHOM BEIIIC JHAIIa-
30HE, BBI3BAHHBIN ITUM COOBITHEM, HAOIOAAICA 8 HIOHS
B 06:20 UT.

Btopoe nocratouno wHTeHCHBHOE coObiTHe CKII,
MOKa3aHHOE TaKKe Ha pHC. |, HAYaJIOCh OKOJIO TOIYHOUH
12 wions 2024 r. Ero HCTOYHHKOM CTajia 3aJuMO0Bast
BCIIBIIIIKA, TPOM3OIIE/IIAs, BEPOSITHO, B TOW ke camou
AO13697, 910 W BCIBIIIKA, BBI3BaBIIAs PacCMOTPEH-
Hoe BhIie coosiTe CKJI. J[aHHAs BCIBIIIKA TaK:KE CO-
npoBoxaanacs KBM tuna rano ¢ HauajabHONW CKOPOCTBIO
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Puc. 2. BpeMeHHbIE 3aBUCHMOCTH CKOPOCTeH cuera 31eKTpoHOB npubdopoM «JleKoP-1» Ha OopTy crmyTHHKa «ABHOH»
(duoneroas nuHMS, JeBas MKaja) U napamerpa MaxMnBaiina L (xxenras nuaus, npasas mxkana) 10 asrycra (a), 12 aBrycra
(0) u 14 aBrycta 2024 r. (8). ['opu30oHTaIBHBIMU KPACHON U 3€I€HON IMHUAMHU OTMEUEHBI HHTEPBAJIbI BPEMEHHU, HCIIOJIb30BAaHHbIE

Ha pHc. 4 (cM. HUXe)

~2000 xMm/c, KoTOpBI ObLT 3adukcupoBaH 11 wiOHS
2024 r. B 23:20 UT. Kak 1 B nepBoM pacCMOTPEHHOM
cobbrTnn CKJI, 0HOBpEMEHHO ¢ BO3PacTaHUSIMH MOTO-
k0B 271ekTpoHoB CKJI B MONApHBIX mIankax («ABHOH)
u B L1 (ACE) BOmm3u noyrouu ¢ 11 Ha 12 mronst 2024 T.
npubopom «CKH Dy, ycTaHOBIEHHBIM Ha Te€OCTAITHOHAP-
HOM CITyTHHUKE <«OIeKTpo-JI2», Takke OBUIO OTMEYEHO
Bo3pacTanme, T. €. B oboux cobwiTusx CKJI k opbure
3eMJTH IPUIIUTA U IPOTOHSL, ¥ 31eKTpoHb! CKJL

B 3akimoyeHue DaHHOTO pasienia XOTeJIoCh OBl OT-
METUTbh, YTO, HECMOTPST Ha MHOTOJICTHHE HaOJIOACHHS
coobrtnit CKJI, coznanue katanoros CIIC u Teopernye-
CKHX MoOJIeNIel, HEKOTOphIe BOMPOCHl OCTAlOTCA Hepe-
meHHbIMU. Tak, Jaxe B KOPOTKHHM pacCMOTpPEHHBII
BBIIIIE ITEPHO]] BPeMEHH (CM. pHC. 1) MOKHO BHUAETD, UTO
HU HanOoIlee MHTCHCHUBHAS 3a TAHHBIA ITEPUOJ BCIIBIIIKA
X1.5 10 urons 2024 r. Bce B Toii xe AO13697, uu mo-
clemoBaBmias 3a Hel (cHoBa B Toi ke AQ) BCIBINIKA
knacca M9.5 ne otHocarcs k 3HaunMbiM CIIC, cormo-
CTaBUMBIM [0 aMIUTUTYZAE C OBYMS PacCMOTPEHHBIMH
Bhime coObrTussMu CKJI aist MPOTOHOB M 3JICKTPOHOB.
HeobOxoanmbl nanpHeWIIme SKCHEPUMEHTANBHBIE HC-
cnenoBanusi cobbituit CKJI, xoTopble OyayT mojie3HEI
IIPU CO3/IaHUU TEOPETHYECKUX W NMPOTHOCTHYECKUX MO-
Jenet.

2.2. luHaMUKAa BHEIIHEr0 pPaJIHANMOHHOIO
nosica 3eMJiM BO BpeMsi MATHMTHOI Oypu

I[pyFI/IM CYIIECCTBCHHBIM TIPOABJIICHUCM KOCMHUYC-
CKOM IIOroabl, KOTOPOE TAKKE MOKET OBITH OTCIICIKECHO

B OKCIIEpUMEHTaX Ha HAaHOCITyTHUKaX (opmara Kyocart,
sBisieTcss n3MeHenue BHemrHero PI13 Bo Bpems MarHuT-
HBIX Oypb. PaccMoTpum mnonpoOHee AMHAMHKY BHEII-
Hero PII3 mo maHHBIM ciyTHHKAa «ABHOH» B HEPHOX
¢ 11 mo 15 aBrycta 2024 r., xoraa HabIOqAIaCh TOCTA-
TOYHO BBICOKAsi T€OMarHUTHAsI aKTHBHOCTb.

Ha puc. 2 mnokas3aHbl BpEeMEHHbIE 3aBUCHUMOCTH
CKOpOCTEH cYeTa JIeKTPOHOB ¢ dHeprued >300 k3B,
peructpupoBaBiuxcs npudoopom «JIeKoP-1» na Gopry
KA «ABuon» ((puoneroBast TUHUS, JIeBas IIKaja) U Ia-
pametpa MaxWBaiina L (kenTas TMHUS, TIpaBasi [IKaiia)
JUIsl BpeMeHHBIX MHTepBanoB 10 aBrycra 2024 r. ¢ 21:27
mo 23:42, 12 asrycrta 2024 r. ¢ 21:15 no 23:30 u 14 aB-
rycra 2024 r. ¢ 21:03 mo 23:18 UT no, Bo BpeMs u nocne
MarHuTHOW OypH, HavuaBIIeics B KOHIIEe CyTOK 11 aBrycra
2024 r. TlpuBeneHHBIE WHTEPBAIBI MMOAOOpPAaHBI TaKUM
00pazoM, 9TOOBI MCKIIOYUTH TOJTOTHBIA 3(dexT, mo-
CKOJIBKY JUISl K&XKIOTO M3 TPEX HWHTEPBAJIOB BPEMEHH
KA npoxoaut no ogHUM U TEM XKe JOJITOTaM.

BuzHo, 4TO TONTyYeHHBIE BPEMEHHBIE 3aBUCHMOCTH
CKOpOCTel cueTa 3JIeKTpoHOB BHelrHero PI13 MeHstoTCs
CO BPEMEHEM.

PaccMoTpuM mozmpoOHee T'€OMarHWUTHBIC YCIIOBHS
JTaHHOTO HHTepBaja BpeMeHH. CHIbHOE BO3MYLICHUE
MMII, BbI3BaHHOE, BEPOSTHO, MPHOBITHEM K 3emIe
mexmtanerHoro KBM (MKBM), koTopslit O pe3yiib-
TaTOM CJMSHUS HECKOJbKHUX, MO KpaiiHel Mepe Tpex,
KBM, nmokunyBmux Comaie ¢ 8 mo 10 aBrycra 2024 .
MaxkcumanbHasi CKOPOCTb BBIOpOCA, 3apETHCTPUPOBAHHAS
LASCO/SOHO 8 aBrycra 2024 1. B 19:48 UT, cocTtaBmia
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Puc. 3. BpeMeHHbIE 3aBUCMMOCTH MHJIEKCOB F€OMAarHUTHON aKTUBHOCTU Dst (BBepxy) u K, (BHu3Y). CTpenKkaMu OTMEYEHbI

MOMeHTHI u3Mepennii Ha KA «ABHoH», IOKa3aHHbBIE Ha puc. 4
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Puc. 4. CneBa: 3aBUCUMOCTH OT L CKOPOCTEH cueTa 3JIEKTPOHOB 10 (CHHSAA JMHU), BO BpeMs (KpacHas JIMHHA) U nocne (3e-
JIeHas JIMHUS) MarHUTHOTO Bo3MymeHus 11-12 aprycra 2024 r. 11 MHTEpBaJIOB BPEMEHH, OTMEUCHHBIX Ha PHC. 2 KPacHOH Ju-
HUeH (BepXHss MaHelb) U 3eJIeHON TMHUeH (HKH: naHens). Crpasa: KapThl ¢ MPOEKIME Ha 3eMIII0 OpOUTHI CITyTHHKA «ABHOHY

JUUIsL HAOJTIOICHHH, TTOKa3aHHbBIX HA JIEBBIX ITAHENISX

cocraBuia 789 km/c, MakcumaibHas ckopoct CB Ha op-
oute 3emun coctaBmia ~520 KM/c, MaKCUMaJlbHAs TIIOT-
Hocth CB — ~35 cm .

I'maBHas ¢aza Oypu Havaach OKOJIO MOyHOUH ¢ 11
Ha 12 aBrycra 2024 r. MakcumanbHas aMILIMTy/a Bapua-
un Dst ~—203 vTa 6suta otmedeHa B 17:00 12 aBrycra,
MaKCHMalbHbId HHAEKC K|, cocTaBui 8. I'eOMarHuTHBIE
ubaekchl K, u Dst nns 9-16 asrycra 2024 r. noxasaHsl

Ha puc. 3. L[BeTHBIC CTPEIKM — MOMEHTHI BPEMCHH,
Kor/ia ObUTH TIONTy4eHbI JaHHBIe 0 BHemmHeM PII3 (cm. ma-
nee puc. 4).

Ha neBoii manenw puc. 4 moka3aHbl 3aBUCUMOCTH OT L
MPONIOPIMOHAIBHOTO MAarHUTHON IIMPOTE MEcTa u3Mepe-
HUSI, CKOPOCTEH cueTa 3JEKTPOHOB 10 (CHHSAS JIMHUSA),
BO BpeMs (KpacHast JIMHKS) U TIoclie (3ej1eHasi JIMHKS) Mar-

HUTHOTO Bo3MylueHusi 11-12 aBrycra 2024 r. ans uH-
TEpBaJIOB BpEMEHH (CM. CTpeNKu Ha puc. 3). Ha mpasoit
TIaHEeN N TI0Ka3aHbl KapThl C MPOEKIMel Ha 3eMITI0 OpOUTEI
CIyTHUKa «ABHOH» IJIsl HAOJIOICHHH, TIPECTaBICHHBIX
Ha JIeBBIX NaHelsX. KpuBble MONy4YeHBI 1O JaHHBIM
HaOJFONEHNH ISl CNIEAYIOIINX MHTEPBAIOB BPEMEHH, KO-
TOPBIE COOTBETCTBYIOT IIEPECCUCHHUIO OPOUTHI CITyTHUKA
¢ PII3 (cMm. puc. 2), korma KA aBurancs u3 moJsipHOM
obimacti K dKBaTOpy. BepxHAs mnaHenp MOKa3bIBaeT
nanasie 10 aBrycrta 2024 r. B 21:46-22:10, 12 aBrycra
B 21:31-21:55 u 14 aBrycra B 21:16-21:40 UT, 1. e. B Ce-
BEpHOM MoJymapiy. HrpKHAS maHenh MOKa3bIBaeT JaH-
uble 10 aBrycra 2024 r. B 22:30-23:00, 12 aBrycra 2024 r.
B 22:15-22:45 u 14 aBrycta B 22:00- 22:30 UT, 1. e.
B IOxHOM nonymapuu.
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Bunno, uto B CeBepHOM MONyMIApUU B MAKCUMyMeE
Oypu WHTEHCHBHOCTH BHemHero PII3 mpaktuuecku
HE M3MEHMJIaCh, HO €r0 MaKCUMYM CMECTHIICS OJInxKe
Kk 3emie, ¢ L=4 mo L=3, roe mo Oypu pacmoiaraics
3a30p MEXIy BHCITHUM M BHYTPCHHUM Tosicamu. Beico-
KOIIMUPOTHAsI TpaHuIia BHemHero PII3 Takke mepenBu-
HyJach Ha MeHbpmue L — ¢ L~8+9 mo L~6+7. B IOx-
HOM TOJyIIapMH B MakCHMyMe OypH HHTEHCHUBHOCTP
MTOTOKOB CYOPENSTHBUCTCKUX 3JEKTPOHOB Iajajia B He-
CKOJIFKO pa3, PKBaTOpHajbHAsA TpaHuIa, kak u B Cesep-
HOM TIOJTYIITAPHUH CABUHYJIACH HA MEHBIINE L, T. €. B 000MX
MOJTYIIApUSIX 3a30p 3aMOMHWICS YactuiamMu. B FOxxHOM
HoJIylIapuy nonsipHast rpanuna sHemHero PII3 cmema-
nack ¢ L~7+8 no L~5+6. Ilockonbky 3KBaTOpUasbHAs
rpaHuIla BHEIIHETro Iosica CIBUraiach ciabee B 00oux
MOJTyIIApUsIX, MOXKHO CKa3aTh, YTO K KOHIIY TJaBHOM
(a3bl Oypu BHEIIHMH Mosic Kak Obl cxumaincs. B HOx-
HOM TIOJyIIapHUH Takke oOpaimaeT Ha ceOs BHUMaHWE
JIOTIOJTHUTEIHHOE BBHICOKOIIMPOTHOE BO3pacTaHUE MOTO-
KOB 2JIeKTpOHOB B obyacti L ot 8 no 10. BeisicHenue
MIPUPOIBI TIOAOOHBIX BBICOKOIIMPOTHBIX BO3pPACTaHUI
TpeOyeT naabHEHIINX UCCIIeTOBaHUH.

B xonie ¢assl Bocctanosnenus (14 aBrycra) Bbico-
KoUIMpoTHasl rpanuua BHewmHero PII3 Bepuynack B 10-
OypeBoe cocTosiHue B oboux mnonmymapusx. B HOxnom
MOJIyIIApUM WHTCHCUBHOCTh B MAaKCUMYME, KOTODBIi
ocraBajics Ommke K 3emiie, 4eM 10 OypH, Bo3pocia.
[Monspuas rpanuna BHeurHero PI13 BepHynacek k 100y-
PEBOMY COCTOSIHHIO B 000MX TONymapusx, 100ypeBoi
3a30p OcTajics 3allOJHEHHBIM YacTHIAMH, T. €. 00JIacTh
MIPOCTPAHCTBA, 3AllOJIHEHHAS AIIEKTPOHAMH BHEITHETO
PII3 B pe3ynbpTaTe BO3ACHCTBUS T€OMarHUTHOUW Oypu
B JIaHHOM CITy9dae yBEIHYMIACh, KaK 3TO HEOJHOKPATHO
HaOJIOIaJloch B JAPYTUX JKCIEPUMEHTaxX (Hampumep,
[MsrkoBa u ap., 2021]).

2.3. BobichInaHue J1eKTPOHOB U3 BHYTPEHHEr 0
nosica

TpeTbeir mpobiaeMoi ¢ TOYKH 3pEHHUs SABIECHUN KOC-
MHUYECKOH TOTO/bI SBISIETCS MCCIIEAOBAaHUE BapUaluii
BbICHINAaHUM U3 BHyTpeHHero PII3. B xauecTBe npumepa
paccMOTpHUM BapHalMi CKOPOCTH CUYETa 3JIEKTPOHOB B
obnactH BeIChIIaHUK 13 BHyTpeHnHero PII3 (L~1.6+1.8).
Ilepen marauTHOM Oypel HaOIFOMAJICS OIVH MWK WHTCH-
cuBHOCTH Ha L~ 1.7 (cunsis kpuBas Ha puc. 4). Bo Bpems
OypH HOSBUIIOCH €IIe JBa AOMOJTHHUTEIBHBIX ITHKAa —
Ha L~1.6 u L~2 (kpacHas xpuBas Ha puc. 4). ITocre
OKOHYaHHUs Oypw aMIUIMTyla Tka Ha L~1.6 3Ha4m-
TEJIBHO BO3POCIa MOCHe €e OKOHYaHHS (3eJIeHast KpuBas
Ha puc. 4). OT™MeTnM, 4TO NMUKK BONM3M 1.6 Habmona-
quck B ~21:44 12 asrycta u ~ 21:30 UT 14 aBrycra, T. €.
NPUMEPHO B OAHO BpeMs. Takum 00Opa3oM, BO3HHKAET
BOIIPOC, CBs3aHA JIM JMHAMHMKa CKOPOCTH cdera cyOpe-
JSITUBUCTCKUX DJICKTPOHOB, BBICHINAIOUIMXCS W3 BHYT-
pennero PII3 na L~1.6, c reOMarHuTHON aKTUBHOCTBIO
WIIH eCTh ApyTHe (HaKTOPHI.

st mposicHeHUsT ATOTO BomIpoca OBLTH paccMoTpe-
HBI TaHHBIC N3MEPEHHH, morydeHHbie Ha KA «ABHOHY
BO BpeMsi MarHuTHOU Oypu 8 aBrycra 2024 r. U B cIio-
KOWHBINA mepron 25 ceHtsaops — 3 oktsaops 2024 r. Bpe-
MEHHBIE 3aBHCHMOCTH CKOpPOCTH CYE€Ta 3JIEKTPOHOB

A.V. Bogomolov, V.V. Bogomolov, A.F. Iyudin, V.V. Kalegaev,
LN. Myagkova, V.I. Osedlo, S.1. Svertillov, LV. Yashin

¢ aneprueil >300 x»B no usmepenusm KA «ABuon»
¢ nomo1nsio npudopa «JIeKoP-1» nokasansl Ha puc. 5.
Taxoke ObLIM NMPOAHATM3UPOBAHBI JaHHBIE KyOcaTa «AJb-
Tanp», noiyyeHusle 13 nekadps 2024 r., Takke BO Bpems
MarHUTHO-CIIOKOIHOT'O TIepHo/a.

Kapra ¢ mpoekmueit Ha 3emio opOWT KyOcaToB
«ABHOH» U «AJBTanp» AJS STHUX M3MEpPEHHH MOKa3aHa
Ha puc. 6. [Tockonbky opoutbl KA OIM3KH K COTHEYHO-
CHHXPOHHBIM, OHH TIPOXOZAT YePe3 OJHU U T€ KE PETUOHBI
MpUMEpPHO B oHO U TO ke Bpemst UT. Kpyxkamu orme-
YeHbI 00J1aCTH, Te HAOI0IANCh BBICBHITIAaHUS CyOpers-
TUBHUCTCKHX DJIEKTPOHOB U3 BHyTpeHHero PII3.

3aBUCUMOCTH CKOpOCTel cueTta 3ekTpoHoB >300 k2B
oT L, mony4yeHHBIE C MOMOIIbIO KyOCaTOB «ABHOH»
u «Anpraup» (CM. TPA€KTOPUHU Ha puUC. 6), MOKAa3aHEI
Ha puc. 7. 3eneHas yiuHus — naHHeie KA «ABHOHY,
nonxy4yenssle 14 asrycra 2024 r., 21:16-21:40 no Bce-
MHPHOMY BpeMeHH (TI0Cjie MArHUTHOM OypH, HadaBIIeH-
cs 11 amrycra 2024 1.); xentas («ABUOH») — 28 ceH-
Ts10pst 2024 1., 21:38— 22:00 MO BCEMHPHOMY BpEeMEHH
(anayormynas opoura u BceMupHoe Bpemst, Dst=—11 uTu,
K,=2+); dpuonerosas («ABuon») — 28 centsabpsa 2024 r.,
12:06—12:30 o BceMUpHOMY BpeMeHH (Ipyrast opouTa
u BcemupHoe Bpems, Dst=3 wTn, K,=2-); xpacHas
(«AnbTanp») — 13 nexabps 2024 r., 09:48-10:11 mo Bce-
MHUpPHOMY BpeMeHHM (aHajoruyHas opOura, Ipyroe Bce-
mupHoe Bpems, Dst=1 uTn, K,=1+); rony6as («Ans-
taup») — 13 nexadbps 2024 r., 16:53—17:17 no Bcemup-
HOMY BpeMeHH (pyrasi opOWTa, MOXOXee BCEeMUPHOE
BpeMms, Dst=—6 uTn, K,=1+).

Ha moxa3aHHBIX BbINIE PUCYHKAaX BHIHO, YTO B HC-
cinenyemMbix obmactsax (Ha L~1.7) HaOmomaauch Kpart-
KOBPEMEHHbBIE PE3KHE BO3PACTaHUs (TIMKHU) TIOTOKOB DJICK-
TpoHOB ¢ 3Hepruer >300 k3B u 10 Hayama MarHUTHOM
Oypu (10 aBrycra), u Bo Bpems MarHuTHOM Oypu (12 aBry-
cra), U B nekabpe 2024 r. B MarHUTHO-CIIOKOWHBIHN TIe-
puon (manHble KyOcaTa «AabTanp»). B To ke Bpems
BO BpEMSI MarHUTHOM OypH B aBrycTe MOSBHIICS €ILE OJMH
miK Ha L~1.6, JOCTUTIIUI CYIIECTBEHHO OOJNBIICH aM-
wmTyAsl 14 aBrycra, a nuk Ha L~1.7 nepecran Ha0mo-
natbesi. COBOKYITHOCTE 3THX (PAKTOB MO3BOJISIET TPEITIO-
JIOKUTbH, 94TO TeomarHuTHas Oypst 11-12 aBrycra 2024 r.
ObLIa HACTONBKO CIJIBHOM, YTO BBI3BAJIA BO3MYILECHUE
HE TOJILKO BHEITHETo, HO M BHyTpeHHero PII3, uro mpu-
BEJI0O K M3MEHEHHUIO PACTIPECIICHNSI TIOTOKOB CyOpess-
TUBHCTCKHX JIEKTPOHOB B 00JIaCTH BBICHITAHUH.

Ecnu sxe paccMaTpuBath 3Ty 00JIaCTh B LIEJIOM, T. €.
or L~1.6+1.9, cnenryer oTMeTUTh, UTO pe3KHE BO3pac-
TaHUs TIOTOKOB CyOpENSITUBUCTCKUX DIIEKTPOHOB Ha JIaH-
HBIX L-000704Kax MOryT Habtonarses B paiione 180° E
Kak BO BpPeMSI MarHMTHbBIX Oypb, TaKk ¥ B MarHMTOCHO-
KOMHBIE HEPHOMBI, U JOCTUTaTh MAaKCHMAJbHBIX 3Hade-
Huii B BeuepHee Bpems no UT.

Jlist Toro 9To0BI IPOBEPUTH, 00YCITOBIIEHBI JIN HA0JTIO-
JAeMble MAaKCUMYyMbl HHTEHCHBHOCTH BBICBHIIAIOIINXCS
anekTpoHoB onpeaeneHHbiM UT wnmm oTpaxkarorT mpo-
CTPaHCTBEHHOE paCIIpe/ICTICHNE MOTOKOB HA OMPEIEIICH-
HBIX JpeH(OBBIX 000JIOUKaX WIM B OIPEICICHHBIX Ieo-
rpadu4eckux o0nacTix, ObUIM MPOaHAIM3UPOBAHBI H3Me-
peHust Ha opOuTax, nepecexaroux odonouku L~1.6+1.9
Ha JIpyrux gojirorax (puosieToBast KpuBas Ha puc. 6, 7).
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Puc. 6. Kapra c npoekuueii Ha 3eMinto opOUT KyOcaToB « ABHOH» U «AJIbTaupy: 3eneHast TuHusa — opobuta KA «ABuon» 14 a-
rycra 2024 r. B 21:16-21:40; sxenras muaus — opbuta KA «ABron» 28 cenrsiops 2024 r. B 21:38-22:00; ¢uoneroBast uHusT —
opbura KA «ABnon» 28 centsiops 2024 r. B 12:06-12:30; opamkesas nuans — opbura KA «Ansraup» 13 nexabps 2024 r.
B 09:48-10:11; cunss maans — opbura KA «Ansranp» 13 nexabps 2024 r. B 16:53-17:17 UT. Kpyxkkamu oTMedeHs! obiacti,
TJie HaOJIIOJANINCh BBICHIIAHUS CYyOPEIITHBUCTCKHX JIEKTPOHOB U3 BHYTPEHHETO I10sica
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Puc. 7. 3aBucuMocTH OT L cKOpoOCTeil cyera 3JeKTPOHOB, OIyYCHHBIE Ha KyOcaTax «ABHOH» U «AJbTaup» IJIs U3MEPEHU,
MOKa3aHHBIX HA pUC. 5 U 6. 3eneHas muHUI — «ABuoH» 14.08.2024, 21:16-21:40 UT (mocne MarHuTHOW Oypm); »KenTas JTHHUA —
«ABuon» 28.09.2024, 21:38-22:00 UT (ananoruynas opouta 1 BCeMUpHOE BpeMmsi); (rosieToBast TMHUS — «ABHOH» 28.09.2024,
12:06-12:30 UT (mpyras opbuta u BceMHpHOE BpeMs); KpacHast TUHUS — «AnbTaup» 13.12.2024, 09:48-10:11 UT (ananorua-
Has OpOHTa, IPyroe BCEMUPHOE BpeMs); romydast muHus — «Anbtanp» 13.12.2024, 16:53-17:17 UT (apyras opbura, moxoxee

BCEMHUPHOE BpeMs)

Ha puc. 7 BumHo, uto Ha monrorax ~320°-330° okoio
MOTyAHS TI0 MHPOBOMY BpPEMEHH He HaOII0Janoch Mo-
BBILIEHMH MHTEHCUBHOCTH Ha L~1.6+1.7, 94TO 1103BOJISET
cIenaTh BBIBOA O TOM, YTO BBICHIITAHHS HA THX IOJTO-
TaX, BEPOSATHO, TPUBSI3aHBI JTHOO K OMPEICICHHOMN reo-
rpadudeckoi 00acTH, OO0 K ONMPEICICHHOMY HHTEp-
Baxy UT.

Jlns ananmm3a 00ernx BO3MOXKHOCTEH OBLIO MPOBEICHO
CpaBHEHHE CKOPOCTH CUETa JJIEKTPOHOB, H3MEPEHHOI
MIPH TPOXOKICHUU OHOTO U TOT'O )K€ PErHOHA Pa3HBIMHU
KA, nepecekaronMu ero B pa3Hbleé MOMEHTBI MHPOBOTO
BpeMeHHU. [ns sTOoro B JomojiHeHHE K JaHHBIM KA
«ABHWOH» Ha puC. 6, 7 TIOKa3aHBI €Ille IBE TPACKTOPUHU
W J1Ba JOTIOJTHATENBHBIX MPO(QHIIS CKOPOCTH cyeTa cyope-
JISITUBUCTCKUX SJICKTPOHOB B 3aBUCHMOCTH OT L (KpacHas
u rosry6ast uanK). OHKM OBIIIM HOJTy4YEHBI B PE3yJbTaTe
m3Mepenuit ¢ momonipio «JIeKoP-2» (u3Mepsn Takxke
CKOPOCTH cueTa 3JIEKTpOHOB ¢ sHeprueit >300 k3B)
Ha KyOcate «AnbTanp», opOUTa KOTOPOTO aHAJOTHIHA
opbute KA «ABuon». Kpacnas kpusas Ha puc. 7 noka-
3BIBACT 3aBHCHUMOCTH ITOTOKA 3JIEKTPOHOB OT L, mM3Me-
PEHHYIO, KOTZa «AJIbTaup» Iepecekanl Ty e 001acTh
Ha L~1.6, 9T0 1 «ABHOHY», HO TOpa3no paHbiie (09:48—
10:11 UT). B aToM ciydae He HaOmIOanoch yBejinde-
HUS TTOTOKA 3JIEKTpoHOB Ha L<2. OmHako nuk Ha L~1.8
OBLI BBISIBJICH BO BpeMst ApYTHX mpoJieToB KA «Ambsranpy,
3aBHCHMOCTH OT L ISt OMHOTO W3 KOTOPHIX MOKa3aHa
Ha puc. 7 ronybOoi ynmHueid. B sro Bpems (16:53—
17:17 UT) «AnbpTamp» IOBUTAICSA OT FOKHOUM TOJISPHOU
IIaNKK K 9KBaTopy HaJ THUXMM OKEaHOM. DTH Pe3yJIbTAThI
MTO3BOJIAIOT CIENATh BBIBOJ, YTO 3HAUUTEIbHBIE MUKH
Ha L~1.6+1.9 HaOmoa10TCs B pa3HbIX reorpaduIecKux
peruoHax, Ho B ompenencHubie uHTepBanel UT, T. e.
B OCHOBHOM JTHEM U BEUEPOM.

CretyeT OTMETHUTB, YTO 3HAUMTEIbHBIE TIOTOKH CcyOpe-
JIITUBUCTCKUX DJIEKTPOHOB Ha L~1.6+1.9 panee HaOmo-
nmamick Ha KA «OHZORA» [Nagata et al., 1988], «KO-
POHAC-N» [Bashkirov et al., 1999; Ky3nenos, Msr-
koBa, 2001; Kuznetsov, Myagkova, 2002] u opburains-
HO# cTannuu «Mwupy [boromornos u ap., 2005]. B gact-

moctu, B [Kuznetsov, Myagkova, 2002] moka3zaHo,
YTO JJIEKTPOHBI HA L~1.6 peTHCTPUPYIOTCS B OCHOB-
oM oT 10 mo 24 UT ma moarorax 110°-200°, 200°—
290°. ABtopsr pabotsr [Kuznetsov, Myagkova, 2002]
JIETAI0T BBIBOJ, YTO BBICHITAHUS Ha L~1.6 MOTYT OBITh
BBI3BaHBI TPO30BOI AKTHBHOCTHIO, OJJHAKO HE HCKIIIO-
Yal0T U UX BO3MOXXHYIO CBSI3b C BapUAlUIMH HH]CK-
COB F€OMAarHUTHONM aKTUBHOCTH. MOHO CKa3aTh, 4YTO
pe3yIbTaThl U3BMEPEHUN MMOTOKOB CYOPEIATHBUCTCKHX
anekTpoHoB Ha L~1.6+1.9 Ha KA rpynmuposku Moc-
KOBCKOTO YHHBEPCHTETa HE MPOTHBOPEYAT dTUM BBI-
BOJIaM.

3AKVIIOYEHUE

B Hacrosimei pabote mpuBeAEHbI IpUMEPH! HaOIIIO-
JICHUSI HEKOTOPBIX SIBIICHUH KOCMHUYECKOW IMOTOJIBI B IKC-
MIEPUMEHTAX, MPOBOANMBIX C ITOMOIIBIO PHOOPOB, CO-
3panHblX B HUMSI® MI'Y 1 ycraHOBIIEHHBIX Ha KyOca-
Tax TpynmupoBku ciyTHHKOB «Co3Be3mue-270» Moc-
KOBCKOTO YHUBEpCHTETa. B gacTHOCTH, MOKa3aHBI BO3-
MOKHOCTH HM3MEPEHHH TOTOKOB COJTHEYHBIX AIIEKTPO-
HOB B OKII ansa coopituit CKJI, mpoBeneHsl HaOMIOAC-
HUS 32 3allOJIHEHHEM TMOJSIPHBIX IHAloK YacTHIAMHU
CKJI, Ha OCHOBaHMH KOTOPBIX IOJYICHBI BpEMEHHBIC
3aBUCHMOCTH CpeHEH CKOPOCTH cUeTa CyOpessITHBUCT-
CKHX 3JICKTPOHOB B TOJIAPHBIX MIATIKAX BO BPEMsl COOBI-
il CKJI 8-10 u 12—-14 utons 2024 r. 3Tu 3aBUCUMOCTH
XOpOIIO COTJIACYIOTCS C BPEMEHHBIM XOJOM HOTOKOB
anexTpoHoB CKJI B Touke nmubpanun L1, n3mepeHHBIX
Ha KA ACE, a Taxxe ¢ mpo¢uiem nporoHoB CKIJI
o paHHbIM KA «Onektpo-JI2y». TTonydens! Taxke qaH-
HBIE O AWHAMUKE INPOCTPAHCTBEHHBIX pacIpeleIeHIH
MTOTOKOB CYOPENITHBUCTCKUX SJIEKTPOHOB BO BHEITHEM
PII3 Bo Bpemst cuibHOM MarHuTHOH Oypu 11 n 12 aBrycra
2024 r., MoOKa3zaBIIME, YTO BO BpeMs TJIAaBHOH (haswl
MarHuTHoOM Oypu o6macTh BHemHero PII3 kak Obl Cxu-
Maercs. B 1aHHOM citydae 3TO IPOUCXOUT 3a CUET MEHb-
IIEro CIBHTA YKBATOPUATBHOMN TPaHHMIBI Tosica (B 001acTh
JI00YpEBOTo TOJIOKEHUS 3a30pa) 10 CPaBHEHUIO ¢ Ooiiee
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3aMETHBIM CIOBUroM ToiisipHod rpanunsl PIT3. Ha dase
BOCCTAHOBJICHHS! TTOJIAPHAsI TPAaHMIA BO3BpAILAETCs K I10-
JIOXKEHHIO, HaOJo1aBIIeMycst 10 OypH, a dKBaTOpUaIIb-
Hasl TpPaHuIla IPOJOJDKAET OCTaBaThCs OJIM3KO K 3emuie,
3a CYET 4ero o0acTh, 3aHATas CyOpeNsITHBUCTCKUMH
anekTpoHamu BHemHero PII3, pacmmpseTcs.

CTOHUT OTMETUTH TaK)K€ PEe3yNIbTaThl UCCIICTOBAHHMA
IUHAMHAKHA TIOTOKOB CYOPENSTHBHCTCKUX JIICKTPOHOB,
BBICHITIAtOIUXCsl U3 BHyTpeHHero PII3 ma L~1.6+1.8.
[ToxazaHo, 94TO B IIEJOM 3HAYMMBIC MTOTOKH HA yKa3aH-
HBIX JpeH(OBBIX 000JI0YKax HAONIOAAIOTCS B Pa3HBIX
reorpa)Mueckux paiioHax B OIPEAEICHHOM HHTEpBale
UT npu pa3HbIX YPOBHSAX I'COMarHUTHONW aKTUBHOCTH.
B 10 e Bpems B ciyuyae O4€Hb CHJIbLHOW MAarHUTHOU
O6ypu 11, 12 aBrycra 2024 r. npocTpaHCTBEHHOE pac-
IpeaesicHe TOTOKOB DJIEKTPOHOB B O0JIACTH BBICHIIIA-
HAW TIpeTepriesio HeKoTopwle Bapuaimu. [lomydeHHbie
pe3yIbTaThl HE MMPOTUBOPEYAT BBIBOJAM, KOTOPBIE OBIIN
cnenanbl paHee o HabmoneHusM Ha KA «OHZORA»
n «KKOPOHAC-N». Ocobo ciaemyeT OTMETUTb, YTO JJIS
moyydeHus1 OoJiee MOTHON KapTHHBI AWHAMHUKH U TIPO-
CTPAHCTBEHHON CTPYKTYpBI BBICBIIAIOUIMXCS DIIEKTPO-
HOB BIEpBbIE OBUIM HCIIOJIB30BAHBI JTaHHBIE HaOIIO/IE-
HUil ¢ pa3Heix KA MHOrocmyTHUKOBON TpyHMIHPOBKH
«Co3Be3nue-270» MockoBckoro yHuBepcureTa. Ecre-
CTBEHHO, JUIsL TOTO YTOOBI CHENaTh ONpPEEICHHBIE BbI-
BOJIBI O TMHAMUKE W MEXaHW3MaX BBICBIIAHUN CyOpes-
THBHUCTCKHX JJICKTPOHOB U3 BHyTpeHHero PII3, HeoOxo-
IUMBI TaJdbHEHIINE WCCIIeNOBaHUSA, B KOTOPbIE MHOTO-
CITyTHHKOBEIC H3MEPEHHUSI MOTYT BHECTH CYIIECTBEHHBII
BKJIaA. B 3To#l CBsSI3M pojb HAHOCITYTHUKOBOW TPYIITH-
poBku «Co3Be3nue-270» MOCKOBCKOTO YHHUBEPCHTETA
KpailHe BaXKHa.

Pabora BeITIONHEHA MIPH MOICPIKKE HAYIHO-00pa3o-
BaTEJIbHOM IIKOJIbI MOCKOBCKOTO MOCY/IapCTBEHHOTO YHH-
Bepcutera uM. M.B. JlomoHocoBa «®DyHaaMeHTaJIbHbBIE
1 TIPUKJIQTHBIE UCCIISTOBAHMS KOCMOCay, TPoeKT No 24-
I101-05 «Co3esznue 270», a Taxke B paMKax rocynap-
ctBeHHoro 3aganusgs MI'Y um. M.B. Jlomonocosa.
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Abstract. The article reports on the studies of vari-
ous manifestations of space weather (SW) on Earth,
conducted by SHICRA SB RAS at the network of geo-
physical stations located in Yakutia. It is noted that the
Institute researchers study various phenomena occurring
in the solar wind and Earth’s magnetosphere such as
magnetic clouds, Forbush effects, magnetic storms, sub-
storms and associated subauroral glow, as well as high-
latitude impulses in the dayside magnetosphere and
sudden phase anomalies in the lower ionosphere. In
addition to the data from the network of stations in Ya-
kutia, data from other domestic and foreign stations, as
well as direct measurements of the parameters of the
interplanetary medium and magnetosphere, carried out
on various spacecraft, are used to study these phenome-
na. The paper also describes physical models of magnet-
ic clouds in the solar wind, high-latitude disturbed iono-
sphere, and methods for short-term forecasting of SW
based on cosmic ray (CR) measurements developed at
SHICRA SB RAS.

Keywords: geomagnetic Pc5 pulsations, equivalent
current systems, azimuthal and meridional propaga-
tion, space weather monitoring, space weather fore-
cast, lower ionosphere, solar flare, VLF signal, sudden
phase anomaly.

AnHoTamus. B cratee coobmaercs o mpoBoau-
Mbix B UKOUA CO PAH Ha ocHOBe pacmnoyiokeHHON
B SlkyTuu cetm reo()M3UUCCKUX CTAHIUH UCCICHOBa-
HUSX Pa3IMYHBIX MPOSBICHUN KOCMUYCCKOU MOTOJIBI
(KIT) na 3emie. OTMeuaercs, 4To coTpyaHuKH MHCTHTY-
Ta W3y4yaroT Pa3lIUYHBIC SBICHUSA, MPOTEKAIOIIUE B COJ-
HEYHOM BETpEe W B MarHutocdepe 3eMiH: MarHUTHBIC
obnaxka, 3¢ dekrsr PopOyIia, MarHUTHBIE OYpH, CyO0ypH
1 CBS3aHHBIC C HUMH CyOaBpOPAIBHBIC CBEUCHUS, a TAKKE
BBICOKOIIIMPOTHBIE UMITYJIECHI B THEBHOW MarHurocgepe
Y BHE3aImHbIe (a30Bble aHOMAJIMK B HYDKHEH HoHOChepe.
IToMuMO HaHHBIX CeTH CTaHUMM B SKyTUW ajid u3yde-
HUS STHX SIBIICHUHA TPUBJICKAIOTCS JaHHBIC JPYTUX OTe-
YECTBECHHBIX U 3apyOC)KHBIX CTAHIIHM, a TAKXKE MPSIMBIC
M3MEPEHUsS MapaMeTPOB MEXKIUIAHETHOW CpPEeAbl W Mar-
HUTOC(EPHI, KOTOPBIC MPOBOMATCS HA Pa3IUYHBIX KOC-
MHUYecKuX anmaparaX. OIHCBIBAIOTCS Takke pa3pado-
TaHHbIe B HCTUTYTE (PU3UUECKUE MOJCITU MAarHUTHBIX
00JaKOB B COJIHEYHOM BETpE, BBHICOKOIIMPOTHOW BO3-
MYIIEHHON WOHOC(hEPhl M METOIBI KPATKOCPOYHOTO
nporno3a KII Ha ocHoBe uzmepenuii KJI.

KiroueBble cj10Ba: reoMarHuTHble Iyibcauu PcS,
SKBUBAJICHTHBIE TOKOBBIE CHCTEMBbI, a3UMYTaJIbHOE U Me-
PUAMOHATIEHOE PAcIpOCTpaHEHHE, MOHUTOPHHT KOCMHU-
YECKOW TMOTObl, TPOTHO3 KOCMMYECKOW MOTOJbI, HUXK-
HAS HWOHOCc(epa, comHedHas Bcmblmka, OHY-curman,
BHe3amHast (pa3oBas aHOMaJIHS.
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INTRODUCTION.
SPACE WEATHER MONITORING
AND FORECASTING IN RUSSIA

With the development of high technologies, space
physics research has become of great importance for
fundamental and applied science. Nowadays, space
weather monitoring and forecast play an equally im-
portant role in the successful operation of space tech-
nology and human safety than the ordinary weather
forecast. The term “space weather” (SW) refers to the
state of near-Earth space (NES). In contemporary Rus-
sia, the information on the state of NES is generally
provided by geophysical stations located at high lati-
tudes of the Russian Arctic. The number of these sta-
tions is limited due to difficulties with staff, logistics,
high electricity and heat tariffs in the Arctic. In addition,
these stations belong to scientific organizations subordi-
nate to different departments such as the Ministry of Edu-
cation and Science of the Russian Federation and Roshy-
dromet. As a result, SW monitoring and forecasting
is carried out by a number of Russian scientific organi-
zations (IZMIRAN, IKI RAS, SINP MSU, LPI RAS,
ISTP SB RAS, IPG, AARI, SHICRA SB RAS, IKIR
FEB RAS, etc.). Despite the SW problem importance,
this work has not yet been coordinated, and each organ-
ization does it independently. By contrast, SW issues
are given much more attention abroad. As far back as
1995, the National Space Weather Program was created
in the United States (National Space Weather Program.
Strategic Plan. Office of Federal Coordinator for Mete-
orological Services and Supporting Research FCM-P30-
1995. Washington DC. 1995); in 2001, the European
ILWS (International Living with a Star) Program was
launched. China keeps up with them and has also created
the National Space Science Center, Chinese Academy
of Science [http://eng.sepc.ac.cn/]. The importance of
this problem is emphasized by the creation of the scien-
tific journals “Space Weather” and “Space Weather and
Space Climate”, which very quickly became highly rated.
Also noteworthy are the ground-based instruments for
studying SW: a developed network of geophysical sta-
tions in the Western Hemisphere compared to the East-
ern one. By contrast, the SW problem is poorly ad-
dressed in present-day Russia. The number of scientific
events in the country that draw attention to this problem,
such as conferences on SW held by the Joint Russian-
Chinese Scientific Center for SW, is very limited. Thus,
scientific organizations engaged in SW research in Rus-
sia work under such difficult conditions.

This paper describes the network of geophysical sta-
tions of the Yu.G. Shafer Institute of Cosmophysical
Research and Aeronomy SB RAS in Yakutia and pre-
sents the results of SW research the Institute carries out.

1. GEOPHYSICAL NETWORK
OF STATIONS IN YAKUTIA

The main experimental measurements for studying
the physical picture of phenomena in the subauroral and
auroral zones are carried out on the basis of the unique
meridional network of SHICRA SB RAS geophysical
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Figure 1. Stations of the meridional geophysical network
in Yakutia in geographic coordinates. Measurement types are
shown in color in the legend (for 2024)

stations in the territory of Yakutia (Figure 1). Geophysi-
cal phenomena during substorms and magnetic storms
often cover a significant latitudinal and longitudinal inter-
val. Therefore, in a number of situations only the ground-
based method of recording SW manifestations can provide
general information about magnetospheric processes.

The experimental base includes a network of stations
in Yakutia, among which the following stationary poly-
gons should be highlighted:

e Yakutsk EAS Array named after D.D. Krasilni-
kov (Oktyomtsy);

e Yakutsk cosmic ray spectrograph named after
A.L. Kuzmin (Yakutsk);

o Tixie Polar Geocosmophysical Observatory (Tixie
Bay);

e Complex geophysical station Zhigansk (Zhigansk);

e The Maimaga optical station named after V.M.
Ignatiev (Maimaga);

e Magnetic observatory and ionospheric station
Yakutsk (Yakutsk);

e Radiophysical station “Oybenkyol” (Oybenkyol).

According to types of spatial measurements, the fol-
lowing networks of stations can be distinguished in Ya-
kutia:

e network of magnetometric stations;

e network of riometric stations;

e network of stations for measuring the atmospher-
ic electric field intensity;

e network of stations monitoring thunderstorm ac-
tivity in Yakutia.

In the area of research into the geomagnetic field and
magnetospheric electromagnetic disturbances, SHICRA
SB RAS participates in three large international projects —

150



Space weather research in Yakutia

INTERMAGNET [http:/www.intermagnet.org], MAG-
DAS [http://magdas2.serc.kyushu-u.ac.jp/station/index.
html], and PWING [http://www.isee.nagoya-u.ac.jp/dimr/
PWING/en/], and also conducts joint research with the
group of low-frequency radio emissions of the Georgia
Institute of Technology, Atlanta, USA. Consequently,
SHICRA SB RAS stations are equipped with modern
scientific instruments from the world's leading manufac-
turers.

2. RESULTS OF SPACE WEATHER
RESEARCH AND FORECAST

Below we present the results obtained by studying
SW phenomena experimentally and via modeling, as
well as the result of SW forecast from satellite meas-
urements.

2.1. Comparative analysis of meridional and
azimuthal propagation of PcS pulsations and their
current systems based on ground and satellite
observations

One of the daytime impulsive high-latitude phenom-
ena is Travelling Convection Vortices (TCVs) [Glass-
meier, 1992]. TCV is a structure consisting of a pair of
oppositely directed vortices in the magnetosphere, con-
nected by field-aligned currents with vortices in the
ionosphere. During its development, TCV shifts azi-
muthally from noon to dawn sector and along the merid-
ian poleward. The location of magnetospheric and iono-
spheric TCVs, as well as the field-aligned currents con-
necting them in the pre-noon sector, is shown in Figure 2, a
from [Tavares, Santiago, 1999], with arrows Vgw and
Veony indicating TCV propagation in the azimuthal direc-
tion and plasma convection respectively. According to
ground-based and satellite observations, TCV consists
of 23 pulses of opposite polarities with 5-10 min periods;
TCVs are observed locally on the dayside at high lati-
tudes. It is important to study the dynamics of TCVs in
terms of SW since they cause geomagnetic field varia-
bility |[dB/dt| in the absence of magnetic storms and can
affect technical infrastructure at high latitudes [Pili-
penko et al., 2023].

Moiseev et al. [2024a] have used ground observa-
tions in 8 events to compare TCV velocities by phase
delays of Pc5 pulsations and by the motion of their
equivalent current systems. Figure 2, b, ¢ presents his-
tograms of meridional velocities; and Figure 2, d, e, of
azimuthal velocities. On the ordinate axis in Figure 2, b, d
is the number of measurements of Pc5 pulsation veloci-
ties; on the ordinate axis in Figure 2, ¢, e is the number
of measurements of vortex propagation velocities. The
histograms show a smoothing line as the result of a non-
parametric method for estimating the density of random
variable (Kernel Density Estimation). It is evident from
the histograms that propagation of pulsations and vorti-
ces is similar: along the meridian, pulsations and vorti-
ces predominantly propagate to the north. In most cases,
propagation velocities of pulsations and vortices were
~5 km/s and 2 km/s respectively, whereas in azimuth,
pulsations and vortices propagate to the west, their prop-
agation velocities were ~10 km/s and 3 km/s respec-
tively. However, in the distribution of azimuthal velocities
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Figure 2. Travelling convection vortices in the magneto-
sphere and ionosphere («@); histograms of propagation veloci-
ties of geomagnetic pulsations and equivalent current vortices;
meridional velocities (b, c¢); azimuthal velocities (d, e)

of both pulsations and vortices there are comparable
maxima corresponding to eastward propagation: the
velocity of pulsations is 10 km/s, and that of vortices is
5 km/s. Moiseev et al. [2024b] have studied TCV prop-
agation, using satellite and ground-based observations.
Pulsations in the magnetosphere and ionosphere, and
equivalent current vortices in the ionosphere were found
to propagate in the azimuthal direction from the day
side to the night side. The propagation velocities ac-
cording to ground observations are 5-25 km/s; accord-
ing to satellite observations, 114-236 km/s.

The results of the work show that the dynamics of
equivalent current systems correspond to the dynamics
of pulsations, and they can be utilized to study propaga-
tion as an additional method, especially when it is im-
possible to determine propagation velocities from phase
delays, but it is necessary to take into account the dif-
ference between velocities of pulsations and vortices.
TCVs are recorded in an extended longitude sector (up
to 12 hours). It is assumed that the observed dynamics
of Pc5 pulsations and vortices reflects propagation of
MHD waves in the magnetosphere, not only from the
day side to the night side, but also in the opposite direc-
tion (from the night side to the noon side).

2.2. Study of the magnitude of sudden phase
anomalies on VLF radio paths during solar flares

Changes in lower ionosphere parameters are sensi-
tive to space weather events [Silber, Price, 2017]. Very
low frequency (VLF 3-30 kHz) radio waves propagate
for a long distance as in a waveguide due to reflection
from water, ground, and lower ionosphere. An increase
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Figure 3. Sudden phase anomalies @ of signals from transmitters Khabarovsk (left) and NWC (right) recorded in Yakutsk

as a function of solar X-ray flux

in the X-ray flux intensity during solar flares leads to
sudden ionospheric disturbances (SIDs). A sharp in-
crease in the electron density during SIDs causes sudden
phase anomalies (SPAs) of VLF radio signals during
daytime propagation in the Earth — ionosphere wave-
guide [Kumar, Kumar, 2018]. Recording of VLF signal
parameters allows ionosphere research to be conducted
with high resolution both in time and space. The Antarc-
tic—Arctic Radiation-belt (Dynamic) Deposition-VLF
Atmospheric Research Consortium is widely known, it
provides continuous observations of the lower iono-
sphere in the polar regions [Clilverd et al., 2009]. The
problem of high-resolution VLF monitoring of large,
hard-to-reach areas of the Pacific Ocean and Northern
Asia remains unresolved [Wendt et al., 2024]. VLF ob-
servations in Yakutia are described below.

In Yakutsk (62.02° N, 129.70° E) and in the Polar
Geocosmophysical Observatory (PGO) in Tixie Bay
(71.60° N, 128.90° E), SHICRA SB RAS records sig-
nals from VLF radio transmitters. The phase variations
of signals from the transmitters Khabarovsk (Russia,
RSDN-20 system, 50.07° N, 136.6° E, signal frequency
11.904 kHz) and NWC (Australia, 21.82° S, 114.17° E,
signal frequency 19.8 kHz) have been selected for the
analysis [Kozlov et al., 2025]. Radio propagation paths
Khabarovsk— Yakutsk (the length is 1.4 Mm) and
NWC—Yakutsk (the length is 9.4 Mm) cover the East
Asia territory. SPAs of signals from the Khabarovsk
and NWC transmitters recorded in Yakutsk are plotted
in Figure 3 as a function of solar X-ray flux. Changes
in the VLF signal phase @ relative to the undisturbed
value are reduced to the propagation path length unit
(deg/Mm). The value P is the maximum X-ray flux inten-
sity (0.1-0.8 nm) during a solar flare (W/m?). The value
cosX is the cosine of a solar zenith angle X averaged
along the entire propagation path. The solar zenith angle
X was calculated from geographic coordinates along each
of the radio paths with a step of 200 km by the algorithm
[http://stjarnhimlen.se/comp/tutorial.html].

The standard deviations of residuals are 1.37 deg/Mm
(the Khabarovsk— Yakutsk propagation path) and 1.73
deg/Mm (the NWC—Yakutsk propagation path). The
reliability level of model SPA parameters is not lower
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than 98 % (the Fisher criterion). The SPA model param-
eters were applied to solar flares for the VLF propaga-
tion paths. The X-ray flux during solar flares can be
estimated by the ground-based method, using VLF data
[George et al., 2019; Korsakov et al., 2021].

2.3. Relationship of the SAR arc to the ener-
getic ion flux boundary inside the plasmasphere
and the plasmapause based on ground and satel-
lite observations

Stable auroral red (SAR) arcs occur during magnetic
storms due to overlap of the ring current with the outer
plasmasphere, where energetic ion fluxes heat plasmas-
pheric electrons. SAR arcs are optical manifestations of
SW in Earth’s atmosphere. The resulting downward flux
of superthermal electrons along magnetic field lines
increases the ambient electron temperature at altitudes
of the ionospheric F2 region in the form of a subauroral
electron temperature peak (7. peak). As a result, the
intensity of the red line of atomic oxygen in the SAR
arc, which reflects the plasmapause, increases [Cole,
1965, 1970; Cornwall et al., 1971; Kozyra et al., 1997].
Long-term observations of subauroral glow at the Ya-
kutsk meridian have shown that under conditions of low
magnetic activity (Dst>-50 nT, K,<3-4) SAR arcs ap-
pear during individual substorms and are observed at
corrected geomagnetic latitudes (CGMLat) 55-60°
[Tevenko, 1999; Ievenko, Alekseev, 2004]. During peri-
ods of high geomagnetic activity, SAR arcs are recorded
at lower latitudes.

Below are the results of comparison of SAR arc ob-
servations by the digital all-sky camera (All-sky imager
“Keo Sentry”) at the station Maimaga (CGMLat=58°,
CGMLon=202°) with data from simultaneous recording
of plasmapause and energetic ion fluxes on board the Van
Allen Probe B (VAP-B) satellite at the beginning of the
major magnetic storm on March 17, 2015 [Ievenko, 2020;
Ievenko, Parnikov, 2020].

The ground-based and satellite observations in Figure 4
show the following.

1. An intense SAR arc was observed equatorward
of the diffuse aurorae at low auroral activity at
CGMLat=52-59° in the dusk MLT sector. Variations
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face for the glow altitude of 450 km (Z<80°) in corrected geomagnetic coordinates (a). The color scale of the emission intensity
is given only up to two kilorayleigh (kR) for better display of the SAR arc. The density of thermal electrons and fluxes of ener-
getic protons and oxygen ions (b). The dark gray column shows the region of VAP-B measurements, which was conjugate with
the observed SAR arc. Latitudinal distribution (c) of electron temperature and ionospheric drift in the F region based on DMSP-19
measurements in the dusk MLT sector. The bold dot marks the location of the equatorial boundary of the 7, peak, with magnetic

longitude and MLT indicated

in the intensity and location of the red arc during the
period considered were insignificant (a).

2. At 12:10:10 UT (~18:52 MLT), the equatorial
edge of the red arc at CGMLon~179° coincided with
the boundary of the flux of energetic H" and O" ions
inside the plasmasphere at L~2.8, as measured by VAP-B
at~17:36 MLT (b).

3. At 12:45:10 UT (~19:05 MLT), the polar edge of
the arc at CGMLon~174° was due to a sharp decrease
in the electron density to ~100 em® (plasmapause) at
L~4.0 at ~19:05 MLT (b).

4. The width and location of the SAR arc were in
good agreement with the intense 7, peak, as measured
by DMSP-19 in the dusk MLT sector at ~11:54 UT (c¢).
Electron temperature measurements verify ground-
based observations of the SAR arc.

2.4. Study of ionospheric disturbances based
on numerical modeling of large-scale structure
of the ionosphere

The high-latitude ionosphere has a complex struc-
ture and is characterized by the presence of regular
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large-scale structural features such as the tongue of ion-
ization and polar cavity at high latitudes, polar and auro-
ral peaks in the daytime cusp region and in the night
sector, as well as the main ionospheric trough (MIT) at
subauroral latitudes [Mizun, 1980]. The ionosphere de-
pends significantly on SW. Thus, during geomagnetic
storms, the configurations of these structural features
become more complex, which is mainly caused by the
disturbance of the large-scale electric field of magneto-
spheric convection controlled by the orientation of the
interplanetary magnetic field (IMF).

Changes in the electron density distribution in turn
affect radio wave propagation and the positioning accu-
racy of global navigation satellite systems (GNSS).

SHICRA SB RAS conducts research into the large-
scale structure of the ionosphere and the processes occur-
ring in it, using the developed non-stationary three-
dimensional model of the ionosphere in Euler variables
[Kolesnik, Golikov, 1982; Golikov et al., 2005, 2012,
2016]. Below are the results of the study into the effect of
magnetospheric convection on the large-scale structure
of the ionosphere during a moderate geomagnetic storm
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tials calculated by the Weimer model [Weimer, 1996]. Charged particle precipitation is specified using the APM PGIA model

[Vorobjev et al., 2013]

for winter conditions (6=-23°). Two diametrically op-
posed scenarios are considered: 1) with the onset of the
storm at 16 UT; 2) with the onset of the storm at 04 UT.

Figure 5 illustrates variations in the IMF B, compo-
nent (a) and geomagnetic activity indices Dst and AL
(b) and spatiotemporal distributions of the electron den-
sity at the F2 maximum altitude (n,F2) at different
moments of universal time (UT) at the onset of the
storm at 16 UT (c—e) and 04 UT (f—A). Under quiet
conditions (Figure 5, ¢), the convection region is seen to
partially enter the illuminated zone above the terminator
at 16 UT, which leads to transfer of plasma from the
dayside ionosphere to the night side and the formation
of an ionization tongue. In polar latitudes (&, >80°),
a region of low n,F2 is formed — a polar cavity sur-
rounded by ionization in the auroral oval (Figure 5, c).
In the latitudinal variation in the dusk sector in the full
shadow region [Kolesnik, Golikov, 1982], a deep con-
centration trough is observed: the main ionospheric
trough (MIT) (Figure 5, c). After the onset of the dis-
turbance, convection intensifies and its areca of action

increases (Figure 5, d, e). This causes an increase in the
area of overlap of the convection region with the illumi-
nated ionosphere and hence an increase in the transfer
of dayside ionization to the night side by the anti-
sunward flow, subsequent extension of the ionization
tongue in the day-night direction, and the disappearance
of the polar cavity at 19 UT. At 22 UT, the depth of
MIT decreases, and MIT shifts southward by ~5°+10°.
The storm onset at 04 UT is diametrically opposite
to the magnetic storm onset at 16 UT (Figure 5, /~4). In
this case, the Eastern Hemisphere is on the day side. As
can be seen, at 04 UT the geomagnetic pole and with it
the convection and precipitation region are located en-
tirely on the night side (Figure 5, f). As a result, the ion-
ization tongue is seen to separate from the dayside iono-
sphere. In the latitudinal variation on the dayside in the
range 70-80° N, a great dip in n,F2 is observed — a
daytime dip (Figure 5, f) [Kolesnik, Golikov, 1984]. At
CGMLat above ~80°, a polar cavity is formed, where
n,F2<10* cm™. After the disturbance starts, the in-
crease in magnetospheric convection leads to the expan-
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sion of the detached tongue of ionization and to the
smoothing of the auroral peaks of n,,F2 (Figure 5, g, h).
At 07 UT, convection covers the daytime trough and
significantly increases #n,,F2 compared to their values un-
der quiet conditions (Figure 5, g, f).

Thus, magnetospheric convection during a moderate
magnetic storm causes a change in the shapes and sizes
of the main large-scale structural features of the iono-
sphere and depends on the time of the geomagnetic
storm onset due to the displacement of the geographic
and geomagnetic poles. The storm effect is most pro-
nounced in the case of storm onset at 16 UT, when the
disturbed electric field of magnetospheric convection
enhances the transfer of plasma from the dayside iono-
sphere to the night side. The results are presented in
more detail in [Gololobov, Golikov, 2024; Gololobov
etal., 2025].

2.5. Explanation of Forbush decreases in cos-
mic rays based on a physical model

Large-scale coronal mass ejections (CMEs) are one
of the largest energetic events on the Sun and an im-
portant factor in SW affecting geomagnetic activity, the
spatiotemporal distribution of CRs, and solar wind
plasma properties. The modern approach to determining
the properties of ejections and their identification in
interplanetary space is usually based on the use of local
spacecraft measurements. Since the number and spatial
coverage of such spacecraft are fairly limited, there is a
need for alternative sources of information, for example,
CR measurements, which, due to high mobility, contain
information about large-scale properties of the medium.

Part of CME is magnetic clouds (MCs) — areas
filled with a helical magnetic field. Due to its force-free
structure, such a field is preserved at large distances.
Some MCs are oriented in such a way that in the vicini-
ty of Earth, regular IMF will have a high intensity and a
long-term southern orientation, which is a necessary
condition for the occurrence of a geomagnetic storm.

To determine properties of MC from observed char-
acteristics of CRs, it is necessary to describe their inter-
action. We have proposed an electromagnetic mecha-
nism for such interaction. In this mechanism, particle
scattering is neglected, and propagation is determined
only by the magnetic field of the ejection and the elec-
tric field induced in the moving plasma. By calculating
trajectories of CRs from the point of interest to the
source (the point where the characteristics have not yet
been altered by the Sun), it is possible to determine the
change in their energy and the corresponding change in
intensity. For theoretical calculations, an MC model has
also been proposed which allows us to identify the
magnetic field at an arbitrary point at any time.

The calculations have shown that the energy losses
during the motion of CRs in the induced electric field,
although small, are monotonous; hence, the longer the
particle moves in interplanetary space, the more energy
it loses, which leads to a decrease in the recorded inten-
sity of CRs (Figure 6, a).

Since the calculations allow us to determine the CR
distribution function, knowing it, we can find not only
the zero moment (the integral intensity), but also higher
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moments: the first — the vector anisotropy (Figure 6, b),
and the second — the tensor anisotropy (Figure 6, ¢, d).
The CR anisotropy inside MC increases, which is con-
sistent with experimental observations. Comparison of
the experimental results with calculations suggests that
the adopted assumptions and the constructed models are
adequate. The method and the results obtained on its
basis are described in more detail in [Petukhova et al.,
2019, 2020].

In the future, it is planned to take into account in the
model not only the magnetic field of MC, but also the
effect of the coronal mass ejection plasma, the region of
compressed solar wind, and the shock wave on CRs.
This will allow a more accurate determination of ejec-
tion properties long before it arrives at Earth’s orbit and
hence refinement of space weather forecast.

2.6. Forecast of geoeffective disturbances
from satellite and ground cosmic ray measure-
ments

Since 2009, SHICRA SB RAS has been conducting
an experiment on short-term (1-2 days) forecasting of
the arrival of large-scale SW disturbances into the Earth
orbit, such as interplanetary shock waves (ISWs) and
high-speed SW streams, using measurements from the
global network of CR stations, which include SHICRA
SB RAS stations Yakutsk and Tixie Bay, as well as
real-time spacecraft (SC) measurements of interplane-
tary medium parameters.

In this paper, we illustrate the capabilities of the
ISW  forecast from 1 hr [fip:/ftp.swpc.noaa.
gov/pub/lists/ace2/] and 1 min ACE SC data
[ftp://ftp.swpc.noaa.gov/pub/lists/ace/]. This SC is located
near the libration point L1 at a distance of ~1500000
km from Earth toward the Sun. The flight time of large-
scale SW disturbances from the location of ACE SC to
Earth’s magnetosphere is on average ~1 hr, which is
clearly insufficient for taking any preventive measures
to prevent possible negative effects of SW changes on
various technical space or ground systems. However,
the forecast method we developed using data from this
SC allows us to receive a warning about upcoming
changes in SW much longer in advance, ~1 day.

Of all the experiments conducted on board ACE SC,
we use data from the MAG, SWEPAM, and EPAM
experiments. In the latter case, the data is from meas-
urements of proton fluxes in 8 different differential en-
ergy channels with energies from 47 to 4800 keV,
which are measured by the LEMS120 detector. Note
that all data is primary and so should be analyzed with a
certain caution, and possible risks associated with their
use must be assumed.

At present, we have already accumulated the neces-
sary knowledge to construct a physical picture of the
occurrence of fluctuations (or short-term variations with
periods less than 3 hrs) of CR in order to apply it to a
forecast of the arrival of large-scale solar wind disturb-
ances at the Earth orbit [Berezhko, Starodubtsev, 1988;
Starodubtsev et al., 1996; Grigoryev et al., 2008]. In brief,
the knowledge boils down to the following.

In many cases, significant CR fluxes with ~1 MeV en-
ergies are often observed in the region before large-scale
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Figure 6. Characteristics of the Forbush decrease in time: @ — the amplitude of the Forbush decrease is shown by the black
curve (left scale); and the average time of CR transition from the surrounding space to MC, by the red curve (right scale); b —
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solar wind disturbances, e.g. ISWs or high-speed solar
wind streams. Moreover, compared to the background,
these CRs are characterized by large values of both the
fluxes and their gradients. This leads to the development
of plasma instabilities, which in turn are converted into
MHD waves of various types. If fast magnetosonic
waves develop in interplanetary space before the afore-
mentioned solar wind disturbances, they, in turn, modu-
late the isotropic part of the CR distribution function in
a wide energy range (from tens of keV to units of GeV)
and hence lead to the emergence of CR fluctuations.
Nonetheless, since CR fluctuations have a low ampli-
tude (less than 1 %), then to isolate them against the
background of the persistent noise, it is necessary to
correctly apply spectral analysis methods [Starodubtsev
et al., 2023]. One of the methods for forecasting SW
developed at SHICRA SB RAS from CR measurements
is based on these concepts.

The fluctuation extraction technique involves calcu-
lating the coherence between CR flux measurements in
different differential channels in the EPAM/LEMSI120
experiment. According to the results obtained in [Grigo-
ryev et al., 2008], there is a significant CR coherence
value between CRs with different energies in the fre-
quency range above 10 Hz in the case of significant
CR fluxes in the region of the ISW pre-front. Our expe-
rience shows that for forecasting purposes it is neces-
sary for the coherence to exceed a certain critical level
equal to 0.85, and it is sufficient for this to occur not in
the entire range, but at individual frequencies that corre-

spond to the inertial section of the MHD wave turbu-
lence spectrum, where fast magnetosonic waves are
observed. Therefore, as a precursor of the arrival of in-
terplanetary disturbances of the solar wind at the Earth
orbit we utilize a maximum coherence coefficient (Co-
her MAX) between measurements in the energy chan-
nels P2 and P5.

As an example, let us consider the ISW event of
May 10, 2024. Figure 7, a—e presents 1-hr measurement
data on the IMF modulus and B, component (a), solar
wind density (b), temperature (c¢), and velocity (d), as
well as Dst (e) for the event under study from May 8 to
13, 2024. It is evident that at the leading edge of strong
ISW at ~18:00 UT on May 10, 2024, all parameters
significantly exceeded their average values. In this case,
the IMF modulus B was more than 40 nT, the B, com-
ponent was less than —16 nT, the solar wind plasma
density n~33 cm, its temperature 7~5-10° K, and the
solar wind speed U was as high as 680 km/s (Figure 7, a—
d). Since this was a complex event in all respects,
caused by almost simultaneous arrival of multiple
CMEs at Earth [Hayakawa et al., 2025; Lazzus, Salfate,
2024; Ram et al., 2024], all SW parameters subsequently
changed even more dramatically. The passage of this
strong ISW caused a powerful geomagnetic storm
with SSC (Figure 7, e). This storm began at 17:05 UT
on May 10, 2024. As a result of the passage of multiple
CMEs through the Earth orbit, Dst at the storm minimum
decreased to —406 nT [https://omniweb.gsfc.nasa.gov/
ow.html]. It was the most powerful geomagnetic storm
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Figure 7. Variations in the IMF modulus B and B, compo-
nent (a), density n (b), temperature 7 (c) and solar wind velocity
U (d), as well as the Dst index (d) for May 8-13, 2024, as
measured by ACE SC. The vertical dashed line indicates the
arrival of ISW at ACE SC and the storm sudden commence-
ment (SSC)

observed in the last two decades since the famous event
of November 20, 2003, which is known in the scientific
literature as the Halloween Event [Piersanti et al.,
2025].

Figure 8 presents the results of the ISW arrival fore-
cast and it needs some explanations. The names of the
experiments and the corresponding SC on board which
they are conducted are given at the top of the figure.
Further, from top to bottom, the large panels show the
time dependence of the variations in the IMF modulus B
and B, component, the SW plasma velocity U and densi-
ty n, the low-energy CR flux J, and the maximum value
of the coherence coefficient between measurements in
the P2 and PS5 energy channels (Coher MAX). Vertical
lines designate the universal time (UT), which is given
under the bottom panel as day of the year. Four bottom
small panels from left to right exhibit the current values
of the IMF power spectrum density and the power func-
tion approximating it, as well as the coherence coeffi-
cients depending on the frequency between B and U, B
and n, and between P2 and P5. Note that the coherence
values between B and U reflect the contribution of Alf-
vén waves to the observed power spectrum of IMF; B
and n, that of fast magnetosonic waves. Inscriptions
below these panels contain information about the fact of
using data in real time and the time of creating the fig-
ure. In the case of generating a forecast, a red inscription
appears in Figure 8, which states that an interplanetary
disturbance is expected to arrive at the spacecraft within
~1 day.

It is evident from Figure 8 that, as expected, in-
creased low-energy CR fluxes were observed in this
event in the region of the strong ISW pre-front. It can
therefore be expected that they will generate fast mag-
netosonic waves in the region of the ISW pre-front,

Hccnedosanue kocmuueckou nocoovt 6 Axymuu

which will modulate the isotropic part of the CR flux
and lead to the occurrence of fluctuations a sufficiently
long time before the arrival of ISW. Indeed, the first
maximum values of coherence between the channels of
recording of proton fluxes P2 and P5 with energies 115—
195 and 1060-1900 keV respectively, exceeding the
critical level were observed at 01:00 UT on May 9,
2024, 36 hours before the arrival of ISW at ACE SC and
remained above this level until 22:00 UT on May 11, i. e.
until the SW parameters were disturbed (see Figure 8).

Thus, based on ACE SC measurements of CR fluxes
with a lead time of 36 hours, a forecast was given for
the arrival of a large-scale SW disturbance of the ISW
type at the Earth orbit on May 10, 2024. Our experience
shows that in such cases the accuracy of the forecast is
~80 %.

Note also that SHICRA SB RAS has been continu-
ously monitoring near-Earth space in real time for many
years. For this purpose, measurement data is employed
from ACE SC and on the CR intensity from the stations
Yakutsk and Tixie Bay. All calculations are performed
automatically once per hour, using the cron daemon
program under the control of the Linux operating system.
All output information, including measurement data and
calculation results in graphical form, is available at
[https://www.ysn.ru/~starodub/CosmicRayFluctuations/
index.html].

CONCLUSION

The SW phenomena of different spatial scales have
been studied: global (magnetic storm), local (TCV, sub-
storm). Local phenomena are recorded in the daytime
(TCV) and nighttime sectors (substorm). We have ex-
amined the formation of disturbances in the solar wind
and their development in the magnetosphere. Using the
example of a strong magnetic storm in May 2024, the
result of a short-term forecast of the arrival of a large-
scale solar wind disturbance of the ISW type at the
Earth orbit with a lead time of 36 hours has been shown.

SHICRA SB RAS is ready to participate in interna-
tional projects, as well as in collaborations with Russian
scientific organizations in the field of space weather.

The work was financially supported by the Ministry of
Science and Higher Education of the Russian Federation.
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