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AHHoTanus. Bo Bpems skcTpeManbHO CHIbHON MarHuTHOHM Oypu 10—-12 mas 2024 r (unaexcs! Dst = -413 uTmn,
Kp = 9, AE > 2000 uTa) B HOYHBIX yclOBMsX pacrpocrtpanenusi B . Skyrcke (62.02 N, 129.70 E)
3apEruCTPUPOBAHbI TOHIKeHUs (a3oBoit 3amepkku HY-pammocurnana JJY40 (37.4 N, 140.84 E, gacrora
curtana 40 xI'm). 11 mas B 16 UT nonwmwkenne $ha3zoBoit 3a1epku paanocurHaia cocrasmio 90°. B cyrounom
xoze aMIuTy sl 2Gdext MmaranTHOM Oypu Ha QoHe (aykTyanuii He BbieneH. [ToHmwkenne Gpa3oBoil 3aaepKKU
panuoCUTHaIa MOKHO OOBSICHUTH MOHMKEHHEM (P QEKTUBHOM BBICOTHI BOJIHOBOA 3emisi-noHocdepa. Ha daze
BOCCTAHOBJICHUS] MarHUTHON OypH, HOYBIO 3HAYMMBIM JTOMOJHUTEIBHBIM HCTOYHHKOM MOHH3ALUK MOTJIH CTaTh
BEICHITIAHUS 3apsDKEHHBIX YacTuil. Ham pammoTrpaccoit Ha ydacTke cpemHux mupoT (obmacts 52 — 42 N, 106 —
141 E) oTMe4eHO MOBBIMICHNE WHTETPATHHOTO TOTOKA SIEKTPOHOB B amama3zone sHepruit 20.4 — 30.0 xoB nHa
840% (mannble crmyTtHHKOB cepun DMSP). Ha ocemennoit Comamem tpacce JJY40 — Slkytck addexr
MarHuTHou Oypu He BbImeneH. B mae 2024 r. B Bapmammsx ¢asel paguocurHana JIY40 BeigeneHo Oosee
122 spdexToB comHeunbix Bembimiek (kimacca C3.6 u Bwime). [IpoBeaena amanTamus mapamMeTpoB MOJETH IS
OLIEHKH MHTEHCHBHOCTH TI0TOKAa PEHTI'€HOBCKOTO M3inyueHus: ColiHIa 10 BHe3arnHbIM (a30BbIM aHoManusM HY-
pamrocurnana, unaexcy F10.7 u ycpenrHeHHOMY BJOJIb PaJHoOTpacchl KOCHMHYCY 3eHHTHOro yria CojHua BO
Bpemst Benblmek. [To BapuanusiM ¢aspl curnana JJY40 Ha3eMHBIM METOJIOM ITPOBECHA OLIEHKA MHTEHCUBHOCTH
BCIIBIIICYHOTO MTOTOKA PEHTIEHOBCKOro m3imydeHus: ConHia. FIHTEHCHBHOCTB MOTOKA, PACCUMTAHHASI IO MOJEIH Ha
OCHOBE HAa3€MHBIX M3MEPCHU, OJTI3KA CO BCIBIIICYHBIME 3HAYCHUSMH, TIOTy4eHHBIMU cO ciryTHHKa GOES-18.

KaroueBble ciioBa: HikHsisi HoHOChepa; Bapuanuu ¢aspl HY-panmocuruana, reomarautHas Oypsi; COJHEuHast
BCIIBIIIIKA; BHE3amHas (pazoBas aHOMaJIHs

EFFECTS OF AN EXTREMELY STRONG MAGNETIC STORM ON MAY 10-12,
2024 BY LF SIGNAL PHASE VARIATIONS OF THE JJY40 TRANSMITTER
REGISTERED IN YAKUTSK

A. A. Korsakov, V. I. Kozlov, R. R. Karimov

Abstract. During the extremely strong magnetic storm on May 10 — 12, 2024 (Dst is -413 nT, Kp is 9, AE is
more than 2000 nT) in nighttime propagation in Yakutsk (62.02 N, 129.70 E) decreases in the phase delay of the
LF radio signal JJY40 (37.4 N, 140.84 E, signal frequency 40 kHz) detected. On May 11 at 16 UT, the phase
delay decrease was 90°. In the daily amplitude variation, the effect of a magnetic storm against the background
of fluctuations is not detected. The phase delay decrease of the radio signal can be explained by a decrease in the
effective height of the Earth-ionosphere waveguide. During the recovery phase of the magnetic storm, at night, a
significant additional source of ionization could be precipitation of charged particles. Over the radio path in the
area of mid-latitudes (region 52 — 42 N, 106 — 141 E), an increase in the integral electron flux in the energy
range of 20.4 — 30.0 keV by 840% was noted (data from the DMSP series satellites). The effect of the magnetic
storm was not detected on the sunlit JJY40 — Yakutsk path. On May 2024 more than 122 solar flare effects (class
C3.6 and higher) detected in the JJY40 radio signal phase variations. The model parameters adapted for
estimating the intensity of the solar X-ray flux based on sudden phase anomalies of the LF radio signal and the
cosine of the solar zenith angle averaged along the radio path during flares. In May 2024, more than 122 solar
flare effects (class C3.6 and higher) detected in the JJY40 radio signal phase variations. The model parameters
were adapted for estimating the solar X-ray flux intensity based on sudden phase anomalies of the LF radio
signal, the F10.7 index and the cosine of the solar zenith angle averaged along the radio path during flares. Based
on the JJY40 signal phase variations, the intensity of the solar flare X-ray flux was estimated using a ground-
based method. The flux intensity calculated by the model based on ground-based measurements is close to the
values obtained from the GOES-18 satellite.

Keywords: lower ionosphere; LF radio signal phase variations; geomagnetic storm; solar flare; sudden phase
anomaly
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Cexyus 1. Jucmanyuonnoe 30nouposanue gepxueti ammocgepul, UoHOCHepbl
U KOCMUYECK020 NPOCMPAHCMEd

Beenenne

PagmoBonubl odenp HM3kUX W HU3kHX vactor (OHY: 3-30 kI'm, HY: 30-300 xI'm) criocoOHBI
pacnpocTpaHaThCsi Ha OOJNbBLIME PAcCTOSIHUSI B BOJHOBOJE 3eMist — HoHocdepa. Perucrpanus
napamerpoB OHY-HY-curnanos ot cetn paguonepeJaTinKkoB MO3BOJSET JUCTAHIIMOHHO HCCIIEN0BaTh
MPOSBICHUS KOCMHYECKOW moroasl Ha reocdepsl [1, 2]. UyBcrButensnocts OHU-HY-pannoBonH k
renuoreo(pu3MUecKuM TPOSIBIICEHUSM  3aBHUCHT OT CE30HA, Treorpauyeckoro  pacroIoKeHUs
U3Ty4aTess U IPUEeMHUKA, HalpaBJiIeHNs paclpOCTPaHEHUs CUTHaJIa (OTHOCUTENIEHO MarHUTHOTO T10JIS
3emMiH), ero YacTOTHI, MPOTSHKEHHOCTH pammoTrpacchl [3]. Llempto paGoTHl SBISIETCS HCCIIEIOBAHUE
Bapuanuii  ¢aszel HU-paguocurHana mpu pacnpoCTpaHEHWH BJOJIb MepWaMaHa B TEUYCHUE
IKCTpeManbHOl MarHuTHOM Oypu 10-12 mas 2024 1. mpu COMyTCTBYIOIIEH BCIBIIICYHON aKTHBHOCTH
na CoJHIe.

MeToauka perucTpanuu ¥ SKCIePUMEHTA/IbHbIE TaHHbIE
B 1. Sxytcke (62.02 N, 129.70 E) MHCTUTYTOM KOCMO(QHU3MUYECKUX HUCCIEIOBAHUN U a9POHOMHU
um. FO.I'. agepa CO PAH (MK®UA CO PAH) oprannzoBana peructpauus OHY-HY-curnanos
paguoriepenatynkoB [4]. PaccMoTpensl Bapmammm (a3el curHama mnepegarunka JJY40 (Smonws,
37.4 N, 140.84 E, wacrora curnaima 40 xl'm). Ilporskennocts pammorpaccsl JJIY40 — Sxytck
coctasisier 2.85 Mwm, opueHTHpoBaHa BAONb Mepuanana. Ha puc. 1 mpencraBieHsl Bapuauuu (asbl
pannocurnaina JJY40 npu peructpaunn B Sxyrcke 3a mepuon 9 — 15 mas 2024 r., MHTErpanbHbIi
MOTOK 3JIeKTpoHOB J B Auanaszone snepruii 20.4 — 30.0 k»B (Ha yuacTtke cpenHux mupot 52 — 42 N,
106 — 141 E nag paguorpaccoil, naHHble cIyTHHKOB DMSP) a Takke HMHTEHCHBHOCTH IOTOKa
pentrenosckoro usmydenus Conuna P [1 — 8 A]. Bo BpeMst 5KkcTpeMaibHO CHUIILHON MarHUTHON OypH
10 — 12 mas 2024 r (wamekcel Dst = -413 vTa, Kp = 9, AE > 2000 a#Tn) B HOYHBIX YCIOBHUSIX
pacipoCTpaHEeHHUs 3apErUCTPUPOBAHBI YMEHBIIICHHUS (a30BOi 3a/iepKku paauocurHana JJY40. 11 mas
B 16 UT ymensmenue ($Ha3oBoil 3afepKku panuocursana gocturio 90° (cMm. puc. 1). YMeHblenue
(hazoBoii 3amepxkn HU-pagrocuraana MokeT OBITh OOBSICHEHO MOHIKEHHEM (DPEKTUBHON BBICOTHI
BOJIHOBOJIa 3eMIIA-HOHOC(Epa BCIEACTBHE MOSBICHUS JOTOTHUTEIHHOTO MCTOYHMKA MOHM3auuu. B
cyrouHoM xoje ammutyabl JJY40 addexr marautHON Oypu Ha QoHe diykTyanuii He BbinesneH. Ha
(aze BOCCTAHOBJICHMS MArHUTHOH OypH, HOYbIO 3HAYUMBIM JIONOJHHUTEIBHBIM HCTOYHHKOM
MOHM3AIMA MOTJIM CTaTh BBICHINIAHUS 3apsoKeHHBbIX yacThil. llo mamnabiM crytHHKOB f16-f18 cepum
DMSP (mannbie SSJ 09-13.05.2024 mpemocTaBieHBl B OTKPHITOM IOCTyMe) [S] Ham pamuoTpaccoit
JJY 40 — SxyTck Ha y4yacTke cpenHux mwupot (0bmacts 52 —42 N, 106 — 141 E) ormedeHo noBeleHne
WHTETPAILHOTO TOTOKA 3JIeKTPOHOB B AmamazoHe sHepruit 20.4 — 30.0 xoB na 840% (maHHBIE).
HMHTerpanbHbIi MOTOK 271eKTPOHOB yBeamumics ¢ 566-10° snexrpon/cm*c-cp (9 mas 2024 1. 06:53 UT)
1o 5311:10° snexrpon/cm*c-cp (12 mas 2024 1. 08:15 UT) (cM. puc. 1). JlHeM Ha ocBelleHHOM
Comanem tpacce JJY40 — Skytck addext marautHol Oypu He BhImeneH. B mae 2024 T. BBIICICHO
Oosee 122 CONMHEYHBIX PEHTIeHOBCKUX Bemblmek (kiacca C3.6 u Beime) [6]. Dddektsr Bembimek
MpOSIBUIINCh B BUAE yMeHblueHus (azoBol 3azepkku HU-paguocurHana — BHe3amHBIX (a3oBBIX
anomanuii. Ilpennoxkena Monenb OLEHKH Jorapudma HHTEHCUBHOCTH IIOTOKA PEHTIEHOBCKOTO
m3nyuenust Connna LgP:
LgP=A+B-®+C-Lg(CosX )+ D-Lg(F10.7), (1)
rie P — MHTEHCHBHOCTH MOTOKA PEHTreHoBCcKoro usiyuenus Conuua B guanasode [1 — 8 A] B
MaKCHMyMe BCTIBIIKH, BT/M%; @ — n3sMeHenue (assl paJuoCUrHaNa, NPHBEIEHHOE K MPOTAKEHHOCTH
paauoTpaccel, rpaayc/Mm; CosX — ycCpeaHEHHBIH BIOJIb PaaUOTPACCHl KOCHHYC 3€HUTHOTO YIJia
Connua Bo Bpems Benblky; £10.7 — moTok pagnousnydenus Connua Ha anuHe BoiaHb! 10.7 oM, c.e..
3navyenust 3eHutHoro yrna ComHuma X BAOJNB Tpacc paclpoCTPaHEHHs] MO KOOPAMHATAM C
paspemienremM 200 kM paccuutanbl no anroputmy [7]. Ilotok panumomsnyuenus F10.7 uzmepsiercs
HazemHoi oOcepBaropueit Kamamer [8]. Ilapamerper mozemu (1), mTomydeHHBIE Ha OCHOBE
PETrpPecCHOHHOTO aHAIN3a, TPEACTABICHBI B Ta0I. 1.
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Bapuauuu ¢asel, rpaxychbl
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o IHTeHCHBHOCTh MOTOKA PEHTT€HOBCKOI0

m3aydennss GOES-18

Puc. 1. Bapuanuu ¢a3sl paguocuraana JJY40 npu peructpaunu B SIKyTcKe (BEpXHSS HaHENb) IEPHO
9-15 mas 2024 r., HHTETpATGHBII TOTOK AJIEKTPOHOB J (CpeaHsIsA MaHelb) B Auana3one sueprui 20.4 —
30.0 koB (na yuactke 52 —42 N, 106 — 141 E, nannsie cmytaHnkoB DMSP), HHTEHCHBHOCTB MTOTOKA
PEHTreHOBCKOTo n3nydenus: ConHua P (HUKHSS aHelb)

Tab6muma 1. [TapameTpsl 3aBucuMocty LgP oT BHe3anmHbIX (a3oBbix aHoManuit HU-pannocurnana
U YCPETHEHHOTO BAOJb PATUOTPACCHI KOCUHYCA 3¢HUTHOTO yriia COJHIIA BO BPEMsI BCTIBIIIEK

O6bem A B C D Koadpumment | CKO ocrarounsix
BBEIOOPKH JleTepMHHAINN R’ HEBSI30K S
122 -7.777 | 0.048 0.099 1.046 0.788 0.198
+0.680 | +0.002 | +0.083 | +0.298

ITo BapmamusaMm ¢asel curaana JJY40 Ha3zeMHBIM METOJIOM TpOBEIcHA OIEHKAa MHTCHCHBHOCTH
BCITBIIIIEYHOTO MOTOKA PEHTI€HOBCKOTO M3IYYEHHs 8 CONIHEYHBIX BCTBIIMIEK Kiacca X (cM. Tabi. 2).
OLEHKM HHTEHCUBHOCTH IOTOKA PEHTIEHOBCKOTO wu3nydeHus CojHIla, MOJYyYEHHbIE HA OCHOBE
HA3eMHBIX U3MEPEHHIA, OIM3KU CO BCIBIIICUHBIMA 3HAUYEHUSMH, TIOJTYYSHHBIMH 110 TaHHBIM CITyTHHKA
GOES-18.
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Cexyus 1. Jucmanyuonnoe 30nouposanue gepxueti ammocgepul, UoHOCHepbl
U KOCMUYECK020 NPOCMPAHCMEd

Ta6HI/IHa 2. CpaBHeHI/Ie MHTCHCUBHOCTHU IMOTOKA PEHTTCHOBCKOI'O U3JIYUYCHHU COJTHEYHBIX BCIBIINICK
¢ oneHKoit o mozaenu (1)

Hata Bpews, Kunace LgP LgP HEBSI3Ka
UT Beulmka | GOES-18 MOJEIb
08.05.2024 01:41 X1.0 -4.0 -4.122 0.122
08.05.2024 05:09 X1.0 -4.0 -3.966 -0.034
08.05.2024 21:40 X1.0 -4.0 -4.271 0.271
09.05.2024 09:13 X2.2 -3.658 -4.376 0.718
10.05.2024 06:54 X3.9 -3.409 -3.455 0.046
11.05.2024 01:23 X5.8 -3.237 -3.292 0.055
14.05.2024 02:09 X1.7 -3.770 -3.516 -0.254
15.05.2024 08:37 X3.5 -3.456 -3.829 0.373
3akiouenne

[Ipy reomMarHWTHBIX BO3MYILEHHUSAX HOYBIO 3HAYUMBIM JIOMOJIHHUTENBHBIM  HCTOYHUKOM
MOHHU3AIMM Ha BBICOTAX HIKHEH HOHOC(EpPHl CPEJHHUX IIMPOT SIBISIOTCS BBICHIIAHUS 3aPSKEHHBIX
YacTUIl M3 PaAMALMOHHBIX MOsACOB 3emiH. JlHEM OCHOBHBIM HCTOYHHKOM MOHM3ALUHM HUKHEH
noHocdeps! sgpisiercs u3nydenue CoHIa B yIbTPa(QHOIETOBOM U PEHTTEHOBCKOM JHara3oHax.

[IpoBenena ananramust mapaMeTpoOB  MOAEAM JUIS  OLEHKM HMHTEHCHBHOCTH  IIOTOKA
peHtreHosckoro usnaydenuss ConHuma 1o BHe3anHbIM (a3oBeiM aHomanusM HY-paagnocurhana,
unzexcy F10.7 u ycpeaHeHHOMY BIOJb pajnoOTPacchl KOCHUHYCY 3€HUTHOro yria CojHua BO BpeMs
BCIBIIIEK. VIHTEHCUBHOCTh MOTOKA, pAacCUMTaHHAsl MO MOJEIM Ha OCHOBE HA3EeMHBIX H3MEpPEHUi,
OJM3Ka CO BCIIBIICYHBIMH 3HAYCHUSIMH, TTIOJTy4YeHHbIMU co ciyTHHKa GOES-18.

BaarogapuocTn
Pabora BhImonHeHa npu QuHAHCOBOW mojaepkke MuHoOpHaykn PO Ha BbImonHeHHE
l'ocynapcreennoro 3ananus UKOUA CO PAH.
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