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Huceprarniitna poOoTa NMPUCBAYEHA PO3B’SI3aHHIO aKTyaJbHOI MPOOIEMU —
EKCIIEPUMEHTAJILHOMY Ta TEOPETUYHOMY JOCIHIJKEHHIO BIUIMBY 1H()Pa3BYKOBHX
XBWJIb, 3TEHEPOBAHUX JDKEpETaMH MPUPOJHOTO Ta INTYYHOTO TOXOJKCHHS,
Ha TMapaMeTpu aTMOC(PEPHO-KOCMIYHUX paJlOKaHATIB, SIKI BUKOPUCTOBYIOTHCS
3aco0aMM TeJIeKOMYHIKaIIii, paaiookallii, pajioHaBiraiii, paaioneieHraiii, TOIo,
a TaKOX Ha XapaKTEPUCTUKU PaT10XBUITb.

MeToto qucepTailiitHoi poOOTH € JOCIHIIKEHHSI OCHOBHUX (DI3UYHUX MPOIIECIB
B arMoc(epHo-ioHOCEepHUX pajiokaHanax, sKI CYNpPOBOJKYBajld BIUIUB Ha
HABKOJIO3EMHE CEpPENIOBUINE XBWIb 1H(GPaA3BYKOBOrO Jlama3oHy, 3reHEPOBAHHUX
JDKEepeIaMy MPUPOJIHOTO Ta TEXHOTC€HHOT'O OXO/I>KEHHS.

3 mepuoro po3auly, SIKAd € OrJIsiJIOBUM, BUIUIMBAE, 110 OUIBIIICTh JXKEpen
1H(}pa3ByKy SK MPUPOJHOTO, TaK 1 MITYYHOTO MOXOJKEHHS € JIOKaJi30BaHUMH B
yaci Ta mpocTopi. AHami3 30ypeHb mapamMeTpiB BiJ MOAIOHUX JKepesl T03BOJIUB
3 BEJMKOK HMOBIPHICTIO BHUSBHUTH 1H(QPa3BYKOBI KOJMBaHHS Ha pI3HUX
MOHITOPUHTOBUX CTaHIIISIX CBITY. HaBeneHo maHi mpo CHEKTp TEXHIYHUX 3aC00iB,
Kl JOLUIbHO BUKOPUCTOBYBATH I peecTpallii 1HPPa3BYKOBUX KOJIMBAHb.
Onucano CKJIAMHOINI, [0 BHHUKAIOTH y Tpoleci peectparii iH(pa3ByKOBUX
KOJMBaHb, 1 METOAM IiXHBOTO BuUpimieHHS. OmnucaHo OCHOBHI METOIHU
KOMIT IOTEPHOTO aHali3y iH(GPa3ByKOBUX CHUTHAIIB 3a JIONOMOIOK0 CHEI1aIbHOrOo
MpOrpaMHOTO 3a0e3MeyueHHsT W aIrOpuTMIB, SKI pO3poOJEHO I TAKETiB

KOMIT'I0TepHOT MaTtemaTuku. OI[IHEHO OCHOBHI MapaMeTpu 30ypeHb THUCKY B



MOBITP1 BiA PI3HUX JOKEpen 3a JaHuMu 3apyOixHUX poOiT. [lokaszano, mio
TEOPETUYHE ONHWCAaHHS TOMHPEeHHS 1HGpa3ByKy B armocdepi moTpedye
3aCTOCYBaHHS BUIMOBIAHUX Mojelie 1 (I3MYHMX CIPOIIeHb, 30KpeMa —
NpPEJCTaBICHHS  MOMIMPEHHS  paaioXBWIb B arMochepHo-ioHOchepHuX
pajokaHajgax y paMmKax MPOMEHEBOr0 Ta XBUJIEBOAHOTO HaOmmkeHHs. [lepie
HaWOLIBII BAATIO onucye (DI3UUYHI MPOIECH Ha BITHOCHO HEBEIMKHMX BIJICTAHIX (10
1 Mwm), apyre — Ha OUTbIUX BifAcTaHAX (OiabIe 1 Mwm).

VY npyromy po3auii miATBEPKEHO, 10 YKCIIO MaJiHb MiHIACTEPOIIiB IIBUIKO
cnagae 31 30UIbIICHHAM X eHeprii cBiTiHHA. OOTpyHTOBAHO, IO 3aKOH PO3IMOALTY
yucia NaaiHb KOCMIYHUX TUI METPOBOTO PO3MIPY 3a JAOBIOTOK € OJIM3BKHM J0
piBHOMipHOTO. Po3moxin 4ucia mnajiHb 3a MIMPOTOK 3MEHIIYEThCS TPU
30UTbIIEHH] IHUPOTH, IO OOYMOBJIEHO HE ACTPOHOMIYHUMH, a F€OMETPUYHUMU
npuunHaMmu. Cepes yCix KOCMIUHUX TUI, sIKI MOTPAIUISIIOTh 0 atMocdepu 3emil,
CTAJIOI0 € KUIBKICTh KOCMIYHMX TiJd B Jiana3oHi eHepriii ciueHHs 20 I'JIx —
150 I'[Tx. Ilpu 36inemenni eneprii Bim 125 I'JIxx mo 3000 I'[x mpuiiHATHUI
CTeNEHEBUM 3aKOH po3no/iay. [IIBUIKICTh OUTBIIOCTI KOCMIYHUX TLJT BapiroBajiacs
B Jiama3zoHi npubiu3Ho Bix 12,5 kM mo 20 km/c, 1 Jumie B JBOX BHUIAJKaXxX
CIIOCTEPITAIOCh 3HAYCHHS MBHAKOCTI Big 45 kM/c 10 49 xm/c. 3aleXHICTh YHCIIa
KOCMIYHUX TUI, SIKI BTOPraloThCs 10 aTMOC(epH, BiJ BUCOTH 00JacTi IXHBOTO
MaKCUMAaJbHOTO CBIYCHHS JOOpE alpOKCUMYETHCS HOPMAILHUM 3aKOHOM Y
niarma3oHi BucoT 20 kM — 48 kM. CriocTepiraeTbcsi JOCUTh BUCOKHIN CTaTUCTUYHUM
3B’SI30K M1 KBaJpaTOM MOYATKOBOI MIBUAKOCTI KOCMIYHOTO Tij1a Ta JiorapupMom
€HEeprii CBIUCHHS.

TpeTiii po3nil TPUCBIYCHO BCTAHOBJICHHIO 3QJICKHOCTEH OCHOBHHX
napameTpiB 1H(QpPa3ByKOBUX XBUJIb, 3r€HEPOBAHUX MAJIHHIM 1 BUOYXOM KPYIHHX
KOCMIYHUX TUI, Bia BijcTaHi. [IpeanpuitHsaTo cipoOy BUBECTH MPOCTI MAaTEMAaTHYHI
CHIBBIIHOIIIEHHS, 3aCHOBaHI Ha (DI3WYHO AJCKBATHHUX 1 3PO3YMITUX MeEXaHI3Max
MOMMpPEeHHsT 1H(PA3BYKOBUX XBWJb Ha TIJI00albHI BIJICTaHI Y3JIOBX ITOBEpPXHI

3emuti.



3a pe3ynpTaTaMH JOCHIJKEHHS aKyCTUYHOTO CHUTHATY BiJ] YHIKaJIbHOTO
TyHIyCBKOTO KOCMIYHOTO Tijla BCTAHOBJEHO, IO 3aJEXKHICTh aMIUNTYAU
iH(Qpa3ByKOBOI XBWJI, 3IE€HEPOBAaHOI TMaIiHHAM 1 BHOyxoM TyHIychbKoro
KOCMIYHOT'O TiJIa, BiJl BIICTaHI € CKJIaJHOIO Ta 3 TPYAOM MiA€ThCS anmpoOKCUMAIIii
OPOCTUMHM MaTEeMaTUYHUMH  CIIBBIAHOLIEHHSMH, 3aCHOBAaHUMHU Ha (PI3UYHO
PO3yMHUX MeXaHi3Max MOIIUPEHHs 1H(Pa3BYKOBUX XBUJIb Y30BXK IMOBEPXHI 3eMIll
Ha 1oOanbHl BiAcTaHi. [lOpiBHSIBHHMI aHami3 OTPUMAaHUX aNMpPOKCUMYIOYHX
3QJIEKHOCTEM JIO3BOJIMB 3 1X CYKYIMHOCTI OOpaTu Kpaiil 3ajexHocti. Jlo Hux
BIIHOCSATHCS 3aJIEKHOCTI, 3aCHOBaHI Ha HACTYMHUX MOJCIAX TOIMUPEHHS
1H(pa3BYKOBUX XBWUJIb B XBWIEBOJAX, IO YTBOPEHI MOBEpPXHEIO 3emill Ta
aTMOC(epHUMH O0yIacTAMH (B TEpIIy 4Yepry crtparocheporo Ta B MEHIIN Mipi
TepMoc(heporo): Moelb 31 CPepUIHOI0 PO3OIKHICTIO 3 MOCTYIIOBUM MEPEXOIOM 0
HWTHAPUYHOT PO30LKHOCTI Ta MOJENh 3 UWIHAPUYHOIO PO3ODKHICTIO Ta
3aracaHHsM.

[IpoBeieHO CTAaTUCTUUHMM aHaI3 OCHOBHUX IapaMETpiB CUTHalTYy (dacy
3aTPUMKH, HIBUIKOCTI MPUXOIY, TPUBAJIOCTI, MEPIOAY KOJMBAHb 1 aMIUTITY/IH)
B 3aJIEKHOCTI Bl TOPUBOHTAIBHOI BIACTAHI MDK OOJAcTIO  CBIYEHHS
[HoHe31ChKOTO CyTepOomiy Ta MICHE3HAXOKEHHSIM 1H(Pa3BYKOBOI CTaHIIII.
HaBeneno ampokcumMmyroul 3ajeXHOCTI IapaMeTpiB CHTHaly BiJ BiJICTaHI.
[ToObynoBano kopensuiiHi 1osigs. OLIHEHO OCHOBHI MMapaMeTpud METEOopoindy,
CKOPUTOBaHE 3HAYEHHS MIBUIKOCTI TMPUXOAY 1H(PA3BYKOBOTO CHUTHAIY Ta
CepeaHbO1 MIBUIKOCTI TPONOchepHO-CTpaTOCHEPHOrO BITPY.

Jns YenssO1HCHKOTO KOCMIYHOTO TijIa TMOKa3aHo, IO KOpeJsiiiiHe moJie
«IIBHJIKICTh TIPUXOAY 1H(Pa3BYKOBOTO CUTHAIIY — BIACTaHb MIXK JDKEpEIOM Ta
CTaHIII€I0» Ma€ 3HAYHUN PO3KHUI, CEPEIHE 3HAUYCHHS IIi€l MIBUIAKOCTI CKJIaJae
286.0 £21.5 m/c. OTpuMaHi anmpOKCUMYIOY1 3aJIEKHOCTI JIJIsI MIBUAKOCTI TIPUXOTY
1H(}Pa3BYKOBOrO CUTHANY BiJ BIACTaHI MK JKEPEJIOM 1 CTaHI€I0, a TaKOX BiJ
a3uMyTy JDKepelna, TPUBAJIOCTI Ta aMIUTITYu CUTHaNy Bija Biactadi. [loOymoBaHo
KOpeJsiliifHe Tojie JJIsi MEpioJiiB OCHOBHOI'O KOJIMBaHHS, OILIIHEHOTO 3a JBOMa

pisHEMH MeToaukamu. Yac 3amizHeHHs 1H(PPa3BYKOBOTO CHUTHANY 301JBIITYBaBCS



MPAKTUYHO 3a JIHIHHUM 3aKOHOM MpW 30UIBIICHHI BIACTaHI MK JDKEpPEIoM
iHGpa3ByKy Ta craHmiero. CepenHs MO BCIX Tpacax MIBUAKICT MPUXOAY
1H(}pa3ByKOBOro curHaiy ckiagana 291 m/c. 3ajiekHICTh IIBUAKOCTI MPUXOY Bij
BIICTAHI Yepe3 CUJIBHUN PpO3KHUJ JaHUX CIOCTEPEKEHb AaMpPOKCUMOBAHO
KOHCTaHTOI0. 3aJIeKHICTh HIBUIKOCTI MPUXOAY BiJl CHHYCY a3UMYTalbHOTO KyTa
(pO3paxoBaHOrO Ta OIIIHEHOI0) AalpOKCHUMOBAHA JIHIWHUM 3aKOHOM, 3 SIKOTO
OLIIHEHO CEpelHE MO BCIX Tpacax 3HA4YeHHA MmBuAKocTi (287 — 288 wm/c) Ta
HIBUIKOCTI TpomnocdepHo-cTpatochepnoro BiTpy (12 — 14 wm/c). 3anexHicTb
TPUBAJIOCTI 1H(GPA3BYKOBOTO CHTHATY BiJl BiJICTaHI ampOKCHUMOBAHO JIHIMHUM
3akoHOM. [Ipu 1IbOMY TpUBAJICTh CHTHATY MOOIM3Y JuKepena ckimanana Oims 10.7
XB. Y crnekTpi iH()pa3ByKOBOr0 CUTHAITY Ha PI3HUX CTAHIIISAX MMEepeBakalld CKIIaI0BI
3 nepiogoM npudu3Ho Bij 17 go 85 c. CepenHi 3Hau€HHs MEPioJIiB, OTPUMaHI 3a
JIOTIOMOTOI0 PI13HUX METOAMK, 3MIHIOBAJIMCh MpuOIM3HO Bix 35 10 39 c.
JlocmipkeHHsT  aKyCTHYHUX  KOJIUBaHb, 3TeHEpoBaHUX  JIMMernpkum
METEOpOi oM, TOKa3ajlu, WI0 Yac 3ali3HEHHS I1H(Pa3ByKOBOTO CHUTHAIY
30UTBIITYBABCS MPU 30LIBIICHH] TOPU30HTAIBHOI BIJICTAaHI Bij €MIIEHTPY BUOYXY
METEOopOiAy M0 CTaHLiM 3a JiHiMHUM 3akoHOM. [Ipu 1bOMy cepemHs 3a Bcima
TpacaMu IIBUIKICTHh NPHUXOAY curHaiay Oyma Onuspkoro 1o 304 — 305 m/c.
[IBuakicTe mnpuxomy 1HGPA3BYKOBOrO CHUTHAJIY TpU 30UIBIIEHHI BiJICTaHI
CIOYaTKy JOCTaTHBO INBUAKO Clajgaida, a Ha Biacramsx 4.5 —8.66 Mm
baykryroBana Ouns 3HaueHHs 302 M/c. 3anekHICTh TPUBAIOCTI 1H(PPA3BYKOBOTO
CUTHAJIy BiJ BiAcTaHl Oyna chajnar4oro 3a JIHIMHUM 3akoHoM. [lucnepciiiHe
YIIUPEHHs] CUTHAITY OyJl0 HeCyTT€BUM Ha BiacTaHsix 5 — 8 Mm. CepenHi 3HaYCHHS
nepioiiB iH(GPa3BYKOBOT'O CHTHANY, SKi HE 3aJIe)KaTh BiJ BIJCTaHI Ta sIKi OI[IHEHO
3a pi3HUMH perpecismu, gopiBHoBamu 6.28+0.98 Ta 6.14+0.76 c. Cepenne
3HAYEHHA MMOYaTKOBO1 KIHETUYHO1 €HEPrii METeopoiny, OTpUMaHe 3 1H(Pa3ByKOBHUX
CIIOCTEPEKEHb Tepiofa KOJMBaHb, ckiagae 2.26 —2.43 xkt THT, mo HecyTTeBO
BiIpi3HsA€ThCA Big HezanmekHnx gannx HACA (2.8 xr THT). Anpoxcumariis
HIBUIKOCTI MPUXOAY 1H(PPA3BYKOBOI'O CHUTHATY BiJl CHHYCa a3UMYTaJbHOTO KyTa

nokasaja, [0 CKOPUTrOBaHe 3HAYEHHsI IIBUIKOCTI MPUXOy CUTHAITY CKJIagano O1is



300 M/c, a cepeaHe 3HauYeHHsS TpomocdepHO-cTpaTocPepHOro BiTpy OyIo
Omu3bkuM 110 25 — 31 m/c. AHani3 KOpenaLiiHUX MOJiB T0Ka3aB, 1110 ICHY€ CTIMKui
CTATUCTUYHHUMA 3B 30K Mk CIOCTEPEKYBAaHUM Ta ICTUHHUM a3uMyTaMU JKepesia
iHQpa3Byky. BimMmiueHo, mo Mama Micie TEHACHIS 10 30UTbIICHHS pPIBHS
bayKTyalii a3uMyTy IpH 3017bIIIEHH] BiJICTaHI.

Jlist mapameTpiB 1H(Pa3BYKOBOTO CHTHaly, 3reHepoBaHoro KamuaTchkum
KOCMIYHUM TUJIOM, BCTAHOBJICHO HACTymHE. AMIUTITYAa iH(QPa3BYKOBOTO CHUTHATY
JIOCUTH IIBUJIKO CI1ajiajia pHu 301IbIIIEHH] BiICTaH1 BiJl MICIS BUOYXY METEOpOiny
0 MicHs peectparii curHaimy. Yac 3ami3HeHHS 1H(GPa3BYKOBOTO CHUTHATY
30UTbIIYBaBCs B MIpy 30UIBIIEHHS BIACTaHI MK MICIIEM BUOYXY KOCMIYHOTO Tijia
Ta MicuieM peectparii cur”aiy. [IIBUIKICTh MPUXOQy CHUTHANy 3ajexkana Bijl
BKa3aHOi BIJICTaHI U Opi€HTalli Tpacu Ta 3MiHIOBajacsi B Mexax 269 — 308 m/c.
TpuBanicTh 1HPPa3BYKOBOTO CUTHANY MPAKTUYHO HE 3ajekalia Bij BIJICTaHI MIXK
MiclleM TeHepalii Ta MicieM peectpaiii curnany. Crnektpu 1H(pPa3ByKOBOTO
CUTHAITy OyJIH IMIUPOKOCMYTOBUMHU, B HUX OYJIM MIPUCYTHI nepioau Bia ~5 no ~40 c.
Pa3zoMm 3 Tum HailOiIbIIa eHepris Mpuaaaia Ha BuaIeH: nepioan 12 — 15128 — 33
c. I[loOymoBano KopemnsIiHI TOJII Ta perpecii s OCHOBHHUX TMapaMeTpiB
1H(Dpa3ByKy. 3a MepeBaXXHUM TEPioIoM 1HPPA3BYKY OIIHEHO KIHETUYHY €HEPTriio
(179 xt THT) Ta akycTuuHy epeKTHBHICTD (~4%) KOCMIYHOTO TiJa.

Y 4yerBeproMy poO3AUII MPOJEMOHCTPOBAHO TPHUKIAAU  3aJIEKHOCTEH
aMIUTITYIM XBWII 1H(Pa3BYKOBOTO Alana3oHy, 3reHEPOBaHOI MOTYKHUM BYJIKaHOM
1 3apeecTpoOBaHOl CTAHIISIMA CBITOBOI MEpEXl1 Ha PI3HUX KOHTUHEHTaX CBITY, BiJl
BIJICTAaHI MDK CTaHIEI0 Ta JHKEPEJIOM. YCTaHOBJICHO, IO HAWOUIBII BIAJIOI0 €
anpoKcUMallis, sika OMKHCY€ XBHWJIECBOJHE MOLIMPEHHS 13 3aracaHHsAM. OIIHEHO
BIJIMOBITHI KOS(IIIEHTH Ta TTHOUHY 3aracaHHS.

Brnepiue Ha npukiaii MacoBUX BUOYXiB CKJIaaiB OoenpumnaciB y BiHHUIBKIT
o0JlacTi y MM’ATOMY PO3JUII MOKa3aHo, IO MPpU 301JIbIIEHHI €HePrOBUIIJICHHS BiJl
3 mo 53 T THT cnocrepiraiacst TeHIEHIIIS 10 301IBIICHHS aMIUTITYIA Ta TIepioay
NEPEeBaKAIOUOTO  KOJIMBAHHA. TpHBAIICTh IYTiB KOJHWBaHb TPU  BOMY

30inbITyBaacs Big ~1.5 mo 2 xB. BcTaHoBieHo, mo npu HeBenukin (Ha 15 — 18%)



3MiHI BIICTaHI MK €MILEHTPOM BHOYXIB 1 MiCLIEM po3TallyBaHHS 1H(Pa3ByKOBOI
CTaHlli TapaMeTpu 1H(PPa3BYKOBOIO CHUTHAIY 3MIHIOBAJIHCS  HE3HAYHO.
BigmiHHOCTI B XBHIIBOBUX (POpMax MOB'si3aH1 3 OpieHTalll€l0 Tpacu. BusBieHo, 110
npu eHeproBualieHH], o AopiBHioe 53 T THT, B ciekTpi KonuBaHb nepeBaxaiu
rapMOHIKM 3 mepiojoM Bif 3 10 5 — 6 c. TpuBamicTe IIyTiB KOJWBaHb 3 TaKUMU
nepiogamu ctaHoBuia 40 c. Po3paxoBaHo, 10 cepeliHsd MBUAKICTh MPUXOAY IJIA
pI3HUX Tpac Mpu cTpPaTochEepHOro BiAOOpaKECHHI XBWJIb 3MIHIOBAJacs B Mexkax
300 — 309 m/c, 110 CBITYUTH PO BILUIMB BITPY Yy BEpXHIN aTMocdepi Ha TOIITHUPEHHS
iHpa3Byky. Ilpu TepmochepHOoMy BIZOWTTI XBHJIb aMIUTITyJa CUTHaIy Oyia B
KUTbKA pa3iB MEHIIIe, a IMBHUAKICTh MPUXOAY cTaHoBuma 245 — 250 m/c.

Ha npukmanmi cepiii macoBux BHUOYXIiB TM00JM3Yy M. [4HS BUBYEHO
ocoOnMBOCTI  XBWJIEBMX (OopM 1H(PaA3BYKOBUX CHUTHAIIB, IX aMIUNTYI 1
CIEKTPAIBHOTO CKIIaTy MpH Jajgekomy (218 kM) mommpeHH1 XBUIIb, 3reHEPOBAHUX
BIIPOJIOBK TEXHOTEHHO1 KaTacTpodu Ha apceHani Ooenpumnacis. [lokazaHo, 1o npu
301uIbIIeHH] eHeproBuaiaeHHs Bi 4.1 10 49.9 Ton THT cnocrepiranacs TeHACHITIS
710 30UIBIIIEHHS aMIUTITYM Ta TMepioay MepeBakaroyoro KoJmBaHHsS. TpuBaicTh
I[yT1B KOJIMBAHHS MIPU LIbOMY 301ibIyBanacs Big 2.5 g0 7 c. BusBieHo, mo npu
eHeproBuiieHHl, piBHOMY 49.9 ton THT, B crmekTpi KOJMBaHb MepeBaKalu
rapMoHiku 3 mepiomamu Big 1 g0 2 c. Po3paxoBaHo, 10 CepenHs MIBHUIKICTh
NpUXO0y XBWUJIb 3MiHIOBasacs B Mexax 300 — 333 wm/c. IloOygoBaHO OCHOBHI
KOPEJISIIITHI TIOJIS.

VY moctoMy po3auli Ha MOPUKIAAl CHJIBHOI T'€OKOCMIYHOI Oypi BHUBUYEHO
OCOOJIMBOCTI XBHUJIEBUX (POPM T€OMArHITHUX KOMIIOHEHT Ha PI3HMX CTaHIIAX
cBiToBO1 Mepexi InterMagnet. IToka3ano, 110 31 3MEHIIIEHHSAM TUPOTH aMILIITY/Ia
Bapianiid X- 1 Y-koMnoHeHT cnanae. OCHOBHI TNEploJid, SKI CIOCTEpIraiuci B
CIEKTpl KOJHWBaHb, ckiamamu 35xB—55xB Ta 70xB— 110 xB. Awmrmurityna
KOJIMBaHb 3MiHIOBasach mpuOnm3Ho B 70 pasziB. TpuBamicTh KBa3imepioguIHUX
KOJIMBaHb BapiloBajiacs B jaiana3oHi 2—16 rojauH.

VY cboMOMy pO3[iii BIEpIle Ha MPHUKIAAlI IIOMIPHOTO 3eMIIeTpycy B AOaHii

MPOJIEMOHCTPOBAHO, IO MOJIOHI JPKepesla MOXKYTh BUKIMKATH KBa3iMmepioJuyHi



Bapiailii piBHS TE€OMAarHiTHOTO TIOJs, SIKI MAlOTh 4Yac 3ammi3HEeHHsI OMU3bKO 6 XB 1
tpuBaiicte 70-80 xB. IlepeHOCHHKOM 30ypeHb B IIBOMY BHUIIAIKy MOTJIH OyTH
MarHitoriipoauHamiyal  xBwi. Kgasinmepiognuni 30ypeHHs, sIKIi MarTh dYac
samizHeHHs 97-106 xB 1 TpuBamicth Onm3bko 130-140 xB, mBmame 3a Bce,
BUKJIMKAHI 3€MJIETPYCOM. 3a TMepeHeceHHs 30ypeHb BIANOBIAAIA aKyCTHUKO-
rpaBiTaliitHI XBUII, SIKI MalOTh 1epiof; 7—14 xB. BinHocHe 30ypeHHsT KOHIIEHTpallli
CJIEKTPOHIB Yy TIOJI aKyCTHUKO-TpaBiTaliiHoi XxBwi Oymo Omuspko  5.3%.
Pe3ynpTaTu croctepekeHb 3a ajJ0aHChKUM 1 TYPEIbKUM 3eMJIETPYCAMU B IIJIOMY

Y3TOKYIOTBCS M1k COOO0I0.

Kiar4oBi cioBa: xBuis, ioHocdepa, BITep, XBUJICBIJI, CTATUCTUYHHUIN aHATI3,
NajlHHA  METEOpOiAiB,  3€MJIETPYC,  alpOKCHUMAllis, aMIUITyJa  THUCKY,
HAJIIMPOKOCMYTOBUM  CUTHaN, cdepuyHa Ta UWIIHAPUYHA PO301KHICTS,

nucriepcis, ¢pa3oBa MIBUIKICTh, 3aracaHHS.



ABSTRACT

Shevelev M. B. Parameters of infrasound waves generated by sources of
different physical origin. — Qualifying scientific work is as a manuscript.

Thesis for a Philosophy Doctor Degree in Physics and Mathematics:
Speciality 01.04.03— Radio Physics (Physics and Mathematics). — V. N. Karazin
Kharkiv National University, Ministry of Education and Science of Ukraine,
Kharkiv, 2023.

This Ph.D. thesis is devoted to the solution of an urgency task: this is
experimental and theoretical research of the infrasound waves action generated
by sources of natural and artificial origin, on the parameters of atmospheric and
space radio channels used by means of telecommunications, radar, radio
navigation, radio direction finding, etc., as well as on the characteristics of radio
waves.

The goal of this thesis is to study the main physical processes in the
atmospheric and ionospheric radio channels during the impact on the near-Earth
environment of infrasound waves generated by sources of natural and
anthropogenic origin.

From the Chapter | (analytical review of Ph.D. thesis), it follows that most
sources of infrasound, both natural and artificial, are localized in time and space.
The analysis of parameter disturbances from similar sources made it possible to
detect low-frequency (LF) oscillations at various monitoring stations around the
world. The data on the range of technical equipment, which are effective to use for
recording LF oscillations, are given. Difficulties arising in the process of recording
infrasound vibrations and methods of their solution are described. Basic methods
of computer analysis of infrasound signals using special software and algorithms
developed for computer mathematics packages are described. The main parameters
of air pressure disturbances from various sources were estimated based on the data
of foreign works. It is shown that the theoretical description of the propagation of

infrasound in the atmosphere requires the use of appropriate models and physical



simplifications, in particular, the representation of the propagation of radio waves
in atmospheric-ionospheric radio channels within the framework of the ray and
waveguide approximation. The first most successfully describes physical processes
at relatively small distances (up to 1 Mm), when the second approximation is
rational for longer distances (more than 1 Mm).

At the Chapter 1l a rapid decrease in the number of asteroids with increasing
of their glow energy is confirmed. It is substantiated that the law of distribution of
the number of falls of meter-size bolides by longitude is close to uniform. The
distribution of the number of falls by latitude decreases with increasing latitude,
which is due not to astronomical reasons, but to geometric reasons. Among all
bolides that enter the Earth’s atmosphere, the number of cosmic bodies
in the range of luminescence energies from 20 GJ to 150 GJ is constant.
When increasing the energy from 125 GJ to 3000 GJ, a power-law distribution is
acceptable. The speed of most of the space bodies varied in the range of
approximately from 12.5 km to 20 km/s, and only two cases were observed with a
speed value from 45 km/s to 49 km/s. The dependence of the number of cosmic
bodies invading the atmosphere on the height of the region of their maximum
luminosity is well approximated by the normal law in the (20-48) km height range.
A fairly high statistical relationship is observed between the square of the initial
speed of the cosmic body and the logarithm of the luminous energy.

The Chapter Ill is devoted to establishing the dependence of the main
parameters of infrasound waves from the fall and explosion of large celestial
bodies versus distance. An assume was made to derive simple mathematical
relations based on physically adequate and understandable mechanisms of
propagation of infrasound waves over global distances along the Earth’s surface.

It is found out from infrasonic signal analysis of unique Tunguska celestial
body the following conclusions have been drawn from this study: (1) the
dependence of the amplitude of the infrasound wave generated by the Tunguska
celestial body on distance is determined to be complex and difficult to fit with

simple mathematical relations based on reasonable physical models of the



propagation of infrasound waves along the Earth’s surface at global-scale
distances, (2) the intercomparison of the approximating relations determined
permitted the selection of preferable relations from their entire set. To these latter
belong the relations based on the following models for propagation of infrasound
waves in the waveguides formed by the ground and atmospheric layers (primarily,
by the stratosphere, and, to a lesser degree, by the thermosphere): (1) a spherical
wavefront gradually becoming a cylindrical wavefront, and (2) a cylindrical
wavefront with attenuation.

The statistical analysis of the basic signal parameters (time delay, celerity,
duration, oscillation period, and amplitude) has been performed as a function of the
horizontal distance from the luminosity region of the Indonesian super-bolide to
the place of a corresponding infrasound station. The approximating relations for
the signal parameters as a function of range are presented. Correlation diagrams are
constructed. The principal meteoroid parameters, the corrected infrasound wave
celerity, and the mean troposphere-stratosphere wind speed are estimated.

For Chelyabinsk meteoroid it is found the correlation diagrams for the
infrasound signal celerity and the distance between the source and an observation
station have been shown to exhibit a significant scatter with a mean of 286.0 + 21.5
m/s. The model fits of the infrasound signal celerity to the signal duration, to the
back-azimuth angle of arrival, and to the distance between the source and an
observation station, as well as the model fit of the signal amplitude to distance, are
determined. The correlation diagrams for the main oscillation periods obtained by
two different techniques are constructed. The infrasound signal time delay
increases virtually linearly with the distance between the infrasound source and the
station. The infrasound signal celerity averaged over all paths is equal to 291 m s
The dependence of the celerity on the distance is fit with a constant due to a large
scatter of the data. The dependence of the celerity on the sine of the back-azimuth
angle of arrival, both calculated and estimated, is fit with a straight line that gives
mean values of the celerity (287 — 288 m s!) and troposphere-stratosphere winds

(12 — 14 ms 1) along all paths. The dependence of the infrasound signal duration



on the distance is fit with a straight line, and the signal duration near the source is
found to be 10.7 min. The spectral components with a period in the 17-s to 85-s
range predominate in the infrasound signal spectrum, and the period mean values
estimated by employing different techniques vary from 35 s to 39 s.

Acoustic oscillations investigation, which generated by Lipetsk meteoroid,
shown the infrasonic signal exhibits a linear dependence of the infrasonic signal
time delay on the horizontal distance from the meteoroid explosion epicenter, and
the signal celerity averaged over all propagation paths is estimated to be
approximately 304 — 305 m/s. The infrasonic signal celerity first shows a rapid
enough decrease with distance, but over the 4.5 — 8.66-Mm distance range exhibits
fluctuations about the 302 m/s value. The duration of the infrasonic signal shows a
linear decrease with distance, and the signal duration dispersion is insignificant in
the 5—-8 Mm distance range. The mean periods of the infrasonic signal,
independent of distance and averaged over various regression functions, are
estimated to be 6.284+0.98 s and 6.14+0.76 s. The mean of the initial kinetic energy
estimated using the oscillation period of the infrasonic signal is 2.26 — 2.43 kt
TNT, which differs insignificantly from the NASA estimates (2.8 kt TNT). The
approximation for the dependence of celerity vs. sine of the back-azimuth angle of
arrival shows that the corrected value of the celerity is about 300 m/s, and the
mean of the troposphere-stratosphere wind is approximately 25 — 31 m/s. Analysis
of the scatter diagrams has shown that a steady statistical link exists between the
true and observed back-azimuth angles of infrasound sources. It is noted that the
level of fluctuations in the azimuth tends to increase with distance.

For Kamchatka meteoroid infrasonic signal it was found that the infrasonic
signal amplitude exhibits quite a rapid decrease with distance between an
infrasonic station and the meteoroid’s explosion site. The time delay of the
infrasonic signal shows an increase with distance between the celestial body
explosion and the site of signal detection. The signal celerity exhibits a dependence
on the distance and the path orientation; it is estimated to be in the range of 269-

308 m/s. The infrasonic signal duration shows virtually no dependence on the



distance from the detonation point to an infrasonic station. The infrasonic signal
spectra have a wide bandwidth with periods from ~5 to ~40 s. At the same time,
the greatest energy falls within the isolated periods of 12-15 s and 28-33 s. The
scatter diagrams and regressions for the infrasound main parameters were plotted.
The celestial body’s kinetic energy (179 kt TNT) and acoustic efficiency (~4%)
were estimated from the prevailing infrasonic period.

In the Chapter IV, examples of dependences of the amplitude of the
infrasound wave generated by a powerful volcano and registered by stations of the
global network on different continents of the world, on the distance between the
station and the source are demonstrated. It was established that the most successful
approximation is the one that describes waveguide propagation with attenuation.
The corresponding coefficients and attenuation depth were estimated.

At Chapter V (on the example of massive ammunition depot at Vinnytsia
region) it was shown that an upward trend in the amplitude and period of the
predominant oscillation were observed when the energy release increased from 3 to
53 tons of TNT, while the duration of the oscillation trains increased from ~1.5 to
2 min. The infrasonic signal parameters were determined to change insignificantly
when the distance between the explosion epicenter and an infrasonic station
location changed a little (by 15 to 18 %). The differences in the wave forms are
related to orientation of the propagation path. The analysis has revealed that the
harmonics in the 3 to 5 — 6 s period range were predominant when the energy
release was equal to 53 tons of TNT. The duration of the trains of oscillations with
such periods amounted to 40 s. The average celerity was calculated to change
within 300 to 309 m/s for different propagation paths with stratospheric wave
reflections, that provides evidence for the influence of the wind in the upper
atmosphere on the infrasound propagation. The thermospheric reflection resulted
in the signal amplitude smaller by a factor of a few times and the celerity equal
from 245 to 250 m/s.

At the Ichnia ammunition depot catastrophe the features of the waveforms,

amplitudes, and spectral content of the infrasonic signals generated during the



man-made catastrophe and propagated to long distances (218 km) from the
ammunition depot near the Town of Ichnia (Chernihiv Province, Ukraine) on
October 9 — 10, 2018 have been investigated. It has been shown that an upward
trend in the amplitude and period of the predominant oscillation are observed when
the energy release increases from 4.1 to 49.9 tons of TNT. The duration of the
oscillation trains increases from 2.5 to 7 s. The analysis has revealed that the
harmonics in the 1 to 2-s period range are predominant when the energy release
was equal to 49.9 tons of TNT. The average celerity of waves is calculated to vary
within the 300 to 333 m/s interval. The main correlation fields are plotted.

At the Chapter VI, using the example of a strong geospace storm, the
peculiarities of the geomagnetic components waveforms at various stations of the
InterMagnet global network were studied. It is shown that as the latitude decreases,
the amplitude of the X- and Y-component variations decreases. The main periods
observed in the spectrum of oscillations reached from 35 min to 55 min and from
70 min to 110 min. The amplitude of oscillations changed approximately 70 times.
The duration of quasi-periodic oscillations varied in the (2—16) hours range.

At the Chapter VII for the Albanian moderate earthquake it is demonstrated
similar sources can cause of the quasi-periodic variations in the level of the
geomagnetic field which observed with a 6 min lag and a 70-80 min duration.
These disturbances could be transferred by the magnetohydrodynamic waves. The
quasi-periodic variations that were observed to appear with a 97-106 min lag and
to last for about 130-140 min were most likely due to the earthquake. They were
transferred by the atmospheric gravity waves with a period of 7-14 min. A relative
disturbance in the electron density in the atmospheric gravity wave field was
observed to be approximately 5.3%. The results obtained from observations of

Albanian and Turkish earthquakes show agreement.
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spherical and cylindrical wavefront, dispersion, phase velocity, attenuation.



