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²îíîñôåðí³ åôåêòè Êàì÷àòñüêîãî ìåòåîðî¿äà: 
ðåçóëüòàòè GPS-ñïîñòåðåæåíü

Íàéâàæëèâ³øîþ ïîä³ºþ â àñòðîíîì³¿ òà ô³çèö³ íåáåñíèõ ò³ë íà ïî -
÷àòêó XXI ñòîë³òòÿ áóëî ïàä³ííÿ ×åëÿá³íñüêîãî ìåòåîðî¿äà ç ê³íå -
òè÷ íîþ åíåðã³ºþ áëèçüêî 440 êò ÒÍÒ. Òàêà ïîä³ÿ â³äáóâàºòüñÿ â ñå -
ðåäíüîìó ðàç íà 65 ðîê³â. Åôåêòàì öüîãî êîñì³÷íîãî ò³ëà ïðèñâÿ÷åíî
ïîíàä 200 íàóêîâèõ ïðàöü. Ïàä³ííÿ 18 ãðóäíÿ 2018 ð. î 23:48:20 UT
³íøîãî âåëèêîãî ìåòåîðî¿äà, íàçâàíîãî àâòîðàìè Êàì÷àòñüêèì, ïðè -
ñâÿ ÷åíî íå á³ëüøå 25 ðîá³ò. Òèì ÷àñîì ïàðàìåòðè öüîãî ìåòåîðî¿äà
áóëè äîñèòü óí³êàëüíèìè. Ïðîºêö³¿ øâèäêîñò³ ñòàíîâèëè u x  » 6.3 êì/ñ, 
u y » –3 êì/ñ, u z  » –31.2 êì/ñ, à ìîäóëü — 32 êì/ñ. ²íòåãðàëüíà åíåðã³ÿ
ñâ³ò³ííÿ äîð³âíþâàëà 1.3×1014 Äæ » 31 êò ÒÍÒ, âèñîòà ñïàëàõó —
26 êì, éîãî êîîðäèíàòè: 56.9° N, 172.4° E. Êóò âòîðãíåííÿ â àò ìîñ -
ôå ðó ïî â³äíîøåííþ äî ãîðèçîíòó áóâ áëèçüêèì äî 68.6°. Ïî ÷àòêîâà
ê³íåòè÷íà åíåðã³ÿ ìåòåîðî¿äà ñòàíîâèëà 173 êò ÒÍÒ, ìàñà — 1.41 êò, 
ðîçì³ð — áëèçüêî 9.4 ì. ×àñòîòà ïàä³ííÿ òàêèõ ò³ë — îäèí ðàç íà 30
ðîê³â. Ñòàíîâèòü ³íòåðåñ ïîäàëüøå äîñë³äæåííÿ ³îíîñôåð íèõ åôåê -
ò³â òà ç³ñòàâëåííÿ ðåçóëüòàò³â, îòðèìàíèõ íàçåìíèìè òà ñó ïóò íè -
êî âè ìè ìåòîäàìè. Ìåòà äàíî¿ ðîáîòè — àíàë³ç ðåçóëüòàò³â GPS-
ñïî ñ òå ðå æåíü ³îíîñôåðíèõ åôåêò³â òà ¿õíº ç³ñòàâëåííÿ ³ç ðå çóëü òà -
òà ìè íàçåìíîãî ìåòîäó ïîõèëîãî çîíäóâàííÿ ³îíîñôåðè. Äëÿ ñïîñ òå -
ðå æåíü çà çáóðåííÿìè â ³îíîñôåð³, ÿê³ ñë³äóâàëè çà ïàä³ííÿì Êàì ÷à ò -
ñüêî ãî ìåòåîðî¿äà, âèêîðèñòîâóâàëàñü ïðèéìàëüíà ñòàíö³ÿ ÀÑ60 (ãå -
îã ðà ô³÷í³ êîîðäèíàòè: 53° N, 173° E), â³ääàëåíà íà 450 êì â³ä ì³ñöÿ
âèáóõó Êàì÷àòñüêîãî ìåòåîðî¿äà, òà ø³ñòü GPS-ñóïóòíèê³â (PRN02, 
PRN05, PRN07, PRN09, PRN29 òà PRN30). Îñíîâí³ ðåçóëüòà òè äî -
ñë³ä æåíü òàê³. Çà äîïîìîãîþ GPS-òåõíîëîã³é âèçíà÷åíî ÷àñè çàï³ç -
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íåí íÿ ³îíîñôåðíî¿ ðåàêö³¿ íà âèáóõ Êàì÷àòñüêîãî ìåòåîðî¿äà, ãî ðè -
çîí òàëüí³ øâèäêîñò³ ïîøèðåííÿ çáóðåíü (504...520 ì/ñ), ¿õí³ ïåð³îäè
(11...18 õâ), òðèâàëîñò³ (22...35 õâ), äîâæèíè õâèëü (333... 530 êì) ³
â³äíîñí³ àìïë³òóäè çáóðåíü êîíöåíòðàö³¿ åëåêòðîí³â (3...4 %). Îö³íêè
â³äíîñíî¿ àìïë³òóäè õâèëüîâèõ çáóðåíü êîíöåíòðàö³¿ åëåêòðî í³â, îò -
ðè ìàí³ çà äîïîìîãîþ íàçåìíîãî òà ñóïóòíèêîâîãî ñïîñîá³â, âèÿâèëèñÿ 
áëèçüêèìè (3...5 %). Áëèçüê³ òàêîæ ¿õí³ ïåð³îäè (10...15 õâ). Çà äî ïî ìî -
ãîþ íàçåìíîãî òà ñóïóòíèêîâîãî ìåòîä³â âèÿâëåíî õâèëüîâ³ çáóðåííÿ,
ïîâ’ÿçàí³ ÿê ç àòìîñôåðíèìè ãðàâ³òà ö³éíèìè õâèëÿìè, òàê ³ ç ñåéñ -
ì³÷íèìè õâèëÿìè.
Êëþ÷îâ³ ñëîâà: Êàì÷àòñüêèé ìåòåîðî¿ä, ³îíîñôåðà, GPS-òåõíîëîã³ÿ, 
ðóõîì³ ³îíîñôåðí³ çáóðåííÿ, àòìîñôåðíà ãðàâ³òàö³éíà õâèëÿ, ñåéñì³÷ -
íà õâèëÿ.

ÂÑÒÓÏ

Íàéâàæëèâ³øîþ ïîä³ºþ â àñòðîíîì³¿ òà ô³çèö³ íåáåñíèõ ò³ë íà ïî÷àò -
êó XXI ñòîë³òòÿ áóëî ïàä³ííÿ ×åëÿá³íñüêîãî ìåòåîðî¿äà ç ê³íåòè÷íîþ
åíåðã³ºþ áëèçüêî 440 êò ÒÍÒ. Òàêà ïîä³ÿ â³äáóâàºòüñÿ â ñåðåäíüîìó
ðàç íà 65 ðîê³â. Åôåêòàì öüîãî êîñì³÷íîãî ò³ëà ïðèñâÿ÷åíî ïîíàä 200
íàóêîâèõ ïðàöü (äèâ., íàïðèêëàä, [5—8, 14, 25—27]).

Ïàä³ííþ 18 ãðóäíÿ 2018 ð. î 23:48:20 UT (òóò ³ äàë³ âñåñâ³òí³é ÷àñ)
³íøîãî âåëèêîãî ìåòåîðî¿äà, íàçâàíîãî àâòîðîì Êàì÷àòñüêèì, ïðè -
ñâÿ ÷åíî íå á³ëüøå 25 ðîá³ò [1, 3, 9—13, 16—24, 28]. Òèì ÷àñîì ïàðà -
ìåòðè öüîãî ìåòåîðî¿äà áóëè äîñòàòíüî óí³êàëüíèìè. Ïðîºêö³¿ øâèä -
êîñò³ ñòàíîâèëè u x  » 6.3 êì/ñ, u y » –3 êì/ñ, u z  » –31.2 êì/ñ, à ìîäóëü —
32 êì/ñ [15]. ²íòåãðàëüíà åíåðã³ÿ ñâ³ò³ííÿ Er » 1.3×1014 Äæ » 31 êò ÒÍÒ,

âèñîòà ñïàëàõó z r » 26 êì, éîãî êîîðäèíàòè: 56.9° N, 172.4° E [15]. Êóò

âòîðãíåííÿ â àòìîñôåðó ïî â³äíîøåííþ äî ãîðèçîíòó áóâ áëèçüêî
68.6°. Ïî÷àòêîâà ê³íåòè÷íà åíåðã³ÿ ìåòåîðî¿äà ñòàíîâèëà 173 êò ÒÍÒ,
ìàñà — 1.41 êò, ðîçì³ð — áëèçüêî 9.4 ì. ×àñòîòà ïàä³ííÿ òàêèõ ò³ë —
îäèí ðàç íà 30 ðîê³â [9—12, 16—20]. Êàì÷àòñüêèé ìåòåîðî¿ä òàêîæ
íàçèâàþòü Áåðèíãîâîìîðñüêèì [21, 23].

Ó íàøèõ ðîáîòàõ [10, 16, 17, 20] òåîðåòè÷íî îïèñàíî îñíîâí³
ô³çè÷í³ åôåêòè, ñóïóòí³ ïàä³ííþ Êàì÷àòñüêîãî ìåòåîðî¿äà. Ó ðîáîòàõ
[1, 11, 24] âèâ÷åíî ³íôðàçâóêîâ³ åôåêòè Êàì÷àòñüêîãî êîñì³÷íîãî ò³ëà. 
Ãåîìàãí³òí³ åôåêòè ìåòåîðî¿äà âèâ÷àëèñü ó ðîáîòàõ [12, 21], à ó ðîáî -
òàõ [19, 22, 23] çà äîïîìîãîþ áàãàòî÷àñòîòíîãî áàãàòîòðàñîâîãî êîãå -
ðåíò íîãî ðàä³îòåõí³÷íîãî êîìïëåêñó òà GPS-òåõíîëîã³é âèâ÷àëèñü
³îíî ñôåðí³ åôåêòè Êàì÷àòñüêîãî (Áåðèíãîâîìîðñüêîãî) ìåòåîðî¿äà.
Ðîáîòà [3] — íàóêîâî-ïîïóëÿðíà.

Ñòàíîâèòü ³íòåðåñ ïîäàëüøå äîñë³äæåííÿ ³îíîñôåðíèõ åôåêò³â òà
ç³ñòàâëåííÿ ðåçóëüòàò³â, îòðèìàíèõ íàçåìíèìè òà ñóïóòíèêîâèìè
ìåòîäàìè.
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Ìåòà äàíî¿ ðîáîòè — àíàë³ç ðåçóëüòàò³â GPS-ñïîñòåðåæåíü ³îíî -
ñôåðíèõ åôåêò³â òà ¿õíº ç³ñòàâëåííÿ ç ðåçóëüòàòàìè íàçåìíîãî ìåòîäó
ïîõèëîãî çîíäóâàííÿ ³îíîñôåðè. 

ÐÅÇÓËÜÒÀÒÈ ÑÏÎÑÒÅÐÅÆÅÍÜ

Ó ðîáîò³ [23] íàâåäåíî ðåçóëüòàòè GPS-ñïîñòåðåæåíü çáóðåíü â ³îíî -
ñôåð³, ÿê³ ñë³äóâàëè çà ïàä³ííÿì Êàì÷àòñüêîãî ìåòåîðî¿äà. Äëÿ äî -
ñë³äæåíü áóëî âèêîðèñòàíî ïðèéìàëüíó ñòàíö³þ ÀÑ60 (ãåîãðàô³÷í³
êî îðäèíàòè: 53° N, 173° E), â³ääàëåíó íà 450 êì â³ä ì³ñöÿ âèáóõó Êàì -
÷àòñüêîãî ìåòåîðî¿äà, òà ø³ñòü GPS-ñóïóòíèê³â (PRN02, PRN05,
PRN07, PRN09, PRN29 òà PRN30). 

Ñõåìó ðîçòàøóâàííÿ òðàºêòîð³é ï³ä³îíîñôåðíèõ òî÷îê äëÿ ñóïóò -
íèê³â PRN02, PRN05, PRN07, PRN09, PRN29 òà PRN30 ïî â³äíîøåííþ 
äî òî÷êè âèáóõó ìåòåîðî¿äà íàâåäåíî íà ðèñ. 1. Äëÿ àíàë³çó âèêî ðè -
ñòîâóâàëèñÿ ëèøå äàí³ ïåðøèõ ÷îòèðüîõ ñóïóòíèê³â. Ïðèéîì ñèãíàë³â 
çä³éñíþâàâñÿ íà ñòàíö³¿ AC60.

×àñîâ³ çàëåæíîñò³ ïðèðîñò³â âåðòèêàëüíîãî ïîâíîãî åëåêòðîííîãî 
âì³ñòó (ÏÅÂ) DN V  äëÿ ÷îòèðüîõ ñóïóòíèê³â íàâåäåíî íà ðèñ. 2. Âèäíî, 
ùî ç ïåâíèì ÷àñîì çàï³çíåííÿ ï³ñëÿ âèáóõó ìåòåîðî¿äà âèíèêàëè êâà -
ç³ïåð³îäè÷í³ âàð³àö³¿ ÏÅÂ, ùî ñâ³ä÷àòü ïðî ãåíåðàö³þ ðóõîìèõ ³îíî -
ñôåð íèõ çáóðåíü (Ð²Ç). Àìïë³òóäà âàð³àö³é íå ïåðåâèùóâàëà 0.11...
0.15 TECU ïðè ñåðåäíüîìó çíà÷åíí³ ÏÅÂ N V 0  » 11...15 TECU. Ïåð³îä

êîëèâàíü ñòàíîâèâ 11...18 õâ, ¿õíÿ òðèâàë³ñòü — 22...35 õâ.
Ïàðàìåòðè âàð³àö³é ÏÅÂ íàâåäåíî â òàáëèö³.
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Ðèñ. 1. Êàðòà òðàºêòîð³é ï³ä³îíîñôåðíèõ òî÷îê. Ç³ðêà — ïîëîæåííÿ òî÷êè âèáóõó, êîëà —
ïî÷àòêîâ³ òî÷êè òðåê³â ï³ä³îíîñôåðíî¿ òî÷êè, òðèêóòíèêè — ê³íöåâ³ òî÷êè òðåê³â ï³ä³îíî -
ñôåðíî¿ òî÷êè, òî÷êè — ïîëîæåííÿ ï³ä³îíîñôåðíî¿ òî÷êè â ìîìåíò âèáóõó ìåòåîðî¿äà,
ñòð³ëêè ïîçíà÷àþòü íàïðÿìîê ðóõó ï³ä³îíîñôåðíî¿ òî÷êè [23]
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Ðèñ. 2. Ãðàô³êè âàð³àö³é çáóðåíü ÏÅÂ. Âåðòèêàëüíà ùòðèõîâà ë³í³ÿ — ìîìåíò âèáóõó
ìåòåîðî¿äà, åë³ïñ — çáóðåííÿ, ë³í³ÿ 1 — çíà÷åííÿ DN t

V
( ) çà äîáó äî âèáóõó (17—18 ãðóäíÿ

2018 ð.), ë³í³ÿ 2 — DN t
V

( ) ó äåíü âèáóõó (18—19 ãðóäíÿ 2018 ð.), ë³í³ÿ 3 — DN t
V

( ) ÷åðåç äîáó
ï³ñëÿ âèáóõó (19—20 ãðóäíÿ 2018 ð.) [23]



ÀÍÀË²Ç ÐÅÇÓËÜÒÀÒ²Â

Ó ðîáîò³ [23] îïèñàíî ðåçóëüòàòè ñïîñòåðåæåííÿ ³îíîñôåðíèõ åôåêò³â
Êàì÷àòñüêîãî ìåòåîðî¿äà, äëÿ ÷îãî áóëî ïðîàíàë³çîâàíî âàð³àö³¿ ÏÅÂ
ó âåðòèêàëüíîìó ñòîâï³, îòðèìàí³ çà äîïîìîãîþ GPS-òåõíîëîã³é. 

×àñîâ³ âàð³àö³¿ ÏÅÂ íàâåäåíî íà ðèñ. 2. Àâòîðè âèçíà÷èëè ïå ð³îäè
T, òðèâàëîñò³ DT, ÷àñè çàï³çíåííÿ çáóðåíü Dt, ñêîðèãîâàí³ çíà ÷åí íÿ
ãîðèçîíòàëüíî¿ øâèäêîñò³ u¢ òà äîâæèí õâèëü l (äèâ. òàáëèöþ). Øâèä -
ê³ñòü u¢ îö³íþâàëàñü ³ç ñï³ââ³äíîøåííÿ

u¢ =
-

R

t tD D 0

 ,

äå R — â³äñòàíü â³ä îáëàñò³ âèáóõó äî çáóðåííÿ â ³îíîñôåð³, Dt0  — ÷àñ
ïîøèðåííÿ çáóðåííÿ â³ä âèñîòè âèáóõó äî âèñîòè ãåíåðàö³¿ ³îíî ñôåð -
íîãî çáóðåííÿ.

Çàëåæí³ñòü Dt R( ) ïîáóäîâàíî çà äàíèìè äëÿ òðüîõ ñóïóò íèê³â —
PRN02, PRN05, PRN07 (ðèñ. 3). ×åòâåðòà ñòàíö³ÿ íå âðàõîâóâàëàñü,
îñê³ëüêè äëÿ íå¿ çíà÷åííÿ Dt âèÿâèëîñü àíîìàëüíî ìàëèì (~ 12 õâ). Öå
ñâ³ä÷èëî ïðî òå, ùî øâèäê³ñòü ïîøèðåííÿ íàëåæàëà äî çáóðåíü ³íøî¿
ô³çè÷íî¿ ïðèðîäè.

Ç ðèñ. 3 âèäíî, ùî ïðè R = 0 êì ÷àñ çàï³çíåííÿ Dt0  » 7.6 õâ. Öåé ÷àñ

íåîáõ³äíèé äëÿ ïåðåäà÷³ çáóðåííÿ â³ä îáëàñò³ âèáóõó ìåòåîðî¿äà äî
âèñîòè ãåíåðàö³¿ ³îíîñôåðíîãî çáóðåííÿ:

Dt
dz

zwz

z

e

0 = ò u ( )
. 

Òóò uw  — âåðòèêàëüíà øâèäê³ñòü ïîøèðåííÿ õâèëüîâîãî çáóðåííÿ.
Âîíà ïîâ’ÿçàíà äèñïåðñ³éíèì ñï³ââ³äíîøåííÿì ç³ øâèäê³ñòþ çâóêó â
àòìîñôåð³:

u
g

s
B n

n

k T z

M z
=

( )

( )
, 
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Íîìåð
òðåêó

jïò,

lïò 
D, êì T, õâ h DT, õâ A

DNV ,
TECU

Dt, õâ u¢, ì/ñ l, êì

AC60-
PRN02

51.61°N
171.10°E

596 11 44.12° 22 188.70° 0.13 27.7 504 333

AC60-
PRN05

53.66°N
170.50°E

381 14...
17

43.82° 28...
34

199.30° 0.16 20.2 520 437...
530

AC60-
PRN07

52.42°N
176.13°E

575 10.5 60.08° 30 152.70° 0.14 27.0 504 318

AC60-
PRN09

53.62°N
178.50°E

532 14...
18

45.53° 30...
35

130.80° 0.13 12 2000

Ïðîñòîðîâèé ðîçïîä³ë ³ ïàðàìåòðè ðóõîìèõ ³îíîñôåðíèõ çáóðåíü (jïò, lïò — êîîðäèíàòè
ï³ä³îíîñôåðíî¿ òî÷êè, D — â³äñòàíü ì³æ Ð²Ç ³ òî÷êîþ âèáóõó, A — àçèìóò, h — êóò
ï³äíåñåííÿ)



äå g — ïîêàçíèê àä³àáàòè, k B  — ñòàëà Áîëüöìàíà, Tn  ³ M n  — òåì -

ïåðàòóðà òà ñåðåäíÿ ìàñà íåéòðàëüíèõ ÷àñòèíîê. Â³ä âèñîòè âè áóõó 
ze » 25 êì äî âèñîòè ãåíåðàö³¿ z » 250 êì M n  çìåíøóºòüñÿ ìàéæå

âäâ³÷³, à Tn , íåìîíîòîííî çì³íþþ÷èñü ó ñòðàòîñôåð³, ìåçîñôåð³ òà
òåðìîñôåð³, çá³ëüøóºòüñÿ ïðèáëèçíî â³ä 300 äî 1000...1200 Ê. Çà ðà -
õóíîê öüîãî øâèäê³ñòü us íåìîíîòîííî çì³íþºòüñÿ â³ä 300 äî 700...
800 ì/ñ. Ðàçîì ³ç us çì³íþºòüñÿ é øâèäê³ñòü uw , ÿêà àïð³îð³ íå ïåðå -

âèùóº øâèäê³ñòü çâóêó.
²ç òàáëèö³ âèäíî, ùî ïåð³îä õâèëüîâîãî çáóðåííÿ ñòàíîâèâ T » 11... 

18 õâ, ãîðèçîíòàëüíà øâèäê³ñòü äîð³âíþâàëà 504...520 ì/ñ, à äîâæèíà
õâèë³ l = 318...530 êì. Òàê³ ïàðàìåòðè â àòìîñôåð³ ìàþòü àòìîñôåðí³
ãðàâ³òàö³éí³ õâèë³ (ÀÃÕ) [2].

Äàë³ îö³íèìî àìïë³òóäó ÀÃÕ. Àìïë³òóäà õâèëüîâèõ çáóðåíü ÏÅÂ 
DN V » 0.11...0.15 TECU. Ïðè çíà÷åíí³ â ñåðåäèí³ äíÿ ÏÅÂ N V 0 » 11...
15 TECU ìàºìî äëÿ â³äíîñíî¿ àìïë³òóäè

dNV
V

V

N

N
= »

D

0

0 01. , 

àáî dNV » 1 %. Âðàõóºìî, ùî 

d dNV N
wz

z
»

D

D 0

, 

äå dN  — ñåðåäíº çà âèñîòîþ çíà÷åííÿ â³äíîñíî¿ àìïë³òóäè õâèëüîâîãî 
çáóðåííÿ N, Dzw  — åôåêòèâíà òîâùèíà øàðó ³îíîñôåðè ç ÀÃÕ, Dz0  —
åôåêòèâíà òîâùèíà øàðó ³îíîñôåðè, ÿêèé äàº îñíîâíèé âíåñîê ó ÏÅÂ. 
Ïðè Dzw  » 100 êì, Dz0  » 300...400 êì îòðèìàºìî, ùî dN » 0.03...0.04,

àáî 3...4 %.
Äîäàìî, ùî çà äîïîìîãîþ áàãàòî÷àñòîòíîãî áàãàòîòðàñîâîãî

ïîõèëîãî çîíäóâàííÿ ³îíîñôåðè ìè çíàéøëè òðè ãðóïè øâèäêîñòåé:
310...500 ì/ñ, 620...700 ì/ñ ³ 1.9...2.9 êì/ñ. Äëÿ ïåðøèõ äâîõ ãðóï T »
» 10...15 õâ. Äàí³ GPS-òåõíîëîã³é äàëè u¢ = 504...520 ì/ñ òà T = 11...
18 õâ. Äëÿ ñóïóòíèêà PRN09 ìàºìî u¢ » 2.2 êì/ñ.
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Ðèñ. 3. Çàëåæí³ñòü ÷àñó çàï³çíåííÿ
³îíî ñôåðíîãî çáóðåííÿ â³ä â³äñòà -
í³ ì³æ òî÷ êîþ âèáóõó òà òî÷êîþ
ñïî ñòå ðåæåííÿ: Dt = 0.03362r + 7.6
(Dt — ó õâ, r — ó êì). Êîåô³ö³ºíò
äîñòî â³ð íîñò³ àïðîêñèìàö³¿ R2 »
»0.9985, ñåðåä íº êâàäðàòè÷íå â³ä -
õè ëåííÿ s » 0.1618 õâ



ÎÁÃÎÂÎÐÅÍÍß

Çà äîïîìîãîþ íàçåìíîãî ìåòîäó ïîõèëîãî çîíäóâàííÿ ³îíîñôåðè â ðî -
áîò³ [22] âèÿâëåíî òà îïèñàíî 2-3 ãðóïè ÷àñ³â çàï³çíåííÿ ðåàêö³¿ ³îíî -
ñôåðè íà âèáóõ Êàì÷àòñüêîãî ìåòåîðî¿äà. ¯ì â³äïîâ³äàëè ïîç³ðí³ ãî -
ðèçîíòàëüí³ øâèäêîñò³ ïîøèðåííÿ çáóðåíü: 1.9...2.9 êì/ñ, 620...770 ì/ñ 
òà 310...500 ì/ñ. Íàéá³ëüøà øâèäê³ñòü, ìàáóòü, ïîâ’ÿçàíà ç ãåíåðàö³ºþ
òà ïîøèðåííÿì ñåéñì³÷íî¿ õâèë³ Ðåëåÿ, ÿêà ìàº ïðèáëèçíî òàêó ñàìó
øâèäê³ñòü [22]. Çíà÷åííÿ øâèäêîñò³ 620...770 ì/ñ ³ ïåð³îäó 10...15 õâ
õàðàêòåðí³ äëÿ øâèäêèõ àòìîñôåðíèõ õâèëü ó F-îáëàñò³ ³îíî ñôåðè
(âèñîòà áëèçüêî 300 êì). Øâèäê³ñòü 310...500 ì/ñ òèïîâà äëÿ ÀÃÕ íà
âèñîòàõ 100...200 êì.

Çà äàíèìè GPS-ñïîñòåðåæåíü äëÿ ñóïóòíèê³â PRN02, PRN05 òà
PRN07 âèçíà÷åíî øâèäê³ñòü u¢ = 504...520 ì/ñ. Öÿ øâèäê³ñòü õàðàêòåð -
íà äëÿ âèñîò ïîðÿäêó 200 êì, äå àìïë³òóäà ÀÃÕ ìàêñèìàëüíà. Ñàìå ö³
âèñîòè äàþòü îñíîâíèé âíåñîê ó êâàç³ïåð³îäè÷í³ âàð³àö³¿ ÏÅÂ. Äëÿ ñó -
ïóòíèêà PRN09 öóãó ç íàéá³ëüøîþ àìïë³òóäîþ â³äïîâ³äàâ ÷àñ çàï³ç -
íåí íÿ Dt » 12 õâ. Ïðè Dt0 » 7.6 õâ ìàºìî u¢ » 2 êì/ñ. Äëÿ ³íøèõ ñóïóò -

íèê³â òàêîæ ñïîñòåð³ãàëèñÿ êâàç³ïåð³îäè÷í³ âàð³àö³¿ ç DN V  = 0.05...
0.07 TECU òà Dt = 11...12 õâ. Äëÿ íèõ u¢ = 2...2.6 êì/ñ. Öÿ øâèäê³ñòü
áëèçüêà äî øâèäêîñò³ ïîâåðõíåâèõ ñåéñì³÷íèõ õâèëü.

Òàêèì ÷èíîì, ðåçóëüòàòè íàçåìíîãî òà ñóïóòíèêîâîãî ìåòîä³â
äîáðå óçãîäæóþòüñÿ ì³æ ñîáîþ.

Ïîð³âíÿºìî äàë³ â³äíîñí³ àìïë³òóäè dN  õâèëüîâèõ çáóðåíü êîí -
öåíò ðà ö³¿ åëåêòðîí³â â ³îíîñôåð³. Äëÿ GPS-ñïîñòåðåæåíü dN  » 0.03...

0.04.
Îö³íèìî dN , íàïðèêëàä, äëÿ ðàä³îòðàñ ×³áà/Íàãàðà — Õàðá³í

(÷àñòîòà f = 6.055 ÌÃö) ³ Ïåê³í — Õàðá³í (÷àñòîòà f = 6.175 ÌÃö). Äëÿ
ïåðøî¿ ðàä³îòðàñè äîâæèíîþ R » 1613 êì ìàºìî äëÿ àìïë³òóäè äîï -
ïëåð³âñüêîãî çì³ùåííÿ ÷àñòîòè f da  = 0.20...0.25 Ãö ³ T = 10...15 õâ [22].
Äëÿ äðóãî¿ ðàä³îòðàñè f da  » 0.25 Ãö, T » 15 õâ, R » 1044 êì [22].

Äëÿ îö³íêè dN  ñêîðèñòàºìîñÿ ôîðìóëîþ ç ðîáîòè [4]:

d
p

N
daK cT

L

f

f
=

4
. 

Òóò

K
z

R
r

E

=
+

+
=

1

1 2 2

sin
,

q

z q
z

tg
 , 

äå q — êóò íà âõîä³ â ³îíîñôåðó ì³æ òðàºêòîð³ºþ òà âåðòèêàëëþ, z r  —

âèñîòà â³äáèòòÿ ðàä³îõâèë³, RE » 6400 êì — ðàä³óñ Çåìë³, L — òîâùèíà 
øàðó ³îíîñôåðè, ùî äàº îñíîâíèé âíåñîê ó äîïïëåð³âñüêå çì³ùåííÿ
÷àñòîòè. 
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Îö³íêè äëÿ ïåðøî¿ òðàñè ïðè L » 15 êì äàþòü dN  = 0.035...0.037,

äëÿ äðóãî¿ — ïðè L » 20 êì dN  = 0.033...0.050. ßê âèäíî ç öèõ îö³íîê,

çíà÷åííÿ àìïë³òóä, îòðèìàíèõ çà äîïîìîãîþ íàçåìíîãî òà ñóïóòíèêî -
âîãî ìåòîä³â, äîñèòü áëèçüê³ (áëèçüêî 0.03...0.04 àáî 3...5 %).

ÎÑÍÎÂÍ² ÐÅÇÓËÜÒÀÒÈ

1. Çà äîïîìîãîþ GPS-òåõíîëîã³é âèçíà÷åíî ÷àñè çàï³çíåííÿ ³îíîñôåð -
íî¿ ðåàêö³¿ íà âèáóõ Êàì÷àòñüêîãî ìåòåîðî¿äà, ãîðèçîíòàëüí³ øâèä -
êîñ ò³ ïîøèðåííÿ çáóðåíü (504...520 ì/ñ), ¿õí³ ïåð³îäè (11...18 õâ), òðè -
âàëîñò³ (22...35 õâ), äîâæèíè õâèëü (333...530 êì) ³ â³äíîñí³ àìïë³òóäè
(dNV » 1 %, dN » 3...4 %).

2. Îö³íêè â³äíîñíî¿ àìïë³òóäè õâèëüîâèõ çáóðåíü êîíöåíòðàö³¿
åëåê òðîí³â, îòðèìàí³ çà äîïîìîãîþ íàçåìíîãî òà ñóïóòíèêîâîãî ñïî -
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ð³îäè (áëèçüêî 10...15 õâ).

3. Çà äîïîìîãîþ íàçåìíîãî òà ñóïóòíèêîâîãî ìåòîä³â âèÿâëåíî
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IONOSPHERIC EFFECTS OF THE KAMCHATKA METEOROID: 
GPS OBSERVATIONS

The most im por tant event in as tron omy and in the phys ics of ce les tial bod ies at the be gin -
ning of the twenty-first cen tury was the Chelyabinsk me te or oid en try into the ter res trial at -
mo sphere with ki netic en ergy equal to about 440 kt of TNT. Such an event oc curs at a rate
of about one per 65 years. The ef fects from this ce les tial body were dealt with in more than
200 sci en tific pa pers. The en try into the at mo sphere of an other large me te or oid on De cem -
ber 18, 2018, which has been termed the Kamchatka me te or oid by the au thor, was re ported
in less than 25 sci en tific pa pers. Mean while, the pa ram e ters of this me te or oid are quite
unique. Its ve loc ity com po nents are es ti mated to be ux  » 6.3, u y  » –3, u z  » –31.2 km/s yiel -

d ing the ve loc ity mag ni tude of 32 km/s, the to tal op ti cal ra di ated en ergy 1.3´1014 J » 31 kt
TNT, the fire ball ex plo sion al ti tude 26 km over the 56.9° N, 172.4° E geo graphic lo ca tion,
the tra jec tory di rected at an an gle of about 68.6° with re spect to the ho ri zon. The ini tial ki -
netic en ergy is es ti mated to be 173 kt TNT, mass 1.41 kt, and size 9.4 m. The oc cur rence
rate of such a body at mo spheric en try is es ti mated to be one per 30 years. Fur ther stud ies of
the ion o spheric ef fects and the intercomparisons of the re sults ob tained with ground-based
and sat el lite tech niques are of in ter est. The pur pose of the pres ent work is to an a lyze GPS
ob ser va tions of the ion o spheric ef fects and to intercompare them with the re sults ob tained
by the ground-based tech nique for ob ser va tions of the ion o sphere at oblique in ci dence.
One AC60 re ceiv ing sta tion at the 53° N, 173° E geo graphic lo ca tion at a 450-km dis tance
from the Kamchatka me te or oid ex plo sion and six GPS sat el lites, PRN02, PRN05, PRN07,
PRN09, PRN29 and PRN30, have been used for ob serv ing the dis tur bances that fol lowed
the Kamchatka me te or oid en try. The main re sults are sum ma rized as fol lows. The time de -
lays of the ion o spheric re sponse to the Kamchatka me te or oid ex plo sion have been de ter -
mined us ing GPS tech nol ogy, the hor i zon tal ve loc i ties of dis tur bances have been es ti mated 
to be 504...520 m/s, their pe ri ods to be 11...18 min, du ra tions 22...35 min, wave lengths
333...530 km, and the am pli tudes of dis tur bances in the elec tron den sity 3...4 %. The es ti -
mates of wave dis tur bance rel a tive am pli tudes ob tained by the ground-based tech nique
sub stan tially in agree ment (3...5 % un cer tainty) with those ob tained by the sat el lite tech -
nique. Their pe ri ods are also in fair agree ment (about 10...15 min). The wave dis tur bances
as so ci ated with both at mo spheric grav ity waves and seis mic waves have been de tected us -
ing the ground-based and sat el lite tech niques. 
Key words: Kamchatka me te or oid, ion o sphere, GPS tech nol ogy, trav el ing ion o spheric dis -
tur bance, at mo spheric grav ity wave, seis mic wave.
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