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çãåíåðîâàíîãî Ëèïåöüêèì ìåòåîðî¿äîì: ðåçóëüòàòè
ñòàòèñòè÷íîãî àíàë³çó

Ìåòîþ ðîáîòè º ïîáóäîâà îñíîâíèõ êîðåëÿö³éíèõ ïîë³â ³ â³äïîâ³äíèõ
ðåãðåñ³éíèõ çàëåæíîñòåé äëÿ õàðàêòåðèñòèê ³íôðàçâóêîâîãî ñèãíàëó, 
çãåíåðîâàíîãî Ëèïåöüêèì ìåòåîðî¿äîì. Êîñì³÷íå ò³ëî âòîðãíóëîñü
äî àòìîñôåðè Çåìë³ 21 ÷åðâíÿ 2018 ð. î 01:16:20 UT. Ïî÷àòêîâà
øâèäê³ñòü ìåòåîðî¿äà ñòàíîâèëà 14.4 êì/ñ, ìàñà — áëèçüêî 113 ò,
ðîçì³ð — áëèçüêî 4 ì, à ê³íåòè÷íà åíåðã³ÿ äîð³âíþâàëà 2.8 êò ÒÍÒ.
Çãåíåðîâàí³ êîñì³÷íèì ò³ëîì ³íôðàçâóêîâ³ õâèë³ ñïîñòåð³ãàëèñü ó ãëî -
áàëü íèõ ìàñøòàáàõ. Ö³ õâèë³ çàðåºñòðîâàí³ ì³æíàðîäíîþ ñèñòåìîþ
ìîí³òîðèíãó (IMS) ÿäåðíèõ âèïðîáóâàíü, ÿêà íàëåæèòü Îðãàí³çàö³¿ çà
Äîãîâîðîì ïðî âñåîñÿæíó çàáîðîíó ÿäåðíèõ âèïðîáóâàíü (CTBTO).
Äëÿ îáðîáêè äàíèõ âèêîðèñòîâóâàëèñü ìåòîäè ìàòåìàòè÷íî¿ ñòà -
òèñ òèêè. Äîñë³äæåííÿ ïîêàçàëè, ùî ÷àñ çàï³çíåííÿ ³íôðàçâóêîâîãî
ñèãíàëó çá³ëüøóâàâñÿ ïðè çá³ëüøåíí³ ãîðèçîíòàëüíî¿ â³äñòàí³ â³ä
åï³öåíòðà âèáóõó ìåòåîðî¿äà äî ñòàíö³é çà ë³í³éíèì çàêîíîì. Ïðè
öüîìó ñåðåäíÿ çà âñ³ìà òðàñàìè øâèäê³ñòü ïðèõîäó ñèãíàëó áóëà
áëèçüêîþ äî 304...305 ì/ñ. Øâèäê³ñòü ïðèõîäó ³íôðàçâóêîâîãî ñèãíàëó
ïðè çá³ëüøåíí³ â³äñòàí³ ñïî÷àòêó äîñòàòíüî øâèäêî çìåíøóâàëàñü, à 
íà â³äñòàíÿõ 4.5...8.66 Ìì ôëóêòóâàëà á³ëÿ çíà÷åííÿ 302 ì/ñ. Çàëåæ -
í³ñòü òðèâàëîñò³ ³íôðàçâóêîâîãî ñèãíàëó â³ä â³äñòàí³ áóëà ñïàäíîþ
çà ë³í³éíèì çàêîíîì. Äèñïåðñ³éíå ðîçøèðåííÿ ñèãíàëó áóëî íåñóò -
òº âèì íà â³äñòàíÿõ 5...8 Ìì. Ñåðåäí³ çíà÷åííÿ ïåð³îä³â ³íôðàçâó -
êîâîãî ñèãíàëó, ÿê³ íå çàëåæàòü â³ä â³äñòàí³ òà ÿê³ îö³íåíî çà ð³çíèìè
ðåãðåñ³ÿìè, äîð³âíþâàëè 6.28 ± 0.98 òà 6.14 ± 0.76 ñ. Ñåðåäíº çíà÷åííÿ
ïî÷àòêîâî¿ ê³íåòè÷íî¿ åíåðã³¿ ìåòåîðî¿äà, îòðèìàíå ç ³íôðàçâóêîâèõ
ñïîñòåðåæåíü ïåð³îäó êîëèâàíü, ñòàíîâèòü 2.26...2.43 êò ÒÍÒ, ùî
íåñóòòºâî â³äð³çíÿºòüñÿ â³ä íåçàëåæíèõ äàíèõ ÍÀÑÀ (2.8 êò ÒÍÒ).
Àïðîêñèìàö³ÿ øâèäêîñò³ ïðèõîäó ³íôðàçâóêîâîãî ñèãíàëó â³ä ñèíóñà
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àçèìóòàëüíîãî êóòà ïîêàçàëà, ùî ñêîðèãîâàíå çíà÷åííÿ øâèäêîñò³
ïðèõîäó ñèãíàëó ñòàíîâèëî ïðèáëèçíî 300 ì/ñ, à ñåðåäíº çíà÷åííÿ òðî -
ïîñôåðíî-ñòðàòîñôåðíîãî â³òðó áóëî áëèçüêèì äî 25...31 ì/ñ. Àíàë³ç
êîðåëÿö³éíèõ ïîë³â âèÿâèâ ñò³éêèé ñòàòèñòè÷íèé çâ’ÿçîê ì³æ ñïî -
ñòå ðåæóâàíèì òà ³ñòèííèì àçèìóòàìè äæåðåëà ³íôðàçâóêó. Â³ä -
ì³÷åíî, ùî ìàëà ì³ñöå òåíäåíö³ÿ äî çá³ëüøåííÿ ð³âíÿ ôëóêòóàö³é àçè -
ìóòà ïðè çá³ëüøåíí³ â³äñòàí³.
Êëþ÷îâ³ ñëîâà: Ëèïåöüêèé ìåòåîðî¿ä, ³íôðàçâóê, ïàðàìåòðè ñèãíàëó,
ðåãðåñ³¿, êîðåëÿö³éí³ ïîëÿ.

ÂÑÒÓÏ

Âòîðãíåííÿ äî àòìîñôåðè Çåìë³ áóäü-ÿêîãî äîñòàòíüî âåëèêîãî êîñ -
ì³÷ íîãî ò³ëà òà âèêëèêàí³ íèì ô³çè÷í³ åôåêòè çàñëóãîâóþòü óâàæíîãî
âèâ÷åííÿ. Íåùîäàâíüîþ ïîä³ºþ ñòàâ ïîë³ò ³ âèáóõ Ëèïåöüêîãî ìå -
òåîðî¿äà [9].

Äàíå êîñì³÷íå ò³ëî âòîðãíóëîñü äî àòìîñôåðè Çåìë³ ïîáëèçó
ì. Ëè ïåöüê (Ðîñ³ÿ) 21 ÷åðâíÿ 2018 ð. î 01:06:20 UT (òóò ³ äàë³ âñå ñâ³ò -
í³é ÷àñ) òà âèáóõíóëî íà âèñîò³ ïðèáëèçíî 27 êì [9]. Éîãî ïîë³ò ³ âèáóõ 
çàô³êñîâàíî ñèñòåìîþ êîíòðîëþ êîñì³÷íîãî ïðîñòîðó ÑØÀ [9] òà ÷è -
ñåëüíèìè â³äåîðåºñòðàòîðàìè íà â³äñòàíÿõ ïîíàä 300 êì. Âèì³ðÿí³
ïðîåêö³¿ øâèäêîñò³ äîð³âíþâàëè: ux  = –8.9 êì/ñ, u y  = –4.3 êì/ñ, u z  =
= –10.5 êì/ñ, à ìîäóëü øâèäêîñò³ — 14.4 êì/ñ. Åíåðã³ÿ ñâ³òëîâîãî
ñâ³ ÷åííÿ äîð³âíþâàëà 1.22×1012 Äæ » 0.29 êò ÒÍÒ, ¿¿ êîîðäèíàòè:
52.8°N, 38.1°E. Çíàéäåí³ ôðàãìåíòè êîñì³÷íîãî ò³ëà ñâ³ä÷èëè ïðî òå,
ùî ìåòåîðèò íàëåæèòü äî êëàñó çâè÷àéíèõ õîíäðèò³â ç ù³ëüí³ñòþ
3.3 ò/ì3. Çà åíåðã³ºþ ñâ³÷åííÿ îö³íåíî ïî÷àòêîâó ê³íåòè÷íó åíåðã³þ
ò³ëà E » 1.17×1013 Äæ » 2.8 êò ÒÍÒ, çà åíåðã³ºþ òà øâèäê³ñòþ îá÷èñëåíî 
ìàñó ìåòåîðî¿äà (113 ò), à çà ìàñîþ òà ù³ëüí³ñòþ — îá’ºì (34.2 ì3) òà
ðîçì³ð (» 4 ì).

Ëèïåöüêîìó ìåòåîðî¿äó ïðèñâÿ÷åíî íèçêó ðîá³ò, ó ÿêèõ ïðîìîäå -
ëüîâàí³ ìåõàí³÷í³, îïòè÷í³ òà ãàçîäèíàì³÷í³ åôåêòè [1], — òåðìîäèíà -
ì³÷í³, ïëàçìîâ³ åôåêòè, à òàêîæ åôåêòè òóðáóëåíòíîñò³ òà ïëþìó [2],
— ìàãí³òí³, åëåêòðè÷í³, åëåêòðîìàãí³òí³, ñåéñì³÷í³, ³îíîñôåðí³ åôåê -
òè, à òàêîæ åôåêòè àêóñòèêî-ãðàâ³òàö³éíèõ õâèëü [3]. Ó ðîáîò³ [4]
îïèñàíî ðåçóëüòàòè ñïîñòåðåæåíü ³ àíàë³çó ³îíîñôåðíèõ åôåêò³â Ëè -
ïåöüêîãî ìåòåîðî¿äà, à â ðîáîòàõ [6, 8] — ðåçóëüòàòè ñïîñòåðåæåíü ³
àíàë³çó ìàãí³òíèõ åôåêò³â öüîãî ìåòåîðî¿äà.

Ó ðîáîò³ [10] çà äàíèìè 10 ³íôðàçâóêîâèõ ñòàíö³é çíàéäåíî ïåð³îä
³íôðàçâóêîâèõ êîëèâàíü 5.38 ± 2.95 ñ, ïî÷àòêîâó åíåðã³þ Ëèïåöüêîãî
ìåòåîðî¿äà (ó ðîáîò³ â³í ³ìåíóºòüñÿ ìåòåîðèòîì «Îçåðêè») â 0.3...8.8
êò ÒÍÒ (ñåðåäíº 2.4 êò ÒÍÒ), ìàñà 10...380 ò (ñåðåäíº 98 ò) òà ðîçì³ð
1.8...6.6 ì (ñåðåäíº 3.8 ì). Ö³ çíà÷åííÿ º äîñèòü áëèçüêèìè äî çíà÷åíü,
íàâåäåíèõ ó ðîáîò³ [1].

Ìåòîþ ö³º¿ ðîáîòè º ïîáóäîâà îñíîâíèõ êîðåëÿö³éíèõ ïîë³â ³ â³ä -
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ïîâ³äíèõ ðåãðåñ³éíèõ çàëåæíîñòåé äëÿ õàðàêòåðèñòèê ³íôðàçâóêîâîãî
ñèãíàëó, ÿêèé áóëî çãåíåðîâàíî Ëèïåöüêèì ìåòåîðî¿äîì.

Ìåòîäèêà äîñë³äæåííÿ â ö³é ðîáîò³ ïîä³áíà äî ìåòîäèê, îïèñàíèõ
ó ðîáîòàõ [5, 7]. 

Äîäàìî, ùî ïî÷àòêîâà ê³íåòè÷íà åíåðã³ÿ ×åëÿá³íñüêîãî ìåòåî -
ðî¿äà äîð³âíþâàëà 440 êò ÒÍÒ, ²íäîíåç³éñüêîãî — 70 ± 20 êò ÒÍÒ, à
Ëèïåöüêîãî — 2.8 êò ÒÍÒ. Ñòàíîâèòü ³íòåðåñ ïîð³âíÿííÿ ðåçóëüòàò³â
ñòàòèñòè÷íîãî àíàë³çó õàðàêòåðèñòèê ³íôðàçâóêîâèõ ñèãíàë³â, çãåíå -
ðî âàíèõ ìåòåîðî¿äàìè, ïî÷àòêîâà ê³íåòè÷íà åíåðã³ÿ ÿêèõ â³äð³çíÿëàñü
á³ëüø í³æ íà ïîðÿäîê âåëè÷èíè.

ÇÀÃÀËÜÍ² Â²ÄÎÌÎÑÒ² ÏÐÎ ÌÅÒÅÎÐÎ¯Ä

Îñíîâí³ â³äîìîñò³ ïðî 10 ³íôðàçâóêîâèõ ñòàíö³é CTBTO, ÿê³ çàðå -
ºñòðóâàëè ³íôðàçâóêîâ³ ñèãíàëè, òà õàðàêòåðèñòèêè öèõ ñèãíàë³â
íàâåäåíî ó òàáë. 1 òà 2. Ñõåìó ðîçòàøóâàííÿ ñòàíö³é ïîêàçàíî íà
ðèñ. 1. Âèäíî, ùî á³ëüø³ñòü ñòàíö³é ëåæèòü íà çàõîä³, à îäíà ñòàíö³ÿ — 
íà ñõîä³ â³ä ì³ñöÿ âèáóõó Ëèïåöüêîãî ìåòåîðî¿äà. Òàêå ðîçòàøóâàííÿ
ñòàíö³é äîçâîëÿº ïðîñòåæèòè çàëåæí³ñòü õàðàêòåðèñòèê ³íôðàçâóêó
â³ä àçèìóòà.

Ç òàáë. 1 âèäíî, ùî â³ääàëåííÿ r ³íôðàçâóêîâèõ ñòàíö³é â³ä äæåðå -
ëà ³íôðàçâóêó çì³íþâàëîñü â³ä 0.53 äî 8.66 Ìì, ÷àñ çàï³çíåííÿ ñèãíàëó 
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Ñòàíö³ÿ Êîîðäèíàòè ñòàíö³¿ r, Ìì Df , Ãö T, ñ Atr Aobs DA

I43RU Äóáíà, Ðîñ³ÿ
(56.7°N, 37.3°E)

0.53 0.05...6 0.17...20 176.0° 173.30° –2.70°

I26DE Freyung,
Í³ìå÷÷èíà 

(48.9°N, 13.7°E)

1.74 0.15...6 0.17...6.63   69.4° 68.1° –1.30°

I37NO Bardufoss, Íîðâåã³ÿ 
(69.1°N, 18.6°E)

2.16 0.02...6 0.17...50 142.4° 139.90° –2.50°

I48TN Kesra, Òóí³ñ 
(35.8°N, 9.3°E)

2.88 0.035...6 0.17...28.6   42.5° 40.5° –2.00°

I18DK Qaanaaq, Ãðåíëàíä³ÿ 
(77.5°N, 69.3°W)

4.82 0.11...0.82 1.2...9   59.5° 59.0° –0.50°

I42PT Azores, Graziosa Island,
Ïîðòóãàë³ÿ 

(37.8°N, 25.5°W)

5.15 0.04...3.39 0.30...20   51.3°  54.40°   3.10°

I17CI Dimbokro, Êîò-ä’²âóàð
(6.7°N, 4.9°W)

6.35 0.06...0.35 2.86...16.67   29.9°  31.00°   1.10°

I53US Fairbanks, ÑØÀ 
(64.9°N, 147.9°W)

7.05 0.20...0.82 1.2...5 356.1° 358.6°   2.50°

I10CA Lac du Bonnet, Êàíàäà 
(50.2°N, 95.9EW)

7.89 0.06...0.82 1.22...16.67   28.2°  29.70°   1.50°

I56US Newport, ÑØÀ 
(48.3°N, 117.1°W)

8.66 0.06...1.08 0.93...16.67   15.6°  13.10° –2.50°

Òàáëèöÿ 1. Çàãàëüí³ â³äîìîñò³ ïðî ³íôðàçâóêîâ³ ñòàíö³¿ òà õàðàêòåðèñòèêè ³íôðàçâó -
êîâèõ ñèãíàë³â



Dt — â³ä 22.87 äî 473.90 õâ, øâèäê³ñòü u ïðèõîäó ³íôðàçâóêó — â³ä
387.70 äî 304.53 ì/ñ, òðèâàë³ñòü DT  ñèãíàëó — â³ä 1.38 äî 40.55 õâ,
ïåð³îä T — â³ä 1.65 äî 12.00 ñ, ôëóêòóàö³¿ àçèìóòà DA — â³ä –2.7° äî
3.1°. Â³äì³òèìî, ùî ëèøå íà îäí³é ñòàíö³¿ I53US (Fair banks, ÑØÀ)
ñìóãà ïðîïóñêàííÿ ô³ëüòðà Df  áóëà ìåíøå ñìóãè ÷àñòîò ³íôðàçâó êî -
âîãî ñèãíàëó.

Ç òàáë. 2 âèïëèâàº, ùî àíîìàëüíî íèçüê³ òðèâàëîñò³ ³íôðàçâó êî -
âîãî ñèãíàëó (1.38 õâ) áóëè çàðåºñòðîâàí³ íà ñòàíö³¿ I53US (Fair banks,
ÑØÀ). Ó òîé æå ÷àñ àíîìàëüíî âåëèêà òðèâàë³ñòü ñèãíàëó (40.55 õâ)
ñïîñòåð³ãàëàñü íà ñòàíö³¿ I37NO (Bardufoss, Íîðâåã³ÿ). Àíîìàëüíî
ìàëèé ïåð³îä êîëèâàíü ³íôðàçâóêó (1.65 ñ) â³äì³÷åíî íà ñòàíö³¿ I43RU
(Äóáíà, Ðîñ³ÿ), à àíîìàëüíî âåëèêèé ïåð³îä (12.00 ñ) — íà ñòàíö³ÿõ
I37NO (Bardufoss, Íîðâåã³ÿ) òà 10.10 ñ — íà ñòàíö³¿ I17CI (Dimbokro,
Êîò-ä’²âóàð). Íàéá³ëüø³ ôëóêòóàö³¿ àçèìóòà ñïîñòåð³ãàëèñü íà ñòàí -
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Ñòàíö³ÿ Dt, õâ  u , ì/ñ DT , õâ Tamp, ñ Ïðèì³òêà

I43RU   22.87 387.70 6.65 1.65 Àíîìàëüíî âåëèêà øâèäê³ñòü, 
àíîìàëüíî ìàëèé ïåð³îä, àíîìàëüíèé àçèìóò

I26DE   83.22 347.67 21.05 5.80 Âåëèêà øâèäê³ñòü
I37NO 106.12 339.08 40.55 12.00 Àíîìàëüíî âåëèêèé ïåð³îä, 

àíîìàëüíî âåëèêà òðèâàë³ñòü
I48TN 147.72 324.37 23.95 4.60
I18DK 263.05 305.46 4.88 5.10 Àíîìàëüíà òðèâàë³ñòü
I42PT 286.55 299.54 11.75 8.85 Àíîìàëüíèé àçèìóò
I17CI 358.08 295.56 9.60 10.10 Àíîìàëüíî âåëèêèé ïåð³îä
I53US 384.28 305.85 1.38 3.95 Âóçüêà ñìóãà ïðèëàäó, 

àíîìàëüíî ìàëà òðèâàë³ñòü
I10CA 433.68 303.10 4.72 5.60
I56US 473.90 304.53 6.55 5.15

Òàáëèöÿ 2. Çàãàëüí³ â³äîìîñò³ ïðî õàðàêòåðèñòèêè ³íôðàçâóêîâèõ ñèãíàë³â

Ðèñ. 1. Ñõåìà ðîçòàøóâàííÿ ³íôðàçâóêîâèõ ñòàíö³é â³äíîñíî ì³ñöÿ âèáóõó ìåòåîðî¿äà



ö³ÿõ I43RU (Äóáíà, Ðîñ³ÿ) òà I42PT (Azores, Ïîðòóãàë³ÿ), äå âîíè ñòà -
íîâèëè –2.7° òà 3.1° â³äïîâ³äíî.

ÐÅÇÓËÜÒÀÒÈ ÑÒÀÒÈÑÒÈ×ÍÎÃÎ ÀÍÀË²ÇÓ

×àñ çàï³çíåííÿ ñèãíàëó. ×àñ çàï³çíåííÿ ñèãíàëó Dt ðîçðàõîâóâàâñÿ ÿê
ð³çíèöÿ ì³æ ìîìåíòàìè ÷àñó ïðèõîäó ïåðåäíüîãî ôðîíòó öóãó êîëè -
âàíü ³íôðàçâóêîâîãî ñèãíàëó òà ÷àñó âòîðãíåííÿ ìåòåîðî¿äà äî àòìî -
ñôåðè Çåìë³. Çàëåæí³ñòü ÷àñó çàï³çíåííÿ â³ä ãîðèçîíòàëüíî¿ â³äñòàí³ r
ì³æ ì³ñöåì ñïàëàõîì ìåòåîðî¿äà òà ì³ñöåì ðîçòàøóâàííÿ ³íôðàçâó -
êîâî¿ ñòàíö³¿ ïîêàçàíî íà ðèñ. 2. Âèäíî, ùî ïðè çá³ëüøåíí³ r çá³ëüøó -

âàâñÿ ÷àñ çàï³çíåííÿ Dt. Ñåðåäíÿ øâèäê³ñòü ïðèõîäó ³íôðàçâóêîâîãî
ñèãíàëó äëÿ âñ³õ òðàñ îö³íþºòüñÿ çà ôîðìóëîþ

u =
æ

è
ç

ö

ø
÷

-
d

dr
tD

1

.

Êîðåëÿö³éíå ïîëå «Dt — r» àïðîêñèìóâàëîñÿ òàêèìè ðåãðåñ³ÿìè:

Dt r= 54 78. ,   R = 0.9987,   s = 7.93 õâ, (1)

Dt r= +5454 14. . ,   R = 0.9985,   s = 8.48 õâ,  (2)

äå Dt âèì³ðþºòüñÿ ó õâèëèíàõ, r — ó Ìì, R — êîåô³ö³ºíò äîñòî â³ð -
íîñò³ àïðîêñèìàö³¿, s — ñòàíäàðòíå â³äõèëåííÿ àïðîê ñè ìàö³¿.

Îá÷èñëåííÿ u çà ñï³ââ³äíîøåííÿìè (1) òà (2) äàþòü çíà÷åííÿ 304.2 
òà 305.4 ì/ñ â³äïîâ³äíî.

Øâèäê³ñòü ïðèõîäó ñèãíàëó. Êîðåëÿö³éíå ïîëå «u  — r» ïîêàçàíî
íà ðèñ. 3. Âèäíî, ùî ñïîñòåð³ãàºòüñÿ òåíäåíö³ÿ äî çìåíøåííÿ øâèä -
êîñò³ ïðèõîäó ³íôðàçâóêîâîãî ñèãíàëó ïðè çá³ëüøåíí³ â³äñòàí³ r. Çà -
ëåæ í³ñòü u( )r  àïðîêñèìîâàíî òðüîìà ðåãðåñ³ÿìè:
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Ðèñ. 2. Çàëåæí³ñòü ÷àñó çàï³çíåííÿ ³íôðàçâóêîâîãî ñèãíàëó, çãåíåðîâàíîãî Ëèïåöüêèì
ìåòåîðî¿äîì, â³ä â³äñòàí³. Àïðîêñèìàö³ÿ: à — çà 10 òî÷êàìè ë³í³éíèì çàêîíîì Dt = 54.78r,
êîåô³ö³ºíò äîñòîâ³ðíîñò³ àïðîêñèìàö³¿  R = 0.9987, ñåðåäíº êâàäðàòè÷íå â³äõèëåííÿ s » 7.93
õâ; á — Dt = 54.54r + 1.4,  R = 0.9985, s » 8.48 õâ



u = - +12060 06032 3023. exp( . ) .r , R = 0.9850, s = 5.04 ì/ñ,  (3)

u = - +2733 39960. .r ,  R = 0.9908, s = 4.50 ì/ñ, r £ 4.5 Ìì,  (4)

u = 302.30 ì/ñ, s = 4.03 ì/ñ, r > 4.5 Ìì, 

u = - +2507 3203 3992. .r r ,  R = 0.9899, s = 4.68 ì/ñ.  (5)

Òóò u âèì³ðþºòüñÿ ó ì/ñ, à r — ó Ìì.
Òðèâàë³ñòü ñèãíàëó. Çàëåæí³ñòü òðèâàëîñò³ DT  ³íôðàçâóêîâîãî

ñèãíàëó â³ä â³äñòàí³ r íàâåäåíî íà ðèñ. 4. Âèäíî çíà÷íèé ðîçêèä òî÷îê.
Öÿ îáñòàâèíà ñåðéîçíî óñêëàäíþº âèá³ð àïðîêñèìàö³éíî¿ çàëåæíîñò³ 
DT r( ). Çà òàê³ îáðàíî ë³í³éíó òà êâàäðàòè÷íó çàëåæíîñò³. Ð³âíÿííÿ
ðåãðåñ³é ìàþòü âèãëÿä

DT r= - +2 475 24 79. . , R = 0.5734, s = 10.48 õâ,  (6)

DT r= +2 792 2602. . , R = 0.829, s = 4.89 õâ,  (7)

DT r r= - + +03646 09007 19552. . . , R = 0.6011, s = 10.92 õâ,  (8)

DT r r= - +0 4533 7 498 35892. . . , R = 0.8729, s = 4.67 õâ,  (9)

äå DT  âèì³ðþºòüñÿ ó õâèëèíàõ, à r — ó Ìì.
Ïåð³îä êîëèâàíü. Êîðåëÿö³éíå ïîëå «T — r» íàâåäåíî íà ðèñ. 5.

Ïîì³òíî çíà÷íèé ðîçêèä òî÷îê: ïåð³îä çì³íþâàâñÿ íà ð³çíèõ ³íôðàçâó -
êîâèõ ñòàíö³ÿõ â³ä 1.65 äî 12.00 ñ. Öå íå ìîãëî íå â³äáèòèñÿ íà âèáîð³
àäåêâàòíî¿ ðåãðåñ³¿. Íàéá³ëüø ðîçóìíèì âèÿâèëîñü ïðèïóùåííÿ, ùî
T(r) = const. Ð³âíÿííÿ ðåãðåñ³¿ ïðè âèêîðèñòàíí³ 10 òà 8 òî÷îê ìàþòü
âèãëÿä

T = 6.280 ± 0.983,   s = 3.11 ñ,  (10)

T = 6.144 ± 0.764,   s = 2.16 ñ,  (11)

äå T — â ñåêóíäàõ.
Àçèìóò. Çíàííÿ êîîðäèíàò ì³ñöÿ ñïàëàõó ìåòåîðî¿äà òà ì³ñöÿ ðîç -

òà øóâàííÿ ³íôðàçâóêîâî¿ ñòàíö³¿ äîçâîëÿº ðîçðàõóâàòè ³ñòèííèé àçè -
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Ðèñ. 3. Çàëåæí³ñòü øâèäêîñò³ ïðèõîäó ³íôðàçâóêîâîãî ñèãíàëó, çãåíåðîâàíîãî Ëèïåöüêèì ìå -
òå î ðî¿äîì, â³ä â³äñòàí³. Àïðîêñèìàö³ÿ: à — åêñïîíåíö³éíèì çàêîíîì u = 120 6 0 6032. exp( . )- r  +
+ 302.3, R = 0.9850, s » 5.04 ì/ñ; á — êîìá³íàö³ºþ ë³í³éíî¿ çàëåæíîñò³ äëÿ ìàëèõ â³äñòàíåé r £
£4.5 Ìì  (u = –27.33r + 399.6,  R = 0.9908, s » 4.50 ì/ñ) òà êîíñòàíòè äëÿ âåëèêèõ â³äñòàíåé r >
> 4.5 Ìì (u = 302.30, s » 4.03 ì/ñ)



ìóò Atr , ÿêèé ïîì³òíî â³äð³çíÿºòüñÿ â³ä ñïîñòåðåæóâàíîãî Aobs . Êîðå -
ëÿ ö³éíå ïîëå «Aobs  — Atr » íàâåäåíî íà ðèñ. 6. Âèäíî, ùî ðîçêèä òî÷îê
íåçíà÷íèé, ð³âíÿííÿ ðåãðåñ³¿ äîáðå àïðîêñèìóºòüñÿ ë³í³éíîþ çàëåæ -
í³ñòþ:

A Aobs tr= -1004 06943. . , R = 0.9998, s = 2.31°, (12)

äå Aobs  òà Atr  âèì³ðþþòüñÿ â ãðàäóñàõ.
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Ðèñ. 5. Çàëåæí³ñòü ïåð³îäó ³íôðàçâóêîâîãî ñèãíàëó, çãåíåðîâàíîãî Ëèïåöüêèì ìåòåîðî¿äîì,
â³ä â³äñòàí³. Àïðîêñèìàö³ÿ: à — çà 10 òî÷êàìè T = 6.28 ñ, s » 3.11 ñ, îö³íêà ïîõèáêè ñåðåäíüîãî 
çíà÷åííÿ ±0.98 ñ; á — çà 8 òî÷êàìè T = 6.144 ñ, s » 2.16 ñ, îö³íêà ïîõèáêè ñåðåäíüîãî çíà÷åííÿ
±0.76 ñ

Ðèñ. 4. Çàëåæí³ñòü òðèâàëîñò³ ³íôðàçâóêîâîãî ñèãíàëó, çãåíåðîâàíîãî Ëèïåöüêèì ìåòåî ðî¿ -
äîì, â³ä â³äñòàí³. Àïðîêñèìàö³ÿ: à — ë³í³éíèì çàêîíîì çà 10 òî÷êàìè DT  = –2.475r + 24.79, R =
= 0.5734, s » 10.48 õâ; á — ë³í³éíèì çàêîíîì çà 8 òî÷êàìè DT  = –2.792r + 26.02,  R = 0.8290, s »
4.888 õâ (áåç ñòàíö³é Äóáíà òà Bardufoss); â — êâàäðàòè÷íèì çàêîíîì çà 10 òî÷êàìè DT  = = 
-0 3646 2. r  + 0.9007r + 19.55,  R = 0.6011, s » 10.92 õâ; ã — êâàäðàòè÷íèì çàêîíîì çà 8 òî÷ êà ìè 
DT  = 0 4533 2. r  – 7.498r + 35.89, R = 0.8729, s » 4.67 õâ (áåç ñòàíö³é Äóáíà òà Bardufoss)



Ôëóêòóàö³¿ àçèìóòà. Êîðåëÿö³éíå ïîëå « DA — r», äå DA = Aobs  – 
-Atr , íàâåäåíî íà ðèñ. 7. Âèäíî, ùî ìàº ì³ñöå çíà÷íèé ðîçêèä òî÷îê.
Ð³âíÿííÿ ë³í³éíî¿ ðåãðåñ³¿, ïîáóäîâàíî¿ çà äàíèìè 10 ñòàíö³é, ìàº âèã -
ëÿä

DA r= -0 4142 2286. . ,   R = 0.5235,   s = 2.00°,  (13)

DA âèì³ðþºòüñÿ â ãðàäóñàõ, à r — â Ìì.

ßêùî æ âèêëþ÷èòè ñòàíö³¿ I56US (New port, ÑØÀ) òà I42PT (Azores,
Ïîðòóãàë³ÿ), òîä³ ð³âíÿííÿ ðåãðåñ³¿ íàáóäå âèãëÿäó

 DA r= -068 3328. . ,   R = 0.9402,   s = 0.73°.  (14)

Çàóâàæèìî, ùî êîðåëÿö³éíå ïîëå «|DA| — r» ìàº çíà÷íèé ðîçêèä òî÷îê
òà íå äîïóñêàº ðîçóìíî¿ àïðîêñèìàö³¿.

Çàëåæí³ñòü øâèäêîñò³ â³ä àçèìóòà. Êîðåëÿö³éíå ïîëå «u — 
sin Atr » íàâåäåíî íà ðèñ. 8. Ìîæíà áà÷èòè çíà÷íèé ðîçêèä òî÷îê, ÿêèé
óñêëàäíþº âèá³ð àïðîêñèìàö³éíîãî ñï³ââ³äíîøåííÿ. Äëÿ ë³í³éíî¿ ðåã -
ðå ñ³¿, ïîáóäîâàíî¿ çà äàíèìè äåâ’ÿòè ñòàíö³é (êð³ì I43RU) òà âîñüìè
ñòàíö³é (êð³ì I43RU òà I17CI), ñïðàâåäëèâ³ òàê³ ñï³ââ³äíîøåííÿ:
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Ðèñ. 6. Çàëåæí³ñòü ñïîñòåðåæóâàíîãî àçèìóòà êóòà ïðèõîäó ³íôðàçâóêîâîãî ñèãíàëó â³ä
³ñòèííîãî àçèìóòà. Àïðîêñèìàö³ÿ ë³í³éíèì çàêîíîì: Aobs = 1.004Atr  – 0.6943, R = 0.9998, s »
2.31°

Ðèñ. 7. Çàëåæí³ñòü ôëóêòóàö³é àçèìóòà â³ä â³äñòàí³. Àïðîêñèìàö³ÿ ë³í³éíèì çàêîíîì: à — çà
10 òî÷êàìè: DA = 0.4142r – 2.286,  R = 0.5235, s » 2.00°; á — çà 8 òî÷êàìè: DA = 0.68r – 3.328,  R
= 0.9402, s » 0.73° (áåç ñòàíö³é Azores òà New port)



u = +2453 3002. sin .Atr , R = 0.4139, s = 18.10 ì/ñ,  (15)

u = +3124 2991. sin .Atr , R = 0.5311, s = 17.42 ì/ñ,  (16)

äå àçèìóò âèì³ðþºòüñÿ â ãðàäóñàõ, à øâèäê³ñòü — ó ì/ñ.

ÎÁÃÎÂÎÐÅÍÍß

×àñ çàï³çíåííÿ ñèãíàëó. ßê ³ ñë³ä áóëî î÷³êóâàòè, ÷àñ çàï³çíåííÿ ñèã -
íàëó ïðè çá³ëüøåíí³ â³äñòàí³ r çá³ëüøóºòüñÿ ïðàêòè÷íî çà ë³í³éíèì çà -
êîíîì. Îáèäâ³ ðåãðåñ³¿ (1) òà (2) âèÿâëÿþòüñÿ çàäîâ³ëüíèìè, àëå ïåðå -
âà ãó ñë³ä â³ääàòè çàëåæíîñò³ (2), îñê³ëüêè ïðè r = 0 ìàºìî Dt0  = 1.40 õâ.
Ïðè âèñîò³ âèáóõó z r  = 27 êì îòðèìàºìî, ùî õàðàêòåðíà øâèäê³ñòü 
u = »z tr / D 0  321 ì/ñ. Öÿ øâèäê³ñòü áëèçüêà äî øâèäêîñò³ õâèë³,
çãåíåðîâàíî¿ ïðè âèáóõó ìåòåîðî¿äà, à ÷àñ Dt0  — áëèçüêèé äî ÷àñó
ïîøèðåííÿ ö³º¿ õâèë³ äî ïîâåðõí³ Çåìë³.

Äîäàìî, ùî çàëåæí³ñòü (2) äîñòàòíüî áëèçüêà äî çàëåæíîñòåé
Dt r( ), îòðèìàíèõ ó ðîáîòàõ [6, 7]. Áëèçüê³ òàêîæ çíà÷åííÿ ñåðåäíüî¿
øâèäêîñò³ u: 304...305 ì/ñ â äàí³é ðîáîò³ òà 297 ³ 291 ì/ñ â ðîáîòàõ [6] ³
[7] â³äïîâ³äíî. Â³äì³íí³ñòü çíà÷åíü u çóìîâëåíà òèì, ùî â íàøîìó âè -
ïàäêó rmax » 8.66 Ìì, à â ðîáîòàõ [6] ³ [7] — 17.5 ³ 15 Ìì â³äïîâ³äíî.
Ïåâíó ðîëü òàêîæ ãðàþòü ôëóêòóàö³éí³ åôåêòè.

Øâèäê³ñòü ïðèõîäó ñèãíàëó. Çìåíøåííÿ øâèäêîñò³ ïðèõîäó ³í -
ôðà çâóêîâîãî ñèãíàëó ïðè çá³ëüøåíí³ â³äñòàí³ ïîâ’ÿçàíå ç³ çá³ëüøåí -
íÿì øëÿõó, ÿêèé ïðîõîäÿòü ³íôðàçâóêîâ³ ïðîìåí³ ïðè ¿õíüîìó áàãàòî -
ðàçîâîìó â³äáèòò³ â³ä ñò³íîê õâèëåâîä³â Çåìëÿ — ñòðàòîñôåðà òà Çåì -
ëÿ — òåðìîñôåðà.

Àïðîêñèìàö³¿ (3) òà (4) âèÿâëÿþòüñÿ çàäîâ³ëüíèìè, àëå íå ö³ëêîì
ô³çè÷íèìè. Çàëåæí³ñòü (4) ïîêàçóº, ùî ïðè r > 4.5 Ìì øâèäê³ñòü ñëàá -
êî çàëåæèòü â³ä â³äñòàí³, âîíà á³ëüøå çàëåæèòü â³ä ñòàíó àòìîñôåðè íà
òðàñ³ ïîøèðåííÿ.
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Ðèñ. 8. Çàëåæí³ñòü øâèäêîñò³ ïðèõîäó ³íôðàçâóêîâîãî ñèãíàëó, çãåíåðîâàíîãî Ëèïåöüêèì
êîñì³÷íèì ò³ëîì, â³ä ñèíóñà ³ñòèííîãî àçèìóòà. Àïðîêñèìàö³ÿ ë³í³éíèì çàêîíîì: à — çà 9
òî÷êàìè, u = 24.53sinAtr  + 300.2,  R = 0.4139, s » 18.10 ì/ñ (áåç ñòàíö³¿ Äóáíà); á — çà 8
òî÷êàìè, u = 31.24sinAtr  + 299.1,  R = 0.5311, s » 17.42 ì/ñ (áåç ñòàíö³é Äóáíà òà Azores)



Ðåãðåñ³ÿ (5) òàêîæ íå º ô³çè÷íîþ. Ïðè r » 6.4 Ìì ìàº ì³ñöå ì³í³ -
ìóì øâèäêîñò³ u »min  297 ì/ñ. Ï³äêðåñëèìî, ùî äëÿ ×åëÿá³íñüêîãî [7]
òà ²íäîíåç³éñüêîãî [6] ìåòåî ðî¿ä³â äëÿ r < 5 Ìì òàêîæ ñïîñòåð³ãàëîñÿ
çìåíøåííÿ øâèäêîñò³ ïðè õîäó. Ïðè r > 5 Ìì çíà÷åííÿ u ôëóêòóâàëè
ïîáëèçó 290 òà 295 ì/ñ â³ä ïîâ³äíî.

Òðèâàë³ñòü ñèãíàëó. Çàëåæí³ñòü òðèâàëîñò³ ñèãíàëó â³ä â³äñòàí³ çà -
ëåæèòü â³ä íèçêè ôàêòîð³â: â³ä áàãàòîìîäîâîñò³ ñèãíàëó, áàãàòî÷è -
ñåëü íèõ ïåðåâ³äáèòò³â ñèãíàëó â àòìîñôåðíèõ õâèëåâîäàõ, äèñïåðñ³é -
íîãî ðîçïëèâàííÿ õâèëåâîãî ïàêåòó, çãåíåðîâàíîãî ìåòåîðî¿äîì, â³ä
â³äíîøåííÿ ñèãíàë/øóì, à òàêîæ â³ä ð³çíî¿ ïðîïóñêíî¿ çäàòíîñò³ õâè -
ëåâîä³â, ð³çíîãî îñëàáëåííÿ ñïåêòðàëüíèõ ñêëàäîâèõ. Äèñïåðñ³éíå
ðîç ïëè âàííÿ ³ñòîòíå äëÿ øèðîêîñìóãîâèõ, òî÷í³øå íàäøèðîêî ñìó -
ãîâèõ ³íôðàçâóêîâèõ ñèãíàë³â. Òàêèì áóâ ñèãíàë â³ä ×åëÿá³íñüêîãî
ìåòåîðî¿äà, äëÿ íüîãî ä³àïàçîí ïåð³îä³â ñòàíîâèâ 10...100 ñ [7]. Çìåí -
øåííÿ â³äíîøåííÿ ñèãíàë/øóì íåìèíó÷å ïðèçâîäèòü äî ïîç³ðíîãî
óêî ðî÷åííÿ ñèãíàëó. Íàçâàí³ ôàêòîðè çäàòí³ ïîñëàáëþâàòè îäèí îä -
íîãî. Äëÿ ×åëÿá³íñüêîãî ìåòåîðî¿äà ñêîð³øå ïåðåâàæàëî äèñïåðñ³éíå
ðîçïëèâàííÿ òà çàëåæí³ñòü DT r( ) äëÿ 10 ñòàíö³é áóëà çðîñòàþ÷îþ [7].
Ïðè ð³çíèö³ ôàçîâèõ øâèäêîñòåé ñêëàäîâèõ ñèãíàëó, ÿêà äîñÿãàëà
20 ì/ñ, òà r = 10 Ìì ìàºìî äèñïåðñ³éíå ðîçøèðåííÿ 35 õâ.

Äëÿ ²íäîíåç³éñüêîãî ìåòåîðî¿äà çàëåæí³ñòü DT r( ) áóëà ñïàäíîþ
[6]. Ä³àïàçîí ïåð³îä³â ñòàíîâèâ 5...25 ñ, ñåðåäíº çíà÷åííÿ T  » 13...14 ñ
[6]. Ïðè öüîìó ð³çíèöÿ ôàçîâèõ øâèäêîñòåé ð³çíèõ ñêëàäîâèõ íå
ïåðåâèùóâàëà Du = 10 ì/ñ, à äèñïåðñ³éíå ðîçøèðåííÿ ïðè r = 10 Ìì íå
ïåðåâèùóâàëî 18 õâ.

Ó âèïàäêó Ëèïåöüêîãî ìåòåîðî¿äà ïðè T = 2...14 ñ, T  » 6 ñ, Du » 8
ì/ñ ìàºìî äëÿ äèñïåðñ³éíîãî ðîçøèðåííÿ çíà÷åííÿ, ÿêå äîð³âíþº
ïðèáëèçíî 7...11 õâ äëÿ r = 5...8 Ìì.

ßê áà÷èìî, äèñïåðñ³éíå ðîçøèðåííÿ äëÿ âñ³õ òðüîõ ìåòåîðî¿ä³â
ìîã ëî áóòè ³ñòîòíèì. Äëÿ ²íäîíåç³éñüêîãî òà Ëèïåöüêîãî ìåòåîðî¿ä³â
âîíî, îäíàê, ÷àñòêîâî êîìïåíñóâàëîñü ïåðåðàõîâàíèìè âèùå ïðîòè -
ä³þ ÷èìè ôàêòîðàìè. Ó ê³íöåâîìó ï³äñóìêó äëÿ öèõ äâîõ ìåòåîðî¿ä³â
çàëåæí³ñòü DT r( ) áóëà ñïàäíîþ.

Çàëåæíîñò³ (6) òà (8) âàðòî âèçíàòè íåçàäîâ³ëüíèìè. Çàëåæíîñò³ (7)
òà (9) ïðàêòè÷íî ð³âíîö³íí³.

Ïåð³îä êîëèâàíü. Â³äñóòí³ñòü ÿñêðàâî âèðàæåíî¿ çàëåæíîñò³ T(r)
ñâ³ä÷èòü ïðî òå, ùî ïåð³îä îñíîâíîãî êîëèâàííÿ íà òðàñàõ ð³çíî¿ ïðî -
òÿæ íîñò³ òà îð³ºíòàö³¿ çàëèøàºòüñÿ ìàéæå ïîñò³éíèì ³ âèçíà÷àºòüñÿ
ñï³ââ³äíîøåííÿìè (10) òà (11), ÿê³ âèÿâèëèñÿ äóæå áëèçüêèìè.

Äîäàìî, ùî çíà÷íèé ðîçêèä ïåð³îä³â ³íôðàçâóêîâîãî ñèãíàëó áóâ
âëàñòèâèì ³ äëÿ ñèãíàë³â, çãåíåðîâàíèõ ×åëÿá³íñüêèì òà ²íäîíåç³é ñü -
êèì ìåòåîðî¿äàìè. Äëÿ âñ³õ òðüîõ ìåòåîðî¿ä³â ïåðåâàæíîþ âèÿâèëàñÿ
çàëåæí³ñòü T(r) = const. 

Âèêîðèñòîâóþ÷è ñï³ââ³äíîøåííÿ ç ðîáîòè [11] äëÿ åíåðã³¿ ³íôðà -
çâóêîâîãî äæåðåëà, ñïðàâåäëèâîãî ïðè E/2 < 100 êò ÒÍÒ, ìîæíà çà çíà -
÷åííÿì ïåð³îäó îö³íèòè åíåðã³þ E:
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îö³íîê, E  » 2.26...2.43 êò ÒÍÒ ìàéæå íå â³äð³çíÿºòüñÿ â³ä äàíèõ, îò -
ðèìàíèõ ÍÀÑÀ (2.8 êò ÒÍÒ) [9].

Àçèìóò. Ì³æ ñïîñòåðåæóâàíèì Aobs  òà ³ñòèííèì Atr  çíà÷åííÿìè
àçè ìóòà ñïîñòåð³ãàºòüñÿ ñèëüíèé ñòàòèñòè÷íèé çâ’ÿçîê, ÿêèé âèðàæà -
ºòüñÿ ë³í³éíîþ ðåãðåñ³ºþ (12). Ïîä³áíà çàëåæí³ñòü ìàëà ì³ñöå ³ äëÿ
²íäîíåç³éñüêîãî ìåòåîðî¿äà [6].

Ôëóêòóàö³¿ àçèìóòà. ×åðåç ³ñòîòíó â³äì³íí³ñòü íàïðÿìê³â ïîøè -
ðåí íÿ ³íôðàçâóêîâîãî ñèãíàëó òà óçäîâæ òðàñè ìàëè ì³ñöå çíàêîçì³íí³ 
ôëóêòóàö³¿ DA. Äëÿ Ëèïåöüêîãî ìåòåîðî¿äà ñïîñòåð³ãàëàñü òåíäåíö³ÿ
äî çá³ëüøåííÿ DA ïðè çá³ëüøåíí³ r (äèâ. (13) òà (14)). Ñåðåäíº çíà÷åí -
íÿ DA = 1.9 ± 2.1°. Äëÿ ²íäîíåç³éñüêîãî ìåòåîðî¿äà DA = 3.1 ± 11.7°.
ßêùî æ âèêëþ÷èòè ç ðîçãëÿäó ³íôðàçâóêîâ³ ñòàíö³¿ I39PW (DA = 34°)
òà I56US (DA = 29°), òî äëÿ ²íäîíåç³éñüêîãî ìåòåîðî¿äà DA = 0.2 ± 3.5°.

Çàëåæí³ñòü øâèäêîñò³ â³ä àçèìóòà. Çàëåæí³ñòü øâèäêîñò³ ïðèõî -
äó ³íôðàçâóêîâîãî ñèãíàëó â³ä sinAtr  äàºòüñÿ âèðàçàìè (15) òà (16).
Ïðè ÷èíîþ ïîÿâè òàêî¿ çàëåæíîñò³ º âïëèâ òðîïîñôåðíî-ñòðàòî ñôåð -
íî-òåðìîñôåðíîãî â³òðó. Øâèäê³ñòü ïðèõîäó u ïîâ’ÿçàíà ç³ øâèä ê³ñòþ 
â³òðó w òàêèì ñï³ââ³äíîøåííÿì [6]:

u = u¢+ u = u¢+D wcosb,

äå Du — äîáàâêà äî ³ñòèííî¿ øâèäêîñò³ u¢ ïðèõîäó ñèãíàëó, b = Aw  – A, 

Aw  òà A — àçèìóòè íàïðÿìêó â³òðó òà äæåðåëà ³íôðàçâóêó. Äëÿ çàõ³ä -
íîãî â³òðó Aw  = 270°, à äëÿ ñõ³äíîãî — Aw  = 90°. Òîä³

u = u¢+ °- = u¢-w A w Acos( ) sin270 ,  (18)

u = u¢+ °- = u¢+w A w Acos( ) sin90 .  (19)

Ç (18) òà (19) ìîæíà îòðèìàòè òàêîæ íàñë³äêè. Äëÿ ñòàíö³é, ðîçòàøî -
âàíèõ íà ñõ³ä â³ä äæåðåëà ³íôðàçâóêó, A > 180°, sinA < 0 òà u  > u¢, òîáòî
íàÿâí³ñòü â³òðó çá³ëüøóº u¢. Ïðè öüîìó æ ðîçòàøóâàíí³ òà ñõ³äíîìó
â³òð³ u  < u¢. Ïðè ñõ³äíîìó â³òð³ äëÿ ñòàíö³é, ðîçòàøîâàíèõ íà çàõ³ä â³ä
äæåðåëà ³íôðàçâóêó, A < 180°, sinA > 0 òà u  > u¢. Ïðè àíàëîã³÷íîìó ðîç -
òà øóâàíí³, àëå çàõ³äíîìó â³òð³, u  < u¢.

Òàêèì ÷èíîì, ìàþ÷è ðåãðåñ³éí³ çàëåæíîñò³ (15) ³ (16), à òàêîæ
ñï³â â³äíîøåííÿ (18) òà (19), ìîæíà îö³íèòè ñåðåäíþ øâèäê³ñòü àòìî -
ñôåðíîãî â³òðó òà ³ñòèííó øâèäê³ñòü ïðèõîäó ñèãíàëó, ÿêà áóëà á ïðè
â³äñóòíîñò³ â³òðó.

Äëÿ Ëèïåöüêîãî ìåòåîðî¿äà ó ïðèïóùåíí³, ùî â ë³òí³é ÷àñ ïåðå -
âàæàº ñõ³äíèé â³òåð, ç ïîð³âíÿííÿ (15), (16) ç (19) îòðèìàºìî, ùî w =
= 25...31 ì/ñ, à u¢ » 299...300 ì/ñ. Ö³ çíà÷åííÿ âèäàþòüñÿ ö³ëêîì ïðèé -
íÿòíèìè.
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ÎÑÍÎÂÍ² ÐÅÇÓËÜÒÀÒÈ

Ç âèêîðèñòàííÿì äàíèõ âèì³ðþâàíü 10 ñòàíö³é ì³æíàðîäíî¿ ñèñòåìè
ìîí³òîðèíãó ÿäåðíèõ âèïðîáóâàíü Îðãàí³çàö³¿ çà Äîãîâîðîì ïðî âñå -
îñÿæíó çàáîðîíó ÿäåðíèõ âèïðîáóâàíü íàâåäåíî àíàë³ç ÷àñîâèõ çà -
ëåæ íîñòåé òèñêó â ³íôðàçâóêîâ³é õâèë³, çãåíåðîâàí³é ïðîòÿãîì ïàä³í -
íÿ 21 ÷åðâíÿ 2018 ã. Ëèïåöüêîãî ìåòåîðî¿äà òà âñòàíîâëåíî òàêå.

1. ×àñ çàï³çíåííÿ ³íôðàçâóêîâîãî ñèãíàëó çá³ëüøóâàâñÿ ïðè çá³ëü -
øåíí³ ãîðèçîíòàëüíî¿ â³äñòàí³ â³ä åï³öåíòðà âèáóõó ìåòåîðî¿äà äî
ñòàí ö³é çà ë³í³éíèì çàêîíîì. Ïðè öüîìó ñåðåäíÿ çà âñ³ìà òðàñàìè
øâèä ê³ñòü ïðèõîäó ñèãíàëó áóëà áëèçüêîþ äî 304...305 ì/ñ.

2. Øâèäê³ñòü ïðèõîäó ³íôðàçâóêîâîãî ñèãíàëó ïðè çá³ëüøåíí³
â³äñòàí³ ñïî÷àòêó äîñòàòíüî øâèäêî çìåíøóâàëàñÿ, à íà â³äñòàíÿõ
4.5...8.66 Ìì âîíà ôëóêòóâàëà á³ëÿ çíà÷åííÿ 302 ì/ñ.

3. Çàëåæí³ñòü òðèâàëîñò³ ³íôðàçâóêîâîãî ñèãíàëó â³ä â³äñòàí³ áóëà
ñïàäíîþ çà ë³í³éíèì çàêîíîì. Äèñïåðñ³éíå ðîçøèðåííÿ ñèãíàëó áóëî
íåñóòòºâèì íà â³äñòàíÿõ 5...8 Ìì.

4. Ñåðåäí³ çíà÷åííÿ ïåð³îä³â ³íôðàçâóêîâîãî ñèãíàëó, ÿê³ íå
çàëåæàòü â³ä â³äñòàí³ òà ÿê³ îö³íåíî çà ð³çíèìè ðåãðåñ³ÿìè, ñòàíîâèëè
6.28 ± 0.98 òà 6.14 ± 0.76 ñ.

5. Ñåðåäíº çíà÷åííÿ ïî÷àòêîâî¿ ê³íåòè÷íî¿ åíåðã³¿ ìåòåîðî¿äà,
îòðèìàíå ç ³íôðàçâóêîâèõ ñïîñòåðåæåíü ïåð³îäó êîëèâàíü, ñòàíîâèëî
2.26...2.43 êò ÒÍÒ, ùî ìàéæå íå â³äð³çíÿºòüñÿ â³ä íåçàëåæíèõ äàíèõ
ÍÀÑÀ (2.8 êò ÒÍÒ).

6. Àïðîêñèìàö³ÿ øâèäêîñò³ ïðèõîäó ³íôðàçâóêîâîãî ñèãíàëó â³ä
ñèíóñà àçèìóòàëüíîãî êóòà ïîêàçàëà, ùî ñêîðèãîâàíå çíà÷åííÿ
øâèäêîñò³ ïðèõîäó ñèãíàëó ñòàíîâèëî ïðèáëèçíî 300 ì/ñ, à ñåðåäíº
çíà÷åííÿ òðîïîñôåðíî-ñòðàòîñôåðíîãî â³òðó äîð³âíþâàëî 25...31 ì/ñ.

7. Àíàë³ç êîðåëÿö³éíèõ ïîë³â âèÿâèâ ñò³éêèé ñòàòèñòè÷íèé çâ’ÿçîê 
ì³æ ñïîñòåðåæóâàíèì òà ³ñòèííèì àçèìóòàìè äæåðåëà ³íôðàçâóêó.
Â³äì³÷åíî òåíäåíö³þ äî çá³ëüøåííÿ ð³âíÿ ôëóêòóàö³é àçèìóòà ïðè
çá³ëüøåíí³ â³äñòàí³.
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ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÈÍÔÐÀÇÂÓÊÎÂÎÃÎ ÑÈÃÍÀËÀ, 
ÑÃÅÍÅÐÈÐÎÂÀÍÍÎÃÎ ËÈÏÅÖÊÈÌ ÌÅÒÅÎÐÎÈÄÎÌ: 
ÐÅÇÓËÜÒÀÒÛ ÑÒÀÒÈÑÒÈ×ÅÑÊÎÃÎ ÀÍÀËÈÇÀ

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ïîñòðîåíèå îñíîâíûõ êîððåëÿöèîííûõ ïîëåé è
ñîîòâåòñòâóþùèõ ðåãðåññèîííûõ çàâèñèìîñòåé äëÿ õàðàêòåðèñòèê èíôðàçâóêîâîãî
ñèãíàëà, ñãåíåðèðîâàííîãî Ëèïåöêèì ìåòåîðîèäîì. Êîñìè÷åñêîå òåëî âòîðãëîñü â
àòìîñôåðó Çåìëè 21 èþíÿ 2018 ã. â 01:16:20 UT. Íà÷àëüíàÿ ñêîðîñòü ìåòåîðîèäà ñî -
ñòàâëÿëà 14.4 êì/ñ, ìàññà — îêîëî 113 ò, ðàçìåð — îêîëî 4 ì, à êèíåòè÷åñêàÿ ýíåðãèÿ 
— îêîëî 2.8 êò ÒÍÒ. Ñãåíåðèðîâàííûå êîñìè÷åñêèì òåëîì èíôðàçâóêîâûå âîëíû
íàáëþäàëèñü â ãëîáàëüíûõ ìàñøòàáàõ. Ýòè âîëíû çàðåãèñòðèðîâàíû ìåæäóíàðîä -
íîé ñèñòåìîé ìîíèòîðèíãà (IMS) ÿäåðíûõ èñïûòàíèé, ïðèíàäëåæàùåé Îðãàíèçà -
öèè ïî Äîãîâîðó î âñåîáúåìëþùåì çàïðåùåíèè ÿäåðíûõ èñïûòàíèé (CTBTO). Äëÿ
îáðàáîòêè äàííûõ ïðèìåíÿëèñü ìåòîäû ìàòåìàòè÷åñêîé ñòàòèñòèêè. Îñíîâíûå ðå -
çóëü òàòû èññëåäîâàíèé ñâîäÿòñÿ ê ñëåäóþùåìó. Âðåìÿ çàïàçäûâàíèÿ èíôðàçâóêî -
âîãî ñèãíàëà óâåëè÷èâàëîñü ïðè óâåëè÷åíèè ãîðèçîíòàëüíîãî ðàññòîÿíèÿ îò ýïè -
öåíò ðà âçðûâà ìåòåîðîèäà äî ñòàíöèé ïî ëèíåéíîìó çàêîíó. Ïðè ýòîì ñðåäíÿÿ ïî
âñåì òðàññàì ñêîðîñòü ïðèõîäà ñèãíàëà áûëà áëèçêà ê 304...305 ì/ñ. Ñêîðîñòü ïðè -
õîäà èíôðàçâóêîâîãî ñèãíàëà ïðè óâåëè÷åíèè ðàññòîÿíèÿ ñíà÷àëà äîñòàòî÷íî áûñò -
ðî óáûâàëà, à íà ðàññòîÿíèÿõ 4.5...8.66 Ìì ôëóêòóèðîâàëà îêîëî çíà÷åíèÿ 302 ì/ñ.
Çàâèñèìîñòü äëèòåëüíîñòè èíôðàçâóêîâîãî ñèãíàëà îò ðàññòîÿíèÿ áûëà óáûâàþùåé 
ïî ëèíåéíîìó çàêîíó. Äèñïåðñèîííîå óøèðåíèå ñèãíàëà áûëî íåñóùåñòâåííûì íà
ðàññòîÿíèÿõ 5...8 Ìì. Ñðåäíèå çíà÷åíèÿ ïåðèîäîâ èíôðàçâóêîâîãî ñèãíàëà, íå çàâè -
ñÿùèå îò ðàññòîÿíèÿ è îöåíåííûå ïî ðàçëè÷íûì ðåãðåññèÿì, ðàâíÿëèñü 6.28 ± 0.98 è
6.14 ± 0.76 ñ. Ñðåäíÿÿ íà÷àëüíàÿ êèíåòè÷åñêàÿ ýíåðãèÿ ìåòåîðîèäà, îïðåäåëåííàÿ 
ïî èíôðàçâóêîâûì íàáëþäåíèÿì ïåðèîäà êîëåáàíèé, ñîñòàâëÿëà 2.26... 2.43 êò ÒÍÒ,
÷òî íåñóùåñòâåííî îòëè÷àåòñÿ îò íåçàâèñèìûõ äàííûõ ÍÀÑÀ (2.8 êò ÒÍÒ). Àïïðîê -
ñèìàöèÿ ñêîðîñòè ïðèõîäà èíôðàçâóêîâîãî ñèãíàëà îò ñèíóñà àçèìóòàëü íîãî óãëà
ïîêàçàëà, ÷òî ñêîððåêòèðîâàííîå çíà÷åíèå ñêîðîñòè ïðèõîäà ñèãíàëà ñî ñòàâ ëÿëî
îêîëî 300 ì/ñ, à ñðåäíåå çíà÷åíèå òðîïîñôåðíî-ñòðàòîñôåðíîãî âåòðà áûëî îêîëî
25...31 ì/ñ. Àíàëèç êîððåëÿöèîííûõ ïîëåé îáíàðóæèë óñòîé÷è âóþ ñòàòèñòè÷åñêóþ
ñâÿçü ìåæäó íàáëþäàåìûì è èñòèííûì àçèìóòàìè èñòî÷íèêà èíô ðà çâóêà. Îòìå -
÷åíî, ÷òî èìåëà ìåñòî òåíäåíöèÿ ê óâåëè÷åíèþ óðîâíÿ ôëóêòó à öèé àçèìóòà ïðè
óâåëè÷åíèè ðàññòîÿíèÿ.
Êëþ÷åâûå ñëîâà: Ëèïåöêèé ìåòåîðîèä, èíôðàçâóê, ïàðàìåòðû ñèãíàëà, ðåãðåññèè,
êîððåëÿöèîííûå ïîëÿ

L. F. Chernogor, M. B. Shevelev
V. N. Karazin Kharkiv Na tional Uni ver sity, Kharkiv, Ukraine

CHAR AC TER IS TICS OF IN FRA SONIC SIG NAL GEN ER ATED 
BY THE LIPETSK ME TE OR OID: STA TIS TI CAL ANALYSIS

The pur pose of this pa per is to con struct ba sic scat ter di a grams and plot the cor re spond ing
re gres sion func tions for the pa ram e ters of the in fra sonic sig nals launched by the Lipetsk
me te or oid. The ce les tial body that en tered the Earth’s at mo sphere at 01:16:20 UT on June
21, 2018 had the fol low ing ini tial pa ram e ters: speed 14.4 km/s, mass about 113 t, size about 
4 m, and ki netic en ergy about 2.8 kt TNT. The in fra sonic sig nals gen er ated by the ce les tial
body were ob served on a global scale, and they were re corded by the In ter na tional Mon i -
tor ing Sys tem (IMS) set up by Com pre hen sive Nu clear-Test-Ban Treaty Or ga ni za tion’s
In ter na tional Mon i tor ing Sys tem (CTBTO). For data pro cess ing, tech niques of math e mat i -
cal sta tis tics have been in voked. The ba sic re sults of the study are as fol lows. The in fra -
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sonic sig nal ex hib its a lin ear de pend ence of the in fra sonic sig nal time de lay on the hor i zon -
tal dis tance from the me te or oid ex plo sion epi cen ter, and the sig nal ce ler ity av er aged over
all prop a ga tion paths is es ti mated to be ap prox i mately 304...305 m/s. The in fra sonic sig nal
ce ler ity first shows a rapid enough de crease with dis tance, but over the 4.5...8.66-Mm dis -
tance range ex hib its fluc tu a tions about the 302 m/s value. The du ra tion of the in fra sonic
sig nal shows a lin ear de crease with dis tance, and the sig nal du ra tion dis per sion is in sig nif i -
cant in the 5...8 Mm dis tance range. The mean pe ri ods of the in fra sonic sig nal, in de pend ent 
of dis tance and av er aged over var i ous re gres sion func tions, are es ti mated to be 6.28 ±
0.98 s and 6.14 ± 0.76 s. The mean of the ini tial ki netic en ergy es ti mated us ing the os cil la -
tion pe riod of the in fra sonic sig nal is 2.26...2.43 kt TNT, which dif fers in sig nif i cantly from 
the NASA es ti mates (2.8 kt TNT). The ap prox i ma tion for the de pend ence of ce ler ity vs.
sine of the back-az i muth an gle of ar rival shows that the cor rected value of the ce ler ity is
about 300 m/s, and the mean of the tro po sphere-strato sphere wind is ap prox i mately 25...
31 m/s. Anal y sis of the scat ter di a grams has shown that a steady sta tis ti cal link ex ists be -
tween the true and ob served back-az i muth an gles of infrasound sources. It is noted that the
level of fluc tu a tions in the az i muth tends to in crease with dis tance. 
Key words: Lipetsk me te or oid, infrasound, sig nal pa ram e ters, re gres sion, scat ter di a grams.
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