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Ïîëåò áîëèäîâ è ñóïåðáîëèäîâ â àòìîñôåðå Çåìëè ñîïðîâîæäàåòñÿ îáðàçîâàíèåì óäàð-
íûõ âîëí, êîòîðûå îáåñïå÷èâàþò î÷åíü âàæíóþ èíôîðìàöèþ (âðåìÿ ïðèáûòèÿ, àçèìóò
è àìïëèòóäó), ÷òîáû èçó÷àòü ôèçèêó ìåòåîðíîãî ÿâëåíèÿ. Äàííûå î âðåìåíè ïðèáûòèÿ
è àçèìóò ïîçâîëÿþò îïðåäåëÿòü àòìîñôåðíûå òðàåêòîðèè áîëèäîâ, ñ äðóãîé ñòîðîíû, ïî
àìïëèòóäå âîëíû ìîæíî îïðåäåëèòü äèíàìèêó àáëÿöèè è ðàçìåð ìåòåîðîèäà. Èíôðà-
çâóêîâûå è ñåéñìè÷åñêèå íàáëþäåíèÿ � îäíè èç èíñòðóìåíòàëüíûõ ìåòîäîâ îáíàðóæå-
íèÿ óäàðíîé âîëíû áîëèäà. Ñîâðåìåííûå öèôðîâûå ñåéñìè÷åñêèå ñåòè, ñîçäàííûå äëÿ
îáíàðóæåíèÿ ñåéñìè÷åñêîé âîëíû, ñãåíåðèðîâàííîé çåìëåòðÿñåíèÿìè, ìîãóò òàêæå çàðå-
ãèñòðèðîâàòü ñåéñìè÷åñêóþ âîëíó, ñãåíåðèðîâàííóþ óäàðíîé âîëíîé áîëèäà è äîñòèãøåé
ïîâåðõíîñòè çåìëè. Áîëåå ñòà ëåò íàçàä, âïåðâûå ñåéñìîãðàôû Ñèáèðè è çàðóáåæíûõ ñåé-
ñìîñòàíöèé çàðåãèñòðèðîâàëè ñåéñìè÷åñêóþ âîëíó, ñãåíåðèðîâàííóþ èñêëþ÷èòåëüíûì ïî
ñâîåìó ìàñøòàáó Òóíãóññêèì ôåíîìåíîì. Óæå òîãäà ïðèðîäà òàêèõ ñåéñìè÷åñêèõ âîëí
áûëà ðàçãàäàíà è ðåçóëüòàòû èõ îáðàáîòêè è àíàëèçà ñóùåñòâåííî ñïîñîáñòâîâàëè èçó-
÷åíèþ Òóíãóññêîãî ôåíîìåíà. Â íàñòîÿùåå âðåìÿ èñïîëüçîâàíèå äàííûõ ñåéñìè÷åñêîé
ðåãèñòðàöèè áîëèäîâ è ñóïåðáîëèäîâ â ñîâîêóïíîñòè ñ äàííûìè ñâåòîâîé è èíôðàçâó-
êîâîé ðåãèñòðàöèè ÿâëÿåòñÿ óñòàíîâèâøåéñÿ ïðàêòèêîé íàó÷íîãî èññëåäîâàíèÿ, êîòîðàÿ
ïîçâîëÿåò ïîëó÷èòü öåííóþ èíôîðìàöèþ î âçàèìîäåéñòâèè ìåòåîðèòî-îáðàçóþùèõ ìå-
òåîðîèäîâ ñ àòìîñôåðîé Çåìëè, àòìîñôåðíîé òðàåêòîðèè ïîëåòà áîëèäà è êîîðäèíàòàõ
ìåñòà âîçìîæíîãî ïàäåíèÿ ìåòåîðèòà.

Ïðè âòîðæåíèè êðóïíîãî, ìåòðîâîãî è äåêàìåòðîâîãî ðàçìåðà ìåòåîðîèäà â àòìîñôåðó
Çåìëè ãåíåðèðóþòñÿ àêóñòè÷åñêèå âîëíû â ôîðìå ôðîíòà óäàðíîé âîëíû öèëèíäðè÷åñêîé
ôîðìû, êîòîðàÿ çàòåì ïðèâîäèò ê âñïûøêå áîëèäà âçðûâíîãî õàðàêòåðà. Ëîêàëèçàöèÿ
âçðûâà è ôðàãìåíòàöèè áîëèäà â àòìîñôåðå ìîæåò áûòü òî÷íî îïðåäåëåíà â ÷åòûðåõ
èçìåðåíèÿõ (òðè ïðîñòðàíñòâåííûõ + âðåìåííîå), èñïîëüçóÿ âðåìÿ ïðèáûòèÿ ñåéñìè÷å-
ñêèõ è àêóñòè÷åñêèõ âîëí, çàïèñàííûõ ñåéñìîãðàôàìè è èíôðàçâóêîâûìè ñòàíöèÿìè íà
çåìëå. Êîãäà ïðÿìîå àêóñòè÷åñêîå è ñåéñìè÷åñêîå ïðèáûòèå èäåíòèôèöèðîâàíî äëÿ ñî-
áûòèÿ áîëèäà, ïîëîæåíèå òî÷êè âçðûâà, ãåîìåòðèÿ òðàåêòîðèè è èíôîðìàöèÿ î ñêîðîñòè
ìîãóò áûòü îïðåäåëåíû è èñïîëüçîâàíû äëÿ âû÷èñëåíèÿ êîîðäèíàò ìåñòà ïàäåíèÿ ìåòåî-
ðèòà. Ñåéñìè÷åñêèå è àêóñòè÷åñêèå çàïèñè ìîãóò òàêæå äàòü äîñòàòî÷íî èíôîðìàöèè äëÿ
îïðåäåëåíèÿ îðáèòû áîëèäîâ â Ñîëíå÷íîé ñèñòåìå, äëÿ ÷åãî ðàçðàáîòàíû äâà ìåòîäà, èñ-
ïîëüçóþùèõ âðåìÿ ïðèáûòèÿ óäàðíûõ âîëí, çàôèêñèðîâàííîå ñåéñìè÷åñêèìè ñòàíöèÿìè
[1].

Ïåðâûé - àíàëèòè÷åñêèé ìåòîä àíàëèçà, îñíîâàí íà ïðåäïîëîæåíèè, ÷òî òðàåêòîðèÿ
áîëèäà ïðÿìàÿ, à ñêîðîñòü áîëèäà è ñêîðîñòü çâóêà ïîñòîÿííûå. Íåèçâåñòíûìè ïàðàìåò-
ðàìè ÿâëÿþòñÿ àçèìóò A è óãîë Z íàêëîíà òðàåêòîðèè áîëèäà, êîîðäèíàòû ïåðåñå÷åíèÿ
òðàåêòîðèè ñ çåìíîé ïîâåðõíîñòüþ è âðåìÿ ïåðåñå÷åíèÿ t0. Ðåøåíèå íàõîäèòñÿ èòåðàòèâ-
íûì ïóòåì, èñïîëüçóÿ ìåòîä íàèìåíüøèõ êâàäðàòîâ. Ýòîò ìåòîä áûë ïðèìåíåí ê áîëèäàì,
çàðåãèñòðèðîâàííûì â ÑØÀ (Àðêàíçàñ), ßïîíèÿ (Miyako è Kanto) è ×åøñêàÿ Ðåñïóáëèêà
(Moravka).

Âòîðîé - ãðàôè÷åñêèé ìåòîä àíàëèçà, îñíîâàí íà ÷åðòåæå êîíòóðîâ âðåìåíè ïðèáûòèÿ
âîëí. Óìîçðèòåëüíî, êîíòóðû äîëæíû áûòü ýëëèïòè÷åñêèìè äëÿ óäàðíûõ âîëí áîëèäîâ.
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Åñëè ðàñïîëîæåíèå ñåéñìè÷åñêèõ ñòàíöèé ïîäõîäÿùåå, àçèìóò òðàåêòîðèè áîëèäà îïðåäå-
ëÿåòñÿ ïî îñè ñèììåòðèè êîíòóðîâ, òîãäà êàê óãîë ñêëîíåíèÿ îöåíèâàåòñÿ ïî ðàçìåðó êîí-
òóðà. Ïðèìåíåíèå ìåòîäîâ ê òðåì âûøå ïåðå÷èñëåííûì áîëèäàì ïîêàçàëî, ÷òî ðàçëè÷èå
ïàðàìåòðîâ, îïðåäåëåííûõ îáîèìè ìåòîäàìè, íàõîäèòñÿ â ïðåäåëàõ íåñêîëüêèõ ãðàäóñîâ.

23 èþëÿ 2008 ã., ÷åðåç íåñêîëüêî ìèíóò ïîñëå çàõîäà Ñîëíöà â Òàäæèêèñòàíå íà-
áëþäàëñÿ ñóïåðáîëèä è åãî ÿð÷àéøàÿ âñïûøêà, êîòîðàÿ ïî ñâîåé ýíåðãåòèêå íà ïîðÿäîê
ñëàáåå Óðàëüñêîãî ñóïåðáîëèäà, íàáëþäàâøåãîñÿ 15 ôåâðàëÿ 2013 ã. Äëÿ íàáëþäàâøåãî-
ñÿ íàä Òàäæèêèñòàíîì ñóïåðáîëèäà áûëà ïîëó÷åíà êîìïëåêñíàÿ ðåãèñòðàöèÿ ñâåòîâîãî
è ñåéñìè÷åñêîãî âîçìóùåíèÿ, ñãåíåðèðîâàííîãî åãî ïîëåòîì è âçðûâîì â àòìîñôåðå Çåì-
ëè. Ñåéñìè÷åñêèé ñèãíàë áûë çàïèñàí èçìåðèòåëüíûìè ñåéñìîìåòðàìè îäíîé àíàëîãî-
âîé è ÷åòûðüìÿ öèôðîâûìè øèðîêîïîëîñíûìè ñåéñìè÷åñêèìè ñòàíöèÿìè Ãåîôèçè÷åñêîé
ñëóæáû ÀÍ Ðåñïóáëèêè Òàäæèêèñòàí [2.3]. Îïòè÷åñêèìè äàò÷èêàìè ñïóòíèêà NASA áû-
ëà çàðåãèñòðèðîâàíà ýíåðãèÿ, âûäåëèâøàÿñÿ âî âñïûøêå áîëèäà, îêîëî 2•1011 Äæ, ÷òî
ýêâèâàëåíòíî 0.05 êèëîòîííàì ÒÍÒ [4].

Çà ïîñëåäíèå 20 ëåò ðåãèñòðàöèè áîëèäîâ è ñóïåðáîëèäîâ ðàçëè÷íûìè ñèñòåìàìè íà-
áëþäåíèÿ òîëüêî â 15 ñëó÷àÿõ èç îêîëî 30 çàðåãèñòðèðîâàííûõ áûëè ïîëó÷åíû, ïîìèìî
îïòè÷åñêèõ, òàêæå è ñåéñìè÷åñêèå äàííûå, êîòîðûå áûëè èñïîëüçîâàíû äëÿ áîëåå äåòàëü-
íîãî è ïîëíîãî àíàëèçà ñ öåëüþ îïðåäåëåíèÿ àòìîñôåðíîé òðàåêòîðèè áîëèäà. Ïðîâåäåí-
íûé ñòàòèñòè÷åñêèé àíàëèç èìåþùèõñÿ â ëèòåðàòóðíûõ èñòî÷íèêàõ èíôðàçâóêîâûõ è
ñåéñìè÷åñêèõ äàííûõ î áîëèäàõ ñâèäåòåëüñòâóåò, ÷òî óæå ïðè ðåàëèçîâàííîé ýíåðãèè, ýê-
âèâàëåíòíîé ≥0.02÷0.03 êèëîòîííàì ÒÍÒ, ïðè âçðûâå áîëèäà óäàðíàÿ âîëíà ôîðìèðóåò
àêóñòè÷åñêèå è ñåéñìè÷åñêèå âîëíû. Â òàáë. 1. äëÿ áîëèäîâ, çàðåãèñòðèðîâàííûõ ñåéñìè-
÷åñêèìè è èíôðàçâóêîâûìè ñòàíöèÿìè, ïðèâåäåíû ñâåäåíèÿ îá ýíåðãèè, âûäåëèâøåéñÿ âî
âçðûâå áîëèäà, ýíåðãåòè÷åñêîì êëàññå è ìàãíèòóäå ñåéñìè÷åñêîãî ñèãíàëà.

Òàáëèöà 1. Ìàãíèòóäà è ýíåðãèÿ ñåéñìè÷åñêîãî ñèãíàëà, ñãåíåðèðîâàííîãî âçðûâàìè
ìåòåîðèòî-îáðàçóþùèõ áîëèäîâ

Áîëèä Ãîä Òèï Ýíåðãèÿ (J) Ýíåðãèÿ (kT) Êëàññ Ìàãíèòóäà
Tagish Lake 2000 CM2 1.1×1012 0.26 9.0 2.8
Neuschwanstein 2000 EL6 0.9×1011 0.021 8.3 2.4
Park Forest 2003 L5 2.1×1012 0.5 9.2 2.9
Carancas 2007 H4-5 1.3×1011 0.03 8.4 2.5
Buzzard 2008 H4 1.3×1012 0.32 9.1 2.8
Sent-Robert 1994 H5 1.3×1011 0.03 8.4 2.5
Almahata Sitta 2008 Ureilite 6.7×1012 1.6 9.6 3.1
July 23, 2008 2008 - 2.1×1011 0.05 8.5 2.5

Âî âðåìÿ ñîáûòèÿ áîëèäà 23 èþëÿ 2008 ã. â Òàäæèêèñòàíå ôóíêöèîíèðîâàëè 5 öèôðî-
âûõ ñåéñìîñòàíöèé � �×óÿíãàðîí�, �Ãåçàí�, �Èãðîí�, �Ãàðì� è �Øààðòóç�. Íà çàïèñÿõ ÷åòû-
ðåõ ñåéñìîñòàíöèé �Ãàðì�, �Ãåçàí�, �Èãðîí� è �×óÿíãàðîí� áûëà îáíàðóæåíà ðåãèñòðàöèÿ
ñåéñìîñèãíàëîâ, ñîîòâåòñòâóþùèõ ìîìåíòó ïðîëåòà ñóïåðáîëèäà è íå îòíîñÿùèõñÿ ê ðå-
ãèñòðàöèè êàêîãî-ëèáî çåìëåòðÿñåíèÿ. Â òàáë. 2 ïðèâåäåíû ñâåäåíèÿ î ñåéñìîñòàíöèÿõ,
çàðåãèñòðèðîâàâøèõ ñèãíàë îò ñóïåðáîëèäà 23 èþëÿ 2008 ã. (Òàäæèêèñòàí). Â ðåçóëüòà-
òå ïðîâåäåííîé îáðàáîòêè ñåéñìè÷åñêèõ äàííûõ áûëè èäåíòèôèöèðîâàíû íåñêîëüêî òè-
ïîâ âîëí, íàèáîëåå âèäèìûõ íà òåõ ñòàíöèÿõ, êîòîðûå ðàñïîëîæåíû áëèæå ê òðàåêòîðèè
áîëèäà è íà êîòîðûõ âðåìÿ ïðèáûòèÿ ñèãíàëà õîðîøî ðàçäåëåíî. Äëÿ êàæäîé ñòàíöèè
îïðåäåëåíî âðåìÿ ïðèáûòèÿ ðàçëè÷íûõ òèïîâ âîëí, ñãåíåðèðîâàííûõ âçðûâîì áîëèäà, è

406



ðàññòîÿíèå äî ïðîåêöèè íà çåìíóþ ïîâåðõíîñòü òî÷êè íà òðàåêòîðèè áîëèäà, ãäå ïðîèçî-
øåë âçðûâ [5]. Ïîëó÷åííûå äàííûå ïðèâåäåíû â òàáë. 3.

Òàáëèöà 2. Ñâåäåíèÿ î ñåéñìîñòàíöèÿõ, çàðåãèñòðèðîâàâøèõ ñèãíàë îò ñóïåðáîëèäà 23
èþëÿ 2008 ã (Òàäæèêèñòàí)

Íàçâàíèå ñòàíöèè Øèðîòà (?N) Äîëãîòà (?E) Âûñîòà í.ó. ìîðÿ (ì)
Ãàðì 39.00 70.3160 1 305
Ãåçàí 39.2833 67.7155 1 485
Èãðîí 38.2203 69.3266 1 284
×óÿíãàðîí 38.6569 69.1582 1 049

Òàáëèöà 3. Âðåìÿ ïðèáûòèÿ ñèãíàëà íà ðàçíûõ ñòàíöèÿõ è èõ ðàññòîÿíèå äî òî÷êè ðåãè-
ñòðàöèè

Íàçâàíèå ñòàíöèè Ðàññòîÿíèå äî
òî÷êè ôîòîðåãè-
ñòðàöèè,
(êì)

Âðåìÿ ïðèõîäà
âîëí ñåéñìè÷åñêî-
ãî ñèãíàëà,
÷. ì. ñ.

Âðåìÿ ïðèõîäà
âîëí àêóñòè÷åñêî-
ãî ñèãíàëà,
÷. ì. ñ.

×óÿíãàðîí 105 14:44:12.1039 14:48:14.8369
Èãðîí 126 14:45:26.0877 14:48:53.5208
Ãåçàí 90 14:44:31.5979 14:48:58.8562
Ãàðì 213 14:46:37.2796 14:50:01.1137

Íà âñåõ ñòàíöèÿõ ïåðâîå ïðèáûòèå � ýòî ïîâåðõíîñòíûå p-âîëíû. Ñàìûé ñèëüíûé ñèã-
íàë ñâÿçàí ñ ïðèáûòèåì ïîçæå ïðÿìûõ âîçäóøíûõ âîëí. Ýòè âîëíû ïåðâûìè ïðèáûâàþò
îò áëèæàéøåé ê ñòàíöèè òî÷êè íà òðàåêòîðèè áîëèäà. Íà ñåéñìîãðàììàõ íà÷àëî ïðÿìûõ
âîçäóøíûõ âîëí âñåãäà î÷åíü ðåçêîå è îíè îò÷åòëèâî ðàçëè÷èìû â ôèëüòðîâàííîì ñèã-
íàëå. Çàðåãèñòðèðîâàííûå ñåéñìè÷åñêèå ñèãíàëû íà âñåõ ÷åòûðåõ ñòàíöèÿõ îòíîñÿòñÿ ê
êàòåãîðèè ñëàáûõ. Äëÿ íàäåæíîãî âûäåëåíèÿ ñåéñìîñèãíàëà îò áîëèäà èç ôîíà øóìîâ
ïðèìåíÿëàñü ÷àñòîòíàÿ ôèëüòðàöèÿ. Íà ðèñ. 1 ïðèâåäåíà ñåéñìîãðàììà ñèãíàëà îò áîëè-
äà, çàðåãèñòðèðîâàííîãî íà ñåéñìîñòàíöèè �×óÿíãàðîí�, íà êîòîðîé âèäíî, ÷òî äàæå áåç
ôèëüòðàöèè ÷åòêî ïðîñëåæèâàþòñÿ ñåéñìè÷åñêèé è àêóñòè÷åñêèé ñèãíàëû ñ èíòåðâàëîì
âðåìåíè 3-4 ìèíóòû. Ýòè ñèãíàëû òàêæå õîðîøî ïðîñìàòðèâàþòñÿ íà çàïèñÿõ ñòàíöèè
�Ãàðì�, ìåíåå âèäíû íà ñòàíöèÿõ �Ãåçàí� è �Èãðîí�.

Ðèñ. 1. Çàïèñü ñåéñìè÷åñêîãî ñèãíàëà áåç ôèëüòðà îò áîëèäà 23 èþëÿ 2008 ã., çàðåãèñòðè-
ðîâàííîãî íà ñåéñìîñòàíöèè �×óÿíãàðîí�
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Ñîãëàñíî àìïëèòóäå çàðåãèñòðèðîâàííîãî ñåéñìîñèãíàëà, ìîæíî îïðåäåëèòü, ÷òî âû-
äåëèâøàÿñÿ ñåéñìè÷åñêàÿ ýíåðãèÿ, ñãåíåðèðîâàííàÿ âçðûâîì áîëèäà, ñîîòâåòñòâóåò ýíåð-
ãèè çåìëåòðÿñåíèÿ ñ ýíåðãåòè÷åñêèì êëàññîì 8.5, ÷òî (áåç ïðèìåíåíèÿ ôèëüòðà) ñîîò-
âåòñòâóåò ìàãíèòóäå Ì = 2.5. Ñîãëàñíî ïðîâåäåííîãî àíàëèçà ñòàòèñòè÷åñêèõ äàííûõ î
ñóïåðáîëèäàõ è áîëèäàõ, ïðåäñòàâëåííûõ â òàáë. 1, ìîæíî çàêëþ÷èòü, ÷òî ñóïåðáîëèä 23
èþëÿ 2008 ã. îòíîñèòñÿ ê ñðåäíåé êàòåãîðèè ñóïåðáîëèäîâ ïî ñåéñìè÷åñêîìó ýíåðãåòè÷å-
ñêîìó êëàññó.
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Seismic detection of superbolide explosion in the atmosphere

Konovalova N.A., Alimov O.A., Kalashnikova T.M.

Institute of Astrophysics Academy of Sciences of the Republic of Tajikistan

On July 23, 2008 at 14:45 UT, many eyewitnesses observed in the sky of Tajikistan a
rear phenomenon, a bright bolide and its dust train, colored by the beams of the setting sun.
Flash brightness from the explosion had the magnitude of -20.7. According to the pictures from
the superbolide dust train at the explosion height, trail drift velocity in the atmosphere was
obtained; it was 17.6 m/s in the southern direction. On the basis of geographical coordinates
of �ash projection on the Earth surface, obtained by an optical system of NASA satellite, the
superbolide explosion height was determined, it was about 35 km. At Gissar analogous seismo-
station and at 4 digital seismo-stations of the Geophysical Service of Academy of Sciences of
Tajikistan Republic, located at the distances from 45 to 210 km from the event epicenter,
a seismic signal with the magnitude of about 2.5, generated by a superbolide explosion in
the atmosphere, was registered. Superbolide explosions in the atmosphere with the energies
exceeding 0.03 kiloton of trinitrotoluol equivalent have already been registered at current digital
station. The distances, when such registration is possible, is of several thousand of kilometers,
as it was shown by the event on February 15, 2013, associated with the great Ural meteorite.
Stations of Tajikistan seismic network received the signal with the magnitude of more than 3
from the explosion in the atmosphere of the Ural meteorite 12 minutes after it.
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