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Mathematical modeling is one of the most powerful and �exible tools for studying complex natural
phenomena, in which the setting up of a direct full-scale experiment is, as a rule, impossible. A typical
example of a dangerous natural phenomenon characterized by low frequency and severe consequences
are tsunami waves that occur in the oceans and the seas after submarine earthquakes, volcanic
explosions, underwater slumping and coastal landslides. By the number of casualties and the total
damage, tsunamis are in fourth place among other natural disasters and catastrophes, after earthquakes,
�oods and typhoons. In the world statistics of victims of natural disasters in the XX century, which
took more than 4 million lives, the share of tsunami was relatively small and amounted to just over
1 %. The Indonesian disaster of 2004, which took more than 227,000 lives, immediately brought the
tsunami in �rst place in the statistics of the victims of natural disasters in the 21st century.

The damage caused by the tsunami is aggravated by their complete suddenness, transience, heavy
destruction and high probability of fatal outcomes among people caught in the zone of impact of these
waves. The problem of e�ective protection from this natural disaster is complicated by the rarity of
its manifestation in a particular section of the coast. Even in the most tsunami-prone areas of the
Paci�c Ocean (such as Japan, Chile, Peru), strong tsunamis with casualties occur every 30�50 years,
disastrous � once in 100�150 years. These return periods far exceed the frequency of occurrence,
for example, of hurricanes and �oods and are comparable to the return periods of earthquakes and
volcanic eruptions. Due to the nature of the mechanism of occurrence, as well as due to the presence of
constant sea level disturbances due to wind waves, storms and tides, tsunamis have a certain natural
threshold below which they are practically unobservable, and above it immediately become dangerous.
This is partly why in the event of the occurrence of this natural disaster, the degree of the population's
readiness for it turns out to be unacceptably low.

In the Siberian Branch of the Russian Academy of Sciences, studies on tsunamis initiated by M.
A. Lavrent'ev, E. I. Bichenkov, R.M. Garipov and A. I. Yanushauskas in the early 1960s, were then
continued and received an especially intensive development in the Computing Center SOAN USSR
(now the Institute of Computational Mathematics and Mathematical Geophysics of the SB RAS). The
leading role in this was played by Anatoly A. Alekseev, at that time the Head of the Laboratory of
Mathematical Problems of Seismology. The idea of A. S. Alekseev was to include consideration of
gravity term into the standard Lame's equation of motion for the liquid layer overlying the elastic
half-space. In such a model among the solutions of the dispersion equation there must be a root
corresponding to the surface gravitational wave in the �uid layer, i.e. tsunami. This approach turned
out to be very fruitful and made it possible to study the dependence of tsunami amplitudes on the
parameters of a seismic source, used in seismology and determined from observations of seismic waves
(seismic moment, depth, mechanism). It was called the

”
elastic model“ of tsunami generation, which

was considered as an alternative to the hydrodynamic
”
piston model“, in which the �uid is considered

incompressible and the bottom is rigid. The elastic model makes it possible to carry out a joint analysis
of the generation conditions for the surface seismic waves (Rayleigh waves) and tsunami in order to
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determine the existence of physical connections or correlations between them, which could be used for
tsunami prediction.

The possibility of considering both elastic waves and tsunami waves within the framework of a
uni�ed model made it possible for the �rst time to obtain estimates of the fraction of seismic energy
radiated by a model source that goes to the formation of tsunami waves. It was found that the upper
limit of the share of seismic energy, transferring into tsunami waves (about 10 %) is reached for a point
source of the vertical dip-slip type, located at a shallow (about 10 km) depth. For the parameters
of model sources corresponding to the real tsunamigenic earthquakes in the Paci�c, the fraction of
tsunami energy does not exceed 1 % of the total seismic energy.

The two main scienti�c and practical tasks in the tsunami problem are the operational tsunami
forecast and preliminary tsunamizoning of the coast. The main problem of operational tsunami forecast
on the Far Eastern coast of the Russian Federation is to reduce the number of false alarms, which can
be achieved by limiting the size of coastal zone for the alarm released after the submarine earthquake
with magnitude above threshold value as well as shifting from a binary to a three-level alarm scheme.
The main problem of assessing the tsunami hazard of the ocean coast, which has a subduction zone
in front of it, is to obtain realistic estimates of the place and time of occurrence of M9 class mega-
earthquake in the nearest segments of this zone. Obtaining such estimates is a complex scienti�c and
practical problem and in fact corresponds to solving the problem of a long-term forecast of the strongest
earthquakes.

The results presented in this paper were partially obtained during the implementation of the RFBR
project 16-05-00450.

Key words: mathematical modeling, earthquake sources, seismotectonics, tsunami, operational
warning, tsunami hazard, tsunami-zoning.
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Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðåäñòàâëÿåò ñîáîé îäíî èç íàèáîëåå ìîùíûõ è ãèáêèõ
ñðåäñòâ èçó÷åíèÿ ñëîæíûõ ïðèðîäíûõ ÿâëåíèé, â îòíîøåíèè êîòîðûõ ïîñòàíîâêà ïðÿìîãî íà-
òóðíîãî ýêñïåðèìåíòà ÿâëÿåòñÿ, êàê ïðàâèëî, íåâîçìîæíîé. Õàðàêòåðíûì ïðèìåðîì îïàñíîãî
ïðèðîäíîãî ÿâëåíèÿ, õàðàêòåðèçóþùåãîñÿ ìàëîé ïîâòîðÿåìîñòüþ è òÿæåëûìè ïîñëåäñòâèÿ-
ìè, ÿâëÿþòñÿ âîëíû öóíàìè, âîçíèêàþùèå â ìîðÿõ è îêåàíàõ ïðè ïîäâîäíûõ çåìëåòðÿñåíèÿõ,
âóëêàíè÷åñêèõ èçâåðæåíèÿõ, ïîäâîäíûõ îïîëçíÿõ è áåðåãîâûõ îáâàëàõ. Â ðàáîòå ðàññìàòðè-
âàþòñÿ ìàòåìàòè÷åñêèå ìîäåëè, èñïîëüçóåìûå äëÿ èçó÷åíèÿ äâóõ îñíîâíûõ ñòàäèé ðàçâèòèÿ
öóíàìè (âîçáóæäåíèå â î÷àãîâîé îáëàñòè è ðàñïðîñòðàíåíèå â ãëóáîêîì îêåàíå), ïðîáëåìû
ñîçäàíèÿ èíôîðìàöèîííî-âû÷èñëèòåëüíûõ êîìïëåêñîâ è áàç äàííûõ ïî íàáëþäåíèÿì öóíà-
ìè, à òàêæå èõ ïðèìåíåíèå äëÿ ðåøåíèÿ ïðàêòè÷åñêèõ çàäà÷ îïåðàòèâíîãî ïðîãíîçà öóíàìè
è ïðåäâàðèòåëüíîãî öóíàìèðàéîíèðîâàíèÿ ïîáåðåæüÿ.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, î÷àãè çåìëåòðÿñåíèé, ñåéñìîòåêòîíè-
êà, öóíàìè, îïåðàòèâíûé ïðîãíîç, öóíàìèîïàñíîñòü, öóíàìèðàéîíèðîâàíèå.

Ââåäåíèå. Âîëíû öóíàìè, âîçíèêàþùèå â ìîðÿõ è îêåàíàõ ïðè íåêîòîðûõ ñèëüíûõ
ïîäâîäíûõ çåìëåòðÿñåíèÿõ, âóëêàíè÷åñêèõ èçâåðæåíèÿõ, îïîëçíÿõ è îáâàëàõ, ÿâëÿþòñÿ
îäíèì èç íàèáîëåå îïàñíûõ âèäîâ ïðèðîäíûõ êàòàñòðîô. Ïî ÷èñëó æåðòâ è ñóììàðíîìó
óùåðáó öóíàìè íàõîäÿòñÿ íà ÷åòâåðòîì ìåñòå â ðÿäó ñòèõèéíûõ áåäñòâèé è êàòàñòðîô,
ïîñëå çåìëåòðÿñåíèé, íàâîäíåíèé è òàéôóíîâ. Â ìèðîâîé ñòàòèñòèêå æåðòâ ïðèðîäíûõ
êàòàñòðîô â XX ñòîëåòèè, óíåñøèõ áîëåå 4 ìèëëèîíîâ æèçíåé [1], äîëÿ öóíàìè áûëà îò-
íîñèòåëüíî íåâåëèêà è ñîñòàâëÿëà ÷óòü áîëåå 1 %. Èíäîíåçèéñêàÿ êàòàñòðîôà 2004 ã.,
óíåñøàÿ áîëåå 227 000 æèçíåé, ñðàçó âûâåëà öóíàìè â ñòàòèñòèêå æåðòâ ïðèðîäíûõ êà-
òàñòðîô XXI âåêà íà ïåðâîå ìåñòî.

Óùåðá, íàíîñèìûé öóíàìè, óñèëèâàåòñÿ èõ ïîëíîé âíåçàïíîñòüþ, áûñòðîòå÷íîñòüþ,
òÿæåëûìè ðàçðóøåíèÿìè è âûñîêîé âåðîÿòíîñòüþ ôàòàëüíûõ èñõîäîâ ñðåäè ëþäåé, îêà-
çàâøèõñÿ â çîíå âîçäåéñòâèÿ ýòèõ âîëí. Ïðîáëåìà ýôôåêòèâíîé çàùèòû îò ýòîãî ñòèõèé-
íîãî áåäñòâèÿ îñëîæíÿåòñÿ ðåäêîñòüþ åãî ïðîÿâëåíèÿ íà îòäåëüíîì ó÷àñòêå ïîáåðåæüÿ.
Äàæå â íàèáîëåå öóíàìèîïàñíûõ ðàéîíàõ Òèõîãî îêåàíà (òàêèõ êàê ßïîíèÿ, ×èëè, Ïåðó)
ñèëüíûå öóíàìè ñ æåðòâàìè ñðåäè íàñåëåíèÿ ïðîèñõîäÿò ðàç â 30�50 ëåò, êàòàñòðîôè÷å-
ñêèå � ðàç â 100�150 ëåò. Ýòè ïåðèîäû íàìíîãî ïðåâûøàþò ïîâòîðÿåìîñòü, íàïðèìåð,

Ïðåäñòàâëåííûå â ðàáîòå ðåçóëüòàòû ÷àñòè÷íî (â îòíîøåíèè ïîääåðæêè áàç äàííûõ è ñîçäàíèÿ ãðà-
ôè÷åñêèõ îáîëî÷åê) ïîëó÷åíû â õîäå ðåàëèçàöèè ïðîåêòà ÐÔÔÈ 16-05-00450.
Àâòîð âûðàæàåò áëàãîäàðíîñòü Ò. Â. Êàëàøíèêîâîé è Ï. Ñ. Çèíîâüåâó çà ïîìîùü â ïîäãîòîâêå ãðàôè-

÷åñêèõ ìàòåðèàëîâ è îôîðìëåíèè ñòàòüè.
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óðàãàíîâ è íàâîäíåíèé è ñîïîñòàâèìû ñ ïåðèîäàìè ïîâòîðÿåìîñòè çåìëåòðÿñåíèé è âóë-
êàíè÷åñêèõ èçâåðæåíèé. Áëàãîäàðÿ îñîáåííîñòÿì ìåõàíèçìà âîçíèêíîâåíèÿ, à òàêæå ââè-
äó íàëè÷èÿ ïîñòîÿííûõ âîçìóùåíèé óðîâíÿ ìîðÿ, îáóñëîâëåííûõ âåòðîâûì âîëíåíèåì,
øòîðìàìè è ïðèëèâàìè, öóíàìè îáëàäàþò íåêîòîðûì åñòåñòâåííûì ïîðîãîì (ïî âûñîòå),
íèæå êîòîðîãî îíè ïðàêòè÷åñêè íåíàáëþäàåìû, à âûøå íåãî ñðàçó ñòàíîâÿòñÿ îïàñíû-
ìè. Îò÷àñòè ïîýòîìó ïðè âîçíèêíîâåíèè ýòîãî ñòèõèéíîãî áåäñòâèÿ ñòåïåíü ãîòîâíîñòè
íàñåëåíèÿ ê íåìó îêàçûâàåòñÿ íåäîïóñòèìî íèçêîé.

Òî÷íîãî íàó÷íîãî îïðåäåëåíèÿ, ÷òî òàêîå öóíàìè, äî ñèõ ïîð íåò. Â 60-õ ãîäàõ ïðîøëî-
ãî âåêà ïîä ýòèìè âîëíàìè ïîíèìàëèñü äëèííîïåðèîäíûå (â äèàïàçîíå îò 2 äî 200 ìèí)
êîëåáàíèÿ óðîâíÿ îêåàíà, âûçâàííûå áûñòðîòå÷íûìè ïðîöåññàìè íà äíå èëè ïîâåðõíîñòè
îêåàíà, â îñíîâíîì, òåêòîíè÷åñêîãî õàðàêòåðà, ò. å. ïîäâîäíûìè çåìëåòðÿñåíèÿìè, âóëêà-
íè÷åñêèìè èçâåðæåíèÿìè, à òàêæå áåðåãîâûìè è ïîäâîäíûìè îïîëçíÿìè è îáâàëàìè [2].
Â ãåîãðàôè÷åñêîì îòíîøåíèè ñ÷èòàëîñü, ÷òî ãëàâíûì öóíàìèãåííûì ðåãèîíîì ÿâëÿåòñÿ
ïîáåðåæüå Òèõîãî îêåàíà, öóíàìè â äðóãèõ îêåàíàõ ìîãóò âîçíèêàòü òîëüêî ïðè ðåäêèõ
èñêëþ÷èòåëüíûõ ñîáûòèÿõ, ïîäîáíûõ Ëèññàáîíñêîìó çåìëåòðÿñåíèþ 1755 ãîäà èëè èçâåð-
æåíèþ âóëêàíà Êðàêàòàó 1883 ãîäà. Ñ÷èòàëîñü, ÷òî íàèëó÷øåé ìàòåìàòè÷åñêîé ìîäåëüþ
äëÿ îïèñàíèÿ öóíàìè ÿâëÿåòñÿ ìîäåëü äëèííûõ âîëí íà ìåëêîé âîäå. Îäíàêî óæå òîãäà
â êàòàëîãè öóíàìè âêëþ÷àëèñü ÿâëåíèÿ, ïîäîáíûå ãèãàíòñêîìó (âûñîòîé â 525 ì) çàïëåñ-
êó â çàëèâå Ëèòóéÿ íà Àëÿñêå, ïîðîæäåííîìó 10 èþëÿ 1958 ãîäà ñåéñìîãåííûì îáâàëîì,
âîçíèêøåì íà åãî âîñòî÷íîì ñêëîíå ïîñëå çåìëåòðÿñåíèÿ ìàãíèòóäîé 7.9 [3]. Òàêîãî ðî-
äà âîëíó íè â êàêîì ïðèáëèæåíèè íåëüçÿ ñ÷èòàòü

”
äëèííîé“, îäíàêî åå àíîìàëüíûé è

êàòàñòðîôè÷åñêèé õàðàêòåð íå âûçûâàåò ñîìíåíèÿ.
Ïðè ëþáîì òèïå èñòî÷íèêà âîëíà öóíàìè åñòü âîçìóùåíèå, çàõâàòûâàþùåå âñþ òîëùó

âîäíîãî áàññåéíà, ïðè åå ïðîõîæäåíèè â äâèæåíèå ïðèâîäÿòñÿ îãðîìíûå ìàññû âîäû, ÷òî
è äåëàåò öóíàìè ãðàíäèîçíûì êàòàñòðîôè÷åñêèì ÿâëåíèåì. Â ýòîì åå ïðèíöèïèàëüíîå
îòëè÷èå îò âåòðîâûõ âîëí, âûñîòû êîòîðûõ íà áåðåãó ïðè ñèëüíûõ øòîðìàõ òàêæå ìîãóò
äîñòèãàòü 8�10 ìåòðîâ, íî èõ ðàçðóøèòåëüíûé ïîòåíöèàë íåèçìåðèìî íèæå.

Â Ðîññèéñêîé Ôåäåðàöèè óãðîçå öóíàìè ïîäâåðæåíî â ïåðâóþ î÷åðåäü Êóðèëî-
Êàì÷àòñêîå ïîáåðåæüå, à òàêæå ïîáåðåæüÿ ßïîíñêîãî, Îõîòñêîãî è Áåðèíãîâà ìîðåé.
Èñòîðè÷åñêèé êàòàëîã öóíàìè äëÿ Äàëüíåâîñòî÷íîãî ðåãèîíà âêëþ÷àåò â ñåáÿ 110 öóíà-
ìèãåííûõ ñîáûòèé, ïðîèñøåäøèõ òàì ñ 1737 ãîäà [4]. Âñåãî çà ýòîò ïåðèîä íàáëþäàëîñü 10
ðàçðóøèòåëüíûõ öóíàìè ñ âûñîòàìè íà áåðåãó 10 è áîëåå ìåòðîâ, ñðåäè íèõ áûëî 2 ìåãà-
öóíàìè ñ âûñîòàìè áîëåå 20 ì (â 1737 ãîäó è 1952 ãîäó), åùå â 15 ñëó÷àÿõ öóíàìè áûëî
îïàñíûì (âûñîòû â äèàïàçîíå 2�10 ì), â 13 ñëó÷àÿõ íàáëþäåííûå âûñîòû âîëí íàõîäè-
ëèñü â ïðåäåëàõ ïðèëèâíûõ êîëåáàíèé (ïîðÿäêà 1�2 ì), â îñòàëüíûõ ñëó÷àÿõ öóíàìè áûëî
ñëàáûì è íàáëþäàëîñü òîëüêî íà ïðèáîðíûõ çàïèñÿõ. Òàêèì îáðàçîì, ïîâòîðÿåìîñòü ðàç-
ðóøèòåëüíûõ öóíàìè ó äàëüíåâîñòî÷íûõ áåðåãîâ ÐÔ ñîñòàâëÿåò â ñðåäíåì 1 ðàç â 25 ëåò,
îïàñíûõ � 1 ðàç â 10�15 ëåò, ñëàáûå öóíàìè íàáëþäàþòñÿ ïðàêòè÷åñêè åæåãîäíî. Öóíà-
ìè è öóíàìèïîäîáíûå ÿâëåíèÿ (âíåçàïíûå àíîìàëüíûå êîëåáàíèÿ óðîâíÿ âîäû) èçâåñòíû
òàêæå íà ×åðíîì, Êàñïèéñêîì, Áàëòèéñêîì, Áàðåíöîâîì è Áåëîì ìîðÿõ. Ìàêñèìàëüíûå
âûñîòû çàïëåñêîâ ïðè íèõ äîñòèãàëè íåñêîëüêèõ (äî 4�5) ìåòðîâ, îäíàêî èõ ïîâòîðÿå-
ìîñòè ñóùåñòâåííî íèæå, ÷åì â Äàëüíåâîñòî÷íîì ðåãèîíå, è ñîñòàâëÿþò äåñÿòêè è äàæå
ñîòíè ëåò. Âíåçàïíûå âîäíûå âîçìóùåíèÿ â èñòîðè÷åñêîå âðåìÿ èçâåñòíû íà Áàéêàëå è
íà Ëàäîãå, è äàæå íà êðóïíûõ ðåêàõ, òàêèõ êàê Âîëãà è Äíåïð (âñëåäñòâèå áåðåãîâûõ
îïîëçíåé è îáâàëîâ).
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Â Ñèáèðñêîì îòäåëåíèè ÐÀÍ ðàáîòû ïî èçó÷åíèþ öóíàìè, íà÷àòûå ïî èíèöèàòèâå àêà-
äåìèêà Ì.À. Ëàâðåíòüåâà Å.È. Áè÷åíêîâûì, Ð.Ì. Ãàðèïîâûì è À.È. ßíóøàóñêàñîì åùå
â íà÷àëå 1960-õ ãîäîâ, áûëè çàòåì ïðîäîëæåíû è ïîëó÷èëè îñîáåííî èíòåíñèâíîå ðàçâèòèå
â Âû÷èñëèòåëüíîì öåíòðå ÑÎ ÀÍ ÑÑÑÐ (ñåé÷àñ Èíñòèòóò âû÷èñëèòåëüíîé ìàòåìàòèêè è
ìàòåìàòè÷åñêîé ãåîôèçèêè ÑÎ ÐÀÍ). Âåäóùóþ ðîëü â ýòîì ñûãðàë Àíàòîëèé Ñåìåíîâè÷
Àëåêñååâ, â òî âðåìÿ çàâåäóþùèé ëàáîðàòîðèåé ìàòåìàòè÷åñêèõ çàäà÷ ñåéñìîëîãèè. Â
1968 ãîäó àâòîðó äàííîé ñòàòüè, òîãäà åùå ñòóäåíòó ãåîëîãî-ãåîôèçè÷åñêîãî ôàêóëüòåòà
ÍÃÓ, èì áûëà ïðåäëîæåíà çàäà÷à î âîçáóæäåíèè âîëí â ñëîå ñæèìàåìîé ãðàâèòèðóþùåé
æèäêîñòè, ëåæàùåì íà óïðóãîì ïîëóïðîñòðàíñòâå. Èäåÿ À. Ñ. Àëåêñååâà ñîñòîÿëà â òîì,
÷òî â òàêîé ìîäåëè ñðåäè ðåøåíèé äèñïåðñèîííîãî óðàâíåíèÿ äîëæåí áûòü êîðåíü, ñîîò-
âåòñòâóþùèé ïîâåðõíîñòíîé ãðàâèòàöèîííîé âîëíå â ñëîå æèäêîñòè, ò. å. öóíàìè. Òàêîé
ïîäõîä îêàçàëñÿ î÷åíü ïëîäîòâîðíûì è ïîçâîëèë èçó÷èòü çàâèñèìîñòü àìïëèòóä öóíàìè
îò ïàðàìåòðîâ ñåéñìè÷åñêîãî èñòî÷íèêà, èñïîëüçóåìûõ â ñåéñìîëîãèè è îïðåäåëÿåìûõ
èç íàáëþäåíèé íàä ñåéñìè÷åñêèìè âîëíàìè (ñåéñìè÷åñêèé ìîìåíò, ãëóáèíà, ìåõàíèçì).
Îí ïîëó÷èë íàçâàíèå

”
óïðóãîé ìîäåëè“ âîçáóæäåíèÿ, êîòîðàÿ ðàññìàòðèâàëàñü êàê àëü-

òåðíàòèâà ÷èñòî ãèäðîäèíàìè÷åñêîé
”
ïîðøíåâîé ìîäåëè“, â êîòîðîé æèäêîñòü ñ÷èòàåòñÿ

íåñæèìàåìîé, à äíî æåñòêèì, è âîçìîæíîñòü åãî êîëåáàíèé íå ó÷èòûâàåòñÿ. Óïðóãàÿ ìî-
äåëü ïîçâîëÿåò ïðîâåñòè ñîâìåñòíûé àíàëèç óñëîâèé âîçáóæäåíèÿ ïîâåðõíîñòíûõ ñåéñìè-
÷åñêèõ âîëí (âîëí Ðåëåÿ) è öóíàìè, äëÿ òîãî ÷òîáû âûÿñíèòü ñóùåñòâîâàíèå ôèçè÷åñêèõ
ñâÿçåé èëè êîððåëÿöèè ìåæäó íèìè, êîòîðóþ ìîæíî áûëî áû èñïîëüçîâàòü äëÿ ïðîãíîçà
öóíàìè.

Óïðóãàÿ ìîäåëü âîçáóæäåíèÿ öóíàìè. Îáû÷íûé ïîäõîä ê èçó÷åíèþ ïðîöåññà
âîçáóæäåíèÿ öóíàìè � ýòî ðåøåíèå ëèíåàðèçîâàííûõ óðàâíåíèé ãèäðîäèíàìèêè äëÿ ïî-
òåíöèàëüíîãî äâèæåíèÿ èäåàëüíîé òÿæåëîé æèäêîñòè, ëåæàùåé íà æåñòêîì äíå. Ëèíåà-
ðèçàöèÿ ìîæåò áûòü âûïîëíåíà ëèáî â ïðåäïîëîæåíèÿõ òåîðèè âîëí ìàëîé àìïëèòóäû,
ëèáî â ïðåäïîëîæåíèÿõ òåîðèè äëèííûõ âîëí ïðè ïðåíåáðåæåíèè ÷ëåíàìè êîíâåêòèâíîé
èíåðöèè. Â òàêèõ ïîñòàíîâêàõ óæå â ñåðåäèíå 1960-õ ãîäîâ áûë ðåøåí öåëûé ðÿä çàäà÷
î âîçáóæäåíèè ãðàâèòàöèîííûõ âîëí â ñëîå íåñæèìàåìîé æèäêîñòè ïîñòîÿííîé ãëóáè-
íû ïðè çàäàííûõ ïîäâèæêàõ äíà òîé èëè èíîé. Îäíàêî ñâÿçàòü ïðè ýòîì âîëíó öóíàìè
íåïîñðåäñòâåííî ñ ïîðîæäàþùèì åå ñåéñìè÷åñêèì î÷àãîì íå ïðåäñòàâëÿåòñÿ âîçìîæíûì,
ïîñêîëüêó äíî ïðèíèìàåòñÿ æåñòêèì, è åãî óïðóãèå ñâîéñòâà íå ó÷èòûâàþòñÿ.

Ìàòåìàòè÷åñêàÿ ïîñòàíîâêà çàäà÷è î âîçáóæäåíèè öóíàìè â ðàìêàõ óïðóãîé ìîäåëè
ìîæåò áûòü ñôîðìóëèðîâàíà ñëåäóþùèì îáðàçîì. Ñëîé îäíîðîäíîé ñæèìàåìîé æèäêîñòè
(âîäû) çàëåãàåò íà îäíîðîäíîì óïðóãîì ïîëóïðîñòðàíñòâå (ïîðîäû çåìíîé êîðû) è íàõî-
äèòñÿ â îäíîðîäíîì ïîëå ñèëû òÿæåñòè. H � òîëùèíà ñëîÿ æèäêîñòè (ãëóáèíà îêåàíà). Íà
ãëóáèíå h ïîä äíîì íàõîäèòñÿ ìîäåëüíûé èñòî÷íèê, èìåþùèé íåêîòîðûå ñâîéñòâà ðåàëü-
íîãî î÷àãà çåìëåòðÿñåíèÿ (ðèñ. 1). Óðàâíåíèå Ëÿìå ñ ó÷åòîì âëèÿíèÿ ïîëÿ ñèëû òÿæåñòè
çàïèñûâàåòñÿ â âèäå:

V 2
0 grad div U − g divUk =

∂2U

∂t2
, 0 < z < H, (1)

(
V 2
p − V 2

s

)
grad div U + V 2

s ∆U − g div Uk =
∂2U

∂t2
; z > H. (2)

Ãðàíè÷íûå óñëîâèÿ íà ïîâåðõíîñòè è äíå îêåàíà èìåþò âèä:
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Ðèñ. 1. Ìîäåëü ñðåäû è èñòî÷íèêà

[
V 2
0 div U− gUz

]
z=+0

= 0, (3)

[Uz]z=H+0 = [Uz]z=H−0 , (4)(
∂Ur
∂z

+
∂Uz
∂r

)∣∣∣∣
z=H+0

= 0;

(
1

r

∂Uz
∂θ

+
∂Uθ
∂z

)∣∣∣∣
z=H+0

= 0, (5)

[(
V 2
p − 2V 2

s

)
div U + 2V 2

s

∂Uz
∂z

− gUz

]
z=H+0

=
ρ0
ρ1

[
V 2
0 div U− gUz

]
z=H−0

. (6)

Çäåñü U(r, θ, z, t) � âåêòîð ñìåùåíèÿ ÷àñòèö ñðåäû îòíîñèòåëüíî íåêîòîðîãî íà÷àëüíî-
ãî ñîñòîÿíèÿ ñòàòè÷åñêîãî ðàâíîâåñèÿ â ãðàâèòàöèîííîì ïîëå, g � óñêîðåíèå ñèëû òÿæå-
ñòè, k � åäèíè÷íûé âåêòîð ïî îñè z, ρ0 � ïëîòíîñòü âîäû, V0 �ñêîðîñòü çâóêà â âîäå, ρ1,
Vp, Vs � ïëîòíîñòü, ñêîðîñòü ïðîäîëüíûõ è ïîïåðå÷íûõ âîëí â óïðóãîì ïîëóïðîñòðàíñòâå
ñîîòâåòñòâåííî.

Íà÷àëüíûå óñëîâèÿ ïðèíèìàþòñÿ íóëåâûìè. Â ìîìåíò âðåìåíè t = 0 âêëþ÷àåòñÿ èñ-
òî÷íèê, â êà÷åñòâå êîòîðîãî íà ïåðâîì ýòàïå áåðóòñÿ âåðòèêàëüíàÿ è ãîðèçîíòàëüíàÿ (îðè-
åíòèðîâàííàÿ âäîëü îñè x ) ñîñðåäîòî÷åííûå ñèëû âåëè÷èíîé Q è S ñîîòâåòñòâåííî, ïðè-
ëîæåííûå âíóòðè óïðóãîãî ïîëóïðîñòðàíñòâà â òî÷êå ñ êîîðäèíàòàìè (0, 0, + h), çàâèñè-
ìîñòü êîòîðûõ îò âðåìåíè âíà÷àëå ïðèíèìàåòñÿ â âèäå åäèíè÷íîé ñòóïåí÷àòîé ôóíêöèè
Õýâèñàéäà. Ðåøåíèå âñïîìîãàòåëüíîé çàäà÷è îá èçëó÷åíèè óïðóãèõ âîëí òî÷å÷íûì èñ-
òî÷íèêîì â îäíîðîäíîé áåçãðàíè÷íîé ñðåäå îïðåäåëÿåò ïîäûíòåãðàëüíûå ôóíêöèè äëÿ
ïàäàþùèõ âîëí. Ïîäûíòåãðàëüíûå âûðàæåíèÿ äëÿ îòðàæåííûõ è ïðåëîìëåííûõ âîëí ÿâ-
ëÿþòñÿ íåèçâåñòíûìè ôóíêöèÿìè è îïðåäåëÿþòñÿ èç ãðàíè÷íûõ óñëîâèé.

Ðåøåíèå ñèñòåìû óðàâíåíèé (1)�(6) íàõîäèòñÿ ìåòîäîì ðàçäåëåíèÿ ïåðåìåííûõ. Â íà-
÷àëå ðàññìàòðèâàåòñÿ ñëó÷àé òî÷å÷íîãî èñòî÷íèêà â âèäå äâîéíîé ïàðû ñèë ïðîèçâîëüíîé
îðèåíòàöèè. Çàòåì ðåøåíèå îáîáùàåòñÿ íà ñëó÷àé ïðîñòðàíñòâåííîãî èñòî÷íèêà äèñëîêà-
öèîííîãî òèïà ñ äâèæóùèìñÿ ñ ïðîèçâîëüíîé êîíå÷íîé ñêîðîñòüþ ðàçðûâîì, îïèñûâàå-
ìîãî íàáîðîì ïàðàìåòðîâ: äëèíîé ðàçðûâà L, øèðèíîé ðàçðûâà W , ãëóáèíîé íèæíåãî
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Ðèñ. 2. Äèñïåðñèîííûå êðèâûå ôàçîâîé (Vô) è ãðóïïîâîé (Vãð) ñêîðîñòè âîëí öóíàìè ïðè ðàçëè÷íûõ

ãëóáèíàõ îêåàíà

êðàÿ ðàçðûâà h0, óãëîì ïàäåíèÿ δ, íàïðàâëåíèåì ïîäâèæêè λ è âåëè÷èíîé ñìåùåíèÿ ïðî-
òèâîïîëîæíûõ áåðåãîâ ðàçðûâà D0 (ðèñ. 1). Îêîí÷àòåëüíûå ôîðìóëû èìåþò äîâîëüíî
ñëîæíûé âèä è ìû èõ çäåñü íå ïðèâîäèì (ñì., íàïðèìåð, [5]).

Ïîëó÷åííîå ðåøåíèå îïèñûâàåò ïîëíîå äèíàìè÷åñêîå ïîëå ñìåùåíèé, îáðàçóåìîå âîë-
íàìè ðàçëè÷íûõ òèïîâ, êîòîðûå ñîîòâåòñòâóþò ðàçëè÷íûì îñîáåííîñòÿì ïîäûíòåãðàëü-
íûõ ôóíêöèé. Èçâåñòíî, ÷òî ïîâåðõíîñòíûå (ñåéñìè÷åñêèå è ãðàâèòàöèîííûå) âîëíû ñâÿ-
çàíû ñ ïîëþñàìè ïîäûíòåãðàëüíûõ âûðàæåíèé, ò. å. ñ êîðíÿìè äèñïåðñèîííîãî óðàâíåíèÿ.
Â äàííîé ìîäåëè äèñïåðñèîííîå óðàâíåíèå èìååò, êðîìå êîðíåé, ñîîòâåòñòâóþùèõ ãëàâ-
íîé è âûñøèì ìîäàì âîëíû Ðåëåÿ, åùå îäèí êîðåíü, ñóùåñòâîâàíèå êîòîðîãî îáóñëîâëåíî
íàëè÷èåì ãðàâèòàöèîííîãî ÷ëåíà â óðàâíåíèÿõ äâèæåíèÿ (1)�(2), êîòîðûé íå èìååò àíà-
ëîãà â îáû÷íîé òåîðèè óïðóãîñòè. Ñîîòâåòñòâóþùèå åìó äèñïåðñèîííûå êðèâûå äëÿ òðåõ
ãëóáèí îêåàíà ïðåäñòàâëåíû íà ðèñ. 2. Îíè ïîêàçûâàþò äèñïåðñèþ ôàçîâîé è ãðóïïîâîé
ñêîðîñòè âîëí öóíàìè â çàâèñèìîñòè îò ïåðèîäà. Èíòåãðèðóÿ âû÷åò â ýòîì ïîëþñå âäîëü
äèñïåðñèîííîé êðèâîé ôàçîâîé ñêîðîñòè, ìîæíî ïîëó÷èòü ñìåùåíèå â âîëíå öóíàìè êàê
ôóíêöèþ âðåìåíè è ðàññòîÿíèÿ, ò. å. òåîðåòè÷åñêóþ ìàðåîãðàììó. Ìåíÿÿ çàòåì ïàðàìåòðû
èñòî÷íèêà è ñðåäû, ìîæíî èçó÷àòü èõ âëèÿíèå íà óñëîâèÿ âîçáóæäåíèÿ öóíàìè. Â ýòîì,
ñîáñòâåííî, è ñîñòîèò ãëàâíîå ïðåèìóùåñòâî ðàññìîòðåíèÿ ïðîöåññà ãåíåðàöèè öóíàìè â
ðàìêàõ óïðóãîé ìîäåëè.

Äåòàëüíûé àíàëèç óñëîâèé âîçáóæäåíèÿ öóíàìè â ðàìêàõ òàêîé ìîäåëè áûë âûïîë-
íåí â ðàáîòàõ [6, 7]. Áûëî ïîêàçàíî, ÷òî íàèáîëüøåå âëèÿíèå íà àìïëèòóäû öóíàìè íà
ãëóáîêîé âîäå (â çîíå î÷àãà) îêàçûâàþò ìåõàíèçì è ãëóáèíà èñòî÷íèêà. Â êà÷åñòâå èëëþ-
ñòðàöèè ýòèõ ðåçóëüòàòîâ íà ðèñ. 3 ïðèâåäåíû ðàñ÷åòíûå ìàðåîãðàììû öóíàìè äëÿ òðåõ
îñíîâíûõ òèïîâ èñòî÷íèêà � âçáðîñ ïî âåðòèêàëüíîé ïëîñêîñòè ðàçðûâà, íàäâèã ïî ïîëî-
ãîé ïëîñêîñòè ðàçðûâà è ÷èñòî ñäâèãîâàÿ ïîäâèæêà (ïî âåðòèêàëüíîìó ðàçðûâó). Âèäíî,
÷òî íàèáîëåå èíòåíñèâíîå öóíàìè âîçáóæäàåòñÿ âçáðîñîâîé ïîäâèæêîé ïî âåðòèêàëüíîìó
ðàçðûâó. Íà ðèñ. 4. ïîêàçàíà çàâèñèìîñòü àìïëèòóä öóíàìè îò ãëóáèíû èñòî÷íèêà äëÿ
âçáðîñîâîé è ñäâèãîâîé ïîäâèæåê. Ïðè h > 10 êì àìïëèòóäû ìîíîòîííî óìåíüøàþòñÿ è
íà ãëóáèíå îêîëî 60 êì ñîñòàâëÿþò îêîëî 1/10 îò ìàêñèìóìà. Âî âñåì äèàïàçîíå ãëóáèí
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Ðèñ. 3. Òåîðåòè÷åñêèå ìàðåîãðàììû âîëí öóíàìè äëÿ òðåõ ðàçëè÷íûõ òèïîâ èñòî÷íèêà

àìïëèòóäà öóíàìè îò ñäâèãîâîé ïîäâèæêè ñîñòàâëÿåò ïðèáëèçèòåëüíî 1/5 àìïëèòóäû îò
âçáðîñîâîé ïîäâèæêè.

Ýòè ðåçóëüòàòû íà òîò ìîìåíò (ñåðåäèíà ñåìèäåñÿòûõ ãîäîâ ïðîøëîãî ñòîëåòèÿ) íî-
ñèëè ïèîíåðñêèé õàðàêòåð è ÿñíî ïîêàçûâàëè, â êàêîì íàïðàâëåíèè äîëæíà èäòè ðàáîòà
ïî ñîâåðøåíñòâîâàíèþ ìåòîäîâ îïåðàòèâíîãî ïðîãíîçà öóíàìè.

Âîçìîæíîñòü ðàññìîòðåíèÿ â ðàìêàõ åäèíîé ìîäåëè êàê óïðóãèõ âîëí, òàê è âîëí öó-
íàìè ïîçâîëèëà âïåðâûå ïîëó÷èòü îöåíêè äîëè ñåéñìè÷åñêîé ýíåðãèè, èçëó÷àåìîé î÷àãîì,
êîòîðàÿ èäåò íà îáðàçîâàíèå âîëí öóíàìè [8]. Áûëî óñòàíîâëåíî, ÷òî âåðõíèé ïðåäåë äîëè
ñåéñìè÷åñêîé ýíåðãèè, ïåðåõîäÿùåé â âîëíû öóíàìè (ïîðÿäêà 10 %) äîñòèãàåòñÿ äëÿ òî-
÷å÷íîãî èñòî÷íèêà òèïà âåðòèêàëüíîãî âçáðîñà, íàõîäÿùåãîñÿ íà ìàëîé ãëóáèíå (ïîðÿäêà
10 êì) ïîä äíîì îêåàíà. Äëÿ ïàðàìåòðîâ ìîäåëüíûõ èñòî÷íèêîâ, ñîîòâåòñòâóþùèõ ðåàëü-
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Ðèñ. 4. Çàâèñèìîñòü ìàêñèìàëüíûõ àìïëèòóä âîëí öóíàìè îò ãëóáèíû èñòî÷íèêà (1 � âçáðîñ (λ = 90◦)

ïî âåðòèêàëüíîé ïëîñêîñòè ðàçëîìà (δ = 90◦), 2 � ñäâèã (λ = 0◦) ïî òîé æå ïëîñêîñòè)

íûì î÷àãàì öóíàìèãåííûõ çåìëåòðÿñåíèé Òèõîãî îêåàíà, äîëÿ ýíåðãèè öóíàìè ñîñòàâëÿåò
ìåíåå 1 % îò ïîëíîé ñåéñìè÷åñêîé ýíåðãèè î÷àãà.

Ìîäåëèðîâàíèå ðàñïðîñòðàíåíèÿ öóíàìè. Óïðóãàÿ ìîäåëü, ÿâëÿÿñü âàæíûì è
èíôîðìàòèâíûì ñðåäñòâîì èçó÷åíèÿ ïðîöåññà ãåíåðàöèè öóíàìè â î÷àãîâîé îáëàñòè, íå
ïîçâîëÿåò, òåì íå ìåíåå, èçó÷àòü ïðîöåññ äàëüíåéøåãî ðàñïðîñòðàíåíèÿ öóíàìè â îòêðû-
òîì îêåàíå, òàê êàê íå ó÷èòûâàåò èçìåíåíèÿ ãëóáèíû âîäíîãî ñëîÿ. Ãëóáèíà ìåæäó òåì
ÿâëÿåòñÿ âåäóùèì ôàêòîðîì, îïðåäåëÿþùèì ïðîöåññ ðàñïðîñòðàíåíèÿ öóíàìè è íàêàòà
íà áåðåã. Ïîýòîìó óæå íà ñàìûõ ðàííèõ ýòàïàõ ïðèìåíåíèÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâà-
íèÿ äëÿ èçó÷åíèÿ öóíàìè âîçíèêëà èäåÿ ðàçäåëåíèÿ çàäà÷è íà äâå ÷àñòè � ãåíåðàöèþ â
îáëàñòè èñòî÷íèêà è ðàñïðîñòðàíåíèÿ â îêåàíå ñ ðåàëüíûì ðåëüåôîì äíà. Ïðîöåññ ãåíåðà-
öèè ðàññìàòðèâàëñÿ â ðàìêàõ ïîðøíåâîé ìîäåëè, êîãäà ñìåùåíèÿ äíà îêåàíà, çàäàâàåìûå
ïðîèçâîëüíî èëè ïîëó÷àåìûå ïóòåì ðåøåíèÿ çàäà÷è î äåôîðìàöèè ïîâåðõíîñòè óïðóãîãî
ïîëóïðîñòðàíñòâà ïîä äåéñòâèåì âíóòðåííåãî èñòî÷íèêà òîãî èëè èíîãî òèïà (òàêàÿ çà-
äà÷à áûëà ðåøåíà â ðàáîòå [9]), ââîäÿòñÿ â óðàâíåíèå íåðàçðûâíîñòè ãèäðîäèíàìè÷åñêîé
ñèñòåìû, îïèñûâàþùåé äâèæåíèå ïîâåðõíîñòíûõ ãðàâèòàöèîííûõ âîëí â æèäêîñòè. ×àùå
âñåãî â êà÷åñòâå òàêîé ñèñòåìû èñïîëüçóåòñÿ ñèñòåìà óðàâíåíèé ìåëêîé âîäû, êîòîðàÿ çà-
òåì ðåøàåòñÿ ÷èñëåííî äëÿ ìîäåëüíîãî ðåëüåôà, àïïðîêñèìèðóþùåãî ðåàëüíûå ó÷àñòêè
àêâàòîðèè îêåàíà:

Ht + (uH)x + (vH)y = 0,

ut + uux + vuy + gHx = gDx,

vt + uvx + vvy + gHy = gDy

(7)
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ãäå H(x,y, t) = η(x, y, t) + D(x, y, t) � ïîëíàÿ ãëóáèíà âîäû â äàííîé òî÷êå, η � âûñîòà
âîëíû, îòìåðÿåìàÿ îò íåâîçìóùåííîãî óðîâíÿ, D(x,y,t) � ôóíêöèÿ, îïèñûâàþùàÿ ðåëüåô
äíà (â òîì ÷èñëå è åãî äâèæåíèå â î÷àãîâîé îáëàñòè D0 äî ìîìåíòà âðåìåíè t0 ), u(x,y,t),
v(x,y,t) � ñêîðîñòè âäîëü îñåé x è y ñîîòâåòñòâåííî, g � óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ.

Ôóíêöèÿ D(x,y,t) çàäàåòñÿ ñëåäóþùèìè óðàâíåíèÿìè:

D(x, y, t) = D0(x, y, t), t 6 t0,

D(x, y, t) = D0(x, y, t0), t > t0.
(8)

Â çàäà÷àõ âîçáóæäåíèÿ öóíàìè ïàðàìåòð t0 (âðåìÿ äâèæåíèÿ äíà) îáû÷íî ìàë ïî
ñðàâíåíèþ ñ ïåðèîäîì âîëíû, òàê ÷òî ñìåùåíèÿ ñâîáîäíîé ïîâåðõíîñòè â î÷àãîâîé îáëà-
ñòè ïðàêòè÷åñêè ïîâòîðÿþò âåðòèêàëüíûå äâèæåíèÿ äíà. Â òàêîé ïîñòàíîâêå óæå â ñåðå-
äèíå 1970-õ ãîäîâ â ÂÖ ÑÎ ÀÍ ÑÑÑÐ áûëè âûïîëíåíû ïåðâûå ðàñ÷åòû ãèïîòåòè÷åñêèõ è
ðåàëüíûõ èñòîðè÷åñêèõ öóíàìè íà êîíêðåòíûõ ó÷àñòêàõ àêâàòîðèè Êóðèëî-Êàì÷àòñêîãî
ðåãèîíà [10, 11]. Íà ðèñ. 5 âîñïðîèçâåäåí ðåçóëüòàò îäíîãî èç ïåðâûõ òàêèõ ðàñ÷åòîâ,
âûïîëíåííûõ íà ÝÂÌ ÁÝÑÌ-6, íà ïðèìåðå ìîäåëèðîâàíèÿ ðåàëüíîãî öóíàìèãåííîãî ñî-
áûòèÿ â ðàéîíå Þæíûõ Êóðèë (öóíàìè Íåìóðî-îêè 17 èþíÿ 1973 ãîäà). Ðàñ÷åò áûë
âûïîëíåí íà ñåòêå ðàçìåðíîñòüþ 108 íà 45 ñ ïðîñòðàíñòâåííûì øàãîì ∆x = ∆y = 4,76, â
óçëàõ êîòîðîé àïïðîêñèìèðîâàëñÿ ïîäâîäíûé ðåëüåô èçó÷àåìîãî ó÷àñòêà îêåàíà, îöèô-
ðîâàííûé âðó÷íóþ ñ áàòèìåòðè÷åñêîé êàðòû. Ñòîèò îòìåòèòü, ÷òî áûñòðîäåéñòâèå ñàìîé
ìîùíîé èç èìåâøèõñÿ â òî âðåìÿ â ÂÖ ÑÎ ÀÍ ÑÑÑÐ ÝÂÌ (ÁÝÑÌ-6) íå ïîçâîëÿëî âûïîë-
íÿòü îïåðåæàþùèå ðàñ÷åòû öóíàìè, ïîñêîëüêó òðåáîâàëî ïðèìåðíî ÷àñà ïðîöåññîðíîãî
âðåìåíè íà ÷àñ ôèçè÷åñêîãî âðåìåíè ðàñïðîñòðàíåíèÿ âîëíû.

Â ïðîöåññå ýòèõ ðàáîò âîçíèêëà èäåÿ ïðîâåäåíèÿ ÷èñëåííûõ ýêñïåðèìåíòîâ ïî èçó÷å-
íèþ îñîáåííîñòåé ãåíåðàöèè è ðàñïðîñòðàíåíèÿ öóíàìè íå íà ðåàëüíûõ ó÷àñòêàõ àêâàòî-
ðèè îêåàíà, à íà ìîäåëüíîì ðåëüåôå, õàðàêòåðíîì äëÿ çîí îñòðîâíûõ äóã, ãäå ïðîèñõîäèò
áîëüøèíñòâî öóíàìèãåííûõ çåìëåòðÿñåíèé. Òàêîé ìîäåëüíûé áàññåéí, ñîõðàíÿÿ îñíîâíûå
îñîáåííîñòè ìîðôîëîãèè îñòðîâîäóæíîãî ñêëîíà (øåëüô, ìàòåðèêîâûé ñêëîí, ãëóáîêî-
âîäíàÿ òåððàñà, êîíòèíåíòàëüíûé è îêåàíè÷åñêèé áîðòà ãëóáîêîâîäíîé âïàäèíû, îêåàíè-
÷åñêîå ïëàòî) ïîçâîëÿåò ðàçäåëèòü ýôôåêòû âëèÿíèÿ èñòî÷íèêà (î÷àãà çåìëåòðÿñåíèÿ) è
ýôôåêòû ðàñïðîñòðàíåíèÿ, îïðåäåëÿþùèåñÿ â îñíîâíîì ïîäâîäíûì ðåëüåôîì äíà. Òàêàÿ
ìîäåëü îêàçàëàñü âåñüìà ïîëåçíîé è ïðîäóêòèâíîé è ïîçâîëèëà èçó÷èòü âëèÿíèå ìåõàíèç-
ìîâ î÷àãîâ çåìëåòðÿñåíèÿ íà õàðàêòåð âäîëüáåðåãîâîãî ðàñïðåäåëåíèÿ âûñîò âîëí öóíàìè
è íà èõ ðàñ÷åòíóþ èíòåíñèâíîñòü, îïðåäåëÿåìóþ â áàëëàõ øêàëû Ñîëîâüåâà�Èìàìóðû
[12]. Áûëî ïîêàçàíî, ÷òî ðàñïðåäåëåíèå âûñîò öóíàìè âäîëü ïîáåðåæüÿ òèïè÷íîé îñòðîâ-
íîé äóãè èìååò êîëîêîëîîáðàçíóþ ôîðìó ñ øèðèíîé çîíû ãëàâíîãî ìàêñèìóìà ïîðÿäêà
ðàçìåðà î÷àãà, ò. å. 100�150 êì (ðèñ. 6), ïðè óäàëåíèè îò êîòîðîé âäîëü áåðåãà àìïëèòó-
äû öóíàìè áûñòðî ïàäàþò. Ôîðìèðîâàíèå òàêîé îò÷åòëèâî âûðàæåííîé çîíû ìàêñèìóìà
ÿâëÿåòñÿ ðåçóëüòàòîì ñîâìåñòíîãî äåéñòâèÿ íàïðàâëåííîñòè èçëó÷åíèÿ ñåéñìè÷åñêîãî èñ-
òî÷íèêà, ýëëèïòè÷íîñòè î÷àãà öóíàìè è ôîêóñèðóþùåãî äåéñòâèÿ íàêëîííîãî ðåëüåôà
äíà. Èç ýòèõ òðåõ ôàêòîðîâ íàèáîëüøåå çíà÷åíèå èìååò ïîñëåäíèé.

Â ðàìêàõ ýòîãî ïîäõîäà âïåðâûå áûëà ïîëó÷åíà òåîðåòè÷åñêàÿ çàâèñèìîñòü èíòåíñèâ-
íîñòè öóíàìè ïî øêàëå Ñîëîâüåâà-Èìàìóðû I îò ìîìåíò-ìàãíèòóäû ïîäâîäíîãî çåìëå-
òðÿñåíèÿ MW â âèäå ñîîòíîøåíèÿ

I = 3,55 ·MW − 27,1.
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à) á)

â) ã)

Ðèñ. 5. ×èñëåííîå ìîäåëèðîâàíèå öóíàìè Íåìóðî-îêè 17 èþíÿ 1973 ãîäà â ðàéîíå Þæíûõ Êóðèë [11].

Ôîðìà íà÷àëüíîãî âîçâûøåíèÿ ïîâåðõíîñòè îêåàíà ÷åðåç 12 ñ (à) ïîñëå çåìëåòðÿñåíèÿ è âîëíîâàÿ

êàðòèíà ÷åðåç 170 (á), 294 (â) è 810 (ã) ñ

Ïîëó÷åííàÿ çàâèñèìîñòü ñîïîñòàâëåíà ñ ðåàëüíûìè äàííûìè ïî íàáëþäåíèÿì öóíàìè
â çîíàõ îñòðîâíûõ äóã òèïà ßïîíñêîé, Êóðèëî-Êàì÷àòñêîé, Àëåóòñêîé, è îáíàðóæåíî èõ
õîðîøåå ñîîòâåòñòâèå. Ïðàêòè÷åñêè âñå ñîáûòèÿ ïîïàäàþò â äîâåðèòåëüíûé èíòåðâàë ±1
îò ðàñ÷åòíîãî çíà÷åíèÿ èíòåíñèâíîñòè, ÷òî ñîîòâåòñòâóåò ðåàëüíîé òî÷íîñòè îïðåäåëåíèÿ
ýòîãî ïàðàìåòðà.

Ïðèìåðíî â ýòî æå âðåìÿ áûëà îñîçíàíà íåîáõîäèìîñòü ñîçäàíèÿ êàòàëîãîâ è áàç
äàííûõ ïî íàáëþäåíèÿì öóíàìè è ñèëüíûõ çåìëåòðÿñåíèé, êîòîðûå ìîãëè áû èñïîëü-
çîâàòüñÿ â êà÷åñòâå èíôîðìàöèîííîé ïîääåðæêè òåîðåòè÷åñêèõ èññëåäîâàíèé ìíîãèõ àñ-
ïåêòîâ ïðîáëåìû öóíàìè. Òàêàÿ âîçìîæíîñòü ïîÿâèëàñü â ñåðåäèíå 1980-õ ãîäîâ ñ ïîÿâ-
ëåíèåì â èíñòèòóòå ïåðâûõ ñðåäñòâ âû÷èñëèòåëüíîé òåõíèêè (ìàøèí òèïà ÑÌ-4), ïîç-
âîëÿþùèõ èíòåðàêòèâíîå âçàèìîäåéñòâèå ïîëüçîâàòåëÿ ñ âû÷èñëèòåëüíûì êîìïëåêñîì
è ñðåäñòâàìè âèçóàëèçàöèè (ýêðàíîì äèñïëåÿ è ïëàíøåòíûìè ïëîòòåðàìè). Â ëàáîðà-
òîðèè öóíàìè, ñîçäàííîé â ÈÂÌ è ÌÃ ÑÎ ÐÀÍ â 1988 ãîäó, áûëè íà÷àòû ðàáîòû ïî
ñîñòàâëåíèþ êàòàëîãà íàáëþäåíèé èñòîðè÷åñêèõ öóíàìè âíà÷àëå â Êóðèëî-Êàì÷àòñêîì
ðåãèîíå, à ïîçäíåå âî âñåì Òèõîì îêåàíå [13]. Ñ ïîÿâëåíèåì ïåðâûõ ïåðñîíàëüíûõ ÝÂÌ,
èìåâøèõ â ñîñòàâå ñâîåãî ìàòîáåñïå÷åíèÿ ñðåäñòâà ïîääåðæêè áàç äàííûõ (íàïðèìåð,
ÑÓÁÄ MS Access), ýòè êàòàëîãè áûëè êîíâåðòèðîâàíû â áàçû äàííûõ [14]. Îñîáîå âíè-
ìàíèå ïðè ýòîì áûëî óäåëåíî ñîçäàíèþ ñðåäñòâ âûáîðêè è âèçóàëèçàöèè íàêîïëåííûõ
äàííûõ â âèäå ñïåöèàëèçèðîâàííûõ ãðàôè÷åñêèõ îáîëî÷åê, îáåñïå÷èâàþùèõ óäîáíîå âçà-
èìîäåéñòâèå ïîëüçîâàòåëÿ ñ äàííûìè, êàðòàìè è ìîäåëÿìè. Â íàñòîÿùåå âðåìÿ â ëàáî-
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Ðèñ. 6. Ðàñïðåäåëåíèå ìàêñèìàëüíûõ âûñîò âîëí öóíàìè âäîëü áåðåãà äëÿ èñòî÷íèêîâ òèïà ïîëîãîãî

íàäâèãà (Ì1), êðóòîãî âçáðîñà (Ì2), âçáðîñî-ñäâèãà (Ì3) è ñäâèãîâîé ïîäâèæêè (Ì4). Îòðåçêîì ïðÿìîé

ëèíèè ïîêàçàíû ïîëîæåíèå è äëèíà ñåéñìè÷åñêîãî ðàçëîìà. Íà âðåçêàõ � ìîäåëüíûé ðåëüåô, íà

êîòîðîì ïðîèçâîäèëñÿ ðàñ÷åò (ñëåâà ââåðõó), èçìåíåíèå ïåðèîäà ìàêñèìàëüíîé âîëíû âäîëü áåðåãà äëÿ

òåõ æå èñòî÷íèêîâ (ñïðàâà ââåðõó)

ðàòîðèè öóíàìè ÈÂÌ è ÌÃ ÑÎ ÐÀÍ ïîääåðæèâàåòñÿ Ãëîáàëüíàÿ áàçà äàííûõ ïî íà-
áëþäåíèÿì öóíàìè â Ìèðîâîì îêåàíå GTDB (Global Tsunami DataBase), ñîäåðæàùàÿ ïî-
äðîáíûå ñâåäåíèÿ î ïàðàìåòðàõ î÷àãîâ áîëåå ÷åì 2250 ñîáûòèé è ïðîÿâëåíèÿõ öóíàìè
íà ïîáåðåæüå [15]. Áàçà ïîêðûâàåò âåñü ïåðèîä èñòîðè÷åñêèõ íàáëþäåíèé (ñ 2000 ãîäà
äî í. ý. ïî íàñòîÿùåå âðåìÿ) è ñîäåðæèò ñâûøå 25000 íàáëþäåíèé âûñîò öóíàìè. Âåá-
âåðñèÿ áàçû äàííûõ ïîääåðæèâàåòñÿ íà ñåðâåðå ëàáîðàòîðèè öóíàìè ÈÂÌ è ÌÃ ÑÎ-
ÐÀÍ (http://tsun.sscc.ru/nh/tsunami.php). Áàçà ñíàáæåíà ñïåöèàëèçèðîâàííîé ãðà-
ôè÷åñêîé îáîëî÷êîé PDM/TSU (http://tsun.sscc.ru/PDM.htm), èìåþùåé âñòðîåííûå
ïðîöåäóðû âûáîðêè, àíàëèçà è âèçóàëèçàöèè äàííûõ íà êîíêðåòíîé êàðòîãðàôè÷åñêîé
îñíîâå (öèôðîâîé êàðòå ìåñòíîñòè) [16]. Ïðèìåð âèçóàëèçàöèè èíôîðìàöèè, ñîäåðæàùåé-
ñÿ â GTDB äëÿ Äàëüíåâîñòî÷íîãî ðåãèîíà ÐÔ, ïðèâåäåí íà ðèñ. 7.

Îïåðàòèâíûé ïðîãíîç öóíàìè. Äâóìÿ ãëàâíûìè íàó÷íî-ïðàêòè÷åñêèìè çàäà÷à-
ìè, ñâÿçàííûìè ñ ïðîáëåìîé öóíàìè, ÿâëÿþòñÿ îïåðàòèâíûé ïðîãíîç è ïðåäâàðè-
òåëüíîå öóíàìèðàéîíèðîâàíèå ïîáåðåæüÿ. Îïåðàòèâíûé ïðîãíîç îñóùåñòâëÿåòñÿ ïî
ôàêòó âîçíèêíîâåíèÿ ñèëüíîãî ïîäâîäíîãî çåìëåòðÿñåíèÿ Ñëóæáîé ïðåäóïðåæäåíèÿ î
öóíàìè (ÑÏÖ), äåéñòâóþùåé íà Äàëüíåâîñòî÷íîì ïîáåðåæüå ÐÔ ñ 1958 ãîäà. Ïðîãíîç
îñóùåñòâëÿåòñÿ òðåìÿ îïåðàòèâíûìè öåíòðàìè � âî Âëàäèâîñòîêå, Þæíî-Ñàõàëèíñêå
è Ïåòðîïàâëîâñêå-Êàì÷àòñêîì, ïî òðåì îñíîâíûì çîíàì � Êóðèëî-Êàì÷àòñêîå ïî-
áåðåæüå, ßïîíñêîå ìîðå, Îõîòñêîå ìîðå. Èñïîëüçóåòñÿ òàê íàçûâàåìûé ìàãíèòóäíî-
ãåîãðàôè÷åñêèé ïðèíöèï ïðîãíîçà, ñîãëàñíî êîòîðîìó çåìëåòðÿñåíèå ñ÷èòàåòñÿ öóíàìè-
ãåííûì ïðè ïðåâûøåíèè ìàãíèòóäîé çíà÷åíèÿ 7.0 è ïîëîæåíèè åãî ýïèöåíòðà ïîä ìîð-
ñêèì äíîì èëè â ïðåäåëàõ áåðåãîâîé ëèíèè [17]. Âûïîëíåííûé â 2010 ãîäó â ðàáîòå [18]
àíàëèç ýôôåêòèâíîñòè ðàáîòû ÑÏÖ çà 50 ëåò (ñ 1958 ïî 2009 ãîäû) ïîêàçàë, ÷òî â öåëîì
ñëóæáà ïðåäóïðåæäåíèÿ î öóíàìè íà Äàëüíåâîñòî÷íîì ïîáåðåæüå ôóíêöèîíèðóåò âïîëíå
íàäåæíî è áåç êðóïíûõ ïðîâàëîâ (ò. å. ïðîïóñêîâ îïàñíûõ öóíàìè) è íàêîïèëà îïðåäåëåí-
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Ðèñ. 7. Ïîëîæåíèå ýïèöåíòðîâ 110 ðåãèîíàëüíûõ öóíàìèãåííûõ ñîáûòèé, âûçâàâøèõ

çàðåãèñòðèðîâàííûå öóíàìè íà Äàëüíåâîñòî÷íîì ïîáåðåæüå ÐÔ ñ 1737 ïî 2015 ãîä. Ðàçìåð êðóæêîâ

ïðîïîðöèîíàëåí ìàãíèòóäå çåìëåòðÿñåíèÿ, ïëîòíîñòü ñåðîãî òîíà îòðàæàåò èíòåíñèâíîñòü öóíàìè (ïî

øêàëå Ñîëîâüåâà�Èìàìóðû). Âåðòèêàëüíûìè ÷åðíûìè ëèíèÿìè ïîêàçàíû íàáëþäàâøèåñÿ âûñîòû

öóíàìè îò ýòèõ î÷àãîâ. Ñïëîøíûìè ëîìàíûìè ëèíèÿìè ïîêàçàíû ãðàíèöû ïëèò, ÒÏ � Òèõîîêåàíñêàÿ

ïëèòà, ÎÏ � Îõîòñêàÿ ïëèòà, ÀÏ � Àìóðñêàÿ ïëèòà

íûé îïûò â ïðîãíîçèðîâàíèè ðåãèîíàëüíûõ è óäàëåííûõ öóíàìè. Îñíîâíîé ïðîáëåìîé
ñëóæáû ÿâëÿåòñÿ âûñîêàÿ äîëÿ ëîæíûõ òðåâîã ïðè îáðàáîòêå ðåãèîíàëüíûõ ñîáûòèé,
äîñòèãàþùàÿ 75 % îò âñåõ ïîäàííûõ. Ýòî ÿâëÿåòñÿ ñëåäñòâèåì ñòîõàñòè÷åñêîé ïðèðîäû
ãåíåðàöèè öóíàìè è ðàçíîîáðàçèÿ ìåõàíèçìîâ èõ âîçáóæäåíèÿ. Ñòàòèñòèêà íàáëþäåíèé
öóíàìè â Òèõîîêåàíñêîì ðåãèîíå çà 1991�2015 ãã. ïîêàçûâàåò, ÷òî âñå ïîäâîäíûå çåì-
ëåòðÿñåíèÿ ñòàíîâÿòñÿ ðåàëüíî öóíàìèîïàñíûìè òîëüêî íà÷èíàÿ ñ ìàãíèòóäû 8 (ðèñ. 8).
Îäíàêî ïîäíèìàòü íà ýòîò óðîâåíü ïîðîãîâîå çíà÷åíèå ìàãíèòóäû íåëüçÿ èç-çà ðèñêà ïðî-
ïóñêà ñèëüíîãî öóíàìè (ñ âûñîòàìè äî 10�15 ì) ïðè îòíîñèòåëüíî ñëàáûõ çåìëåòðÿñåíèÿõ,
ñ ìàãíèòóäîé ïîðÿäêà 7. Òàêèå îñîáûå çåìëåòðÿñåíèÿ, íàçûâàåìûå öóíàìè-çåìëåòðÿñåíèÿ
(tsunami-earthquakes ïî òåðìèíîëîãèè Õ. Êàíàìîðè [19]) â òå÷åíèå 20-ãî âåêà â Êóðèëî-
Êàì÷àòñêîì ðåãèîíå ïðîèñõîäèëè òðèæäû � â 1923, 1963 è 1975 ãîäàõ.

Ñíèæåíèå äîëè ëîæíûõ òðåâîã ìîæåò áûòü äîñòèãíóòî êàê çà ñ÷åò èñïîëüçîâàíèÿ
äîïîëíèòåëüíîé ãèäðîãðàôè÷åñêîé èíôîðìàöèè îò ïîäâîäíûõ êàáåëüíûõ è áóéêîâûõ ðå-
ãèñòðàòîðîâ öóíàìè, òàê è ïóòåì ïåðåñìîòðà ãåîãðàôè÷åñêèõ ãðàíèö äëÿ âûïóñêà òðåâîãè
öóíàìè äëÿ çåìëåòðÿñåíèé â ðàçëè÷íûõ ìàãíèòóäíûõ äèàïàçîíàõ. Òàêîé ïåðåñìîòð ìîæåò
áûòü ñäåëàí íà îñíîâå àíàëèçà ôàêòè÷åñêèõ íàáëþäåíèé öóíàìè è ðåçóëüòàòîâ ñöåíàð-
íûõ ðàñ÷åòîâ ðàñïðîñòðàíåíèÿ âîëí âíóòðè êàæäîé èç òðåõ îñíîâíûõ öóíàìèãåííûõ çîí
(Êóðèëî-Êàì÷àòñêàÿ çîíà, Îõîòñêîå ìîðå, ßïîíñêîå ìîðå). Ðåçóëüòàòû ðàñ÷åòîâ óáåäè-
òåëüíî ïîêàçûâàþò (è ýòî ïîäòâåðæäàåòñÿ àíàëèçîì ðåàëüíûõ íàáëþäåíèé), ÷òî âäîëü-
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Ðèñ. 8. Çàâèñèìîñòü èíòåíñèâíîñòè öóíàìè I îò ìàãíèòóäû Mw äëÿ öóíàìèãåííûõ ñîáûòèé,

ïðîèñøåäøèõ â Äàëüíåâîñòî÷íîì ðåãèîíå ÐÔ ñ 1737 ïî 2017 ãîä. Ñïëîøíîé ëèíèåé íà ðèñóíêå ïîêàçàíà

òåîðåòè÷åñêàÿ çàâèñèìîñòü I = -27.1+3.6Mw, ïîëó÷åííàÿ â ðàáîòå [12]. Öóíàìè-çåìëåòðÿñåíèÿ 1923,

1963 è 1975 ãã. ïîìå÷åíû äàòàìè

áåðåãîâîå ðàñïðåäåëåíèå ìàêñèìàëüíûõ âûñîò èìååò îãðàíè÷åííóþ ïðîòÿæåííîñòü è äëÿ
áîëüøèíñòâà öóíàìèãåííûõ çåìëåòðÿñåíèé, çà èñêëþ÷åíèåì ïðåäåëüíî ñèëüíûõ (ñ ìàãíè-
òóäîé áîëåå 8.5), èìååò ðàçìåðû, ñîïîñòàâèìûå ñ ðàçìåðàìè ñàìîãî î÷àãà, ò. å. 150�200 êì
(ðèñ. 6). Äåéñòâóþùèé æå ðåãëàìåíò ðàáîòû ÑÏÖ ïðåäóñìàòðèâàåò âûïóñê òðåâîãè öó-
íàìè ïðè ëþáîì öóíàìèãåííîì çåìëåòðÿñåíèè äëÿ âñåãî ïîáåðåæüÿ çîíû, ïðîòÿæåííîñòü
êîòîðîãî ìîæåò äîñòèãàòü 1500 êì.

Åùå îäèí ðåçåðâ äëÿ ñîâåðøåíñòâîâàíèÿ ðàáîòû ñëóæáû çàêëþ÷àåòñÿ â ïåðåõîäå îò
áèíàðíîãî ïðîãíîçà (óãðîçà öóíàìè/íåò óãðîçû öóíàìè) ê îöåíêå âîçìîæíûõ âûñîò â êîí-
êðåòíûõ ïóíêòàõ ïîáåðåæüÿ. Íà ïåðâîì ýòàïå ýòî ìîæåò áûòü ñäåëàíî ïóòåì ðàçáèåíèÿ
óãðîçû íà òðè óðîâíÿ � ñèëüíîå öóíàìè/öóíàìè/âîçìîæíîå (ñëàáîå) öóíàìè, ïðè ñîîò-
âåòñòâóþùåé ìîäèôèêàöèè äåéñòâèé ñëóæá Ì×Ñ è ìåñòíûõ âëàñòåé ïðè óãðîçå ðàçíîãî
óðîâíÿ. Òàêîå ðàçáèåíèå ìîãëî áû îñóùåñòâëÿòüñÿ íà îñíîâå ïðåäâû÷èñëåíèÿ îæèäàåìûõ
âûñîò ñ èñïîëüçîâàíèåì õîðîøî ðàçâèòûõ â íàñòîÿùåå âðåìÿ ñðåäñòâ ìîäåëèðîâàíèÿ öóíà-
ìè, à òàêæå àëãîðèòìîâ êîððåêöèè ïðîãíîçà ïî ìåðå ïîñòóïëåíèÿ ñâåäåíèé î ôàêòè÷åñêîé
ðåãèñòðàöèè öóíàìè ðåãèîíàëüíîé ìàðåîãðàôíîé ñåòüþ ñ ó÷åòîì âîçðîñøèõ âîçìîæíîñòåé
îïåðàòèâíîãî ïîëó÷åíèÿ èíôîðìàöèè ñ ïðèáîðîâ ðåãèñòðàöèè óðîâíÿ.

Öóíàìèðàéîíèðîâàíèå ïîáåðåæüÿ. Ïðåäâàðèòåëüíîå öóíàìèðàéîíèðîâàíèå ïîáå-
ðåæüÿ � ýòî ïîëó÷åíèå è êàðòèðîâàíèå äîëãîâðåìåííûõ îöåíîê ìàêñèìàëüíûõ îæèäàå-
ìûõ âûñîò öóíàìè íà ïîáåðåæüå è èõ îáåñïå÷åííîñòè (ïîâòîðÿåìîñòè). Äîëãîâðåìåííûå
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îöåíêè îïàñíîñòè öóíàìè íåîáõîäèìû äëÿ (1) îáåñïå÷åíèÿ áåçîïàñíîé è ðàöèîíàëüíîé
æèçíåäåÿòåëüíîñòè íà óãðîæàåìîé òåððèòîðèè; (2) ïåðñïåêòèâíîãî ïëàíèðîâàíèÿ åå ðàç-
âèòèÿ; (3) âûïîëíåíèÿ îïåðàòèâíûõ ìåðîïðèÿòèé ïî çàùèòå íàñåëåíèÿ ïðè óãðîçå öóíàìè
(âûáîð áåçîïàñíûõ óáåæèù è ìàðøðóòîâ ýâàêóàöèè). Õîçÿéñòâåííîå îñâîåíèå ïðèáðåæ-
íûõ òåððèòîðèé â öóíàìèîïàñíûõ ðàéîíàõ òðåáóåò òàêæå íàëè÷èÿ îöåíîê äîëãîñðî÷íîãî
öóíàìè-ðèñêà, êîòîðûå ìîãóò áûòü ïîëó÷åíû íà îñíîâå äåòàëüíûõ êàðò öóíàìèîïàñíîñòè
êîíêðåòíûõ ó÷àñòêîâ ïîáåðåæüÿ è êàðò çàëèâàíèÿ äëÿ îòäåëüíûõ íàñåëåííûõ ïóíêòîâ,
ãàâàíåé è áóõò.

Çàäà÷à îöåíêè äîëãîñðî÷íîé öóíàìèîïàñíîñòè ÿâëÿåòñÿ âî ìíîãîì àíàëîãè÷íîé çàäà÷å
îöåíêè ñåéñìîîïàñíîñòè. Ïîñëåäíÿÿ âî âñåõ ñòðàíàõ ðåøàåòñÿ ñåé÷àñ íà îñíîâå ìåòîäèêè
PSHA (Probabilistic Seismic Hazard Assessment), ïîëîæåííîé òàêæå â îñíîâó ïðîåêòà ñîçäà-
íèÿ êàðòû îáùåãî ñåéñìè÷åñêîãî ðàéîíèðîâàíèÿ òåððèòîðèè Ðîññèè ÎÑÐ-2016 [20]. Ïðè
âûïîëíåíèè ýòîãî ïðîåêòà òàêàÿ îïàñíîñòü ïîäâîäíûõ çåìëåòðÿñåíèé êàê öóíàìè, ê ñîæà-
ëåíèþ, íå ïðèíèìàëàñü âî âíèìàíèå, õîòÿ îíà ÿâëÿåòñÿ îñíîâíîé äëÿ Äàëüíåâîñòî÷íîãî
ðåãèîíà, ãäå ïðîèñõîäèò 90 % âñåõ ñèëüíûõ çåìëåòðÿñåíèé Ðîññèè. Îäíàêî ðåçóëüòàòû
áîëüøîé ðàáîòû, âûïîëíåííîé â ðàìêàõ ïðîåêòà ÎÑÐ-2016 ïî óòî÷íåíèþ êàòàëîãîâ èñòî-
ðè÷åñêèõ çåìëåòðÿñåíèé, èçó÷åíèþ ñòðîåíèÿ èõ î÷àãîâ, êàðòèðîâàíèþ çîí âîçíèêíîâåíèÿ
çåìëåòðÿñåíèé (çîí ÂÎÇ) â öóíàìèîïàñíûõ ðàéîíàõ ìîãóò è äîëæíû áûòü èñïîëüçîâàíû
äëÿ îöåíêè öóíàìèîïàñíîñòè Äàëüíåâîñòî÷íîãî è äðóãèõ ïîáåðåæèé Ðîññèè.

Â íàñòîÿùåå âðåìÿ ñóùåñòâóåò ñîâðåìåííàÿ, äîñòàòî÷íî äåòàëüíî ðàçðàáîòàííàÿ ìå-
òîäèêà PTHA (Probabilistic Tsunami Hazard Assessment) äëÿ âåðîÿòíîñòíîé îöåíêè öóíà-
ìèîïàñíîñòè [21, 22]. Ýòà ìåòîäèêà øèðîêî èñïîëüçóåòñÿ â ÑØÀ, Êàíàäå, Àâñòðàëèè, Íî-
âîé Çåëàíäèè, â çàïàäíîé Åâðîïå êàê äëÿ îáçîðíîãî öóíàìèðàéîíèðîâàíèÿ ïðîòÿæåííûõ
ó÷àñòêîâ ïîáåðåæüÿ, òàê è äëÿ ðàñ÷åòà äåòàëüíûõ êàðò çàëèâàíèÿ îòäåëüíûõ íàñåëåí-
íûõ ïóíêòîâ, ãàâàíåé è ïîðòîâ. Â îñíîâå ìåòîäèêè PTHA ëåæèò ïîñòðîåíèå âåðîÿòíîñò-
íîé ñåéñìîòåêòîíè÷åñêîé ìîäåëè îñíîâíûõ öóíàìèãåííûõ çîí, óãðîæàþùèõ çàùèùàåìî-
ìó ïîáåðåæüþ, è ïðèìåíåíèå ÷èñëåííûõ ìîäåëåé âîçáóæäåíèÿ è ðàñïðîñòðàíåíèÿ öóíàìè
äëÿ ðàñ÷åòà îæèäàåìûõ âûñîò öóíàìè â êîíêðåòíûõ ïóíêòàõ ïîáåðåæüÿ. Ïîñêîëüêó èç-
ìåí÷èâîñòü âûñîò âîëí öóíàìè âäîëü áåðåãà ÿâëÿåòñÿ äîñòàòî÷íî ñèëüíîé, îñîáåííî äëÿ
ñëîæíûõ èçðåçàííûõ ïîáåðåæèé, êàðòû öóíàìèîïàñíîñòè, ïðèãîäíûå äëÿ ïðàêòè÷åñêîãî
èñïîëüçîâàíèÿ, äîëæíû ñòðîèòüñÿ â äîñòàòî÷íî êðóïíûõ ìàñøòàáàõ (1:10 000�1:100 000).
Êàê ñëåäñòâèå, ïîêðûâàåìûå èìè òåððèòîðèè áóäóò âåñüìà îãðàíè÷åííûìè (1�10 êì). Â
ýòîé ñèòóàöèè íàëè÷èå îáçîðíîé êàðòû öóíàìèðàéîíèðîâàíèÿ äëÿ êðóïíûõ ó÷àñòêîâ ïî-
áåðåæüÿ, ïîñòðîåííîé â ìàñøòàáå ïîðÿäêà 1:2 000 000, ÿâëÿåòñÿ ñîâåðøåííî íåîáõîäèìûì.
Ïîìèìî òîãî, ÷òî òàêàÿ êàðòà ïîçâîëÿåò êîëè÷åñòâåííî ñðàâíèâàòü ðàçëè÷íûå ïîáåðåæüÿ
â ñìûñëå èõ öóíàìèîïàñíîñòè, îíà òàêæå ñëóæèò îñíîâîé äëÿ ïîñòðîåíèÿ êàðò äåòàëüíîãî
öóíàìèðàéîíèðîâàíèÿ, ïîñêîëüêó ïðè åå ïîñòðîåíèè äîëæåí áûòü âûïîëíåí îñíîâíîé îáú-
åì ðàáîò ïî ñîçäàíèþ ñåéñìîòåêòîíè÷åñêîé ìîäåëè öóíàìèãåííîãî ðåãèîíà. Òàêîãî ðîäà
êàðòû öóíàìèîïàñíîñòè Äàëüíåâîñòî÷íîãî è ×åðíîìîðñêîãî ïîáåðåæèé Ðîññèè áûëè ñî-
çäàíû â ðàìêàõ ñîâìåñòíîãî ïðîåêòà ÈÂÒ ÑÎ ÐÀÍ è ÈÂÌ è ÌÃ ÑÎ ÐÀÍ, ïîääåðæàííîãî
ãðàíòîì ÐÍÔ 14-17-219 (ðóêîâîäèòåëü Ë. Á. ×óáàðîâ).

Çàêëþ÷åíèå. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðåäñòàâëÿåò ñîáîé îäíî èç íàèáîëåå
ìîùíûõ è ãèáêèõ ñðåäñòâ èçó÷åíèÿ ñëîæíûõ ïðèðîäíûõ ÿâëåíèé, òàêèõ êàê âîëíû öóíà-
ìè, íî îíî äîëæíî ïðèìåíÿòüñÿ ñ ïîëíûì îñîçíàíèåì âñåõ îãðàíè÷åíèé, âûòåêàþùèõ èç
íåñîâåðøåíñòâà èñïîëüçóåìûõ ìîäåëåé è îãðàíè÷åííîñòè èìåþùèõñÿ ðåàëüíûõ äàííûõ
íàáëþäåíèé. Äâå ãëàâíûå íàó÷íî-ïðàêòè÷åñêèå çàäà÷è â ïðîáëåìå öóíàìè � ýòî îïåðà-
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òèâíûé ïðîãíîç è ïðåäâàðèòåëüíîå öóíàìèðàéîíèðîâàíèå ïîáåðåæüÿ. Îñíîâíàÿ ïðîáëåìà
îïåðàòèâíîãî ïðîãíîçà öóíàìè íà Äàëüíåâîñòî÷íîì ïîáåðåæüå ÐÔ çàêëþ÷àåòñÿ â ñíèæå-
íèè ÷èñëà ëîæíûõ òðåâîã, ÷òî ìîæåò áûòü äîñòèãíóòî ïóòåì îãðàíè÷åíèÿ ðàçìåðîâ çîí
äëÿ âûïóñêà òðåâîãè ïðè çåìëåòðÿñåíèÿõ ðàçëè÷íîé ìàãíèòóäû è ïåðåõîäó îò áèíàðíîé
ê òðåõóðîâíåâîé ñõåìå ïîäà÷è òðåâîãè. Îñíîâíàÿ ïðîáëåìà îöåíêè öóíàìèîïàñíîñòè
îêåàíè÷åñêîãî ïîáåðåæüÿ, èìåþùåãî ïåðåä ñîáîé çîíó ñóáäóêöèè, ñîñòîèò â ïîëó÷åíèè
ðåàëèñòè÷íûõ îöåíîê ìåñòà è âðåìåíè âîçíèêíîâåíèÿ â áëèæàéøèõ ñåãìåíòàõ ýòîé çîíû
ìåãà-çåìëåòðÿñåíèÿ ñ ìàãíèòóäîé 9.0 è âûøå. Ïîëó÷åíèå òàêèõ îöåíîê ïðåäñòàâëÿåò
ñîáîé ñëîæíóþ íàó÷íî-ïðàêòè÷åñêóþ ïðîáëåìó è ôàêòè÷åñêè ñâîäèòñÿ ê ðåøåíèþ çàäà÷è
äîëãîñðî÷íîãî ïðîãíîçà ñèëüíåéøèõ çåìëåòðÿñåíèé.
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