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Ab stract—The re sults of fore cast ing the Chil ean tsu nami in the Pa cific Ocean on April 1, 2014 are pre -
sented. For the first time in Rus sia the fore cast was pre pared in the near real-time mode 9.5–10.5 hours
be fore the tsu nami at tacked the Rus sian coast. A good agree ment was ob tained with the tsu nami forms
reg is tered by DART sta tions along the US West Coast and the Aleu tian and Kuril Is lands. The in for ma -
tion about the ex pected tsu nami meets the re quire ments to the short-term tsu nami fore cast for mu lated
by UNESCO In ter gov ern men tal Ocean o graphic Com mis sion. 
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INTRODUCTION

The earth quake with the mag ni tude Mw = 8.2 oc curred at 23:46:46 UTC on April 1, 2014 off the north -
ern coast of Chile with the epi cen ter at the point with the co or di nates of 19.642° S, 70.817° W [16]. The
tsu nami warning was is sued for the coasts of Chile, Ec ua dor, and Costa Rica, and pop u la tion was evac u -
ated from haz ard ous ar eas. The tsu nami caused the flood ing of the clos est area of the Chil ean coast to the
epi cen ter with the height up to 4 m [16].

Despite the relatively low earthquake magnitude, the national tsunami warning services in the Pacific
Ocean (including the Russian service) were in trim for a long period of time. In particular, the Russian
tsunami warning service put off making the decision on tsunami warning for the Kuril Islands till the
information was received that the tsunami reached the Hawaii Islands. It was key information for such kind
of tsunami. 

It is known that tsunamis generated off the Chilean coast are potentially dangerous for the Russian Far
East coast. The 1960 Chilean tsunami induced by the earthquake with the magnitude of 9.5 caused the
registered wave run-ups with the height up to 7 m on the coast of the Kamchatka Peninsula and the Kuril
Islands [16]. During the Chilean tsunami on February 27, 2010 caused by the earthquake with the magnitude
of 8.8 the tsunami on the Kuril Islands was also expected. The tsunami warning was issued and population
was evacuated. Fortunately, the waves with the amplitude of about 1 m did not cause destructions and
fatalities [2].

Tsu nami is a nat u ral di sas ter whose dan ger can be pre dicted in or der to pro vide timely alert and evac u ate     
pop u la tion. At the mo ment the tsu nami fore cast is possible using the information about the formed tsu nami
ob tained from the open ocean. This idea was pro posed al most syn chro nously in the USSR and USA in the
late 1960s [6, 8]. It was not re al ized in prac tice for a long time due to tech ni cal dif fi cul ties, mainly be cause
there were no meth ods of its im ple men ta tion. Af ter high-accuracy deep bot tom sta tions for mea sur ing the
hy dro static pres sure (DART sys tem [12]) which could measure the sea sur face level had ap peared, it be -
came pos si ble to re al ize the idea. Two sta tions of this sys tem (DART 21401 and 21402) were in stalled in
2010 and 2012 in the in ter ests of the Rus sian tsu nami warn ing ser vice in the area of the Kuril Is lands on the
oce anic side of the Kuril–Kamchatka Trench [13, 15]. 

The prob lem of short-term tsu nami fore cast ing con sists in the fact that warn ing ser vices should is sue not 
only the grounded gen eral warn ing but also the warn ing that dif fer en ti ates the de gree of dan ger for the con -
crete ar eas of the coast. In the ideal case, the tsu nami warn ing should be is sued only for the ar eas where tsu -
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nami may cause real dan ger. It should be ac com pa nied by in for ma tion about the ar rival time of the first
wave, wave height, num ber of waves and time pe ri ods be tween them, about the ar rival time and height of
the max i mum wave as well as about the ex pected time of the tsu nami end (all-clear sig nal) [4, 10]. The
same re quire ments are con tained in the def i ni tion of the short-term tsu nami fore cast re cently for mu lated by
UNESCO In ter gov ern men tal Ocean o graphic Com mis sion (IOC) [9].

The regulations in force based on the magnitude criterion do not give quantitative information on the
expected tsunami and do not differentiate the alert for separate areas that leads to the significant number of
false alarms [4]. It was recognized in [7] that the quality criteria of the operation of tsunami warning
services cannot be considerably improved if only the magnitude-geography forecasting method is used
without the hydrophysical information on tsunami. 

In the USA the forms of expected tsunami are successfully computed from the data of DART deep sta-
tions [12]. However, currently the results are not used in the normal mode. Some results are presented, for
example, at the website [14].

METHOD OF SHORT-TERM TSU NAMI FORE CASTING

The method of short-term tsunami forecasting used in the present paper develops the idea proposed in
[6, 8]. The method enables computing the form of tsunami at the specified points off the coast using the
tsunami data received from DART bottom stations.

The data of off shore tide gages and coastal au to matic sea-level ob ser va tion sta tions can not be used for
short-term fore cast ing be cause they do not pro vide the re quired lead time. 

The method is based on the well-known prin ci ple of rec i proc ity [1], in par tic u lar, on its con se quence,
that is, on the tsu nami spec trum sim i lar ity ra tio [10]:

z

h

z

h

( , )

( , )

( , )

( , )

s A

s A

s M

s M
=

where z(s, A) and z(s, M) are the spec tra of the same tsu nami at points A and M; h(s, A) and h(s, M) are the
spec tra of an other tsu nami at the same points A and M. Epi cen ters of both tsu na mis co in cide. The spec trum
is an integral transform (for ex am ple, Laplace or Fourier). This ra tion does not prove but corroborates the
well-known em pir i cal fact that the spec tra of the same tsu nami at dif fer ent reg is tra tion points are dif fer ent,
but the spec tra of dif fer ent tsu na mis at the same point are sim i lar [11].

The com pu ta tion for mula fol lows from the sim i lar ity ra tio:

z z
h

h
( , ) ( , )

( , )

( , )
s A s M

s A

s A
=

where z(s, A) is the spec trum of tsu nami at the spec i fied point A off the coast (of tsu nami ex pected at the
point to warn); h(s, A) is the spec trum of nu mer i cal tsu nami at the same point; z(s, M) and h(s, M) are the
spec tra of real and sim u lated tsu nami, re spec tively, at point M where the sea level is mea sured. 

The ra tio in the right part of the equa tion is a trans fer func tion which en ables con vert ing the form of tsu -
nami at the dis tant point M into the form of tsu nami at the spec i fied point A off the shore. To con struct the
trans fer func tion, the aux il iary (model) source is spec i fied in the form of cir cu lar ini tial el e va tion of free
sur face with the cen ter co in cid ing with the earth quake epicenter, and the wave form at points M and A is
com puted. The re sult of com pu ta tion is the wave form of ex pected tsu nami with the needed du ra tion lo -
cated close to the points for which the fore cast is made [3, 10]. The rather long du ra tion of the fore cast al -
lows tak ing into ac count pos si ble sec ond ary waves which of ten have the am pli tudes much above those of
lead ing waves; it also al lows es ti mat ing the du ra tion of the pos si ble tsu nami alert. To pro duce the forecast,
information only on earth quake epi cen ter co or di nates is needed from the seis mic sub sys tem. There is no
need in the broad de tailed net work of seis mic sta tions [4]. 

The fore cast lead time is de fined by the tsu nami travel time to the reg is tra tion point in the open sea plus
the time of tsu nami de tec tion (the first half-period with the du ra tion of about 15 min utes). The method en -
ables de ter min ing the de gree of tsu nami dan ger at the spec i fied coastal points with the ac cu racy suf fi cient
for the prac ti cal use. 

The method of op er a tional tsu nami warn ing was used for the hindcasting of past events [4, 10]. The re -
sults dem on strate good co in ci dence of sim u lated and reg is tered tsu na mis both in the open sea and near the
Kuril Is lands set tle ments. 
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THE FORE CAST OF THE CHIL EAN TSU NAMI ON APRIL 1, 2014

The pro posed method was ap plied to the fore cast of the Chil ean tsu nami on April 1–2, 2014. Be low the
pro cess and re sult of fore cast ing are de scribed. The fore cast was made al most in the real-time mode; there -
fore, the char ac ter is tic time mo ments of the com pu ta tion pro cess are pre sented be low. Un less oth er wise
stip u lated, the time is given in UTC (lo cal (Sakhalin) time dif fers by 11 hours). 

The beginning of computation of transfer functions is 09:00. For this purpose the source was specified
in the form of circular initial elevation of free surface with the maximum amplitude of 10 m and with the di- 
ameter of 75 km with the center coinciding with the earthquake epicenter. Figure 1 presents the scheme of
location of DART stations in the Pacific Ocean as well as of the settlements under protection on the Kuril
Islands. The computation was carried out for the offshore points where DART stations are located as well
as near Severo-Kuril’sk (Paramushir Island), Yuzhno-Kuril’sk (Kunashir Island), and Burevestnik port sta- 
tion in the Kasatka Bay (Iturup Island). The computation of sea waves was carried out using the software
described in [5] at the difference grid in the geographic coordinates with the grid spacing of 5 km at the
equator. 

At 09:40 transfer functions for DART 43413 and 43412 stations were constructed (the sea level data from
DART 32412, 32413, 43413 (with the duration of 115 minutes), and 43412 (with the duration of 45 min-
utes) were available [15]). The data from DART 32413 station were taken as reference data (on their basis
the forecast was made). The comparison of computations with DART 43413 data (Fig. 2) demonstrated
their adequacy and enabled counting on the rather accurate forecast for the area of the Kuril Islands.

The re sults of com pu ta tions (by 10:00) for some points and com par i son with the ac tual data are pre -
sented in Fig. 2. The com par i son of the re sults of com pu ta tion with ac tual data [14] for other points was
car ried out af ter the tsu nami had passed these points (in the morn ing on April 3 (lo cal time)).

In the pro cess of prop a gat ing from Cal i for nia along the US west ern coast, along the Aleu tian Is lands to
the Kuril Is lands and Ja pan, the tsu nami re mained al most in vari able, the wave form and am pli tude equal to
0.5 cm were kept. The same form and am pli tude were pre dicted for the point where DART 21416 sta tion is
lo cated which did not reg is ter the tsu nami. 

The du ra tion of com pu ta tion (the fore cast pro duc tion for the points in the ocean off the Aleu tian and
Kuril is lands) is about an hour. The rather good agree ment be tween the re sults of com pu ta tion and the
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Fig. 1. The scheme of lo ca tion of DART sta tions (rhombs). The as ter isk is the earth quake epi cen ter on April 1, 2014. 



forms of tsunami reg is tered in the open ocean by DART sta tions cor rob o rates the pos si bil ity of us ing the
method for short-term tsu nami fore cast ing. 

TSU NAMI FORE CAST FOR THE KURIL IS LANDS

The preliminary forecast for the Kuril Islands localities was made proceeding from the analogy with the
Chilean tsunami in 2010. This tsunami was registered by the nearest station (DART 21416) to the Kuril
Islands as well as in Severo-Kuril’sk. The measurement data are presented in Fig. 3. The maximum ampli-
tudes of the 2010 tsunami were about 5 cm at DART 21416 station and 1 m in Severo-Kuril’sk. The ampli-
fication factor was equal to about 20.

The simulated 2014 tsunami at the nearest stations to the Kuril Islands DART 21419 (subsequently cor-
roborated by instrumental measurements, see Fig. 2) and DART 21416 should have the amplitude of 0.5 cm.
Thus, in the morning of April 3, 2014 (local time), proceeding from the simulated tsunami at DART 21416
station and from the amplification factor equal to 20, the tsunami should be expected to have the maximum
amplitude of about 10 cm in Severo-Kuril’sk and not more than 5 cm at other points of the Kuril Islands.
This preliminary forecast was produced at 10:30, that is, 10 hours before the expected tsunami arrival to
Severo-Kuril’sk.

It should be noted that the ex pected time of re ceiv ing in for ma tion about the tsu nami oc cur rence on the
Ha waii Is lands is about 15:00. The pre lim i nary fore cast of ex pected tsu nami on the Kuril Is lands was is -
sued 4.5 hours be fore that time mo ment. When the in for ma tion was re ceived that the am pli tude of tsu nami
on the Ha waii Is lands was equal to 1 cm and reached 0.5 m only in some places [16], at 15:00 (02:00 lo cal
time) the tsu nami cen ter de cided not to is sue the tsu nami warn ing for the Kuril Is lands.

At 10:00 the tran si tion was car ried out to the grid with the higher res o lu tion of 900 m at the lat i tude of
45° N in or der to com pute trans fer func tions for the Kuril Is lands lo cal i ties. As a re sult, the forms of ex -
pected tsu nami were ob tained (Fig. 3). 

In Severo-Kuril’sk (Paramushir Is land; Fig. 1; at the dis tance of 1.1 km to the east of the port, the depth
is 16 m) lead ing waves with the am pli tude up to 4 cm and the ar rival time at 20:40 on April 2, 2014 (07:40
on April 3 (lo cal time)) were pre dicted. In Burevestnik (the Kasatka Bay, Iturup Is land; Fig. 1; at the dis -
tance of 2.1 km to the north of the port, the depth is 30 m), the waves with the am pli tude up to 4 cm and the
tsu nami ar rival time at 21:15 on April 2, 2014 (08:15 on April 3 (lo cal time)) were ex pected. In
Yuzhno-Kuril’sk (Kunashir Is land; Fig. 1; at the dis tance of 5.4 km to the east of the port, the depth is 29 m) 
lead ing waves with the am pli tude up to 3 cm and the ar rival time at 21:40 on April 2, 2014 (08:40 on April
3 (lo cal time)) were pre dicted.

The structure of predicted tsunami way in Severo-Kuril’sk is similar to that of the 2010 tsunami: the
arrival of waves with maximum amplitudes up to 8 cm, the lag relative to the leading wave arrival equals
3.5 hours. The duration of the second stage of computation is about an hour. The updated forecast was
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Fig. 2. Sim u lated and ob served forms of tsu nami in the ocean. The solid line is the fore cast, the dot ted line is ob ser va tions.
DART sta tions: (a) 21414, (b) 46402, (c) 21416, (d) 46411, (e) 21419, and (f) 43413.



produced by 11:00, that is, 9.5–10.5 hours before the expected tsunami arrival to the Kuril Islands
localities. Unfortunately, it is impossible to compare the forecast with the real tsunami registered with
instrumental observations, because the recorders of tsunami warming service at the mentioned points were
demounted in the summer 2013. 

The estimation of wave amplitudes from the computation point (Severo-Kuril’sk) towards the shore
almost to the shoreline gives a 10–25 cm increase in amplitudes. According to visual sea level observations
by L. Kotenko, the tsunami had the maximum amplitude of about 20 cm near the shoreline at the distance
of about 1 km to the south of the Severo-Kuril’sk port. Visual evidences of tsunami in Burevestnik and
Yuzhno-Kuril’sk are absent.

DIS CUS SION AND CON CLU SIONS

The fore cast of the Chil ean tsu nami on April 1, 2014 was pro duced al most in the real-time mode for the
first time in Rus sia. The com par i son of the re sults of com pu ta tion of tsu nami in the ocean with the data
from DART sta tions dem on strates the suf fi cient ac cu racy of wave form sim u la tion. 

The forecast of the amplitudes of expected tsunami gave their insignificant value, mainly up to 4 cm,
and the arrival of maximum waves with the amplitude  up to 8 cm in Severo-Kuril’sk with the lag of about
3.5 hours. The amplitudes of expected waves in Burevestnik and Yuzhno-Kuril’sk were also insignificant,
up to 3–4 cm.

The pre lim i nary fore cast for the Kuril Is lands was pro duced 4.5–4.0 hours be fore re ceiv ing in for ma tion
on tsu nami oc cur rence on the Ha waii Is lands. The de tailed fore cast for the Kuril Is lands was made 9.5–
10.5 hours be fore the wave ar rival to the Kuril Is lands coast. Based on these com pu ta tions, the tsu nami
warn ing could not have been is sued. The full time of com pu ta tion (fore cast prep a ra tion) is about 2 hours,
and the time of tsu nami prop a ga tion from the source to the Kuril Is lands is 21–22 hours. 

For the close tsu na mis (for ex am ple, tsu nami Tohoku, 2011) the time of trans fer func tion con struc tion
did not ex ceed 25 min utes whereas the tsu nami travel time to the near est sta tion DART 21401 is 58 min -
utes. Taking into ac count the time of tsu nami de tec tion at the reg is tra tion point (the first half-period with
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Fig. 3. The forms of the 2010 tsu nami reg is tered by (a) DART 21416 sta tion and (b) tide gage in Severo-Kuril’sk and the fore -
cast of the 2014 tsu nami near the Kuril Is lands lo cal i ties: (c) Severo-Kuril’sk, (d) the Kasatka Bay, and (e) Yuzhno-Kuril’sk.



the du ra tion of 20 min utes), the pre lim i nary fore cast could have been made in 78–80 min utes af ter the main
shock of the earth quake [4].

The qual ity of the fore cast pro duced in ac cor dance with the pro posed method for the short-term tsu nami
fore cast is com pa ra ble with that of the method pro posed in [12]. To pro vide com pu ta tions by the de scribed
method, information only on earth quake epi cen ter co or di nates was re quired. The time of com pu ta tions by
this method is much larger than that of the method from [12]. How ever, un like in [12], the pro posed method 
does not re quire the creation of the gi ant base of syn thetic mareograms, and the com pu ta tion can be car ried
out us ing any com puter pro vid ing the pos si bil ity of re ceiv ing the sea level data from DART sta tions. 

The pre sented re sults (as well as those pub lished be fore [4, 10]) of us ing the method of the short-term
tsu nami fore cast dem on strate that the qual ity of the early tsu nami fore cast is suf fi cient to make the de ci sion
of tsu nami alert ing. It is also pos si ble to iden tify the lo cal i ties, where the tsu nami is of real dan ger, in ad -
vance. The com puted form of ex pected tsu nami en ables de ter min ing the ba sic tsu nami pa ram e ters such as
the time of lead ing wave ar rival, wave am pli tudes, the ar rival time and am pli tude of the max i mum waves,
and the time of tsu nami end. Thus, the tsu nami fore cast based on the pro posed method meets all re quire -
ments to the short-term tsu nami fore cast stated by UNESCO IOC [9]. 

The method of short-term tsu nami fore cast im ple mented within the sin gle soft ware package, may be an
in stru ment which could im prove the qual ity of op er a tional tsu nami warn ing and sig nif i cantly re duce the
num ber of tsu nami false alarms. 
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