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We present a study of the duration, 6, of T wave trains propagating over
teleseismic distances in the ocean, and recorded at island stations, in relation
to the varlous magnitudes (m,, M., M) of the parent earthquake. Theoretical
models based on scaling laws predict relations of the form log,, @=a-+bM,
with the slope b equal to 1/3 at low magnitudes, but increasing to 1/2 {and
eventually to 1) because of the effect of saturation of the magnitude scales.
The investigation of an extensive dataset using records of more than 400 Pacific
earthquakes shows a remarkable agreement with these theoretical slopes. In
the case of truly large earthquakes (M, > 7), such relations allow an estimation
of the earthquake’s seismic moment at ultra-long periods within I to 2Zhr of
the origin time, with important applications to efficient tsunami warning.

1. Introduction

The need for a reliable method to protect continental and island shores from
the devastating effects of tsunamis is self-evident, Large tsunamis are generated
by underwater seismic events, and most tsunami-warning procedares rely on some
kind of interpretation of the seismic waves of the parent earthguake. In order
to avoid the false alarms (e.g., Aleutian Islands, 30 March 1965) which strongly
affect the credibility and the social impact of future warnings (see, for example,
EATON et al. (1961) on the 1960 Chilean tsunami), it is desirable to assess quanti-
tatively the tsunami danger from an earthquake. In doing so, one does not con-
sider local factors, such as resonant effects of bays and harbors, which control the
local deformation of a tsunami wave as it reaches shore, but rather concentrates
on the potential that the earthguake has of generating a large tsunami on the
high seas.

The question of the relation of the size of the parent earthquake to the observed
tsynami has long been a challenge to seismologists. Pioneering studies (liDa,
1970; WATANABE, 1970) based on the use of 20-s surface wave magnitudes M
have not been totally successful, and Kanamort (1972) and Fuxkao (1979) have
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focused on the so-called “tsunami earthquakes,” whose tsunamis are much greater
than expected from their M, values (e.g., Nankaido, 1946; Aleutian, 1946;
Sansiku, 1896; Kurile, 20 Oct. 1963; Nemuro-Oki, 10 June 1975). This is dus
in part to the saturation of M, around 8.2, which has been explained in terms of
scaling laws by GELLER {1976). In order to adequaiely describe the size of gigantic
earthquakes, Kanamori (1977} introduced the so-called “‘energy magnitude”

M., supposedly measured at zero-frequency, and related to the seismic moment
through:

M, =(log,, M,—16.1}/1.5 . (0

Carelul studies by Kanamori (1972) and Ase (1973) have suggested that the
seismic moment A, of the earthguake, representative of the source behavior at
zero-frequency, was indeed the fundamental factor in tsunami excifation. This is
due to the fact that the energy of tsunami waves is concentrated mostly in the ultra-
long period part of the seismic spectrum, typically around 1,000 s.  This result,
explained theoretically by Bex-MEeENAHFM and ROSENMAN (1972) and by WaARD
(1980), was confirmed in an extensive review of tsunamigenic earthquakes {ABE,
1979), which proved that Kanamort’s (1977} M, correctly predicis tsunami am-
plitudes. A fundamental step toward making tsunami warning more precise
and reliable is thus to devise a method of measuring M, or A7, in real time.

In practice, and because no earthquake greater than M,.=9.5 has ever been
recorded, M, is measured using ultra-long period surface waves {T=300s), a
procedure reviewed by Kanamort and Given (1983). In order to eliminate the
influence of such parameters as radiation pattern and directivity, this procedure
requires the compilation of data from many observatories around the world.
Additionally, present-day digital instruments, such as those of the IDA network,
saturate or exhibit strong non-linearity at amplitudes characteristic of the first
passage of surface waves from gigantic events {(e.g., AGNEW ef al., 1976), and thus
only the subsequent surface wave trains can be processed. Thus, even in the age
of instant satellite telecommunications, at least four or five hours are needed to
obtain an estimate of the ultra-long period magoitude M. On the other hand,
a faster estimate might be needed for the purpose of tsunami waraning.

WarD (1980) has proposed to use body-wave inversion technigues to retrieve
the moment tensor of the earthguake in guasi-real time from SRO-type digital
data. However, such measurements are not taken at the ulira-long periods char-
acteristic of tsunami excitation (for which the body-wave concept breaks down),
and it is doubtful that this technique would correctly deseribe the so-called
“tsunami earthquakes.”

BEwiING ef al. (1950) were the first to propose the use of T waves, travelling in
the SOFAR low-velocity channel of the oceanic column, in tsunami warning
programs. TALANDIER (1966) applied this method using the French Polynesia
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Seismic Network (Réseau Sismique Polynésien [REP]),* and later identified the
duration of the T wave train as the crucial parameter for the identification of
tsunamigenic earthquakes (TALANDIER, 1977). Note that the amplitude of the T
waves, locally controlled by topographic features on a scale of 1 km or fess, is
not directly related to the size of the potential tsunami. This point was dramati-
cally illusirated in the June 22, 1977 Tonga earthquake, whose T waves had very
large amplitudes, and were actually felt in Tahiti, 2,800 km away from the epi-
center, but which generated only a modest tsunami (TaLaNDIER and OkAL, 1979).

The purpose of this paper is to describe the theoretical foundations of this
empirical method, and to examine some of the problems associated with it, using
an extensive database of T wave records at Pacific island stations, following major
earthquakes in the Pacific QOcean.

2. Theory

"The relationship existing between the moment of an earthquake and the dura-
tion of T waves observed at teleseismic distances stems from the fact that both
paramelers are controlied by the length of rupture L during the faulting. For
most interplate events, scaling laws (KaNamorr and ANDERSON, 1975, GEBLLER,
1976) have been shown to exist over a wide range of earthquake sizes, and the
proportionality between M, and L has been explained theoretically and confirmed
by observations. Due to the finiteness of rupture velocities, the duration of rup-
ture itself is roughly proportional to . As we will show, for large earthquakes,
this becomes the preponderant factor governing the duration of the T wave train.
The use of duration is indeed current practice in body wave studies of regional
seismicity (HERRMANN, 1973; SuTRAU and WinTCOMB, 1979),

The factors affecting the duration of the T wave train observed at a teleseismic
station are in the natural order of the phenomena involved :

1. the rise time of the source;

2. the mechanism of generation of the T wave, including directivity effacts;

3. dispersion of the T wave during acoustic propagation;

4. multipathing;

5. the mechanism of the conversion of the T wave back to a seismic wave
at the island shore, and its propagation to the recording station.

They will now be discussed in a slightly different order.

2.1 Rise time
The rise time 7, of an earthquake source can be defined as the time it takes for
the slip du to physically take place at a given location. It is expected to grow

#  Strictly speaking, T phases can only be recorded at sea by hydrophones; however, the
seismic wave generated by their conversion at an istand shore can be recorded by a selsmometer
on the island, and for simplicity we will call this a seismic record of the T wave. Problems in-

volved afl the acoustic-seismic conversion are discussed in Section 2.4,
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with earthquake size, since individual pieces of rock cannot move with infinite
velocity, and Ju itself grows linearly with L according to scaling laws (GELLER,
1976). However, since rise times have rarely been reported to exceed 10 s, we
will see that this represents a negligible contribution to the duration of T waves
for earthquakes having tsunamigenic potential. Much longer source processes,
involving for example multiple events, are usually described in the context of a
propagating rupture, since it is likely that they correspond to different asperities
(Lay and KANAMORY, 1981), as wiil be discussed in Section 2.5.

2.2 Dispersion during propagation

Since T waves are trapped in & low-velocity channel, they correspond to a
maximum of the Fermat integral (travel-time), and are expected to be dispersed
as a result of wave-guide propagation. PorTeEr (1973) has investigated this dis-
persion on the basis of experimental results from underwater grenades in the
Mediterranean.  His results show that the maximum dispersion is about 1.9%]
in group velocity, or 2s over 160 km. He was able to interpret the propagation
of the T wave as resulting from multiple reflections between the top and the bottom
of the oceanic column. In the Pacific Ocean, where the SOFAR channel is more
pronounced {JoHNsoN and Mowwis, 1968), Cansi (1981) has shown that propaga-
tion over very large distances is confined to the SOFAR channel, and that disper-
sion plays an insignificant role on t’he shape of the T wave train.

This is also confirmed by the data shown on Fig. 1, consisting of routine
records, at Tiputa (TPT) and Rauval (RUV), of the T waves generated during a
seismic refraction campaign off the coast of Southern California in November
1981, and involving a succession of shots at 10-s intervals. TPT and RUVY are
located on the northern coast of the atoll of Rangiroa, in French Polynesia.
Although the exact nature of the shots is not known, they are clearly an excellent
approximation {o a point source, both in time and space. The T wave travelled
approximately 6,100 km to the atoll’s slope, where it was converted to a seismic
wave. Since the stations are installed about 200 m from the ocean shore, the dis-
tance travelled by the seismic wave was minimal. This layout thus eliminates
most source and receiver effects, and the duration of the T wave train (about 2
or 3 s or less than 0.1 9% of the total travel time for the records shown on Fig. 1}
represents the contribution of dispersion, multipathing and other path effects.
In the case of large earthquakes, this contribution would clearly become negligible,
given the precision of the measurement of T wave duration, as discussed in Section
3.3

2.3 Multipathing

Multipathing not directly related to the propagation in the waveguide usually
takes the form of later arrivals due to efficient reflection on seamounts and atells.
These effects have long been documented {e.g., NORTHROP, 1974); the travel-time
differences involved can be much longer than the typical duration of recorded T
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Fig. 1. T waves recorded at the Rangiros, French Polynesia, subarray during a campaign
of seismic refraction off the coast of Caiifornia. The inset gives the geometry of
the stations displayed. Channels {a) operate between 2 and 16 Hz, with a gain
of 4:10% at 5 Hz; channels (b) between 3 and $6 Hz, with a gain of 3% 10° at §
Hz. Note the extremely short duration of the T wave, as well as the small multi-
pathing, resulting in a second arrival whose time lag is station dependent.

wave trains; additionally, the amplitude of later arrivals is usually significantly fower
than that of the first arrival, especially for large earthquakes.

2.4 Conversion at the receiving shore

The mechanism of conversion of a T wave back to seismic energy upon reach-
ing a coastline is an extremely complex one. Canst (1981, 1982) and Cansi
and BeTHOuX (1985) have shown that depending on the geometry of the coastlines,
and the position of the seismic station inland, the shape of the resulting seismogram
can vary greatly; in particular, in the case of continental stations located far inland,
conversion can take place along a very long segment of coastline, and result in
Ps, S, and possibly L, waves.* In the case of island stations, necessarily very
close to the conversion slope, the problem is simplified and the propagation of
the seismic wave becomes irrelevant, since it cannot coatribute more than a few
seconds to the length of the recorded wave train. This is ilfustrated in Fig. 1: a

*  We use the conventional symbols P, and S, for crustal P and § phases; in the oceanic
environment, propagation takes place in a basaltic layer and better (although less niversal)
symbols would be P, and §,,.
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second arrival is clearly present on all records, with a time lag of 0.6 s at TPT and
1.0s at RUV. This suggests two conversion points along the slope; because of
the proximity of the atoll stations to the shore line, this effect is minimal, but we
should keep in mind that it could become important if the stations were located
100 km or more inland.

2.5 Source rupture and generation process of the T wave

That leaves the history of source rupture, aad its influence on T wave genera-
tion, as the major contributor to the duration of their observed records on oceanic
istands. _

The finite rupture time, 7, of an earthquake source is due to the fact that the
initiation of rupture does not propagate immediately across the whole faulting area,
but rather at a finite velocity vg, usually found to be slightly less than the medium’s
shear velocity 8 (GELLER, 1976).  As a result, a classic directivity effect is involved,
with the duration & of T waves given by:

@z(L/@R)[] A(i’fm) cos 5] , @

when observed at an azimuth & from the direction of rupture propagation. Here,
L is the length of the fault and ¢=1,500 m/s, the velocity of T waves.

This formula assumes, however, that the T wave is generated at the moving
source, in the faulting area. This is a priori not the case, since the T wave can be
generated only at the water-solid interface. Indeed, the mechanism by which T
waves are generated at an epicenter remains obscure, since it is controlled by
local topography on the scale of the wavelengths involved, typically Az 500 m,
clearly beyond the precision of our present knowledgs. In the simple case of
Fig. 2(a) drawn for a fault propagating along a perfect ocean coastline, where the
slope has no lateral heterogeneily, the travel time of the seismic wave {P or 8)
between the moving source and the T wave generation area remains a constant and
this formula would apply. This situation would be approached by a major inter-
plate event, such as the 1958 Alaska earthquake studied by Ben-Menaneu and
Tokstz (1963).

A more representative case, however, would involve T waves generated at
clearly preferential sites along the conversion slope.  This is due in part to the fact
that the trapping of seismic energy into the SOFAR channel requires an incidence
angle of no more than 12 deg (with respect to the horizontal}, and is greatly
facilitated by a strongly dipping ocean floor (EWING et al., 1950; TALANDIER, 1972).
An example of extremely efficient conversion 40 km away from the epicenter was
given by Taranpier and Oxar (1979) following the intermediate depth Tonga
carthquake of 1977, In this case, schematized in Fig. 2(b), and assuming P wave
sropagation at velocity a prior to the seismic-acoustic conversion, the following
formula would apply:

R e
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Fig. 2. Theoretical models of T wave generation for a rupture propagating from A
t0 B at a rupture velocity v, (a) Case of a laterally homogeneous coastline and
slope structure, for which the seismic-to-acoustic conversion takes place at each
point C’ along the slope. In this case, the path AA” or CC’ is a constant, and
a classic dizectivity formuia is obtained. (b) Case of a slope element P acting
as a focusing point at which all seismic-to-acoustic conversion takes place. In
this case, the travel-time of the T wave in the water is a constant, but the path of
the seismic wave varies from d to BP. As mentioned in text, real-life situations are
probably intermediate between these two extremes.

in a real life situation and for a very long rupture L, given the exact topography
of the ocean floor in the vicinity of the source, the computation of the excitation
of the T wave could be done by first computing the strong motion displacement
field at each point of the ocean floor, and then considering these points as second-
ary sources in the formalism of Huygens’ principle (e.g., SOMMERFELD, 1964}, In
practice however, it is probably easier to think of the generation of T waves as
concentrated in a number of preferential areas comparable to that described above
in (3). Conversion of energy from scismic to acoustic at other, less efficient,
points along the slope will merely result in the coda of the T wave train, which is
expected to be of lesser amplitude, and will not coniribute to the most intense
part of the observed wave train.

Comparison of formulae (2) and (3) suggests an average valae

O=Ca=CLjvy Cy

for the effect of the source on the duration of the T wave train. Here, Cis a geo-
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metrical constant depending on the particular conditions at the generating slope,
and whose value will be taken between 0.5 and 2. We then can use GELLER'S
{1976} relation between fault length and moment

Mo=ALds )

with  A=0.145=1.45x 107 dyn-cm/(km® » bars). Substituting into (4), with
average values of stress drop 4o=350 bars and rupture velocity vy=3 km/s, we
obtain:

log.y = log, M,—7.76::0.3 )

where @ is in seconds, M, in dyn-cm, and the term -0.3 represents the contribution
of the unknown C in (4). The physical principles underlying this equation are
the same as in HErRRMANN (1973).

2.6 Relation with standard magnitude scales

The body- and surface-wave magnitudes m, and M, are the most commonly
used estimates of an earthquake’s size. Because of the finite dimension of earth-
quake sources, these various scales saturate, and we refer to GELLER (1976) for
theoretical relations between my, M,, and the seismic moment M, When com-
bined with these expressions, Eq. (6) yields:

log,, @=0.5M,—2.39::03 (@il M.'s) {7)
tog,, = M,—6.65--0.3 (M,<8.22) (8a)
logy, & ﬂ%-MSw_Z.@iOB (M,<8.12) (85)
logs, ez—é—Mg-_ 14603 (M,<6.76) (3)
log,, O=m,—3.374£0.3 {m, <6} {9a)
log1 @:%mb—z.éoi:o.s (i1, 5.55) (9b)
logu, @:%mb—lﬂ}. +0.3 (1, <<4.19) . {9¢)

In the next section, we use a dataset of several hundred Pacific earthquakes
to investigate experimentally the relationship between @ and the various magnitude
scales.

3. Observations

Typical examples of records of T waves are preseated on Figs. 3 and 4. It
is immediately apparent that defining the “duration” of the wave train is not easy.
In particular, for very large earthquakes and as discussed in Section 2.5, the process

S
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Event 3 KURILES 8 November 1858 HYVO

Lod 1 | i | |
0 0 20 39 40 50 60

seconds

Fig. 3. Example of T wave record, for the 1958 Kuriles cvent at Hawail Volcano
Observatory (HVO). Note that the onset of the maximam of amplitade in the
wave train is easy to identify (left arrow), but that some uncertainty remains as to
its end (right arrows)., This constitutes a typical HVO record.
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Fig. 4. Exampie of T wave recorded at the Rangiroa subarray of the RSP Network,
for a Mexican event.  Sec layout of stations on Fig. 1. Note that strong satura-
tion of channel {a) (magnification 110,000 at 1 Hz) at Tiputa {TPT} on the northern
shore, would fead to overestimating the duration of the maximum of the T wave.
On the other hand, channel (b) (magnification 13,750 at t Hz) or channel (2) at

Vathoa (VAH) on the South coast, show compatible results.

of generation of the T wave may be very complex, due to extensive rupture at the
source, near a strongly heterogeneous slope, leading to multipathing and to the
development of a long coda. For this reason, we use different methods to measure
duration, and consider different datasets, using differing magnitude scales and
TANges.

3.1 Lower magnitudes; log,, @ vs. m,
Our first dataset consists of T waves from 375 earthquakes of magnitudes
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Fig. 5. {&) Duration of T waves as a function of body-wave magnitude i, for 375
Pacific earthguakes recorded in Polynesia. The straight line is a simple least-
squares regression of the data. (b) Same as (a) for six representative data sub-
sets, regionalized according o epicentrai area. In cach frame the full line is a
regression to the regional data, and the dashed ling is the full regression {rom (a).
Mote substantial offsets, with durations systematically fonger from Tonga and
Kermadee, and shorter from Aleutians and Ruriles. These subseis are used to
define regional corrections.

Fig, 6, {a) Same as Fig. 5, after using regional corrections. Mote the trend of &
to grow faster at farger magnitudes, suggesting saturation of m1,. (b)Y Same as (a),
after truncation of the dataset for my,<6. Note excellent match of the experi-
mental slope with the value predicted by Eq. (9¢). () Same as (a), after trunca-~
tion of the dataset for m,>5.5. Note excellent match of the experimental slope
with the value predicted by Eq. (9b).
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m,=3.6-7.3, located in 6 cireum-Pacific regions, and recorded at stations of the
RSP Network (TALANDIER, 1972). For these records, at relatively iow magnitudes,
© is measured as the duration of the T wave train emerging from background noise.
Magnitudes are mostly reported i, with a potential problem as to the exact petiod
at which these measurements were taken.

Figure 5 shows a plot of @ asa function of magnitude for the whole dataset,
as well as for selected epicentral regions. Significant results from Fig. 5 are: (i)
the generally good agreement of the experimental slope of log,, @ vs. m, with values
intermediate between 0.3 and 0.5; (i) the tendency for & to grow faster at larger
magnitudes; and (i) the existence of a significant regional offset in duration.
in particular, Regions 5 (Tonga) and 6 (Kermadec) have T waves lasting on the
average 5-7 times lopger than other regions. Experiments with large explosive
sources have shown that the amplitude of T waves decays with distance as 47
(NortarROP, 1968). Thus for the short distances between Polynesia and Tonga-
Kermadec, the measured duration of the T wave train will be enhanced by am-
plification of its amplitude above noise level. In order to alleviate this difficulty,
we define regional corrections for log, © from the 6 individual regressions for
each epicentral region; these corrections are calculated as the average, for a given
epicentral area, of the residual of log,, @ with respect to the linear regression for
the whole dataset. (This procedure is similar to the definition of travel-time sta-
tion corrections for use in refocation programs.) After applying these correc-
tions, the total dataset appears much more homogeneous (Fig. 6(2)), and still
exhibits the two characteristics (i) and (ii). In order to study the deviation of
© at larger magnitudes, we split the dataset into m,<6 and m,>5.5. Figures
6(b) and 6(c) clearly show the difference in behavior, with regression slopes of
respectively 0.33 and 0.51; these numbers are in excellent agreement with the
theoretical values (1/3 and 1/2; see Eds. (9)). One slight problem, however, 18
the range of magnitude at which this change takes place. Equations (9) predici
a value of m,=4.2, rather than m,=5.5. This discrepancy may be due to the
fact that values of mr, for large earthquakes are taken at periods significantly
longer than the theoretical 1 s. This point was also noted by GELLER (1976).

3.2 Intermediate magnitudes; log., © vs. M,

Our dataset for earthquakes of intermediate magnitudes consists of T wave
records at stations of the RSP Network, from 110 events with magnitudes M, =
6.0-8.5. For these events, the total duration of the T wave can reach several
minutes, but its amplitude nsually fluctuates significantly. This generally refiects
the enhanced complexity of both the earthquake mechanism and the T wave genera-
tion process. For this reason, we characterize T-wave duration at intermediate
magnitades with two measurements, the total duration 8, and the duration
@.,, of saturation (40 mm peak-to-peak) of the T wave train on the standard short-
period channel in Polynesia (with a gain of 100,000 at 1 Hz). Least-square re-
gressions for the corresponding datasets yielded the following relations: 102 o




T-Wave Duration, Magnitudes and Seismic Moment 31
10000
Regionally Corrected a
e
w1000 {1
L
=
Q
e
b
3
A 100 §
~3
=~
o]
3
© 10 ¢
-9
i
k3
-
1 y ' L
4 5 5} 7 8 9
Magnitude M,
10600
Regionally Corrected b
~
L]
e N
‘g 1000 1
el
3
e
2
Q
=
2 100 4.
=
<
x
=
~
T
b 10
5
g logye O,,, =-0.267 + 0.336 M,
- 1 , | .
4 5 <] 7 8 e

Magnitude Mg

Fig. 7. ET-wave duration @,,, and Geos as a function of M, for a set of 110 large earth-
quakes in the Pacific recorded at Polynesian stations. These durations have been
corrected regionally. Note excelient agreement of the experimental slopes with
the values predicted from Eq. (3¢).

=12514-0.201M, and log,, 6,,,=0.561--0.215M,. For those regions (Tonga,
Aleutian, Kuriles, ete. . ..) where a sufficiently large dataset was available, we
computed regional corrections, equal to the averaged residual between the ob-
served log,, © and that predicted from the global regression. We then ran a
second set of least-squares regressions with the data so corrected, and obtained
logyy ©,4,==0.596-+0.30137,, and logy, G,=—0.267+0.336M,. These results,
shown in Figs. 7(a) and 7(b) are in excellent agreement with the theoretical slope
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of 1/3 predicted from Section 2, especially given the uncertainties on the regressed
skope iiself (respectively-0.032 and +0.060).

3.3 Truly large carthquakes: 10g.. @ vs. M, (or M)

3.3.1 Dataset

Table 1 lists 25 truly large earthguakes, all of which have moments of at least
10¥ dyn-cm (M,>7.2). Because some of these events predate development of
the RSP Network in French Polynesia, we also used T wave records at stations
of the Hawaii Volecano Observaiory Network (see Krrne and KOYANAG! (1980)
for details on its instrumentation). It was attempted 1o recover records of as

Table 1. Dataset of truly large enrihquakes used in this study.

Mame Epicenter Morment Fault

Number or Date —— " e (10PF length Refe(:’gc)mce
region ™ °E dyn-cm) (km)

1 Alentian 9 Mar. 57 51.3 —175.8 600 a

2 Alaska 10 Jul. 58 58.3 —136.5 29 325 a, b

3 Kuriles & Nov. 58 44 .4 148.6 44 a

4 Chile 22 May 60 ~38.2 - 72.6 2,000 804 <

5 Kuriles 13 Oct. 63 44.9 149.6 70 250 d

6 Alaska 28 Mar. 64 61.1  —147.5 866 600 e

7 Rat Istand 4 Feb, 65 31.3 178.5 140 500 f

8 Peru 17 Oct. 66 —10.7 — 8.6 20 80 J:4

9 ‘Faltal 28 Dec. 66 255 — J0.7 4 30 h
10 Tokachi-Oki 16 May 68 40.8 143.2 28 150 i
13 Kuriles 11 Aug. 69 43.4 147.8 22 200 i
12 Solomon Is. 14 Jul. 71 - 5.5 153.9 13 k
13 ®amchatka 15 Dec. 71 56.0 163.2 6 4
14 Alaska 30 Jal. 72 56.8 —135.9 i k
i3 Mexico 30 Fan., 73 18.5 —102.9 3 a
16 Nemuro-Oki 17 Jun. 73 43.1 145.7 7 60 1
17 Peru 3 Oct, 74 —12,2 — T7.6 18 a
18 Kazlapana 29 Mov. 75 19.5 ~155.1 1.2 30 m
19 Tonga 22 han. 77 —22.9 1737 20 n, ¢
20 Qaxaca 29 MNov. 78 15.8 — 96.8 3.5 85 P
21 Petatlin 14 Mar. 79 17.8 —101.3 2.7 o, q
22 Alaska 28 Feb. 79 60,7 —141.5 3 80 T
23 Sta. Cruz 8 Jul. 80 —12.4 166.4 2 s

(foreshock)

24 Santa Cruz 17 Jul. 80 —12.5 165.9 8 $
25 Eureka 8 Nov. 80 41,1  —124.2 1.1 75 t

# References: (a) KANAMORI (1977y; (b) BEN-MENABEM and Toks6z (1963); ()
Kanamort and Crear (1974) () KanaMoR! (1970 a); (&) KANAMORI {1970 b); (Fy Wu and
K anAMORT {1973); (g) ABE (1972); (h) DESCHAMPS €I al. (1980); (i) KANAMORI (1971); ()
Ape (1973); (k) This Study; {1} SHIMAZAKI (1974); {m) FURUMOTO and Kovaca (1979};
(1) TALANDIER and OKaL (1979); (o) SILVER and JorDAN (1982); (p) STEWART ¢? al. (1981);
(q) Mever ef al. (1980); (r) FlasEGawa ef al, (1980); (s KANAMORI and Given (1982); (1)
Lav ef al. (1982},
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many tsunamigenic events as possible; unfortunately, this was not possible for the
1946 Aleutian earthquake, whose gigantic tsunami destroyed the city of Hilo,
despite a relatively low M,=74.

Energy magnitudes &, and some rupture characteristics for events listed in
Table T were obtained mostly from available literature. In the case of Events
13 and 14, no individual study was available, and these earthquakes were inves-
tigated separately, using WWSSN records: body-wave data yielded focal solutions,
obtain M, following the procedure of KanaMORI (1970a). Event 13 involves
slightly oblique subduction in the Kamchatka area, and Fvent 14 pure strike-slip
motion along the Fairweather fault in the Alaskan panhandle.

For these very large earthquakes, the process of generation of the T wave
may be complex, due to multipathing of the rays near the source, and leads to the

Event 13 e
. -

{

Event 14

o

Fig. 8, Focal solutions obtained from P-wave first motions for Events 13 (Kamechatka,
1971} and 14 (Alaska, 1972). Stereographic projections of the lower focal hemi-
spheres; full symbols are compressional arrivals, open ones dilatational.
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coL 30 July 1972 Observed RA-RS Event 14

WMWWW

Filtered record
v\/\/\/\/—\/\//‘“\

Normal mode synthstic
W\

Fig. 9. Synihetic seismograms of long-period surface waves used to compute the

seismic moment of Event 14 Top, observed record at College, Alaska of Rayleigh
waves R, and R,; Center, same record, filtered for periods greater than 45s;
Bottom, normal mode syntheties for the focal mechanism shown on Fig. 8. The
seismic moment is retrieved through matching the amplitudes ol the filtered and
gynthetic signals.

28 Feb 1979 Event 22

[ M SV
a§ 1 15
geconds

Fig. 10. Example of the straighiforward measurement of the duration of the T wave
at Tubuai (TBI} in the case of the 1979 Alaska event. Truration of the maximum
in amplitude is defined by the two arrows.

development of a long coda, of decaying amplitude. Thus we use still another
definition of the duration of the T wave as the duration @, of sustained maxi-
mum recorded amplitude, Its meastrgment 1s straightforward in the case of a
simple record such as that shown on Fig. 10, obtained for event 92 at Tubuai,
French Polynesia (TBI), but a great deal of care has to be taken in the case of
T waves of large amplitudes, which for truly large eveats may saturate consider-
ably the dynamics of the more sensitive channels. The use of 6,,, as the “dura-
tion” of the T wave train is no longer proper, since the saturation may mask the
actual history of the amplitude of the wave, and thus lead to overestimating the
tength of the wave train. For example, in the case of Event 15 recorded at 1PT
(Fig. 4), channel (a), whose magnification is 115,000 at 1 Hz, gaturates for about
20 s. In such cases, two methods can be used to obtain a motre agcurate measure-
ment of the duration of the wave irain: the use of lower gain channels, such as
channel (b), at the same station, or measurements at a station further away from
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the conversion slope, such as Vaihoa (VAH), where the transmitted seismic wave
has been significantly attenuated during the propagation in the island. In principle,

35

this Jast method could overestimate the duration, because of the possibility of

Table 2. T wave records used for truly large earthquakes.

Computed duration ()

Event Moment Station ?\éieaf;qr ed
number (10% dyn-crm) I€)) ur(aglon with without
: directivity
1 600 HYO 120-180 i45*
2 29 HYO 90 177 108
3 40 HYC 100 53
4 2,000 HIL 236 320 230
5 70 PAE 100 36 70
6 800 HIL 225 216 200
6 800 PPT 167 197
7 140 PPT 173 405 165
8 20 RXT 100 76 27
g 4 HIL 50 5 27
HY; 28 PMO 124 133 43
il 22 PMO 50 30 57
11 22 PPN 37 30 57
12 13 HVO 70
13 6 PPT 67
14 7 T 128 33*
i5 3 YAH I8 25%
15 3 MLO 47 25%
i6 7 AFR 60 15 20
i6 7 TPT 52 15 20
17 18 HVO 120 45%
17 18 RKT 84 45%
18 1.2 TPY 42 18
19 20 SPT 35 47%
i9 20 PAE 60 47*
20 3.5 HVO 25 31 26
20 3.5 RUV 28 20 26
21 2.7 TPT 32 37 24%
22 3 TBI1 56 27
22 3 VGO 68 27
23 z.1 SPT 63 33%
23 2.1 MLO 70 33+
24 8 SPT 136 60
25 1.1 TPT 36 80
25 1.1 RUV 42 80

*  Source duration estimated from scaling laws when no rupture parameters available,
+ Hawaiian stations: HVQ, Hawaiian Volcano Observatory: HIL, Hilo; MLO, Mauna
Polynesian stations: PPT, Papeete, Tahiti; PAE, Paea, Tahiti;
PPN, Papeeno, Tahiti; TVO, Taravao, Tahiti; AFR, Afareaitu, Moorea; TPT, Tiputa,
Rangiroa; VAH, Vathoa, Rangiroa; PMO, Pomariorio, Rangiroa; RUYV, Rauvai, Ran-
giroa; TBE, Tubuai Island; RKT, Rikitea, Gambier.

L.oa; SPT, South Point.
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multiple conversion sites (see discussion in Section 2.4). In practice, and given
the small size of Polynesian atolls and islands, this effect is negligible, while the
‘Tow values of O characteristic of their shallow structures are enough to substantially
reduce the recorded amplitudes. Comparison of these two methods in Fig. 4
reveals that the maximum of the amplitude of the T wave actually lasted for no
more than 20+5 s,

In apy event, the precision which can be expected for a measurement of
... is never better than +35 s; it is more likely +10s.

3.3.2 Results

Table 2 presents a compilation of the records used for truly large events, and
Fig. 11 explores the correlation between @, and the energy magnitude A,
In cases involving several records from the same event, an estimate of the system-
atic errors inherent in this method can be obtained. 1t is at once evident that a
good correlation exists between 0,,. and M,, especially for seismic moments
greater than 2x 10% dyn-om (M, >8.1) and durations longer than 100s. This
correlation becomes less good for smaller events: in this case, the contribution of
rupture length to the duration of the T wave train becomes less significant, relative
to sources of errors, such as dispersion and multipathing.

This dataset satisfies Eq. (7) (modeled as a dashed line on Fig. 11) with a
standard deviation of only ¢==0.49, within the range of the uncertainty of the un-
known constant € in Eq. (4). On the other hand, the dataset can be fit to a
straight line in several ways. If we assume that the seismic moments are well
known, and fit a formula of the type

logi, @=xM,tyta, (10}

@ is well known, and fitting a formula of the form:
Mo=x"log, B+y +0d", (1D

we find x'=2.75; ¥'=2.93, corresponding to x=0.37; y=-1.07 in Eq. {10).
Finally, the straight line minimizing the sum of distances

alog, @+FM—7 (12)

(where a®-- 3 is constrained to 1) corresponds to x==0.40; y=—1.32 in Eq. (10).
These various linear regressions of the dataset are shown as dash-dot lines on
Fig. 1. Given the systematic errors discussed in Section 2, and the uncertainties
in measuring €, this must be considered an excellent fit to Eq. (7), which justifies
~our approach.

Table 2 also presenis an estimate of the effect of directivity on duration at
the stations used. For this purpose, Eq. (2) was utilized, whenever rupture
parameters could be retrieved from the literature. Such an estimate was not com-
puted for rupture lengths L less than 80 km, since the corresponding contribution
to the duration © is on the order of 30 s or less. As shown by the data in Table
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Magnitude M,
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1000
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Fig. 11, Duration of T waves plotted in relation to seismic moment A, (lower scale),
or equivalently energy magnitude M, (upper scale). The obligue solid ling is the
theoretical refationship predicted by Eqg. (). The dash-dot lnes are the various
regressions of the data to a linear relation between M., and log,, & (see text for
details). The vertical dash line (with vertical arrow), drawn at a moment of 5x
10°* dyn-cm, represents the threshold of earthquakes potentially dangerous in terms
of damaging tsunamis.

2, the adequacy of Eg. (2) is extremely variable: in some instances, such as the
Alaskan earthquake of 1964, it gives excellent results, and correctly describes the
difference in duration in Hawail and Tahiti; this suggests that the conversion from
seismic 1o acoustic energy took place regularly all along the rupture. In other
cases such as the Rat Island earthquake of 1963, or the Kuriles earthquake of
1963, Eq. (2) yields durations either much shorter or much Ionger than actually
observed, while putting C=1 in Eq. (4) gives 2 much better answer. In the general
framework of Section 2.5, this simply means that the generation of T waves is
probably concentrated at a favorable point along the slope, away from the epi-
center and that @ reflects only the duration of rupture of the source, rather than a
difference in path for T waves from the individual sources.

4. Discussion: Potential for Use in Tsunami Warning

Our results clearly suggest that at least some iaformation on the size of a
truly major earthquake can be obtained from the duration of the T wave trains
recorded at faraway stations. In this respect, and despite all the problems due to
our incomplete knowledge of the conditions of generation of the T waves in the
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vieinity of the parent earthquake, an excellent match is obtained with both the
slope and baseline predicted by Eq. (7), derived from an extremely simple model
of earthquake source and rupture. This indicates that for these very large earth-
quakes, the rupture time of the source is the major agent controliing the duration
of maximum sustained amplitude observable on low-gain channels. When dealing
with smaller earthquakes, this contribution decreases both in duration and am-
plitude, so that the duration of maximum amplitude can no longer be measured,
and only the total duration ©,,,. is accessible. The fact that the observed regres-
sion slopes still match their theoretical values indicates that rupture length is the
only contributor to T wave duration which is sensitive to earthquake size, as op-
posed to other agents (such has multipathing due to seamount reflections).

From a practical point of view, the foliowing numbers provide a rule of thumb
for the scaling of seismic moments from T wave duration: if the duration of the
maximum amplitude of the T waves is 80 s or less, the seismic moment 1s <10%
dyn-cm; if it lasts 150 s, the moment is 10*, and more than 3 min, it approaches
10%. These numbers must however be taken with large uncertainties: in particular,
considerable scatter exists at the lower end of the moment scale.

In discussing the potential of this method in tsunami warning procedures, it
must be kept in mind that tsunami danger exists Pacific-wide only for truly gigantic
carthquakes, with moments larger than about $x10* dyn-om, corresponding
to a high-sea tsunami amplitude of 20 cx or more, assuming a focal mechanism
favorable to tsunami excitation {WARD, 1980). Only then can converted waves
at the shorelines be amplified to destructive levels at teleseismic distances. This
line separating “moderate” from “potentially tsunamigenic” earthquakes is
drawn as the vertical dash line on Fig. 11; depending on which regression is chosen,
the corresponding T-wave duration falls 95 and 130s. These lines are drawn on
Fig. 11 as the two horizontal dash segments. They represent the T-wave dura-
tion threshold for the generation of a tsunami. We use two discontinuous seg-
ments, rather than a single line to emphasize the deviation between the various
regressions.  Events plotted in the lower right quadrant delimited on Fig. i1 by
the dash lines could be undetected tsunpamigenic earthquakes; events belonging
to the upper left quadrant would be false alarms.

In this respect, no truly gigantic events in our catalogue (having generated
Pacific-wide destructive tsunamis) had T wave trains with maximum amplitudes
Tasting less than 2 min. However, we must discuss more in detail the case of the
grossly over-estimated events, which could have led to “false alarms” (Events 14
and 24; shown as asterisks on Fig. 11).

Event 14, along the Fairweather fault of Alaska, was characterized by a
multiple rupture, as clearly shown by the complexity of its long-period body waves:
Fig. 12(a) shows the PKP arrivals at South Pole (SPA), a station 146.7° away,
where the total duration of the PKP group should be minimal. Note the com-
plexity of the wave train, lasting for up to two minutes after the iirst arrival; this
behavior is also apparent in the phase SKP, and is compatible with observed dura-
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Event 14, Alaska, 30 July 1872

Later arrivala

PHP.,

23: 04 GM?\‘
T, 'W\"""VW\N\/«’M
/ — SKF
1 minute

PKIKP
South Pole (SPAY, L.P., Vertiocal

(a)

Tiputa, Rangirca (TPT) Event 14, ALASKA, 20 July 1972
i

1 23:14 @MT o 25:18 GMT !

Gy
Fig. 12. (a) Long-period PKP and SKP waves observed at South Pole foliowing the
1972 Fairweather Fauit, Alaska, earthquake. Arrows denote varicus phases, and
additional arrivals corresponding to subsequent sources. This record demonstrates
the complexity of the event. (b) T wave record of the Fairweather event of
1972 at TPT. This record is on the low-gain channel (13,750 at I Hz). Note
exceptional amplitude of T waves, and duration {arrows) of more than 2 min.

tion of the T waves at TPT (see Fig. i2(b)). The fact that its seismic moment
computed from surface waves falls short of the estimate from duration may be
caused by its multiplicity: In the case of a geometry with a particularly high value
for the constant C of Eq. (4), several relatively small events separated by a time
lapse comparable to the duration of the T waves at a given station will give the
wave train a protonged character, while not contributing to the ultra-low frequency
surface waves as efficiently as would a single rupture, sustained in time. Tt is
however worth noting that while no Pacific-wide tsunami was reported following
this earthquake, it did generate seiches in swimming pools in Seattle, 1,300 km
away.

No rupture mechanism is available for Event 24 (Santa Cruz mainshock, 17
July 1980%. The moment values used in the present analysis were taken from the
results of KANamory and Given (1982). 1t is worth noting that this is one of the
few events for which these authors used a full moment tensor inversion, without
constraining the dip-slip components to zero, However, a substantial second
double-couple (19%) is required by the inversion. A complex source involving
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several sub-events with different focal mechanisms in a sense comparable to the
case of Event 14, could éxplain this result.

This third, “great earthguake™ dataset is not large enough to allow the statis-
tical computation of regional corrections, similar to those computed for the first
two datasets. However, if we applied the corrections found in Section 3.2 for
8., values, which among other things reflect the relative proximity of the South-
west Pacific subduction zones to Tahiti, we would reduce the discrepancy between
observed and computed durations for the Santa Cruz event, which would then not
qualify as a false alarm.

In conclusion, our very simple theoretical models for the origin of the dura-
tion of T waves are upheld, at various magnitude ranges, for records gathered
over more than 20 years’ time in Polynesia. In particular, for very large events,
T-wave duration can be used to compute in real time an estimate of the seismic
moments with an uncertainty estimated to be within a factor of 3; this compares
well with present-day accuracy for real-time moment solutions, and thus this
method continues to be of great interest for tsunami warning.
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