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This paper lays the theoretical groundwork for a variable period mantle magnitude, M,,, based
on the measurement of the spectral amplitude X (@) of very long period Rayleigh waves. We
retain the concept of magnitude by restricting ourselves 1o single-station measurements, ignoring
the focal mechanism and the exact depth of the shallow earthquakes considered. Our measure-
ments are made at & series of perods (in all cases greater than 40 5), and the largest value is
retained. This procedure effectively avoids the well-known interference effects leading to saturs-
tion of magnitude scales defined at a fixed period. Two corrections are used: a period-dependent
distance correction Cp, and a source correction Cy, also period-dependent, compensating for the
variation of the excitation of Rayleigh waves with period. Both of these corrections are fully
predictable on the basis of standard surface wave excitation and dispersion theory. The result is
a formula of the type M,, = log;o X (@} + Cp + Cy + Cy in which all coefficients, including the
constant Cy are justifiable on sound theoretical grounds. The anslysis of a data set of 256
records from the broadband seismograph at Papeete, Tahid, the ulira-leng period system at
Pasadena, and stations of the GEOSCOIS)E network, shows that the mean error in the estimation
of the seismic moment is on the order of 0.1-0.2 units of magnitude, with the standard deviation
at each station also on the order of 0.2 units of magnitude. No significant trend with either dis-
tance, period, or station can be identified. The method can alsc be transposed to the time
domain, under some simple assumptions which are justifiable theoretically for typical teleseismic
distances across the Pacific Basin. Both versions of the method lend themselves well to autorna-
tion. Thus, by providing & real-time estimate of the seismic moment of distant earthquakes, M,
has considerable potential for tsunami warning purposes. Its concept can easily be extended to

Love waves and also to intermediate and deep earthguakes,

1. INTRODUCTION AND BACKGROUND

Magnitudes and Seismic Moments

Ever since it was introduced in the pioneering work of
Richter [1935], the concept of earthquake magnitade has
been used extensively to obtain a rapid evaluation of the
size of a scismic event, through the measurement of the
amplitude of seismic waves, taken in real time and at a
single seismic station. C. F. Richter’s original formula,
developed empirically for California earthqnakes, was
later extended to distant earthquakes recorded at
Pasadena by Gutenberg and Richter [1936], and in the
early 1960s, standardized magnitude scales were defined
for surface waves at 20 s and body waves at or around
1 s [Vanék et al., 1962]. For about 30 years, magnitudes
of one scale or another were the only available measure-
ments of the size of earthquakes. In all cases, magnitudes
were directly related to the logarithm (base 10) of the
recorded amplitude of ground motion,

The situation evolved significantly in the 1960s when
various combinations of systems of forces were investi-
gated as physical descriptions of carthquake sources. Aki
{1966] showed that the physical characterization of most
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earthquake sources was a double couple quantified by its
seismic moment M, having dimensions of energy.
Becanse of the linearity of all the physical laws involved,
the excitation of all seismic waves by a point source
double-couple is proportional to Mg As such, in the
absence of any additional effects, the relationship
between M and any magnitude M would be expected to
take the form

M = logyy My -+ const (1)

the theoretical value of the slope being exacily 1.

However, a well-known problem of any of the classical
magnitude scales is their saturation, as the true size of
the seismic source, Mo, keeps growing. This has been
explained in detail by Aki [1967, 1972] and later Geller
[1976], as due to the destructive interference resulting
from the spatiotemporal extent of the seismic source. In
simple terms, as an earthquake grows in size, it reaches a
point when the actual duration of the source process
becomes comparable to, if not longer than, the period
(T =20 s for M,) at which the magnitude is measured,
leading to variation in the initial phase of the wave dor-
ing the rupture process, and eventually to destructive
interference.

In Geller’s [1976} model, interference effects bringing
nonlinearity between logie My and M, start at about
My=4x10® dyn-cm. Between this value and
Mg =5%10% dyn-cm, a slope of 2/3 between M, and
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fogyo My is predicted. Beyond My= 1.5 x 10% dyn-cm,
full saturation is predicted. Thus earthguakes with meas-
ured M, values of 8.0-8.3 can have seismic moments
differing by a factor of 1000. Ghviously, this makes the
use of M, in interpreting the ‘“*size’’ of gigantic earth-
quakes worthless, if not outright dangerous, for example
when assessing their tsunamigenic potential,

Purpose of This Study

Becaose it velies on a real-ime measurcmeni of the
seismic signals recorded at a single station, the magni-
tde concept remains a simple and powerful tool of
observational seismology. The purpose of the present
paper is thus to explore the possibility of developing a
magnitude scale, M,,, allowing the rewieval of the
seismic moment within an acceptable range of precision,
while keeping the basic philosophy of the magnitude con-
cept, i.e., the use of a single station, and the rapidity of
the measurement,

The rationale behind this philosophy derives from the
importance of measuring My in the context of tsunami
warning. While it has been known for a long time that
the static value of the seismic moment is a key factor in
tsunami genesis, we have recently shown that the
influence on tsunami excitation of focal mechanism, and
to a large extent of depth in the 0-75 km range, is actu-
ally minimal [Okal, 1988]. Thus it may be futile o use
the precious time separating the arrivals of surface and
tsunami waves for the purpose of refining depth estimates
or of obtaining an exact focal geometry. This is espe-
cially true when the epiceniral distance is short, as can be
the case between the Aleudan Islands and Alaska or
between the Tonga arc and Tahit, In particular, if must
be borpe in mind that most reliable moment tensor inver-
sions still require the acqguisition of seismic data at a
iarge number of stations; for such short distances there
may not be sufficient time to wait for the arrival of even
the first passage of Rayleigh waves at more distant
seismic stations. Therefore, even in the days of sup-
posedly instant worldwide satellite telecommunications,
the possibility of determining a seismic moment from the
records of a single seismic observatory remains very
valuable. One of our goals will be to make sure that the
concept of M, remains valid at relatively short distances
{see section 5).

An additional goal in this study will be to provide an
analytic expression for the magnitude scale derived from
theoretical grounds, so that all constants in the eventual
formula for M, can be fully predicted from theoretical
models of earthquake sources and seismic propagation.
We will relate the mantle magnitude M, to the seismic
moment through:

Mm = ]ng M() - 20 (2)
where M, is measured in dyn-cim. The choice of the con-
siant 20 in (2} is of course arbitrary; however, it has the
advantage of keeping the values of M, within a practi-
cal, usual, range; for example, an earthquake of moment
10® dyn-cm has an M,, of 8.0 . We will derive and test
ways of measuring an estimate of M, in real time from
the records of a single seismic observatory.
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In order to avoid the saturation phenomena described
above, it is clear that we need to move to very long
periods. We will make the measuwrement wherever in the
frequency domain the signal has sufficient energy. Thus
emerges the concept of a variable-period magnitude, In
practice, we will always seek to measure M,, on the fiat
portion of the source spectrum, e, at a frequency less
than the corner frequency ®qp of the source.

What makes this approach possible is the development,
in recent years, of a new generation of broadband
seismometers [Wieland and Streckeisen, 1982] with large
dynamic range, which allow the reliable recording of the
seismic signal without the all too frequent problems of
nonlinearity and saturation (clipping) which used to
plague the recording of the first passage of surface waves
from truly large events on older instruments. We refer to
Monfret and Romanowicz [1986] for a discussion of the
theoretical advantages of using first passages; in addidon,
in the context of tsunami warning, it is crucial 1o obtain a
measurement as rapidly as possible.

However, we want to emphasize that a number of sta-
tions did operate reliable low-gain ultra-long-period or
broadband instruments, as far back as the 1960s. Notable
among such systems is the Pasadena ultra-long-period
vertical (“‘mumber 33"") seismometer [Gilman, 1960;
Brune and King, 1967} and the LDG broadband operated
at Papeete, Tahiti since 1972, Records from these instru-
ments will, together with the recent GEQOSCOPE digital
data, provide the ecxperimental backbone of the present
study. A typical example, shown on Figure 1, emphasizes
the prominence of long-period energy in the 200—s range;
it is safe 10 say that had such records been available at
the time, the founding fathers of magnitude scales would
probably have attempted {0 quantify the earthquake
source from information at the lower end of the fre-
quency spectrum, rather than around 20 s. The develop-
ment of M,, can then be regarded as a modernization of
the concept of magnitude in view of recent developments
in instrumentation.

Finally, in this study we restrict ourselves o shallow
earthquakes (& < 75 km). Our experience shows that it is
generally possible from a single seismic observatory o
ascertain immediately the general character (shallow,
intermediate, deep) of a teleseismic event. In section 6
we propose 1o extend the concept of M, to intermediate
and deep earthquakes; these events, however, do not
carry substantial tsunami risk, and thas some of the
motivation for the fast retrieval of their seismic moment
disappears.

2. PREVIOUS WORK ALONG SIMILAR LINES
Brune and King {1967]

A similar attempt at quantifying earthguakes from the
very long period characteristics of their seismic source
can be fraced back to Brune and King {1967)], who inves-
tigated the spectral amplitude of 100-s Rayleigh waves,
However, these authors were working at a fixed period,
and any such magnitude M,y would still be expected Lo
saturate for sufficiently large earthquakes. Indeed, non-
linear effects should yield a 2/3 slope between M g0 and
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Fig. 1. (Top) Example of broadband record at PPT. Note the prominent mantle Rayleigh waves. (Bottom) Fre-

quency response of the broadband system at PPT.

togo My beyond 102 dyn-cm, precisely in the range of
great carthquakes with significant tsunamigenic potential.
This limitation is partly responsible for the “*S curve”
behavior of My versus M, as reported for example on
Brune and King’s [1967] Figure 3.

In tum, Brune and Engen [1969] proposed a mantle
wave magnitude, based empirically on this very figure;
however, they did not provide a simple formula for the
exact expression of their magnitude scale but rather gave
two plots, one in the time domain for Rayleigh waves
and one in the frequency domain for Love waves, relat-
ing amplitudes at 100 s to seismic moment and to the
proposed 100-s magnitude. In addition, it is noteworthy
that they characterized the 1964 Alaskan carthquake as
larger than the 1960 Chilean event, whereas most ulira-
long-period studies [Kanamori, 1970; Kanamori and
Cipar, 1974; Geller, 1977, Cifuentes and Silver, 1989]
indicate that it was at least 3 times smaller in moment.
This is a direct illuswation of the failure of any magni-
tde computed at a fixed period for sufficiently large
seismic sources, as noted alse by Purcaru and Berckhe-
mer [1982].

Kanamori's [1977] Moment Magnitude M,

In order to alleviate some of the difficulties inherent in
saturation, Kanamori {1977] proposed the concept of a
moment magnitude (which he also called “‘energy magni-
tude’™):

2
E}

M,, = 7 (logie Mo~ 16.1) 3

In this approach, M,, is actually computed from M, once
the latter has been obtained through moment tensor inver-
sion or similar techniques. Specifically, Kanamori was
secking 10 extend M, beyond its point of total saturation
and thus to provide continuity with large, but not gigan-
tic, earthquakes (typically in the range 107 dyn-cm,
where Interference effects are significant, but full satura-
tion is not yet attained). Thus, he introduced an a priori
slope of 2/3 in the definition of M,,. In doing so, he also
extended Guienberg’s [1956] relation between the total
seismic energy released and magnitude, logE =
1.5 M + 11.8, which, in the framework of modern source
theory, is now understood t0 hold only in the same range
of magnitudes, Therefore one can predict that while M,
will behave like M, for these large, “‘interesting™ earth-
gquakes, a significant discrepancy will occur for smaller
events, for which M, should be smaller than M., .

Along similar lines, Purcaru and Berckhemer [1978]
introduced their energy magnitude, Mg, which differs
from M, in that an allowance is made for a variable
stress drop Ac.

Ekstrom and Dziewonski’s [1988)] A—fﬂ‘ : An Improved M,,

The observation of an M :M,, discrepancy for smail
events, and the resulting systematic bias in the estimale
of seismic moment release if (3) is used backward to
compute M from M, prompted Ekstrém and Dziewonski
[1988) to propose 4 magnitude M. combining M,
behavior for large carthquakes while remaining compar-
able to A4, for smaller ones and with a gradual transition
in between. Whereas M, is clearly superior to M,,, this
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approach does not differ substantially from Kanamori's
{1977], in that it consists fundamentally of recasting a
measurement of M, (obtained from a full moment tensor
inversion) into the more popular range of magnitude
values; or conversely of using 20-s 3, measuremenis
predating digital seismology io obtain an estimaie of
moment release.

Williams' [1979] AR Method

An interesting attempt at recovering M, in real time
can be found in Williams [1979]. It consisis of measur-
ing the so-called AR parameter, which amounts to
injegrating the square of the displacement during the first
passage of Love and Rayleigh waves. Basically, Willi-
ams follows our philosophy of using the records of a sin-
gle long-period station. However, because she limits her-
self 10 WWESN records dominated mostly by 20- to 50-5
energy, she must use two different formulae (with slopes
close to 1.0 and 1.5) (0 regroduce the initiation of satura-
tion around Mo = 7 x 107 dyn-crn. By the same ioken,
her method would fail when total saturation is reached: it
is noteworthy that the largest moment in her daia set is
only 1.5 x 10 dyn-cm.

Finally, a preliminary version of the present study was
published by Okal and Talandier [1987] and Talandier et
al. [1987]. In the present paper we give the full theoreti-
cal teatment justifying the expressions of M, and
present an exiensive data set of more than 250 measure-
ments worldwide, fully upholding the validity of the
endeavor and its reliability,

3. THEORY

Since we seck a very long period measurement of the
seismic moment of an earthguake, we will base the
development of M, on the theory of the excitation and
propagation of Rayleigh waves, We adopt the formalism
and notation of Kanamori and Stewart {1976]. The spec-
tral amplitede at angular frequency o of a Rayleigh wave
recorded at a distance A from an carthquake can be writ-
ten as

X(w) =a V@2 [e“”“MUQ /\fsinA]

U

X

! spKol ™ = prKol ¥ — igp K 1M ‘ My } Gy

In this equation we have separated terms due to propaga-
tion (on the first line) and to excitation {on the second
line). The effect of propagation consists of the geometri-
cal spreading I1/vsinA and of the anclastic attenuation
along the path aA. The excitation terms include the
seismic moment M, and the combination of the exciia-
tion coetficients K; (depending on depth and frequency),
and of the trigonometric terms pg, g, Sp describing the
geometry of the faulting in relation ¢ the azimuth of the
station, We refer to Kanamori and Cipar [1974] and
Kanamori and Stewart [1976] for the exact expressions
of these coefficients; finally, a is the Earth's radins, [ the
angular order of the equivalent normal mode, and U the
group velocity of the wave.
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Conversely, the seismic moment M, (or the mande
magnitude M, ) of the event can be retrieved from the .
speciral ampl&mde through

lﬂgu) MomMm +20=10ng(m)-§-CD +CS +{ (5)

where (Cp is a distance correction related to the first
bracket in (4. C; is a source correction related to the
second bracket, and C = log,o (V(@/m)/a) is a constant, *

C =-390if g is in kilomsters,
Distance Correction

The distance correctiorx is simply

Cp = ah

2U¢Q

These terms are obviously independent of focal mechan-
ism and depth. In order to reflect the possible influence
of lateral heterogeneity on U and @, we use a model of
the Earth regionalized intc seven tectonic regions, using a
10° x 10° grid (Figare 2). This regionalization generally
follows the previous work of Okal (19771, Jordan [1981],
and, for the cceanic areas, Miichell and Yu [1980]. The
seven regions considered are four oceanic age bands
(0-20 Ma; 20-50 Ma; 50-100 Ma; older than 100 Ma);
two continental regions, shiclds and mountains (which we
can define as active in the past 500 m.y.); and finaily a
“wench and subduction zone’” area.

In view of the recent resulis in seismic tomography
le.g., Woodhouse and Dziewonski, 1984] showing some
decoupling of the pattern of deep heterogeneity from that
of the obvious tecionic features at the surface, the accu-
racy of this regionalization at very long periods can be
doubted. However, as expected from (6) and discussed
fater in section 5, when the period becomes very large,
the attenuation correction decreases to the point where
the effect of regionalization becomes minimal and the
issue ingignificant,

Regionalized values of I/ and ¢ were obtained based
on the work of Canas and Mitchell [19783, Mitchell and
Yu [19801, Nakanishi {19811, and Hwang and Mitcheil
{1987]. Table 1 hsts all the values of U and ¢ used in
the computation of Cp. Once an epicenter has been
obtained, the paih under study is split intc segments
belonging to the various regions, and their contributions
t0 the second term in Cp are simply added.

®)

10gw sinA + (logyg e)

Source Correction
This correction

K
Cs =~ logg | x> ~ paKol™ ~ i quEK\") 1 U | (7)

is expected to be a priori dependent on focal mechanism
and depth, through the coefficients &;. In keeping with
the magnitude concept, and the discussion in the intro-
ductory section, we assume that these parameters are
unknown and proceed to compute Cy for an average
excitation, representative of an average focal mechanism
and station orieatation and of an average depth in the
range 10-75 km.
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Fig. 2. Tectonic regionalization used in the computation of the distance correction Cp. The various shading
patterns refer 1o oceans (1, less than 20 Ma; 2, 20-50 Ma; 3, 50-100 Ma; 4, clder than 100 Ma); continents (5,
shields; 6, tecionic regions); and trenches (7). See Table 1 for correspending values of U md Q.

‘Whether or not one can neglect the influence of focal as a viable measurement of the “‘size’” of the earthquake.
mechanism and depth and still obtain a reliable estimate  As discussed more in detail in section 5, we believe that
of the seismic moment My will eventually make or break  our results are extremely encouraging in this respect.
the concept of M,,, the variable-period mantle magnitude, For our purpose, we define the excitation of a Rayleigh

TABLE 1. Regionalized Dispersion and Attenuation Models Used in Computing Distance Correction

Region 1 Region 2 . Region 3 Region 4 Region 5 Region 6 Region 7

0-20 Ma 2050 Ma 50100 Ma > 160 Ma Shields Mountains Trenches
T, U, o U, [ i, [¢] U, o U, o U, Q U, 2
5 kim/s km/s km/s kmy/s km/s km/s km/fs

35 3843 158 4.005 168 4.046 200 4013 251 3.455 236 2950 98  2.880 96
38 3.836 152 3.995 162 4.061 191 4.0640 234 3.536 220 3070 95 2900 90
42 3819 147 3976 155 4.063 181 4.064 217 3.634 204 3170 92 2920 83
46 3.799 143 3.953 150 4.055 173 4074 204 3722 192 3.250 90 2940 82
51 3772 139 3.927 145 4.043 166  4.073 191 3.818 181 3300 92 2.960 79
56 3.746 136 3.899 140 4.023 159 4.062 183 3.858 177 3380 94 2.980 78
63 3714 133 3.863 136 3992 153 4037 175 3.899 181 3.320 9  3.080 79
70 3690 131 3.831 134 3958 149 4.007 169 3.920 179 3.560 98 3.040 80
78 34870 129 3.799 132 3919 145 3972 166  3.936 192 3.620 1 3.070 81
87  3.657 129 3770 131 3879 143 3934 165 3954 212 3.690 103 3100 82
90 3.649 130 3.743 132 3.836 142 3.893 166 3.952 251 3716 106 3.130 84
111 3.642 133 3.718 134 3,794 144 3.850 170 3928 260 3,700 18 3170 87
127 3832 138 3.694 140 3.753 148 3.806 177 3.896 295 3.680 112 3.218 92
145 3617 M6 3.671 149 3715 155 361 188 3.854 333 3700 116 3.419 99
167 3590 159 2.643 181  3.673 168 3.710 203 3797 280  3.780 120 3.515 108
193 3534 17t 361l 180 3.631 187  3.657 222 3743 250 3.580 125 3.623 119
223 3524 201 3.586 204 3.601 209 3.617 245 3.666 283 3.550 130 3526 131
259 3341 231 3.606 234 3.620 239 3.628 272 3.645 312 3470 155 3475 149
300 3.669 262 3027 266 3742 271 3745 297 3706 345 3.610 200 3.699 170
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Fig. 3. (Left) Logarithmic average excitability as defined by (9) plotted as a function of perlod and depth. The
varjous symbols (from 0 1o 9) refer to 10 sampling depths between 10 and 75 km. The thicker trace corresponds
to & =20 km, which is retained for the computation of Cy. (Right) Same as left, after the correction Cg given
by (10) has been applied. Note that beyond T = 35 5, the maximum error remains at most £0.15 orders of mag-

nitude,

wave of angular frequency ® by an earthquake at depth
h and in g particular geometry as

Eby. 8% i hi 0) =
| oK™ = ppkol®™ i e U | @

and the *‘logarithmic average excitability’” of the wave
for a given depth and frequency as

Lav = loglﬂ Eav (h » (D)

= logp

ie., the logarithm of the average of E, taken over a large
number N of combinations of the fault dip &, slip A,
strike ¢, and station azimuth ¢,. In practice, we used
the PREM model [Dziewonski and Anderson, 1981] to
compute the coefficients K; at 10 depths ranging from 10
to 75 km and 44 periods from 16 to 300 s. We then aver-
aged over N = 6480 geometries. We want to point oul
that this definition is somewhat different from the value
of £, proposed by Okal and Talandier {1987]. In that
preliminary work we had averaged the logarithms, thus
placing extreme emphasis on nearly nodal geometries
(when these exist) and hence biasing Cs toward higher
values., Here we average the excitations themselves
before taking the logarithm in (9).

At any depth the use of an average excitation instead
of the exact value of £ results in a substantial systematic
error only in the case of an event with a “‘pure” focal
mechanism (either purely horizontal or purely verticat
slip on a perfectly vertical fault plane) and a station at
the node of the radiation pattern, for which the expected
¢xcitation is identically zero. For other mechanisms, and
in particular for the thrust and normal faults typical of
the great majority of the wruly gigantic events bearing
substantial tsunami rigk, it is usually possible to find a

period at which the sharpness of the nodes of the radia-
tion pattern is considerably reduced; under these condi-
tions the systematic error on Iog,y E nsually remains less
than £ 0.2 units of magnitude.

Resilts are shown in Figure 3, with the coefficients K;
expressed in units of 107 dyn™ and U in km/s. It is
clear that 4t periods greater than 40 s, the dependence of
L,, on A is minimal and that the logarithmic average
excitgbility at 20 km is an adequate depth average,
except for shorier periods. We thus restrict ourselves
from now on to periods T =40 s and further smooth
La, (20 km) by a cubic spline. This leads to the following
expression for Cy:

Cs = 1.6163 6% — 0.83322 02 + 042861 @ + 3.7411 (10)

where 0 =log T — 1.8209. Figure 3 (right) shows that
the deviation of L,, duc to depth-averaging is at most
£0.15 orders of magnitude between the depths of 10 and
75 km. The range of variation of C itself is from 3.590
at T=40 s to 4.120 at T =300 s. In the above
formulae, we use practical seismological units, ie., T is
in seconds, a in kilometers, U/ in km/s, X: in
1077 dyn™. By combining the previous equations, we
obtain

M, =10g10X((1))*§-Cg +CS +C0 (11)
with Cp computed according to (6), O given by (10),
Cy=-090, and X (w) measured in um-s, following the
practice, common in magnitude studies, of measuring
ground displacements in microns,

From Theory to Application: How to Avoid Source
Finiteness Effects

The above theory was developed for a point source,
both in the time and space domains. Before we can
apply our results to real data, we must devise a strategy
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Fig. 4. Variation of the azimuthal radiation pattern of the spec-
trai amplitude X(®) as a function of period, in the geomemy
& = 13% & = 71% X = 36°. Note the disappearance of secondary
nodes at higher frequencies [after Okal and Talandier, 1987].

T =110 s

for choosing the frequency at which the measurement
will be made and in particular ensuring that this fre-
quency is indeed on the flat portion of the spectrum,
below the comner frequency. The simplest idea in this
respect is 10 us¢ many frequencies, say all periods
between 40 and 300 s, and retain the largest computed
value of M,,. The rationale behind this procedure is that
the interference due to finiteness of the source is always
destructive and thus biases M, toward lower values, We
will see that in general, this algorithm does indeed retain
a measurement taken at a very long period.

Another possibility would be to always measure M, at
some fixed, but very long period {e.g., 300 s). The prob-
lem with this approach is twofold: first, there may not
always be an adequate sr%na} -to-noise ratio especially for
smaller events in the 10°° dyn-cm range, and we may
actually be measuring noise; second, and more impor-
tantly, a variable period helps guard against the possibil-
ity of a station sitting in a node of Rayleigh radiation at a
particular period. Obviously, in the case of a “‘pure”
mechanism, the azimuths of the nodes are frequency
independent; however, as shown on Figure 4, the shape
of radiation patterns can strongly depend on frequency
for mechanisms involving nonvertical faults andfor
oblique slip. Then a change of reference period can
literally move the station out of a node. Thus we prefer
to compute M,, at many frequencies and keep the largest
value.

If, on the other hand, our measurements were taken in
a portion of the spectrum beyond the first corner fre-
quency due to finite length of rupture, wep, one would
have to add to {4) an additional factor [sinc {ct/2)],
where T, is the duration of rupture. Conversely, beyond
®cr . one would expect an additional correction to (11)

Cep = logyo (e, / T) (12)

X L3)

since the sine function in “‘sinc

Dcr

If 7, scales with M{?, one predicts a relationship of
the form Mg e [0X (m)}’ Conversely, M, computed
from (11) would actually vary as (2/3) logyo My H 1,
can be taken as constant, one predicts Mg ee [@X (@],
and M, computed from (11) should be off by a term
[Cy - logyy T1. This constant behavior of 1, would be

approaches 1 beyond
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suggested to some extent by the parameters of moderate
to large earthquakes obtained from the Harvard centroid
moment tensor inversions [Dziewonski et al., 1983a.b.c,
19844a,b, 1985a.b.c.d, 1986ab,c, 1987ab.c.d.efg, 1988
a.bodel. We refer 10 Okal and Talandier [1987] for a
full discussion of these effects and for the exact formule
expected under these conditions,

An important series of tests, which we will conduct in
the section 5, is to verify that the best fitting slope
between published values of log o M and M, computed
from (11) is indeed close to 1. This will be the ultimate
test to ascertpin that we remain beyond the corner fre-
quency of the event and are not affected by the saturation
effects.

Should we find a slope of 3/2 (or simply significantly
greater than 1) between logie Mo and M,,, we would
conclude that we have failed to avoid saluration. Simi-
larly, should we find a strong variation in the quality of
our fit with pericd, we conld stll be contaminated by
finiteness with the earthquake data set following a model
with constant T,.

4, APPLICATION TO DATA

Our data for this study consist of three sets: (1) records
obtained at the broadband station operated at Papecie,
Tahiti (PPT), since 1972; (2) records obtained on the
ultra-long-period vertical instrument at Pasadena, Califor-
nia (PASY; and (3) records from the GEOSCOPE net-
work,

Papeete Records

As shown on Figure 1, the response of this sysiem is
flat in displacement from 1 s to 150 s and decreases by a
factor v2 at 300 s. We concentrate here on a data set of
45 earthquakes, listed in Table 2, and having published
moments between 7.6 x 10° and 18 x 10§8 dyn-cm.
Their locations and focal mechanisms are shown on Fig-
ure 5.

For each eveni, we Fourier-transformed a 4096-point
time series (with digital sampling rate 0.2 s) and at each
Fourier period T > 50 s obtained the spectral amplimude
X () after removal of the instrument response; we then
applied the corrections (6) and (10) and compuied a
value of M, using (11). We list in Table 2 only the
largest value, and the period at which it is obtained, but
keep all measurements as a permanent data set.

Pasadena Records

This system {(commonly called ULP33) has been
deseribed by Gilman [1960] and its response is given by
Okal and Geller [1979]. This is not a broadband system
but rather & classical electromagnetic seismograph system
with a filtered galvanometer, resulting in an overall max-
imum response peaked at 145 s. We selected all avail-
able records of events with published moments greater
than 10?® dyn-cm from 1970 to 1986. Unfortunately, the
instrument was not operating between April 1983 and the
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TABLE 2. Papeete Data Set

Event Station Passage A Mz M, T r M, e
1973 06 17 PPT 1 84.68 7.85 8.20 273.0 0.35 7.85 0.60
1974 10 03 PPT 1 69.18 8.26 8.13 164.0 -0.13 8.17 -0.09
1977 04 21 PPT 1 48.74 7.08 7.08 63.0 0.04 7.24 0.16
1977 06 22 PPT 1 25.24 8.15 8.23 117.0 0.08 8.02 -0.13
1978 03 23 PPT 1 83.95 7.43 7.30 273.0 0.13 7.25 -0.18
1978 03 24 PPT 1 8332 736 7.29 205.0 -0.07 7.09 -0.27
1978 06 12 PPT 1 84.80 7.53 7.51 273.0 -0.02 7.43 -6.10
1978 11 29 PPT 1 62.01 172 127 2050 045 7.5  -0.13
1979 02 16 PPT 1 73.03 6.79 6.68 82.0 .11 6.47 -0.32
1979 02 28 PPT 1 7834 127 115 2730 012 7.02 -0.25
1979 03 14 PPT 1 59.17 7.24 7.35 205.0 0.11 7.30 0.06
1979 10 12 PPT 1 46.82 7.00 7.00 164.0 0.00 6.96 -0.04
1980 07 08 PPT 1 42.78 729 7.52 205.0 0.23 7.26 -0.03
1986 07 17 PPT 1 43.19 790 7.95 205.0 0.05 T.67 -0.23
1981 07 06 PPT 1 36.59 741 7.22 82.0 .19 7.47 0.06
1981 07 15 PPT | 4079 876  7.01 205.06 0.25 672 -0.04
1981 09 01 PPT 1 22,72 729 T.28 273.0 001 7.40 0.11
1981 10 25 PPT 1 58.68 6.85 7.12 273.0 0.27 6.95 0.10
1982 06 07 A PPT i 61.04 6.46 6.52 205.0 0.06 6.70 0.24
198206 07 B PPT 1 60.84 6.43 6.71 273.6 0.28 6.73 0.30
1982 08 05 PPT 1 43.16 6.51 6.96 273.0 045 6.63 0.12
1982 12 19 PPT i 2539 730 7.47 273.0 0.17 7.36 0.06
1983 05 26 PPT 1 87.84 7.66 7.99 164.0 033 1.57 -0.09
1983 10 04 PPT i 1214 7.53 7.55 205.0 0.02 7.37 -0.16
1984 02 &7 PPT 1 48.97 7.40 7.55 59.0 0.15 7.50 0.10
1984 03 24 PPT 1 83.67 6.80 6.93 273.0 (.13 6.72 -0.08
1985 03 03 PPT 1 70.32 8.0 7.89 164.0 -0.12 7.69 -(.32
1985 04 69 PPT 1 70.53 6.70 6.87 55.0 0.17 6.59 -0.11
1985 09 19 PPT 1 58.40 8.04 7.94 205.0 0.10 7.81 -(.23
1985 06 21 PPT 1 58.87 7.40 7.44 203.0 0.04 7.30 -0.10
19851128 A PPT 1 42.58 6.48 7.0 2130 6.53 6.60 0.12
1985 11 28 B PPT 1 42,64 6.56 6.75 82.0 0.19 6.80 0.24
1985 12 21 PPT 1 42.33 6.76 6.98 205.0 022 6.71 -0.05
1986 {4 30 PPT 1 58.18 6.49 6.64 205.0 0.15 6.51 .02
1986 05 07 PPT 1 72.38 8.02 8.13 205.0 0.11 7.85 -0.17
1986 10 20 PPT 1 27.08 7.95 7.83 63.0 012 7.69 -0.26
1987 02 08 PPT 1 62.16 7.05 730 117.0 0.25 7.04 -0.01
1987 03 05 PPT 1 73.50 7.39 7.51 51.0 0.12 7.26 -0.13
1987 03 06 PPT 1 75.33 6.80 6.87 137.0 .07 6.57 -0.23
1987 06 27 PPT 1 7244 592 6.10 59.0 0.18 6.16 0.24
1987 07 06 PPT 1 41.06 598 6.45 117.0 047 6.03 0.05
1987 08 08 PPT 1 74.88 6.99 7.12 68.0 022 6.72 -0.18
1987 09 03 PPT 1 55.90 7.15 6.88 205.0 -0.27 7.35 0.20
198709 28 A PPT 1 40.17 6.28 6.40 1370 0.12 6.16 -0.12
19870928 B PPT 1 40.15 5.88 5.98 164.0 0.10 51 -0.16

fall of 1986, which prevents a direct comparison with GEOSCOPE records

PPT and GEOSCOPE records, especiatly for the large
earthquakes of 1985 and 1986, We also had (o eliminate
a number of records featuring gross nonlinearity in the
response of the instrument; {e.g., October 11, 1975;
March 14, 1979). Records were hand-digitized at a sam-
pling rate of 1 s, and the analysis proceeded as for the
PPT records. However, in view of the faster falloff of the
response curve at long periods, we take our measure-
ments only in the range 50-250 s. We include in the
PAS data set records of maultiple passages of Rayleigh
waves for some of the largest events involved, For such
records we restrict our measurements to T = 75 s for R4
and T = 100 s for R; and R4 The full data set comprises
42 records from 31 earthquakes, whose locations and
mechanisms are shown on Figure 6. Resulis are listed in
Table 3,

We refer t0o Romanowicz et al. [1984] for a description
of the GEOSCOPE network, including its frequency
response. In this study we targeted all available GEO-
SCOPE records from shallow earthquakes of moment
Mg z 10% dyn-cm; however, we climinated records with
poor signal-to-noise ratios, records early in the history of
the network for which high magnification led to digital
clipping and/or nonlinearity, and records from the station
MBO (M'Bour, Senegal) for which the magnification
level is in doubt. Table 4 lists all records in the GEO-
SCOPE study. Data processing was analogous to that for
PPT. However, in view of the time sampling of the VLP
channel (& = 10 s), we iake measurements only at
periods 7 2 64 5. As in the case of PAS, we include a
number of second passages of Rayleigh waves, for which
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Fig. 5. Map of the epicenters and focal mechanisms for the
Papeete data set.

we restrict measurements o T = 75 s. We also include
in the data set all multiple passages, up to and including
R4 in the case of the Aleutian earthquake of May 7,
1986, our purpose being to test any systematic bias of the
measured M,, as a function of distance: we do not
include similar records for the preceding large events
{e.g., the Chilean and Mexican 1985 earthquakes), since
at the time the network was not vet fully developed. As
explained below, measurements for Rs deteriorate sub-
stantially, suggesting that the signal-to-noise ratio is by
then too low for a significant measwrement. We list the
corresponding values at the end of the data table but do
not use R 5 values in our statistical evaluations. The full
data set comprises 169 records (178 with R;) from 41
earthquakes, whose location and mechanisms are shown
on Figure 7.

In studying the performance of the magnitude scale
M., we consider separately the three data sets described
above and also regroup them as a single data set
comprising all 256 measurements. Thus we will com-
monly refer to four data sets.

Published Moments and Focal Mechanisms

‘We take most of our published moments from the Haz-
vard moment tensor inversion solutions [Dziewonskl et
al., 1983a,b,c, 1984a.b, 1985a,b.c.d, 1986a,b,c, 1987a,b,
cd.efg 1988ab.cdel. A variety of sources are used for
events predating 1977. We occasionally use our own
solutions for earthquakes which we have studied in detail.
Table 5 lists all pertinent epicentral data. In Tables 2, 3,
and 4, the published moments are reported through M2,
obtained by applying (2) to the published value of the
moment, as listed in Table 5.

Finally, we note that the largest event analyzed is the
1977 Indonesian earthquake (Mg = 3.6 x 10 dyn-cm).
Obviougly, the systematic study of the performance of the
method for truly gigantic events (in the 10%* to 10* dyn-
cm range) would be a fundamental test of the method.
However, such evenis have not occurred since 1965. Owr
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purpose in the present paper is to test the concept on a
set of data with homogeneous recording characteristics.
The extension of M,, measurements (0 conventional (ie.,
WWSSN) or historical seismograms is cumently under
way and will be the subject of a separate paper.

5. DISCUSSION OF RESULTS

In order to assess the success of the method, we con-
duct in this section a critical stady of the fit between
measured values of the mantle magnitude and published
vatues of the seismic moment, as resulting from moment
tensor imversion or other low-frequency seismological
techniques, Figure 8 presents all of our data, either split
inio individual data sets or ireated as a whole.

Slope of logyy Mo Versus M,

First, and for each of the four data sets involved, we
regressed the published values of log;, My against the
corresponding values of M, computed from (11). The
best fitting slopes are 0.95 for the PAS data set, 1.06 for
the PPT records, and 1.03 for the GEOSCOPE data set. If
all 256 records are regressed together, the best slope is
1.04 . These values do not depart significantly from the
slope of 1 expected theoretically; this result and the gen-
erally large values of the periods at which the maximum
value of M, is obtained serve as an a posteriori
verification of the fact that we indeed stay on the flat
portion of the spectrum.

We also attempted to regress logie Mo versus
[M,, —log,, T], where T is the period at which the
measurement is made; for all four data sets, this resulted
in a deterioration of the quality of the fit, as measured by
the root-mean-square residual of the regression, ranging
from 25% to 53%. We conclude that our method of
measuring M,, does indeed produce a magnitude scale
growing linearly with log;o M, and successfully avoiding
the range of saturation effects.

Accuracy of M,

There remains to discuss the accuracy of the seismic
moment values inferred from a single measurement of

PASADENA DATASET

Fig. 6. Map of the epicenters and focal mechanisms for the
Pasadena data set.



4178

OKAL AND TALANDIER:

MANTLE MAGNITUDE M,

TABLE 3. Pasadena Data Set

Event Station Passage A Mz M., T r M, e
1970 05 31 PAS 1 57.11 800 776 167.8 024 788 -0.12
1970 05 31 PAS 2 302.89 800  8.19 853 0.19 8.36 0.36
1973 06 17 PAS 3 71.49 783 747 853 036 770 -0.13
1975 0720 A PAS 1 91.02 753  7.55 128.0 0.02 712 -041
19750720 B PAS 3 9122 108 711 128.0 0.03 6.84 -0.24
1976 08 16 PAS 1 108.86 828 832 81.9 004 822 -0.06
1976 08 16 PAS 2 251.14 828 818 2048 010 796 -0.32
1976 08 16 PAS 3 468.86 828 836 227.6 0.08 8.13 -0.15
1977 03 18 PAS 1 103.27 695 702 128.0 0.07 7.16 0.21
1977 04 02 PAS 1 72.12 701 7.23 60.2 022 171 0.70
1977 06 22 PAS i 79.01 8.15 8.02 107.8 -3 8.06 -0.09
1977 06 22 PAS 2 280,99 815 796 1463  .0.19 8.13 -0.02
1977 08 19 PAS 13 123.68 856  8.14 1365 642 8351 -0.05
1977 08 19 PAS 2 23632 856 832 2409 024 853 -0.03
1977 08 19 PAS 3 483.68 8.56 8.03 170.7 (.53 8.34 -0.22
1977 08 19 PAS 4 59632 856  8.08 1862  .048 8.37 -0.19
1977 10 10 PAS 1 86.78 M 7.32 128.0 0.31 722 0.21
1977 11 23 PAS ] 80.51 727 161 227.6 034 735 0.08
1978 03 23 PAS 1 68.92 743 7.18 64.0  -025 756 0.13
1978 03 24 PAS 13 68.94 736 124 640 012 755 0.19
1978 (6 12 PAS 1 76.43 7.53 744 931 -0.09 7.75 0.22
1979 02 28 PAS 1 30.53 727 148 113.8 021 751 0.24
1979 05 01 PAS 1 8794 116 142 107.8 0.26 .27 0.11
1979 09 12 PAS 1 103.98 737 795 157.5 0.58 759 0.22
1979 (9 12 PAS 2 256.02 137 7.78 89.0 0.41 7.40 0.03
1979 10 12 PAS 1 105.67 700 668 1707 -032 6.70 -0.30
1980 67 08 PAS 1 8522 729 742 204.8 0.13 7.13 0,16
1980 07 17 PAS 1 85.67 7.68 7.93 136.5 0.25 7.69 0.01
1980 67 17 PAS 2 274.33 7.68 7.66 128.00 -0.02 744  -0.24
1981 05 25 PAS 1 107.57 744 770 128.0 0.26 7.59 0.15
1981 05 25 PAS 2 25243 744  7.69 83.3 025 7.65 0.21
1981 07 06 PAS 1 87.17 7.41 7.30 1024 011 7.43 0.02
1981 07 28 PAS 1 11550 695 6.99 553 004 .07 0.12
1981 09 01 PAS 1 71.57 129 7.92 107.8 0.63  7.61 0.32
1981 09 01 PAS 2 28843 729 780 107.8 0.51 7.50 0.21
1981 10 25 PAS 1 21.55 6.85 7.11 204.8 026 721 0.36
1982 06 19 PAS 1 3339 702 111 51.2 0.09 733 0.31
1982 07 07 PAS 1 110.95 6.83 6.70 73.1 -0.13 7.08 0.25
1982 12 19 PAS 1 7986 730 7.4 539 006 732 0.02
1983 03 18 PAS 1 9128 767 780 78.8 0.13 7.94 0.27
1983 04 03 PAS 1 4097 126 6.82 2276 044 6.99 -6.27
1986 10 20 PAS 1 8299 795 794 2276  -0.01 8.01 .06

M,,. For this purpose, we study the population of residu-
als

7 =M, (measured) — log;q My (published) + 20  (13)
for each of our measurements. Table 6 lists the mean
value ¥ and standard deviation o of the residuals for all
four data sets. We also list the value for the data set of
20 records measured at PPT in owr preliminary study
[Talandier et al., 1987]. The significant decrease in the
mean value of the residual 7, between the two studies
{from 0.18 to 0.02), is due to the use of an improved
source correction C,; (see section 3).

We obtained mean residuals 7 in general smaller than
0.2 units. The mean residuals are extremely small at PAS
and PPT, somewhat larger at the GEOSCOPE stations,
Similarly, the standard deviation o of the residuals is
always less than (.3 . This means that the measurement
of M,, according to (11), once comrected by subtracting ¥
at the appropriate station, results in an uncertainty on the

value of the scismic moment of a multiplicative or
divisive factor f which stays below 2 (we write
f =*/10% ). These results must be assessed in the con-
text of the performance of the classical magnitade scales,
for which few single stations can boast of having a sys-
tematic magnitude bias, and a standard deviation of their
magnitude estimates of ~ 0.2 magnitude units. In addi-
tion, it is not uncommon for several independent investi-
gators to obtain estimates of M, differing by a factor of
*15t1020.

Investigation of Fossible Systematic Biases

In this section we investigate systematically the possi-
ble correlation of the residuals r with various parameters,
such as distance, period, etc. The existence of any such
bias would invalidate one of more assumptions in our
theoretical models,

Distance. Figure 9 plots the residuals » as a function
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TABLE 4. GEOSCOPE Data Set

Event Station  Passage A ME® M, T r M, re
1982 06 19 SSB A 276.61 7.02 1.39 2844 .37 7.18 0.16
1982 07 07 SSB 1 162.98 6.83 7.10 160.0 0.27 T.13 030
1982 12 19 PCR 1 112.60 7.30 7.36 98.5 0.06 1.55 0.25
1983 01 17 PAF 1 97.81 6.36 6.31 91.4 .05 6.98 0.62
1983 01 17 PCR 1 67.84 6.36 6.04 98.5 0.32 6.52 .16
1983 01 24 PAF 1 65.51 6.23 6.45 64.0 0.22 6.51 0.28
1983 01 24 PCR 1 50.56 6.23 6.34 256.0 0.11 6.16 -0.07
1983 04 03 PAF i 133.72 7.26 730 256.0 0.04 1.22 -0.04
1982 04 03 PCR 1 13835 7.26 7.07 232.7 -0.19 1.29 0.03
1983 04 03 S8B 1 82.18 7.26 1.97 256.0 0.71 7.64 0.38
1983 04 04 PAF 1 58.99 6.53 6,19 71.1 0.26 6.70 0.17
1983 04 04 PCR i 46,92 6.33 6.60 85.3 007 6.50 -0.03
1983 04 04 §8B 1 86.16 6.53 6.88 256.0 0.35 6.68 0.15
1983 05 26 PAF 1 108.11 71.66 7.94 256.0 0.28 7.89 0.23
1983 05 26 PCR 2 261.18 7.66 3.09 284.4 (.43 7.18 0.12
1983 05 26 SSB 2 274.63 7.66 1.97 284.4 .31 7.68 002
1983 10 04 PAF 1 96.61 7.53 7.29 256.0 .24 7.50 .03
1983 10 22 PAF 1 51.10 6.66 7.23 256.0 Q.57 6.72 0.06
1983 11 30 PAF 1 42.42 T.61 8.13 2133 0.52 7.65 0.04
1983 11 30 TAM 1 71.49 7.61 7.82 213.3 0.21 7.86 025
1984 01 08 PCR 1 64.06 6.08 6.44 67.4 0.36 6.35 027
1984 01 08 TAM 1 112.52 6.08 6.41 256.0 0.33 6.18 0.10
1984 02 (7 PCR 1 100.92 1.440 1.79 256.0 0.39 1.46 0.06
1984 02 07 58B 1 139.10 7.40 743 64.0 0.03 7.51 0.11
1984 02 07 PCR 2 259.98 7.40 7.76 2844 0.36 1.43 0.03
1984 43 24 PCR 1 106.41 6.81 6.83 256.0 0.02 6.89 408
1984 03 24 S5B 1 85.14 681 7.08 256.0 0.27 6.94 0.13
1084 03 24 TAM 1 105.02 6.81 7.12 256.0 0.31 6.94 0.13
1984 05 17 PCR i 15.34 6.40 6.18 256.0 .22 6.47 007
1984 05 17 TAM i 74.47 6.40 6.80 106.7 0.40 6.43 0.03
1984 05 17 WEFM 1 140.03 6.40 6.68 256.0 0.28 6.51 0.11
1984 08 06 TAM 1 104.77 6,46 6.68 65.6 022 6.58 .12
1984 09 18 PCR 1 98.34 632 6.55 674 0.23 6.43 0.11
1984 09 18 WEM 1 96.82 6.32 6.62 256.0 0.30 6,38 0.06
1984 11 01 PCR 1 96.94 6.60 6.81 128.0 0.21 6.69 0.09
1984 11 01 TAM 1 44,90 6.60 7.64 116.4 .44 6.70 0.10
1984 11 01 WEM 1 46.54 6.60 7.03 256.0 043 6.68 0.08
1984 11 17 PCR 1 46,61 6.76 6,71 256.0 0,05 6.72 0.04
1984 11 17 WEFM 1 136.77 6.76 6.48 65.6 -0.28 6.62 -0.14
1984 11 23 PCR 1 107.65 6.28 6.58 6§74 0.30 6.50 022
1984 11 23 S8B i 147.10 6.28 6.62 2133 0.34 6.31 0.03
1984 12 30 PAF 1 72.76 6.26 6.63 1164 0.37 6.45 0.19
1984 12 30 PCR 1 100.40 6.26 6.57 256.0 031 6.43 0.17
1984 12 30 WEM i 125.88 6.26 643 256.0 0.17 6.36 .10
1985 01 21 PCR 1 13,75 6.15 6.79 67.4 .64 6.52 437
1985 01 21 SSB | 113,99 6.15 6.72 116.4 0.57 6.46 031
1985 01 21 WFM 1 133.64 6.15 6.59 733 0.44 7.18 103
1985 63 02 PAF 1 63.27 6.04 6.50 80.0 (.46 6.76 072
1985 03 02 SSB 1 108.91 6.04 6.71 67.4 0.67 6.97 0.93
1985 03 63 PAF 1 91.08 8.01 7.95 256.0 -0.06 8.08 0.07
1985 03 03 PCR 1 106,25 8.01 8.21 256.0 0.20 8.07 0.06
198503 (3 SSB 1 104.42 8.01 8.05 256.0 0.04 7.94 0.07
1985 03 03 TAM 1 92.49 8.01 824 256.0 0.23 8.00 0.01
1985 03 03 WEM 1 75.61 8.01 771 2560 0.30 8.01 0.00
1985 03 03 PAF 2 268.92 8.01 8.05 2133 0.04 8.25 0.24
1985 03 03 PCR 2 253.75 8.01 8.18 256.0 0.17 8.04 0.03
198503 03 3SSB 2 255.58 8.01 8.00 256.0 0,01 7.90 -0.11
1985 03 03 WEM Z 28439 8.01 778 2560 0.23 8.08 0.67
1985 04 09 TAM 1 92.60 6.70 6.91 256.0 021 6.73 0.02
198504 13 TAM 1 117.67 6.45 6.95 232.7 0.50 6.60 0.15
1985 04 13 WEM 1 131.92 6.435 639 85.3 -0.06 6.77 0.32
1985 05 10 PCR 1 93.10 6.84 7.20 1280 0.36 7.08 0.24
1985 05 10 WEM 1 125.39 6.84 7.21 98.5 0.37 T.11 0.27
1985 07 03 PCR 1 95.12 6.92 7.48 182.9 0.56 7.09 417
1985 07 03 AGD 2 249.54 692 .25 94.8 0.33 7.10 0:.18
1985 08 23 AGD 1 40.01 6.52 6,60 128.0 0.08 6.85 033
1985 08 23 CAY 1 114.56 6.52 6.72 64.0 0.20 6,93 041
1985 08 23 PCR 1 63.20 6.52 6.91 182.9 0.39 6.69 0.17
1985 08 23 TAM 1 60.54 6.52 6.73 64.0 0.21 6.87 035
1985 09 19 CAY 1 50.719 8.04 7.89 64.0 -0.15 8.64 0.60
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TABLE 4. (continued)

Event Station Passage A M M, T r M, e
1985 09 19 PCR i 159.22 8.04 7.88 711 -£.16 8.64 0.60
1685 09 19 SSB 1 88.64 8.04 8.24 182.9 0.20 8.06 0.02
198509 19 CAY 2 309.21 8.04 177 256.0 -£5.27 8.04 0.00
1985 09 19 55B 2 271.36 8.04 8.27 256.0 023 8.05 0.01
1985 09 21 AGD I 13434 7.40 7.68 128.0 0.28 7.55 0.15
1985 09 21 CAY 1 49.89 740 738 640 002 7.70 0.30
1985 09 21 PCR 1 158.31 740  1.41 71.1 0.01 7.81 0.41
1985 09 21 588 1 8832 740 7.66 182.9 0.26 7.47 0.07
1985 09 21 AGD 2 22566 740 1.85 256.0 0.25 7.47 0.07
1985 09 21 PCR 2 201.6% 740 123 256.0 0.17 7.47 0.07
1985 09 26 CAY 1 12237 638 6.63 64.0 0.25 6.76 0.38
19835 09 26 PCR 1 104.14 6.38 6.68 116.4 030 6.67 0.29
1985 11 17 PCR 1 79.57 6.68 6.99 64.0 030 6.75 0.06
1985 11 17 TAM 1 126,66 6.69 7.21 753 0.52 6.96 0.27
1985 12 21 AGD 1 125.14 6.76 7.24 256.0 0.48 6.88 012
1985 12 21 CAY 1 140.76 6,76 7.24 256.0 0.48 650 0.14
1985 12 21 NOC 1 8.11 6.76 6.74 213.3 0.02 6.93 0.17
1985 12 21 PCR 1 103.66 6,76 7.22 256.0 0.46 6.84 0.08
1985 12 21 WEM i 120.68 6.76 7.12 256.0 0.36 6.80 0.04
1985 12 23 CAY 1 77.29 6.18 6.76 64.0 0.58 6.36 0.18
1985 12 23 NOC 1 100.40 6.18 6.76 256.0 0.58 6.27 0.09
1985 12 23 S5B 1 65.13 6.18 6.91 75.3 0.73 6.62 0.44
1985 12 23 TAM 1 86.25 6.18 6.88 71.1 0.70 6.53 0.35
1985 12 23 WEFM 1 34.94 6.18 6.80 71.1 0.62 6.38 0.20
1986 03 24 AGD 1 96.26 6.05 6.18 64.0 0.13 6.34 0.29
1986 03 24 DRV 1 64.13 6.05 6.10 67.4 0.05 6.45 0.40
1986 03 24 NOC 1 33.1% 6035 6.37 85.3 0.32 6.18 0.13
1986 03 24 SSB 1 121.43 605 6.46 64.0 0.41 6.24 0.19
1986 04 20 DRV 1 64.22 620 6.30 2133 0.10 6.33 0.13
1986 04 20 Kip 1 65.65 620 622 182.9 0.02 6.21 0.01
1986 04 20 NOC 1 32717 620 6.32 64.0 0.12 6.38 0.18
1986 04 20 WEM 1 129.78 6.20 6.49 2133 0.29 6.29 0.09
1986 04 30 AGD 1 134.95 6.4% 6.81 98.5 0.32 6.69 0.20
1986 04 30 CAY 1 5121 6.49 6.34 182.9 A0.15 6.66 6.17
1986 04 30 DRV 1 117.40 6.49 6.81 256.0 032 6.56 0.07
1986 04 30 KIP 1 51.60 6.49 6.34 256.0 0.15 6.62 0.13
1986 94 30 NOC 1 97.48 6.49 6.65 213.3 0.16 6.63 0.14
1986 04 30 S8B 1 88.73 6.49 6.81 256.0 032 6.59 0.10
1986 04 30 TAM 1 98.99 6.49 6.69 256.0 0.20 6.59 0.10
1986 04 30 WEFM 1 34.14 6.49 6.82 256.0 0633 6.59 0.10
1986 05 07 AGD 1 109.23 8.02 8.28 256.0 0.36 8.09 0.07
1986 05 07 CAY 1 105.52 8.02 773 284.4 029 7.93 -0.09
1986 05 07 CRZ 1 149,49 8.02 7.87 256.0 .15 £8.07 0.05
1986 05 07 DRV 1 122.77 8.02 8.16 256.0 0.14 8.01 -0.01
1986 05 07 Kip 1 32710 8.02 8.27 2133 0.25 798 004
1986 05 07 NOC 1 75.28 8.02 8.14 256.0 0.12 797 005
1986 05 07 PAF 1 139.78 8.02 7.86 160.0 0.16 8.25 023
1986 05 07 58B 1 83.50 8.02 8.35 256.0 033 8.08 0.06
1986 05 07 TAM 1 105.96 8.02 833 256.0 031 8.05 0.03
1986 05 07 WEM 1 63.59 802 779 256.0 -0.23 7.97 -0.05
1986 035 07 AGD 2 250.77 8.02 8.34 256.0 032 8.05 0.03
1986 05 67 CAY 2 254.48 802 781 284.4 -0.21 R.01 -0.01
1986 05 67 CRZ 2 210.60 8.02 7.82 256.0 -0.26 8.02 0.00
1986 05 07 DRV 2 237.23 8.02 8.17 256.0 0.15 8.02 (.60
1986 05 07 Kip 2 327.30 8.02 8.41 256.0 0.39 8.10 0.08
1986 05 07 NOC 2 284.72 8.02 8.16 256.0 0.14 8.00 -0.02
1986 05 07 PAF 2 220.22 8.02 7.83 284.4 -0.19 8.05 0.03
1986 05 07 58B 2 276.50 8.02 8.36 256.0 0.34 8.09 0.07
1986 05 07 TAM 2 254.04 B.02 830 2844 0.28 8.01 -0.01
1986 05 07 WEFM 2 29641 802 1M 196.9 0,25 8.01 -0.01
1986 05 07 AGD 3 469.23 8.02 833 284.4 031 8.04 .02
1986 05 07 CAY 3 465.52 8.02 176 284.4 .26 796 005
1986 05 07 CRZ 3 509.40 8.02 8.00 1829 -0.02 8.29 0.27
1986 05 07 DRV 3 482.77 &.02 8.26 284.4 0.24 8.10 0.08
1986 05 67 KIP 3 392770 8.02 8.22 256.0 0.20 7.91 -0.11
1986 05 07 NOC 3 435,28 8.02 8.20 284.4 0.18 8.03 0.01
1986 05 07 PAF 3 499.78 8.02 7.84 160.0 -0.18 8.23 0.21
1986 65 07 SSB 3 443.50 8.02 8.35 213.3 0.33 8.00 0.07
1986 05 07 TAM 3 465.96 8.02 8.32 284.4 0.30 8.03 0.01
1986 05 7 WFM 3 423,59 8.02 7.84 256.0 -L18 8.03 0.01
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"TABLE 4. (continued)

Event Station Passage A Mo M. T r M, e
1986 05 07 AGD 4 610,77 802 840 2327 0.38 8.12 0.10
1986 05 07 CAY 4 614.48 802 185 256.0 017 8.08 0.06
1986 05 07 CRZ 4 57060 802 784 111.3 .18 8.28 0.26
1986 05 07 DRV 4 597.23 8.02 821 284.4 0.19 8.05 0.03
1986 05 07 Kip 4 687.3¢ 802 845 284.4 0.43 8.13 6.11
1986 03 07 NOC 4 64472 802  8.20 284.4 0.18 8.02 0.60
1986 03 07 PAF 4 58022 802 794 111.3 0.08 847 0.45
1986 03 07 58B 4 63650 802 823 284.4 021 796 006
1986 05 07 WEM 4 656.41 802 173 1969 029 798 004
1986 07 69 DRV 1 69.21 620 624 256.0 004 6.20 0.00
1986 07 09 Kip 1 7569 620 650 256.0 0.30 6.25 0.05
1986 07 69 RER 1 72.92 6.20 650 256.0 0.30 6.26 0.06
1986 07 09 SCZ 1 106.31 620 629 256.0 6.09 6.21 0.01
1986 07 09 SSB i 110.48 620 670 256.0 0.50 6.36 0.16
1986 07 09 TAM 1 117.55 620 673 256.0 6.53 6.31 0.11
1986 08 14 DRV H 69.07 736 114 640 022 7.21 -0.15
1986 08 14 Kip i 7569 736 740 2560 0.04 7.50 (.14
1986 08 14 NOC 1 4546 736 741 182.9 0.05 7.39 0.03
1986 08 14 PPT 1 84.63 736 154 128.0 0.18 747 0.11
1986 08 14 RER 1 72.91 736 738 256.0 002 751 0.15
1986 08 14 SCZ 1 10636 736  7.20 256.0 -0.16  7.61 0.25
1986 08 14 SSB 1 11062 736 136 150.6 0.00 746 610
1986 08 14 TAM 1 11766 736 749 256.0 0.13 7.42 6.06
1986 08 14 Kip 2 284.31 736 148 256.0 012  7.60 0.24
1986 08 14 NOC 2 31454 736 140 256.0 004 736 0.00
1986 08 14 PPT 2 27537 736 151 2133 0.15 7.44 0.08
1986 08 14 RER 2 28709 136 735 2844 -0.01 7.48 012
1986 08 14 S3B 2 24938 736  7.23 2844  -0.11 734 002
1986 08 14 TAM 2 24234 136 152 75.3 016 741 0.05

Additional (R 5) Passages for 1986 Aleutian Event
1986 05 07 AGD 5 829.23 802 836 1113 034 8.14 0.12
1986 05 07 CAY 5 82552 802 799 111.3 .03 8.46 0.44
1986 05 07 CRZ 5 869.40 802 815 196.9 0.13 8.42 6.40
1986 05 07 DRV 5 84277 802  8.18 284.4 0.16 8.02 0.00
1986 05 7 KIP 5 752710 802 80 2844  .0.01 770 032
1986 05 07 NOC 5 79528 802 805 256.0 0.03 7.88 014
1986 05 07 PAF 5 859.78  8.02 8.01 1829 001 8.36 0.34
1986 05 07 SSB 5 80350 802 8.37 196.9 0.35 8.12 0.10
1986 05 07 WFM 5 783.5%¢ 802 8.16 100.4 0.14 8356 0.54

of the distance A at which the measurement is taken, Any
significant trend would indicate that our distance
correction Cp is inadequate, probably reflecting inap-
propriate @ models. 1t is clear from this figure that no

GEQSCOPE DATASET
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1<
B
™

Fig. 7. Map of the epicenters and focal mechanisms for the
GEOSCOPE data set. The stations are shown as dots; the post-
1986 location of the Réunion Island station (RER), only 18 km
away from PCR, is not shown.

such trend exists; a regression of r against logy A pro-
duced 2 slope of -0.057 for the whole data set, and the
steepest slope found was -(1.129 for the PAS data set. We
further explored the possibility of any systematic bias of
M,, with distance through two experiments: first, the data
presented in Figure 10a show no systematic difference in
the residual population between M, values for first and
multiple passages. Then we stodied in detail M, values
measured on 10 staiions of the GEOSCOPE network fol-
fowing the Aleutian earthquake of May 7, 1986, We use
48 records, including multiple passages up to K5 The top
frames of Figure 10b show no systematic trend with dis-
tance of the residuals » up o and including R4 In the
case of fifth passages, the signal-to-noise ratic has
deteriorated to the point that we may be measuring noise.
This explains the trends toward larger and more scattered
residuals., In the bottom frames, we compare each resi-
dual r(n) for an nth passage to the residual »(1) of £; at
the same station, thereby eliminating any focal mechan-
ism effect. Again the stability of this new residual with
distance is excellent up {0 and including R4, but starts {0
deteriorate for Rs, This justifies a posteriori the elimina-
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TABLE 5. Source Parameters of Events Used in This Study

Epicenter Published Focal Mechanism
Depth, Moment,
Daie °N °E km 107 dynem ¢, deg 8, deg A, deg Reference
1970 05 31 -92 -78.8 33, 10.00 160 37 250 a
1973 06 17 43.0 1458 33. 6.70 230 27 111 b
1974 10 03 -12.3 ~77.7 13. 18.00 160 80 85 cd
1975 07 20 A -6.6 1551 16. 3.40 306 36 90 e
197507 20 B -7.1 155.% 33, 1.20 303 40 90 e
1976 08 16 6.3 124.0 33, 19.00 327 22 68 f
1977 03 18 16.8 1223 35, 0.89 207 27 168 g
1977 04 02 -16.7 -172.1 50, 1.03 317 41 45 g
1977 04 21 -10.0 160.7 40. 1.20 326 a5 79 g
1977 06 22 22.9 -175.9 61, 14.00 197 79 271 g
1977 08 19 -11.1 118.5 23, 36.00 260 24 287 £
1977 10 10 259 -175.4 23. 1.02 18 38 293 g
1977 11 23 -31.0 -67.8 21, 1.86 183 44 S0 g
1978 03 23 44.1 149.6 28. 2.70 224 11 91 h
1978 03 24 1442 148.9 31. 2.30 223 18 93 h
1978 06 12 382 142.0 38. 3.40 184 14 59 h
1978 11 29 16.0 -96.6 16, 527 127 84 94 h
1979 02 16 -16.4 “72.7 34, 0.62 59 16 25 i
1979 (02 28 60.6 -141.6 19. 1.90 271 13 96 i
1979 03 14 178 -101.3 27. 1,72 306 15 110 i
1979 05 01 212 169.8 73. 1.45 18 41 190 i
1979 09 12 -1.7 136.0 16. 2.40 100 71 5 i
1979 10 12 -46.7 165.7 20. 1.00 19 15 136 i
1980 07 08 -12.4 166.4 44, 2.00 157 42 78 i
1980 07 17 -12.6 1659 34 4.85 351 31 102 i
1981 05 25 -48.8 164.4 33, 2.75 302 83 355 k
1981 67 06 -22.3 1.7 38. 2.60 345 30 181 k
1981 07 15 -17.3 167.6 30, 0.58 338 27 83 k
1981 07 28 30.0 57.8 15. 0.90 150 13 119 k
1981 09 01 -156 -173.1 20. 1.95 118 37 287 k
1981 10 25 18.0 -102.1 32. 0.70 287 20 82 k
1982 06 07 A 16.6 982 11. 0.29 268 10 48 1
1982 06 G7 B 16.6 -98.3 19. 0.27 286 12 76 I
1982 06 19 13.3 -89.3 52. 1.05 102 25 254 1
1982 67 07 -51.2 160.5 10, 0.68 65 62 182 1
1982 08 05 -12.7 165.9 24. 0.32 337 32 83 1
1982 12 19 241 -175.9 30, 198 198 15 90 1
1983 01 17 38.1 20.2 10. (.23 34 14 153 m
1983 01 24 12.9 93.6 73. 0.17 291 50 39 m
1983 03 18 -4.9 153.6 70. 4.63 170 49 120 m
1983 04 03 8.7 -83.1 28, 1.82 316 25 110 n
1983 04 04 5.7 94.8 72. 0.34 207 51 51 n
1983 05 26 40.4 139.1 13, 4.60 16 27 86 n
1983 16 04 -26.6 -70.8 39. 3.40 9 20 110 o
1983 10 22 -60.6 -25.4 10, 0.46 231 35 278 o
1983 11 30 -6.9 721 10. 4.10 293 35 308 o
1984 01 08 -2.8 118.8 15, 0.12 13 16 85 p
1984 62 07 -9.9 160.5 22. 2.50 296 37 30 o
1984 03 24 442 1483 31 0.64 229 17 109 P
1984 05 17 365 535 10. 0.25 1 64 177 q
1984 08 06 324 131.8 29. 0.29 337 7 224 T
1984 09 19 34.0 1414 33. 0.21 264 26 220 1
1984 11 01 8.1 388 10. 0.40 274 73 183 s
1984 11 17 0.2 98.0 23, 0.58 334 10 116 5
1984 1123 -143 1713 27. 0.19 300 66 353 s
1984 12 30 367 1775 19. 0.18 86 36 348 s
1685 01 21 -1.0 1285 21 0.14 203 76 188 t
1985 03 G2 -2.0 119.7 44, 0.11 283 84 357 t
1985 03 03 332 ~12.0 41, 1036 11 26 110 t
1985 04 09 -342 <715 47. 0.50 0 21 99 u
198504 13 1.7 126.6 40, 0.28 12 34 69 u
1985 05 10 5.6 151.1 2. 0.69 193 67 194 u
1985 07 03 -4.5 1528 3L 0.83 169 37 106 v
1985 08 23 39.4 753 13. 0.33 313 29 159 v
1985 09 19 18.2 -102.6 21. 11.60 EID)| 18 105 v
1985 09 21 17.8 -101.7 2L 2.50 296 17 85 v
1985 09 26 346 -178.7 61. 0.24 196 54 39 v
1985 11 17 .16 135.6 13. 0.49 179 64 174 w
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TABLE 5. (continued)

Epicenter Published Focal Mechanism
Depth, Mornent,

Date *N N km 10% dyn-cm ¢, deg 8, deg A, deg Reference
198511 28 A -14.0 166.2 24, 0.30 i6l 36 251 w
19851128 B -14.0 166.2 44, 0.36 262 68 13 w
1985 12 21 -14.0 166.5 46, 0.57 163 44 85 W
1985 12 23 622 -124.3 15, 0.15 354 45 98 W
1986 03 24 -2.5 1387 15, 0.11 94 39 356 X
1986 04 20 -2.4 139.3 21 .16 88 29 20 b4
1986 04 30 184 -102.9 21 0.31 290 18 87 ¥
1986 05 7 514 -174.8 23, 1040 246 22 85 ¥
1986 07 09 20 126.6 35. 0.16 9 39 71 z
1986 08 14 1.8 126.6 20 2.30 224 81 104 2
1986 10 20 -28.1 -176.4 50. 9.00 270 56 158 aa,ab,ac
1987 02 08 -5.9 1478 15, 111 82 83 4 ad
1987 03 05 -24.5 -70.2 43, 2.48 12 23 106 ad
1987 03 06 0.15 -71.8 15. 0.64 113 24 183 ad
1987 06 27 22 1382 27. 0,08 118 53 5 ae
1987 07 06 -14.1 167.8 15. 0.10 159 42 34 af
1987 08 08 -19.0 -70.0 79. 0.79 176 20 273 af
1987 09 03 -58.90 158.30 15. 1.40 155 69 188 af
198709 28 A -18.45 168.11 23. 0.19 346 25 98 af
1987 09 28 B -18.36 168.14 22. 0.08 349 26 1635 af

References: a, Abe [1972]; b, Shimazaki [1974); ¢, Dewey and Spence [1979); d, Kanamori [1977]; e, Lay and
Kanamori [1980]; f, Stewart and Cohn[1979]: g, Dziewonski et al. {1987al]; h, Dziewonski et al. [198751; i,
Dziewonski et al. [1987¢c; j, Dziewonski et al. [19884); k, Dziewonski et al. 1198883, }, Dziewonski et al. [1983a);
m, Dziewonski et al. [1983b]; n, Dziewonski et al. [1983¢]; o, Dziewonski et al. [1984a}; p, Dziewonski et al.
{1984b]; q, Dziewonski et al. [1985a); 1, Dziewonski et al. [1985b]; s, Dziewonski et al. [1985c]; 1, Diiewonski et
al. [1985d}; u, Dziewonski et al. [1986q); v, Dziewonski et al. [1986b]; w, Dziewonski et al. [1986¢]; x, Dziewonski
et al. [1987d}; vy, Dziewonski et al. [1987el; 2, Dziewonski et al. [1987f]; aa, Dziewonski et al. [1987g]; ab,
Lundgren and Okal [1988]; ac, B. Romanowicz and T. Monfret (personal communication, 1987); ad, Dziewonski el
al. [1988c]; ae, Dziewonski et al. {19884}, af, Dziewonski et al. [1988e].
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Fig. 8. Full popuiations of M,, values plotted as a function of
published moment Mo, either as individual data sets {top; lower
left), or as a whole data set (lower right). In all cases, the
dashed line is the expected relation M, = logye My — 20,

tion of the R values from the data sets described in the
previous sections. On the basis of these various experi-
ments, we conclude that the corrections Cp are adequate.

In another test we isolated the 10 records with the
shortest epicentral distances. The latter vary between
8.11° and 32.77°, with seismic moments ranging from
1.6 x 107 to 1.4 x 10%% dyn-cm. As Table 6 and Figure
11 show, there is no anomalous trend for these measure-
ments taken at short distances. This means that the accu-
racy of the M, scale is still appropriate at distances as
short as 8° (Vanoatn event of December 21, 1985
recorded at Nouméa). This result is crucial for tsunami
warning. At such short distances, less than an hour
separates the passage of the surface wave from the arrival
of the tsunami, and there may not be time to wait for sur-
face wave reports from other Pacific stations.

Periods. Figure 12 similarly shows the residuals r as
a function of the period T at which the measurement is
taken. Since the previous fest has suggested that the
period-dependent Cp i3 not systematically biased, any
significant trend would indicate that our corrections Cg
are inadequate or that we suffer from source finiteness
effects. Again, it is clear from Figure 12 that no such
trend exists; a regression of » against logy T produced a
slope of -0.021 (or less than 0.0l magnitude unit per
octave) for the whole data sef, and the maximum value
was -0.149 at PAS. Our conclusion is, again, that no
significant bias is evidenced by this analysis.
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TABLE 6. Averages and Standard Deviations of the Residuals r.

Station Number of
Data Set Code Records F o Fe G,
Whole data set 258 0.14 0.25 0.09 0.19
Pasadena PAS 42 0.02 0.28 0.05 0.23
Papeete PPT 45 0.09 019 -0.05 0.16
GEQOSCOPE 169 0.18 0.24 0.13 0.17
Special Sub-Data Sets
PPT subset {Talandier ¢t al., 1987] PPT 20 0.02 0.18 -0.10 6.13
10 shoriest distances 10 0.07 0.15 6.08 6.17
Individual GEQSCOPE Stations
Pointe des Cafres, Réunion® PCR,RER 31 0.18 0.24 .14 0.14
Saint-Sauveur de Radole, France S5B 25 0.31 0.21 0.14 0.21
Tamanrasset, Algeria TAM 19 033 015 (.12 0.11
Westford, Massachusetts WM 18 0.10 0.31 0.12 0.24
Port-aux-Francais, Kerguelen Islands PAF 16 0.11 0.26 0.22 0.21
Cayenne, French Guyana CAY 12 0.00 029 0.17 0.20
Arga, Djibouti AGD 11 0.29 0.11 0.14 0.10
Nouméa, New Caledoniz NOC 11 6.17 0.15 0.06 0.08
Dumont d'Urville, Antarctica DRV 9 011 614 0.06 0.14
Kipapa, Hawaii KipP 9 0.18 0.18 007 0.1%
Crozet Istand ™™ CRZ 4 014 007 014 012
Santa Cruz, California’ SCZ 2 004 013 013 012
Papeete, Tahiti'? PPT 2 016 002 010 00
Time Domain Measurements
Papeete PPT 45 -0.07 0.22 016 0.17

TWe treat as a single dataset records from the Réunion
to Riviére de I'Est (RER) in 1986.

Island station before and after it was moved {about 18 km)

T1Due to the small number of events, the values obtained at these stations may not be statistically significant.

We found little systematic correlation between the
period yielding the largest M,, and M, itself. In general,
the biggest earthquakes in our data set have M, mesas-
ured at periods over 100 s. A notable exception is the
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Kermadec earthquake (October 20, 1986). Significantly,
this is an event for which available estimates of My vary
widely, The Harvard CMT solution for this event
(Mo=4.52x 10" dyn-cm) is significantly less than
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Fig. 9. Residual population r = M,, — log,q My + 20 plotted as a function of distance A, The horizontal scale is
different at PPT, where we have no multiple passages. Any systematic trend on these diagrams would invali-

date the correction Cp and probably the 0 models.



OKAL AND TALANDIER: MANTLE MAGHNITURE M,

First Possages Oniy

WP;OLE DATASET

; T T
- 0.5 - +““4 +”+h +¢+:¢ i
* + ¢+ £+ .
g WIS ETR 25 KOOI
3 Q prao M P e e S
2 S LS e
W _G’S | - * * P
i
&y : 1 ;
Y] 50 106 150
DISTANCE (degrees)
WHOLE DATASET Muitiple Passages Only
1
. T T T T ; T
0.5 - o, + 7
..G:.E **?{,‘, B . t‘f ++ e
= ¢l . + ¥ e
E LS v, o+ L
w ~0.5 . + -
e
& -1 L 1 L i : 1
20C 300 400 500 8850 FOC
DISTANCE {degrees!
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function of distance for first and multiple passages, tespec-
tively. Any systematic difference between wrends on these
diagrams would indicate an inappropriate Cp.

reported by other investigators: Lundgren and Okal
[1989] have proposed (8.5-10) x 10¥’ on the basis of
body wave deconvolution and B. Romanowicz and T.
Monfret (personal communication, 1987) have obtained
9 % 10" from the GEOSCOPE data set. We obtain values
of M, of 7.83 at PPT and 7.94 at PAS, in much better
agreement with the higher values. It is noteworthy that
the PPT measurement is obtained at a period of only
63 s, a clear anomaly for an earthquake this size, Simi-
larly, while M, at PAS is obtained at a longer period
(227 s}, the value measured at 51 s is very large (7.85).
Lundgren and Okal [1988] have shown that this event is

characterized by a body wave source spectrum
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anomalously rich in high frequencies. This earthquake is
an example of how the use of M,, cen retrieve valuablo
information on the source characteristics of the carth-
quake in the form of the period T at which the final
measurement is made.

Influence of focal mechanism and depth, The most
far-reaching approximation that we made in deriving the
expression of M, is the replacement of the wue excita-
tion £ by iis average taken over many focal geomeiries
and depths. In this section we investigate systematically
the influence of the source characteristics on our meas-
wrements, In keeping with the concept of magnitude, we
do not envision incorporating a comection for focal
geometry into the computation of M,,; the purpose of this
section is simply o assess whether the residuals » are
due significantly 1o the eifects of radiation pattern and
depth.

Focal mechanism and depth information is listed in
Table 5 for all earthquakes used in this study. For each
record we use (8) 10 compuie the true excitation E in the
exact focal and receiver geometry. We then define the
“‘focal mechanism contribution’” as

Cpy = —logp E — s (14)
and a corrected value of M, as
MC ﬂMm +CFM (15)

M, is the value of A, whichk we would have computed
at the same period had we known the focal mechanism
gxactly, instead of using the average excitation (10).
Values of M, and of the residuval r, =M, -
logyo Mo+ 20, are lisied as the Ilast two columns of
Tables 24, We then conducted some siatistical analyses
on r, similar to those in section 4. Results are shown in
the last two colummns of Table 6,
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Fig. 1056, Residual population for 48 GEOSCOPE records of the 1986 Aleutian event, up to and including R
(Top Left) Same as Figure 9. (Bottom Left) The residual r(n) for each passage R, has been subtracted from the
fundamental r (1) at the same station. (Right) Same as left, for the comrected values r, (see text and Figure 13

for details),
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Note the absence of any systematic trend

which could invalidate the use of M, at regional distances,

The average absolute value of Cpy is 0.21 or 0.22 for
all four data sets. Not surprisingly, the mean residuals 7,
and standard deviations ¢, computed for the M, data sets
arc generaily improved with respect to their M, counter-
parts. The only exception is 7, at PAS, but the difference
(0.03 units of magnitude) is not significant. The variance
reduction introduced by the use of Cpy is rather limited,
on the order of cnly 30-40%. In some individual cases
the inclusion of Cpy, resulls in a significant deterioration
of the estimate of M, Examples are the Samoa event
(April 2, 197T) at PAS and the Mexican earthquake (Sep-
tember 19, 1985) at Cayenne, These are cases when the
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station is located close to a node of excitation of the pub-
lished mechanism, and yet significant energy is found in
the seismogram. There may be two reasons for this
situation: either inaccuracy in the published focal
mechanism (andfor depth) or multipathing due to lateral
heterogeneity. resulting in a distorted value of the take-
off azimuth ¢, in (8). The latter is suggested by the
observation that the large r, residuals occur preferentially
at shorter periods, as shown on Figure 13, In such
geometries it actually makes sense o use the concept of
magnitude which is found to be more robust than a meas-
urement taking into account a supposedly exact value of
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Fig. 12. Residual population » = M,, — logjo My + 20 plotted as a function of the period T at which the meas-
urement is taken. Any systematic trend on these diagrams would invalidate €5 or the assumption that we stay

on the flat portion of the spectrum.
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Fig. 13. Same as Figmwe 12 for the corrected residuals r, = r + Cpy. Note that the largest residuals occur at
the short-period end of the spectrum, suggesting that multipathing may be responsible.

the excitation, which can be strongly affected by
phenomena such as multipathing or incorrect values of
the source parameters.

Finally, Table 3 shows that the somewhat deficient
values of M,, for the largest earthquake in the data set
(the 1977 Indonesian event) are an artifact of the use of a
single station (PAS) at an unfavorable azimuth, rather
than the expression of saturation.

Station corrections? We also investigated any possi-
ble systematic trends in  at individual stations. We are
motivated in this respect by the common practice of
using ‘‘siation corrections’’ for magnitude scales meas-
ured at higher frequencies, although we would expect
them to disappear at longer periods. Table 6 shows the
values of ¥ and ¢ at individual stations. Most values of 7
fall within the 0.1—0.2 range, with the exception of the
GEOSCOPE stations AGD (Djibouti), TAM (Taman-
rasset, Algeria), and SSB (Saint-Sauveur, France), which
have values of 7 in the 0.29-0.33 range. The general
proximity of these three stations could suggest some kind
of lateral heterogeneity effect. However, this pattern
disappears when the M, values are used, indicating that
the higher residoals at these three stations are an artifact
of preferential focal geometry, We do not have a simple
explanation for the fact that the GEOSCOPE data set has
7, slightty larger than PAS (by 0.08 units} and PPT (by
0.13 units). Also, the results are probably not significant
at SCZ (Santa Cruz, California) and PPT (GEOSCOPE
station, Papeete) for each of which we have only two
records and at CRZ (Crozet Island), for which all four
records pertain to the Aleutian event of May 7, 1986.

We currently do not have a satisfactory explanation of
the global residual 7 = 0.14. We have shown in the pre-
vious sections that v has no systematic correlation with
distance, period, or siation. In general, by using an aver-
age excitation instead of the exact focal mechanism, we
introduce a slight bias amounting to 0.05 units of magni-
tude. The remaining 7. = 0.09 must be considered an

unexplained bias inherent in the methodology. The small
amplitude of this number constitutes in itself one of the
successes of the theory, Only the future application of
this method to much larger data sets could conceivably
help answer this question,

Path. Tinally, we want to discuss the possible
influence on the computed value of M,, of the fectonic
nature of the particular path involved. The calculation of
Cp in (6) uses regionalized values of the group velocity
U and attenuation factor Q™ this practice is motivated
by the difficulty of defining a single value of these
parameters (especially attenuation) at each frequency.
However, the question then arises of the stability of M,
measurements with respect to a change in tectonic model
or, in practical terms, how erroneous will be our estimaie
of the seismic moment M, if we happén to use the wrong
tectonic model for U and .

We examined this question in several ways, First, we
considered pure paths, assumed to sample only provinces
of homogeneous tectonic character. For periods ranging
from 30 to 300 s and for distances varying between 5 and
115°, we compuied all seven values of Cp and retained
their range of variation. This quantity, direcfly expressed
in units of magnitude, is contoured on Figure 14. As
expected, the range of variation of Cp is important only
for short periods and large distances. It remains below
0.1 unit of magnitude over most of the distance-period
field. In addition, these calculations are clearly made
under a worst case scenario: for example, the maximum
range of variation of nearly 1.0 unit of magnitnde would
correspond to the case of a 50-s wave iraveling 115°in a
pure shield structure and mistakenly interpreted as travel-
ing the same distance over a “‘trench and back arc”’
region. Either path is geographically impossible at the
sutface of the Earth; in the real world the lateral hetero-
geneity of the planet acts to reduce considerably the
range of variations of Cp over realistic paths.

In turn, this observation led us to asscss the validity of
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Fig. 14. Range of variation of € with tectonic province, as a
fanction of distance and period. Contoured (in units of magni-
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vahies of Cp obtained by applying {6) to seven pure paths sam-
pling exclusively the seven tectonic regions described in Table

using an average model of U and 0 in the computation
of Cp. Specifically, at each period we define

7
Upper = '}" z Uy (16)
7 E=1
and
a1V
aver ™ “.“7' EQk (17)
k=1

where the index k is related to tectonic region (note that
as a forther simplifying assumption, these averages are
not weighted in proportion to the true extent of cach
region at the surface of the Earth), We then used the
PPT daia set to compare the resulting corrections C5™ 1o
the actual corrections obtained through regionalization
and used in the compilation of Table 2. The average
error thus introduced was found 1o be less than 0.01 unit
of magnitade, and s root mean square is 0.03 units of
magnitude. The largest value, obtained for the 1986 Ker-
madec earthquake, is .06 units, A similar experiment on
first passages Ry at PAS yields an average of .01 unit of
magnitude, a root mean square error of 0.03 uniis, and a
maximum value of 0.06 unit for the 1977 Samoa event.
In view of the general precision of our method, we
believe that these errors are negligible.

The argument could then be made that regionalization
may be superfluous and that the use of CA™ is
satisfactory. For spectral measurements taken in the fre-
quency domain, and thus requiring computer processing,
regionalization is straightforward and can be achieved at
very little programming cost. As we discuss below, our
method can be extended to the time domain and applied
in the absence of computer support. Our results show that
in this latter case, the use of an average tectonic model
should not lead io significant errors. With such an appli-
cation in mind, and for reference, we compiie in Table 7
values of Cf at a2 number of representative distances

OKAL AND TALANDIER: MANTLE MAGNITUDE M,,

and pericds. We also include the distance-independent
source correction Cy; their combination allows immediaic
use of (11} or (19) (for the latter, see the time-domair
discussion below).

6. EXTENSION TO TIME-DOMAIN MEASUREMENTS

All of the previous theory and measurements were
taken in the frequency domain, However, the notion of
magnitude was developed primarily in the time domain,
and it may be interesting to extend the concept of M, 1o
time domain measurements. '

it is tempting, on a scismogram such as shown on Fig-
ure 1, to measure the amplitudes of the prominent oscil-
lations of the Rayleigh wavetrain in its inversely
dispersed period range (typically between 50 and 250 s)
and ic use them w0 characterize the earthquake's size, In
this section we present a simple, phenomenological,
justification of this concept. A more rigorous investiga-
tion of the relationship of time domain magnitudes and
seismic moment, based on phase-stationary asympiotics
to the Fourier infegral, is given in a companion paper
[Okal, this issuel.

Al short distances the inversely dispersed portion of
the Rayleigh wave ofien can be modeled as a single full
oscillation of a sinusoid of period T, (see Figure 15). The
Fourier amplitude of such a signal at the corresponding
angolar frequency g = 2r/Ty is related to the zero-to-
peak amplitude a4 of the apparent sinusoid through

X (@)= a0 To as)
Away from oy, the spectral amplitede falls off as the
function sinc [% {0 — wg) Tyl.

As the distance becomes larger, the waveform becomes
more dispersed, and several oscillations with clearly
increasing periods are identifiable (Figure 1), We make
the simplifying assumption that each oscillation is
sufficiently different in frequency from the previous one,
so that when computing the spectral amplitude at its

NOCZ 85 355 1 15 @
0 i |

~10 1 ]
15 20 25 30
Time [(mn)

Fig. 15, Example of a Rayleigh wave at very short distances
(Vanuata event of December 21, 1985 at Nouméa), clearly
showing one prominent oscillation at a period T ~ 45 s.
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TABLE 7. Source Correction Cg According to {10), and Distance Correction C§**
for an Average Earth Model, as a Function of Period and Distance
Corrections (Magnitude Units) at Various Periods T
Distance, T= = T = T = T= T= T= T = T o ™ T e
deg 50 s 75 s 100s 125 s 150 s 175 s 200 s 235 s 250 s 275 s 300 s
Correction Cs (Independent of Distance)
3.674 3.746 3.781 3.805 3.826 3.847 3.870 3.895 3.922 3951 3.982
Correction C5™
3 -0.498 .506 -0.511 0515 A.518 -0.520 0.521 -0.522 -0.523 0.524 -0.525
16 -0.317 -0.332 -(.343 -0.350 0.355 0360 -0.363 -{1.365 -0.367 0.369 -0,370
15 -0.198 0.221 -0.237 -0.249 -0.256 0.263 -.268 0,271 0,274 0277 -0.279
20 -0.106 -0.137 -0.158 -0.173 0.184 0.192 0,199 -0.203 -0.207 -0.211 -0.213
25 ~0.028 0.067 0.093 0112 -0.125 -0.136 -0.144 -0.150 -0.155 0,139 -0.163
A0 0.040 -0.006 -0.038 -0.061 -0.077 -0.090 -(.099 -0.106 -.112 0,117 -0.121
35 0.101 0.048 0.011 -0.016 -0.034 0.050 -0.061 -0.069 -0.076 -0.082 -0.087
40 0.158 0.096 0.054 0.024 0.003 -0.015 -0.027 0,037 -0.045 -0.051 -0.057
45 0.210 0.141 0.094 0.059 0.036 0.016 0.002 -0.009 3,018 -0.025 -0.031
50 0.259 0.182 0.130 0.092 0.066 0.044 0.028 0.016 0.066 -0.002 -0.009
55 0.306 0.221 0.163 0.121 0.092 0.069 0.051 0.038 0.027 0.018 0.010
60 0.349 0.257 0.194 0.148 0.117 6,091 0.072 0.057 0.046 0.036 0.027
65 0,391 0.291 0.223 0.173 0.139 0.111 0.050 0.075 0.062 0.051 0.042
70 0.431 0.323 0.250 0.196 0.159 0.129 6.106 0.090 0.076 0.065 0.055
75 0.468 0.353 0.274 0.217 0.178 0.145 0.121 0.103 (.089 0.076 0.066
80 £.504 0.381 0.297 0.236 0.194 0.159 0.134 0.115 (0.099 0.086 0.075
85 0.538 0.408 0319 0.254 0.209 0.172 0.145 0,125 0.108 0.094 0.082
G0 0.571 0.433 0338 0.269 0.222 0.183 0.154 0.133 0.116 0.101 0.038
g3 0.602 0.456 0.356 0,283 0.234 0.192 0.162 0.139 0.121 0.106 0.092
100 0.631 0.477 0372 0.296 6.243 0.260 (.168 0.144 0.125 0.109 0.094
103 0.659 0.497 0387 0.307 0.252 02006 0.172 0.147 0.127 0.110 0.095
110 0.684 0.513 0.400 0316 0.258 0.210 0.175 0.149 0.128 0.11¢ 0.094
115 0,708 0.531 0411 0323 0.262 0212 0.176 0.148 0.126 6.107 0.091

exact frequency, we can neglect the side lobes of the
other sinc functions. Gkal and Talandier [1987] tested
this assumption on a very crude model of the Rayleigh
waveform and found that it should not introduce an error
of more than 10.15 orders of magnitude. Under these
conditions we can substitute {18) into (11) and obtain the
time domain mantle magnitude

MTD 10g19 [a T]+ Cb + Cﬂ - 1.20 (19)
where 2 is the zero-{o-peak amplitude in microns, T the
period in seconds of a prominent osciliation of the long-
period inversely dispersed Rayleigh wave, and (p and
Cy are given by (6) and (10).

Comparison With Data

In order to test the conce t of a time-domain mantle
magnitude, we compuzed MI? values from (19) for 42
records at Papecte. AS in lhe case of spectral measure-
menis, we take measurements at all prominent pcrlods
and retain the largest value of MIP. In order io stay in
the well-dispersed part of the spectrum and as suggested
from Okal {this issue], we restrict ourselves to the period
range 60-200 s. Results are given: in Table 8 and Figure
16, The average residual 7 for the entire data set of 42
events is -0.07, and the standard deviation o’” = 022 .
Az in the case of spectral amplitudes, we computed the
influence of the exact focal mechanism and depth of the

event on f:he residual; again, we find a slight improve-
ment of "7 but in this case a deterioration of the mean
residual. These values are compiled as part of Table 6.
The populations of residuals obtained in the time and fre-
quency domains are comparable in mean values and stan-
dard deviations. However, direct comparison between
individual values for the same event is pot significant,
since the two measurements can be taken at different
periods.

Other Extensions of M., : a Perspective

It would be simple in principle to extend the concept
of M, in at icast two other directions.

An extension to Love waves could provide an addi-
tional safeguard against the problem of a nodal station,
since it is well known that for “‘pure”” mechanisms Ray-
leigh nodes are Love maxima, and vice-versa. M, can
then be defined as the greater of MJR®%igh  and prleve,
The computation of the source correction (s is straight-
forward. The distance correction requires the compila-
tion of new models of @ and I/, Because Love waves
arg not cfficiently dlspersed prominent frequencies are
difficult to identify in their wave shapes, and thus we do
not expect that a time domain M%° could be defined.

It is also possible to extend ihe M,, concept to deeper
carthquakes. While the motivation of accurate tsunami
warning no longer exists, it is siill useful to develop a
simple one-station mantle magnitude for such events. The
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TABLE 8. Time Domain Measurements at Papeete

OrAL AND TALANDIER: MANTLE MAGNITUDE M,

Event Station  Passage A M M T ™ M w0
1973 06 17 PPT 1 84,68 7.85 177 148 0.08 7.51 0.34
1974 10 03 PPT 1 69.18 8.26 7.99 149 027 7.94 032
1977 04 02 PPT 1 21.54 7.03 6.97 69 -0.06 6.2 0.1
1977 06 22 PPT 1 25.24 8.15 8.01 38 0.14 7.70 045
1978 03 24 PPT 1 8332 7.36 7.06 158 -0.30 7.03 .33
1978 06 12 PPT 1 84.80 7.53 7.03 171 0.50 6.99 .54
1979 02 16 PPT 1 73.03 6.79 6.42 141 0,37 6.69 0.10
1979 02 28 PPT 1 78.34 7.27 7.01 140 0.26 6.91 036
1979 03 14 PPT 1 59.17 7.24 7.10 158 0.14 7.07 0.17
1979 10 12 PPT 1 46.82 7.00 6.73 99 027 6.66 0.34
1980 07 08 PPT 1 42.78 7.29 7.26 118 0.03 7.2 007
1980 07 17 PPT 1 43.19 7.90 7.85 165 005 7.62 0.28
1981 07 06 PPT 1 36.59 7.41 6.84 91 0.57 7.11 0.30
1981 07 15 PPT 1 40.79 6.76 6.88 125 0.12 6.66 0.10
1981 10 25 PPT 1 58.68 6.85 6.84 131 -0.01 6.77 0.08
1982 06 07 A PPT 1 61.04 6.46 6.46 97 0.00 6.57 0.11
1982 06 07 B PPT 1 60.84 6.43 6.33 139 0.10 6.38 0.05
1982 08 05 PPT 1 43.16 6.51 6.74 130 0.23 6.49 0.02
1982 12 19 PPT 1 25.39 7.30 7.28 116 0,02 7.24 0.66
1983 05 26 PPT 1 87.84 7.66 7.82 161 0.16 7.40 026
1983 10 04 PPT 1 72.74 7.53 737 155 016 7.23 0.30
1984 02 07 PPT 1 4897 7.40 743 115 0.03 751 0.11
1984 03 24 PPT 1 83.67 6.80 6.65 120 0.15 6.52 028
1985 03 03 PPT 1 70.32 8.01 775 96 0.26 7.62 0.39
1985 04 09 PPT 1 70.53 6.70 6.72 120 0.02 6.60 0.10
1985 09 19 PPT 1 58.40 8.04 76 151 0.28 7.66 0.38
1985 09 21 PPT 1 58.87 7.40 7.38 161 0.02 7.35 0.15
1985 11 28 A PPT 1 4258 6.48 6.92 132 0.44 5.59 0.11
198511 28 B PPT 1 42.64 6.56 6.69 132 0.13 6.78 0.22
1985 12 21 PPT 1 4233 6.76 6.82 122 0.06 6.77 0.61
1986 G4 30 PPT 1 58.18 6.49 6.51 131 0.02 6.41 0.08
1986 05 07 PPT 1 7238 8.02 7.99 168 0.03 7.71 031
1986 10 20 PPT 1 27.08 7.95 7.65 63 030 751 -0.44
1987 02 08 PPT 1 62.16 7.05 718 104 0.13 6.92 0.13
1987 03 05 PPT 1 73.50 7.39 7.42 121 0.03 7.30 0.09
1987 03 06 PPT 1 75.33 6.80 6.86 129 0.06 6.84 0.04
1987 06 27 PPT 1 72.44 597 572 61 020 579 0.13
1987 07 06 PPT 1 41.06 598 6.49 104 0.51 6.07 0.09
1987 08 08 PPT 1 74.88 6.90 7.05 111 0.15 6.78 20.12
1987 09 03 PPT 1 55.90 7.15 6.69 91 .46 7.17 0.02
1987 09 28 A PPT 1 4017 6.28 .33 113 0.05 6.10 0.18
1987 09 28 B PPT 1 40.15 5.88 594 116 0.06 5.70 2018

distance corrections for Rayleigh waves are of course
unchanged. In order to define suitable source corrections,
it Is necessary to restrict the depth range to intervals
where the excitation £ does not vary too much, Prelim-
inary work shows that this is possible at very long
periods. in the two depth intervals 80-200 km and
400-670 km, where the most intense intermediate and
decp seismicity takes place.

7. CONCLUSIONS

We have shown that spectral amplitude measurements
of mantle Rayleigh waves can be converted to a magni-
tude scale, M, , which is directly related to the seismic
moment M, of the earthquake. The philosophy of a mag-
nitude measurement, which uses the records of a single
station and ignores the focal geometry and the exact
depth of the source, can be used successfully to obtain a
real-time estimate of the seismic moment. A study of
more than 250 records shows that average residuals at

typical stations are on the order of 0.1-0.2 magnitude
units, and standard deviations are on the order of 0.2 .
These numbers compare very favorably with the typical
performance of classical magnitude scales, or even with
the scatter in moment valucs published by individual
investigators,

Furthermore, by letting the period at which the meas-

urement is made vary and by keeping the largest result- . °
ing magnitude, we effectively guard against interference

and satoration effects, which have plagued the standard - .
magnitude scales, such as M, for 50 years. Only for a ..

station sitting in an exact node of radiation in the case of
a “‘pure’” focal mechanism would our method be sys-
temnatically inaccurate. Our experience shows that in such
a geometry, multipathing effects can to some extent
reduce the expected error; furthermore, the extension 0
the concept to Love waves should help guard against this
problern.

In addition, we want to emphasize that (11) is, to our
knowledge, the first magnimde scale in which all
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Fig. 16. Time-domain values of M° and population of residuals +™ and ]

period, and distance for 42 earthquakes at Papeete.

oefficients and constants are fully justified on the basis
of theoretical arguments. Therefore the present study is
the first attempt to set the concept of magnitude on a firm
theoretical basis.

By providing in real time, upon arrival of the Rayleigh
wave (rain, an estimate of the seismic moment of the
carthquake source, M, has obviously a considerable
potential for accurate tsunami wamning. Since the method
does not break down at very short distances, it is particu-
larly valuable for the rapid evaluation of tsunami danger
at regional distances, especially in sparsely populated
arcas where direct reports from the source region may
not be available. Obvious cxamples are the Alaska-
Aleutian arc and the whole Southwest Pacific region.

The calculations involved in the computations of M,
are extremely simple. They can casily be implemented
on a personal computer and, as shown on Figure 17, lend
themselves well 1o full awtomation [Talgndier et al.,
1987; Talandier and Okal, 1989]. Even in the absence of
such commeonly available hardware the method has great

: . potential; for any given seismic observatory, the regional-

ized distance corrections can be tabulated in advance for
- all epicentral areas bearing substantial tsunami risk. As
an alternative, the average distance corrections CH™
listed in Table 7 can be used with negligible loss of
accuracy. The time domain variant of the method can
then be implemented with no more than a ruler, a pencil,
and a hand-calculator.

Finally, we wish to conclude by illustrating the
effectivencss of the method in tsunami warning: the
seismic record shown on Figure 17 was used to evaluate
tsunami potential immediately following the Aleutian
earthquake of May 7, 1986. As a result of the estimate
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M, = 8.0, no isunami warning was issued for Polynesia.
In contrast, a false alarm based largely on reporied M,
values was issued for Oahu and along the Pacific
NMorthwest coast of the 1.8, mainland.

While the assessment of the relative dangers of failure
to wamn and false alarms is largely a philosophical and
social task outside the responsibility of Earth scieniists, it
is clear that the scientific community has a duty to the
public to provide swiftly the most accurate information
possible on the parent earthquake and its tsunamigenic
characteristics, We strongly believe that the use of the
magnitude scale M,, is an imporiant step in that direc-
tion,

Aleutian, 07 May 1985 2 minules

2R

=l A | J‘ﬂh{‘r\
E e "\,PI\,\ AU i i j a.M‘J‘J‘ﬁ” Wiy
y w
2l iy
L P
: _T“ﬁ_m _ e
§ LS
"

Fig. 17. Example of the use of MX? in the automatic retrieval
of the seismic moment of an earthguake. (Top) Broadband
seismic record of the Aleutian earthquake (May 7, 1986) at
Papeete. (Bottom) After filtering out the periods shorter than
40 s, the minima and maxima of the wave are automatically
detected (asterisks), and the computation of the magnitude
proceeds according to (19).
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