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Single-station Estimates of the Seismic Moment of the 1960
Chilean and 1964 Alaskan Earthquakes,
Using the Mantle Magnitude M,

EMILE A, OkAL' and JACQUES TALANDIER?

Absiract —Measurements are taken of the mantie magnitude M, , developed and introduced in
previous papers, in the case of the 1960 Chilean and 1964 Alaskan earthquakes, by lar the largest events
ever recorded mstrumentally. We show that the M, algorithm recovers the seismic moment of ihese
gigantic earthquakes with an accuracy (typically 0.2 to 0.3 units of magnitude, or a factor of .5 to 2 on
the seismic moment} comparable 1o that achicved on modern, digital, datasets, In particular, this study
proves that the mantle magnitude A, does not saturate for large events, as do standard magnitude
scales, but rather keeps growing with seismic moment, even for the very largest earthguakes. We further
prove that the algorithm can be applied in unfavorable cxperimental conditions, such as instruments
with poor response at mantle periods, seismograms clipped due to limited recording dynamics, or ¢ven
on microbarograph records of air coupled Rayleigh waves.

In addition, we show that it is feasible to use avoustic-gravity air waves generated by those very
fargest earthguakes. to obtain an estimate of the seismic moment of the event along the general
philosophy of the magnitude concept: a single-station measurement ignoring the details of the carth-
quake’s focal mechanism and exact depth.
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Introduction and Purpose

The purpose of this paper is to test the variable-period mantie magnitude M in
the case of gigantic earthquakes for which standard magnitudes, affected by total
saturation, fail to provide an adequate estimate of the true size of the event. The
concept of M, was introducted by OraL and TALANDIER (1989; hereafter Paper
I3, as a means of retrieving in real time an estimate of the seismic moment Af, of
an earthquake while keeping the general concept of a magnitude scale, i.e., a quick,
one-station measurement not requiring the knowledge of the event’s focal mecha-
nism or exact depth. The mantle magnitude A, initally developed on Rayleigh
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waves, was later extended to Love waves by OkAL and TALANDIER {1990; hereafter
Paper II). We refer to Papers I and II for the theoretical justification of the
expression

M,, =log, X{(@) + Cpy + Cy — 0.90 (1)

where X{w) is the spectral amplitude (expressed in pm-s) of ground displacement at
the angular frequency @, and €, and C, frequency-dependent corrections for
distance and source excitation effects, respectively. The “locking™ constant —0.90
in (1) theoretically predicts that M, should be an estimate of [log,q M, — 20], where
My is in dyn-cm. We also showed in Paper I, and justified in OkaAL (1989), that a
direct time-domain measurement on a Rayleigh wave record low-pass-filtered at
25 mHz was possible, using the expression

M7 =log{d - TT+ Co+ Cp — 120 (2)

where A4 is the zero-to-peak amplitude of an oscillation of the signal (in microns),
of apparent period 7. At large distances A, an additional term 0.5 log,, A/70° must
be added to the correction C,,, to reflect the increasingly dispersed character of the
mantle Rayleigh wave. This correction becomes significant for A > 120°

Our main objective in developing A, was to build a magnitude scale avoiding
the well-known saturation effects which plague any scale measured at & constant
period (GELLER, 1976). In particular, total saturation around M, = 8.3 renders the
standard 20-s surface wave magnitude M, (which GELLER and KANAMORY (1977)
kave shown to be identical to the “Richter” scale used by GUTENBERG and
RicHTER {1954) to estimate many large historical events) useless for the study of
the very largest earthquakes. The use of M, becomes outright dangerous in the
context of tsunami warning and prevention, given that the scale starts saturating at
just about the moment level (16™ dyn-cm) where tsunami generation becomes
non-irivial, and therefore cannot provide any reliable guantitative estimate of the
tsunamigenic character of an event. Conversely, the mantle magnitude M,, was
integrated into an automated real-time tsunami detection algorithm (TALANDIER
and OraAL, 1989),

Through a series of performance tests on data sets of more than 500 records, we
showed in Papers I and II that M, is not affected by saturation and keeps growing
as log,q M,. The slopes of best-fitting straight lines regressing the logarithm of
published A, values as a function of measured M,, were not significantly different
from 1, between M, values of 6 and 8.4, Later, REYMOND ef af. {1991} have shown
that the method can be extended to lower moment ranges (M, = 3.9) without
difficulty or loss of performance. However, we were limited in our previous studies
by the desire to keep a homogeneous, mostly digital, data set for which reliable
moement values are available, for example from the CMT solutions published by
DzIEWONSKI et al. (1983; and subsequent quarterly updates). However, the ulti-
mate test of the validity of the A, concept will be its ability to recognize in
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real-time a gigantic event carrying extreme tsupami hazard. At the time of
writing (May 18, 1991), there has not been a truly gigantic earthquake
(M, = 16% dyn-cm) for 26 years {since the 4 February 1965 Rat Island earth-
quake), and thus no such earthguake was included in the data sets analyzed in
Papers I and II. The purpose of the present study is to test the performance of
M, on the two largest events ever recorded instrumentaily: the 1960 Chilean and
1964 Alaskan earthquakes.

We want o emphasize that our goal in the present study is not to analyze
every single available seismogram for either of the events, but rather to show on a
number of examples, some of them purposely selected so as to involve inferior
instrumentation and geometry, that M, does recover a reasonable estimate of the
moments. We will aiso show that an estimate of the seismic moment can be
derived from microbarograph records of the acoustic-gravity waves generated by
the events.

Seismic Waves: The 1964 Alaskan Event

At the time of the 1964 Alaskan earthguake, the WWSSN had been deployed,
and a set of excellent records is available, which incidentally, formed the backbone
of the first comprehensive investigation of the earth’s normal modes {DZIEWONSKI
and GurigerT, 1972). The source process of the event itself was investigated by
Kanamori (1970) who obtained a moment M, =7.5 x 14® dyn-cm, and later
revised the figure to 8.2 x 107 (KANAMORI, 1977). We will use the latter figure as
a reference moment, which we will write as equivalent to a “published mantle
magnitude” M2 = log,, M, — 20 = 9.91.

In the case of the Alaskan event, our goal is to show that, despiie the absence
of broadband instrumentation, the A, algorithm can be successfully applied to
avatlable records, even under conditions of inadequate geometries or instrumenta-
tion. For this purpose, we used three kinds of records:

Individual WWSSN Long-period Records

Since the moment of the event was derived precisely from a set of WWSSN
records {KanNaMoORI, 1970), we will simply show that an estimate of Af, can be
obtained from an individual record. For this purpose, we selected the vertical
long-period mstrument at Mundaring (MUN), and processed its phases R, and R,.
The resulting M, values are 9.48 and 9.42, respectively. These digitized records are
shown on Figure [, and all relevant information listed in Table 1. Following the
procedure in Paper I, we also computed a “corrected” value, M,, to estimate what
fraction of the residuals » = M,, — M2, is due to the systematic error involved in

7

correcting for an average focal mechanism and depth, rather than for the exact ones
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Figure !
Vertical WWSSN 30100 records of the 1964 Alaskan earthguake at Mundaring, Plotted are the third
and fifth passages of the Rayleigh wave. The records have been equalized to 4 standard magnification
of 1500, Note the spectacular ampiitudes.

Table §

Summary of results for the 1964 Alaskan Farthquake
MP =991 (Kanamory, 1977)

Distance Period
Station Code [nstrument Wavetrain { M, (s) M

Frequency domain measurements

Mundaring MUN WWSSN 36-100 Ry 480.36 9.48 293 9.61
Mundaring MUN WWSSN 36100 R 840.36 9.42 256 9.58
Uppsala upp Wiechert &y 306.72 9.57 256 9.59
Uppsala uep Wiechert Gy 666.72 9.45 256 9.48
Papeete PPT Microbarograph R, 78.4 9.87 123 9.70

Time domain measurements

Papeete PPT Microbarograph R, 78.4 9.90 fe2 9.73

published by Kanamor1 (1970). The remaining deficiency in M, characterized by
the residuals r, = M, — M? = —0.22 and —0.25 respectively, is probably due to a
source finiteness effect: the size of the earthquake is such that even at the longest
periods recorded on the WWSSN instruments, the amplitude of the wave is slightly
affected by directivity, At any rate, the values obtained for r, are typical of the
scatter achieved when using modern data (sec Paper I, Table 6).
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Figure 2

Wiechert records of the 1964 Alaskan earthquake at Uppsala. Plotted are the second and fourth passages
of the Love wave, as recorded on the East-West component. Note that the two plots have different time
scales.

Wiechert Records at Uppsala

We also include in the present study records obtained at Uppsala (UPP) as part
of a more general study of historical seismograms (OxAL, 1991). Only the East-
West component (mostly Love polarization} was of high enough quality to be used.
Figure 2 shows the phases ¢, and G, which yielded A, = 9.57 and 9.45 respec-
tively. Corrected values wouid be M, =9.59 and 9.48. These values are somewhat
deficient, which is an illustration of the fact that the enormous length of propaga-
tion of the rupture would probably require measurements at periods beyond 300 s,
for which the instrument response is significantly degraded. WMevertheless, the
earthquake is clearly identified as gigantic.

Microbarograph Record of Rayleigh Waves in Polynesia

A long-period seismometer did operate at the Papeete Geophysical Laboratory
(PPT) in 1964, However, the emphasis at the time was on short-period surface
waves {around 20 s period), using sharply selective narrow-band-pass filters redue-
ing the magnification of the instrument at mantle periods. As a result, the PPT
record cannot be used for an M, computation. However, two microbarographs
were operaling at Papeete (PPT) and Bora-Bora (16.44°S; 151.75°W), providing
usable records of an air wave ground-coupled to the mantle Rayleigh wave, Such
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records, recognized originally by BENIOFF et al. (1951), amount to a detection of
the Rayleigh wave through its weak continuation into the atmosphere. In the case
of the 1964 Alaskan earthquake, Bort (1964) and DONN and POSMENTIER (1964)
have published and discussed such signals, mostly from the standpoint of the
dispersion of the Rayleigh wave, without attempting to quantify the source directly
from the amplitude of the recorded overpressure. More generally, YUEN et ol
(1969} have shown on the example of the 1968 Tokachi-Oki earthquake that a
Rayieigh wave’s *“tail” into the atmosphere can be detected at altitudes as high as
300 km, from the oscillations it induces onto the ionosphere.

The spectral amplitude P(w) of the overpressure signal at the air-ground
mterface can bhe converted to the vertical displacement spectrum X{w) of the
Rayleigh wave by the relation

P((U) = [)Cillm. V(w) = pc'dlﬂl.(DX(w) (3)

where p = 1.2 kg/m® and c,,, =331 m/s are the atmosphere’s density and sound
velocity at zero altitude, and ¥(w)} is the amplitude spectrum of the vertical
particle velocity of the free surface. This equation 1s valid in the fimit ¢/c,,, » 1,
where ¢ is the Rayleigh wave’s phase velocity (HaskgLL, 1951). Furthermore, for
a Rayleigh wave at mantle periods, the vertical displacement at the surface is not
affected significantly by the presence of the ocean column. Thus microbarographs,
which have a practically flat response well into the mantle wave frequency band,
would he equivalent to velocity sensors, or in other words to seismometers with a
@' response fall-off at long periods. In order to improve the signal-to-noise
ratio, the two records at Papeete and Bora-Bora were stacked after time-lagging
by cross-correlation (Figure 3a), then deconvolved for vertical ground motion

and filtered (Figures 3b, ¢), and estimates of M,, computed both in the time and
frequency domains. Results are included in Table 1. In practice, the instrument
recovers the moment Hawlessly: M, = 9.87 in the frequency domain, 9.90 in the
time domain.

In conclusion, in the case of the Alaskan earthquake, the four values of M,
measured rom standard seismometers have an average residual 7= —043 and a
standard deviation & = 0.07. These numbers are relative to the revised estimate
AME =991 (KanamMORI, [977). While these residuals are large, they are in part due
to the systematic error involved in using Cs, rather than the exact focal mechanism.
Values for the corrected magnitudes would be 7, = —0.31; ¢, =0.02. The generally
negative character of these residuals reflects the extreme duration of the source,
which would require measurements outside the range of performance of standard
instruments. If the residvals are computed with respect to KANAMORIS (1970)
original estimate (M, = 9.87), they improve slightly and the new value of 7,
{ —0.27) is within the 1-o scatter of the extensive data sets studied in Papers I and
II. At any rate, the exceptional size of the event is recovered beyond doubt. With
its broader response, the microbarograph performs even better.
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Figure 3
Micrebarograph records of Rayleigh waves from the 1964 Alaskan earthquake. (a): Original pressure
signal, stacked at Papeete and Bora-Bora. (b): Vertical ground motion deconvolved from (a) in the
period range 12600 s for use in the frequency domain analysis. (c): Vertical ground motion further

Seismic Waves: The 1960 Chilean Event

This earthquake has long been recognized as the largest event ever recorded
instrumentally. The first estimate of its moment can be reconstructed from BEn-
MENAHEM’S (1971) “source constant” Q = 2 mm, equivalent to M, /4nua’® where a
is the radius of the earth and u the rigidity of the source medium, and translating
into My = 1.6 x 10°° dyn-cm. In the definitive study on this earthquake’s geometry,
Kanamort and Crpar (1974) proposed a value of 2 x 10 dyn-cm for the main
shock of the event, and indicated that the total seismic release, including the slow
precursor, could amount to as much as 6 x 10°° dyn-cm. The analysis of interfer-
ence patterns among the earth’s free oscillations by KANAMORI and ANDERSON
(1975) suggested a moment of (3 — 4) x 10* dyn-cm. GELLER {1977} confirmed a
total value of 2.4 x 10°° dyn-cm based on the excitation of the gravest mode of the
earth ,5,. More recently, CIFUENTES and SILVER (1989} analyzed an extensive data
set of the event’s normal modes, as recorded on the Press-Ewing instruments
deployed during the IGY, and came up with figures of 3.2 x 10° dyn-cm for the
main shock, starting around 19:09 GMT on May 22 and lasting approximately
3mn, with a total release of 5.5 x 10° dyn-cm spread over 25 mn, starting at
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18:52 GMT. We will use their figure for the mainshock as the published reference
for this event; it would be illusory to attempt to retrieve the slow component of
seisnlic moment release from a single wavetrain, We will write this in the form an
equivalent published M, or Af4 = 10.51.

Records Analyzed

Since the 1960 Chilean event predates the WWSSN, we analyzed several
types of records obtained on a variety of instruments. Resulis are regrouped in

Table 2.
Tabie 2
Summary of results for the 1960 Chilean Earthquake
M7 =10.51 (CrruENTES and SILVER, 1989)
Distance Period
Station Cade Instrument Wavetrain 3 M., (s) M,
Frequency domain measuremnents M,
Uppsala UPP Wiechert G, 23575 9.04 256 981
Uppsala UPP Wicchert R, 235.75 G.67 171 9.91
Uppsala UPP Wiechert R, 595.75 .74 228 9.93
Seven Falls SFA Wood-Anderson Gy 634.54 10,29 142 10,77
Pahsades PAL  Press-Ewing R, 640.68 586 233 i0.19
Palisades PAL  Press-Ewing R, 1000.68 8.7% 233 10.13
Palisades PAL  Press-Ewing Ry 1360.68 i0.16 122 10.68
Resolute RES Press-Ewing Gy 966.07 10,13 142 i0.45
Resolute RES  Press-Ewing Gy 1326.07 10.24 213 10.57
Resolute RES Press-Ewing G 1686.07 10,17 183 10.50
Resclute RES  Press-Bwing (Z) Ry, 1686.07 10.18 HA | 10.55
Resolute RES Press-Ewing (NS) R 1686.07 10.57 213 10.88
Pasadena PAS 180-s Strainmeter G, 276.53 8. 77 284 10.02
Pasadena PAS 180-s Strainmeter G, 636.53 9.78 284 10.03
Pasadena PAS 180-s Strainmeter R, 276.53 9.99 233 10.16
Pasadena PAS 180-s Strainmeter R, 636.53 10.03 284 10.20
La Foliniere  FLN  LDG-Long Period R, 611.62 10.22 205 10.45
La Folintére FLN  LDG-Long Period R 828.38 9.82 246 10.05
La Folinigre  FLN  LDG-Long Period R, 971.62 10.31 223 10.54
La Foliniére FLN  LDG-Long Period G, 611.62 10.07 205 10.24
La Foliniere  FLN  EDG-Long Period G 828.38 9.67 223 9.82
La Folinisre = FLN  LDG-Long Period Gy 971.62 10.33 205 10.50
La Folinidre FLN  LDG-Long Period G, i188.38 10.08 246 10.23
Time domain measurements M 1P

La Folinigre  FLN  EDG-Long Period R, 611.62 10.32 226 10.55
La Foliniere  FLN  LDG-Long Period R 828,38 9.94 269 10.27
La Foliniére FLN  LDG-Long Period R, 971.62 10.44 245 10.67
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Figure 4
Pasadena record of the 1960 Chilean earthquake on the low-gain, 180-s strainmeter, The wavetrains G,
R;. G, and R, were used in this study. After KanaMort and Cipar {1974).

Pasadena Strainmeter. We processed the famous record on the North-South
fow-gain strainmeter at Pasadena, previously used by BEN-MENAHEM (1971) and
KanaMORI and Cipar (1974), and reproduced in Figure 4. Targeted were the
dominant phases R,, G>, R, and &,. The response of the instrument was studied in
detail by Kanamory and CIpar (1974), who concluded that it is equivalent to that
a mechanical seismograph with constants 7 = 180s, V= 10, h = 4.

IGY Press-Ewing Network. During the International Geophysical Year, Press-
Ewing instruments which were to become the prototypes of the long-period
WWSSN, were deployed at a dozen sites worldwide. These records provided the
bulk of the data from which the early analyses of the earth’s normal modes were
performed. Their responses have been compiled most recently by CIFUENTES and
SILVER (1989). We concentrated on the Palisades and Resolute records, obtained
from the Lamont-Doherty Geological Cbservatory archives (see Figure 5 for
sample waveirains).

Uppsala Wiechert and Seven Falls Records. We include in our data set 3
wavetrains obtained on the Uppsala Wiechert (KULHANEK, 1987), as part of our
concurrent systematic study of the application of M,, to historical earthquakes
{OrAL, 1991). We also include a record of &, at Seven Falls, obtained on a torsion
seismometer.

Narrow-band Long-period Records

Records of the Chilean event at La Foliniére, France (48.76°N, 0.48°W: Code
FLN) were recently discovered in the archives of the Geophysical Laboratory of
Commissariat a 'Energie Atomique in Paris. These instruments had a response
roughly comparable to that of a standard electromagnetic system with a maximum
magnification around 20 s. In particular, the narrowband filters later developed to
boost the 20-s amplification (see above discussion of the Alaska event) were not
available in 1960, and therefore the response of the instrument follows the straight
w? fall-off characteristic of standard electromagnetic seismographs. The paper chart
recordings had only limited dynamic range, resulting in severe clipping even for




112 Emile A. Okal and Jacques Talandier PAGEOPH,

SFR EW G4 22 MAY 1868
0.4 T T T T »
e |
a u.2 N (@) W, —Anderson ]
a3 : : L { i
38 40 42 44 46 48 5O
Time (mn)

RES GB CHILE 22 MAY 1880
12 b T 1 I 1 [

£
o
Press—Euing -
3 1 1
[28) 70 L)
PAL R4 CHILE 22 MAY 1860
T i T T
3L (C) I Press—
£ - .
X Uh\ﬁ ol
1+ ) _
Ewing
G £ I | L 1 J
30 35 40 45 50 55

Time (mn])

Figure 5
Examples of conventional records of the 1960 Chilean earthquake. {&): G, at Seven Falls, Quchec
(Wood-Anderson instrument); (b): G; at Resolute (IGY Press-Ewing); (¢): R, at Palisades {Press-Ew-
ing). Note difference in time and amplitude scales.

multiple passages (sec Figure 6}, entirely due to the mechanical characteristics of
the paper recording, rather to the seismograph itself. We corrected for clipping by
considering each clipped arch and least-squares fitting a half-sinusoid through the
undisturbed points. The resulting seismogram was then analyzed both in the time
and frequency domains.

Results

The most fundamental result is that the average measured M, is 10.02, with the
smallest value being 9.64 (G, at Uppsala). This means that the M, algorithm
positively recognizes the Chilean earthquake as the gigantic event it truly is,
unparalleled ever since the dawn of seismic recording. Indeed, our concurrent
systematic study applying M, to large data sets of historical records (OkAL, 1991)
has failed to come up with any comparable measurements: the 1960 Chilean and
1964 Alaskan carthquakes stand alone as the only events beyond AM,, =9.5.
Furthermore, M, correctly ranks the Chilean event above the Alaskan one. In this




Vol 136, 1991 Single-station Estimates of the Selsmic Moment 13

LA FOLINIERE, France (FLN} Rﬁ CHILE 1960

23 May 1968 03:30 GMT Minutes

FIN H6 Processed 22 MAY 80
1
i I

0.5

cm

-0.5 | ! | | i
20 30 40 50

Time after 03:00 GMT, 23 May (mn)

Figure 6
Sixth Rayleigh passuge (R,) observed at La Foliniére, France on the LDG narrow-band long-period
nstrument. Top: 5-minute portion of the origibal signal, showing severe clipping due to limited
dynamical range of the paper chart recorder. Borom: Processed signal representing ground motion
(reaching 1.5 cm peak-to-peak) after reconstruction to elimate clipping, fillering out for 72 100's, and
removal of instrument response.

respect, il performs better than BRUNE and ENGEN’S (1969) 100-s magnitude M, :
the fatter, conceptually close 1o M, but measured at a fixed period T' = 100 s, could
not avoid eventual saturation for gigantic earthquakes, and ranked Alaska larger
than Chile.

At this point, on the basis of both the Chilean and Alaskan results, we can
affirm that Af,, has successfully achieved its goal, as presented in Paper I, of
avoiding saturation effects, even for the very largest earthquakes, while at the same
time retaining the simple concept of a magnitude scale.

The average value of the residual 7 is —0.49, with ¢ = 0.26, While this number
looks large, it must be emphasized that most stations used suffered from an
unfavorable focal geometry. Indeed, the average corrected residual, 7. is only
~—0.22. Furthermore, all residuals are computed with respect to CIFUENTES and
SILVER’s (1989) value of the moment of the main shock; the residuals would be
smaller if referred to the earlier, and lower estimate of KANAMORI and CIPAR
(1974). Not surprisingly, the best results are obtained on the IGY Press-Ewing
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instruments, which feature improved magnification well into the longest mantle
periods. For this subset, F = —0.37; 7, = —0.02. Among other instruments, the
torsion seismometer at Seven Falls 15 one of the best performers, while the Uppsala
Wiechert yields consistently deficient amplitudes.

We also demonsirate that time-domain measurements can be extended to very
large events. Results at FLN show a general deficiency for odd passages, which is
attributable to a remnant of directivity, even at the very large periods used; however
the joint use of odd and even passages guards against significant underestimation of
the source. These records also uphold the use the additional correction 0.5 logy,
[A/70°] for multiple passages.

Acoustic-gravity Waves

We investigate here the possibility of using acoustic-gravity waves recorded on
microbarographs to guantify the source of the Alaskan and Chilean earthquakes.
As opposed fo the case previously studied, in which we were detecting the Ravieigh
wave through its weak continuation into the atmosphere, we will now study a truly
atmospheric acoustic or gravity wave, generated through the excitation by the
buried source of its weak continuation into the solid earih. That the eigenfunction
is weakly continued into the solid earth also allowed RiTsSEMA (1980) to detect this
type of wave using a standard long-period seismometer, following the explosion of
Mount 5t. Helens on 18 May [980.

Data: 1964 Alaskan Earthquake

In the case of the Alaskan carthquake, we use the Berkeley (BKS) and East San
Diego (ESD) records published by Mixumo (1968). This author forward-modeled
the excitation of atmospheric waves by the Alaskan earthguake using as an
mntermediate step the ground sirong motion in the epicentral region in order to
compute the excitation of the atmosphere. We will show that the spectral amplitude
of these records can provide an excellent estimate of the seismic moment of the
event.

The original records, digitized from Mixumo (1968) are shown on Figure 7.
MIKUMO also provides mstrument response information (his Table 1 and Figure 9),
even though 1t Is not exactly ciear at which frequency the sensitivity of the
microbarographs is given. We take it to represent the gain at the period of
maximum sensitivity. It is immediately apparent that these records are characterized
by abundant very long-period energy, especially in the 400-700 s range, arriving at
a group velocity of approximately 310 m/s. The combination of these properties
identifies the wave as being the fundamental gravity mode GR, (PRESS and
HARKRIDER, [962). However, this mode can be contaminated by the acoustic
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Figure 7
GRq gravity wave records of the 1964 Alaskan earthguake at Berkeley (BKS, Top) and East San Diego
{ESD, Bortom), as digitized from MikUMO (1968). Note different vertical scales.

branch §; in the range 360—420 s. For this reason, we will restrict our investigation
to T'=500-700 3. Table 3 gives spectral amplitudes al two Fourier periods {512
and 640 <) for both BKS and ESD.

Data: 1960 Chilean Earthquake

While no seismic stations were run in Polynesia in 1960, the Papeete Geophysi-
cal Laboratory operated two microbarographs, one at Papeete, and one at Makatea
island, an uplifted atoll 235 km to the Northeast (15.87°S; 146.28°W; Code MKT).
Only the MKT record, reproduced on Figure 8a, could be used for this study.
Despite ultra-long-period noise at periods on the order of 600 s, it clearly shows a
coherent wave train arriving at approximately 02:52 GMT on 23 May 1960, and
more apparent on the processed trace plotted on Figure 8b obtained after rectifica-
tion for clipping (see above} and high-pass filtering at T = 600 s, The characteristics
of this wavetrain are a period of I70-195s, and a zero-to-peak amplitude of
approximately 20 dyn/om?, or 0.02 mbar; as shown on Figure 8c, the spectral
amplitude falls sharply at periods below 160 s, Given the epicentral distance of
7613 km, the group time at MKT is 27,4005, equivalent to a group velocity
U=1278 m/s. As shown on Figure 9a, this combination of pericd and group
velocity identifies the wave as an acoustic branch, which in principle could be either
Sy or 5, (Press and HARKRIDER, 1962}, The arrival of GR,, expected 54 mn
earlier, could not be recovered. As discussed below, the excitation of the branch S,
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Figure 8

Microbarograph record of the acoustic wave S, recorded at Makatea {French Polynesia) from the 1960
Chilean event. (a}: Original record. Note strong noise at ulira-long periods, and clipping due to limited
dynamic range of graphic recording. {b): Same record after removal of clipping and filtered periods
larger than 600 seconds. Note coherent S, arrival at 02:52 GMT. (¢): Amplitude spectrum of the S,
wavetram; note that the energy in the signal s concentrated between 165 and 2055,

by seismic sources is 2.5 to 5 times smaller than that of §; at the periods 170200 s,
and would become comparable {or larger) only at shorter periods (T < 160}, at
which the signal has weak amplitudes. We conclude that the wavetrain observed at
MEKT is indeed part of the S5, branch. The fact that its group velocity is slightly
slower than for a standard model such as ARDC (278 m/s vs. 295) probably reflects
iocal geographical conditions (PrEss and HARKRIDER'S (1962) tropical model 1s
significantly slower than ARDC in this range of periods), or perhaps the influence
of winds, as documented for example by WEXLER and Hass (1562) in the case of
a large 1961 Soviel nuclear explosion.

Table 3 lists the spectral amplitudes at Makatea at the Fourier periods corre-
sponding to the maximum of energy of the wave.

From Querpressure to Seismic Momenit

The mantle magnitude philosophy, i.e., obtaining an estimate of the seismic
moment A, of the source i the absence of any detailed knowledge of the focal
mechanism of the event, can be extended conceptually to the case of air-sea coupled
waves. Because atmospheric waves can be considered as a superposition of the
elasto-gravitational free oscillations of a system consisting of the solid earth, the
liguid ocean, and the gaseous atmosphere (conveniently limited at some maximum
altitude, on the order of 150 km), the fundamental separation between excifation
and propagation effects is maintained, and one expects an equation of the form (1)
to hold. Specifically, the moment M, can be retrieved from the spectral amplitude
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Figure 9
Dispersion properties and relative excitability of the branches S, and §, in the period range 150-200s.
(a): Theoretical phase and group velocity, detailing the cross-over point between the two Oranches
around 155s. (b): This frame plots the logarithm of the ratio of the average excitabilities of S, and S,
in the same range of periods. The various curves are relative t¢ sampling depths ranging from 25 km (%07
symbols} to 95 km {7 symbols)., See text for details.

of the pressure disturbance P(w) at the surface of the ocean through:
M, =log;, M, — 20 =log,, P(w) + CL + CL + C}. (4)

* Locking constant Cj. As discussed in detail in Paper L, in the case of Rayleigh
waves, the correction Cg i (1) was obtained from excitation coefficients X,
computed in units of 10*" dyn ', since they related ground motion (in ¢m) to a
unit moment of 107 dyn-cm. When X(w) was further expressed in um-s, the
constant C, took the value —0.90. In the case of pressure waves, we will measure
pressures in dyn/em’ (107°bar) and will express the equivalent excitation co-
efficients K7 (see below) in dynjem? of ocean surface overpressure for the same unit
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Table 3

Summary of results for acoustic-gravity waves

Period Spectral Amplitude
{s) Branch P{w), Poise log,, Ple) ch 54 M

"

1950 Chile: M2 = 10.51 (CiFuenTES and SILVER, 1989)

Station: Makatea (A = 7613 km)

196.92 Ay 6663.3 3.824 0.160 3.301 10.39
182.86 Sy 81093 3.909 0.165 3.351 10.53
179.67 Sy 6314.3 3.800 0.170 3681 10.75
160.00 So 4698.0 3.672 9.175 4.045 10.99

1964 Alaska: M2 =991 {KANAMORL, 1977)

"

Station: Berkeley (A = 3127 km}

640.0 R, 5564.2 3.745 - (). 152 2.198 8.8%
512.0 GR, 30228 3.480 —~{(.150 2.283 8.1
Station: East San Diego (A = 3842 km)

640.0 GR, 193147, 4.286 —{0.110 2198 9.47
512.0 GR, 8843.1 3.947 -0 107 2.283 9.22

moment of 10°7 dyn-cm, which amounts to measuring K[ in units of 107*" cm™7.

If Plw) is measured in the ybar-s (a unit having dimensions of viscosity,
and equivalent to 1 poise or (.1 Pa-s), the constant (, then iakes the value
-+3.10.

s Distance correction C4,. This correction has the same expression as for mantle
Rayleigh waves,

lse
CH=05log,, sinA-}-logm(,.“’ deg 5)

the only problem being the estimation of the attenuation factor @° for pressure
waves. In the case of the branch GR, at periods of 400700 s, BoLt and TaNmMoTO
(1981) have proposed values of QF between 2000 and 4000; we will use their
“preferred” value of 2000, keeping in mind that, thanks to long periods and short
distances, doubling ¢ would affect the final magnitude by at most a few hun-
dredths of one unit.

I the case of S, around 170 s, HARKRIDER (pers. comm., 1990) suggests an
attenuation coefficient y = 0.68 x 107 km™', equivalent to Q%= n/TUy = 980.
Mixumo and Borr (1985) have proposed a higher value (@7 = 1500). The latter
would vield €5 at Makatea varying from 0.140 at 160 s to 0.111 at 197 5, while
HARKRIDER's stronger attenuation would result in a frequency-independent

£ = 0,209, In Table 3, we use at each frequency the average between the two
values, keeping in mind that the potential error is less than 0.05 units of magnitude.
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* Source excitation correction CE. In computing this correction, the major effort
is to define the equivalent coefficients X7, For this purpose, we use the formalism
of HARKRIDER er al. (1974}, in which the authors merged HARKRIDER'S {1964a)
acoustic-gravity wave code and his Rayleigh wave one (ITARKRIDER, 1964b) for the
purpose of calculating the excitation of (mostly elastic) Rayleigh waves by atmo-
spheric sources. We are interesied here in the exact reverse problem, namely the
excitation of (mostly atmospheric) air-sea waves by a dislocation source in the solid
earth.

HARKRIDER e/ al’s {1974} code is written in the surface wave formalism, in
which the eigenfunction in the solid earth is described in terms of the horizontal and
vertical displacements «, and u,, and of the tractions g,, and o,,. Following OKAL
(1982), we can then define excitation coefficients

K¥ =0, Brc?UI %y
K¥= Brc2UI®
2 ux/ e (6)
K¥ =g, [8nc?UIkp
K¥ = u_[8ncUiR

where the notation is after SArro (1967): ¢ is the wave’s phase velocity, U its group
velocity, & its wavenumber, p the rigidity at the source, and I® is the Rayleigh
energy integral

15 f PO + 1) dz 7

which must now be extended over both earth and atmosphere. OKAL (1982) has
shown that, in the limit of a shallow source and for large values of the equivalent
order [ = ka — 1/2, the equivalent normal mode coefficients are given by

4U
K, = K¥—
al
40
a4y 3A+2
Koz—m-~2-,/+ﬂ K:;k* qa K?M%K'?
al A+ 2u 344 2p

The final step in computing the coefficients K7 is Lo scale the K,'s by the ratio of the
overpressure at the surface of the ocean to the vertical displacement at its bottom,
which is usually normalized to 1 in HARKRIDER et @f.’s (1974} code. The equiva-
lence of the two formalisms was checked numerically by computing a standard
100-second mantle Rayleigh wave both using our normal mode algorithm, and as
a particular case of a coupled air-sea wave using these authors’ code.
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From there on, the computation proceeds exactly as in Paper 1. In the absence
of any detailed knowiedge of the focal geometry, the excitation terms are averaged
over a large number of double-couple geometries, and the logarithmic average
excitability computed as a function of frequency. However, in the case of acoustic-
gravily waves, the influence of depth can become significant, and must be further
discussed. This can be understood since the eigenfunction is expected to be
primarily an elastic wave in the sohid earth; its potentials {compressional and shear)
will satisfy their respective wave equation and their “skin depths” &, and 6, will be

given by
i T i 11

In the limit when the phase velocity ¢, controlled by the atmospheric part of the
wave, is very small compared to « or f, d = ¢/ = Af2r, where A is the wavelength.
OxaL (1988} used a similar argument to explain that tsunami excitation had in
general little dependence on depth. In this respect, the case of the gravity and
acoustic branches will be significantly different. For the GR; branch, the large
period (up to 650s) will offset the effect of the small phase velocity, and the
resulting wavelength A = 200 km will be large enough to minimize the influence of
depth on excitation, at least for £ < 75 km, as shown on Figure 10a. We will use a
typical depth of 60 km, corresponding to the probable centroid of the Alaskan
event, but the figure shows clearly that the effect of depth shouid be minimal.

On the other hand in the case of the acoustic modes at shorter periods, the
wavelength will be on the order of 50 km, resulting therefore in substantial
dependence of excitation on depth. Figure 10b shows the variation of the logarith-
mic average excitability with depth for the mode 5, in the relevant period range. In
the case of the Chilean earthquake, we will use a depth of 65 km, which can be
taken io represent the centroid of the “mainshock” part of this event, but we must
keep in mind that our results will remain somewhat depth-dependent.

Results

The resulting values of A, computed from Equation (4), are Listed in the last
column of Table 3. To our knowledge, these results constitute the first time that
acoustic-gravity waves have been used to infer the size {(“moment™) of a major
earthquake, although Migxumo (1968) did forward-model the Alaskan G R, records.
The single barograph record at MKT provides an excellent estimate for the Chilean
event. Despite the substaniial influence of depth (which in a real time situation
might not be available accurately), the exceptional size of the event is established
beyond doubt. It could be argued from Figure 10b that a shallower focus (say,
30 km) would result in a significantly smailer moment (by about one order of
magnitude); however, at several times 10 dyn-cm, the event would still be gigantic.
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Figure 10
Logarithmic average excitability of the branches G R, {Top, in the range 77 = 300-700 3), and 5, {Bottowm,
in the vicinity of T =175 s). This figure is comparable to Figure J of Paper 1, Note that the two frames
use different scales; see text for details.

Furthermore, due in parl (o scaling relations for large subduction zone earth-
quakes, there exists a trade-off between source shallowness and size: the very biggest
earthquakes are known to involve significant down-dip rupiure with centroids
extending to 5060 km on shallow dipping planes, deeper on steep ones, As a
resuft, there is no possibility of explaining the S, spectrai amplitudes at MKT with
anything short of @ mammoth event of at least 16*® dyn-cm.

in the case of the GR, records from the Alaskan earthquake, the resulting M,
values are significantly deficient, especially at BKS. We investigated the effect of the
focal-receiver geometry, by computing a “corrected” magnitude A, as in the case
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of seismic waves, but this can account for only 0.1 to 0.25 units, We believe on the
other hand that the deficiency observed at Berkeley and East San Diego is a
consequence of drastic directivity effects.

Effect of Directivity

As discussed by BEN-ME~NAHEM {1961) in the case of seismic surface waves, and
BeN-MeNAHEM and ROSENMAN (1972) in the case of tsunami waves, directivity is
controlled by a supplemental contribution {¢) which must be muitiplied into the
spectral amplitude;

sin ¥ L
D(fﬁ)*sincYmE%;w with Y:w-[c

2w |V, -~ COS gﬁ} (1

where £ is the length of the fauit, ¥, the rupture velocity, and ¢ the azimuth to the
station refative to the direction of rupture. For any given source size, D{¢) goes to
I as @ — 0, but its azimuthal pattern can vary considerably with the type of wave.
BEN-MENAHEM and ROSENMAN (1972) have shown that the maximum of
D (Y =0 occurs in the direction of fauiting for “fast” waves traveling at a phase
velocity close to ¥, but at right angles to that direction for “slow™ waves, such as
tsunamis and acoustic-gravity waves. In addition, the width of the directivity lobes
is controlled by the second derivative d*D{(¢)/d¢?, which in the vicinity of ¥ =0

behaves like
dY\e Y&y wl\? . . Y
*% (dq’)) WEF&Z —%(26’> Sln'(]b TR e szqb. (] 1)

For a fast wave, the maximurz of directivity takes place in the direction of
rupture (¢ = 0), where the second derivative is zero, and the lobe is well developed.
For a slow wave, ¢ = /2 at the lobe, and the lobe is narrow. This effect is further
controlled by the term (I/A)?, resulting in even narrower lobes for the air wave
than for the tsunami. These results are summarized on Figure 11, in which we
computed directivity coefficients using KANAMORI'S (1970) rupture parameters
(L =600 km; ¢p = 205°; ¥, = 3.5 km/s) for the Alaskan carthquake. The top trace
involves a period T =200 s and a phase velocity ¢ = 4.6 km/s, values characteristic
of both Love and Rayleigh mantle waves. The bottom figure is for slow waves: a
tsunami (solid lne), and a gravity wave of period 400 s (dashed line). In the latter
case, the principal lobe is very narrow, and the secondary onegs have all but
disappeared.

Fortunately, in the 1960 Chile-to-Makatea geometry, the station azimuth is
within 3 degrees of the direction of maximum D{(¢), and directivity effects can be
negiected. In the case of the 1964 Alaska records, we computed D =0.57
(T=064038) and D =038 (T =512s) at ESD; D =036 (T =06405) and D =0.14
(T = 512 s) at BK.S. When corrected for, these terms bring the magnitude estimates




Vol. 136, 1991 Single-station Estimates of the Seismic Moment 123

LOVE and RAYLEIGH WAVES

TSUNAMI AND ATR WAVES

Figure 1
Directivity functions D(¢) computed in the rupture geometry of the Alaskan earthguake, as given by
KanaMoRrt (1970). Top: Seismic surface waves (7 =2003; ¢ =4.6km/s); this case describes both
Rayleigh and Love waves, Botrorn: The solid line illustrates lsunam: waves {(T' = 1000 5; ¢ = 220 m/s), the
dashed one gravity waves in the atmosphere (7' =400s; ¢ = 310 m/s).

up to 9.71, 9.64, 9.33 and 9.58, respectively, which are much closer to the published
values 9.88 {(KanamMoRI, 1970} and 9.91 (KANAMORI, 1977).

In conclusion of this section, the spectral amplitudes of acoustic-gravity waves
generated by gigantic earthquakes can be used to provide estimates of M, through
an algorithm similar to that of the mantle magnitude M,,. However, the combina-
tion of slow phase velocities and relatively short wavelengths gives rise to drastic
directivity effects which will result in generally deficient estimates.

Conclusions

The principal conclusions of this study can be summarized as follows:

1. The mantle magnitude M, does successfully recognize truly gigantic earth-
quakes, with a level of performance comparable 1o that achieved on more recent
digital data sets, These results provide a necessary complement at very large
moments to the studies reported at lower magnitudes in Papers I and II and in
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REYMOND et al. (1991). The fact that no saturation of the magnitude scale takes

place, even for the largest events ever recorded mstrumentally, provides a full g

posteriori Justification o the endeavor of developing the mantle magnitude scale

M,

2. BEven M, measurements effected in less-than-favorable operational conditions
can yield reasonable estimates of the seismic moment. These would mciude
instruments with a strongly inadequate response in the frequency range of
mantle waves, and records severely clipped due to the mechanical limitations of
paper recorders. Microbarograph records of air-coupled Rayleigh waves also
yield reliable estimates.

3. In the case of the very largest events capable of exciting the acoustic-gravity
modes of the atmosphere, the basic philosophy of the mantle magnitude ap-
proach can be extended to these waves, and an estimate of Af, can be retrieved
from the spectral amplitudes of the overpressure signal at the earth’s surface.
However, relative to regular seismic mantle waves, these calculations are more
sensitive to such effects as true source depth (especially in the case of the
acoustic modes such as S,), and direciivity induced by source finitengss, Never-
theless, the air wave signals can be used to recognize the truly exceptional size of
the 1960 and 1964 events.
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