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We compare the theoretical excitation of surface waves and tsunamis by sources
represented by single forces and double-couples. We first show that an average singie
force, whose crientation and exact depth are unknown, should excite any seismic wave
proportionaily to wavelength, relative to a simzilarly average double-couple, having the
same source time function. Because of the condition of zero impulse on the whole planet,
the spectrum of a single force source has an additionat w? factor at low frequencies.
As a result, a general deficiency in long period energy is expecied. However, we show
on a number of examples that it can be observed only at the exireme iow-frequency
end of the spectrum of mantle waves, and probably weuld escape routine seismological
observation. '

We explore the possibility of identifying single force sources on the basis of
single-station inversions of Love and Rayleigh waves, through the systematic inversion
of synthetic specira. Inversion of double-couple spectra for single forces (and vice versa)
have variance reductions on the order of 70%, which may be too performant to allow
discrimination under operational conditions, including noise and inaccurate epicentral
distances. An impertant case is that of the pure dip-stip double-couple geometry on a
purety vertical fault, which can be recognized from a single horizontal force, provided
both Rayleigh and Love waves arc used over a sufficiently broad range of frequencies.
Previous controversy, notably in the case of the 1975 Kalapana, Hawaii earthquake,
may reflect the use of band-pass filtered Love waves,

In the case of tsunami excitation, and because of the w® term brought about by
the condition of zero-impulse, single forces are significantly deficient tsunami generators,
by as much as 1.5 orders of magnitudes, relative 1o a double-couple exciting comparable
mantle waves. The enhanced tsunamis occasionally excited by events successfully
modeled as single [orces are due to the mechanical interaction of the source, whatever
its nature, with softer layers in the vicinity of the surface.

i, Intreduction

Over the past few years, considerable attention has been paid to the possibility of
modeling certain seismic sources, specifically those involving large slumps or landslides,
as single forces, rather than double-couples. These studies were initially motivated by
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the Mount St. Helens Eruption of 18 May 1980, for which Kanamori and Given (1982 a)
and later Kanamori ef al. (1984} interpreted the long period surface waves as generaled
by the landslide, which they modeled as an essentially horizontal force, while the
higher-frequency seismic energy could be described by a smaller vertical single force.
Later, Eissler and Kanamort (1987) similarly modeled the 1975 Kalapana, Hawaii
earthquake as a single force, and Hasegawa and Kanamori {1987} the 1929 Grand
Banks event. Recently, Kawakatsu (1989) has extended to the case of single forces the
inversion for dynaniic source components introduced for double-couples as the centroid
moment tensor inversion by Dziewonski et al. (1981), Kanamori and Given (1981,
1982h) and Romanowicz and Guillemant (1984).

"In the case of well-documented landslides such as those at Mount St. Helens, or
at Maniaro, Peru on 24 April 1974 (Kawakatsu, 1989), there can be littie controversy
as to the inadequacy of a standard double-couple seismic seurce. In other cases, however,
the modeling of seismic events by single forces remains controversial. In particular, for
the Kalapana earthquake, Harvey and Wyss (1986) and Wyss and Kovach (1988) have
argued for a complex series of double-couples, rather than for the single force proposed
by Eissler and Kanamori (1987, 1988), and Kawakatsu (1989) has shown that the quality
of the single force inversion is actually less than when the data are inverted for a
doubie-couple.

In addition, several events successfully {or tentatively} modeled as non double-
couple sources qualily as “tsunami earthquakes,” as defined by Karamori (1972), 1e.,
they generated larger tsunamis than expected from their conventional magnifudes
{e.zg., M. Examples would include the 1929 Grand Banks and 1975 Kalapana
earthquakes, as well as the underwater event near Tori-shima Island on I3 June 1984,
modeled by Barker and Kanamori (1986} and Kanamori et al. (1986} as a Compensated
Linear Vector Dipole (CI1.VD). This has led to the speculation that some of the larger
anomalously tsunamigenic earthquakes could actually involve submarine fandsiides; in
particular Kanamori (1983) has suggested such a mechanism for the great Aleutian
event of 01 April 1946. On the other hand, Pelayo and Wiens (1990} have shown,
through a careful analysis of its low-frequency mantle waves, that the tsunami earth-
guake of 20 November 1960 in Peru could be modeled by a genuine, albeit slow, double-
couple.

The purpose of this paper is twofold: First, we review, from a theoretical standpoint,
the relative efficiency of the two kinds of sources for the excitation of various seismic
waves, and seek to identify crucial parameters which could provide immediate
identification of a single force source at tefeseismic distances, if possible in the context
of the operation of an isolated, single station observatory. Second, we investigate the
relative efficiency of single forces and double couples for tsunami generation.

Our major conclusions are {1} The deficiency in surface wave excitation expecied
at longer periods from the behavior of the source time function of a single force s
tangible only at the fowest mantle frequencies (300 s and above); (i) Inversions of mantle
wave spectra {especiaily single-station ones) must be carried out over a broad range of
frequencies, for both Rayleigh and Love waves, if they are to discriminate between
single forces and double-couples; and (iii) Single forces are actually deficient tsunami
generators; the large tsunamis generated by events modeled by single forces are not due
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to the nature of the source, but rather to its location inside, or in the immediate vicinity
of, a weak mechanical structure such as a sedimentary layer,

2. Excitation from Step-Function Sources

In this section, we compare the theoretical excitation of seismic waves in an elastic
Earth by double-couples and single forces, assuming in both cases that their time
behavior is that of a step function H{(z). While this assumption is correct (at least in
the low-frequency limit) for double coupies, it is clearly inappropriate for single forces,
which must satfisfy a condition of zero impulse {Kawakatsu, 1989} However, these
results will be useful to the discussion of sources with more realistic time functions,
which will be considered in the next section. :

2.1 Rayleigh waves

As discussed by Kanamori and Stewart {1976), whose notation we adopt in the
present paper, the source contribution to the spectral amplitude of a Rayleigh wave
generated by a double-couple of moment M, is given by:

[ : 4
My EPC =M, [ U | spllol 1%~ ige Ky 112 — po K177 @ . ey

The coefficients K, are characteristic of depth and frequency; sg, gg. pr are trigonometric
functions depending on the geometry of the double-couple and on the azimuth to the
particular station considered, and U is the wave’s group velocity. We also neglect a
constant factor a\;’n/Z, where « is the Earth’s radius,

Similarly, the excitation of the same wave by a force Fy with a step-function time
history can be written:

) 1 . .
Fy B =F, [ SRS g K2 ] : @

where the new single-force excitation coeflicients are related to the double-couple ones
through

k= -2, g (3a)
yalry
and
KF=—rK, (3b)

r, being the distance of the point source to the center of the Earth. The trigonometric
coefficients become sp=cos ¥ and g, =sin ¥ cos¢, where ¥ is the celatitude of the
direction of the force F,, with respect to the local vertical, and ¢ the longitude {measured
clockwise) of the azimuth of the station with respect to that of the horizontal component
of F, (Eissler and Kanamori, 1987).

In order to discuss the general behavior of the two kinds of sources with frequency,
we adopt in this section Okal and Talandier’s {1989) approach, which consists of
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envisioning an average focal mechanism and depth, in the general philosophy of the
concept of magnitude. These authors justified

LPCo (D¢ og, o FPCy = —1.61630% +0.833220% — 0.428616 —3.7411  (4)

(with 6=1log,, 7'—1.8209) as the best-fitting cubic spline through the logarithm of the
average value of EPCin (1). In other words, {(4) provides an estimate of the excitability
of Rayleigh waves of period T by a double-couple of arbitrary orientation and depth,
the latter being constrained to shallow values {A=<75km). On the basis of theoretical
estimates, and of an extensive dataset, Okal and Talandier (1989) have shown that the
error introduced by using (4) instead of the exact excitation (1) is usvally less than
0.2 unit of magnitude. Wote that the logarithmic average excitation, L7 in Eq. (4), is
the opposite of the source correction, C, to be effected when computing a mantle
magnitude (Okal and Talandier, 1989).

In the case of a single force, we follow a similar strategy, and define the logarithmic
average excitability, L,, as

Lm; = lOg 10 {N Z ESP:l (5)

the average being taken over a large number of geometries. Since only two angles are
imvolved for a single force source, we restrict the averaging to N =342 geometries. Also,
since singte forces {generally interpreted as involving surface processes such as landslides),
are expected to be shallow, we computed L,, for depths ranging from 4 to 20km (in
an average, .., oceanic model). Figure 1{a}, direcily comparable to Fig. 3 of Okal and
Talandier (1989), presents the variation of L, with period. A unit force of 10*? dynes
is assumed, and therefore the units of K3* are now 107%%cm/dyn.

Following the appreach in Okal and Talandier (1989), we then regress the shallowest
of the curves on Fig. 1{a) as the cubic spline

L = — CF = — 1.33866% +0.712730% +0.626440 —3.6122 . (6)

Again, this would be the opposite of the source correction to be used in a magnitude
computation, hence the negative sign in (6). Figure I(b) shows that the mfluence of
depth on the error inherent in using (&) instead of the true excitation remains negligible
at all periods greater than 35s.

The relative efficiency Rggpne of single forces and double couples for the excitation
of Rayleigh waves can then be studied by comparing Eqs. (4) and (6); Fig. 2 plots the
difference L3 —LPY and shows that single forces are, relative to double-couples,
increasingly efficient in their Rayleigh wave excitation, as the period T grows. A simple
physical argument to explain this trend is as follows: single forces excite normal modes
proportionally to the component of eigendisplacement along the force at the particular
source depth, while double-couples excite proportionally to eigenstrain. One would then
expect their relative efficiency to be proportional to the wavelength A= 2ra/l. Appendix
A details the derivation of the formula

_F . F, 2.
Repnd T)= M—F’- 265 =0 20T (7)
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Fig. 1. (a) Logarithmic average excitability as defined by (5) in the case of a
single force, plotted as a function of period and depth. The various symbols
(from 0 to 9) refer 1o 10 sampling depths between 4 and 20km. The thicker
trace corresponds to 4km, which is retained for the computation of L%
(6). (b) Same as left, after the correction CF¥, given by (6) has been applied.
Note that beyond 35 s (dashed line), the maximum crror remains less than 0.05
units of magnitude. This figure is directly comparable to Fig. 3 of Okal and
Talandier {1589) in the case of double-couples.

where ¢ is phase velocity and T period, under the assumption of shallow sources in a
homogeneous Poisson half-space. Figure 2 shows that the difference between Egs. (4)
and (6), derived from the real Earth model PREM (Dziewonski and Anderson, 1981),
deviates a maximum of 0.08 unit of magnitude from this estimate.

2.2 Love waves

Similar calculations can be made for Love waves. We refer to Kanamori and
Stewart (1976) and Okal and Talandier (1990) for the following expression of the
excitation of a Love wave by a double-couple, which replaces Eq. (1)

1
My EPSL =g, lV_U ig L PP 4 py L1572 iJ . 8
In the case of a single force, Bq. (2) is replaced by
. . i . _
PO'ESF'L:FG [U[_"?FLL?!MZ l} (9}

with the new coefficient LS related to its double-couple counterparts by:
LS L,r, . (10)
Finally, the single force trigonometric coefficient is now gry = —sin i sin ¢.

The relative efficiency of single forces and double couples is given in Appendix A as
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Fig. 2. (a) Plot ol the difference in logarithmic average excitability between single
forces and double-couples of identical source time functions. The thick trace
represents the quantity L% — LP€ as given by Egs. (6) and {4). Note that it
grows slightly faster than e (the dotted line on the figure). (b} Residual
between L5 — LP¢ as plotted on (&), and log, 4 Reemne, as defined in (7), plotted
in magnitude units. Note excellent agreement.

F Fy 125

= T. (Iy)
M, [ M, 2=n

Ly pel T)=
In conclusion, and for both types of surface waves, the relative efficiency of a single
force (exciting proportionally to displacement) with respect io a double couple {exciting
proportionally to strain) 1s proportional to wavelength, and thus grows with period
slightly faster than T, since ¢ in Egs. (7) or (11} s itself a slowly growing function of
T. It should be emphasized, however, that {7) and (11} are the result of averaging the
excitation over many geometries of single forces and double-couples. A direct comparison
of individual sources may nol necessarily follow the same behavior with period, as will
be more amply discussed in Sec. 4 and Appendix B.

2.3 Body waves
We refer for example to Aki and Richards (1980; pp. 74-81) for the classical
expressions of the far-field amplitudes of the P wave generated by a point source single
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force with time history #,(1):

) i i
W, By = i e F(t— 12
{x, 1) 47{[)!./;;2//,, P ol V) (12)
and by a point source double-couple with time history M (1)
. i I
uP(x, = e AT M — V) (13
(60 AT Mot/ 1) 13)

In these expressions, p and Vp are the density and P-wave velocily at the source, r is
the distance to the station along the ray, and 4f", v, and y; are trigonometric coefficients
(of order 1) describing the orientation of the source and of the receiver component i
with respect to the ray. In the frequency domain, and for comparable source time
functions (e.g., two Heaviside functions), the ratio of these displacements will be
proportional to period; Appendix A details the derivation of their relative efficiency:
P SI*‘;‘I)(:(T) :'FO ’ }‘5‘2— Vel (14)
My 2n

2]

Similar results would be obtained for § waves.

3. Sources with Realistic Time Dependence

Of course, sicp function sources are unrealistic in nature. While they provide a good
approximation for double couple sources, they are totally inadequate for single forces.
We will describe here adequate source time functions, using the “Boxcar function”

BOX( to, 1) =[H{t—1o)—H{t—1,)]. (15}

3.1 Double-couples
In the case of double-couples, the source time function is usually modeled by
introducing a rise time, 7, such that the moment release rate takes the form

. M .
Mt} = - v "BOX(1:0, 70) . (16a)
0

In the Fourier domain, this amounts to an additional factor

Molen) ) g | (16b)
M 2 |
for the spectral amplitudes. At high frequencies, the maximum spectral amplitude of a
slow source decays like 1/w, but at low frequencies the amplitude is unchanged. Figure
3 illustrates this well-known effect.
If the seismic release is slower in its build-up, the spectrum fails off faster at high
frequencies, e.g., if
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DOUBLE~COUPLE [Eq. (18}
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Fig. 3. Typical source time function for a double-couple source, modeled as Eq.
(16). (@) Time-domain. (b) Fourier domain. The dashed line in (b) is the
representation of the source spectrum as & corner function.
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3.2 Single forces

As discussed for example by Kawakatsu {1989), the condition that the whole Earth
should not incur finite translation requires zero impulse, i.¢., that the function F,(r) not
only vanish as 7— oo, but that its integral be zero. A simple representation of F,(t) can
then be

Folt)=Fy[BOX(1;0,7,) ~ BOX(t; 1,, 27,)] . (182)
With respect to a step function F, H{t}, this time function introduces an additional factor
Fol@) _ 4 g2 (18b)
Fy 2

to the spectral amplitude of the excitation. Other, more realistic time functions could
include a single complete period of a sinusoid

i
Fit)=Fo-BOX(t; 0, 27,) sin - (192)
Ty

whose contribution to the spectral ampiitude is
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Fo(w}w 2ow, . w1y

Fy lw*—w? 2

(with e, =m/t,} or a function similar to (18a), but asymmetric, such as

Flf)=F, [BOX& L0, 7,) st~ 2 BOX(: 1o, (14 72)) - sin U Tz)] .0
Ty T3 T3
In particular, Eq. (19) approaches the models used by Kanamori ef al. (1984) for the
Mount St. Helens eruption {7, = 120s), and Eq. (20) that for the 1929 Grand Banks
earthquake (v, =15s; 73 =355} (Hasegawa and Kanamori, 1987).
These various sources all share the common property that, relative to a Heaviside
function, their spectrum falls ofl like @? at very low frequencies, a direct consequence

in (18-20), both in time and frequency domains. On these figures, the dashed lines are
the asymptotic behavior of the Fourier factors such as (10b) and (11b) for w—0, and
m the case of w—co, of the maxima of the spectral amplitude, without regard to the
fast oscillations in the spectra.

3.3 Comparison of realistic sources

The subject of the next few sections is to discuss the possibility of identifying single
forces as seismic sources, based on single-stalion records. Kawakatsu {1989) has
demonstrated the feasibility of applying inversion theory to recover a centroid single
force, and developed a method parallel to Dziewonski e al.’s (1981) centroid moment
tensor inversion. He was further able to achieve significant improvements in variance
reduction by using single forces to model the 1980 Mount St. Helens eruption, and the
1974 Mantaro landslide in Peru.

In this paper, we concentrate on single-station recordings, and address the

1 T T 3 T
SINGLE-FORCE  [£q. {18)] . L [i.. __________ ( b)
kY
TAU—0One = 60 s é ol [\
:
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Fig. 4. Same as Fig. 3, for a single force, modefed as Eq. (18).
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following question: Is it possible, in real time, and using only the records of a single
station, to recognize the single force character of a teleseismic source? We are motivated
in this approach by the context of tsunami warning on a remote island, a situation
requiring real-time evaluation of the tsunamigenic potential of a large teleseismic source.
We start by analyzing theoretically a number of paramecters (shape of spectra,
Love-to-Rayleigh ratios, etc.), and then discuss the results of a single-station inversion

Fao)

Foft)

SINGLE~FORCE

E. A. Okal

[Eq. (19)]
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Same as Fig. 3, for a single force, modeled as Eq. (19).
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Same as Fig. 3, for a single {orce, modeled as Eq. (20).

of theoretical spectra.

3.4  Shape of the spectra

We start by comparing the general shape of the Rayleigh wave amplitude spectra
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Fig. 7. Comparison of surface wave specira for realistic single force and
double-couple sources. The solid lines plot in logarithmic scale the combination
of the relative cfficiency of the single force, as given by (7), and of Fourier
amplitude of the source time function. (a) Double-boxcar function (18).
(b) Single-period sinusoid (19). In both cases, the dotied lines are the spectra
of double-couples with source time functions matching the high-frequency
part of the spectrum. See text for details,

of realistic single force and double-couple sources. For this purpose, we ignore the rapid
osciflations in the spectra, and model them as “corner” functions, made of a combina-
tion of straight segments. For example, we can model the spectral amplitude of a slow
double-couple (16b) with the familiar corner function: {Me(cu)/M(,:l for m<2/t,;
M)/ My =2jwr, for o> 2/7,]. Similariy, the spectral amplitude of the double-boxcar
function (18b} can be modeled as {w?t] for w<1/7, and i for o= 1/7,]. The corner
functions are shown as the dashed lines on Figs. 3-6. We study the relative excitation
qllaracteristics of single forces and double couples through the quantity [RsemelT)
Fylw)/Fo], which is plotted as the solid traces on Fig. 7, using logarithmic coordinates.
We purposedly restrict the period range in this figure to 35-300's, which is representative
of typical records of surface waves. We use a source function given by Eq. {18) on Fig.
7(a), and by Eq. (19) on Fig. 7(b). In both cases, 7, =60s.

In the high-frequency part of the spectrum, it is immediately apparent that the
general behavior of the single forces is indistinguishable from that of an adequate
double-couple. The single force’s advantage in excitation, given by {7}, can be entirely
compensated by a difference in source time function. For example, a double-boxcar
single force (18) has a surface-wave high-frequency spectrum grossly equivalent {o that
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of a ramp double-couple (Eq. 16; dotted line on Fig. 7(a)); a full sinusoid single force
(19) could be interpreted as a tapered, slowly growing deuble-couple (17; dotted line
on Fig. 7(b}), given adequate choices of characteristic times 7, and scalar moments M:
this would only require that the moment rate release M(?) have the same high-frequency
hehavior as the force time function F({), in other words, that A({r) be comparable to
the primitive of ).

The situation is of course different at the low-frequency end of the spectrum. The
phase velocity ¢ in (7) increases slowly with period. and so, the spectrum of the single
force decays slightly slower than o relative to that of the double-couple, through the
combination of ¢/ in (7) and @* in (18b), (19b), etc. Thus, the single force has the
inherent capability of producing a deficient spectrum at very iow frequencies. Note that
this point is mentioned {(in general terms) by Kawakatsu (1989). However, [rom an
operational point of view, it is difficult to successfully use this property in real-time to
identify the single force character of a source: Most such events, associated with slumps
or landslides are by nature slow, with characteristic times t approaching 100s. Figure
7 shows that the teleseismic amplitude spectrum does not become substantially deficient
in the period range of readily observable mantle waves. Only for T>n7, (in practice
beyond 300 s), would this deficiency be detectable. Similar results obviousty hold in the
case of Love waves, and we conclude that the genera! shape of the source spectrum of
a teleseismic surface wave cannot be used to distinguish between the two kinds of source,
excepl at the very iowest frequencies, which most often escape routine seismological
observation.

3.5 Love to Ravleigh ratios

We further examine the question of the relative excitation of Love and Rayleigh
waves by both double couples and single forces. The prominence of one type of waves
at the expense of the other could be a significant discriminant, easy to utilize, even
visually, in an observatory environment. For this purpose, it is possible to compare the
average ratios Lgppe and Reppe given by (11) and (7}, and to form their guotient, which
will also represent the quotient of a typical Love-to-Rayleigh spectral ratio for waves
excited by a single force, to its counterpart for double-couples. At any given period T,
this quotient is 2.12 ¢ {T)/ex(T), where the phase velocity ¢ are indexed according to
the nature of the wave. Phase velocities for Love and Rayleigh waves of similar periods
are always very comparable; in the PREM model, between 40 and 2,500s, ¢, is on the
average 1.07 times c,. Consequently, and assuming an identical level of Rayleigh
generation, a single force will generate Love waves on the average 2.3 times stronger
than a double-couple. While this number is in itseif interesting, and in agreement with
Kanamori and Given’s (1982 a) initial observation for the Mount St. Helens source, if
must be remembered that it represents an average over many focal geometries. In this
respect, it is very comparable to the fluctuations of relative Love-to-Rayleigh amplitudes
due to focal and station-receiver geometry, and bears no promise for the systemaltic
identification of single forces based on one-station recordings.

3.6 Use of body waves: ny, - M or my - M, relations
We investigate in this section the possibility of a difference in the relative excitation
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of body and surface waves by the two kinds of sources. Comparing Eqs. (7) and {(14),
we see that the relative excitation of body () and surface (Rayleigh) waves is controlled
by the guantity

Pspmc | Folap) ,Mo(wg)x 5. Vpr _i:(UR_FO(G)P}.MO(wR)}
Rerme Molwp) Folwg) Cr

wp Folwg) Molwp)

In the case of P and Rayleigh waves, the two frequencies w, and @, can differ by as
much as two orders of magnitude. However, it M(7) behaves at high frequency like the
primitive of Fz) (which is necessary to meoedel the surface wave spectra; see zbove
discussion), then the combination in the brackets of (21) remains finite, and no anomaly
exists betweoen the relative sizes (or magnitudes) of surface and body waves. In other
words, no m,: M, or m,: M, anomaly is expected beyond what could be expected from
a “slow” double-coupie.

(2

4. Single Station Inversicns

While the preceding sections have shown that a general comparison of spectral
amplitudes is not a powerful discriminant between single forces and double couples, it
has been suggested by Kawakatsu (1989) that a formal, one-station, inversion of
multifrequency Love and Rayleigh spectra could discriminate between the two forms
of sources. In principle, this could be due to two factors: the variation with frequency
of the specific excitation coefficients related to individual geometries (as opposed to the
average excitabilities as defined in the previous sections), and the inclusion of spectral
phase information. In particular, an immediate consequence of Eq. (9) s that the source
phase of a Love wave excited by a single force should always be - #/2 (For Rayleigh
waves, it would depend on the inclination of the force with respect to the vertical, and
equal +n/2 for a horizontal force). While a similar property would be expected for a
double-couple with a pure vertical dip-slip mechanism, in practice it is not observed
for shallow earthquakes, since the relevant excitation coefficients X, and L, vanish at
the surface, and any small departure from the pure geometry is enough to strongly
affect the source phase.

In order to explore this point more in detail, we carry out the following experiment:
We synthesize Rayleigh and Love spectra at a single station for a number of
double-couple and single force sources (including realistic time funciions), and proceed
to invert them, both into a single source, and into a double-couple. We then compare
the performance of the inversions, as measured by the leve! of variance reduction. Table
I lists the theoretical sources used in this experiment.

4.1 Double-couple sources

Sources C-1, C-2, and C-3 are the three fundamental double-couple configurations
(88, DS and T45 in Okal’s (1988) notation); Sonrce C-4 is rotated 457 in two directions.
Station azimuths are given a variety of values, aimed at avoiding both nodes and lobes
of the radiation pattern. Source depths are similarly taken in the range 10--20 km.
Double-couple sources are given a “slow” time function of the form (16a)}, with 15=70s,
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Table 1. Sources used in one-station inversion of synthetic spectra,

Single force sources

Source Amplitude Colatitude Strike Duration Depth {5;;?;)31
) (10" dyn) i ¢ Ty {8 (km) - ©)
F-1 ; 10 0 90 4 30
F-2 ' 1 45 0 90 4 60
E-3 I 80 0 90 4 —35
Double-couple sources
cource | Amplitude Stk Dip Rake  Duration  Depth f;;‘“;’t‘;
ot {10%7 dyn - cm} ¢ & i T4 (5) (km) o ?3}
C-1 1 0 90 0 70 15 30
C-2 1 0 90 90 70 10 —20
C-3 t ] 45 S0 70 20 60
C-4 I 45 45 45 70 10 23
the correspending factor in the frequency domain being
Mo e e . WOT
,,Q,L,),zc e (22)
M, 2

4.2 Single force sources

Sources F-1 and F-3 are nearly vertical and ncarly horizontal single forces,
respectively, the latter representative of ihe system proposed for Mount §t. Helens
{Kanamoriezal., 1984y or Kalapana (Eissler and Kanameri, 1987). Scurce F-2 is oriented
457 from the vertical. We place the source at 4km depth in the PREM model, i.e., in
the immediate vicinity of the seafloor of that oceanic model. Single force sources are
given a time dependence of the form (18a), with 7, =905, representative of its value for
the Mount St. Helens source (Kanamori ef al., 1982}, With respect to a Heaviside force
source, the additionat factor in the frequency domain is:

g iem 23
We consider a loag-period specirum, between 100 and 300s, sampled at 25
frequencies. This is typical of the sampling allowed when using realistic windows of
surface wave energy; higher-frequency signals could be significantly affected by lateral
heterogeneity. When inverting [or a single force source, we solve for the three components
of the force, in the form of its amplitude F,, colatitude ¥, and strike ¢. We loop over
many values of source depth (between 3.5 and [0 km) and duration 7, and study the
variance reduction as a function of these parameters. When inverting for a double-couple,
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we solve for the 5 independent components of a deviatoric moment tensor, and retain
the most significant double-couple, which we describe through its moment M, sirvike
¢, dip 6, and rake 4, the conventions being those of Kanamori and Cipar (1974). The
minor double couple component was usually found to be less than 15% of the major
double couple. The source depth of the double couple is allowed to vary through the
full range of shallow hypocenters (4 to 75 km).

4.3 Results

Results are listed in Tables 2 and 3. As expected, inversion for the proper kind of
source yields nearly perfect results: both for forces or double-couples, the geometry of
the source is recovered within a few degrees, and the source duration to an accuracy
of I's. There can be a small amount of trade-off between source depth and scalar moment
in the case of 88 and T45 mechanisms. '

In the case of cross-over inversions (e.g., inverting a double-couple spectrum into
a smgle force), the quality of the inversion as measured by the variance reduction is
consistently at the 70% level (+5%), a figure comparable to, if not better than, the
typical quality of the moment fensor inversions routinely achieved in source mechanism
studies (Dziewonski er af., 1981; Kawakatsu, 1989). 1t is then doubtful that inversions
of actuai data could discriminate between the two kinds of sources. In several instances,
the inversion can converge on several equally satisfactory solutions, differing mainly in
source duration.

There are however two significant exceptions to this pattern. First, a vertical force
(F-1) can be inverted to near perfection into a shallow T45 mechanism hinged in the
direction of the observing station. This merely expresses the fact that both of these
systems generate finite Rayleigh waves, but no Love waves (this possibility would
disappear for a multiple station inversion). ‘

Second, a shallow pure dip-slip mechanism on a vertical fault (C-2) cannot be
inverted well into a single force, the variance reduction remaining under 50%. Such a
mechanism generates both Rayleigh and Love waves vanishing as the source depth
approaches the surfaces (or the botiom of the sea). However, their behavior with
frequency is profoundly different. As detailed in Appendix B, it can be shown that while
shallow pure strike-slip (SS) mechanisms gencrate Love and Rayleigh waves of
comparable spectra amplitudes, the ratio EPS/EPS! of excitation of Rayleigh and Love
waves behaves like ?? in the DS geometry. For single forces, Egs. (2). (3), (%), and
(10} show that no such effects are expected, all excitation coefficients being proportional
to K; and L,. In other words, it is impossible, with a single force, to create a strongly
frequency-dependent deficiency of Raylcigh waves with respect to Love waves. This
explains why the inversion of a C-2 spectrum for a single force source is unsuccessful,
Moving the single force deeper would not help, since the coefficients K, and L, have
vanishing depth derivatives at the surface.

However, the situation is different for the converse problem, i.¢., inverting a
horizontal force (F-2) spectrum into a double-couple. In order to fit the initial phase,
the inversion seeks a DS mechanism, but at shallow depth, this is impossible due to the
resulting strong deficiency in Rayleigh wave excitation. But the problem can be partiafly
alleviated by sinking the source deeper. due to the finite value of the depth derivatives
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Table 2. Resulls of inversion of single force synthetic spectra.

Iaverted for a single force, 4 =90°

Source Amplitude Colatitude Azimuth Druration Depth Variance
(16%° dyn) Y o 7, {8) (km} reduction
F-1 1.02 10 ! 90 6.5 99%
-2 1.01 45 -1 90 6.0 99%
F-3 1.00 80 0 20 4.0 10G%
Inverted for a single force, A =89°
Source Amplitude Colatitude Azimuth Pruration Depth Variance
(10% dym) v ¢ 7, (5) (km) reduction
F-1 0.182 61 — 165 37 7.0 39%
F-1 0.696 159 —163 139 7.0 99°%%
F-2 0.180 {29 — 168 35 7.0 8%
F-2 0.695 130 -~ 170 139 7.0 99%
F-3 0.175 94 179 36 5.0 99%
F-3 0.675 85 179 139 5.0 99%
Inverted for a double-couple, 4=90°
Source Amplitude Strike Dip Rake Duration Depth Variance
’ {1077 dyn-cm) & & A g (8) {(km) reduction
F-1 79.8 209 30 —91 81 35 94%
F-2 25.7 246 73 99 83 75 75%
F-3 2.88 195 7% 4 17 75 75%
F-3 21.3 195 78 5 119 75 75%
Inverted for a double-couple, 4=89"
Source Amplitude Strike Dip Rake Duration Depth Variance
{1077 dyn-cm) ] é A T4 {8) (km) reduction
F-1 234 215 30 97 32 3.5 95%%
F-1 98.8 212 30 93 135 3.5 95%
F-2 18.7 259 76 298 142 75 75%
F-2 5.19 264 79 304 40 75 75%
F-3 6.82 ©o195 83 3 70 75 75%

of K, and L, at shallow depths, This explains the significant increase in depth observed
for this particular inversion (see Table 2). Finally, note that the combination of a vertical
fault {C-2) and a pure shallow dip-slip mechanism (DS) represents a case when Egs.
(7) and (11) are violated. As noted earlier, these equations hold only for “average”
orientations of both the force and the double-couple.

On the other hand, the similar increase in depth observed in the case of F-3 is
related to the properties of the excitation coefficieats K, and [, of the resulting 85
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Table 3. Results of inversion of double couple synthetic spectra.
Inverted for a double-couple, 4-=-90°
g Amplitude Strike Dip Rake Duration Depth Variance
OUTEE (1027 dyn-em) @ 3 ) 15 (5) (km) reduction
C-1 t.15 178 90 0 70 7 100%
C-2 116 360 90 90 70 10 100%
C-3 0.940 175 45 90 70 21 100%
C-4 0.931 47 46 41 0 11 100%
Inverted for a doubie-couple, 4=8%°
g _ Amplitude Strike Dip Rake Duration Depth Variance
CUTEE (1027 dyn om) ¢ 3 i T, (8) {km) reduction
C-1 1.51 45 39 285 21 46 98%
C-1 §.82 45 39 284 124 46 98%
C-2 1.95 180 88 92 119 14 100%
C-3 0.841 22 85 344 21 34 98%
C-3 16.9 68 41 §7 124 i 8%
C-4 0.949 55 72 148 19 35 98%
C-4 6.07 53 70 147 122 35 98 %
Inverted for a single force, 4 =90°
g Amplitude Colatitude Azimuth Duration Depth Variance
ouree (102Y dyn) " @ 1, () (k) reduction
C-1 0.078 89 60 61 3.5 67%
C-2 0.007 90 229 138 35 47%
C-3 0.084 91 264 61 35 1%
C-3 101 90 84 112 35 1%
C-4 075 89 163 6l 35 67%
C-4 (.902 92 345 112 3.5 67%
C-2 (limited to 4-5mHz}
0.023 90 - 119 35 3.5 88%
Inverted for a single force, 4=89°
Source Amplitude Colatitude Azimuth Duration Depth Variance
Source (1020 dym) g b 7, {8) (km) reduction
C-1 0.096 85 240 {37 35 67%
C-1 0.265 96 60 83 15 67%
-2 0.005 87 229 59 35 &7%
C-3 0.102 93 84 137 3.5 Ti%
C-3 0.283 84 264 85 3.5 T1%
C-3 0.103 95 84 34 35 1%
C-4 0.091 9 345 137 35 67%
C-4 0.253 83 165 85 3.5 67%
C-4 0.092 %6 345 34 35

07%
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mechanism. These coeflicients have vanishing derivatives at the sarface. As a resul,
there is practically no depth resolution, and the choice of h=75km is actually poorly
constrained.

4.4 Influence of noise and sysiematic errors

As in all inversions of complex spectra, additional problems in real-life situations
are the influence of noise and of errors in epicentral distance. We duplicated the
experiments in Tables 2 and 3 in the presence of random noise, with a spectral amplitude
reaching 10% of that of the signal. In addition, we also re-ran all the inversions with
the distance artificially set at 89° (while the synthetics were computed for 90°), this level
of imprecision being fypical of a single-observatory location achieved in real-time,
Results are given in Tables 4 and 5, and show that the variance reduction deteriorates

Table 4. Results of one-station inversion of singie lorce synthetic spectra in the presence of

0% noise.
Inverted for a single loree, 4=90°

Source Amplitude Colatitude Azimuth Duration Depth Variance

) {1029 dyn) W & Ty (8) (km) reduction
F-1 4.91 5 — 140 97 7 94%
F-2 [.16 44 —4 91 4 50%
F-3 1.16 78 0 ot 35 00%

Inverted for a single force, 4 =89°

Source Amplitude Colatitude Azimuth Duration Depth Variance

(102 dyn) W @ Ty {8) (km) reduction
F-1 7.1 48 25 108 7 G5%
‘F-2 1.39 52 i2 il4 6 82%
F-3 1.33 87 -1 P4 35 52%

Inverted for a double-couple, o =90°

Source Amphtude Strike Dip Rake Duration Depth Variance

' (1077 dyn -cm) & 8 A 7 {8} {km) reduction
F-1 70.4 213 36 275 81 4 92%
F-2 257 246 73 99 88 5 75%
F-3 213 195 73 5 19 75 75%

Inverted for a double-couple, 4= 89°

Source Amplitude Strike Dip Rake Dyration Depth Variance

(1027 dyn-cm) ¢ 3 i ty (5} (k) reduction
F-1 86.30 208 37 87 138 4 G244
F-2 i85 265 79 306 143 75 T5%
F-3 7.27 193 85 0 T2 75 4%
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Table 5. Results of one-station inversion of deuble-couple synthetic specira in the presence
of 10% noise.
Inverted for a double-couple, 4= 90"

g Amplitude Strike Dip Rake Duration Depth Variance
OUTE 107 dyn - em) * 8 A 7, {5) {km) reduction
C-1 6.54 22 38 73 80 75 91%
C-2 547 i 89 91 82 3 89%
C-3 6.15 260 53 294 78 75 9%
C-4 7.3% 15 61 264 84 75 90%

Inverted for a doubie-couple, 4=§9"
Source Amplitude Strike Dip Rake Duration Depth Variance
e (1027 dyn -cm) ] d A 74 (8) k) reduction
C-1 $.22 34 44 298 122 45 95%
C-2 25.1 179 90 a0 116 4 96%
C-3 6.96 201 83 16 123 42 I5%
C-4 8.82 46 54 131 120 53 96%
Inverted for a single force, 4=9¢"
Sour Amplitude Colatitude Azimuth Duration Depth Variance
uree {10%% dyn) W ¢ T, (8) (km} reduction
C-1 1.18 88 240 BB 3.5 66%
C-2 0.03 88 47 89 3.5 43%
C-3 1.27 93 84 il 3.8 65%
C-4 0.91 92 345 112 4 66%
Inverted for a single force, 4=89"

Sour Amplitude Colatitude Azimuth Duration Depth Variance
wuree {(16°% dyn) " é T, () tkm) reduction
C-1 0.38 89 59 88 35 61%
C-2 G.11 93 49 110 3.5 47%
C-3 0.45 93 264 89 35 62%
C-4 0.35 g9 165 88 3.5 61%

significantly, although not alarmingly. However, the geometry and/or duration of the
sources are not recovered; in particular distance trades off significantly with duration.
This instability in the mechanism is partially alleviated in multistation inversions. Also,
the presence of noise usually suppresses the occurrence of multiple solutions noted in
SOIME Cross-over inversions.

4.5 A reflection on the case of the Kalapana earihquake
The Kalapana, Hawaii earthquake of 1975 has been described either as a nearly
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horizontal single force (Eissler and Kanamori, 1987, 1988), or as a shallow, nearly pure
DS double coupie mechanism (Ando, 1979, Harvey and Wyss, 1986; Wyss and Kovach,
1988). Kawakatsu (1989) has shown that the variance reduction of a double-couple
mversion is actually beiter than that of a single force (66% vs. 50%). Also, Glennon
et al. (1989) have suggested a complex series of double-couple ruptures, lasting about
60s. This controversy 18 In itself surprising, since the above discussion suggests that the
particular geometry of the proposed double-couple should maximize the discriminating
power of the inversions.

We note first that Glennon ef al.’s (1989) study uses exclusively intermediate-period
body waves {from 5 to 20 s). Kawakatsu's {1989) inversion is carried out in a relatively
narrow band of frequency: from 4 to 5mHz (200 to 250s). As we have seen, the
fundamental discriminant is the different behavior with frequency of Rayleigh and Love
spectra. Narrowing the frequency window cbviously reduces the power of the method.
indeed, we ran a single-force inversion of double-couple DS synthetic spectra limited
to that particular frequency range, and were able to achieve a 88% variance reduction
(see Table 2}, On the other hand, Eissler and Kanamori’s (1987) study favoring the single
force mechanism is based (i) on IDA data (i.e., Rayleigh waves only) in the full spectral
range 150-600s; and (it} on second passages of Love waves (5, from WWSSN and
HGLP records, band-pass fltered around 100s. Under these conditions, the
double-couple Rayleigh deficiency at very-long periods could trade-off with the source
time function of the single force source. The crucial discriminant in this situation would
be the joint use of Rayleigh and Love waves over a broad range of frequencies, i.e.,
all the way to 300s. Unfortunately, it is doubtful that such data exist, because of the
absence or scarcity of adequate horizontal instruments at the time of the event. MNote
finally that the discriminant is not the absolute level of the Love-to-Rayleigh ratio at
any given station (which varies like tan ¢ or cot ¢, and can be adjusted by rotating the
orientation of either source), but rather its variation with f{requency.

In conclusion of this section, single forces are expected to result in increasingly
deficient surface wave spectral amplitudes at very long periods, for both Rayleigh and
Love waves. This property staris to be identifiable at the very longest mantle wave
periods (300s and beyond), It is fundamenta! to include both types of waves in any
such analysis, since the DS double-couple mechanism also gencrates a Rayleigh wave
spectrum decreasing rapidly with increasing period. Therefore, and with particular
reference to those events for which a controversy exits between a DS mechanism or
a single force (Aleutian, 1940; Kalapana, 1975), the joint use of ultra-long period Love
and Rayleigh waves would appear to be the most powerlul discriminant.

5, Tsunami Excitation

In this section, we address the question of the relative efficiency of single forces
and double couples for the excitation of tsunamis. Single forces have often been invoked
to account for certain so-calied “tsunami earthquakes.” whose tsunamis were larger
than predictable from the amplitude of their seismic waves. We will prove that a single
force is actualiy a deficient {sunami generator,

Tsunami excitation can be studied readily in the framework of normal mode theory,
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as introduced first by Ward (1980), and discussed later by Okal (1982, 1988). We will
consider in this section a typical transpacific tsunami with a peried of 1,000s; in a
typical ocean of average depth 4km, the angular order of the corresponding normal
mode is /=200. The calculation of the excitation of a tsynami wave by any system of
forces proceeds exactly as in the case of a standard Rayieigh wave, with a few exceptions
detailed in Appendix A. Equation (7) is now replaced by
Py a F, 600
TSF,DC(T)WMD 6.00 = W, Ton cT . (24)
Because the angular order of the tsunami (/=200) is about double that of a 100-s
Rayleigh wave (I=98), their relative efficiencies, as defined by (7) and (24), are very
comparable. However, the source time functions will play a fundamentally different role.
We want to test the hypothesis that a single force can explain a “tsunami
earthquake.”” This would amount to saying that a singie force excites tsunamis more
efficiently than Rayleigh waves, the standard of comparison being an average
double-couple. We guantify this hypothesis through the ratic Q between Tgupe at a
period T typical of a tsunami wave {say, 1,000} and Rgppe at a period Ty typical of
a mantle wave (say, 300s), corrected for the spectral contribution of their respective

source time functions. We assume a source of the form (18) for the single force, and
(16) for.the double-couple. Then

600 ¢;Tp sin® [mg1,/2] sine [wpty/2]
2.65 Ty sin® [wgr, /2] sinc [egte/2]

Q (25)
If ¢ was significantly greater than 1, the amplitude of the single force required to
account for mantle waves would result in a stronger tsunaniyi than if modeled by a
double-couple, and we could then conclude that single forces are, inherently, efficient
tsunami generators. Unfortunately, it is easy to show that the ratio @ given by (25)
always remains much smaller than 1: typical values of double-couple source times are
at nmost 7,=100s; only in the case of the 1960 Chilean earthquake, has an extremely
slow dislocation been proposed, with 7, possibly on the order of 15 mn (Kanamori and
Cipar, 1974; Kanamori and Anderson, 1975). In practice, at the period of tsunami
waves, all known double-couple sources can be taken as Heaviside functions in the
time domain. As for the typical range of times ¢, propesed for single forces, they are
usually tens of seconds (see Kawakatsu (1989) for a review). For 1, varying between
30 and 130s, and 7, between 20 and 120s, ¢ is found to range from 0.027 to 0.078.
In conclusion, all other parameters remaining comparable, a single force is actually
a deficient tsunami generator and cannot explain a “tsunami carthquake.” We surmise
that the excessive tsunami amplitudes observed in connection with events successfully
or tentatively modeled as single forces, are due to the penetration by the rupture of
structures having deficient mechanical properties. We call these structures ““sedimentary”
but they could be of igneous fabric; all they need are rigidities p significantly lower
than that of consolidated crustal rocks. We refer to our previous study (Okal, 1988)
for a discussion of the amplification of the tsunami excitation coefficient K, in such a
laver. Since the physical interpretation of events modeled by a single force involves
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surficial phenomena, such as landslides or slumps, such events are by definition perfectly
shallow, and can be expected to resuit in sirong motions of the sedimentary layers,
generating a large tsunami, and as such, to be “tsunam: earthquakes.” But the latter
property is not mherent in the nature of the source as a single force, as demonstrated
convincingly by the capacity of regular double couples to model certain tsunami
earthguakes, such as Peru (1960) or Tonga (1982} (Lundgren ef al., 1989: Pelayo and
Wiens, 1990).

6. The Case of the CLVD (Tori-Shima Event of 1984)

In this section, we discuss briefly the extension of the previous results to the case
of a Compensated Linear Vecior Dipole [CLVID], as proposed by Barker and
Kanamori (1986) and Kanamori ef al. (1986), to model the Torl-shima underwater
event of 13 June 1984, _

A CLVD consists of a moment tensor with a vertical component M,,= M,, and
perfect azimuthal isotropy in the horizontal plane; Myy= M= —0.5M. It can be
regarded as the half-sum of two pure thrust fault (T45) mechanisms, rotated 90 apart.
Equation (1) will remain valid with, in this case sp==0.5; pg ==0; gg =0, regardless of the
azimuth of the station. No Love waves are excited by a CLVD. As detailed in Appendix
A, it s straightforward to show that the Rayleigh efficiency of the CLVD relative to
an average double-couple is approximately 1.93, while for tsunamis, this number would
be 1.44. The ratio of the two efficiencies {1.34) remains on the order of |, and certainly
cannot explain an order-of-magnitude disparity between the generation of tsunamis and
mantie Rayleigh waves by a CLVD, as compared to a double-couple. However, an
interesting fact is that the CLVD involves only the coefficient K, which is precisely the
one responsible for enhanced tsunami excitation in sediments {Okal, 1988). As such, a
shallow CLVD penetrating softer layers as modeled n the case of Tori-shima by
Kanamori ef al. (1986), automatically becomes a tsunami earthquake.

7. Ceonclusions

The principal conclusions of the paper are:

1. Theexcitation of surface waves by single forces is proportional to displacement
rather than eigenstrain, and thus would grow with period like ¢/, relative to an average
double-couple, for identical source {ime functions. However, because of the condition
of zero-impulse, any source time function for a single force brings an additional factor
w? with respect to the Heaviside function characteristic of a double-couple at long
periods.

2. The resulting deficiency of energy at long periods, decaying like w-¢, te.,
stightly slower than o, is difficalt to detect in surface wave spectra, since it materializes
only at the extreme low-frequency end of the manile wave spectrum (3005).

3. Individual single-station inversions of Love and Rayleigh spectra may in
prinetple resalve a single foree, but they must cover a broad enough range of [requencies.
While the nature of the source can in principle still be retricved, noise and systematic
errors {e.g., on epicentral distance} can lead to significant instability in source geometry

J. Phys. Earth

LBEL



e

i

Single Forces and Double-Couples 467

and duration.

4. The joint use of both Rayleigh and Love waves over a broad range of frequencies
is necessary to adeguately resolve a horizontal single force from a pure vertical dip-ship
double-couple, the fundamental discriminant being the variaiion with frequency of the
relative excitation of the two waves. The controversy about the 1975 Kalapana earthquake
could be explained by the use of band-pass filtered Love waves. '

5. Because of the zero-impulse condition, and of the consequent w? factor, single
forces are strongly deficient tsunami generators, typically by 1.5 orders of magnitude
with respect to double-coupies. The observation that events potentially modeled as single
forces are frequently found to generate anomalously strong tsunamis can be explained
by their extreme shallowness, which casts the source (at least partially) into mechanically
weak layers (e.g., sediments), thereby increasing tsunami excitation as explained in our
previous paper (Okal, 1988),

6. Finally, in the case of Compensated Linear Vector Dipoles, such sources do
not exhibit any substantial deficiency of excitation (except for the absence of Love
waves, a reflection of their symmetry} for surface waves or tsunamis, Once again their
ability to generate strong tsunamis is a direct consequence of their intruding sedimentary
material.

This research was supporied by the Nalional Science Foundation, under Grant Number
EAR-87-20549. T thank an anonymous reviewer for insightful scientific comments on a previous
version of the paper.
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APPENDIX A

We analyze the asymptotic behavior of the various excitation coefficients in the
case of both seismic waves and tsunamis.
1. Rayleigh Waves

We start with the expression of the double-couple coefficients K, after Kanamori
and Cipar (1974).

'72(315. + 2 iy 1+1) . )]
K == A — e ® ; [ S— ‘g [ z . A.E
o [ o (}1("}) 313»3%2#3}’2(?.) 5 yalry) (A1)
r,
Ki=A4 "-yry) (A.2)
s
Ky=4y5(ry), (A.3)

where A4 1s the constant

_ 2041
w1, + K+ DL

(A.4)

For large values of /, and sources close to the surface, the tractions y, and [y, go
Lo zero, so that the prominent terms i (1} are the first and third terms of X, and the
last term involving K,. Furthermore, the aspect ratio of the displacement ellipse of the
Rayleigh mode, e={" y,(r)/y (r,) is largely independent of frequency for shallow sources
in the solid Earth, and approaches its value (~0.68) for a Poisson half-space. For the
purpose of this calculation, we will take this as —2/3; we further assume a Poisson
solid (4,= p,). For large /, the first term in K, then becomes negligible with respect to
the last one, and K, is found to behave like [ —(5/3}% K, ]. This result was also obtained
by Okal (1988).

Similarly, according to Eqs. (3), K" would behave like [~ (3/2)ir,&,1 and
K= —rK,. As a result, the relative excitation of a Rayleigh wave by a single force
Fy and a double-couple M, is expected to be, in the large / approximation:

i3
— Sp+Ige
Fy 1, <l2 ’ QF>
M, | 5
""" Se t Pr
the brackets indicating an average over all possible geometries. The last part of this
expression illustrates the fact that the trigonometric coefficients for single forces and

(A.5)
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double couples have different such averages. Indeed, this ratio is found to be 2.65. Thus,
the relative efficiency of a single force and a double couple for the excitation of a
Rayleigh wave 18, on the average,

F, ¢ Fy 2.65 ,
R Ty=—0.265" = 0. 200 o (A.6)
seyoc(T') M, I M, 2n

where ¢ is the phase velocity of the wave, and T the period.

2. Love Waves

An exactly similar approach shows that the relative efficiency of single forces and
double couples at exciting Love waves is

Fy o, :
Lyl T)= bt <19’5L_3> . (A7)
My 1 {p >
The ratio of the average trigonometric coefficients is now 1.25, leading to
Fy a Fy 1.25
Fopmed T 13800 = 9000 0 AR
sewe(T) M, I M, 2= (A-8)

3. Body Waves

We examine here the case of body waves, starting with Eqgs. (12) and (I3), If the
amplitude of motion Is measured along the direction of propagation of the ¥ wave,
=1, ¥;=0c08 &, where o Is the angle between the direction of the force F, and the ray,
and A =sin 20 cos ¢, where § and ¢ are the colatitude and longitude of the direction
of the ray in a system where the polar axis and the primary meridian are the slip vectors
of the two fault plane solutions of the doubie-couple. As a result, the relative efficiency
of P wave excitation by single forces and double couples with Heaviside source time
functions is given by

Fy Vo <| COS'&"I__)

PasclT) = - 0 (A9)

The ratio of the average trigonometric coeflicients is now 1.532, leading to

Fy 1.52
PSF/DC{T) = .

V,T. A10
M, 2 " (A-10)

The simitarity between Eqs. (7) and (A.10) is not surprising, since a PP wave can
be considered as a superposition of Rayleigh avertones, For each branch p, the constant
(h=2.65 in (7)) would assume a different value ,4, because of different values of the
ellipticity & The factor 1.52¥, in (A.10) can be regarded as a weighted average of the
terms A ¢ for the various overtone branches.
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4, Tsunamis

The same formalism can be applied to the excitation of tsunamis. We refer to Ward
(1980) for a discussion of the excitation of a tsunami, considered as a branch of normai
modes of a gravitational Farth covered by an ocean, and to Okal {1982, 1988) for a
discussion of its asymptotic propertics. Equations (A.1}-(A.4) remain valid, but the
properties of the “pseudo-Rayleigh” wave, i.e., the mostly elastic continuation of the
tsunami wave into the solid Earth, differ from those a standard Rayleigh wave. While
the shear traction /-y, still vanishes at the sea-rock interface, the normal traction Va
remains finite, and the ellipticity /- y5/y, takes a different value. Both can be computed
in the following way: Assume the solid Earth is a Poisson half-space. From standard
Rayleigh theory, the vanishing of /- p, at the top of the half-space resultsin an impedance

PR S Ny )

o IR (A.11)
" K153
and an ellipticity
Iy N o Z_T_Z 3,,7
L N (e e w E) (A12)

Vi x>/ 1—1?)3

where k= c/w is the wave number and x=¢/f the ratio of the phase velocity of the
wave and of the shear velocity of the medium. For a standard Rayleigh wave, 7 must
vanish at the surface and Eq. (A.11) is used to infer the phase velocity (K=\/2‘*2/\/”3
={.9194); Eq. (A.12) then yields e= — 1/\/1 +2\/?= - (.68, In the case of a tsunami
wave, ¢ is controlled by the prominent gravity wave in the water column, and « is very
small (typically on the order of 0.05). In the limit ©—0, Z(4/3yuk and g— —1/3.

As a result, both the second and third terms in K, (see Bq. (A. 1)) remain important,
and Ko/I*K,—1. Also, K§" now behaves like [3/r,K,]. Equation (A.5) is then replaced
by

Fo 1o <l 3setige > ' . (A1)
My 1 UsSg+pr i
The ratio of the averages of the trigonometric coefficients takes the substantially higher
value 6.00, and thus (A.6) is replaced by:
£y

o
Termed T =2 6.00— 2.2 . 277
el 7) M, [ M, 2=

Fy 6.00
2. eT. (A.14)

5. The Case of the CLVD

In the case of a Compensated Linear Vector Dipole, and since the trigonometric
coefficients are always sz =0.5; pp = gp =0, the excitation of any Rayleigh {(or tsunami)
mode is always [0.5K,/" ¥/ U7
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For a Rayleigh wave, K,/I*K,— —5/3, and Eq. (A.5) is replaced by
5/6

Repvmine = 5 T
AT
[

or about 1.93. Because this number is independent of frequency, no M,: M, anomaly
should be expected from a CLVD source. Indeed, the moment proposed by Kanamori
et al. (1986) (4 x 10** dyn-cm) and the reported M =55 are in good agresment with
the theoretical refation between moment and magnitude M, =log,, M, —19.46, obtained
by Okal (1989) for double-couples.
For a tsunami, K,/[2K,—1, and {A.13) is replaced by

1/2 .

T eLvpne = —— ALl

CLVD/DC <} Sp +[)R 1> ( )

(A.15)

or about 1.44.
APPENDIX B

The purpose of this section is to find asymptotic values for the relative excitabilities
of Rayleigh and Love mantle waves by double-couples, in the limit of a very shallow
source. We want Lo justify the observation that, as the period T increases in the range
100-300s, pure dip-slip sources exhibit an increasingly strong deficiency in Rayleigh
excitation, relative to Love waves. This property is apparent, for example in the excitation
coefficients listed in Table Al of Kanamori and Given {(1981).

We start with Eqs. (1), (A.1) to (A.4), and their Love counterpart (8), where:

Ly= B> yl(r,) (B.1)
_ e
L,=Byi(ry (B.2)
with
21
*+ (B.3)

T drwt i+ ),

the superscript T identifying torsional modes, and the notation being that of Saito
{1967).

Since y, and y vanish at the surface (which can be taken as the ocean bottom for
a model such as PREM), their values at an asymptotically smal} depth / can be taken
as —h-[dy,/dr], and —h-[dy}/dr], respectively, the subscript 0 referring to the surface.
We use Saito’s (1967) Eqgs. (7) and (14} to obtain an estimate of these derivatives. For
the Rayleigh case, assuming a Poisson solid (4, = p1,), and neglecting gravitational terms

Va 2u 5 Ya
s i L L i+ 1)—3)—— 3 . B.
dr 3 2 3 [(41{[ =3 3t @ pj} 73 F (B.4)
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Fig. Bl. Spectral amplitudes of shaliow double-couples for Rayleigh (s0ld dnes)
and Love mantle waves (dashed lines) as a function of frequency. The geometries
considered are pure strike-slip and pure dip-slip on a perfectly vertical fault,
with the station located at an azimuth equally favorable to Love and Rayleigh
waves (@=45" for DS and ¢=22.5° for $S), This figure illustrates the
increasingly deficient excitation of Rayleigh waves relative to Love waves at
tonger periods, for the dip-stip mechanism.

At the bottom of the ocean, the last term vanishes, and y, takes the approximaic value
[~ ©?pyuery1 H] where H is the depth of the oceanic column. The ratio of the second
to first terms in (B.4) is therefore

H 2
N Pwaee 2 (2 . (B.5)
0a  p Bs

Al periods greater than 100s, this ratio is at most of order 1. The third term in (B.4)
is of order (I*u/a®)[8/3 ~*/BZ]y,. In the large / limit, and close to the surface, the ellip-
ticity fy4/y, of a Rayleigh wave approaches —0.68, the third term in (B.4) is of order
fwith respect to the first and second ones, and hence dominant. Because of the dispersion
of ¢ with frequency, its behavior is not simple, but it is found empirically that the
non-dimensional bracket [8/3 —¢?/pZ] varies approximately like w between 100 and
300s. yu{ry) can then be writien as — h(w/Q I p/a*)y4(r,), where @, is an adequate
constant having dimensions of frequency. If, according to Kanamori and Cipar’s (1974)
conventions, y, is normalized to I at the surface, then y;= —0.68/], and coefficients
for DS and S8 mechanisms then take the form K, = n,(w/Q)Allhja); K, =n,(A/I}, where
the n;’s are non-dimensional constants of order 1.
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Similarly, in the case of Love waves,
T
Dz [(J(l -t e p“ yTo 3 Iy (B.6)
d ’.2 F

Near the surface, the second term vanishes, but this time the non-dimensional bracket
[1—c¢?/f?] in (B.6), always negative, decreases in amplitude with frequency, in practice
like @~ Y211 ¥ is normalized to 1, the derivative becomes of order (w/@,)~ "*ul*/a?,
and we obtain L, =ny{e/Q) " Y?BI*hja; L,=B.

In order to compare the excitations of Love and Rayleigh waves, we note that
their phase velocities ¢ are generally very comparable for mantle waves, i.e., that for a
given period in the range studied (100 to 300s), [ takes similar values for both types of
waves. We also find that, under the chosen normalization, the integrals [ and
[, + i+ 1)I,]in (B.3) and (A .4) have comparable values (within a factor of 2) at similar
frequencies: this being due to the fargely comparable decay of the eigenfunctions with
depth. Therefore B/A behaves like /> and we obtain the following two results:

. For strike-slip earthquakes, the relative excitation of Love and Rayleigh waves
by shallow sources, controlled by the ratio [IL,/K,], is of order 1;

- For dip-slip earthquakes, the ratio is now [/L./K;], which behaves like o~
In other words for a pure dip-slip source, both Love and Rayleigh excitation go to 0
as the source approaches the surface, but this deficiency in excitation becomes
increasingly important for Rayleigh waves at longer periods. Figure Bl illustrates these
results, which are also contained in the excitation tables listed by Kanamori and Given
(1981).
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