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M,,: Extension to Love Waves of the Concept of a Variable-period
Mantle Magnitude

EMILE A. OEAL' and JacQuEes TALANDIER®

Abstract —We extend to Love waves the concept of the mantle magnitude M, introduced recently
for Rayleigh waves. Spectral amplitudes X{w) of Love waves in the 50—300 s period range are measured
on broad-band records from major events. A distance correction C, regionalized to reflect the influence
of different tectonic paths, and a source correction g, compensating for the variation of excitation with
period are effected; the exact geometry and depth of the event are however ignored. The resulting
expression

M, =log o X(w) + Cp + Cy — 0.50
is expected to be an estimation of log,, M, — 20, where M, is the seismic moment of the eveni. All
quantities in this equation are fully justified from a theoretical standpoint.

The analysis of a dataset of more than 300 Love records shows that A, correctly describes the
seismic moment, with average residuals in the range of 0.1-0.2 unit of magnitude. No significant trend
with either distance or period of measurement is present. In particular, A, does not saturate and
continues to grow linearly with log,, M, for very large events. The combination of the Rayleigh and
Love M, guards in general against underestimation of M.

Key words: Mantle magnitudes, Love waves, magnitude scales, tsunami warning.

1. Introduction and Background

The purpose of this paper is to extend to Love waves the mantle magnitude M,
introduced for Rayleigh waves by OKAL and TALANDIER {1989). In that study
{hereafter “Paper I'"), we showed that a real-time analysis of mantle Rayleigh waves
could vield a reliable estimate of the moment M, of a teleseismic event, while
keeping the basic principle of magnitude, ie., ignoring the exact focal mechanism
and true depth of the source.

On the basis of a large dataset of more than 250 records, we studied in Paper
I the residuals between published values of the seismic moment {obtained mostly
from the Harvard CMT files), and values estimated from the measurement of M,
at a single station. The standard deviation of such errors was found to be on the
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order of 0.2 unit of magnitude. This figure is in itself excellent since it is comparable
to the level of precision achieved by investigations of moment tensor solutions, and
also to the scatter existing among measurements of classical magnitudes, such as
M., at individual stations. However, the exclusive use of Rayleigh waves cannot
guard against more significant errors in the unfavorable case of the station sitting
in a fully developed node of radiation. The purpose of the present paper is thus to
examine the extension of the M, concept to Love waves, which should provide an
alternative and a safeguard in such situations.

The structure of this paper follows closely that of Paper 1. We refer the reader
to that previous work, and will emphasize mainly those points characteristic of
Love waves.

2. Theory

In direct parallel to the case of Rayleigh waves studied in Paper I, we will seek
to derive a mantle magnitude M, related to the seismic moment M, through

M, =log, M, — 20 (1

where M, is in dyn-cm. We use the standard theory of excitation and propagation
of surface waves to write the spectral amplitude of the transverse component of
ground motion at distance A from the source:

X(0) = a\/n[2e 4202 [sin A] - [{1] |2(Lop, + z'qLL,)tMo} 2

where the notation follows the normal mode conventions of KANAMORI and
STEWART (1976). In particular, L, and L, are the two excitation coefficients
depending only on frequency and depth, and p, and ¢, trigonometric functions
describing the relative orientation of the double-couple, the free surface, and the
station; a is the radius of the earth and A is in radians. As in the case of Rayleigh
waves, this equation expresses the separation of the propagation effects, regrouped
in the first bracket, from the excitation terms, regrouped in the second bracket
(HARKRIDER, 1964). Thus, the seismic moment (or equivalently the mantle magni-
tude) can still be retrieved from the spectral amplitude through

Mm=!0g10M9W20ﬂ10g1@X(W)+CD +Cs'§“C0 {3)

In this equation, identical to Equation (5} of Paper I, the corrections Cp, and g
will take values different from their Rayleigh counterparts, refiecting the differ-
ent excitation of Love waves, and in the case of Cp, the different values of
the attenuation Q' and dispersion U. The *“locking” constant remains C, =
108;0(~/2//a) = —0.90 if X{w) is measured in gm-s.

An additional problem is that the asymptotic summation of normal modes
inherent in Equation (2) does not take into account the possible effect of overtones.
This point was not discussed in Paper | since mantle Rayleigh overtones travel at
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faster group velocities than the fundamental mode (typically 4.4 km/s for the first
branch; see OKAL and Jo (1983)), and we could assume that the fundamental had
been effectively extracted from the record before processing, either visually, or
through automatic group velocity windowing. Over oceanic paths, fundamental
Love waves of 30-80 s period can be contaminated by overtones traveling at very
similar group velocities (e.g., THATCHER and BruUng, 1969; BOORE, 1569); the
accurate study of their dispersion requires sophisticated filtering techniques (e.g.,
ForsyTH, 1975; CaRra, 1978). Accordingly, in Section 4, we will study theoretically
the possible influence of overtone contamination on measured values of M,,. We
will show that the quality of the measurements is not expected to suffer signifi-
cantly, a result confirmed by testing on a real dataset the effect of using a narrower
range of frequencies (7 = 80 s as opposed to T = 50s). In anticipation of those
results, we will at this point develop the theory for alf periods T' 2 50 s, reserving a
fulf discussion for Section 4.

Distance Correction Cp

The distance correction remains

Cp =1logg sin A+ (iogwe)% (4
where the values of I/ and @ used to correct for the effect of anelastic attenuation
must be compiled from available models of Love wave attenuation. In order to
reflect the possible effect of lateral heterogeneity, we keep the regionalized tectonic
model used in Paper I (see Figure 1), and list in Table 1 values of ¢ and U

LATITUBE

285 2"
LONGITUDE

Figure 1
Tectonic regionalization used in the computation of the distance correction . The various shading
patterns refer to oceans (1: less than 20 Ma; 2: 2050 Ma; 3; 50- 100 Ma; 4: older than 100 Ma); coniinents
{5: shields; 6: tectonic regions}); and trenches (7). See Table 1 for corresponding values of U and Q.
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M,,. Extension to Love Waves
compiled or computed from the works of KaNaMoRI {1970}, Canas and
MitcseLL (1978), MiTcHELL and Yu (1980), NakanNisHI (1981) and HwaNG and
MITCHELL (1987). The computation of C, procesds exactly as in the case of
Rayleigh waves: The path is split into segments belonging to the varicus provinces,
and their contributions to the second term in €, added.

Source Correction Cg

Just as for Rayleigh waves, this correction is approxzimated in order to ignore
the focal mechanism and exact depth of the earthquake, which are assumed to be
unknown at the time of the measurement.

We computed the expression of the excitation coefficients L, and L, of the
earth’s fundamental {oroidal modes between periods of 40 and 300 s, using the
PREM model (DZIEwoNSKI and ANDERSON, 1981). As in Paper 1, we define the
source excitation £ of a Love wave at angular frequency o and in a particular
geometry as

B4y, 6, 43 9,3 h; @) =5 [ (Uapy + iLig,)] )
and L, the “logarithmic average excitability”, as the logarithm of the average of
E, taken over a large number (in practice 3240) of combinations of focal geometry
and station azimuth. Figure 2a is a plot (similar to Figure 3a of Paper 1) of the
behavior of L, with period and depth, in the period interval range 40300 s, The
sampling depths used are the same as in the Rayleigh study.

On this figure, it is immediately apparent that, in this range of depths, the
excitation of Love waves is less sensitive 1o depth than that of Rayleigh waves. A
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{2): Logarithmic average excitability for fundamental Love waves plotied as a function of period and

depth. The various symbols (from 0 t0 9) refer to ten sampling depths between 10 and 75 km. The

thicker trace corresponds to & = 25 km, which is retained for the computation of Cg. (b): Same as left,
after the correction Cg given by (7} has been applied.
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simple explanation for this situation stems from the different behavior of the two
waves’ eigenfunctions: Elementary Love and Rayleigh theory shows that in a layer
of velocities « and B, the vertical gradients of the potentials are on the other order
of

160 ¢

5 ! (62}
and

1 0% e? 172

¥ =g (60

where k_ is the horizonial wavenumber. For both kinds of waves, the phase velocity
¢ at the periods we are considering is close to the shear wave velocities in the lid or
upper mantle {(all are typically in the 4 to 5 km/s range}, and the corresponding
shear potentials ¥ show little variation with depth. Rayleigh waves alone feature
the compressional potential @, for which c/a is significantly different from I,
resulting in strong variations of ecigenfunctions, and hence of excitation coefficients,
with depth.

Next, we eliminate true focal depth altogether by selecting the intermediate

value 25 km, modeling L, 28 a cubic spline, and retaining €, = — L, as the source
correction 1o be used in (3); the result is
Cg == 0.80263 0% + 0.13524 6° + 0.28570 4 + 3.8112 {Nn

where 0 = log T — 2.2354, with the period T in seconds. Figure 2b confirms that
the systematic error introduced by neglecting true depth and using (7) is extremely
small for L.ove waves, ranging from —0.05 to 0.04 units of magnitude for T = 80 s,
and not exceeding 0.12 units at 7 = 50 5. In particular, this source of error becomes
totally negligible at the lower-frequency end of the spectrum, where hopefuily most
of our measurements will be taken.

Impossibility of Time-domain Measuremenis

In the case of mantle Rayleigh waves, we were able to relate the spectral
amplitude X{(w) involved in the definition of M, directly to the amplitudes 4
observed in the time-domain oscillation of the seismogram, and thus to propose a
time-domain measurement M1 of the mantle magnitude. This was because the
fundamental branch of Rayleigh is strongly (and actually, inversely} dispersed in
the corresponding range of frequencies (Paper T and OxAL, 1989), In the case of
Love waves, this dispersion is absent from most oceanic structures and only very
weak in continental ones (see Table 1), therefore it is not possible to develop a
time-domain mantle magnitude similar to MIP for Love waves.
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3. Application to Data

Having obtained theoretical expressions for €, and Cy in {3), we now apply
the concept of the mantle magnitude M,, to a real-life dataset of long-period
teleseismic Love waves, and to analyze the results critically, in parallel to the
discussion of the Rayleigh wave M, in Paper L

We targeted for this study all GEOSCOPE records (from 1982 to February,
1987) for shallow events (h <75km), with reported seismic moments larger
than 10 dyn-cm. Afier extraction of the horizontal components, a visual check
was made of each record, at which time those featuring instrumental instability
were eliminated. We also did not consider records from station MBO (M’'Bour,
Sénégal), for which absolute gains are in doubt. A total of 271 GEOSCOPE
records were used, corresponding to Ist or Znd passages G, or G,. In addition,
and in order to test the performance of the distance correction O, we repeated
our experiment in Paper I for Rayleigh waves by targeting higher passages {up
to and including G;) of the 1986 Aleutian event. The 26 additional records
are treated separately in the discussion, and are not included in the statistical
analysis,

An additional dataset consists of 36 Ist passages G, recorded at Papeete,
Tahiti (PPT), on the LDG broad-band instruments of the Polynesian network. On
the other hand, we did not use any records from the long-period instruments at
Pasadena, for lack of a system offering characteristics of instrumental stability and
continuity of recording over large periods of time comparable to the Vertical
ULP33 used in Paper I The total dataset thus inciudes 333 records, from 85
earthquakes. Published estimates of seismic moments, as well as focal geometry
parameters were taken from the Harvard Centroid Moment Tensor solutions
{DziewonNsKt et al, 1983a-c, 1984a—c, 1985a~d, 1986a—c, 1987a—e, 19882~
d, 1989}, and are listed in Table 2. Figures 3 and 4 plot the epicenters and
mechanisms of all the events used in this study.

Typical examples of the signals used are given in Figure 5; instrumental
characteristics and responses are discussed in Paper I and RoMaNOWICZ er al.
(1984). After visual inspection, data processing involved isolation of the Love
wave through time-windowing, Fourier-transforming of each of the 666 horizontal
components, instruments deconvolution, and rotation into natural Love polariza-
tion. At each of the Fourier periods, Equations {3} and (7) were used to compute
an estimate of the mantle magnitude, and the largest value retained as Af,,. These
values were then compared to the value®ME™ = log o M, — 20 equivalent to the
published value M, of the seismic moment, and the residual r = A, — M2
defined.

As in the case of Rayleigh waves in Paper I, the resulting dataset is listed in its
entirety in Tables 3 and 4, and Figure 6 plots the computed values of A7, against
the published values of the seismic moment M.
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Table 2
Source Parameters of Events Used in This Study
Epicenter Published Focal Mechanism
Depth, Moment,

Date M 3 km 107 dyn-em ¢, deg 8, deg A, deg  Reference
1979 02 28 60.64 -141.59 19 1.88 271 13 %6 a
1979 03 14 17.81 -101.28 27 1.72 306 15 110 a
1981 07 06 L2226 171.73 38 2.59 345 30 181 b
1981 09 01 -14.99 -173.17 20 1.94 113 31 287 b
1981 10 25 18.01 -102.1% 32 0.70 287 20 82 b
1982 03 07 -60.68 -20.83 i0 635 268 53 0 c
1982 06 OF 16,62 98.15 i1 .29 268 HU 48 ¢
1982 67 23 3621 14176 27 0.39 203 i4 86 ¢
1982 08 G3 -12.70 165.94 24 032 337 32 83 ¢
1982 11 19 -10.59 -74.75 0 0.13 4] 34 118 c
1982 12 19 -24.19 -175.77 29 198 198 22 101 c
1983 01 17 38.09 20.19 0 0.23 34 14 153 d
1983 01 24 16.18 95.15% 36 0.21 110 54 215 d
1983 03 18 -4.86 15351 70 4.53 170 49 126 d
1983 04 03 8.73 -83.12 28 182 310 25 110 e
1983 05 26 40.37 139.15 13 4.53 16 27 86 e
1983 06 21 41.32 139.14 17 0.19 23 43 94 e
1983 07 11 -60.90 -52.94 14 033 0 60 205 f
1983 08 06 40.18 2473 19 0.12 229 gl 186 f
1983 08 17 55,79 161.21 T 0.41 216 41 60 f
1683 10 04 -26.62 N 39 334 9 20 110 g
1983 1022 -60.62 -25.44 10 0.46 231 35 278 g
1983 10 28 44.05 -113.89 14 031 304 2% 257 g
1983 11 16 15.43 -155.45 11 0.11 130 25 5 g
1983 1% 22 0,42 -79.94 35 Q.17 13 24 133 g
1983 11 30 -6.89 712.12 16 4,05 293 35 308 g
1983 12 02 14.05 91.94 31 .37 296 19 89 g
1984 02 07 -9.92 160,46 22 2.52 296 37 30 h
1984 03 19 40,28 63.33 15 .33 218 21 86 h
1984 03 24 44,16 148.29 31 0.64 229 17 109 h
1984 05 17 -36.46 53.54 10 0.25 1 64 177 i
1984 05 26 -43.83 3914 16 0.13 98 88 0 i
1984 06 24 17.99 -69.35 16 0.14 352 6 155 i
1984 08 06 3234 131.94 29 0.2% 203 85 275 b
1984 0% 18 33.97 141.44 35 6.21 264 26 220 i
1984 11 01 8.15 -38.76 10 0.40 214 3 183 k
1984 11 17 0.19 98.04 25 0.58 334 10 116 k
1984 11 23 -14.30 171.28 27 0,39 300 66 353 k
1984 12 28 56.17 163.58 2 0.14 260 61 162 k
1984 12 30 -36.73 177.50 19 .18 86 36 348 k
1985 01 21 -1.0% 128.33 2t .14 203 76 188 H
1983 03 02 -1.98 119.70 44 012 283 84 357 1
1985 03 03 -33.13 -71.98 41 1031 i1 26 119 1
1985 04 09 -34.37 -71.54 47 0.50 0 2 99 "
1985 04 13 1.66 126,57 40 0.28 12 34 69 m
1985 05 10 -5.58 151.08 25 0.69 193 67 194 m
1983 07 03 -4.46 152.82 3 0.83 189 37 106 H
1985 07 22 -6.28 148.73 35 0.21 266 25 77 n
1985 08 23 39.42 75.27 15 033 315 29 139 a
1985 09 19 18.18 -102.57 21 10.9% 301 18 165 n
1985 0% 21 17.82 -101.67 21 249 206 17 85 a
1985 09 26 3463 -178.69 61 0.24 196 54 39 n
1985 11 17 -1.59 13501 13 0.50 179 64 174 0
198511 28 A -14.01 166.24 24 0.30 161 36 251 o
19851128 B -13.96 166.17 44 0.36 262 68 13 0
1985 12 21 -14.04 166.51 46 G.57 163 44 88 o
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Table 2 {continued)
Source Parameters of Events Used in This Study

Epicenter Pubtished Focal Mechanism
e Depth, Moment,

Date °N °E km 107 dyn-cm ¢, deg 8, deg K, dog  Reference
1985 12 23 62.21 -124.30 i5 0.15 354 45 98 Q
1986 03 24 -2.48 128.7% 15 013 94 39 356 ]
1986 04 20 -2.38 139.32 21 0.16 88 29 20 q
1986 04 30 18.41 -102.98 21 033 290 18 87 q
1986 05 07 5141 -174.83 31 1036 246 22 8% q
1986 07 09 1.96 126.59 35 0.16 9 39 71 T
1986 08 14 1.82 126.64 20 2.26 347 16 34 T
1986 10 i4 -4.59 153.58 54 0.15 134 40 80 8
1986 10 20 -28.10 -176.43 50 4,52 276 56 158 3
1986 10 23 -10.98 16517 15 0.14 332 15 97 s
1986 11 14 23.96 121.82 13 130 210 33 87 s
1987 01 03 -14.99 16792 17 0.12 158 32 74 T
1587 01 05 52.46 -169.35 34 0.15 246 26 95 H
1987 01 30 -60.15 -26.83 15 033 232 i6 123 H
1987 02 06 3593 141.70 41 0.13 209 25 99 H
1987 02 08 -5.94 147.79 15 1.1 82 83 4 !
1987 62 13 0.69 12624 37 0.14 18 42 83 t
1987 03 05 -24.49 -70.17 42 248 12 23 106 t
1987 03 06 0.13 -77.83 15 0.64 195 27 98 t
1947 06 27 -2.1% 138.24 27 0.08 118 53 5 u
1987 07 06 -27.02 -108.25 15 0.15 249 44 293 v
1987 08 08 -19.19 -70.14 8¢ 0719 176 20 273 v
1987 09 03 -58.96 15830 15 138 155 69 188 v
1987 10 06 -17.90 -172.29 15 0.89 352 42 247 W
1987 10 12 -1.29 15439 18 0.34 323 43 292 w
1987 10 16 -6.25 149.09 48 1.26 266 32 90 w
1987 10 25 -2.39 138.41 15 0.19 22 32 132 w
1987 11 27 -16.37 168.10 15 0.62 15% 69 3 W
1987 11 30 58.68 -142.79 15 7.27 355 70 188 w

References: a: Dzmewonsks et al. (1987a); b Demwonskt er al. (19884); ¢ Dzswonsks er al. (1983q); d:
Dzewonsks et al. (1983b); e: Dziewonskl er al. (1983¢); £ Drmewonski et al, (1984a); g DIIEWONSKI ef
al. (1984b); h: Dzewonsxi ef al. {1984c); it Duewonsk et al. (19854); j: Dzmwonskr et al. (19856Y;
k: Dzipwonsks et al, (1985¢); I Dzawonskl et al. (1985d); m: DzEwonsK: e al. {1986a); i DzEwon.
skl et al. {19865); o: Dzswonskr et al. (1986¢); p: Dziewonski ef al. (1987b), q DzEwonsk er af.
(1987c), v Duzmwonskr et al. (1987d); s: Dzmwonsst et al. (1987¢); t Dzmwonsk: et al. (19886); w:
Dzwonskr et al. (1988¢); v: Dzmwonsw e al. (1988d); w: Drmmwonskr ef al, (1989).

4. Discussion

Accuracy of M,,: The Population of Residuals r

It is immediately apparent that the residuals r are somewhat more scattered than
in the case of Rayleigh waves (see Figure 8 of Paper 1), While the average 7 and
standard deviation ¢ of the residuals are comparable at the GEOSCOPE stations
(F = 0.15; o = 0.26 for Love waves; 7 = 0.18; ¢ = 0.24 for Rayleigh waves), values of
M, at Papeete are significantly deficient {¥ == —0.13) and above all greatly scattered
(¢ = 0.34). Comparable numbers for Rayieigh waves at PPT were F =009, 0 =
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LOVE: PAPEETE DATASET
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Figure 3
Map of epicenters and focal mechanisms for the Papeeic dataset,

LOVE: GEOSCOPE DATASET
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Figure 4
Map of epicenters and focal mechanisms for the GEOSCOPE dataset, Individual stations are shown as
dots; the post- 1986 location of the Réunion station at RER, only 18 km from PCR, is not shown.

0.15. In a later section, we will show that this is largely due o a focal machanism
effect resulting from the particular geometry of the station PPT with respect to the
major subduction zones.

Taken as a whole, the dataset featurcs an average residual 7 =0.12, with a
standard deviation ¢ = 0.29 units of magnitude (Table 5). These numbers compare
reasonably with their Rayleigh counterparts, and indicate that Love waves can
indeed be used to obtain a real-time one-station estimate of the moment of a
teleseismic event,
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Table 3
Papeete Dataset
Event Station  Passage A Mpd M, T v M, 7y
1979 02 28 PPT 1 78.34 .27 548 82 -0.7% 7.08 19
1979 03 14 PPT 1 59.17 7.24 712 102 -0.12 727 0.03
1981 07 06 PPT 1 36.59 T.41 .70 137 0.29 7.57 0.16
1981 07 15 PPT i 40.79 6.76 6.72 102 -0.04 6.73 -0.03
1983 09 01 PPT 1 2272 7.29 7.58 82 0.29 8.10 (.83
1981 1025 PPT 1 58.68 6.85 674 68 .11 6.78 -0.07
19820607 A PPT 1 61.04 6.46 6.24 82 -0.22 6.49 0.03
198206 07 B PPT 1 60.84 6.43 6.26 102 -0.17 6.46 0.03
1982 08 05 PPT 1 4316 6.51 648 82 -0.03 6.38 -0.13
1982 12 19 PPY 1 2539 7.30 7.26 137 0.04 744 .14
1983 05 26 PPT 1 87.84 7.66 736 102 030 7.87 .21
1983 10 04 Py 1 7274 7.53 7.00 82 -0.53 7.48 -0.05
1984 02 07 PPY 1 4897 7.40 7.63 205 0.23 7.36 -0.04
1984 03 24 PPT 1 83.67 6.80 6.62 68 .18 7.29 0.49
198503 03 PPY 1 70.32 8.01 773 137 -0.28 8.16 0.15
1985 04 OB PPT 1 70.53 6.70 6,06 68 -0.64 696 0.26
1985 09 19 PPT 1 58.40 8.04 771 137 -0.33 197 -0.27
1985 09 21 PPT 1 58.87 7.40 721 102 0.19 T34 .06
198511 28 A PPT 1 42.58 65.48 6.66 82 0.18 6.70 0.22
198511 28 B PPT 1 42.64 6.56 6,76 82 0.20 6.46 .10
1985 12 21 PPT 1 42,33 6.76 6.77 59 0.01 6.78 0.02
1986 04 30 pPY 1 58.18 6.49 6.36 82 -0.13 6.42 -0.07
1986 05 07 PPT 1 72.38 8.02 693 137 -1.09 7.73 -£.29
1986 10 20 PPT 1 27.08 7.95 T.83 102 -0.32 T.62 -0.33
1987 02 08 PPT 1 62.16 7.05 7.60 102 0.55 7.29 0.24
1987 03 05, PPY 1 73.50 139 6.64 82 075 6.80 -6.50
1987 03 06 PPT 1 75.33 6.80 655 82 .25 7.04 0.24
1987 06 27 PPT 1 72.44 5.92 6.08 31 .16 5713 -0.19
1987 07 06 PPT 1 41.06 5.98 622 82 0.24 6.10 0.12
1987 08 08 PPT 1 74.88 6.90 6.44 59 -0.46 7.09 .19
1987 69 03 PPT 1 55.90 7.15 722 82 0.07 575 -6.40
1987 10 06 PPT 1 21.63 6.95 6.63 51 -0.32 7.15 9.20
1987 10 12 PPT 1 55.49 6.53 638 102 -0.15 6.31 -0.22
1987 10 16 PPT 1 60.83 7.11 T.12 102 0.0t 7.08 -0.03
1987 25 10 PPT 1 72.15 6.28 6.50 31 0.22 £.49 0.21
1987 11 30 PPT i 76.31 7.86 8.04 205 0.18 7.61 023

Slope of log,o My vs. M,

In developing a variable-period mantle magnitude, one of our primary goals was
to avoid the saturation effects known to affect traditional magnitude scales involv-
ing measurements at a fixed period (GELLER, 1976). In this respect, the behavior of
M, for events with very large moments is of crucial importance; our theory predicts
that M, should keep growing as log,,M,. In order to test this behavior, we
regressed log,, M, as a function of M, for each of the datasets in Figure 6. The
best-fitting slope s 0.99 for the GEOSCOPE dataset, but only 0.83 for the PPT
dataset. Again, we take the latter as reflecting an artifact of focal geometries. For
the whole dataset, the best-fitting slope is 0.96, not significantly different from 1,
and indicating that the Love wave mantle magnitude M, successfully aveids
saturation at higher magnitudes.
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Typical examples of records used in this study. In both instances, the individual horizontal components

have been rotated to SH polarization. (a): PPT record of the 19 September 1985 Mexican carthquake.

(b): Record of the 07 May 1986 Aleutian event at the GEOSCOPE station NOC (Nouméa, New

Caledonia). The first passage &, is shown, with the time window actually used in the determination of
M, outlined by the dotted lines.
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Measured values of M, plotted as a function of the published seismic moment 34, either for individua!
datasets (2, b), or the whole dataset (). The dashed line is the theoretical relation A, = log,, M, — 20.

Influence of Focal Mechanism and True Depth

In using (7) as a source correction, and in keeping with the magnitude concept,
we ignore the true focal parameters of the earthquake, and introduce a systematic
error in the estimate of its seismic moment. In order to investigate the extent of this
error, and its contribution to r, we used, for each record, the published centroid
moment tensor to compute the true value of the excitation £ given by {5), and
obtain a “focal mechanism contribution”™

Cpar =l0g 1o £ — Cs (&)
and a corrected value of M,

M, = M, + Cpy. 9
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Event Station  Passage A e M T 7 M, re
1942 05 07 S5B 1 107,77 6.54 696 256 0.42 6.67 0.313
1982 07 23 588 1 89.99 6.59 6,77 64 0.18 692 0.33
198211 19 55B 1 90,05 6.04 631 128 0.27 6.18 (14
198212 19 PCR 1 112,60 7.30 7.29 160 -0.03 7.25 -0.05
1982 12 19 PCR 2 247,40 1.30 7.09 85 0.2 7.05 -0.25
1983 01 17 85B H 13.71 6.36 6.74 64 0.38 6.82 0.46
1983 01 17 PCR i 67.84 6.36 6.52 128 .16 6.62 0.26
1983 01 24 PCR i 151.86 632 6.79 54 0.47 6.48 0.16
1983 03 18 PCR 1 95.61 T.66 767 160 0.01 793 0.27
1983 03 18 PCR 2 264.39 T.66 7.67 85 0.0 7.96 230
1983 03 1§ SEB 1 131.44 7.66 7.70 71 .04 8. 1.11
1983 04 03 PCR 1 138.35 7.26 126 156 0.00 7.73 0.47
1983 064 03 PCR 2 221.65 7.26 1326 5 0.00 7.66 0.40
1983 04 03 $5B 1 82.18 7.26 721 213 -0.05 7.38 0.12
1983 05 26 PAF 1 i08.11 7.66 ENE 183 0407 1.1 0.1t
1983 65 26 PAF 2 251.89 766 796 142 030 2.00 0.34
1983 05 26 PCR 1 98.82 7.66 .78 183 0.12 1.67 0.4
1983 05 26 PCR 2 261.18 7.66 735 256 0.09 7.64 -0.02
1983 05 26 SSB 2 274.63 1.66 773 213 0.07 762 -0.04
1983 06 21 S8B 1 84.54 5.28 5.89 116 0.61 5,69 0.41
1983 07 11 PAF 1 £0.83 6.52 6.89 183 0.37 6.84 6.32
1983 07 it 558 k 115.75 652 6.19 213 40.33 875 0.23
1983 08 06 58B H 15.67 6.08 6.56 64 0.58 631 0.23
1983 08 17 PCR i 116.07 6.61 6.87 183 0.26 6.67 0.06
1983 08 17 588 i T2 6.61 6.350 116 -£.11 6.51 -0.10
1983 10 04 PAF i 96.61 7.53 7.55 213 .02 7.66 0.13
1983 10 04 FCR 1 109.48 7.53 1.52 213 -0.01 751 -0.02
1983 10 04 PCR 2 250.52 7.53 790 80 0.37 79 0.38
1983 10 04 S8B 1 99.03 7.53 7.56 71 0.03 7.57 0.04
1983 106 22 PAF 1 51.10 6.66 6.69 128 0.03 6.587 .21
1983 10 22 PCR 1 67.32 6.66 7.04 160 0.38 6.86 0.20
1983 1022 SSB 1 1068.50 6.66 6.82 142 0.16 6,76 0.10
1983 10 28 PCR 1 155.57 6.49 5.69 85 0.20 6,79 .30
1983 11 15 PAR 1 132.97 6.03 6.54 213 0.5 6.40 .37
1983 11 16 ss5e 1 112.92 6.04 6.07 142 0.03 6.08 0.04
1983 11 22 PAF 1 124.86 6.23 6.43 g1 0.20 637 0.14
1983 11 22 558 1 85.80 6.23 6.43 116 0.20 6.37 014
1983 11 22 TAM 1 B5.65 5.23 6.49 167 (0.26 545 0.22
1983 11 30 PAF H 42.42 7.61 7.37 91 .24 823 0.62
1983 11 30 PAF 2 317.58 7.61 7.63 95 002 8.50 0.89
1983 1t 30 PCR 1 2143 7.61 7.82 256 021 7.6( -0.01
1983 11 30 PCR 2 338.57 7.61 7.83 151 0.22 7.61 0.00
1983 11 30 S5B 1 79.52 7.61 793 107 0.32 7.71 0.10
1983 11 30 S5B 2 280.43 7.61 7.62 256 0.01 7.41 .20
1983 11 30 TAM 1 71.49 7.61 1.76 80 Q.15 7.66 0.05
1983 11 30 TAM 2 288.51 7.61 166 256 0.5 7.55 0,05
1983 12 02 PAF 1 141.83 6.57 6.74 98 0.17 6.75 0.18
1983 12 02 S5B 1 84.56 6.57 533 213 -0.24 6.56 (.01
1983 12 02 TAM 1 91.30 6.57 6.74 256 0.17 6.75 .18
1984 02 07 PCR 1 160.02 7.40 1.34 1i6 -0.06 7.63 0.23
1984 02 07 SSB 1 139.10 440 735 67 .05 7.69 .29
1984 02 07 588 2 220.90 7.40 745 284 0.05 795 0.55
1984 2 07 TAM 1 152.80 7.40 777 98 037 T.60 0.20
1984 02 07 TAM 2 207.20 1.40 7.68 i71 0.28 7.50 0.10
1984 03 9 S8B 1 42.55 6.54 5.08 213 -0.46 5.39 .15
1984 03 19 TAM 1 51.34 6.54 6.57 5 0.03 6.54 0.60
1984 03 24 TAM 1 105,02 6.81 696 64 15 .29 0.48
1984 05 17 TAM 1 74.47 6.40 6.26 213 <0.14 691 0.51
1984 05 26 TAM 1 73.26 6,11 6.00 80 0,41 6.29 018
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Event Staton  Passage A MzE M, T r M, 7,
1984 05 26 WEM 1 13290 6.11 6.69 128 0.58 624 0.13
1984 05 26 WFM 2 22710 6.11 .81 i02 0.70 6.36 0.25
1984 06 24 WFM 1 24.97 6.15 65.05 64 4010 5.49 0.34
1984 08 06 588 1 88.95 6.46 640 213 -0.06 6.82 0.36
1984 08 06 TAM i 104.77 6.46 649 71 0.03 691 0.45
1984 (09 18 WEM 1 96,82 6.32 6.43 67 0.i1 698 0.66
1984 11 01 PCR 1 96,94 6.60 7.2 80 0.61 6.80 0.2G
1984 11 01 S8B 1 52.54 5.60 6.83 256 0.23 6,78 0.18
1984 11 O TaM i 44.90 6.60 7.13 85 0.53 6.88 0.28
1984 11 04 WFM i 46.54 6.60 6.91 64 4.31 7.18 .58
1984 11 17 PCR i 46.61 6.76 631 80 845 7.22 0.46
1984 11 17 $SB i 92.35 6.76 594 75 0.18 7.35 .59
1984 11 17 WFM 1 13677 6,76 6.86 85 0.10 7.13 .37
1984 11 23 WFM 1 i17.36 6.28 877 256 0.49 6.39 0.31
1984 11 23 WEM 2 242.64 6,28 6.76 135 0.48 6.40 0.12
1984 12 28 588 1 77.21 6.15 6.81 91 0.66 6.40 0.25
1984 12 28 WEM 1 69,93 6.15 600 71 515 6.63 0.50
1984 12 30 WEFM 1 125.88 6.26 6.56 98 0.30 6.43 0.17
1985 01 21 TAM 1 120.61 6.15 6.82 98 0.67 6.34 0.19
1985 01 21 WEFM 1 133,64 6.15 6.93 67 0.78 6.46 0.31
P985 01 2% WEM 2 226.36 6.15 6.69 142 0.54 6.21 0.08
198503 02 S5B i 108.91 5.04 6.49 80 0.45 6.46 0.42
1985 03 02 TAM i 113.01 6.04 6.56 183 0.52 6.09 0.05
1985 03 03 PAF i 91.08 8.1 8.03 142 0.02 8.06 0.05
1985 63 03 PAF 2 268.92 8.01 8.06 78 0.05 8.10 6.09
1985 03 03 S5B 1 104.42 8.01 8.11 128 -0.10 8.01 .00
1985 03 03 SSB 2 235.58 8.01 8.17 142 0.16 8.07 0.06
1985 03 03 TAM 1 68.94 8.0t 793 256 -0.08 811 0.10
1985 03 03 WEM 1 14.24 8.01 7.37 91 -0.64 777 -0.24
1985 03 03 WEM 2 345.76 8.01 7.99 91 -0.62 8.39 0.38
1985 04 09 PCR 1 105.32 6.70 6.67 213 -0.03 6.64 0.06
1985 04 09 TAM 1 92 60 6,70 666 160 -(L04 682 0.12
1985 04 09 WEM 1 76.64 6.70 6.76 91 0.06 7.30 0.60
1985 04 13 TAM 1 117.67 6.45 6.42 107 -0.03 728 .83
198505 10 TAM 1 142,61 6.84 731 80 0.47 598 0.14
1985 65 10 PCR i 93,10 6.84 7.02 160 0.18 65.91 0.07
1985 65 10 WEM i 125.39 6.84 7.21 64 0.37 7.07 0.23
1985 07 03 PCR i 95,12 6.92 6,78 71 -0.14 7.87 0.95
1985 G7 22 SSB 1 130.22 6.32 6.86 1 0.54 6.81 0.49
1985 08 23 AGD 1 40,01 6.52 598 85 046 6.79 0.27
1985 08 23 CAY 1 114.56 6.52 5.82 54 0.30 6.81 0.29
1985 09 19 AGD 1 134.79 8.04 7.98 160 -0.06 8.08 0.04
1985 09 19 AGD 2 22521 8,04 7.82 160 522 792 012
1985 09 19 CAY 1 50.79 8.04 8.00 67 -0.04 8.17 0,13
198509 19 CAY 2 309.21 8.04 7.79 153 -0.25 8.06 0.02
98509 19 PFCR 1 159.22 £.04 8.00 80 -0.04 8.25 0.21
1985 09 19 PCR 2 200,78 8.04 7.69 142 -0.35 8.02 -0.02
1985 09 19 S5B i 88.64 8.04 7.90 85 -0.14 811 6.07
1985 ¥ 19 SSB 2 27136 8.04 7.54 183 -0.50 176 0,28
1985 09 21 AGD 1 134.34 7.40 7.39 64 -0.01 1.56 .16
1985 09 21 AGD 2 22566 740 726 160 0,14 743 0.03
1985 09 21 CAY 1 49.89 7.40 7.35 256 -0.05 757 0.17
1985 09 21 CAY 2 310,11 7.40 7.53 75 0.13 7.69 0.29
1985 09 21 PCR 1 158.31 7.40 7.46 75 0.06 7.65 0.25
1985 09 21 PCR 2 201.69 7.40 7.36 75 -0.04 7.56 0.1%
1985 09 21 55B 1 88.32 7.40 7.29 80 011 1.67 0.27
1985 09 26 CAY 1 122.37 6.38 6.82 91 0.44 6.57 0.19
1985 11 17 AGD i 92.46 6,69 7.28 183 0.59 6.86 0.17
1985 11 17 AGD 2 267.54 6.69 132 107 0.63 6.90 0.21
1985 11 17 PCR 1 79.57 6.69 7.01 64 0.32 6.68 6.01
1885 11 17 SSR 1

118.50 6.69 6.99 167 0.30 7.15 G.46
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Event Station  Passage A MPE M, T v M, 7,
1985 11 17, TAM 1 126.66 6,69 7.20 it 0.51 697 0.28
198511 28 A AGD H 124.88 548 6.67 64 0.19 6.89 0.41
1985 11 28 A AGD 2 235.12 6.48 6.54 91 0.06 5.75 0.27
19851128 A CAY i 140.97 6.48 6,78 91 0.30 6.84 0.356
1985 11 28 A TAM i 159.74 6.48 696 116 0.48 6.79 0.31
1985 11 28 B AGD 1 124.81 6.56 7.16 256 0.60 676 .20
1085 1128 B AGD 2 235.19 6.56 T.00 142 0.44 6.60 0.04
19851128 B CAY 1 141.04 6.56 7.01 91 0.45 6.69 0.13
198511 28R CAY 2 218.96 6.56 6.82 98 0.26 6.49 -0.07
1985 11 28 B PCR 1 103.40 6.56 6.88 167 032 6.50 -0.06
198511 28 B TAM i 159.66 6.56 6.82 71 0.26 7.04 (.48
1985 1128 B TAM 2 200,34 6.56 6.83 213 0.27 7.01 0.45
1985 12 23 CAY 1 T1.29 6.18 6.29 150 011 6.20 0.02
198512 23 SSB 1 65,13 6.18 6.68 256 0.50 6.47 0.29
1985 12 23 WEFM 1 3494 6.18 6.27 64 0.09 6.22 0.04
1986 (3 24 AGD H 96.26 6,05 6.52 107 047 65.22 0.17
1986 03 24 NOC i 33.18 6.0% 6.54 256 .49 6.62 0.57
1986 03 24 WM i 130.319 6.05 6.43 80 0.38 6.34 0.29
1986 04 20 CAY 1 168.11 6.20 6,54 91 0.34 6.36 .16
1986 04 20 NOC 1 32.77 6.20 6.29 213 0.09 6.79 6.59
1986 04 20 SSB 1 217 6,20 6.36 128 0.16 635 0.15
1986 04 30 AGD 1 134.95 6,49 654 160 0.05 6,63 0.14
1986 04 30 CAY 1 51.21 6.49 6.50 71 .03 6.72 0.23
1986 04 30 Kip i 51.60 5.49 6.32 71 -0.17 6.60 Q.11
1986 04 30 NOC 1 97.48 6.49 6.65 91 0.16 6.67 0.18
1986 04 30 WEM 1 3414 6.49 6.44 54 5.05 8,73 0.22
1986 05 07 AGD 1 109.23 8.02 794 98 .08 B.i3 0.3t
1986 05 07 AGD 2 250.77 8.02 7.90 284 012 8.09 0.07
1986 05 07 CAY i 105.52 8.02 178 213 -0.24 8.24 0.22
1986 05 07 CAY 2 254.48 8.02 791 85 -0.11 8.30 0.28
1986 05 07 DRV 1 122.77 8.02 8.06 183 0.04 8.01 -0.01
1986 05 07 DRV 2 237.23 8.02 798 213 .04 793 -0.09
1986 Q5 07 KIP 1 32.70 8.02 7.70 256 £H32 8.18 0.16
1986 05 07 KiP 2 327.30 8.02 753 5 .49 8.02 0.00
1986 05 07 NOC i 75.28 8.02 8.15 183 0.3 8.11 0.0
1985 05 07 NOC Z 28472 .02 8.03 256 001 .99 0.03
1986 05 07 PAF 1 139,78 8.02 8.04 87 0.02 853 0.51
1986 05 07 PAF 2 220.22 8.02 7.7 183 031 8.44 0.42
1986 05 07 8B i 83.50 8.02 198 256 -0.04 8.09 0.07
1986 05 07 558 2 276.50 8.02 7.94 116 -0.08 8.06 0.04
1986 05 07 TAM 1 105.96 8.02 797 213 005 8.10 0.08
1986 05 07 TAM 2 254.04 8.02 796 80 -{3.06 8.11 0.09
1986 05 07 WEM 1 63,59 8.02 7.88 256 -0.14 8.13 0.11
1986 05 07 WEM 2 296.41 8.02 798 142 .04 823 0.21
1986 07 09 KIp i 75.69 6.20 6.51 183 031 6.31 0.11
1986 07 09 Kip 2 284.31 6.20 6.68 15 0.48 6.49 0.29
1986 07 09 PPT 1 B4.72 6.20 6.35 b4 0.15 7.07 0.87
1986 07 09 RER 1 72.92 620 6.64 256 0.44 6.43 0.23
1986 07 09 SCZ 1 106,31 6.20 644 213 024 6.30 0.10
1986 07 09 SCZ 2 253.69 520 6.45 80 225 6.33 0.13
1986 08 14 AGD 2 276.42 136 719 15 -0.17 130 0.34
1986 08 14 DRV H 69.07 1.36 7135 64 -0.61 1.52 .16
1986 08 14 KiP i 75.69 7.36 7.32 183 -0.04 738 .02
1986 08 14 Kip 2 284.31 136 7.41 91 005 T.44 0.08
1986 08 14 NG 1 45.46 136 132 183 .04 7.60 .24
1986 08 14 NGC 2 314.54 136 733 91 0.0 7.63 0.27
1986 08 14 PPT 1 84.63 736 738 64 0.02 794 0.58
1986 08 14 RER i 291 136 7.27 213 -0.09 7.33 .03
1986 08 14 5CZ 1 106.36 7.36 T.42 98 03.06 7.46 310
1986 08 14 scz 2 :

253.64 7.36 729 213 -6.07 7.36 0.00
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Event Station  Passage A ME® M, T r M, r,
1986 08 14 SSB 1 110,62 736 738 9% 002 747 0.11
1986 08 14 S5B 2 249.38 736 721 107 009 736 0.00
1986 08 14 TAM 1 117.66 736 732 9% 004 I 0.41
1986 08 14 TAM 2 24234 736 736 107 006 174 938
1986 0% 14 WEM 1 131.75 7.36 733 64 0.3 7.61 0.25
1986 08 14 WEM 2 228,25 7.36 09 75 027 7.41 0.05
1986 10 14 AGD 1 111,30 6.18 662 75 044 647 0.29
1986 10 14 AGD 2 248,10 6.18 $48 107 030 530 0.12
1986 10 14 Kip 1 54.24 6.18 625 256 007 657 0.39
1986 10 14 NOC M 21.07 6.138 6.02 213 -0.16 6.58 0.40
1986 10 14 PPT f 56.93 6.18 §31 2356 033 634 0.16
1986 10 14 WFM 1 123,32 5.18 626 98 008 658 0.40
1986 10 i4 TAM 1 144,41 618 6.37 85 0.19 5.44 0,26
1986 10 20 DRV 1 46.75 7.65 806 183 041 7.73 0.08
1986 10 20 DRV 2 313.25 7.65 801 91 036 1M 0.06
986 10 20 KIp 1 52,48 7.65 3.01 256 0.36 7.68 0.3
1986 10 20 Kip 2 307.52 7.65 8.00 75 0.35 771 006
1986 10 20 NOGC 1 16.74 7.45 810 213 045 73 0.08
1986 10 20 NOC 2 343.26 7.65 8.20 107 0.55 7.85 0.20
1986 10 20 PAF 1 82.68 7.63 789 80 024 785 0.20
1986 10 20 PAF 2 277.32 7.65 783 160 048 776 0.11
1986 10 20 PPT i 26.82 7.65 796 213 (.31 7.73 3.08
1986 10 20 PPT 2 333,18 .65 786 256 021 163 002
1986 10 20 5B ; 162.82 7.65 812 98 D47 176 0.11
1986 1020 SSB 2 197.18 7.65 807 213 042 769 0.04
1986 1020 WFM 1 116.88 .65 703 84 062 166 0.01
1986 10 20 WEM 2 243,12 7.65 758 75 007 820 0.55
1986 10 23 AGD 1 123.55 6.15 631 128 016 6.4l 0.26
1986 14 23 Kip 1 4847 6.16 5.84 67 -0.32 6.40 .24
1986 10 23 NOC 1 11.21 6.16 639 213 023 657 0.41
1986 10 23 PPT 1 44.26 6.16 826 107 010 634 0.18
1986 11 14 AGD 1 75.43 7.11 752 91 04l 747 036
1986 11 14 CAY 1 150.62 7.11 753 142 .42 737 0.26
1986 11 14 CAY 2 209.38 7.11 7.29 80 0.18 7.15 0.04
1986 11 14 DRV 1 91.52 7.11 .53 71 0.42 7.40 0.29
1986 11 14 DRY 2 268.48 711 7.58 107 0.47 7.44 0.33
1986 11 14 Kip 1 72.96 7.1 741 160 0.30 71.25 0.14
1986 11 14 KIP 2 287.04 711 7.29 213 0.18 7.13 0.02
1986 i1 14 NOC i 63,10 711 709 128 -0.02 134 0.23
1986 E1 34 TAM 1 102.55 111 7.19 71 0.08 8.85 1.74
1986 11 14 TAM 2 257.45 741 703 80 008 B9 1.58
1986 11 14 WEM 2 248.09 7.11 743 98 032 748 0.31
1987 01 03 CRZ 1 96.12 6.08 6.43 80 0.35 6.28 0.20
1987 0% 03 DRV i 54.85 6.08 618 80 010 612 0.04
1987 01 03 KiP 1 49.34 6.08 6.26 i83 0.18 6.13 0.05
1987 01 03 NGC 1 733 . 6.08 617 128 0.09 612 004
1987 01 03 PAF 1 83.64 6,08 6.39 128 0.31 6.24 0.1
1987 01 03 PPT 1 40.81 6.08 6.38 256 4.30 6.36 0.28
1987 01 03 5CZ 1 84.06 5.08 623 107 0I5 615 0.07
1987 01 03 WFM 1 120,27 6.08 623 183 0.15 6.15 0.7
1987 01 03 KIP s 2.2 5.18 602 213 016 656 0.38
1987 01 05 NOC 1 1745 6,18 541 160 0.23 6.32 0.14
1987 01 05 PPT 1 71.96 6.18 598 183 020 651 0.33
1987 01 05 5CZ 1 36.88 .18 638 128 020 633 0.15
1987 01 05 WFM i 60.20 5.18 634 71 016 6.80 0.62
1987 01 30 CAY i 68.02 6.52 665 85 013 678 0.26
1987 01 30 CRZ 1 46.02 6.52 645 64 007 681 0.26
1987 01 30 DRV 1 2.9 - 652 6.64 &4 0.12 6.67 G.15
1987 01 30 KIP 1 128.44 6.52 6.48 213 -0.04 662 G.i0

t

1987 01 30 NOC 97.14 652 . 638 213 0.05 6.78 (.26
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Event Siation  Passage A M2 M, T r M, r,
1987 01 30 $CZ 1 123.20 6.52 627 256 025 6.55 0.03
1987 01 30 588 1 108.32 6.52 859 64 067 6.85 0.33
1987 02 06 Kip 1 54.00 6.11 6.24 256 0.13 6.26 .15
1987 02 06 PPT 1 84.46 6.11 6.05 213 -0.06 100 (.89
1987 02 06 SCY 1 73.78 6,11 6.34 256 0.23 630 0.19
1987 02 06 588 1 89.34 6.11 6.36 67 Q.25 6.32 G.21
1987 02 06 Tam i 107.52 &.11 6.29 67 0.18 6.36 .25
1987 02 08 AGD H 105.80 7.04 791 64 0.87 751 0.47
1987 02 08 AGD 2 254,20 7.04 7.64 128 0.60 7.23 0.19
1987 02 08 CAY 1 159.96 7.04 7.66 71 0.62 7.19 0.15
1987 02 08 CAY 2 200.04 7.04 7.57 213 0.53 1.09 .05
1987 02 08 CRZ H 89.79 7.04 6.83 56 -0.21 6.96 -0.08
1987 02 08 CRZ 2 270.21 7.04 6.80 256 -0.24 693 -0.11
1987 02 08 DRV 1 60.91 7.04 174 116 0.70 7.28 0.24
1987 02 08 Kip H 59.70 T.04 1.47 98 043 T.09 0.05
1987 02 08 NOC 1 24,09 7.04 6.74 142 -0.30 6.85 -0.19
198702 08 PAF 1 1142 7.04 T.09 64 0.05 7.43 0.39
1987 02 08 PPT 1 62.16 71.04 172 128 0.68 741 0.37
1987 02 08 PPT 2z 297.84 7.04 7.67 98 063 736 0.32
1987 (2 08 SCZ 1 94.17 7.04 7.18 160 0.14 6.93 0,11
1687 02 08 SCZ 2 265.83 7.04 7.16 142 0.12 5.91 -0.13
1987 02 08 S5B 1 £20.42 7.04 7.48 142 044 7.37 3.13
1987 D2 08 S$SB 2 230.58 7.04 7.49 80 0.45 7.i8 0.14
1987 02 08 TAM 1 139.95 T.04 747 116 .43 7.52 0.48
1987 02 08 TAM 2 220,05 7.04 740 142 036 745 0.41
1987 02 13 Kip 1 76.48 6.15 648 183 0.33 6,28 0.13
1987 02 13 xip 2 283.52 $.15 6.62 75 0.47 . 645 .30
1987 02 13 PPT i 84.66 6.15 6.18 64 0.03 6.76 .61
1987 02 13 SCZ 1 107.37 6.15 6.4t 57 026 6.32 037
1987 62 13 SCZ 2 252.63 6.15 6.38 116 0.23 627 0.12
1987 (2 13 55B 1 111.23 6.15 6.62 91 047 652 0.37

Additional Records for 1986 Aleutian Event
1686 05 07 AGD 3 469.23 8.02 791 125 -0.11 8.09 0.07
1986 05 07 AGD 4 610,77 8.02 8.G3 171 0.01 8.21 0.19
1986 05 07 AGD 5 829.23 8.02 796 107 -0.06 8.15 0.13
1986 05 07 CAY 3 465.52 8.02 7.83 284 -0.19 8.27 0.25
1986 05 07 CAY 4 614.48 802 8.11 284 0.09 8.55 0.53
1986 05 07 DRV 3 482.77 802 8.16 284 0.14 8.11 0.09
1986 05 07 DRY 4 597.23 8.02 3.02 213 0.04 797 -0.05
1985 05 G7 DRY 5 842,77 8.02 8.24 151 0.22 8.1% 0.17
1986 05 07 KIP 3 39270 8.02 7.86 284 -3.16 834 0.32
1986 05 07 KIp 4 687.30 8.02 7.84 128 -0.18 831 0.29
1986 05 07 KIP 5 752,70 8.02 8.02 111 0.00 8.49 0.47
1986 05 67 NOC 3 43528 8.02 .03 284 0.01 7.98 -0.04
1986 05 07 NOC 4 544,72 8.02 7.90 197 -0.12 7.86 -0.16
1986 05 07 NOC 5 795.28 8.02 8.14 284 0.12 8.19 0.08
1986 05 07 PAF 3 49978 8.02 8.06 Hin 0.04 8.54 0.52
1986 05 07 PAF 4 580.22 8.02 8.08 102 0.06 8.55 0.33
1986 05 07 PAF 5 859.78 8.02 8.14 135 0,12 8.69 0.67
1986 05 07 S5B 3 443,50 8.02 8.15 11% 0.13 827 0.25
1986 05 07 S5B 4 636,50 802 | 7.94 111 -0.08 .06 0.04
1986 05 07 S5B 5 803.50 8.02 8.05 256 0.03 8.16 G.14
1986 05 07 TAM 3 465.96 8.02 7.88 116 -0.14 8.01 -6.61
1986 05 07 TAM 4 614.04 8.02 7.89 160 -0.13 3.02 0.00
1986 05 07 TAM 5 82596 8.02 8.03 284 0.01 8.15 .13
1986 05 07 WEM 3 423.59 8.02 798 233 -0.04 22 .20
1686 05 07 WEFM 4 656,41 8.02 7.97 135 -0.05 8.19 0.17
1986 05 07 WEM 5 783.59 - 7.94 111 -0.08 8.16 0.14

8.02
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Table 5
Averages and Standard Deviations of the Residuals v .

. Seation Mumber of
Pataset Code Records 7 o Fe T,

Whole dataset 307 0.12 0.29 0.19 0.25
Papecte PP 36 .13 0.34 0.02 0.25
GEOSCOPE 271 0.15 0.26 0.22 0.24
Special Datasets
Ten shortest distances 10 0.10 0.34 0.22 0.28
GEQSCOPE 1986 Aleutian 44 -0.05 0.13 0.17 0.19
{Rayleigh Waves From Paper I 256 0.:14 0.25 0.09 0.19]
Tndividual GEOSCOPE Stations
Saint-Sauveur de Badole, France 358 46 0.15 .28 019 0.24
Tamanrasset, Algeria TAM 32 0.18 8,23 035 039
Poinie des Cafres, Réunion! PCR,RER 31 0.10 0.23 0.16 022
Westford, Massachuseits WEFM 29 0.13 0.34 0.27 0.21
Port-gux-Frangais, Kerguelen Islands PAF 18 0.11 0.19 0.29 0.21
Arga, Djibouti AGD 22 0.25 0.31 0.19 .14
Kipapa, Hawaii KIP 20 0.10 0.28 0.14 0.12
Cayenne, French Guyana CAY 19 0.19 0.25 0.17 .11
Nouméa, New Caledonia NOC 16 012 0.22 6.22 0.20
Santa Cruz, California sCZ 12 0.13 0.15 0.07 0.10
Papeete, Tahit PPT 12 0.21 0.25 039 028
Dumont d'Usville, Antarctica DRY 10 0.26 0.23 0.12 Q.13
Crozet Island™ CRZ 4 0.04 024 008 017

TWe treat as a single dataset records from the Réunjon Island station before and after it was moved (about 18 km)
o Rivigre de 1'Est (RER) in 1986,
F4Due to the small aursber of events, the values oblained at these stations may noz be siatistically significant.

We further define r, = M, — log,, M, + 20. This formalism is identical to the path
followed for Rayleigh waves in Paper 1. Values of r, are listed in the last columns
of Tables 3 and 4. Statistical data on r, are included in Table 5. For the
GECQSCOPE dataset, the average amplitude of the focal correction was 0.26 unit,
comparable to the case of Rayleigh waves (0.22), but its use resulted only in a
meager reduction of the scattering, and actually in a significant deterioration of the
average residual (7 = 0.19). We must conclude that in this case, the residuals r are
not primarily due (o ignoring exact focal parameters. They could be controlled by
station noise, or involve emergy propagating off the great-circle due to lateral
heterogeneity. Indeed, a number of recent studies {MaupIN, 1987; PAULSSEN ef al.,
1989; Tarma and Kawasaki, 1989) have evidenced significant Love wave polar-
ization anomalies and instances of Love-Rayleigh coupling for individual sites and
at higher frequencies. In particular, Figare 7 shows that some of the residuals r, are
very large; they correspond to measurements at the shorter end of the period range,
and will be discussed in a later section.

On the other hand, in the case of PPT, the use of C,,, results in a spectacular
improvement of the residuals, the average corrected residual being only 7, = 0.02.
This improvement is also apparent on Figure 7. A simple explanation is that most
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Figure 7
Same as Figure 6 for the corrected values M.

carthquakes used at PPT have their epicenters at the subduction zones surrounding
the Pacific basin. This particular geometry means that PPT is most often at right
angles from the strike of an event approaching a pure thrust-fauiting mechanism
(6 = 45°, A =90° referred to as “T45” in Oxar (1988)). This corresponds to a
perfect node of Love wave excitation. It can be verified that even a geometry
imperfect by 15° in any of the 3 angles results in a strong node at PPT, with a
correction Cpy, as large as 0.6-0.7 unit of magnitude.

Contrastingly, in the case of Rayleigh waves, and as discussed in detail by OxalL
{1988), the isotropic term K,s, prevents the nodes of the radiation pattern from
being fully developed (this term is excited by the biradial component Af,, in the
moment tensor formalism). At low-frequency, and for a T45 source at depth 4 much
smaller than the wavelength A, the shape of the radiation pattern takes the form
(—5/3 + cos 2¢), resulting in a maximum ratio of 4 {or +0.3 units of magnitude)
between the amplitudes of nodes and lobes of radiation. The absence of this isotropic
coefficient for Love waves allows the development of full-fledged nodes, which
actuaily control the artificially low magnitudes observed at PPT. The central position
of this station in the Pacific Basin generalizes the situation for most subduction zones,
resulting in what could be described as a general site deficiency of Love waves.

Possible Influence of Distance

In this section, we examine systematically any possible correlation between the
residuals r and the distance A at which the measurement is taken. Any systematic
bias would suggest the use of an inadequaté distance correction (), most probably
in the form of poor Q models. Figure 8 plots the residuals r against A and shows
that no significant trend exists in their population. When trying to regress 7 as a
function of iogmA a slope of only 0.048 is found for thc GEOS{JOPE dataset,

corresponding to earthquakes in the major circum-Pacific irenches. As expiamed
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Residuals plotted as a function of distance A. {a, b, c}: Residuals » for the GEOSCOPE, Papeete and
whole datasets. In (d), the residuals are the corrected values r, at PPT. Note that the strong anomalies
presert inx (b) at 60-90° have disappeared.

above, this is an artifact of the particular focal mechanism geometries of these subduc-
tion zones in relation to the take-off azimuths to PPT. Indeed, if the corrected residuals
r. are plotted instead of r, this effect disappears, and no trend with distance is apparent
(Figure 8d). Taken as a whole, the full dataset does not exhibit any trend of r as
a function of A, and a slope of only 0.11 is achieved when regressing r against log,A.

Extended Distances

In order to Turther explore the stability of the distance correction Cp, we targeted
the 1986 Aleutian event for an extended study, gathering all available GEOSCOPE
records, up to and including Gs. The largest distance involved was 860° or more than
95,600 km. Figure 9 shows a plot of r as a function of A in this extended range, and
in particular shows the residual r(m) for the n-th passage relative to r(1) for the Ist
passage at the same station. This procedure eliminates the possible contribution Cpy,
of focal mechanism and true depth. It is clear that no systematic trend exists even
at the greatest distances sampled. We conclude that the corrections Cp, and in
particular the Q models used in computing them, are adequate.

Dependence on Period

Figure 10 explores the possibility of a systematic dependence of r on period, which
would indicate a flawed correction Cg. Again, no significant trend is present
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residuals plotted as a function of the period T at which the measurement is retained. {a, b, c}: Raw

residuals 7 for each of the datasets. In (d}, the residual plotted is the corrected r_ for the whole dataset.
See text for details.
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in any dataset, with a slope of at most 0.05 units of magnitude per octave (in the
case of PPT). This number is comparable to that found in Paper 1 for Rayleigh
waves. In general, the largest residuals are found at short periods (80 s and below),
and this is especially true of the corrected residuals r. (see Figure 10d). In two
instances (the 1st and 2nd passages at TAM for the Taiwan earthquake of 14
November 1986), r, reaches beyond 1.5 uniis of magnitude. In these cases, the focal
correction 'y, is over 1.6 units, In other words, the station sits in an almost perfect
node of radiation, and yet, significant energy is present. We interpret this as resulting
either from an inaccurate focal mechanism, or more probably from Love energy
traveling outside the great circle, due to lateral heterogeneity, a process most efficient
at short periods. In such cases the magnitude approach yields a more accurate
estimate of the seismic moment {or “size”) of the event, since ignoring focal
mechanism and true depth, in a sense compensates for also ignoring the effects of
lateral heterogeneity. A similar conclusion was reached for Rayleigh waves, albeit
with smaller residuoals.

Possible Overtone Contamination

Another source of systernatic errors at short periods could be the contamination
of the spectrum by overtones.

We first investigated this question theoretically by computing the dispersion and
excitation of the first 3 branches of overtones, in the period range 40-300 5, and for
the PREM model. Results are shown on Figure 11. Around 50 s, all three branches
have group velocities very close to that of the fundamental, leading to potential
contamination. However, the third overtone branch ; T; becomes significantly faster
around 60s, , T, around 80 s, and , 7, around 150 s. The bottom frames in Figure
11 show the logarithmic average excitabilities for the various branches at 25 and
75 km depth.

At 25km depth, and for the first overtone branch, L, is always at least
{0.55 units lower than 4 L, for the fundamental; in other words, the overtone is excited
at least 3.5 times less efficiently than the fundamental. In turns this means that the
possible error on A, due to contamination {for an average focal mechanism) is no
more than 0.15 units of magnitude. The contribution of the higher branches, , 7, and
3 7 is even smaller: L, is about 0.75 units smaller than ,L,,, suggesting a maximum
error of 0.09 units of M, and ;L a full unit below (L, contributing at most
(.05 units to M,,. In principle, one could expect a maximum error of §.29 units in
a worst case scenario requiring all interferénces to be constructive. This would be
possible only at the shortest periods, since as T grows, the higher overtong branches
propagate at faster group velocities and cease to be contaminani. An error of
+0.15 unit is probably more realistic in the range 5030 s.

As shown in Figure 11c these results are not expected to be significantly changed
over the range of depths considered in the present study. However, for intermediate
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Potential influence of overtone contamination on A, : (a) Group velocity as a function of period for the
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and deep earthguakes, overtone excitation becomes comparable to, if not larger
than, that of fundamentals. Because of the similarity in group velocities, the
resulting contamination rules out any attempt to extend the mantle magnitude 34,
to Love waves at those depths, as we successfully did for Rayleigh waves {OKAL,
1990).

For the purpose of studying the possible influence of this problem in detail, we
reprocessed all the data, in the narrower period range 7 = 80 5. This resulted in an
average change in M, of —0.09 unit for the 72 values in Tables 3 and 4 measured
at periods less than 80 s. As shown in the statistics on Table 6, the restriction in
period does not improve the quality of fit; in most instances, it actuaily deterio-
rates the standard deviations.

In this respect, we failed to evidence any serious overtone contamination of the
measured mantle magnitude A¢,,. This reflects the fact that even contamination by
an overtone with 20-30% of the fundamental’s amplitude affects the measured
magnitude by only 0.2 units, a figure comparable to the general precision of our
measurements. On the other hand, a similar overtone, if in quadrature of phase
with the fundamental, can introduce as much as 15-20° of error in the phase
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Table 6
Averages and Standard Deviations of the Residuals r with Periods Constrained to T 2 80 5.

Station Number of
Bataset Code Records ¥ [s) ¥ o,
‘Whole dataset 307 0.1¢ 0.30 0.17 0.25
Papeete PPT 36 -6.17 037 0.03 0.24
GEOSCOPE 271 0.13 .27 0.20 0.24
Special Datasets
Ten shortest distances i0 0.09 034 0.23 028
GEOSCOPE 1986 Aleutian 44 -0.08 D.14 0.17 0.1%
Individual GEOSCOPE Siations
Saint-Sauveur de Badole, France 558 46 0.13 0.27 G.17 6.22
Tamanrasset, Algeria TAM 32 0.16 0.23 633 0.38
Pointe des Cafres, Réunion’ PCR,RER 31 0.08 0.24 0.15 0.21
Westford, Massachusetts WEM 29 0.09 0.36 0.23 0.21
Arga, Diibout AGD 22 0.23 .31 0.17 0.12
Kipapa, Hawaii KIP 20 0.09 .29 0.13 0.13
Cayenne, French Guyana CAY 19 .16 .26 .16 0.11
Port-aux-Frangais, Kerguelen Islands PAF 18 0.10 0.20 0.28 0.22
Noumés, New Caledonia NOC 16 .12 027 022 0.20
Santa Cruz, California SCZ 12 6.13 0.14 0.06 {.10
Papeete, Tahit PPT 12 0.19 0.27 038 0.27
Dumont d'Urvilte, Antarciica DRY 10 0.21 0.28 0.08 0.13
Crozes Island 't CRZ 4 0,06 0.24 0.07 0.16

+We weat as a single dataset records from the Réunion Island station before and after it was moved {about 18 km}
o Rividre de PEst (RER) in 1986,

++Due to the small number of events, the values oblained at these stations may not be statistically significant.

information, a figure often significant, especially at long periods. This example
stresses the generally robust character of magnitude measurements.

Test at 10 Shortest Distances

Within the framework of a tsunami warning, it is particularly imporiant to
assess the performance of M, at very short distances, at which an immediate
estireate of an earthguake’s moment is of crucial importance to the issuance of
tsunami warnings or alerts {TALANDIER and OkAL, 1989). For this purpose, we
repeated the experiment carried out for Rayleigh waves by isolating and studying
separately the records with the 10 shortest distances, ranging in this case from
7.33° to 22.72°. Mosi of them involve the Pacific stations NQOC and PPT for
events at the Solomon, Vanuatu and Samda trenches. The data, compiled as part
of Table 5, and also presented on Figure 12, demonstrate that the performance
and accuracy of M, in providing a real-time estimate of the size of an event is
unchanged at short distances. In particular, there is no deterioration of the
accuracy of M, for events with very large moments, which could entice significant
tsunami danger.
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Performance of A, for the 10 shortest paths. (a) is similar to Figure 6; (b) to Figure 10; and (c) and
€d) to Figures 8a and 8d, respectively.

Comparison with Rayleigh Residuals and Combined Use of the Two Waves

We compare in this section the performance of the two magnitude scales, for
those cases when measurements were taken both on Rayleigh and Love waves, at
the same station for the same events.

The intersection of the two datasets comprises 31 events at Papeete and 96
GEOSCOPE paths, or 49% of the combination of the two datasets. This seemingly
low number partially reflects the different time windows used in the two studies by
virtue of operational constraints (e.g., many GEQOSCOPE records for 1986 and
1987 were available only after the completion of the Rayleigh study}. Figures 13
and 14 are plots of the Rayleigh and Love residuals, respectively for the PPT and
GEOSCOPE datasets. In general, Rayleigh residuals are found to be smaller in
amplitude than the corresponding Love residuals. A statistical analysis reveals that
the Rayleigh and Love datasets are poorly correlated, with correlation coefficients
of 0.33 for GEOSCGPE data and 0.20 at PPT. In particular, there is no evident
anticorrelation of Rayleigh and Love residuals, as would be expected from the
influence of focal geometry in the case of “pure” focal mechanisms, for which
Rayleigh and Love radiation patterns are’ mmtually conjugate. This is probably a
reflection of the relatively small number of strike-slip mechanisms, and of the
prominence of mechanisms approaching the T45 geometry. Furthermore, the
corrected residuals #% and r£ do not correlate any better (correlation coefficients are
0.15 for GEOSCOPE and 0.06 at PPT), indicating that the origin of the residuals
r. is not retated simply to the path from epicenter to station.
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the two A4, values for Rayleigh and Love waves,

in addition, Figures 13 and 14 show that in general, the procedure of retaining
the maximum among M2 and ML provides an adequate safeguard against underes-
timating significantly the seismic moment of the event. The only exceptions to this
pattern correspond to stations lying along a strike from a thrust faulting event
approaching the T45 geometry; WEFM for the 1985 Chilean earthguake, and CAY
for the 1985 Mexican and 1986 Aleutian events. This does not constituie a
particularly dangerous situation in itself, since for each observatory, considered as
isolated, the location and focal geometries of the relevant earthquakes can be
identified in advance, and an ad hoc focal correction effected.

Station Corrections?

Finally, the data in Table 5 illustrate that individual station residuals are usually
between (.10 and 0.20 units of magnitude. As in the case of Rayleigh waves, the
largest station residuals 7 (at AGD and DRYV) are artifacts of the focal geometry of
the particular events involved. Figure 15 shows that there is no significant correla-
tion between the average Love and Rayieigh residuals at individual stations, either
for raw residuals 7 {correlation coefficient 0.10) or for the corrected residuals 7,
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(correlation coefficient 0.38). The concept of a *‘station correction” to either or
both of the magnitude scales is not warranted. This is not surprising since the very
fong wavelengths used for A4,, average out the structural heterogeneities which
could be expected to control station corrections at shorter periods.

5. Conclusion

We have shown that it is possible to develop a Love wave version of the mantle
magnitude 3,,, based on the use of Equations (3), (4) and (7). Based on the
analysis of a dataset of more than 300 Love phases, we have verified the adequacy
of the corrections Cg and C,,. The performance of the resulting values of M, is
comparable to that of the Rayleigh scale defined in Paper 1. In particular, because
the period at which the measurement is taken is not fixed, this Love wave mantle
magnitude avoids the saturation at high moments characteristic of the classical
scales such as M,.

in general, the residuals are somewhat more scattered than for Rayleigh waves,
and this is at least partly due to the effect of radiation patterns, which are more
pronounced for Love waves because of the absence of an isotropic term excited by
the biradial component of the moment tensor M,,. Contamination with overtones
is found to be largely negligible at periods greater than 50 s, in view of the general
precision of the measurements. When both Rayleigh and Love waves are used, the
larger of the two magnitudes MR and ML in general guards against underestima-
tion of the seismic moment by more than 0.15 units of magnitude. The only
exceptions are in extremely particular focal geometries, such as a station along a
strike from a pure thrusting event on a 45° dipping fault.
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