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ABSTRACT

In this report we investigate the effect of real-
istic propagation paths on the visual and spectral
amplitudes of fundamental mode Rayleigh waves. We show
that the Harkrider amplitude response factor of a
layered media should relate directly to a station
correction; it varies by a factor of nearly three be«
tween oceanic and continental sites, Attenuation due
to effective Q losses may cause scatter, of over one-
half magnitude unit, in teleseismic amplitudes but is
unimportant at regional distances, Differences in
recorded amplitude caused by dispersion over oceanic
and continental paths are sufficient to warrant the
application of path corrections to visually measured
amplitudes. These differences can be avoided by comput-
ing spectra of the signals, or suppressed somewhat by
using the results of stationary-phase approximations.,
More uniform propagation path effects at periods
longer than 20 seconds suggests that use of 40 or 50
second waves would provide better seismic discrimina-
tion capability and better yield estimation,



INTRODUCTION

In the estimation of surface-wave magnitude, the
raw data are Rayleigh wave signals at several stations,
These time series must be condensed into single values;
in addition to choosing a particular cycle of motion on
the time record or a particular frequency point in the
spectrum to give this value, certain corrections for
the propagation paths are necessary. The choice of
where to measure is not totally objective and systematic
in seismological practice, and the corrections for the
propagation paths are not fully defined. Observed
Rayleigh waves at different azimuths but the same
distance from an event can vary considerably in visual
character and by large factors of amplitude at any
particular frequency,

A recorded surface-wave signal can be represented
schematically as the end result of the process:

recorded
source|—p| path |—— | instrumentation|—=p

signal

where each step involves a convolution in the time
domain, Because of the more easily describable and
predictable nature of long-period surface waves, as
opposed to short-period body waves, we are able to
investigate the effects of the source and the path on
Ms determinations in a relatively complete manner. The



source effects are represented by radiation patierns of
energy from equivalent force systems and have been
discussed by von Seggern (1969), who showed how M of an
earthquake is dependent upon depth of focus, azimuth
from the source to the recording station(s), and the
orientation of the double-couple forces, It was con-
cluded that the distribution of stations and the source
geometry could cause some earthquakes to appear like
explosions when the MS vs my discriminant was applied,

In this report we investigate the effects of
travel path on estimates of MS by examining amplitude
response factors, attentuation losses, and dispersion
characteristics of different earth structures. Specif-
ically, we desire to know whether a factor dependent on
propagation path can be removed from the observed ampli-
tudes of Rayleigh waves so that the variance of Ms
determinations at several stations for a single event
can be reduced and so that a single M, determination
would be more closecly related to yield or seismic moment,
Since it has already been shown that the variance of my
is almost twice that of MS (von Seggern, 1970; Ericsson,
1971), we believe it is better to use surface waves
(or long-period body waves) to estimate those parameters.



SEPARATION OF SURFACE WAVE SIGNALS
INTO SOURCE, PATH AND RECEIVER FACTORS

Our representation follows that of Sat8 (1960) and
is a straightforward convolution of all the time-domain
clements which affect the surface wave signal, or
alternatively a multiplication of frequency-domain
clements. For Rayleigh waves propagating in a layered
carth, the frequency-domain expression of a recorded
signal is

Ww) = S(w)L(w)B(w)I(w)

where
S (w) = source spectrum
L (w) = layer response
B (w) = attcnuation spectrum
I (w) = instrument response

We consider cach of these factors scparately in the
following scections. We will also examine dispersion,
which is actually part of the layer response but which
deserves to be considered scparately because it
strongly affects the shape of recorded waveforms,

Source spectrum

We consider as a source a simple point force,
whose time variation has Fourier transform F (w),

(1)



directed downward on the surface of the earth along the
positive axis; the source spectrum is simply

S(w) = F(w)
To model more realistic sources we would use
3
S(w) = P(w)a

for explosions where P (w) is the Fourier transform of
the pressure time history at the equivalent cavity
radius a and we might use

S(w) = F(w)d

for earthquakes where F (w) is the Fourier transform of
the force time history of the simple components of the
couple or double couple with moment arm(s) of length d.
Note that both these realistic source functions have
dimensions of force-length-time as opposed simply to
force-time for a simple point force; therefore, for

the layer responsc to them, a factor with units of
length'1 must appear, multiplying the layer response to
the single point force, This factor takes the form of
the wavenumber k times some dimensionless expression
for the radiation pattern,

Layer response

Layer response functions to various source models
for realistic earth structures have been described by

(2a)

(2b)



Harkrider (1964) and Ben-Menahem and Harkrider (1964).
The vertical component response to a single downward
point force at or very near the surface of the earth is
given by (Harkrider, equation (103)):

L(w) = AR(w)ng)(kr)e‘i"/z

where A, is the Rayleigh amplitude factor of Harkrider
and Hézgis the zero'th-order llankel function of the
second kind. Beyond about a wavelength from the source,
the expression can be well approximated by

H$2 (kr) = (2/7kr)M Zexp(-i(kr-n/4)]
so that
L) = Ag()k 1/ 2r" Y Zoxpaikrensa)]

where the constants have been absorped in the amplitude
factor AR (w). For the explosive source within 2 or 3 km
of the surface, the layer response can be closely
approximated by

L) = =eq()Ag (k! 2r™Y Zexpai (kr-3n/4) ]

where €, 1s the ellipticity of the Rayleigh wave at the
surface, taken to be negative, Note the 180° phase
difference between the response to a downward point
force and the response to a spherical compressional
source, Note also that the additional k factor preserves

(3a)



the correct units. For the earthquake source, the
corresponding medium response is

L(w) = AR(w)k"zr‘l/zexp[-i(kr-3n/4)1x(w) (3b)

where x (w) is Ben-Menahem and Harkrider's radiation-
pattern factor which was studied by von Seggern (1969)
for its effects on magnitude estimates.

We are interested in the structure-dependent
factors of the layer response to an explosive source
in equation (3a): these are AR’ €09 and kl/z. Outputs
for numerous structures from HARKRIDER, a program which
calculates Rayleigh-wave phase and group velocities as
well as AR' were available at the SDL, For these
different structures which include oceanic, shield,
and tectonic types we found that no value of €y ©T kl/z
at a period of 20 seconds differed from another by more
than 10%. These two factors can be considered to be
constant for all structures, and a magnitude (MS)
correction for structure need not involve them. For

1/2 varied less

periods longer than 20 seconds, € and k
among the structures, and for shorter periods they
varied more. The factor Ap at 20 seconds, however,
varied between 2.82 x 104 for a deep-ocean structure
and 8.47 x 10”4 for a continental structure with a
very thick crust, Harkrider and Anderson (1966) give

the formal expression for Ap as
2

el ol (T



where C and U are Rayleigh-wave phase and group velocity
respectively, p is density, z is the depth, and the
squared quantities are ratios of horizontal and vertical
particle velocities at depth z to vertical particle
velocity at the surface. The integral portion, as well
as C and U, vary with structure and mode, Using all

the available HARKRIDR outputs at the SDL, we show
fundamental-mode AR (at 20 seconds period) versus CU

(at 20 seconds period also) in Figure 1, The predicted
inverse dependence is evident, with upper points
representing thick-crust continental structures and

the lower two points representing deep-ocean structures.
A simple straight line (visually adjusted) seems to fit
the data adequately, since no point deviates from it

by more than 10% on the vertical scale. Plots of AR
versus U in Figure 2 and AR versus C in Figure 3 show
reasonable straight-line approximation also, with
scatter somewhat greater than for AR versus CU, Thus,
knowing either group or phase veclocity of the medium,
orpreferably both, onc could estimate the factor AR
directly within about 10%. Otherwise, onc must invert
the velocity data to obtain a structure and then com-
pute AR for the structure,

A further consideration in applying AR corrections
is that thc propagotion pathis rarecly a laterally
homogencous structure, For instance, what AR is to bhe
applicd to a signal recorded on a continent, having
originated in another continent, but having traversed
an occanic path for most of the cpicentral distance?

In the past Raylcigh wave propagation through gradual



changes in structure at the continental boundaries have
been studied with models and approximated by wedges or
even vertical discontinuitics in theoretical solutions.
Actual observations such as that by McGarr (1969) show
a signal being amplified by a factor of 2 or 3 in
crossing from oceanic to continental structure and
deamplified by the same factor for the opposite direc-
tion. We point out that the Ap for occanic structures
is half as great as the average for continental struc-
tures (Figure 1), and this factor alone may be a simple
means of predicting amplitude changes from one structure
to another. Morcover, if the value of AR at a point on
a gradually changing structure controls the amplitude
at that point, it may be nccessary to know only AR at
the receiving station in order to apply the AR correce
tion to magnitude. Only the cventual solution of the
Rayleighewave propagiation problem in changing crust-
mantle structures by finite-clement schemes can provide
the correct answers,

We regard the factor Ay as primarily a station
correction. 1f, however, the structure in the source
arca immediately grades into quite dissimilar types,
such as at a continental boundary, partition of the
source cnergy into the varions modes may vary signifi-
cantly with azimnnth, Considering now a source area hono-
gencens to a radius of at least a wavelength, such
partition of encrgy wouhl he the same at all azinuths:
and observed anplitudes of signaly which are recorded
on different structures could be cqualized by dividing
then by this amplitude factor Ay appropriate to the

e



recording site. Using the extreme continental values of
Aps from approximately 4 x 10°4 to 8 x 10'4. the largest
correction to Ms would then amount to the logarithm of
their ratio, 0.3, when no oceanic sites were involved,
However, in practice, these extreme structures are
scldom found, and we expect typical Ms corrections
based on AR to he much less than 0.3 when no oceanic
sites are involved,

Attentuation

Brunc (1962) showed that the attenuation factor
for surf.cc waves is given by

B(w) = expl-wr/2Q(«)U(w)]) (4)

where Q is the dimensionlese quality factor and U is

the group velocity. Here Q is understood to be the
"effective"” Q over the path in question. Thus, measured
Q for Rayleigh waves of 20 second period includes

losses due to causes other than actual absorption; e.g.,
mode conversion and the various “optical' processes
(reflection, refraction, diffraction, scattering).

Measurced @ values for 20 sccond Rayleigh waves
are not numerous; Tsal and Aki (1969) found that Q
averaged approximately 700 for many paths from the
Parkficld carthquake of 1966, Tryggvason (1965) found
Q to be over 1000 fer Asian and European paths,
Marshal and Carpenter (19u5) found it to be about 4€0
for the Novaya Zemlya to North America path. In these
studies, the waves often traversed major structural
houndaries. von Seggern (1970) found an average Q of

efle



134 in the period range of 10 to 16 seconds for paths
from NTS explosions to stations around the Western
United States; this low value probably reflccts the
tectonic nature of the carth's crust and upper mantle
there, From Figure 7 one can estimate the approximate
value of Q required bty the magnitude correction of
Gutenberg (1945). If we compare the diminution predicted
by spherical spreading and normal dispersion with the
diminution predicted by -1.¢% logh we sce that the loss
of amplitude required in addition to spreading and
dispersion cun be accounted for with Q of aubout 300 at
T = 20 seconds, depending on the group velocity used in
(4). Thus, Gutenberg's data gave a Q less than that of
other investigators mentioned above,

Eigure 4 shows the amplitudes to be expected for
a plane wave propagating in a flat mediun at distances
from 0 to 10,000 km far Q values of 100, 200, 400 and
1000, Erom the evidence above, we believe that 100 and
1000 are the extreme possible limits te Q at 20 second
periods over all possible carth paths, It appears that
knowicdge of Q is eatremely important if ohserved
anplitudes are to bhe corrected for propagation path,
For stations 10,000 km from the source, ampl i tudes
could vary by a factor of approzimately 100 for the
cxtreme limits of Q. Again, this resalt must be altered
by th*> reatization that twe paths From a source in the
carth could not he so extremely different in Q pro-
perties over thier entire lengths and we should
prodably accept facters of 10 or less as being more
realistic for the largest variation in anpl i tude due

.'“.



to attcnuation over two 10,000 km paths in the earth,
For instance, 3.5 would be the ratio of amplitudes at
10,000 km over a structure with Q = 400 and another
with Q = 200 (Figure 4). Note that for Jdistances of
1000 km or Less, amplitudes should vary by less than a
factor of two even for the extreme Q differencos,

nispcrsinn

The shape of the group-velocity curve affects the
character of the recorded Rayleigh wave and therefore
ncasured amplitudes, This is most dramatic in coxparing
scismograns over occanic and continental paths. We can
study the effect carefully if we construct synthetic
scismograns over various carth structures and observe
the amplitudes. ¥e have already set down the various
factors which comprise the Fourier transform of a Rayleigh
wave from an explosion at or near the surface of the
carth -- equations (2a), (3a), and (4). Combining these
we have fror (1)

N(w) = =3P (w)egle)ag(w)k!/2r 1 Zoxp-i (kr-3n/4))
sexXpl=wrP/2Q(w)W(w) ) I (w)

Replacing k by »/C, changing from cylindrical spreading
to spherical spreading of the carth (using “o as the
carth's radius), and defining the instrument response as

() = Glo)e™ 10(®)



where G (w) is the amplitude gain and ¢(w) is the phase
lag, the transform of the recorded signal is

-asv(w)co(U)Aa(u)ullzoxp(-I(ur/C(u)0®(u)°3m/4|lﬂ(w)

N(w) =
Cie) 72/ sint2(e/Rg) explur/20(a)u(e))

Since up is positive on a seismogram and we have adopted
the layering response of a mediun with the z axis posi-
tive Jownward, we shift the phase an additional ™ or,
cquivalently, we change the sign of the whoie expression;
and to start the synthetic scisnogrum at scme time later
than the origin time, we subtract v seconds from r/C,
where t is near the expected time of arrival of the

wave group with the highest velocity:

wiey = Oty (ol PG enp (-1 ulr/C () T8 (u) 30 14))

clw)V/ 20}/2 sint/2(r/mg) explur/2Q(uV(a))
(5)

The recorded Rayleigh wave is then the inverse transform
of (5):

nsv(u)c“(w)An(u)ullzﬁ(w)cip(i!wll*!-flﬁ(u)i-@(w)-SMIJDD ,
wit) = 0

M 2mM2 sin/2(ermg) explor/20(a)ue2) ]

(6)



A program was written (LPSYN) which takes as input
all the (requency-dependent parameters needed in (5) at
specified frequencies, interpolates them with atraight
lines, and uscs a fast Fourier transform algorithm (COOL)
to construct the signals represented by (6). P(w) was
taken to be the spectrum of a step function, 1/uw, From
Brune (1969) the phase velocities for Shield, Mid-
Continent, Basin and Range, Alpine, Great lsland Are,
and Beep Ocean were used in synthesizing signals as
given in Table ). The velocities were extrapolated to
five second periods in all but the shield case. Since
We are n6w just interested in the possible effects of
dispersion on recorded amplitudes or nagnitude determi-
natiens, we take the layer respomse (o A k"zj and
attenuation (Q) te be idemtical for all these structures
(knovledge of these would allow the anplitude neasures
ment 1o be corrected for them in practice). The standard
LRSH long-period respomse(Tabie IV) was used in the syathesis.,
Valwes of @ (u) were taken From Tsai and AN (1969) and
are given in Table 11 here aloag with the layer response
used, which happens to be for o Gutenberg cemtinental
structurc. Vor each mew distance, ¢ was set to begin
the signals prior to the arrival time of the groups of
maxine velocity. Pigure 5a, them, shows the seismograms
for cach structure fexcept the oceanic) at epicentral
distances frem 100 kn to 10,0600 km. They are distinct
for the five =tructures used, Uneapected highef requency
waves superinposed on the lowefrequency Firstearriving
groups are an artifact of the synthesis technigue and
should be disregardeds Figure 5h shows the oceanic

ol-



signals, which are quite different from the continental
cxanples at a given distance. Figure 5¢c shows seismo-
grans for the mid-continent structure as in Figure Sa,
except the Q values of Table 11 at 10 and 15 seconds
were doubled; this was an attempt to simulate more
closely NIS seismograms, dominant periods of which are
characteristically 15 scconds or less even out teo
telescismic distances,

It is evident that the mest precise way of remove
ing effects of dispersion is to Fourier transform the
signal o get (5) so that dispersion effects are cone
tained solely in the phase term and do not alter the
anplitudes, 1f one does not have the time or machine
capability for this step, the stationary phase approxie
mation 1o (€) will indicate the effect of dispersion
ever varieus paths on anplitude visually measured at a
certain period, This approximatien (R¥th, 1968) can be
given as a fumction of distamnce T and peried T:

AP (ALTIVEN) ()

vl = NYZ
2 il 2 empem V23 gupan

Glh@gw@pemdi& shows the derivation of this,) The factor
ﬁé"‘ an”1/< th& }ois in commen with the expression
for anplitude of @ nwvéltwl t@mw@n@m! propagating over
the carthy the new factor ¢ =172 applies te all periods,
kit the other factors, escept for a”, are dependent on

P iad,
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Relative amplitudes at a certain period for the
six different structrues in Figures 5a and Sb should be
given approximately, for any distance, by:

du 'l/z
"(To) e u(To) (ﬂ)
To

where we have neglected the very small variation (<10%)
of C',z(T) in (7) (remember that the source spectra,
layer response, and attenuation vere made identical for
these six structrues since we are mot investigating
their effects here). To check this, group velocity dis-
person curves were first detemined from the syathetic
scismograns at 10,000 km, These curves, shown in

Figure 6, are somevhat sinucus due to the straighteline
interpolation of the input phase velocities by the syne
thesis program, liowever, U and dU/JT can be fairly well
deternvined at a period of 20 secomds, and these values
for the sis structures are given in Table 111, Also in
lable 111 are the peaketo-peak anplitudes measured for
the six structures 4t 10,000 km for a peried of 20
soconds, the esact position of the 20 secomd period
being deternined by the arrival time versus peak nunber
data, These anplitudes show a facter of four betucen
cxtrenes, Dividing the neasured anplitudes by the
structuresdependent factors given by (8) should result
in equalized anplitudes; however, the actual results,
given in Table 111 also, show a factor of approximately
1.7 betueen the estiemes of the equalized anplitudes,

ofbe
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Thus somc cqualization has been accomplished, but this
could only bhe doue after group velocity curves had been
established and the arrival time of the wave group of
20 sccond period had been determined, If we disregard
the oceanic structure, the equalization achicved using
continental group-velocity data is negligible, since
the measured raw amplitudes on the continental structures
varied by ouly a factor of 2,2 at the most, The experi-
rent was repeated at a period of 30 scconds for the
continental structures, and the results (not listed)
showed no henet'it in applying (8) us a means of

cqual izing measured amplitudes, We conclude then that
anplitude cqualization for dispersion cffects is
beneficial only if occanic paths are involved,

I we take from (7) the distance-dependent terms
of @in"’z(rlnoj for spherical spreading and r1/2 gor
the stationary phase approgimation, the amplitude-
distance relation for a given period T using these is
shoun in Figure 7, In the case when amplitude is measured
at an Airy phase (group velocity nininun or maxinun)
the stationary-phace approximation is invalid and /2
pe replaced by 1713 (15eh, 1968)3 the effect of this
plas spreading on the Airy phase anplitude is also
shouwn i Figure 7, and 1t is clear that at teleseisnic
distapces use of the Miry phase will give 0,2 - 0,3
higher valiies of 0 than anplitudes neasured at periods
shote the greup velocity curve 1s not flat, When the
abearption temm of (7) is added to the spreading and
st jonary=phase clfects, the result is further diniau-
tion ax shoun in Figure ™ also, A @ of 375 at T = 1o

ol“.



seconds was used in computing the absorption effect;
this is approximately the same value as used in syn-
thesizing the seismograms of Figure 5. Also U was

taken equal to 7 although in fact it varies from 2.73
to 3.08 km/sec for the five continental structures. The
line in Figure 7 which represents all the distance-
dependent factors of (7) should then be the proper
distance-correction factor for use on the synthetic
seismograms of this report, or on any real siesmograms.
We sce that log A is not a linear function of log A
over the entire range of 1° - 100°. But for the distance
range A>15°, Gutenberg's (1945) correction factor of
-1,661ogA fits the theorctical diminution quite well as
shown in Figure 7, where the intercept has been arbi-
trarily sct for the Gutenberg correcction. For A<15°

von Scggern (1970) has suggested -1,091ogA as a better
fit to data in thc western United States, and this
slopc conforms well to the theorctical diminution at
A<15° with Q = 375 in Figure 7, There is a 0,33 magni-
tude unit hiatus at A = 15° between the Gutcnberg line
and the von Scggern line; the reason for this is given
by von Seggern (1970). The same thcorctical curve, only
with Q = 134, which is the value actually dctermined in
the Western United States by von Seggern, would still
agrce well with the -1,091ogA correction out to 15°
because the attenuation factor is small in either case
(Figurc 4), Thus, the stationary phasc approximation

giving r'l/z amplitude decrcasc may be valid to quite
close distance cven though the signal is not yet

dispersed, (Figurc 5 for 1000 km,) Good agreement in
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slopcs between theoretical diminution and empirical
results for 1°<A<100° has been found. Obviously, the
application of (8) to find the relative amplitudes at
different periods on one seismogram fails at close
distances wherce the wave groups of differing periods
have not sorted themsclves out,

Mcasuring maximum amplitudes from synthctic scis-
mograms should enable us to relate variations in MS to
the known composition of thesec scismograms. The author
calculated cquivalent ground motion of the maximum
pcak-to-pecuk amplitude on the seismograms of Figure 5
by dividing the amplitude by the instrument response
(Table 1V) for the period of the maximum excursion, The
amplitudes, corrected for instrument respcnse and
periods are given in Table V, The logarithms of the
amplitudes are plotted in Figure 8 versus the logarithm
of A, the ecpicentral distance in degrees. The tele-
seismic decay of amplitude predicted by Gutenberg and
the regional decay by von Seggern arc also plotted,
along with the theoretical decay from Figure 7 when
spreading (sin'l/Z[r/RO]), absorption (exp[-wr/2Q (w)

U (w)]) and the distance dependence of the stationary

phase approximation (r'l/2

) arc taken into account,
Gutenberg's lincar relation fits the synthetic data as
well as or better than the arcuate relation predicted
from theory at over 1600 km distance, In the stationary-
phasc approximation no account was taken of the chang-
ing period of the maximum cxcursion which is evident

in the measured periods of Table V, Proper usce of the

stationary-phase approximation requires that we cvaluate

-18-



the frequency-dependent factors in equation (7) as well
as r'l/2 for a given set of measurements at various
distances when the dominant period is changing. We must
consider the nearly three-fold increase of the medium
response eoARk1/2 (Table II) from 20 to 10 seconds, the
two-fold decrease of the source amplitude spectrum P (w),
which we assumed to be 1/w, from 20 to 10 seconds, and
three-fold increase of To':"/2 from 20 to 10 seconds, We
cannot evaluate U/(dU/dT)I/2 accurately at 10 seconds

for the structures, but its effect must be to offset the
result of the variation in the other factors because the
measured amplitudes on the synthetic continental seismoe
grams are in excellent agreement with the predicted
arcuate relation over the entire distance range, even
though this relation strictly applies to a constant
dominant period,

The variation in the factors mentioned above ex-
plains the low oceanic amplitudes in Figure 8 because
the dominant period of the oceanic seismograms is 5 to
10 seconds longer than that of continental ones. The
amplitude diminution for the oceanic structure nearly
follows a -logA relation and differs considerably from
Gutenberg's -1,66logA relation,

Two other important lines are included in Figure 8.
One is the -1,09 logA relation of von Seggern (1970) in
its correct position relative to Gutenberg's curve,
(As in Figure 7, this results in a 0,33 hiatus at
A = 15° in the distance correction factor.) Evidently,
the amplitudes from synthetic seismograms of this
report do not agree with those from NTS seismograms,
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The solid line merely confirms this conclusion, because
it is a least-square fit to the NTS data out to A = 40°
(von Seggern, 1971) and is a =+90logA relation (with
arbitrary intercept here). The seismograms of Figure Sc
were synthesized with higher Q's at 10 to 15 second
periods in an attempt to more Cclosely approximate the
NTS data on both sides of the 15° division, Results of
measuring amplitude on these are shown by triangles in

Figure 8, It is evident that Q's may need to be increased

further and that the Airy phase may need to be more
distinct before agreement is attained with the nearly
=logA relation of NTS amplitudes. Also, changing the
source time function from the step used here to a
decaying pulse should improve the agreement.

The problem of the dominant period taking large
jumps, as for the shield structure between 200 and
400 km (Table V and Figure 8), which causes aberrations
from a smooth amplitude-distance relation, and the
vagaries of the period measurement combine ‘to make the
traditional Ms calculation an arbitrary and capricious
datum for NTS Rayleigh waves, especially since the LRSM
instrument response slopes at essentially 12 db/oct
below a 20 seconds period, A magnitude estimate based
on the spectrum of the signal should be more reliable,
Using spectra and keeping the period invariant would
require an amplitude-distance relation different from
any of the three presented in Figure 8; its form would
be (from equation (5)):

W @) = R3YZ sin™1/2 (2/R ) expl-wr/2Q()U(w)]

-20-
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MILROW AND BOXCAR AT COMMON STATIONS

Recently Evernden and Filson (1971) have suggested
that the difference in the Ms-vs-yluld hehavior for
Amchitka Island and NTS can be attributed solely to
the fact that measurement of the surface wave amplitudes
is made at much shorter periods for NTS cevents, They
state that at a given yield amplitude spectra are cqual
at 20 sccond periods for the two sites, but they do not
show individual spectra or indicate which stations were
used to form this couclusion, We will show here spectral
computations which contradict this supposed cquivalence
at 20 sccond periods,

We have chosen to comparce the spectra of MILROW
(Amchitka) and BOXCAR (NTS) at five telescismic stations
common to both cvents: NPeNT, WH2YK, PG2HBC, RK-ON, and
IIN=ME, By using common stations, we should be minimizing
cffects of the medium response factor, coARkl/Z. By
computing spectra, we should be climinating any disper-
sion conditions which might affect visual amplitudes,
Two of the above stations, NP=NT and WH2YK, were ncarly
cquidistant from MILROW and BOXCAR and arc particularly
important in the comparison,

The spectra were computed from the unfiltered seis-
mograms, digitized at 1 sample per sccond, using a fast
Fourier transform subroutine, lLengths of 128, 256, or
512 points (scconds) were used. Since the time windows
selected for spectral computation were never exiactly
one of thesc even powers of two, zcros were added to
the signals and the computed amplitude spectra were



sultipled by the factor

where

N. = number of points in chosen time window of
signal

N. = number of zeros added to make cven power
of two

to make them valid cstimates within the actual signal
window choscn, The calibrations for the scismograms
were carcfully checked, and the spectral outputs were
scaled in millimicrons, The instrument response has
not been removed, and the spectra represent truc ground
motion at a period of 25 scconds only, One scismogram
has an uncertain calibration =« MILROW at WII2YK, This
was duc to the fact that the sincewave calibrator was
inoperative for some time before the MILRON event and
until the station closed, Magnification for this
scimsogram had t2 be figured from a calibration
obtained about two weeks prior to the event,

The spectra of the two cvents at the five common
stations arc shown in Figure 9, along with plots of
the actual signals. Signal length in cach case was
controlled by the group velocitices shown at the start
and cnd of the signal plots,



The spectra must be equalized for yield and dis-
tance differences, and we will do this at the 20 second
periods only. The yields for BOXCAR and MILRON are 1,2
and 1.0 Mt, respectively. Since amplitude at long
periods is proportional to yleld (von Seggern and
Lambert, 1969), we sultiply the BOXCAR amplitudes by
the ratio of 1,0 ever 1.2, To equalize the BOXCAR
amplitudes to the MILROW distance, we use equation (9)
with Q = 300 and U = v, Recall that we determined that
this value of Q satisfied Gutenberg's data, The group
velocity is arbitrarily set equal to » km/sec. Equaticn
(9) applied to the BOXCAR amplitudes mecans that we
multiply by the factor

in (r /R } e
n
L oxpl- (ry=r,)/6000)

sin (r"/RO)

where subscripts B and M refer to BOXCAR and MILROW,
respectively, The results of applying thesc yield and
distance corrections are shown in Figure 9 also, At
NP-NT and WH2YK the change is small, and the difference
in amplitudes at 20 scconds between BOXCAR and MILROW
is evident, There is approximately a factor of two at
NP-NT and a factor of six at Wi2YK, Because of the
calibration difficulty stated above, the factor for
WI2YK may be erroncous. Since the factor of six should
be attributed to differences in Q over the two paths
to WH2YK, a check with Figure 4 at 3000 km distance
shows that only unrealistically disparate Q values
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could satisfy this amplitude data, The factor of two at
NP-NT, however, could he explained by reasonable Q
values of 200 for the MILROW path and 700 for the

BOXCAR path, Comparison of 20-sccond amplitudes at the
other stations, PG2BC, RK-ON, and lIN-ME, is not as
sinple because of the distance differences to the two
sites. Again, though, the BOXCAR paths to these stations
must have significantly higher Q's to satisfy the data.,

Using common tclescismic stations, ~¢ find that
the M (based on the spectral amplitude at 20 scconds
pcriod) of MILROW is distinctly lower than that of
BOXCAR and thercefore that the M vs yicld reclation for
NTS cvents cannot be duplicatcd by Amchitka cvents,
duc to these attenuation differences.
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CONCLUSIONS

Hopefully, we have illuminated the more important
quantitics which cause variation in Rayleigh wave ampli-
tudes from site to site, These quantitites are the
medium amplitude response Ap, the attenuation due to
effective Q, and the stationary-phase approximation for
dispersed waves. All three deserve consideration when
visual amplitudes are used to calculate M_, but only
the first two when spectra arc used, Another factor which
may be important is multipathing, but it was not con-
sidered here because it canniot be studied in a gencral
sense, Capon (1970) shows the multiple paths inferred
from analysis of LASA reccordings of distant events along
with real and synthetic seismograms cxhibiting multi-
ple-path effects, and this facet of propagation may be

significant in reclation to magnitude estimation,

It was found that the medium response factor Ap
could vary by at most approximately a factor of three
(0,5 on MS scale) between continental structries and
oceanic structrues, LExactly how well the amplitude at
a given site can be related to this factor depends on
how rapidly the structure is changing in the vicinity
of the site., It is possible that oceanic island sta-
tions would record amplitudes almost identical to occan-
bottom stations ncarby on ideal oceanic structure
because the horizontal dimension of the transition to
the island structure is less than a wave-length or two
of the periods of interest, We believe that as much as
0.3 of the large negative magnitude differences from
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the average event magnitude of island stations AD-1S
(SDL shot report, BRONZE) and {IW-IS (SDL shot report,
BILBY) can be cxplained by the medium responsc factor,
since these were the only oceanic sites for the two
cvents.

The effect of Q diffcrences can be very signifi-
cant, incrcasing with telescismic distance. For this
recason, when Q is unknown for periods of 10 to 50
scconds, surface wave data from rcgional-distance
stations would be weighted more in discrimination work
and for cstimating yiclds and scismic moments. This
conclusion was substantiated by comparing MILROW and
BOXCAR spectra at common stations,

pispersion of the Rayleigh wave has a pronounced
cffect on amplitude between oceanic and contincntal
structures -- a factor of threec or more, lt was pre-
viously stated that AD-1IS and HW-1S had anomalously
low magnitudes for NTS cvents; they were uactually
about 0,8 magnitude units lower than the cvent aver-
ages. We attributed about 0.3 of this to the medium
responsce factor above; and here we attribute the
remaining 0.5 to dispersion effects such as illustrated
in Figurc 8 for the synthetic oceanic seismograms
at the distances in question, about 40°. The lower
(approximately 0.4) surface wave magnitudes of LONG
SHOT across western North America relative to more
casterly parts (Lambert ct al,, 1969) might be in part
attributed to the fact that paths to the Western sta-
tions compriscd mostly occanic structure. I[f only
continental paths arc under consideration, the
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dispersion effect is not significant, as shown by the
clustering of magnitude values in Figure 8 for tcle-
scismic distances at least, Dispersion corrections
based on the stationary-phasc approximation for con-
tinental paths probably does not warrant the effort,
especially since this approximation is difficult to
cvaluate in practice,

The use of spectra to estimate M, would obviate the
requirement for a dispersion corrcction for every path
and would also allow onc to cscape pitfalls such as
sudden jumps in the predominanc period with distance,
These jumps can cause magnitudes at regional distances
to vary crratically if onc adheres to the rule of
mecasuring the maximum amplitude on the scismogrum, This
pitfall is somewhat analogous to thc problem with body-
wave magnitude when different branches of the travel
time curve lic closc together, Also for this rcason,
visual surface wave data at regional distances should
be weighted less than that at telescismic distances;
this balances the ill cffects of Q on telescismic
surface-wave amplitudes. If spectra arc used, however,
the regional data should still he more reliable,

Finally, we wish to emphasize the idvantages of
using longer periods, say 50 scconds, in determining
M. We already know that duc to differences in source
parameters (depth, dimensions, time function) the Ms Vs
my criterion scems to discriminate even better at longer
periods than at 20 scconds (Molnar ct al,, 1969), In
addition, all the propagation factors which affcct Ms
values as discussed in this report arc much less
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variable among typical earth structures at periods of
50 scconds than at periods of 20 seconds. The anplitude
response of a layered sedium, Ag, Jdiffers by only a
factor of at most 1.5 at 50 seconds periods for the
same group of structures for which Figure | showed a
fuctor of almost 3.0 at 20 scconds periods, Available
evidence suggests that the effective Q for 50 seconds
waves lies hetween 100 and 200 globally, while this
quantity for 20 second xaves nay he anyshere from 100
to over 1000 hecause of the extremely hetcrogencous
nature of the crust, The character of dispersion at

50 seconds Is less variahle than at 20 seconds, but
cqual ization procedures should still be applied if
oceanic ond continental paths are invelved. Again this
could he done by calculating the stationary-phase-
approxination factor or by conput ing spectra of the
signals, Thus, at lenger periods we can take advantage
of more consistent hehavior of surface waves over the
large range of possible carth structures, thereby
reducing uncertainties in M and yield, Also, use of
longer periods xhich are the first-arriving wave groups
nay reduce concern over multiple-path effects on ampli-
tudes. 10 has yet to be shown that the signal-to-noise
ratio for S0-sccond waves (rom explosions can be made
to exceed that for 20-second waves though,



REFERENCLS

n:th. Harkus, 1968, Mathematical aspects of seismology:
Lisevier Publishing Co., New York,

Ben-Yenahen, Arl, and Harkrider, bavid G., 1964, Radia-
tien patterns of seismic surface waves from buried
dipolar point seurces in a flat stratified earth:
J. Geophys, Res,, v. 609, p. 2005-20620,

Brune, James No, 1962, Attenvation of dispersed wave
trains: Bull, Seismol, Sec. Amer,, v. 52, p. 109112,

Brune, Jaties, No, 1969, Surface waves and crustal struge
tnre: in the Larth's Crust and Upper Mantle, Ld,
Penbrohe J. Nart, \nerican Geophysical lUinion,
Kashington, b, €,

Capon, o, 1970, Analysis of Ray leigh-wave multipath
propegation at LAsSA: Ball, Seismol. Sec. Aner,,
ve 60, p. 17001-1732,

Lreicsson, WIE, 1971, A lincar nodel for the vield
dependence of magn i tudes neasired by a scisno=
graph netwerk: Geophys, o R, \str, Soc., (in
press),

Lvernden, Jdack Fo, ard Filson, Jolin, 1971, Regironal
dependence of surfaceswave versus hody=wave
magnitude: 4, Ceophyse Resoy Vo 70, Po 3303-33n8,

Gutenberg, B., 1915, Aaplitudes of surface waves and

magnitudes of shallow carthquakes: Bull, Setsnol,
S“c. 6\““".. Ve 5:‘. ". 5":.

2 e



RELPERESCES (Cont'd,.)

arkrider, bavid G., 1964, Surface waves in nulti-
lavered elastic media, 1, Ray leigh and Leve waves
from buried soucces in a nultilayered clastic
half=spaces Bull. Scisnol, Sec. Mier., Vo 54,
Po B27=080,

Warkrider, bavid G, , and Anderson, Pon L., 1966, Surface
wave cnergy [ron point sources ir planve layered
carth models, b, Geophys, Kesey Vo 7y P 2967 - 2980,

Lanbert, D.Ge, von Seggern, Db, Mexander, S.9.,and
Galat, G.\e, 1969, The LONG SHOT experinent, Vol, 11,
cConprehens ive analysis: seisnic Data Laboratory
Report Se, 231, feledyne ceotech, Mexaniria,
Virginia,

warshall, P, and Carpenter, LoWe, f9on, Lstinates of
@ for Rayleigh waves: teophys, o Ko Astro, Soc.,
Ve 10, po HID=500,

Uekare, Arthur, 1969, \aplitude variations of Rayleigh
wates o= propagation across o continental narging
Kinll, Scionol, S0C, MieTe, Vo 394 Po a8l=1300,

Molnar, Peter, Savino, John, svhes, Lynn Ro, Lichermann, R.C,,
ade, teorge, snd Pomeroy, Panl @, 1909, snall
carthiguabes and explosions in Rester Sorth \erica
recorded by new high=gain, tong=perimd scisnographs:
Sature, Vo o2, pe 1268-1273,

Sato, Yasuo, 1900, senthesis of dispersed waves by
weans of lourier transforns Rull, seisnol, Soc.
e F., Vo 30, po HIT=020,

n
= S



REFERENCES (Cont'd,)

Tryggvason, Eysteinn, 1965, Dissipation of Rayleigh
wave cnergy, J. Geophys, Res., v, 70, p. 1449-1455,

Tsai, Yi-Ben and Aki, Keiiti, 1909, Simultancous deter-
mination of the scismic moment and attcnuation of
seismic surface waves?! Bull, Scismol., Soc. Amer.,
v. 59, p. 275-287,

von Seggern, DI, 1969, LEffects of radiation patterns
on spectra and magnitude cstimates: Seismic Data
Laboruatory Report No. 233, Teledync Geotech,
Alexandria, Virginia,

von Seggern, D.l, and Lambert, D,G., 1909, Dependence
of thcorctical and obscrved Rayleigh-wave spectra
on distance, magnitude, and source type: Seismic
bata Laboratory Report No. 240, Teledyne Geotech,
Alexandria, Virginia,

von seggern, D.ll,, 1970, Surfacc-wave amplitude-versus-
distance relation in the Western United States:

Seismic Data Laboratory Report No, 249, Teledyne
Geotech, Alexandria, Virginia,

-3]-



santea poalejoderlxiy

00°7 *S

02°C «9

0S°C «8 88°C xS

08°2 =01 00°S %L 06°C =¢

SE°EC &1 tI°¢ %01 S6°C xS 00°C =L ¢t ¢ §

t9° ¢  xt1 82°¢ xt1 S0°¢ %L 06°¢ %S ST°¢ 01 §¢*¢ 01

08°¢ 91 0r°c 81 SIS »07 €0°¢ L 9c°*¢ r1 6€°¢ |

06°¢ 81 st ¢ e 0z°¢ 21 ST°¢ =0T ot*c 81 Is°¢ 91

8§6°¢ 0¢ 29°¢ 9¢ L2 e St LZ*¢ =97 L8 < L9°¢ 0

00°t a4 69°¢ (133 JA Y N 1Y ot*¢ 0¢ 0.°¢ 9C €6°¢ 0¢

20°t SZ I8°¢ ot 29°¢  0¢ Z9°¢ 0¢ 08°¢ 0¢ 8§0°t 0t

00°t 8¢ §8°¢ 0s I8°¢ Ot 18°¢ ot 96°¢ 0Ot CI°¢r 0s

86°¢€ 9¢ 88°¢ 09 06°¢ x0S 96°¢ x0S§ 00°F 0¢ 1t 09

L6°S %001 06°¢ x001 26°S »001 00°t #0001 T0°t %001 L1t #001

uead() daaq 21V puels] autdiy SSuey-utseg Juaui1iuo) (oes/uy)n(29s) 1
1E91) -PIN PI21YS

jx0day sTy3l jo sTsayjzuss weiSowstas sy3

uT pasf pue (6961) dunig wolj udaye] SAT3TD0T2\ aseyd

I 374vY1

Preceding page blank



TABLE 11

Values of Q (Tsai and Aki, 1969) and Values of the Medium

Response for a Gutenberg Continental Earth Model (Ben-

Menahem and Harkrider, 1964) used in the Seismogram Syn-
thesis of this Report

Period Q Period CoARkl/2
100 130 100 4,96
50 130 50 15.1
40 200 40 23.1
33 300 30 45.4
29 600 20 123,
25 900 10 350,
20 700 5 910,
i® 500
15 300
10 200
5 100
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TABLE 1V

Relative System Magnification for LRSM Long-Period Recordings

Relative
Period (sec) System Magnification

8 .100
9 .138
10 .188
11 . 245
12 .310
13 . 390
14 .480
15 « 580
16 .690
17 «790
18 .880
19 920
20 . 960
21 .970
22 .980
23 .990
24 .995
25 1,000
26 «990
27 . 960
28 920
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A, sec Ymass

® CONTINENTAL
OCEANIC

UC. Km¥Ysec?

Figurc 1. Relation of the Rayleigh-wave amplitude responsc
factor to the product of group and phase velocity (twenty-
sccond period of the Fundamental mode) for various carth

structures.
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Figure 2. Relation of the Rayleigh-wave amplitude responsec
factor to group velocity (twenty-second period of the

fundamental mode) for the same earth structures as in
Figure 1.
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Figure 3. Relation of the Rayleigh-wave amplitude response
factor to phase velocity (twenty-sccond period of the
fumdamental mode) for the same carth structures as in
Figure 1.
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AMPLITUDE IN ARBITRARY UNITS DF DISPLACEMENT
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Figurc 4. Amplitude-distance rclation of surface waves for

various values of (.
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10,000 ki synthetic seismograms of Figures 5a and 5b.
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Figure 9. Spectra of BOXCAR and MILROW Rayleigh waves at
NP-NT, WH2YK, PG28BC, RRK-0ON, and HN-ME,
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APPENDIX
DERIVATION OF STATIONARY-PHASE APPROXIMATION



Equation (6) in the text gave the expression for
the fundamental-mode Rayleigh-wave signal from an explo-
sion, Let dw = Udk and w/C = k in that expression to
obtain: |

a3 PeoAR

wir,t) =

cUwl/ Zexp[i(wt-kr)-¢-51/4]

172
R0

sin/(r/R)) | /% exp[-ur/2Q(w)U(w)]

This can be compared with a similar expression in B;th
(1969, p. 44, equation (9)). We must now assume that all
the factors in the integrand except the eikonal function
vary slowly with wavenumber k. The stationary-phase
approximation for (Al) is then given by reference to
Bath again (p. 45, equation (13)):

a3pe A GU0 2cos (ut-kr-9-5n/487/4)

w(k,r) = 1732

mr dzw
2U dk

CI/ZRCI)/2 sinl/2

(r/Ro) exp(-wr/2QU)

where we have replaced t by r/U in Bath's expression,
The positive sign applies to normal branches of the
dispersion curve, the negative sign to inverse branches,
We desirec to express w in terms of period To rather
than wavenumber ko. Since U = dw/dk, we can write:

d%y _ du
a? T

(A1)

(A2)



or

2

dw dU
. (A3)
3;2 3_

From the definition w = 2n/T

_ 2ndT
Tz

Thus (A3) becomes

a%u ut? qu

= - ‘ (A4)
de Zm dT

Substituting (A4) in (A2) and using k = 27/CT and wt = 2mr/UT:
3 1/2
a PEOARGUm cos(2nr/UT-2nr/CT=¢=-5n/4+m/4)

w(T,r) =

R,V 2 sin!/2(r/R ) exp(-nr/QUT) |

Simplifying, we have

n1/2a3pe_aqcu cos[ (2nr/T) (1/U-1/C)=0-51/421/4]

3/2|dU|

R

w(Tl,r) =
21/2C1/2R01/2

1/2

nt/2(r/R ) exp(-nr/QUT) T

The form of equation (8) in the text follows if we assume
that all the factors are constant except those determining
the dispersion, namely, U and C,

A-2



