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LETECTIO IRFACE WAVES FROM SMALI EVENTS AT TELESEISMIC DISTANCES
ABSTRACT

A matched filter approach for distinguishing weak teleseismic
surface wave signals from background noise is presented. The method
discriminates against events not located in a particular scurce re-
gion of interest and provides estimates of magnitude and radiation
pattern, when a number of recording stations are available. Test

cases and typical results for different source regions are discussed.

INTRODUCTION

One of the impcrtant measures of gnurce mechanism is the ex-

citation of surface waves. This encompasses such estimates as total

__energy, radiation pattern, freguency spectrum, and radiation of Love

wave energy relative to Rayleigh wave energy. &2t one time or another
practically all of these estimates have been applied in the study of
large magnitude events. However, becsuse the surface waves from
amall events (M < 5) usually arrive at teleseismic distances with
amplitudes at or below the noise level, special techniques must be
employed to extract the desired information. We present here a
matched filter approach for detecting small amplitude surface waves,
estimating their total energy content, and determining their radia-
tion pattern. Results for several test cases and several events are

shown, to demonstrate the usefulness of this approach as well as
some of its limitations.

METHOD

Basically the matched filter approach amounts simply to

ssarching a record x(t) for a known waveform yit), In ;asticular,
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it is assumed that x(t) = ay(t) + n(t) where a is a constant and
n(t) is a random noise process. If no further assumptions are
made with regard to the nature of the noise process, one can

determine the least-zquares estimate of a3 which minimizes J(a,7 ) =

.12 . .
L Ix{t + 1) - a y{(tj]® where the summation is over the length of
y(t). 1In the test series x, which is of longer duration than y,
the lag T indicates at what point in x the comparison is begun.

The value of a obtained by setting 8 J = 0 is
3 a

a = Daxlt s 1) y(e)/ £ 2 it)
¢ (1)

Thus, the matched filter in this case is simply the waveform y(t)

and the matched filter output at lag 7 1is

T x{t + 1) y(t) = Cxy (1) (2)

The coherency at lag 7 :2 given by

Cit) = x(t + 1) y(t) / [ T xz(’t + 7) - ¥ yz(t)]%

it always is bounded by -1 £ C(1 ) £ 1. The maximum in the envelope of
C(T ) occurs at the value of 1 where x and y match best in the

least-squares sense. This Cmax( 7 ) is the correlation coefficient.

In the present application we have used this simple least
squares approach. Estimates of a, ny(T ), and C(T ) calculated
in this way ailow us to study test cases and unknown events with

a minimum of assumptions.
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A further refinement in the method can be made, however, if
.he nolse is a stationary random process whose correlation matrix
R can be calculated. If the sampled x(t) and y(t) are considered

as row vectors, x and y, then an estimate of a is given by
a = xR y'/ yrR " ¥y’ (4)

where the prime denotes transpose. This is the maximum likelihood
estimate of a. In this case Rl ¥' is the filter. (Details of the
statistical analysis leading to t;ese estimates are given in Chapter
1I of Reference 1).

This modified approach may allow us to do a better job in

known waveform. However, we have not yet 1nveatiga£ed its use-
fulness sufficiently to determine whether the extra computation
required to calculate the correlation matrix of the noise is war-

ranted.

In the least-squares approach we chose the following decision
criteria to determine whether or not a signal was present:

1. A relative maximum in the envelope of C(T ) must fall in
the expected time window based on travel-time information.

2. This value of Cmax(T ) must be greater than or at least
comparable to typical peak vilues in the cnvelope of ¢ (T) outsids
the expected time window.

3. An arrival must ke detected within the proper expected

time window at each of several stations.

If all three of these criteiria were met, then the signal was

congidered to be present.

e e ——— e 2
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R IMPLEMENTATION

‘ The matched filter mpproach just discussed requires that one
knows the desired or exnected waveform in order toc search effect-

ively for that waveform in a noisy record. 1In order to obtain a

suitable "expected" waveform and at the same time assure that
propagation effects would be properly accounted for, we chose the
surface wave from a larger event in the source region of interest
as the filter y(t). Thus, no matter how complicated the paths

of propagation are, the paths for other events in the same source
region will be nearly coincident with those of the larger event
which produced y(t}), so the only major differences in recorded
waveform will be source differences. This situation is illustrated
schematically in Figure 1, which shows the surface wave trajectories
appropriate tor a source region in the ocean and a continental re-

| cording station. '

i This coincidence of travel path simply assures that the
earth's transfer function is the same for all events occurring

in that source region; it does not mean that dispersion during
propagation to teleseismic distances is unimportént. To the con-
trary, it is this physical effect (diepersion) which is vital to
the success of the technique, since it transforms the source pulse
into an oscillatory signal which is of long duration. As the

H duration of the signal increases, random correlations of the signal
! with the noise become poorer, with the result that the "false alarm”

“; level is reduced. From this standpoint the larger the epicentral .

diotance the better the method should work, since the signal in-
creases in duration the larger the distance. However, the energy

density of the signal is reduced due to dispersion and attenuation

,..
|
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during propagation, so that the signal to noise ratio is reduced

with increasing distance. Therefore, for a given transfer function

and noise level, one would expect there to be an optimum observing
distance for detec*inc avents using the matched filter. But, be-
cause of the different noisc :v21= among available stations angd

the variety of propagation paths to these srati~nsg, it does not :

appear to be practical to determine these optimum observir; dis-

-y,

tances experimentally. What we can estimate, however, is the
minimum S/N at which the technique will detect observed or expected

signal waveforms.

Beciuse of dispersion and frequency-dependent attenuation with
distance, the signal waveform will in general be different at each
~station and thus a different filter for each station and source

region must be used. However, this presents no problem since a

[RTE T

single large event in a given source region provides for each

station a filter suitable for detecting other events located in t

that region, as well as the temporal pattern of arrival times at

the stations. This pattern and the fact that the filters are dif-

ferent for each station can be used to advantage in discriminating
against events outside the source region of interest, since one or
-more of the decision criteria listed earlier will not be satisfied;
in particular, the correlation peak values will be degraded, and 3
the arrival times of these peaks will not produce the appropriate
pattern of arrival times at the observing stations,
When a small event has been detected by this method, then

the question arises as to what details we can extract about the

P source. The estimates of & provide a convenient means of comparing
the magnitude o€ the small event to that of the larger cne, since

52 is an estimate of the ratio of the energy in the small event to

B e ad

e AR, SRR CWTETE [ W SR ST AT HCT IR T




[ESTPRTIA N

T
Poh
BN Lt v . e i 15 1 Sk

J—

e e

) creasing function of frequency and 4 is epicentral distance, ; will

that in y(t). Some care must be taken, however, if the reference
event exhibits a strong radiation pattern which is different from
that of the smaller event. 1In fact, the radiation pattern of the
amall event relative to the reference event can be obtaired by

plotting 5/2 yz(t) vs. source-station azimuth.
t
Comparisons of ; vs, distance along a given azimuth allow }

us to estimate rrughly the excitation spectrum of the small event
compared to the larger one, since the attenuation with distance is
frequency-dependent, which implies that ; should vary with distance
in a way which reflects the shape of the spectrum cf the small event
compared with that of the raference event. Only if taeir spectra are i
identical in shape will a be invariant with distance. Since this at-

tenuation factor is of the forwu exp [-g(wjA)] , where g{w ) is an in-

decreass with distance if the gpectrum of the small event is peaked
at a higher frequency than the reference event. A method for cal-
culating the spectrum of the small event relative to that of the

reference event is given in Appendix I.

Thus potentially the matchea filter methed permits us to:

1. detect the surface waves from a source region of interest,
while rejecting events outside the source region:

2. make magnitude estimates for small events relative to
the reference event;

3. outline radiation patterns for small events;

4. estimate spectral shape relative to the reference event.

Computer programs were written to implement the method along

the lines discussed above,

i
!
|
f




f

TEST CASES

In order to teat the effectiveness and sensitivity of the
matched filter approach for surface waves, several test cases

were investigated.

Cagse I - Known signal added to actual noise at different signal -to-

noise (S/N) ratios

Figure 2 showa the results of adding the signal shown at the

top (an actual oceanic Rayleigh wave train recorded at 4686 km
distance) to the noise trace at a number of arrival times, with the
indicated signal/noise, S/N, and using the signal as the match.l
filter. wWe define S/N as mgxly(ti/RMS [n(t)]) . The number in
parentheses is an alternate value of signal/noise (S5/N) given by
RMS (y(t) ] /RMS [n(t)] . The values of g = a are printed next to
ny trace, and the correlation coefficients CC next to the C trace.
The arrows indicate the beginning time for the signal in each in-
stance. In this example the signal is detected for S/N (S/N) as
low as .35 (.15), where visual detection is impossible. Notice
also that the s's are approximately in proportion to the s/N used

as expected.

The reason the results appear to be as gcod or better fur
S/N = .35 compared to S/N = .5 is that the noise level was not
uniform over the entire noise trace used to establish the RMS of
the noise and the .35 signal was buried at a podition where the
actual noise level over the filter length was low relative to that

where the .5 signal was buried.

P R T
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$ags II - Same_as Game i with different signal and noise.

Figure 3 shows the results when a different signal ( a

synthetic seismogram calculated for an assumed dispersion curve)

is added to the noise at different levels. The format is the

same as in Figure 2. This signal waveform approximates that for

a purely continental propagation path with the dispersion shown

in Figure 4, We can detect this signal down to a §/N of about

.4 ( .14), which is again considerably below the threshold ~f
visual detection. This noise sample was identical to that used

in Case 1, so the same comments hold with regard to how well the
signal is detected a* different positions. These cases, along with
results for other test cases, suggest that if the signal buried in
the noise is identical in waveform to the reference event, it can be

detected when the S/N is above about .35 (.15) and that the a's pro-

* vide reliable measures of the relative amplitudes of the two events

down to a S/N of about .5.. It should be noted that the indicated
8 values include a gain factor introduced in constructing a partic-

ular S/N level in the x(t) trace using y(t) and a given n(t).

Case II1 - Effects of varying epicentral distance

In order to test the sensitiveness of the method to pertur-
bations in source distance, we wrote a computer program to syn-
thesize the surface train to be expected at any distance for a
gjven phase velocity dispersion curve and amplitude spectrum
(see Appendix II). Using the dispersion curve shown in Figure 4

and the amplitude spectrum labeled A in Figure 7, we synthesized

o]
seismograms for distances in the range from 3000 to 4000 km, in
50-km increments, Figure 5 shows some of these synthetic records

and the corresponding matched filter results, when the seismogram
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at 3000 km was ueed as the reference in sach case and no noise

L _—g - was present. The values of a and CC are a measure of the effect

| of distance perturbations on the matched filter response. Sur-

prisingly perhaps, the method appears to bc rather insenaitive to

changes in source distance; this is indicated in Figure 6 where

the correlation coefficients are plotted vs. differences in epi-

central distance. Since the group velocity window a2nd amplitude

spectra were kept fixed in this case the values of a and cC are

identical. 1here is Lhe expected decrease, but the correlation

coefficient is above .8 for distance differences as large as

1000 km. It should be pointed out that this result is not inde-

oendent of the assumed dispersion and amplitude spectrum. That is,

a given perturbation in distance will produce a change in signal

waveform which depends on both the dispersion in the source region

} E - and the amplitude spectrum. Nevertheless, this case is probably

' » sufficiently representative to infer that the method does not de-
pend critically on the closeness c¢f the reference source to the
source of interest insofar as the correlations are concerned. This
was borne out in the #nalysis of actual events. However, the rela-
tive travel-time pattern would still require the events to be rather
close together, since, for example, a 100-km difference could result

‘ in relative arrival time shifts among stations of as much as 25-30

seconds.

Cage IV - Effects of amplitude spectra on matched filter response

. ——

Differences in the amplitude spectrum of the reference event

compared to the test event can be expected, since in general the

lower the magnitude the higher the frequency of the peak in the




amplitude spectrum observed at a given distance. Thus, when we

look for small events using large ones we almost certainly are

not dealing with spectra which are aimilar either in shaps or
i poaition in frequency. To test these effects we computed the 1

matched filter response for the synthetic seismograms corresponding

to the amplitude spectra shown in Figure 7. The dispersion used

was the same as for Case III; the distance wag taken as 3000 km, ?
and the referance spectrum is the one labeled AO in Pigure 7. The
matched filter results are shown in Figure 8. 1In this case the

effect on both & and the correlation coefficient is more pronounced,
as shown in Figure 9. One reason that a and CC do not coincide is 3
__that only energy in a fixed group velocity window is included in the

synthesis, so the relative energies may differ from one calculation

to another. 1In any case our estimates of & and cC are apt to be P
. " lowered if the excitation aspectra are different. On this basis it
would be desirasble to use smaller magnitude events for reference
sources, but if this is done then the reference signal itself is
degraded by noise. We conclude from visual examination of the ‘
teleseismic Rayleigh waves from a number of events that earthquakes :
in the body wave magnitude range 5.5-6.0 usually have a high enough
S/N to be usable as reference events. Some lower magnitude earthe
quakes also exhibit large enough surface waves to be used for

reference.

l
- 10 - |
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In this section we present some of the rxesults of applying
the matched filter approach discussed above to actual data. These
results are intended primarily to demonstrate the practical appli-
cability of the method, and no claims are made about & general !
minimum threshold of detection, although events as small as nag-
nitude 4.1 were observed at teleseismic distances in some instances.
Many more small events must be analyzed before the performance limits
of the matched filter approach can be adeguately assessed.

Results for three Aifferent source regions - Aleutians (Am- .
chitka) , Xamchatka, and Hawaii - are presented. The observation .
stations are LRSM stations or VELA Observatories in North Aamerica. - é
‘The epicenter information for the three ssts of events we discuss
is given in Table 1I.

The oxganizaticn in the figures to follow conforms to the
standard format adopted for displaying all matched filter results
for actual events. That is, a station set consists of four traces;
the top trace is the signal y(t), the second trace is the observed
: seismogram x(t)., the third trace is ny(q )., and the bott?m trace is
C(v). The legend at the left gives values of distance, a, and CC

i as well as station and event identification. The arrows indicate

: the location of the axpected signal arrival at each station. This
is where the peak in the matched filter output should occur; that is,
the beginrning point of y(t) in x(t). The interval between each time

mark is 50 seconds unless otherwise indicated.
EUTIAN CE REGION

The explosion was LONGSHOT (body wavs magnitude 5.97): the

earthquake was a magnitude 5.9 event located within a degrea of the

- 11 -
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LONGSHOT site (see Table I). At each station the surface waves
from the 22 November 1965 earthquake were chosen as the reference
signal, and the LONGSHOT seismograms were scanned for surface waves
with the sarthquake signal used as the matched filter. Some of the
results for Rayleigh waves are shown in Figure 10.

It is seen that the Rayleigh wave was clearly detected at
all but one station. The Rayleigh wave amplitude of LONGSHOT rel-
ative to that of the magnitude 5.9 earthquake, however, is below .12
sverywhere in the distance range analyzed {(3500-7000 km). This
means that the surface wave magnitude for LONGSHOT is only about 5.0

if the surface wave macnitude of the reference earthquake is equiva-

~lont to its body wave magnitude. It also means that the R/P exci-

tation for the explosion is nearly an orcder of magnitude smaller
than the R/P excitation for an equivalent size earthquake,

The results in Figure 10 are for the vertical components only.
we did the same analysis for the radial components arid got essentially
the same results. Therefore, these are not shown.

We also tried different signal durations for y(t) and found
that the signals shown in Figure 10 gave a better result (correlation
than did longer signals which included part cf the coda of the earth-
yuake. This probably reflrcts the situation that in using the longer
filter more noise was included in the correlation interval for both
y(t) and x(t) without a proportional increase in signal energy in-
cluded in the interval.

Since the 22 November event alao generated strong Love waves,
we used them as a matched filter to search the LONGSHOT seismograms
for Love waves in the same way we searchéd for kayleigh waves. We
used the transverse components throughout. With the possible excep-

tion of two stations we were not able to detect any Love waves from

LONGSHOT. Therefore, in Figure 11 we show the results for only
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three astations including the two where a Love wave arrival mighkt
be indicated. The bottom set in Figuis 1l is representative of
the etations where nothing was detected. The indicated values
of : in Figure 11 give an upper bound of about .01 for the ampli-
tude of Love waves for LONGSHOT relative t> the Love wavas for the
22 November earthquake. This result is no* surprising, since an
examination of the short period seismograms for LONGSHOT reveals
that it was an explosion which excited shear waves poorly or not
at all.

In Figure 12 is shown a plot of & vs. distance for the
LONGSHOT Rayleigh wavas observed along the azimuth shown in Figure
16. The observed values of ; decrease with distance which indicates

that the spectrum of LONGSHOT Rayleigh waves is peaked at higher

- frequencies than is the 22 November earthquake spectrum (see Appen-

dix I). In all cases the values of ) are below .12 indicating, as
mentioned before, a mnaller Rayleigh wave magnitude for LONGSHOT.

Comparison of smaller magnitude earthquakes with the 22 November
1965 earthquake.

In order to concentrate on the sma;ler wmagnitude events in
the Amchitka area, we analyzed only a few events for intermediate
magnitudes of approximately 5, using only a few stations to verify
that the Rayleigh waves conld be detected. The Rayleigh waves from
sarthquakes of magnitude greater than 5 from this region can be
clearly seen visually on the {ilm records, so the matchad filter
analysis is not needed for detection of these events. Figure 13
shows the matched filter cutput for a single station for the mag-
nitude 4.9 event listed in Table I, The surface wave ig clearly
detected.
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In Figure 14 we show the natched filter results for the
magnitude 4.0 sarthgquake (20 February 1966) listed in Table I.
Nctice that the source depth for this event was 48 km which means
that the surface wave excitation if nccessarily smaller than it
the same source were located closer to the surface. From Figure l4
it appears that this event was barely detccted at geveral stations
but not detected at every station. The values of & average about
.01 which is approximartely the value expocted for & magnitude dif-
ference of 2. Certainly this event is at cr near *he lower limit
of detectability usirg the matched filter approach.

From the limited analysis we have doue, it would appear that
we can +detect earthquake events with magritudes approaching 4 from
the Amchitka regicn. Certainly the threshnld is below magnitude 5.
However, more small evenis must be analyzed vefore a lower magnitude

threshold for detection can be firmly established.

- KAMCHATKA SOURCE REGION

We present in this sectionr results for the 5 events located
in Kamchatka which are listed in Table I. 1In these cases the ob-
serving distances were in the range from 5300-8000 km which overlaps,
but extcnds fucther than, the distances investigated for the Aleutian
events, We consider only Rayleigh waves and use the Rayleigh waves
from the 2¢ January 1965, magnitude 5.8 event as the matched filter
in all cases. Note in Table I that all these events are located
within 2-3 degrees of eath other.

Analysis of the magnitude 5.3 event {20 April 1965)

Shown in Figure 15 are some of the matcned filter results for

this event. The event clearly was detected at all but 2 of the 20

stations analyzed. These two HL2ID and BLWV, arce included in Figure 15.
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They possibly define a node on the radiation pattern since they are
aligned approximately on a single azimuth from the source. Note

that at some stations tha correlation coefficient for the arrival is

e aen

quit? Eigh (» .6). Figure 16 is a map showing thu: observea values

' of (a) ~, that is, the amplitude of the larga event relative to the
small one at the various stations, With the exception of the vicin-
ity of the suspected nodal line, the valucs of (8)-l are consistent
in each geographical area where several stations are clustered. For

the given USC&GS body wave magnitudes the value of 4 in this case

:

§
ahould be about .32 or equivalently its inverse should be about 3.1, 1
a somewhat lower value than actually observed at most stations. This 1
T would suggest that the magnitude of the 20 April 1965 event is slightly |
below 5.3. However, it must be remembered that the higher values of }
I : (;)—1 obgerved could also result from a different radiation pattern j

i '; o " or an excitation spectrum peaked at higher frequencies than the ref-

erence event, Therefore, the observeé values are probably reasonable
2
{

for a magnitude 5.3 event,

L

Analysis of the magnitude 5.1 event (6 July 1965)

In Figure 17 are shown some of the matched filter results
for this event. It is clear from the high values of the correlation
coefficient that the event was positively detected. Moreover, the
values of a are also large, and one can, in fact, see the signal
i above the noise on most of the seismcgrams in Figure 12. vieuel
é - picks of the amplitude ratio for this event consistently gave large:
i values of a thar those machine picked. Thus, the 6 July 1965 event
seems to be .3 or less smaller in magnitude than the 29 Januaxy 1965

event, which means that the estimated surface wave maacnitude of the

{
6 July 1965 event is greater than 5.5. Moreover, comparison of \ %
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¥igures 15 and 17 indicates that the 6 July 1965 event was definitely
.laxrger than the magnitude £.3 avant on 20 April 1965, Therafore, the
body &nd surface wave magnitude estimates for the 6 July 1965 event

differ by at least 0.4, with the surface wave magnitude the larger.
S _ Analygis of the magnitude 5.0 event (14 February 1965) ' R

Shown in Figure 18 are some of the filter results for this

B event. The method apparently detects the event but at a time 30-50
= seconds earlier than expected at each station. This probably results
from the fact that this event was nearly 4 degrees closer than the §
] 7 reference event. The a's are consistan. aug average around )7 im- I

plying that the surface wave magnitude of this event is slightly

more than one unit below that for the reference event, that is,

E e - somewhat below 4.8, Since the excitation spectrum of the small event
probably peaks at a nigher frequency than that of the reference event,

A
it is expected (Appendix I) that the matched filter aestimate of a,

R

~a2;‘ . _hence magnitude, will decrease with increasing epicentral distance.

Thus, the results for this case are reasonably consistent with the

body wave magnitude of 5.0.

Analysis of the magnitude 4.4 event (21 January 1965)

Shown in Figure 19 are some of the matched filter results

for the 21 January 1965 evert, It should be noted that this was a

s e i+ ettt

deep focus event (119 km), hernce equivalent to a smaller mangitude

shallow event as far as Rayleigh wave excitation is concerned. It

E e appearg that this event was barely detected by the method with es-
'f

a
' : timates of a around .03. This value gives a magnitude esftimate of

i about 4.2 for the 21 January event. which seems large, considering
’ the source depth of 119 km. 1In any case this event appears to
4

define the threshold of detectability for the Kamchatka region.
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HANAIIAN SOURCE REGION

‘ Results for two small events are presented for this scurce
-region. The magnitudes of these events are 4.4 and 4.1 respectively,
‘while the refqrence event is the magnitude 5.3 event (11 October 1964)
listed in Table I.

Analysis of the .waynitude 4.4 evcuc (7 January 1964)

Shaown in Figure 20 are matcued filter results for the 7
January 1964 event at geveral stations. Tne event was apparently de-
tected, but the amplitude estimates are quite small (around .02) a
factor of 5 smaller than expected if the event is truly of magnitude
4.4. The large oscillatory output later in the records of cxy and C
represents the correlation of the reference event with another large
event located some 7000 km more distant in New Britain. This cor-
relation is of long duration because the more distant event has dis-
persed a great deal more in propagating the additional 7000 km and
the filter, therefore, "sees" a signal for a long time in x(t). This
example provides another illuatration of the fact that. the method is
weakly dependent on the separation of the sources andvthat arrival
time patterns must be used as additional c¢onstraints if we wish to
detect only events from a particular source region of interest.

Analysis of the magnitude 4.1 event (13 Auqust 1964)

In Figure 21 are shown the results for the shallow focus
(11 km) magnitude 4.1 event of 13 August 1964. This event is appa-
rently detected at most of the stations. However, the corresponding
correlation coefficients and the estimates of A are small. The
apparent magnitude of the small event is about 1.6 sma. - an the
reference event. However, the filtering effect of oceani. ..opagation
of Rayleigh waves will greatly attenuate periods shorter than about
15 seconds and as the peak in excitation shifts to shorter periods for
the smaller magnitude events, this effect should cause very signifi-

cant reductions in surface wave energy, hence reduce the matched filter

- 17 -

vy ottt 8 S s —am e

-
i
L3
-]
A
-y

emibheaae

pyeey

e ke A —— )} B ..




L A e L e e i g i i

estimates of surface wave magnitude at teleseiasmic distances.
Neverthelegs, we have been able to "see" events of magnitude 4.1

and 4.4 for the Hawaiian source area.

. DISCUSSION

In the foregoing sections we have demonstrated experi-
mentally that the surface waves from small events can be detected
at teleseismic distances using a matched filter method and that
reasonable estimates of some source characteristics can be made.
what has not been demonstrated is the minimum threshold of detection
for the method. The underlying difficulty which alwavs can affect

the estimated threshold seriously is that the body wave magnitudes
used as an absolute standard for comparing events may be badly in
error. A more reliable absolute measure of source strength is needed
to evaluate the performance of the matched filter in detecting actual
everts,

One of the most useful featurea of the matched filter method is
that it permits one to make meaningful surface wave magnitude estimates
even when the signal to noise level is so low that one cannot visually
detect the presence of the signal. This means that the matched filter
method can be used to obtain reliable surface wave magnitude estimates

for events so small that meaningful AR estimates of magnitude (Ref-

et =t

erence 4) cannot be obtained.

Several Qoasible improvements in the matched filter approach
N can be made. One was discussed in the Method section, that of in-
i cluding the noise correlation matrix to obtain maximum-likelihood
estimates of 4 instead of least squares estimates. Another is to

use empirically derived scaling functions to adjust the spectrum of

i i
H -
1
!
;
i
1

magnitude event: this should improve the correlation between the

the reference event to match that generally expected for a small




reference and test traces. Another is to phase aqualize and sum

over an array of stations before applying the matched filter.

In fact there is no reason why one should not make use of all the
available noise suppression techniques before applying the matchead
filter; this could improve the detection capadility of the matched
filter significantly.

i The indirect method presented in Appendix I for estimating

the spectrum of the small event has not been investigated experi-
mentally in more than the rudimentary way done for LONGSHOT. Since
being able to determine the frequency spectrum of such small events
would be of very great value in studying their source mechanisms,
the practical applicability of the indirect method should be ex-
plored further,

CONCLUSIONS

On the basis of this investigation we conclude that:
. l. 1In principle the matched filter approach can be used:
(a) to detect weak surface wave signals for signal to
noise ratios as low as about 0.35:
{b) to make reliable relative magnitude estimates for
i S/N as low as .5;

st

(c) to determine radiation pattern relative to a reference

¥ event:

(i, to estimate the general shape of 2 small event's am-

plitude spectrum relative to that of the reference event.
2. The results presented for a number of actual events have
demonstrated the practical applicability and usefulness of the matched

filter approach in studying weak teleseismic surface waves.




3. The matched filter used in conjunction with the surface
wave arrival time patterns appropriate for different source regions
of interest allows one to discriminate against all but those events
in the particular source region of interest.

4. Rayleigh waves produced by the LONGSHOT explosion wore
detected at teleseismic distances. The excitation of LONGSHOT Rayleigh
waves, however, was an order of magnitude smaller than the Rayleigh
wave excitation for an equivalent magnitude eart..quake in the same
region.

5. Love waves could not be detected for the LONGSHOT exploaion.

6. Teleseismic surface wave signals could be detected for
amall earthquakes of body wave magnitude leas than 5 in each of the
three different source regions investigated., The actual lower limit
for<each region is still uncertain.
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i ' Figure 21A. Search for Payleigh Waves From a Magnitude 4.)
Event (13 August 1964) Using Those From a Magnitude 5.3
Event {11 October 1964) in Hawaii.
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. Figure 21B. Search for Rayleigh Wavee From & Magnitude 4.1
Event (13 August 1964) Ueing Those From a Magnitude 5.3
Event (11 October 1964) in Hawail.
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APPENDIX I

INDARECT METHOD FQR OBTAININC SPECTRUM OF SMALL EVEF S

e text, we have

a(r Z'&‘(f) = Zz(‘f#’f}?(f} (1-1)
t t

The {i1uyguency-demain equivalent of (I-1) is

o o .
a(f)j Y(wJY*(w)dw = f X (w) Y'?w)c“"fdw
[

¢ (1-2)
where Y{ w ) and X( & ) are the Fourier transforms of y(t) and
X(t) respectively. wWithout losing generality, 4 can be taken as
zero, since it is arbitrary in the analysis.
If this 18 done, we have
.~ % 4 ¥
8 | YwY (wdw = J X (@)Y *(w)dw
€ ’ (1-32)

We know in addition that in propagating over a distance

A from AO' the spectral amplitude is reduced by a facter

 sinA. 7&

lfm mm,)J exp [-1§w)A]

where 2g( w )} & w/[QU(w)J ., Q is the qualitv factor characteristic
of the attenuation due to anelasticity, w is radian frequency, and
Ul &) is the group velocity. We cec that the exporential factor

describes the amplitude decay due to departure from perfect elasticity.
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o, e

and the tcrm in brackcts describes the ¢ffect of geometrical

spreading.

. A .
We gec that 1f @A is determired at scveral distances alena

azamuth from the source, we c¢an generalire (T-3) (o

o _ -19{uwjd
)| Vw6« !
o

dw

Kad ~14 ()0
! Xw,h) Y “(w,06) € !

4

dw
i1-4)
where the rteterence gistance Z}, correspoids to Q = 0. The

propagation phace factors cancel, since the tirensmission path

{hence the dispwreion! is idep for the two evesnts. The
geometrical sprcading fa~tur also cancels on both sides of

(I-4).
If we now make the apprceximstion
29({ w ) & S (I-5)

where c = (o)}

is assumed to be constant, we can wriile (1-4) in the form

. o , R ,
da)c ( viwre, By &7 ° 4
\'0

~A « 7 . 4 ’ -whH p
s ¢ J X (wie,00) Y "(wic,80)e " dw
1 4

(1-6)
where w'=z cw,
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The integ:rals in this expression are now in the form of - ‘Lace
transform with respect to A . Carrying out the inversion of
hoth sides of (T-6)} and changing the order of integration on

the left, we have

¥ LTy p“'” A -8 s ’
C—')j Y (U/C,A,)j a(A) € < dA Aw
0 4w
= & X(sfe,8)Y ¥ (sles80) -
w -
c"j Y*(w/e, 84) T (s-w)dw = ¢'X(5k,80) Y¥(8/c,8,)
’ (1-8)

That is, the left-hand side is the convolution of Y?(s/c) with
dA(s), the inverse transform of a(A) From (1-8) we can
f£ind X(s/c, 8¢ ) directly by carrying out this convolution and
dividing the result by Y*(s/c » A8, ). Equivalently, if we assume
that the spectrum of x(t) can be written as F(w )Y( &« ), then

from (1-8),

- - . I ’,
Fls/c, 80)= | Y’("’VC,Ao)M"“"“"’/Y’(‘/C,Ao) (1-9)
[

where everything on the right-hand side can be calculated from
A
observations of y{t) and 4( A). Then the spectrum of the unknown

event at distance A, is given by

X(w,Dy) = FlW,D,)Y( W, A4,).

-3 -
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esults for a particular form of & (A)
Suppose ‘hat
. a’n) =

Ce Al e o

~q4
e’

where G and ¢ are determined from a least-squares fit to the

-~
observations of a( & ). Then using this approximation in

the left-hand side of (I- 7), we get
aé [TYHwre,80 [ 5B 50 g du
o = OVECwe, Bs) §(s-g-w)de
Ge jg (w/ )
= G Yl[( s-9)/¢, Ao]

Thus

‘ X(W,By) = ey’ (“’-‘i/c,boj/Y(w,Ao) (1-11)

Thus we can calculate the spectrum X( @w,8d,), sirce we can
evaluate the right-hand side of (I-11). As a check on the
result (I-11), we se2 that if there is no change in a, with
distance (g=0), them X( w, 80 ) = GY( w,D0) = a (Aa) Y(“)Aﬂ)

implying that the spectra have the same shape -~ or equivalently,

that their waveforms are identical. 1If there were no attenuation

l with distance (c=0), then the method wouléd fail, as can be seen
by setting ¢ = 0 in (I~-6).

In practice, estimates of g( W ) would be obtained from the

observed slope cf log [Y(w,o,,)/Y(w, A)] . Then the best linear

approximation (¢c¢w) to g( &) could be determined. This would be
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o the preferable approach, since the total propagation losses comprising ot
B ‘f
’ both intrinsic sbsorption and scattering would be accounted for.
- In summary, then, using equations (I-8) or (I-11) we have
a means of estimating the spectium of the unknown event in terms
of the spectrum of y(t). _ . . e .
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o APPENDIX IIX
SURFACE WAVE SYNTHESIS

We have written a program which computes a synthetic
. o surface wav2 gseismogram from assumed group velocity and source

radiation spectrum. The input parameters are:

- Period in seconds.
R 7 77hﬁC(T) Phase velooity as a function of period.
A(T) Source amplitude spectrum.
R Epicentral distance.
T Starting time (R/Up,,. ).
DT Time incremenc fer synthesis output.
,é NP Decired number of output points in synthetic
i seismogram.
é DF Frequency increment.
i

b The synthesis is given by:

Sin 3(w:,t)
B(wi,t)

L | Y(Rt)= 248w Z[A(w:)cvs M (wi, t)
. F;

—

aw wi p (‘Vg',t)

(3A AW %N 7)(‘04',*)

(cosﬂ(w;,t) - A )

plvit)
where N(wi,t) = wi (t- R/C (wi)]
_ Blwi,0)* Awft—R/U(w))

———

e e e e e e+ e,




-1
‘ W, 4C(w)
U(wi) = Clwi|!t - Ciw) dw ", (group velocity)

.
;1§ - This is a genesralization of the synthesis method devised by ? :;
t Aki (Reference 2). P s
1 For a derivation of Equation (II-1), see Reference 3, pp. 139. ;

We convert input periods to frequency, and fit polymonials to the

B

input phase velocity and amplitude values, both to facilitate the

. calculation of U( w ) and 3A/3W, and to allow us to evaluate the

[T R T -
'

. integrand in Equation (II-1) at equal increments of frequency.
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