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ABS TRACT

Phase-matched filters have been developed for several

paths of interest for both Rayleigh and Love waves. The

filters are presented in the form of tabled values of ap-

parent group velocity as a function of frequency. Detailed

instructions are given as to how the tabled values can be

used to construct phase-matched filters and how the filters

can be applied to low-level signals which have travelled the

same path. Application of the filters provides a time series

in which the effects of multipaths have been minimized and

on which the signal-to-noise ratio is improved by a factor

proportional to the time compression of the signal achieved

by the filtering. For a signal bandwidth of 0.1 - 0.015 Hz

and an epicentral distance of 30 degrees, the signal-to-

noise ratio is about 10 dB better than on the original seis-

mogram. The filtered seismogram can be used for the determi-

nation of surface wave magnitude.
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INTRODUCTION

Phase-matched filters have been defined (Herrin and

Goforth, 1977) as a class of linear filters in which the

Fourier phase of the filter is made equal to that of a given

signal.

Consider the Fourier transform of the cross-correlation

of a signal, s(t), with a time function, f(t), to be

Now suppose that we choose fp(t) such that the Fourier phase

is the same as that of s(t). We define the class of linear

operators, fp(t), such that C(w) = 4(w), as phase-matched

filters with respect to the signal, s(t). The output of the

above operation will then have the Fourier transform, Su)JJF Wj,

and will be an even function in the time domain as is the

autocorrelation function. We call this output a pseudo-auto-

correlation function (PAF). If means can be found for match-

ing the Fourier phase of the signal and the filter, then the

PAF will depend, for a given signal, only upon the amplitude

spectrum of the particular phase-matched filter used in the

operation. If IFp(w)l is chosen to be equal to I S(w)
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the phase-matched filter becomes the matched filter and maxi-

mizes the signal to noise power ratio assuming "white noise".

The PAF becomes the autocorrelation function. At the other

extreme, if(I Fp(w)jI is chosen to be l/ IS(w)I,1 the PAF becomes

the impulse function. In practice, this choice would maxi-

mize the time resolution of the output but would greatly re-

duce the signal to noise ratio. Experience has shown that

in the case where the amplitude spectrum is unknown a use-

ful choice for the filter is Fp(w) =1, the "white', fil-

ter.

In many cases, seismic signals are composed of two or

more components overlapping in time. For example, Rayleigh

and Love waves are almost always composed of overlapping wave

trains representing multi-path propagation. A first task in

the analysis of seismic surface waves is to identify and sep-

arate the various component wave trains so that each can be

analyzed separately. Herrin and Goforth (1977) described an

iterative technique which can be used to find a phase-matched

filter for a particular component of a seismic signal. A

flow diagram of the technique is shown in Table 1. They ap-

plied this process to digital records of Rayleigh waves from

an earthquake and an explosion. Application of the filters

allowed multiple arrivals to be identified and removed, and

allowed recovery of the complex spectrum of the primary wave

train and the estimation of the group velocity dispersion curve.
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The amplitude spectrum of the primary signal obtained by this

linear process was not contaminated by interference from the

multipath arrivals.

The application of phase-matched filtering to Love waves

was demonstrated by Goforth and Herrin (1979), and the use

of the technique to improve the signal-to-noise ratio of

Rayleigh waves was documented by McDonald et al (1974).

This report contains the initial entries of a catalog of

phase-matched filters obtained for various paths of interest

for both Rayleigh and Love waves. The catalog, which will be

augmented in future reports, is in the form of tabled values

of apparent group velocity as a function of frequency. The

group velocity curves are termed apparent because it is not

known if the surface wave has travelled a great circle path.

Also, the initial phase spectrum of the source has been in-

corporated into the dispersion curves; the phase response of

the seismograph has not been removed; and the group delays

from which the dispersion curves are calculated are relative

to an arbitrarily assigned signal delay. Howeve4 these factors

do not affect the use of the phase-matched filters as described

in thi3 report. Detailed instructions are given as to how the

tabled values can be used to construct phase-matched filters,

which in turn can be applied to low-level signals which have

travelled the same path.
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DESIGN AND APPLICATION OF THE FILTERS

The tabulated dispersion curves provided in the catalog

in the Appendix can be used to design phase-matched filters

for the indicated paths. The first step is to calculate the

group delay; i. e.,

G(f) =d 
d

U(f) Vo

where G(f) is the group delay at each frequency in seconds,

d is the great circle distance in km between the
epicenter and the recording station,

U(f) is the tabulated value of apparent group velocity

at each frequency, and

Vo  is taken to be 4.0 for Rayleigh waves and 4.5
for Love waves.

The term VA is an arbitrary signal delay which was assumed in

determining the apparent group velocity. The integral of the

group delay is the Fourier phase of the dispersed wave train;

i.e.,

0(fo) = o G(f)df + C

where C is a constant given for each path and 0(fo) is the

Fourier phase at f. in cycles. The quantity 0(f) is the

phase of the phase-matched filter; the amplitude spectrum

of the filter should be specified to be unity to frequencies

as high as 0.1 Hz and to roll off sharply at higher

frequencies. A recommended amplitude spectrum is shown in

figure 1. The phase-matched filter, whose Fourier trans-

i4(f)form is A(f)e , can then be correlated with
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Figure 1. Amplitude spectrum recomme-jed for the phase-

matched filters.
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a surface wave of interest which has travelled approximately

the same path. The correlation can be accomplished in the

frequency domain by first taking the Fourier transform of

the signal. It is convenient to select the arrival time

of energy travelling at 4.0 km/sec as the left side of the

transform window for Rayleigh waves. A value of 4.5 km/sec

is satisfactory for Love waves. A window length of 2048

seconds has been found to be adequate for nearly all signals

in the period range 10 to 100 seconds which are sampled once

per second. If the Fourier transform of the signal is

ie(f)
S(f)e

the correlation function in the frequency domain is

C(f) i(f) = A(f)S(f)e i£ 8(f) - o (f )]

where YJ(f) is close to zero in the band of interest. The
i k(f)

inverse Fourier transform of C(f)e will yield a time

domain representation of the correlation function which will

have a S/N improvement, relative to the original signal, that

is proportional to the time compression of the signal achieved

by phase-matched filtering. For a bandwidth of 0.10 to .015

Hz and an epicentral distance of 300, the S/N improvement for

seismic surface waves is about 10 dB.

Phase-matched filters offer an advantage over master

event matched filtering in that the same filter can be used
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over significant deviations in travel path. The phase

characteristics of most surface waves are quite strongly

influenced by multipathing, and the effects of multipathing

are extremely sensitive to small changes in travel path.

Thus, master events, which include multipathing effects, are

usually found to be inefficient when applied to slightly

different paths. Phase-matched filters are designed to ..h

the phase of the primary (first arriving) wave train and

exclude the effects on the phase of later arriving compo

The characteristics of the phase-matched filter are theretore

controlled by the average of the earth properties along the

path and are not so sensitive to small changes in path.
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APPLICATION OF PHASE-MATCHED FILTERING
TO MAGNITUDE DETERMINATION

The Rayleigh waves shoAnin figure 2 were recorded on the

vertical seismograph at the Albuquerque Seismic Research Ob-

servatory (SRO). Epicentral information concerning the two

earthquakes is given in Table 2. The two events were located

near Iceland within 20 kilometers of each other. The Rayleigh

wave of event 76-004 (figure 2b) contains interfering body

waves from an earthquake in Argentina. The interference is

especially noticeable in the portion of the wave in which 20-

sec energy is arriving. A magnitude (Ms) determination made

by measuring the amplitude at a period of 20 seconds would

be in error.

Following the iterative technique diagrammed in Table 1,

a phase-matched filtar was determined for event 76-033 (fig-

ure 2a). The filter was applied to both events; tb'- result-

ing pseudo-autocorrelation functions (PAFs) ara shown in fig-

ure 3. A comparison of the PAFs indicates the following;

(1) The same filter produces almost identical results on

the two signals as should be the case since the epicenters

are so close together. Even the multipath structure which

trails the peak for about 170 seconds is nearly identical. (2)

The Iceland earthquake has been completely resolved from
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interfering Argentina event by the correlation, and an

amplitude measurement, undisturbed by either the low-level

multipathing or by the relat, aly strong Argentina body waves,

could be made on the main peak of the PAF. Such a measurement,

if accompanied by an empirically-derived relationship between

the PAF amplitude and the conventional amplitude at a period

of 20 seconds, could be used to calculate a surface wave

magnitide from which the effects of multipathing and inter-

fering events have been eliminated. In addition, the measure-

ment would be made on a time series in which the signal-to-

noise ratio is approximately 10 dB higher than on the seismo-

gram.

The amplitude of the pseudo-autocorrelation peak is a

function of the integral of the signal spectrum. Thus, the

PAF peak amplitude is determined not only by the peak spectral

amplitude of the signal but also by the frequency bandwidth

of the signal. For a given signal peak spectral amplitude,

the PAF amplitude will increase with the signal bandwidth.

If a relation is established empirically between conventional

Ms (at 20 sec) and PAF peak amplitude for explosions, then a

magnitude (Mp) determined from the PAF may prove a useful

Mp:m b discriminant because of the greater bandwidth of earth-

quake surface waves.

We are developing phase-matched filters for as many paths



as possible and, beginning with the Appendix to this report,

we plan to present the data in a format so that anyone

interested can construct and use the filters. The epicentral

information concerning the seismic events included in the

pendix is given in Table 3.

The phase response of the seismograph has not been re-

moved from the data from which the phase-matched filters can

be constructed. Thus, the filters can be applied directly to

sigaals recorded at the Albuquerque and Meshed Seismic Research

Observatories. However, the instrument phase response incor-

porated in the ALPA phase-matched filters is that- of the

Geotech Triaxial Long-period seismometer. These instruments

have recently been replaced by Geotech KS-36,000 seismometers;

phase-matched filters applied to ALPA data recorded after the

instrument change should be adjusted by the difference in

phase response of the seismographs.
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APPEN.IX

CATALOG OF GROUP VELOCITY DISPERSION

CURVES AND TABLES

1. Kuril Islands - Meshed, Iran (Rayleigh)

2. Novaya Zemlya - Albuquerque, N. M. (Rayleigh)

3. Novaya Zemlya - Albuquerque, N. M. (Love)

4. Andreanof Island - ALPA (Rayleigh)

5. Komandorsky Island - ALPA (Rayleigh)

5. Iceland - Albuquerque, N. M. (Rayleigh)
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velocity dispersion curve obtained
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TABLED VALUES OF THE APPARENT RAYLEIGH GROUP
VELOCITY DISPERSION CURVE FOR THE PATH KURIL
ISLANDS (44.39N, 149.62E) - MESHED, IRAN
(36.30N, 59.49E).
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Plot of the apparent Rayleigh group velocity
dispersion curve obtained for the Novaya
Zemlya-Albuquerque path.
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TABLED VALUES OF THE APPARENT RAYLEIGH GROUP
VELOCITY DISPERSION CURVE FOR THE PATH NOVAYA
ZEMLYA (73.35N, 55.08E) - ALBUQUERQUE, N. M.,

(34.93N, 106.45W)
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TABLED VALUES OF THE APPARENT LOVE GROUP
VELOCITY DISPERSION CURVE FOR THE PATH NOVAYA
ZEMLYA (73.35N, 55.08E) - ALBUQUERQUE, N. M.

(34.93N, 106.45W)
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/

Plot of the apparent Rayleigh group velocity

dispersion curve obtained for the Andreanof

Is.-ALPA path.
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TABLED VALUES FOR THE APPARENT RAYLEIGH

GROUP VELOCITY DISPERSION CURVE FOR THE
PATH ANDREANOF ISLAND (51.60N, 173.50W) -

ALPA (65.40N, 147.90W)
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Plot of the apparent Rayleigh group velocity
dispersion curve obtained for the Komandorsky
Is.-ALPA path.
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TABLED VALUES FOR THE APPARENT RAYLEIGH

GROUP VELOCITY DISPERSION CURVE FOR THE

PATH KOMANDORSKY ISLAND (54.40N, 167.5E)-
ALPA (65.03N, 147.20W).
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dispersion curve obtained for the Iceland-
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TABLED VALUES FOR THE APPARENT RAYLEIGH
GROUP VELOCITY DISPERSION CURVE FOR THE
PATH ICELAND (66.05N, 16.69W) - ALBUQUERQUE

(34.93N, 106.45W) .








