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FOREWORD

"his semi-annual technical report entitled, "Applica-
tion of Advanced Methods for Identification and Detection
of Nuclear Explosions from the Asian Continent," is sub-
mitted by Systems, Science and Software (s?) to the Advanced
Research Projects Agency and to the Air Force Office of
Scientific Research (AFOSR). This report presents the results
of a continuing effort to obtain an optimum multi-discriminant/
detection procedure for earthquakes and explosions occurring
within the Asian Continent. The work is beina performed under
Contract Number F44620-74-C~0063. Mr. William J. Best is the

AFOSR technical contracting officer.

pr. J. Theodore Cherry is the s¥ project manager. Drs.
Thomas C. Bache and Joseph F. Masso are responsible for the
development and application 6f the seismic ground motion pre-
diction work. Dr. John M. sziﬁg and Messrs. Kenneth G.
Hamilton and David G. Lambert are responsible for the
analysis of tﬁ;—Qeismic data against which all theoretical
developments must eventually be tested. Acting as consul-
tants on the project are Professors Charles B. Archambeau
of the University of Colorado, David G. Harkrider of the
California Institute of Technology and Donald V. Helmberger

of the California Institute of Technology.

The authors wish to extend their sincere appreciation
to Ms. Bernadine Ludwig and Ms. Darlene Roddy for the many
hours spent on the preparation of this report.
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I. INTRODUCTION

The conduct of the research under this contract is
aimed at the development of an optimum multi-discrimirant/
detection procedure for earthquakes and underground explo-
sions with emphasis on events occurring within the Asian
continent. 1In order to realize this objective our research
program has involved a combined theoretical/empirical ap-
proach. That is, deterministic predictions of teleseismic
ground motion generated by underground explosion and eaxth-
quake sources are ultimately compared to actual observations.
In this way we are provided with a confirmed theoretical
framework for testing existing discriminants, as well as

designing new discriminants.

our approach is quite comprehensive and, in outline
form, involves the following:

1. Explosion and earthquake source modeling.

2. Stress wave propagation through complicated
realistic earth structure.

Development of state of the art signal enhance-

ment and identification techniques.
4. Multi-discriminant design and evaluation.

Section II of this report is devoted to a detailed
description of an extremely versatile computer code, MARS

(Multiple Arrival Recognition System), that incorporates

several different data processing techniques for signal de-
tection, enhancement and identification. The MARS code now
accepts from one up to three components of seismic data and
applies a series of narrow band filters to determine spectral
amplitudes. Corrections for instrument respcnse may be

made and true dispersion data computed. Polarization and

dispersion filters may then be applied to separate




R-2792

the various modes of wave propagation present in the record.
Then, for example, the code can filter the record to selecw:
only those P-waves arriving along selected ray paths (azi-
muth and emergence angle). Matched filtering and cross-
correlation are among the other data processing capabilities
available as options in the code.

The variable frequency magnitude (VFM) technique,
embodied in the MARS code, has been tested on a wide range
of seismic event data to determine its effectiveness as a
discriminant between earthquakes and underground explosions.
In Section III we discuss the results of an application of
the VFM technique to a large population of North American
earthquakes and explosions at the Nevada Test Site (NTS)
recorded at the 19-element short-period Yellowknife array
in Canada. These results are compared to previous results
obtained for Eurasian events recorded at LASA.

In Section IV is a theoretical analysis which addresses
the question: under what circumstances can tectonic release
have an important effect on the teleseismic short period P~
wave signature of underground nuclear explosions? The
analysis has validity whether one assumes that the primary
mechanism for the release of tectonic stress is the creation
of a spherical shatter zone by the explosion or movement along
a pre-existing fault plane. In either case, it is only under
optimal conditions that the tectonic release contribution to
the seismogram becomes important. It is concluded that in
the case of most, if not all, events it is safe to ignore
tectonic release as a contributor to the short period P~wave
recording.

A three~dimensional finite difference simulation of
an earthquake is discussed in Section V. The calculation
includes a realistic nonlinear model of spontaneous stick-~-
slip earthquake faulting for the case of a bilateral rupture
on a fault surface that is 1 km long and 0.6 km wide. An

6
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equivalent elastic point source representation of the earth-
quake 1is obtained. Using this unique and exact representa-
{ tion, the far-field (that which propagates to teleseismic
| distances) radiation of stress waves by the earthquake

source is studied.

' Appendices A - D pertain to key elements of the 3-D
finite difference earthquake calculation described in Sec-
tion V. Sections II and III should be read in sequence.

Sections IV and V are self-contained and may be read inde-

pendently.

- e .,t.._L;..ur.__“_._ 0 o . i B a2
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II. THE MULTIPLE ARRIVAL RECOGNITION SYSTEM

2.1 INTRODUCTION

Significant progrezs has been made on the Multiple
Arrival Recognition System (MARS) since the last semi-annual
report (Bache, et al. (1975a]), where it was briefly outlined
in an appendix. As will be shown in this section, the MARS
v code has developed into an extremely powerful and efficient
tool for signal (body and surface waves) detection and en=
hancement, and for Giscrimination between earthquakes and

underground explosions.

Improvements made to the MARS code during the last
six months include provisions to correct envelopes for fre-
quency-dependent noise, to remove signal distortion due to

| instrumental factors, and to perform polarization filtering
on multicomponent data. Improvements have also been imple-

mented for display of the computed results.

'| 2.2 NARROW-BAND FILTERING (NBF)

l Data are input to MARS in the form of a time series,

generally of about 500-2000 points in length. The data are

then optionally demeaned, detrerded, and tapered at the tail
end by a cosine bell. MARS then ¢2lects the smallest power

of twe which is greater than the number of points input, and
performs a discrete Fourier transform using the algorithm of
Cooley and Tukey [1965]. Both the time series and the

spectrum are plotted for examination.

' 2 1

The signal is filtered in the frequency domain by
multiplication with a cusp-type filter of the form:

ot

(e n e i iy i




F(f) =<1 - cos

0 , otherwise

This filter is drawn in Fig. 2.l1. It was discussed in the pre-
vious report (Bache, et al. [1975al), compared against several
other filter shapes, and found to be the best in terms of
time-domain ripple suppression. The width at one-half maxi-

mum amplitude is designated Af.

FilterHAmplitude-—————#
L

|

3
fc fc + 3 af

Frequency —»

Figure 2.1. Filter shape used in MARS.




2.3 INSTRUMENTAL CORRECTION

Once a signal has been narrow-band filtered, MARS cor-
rects it for instrument response. When a seismogram is
originally taken, it is measured through a system whose
transfer function is strongly frequency-dependent; this
distortion affects both the amplitude and the phase of the
signal. If we are to make accurate measurements of magni-
tude and arrival time, the signal must be corrected for the
appropriate instrument response.

A typical seismic system consizts of: (a) a trans-
ducer, which converts ground motion into electrical signals;
(b) a galvanometer, driving a mirror to provide optical
amplification; (c) a system of photocell:s to provide conver-
sion back to2 an analog electrical signal; (i) an electrical
filter to further shape the pass-band, and finally, (e) a
digitizer and recorder where the data are stored.

The transducer and galvanometer considered separately,
both obey second-order ordinary differential equations. When
they are coupled together, the resulting system obeys the
equation (c.f., for example, Kisslinger [1971])

+ B +cé + DT = -E'X

6 (iV) 4 2°8" )
for the galvanometer deflection angle (6) due to a ground

motion (X), where

A ='2hTwT + ZthG
= 2 2 = 2
B = wp + 4hphowpws + owg 4hph wows0

= 2 2
C = ZhTwTwG + ZthGwT

HN
Q>

10




(J R"2792
| |
2thGo
E= =
Wp = transducer resonant frequency
wg = galvanometer resonant frequency
hT = transducer damping fraction
hG = galvanometer damping fraction

0 = a constant which measures coupling between
f transducer and galvanometer

P
]

a measure of the mass, restoring spring,
l and level arm of the transducer

Fourier transformation of this yields the transfer
function

iw®/x
X (w) = 2 ’
(w* = Bu? + D) + i(=2w® + Cuw)

with x being chosen as a real number which causes

x| = 1 at a frequency of w/2m = £ = 1 Hz. An approxima-
tion to a short-period LRSM instrument is given by using
the values

W, = 27/1.02

1,
we = 2n1/0.2
hT = 0.98
{ hg = 0.9

o = 0.01 .

The MARS program divides the signal transform by this treasfer

| ’ function, after the former has been narrow-bzd filtered.

g




The electrical filter used on the seismic data is
typically a Geotech model 6824~1, or one of a similar family.
These filters can ke described reasonably well by the transfer

function

_ iwR?/Y
X (w) = 0 3
(a + iw) [R®* -~ w? + i2SRw]

The first term of the denominator provides a very sharp low-
frequency cut-off; a is generally taken to be ©/50. The
second part of the denominator is clearly a harmonic oscil-
lator response; for this we have taken R = 407/7 and

S = /1/2. Like the instrument response, this transfer
function is normalized to be 1 at 1 Hz by a judicious chcice
of Yo' The narrow-band filtered signal transform is also
divided by this factor, to bring the signal much closer to

a filtered true ground motion.

The resulting complex spectrum is then inverse
Fourier transformed into the time domain, to produce what
will hereinafter be called the filtered signal.

2.4 ENVELOPE CONSTRUQTION BY HILBERT TRANSFORMS
(Bracewell, [1965])

The filtered signal produced by MARS has the form

X(t) = A(t) cos(wct +¢) , W >0,

which clearly represents a modulated carrier wave. Its

Fourier ‘“:ransform is

+o0

R(w) = / x(t) e ivt q¢

- 00
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This can be integrated to prcduce

i(w) = %

[ei¢ ﬁ(w-wc) + e_i¢ ﬁ(w+wc)] ;

where ﬁ(w) is the Fourier transform of A(t).

If we consider the sane signal, but with a 90° phase
shift,

Y{t) = A(t) sin(wct + ¢)
then its transform is

) =% [-iel? z’i(w-wc) o it f\(w+wc)] .

[ %

These two functions of frequency can be easily related by
the Hilbert transform condition,

A

Y(w) = -i sgn(w) X(w)

provided that A(w) has significant amplitude only near
w = 0, and drops essentially to zero for || > w . This
condition is equivalent to having a narrow-band signal;

since our filtered signal obeys this condition, we can gen-
erate a signal which has the same envelope function, A(t),
as the filtered signal, but which is 90° out of phase. This
secondary signal is ordinarily referred to as the quadra-
ture, while the corresponding analytic signal is defined

by

i(w t + ¢)
Z(t) = X(t) + i Y(t) = A(t) e ¢ :

It is of interest to note that the analytic signal contains
only positive frequency components. The envelope is ex~
tracted from it quite easily as

At) = |z)] =Vx2(e) + Y2 (t)

13
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while the instantaneous phwse and frequency are given as

d(t) = wct + ¢ = Arctan(Y(t)/X(t)] ,

w(t) = %% = Wy + %% .

This method is followed in MARS: The transform of the
filtered signal is multiplied by -i sgn(w), and then brought
to the time domain by an inverse transformation. The envelope
and instantaneous frequency are produced; the envelope has
applications in terms of variable-frequency magnitude (VFM)
measurements, while the instantaneous frequency is utilized
mostly for polarization filtering. Both of these subjects
will be discussed later and at greater length.

An envelope, constructed by narrow-band filtering in
this manner, will be a very smooth function of time. The
time required for the envelope to change its hcight appreci-
ably must be proportion&l to the inverse filiter width 1/Af =

Q/fc; this statement is essentially just the well-known un-

certainty principle. Stated in terms of information theory,
a signal of a particular bandwidth is limited in the amount
of information which it can carry, so that the highest rate
of information flow is the same as the frequency width of

the channel. .

it is true that a signal of a pure frequency has no
time dependence. However, it is possible, using only those
frequency components which fall within a limited bandpass,
to make up a wave-packet group which is fairly localized in
time. Taken in this light, the time variation of an enve-
lope can be interpreted as being the arrival (or non-arrival)
of wave groups of the filter frequency; the variation will
describe the appearance of energy of that frequency.
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2.5 DETECTION OF ARRIVALS IN THE tg = fc PLANE

Given a particular seismic signal, the procedure of
\ envelope construction can be performed for a number of fil-
ter center frequencies, fc. For each of these envelopes, a
group arrival time (tg) can be computed and plotted as a func-
tion of fc. If the original signal consists of only one un-
dispersed arrival, then the arrival time diagram will look
like Fig. 2.2a.

If a single arrival is present, but it has been dis-
persed such that low frequencies travel fastest (e.g.,
normally dispersed Rayleigh waves) then the arrival time dia-
gram looks like Fig. 2.2b. Fiqgure 2.2c exhibits the opposite
effect, with high frequencies traveling faster than lows, as
in the case of inversely dispersed surface waves. Under cer-
tain circumstances, a dispersion curve can bend down and have
a flat portion, or a minimum. This type of dispersion gives
rise to an Airy phase (B&th [1968)) and is demonstrated in
Fig. 2.2d.

2.6 VARIABLE FREQUENCY MAGNITUDE DETERMINATION

For each filter frequency and for each significant
signal arrival, in terms of signal-to-ncise ratio, it is pos-
sible to compute a seismic magnitude. The procedure followed
in MARS is to define body wave magnitudes as

m, = 1°91°(Smax/fc) + B(A) + 0.05

and surface wave magnitudes as

Ms = l°g1°(smax/fc) + 1.656 loglb(A) + 1.6 ,




Figure 2.2a. Arrival time
diagram for an undispersed
pulse.

Figure 2.2b. Arrival time
diagram for a pulse which has
been dispersed by propagation
through a medium in which low
frequencies travel faster than
high.

Figure 2.2c. Dispersion causes
high frequencies to trevel
fastest.

Figure 2.2d. Airy phase dis-
persion.
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where

4]
!

envelope peak value

Hh
0

filter center frequency

>
]

distance between event and detector in
decrees.

The function B(.) represents modified Gutenberg-Richter
distance correction factors, derived from LRSM data. The
exact values used are shown in Table 2.1.

TABLE 2.1. MODIFIED GUTENBERG-RICHTER R~FACTORS

DELTH E DELTH E DELTA B DELTA B DELTA
i. 1.1 2e. 3.8 43, 2.5 A, 4.0 85,
2. S.E 2. 303 44, 2.5 £S. 4.0 =T
5 2.7 24, . 45, 3.7 B, 4.0 ar.
4. EP 25, 2.5 4. 3.3 BT 4.0 =
L Zed ZE. E 47. 3.9 = 4.0 =9,
B I 27, 2.5 43, 3.3 = 4.0 an,
7. ToE 23, 3.5 44, 2.3 7. 3.9 21,
= 4.0 23, ey €0, T 7l. 2.9 T
., 4.2 20, e =9 2.7 Fe. - T 3

10, 4.3 31, 2.7 52, 3.7 T3, T 24,
11. 4.2 3. T S3. 7 74, 3.8 as,
1. 4.1 33, 4 54, 3.3 ral 28 = K,
e 4.1 34, 3.7 55 23 T, 3.3 a7,
14. e a5, 2T b 3.2 e - I
15. e IE. EI i 3.3 TE. ) 23,
1. S 3V 3¢5 S3. 3.5 T, 2.3 100,
17 2.3 32, 3.5 59. 3.5 30, 3.7 101,
15, 2. 9, 3.4 &£0. 3.8 31. - 102,
13, E 41, 3.4 &1, 3.7 3. 3.9 11013,
20, Y 41. 25 se. 4.0 33, 4.1 104,
21, | 42, 2.5 53, 3.3 34, 4.0 105.
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2.5 NOISE CORRECTION

When ar event is processed which contains a signifi-
cant amount of noise, a noise correction can be made to the
spectral amplitudes. This is done by taking a section of
the seismogram before the arrival of the actual event, and
processing the noisc alone as though it were a signal. The
noise envelcpe is formed for each of several filter frequen-
cies, and in each case the maximum value is taken as an

amplitude correction factor.

Subsequently, when the signal window is processed and
the signal envelopes constructed, the maximum noise amplitude
at that frequency is subtracted as a constant. This will
cause the less significant signal envelope peaks to be sub-
merged, and they can bhe disregarded as far as arrival identi-

“jication is concerned.

2.8 DEMONSTRATION OF NARROW-BAND FILTERING FOR SEISMIC
EVENTS

In this subsection of the report the narrow-bhand
filtering technique described above will be applied to actual
seismic signals recorded at the LASA and NORSAR short-period
vertical-component arrays located in Montana and Norway,
respectively. The seismograms are hest beam recordings based

on phasing of the full arrays.

Figure 2.3a shows a LASA best beam recording of a
p-wave train from a presumed explosion that occurred in
eastarn Kazakhstan: hereafter referred to as LASA Event 1522,
The amplitude scale given along the ordinate in this figure
is in millimicrons of grourd motion at 1 Hz. Figure 2.3b is
the amplitude spectrum of .~is event, showing that the signal
energy i.5 principally in the region of 1 Hz, as one would
expect for body waves detected at teleseismic distances by
short-period instruments of the LASA type.

18
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The time series in Fig. 2.3a was processed throuqgh ten

narrow-band filters, with center frequencies fﬂ = 0.4, 0.6,
0.8, 1.0, 1.2, 1.4, 1.5, 1.6, 1.8 and 2.0 Hz, all with guality
factors of Q = 10. The single arrival nature of these data
is reflected in Fig. 2.3c, which shows the sum of the envelopes

for the ten filters as a function of time.

Figure 2.3d is an arrival time diagram, on which time
runs horizontally and filter center frequency vertically. For
each frequency, the envelope is plotted as a function of time;
each of these curves has been normalized so as to have the
same height. The undispersed nature of these data are quite

evident.

A LASA recording of a P-wave train from a Japanese
ecarthquake is shown in Fig. 2.4a; this is referred to as
LASA Event 2030. In it, a direct P-wave is demonstrated
(arriving at approximately t = 20 seconds) followed by a sur-
face reflection (pP at = t = 31 seconds). This even’. was
processed through the same filters as for the previous event
(LASA 1522), and the sum of the envelopes is shown in Fig.
2.4b. The separation between the envelope peaks is 11.0 sec-
onds, compared with the separation of approximately 12.0 sec-
onds in the unfiltered signal. This event was reported in the
Preliminary Determination of Epicenters (PDE) to be at a depth
of 40 km and a distance of 63.5° from LASA, for which a pP-P
time delay of 11.4 seconds 1is considered normal (llerrin,
et al. [1968]).

For Event 2030, the envelopes for different frequen-
cies are shown in Fig. 2.4c. This figure demonstrates an
interesting phenomenon: at low frequencies, an envelope maxi-
mum appears in the neighborhood of t = 32-33 seconds, but
vanishing when fc > 1 Hz. At the same time, the envelope peak
near t = 22-23 seconds Jrows in significance with increasing
frequency. The nessage conveyed by this is clea~ — the pP

signal does not contain as much high frequency enerygy as the

20
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P signal. This can possibly be interpreted as the effect of
absorption of the high frequency components of the free sur-
face reftection, pP, by relatively low Q, high attenuation,

surface luvers in the source region.

ILLASA Event 2011, a Rumanian earthquake, is shown in
Fig. 2.5a. This signal was filtered at the same frequencies
as the previous two events, with an arrival time diagram of
the sum of the envelopes being shown in Fig. 2.5b and one for
the individual filter envelopes in Fig. 2.5c. The largest

peak, at t = 23.0 seconds, is due to direct P-wave; the next

largest is at t 62.0 seconds. This delay of 39.0 seconds,
for a source at a distance of 76.2° and a depth of 158 kn
(PLE), falls in the range given for pP in the travel-time
tables of Herrin, et al. [1968] whose delay times are repro-

duced in Table 2.2.

TABLE 2.2. pP DELAY TIMES IN SECONDS

Distance Depth
150 km 200 km
7'5¢ 36.2 47.0
8G° 36.6 47.6

Enamination of Fig. 2.5c shows that the amplitude of the pP
phase dies out with increasing filter frequency, relative to
the amplitude of the direct P-wave: below 1 Hz, the pP is

as strong or stronger than the P, while above that frequency,
direct P is clearly dominant. This is similar to the he-

havior as noted for Event 2030.

The third largest peak in Fig. 2.5b lies at t = 33.0
seconds, a delay with respect to P of 10.0 seconds. This
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fits in well with Herrin's values for a core reflection, PcP,

and the bracketing data are depicted in Table 2.3.

TABLE 2.3. DELAY TIMES BETWEEN P AND PcP

Distance Degth
150 km 200 km

75° 13.0 12.7
80° 6.9 6.7

Figure 2.5c shows, interestingly enough, that the PcP signal
roughly a constant fraction of the direct P

strength is
Note that as we filter at higher and higher fre-

amplitude.
the PcP phase remains visible with about 20-30 per-

cent of the maximam envelope height associated wit the P
This shows that PcP has not suffered the high-frequency

| quencies,

phase.
attenuation observed for pP.

Oon Fig. 2.5b, a fourth peak is visible near t = 42-43

seconds. Examination of Fig. 2.5c indicates, however, that

the frequency content of this particular peak is within the

microseisric band.

The seismogram for a p-wavetrain from an earthquake in

the Caucasus recorded at NORSAR (NORSAR Lvent 6277), is shown

in Fig. 2.6a. It is clearly a very noisy record. This

= seismogram was processed by MARS, using the previously

described method designed to eliminate noise.

The noise window was taken to be the section of the

recording in Fig. 2.6a from t = 0 to t = 20 seconds, the

spectrum of this portion is shown in Fig. 2.6b. The signal

w was defined as the 51.2 second interval (1024 points

windo
at 20 points/second) following t = 20 seconds. The signal

spectrum is plotted in Fig. 2.6c. Comparisci ~nf these two

&
spectra nakes clear the profound difference in frequency

content between noise and signal..
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When the sum of envelopes is formed, with the appro-
priatc noise correction subtracted from each individual enve-
lope, the result is as shown in Fig. 2.6d. 1In this figure
the straight line at zero amplitude indicates the noise level
and eliminates all but two peaks. In this plot, the time
scale has been shifted by an amount such that the signal
window begins at t = 40 seconds. The largest peak, at t =
43 seconds, is then the direct P-wave arrival; the second
peak is about 9 seconds later — a plausible delay time for
pP, if the event was in the neighborhood of 35 km deep.

The individual envelopes for Event 6277 are shown in
Fig. 2.6e, with the noise subtracted, an operation which
causes the lowest frequency envelope (0.4 Hz) to virtually
disappear due to the large amount of long-period background.
In this display, the second arrival is not definitely indi-
cated (it can best be seen in the fC = 1.2 trace), showing
that both types of display are necessary for a good signal
evaluation.

2.9 POLARIZATION FILTERING

GiQen seismograms with more than one component of
motion, it is possible to perform additional analysis based
upon the phase correlation of the filtered particle motion.
' It is well-known, for example, that if 82 is a unit vector
oriented vertically, and 8r is a unit vector pointing away
from the source, the P-wave motion will tend to appear as

X(t) = £(t) [€_ cosa + &, sina] ,

where a 1is the apparent emergence angle. SV waves will be
given by

§(t) = g(t) [-gr cosa + e_ sinal .
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Both of these are linearly polarized in the z-r plane, the
first being in phase, and the second, 180° out of phase.

' Rayleigh waves, on the other hand, are elliptically
polarized, having the form
§(t) = gra cosé (t) + gzb sin¢ (t) ,
so that the two components are 90° out of phase with one
another. If the amplitude coefficients a and b are

equal, then the polarization is circular, and Rayleigh
wave motion is often close to this limit.

If both z- and r-component motion are measured simul-
taneously, narrow-band filtering can be performed on the
two for the same filter frequencies and then, for each .Jre-
quency, the linear polarization fraction can be defined using
1 the instantaneous phases as

| P (t) = cosld,(t) = ¢.(£)]

and the circular polarization fraction as

P (t) = sinlo,(t) = ¢, ()] .

Clearly,

2
PL + PC 1,

so that the two are, in a sense, mutually exclusive.

This method can be used to identify different signals
as belonging to various wave types. Since frequency filter-
ing is done before polarization filtering, the normal sort of
low-frequency Rayleia'. wave background noise can be excluded
at an early stage, allowing the detection of higher frequency
linearly-polarized information with greater sensitivity. 1If,
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on the other hand, a P-wave and an SV-wave arrive timultan-
eously, then they may be indistinguishable from a higher-mode

Rayleigh wave.

For z-r data, different types of waves can be identi-

fied as follow§:

p-wave: P, > 0 and P > |p

L > 1%l

sv-wave: P, < 0 and |PL| > |PC|

Rayleigh wave: P, < 0 and iPC| > |PL|
The case of P, > 0 and |PC| > |PL| can be taken to indicate
either noise, or higher mode Rayleigh motion.

For waves vhich appear to be linearly polarized, an
apparent emergence angle can be defined by

a(t) = Arctan[Sz(t)/Sr(t)] ;

while the ellipticity of other waves can be defined by

E(t) = §,(£)/S_(8) .

TIf the data have not been rotated exactly towards the
source, and if three Cartesian components are available,
then the same analysis can be performed, comparing the verti-
cal with each of the horizontal components separately. Cor-
relation of the two analyses can then be used to indicate the
apparent direction of the source; since differing frequency
components will often be refracted differently, this apparent
direction may be expected to vary somewhat with frequency.

Three-component data can also be used to identifv
Love waves. If the data have already been analyticall
rotated toward the source, then the transverse channel will
contain mostly Love and SH waves. Should the signal not
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have been rotated, then these wave types will be linearly
polarized in the horizontal plane, with an angle which will

indicate an apparent azimuth.

2.10 CONSTRUCTION OF POLARIZATION-FILTERED WAVES

A two-dimensional space can be constructed, the basis
set of which consists of one linear and one circular component.
The linear and circular polarization fractions for a given
wave then indicate where the signal appears in such a space.
The polarization fractions can be used to form projections
into this space, where individual wave types can be easily
picked out. For example, the P-wave envelope projection can
be defined as

Sp(t) = max (P (£),0) * \fs; (£) + s2(t) ,

the SV-wave projection as

Sgy (£) = max (=P, (£),0) * \E; (£) + 82(t)

and the Rayleigh wave projection as

Sg(t) = max(-Pg(t),0) \E;(t) + S2(t) .

By evaluating these quantities for several frequencies, the
appearance of differert wave types can be observed and separated
by polarization.

2.11 DEMONSTRATION OF POLARIZATION FILTERING FOR ARTIFICIAL
SIGNALS

To test the polarization filtering method, an artifi-
cial two-component signal was prepared, with the intention
that it look like a P-wave, followed by an SV-wave. Both

31
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were represented by decaying sine-waves, the P-wave as

z(t) = r(t) = €)(t--15)e-(t"15)/5 sin(t=-15)

and the SV as

z(t) = -x(t) = 0.4 6(t-25)e-(t'25)/4 sin [%;%%] "

where 6 is the Heaviside step function. The two waves

can be seen to have slightly different frequency content, as
well as different decay times: The P-wave train should last
a bit longer than the SV.

The z-component is shown in Fig., 2.7a, and the r in
Fig. 2.7b. The SV-wave onset can be seen in the first dia-
gram by a sharp break at t = 25; it is not visible in the
second plot, and it is not obvious that this is anything but
a single complicated wave. About 1 1/2 cycles separate the
two waves, and so the P-wave will have to be observed during
this time. In addition, detection of the SV-wave will be
hampered by the coda of the first arrival, which has a larger
initial amplitude and greater decay time.

This time-series (P and SV) was filtered by ten filters
with center frequencies between 0.25 and 3.0. When the enve-
lopes are summed, the result is as shown in Figs. 2.7c (for 2z)
and 2.7d (for r). In both these cases, the SV arrival stands
out clearly. The peaks for both arrivals, on both components,
match the actual onset times qul*“e accurately.

nhe individual envelopes are plotted in Figs. 2.7e
and 2.7f. Here we see that the narrow~band filtering has
done a very good job of separating the arrivals at the higher

frequencies.

When the circular polarization fraction (Pc) is cal-
culated for each filter center frequency, as a function of
time, Fig. 2.7g, the results are essentially nil. Aside from
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a spike near t = 20 (where it separates the P and SV waves),

no significant circular arrivals can be seen.

The linear polarization fraction (PL), in Pig. 2.7h,
on the other hand, indicates the two wave types with great
clarity. It can be seen that there is a nearly constant
positive value (in fact, +1) at early times, switching
rapidly to a value below zero (generally, -1) at t = 25,
At much later times (t = 40-60), the lower damping of the
P-wave makes itself felt, and its coda hegins to dominate

that of the shear excitation.

“le Rayleigh wave projections (SR) are plotted in
Fig. 2.71 as functions of time, for the various filter fre-
quencies. These data are quite inconsistent, every other
filter indicating a different motion.

The P-wave (SP, Fig. 2.7j) and SV-wave projections
(SSV' Fig. 2.7k) show very obhvious arrivals. The lower
resonant frequency of the P-wave results in the apparent de-
lay of the SV-wave envelope at the lowest frequency — much
more P-wave energy than SV arrives for this frequency, so

that the latter has trouble making its appearance.

This test was then rerun, with a shozter delay time be-
tween the arrivals — the SV wave arrival time was advanced from
t = 25 to t = 20 seconds. The z-component is shown in Fig. 2.8a,
and the r in Fig. 2.8b. The second arrival is not easily
seen in either of these records; the narrow-band filtering sum-
of-envelopes plots (Figs. 2.8c and 2.8d) reveal its presence by
a slight bump. Individual envelopes, in Figs. 2.8e (z=-component)
and 2.8f (r-component) show the shear wave at high filter fre-
quencies. By looking at Fig. 2.8g, we can see the same strange
behavior of the circular fraction as was observed earlier; the
linear fraction, in Fig. 2.8h, however, still shows tlke very
strong identification of the two waves with their different
polarizations. The projected P-wave envelopes of Fig., 2.381,

and SV-wave envelopes of Fig. 2.8j are almost as they weroe in
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Polerlgetion-Flitered Results: P-Wavee

1.0 -~ A T .__--..] pp e e e - o
! Y PO | VORI 2.8 N - e
] i
2.0 pmis . I 1.0 —
I £ P A £oas Pas
§l.s .
¥
3 - § N
L)
{ Saal A §1 e
: -
S " S B e
0.8 L - 0.8
o
0.0 0.0
0.0 8.0 ©.0  40.0 00.0 100.0 1200 0.0 0.0 0.0 0.0 90.0  100.0  120.0
Tima teac) Tine (eec)

Figure 2?2.7i. Rayleigh wave pro-
jection, based upon circular polar-
| ization fraction.

Figure 2.7j. P-wave projection,
as obtained from linear polar-
ization fraction.
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