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db

where

x-ugn-(ﬁnu
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INTRODUCTION

The number of opportunities for masking the signals
from an explosion in the coda of an earthquake depends
critically on the amplitude-time characteristics of the
earthquake coda at various stations within a monitoring
network. When coda are suppressed, the time window
available for masking is reduced, and so, correspondingly,
are the number of testing opportunities,

Given that the explosion is to be masked in an
earthquake which may occur anywhere on the earth, the
classical method for coda suppression is to beam on
the suspected test site, For a 19-element subarray such
as the innermost elements at TFO, bermforming might be
expected to yield coda suppression on the order of 13 db.
This attenuation figure, however, is based on a random
noise model, In reality the noise we are trying to
suppress is a teleseismic signal propagating across the
array. We therefore expect coda attenuation to be a
function of the difference between the apparent veloci-
ties across the array for the two interfering signals,
as well as of the angular separation between the event
epicenters. Further, because a mixed-signal processor
would take account of a second signal's presence, we
expect, a priori, that this processor would equal or
exceed the coda attenuation capability of the beam.

In this report we investigate the coda suppres-
sion capabilities of the beam and mixea-signal pro-
cessor using 7- and 19-element subarrays at TFO. The
analysis consists of determining how much of signal 1

= i R . i



(the earthquake) '"leaks" into our estimate of signal 2
(the event to be masked). We would like to perform this
analysis using two overlapping signals actually recorded
at TFO. However, this would not yield acceptable results
because we would not know the true waveforms of either
signal, Alternatively, we could add two signals together.
In this case, we would have to form the beam of the
signal from the explosion site and subtract it from the
beam of the composite seismograms in order to determine
the residual signal leaking through from the earth-
quake signal. This method would have to be employed if
nonlinear processes were involved. Fortunately, both

the beam and mixed-signal processor involve linear
processes. Thus, signal 2 need not be present in the
seismograms analyzed because we only seek to determine
how much of signal 1 is present in our estimate of
signal 2, We proceed as follows: we simply simulate the
arrival of an earthquake at various azimuths and at a
fixed distance of 60° from TFO, and estimate the signal
leakage for a fixed test site. The ratio of the root
mean square (rms) power for the leakage signal to the
average rms power of the earthquake arrivals is then
defined as the coda attenuation.

We analyzed the seismograms for five real events,
time-shifted them to produce simulated arrivals, and
studied the coda attenuation for a variety of signal
waveform types.



SIGNAL ANALYS!S THEORY

Consider the following representation for a
collection of signals:

© p
y;(t) = u=§m kgl Xjk(t-u)sy(u) + ny(t) (1)
where

yj(t), J =1,..., n is the collection of N observed
series;

s(t), k = 1,..., p is the collection of signals to
be estimated

xjk(t) = 6(t-Tjk)[ where 6(t) = 1 for t = 0, zero

otherwise];
and

nj(t) is thg noise on the j'th channel,

Further, assume that the signals can be estimated by a
linear estimates of the type:

n (o]
8 (t) = ) j hyej (DY 5 (t-1)dr (2)

where hkj(t) is a p x n matrix of filter functions to
be determined,



Using the above, it can be shown (Dean et al.,
1968) that ir the frequency domain the matrix of filter
cocfficients H(w) which produces the best lincar unbiased
estimates of the sk(t) is given by

-1

Hew) = 7101017 (W)

where Xﬁ{cij(w)}, an n x n matrix of spectra and cross-
spectra at frequency w. By calculating H(w) at cach
frequency and then transforming back into time, onec
need only convolve the filters obtained with the yj(t)
to produce the sign:l estimates §k(t). For a single
signal (k=1) in uncurrelated noise, §l(t) is the beam.

A rough estimate of the coda suppression capabili-
ties of the beam and mixed signal processor may be had
by analyzing the results shown in Figure 1 (Shumway,
1972). Here two signals recorded scparately are super-
imposed to simulate interfering arrivals, Signal 2,
which in our case represents the explosion, is shown
arriving first. This signal is actually 2 Tonga Islands
earthquake. Signal 1, the masking carthquake, is a Fox
Islands carthquake. Normalizing all measurcments to the
second (undisturbed) cycle of the Tonga Islands event, wc
sce that the leakage of signal 1 into the beam at point
(B) in the figure is only 5 db down from the unprocessed
signal shown at (A), while the mixed signal processor
has reduced signal 1 at (C) by 13 db compared to the
signal at (A). Thus, in this example, leakage of

-dea -
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signal 1 into our mixed signal estimate is reduced by 8 db
over the lezkage observed in the beam trace.



DATA ANALYSIS

A suite of five earthquakes (Table 1) recorded at
TFO (Figures 2 and 3, Table II) provides the data base
for this study. The filtered traces (the filter has 0.4
and 3,0Hz 3 db points) are shown in Figures 4 through 8,
The 7- and 19-clement subarrays to be examined consist
of elements Z1 through Z7, and of Z1 through Z19,
respectively. The first arrivals for all the events
exhibit signal-to-noise ratios greater than 20 db,.
Signals with high signal-to-noise ratios are required
to insure that background noise does not enter into
the computations.

For a given event and subarray, the analysis
procedure is as follows: the onset of the event (or
other common point within the first second of onset)
is picked on each channel, With these common picks as
reference points, the traces are shifted relative to
one another to simulate the arrival of the event from
a given distance and azimuth.

Using the shifted traces, the beam and mixed-signal
¢stimates are then <omputed for a signal presumed to
originate at a selected test site. These signal estimates
represent the leakage from signal 1 (the earthquake)
into the estimates for signal 2 (the explosion). The
power for the leakage signals, when ratioed to the
averaged power for the earthquake arrivals, yields a
set of coda attenuation figures for the two processors.,
That is, let R be a measure of the averige rms input
signal power:

-6e\ -
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TABLE I1I
Coordinatcs of TFO Instruments
Z1 - 7219
SHORT PLERIOD

_‘é@r

LATITUDE LONGITUDE ELEVATION (Mcters)
Z-1 34 16 42.3300N 111 18 12.2560W 1615.42
-2 34 19 14.1190N 111 19 26,6720W 1489.75
-3 34 18 42,5760N 111 16 56.0730W 1515.3
l-4 34 16 13.8910N 111 14 56.7380W 1474.6
Z-5 34 14 10.2220N 111 17 2.2670W 1491.9
-6 34 14 55.6970N 111 20 7,0030W 1509.4
- i 34 17 9.1830N 111 21 24.5490W 1403.2
Z-8 34 21 42,.2900N 111 20 23.5360W 1805.4
-9 34 21 10.0020N 111 17 12.9640W 1569.4
Z-10 34 20 52.2090N 111 14 4,9130W 1658.5
Z-11 34 18 4,.8650N 111 12 23.8630W 1904.9
Z-12 34 15 49.5070N 111 11 44,7380W 1528.29
Z-13 34 13 48.4020N 111 13 48.3160W 1513.74
. Z-14 34 11 41.4430N 111 16 30.2940W 1534.0
Z-15 34 12 8.0760N 111 19 8,4440W 1487.4
Z-16 34 12 32.0810N 111 22 13,9550W 1462.9
Z-17 34 15 3.9540N 111 23 28,2740W 1426.4
Z-18 34 17 40.8760N 111 24 39.9550W 1664.9
Z-19 34 19 39.8540N 111 22 32,4010W 1588,55
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where

th

si(t) is the amplitude of the i channel at time t;

T is the length of the sample analyzed (the first
35 seconds of the signal in this work);

N is the number of channels processed (7 or 19 in
this report).,

1f SB(t) is the estimate for the leakage signal deter-
mined for the beam, then

1 T 2 1/2
R-B = [T tzl gB(t)]

is a measure of the rms power in QB(t). Similarly, a
measure of the rms power in the mixed-signal estimate
§S(t) is:

T 5, 1/?
R, = 7 tzl sc(t)]

The coda attenuation figures are¢ then given by:
-7-
!
™
4
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AB = 20 log —, and A
R

20 log —
R

The analysis is performed at a set of uniformly
spaced azimuths, yielding polar plots of the coda
attenuation capabilities for the beam and the mixed-
signal processor. Note that this analysis method is
equivalent to looking at the coda suppression obtain-
able on that portion of signal 1 which arrives ahead
of signal 2,

As the events ranged from 3§ to 85° distance from
TFO, a nominal epicentral distance for the earthquake
of 60° was chosen for this study. Further, computations
are performed at an azimuthal interval of 30° (0°, 30°,
60°,...330°), with additional analyses performed every
10° in the vicinity of the test site azimuth. The test
site used is Sen..palatinsk (50°N, 78°E), at an epicentral
distance of 95.9° from TFO and a station-to-test site
azimuth of 354°., This test site is the epicenter for
event 2, the (non-existant) signals of which we assume
are masked by the signals from event 1.
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RESULTS

Polar plots of coda attenuation are given in
Figures 9 through 18. Results for the 7- and 19-element
subarrays are paired by event. With but one minor
exception (Fiji Islands, 19-element array, 180° azimuth),
the coda attenuation capability of the mixed-signal
processor exceeds that of the beam., While up to 14 db
improvement over the beam is obtained (Easter Island,
19-element array, 30° azimuth), the improvement is
generally on the order of 3 to 5 db for both subarrays.
The maximum coda attenuation obtained using the mixed-
signal processor and the 19-element subarray is 22 db
(Fox Islands, 19-element array, 180° azimuth), with a
nominal maximum value of 18 db being fairly representa-
tive. With respect to the 7-element subarray, the
maximum attenuation obtained using the mixed-signal
processor is about 17 db (Fox Islands, 120° azimuth),
with 14 db being a more representative figure. In
general the coda attenuation obtained using the 7-element
subarray and the mixed-signal processor is comparable
to that obtained using the 19-element array and the
beam processor,

To determine the effeci of narrowing the signal
bandpass, data for the Fox and Tonga Islands events
were filtered from 0.8 to 2 Hz (3 db points), and
analyzed using the beam and mixed=signal processor.

The results, shown in Figures 19 through 22, are
essentially the same as those obtained previously .sing
a filter bandpass of 0.4 to 3,0 Hz; thus, there appears

-9&, -~
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to be no advantage in using narrow-bandpassed data for
coda attenuation.

The general shape of the coda attenuation curves

suggests that these data can be represented analytically

by the following formula:
o =a - becos(6+a) db

where a is a fixed rotation angle to orient the attenua-
tion pattern, In the cases examined in this work, a = 6°
Least square fits to the data sets shown in Figures 9
through 18 yield the estimates for a and b shown in
Table III. The average coda attenuation characteristics
are shown in Figures 23 and 24, Here, the coda attenua-
tion curves have been rotated by 6°, implying that the
event to be masked is arriving from the north.

While it is convenient to describe the attenuation
data in the functional form [a - becos(8+a) db], these
curves are only partially useful in describing the
capabilities of a given array and processor, We would
like to have more general analytical expressions for
coda suppression. Such curves can be derived by
plotting the attenuation data as a function of the
difference in the ray parameters for the two signals:

5 (g = lc'%-})l - (g)zl

_1()“‘

(4)
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Figures 25 through 28 display the coda attenuation

data as a function ofs(dt/da). Included here are the
results obtained when the source region is taken as

the Tonga Islands (A = 78°) and the masking event

(Fox Islands event) is again taken at 60° distance
(Figures 29 and 30; Table IV). The latter data set is
included to help define trends in the attenuation
characteristics, and is not used in subsequent numerical
analyses.

We are guided in our choice of an analytical
expression for the more generalized attenuation curves
by the following observations:

I. Knowing that the generalized curves must pass
through (0, 0) (no coda attenuation possible when both
events have the same epicenter), the data suggest that
for 6(dt/dA) small, the coda attenuation curves are
linear.

II. For 6(dT/da) large, the data appear to level
off as if to approach asymptotically some limiting
value,

Note that neither of these conditions is satisfied
by the [a - becos (8+a)] model, which can only describe
a portion of the more generalized curve,

One expression which can be used to describe the
attenuation characteristics we observe is:

2
- B X b, (5)

1.0 +§X + eX*
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Figure 29, Coda attenuation, 19-element subarray, Fox Islands
event, seismogram

and 3.0 Hz.
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where

X = 6(dt/da)

Using equation (5) we obtain the least square
solutions shown in Table V. These solutions are shown
graphically in Figures 25 through 28, While some of
the analytical expressions do not behave well at very
large values of X, all of the solutions are acceptable
in the region of interest. Note that for either
array, the value for 8 determined from the mixed-signal
data is almost six times greater than that determined for
the beam data. As B is the slope of the attenuation
curve for X small, this result demonstrates the high-
resolution capability of the mixed signal processor
over that of the beam.

Solutions to equation (5) previde considerably
better fits to the data than do those solutions based
on equation (4). We therefore recommended employing the
more generalized solutions in determining the number of
opportunities for masking the signals from an explosion
in the coda of an earthquake. When computing the
number of opportunities, a given number of stations in
a worldwide monitoring network would be given coda
suppression capabilities based on the number of sensor
elements specified (7 or 19) and the type of array
processing to be performed (beam or mixed-signal
processor). That is, a given station would be assigned
one of the coda suppression curves listed in Table V.

-12p0.7



TABLE v

Coda Attenuation Parameters

o = _BX + yx?

1 + 86X + eij
where X = ¢ (4L,
19-ELEMENT SUBARRAY 7-ELEMENT SUBARRAY
MIXED-SIGNAL MIXED-SIGNAL
BEAM PROCESSOR - BEAM PROCESSOR
0.98 5.74 0.37 2.21
0.14 0.91 0.04 0.69
0 0.31 0.00 0.53
0.006 0.43 0.00 0.005
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An attenuation factor based on the vector difference
in the ray parameters for the two epicenters under
investigation can then be determined, and the coda of
the masking earthquake scaled accordingly.

As a final note, let us compare the coda attenua-
tion obtained for a wide-aperture 7-element TFO
subarray (21, 29, Z11, 213, z15, 217, and Z19) with
that obtained previously for the 19-elem'nt and small
aperture 7-element subarrays (Table VI, Figures 31 and
32) The data analyzed are from the Easter Island event.
For the wide-aperture 7-element subarray and with the
exception of those azimuths for which the difference in
the ray parameters is small, the beam and mixed-signal
processor perform about equally well; the mixed-signal
processor yields only 1 to 2 db additional attenuation
over the beam. Further, the coda attenuation obtained
using the wide-aperture 7-element subarray and the
mixed-signal processor is about the same as that
obtained for all 19-elements and the beam, as well as
that obtained for the 7 inner elements (Z1-Z7) and the
mixed-signal orocessor, Finally, for small ray-parameter
separation, the wide-aperture 7-element subarray and
the mixed-signal processor produce about the same
attenuation as does the 19-element subarray and the
mixed-signal processor (~9 db),

In sum, a wide aperture array and the mixed-signal
processor are more important than the number of elements
for significant coda attenuation when the difference in
the ray parameters is small, When the ray parameter

~-13a,”



%AWM@\

v°St €°LT L°ST 9°6 TeuSis-paxtu JUDWATa-6T
g°01 9°S1 0°¢T 9°1 weaq JUdWATa-6T
L*9 1°ST 6°71 r°8 Teudis-paxtu sainjiade apim ‘Jusuwaro-y
LS 0°ST 0°TT S°1 weeg sanjaade apIM ‘Jusworo-/
9°s 1 | 9°ST 6°1 Teudts-paxtu sanjxade [r1eWS ‘juUdwWOTo-/
I°f S$*6 v°s 9°C ueaq sanjaade [reus ‘juowora-/
qp UT UOTIBNUaILY
o0LC oU8T 006 o0
HLNNIZY d0SSI00dd AVIavens

Jsutjerediwag :uordoy

SaT1TTTqede) UOTIIENU3IIY BPO) JO

IA 3T14VL

adinos
uostaeduo)



0

\ SEMIPALATINSK

2
=
p =1
\\\ = p
A BEAM >
5 =
® MIXED-SIGNAL PROCESSOR -
=
=g

19 ELEMENTS
N MIXED-SIGNAL PROCESSOR = |
\ ]
19 ELEMENTS
270°}— —{s0°
— ™
L ™~
|~ N

180"

Figure 31, Comparison of coda attenuation figures, Easter Island
event, 19-element subarray and wide-aperture 7-element array,
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difference is large, and when using the mixed-signal
processor, the wide-aperture 7-element subarray performs
about as well as the small-aperture 7-element subarray.
Where using the beam, however, the wide-aperture 7-element
subarray performs substantially better than does the
small-aperture 7-element subarray, the improvement being
on the order of 5 db.,
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CONCLUSIONS

A comparison has been made of the coda attenuation
capabilities of the beam and mixed-signal procCessor
using 7- and 19-element TFO subarrays. The major source
region was taken as Semipalatinsk (96° distance from
TFO), while the interfering signals from various
earthquakes were time-shifted to simulate arrivals from
various azimuths at 60° distance. Our major conclusions

are:

1. The coda attenuation capability of the mixed-
signal processor exceeds that of the beam. While up to
14 db improvement was obtained, the improvement is
generally on the order of 3 to 5 db for both subarrays.

2. A nominal value of 18 db is representative of
the maximum coda attenuation obtained using the mixed-
signal processor and the 19-element array. For the
7-element array, the corresponding figure is 14 db.

3. The coda attenuation obtained using the 7-element

subarray and the mixed-signal processor is comparable
to that obtained using the 19-element array and the
beam,

4, No advantage was observad in using data
filtered in the band 0.8 to 2.0 Hz over that data which
was filtered in the band 0.4 to 3.0 Hz.

5. Representative TFO coda attenuation curves for
the mixed-signal processor are:
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i9 elements:

2
5,74X + 0.91X db

1 + 0.31X + 0.043X"

P =

7 elements:

2.21X_+ 0.69%° %
1 + 0.53X + 0.005X°

where

X = |c§'§)1 - c%zl

6. For X small, the mixed-signal processor is
six times more sensitive to changes in X than is the
beam.

7. Preliminary investigations at TFO using a wide-
aperture 7-element array suggest that for small
differences in the ray-parameter vectors, a large-
aperture array and the mixed-signal processor are more
important than the number of elements for significant
coda attenuation (~9 db).
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