e b R T BT

e

-

AD63700y

/ 4

T
- R

[

PN Y N e o . o S

SRR HCTR RN A

FIRST QUARTERLY TECHNICAL REPORT

CN
LARGE APERTURE SEISMIC ARRAYS

CONTRACT AF 19(628)-5981

JULY 1966

SPONSORED BY
ADVANCED RESEARCH PROJECTS AGENCY

ARPA ORDER NO, 800

T CLEAR
FOR FEDERA
"TECHNICA

Bardoopy | M1
sl3:00 |,

INGHOUSE
. SCIENTIFIC AND
, INFORMATION

brefiehs
25|77 s

IBPY |

i
i

e o e § P St e o

SUBMITTED TO
ELECTRONICS SYSTEMS DIVISION (ESL) DD C-
UNITED STATES AIR FORCE D [ e e
AUG 19 1966 LU
lJL‘_‘n\.‘Jt_.Ju U o
C

BY
GENERAL ATRONICS CORPORATION il

rnomts)~

(]
4
5
.

oy Ay M

[
]
¥

fooe

2T




ESD-TR-66-439

ESD~TR=66~489
ESTI FILE COPY

Distribution of this

document is unlimited.




First Quarterly Technical Report
Contract AF 19(628)-5981

LARGE APERTURE SEISMIC ARRAYS

Sponsored by:
Advanced Research Projects Agency

ARPA Order No. 800

GENERAL ATRONICS CORPORATION
5 July 1966



» [ ]
.
. ™ & ‘ ) b
Secunty Classification -

DOCUMENT CONTROL DATA - RAD

(Securily claseilication of title, body of ehatract and indexing annotation muet be entered when the overail report e glaseilied)

1. amamATlNa ACTIVITY (Corporate author) 24 REPORY SECURITY C LASSIFICATION
General Atronlcs Corporation Unclassified
2b GROUPR

3. ARPORT TITLE
First Quarterly Technical Report on Large Aperture Selsmic Arrays

& DESCRIPTIVE NOTES (Type of report and inclusive dates)

§. AUTHOR(S) (Last name, firet name, initial)

6 REPORT DATE T76 TOTAL NO OF PAGFY 7h NO OF REPs
il 1966 : e I PR SRR | SRR ety
fa CONTRACT OH BRANT Nu AA QMIGINATOR'A REVONT NUMNEKN(S)

ATL9( 620 )t 173120337

b PROJBCT NO

o. ARPA ORDER NO, 800 P;h..‘;t;:r.n't.:ov:‘gront NO(S) (Any other numbere that may be ssaigned
¢ ESDaTReA62489

10. AVAILABILITY/LIMITATION NOTICES
This document is unlimited

11. SUPPLEMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY

Advanced Regearch F'rojects Agency

18. ABSTRACT

The work to date has dsalt with the effect of seismometer placement on array
sldelobes, the performance to be expected with arrays using one bit signals,
from the seismometer, the coherence of signals, nolse, and coda across LASA,
P-goda correlation as a discriminant, and the frequency dependence of attenuation
in the earth's upper mantle,

A randomized array, as opposed to one with clustered elements has shom
1sdelobes some 14 dB lower than those of the current LASA deslgn. The one bit
array (DIMUS) has shown a processing galn of 2 dB less than that for an analog
array, as predicted by thoory. The same array with the addition of a single
analog channel offers good possibilities of proving as useful in identlfication
as a conventlional array.

Main P, and nolee correlations observed across LASA Montanna from LONGSHOT
showed signal coprelation to be high, 0,97, and noise quite low for spaclngs equal
to those of the clusters. P'=coda correlation decreased to a value near zero for
selamometer spaclngs on the order of 150 km,

Study of P-coda correlation coefficlents for widely spaced seismometers
fell into two distinct distributions with an equivakent /N of 16 DB,

A methed was developed for estimating the Q of the upper mantle using the P
and pP phases of deep earthquakes. First test of the method indicate an average

Q of approximately 200 for the upper 500 Km of the mantle in the Fiji Islands
Region,

DD /o 1473

Security Classification



GENERAL ATRONICS CORPORATION
Report 1531-2033-7 5 July 1966

SYNOPSIS

This report covers the work performed during the first
quarter of Contract AF19(628)-5961, large Aperture Seismic Arrays.
- The work to date has dealt vith the effect oi seismometer place-
ment on array sidelobes, the performance to be expected with
arrays using one bit sigrals from the seismometers, the coherence
of signals, noise, and coda across LASA, P-coda correlation as
a discriminant. and the frequency dependence of attenuation in
the earth's urpar mantle.

A randomized array, as opposed to one with clustered elements,
has shown sidelobes some 14 4B lower than those of the current
LASA design. The one bit array (DIMUS) has shown a processing
gain of 2 4B less than that for an analog array, as predicted
by theory. The same array with the addition of a single analog
channel offers good possibilities of proving as useful in identi-
fication as a conventional array.

Main P, and noise correlations observed across ILASA Montanna
from LONGSHOT showed signal correlation to be high, 0.97, and
noise quite low for spacings equal to those of the clusters.
P-coda correlation decreased to a value near zero for seismo-
meter spacings on the order of 150 km.

Study of P-coda correlation coefficients for widely spaced
seismometers fell into two distinct distributions with an
equivalent S/N of 16 dB.

A method was developed for estimating the Q of the upper
mantle using the P and pP phases of deep earthquakes. First
test of the method indicate an average Q of approximately 200
for the upper 500 km of the mantle in the Fiji Islands Region.

This research was sponsored by the Advanced Research Pro-
jects Agency and was monitored by ESD (ESL) under Contract
Number AF19(628)-5951.

-i-



GENERAL ATRONICS CORPORATION

CONTENTS
Synopsis i
Figures ii
SECTION I
Introduction e
SECTION II
Section II-A Derivation of the Dimensions of 3.
the Teleseismic Beam of a ILarge
Aperture Array
Section II-B Array Pattern Computations 16..
Section II-C DIMUS Array Processing 25
Section II-D Spatial Correlations Observed 36.
Across LASA from LONGSHOT
SECTION III
Section III Coda Correlation as a Discriminant 47.
SECTION IV
Section IV Attenuation of Seismic Waves in 54.
the Earth's Upper Mantle
References T2,

i 4,



Figure No.

b
2
3
4
5

tall)

6
7
&
9

10

1l

12

13

14

15

16

17

16

19

20
21
22
23

GENERAL ATRONICS CORPORATION

FIGURES

Title
GEOMETRY OF TELESEISMIC ARRAY AND BEAM

TRANSVERSE ARRAY GEOMETRY
RADIAL AND DEPTH ARRAY GEOMETRY
DIMENSIONS OF P-WAVE BEAM OF TELESEISMIC ARRAY

DELAYED SUMS (RADIAL PATTERN) LASA CENTER
ELEMENTS

LASA RADIAL PATTERN

TRANSVERSE PATTERN

RADIAL PATTERN

TRANSVERSE PATTERN

LASA RADIAL PATTERN

TRANSVERSE PATTERN

SEISMIC ARRAY 525 ELEMENTS

RADIAL PATTERN (RANDOM ARRAY)

TRANSVERSE PATTERN (RANDOM ARRAY)
ALGERIAN EVENT _ SINGLE SEISMOMETER WMO
ANALOG AND DIMUS BEAMS

PROBABILITY DISTRIBUTION FOR SIGNAL PLUS NOISE
REPRESENTATIVE DIMUS DETECTION CAPABILITY

STATISTICAL EQUIVALENT OF DIMUS FOR GAUSSIAN
NOISE WITH RMS o

n
COMPARISON OF ANALOG AND DIMUS PROCESSING
COMPARISON OF BEAM PROCESSING TECHNIQUES
SEPARATION BETWEEN ELEMENTS (KM)

SEPARATION BETWEEN ELEMENTS (KM)

iii

Page No.
12

13
14
15

24a -
24e

241
24g
24h
241

24k
241
24m
24n
33
33a
34
34a
35

35a
35b
43
43



Figure No.

24

25

26

27

29
30

54

pa

33

34

I

36

o

36

29

GENERAL ATRONICS CORPORATION

FIGURES

Title

DISTRIBUTION OF THE SPATIAL CORRELATION
ACROSS LaSA OF FIRST SECOND OF LONGSHOT
P-WAVE

CUMULATIVE DISTRIBUTION OF THE SPATIAL CROSS-
CORRELATION ACROSS LASA OF 10 SECONDS OF
NOISE PRIOR TO LONGSHOT

FRACTION OF EVENTS HAVING MEAN CODA CORRELATION

Pe OR

GREATER

ESTIMATES OF THE FIRST PROBABILITY DENSITY DIS-
TRIBUTIONS OF MEAN P-CODA CORRELATION OF SURYACE
EVENTS AND EARTHQUAKES

FRACTION OF EVENTS HAVING MEAN CODA CORRELATION

P OR

GREATER

EPICENTER LOCATIONS

LEAST SQUARES FITS TO THE EXPERIMENTAL RATIQO OF
ENERGY SPECTRA (SUMMARY)

LEAST SQUARES FITS TO THE EXPERIMENTAL RATIO OF
ENERGY SPECTRA (SUMMARY)

LEAST SQUARES FITS TO THE EXPERIMENTAL RATIO OF
ENERGY SPECTRA (SUMMARY)

ENERGY
LEAST

ENERGY
LEAST

ENERGY
LEAST

ENERGY
LEAST

ENERGY
LEAST

ENERGY
LEAST

ENERGY
LEAST

SPECTRA
SQUARES

SPECTRA
SQUARES

SPECTRA
SQUARES

SPECTRA
SQUARES

SPECTRA
SQUARES

SPECTRA
SQUARES

SPECTRA
SQUARES

RATIO
FIT

RATIO
FIT

RATIO
FIT

RATIO
FIT

RATIO
FIT

RATIO
FIT

RATIO
FIT

EXPERIMENTAL DATA AND

- EXPERIMENTAL DATA AND

- EXPERIMENTAL DATA AND

- EXPERIMENTAL DATA AND

- EXPERIMENTAL DATA AND

- EXPERIMENTAL DATA AND

- EXPERIMENTAL DATA AND

iv

Page No.

44

45 - 46

51

52

64

65

66

67

68

69

70



Figure No.

40

41

GENERAL ATRONICS CORPORATION

FIGURES
Title

FNRRGY SPECTRA RATIO - EXPERIMENTAL DATA AND
LEAST SQUARES FIT

ENERGY SPECTRA RATIO - EXPERIMENTAL DATA AND
LEAST SQUARES FIT

Page No.
71

Tla



GENERAL ATRONICS CORPORATION
Report 1531-2033-7 5 July 1966

Section I Introduction

This is the first quarterly technical report on Contract

AF19 (628)-5981, Large Aperture Seismic Arrays. The subject
matter of this program represents'extensions to earlier work
in connection with the systems aspects of the detection and
identification of underground explosions performed under Con-
tracts SD 251 and SD 263. Work on the current program deals
with five general topics:

1) Array Theory

2) Enhancement of pP in coda

3) Application of linear discriminant analysis to
short range discriminants

4) High frequency content of seismograms

5) Utility of signal processing against tests con-
ducted so as to resemble or be masked by natural
events.

Included in the first topic are not only theoretical determina-
tion of beam properties, but also measurements of signal and
noise properties which affect beam formation.

Work during this first quarter was concentrated on the
first and fourth topics, with most emphasis placed on the
first. Here the effects of the distributions of sensors on
array performance for teleseismic signals was considered -
particularly with respect to the possibilities of control of
array sidelobes. Also studied were the correlation of signals,
noise, and P-coda with distance in so far as they would affect
performance of arrays. An offshoot of this work was the dis-
covery that the zero offset coda correlation coefficient is a
potentially good discriminant for separation of shallow earth-
guakes and underground explosions. Finally, investigation was
made of the effects of array performance when only the zero
crossings of the individual instrument outputs is retained.
Here, potentially large savings in data storage and trans-
mission equipment may be realizable. Simpler signal process-
ing equipment may also be possible where these simpler repre-
sentations of the signals can be used. Moreover, it may be

-
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possible to avoid clustering of seismometers - thereby improv-
ing the sidelobe characterisitcs of arrays, if it is possibdle

to use hard limited signals from the individual seismometers.

To date, this investigation shows promise.

Work on the high frequency aspect of seismic signals has
been limited to development of a method of determining attenu-
ation in the upper mantle. Results of further work with this
method should enable choice of those sites particularly suited
to reception of high frequency signals, should they exist.

=2 =
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Section II Beam Theory

Section II-A DERIVATION OF THE DIMENSIONS OF THE TELESEISMIC
BEAM OF A LARGE APERTURE ARRAY

In earlier reports a presentation of teleseismic beam
theory was givenol’2 Among the subjects discussed were the cross-
sectional properties of a teleseismic beam, the depth of field of
the array and a comparison of array properties for several seismic
phases. Given also were a radial pattern showing side lobes from
about 40° to 100° and the effects upon the sidelobe structure of
a transient waveform.

Omitted at that time were the derivations of the three dimen-
sions of a teleseismic beam. These derivations are the subject
of this section of the report.

Figure 132 shows an array located at the pole of a
spherical earth. Two perpendicular meridians are drawn.
The beam is focussed at point P which is located on one
of the meridians at latitude /2 - A . This means that
the elements in the array have time aelays built into
them which exactly correct for the differential travel
times from P to the array elements. The meridian contain-
ing P is called the radial meridian. The other meridian
is called the transverse meridian.

Shown also is a distorted ellipse containing P. This
ellipse is an array gain contour. The radial extent of
the beam is twice PR, the size of the ellipse on the
radial meridian. The transverse extent of the beam is
twice PT, the size of the ellipse on the latitude line
containing P.

This constant gain contour is the intersection of a
distorted constant gain ellipsoid with the surface. The
"vertical" axis is along the seismic path. The depth
of field of the array is twice PZ, the extent of the
beam from the focal point to the constant gain contour
along the seismic ray path.
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For a surface focus half of the distance covered by
the depth of field is outside the earth and therefore
not pertinent. Thus the depth of field could be very
sensibly defined as the distance PZ, rather than twice
it. However, for deep focal points the alternate argu-
ment would prevail. For generality, therefore, the
depth of field is taken as twice PZ.¥

Parameters
T = dominant period of the seismic signal (sec)
Yy = transverse extent of the array (radians)
Yy, = radial extent of the array (radians)
n = aperture efficiency
Qt = transverse extent of beam' within 3 db contour (radians)
Qr = radial extent of beam within 3 db contour (radians)
AX = transverse extent of the beam within 3 db contour (km)
) 2x10u9t
m
Ay = radial extent of the beam within 3 db contour (km)
5 2x10u9t
m
Ah = 3 db depth of field (km)
T = travel time (sec)
A = great circle distance variable (radians)
AO = value of A from array center to beam focal point (radians)
h = depth variable (km)
ho = depth of focal point (km)
T, = %% \ (sec/rad)
o

¥*The above four paragraphs are quoted from Reference 1, pp. 140-141.
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2
TAA = 3—%‘ (sec/radz)
94 A
o)
32T
ThA = aaah‘ (sec/rad km)
A _,h
o’ o
Summary
rsinAo (
Bp Wi O rad) (9)
t y.nT
T =
o S N (rad) (13)
r y_nT
r AA
ph = —1 (km) (15)
y nT
r "ha

Dependence of Beam.  Dimensions Upon Array Dimensions

The width of the main lobe of the radiation pattern in
any plane containing the beam axis is dictated by the length of
the projection of the array onto the plane. By analogy with the
case of the homogeneous medium, imagine that the beam path shown
in Figure 1 is straightened so that the beam cross-section to be
derived (containing P, R and T) falls in the plane of the equator.
Then from the previous statement it may be seen that the trans-
verse extent in the beam 2PT is dictated by the transverse size
of the array 20A, which is the extent of the array along
the transverse meridian. Similarly, the radial size of the array,
20B, dictates the radial dimension of the beam 2PR. Less obvious
is the fact that the radial extent of the array also dictates the
depth of field, 2PZ.
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Transverse Beamwidth

Figure 2 shows the pertinent geometry. The angular dis-

tance A between point A, an angular distance y from array center
in the transverse direction, and point Q, an angular distance 6
from beam axis along the transverse dimension of the beam cross-

section, is given by

cosA = cosacosBcos?® + sinasing

sinysinAosinQ + cosycosa. (1)

a and B are the latitudes of array point A and beam point Q.
£ is the difference in longitude. Ao 1s the distance from array
center 0 to beam center P.

Subtraction of cosAo from both sides gives
cosA—cosAo = sinysinAosinO - cosAo(l-cosy) (2)

The difference of two cosines where the angular difference 1is

small is well approximated by
cosA-cosAo = 31nAo'6A (3)

from which
§A = sinysin® - ctnAo(1-003y) (4)

(4) represents the differential distance between array center
to beam center (Ao) and the distance from point A in the array
to point Q in the beam (4). The corresponding differential
arrival time 1is

B 3T
8T = 84 == (5)

where 3T/3A is the first partial derivative of travel time with
respect to distance. If the outputs of the seismometers at all
points of the array were added simultaneously, signals arriving
from @ would be separated in time by 6T.

To form a beam focussed at P it is necessary to add (or

subtract) a time delay at each array element equal and opposite
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to (5), so that the seismic energy from P would appear simultaneously
at the output of each array element. The correction 1s exactly the
second term in (4), since the first term is zero for 8=0. This
correction is a function only of the focal distance Ao and the trans-
verse distance X of the seismometer from the array center. It is
thus a permissable correction which may be built into a beamforming
network. Assuming that this static correction is made, the corrected
differential distance becomes

§4 = sinysiné (6)

Combining (5) and (6), and replacing the sine by the angle, yields
the very simple first order residual differential time delay after
correction

ST = v8 23| 5 y,0<1/2 S

A
o)

Let.r be the dominant period of the seismic signal.
Define the transverse beamwidth Gt as the range in 68 over which
ST varies from +1/4 - to -1/4. This definition is consistent with
the usual beamwidth definition of a uniformly 1lluminated array.
The first step i1s (8) in which the notation- for the partial deri-
vative has been changed to that given in the glossary.

A - T
gt-—gﬂ— I (8)

(8) gives the transverse extent of the beam in angular
longitude unifs along latitude 8. .To convert this quantity to
the distance or angular measure on the surface of the earth, (8)
must be multiplied by sina . Two other alterations to (8) are
worth making. First, the quantity 2y in the denominator may be
identified with the transverse extent of the array, for which
the simpler qu'antity_yt is substituted. Secondly, the beamwidth
will normally be larger than (8) due either to amplitude weight-
ing or spatial taper in the aperture, normally dictated by side-
lobe tolerance or by economics. This factor is usually identified
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with aperture efficiency n, a quantity typically on the order of
2/3 to 3/4. The final expression is

tsinaA

N O
Qt = W (r'ad) (9)

All angles are in radians and all time quantities are in seconds.

Radial Beamwidth

Figure 3 shows the relevant geometry. A point in the
array 1s shown a distance y from array center along the radial
meridian. The axis of the seismic beam is shown as a solid line.
The focal point of the beam is a distance ho below the surface
of the earth. A point in the radial pattern of the beam a distance
8 from the focal point i1s shown. The great circle distances to
the array center from this point and from the focal point are AO—G
and Aos respectively. Let T(Ao,ho) be the travel time from array
center to the focal point Ao,ho of the beam. Let T(Ao—y,ho) be the
travel time from the point in the array, which is a radial dis-
tance y from the array center, to the focal point. The difference
is exactly the static correction for the seismometer at distance

y when the array is focussed at Ao,h This quantity is (10).

0"

GT(y,Ao,ho) = T(Ao,ho) - T(Ao—y,ho)
-y 2 (10)
A_,h
0’0o
For a point in the beam a distance 8 from beam axils
along the radial direction, the differential travel time is
6T(y,Ao—G,ho) = T(Ao—Q,ho) - T(Ao—y—G,ho) (11)

A large portion of the differential travel time, however, is re-
moved by delay correction (10). Thus the residual differential
travel time 1s (11)-(10):
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- 9T
8T(y,8,-8,h) = T(a,-8,h,) - T(A,-v=8,h,) - v 37
A ,h
o] o]
a4 oA
A shg Bl
2
- vo 17 (12)
3a°[a_,hy

Again, identifying the radial beamwidth Qr with that range in beam
angle 8 for which the uncorrected differential travel time varies
by 1/2, identifying 2y as the radial extent of the array Yps and
introducing the aperture efficiency factor n, gives the radial
beamwidth.

B = (rad) (13)

Depth of Field

The geometry of Figure 3 suffices for this derivation.
The residual differential travel time after delay correction (10) is

6T(Y5Aosh) = T(Aosh) = T(AO—Y,h) -y —g—i—‘
A ,h
0¥ g
NN
oA A _,h oA o
0] (0)
2
a1
* ¥(h=h,) 8A8h| (14)
A ,h
(0] 0]

Folowing the earlier procedure, the variation in depth around
the focal depth ho over which the residual differential travel
time varies by 1/2 the dominant period of the seismic event 1is
taken as the depth of field. Thus, the depth of field due to a
radial array of length T having aperture efficiency n is
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- RS
e e (k) (15)

The derivation of (15) involved only the radial extent
of the array. Although it is not immedlately obvious 1t is only
the radial length which has significant iInfluence upon the depth
of field. Hence it 1is adequate to calculate depth of field in
terms of the radial extent only.

To demonstrate this fact attention is called to (14).
The quantity y 1n that expressilion represents the differential
distance between a point in the beam and the two array points
along the radial direction in the array. The generalized statement
equivalent to (1l4) is as follows: given any two points in the
array vy in (14) is replaced by the distance between a point in
the beam and the two array points. In particular, if the array
points are on the transverse meridian, it is necessary to return
to (4), evaluated for 8 = 0. Thus the differential distance

)

ctnAo(l-cosY) (16)

Since vy<<1

s (y2/2) ctna CL7)

1’

the transverse equivalent of (14) becomes
2

- X a
GTg(y,Ao,h) = 3 ctnAo(h hO)ThA (18)

Identifying 2y = Yg = transverse extent of the array, and following
the same procedure as before, the depth of field due to the trans-
verse extent 1s

U+ tana
Bl W i (19)
- 2
Yo "“ha :
If the array is symmetrical, such that Tg ™ Tao the depth of
field due to the transverse extent 1s greater than that due to
the radial extent by the ratio of (19) to (15), or

Ah MtanAo

8 = >> 1 (20)
Ah Y
r I




GENERAL ATRONICS CORPORATION
Report 1531-2033-7 5 July 1966

Thus the depth of field of the array is dictated by its radial
size.

As an example consider a 200 km symmetrical aperture
focussed at & = 70°, an aperture efficiency of 3/4 and a domin-
ant seismic period of one second. The depth of field due to
the radial dimension is 3060 km. If the array were collapsed
to a line array in the transverse direction, the depth of
field would increase to more than 106 km. Even for very large
arrays and shorter ranges the focal point remains in the far
field. Thus the transverse extent of the array does not
measurably contribute to its depth of field.

The three bz2am dimensions, (9), (13), and (15), are
plotted in Figure 4 for the P-wave. This figure is taken from
Reference 1, Figure 2. Travel time data are from Jeffreys and
BullenB. In the figure & is the independent variable. The de-
pendent variable contains the beam size, the effective array
size yn and the dominant period 1. For convenience the vertical
scale is in terms of km degrees rather than square radians.

Its units are km deg/sec. To obtain beam size in km multiply
the ordinate by the dominant period in seconds and divide by

the effective array size in degrees. For a one degree array
and one second instruments, the vertical scale gives the beanm
dimensions directly in km. The depth of field curve pertains to
a surface focus, ho = 0. Because of the manner in which the
depth of field is defined the 3 dB contour extends below the
surface only to one-half the depth of field. Corresponding
curves for any other seismic phase may be made by using the
travel time derivatives for that phase.

iy
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FIGURE 1
GEOMETRY OF TELESEISMIC ARRAY AND BEAM

=10



GENERAL ATRCTICS CORPORATION

4._.._.\AN oy

oy uis 2 @

ds8IASNV HL

LHEHNOED AV v W SYdASNVIEL
¢ HJ4NOIA

B



LUELEHOED AVHYV HIJEQ dNY TVIAvYy

€ 34NoHId

H1d3d ANV Tvidvy

-

-14-



¥m DEG/SEC x 10°

100

10

i l"’[llllll

1 ll[lll

GENERAL ATRONICS CORPORATION

DEPTH

RADIAL

TRANSVERSE

50 60
o (DEGREES)

25 30 40 100

FIGURE 4
DIMENSIONS OF P-WAVE BEAM OF TELESEISMIC ARRAY

wiGu



GENERAL ATRONICS CORPORATION
Report 1531-2033-7 5 July 1966

Section IT-B ARRAY PATTERN COMPUTATIONS
General

Previously reported studies of array patterns for large
seismic arrays have been primarily concerned with the perfor-
mance of such arrays against noise. This work has been prin-
cipally performed in "k" space, and as a result, does not com-
pletely describe the array performance with respect to tele-
seismic signals. Those areas where additional information can
be usefully introduced have to do with the spreading loss and
attenuation of seismic propagation, and also with the transient
nature of seismic signals. Inclusion of these effects in array
pattern calculations give rise to better prediction- of the
array sidelobes structure. While sidelobes may previously have
been of little interest, the increased signal-to-noise gain
achievable with arrays such as LASA may convert the teleseismic
noise source from an homogeneous one to several moving and time
varying "hot spots" representing small events from seismically
active regions of the earth. Hence, it becomes important to
achieve good control of the sidelobe structure of these large
arrays.

Results to date do not take station correction factors into
account, particularly, the dependence of these factors on range.
It 1s believed, however, that it is instructive to first study
the case where such corrections are assumed to be constant.
Later work can extend the analysis to observed variations.

A computer program taking these phenomena into account,
was developed to find the radial and transverse beam patterns
of seismic arrays for P wave signals. The mathematical model
used is the following:

a) The array seismometers are identical and are
situated in a horizontal plane.

b) A single signal is present and has the form
of a plane wave travelin g through an homogen-
eous, linear and nondispersive medium.

6=
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c) The seismometer outputs are identical except for
a time delay due to the finite phase velocity
of the wave.

The signal used: P paase of LONGSHOT recorded at the
center element of the LASA Ao cluster.

The patterns were corrected to include the effects of
the attenuation of the signal during the path from the hypo-
center to the array, and the effect of the geometric spreading.

Suppcse that the array is formed by N seismometers and
let their locations defined by the vectors'?k, k=1l..., N

The output of the k% seismometer will be:

-A.—.k)

Xk(t) =S (¢ - a.Ty
where S(t) is the transient used

2(t) is the delay vector per unit distance

For a given array location, every point of the earth not
situated in the core-shadow region is characterized by a vector
(g Let‘ﬁb be the vector associated with a particular point
of the earth that we shall call "Focus" of the array. A beam
output is then formed by delaying all seismometer outputs by
?2 -'fi, k =1..., N and summing these delayed signals.

The Focus is characterized by two coordinates with respect
to the center of the array:

By = Range to the center of the array

Azo = Az of the great circle that joins the

Focus with the center of the array

e
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A P-wave signal that reaches the array coming from Ao
and Azo (The Focus) will produce the maximum output of the
array, with this processing scheme. The same delays (3;-'?&)
acting on a signal created by an event of the same magnitude
but whose hypocenter is not located at the focus of the array
will produce an output that is distorted and smaller in
amplitude.

The Radial beam pattern computed shows how the maximum
amplitude of the delayed-sum varies as the event's hypo-
center moves away from the focus, over the great circle-"\-:ro
As expected, effect of the attenuation and the geometric spread-
ing ccts to increase the sidelobes at ranges smaller than the
focus and their effect is the opposite for ranges greater than
Ao.

The transverse pattern computed is a plot of the maximum
amplitude of the delayed-sum as we place events at different

points on J\t.

Radial Pattern

Transverse Pattern

ol
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One output of the program is the transient formed by the
delayed sum of the seismometer recordings for every point where
the beam pattern was computed. Figures5-a to 5-e show these
transients for ranges varying from 20° to 96° and a focal range
of 82°,

Correction for Attenuation and Geometric Spreading

Geometric Spreading:

C. = Correction factor = 52 A = focus range

(amplitude) 4 o -

This correction is valid for a spherically symmetric
traveling wave.

Attenuation loss correction:

The amplitude of seismic signals is assumed to have the
following range and frequency dependencheﬁ4(after removal of
geometric spreading);

w
A

A (w,p) = e~ 2¢Q

where:
A is the amplitude of the wave.
w is the angular frequency of the wave.

6 is the distance (central angle) between source
and receiver.

is the velocity of propagation.

Q is the ratio of energy stored to energy lost
per cycle in the earth.

O

Beam Patterns for LASA

The program discussed above was then used to compute
several patterns for LASA - at different focal ranges and
different bearings from the array. For these computations, it
is first noted that LASA is formed of clusters of seismometers.
The dimensions of these clusters are approximately one wave-
length at the predominant frequency of teleseismic signals.
Thus, the pattern for this array can be found by multiplying
the pattern obtained using each cluster as a single element of
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an array with the patterns of a single cluster. Since the

size of the clusters is small compared to the wavelength of the
8ignals received, the beamwidth of these subarrays is such as

to include all teleseismic arrival angles. Thus the pattern for
the whole array can differ at most by a few dB from that computed
for the center elements of the clusters alone, and thus the
patterns given are for a 21 element array with the elements
located at the positions of the center of the clusters. The
following three foci have been chosen as representative of LASA
patterns:

1. 8, = 82°
8 Figures 6 and 7

Azo = 277

2. o, =58°
640 Figures & and 9

Az = 264

3. b, = 54°

Azo = 215° Figures 10 and 11

Plots of the radial beam patterns (Figures 6 , §, and 10)
show the effect of the attenuation and geometric spreading on
the pattern. The mainlobe is not strongly affected but the side-
lobes change appreciably.

Plots of the transverse beam patterns (Figures 7 , 9,11 )
of LASA center elements do not show such strong effects.

The 3-dB beamwidths obtained are the following:

with attenuation and without attenuation and

geometric spreading geometric spreading
p, = 82° B, = 15" 9, = 13°
Az = 277° 6, = 8.5°
b, = 56° 6. = 10.5° 6, =10.0°
Az = 264° 0, = 5.7°

=T
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with attenuation and without attenuation and

geometric spreading geometric spreading
_ A0 _ o} _ (o}
by = o4 Or = 13.75 Q.. = 17,00
= o _ o
Azo = 215 Qt e 125

Because of the poor sidelobes of the LASA patterns, parti-
cularly in the radial direction, an experiment was performed to
determine the degree to which sidelobes .ould be controlled if
one were not restricted to clustering of elements. Such an
array is not proposed at this time for a number of reasons, how-
ever, the patterns it could produce are instructive.

The array chosen for this experiment was one whose elements
(525) were distributed randomly (normal distribution in both x
and y coordinates) over a circle of radius 12,

Random Distribution of Seismometers
It will be assumed that the coordinates which locate the

array elements are independent, zero mean, normial random vari-
ables. In the following, the density function of a zero mean,
normal, random veriable with variance 02 will be denoted by
N(o,0). In practice, due to the finite size of the array, the
elements will follow a truncated normal distribution rather
than a true normal distribution. Two parameters define a sym-
metric truncated zero mean normal distribution:

2
o = variance

Rpng = Maximum value (truncation point)

In our case Rmax corresponds to the maximum distance from the
array center at which an array element can be located.

In determining the array pattern for a radial cut at an
angle © (see Figure below) it is first necessary to project the
array elements onto the radial line. Hence the projection of
the array element with coordinates (x,y) is given by

R = x8in @ + ycos ©

If x and y are independent, random normal, variables with

B
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Zzero means, then R will also be a zero mean, normal, random
variable since it is 4 linear combination of normal random
variables. Also, because of the sine-cosine coeffecients, the
variance of R will be the same as those of x and y.

Hence for normally distributed elements, we expect array patterns
that are independent of Azo, the azimuth of the focus.

The use of randomly distributed elements as discussed above
will result in an amplitude taper for any radial cut and hence
a lower sidelobe level (compared to the clustered array) should
be obtained. Figure 12 shows such a distribution, with ¢ = 0.5
degrees and Rmax = 1 degree. The relation between o and Rmax
was chosen to be o = % Rmax in order to avoid strong sidelobe
generation due to truncation of the density function. For
o> % Rmax the actual array beamwidth will be smaller than com-
puted, but the truncation effect will start to become important.
No attempt has been made to find an optimization criterion.
Figures 13 and 14 show the computed transient patterns for the
random array of Figure 11 when focussed at a range of 58° at an
azimuth of 264°. Also shown in these figures are the comparable
patterns for the present LASA configuratidn.

-22-
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Radigl Beam Pattern for Randomiy Distributed Elements

In analyzing the beam pattern of a random LASA array, a
number of simplifying assumptions will be made. The array will
be treated as a continuous distribution rather than discrete,
truncation effects will be ignored, and the incoming wave will
be assumed to be monochromatic rather than broadband. With the
above simplifications it will be shown that the resulting array
rattern of the random array 1s essentially the Fourier trans-
form of the probability density function of the random variable
R. Hence, for the assumed normal distribution of array elements,
the resulting array pattern will have a Gaussian shape.

As discussed previously if the coordinates x, y of an array
element are independent random variables with normal distributions
N(o,0), the projection R of the element R on a radial line will
also have a normal distribution N(o,0). For a monochromatic
signal the radial pattern o(a) is given by

1 N j2nfaR

Qi(a)=ﬁZe i
i=1
where
f = frequency of the incoming wave
N = number of array elements
& = relative delay per unit distance along the radial

R; = the projection of the it" element onto the radial.

It should be noted that a the relative delay will be a function
of @, the angle of the radial, and the phase velocity of the
incoming signal. Now since the R; are random variadbles, it is
the average array pattern o‘a) that is of interest. Hence

I N jenmfaR,
1 ¢ i
a = .
o (a) ‘ i &y ® '
. oL =
1 g 21 j j2nfaR, é’i’?
= ]-_\i' ﬁ?'(; e g e dRi
i=1 -
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Thus:
" 5 - R2 .
ST =l [ I2MER 3 5 dR' _ ,e:! nafR|
—~ @8 \‘:!n.o

Hence 9(a) is given by the magnitude of the characteristic
function of the probability density function of the random
variable R. The characteristic function of a Gaussian random

variable has a Gaussian form. Hence a2
2n
cp(a) = e afo = k -]:-B 2(1__)2
oo £
where
k = ﬂ
e 1

Hence 6733 is equal to k¥ N (o, 2mcf ). Due to the reciprocal
properties of the Fourier transform the beamwidth of the random
array is inversely proportional to the standard deviation of
the element locations.

For the expected LASA signals, the received energy will
be concentrated in the vicinity of one cycle. Hence for
illustration, the array pattern has been calculated on the basis
of a received signal frequency of 1 Hz . Results of the compu-
tation (See Figure 13) show that the assumptions made above were
valid.
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Section IT-C DIMUS Array Processing
Many investigators have treated the case of clipped (use

of zero crossing information only) processing of signals in the
presence of noise. Anderson of Scripps Oceanographic Institute
coined the name of DIMUS (digital, multiple steered) array pro-
cessing for additive arrays using clipper amplifiers and shift
registers for delay compensation. Anderson concluded that the
loss in array processing for the DIMUS is 1.95 4B (5), while
authors have shown that this loss may be higher or lower depend-
ing on the character of the interfering noise 6) , (1 . These
losses in processing gain are for the case of low signal-to-
noise ratio at each of the individual sensors which make up the
array. For higher input signal-to-noise ratios, this loss can
become much more severe. This may readily be seen from the fact
that the DIMUS output is constrained to lie somewhere between
positive and negative limits equal to the number of sensors in
the array. Where the problem is the detection of weak signals
in noise, a loss in output signal-to-noise ratio of some two 4B
or less in considered insignificant for seismic work. This is
because of the tremendous variability of seismic measurements.
What does appear significant, however, is the distortion intro-
duced for large input signal-to-noise ratios (S/N>1). 1In this
case, discrimination between earthquakes and underground ex-
plosions on the basis of the received waveforms might be severly
curtailed. Hence, a study of DIMUS processing must be under-
taken from two distinct points of view; detection, and identi-
fication.

Before proceeding further with a discussion of DIMUS pro-
cessing itself, let us first mention several reasons why such
processing might have distinct advantages for a large aperture
selsmic array. Most obvious is the reduction in the amount of
data which must be handled and/or stored. Since in DIMUS each
sample conveys one bit of information, there is available an
immediate reduction of some 15 to 1 in the data handled over
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that necessary in the current design of the Montana LASA system.
Further, if we might limit our attention to seismic frequencies
below two cycles per second, the sampling rate itself could be
reduced to some four or five samples per second rather than the
twenty samples per second for LASA Montana. The net result of
such changes would be a data rate some sixty times less than
current practice. One result of such a reduction in data rate
would be the possibility of storing the entire output of a LASA
on only two ten inch recording tapes each day. Perhaps more
important, for a 500 seismometer array, the total output data
rate (taking each seismometer separately) would be approximately
2.5 kilobits per second. Such a rate is clearly low enough to
permit the transmission of the total raw data from such a site
to a central data processing facility over a single telephone
circuit in real time. Similar dramatic reductions in beamform-
ing equipment are also easy to propose. Finally, if such a
drastic reduction in data rate from individual instruments
proves completely satisfactory, it may be realistic to con-
sider arrays where the seismometers need not be clumped. Rather,
each instrument could be self powered by a fuel cell or solar
battery, and the instrument output relayed to the array center
by means of very simple communications equipments located at
the instrument sites. So much for the potential advantages of
DIMUS processing itself. As stated above, we will consider
such processing from two standpoints; detection and identifica-
tion.
Detection Aspects of DIMUS Beamforming for LASA

As stated earlier in this section, previous studies of the
detection capabilities of DIMUS beamforming systems have pre-
dicted a one to two dB loss in processing gain for such systems

when compared to analog systems, depending on the characteristics
of the interfering noise. While microseismic noise is admittedly
non-white and non-stationary in the long run, it has been hypoth-
esized that at least for short intervals of time, this noise is

=26~
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Gaussian (see Section II-D for example). For this kind of noise,
one would expect that the DIMUS processing would be two dB poorer
than analog processing given low input signal-to-noise ratios.
To test this hypothesis, a continental size seismic array was
formed using the five continental U.S. array stations and NPNT
as clusters. Each of the clusters was summed without delay,

and the phased sum taken of these clusters. The event taken for
the experiment was a surface focus event of magnitude 4.6, with
epicenter located in Algeria. Differential delays for the clus-
ters were determined from another, larger, surface focus event
located in the same general vicinity.

Figure 15 is the record from a single seismometer located
in the WMO "cluster". This record is typical of those for each
instrument in the large array. From this figure, it is easy to
see that the criterion of low signal-to-noise ratio at each
seismometer was met for this test. Figure 16 shows both the
analog sum of the seismometers for the array focussed at the
event under study, the sum of the hardlimited seismometer out-
puts, and also the same two signals after band pass filtering
(0.75 to 1.5 cps). This filter served the dual purposes of
removing out of band interference and harmonic distortion intro-
duced by the limiting process. The event in question is clearly
visable on each of these four traces, however, the final signal-
to-noise ratio leaves something to be desired.

Since the peak outputs of both kinds of array processing
have been normalized in the traces shown, it was easy to com-
pute the rms value of the noise for both array outputs immedi-
ately preceding the arrival of the event. The ratio of clipped
noise to unclipped noise was found to be 2.1 or about the ex-
pected loss in DIMUS processing. While the length of the noise
record available for analysis on each of these records was small
(approximately 15 seconds), and only one experiment was per-
formed, the results agree so well with theoretical expectations
that one may assume that the detection performance of DIMUS
beamformers can be predicted.

b
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Before leaving the detection aspects of the DIMUS, it is
interesting to note that such beamformers make possible CFAR
(constant false alarm rate) automatic detectors without the
usual problems of automatic gain controlled amplifiers. To
see how this is so, first consider that the noise imputs to
each of the seismometers are independent and have zero means.
Then, the sum of N hard limited instrument outputs will range
from -N to +N and possesses a blnominal probability distribution
with zerc nean - no matter what the strength of the noise at
each of the seismometers. It 1s easy to see, then, that a
constant threshold set at the array output will give a con-
stant and predictable false alarm rate.

To determine the probability of detection for such a system,
first consider a constant signal at the input to each seismo-
meter. Then in the absence of noise, all of the hard limiters
following the seismometers would have the same polarity, and
the magnitude of the output of the summer of the system would
be exactly N. When sufficient noise is present at the inputs
to the seismometers, not all of the hard limited outputs will
be of the same polarity. Here the magnitude of the output of
the array summer can take values less than N, the exact value
being a function of the signal-to-noise ratio at the inputs to
the individual seismometers.

Figure 17 illustrates how it is possible to determine the
probability distribution of the magnitude of the summer output
as a function of the input signal-to-noise ratio. The figure
shows the distribution of signal plus noise at the input to a
single sensor as a normal distribution with mean value Eg,
the signal voltage. This results from the assumption that the
noise is normally distributed with zero mean. ZFrom the figure,
it is easy to see that the probability that noise will cause
the limiter output to be of different polarity than would be
true in the noiseless case is simply the area of the distribu-
tion for negative values of the variable. Thus, given the
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input signal-to-noise ratio at the individual seismometers,

it is possible to compute the probability of noise producing an
incorrect polarity for a sing'e seismometer output. One can in
fact compute what this signai-to-noise ratio must be for a given
probability that no more than m of the N outputs will be so
reversed. If the threshold is set at a value N-m, this proba-
bility will be the probability of detection. ZFigure 165 give
several illustrations of the detection performance (probability
of detection versus input signal-to-noise ratio for a given
false alarm rate) for a DIMUS CFAR detector. The illustrations
are for a 21 element array and a 49 element array, the first
chosen to illustrate what LASA performance would be if hard
limiting takes place after analog summation of the individual
seismometers of the clusters. As can be seen from the figure,
the 21 element CFAR possess too large a false alarm rate for
most purposes. Increasing the number of elements by a factor
of approximately two improves the false alarm rate by two
orders of magnitude to a value more consistant with good system
operation (Pfa ~ 10°6).

Identification With A DIMUS Array Processor
As stated at the beginning of this section, the DIMUS
beamformer is inherently a nonlinear device. A recent paper
by Remley(7), presents the first derivation of the transfer
function for such a processor. This transfer function is given

in Figure 19, where the output signal voltage is given as a
function of the input signal-to-noise ratio at each limiter.

As can be seen from the figure, when the signal-to-noise ratio
is on the order of unity or less, the output signal waveform

is expected to be linearly related to the input waveform.

Where the number of elements in the array islarge, not only will
the output signal be a faithful representation of the input
signal, but the output signal-to-nosie ratio may also be large -
even for low input signal-to-noise ratios. Here, the DIMUS
output may be used exactly as the analog output is in the de-
termination of the source of the seismic signals. Of course
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the signal-to-noise ratio for the DIMUS will be somewhat less
(2 dB) than for the conventional array, however, no distortion
of the waveshape will have been introduced by the nonlinear
processing.

When the input signal-to-noise ratio is high, however, con-
siderable distortion of the seismic waveform may take place.
This would be true for magnitude 5 events, for example. To
discover the magnitude of such effects, the records of some
13 teleseismic events (both earthquakes and underground explo-
sions) were prccessed with both conventional and DIMUS techniques.
At least 10 widely spaced seismometers were used to form beams
focused at each event. The signal-to-noise ratio was high in
all cases. Thus the differential time delgrs could be picked by
eye from the individual seismograms. The measure chosen to
determine the similarity between the analog and DIMUS outputs
was the zero offset correlation coefficient for the P-coda
signals of these events. Here P-coda was taken to be that
portion of the seismogram from three to thirteen seconds follow-
ing the onset of the P-phase. The choice of this measure was
based on the hypothesis that the identification of source mechan-
ism would be based mainly on the waveforms found in this time
interval of the seismogram, although it was recognized that most
complexity criteria employed to date required a measurement of
the ratio of main P energy to energy in specific portions of the
P-coda. Undoubtably this choice of hypothesis was strongly
affected by the interesting results of study of the P-coda
correlation coefficient as a discriminant (see Section III).

Results of these computations were much as expected. F-coda
was emphasized with respect to main P, and the general noise
level increased. These two effects are illustrated by Figure 20,
which shows the filtered (0.75 to 1.50 c¢ps) analog and DIMUS
beam outputs (14 seismometers) for a typical sarthquake. What
is somewhat unexpected is the remarkable similarity of the coda
waveforms for the two signals. In fact, the coda correlation
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coefficient is 0.96. Of the 13 events studied, this coda corre-
lation coefficient ranged from 0.97 to 0.59, with only two events
showing correlation coefficients lower than 0.76. With this high
correlation, it is hypothesized that the coda correlation dis-
criminant discussed in Section III could be satisfactorily em-
ployed with conventional DIMUS processing. There are, however,

a number of ways »y which the nonlinear transfer function of the
conventional DIMUS may be linearized.

To date, one test of the simplest modification of DIMUS pro-
cessing has been made. Recognizing that only events with large
signal-to-noise ratio will be distorted by the conventional
DIMUS, it was hypothesized that the output of a single seismo-
meter of the array should be a good estimate of the deslred
output signal - particularly for the largest portions of the
record. Thus, in addition to the hard limited outputs of the
individual seismometers, one analog channel was used to estimate
the output of a conventional analog array. The modified array
output was then computed in the following manner. At the first
point in time that all hard limited signals potesess the same
polarity (presumably thai time for which the input signal entered
the region of severe distortion in the transfer function), the
corresponding value of the single analog channel was noted. The
analog channel was then normalized so that its value at the noted
point was equal to the number of seismometers making up the array
(21 for the case studied). Then, for those values of the sum
of the hard limited channels was equal to the number of channels,
the hard limited sum was replaced by the corresponding value of
the normalized analog channel.

Results of this simple "fix" are illustrated in Figure 21.
Shown in the figure are the analog beam output, the modified
DIMUS beam output, and the conventional DIMUS beam output. From
the figure, it is easy to see that even this simple "fix"
eliminated nearly all of the distortion introduced by straight
DIMUS processing. Some minor distortiorn still exits for the
main P arrival and the first second of the coda, however, the

P o
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remaining portion of the modified array output is as nearly
identical with the corresponding portion of the analog processor
as could be desired. In addition, it can be seen from the fig-
ure that the level of the noise in the modified record is re-
duced over that for the conventional DIMUS. This is to be
expected, as it will be the ratio of low energy coda to noise
which is expected to remain unchanged by this processing tech-
nique. As a result, when the coda level is reduced to its
proper relationship with respect to main P, the noise should
also shrink with respect to P. Other, more sophistocated modi-
fications of the DIMUS technique are currently under study with
the view of correction of the distortion in the first three
seconds noted above. Even without such further modifications,
the work to date strongly suggests that the inclusion of a
single analog channel with a DIMUS processor can provide all of
the information possible with an analog array, and it can do so
with far greater simplicity.
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FIGURE 17 - PROBABILITY DISTRIBUTION FOR SIGNAL PLUS NOISE

53 e



PROBABILITY OF DETECTION

GINERAL ATRONICS CORPORATION

p_ = 2x10"° (21 SEISMOMETERS)

FA r
Pp, = 2x10 (49 SEISMOMETERS)
f_- f__PFA = 2x10‘“ (21 SEISMOMETERS)

PFA = PROBABILITY OF
FALSE ALARM

| S | | Lt b L

0.5 1.0 . 10
PEAK SIGNAL/RMS NOISE (SINGLE SEISMOMETER)

FIGURE 18 - REPRESENTATIVE DIMUS DETECTION CAPABILITY

-34-a-~



CORPORATION

GENERAL ATRONICS

u
o SWH HLIM

4SION NVISSNYD HOd SAWIA 40 INATYAINDE TVOILSILVLIS - 6T dHADIA

Z| - r-
(3)S 9DHVIIOA
TUYNDIS LNdNI
2/N- T
o sz Up Up_ Up, . Hig -
[ 1 [ 1 .N 1
! ¥ f T ¥ 1
N\zlﬁ
IHDVILIOA
TTYNDIS LndInNo
N L

BB



GENERAL ATRONICS CORPORATION

ONISSHO0dd SNWIA ANV DOTVNV 40 NOSIHVAWOD - 02 HAHNDHIA

9670 = °4

an AN A A >?>>>>>> ,>>7>7 s

AR -

PR P O o U, YR X \/\/7Mu\/ \ﬂ\/ ;L)k/ Fa bﬁ\/

/\lr\/\r\/\

AVHHY SNWIA

A 4 ﬂ/.\/\(/\/\/\‘(ﬁ\i( c <

AVHYY ODOTVNV

-35-a-



GENERAL ATRONICS CORPORATION

SANDINHOAL ONISSHO0Hd WVHd 40 NOSTHVIWOO - Tc HHINDIA

E7 I T AU <Cd<<<<.qﬂ<c<<< T ~ X
Wvdd SAWIA LHDIVHLS

AVAR =4 v\ " g ~ B i
- /:._ WVED SOWId AATATAOW

o A\
A S e N RN V A
d (C . WVHd DOTVNV

-35-b-



GENERAL ATRONICS CORPORATION

SECTION II--D. Spatial Correlations Observed Across LASA from LONGSHOT

Section III presents preliminary measure
ments on P-coda correlation between seismograms spaced 1000 to
7000 km for a small group of earthquakes (12) and nuclear explo-
sions (11). Although the number of events was much too small to
form conclusions, the data separated in such a way as to suggest
that P-coda correlation measurements may possibly form the basis
for a powerful classification procedure. Many more events are
now being prepared to test the hypothesis of that note.

(Briefly stated, the mean value of the cross-correlation
of P-coda for the explosions fell close to zero, grouped around
0.3 to 0.4 for shallow earthquakes(defined here as above the Moho)
and fell in between for earthquakes deeper than the Moho. Since
it 1s the shallow earthquake which it i1s most difficult to separate
from a surface event, the large separation between the measured
parameter for the two classes, i.e., explosions and shallow earth-
quakes, is very encouraging.)

It has been suggested by Mr. L. H. Orpin of MITRE that
a similar experiment be conducted over a region of LASA dimensions
(200 km), as the results may conceivably bear on LASA array design.
This work has been started and the first numerical results are
presented here. The LASA array in Montana has been used
as the test bed and LONGSHOT used as the source. The distance
from the center of the array to the source was about 5250 km.

In addition to P-coda correlation measurements the
spatial cross-correlation of the main P wave and of noise just
prior to the event also have been measured. The latter quantities
are pertinent to prediction of array grocessing gain relative to

the detection of the P wave in noise. The coda portion used in

Fbe



GENERAL ATRONICS CORPORATION

the experiment was 3 to 13 seconds following P-onset, typically
after main P died out but before pP from a source below the

Moho would arrive. The section of P wave used in the calculation
was 1 second in duration centered at the first well-defined

zero crossing of the P wave. Nolse was 10 seconds in duration
from 12 seconds to 2 seconds prior to main P.

Our cross-correlation program can accommodate 20 seils-
mograms. We selected the central seismogram of each cluster
except the central cluster. Thus each of the four subarrays in
the B, C, D, E, and F rings contributed one sensor. The number
of different cross-correlation coefficients computable from N
instruments is (N2—N)/2, which is 190 for N=20. The results
follow.

P-Coda Correlation

The mean and standard deviation of the 190 correlation
measurements are 0.24 and 0.25. The distribution of P-coda corre=-
lation clearly exhibits distance dependence, however. Figure 22
shows the mean values in the 10 km intervals. Table I lists
the means, standard deviations and the number of correlation
coefficients in each interval.

Although the variation with separation between the
elements 1is erratic, a general diminution with separation is
apparent. The mean correlation drops toward zero in the nelgh-
borhood of 100-150 km. The separation or distance dependence
becomes clearer in Figure 23, in which the range scale is made
logarithmic. Here the same data are replotted with the distance
interval one decade in size. The decrease in the erratic nature
(compare with Figure 22) is due to the larger number of sample

points in each interval.
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TABLE I

MEANS, STANDARD DEVIATIONS, AND NUMBER OF SAMPLES
FOR FIGURES 1 AND 2

DISTANCE

INTERVAL 0 g N

(km) ©
8- 47 .26 2
10- .37 .24 18
20- .39 2l 24
30- .40 » L) 20
4o- « 29 24U 14
50- + 20 .16 i
60- .25 .19 16
70- .24 .20 16
80- ol .19 9y
90- .05 ) 14
100- .13 .20 9
110- .12 .19 10
120- - Bk .04 3
130- .03 .21 4y
140- <16 il 5
150- =0 ST 3
160- .10 == il
8-15 .40 .26 i
16-31 a S w219 35
32-63 .31 .19 52
64-127 14 .24 76
128-210 203 22 14
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On the assumptions that:
i. the coda correlation test suggested in Section III
may prove useful, and
ii. the distance dependence measured on LONGSHOT
is somewhat typical,
it is pertinent to examine the distribution of subarrays in LASA
8o as to estimate the number of instruments which are adequately
spaced to be useful for the test. Such examination shows that the
Ao subarray and the four subarrays in the F-ring are mutually far
enough part. Thus from a single LASA a five-station test could bve
expected. Our experience last year in measuring the mean coda
correlation indicates that about twice this number is wanted. Hence
it is not likely that a single LASA would suffice; two would be
needed to conduct the test with reasonable confidence, or one LASA
plus five other array stations, such as the U.S. or Canadian ob-
servatories.
It is planned to test the latter possibility.

Signal
The cross~correlation of main-P is large. The mean value

is 0.97 and the standard deviation is 0.04. The large correlation
is not surprising in view of the fact that main P correlation was
very large in the earlier reported work where the distances between
elements were thousands of kilometers.9’lo
No distance dependence is observed in the data contrary to

the expected tendency for correlation to fall off with separation
between seismograms. The smallest cross-correlation coefficient,
which is 0.72, is obtained from seismometers in 03 and D4, which
are only about 40 to 45 kilometers part. All 03 values are low
compared to the rest of the cross-correlation matrix. The mean

correlation of 03 with all the rest is 0.57, possibly due to error
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in picking event arrival time. Dropping C3 on this assumption

raises the mean to 0.98 and reduces the standard deviation to 0.02.
The distribution of the correlation coefficient (minus 03)

is plotted in Figure 24.

Noise

In the earlier work where the distances between seismo-
meters were thousands of kilometers, the mean noise cross-
correlation appeared unbiased and reasonably symmetrical. It
was of interest to determine if the same was true when the distance
between elements shrank drastically. Across LASA the minimum
spacing is about & km. The noise on the seismic records just
prior to the LONGSHOT event permitted such a test. Figure 25
shows the cumulative distribution plotted on probability paper
(dashed curve). The mean and standard deviation are 0.009 and
0,35,

A test for independence of the noise between elements
may be made by comparing this distribution with the theoretical
cumulative distribution for the cross-correlation coefficient
between two independent Gaussian sources when the sample size
is comparable to the estimated number of independent samples in
the noise records from the seismograms. This quantity is

N = 2TW

where T is the length of the noise record and W is the noise
bandwidth. The length of the record T = 10 seconds. From
other spectral measurements of other records,11

1/4 < W< 1 cps.

Thus the estimated number of independent noise samples in each
record is about 5 to 20 samples.
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Shown in Figure 25 are the theoretical curves for the
cross-correlation coefficient between two independent Gaussilan
sources for a range of sample size which brackets the estimated
number of independent samples in each record.12 It 1s apparent
that the meesured distribution 1is consistent with N = 9, except
at the tall, where it deviates markedly. It 1s believed that
this wild departure is attributable to the limited number of
correlation coefficients from which the distribution was made
up. That is, the experimental distribution had a very small
number of extreme values. If this is true, a more extensive
test will eliminate the seemingly abrupt truncation.

These results are consistent with the hypothesis that
the nolse at each cluster is independent of that of every other

cluster.

Comment on Detection Efficiency

It was indicated in Reference 2 that the gain in signal-
to-noise power ratio for a teleseismic array is a first order
function of three quantities. These are the number of elements N,
the mean spatial correlation of signal Es’ and the mean spatial
cross-correlation of noise Ph The relation is

ES(N-1)+1
G & ———————
pn(N—l)+l
In this expression N is the number of clusters or subarrays rather
than the total number of seismometers. This i1s because the di-
mension of each subarray is only the order of a wavelength.

The ideal asymptotic enhancement is obtainable when

p. =1 and En = 0. The limiting gain in this case is N, the

s
number of subarray clusters.
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It is to be expected that as the separation between
elemepts increases, both mean correlations ;s and ;n will decrease,
Thus to maximize detection efficiency an optimum array size is one
which 1s not so large that ES departs greatly from unity, while it
is large enough so that P is near zero. The LONGSHOT experiment
reported above suggests that the LASA dimension may be large enough
to accomplish the latter while not so large as to cause significant
degradation in the signal correlation. Thus for detection of main
P in microseismic noise, 200 kilometers may well be within the broad

optimum array size range.
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Section IITI Coda Correlation as a Discriminant

For several monthsGeneral Atronics has been studying the
average cross-correlation coefficient between seismograms
from widely separated stations in response to common events.
This has been done for microseismic noise, P wave onset,

P-coda, and, where possible, pP. All seismograms were time
aligned by eye. The separation between stations ran up to
about 7000 kilometers.

The purpose of forming these mean correlation coefficients
was to determine the extent to which signal enhancement would
be achieved by team formation from arrays of enormous extent.

For the detection problem the signal was considered to be the

P wave in the neighborhood of onset and the noise was considered
to be microseismic; for the classification problem the signal
was considered to be pP and the noise or background interference
was considered to be P-coda.

Array theory indicates that it is the mean cross-correla-
tion between appropriate portions of the seismogram which domin-
ates the amount of signal enhancement relative to background
interference provided by a large array. Consequently, the mean
values of the four cross-correlation coefficients were obtained.

Still speaking historically, it was found that the mean
cross-correlation coefficients for the P wave were reasonably
close to unity, while those for microseismic noise were very
close to zero. Consequently, excellent signal-to-noise enhance-
ments could be obtained for the detection problem. For the
classification problem, however, the data were much less con-
clusive. It appeared that the correlation for P-coda between
stations separated by thousands of kilometers was much too high
to achieve useful enhancement of pP in P-coda. However, the
data were too fragmentary to form such a firm conclusion. Con-
sequently, more events are now being prepared for inclusion in
the study.

AT
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Even though the number of events was not large, the
larger-than-expected ~~da correlation demanded examination
of the data in any weys which night disclose consistencies,
peculiarities, etc. One such examination did disclose a
po..atially important discriminator between shallow earthquakes
and surface =vents. This is the subject of this section of the
report.

A total of 23 events, 12 earthquakes and 11 surface events
have been studied 10 date. The stations were widely distributed
and were in no sense special. The section of coda used is 3 to
13 seconds after P onset. This interval is beyond the main P
wave but before interaction with the Moho occurs. It thus in-
cludes pP for the range of earthquake depths in which we are
most interested.

The 10 second P-coda interval contains 200 samples per
record. An average of about 10 stations each recorded each
event; hence each event is represented by about 2000 data
samples. Each set of 10 records provided 45 E(szN)/Z] correla-
tion coefficients. The average of these 45 numbers is the
statistical variate of interest. It is designated 3;.

The total number of samples is deceptively large, being
about 2000 samples for each of 20 events, or 40,000 samples.
More important to remember is that they represent only 20 events,
which is an inadequate number of permit conclusions to be drawn.
The data, however, force the creation of a hypothesis which is
worthy of testing, and for which testing is now underway.

Figure 26 is a plot of the fraction of events having a
mean coda correlation less than the abscissa. It is plotted
for each of the two classes. The points for the 23 events are
shown. Also shown on the figure are the general locations of
the surface events, the depth of the earthquakes, and the mag-
nitudes for both classes of events. As can be seen from the
figure, no particular location depencence can be observed in the
data. Neither can a magnitude dependence be discovered. There
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can be observed, however, a definite relationship between
the earthquakes of differing depth. More will be said about
this later.

The coordinates for Figure 26 are those of probability
paper. A Gaussian distribution plots as a straight line on
this paper. The number of events is very small in each of the
two cases; however, if we assume that these small numbers of
events typify the real world distributions, a powerful discrim-
inant test becomes available. This is better seen in Figures 27
and 28. The curves of Figure 27 are the derivatives of the
smoothed cumulative distributions of Figure 26. Therefore, to
the extent that the 12 earthquakes typify the earthquake popu-
lation, and the 11 surface events typify their population, the
curves of Figure 27 may be taken as a first estimate of the
probability density distributions of the mean cross-correlation
of P-coda for earthquakes and for explosions.*

The surface event distribution (h=0) offers no surprises.
However, the earthquake distribution is unusual. When double-
humped distributions of this kind appear in nature, it is often
the result of two separate phenomena operating. It is tempting,
therefore, to break the distribution of Figure 27 into two
roughly symmetrical distributions as shown by the dashed lines.
It is further tempting to ask if the events associated with the
left-hand part of the earthquake distribution are in some way
distinguishable from those associated with the right-hand part
of the distribution. We find that the left-hand distribution
includes all the earthquakes deeper than the Moho while the
right-hand distribution represents all the earthquakes shallower
than the Moho.

® & & 00 0 00 0 00 03 3 0O 00O S G0 0 0 00

*Here 1t is necessary to caution that the smallest earthquake
studied had a nagnitude of 4.7.
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This, of course, is very attractive, as earthquakes deeper
than the Moho can, with reasonable confidence, be distinguished
from surface events by other means. It is the shallow gquakes
which constitute the problem, and in Figure 27 their distribution
appears separable from the surface event distribution.

On the assumption that the deeper earthquakes can be
identified by other means, the data of Figure 26 has been
replotted as Figure 25, where only those earthquakes shallower
than 40 kilometers have been retained. The results are strik-
ing. Both the surface events and the shallow earthquakes
follow Gaussian distributions as closely as could be desired.
Further, the separation between these two distributions is large.
In conventional signal processing terms, the signal-to-noise
ratio is 16 4B.

It is hardly necessary to urge caution in expressing one's
optimism at this point. The foregoing discussion is predicated
on too many if's to be taken seriously. Consequently, consider-
able effort is being made at the present time to increase the
size of the earthquake population manyfold. Nevertheless, one
more if is worth observing; nimely, if Figure 26 turns out to be
a reasonable approximation to the real world distributions of
the coda correlation for shallow earthquakes, then an extremely
powerful discriminant is immediately available.
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Section IV Attenuation of Seismic Waves in the Earth®s Upper Mantle

General

A suggestion by Dr. Eugene Herrin that the large dis-
crepancies in the measured spectra from LONGSHOT might result
from low Q regions in the earth's upper mantle prompted a brief
study to discover whether it is possible to determine the
existence of such layers using the spectra of the P and pP
phases of deep earthquakes. This section describes the results
obtained to date.

The absorption strength of a medium can be measured by the
fractional energy absorbed per cycle = Q. Experiments point
toward a Q ~onstant with frequency for the earth. A comparison
of the frequency content of two phases of the same deep event,
pP and P, makes it possible to find the average value of Q in
the upper mantle at the epicenter region. Three events from
the Fiji Islands region were analyzed. These events yield
measurements of Q of the order of 200, indicating that the atten-
uation is one order of magnitude larger than expected from pre-
vious measurementso12

A method is suggested to extend the study to treat the upper
mantle of aseismic regions.

Description of the Experiment
The attenuation suffered by a wave traveling through a
medium is characterized by the dimensionless factor Q, defined

A 2n _ AE .

2? = ?E-= fractional energy absorbed per cycle.
In general Q is a function of frequency. A large number of
observations of absorption indicated a constant energy absorption
per cycleo13 Since no linear relation between stress and strain
will produce a Q constant with frequency, effect other than simple
absorption must contribute to the empirical results obtained by
Howell. This fact will not prevent measurement of attenuation on
the upper mantle.

For a given range, a consian’ factor Q implies stronger

attenuation for high frequencies than low frequencies. The
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attenuation function (energy) for a monochromatic wave can be
considered as
A (ba,w) = e-2a(w) =

A = length of the path

a (w) = absorption coefficient
To find the attenuation function that corresponds to a constant
Q, let

6 = 1 (wave length)
ég =1 - e-zax = gﬁ
E Q
1-1+20.)\-4C12)\2+....=2—TT
Q
for ax <<1 : a = LU
AQ 2¢cQ

where ¢ = group velocity
—t
A (p,w) = e ¢Q _ attenuation function (energy)

In studying attentation in the upper mantle the phzses pP
and P are of particular importance. The path of pP is greater
than the path of P. This additional travel is composed of two
crossings of the upper mantle and the crust in the region of
the epicenter. This fact allows us to determine the attenuation
chrracteristics of the upper mantle, since the ratio of the
energy spectra of P and pP is determined by the attenuation
suffered during this extra path.

For the purpose of this study, the following model will be
used for the earth.

F: TFocus

D: Crust thickmess

H: Focal depth

R: Range to the receiver
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The attenuation functions will be given by the following
approximate expressions:

w A
a) ApP (R,w) =e ©C (2#1)

Ai = length of path in region i, Ci = Q value in region 1

8 - 2(H=Dy) 4 2D 4 (Terms including attenuation in the

Qi Q Qe lower mantle and the crossing of
the upper mantle and crust at the
receiver = T)

-8 (2 (8D gD | g
A (R,u) = 6 © (2 ( 3 ) + 5 ¢ )

2y
b) A, (R,w) = e e

These are the square of the moduli of the transfer functions
of the earth as a filter, for both cases, and therefore relate
the energy spectra, at the receiver, with the energy spectrum
at the focus.

For the following two cases it is assumed tka% the source
spectrum for P and pP are identical:

a) Spherically symetric radiation pattern (explosive type
of source mechanisms)

b) Plane fault as the source mechanism, P and pP leaving
the source approximately in the same direction and opposite sense.

- 2
Bp (w,R) Ay (,R)  +2(2 (552) + 3)
EPP(w,R) APP(w,R)

e

where EPand E P are the energy spectra. This means that we
expect to find more attenuation in pP because it crossed the
crust and the upper mantle two additional times.

Since the thickness of the crust is small (25-40 km), the
effect of the attenuation in the crust (assuming a Q of 200
for both crust and upper mantle) is very small compared with the
effect of the upper mantle crossing.

=5
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2D _ 80 _ 0.4 with D = 40 km
Qc 200

the term 2(532) = 5.0 for H-D = 500 and Q = 200

As a result, should the average Q show a low value, this
phenomenon must be related to the upper mantle and not the
crust.

For an earth without high attenuation in the upper mantle,
the ratio of the energy speectra should have the following expression:

2h 2D

Ep (w,R) 2+ =
S R D « S
EPP(w,R)

where h = focal depth

Q = average Q over ray path = 2000
2h _ 1000 _
Q- 2000
2D _ 0.4
Qe

In this case the attenuation in the crust could not be
neglected; however, interpretation of the results would be
difficult should the upper mantle have an intermediate Q,
(approximately 800). It was the purpose of this investigation
to seek only existence of very low Q's in some regions of the
upper mantle. Hence, we can side step this problem.

Experimental Results
Three deep earthquakes in the Fiji Island region were
chosen to test the hypothesis of a low Q layer for the upper
mantle in this part of the earth. (See Figure 29) These events
were:

.
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1) E.Q. Fi1ji Islands gegion'700t63 13:14:24 .62
23.6°S 179.9°E 4 : 550 xm. M=5.7

2) E.Q. Fiji Islands gegion'TDec63 04:07:52.562
22.1°S 179.4™W 4 = 546 km. M = 5.5

3) E.Q. Fiji Islands Region 26 April 64 14:52:07.62
20,68 178.0"W 4 =490 km. M = 5.1

The energy spectra for both the P and pP phases were computed
for each of these events, and the ratio of the spectra of the
two phases was then compared with the modeled functions for a
layer with high Q and one with low Q. The experimental data
together with the theoretical expressions are shown in Figures
30 through 32 The abscissa is frequency in cps. The ordinate is
the logarithm of the ratio of the energy spectra normalized to
the value at .5 cps. Hence all curves cross the abscissa at
0.5 cps. From these curves the following data may be summarized.
The measured, average Q of the upper mantle for the three events
studied was 455, 216, 272. As can be seen from Figure 1, the
earthquake leading to the highest measured value of Q is the
only one of the three which lies on the Fiji Ridge. This fact
might explain the difference in the observed values of attenuation.
The experimental data obtained are shown in more detail in Figures
30 through 32. These values show a tendency to have a smaller
spread with respect to the least square fit as we increase the
record length.

The least square fitted curves are summarized for each
event in Figures 30through 32.

Extension of the Method to Analyze Non-Seismic Regions

Some seismic stations have shown a greater high frequency
content in their records than others. This could mean that the
attenuation characteristics of the upper mantle are regionally
dependent. To analyze this hypothesis, the following method is

suggested.
Let us assume that we are interested in studying the atten-
uation characteristics of the upper mantle of a certain region
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where there are no deep earthquakes. Let us call that area
region S. We must first study some other region which possesses
both deep earthquakes and a seismic station. ILet us call this
region A. Records obtained at A and a station in S may then be
compared, taking the ratio of the energy spectra of the P
arrivals. The ratio of the energy spectra of the P phase re-
corded at A and S enables us to learn about the attenuation
characteristics of the upper mantle in the region S. It is
important to note that in following this procedure care must

be taken to include any frequency dependent radiation pattern
effects which will result from geometry of the measurement.
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