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P REFACYK

seopuysical duterest in the deep oceun sound (sofar) channel centers
o ity use as a teol for the detection and location of remote events.

Itg potential application to oceanography may lie io the mounitoring of
variations of pnysical properties averaged over long paths by sofar
traval-—-tine measurenents.

Ag the accuracy of computed event locatiouns is generally dependent
on the accuracy of travel-time calculations, the spatial and temporal
variatlon of sofar speed ig a matter of fundamental intercst. The
. author's interest in this problem has grown out of a practical need for

such information for application to the problem of locating the sources
of earthquake 1 waves and submarine volcanie sounds. Although an exten-
sive body of sound-speed data is available from hydrographic casts,
considerably more precise measurenents can be made of explosion travel
times over long paths., Thie dissertation develops a novel procedure for
aualytically combining these two types of data to produce a functional
description of the spatial variation of sofar spead.

Data used in this paper has been collected from many sources. To
name the move recent, a large number of explosion travel-time measurements
were acquired in 1967 through a cooperative effort with John dwing and
David Lpp of the Lamont Geolopical Observatory and with the Pacific
Missile Range. Hydrographic nmeasurements from Scorpio Expedition (1967)
in the South Pacifice were provided prior to publication by Joseph Reid of
the Scripps Institution of Ocecanography.

This work has been partially supported by the Advanced Research

Projects Agency through contract Nonr 3748(01) with the Office of Naval

' Research.
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ABSTRACT

Although an extensive body of data on the speed of sound in the
ocean 1is available frowm hydrographic casts, conslderably more precise
ncasurements can be made of explosion travel times over long paths
through the deep ocean sound (sofar) chaunel. A novel wmethod is
presented for enalytically combining the two types of data to produce a
functional description of the spatial variation of soifar speeds This
method is based on the fact that the integral, over a path, of a series
representation of the reciprocal of speed yields a series representation
of the travel time over that path, the same set of coefficients entering
linearly into both series. Doth types of observations may then be
conbined in the sane natrix equation for estimating the coefficlents. An
exanple is computed for the Pacific Ocean in the form of a spherical
haruwonic function of degree 6. Hydrographic data consisted of values
averaged for 4013 one-degree squares. Approximately 400 temporally
independent travel-time measurements, over paths ranging in length from

o o 4 g .
to 1107, were used. The paths were concentrated in the northeast

17
Pacific., The estimated variance of a single point observation of sofar
I ) 2 . . & :
speed was 1.56 (meter/sec)” while the variance of a single observation
. ; ; 2 . .
of harmounic-mean sofar speed was 0,016 (meter/sec) . These values were

used, where appropriate, for weighting the data during least-squares

estimation of the coefficients of the spherical harmonlc function,
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CHAPTER I
BACKCROUND
The relationsbiip of the sofar channel to seismolopy was established
by Lolstoy aud }i\cinl;"' wio showed that carthquake 1 waves travel through
the sofar channel. Lhey pointed out that the lower speed of sound propa=
gaticn through the occan, compared te the speeds of body waves, might
pernit wore accurcte epicenter determdnations than couventional methods
The detection by sofar of volcanic eruptions was predicted by
Lwing et al.z and demonstrated by Dietz and Sheehy.3 More recent
disceveries by sofar of previcusly unknown submarine volcanoes have been
by Kibble whltL and by Nerris and Joansmn.r

A program of routine T-phase source location was conducted at the

Hlawali Institute of Geophysics from August 19264 to July 1967.6 Using

1 ” w f s - ; :
Ivan Tolstoy and Maurice Ewing, "The T Phase of Shallow-Focus

Earthquakes,' Selemological Scciety of America, Bulletin, XL (1950),
ZJ*JZQ

Maurice Ewing, Geoxge P. Woollard, Allyu €., Vine, and J. Lamar
Worzel, "Recent Results in Submarine Geophysics," Geological Soclety of
America, Bulletin, LVII (1946), 9C9-934.

Roberct §. Dietz and S. H. Sheehy, "Transpacific letection of Myojin

olcanic ”xp]ouiorv by Underwater Sound,' Ceclogical Society of America,
Lulletin, LxV (1854), 941-956.
4 — Hip . .
A. C. Kibblewhite, "The Acoustic Detection and Location of an
Underwvater Voleano,'" Nevw Zealand Jourual of Scieance, IX (1966), 178-199.

Roger A. Norris and Rockue if. Johnson, 'Volcaile Lruptions Recently
Located in the Pacific by Sofar Hydrophones,’ Hawail Institute of
Geophiysics rpt. 67-22 (1968), 16 pp.

Rockne H. Johnson, "Routine Location of T-Phace Sources in the
Pacific," Seismological Soclety of America, Bulletin, LVI (1966),
109=118.
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colaxr depth hydrophones 1n the North Pacific, locations were computed for
earthquake T-phase sources distributed nearly throughout the Pacific.7

The method used in this program for obtaining sofar speed was as
tollows., Ulrst, a contour chart of sofar speed iu the Paclflc was drawn
from hydrograplhic station daza.S Harmoenic meau values were theun obtained
wrapnically alouyg a sampling of great cirecle paths ou this chart. The
paths conuected the nydrophone stations with points arbitrarily selected
along seismicly actlive regions. These data together witihh such explosion
data as was avallable, were used to estimate the coefficients of a
polynomial represeatation of harmonic wmean sofar speed as a function of
latituue and longitude. A different set of coefficients was required for
eacu hydrophona statiou.

This proczdure suffered [row several defects. The labor of graphic
integration discouraged taklng a large satple thereby biasing the
applicability of the functions to reglons of presupposed interest. An
explosion measurcment could only be used for the hydrophone station at
which it was measureds As the functicns for the various hydrophone
stations were baved on different paths, they exhibited a degree of
internal iuconsistency. For example, the least-squares computation of
the locatioun for some events showed excessively large time deviations of

opposite sipgu at stations on neighboring azimuths.

Frederick XK. Duenncbler and Rockue H. Johnson, "I-Phase Sources and
Larthquake Epicenters in the Yacific,” lawaii Institute of Geopliysics
rpt. 67-24 (1967), 17 pp.

Q

Rockue l. Jolinson and Roger A. Horris, "Sofar Velocity Chart of the

Pacific Oceau,’ iHawail Institute of Geouphysics rpt. 64-4 (1964), 12 pp.
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thaere were other indicatloas of & need feor an Lmproved wethod.
Explosion travel time measuraments coffer consdderably greatar preclsion
thhait measurenents at poiluts, as many of the perturbing factors in point
measuremenis are averaged out along the paths. As much of the ocean is
as yeo dnadequately explored, and with the advent of precision navigation
systens, it ds to be expected that many measurements of both types will

“d

accumulate in the future. Efficient use of these data requires that they

statistical fremework where gce of Inforns-

a‘-
i__}
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be combiuved wiki
tion is used put wedighted according to its wvariance
A method for daverting travel time cobsexvaticne to obtain local

o
speeds was proposed by Adams.” In Adams' model the reglon sampled by the

observations was partitioned into a set of sub-reglons within each of
which the speed was constant. IY the observations were for paths which
adequately crisscrossed the region, then a matrix which specified the
paths could be inverted to yileld the speed in each subregion. The
assigament of constant properties to sub-regicas is perhaps appropriate
in the solid eerth where geologically distinct regiong can be recognized,
In most of the ocean, however, the variation is guite gradual and a
continuous function of speed is wore appropriate. A further modification

ie to ianciude polnt observations. Such modificaticus are made in this

Wi, Mansfield Adam , ”Estimating the Spacial bependence of the
Transfer Function of & Coatinuum,” Hawaii Institute of Geophysics
rpt. 64-22 (1964), 13 pp.
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CHAPTER II
SOFAR SLOWNESS

[he computation of travel time by a series representation of speed
would place the series in the denonminator, an unwicldy locatioa. It is
much wore convenient to work with the reciprocal of the speed.
Furthermore, as the elliptdeity of the earth must bLe taken into account,
it is more coavenient to reduce speed measurements at points to the
cguivaelent angular speed about the earth's center than it is to reduce
the arc length of a travel path to linear measure. Consequently, the
analysis to follow will be in terms of the reciprocal of the geoceuntric
angular speed of sound at the sofar axis. This will be called the sofar
slowness.

Distances are calculated for arcs of great circles., The departure
of a great circle from the geodesic on an ellipsoid is probably of less
consequence than the neglect of horizontal refraction. Over most of the
Pacific the horizontal refraction at the sofar axis is swall. For
example, along a travel path between Hawaii and Celifornia the horizoutal
radius of curvature of a ray would be roughly 100 earth radii. However,
a ray croszing the couvergence between the Kuroshio Lxtension and the
Uyashio would be subjected to quite stroug comtrasts of sound speed. For
a plaue boundary betwsen the two currents the maxioum refraction would be

o ’ -
about 8 . lowever, the actual boundary is one of neanders and eddies

Ceorge L. Backus, "Gecgraphical Interprctaticn of Measurements of
Average Phasce Velocities of Surface Waves over Creat Clrcular and Great
Semi-Circular Patis,” Seismological Society of America, Bulletin, LIV
(1964), 571-610.

Michitaka Uda, "Oceanography of the Subarctic Pacific Ocean,"
Journal Fisheries Research Board of Canada, XX (1963), 127.
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CHARTER LLL

ATISTICAL MODEL

s

ok the slowness § be represented as a function of eolatlitude 0 and

5 (6, ¢) = L b, H, (8, ¢) (L)

viiere the ii are linearly independent functions of position and the bi
are coefficients to be determined. Travel time t is the integral of
(1) over the path p, here assumed to be an are of a great clrcle.
t o= [ 5 (9, ¢ = L b, [ Hi (b, ¢) (2)

¥ o] i=1
The fundamental point of this paper iz that the sawme set of coefficients
bi occurs linearly in both (L) and (2). Therefore, the coefficients may
be estimated, as by the method cf least squareg, either frowm a set of
slowness observations at points or from a set of travel time observations
along patins or from a comblpation of both. The matrix cequation for the

estimation is

(= 0B+ e (3)

it
il
-

wherea

1

a vector of observations,
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a (3 + k) by m condition wmatrix,

BY® Lhyx Bye aevs Byy wesy B

a vector of coefflcients, and e is a vector of residual errors.

By the ordinary method of least squares the coefficilents are
estimated as

B = ('H)7T 2y,
(the circumfleox accent denotes an estimete of a raudom variable.)

tiow the value of m is a matter of choice; a lurger value will
usually provide a better fit of the function to tho data but the function
will be wore cumbersome and take longer to compute. A method of

estimating the coefficlents of a serles verm by term, thereby postponing
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the decision on the number of terms, has been woried out by Fougere.

Farte of his wethed will be applied to the present study.

Fougere's metlicd involves replacing the tern

equal terw AA in which the celumus of the matrixz

gonal, Then when 4 is estimated as
”~
. P R
8= (x\*_' I\) -";' X M

X'X is a diagonal matrix. Not only is its invers

| compontenits of A are independently determined as

" % § \—l Rt

A, = (3,'X,) b

i 5 A i
where xi ie che ith column vector of X. Therefor:
the matrix 3 column by columm, then the coefficie
oune by one,

The well known Cran=-Scumidt preocess is a met

a set of mutually orthogonal vectors in the vecto

set of linearly independent vectors (such as the

<

o

procedure is to first speclfy one columnn vector

be a column vecter in X. Then the next colunn ve«

by subtracting, from a second columm vector in H,

first colum vector of X. Each succeeding cclumm

cting, from a corresponding cclurn of I,

(S84

by subtra

to previcus columns of X. X, then, is bullt up 1

~ A

It remains to deterwine B from A. The CGramn--

considerad as a linear transformation C such that

HC = X.

l D
L

Paul F. Fougere, "S

1133<=1139.

.

p g2 x
T i A

colums of H).

STRERAD ST D g N
bAoAl e lhids AoV
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)
“a

in (3) with an

are mutually ortho-

on trivial but the

, 1f one can construct

ts Ai can be computed

od for constructing
space spanned by any

The

f
iy

H, say the first, to
tor in X is obtained
its projection onto the
of X is then generated
all compeonents parallel

the desired nanner.

chnidt process may be

herical Harmonilic Analysis. 1. A New Method and
Its Verification," Journal of Geophysical Research, LXVIII (1963),
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HC for X gives

=
-
v
-
-
-
o
=
@
p
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e
~
oo
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=}
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Lo

¥ o= HOA + 2

Comparison wich {(3) shows that B » CA., 4 method #or computing C 1ls

Z
aiven by Fougere
,‘7-&)\— S A {:’\— . - o

The ordinary method of least squares applies to the case wherz the

o

observations are uncorrelated and of constant variance. In the present

case, although the assumption of independence will be made, a significant
range of variance dis encountered. Treatment by the genevalized metlivd of

least squares ig therefore required.
In the uncorrelated case the generalized metl od accomplishes

wedlghting., The procedure is to ultip {3 >y a nonsingular m ix
wedghting lie pr re is t remultiply (3) by onsingul atr

wiere I 1s the expectation operator. In the uncerrelated case, T is a
diagonal matrix the elements of which are the reciprocals of the square

LI & ,
roots of the variances. (ne then has

from which the least squares estimate of B is

1

one substitutaes XA for TiD where X is

iow an orthogonal matrix derived from Til, The alements of A zgre now

- Ibidd., pe 1135,
k)
. N X g ! . ’ i ¥ . 4 x 4
A. C. Adtken, "On Least Squares and Linear Combinations of
5 )

Cbservations,' Royal Society of Edionburgh, Proceedingg, LV (1935),
1 2 ~45 .

b : 3 —— o o Wt -
J. Johnston, Lconometric Methods (New York, 1960), pp. 186, 208.
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CUAPTER IV

DATA

The point slowness data, derived frow hydrograr

hic casts, consist of

valuws assigned to the ceuters of 4013 ovne-degree scuares distributed

throughoat tuhe Pacific. These include the data uwse
dorrisT in constyucting a hand-drawvn sofsrv-speed cw
here as Figure 1). Thosa data have been supplement:
doeta from Scorpio Lzpeditions I and IT (Eltanin Cru
Mavch=July 1907) which croszed the South Pacific al

Lach value is the average of those computed fr
taken within that one~degree square. Sofar speed w:

; . 2
nydrographlc measurements by Wilson's formula. Co

gpeed to geocentric angular speed was by the formul:

1 minute arc/second = (1852.26 -~ 3.11 cos 260)
wherz © 1is colatitude, Thig formulas ie an epproxin
naticnal ellipooid.

The variance of the data was estimated by comp
sofar-speed contour map (Figure 1). For about 1400
squares, the slowness assigned was based on a singl
in each squave. The difference hetween these value
the contour map yialded an estimate of variance of

This is equivalent to a speed variance of 1.56 (uet

Rockne H. Johinson and Reger A. MNorris, "Geogre
Sofar Speed and Axis Lepth in the Pacific,” Hawaii
Geophysics rpt. 67-7, (1967), pp. AL-AS3.

Wayne DI, Wilson, "Speed of Sound in Sea Water
Temperature, Pressure, and Salinity," Accustical So
Journal, XiXIL (1960), 641-044.

by Johnson and
tour map (reproduced
:d by the hydrographic
ses 28 and 29,

0.
878,

mg 43°s ana 2
am hydrographic casts
18 computed from
wversion from linear
\

eters/second

ite fic to the Inter=-~

ixing them with the
of the one-degree

: hydrographic station
v and the value from

.3.2 (sec/radian)”.
2
:rs/second) .,

vhic Variation of
lnstitute of

15 a Function of

:iety of Anerica,
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for n sgingle neasurement. For those

vy & o - v ey - s F . 1. (Ve
This 48 Lk estipdle gL wayrianee

squares represented Ly n hydrographic casts, the variance of the mean is

smaller by a faccor of 1/n.

s

The travel-time data represeant 124 paths crisscrossing the northeast

o N

Pacific region showa In Filgure 2. These date have accumulated from

experiments conducted by a number of organizations. The most recent, aad

spatially most extensive, was conducted in connection with the cruise of

the Courad from Victoria, B. C., to Tahitdi, to Panama during August to

Octobar 1967. This vessel was equipped with a satcllite navigation

n
systen wirich provided positional precision of about one-half kilometer.”
Travel times were successfully measured from 33 Conrad stations, the
ship's position being fixed by satellite navigaticn for 23 of these.

In order tc weight tuese data against the point observations it is
necessary to estimate their variance. An experiment. involving repeated
neasurements over the same paths was coaducted frowm February 1966 to
July 1967, This experiment consisted of dropping ten scofar boubs
(4-1b. TNT) cach month into an array of hydrophones near Midway Island
and recording arrival times at a number of other hydrophone stations
around the North Pacific., As the experiment involved fixed hydrophones
at both ends cof the paths, the distances cculd be ¢uite precisely
computed. The resulting sofar speed calculationeg, for paths to Oahu,
Wake, and Iuiwetok, are plotted in Fipure 3. Each -lotted vertical bar

is centerad at the mean for approximately ten e¥plesions fired at

two—-ninute intervals. The lengths of the bars indicate a range of plus

Manik Talwani, H. James Dorman, J. Lamar Worzcl, and George M.

BEryan, "lavigation at fea by Satellite,” Journal oi Geophysical Reseaxch,

LXXI (1966), 5891-5902.
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and winus one standard deviation., At Oazhu and Iniwetok where signals
were recelved at more than one hydrophone the positions 6f the plotted
vars have been offset along the time axis for clarity. The standard
deviation of the harmonic-mean sofar speed, for a set of ten bombs
dropped at two~-wminute intervals, was typlcally about 5 centimeters per
sacond, liewever, the raunge of sofar speed for a lo-month period over
cach path was about 50 centimeters per second.

The observed temporal variations, then, indicate an upper limitc on
the precision obtainable frowm travel-time measuremonts., They will be
cupleoyed herw to estimate the varisnce of a single path slowness
measurement taken under conditions of precise navigation.

Given a set of n paths for which the covariances of sofar slowness
have been estimated, consider a path composed of a .l those paths laid
end to end, Thé composite path 1s now a single path for which an
estimate of variance of sofar slowness will incorpcrate all the available

information. As the travel time over the composite path is equal to the

sum of the travel times over the individual paths,

. n 1L Y
S I H, = % S b, e
per b qey 1R

is the nean slowness over the composite path, and the Ai and Si

o

Lere

are the distaunces and mean slownesses over the indiwvidual paths.

The variance of § is

1 n
% h) Ai Aj (o SN
i=1 j=1 +3
2
g% = —
1 n

[ ——
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{or covariance U‘j between paths L aud j.  The ectiwmate of ¢° obtailned
4 =

r

, y o e A | » h sl L i
from the experiment just described was 0.134 (secoud/radian)”. This is

about one hundredth that of a seyvation., This value isg
used in this paper to welght those path observations for which the
sampling was not adequately distributed through the year.

All path data used, except for ten of the Ccnrad stations, were

obtained under such conditions that the distancese could be measured with

high precigion. The gituation in each case was one of the following:

3¢

a) Loran-C navigation of the shooting ship in a region of geod
control,
i) satellite navigatiou of the shooting shi,
c) the shootiug ship approximately on a great circle path between
fized hydrophones (travel time was for total path between fixed
hydrophones),
d)}) explosive dropped into a fixed array,
e) microwave navigation of the shooting chi, .
The recelving hydrophiones were always fized.
buring the last part of the Conrad cruise tihc satellite navigation
equipment was inoperative. hLowever, as the paths wers long, cilrca 90
degrees, the less predise navigation had a proportionately small effect
o the precision of the path length computation. The varlance for these

observations was estimated by treating

them as repcated obzervations over
the same path. This appeared feasible as the plotted values of nean
sofar slownoess versus Conrad station nunber showec no significant drifc

e

; . " : ; " 2
over this range of stations. The variance estimated was 1.0 (sec/rad)”.



CIAPTER V
SLOWHESS FURCTION

The cholce of the form of the functlonal represeatation for sofar

o . 53 . ;
slowness is arbitrary, depending on the extent and character of the
. region and the expected application. Features such as the Antarctic
contvargence and the Oyashio~Kuroshio (Coanvergence suggest that
discontinuities may be appropriate; howewver, such an approach has the
auded requirewmcnt cf defining boundaries. Again, the relatlve utilicy
may be debated of computing a continuous function for the eatire ocean
versus computing a set of less complicated functions for smaller areas,
A major expected application of this function is to the computation
of travel times over long patha. Such a process 1s conceptually
simplifiied when the function is specified by a single equation througlout
tiie domain. A set of such functions for which the properties on a
spherical surface are well known is the spherical surface harmondics.
With these substituted into equation (1) iu place cof the hi’ the slowness ’
function of degree r takes the form i
!
b “ i il m ;
2 - - o i " )
S o= 0 b Px (cos €) (an cos m ¢ + br sin m ¢) (5)
1 t i
n=0 n=o !
where '
i ]
d° P  {(cos @) ;
T m B
P (cos 0) = s8in 6 =-— S i
Ly
1
d (cos ©) b
Equation (2) requires that spherical harvwonic unctions be
’ !
integrated over the travel paths. An exact method would involive :
' 4
rotation of the pole of the coordinate syatem to a jole of the path, ¢
5
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1
followed by integration over the path. As an expedicency in the pregent

1

, however, the integrals were approximataed by summatilons, with the

case

harmonic functions bedl

1y evaluated at inecrewments of 0.08 radian or less,
This increment was found to yield an accuracy of 0.0k or better over

the paths dnvolved.

By diwviding equation (2) by distance A one rwas the mean slowness

e i oL
< = P—_ st % e e e
o L 0.
il L
& /
s b
I3 4
"W 3 &=

th terw dn the sunmation is simply the averco e value ol the

ceponding harmonic over the path. This modi{ cation of equation (Z)
allows one to counbine repeated measurenents over  =2arly the same path

by divect averaging of the meon slowness values.

" ;
Lackug, op. cit.
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A decision ls reguired as to the depgree, r, “o which the function

ehould be computed. Some degree of suljectivity s inevitable, whether
it takes the forxin of choosing a confidence level r of dasigning a
1

utilicy function. Under Fougera's method the dec .sion on the number of

v

termsg iu the series may be made at any point in t:e calculaticns. The

progragsive dmprovement in the fit of the functici to the data, as well
as the computiang tiwe, may then influence the decision to terminate. The

fit of tiie fuuction to the date is indicated by th.e residual veriance,

i -y
v i l;x-Y = © w ty [X .
- b & 4 0H. A i,
B ¢l . i i
P i=31
£ e

i = P
n-i tr T°%

where n is the total pumber of observations, m is the number of
coefficiente computed, and vector notation is as 1 eguation (4). This
formuia, adapted from Fougere, is conveunient for - :quential computation
but cannot be hiandled with sufficient accuracy by the computer when, as
in the present casae, Al is orders of magnitude la jer than any of the
other Ai. The difficulty is avoided bty treating i e first term iu the

summation in o more elementary manner as follows

~ ~ : A

(T¥ - X, A)' (IT - X, &) - I X

= —— —

oo
4

[y

e

>
S

ro

m _—
n-m tr T'1

, A 0
. . . '
During the computing of the coefficients, A,., a graph of o~ versue
Al

m was printed by the computer at values of wmw= 1, 4, 9, . . ., corres~

ponding to integer values of the degree of the splorical harmonic
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sordies. By wonitoring this graph and the computing time a subjective

determination was made of the utility of continued computing.

Computing was terminated with the computation of 4Y coefficiencs.

The residual variance at this point was 14 (sec/red)”. The graph of

"

regidual variance versus number of terws is Figure 4. The coefficilents,

both for tlhe orthogonal basis (Ai of equation (4)) and for the spherical

.

harmonic bases of degree 4, 5, and 6 (25, 36, and 49 terms), are listed

unction is

n

in the Appendix. A contour map corresponding to the 49Y9-term
shown in Figure 5. Tor ease of comparison with the hand-drawa sofar-
speed contour map, Filgure 1, the contours in Figure 5 have been converted
to speed. Figure O shows the reglonal distribution of residuals fcr the
degrec—six function. The spacing of the regions in this figure suggests
that barmonics as higih as degree twelve might be required to signifi-
cantly reduce the residual variance.

While the coefficients in the orthogonal basic are independently
determined, those in the sphericeal harwonic basis change with the degree
of the series representation. The zeroth-degree term of the higher-
degree representations departs significantly from the constant term in
the orthogonal basis (Al). Thig behavior is & recult of having the data
coufined to less than one hemisphere of the earth's surface. The
function takes on widely ranging wvalues on other parts of the sphere as
the least-squares process accommodates the data within the region of the
observations. Of course the function is intended for application only in
the Pacific and the glcbal mean of the function nced not represent the
average slowness in the Pacific. Fougere, on the other hand, in dealing

with a glcobal phenomenon (geomagnetism), found such so-called instability

|
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rﬁjuuuiuuabl¢.l As lLiwdicated by Figure 6, the langest geps In the data
in the Pacific are on the order of 15 to 20 degrces in breadth., As the
shwortest wave length in the degres-six spherical harwonidce serles ie 6C
degrees, it may be assumed that no grose deparcvres from probable values
of the sofar slowness cccur within these gaps.

Another question is whether the sample spacing dis everywhere

adequate to prevent aliasing. The features most likely to give troublae
in this regard arve the Kuroshio-Cyashio Convergence and the Antaretic
Convergence. 7These are practically discontinuitics at any ilastant,
however the time-averapged variation is sowmewhat loss abrupt. Except for
a seasonal blas, the sampling in the northwest Pacific is probably
adequate as nearly every one-degree gquare 1s sampled and the temporal
meanders of the Kuroshio no doubt exceeds this spocing. The region of
the Antarctic Convergence, however, Las been quite sparsely sampled and

one may expect scwe mnisrepresentation cn this acccont. The only remedy

is to collect wore date.

Paul ¥, Fougere, "Spherical lartonic Analysie. 2, A New Model
Derived from Magnetic Observatory Data for Lpoch 1U60.0," Journal
of Ceophysical Research, LXX (1%05), 2171-2179.




CHAPTER VII
CONCLUSIONS AND RUCOMMENDATLONS

vofar travel-time measurements may be analytically combined with
local measurewents of sofar speed to obtaln a functlonal representation
of sufar slowness, provided that estimates of the precision of the
various measurenence can be made. Employment of cuch a representation
in source~location cemputations will, at least, render the computations
internally consdstent. Furthermore, tue representation here provided
for the Pacific Ocean utilizes nearly all the presently available data.

As, 1o the central North Pacific at least, the long-term
fluctuations of sofar speed show no strong correlation with the seasons
an attempt to predict temporal variations Is unot presently feasible. In

high latitudes seasonal variations are, no coubt,

more prouounced. It
should be noted that trnere has been an understandable tendency to collect
such data during the summer months and the present representatlon is
biased in this respect., For high latitude paths there are other
problens such as scattering and refraction at convergences of strongly
contrasting currents. Also the vector field of ncar-surface currents may
significantly alter sofar travel times where the sound channel is shallow,
The largest gaps in the point data occur in the South Pacific.
These are being rapidly reduced by oceanographic <xpeditions, however,
insufficient attention has been paid to the concurrent collection of path
data. The relatively high precision of such measurements make them quite
valuable although they require coordination between the shcoting ship and
the receiving stations. It is recommended that sofar shots be carried
out routinely by future expeditions, especially on ships equipped for

satellite navigation.



cousiderably greater Lenefit would be derived frow such shote were
not the locations of sofar hydrophone stations ceonfined to the Horth
Pacific. Hydrophone stations in thz Scuth Facific would also be of
value for monitoring of volcanic and selemic activity. tast Paclfi
lise an< Puclific Antarctic Ridge are poorly coverad by the present
seilsmograph network., Even the hydrophone networl in the Horth Pacific

, ‘3 4 ) : .

detects and preovides lecations for many more selcmic eventas. The con-
ventional seilsaograpl station at Macquarie Islan has also denonstrated

: ) . 2 .
its effectiveness in detecting T waves from thes: regions. Perhaps
advances in buoy technology will reduce the expeunse of sofar hydrophone

iunstallations for geophysical purposes to a feasilble level. If so,

their deployment in the South Pacific is recommended.

Duennebier and Johnson, op. cit.
5
“ R. J. 5. Cocke, '"Observations of the Seismic T FPhase at Macquarie
Island," lew Zealand Journal of Geology and Geopliysics, X (1967),
1212-1225,

27

C



TABLE I.

COEFFLCIENTS OF
ON COMBINED POINT AND PATIL DATA,

APPENDIX

SLOWIIL 58

FUNCTION BASED
SECONDS PER RADIAN

Orthogonal
fexrm Basis Term Spherical Harmonie Bases
Degree 4 Legrze 5 Degree 6

1 4307.23483 aoo 4124,5606445 2820,40786%° ~ 2419.2008%6

9 12 .355392 alu - 209.015785 ~1463.627584 ~ 5042.197530

3 G.246447 ail 498.3270824 «3157.376289 ~-14747 .38117¢

b 11.311573 bll 8.226817 -~ 717.47%0687 - 5161.292183

5 4Lleblb227 azu 349.489875 820.844368 6165.064522

b - 1.649976 uzl 175,732320  =-1372.345257 - 4721,846920

7 19.,403915 bzl 42.,970575 - 271.430561 - 1724,798065¢

8 W 147446 3?2 125.344011 -~ 688.645953 -~ 3220.198352

Y 113214 bzz 28.076486 - 354.621521 - 2587.788679
10 13.,181213 330 168.690813 1111.508249 3995.825719
11 -  2.161591 a31 78.072820 - 24.077136 1400.,004158
12 17.5539790 b31 69.856480 37.4337806 597.451722
13 - 1.165633 332 12.058124 - 185.278502 = 634.077873
14 1.932945 b32 6.772749 - 87.002587 -~ 569.893991
15 -  1.050626 a33 9.662373 - 57.739663 -~ 259,022498
16 - 751462 by 5.912725 - 54.007345 - 417.820124
17 254196075 aéﬁ 22,977012 39.095683 - 400.,699071
18 ~ 10.847346 341 13.435176 €6.,188434 604.154607
19 12.212422 b L 15.297564 73.485307 313.931306
20 - 4.501008 342 0.252737 - 16.062215 55.844508
21 0.441711 b42 7.311346 - 1.%30994 02.336863
22 - .103810  a,> 0.345259 -  9.512403 -  28.925778

Lo idl



SLOWRLESE FUNCIIOH
SECONDS PLR RADLADL

TABLE 1. (Continued) COLFFICIENIS OF LASED

Chi COMBINED POINT AND PATH DATA,

Urthogonal

Lerm basis Texm .. Spherical larwendic bases

Degree 4 Degraes 5 Degree 6

0.23338¢3

= 7.51468¢

8

61.520180

23 4 -

24 -~ 198757 a44 - 0.234734 - 1.878086 ~  6.588870
25 - 216948 béé - 0.216948 - 3.414519 ~  30.098130
26 - 21.341675  a. . 78.9440Y6  ~ 316.2066577
27 - 2.608631 a51 34.783559 -  26.068659
28 9.983725 bjl 14,812687 26.696707
29 -~ 2.236276 aSZ 2430671 15.905405
30 2.310547 bSZ 4,594276 24.30472
8L = 589166 a53 - 0.682360 0.1243804
32 - 330528 b ~  0.214661 2.097999
33 - .132765 a54 -  0.189583 -  0.121911
34 115480 b54 0.225368 ~  2.655991
35 - .019713 a55 . 0.014022 0,126363
3% = ,077437 b55 - 0.077437 -~ 0.999484
37 - 13.859641 aeo 12.592135
38 6.980897 abl 44594095
39 - 974733 bél - B.G46851
40 - 3.836010 a ~  2.325553
41 1.105536 1. ° 1.233674
42 - 260722 a63 - 0.086915
43 - 410920 bs3 0.401331
Lb - 048518 a64 - 0.044545
45 T - uNE03E. b)Y - 0.000065



PTABLE I.  (Continued) COLFFICIENTS OF SLOWIESS FUNCTLON BASED
04 COMBINLD POINT AND PATH DATA, SECOHDS PLER RADIAN

' Orthogonal

Jerm .. Basis Lerm e Spherical larwonic Bases
L J
- Degree 4 Degree 5 Degree ©

bt LOL4T758 a 0,012322

47 = . 022730 b " U.040884

483 LO02026 a 0.006057

49 - LOLZ400 b = 0.012400
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