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i~~ l:ertlfy that we have read tld. r:; dissertation and thut in our 

opinion it is satisfactory in scope aud qur.-tlity as a dir:> sertation for 
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PHEFAC}; 

0 10 ti.; u 1.1s1J :1:.:1 .:.i too_l_ for the dt::t::!c ti.on a.rtd locdt i ou cf rer .. o te t.tVL'll t s. 

lt 8 pot<_;nl:ial a pplication to oceanograpliy 1~.ay lie in t he rnonlturlu i; uf 

·v;.iriatious of physical p rope rtie c averuz.~d ove r l o ng path::; by sofur 

t !'.:nvel-tJ.me i:~e~u> uremmu:.i>. 

As th•.; a c.c u:::-<.~cy of computed e vent lo<;; a tious i ~1 gen~ ru.lly <.h.ivendcnt: 

011 L il '-~ accu::acy of travel-t i ir,e c alculutiuns , the sp2tidJ.. unJ tt1111yor.:ll 

va r iutlon oi sofur s~ieed is a matter of fundament al inte r es t. The 

author 7 s interest in t hi s problem hns g roi;...·n out of a p ractical tleC ll for 

such infor1aatt uH £or uppl lcatlon to the problcr..: of locating the sources 

u f earthquake I waves and s uuuiarine volc;au:J.c sounds . Although an exten-

sive l;o dy o f so und- speed data is a va i lable from hy · rographic casts, 

c01wide rably . more pr e cise measurements can be made of E. xplosion travel 

times over long paths. This dissertation de velops a novel procedure for 

a.uu l ytically combining these t wo type s of da te". to i) roduce a functiona l 

descript ion of t he spatial variation of sofar S?ee • 

Data used i n this paper has been collac t Ed fron, many suurces. to 

name the more rece nt, a large number of exploi;;ion rave l-tit-ae measurements 

wen: acqui red in 196 7 t h rough a coope r a tive effort with J ohn 2wing an<l 

Davi d tpp of the Lamont Geolo !jic.:tl Observatory and wit 1 th~ Pacific 

:Mis::;ile Range. .' ydrographi c measurE!ments from Scorpio Expedition (196 7) 

in the Souti1 Pa cif ic ~Je re provi<led prior t o p ubl i c::.t ion liy Joseph Reid of 

t he Scr ipps In s tlt.:ution of Oceano graphy . 

1'i-tis wed: has bt=e1 partially Gupport.:!d by the Advanced H.esearch 

Projects Agency through contra ct Nonr 3748(01) wit h the Office of Naval 

Rest:arch. 
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ABSTRACT 

Althou!!J1 an e1:tensive body of data on the speed of oound in the 

ocean is available from hydro graphic casts• consi dcn1bly trore precise 

1iK.:!as uremcnts can be made of explosion travel times over long paths 

thruugh the Jeep ocean s oun d (sofar) channel. A novel met hod is 

presented for analytically combining the t Ho types of data to p rodu ce a 

functional de.;.; cri p t ion of the spatial varJ.ation of sofar spc\:! d. This 

nli~ thoJ is base J on t he f act t hat the integral, over a path 9 o f a series 

reprG!s entation of t lw re cip rocal of ~>p eed yields a series r ep resentation 

o f the t rave l time over t lia t path, t~1E same set of coefficients entering 

linearly into bot h series . Do th typ es of observations may then be 

combined in the s a n.e n.atrix equation for estimating t he c oefficient s . An 

example is co1uput12! d for t he Pacific Ocean in the form of a spherical 

harx ,onic function of degree 6. Hydro graphic data consist~d of values 

averaged for 4013 one-degree squares. Approxirnu tely 400 temporally 

independent travel-time measurements, over paths ranging in length from 

0 0 
17 to 110 , were used. The paths were concentrated in the northeast 

Pacific. The estimated variance of a single point observation of sofar 

2 
speed was l.56 (meter / sec) while the variance of a single observation 

2 
of lrnrmo;_ J c-mean s o far speed was O. 016 (meter/sec) • These values were 

used, where appropriate, for weigh ting tli~ data during least-s quares 

.:sti rnation of the coeffici£,nts o f the spherical har monic function. 
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I I 
CJlJIJ'T.L:J ; I 

Tit e rcla l iousllip of tl1c sofur 'c.:hanrwl to scimoology was l~Stabli o he d 

t J, ' Go far ch~ ;.: :. r<-.!1. 'J'J; c.: y poi.ntud out th.:i t Lhe l o we r i:;i:,eed of sound -propa-

gat i c n lhrougi ~ the Lh.~C."1n, comp;.1re d t:o the spe eds of body wave!:; , mig h t 

LJl2- >:rnlt 11;or..-.! .n.ccur ;it: c 12piccu t cr ck:te r minntions than couvent::!.onal methods. 

Tit <:! dc: t i.:ci:ion b y sofar of volcanic eruptions was predi cted by 

~1ore r ecent 

disco veriEc: c; by so f a r of previously unknown s ubmariue volcanoes have been 

4 5 
by ;:~i bble•-..i 1itc an d by ~Jcrri s and Johnson. 

A progr cun of routine T-phasc source locatton was conducted ut t he 

llawa.ii 
6 

Ins titute o f Geophysics from August 1964 to July 1967. Using 

l 
Ivan Tolstoy and Hauricc Ewing, " l he I Phase of Shallow-Focus 

Earthquakes , 11 Seismological Society o f Ame rica , Bl:lll~, XL (1950), 
25-·5'.L . 

2 
Haur1.ce Ewin g, George P . Hoollard , Allyn C. Vine , a nd J. Lamar 

Worzel, nRe c e nt Results in Submarine Geophysi.cs," Geological Society of 
America, ll uJJ.et in_, LVII (1946), 909--9 34 . 

3 Roue rc S. Dietz an d s . H. Sheehy. "Tran spacif lc L'e: tection of Myojin 
Volcnnic E;'{plosions by L'ndc r water So1Jnd ," Ceologi.cal Society of America, 
l~_l!J.J.~Ji:-12.t 1.\V (i95L1) , 941-·956. 

!: 
• A. C. KiLblewl1 itc , 11The Acous t ic De t e ct.ion and Location of an 

Unden;r: t,~r Volcano , 11 New _?; oaJ.and :}~ £f .§cie~- ' IX (1966), 178--199. 

5 
Roger A. Norris and Rockne l! . Jolmson, " Vol crn :ic Eruptions Recen tly 

Located in the Pa cifi c by So f a r Hyd r ophones , " llc~wa :!. i I n sti t ut e of 
Geop hysics rpt. 67-22 (1968), 16 pp . 

6 
Ro cknG li. Jolrnson, " I<outinc Location of I-Phar:e Source s in t h<a 

Pacific, " Seismological Socie ty of America, ;r1ulletjE_, LVI (1966 ), 
l OSJ-118. 
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:::ul.:,: r 1kj :r t n liycl r opi:.on ws in the : o rt:i Pa ci f ic, locat ions \J~re computed for 

e~. l' tliqun.l:.c }:_-phase sourceG c11~J tribute<l nearl y throughout t he Paci(ic. 7 

T ... : rn2 ti ~o i u seJ in t l ti s p ro gram for o bt:1.i ni11 g t>ufa r sp~eJ wa G a!; 

f ..:.0 .Llu1.s. L! .. n ; t , a .:.:on tour c h.ar t oC s oL::i r 8peed .iu tli E: l'ac:L flc was c.lrmm 

gr..; p~•ically a. l u.tg a. san;p llHf. of great circle paths ou thls cliurt. ThL! 

pat!is conu'"'ct<.:c..! tile Hyuropbon0 statLms with poiu Ls a1:bi.trarily sel~clt;c l 

alo;l 8 s~;J.!J;n~.cly active r egions . 1'h~se clata tog8 tl!er 1-i"l tit such explosion 

dai:Lt as W-"ti ava.ilabl"'• "'~ r t::: useu to estimate tlt~ co-::!ffic:ieuts of a 

polynon..ial repn..:'.sen ta ·ion of harmonic l!laan soL1r spe~<l as a .functi on of 

latitu,.e: and J.o rqj ttu.12 . A di f fe r ent set of coefficitmt!:> was required for 

8ac<1 byJropltuw:i 8t.a t.i..o n . 

Tllit; p roc~uu:r~ suff~n; d fru111 sev~ral defects. 'fh8 labor of graphic 

inL12grat:iorl discv'l.raged taking a l arge ~atuvlt:: thereby bia::;iug th e 

nvplicabilitj o f the functions to rt:!glo1rn of presupvosetl inte1·est. An 

t:xplosion L'\eHSUL'L!rru:nt coul d onJ..y be used for the h y drophone station at 

whicl1 it was m1.w.:m:ced . As th li:. functions for tiie variou s hydrophone 

statiOllS were L<.! .. eJ on <lif feren t paths , ti1ey e:YJ1ibited a d~gree o f 

in tern al iucunsi ~;t;;ncy . For examp l e, the leas t-square:s com1>utation of 

t}1e locatioil [ or souie ~vents sl·101,7ed excessive ly l a r ge tlrue deviations of 

opposite sigu at stat ions on n eighborin g azimut hs . 

7 Fr <:::cie rich. K. Du emiebier anJ Hockw3 
Larthquak.: Epicenters in the P.:icific," 
rpt. 67-2 4 (19G7), 17 PP• 

'll . Johnson, "T-Phas~ Sources aucl 
Hawa i i Ins titute o f Geophysics 

8 
Rockne. 11 . J o hnson and Roger t • • Uorr is, "Sofur Velocity Churl of the 

P.aciflc Oc"-'ah, " Hatvuii lnatitute of Geop liysics r p t. 64-4 (1964), 12 pp . 
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' i ·. ~t":..! ·1'"'c.t: ..:: 0Ll 1c r iu dica L.lou :-; uf ~: w :cc: f er Clll :f.i•:i >rOVt!d n;c tho <l . 

GccumuJ. a. t c; il1 t.it u futur ,':! . Effici en t use of t hese d ;.:,t."l n~. quire s that t hey 

Li~ cornbiL:c;<l \dtl~in .a s tatistical f re.mework where enc!1 p i 2c2 of :lnfo rr~:<.l~-

tion is uG2ri ~ ut weight etl according t o it s vnrian c e . 

A metl1od for invertirq; trave .1. time obse r vn ti~HB t0 ob t ain local 

9 
\vcW prop osed by Adams . I n Adams' mode l t n r.: l"l!g:Lon sampl ed by the 

observci tions wm.i partitioned i nto a s e t oi Ei ub-re g !.om:: wit hin encil of 

which the speed ~as constant . If t he observatio!1s were for paths whi ch 

aJequatt.>:ly crisscr ossed the recion, t l1eu a ll!3t r1.)~ wtiich specified the 

pa t l18 could b .;;; inverted to yield tiw spc; ~d ::tn eu::h s ul:: r c::zion. The 

as s i g.:unent f cons tant properties to s ul.i-rcl:ions i G perhaps nppropriat i:; 

in ti1\..! sol id eart ll where ge.ologically dist i nct r eg i.ons can b e recogniz<::id. 

In mo s t o f the: oc~ an, howev c:! r, t he v.iria t iou i s qu ite gradual and a 

ccnt :.'..11uow3 f un c tion of speed in t:?Ore Hpp rori:r iat ·· • .\. f urther modification 

i.s to :ia c ludc. po i :1 t observ a tions. Suell mo~lficatione :1n~ u.ade f n this 

paper . 

0 
-· vilil, Nansfield Ade ris, !)Estimating the:. Spacial Ji(~pendcnce of the 

'.f rmwfer Function of a Con tinuum, n Ha rai i Ins titute of Geophysics 
rpt . 64-22 (1964), 13 pp. 



I CilAPTER II 

SOFAR SLOIJN.ES S 

l'lH.! comput<1 tlon of trav e l t ime by a s eri.es rep n~ s ent ation of .spe !.! <l 

"'o uld p .1.acc tl•c s e ries in t h e denom.h«1tor, an unwL~ldy .location. It i s 

1 
much ;.ore c ou vl!ni ent to wo r k with th e reciprocal of t l:1;~ speed . 

Furllwrmorc..:. , as t he e llip ticit y oi ti ;e ear t h must Le t ukcn into account, 

it i s n:orc con venien t to r e duce speed llie a surement s at poin ts to t h e 

t;:quivalent a n gular spe e d about t he earth's cen ter tha n it is to r e du ce 

t he arc l e ugth o f a t r avel pa t h t o linear me asure . Cons equ~n tly , t h.:: 

analysis t o follo\J will b e i n t e rms o f the r e cip r ocal of the g.::oce n tric 

angular spee d o f sound a t the sof nr axis. This will be cal led the s o L..t r 

Distances are calculated for arcs of great ci r cles. The departure 

of a gn~at circle from t h e geodes ic on an ellipsoi d is probably of l et:>s 

consequence than the neg lec t of lio rizoutal refraction. Over mos t of the 

Pacific the horizontal refraction at t lt e sofar a xi s is small. For 

example, a lon g a t ravel path between Hawaii and C2 lifornia t he horizon t al 

radius of curvature o f a ray would be roughly 100 e arth radii. Howe ver, 

a ray cros sing the convergence be tween the Kurustiio Extensio n and the 

Uy a sh io wo .. il J li e:: s ubj e cted to quite strong con r.: rast:ti o f s o und speecl. For 

a plaue born1dary bet-ween t h e t wo curren t s the maxiuium r efr ac tion wou l d be 

about.: 8° . Howe ve r • the actual boundary is one. of r-1e ander1> and eddies
2 

1 
George I: . l3ackuG • "Geographical In t e rprl!ta.tioa o f He.:isurements of 

Aver~l£8 l'itaSL' Ve loci tie s o f Surf act~ Wav0s OVl.r en~· t Circu lar an d <;reat 
Semi-Circular Paths," Sei smological Socie ty of Am(:·r ic.:i ~ :f3ulle tin, LI V 
(1%4), 571-610 . 

2 
Michitalw Ulla , 1'0ceanogr«1pby of the Subarctic Pacific Ocean," 

Journ a l Fh;heries Research Board of Canada_, XX (1 % 3), 127. 
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Cii/\.PTE l~ I II 

STATISTICAL VO DEL 

:.; ( o , q)) ""' 1= bi Hi ( 8 ~ 'P) 
i=J 

(1) 

>1ih:. r e t he 1:\ a re linearly independent f unctio n s o f pos i t i on and the b i 

are c oef ficieuts to be de termined. Trnvel time t is t he int..:grul of 

(1) o ver t Lit.: path p , here assumed to be an a rc of a f,; r e at c i rcle. 

t 
.v "" f 

p 
s ( El , ¢) = 

m 
l: 

i"" l 
b ., _,_ f 

p 
ll . ( U, ¢) 

1 
(2) 

Tiw f un<lameutal point of thi s pape r i s that the s a me set of coefficients 

bi occurs lirwarly in both (1) and ( 2) . Therefore , the coefficients may 

be estimated , as by the method of l e a s t squares, eitbc:? r f r om a set of 

slowness obs e rvati ons a t points or frm:t u s e:: t of travel time observations 

along paths or from a combination of Go t h . The ma t rix equation for the 

es t i ma t i on j_s 

Y = a B + e (3) 

wher~ 

y I =:. ( s 1' s 2 t ' • • t s j t t 1 ' t 2 J • ' • ' tk ) ~ 

a vector of o bservations, 



ll ·-

.. :. ( \\ ' q,l) 

tJl ( u 2) ~)2 ) 

lIJ ( 0 . ' iJ; . ) 
- J J 

f H
1

(o, ¢) 
1. 

f h, ( tJ , ~) 
J. 

·-

JH
1

(o,, <J; ) 
'• h. 

11., (0 l ' 
'- . '1•1 ) 

112( 02 , c/i,J 
L 

E,, ( 'J • ' (~j ) 
•. J 

f i{" ( e, ¢·) 
l L 

f Vi.2 ( 8 , 41) 
2 

a (j + k ) by .ru cond j lion uu trix> 

B' "" b~ , · · · ~bi' •.• , 

4 •• 

b ) 
m 

Hi (01 , 1J; ) 
1 

lli (02 ' <P2 ) 

h 1 ( e. , ~j) . J 

f 11. ( e, ¢) 
l. 

I 

f H. (EJ , f) 
1. 

k 

Jl ( 01 > 
lU 'r 1> 

h ( 0,., , 
m '-

q•2 ) 

i:. {e. , ·i' ) 
m J j 

f ll ( 8, qi ) 
l m 

J ~i ( e, ¢) 
2 ;J! 

I H (e, 9) 
L rn 

a v ector of c oef fi ci(mts, an<l e i s A vcc to r of r e d.d ua l error s . 

Hy the ordinary me t ho d of least ~quare~; the c<Jeffid.er.to are 

esth ::J:Ct;!d af:l 

Ba (H 1H) - l ;i ' Y. 

(the circu1rd:l c x acc:ent <leno t:es an estimate of n ra:~dorn variab1':!. ) 

!l m~ t he value o.f m i s a matte r o f choic e; a L .rger value wil l 

7 

usually provi de a bet t er f i t: of t he func t ion to t L . data bu t ti1e function 

will be mo r e c umbe rso me and tal:c lonee r to c.oTr.pute . A me t hod of 

estimating tl1e coef f icier1ts of a seri es t:ern; by t c n n, tbt:reLy po s t poning 



1. 

tile.. d:?. c i:.Ji•-•u ou tli e ntimtit.! r o f t o r mc . h.:1s bcer1 wor 2d ou t by Fuu[,l!re . 
1 

i:'cr ·s of i tit.; mcLllccl v.' ll ~ be app lied t o tl1e p r esell t: s tudy . 

Fougcr<..! 1 S mc t l10d i n v olves rt::p lacii1£ Ll te t err:. ii . .Ln ( 3 ) \Jith a r. 

c~ qlllll teru. 11\ Jn 1 .. :hl ci1 t he columti3 o f t he u~atrix . a r e mutua lly ortiio-

1'!1.::a w~ien 1'. is ~s ti n:.:i.teC: as 

' ( '" ' "; )· -1 , ,,, 
i \ ::..- "~ ..!'- A ..L. , 

),
1 X is a ci iagmwl ni.:-. trix • . lot only i s i t s inv ers on tri via l but the: 

con~uu~~ ts of A are in ~cpendently dater&dned a s 
_, 

A. "' (Y . I },. ) ~ x. ' l 
). J..J. ]_ 

\~iie re X. i s ctLC i t h col umn ve c to r of X. The r e fo r · t if one can constr uct 
1 -

the ma tr ix X co l umn by c o lu1:u1, t hen t hE: coef f i c iv ts A . c an be c omp uted 
l. 

om.: b y oue . 

The we l l k.nowu Cr -'!:::-S ciimi C:t p r c !;:es s i s a r.1ct od for cons tructing 

a se t o f mutuo.lly o rthogon al v a ctor s :Ln t h e v e cto s pace spanned by any 

sec of linearly in<lependent v e c tors ( s uch as t he < o l umn s of H). 111e 

p rocr;:;d ure i s to f i r s t s pe cify one cclun:n vector :i ll , s ay t h e fi r st, to 

be a co lumn v e ctor i n X. Then the next co l u mn vt: tor in X j.s ob t a i n e d 

by suLtr actfrq~, , f ro m a second c olumn v e cto r in H, i ts proj e ctJon onto the 

first col uur.n v ·.cto r of X. il ach .suc ce edi ng col~mr: of X i s t hen g,e nerate d 

by ~ubt ractin g 1 f rom a corresp onding c o l uru1 of U, all coIDpone n t s p a r a llel 

to previcut; c o lun.ns of X. X, then ~ i s bui l t uv :i t '.10 <lt;si r e d nu3.mH.~r . 

It re mai ns to determine .i3 f rom /\. Th_ Gr nn,- '· c hrnidt pro cGsG may be 

c onsiJen.'d a s o linear transfo nnat i on C su cl. tha t 

liC = X. 

1 
P <.l ul F . Fo u t.;e r e , "S1lhe r ica l IIarmo n i c .Anal y &i .J . 1. A Ne\J Ne t hod and 

It t~ V1:: rific.:.itio i ," d.£~Fn~!1_ o f,_ Geq_p_tiy_Q ic!bl ReseArc l1 , L}..'VIII (196 3 ) , 
1131·-1139 . 

-·r-"" -··-----------
,,. .... l<:~~ to"'.fl ••• .-..... --... ~ ... .._..__... - • .._ ...... _.._ .... ---·----,.·~-· ----



....... . ), ~ 

Y ,., 1JCA + •2 

gi V ·.!11 i.Jy 

ob:-:.-; rvati.01-...s an:: tmcorrela ted <l!l d of: co:rntant var j: nee . In tl1c prcs2nt 

ran ge of vi-lri.a1:lC"' :!.;:; r-~;1curnl te red . Tre n :::rr.i;mt Ly t i''" g'°m~ral:Lze• 1 n!Bt l.o ... l of 

1 '· ]·,·~·c.·.· f·or~ ·r-r·: u:.t·r-·1 3 
t..~.;;J8 t' sq ua re.:! ~ i.n t.. .. \:. .!!.~. ~ t.:.., ~ ~u . 

I r1 t he. 1.mcorrclnt ..:~J Coi:!Se t he gencro.l:Lze d met oJ nc. compli..,~1es 

w.:d gh t:.ing . The p roci.! llure is to premulti.ply (3) by a nonsingular matrix 

T l>ucb tha:: 

(T' I )-l ~ V = E (ce') 

w<w.re E :Ls tti c expectation opera tor . In t l:ie ur.co relate:d c ase , T is a 

diagonal matrix th,~ e le1'l.euts of whtc li an~ t he r<!c ;; rocals of the SllUare 

4 
roots of the var iances. Owi! then has 

TY ~' T!i.E + Io 

fro ;i, which Uw 1 : asl.: squares estimate of B i s 

~ ( ti ,,.-·l,,) -1. i '\'-lY. 
u "' c V H J; • 

By .Fuuzcre' s met.hod hom:0vc:. r, one st.:.b st:i..tut.J ~; AA fo r TE~ whe r e X is 

HO ~J n~l ortlwgonsl matrix derive d f r or .. 'Ir '. . 

,.., 
(. 

' 1 

Ibid. , p . 1135 . 

~ ·· .!.. 1.!S elements :Jf A 

.J ! • . C. Aitken~ "On Le a r:..;t Squares nn cl Lin,~a t" Co mLina t ions of 
Gbsc rv<.itions , " ~~oyal Soci1.~ty cf E<.d.1imrgh, P!:_9c•~i~ din f,&., LV (1~35 ). 
47 -48 . 
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DATA 

T: • .: po int :3 l ownes c <h1ta, derived fro1,1 hyd r og r nr hi e cast £; , coa ~dG c: of 

valu •:.::; a r.;~dgneG to t b e c eu te r s of 401 3 uw~-degrec s,.., uare8 d i .s t r ibut: ed 

Lllr rngbo ut t:1•2 Paci fic. These in clud~~ the <latn t.~'3e c Ly John son an<l 

iJ orrL.1 iii cor!s t: n1c. ting a lian<l-dr:mn so L.1 ( -spce<l cor: t our rnap ( r e p r o<lucec 

h2rc ns F.· i~are 1). TL(JS e.-:! dnta have been s upplement i.! d by the liydro;.;raphic 

- ) h 1 4 -:, 0 ,, 1 2 oo c 11;.c. rcll·-JuJ.y J.907 whicn cro:-~ s 1~d tlw Sout Pacific a r•ng j ..:i ai:lC •> ..,, 

Eu i::.il valuE! ic; tl.e ave rage of t hose coi;1p u t e d fr .mi hy<lr oi:;raphic c.:ast s 

talwn within tbat onc-ch!g rce squar e. Sofar speeJ. W;•.s computed f rom 

2 
i1yd r oc:,raph ic mear~ure.meuts by Wil ::;on 's fo r nru la . Co . 1ve r s ion f r om linear 

speed to g..::o c(;ntric nngula r speed was by t he f o rmul t 

l mi n ute ur:c/r:H:! c ond "' (1 352 .26 -· 3. 11 cos 28 ) . eters / second 

wlier=~ 0 i s colatitude . This f o rmula i s an r.p p roxim. :t c fi t to the In te r-

n ational ellipaoi<l . 

Th(; v a rLu1ce of tlie <lata wa s e s tima t ed by co19 td .u g t hem wit h the 

sof s r-s r-eed con t out' map ( Fi gure 1). :For about l .:'.;OG of the one -deg r eo 

square.LJ, t ile s.lcw'1H!SG assign r.:::d was based on a singl ! h y dro graphic s tation 

i n e~cll s -iU<.in~. The di ffe ren ce be. t ween these valm .. , and the:: va l ue from 

tne con t o ur nnp yi ald ~; d an c ot1rnate of va1·Lunce of .3 .2 (scc/ r a d i an)
2

• 

This i s equi v a len t t o a speed variance o f l. 5 G (met ~ rs /second) 2 , 

l l.zo ckno H. John.son and Rege r A. !·:orris , "Geogre ··hie Variat ion o f 
Soiar Spe e d an J Axis Dllpth in t he Pac ific , 11 Bawaii i:ns t i tut e o f 
Geophysics r p t. 67 -7 , (1967), p p . Al -·A33. 

" 
'- wa yne ll . Hil son , " Speed o f Sound i.n Sea Wa t er ls a Function o f 

Terup2.rature , P r essure , and Salini ty, 1' Acous ticn l So :: i e ty o f .America , 
J oupwl , XXXII (1 960), 641-Gl+4. 
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'..i' } 'i. '~ '· ' 

h 'r a faccor of l/n. ' J 

Tlie travnl··-:.:i1'1•Z! -c\ata rein·csent: }]/.; p:i. t !1c crisscro ssing the uortlwc.st 

Pacific r eg ion ::.:·,owl1 l.i.t :?i0urt:: 2 . These elate: h;:ivc. .l cc:umulate d fro I:J 

8xpcr.iments c o ncluc tc d by a number of organiz3.tions . The mos t r e cent, a:1 d 

s pau.ally eo~>t: e xl.:Dnsiv c , ·,ms crmducted in connect ion wit l1 the c r uise of 

Lie _g_2ur_a_~- fl: orn VJ.ctol.'ia , h . C., to Tahit i , to Pane.ma during .1\ugust to 

Octob(?r 1967 . Th i s vessel was equipped with a satcl l:Lte navit;ation 

syst~n witid1 pro'Tided rositional precision of n bou r: oni~-hal f kilometer . 
3 

Travel t i mes were succ..;ssful l y measur ed f r om 3 3 Conrad s t ations» the 

ship's posi tion Luing fixed by sa t ellite navigatio n for 23 of these . 

In order t o Peigllt tuc: s0 data aga inst ti:e p o it1t ob£ervations it is 

n.:?cassary to estimat e their var ian c e . An expe r ime r> t involv ing r a pea t od 

nit~asuremen t s o v c. r t l'.e same pat hs was coo.ducted f rmt E\!brua r y 1966 to 

J uly 1967 . Thls expe r imen t cons isted of 1.l r oppinr, t e n sofar bornbs 

(4-lb . TNT) e ach month into an array of hydrophones near Mi dway I s land 

and i:eco r uing arrival tii:£s at a n umbe r of o t lw r h) d r op hone Gt a tion8 

around t he 1lor th Pacific. As t he e xpe riment involv od fixed h yd r oph one s 

a t bot .i er.ds of the paths, the di stances could be ( . it~ precisely 

comp ut e d . 111~ resulting .sofar speed calculations, or paths to Oahu, 

Wake. and E1~iw8tok, a r e plot t ed in F:l.Eu r ..; 3. Each •lotted v e rtica l ba r 

is centered ai:. the mE!Ull for apµ r oximately ten explc " ions f i r ed a t 

tt-JG-1\!inut e i nt e rvals . The l eagths of the ~ .. us i n dj cate a r ange o f plus 

3 
Manik 'la lwani, ll . JamE!s Dorman, J . La!T'..ar Wo r z <.: l , and Geo rge M. 

Bryan, "Uavi~ation a t Sea by S.:it e lllt c , " Journa l 0 1 Geo.£hysical,. B-~~;:£!!., 
LXAI (1966), 5891-5902. 

i; • 
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lG 

,.i:.i rn ln 1:_:; 01 1t~ ~; t :m J 3rJ devi a tion. At Oal u an J E 1. d. 1.;eto l ~ wl 1c r 1~ sl. gn al s 

Jl~ viat. i on of the har rnouic - mean s u far s p e e d, for a ·;c t o f t en bombs 

uroppt.:! d a t t v:o - rn :h1t1 t c int e rvals , wa s t yp i cally abo ~ 1t 5 cent i m".'!te r s per 

secoud . l1cwev c r , t il.c r ange of sofar speed for a L 1- montll pe riod over 

eac h pat h \·.;.l S ab0 u t SU centirnt~ tc r i,; p er se cond . 

'l'he ob s erved t empo ral variation s, then, i n<l i c tt e a n u~Jp e r limit on 

t hi:! preci s ion o btai11able f ro m travel- t in:~:? me .:isurem.~nt s . They will be 

empl oye d her!;;! to es ti mate the v urian ce of a s l.n gl e pa til slowness 

Ui•:! U s u reme n t t a Le n m1<le r con J itions o f p r e ci se n avi ; a t ion. 

Civen a s e t of n paths for whi ch t h0 cova rian ce s of so f a r slowues s 

h a v e b een e stima ted , con f:dder a path c omposed o f a .. l those paths l a id 

eud to end . Th 8 com:io site path i.s n ou a s i n gl e p a l ll for whi ch an 

cstimute of varian ce of sofar slowness will incorp( rat e all t he available 

infor mation. As t l1e trave l time ove r t ile composit t path is equal to the 

sui.1 o f the travel tirru~ s over t lie ln<li vidl~al paths, 

s 
u 
r 

i=l 
6 . • 

l. 

i i.C.: re ""' i s 1.: ~ te 1nea 1.1 slo~·i11es s over the con1po s i te pa r:h , ar1<l t he tJ. . anJ l , 
1 "' i 

a r o the di struices an d mec.u1 slown e sses ove r t he indi.vi dua l paths. 

The varian cc of c . 
.:> l.S 

n n 
l. l: t. . LI j 0 .. 

i"'l j "'l 
l. :l.J 

2 
CJ ... ·-----·--

11 n 
L E ll i 6j 

icl J""l 
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' Cu i: (.' 1) ./ilCJ..iJl tl'.12 u' . uc:Li-; c eLt iH:J.Lilt:~ .J.:. <.111 ·~ J. . '.i.'ht: L! ~ t imCJ.t-.;: 0£ a'· t;iJtJ1cteli 
J.J 

1· r o 1;1 Lll<·! io:X~H . .: r .i.mL!a L j u st des cribed \las J . l. Ji; (F.;:.:!Cou d /radian) 
2

• 'J.'iiis n> 

a b.:: uc on~ hun r.lrcuth t:wt of a point s lowr..e::.;r~ ot.svr.v <ition . Thiu va l u12 j_~; 

uampl :L, 1g '"as rwt adequa te ly d :i_·~ tr il>u t:cd through c: tt~ yr~ar. 

obt.::.ined w 1d.:: 1- s uch conditions thal tb.=· distance. ~· could be mca~;un~ d wi tb 

a ) Lor.:!.>1-C uav LtJ ttion of the shooting sh:1..p ~n a regi011 of good 

contro l, 

b) r;atellite ru.w:i.gatiou of the shooting s hi, ) 

c) t he shooting ..>hip app rox:i.oatcly on a ;;n:" t c i rcle path Le tween 

fiJ~e.d hyJ.rophones (travel time was f o r t .J tal path Lietween fixe d 

hydrophones) , 

d) e xplosive dropped ir: to a fixed arn:y, 

e) microwave navigation of t he shooting shi . 

Th e receiving hydro~illones were al>vays fi x..;;d . 

Du ring th~ last part of t he Conr J.~~ cruise: the satellite navigation 

equipn:l'.:n t was inoperative . r owev er , s the path:1 1·1e rs l ong, .£.i!.£..~ 90 

lL~ 1:;; ree G , 1.. lt ~ l •.:s s pn~ cis e navi ga tion bad a pr(;por ! .L o:~Hll~ ly ~;mall effe ct 

ou th:; p r-2cision of tile pat.1 l ength comput ation. Che vnr :lancc• for these 

ol.iscrvations wa8 e stimat2d by trea ting the1 as r e1 ::atecl obsc rV"ations over 

Uw same: p atb . This a. p e...-.. r ed f e as ible c:.s tlw p J.ot" ted values o f n.ean 

sola r s low:::.os:s versus ~2I!:F.J!.4. station ·1.un.be r showe -.· no significant drift 

OVC!r t ids range o f .Jta tions . The va r ianc2 e s.ti1r.i.it~d was 1. 0 (aec/rad)
2 

• 

. l "; 



CllAP Tt.t V 

'llH..: cholcu of t li ..:: forrn of t Le functiona l r~ pn' G el1tat .i.o n. f or ~ u f a r 

r e g i u n a1d t. !1e e•:pc cted upp l:lca t t o r,. . Fe at l!re s £;uc .. a s t h,! Aa t arc tic 

may 1"< d .:? bat0d o f c omp <1ting c:. continuous i un etio n f o r t h e entir8 ocean 

Vf~r:suci c on;putiug u Sll t of less complicat e d f u ._ction s f o r sm.:1ller an!W3 . 

A major exp ected ap plica tion of this fu~ction i s to ci1 ~ computation 

of travl!l ti ml!s ove r lon g paths. Sucli a proceos i c, coucc pto.ally 

Gimplif.Led wl1en the f unction is specifieJ b y a s :Lrn le equation tbrou~lwut 

til e Llornuin. A SL!t of such functi ons for wh ich t h r..: ~ > roperti~8 on a 

SiJhe rical surface arc wr~ ll known is t lie s~Jheri.cal s urfa c e harmonics . 

Wit h tlH~Be substitute d into e quation (1) i n placl:.' o f the h
1

, tht:! slowness 

function of <l <!. gre e r tah:"!s the form 

w!iert: 

r n 
s "" 1: 2: 

r 
Il'-"0 l1"'0 

~ 11.l ( '' ) c CO Li J ,. ., 

p 
n 

''" 

m 
(COB 

. m e Sl.n 

8) 
D.1 

( 'l c;. 

n ~ + b 
m s i n 4>) co s fa lit 

Ii 
(S) 

E:iuatiun ( 2) r e quire.., that s p h e r i c a l l1an "onic : ;_iactions li e 

in tc£raLe d ovc.r :.:he travel pathn. An exac t mc thou wuuld inv0lve 

rotatlou of t he pole. of t h e coor.d J n a te s y 2 t c i.: to a l o le of the path, 

... '1 



l '; 

I 1 1 
UV(~!." t I C paL .1 , As <Jll "- X ,' l~diun cy Jn Ute pr•; u•.!n L 

CHG t! ~ brn.,, ever, t he iuteg ralG : •e r e apr. ro:d mnl e d b y Slr;nrn;.<tions , -wit h th '..! 

'. ur: t~ 1ic t11nc t:Lou:.:; bcinf_; 12.va .Luatcd aL _1_i. crc 11 .e ut s of 0.03 ra<linu or l e:.;s . 

'J.'li. i s ii.u.::::'<.!i : :'-~ : :.: \ ·J JS fo•rnd to yie ld an accuracy of 0 . Ol>~ or 11et tcr· over 

s 
p 

L 
1' 

1-
L..o .... i 

J 11 
p '':i. 

b 
p 

T:ie H:h u~ rrn i n tlw ~;unmm tion is sir:1ply U1e av;;:;r;_ .t:! valtw of th e 

corr,;cpondlng '1•n ·1r:o1lic over t l1 e pat h . This moG.i f cation of equa t i on ( l ) 

.nllmrn one to co1,1bin~ r epeated measuremcmts over .2 .:irly t he :;1ame path 

Ly di.r(~ ct a v(.; t'H[.i0.6 of t ile rru:~im slowness values. 

·1 
- Luckus, So~- . .ci_t:_. 

>:ft l'.'GI' __ ,,.., .-c-..... """""'- ,_ ---- ............... --·-~--- - -
l 



U!APl'l:.1: Vl 

Some:.~ c10gn:c o f: Gu.Lj f! ctivit j .s in(!\fitnble , wheth e r 

uU.l~.L y fur;.ctl on. UnL!c r Fou r,ar2 1 s raethod the d'~t - ~.:l ion on t i1c number of 

t,:. r ms iu t lw ::eri<;!:'> r,1..iy be rua d1:; at any point in t :B calcu l at i o ns . 'I li t . 

pro~,r';ss.Lv•..: :L:1p rov.~1ae !1 t in the f it o f t l1e functi.c t to thL. <lata , as ,,ell 

<< :.:> t l1 t:! cor.~p utiat l: iu1~. may t hen influ'2ncc the d~ c: sim1 to t erminate . The 

fit o f tlti! t u.ict i on to tl,e d- ta ia frtd icateJ by t ,e residual V'"-riance, 

A ? 
l: X. 'X. A.-
Hl 

Y 1 l 1TY -
l . l. 1. 

··------ i':..L _______ _ 

n -·m tr T ' T 

VJhere n ir; t.~'l.e total uuniber of o bservations, 1'l is tl1e. u umLer of 

CO<lf f icicntc computetl, and v e ctor notation i s ac; .1 e quation (4). This 

formula, adapted from Fougere. is convenien t for !quential computati on 

but cannot be lwnd l (i) <l wi t h suff i cien t n. ccurc.:cy by ~he co1uputer when, as 

in the present case 1 A
1 

is or ders of unga.L tude l<! ~ er than .:my of the 

otl1er A. . The difficulty is avoid<!d by trent i nG l te first te rm in the 
l. 

surnrna t:i.on in :.:l Iwre ele mentary mann~ r as folloirn 

Ci 
m 

t: -m 

Xl Al) -
_, ----··------

tr T 1 T 

A ') 

X ' X A '-
i i -1 

·2 --------

A 2 
During the computing of the coeff i c ien t s , A

1
., a graph of a versus 

m 

m \las printe tl by tlt~; cu rnp u ter at valuecs of m '" l , , , 9, .•• , corres-

ponding to i nteger valuQS of t he degree .::1.f th e .rical han1onic 



' 

~ , l:::i1-'S. By m:_rni torin g this f,rap h an d the cornputi. ng t i me a Hu bjectlve 

1.k~t.:!nn.i.n at ion w.ets m;;Je of the u t ility o.f cont:i_nue d computing. 

Comput i ng •.va s terminat ed ,...,-i t h the computatio n of 1-i.9 coefficicu ts. 

2 residual vurianc0 a t this puint wa s 14 ( s ec/rud ) • The eraph of 

r es i d ual variance versus number of terms is Figure '•, The coe fficient s ~ 

lio t11 f or t lie or tho gonal basis ( .1\ . o f e qua tion ('+)) and for t he sphe rica l 
1 

li<..t r moui-: base s o f degr e e 4, 5, an d 6 1 25 , 36, and 4 9 torms ) , are lis t eJ 

iu t he Appen d i x . A con tour rna;,> corre s pond ing to t he 49-t e rr;i function i.:J 

ehmvu in Figu re 5 . For ease o f comparison uith t he hand-drawn sofnr-

speed contour map , Figure 1, the contours in Figure 5 have been converted 

to 8peed. Figur0 6 siw ~s t he re gional distribution of residuals for t he 

degree -six function. Tile spacing of th~ regions in this figtire sugger;ts 

that harmonics as high as degree t\velve might be required to signif i ·-

cantly reduce the residual variance. 

Hhil e the coe fficients in the orthogon a l basic are independently 

de termine d, tho ~rn in the spherica l harmon i c basis change with the degree 

of the series r e presentation. The zeroth ·· de grec te rm of the higher-

degre e representations de parts significantly fro m the constaut term in 

th~ o r thogona l b asis (A
1
). This behavior i s a r erul t of having the data 

con fi uod t o le :·,; s t han one hemis ph cire of t he e arth ' s sur f act; . The 

function takes on widely ranging value s on other part s o f the s phere as 

the least-squarea process ac.coomoda t es t he da t a ,.;1. thin t he r e gion of the 

oLis c;rvations . Of course the func tion is foten ded fo r application only in 

the Pacific and t he global me a n of the f un ction ne e d not re present the 

average ~lowness i n the Pacific. Fougcrt:, on the other hand, in de aling 

with a global phenomenon (geomagnetism), foun d s u c h so-called instability 
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lu tllt." Pacific arc on t hE: ordr:!r of 15 t o 20 d eg,rc(~S jn breadth. As th r.:! 

u~ gr~~s , it ~ay be assJmed t hat no gross clcp a 1~Er~; from probablQ values 

uE Li :12 sofa r .:;]O";.;nce;s c1ccur witltiu these gaµh . 

Li11otl:e r ·-iu es tion i s whether the s.:rmpl1,;, spaci. ri i~ i.s ev.:.:rywh~re 

,,c,:cqu.3 te to J.H•~V ·.!n t a lias ing. '.l.'1-.. e fcatu r~ s most J.lkcly to give troublu 

..i..u t his rc~.gar,J dT(-: the l~uroshio-Oy2.s 'h :i.o Couv a. r ge::n.e ,? and tLe An tarctic 

Co11v.-~ rg0nce. . 1 l::ese a r t.! pr a.ctically Jis con tinuitj.t .. :; a t: any Listar1 t, 

howe;;er th.-:: ::im,~ -·av er2:i:,t::'.d va riation 1.s som.~ -i.:hat l •. ' ,; ::: abrupt, Except fo r 

u ssasonal bia s , t he san:pliug in tbe no rt ln·:es t Pa c Lfic is probably 

adequate as n •2a rl :; e.v<:ry one ···ddgn~e squ,1re i~~ s am;!l.ed aud the temporal 

meanders of tii12 Kurosl1ia no doubt exce<,~ Js t h1s sp ~> ; ing. Tbe re.gion of 

tlrn Antarctic Conv~q;cnce , ho1;.1cver, lias Le1::n c;,uitc sparsely sampled and 

oa~ may expect so rrl; r.1isrepresenta tion on this acco '11t. Tile only reme dy 

is to ~ollect more date .. 

1 
Pclul. F, Foi.q:;c re, 11 Spherical llart:Dn ic /-1.nalysi ~: 2. A Ne·w Hodel 

Derive d from Hagr.8tic. Observatory lJata for Lp och 1J 60.0, 11 Jou~l 
.2..t Geophysic_9l l~esearch_, LXX (19G5 ), 2171-·2179 . 
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SoLtr Lrav e l-·tiw~ rnc nsure n:entl-> r. t:Jy h; .'.lna1 yt ically combineJ wit: i'1 

l oc.::t l IGC!.:lSltrCtr'.eu ts of s :J far spee d t o o b tain a funct ional n.;p re seutation 

of sofar slmv1 1.~:ss , proviJ.eu tltr!t csti.r;;a tes of the pre cision of tiic 

var iou;; mcasurllnt!ute can be ma c.< e , Employment of r:ucl1 a r e presentati o n 

i n so ur::.12 ·-.lo c a LloH con:pulatio n G will, D. t 1 ., ,, ,,,1-
-u ..... -, r ender t h e comp utat ions 

Jute r~ic:.;J.ly •.:on~, is tent. Furtbe rroo r e , t :·1e repres e u ta tion bcre p rovi tled 

fur t h1;: Pac.Lfic Oc1:: an utili;lCS nearly all the p r.,,~ se11tly available dat • 

As, i n ti:e cc titral Nor th Pacific at 18.:ist, the long-t e rm 

fluc tua tions o f so far speed show n o strong corre l a tion wi th the seasons 

an attemp t to prt:! di c t t e mporal variatious is not p resently feasible. In 

higb l a titudes scasono.l variat:ions are , n o C::oub t. 1;10re prouounced . It 

should be n ot eJ tlwt tne r e has been au un dcrstnn <l nble t endency to colle ct 

Buch data during th:: sunu11l!r mon t hs a.nd the pres t:! n t repre sentation is 

biase d 11 tl~s r espect . For high l a titude paths there are other 

proble w.s s uch as scatte.ring and refraction at con ve rgences of strongly 

cuntrasting curr~nt s . Also th e vector field of n2 ar-surface currents may 

signifi cantly alter sofar travel times where t he sound c hannel is shallm1. 

Th..: largest gaps in the. point dato occur i.11 : he:: Soull • .Pncifi.c . 

Th~ s2 arc be ing rap i dly re duced by oceanog r aphic ~xpcditions, however, 

i :1s1;f fic ient ettention has been pa.id to the concur rent collection of path 

da t a . The relative ly Ligh p r e c i sion of sucli meas u rements make t hem quite 

valuable al t bough they r equi r e coordina tion between t he shoo tin g ship and 

the rwcei ving stations. It is r e commen<le <l t ha t ~o far shots be carried 

out routinely b y future expe<litions, espe cially un ships equipped for 

sate llite navigation. 
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~un si dii:!r;.:ibly ~:re ate.r l:<mcf it would b{~ <leriv~.J fru rn ~;uch shot s 'vic r e 

uuL tl 1.::: loc. <J t.i.ons of sufar hydropho.1e st ation;:i confj_ ned to ti tc :·~orth 

.i?acific. 1Jy0ropho111;! station s in th~: South Pac ifi:: would. nl ~w be of 

v:1 h:e [<;.., .,.. r:i0ni.to r ing of volcanic an r;eiGiuic o.c t i . .:ity. Tile East Pacific 

;z isl' <W L tcific .t .. .ntnrctic l~idgc are poorly covc: :r ~d by t he precen t 

seismograph net.wo rk. Even t h e hy t r ophoue ne twor! i n thlO~ Iwrth Pacific 

de t ~ c&s and p rcvi<l~b l 
locations for mtmy n:ore sei ; ,nic events . The cen--

vcu t.ioaal Geis1!1ogrc.:pli sta t :ion <?.. t Macquarie ls l nn l1as also deu:onst: ru ted 
•) 

its 
. ,_ 

L!f fectivawss. 1~1 dcte cti.ng T waves f row thes ~. regions. Pe r haps 

advances :u1 buoy t e clmology will reduce the e1q,('a :Je of r;ofar hydropho ne 

:i.ustalladons fo r geophysica l purpos e s to a fear.; .L ule l evel. If so, 

their dep loy1wmt in t h e South Pacific. is r.e c ommeu de 1.L 

1 
Dueunebier and Jolm~on, .Q.E.· ci_t;_. 

2 
1\. . J. ~:; . Coo!.~c , "Obse rvations of t 11e Seismic.: _t Ph~se at h2cquarie 

Is land, " ;i_ew J:_~EJanc}_ Journal o f Geology anl}_ Gef:>£.!:..Y.sl.£, ' (196 7), 
1212-1225 . 
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