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The disadvantage of the (ρ-ο) method 1ies Ιη the p06sioi1ity that 

the circ1es may not intersect at a11 or that if they d~ they may inter

sect at roore than one point. Τη either case, the epicenter location 

wi11 not be a point οη the glooe but wi11 1ie somewhere Ιη a roughly 

triangu1ar-shaped area, bounded by the non-intersecting clrc1es, or by 

the points of intersection, Ιη the event the circ1es do intersect. 

Adjustroent, therefore, has to oe made Ιη the origin time in order to 

obtain intersection at a point. 

Another defect of the (Ρ-Ο) method is that the arrival of the 

S-wave i6 often difficult to di6tinguish Ιη the seismo1ogical record 

because of the residual radiation of P-waves; hence, the actual distance 

cannot always be calculated with accuracy. 

Siroilar1y, seismographs of greater sensitivity, ΟΓ seismographs 

located at nearby stations, may record arrival of foreshocks which 

often precede the main shock and give an under estimate of the epi

central distance. Τη addition, if an earthquake is deep, other errors 

may oe introduced Ιη the estimation of origin time. 

Α roethod that uti1izes the difference Ιη the arrival times of 

P-waves (δΙ) observed at any two seismic stations has been proposed 

for testing against the current (Ρ-Ο) techniques. This method is not 

new but has been used extensive1y by the Japanese Ιη locating the 

epicenters of earthquakes generating tsunamis locally, by the SOFAR 

Triangu1ation Network (Woollard, 1947), and by the LORAN Navigational 

System. 
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lceation. This i8 explained further Ιη the section οη tbe uee of tbe 

cba.rts. 

Tbe advantage ο! the δ t chart method 1ies Ιη tbe fact that i t 

greatly reduces the posBibility ο! errors by reducing to a min1mum tbe 

number ο! comρutations made at the t1me the ep1center of an earthquake 

1s determ1ned. Tbere 1s a180 ηο need to assume Βη orig1n tiJ:ne. 

Α set ο! P-wave trave1 cha.rts covering the Pac1f1c Ocean area 

were deve1σped for the Seism1c Sea-Wave Wa.rning System. Tbese charts 

were based οη data comρi1ed by hand and by dig1ta1 comρuter. 

Tbe f0110wing stat10ns were used for the develσpment ο! these 

charts: 

Hono1ulu) Hawa1i 

Tucson) Arizona 

Hong Kong 

ColJe ge) Alaska 

Sitka) Alaska 

Α fΊοw chart of the se1smic spher1ca1 hyperbo1a program. used 1η 

the compilat1on appears βΒ Appendix 1. Append1x 2 gives the com:puter 

program. used. .Appendices 3 through 9 g1ve the δt ch'arts computed 

and plotted Ιο date. 

Use of Cha.rts 

As soon as Βη ea.rthquake 1s recorded at three d1fferent stations 

and the three d1fferent arrival t1mes of P-waves are knoWll) reference 

1s made Ιο the cha.rts which include the three stations. For exam.ple) 
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for the Alaska earthqua.ke of 
ο 

March 28, 1964, 1f the arr1va1 

t1mes of P-waves are known for 

Co11ege, Alaska; Tucson, Arizona; 

and Hono1ulu, Hawaii; any two of\ 
\ the three poss1b1e sets of charts 

\
ΟΓ a11 three set6 can be used.\ . 

• ι 

Η-Τ=27.3 For the examp1e cited, re

ference 16 made to the δt chart 

for Hono1u1u-Tuc80n. Arr1va1 time 

ο 

53 .8 Ει, and at Tuc son 03 43 26. 5 Ει. 

The difference 1η the arriva1 

cf times is 27.3 seconds. Α piece 

Fig. 1. Determ1nation of the epicen- of transparent p1astic 18 then 
ter of the Alaska earthqua.ke 
of 28 March 1964, using δt 6uperimposed οη the chart for 
charts of Tucson-Co11ege and 
Hono1ulu-Tucson. Hono1ulu-Tucson and the δt curve 

for 27 seconds time d1fference 1s traced οη the p1astic, as we11 as the 

geographica1 coordinates of the area. The arriva1 t.1me of P-waves at 

Co11ege was 03 37 15.6. The d1fference 1η the arr1va1 times at TuC60n 

and Co11ege was 370.9 seconds. The same p1ece of p1astic 1s then 6uper

imposed οη the chart of Tuc6on-Co11ege and another δt curve, corresponding 

to the difference 1η the arr1va1 times of these two stations, 1s traced. 

The intersection po1nt of the two curves gives the earthquake epicenter 

(F1g.1). ΑΕ an additiona1 check, the δt chart of Hono1u1u-Co11ege 
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could a.1so be used ίη a. simi1ar manner. The determina.tion ο! the 

Ala.ska. earthqua.ke epicenter by this method was found to be 61.0Ν, 

147.5W. The epicenter 10ca.tiongiven ίη the March 1964 Seismolog1ca1 

Bulletin for th::fs particu1a.rearthquake 1s 61.0N, 147 .8w. The d1f

ference ίη the two determinations 18 on1y .30 ο! 1ongitude, whlch 

proves that the δt method isqu1te a.ccura.te. 

Spherica1 Hyperbo1a Program 

The origina1 spberica1 hyperbola program was written by the 

T-phase division ο! the Hawaii Instltute ο! Geopbysic8, to be used 

ίn studies ο! underwater sound generated from eartbqua.ke6. This 

program works qulte we11 under tbe assumption ο! near1y constant 

velocity for underwater sound ίη the ocean. Α number ο! prob1ems 

arise hσwever, ίη modifying the constant ve10city program and app1ying 

it to seismic wave ve10cities as obtained from empirica11y derived 

trave1-time dlfferences, δt, between seismic stations. 

Variations Ιη seismic wave ve10cities are due to density and 

crusta1 structure anoma1ies, and are cbaracteristlc ο! specific 

reglons ο! the earth. ΑΒ more data therefore become avai1ab1e, 

directiona1 ve10city anoma1ies wi11 be determined and correct1ons 

w111 be necessary for tbe trave1-time curves inc1uded as appendices 

ο! this report. 

ΤΟ date not a11 ο! the problems ο! tbe spherical hyperbola 

progra.m 11ave been res01ved; bowever, tbe program i6 working effective1y 

ίη 75% ο! the particula.r cases tried. 
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The travel time d1fference, δt, between any two stations from a 

source χ 1s: 

(1) 

where t 1, t 2, d1, ~, cl, c2 are the se1smic wave travel times, the 

d1stance from source χ to each stat!on and velocities between source 

and stations, respectively. If we are work1ng w1th sources οη the same 

travel-time difference curve, δΙ 1s constant or 

Equat10n (2) 18 the equation for one of the two branches of a byperbola. 

8ince 1η seism1c studies we have distances οη a spherical eartb, the 

travel times obtained are for spherical distances and equation (2) is 

thus that for one of the brancbes of a spherical byperbola. 

If we construct a spherical triangle witb tbe North pole and two 

seismic stations βΒ vertices, we have: 

Ν 

wbere 81 and 82 are the seismic stations, Ν 1s the North Po1e, 

Ρ 1s the great circle distance between 81 and 82 οη the spherical 
~. 

earth, defined by: 
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Ρ = cos-1[cOs(COLAT(82» • cos(COLAT(81» + sin(COLAT(~» 

. sin(COLAT(81» . CΟ6(Δλ)] (3) 

here, COLAT(81) 1s the colat1tude of 81' COLAT(82) 16 the colatitude 

of 82' and Δλ 1s the difference Ιη longitudes between the two stations. 

If we add a source Χ at ang1es Q'1 with Ρ at 81 aήd α2 

with Ρ at 82 and at distances 1\ from 81 and ~ from 82' we 

have the fo11owing: 

D1 = cos-1[cos(COLAT(X» • cos(COLAT(8i » + sin(COLAT(X» • 

sin(COLAT(81» . COS(λx - λ8Ι)] (4) 

when Χ 18 considered as a source at each 1ncrement along a rec

tangu1ar geographica1 boundary, the locus of a11 posit10ns of Χ 

defines a travel-time curve with constant δt. 8ince such cu:tves are 

continuoU8, each contour must cross the 1imits of the rectangular 

boundary an even number of times. 

Given incrementa1 1atitudes and 1ongitude8 a10ng the boundary, 

and the d.istances and trave1-time differences from each source point, 
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Χ, to the station, we can interpo1ate a10ng the bounda.ry to obtain 

the entrance and exit points 1'rσm the bounda.ry, 1'or each pa.rticu1a.r 

δt. Once the 1atitude and 10ngitude 01' the entrance point is known, 

the distance to each station.can be obtained by using the trave1-time 

curve and equations (1) through (4). 

Using a pre-set distance increment, we can ca1culate the inter

meιtlate distances between the entrance and exit points, assuming δt 

remains constant. These distances a.re the same rega.rdless 01' the 

orientation 01' the spherical trlang1e. 1η order to determine the 

1atitudes and longitudes 01' these points, however, the orientation 01' 

the spherical triangle with respect to the great circ1e between the 

stations must be determined. This determination becomes necessary 

because both latitude and 10ngitude can be obtained correct1y only 

1'rom a North Pole-oriented triang1e. 11', 1'or examρ1e, Χ is south 

01' 82' the angle α2 1s greater than π. The computer, however, is 

unab1e to di1'1'erentiate quadrants Ιη its a.rcosine routine, being 

·limited to values between Ο and π. Orientatioη, there1'ore, must 

be speci1'ied by some other means, or the geographical coordiηates 

wi1l be computed to be that 1'or Χ, north rather than south 01' 82· 

The solution to this prob1em comes 1'rσm a theorem 01' spherical 

trigoηometry which states that the distance 1'rom the po1e 01' a.ny great 

circle to that great c1rcle 1s π/2. Using the great circ1e between 

the two stations, there1'ore, as an "equator", we calculate the 1atitude 
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and� longitude of the "po1e". Then} g1ven the coord.inates of χ} we 

can� solve for tbe d1stance from Χ to the "pole". If th1s d.istance 

18 less than Π/2} α2 1s les6 than π} s1nce α2 equals π when 

Χ is οη the "eque.tor". If thls d.istance i8 greater than Π/2} α2 
18 greater tban π} or} s1nce the aI'cos1ne routine 18 limited} -α2 

replaces α2' i.e., since we are interested 1η tbe C06 of α, 

cοs(Π + θ) = -cos(-e) = -cose. 

The� four basic cases wbich can occur frαn geometrical consider

at10ns are: 

(1)� Two crossings of the bound..ary, both crossings above� 

tb.e great circ1e;� 

(2)� ΊΊνο crossings, both crossings be10w the great circ1e; 

(3)� Two cro8s1ngs, one above and one be10w the great circ1e; 

(4)� Four crossings, two above and two be10w tbe great c1rc1e. 

The first two cases are easy to handle; the last case can be broken 

into two parts, and the metbodB for cases (1) e.nd (2) app1ied to Bo1ve 

it. 

The main ρrόbΙem st111 exist1ng occurs for case (3). Ιη th1s case 

the great c1rcle passes through the boundary} and the bound.ary 1s near 

and may of'ten 1nclude one or both stations. The solut1on to this s1t

uation has not been found as yet. Use of the constant ve1oc1ty program 

from the T-phase studies} which does work for the T-phase, has fa11ed 

here. ~Γhe cause may lie ίη the gradua1 change of the hyρerbo1as to 

el1ipses as the station is neared} the situat10n being analogous to the 

equipotential lines lying between two po1nt charges of opposite sign 
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apart, at distance, Ρ, which are hyperbo1as at distances far fram tbe 

charge8} but become e11ipses very ηθΒΓ the charges. It is more probab1e, 

however, that the conversion from constant to variab1e velocities from 

trave1-time curves has created the prob1em. 

The δt data points were obtained through use ο! Βη ΙΒΜ 7040 

comρuter. Enough 1nformation νΒΒ obtained by coπrρuter to allow ma.ny 

of -the incomρlete parts to be comρleted by hand. Ιη these cases the 

p10ts were drawn with knowledge fram the computer-plotted data that 

the curves wer,e smooth, cont1nuous, and symm.etric. 

Conc1usions 

P-wave trave1 time curves, ΒΒ the ones shown in appendices 3 

through 9, allow the quick determination ο! earthquak.e epicenters and 

could permit the Seismic Sea-Wave Warning System to issue earlier a1erts, 

more accurate earthquak.e origin times, and precise tsunam.i arriva1 times. 

This method eliminates the need for repetition ο! ca1cu1ations and Μ

justments in the estimation of origin times. Ιη addition, it gives a 

precise epicenter location and good estimates ο! origin times. 
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