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Introduction

It has been emphasized since early days of the first motion studies™®
that for a precise determination of focal mechanism of an earthquake by
the use of data from a local station network, the depth of focus and the
crust-mantle structure in the area must be accurately known. This paper
describes a computer program for revising focal depth on the basis of the
best available crust-mantle model, and determining the emergence angle
of the ray at the focus for waves which show up as the first arrival.

Several papers have been written on the computer program for de-
termining coordinates of earthquake focus and origin time. In Flinn’s®
program, it is assumed that seismic waves travel along a staight line
with a constant velocity. Nordquist? took into account layered crustal
structure and used arrival times of refracted waves as well as direct
waves. In Cisternas’ program® the arrival times are corrected for varia-
tions in crustal structure by the use of residual term assigned to each
station. There is another group of programs in which standard travel
time-tables are used instead of the structure of wave medium. Bolt”
uses the Jeffreys-Bullen table and the Japan Meteorological Agency” uses
the Wadati-Sagisaka-Masuda’s table.

The program described here determines coordinates of earthquake
focus and origin time in 2 wave medium which consists of spherical shells,
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in each of which the velocity of wave varies with the distance from the
earth’s centre according to the law v=uv,(r/r;)5.

We used and extended the result of Bullen’s® detailed study of seismic
rays in the above medium. In locating an earthquake, the travel time
equation is linearized and the method of least squares is applied as in the
other programs introduced above. Our program is written for the IBM
7090.

Input data

1. Structure parameter In the present form of our program, the
wave medium consists of two spherical shells, one of which represents
the crust and the other upper mantle. In each shell, the velocity is ex-
pressed as v=wv;(r/r;)%:, where 7; is the radius of the outer surface of the
shell and v, is the velocity at 7;,. Except for the radius of the earth’s
surface, there are five structure parameters which may by specified ar-
bitrarily. It is, therefore, in principle possible to choose the best para-
meters which minimize the arrival time residuals over many stations and
earthquakes. In most applications to local earthquakes in Japan, however,
we used the parameters for the crust which are determined to agree with
the observed arrival times of P waves from the artificial explosions, and
those for the upper mantle which fit the Jeffreys-Bullen travel times.

2. Earthquake data The date of earthquake, number of stations,
and the first approximations to coordinates and origin time are punched
on a single card.

3. Station datae The latitude, longitude and height of a station are
punched on a single card with the arrival times of P and S waves and
the sense of first motion.

Computation

Since our program is designed primarily for the study of local earth-
quakes in Japan, the radius 7, of our spherical medium is taken as that
of the curvature of the spheroid earth in the meridian plane at 36°N.
In the same way as done by Nordquist,” the geographic coordinates of
stations and sources are transformed to those on the above sphere which
is in contact with the spheroid at (36°N, 138°E). Then, the epicentral
distances are computed for the source of the first approximation.

8) K. E. BULLEN, Geophys. J., 4 (1961), 93-105.
9) J. M. NORDQUIST, loc. cit., 4).
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In order to formulate the linearized normal equation® of the least-
squares determination of corrections to the first approximation values of
origin time and coordinates, we must compute the values of ¢, 8¢/64 and
0t/oh for each station for the source of the first approximation, where ¢
is travel time, 4 epicentral distance, and » focal depth. Different for-
mulas must be used to compute these values when the focus is located
in different shells.

As mentioned before, in the present from of our program, the medium
consists of two shells; one for the crust, the other for the upper mantle.
Following Bullen’s notation,™ we define the following variables by

n=rlv,

No="0/V, ,

n=rv,

n=n/7,,

p=ncose,

N=p/7,,

T=t/n,,
2

0= 1-z,
_ 2

1= 1——-——C1 ’

where v denotes the seismic wave velocity,  the distance from the centre
of the spherical Earth model, ¢ the emergence (angle between a ray and
a level surface of radius 7), and ¢ the travel time. The velocity varies
as v=0y(7/r)*® in the crust and as v=wv,(r/r)* in the upper mantle.

When the focus is in the crust, we compute the travel time and its
derivatives for direct and refracted waves, and choose the values corres-
ponding to the wave with shorter travel time.

The formulas for the direct wave are written in terms of the emer-
gence angle ¢, at the focus.

4= 6;" (cos™* N—e,),

T— ‘; {L— )" — 1, sin e,} ,

10) B. A. BoLT, loc. cit., 6).
11) K. E. BULLEN, loc. cit., 8).
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where g, denotes the value of g at the focus. In order to determine
the travel time and its derivatives for a given 4, we used an iteration
method, in which a trial value .of ¢, is corrected by {4—4(e.)}de./d4.
The iteration is repeated until 4(e;,) agrees with 4 within prescribed
limits.

The formulas for the refracted waves are the following.

A:%{cos“ A+ cosTt N 2 cos‘lﬁ’\-“—}ﬁ-a1 cos )

ﬂh /101 )a1
T= S {(L =N (2 = V)= 2 =N (=N

d4 _—.30_{——(1—%2)*1’2—(;11 —KZ)_I/Z-}-2(#31—7\,2)_]/2}—0’1(/,!?——7\42)_1/2 ,

a2
()
(%)= etea =y,

where ft,, denotes the value of ¢ at the base of the crust, g, that at the
top of the mantle. The iteration in this case proceeds with A as variable
instead of the emergence angle. Care must be taken in the process so
that » may not exceed p,.

When the focus is located in the mantle the following formulas are
applicable.

A= —C;—O{COS*1 \— cos™! ()\,/#Ol)}_}. _‘;1_ cos-1 0’/#1) —%—l—en ,

T=- SR (=M = (=) S —% thsine,,

dd4 _ ao{yhsinen_ [y Sin e, } o, p,sine,

de, 2 LA (ua—wel 2 (e 2
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1963 JAM 11 14H02M STATION HUMBER 13 LATITUDE LONGITUDE DEPTH ORIGIN TIME
FIRST APPROXIMATION 5.9 140,383 6040 306 -
TRANSFORMED COORDINATE 35,900 1404394
___STRUCTURE PARAMETER _ V0, Rd 20 vt R1 21
- 5478 635648 =24e4  T1e75 6324,8 ~2.3
3034 635608 2404 4435 632448 -2.3
STATION OELTA(DEG) AZIMUTHIDEG) _ ANSLE(DEG) WULFF GRID  WEIGHT  TIME{SEC) L.SQ.RESIDUAL’ O-CeRESIDUAL
KEKTOKA U 7366 2449 5048 02356 . 10606 =0.088 0.99%
CHOSHI 0 Ce414 4649 04395 1.0 11.059 -0.187 04941
HITO (] 0,484 4240 (XT3 1.0 11,723 T.65% Te1
_TOKYD y 04550 37.7 0,491 1.0 124433 0,293 24167
[TTUTSUNOHIYA D 0.768 2648 0.61¢ 120 15,061 =0.523 0,039
YOKOHAMA U 0,754 27.3 0.609 1.0 14,866 04420 2,234
KUMAGAYA D 0 849 23.7 0.653 1.0 16.098 0,145 T.302
MAEBASHI D 1,181 15.3 0,763 1.0 204476 ~0469C 0.124
AJIRO U 1.357 12.4 G. 805 1.0 22,898 =1e621 =0,098
__KOFU ] 1,506 10.5 0.831 1.0 24,922 0,054 1.278
SHIZUOKA U 1,664 7.1 0. 884 1.0 29,816 ~0.220 1.124
MATSUSHIRO D 1.874 7.0 0. 884 1.0 30,058 04254 0,942
HAMAMATSU U 2,485 3.3 0 944 T.0 36,554 T.509 2%
SOLUTTON"FROM THE ABOVE TRTAL LATITUDE LOfGTTUDE ~DEPTHIKHT ORIGIN TTME TsSG.RES<VAR: 0=C:S8sSUN—DFRINOS
o 35.960 140.454 72441 3.752 0.725 25.99 9.0
PRCBABLE ERROR G, 025 0.049 8469 0.728
UONGITUDE TRANSFORMED BACK 10 1404443
STATION DELTATDEGY "AZTMUTHIDEGCY  ANGLETDEST  RULFF GRID  WCIGHT — TIMCUSECT ~TsSQsRESTOUAL O=TRESITU
KAKIOKA u 04340 ~36, 59.2 £ 275 1.0 11,681 =0.056 ~04233
{ CHOSHI D 0.402 125,6 5445 0,320 1.0 120162 =0.200 <031
MITO u 0420 53.2 04332 1.0 12.308 0.620 0.439
TOKYO U 0.519 711 T.45% 10 14,182 T.35% U285
UTSUNOMIYA D 04748 35.0 04521 1.0 15.613 -0.516 =066
YOKOHAMA U 0.829 3.7 C.558 1.0 16,552 U453 LTER
KUMAGAYA D 0.881 29.7 0.580 1.0 17,176 0.177 0.072
MAEBASHT D 1,202 20,8 0,689 150 2T.230 =0.687 =0.782
AJIRO u 1,432 1645 04747 1.0 244279 -1.617 -14632
KOFU U 1.563 DETY T 773 T.0 264057 0,037 =0.0T
SHIZUCKA U 1.936 10.3 0.834 1.0 31.129 -0.275 -0,282
MATSUSHIRO D 1,900 10.7 0,828 1.0 30.679 0.23% 0.18%
HAMAMATSU U 2,556 5.8 0.903 1.0 39.667 1,477 1.481
SOLUTION FROM THE ABOVE TRIAL ULATITUDE LONGITUOE DEPTH(KM) ORIGIN TIME L.SQuRES.VARe 0-C.SQeSUM  DuFRoNO
35,965 T40.453 T LT 3750 0. 118 T 60 21
PROBABLE ERROR 0.029 04060 9420 0.923
LONGITUDE_TRANSFORMED BACK TO 1404443
STATION DELTA(DEG) AZIMUTHIDEG)  ANGLEIDEG) WULFF GRID  WEIGHT  TIME(SEC) LeSQ.RESIDUAL 0-CeRESIDUAL
KAKTOKA U 0. 33 EEID) 53.1 To2TT 1.0 TI.5T5 =0 03T <UsUSS
CHOSHT o 0.405 12642 53.7 04328 1.0 12.062 -0.199 -0,202
HITO U 0.41% 3.7 53,0 0.33% 1.0 12130 02627 U620
TOKYO Y 0.621 243.6 4046 04462 1.0 144102 0,352 0.358
UTSUNGHIYA D 0aT5% =38.3 34,5 0.525 T.0 15.377 =0.515 =U.ST7
YOKOHAMA U 04832 230.8 3049 04567 1.0 16.508 04449 0e451
RUMAGAYA — D 0.879 =778 791 0587 1.0 T7.08% U174 TSI
MAEBASHI D 1.199 ~6842 20.3 04696 1.0 214147 -0.684 ~04687
] U 12435 230.5 1620 T T5% 1.0 253279 =TS515 1.6
[__KOFUY u 1.564 259.5 14.1 0.780 1.0 264030 0,034 0.030
SHIZUOKA U 1.938 239.8 9.9 04840 1.0 314142 -0.276 ~0v283
MATSUSHIRO D 1.899 -71.8 10.4 0,834 1.0 304632 0,235 0.228
HAMAMATSU U 2,558 24le4 5.5 G.908 1.0 394664 1,464 1576
SOLUTION FROM THE ABOVE TRYAL  LATTTUDE LDNGITUDE OEPTH(KMI ORIGIN TIME LsSG.RES: VAR O-CeSGsSUR DoFRINDS
354965 140,455 71441 3.717 0.718 6446 9.0
PROBAGLE ERRON 0,029 04059 9,17 04912
LONGITUDE TRANSFORMED BACK TG 140,444
STATION DLLTAIDEG) — AZIMUTHIDEG) ANGLE(DEGIWULFF GRID P TIMETSECT RESIDUAL WY S TINE RESIDUAL Wf 1
KAKIOKA  y 0.336 =37.3 59,1 0.276 11.54 ~0406 _ 140___20427 -1:19 140
CHOSHI ) 04405 12643 04326 12,08 -0,20 1.0 21422 0,86 1.0
MITO y 0414 3.1 €.333 12416 0462 140 21436 2492 1.0
TOKYD v 04622 24346 0e461 14413 0e35 1e0 24484 Ce24 140
UTSUNOMIYA D CaT44 -3846 c.52¢% 15,50 ~0451 _1.0__ 27426 ~1.08_1.0
YOKOHAMA™ U 0.833 23048 Co566 1 0445 1,07 29,09 ~1.2171.0
_KUMAGAYA D 04880 —77.8 C4 556, 17.11 0417 _1,0___30411 17 1.0
MAEBASHI D 1.200 —6843 0,695 2117 =0e68 140 37440 =-41.12 0Oa
AJIRO u 1.436 23045 C.753 24430 -le6l 1.0 42468 -3.10 1.0
KOFU ] 1.565 25945 Ge 119 26,05 0.03 1.0 45,99 -T.21 1.0
SHIZUOKA U 1.939 239.8 0,839 31,16 -0.28 1.0 55,07 =-58.79 0.
MATSUSHIRG © 1,899 —71.8 C.833 30465 0.24 7140 54416 12477 1,0
HAMAMATSU 2.559 24104 0,907 39470 1.48__1.0__ 7C.30 _ -74401 0.

Fig. 1 Example of compter output
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Output

Fig. 1 shows an example of the printed output of our computation..

First, the date of earthquake and the number of stations used in
computation are shown with the first approximations to the epicentre, focal
depth and origin time. The epicentre coordinates transformed to the:
spherical earth model are also shown. The structure parameters are then
given for P and S waves. The parameters for S wave are used only
in computation of S time residuals after the hypocentre and origin time-
are determined from P wave data,

Next, some useful informations relevant to each station produced in
the process of the first correction are given. The first column shows the:
name of station, the second shows whether the first motion at the station.
is down or up. The epicentral distance, azimuth angle (clockwise from
north), emergence angle at the focus, P travel time and residual (O—C):
are shown in the Columns 3, 4, 5, 8 and 10 respectively for the origin
of the first approximation. In Column 6, the radial length on the stereo-
graphic projection corresponding to given emergence angle is computed as.
tan{(w/2—|e¢,|)/2}. This value is conveniently used in the fault plane study
of earthquake with the aid of the Wulff’s grid® as will be illustrated later.
The weight shown in Column 7 takes the unity when the first motion is.
sharp (¢P) and zero when it is blunt (¢eP). In the first correction, all
stations with 7P are used, but in the second correction stations are neglected
if the least squares-residual of the station exceeds 3 seconds. This residual
is the error of the least-squares determination and is shown in Column 9.
The variance of this residual is used to estimate the probable errors of the:
solutions, which are shown below the corresponding solution. The solutions.
are given in degree for latitude and longitude, in km for focal depth and
in sec for origin time. The longitude is transformed back to the spheroid.
earth; the transformation produces negligible effect on latitude.

The least-squares determination is repeated 3 times, each time taking:
the solution of the preceding determination as the trial solution. Last.
station listing is based on the final solution. In this list, computed travel
time and residual (O—C) are shown for S waves as well as for P waves.
The S times are computed for the model structure given in the 6th line-
of the output sheet. The weight for S waves (indicated as WT') takes
unity when the onset is sharp (¢S) and zero when it is blunt (eS). The:

12) E. N, BEsSONOVA et. al., Investigation of the Mechanism of Earthquakes (1960),.
p. 151,
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value of S residual for WT=0 has no physical meaning and must be
disregarded. P residual of the station for which the weight of P time
is zero must also be neglected.

Application

Our program has been primarily used for the investigation of local
earthquakes in Japan from the data supplied by the Japan Meteorological

Earthquake of 06M3a™, March 27, 1963

( A =135° 46'E )
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Fig. 2. Example of stereographic projection of upper
hemi-focal-sphere

Agency. This investigation includes examination of the accuracy of hypo-
centre location routinely done by the above agency on the basis of a now
obsolete standard travel time table. The main object is, however, to
increase accuracy in the determination of focal mechanism of local earth-
quakes in Japan.

Fig. 2 illustrates the radiation pattern of P waves on the stereographic
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projection of the upper hemi-focal-shere obtained for the Echizen Oki
earthquake of March 27, 1963 (M=6.9, revised depth 5.5km). In this
diagram, the polar angle indicates the azimuth to station from epi-
centre and the radial length is equal to tan {(z/2—|e,|)/2}, where ¢, is the
emergence angle of ray at the source. The station for which emergence
angle is negative (ray leaves from the focus toward the centre of the
earth) is plotted in the opposite azimuth (180° from the azimuth to the
station), assuming that the radiation pattern is symmetric with respect
to the focal point. Two orthogonal planes are shown which best separates
compressions from dilatations. The axis of the maximum pressure is.
also indicated.

Another important problem we are investigating is the statistical
property of P and S travel time residuals and its bearings on the nature:
of wave medium.

Separate papers will be published on each of these problems.
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