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A SPECIAL-PURPOSE PROGRAM FOR E A R T H Q U A K E  LOCATION 

W I T H  AN E L E C T R O N I C  C O M P U T E R  

BY JOHN M. NORDQUIST 

ABSTRACT 

An electronic digital computer program has been developed for determining the source and 
origin time of a local earthquake by the method of least squares, using the times of arrival of 
direct and refracted P waves at stations in the Pasadena network. Output includes the geo- 
graphic coordinates and depth of the source, the origin time, direct distances from the source 
to each station, and the difference between observed and computed arrival time of P at each 
station. Limitations to the applicability of the program are discussed. 

INTnODUCTmN 

The use of high-speed digital computers for processing seismic data is increasing 
rapidly. Starting in August, 1960, the U. S. Coast and Geodetic Survey has used 
an electronic computer for routine location of the larger earthquakes recorded 
throughout the world. Bolt (1960) has developed a program for the revision of 
epicenters by the method of least squares, using up to 300 observations of P, pP, 
and PKP. This program takes advantage of the large storage space and high speed 
of the IBM 704 computer. The Australian National University (Flinn, 1960) is 
using an IBM 650 computer for determining epicenters of earthquakes in New 
South W~les, with computation limited to the use of arrival times of direct P 
phases at stations in that  region. 

The Seismological Laboratory in Pasadena determines routinely the locations 
and magnitudes of all earthquakes in the southern California area which are well 
recorded by the stations of its network, except for aftershock sequences in which 
the number of such shocks becomes too great to handle and the magnitude threshold 
must be raised. In the past, these determinations have been made by graphical 
methods, with numerical checks on the consistency of the results. The routine 
load has averaged twenty local earthquakes of magnitude 3 or over per month. 
Special research has been done on the distribution of epicenters in some aftershock 
sequences, but there remains a large backlog of data on aftershocks which has not 
been interpreted because of limitations of time. The purchase of a Bendix G-15D 
electronic digital computer has made possible the application of the method of 
least squares to the determination of epicenters not only for special investigation of 
particularly interesting earthquakes, but also to the routine load and to aftershock 
swarms as well. 

The program described here was designed for the Bendix G-15D by the author 
to permit use of data from the 17 permanent stations of the Pasadena network 
and others up to a maximum of 24, to apply travel-times of refracted as well as 
direct P phases as determined for the region, and to operate with a minimum of 
supervision on the part  of the computer operator, so that  computation may proceed 
unattended overnight. At the same time, features have been included which permit 
optional typeout  of station residuals after each iteration, and deletion of unsatis- 
factory station data or alteration of station weights and P phase identifications. 
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OPERATING PROCEDURE 

Data input is by punched paper tape prepared off-line on a Flexowriter. For 
each earthquake, approximations to the epicenter and origin time are given, fol- 
lowed by the times of arrival of the first phase at the various stations of the Pasa- 
dena network, the weights assigned to the stations, and, if desired, specification of 
the P phase at each station. This data is read into the computer automatically one 
set at a time. The program edits the data to remove any obviously erroneous entries 
and types out the data which remain. It then applies the method of least squares 
to compute corrections to the coordinates of the focus and to the origin time. 

The least-square solution is repeated for the corrected location and origin time 
until the correction to the location is less than a pre-specified amount, or until a 
pre-specified number of iterations has been performed. The geographic coordinates 
of the corrected location are then typed out, followed by a listing of the direct 
distance of the source from each station (for magnitude computation) and the 
difference between observed and computed arrival times for the P phase, and the 
standard errors of determination of the coordinates and of the origin time. 

This sequence of operations is performed on each set of data in turn until the 
end of the tape is reached, whereupon the computer comes to a halt. 

The program is in machine language, using the arithmetic and output subroutines 
of Autopoint 24, in which all numbers appear in the machine as double-precision 
binary numbers scaled 2 -24 . The arithmetic subroutines scale the results automati- 
cally to 2 -24. A multiplication or division requires 0.09 sec, and a square root is 
extracted in 0.25 sec. The output subroutine converts a number from the binary 
form and types it out as a decimal. 

The entire program, including storage locations for input data and results of 
intermediate calculations, is accommodated in the 2,160-w0rd magnetic drum 
memory of the computer. 

A solution requiring three iterations, using the data from 13 stations is completed 
in nine minutes. This indicates that the routine load of local earthquakes will 
require three to four hours of machine time per month. 

Figure 1 shows the complete typeout during the location of one earthquake, with 
explanatory notes added in parentheses. 

TRAYEL-TIMES 

Travel-t~es of P phases are based on an assumed three-layer model of the 
earth's crust. The effect of curvature of the earth's surface is negligible for the 
distances involved. For sources in the upper layer of the crust, the travel-times are 
given by 

p l -  o = D/Vl  
P~ - o = A / G  + K2 + C~ht (1) 
P~ 0 a / G  + Ks + Ghj 

where (P~ - 0), (P2 - 0), (P~ -- O) are the travel times for paths whose lowest 
points are in the first, second, and third layer, respectively. 

V~, V2, V~ are velocities of P in first, second and third layers 
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D = distance of focus from station 
A = distance of epicenter from station 
K~, K~ = intercepts of the travel- t ime curves for a surface source 
C2, C3 = partial  derivatives of the travel  times with respect to depth h 

approximate epicenter, ceded 
1952 7..21..Ii..52..13.9 approximate origin time 
4.01 .52..33.7 
30.01 .52..42.5 
w. Ol .52..38.5 
14.01 .52..39.2 
3w. Ol .52..49.5 
54.01 .52..45.8 
60.01 .53..03.2 
4w.ol .52..44.6 
34.01 .52..28.6 
34.01 .52..28.6 

X Y Z 
- 96.031 I~! .000 km I0.725 km] 

O- 3134.063 sec. I first approximation 

h- i0.000 km 

.O001u20 

station, weight, P time 

94.650 .468 12.666 ] 
3133.787 I after first 

correction 

11.961 

98.i85 1.606 23.798 ] 
3134.602 

after second 
16.000 correction 

98.214 1.636 23.298 
3134.541 

.52. 14.541 
34.000 58.820 
119.000 4.769 
22.539 

.60 349.106 .004 

.54 216.405 .~3 

.4w 209.530 - .125 

.3w 243.270 .246 

.34 86.295 .206 

.30 192.102 .078 

.14 165.672 .171 

.Ow 164.880 .371 

.04 126.251 .038 
.272 

1.710 
1.359 
4.157 
.303 

I 

I after third correction 

origin time: rain, sec 
N latitude 
W longitude 
km. depth 

station, D, time residual 

variance 
standard error (E-W) km 
standard error (N-S) M~ 
standard error (depth) km 
standard error (origin time) sec. 

FIG. l. Complete computer typeout during location of earthquake of 1952 July 21 
at 11:52:13.9± GCT. Note that after the second correction, the corrected depth was below 
the Conrad discontinuity (Z of epicenter approximately 0.73 km), and that the depth was 
arbitrarily reduced to 16 kln before the third correction was computed. 

Currently the values of the parameters  V and K employed in equations (1) are 
those determined by Press (1960) for the region of southeastern California and 
Nevada,  using explosion data,  but  other values m a y  be substi tuted at  will. 

Past  experience suggests that  foci of earthquakes in the southern California 
region usually lie in the upper  layer. Calculation o f / ' 2  - 0 for sources below the 
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Conrad discontinuity appeared to be too complicated to incorporate in the program 
within the storage limits of the computer. Therefore, if an approximate source is 
found to be below the Conrad discontinuity, the depth is reduced arbitrarily to 
bring it into the upper layer before another application of the least-square solution. 

COMPUTATION 

Computation is carried out in a rectangular coordinate system in which the 
X - Y  plane is tangent to the surface of the earth at 35°N, llS~W, and the Z-axis 
is directed downward. For each station used, an equation is set up for the correc- 
tions x, y, z, and t to be added to the coordinates X, Y, and Z of the source and 
the origin time O. 

Neglecting terms of higher order than the first, these equations are 

a~x ~- a~y -1- a~z + t -- P~ -- [P -- 0]~ -- 0 = F~ (2) 

where the subscript i refers to the station 
P~ = the observed arrival time at the station 
[P -- 0]~ is computed from the coordinates of the station and of the approximate 

source. 
In practice, the travel times [P - 0] are computed for P~, P2, and Pa from equa- 

tions (1) and if no choice of P phase has been specified in the data input, the smallest 
of the three is chosen. The coefficients of equation (2) are computed using the 
formulae given in Table 1 for the chosen P phase. 

With data from more than four stations the solution is overdetermined and cor- 
rections are sought which will minimize the sum of the squares of the residuals fi: 

ai~x -~- aiyy ~- aizZ + t -- Fi = f i  (3) 

If weights w~ are assigned to the station data, the desired corrections are the 
solution of the following equations: 

~_,(w~a~)x ~- ~ ( w ~ a ~ a ~ ) y  + ~_,(w~a~a~:)z ~- ~-~(w~a~x)t = ~(w~a~xF~) 

~__,(w~a~a~y)x + ~_,(w~a~y)y -[- ~(w~a~ya~..)z -~- ~(w~a~y)t = ~~(w~a~sF~) 

E(w~a~a~)x  + ~,(wia~ya~)y ~- ~_.(w~a~)z + ~-~(w~a~)t = ~,(w~a~F~) (4) 

~_,(w~a~x)x -~- ~(w~a~s)y -~- ~(w~ai. .)z -b ~_,(w~)t = ~ ( w Y ~ )  

The normal equations are solved and the matrix M of their coefficients is in- 
verted by the Crout method (Friedman and Foote, 1955). 

The variance of the solution is 

A / ~  ~ ( P ~  - IF - o]~ - 0 )  2 (5) S 
V N - 5  

where N = number of stations. 
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The standard errors of the rectangular coordinates of the source and the origin 
time are obtained from the variance and the diagonal elements of the inverse 
matrix. 

1 

gj = S [ M j F 1 ] :  j = x, y, z, t (6) 

These values are typed out in kilometers for the coordinates and seconds for the 
origin time. 

TRANSFORMATION OF COORDINATES 

The Clarke spheroid (Anon., 1952; Simmons, 1949) is taken as the basis of the 
geographic coordinates (0, X, h) of stations and sources. Transformation to or from 

T A B L E  1 

Phase a ix  aiy  aia 

1 Y -- Yi  1 Z - Zi 
P1 (P) 

P2(P,J 

Pa(P,O 

1 X - X ~  
V~ D~ 

1 X - X i  

V2 2xi 

1 X - - X ~  

V3 & 

1 Y - Y ~  
172 & 

1 Y - Y I  

Va Ai 

Vi Di 

C2 

C8 

D~ 2= ( X - X i )  ~+ ( Y -  y i ) 2 + ( Z _ Z i ) "  
Ai 2 = ( X - X i )  2+ ( Y -  y~)2+ ( Z -  h--Zi)  2 

the rectangular coordinate system is made through an intermediate system of 
spherical coordinates (~', X', o'). The surface of the spheroid is mapped on a sphere 
of radius R tangent to the spheroid at 35°N, 118°W, with its polar axis parallel 
to that  of the spheroid. Mapping makes use of the equations 

~ ' =  ( 3 5 + 1 8 0 M R ( ~ ) )  ° - ~ r  - -  ' 

X ' -  118 ° = (X - 118°)N/R  

p' = R - h  

(7) 

where 
M(~) = meridianal distance north of 35°N on the spheroid, 
R = radius of curvature of the spheroid in the meridian plane at 35°N, 
N = radius of curvature of the spheroid in a vertical plane perpendicular 

to the meridian at 35°N. 
The shift of position of a point produced by this mapping varies as the square of 

the distance from 35°N, 118°W and is approximately 0.2 km at 30 ° or 40°N, 113 ° 
or 123°W: points which mark the boundary of the area for which this program was 
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designed. Transformation between (~', X', o') and (X, Y, Z) is exact within the 
limits of the double-precision computation used in the program. 

TEST ON K~OWN SOVRCE 

A large quarry blast, 1951 March 31, near Corona, California, was timed by a 
field crew from the Seismological Laboratory, and affords data for an accurately 
known source and origin time (Gutenberg, 1952). Calculation with this program 
using arrival times of P at nine stations gives the following results: 

Origin time 
Latitude 
Longitude 
Depth 

Observed 

30 TM 3 3 . ~  s 

33 ° 5 0 . 8 1 / N  

117 ° 30 .36~W 

0 

Calculated 

30 m 33.579 ~ 
33 ° 5 0 . 2 8 5 ~ N  

117 ° 2 9 . 5 6 4 ' W  

0 . 5 1 6  k m  

Standard Error 

o. 150 s 
1.422 km 
1.643 km 
2.764 km 

L I M I T A T I O N S  

Bolt has pointed out that for highest accuracy in location of teleseisms it is 
necessary that the recording stations be uniformly distributed in azimuth about the 
epicenter, and that within each quadrant in azimuth the stations should be evenly 
distributed by distance. These conditions hold with some modification for local 
earthquakes. The first condition affects the accuracy of location of the epicenter; 
the second, the determination of depth of focus. 

Since the partial derivatives of the travel times (P2 - 0) and (P3 - 0) with 
respect to depth are not dependent on epieentral distance, it is impossible to solve 
for both depth and origin time on the basis of a set of readings of P2 or of P3 alone. 
The fact that the two derivatives differ by less than ten per cent for the assumed 
structure raises serious doubts that a combination of P2 and Pa readings will furnish 
the basis for a reliable determination of depth and origin time. 

This leaves three alternatives. First, at least one arrival time for P1, and pref- 
erably more, may be included in the data. This condition has been achieved for 
sequences of aftershocks of large local earthquakes by operating temporary re- 
cording stations near the epicenter of the main shock. 

Second, it may be possible to add to the program so that times of arrival of S 
phases may be used in the least-square solution. The use of reliable S times would 
impose restraints on tile origin time and would increase by about fifty per cent the 
range of values of the partial derivatives of travel-time with respect to depth. 
However, it is often difficult to tell which S phase appears on a given seismogram, 
and this uncertainty in identification must be considered in assessing the advantages 
gained by using times of S. 

Finally, the present program usually gives an epicenter which changes very little 
after the first few iterations, together with an origin time corresponding to some 
calculated depth of focus. With this information, it is possible to compute either 
the origin time for an assumed depth of focus, or a depth of focus corresponding 
to the origin time which best fits the arrival times of all phases recorded at the 
most dependable station or stations in any particular case. 
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John K. Gardner, research assistant at the Seismological Laboratory, has de- 
veloped a matrix inversion routine that  is more efficient in space and computing 
time than that  in the program described here. He is cooperating with the author in 
revising this program to permit 

(1) use of data from a larger number of stations, 
(2) use of up to two P and two S arrival times for each station, with separate 

identification of each of the phases, 
(3) computation of arrival times for sources below the Conrad discontinuity, and 
(4) exclusion from the normM equations of data which give large residuals, the 

threshold of acceptability being lowered after each iteration of the least 
square solution for corrections. 
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