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Abstract

Recent advancements in the observations of natural and artificial
earthquakes and in the improvement in the speed and memory size
of electronic computers are sufficient to give us aspiration for the
attempt of revising the travel time tables of near earthquakes which
have been used in routine works for nearly thirty years in Japan.
The Research Group for the Travel Time Curve was thus organized
in view of the practical and theoretical applications of the earth-
quake observations as well as the studies of the crustal structure
in this part of our planet. The Group aimed at the determination
of travel time curves of earthquakes with different depths best
fitted to the observations by the method of least squares for earth-
quakes originating in and around Japan by simultaneous adjustment
of origin times and hypocentral locations of all the earthquakes
studied. The station corrections for the arrival times for all the
observatories are also to be determined at the same time.

In the present study, our effort was inevitably confined to the
study of travel time curves of near earthquakes up to the epicentral
distance of 1500 km, owing to the areal limitation of our country and
paucity of observing stations in other neighbouring countries and
in the oceanic area. But high seismicity in. the region concerned
allowed us to obtain many data even in the limited interval of eleven
years (1954-1964). )

Several preliminary attempts and tests were made to select a
feasible procedure for the purpose. For the time being, the memory
size of an available computer and other factors confined us to the
determination, at one time, of a travel time for the earthquakes
with a given constant depth of hypocenter. Similar analyses were

* Actual numerical work was done under the responsibility of - T. UsaMI and R.

YAMAGUCHI. Other members of this group are S. Asavo, H. Kawasumi, I. ONDA, Y. SATO
and R. YOSHIYAMA, .




626

THE RESEARCH GROUP FOR THE TRAVEL TIME CURVE

carried out for each earthquake group of respective hypocentral
depths.

In view of the practical significance, some preliminary studies
and tests are briefly described in Part I, while the results of our
final analyses are deseribed in Part II. Major items treated in Part
I are as follows; Selection of the formula to express the travel time
curve and rejection criterion of inappropriate data (Section 2), de-
pendency of the resulting travel time curve on the assumed epicenter
location (Section 3), effect of the starting assumption of the location
of the epicenter on the final epicenter coordinates approximated
successively by the iterative application of Geiger’s method (Section 4),
convergency of the epicenter location and the travel time curve in
alternate successive determinations of the travel time curve and
epicenter location (Section 5), calculation of the travel time curve
for epicentral distances less than 170 km (Section 6), method of
simultaneous determination of the travel time curve and station
correction for the arrival of the P-wave, together with the origin
time and epicenter locations of all the earthquakes by means of
arrival times of the P-waves of many earthquakes at the stations
throughout our country (Section 7).

In Part II, the last procedure reached at in Section 7 is applied,
first to a group of earthquakes with a hypocentral depth of 40km
as determined by the Japan Meteorological Agency. Some detailed
reviews of the method and the results are given in Section 8. Similar
analyses were next made of other groups of earthquakes with hy-
pocentral depths of 0, 20, 60, and 80 km respectively, and the results
are shown in Section 9.

In Section 10, a comparison of the travel time curve obtained
here for earthquakes of zero km depth is made with the travel times
obtained in explosion seismic experiments carried out in Japan by
the Research Group for Explosion Seismology.
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Introduction

Exact determination of the origins of earthquakes has recently be-
come one of the key problems in modern seismology. The cause of
earthquakes, which is one of the ultimate objects of earthquake study,
is presumed to be best solved from the exact knowledge of the distribution
of hypocenters in relation to geological and geographical features. The
seismicity of a region also forms the essential basis for the practical
application of engineering means of the mitigation of earthquake disasters,
the largest natural calamity for the human race. This also depends on
the distribution of hypocenters and the mean frequency of earthquake
occurrences in each locality.

The accuracy of hypocenter determination depends on the arrival
time observation of seismic waves at a number of stations and on the
travel time curves of these waves. The utility of the accurate travel
time curve is not confined to the above problems. It also gives us the
best means to elucidate the structure of the interior of the earth.

The studies of the travel time curves of seismic waves date back
to the beginning of seismology, and here no complete historical review
of them is necessary and possible. It is worth mentioning that most
of the travel time tables currently used (Wadati, Sagisaka and Masuda,
1933; Sagisaka and Takehana, 1935; Gutenberg and Richter, 1936 ;
Jeffreys and Bullen, 1940) are derived by taking the means of available
travel times at respective distances from the epicenters, which are
determined by some standard travel time tables. Principally, therefore,
they are not free from the systematic errors in the presently used
standard table. Owing to the inhomogeneity in data due to the lack or
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paucity of seismological stations and epicenters in some regions of the
world, the mean travel time tables can never be free from the regional
inhomogeneities of the crustal structures, as recently revealed from the
studies of surface waves (Aki, 1961 ; Aki and Kaminuma, 1963 ; Kaminuma
and Aki, 1963; Kaminuma, 1964) and from the results of explosion
seismic experiments (Usamiet. al., 1958 ; Matuzawa, 1959 ; Matuzawa et.
al., 1959 ; Mikumo et. al., 1961 ; Hotta et. al., 1964).

It is, therefore, necessary to know as exactly as possible the position
of the hypocenters of available earthquakes, independently of any assumed
travel time curve, which give the best travel time curve to fit the
observed arrival times with the least deviations. Recent advances in
explosion seismology revealed the existence of very large station cor-
rections (Herrin and Taggart, 1962; Romney et.al., 1962), which calls
for the inevitable elimination of their effect in the ensuing analysis.

The next important point of the study would be the possible differences
of crustal structures in different parts of the world.

Recent advancement in the observations of natural and artificial
earthquakes and the improvement in the capacity of electronic computers
gave us impetus for the study of the above problems. We first at-
tempted to determine the travel time curves of earthquakes originating
in and around Japan, where available data are abundant owing to the
high station density and seismicity.

The object of the present study lies in the caleulation of the
standard travel time curves of the P wave within 1500 km for shallow
earthquakes in the Japan area. The study is characterized by (1) a
vast amount of data processed by an electronic computer, which yields
a better accuracy than in the past, (2) the coordination of the surface
focus travel time curves with the results of explosion seismic observations,
and (3) the simultaneous calculation of the corrections to the travel
time curve and hypocenter constants, and the station corrections by means
of the least squares method.

Earthquakes which have occurred in and around Japan since 1954
are used in the analysis and data are obtained from the Seismological
Bulletin of the Japan Meteorological Agency. Hereafter, the Japan
Meteorological Agency will be abbreviated to J.M.A. and the data pre-
pared and published by J.M.A. to J.M.A. data. According to Yamakawa
(1965), J.M.A. data in this period have the best quality in its history
since 1883 and can be safely assumed to be homogeneous. Earthquakes
having available observations at places farther than 1350 km are adopted.
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Since available observations at large distances are few owing to the
geographical relationship of the observation network to the seismically
active region, the travel times at epicentral distances less than about
1550km are considered. ’ '

Before entering the actual work, the following preliminary tests
were made in order to fix the procedures in detail. They are given in
Part 1.

1) The difference of calculated travel time curves due to the adoption
of different formulas and data is examined in Section 2. The cubic
formula without a quadratic term as a function of the epicentral distance
is adopted finally and the observed data which deviate by more than 2
seconds from the assumed travel time curve will be omitted from the
calculation of the travel time curve.

2) The effect of the small shifting of the epicenter location on the
resulting travel time curve is examined in Section 3. It is concluded
that earthquakes having a probable error of longitude and latitude of
the epicenter of less than 1" would be preferable for this study.

3) The initial epicenter location affects the final location in the
process of successive approximations by Geiger’s method. This effect
is examined in Section 4 and it is found that the effect is negligible if
data which deviate by more than 2 seconds from the referred travel
time curve are omitted in every step of the successive approximations.

4) A test is made on the convergency of the epicenter location
and the travel time curve when they are calculated by alternate successive
approximations. The result shows that the convergency is so rapid that
we may adopt the first approximation epicenter constants and the second
approximation travel time curve as the standards in the procedure
described in Section 7.

5) Since most earthquakes adopted in this study occur under the
oceanic region and available data at short distances are scanty, the
travel time curve calculated from these data cannot be applied to
short distances. Therefore, the travel time curve for distances less
than about 170 km is considered separately. For this distance range, data
of large earthquakes and additional small ones are processed together
as is described in Section 6.

6) A method of calculating simultaneously station corrections, correc-
tions to the presumed travel time curve (see Eq. (1-4)), corrections to the
time of occcrrence and to the epicenter location is given in Section 7.

Application of the procedures given above to the actual data is
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developed in Part II. Earthquakes are grouped according to the J.M.A.
focal depth and the actual work is done for each group. The Wadati-
Sagisaka-Masuda travel time curve and the J.M.A. constants of hypo-
center (latitude, longitude, depth and time of occurrence) are adopted
as the starting approximation in this investigation. The processes ex-
plained in 1)~6) are reviewed in Section 8 using earthquakes with the
J.M.A. focal depth of 40 km, and the results for the focal depths of
0, 20, 40, 60 and 80 km are summarized in Section 9.

The travel time curve describing the data of explosion seismic ex-
periments carried out in Japan is calculated for a range less than 300 km.
Since for this distance range, this travel time curve is more reliable
than that obtained from the analysis of natural earthquake of shallow
focus, the latter travel time curve is adjusted to the former one to
obtain a travel time curve for the surface origin (cf. Section 10).

Concluding remarks and future problems are given in the last Section.

Part I. Numerical Tests on and Description of the Method

1. General descriptions

With the above-mentioned object in view, the method of least squares
is applied in various stages of this study. The results, however, depend
principally on the data used, the location of the epicenter, the first
approximation travel time curve, the method of data processing, and so
on. In order to make clear the contributions of these causes to the
final results, several kinds of numerical tests are described in this Part.

In Section 2, the selection of the data and the formula for the travel
time curve are considered. In the following Sections, from 8 to 5, the
effect of the shifting of the epicenter location on the travel time curve,
the effect of the starting epicenter location on the final one in the
process of successive approximations by Geiger’s method, and the con-
vergency of the travel time curve and epicenter in alternate successive
determinations are considered. The method calculating travel time curves
for short distances is given in Section 6. A method calculating the S
approximation travel time curves (see Section 8) will be explained in
Section 7 by which the station correction, corrections to the travel time
curve, to the time of occurrence and to the epicenter location can be

calculated simultaneously.

2. Formula for the travel time curve and selection of data
The travel time curve can be expressed in a certain range of
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epicentral distance as a polynomial function of #n-th degree of the
epicentral distance. An attempt was made. (Seismological Section, J.M.A.,
1963) to approximate the Wadati-Sagisaka-Masuda travel time table of
the P wave by an n-th degree polynomial function in epicentral distance.
According to the results, if the degree » is large, this function reveals
undesirable fluctuations of small amplitude showing that the derivative
of the travel time curve with regard to the epicentral distance dt/d4
does not decrease monotonously as the distance increases. On the other
hand, when the focal depth is zero, it is known that the coefficients of the
even degree terms of the epicentral distance generally vanish (Kawasumi
and Yoshiyama, 1934). "~ Considering the results of these investigations,
the following two formulas were chosen and tested numerically.

a) t=a +b4 +ds£, (1-1)
by t=a' +b'd+c’L+-d L. (1-2)

In the attempt to calculate the travel time curve which best fits to
the observed data by the method of least squares, the choice of data
is known to have effects on the results. Usually data which deviate
by more than a certain value from the assumed travel time curve are
omitted before the calculation. In the present study, the two processes
(I) and (II) were tested in order to determine the critical value for the
rejection of inappropriate data.

First of all, the travel time of an individual earthquake is plotted,
&s in Figure 1, referring to the J.M.A. constants of the hypocenter.

Process I) Next, all the data which deviate from the average by

more than about 5 seconds are omitted and the coef-
ficients of either (1-1) or (1-2) are determined from the
remaining data by the method of least squares.

Process II) Then, data which deviate by more than 2 seconds from

the derived relation (1-1) or (1-2) are discarded, and the

coefficients of relation (1-1) or (1-2) are redetermined

from the remaining data. ‘
The value, 2 sec., was adopted referring to the fact that the arrival
time of the P wave determined by J.M.A. may have inaccuracy amounting
to a maximum of 2 seconds, even when the on-set of the wave is
undoubtedly identified (Hayakawa, 1949; 1951). Cross marks in Figure 1
are the observations rejected in the process I), solid circles show the
data rejected in the process II), and the resultant curve which is shown
by the dotted line is calculated using only open circles. In this figure,
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travel time curves corresponding to the expression (1-2) are shown.
‘The resultant curve is slightly different from the Wadati-Sagisaka-

Masuda curve.
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Figure 1. Examples of the travel time curve of the P wave. The solid line
shows the Wadati-Sagisaka-Masuda travel time curve. Cross marks are the data
omitted before the calculation and solid circles are those which deviate by more
than 2 seconds from the travel time curve based on both open and solid circles.
The travel time curve shown by the dotted line is calculated using only open circles. -
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In J.M.A., since 1961, the determination of the hypocenter has been
carried out on an electronic computer using the arrival times of P and
S waves obtained at about 25 stations nearest to the epicenter. The
difference between the resultant curve and the Wadati-Sagisaka-Masuda
curve may be partly due to the number of data used and partly due
to the different procedures of the analyses. Examples of the processes
I) and II) are given in Figure 2. Generally speaking, the differences among
the four (thin and thick dotted, thin and thick solid) curves are so small
that any of the four can be adopted. In this study, however, considering
the investigation by Kawasumi and Yoshiyama cited above, the dotted
thin curve, the result of the process II) employing the formula (1-1),
is adopted as the standard. For earthquakes with 80 km focal depth,
formula (1-2) is employed instead of (1-1). It can also be found from
Figure 2 that the calculated curves for earthquakes with a certain
focal depth are similar to each other when the focal depth is larger
than 40 km.

3. Effect of the shifting of the epicenter location on the travel time
curve

The shifting of the epicenter location affects the features of the
resulting travel time curve. A test on this point was carried out and
the results are arranged in Figure 3. The thick solid curve is the travel
time curve referred to the J.M.A. epicenter. The other curves are
constructed by shifting the longitude and latitude of J.M.A. epicenter
by 1" or 3. For the line denoted by SE, for example, 41=1" (or 3)
and do=—1" (or —3’), where 1 is the longitude and ¢ the latitude of the
epicenter. In general, the J.M.A. epicenter gives the smallest standard
deviation. It is seen from these figures that if the probable error of
the J.M.A. epicenter is smaller than 1 minute, any shifting of the
epicenter within the range of probable error gives little effect on the
results, but if it is larger than 3 minutes, the effect of shifting cannot
be neglected. This suggests that the earthquakes with an epicenter
precision better than the above mentioned amount are desirable. However,
most of the large earthquakes in and near Japan occur under the ocean ;
consequently the earthquakes with such a good precision are rather rare.
In order to overcome this disadvantage, a newly developed method
(see Section 7) is used in the caleulation. Namely, by means of the
least squares method the corrections to the travel time curve and hypo-
center constants, and the station corrections are simultaneously calculated.
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Figure 2. Comparison of travel time curves calculated by the method of least
squares. Chain line (W-M) is the Wadati-Sagisaka-Masuda travel time curve. Solid
line is the result of the process I) and dotted line that of II). Thick and thin lines
show the results calculated using the expressions t=a+bd-+cd2+d4 and t=a’+b'4
+-d’ 43, respectively.
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Figure 8. Effect of the assumed location of the epicenter on the calculated travel
time curve. Thick solid curve is the result based on the J.M.A. hypocenter con-
stants. The other curves are obtained by shifting the epicenter by 1’ or 3’ along
the longitude and latitude. The line NW, for example, implies 4i=-1/, dp=+1".

4. Effect of the initial epicenter location on the final one in the
process of successive determinations of the epicenter

Geiger’s method of calculating corrections to the epicenter location
and to the time of occurrence is adopted. In the successive application
of this method, it is empirically known that the final epicenter location
and time of occurrence depend on the starting epicenter location and the
data used. This effect is shown in Figure 4 by an example. The critical
value, C.V., is defined as the largest permissible deviation from the
reference travel time curve. The cross mark in each figure is the J.M.A.
epicenter and the open circles are the starting epicenter locations shifted
by +5 minutes in angle along both longitude and latitude. Arrow shows
the shifting of the epicenter for each iteration of computation, and solid
circle is the final location of the epicenter. If the critical value, C.V.,
is four seconds or more, epicenter locations are obtained elsewhere
according to the starting positions of the epicenter. For the critical
value of three seconds or less, wherever the starting point may be, the
epicenter finally falls in a limited area and this feature is really remarkable
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Figure 4. Convergency of the epi-
center location by iterative application
of Geiger’s method.  Cross mark: J.M.A.
epicenter. Open circle: starting point
for the iterative determination of the
epicenter which is shifted by 5 along
longitude and latitude from the cross
mark. Arrow line: movement of the
epicenter for each iteration. Solid circle:
final location of the epicenter. The data
which deviate by more than the value
denoted by C.V. from the presumed travel
time curve is omitted in each step of the
iteration. This example shows that the
final epicenter location depends on the
position of the starting one. However, for
the case in which the C.V. is less than 3
seconds, the final location of the epicenter
converges to within a small area in-
dependent of the initial location of the
epicenter.

for the case of the critical value less than two seconds. 'Thereforev, the
value 2 seconds is taken for the subsequent epicenter determination.

5. Convergency of the determination of the travel time curve and
epicenter location by alternate successive approximations

In an alternate application of
the determination of the travel
time curve by the method of least
squares and of the revision of the
epicenter location and the time of
occurrence by Geiger’s method, it is
tacitly assumed that this procedure
will be convergent. If this does not
converge, it may be concluded that
the observed data adopted are not
suitable.

An. example of a numerical

experiment on this point is de-

monstrated in Figure 5 using
earthquakes of 40km depth. The
processis as follows. Among earth-
quakes with available data at
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Figure 5. Convergency of the epicenter
by alternate determination of the travel
time curve and epicenter location. Final
epicenters of various earthquakes are
superposed on the position of the cross
mark. The open cirele shows the J. M. A.
epicenter and the solid circle the epicenter
revised once.
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distances farther than 1350 km, those having similar travel time curves
are adopted. This number of earthquakes is eight. First, introducing
the J.M.A. constants of the hypocenter, the travel time curve describing
the observed data calculated by means of least squares is determined for
each earthquake and their average is considered as the first approximation
travel time curve. Next, using this travel time curve the epicenter
location and time of oceurrence of each earthquake are revised by Geiger’s
method. The epicenter thus revised is called the first approximation
epicenter. Following in a similar way, the further approximations of
travel time curve and epicenter location are calculated successively by
using the lower order approximations.
The travel time curves thus obtained are

t=3.580+0.132844—0.(8)29984 1st approx.
t=23.599+0.132884—0.(8)3096 4° 2nd approx. (1-3)
t=3.5974-0.132894—0.(8)31024° 3rd approx.

In Figure 5, the second approximation epicenters are superposed on
the position of the cross mark. The first approximation and the J.M.A.
epicenters relative to the cross mark are given by solid and open circles
respectively. In this figure, the results of thirteen more earthquakes
are added. It is clearly seen from this figure and the above formulas
that the alternate determination of the travel time curve and epicenter
location makes them converge and that the first approximation epicenter
and the second approximation travel time curve can reasonably be adopted
as standard. The second approximation travel time curve will be called
the a approximation travel time curve.

6. Method of calculating the travel time curve for short distances

Since earthquakes with available P waves at distances larger than
about 1350 km usually occur under the ocean and have few data at
short distances, the travel time curve calculated by the method described
in the preceding sections shows less accuracy at short distances.

On the other hand, the travel time curve at short distances is much
affected by the earth’s structure near the surface and displays different
features from that at large distances. The travel time curve at short
distances less than about 150~170km, therefore, is considered separately.
In order to cover the scarcity of data at this distance range, small
earthquakes having no available P waves at distances farther than about
1350 km were added.
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Examples are given in Figure 8 for earthquakes with various focal
depths. Data from 32 smaller earthquakes were added to those of the
earthquakes listed in Table 1 for the case of 40 km focal depth.

The curve best fitted to these data can be approximated by a linear
or a cubic formula using the method of least squares. A quadratic
formula was tried, too. The result is numerically very close to the
cubic formula and the difference can be neglected. The cubic formula
is adopted as the standard in the following analysis.

7. Method of calculating station corrections, corrections to the
presumed travel time curve, to the time of occurrence and to the
epicenter location

A method calculating simultaneously the station corrections, the
corrections to the assumed travel time curve, to the time of occurrence
and to the epicenter location is adopted to give the 3 approximation
travel time curve (see Section 8).

Although it may be natural to consider the correction to the presumed
travel time curve as a continuous function of the epicentral distance,
this correction is assumed, in this study, to be a stepwise function of
the epicentral distance.

The difference between the observed and calculated travel times is
assumed to depend on (i) the station correction S;, (ii) the correction
to the standard travel time ¢;(4), (iii) the correction to the time of
occurrence T, and (iv) the corrections to the location of epicenter, namely,

0—C=8;+t;+T,+%dy, + 2 gy, . (1-4)
o2 g

The epicentral distance is divided into regions with an equal interval
d except for the region nearest to the epicenter which has the interval
d/2. t;(4) is assumed to be constant in each interval. As S;, t; and
T, appear only in the form of a sum in the equation (1-4), it can
easily be seen that the two of these quantities are indefinite by a con-
stant. This implies that the system of normal equations derived from
the observation equations (1-4) has second order degeneracy. Therefore,
we assume the values of two unknowns in solving equation (1-4).

Let the solutions be noted by

(Si)a ’ (tj)a ’ (Tk)a ) (dzlc)a and (dsok)a ] (1_5)

when the station correction of a specific station 7, is equal to a, namely
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Sie=a; then the solutions when « is changed to a(=a-+a') are

(S)z=(S)a+a’,
(ta=()a
(Te=(T).—a", (1-6)
(dxk)ﬁz(d/qk)a ’
(d¢r)a=(d¢L)q -

In a simila_r way we can calculate the solutions corresponding to the
case T,=0b(=b+b") from those which were obtained for the assumption
Tw=0b, namely

(S)s=(Si),—b",
(€)= »
(T )i=(Tp)+0", (1-7)
(A2 )5 = (dA),
(dep)s=(dey), -

In actual computation, the station correction of a certain station and
correction of the time of occurrence of a certain earthquake were put
to zero. In order to determine these values finally they should be
subjected to additional conditions having geophysical significance, such
as the base line corrections (Cleary and Hales, 1966) or the vanishing
of average station corrections.

Part TI. Application to the Actual Data and Preliminary Results

8. Procedures used

Application of the method and results of various tests given in Part
I to the actual data will be explained in this section using earthquakes
with the J.M.A. focal depth of 40km. Earthquakes which have magni-
tudes larger than 5.0 and which occurred during the period from 1954 to
1964 are chosen. The J.M.A. constants of the hypocenter are adopted
as the starting value. Travel time curves describing the observed data
by means of least squares are calculated by equation (1-1) and process
(II) in Section 2 and are arranged in Figure 6. The variations of the
travel time curves are considerable. About half of the travel time
curves, however, show similar features and cluster in a narrow band
near the center of the figure. The average travel time curve of these
clustered curves is given by the thick solid curve which shows a time delay
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compared with the Wadati-Sagisaka-Masuda travel time curve in the
distance range less than about 1200 km.

As was stated in the Introduction, it is intended in this study to
calculate the travel time curve up to 1500 km epicentral distance. In
order to attain this goal, earthquakes having available data at distances
larger than about 1600 km are to be analysed. Since such earthquakes
are rare in the Japan area, earthquakes with usable readings of the
initial wave at distances farther than 1350 km are employed in this study.
Among such earthquakes, eight events having similar travel time curves
are chosen from Figure 6 and their travel time curves are averaged as-

TRAVEL TIME CURVE DETERMINED
BY THE METHOD OF LEAST SQUARES

T-A/8
(SEO) FOCAL DEPTH = 40KM
| — NORTHEASTERN JAPAN
------ CENTRAL PART OF JAPAN
2= SOUTHWESTERN JAPAN

— AVERAGE CURVE : 5
T=432+013154-0(8)288 N

0 500 1000 1500
EPICENTRAL DISTANCE (KM)

Figure 6. Travel time curves obtained by the process I) using the formula (1-1)
for earthquakes having a J.M.A. focal depth of 40 km. Travel time curves of about
20 earthquakes showing similar features are averaged, which is shown in the figure
as the “average curve”. This curve is slightly different from the one given by
(2-1), because the former includes smaller shocks, while the latter is the average of
8 large earthquakes with available data at distances larger than 1350 km. W-M
means the Wadati-Sagisaka-Masuda travel time curve.
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t=3.58040.13284—0.(8)29984° ,
150 km < 4<1500 km . (2-1)

Employing this averaged travel time curve, the constants of the
hypocenter are re-determined using the method described in Sections 4
and 5. In this stage, earthquakes whose epicenters are moved by more
than 50 km from the J.M.A. epicenter are omitted. The new travel time
curve is calculated for each earthquake using the revised constants of
the hypocenter. The average of the travel time curves thus obtained
has the expression

t=3.599-+0.13294—0.(8)3096 4" . (2-2)

Using this travel time curve as well as data at distances larger
than about 150 km, the constants of the hypocenters of 32 smaller
earthquakes are revised. The data of these earthquakes are added to
those of the larger ones in order to improve the accuracy due to the
scarcity of data in the region within 150 km. Travel time curve for
short distances (4<170 km) best fitted to the observed data is calculated
applying a cubic polynomial function of the epicentral distance and the
revised epicenters. In this calculation, the data of 40 earthquakes are
processed together. The result is given by

t=6.346+0.10074+0.(5)5994 4+ 0.(6)5082.4° . (2-3)

Expression (2-2) and (2-3) intersect at the epicentral distance 179 km.
The combination of (2-2) and (2-3) is adopted as the standard travel
time curve for the process described in Section 7. This is called the «
approximation and is expressed as

t=3.5994-0.13294 —0.(8)3096.4° 4>179 km

2-4
1=6.34640.1007440.(5)569944* 4 0.(6)5082 4 A4<1T9 km . @4

Next, the process given in Section 7 is carried out employing the
revised epicenter and the « approximation travel time curve. It is
assumed that the correction to the travel time curve #;(4) is constant
in each 100 km interval which is measured from 4=50km. The first
interval covers 0~50 km epicentral distance. Since the data at distances
farther than 1550 km are very few, the analysis is performed for the
epicentral distances less than 1550 km. The station correction of Tokyo
and the correction of the time of occurrence of the 18-th earthquake of
Table 1 are preliminarily assumed to be zero. After the computation
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the modification was made so that the mean of all station corrections
vanished, and consequently the corrections S; and t; were adjusted ac-
cording to (1-5) and (1-6). In this analysis, the number of stations,
intervals of epicentral distance and earthquakes are 91, 16 and 8, re-
spectively. So a system of 131 linear equations is solved. Corrections
to the travel time, being stepwise, are added to the « approximation for
epicentral distances from 0 to 1500 km at 100 km intervals. The travel
time thus corrected was approximated in the sense of least squares
applying a 5th-order polynomial function of distance.

The travel time curve thus obtained is called the 2 approximation
curve that has to be shifted by a constant amount which will be determined
in the detailed comparison of our results for various depths with the
results of the analysis of data given by the explosion seismic experiments in
Japan. In Figure 10-(c), the Wadati-Sagisaka-Masuda travel time curve,
the « and j approximations and the value subjected to the stepwise cor-
rection, which is temporarily taken to be zero at the epicentral distance
of 500 km, are given.

Figure 7 is the plot of actual data referred to the J.M.A. constants
of the hypocenters for 20 large earthquakes having 40 km focal depth.
This figure assures the plausibility of the B approximation.

t-ar8

(sec) H=40km
151

I S P D I O

o ] ] ! ! ] ! ! ! 1 | ! ! ! ! Lo 1 e
150Q A (km)

g
g

Figure 7. Travel time curves and observed data of 20 large earthquakes having
40km focal depth. Dots show data plotted for the J.M.A. constants of the hypo-
center. The solid, chain and dotted curves are the 8 and the « approximations and
the Wadati-Sagisaka-Masuda travel time curve respectively.

9. Travel time curves for various focal depths

Following the process explained in Section 8, travel time curves for
various focal depths are calculated. Earthquakes used in this study are
listed in Table 1. The number of earthquakes for focal depths 0, 20, 40, 60
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and 80 km are 3, 9, 8, 18 and 8 respectively. To determine the «a approx-
imation travel time curve for short distances, 15, 20, 32, 24 and 15
earthquakes are added to each earthquake group having focal depths
0, 20, 40, 60 and 80 km respectively. The travel time curves thus obtained
are as follows. Units of the travel time and epicentral distance are the

Table 1. List of Earthquakes

Date Origin Time Latitude Longitude Depth Magnitude
h m sec s N s B km

1960 02 05 | 01 50 26.0 38 36 143 12 10 6.1
1961 02 23 | 13 16 10.7 38 16 143 30 00 6.4
1964 05 07 | 16 58 07.7 40 20 139 00 00 6.9
1958 04 11 | 09 58 06.0 38 30 144 00 20 6.4
1959 10 26 16 35 04.0 37 36 143 12 20 6.7
1960 03 21 | 02 07 26.0 39 48 143 30 20 7.5
1960 03 21 | 18 18 20.0 39 36 143 36 20 5.9
1960 03 23 09 23 19.0 39 18 143 48 20 6.7 -
1960 03 23 10 07 15.0 39 30 143 24 20 6.1
1960 03 24 | 07 22 35.0 39 12 143 30 20 6.2
1960 07 30 | 02 31 38.0 40 12 142 36 30 6.7
1963 10 04 | 08 24 31.0 31 53 132 09 20 6.3
1955 05 01 | 22 58 46. 39 45 143 45 40 5.7
1957 06 12 17 28 35. 41 06 142 54 40 6.1
1960 06 16 | 00 36 53.0 40 06 142 30 40 6.0
1960 08 13 | 16 11 06.0 40 18 142 30 40 6.2
1961 02 27 03 10 48.1 31 36 131 51 40 7.0
1961 06 19 | 16 38 20.0 39 09 143 39 40 5.8
1961 11 27 | 14 57 10.7 31 18 131 33 40 6.0
1964 01 10 13 50 53.8 41 42 142 51 40 6.1
1954 08 30 | 16 57 23. 43 36 147 48 60 5.9
1955 02 02 | 04 16 12. 41 54 142 36 60 5.6
1955 03 28 | 18 12 20. 29 24 130 06 60 6.3
1956 04 23 12 31 39. 42 24 145 00 60 6.1
1957 04 27 | 00 08 29. 44 00 148 00 60 5.8
1958 02 16 | 15 04 08.0 38 30 142 12 60 6.1
1960 07 08 | 21 51 25.0 30 15 130 45 60 6.1
1961 05 17 06 45 26.7 30 27 132 02 60 5.8
1961 07 18 23 03 37.9 29 37 131 46 60 6.6
1961 07 18 23 34 03.9 29 48 131 36 60 5.9
1961 08 12 | 08 33 49.6 42 49 145 34 60 5.8
1961 11 15| 16 17 09.9 42 39 145 34 60 6.9
1962 01 09 | 21 40 46.2 42 39 145 21 60 6.0
1962 04 23 | 14 58 11.8 42 14 143 55 60 7.0
1962 07 18 02 20 22.3 42 38 145 10 60 5.9
1962 12 21 | 18 33 18.5 42 01 142 30 60 6.3
1963 08 21 | 00 48 09.4 41 05 143 02 60 5.7
1963 10 23 18 47 03.1 41 08 144 35 60 5.3
1958 09 08 | 23 53 17.0 33 48 181 54 80

1958 11 07 | 07 58 11.0 44 18 148 30 80 8.1
1958 11 13 | 13 04 44.0 43 36 148 12 80

1960 04 15 | 20 38 59.0 40 54 141 36 80

1961 02 13 | 06 53 45.2 43 13 147 53 80

1961 08 12 | 00 51 31.9 42 51 145 34 80

1963 08 17 | 20 12 40.9 30 24 181 03 80

1964 06 23 10 26 34.9 42 59 146 28 80
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second and the km, respectively.

critical

distance
t=2.00240.18444 +0.(4)72264°—0.(6)14794° A<150 km} he 0km,
=17.528+40.13184 —0.(8)3381L4° 4>150 km
t=1.800-0.13774 +0.(3)19424*—0.(6)58624° A<180 km } h—20 km |
=5.722+0.13144 —0.(8)2424 4 4>180 km
t=6.346+0.10074 +0.(5)59944°+0.(6)50824° 4<180 km l 40 km
=3.599+0.13294 —0.(8)30964° 4>180 km ’
t=8.164-+0.072584 +0.(3)19524*+0.(7)73304 4<150 km } — 60 km
=4.164+0.12964 —0.(8)18664° 4>150 km
t=11.49-+0.049744 +0.(3)24844*+0.(6)13804° 4<170 km } 180 K .
=T7.487+0.11694 +0.(4)11564*—0.(8)50264° 4>170 km

(For example, 0.(4)7226 implies 0.00007226.) (2-5)

The critical distance which separates the applicability range of the
travel time formulas for short and long distances is obtained by equating
the travel times calculated from the first and second formulas of (2-5)
for each focal depth. The approximate value of this distance is given
in formula (2-5) as the critical distance. Figure 8 shows the data used
and the a approximation travel time curve of linear and cubic forms
for short distances. It also indicates that the latter form expresses the
plotted data better. The curves of cubic form and the Wadati-Sagisaka-
Masuda travel time curve are summarized in Figure 9.

Figure 10 is prepared in order to show the relation among Wadati-
Sagisaka-Masuda’s curve, the a and the B approximation travel time
curves and the one subjected to the stepwise correction. In this figure,
open circles are adjusted by a constant so that they coincide with the
« approximation curve at the epicentral distance 500 km. Figures 10-(a)~
10-(e) are summarized in Figures 11 and 12 which indicate a tendency
for the discrepancy between the Wadati-Sagisaka-Masuda curve and the
@ approximation travel time curves to become larger as the focal depth
decreases, whereas the « approximation differs very little from the g
approximation.

The travel time curve for short distances, especially for the surface
source, will be discussed in the next section in more detail by considering
the crustal structure.

In carrying out the process of Section 7, 90 of the 112 J.M.A. routine
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Figure 8. Calculated travel time
curve for short distances, and data
used. Curves specified by 1 and 2 re-
present the linear and cubic polynomial
function of the epicentral distance.
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Figure 9. The Wadati-Sagisaka-
Masuda and the « approximation
travel time curves for various focal
depths at short distances. The latter
represents the curves specified by 2 in
Fig. 8. The chain line means parts
where accuracy is relatively low.
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stations are selected and Tsukuba Station of the Earthquake Research
Institute is added. Because of the memory size of the computer the
Station corrections are plotted in

number of stations is limited to 91.
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Figurell. The Wadati-Sagisaka-Masuda
and the § approximation travel time curves
for various foecal depths.

approximation travel time curves. Open
circle is the travel time subjected to step-
wise corrections and adjusted by a constant
so that it coincides with the « approxi-
mation at the epicentral distance of 500 km.
J-B in Figure 10-(a) means Jeffreys-Bullen’s
travel time curve for a surface focus.
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Figure 12. Comparison between the «
and the J approximation travel time
curves.
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Figure 13, which show, as a rough approximation, little difference between
various focal depths, as far as the general pattern of distribution of
station corrections is concerned. Figure 13-(f), showing the station
corrections averaged over various focal depths, reveals the general
tendency of the distribution of station corrections in Japan. Arrival
times appear earlier along the Pacific coast of Tohoku and Hakkaido
districts, Kwanto plain and western Japan; and later in the coastal
regions of Hokkaido and Tohoku districts facing to the Sea of Japan
and the mountain area of central Honshui. The region of earlier arrivals
in Tohoku and Hokkaido districts coincides with the area of the ab-
normally sensitive seismic region.

DISTRIBUTION OF STATION CORRECTION
H=0 km

o) Cst> 10 sec
o 10 = Csr>00
¢ 00 = Csr =-0

® -0 > Cst
+ Epicenter
(a)
DISTRIBUTION OF STATION CORRECTION
P
[ P2y H=220 km

o Cst> 10 sec
o 102 Cer>00 Ny
e 00% Csr 240 R
® 0> Cgr +
+ Epicenter '

(b)
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Figure 13. Distribution of station corrections for various focal depths and distribution
of average station correction. Cross mark shows the epicenter of earthquakes used for the
calculation of the station correction. Csr means the value of the station correction. Station
correction is defined as Csy=average{(observed travel time)—(calculated travel time)}.

10. Comparison between the travel time curves obtained from earth-
quakes of surface focus and explosion seismic experiments

As is shown in Table 1, the number of earthquakes used in obtaining
the B approximation for surface focus earthquakes is too few to deduce
a result of impartial character.

The observed data of the explosion seismic experiments carried out
throughout Japan by the Research Group for Explosion Seismology are
useful in the present study and they are plotted in Figure 14. The open
circle means data obtained on the E-W profile across northeastern Japan
and the cross mark denotes those obtained on the N-S profile along the
139°E line. These data, however, are omitted from the present analysis,
and other data (solid circles), which are obtained along the profile parallel
to the Island Are of Japan, are used. These solid circles suggest a uniform
crust lying on the mantle with a discontinuity of velocity. If so, the
slope of the travel time curve of the explosion data representing the
velocity of the uppermost part of the mantle must be close to that of
the « approximation of ours at about the same epicentral distance.
Under this guiding principle the data represented by solid circles are
divided into two groups at the epicentral distance 170 km and a linear
function is fitted to each group. Curves thus determined are drawn by
the thick solid line in Figure 14. The slope of the « approximation at an
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epicentral distance a little larger than the critical distance is nearly
equal to that of the explosion experiment at the same epicentral distance.
This slope, 7.61 km/sec, indicates the velocity of the upper mantle. The
« approximation for shorter distances in Figure 14 is reduced by 0.6 sec.
from the curve shown in Figure 8-(a), so that the cross-over distance may
coincide with that determined from the explosion seismic data.

t-A/6 (sec)
5

H=0km .
— Travel Time of P Wave byRGE.S.
X NS Profile in Central Japan
O EW ProfileinN-E Japan
-5— . @ Others

e Wadati- Sagisaka- Masuda’s curve .

= Least Square Solution for RGES. Data

Q  approx. .

—_—— Solution for Natural Earthquakes. A is less than 300km.

Figure 14. Travel time of the P wave based on the data of explosion seismic ex-
periments carried out by the Research Group for Explosion Seismology (RGES). The
thick solid line is obtained by the method of least squares from the solid circles re-
presenting data on the profile parallel to the Island Arc of Japan. Chain line is the
travel time curve calculated from the data of natural earthquakes. These curves
suggest a homogeneous crust with a P wave velocity of 6.07 km/sec and a thickness
of 28.5 km lying on the mantle. The P wave velocity at the uppermost part of the
mantle is obtained as 7.61 km/sec.

The data of the earthquakes of surface focus at distances less than
300 km are divided into two groups at the distance 170 km and a linear
function is adopted for each group. The obtained travel time is drawn
in Figure 14 by a chain line. This is parallel to and about 2 seconds later
than the curve determined from the explosion data. The 2 seconds
difference means that J.M.A. determined the time of occurrence around
2 seconds earlier than the real one. The difference seems to arise from
the process of hypocenter determination at J.M.A., in which the Wadati-
Sagisaka-Masuda travel time curve is referred to as the standard and
data at about 25 stations nearest to the epicenter are used. Moreover,
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even for earthquakes with surface focus, available data within 30 km
epicentral distances are usually very few. Therefore, the epicenter
determination is mainly affected by the Wadati-Sagisaka-Masuda travel
time curve farther than 30 km. It can be easily seen from Figure 14 that
these circumstances lead to the determination of the time of occurrence
about 2 seconds earlier than expected.

The travel time curve of the 3 approximation at distances larger
than about 170 km is parallel to and about 0.9 seconds later than that
determined from the explosion data. Since the data of the explosion
seismic experiments are more reliable than those of natural earthquakes
for shorter distances, the 3 approximation for farther distances is reduced
by about 0.9 seconds so that it coincides with the travel time obtained
from the explosion experiments in the range farther than the critical
distance. This reduction of 0.9 seconds may be considered as the constant
correction which should be added to the 5 approximation owing to the
uncertainty originating in the process in Section 7. The travel times
for shorter distances obtained from the explosion experiments and
the B approximation for larger distances reduced by 0.9 seconds are
combined to construct our standard travel time curve for the surface
focus. This curve suggests a crust with a 28.5 km thickness and a P
wave velocity of 6.07 km/sec. overlying the mantle having a P wave
velocity of 7.61 km/sec. just below the boundary.

11. Concluding remarks and future problems

The travel time curves of near earthquakes in the Japan area are
studied in the present paper and those best fitted to the observed data
for earthquakes with focal depths of 0, 20, 40, 60 and 80 km were obtained
based on the method of least squares. They are given in Figure 9 as the
« approximation for short distances and in Figure 10 as the 2 approximation
for farther distances. Those curves at distances farther than the critical
distance show the tendency of approaching to the Wadati-Sagisaka-Masuda
travel time curves as the focal depth increases. Referring to the travel
time curve obtained from the data of the explosion seismic experiments
in Japan, the curve of the natural earthquakes for surface focus was
modified, so that the latter coincides with the former at distances within
about 300 km.

It is found in this study that the J.M.A. time of occurrence for

earthquakes of surface focus is given, in general, about 2 seconds earlier
than is to be expected.
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The station correction was modified in this study so that the average
over all stations in Japan will vanish, and they are given in Fig. 13.
The region in northeastern Japan where the travel time of the initial
motion appears earlier than expected coincides well with the abnormally
sensitive seismic region.

The travel time curve for a surface focus suggests, as a rough
approximation, a crust with a thickness of 28.5km and a V, of 6.07
km/sec. overlying the mantle, the velocity of the latter being 7.61 km/sec.
near the boundary. This crustal structure will be employed as the
standard in the near future in the synthetic investigation of the travel
time curve for various focal depths and for explosion seismic experiments
in relation to the crustal structure. Such crustal structure must satis-
factorily fulfill all the travel time curves for various focal depths and
be consistent with the results derived from other investigations such as
explosion seismology and surface wave studies (Aki, 1963; Aki and
Kaminuma, 1964 ; Kaminuma and Aki, 1963; Kaminuma, 1964).

The numerical computation was carried out on an IBM 7090. The
work was done partly through the project UNICON to which our sincere
thanks are due.
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