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Short Note

Fast Hypocenter Determination in an Inhomogeneous Velocity

Structure Using a 3D Travel-Time Table

by Akio Katsumata

Abstract The computer processing time required for raytracing and hypocenter
determination in a 3D inhomogeneous velocity structure is too great for the method
to be used to locate a large number of hypocenters or for interactive processing. In
this study, hypocenter determinations were conducted using 3D travel-time tables
(3D-TTs) to reflect travel times of a 3D inhomogeneous velocity structure in event
locations, and the results were compared with those achieved using the 3D raytracing
method. The use of 3D-TTs reduced the calculation time by a factor of about 1800
compared with the raytracing method. Whereas minor differences between interpo-
lated travel times and the raytracing method caused some corresponding location
differences, the travel-time table was effective for correction of hypocenter locations
according to an inhomogeneous velocity-structure model.

Introduction

ID velocity structures have commonly been used to
calculate hypocenters. In complex tectonic settings such as
the Japanese Islands, the inhomogeneity of the velocity struc-
ture considerably reduces the accuracy of hypocenter locations.
Location errors due to inadequate velocity structure models
have been acknowledged since the early days of numerical
hypocenter determinations (e.g., Ichikawa, 1979).

Efforts have since been made to improve the accuracy
of hypocenter distributions determined in areas of inhomo-
geneous velocity structure. For earthquakes near the Kuril Is-
lands, Ichikawa (1979) introduced a travel-time table, which
was different from that for averaged Japanese islands structure,
to deal with offsets between hypocenters derived from a local
network and those derived from global networks. Several stud-
ies have shown that station corrections can provide an effective
method to deal with shallow velocity differences. For example,
the joint hypocenter determination method (Douglas, 1967)
was developed to obtain adjustment functions for individual
stations. Hurukawa and Ohmi (1993) used station corrections
expressed as a quadratic function of hypocenter coordinates to
determine hypocenters. Richards-Dinger and Shearer (2000)
used source-specific station terms obtained by smoothing
the residuals from nearby events. Waldhauser and Ellsworth
(2000) developed a double-difference algorithm for earth-
quake location, which reduced the residuals between the
observed and predicted phase travel-time differences for
pairs of earthquakes recorded at common stations; this ap-
proach provided high-resolution hypocenter distributions.

Investigations of velocity structure, such as tomographic
analysis, can provide high-resolution regional and global veloc-

ity models that improve the relative and absolute locations of
hypocenters (e.g., Aki and Lee, 1976; Koch, 1985; Johnson and
Vincent, 2002; Murphy et al., 2005; Flanagan et al., 2007). To
locate seismic events within a 3D velocity structure, it is nec-
essary to calculate travel times for individual stations, which
requires considerable central processing unit (CPU) time. The
finite-difference approximation (e.g., Hole and Zelt, 1995) has
been used to calculate travel times at grid points in 3D velocity
models (Johnson and Vincent, 2002; Flanagan et al., 2007).
Ritzwoller et al. (2003) used a modified 2D raytracer to calcu-
late travel times for a 3D velocity model. Myers et al. (2010)
developed a fast method of travel-time calculation for inhomo-
geneous velocity models that is suitable for use in routine seis-
mic analysis without travel-time lookup tables.

Despite the above technological advances, calculation
time remains a problem for hypocenter determination within
a 3D velocity structure. This article evaluates calculation
times for hypocenter determinations in a 3D inhomogeneous
velocity structure by using travel-time lookup tables
compiled by raytracing for each seismic station in Japan.

Velocity Structure

The velocity structure model used in this study was based
on that obtained from tomographic analyses by Katsumata
(2010), in which depth of the Moho beneath the Japanese
Islands was estimated. However, discontinuities in that model
were smoothed in this study to avoid gaps of hypocenter dis-
tribution caused by velocity steps. Velocity distributions were
expressed as 3D B-spline functions (Ichida and Yoshimoto,
1979) corresponding to the summation of slowness (Katsumata,

3203



3204
Table 1
Grid Intervals for Travel-Time Tables
ALI° 1°<A<2° A>2°
H < 50(km) 2', 2 km 4’5 km 6/, 5 km
50(km) < H <200(km) 4,5km 6, 10km 6, 10 km
H > 200(km) 6/,10km 6, 10km 6, 10 km

Longitude/latitude intervals and depth intervals are shown for various
epicentral and focal-depth ranges. A and H denote epicentral distance
and focal depth, respectively. The center of the top of each block is
the reference point for A ranges.

2010) within the area bounded by latitudes 17° N and 53° N
and longitudes 116° E and 158° E. The interval between knots
of the B-spline function was one-sixth of a degree for depths
shallower than 100 km and one-third of a degree for depths
greater than 50 km. Slowness was linearly interpolated in the
overlapped depth range of 50-100 km.

Travel-Time Table

Tables of 3D travel time based on the 3D velocity struc-
ture were prepared for each recording station. Travel times
for individual stations were calculated at grid points in a
3D volume (as described below) by using the raytracing
method of Um and Thurber (1987). Travel times (P- and
S-wave first arrivals) were calculated for individual 3D
blocks within which events had been detected. Two types of
block were used, depending on distance from recording sta-
tions. In areas close (within 0.44° in the horizontal and 44 km
in the vertical) to recording stations, a denser and inhomo-
geneous grid was used in which grid nodes were set at points
where the distance from the station was proportional to the
square of sequential number / from the station (0.001 x I°
degree in latitude and longitude; 0.1 x I? km in depth). This
inhomogeneous grid was introduced to enhance grid density
close to the station. For locations distant from recording sta-
tions, the blocks were set with constant grid intervals and
dimensions of 1°(longitude) x 1°(latitude) x 50 km(depth).
The grid intervals were set based on epicentral distance and
focal depth (Table 1).

To take into account all events recorded at 1813 record-
ing stations from the start of the unified seismic catalog in
Japan in October 1997 (Japan Meteorological Agency, 1998)
to August 2014, about 250,000 blocks were required and about
1.5 billion data points were generated. Processing these to pro-
duce travel-time tables consumed about 94,000 hrs of CPU
time, which equates to about one month of elapsed time for
128-core ordinary cluster computing. The average CPU time
required to trace one ray was 0.2 s. The total storage required
for the travel-time tables was about 12 GB.

Interpolation of Travel-Time Table

Travel times were calculated by interpolating between
grid values. Although forcing interpolated values to agree
with values at grid points is preferable, to do so increases
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Figure 1. Knot positions of B-spline functions (ticks on base-
line) and grid-point positions of travel-time table (vertical broken
and solid lines). Knot positions are set so that the grid points are
located at the peaks of B-spline functions.

processing time considerably if second-order or higher inter-
polation is used. Here, travel time was interpolated by multi-
plying the B-spline functions by the grid values as follows:

p—m q—m r—m

t(lv ¢’ h) = ZZZtijkNmi(j')ij((]S)Nmk(h)’ (1)

i=1 j=1 k=1

in which #(4, ¢, h) is interpolated travel time at longitude (1),
latitude (¢), and depth (h), and ¢, is the travel time at a grid
point calculated by the raytracing method. N,,;(4), N,,;(¢),
and N, (h) are normalized B-spline functions of order
m — 1, and p, ¢, and r are the number of knots for longitude,
latitude, and depth, respectively. Second-order splines were
used. If ¢, are the same value, the summation of equation (1)
makes a value identical to the constant. Spline knots were
equidistant between grid points (Fig. 1). Where the grid inter-
val in adjoining blocks was the same, there were no stepwise
changes of interpolated values across the block boundaries.
Interpolated values generally differed from grid values; these
differences are covered in the Travel-Time Difference Due to
Interpolation section.

For application in this study, the travel-time calculation sub-
routine of the hypocenter determination program used opera-
tionally by the Japan Meteorological Agency (Hamada et al.,
1983; Ueno et al., 2002) was replaced. Differential coefficients
of travel times used for hypocenter determination were calcu-
lated by differentiating B-spline functions as follows:

D1, p.h) RN dN,(2)

a7 Y. fijkTij(f/’)Nmk(h)- (2

These differential coefficients do not show stepwise changes if
second-order (or higher) spline functions are used. Blocks of
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Figure 2. Distributions of calculation times for hypocenter
determinations for the three methods considered in this study. The
number of events in every 0.1 interval of log;, #, is shown on the
vertical axis, where ¢, is a calculation time of an event.

travel-time data were dynamically loaded into memory during
hypocenter calculation. The number of blocks per station in
memory at any time was limited to two.

Calculation Time

Calculation times to locate 11,448 events (recorded in
the unified seismic catalog for Japan in January 2014) were
compared for determinations using a 1D-TT (Ueno er al.,
2002), 3D-TT, and the 3D raytracing method (3D-RT) (Fig. 2).
Calculation times per event for 1D-TT and 3D-TT on an ordi-
nary workstation were less than 1 s. The maximum calculation
time for 3D-TT was short enough to be used in interactive
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Figure 3. Distribution of maximum travel-time differences be-
tween grid-point values determined by raytracing and by interpo-
lation according to equation (1) for various time intervals. The
reference travel time 7 is that corresponding to the maximum
travel-time difference in a block.

processing. Some calculation times for 3D-RT were nearly
10,000 s. Average logarithmic calculation times for 3D-TT
were about 1800 times faster than those for 3D-RT. On the
other hand, calculation times for 1D-TT were four times
faster than those for 3D-TT.

Travel-Time Difference Due to Interpolation

Interpolated travel times at block grid points (equation 1)
differed from those calculated by the raytracing method. The
maximum travel-time differences for both P- and S-waves for
every grid point in all blocks were less than 0.1 s for 82% of
blocks (Fig. 3). However, there were maximum travel-time
differences of more than 1 s in 0.01% of blocks.

Most of the large travel-time differences were caused by
stepwise changes due to ray-path scattering in response to a
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Figure 4. An example of ray paths showing stepwise travel-
time change. The curves are ray paths from Matsushiro station
(138°12.23’E, 36°32.75’N) to locations of 0.1° interval. A travel-
time step appears when the ray path switches from westward bend-
ing to eastward bending.

velocity gradient. An example of ray-path scattering is shown
in Figure 4. Small changes of hypocenter location can cause
large ray-path differences and create stepwise changes of
travel time. Testing various initial ray paths for raytracing al-
lowed such stepwise variations to be reduced. However, for
the example shown in Figure 4, testing of 15 initial ray paths
failed to identify a ray path that removed considerable step-
wise variations in the travel-time tables.

Location Difference Due to Interpolation

Hypocenter locations for events in January 2014 were
compared for determinations by 1D-TT, 3D-TT, and 3D-RT
(Fig. 5). “Distance ratios” (see caption of Fig. 5 for definition)
were used for this comparison. A distance ratio greater than
one indicates that a hypocenter determined by 3D-TT was
closer to that determined by 1D-TT than it was to that deter-
mined by 3D-RT. Although the distance ratio was less than 1.0
for 98.3% of events, it approached 10 for some others. Many
of the events with large distance ratios were offshore events or
were inland events with small location differences. Compari-
son of travel-time differences of both 1D-TT and 3D-TT
determinations with those of 3D-RT determinations for the
events with largest difference ratios (Fig. 6) shows that, al-
though the travel-time differences between 3D-TT and 3D-RT
were small, the location differences were considerable. It is
considered that these large difference ratios reflect unstable
locating due to small residual travel-time differences accord-
ing to location difference.
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Figure 5. Comparison of differences of hypocenter locations
determined by the 1D travel-time table (1D-TT), 3D travel-time ta-
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The comparison of hypocenter determinations for aftershocks of the 2004 Mid-Niigata Prefecture earthquake. Results of

determinations (a) by Kato et al. (2005) with additional data from a temporarily deployed dense station network, (b) by the 1D-TT method,
(c) by the 3D-TT method, and (d) by the 3D-RT method. For (b)—(d), epicenter distributions are shown in plan view in the upper panels and
hypocenters in cross section in the lower panels. Black dots are epicenter and hypocenter locations, and open circles are locations of the
recording stations. Aftershocks from 23 October 2004 to 31 December 2004 are included in (b)—(d). The color version of this figure is

available only in the electronic edition.

The differences of hypocenter locations among 1D-TT,
3D-TT, and 3D-RT determinations are demonstrated by
comparison of aftershock distributions determined by these
methods for the Mid-Niigata Prefecture earthquake of 2004
(Fig. 7). The main difference for determinations using 1D-TT
and 3D-TT is in the focal depths. Both the 3D-RT and 3D-TT
methods provided shallower focal depths than the 1D-TT
method. For both 3D methods, the aftershock distribution
along the fault segment is clear and consistent with the
results of Kato et al. (2005).

Conclusions

Calculation times were evaluated for hypocenter deter-
minations using 3D-TTs to represent an inhomogeneous
velocity structure and were compared with the calculation
times achieved using 3D raytracing. The use of 3D-TTs
shortened calculation time by a factor of about 1800, com-
pared with the 3D-RT.

Interpolated travel times did not differ greatly from those
calculated by raytracing. For some events, hypocenter loca-
tions from interpolated travel times differed notably from
those calculated by raytracing. These differences were attrib-
uted to the combined effects of the travel-time differences
and unstable locating due to small residual differences from
location perturbation.
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