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Abstract 
Path dependent corrections relative to traveltimes have been demonstrated to improve event locations.  Using 
available global velocity models, direction-based station corrections can be estimated in a region without 

calibration data. In this study, traveltime corrections have been obtained for 113 broadband seismic stations 

within southern Thailand, Peninsular Malaysia, Singapore and Sumatra region of Indonesia. A total of 97,124 

first-arrival p-waves are obtained from 15,180 earthquakes that have occurred around the Sumatra Subduction 

Zone between 1964 and 2018. The dataset is a combination of arrival times from the bulletin of International 

Seismological Centre and waveforms from the Incorporated Research Institutions for Seismology. A new 

algorithm for three-dimensional ray tracing is used to compute traveltimes and raypaths. The corrections are 

based on the ak135 velocity models at four back-azimuthal directions. Stations with 100 or more arrivals are 

selected in this study. Station KULM in Peninsular Malaysia recorded the highest number with 5425 arrivals. 

The estimated residuals range from -0.02 to 0.76 seconds (s) for stations distributed around southern Thailand 

and a range of 0.48 to 1.09 s for stations within Peninsular Malaysia. A range of 0.37 to 0.54 s for stations 
within Singapore and -0.55 to 2.04 s for stations distributed around Sumatra (in Indonesia). Stations LEM, 

KLM and KGM show consistent high residual values at all calculated angles and distances. The result of this 

study will support routine location of hypocentral parameters within the region. The scheme has been 

implemented in the forward computational process of a seismic tomographic inversion program. 
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I. Introduction 
Precise location of earthquakes continues to be among the main objectives of seismology. This helps to 

make good inference about the subsurface structures responsible for the observed seismicity. Knowledge of the 

subsurface brings many other benefits which may be economic or safety related (e.g., in mineral exploration or 

engineering designs). Unfortunately, events with smaller magnitudes at regional distances are usually recorded 

by fewer stations around the region. Besides, the precision of locations is affected by limitations imposed by 

other factors like data quality, the velocity model and the algorithm used for locating the events. There are 

usually tradeoffs between earthquake locations and velocity model. Fortunately, technological advances have 

improved the quality of seismic data and different algorithms have been developed to increase the reliability of 
event locations. However, information about near-surface velocity structures at local/regional distances is not 

common knowledge in many regions. 

Global one-dimensional (1D) reference velocity models like PREM (Dziewonski and Anderson, 1981), 

iasp91 (Kennett and Engdahl, 1991) and ak135 (Kennett et al., 1995) are good approximations for the purpose 

of locating hypocentral parameters. However, these approximations may not satisfy velocity variations at local 

and regional distances. This is due to lateral variations in the crustal and upper mantle which cause deviations in 

predicted raypaths. The raypath deviation can introduce errors in traveltime calculations. The Group of 

Scientific Experts’ Third Technical Test (GSETT3) has adopted the IASPEI91 (Kennett and Engdahl, 1991) 

model as the reference traveltime set since 1st January, 1995 (Yang et al., 2001). The IASPEI91 traveltimes can 

deviate considerably from true traveltimes at regional distances. The deviation in traveltime and raypath can be 

as much as 2 seconds and 100 km respectively (Spakman and Bijwaard 2000), and as much as 3.9 seconds and 

77 km respectively (Zhao and Lei, 2004). 
The effect of lateral heterogeneity can be reduced, either by, (1) using regional velocity model or by, 

(2) applying traveltime corrections to known models for event locations (Yang, et al., 2001). The former 

requires the development of improved velocity models of the crust and mantle for better prediction of seismic 

traveltimes (e.g., Villaseñor et al., 2003) while the latter applies traveltime corrections based on the residuals 
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observed for calibration events of known locations (Shearer, 2001). Station corrections e.g., the Source-Specific 

Station Correction (SSSC) may be required to account for the effect of lateral heterogeneity at a given seismic 

station. These model-predicted SSSC’s may be obtained by ray tracing techniques through the model from each 

station to points on a specified latitude-longitude grid within specified distances from the station (Villaseñor et 

al., 2003). Station corrections can be constructed in regions (e.g., with frequent earthquakes and/or explosions) 
to obtain good calibration data. Regional SSSCs for International Monitoring System (IMS) stations have been 

developed. Path dependent corrections relative to the IASPEI91 traveltimes have been demonstrated to improve 

event locations (e.g., Yang et al., 2001). Unfortunately, many regions around the globe do not have calibration 

data. Hence, station correction may be estimated using available regional and/or global velocity models. 

The aim of this research is to estimate the average traveltime residual values (AR) for some stations 

distributed around the southern part of Thailand, Peninsular Malaysia, Singapore and the Sumatra region of 

Indonesia. The AR will be estimated based on back-azimuth (θ) for regional first arrival p-phases at up to 1500 

km epicentral distances (Δ). To achieve the aim, a new three-dimensional (3D) ray tracing algorithm is 

developed to compute traveltimes and raypaths at local and regional distances. The algorithm is can use any 

global one-dimensional (1D) velocity model as reference to create a 3D model. Calculations of traveltime 

residual values (R) for stations are based on θ within four quadrants: NE (θ ≤ 90º), SE (90º < θ ≤ 180º), SW 

(180º < θ ≤ 270º) and NW (270º < θ ≤ 360º) directions. The overall calculated average residual values (AR) are 
compared with the results published by the bulletin of International Seismological Center (ISC). Traveltimes 

computed with the scheme for hand-picked waveforms from the Incorporated Research Institutions for 

Seismology (IRIS) are also validated by the results obtained from the TauP Toolkit software (Crotwell et al., 

1999) for the same velocity model, hypocenters and station distribution. However, the station corrections 

estimated in this study is based on the ak135 model. The application of direction-dependent traveltime 

corrections to seismic stations distributed across the region is expected to improve earthquake locations around 

the Sumatra Subduction Zone (SSZ) and its environs. 

 

II. Materials and Methods 
2.1 The Study Region 

The study region encompasses the Sumatra Fault System (SFS) which runs parallel to the SSZ (Fig. 1) 

where the Indo-Australia plate subducts beneath the Burma microplate and Sunda Block (Amalfi et al., 2016). 

The predominant tectonic structures in the area are the SSZ and the SFS. According to some authors (e.g., 

Irsyam et al., 2008; Lin et al., 2009) the SFS consist of 19 segments. The segments are separated by dilatational 

and contractional step-overs and abrupt changes in trend (Sieh and Natawidjaja, 2000). A total of 113 seismic 

stations recorded 100 or more earthquakes within the window of events used in this study. The seismic stations 

are distributed around the southern part of Thailand, Peninsular Malaysia, Singapore and the Island of Sumatra 

(Indonesia). The station distribution spans latitudes 10º N – 10º S and longitudes 93º E – 115º E (Fig. 1). 
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Figure 1. Distribution of seismic stations across the region. 

 

2.2 Data 

Earthquake data of magnitude ≥ 3.5 mb used in this study spans latitudes 10º N   10º S and longitudes 

93º E 115º E (Fig. 2) with maximum focal depth of 100 km. The earthquake epicenters (Fig. 2) are distributed 

over an area ~ 1,970,000 km2 which is roughly the size of Mexico. The data is obtained from two sources: (1) 

the Incorporated Research Institutions for Seismology (IRIS) and (2) the Bulletin of International Seismological 

Center (ISC). A software (JWEED) developed by Seismology Department at the University of South Carolina 

(USC, 2012) is used to retrieve waveforms from the IRIS website for the period between the year 2006 and 

2018. The reviewed ISC data is usually about 24 months behind time  because arrival times are manually 

checked by ISC analysts (ISC, 2019). Picked phases from the IRIS waveforms are combined with the dataset 

from the ISC to obtain a total of 15,180 events. The combined dataset contains 97,124 p-wave first arrival times. 
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Figure 2. Earthquake epicenters across the region. 

 

2.3 Methodology 
Phase picking from the IRIS waveforms is done with the SEISAN software (Havskov and Ottemoller, 

1999). The corresponding S-file from SEISAN is added to the ISC dataset. A new scheme (CONVT) developed 

in this study reads the combined file formats. The scheme operates within certain conditions which are 

predefined by the user (e.g., the limiting boundaries of the study area, the maximum depth of events, maximum 

epicentral distance and the residual limits). If the limiting boundaries of the study area are not set, CONVT will 

extract the limits from the largest and smallest values of latitudes and longitudes of the station distribution. Both 

the ISC dataset and the IRIS summary file formats can be converted into S-file format for use by the SEISAN 

software. Since waveforms can be registered into SEISAN database, this conversion will be useful in validating 

arrival times from other sources. The routine extracts the number of stations with arrival time data and the 

combined dataset is converted to a format as an input file for the next stage. 

This study introduces a ray tracing algorithm (TRAVT) to compute raypaths and traveltimes in 3D. 

The hypocentral parameters reported by both the ISC and the IRIS are used in this study. Firstly, TRAVT 
initiate the station coordinates, the selected 1D velocity model, and the dataset. Then, a 3D grid model is 

constructed from the selected 1D velocity model using the parameterization technique introduced by Zhao et al. 

(1992). This parameterization technique has been used for tomographic studies (e.g., Wang et al., 2017). Using 

the haversine formula, TRAVT calculates the epicentral distance, the hypocentral distance and the azimuth. A 

subroutine (TRAYD) that uses a  technique introduced by Kim and Baag (2002) calculates the take-off angle for 

up-going rays from the source (Fig. 3). This two-point ray shooting technique has been used by some authors 

(e.g., Osagie and Kim, 2013; Osagie, et al., 2017). Another subroutine (TRAYR) computes raypaths and 

traveltimes for refracted rays from all existing boundaries in the model. The ray with the shortest traveltime 

from the result of TRAYD and TRAYR is selected and the wave type is determined within TRAVT.  
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Figure 3 A schematic diagram showing ray-paths (red arrow lines) for both direct and refracted rays in an N-

layered model with the thicknesses hj and velocities vj. The source is at the layer with thickness hs and velocity vs 

and the station (blue triangle at some elevation). 

 

The computed rays are constrained to bottom in each layer between interfaces and might be reflected 

off the top of the layer or turn within the layer to retain raypath with the shortest traveltime. Apart from 

boundary values, the various points are determined by a predefined value of step-length as the rays propagate 

from source to stations. A variable is defined that carries information (latitude, longitude, depth, velocity, time 

from source, raypath length from source, angle ray makes the vertical) at various points along the path step-

length between source and station. The depth of refraction for any boundary are adjustable within the scheme. 

TRAVT has the advantage of rapid convergence resulting in less computational time and resources. The scheme 
can accommodate a model with as many layers as required for computing traveltimes for local and regional 

investigation of the sub-surface. This can be useful for both field seismic investigations, generation of synthetic 

seismograms, determination of refraction depths and to estimate crustal thicknesses/Moho depths. It can also be 

used for the forward calculation process of tomographic inversions and has been successfully integrated into a 

tomographic scheme. The flowchart (Fig. 4) shows the process from data collection, preparation, analysis and 

computation. 

 
Figure 4   Flowchart of data collection, analysis and computation (circles are the algorithms) 
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III. Results and Discussion 
The traveltime result of manual picks from the IRIS waveforms are validated by the TauP Toolkit 

software for the same velocity model, hypocenters and station distribution around the study area. Figure 5 shows 
raypaths for Pg and Pn phases from events to stations (note that the depth axis is about 50 times exaggerated). 

Traveltime residuals are compared with the result published by the ISC for the same “Event ID” and “Arrival 

ID” (Table 1). The table shows the average traveltime residual (AR) computed with respect to back-azimuth (θ) 

within four quadrants: NE (θ ≤ 90º), SE (90º < θ ≤ 180º),  SW (180º < θ ≤ 270º) and NW (270º < θ ≤ 360º). The 

total number of arrivals recorded by the stations range from 100 to 5425 for stations SBSI (in indonesia) and 

KULM (in Malaysia), respectively. Columns 12 – 15 show the average traveltime residual values (AR) 

estimated at the four θ ranges for each station. Columns 16 and 17 are the average AR calculated over all 

directions and from the ISC results, respectively. 

 
Figure 5 Points along raypaths for Pg (cyan) and Pn (yellow) phases calculated using the ak135 model (depth 

axis is 55 times exaggerated) 
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Table 1 Calculated average residual (AR) at four back-azimuthal directions (columns 12-15). Columns 16 and 

17 are the overall calculated (AR) and ISC (AR). 

 
 

Table 1 Continues… 
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Table 1 Continues… 

 
 

Table 1 Continues… 

 
 

IV. Conclusion 
This study introduces an algorithm for use in local and regional seismic ray tracing in 1D/3D models. 

The algorithm can accommodate any model with as many layers to compute local/regional raypaths and 

traveltimes in sub-surface investigations. The algorithm has been incorporated successfully for forward 

calculations in a scheme for 3D tomographic studies. The algorithm will be useful for other applications like 

generating synthetic seismograms. A total of 113 broadband stations distributed around the southern part of 
Thailand, Peninsular Malaysia, Singapore and the Island of Sumatra in Indonesia recorded 100 or more 

earthquakes within the window of the selected events. The average residual values at the four back-azimuthal 

directions (NE, SE, SW and NW) show varying degrees of heterogeneities. The average residual values over all 

angles from the seismic station range from -0.02 to 0.76 seconds (s) for the 8 seismic stations in southern 

Thailand which are selected in this study. Positive average residual values (between 0.48 s and 1.09 s) are 

estimated for 10 seismic stations within Peninsular Malaysia. The average residual values for the 4 seismic 

stations in Singapore range between 0.37 s and 0.54 s.  For the 91 seismic stations which are distributed around 
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the Sumatra region of Indonesia, average residual values range from -0.07 s to 2.04 s. The result of this study 

will support routine location of hypocentral parameters within the region. 
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