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IMPROVED LOCATION OF REGIONAL EARTHQUAKES BY REDUCTION OF 
AZIMUTHAL BIAS IN S-P TRAVEL TIME DIFFERENCES OBSERVED AT 

GAURIBIDANUR ARRAY, INDIA 
 

        By 
 

Y.S.Bhadauria, Falguni Roy and E.Unnikrishnan 
 

ABSTRACT 
 
The observed S-P time differences, T(S-P), at Gauribidanur array (GBA), India, from a large number of 
regional earthquakes covering a wide azimuth range showed significant bias in comparison to S-P time 
differences that are available in the standard travel time tables of Jeffreys–Bullen and IASP91. The bias is 
found larger particularly for the signals that originate from shallow earthquakes in the upper mantle 
distance range of 120 < Δ < 240 and travel a mixed oceanic-continental path in the azimuth ranges 
450<Z<700 (north-east, NE), 900 < Z < 1200 (south-east, SE) and 3050 < Z < 3250 (north-west, NW) with 
respect to GBA. The estimates of the bias are obtained with the assumption that the locations of these 
earthquakes as reported by the United States Geological Survey (USGS) are standard. 
 
      It is observed that as a result of this bias the estimated epicentral distance, ΔGBA, as obtained from   
T(S-P) at GBA using Jeffreys-Bullen tables falls short of the standard epicentral distance, ΔS, computed 
from the USGS reported locations, on an average by 128 km, 121 km and 72 km respectively for NE, SE 
and NW regions. In contrast to these, for the earthquakes from North of GBA whose signals traversed 
purely continental paths in the azimuth range of  -350 < Z < 450 (north), the average error in Δ was found 
as 57 km which is significantly lower than that for the mixed oceanic-continental paths. The observed  
T(S-P)  bias for the mixed oceanic-continental paths may be attributed to the oceanic crustal structure at the 
source and upper mantle path effects between GBA and these source locations. 
 
      For improved estimation of epicentral distances of events using GBA data, four empirical relations 
were derived between observed T(S-P) and ΔS for the earthquakes from above four regions, viz. North, NE, 
SE and NW. However, considerable similarity among the relations for later three regions (NE, SE and 
NW) corresponding to mixed oceanic-continental paths has prompted us to derive a single relation for 
these regions; besides one relation for purely continental paths as follows,   
 
                                   Δ  =  0.0930 * T(S-P)  + 0.31   for pure continental paths, and  
                                   Δ  =  0.0836 * T(S-P)  + 2.30   for mixed oceanic-continental paths. 
 
      Thus, fairly accurate estimates of Δ of a regional event may be obtained from S-P times at GBA by 
using one of the two equations, depending upon the signal path. However, individual T(S-P) versus  Δ 
relations derived for specific regions may be used for better location accuracy.    
 
      The revised epicenters of all the earthquakes from these regions, using observed azimuth at GBA 
(ZGBA) and Δ obtained as above, were found on an average within 64 km of the USGS reported epicenters. 
The major contribution to the revised location error came from error in azimuth estimates, which on an 
average is 51 km. It has been demonstrated using data of few events from Delhi Seismic Station, BARC 
besides that of GBA, that the azimuth error, hence the location error, can be further minimized. The 
revised epicenters of some new events from Indian sub continent were found to have median location 
error of 26.5 km. with respect to the USGS reported epicenters. 
  
email: yogendra@barc.gov.in                        
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INTRODUCTION 
 
      Precise determination of earthquake hypocenters is important from the point of view of 
delineation of underground geological features such as faults, dykes, etc., identification of 
earthquake zones for seismic hazard analysis and other studies related to the seismicity of 
selected regions. It is, however, well known that except for man made seismic sources like the 
under ground nuclear explosions, the true value of the hypocenter is almost never known 
accurately. What we get by analyzing the data from large number of globally distributed seismic 
stations is an estimate of the hypocenter which is the best fit, in least squares sense, to the 
observed arrival times at the constituent stations of the global network. Usually for all moderate 
and big events international agencies like the United States Geological Survey (USGS) and 
International Seismological Center (ISC) regularly publish such locations along with the 
estimated errors. The 90% confidence interval of the USGS locations reported in PDE 
(Preliminary Determination of Epicenters) is about 25 km (http:// earthquakes.usgs.gov/regional/ 
neic/neic_bulletin.php). The USGS location estimates are, by and large, globally accepted as 
standard.        
 
      Despite conforming to location methods as above, the individual observatories comprising 
small to medium size networks of seismometers can not provide similar accuracy in the 
estimated location parameters, especially, for events at regional and teleseismic distances. Errors 
of the order of a few hundred kms are very commonly observed in the locations of the events 
situated at epicentral distances (Δ) in excess of 1000 km from the observatories. The error is 
often large if the locations are obtained using slowness and azimuth measurements from seismic 
arrays. For the studies involving smaller events (magnitude < 4.5) of regional origin for which 
global data are often not available, such location errors may be prohibitively large. This calls for 
development of suitable techniques to improve the location accuracy of individual arrays.  
 
      Besides the usual limitations such as measurement errors, smaller number of observing 
seismometers, inadequate azimuthal coverage of the epicentral region, etc.; the deviation of local 
earth models from the average global model has been the main reason for the errors in 
hypocenter location of regional earthquakes, obtained using smaller networks or arrays. On 
account of the deviations of the regional travel time models from the global average one, the 
travel times of various seismic phases as observed at an observatory often do not precisely match 
with those listed in standard tables like the Jeffreys-Bullen (JB) Tables (Jeffreys and Bullen, 
1958), Herrin’s Tables (Herrin, 1968) and the most recent IASP91 Tables (Kennett and Engdahl, 
1991). Besides providing quick estimates of epicentral distance of an event such tables are 
extensively used for identification of different seismic phases on the basis of their predicted 
times of arrival at a seismic station located at a given distance from the source. For a given 
seismic source-station path, the accuracy with which these standard tables can predict the arrival 
time of a particular phase depends upon the validity of the average earth model for that path 
which in turn depends upon Δ. For example, the oldest and the most widely adopted JB tables are 
fairly accurate (up to within a few seconds) at teleseismic distances (Δ > 300) but at local 
(10<Δ<100) and regional distances (100<Δ<300) where crustal and upper mantle heterogeneities 
are more pronounced, these tables are not so useful (Lay and Wallace, 1995). The Herrin’s 
Tables slightly improved the JB Tables at teleseismic distances, but at the regional and local 
distances these tables are not so accurate (Herrin, 1968). Moreover, no computation has been 
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made for S phases in these tables. Due to inclusion of larger data set mostly from known 
epicenters of underground nuclear explosions and well-located earthquakes, at present, the IASP-
91 Tables are considered to be the most reliable but the travel time anomalies due to crustal 
heterogeneities at regional and local distances still remain unresolved in these tables also 
(Kennett and Engdahl, 1991). However, an easy to use computer program developed by these 
authors is made available with these Tables which facilitates computation of regional travel time 
tables provided the velocity model of the region is known. Several standard computer programs 
like HYPO71 (Lee and Lahr, 1972), FASTHYPO (Herrmann, 1979) and HYPOELLIPSE (Lahr, 
1999) have been developed to accommodate the local velocity models of the earth’s crust and 
locate the local and regional seismic events using small to medium size networks. But for every 
region, the velocity models are often not available. 
 
      Extensive use of nuclear explosion data, for which the source parameters were known a 
priori, further highlighted many limitations of the standard travel time tables, particularly, the P 
wave travel time at various epicentral distances. Several studies such as Carder (1964), Herrin 
and Taggart (1962), Jeffreys (1966), Bolt and Nuttli (1966), Carder et al (1966), Otsuka (1966), 
etc. indicate that any seismological study e.g. source parameter determination, involving actual 
arrival times of the P phase in relation to its travel times listed in standard tables will not be free 
from errors. Significant departures in the arrival times from those predicted by standard travel 
time tables, such as the JB Tables have been observed, almost at all the epicentral distances, in 
different parts of the world. For example, Herrin and Taggart (1962) showed the effect of 
uncorrected JB times of P phase on the location of Gnome and Salmon under ground nuclear 
explosions and significantly improved the locations of these explosions by making use of 
regional travel times. Carder (1964) and Carder et al. (1966) studied the P travel time data from 
nuclear explosions at Bikini islands and Nevada Test Site (NTS) and observed a sinusoidal 
behavior of the deviations from JB tables in the distance range of 250 – 900. Similar variations 
were also observed for earthquakes located beyond 450 by Bolt and Nuttli (1966), who 
postulated the correction of P travel times of JB tables by incorporating into them the station-
time terms and source-time terms, both of which vary sinusoidally with azimuth and have their 
origin in the laterally inhomogeneous upper mantle structure beneath the station and source, 
respectively. Jeffreys (1966) also suggested the need for correcting JB tables against some 
known systematic errors in the travel times of P phase by analyzing the station data obtained in 
different distance and azimuth ranges. Due mainly to non-availability of arrival time data at 
teleseismic distances, similar studies involving the travel times of S phase are rather sparse. 
 
      In order to take into account the variations in regional crust and upper mantle all the above 
studies advocate for correction of global average travel time tables by analyzing the data 
recorded at an observatory from different distances and azimuths. Mainly two corrections viz. 
the station-correction (Herrin and Taggart, 1968 a) and the source-bias (Herrin and Taggart, 
1968 b) which are observed to vary sinusoidally with azimuths, are to be evaluated and applied 
to the average travel time table chosen for that observatory. The term station correction does not 
mean that errors exist in the station arrival times, but that an adjustment is required if the average 
travel time tables are to be used to predict the arrival time of a particular phase at a particular 
station. Herrin and Taggart (1968 a) have evaluated station corrections for some 300 seismic 
observatories in different parts of the world, the data from which were used by them to construct 
the Herrin’s Tables of P phase (Herrin, 1968).     
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      In the context of the Indian sub continent, previously, for northern azimuths from India and 
for Δ < 550, Kaila et al. (1968 a and b) have presented the P and S wave travel time tables, 
respectively, using the arrival times of 39 earthquakes and 3 nuclear explosions from China and 
USSR as recorded at about 10 seismic stations located in India. These travel times may be useful 
for locating the earthquakes originating in Himalayan region and beyond. Using the S-P time 
differences, T(S-P),  recorded at the medium aperture Gauribidanur array (GBA), Bhadauria et al. 
(2007) have recently carried out correction of S-P travel times for the earthquakes from 
Andaman-Nicobar and Sumatra regions. These corrections are found to be very useful in 
improving the locations of earthquakes from these regions situated in southeast (SE) direction 
(900≤ Z ≤1200) with respect to GBA.  
  
      In view of the renewed emphasis on improved epicenter location using data from individual 
observatories, especially, after the devastating tsunamigenic earthquake of 26 December 2004 
we decided to systematically review and possibly improve the epicenter location procedures at 
GBA. Besides improving the measurement of signal parameters (signal move outs and T(S-P), 
which, eventually, lead to estimation of Z and Δ, respectively) with high degree of confidence 
using an in-house developed interactive software package RAGAS (see Bhadauria et al., 2006) 
we studied the applicability of JB and IASP91 travel time tables corresponding to P and S phases 
for the GBA recorded P and S wave data of regional earthquakes from all possible azimuths.  
 
     Similar to the observations made in the previous study for earthquakes from SE directions 
from GBA (see, Bhadauria et al., 2007), where significant bias in T(S-P) (>12 sec) relative to S-P 
time difference in JB and IASP91 travel time tables was seen, the T(S-P) of the earthquakes from 
two more azimuth ranges e.g. 450 ≤ Z ≤ 700 and 3050 ≤ Z ≤ 3250 had shown significant bias. 
These regions are in the northeast (NE) and northwest (NW) directions respectively, from GBA. 
The bias in T(S-P) from these regions may also be attributed to the mixed oceanic-continental 
signal travel path similar to the SE region. Besides these three regions (NE, SE and NW) a 
relatively small constant bias (< 6 sec) has been observed in the T(S-P) for the earthquakes from 
northern azimuth ranges of -350 ≤ Z≤ 450 with respect to GBA, for which signals follow purely 
continental paths.  
 
      For obtaining the unbiased estimates of Δ, and hence the epicenters of the earthquakes from 
each of the above four azimuth ranges, we present in this paper a set of empirical relations 
between the GBA observed T(S-P) and Δ obtained from USGS reported locations which have been 
presumed as standard. Such methods of analyzing the observed travel times relative to those 
reported by a standard agency have been applied earlier by Otsuka (1966) and Bolt and Nuttli 
(1966).  
 
2. THE DATA AND ANALYSIS PROCEDURE 
 
      The data used in this study comprises GBA recorded short-period (1 sec natural period) 
digital seismic signals of 81 shallow focus (median depth  33 km) earthquakes of mb ≥ 4.3 which 
occurred during 1991 - 2006 in the epicentral distance range of 120 <Δ< 240 (the upper mantle 
distance range) around GBA, hereafter called test events. Fig.1 shows the epicenters of these 
earthquakes on a map. Non availability of events from south and west directions of GBA 
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accounts for the gap in the azimuth range of 1300 <Z< 3050 in Fig.1. Only the signals having 
good signal-to-noise ratio (SNR>3), unambiguous P and S onsets and clearly measurable move 
outs across the array channels were considered. Fig.2 shows typical single channel plots of some 
of the earthquake signals considered in this study. Consistent with the JB travel time curves for 
this distance range, the S phase from these earthquakes is always the first major arrival after P-
phase. The arrival time of the S-phase has been further confirmed with the help of a broadband 
3-component seismograph, which is operating at GBA. Preliminary location parameters of these 
earthquakes were computed using traditional method implemented in RAGAS (v 6.2) (Bhadauria 
et al. 2006), which locates an event using azimuth and Δ obtained from T(S-P) using JB tables. 
The USGS reported parameters of these test events were obtained from the website of the 
National Earthquake Information Center (NEIC) (www.neic.usgs.gov.in). In the present study, 
only those events have been selected for which USGS parameters have been estimated using 
more than 10 global stations. The epicentral coordinates reported by USGS were used to estimate 
the standard azimuth, ZS, and standard epicentral distance, ΔS, of the test events with respect to 
GBA. The relevant USGS parameters along with those estimated at GBA are listed in Table – 1.  
 
      A measure of the error in epicentral location, εL, is computed as the distance between the 
standard epicenter (θ1, λ1) and that estimated at GBA (θ2, λ2), where θ represents Latitude and 
λ, the Longitude. The value of εL in general depends upon the error in the estimation of Δ, εΔ, 
and that in the estimation of Z, εZ. These errors, which are related through a spherical triangle, 
are computed as follows: 
 
                     εL = Cos-1(Sinθ1 . Sinθ2 + Cosθ1 . Cosθ2 . Cos(λ1 - λ2))             -------- (1) 
  
                     εΔ =  |ΔS -  ΔGBA|                                                                               -------- (2) 
and  
                     εZ ≅ Sin-1 (Sin ΔGBA . Sin δZ  )                                                         -------- (3) 
      
Where,         δZ  = |ZS - ZGBA|                                                                                -------- (4)    
 
 
       The variation of εL, εΔ and εZ with azimuth from GBA is shown in Figs. 3(a), 3(b) and 3(c), 
respectively. Four distinct azimuth ranges of -350 ≤  ZS ≤ 450, 450  ≤  ZS ≤ 700, 900  ≤  ZS ≤ 1200 
and 3050  ≤  ZS ≤ 3250 showing different values of  εL can be clearly seen from Fig. 3(a). 
Superposition of these azimuth ranges on the map shown in Fig.1 demarcates four distinct 
geographical regions namely the Pure Continental Region (PCR) (-350 ≤ ZS ≤ 450), Northeastern 
region (NER) (450 ≤ ZS ≤ 700), Southeastern region (SER) (900 ≤ ZS ≤ 1300) and the 
Northwestern region (NWR) (3050 ≤ ZS ≤ 3250). Among these four regions the PCR, having 
largest number of events, 45, shows minimum average εL of 76 km, followed by the NWR, the 
SER and NER, which have 6, 21 and 9 events, show average εL of 107 km, 137 km and 139 km, 
respectively. The scatter about the mean value, represented by the standard deviation from above 
four regions is 35 km, 28 km, 45 km and 23 km respectively. The over all average location error 
at GBA as represented by all the 81 test events is 101 km (about 10) with a standard deviation of 
48 km. It is evident from Fig. 3(a) that the over all location error at GBA can be reduced 
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provided the locations of the events from NER, SER and NWR could be improved by some 
technique.  
 
      To achieve this let us examine the two constituents of εL, namely, εΔ and εZ, which represent 
the errors in estimation of Δ and azimuth, respectively, and are depicted in Figs.3 (b) and 3(c).  It 
is seen from these figures that while the distribution of εΔ (Fig. 3 b) almost follows that of εL 
(Fig. 3 a), the values of εZ (Fig. 3 c) are randomly distributed with azimuth from GBA. The 
average values of εΔ for the four regions PCR, NWR, SER and NER are estimated as 64 km, 72 
km, 121 km and 128 km while those of εZ are 45 km, 65 km, 43 km and 68 km respectively. The 
over all average values of εΔ and εZ comprising all the four regions around GBA are 86 km and 
48 km, respectively with standard deviations of 49 and 31 km. It may be noted that because of 
the geometry of the GBA, viz. one of the two orthogonal arms, the ‘Red’ arm, being inclined to 
the vertical at 580 (see Mowat and Burch, 1974), in the vicinity of the azimuth values of 320, 
1220, 2120 and 3020, the seismic wave front approaches almost perpendicular to one or the other 
arm of GBA making the signal arrivals to appear almost simultaneously at all the seismometer 
locations along that arm of the array. This affects the precision of measurement of the signal-
move out (time lags) hence the azimuths of the sources, especially, from NER and NWR regions, 
rather difficult, thus, causing relatively larger average εZ of 66 km. Further, for precise 
measurement of azimuth, although, Bhadauria et al. (2006) have implemented an advanced 
feature in the RAGAS software that automatically corrects the lag markings to the nearest peak 
or trough of the signal waveform, yet, due to the sampling interval of 0.05s at GBA, further 
improvement in measurement of Z is rather difficult. This leaves us with the only option of 
reducing εΔ by some method so that the final location errors of the test events with respect to 
USGS estimates could be reduced. 
 
       The various ways εΔ could be reduced are (a) by improving the measurement of onset times 
of P and S phases and (b) by evolving proper travel time tables of P and S phases. With regard to 
(a), due care has been taken to pick up the P and S onsets as precisely as possible by an expert 
analyst using RAGAS software, so as to minimize the subjectivity associated with the 
identification of the S phase. With the given sampling rate of 20 samples/sec an expert analyst 
may, at the most, commit an error of only upto a few samples in picking the onset times of P and 
S phases, which, may not introduce an error of more than a few km in the estimated distance. 
Moreover, errors, if any, in the identification of S onsets shall be uniformly distributed in all the 
S-P measurements and are not expected to show any particular trend in a particular direction 
from GBA. This leads us to explore the second option, (b), i.e. evolve proper travel times for the 
travel paths between PCR, NER, SER, NWR and GBA respectively, as a function of distance. 
 
       Conforming to above, all the events listed in Table-1 from four distinct azimuth ranges were 
divided into four different data files corresponding to each geographical region identified as 
above. For each of the regions the Δ values computed from USGS reported epicenters have been 
plotted as open circles against the GBA observed T(S-P) (see, Figs.4 a-d). A straight line has been 
fitted through the observed data and the computed standard deviations (σ) are also shown in the 
figure. By increasing the order of the polynomial, no reduction of σ has been observed, thus 
confirming the straight-line fit as optimum. For comparison, the corresponding data obtained 
from the JB and IASP91 Tables for normal depth (33 km) have also been plotted in each of the 
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figures. In the following sections, we present the inferences that are drawn from Fig. 4 for each 
region separately. 
 
2.1. Pure Continental Region (PCR), (-350 ≤  ZS ≤ 450) and (110 <ΔS < 220) 
 
      For 45 earthquakes from Gujarat, Eastern Kashmir, Xinjiang, Nepal and Northern India (see 
Fig. 1) the best fit line through the observed data shows a constant bias of about 6 sec for the 
entire distance range of 110 < Δ < 220 with respect to the JB S-P values shown by the dotted line 
in Fig. 4(a). Due mainly to the curvature in IASP91 curve for Δ > 170 the bias in observed T(S-P) 
with respect to IASP91 tables is much larger (maximum 10 sec at 190). The immediate 
implication of this bias is that for a given T(S-P)  at GBA the Δ values as estimated using JB and 
IASP91 tables are lower by an average of 57 km and 80 km respectively than those reported by 
the USGS (open circles). Incidentally, the USGS uses IASP91 tables for event location (Kennett 
and Engdahl, 1991). This estimated error in Δ along with the error in estimation of azimuth 
(average 45 km) result in GBA estimated epicenters to differ by about 76 km from those reported 
by USGS. Thus, in order to have GBA estimates to be comparable to USGS reported epicenters 
for the PCR events, the estimate of Δ at GBA from the observed S-P time interval should be 
obtained using the following relation :  
 
                Δ0  =  0.093 * T(S-P)  + 0.31        -350  ≤  Z ≤ 450  and  110 <  Δ < 220       ----- (5) 
 
     Which is the equation for the best-fit line between the ΔS and observed T(S-P) at GBA (see 
Fig.4 a).  
 
      A detailed investigation into the cause of the observed bias of about 6 sec relative to JB S-P 
times for Δ < 220 is necessary. However, this is beyond the scope of this paper. 
 
 2.2. Northeastern Region (NER), (450 ≤  ZS ≤ 700) and (160 <ΔS < 210) 
 
      A total of 9 earthquakes from Myanmar-India-Bangladesh border region constitute the data 
for NE Region shown in Fig.4 (b). The seismic signals from these earthquakes traverse largely 
underneath the Bay of Bengal before encountering small continental path in the Indian peninsula 
(mixed oceanic-continental path). As shown in the caption box of Fig. 4 (b), estimates of all the 
errors (εL, εΔ and εZ) as well as the average bias in T(S-P) with respect to JB and IASP91 tables 
from this region are maximum. Relative to JB tables, starting with a bias of 12 sec at 16.50 its 
value decreases gradually to 6 sec at 210. The trend suggests that the bias is likely to be 
negligible at around 230, although, there is no data to confirm this. Because of this bias in 
observed T(S-P) from this region, the GBA estimated Δ (using JB tables) is lower by an average of 
128 km than the standard Δ reported by the USGS (open circles). This error in estimated Δ along 
with relatively larger errors in estimation of azimuths (average 66 km) from this region, causes 
the GBA estimated epicenters to differ from those reported by USGS by an average of 139 km, 
which is the largest average location error observed from any of the four regions. In order to 
reduce the bias, following relation has been derived for the best fit line between the ΔS and T(S-P)   
 
                Δ0  =  0.084 * T(S-P)  + 2.57        450  ≤  Z ≤ 700  and  160 <  Δ < 210       ----- (6) 



 8

      It may be noted that although, no data is available in the Δ < 160 region, it is expected that in 
this azimuth range from GBA the relation may hold good for few more degrees below the lower 
limit of the distance range, primarily because of similar signal path through heterogeneous upper 
mantle.  
 
2.3. Southeastern Region (SER), (900 ≤  ZS ≤ 1300) and (140 <ΔS < 240) 
 
       Comprising 21 events from Andaman-Nicobar and Sumatra regions, this is the region from 
where the anomalous T(S-P) was first observed by Bhadauria et al. (2007). The plot of T(S-P) 
versus Δ (Fig.4 c) shows a bias (relative to JB values) of about 15 sec at 140, which gradually 
reduces with increasing distance and becomes negligible at about 210. The difference between ΔS 
and the one estimated using JB or IASP91 tables tends to increase as Δ decreases. The average 
values of εΔ and εZ from this region are 121 km and 43 km respectively which result in average 
location error of 137 km (see caption box in Fig. 4c) with respect to USGS. In order to have 
GBA estimates to be comparable to USGS reported epicenters for the events from SER, the 
estimate of Δ at GBA from the observed S-P time interval should be obtained using the following 
relation :  
 
                Δ0  =  0.081 * T(S-P)GBA  + 2.71        900  ≤  Z ≤ 1200  and  140 <  Δ < 240       ----- (7) 
 
     Which is the equation for the best-fit line between the ΔS and observed T(S-P) at GBA (see 
Fig.4 c). It may be noted that although, no data is available in the Δ < 140 region, it is expected 
that like NER, in this azimuth range also the relation may hold good for few more degrees below 
the lower limit of the distance range, primarily because of similar signal path through 
heterogeneous upper mantle.  
 
2.4. Northwestern Region (NWR), (3050 ≤  ZS ≤ 3250) and (150 <ΔS < 190) 
 
      The Northwestern region comprises a total of 6 events from Arabian sea and coastal Pakistan 
region. The best fit line through the observed data (see Fig. 4 d) shows a maximum bias of about 
9 sec in T(S-P) at 15.50 with respect to the JB values, shown by dotted line in Fig. 4(d), which 
becomes negligible for Δ > 180. The average values of εΔ and εZ from this region are 72 km and 
65 km respectively, which result in average location error of 107 km (see caption box in Fig. 4d) 
with respect to USGS locations. The equation for the best-fit line for this region is:   
 
                Δ0  =  0.078 * T(S-P)  + 2.82        3050  ≤  Z ≤ 3250  and  150 <  Δ < 190       ----- (8) 
 
3. RESULTS AND DISCUSSION 
 
       Table-2 shows a comparison among the GBA estimated pre-revised epicenters (based on JB 
travel times), revised epicenters and the USGS reported epicenters of the test events. Estimates 
of the location error, εL, and its two constituents, εΔ and εZ for both, pre-revised and revised 
epicenters, estimated using relations (1) - (4) above, are also presented in Table-2. It is seen from 
Table-2 that, for all the regions, as a result of the estimation of Δ using relations (5) – (8), both, 
εL and εΔ have reduced considerably, however, εZ has remained more or less similar. This fact 
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has been shown pictorially in Fig. 5 where the revised errors (εL, εΔ and εZ) (Figs. 5a-5c)) have 
been plotted on the same scale as the pre-revised errors shown previously in Figs. 3(a-c) 
respectively. As a result of the revision, the average location error in each of the three regions, 
NER, SER and NWR has reduced considerably from 139 km to 76 km, 137 km to 58 km and 
107 km to 86 km, respectively. For the PCR region the average location error reduced marginally 
from 76 km pre-revised to 62 km revised, indicating predominance of the εZ component of the 
error over εΔ.    
 
      The improvement in Δ estimation using relations (5) to (8) is shown pictorially in Fig. 5(b). 
A comparison of Fig.5 (b) with its pre-revised values shown in Fig. 3 (b) reveals that as a result 
of the revision the error in estimation of Δ has reduced considerably for all the regions and it is 
now distributed almost randomly with respect to azimuths. Numerically, for all the four regions 
PCR, NER, SER and NWR regions, the average value of error in Δ estimations, εΔ, has reduced 
from its pre-revised estimates of 64 km, 128 km, 121 km and 72 km to 26 km, 16 km, 27 km and 
25 km, respectively.  
 
      For all the above regions viz. PCR, NER, SER, and NWR, as expected, the azimuthal 
constituent of εL namely the, εZ, which is shown in Fig. 5 (c), has marginally changed from their 
respective average value of 45 km, 68 km, 43 km and 65 km to 46 km, 73 km, 46 km and 68 km, 
respectively. This marginal variation in εZ is due to change in the value of Δ resulting from the 
revision of travel times. The error εZ, remains the major source of error in the revised epicenters. 
With the digitization rate of 20 samples / sec, further improvement in εZ using GBA data alone is 
rather difficult. The revised εL can, however, be reduced further by combining the improved 
distance estimates from at least one more station together with the GBA estimated parameters. 
This has been demonstrated later using the data from Delhi Seismic Unit (DSU) of Bhabha 
Atomic Research Centre (BARC) besides that from GBA.  
 
     Combining the above results for all the 81 test events, the revision process has resulted in 
reduction of the overall location error relative to USGS reported values, from an average of 101 
km to 64 km. The reduced value of εΔ, from an average of 86 km to 25 km has been the major 
cause of this improvement as the average εZ, has in fact marginally increased, from an average of 
48 km to 51 km. The main reason for reduction of εΔ, hence, the improvement in GBA locations, 
has been the reduction of bias in observed T(S-P) relative to those listed in JB or IASP91 travel 
time tables. This bias which is observed to be more pronounced for earthquakes whose signals 
traverse to GBA via mixed oceanic-continental paths than purely continental paths (see Fig. 4) 
may be attributed to the structure of the oceanic crust and upper mantle path effects between 
GBA and these source regions. 
 
      Unlike the relation (5) for PCR, relations (6) to (8) for three regions NER, SER and NWR 
have comparable slopes and intercepts. Interestingly, the signals from all these regions traverse 
to GBA through mixed oceanic- continental paths. This encouraged us to explore the possibility 
of obtaining a single relation for the path through Oceanic-Continental Region (OCR) by 
combining the data from NER, SER and NWR. The relation for the Pure Continental Region 
(PCR) discussed above is retained as it is. The equation of the best-fit line between Δ and GBA 
observed T(S-P) for the OCR has been obtained as follows : 
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                                                  Δ0  =  0.0836 * T(S-P)  + 2.30                        ----- (9) 
 
      The scatter of the data indicated by the standard deviation of this relation has been found to 
be 0.39, which is almost the same as the standard deviation of 0.37 for SER (see fig.4 c). The 
average values of revised εL, εΔ and εZ obtained using relation (9) on the combined data set of 
OCR region are 67 km, 24 km and 56 km, which are comparable to those obtained separately for 
each of the NER, SER, and NWR using relations (6), (7) and (8) respectively. Thus, the regional 
S-P travel times for the paths upto GBA may be described reasonably well, by two equations one 
for the continental paths (equation 5) and the other for the mixed oceanic-continental paths 
(equation 9). By using relation (5) or (9) for estimating Δ from T(S-P), depending upon the travel 
path (continental or mixed oceanic-continental) the epicenter of an event can be obtained with 
reasonable accuracy using GBA data alone. The estimated epicenters are found to be on an 
average within 64 km of the USGS reported locations for an average epicentral distance of 1860 
km.  
 
    As compared to the accuracy of the USGS reported epicenters, which is of the order of 25 km, 
the average error in the revised GBA determined epicenters is 64 km, but, keeping in view the 
fact that USGS epicenters are determined using data from a large number of global stations 
situated all around the epicenter, the accuracy of revised epicenter estimates obtained from GBA 
data alone is fairly satisfactory. In the context of locating tsunamigenic earthquakes, especially, 
in the Southeastern region (Andaman-Nicobar and Sumatra regions) this is a major improvement 
in the location parameters with respect to USGS locations. 
 
      The bulk contribution to revised location error of 64 km comes from εZ which on an average 
is estimated at 51 km. The εZ , hence the εL can be further reduced by combining the data from at 
least one more station besides GBA as mentioned earlier. This has been demonstrated for four 
events listed in Table-3, which have been relocated using T(S-P) measurements from GBA and 
DSU. It may be seen from Table-3 that as a result of relocation of four events using both GBA 
and DSU data the median value of εZ has reduced from 24.5 km to 7 km, thus decreasing the 
median location error from 47.5 km to 28.5 km at a median epicentral distance of 1230 km. 
However, improved event location using GBA data alone has been the main emphasis of the 
present study. 
 
      The relations (5-8) have been incorporated into the revised version (V 6.2 SE) of RAGAS 
software package (see, Bhadauria, et al. 2006). Table-4 lists the epicenters of some new events 
from Indian sub-continent region, the locations of which have been estimated using this revised 
package. Corresponding parameters reported by USGS along with the estimates of the location 
errors with respect to USGS reported epicenters are also listed in Table-4. It is seen from Table-4 
that the revised epicenters for these events using GBA data are within 18-77 km of the USGS 
reported epicenters with a median location error of 26.5 km for a median epicentral distance of 
1860 km.   
 
4. COMPARISON WITH OTHER TRAVEL TIME MODELS  
 
      A pictorial representation of T(S-P) versus Δ relations for continental paths (relation 5) and 
mixed oceanic-continental paths (relation 9) has been shown in Fig.6 for 120 < Δ < 240, the 
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distance range studied in this paper. Portions of the global average travel time curves for this 
distance range from JB and IASP91 tables as well as the regional travel times for northern 
azimuths from India, reported by Kaila et al. (1968 a and b) have also been shown in Fig.6. It is 
seen from the figure that for Δ < 220 the T(S-P) versus Δ  relations obtained in this study show the 
smallest deviation with respect to the JB model. Further, in this distance range the relation for 
PCR shows almost a constant bias of about 6 sec relative to JB travel time curve up to a distance 
of ~200. On the other hand, the curve corresponding to mixed oceanic-continental paths (relation 
9), shows much larger bias (about 12 sec) relative to JB curve at smaller distances and becomes 
comparable with the curve for CPR (relation 5) beyond the distance of about 200. However, if 
IASP91 model or the regional travel time model by Kaila et al. (1968 a and b) is considered, 
much larger deviations in both the curves are observed at least for distances in excess of 160. 
This suggests that in the smaller distance range the JB travel time model is more closer to the 
models of the present study than the IASP91 model or the regional model of Kaila et al. (1968 a 
and b).  
 
      It is well known that in the regional distance range any global average travel time model will 
be inevitably less accurate than a regional travel time model constructed by analyzing the data 
from the given region. This is because in this distance range the seismic waves travel mostly 
through crust and upper mantle portions of the earth where the velocity structures are known to 
vary significantly with geographical locations. However, the comparison of the observed 
regional travel time models with the global models often provide useful information about the 
possible reasons for the observed deviations relative to the standard global models. The choice of 
regional data used for constructing the global average travel time models may be one of the 
several reasons for the observed differences between the computed regional travel times and 
those listed in global average travel time tables, especially for distances lesser than 300. For 
example, in the JB model the arrival times of some Japanese earthquakes constitute the input 
data for P wave travel times up to 100 (Jeffreys, 1966) while European earthquakes are used for 
computing these travel times for 100 < Δ< 250. Similarly, the S wave travel times up to distances 
of 250 as listed in JB tables have been obtained from the observations of deep focus earthquakes 
in Japan (Jeffreys and Bullen 1958). For distances less than 300, the IASP91 travel time model 
adopted, with some modifications, the PEM-C (Parametrically simple Earth Model) travel time 
model which was developed by Dziewonski and Anderson (1981 and 1983) for Central America. 
In view of the predominance of crustal and upper mantle heterogeneities at regional distances, 
the regional travel time models for different geographical regions of the world need not be in 
agreement with one another as well as with any standard global travel time model.  
 
      The observed difference in T(S-P) versus Δ relations for continental and mixed oceanic-
continental paths, as reported in this study, may be attributed to the inability of global average 
travel time models to differentiate between the continental and shallow oceanic crusts (see e.g. 
Adams et al 1982). Moreover, the observed travel time differences between the oceanic and 
continental paths, if any, might be lost during the smoothing and averaging of the global travel 
time curves. All the travel time models have been developed for the continental crust and upper 
mantle because the vast majority of seismic stations and sources, especially at regional distances, 
are located on the continental crust (see e.g. Kennett and Engdahl, 1991). Further, the travel time 
data for the source-station paths considered in this study might not have been included in the 
global average travel time curves like the JB or IASP91. Incidentally, geographical locations like 



 12

GBA having regional earthquake sources at both continental and oceanic crusts in separate 
azimuth zones may be very few in number.   
 
      In view of the above the observed variation of T(S-P) versus Δ curves from the JB and IASP91 
travel time - distance curves seems to be significant and useful for improving the epicenter 
locations of regional earthquakes using only the GBA data (see Table-4). 
    
5. CONCLUSIONS 
 
      The observed S-P time differences of the regional earthquakes from different azimuths at 
GBA are found to exhibit significant bias with respect to those obtained from standard travel 
time tables namely the JB and IASP91 Tables for the regional epicentral distances of 120 < Δ < 
240. The magnitude of the observed bias is more for the earthquakes whose signals traverse 
mixed oceanic-continental paths than those traversing purely continental paths. As a result of this 
bias, the Δ estimated using the JB or IASP91 travel time tables turns out to be lesser than that 
estimated from USGS reported epicenters. In view of this, the GBA estimated epicenters for such 
earthquakes, using JB tables, were observed to differ considerably from the corresponding USGS 
reported values. In order to correct these bias in T(S-P), new empirical relations (equations 5 – 8) 
have been developed between Δ obtained from USGS reported locations and observed T(S-P) at 
GBA from four different regions of the Indian sub-continent. The revised epicenters of all the 
earthquakes from these regions obtained using observed azimuth and Δ computed from these 
relations, were found on an average within 64 km of the USGS reported epicenters. Considerable 
similarity in the relations for three different mixed oceanic-continental paths has enabled us to 
have a single relation (equation 9) for these paths around GBA. However, significant differences 
in the T(S-P) versus Δ relations have been observed between the pure continental and mixed 
oceanic-continental travel paths. The new relationships have been incorporated into the RAGAS 
package and the results obtained by analyzing new seismic events from these regions are very 
satisfactory. The revised epicenters of some new events were found to have median location error of 
26.5 km. with respect to the USGS reported epicenters. This improvement is very significant from the 
point of view of locating tsunamigenic earthquakes, especially in the Andaman-Nicobar and 
Sumatra regions. The location accuracy has been demonstrated to further improve by using 
unbiased distance estimates from Delhi seismic station besides GBA. 
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Table – 1 : Data used in the study 
 

USGS Parameters Event 
  No. 

Date 
OriginTime Lat 

 
Lon 

 
mb Δ Z 

 

T(S-P)GBA 
Sec. 

ZGBA  Region 

1 19/10/91 21:23:14.3 30.8 78.8 6.5 17.24 3.96 182 2.60 Uttar Pradesh 
2 20/10/91 05:32:26.9 30.8 78.7 4.9 17.24 3.96 175 5.90 Uttar Pradesh 
3 20/01/92 08:58:22.6 27.4 66.0 5.2 17.44 324.04 192 325.40 Ind-Pak Border 
4 21/01/92 22:07:58.9 26.6 67.2 5.4 16.15 325.16 167 327.80 Ind-Pak Border 
5 02/06/92 22:07:15.4 29.0 81.9 5.2 15.94 14.35 165 14.30 Uttar Pradesh 
6 28/12/92 08:45:42.6 26.1 67.3 5.3 15.70 324.27 166 328.10 Ind-Pak Border 
7 16/11/93 15:52:48.5 30.8 67.2 5.4 19.61 332.95 207 334.10 Ind-Pak Border 
8 03/06/94 22:40:21.2 28.7 70.1 5.9 16.56 336.87 170 339.18 N. Rajasthan 
9 30/12/96 11:08:18.9 27.4 86.6 5.0 16.23 30.39 172 31.90 Sikkim 

10 05/01/97 08:47:25.4 29.9 80.5 5.6 16.54 9.37 174 10.10 Uttar Pradesh 
11 27/02/97 21:08:02.4 30.0 68.2 6.3 18.48 334.00 195 336.79 Pakistan 
12 23/02/99 06:56:14.9 34.1 74.4 4.9 20.68 352.87 216 353.50 Eastern Kashmir 
13 28/03/99 19:05:11.0 30.5 79.4 6.4 16.99 5.80 179 8.20 Xizang 
14 30/03/99 21:02:10.3 30.4 79.3 5.3 16.88 5.54 179 8.20 Xizang 
15 07/04/99 15:49:12.6 30.3 79.3 4.9 16.78 5.58 175 8.20 Uttar Pradesh 
16 14/04/99 17:24:27.9 30.3 79.3 4.9 16.78 5.58 174 8.40 Uttar Pradesh 
17 04/06/00 17:52:16.0 28.7 65.4 6.0 18.78 325.38 199 327.90 Pakistan 
18 17/07/00 05:26:08.8 34.8 73.0 5.0 21.57 350.05 230 350.20 SW Kashmir 
19 27/01/01 11:24:21.4 23.3 70.5 4.6 11.71 326.88 126 326.20 Gujarat 
20 28/01/01 01:02:10.7 23.5 70.5 5.9 11.88 327.44 125 329.08 Gujarat 
21 03/02/01 03:04:32.9 23.7 70.4 5.3 12.09 327.63 132 327.44 Gujarat 
22 15/02/01 05:38:30.8 23.3 70.3 4.8 11.82 326.15 129 326.60 Gujarat 
23 19/02/01 08:24:20.2 23.6 70.1 5.2 12.17 326.29 131 329.30 Gujarat 
24 16/05/01 11:00:16.9 30.1 69.7 5.0 17.98 337.83 187 338.30 Ind-Pak Border 
25 20/06/01 09:41:12.1 34.9 73.9 4.8 21.53 352.08 226 352.40 SW Kashmir 
26 30/06/01 11:48:34.9 31.0 69.8 5.0 18.76 339.26 194 340.70 Ind-Pak Border 
27 16/07/01 16:07:18.0 33.0 73.1 5.1 19.79 349.21 207 350.40 SW Kashmir 
28 04/04/03 07:02:32.0 30.1 80.0 4.7 16.67 7.76 175 5.90 Uttar Pradesh 
29 05/08/03 11:08:01.9 23.7 70.4 5.1 12.09 327.63 126 328.51 Gujarat 
30 03/09/03 23:21:04.0 30.6 80.4 4.8 17.21 8.65 181 11.80 Xizang 
31 16/01/05 08:43:46.8 29.7 80.7 4.8 16.38 10.10 172 11.60 Nepal 
32 18/09/05 07:25:59.5 24.6 94.8 5.6 19.69 53.60 204 56.10 Myanmar 
33 08/10/05 03:50:40.8 34.6 73.6 6.9 21.28 351.27 232 348.90 SW Kashmir 
34 09/10/05 07:09:18.6 34.6 73.2 5.5 21.34 350.38 229 350.50 SW Kashmir 
35 12/10/05 20:23:37.5 34.9 73.1 5.6 21.65 350.33 229 351.80 SW Kashmir 
36 19/10/05 12:47:27.3 34.7 73.1 5.0 21.46 350.22 229 351.60 SW Kashmir 
37 23/10/05 15:04:20.9 34.9 73.0 5.6 21.67 350.11 232 352.40 SW Kashmir 
38 28/10/05 21:34:14.5 34.7 73.2 5.3 21.44 350.44 228 351.90 SW Kashmir 
39 29/12/05 07:20:55.7 25.0 96.2 4.9 21.02 54.35 217 56.240 Myanmar 
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40 14/02/06 00:55:25.1 27.4 88.4 5.4 17.16 34.88 183 35.00 Sikkim 
41 23/02/06 20:04:53.6 26.9 91.7 5.5 18.84 42.88 196 43.70 Myanmar 
42 02/03/06 17:16:59.9 24.3 94.5 4.9 19.33 54.02 198 55.70 Myanmar 
43 07/03/06 18:20:46.1 23.7 70.9 5.2 11.90 329.65 128 331.80 Gujarat 
44 19/03/06 02:49:00.7 34.6 73.2 5.0 21.36 350.39 230 350.10 SW Kashmir 
45 20/03/06 17:40:44.5 34.7 73.7 5.6 21.42 351.68 230 350.40 SW Kashmir 
46 21/03/06 06:52:03.5 29.3 68.4 5.0 17.82 333.51 190 336.20 Ind – Pak Border 
47 19/04/06 21:05:42.9 31.6 90.4 5.2 21.58 31.33 234 29.40 China 
48 05/05/06 08:00:28.8 29.5 80.9 5.0 16.24 11.12 168 11.60  Nepal 
49 13/05/06 03:11:42.9 05.5 94.4 5.9 18.57 114.24 192 114.23 Nicobar Islands 
50 16/05/06 15:28:25.9 0.10 97.1 6.6 23.70 123.15 259 122.00  N Sumatra 
51 17/05/06 06:46:30.1 07.0 92.5 4.9 16.22 112.53 168 110.56 Nicobar Islands 
52 25/05/06 06:50:02.2 10.4 91.8 4.8 14.41 101.28 147 103.89 Nicobar Islands 
53 03/06/06 13:01:14.7 13.0 92.5 4.7 14.67 90.60 140 91.69 Andaman Islands 
54 22/06/06 19:16:04.6 24.8 94.3 4.6 19.43 52.33 205 54.40 Myanmar 
55 23/06/06 05:34:06.4 23.5 70.2 4.8 12.03 326.36 131 325.38 Gujarat 
56 27/06/06 15:02:16.1 08.8 93.6 5.0 16.56 105.16 169 105.27 Nicobar Islands 
57 27/06/06 18:07:22.7 06.5 92.8 5.7 16.70 113.66 182 110.69 Nicobar Islands 
58 08/07/06 13:31:29.2 35.0 74.0 4.6 21.62 352.34 232 351.70 SW Kashmir 
59 02/08/06 10:41:58.7 19.3 95.6 5.0 18.31 69.45 188 67.58 Myanmar 
60 02/08/06 13:11:57.8 08.6 91.9 5.1 15.04 107.92 156 107.07 Nicobar Islands. 
61 11/08/06 20:54:14.4 02.4 96.4 5.7 21.84 119.21 233 119.35 N Sumatra 
62 12/08/06 20:46:11.3 24.7 92.8 4.9 18.24 50.26 188 48.19 E  India 
63 13/08/06 02:02:40.6 08.6 92.0 4.7 15.14 107.18 154 107.75 Nicobar astern. 
64 13/08/06 08:41:46.4 05.5 94.6 5.3 18.75 113.96 196 111.57  N Sumatra 
65 25/08/06 08:03:06.8 12.2 95.3 4.9 17.47 92.56 170 93.61 Andaman Islands 
66 11/09/06 18:12:22.3 35.4 78.2 5.5 21.88 1.71 235 2.10 Kash- Xin Border 
67 25/09/06 11:40:49.8 10.6 92.5 5.0 15.03 99.87 152 101.07 Andaman Islands 
68 26/09/06 04:04:20.1 29.9 80.8 5.0 16.59 10.26 173 12.58 Nepal  
69 28/09/06 14:39:15.2 11.8 95.1 5.1 17.32 93.97 185 96.96 Andaman Islands 
70 28/09/06 13:22:47.1 11.8 95.1 5.0 17.32 93.97 181 96.13 Andaman Islands 
71 03/10/06 09:42:14.8 09.4 93.0 4.8 15.81 103.75 162 104.85 Nicobar Islands 
72 05/10/06 04:53:01.3 13.3 92.2 4.6 14.36 90.52 141 90.81 Andaman Islands 
73 06/10/06 04:23:07.8 09.4 93.1 4.9 15.92 103.41 166 103.26 Nicobar Islands 
74 17/10/06 07:59:17.0 10.4 91.7 5.1 14.36 101.16 146 104.60 Andaman Islands 
75 19/10/06 17:35:23.3 22.2 93.1 4.3 17.35 58.06 173 56.87 Ind-Bang Border 
76 19/10/06 19:53:58.5 10.3 93.7 5.2 16.25 99.96 168 103.20 Nicobar Islands 
77 03/11/06 14:43:10.3 22.1 93.4 5.0 17.39 58.50 178 56.17 Ind-Ban border 
78 07/11/06 12:31:44.4 24.4 64.9 5.1 16.06 314.47 170 316.90 Makran, Pakistan 
79 09/11/06 05:05:51.5 08.4 94.0 4.3 17.06 106.03 177 106.90 Nicobar Islands 
80 10/11/06 13:21:24.3 24.6 92.3 4.9 17.81 49.69 182 47.00  Eastern India 
81 16/11/06 09:36:26.7 22.6 63.3 5.2 16.20 306.04 169 306.10 Makran, Pakistan 
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Table – 2 : Comparison of USGS and revised GBA locations of Test events listed in Table-1  
 

Location(USGS) GBA Location & Errors (km) 
Pre-revised Revised 

 

Ev.
No 

Reg-
ion Lat Lon 

Lat Lon εL εΔ εZ Lat Lon εL εΔ εZ 
1 CPR 30.8 78.8 30.31 78.29 73 75 43 30.96 78.33 48 4 45 
2 CPR 30.8 78.7 29.57 79.29 148 150 59 30.23 79.38 91 76 61 
3 NWR 27.4 66 27.89 66.3 61 10 46 28.16 66.04 85 50 46 
4 NWR 26.6 67.2 26.36 68.52 134 114 77 27.02 68 92 25 81 
5 CPR 29 81.9 28.19 81.57 95 112 1 28.86 81.79 19 35 1 
6 NWR 26.1 67.3 26.33 68.65 137 75 110 27 68.13 130 16 116 
7 CPR 30.8 67.2 30.64 67.94 73 68 42 31.09 67.64 53 9 43 
8 CPR 28.7 70.1 28.08 71.3 136 128 68 28.7 71 88 52 71 
9 CPR 27.4 86.6 26.8 86.59 66 69 45 27.35 87.02 42 5 47 

10 CPR 29.9 80.5 29.3 80.57 67 83 22 29.95 80.72 22 9 23 
11 CPR 30 68.2 29.99 69.44 120 73 95 30.52 69.14 107 8 98 
12 CPR 34.1 74.4 33.45 74.81 82 97 24 33.99 74.72 32 35 24 
13 CPR 30.5 79.4 29.86 80.07 96 79 75 30.51 80.19 76 7 78 
14 CPR 30.4 79.3 29.86 80.07 96 67 83 30.51 80.19 87 5 86 
15 CPR 30.3 79.3 29.48 80 113 99 80 30.14 80.12 81 25 83 
16 CPR 30.3 79.3 29.38 80.05 125 109 85 30.04 80.17 89 35 89 
17 NWR 28.7 65.4 28.9 66.52 111 63 88 29.08 66.37 103 38 89 
18 CPR 34.8 73 34.76 73.12 12 26 6 35.08 73.04 31 10 6 
19 CPR 23.3 70.5 23.01 70.65 35 47 15 23.6 70.19 46 33 16 
20 CPR 23.5 70.5 23.26 71.21 77 76 35 23.86 70.78 49 4 38 
21 CPR 23.7 70.4 23.61 70.52 16 27 4 24.21 70.07 66 53 5 
22 CPR 23.3 70.3 23.29 70.54 25 28 10 23.87 70.09 67 52 11 
23 CPR 23.6 70.1 23.75 70.92 85 47 68 24.36 70.49 93 33 72 
24 CPR 30.1 69.7 29.47 70.3 91 105 15 30.05 70 29 35 16 
25 CPR 34.9 73.9 34.45 74.17 56 73 13 34.86 74.09 18 27 13 
26 CPR 31 69.8 30.39 70.75 113 115 49 30.94 70.49 66 49 50 
27 CPR 33 73.1 32.48 73.75 84 88 43 32.99 73.63 50 29 44 
28 CPR 30.1 80 29.57 79.29 91 86 57 30.23 79.38 62 13 59 
29 CPR 23.7 70.4 23.27 71.05 82 89 19 23.87 70.62 30 9 20 
30 CPR 30.6 80.4 29.85 81.26 117 83 99 30.48 81.43 100 11 103 
31 CPR 29.7 80.7 29.02 80.98 80 86 45 29.68 81.15 43 12 47 
32 NER 24.57 94.78 23.51 94.29 128 109 89 23.98 95.24 81 8 94 
33 CPR 34.6 73.6 34.88 72.5 105 31 97 35.16 72.42 124 63 98 
34 CPR 34.6 73.2 34.67 73.28 10 14 5 35.01 73.2 45 25 5 
35 CPR 34.9 73.1 34.75 73.84 70 48 59 35.1 73.77 65 9 60 
36 CPR 34.7 73.1 34.74 73.76 60 27 55 35.08 73.68 68 12 56 
37 CPR 34.9 73 35.13 74.04 98 12 94 35.41 73.98 106 20 95 
38 CPR 34.7 73.2 34.64 73.91 65 37 58 35.01 73.83 67 4 59 
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39 NER 25.01 96.19 24.03 95.47 131 124 72 24.45 96.32 64 27 75 
40 CPR 27.38 88.39 27.13 88.07 42 56 4 27.63 88.52 30 15 4 
41 CPR 26.91 91.7 26.26 91.13 92 102 28 26.65 91.62 31 37 29 

42 NER 24.27 94.52 23.34 93.67 136 135 58 23.85 94.69 49 16 61 
43 CPR 23.77 70.9 23.77 71.55 66 48 48 24.4 71.15 75 32 50 
44 CPR 34.61 73.19 34.75 73.08 18 3 12 35.07 73 53 33 12 
45 CPR 34.76 73.75 34.77 73.21 49 10 52 35.09 73.13 67 27 52 
46 CPR 29.34 68.43 29.47 69.51 106 54 89 30.02 69.19 106 14 92 
47 CPR 31.61 90.41 32.37 89.87 98 24 80 32.56 90.03 112 50 81 
48 CPR 29.5 80.99 28.65 80.88 96 113 14 29.32 81.05 21 37 15 
49 SER 5.5 94.4 6.02 93.47 118 116 0 5.68 94.13 36 34 0 
50 SER 0.1 97.1 0.01 98.43 153 143 54 0.49 97.36 52 1 51 
51 SER 7 92.5 7.95 91.81 130 111 57 7.51 92.83 67 11 62 
52 SER 10.4 91.8 10.18 90.49 146 130 66 9.78 91.83 70 24 73 
53 SER 13 92.5 12.99 90.35 233 231 26 12.86 91.85 72 68 29 
54 NER 24.8 94.3 24.04 94.09 88 70 74 24.52 95.01 79 38 78 
55 CPR 23.5 70.2 23.29 70.21 23 31 22 23.87 69.73 63 49 24 
56 SER 8.8 93.6 9.22 92.4 140 138 3 8.88 93.44 20 17 3 
57 SER 6.5 92.8 7.38 93.03 101 15 94 7.02 93.86 130 84 99 
58 CPR 35 74 35.09 73.73 27 6 26 35.37 73.67 51 25 26 
59 NER 19.3 95.6 19.63 94.23 148 130 61 20 95.46 79 4 65 
60 SER 8.6 91.9 9.2 91.06 114 107 23 8.76 92.27 44 35 25 
61 SER 2.4 96.4 2.45 96.23 19 18 6 2.5 96.16 29 28 6 
62 NER 24.7 92.8 24.71 91.41 140 123 68 25.44 92.48 89 12 72 
63 SER 8.6 92 9.1 90.82 141 139 15 8.65 92.05 8 5 17 
64 SER 5.5 94.6 6.58 94.18 129 92 82 6.3 94.79 91 18 85 
65 SER 12.2 95.3 12.23 93.18 230 229 31 12.09 94.27 113 110 33 
66 CPR 35.47 78.22 35.68 78.4 28 3 16 35.89 78.41 50 27 16 
67 SER 10.6 92.5 10.69 91.12 151 147 32 10.37 92.42 27 2 35 
68 CPR 29.9 80.8 29.05 81.3 106 99 70 29.7 81.48 69 25 73 
69 SER 11.8 95.1 11.08 94.48 105 52 96 10.92 95.33 101 42 101 
70 SER 11.8 95.1 11.39 94.14 114 95 68 11.23 95.05 64 6 72 
71 SER 9.4 93 9.54 91.78 134 129 31 9.17 92.93 27 3 33 
72 SER 13.3 92.2 13.17 90.46 189 187 7 13.07 91.95 37 25 8 
73 SER 9.46 93.13 9.81 92.27 102 99 4 9.49 93.38 27 27 4 
74 SER 10.44 91.76 10.04 90.35 160 135 87 9.63 91.7 91 20 96 
75 NER 22.2 93.1 21.86 91.56 163 183 36 22.53 92.87 43 29 39 
76 SER 10.3 93.7 9.78 92.47 147 114 95 9.46 93.54 95 8 101 
77 NER 22.1 93.4 22.26 91.91 155 134 72 22.91 93.16 94 13 78 
78 NWR 24.47 64.91 24.69 65.92 105 72 72 25.2 65.32 90 11 75 
79 SER 8.4 94 8.55 92.98 113 108 27 8.22 93.9 23 1 28 
80 NER 24.6 92.3 24.63 90.68 164 139 85 25.43 91.79 106 4 92 
81 NWR 22.67 63.28 22.35 64.11 92 98 2 22.76 63.4 16 13 2 
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Table-3. Illustration of further improvement in event location by inclusion of another 
station DSU, besides GBA. 

  
USGS Parameters Location and errors 

(km) GBA 
Revised location and 

errors (km) GBA+DSU 
S.
N 

Date Origin 
Time 

Lat Lon mb Lat Lon εL εZ Lat Lon εL εZ 

1 23/06/06 05:34:06.4 23.50 70.20 4.8 23.88 69.72 64 15 24.00 69.89 63 07 

2 20/08/06 02:37:17.9 23.40 70.30 4.4 23.27 70.01 33 32 23.38 70.17 13 12 

3 06/11/07 00:27:31.1 21.12 70.53 4.8 21.53 70.58 51 46 21.30 70.31 24 03 

4 06/11/07 09:38:10.4 21.15 70.54 4.9 21.60 70.52 44 22 21.37 70.24 33 07 

 
 
 

Table – 4 : Comparison of USGS  and revised GBA parameters of some new events from 
Indian sub-continent region. 

   
GBA USGS mb Region S.N. Date OriginTime 

Lat Lon Lat Lon 
εL 

(km)   
 

1 12/01/07   04:41:24.9 08.68N 92.24E 08.90N 92.30E 26 4.8 Nicobar Is., India 

2 29/01/07 19:48:34.8 08.19N 92.84E 08.40N 93.50E 77 5.2 Nicobar Is., India 
 

3 03/02/07 20:31:48.1 09.96N 91.55E 10.20N 91.60E 27 4.7 Nicobar Is.,India 
 

4 11/02/07 10:47:31.0 06.40N 94.39E 06.20N 94.40E 22 5.7 Nicobar Is., India 
 

5 01/03/07 02:01:07.1 03.78N 95.69E 03.78N 96.35E 73 5.5 Northern Sumatra 

6 10/04/07 13:56:53.9 12.89N 92.35E 12.99N 92.53E 22 5.5 Andaman Is., India 

7 18/05/07 12:40:01.2 27.54N 88.36E 27.30N 88.20E 32 4.6 Sikkim, India 

8 20/05/07 14:18:21.2 27.29N 88.38E 27.30N 88.20E 18 5.0 Sikkim, India 

9 31/05/07 23:18:02.0 08.63N 93.61E 08.29N 93.84E 46 5.4 Nicobar Is. India 

10 18/09/07 09:01:50.5 20.2N 93.71E 19.98N 93.73E 24 5.1 Myanmar 
 
 
 
 



 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 



 
 
 
 
 
 
 



 


