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AN OBJEGTIVE APPROACH IN THE DETERMINATION OF THE
‘ TRAVEL TIME CURVE!

Ram Darr2

Introduction

Seismic arrays have advantages over a worldwide network of single instrument stations
because (1) They provide direct measurements of dT/dA overa limited range of A and
enable resolution of minor perturbations in the travel time curve; (2) Enhancement of signal-
to noise ratio (SNR), allows the detection of weak signals, which might be missed on single
instruments and (3} The later arrivals are detected and analysed on the basis of their
apparent velocities to include them in the inversion of the slowness (inverse of apparent
velocity) and travel time data, In array measurements of dT/d A it is as necessary to allow
for the effects of crust and upper mantle structure as it is in travel time studies. However,
because of the reduced dimensions of the array compared to a large network of stations, the
accuracy with which these effects are required to be known is much greater, Also, seismic
arrays are prone to systematic errors in the determination of slowness and, if care is not
taken, array data become somewhat less reliable for the determination of velocities than are
travel time data, where some averaging of station anomalies may be expected to occur,
Whereas travel time studies provide an average velocity structure over a large area of
observations, array measurements allow derivation of velocity models which are better
representatives of particular regions. Array measurements have led to the determination
of the deviations of the velocity structure from the classical velocity distributions of Jeffreys
and Gutenberg and confirmed some results of surface wave dispersion studies, which had
demanded, for example, the existence of an S low-velocity layer, at leastin some regions
(Press, 1959; Takeuchi et al., 1959; Dorman et al., 1960) and two zones of rapid velocity
increase at depths near 350-450 km and 600-700 km (Anderton and Toksoz, 1963 and Toksez
and Anderson, 1966; Toksoz et al., 1967),  Also, surface wave dispersion results differ for paths
through the oceans, shields and tectonic regions so that the concept of a spherically symmetric
earth is no longer tenable (Kanamori, 1970; Dzeiwonski, 1971). However the fine
structure (e.g. the number of velocity discontinuities, their depths and velocity gradients
between various layers) has varied between various studies (see, for instance, Johnson, 1967;
Green and Hales, 1968; Kaila et al., 1968; Helmberger and Wiggins, 1971; Masses et al., 1972
Simpson et al , 1974; Ram Datt and Muirhead, 1976, 1977; Ram and Mereu, 1977; Ram
Datt, 1977; Hales et al., 1978). The causes of the observed variations include (i} regional
variations (ii) lack of data in certain epicentral distance ranges and (iii) differences in the
procedures of analysis and interpretation of data. For the lower mantle, though it is believed
to be more homogeneous, deviation from homogeneity were reported by various authors on
the basis of first arrival data (Chinnery and Toksoz, 1967; Wright, 1968; Archambeau et al.,
1969; Johnson, 1969; Corbishley, {970; Wright and Cleary, 1972). Although the inter-
pretations regarding the velocity structure in the upper mantle have been generally, based
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on observed later arrivals {ezeapt for auﬁemtmdemwedmgm termination of the -
triplication branches), those in .the lower mande. remain aubjecti e, Diffsrences in various

studies have often resulted éither from ‘tne density ‘of obses " ¢ from a choice of a

dT/dA — A curve (out of the many’ possible bhex, ‘with* Kele supporting evidence). For

instance, assuming that dT/dA is a smoothly vasying function of A, Johnson (1969) has

inferred high velocity gradients (curve a in Figure 1), whereas Chinnery and Toksoz (1967)

and Wright (1968) have inferred  low-velocity gradients (curve b in Figavé 1), The

smbiguity of these results emphasizes. tha nered.af investigations. in-order 10 provide supporting

evidence in favgur of the intexpretations which are made while deriving the velocity structure

in the interior of the earth, _— - e
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Fig. 1 Diagram to itlustrate two. diﬂdregt imerpretation of the slowness.
'~ epicentral distance data : : :

Array Processing

SNR improwements in the processed optput of an.array results when the outputs from
all the sensors of the asray are added with APPropaiate, timae:shifts 80 that the_signal is added
in phase and the noise is added “not in phase”, - The improvemeat depends on the
sharacteristics of the npise as well as_that-of the signal 8Cross the array. The basic objective
of progessing array data is therefore, .to.detormine the time shifts which produce the desired
SNR op.the ang_haod and to apply them to VATious sensor outputs to produce records with
manimum. SNR,, on the other. If the aignal iy fully correlated and the ;Roise uncorrelated,

Y]

on average correlation R, across thaarray, and the average correlation for the noise is R,
then the SNR i;_nprovemen_t in the delayed sum proceess iy given by : :

TP --x_..-__f-m:-nn;]u's
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%0 that the Improverient i SNR derrehiés when tbe' ioie shows ‘iheréaied intersénsor

;&é{iﬁlg@n:“;Altér_'pa_ti\_rgfy,' nfthe outputsfrom alt 'thgq'f;ﬁrﬁmm_tﬂ of an array are :q&gd

i

with time shifts for all’ possible velocities and azimuths, the time shifts which provide
maximum SNR determine the velocity and disaction of the cokerent signal. Birtill and
Whiteway (1965) demotstrate thiat the:best' method of optintizing the SNR, and henee of
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determining the signal directions in the case of the U. K.A.E.A. type arrays is to add the
array output into two groups, multiply the two partial sums and average the products over
an interval of time to form a time-averaged-product (TAP). This approach has been
adopted at the U.K.A.E.A. arrays with some variations (Birtill and Whiteway, 1965, Weichert
et al.,, 1967, Cleary et al,, 1968, Ram Datt et al., 1969). Further nmprovememlmSNR
are possible with the ‘use of non-linear techniques such as sign-bit processing (Melton and
Karr, 1957), logarithmic processing (Weichert, 1975) and Nth root processing (Mu:rhead
1968; Muirhead and Ram Datt, 1976) under certain circumstances. This extra improve-
ment in SNR through non-linear processing results from an increase in the high frequency
content of the signal. Investigations of the Nth root process using synthetic as well as actual
seismic data have shown that this technique, though introduces signal distortion, emphasizes
those parts of the signal where it is largest and coherent, and thus provides more accurate
estimates of signal directions. Also, the detection capability of the non-linear process allows
us to pick up, and measure the directions of, many weak signals, which would have been
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Fig. 2 Six synthetic signals simulated at

Fig. 3 A single channe! output of the array
WRA with different slownesses and the

(Ry) and the linear array beam compri-

N*t root processed array outputs. The
first five traces (from the top) show five
representative channels with pure signals.
The next five traces are the same five
channels added with uniformly distribu-
ted band limited noise. The last four
traces are the N'P root phase array sums,

with the array phased to the last signals

sing the two partial sums (LR, ZB), the
total array sum (IB + ZR) and the time
averaged product (TAP). The lower
part of the figure shows the results of
slowness measurements along the seismic
trace (The dots show the measured
values of slowness and the lengths of the
lines below the dots are proportional to
the energy in the correlator output).
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L this prooses ss Mih co8t (N e 2, 3:4......) of hé output

of eack siiifoditeir is taken [its. aigsbraicign Being pravétved) betoes adding it to formi a
partial bunt,’ “The partial sumid are ¢ J‘fﬁ back to theNth ower (again with the sign
pressrtad). Anéxample of 'the improvement in SNR is demonstrated in Figare 2, whe

§ix dyihelie signets, approaching the drray at Uifferéne app
simulatgd in the presence of hasid ‘Tiinited random noise, "Fhe’
but the wedkelt jighal which ‘his bésn syntherized 6. apprix
epiceritral distance of about 13°. S

[ htthesopofFigure 3 is shown a single channel record-of th Warramungs seray (WRA)
of ian | pasthguale from. the Banda Sen-region. The meat three traoes, fin.this figuse, show
the twa. lineer:phttiol sums (i.e. for N.4= 1) and the sotal array sum-respectivelv. The fifih
trace is the TAR. The phases which have. bren:marked on the TAP trane are-associated
with the travel time branches of the madel which was dexived from WRA date (Ram Datt
1977). The sixth trace gives the time marks at one second interval. The lower part of this
figure:shows “the results. of sowness. measurements using the Nth root process. Hese, the
dots indicate the estimated slowness along the trace (as & function of time), The vertical
line below each dot represents the relative energy in the Nt root TAP output. Uling these
procesmed outputsit is powible to read signal onset times to an accuracy of 0.1 sec, and to
messurs slowness within an accuracy of + 0.2 sec/deg for the U.K.A'.E.A'(although the
accuracies are inferior for later arrivals).

Analysis of array data |
As was mentioned earlier, array measurements of dT/dA are biased by the structure
beneath the array (Niazi, 1966; Otsuka, 1966). Efforts were made by some investigators to

derive structures beneath the array in terms of dipping interfaces in order to worrect for
the bias but these met only limited sueaess. This is beeause

I. the derivation of the structures assumes a trave] time curve (to which tha data are
_.made to satisfy) and : .

2. an infinite number of stru;:ﬁ:ru can fit the data, i.e. any structure with a given
velocity contrast and dip angle may be replaced by another structure, or a set of
structures, with different values of these parameters. ‘_ '

. However, if events are confiped to a parrow azimuth range with repect to the array o,
_that seismic riys travel almiost the same phth near the afiny, slowness measuréments are‘léhs
HRely to be perturbed, except for' a constant ‘or & slowly varfing term. * The fesults of
slownesi meagurements along the séismic traces' 6f over one hundred and 'fifty events are
plotted on a reduced travel” time plot in Figurs 4, At the time of each’ measuremeént is

drawrjgg!}am line wliqerllqu représents the measured slowniéss stidt’ the Iength of which

hes been ‘made proportional fo the energy in the N¥= roat TXP oiitpat 3 (horikontal line
represents a slowness of 9.67s/deg). The base Tivie “at  exch épicetitral distinice has been
. adjusted to thie least squaré error travel time ‘¢utve“toovercome the difficulty caused by
. Misalignment which may result from inaccuracies th the 1.5.C. ‘(Intetnational Seismotogical
“"Ceptre) estithates of hypocer fé%dérig—in time, ““This fifftite shows thikit sewhesy Hines deviate

from the’ travel time  curvé;é6 ' thit'the measured values are systematically higher by about
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2% (on the average). All the measured values were, therefore, reduced by this factor to
approximately correct for local structure, This empirical approach has the advantage that
the original character of the data is not altered while applying the correction, as far as the
discontinuities in the velocity and the velocity gradient are concerned,

.
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Fig. 4 Results of slowness analysis of the events. Each slant line indicates
a measured value of slowness. The length of the slant line has
been made proportional to the energy in the correlator output

Figure 5 shows the slowness of the first arrival plotted as a function of epicentral distance,
The upper part of the figure shows the measurements for the individual events. In the lower
part, average values for events, which are within 1° interval of eplcentral distance, are
plotted and the number of events, which have been averaged, is marked below each point.
The vertical bars show the standard errors. Simple arithmatic operations on this data
indicate rapid changes in the slowness of the first arrival at epicentral distances near 19.5,
20.5,29.5, 38 and 42 degrees. 1f there apparent decreases in slowness are not an artifact of
the averaging process, they represent triplications in the travel time curve, which could be
produced by a layered structure. Later arrivals in the seismic traces should at least be,
therefore, identified in order to establish these triplications. Alternatively, processed records
for the retevant epicentral distances should demonstrate the absence of later arrivals if, in
spite of the rapid changes in slowness of the first arrival, layered structure is to be excluded.
When the slowness of the two phases are too close to each other to be resolved by the usual
beam forming techniques a special method, which is illustrated in Figure 6, has been used.
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Fig. 3 First arrival slowness data (top) and averaged slowness data (bottom)
in the distance range 14°-46°, Vertical bars show the standard
errors. The number below each point indicates the number of
observations averaged to obtain the point

The top left hand trace in this figure is the linear array sum, and represents an SNR
enhanced record, when the array is steered to a slowness of 10 #/deg with a fixed azimuth
"(determined by the 1.8.C. source location). The centre top trace is the linear TAP and the
right hand top trace isthe Nt root TAP. The traces in the subsequent lines are the pame
except that the tlowness of steering the array has been increased every time by 0.4 s/deg.
1t .can be seen from thia figure that a later arrival C’ becomes prominent as the array steering
slowness is increased bevond 11.6 s/deg. The TAP pattern also demonstrates that the
slowness of the C’ arrival is greater ;than that of the C arrival. Though it is not posible to
.exactly measure the slowness of the C’ arrival solely on the basis of this figure, determination
of thejir relajive arrival times for events which are far apart but in the same direction allows
the alownem of these arrivals to be estimated relatively accurately. The triplications are
-idontiied and confirmed once the later arrivals are identified over an extended range of
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spicentral distance (provided the correspomding. branches extend to thow distances) and the
slowness of the first arrivals before the crossover point is matched with that determined from
the later arrivals using these techmigues. }f regions) travel time curves are debermined,
these later arrivals are likely to prove helpful 'in relocating the sources by identifying some
phases on the seismogram and determining their relative arrival times. For the deep events,
if the depth phase is identified, the problem of hypocentre determination would be very
much simplified. C '
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Fig. 6 Diagram illustrating the beam forming technique used for resolving
closely spaced (both in time and sjowness) phases

Discussion

Variations in the measured slowness of the first arrival can occur because of many
reasons such as bending of the seismic ray while refracting through structures near either
the source or the receiver, abnormalities in the transmission path or layering in the interior
of the earth. Itis very unlikely, though may not be impossible, that later arrivals observed
over large epicentral distance ranges are produced by structures near the source, because of
the required magnitude of such structures. For example, if the later arrivals are due to
. structures in the source region, then rays having different slowness ¢an be projected back

from the receiver to the source (Fig. 7) Insuch a case a ray, which could have reached at
another point from the source must travel a sizeable distance before they get bent sharply
by the structures to reach the receiver. A tight constraint on such arrivals is that these rays
are required to hava travel time consistent with those ohserved for the first arrivals. It is
also difficult to postulate structures near the srray which will produce both first and second
_arrivals as we have observed for a large number of events distributed over jarge epicentral
distance range. Apart from strugiures under the source and the receiver, anomalies in the

’
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Fig- 7 A hypothetical structure near the sourge ,tl;iat can cause multiple
arrivals al a receiver
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extending to very large distances, as.a’ result of which it has been difficult s determing the
end points of the triplication branches. If the obeerved later arrivals at such distances are
interpreted simply in" tarms of the refraction brinches they ‘require negative’ though very
small velocity gradients. Negative _velocity gradienti in- thi& interior of the earth in many
layers at depths below 400 km raise serious questions about the temperature and premure
behaviour of the elastic moduli, particulasly at- those depths, and also the temperature
distribution in the interior of the earth. It was also contempiated to examine these extensions
in terms of reflections produced by the underside of discontinuities (Ram Datt and Mairhead,
1977). For both these posibilities the velocity discontinuities have to be sharp and the
velocity gradient within the layer have to be small. Thiskind of situation does not aliow.
one to really resolve the refraction branch and the underside reflection branch. (See Fig. 8).
An extensive set of data with improved processing techniques only will aliow to resolve these

branches and, once it is done, it will provide very tight.constraints on the velocity structure
in the ing_efn;iq; of ltha,egytlg." L ,

ok

e 1o 1 3
“j;g@hg Diagram 'illustrating fgpqgfdfeé‘__reﬁeégiu@ and the corresponding

.” yeftaclion bratithes |
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| Inview'of the vitied topogrphionl and tectente Msurey; the exiitence of the Himalayan
region 6h” (he obs" side, the' mid-desdnic vilgesiion the ‘schiet and ‘Yhe earthguake - beits; “for
instaace, “the Yadian ¥rbcontinesit oqisires sigmificasit mportates fif seiinbdlogical tudies,
“'This ¥ giditiedaily so whien it is viewed oir the busis. of the theory bl codtinentat drift; - it
is assumed that it has moved- northwards and :collided with the Asian continent regional -
differences are not ruled out. _There are not imany Published studies, particuiarly at depths -
below 300'km. Kaila et. al. (1968) have analysed travel: time data from some events having
their - epicentres .in the Himalayad, “Tibet, Chinese ‘and USSR regions and have inferred
velocity discontinuities at depths (below the crust) of 380 4- 26,580 + 50 and 1000 & 120 km,
Manyvfg'gtuge:'bf the data analysed at N.G.K.I: have resembiance, ;rﬁculariy_'gith respect
the existence dihd the depths of ‘ditsttrtlie it Sapils Below 630° K48, with thithe of the data
refesred abowe (Dr. P.R. Ready, Personal ecommudicsiion July ™ 1977). However, some

R
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résults'of R wmmrm the Ostiibidddar array duts Xave m&emim
of any major velocity discontinuity (at least the 650" kxi-otie) i the ‘HuAMAyan #xion, where

socording to taes-authors :the 400 km discontinuity. hhﬂpwodhvmbmdldghv%ﬂr
gradient zone. There are also differences in the- velocity estimates-wt vazious depths,

, Itndm,fmmﬂudaom results - M&lmhdnde&numnw
detailed and complete regionalized travel time curves. Forthis, it is ‘eeemary o collect
all the published and unpublished data .(bath from arrays and single instruments ituhn!)
and carry out regional studies by dmdmg the entire region into a suitable number of azimuth
ranges with respectto an array (GBA, at the moment). Insucha cellrection data, GBA
can provide the much needed confirmation of the later arrivals in seismograms,
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